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Abstract

We show how aggregation of information in general equilibrium can resolve the exchange rate determination
puzzle. Unlike macro DGE models, which enrich tastes or technology, we enrich the information structure.
Unlike micro-based models, our model connects dispersed information to the macroeconomic variables that
anchor traditional analysis. Results relevant to the determination puzzle include: (1) persistent gaps between
exchange rates and fundamentals, (2) excess volatility relative to fundamentals, (3) exchange rate movements
without macro news, (4) little or no exchange rate movement when macro news occurs, and (5) a structural-
economic resolution of the "order flow puzzle"—that macro variables cannot account for monthly exchange
rate changes, whereas transaction flows can. Calibration results match the empirical findings of Meese and

Rogoff (1983).
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Introduction

Two new approaches to exchange rates emerged in the 1990s, both micro-founded. This paper addresses
whether connecting them can resolve the most researched puzzle in international macroeconomics—that
macro fundamentals do not explain monthly exchange rate changes (the determination puzzle; see Meese
and Rogoff 1983). The two new approaches are the dynamic general equilibrium (DGE) approach and the
microstructure approach.? DGE modeling introduces rich preference structures and production structures,
but has not yet ventured beyond common-knowledge information structures (e.g., toward information that
originates in a dispersed form). The microstructure approach focuses explicitly on richer information struc-
tures, at the cost of relying on stylized, partial equilibrium analysis (e.g., informative signals are introduced
without links to deep economic fundamentals, and without considering that the fundamentals themselves are
determined by the signals received, through real allocation choices). The "new micro" approach we propose
here connects the two by embedding a micro process of information aggregation into a macro DGE setting.

The driving force behind the exchange rate in our model is productivity. Though not necessary, anchoring
exchange rates with a real variable shows that information dynamics are not special to financial transactions
and the associated nominal variables. (The information approach produces broadly similar results when
instead focused on shocks to nominal variables like money demand, or to other real 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. Consider an economy in which bits of information
about realized productivity are initially present at the micro level, i.e., at the level of individual firms. None
of these firms considers itself to have superior information. But if the currency trades of individual firms are
correlated with their own micro-level productivities (e.g., due to increased export revenues), then aggregated
trades initiated by home agents convey incremental information about the home shock. This information
structure differentiates our model from the DGE macro literature. Beyond this, the macro features are quite
standard, in fact rather streamlined.

The micro features of the model relate closely to micro 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” consol-
idation of consumption and production decisions in the new-macro branch of DGE models (i.e., individual
agents, or households, engage in both consumption and production in those models). The consolidation

greatly facilitates integration of the microstructure and DGE approaches.? In particular, it ensures that the

2DGE examples include Backus, Kehoe, and Kydland (1994), Obstfeld and Rogoff (1995,1998), and Chari, Kehoe, and
McGrattan (2002), among many others. Microstructure analysis, particularly its hallmark use of signed transaction quantities,
includes Lyons (1995), Rime (2001), Evans (2002), Evans and Lyons (2002a), Hau, Killeen, and Moore (2002), Bjonnes and
Rime (2003), and Payne (2003), among many others.

3Note 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.

4To non-macro readers, this type of consolidation is surely unfamiliar. The assumption facilitates general equilibrium
analysis because the agent population remains defined over a single continuum, and differences along that continuum arise as



objectives of financial-market participants are aligned with those of consumers. All trading is therefore con-
sistent with expected utility maximization; noise traders, behavioral traders, and other non-rational agent
types are absent. The resulting financial markets are semi-strong form efficient (reflect all public informa-
tion), but not strong form efficient: the endogenous pace of aggregation cannot keep up with the evolution
of fundamentals.

The model shows that richer, more realistic information structures produce an exchange rate that aligns
closely with empirical facts. For the determination puzzle in particular, relevant results include: (1) persistent
gaps between exchange rates and fundamentals, (2) excess volatility relative to 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. Excess volatility occurs because real allocations are distorted by rational exchange
rate errors—an “embedding effect”; these distorted real allocations induce additional volatility in exchange
rates.” (Note that past micro models cannot produce excess volatility from this source since they do not
permit feedback from information and exchange rates back to real fundamentals.) Exchange rates move
without macro news because microeconomic actions—in particular, trades—convey information, even when
public macro news is not present. There may be no impact on exchange rates from macro news if prior
microeconomic aggregation of information renders that news redundant.

We explore the model’s empirical implications with numerical simulations. These simulations reveal two
important features: First, exchange rates are disconnected from fundamentals over monthly horizons. We
show, for example, that Meese-Rogoff style regressions would have almost no explanatory power. Not only
can this explain the Meese-Rogoff results, it does so in a way consistent with the empirical literature linking
order flow and exchange rates (see footnote 2). Second, the presence of the “embedding effect” makes the
empirical link between exchange rates and fundamentals appear only at horizons that are far longer than
the horizon at which past states of the economy are publicly known. For example, fundamentals account
for only 50% of the variance in exchange rates at the two year horizon, and 75% at the five year horizon
(consistent with empirical work, such as that in Mark 1995).

This paper belongs to a recent literature that addresses why exchange rates are 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 more explanatory power
than macro variables: in a setting of dispersed information, aggregated transaction flows provide a stronger

signal of current and expected future changes in macro fundamentals than lagged macro variables do. The

parsimoniously as possible to capture the model’s essential features.

5For 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 last period.



model of Hau and Rey (2002) goes a different route in addressing the empirical significance of transaction
flows. Their focus for understanding currency movements is on shocks to cross-country equity returns and
the resulting flows into less-than-perfectly-elastic currency markets. No information aggregation takes place
in their model. A more relevant paper along this theoretical line is Bacchetta and van Wincoop (2003),
which does explicitly address how transaction flows relate to information aggregation. Unlike our DGE
setting, theirs is a model based on rational expectations equilibrium (in the spirit of Grossman and Stiglitz
1980). An important finding is that greater dispersion of information can lead to greater price impact from
non-fundamental trades (from rational confusion between fundamental and non-fundamental trades). They
too generate simulation results that broadly match the empirical findings of Meese and Rogoff (1983).

Though our model includes private information, it should not be interpreted as "inside" information
in the sense that one or a few insiders have large information advantages (and know it). The dispersed
information we have in mind in fact characterizes most variables at the center of exchange rate modeling,
such as output, money demand, inflation, consumption preferences, and risk preferences. These variables
are not realized at the macro level, but rather first as dispersed micro realizations, and only later aggregated
by markets and/or governments.® For some of these measures, such as risk preferences and money demands,
government aggregations of the underlying micro-level shocks do not exist, leaving the full task of aggregation
to markets. For other variables, government aggregations exist, but publication lags underlying realizations
by 1-4 months, leaving room for market-based aggregation in advance of publication.

Methodologically, the DGE environment we study has the following novel features. First, financial
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 also 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 approach. 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 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.

Section 1 presents the model’s basic characteristics. Section 2 provides model details. Section 3 specifies
the steps involved in solving for equilibrium. Sections 4 and 5 study the equilibrium, with focus on pricing

dynamics at both high frequencies and low. Section 6 concludes. An appendix presents analytical detail.

60ur information specification abstracts from strategic behavior. Strategic interaction is important for understanding col-
lapsing fixed exchange rates (see, e.g., Corsetti et al. 2001), but not the everyday functioning of major floating-rate currencies.



1 Theoretical Overview

Our genre of information model identifies primitive shocks and their propagation in ways that partial-
equilibrium models cannot. There are three essential ingredients: (1) specification of an endowment process
(or production technology) for dispersed information, (2) specification of the information available for finan-
cial pricing, and (3) a solution methodology that maps individual information sets into equilibrium actions
that, once observed, support those individual information sets. The model below is one set of choices in
these three dimensions. Other options are indicated so that those with different modeling preferences 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. The focus here is on price effects from information that persist, not on
“microstructure effects” (by the latter we mean price effects that are transitory, e.g., from marketmaker risk
management or from bouncing between bid and ask prices); from a macro perspective, microstructure effects
of this kind are second order. Though the dispersed information that drives the exchange rate in our model
is productivity, as noted, this need not be the case. Other key features of open-macro modeling like sticky
goods prices and imperfectly competitive firms can be introduced in the usual way. Our macro structure is
streamlined to highlight the information dimension.

The second essential ingredient is that modeling liquidity provision needs to take a stand on information
sets: what information do agents have when setting transactable prices? The genre of models we work with
here relaxes the common assumption of "strong-form informational interdependence"—where actions at any
given time are conditioned on information aggregated from all other actions occurring at that same time (see,
e.g., Grossman and Stiglitz 1980). When simultaneous actions are informationally interdependent in this way,
resulting transaction quantities convey no information that is not already embedded in the transaction price;
there is no learning from order flow ex post, and indeed, there is no information content in transaction flows
whatsoever (both counterfactual).” In the model below, we choose instead a “simultaneous trade” design
(see, e.g., Lyons 1997). Under this design, trades at any point in time occur simultaneously throughout the
economy, but realizations cannot be conditioned on one another (a standard assumption within the class of
simultaneous-move games in game theory). One cannot condition on information revealed by the trading
intentions of every other agent 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 assumption of trades
being strong-form information interdependent, it is not the only possibility. For example, an intermediate
road would be to assume that financial transactions at any “point” in time are executed sequentially (&

la Glosten and Milgrom 1985). In this case, the earlier the trade in the sequence, the more limited the

7 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.



conditioning information (because early trades cannot condition on information conveyed by later trades).
This alternative produces a constraint on information sets that is qualitatively similar to the one we employ
here.

The third essential ingredient of this modeling genre is its solution methodology, which needs to 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 infor-
mation 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. 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 is that consumers and financial liquidity providers are con-
solidated. This is not an essential ingredient. Whereas new-macro DGE models focus on richer micro-
foundations on the economy’s supply side, hence their consolidation of consumers with producers, our focus
is instead on richer micro-foundations in 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 misalignments 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 microstructure modeling. We recognize that for some questions it will be
necessary to drop this fourth, non-essential ingredient.

Finally, we note that currency trades in the model are quite general, in the sense that they include all
three of the fundamental motivations addressed in the literature: a transactions motive (e.g., for purchasing
imported goods), a speculative motive (based on information differentials), and a hedging motive (for risk

management).

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

refer to the home country as the US and the foreign country as the UK. Preferences for the z’th agent are



given by:
oo
Ut7z = Et,z Z BZU(Ct+i7z; Ct+i7z) (1)
i=0
where 0 < 8 < 1 is the discount factor, and U(.) is a concave sub-utility function, which we specialize to log

(which exhibits constant relative risk aversion, CRRA):

U(Ct,Chz) =3InCy. + L1 InCy ..

