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Abstract

We study joint price formation in the dealer-to-dealer (D2D) and dealer-to-customer
(D2C) segments of the foreign exchange (FX) market, both theoretically and empiri-
cally. Our theory accounts for dealer heterogeneity, market power, and non-exclusive
customer-dealer relationship and shows that several statistics of the cross-section of
D2C quotes help predict D2D prices and liquidity. In particular, D2D prices are
negatively related to cross-sectional covariance between D2C mid-quotes and spreads,
contrary to predictions of other theories of two-tiered markets. Our predictions are
confirmed empirically using unique proprietary D2C data. Model calibration reveals

and quantifies the FX market’s inelasticity and non-competitiveness.
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1 Introduction

Motivated by the failure of macroeconomic models to explain exchange rate dynamics, a
growing literature emphasizes the role of dealers in price formation in the foreign exchange
(FX) market.! The previous literature focused on the interdealer segment of the FX market
and abstracted away its two-tiered structure, characterized by two principal segments: the
dealer-to-customer (D2C) and the dealer-to-dealer (D2D) segments.” Such focus on the
D2D market is likely due to lack of data availability: While high-quality D2D data has
been available for a while (see, e.g., Chaboud et al. (2007) for an overview of the widely-
used EBS data), the D2C data has not yet been publicly available. Leveraging access to
unique proprietary data on the cross-section of D2C quotes, this paper studies the joint
price formation in the D2D and D2C segments of the FX market, both theoretically and
empirically.

We develop a pure inventory model that accounts for the key prominent features of the
FX market: two-tiered market structure, dealer heterogeneity, dealer market power in both
D2D and D2C market segments, and non-exclusive customer-dealer relationship.® Analyzing
such a rich model is a challenge, which we overcome by studying the model in the limit when
dealer heterogeneity is small and focusing on the first-order effects of dealer heterogeneity.*
This approach allows us to reduce the cross-section of D2C quotes to just a few summary
statistics, facilitating both theoretical and empirical analyses. We believe it can be useful in
other heterogeneous-agent settings as well.

Our theory establishes, and our empirical analysis estimates the following predictive

!The fact that exchange rates are only weakly related to macroeconomic fundamentals is known as the
Meese and Rogoff (1983) exchange rate disconnect puzzle.

2The literature review is in Section 7.

3See the overview of the FX market structure in Section 2. Non-exclusivity means that customers direct
their orders to dealers offering the best prices instead of directing them to a preferred, exclusive dealer.

4That is, we expand the equilibrium as the equilibrium in the homogeneous case, plus the corrections due
to heterogeneity. We focus on the corrections that are first-order in the degree of heterogeneity.



relations between prices and bid-ask spreads in the D2D and D2C segments:

Pricel%P = Y E[prices?*°] — 8% Cov(prices??, spreads/*“) 4 const + e, ,

Spread;’” = BPAE[spreads?“] — pF*Var| spreads;’*“] + const + e. v
Here, the lag value ¢ is 10 sec in our baseline specification; the variables on the right-hand
side are summary statistics of the cross-section of D2C quotes at time ¢: E[-], Cov(-,-) and
Var[-] stand for, respectively, cross-sectional mean, covariance, and variance; prices refer to
mid-prices and spreads refer to bid-ask spreads; in our theoretical analysis € represent the
higher-order effects in the degree of dealer heterogeneity, while in our empirical analysis it
represents noise.

Our theory predicts that all 5’s in (1) are positive. Our empirical analysis offers complete
confirmation for these predictions. In contrast, if the D2D market was competitive or if
dealers were homogenous, 5 = 0. With exclusive customer-dealer relationship, 55 < 0.
Thus, the positive sign of 85 is the unique prediction of our theory, distinguishing it from
other theories of two-tiered markets featuring no heterogeneity (e.g., Vogler (1997)), perfectly
competitive D2D market (e.g., Dunne et al. (2015)) or exclusive customer-dealer relationship
(e.g., Babus and Parlatore (2022)).

Our theory also relates the magnitudes of 3’s to the parameters of the model, such as
dealers’ risk aversion. Using the estimated values of 3’s, we calibrate the elasticity of the
D2D market: A typical liquidity shock originating from the D2C market moves mid-prices
in the D2D market by 0.5 basis points. This is comparable to the average bid-ask spread
of 0.44 basis points. The D2D market is illiquid. Our estimates also imply that the D2D
bid-ask spreads would have been 12.5% smaller if dealers had not exercised their market
power. Thus, due to market power, the dealers charge an additional 12.5% markup for
liquidity provision. Relatedly, the entry of an additional dealer increases elasticity by 9.45%.

The D2D market is non-competitive. Combining our elasticity estimates with statistics on



the arrival frequency of liquidity shocks and their distribution, we obtain that the liquidity
shocks account for around a third of overall short-term volatility in the FX market. The
inelastic market hypothesis (Gabaix and Koijen, 2021) holds for the FX market.

In the rest of this section, we provide intuition for why predictive relations (1) hold.
While one naturally expects that average prices and spreads in D2C market and D2D markets
should be related, there is no apparent reason as to why (i) the variance of spreads in the
D2C market should be negatively related to D2D spreads (i.e., why 8P4 > 0) or why (ii)
the covariance of prices and spreads in the D2C market should be negatively related to D2D
prices (i.e., why 5 > 0).

To see why the variance of spreads in the D2C market is negatively related to D2D
spreads, note that (a) bid-ask spreads are positively related to dealers’ risk aversions® and
(b) higher variance in risk aversions across dealers is associated with greater liquidity of
the D2D market. Part (a) is intuitive: More risk-averse dealers are less efficient at holding
inventory and require higher compensation for doing so, resulting in wider spreads. To see
(b), consider the following example. Imagine that we have three dealers with a risk aversion
of 1 each. They each provide 1 unit of liquidity, 3 in total. Now consider what happens if
dealers’ risk aversions are 0.5, 1, and 1.5 (so that average risk aversion is the same, but the
dispersion is higher). Because the liquidity (price elasticity) is inversely proportional to risk
aversion, the dealers will provide 2, 1, and 1/1.5=0.66 units of liquidity, 3.66 in total, which
is greater than 3.°

To see why the covariance of prices and spreads in the D2C market is negatively related to

SWe interpret risk aversion broadly as a higher cost of holding more inventories for FX dealers.
Heterogeneity in risk aversions might also capture heterogeneity in customer bases of different dealers (order
flow toxicity). The dealers are typically banks, and these costs usually come from banks’ capital requirements,
costs of obtaining funding, and regulatory constraints that may be binding at the bank level and transmitted
into individual trading desk behavior. Moreover, the slackness of such constraints may change over time.
Therefore, we see risk aversion as being time-varying. See Cenedese et al. (2021) for empirical evidence
supporting this view.

6The price elasticity is inversely proportional to risk aversion when heterogeneity in risk aversions is small.
In the general case, this relationship is more complex. However, price elasticity is still a convex function of
risk aversion in the general case. Thus, the logic of our simple example still applies.



D2D prices, note that (c¢) the covariance of D2C prices and spreads is positively related to the
cross-sectional covariance of dealers’ inventories and risk aversions and (d) this covariance is
negatively related to D2D prices. Statement (c) holds because (i) risk aversions and bid-ask
spreads are positively related, and (ii) inventories and D2C prices are positively related. Part
(i) is discussed above. To see part (ii), note that dealers posting the lowest (highest) prices
win the price competition and attract a disproportionate share of aggregate customer buy
(sell) volume. Thus, dealers with the lowest (highest) prices will decrease (increase) their
inventories, implying a positive cross-sectional relationship between inventories and D2C
prices. Statement (d) holds because higher cross-sectional covariance of dealers’ inventories
and risk aversions is symptomatic of liquidity mismatch, whereby more risk-averse dealers
hold more inventories. Under liquidity mismatch, the allocation of inventories across dealers
is inefficient, resulting in higher effective risk aversion of the dealer sector and lower prices.

Overall, our quantitative results highlight that the FX market is inelastic and imper-
fectly competitive. On the methodological side, our results show the fruitfulness of jointly
considering the D2D and D2C segments of the FX market: none of our results would have
been possible to obtain in the model of, or with the data on, just one segment.

The rest of the paper is organized as follows. Section 2 gives an overview of the FX
market structure. Section 3 presents the model. Our main theoretical predictions are derived
in Section 4. They are tested in Section 5. Empirical estimates from Section 5 are then used
to calibrate the model. The calibration is presented in Section 6. The literature review is in

Section 7. Section 8 concludes. All proofs are presented in the Appendix.

2 Institutional Background

The real-world FX markets are fragmented. Neither retail nor institutional traders (e.g.,
hedge funds, corporates, or smaller regional banks) can trade directly. To trade in the

FX market, they are usually subscribed to continuous quotes from a set of major dealer



banks (and, potentially, a set of non-bank electronic market-makers) through these dealer
banks’ single-bank platforms (SBP).” Most of the D2C trading happens on such SBPs.
Since a customer typically subscribes to multiple SBPs, the dealer banks compete in the
D2C markets through quotes.®

Thus, the market is naturally fragmented into two segments with quite different natures

of competition:

e In the D2C segment, dealer banks compete in prices, whereby prices are quoted
continuously on both sides (bid and ask) as a function of order size. Separate quotes
are provided for trades below USD 1 million and trades between USD 1 million and
USD 5 million, with spreads naturally increasing in the trade size. Customers may

split large orders (more than USD 1 million) across several dealers.

e In the D2D market segment, a few dealer banks trade and provide liquidity to each
other to offload excess FX risk exposure (for example, inventory that they were not

able to internalize through offsetting customer order flow).

e Given the relatively small number of major dealer banks, the competition is imperfect
both in the D2C and the D2D segments, and dealers take their market power in both

segments into account.

While this market structure is specific to FX markets, many other OTC markets have
a similar two-tiered architecture. For example, in CDS markets, customers would often
trade with dealers using a request for quote protocol, whereby they would simultaneously

request quotes from multiple dealers (see, e.g., Collin-Dufresne et al. (2019) and Eisfeldt

7On such an SBP, a dealer bank provides continuous quotes to its customers and usually uses these quotes
to manage the direction of customers’ trading and to internalize customer order flow. Some smaller regional
banks also have SBP, whereby they offer quotes to their customers that aggregate multiple quotes that they
receive from major dealers and market-makers. Many of these smaller banks act as retail aggregators, trying
to internalize customer order flow and offload excess inventory by trading with major banks at their quoted
prices.

8 Anecdotal evidence suggests that smaller banks usually subscribe for quotes from all major dealers, while
a typical hedge fund subscribes to approximately three to five quote streams.



et al. (2023)). One unique feature of the FX market is the availability of both bid and
ask quotes by multiple, non-anonymous dealers. This makes it different from (i) limit order
markets, where one could see multiple quotes, but there is no way to know whether a given
bid and a given ask come from the same dealer; (ii) one-sided RF(Q markets, where it is
possible to obtain quotes from multiple dealers, but only on one side of the market (either
only the bid or only the ask).” Furthermore, we are unaware of any dataset containing such
two-sided quotes. For our analysis, it is crucial to see the bid-ask spread quoted by every
dealer because we use this information to back out important dealer characteristics. This is
why the unique nature of our data (see Section 5 below) is ideally suited for our empirical

analysis.!”

3 The Model

There are three time periods, t = 0, 1, 2, and two tradable assets, a risk-free asset with a
rate of return normalized to zero and a risky asset with a random payoff d at time ¢ = 2.
We assume that d is normally distributed with mean d and variance o?2.

The D2D market operates at ¢t = 1. The market is populated by M > 2 heterogeneous
dealers, indexed by [ = 1,--- , M, and having linear-quadratic utilities. Dealer [ that begins

t = 1 with y; units of risky asset and trades @Q; units at price PP2P derives expected utility

> = r
U = dxi+ (d = PPP)Qi = 5 (x + Qi)

9For example, this market structure is common in bond markets (see Bessembinder et al. (2020)) and
CDS markets (see Collin-Dufresne et al. (2019)). While it is formally possible to request both bids and
ask quotes from a given group of dealers, anecdotal evidence suggests that it is highly uncommon to do so
because dealers in those markets want to know the actual direction of the customer’s desired trade before
providing the quote.

00ur empirical approach can be useful in markets with request-for-market (RFM) trading mechanisms,
such as the interest rate swap market. In the RFM trading mechanism, a customer requests two-sided quotes
from the dealers simultaneously. Such mechanisms are getting traction in the interest rate swaps market
because they allow traders to hide their trading directions.



We refer to the coefficient I'; as dealer s risk aversion. We assume that the dealer knows his
initial inventory y; but does not know that of other dealers. The D2D market is structured as
a uniform price double auction. Dealer [ submits a (net) demand schedule Q;(PP?P) : R —
R, which specifies demanded quantity of the asset given its price PP2?P in the interdealer
market. The price PP?P is such that the market clears, that is, Zl]\il Qi(PP?P) = 0. All
dealers are strategic, and there are no noise traders.

The D2C market operates at ¢ = 0. Dealers maximize a similar linear-quadratic objective.
Dealer [ that begins ¢t = 0 with x; units of risky asset and trades ¢; units at price p; derives
expected utility

- - I
UZD2C =dx; + (d — pl)ql — gl(:cl —+ ql)z.

Note that the dealers do not account for the utility derived in the D2D trading round. It
means that traders in the D2C trading desk trade independently from traders in the D2D
desk. This is a simplifying assumption. Our extended model in Appendix [A.4 does not make

11

it and delivers the same qualitative results.” Anecdotally, this is a realistic assumption,

especially at high frequencies.!?
We take a reduced-form approach to modeling customers. Dealers compete for customer

order flow ¢, by providing bid and ask prices p? and p, respectively. The prices p! and p{ are

provided to customers and are not observed by competitor dealers. We denote the mid-price

b a a_ b
by o = X ;p L and the bid-ask spread by b = X 2p L. We assume that ¢. is drawn from an

arbitrary symmetric non-degenerate distribution with finite first two moments and that g,

is independent of all other random variables in the model.'® Positive (negative) realizations

UThat is, it yields the same signs of 8’s in (1).

12Tn our empirical application, one period of the model corresponds to a 10-second time interval. At such
frequencies, D2D and D2C trading desks indeed act independently.

13The symmetry assumption can be relaxed. We only need the first two moments of §.|G. > 0 and G.|G. < 0
to be approximately the same in absolute value. This is true in our data: see Table 4, and compare the
summary statistics for ProxyLigShockBuy (our proxy for §.|¢. < 0) and ProxyLigShockSell (our proxy for

delGe > 0).



of G. correspond to customer sell (buy) volume. We denote § = |g.|. In what follows, we
normalize all quantities relative to the typical liquidity shock E[G]. Thus, without loss of

generality,

Elg] =

We assume dealers posting better prices are likelier to win the order flow. Consider a
customer sell order g. We assume that for a dealer [ who quotes bid;, the probability of

winning the order is given by

¥ (bid; — best bid) € [0, 1],

where 1(+) is an increasing and differentiable function. Similarly, for buy orders, the proba-

bility is ¢ (best ask — ask;). Our formulation includes the following special cases:

e Exclusive customer-dealer relationship. In this case, a customer always trades with a
preferred dealer, irrespective of that dealer’s bid. In the symmetric case, () = 1/M:

the order comes from the dealer I’s "loyal” customer with probability 1/M.

e Fully non-exclusive customer-dealer relationship: ¢ (z) = 1(x > 0). Note that in
this case, 9(-) is non-differentiable. However, we can approximate this case with, for

example, a standard normal CDF &(.), ¢(z) = ®(z/0), and o sufficiently small.

In the intermediate cases, the idea is that a dealer who does not offer the best price might
still win the order if his price is not too far from the best price. Such orders may come from
loyal customers (who can still go to other dealers if the preferred dealer’s price is too bad)
or from customers splitting large orders across dealers (this is the mechanism at play in our
extended model in Appendix TA.4).

Define the reservation ask (bid) price r# (r?) as the smallest ask price (largest bid price)



acceptable to a dealer [. It is straightforward to derive!

_ 1 _ 1
ri=d—-T, <xl - §E[q2]> and ! =d — T (l‘z + §E[q2]) , (2)

We assume that dealer’s prices are affine functions of their reservation values, as follows:
Pl =ki+k-rfand pd = kb +k-rb, (3)

where coefficients k, k% and kj are the same across dealers. The relation (3) holds exactly
when the D2C market is structured as a second-price auction (in which case bidding reser-
vation value is an equilibrium strategy). In the general case, (3) holds approximately when
the gains from trade between customers and dealers are small (see Appendix E). Such an

approximate relation is sufficient for our main predictions.

Remark 1 (Simplifying assumptions and the extended model) In our model, we have
assumed that dealers’ prices in the D2C market cannot depend on the quantities demanded
by customers. In other words, in our simple model, dealers have no flexibility in conditioning
prices on quantities. As we discuss in Section 2, dealers have partial flexibility in the real
FX market: they provide separate quotes for orders below $1m and orders between $1m
and $5m. In our extended model of Appendix IA.4, dealers can post linear price schedules;
that is, they have full flexibility in conditioning prices on quantities. We believe that not
capturing the partial flexibility of real FX markets is not crucial for our results because the
results in the model with no flexibility (the model here) and full flexibility (the extended
model) are the same. Second, we have assumed price-inelastic customer demand ¢. In
our extended model, customer demand adjusts to prices posted by dealers. Because the
implications in the two models are the same, this simplification of customer demand is not

crucial for our results. Finally, unlike in the model here, customers can split their large

YThe r{ solves d (z; — E[q]) + 7fE [§] — LE [(z; — §)?] = dzy — Lta?. A similar calculation applies to 77.



orders across multiple dealers in the real world. The absence of such order splitting is not

crucial for our results as our extended model allows for it and derives the same implications.

4 Theoretical Analysis

This section presents our main results about the interaction between prices and liquidity
in the D2D and D2C market segments. We introduce some notation. For a vector {z;},
we use E[r] = 2>, 2 to denote its cross-sectional mean, and Varlz)] = = > (z; —
E[z;])* to denote the cross-sectional variance. For vectors {z;}, and {y;}, Cov (z,y) =
E[(z; — Ez)]) (v — E [y1])] denotes the cross-sectional covariance. ||| = /3, 27 denotes
the Euclidean norm of a vector {z;};. The moments of random variables are denoted with
blackboard letters, e.g., E[¢] and V]G] denote the mean and the variance of a random variable

G. See Appendix A for a summary of notation.

4.1 D2D Prices and the Cross-Section of D2C Quotes

We start with the main result of this subsection. All proofs are in the Appendix.

Proposition 1 Assume that heterogeneity in both {I';} and {z;} is small. Denote ¢ =
max{ ||z, ||[[; — I'*||}. Then we have

PP = B8+ BPE [oy] — 5 Cov(ay, by) + ofe). (4)

Where B(Z)) = _@ Z 07 5? - % > O; Bg = Cl(M)%w,(O) > O; ¢1 - E[(]ZQ]k and CI(M) =

—(M_%MH. In a model without heterogeneity, PP?*P = B + BVE [oy] ** In a model with an

exclusive customer-dealer relationship, PP?P = ) + BVE [oy] + o(e)

5Note that in a model without heterogeneity, all dealers quote the same prices a; = El[qy] for any 1.

10



To understand the economic mechanism behind Proposition 1, it is worth taking an
intermediate step of first relating prices to the cross-section of dealers’ inventories and risk
aversions and then relating the latter to the cross-section of D2C mid quotes and bid-ask
spreads. We do such analysis in the Appendix TA.2 and only present the intuition here.

The fact that D2D prices and average mid-quotes are positively related is intuitive. In
our model, this happens because (1) average D2C mid-quote E[«qy] is negatively related to
dealers’ average inventory E[z;] and (2) average inventory is, in turn, negatively related to
D2D price PP?P. Part (1) is intuitive and reflects that dealers’ marginal cost of holding
more inventory is increasing in the amount they already have. Part (2) is also intuitive and
is at the heart of Evans and Lyons (2002b) seminal findings about the predictability of FX
rates with D2D order flow.

We now turn to the central finding of Proposition 1: that prices in the D2D market
are negatively related to Cov(ay,b;). As we explain below, this happens because higher
Cov(ay, by) is symptomatic of a larger liquidity mismatch: a situation whereby more risk-
averse dealers hold more inventories.

Our first measure of mismatch mirrors the definition:

Ymismatch = COV(Xb Fl)v

Which is a cross-sectional covariance between dealers’ post-D2C inventories y; and risk
aversions I7.

That prices should be lower when Y,,;smaten is larger is intuitive. When Y, ;smaten > 0,
the allocation of inventories across dealers is inefficient: it could be improved by reallocating
the inventory from more to less risk-averse dealers. Due to market power, such inefficiency

cannot be resolved in one round of D2D trade. As a result, under liquidity mismatch, the

11



dealer sector as a whole is more risk-averse and will require higher compensation for holding
the inventories, resulting in lower prices.!
Our final step shows that higher Y,,ismaten 18 associated with higher Cov(ay, b;). Thus, the

observable quantity Cov(ay, b;) can be used as a proxy for unobservable Y, ismatcn allowing

us to define
Amismatch = COV(O!l, bl)a

as our second (price-based) mismatch measure. The relationship between the two mismatch
measures holds because (i) risk aversions and bid-ask spreads are positively related, and (ii)
inventories (with which dealers start the D2D trading round) and D2C prices are positively
related. Part (i) is intuitive. More risk-averse dealers are less efficient at holding inventory
and require higher compensation, resulting in wider spreads. To see part (ii), note that
dealers posting the highest (lowest) prices will attract a disproportionate share of aggregate
customer sell (buy) volume. Thus, dealers with the lowest (highest) prices will decrease (in-
crease) their inventories, implying a positive cross-sectional relationship between inventories

and D2C prices.!”

4.2 D2D liquidity and the Cross-Section of D2C Quotes

We start by introducing our theoretical measure of illiquidity in the D2D market. Denote

Qi(PP?P) the demand schedule of dealer I. Our illiquidity measure is A, where

'pD2D ’

Al 22 oQ
I

16See Proposition IA.7 for a formal analysis underlying the intuition here.
1"The formal result underlying the intuition here is Proposition IA.10.

12



Here 2 is just a convenient normalizing factor. Notably, A is proportional to the reciprocal
of the slope of the aggregate dealer’s demand, which is a standard measure of liquidity in
the theoretical literature (see Vayanos and Wang (2013)). For our empirical work, we relate

A to percentage bid-ask spreads (see Section 5.1). Our key result is as follows.

Proposition 2 Assume that cross-sectional mean of dealer’s risk aversions is close to I'*
and that cross-sectional variance of dealers’ risk aversions is small. Denote E[I')] —T'* = ¢,

Var[l')| = €; and € = max(ey, €2). The following is true
A =B+ BrEb] — B3 Varlb] +o(e) (5)

A A A A A1 2A8(17V %H)HF%O 20, (M —1)
where 50 = ¢OF_S > O; Bl = ¢11‘*_S > 07 BZ = §¢1 ’ > 0; A0 = v

F(TEA7) = T -

Og = —(qufkg) and ¢y = E[;Q]k. In a model without heterogeneity, A = 35 + BLE[b].

