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Abstract

Chapter 1. Improving Access to Information Through Market Design (with Marzena
Rostek) Availability of information to market participants is often seen as essential to
the functioning of markets. We consider a market-design based alternative to improve
access to information. We examine designs allowing traders to condition their demands
on simultaneously determined prices in venues in which they do not participate. Facil-
itating access of information is neutral in competitive markets. Designs allowing cross-
venue conditioning can be superior in markets with large traders who have price impact.
Our results highlight the role of trader heterogeneity for design and regulation.

Chapter 2. Dynamic Market Choice In practice, many assets are traded in both trans-
parent centralized markets and opaque decentralized markets. To explain traders” mar-
ket choices, we develop a model of dynamic learning and market selection between the
centralized and decentralized markets. With heterogeneous trader value correlations, we
find that when asset payoff sensitivity or volatility is sufficiently low, traders prefer the
decentralized market; when asset sensitivity or volatility is intermediate, switching be-
tween centralized and decentralized markets is the optimal market choice; when asset
values are sensitive to volatile fundamentals, assets are traded only in the centralized
market. The model’s predictions are supported by empirical evidence from the Chinese
corporate bond market. Our research uncovers new welfare implications for various
market designs with endogenous market choices.

Chapter 3. The Impact of Leverage Ratio Regulation on Bond Market Liquidity While
post-crisis regulations on banks’” leverage ratio aim to build financial market resilience,
it remains debatable whether they have adverse consequences on market liquidity. This
paper explores the impact of leverage ratio regulations on bond market liquidity. Empir-
ically, we find that leverage regulation has heterogeneous effects on the market liquidity
across traders and assets during the March 2020 corporate bond market turmoil. In par-
ticular, the leverage regulation has a higher impact on the transaction cost of safe assets
than risky assets. We build a decentralized market model with leverage ratio regulation
to explain the findings. Then we quantify the welfare during the market turmoil and con-
sider counterfactuals of adjusting the leverage regulation and market design solutions.
We find that the adjustment of risk-weight on corporate bonds can potentially decrease
welfare, and exempting the Treasury from calculating leverage exposure can improve
welfare. Introducing a central clearing party and an all-to-all market can attenuate the
unintended consequence of leverage regulation on market liquidity without hurting fi-
nancial stability.
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Chapter 1

Improving Access to Information

Through Market Design

1.1 Introduction

Nowadays financial markets are fragmented. In 2021, financial assets are traded
across about 500 execution platforms in the EUL. As of 2022, in the United States, equi-
ties alone are traded across 16 public exchanges?, around 85 alternative trading systems
(ATS) 3 and numerous broker-dealer networks*. The market fragmentation has created
obstacles for traders to access cross-exchange information and have an overview of mar-
ket condition in a timely manner. While the electronic trading has made trading more

latency-sensitive and reliant on market data, the access to cross-exchange information is

IThe statistics can be found in Fact Sheet: 2021 CMU package, consolidated tape: https://ec.
europa.eu/info/sites/default/files/business_economy_euro/banking_and_finance/
documents/211125-capital-markets—-union-package-consolidated-tape-factsheet_en.
pdf

*The statistics can be found in U.S. Equities Market Volume Summary: www.cboe.com/us/
equities/market_share/.

*The statistics can be found in FINRA: list of ATS equity firms: www.finra.org/
filing-reporting/otc-transparency/ats-equity-firms. Among 90 ATS firms registered
with the Securities and Exchange Commission (SEC), 85 firms are operating as of July 31st 2022.

*According to 2022 FINRA financial industry snapshot, 3,394 broker-dealer firms are registered with
FINRA in 2021.


https://finance.ec.europa.eu/system/files/2021-11/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://ec.europa.eu/info/sites/default/files/business_economy_euro/banking_and_finance/documents/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://ec.europa.eu/info/sites/default/files/business_economy_euro/banking_and_finance/documents/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://ec.europa.eu/info/sites/default/files/business_economy_euro/banking_and_finance/documents/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://ec.europa.eu/info/sites/default/files/business_economy_euro/banking_and_finance/documents/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://www.cboe.com/us/equities/market_share/
www.cboe.com/us/equities/market_share/
www.cboe.com/us/equities/market_share/
https://www.finra.org/filing-reporting/otc-transparency/ats-equity-firms
www.finra.org/filing-reporting/otc-transparency/ats-equity-firms
www.finra.org/filing-reporting/otc-transparency/ats-equity-firms
https://www.finra.org/sites/default/files/2022-03/2022-industry-snapshot.pdf

significantly slower than the proprietary data provided by each venue.” As a response to
that, the European Commission proposed the introduction of an EU consolidated tape, a
system that consolidates as close to real-time as possible information on transactions tak-
ing place on trading platforms across the EU. © The U.S. Securities and Exchange Com-
mission has also made further enhancement to the Regulation National Market System
(RegNMS) in disseminating the national best bid and offer in 2020.7

Motivated by the policy concern, in this paper, we explore the market designs to
improve access to information in latency-sensitive fragmented markets. We build on the
recently introduced model which relaxes the assumption of full demand conditioning in
the standard double-auction model based on the uniform-price mechanism (e.g. Wilson,
1979; Klemperer and Meyer, 1989; Kyle, 1989; Vives, 2011; Rostek and Weretka, 2015) for
strategic traders in the quadratic-Gaussian setting. We examine the effects of cross-venue
conditioning in markets with N > 2 exchanges. We consider the following decentralized

market designs:

¢ No cross-venue conditioning: traders have access to price in their own venue and

submit demands contingent on that.

¢ Full cross-venue conditioning: traders submit demands contingent on the price

from all venues, including those where they do not participate.

The EU consolidated tape and RegNMS in US stock exchanges de facto induce cross-
venue conditioning; however, analogous rules do not apply in markets for other asset
classes or stock markets abroad (see Budish et al. (2019)). The data infrastructure may
also be partially implemented, e.g., dark pools may access price information from lit

exchanges, but lit exchanges do not have price information from dark pools. Therefore,

°In press release “SEC Adopts Rules to Modernize Key Market Infrastructure Responsible for Collecting,
Consolidating, and Disseminating Equity Market Data”, Washington D.C., Dec. 9, 2020, said Director Brett
Redfearn of the SEC, “The content of national market system data for equities and the consolidation and
dissemination of that data have lagged meaningfully behind the technologies and data content widely used
for proprietary data products offered by exchanges.”

®Details can be found in Fact Sheet: 2021 CMU package, consolidated tape.

"Details can be found in SEC Adopts Rules to Modernize Key Market Infrastructure Responsible for Col-
lecting, Consolidating, and Disseminating Equity Market Data. www.sec.gov/news/press-release/
2020-311.


https://www.sec.gov/news/press-release/2020-311
https://www.sec.gov/news/press-release/2020-311
https://finance.ec.europa.eu/system/files/2021-11/211125-capital-markets-union-package-consolidated-tape-factsheet_en.pdf
https://www.sec.gov/news/press-release/2020-311
https://www.sec.gov/news/press-release/2020-311
www.sec.gov/news/press-release/2020-311
www.sec.gov/news/press-release/2020-311

we also consider the decentralized market design where the cross-venue conditioning is

implemented in some but not all exchanges.

¢ Partial cross-venue conditioning: traders in some but not all venues have access to
all prices and submit demands contingent on that; traders in the other venues have

access to price in their own exchanges only.

A more radical proposal to increase information access is to create a centralized ex-
change through traders’ full participation. In MiFID II, the European Securities and Mar-
kets Authority (ESMA) has put forward regulations to ensure nondiscriminatory market
access, e.g., trading venues should not require minimum trading activity, and venues
should not impose restrictions on the number of counterparties that a participant can

interact with.® Motivated by the proposal, we also consider the centralized market design,

¢ Centralized market: all traders participate in all venues and submit demands con-

tingent on all prices. This design functions like a single exchange.

We compare the welfare across the four designs. The comparison highlights two ef-
fects which jointly determine the optimal design, the liquidity effect and the learning
effect. The liquidity effect corresponds to the welfare gain associated with market liquid-
ity; the learning effect captures the welfare gain from learning with private signals and
prices.

Accounting for the imperfect competition is critical to optimal design. We find that
in competitive markets, facilitating trader access to information from exchanges in which
they do not participate is neutral to equilibrium and welfare. This is because, in a compet-
itive market, (i) there is no liquidity effect, and (ii) the learning effect is invariant to changes
in demand conditioning. Intuitively, the gains from trade depend on the expected differ-
ence between the private value and the market price, conditional on the private signal

and the price information. As traders within the same exchange have equal access to

8See Questions and Answers On MiFID II and MiFIR market structures topics: https:
//www.esma.europa.eu/sites/default/files/library/esma70-872942901-38_qgas_
markets_structures_issues.pdf.


https://www.esma.europa.eu/sites/default/files/library/esma70-872942901-38_qas_markets_structures_issues.pdf
https://www.esma.europa.eu/sites/default/files/library/esma70-872942901-38_qas_markets_structures_issues.pdf
https://www.esma.europa.eu/sites/default/files/library/esma70-872942901-38_qas_markets_structures_issues.pdf

price information across exchanges, the expected value and the market price increase by
the same amount. Thus providing additional price information does not increase the
learning effect.

When traders have price impact, allowing cross-venue conditioning is no longer welfare-
neutral. In fact, allowing cross-exchange conditioning in the decentralized market is al-
ways weakly liquidity-improving and welfare-improving. This is because it changes the
liquidity effect. To see why, recall that by definition, the price impact corresponds to the
marginal price change as a response to a trader’s deviation in demand. Suppose a trader
increases the demand by a unit. The price impact can be decomposed into two parts. The
first part is due to risk-aversion. The marginal valuation of the residual market increases
as their holdings decrease. The second part is due to traders” inference. Given trader i
in exchange n has deviated, the residual market attributes the price change to a different
realization of the average signal in exchange n, and adjusts their conditional expectations
accordingly. We find that when traders have cross-exchange price information, the price
impact due to inference is lower. This is because traders’ inference weight on the price in
their own exchange is smaller when they have access to more information.

By comparing the decentralized market designs and the centralized market designs,
we find that all designs can be Pareto-optimal, depending on the traders’ value correla-
tion. When the traders’ values are equally correlated with traders in their own exchange
and traders in the other exchange, the centralized market is always the most liquid and
has the highest welfare. This result holds regardless of the number and size of exchanges.
The prediction that allowing more conditioning is Pareto-improving extends to the fully
integrated, centralized market when value correlations are symmetric. However, turn-
ing the decentralized market into a centralized market can decrease welfare with het-
erogeneous correlations. This is due to both the liquidity effect and the learning effect.
First, when the average correlation in the centralized market is sufficiently larger than
the decentralized market, the learning effect in the centralized market can also be lower.

Although traders have an increase in information gain with a larger market size, the



residual market’s inference from price is sufficiently strong to counterbalance the size ef-
fect. Second, when the cross-exchange correlation is sufficiently large, the liquidity can
worsen when we turn the decentralized market into the centralized market. This is when
the residual market assigns a higher weight on the price, and increases the price impact
by more due to inference.

Finally, we consider the price informativeness of the designs. We define the price in-
formativeness as the extent to which the price information available to traders improves
their inference. It is obvious that prices in the decentralized market with full-conditioning
are more informative than those in the fully decentralized market, as the inference preci-
sion increases with access to cross-exchange prices. The two designs have the same price
informativeness only when the cross-exchange correlations are all zero, i.e., traders’ val-
ues are independent across exchanges. We also find that the decentralized market with
full-conditioning has weakly higher price informativeness than the centralized market.
Intuitively, the centralized market price is just a weighted average of signals in each ex-
change, and it can be expressed as a linear combination of decentralized market prices.
So the centralized market price can not be more informative than that in the decentralized
market with full conditioning.

To summarize, our findings have the following implications to the design of consoli-
dated tape and RegNMS: (i) Improving access to cross-venue information is neutral when
the market is competitive. It is liquidity-improving and welfare-improving when the
market is imperfectly competitive. (ii) Creating a centralized market can yield lower or
higher than providing cross-venue information alone, depending on traders” value cor-
relation. (iii) Improving access to cross-venue information in the decentralized market
weakly increases the price informativeness compared with other designs in this paper.

Our paper contributes to the market design literature by allowing for flexible expres-
sion of preferences over multiple assets or objects, e.g., Lahaie and Parkes (2004); Cram-
ton et al. (2004). It is closely related to recent studies on trading with uncontingent sched-

ules in imperfectly competitive markets (Chen and Duffie, 2021; Rostek and Yoon, 2021;



Wittwer, 2021).° The existing works compare the uncontingent and contingent demand
schedule with traders’ full participation. To the best of our knowledge, we are among the
first to consider a model allowing traders to condition on simultaneously-determined
prices in venues in which they do not participate.

This paper is also related to the literature of information spillover. Huangfu and
Liu (2022) contemporaneously studies a model of the decentralized market with a focus
on the price information spillover across exchanges. Traders within one exchange have
equal value correlation but asymmetric access to cross-venue price information. Our
paper takes a market design approach where traders have equal access to cross-venue
prices, complements their paper by allowing heterogeneous value correlation, and pro-

vides a comparison with the centralized market design.

1.2 Model

Market Structure Consider a market of one divisible risky asset, and one risk-free asset
as a numéraire, N > 2 exchanges, and [ traders. Each exchange clears separately. We
index exchanges by n and traders by i. An exchange n € N is identified with a subset of
traders I(n) C I. Denote the number of traders in exchange n as I,,. Assume that each
trader can only participate in one exchange, i.e., I(m) N I(n) = 0, Vm # n. Assume that
each exchange has at least two traders, I,, > 2, ¥n € N. The market is a double auction

in a linear-normal setting. Trader ¢ has a quasi-linear and quadratic utility function.

Ui (qz) — igi — %(qi)Q,

where ¢’ is the quantity of traded asset and a > 0. Traders are uncertain about the as-
set value. The uncertainty is captured by the randomness in the intercepts of the marginal
referred to as values.

utility functions {6}, _,,

Information structure Prior to trading, each trader observes a noisy signal about his true

Cespa (2004) examined equilibrium in competitive uncontingent markets with two assets and noise
traders, and characterized how uncontingent trading affects price informativeness.



value 0, s' = 0" +&'. We adopt an affine information structure: Random vector {6’,&'}, o
is jointly normally distributed; noise ¢’ is mean-zero i.i.d. with variance ¢ > 0 and the

expectation E [¢°] and the variance o} of ¢ are the same for all i. The variance ratio

02 = 02 /02 measures the relative importance of noise in the signal.

The I x I variance-covariance matrix of the joint distribution of values {6} _, nor-

el’

malized by variance og, specifies the matrix of correlations,

1 p1’2 pl,I
2,1 2.1
po 1 pe
C=
pI,l pI,2 1

Definition 1 (With-exchange Correlation and Cross-exchange Correlation). Define the av-
erage within-exchange correlation for trader i € I(n) as pi, = In%l D jtiel(n) phl e [-1,1].
Define the average cross-exchange correlations between trader i € I(n) and traders in I(m) as

ﬁ%m = i Z]EI(m) pZJ € [_17 1}

Assume that the within-exchange correlations and cross-exchange correlations equal-
ize for all i € I(n) for any exchange n € N, i.e., p!, = pn, pbpy = Pmn, Vi € I(n) for any
n € N. As phJ = pi, it is easy to see that ppm = pmn, Vm,n € N.

With these assumptions, we can define the average correlation matrix,

14+(I1—1)p _
w e PIN
C— c RNXN, (1‘1)
PN1 71+(I]};1)M

where the (n,m)"" element is the average value correlation between traders in exchange

n and m.

Double Auction We study double auctions based on the canonical uniform-price
mechanism. Traders submit strictly downward-sloping (net) demand schedules. The

part of a bid with negative quantities is interpreted as a supply schedule.