All agents have identical preferences over the consumption of US goods C; . and UK goods CA’W. E: . denotes
expectations conditioned on agent z’s information set at time ¢, € .. E; denotes expectations conditioned

on common time-t information (i.e., Q; = N.jo,1)%,2)-

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”
t 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

quote trade quote trade quote trade quote trade

S L S TS sl T S/, T
consume consume
invest invest

Figure 1: Model Timing

Period 1 (Quoting): Agents begin the month with holdings in three assets: dollar deposits Bt{z, pound
sterling deposits Btlﬁz, and domestic capital (K, , for US agents and f(tyz for UK agents). Each agent then
quotes a spot price Sf, (8/£) at which he is willing to buy or sell pound deposits in exchange for dollar
deposits. (Exchanging pound deposits for dollar deposits are the model’s currency trades. Note too that the

absence of money in this economy means that these deposits are best viewed as real deposits.) Quotes are



observable to all agents.?

Period 2 (Trading): Each agent z chooses the amount of pounds (i.e., deposits) T7, that he wishes to
purchase (negative values for sales) by initiating a trade with other agents. The sum of these signed trade
quantities across all agents z 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:

Bgz = Btl,z + StthZ,z* - StthQ,z’
Bg,z = Btl,z + th,z - Tt2,z*7
where Tt%z* denotes the incoming foreign currency orders, in total, from other agents trading at z’s quoted

price. S} is the period-1 spot rate quote at which 2 purchases pounds (so Stth%z* is the dollar deposits
received for having sold Tt%z* pound deposits in response to the incoming order). In equilibrium, this will
be the spot rate quoted by all agents (i.e., S} = Stl,z ) for reasons we explain below. Notice that period-3
currency holdings depend not only on the transactions initiated by z, (i.e., 7| t27z) but also on the transactions
initiated by other agents T7,,. An important assumption of our model is that the choice of T7, by agent z
cannot be conditioned on the incoming orders ng* because period-2 trading takes place simultaneously (save
for doing one’s best to forecast TE,Z*). 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 », 1s good for a purchase or sale of pounds, while the interest
rates, Iy, and }?t,z indicate the rates at which the agent is willing to borrow or lend one-month in dollars
and pounds, respectively. (Later, we use RF "1 and R,’f " 1 to denote the one-month returns on US and UK

real capital, respectively.) As in period 1, all quotes are publicly observable.

Period 4 (Trading and Real Decisions): In period 4, agents choose a second round of foreign currency

81t 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 the speculative motive
is not the only motive 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).

9Deposit rates are only quoted in period 3 to keep the structure of the model as simple as possible. Allowing interest to
accrue on intra-month deposits, based on rates quoted period 1, would not materially affect our results. In particular, the
existence of period-1 deposit rate quotes would not affect the trading decisions and inference problems facing agents in period
2, which lie at the heart of our analysis.



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’tyz, their foreign currency purchases T;,, and their real

7Z’

investment I; ., the resulting deposit holdings in period 1 of month ¢ + 1 are:

Bt1+1,z = Rt(B?,z - S?Tté’fz — I+ SET;%Z* + Ci 24, (2)

B751+1,z = Rt(B{?z + Tt%z - ét,z - Tt%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 Rt,z = R, 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, total
incoming orders for foreign currency Tt42* and total incoming orders for US goods C} .. affect the deposit
levels in the first period of the following month. Notice, for example, that B} 1., is augmented by Ci ..
these are deposits received in exchange for exports of US goods. We assume that C; .- includes an aggregate
component, % f11/2 C »dz, (common to all US agents; z < 1/2), and an idiosyncratic component, v, ,, with

f11/2 vt dz = 0.'' For UK agents, the dynamics of deposit holdings are similarly determined by:

Btl+1 z = Rt(B?,z - S?Tté’:z - Ct,z + S?Tf:z*)’ (4)
Bll,. = R(B}.+T} 1. T, +Ci.). (5)

The export of UK goods by agent z > 1/2 also is composed of an aggregate component, % 01/ 2 C't,zdz, and

.1 . N . 1/2 .
an idiosyncratic component, 7y ,, with fo/ vy .dz = 0.

Finally, we turn to the dynamics of the capital stocks, which are central in our model for determining
equilibrium exchange rates. The production of US and UK goods at the start of month ¢ + 1, Y34, , and

Yit1,2, is given by:

Yiyi, = A1 (K, —Cr,—Ciow+112),
f/tJrl,z = AtJrl(Kt,z - C’t,z - C’t,z* + jt,z)a

where A;y; and flt_H capture US and UK productivity. Note our convention: K , is the real capital stock at

10That motives for further currency trade within the month will indeed remain is one of the model’s important properties
(established below in Section 4). It addresses the question of why agents would want to trade at such high frequencies.

1 We have to make an assumption about the distribution of the incoming export orders Ct .+ in the same sense that we had
to make an assumption about the distribution of incoming foreign exchange trades sz*. For TEZ*, we assumed that trades
are divided equally among agents offering the same price. (This is conservative, informétionally, since it maximizes the trading
information available to each.) For exports, a more decentralized market, it is perhaps more natural to allow for idiosyncratic
noise. This noise will not, however, slow down the pace of information revelation: as we shall see, in equilibrium agents will
precisely infer the state of world productivity after period-4 trading without needing an additional signal from the real product
markets.



the beginning of month ¢, so that the term in parenthesis is the capital stock at the end of month ¢, i.e., after
period 4 trading and consumption. These production functions lead to the following capital accumulation

equations:

KtJrl,z - Ri€+1 (Kt,z - Ct,z - Ct,z* + It,z) ) (6)
f(t-i—l,z = Rf+1(f(t,z — C’t,z — ét,z* + ft,z)y (7)

where RfH = 1+ Ayyq, and Rfﬂ =1+ At+1 denote the one-month returns on US and UK capital.
(Depreciation is zero in both countries.) Equation (6) describes how US consumers’ holdings of capital

evolve; equation (7) describes the dynamics of UK consumers’ holdings.

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 alternative 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:

mRF = rF=rtu +e +0(er1—é1), (8a)
thf = ff :T+ﬁt+ét+9(ét71 *etfl). (Sb)

We assume that the u;, 44, e;, and é; are normally distributed mean-zero shocks. The u; and u; shocks have
a common variance o2 and the e; and é; shocks have a common variance o2. We allow for the possibility of

non-zero covariance between the Ut and ﬂt shocks:
C [ U ] = po?
ov|Ut, Ug) = PO,

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; (@;) and a persistent component e; (é;). The transitory component wu; (i) is a



one-month effect on US (UK) returns with cross-country correlation p. Unlike u; (@), the random variable
er (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 their differential, i.e., ¥ — #¥, 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.

In most of the analysis below we examine information structures in which for each month ¢, all US agents
observe in period 1 their home shocks {uy, e;}, whereas all UK agents observe their home shocks {4y, é;}.'2
Dispersed information thus exists inter-nationally, but not intra-nationally. This specification highlights the
theoretical consequences of dispersed information in the simplest possible way. (In the version of the model
that we calibrate, we include information that is dispersed both internationally and intra-nationally.) The
timing structure depicted in Figure 1 is also motivated by the desire for analytical clarity. At the heart of
our analysis is the following question: Can dispersed information about the month ¢ state of productivity
be completely aggregated via trading and hence reflected in exchange rates and interest rates before real
allocation decisions are made? In our timing structure, this boils down to the question of whether information
aggregation is complete by the start of period 3. Periods 1 and 2 are in this sense a metaphor for the many
rounds of quoting and trading that facilitate information aggregation in actual markets before real allocation
decisions are made.'® We offset the dampening effect that this structure has on revelation by making actions
(trades) observable, which is much more transparency than is present in actual markets. Allowing for fewer
trading periods with greater transparency enables us to examine the process of information aggregation in

a clear yet meaningful way.

2.2 Decision-Making

Agents make two types of decisions: consumption-savings decisions and financial decisions (quoting and
trading). 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 still important

I2This 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.
3 For an example of a model with timing structure along these lines, see Evans and Lyons (2004).

10



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 impounds 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.!'4 As noted in the previous section, what
is really necessary for the transmission role of transaction flow is that market prices do not impound all of
the information in concurrent executed transactions. This is insured in our model by an assumption that
marketmakers cannot condition their price quotes on the concurrent trading intentions of all other agents.
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 in our model is a
result, not an assumption. 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)

15 The resulting solution to the quote problem facing

that trading with multiple marketmakers is feasible.
agent z in periods j = {1,3} will be a quote Stj’z = 57, where S/ is a function of public information
(determined below). Similarly, the period-3 interest rate quotes are given by R;, = R; and Rt,z = Rt,
where R; and R, are functions of 0} (recall that interest rates are set by liquidity-providing marketmakers
here, not by a central bank). 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.)

MEven if the FX market were organized as a centralized auction with full transparency, this would not be not sufficient
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.

15The assumption of no spreads is not necessary, though it greatly facilitates the analytics. Specifically, the economics of the
model would not be significantly changed if each trader-consumer’s quote were a schedule of prices, one for each incoming order
quantity from minus infinity to plus infinity, so 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). To go this route, we would have to relax the assumption that trades are split equally
across marketmakers, since, as noted, equal splits means that everybody is receiving their share of the marketwide aggregate
order. Alternatively, marketmakers could charge one another an unconditional, fixed commission on incoming orders. The
existence of this commission would create an incentive to quote beyond the reciprocity requirement we impose, but would not
affect the equilibrium we analyze since all agents are marketmakers (and the marketmaker problems are symmetric, so the
redistribution is nil).
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Next we turn to the consumption and portfolio choices made in periods 2 and 4. Let th , 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:

Wt%z = Btl,z + StlBtl,z + Kt,Z + Stht,z
Wt%z = B?,z + SSB?,Z + Kt,Z + kataz

Notice that wealth is valued in dollars using the equilibrium spot rate quoted in the period before trading
takes place.'6

In period 2 agents initiate transactions (i.e., choose T7,) to allocate wealth optimally between dollar and
pound assets. Because trading takes place simultaneously, however, the choice of ng cannot be conditioned
on the orders they simultaneously receive from others, ng*. Of course, in choosing ng agents do their best
to forecast Tf’z*7 but they cannot condition on its realization. We denote this forecast of the incoming order
as B [ T7... (Hereafter we use E{z to denote expectations conditioned on information available to individual
z at the beginning of period j in month ¢.)

Let Jf(WtQZ) and Jj(Wt‘fz) denote the value functions for agent z at the beginning of periods 2 and 4.