It makes sense that illiquidity in the D2D market is positively related to the average
bid-ask spreads E[b;]. In our model, E[b] reflects the dealers’ average risk aversion E[I]
(see (3)), which is positively related to illiquidity.

The central finding of Proposition 2 is a negative relationship between the illiquidity of
the D2D market and the cross-sectional variance of D2D spreads. It arises because spreads
are linearly related to risk aversions (see (3)), and illiquidity is smaller when cross-sectional
variance or dealers’ risk aversion is smaller. To understand the intuition behind the last
statement, consider an example. Imagine we have three dealers with a risk aversion of 1
each. They each provide 1 unit of liquidity, 3 in total. Now consider what happens if
dealers’ average risk aversion is 0.5, 1, and 1.5 (so that average risk aversion is the same, but
we increased the variance). Since liquidity provided (price elasticity) is inversely related to
risk aversion, the dealers will provide 2, 1, and 1/1.5=0.66 units of liquidity, 3.66 in total.

Thus, greater dispersion in risk aversions results in more liquidity.'®

18The price elasticity is inversely proportional to risk aversion when heterogeneity in risk aversions is

13



4.3 Relation to Other Theoretical Work

The negative relationship between prices in the D2D market and A,ismaten, (85 > 0) is
the unique prediction of our theory. Non-exclusivity, dealer heterogeneity, and imperfect
competition in the D2D market are all important ingredients underlying it. Indeed, without
heterogeneity, the only possibility for A,,;smaten to be different from zero is due to noise in the
data (in theory, homogenous dealers should post the same mid-quotes and bid-ask spreads).
Even in that case Aismaten should not be related to PP2P and so 5 = 0.

In the competitive case, standard aggregation results imply that all dealers can be
replaced with a representative dealer holding the dealer sector’s aggregate inventory >, x;.
In that case, the aggregate inventory, but not its distribution across dealers, should matter
for asset prices. Consistent with that, we demonstrate in Appendix D that the competitive
version of our model yields 85 = 0.

Finally, the pure exclusive version of our model implies ¢’(-) = 0 and so 85 = 0. In
Appendix TA.7, we consider a model of Babus and Parlatore (2022) that, compared to our
model, additionally features price-elastic customer demand. We show that 55 < 0 there.
Intuitively, customers and dealers trade toward an efficient allocation, where their risks are
perfectly shared, but they only do so imperfectly due to dealers’ market power. Thus, dealers
who start with relatively high pre-D2C inventory x; will end up with relatively high post-
D2C inventories ;. These dealers also tend to post lower D2C prices, creating a negative
relationship between prices and inventories. (In contrast, we discussed in Section 4.1 that
such a relationship is positive in our model.) Overall, we can conclude that 55 < 0 with
exclusivity.

To conclude, the positive sign of 85 is the unique prediction of our theory, distinguish-

ing it from models with no heterogeneity (e.g., Vogler (1997)), perfectly competitive D2D

small. In the general case, this relationship is more complex. However, price elasticity is still a convex
function of risk aversion in the general case. Thus, the logic of our simple example still applies. We also
note that Proposition TA.9 establishes a negative relationship between A and Var[b;] without relying on small
heterogeneity approximation.

14



market (e.g., Dunne et al. (2015)) or exclusive customer-dealer relationship (e.g., Babus and

Parlatore (2022)).

5 Empirical Analysis

In this section, we present and test our empirical hypotheses concerning the signs of the
coefficients in the Propositions 1 and 2. The implications of the magnitudes of these
coefficients are explored in Section 6, where we use the theoretical values of these coefficients

to calibrate the elasticity of the FX market.

5.1 Identifying Assumptions

Our theoretical predictions in Proposition 1 are regarding price levels. Price time series are
non-stationary. To facilitate our empirical analysis, we derive implications for returns. We
assume that prices in the D2D market are consistent with Proposition 1 at any time. Then,

one can write:

PP = Y+ BYE [auy] — Bhcov(auy, biy) + ofe).

This is as given by equation (4) where we additionally assume that one period in the model

fPD2D

corresponds to ¢ seconds in the data. Taking differences and dividing by P,”*”, we can
rewrite the above equation as follows:
APD2D AE |« Acov(ag, b
rpwp = STt — gt el gphcotanhu) o), )
P, P, pp2b
where we use the notation AX; = X; — X;_,. To proceed, we note that in our data,

PP2P ~ Elay,] (see Table 4) and, for ¢ small, oy ;1] ~ E[ay,]."? This allows us to rewrite

YFor example, for £ = 10s, corr(E[ay t+¢], B[y +]) = 0.999977 in our sample.
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(6) in terms of returns and percentage spreads as follows
,R’tD—&-QZD = BfanC - ﬁgAAmismatch,t + €t+0s (7)

where we have denoted

Rtch — AE [ay] BAP2C — bt

FE [Oélﬂg] ’ L B FE [Oélﬂg]

n — D2C
and Amismatch,t = CO'U(Oél’t, BA[,t )7

and replaced o(€) with the noise term €,,,. We formulate our first identifying assumption.

Assumption 1 The data-generating process for D2D returns is given by (7), where 37 and

D2D

B3 are constants, and the noise €4 is orthogonal to R\%°.

Similarly, our predictions in Proposition 2 are in terms of illiquidity A, which we do
not directly observe in the data. In our second identifying assumption, we relate A to the
percentage bid-ask spreads

ASkDQD . BldD2D

D2D __
BA o pD2D

Assumption 2 There is an affine relationship between percentage price impact A = A, /PP?*P

and percentage bid ask spreads BApsap: h0+h1A§Z’ = BAP?P where hy and hy are constants.

One microfoundation for Assumption 2 is as follows. In a linear model, one can write
that (Ask — Bid)/(2 - minimum lot size) = A. Therefore, the above holds with h; =
2 - minimum lot size and hy = 0. However, we don’t take a stand on a particular micro
foundation and let the data decide the values of both hg and h;.

Next, we clarify our assumption (3). It says that coefficients k¢, k3, and k are the same
across dealers. However, we also need to state how these coefficients change over time. We

clarify this in our next assumption.
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Assumption 3 There s an affine relationship between pzt/PtDQD and rl‘ft/PtDQD, as well as
b /pD2D b /pD2D. ,a /PD2D _ _a a /pD2D b /pD2D _ b b /pD2D
pl,t/Pt and Tl,t/Pt : pl,t/Pt =+ rl,t/Pt and pl,t/Pt = x5+ Tl,t/Pt ;

where 33, 58 and > are constants.

The idea behind this assumption is that the time variation in D2D prices absorbs the time
variation in the cross-section of D2C prices and reservation values. This is a reasonable
assumption, given the tight link between D2D and D2C prices (see Table 4).2°
Using Assumptions 2 and 3, and proceeding similarly to the way equation (7) was derived,
we rewrite (5) as
BAPEP = P + BPAE[BALC] — 87 Var[BAZC] + e (8)

We relegate the derivation to Appendix B.2, where we also present the closed-form expres-

sions for B4, pP4 and B84, We present our final identifying assumption.

Assumption 4 The data-generating process for D2D percentage spreads is given by (8),

where BPA, BBA and B4 are constants, and the noise ;4 is orthogonal to BAPP.

5.2 Data Description

We test the model’s predictions using three high-frequency datasets time-stamped with 1-
second precision. The first two datasets are provided to us by a large Swiss retail aggregator
(the retail aggregator hereafter). The first dataset contains price quotes for the currency pair
“EUR/USD” for orders submitted to the retail aggregator by the largest FOREX dealers.?!
Separate quotes are provided for trades below USD 1 million and between USD 1 million and

USD 5 million. This dataset covers the period from June 1, 2016, to September 30, 2016.

20We also note that this assumption is not crucial for neither our estimation nor calibration. If we proceed
assuming that kg, kg, and k are constant over time, which amounts to using bid-ask spreads instead of
percentage spreads, our results are very similar.

21 According to the Triennial Central Bank Survey (April 2016), this currency pair accounts for the most
significant turnover on the FOREX market.
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The retail aggregator cannot access the D2D market and can manage its inventory only by
trading with the dealers. Thus, from the point of view of our model, the retail aggregator is
a customer trading with dealers in the D2C market.

The second dataset contains the orders submitted for execution by its clients for the same
currency pair and period. The geographical composition of the retail aggregator’s clients who
trade the EUR/USD currency pair is highly heterogeneous and is dominated by large groups
of clients from Italy, Switzerland, China, and Spain. 95% of clients in this dataset are retail,
while the rest are corporate. For 99% of the observations, the order size does not exceed
USD 1 million. Thus, for our empirical analysis, we filter the data to keep the quotes and the
orders with an order size not exceeding 1 million. We refer to the merged first two datasets
as the D2C dataset.

The third dataset is the EBS dataset provided to us by NEX Data. We refer to it as
D2D dataset going forward. EBS is one of the largest D2D FX platforms in the world.
This dataset is a comprehensive account of FX’s best bids and asks aggregated within each
second. It also indicates when a transaction occurs and its price and size. Mancini et
al. (2013) compared the EBS dataset with other FX datasets and concluded that “EBS is
effectively the only current data source for intraday data.” For the sake of consistency with
the D2C dataset, we restrain our D2D dataset to the subset of transactions with an order
size of 1 mln or less.?> We follow Mancini et al. (2013) to clean our quote datasets. In
addition, for the D2C datasets, we filter the data sample on quotes to retain price quotes
from a subsample of dealers simultaneously providing quotes during a long, continuous time
interval within each trading day. After applying such a filtering procedure, we retain quotes
from 10 large dealers.

In our D2C dataset, we observe the bid pﬁt and the ask pf, for each dealer [ at each

pe+p}
1t Lt and

time instant ¢, which we then use to directly back out the mid-prices o = 3

22Transactions of size one mln or less account for more than 50% of deals in the EBS data. We ran our
analysis with all transaction data in an earlier paper version and obtained the same qualitative results.
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a __ b
spreads b; = pl’t;l’t; the average mid-prices Ela; | = ﬁ Zl]‘il oy, average spreads E[b ] =
%Zf\il by and variance of spreads Varlb,| = ;> (biy — E[by])?; percentage spreads
BAP?C = by4/Eloy,], average percentage spreads E[BAPC] = L 3" BAPX and mis-

match /Tmismatch,t = Cov(ayy, BAEEC) = %Zl (e — Elagg)) (BAI%QC — E[BAEEC]). In
our D2D dataset, we observe the bid BidP? and ask AskP?P. from which we compute

B~dD2D Ask A kD2D_B'dD2D
phP — “fw and BAP?P = % For values of lag ¢ = 5,10, 30,60, and
t
E[al,t]*E[al,tfé]
E[Olht]

D2D D2D
90 seconds we also compute RP2P = PP and RP2C =
p t = pP?D t =

. All of these
quantities are exactly as in our theoretical analysis.

In addition, we construct proxies for customers’ liquidity demand and D2D order flow.
Our proxy for the customers’ liquidity demand is ProxyLigShock, the net of all seller-
initiated orders and buyer-initiated orders from the retail aggregator’s clients, that is, the
net selling pressure. This definition follows our assumption that any online broker acts as
an intermediary between retail clients and large dealers, and such brokers are competitive.
The net selling pressure can then be seen as a scaled prory of the total customer shocks
Ge- In addition, we will use the summary statistics for the positive and negative parts of
ProxyLigShock, which we denote ProxyLiqShockSell and ProxylLiqShockBuy, respec-
tively. The last two variables are the scaled proxies of g. We construct a proxy for order flow
in the D2D market using the EBS dataset, aggregated at the second level, which provides
volume and buy/sell information for each executed transaction. We use completed orders of
size 1 million and construct the following proxy for order flow in the D2D market: OFP?P,
the aggregate (signed) net order flow (in mln) in the D2D market computed within a trailing
window of 24 hours.?

We report the summary statistics and correlation table for the final merged dataset in

Tables 4 and 5. Mid-price distributions are essentially the same in the D2C and the D2D

23Tn the previous version of the paper, we have obtained similar results to here with the following alternative
proxies for the D2D order flow: (a) aggregate daily (signed) net order flow in the D2D market, and (b)
aggregate (signed) net order flow (in mln) in the D2D market computed within a trailing window of 1 hour.
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markets, while the spreads differ. Differences in prices are small because FX markets are very
liquid and have very narrow bid-ask spreads. As one can see from Table 1, a typical bid-ask
spread is about 0.5 basis points. Thus, one can only see the difference in the fifth digit
after the comma. We also note that even though A,,;smaten 1S constructed using the cross-
section of both mid prices o; and percentage bid-ask spreads BAP?¢ in the D2C market,
it is correlated to E[BAP?*¢] and std[BAP*C], but not E[cy]. The correlation of Amismaten
with both E[BAP2¢] and std[BAP?“] is approximately 0.6 and so is far from 1. Thus, our

measure contains additional information relative to both E[BAP?*¢] and std[BAP*C].

[Include Tables 4 and 5 here.]

5.3 Empirical Hypotheses

We split our predictions into two parts: returns and spreads. Assumption 1 implies that (7)

can be estimated using OLS regression. Our regression specification is
REFQKD = /BthD2C - BgA“z{mismatch,t + Constant. (9)

Our theory implies the following signs of regression coefficients: g7 > 0, g5 > 0, and
Constant = 0. In contrast, as discussed in Section 4 if the D2D market was competitive or
if dealers were homogenous, 5 = 0 and with exclusive customer-dealer relationship 85 < 0.
Thus, the positive sign of 85 is the unique prediction of our theory, distinguishing it from
models with no heterogeneity (e.g., Vogler (1997)), perfectly competitive D2D market (e.g.,
Dunne et al. (2015)) or exclusive customer-dealer relationship (e.g., Babus and Parlatore
(2022)). Table 1 summarizes our theoretical predictions and those of other theories (in
parenthesis).

Similarly, Assumption 4 implies that (8) can be estimated using OLS regression

BAPYP = fAE[BAﬁzc] — fAVar[BAﬂw] + Constant. (10)

20



Table 1: Theoretical predictions, returns. This table summarizes our predictions and those
of other theories (in parenthesis).

Regression: RPZP = BIRP?Y — YA Arismatens + Constant

Regression coefficient | Predicted sign

RP2C >0

> (), non-exclusive customer-dealer relationship

(= 0, competitive benchmark)

~

A»’4mismatch,t
(= 0, no heterogeneity)
(< 0, exclusive customer-dealer relationship)
Constant =0

Our theory predicts f%4 > 0 and B84 > 0, whereas without heterogeneity 524 = 0. We

summarise the second part of our predictions in Table 2.

Table 2: Theoretical predictions, spreads. This Table summarizes our predictions and those
of other theories (in parenthesis).

Regression: BAPSP = BPAE[BAPZC] — B4 Var[BA[?“] + Constant

Regression coefficient | Predicted sign

E[BA[?C] >0

= 0, no heterogeneity
Var[BAPZC]

> (), the model, competitive benchmark

In the next section, we estimate regressions (9) and (10) to test our implications about the
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signs of the regression coefficients. Our predictions about the magnitudes of these coefficients

are derived and discussed in Section 6.

5.4 Results

To test predictions summarized in Table 1, we estimate (9), with lag value £ = 10 seconds.
Table 6 presents the results. Specifications (3) and (4) additionally include ProxyLiqShock
and OFP?P as controls. The results perfectly align with the predictions: the regression

coefficient on RP?¢ and Aﬁmismatch is positive, while the intercept is zero.
[Include Table 6 here.]

The positive relationship between D2D returns and lagged D2C returns echoes the
findings of Evans and Lyons (2002b), who were the first to document the predictive re-
lationship between D2D order flow and exchange rates. Indeed, both the D2C returns and
order flow reflect changes in inventory, which, in turn, are associated with returns going
forward. However, in our sample at least, the predictive power of lagged D2C returns seems
to dominate: while the coefficient on OFP?P has the expected sign, it is not statistically
significant (see panel (4) of Table 6).

In contrast, Column (2) shows that customers’ order flow in the D2C market (ProzyLigShock)
negatively forecasts price changes in the D2D market. The negative sign means that an
increase in the customers’ liquidity demand results in lower future prices. Given that
a significant fraction of the retail aggregator’s customers are based in Switzerland, it is
astonishing that their order flow predicts changes in the EUR/USD exchange rates quoted on
EBS, one of the largest international inter-dealer platforms in the world. Note, however, that
the coefficient is quite small. These results align with our interpretation of ProxyLiqShock
as a scaled proxy of ¢., with a small scaling coefficient. The scaling should not affect the

statistical significance but make the regression coefficient smaller.
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The negative relationship between D2D returns and lagged changes in ,Zl\mismatch confirms
the unique prediction of our theory, distinguishing it from theories with no heterogeneity
(e.g., Vogler (1997)), perfectly competitive D2D market (e.g., Dunne et al. (2015)) or
exclusive customer-dealer relationship (e.g., Babus and Parlatore (2022)). This finding also
highlights that dealer heterogeneity, imperfect competition, and non-exclusivity are all jointly
important features underlying the high-frequency dynamics of exchange rates.

We repeat the same empirical test for lags ¢ = 5,30, 60, and 90 seconds and present the
results in Appendix TA.1.1. The main observation is that the impact of liquidity mismatch
on future D2D prices is significant for small lags ¢ but loses significance as we increase
¢. This result is intuitive: Liquidity mismatch matters because price impact precludes
heterogeneously risk-averse dealers from immediately trading toward the efficient allocation
of risk. Instead, they are forced to trade toward their risk target over multiple rounds. In
an ultra-fast foreign exchange market, it takes dealers several seconds to rebalance their
portfolios.

We turn to spread predictions (Table 2). To this end, we estimate (10). Table 7 presents
the results. Again, the results perfectly align with the predictions: the regression coefficients
on E[BAP?Y] and Var[BAP?¢] are both positive. The negative association between the
variance of D2C spreads and D2D spreads going forward underlines the importance of
heterogeneity in explaining the high frequency of FX market liquidity. Controlling for D2D
order flow and customers’ liquidity shocks does not impact the results. We repeat this
empirical test for lags ¢ = 5,20, 30,60, and 90 and present the results in Appendix [A.1.2.
As one can see, regression results strongly support our empirical predictions at all horizons.
The predictive power of the variance of D2C spreads remains statistically significant for

longer lags.

[Include Table 7 here.]

23



6 Calibration

In this section, we will use our closed-form solutions for the coefficients in the regressions (9)
and (10) to calibrate the elasticity of the FX market. The reciprocal of elasticity (referred
to as inverse-elasticity going forward) is defined as price change (expressed in basis points)

induced by a typical liquidity shock E[g], normalized by the size of the shock:

Elal d D2D A
gz B AP e A (11)
PD2D 4O 9P D2D
To obtain the last expression, we substituted A/2 = dpdlZ;D and accounted for the fact that

we normalized E[g] = 1. Further, we approximate &' ~ &' = ;%5 - 1012

6.1 Challenges in Identifying Elasticity

Perhaps the most straightforward approach in estimating the elasticity is to regress prices
on order flow. However, a standard endogeneity problem arises since the order flow depends
on prices. Following Koijen and Yogo (2019), an emerging literature uses the structural,
“demand system” approach to estimate market elasticity. While this approach is frequently
used in equity markets, it cannot directly be applied in the FX market since it requires the
holdings data for major FX dealers. To the best of our knowledge, such data does not exist.

In this section, we offer an alternative approach. We use the fact that the interaction
between the D2D and D2C market segments depends on the elasticity through the dealers’
average risk aversion I'*. We then use our regressions that characterize the joint dynamics
of the two market segments to develop a novel, model-based methodology for elasticity

identification.

247 is the leading term in the ”small heterogeneity” approximation to A (see Proof of Proposition 2,
equation (20)): Ag = lim.,o A(e), where € is defined in the Proposition 2. Using higher-order terms has
little effect on our numerical results but complicates the algebra.
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6.2 The Key Identifying Variation

To understand the key identifying variation, recall our second regression
BAPYP = ﬂlBAE[BAﬁ?C] - BQBAVar[BAﬁQC] + Constant. (12)

Consider the following thought experiment. Suppose that dealers’ risk aversions double,
implying that the average risk aversion I'* doubles as well. Our goal is to understand how

the coefficients 34 and 374 depend on I'*. In this scenario, BA{?P and E[BAP?C] double,
while Var[BAPZC] quadruples. The only way (12) could hold is when Sf4 is unaffected by

changes in I'*, while 854 is inversely proportional to I'*. Since & o< 1/T*, we get that

2BA 0.8 50.
We can use our thought experiment to demonstrate that the coefficients 57 and g5 do not
depend on I'* and &,. Thus, 824 is the only coefficient that depends on &;. Since this
coefficient does not arise in the homogenous model, the heterogeneity, the key feature of our

model, is crucial for the identification of the elasticity.?®

6.3 Identifying Assumptions

While the coefficient 824 is necessary for the identification of elasticity, it is not sufficient.
Our closed-form solution (19) implies that 324 depends additionally on the number of dealers
M, the second moment of liquidity shock E[¢?], the coefficient h; (defined in Assumption 2),
and the coefficient £ (defined in (3)).

25The idea that heterogeneity is crucial for the identification of elasticity is also used in the construction
of the granular instrumental variables in Gabaix and Koijen (2020).
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For the number of dealers, we proceed with

M = 10,

the number of dealers in our dataset as our baseline scenario.?®

As for E[¢*], we note that E[¢*] = E[¢*]/E[q]* (since E[q] is normalized to 1). We can
further derive E[¢?]/E[q]* = 1 + CV|[g]*. Here, CV|[q| is coefficient of variation of g,

Vig]
Efg] -

Cvlg =

As discussed in Section 5.2, we view the variable ProxyLiqShock as a scaled proxy for g,

which we now formulate as an assumption.

Assumption 5 The liquidity shock q. is proportional to the variable ProxyLiqShock, §.
ProxyLigShock.

Given Assumption 5, we can now compute CV([q] using either positive or negative parts
of ProxyLiqgShock (ProxyLiqShockSell and ProxyLiqShockBuy, respectively). The two

estimates are quite similar (see Table 4), and we take the average of the two:

CV[g] = CV[ProxyLiqShockSell] ;CV[ProxyquShock;Buy] _ 5394

Here, we introduced the notation X for an empirical estimate of X.

The rest of the unknowns in (19) are k, which can be identified from 87 = 1/k (see
Proposition 1) and h;, which can be identified from our closed-form solution for 354 (see
(18)). We can now complete the derivations and summarize our results in the Proposition

below.

260ur closed-form solution for elasticity in Proposition 1 makes it straightforward to do the sensitivity
analysis with respect to M.
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Proposition 3 The elasticity &y is uniquely identified as follows

2BA
&0 = BBQAB” (14 CV[gP) - ce(M), (13)
1 1
where cg(M) = M((M—2)M +2)* -1074.

2(M—2)(M—1)((M—1)M+1)

6.4 Results

Using our closed-form expression (13), summary statistics in Table 4, and our baseline

empirical results for £ = 10s in Tables 6 and 7 we obtain the inverse-elasticity of

&yt =0.4958.

Our estimate implies that a typical liquidity shock moves mid-prices in the D2D market by
0.5 basis points. This is comparable to the average bid-ask spread of 0.44 basis points (see
Table 4). The D2D market is illiquid.