The market clearing prices {p,, }} are such that aggregate demand all exchanges equal
to zero, 3 ic () ¢‘(:) = 0,Vn € N. Trader i € I(n) obtains the quantity determined by his
bid evaluated at the equilibrium price (¢*)*, for which he pays p}; - (¢°)*. Trader payoff is
givenby U* ((¢')") —p}, - (4')".

Equilibrium We study the Bayesian Nash equilibrium in linear demand schedules (here-

after, equilibrium).

Definition 2 (Equilibrium). A profile of (net) demand schedules {q'(-)}, is a Bayesian Nash
equilibrium if, for each i, ¢'(-) maximizes the expected payoff given the schedules of other traders

{qj(-)}#i and market clearing 3, () ¢'(-) = 0 for all n.

1.3 Equilibrium characterization

In this section, we will characterize the Bayesian Nash equilibrium of the four de-
signs: 1. Decentralized market where traders have limited participation and access to
price information in their own exchanges only. 2. Decentralized market with cross-venue
conditioning where traders have limited participation but access to price information in
all exchanges. 3. Decentralized market with partial conditioning where traders in a sub-
set of exchanges have cross-venue conditioning. 4. Centralized market where traders
have full participation and full conditioning.

In particular, we focus on the case of decentralized exchange with full conditioning
and partial conditioning, as (i) they are two market designs new to the literature and (ii)

they are relevant for policy designs like consolidated tape and RegNMS.

1.3.1 Decentralized Market

In this part, we consider a fully decentralized market without cross-venue informa-
tion to model the market before the implementation of consolidated tape and RegNMS.
Design 1 (Decentralized Market) We first consider a design where the traders only

know the price in their own exchanges, and submit demand contingent on that. We use



superscript d to denote equilibrium in this design.
In this setting, the trader i € I(n) faces the following optimization problem:
maxE[6'q" — %(qi)2 — g’ by, 5], (12)
ql
A profile of (net) demand schedules {¢’(p?)}, is a Bayesian Nash Equilibrium if
for each trader i € I(n), (i) demand schedule satisfies the first-order condition given
price impact \b4: ¢i(pd) = ﬁ (E [07]s',pe] — p?) , where the posterior expectation
E[6|s?, pd] = cng[Gi] + cg’nsi + cgmpflI is determined by the projection theorem given

the equilibrium price distribution, and price impact such that (ii) price impact equals the

. : -1
slope of i’s residual inverse supply: \i¢ = — (z ki 3‘%;5%)) Vi e I(n).

Proposition 1 (Decentralized Market Equilibrium). A linear Bayesian Nash equilibrium ex-
ists and is unique. The closed-form solution is characterized as below, and the existence condition
can be found in the proof, (i) For trader i € I(n), the conditional expectation E[0¢|s?, pl] =

g El07 + ¢, 5" + ¢ pf, where coefficients as functions of the primitives:

cd — 1-— ﬁn
S, 1 _ ﬁn + 0_27
- (2 —7n)Pn o’ (1.3)
pn 1_711‘1',5711_571"1'0'27
cg,n =1- Cin - Cg,n'

where v, =1 — 1,1%1 € [0, 1] is the index of exchange size.

(ii) The equilibrium price impact for traders in exchange I(n) is

1-— n
Y Y (1.4)
Tn — Cp,n

(iii) The equilibrium bid for trader i in exchange I1(n) is

bd — S (60— 5,). (1.5)



(iv) The equilibrium prices satisfy

cov (0, 5,)

pg = E[e_n‘gn] = E[H] + Var(§n)

(5n — E[0]). (1.6)

An observation to the equilibrium is that the realized prices differ across exchanges.
This motivates the design to enhance the access to information in the other exchange.
In the following sections, we discuss designs which allow all or some of the traders to

submit their demand schedule contingent on prices in other exchanges.

1.3.2 Decentralized Market with Full Conditioning

The EU consolidated tape and RegNMS in US stock exchanges de facto induce cross-
venue conditioning. In this part, we will discuss the design of the decentralized market
with full conditioning.

Design 2 (Decentralized Market with Full Conditioning) In this design, we allow
all traders to see prices from all exchanges and submit demand contingent on that. We
use superscript dc to denote equilibrium in this case.

Trader i € I(n) faces the following optimization problem:

max E[§'q’, — 2

Z 5 (0n)* = pifanlp™, ') (1.7)
qn,

where ¢, is the quantity submitted by trader i in exchange n, pi° is the price in exchange
I(n), s' is the signal received by trader i, p = (pde), € RV,
The first order condition is

E[0'|p™, s'] — agl, = p + Ni g}, (1.8)

n

8pdc

Opn
i =

dqy, "

where \! = It is the (n,n)™ element of price impact matrix A° = =

10



op1 ... OpN
aq; oq}
: : € RV*N and ¢ = (¢5%),, € RY.
pr .. OpN
oy oy

In equilibrium, (i) for trader i € I(n), the demand schedule ¢!, = (a+\%) "L (E[¢¢|p, s']—

pn)- EI0'[p%, s'] = ¢§¢ E[0] + ¢i,s' + 37, e pie, where coefficients are determined by
the Projection Theorem given the equilibrium price distribution, and (ii) the price impact

is correct, i.e.,
—1

8qj aqj
Djti dpr T 2ujdi Opr
Al =— : : . (1.9)

> oq D day
J#i OpN Jj#i OpN

Proposition 2 (Decentralized Market with Full Conditioning Equilibrium). A linear Bayesian

Nash equilibrium exist and is unique. The closed-form solution is characterized as below, and the
existence condition can be found in the proof. When traders can submit demand schedules condi-

tional on prices from all exchanges:

. . . . y d y _
(i) Inference coefficients in E[0"|p™, s'] = c§ de o] + cde st + 3, cd e, 2D satisfy

dC — _1=pn _
5 Ko} - 1_[7”_;’_0-2 Y
dc _ o _ (l_ﬁn)02(671)nm

Cpm,n = 1—ppfo? 1n:m (A=pn+od)I, ° (110)
d _ d d

Gn = 1= =D o

where C is the average correlation matrix.

(ii) Trader i € 1(n) has price impact 1°

1—
Ade = Tn____q, (1.11)
Mm—1+ 1/(M C)nn
where v, = 1 — 25 and M = (Id — C2)~1,C% = (¢ )pm € RVN, (M), is the

(n,n)t" element of Mdc.

"Note that the off-diagonal elements of the price impact matrix A’ do not affect the equilibrium bid and
welfare. So we only report the diagonal elements of the matrix here for simplicity.

11



(iii) The equilibrium bid at the equilibrium price for trader i € I(n) is

. 1 . 3 )
ghe = mcgfn(s’ —8,) Vielln),n=1,...,N. (1.12)

(iv) The equilibrium prices satisfy
p% = E[0]5] = E[0] + cov(8,5) - cov(5,5) "L - (5 — E[A)]). (1.13)

There are several interesting observations of the equilibrium.

First, while prices in Design 1 are determined by signals within one exchange, prices
in Design 2 are a function of the average signal from all exchanges. As the traders form
expectations based on prices from all exchanges, the intercept of the demand schedule
contains information from the other exchanges. The price adjusts with the cross-exchange
information to clear the market.

Second, the equilibrium bid is not affected by the off-diagonal elements of the price
impact matrix. As the traders pay for their bids at the prices in their own exchanges, their
bids only respond to the price impacts in their own exchanges.!!

Third, inference coefficients on signals remain the same as those in Design 1.

Corollary 1 (Inference Weight on Signals). Traders assign the same inference weight on private

signals in Design 1 and Design 2. cglfn = Cg,n'

Intuitively, the coefficient c; is the marginal change in the conditional expectation of
6" as a response to the change in signal s’ while holding the price constant. It reflects the
additional information provided by s’ beyond what prices can provide. With a symmet-
ric market structure, prices are functions of the average signals. In Design 1, price p¢ is

informationally equivalent to 5,,. In Design 2, price vector p?° is informationally equiva-

"Despite the fact that the off-diagonal price impacts (or we can say, the cross-exchange price impacts),
do not affect equilibrium bid and welfare, they are in general non-zero due to traders’ inference. As trader
i € I(n) submits the demand schedule ¢*, it changes the price in his own exchange, p.. As traders in
the other exchanges form their expectations based on p,,, they also change their demand schedules, which
in turn changes the prices in the other exchanges. This cross-exchange inference creates non-zero cross-
exchange price impacts.

12



lent to {5, }». As the covariance between s’ and any 5,,,, m # n conditional on 5, is zero,

the cross-exchange information does not change the additional information provided by

s' beyond the prices, and does not change how traders weigh the private signals.
Fourth, the correlation matrix is an important determinant for inference coefficients

: dc
on prices Cpmﬂ .

In particular, the cross-exchange correlations, which have no impact
on equilibrium in Design 1, affect equilibrium in Design 2. The following example shows

how within-exchange correlations and cross-exchange correlations affect the equilibrium.

Example 1 (Two Decentralized Exchanges with Full Conditioning). Consider two equal-
sized exchanges with the number of traders I = I = L. The within-exchange correlations are
p1 = p2 = pn, and across-exchange correlations are p1a = pa1 = ppm. As the two exchanges
are symmetric, we have \¢ = \3°. Without loss of generality, we focus on the price impact in
exchange 1.

The price impact in the decentralized exchange with full conditioning is

11—,

dc

de __
)\1 - — e _ Cdc
n p1,1 — 12Cps 1

a, (1.14)

_ 1 : - ; i ode  _ de
where v, = 1 — =T the inference coefficients on trader’s own exchange is ¢ | = cpo 5 =

p p2,
02(2_%)(pn(1_7n+,0n)_ﬂgnn(2_'Yn)> de _ .de _

TR (g oy Ry 3 the inference coefficients on the other exchange ¢, 1 = ¢ o =
dc
0'2(2_"/n)(1_'7n)(1_pn)pmn Ny = p1.,2
(1=pn+02)((1=n+pn) > =p2n(2—m)?)” 1—cgs

From Example 1 we can see that the within-exchange correlations p,, and cross-exchange

correlations py,,, determines the inference weights on prices and price impacts. In this
example, the price impact A% firstly increase with cross-exchange correlations py, for

pnm < 0, and decreases with cross-exchange correlations py,, for pp, > 0. 12

2In general, the derivative of \%° with respect to cross-exchange correlation ppm, is

d\de _ (In = DAY 1—-p, o2 2cov(sn, 3,) (cov(éfn,é'_n)fl)m

dpnm « 1—pn+o02 I, cov(0n, 5n|8_1)2

where (cov(3_n, éLn)’l)m is the column m of matrix cov(3—n, 3", )" ". When there are two exchanges,

< 0if pran > 0.

n

dade i = dxde
n > < d n
dppm — 0if prmn < 0, and dpny

13



1.3.3 Decentralized Market with Partial Conditioning

The data infrastructure to improve access to cross-venue information may be partially
implemented. For example, dark pools can have access to price information from lit
exchanges, but lit exchanges do not have price information from dark pools. Besides, data
infrastructures like EU consolidated tape and RegNMS do not apply in markets for other
asset classes or stock markets abroad. We may wonder about the welfare implications of
a partial implementation. In this part, we will discuss partial conditioning, where only
a subset of traders can see prices from all exchanges and submit demand contingent on

that, while the others cannot.

Design 2’ (Decentralized Market with Partial Conditioning) Assume that only traders
in a subset of exchanges I(1),...,I(K),K < N can see prices from all the exchanges and
submit demand schedules contingent on that. We use superscript pc to denote equilib-
rium in this case.

Traders in I(K + 1),...,I(N) can only see prices in their own exchanges. Therefore,
the equilibrium for these traders is the same as that in Design 1.

For traders in I(1),...,I(K), the first order condition to their optimization problem

remains the same as that in Design 2

E[0'|p™, s'] — aq), = pi° + X, (1.15)

where p} is price in exchange I(n), p** = (ph7), € RN, N, = glq’;? is the (n,n)" element

. N de . .
of price impact matrix A’ = da’; - q = (¢5%), e RN,

In equilibrium, (i) the demand schedule ¢!, = (o’ + A%, )~H(E[0|p<, s'] — ph’), where

E[¢¢|pPe, 5] is determined by the Projection Theorem given the equilibrium price distri-

bution, and (ii) the price impact is correct.

Proposition 3 (Partial Conditioning Equilibrium). A linear Bayesian Nash equilibrium exists
and is unique. The closed-form solution is characterized as below, and the existence condition can

be found in the proof. When traders in a subset of exchanges I (1), ..., I1(K),K < N can condition

14



their demand on price from the other exchanges while the others cannot,

(i) The inference coefficients on price under partial conditioning for trader i € I(n), n =

1’ * K/
c o 1—pn
C‘I;an - 1_,5n+0'27
02 (l_ﬁn)a2(g_71)nm . _
¢ — Wln:m_m ifm=1,..., K.
Brn = (1=pn)o?(G~H) (1.16)
—Pn)0 nm . _
T Wi (l=pnto)In ifm=K+1,...,N.
Ao = 1= =%,
_ 35,8 . 2 o L1y
where G = % — dmg(%lnzl,...7l()n e RVN and W, = 1—5‘,?,7,1 — 1+02(-1-(1m—)l1))/7m'

For traderi € I(n),n=K +1,..., N,

d7
Cg,cn = Cs n,
d7
Ee = (1.17)
cpc _ Cd,n
o,n 6

(ii) The price impact for trader i € I(n)

A = X Loy g+ AL Lk, N (1.18)
(iii) The equilibrium bid for trader i € I(n)
=g Lk 6 Tam kN (1.19)
(iv) The equilibrium price for trader i € I(n)

Pe=p% 1,0 kAP lp—ry1 N (1.20)

It is trivial that A" = A% for n = K + 1,..., N, as traders in these exchanges do not
have access to cross-exchange prices in both designs. The intuition that A}’ = A4 for

n=1,..., K is as follows.
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Consider the case with N = 2, K = 1. As traders in I(1) can submit demand con-
ditioning on prices from two exchanges in both Design 2 and Design 2’, these traders
can learn the weighted average signals in two exchanges 51 and 55. In Design 2, prices
{p1, p2} are linearly independent combination of average signals in two exchanges 5; and
59. In Design 2’, price py deterministically reveals average signals 52, and price p; is lin-
ear combination of average signals 5; and 52. Thus in both cases, the traders in I(1) learn
from prices the exact change in average signals in two exchanges.

In a counterfactual analysis, suppose a trader 7 in exchange (1) deviates unilaterally
from the Bayesian equilibrium by submitting a higher demand. In Design 2’, p» will not
change as traders in I(2) are not allowed to submit demand contingent on p;. In Design
2, both p; and p will change. Comparing the two designs, the remaining question is why
the price impact for traders in exchange /(1) does account for the additional change in
pe2. This is because the traders in /(1) can learn the average signals from p;, p2 by our
previous argument. They can always decompose the change in p; into two parts, the part
due to the change in 5; and the part due to the change in 55. Therefore, despite that p,
changes with p; in Design 2, traders in /(1) can detect such changes in p, are completely
due to the change in the average signal in their own exchange. Therefore, given a unit
deviation of ¢!, the change in residual demand in I(1) and the change in p; in Design 2
and Design 2’ are the same, i.e., \¥¢ = \[“.

An observation of Design 2 and Design 2’ is that the realized prices are generally dif-
ferent across exchanges. To be clear, having access to information in the other exchanges
does not eliminate the price differences, as the traders cannot participate in the other
exchanges and arbitrage due to market segmentation. In the next section, we allow the
traders to have full conditioning as well as participate in all exchanges. All exchanges

clear simultaneously and will have the same price.
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1.3.4 Centralized Market

A more radical proposal to increase information access is to create a centralized ex-
change through traders’ full participation. In this section, we will discuss the centralized
market design.