Tt%z is determined as the solution to the following dynamic programming problem:

JHWE) = max B, [JHWE)], (9)
t. Wi, = 1 W, (10)

where

3
i = (1 (5 o).

St (Bl + Fo. + T2, — B2, T2..)

A\ N 2Tt 2k
1,2 = WEZ 9
5 — Stl (Tt2,z* - EtQ,thQ,z*)
t,z — Wtz,z .

The choice variable ); . is key. It identifies the target fraction of wealth agents wish to hold within the
month in pounds, given their expectations about incoming orders they will receive during trading, Ef’zTZZ*.
(Outgoing orders T7, are determined from the optimal choice of A . given E7 [ T7,., Egz + Rt, =, and W72_.)
Ht?’ , 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

16No single agent can hold both K . and I%'t,z since agents hold domestic real capital only; thus, depending on whether z is
above or below 1/2, one of these two terms in each equation will equal zero.
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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, H? , is subject to two sources
of uncertainty: uncertainty about the future spot rate S3, and uncertainty about order flow in the form of
trades initiated by other agents TtQZ*

In period 4, agents choose consumption of US and UK goods, foreign currency orders, and investment
expenditures. Let oy . and v, , denote the desired, cross-month fractions of wealth (weights) held in pounds

and domestic capital respectively:

o _ S?KLZ + S?B?,z + St:’)) (Ttél,:z - E:},zTéz*) - Sgét,z
t,z — W{%Z )
Ki.+1.—Ci,—E} Ci ..
p o hr e e <1/2,
Wt7z
’Yt,z = N ~ . R
Ktz+Itz _Ctz _E?thz*
El £ b ) £ Z 2 1/2.
Wi,
The period-4 problem can now be written as:
A4\ A 4 2 (1772
i) = omax {U(C G+ BB [J2WELL)] (1)
{Ct,z,Ct,zaat,zﬁt,z}
s.t. Wt2+1,z = Rthl-l-l,th%z - Rt (Ct,z + S?ét7z) 5 (12)
where:
St Ry ;
L+ < .?é}%lj - 1> (O{t7z - gt,Z) + (RRTI - 1) (’YLZ - Ct,z) z < 1/2
Htl—i-l,z =

sl R, sl Rk Sl R R
U (1) s )+ (g - ) (s G) 2z

with R§+1 =1+ At+1 and R?ﬁrl =1+ At+1.
Htlﬂ,z 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 oy, — ¢ ., where ¢, =

SHTL.. ~ BT

b ..) /W, 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 v, , —(; ,, where (; , = (Ctoon — E?’th,z*) /W, identifies the effects of unexpected demand for US
goods (i.e. US exports).!” In the UK case, the fraction is v, , — ét,z, where gt,z = (C’t’z* - ]EﬁZCA’w*) JWE..

Monthly returns are therefore subject to four sources of uncertainty: uncertainty about future spot rates

1"When 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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(ie., S} 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 ,, C’t,z, At,z, Q) take the

same form for both US and UK agents:

Ci. @ Ue(Cipz,Chz) = BRSIEY , (Vi1 HP L] (13)
Cr. : Ue(Ciz Crz) = BREY, [Vigr HP L], (14)
N oo 0=EE Vi (5 -1)] (15)
ae o 0= [V (S - 1)], (16)

where V; . = dJ}(W},)/dW}, is the marginal utility of wealth. The first-order conditions governing real

investment (i.e. 7, ,) differ between US and UK agents and are given by:

Rk

Vt,z<1/2 ¢ 0= Ef,z |:V;5+1,ZHE+1,Z < ]%_1 - 1>] ) (17)
Sl Rk

Vt,z>1/2 - 0= E?,z Vt+1,th3+1,z (% - 1)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:
Vie = BREL . (Vi - H} o H (19)

In a standard macro model where agents provide no liquidity provision, equations (15) through (19) together
imply that V; , = UC(CA',;Z, Ct,2). 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

/ngdz = /Tg;z*dz,

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

dollar value of pound orders received:

for j = {2,4}.

the start of periods 1 and 3 are given by:
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/ Bl.dz = 0, / B} .dz =0, (20)
/Bgzdz = 0, /B;jzdz =0. (21)

Combining these conditions with the budget constraints for dollar and pound deposits implies that [ I, .dz =
f ft,zdz = 0, so that aggregate real investment expenditures must equal zero if the deposit and goods markets
are to clear. This does not imply that the investment expenditures of individual agents are zero. The
appendix shows that each agent chooses real investment expenditures to offset the effects of the idiosyncratic
component of last month’s export shock. This is achieved via trading in domestic deposits. (For example,
recipients of positive idiosyncratic export shocks last month will undertake more real investment this month
by selling domestic deposits to the recipients of negative idiosyncratic export shocks—the latter being happy
with a lower level of real investment.) Of course, this form of trading has no impact on the aggregate
level of investment expenditure; it simply allows expenditures to be redistributed among agents. Aggregate
expenditure could only vary if there were a change in aggregate deposit holdings, an implication that is
inconsistent with market clearing. As a consequence, the aggregate capital stock available for production
after period-4 trading is complete is [ (K. — C;.)dz in the US and [ (R’t,z — CA’t,z> dz 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 ¢ 4+ 1 are (from equations 6 and 7):

Kipn = R,’f+1 (Kt_/ct,zdz>v (22)
Kt+1 = Rf—&-l <Kt - /C(tvde) . (23)

where K; = % f K .dz and R’t = % f Kt,zdz. These equations summarize the implications of market clearing

for the dynamics of the aggregate capital stocks.

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.

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.
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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 the budget constraint to approx-

imate 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.

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.

As suggested in the previous section, capital stock dynamics are at the center of the model’s equilibrium.

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

kt+1 - kt = Tf+1 + In (1 — ,u) — (ﬁ) (8? + I;‘t — k‘t + /(5t’zdz> 5 (24)

]%iH»l — ];:t = ’]254,1 + In (]. - ,LL) - (ﬁ) (kt - S? - IAft +/6t)zd2) . (25)

where 6, , is the log consumption/wealth ratio:
6t,z =Ctz — w?,z —1In (/L/2)
and p is twice the unlogged consumption/wealth ratio in steady state (overbar denotes steady-state value):

n= 2C’t,z/Wéz

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

Given that productivity is the forcing variable, exchange rate dynamics will depend on how dispersed pro-

ductivity information is embedded in spot rates. Recall that the processes for log capital returns in the US

16



and UK, respectively, follow:

rPo= rHuste+0(e—1 — 1),
PYo= rddy 46+ 0(6-1 —er1),

where we allow the transitory components u; and 4; have correlation p, but the persistent components e;
and é; are independent across countries (for tractability). Recall also that we assumed in section 2 that

information about the return on capital arrives as follows:

1. US Shocks: US agents all observe the realization of their home shocks {u,e:} at ¢:1,

2. UK Shocks: UK agents all observe the realization of their home shocks {u;, é;} at t:1,

where the shorthand ¢:j denotes period j7 in month ¢.
The following propositions characterize the exchange rate process implied by this information structure.

They clarify the model’s essential features, including the central role of endogenous information revelation.

Proposition 1 (Spot Rates) The log nominal exchange rate implied by spot quotes in periods 1 and

8 are given by:

sy = [Vk, (27)
sp = BE}Vk, (28)

where the operator V denotes the difference between US and UK wvalues (e.g., Vks = ky — /2:,5)

Thus, spot rates in each of the two price-setting periods are pinned down by the log capital-stock dif-
ferential, where expectations are conditioned on common information, Qg = {1, 3}. To develop intuition for
this result, first note that markets here are incomplete, so that unlike complete-markets models, the spot
rate is not determined by the ratio of marginal utilities of consumption across US and UK goods.'® Rather,
the spot rate is pinned down by the international distribution of wealth, which here means the international
distribution of capital. This can be seen by combining the definitions of the realized capital shares v, , — (; ,

)

(see the definition of H},, , in equation 12) with the dynamics of US and UK capital:

_1
Wius _ <7t7UK - CLUK) K\
WéUK Ye,us — Cr,us SEK;

18 The nature of market incompleteness is somewhat novel in this model, so we discuss it in some detail in the working paper
version (Evans and Lyons 2004a). Even if agents could hold foreign real capital, financial markets here would still be incomplete:
the deeper source of incompleteness is that dispersed information precludes a full set of state-contingent claims.
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The ratio of US to UK wealth is proportional to the ratio of US to UK capital, with the proportionality
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., v, ,) 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 distribution of capital. One such restriction is that
the wealth of each consumer remains positive (i.e., W} _ > 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 crucial to 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 WEUS = 0, then there is no period-2 order flow that can
convey dispersed information about US productivity shocks, u; and e;.) This bound on log wealth ties down

the spot rate. In particular, the period-3 spot rate must satisfy:

o0
s} =BjVk + B} Y (1—p)' {rf, — (PF, + Asiy,) ) (29)
i=1

Equation (29) identifies the unique value for the spot rate that places K;/ Sf’f(t on an expected future
path consistent with the equilibrium bound on log wealth. To see why, consider what would happen if the
expected t + 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 Wiiq vk /K41 and raise Wiyq us/ S +1Kt+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 (see equations 22 and 23). And, as a result,
K;/S?K; would rise without bound and WéUK would be driven to zero. This outcome can be avoided only
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 (29) 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 (29). The equilibrium
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 (29),
leaving s} = E}Vk; as shown in equation (28). Period-1 spot rate quotes are set so that expected intra-month
returns are equal.'® Since no intra-month interest is paid on US or UK deposits, this requirement implies
that s; = E}s? = E}Vk, as in equation (27).

Proposition 1 identifies the different factors that contribute to the dynamics of spot rates. In particular,

19This 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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combining (27) and (28) with the dynamics of US and UK capital in (24) and (25) we find:

1 3
St — St—1

1
BIVr 4 <T> BL(Vhe 1 — B}, Vhy 1), (30)

1
oot = (8 =B T+ (1) (B B (ks —BE, ko) (31)

These equations show how changing expectations about the distribution of capital and the return on capital
contribute to spot rate dynamics. Specifically, equation (30) shows that across months the revision in spot
rate quotes has two components. The first is the common knowledge expectation of the difference in capital
returns, B} VrF = B} [rF —#F]. The second component is proportional to the current estimate (conditional on
Q1) of the last month’s error in estimating the distribution of capital, Vk;_1 —E3_; Vk; 1. The within-month
spot rate change shown in (31) also has two components. The first term (Ef — E}) Vry 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 (30) and (31) clarify how exchange rates are driven by the arrival of information. In particular,
common-knowledge information and its evolution through time are key to understanding the contribution

of the various components of spot-rate adjustment. We now study this evolution in detail.