6.4.1 Two counterfactuals

We compare our elasticity estimates to that in two counterfactual scenarios. First, we ask
what the elasticity would be had the dealers not exercised their market power in the D2D
market. To this end, we use the estimate of I'* implied by our model to compute elasticity

in the competitive benchmark (see the derivation in Section D.3). We obtain

(E5)7H =0.4407 = £71/(E) 7 — 1 =12.5%.

This suggests that bid-ask spreads in the D2D market would have been 12.5% smaller with
competitive dealers. Thus, due to market power, the dealers charge an additional 12.5%

markup for liquidity provision. The D2D market is non-competitive.
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Second, we ask how the elasticity would change following the entry of an additional dealer
whose risk aversion is equal to the average risk aversion I'*. This amounts to using M = 11

in (13) when computing the elasticity. We obtain
EgHM =11) = 04530 = &'/EH(M =11) — 1 = 9.45%.
Entry of an additional dealer increases the elasticity by 9.45%.%7

6.4.2 Inelastic Market Hypothesis in FX market

Here, we ask the following question: Can the illiquidity of the D2D market and the shocks
originating in the D2C market explain the volatility of high-frequency FX returns? Does the
inelastic market hypothesis (Gabaix and Koijen, 2021) hold for the FX market? To address
this question, we compute the volatility of the return component generated by the liquidity
shocks and compare it to the total return volatility.

In addition to Assumption 5 specifying the distribution of liquidity shocks, we need to

specify how these shocks arrive over time.

Assumption 6 Liquidity shocks G.; are i.i.d., satisfy the Assumption 5, and arrive at a

Poisson intensity v. In addition, we assume that v can be identified as the frequency of

changes in the D2D order flow in our sample, v = 0.0647 sec™!.

Given Assumption 6, the sum of liquidity shocks between time ¢ and t + ¢ is given by
N(0)
QZ*}HF[ = Z qc,ia

where N (7) denotes Poisson counting process with intensity v. The change in price between

27Such degree of non-competitiveness makes the FX market similar to the CDS market, where Eisfeldt et
al. (2023) find a similar sensitivity of CDS spreads to changes in the number of dealers. This is surprising,
given that, according to conventional wisdom, FX markets are much more liquid than CDS markets.
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t and t + ¢ is given by

D2Dg 1

PD2D . PD2D b
' E[q]

At—t+L
t+4 Qc .

= change in fundamentals +

PD2D

The second component is the price reaction to the liquidity shock.?® Dividing by we

D2D _ f.D2D  pliqD2D

decompose the return into two parts: R, toe ee , where the fundamental

f,D2D

157" = change in fundamentals/P;”*” and non-fundamental part is

part is by definition R.

caused by liquidity shocks and is given by

i &~
R f,sz _ = Ot

This gives the volatility of the non-fundamental component

[RifZDQD} _ é[_] [Q"Z—n—i—f}
gt
T Elg

= WIETICYq)

-vVilo [q.]

o [Gc]

o [q]

= 0.1812 bps.

In the second line, we used the standard properties of a Poisson process to compute o [@Z‘””} =
vV/({o [G]. In the third line, we multiplied and divided by o[g] and substituted CV[j] =

o[q]/E[q). In the fourth line, we use Assumption 5 to substitute

olq] std[ProxyLiqShock] — 0.3355
ol — 0.5(std[ProxyLiqShock Buy] + std[ProxyLigShockSell]) ’

along with the values of [ = 10, v = 0.0647, and CV|[q| = 5.324. The volatility of 10-second

D2D —1

28The price reaction to the liquidity shock is the price impact of the liquidity shock, (W) (see (11)),
times the sum of liquidity shocks (Q%7+¢),
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returns in our sample is o [RP22P] = 0.5539. This means
o [REP) Jo [REP) = 32.11%

The non-fundamental volatility accounts for around a third of overall short-term volatility

in the FX market. The inelastic market hypothesis holds.

7 Literature Review

A growing body of literature shows how order flow and dealer inventories serve as essential
determinants of exchange rates. Lyons (1995) was one of the first to provide strong empirical
evidence that dealers actively control their inventories and study how this inventory control
creates a link between order flow and exchange rates. The research that followed provided

29 and

further evidence that order flow contains information about contemporaneous prices
future prices.?® In this paper, our focus is on predictive relationships at horizons that are
short enough so that efficient allocation cannot be achieved due to market imperfections.
The key insight from our model is that liquidity mismatch in the D2C market can be used to
recover information about the distribution of inventories and the liquidity mismatch. This
novel, endogenous, purely price-based object is unique to our model.?!

Previous research has mostly focused on interdealer trading in FX as well as other

29 An incomplete list includes Evans and Lyons (2002b), Evans and Lyons (2002a), Hau et al. (2002), Fan
and Lyons (2003), Froot and Ramadorai (2005), Bjgnnes et al. (2005), Danielsson and Love (2006), Killeen
et al. (2006), Berger et al. (2008), Brunnermeier et al. (2008), King et al. (2010), Rime et al. (2010), Breedon
and Vitale (2010), and Bjgnnes et al. (2011)

30Evans and Lyons (2005b), Danielsson et al. (2012), and Evans and Rime (2016), Collin-Dufresne et al.
(2019)

31A recent paper of Eisfeldt, Herskovic and Liu (2022) (circulated after this one) considers a corporate
bond market and shows that when interdealer price dispersion is high, bond prices are low. Similarly, we
show that exchange rates are low when liquidity mismatch is high. Our analysis (available upon request)
found that D2C price dispersion is not statistically significant in predicting D2D prices. At least in the FX
market, the liquidity mismatch appears to be a better measure than price dispersion. We note, however,
that liquidity mismatch cannot be computed in all markets as one needs to see both bid and ask prices at
all times.
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markets.?? To the best of our knowledge, we are the first to jointly study price formation in
the D2D and D2C market segments. This is an important gap in our understanding of FX
markets, especially given that the D2C trading volume is higher than the D2D volume (see,
Moore et al. (2016)).

Our pure-inventory model emphasizes the role of dealer heterogeneity, market power,
and non-exclusive customer-dealer relationships.®® Related papers lack at least one of these
elements. E.g., Vogler (1997)) lacks heterogeneity, Dunne et al. (2015) lacks imperfect
competition, while Babus and Parlatore (2022) lack non-exclusivity.>* As we discussed in
the paper, all of these features are crucial to speak to our finding about the negative relation
between liquidity mismatch and D2D returns.

Colliard et al. (2018) study the effects of market fragmentation and dealer market power
in which dealers differ in their connectivity. However, they deliberately keep the matching
process between dealers and their clients simple to focus on the D2D market. While their
market mechanisms are well-suited for many OTC markets, such as the bond market, ours
could be better suited for modeling forex trading since the market structure is very different.

Our notion of liquidity mismatch is indirectly related to the liquidity mismatch defined
in Brunnermeier and Krishnamurthy (2012) (see also Bai et al. (2018)) as the mismatch

between the market liquidity of assets and the funding liquidity of liabilities. It is natural to

32 An incomplete list of papers focusing on inter-dealer trading includes Reiss and Werner (1998), Reiss
and Werner (2005), and, more recently, Li and Schiirhoff (2019).

33Gee, Bacchetta and Van Wincoop (2006), Evans et al. (2011), Evans and Lyons (2005c); Cao et al.
(2006), Frankel et al. (2009), Lyons et al. (2001), King et al. (2010), Michaelides et al. (2018), and Gargano
et al. (2018) for FX microstructure models of exchange rates that rely on private, heterogeneous information.
Incorporating such informational asymmetries into our model is an important direction for future research.

34Babus and Parlatore (2022) belongs to a larger stream of literature on fragmented markets (see, e.g.,
Babus and Kondor (2018), Malamud and Rostek (2017), and Babus and Parlatore (2022)) that assumes
identical, auction-like trading protocols in the two market segments.(Some papers (see, e.g., Liu et al. (2017))
also assume a competitive D2D market, implying that the allocation of risk among dealers is irrelevant.)
Under such protocols, effectively, dealers do not play any unique role, resulting in customers and dealers
ending up equally providing liquidity to each other. Contrary to our model, we show that this behavior leads
to an opposite (negative) sign of the relationship between liquidity mismatch and price level. Empirically,
we find strong evidence for the positive relationship, suggesting that our modeling of D2C trading is crucial
for matching the data.
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expect that the inventory cost in our model is closely related to the dealers’ funding liquidity.
Hence, the total inventory cost for a given dealer is linked to the liquidity mismatch of
Brunnermeier and Krishnamurthy (2012), defined on a single bank level. However, in stark
contrast to Brunnermeier and Krishnamurthy (2012), our liquidity mismatch measure is
cross-sectional and captures a mismatch in the distribution of assets across different dealers
with different liquidity needs and different price impacts. The fact that one can identify the
mismatch directly from prices in the D2C segment is a surprising and novel prediction of
our model.

Our model assumes that dealer inventories constitute an important driving force behind
price dynamics. Recent empirical evidence supports this assumption.>®> The most closely
related to ours is the paper by Collin-Dufresne et al. (2019), who study two-tired CDS
markets and show that bid-ask spreads are wider in the D2C market, and D2C transactions
are largely institutional trades that have a large permanent price impact. By contrast, the
FX market is relatively less concentrated and has a significant retail segment captured in
our data. We find that bid-ask spreads are narrower in the D2C market and have only a
small, transitory price impact, consistent with our inventory-driven model.

Our main predictions stem from dealers’ heterogeneity. Previous studies support the
presence of such heterogeneity.?® Our data on dealer quotes in the D2C market also suggests
its presence: Both the bid-ask spreads and the sensitivity of quotes to shocks are highly
heterogeneous across dealers. Han et al. (2022) argue that dispersed beliefs represent an-

other important source of dealer heterogeneity. While dealer disagreement is undoubtedly

35For instance, Friewald et al. (2019), Anderson and Liu (2019), and Randall (2015) show that inventory
costs explain a significant fraction of yield spread changes in corporate bonds. Hendershott and Menkveld
(2014) provide similar evidence for equity markets. Numerous papers have also shown the importance of the
D2D market as a key venue for inventory management. See, for example, Schultz (2017) Schiirhoff and Li
(2019), Collin-Dufresne et al. (2019), Hollifield et al. (2017), and Anderson and Liu (2019).

36For example, Evans (2002) found that most short-term volatility in exchange rates results from dealers’
heterogeneous trading decisions. Similarly, Bjonnes and Rime (2005) document significant differences in
dealers’ trading styles, especially concerning how they control their inventories. Randall (2015) provides
evidence of heterogeneous and time-varying costs of holding inventory for dealers in the US corporate bond
market.
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important, in our model, heterogeneous inventory generates a distinctive prediction about the
link between prices in the two market segments that heterogeneous beliefs cannot generate.
Investigating the joint role of inventories and beliefs in FX markets is an important direction
for future research.

Most of our key predictions depend crucially on the fact that the FX market is not
perfectly liquid, and dealers have a price impact. As a result, markets cannot efficiently
allocate risk at short horizons, and the distribution of inventories across dealers impacts
price dynamics. However, the idea that price impact is linked to order flow is not new (see,
for example, Evans and Lyons (2005a)), to the best of our knowledge, our model is the first
to micro-found this price impact in a model that accounts for the two-tier structure of the
FX market. In particular, our model can be used to recover market liquidity from dealer
quotes, providing an explicit, micro-founded measure of liquidity risk and shedding new light

on the findings of Banti et al. (2012) and Mancini et al. (2013).

8 Conclusion

Our findings highlight the importance of a two-tiered market structure, dealer heterogeneity;,
market power, and non-exclusive customer-dealer relationships as important features of the
FX market affecting its high-frequency dynamics. We have related D2D prices and spreads to
the two first moments of the joint cross-sectional distribution of D2C prices and spreads. The
following research can look at higher moments. For example, is the cross-sectional skewness
of D2D spreads (or prices) an important determinant of high-frequency FX returns?

On the theory side, going deeper into a dealer’s problem dynamics can be fruitful. Shall
dealers pass on the liquidity shocks from customers to the D2D market immediately? Or
shall they accumulate inventories, partially netting the shocks that arrived at different times?

Our static model cannot answer such questions, so one must derive a dynamic model instead.

33



References

Anderson, Chris and Weiling Liu, “Intermediary Trading and Risk Constraints,”
Working paper 2019.

Babus, Ana and Cecilia Parlatore, “Strategic fragmented markets,” Journal of Financial
Economics, 2022, 145 (3), 876-908.

— and Peter Kondor, “Trading and Information Diffusion in Over-the-Counter mar-
kets,” Econometrica, 2018, 86 (5), 1727-1769.

Bacchetta, Philippe and Eric Van Wincoop, “Can information heterogeneity explain
the exchange rate determination puzzle?,” The American Economic Review, 2006, 96
(3), 552-576.

Back, Kerry and Shmuel Baruch, “Strategic liquidity provision in limit order markets,”
Econometrica, 2013, 81 (1), 363-392.

Bai, Jenny, Arvind Krishnamurthy, and Charles-Henri Weymuller, “Measuring
Liquidity Mismatch in the Banking Sector,” Journal of Finance, 2018, 73 (1), 51-93.

Banti, Chiara, Kate Phylaktis, and Lucio Sarno, “Global liquidity risk in the foreign
exchange market,” Journal of International Money and Finance, 2012, 31 (2), 267-291.

Berger, David W, Alain P Chaboud, Sergey V Chernenko, Edward Howorka, and
Jonathan H Wright, “Order flow and exchange rate dynamics in electronic brokerage
system data,” Journal of international Economics, 2008, 75 (1), 93-109.

Bessembinder, Hendrik, Chester Spatt, and Kumar Venkataraman, “A survey
of the microstructure of fixed-income markets,” Journal of Financial and Quantitative
Analysis, 2020, 55 (1), 1-45.

Biais, Bruno, David Martimort, and Jean-Charles Rochet, “Competing mechanisms

in a common value environment,” Econometrica, 2000, 68 (4), 799-837.

, , and , “Competing mechanisms in a common value environment: A

Corrigendum,” Econometrica, 2013, 81 (4), 393-406.

Bjonnes, Geir H, Carol L Osler, Dagfinn Rime, and Norges Bank, “Sources of
information advantage in the foreign exchange market,” Norges Bank, 2011, p. 46.

Bjgnnes, Geir Hgidal and Dagfinn Rime, “Dealer behavior and trading systems in
foreign exchange markets,” Journal of Financial Economics, 2005, 75 (3), 571 — 605.

, , and Haakon O Aa Solheim, “Liquidity provision in the overnight foreign

exchange market,” Journal of International Money and Finance, 2005, 24 (2), 175-196.

Breedon, Francis and Paolo Vitale, “An empirical study of portfolio-balance and
information effects of order flow on exchange rates,” Journal of International Money
and Finance, 2010, 29 (3), 504-524.

Brunnermeier, Markus K, Stefan Nagel, and Lasse H Pedersen, “Carry trades and

currency crashes,” NBER macroeconomics annual, 2008, 23 (1), 313-348.

Cao, H Henry, Martin D Evans, Richard K Lyons et al., “Inventory Information,”
The Journal of Business, 2006, 79 (1), 325-364.

34



Cenedese, Gino, Pasquale Della Corte, and Tianyu Wang, “Currency mispricing
and dealer balance sheets,” The Journal of Finance, 2021, 76 (6), 2763-2803.

Chaboud, Alain, Sergey Chernenko, and Jonathan H Wright, “Trading activity and
exchange rates in high-frequency EBS data,” FRB International Finance Discussion
Paper, 2007, (903).
Colliard, Jean-Edouard, Thierry Foucault, and Peter Hoffmann, “Inventory Man-
agement, Dealers’ Connections and Prices in OTC Markets,” Working Paper, 2018.
Collin-Dufresne, Pierre, Benjamin Junge, and Trolle anders B, “Market Structure
and Transaction Costs of Index CDSs,” Journal of Finance, 2019.

Danielsson, Jon and Ryan Love, “Feedback trading,” International Journal of Finance
€9 Economics, 2006, 11 (1), 35-53.

__, Jinhui Luo, and Richard Payne, “Exchange rate determination and inter-market
order flow effects,” The European Journal of Finance, 2012, 18 (9), 823-840.

Duffie, Darrell, Nicolae Garleanu, and Lasse Heje Pedersen, “Over-the-counter
markets,” Econometrica, 2005, 73 (6), 1815-1847.

Dunne, Peter, Harald Hau, and Michael Moore, “Dealer Intermediation Between
Markets,” Journal of the European Economic Association, 2015, 13 (5), 770-804.

Eisfeldt, Andrea L, Bernard Herskovic, and Shuo Liu, “Interdealer Price Dispersion,”

Available at SSRN, 2022.

, , Sriram Rajan, and Emil Siriwardane, “OTC intermediaries,” The Review

of Financial Studies, 2023, 36 (2), 615-677.

Evans, Martin DD, “FX trading and exchange rate dynamics,” The Journal of Finance,
2002, 57 (6), 2405-2447.

_ and Dagfinn Rime, “Order flow information and spot rate dynamics,” Journal of
International Money and Finance, 2016, 69, 45—68.

__ and Richard K Lyons, “Informational integration and FX trading,” Journal of
International Money and Finance, 2002, 21 (6), 807-831.

__ and , “Order flow and exchange rate dynamics,” Journal of political economy, 2002,
110 (1), 170-180.

_ and ___, “Do currency markets absorb news quickly?,” Journal of International Money
and Finance, 2005, 24 (2), 197-217.

_ and , “Meese-Rogoff Redux: Micro-Based Exchange-Rate Forecasting,” American
Economic Review, 2005, pp. 405-414.

Evans, Martin D.D. and Richard K. Lyons, “A New Micro Model of Exchange Rate
Dynamics,” Working paper, Georgetown University 2005.

Evans, Martin DD et al., Fxchange-Rate Dynamics, Princeton University Press, 2011.

Fan, Mintao and Richard K Lyons, “Customer trades and extreme events in foreign
exchange,” Monetary History, Exchange Rates and Financial Markets: Essays in
Honour of Charles Goodhart, 2003, pp. 160-179.

Frankel, Jeffrey A, Giampaolo Galli, and Alberto Giovannini, The microstructure
of foreign exchange markets, University of Chicago Press, 2009.

35



Friewald, Nils, , and Florian Nagler, “Over-the-Counter Market Frictions and Yield
Spread Changes,” The Journal of Finance, 2019, 7/, 3217-3257.

Froot, Kenneth A and Tarun Ramadorai, “Currency Returns, Intrinsic Value and
Institutional-Investor Flows,” The Journal of Finance, 2005, 60 (3), 1535-1566.

Gabaix, Xavier and Ralph SJ Koijen, “Granular instrumental variables,” Technical
Report, National Bureau of Economic Research 2020.

_ and , “In search of the origins of financial fluctuations: The inelastic markets
hypothesis,” Technical Report, National Bureau of Economic Research 2021.

Gargano, Antonio, Steven J. Riddiough, and Lucio Sarno, “The Value of Volume in
Foreign Exchange,” Working Paper, University of Melbourne 2018.

Han, Brandon Yueyang, Sophia Zhengzi Li, and Zhaogang Song, “Dealer Disagree-
ment and Asset Prices in FX Markets,” Available at SSRN, 2022.

Hau, Harald, William Killeen, and Michael Moore, “The euro as an international
currency: explaining puzzling first evidence from the foreign exchange markets,” Journal
of International Money and Finance, 2002, 21 (3), 351-383.

Hendershott, Terrence and Albert J. Menkveld, “Price pressures,” Journal of
Financial Economics, 2014, 114, 405-423.

Hollifield, Burton, Artem Neklyudov, and Chester Spatt, “Bid-ask spreads, trading
networks and the pricing of securitizations,” Review of Financial Studies, 2017, 30,
3048-3085.

K., Gary Gorton Brunnermeier Markus and Arvind Krishnamurthy, “Risk topog-
raphy,” NBER Macroeconomics Annual, 2012, 26, 149-176.

Killeen, William P, Richard K Lyons, and Michael J Moore, “Fixed versus flexible:
Lessons from EMS order flow,” Journal of International Money and Finance, 2006, 25
(4), 551-579.

King, Michael, Lucio Sarno, and Elvira Sojli, “Timing exchange rates using order
flow: The case of the Loonie,” Journal of Banking & Finance, 2010, 3/ (12), 2917-2928.

Koijen, Ralph SJ and Motohiro Yogo, “A demand system approach to asset pricing,”
Journal of Political Economy, 2019, 127 (4), 1475-1515.

Kyle, Albert S, “Continuous auctions and insider trading,” Econometrica: Journal of the
Econometric Society, 1985, pp. 1315-1335.

_, “Informed speculation with imperfect competition,” The Review of Economic Studies,
1989, 56 (3), 317-355.

Li, Dan and Norman Schiirhoff, “Dealer networks,” The Journal of Finance, 2019, 74
(1), 91-144.

Liu, Ying, Sebastian Vogel, and Yuan Zhang, “Electronic Trading in OTC Markets
vs. Centralized Exchange,” Technical Report, SFT 2017.

Lyons, Richard K, “Tests of microstructural hypotheses in the foreign exchange market,”
Journal of Financial Economics, 1995, 39 (2), 321-351.

___ et al., The Microstructure Approach to Fxchange Rates, Vol. 1, The MIT Press, 2001.

36



Malamud, Semyon and Marzena Rostek, “Decentralizaecd Exchange,” American Eco-
nomic Review, 2017, 107 (11), 3320-3362.

Mancini, Loriano, Angelo Ranaldo, and Jan Wrampelmeyer, “Liquidity in the
foreign exchange market: Measurement, commonality and risk premiums,” The Journal
of Finance, 2013, 68 (5), 1805-1841.

Meese, Richard A and Kenneth Rogoff, “Empirical exchange rate models of the
seventies: Do they fit out of sample?,” Journal of international economics, 1983, 14
(1-2), 3-24.

Michaelides, Alexander, Andreas Milidonis, and George Nishiotis, “Private In-
formation in Currency Markets,” Technical Report, Journal of Financial Economics
(forthcoiming) 2018.

Moore, Michael, Andreas Schrimpf, and Vladyslav Sushko, “Downsized FX markets:
causes and implications,” BIS Quaterly Review, December 2016.

Randall, Oliver, “How Do Inventory Costs Affect Dealer Behavior in the US Corporate
Bond Market?,” Working Paper, 2015.

Reiss, Peter C and Ingrid M Werner, “Does risk sharing motivate interdealer trading?,”
The Journal of Finance, 1998, 53 (5), 1657-1703.

_ and , “Anonymity, adverse selection, and the sorting of interdealer trades,” The
Review of Financial Studies, 2005, 18 (2), 599-636.

Rime, Dagfinn, Lucio Sarno, and Elvira Sojli, “Exchange rate forecasting, order flow
and macroeconomic information,” Journal of International Economics, 2010, 80 (1),
72-88.

Rostek, Marzena and Marek Weretka, “Dynamic thin markets,” The Review of
Financial Studies, 2015, 28 (10), 2946-2992.

Schultz, Paul, “Inventory management by corporate bond dealers,” Working paper 2017.

Schiirhoff, Norman and Dan Li, “Dealer Networks,” forthcming in the Journal of
Finance, 2019.

Vayanos, Dimitri, “Strategic trading and welfare in a dynamic market,” The Review of
Economic Studies, 1999, 66 (2), 219-254.