Case 3 (Centralized market) Now consider allowing the traders to submit contingent
demand as well as participate in all exchanges. All exchanges clear jointly. This design
works as if consolidating the decentralized exchanges into one centralized market. We
use superscript ¢ to denote equilibrium in this case. The trader i faces the following
optimization problem:

max I~ 5 0 - )
In equilibrium, (i) given \“¢, the price impact of trader i in the centralized market, the

first order condition of the maximization problem is
q' = (o' + X" N E['|s", p] - p°),

where the posterior expectation E[0|s',p°] = ¢jE[07] + ¢5s' + cp© given the affine in-
formation structure. The coefficients cj, ¢5 and ¢, determined by the price distribution

in the equilibrium. (ii) price impact equals the slope of i’s residual inverse supply:

i,C 851 n -1 ;
A :—(z#i q8;g>) Vi € I(n).

Proposition 4 (Centralized Market Equilibrium). In a centralized exchange, the equilibrium

inference coefficients and price impacts are jointly determined by the following equations:

%,C _ (Zi(5i’6)2(1+02)+2i Zj;éi 6i’65j’cpz'j)—(5i’(ﬁ(1+‘72)+2j¢i 5j’cpij) (5i’c+2j¢i 5'j’cpij)
° (1+‘72)(Zi(6i’c)2(1+02)+Zi Dt 5i’c‘sj’cf7ij)_(61’0(1+02)+Zj¢i 5j’cpij)2

de— (v 1-c;® 0% %2 07pig L, (1.21)
P ¢ atAbe (1+U2)(Zi(éi’6)2(1+‘72)+2i Zj;éi 5i’c5j’cpij)*(5i’c(1+02)+2j;&i 5j’cpij) ’

X = (3N + )1 (1= )

)

. i,
1, —= Cs -
where §"¢ = e
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The equilibrium bid is

¢"“(p) = (s' = 5), (1.22)

s 1 i
where 5 = 7 . s".

The equilibrium price is

(¢}

3y

. 1 .
1-— C;,’c c?cy

= : . . 1.23

(Z o + )\’L,C) <; o + Az,c) ( )

i
A direct observation is that the realized prices in general differ from exchange to
exchange in previous cases, but there is only one price in the centralized market.
For simplicity, in most following analysis, we will focus on a special case where all

traders in the centralized market have the same average correlation with the others, i.e.,

=Y j+i Pij = P, Vi. Note that this put an assumption on within-exchange and cross-

. (In_l)ﬁn'f‘zk;ﬁ Ikﬁnk —
exchange correlation, S ]k_l” =p,Vn=1,...,N.

Example 2 (Equicommonal Market (Rostek and Weretka, 2015)). Assume that in the cen-
tralized market with I traders, each trader’s average correlation with other traders in the market
is equicommonal, i.e.72 > j2iPij = P, Vi. A linear Bayesian Nash equilibrium exists and is

unique,
1—p
Cc __
Cs— 1—,54—0'27
o_ 2=vp 0o (1.24)
P l—~y+pl—p+o%

cg=1—c5—c,

where v =1 — 7 € [0,1] is the index of market size.
The equilibrium price impact

. 1—
Ni=x="To v (1.25)
T

The equilibrium price

p¢ = E[0]5] = E[f] + cov(5,0)cov(5,5) " (5 — E[A]), (1.26)
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wheres = 15,50 =15, 0%

We can see the price impact A is monotonically increasing in p in Example 2. So
cross-exchange correlation also affects price impact in the centralized market, keeping

everything else constant,\° is monotonically increasing p,.

1.4 Welfare Comparison

The first practical concern is whether access to cross-exchange information can in-
crease the market liquidity and allocation efficiency.!® In this section, we compared the
welfare in the four designs. We use the ex-ante expected utility of trader i to measure
the welfare. For illustration purpose, we assume that the centralized market is equicom-

. Infl Pn 1 7n — .
monal, i.e., ( )pz+%jkj" 12 p,Vn =1,..., N. We calculate the ex-ante expected util-
k

ity in decentralized markets with different degrees of conditioning, and decompose it into
liquidity effect and learning effect. The liquidity effect is only determined by the price
impacts, and the learning effect is only affected by the difference between the trader’s

expected value conditional on price and private signal and the market price.

Design 1 Decentralized exchange In Design 1, trader i € I(n) has ex-ante expected

utility

; a (o +2X%) ; : 2 a+222) (1-5,)2 ,
E [u 7d] = i (a N )\d)2 E [(E [9 \Pflws} _pz) :| = 2((0[_’_/\7,11))2 19,3:-0-)02 (1 - i)a%, Vi

liquidity effect learning effect

Design 2 Decentralized exchange with Full Conditioning In Design 2, trader ¢ €

I(n) has ex-ante expected utility

de
ide _LO‘(OH‘Q)‘n) i de z] _ dc)2 _ o (e2Xe) a-pa)? 4 1 2 ,
E [’U, ] 2« (Oé+ )\gc)Q E (]E [9 ’p yS Pn - 2(()44—)##)2 T—pnto? (1 T, )0—97 Vi
—_———

liquidity effect learning effect

1B3The study on the creation of an EU consolidated tape, final report by European Commission in 2020
gives case studies of how consolidated tape could potentially improve trade outcome including better lig-
uidity and allocation.
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Design 2’ Decentralized exchange with Partial Conditioning In Design 2’, trader

i € I(n) has ex-ante expected utility
E [u"] =E [Ui’dc} Ap=1,..k TE {ui’d} ‘Lp=K+1,.N- (1.27)

Compare the above cases, we find that the learning effect is the same for Design 1,
Design 2, and Design 2’. The liquidity effect is the only determinant of welfare ranking
among the three cases. Therefore, given the same set of parameters {7y, pn, Prm, @, 02},

the price impacts are the sufficient statistics for the welfare comparison in these cases.

Lemma 1 (Welfare Ranking and Price Impact Ranking). Given the same set of parameters
{Yns Prs Prum, v, 02}, the ranking of welfare of Design 1, Design 2 and Design 2’ is inversely

related to the ranking of price impacts of Design 1, Design 2 and Design 2’.
We then calculate the welfare with non-zero price impact for the centralized market.
Design 3 Centralized market Under equicommonality assumption, in Design 3, trader

i’s ex-ante expected utility is *

1 a(a+2)9) (a+2X°) (1—p)? 1

) ‘ | .
E [ui€] = 7E[E91 C’z_c]: Ll |
[U :| 2a (a+)\c)2 ( |: |p S] p) | 2(0&"‘)\6)21_[)-’-02( I)O'e Vi
S———— Y
liquidity effect learning effect
(1.28)

The welfare ranking of Design 3 may be different from its price impact ranking, as
the learning effect is different from Design 1, Design 2, and Design 2’. In Design 3, wel-
fare changes as the correlation and the exchange size have changed. When the average
correlation p is small, the centralized market always has the highest welfare. When p is
large enough, the centralized market can yield lower welfare than the other three market
designs.

To highlight how the presence of price impact changes the welfare ranking between
the different cases, we first provide the welfare ranking in a competitive market where

price impact equals to zero as a benchmark.

“Without equicommonality assumption, by Proposition 4, E [u"°] =3, 2(& f)ﬁlf))z (cb)?Var(s' — 3).

20



Theorem 2 (Competitive Market Benchmark). In competitive markets with all price impacts
equal to zero, E[ut?] = E[u®P¢] = E[u»¥] < E[u*“] if p € [~1, 5T (pn, In, )] for i € I(n); and

E[u®?] = B[ubP?] = E[u>%] > E[u>] if p € (p7 (pn, In, o), 1] fori € I(n).

The intuition for Theorem 2 is as follows.

As there is no price impact and traders do not participate in other exchanges, the
prices affect traders” ex-ante utility only through the learning effect, i.e. the difference
between the expected value and the price.”” Indeed, price information from other ex-
changes allows traders to infer about the average signals in other exchanges. However, as
traders within an exchange have equal access to cross-exchange information, it changes
the expected value for all traders as well as the price by the same constant. So the differ-
ence between expected value and price does not change. Therefore, the welfare in Design
1, Design 2, and Design 2’ is the same.

The above result implies that access to cross-venue information does not increase
welfare when the market is competitive. However, we find it is welfare-improving in
imperfectly competitive markets. In the following analysis, we will see how the existence
of price impact changes the above welfare ranking.

A side note here is that in an imperfectly competitive market, despite that the ex-ante
expected prices are equal to the competitive ones, the ex-ante expected welfare is not
the same. In the presence of price impact, the ex-ante expected bid is only a fraction of
that in a competitive market. Therefore, the expected allocations are not at their efficient
level. In general, the welfare can differ in each exchange and design with non-zero price
impacts.

In the following subsections, we will firstly discuss the liquidity effect in detail, es-
pecially for the first three cases where the price impact is a sufficient statistic for welfare

ranking; we will then discuss the learning effect, especially for the case of the centralized

Note that the limited participation of traders is what distinguish the results of this paper from Rostek
and Yoon (2021) where traders have full participation in all exchanges. In Rostek and Yoon (2021), price in-
formation from other exchanges can affect traders” expected trades of other assets. Inference error emerges
when asset payoffs are correlated and traders can only submit uncontingent demand schedules. And there-
fore allowing cross-venue conditioning is not neutral to welfare. In this paper, traders have limited partici-
pation, and there is no inference error.
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market.

1.4.1 Liquidity Effect

In this section, we compare the liquidity effect, or equivalently, the price impacts
of the designs.!® First, we analyze the welfare ranking with general value correlations
where within-exchange correlation can be different from cross-exchange correlation. In
this part, we find that allowing more conditioning can increase welfare in a Pareto sense.
We also find that we can have lower price impacts for some traders in the decentralized
market than in the centralized market. Second, we analyze the special case when within-
exchange correlation is equal to cross-exchange correlation, p, = ppm,. In this part, we
find that the centralized market always has the lowest price impact among all four cases,
and the decentralized market with conditioning has lower price impacts than the fully

decentralized market.

1.4.1.1 Liquidity and Welfare in Decentralized Designs

In this part, we consider the general case where the within-exchange and across-
exchange correlations can be different, i.e., pnm # prn, for m # n.

We begin by comparing the price impacts of three designs of the decentralized mar-
ket with different degrees of conditioning. We will first compare price impacts in the
decentralized market with no conditioning and those with full conditioning. Then we
will establish the welfare ranking of the decentralized market designs. The results show
that more conditioning is always weakly liquidity-improving and welfare-improving.
And the full conditioning case (Design 2) is the optimal among the three decentralized

designs.

Lemma 2 (Liquidity With Cross-Venue Conditioning). If the Bayesian equilibria for Design 1

and Design 2 exist, \&¢ < \d foralln = 1,..., N. \& = \d is taken if and only if cross-exchange

%11 this paper, we focus on non-negative price impacts. The purpose of this restriction is to show that
our findings on welfare comparison hold even without relying on negative price impacts. Theoretically, it is
possible to have negative price impacts in this model with a certain set of parameters.
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correlations py,, = 0 for any n # m.

The intuition of Lemma 2 is as follows. Suppose trader i € I(n) deviates by increasing
the bid by 0 > 0, then the residual market {j}c;(n) ;- has to give up J unit of the asset.
The residual market has two incentives to increase the price. First, as the traders are
risk-averse, the residual markets” marginal value increases when their holding decreases.
This incentive increases the price and does not vary with designs. Second, the residual
market can infer about the private value from the price p,. When trader ¢ deviates and
the price p, increases, the residual market will infer that the average signal realizations
increase and update their expected value accordingly. The magnitude of price change
due to inference depends on the inference weights on the price p,. In Design 2, as the
traders have access to cross-exchange price information, they assign a lower inference

weight on prices in their own exchange than that in Design 1, 17

2 e 7\ —1 2 -
o T (1 _ (1=p)((©) )nn> cld __C <1_ 1 — pn ) .

I R I P 1= po+o? n(C)an
(1.29)

The residual market’s expected values increase by less with any price increase in their
own exchange in Design 2 than in Design 1. This implies that the price impact for trader
¢ will be lower.

A special case is when the cross-exchange correlations are zero, the price impacts in
the two designs equalize. Intuitively, as the cross-exchange correlations are zero, the
average values in traders’ own exchanges are not correlated with the average signals
from other exchanges. Therefore, traders cannot learn any new information about their
values from cross-exchange prices. Allowing for conditioning makes no difference.

Lemma 1 and Lemma 2 provide a foundation for welfare comparison between Design
1, Design 2 and Design 2". As Ao’ = \%1,,_;  x + A41,_k11. N, we can easily get the

following result.

Theorem 3 (Conditioning is Welfare-Improving). If the Bayesian equilibria for Design 1,

7The inequality follows from ((C) ™ )nn > ((C)nn) "
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Design 2 and Design 2" exist, X < \0° < M Wn = 1,2,..., N, equivalently, E[u»%] >
E[u®P¢] > E[u9] for all traders i € I . The equality is taken if and only if cross-exchange

correlations pp,, = 0 for any n # m.

Theorem 3 shows that allowing more conditioning always improves welfare for the
decentralized market. In particular, compared with the competitive benchmark (c.f. The-
orem 2) in which allowing access to price information in other exchanges does not im-
prove welfare, it is no longer the case once we account for the price impacts. By argu-
ment in Theorem 2, the learning effect does not change with conditioning. By Lemma 2,
market liquidity improves with more conditioning. Therefore, allowing access to price
information from exchanges that traders do not participate in weakly improves welfare

in the Pareto sense, and full conditioning is the optimal.

1.4.1.2 Liquidity in the Centralized Design vs. Decentralized Designs

In the following part of this section, we compare the price impacts of the centralized
market (Design 3) with the three decentralized designs. 18 We allow traders’ value corre-
lation to be heterogeneous.

The purpose of the comparison below is to show how the liquidity effect can change
with correlations and market size. The conventional wisdom is that the centralized ex-
change is always more liquid than the decentralized one. Surprisingly, we find that split-
ting the centralized market into the decentralized market can increase liquidity. This hap-
pens when the cross-exchange correlation is sufficiently large. This result resonates with
that of Rostek and Weretka (2015), who showed that increasing market size can lower

liquidity if the correlation in traders’ value is sufficiently higher in the large market.

Theorem 4 (Splitting Market Can Increase Liquidity for Some Exchanges). If the Bayesian
equilibria for all cases exist, there exists a set of parameters {7y, pn, Prm, 0>} such that splitting

the market can increase liquidity for some exchange n.

Note that the learning effect in Design 3 is different from that in the three decentralized designs, thus,
the welfare ranking between Design 3 and the other designs need not coincide with the liquidity ranking.
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When we consolidate decentralized exchanges into a centralized exchange, there are
two forces that can affect price impacts. The first one is the increase in exchange size. For
any given positive deviation in trader i’s demand, as the number of traders increases,
each trader j # ¢ gives up fewer assets, so the residual market’s marginal valuation
of the asset increases by less. This size effect decreases the price impact. The second
one is the change in interdependence between traders” values. This effect can increase
the price impact when the traders” value correlations are sufficiently heterogeneous. If
cross-exchange correlation is large enough such that traders’ values are sufficiently more
correlated in the centralized exchange, then the residual market assigns a higher weight

on the price, and increases the price impact by more due to inference.

1.4.1.3 Equal Correlation

We have discussed the general setting where the within-exchange correlations and
the cross-exchange correlations can be different. Now let’s consider a special case that
the correlations are equal, i.e. p, = pnm = p. We find that with equal correlations, the

centralized market always has the lowest price impact.

Theorem 5 (Price Impact Ranking With Equal Correlation). With p, = ppm = p for any

n,m, X& < \de <\ < M\ foralln = 1,2, ..., N if the equilibria in these cases exist.

The intuition for Theorem 5 is as follows. First, the price impact ranking with the
decentralized case follows from Theorem 3. Second, with equal correlation, the residual
market does not have a stronger inference in the centralized design than the decentralized
designs. Third, as I > I,, always holds, the increase in exchange sizes further reduces the
price impacts in Design 3. Note that Theorem 5 holds regardless of exchange size and
the number of exchanges. !