Proposition 2 (Revelation Special Case) Immediate revelation of new information about the month-

t state of the economy occurs only when p = —1.

Recall that US (UK) agents learn the values of e; and u; (é; and ;) at the start of period 1 in month ¢,
with Cov[ug, ;] = po?. 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 4 are immediately common knowledge, leading to their full impounding in quotes immediately
in period 1 via E}Vry in (30). When p > —1, however, none of the dispersed information about current
returns is immediately common knowledge, so none of the new information about the state of the economy
is reflected in the period-1 spot rate (despite the information existing in dispersed form).2°

Proposition 3 addresses the general case, clarifying the degree to which period-2 trading contributes to

learning.

Proposition 3 (Revelation General Case) Let 17 = thQZdz denote aggregate order flow toward
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 = {TF UQZ}. In the special case where p = —1,Ve, € QF. For

20 Of course, when p=1 the same is true, but in this case there is not even a change in the relative value of u¢ and g, i.e., no
change in this fundamental to be revealed.
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the general case where p > —1 (#0), {Ves, Vui} & Q3, and
E [Vet + VutIQﬂ = P&, (32)

where & = S} (TZ —B#TZ) /BRW?., is the scaled innovation to period-2 order flow (relative to F) that
depends on all four return shocks:

§ =€ Ve + &, Vuy. (33)

At the start of period 3, residual uncertainty about the true distribution of capital is:

Vk’t —E [VkﬂQ?] = v€t + Vut —E [Vet + VU“Q?]
= w.Ver + 7, Vuy, (34)

where me = (1 —€,) #0 and 7, = (1 —¢,,) #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, Qiz. 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 with p = —1, the
values of e; and é; represent the sole source of individual information that motivates trade. In particular, u;
and u; play no role because they are common knowledge at the beginning of the month, so 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 i, are not reflected
in s}. This means that order flow innovations contain information on all four shocks, as approximated by
(33).21 As a consequence, it is not generally possible for any agent to infer the exact values of Ve; + Vuy
by combining their individual information with their observation of period-2 order flow.?? Consequently,

aggregation of dispersed information at the end of period-2 trading is incomplete.

21Importantly, it is the unexpected component of aggregate order flow that conveys news — a component that is uniquely
determined. The expected component of order flow is not uniquely determined, however: if agents could all coordinate in adding
some constant > to TEZ, then because they are trading with one another, the resulting prices and allocations of foreign exchange
following trading would remain unchanged. (We are grateful to Eric van Wincoop for pointing out this feature of expected
order flow.) As a theoretical matter, adding even infinitesimal trading costs would eliminate this source of indeterminacy from
the expected component of equilibrium order flow.

22 An artifactual exception occurs when p = 0. In this case, the trades of US (UK) consumers happen to be a function of
the unweighted sum e; + u¢ (é: + @), so observation of £, combined with private information could fully reveal the value of
Vet + Vuy to all consumers. We ignore this artifactual case in the propositions that follow.
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We can gain further perspective from the composition of period-2 order flow:
T2 = / Ao (Weo/SH) dz — Ky + / B} T} .- dz.

This shows that order flow aggregates information from: (i) the portfolio allocation decisions of US and
UK consumers A, ¢, (i) the distribution of wealth W; ., (iii) the outstanding UK capital stock K7, and (iv)
expectations of incoming order flow EZ /T7,.. This means that order flow reflects both individual information
about the current state, as well as 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 inefficiency is likely to occur in any model that combines dispersed information
with CRRA utility: Since CRRA asset demands depend on wealth, less-than-full information about the
distribution of wealth creates noise, more difficult signal extraction, and informational inefficiency.

Order flow &, is the model’s key variable in terms of information transmission. Per the definition in
proposition 3, it is a reflection of the gap between trade initiations that agents are expecting (based on
public information) and those that actually occur, i.e., T — EZT2. From (33) it is clear that in equilibrium
this one-dimensional signal is a weighted average of the underlying productivity realizations. Naturally, the
weights play a direct role in governing the degree to which uncertainty about the state remains once trading
is concluded and the order flow outcome is observed.

Next we turn to period-4 trading.

Proposition 4 (Revelation Month End) After period-4 trading, information aggregation is com-

plete. In particular, the components of returns wug, Uz, e, and é; are all common knowledge:
{Ut,ﬁt, €, ét} S {1—;44 U Q?} .
where T} = fT{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 t:4
and t+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 é; to US consumers, and the values of u; and e; to
UK consumers. As a result, the values of wuy, i, ¢, 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
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all consumers. This means that the order flow received by each consumer is completely representative of
the market as a whole. This high level of transparency insures that incoming orders are only a function of
Uy, Uy, 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. We shall see in the next section that information does not
aggregate so quickly with less transparency.

Note, however, that proposition 4 does not imply that the exchange rate is fully revealing. Indeed, the
exchange rate in this model is never fully revealing. We have already shown that when p > —1, period-3
spot rates cannot reflect all information. And while agents do learn the values of wus, U, €;, and é; by the end
of period-4 trading, their quotes in period 1 of month ¢+1 will not fully reflect intervening changes in the
macro state variables wsy1,Usy1, €41, and é.y1. Put differently, the macro-economy is evolving at a pace
that never allows asset prices to catch up fully.

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

p = —1, common information evolves according to:

O = {u,a,UQL Y, 02=0l,
0 = (e, e U}, Q=03

This information structure implies that Vk;_1 = E}_;Vk,_1, EfVrf = 20Ve;_1 + Vu, and
(B} — E}) Vrf = Vey, so equations (30) and (31) become:

s;—s3 . = 20Ver 1+ Vuy, (35a)
s8—sf = Ve (35b)

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 both are
immediately in the common-knowledge information set (i.e., at ¢:1). Consequently, u; and 4; have an im-
mediate, 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:

1 _ ~ 5 4 2 _ 0l
Qt = {utflvutfla et—1,€e¢—1 U Qtfl} ) O = Qtv

0 ={¢uai}, 0p = 0.

where the aggregate order flow &, now plays the central information communication role. This information

structure implies that Vk,—1 = B} | Vk,_y +7Ver1 4+ m,Vue_1, BfVrf = 20Ve; 1 and (Ef — E}) Vrf =
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Y€,, so equations (30) and (31) become:

1
sf—s , = 20Ve; 1+ <m> (meVer—1 + Ty Vue_1), (36)

si—si o= U (37)

The exchange rate dynamics described here reflect the slower speed of information aggregation. Equation (36)
shows that u; and u; 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 impounded
in spot rates via the order flows generated in periods 2 and 4. Impounding via period-2 order flow is shown

in (37). The second term in (36) shows the effect of period-4 order flow.

5 Exchange Rates and Fundamentals

We now examine the implications of our model for the relationship between exchange rates and fundamentals.
For this purpose, we first examine how real allocation decisions are affected by the speed of information
aggregation. We then show how the pace of learning affects the volatility of spot prices over short horizons.
Finally, we extend the model to allow for lower transparency in foreign exchange trading. This allows us to

examine the relationship between exchange rates and fundamentals over a broad range of horizons.

5.1 Embedding, Volatility, and Macro Announcements

The speed of information aggregation affects real allocation decisions. In the general case with 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 (Embedding in Fundamentals) FEzpectational errors are embedded in fundamentals
via the relation:

Vkis1 — Vke = Vry, + (%) (Vk: — E [V QD) .

1

Proposition 5 shows that the monthly change in the realized distribution of capital includes two compo-
nents: the difference in capital returns Vr¥ ', 1, and residual uncertainty after period-2 trading concerning the
distribution of capital, Vk; — E [thmf’] . 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 differ-
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ence 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 [th\Qf] = 7m.Ver + 1y, Vuy, so:

th+1 = Vkit + V’f‘f_;'_l + <ﬁ) (ﬂeVet + ﬂuVut) .
Thus, residual uncertainty about the distribution of capital becomes embedded in the dynamics of funda-
mentals via the w. and 7, terms. The economic intuition behind this result is straightforward. Recall that
s3=E [thmi)’] , so residual uncertainty creates a gap between the month ¢ spot rate, s 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 becomes 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.?3
2

Proposition 6 (Excess Volatility) When p > —1 and m, > T, = 2 (é—:ﬁ) , the monthly depreciation

rate displays volatility in excess of that implied by fundamentals:

A\ [AS?H] >V [Vrfﬂ] .

When p = —1, the volatility of the monthly depreciation rate is determined by the volatility of full-information
fundamentals:

V[As] ] = V[Vhi — Ak] =V [Vrf,].

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
expectational errors. These errors can also be a source of excess volatility. Consider the monthly rate of

depreciation implied by equations (30) and (31):
Astyy =Bf Vi, + (ﬁ) B4y [Vhe — B/ V]

Here we see that monthly changes in the exchange rate depend on current shocks, via E} +1V7"f+17 and

23This 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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on corrections for past-month expectational errors, via [} 1 [th — E?th]. Squaring both sides of this
equation and taking expectations gives:
V[ast,] - VIvrta] = (VB -V Vi) + (e ) V BRIk - B V]

+ (ﬁ) CV [Ef’ﬂvrfﬂvEfﬂ [V — E?vktﬂ ‘

We shall refer to V [Vrf +1] as the "fast-aggregation benchmark," since this would pin down exchange rate
volatility if aggregation were instantancous. Now, V [E3,,Vrf, ] =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 intuition—mistaken here—that less information 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? 1 Vki = Vk, so the second and third
terms become:

(ﬁ) V [Vhy — B3V + (ﬁ) CV [E2,, Vrk, ., Vi, — E3Vk] .

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 period-2 order flow is relatively uninformative, the 7w, and 7. coefficients will be larger
and the effects of subsequent learning will contribute more to the volatility of spot rates. (Recall from
Proposition 3 that the coefficients 7, and 7, measure the uncertainty that still remains after period-2 order
flow is observed.) Proposition 6 identifies a sufficient condition for excess volatility (i.e., m, > 7,), where

the learning effects dominate.

5.2 Announcements

Though enormous, the literature on macro announcements has been unsuccessful in resolving the puzzle
that lies at its center, namely, that even the most careful of event studies using the most comprehensive
announcement samples are unable to account for 5 percent of total exchange rate variation (see, e.g., Andersen
et al. 2003, Evans and Lyons 2003). Our model provides a sensible resolution: macro news will have little

impact on exchange rates if prior microeconomic aggregation is doing most of the work.

Proposition 7 (Announcements) When p > —1, public announcements concerning the values of r¥

and 7F will only affect exchange rates if the announcements are made before period 4 in month t.