_ and Jiang Wang, “Market liquidity—theory and empirical evidence,” in “Handbook
of the Economics of Finance,” Vol. 2, Elsevier, 2013, pp. 1289-1361.

_ and Paul Woolley, “An institutional theory of momentum and reversal,” The Review
of Financial Studies, 2013, 26 (5), 1087-1145.

Vives, Xavier, “Strategic supply function competition with private information,” FEcono-
metrica, 2011, 79 (6), 1919-1966.

Vogler, Karl-Hubert, “Risk allocation and inter-dealer trading,
Review, 1997, 41, 1615-1634.

7

FEuropean Economic

37



A Summary of notation

Notation Explanation

General mathematical notation
Elz] = 1>, Cross-sectional mean of a variable x;
Var[z) = 5 >, (x — Elx))? Cross-sectional variance of a variable x;

RtDZC = AE [Oél’t]/E [Oél,t]
RtDJgKD — Apt[-?fD/PtDzD

BAtsz = (Ask,D?P — Bid,P2P)/pP2D

-~

_ D2C
Amismatch,t = CO”U(OK[J,, BAl,t )
[ and /¢

Cross-sectional covariance of a variables z; and y;
Expectation of a random variable ¢

Variance of a random variable ¢

Coefficient of variation of a random variable ¢
Cross-sectional covariance of a variables z; and y;

Model variables

customer order flow (signed)
customer order flow (non-signed)
Dealer [’s risk aversion

Number of dealers

Dealer [’'s D2C mig-quote

Dealer I’s D2C bid-ask spread
D2D mid-price spread

D2C return

D2D return

Percentage bid-ask spread in D2C
Percentage bid-ask spread in D2D
(Price-based) liquidity mismatch
[ indexes dealers; ¢ denotes the lag value.

B Derivations and Proofs

B.1 Equilibrium in the D2D Market

This section uses the results in Malamud and Rostek (2017) to characterize the unique,
robust linear Nash equilibrium in the D2D double auction game. Our D2D game is the same
in the model and the extended models.

Given his asset holdings x;, dealer I’s objective is to choose the trade size ; in the D2D
market that maximizes his utility by choosing the optimal trade size @);. The equilibrium
demand schedule Q; = Q;(x;, PP?P) of dealer | equalizes his marginal utility with his
marginal payment for each price,

d—T(xi+@Q) = PP+ 3Q, (14)
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where [, measures the price impact of dealer | in the D2D market (“Kyle’s lambda”; see
Kyle (1985)). Formally, f; is the derivative of the inverse residual supply of dealer [, which
is defined by aggregation through the market clearing of the schedules submitted by other
traders, {Q¢(xe, PP?P)}ou. It follows that the price elasticity of delaer I’s demand is 1/(8, +
I['}) and the illiquiidty of D2D market is given by

1
AZQ/Z:BHLF;'

To pin down equilibrium price impacts, we note that the market clearing condition
requires that the price impact assumed by dealer [ be equal to the slope of his inverse
residual supply, which results from the aggregation of the other dealers’ submitted schedules.
Proposition 4 (Proposition 1 in Malamud and Rostek (2017)) shows that the system for
equilibrium price impacts can be solved explicitly.?” Additionally, the proposition below
derives some comparative statics.

Proposition 4 There exists a unique D2D market equilibrium. The equilibrium price is
given by

M
PP = 4 Q" with Q" = B> (Ti+ /) T (15)

1=1
Trader l’s price impact B is given by

B 2T,
CTB-2+ /B2 +4’

where B € Ry is the unique positive solution to Y ,(T)B + 2+ /(TiB)>+4)~' = 1/2.
The illiquidity is given by A = 2/B. Moreover: (i) the price impact 5 is cross-sectionally
monotone decreasing in Ty, i.e., if Ty, > Ty, then By, < Bi,; and (i) f; is monotone increasing
[y for any € £ 1 : That is, an increase in risk aversion of any trader worsens liquidity for all
other traders. The equilibrium post-D2D trade inventory of dealer [ is

i = (T4 8)7'Q + (T + 8) B - (16)

B

Dealers’ equilibrium indirect utility is given by
Z/{l = F [de - O5F1Xl2 + (O5Fl + @l)(Fl + @l)_z(Q* - FZXI)Q} . (17)

Proof of Proposition 4. The results regarding the dealers’ price impact (5;) and B, except

37For symmetric risk aversions, the equilibrium of Proposition 4 coincides with the equilibrium in Rostek
and Weretka (2011), which in turn coincides with Kyle (1989), without nonstrategic traders and assuming
independent values). The case of symmetric risk aversions has also been studied in Vayanos (1999), and
Vives (2011).
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(i), are given in Malamud and Rostek (2017). We now prove (ii) : f; is monotone increasing
[y for any ¢ # [. Fix [. It follows from differentiation that

2T

LB -2+ /(I'B)?+4

is increasing in B. Let I' = {Fg}?il be a set of dealers’ risk aversions and suppose that

- N
= {Fg}2 is such that
=1

ﬁl(B) =

I, >T, and T, =T, V¢ # [.
Since (;(B) is increasing, it is enough to show that the corresponding B and B satisfy

B < B

to prove the statement. By definition,

1 1 1

R +

2 ;FgB + 24 /([yB)? + 4 B +2+4/(IiB)2+4
1

>

¢ TyB 424 /(TB)? +4

It follows that B < B since
1

V4 fgé + 2 + (f‘gé)z + 4

We finish by proving the remaining parts of the proposition. First, we prove that B is
the aggregate liquidity, that is

1
b= ZFrFﬁz

14

We have

1

2
— 1=
FZ [ FgB + \/ (FgB)Q +4

(Be+To) ' =

= % [2 + T B —+/(T'uB)? + 4}
¢

B
24+ TB—/(I'B)?+4

Summing over ¢ then yields the result.
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Next, we multiply Equation (14) by (I'; + 3;)~! and rearrange the terms to obtain

i+ 6) (PP —d) = —(Tu+B8) " 'Toxi — Qi

We can then sum over ¢ and use Equation B.1 (which shows that B is equal to aggregate
liquidity) to obtain

M
PDQD :J_Q*_ZQZ
=1
Equation 15 then follows from market clearing. We finish the proof by plugging
Qr = Lo+ B80) Hd=PP*P =Tuxe) = (To+B)7'Q" — (Te+ ) 'Tuxe

into Xy = x¢ + Q; to obtain Equations (16) and (17). Q.E.D.

B.2 Derivation of equation (8)

As with the derivation of (7), we assume that (i) illiquidity in D2D market is consistent with
Proposition 2 at any time and (ii) a period of the model corresponds to ¢ seconds in the
data. Then,

Avve = B + BLE[b] — By Var[byy] + o(e).

Dividing by PP?? and noting that PR3P ~ PP’ ~ Elay,] (see the discussion in Section
5.1) we rewrite the last expression as

% %
Af, =B+ BLE[BAC) — By Var[BAD] + ofe).
Here

¥ = 8 /PP
(A ) 20 - 1)
"B (M- 2)M

We used the fact that »§ = PP?PLS, s = PP?PED, and » = k.

Similarly,
A
ﬁ{\ = ¢1F—S >0
— 2(M —1)
Y (M = 2)M
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Finally,
2= PP
_5¢ﬂwﬁ4VWW—UM+D
CUTUAMR (M = 2)M +2)2

Here we denoted the leading term of elasticity of the D2D market by &,. Indeed, the elasticity
can be written as

o PpP2D JP2D
E[q] aP2P

_2PP?P

In the second line, we accounted for the fact that E[g] is normalized to one. We approximated
A with Ag in the third line.
2

Invoking Assumption 2 and substituting ¢; = Bg2E Ve obtain

sb — 33) 2(M — 1)
Elg*]sc (M —2)M’

1 4(M—1)
Elg’]k (M = 2)M
M:h( 1>28W>UWM—UM+U
2 "\E[2k) 70 M2(M —2)M +2)°

fA:hv+m<

BA
1 = hy

> 0, and (18)

> 0. (19)

B.3 Proof of Proposition 1

Proof of Proposition 1. The closed-form expression for PP?P can be written as (see
Section B.1)

A
PDQD:J—E 2Ty,
l I+ 5 X

Substituting the expressions for f; it can be further rewritten as

PD2D:J—ZQH_A+ FleLAzx:
~ 2 T+ /I7+ A2

Efl(?)
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Define f; as follows

5 = AT, — A+ /T?+ A2
T2 i TPrA

Now Taylor expand fl(?) around ? = F*?. We keep fixed x;.

ST =T+ g (BT -r)+ 3 50 (1) -1+ 0 in - 1)

In equilibrium 7 depends on ? and ?,7 = qu (?, ?) , but the expression above

is still true for 7 = qu (7, ?) In our next step we’ll augment the asymptotics just

described by also expanding qu <7, ?) .

Zero-order term:
— I,
AT =)
! . m
=TLE[x]
= Elx] + . E[q]

where ¢; denotes the equilibrium trade of the [-th dealer in the D2C market.

In our model, the inventory of one dealer will increase by ¢ and the inventory of another
one will decrease by (another realization of) ¢. Due to this symmetry, we get Elg] = 0
after averaging across the realizations of §. Proceeding further, we write all expressions after
computing E;[-]. We have

S AT T)x = T.Elx]

Denote
e = max{|[x]|, [T, — T[|}.

Proceed to first-order term

of MOEM—3)+2
ar, (r.T) = (=g - M)

o (v = (M-2)(M-1) _
a_r; (F* 1) = (-2 12 - W)
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ar, (1) -1+ 25 (R T) - -

(61(M) = &(M)) (T = T.) + &(M) Y (T, =T

Denote

Note that

> (Ix—T.)=ME[I,—T.].

The first-order term becomes

ClMZ (It =Ty xi + (M)MEL,; — ZXl
o) ()
Z xl—i_ClMZ(FZ_F*)QZ"i_CQ(M ME Fl ZX[

] I
cr(M)cov(Ty, qp) + O( 2.

Combining everything together, we obtain
PP = d — T, Elx;] — c1(M)cov(q, T;) + O(€?).
Now note that
B~ a gy

2
d— E[(I; —T,)z)] —T.E[x]
—_————
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Thus we have

a b
d—T,E[z)] = E[X ;rl ]+ O(€)
1 ke 4 kb
= EE [Oél] - % + 0(62).

And so the expression for PP2P becomes:

ko +hy 1
pb2p _ "0 Z 0 4 %E ] — er(M)cov(qi, Ty) + O(€?).

Recall that T'; = ¢, + ¢10;, Then,

cov(qr, I't) = ¢rcov(qr, by).
Finally, we Taylor expand ¢;:
q = E; [gy(bid; — best bid) — ¢y (best ask — ask;)]
= 1/2E4(qv(r — ) — 1/2Eq[q]) (r — m)
1

= SEaldl'(0) (2r — 2 = 7) + O(e?)

ratrb _
where r; = -5t and 7 = max; ;. Then,

cov(qy, by) = Egq)w'(0)cov(ry, by) + O(€?)

- %Ed[ﬂlﬁ'(o)cov(% bi) + O(e?)

L. . ka k‘b at b .
The last transition is true because a; = % + k% We therefore obtain

a | 1.b
pD2D _ _@ + %E (o] — cl(M)%E[(j]cov(ozl,bl) + o(e).

B.4 Proof of Proposition 2

Proof. Recall our expression for B (see Section B.1):

> (FZB +244/(IUB)* + 4) - =1/2.

l
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Multiply by B and denote A = 2/B (our current definition of bid-ask spread in D2D).
1
U Dy /A+14 /(DA +1

= 1.

The last equation defines implicitly A(F) Denote

/@) 1
x) = .
r+1+vVa24+1
Denote Ay = 0?A/(0T0T';) and similarly for the first derivatives. Write second-order Taylor

expansion for the last equation around ? = F*?:
— —
AT = AT T) + S A T) (0 = T7) +

l
]' *—> * * *
+§;AM(F V) (0 =T (T = T*) + o (|1 = T*|7) .

Now compute A(F*?), Al(F*?) and Akjl(F*T).
A(F*?) solves M = 1. We obtain
I* /A+144/ (T /A) 2 +1
— 2l (M — 1)
AT =N = ————. 2

To compute Al(F*?) we differentiate implicitly B% Yo f(TR/A (?)) = 0. We get

— AO
AT =
(I 1) M

Similarly, we obtain the second derivatives via implicit differentiation.

iy o g MO (/T ) o)

LEM2 (I3 + AF) ’

A3 (1 _JE +1> 4 oT2A,
A =A% = Ao .

T2M2 (T2 + Af)
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Now plug eveything back to the Taylor. Start with linear term
- — AO
AT* 1 AT )T, —-T7) = r,-rr
T+ AT ) = o o 3T (0T
F* M Z L

Ao
= —FII
T [Ty].

Carry on to quadratic

*% * * (0] O
D AT 1) (I = T%) (T = T7) = (A5 — A3Y) Y (I, —T7)? Adz (T, —
k,l

l

Now note

2

> (T -T")?=ME ||T,- E)+E[l]-T*
! =€
=M [ Var[l)] + 26, B[}, — E[[)] +6

=0

= MVar[ly| + Mée;

Y =TT —T") = ([ =) (1= E[l)] +e)

Combining everything we get

A 1
A(T) = 22E[D) + +3 (A — AS)) MVar[Ty] + o (]|0; — T*)|?) + € - const

I‘*
where
2l (M — 1)
Ao
(M —2)M

47

) (Dp — T



A3 (1— ,/K—%H) + 2024,
(A —AS) M = — S

2 (T2 +A9) ’
And the last two terms can be combined into o(e). The final step is to note that from (3)

we have: I') = ¢g + ¢1b; with ¢ = —% and ¢, = 1@2[]%]1@' Therefore, we get

A A 1
A(T) = dor, + o1, Blb] + 5 (A3 — A3Y) MiVar[b] + ofe).
Q.ED.
B.5 Proof of Proposition 3
Proof of Proposition 3. Dividing (19) by (18) we obtain

o, M=V =M 1) +1) _ f
0 M((M —2)M + 2)? R

Substituting ¢, = E[q%]% — 2/((CV[§]*> + 1)) and ;" = 1/ we obtain the desired result.
Q.E.D.
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C Summary Statistics and Regression Tables

C.1 Summary statistics

Table 4: Summary statistics

Variable mean sd min q05 50 q95 max

Ela] 1.1187 0.0096 1.0952 1.1012 1.1186 1.1349 1.1416

pb2D 1.1187 0.0096 1.0952 1.1012 1.1186 1.1349 1.1416

10%. BAD2D 0.4919 0.3640 0.0091 0.2500 0.5000 1 15

10% - E[b] 0.4785 0.6753 0.1875 0.2938 0.4111 0.8357 66.70

104 - std[by] 0.2824 1.783 0.0378 0.1050 0.2138 0.4899 178.7

108 - A, ismatch 0.6718 96.59 -5,605 -0.0671 0.0003 0.0721 20,711

ProxyLigShock ($mln) 0.0001 0.1638 -60.00 -0.0010 0 0.0010 42.58

ProxyLigShockSell ($mln) 0.0896 0.4788 0.000001 0.0010 0.0090 0.3440 42.58

ProxyLiqgShockBuy ($mln) 0.0938 0.4976 0.000001 0.0010 0.0100 0.3860 60.00

OFP2?P ($mln) 54.01 138.0 -464 -185 40 299 388
Table 5: Correlation Table

Ela] pb2D BAP?D Elb] std[by] Anismateh ProxyLiqShock OFD2D
1.000 1.000%** -0.051*** 0.057** -0.000 -0.001 0.008"** 0.054*
1.000*** 1.000 -0.051** 0.056™** -0.002*** -0.003*** 0.008"* 0.054*
-0.051*** -0.051** 1.000 0.340*** 0.101*** 0.004*** -0.000 -0.031%*
0.057*** 0.056%** 0.340%** 1.000 0.910% 0.539*** -0.000 -0.005***
-0.000 -0.002*** 0.101*** 0.910% 1.000 0.651*** -0.000 -0.003***
-0.001 -0.003*** 0.004*** 0.539*** 0.651*** 1.000 -0.000 0.002***
0.008*** 0.008*** -0.000 -0.000 -0.000 -0.000 1.000 -0.005***

0.054*** 0.054*** -0.0317** -0.005*** -0.003*** 0.002%** -0.005*** 1.000
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C.2 Returns

Table 6: Forecasting FX rates: Ten Seconds Ahead.— The table reports estimates
for the regression

Rt’feD =07 Rf) 20 _ g5 szl\mismatch,t + controls; + Constant ,

where AX; = X; — X, ,and ¢ = 10s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

REY
(1) (2) (3) (4)
’szc 0.1847*** 0.1849*** 0.1847*** 0.1849***
(0.0326) (0.0326) (0.0322) (0.0322)
szl\mismatch,t 4.4862*** 4.4909*** 4.4863*** 4.4909***
(0.8055) (0.8060) (0.7963) (0.7968)
ProxyLigShock, —0.000003*** —0.000003***
(0.000000) (0.000000)
OFp?P —0.0000 —0.0000
(0.0000) (0.0000)
Constant 0.0000 0.0000 0.0000 0.000000
(0.000000) (0.000000) (0.000000) (0.000000)
Observations 6,061,553 6,061,553 6,061,553 6,061,553
R? 0.0320 0.0321 0.0320 0.0321
Adjusted R? 0.0320 0.0321 0.0320 0.0321
Residual Std. Error 0.0001 0.0001 0.0001 0.0001

(df = 6061550)
100,167.2000**
(df = 2; 6061550)

(df = 6061549)
66,919.5300
(df = 3; 6061549)

(df = 6061549)
66,778.4700*
(df = 3; 6061549)

(df = 6061548)
50,189.9100"*
(df = 4; 6061548)

I Statistic

Note: *p<0.1; *p<0.05; **p<0.01
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C.3 Spreads

Table 7: Forecasting FX Spreads: Ten Seconds Ahead.— The table reports estimates
for the regression

BAZZP = BPAE[BA?C] — By Var|BA[?C] + controls, 4+ Constant

where AX; = X; — X;_, and ¢/ = 10s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

BAP2P
(1) (2) 3) (4)
E[BAI%QC] 0.5445%* 0.5445%* 0.5442** 0.5442%**
(0.0126) (0.0126) (0.0126) (0.0127)
Var[BAﬂQC] 13.4702%** 13.4702*** 13.4601** 13.4601***
(0.3227) (0.3247) (0.3240) (0.3260)
ProxyLigShock, —0.000000 —0.000000
(0.000000) (0.000000)
OFpP*P —0.0000*** —0.0000***
(0.0000) (0.0000)
Constant 0.00001*** 0.00001*** 0.00001*** 0.00001***
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,149,128 6,149,128 6,149,128 6,149,128
R? 0.3060 0.3060 0.3067 0.3067
Adjusted R? 0.3060 0.3060 0.3067 0.3067
Residual Std. Error 0.00003 0.00003 0.00003 0.00003
(df = 6149125) (df = 6149124) (df = 6149124) (df = 6149123)
F Statistic 1,355,530.0000*** 903,687.0000*** 906,710.8000*** 680,033.2000***

(df = 2; 6149125) (df = 3; 6149124) (df = 3; 6149124) (df = 4; 6149123)

Note: *p<0.1; *p<0.05; **p<0.01

D Competitive benchmark

In this appendix, we consider the same model except that the D2D market is assumed to be
competitive.
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D.1 D2D Prices and the Cross-Section of D2C Quotes in the
Competitive Model

Proposition 5 Assume that cross-sectional mean of dealer’s risk aversions is close to I'*
and that cross-sectional variance of dealers’ risk aversions is small. Denote E[I')] —T'* = ¢,
Var[l')] = €2 and € = max(eq, €, ||2||}. Then we have

PP = B + By E [o] + O(e)

a b
where B¢ = —kozk(’ >0 and f7° = 1 > 0.

Proof of Proposition 5. Dealers’ FOC is
d=Ti(xi+Q) = PP, (21)

when the D2D market is competitive. Dividing by I';, summing over all dealers, using market
clearing and rearranging expression implies that

e (51) S

l

PDQD

We now derive the Taylor series expansion of as a function of dealers’ risk aversion

around I' =T x 1. We have

PDZD — PDZD‘]_‘* + Z dFjPDQD - (Fj . F*) 7
J
with
,PDZD’I‘* — d . F*E[;d
1 -
dijD2D|r* = _ME[X]

Thus, to first-order, we have

PP = 4= TE[R) - Y 1 EUT, ~ 1)
= d-T"E[{] - EYE; —1"]

o(e€)
~ d-T"E[#) - BB, - T,

o(e€)
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where the last equality follows from the fact that E[g] = 0. Recall that

kg + kb

i + O(€%).

d—T" B3 = %E o] —

Hence, PP?P becomes:

k¢ + kb 1
pr2p = B0 4l + O(e).

Q.E.D.

D.2 D2D Spreads and the Cross-Section of D2C Quotes in the
Competitive Model

Proposition 6 Assume that cross-sectional mean of dealer’s risk aversions is close to I'*
and that cross-sectional variance of dealers’ risk aversions is small. Denote E[I')]| —T'* = ¢,
Var[l']| = €2 and € = max(ey, €2). The following is true

A =3} + BrE[b] - BaVarb] +o(€)

b
where B = 200 > 0, A =201 50, g) = 290 5 () ¢ = —E[Q]k and ¢1 = -

Proof of Proposition 6. The BA spread A is given by

voalmn)

under the assumption of a competitive D2D market. The Taylor Series expansion of A (as a
function of {I';}) around I'* = I'* x 1 gives

1 I 3 . 1ZZ
r* 1 . 1 . . .
:_”'+§j —Q(Fj—r)—MQP*Eij(r—r M3r*§j§jr—r (T; — ')

(I, = IT*)(I; = I'™)

o1 1 |
= 3t aE 2D g (MVarl)+ 21t) + 5 (0r°6)
J
= iE[l“] - LVcw“[f] + 0 (€%
M MT+

Recall that I'; = ¢g + ¢1b;. The result then follows.
Q.E.D.
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D.3 Derivation of the Ratio of Elasticities in the Competitive and
non-competitive Model

It follows from (21) that the leading term for the illiquidity A° in the competitive model is

o
-

Ag
Comparing it to the expression for Ag in Proposition 1 we find that Ag/A§ = (M —1)/(M —2)
and thus, for the ratio of elasticities we have

g M-—1

S M-—2

E A microfoundation for (3)

In this section, we characterize dealers’ equilibrium quoting strategies and demonstrate that
(3) holds approximately when gains from trade between customers and dealers are small.

We start with the analysis of dealers’ bids. Analysis for asks is analogous and is omitted
for brevity. We assume that all dealers face the same uncertainty about the reservation value
of others. In particular, each dealer believes that the distribution of any other dealer k’s
reservation value is

Pr(r} < z) = F(x) with support [r, 7).

We assume that customers have reservation value r. and that the gains from trade between
customers and dealers are small: We will characterize the equilibrium asymptotically, when
7 —r. is small. Consistent with the idea customers will not choose a dealer posting the price
e or less we assume that ¢¥(z) =0, x < r.— 7 and ¢'(r. — 7) = 0.