Figure 1.1 gives an example of two exchanges with equal correlations and equal sizes.

For any given exchange sizes and correlations, allowing cross-venue conditioning can

¥ Appendix Figure 1.4 gives an illustration of price impacts with respect to the number of exchanges.
Appendix Figure 1.5 shows the price impacts with respect to exchange size.
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decrease price impacts, and combining the two exchanges into one will further decrease

price impacts.

Figure 1.1: Equal Correlations and Equal Size Exchanges

a=1 =1 N=2

-0.6

-0.8

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Note: The figure shows the relationship between A4 A% and \¢ with a = l,co=1land N =2,

p1 = P2 = p12 = p, 11 = 72 = v*. Note that when correlations are equal and exchanges are of equal size,
A =24 2\de =\ forallm =1,2..., N. The x-axis is the size of each exchange. The y-axis is the
correlation p. The white region is where Bayesian Nash equilibria in Design 1, Design 2, Design 2" and
Design 3 exist. The gray lines are the contour lines for <. The black lines are the contour lines for A%°. The
red lines are the contour lines for \°.

1.4.2 Learning Effect

In this section, we will discuss the learning effect. In particular, we focus on how
the learning effect in the centralized market can be lower than that in the decentralized
markets.

If we look more closely into the ex-ante utility, we can further decompose the learn-
ing effect into inference effect and size effect. In Design 2 (or Design 1, Design 2’), the
decomposition is:

(1 _ﬁn)Q 1

E [(E 0lpe, 57| - pi‘ﬂ = ()Var(s' — 5,) =

learning effect

learning effect inference effect ~ size effect
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In Design 3, we have the following decomposition:

2
B (&[0 ) - )] = @PVars -9 = (U a- e sy
—_—

learning effect

learning effect inference effect Ssize effect

Intuitively, the learning effect stems from the gain from information provided by the
private signal beyond the average signal, which can be learnt by the residual market
from the prices. When the market is large, the private signal and average signal are
less correlated, which implies that the information from the private signal beyond the
market price is larger. So the welfare gain size effect increases with market size. However,
the correlation between private signal and average signal decays at a slower rate when
the market size is larger, so the potential gain through the size effect from turning the
decentralized market into the centralized market decreases as individual exchange size
grows. 2V Suppose we turn the decentralized market into a centralized market. Compare
equations (1.30) and (1.31), as I > I, the welfare gain from size effect has increased. And
as the exchange size I,, increases, such welfare gain from the size effect decays. 21

As we turn the decentralized market into a centralized market, the change in infer-
ence effect is ambiguous. If p < p,, the inference effect will increase; and if p > p,, the
inference effect will decrease.? Intuitively, when the value correlation increases, the pri-
vate signal is more correlated with the average signal, so the gain from the private signal
is lower. Therefore, welfare associated with learning decreases.

Note that p is a function of within-exchange correlation p,, cross-exchange correlation

. . . . . —_— — — D 2 . . . .
*The correlation between private signal s* and the average signal 5 is p+ +—2t%~ which is decreasing in
I, and the decreasing rate is increasing.

?'This can be seen if we take the ratio of size effects in centralized design and decentralized design:

size effect in centralized market 14 >om sn Im (132)
size effect in decentralized market (In = D)(In + 220 Im) '
This ratio is decreasing in I,.
2
ZTo see this point, let’s take the derivative of inference effect l(i;-izrz with respect to p, we get
i -1) (20°—p+1
9 inference effect _ (p—1) (20> —p+1) <0 (133)

dp (02 —p+1)°

So the inference effect is monotonically decreasing in p.
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Pnm, and exchange size:

Im 7nm_ 7n
5o gy = Zmgn InPrm =pn) (1.34)

Yo dm —1

From equation (1.34) we can see that the difference between p and p,, is dependent on
the difference between cross-exchange correlation p,,, and within-exchange correlation
pn- As the cross-exchange correlation increases, the welfare due to the inference effect
can decrease if we turn the decentralized market into the centralized market. When gy,
is sufficiently larger than p,, the welfare reduction in inference effect can be large enough
to counterbalance the increase in size effect. In this case, the learning effect can be lower

in the centralized market design than in decentralized market designs.

1.4.3 Pareto-Optimal Design

In previous sections, we have shown that the welfare ranking of Design 1, Design 2,
and Design 2’ is determined by the liquidity effect alone. We find that allowing access to
price information in other exchanges always reduces price impacts and improves welfare
in the Pareto sense. Full conditioning (Design 2) yields the highest welfare.

We are left with the welfare comparison between the decentralized designs and the
centralized design. We have shown that both the liquidity effect and the learning effect
can be welfare-decreasing for Design 3 compared with the three decentralized designs.
Combining the liquidity effect and the learning effect, both centralized market and de-

centralized design (Design 2) can be Pareto-optimal.

Theorem 6 (Pareto-optimal Design). Decentralized market with contingent demand (Design
2) and the centralized market design (Design 3) can be the Pareto-optimal design among Design

1, Design 2, Design 2’, and Design 3.

Let’s consider again an example of two equal size exchanges, with p1 = p2, p12 = pa1
(Example 1 for decentralized market, and Example 2 for centralized market). Figure 1.2

plots the welfare-maximizing design with respect to exchange size (horizontal-axis ~,)
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and cross-exchange correlation (vertical-axis p12). We have several observations from the

figure:

1. Given a large enough exchange size, as the cross-exchange correlation increases,
the optimal design changes from the centralized market to the decentralized mar-
ket with full conditioning. As the difference between the cross-exchange correla-
tion and with-exchange correlation increases, the learning effect starts to decrease
for the centralized market (see equations (1.30), (1.31), and (1.34)). Despite that the
centralized market always have lower price impact than Design 2 in this setting,
23 the welfare gain from liquidity effect from consolidating decentralized markets
into centralized one is decreasing when the cross-exchange correlation is large: We
learn from Example 1 that A% is decreasing in the cross-exchange correlation when
it is positive; at the same time, we learn from Example 2 that the price impact in the
centralized market is increasing with cross-exchange correlation; so the potential
liquidity improvement is lower. To summarize, if we turn the decentralized ex-
change into a centralized one, the welfare loss due to the learning effect can domi-
nate the welfare gain due to the liquidity effect when the cross-exchange correlation

is sufficiently large.

2. Given cross-exchange correlation, as the exchange size increases, the optimal de-
sign changes from the centralized market to the decentralized market with full con-
ditioning. As the market size increases, the difference in size effect between the
centralized market and decentralized market becomes smaller (see equation 1.32).
The reduction in size effect makes it more likely for Design 2 to be the optimal

design.

The heterogeneous correlation is crucial for the decentralized market with contingent

BIn this special case when there are only two equal-size exchanges, and /1 = po,

p12 = p21, the centralized market always has the lowest price impact. This is because
% (cov(B,5")cov(s,8)7") > %ﬁ”g)cov(g, O)cov(5,5)"" for n = 1,2, for any
positive semi-definite value correlation matrix. By Theorem 4, A < e forn = 1,2. The argument does not
hold when p1 # po.

29



demand schedules to be the optimal design. When correlations are equal, the central-
ized market is always optimal. This result holds regardless of the number and size of

exchanges.

Theorem 7 (Optimal Design with Equal Correlation). When within-exchange correlations
and cross-exchange correlations are equal, i.e., p, = pmn = p, the centralized market is the

Pareto-optimal design among Design 1, Design 2, Design 2’, and Design 3.

When the correlations are equal, Theorem 5 implies that the centralized market has
highest liquidity. Besides, the inference effect is the same for all cases, and the gain from
the size effect is always higher in the centralized market. So the learning effect is also the

highest in the centralized market.

1.5 Price Informativeness

Besides allocation efficiency, another goal of the policy designs like the consolidated
tape and RegNMS is to improve the information efficiency.?* In this section, we compare
the price informativeness of the above designs. We define the price informativeness as

Var(0|st) — Var(0'|s', %)

¥n Var(6%|s?)

(1.35)

The index v,, quantifies how much the market price information available to a trader
contributes to his inference about his value. > In a decentralized exchange where traders
cannot access cross-exchange price information (Design 1), Z¢ = {pZ}; in a decentralized
exchange with cross-exchange information, Il = {pdc} ; and in a centralized exchange,

7! = {p°}. ® Note that traders within exchange n has the same price informativeness.

2In The study on the creation of an EU consolidated tape, final report by the European Commission
in 2020, the consolidated tape is proposed to provide the benefit of “more accurate pricing, valuation and
benchmarking”.

PThis definition of price informativeness is an overall price informativeness instead of the informative-
ness for the price in a given exchange. We focus on overall price informativeness as it is more policy-relevant.
The informativeness in a given exchange in Design 2 may be lower than Design 1 and 3, when the value cor-
relations are not sufficiently heterogeneous. However, traders in Design 2 have access to all prices. These
prices overall are weakly more informative than the prices in Design 1 and 3.

*The price informativeness in Design 2’ for traders in exchange with access to cross-venue prices is the
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Figure 1.2: Welfare Comparison
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Note: The figure shows welfare ranking with « = 1,0 = 1, N = 2. We assume that the two exchanges have
the same size, 7y, = 72 = y», and the within-exchange correlation 5 = g2 = 0. The x-axis is the size of the
two exchanges. The y-axis is the cross-exchange correlation. The gray region is where Bayesian Nash
equilibria do not exist in all cases. The red region indicates the parameters where the Design 3 centralized
market is Pareto optimal. The blue region indicates the parameters where Design 2 decentralized market
with contingent demand is Pareto optimal.
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This is due to the assumption that traders within one exchange have the same within-
exchange correlation and cross-exchange correlations.

Figure 1.3 shows the price informativeness of the designs. In this symmetric two-
exchange example, we find that Design 2 always has the highest price informativeness,

and that Design 1 can have higher welfare than Design 3.

Figure 1.3: Price Informativeness
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Note: This figure shows the price informativeness in Design 1, 2 and 3 with respect to cross-exchange
correlations p.». There are two symmetric exchanges. Each has I,, = 10 traders. Within exchange
correlation p; = ps = 0.1. Traders have risk-aversion o = 1. Noise to value variance ratio o = 1.

In fact, the following theorem characterizes the price informativeness ranking of the

designs.
Theorem 8 (Price Informativeness). When the equilibria for all designs exist,

1. The price informativeness in the decentralized market with cross-venue conditioning (De-
sign 2) is weakly higher than the price informativeness in the decentralized market (Design
1), the decentralized market with partial conditioning (Design 2’). The equality is taken

when all cross-exchange correlations are zero, i.e., pmn = 0, Vm # n.

same as that of Design 2, and the price informativeness for those without cross-venue prices is the same as
that of Design 1.
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2. The price informativeness in the decentralized market with cross-venue conditioning (De-

sign 2) is weakly higher than that in the centralized market (Design 3).

3. The price informativeness in the decentralized market (Design 1, Design 2, Design 2’) can
be higher than that in the centralized market (Design 3). The price in the centralized market
(Design 3) is more informative than the fully decentralized market (Design 1) when the

correlation matrix is sufficiently heterogeneous.

The price informativeness in the decentralized market with cross-venue conditioning
(Design 2) is always weakly higher than that without cross-venue conditioning (Design
1), as the traders can only learn about the average signal in their own exchanges in De-
sign 1, but the average signals from all exchanges in Design 2. Design 2 has the same
price informativeness as Design 1 if and only if the cross-exchange correlations are zero.
Intuitively, this is when traders” average values are independent across exchanges, so
allowing cross-venue conditioning does not change inference.

The price informativeness in the decentralized market with cross-venue conditioning
(Design 2) is weakly higher than the centralized market (Design 3). Prices in Design 2
reveal the average signals {5, }, in each exchange. The price in Design 3 is just a lin-
ear combination of these average signals and therefore is informationally equivalent to a
weighted average of prices in Design 2. So the price in Design 3 cannot be more informa-
tive than that in Design 2. %

The comparison between the fully decentralized market (Design 1) and the central-
ized market (Design 3) is ambiguous. The price in the centralized market is more in-
formative than the fully decentralized market when the correlations are sufficiently het-
erogeneous, but not otherwise. This is because, when the cross-exchange correlation is
sufficiently large (or small), the average correlation between trader values in the central-

ized exchange is larger than that in the decentralized exchanges. Therefore, traders can

7 Note that in Design 2’, for the traders in exchanges with access to cross-exchange information, the price
informativeness is the same as Design 2. And for traders in exchanges without access to cross-exchange
information, the price informativeness is the same as Design 1. The comparison of Design 2" and the other
designs then follows from the above argument.
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infer more from the price in the centralized market.
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Appendices

Appendix A. Additional Figures
Appendix B. Proofs
Appendix C. Robustness Checks

Appendix A. Additional Figures

Figure 1.4: Multiple Exchanges with Symmetric Correlation and Symmetric Size
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Note: The figure shows the relationship between A4 A% and A\ with @ = 1,0 = 1 and the total number of
traders I = 100. The horizontal axis N is the number of exchanges. The white region is where Bayesian
Nash equilibria in Design 1, 2 and 3 exist. The gray lines are the contour lines for A%. The black lines are the
contour lines for A%°. The red lines are the contour lines for \°.
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Figure 1.5: Symmetric Correlation and Asymmetric Exchange
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Note: The figure shows the relationship between A4, \d¢ and A° with a = 1,0 = 1. The horizontal axis §
measures the asymmetry in exchange size. § = ﬁlg I1 + I, = 104. Panel (a) shows N = 2 exchanges, and
Panel (b) shows N = 3 exchanges with I3 = 52. The white region is where Bayesian Nash equilibria in
Design 1, 2 and 3 exist. The gray lines are the contour lines for 2. The black lines are the contour lines for
A%¢. The red lines are the contour lines for A°. The solid line indicates the price impact in exchange I(1), the
dashed line indicates the price impact in exchange 1(2), the dashed-dot line indicates the price impact in

exchange 1(3).
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Appendix B. Proofs

Proof of Proposition 1. Inference coefficients: Using market clearing condition, the equi-
librium price p} = 7= 3", 1, E[0’[s", pi}]. Combine it with E[6"|s*, p?] = ¢f  E[0] + ¢ 5" +

cg’np‘fl, for i € I(n), the equilibrium price can be written as

d d
cg . E[0] c
d o,n sn -
pe = Sn, (1.36)
"ol 1-d,

where 5, = ﬁ > iel(n) s is the average signal in exchange I(n).
We can determine the inference coefficients as a function of the primitives (and in

closed form). Random vector (6%, s*, p?) is jointly normally distributed

0 E[6] o3 ol cov (Gi, pg)
s | ~N E[6] |- o2 of+02  cov(s,pl) ;
pg E[6] cov (pz, Gi) cov (pg, si) Var (pg)

where covariances are given by

cd

cov (Hi,pd) - i 1—2§n (1+ (I, — l)ﬁn)ag,
) d
cov (s, ) = 15— ((1-+ (T — 1)) + 0%) o3
and
2

d 1 ctn _ 2\ 2

Var(p):— — (14 (In — V)pp) +0°) 05
Ly \1-¢5,

Applying the Projection Theorem and the method of undetermined coefficients yields

the inference coefficients ¢ and ¢, . We can determine coefficients c{ and ¢}, and cj as
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functions of the primitives:

cd — L —pn
s,n 1 _ pn + 0_2 Y
- 2
Cg,n _ (2=m)pn o (1.37)

B 1_7n+,5n1_/3n+02’

d

_ d d
cgvn—l—c

s,n cp,n'

where v, =1 — ]ﬂ—l_l € [0, 1] is the index of exchange size.
Price impacts: By symmetry, the price impacts for traders in the same exchange are

equal,i.e. X' = \% Vi € I(n). The correct price impact satisfies:

oq . _
d _ 2 : 1

J#i,j€l(n)
; _(1_d
Plug in that g}% = %ﬁ\’%"), we can solve the equilibrium price impact for traders in
exchange I(n) is
]_ —
d 7
IR ks
Tn = Cpn

Note that the price impact is uniquely determined in equilibrium. As traders in the

. . i1 s . o
same exchange are identical, —(3_,; jer(n) g%) !is a linear function of price impact.