When the transitory capital-return shocks u; and 4; have correlation greater than -1, the state of fundamen-
tals 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
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it would convey would depend on how early in the month it occurs.
If information aggregation is slower, there will of course be greater scope for announcements to impact
exchange rates. We turn now to calibrations of the model in which aggregation is slowed in a patently

realistic way: noise is introduced to the signal of marketwide order flow that agents observe.

5.3 Calibration with Lowered Transparency

Though the model specification above clarifies how information is impounded in analytic detail, it is not
designed to capture the full potential of learning for addressing macro issues. The extension we consider
now slows aggregation, at the expense of considerably greater analytic complexity. We solve this version of
the model numerically.

We make three modifications. Under the trading rules in our basic model, all agents received the same
flow of FX orders in equilibrium, so that following trading, each could make a noiseless inference about
aggregate order flow. Our first modification is to assume that the flow of FX orders is distributed randomly
among agents quoting the same spot rate. As a result, in equilibrium each agent observes aggregate order
flow at the end of each trading period with noise. Second, we allow for idiosyncratic noise in the information
each agent receives in period 1 about domestic productivity shocks. This modification allows for dispersed
information to exist both intra- and inter-nationally. The third modification is to add a public announcement
that fully reveals rF and 7 at ¢ +4:1; i.e., there is a delay of one quarter after trading in month ¢ has ended
before the true state of the month-t economy is fully revealed. This latter assumption is consistent with, for
example, the fact that U.S. final GDP announcements occur on average 4.5 months after the underlying real
activity being measured.

The reduced form of our modified model is described by:

Vk‘t = Vk/'t71 + Vet + Vut + 20V6t71 — (ﬁ) (ngl — Vk/‘tfl) s (38&)

st = EIVK|Q)), O ={Véi, Vi, Vi{_i} 0 (38b)
Vi = Vrk,, (38c¢)
Vér = Ve +¢f, (38d)
Vi, = Vug+ef. (38e)

Equation (38a) combines the capital accumulation equations in (24) and (25), with the returns processes in
(8). As in Proposition 1, equation (38b) shows that the period-3 spot rate is determined by the expected
capital differential conditioned on information (3. Notice that Q3 differs from the period-3 information set
in the basic model. We assume Q? comprises the history of public announcements on past returns V#¥, and
the history of signals on Ve; and Vuy, denoted by Vé, and Vi, respectively. The four-month reporting lag
for public announcements is shown in (38c). The relation between the shock signals and actual shocks are

summarized by (38d) and (38e). In our basic model we constructed the counterparts to these equations by

26



solving the optimal portfolio and inference problem facing each agent (see Propositions 3 and 4). Here we
model the relation in reduced form. f and €} represent signaling noise that arises (endogenously) from the
presence of intra-nationally dispersed information on domestic productivity and the lower level of market
transparency. We assume that f and ¢} are independent normally distributed mean zero random variables
with variances 62 and 2.

We solve the modified model by guessing and verifying the form of the equilibrium estimation error for
fundamentals, Vk; — E[thmf] To implement this numerical procedure (described in the appendix), we
parametrize the capital returns processes so the quarterly change in spot rates has a standard deviation
that matches the historical behavior for G-3 currencies over the floating-rate period. For this purpose we
set 0, = 0, = 1.3, 6 = 0.1 and p = 0. These values imply that the standard deviation of quarterly spot
rate changes is approximately 6%. Our log specification for utility implies that 4 = 1 — 3, so we set u
equal to 1 — 0.97'/12, The remaining parameters are 6> and 2. We set 52 equal to (1 — »)202/» and
52 = (1 — %)2(1 — p)o? /5, where the parameter 0 < > < 1 identifies the signal to noise variance ratio in
both (38d) and (38e) (i.e., V[Ve]/V[Vé] = V[Vu]/V[Vi] = 5 ). Low (high) values for s imply that
agents have relatively imprecise (precise) estimates of the productively shocks based on period-2 trading.

Table 1 reports summary statistics from calibration experiments using two values for ». In each case, the
model was solved and then simulated over 100,000 months. The table reports statistics calculated from these
simulated samples. Columns (i) and (iii) report the R? statistic from the regression of the h—month change
in spot rates, A”s;,,, on the h—month change in fundamentals A"Vk,,, = Vk, 1, — Vk:.2* Columns (ii)
and (iv) report the variance ratio for APrs, g, relative to APV yp,.

The results in Table 1 display two important features. First, the slower pace of learning almost completely
masks the link between spot rate changes and changing fundamentals over horizons of one year or less
(consistent with the well known results of Meese and Rogoff 1983). In particular, the R? statistics columns
(i) and (iii) are less than 20% for h < 12. Intuitively, spot rates are being driven by order flow that changes
estimated fundamentals A"E[VE|Q?], but the process by which information is aggregated makes actual
A"VE, a very poor proxy for Ah]E[th\Q?] at high frequencies. At low frequencies, where the change in
fundamentals is measured over many years, A"Vk, is much more closely correlated with AhE[thm?], SO
the link between exchange rates and fundamentals appears as higher R? statistics.

The second noteworthy feature of Table 1 concerns volatility. Even though the complete state of fun-
damentals is known with a four-month reporting lag, the effects of incomplete information have significant
impact on volatility at much lower frequencies: the variance ratios (reported in columns ii and iv) are ap-
proximately 1.3 at the A = 12 month horizon. In sum, the effects of learning on volatility extend well beyond
the horizon at which learning about fundamentals is complete. Notice, also, that there is little difference

between the results based on s = 0.5 where market transparency comparatively low, and those based on

24The results in columns (i) and (iii) represent an upper bound on the R? statistics we could expect to find in empirical
applications because they are computed under the assumption that data on actual fundamentals is available. In reality, a
researcher may only have access to a subset of the variables that comprise fundamentals.
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Table 1: Calibration Results

Experiment I Experiment 1T
x=0.5 2 =0.99

. 9 V (A"spqn) ) V (A"s1n)
Horizon h (months) R VA VEs) R VA V)

Q) (i) (i) (iv)

1 0.001 4.516 0.003 2.791

2 0.080 2.598 0.116 1.818

3 0.041 2.034 0.057 1.527

4 0.020 2.170 0.026 1.789

5 0.011 1.953 0.014 1.658

6 0.001 1.787 0.001 1.546

12 0.200 1.387 0.214 1.270

24 0.492 1.192 0.508 1.135

36 0.632 1.127 0.649 1.090

48 0.713 1.094 0.727 1.067

60 0.763 1.076 0.776 1.054

120 0.876 1.037 0.883 1.027

s = 0.99 where transparency is quite high. A small degree of residual uncertainty appears sufficient to
de-couple changes in spot rates and fundamentals at high frequency.?”

To summarize, our calibrated model not only delivers a quantitative account for the determination puzzle,
it does so in a way consistent with another important stylized fact—that order flows can account for monthly
exchange rate changes. Our results, both analytic and simulated, show that the pace of aggregation is central
to exchange rate dynamics. Importantly, our results do not depend on information aggregation being slow
in any absolute sense: to have long-lasting effects on both fundamentals and exchange rates, the pace of
aggregation need only be slow enough to affect real decisions. Moreover, to get slow aggregation in the
model, it is not the case that conditions have to be special; rather, slow aggregation is the general case, and
fast aggregation the special case. The learning that is occurring here is different from the symmetric learning
that occurs elsewhere in international macroeconomics. In symmetric learning models, the time when (all)
agents learn something is exogenous, e.g., the arrival of a macroeconomic announcement. Here, the timing

of learning is endogenous—it depends on the actions of private agents.

25For perspective on this result, consider the problem of estimating z; from noisy observations g, = my + wt, where n, ~
N(0,02), wi ~ N(0,02%), and Az = 5. It is straightforward to show that the estimation errors zf" = z; — B[z {Be—itisols
follow a random walk Azf" = k7); where x > 0 for any 02, > 0. Thus, the sample standard deviation of zg" increases with
the sample size whenever there is any noise in the n; signal. Our model has a similar knife-edge property: Although the
fundamentals’ estimation errors Vk; — E[Vk;|Q2}] are stationary because agents learn the true value for Vk; after four months,
the presence of any noise in the signaling equations (38d) and (38e) induces a large amount of volatility in Vi — E[Vk:|Q3].
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6 Conclusion

Our new micro model of exchange rates connects the DGE and microstructure approaches. A challenge for
past DGE models is finding more traction in the data. Our results suggest that enriching their information
structure (as opposed to their preference or production structures) may provide that traction. The shortcom-
ings of microstructure modeling are more on the theoretical side: these models warrant a richer placement
within the underlying real economy if they are to realize their potential for addressing macro phenomena.
This joint need is what motivates our paper.

DGE analysis highlights several implications of dispersed information that are not evident in partial
equilibrium 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 (e.g., the signals in agents’ decision to trade). Second, DGE modeling of price discovery shows
that real decisions are affected, with the degree depending on the pace of endogenous 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 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 shocks that are themselves both real and persistent.

We use the new framework to address the determination puzzle—that monthly exchange rates are not
well explained by fundamentals empirically. Four analytical results include: (1) persistent gaps between ex-
change rates and fundamentals, (2) excess volatility relative to fundamentals, (3) exchange rate movements
without macro news, and (4) little or no exchange rate movement when macro news occurs. Important
for understanding all of these is the fact that the underlying state of fundamentals—the union of all infor-
mation sets—is revealed only gradually. Meantime, real allocations are distorted by (rational) expectation
errors, which induce additional exchange rate volatility. Calibration shows that this mechanism induces the
propagation of micro-based learning effects to exchange rate dynamics at macro-relevant frequencies.

Our calibrated model not only delivers a quantitative account for the determination puzzle, it also
accounts for why monthly exchange rate changes can be explained by order flow. When dispersed information
is present, aggregate order flows provide a stronger signal of current and expected future changes macro
fundamentals than lagged macro variables do. But is dispersed information actually 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 at the micro level, with macro aggregations provided by official institutions only for
a subset of these, and even then only with considerable lags. Some of this information is clearly aggregated
by markets. These ideas are borne out in recent empirical findings (Evans and Lyons 2004b,2005): order

flows do indeed help to forecast future changes in macro fundamentals, and in fact do a much better job
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than the spot rate itself.

This paper is a first venture in an unexplored direction. We view it as the natural direction for syn-
thesizing the microstructure and DGE-macro approaches to exchange rates. To microstructure-based work,
the synthesis brings discipline and real-economy insights. To macro DGE modeling, it brings information-

structure realism and an ability to account for exchange rates empirically.
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A Appendix

This appendix includes three sections. The first is the longest—it describes the model’s solution and presents
proofs of Propositions 1-7. The second addresses market clearing conditions. The third describes the

numerical solution to the extended model used for calibration.