We consider a symmetric equilibrium in which a dealer with a reservation value r bids
according to a strictly increasing strategy £(r). We employ the revelation principle. Each
dealer [ reports a reservation value 7, which is then transformed into his bid 5(7;). Equilib-
rium S3(-) must be such that truth-telling is optimal: 7, = 7, in equilibrium.

Denote

G(-) is the CDF of the maximum of the reservation values of M — 1 “other” dealers.
Dealer’s profit given reported reservation value 7 is

(= 5(7)) [ 0 (56) - 5 (@) dG(a)

Differentiating with respect to 7 and substituting # = r yields the necessary condition for
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symmetric equilibrium

—50) [ 6 (60) — @) d6(a) + (7 = ) 10) [ ¥/ (3(0) - 6 () dCi(2) = .

This can be rewritten as

80) [v (50 - 5 () dGte) = (mr) [0 -s) dG(z)) (22)

-/ " (B(r) - B(2)) dC(a)
— B(r) / W (B(r) — B (x)) dG(z).

Then we can rewrite (22) as

Denote

Then

And so the ODE (22) is equivalent to an integral equation (note that H(-) depends on 5(-))

H

where we accounted for the boundary condition §(r.) = ..
Now note that

/H t)dt = /dt{hrc t—rc)+0((t—rc))}:%h(rc)(r—rc)QJrO((r—rc)?’)

H(r)=h(ro)(r—r.)+0 ((F - rc)z) )

Combining the two we get

B(r)—r—%(r—rc)—l—o(f—rc).

Thus, (3) holds approximately when 7 — r. is small.
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Internet Appendix for
“Dealer Heterogeneity and Exchange Rates”

IA.1 Additional Regression Tables

IA.1.1 Returns

Table 8: Forecasting FX rates: Five Seconds Ahead.— The table reports estimates
for the regression

RIZP = BIR?C — 6% Ajmismatcm + controls; + Constant ,

where AX; = X; — X,y and ¢/ = 5s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

Rt[le
(1) (2) 3) (4)
RP2C 0.1830*** 0.1831%** 0.1830*** 0.1831***
(0.0319) (0.0319) (0.0315) (0.0315)
Aﬁmismatch,t 4.2254*** 4.2293*** 4.2254*** 4.2293**
(0.8106) (0.8097) (0.8022) (0.8012)
ProxyLigShock, —0.000002*** —0.000002***
(0.000000) (0.000000)
OFpP*P —0.0000 —0.0000
(0.0000) (0.0000)
Constant 0.0000 0.0000 0.0000 0.0000
(0.000000) (0.000000) (0.000000) (0.000000)
Observations 6,061,573 6,061,573 6,061,573 6,061,573
R? 0.0309 0.0310 0.0309 0.0310
Adjusted R? 0.0309 0.0310 0.0309 0.0310
Residual Std. Error 0.00004 0.00004 0.00004 0.00004

F Statistic

(df = 6061570)
96,646.9200"*

(df = 2; 6061570)

(df = 6061569)
64,567.7000%**

(df = 3; 6061569)

(df = 6061569)
64,431.4600"**

(df = 3; 6061569)

(df = 6061568)
48,425.9100%**

(df = 4; 6061568)

Note:

*p<0.1; *p<0.05; **p<0.01



Table 9: Forecasting FX rates: Thirty Seconds Ahead.— The table reports estimates
for the regression

RIZP = BIR? — 5% Ajmismatcm + controls; + Constant ,

where AX;, = X; — X, ,and ¢/ = 30s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

Rt[le
(1) (2) 3) (4)
RP2C 0.1254*** 0.1255*** 0.1254*** 0.1255***
(0.0202) (0.0202) (0.0199) (0.0199)
Aﬁmismatch,t 2.9001*** 2.9036*** 2.9001*** 2.9036***
(0.4921) (0.4928) (0.4861) (0.4868)
ProxyLigShock, —0.000003*** —0.000003***
(0.000001) (0.000001)
OFpP*P —0.0000 —0.0000
(0.0000) (0.0000)
Constant 0.000000 0.000000 0.000000 0.000000
(0.000000) (0.000000) (0.000000) (0.000000)
Observations 6,061,473 6,061,473 6,061,473 6,061,473
R? 0.0151 0.0151 0.0151 0.0151
Adjusted R? 0.0151 0.0151 0.0151 0.0151
Residual Std. Error 0.0001 0.0001 0.0001 0.0001

I Statistic

(df = 6061470)
46,471.3300"

(df = 2; 6061470)

(df = 6061469)
31,045.1200**
(df = 3; 6061469)

(df = 6061469)
30,981.5300"
(df = 3; 6061469)

(df = 6061468)
23,284.3300"
(df = 4; 6061468)

Note:

*p<0.1; *p<0.05; **p<0.01



Table 10: Forecasting FX rates: Sixty Seconds Ahead.— The table reports estimates
for the regression

RIZP = BIR? — 5% Ajmismatcm + controls; + Constant ,

where AX;, = X; — X, ,and ¢/ = 60s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

Rt[le
(1) (2) 3) (4)
RP2C 0.0766*** 0.0767*** 0.0766*** 0.0767**
(0.0126) (0.0126) (0.0125) (0.0125)
Aﬁmismatch,t 1.4709*** 1.4737* 1.4710%* 1.4737*
(0.3571) (0.3577) (0.3539) (0.3545)
ProxyLigShock; —0.000004*** —0.000004***
(0.000001) (0.000001)
OFpP*P —0.0000 —0.0000
(0.0000) (0.0000)
Constant 0.000000 0.000000 0.000000 0.000000
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,061,353 6,061,353 6,061,353 6,061,353
R? 0.0057 0.0057 0.0057 0.0057
Adjusted R? 0.0057 0.0057 0.0057 0.0057
Residual Std. Error 0.0001 0.0001 0.0001 0.0001

I Statistic

(df = 6061350)
17,402.6300"**

(df = 2; 6061350)

(df = 6061349)
11,641.5600***
(df = 3; 6061349)

(df = 6061349)
11,602.5600**
(df = 3; 6061349)

(df = 6061348)
8,731.7870"
(df = 4; 6061348)

Note:

*p<0.1; *p<0.05; **p<0.01



Table 11: Forecasting FX rates: Ninety Seconds Ahead.— The table reports
estimates for the regression

RIZP = BIR? — 5% Ajmismatcm + controls; + Constant ,

where AX;, = X; — X, ,and ¢/ = 90s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

Rt[le
(1) (2) 3) (4)
RP2C 0.0463*** 0.0463*** 0.0463*** 0.0463***
(0.0090) (0.0090) (0.0088) (0.0089)
Aﬁmismatch,t 0.7132 0.7156 0.7133 0.7156
(0.4520) (0.4541) (0.4500) (0.4520)
ProxyLigShock; —0.000004*** —0.000004***
(0.000001) (0.000001)
OFpP*P —0.0000 —0.0000
(0.0000) (0.0000)
Constant 0.000000 0.000000 0.000000 0.000000
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,061,233 6,061,233 6,061,233 6,061,233
R? 0.0021 0.0021 0.0021 0.0021
Adjusted R? 0.0021 0.0021 0.0021 0.0021
Residual Std. Error 0.0002 0.0002 0.0002 0.0002

I Statistic

(df = 6061230)
6,364.3250"
(df = 2; 6061230)

(df = 6061229)
4,270.8460*
(df = 3; 6061229)

(df = 6061229)
4,243.7040"
(df = 3; 6061229)

(df = 6061228)
3,203.7530"
(df = 4; 6061228)

Note:

*p<0.1; **p<0.05; **p<0.01



IA.1.2 Spreads

Table 12: Forecasting FX Spreads: Five Seconds Ahead.— The table reports
estimates for the regression

BAZZP = BPAE[BA?C] — By Var|BA[?C] + controls, 4+ Constant

where AX; = X; — X;_, and / = b5s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

BAP2P
(1) (2) 3) (4)
E[BAI%QC] 0.5480*** 0.5480*** 0.5477 0.5477**
(0.0119) (0.0119) (0.0120) (0.0120)
Var[BAﬂQC] 13.5613*** 13.5613*** 13.5512%* 13.5512%**
(0.3058) (0.3070) (0.3075) (0.3087)
ProxyLigShock, 0.000000* 0.000000
(0.000000) (0.000000)
OFpP*P —0.0000*** —0.0000***
(0.0000) (0.0000)
Constant 0.00001*** 0.00001*** 0.00001*** 0.00001***
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,149,158 6,149,158 6,149,158 6,149,158
R? 0.3102 0.3102 0.3109 0.3109
Adjusted R? 0.3102 0.3102 0.3109 0.3109
Residual Std. Error 0.00003 0.00003 0.00003 0.00003

F Statistic

(df = 6149155)
1,382,450.0000**
(df = 2; 6149155)

(df = 6149154)
921,635.1000**
(df = 3; 6149154)

(df = 6149154)
924,684.1000**
(df = 3; 6149154)

(df = 6149153)
693,514.4000***
(df = 4; 6149153)

Note:

*p<0.1; **p<0.05; ***p<0.01



Table 13: Forecasting FX Spreads: Thirty Seconds Ahead.— The table reports
estimates for the regression

BAZZP = BPAE[BA[?C] — By Var|BA]P“] + controls, 4+ Constant

where AX; = X; — X, o and ¢ = 30s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

BAP2P
(1) (2) 3) (4)
E[BAI%QC} 0.5339*** 0.5336*** 0.5336™**
(0.0128) (0.0129) (0.0129) (0.0129)
Var[BAﬁQC] 13.1912%* 13.1912%* 13.1817** 13.1818***
(0.3269) (0.3280) (0.3286) (0.3298)
ProxyLigShock, —0.000000 —0.000000
(0.000000) (0.000000)
OFpP*P —0.0000*** —0.0000***
(0.0000) (0.0000)
Constant 0.00001*** 0.00001*** 0.00001*** 0.00001***
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,147,812 6,147,812 6,147,812 6,147,812
R? 0.2927 0.2927 0.2934 0.2934
Adjusted R? 0.2927 0.2927 0.2934 0.2934
Residual Std. Error 0.00003 0.00003 0.00003 0.00003
(df = 6147809) (df = 6147808) (df = 6147808) (df = 6147807)
F Statistic 1,271,888.0000*** 847,932.4000*** 850,870.2000*** 638,158.8000***

(df = 2; 6147809) (df = 3; 6147808) (df = 3; 6147808) (df = 4; 6147807)

Note: *p<0.1; **p<0.05; ***p<0.01



Table 14: Forecasting FX Spreads:
estimates for the regression

Sixty Seconds Ahead.— The table reports

BAZZP = BPAE[BA[?C] — By Var|BA]P“] + controls, 4+ Constant

where AX; = X; — X, ,and ¢ = 60s. Heteroscedasticity and autocorrelation robust
standard errors are shown in parenthesis.

Dependent variable:

BAP2P
(1) (2) 3) (4)
E[BAI%QC} 0.5221*** 0.5221*** 0.5218*** 0.5218***
(0.0133) (0.0134) (0.0134) (0.0134)
Var[BAﬁQC] 12.8970*** 12.8971*** 12.8866*** 12.8867***
(0.3405) (0.3415) (0.3420) (0.3429)
ProxyLigShock, —0.000000* —0.000000*
(0.000000) (0.000000)
OFpP*P —0.0000*** —0.0000***
(0.0000) (0.0000)
Constant 0.00002*** 0.00002*** 0.00002*** 0.00002***
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,148,828 6,148,828 6,148,828 6,148,828
R? 0.2792 0.2792 0.2799 0.2799
Adjusted R? 0.2792 0.2792 0.2799 0.2799
Residual Std. Error 0.00003 0.00003 0.00003 0.00003

I Statistic

(df = 6148825)
1,190,598.0000***
(df = 2; 6148825)

(df = 6148824)
793,734.0000%*
(df = 3; 6148824)

(df = 6148824)
796,609.7000***
(df = 3; 6148824)

(df = 6148823)
597,458.8000**
(df = 4; 6148823)

Note:

*p<0.1; **p<0.05; ***p<0.01



Table 15: Forecasting FX Spreads: Ninety Seconds Ahead.— The table reports

estimates for the regression

BAD2D — 51BAE[

t-+4

where AX;, = X; — X,_, and /¢
standard errors are shown in parenthesis.

BAZ%QC] — B AVar[BAﬂzc] + controls; + Constant ,

90s. Heteroscedasticity and autocorrelation robust

Dependent variable:

BADZD
(1) (2) (3) (4)
E[BA{?C] 0.5124** 0.5124*** 0.5120*** 0.5120%**
(0.0129) (0.0130) (0.0130) (0.0130)
Var[BAl[fC] 12.6485*** 12.6486*** 12.6380*** 12.6380***
(0.3327) (0.3336) (0.3338) (0.3348)
ProxyLigShock, —0.000000 —0.000000
(0.000000) (0.000000)
OFpP* —0.0000*** —0.0000***
(0.0000) (0.0000)
Constant 0.00002*** 0.00002*** 0.00002*** 0.00002***
(0.000001) (0.000001) (0.000001) (0.000001)
Observations 6,148,648 6,148,648 6,148,648 6,148,648
R? 0.2676 0.2676 0.2684 0.2684
Adjusted R? 0.2676 0.2676 0.2684 0.2684
Residual Std. Error 0.00003 0.00003 0.00003 0.00003
(df = 6147449) (df = 6147448) (df = 6147448) (df = 6147447)
F Statistic 0.00003 0.00003 0.00003 0.00003

(df = 6148645)

(df = 6148644)

(df = 6148644)

(df = 6148643)

Note:

*p<0.1; *p<0.05; ***p<0.01



TA.2 Additional Theoretical Results

In this section, we derive additional results about the signs of the coefficients 35 and 3P4,
that help to shed some light on the economic mechanisms behind (4) and (5).

IA.2.1 Inventory-based Liquidity Mismatch

We introduce some notation. We say that {z;}; is a mean-preserving spread of {z;}, if ; =
x;+¢€ and Ele] = 0. We use the shortcut z for a vector {z;}; and we denote ||z|| = (3, x%)l/Q
the Euclidean norm of x. We also write a = b whenever sign(a) = sign(b).

We say that a liquidity mismatch occurs when high-risk aversion dealers have large
inventories after the D2C trading round. Our inventory-based measure of liquidity mismatch
Y, ismaten, mirrors this definition:

Ymismatch = COV(Fb Xl)
Recall our price-based measure A,,;smaten, defined as follows:
Amismatch = COV(bla al)-

We show below that Apismateh = Ymismateh, that is, when there is a positive (negative)
liquidity mismatch, both measures are positive (negative). Thus, Aismater, can be vieved as
a proxy for Ymismatch-

IA.2.2 D2D Pricing and Dealer Characteristics

When there is a liquidity mismatch, the allocation of inventories across dealers is inefficient.

Due to market power, such inefficiency will not be resolved after the D2D trade. As a result,

dealers (on average) will require higher compensation for holding the inventories, and the

prices will be lower. Consistent with this intuition, we show below that positive (negative)

mismatch Yy ,ismaten introduces a downward (upward) distortion in the equilibrium D2D price.
Indeed, one can rewrite (15) as follows:

P2 = 4~ 5 M (BT, + ) "TEL] + Cov((Ti+5)Ti)). (1A.1)

The key term in (IA.1) is Cov((I';+5;) T, x1). We show below that Cov((I';+5)"'T;, x1)) =
Yinismaten, and so, indeed, positive (negative) mismatch Y,,ismaten introduces a downward
(upward) distortion in the equilibrium D2D price.

To see that Cov((T;+5)"'T1, X1)) = Yinismaten, Note that by Proposition 4, less risk averse
dealers have greater price impact: If I'y < ... < I'j;, then dealers’ price impacts in the D2D
market satisfy 5y > --- > (. This is intuitive: Less risk-averse dealers face a more risk-
averse rest of the market and, therefore, a less elastic residual supply. By direct calculation,
the weights (I'; + (3;)"'I'; in Equation (15) are monotone increasing in I';. Therefore, we can



write
COV((FZ + Bl)_lrla Xl)) = COV(Fla Xl) - Ymismatch'

The following proposition follows immediately.

Proposition IA.7 Fiz {I';};. Consider three possibilities for distribution of inventories
{xih across dealers: {x;}i is such that (a) Cov(x;,I'}) > 0, (b) Cov(x;,I) = 0, and (c)

Cov(xi, ') < 0. Suppose that E[x;] is the same in all three cases. Then, P(Z)QD < 73(%217 <

D2D
P

We also derive implications of changes in the dispersion of risk aversions.

Proposition TA.8 An increase in the dispersion of risk aversions I'; (defined as a mean-
preserving spread) leads to a decrease in bid-ask spread BA in D2D market.

To understand the intuition behind the proposition above, consider the following example.
Imagine we have three dealers with a risk aversion of 1 each. They each provide 1 unit of
liquidity, 3 in total. Now consider what happens if dealers’ average risk aversion is 0.5, 1, and
1.5 (so that average risk aversion is the same, but we increased the dispersion). Since liquidity
provided (price elasticity) is inversely related to risk aversion, the dealers will provide 2, 1,
and 1/1.5=0.66 units of liquidity, 3.66 in total.*® Thus, greater dispersion in risk aversions
results in more liquidity.

Propositions TA.7 and TA.8 establish the link between prices and liquidity in the D2D
market and some statistics of unobservable dealer characteristics. The next section demon-
strates how to identify these statistics from prices and spreads in the D2C market.

IA.3 Linking Dealer Characteristics to D2C Prices and
Spreads

Because neither risk aversions I'; nor inventories y; are observable, we cannot directly take
the predictions of Propositions IA.7 and IA.8 to the data. However, mid-prices «; and bid-
ask spreads b; in the D2C market are informative about unobservable dealer characteristics
I'; and x;. Here, we use our model to map Y, ismaten and cross-sectional dispersion of risk
aversions to observable statistics of prices and spreads in the D2C market. Section 1A.4.2
shows that the same mapping is applicable in the full model.

First, we note that D2C bid-ask spreads are informative about dealers’ risk aversions.
Indeed, it follows directly from (2) and (3) that

(EWM>0] ﬂfw<m>.

Elglg>0]  E[glg <0

1
b = ki — kb + kT

38The price elasticity is inversely proportional to risk aversion when heterogeneity in risk aversions is small.
In the general case, this relationship is more complex. However, price elasticity is still a convex function of
risk aversion in the general case. Thus the logic of our simple example still applies.
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Thus, changes in I'; are proportional to changes in b;. This is intuitive: More risk-averse
dealers are less efficient at holding inventory and require higher compensation for doing so,
resulting in wider spreads. Directly from Proposition TA.8, we obtain the following.

Proposition IA.9 An increase in the dispersion of D2C bid-ask spreads b, (defined as a
mean-preserving spread) is associated with a decrease in bid-ask spread BA in D2D market.

We now show that Ynismatch = Amismaten. The equilibrium relationship between prices in

the D2C market and dealers’ inventories and risk aversions is generally complex. However,
it is possible to derive analytical approximations when dealer heterogeneity is small. Such
an approximation allows us to capture the first-order effects of heterogeneity on equilibrium
quantities while preserving analytical tractability. The case of small heterogeneity corre-
sponds to small values of || — I'*||, that is, when risk aversions I'; are close to some average
level I'*. Under such an approximation, we can write

p =~ const® — kI'"xy, p? ~ const’ — kI, and oy =~ const — kI, (IA.2)

where const®, const®, and const are some constants that are the same across dealers and ~
denotes approximate equality, up to terms of order O(||I" — I'*|).

It follows from (IA.2) that the dealer posting the lowest ask (highest bid) price is also the
dealer with the lowest (highest) mid-price. Because the customer order flow is directed to
the dealer with the best price, the dealer with the smallest (highest) mid-price will decrease
(increase) his inventory, while other dealers’ inventories will be unchanged. Thus, we get a
positive cross-sectional relationship between changes in inventories y; — x; and mid-prices «;.
If total customer orderflow ¢ is large compared to dealers’ initial inventories x;, dealers’ final
inventory x; and change in inventories x; — x; have the same sign. Thus, we have a positive
cross-sectional relationship between y; and ;. Then we have Cov(x;, I';) = Cov(ay, T;) =
Cov(ay, by), where the last equality follows because b; is related positively to [';. This results
in Yismateh = Amismateh, and the following proposition follows directly from Proposition
IA.7.

Proposition IA.10 Suppose that ||I' — F*H2 is sufficiently small and that the realization
|G| is sufficiently large. Then Yiismatch = Amismaten. Holding {T';}; fived, consider three
possibilities for the joint distribution of mid-prices and bid-ask spreads in the D2C market:
(a) Amismateh > 0, (b) Amismaten > 0 =10, and (¢) Apmismaten < 0. Suppose that in all three
cases, Ely] is the same. Then, P3P < PD2D < PP

TA.4 Extended Model

IA.4.1 The Model

This section aims to develop a theoretical model that captures all aspects of the real-world
market structure described in Section 2. First, each dealer bank must be able to quote prices
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to its customers through its own SBP, accounting for the imperfect quote competition with
other dealers. Second, each customer must be able to choose a dealer with whom to trade.
Third, a customer shall be able to split orders across several dealers. Fourth, in the case of
a customer order imbalance, each dealer must be able to offload some of its inventory in the
inter-dealer market. Fifth, we need a way of modeling imperfect competition and market
power in both segments. Finally, the model should feature dealer heterogeneity to speak
to heterogeneity in prices and bid-ask spreads in the data. Below, we outline a model that
accounts for all these frictions.

There are five time periods, t = —1, 0— , 0, 1, 2, and two tradable assets, a risk-free
asset with a rate of return normalized to zero and a risky asset with a random payoff d at
time ¢ = 2. We assume that d is normally distributed with mean d and variance o2. The
market is populated by M heterogeneous dealers, indexed by [ = 1,---, M, and n ex-ante
identical customers, indexed by ¢ = 1,--- ,n. All agents start with zero asset inventories.
The timeline is as follows:

e At time t = —1, dealers’ inventory shocks x;, [ = 1,---, M are realized and are public
information.?® Making such information private is irrelevant for the D2D trading round
because of the ex-post nature of the D2D market mechanism. As for the D2C round,
the absence of uncertainty about other dealers’ holdings is a simplifying assumption.
In the real world, dealers have many sources of price-based information, allowing them
to make inferences about other dealers’ inventory constraints. For example, dealers
may observe other dealers’ quotes on various platforms. However, modeling price-
based inference would drastically complicate the analysis, introducing signaling and
belief manipulation aspects into the equilibrium behavior. For this reason, almost
all existing models of OTC markets make the same simplifying assumption of publicly
observed private types. (See, for example, Duffie et al. (2005), Schiirhoff and i (2019),
Babus and Parlatore (2022).) We abstract from these effects and leave them for future
research. These shocks may originate from previous trading rounds on the dealer-
specific SBP.

e At time ¢t = 0—, customers’ endowment shocks vector © = {6.}"_, is realized; each
shock is customers’ private information. We assume that these shocks are independent
and identically distributed across customers and are drawn from an arbitrary non-
degenerate distribution with finite first two moments. Parameters § = E[f] and o2 =
Var[f] are public information. For simplicity, we assume that customers are ex-ante
homogeneous and have identical parameters 0, oy. In the real world, customers, might
be heterogeneous across dealers, which may be an important aspect of heterogeneity
in dealer behavior. We leave this aspect for future research. As for the case of dealers,
we could also interpret 6 as a private demand/taste shock unrelated to actual asset
holdings.

e At the time t = 0, each dealer trades with customers in the D2C market using
the bank’s own SBP. Namely, the dealer [ publishes a (dealer-specific) binding price

39This assumption is made for simplicity.
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schedule p;(¢q), | = 1,--- , M to each customer on the SBP, describing the per-unit
price at which he is willing to sell ¢ units of the risky asset. When ¢ < 0, then —p;(q)
is the per-unit bid price for many —gq units. Although in real life the price schedules
are restricted to step functions (with different prices quoted for orders below USD 1
million and between USD 1 million and USD 5 million), we restrict dealers to use linear
schedules instead. That is, we assume p;(q) = o + bjg. Such a restriction captures
the ability of real-world dealers to quote different prices for different order sizes while
preserving analytical tractability.

e We assume that each customer has access to the SBPs of all dealers.*! Given the
quoted price schedules on all the SBPs, each customer ¢ optimally chooses the vector
of quantities q. = (q(6.))M,, where ¢;(.) specifies the quantity of the asset acquired
from dealer | by a customer with endowment shock #.. The total amount paid by
customer c to the dealers is then given by

(@) = 3 al6) p(a(8.).