Bids: The equilibrium bid for trader i in exchange I(n) is

, 1 ; )
g = m(cng[Q] + Cinsz + (Cz,n —)pih), Vi€ I(n).
n
d R d
By the fact that pd = Cf;"cd[ ] % Sns
p,n p,n
gi— L1 A (65 Vieln)
= n)s .
T e

Prices: Plug in the inference coefficients in equation (1.37) into equation (1.36), we can
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solve for the equilibrium price in exchange I(n)

ﬁd _ cin s = cov(én,§n)§ _ 1— v+ pn S
B Cg,n " Var(sy) " (1 =) (14 02) + py "

where p¢ = p? — E[f], 4, = 5, — E[6].
Existence Conditions: For equilibrium to exist, the parameters have to satisfy the

following conditions:

1. For the stochastic process that generates the joint distribution of value to exist p,, >

—(1 =), Vn.
2. For the demand schedule to be downward-sloping, A¢ > 0.
|

Proof of Proposition 2. Inference coefficients: Fori € I(n), E[¢'|p™, s'] = ¢§¢ E[0]+c s+
cgfn - p% where cgfn = (cgfmn)m € R™V is a row vector. Combining this with market

clearing condition } ;. I(n) q (pdc) = 0, we have
p™ = ¢jE[f] + Ci°5 + Cyp™,

where ¢d¢ = (¢4°"),, € RN, C%* = diag(ci™),, € RN*N, Cle = (cf nm € R¥*N and

8= (Su)n € RY where 5, = - 3. I(n) s'. Combining the market-clearing condition and
linear posterior expectation, we can solve

p™ = (Id — C¥) "' (c§°E[0] + CL3).

We can determine the inference coefficients as a function of the primitives (and in
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closed form). Random vector Hi,si,pdcl is jointly normally distributed
) y y

6! E[6] ol o3 cov (0i, pdcl)
st ~N E[0] | o3 o3 +0? cov (si, pdcl) )
p E[6] cov (pdc, Gi) cov (pdc, si) cov (pdc, pdcl)
where
cov(p,0') = (Id- Cgc)_ngccov(é, 6%),
cov(p®,s') = (Id— Cgc)_lc‘siccov(é, 5%, (1.38)

cov(p®,p) = (Id— Cye) ™ Clcon(s,5)(CY (Td — ) Y.

where cov(3, %) € RY fori € I1(£), cov(s, 0%, = (pn + i(l — pn))oz if n = L. cov(s, 0%, =
pneog if n # L. cov(s,s’) € RN, fori € I({), cov(s, s, = (pn + ﬁ(l — pn + 0?))o7 if
n = L. cov(8,s'), = ppos if n # L. And cov(s,5") € RV*N is a matrix whose element

(P + =1 +0%=pp))of  ifn=m

cov(8,8 ) pm =
Prnm crg otherwise

Applying Projection Theorem,

-1
2 2 i pdc! i

i de Cde oy +o cov(s', p*) s'— E(0)

E[0'[p™, 5'] = E(0)+(c} cov(0',p™)) By ,

cov(p®. ') cov(p™, p™) P’ — E(0)

Applying the method of undermined coefficients, we have
cjt = (Id— C¥ — C¥) - 1y.

and
—1

2., 2 i

. ) ) oy + 0 cov(s',p
(i )= (o} cov(d,p)) o E ( ) , Vi.

cov(p,s')  cov(p, p’)

If we plug cov(p, p'), cov(p, s') and cov(p, §") in equation (1.38) into the above equation,



we will have

cicov(s', 5,) + c;(ld — C,) 'Cscov(3,5,) = cov(',5,), Vi,n.

and

(1 +0%)op + c;,(Id —C,) 'Cscov(s, 8" = a3.

Summing equation (1.40) over all i € I(n) gives
c(1+0%)og + c;(ld — C,) " 'Ccov(3,5,) = o}

Combing equations (1.39) and (1.41), for i € I(n),

cov(0, 5,) — o}  1—py,
~cou(st, 5,) — (L+02)02 11— pp+o02

Therefore,

. 1-— ﬁn
Cle = diag <_> .
s 1— Pn + o2 n

Consolidating equation (1.39) into matrix form gives
C%couv(s,5') + Cgc(fd — Cgc)_ngccov(é, §') = cov(0,8).

By rearranging terms, we get

Cle(Id — Co)~ = (cov(é, &) — C%cou(3, g/)) cov(3, )1 (%)L,

-
%)n, we can solve

Plug in C% = diag( s

_‘72 . (1 - ﬁn)n02 ) .c!
1 —pp + 02

de __ -
C° = diag(

(1.39)

(1.40)

(1.41)

(1.42)
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(L —1)p1

oty
where C = cov(s,s') /o3 — diag(‘}—j)n = : : € RV*N,
14+(In—1)p
ON1 +( JyN )PN

To summarize, for trader i € I(n), the inference coefficients satisfy:

Cdc — 1*pn
s,n 1—pp+o2?

Cdc _ o 1 _ (1_,57L)0'2(671)nm
Pmm T 1—pp+to2 TNEM (1-pn+o)I,
dc _ dc dc

CG,n = 1- Cs,n - Zm Cpm,n'

Price impact The correct price impact satisfies

-1

op1 ... Oy oq] day
aq: dqt Zj;éi ap1 Z#i Ip1
Al = : .. : S : :
Op .. Oy od oay
dq’y gy Zj?éi OpN zj?éi OpN

Using first order condition from trader’s optimization problem, we can calculate that

] o+ Ann -1 Cdc nm ].f n m ;

We can write trader i’s price impact matrix as

for j € I(n),

a+ An

(AY = (Id - Cp)*ldmg(l 1 .
n = Liel(n)

For trader i € I(n), the (n,n)"" element of A’ satisfies

o+ An
I,—1

)\im = (M dc)nna
where M = (Id — Cp)~!, (M%),,, is the (n,n)"" element of M.
Note that &F2ee (Af9), - is linear in the price impact. So if the price impact A exists,
I,—1 p p p p nn

it is uniquely determined in equilibrium. Denote A/, as A& for i € I(n),

)\dc — 1- Tn
" m—1+ 1/(Mdc)nn

«,



1

where v, =1 — .

Bids: The demand schedule for trader ¢ satisfies

)

o + Ade

| 1
Gy = —— 7z (GLE[0) + s’ —pu + Y S pm), Vi€ I(n)n=1,...
m

By the market clearing condition ;¢ /() ¢ =0,

: 1 d _ .
Gy = a—i—)\dc Scn(sz_sn) VieI(n),n=1,...,N.

Prices: The equilibrium price satisfies
p = ci°E[9] + C%5 + Cgcpdc.
As ¢l = (Id — C’gc — C%) . 1y, we can rewrite the above equation into
p — E[6] = C%(5 — E[6]) + C(p™ — E[6).
Define p% = p? — E[6],5 = 5 — E[6], we have

Cdc + Cdc dc

As C% = diag(c?),, this equation has a good interpretation. The deviation of price
from the fundamental value is a weighted sum of the innovation in signals received by

traders in this exchange and deviations of price from the fundamental value in all ex-

changes.

p’c = (Id — C¥)'C¥s.
Plug C% and C’ge into (1.43) gives

P = cov(0, §')-cov(s,8)7 - 5.
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Existence Conditions: For equilibrium to exist, the parameters should satisfy the

following conditions:

1. For the stochastic process that generates the joint distribution of value to exist p,, >

—(1 =), Vn.

2. There are at least two traders in each decentralized exchange, ie. I,, > 2, v >
1
1= 55—

3. The demand schedule for each trader is downward sloping. It requires cgﬁ’” <L

4. The second order condition requires that )\ﬁc > —3.

Proof of Corollary 1. In Design 1 and Design 2, the inference coefficient on s is character-

ized by the joint distribution of (Hi, si) conditional on the remaining conditioning vari-

ables:
o _ Cov(9i,si |p;iz) _ Cov(@i,'si\gn)
s,n Var(si\p%) Var(s*|sn) °’
Cdc _ Cov(9i7si|pdc) _ Cov(@i,'sﬂé)
sn Var(si|pdc) Var(s?|3)

The second equality in each line holds by the symmetry of traders within each group
I(n), or equivalently, by the informational equivalence between p? and 5,,, and the infor-
mational equivalence between p? and 3.

c‘in = cgfn holds if Var (s* | 5,) = Var (s’ | 8), Cov (6", s" | 5,) = Cov (¢, " | 5). By

the Projection Theorem, we have

Var (Si | 3) = Var (Si | gn) — COV(Si7§*€Jfgg)7ic|‘\sj£§7n75i‘gn)7

Cov (0',s" | 5) = Cov (6',s"|5,) — COV(QI’g_\?if(ng)j(‘)gg_msi‘gn)7

where 5_,, € R¥~! which contains all 5,,, m # n.
By equations above, we can see that Var (s’ | 5,) = Var (s'| 5), Cov (6, s' | 5,) =
Cov (0", s" | 5) if Cov (', 5 | 5,) = 0, i.e., forany i € I(n) and m # n, s is uncorrelated

with 5,,, conditional on 5,,.
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Formally, this can be proved as follows,

Cov (si, En) Cov (5m, 5n)
Var (8,,)
= Dm0y — 7. (1+ 0+ (I = D)pn) - pum
i (1 =+ o2 + (In — 1)ﬁn)

Cov (si, Sm | §n) = Cov (si, §m) —

0320.

For all traders j € I(n), only the common value component in {s7} ,ie., 5,

jel(n)
is correlated with 5,,, but not the private value component in each s/. Note that the
symmetry across traders within each exchange is key to Cg,n = cgfn. Intuitively, as the

additional information provided by st beyond 5,, cannot be learned from s5,,,m # n,

traders in Design 1 and Design 2 apply equal weight on the private signal. [

Proof of Proposition 3. Inference coefficients Traders in I(K +1),...,I(N) cannot submit
their demand schedule conditioning on prices from the other exchanges. Therefore, as in
Design 1, prices in exchange I(K + 1),...,I(N) satisfy

PEE = BC B[] + 26,5, + O, (1.44)

Pn n

where 5, = 7- 37,7, 5"
Fori € I(K+1),...,I(N), their expectation E[¢0!|p, s'| = cb E[0]+c555'+>, cher nDm-

N

0
Combining this with market clearing condition ;¢ /., ¢' (p) = 0, we have
Pl = ChnBlO) + 5usn + 3 oyl (1.45)
m

- _ 1 i
where 5,, = I Ziel(n) st.
The inference coefficients on price under partial conditioning can be written in matrix
form

p = &E[6] + CI5 + Clep, (1.46)

where ¢ = (), € RE*E CP = diag(X5)n € R®, 3 = (5,), € R, and CI° =

N
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c* _
Pl where C’zc e REXN ig the first K rows of cre, ng = [0 diag(ch. n)n] €

c®
pd
RV=K)XN ig the last N — K rows of Cre.

For trader i € I(1)...,1(K), random vector (¢,s", (p®)’) is jointly normally dis-

tributed
0t E[6] o2 o3 cov (Hi, (ppc)/)
st ~N E[0] | o2 02 +0? cov (Si, (ppc)’)
pPe E[6] cov (ppc, Gi) cov (ppc, si) cov (pPe, (pP°)")

For trader i € I(K +1)...,I(N), random vector (6°, s',pi) is jointly normally dis-

tributed
o E[6)] a3 o2 cov (6, p5°)
s ~N E[0] |- 02 03 + 03 cov (Siapgc)
e Bl6) )\ cov (i.0) cov () Var (48

By the Projection Theorem, we have

oj +02  cov(s’, (pP°))

(ct c;) = (o7 cov(6, (p"))) VielI(n),n=1,...,K.

cov(pPe, st)  cov(pP, (pP°)’)

and
-1
. ) . o2 + o2 cov si, be
(ct c;):(ag cov (0", pbe)) ? 5' (5% p) Vie I(n),n=K+1,...,N.
coo(plt, ') Var(ph)

This gives

deov(s, 8+ ¢ (Id—CP)~1CPov(s,5) = cov(8',8"), VieI(n),n=1,...,K. (147)
s D D s
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i
P cicov(8,, 5n) = cov(6',5,), VieI(n),n=K+1,...,N. (148)

_
1cp

ctcov(s', 5,) +
c(1+0%)os + c;)([d — Cp) 'Cscov(3,s) =0} VieI(n),n=1,...,K. (1.49)

and

i
‘p

cicov(sn, ') =05 VieI(n),n=K+1,...,N. (1.50)

(1 +02)os + T_a
P

Combining equations (1.47), (1.48), (1.49), and (1.50), we can solve

cov(6,5,) — o}  1—=py
cov(07,5,) — (1 +02)02  1— pp+ 02

i

VieI(n),n=1,...,N.

Therefore,

, 1 — pn
CY = dmg(m)n.

Plug in ¢! into equation (1.48), we can solve

; I o? (2_’7n)/_)n o2 .
= = Viel(n)y,n=K+1,...,N.
b 1+(In_1)/3n1_pn+0'2 1_7n+ﬁn1_ﬁn+02 ()

Observe that for i € I(n),n = K +1,..., N, the inference coefficient on price is the

same as cg’”. We can write equation (1.47) into matrix form

C"cov(s,s') + C'zc -(Id — Cgc)*lcgccov(é, 5') = cov(0,5).

S

where C”° is the first K rows of C?¢, 0 = (..., 0;)’.

C'ZC - (Id — C’gc)_1 = (cov(é, §') — C*cou(s, 5')) cov(s,8)H(CPe) 7,

Note that the RHS of the above equation is the same as the first K rows of equation

(1.42) in the case with full contingency, the LHS equals to the first K rows of Cgc(I d—



Cgc)_l. By using the fact that Id + C(Id — C)~' = (Id — C)~!, we have

[(1d = C3) Mkexn = [(I1d = C3) rexn- (1.51)
c
Plug in C}° = ? |, wecansolveforn=1,..., K,
C?
pd
02 (1_ﬁ’ﬂ)02(g_71)nm : o
A Topngo? In=m = (s toDl, iftm=1,..., K.
" B AT .
W"L(l_ﬁn+0'2)fn rm + g ey .
7 5,8 ) 2 (Glm Im—1)pm
where § = ) _iag(s1,, ), € BNV and Wi — 1 — ltnle
To summarize, for traderi € I(n),n=1,..., K,
& =
2 (lfﬁn)oj(gi_l)nm . o
e _ l—ﬁiﬁlﬂ:m_m ifm=1,...,K.
o (1)o*G Vam P
W (1—pn+02)In fm=K+1,...,N.
sz:n = 1- Cgcn - Zm cg;,n

Forn=K+1,...,N,

e o dn
s,n = GCs ,
Cpc o d,nl
Pm,T - Cp m=n»
b o Cd,n
on - 0 -

Price impacts: For traders in I(K + 1),...,1(N), the price impact satisfies \' =

=224 g}%)_l. From the first-order condition of the trader i € I(n) optimization prob-

8qj _ 1701)67
lem, sz =~ +’;\’;:7Lc",

1- Tn
N = — .
" Tn — cgi,n

Ascgz’n:cg’"forn:K—i—l,...,N,

M=\ yp=K4+1,... N.
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For tradersin I(1), ..., I(K), the correct price impact satisfies A* = ((— 2, o0’ (p) )7Ly,

op
i.e.
apy dpxk g oq -1
R Ditivp T 2uii Opy
op ... Opx o aq);
Odi 94 stéi 8p11< Zj;ﬁi api
j a4 App) TH(CEE ifn#£m ,
Plugin that 22 = { (+ ) (5 on for j € I(n), 282 = ¢

for j ¢ I(n),

(A% = (Id — [CPgerere) M diag(-2 2 )

In—Lierm) ™
We can solve the price impact forn =1,..., K,
1— Tn
APC = a, 1.52
"y = 141/ (MP),y, (1.52)

where v, =1 — T1—1 and M?® = (Id — CE°)~!, (M?®),,, is the (n, n)" element of M"*.
Observe that (M?),,, = (Mdc)nn,Vn =1,..., K by equation (1.51),

APe = \deyp =1, K.