A.1 Solving the Model

A.1.1 Conjectured Equilibrium

There are three parts to the conjectured equilibrium: (1) the evolution of the exchange rate and interest
rate, (2) the evolution of information sets, and (3) the form of the decision rules.

Equilibrium exchange rates and interest rates are conjectured to follow (p > —1 and p # 0):

St —s; = 20Ve + (ﬁ) (reVer + mu V) , (39)
sp =8 = Y&, (40)
o= T4+ng, (41)

reo= T =&, (42)

where &, = S} (T — EFT?) /BRWZ | is the scaled innovation in period-2 order flow (relative to Q7) that
depends on all four return shocks:

& =€ Ve + &, Vuy. (43)

The m; and ¢, coeflicients are related by m; = (1 —¢;) # 0.

Country-level information sets are conjectured to evolve according to:

Q%,US = {utv et, Ug—1,€—1 U ins} ) Q%,UK = {ﬁtv €, U1, €1 U Qzlfl,US} )

QtQ,US = Qtl,tUSv Qf,UK = QtI,UKa (44)
Q%,US = {& s U Qf,tus} ) Q?,U]K = {&.ux; UQ%,UK} )

Q?,IUS = Q?,US? Q?,IU]K = Q?,UK’

where §, , = S} (TtQZ — E?ZTEZ) / Wf)z is the order flow innovation received by consumer z in period-2
trading (z = {US,UK}). (Hereafter, we use X; ys to denote X; , for z < 1/2, and X; yg = Xy, for 2 > 1/2

for any variable X.)



Public information is conjectured to evolve according to:

1_ - ; 4
Qf = {ug—1, 1, €01, 61 UQE, },

02 =0},

e o2 (45)
Qt = {ftUQt}’
Qf = 03,

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

be represented by:

Ei.le)] = bles, (46)
Bile:] = by, (47)

where b% and b' are 1x4 vectors and ey = [ e, & w; 4 . Equations (46) and (47) imply that Vi _[e,] =
(I —b)Se (I —bL) and Vife] = (I — %) 3. (I — b*) where Y. is the (exogenous) unconditional covariance
of Et.

Decision rules for portfolio shares and log consumption-wealth ratios are conjectured to take the form:

A = A +Ae (48)
Wi = W twlie (49)
5t,z = 5z +é;5t (50)
where wy . is introduced here to summarize the two period-4 portfolio decisions, i.e., w;7US = aws Veus |
and wj yx = [ apuk — YUK VeUK ] A, w, and §, are 4 x 1 vectors of coefficients, while \,, w, and 4, are

constants.

1.1.2 Verification

Decision Rule Verification: We start by verifying the third part of the conjectured equilibrium—the
form of the decision rules in (48)—(50). That these decision rules take this convenient linear form is not
surprising given the model’s log-linear structure. Nevertheless, it is important to show this rigorously, given
the obvious significance of these rules for constructing equilibrium. The derivation is somewhat tedious,
however, and conveys little insight by itself. Accordingly, we refer readers to the derivation in our working

paper, Evans and Lyons (2004a), pages A2-Ab5.

Before we proceed, however, there are two results from the derivation just noted that warrant mention.
The first relates to the wedge in the decision problems that captures the risk in liquidity provision, ¢, , .
In particular, it is constant over time and equal across agents, i.e., ¢, , = ¢. Constancy is a reflection of

the ergodic structure of the model at the monthly frequency: the risk inherent in liquidity provision is not



varying from month to month. Equality across agents reflects the symmetry in conditional second moments
that agents are facing when solving their liquidity-provision problem. The second noteworthy result is an

explicit expression for A, , that arises from the linearized first-order condition for A ,:

M=%+ (g ) B [ - 1] (51)

t

This will be useful below.

Information Structure Verification: Now we verify the second part of the conjectured equilibrium—the
evolution of information sets. To set the stage, note that at the start of period 1 consumers observe home
productivity shocks so that {e;,u:} € QiUS and {é;, 1} € QiUK. Expectations of the productivity shocks

can be calculated from the (Kalman Filter) updating equation:
E (6|0 .] =B [ed]Q 4 .] + Klev,s

where ;s = (11 4 t3) 1, e,uk = (L2 +t4) €1, and KL = V[etvz]*l CVv [8,5,5272] . €, denotes the vector of
shocks directly observed by consumer z at the start of period 1. Since productivity shocks are serially

uncorrelated, E [et|Q§_17z] = 0. The updating equation can therefore be rewritten as:
~1
E [at|Q%7Z] = (1,5c0)) Betli,e = bley.

with wys = (11 4 ¢3) and g = (¢1 + ¢3), as shown in equation (46) where the superscript 7 in (46) is set to
1.

We proceed by characterizing this expectation for successive values of b , i = {1,2,3,4}. Since no new
information arrives during period 1, Q7 , = ©; _ and hence bl = b2.Specifically, (46) implies that Ef jsé; =
B} yger = 0, Bf ygtie = puy and Ef yguy = piy. For the public information described by (47), since the
elements of €; are not common knowledge by the start of period 2, E [¢,|QF] = E [&|Q}] = E [,|Q}_,] = 0.
This is the form of (47) with b = 0 for i = {1,2}.

Next, we consider the information that accrues between the start of periods 2 and 3, i.e., the ¢ = 3 case.
Under the rules of trading, all consumers receive the same incoming orders in equilibrium, so aggregate order
flow, T = | sz*dz* is observed by all consumers by the end of period-2 trading. Hence Q2 = {T7?,Q}}.
Combining the market clearing condition, [T7,.dz* = [T7 dz, with the definitions of T and the target

fraction of wealth in pounds, A: ., we obtain:

SIT2 — / SIT?. d

/ {)\t,thQ,z - Stl (Bt,z + Kt) + SiflE%,an,z* } dz

= / A Widz — S{K; + S} / Ef .17 ,-dz.



The scaled innovation in order flow is defined as &, = S} (T7 — E3T7?) /BRW{_ |, where W2 | = [ WE | .dz
is world-wide wealth. Bond-market clearing implies that W2 ; = S} | K, 1 + K;_;, which according to the
conjectured information structure in (45) is common-knowledge at ¢:1 (i.e., W2 ; € Q}). We may therefore
represent common-knowledge information at t:3 as 3} = {ft, Q}} . Substituting for 77 in the definition of

& we get:

£, = A Wi.us L Wiuk '\ S'K,
t t,US 5RWt271 t,UK 5RWt271 ﬁRng )

n (EtQ,IUS - EtQ) SET? n 1 (EL%,IUK - E%) SiT?dz (52)
BRWE 2 BRWE '
This expression can be written as:
¢ AL,USs €Xp (wiUS — kt) exp (Aky — Ak) At UK eXp(th,lUK — 5 — ]Aft) exp (3% — 8P+ Ak — Ak)
L (exp (s} — Vki—1) + 1) (exp (Vki—1 —s}_1) +1)
exp (s% — 831+ Aky — Ak) 1, 1,
- +-E +-E . 53
(exp (Vk‘tfl _ 8?_1) + 1) 9 t,USgt 9 t,U]th ( )
Recall that bond-market clearing implies that WZ!US + WiUK =K, +8S] 711%}, or:
wi g — ke =1In ((1+ exp (si™' — Vki) —exp (wiyk — k)
for i = {1,3}. Approximating the right hand side around the steady state gives,
Wi yg — ke & R TR (54)

for ¢ = {1,3}. Linearizing (53) around the steady state and combining the result with (54) for ¢ = 2, we
find:

& = 5(\ws — 3) + 3(\euk — 3) — 1 (5t — VEe) + 3Bfusés + 3BLumée- (55)

Substituting for A, ys and A,y with expressions derived in Evans and Lyons (2004b) for establishing the

decision rule (48), we have:
& = $A Ve + 20 Vuy — 1 (si — Vi) + 3B7 ysés + 3B7 vk (56)
where A\, = ¢, /02 and A\, = %€, (1 — p)/o?. Substituting for s} — Vk; with (76) (derived below) gives:

£ =5 (At 3) Ver + 5B sl + 3B il + (3 + 3) Vau. (57)



To determine the expectations terms, Efmgt and E?,Uthﬂ we guess and verify that ¢, = w.Ve; +w.Vu, for
some coefficients w;. Under our information structure, this guess implies that E?,Usft = weer +wy, (1 — p)us
and ]EiUK&t = —wWeés — wy (1 — p) Gy. Substituting these expressions into our guess for ¢, and equating

coeflicients gives:

Il

&, (Ae+3)Ver+ 7= (A + 3) Ve (58)

1+p
& Vey +&,Vuy = §I€t7

I

as shown in (43).
Inferences about the vector of productivity shocks based on QF are derived from the Kalman filter
updating equation:
E[&m%] :E[5t|ﬂﬂ + K (ft_E[gtKlH)a (59)

where K3=V} [¢,]7 CV} [e,&,]. Now (43) and (45) imply that E [e,]Q}] = 0, so
E [e/]Q] = (£5.£) 7 T.£€'¢e, = by

We thus have our expression for (47) with ¢ = 3.

Turning to the ¢ = 4 case, inferences about the productivity shocks based on Qﬁz are calculated as
follows. Let ét’z = (sz / BRWt{l) &1, denote the re-scaled unexpected order flow consumer z received
during period-2 trading. Since W2, /BRW? | € Q] ., 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 (43) gives

gtz

)

(& —E7.&) =&, (Ve —B; . Ve) + &, (Vuy — B7 V) .
Using (45) to evaluate the expectations terms on the right, we find that

Eovs = €l + &, (pu — i) = %ﬁtv (60)
Eox = Eoer+ &, (ur — piy) = Egger (61)

Inferences about the productive shocks can now be calculated using these expressions and the updating

equation

B [eQ.] =B lef.] + K (&~ B&010%]).

N - . - -
where 1=V}, (5,572) (Cth,z (st,ftyz) . Now equations (60) and (61) imply that V} (gt,z) = éV%yz G
and (CV;Z [st,émz} =Vi. [st]é_z. Further, recall that B [, ] = ble; and Vi [e¢] = (I —b}) S (1 —bL).



Substituting these results into the updating equation above gives:
~ ~\ 1 -~
E[=l0f] = (5; FE - m (- E) T (-b) . (1) EE

_ 4
= bzé‘t.

)

We thus have our expression for equation (46) when i = 4.