=1

A customer ¢ ends up holding a total of

M
QC = 00 + Z ql(gc)
=1

units of the asset. Thus, our model features order-splitting by customers. As discussed
above, in the real world, order-splitting occurs often for orders above USD 1 million.

e After this D2C trading round on the SBPs, dealer [ receives the vector of orders

40Allowing dealers to optimize in a more general class of functions complicates the analysis significantly.
Each dealer selects a mechanism (the price schedule p;(q)), while at the same time competing with other
dealers’ mechanisms and simultaneously taking into account the fact that all dealers serve as liquidity
providers to each other during the second stage of the game (the inter-dealer trading). Such games in
competing mechanisms are known to be extremely complex; even with homogeneous traders and a single
trading round, optimal price schedules are highly nonlinear, and a symmetric equilibrium often fails to exist.
See, for example, Biais et al. (2000, 2013), and Back and Baruch (2013). In our paper, the problem is much
more involved because dealers are asymmetric, and there is a second rebalancing stage, introducing another
dimension to the strategic interaction. In particular, when posting a price schedule, a dealer [ has to account
for the fact that his schedule affects customers’ trades with other dealers, which in turn affects other dealers’
inventories, thereby affecting the ability of dealer [ to trade with other dealers in the subsequent D2D trading
round.

411t is a simplifying assumption. If the customer is a regional bank, it may have a subscription to quotes
from all major dealers; by contrast, if the customer is a hedge fund, it may decide to subscribe to only
a subset of those dealers. Investigating the architecture of the D2C trading network and the endogenous
decision of each customer with which dealers connect is an important direction for future research.
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Q= (¢(0.))"_, and a total cash transfer of

c=1

I (Q)

> pila(0c)) (o) (IA.3)

from the customers and ends up holding

n

X1 = I — Z ql(Qc) (IA4)

c=1

units of the asset. The aggregation of the D2C order flow @ into the sum > ¢/(6.)
represents the process of internalization of order flow by dealer [.

At the time ¢t = 1, dealers trade in the centralized inter-dealer market to rebalance
their inventories. In the real world, D2D platforms function closely to a centralized
limit-order market. We capture this fact by assuming that the D2D market operates
as the standard uniform-price double auction (see, e.g., Kyle (1989), Vives (2011),
Rostek and Weretka (2015), and Malamud and Rostek (2017)). Dealer [ submits a
(net) demand schedule @;(PP?P) : R — R, which specifies demanded quantity of
the asset given its price PP?P in the inter-dealer market. All dealers are strategic; in
particular, there are no noise traders. As is standard in strategic centralized market
models for divisible goods or assets, we study the Nash equilibrium in linear bid
schedules (hereafter, equilibrium). With divisible goods, equilibrium is invariant to
the distribution of independent private uncertainty.*> We denote by Q;(x;, PP?P) the
D2D net trade of dealer [ with inventory x; (see (IA.4)). The latter is given by the
total initial inventory plus the total non-internalized customer order flow in the D2C
market. Post-D2D trade, the dealer ends up with an inventory of

Xt = xi + Qlxi.PP?P). (IA.5)

e At time t = 2, the asset pays off.

We assume that all agents (dealers and customers) incur quadratic costs for holding

42 That is, the linear Bayesian Nash Equilibrium with independent private endowment values has an ex
post property and coincides with the linear equilibrium that is robust to adding noise in trade (robust Nash
Equilibrium; e.g., Vayanos (1999) and Rostek and Weretka (2015)). Equilibrium is linear if schedules have
the functional form of ¢;(-) = ag + alyqq? + oy pp. Strategies are not restricted to linear schedules; rather,
it is optimal for a trader to submit a linear demand, given that others do. The approach of analyzing the
symmetric linear equilibrium is common in centralized market models (e.g., Kyle (1989), Vayanos (1999),
and Vives (2011)). Our analysis does not assume equilibrium symmetry. As equilibrium schedules are
optimal even if traders learn the independent value endowments qu (or equivalently, stochastic marginal
utility intercepts, d=d— aXq) of all other agents, equilibrium is ez post Bayesian Nash. The key to the ex
post property is that permitting pointwise optimization — for each price — equilibrium demand schedules are
optimal for any distribution of independent private information and are independent of agents’ expectations
about others’ endowments.
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inventories, equivalent to linearly decreasing marginal values. Importantly, these inventory
holding costs are heterogeneous across dealers: Although customers are assumed to be
homogeneous, all having the same cost 7, dealers are heterogeneous, with dealer [ incurring
cost ;.43 Thus, customers’ total expected utility is given by

u(ge) = —m(g) + Eld-q — 0.5v¢] . (IA.6)
Dealers’ total expected utility has two components:

U = E[IQ) + U(x, PP, (IA.7)
where I1;(Q;) is the total transfer (IA.3) received from customers, while

U, PP?P) = d- 50 — 0.50,%2 — PP Oy, PP2P)

is dealers’ quadratic utility of their post-D2D trade inventory (IA.5) net of the total price
PDP2PQ,(x;, PP?P) paid for the Q;(x;, PP?P) units of the asset in the D2D market.

We follow the standard route used in most of the market microstructure literature and
confine our attention to linear equilibria, characterized in the following definition.

Definition TA.1 A linear Nash equilibrium is a collection of the following policies:
o price schedules pi(q) = «; + b q in the D2C market segment, | =1,--- M ;

e customer demand

q(0:) = (@0 )y, @(0.) = & +mb.; and

e dealer demand schedules Q;(PP?P) = Ql(o) + Ql(l)PDw in the inter-dealer market
such that

o dealer demand schedules form a robust Nash equilibrium in the D2D market;**

e customers’ demand mazimizes customers’ utility (IA.6); and

e dealers choose oy and by to maximize expected utility (IA.7) given customers’ demand
functions q(0.) and provided the equilibrium allocation from the second stage of the
game.

43The assumption of homogeneous customer compositions across dealers is made for two reasons: First,
it simplifies the analysis and, second, we cannot observe customer composition empirically. In the real
world, heterogeneity in customer composition might be responsible for a large fraction of variation in the
effective inventory cost. We view the inventory cost I' as a theoretical shortcut for the unobservable sources
of heterogeneity. Allowing for dealers’ heterogeneity is crucial for matching their highly heterogeneous
empirically observed behavior.

44 As in Rostek and Weretka (2015, p. 2955), the robust Nash equilibrium is in one in which large traders’
demands are optimal even after adding full-support uncertain additive noise to their residual demand.
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Given the definition of equilibrium, we follow the standard backward induction procedure:
First, we solve for the unique, robust linear Nash equilibrium of the second stage of the
game (the D2D market). Second, we use this equilibrium to calculate dealers’ utilities
(IA.7). Third, we solve for customers’ optimal demand given the linear dealer price schedules.
Fourth, we use customers’ demand schedules as well as the dealers’ utilities from the second
trading round to solve for the equilibrium in the liquidity provision game in the D2C market.

IA.4.2 Linking Dealer Characteristics to D2C Prices and Spreads
in the Extended Model

This section shows how unobservable dealer characteristics can be linked to prices and spreads
in the D2C market. The equilibrium relationship between prices and liquidity in the D2C
market and dealers’ inventories and risk aversions is generally complex. However, it is
possible to derive analytical approximations when dealer heterogeneity is small. Such an
approximation allows us to capture the first-order effects of heterogeneity on equilibrium
quantities while preserving analytical tractability. Under such approximation, we show that:
(i) more risk-averse dealers quote wider spreads, that is, b; ' is negatively related to I}
(see Proposition IA.6); and (ii) dealers with higher prices end up holding higher post- DQC
inventories, that is, y; is positively related to «; (see Lemma IA.8). Then, Y ismaten =
Amzsmatch-

Both (i) and (ii) are intuitive. More risk-averse dealers are less efficient at holding
inventory and require higher compensation, resulting in wider spreads. Dealers posting the
highest prices would attract a disproportionate share of sell volume from customers (since
customers would choose to sell to dealers offering the highest price) and would end up with
the highest inventories post-D2C.

We thus formulate the analog to Proposition IA.7, where unobservable dealer character-
istics are substituted by observable prices and spreads in the D2C market.

Proposition IA.11 Suppose that |[I — T*||? + ||z|*> + 6% is sufficiently small and that n
is sufficiently large. Then Ypismateh = Amismateh- Suppose further that {T';}, are fived.
Consider three possibilities for the joint distribution of mid-prices and bid-ask spreads in the
D2C market: (a) Amismaten >0, (0) Amismaten >0 =10, and (¢) Anismaten < 0. Suppose that
in all three cases, Elay] is the same. Then, PDQD < P(Ig)w < P(IE)QD.

As in Proposition IA.10, Proposition IA.11 states that YViismateh = Amismater When het-
erogeneity among dealers is small and when customer order flow is significant. In Proposition
IA.11, the last requirement is captured by the condition that n must be large enough.

We also derive the following proposition from the fact that bid-ask spreads in the D2C
market are positively related to dealers’ risk aversion.

Proposition IA.12 An increase in the dispersion of D2C bid-ask spreads by (defined as a
mean-preserving spread) is associated with an increase in the liquidity of the D2D market.
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IA.5 Equilibrium in the Extended Model

IA.5.1 Customers’ Problem

In this section, we study customers’ optimization problems. Given the M different price
schedules offered by the dealers, a customer optimally decides how much to trade with
each dealer. Substituting dealers’ price schedules into customers’ utility (IA.6), we get that
customers’ optimization problem takes the form of

M M M 2
{m?ﬁ - Z QC,lpl(QC,l) + (Z qe,l + 80) d— 057 <Z qe,l + ec) ;
de,lsj—1

=1 =1 =1

taking dealers’ schedules
pi(qey) = ay + /\flqc,z

as given. (Thus, we denote \; = b;''). Define ; = N (d — o) to be the bid-ask spread-

normalized deviation from the fundamental value d of the mid-price quoted by dealer [. It

plays the role of the risk premium in our model: the higher the premium, the lower the

mid-price relative to the fundamental value d. In the sequel, we will therefore refer to this

quantity as the “risk premium”. Let also a_; =), 1 @ be the total risk premium of dealers

(# 1 andlet Ay =", 1 A1 be the measure of total liquidity provided by these dealers.
Writing down the first-order conditions, we arrive at the following result.

Lemma IA.1 The optimal demand of customer j is given by q = {qc, 12, with

Geq = O0(ay, Ny Ay, a—y) + mi(a, Ay A, a—y) O, (IA.8)
with
5 = 0.5a; + 0.25y(a Ay — a1 \)
L+ 0.5v(N\ + Ay)
m o= 0.57A I=1,---, M.

1+ 057N+ A

The intuition behind the optimal order-splitting strategy of Lemma I[A.1 is as follows: Ideally,
the customer would like to buy from the dealer with the lowest mid-quote (equivalently,
the highest risk premium ;) and the highest offered liquidity. Thus, his average demand
addressed to dealer [ is increasing in a; and is decreasing in a_; (the attractiveness of trading
with other dealers). The customer’s demand curve is naturally downward sloping in his
inventory (that is, ; < 0 for all [), and the size of the slope is proportional to the liquidity
A\, offered by dealer i, as well as to the customer’s cost of holding inventory, . The stylized
linear-quadratic setting of the customer problem makes the analysis tractable and explicit
while capturing the key realistic features of real-world demand functions in the D2C segment
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of FX markets: Quoting higher (lower) mid-prices relative to other dealers attracts sell (buy)
volume, whereas dealers quoting wider spreads get less customer volume.

IA.5.2 Dealers’ Optimal Price Schedules and Equilibrium in the
D2C Market

At the time ¢ = 1, dealer [ selects the optimal price schedule p;(¢) that he quotes to all
customers, taking as given other dealers’ price schedules (a_;, A_;), as well as customers’
optimal response (Lemma [A.1). Substituting (17) into (IA.7), we get that dealers’ objective
it to maximize

Ulap, Msa_, M) = E|IL(Q) + xid — 0.50x7

M 9 (IA.9)
+ (O.5Fl + Bl)(l“l + Bl)_2 <B_1 Z(Fg + 5@)_1Fg)<g — Fle) ]

(=1

over a;, \; subject to (IA.4) and (IA.8). Thus, the dealer’s objective function has three
components:

e total revenues from trading with customers, as given by

n

I (Q1) = ZPZ(Qc,l(ala)‘H@fla)\fl)) Gea(ar, Ai; a_y, Ay)

c=1

e the expected utility x;d — 0.5I';x? from holding the post-D2C trading round inventory

xila, Aisa, Ao, x) = xp — ZQC,l(ala)\l;a—h)\—l)»
c=1

where x; is the dealer’s initial inventory.

e the utility surplus from trade in the inter-dealer market

M 2
(0.5Fl + BZ)(Fl + Bl)_Q (B_l Z(F( + ﬁg)_lrg)(g — Fle) . (IAlO)
=1

The latter is determined by the deviation of dealer’s post-D2C inventory x, from the
liquidity-weighted*> average of post-D2C inventories of other dealers, as given by

M
B_l (Fe + ﬁg)_ll—‘ng . (IA.ll)

(=1

45The weights are inversely related to price impacts 3, in the D2D market.

18



In particular, dealer [ has incentives to select a quote policy in the D2C market that
pushes his inventory y; and the other dealers’ inventory (IA.11) apart.

Importantly, dealers’ choice of the price schedule characteristics a;, A; influence all three
components, including the gains from trades made in the D2D market. The latter effect
is particularly subtle and itself consists of two sub-components: the dealer’s impact on
equilibrium price and the impact of the dealer’s liquidity provision in the D2C market on the
inventories of all other dealers. Indeed, the more liquidity the dealer provides in the D2C
market, the fewer clients will trade with other dealers, directly influencing other dealers’
inventories xy, ¢ # [, and, hence, also influencing the surplus from trade in (IA.10) through
(IA.11).

Let

U — ( I T )T
 \B(I1+B) BT+ Bur)

be the vector of weights that define the “aggregate risk” in the D2D market, and let also
U, = U —T1,. Denote also 6 = (6)M,, n = (m)M, to be the vectors of coefficients of
customers’ demand (see (IA.8)), and let z = (x,)}L, be the vector of dealer initial inventories.
Recall that we use § and o2 to denote expected customer endowment and the variance
of customer endowments, respectively. Evaluating the expectation in (IA.9), we get the

following expression for dealers’ indirect utility.
Lemma TA.2 We have
Un(an, A aci, Ay) = aud — 0 lag (8 + i) + nA [(5, + )2 + n,%g]
— 0.5I | () — ndy — nfn)* + nagnf}

+ (050 + B)(C+ Br) 2 K\Pl (v — nd — ”9_”7)>2 +nog (W, - 77)2]

and a Nash equilibrium in linear price schedules is a collection of (cy, \)M, such that, for
all ¢,

(g, ) = arg max Ullag, \j; i, Ay) (IA.12)

ap,AL
The first term, z;d, is just the expected payoff from the initial inventory of the dealer. The
second term, nA; 'a;(&; + m,0), is the amount the dealer is losing (relative to the asset payoff
d) from the trades in the D2C market: By quoting the price at a premium of a;, he is
selling the asset “too cheap” and his losses are proportional to the number n of customers.

The third term, n\; " [((5; + m0)% + o3| represents the rents the dealer extracts from the

customer using the increasing price schedule. These rents are proportional to the slope /\l_1 :
The higher the slope, the more the dealer charges for liquidity provision. The fourth term
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is just the expected quadratic inventory cost,
05Fl (CL’[ - nél - nénl)2 + nagnf] = 05F1Xl2 .

Finally, the last term is the expected utility gain from trading in the D2D market. Impor-
tantly, contrary to the quadratic inventory cost term, the other quadratic terms are convex.
This is a novel aspect of our model: Dealer market power in both segments introduces
incentives for risk-taking whereby amplifying volatility of demand shocks also amplifies the
rents the dealer is able to extract in the D2C and the D2D market.

In the Appendix, we write down the system of first conditions for (IA.12). In general, this
system cannot be solved explicitly. However, it is possible to derive analytical approximations
to its solution when dealer heterogeneity is small. Such an approximation allows us to capture
the first-order effects of heterogeneity on equilibrium quantities while preserving analytical
tractability.

IA.5.3 The Joint D2C-D2D Equilibrium

Everywhere in the sequel, we assume that dealers’ heterogeneity is small. This technical
assumption will allow us to derive approximate closed-form expressions for equilibrium
objects. We start with the case when dealers do not hold any inventory and risk aversions
are homogeneous, I'; = I'. Then, the following is true.

Proposition TA.13 If z; = 0 (zero initial dealer inventories) and Ty = T' for all | =
1,--+ M, and 0 = 0 (zero expected customer endowment), then there exists a unique sym-
metric equilibrium, and the inverse of the price function slope is given by

(M —2)y =2+ /(M — 2)y —2I")2 + 87T (M — 1)

ML) = 29T (M — 1) ’

while a; = 0 for all . \*(I") is decreasing in both ' and v and is increasing in M.

The result of Proposition IA.13 is very intuitive: Liquidity in the D2C market, as captured
by the inverse slope \*, is determined by two forces: the willingness (and the ability) of dealers
to take on risk (that is, their cost of holding inventory, I') and the dealers’ market power,
determined by their number, M. When I' increases, or when clients are more aggressively
trying to get rid of their inventory (that is, v is large), dealers optimally widen the spread.
At the same time, an increase in M creates competitive pressure on equilibrium spreads,
driving D2C market liquidity up. In particular, in the competitive limit, as M — oo, we
have \* — 1/T", consistent with the standard competitive CAPM, whereby price sensitivity
to inventory shocks equals the reciprocal of the risk aversion.

Having solved for the equilibrium in the limiting case x; = 0 and I'; = I', we can now use
Taylor approximation to compute the equilibrium for the case when initial (prior to D2C
trading) dealer inventories (z;), mean customer endowments 8, and heterogeneity in I'; are all
sufficiently small. Let @ = M~ >", oy be the average mid quote, and recall the definition of
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the observable price-based liquidity mismatch, A,;smatcn, in the D2C market. The following
Proposition characterizes the equilibrium link between prices in the two market segments

Proposition IA.14 The price P = PP?P in the D2D market is linked to prices in the D2C
market via

27\*
1 + v — Amisma c
{ (2+MyA)[2+ (M - 1)%*]} @ )

M* (@8 — 0.5n)
*\2 * A a 0

- ()\ ) |:F (M@O,A + 901) + M2 —9M +2 Amismatch

27 \*

(24+ MAXN)[24+ (M — 1)yA*]

+O(|T =T + [|z]|* + 6°)

PDZD —

NG

d - Tgef — 72+7A

Proposition TA.14 provides an explicit expression linking the price in the D2D market to:
e mean and distribution of quotes in the D2C market, as captured by & and aunismaten;
e expected client endowment, 0, as well as the aggregate client endowment shock, ©;*

e the fundamental, d.*"

The most important consequence of Proposition [A.14 is that, in the presence of hetero-
geneity, the joint cross-sectional distribution of quotes and bid-ask spreads is directly linked
to the price level in the D2D market. Namely, in addition to the average mid-quote &, the
price also depends on A, ,;smaten, Which is effectively a spread between low bid-ask spread (large
A;) mid-quotes, and high bid-ask spread (low A;) quotes. As we explain in Section [A.2.1,
the term originates from (i) strategic interactions between dealers in the D2D market; (ii)
dealers’ bid shading in the D2C market; and (iii) non-exclusive competition and customers’
optimal order splitting across dealers in the D2C market.

46Thus, F[6] = nf.
4"Note that, although the coefficient on the fundamental value, d, is negative, the price PP2P depends
positively on d (at it should) due to a positive link between «; and d.
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IA.6 Derivations and Proofs for Internet Appendix
IA.6.1 Proof of Proposition IA.7
Proof of Proposition IA.7. Starting with Equation IA.1, we have

PP = d— B 'ME[(T1 + ) 'TIEDa] — B™'M Cov((Ty + 8) T, xa) -

The first two terms in the R.H.S. of the equation below remain the same if the three cases
(a), (b), and (c). Focusing on the last term, we have

—B~"M Cov((T; + 8)"'T'i, xu) = Cov(xi, 1)

The result then follows. Q.E.D.

IA.6.2 Proof of Proposition IA.8

We will need the following technical lemmas.
Lemma IA.3 The function (zy + 2+ +/(xy)2 + 4)7! is jointly conver R, .

Proof. Consider the function

(Va2 +4-3) 2 +4 (Va2 +4-2)

3 (a2 + 4)*°

flz) = (:c+2+\/m>_l —  fz) =

We show that f” is positive for x > 0. Clearly, its denominator is positive for x > 0.
Consider its numerator

h(z) = ( .732—1—4—3).9:2—1—4( $2+4—2> = h'(x) = 33:( x2+4—2>.

Thus, h is increasing for « > 0. Moreover, h(0) = 0. Thus f is convex for x > 0. It follows
that the function

G(z,y) = <a:y + 24/ (zy)? + 4) -

is jointly convex in (z,y).
Q.ED.

Lemma IA.4 The function B(T) is jointly convez in the vector T' = (T'))M,.

Proof. Let

f(Ty, B) = (FZB +2+ \/((FZB)Q + 4)1) h
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Let By(T'') and By(I'?) be defined implicitly by

> F(T), B =1/2,

Y f(TFBy) =1/2
l

We need to show that B(AT} + (1 — A\)T'?) > AB; + (1 — A\)By. We have

Zf ALY+ (1= AL AB + (1 - M) By) > AZf T B +(1=X) ) f(T7,By) = 1/2.
l

Since f(I';, B) decreases in B, the B that solves

Z FODE+ (1= N2 AB + (1= \)B,) = 1/2

is greater than AB; + (1 — \)Bs.
Q.E.D.