Bids: From the first-order condition of the traders

) 1 )
G = e (O ElO) + s’ + D el pm),
n m

Using the market clearing condition 3" ¢!, = 0,

i

dn =

1 —
o+ )\pccg,cn(sz - Sn)'
n

With \2° = e 1,1 g+ M .1, pq nand &5 = 2" = 4™ We can solve the
n yeeey n +1,..., s
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equilibrium bid for trader i € I(n),

Prices: Substitute ¢;” = (Id — C}° — C%°) - 1 into equation (1.46) gives
pPe = (Id — CgC)*lc{;Cé,

where p’® = pP© — E[f], s = s — E[0)].
Plug C%° and C1¥,

P = [cov(0,5") - cov(s,8')" L8], ifn=1,... K.

~DC

Pl = s, ifn=K+1,...,N.

Existence Conditions: For the equilibrium to exist, the parameters should satisfy the

following conditions:

1. For the stochastic process that generates the joint distribution of value to exist p,, >

—(1 =), Vn.
2. There are at least two traders in each decentralized exchange, i.e., I,, > 2.

3. The demand schedule for each trader is downward sloping, forn =1,..., K, ¢ <

1. This also implies \b° > 0 forn =K +1,...,N.

4. The second order condition of the trader’s optimization problem is satisfied, APE >

[Vl

Proof of Proposition 4. Using market clearing condition, the equilibrium price Y, ,(a’ +

Ao ~L(E[97|s?, p] — p) = 0. Combine it with E[¢7|s?, p] = c5“E[0] 4 c&°s + cypCif i € I(n),



the equilibrium price can be written as

. —1
L (e=1mg B[R] + i

Random vector (¢, s*, p°) is jointly normally distributed

6! E[6] o3 o3 cov (6, p°)
s | ~N E[0] |- o3 of+02  cov (s’ p°)
e E[6] cov (pc, Gi) cov (pc, Si) Var (p°)

where

. -1
. 1_cbe i.c
COU(])C? 02) = (Zz a+f\g,c> (a+)\z c + Z];ﬁl a+)\] cpl]) 067
—1
. 1_cbe ic
Cov(pc7sl) = <Zz a+§\€,c> (a+)\zc( +O- ) +Zj7é7, a+>\j cpl]) 0-97

. -2
1— 1,C i,c ] c
Var(pc) = (Zz a+f\€70> (Zi(ais)\i,c) ( ) + Z Z];ﬁz oz—&-)\’ c o¢+)\] CpZJ)

By the Projection Theorem and method of undermined coefficients, we can determine

the inference coefficients as a function of the primitives,

2 2 ;
7,C i,C _ 2 i e Oy + O¢ cov (Szapc)
csw ¢ )=\ o5 cov(6,p) 4 ;
cov (pc, s”) Var (p°)

from which we can solve

i,c __ (Zi(di’6)2(1+02)+2i Dt 5i’c5j’cpij)_(5i’c(1+02)+2j7&i 5j’cpij) (6i’c+2j¢i 5j’c/’ij)

s . . . - . 2
(1+U.2)(Zi(5z’c)2(1+‘72)+Zi Zj;éi Jl’céj’cpij)*(57’"6(1+‘72)+Zj¢¢ 5J’Cpij) ’ (153)
b = (3, 1= 70 .
T atA\Y (1+0-2)(Zi(éz,c)2(1+0—2)+zi ZJ#’L 5Z,C§j,Cpij)_(61,0(1_‘_0—2)_’_2]’#1_ ‘;J’Cpij)
where §i:¢ = ¢

+A7/ c*
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The equilibrium price impact satisfies

-1

N | S ) 1= )
JF#i

2 —phy/ (2—c5° —9) 249

20 ’

The fixed point for the price impactis \»“ = a3'. where 3° =
l_ci,c
v=2 1+5pi :
i

Equilibrium Bid: The equilibrium inference coefficients ¢, ¢ and price impact \%¢

satisfies equation (1.53) and (1.21).

The equilibrium bid is

. 1 : o .
qz,C(p) = Y (C;vCE[G} + C?Csl + (C;’C _ 1)p0).

Combine it with market clearing condition ), ¢“¢ = 0, we can rewrite the equilibrium

bid as
Ci,c
i,C _ S iz
0 = (s = 9,

s 1 i
wheres = 73 . s".

Equilibrium Price: By projection theorem

i i
cg=1—c,—cs

Therefore, the equilibrium price satisfies

. 1 .

1-— C;)’c czs’c§l
I : . 1.54
p (Za+)\z,c> <;OJ+ALC> ’ ( 5 )

)

where p¢ = p¢ — E[f)], §' = s* — E[0].
Existence Conditions: For equilibrium to exist, the parameters should satisfy the

following conditions:

1. For the stochastic process that generates the joint distribution of value to exist,
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Var(3 Y, 6;) > 0. This implies }_, dojziPig = —1,Vn.

2. The demand schedule for each trader is downward sloping. It requires A\*¢ > 0.
This also satisfies the second-order condition for each trader’s optimization prob-

lem.

The following proofs of theorems and corollaries are under the condition that equi-

libria exist.

Proof of Lemma 1. We can calculate the ex-ante utility for the traders in Design 1, 2 and 2’
as follows.
Design 1 Decentralized exchange In Design 1, trader i € I(n) has ex-ante expected

utility

. o (o +2x4 id 2 a+2x4) (1-p,)2 .
E [u'd] = & (i " w) E [(E (o1t 5] ) } = L0 e, i
"n_/

liquidity effect learning effect

Design 2 Decentralized exchange with Full Conditioning In Design 2, trader ¢ €

I(n) has ex-ante expected utility

de
i de _LO‘(O‘JFZ)‘n) ilode i ac\2| _ (e+22d) (1-p5,)2 1.2 ,
E |:'U, :| T 2« (Oé+ )\gc)Q E (E |:9 ’p 78] _pn) - 2(a+)\7df)2 1—pnto2 (1 - In)UG’ V.
—_——

liquidity effect learning effect

Design 2’ Decentralized exchange with Partial Conditioning In Design 2’, trader

i € I(n) has ex-ante expected utility
E [uiJUC] —F [ui,dci| . ]-n:L...,K +E |:ui7d:| . ]-n:K-i-L...,N-

By comparing the ex-ante utility, we can see that the welfare ranking of the designs is

inversely related to the ranking of price impacts. |
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Proof of Theorem 2. With price impacts equal to zero, the ex-ante expected utility for De-

sign 1, Design 2 and Design 2’ equalize:

i i,de ipe 1 (1-pn)° 1
E[u’d]:E[u’d]:E[u’p]:%il_ﬁ g 1—I— 03.

With equicommonality assumption, the ex-ante expected utility for Design 3 is

R = L (1= <1— 1) o3,

T 2al1—p+o? I

E[u®¢] > E[ubd] = E[u%] = E[u"*°] for i € I(n) if and only if

1

1-p° _ (1-pn) (1—3)
> .
l—p+02 = 1—po+o0? (1-1)

(1.55)

(1-p)°

Se(s
=y 9(p)

(p) is continuous. o5~ < Oforp e [—1,1], the LHS of equa-

Denote g(p)
tion (1.55) is monotonically decreasing in p. As g(py,) is greater than the RHS of equa-
tion (1.55), g(1) is no greater than the RHS of equation (1.55), we can find threshold
Pt (pny In, I), such that p < p*(pp, In, I) is equivalent to equation (1.55).

Similarly, we can show that E[u*¢] < E[u"?] = E[u"%] = E[u**] for i € I(n) if and

only if p € (o7 (pn, In, 1), 1]. [ ]
. . . . d __ 1—vn de __ 1—vn
Proof of Lemma 2. For traderi € I(n), his price impact \§;, = ﬁa, DY Ma

where v, =1 — ﬁ, M = (Id - Cgc)_l. We can see that A% < \? if and only if

(Mdc)nn <1/(1- Cﬁf,n)-

(2=m)Pn a?
1—yn+pn I_P_n+0'2 '

By equation (1.37), ¢ | = By equation (1.42),

(Id — C)~t = cov(B, 8')cov(s, ") H(CE)~! where C* = dz’ag(ljﬁﬁJQ). Plug in (Id —

C’gc)_1 and c;in into above equation, we can get

(cov(é,é’)cov(é,é')_l) < cov(On, 8n)cov(5n, 5,) L. (1.56)

nn —
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We claim that equation (1.56) holds for any n = 1,2,..., N.

To begin, we have

(cov(B, 5" )cou(s, 3’)71)7”1 = cov(0p,5,|8_n)Var(s,|s_n) "

1

cov(0y,5,) — cov(0p, 8", )cov(3_p,8",) " Leov(3_p, 5,)

cov(8p, 5p) — cov(5p, 8., )cov(8_p,8",) " Leov(8_p, 5n)

As cov(Sy, 5_p) = cov(B,,5_,), we have

(cou(8,8)cov(5,8)") = cov(On, 5n) — COU(gn,§l,n)cov(§_n,éLn)*lcov(é_n,gn).
7 , e cov(8p, §p) — cov(8p, 8, cov(8_pn, 8", "tcov(S_p, 8n)

Let’s denote cov(0,,, 5,) as A, cov(5,, 5,) as B, cov(5,,5"_,,)cov(8_p, 8_,,) "Lcov(5_p, 5,)
as C. As cov(3p,3,) — cov(0y,,5,) = ‘;—: > 0, we have A < B. As Var(s,|5_,)" > 0,
we have B > C. As cov(8y,,5.,,)cov(3_n,5_,) tcov(5_y, 5,) has quadratic form and
cov(8_y, 8", is positive definite, we have C' > 0, C = 0 if and only if cov(s,, 8’_,,) is zero

vector.

Let’s leverage the lemma that

A-C

<

o

ifA<B,B>C,C>0.

Sy
Q

The equality is taken if and only if C' = 0.

By the above lemma, we have

(cov(8,8")cou(s, E')_l)nn < cov(On, 5n)cov(5,, 5,) 7L
This holds for any n = 1,2, ..., N. Therefore e <\ vn =1,2,...,N. The equality

is taken if and only if cov(5,, 8’_,,) = 0 for all n, which holds if and only if cross-exchange

correlations py,, = 0 for any n # m. [ |

Proof of Theorem 3. By Lemma 2, A% < X vn = 1,2,...,N. As XY = \¥1, .y x +

M1, 1. . This implies A < \h° < A\ ¥n = 1,2,...,N. By Lemma 1, E[u"%] >



E[u®P¢] > E[u"?] for all traders i € I. The equality is taken if and only if cross-exchange
correlations p,, = 0 for any n # m.

Proof of Theorem 4. If there is {y, pn, Pnm, 02} such that A4 < \¢ under the equicommonal

market assumption, then there exists set of parameters {v,, pn, prm, o2} such that Xfl <

AS.
For equicommonal market,
1— 1
)\fL = ’yca = T—cc®
Yo% 142
_ 1 _ (2—’)/)ﬁ 2 =~ (I"L_l)ﬁn‘f'Zk;tn Ik pnk
wherey =1 7=, ¢ = 7 ;15502 P = S o1 :
1-— 1
A;il = FyndO[ = 1764 CY,
% 1t
_ 1 d _ (2=)pn 2
where v, =1 — T = Tmipn l—ﬁi-&-cr?‘
Plug v, vn, ¢;, and cg into the above equations, we get )\fL < A¢ if and only if
Q=)A= ppt+o®) v A=A =-p+o?)
- cov(8p, 0n)cov(sy, s < - cov(§,0)cov(s, s
(1.57)

By Theorem 3, )\flf < NP < )\fl < A¢ if and only if equation (1.57) holds.

Similarly,
de __ 1- Tn > o
Tn — 1 + 1/(M C)nn

n

, where v, =1 — Inl—_l, M = (Id - Cgc)_l. We have A% < )¢ if and only if

CN1— 5+ o2 _
(cov(é,é')cov(é,@’)_l) <(1 N =p+ )cov(E,G)cov(§,§)_

& =)

(1 =) = pn +(72)
(1_ﬁn)

(1.58)

We remark that condition for equation (1.58) to hold is less stringent than that for

1
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equation (1.57) as (cov(8,8')cov(s,8') ") < cou(5n,0n)cov(sn, 5,) " for all n.

|

Proof of Theorem 5. By Theorem 2,

Me < \pe < Xy =1,...,N.
With p,, = ppm = p for any n, m,
A%zl_Za: 11_0605 Vn=1,...,N.
VoG 14
wherey =1 — m, = 52:%22 l_giUQ.
= p———
(1=7) (M)
To prove that ¢ < A%, we need to show 11:? > TR (1]\/Idc)m' Equivalently, we need to

show

— — 2 —_
Yule—1 1—p 14+, Ir—1)p+o2

AS (M), = (Id—C§) V) = (cov(8, 8 )cov(s, 8') 1 (C%) 1), where C% = diag(12).

(M), = Q=P kDo)t (n—1)p)o? 1-pro?
T T A (F O e Dpre?) 1-p

Note that 1+ (>, I —1)p > 0 for A, toexist. If p > 0, then 1+ (>, I —1)p > 1+ (I, —1)p,

(1+In=1p)  1—p+o?
I+, Ik—1)p+a?) 1-p
> _In=1 l-pto® 1405 Ii—1p
= S -1 1-p 1400, lk—Dpto?

(Mdc)nn

v

Ifp<O,thenl+ (3, Iy —1)p <1+ (I, —1)p,

I+, In=1)p) 1—p+o?
A+(y li—Dpto?)  1—p
In—1 1—pto® 1+, I—1)p
Selk—1 1-p 1+, Ix—1)p+o?

(Mdc)nn

Y

v




Proof of Theorem 6. For simplicity, in this proof we assume that the centralized exchange
is equicommonal. The proof is restricted to parameters that make equilibria in the four
cases exist. Note that this assumption restricts the parameters. If we showed that each
case can be optimal under the equicommonal market assumption, then it holds in more
general cases.

By Lemma 1, the welfare ranking of Design 1, Design 2 and Design 2" is determined
by the ranking of price impact, and Design 2 has the highest welfare among these decen-
tralized market designs. We are left to show their relationship with Design 3.

We give the condition for each case to be optimal under equicommonality assumption

below.

1. By Theorem 3, E[u"%] > E[u""¢] > E[u"?] for all trader i. For Design 2 to be Pareto-

optimal, E[u"%] > E[u"*] for all trader i. This holds if and only if

(a+2X) (1-p)? 1

al (a+2X%) (1 - pp,)?
2(a+X)?1—p+o2> T

1
1-—)o2 VYn=1,...,N.
2(a+/\g0)21—ﬁn+a2( )%

2
<
Jog < I,

(1.59)
An example is when two equal-size exchanges with size I, = 3,0 =1, p1 = p2 =0,
p12 = p21 = 0.3, the above equation holds. We further confirm the existence of such

parameters to satisfy these conditions with the numerical simulation (see Figure

1.2).

2. For Design 3 to be optimal, E[u"¢] > E[u%] > E[u’¢] > E[u"?] for all trader i. This

holds if and only if

(a+2X) (1-p)? 1

+200) (1 = pp)?
2 = 2(1_*)‘73 > (a n) d—pn)
2(a+ ) l—p+o

2 (o + Me)? 1= pp + 07

(-

Jog ¥n=1,...,N.
I,

1

An example is when traders have independent values, i.e. pl =0foralli,j, \° <

Mde, and Ef[u®¢] > E[u"%], for all i. Design 3 is Pareto-optimal.
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Proof of Theorem 7. With equal correlation, for Design 3 to be optimal, E[u®¢] > E[u®9] >

E[u®?¢] > E[u"?] for any trader i. This holds if and only if

20¢) (1= p)? 1 + 204} (1 = p)2? 1
(Oé+ )2 ( p) 2(1_ 7)0_3 > (a n)2 ( p) 2(1_ 7)0_37 Vi, — 1,...,N.
2@+ X)) L=ptors I 2(a+ M) L=pto® I

By Theorem 5, we know the price impact is the lowest in the centralized market

A< Xff for all n. As I > I,,, the above equation always holds. |
Proof of Theorem 8. The price informativeness as

Var(0'|s') — Var(6'|st, T?)