We turn back now to i = 1, i.e., we examine the information revealed by order flow at the end of
the month in period-4. As in period 2, all consumers receive the same incoming orders in equilibrium, so
aggregate order flow, T} = [ Tt‘g*dz* is observed by all consumers by the end of period-4 trading. Hence
Qf,, = {T}*,Qt} . Combining the market clearing condition, [T},.dz* = [T} dz, with the definitions of

T}, the target fraction of wealth in pounds oy ., and the log consumption/wealth ratio d¢,», we obtain:
ST = / (- + & exp (8,.)) Wi dz — SPK, + S} / E;.T}..dz.

The scaled innovation in period-4 order flow is defined as ¢; = S? (T} — E{T}) /BRW{- . Substituting for
T} in this definition, linearizing around the steady state (where oy, = a, = (1 — ) /2, 6., = 0, WEUS = K,
WfUK = Ky, and S? = K;/K,), and combining this with (54) for i = 4, we find that:

St = % (at7US - aUS) + % (Oét’IU]K — aUK)

+& (O,us + 6e,uk) + $(Vky — sp) + %E?’US% + %EiUth' (62)
Substituting for Vk; — s3 with (74) and the decision rules for §; . and oy, in (49) and (50) gives
St = Souswiser + 3ourwWiket + 4 (S + 8ux) € + 17’ + 3EF yscr + SEF ygse-
where oy , = o,w; . As above, we solve this equation with the guess and verify method using (46) to give:
Gt X Doep + Dby + Pyup + Dyt (63)

where the ®; coeflicients are implicitly defined by:

1 1 1 1 1
;= i ( 50uswhs + Fourwhn + 5 (Ohs + S) + 77 + 5 Pbhs + SPblyc ),
2 2 4 4 2 2
with®=[ &, & &, ;|
To solve for the information revealed by period-4 trading, we need to identify the unexpected order flows
received by each consumer in period-4, as well as the unexpected export orders. Innovations in period-4

order flow can be written as ¢; , = (BRVVE?1 / Wéz) (gt - Ef})zgt). Taking a log-linear approximation around

the steady state values of W2 ;, W{fz and ¢; produces ¢; , = % (Ct — Ef’zct) . Combining this approximation



with (63) and (47) gives:
Gt 220 (I —b3) e (64)

)

We approximate unexpected export orders (, ys and ¢, yg in a similar manner. This produces:

Covs = 4 (Sruk + s} — V). (65)
b
2

&t,UK = (61,08 — 8¢ + V) . (66)

The final step in verifying the conjectured information sets is to show how (58) and (63) can be combined
with elements of Qf , so that {e¢, e, us, Gt} € {c: UQ},} for z = {US, UK} . For the case of US consumers,
we rewrite (58) and (63) as:

gt - éeet - guut = 7£eét - guah

4 _ . N
Xevs = St — Peer — Puup = ey + ity

2
Xt,Us

Xius and X?,IUS provide two signals of the values of é; and u; that can be constructed from information
available to US consumers at the end of period-4 trading (i.e., {X?,U&X?JUS} € {Q U Qf,US}). Combining

these equations, we find that:

1
) (®axPus + X))
<©é§u — <I>ﬁ£e) (Paxiuvs + EuXius)

1
- (m) (‘I’éxf,tus + @X?,US) .
Similarly, UK consumers can combine their observations of order flow from periods 2 and 4 with their
knowledge of 4; and é; to infer the values of e; and u; precisely. Thus, {es, é;,us, G:} are indeed common
knowledge after period-4 trading. This completes the verification of the information structure shown in
(44)—(47).

Exchange and Interest Rate Process Verification: The last step in verifying the equilibrium concerns
the conjectured processes for the exchange rate and interest rate. First we verify that the processes for
equilibrium quotes made in periods 1 and 3 follow (39)—(42). To derive the exchange rate process, we start

by combining the capital accumulation equations, (24) and (25), to give:

Vhip1 = Vhe + Vb, — (T_#—M) (s3 — Vk). (67)

Combining this equation with the identity S?—H —Vkii1 =A (3?+1 - thﬂ) + sf’ — Vk; gives:

st = ki = (145) (53 = Vhe) + Asfyy = Vi, (68)

1—p



Next, we take conditional expectations of both sides of this equation:

By iterated expectations, the left-hand side is equal to Ef [s3,; — B, Vky41] . Substituting this expression

on the left and iterating forward gives:
=BjVk + B} Y (1 —p)' {rf, — (FF, + Asiy,) ) (69)
i=1

This establishes an important equation; it corresponds to (29) in the text.

Next we note from (39), (40), and (43) that:

E?[ASS;_l — Vrf_i_l] = E} [( ) Ve, + ( ) Vur — meVerr: — ﬁuVuH_l}

= B [(25) Ve + (25) Vur] = () B [Vh — B VR] =0

Since B} [As?,, — Vi | =B [E},_, [As},; — Vrf,]] for i > 1 by iterated expectations, the expression
above implies that B} [As$,, — VrE ;] =0 for i > 0, so (69) simplifies to:

=E3Vk;,. (70)

Importantly, in equilibrium the expected return on holding pounds conditioned on public information 2}

(i.e., Bf [s} — s{]) must equal zero. To establish this, recall from (52) that under market clearing:

£, =\ Wius A Wik '\ S} K, n (B? ys — BF) S{T7 +1 (Bf yx — B7) S{T2dz
t t,US /BRWt2— . t, UK BRWtQ—l /BRWt2_ L ,BRWE_ ) 9 BRWtQ_l .

Applying the conditional expectations operator E;i to both sides of this equation gives:
Wi,us Wi uk SIK, 1

At US (7’)+)\,UK< . - Q.
FUABRWE, ) REBRWE ) \BRWE, )|

=E {)\t,USWt,US + Ao Weuk — Stlfftm%] ) (71)

0=E

which implies that:

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 Wy ys = Wyuk = S}K’t € Q} Under these circumstances,

(71) simplifies further to:
E [Aus — 319] = —E [Aux — 3194] -



Substituting for A, ys and Ay with (51) gives:

B[ (vrpm) Bos [sf — o1 01] = ~B [ (k) Bho [sf - o) 2]

When period-3 spot rates are set according to (70) and the distribution of capital follows (67), V7 g [s7] =

Viuk [s7] = 02, a constant. This means that the equation above further simplifies to:
B (s} —st| %] = —B [sf - si| %],

a condition that can only be met when E [st — 5 | Ql] = 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 [st — 5 ‘ Ql] = 0 with (70) gives us the equilibrium exchange rate quoted

by all consumers in period 1:
= E; Vk;. (72)

Equilibrium exchange rate dynamics are derived by combining (70) and (72) with (67). For this purpose,

we take expectations conditioned on €}, ; on both sides of (67) to give:

StlJrl t+1th + Et+1v7't+1 + ( ) t+1 [th — St] .

Subtracting s? from both sides yields:

st — st = B Vrig + (ﬁ) Bi1 [VEe — 7]
= E%+1vr7’5€+1 + (ﬁ) E%ﬂ [th - E?th] ) (73)

as shown in (30) in the text. Now (67) implies that:

Vk, — B3VE, = Vit — B3Vrk — (ﬁ) ((s¢-1 — Vhi 1) — B3 [s_1 — Vi _1]) .

Under our information structure, {s;—1, Vki_1,Ves_1} € Qg’, so this expression simplifies to:

th — E?th Vet + Vut —E [Vet + VU”Q?] s

= 7w.Ver +m,Vus = ey, (74)

where 7. = (1 —1K3¢,) and m, = (1 —K3¢,) withe=[1 —1 1 —1 ]. The form of the 7; coefficients
follow from (59) and (43). Combining (74), (73) and the fact that B{, Vrf,, = 20Ve, under our information
structure, gives:

St — i =20Ve; + (ﬁ) (meVey + m,Vuy) .



Thus, we have established the first of our conjectured exchange rate equations in (39).
To derive the second of our two exchange rate equations in (40), we take expectations conditioned on Q3
on both sides of (67) (lagged one month), to give:

$3 = E3Vk,_, + E3VrF 4+ (1—5—”) E} [Vk 1 — s3]

Subtracting s; from both sides and combing the result with (73) gives:
st — st = (B} —B}) Vit + (15) (B} — BY) [Tkt — si]. (75)

Under the information structure, {Vk;—1, Ve,—1} € Qf, so (Bf — Ef) [Vki—1 — s}_,] =0 and (B} — E}) Vry =
(B} — Ef) [Ver + V). Since Efe; = 0, the latter term simplifies to Ef [Ve; + Vuy] . Now (59) and (43) imply
that B3 [Ve; + Vug] = 1K3¢,. Combining these results with the equation above gives:

3? - 3% = Z/C3§t =&,

as shown in (40).
As a side point, we can use (73) and (67) to calculate the value of s; — Vk; used in the derivation of

period-2 order flow above. Specifically, by combining (73) and (67) we can write:
st = Vky = (B — 1) Vrf + (ﬁ) (B = 1) (Vhy_y — BV, y).

According to the conjectured information structure in (45), Vk;—1 and Ve;_; are common knowledge by ¢:1,
ie.,, {Vki—1,Ve;—1} € Q}. This means that the second term in the expression above equals zero. (45) also
implies that (]E% — 1) Vrk = —Ve; — Vuy. Substituting these results into the equation above gives the value
used in the derivation:

st —Vk; = —Ve; — Vuy. (76)

Finally, we turn to the interest rate quotes made in period 3. From (64), (65) and (66) we see that
innovations to period-4 order flow, ; ., and exports, (; ys and é +, vk, depend on the choices for w; . and d; .
made at the start of the period. This means that w; . and d; , cannot be functions of Q3 otherwise St.zs Crus
and ét,UK would not be orthogonal to QF as rational expectations requires. For this to be the case, expected
excess returns on capital cannot be correlated with elements of €F. Thus, market clearing requires that the

interest rates quoted in period 3 satisfy:

ry = Efer, (77)
fro= EPRy. (78)

10



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

r = r+0E}Ve

= r+0(1—12) K%, (79)
o= r—0B}Ve,

= r—0(1 — 1) K3, (80)

where K3 is defined in (59). Equations (79) and (80) take the same form as the last two of the conjectured

process equations we set out to verify, namely (41) and (42), in this case with n = 0 (11 — 1) K3.