Proof of Proposition IA.8. We have BA = 2/B. Whew aggregate liquidity B is given by

1
;FML@ =5

where the equality was established in the proof of Proposition 4. By definition, a mean
preserving spread is such that we move from (I';) to (I = I';+¢;) where (¢;) has E[g] =0
and is mean-independent of (I';). We know from Lemma IA.4 that B(I'}) is convex in (I').
Hence,

B(T)) < B(I)).
Furthermore, the function

Bt = TuB—2+/(TiB)2 +4

is clearly increasing and convex in B. Thus, §;° !is convex in I'_;, and Jensen’s inequality
implies

BN TL) < EBTHTL)
that is

G > BB (T
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Q.E.D.

IA.6.3 Proof of Proposition IA.9

Proof of Proposition IA.9. An increase in dispersion in b; corresponds to an increase in
dispersion in I';, which by Proposition TA.8 is associated with smaller BA in D2D market.
Q.E.D.

IA.6.4 Proof of Proposition 1A.10

Proof of Proposition IA.10. We number traders according to their inventories, i.e.
increases in [. Then «; decreases in [. Then x; — z; decreases in [. (Inventories increase
for the dealer with highest midprice and decreae for the dealer with lowest midprice. They
remain unchanged for other dealers. )

Then we get

cov(x; — z1,T}) = cov(ay, T)

= cov(ay, by).

Moreover, for ¢ large enough we get cov(x; — z;, ;) = cov(xy, [').
Q.E.D.

IA.6.5 Proof of Proposition TA.11

Proof of Proposition IA.11. Suppose that Amismateh = Yonismatch -
Starting with Equation TA.1, we have

PP — d - BME[T,+ ) 'TYE[xi] — B M Cov((T; + 8) 7'y, x1) -

The first two terms in the R.H.S. of the equation below remain the same if the three cases
(a), (b), and (c¢). Focusing on the last term, we have

—B_IM COV((F[ + BZ)_lrh Xl) = — COV(Xla Fl) = _Ymismatch .
Thus,
—B_IM COV((F[ + BZ)_lrh Xl) = _Amismatch .

Thus, the PP2P price has the reverse ordering of the Aum;smaten under the conditions of the
proposition. To complete the proof, we need to show that

s
Amismatch - Ymismatch .

We prove this result in the next three lemmas. Q.E.D.
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Lemma TA.5 Suppose that

A= ax + b+ O(I0 =T + [l]* + 62)
and

Xi = ay + by + O(0 =T7|" + [|z]* + 6%)

with by < 0 < by . Then,

s
Amismatch - Ymismatch .

Proof.

Ymismatch = LI [(Fl - F*)(Xl - X*)]

[l

— Amismatch .

Q.E.D.

Lemma IA.6 Suppose that x; are sufficiently small and Ty are sufficiently close to I'* and
that 0 is sufficiently small. Then, there exists a unique equilibrium with*®

o= () A+ NI =T 4 O(IT =T + [ll* + 6%,
where ® (x) is negative and increasing in M for x > 0 and M > 1. Furthermore,
o= gz + PG X + O Xpismaten + P00 + (I =TTy + & X + 7 6]
+ O((I0 = T*|* + ||| + 6%)*?),
where for some coefficients ®F, dF, dF, B &F &X & DY with T > 0.

Proof of Lemma IA.6. Recall that

5— 24+ yAJa — yAX L A
- A+ oA T= T3 N
_ LG)RHAAl - N C
0q,0; = TTon : 0a)0 = 4+27A[(2+7A)el ’y)\},

where e; is the ith coordinate vector. Consider the first FOC:
0= n() [rm . A[lal] + At [(2 Al (0 ) — 1} (6, + m0)

— (T4 28)(T; + £1) (‘Ifl : 3a15> (‘Ifl (z — né— né"?)) :

18 As usual, we use |z| = (3, z7) "2 to denote the Euclidean norm.
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We cancel n and multiply by A; and get
0= (04,0) [/\lrlffl - az} + [(2 — nl'A) (0a,01) — 1} (01 + mi6)

— )\ZFH_—QBZ (‘Ifl . Gal(s) (‘Ifl (z — nd — nén))

(Ly + 5)?
2+ vAla; — v(A+20)\
= (8al(5l) |:)\ZF1.1'1 — &l:| + |:<2 — nFl)\l)(ﬁal(Sl) — 1:| [ v ]ajl n 2::‘/(\ ) !
Al EYE (‘Ifl 3al5) (\I/l x n\v,; T 20A
2+ vAla; — (A +20)\
= (8@51) |:>\ZFZZL'1 — CL[} + |:<2 — nFlAl)(aalél) — 1i| [ B ]ajl i 23/(\ ) l
I+ 25 . n ~ (A +20) - nl (A + 20)nT
N T B2 (- 0u9) ( 2 T g A T 4+ 29A
1 I+ 25
= —5 [nfl)\l(aal&) + 1 + nAlFlm<\Dl . aalé)] ap
F + 2 I+2 -
+ NI [(aalél l ﬁl (\Ill . 8a15)1 xr; — )\l(l“ll—i-—ﬁ’lﬁ)l?(% . 8(1[5))(
n, Ii+20 ~
+ N5 (V- 0,0 | A
27 (T + )2 < 2
I+ 261 (A +26)
_ )\l[ S ( 5) (A — ml) + (2= D) (80, 6) — 1} e

I 1 Fl +2ﬁl ~ n ~
— —5[1 + TLC[)acl]al + ComT — )\lm<\yl.@al5> <X _ §A>

/7>\l Fl+2ﬁl ~ _
— v, . A — 2 — 1| (A+2
T s (v )R = e+ 200,) — 1] (420,
where
I+ 246
o = NI [ (04,0, ——— (V- Oy, 0
Coz, l z{( z) + (Fz—i-ﬁl)Q( ! )]

= )\lFl

2+7A] — N Ti+25 5( 1 _1) (A =T
4+ 2yA T+ 62\ 2 \ B+ 3) 4+ 2yA '

It follows that

QcOxl 2>\l Fl —|— 2/81 _ n ~
T 1 F neo b U -9,0) (x — A
a 1 + ”Coxlm T+ neos (Fz-i—ﬁz)Q( 1+ Oy, > (X 5 >
2 ,Y)\l Fl + 261 ~ -
- Ui+ 00 )A — 2 — 1] (A+2
1 4+ ncog, 4+ 29A [ (Fl_,_@l)g( l 8(115) NCoy, + (aalgl) } (A +26),
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We now write the Taylor series expansion of this FOC. We shall use the following lemma:
Lemma IA.7 When the dispersion of I';; is sufficiently small, we have

r, Iy 1

B(Tis+Bis) M + m(n,t —T7)
T T O (o=
Ly + Big - Ly(M—1) (M2 —2M + 2)(1; )2 it ;

ﬁi,t ~ 1 M(M _ 2)

- B L —17%).
Fi,t‘*’ﬁi,t M-1 (M2—2M+2)(M_1)F2<( .t t)

It thus follows that

iy  M-2 M(M —2) (Thy -9
Tig+Bie  M—1 ' (M2-2M+2)(M-1r; "
Lyt + 2B _ iy n 20+
(it + Big)? (it + Bir)? (it + Bir)?
M -2 M ] M2 M-y W-2)
T M1 [1 T oo Ft)] (M - 1) [ (A2~ 2 + 20+ Lot Ft)]
2 M(M —2) ] M2 (M —1)(M - 2) \
- [1 T G- a1 o)r ”_Ff)} i (M —1) [1 B e )]
COTH(M —1)? [1 MGYE —2M+2)F;*(F” Ve —2M+2)1‘*( o _Ff)}
2(M —2) M(M —2) e (M-1)(M=2) .
T;(M—1)2 [l (M2 —2M +2)T; o =T = e —aart 2)T; (T Ft)}
M(M —2) M(M —2)

B I‘;‘(M—1)2[1 - (M2_2M+2)F?(Fi,t—r;:):| .

Moreover,

MO = T+ [N TH) T+ (T, —-T*) and A = \T*

and
M
~ r* 1
A= ~ —A - A"
;Brl+ﬁl MY T a2
M
r* 1
X = ~ —Xmisma ch
X ;Brl+ﬁl MY T a1 2 tch
where
M M
AT =30 =-Ta;  and  Xpjomatan = 3 (L1 =Tz
=1 =1
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Using the lemma above, to a first-order approximation, we have

a = [kow + k1a(Ts — T2y — [kow + kia(Ty — T)] (;z - %&) ~ Tkow + ka(T — T (A + 26)

_ I™ n
= [kos + k1a (Tt = T)or — [koo + kio(Te = T")J(A+20) = [kox + kux (e = )= (X — S4)
. 1 n
— [hox +kix(Iy =T )]m (szsmatch §A )

_ I n
= []{Z()m -+ k:lm(Fl — F*)]xl — []C(]e + k‘w(Fl — F*)](A + 20) — [kOX —+ le(Fl — F*>]M <X — §A>
kox nor
oz (e = 547)

T*
= [k?()m + k:lm(Fl — F*)]ZL’Z — [kOX —f‘ k’lx(rl — F*)]

kOX
_X - —Xmisma C,
M M2 —9M + 2 fech
OMkoy — nkoxT™* . OMkig — nkyxT*
oM

% n kOX
2M (FZ_F)}A+ 2 M2 —2M + 2
— [kop + k1g(T; — T)]26,

r
Summing over ¢ we get

I
A = kOmeismatch

MFkox
A= X Xoni — rx -« —————X,.;
kOx + klx mismatch kOX M2 — oM T 9 mismatch
2Mk09 - nkoxr* n MI{ZOX r —~
A A" — 2Mky0.
2 LN VER Yy 00
Thus,

A= 1+ 2M]€09 - nkoXF*

-1
(2 — n/{?()l«)Mk'OX
— "X — ; — 2M
2 1 ([kﬂx kOX ] + klx 2(M2 oM + 2) mismatch k(
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Substituting into the equation for a; we obtain

F*
a; = [k()x + klx(rl - F*)]wl - [kOX + k1X<Fl o F*)]MX

2M]{309 — nkoxr* 4 2Mk‘19 — nleF* (F _ F*) kOx — koxr*
M M : 2 + 2Mkop — nkox T
n kOX
- 1 - _k :1:) —Xmisma c
< 2°%) M2 —2M +2 teh

2—nkogz ) Mk
{QMkoe kx| 20k —nkT F*)} ke — S

Xmisma c
M 24 2M/{509 — TL]{?OXF* feh
2MFK —nk ' 2Mkig — nkixI™ 2M K -
00 0X + 10 1X (Fl B F*) 00
M 2+ 2Mkog — nkoxI™

_l_

— 2[kop + klg(Fl r* )]9
It follows that

o= Oz + XX + O Xpismaten + 50 + (T —TH)[0% 2y + & X + 3 0]
+ O((JI0 =T + ||=]|* + 6%)*?)

with
D5 = Koo Of = ke
X _ {%Mr* + kop (2M kog — nkOXF*)l 1
o 2+ 2Mkgg — nkoxI* M’
X _ [lﬁxr*(z +2Mkog) + 2Mkyg(kor — koxT™) — nkixko,I*] 1
v 2 + 2Mkgg — nkoxI* M
of — {k‘ox(Z — nkog) N k1o (2M kog — nkoxf*)] 1
0 M2 —2M +2 M 2+ 2Mkog — nkoxI*
0 _4]{709

Pl =
O 24 2Mkyy — nkox*

o — 2[2k19 — n(koxkie — kookix)T™]
1 2 + 2M]€09 — nkoxr* ‘

Q.E.D.
Lemma TA.8 After the D2C trading round, dealer inventories become

xi~ —(¢f —0.5n)\ oy — (gp{)q — 0.5nyng A ) MX*a — M)\*[(gof;‘ — 0.5nympA*) + 90‘04,)\)\*]64
+ Nlpg + Mg +ngld + @08 — ymgA e
+ (N = N [ (0l + @I — 0.5n)cq + M (0.5nym5 — ¢1h)al
+ (= A(f + g+ X f + M 1) d — yng© + 18],
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where

1
2+ A

==

1
a = M;a“ Qmismatch — ;(Az—)\*)az, and 778 = -

Proof of Lemma TA.8.

Xl = T} — Z(5l + mej,t,) = x; — 0.5na; — (O + 0.5nA)
J
= gia + VhA + oAt + @0 + (M — X)[pta + et A+ e AN + o16)
— 0.5na; — 1;(©+0.5nA)
= (p§—05n)a; + (p5 —0.5nm)A + eiaAY + ¢ff — 70 + (N — X)[pfa + ¢ A+ {0].

For simplicity, we assume that the total customer inventory shocks ©, = ), 0;, are i.i.d.
over time. We rerwite both a; and A in terms of mid-prices:

a; = )\l(d— Ckl)
A= D "a; =dY N — > Naj = dA — ) Nay
l l l l
= MMX\ [d - (amismatch+@)]
A== = dY (M= AN = D (M= Ay A =AY (A= M)y
l

l l l
= — M(\)%a.
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Thus,

Xi= (95— 0.5n)\(d—ar) + (9§ = 0.5nm) MA* [d — (Cmismaten + @)] — @i AM(N*)%G
+ 000 — mO + (= M)ptNi(d—ar) + o MA*[d — (mismaten + @)] + 10]
= —(gf —05n)Nar — (95 — 0.5nyAmy) MA & — M [(pg — 0.5ny mp) + epar‘la
+ (03 = 0.50)N + (95 — 0.5nyAmg)MA A + @ff — yAmg®
+ (N = M) [=iNar — 9 MA* (umismaten + @) + (94N + @1 MA)d + o]

—(p§ — 0.5n)\ oy — (4,064 — 0.5nyng N )M X*a — M)x*[(«p()“ — 0.5y A*) + goé)\k*]d

(g8 — 0.50)X" + (@f — 050y A YMN]d + @98 — AgA* e

— (g —0.5n) (N — X )y + 0.5nymg (AN — A )M N &

+ (5 = 0.5n) (A = A") — 0.5nyng (A — A )MA]d — yng(A — A")©

(A= M) =i\ — o MA@ + A (0} + Mot )d + o10]

~ —(¢f — 0.5n)\ oy — (chA — 0.5nyng A\ )M X & — M)\*[(chA — 0.5nyng\*) + goé,\)\*]d

+ [(¢% — 0.5n)N* + (@ — 05n YA )Y MA*]d + @B — vniA e

+ (N =N [—(pf — 0.5n)a; + 0.5nMyniA*al

+ (A= A)[(pg — 0.5n) — 0.5nMyngA*ld — (A — A")ymp©

+ (A= M) =X ar — o MA a4+ X (o] + Myt )d + ¢10]

Q

_l’_

_l’_

where we used the definition

YA
24+79A

= YN — L+ MynggA* = — 2n;.

i =

Thus,

m —(ef — 05\ — (g5 — 0.5nymp A )YMA e — M [(h" — 0.5mym5A") + ppa*la
+ N[ef + Mg +nigld + 900 — ymgA*e
+ (N = X) [ (g — 0.5n)a; + 0.5nMyngA* @]
+ (A= A9)[(eg + nmg)d — ;O]
+ (M= A [N — o MA G+ N (o + Mt + 18],

Q.E.D.

IA.6.6 Proof of Proposition IA.12

Proof of Proposition IA.12. The proof follows along the same lines as that of Proposition
IA.8 so we skip some details.

By Proposition 4, our goal is to show that aggregate liquidity B is monotone increasing
in spread dispersion. Proposition [A.15 shows that, for small heterogeneity in risk aversion,
there is a one-to-one mapping between )\; and I';. Therefore, for small heterogeneity in risk
aversion, proving Proposition [A.12 is equivalent to proving that B is monotone increasing
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in the dispersion in risk aversions. This follows directly because B is a convex function of

risk aversions (see Lemma [A.4).
Q.ED.
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IA.6.7 Proof of Lemma ITA.1

Proof of Lemma IA.1. The first order condition is

—q — 2)\l_1ql —l—d—’y(qu +9) =0
l

where ¢ = (¢) and this gives
¢ = 2B+1)7((d=10)1 - q)
where B = diag(\; '), a = (q;).
Q.E.D.

IA.6.8 Proof of Lemma IA.2
Proof of Lemma IA.2. We have

EM(Q)] = ED _((d=X"a)+A " (G4mbe)) (Gr+mbe)) = (d=X " a)n(G+mb)+X " (n(di+m0)*+nniog) .

Thus, the utility becomes

EU(xi; (X)) = (d =Xt ag)n (8 +mb) + N (n(0 + m0)? + nnfog)
+ (2, — nd — nlné)d — 0.5 [(x; — nd; — nlné)Q + 77[27102}

_ 2
-+ (O5Fl + 51)(1—‘[ + ﬂl)_z [(\Ifl . (.’L‘ — nd — n@n)) + nag(\lfl . 77)2:|
= xd — n)\flal(& + 7716_) + n)\;l [((5[ + 7715)2 + 77[20'2}
—0.5T | (z; — nd; — ndny)? + nagnf]

+ (050 + B)(Ty + 1)~ [(‘I’l (= nd— ne??))Q +nog (0, - 77)2} -

where we have defined

T ( I Tu )T d U T —T,1
= an = — =
BTy + /) BTy + Bur) l -

Now, we have

2 +~yAla — yAX
4+ 2vA
YA
2+ yA°

5 —
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Q.E.D.

IA.6.9 Proof of Proposition 1A.13
Proof of Proposition IA.13. It follows from Lemma IA.1 that

L(j)[2+9A] — N

Oudy = 44 2vA
8alnj =0
s 27<2@j+7[aj(/\—/\l)—(A—aj))\lD a; — A1,())
A 0j - (4 + 2yA)2 T 4+ 2vA
2
B S N
8)\ln] - (2+’}/A)2 1l(j)2+’YA,

where 1,(-) is the indicator function. We make the following definition:

008 = (Du01,- -, 0u0)T = [(2 yA)e — w\}

4+ 29\
Oun= 0
2y v

— T - - _ —

O0d = (D01, 0n00) e (2+98)a—74x) + 4+27A<a Aer)
T v Y

= ) = — L\~ :

M= (Onm, 5 Onn) 2+ A 2+7Aez

where €; is the 7th coordinate vector. Then, the FOCs are

0= n(@uth) [Tiy = A ar] +nA7 [ (2 = nToA) (D81) = 1] (61 + i)
— nll0+28)(T+ 3) 2 (0 0,8) (Wi (& — nd —nfin))
0= nX a0 +nb) —n> [(51 +m0)* + 771203} +n\ o [2 - Fl/\l} (On )i
+ )‘1_171[2(@ +m0) + NLy(z — nd, — nbny) — al} (02,01 + 00\, m)

— (T +28) (04 5)72 | (- (03,6 +605m) ) (V- (& = 06 —nfm)) = o3(¥ - Orm) (W1 m)|

Suppose that
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It follows that

r | . M(M —2) r
B; T3 Vi, B+ 6i) M Vi B T 1) :
_ 7 T T, +26  M(M~—2)
= — A= A - :
A= MY Tt p)eE . T(M-1)2
2a YA
o= —— = - U, -6 = 0; U, -n= 0
I 1T 2A Uyl SERYE ! 0; /] ;

Then, the FOCs become
0= n(@alél) [Pll’l - Aflal] + n)\l_l [(2 - nFl)\l)(Galél) - 1} (51 + mé)
0= nA;2a(6 + ) — nA; 2 [(51 +f)? + 771203} +nAlo? [2 . ml} (@10
+ N 'n [2(51 +m) + NLi(z — nd — nfny) — al] (0,00 + 00\mn) -

We simplify the first of the FOCs and obtain

a
= 2[y(M — 1)(A"M +Tn)A\? +229yM +Tn)A + 4] ——— .
0 [¥( J(YM +Tn)A* +2(2yM +Tn)A + }(4"'27/\)2
The only solution is

a = 0,

since the quadratic equation in A admits only negative solutions (if any). Substituting a = 0
into the second of the FOCs and simplifying yields

A\
0= 1+ (2—T)\) {2:—]\4% - }

This equation has a unique positive solution, which is

V(M —2) = 2T + \/72(M — 2)2 +4I'(T + 4y)M
2y(M - 1)

A:
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We now present the proof of the monotonicity results.

ON* A2+ 42(M —2)2 + 49TM — (yM 4 2T)
o V(M — 1)\/AT2 + 42(M — 2)2 + 44T M
AT2 + 42 (M —2)2 4+ 49TM — (yM + 2I')?

V(M — 1)y /AT? + 2(M — 2)% + 4T M[\/AT% + 2(M — 2)2 + 49T M + (yM + 2I)]

_ —4*(M 1)
Y2(M — 1)\/4T2 + 2(M — 2)2 + 4T M[\/AT2 +72(M — 2)2 + 49T M + (yM + 2T)]
< 0
since M > 2.
ON° (M —2)\/A? +42(M — 2)2 + 44T M — (M — 2)? — 2MT ~ 0
or 2I2(M — 1)1/4T2 + 2(M — 2)2 + 49T M '

ON YA(M —2) + (7 + 20)\/AT2 +42(M — 2)2 + 49T M — 2T'(y + 2" + yM)

oM 29T (M — 1)2,/4T2 + 42(M — 2)2 + 44T M

To show that this derivative is always positive for M > 2 it is enough to show that its
numerator is positive for M > 2. We do so by showing that the numerator is increasing and
positive for M > 2. Consider the numerator. Its derivative with respect to M is

20 + (M — 2
7<7—2F+(7+2F 1l ) )

VAT2 £ 72(M = 2)2 + 49T M

We now show that the term in brackets is positive. First,

(M —2)+2I > 1 27y
VAM =22+ 4 TM 412 — M +20
Then,
20)[y(M — 2) + 2T 2 or
NPT (v + )h( ) + 217 > (y+20) — v(y +20)
VR(M —2)2 + 49T M + 412 yM + 2T
o0)[y(M — 2) + 2T or
2y > 490+ (’7+ )h( )+2] {1_ v+ } 0
VYE(M —2)2 + 49D M + 412 yM + 20

for M > 1. Thus, to show that \* is increasing, it remains to

VM —2) + (7 + 20)\/4T2 + 42(M — 2)2 + 44T M — 2T (y + 2T + yM)
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evaluated at M = 2 is non-negative. When M = 2, the expression above is

2[(7+2r)\/r2+27r —TEM+3y)] > 0

for v,I' > 0.
Q.E.D.

IA.6.10 Proof of Proposition TA.14

Proposition TA.15 Suppose that a;, the dispersion in bid-ask spreads )\l_l, and 6 are suffi-
ciently small, then,

L= T"(\) + *AW) N = A7) + O = N7+ [la]* + 67)

where

M
. 1
A" = MZ)\Z and M) = () < 0.
=1
Furthermore,
T = QOS(I[ + QOE)L‘A + QOE)L‘,)\Amismatch + 8088_ + (/\l_A*)[So?al+801414+§0ﬁ/\14>\+§0§‘§]
+ O((IT = T[> + [l + 6%)*%),

where

M

M
A = Zal; Amismatch = Z(Al_)\*)ala
=1

=1
and 0% A A 6 a A A d (7 ti l : d \*
©0> L0 Pors Pos P15 P15 P and @y are rational functions of n, M,~ an . Moreover,
eo() = 1/95(-) > 0.