Yn = Var(6%|s) ’
where
N i cov(6?, s1)Couv(st, 67) B o? 9
Var(0'|s") = Var(0") Var(s) 1302 0y,
and
Var(0's,I") = Var(9")
-1
o L Var(st cov (s, (I%) cov(s', 0
- (cov(@l,sl),cov(ﬂl,(IZ)/)) ( ) (8% 4 /) ( ' )
cov(T', s") Var(Z") cov(Z",0")

Design 1: DM In a fully decentralized market, Z! = {p?} for trader i € I(n).

pro”
(L= pp+03)((1 = 7)1 +02) + pn)

Yl =

Design 2: DC In decentralized market with cross-venue conditioning, 7! = p?°.

2
.. . g
Var(0'|s', T') = of — (¢, ) N
cov(pdc,ﬁl)
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where cov(p?, 0%) = cov (8,) - cov (3,5) " cou(3, 0").

Therefore,

i i o” (1~ pn)
Var(0's',I") = <1—p e - —i—(X)nn) o3,

where X = (diag(Z3), +C~1)~.

Therefore,
1+02 (1—-pn) 1402
1—pn+ 0? 2— Tn o?

de __
o =1

(X)nn

Design 2”: PC In a decentralized market with partial conditioning, the price informa-
tiveness in the exchange with cross-venue conditioning is the same as that in Design 2,
and the price informativeness in the exchange without conditioning is the same as that

in Design 1.

C dc d
Yhe = 1p=1 Kk + Yy Ln=K+1,..N-

Design 3: CM In centralized market with Z% = p°. So the conditional variance of ¢
on s’ and p¢ is

Var(0's',p) = (1 — ct%)os — c;',’ccov(pc, 6%,

h c gy — 1—c;° - e i\ 2
where cov(p®, 0") = | 32, k= i T 2z aae P ) 0

Therefore the price informativeness for all i € I(n) is

2 el ij :
e o X atagcl
B g,

n 5 Ci,c 2 9 Ck,c e i Ci,c 5 Cj,c . 2°
(1+02) Zl(m) (I4+02)+>" Z]';ék oﬁs\kﬁ a:/\j?cﬁ 7 _<a+5)\ivc (1+0o )+Z_;‘;£i ‘a+5)\j,¢p”>

In equicommonal CM,

ﬁ202
(I=p+0?) (1 =1 +02)+p)

Y =

Claim 1. ¥d¢ > h¢ > 44, ¥n, and the equality is taken if and only if py, = 0 for all m # n.
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To prove Claim 1,

1—9n (0®+1) (Pa+1l—m) 1407
2 =90 (pn+ (1 =)l +02)) o?

wgc - %% - (X)rm

Note that

1

I, (1+(,—Vp, 1 - N

(X)nn = (2-1— <+()p—2601)( s 0 ) (cov(0_,,,80" ) 1cov(0_n,9n)> ) ,
o I, o

where 8 = (0,,), € RV~ is the vector of average value of traders in exchange m # n.

As (cov(0_,,8",) is positive-semidefinite

cov(0,,0" ) (cov(0_p,,0",)) Leov(0_p,0,) > 0.

where the equality is take if and only if cov(6,, 8" ) is a zero vector. This implies that

2l=7  (pat1—)
O ot (1= )L+ )

Therefore, 1% — 4 > 0. yde = ¢ if and only if cov(f,,0",) is a zero vector, i.e.
pmn = 0 for all m # n.

Given that ¢d¢ > ¢h° > ¢4, we have proved Claim 1.
Claim 2. 4 > ¢, Vn.

We can prove Claim 2 by showing that for any given primitives, we can find a constant
wp and a weight vector w € RN such that p¢ = wo+w-p. If such weight vector exists,
then Var(0'|s?, p°) = Var(0'|s', wo + w - p?©) > Var(6'|s’, p?), and therefore 1d¢ > ¢,

Vn,i € I(n).

and




With the method of undermined coefficients, we can find w = a-cov (8, §') cov (6, §) -t

1—c5, \ "L Inc,
a+Ag a+Ag 7

a = (a,), € RN where the n'" element is (Zn I, and wp = (1 —w -

1)E[#], such that p¢ = wy + w - p%.

Claim 3. There exists a set of parameters {~n, pn, pnm, 0>} such that 3¢ > ¢h¢ > pd > ¢,

Vn.

By Claim 1, 9% > oh° > ¢&, ¥n. To show that there exists a set of parameters
{Vn, P, Prm, 0>} such that ¥¢ > ¢, for simplicity, we assume that the centralized ex-
change is equicommonal. Note that this assumption puts bounds on the parameters. If
we showed that Claim 3 holds under the equicommonal market assumption, then we es-
tablish the existence of such set of parameters {vn, Prs Proms 02} without the assumption.

Under the equicommonality assumption, ¢ > ¢, Vn if and only if

=2 2 =2 2
o o
P < Pn Vn.

I=p+o?)(L=7(1+0*)+p) = (1=pn+0?)((1—mm)(1+0%) +pn)

This is equivalent to

pElpy,pil Vn,

where
o (38 =\ A= )00 (724 1)+ 41 =) (1= 70) 02+ 1))
o = 2(1 =) (02 + 1) + 297n |
and
(3R A0 = 0 )+ 4 =) =) (24 1)
.

2(1 =) (62 + 1) + 29,0

We show that there exists a set of parameters {7y, pn, pnm, 0> } such that p € [p;,, p],Vn

by construction. Consider an example where IV exchanges have the same size, v, = 7,

N(2-7)-2(1-7)
NE=)—(1) °
_ p

_ N p2 S e -
Prm = (Nfl)(gffy) + N—-1 2((1—’7)(11)':0/'2)"1"7/771)’ Vm 7& n, SUCh that p= §(pn + p;t) S [pn ) p?’—"L_]

V¥n. Then the size index of the centralized market is v = There exist
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for all n. n

Appendix C. Robustness Check

In this section, we examine the robustness of Theorem 3 with multiple assets, hetero-
geneous risk-aversions, and heterogeneous signal precisions.

Assume there are NV exchange, each exchange is indexed by n. There are K risky
assets, and a riskless asset as a numéraire. Each trader has private value about the
risky assets 8° € RX, ' ~ N(E[0],%y). We allow traders to have correlated value.
The within-exchange correlation for ¢ € I(n) is p, € R. For i € I(n), the covariance
cov(6°, (ﬁ > it 67)") = p,Xy. The cross-exchange correlation for i € I(n) and traders
in exchange m is pum € R. For i € I(n), the covariance cov (6", (%m > jer(m) 67)) =
Pnm2g. 1t is easy to see that pp,;, = pmn by definition. Before they trade, traders receive
a noisy signal vector about their value of the assets in their own exchange, s* = 6" 4 ¢'.
The noises €' are independently normally distributed across all traders and assets, and
are independent of any other random variables. For trader i € I(n), € ~ N(0,%.,,),
Yem = agnI dg, where Idg is K x K identity matrix. Denote the noise-value variance
ratioas 3, = 3., %, 1. We allow X, to be heterogeneous across exchanges. Assume that
traders in exchange n have risk-aversion a,.

In Design 1, traders submit demand schedule contingent on the prices in their own
exchanges. In Design 2, traders submit demand schedule contingent on the prices from
all exchanges. In Design 2’, traders in exchange I(1),...,I(N), N < N can submit de-
mand schedule contingent prices from all the exchanges, whhile the others do not. We
find that Theorem 3 still holds with multiple assets, heterogeneous risk-aversions, and

heterogeneous signal precisions (see Theorem 9).

Theorem 9 (Conditioning with Multiple Assets). If the Bayesian equilibria for Design 1,
Design 2 and Design 2’ exist, A% < XP¢ < X4 vn = 1,2,..., N, equivalently, E[u>?] >
E[u®P¢] > E[u9] for all traders i € I . The equality is taken if and only if cross-exchange

correlations pp,, = 0 for any n # m.
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Proof of Theorem 9. Let’s first solve for the equilibrium of Design 1 and 2 with multiple
assets, heterogeneous risk-aversions, and heterogeneous signal precisions, and compare
the liquidity and welfare in Design 1 and 2. We will then solve for the equilibrium of
Design 2/, and show that in Design 2, the traders in exchange I(1),...,I(K),K < N
have the same outcome as those in Design 2, and the traders in I(K + 1),...,I(N) have
the same outcome as those in Design 1. Therefore, the comparison between Design 1 and
2 can be easily applied to comparison of all three designs.

Design 1. DM: The trader i € I(n) maximize utility

| . . o
E |(6%)q" — §an(q’)’29ql —pq'|s',p,| -

dp,
dq?

The first order condition with respect to g* given price impact A}, = is

qi = (Oénzg + )‘iz)_l (]E[91|Szapn} - pn) .

By symmetry, let’s parameterize the expected utility in a linear form, E[6'|s?, p,] =
co.nE[0] + €58 + ¢p by, Where ¢, Cs.n, Cpp € REXE,

The equilibrium price satisfies

Py, = (IdK - Cp,n)_l(cofﬂE[O] + Cs7n.§n)’
where 5, = - 3¢ 5"
We can determine the inference coefficients as a function of the primitives (and in

closed form). Random vector (6, s', (p?°)’) is jointly normally distributed

o' E[6] o o cov (6°,(p,))
s | ~N|]| Eg |, P Sp+Zen  cov(s(py)) ||

p% E[6] cov (p,,, (6"))  cov (p,, (")) cov(p,, (p,))
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where

cov (pn, (Oi)’) = (Idg — cp,n)_lcs,ncov(én, (Gi)'),
Ccov (prm (si)/) = (IdK - Cp,n)_lcs,ncov(gm (si)/)’
cov (pn, (pn)) = (Idi — cpp)  esncov(3n, 55)cs, (Tdix — cpp)7h)

By Projection Theorem, we have

DIFIEED I cov (si, (pn)’)

(Cs,m Cp,n) = (29, cov (0i7 (pn),)) ) , Vi,
cov (pn, (s')')  cov (P, (P,)")
and
copn =Idg —cspn — Cpp.
We can solve for the inference coefficients on the private signal,
csn = (g —cov(0',8))) (Zg+ 2., — cov(s’, 5;))_1
= (1—=pn) (1= pn)Idg + En)_l . (1.60)
From the projection theorem, we have
Cs.n (o + Ben) + cpn(Idr — cpn) s ncov(3n, (s)) = Zy.
Plug c.,, can solve for the inference coefficients on the prices,
I,p e -1
Cpn = nfn ((1 — )%, t IdK) (1.61)

1+ (In - 1)ﬁn
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To summarize the solution for inference coefficients,

Con = (1=pn) (1= pa)ldic +30)7",
Inﬁn _ -1 —1
= — ((1 - 3 Id
R T A
Con = IdK — Cs;n — Cpn-

The price impact for trader i satisfies,

—1 —1
XNo=1- Y da’ ) > <(an29 + ) (Tdk — Cp,n)>/

d
J#i,5EI(n) Pr J#i

By symmetry, A}, = \,, for all i € I(n). We can solve that
An = ((In — 2Idg — (In — D)epn) " Do

Note that A, is symmetric.

Price: By the market clearing condition, the price in exchange n is

P, = E[0] + (Id — cpn) 'csn (8, — E[0]) = E[6] + cov(8,,, 8,,)cov(5y, 8,) " (5, — E[6])

Before we analyze the equilibrium of Design 2, let’s first introduce some notations as

they will appear several times in the analysis.

* (A)pn is the submatrix corresponding to the (n — 1)K + 1** to n K™ row and (m —

1)K + 1" to mK*™ of the matrix A.

e diag(A,), is a blockwise diagonal matrix with submatrix A,, at its (n — 1)K + 1t

to n K" rows and columns.

Design 2. DC: With cross-venue price information, the trader i € I(n) maximize
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utility

N | , , o
E [(6')q" — 5%((11)’29(1’ —phq'|s", {pptn] -

The first order condition is
i iy—1 il i
q' = (Se+A,)  (E[0']s" {pn}n] — Pn) -

By symmetry, let’s parameterize the expected utility in a linear form, E[8°|s’, p,| =
E[0 i N h REXK
Con [ ] + CsnS + Emzl Cpn,mPm, Where Co n, Cs nCpnm € .

By market-clearing condition, the equilibrium price satisfies
P = (Idyk — Cp) " (CoE[®] + C,3),

where P € RVE is the price vector for all assets, where the (n—1) K +1 to n K" elements
is the price vector p,,; 3 € RVK is the average signal vector, where the (n — 1)K + 1* to
nK'™ elements is the average signal in exchange n, ﬁ D ici(n) s'; E[@] € RVE is the
expected value vector. C), € RVEXNE where the submatrix corresponding to (n— 1)K +
1" to n K" row and the (m — 1)K + 1*" to m K" column is ¢, ;1. Co € RVEXNE where
the diagonal (n — 1)K + 1" to n K™ submatrix is con; Cs € RNEXNEK whose diagonal
(n — 1)K + 1*" to nK*™" submatrix is cs ..

We can determine the inference coefficients as a function of the primitives (and in

closed form). Random vector ((6°)', (s')’, P') is jointly normally distributed

o' E[6] P P cov (6", P')
s | ~N|]| E] |- S S0+, cov (s, P) ||
P E[©] cov (P,(0")) cov (P,(s?)) cov(P,P)



where

cov (P,(0")) = (Idng — Cp) ' Cscou(s, (6')),
7(3")’)7 (1.62)

cov (P, P’) = (Idyg — Cp)_ICScov(E, s, ((Id — Cp)_l)/

cov (P, (si)') = (Idyg — Cp) ' Cscov(

Va1l

By Projection Theorem, for any exchange n, Vi € I(n),

Csn (Bp+Xep) + Z Cp.n,mCOU(Dyy, (s")) = Xy (1.63)
csncov(s', P') + Z CpnmcoV (P, P') = cov (6", P) (1.64)

and

Con = IdNK — Csp — E Cpn,m-
m

If we plug the covariances in equation (1.62) into equation (1.64), we can simplify the

equation as

csncov(s', 8) + Z Cp.n,mCoU(Pp,, 8') = cov (0°,8), Vn,i€ I(n) (1.65)

m

Averaging equation (1.63) over all i € I(n), we have
cspn (Bog+Xep) + Z Cpnmeov(p,,,8,) =2y Vn. (1.66)

Subtracting equation (1.66) from the (n — 1)K + 1** to nK*" rows of equation (1.65),

we can solve that

Cspn = (29 — cov(@', én)) (29 +3X.0— cov(s’, én))_l

= (1= pn) (1= pn)Idr +3,) " (1.67)

We have the following equation by averaging equation (1.65) over all < and writing it

77



in matrix form,

(Idyx — Cp)~t = cov(8,5")cov(s,3) 1 C}? (1.68)
Plug the solved c; , into equation (1.68), then we can solve ¢, ,,

-1

(@]

1
Cp = IdNK - Cs - Csdlag(fzn)n

n

where C = C @ Idyx € RVEXNK where the (n—1)K +1*" to n K*" row and (m—1)K +1%"

to mKt™ submatrix equals to ppmIdk if n # m, and equals to (ﬁ + I’}f,%) Idy if

n=m.