Investment and Idiosyncratic Export Shocks: To show how investment expenditures depend on the
idiosyncratic components of last month’s export shock, we first note from (49) and (50) that the values of wy .
and d; , are the same for all agents within each country. Next, notice from (?7?), (??) and (?7?) that export
shocks only affect wealth dynamics via the covariance terms CV?}Z [7F.1,¢,.] and (CV?’Z [ffﬂ, &t,z] . Since
neither term depends on the idiosyncratic components of the export shocks, these shocks have a negligible
(i.e. 3rd order) effect on the distribution of wealth within a country. Together, these observations imply
that period-4 investment decisions are made so that K; . + I ., = & and f(t,z + ft,z = fit where R (fit) is
the same across US (UK) agents. Aggregating each of these expressions, and imposing the market clearing
condition, implies that & = K, and & = K;. Combining these results with (6) and (7) and the aggregate
capital dynamics in (22) and (23) gives:

_ _ pk
It,z = K;— Kt,z = Rt Vi—1,z5,
I, = K,—K,.=R'b
tz = t t,z = Ly V1,2

Thus, in equilibrium, each US (UK) agent chooses real investment to offset the effects of the idiosyncratic

component of last month’s export shock.

1.1.3 Equilibrium when p = -1

When p = —1, equilibrium interest rates and the exchange rate follow:
St — 8y = Vg +20Vey, (81)
st —si = Ve, (82)
re = r+6Vey, (83)
’f‘t = Tr— OVet, (84)

11



Individual information sets evolve according to:

2 _ ol _ N 43 2 _ ol _ NI 4
Qs = Qs = {we, G, e U Qt—l,US} s Yk =Dk = {ue, s, 6 U Qt—l,US} )

. (85)
Q?,US = Q?,US = {et U Q?,US} ) Q?,UJK = Q?,IU]K = {et U Q%,U]K} )
and the evolution of public information is given by:
QF = {ug, a0, 0Q Y, Q2 =03,
t { t, Ut t 1} t t (36)

03 = {e, 6, U2}, Q=03

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
At Us = 5 + (—> €t, and At UK = 57 (—> é. (87)

€

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

We can verify that these equations describe the equilibrium following the verification procedure in the
general case. In this special case things are much simpler, so we only outline the argument. Start with
the observation that {u;,4;} € QF 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 (87) shows, with the result that the
innovation in order flow, &, is a known function of Ve;. Thus, {e;, é:} € {£, U Q%Z} for all z, so the “e” shocks
become common knowledge by the start of period 3. This means that EfVk, = Vk;, BIVRF = 20Ve; | +Vu,
and (B} — E}) Vrf = Ve,. Substituting these results into (73) and (75) gives (81) and (82). The information
structure also implies that Ejry, | = 0Ve, and E37F, , = —0Ve,, so (83) and (84) follow from (77) and (78).
All that now remains is to verify the form of the decision rules. (81) — (85) imply that the vector of expected
excess returns Ef, ,Tt4+1, is zero. Under these circumstances, w; , and J; , are constant (details in Evans and
Lyons 2004b, pages A3-A4). Equation (87) follows from (82), (??), and the linearized first-order condition
for A¢ ..

1.1.4 Proofs of Propositions

Proposition 1 (Spot Rates): See the text following (29).

Proposition 2 (Revelation in a Special Case): See the text following the proposition.

Proposition 3 (Revelation in the General Case):
The only part of the proposition not covered in section 1.1.2 concerns the values of the updating coeffi-

cients 7. and m,. We argue by contradiction to show that 7. # 0 and m, # 0. If 7. = (1 —¢¢,) = 0 and

12



mu = (1 —9E,) =0, then £, =&, so (58) implies that:
1 1
1 — | = —.
( +p)(/\e+2) /\u+2

The assumption that 7. = m,, = 0 together with (51) also implies that:

A = (-0,
-1
A = (1=p)(oZ+(1—pHos) .
Combining these expressions with the equation above gives (02 + (1 — p?)o2) = —4; a contradiction.

Proposition 4 (Revelation at Month End): This proposition is proved within the Verification subsec-

tion of Appendix section A.1l.

Proposition 5 (Embedding): The equation in this proposition is a simple combination of the results in

(67) and (70).

Proposition 6 (Excess Volatility): The first variance expression follows directly from the capital returns
processes (8a) and (8b), and the exchange rate equations (81) and (82). To derive the second expression,
combine (39) and (40) to give:
AS?-H =& +20Ve + (ﬁ) (meVer + m, V) .
Substituting for &, with (43) yields:
Aspy = Y€ NVerpr +9E,Vuryr +20Ve; + (ﬁ) (meVer + m, Vuy)
= q/)geVetH + wﬁuVUtH + Vr,’fﬂ — v€t+1 — VutH + (ﬁ) (weVet + WuVut)

1
= vrerl - <W6V6t+1 + 7"'uvutJrl) + (m) (weVet + Wuvut) .

Using the last line in this expression we compute:
3 k T 2 2 T 2 2 1+ 2 2
VI[Asi ] -V [Vri,] = (ﬁ + we) 207 + (f_ﬁ + 7ru) 2(1 — p)os, + 4w, (—_’i) s —4m, (1 — p)oy,

2 2
<27rg (?—:’i) + 4m, (}—f%)) o? + (27@3 (f—:ﬁ) — 47ru) (1—p)o2.

2
1-p
2—#)

Note that 7, < 1 because 1 > p > 0, so 7, is the lower bound on 7, sufficient to generate excess volatility.

The first term in unambiguously positive because 7, > 0. The second term is positive if 7, > 7, = 2 (

13



Proposition 7 (Announcements):

We established in (70) and (72) that the equilibrium log exchange rate can be written as s§ = B [Vk,[Q],
for i = {1,3}, where Q! denotes public information at t:i identified in (45) without announcements. Thus,
a public announcement about the values of ¥ and #F in #:i will have no impact on the exchange rate if
E [VE|Qi] = B [Vk|Qi,rf,7F] . Since Vk, € Qf,,, 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 (74) implies that Vk, = E}Vk, + m. Ve, + m, Vg,
and (67) with (45) imply that B [Vk,|Q3, rf, 7F] = Vk,, so:

E [Vk|Qf, i, 7F] — B [VE|Qf] = 7 Ver + 7, V.

Under these circumstances, the effect of the announcement on the exchange rate is captured by the second

term in:

{5t =& + (Ve + mu V).

Period-1 announcements will also affect the exchange rate because:

B [Vk|Qrf,if] — B [VkIQ}] = ko~ B |[Vrf + ke — ($£5) (s = Vhier) 10F]

= V@t + Vut .

The model is well suited to address important issues within the literature, including: (1) market in-
completeness and its implications, (2) the informational distinction between "order flows" and "portfolio
flows"—the latter being prevalent in the macro literature, and (3) the causes and consequences of enormous
trading volume in FX markets. For analysis of these and other issues, see the working paper version of this

paper (Evans and Lyons 2004a).

1.2 Market Clearing Conditions

Market clearing in US deposits in period 1 of day ¢ + 1 implies that (see equations 2, 4, and 21):
(Bftus + 57T} Ty s SET;%US + Cyuk — Ius) + (BE,U]K + S?Téz* - S?TéUK — Cuk) = 0.
With deposit-market clearing in period 3, this condition further simplifies to:
Sth%z* SSTt4US + 53 t P S?Tt%UK —Iyys = 0.

Since market clearing in currency markets implies that f Tt]; Ldz = f Tg; ,-dz*, this condition implies that

I; us = 0. Imposing this restriction on the overnight dynamics of US capital gives (22). Similarly, market
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clearing in the UK deposit markets implies that:

0 = (Btl,IUS + Tt4,US - Tt%z* - éng) + (Btl,lU]K + T;%U]K - Tt%z* + ét7US - jt,TUS)
= Tlus—Ti + Tiog — Ti s — Ivs

= —I;yus.

Imposing IAt’UK = 0 on the overnight dynamics of UK capital gives (23).

1.3 Solving the Modified Model

To solve the modified model, we first combine (24) and (25) to write fundamentals as a function of past
capital returns and spot rates. Assuming that capital is equally distributed between the US and UK in

month ¢ = 0, this gives:
t—1

V=Y (ﬁ) (Vris = 1)

i=0
Lagging this equation by four periods, and taking expectations conditional on Qf establishes that Vk;,_4 =
E {th_4|(~2f} . Thus, the announced value for V7 , at ¢:1 combined with the information in Q3 | reveals

the true value of Vk;_4. We incorporate this informational implication of the modified model by substituting:
Vky = Vk_4 (88)

for (38c). Vk; is value for fundamentals in ¢ — 4 implied by the history of announcements at ¢:1 (i.e., based
on information {fo U 0?71})-
Next, we write the estimation error for fundamentals Vk{'" = Vk, — E[VE,|Q}] as a linear function of

variables that characterize the true state at month ¢ but are not elements in 2. In particular, we posit that:

Vi = BoVE + B1Ver + ByVuy + Baer + Buet
+B5Ver_1 + BeVus—1 + Bref_1 + Pgei 1
+ﬁ9Avkt_1 + ,BloAvkt_Q + 511Ath_3. (89)

for some undetermined coefficients ;. Note that (89) imposes the restriction that fundamentals errors follow

a stationary process.
We can now write the dynamics of the modified model (i.e. equations (38a), (38b), (38d), (38e), (88) and

(89)) in state space form:

X;y1 = AX,+ BU, (90)
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where V (U;) = W and:

Xt/ = |: karr Vk't th—l th_z Vk't_g th_4 Vet Vut 5? 5? ’
U, = { Ve, Vuy & &¥ } )
Yz = [ Vét Vﬂt V/;‘t ] .

X; is the (unobserved) state vector for model and Y; identifies the vector of signals observed at ¢:1. Notice
also that the first rows of the A and B matrices contain the unknown coefficients §;. Hence (90) and
(91) summarize the dynamics of the modified model given a conjecture about the estimation error for
fundamentals.

To find the equilibrium values for the 3; coefficients, we note that CV {ka”, zt|Qt3] =CV [th, zt\Qf’] ,
for any variable z;. We use this moment restriction to find the values for the §, as follows: First, we apply
the Kalman filtering algorithm to (90) and (91) for a given set of §; coefficients. This yields the following
recursion:

St+1 == A(I—KtC)StA/ + BWB/,

where Sy =V {Xt+1|§~2§’] and K; = S;C’"(CS;C")~L. Starting with S;—¢ = I19, we iterate on this recursion
until there is no change in the gain matrix, say at ¢ = 7. (The form of the C' matrix in our model insures
that K; always converges to a constant matrix K) At this point we compare the first two columns of S; 1 =
A(I-KC)S_A" + BWB’. If all the entries match, then CV [ka”, zt\flg’] =CV {th, zt|§~2§] for z; equal to
each element of X; and we have a solution to the model. In practice we find the equilibrium values for the 3,
by minimizing a quadratic form in the difference between the first two columns of S; ;1. Once these values

are found, we can identify spot rates as s; = E[Vk|Q3] = Vi, — VA
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