Proof of Proposition IA.15. The proof is similar to that of Proposition IA.6. The FOC
is

0= —2[1 + negwlar + con — Alw(wl-aaﬁ) (X . g,fg

2 (L + Br)?
YA I+ 25 ~ _
4 4 2vA {n (Fz + 51)2 <\Ijl 8al6>A nCoz, + 2(8‘”5’) 1} (A + 29) .
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It follows that

1 + NCog, )\l Fl + 251 - n ~
= - "% _LTER (. i
i 200951 @+ Coz, (Fl + ﬂl)2< : aal(s) <X 2 >
1 /7>\l |: Fl + 2ﬁl

-+ n
Coz, 4 + 2’7/\ (Fl + BZ)Q
. n - . _
~ [how + hia(h — AN + [hox + hax (O — A9)] (x _ §A> + [hos + hig(h — A)](A + 26)

n Mhox + hix (N — A%)]

(Qll-aalé)]\ — ncoy, + 2(04,01) — 11 (A +20)

- [h(]a + h1a<>\l - )\*)]al

(x - gA) + [hop + hao(\ — A (A + 20)

M
Prhox + hix (A = AY)] (XA _ EAA> |
M2 —2M +2 2
where
M M

and we used

rl - I 90/\ r
A= ~ —A _ A
;BFZJrﬁ, R VER Y )
M
F* SD)\
X = ~ —X —Xmismac .
X ZBPHL@ AR VERy y tch

1=1
Summing over ¢ yield
X* = ho, A

- Mhox n
X = ho A+ h, A + T*h (X _ @A) Mhoo(A + 20 0—()(A _ —AA>
0aA + + 0X 5 + 00(A +20) + M2 — oM +2 ;

implying that

A
x hoa — gr*hox+MhooA n 2Mhog 7 ha + spgvees (hoa — 5) AN
1-— F*h()X 1— F*hOX 1-— P*hOX
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Substituting into the equation for x; we obtain

F*[hgx + th()\l - )\*)] hOa - g *hOX + Mh09
M 1 —T*hox

P [hox + hix(h — A Mhox + hix (O — A
o E [OX+ 1X(l )]A+ [h09+h19(/\l—)\*)]14 + <h0a_2>90[0X+ 1X(l )]AA

€T = [hga —|— h1a<>\l — )\*)]al =+ A

2 M 2 M2 —2M +2
A n
L Dlhox + b3 = A7) e+ 5t (o — 5)
M 1-— F*h()X
_ 2hoe*[h hix(A\ — A9)] =
+ 2[h00+h19()\l—)\*)]9 + 06 [ ox + 1X( l )]9
1 —T*hyx
Therefore,
908 = hOa
A 1—WhOX hOa - %F*hOX + Mh()& nr*hox
0y = hoo + _ Z
M 1 —T*hox 2 M
I™hox 1 n
= h [ha Mhey — _}
O TR T Tohgy L0 T MR 5
A n
e ()P o B ()
%0, 0a 2) M2 _ oM 12 i T Thox
I*h 2h
0 0X 00
%o 06 |: + 1 —F*hOX‘| 1— F*hOX
Socll = hla
A I™hix hoa — 51T hox + Mhog nI™hx
01 = hip + _ =
M 1— T*hox 2 M
— h [ha Mhgy — _}
0T TN T Tohgy L0 e g
n My T*hix hia + 22 (hg, — 2)
A _ (ho _> prhix 1x Ma T g7z toa — 3
71 “T9)ME oM y2 T M 1 Doy
_ 1 ( “) ©*hix . ["hixhig
T 1 —T*hex |V 2) M2—2M +2 M
2hoel*h
0 ool “hix
= 2h - =
¥1 10 + | — T hox

Q.E.D.
Proof of Proposition TA.14. We have

PP — g - X and X = U.g.
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To first order,

Pl * QOA
—_—~ — —— (N =\
B(T, + 5) M T a2 N A

P B(Fz —|—ﬁl)
M
T MM \*

2 m&l ~ mamismmﬁch

M—Fl N —A) =~ 0
ZB(FH‘@)(I_ )~

=1

LT
l
——— (N — X)) = N T amismaten -
2 B0+ )N )R AT

Thus,

MA\*
U5 = —(pf — 0.5n)\" [F*d + L4 ]

mamismatch

— (@b — 0.5y A )Y MNT* & — MNT*[(gh — 0.5nymgA*) + @é,\)\*]éz

+ NT* [l 4+ Mg +nmgld + T80 — g\ T O

= (5 + 1A = 0.50)A T amismatch

Mo (f — 0.50)
MZ—9M + 2 Omismatch

= —\'I* [@8 + MSO64 + 77‘776] (d + amismatch) - ()‘*>2 [F*(M@é)\ + (p(ll) +

+ NT*[pf + Mg +nngld + T — 4 T*o.

Q.E.D.

TA.7 Fragmented Double Auction Model/Double Auc-
tion Benchmark

There are a few existing theoretical papers on two-tiered OTC markets, with different
assumptions than our model. Our model tracks real-world FX markets and its predictions
are supported by empirical evidence. However, it remains a question whether or not existing
models would make the same predictions as ours. We examine this question in this Appendix
and show that our model is essential in understanding the dynamics of exchange rates. In
particular, we show that a leading two-tiered OTC model, developed by Babus and Parlatore
(2022), yields predictions that are not supported by the data from the FX market. This result
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points to the importance of specific the market structure used in each market, as the model
in Babus and Parlatore (2022) was not developed for the specific markets we consider here.
We will not reproduce the model of Babus and Parlatore (2022) here. The key difference
between their model and ours is the request for quote mechanism in our model (and the
heterogeneity in the Dealer’s holding cost/risk aversion). In their model, customers exoge-
nously trade with only one dealer, thus there is no competition in liquidity provision between
dealers in the D2C market.
We now re-derive the predictions about price dynamics in a two-tiered OTC market
where, instead of the request-for-quote mechanism, customers can only trade with one dealer.
In this appendix, we modify the model of our paper along the lines of Babus and Parlatore
(2022) and assume that customers are split into K groups of equal size of L so that n = K L.
Each group only trades with a single dealer. This drastically simplifies the problem because
it eliminates strategic competition in liquidity provision between dealers in the D2C market.
The derivation of the equilibrium follows that of the main model and we will provide
fewer details.

Lemma IA.9 Dealer number | trades with n customers with risk aversions v. Hence, his
post-D2C trade inventory is given by

xi = (7% 4 BP) QP + (172 + B7) 7187 .

The inter-dealer market does not change, and we can write down the dealer utility as

2
1T +28 & _
_ D2C 2 l ] 1 1
U = —(a—2)P7 + xud—0.50x; + §E[—(Fl A (5 ng (Le+Be)” Toxe — Tle) ]

and we can rewrite this utility as

U = —(xu—x)PP* + (d+Z_)xi — 0.5TP%x? + const,
where
T, + 28, 1 2o 2
rb2e -, - K —1>r] ~ + T, —T%),
l L+ 8)? [\ BT+ B) : M M2—2M+2( ! )

and

T =4 ; B(Ly + ) Bl

where we have defined

I+ 2p 1 o M-2 M(M —2) s
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Given this quadratic objective, the optimal demand schedule for the dealer in the D2C
market is given by

Ql(PlD2C) — (FlDQC’ + 5lD2C’)—1(d_|_ Z—l o PlDZC’ . FZDQOsz)

Lemma IA.10 We have

gD _ AnMATP? (n? — 3n + 1) + 4n®(n — 2)(TP%C)2 — (2n — 1) M?4?
: 4n(n — 1)(yM + 2nIP2¢)yIP2C
N (M7 + 2n°TP29) /2 M2(1 — 2n)2 + 4Mn(2n2 — 3n + 2)70P2C + 4(n — 2)2n2(TP?C)2
4n(n —1)(yM + 2nIP2¢)yTP2C

QFDQC
lD2C _ l
FIDZCBID2C — 24 \/(PZDZCBID2C)2 +4

D2C __

2y
B 24 (BP A

Now, we obtain the post-D2C round inventory
xi = @+ (04 B2 d + 2 = PP = T7%Cm)
and the price
PP — g4 (BPC)"YDC 4 gDyl P

where
Pe = (BP*)~! ((Flm + 8PP w4 (v + BT 9") '
i=1

Note that
Zo = N(Z =BT+ B8)'TEx)) (TA.13)
where we have defined

Z =Y BTy + B) 'TeE[x/] (IA.14)

Taking expectations and substituting, we get

Elx] = = + T+ 872" d+ 2, — E[PP*] - T w) (IA.15)
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First, we compute the expected price:

E[PP*C] = d+ (B*)7H I + pP*) T BlZ-)] — Bl ]
= d+ (B) I + 57T B2

(Bch) ((FD2C_'_5DZC> 1PID20$Z+ ch 729>]

d—|— (BDQC’) (FD2C +/6DQC) 1Z—l

(IA.16)

(BDQC) ((FD20+5DQC> IFD2CZL‘Z + (7+6D20) ’7”E[9]>
Substituting (IA.16) into (IA.15), we get

E[Xl] = + (FDQC—{—BDQC) (d+Z_l _ <d+ (BDQC) (FlDQC—i—ﬁD20) 1Z—l

(BDQC’) ((FD20+,8D20) 1FZD2095Z + (’7+ DQC) 'ynE[Q])) _FZD2C:BZ>

= CIZZ_Z + Clxl’l + C’fE[@]

where
c? = L 1— !
- FD2C+6DQC BDQC(FD2C’_|_ﬁD20)
Cf =1+ o { 1+ . ]
- Fll)20+5lD2C BD2C(FDQC_|_ﬁD2C)
O@ _ nry

U Bch(Fch + 5D20)(,y + D2C)
Now, we are ready to solve for E[x;]. We have from (IA.13) that
Elx) = CZA(Z — BTy + ) 'TuEl]) + Cia + CPE[)
which gives
Elxi] = QA+ C/ABN D+ 8)'T) " (C/AZ + Cfx + CYE[)

Using (IA.14), we get

Z = > BNTo+B) ' Te(l+ CEAB ™ (To+ Bo)'To) " (CEAZ + Ciay + CLE[0)]) |
4
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which is equivalent to
—1
- (1 - ZB (T + B) 7' Te(1 + CEAB Ty + B0)'Ty)™ 105@)

7
< "To+ B) ' Te(1 + CZAB (Lo + B)"'T) " (Cizp + CLE]) )

= (1 - Z (14 (C7AB (Lo + ﬁe)_lrz)_l}_l>

¢

(Z((B—l(re +B) Do)+ CZA) T (Chmy + CE[D)) )

¢
= C2.x + CZE[f)
where we have defined
1

Demzzl—z T
o1t

A I
C7 Ay B(F[iﬁe)
—1

~Nr 1 Fl - Z T
CZ’l_ Dem ((B(Fz-l-ﬂl)) TG Al) €

- 1 r -1
0 l Z 0
) +CPA

Cz Demy ((B(Fl +,61)) ¢ Z) G

We proceed with linking the prices in D2D and D2C markets. We have

i = x + (Fl[)20+611)20> (d—Q—Z, o DZC FD2C )
—_ (FZD2C—|—51DQC)71(GZ+Z,[ _ lD2C> + (FD2C+5DQC) 1FZD2C$Z
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We need to invert (x;) from the vector of PP2¢. We have

7. = A (Z — BY Ly + )7 (1+ CEABTNT, + 8) ') (CEAZ + CPay + C{’E[G]))

_ 1
A (Z - <B_1(Fz + 1)1y
B(L; + )

— 7 _
BT, + B) + TANCE™

B(Fz + 61) =z
~ BT+ 4) + DiACE Al
FlAl
"~ BT+ )+ DACE
B B(L; + 3)
= BT+ 8) + DLACE™
BTy + )
BT+ 5) + TN CE

Clml’l —
A(C7 -

NCE —

-1
+cfAl> (CZMZ + CPay + CfE[H]))
PlAl FIAZ 0n
Crz; — Ccyo
BT, + B) + T AC7 xl BT, + 8) + T)AC7
T+ Cgé)
FZAI 00
Ccyo
BT+ B) + [iNCE
A
_ o
z) BT+ Bi) + LA CE s
DA c’lo

BT+ £) + TN CE

Z_ Z_,l Z_lpy
= C; e + O + CF770,

where we have defined

BT + 3) A BT + 6) -
cZ-vh = ACL,, O = ACE:
@ BT, + B) + LACE 2 @ BT, + 8)+LACE™" 7
A A .
o7k — 2 cr ot = : B(Li+A)CY — ThCt

- B(T, + 6) + TiAC

- BT+ B) + TiACF

Returning to the D2C price for Dealer [, we have
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PD2C — d—|—(BD20) (FD2C_|_6DQC) 127 DQC

= d+ (BZDQC) (FD2C +BD20> 1271 _ (BZDQC)fl ((FD2C + ﬁDQC) 1FZD205EZ +< DQC 72(9)

1
d+ BP2C(TP2C 4 5D2C)(

Cltx + ClVlay + Czlﬁ)

FDQC v Zn:
T + (91,
BD2C(1“D2C’ + 5D2C> BD2C + 320) c—
1 FDQC

1
Cazzz_l-fl) - BDQC<FD20+BD2C)

d + BP?C(TP2C 4 3P0 (CF-

) + BDQC(rDQC + BD20)<
1
BD2C(FDQC "‘Bch)

1
= d + BDZC(FDQC+BD2C)<

(Cy0) -

BDZC ’Y"‘ﬁDQC Z@

1 7., D2C
T) + BD20<FD20+BD2C) [sz =TI }xl

CcZ-t.

1 Z A
BD2C<FD2C+ﬁD2C) (Ce l 9) -

BDQC 7_1_ D2C ZH
:wcfle?Le Cf’l-x + Cfl’lxl + Cp’l@ + 0;310,

1 1
Pl Z_ l Pl _ Z_
Cx,l = BDZC(FDQC_'_BDZC)C v G = BDZC(FDQC_'_BDZC)C g
1
Pl _ 7, D207 .
Cfrl - BDZC(FDZO _}_5D20) [Cﬂcl v Fl } )
P, gl ) P, 1 Z_1l
Co" = _Bl[)20(7+6Dl20)a C BDQC(FD20+5D20)09 e
It follows that
PP = dl + A"x + Vo0 + V0,
with
P z - 7>z L. 1S p.O\M 0 P\ M
A" = Ag + diag(C,"); Zef®cx ;o Vo= (C@ >£:13 Vo= (Cé >e=1'

Inverting, we get
Lemma IA.11 We have

= (A7)7HPPC — d1 — Vo6 — V%
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Now we can write the link between D2D and D2C prices:
M
D2D __ d— B 1 r F
P7 = > T+ ) T
=1

M
= d-— Z Fl‘i_ﬂl) 1I‘ ((I‘DQC ﬁDQC) (d+Z_ _ DZC’) + (FZD20+6D2C) 1FZD20$1>

1
- [1 - B~ ZFZ+51FD20+ﬁDQC

1 D2C
d + B~ ZFZ—{—ﬁZFDQC—f—BDQCP ?

M

B AT

=1

1

D2C
[D2C | gDac (20 + T

1
= [1 - B~ ZFZ+5IFDQC+5D20

1
d + B ZFl‘*’Bl FDQC+BD2C7DDQC

1 Z_ Z 0 Z_ 1l D20
- B ZI‘Z+BIFD2C+ﬁDQC [Ox ber A Cxllfl + C(; "0+ I xl]

1 1
= |1 — B~ d B~ D2C
[ Z Fl + 6l FD2C + ﬁDQC + Z Fl + ﬁl FDQC + BD2C73
Moor 1 1
- B! ! C’Z . _ B C’Z Ll FD2C
Z Fl + Bl FDQC + BDQC Z Fl _|_ 5l FD2C + 6D2C( + )

1 _
1 7z,
- B ZFZ+BIFD20+5DQCOQ "0

:CZ;D2Dd + Cg,D?DPDQC’ + CZ:’D2D$ + 6;_3,D2D§’
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where we defined

CP.D2D _ _ I Cor + I . T C:”ZA_IM’M + I
! B(T, +B1) P2C 4+ pP2¢ " P B(Ca + Bu) TiPC + Bife
N 1
C«'P,DQD — 1 — B
Z Fl + 51 FDZC + BDQC
(P-D2D _ Iy 1 N I'nm 1 !
P BTy + 1) FDQC + /6’”0’ " B(Tas + Bar) TR7C + B
~ ~ 1
OP-D2D _ AP.D2D - CZ .
T T Z Fl + 6l FD2C + BDQC
~ 1
P.D2D _ _p-1 Z-1l
Substituting

= (A7) [P~ a1 - VPe — Vg

we will get a linear relationship between PP2P and the vector of (PP2¢), :

PR = CPPRPd 4 CRpPEPPRC 4 CPPPr O PP0

_ 6{7;,D2Dd n 677;,D2DPD2(J 4 af,DQD(Aa:)—l [Pmc _ 41 - V90 —

Vo0

] I 6;{D2D§

— [6§,D2D _ (65769,D2D)T(Ax)711]d . [@7;,1:)213 I ((AI)A)TG;D,DQD] pD20

0

n [aP,D2D _ (af’DQD)T(Ax)*IVG_] g — (af,mp)T(Ax)qv@@

where we have defined

CZ;,DQD _ azl?,DQD _ (a;:,sz)T(Ax)—l
077;,D2D _ ((Aa;)q)Ta;D,DzD + 677)9,D2D
C;D,DQD: a;?,D2D . (637?,D2D)T(Ax)71 0
Cg,DQD _ (6;3,D2D)T(Ax)flv®.

Lemma IA.12 For small heterogeneity in risk aversion, we have

CE,DQD — 71 + 7T(l)(I‘—l"*) + O(HF—F*”Z)’
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where 1 = (1,1,--- ,1)T, T = (Ty)}M,, and both 7 and 7V are constant.
Proof. It is straightforward to show that, for small heterogeneity in risk aversion, we have
Cp = I + IOT -T7) + O(r - T"[*),

where IT* is a vector and IIV) is a matrix, and both are constant. Equilibrium considerations
imply that

= 71
nY=qa1®1 + zWId.
for scalars a, 7%, and 7). Moreover,
191 —T*) = 0.
The result then follows. Q.E.D.

The natural proxy for the (half) bid-ask spread in the D2C market is the price impact that

customers have when trading with a particular dealer, given by 65120. By direct calculation,

DC D20 | gD, ) 4+ O(|T — I*|]?).

c,l C,*

The sign of Bél) will play an important role later on. The proposition below follows directly
the results in Malamud and Rostek (2017):

Proposition 1A.16 We always have ﬂél) > 0.

Thus, we can write

L=T" ~ (B =522/ B.

c,l C,*

This formula allows us to express the latent risk aversion through the observable bid-ask
spreads. Thus, we rewrite

PD2D — C;),D2Dd + C;/;’D2D'PD2C 4 Cg,D2D@ + C;BDQDé

R~ Czl’,Dde + (71 + ﬂ(l)(l‘—l"*)) .pb20 Cg,DzD@ + C;J,szé

1 _
~ CZID,D2Dd + (ﬁ'*l + Wﬂ_(l)(( 5120)11\11_ cDﬁC)) 'PD2C + C']@?,DZD@ + C;)’D2D9.

Cc

We have

D2C __ )\71
- N

c,l
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and hence, up to second-order terms in the size of heterogeneity,

(B )ity = BZC) - PP = (B )ity = BC) o M Cov(N ™, )

C,*

~ —M)\;2 COV()\,CK) = _M)\:lamismatch'

Hence,
PP CPPd + wa — MAZN(E /B0 dmismaen + C&PO + CPPY.

We know that ﬁgl) is positive, and hence we just need to figure out the sign of 7). While
we cannot solve for the sign of 7(!) analytically, we use extensive numerical analysis to show

that:
Numerical Claim:

0 >0

when n is sufficiently large.
We now determine 7(1). Recall from Lemma IA.12 that 7 is defined via the Taylor
: : P,D2D

series expansion of Cp and that

C;;,DQD _ ((Aa;)q)Ta;D,DzD + 677)9,D2D,

with
M
A" =AY + diag(CEh); A = Zew@Cf’g.
=1

We examine the components of matrix A%, starting with the terms C7*.

CP — ! Cc% = ! B+ )
» T BRI ) T BPRO(TPR + 6P B + ) + DAY

ACE .

It follows that
M
Af = Zeg@)Cf’z = v®(Cy
=1

where

v o= ( L BTy + Be) )M
BP2C(TP2C 4 P20Y BT, + ) + TeACE "),

20



and recall that

1
Demgzl—z T
ct

z Iy
C7 Ay B(T,+8y)

-1

~r 1 Fl - A T
Oz = Dem, ((B(Fl +ﬁl)> + Az) @
é% = (O%,p C_’%,Q’ T 7é%,M)T

rp2e 1
Cr =1+ —5o—55c {—1 + ]
l FlDQC + 6lD20 BlD20<PlDQC +BlDzC)

In addition,

I+ 285 < 1 )
A = —1)T
: (L, + 62 \B(I', + () :
Ccf = ! [1 — ! }
l FlD2C + BZDQC BlDQC<FlD2() + BZDQC) :

We use all these expressions in the numerical work regarding A§. Now, we turn our attention

- Py
to the term diag(C"):

1

CPl = %l _ 1b2C
z BZD2C(FZD2C_|_BZDQC) [ zy l }
1 FZAI

— C* FDQC’
BPEC (L7 + 57%¢) |:B(Fl+ﬁl)+FlAlClZ P

We use these expressions to evaluate A* and thus

Cg,D2D _ ((Ax)—l)Taf,DQD + é\;’,DQD,

o1



where,

M
OP:D2D _ Iy 1
P B(Fz +B€) FDZC _|_ﬁDQC' 1

~ ~ 1
OP,D2D — C’PvDQD B CZ i
T x Z Fl + ﬂl FD2C + 5DQC

Z_ o0
CPD2D _ Y Coy " + F?QC
T B(FE‘i‘ﬁe) FKDQC+6(DQC .

Bl + 3) A
AN CF
B(I'i+ 3) + FZA o7

Z
Cit=

Z ! ! A CZ
BFZ+BZ)FDQC+ﬁP2cl+BF+5ACZ l Z-

6P,D2D _ 79 D2D
xX

We are now in the position the evaluate 7(!) numerically. The exogenous parameters are
(i) the number of customers n, (ii) the number of dealers M, (iii) the customers’ coefficient
of risk-aversion 7y, and (iv) the dealers’ average coefficient of risk-aversion I'*. Following
Vayanos and Woolley (2013), we choose

'~ = 30.

We define
K =
r*’

and use the values
k € {0.5,0.75,1,1.25,1.5}.

Figure IA.1 plots 7(Y) as a function of n, for M € {5,10,20,40}. The figure shows
that 7(Y) is negative for n sufficiently large. In our data, the number of dealers M fluctuates

between 8 and 12.
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Figure IA.1: Liquidity Mismatch in a Fragmented Double Auction Model The
relation between the D2D price and a,,ismaten in @ market such as the one in Babus and
Parlatore (2022) is given by

MM! _
PD2D ~ 057D2Dd + 7_7'*6‘ - ﬁ(l* ﬂ(l))amismatch + 0(7;7D2D@ + C§7D2D9 s
c

where A\, and @E” are positive. We plot 7% as a function of n. The other parameters are

v

" = 30 d =—.
an K= r
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