To summarize, the inference coefficients are

Csn = (1= pn) (1 = pp)Idg + Zn)_l
- 1= pn) ae
Cp,n,m - ((1 - ﬁn)2;1 + IdK) ! (IdK,n:m - &(C l)nm) )

I
Con = IdK_cs,n_ 5 Cp,n,m-
m

where Idg ,,—, is an K x K identity matrix if n = m and is zero matrix otherwise,
(C™")m is the submatrix corresponding to the (n—1) K +1% to n K™ rowand °,_,,, K (¢)+
1" t0 Y, K(f) + K(m)hof C".

The equilibrium price impact satisfies

-1

opy .. 9py oq] day

oq oq, Z#i op, Z#i op,
Al = : .. : - _ : :

ogq'y, oqy Zj?fi opN Zj?fi Opn

where %ﬁ? = ((mZpm + M) " H(cpme — Ide:g)),. By symmetry, X!, = X, for all

i € I(n), Therefore,

1

A = (Idyk — C,) "' dia <
( ) (Idnk p) g In_]-iel(n)

(X + An)>

n
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We can solve for the diagonal submatrix )\ﬁl of A?,
An = ((In - 1)((M)nn)_1 - IdK)_l 0 377

where M = (Idyx — C,)” ' and (M), is its diagonal submatrix corresponding to (n —
1)K + 1*" to nK*" rows and columns. Note that \,, is symmetric.

Prices: By the market clearing condition, the equilibrium prices satisfy

P =E[@®] + (Id - C,) 'Cs(3 — E[O]).

Liquidity Comparison: DM v.s. DC
We denote the equilibrium variables in DM with superscript d, and the equilibrium
variables in DC with superscript dc.
For traders in I(n), the price impact in Design 1is Al = ((I,, — 2)Idx — (I, — 1)c?) L anS,
and the price impact in Design 2 is A% = (In = 1)((M)ppn) ! — Idg) ! 4, %p. Therefore,
Ade < A4 if and only if
Tdsc — ¢ < (M))™"

By equations (1.60) and (1.61), (Id — ¢%)™" = cov(0y, 5),)cov(5,, 5),) " (cl,,) 7. By
equation(1.68),(M),m = ((Id C,)” ) ( v(8,8)cov(s, &) 1) (c gln) 1 Asc
0 - Otz !
= (IdK 3 ) 1, CO'U(On, S )CO'U STL? n (IdK —+ 1+(I 71)p ) (Id + nn n) ,

—pn

and (cov(é, 5 )cov(é, é’)_l)n (Id 4 €D ) En) , we can further simplify the equa-
tion as

(€ Nnn = Cn) (B + Idk)™ =0,

1-—py,
which always holds, as (C™1),,,—(C),,} > 0 (whose equality is taken if and only if p,,,,, = 0
for any m # n) and (£, + ﬁI dr)~" = 0. Therefore, A% < X% The equality is taken

if and only if py,, = 0 for any m # n.



80

Welfare Comparison: DM v.s. DC
We denote the equilibrium variables in DM with superscript d, and the equilibrium
variables in DC with superscript dc.

In Design 1. DM, trader i € I(n) has ex-ante expected utility

Efu') =T | (El'|s,p] - p!) (;anze + Aﬁi) (0B + x1) " (E0']s", ] — )

~~

learning effect learning effect

liquidity effect

In Design 2. DC, trader i € I(n) has ex-ante expected utility

1

. . . /
Bl ] - E | (Ei0's', P - i) (5

—2 ..
Oénza + )\?f) (anze + )\%C) (E[OZ‘SZ,PdC] _ p;ilc>

learning effect learning effect

liqudity effect

As cgfn = cg,{n = (Idk + ﬁﬁn)_l, the learning effects in the two designs equalize,

E[0'|s", P —pi° = ¢, (s — 8) = ¢l (5" — 5) = E[0'|s", pif] — pf-

s, n

Therefore E[u"%] > E[u"?] if and only if,
1 -2 1 -2
<2an29 + A;{C) (anze + ,\z6> > (2%29 + AZ) (anze + Ai) (1.69)

in Loewner order.?

For traders in I(n), the price impact in Design 1is A% = (In — 2)Idg — (I, — 1)03)71 anXo,
and the price impact in Design 2 is A% = ((I, — 1)((M)nn) "' - IdK)f1 @, 3g. There-
fore, (g + Al) ' = 018 (Id — 5 (Id - &) 71), (anZp + AL) ™ = a1 3, (Id -

1

7—1(M)nn) . We can simplify equation (1.69) as

BLet A and B be two Hermitian matrices of order n. A = Bif A — B is positive semidefinite.



(Id — CZ)_Q = ((M)nn)2

By equations (1.60) and (1.61), (Id — )™ = cov(0y, },)cov(sy, ;) (c,)~!. By
Asc =
1

_ —1
€6, cov(On, 8),)cov(3,,8),) " = (IdKer ) = (Id - )""2 ) , and

equation (1.68), (M), = ((Id — Cp)™"), = (cov(,5")cov(s,8)71) (cf de )t
_ _ —1
(cov(8,8)cov(s,8)71), = (I dyc + &) )"” p) ) , we can further simplify the equation

as

(€Y — @) ™ (€ Yn + (@)1 Id + 21,2, ) = 0 (1.70)

As (C Y + O Id + 1,2, = 0and (C)pn — (C);;} > 0 (whose equality is taken
if and only if ppm = 0 for any m # n), equation (1.70) always holds. Therefore, E[u®%] >

E[u®4]. The equality is taken if and only if p,,, = 0 for any m # n.

Design 2": PC: With partial conditioning, traders i € I(N +1),..., I(N) can see prices
in their own exchanges only, and intuitively they have the same outcome as the traders
in Design 1. The trader i € I(1),...,I(N) can see prices from all exchanges. They submit

demand schedule to maximize utility
1 4 4 o
E [(6°)q" — §an(qz)’29qz —phq'[s" {Pu}n

where p,, = E[0] + cov(0,, 8.,)cov(8,,5,) " (5, — E[@]) forn =N +1,...,N.

The first order condition for trader i € I(1),...,I(N) is
i iy~ L i) o
q' = (oang + )\n) (IE[O |s', {p, }n] _Pn) )

By symmetry, let’s parameterize the expected utility in a linear form, E[6"|s?, p,] =
' N
conE[0] + csns' + > 1 CpnmPm, Where ¢ pn, €5 nCpnm € REXK,

By market-clearing condition, the equilibrium price satisfies

P = (Idyg — Cp) ' (CoE[®] + C,3),
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where P € RVE is the price vector for all assets, where the (n—1) K +1" to n K" elements

RNE is the average signal vector, where the (n — 1)K + 1" to

is the price vector p,,; s €
nK'™ elements is the average signal in exchange n, Iin > icl(n) s'; E[@] € RVE is the
expected value vector. C), € RVEXNEK where the submatrix corresponding to (n— 1)K +
1" to nK™ row and the (m — 1)K + 1" to mK" column is ¢, m. Co € RVEXNE,
where the diagonal (n — 1)K + 1** to nK*" submatrix is ¢ ,; Cs € RVEXNK wwhose
diagonal (n — 1)K + 1*" to n K*" submatrix is ¢ ,. The (N + 1)K*" to NK'™" row of C,, is
[0, diag(ct,,)n], the (N + 1)K to NK*" row of Cy is [0, diag(c{ ,,)n], the (N + 1)K*" to
NEK™ row of Cy is [0, diag(c?,, )n).

We can determine the inference coefficients as a function of the primitives (and in
closed form). For any trader i € I(n), n = 1,..., N, random vector ((8°), (s')’, P') is

jointly normally distributed

' E[6] P P cov (6%, P')
s | ~N|]| Ef] |- S S0+ e, cov (s, P) ||
P E[©] cov (P,(0")) cov (P,(s?)) cov(P,P’)

where

cov (P, (Oi)’) = (Idyg — Cp) ' Cscov(s, (8)),
cov (P,(s")) = (Idnk —Cp) 'Cscou(s, (s")), (1.71)

cov (P, P') = (Idnk — Cp)*lCScov(E, §)C ((Id — Cp)fl),

By Projection Theorem, Vi € I(n),n =1,..., N,

Can (B0 + Ben) + D Cpnmeov(py,, (s7)) = g (1.72)
m
csncov(st, P') + Z Cpnmcov(py,, P') = cov (0", P) (1.73)

m



and

Con = IdNK — Csn — E Cpnm-
m

If we plug the covariances in equation (1.71) into equation (1.73), we can simplify the
equation as

csncov(s' 3) + Z Cp.n,mcov(p,y,, 8') = cov (6", ) (1.74)

m

Averaging equation (1.72) over all i € I(n),Vn = 1,..., N, we have
Con (B0 + Ben) + D Cpnmcov(py,,8),) = T (1.75)

Subtracting equation (1.75) from the (n—1) K +1" to n K" rows of equation (1.74),¥n =

1,..., N we can solve that
Csn = (29 — cov (@', En)) (29 +3., — cou(s’, én))_l
= (1-p50) (1 =pp)Idg +%,)" ", ¥n=1,...,N. (1.76)

We can see from equation (1.76) that in the partial conditioning case, ¢, , = cgfn for

n=1,...,N.
Averaging equation (1.73) over all i € I(n),n = 1,..., N and write that into matrix
form,

Cncov(s,3) + Cp(Idyg — Cp) tCycov(5,5') = cov(8,d) (1.77)

where C, € R € RVEXNK ig the first NK rows of C, € RVEXNK C, is the first NK
rows of C,, and 6 € RVK is the average value 0, of the first N exchanges. By rearranging

the terms in equation (1.77), we have
Idyg (Idyg — C’p)_1 = cov(0,5)cov(s,5)1C L, (1.78)

where I'dyj € RNEXNK s the first NK row of T dn . We can observe that the first

NK rows of (Id — C,)~" in the partial conditioning case coincide with that in Design 2.
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The equilibrium price impact satisfies,

-1

opy ... Oy oa} oay
dq} dq i ap, 2t Ip,
Al = : .. : - _ : :
opy ... 9Opn dq] gy
. o 2 i Bpx 2 jiti Tpy
Given the solved inference coefficients, we can solve for the X, forn =1,..., N,

An = (I, = )((M) )" = Idg) ™ an g

where M = (Idyx — C,) ' and (M), is its diagonal submatrix corresponding to (n —

DK + 1 to nK* rows and columns. From equation (1.78), we can see that (M),

in Design 3 coincide with that in Design 2 for n = 1,..., N. Therefore, A’* = A% for
n=1,..., N.
Given that inference coefficients c;, = cglfn and price impact A2 = A% for n =

1,..., N, we can easily solve for the equilibrium bids for trader i € I(1),...,I(N) that
q' = (% + An) Lesn(s — 30) = g%
And by equation (1.78), the equilibrium prices forn =1,..., N,
P, =E[0] + [Idnk — CylnCs(s — Elf]) = pi’

where [Idy — Cp)n is the (n — 1)K + 1'" to n K" rows of [Idnx — Cp)n.
Given that the equilibrium bids and prices in the Design 2’, the ex-ante utility of each
trader i is the same as Design 2, if i € I(1),...,I(N) and is the same as Design 1, if

i€ I(N),...,I(IN). We can easily extend the welfare comparison results of Design 1 and

2 to Design 2" |
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Chapter 2
Dynamic Market Choice

2.1 Introduction

In practice, many assets are traded in both transparent centralized and opaque de-
centralized markets. For instance, equities are mostly traded on transparent centralized
exchanges, but they can also be traded in more opaque and decentralized markets, such
as dark pools and over-the-counter (OTC) markets.! Bonds are available for trading on
exchanges, OTC, or both.2 Traders’ market choices change over time. For example, dur-
ing periods of high volatility, the volume of equity transactions in dark pools compared

to that in exchanges tends to be lower.? Traders’ active participation in the opaque decen-

'A dark pool is a type of alternative trading system (ATS) that allows institutional investors to trade
securities without publicly revealing their intentions during the search for a buyer or seller. They emerged
in the 1980s when the Securities and Exchange Commission (SEC) allowed brokers to transact large blocks
of shares. See https://www.investopedia.com/terms/d/dark-pool.asp. In the US., the OTC
equity markets include OTC QX, OTC QB, and OTC Pink Marketplace with different financial standards
and regulations (Ang et al., 2013; Briiggemann et al., 2018).

2For example, in China, bonds are available for trading on exchanges, over-the-counter (OTC), or both.
Mutual funds, insurance companies, and security firms can trade corporate bonds dual-listed on both ex-
change and OTC markets. See Section 2.6 for more institutional details about the Chinese corporate bond
markets. In the U.S. and most European countries, bonds are predominantly traded in OTC markets, with a
recent rise of more transparent electronic trading (Nagel, 2016; Bessembinder et al., 2020; O'Hara and Zhou,
2021b). Before World War II, corporate bonds and municipal bonds were actively traded in centralized ex-
changes (Biais and Green, 2019).

3See Investors Flee Dark Pools As Market Volatility Erupts, The Wall Street Journal, Sept. 2, 2011, and
“Dark Pools” Draw More Trading Amid Low Volatility, The Wall Street Journal, May 3, 2019. Traders’ trading
places are also different for assets with different payoff sensitivities. Securities whose payoffs are designed to
be less sensitive to issuers” fundamentals, such as bonds, are primarily traded in over-the-counter markets.
Those more sensitive to fundamentals, like equities, are traded both in centralized markets and dark pools.
The most sensitive securities,for instance, options are predominantly traded in centralized markets.
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tralized markets has attracted policy debates on whether to introduce more transparency
or shut down the decentralized markets. However, a fundamental question remains un-
clear. What determines traders” market choices? Understanding their choices can help
policymakers design better markets.

To address this question, we develop a model with endogenous dynamic market
choices. The main insight from the analysis is that asset payoff sensitivity and volatility
influence price history informativeness, which in turn affects dynamic market choices. To
grasp the intuition behind traders” dynamic market choices, let us start with the classic
static trade-off discussed in the literature (e.g. Rostek and Weretka, 2012; Yoon, 2017; Ros-
tek and Wu, 2021; Babus and Parlatore, 2022). The centralized market is larger and can be
more liquid than the decentralized market. However, traders can trade exclusively with
the best counterparty with the most opposite trading needs in the decentralized mar-
ket, while they face competitors in the centralized market. In the dynamic model, this
trade-off between liquidity and competition will change as traders not only learn from
the current price as in the static models, but also learn from the price history. As traders
learn from the price history, the adverse selection in the market is lower. Consequently,
market liquidity improves with access to the price history. This improvement is more
pronounced in the decentralized market due to its smaller size relative to the central-
ized market.> What is unique to the dynamic market is that the price history and market
choices evolve endogenously over time. More informative past prices lead traders to
favor the decentralized market over the centralized one. Asset payoff sensitivity and
volatility determine the growth and decay rate of the informativeness of past prices, thus
shaping dynamic market choices.

The dynamic model features short-lived traders arriving each period to trade a risky

*Here we focus on the trade-offs when traders are indifferent between the centralized and decentralized
markets. When traders in the centralized market have highly correlated values, even the liquidity can be
lower in the centralized market than in the decentralized markets due to adverse selection. Decentralized
markets will be the obvious optimal market choice. (e.g. Rostek and Weretka, 2012; Yoon, 2017; Rostek and
Wu, 2021).

’In fact, this intuition applies to any additional public signals. See Rostek and Wu (2024) for more
discussions on the equilibrium existence conditions and properties for bilateral double auctions with public
signals.
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asset. The asset properties can be summarized with asset payoff sensitivity and volatility.
The asset value changes across time with AR(1) shocks. Asset payoff sensitivity measures
how much asset value changes with shocks. Asset volatility measures the innovations in
the AR(1) shocks. In each round, traders choose between a centralized market with a
double auction for all participants, or a decentralized market where they find the best
counterparties for bilateral double auctions that give them the highest expected utility.
Traders have private values with varying degrees of correlation, representing different
hedging needs or disagreements in asset value. From the traders’ perspective, the cen-
tralized and decentralized markets differ in market size, correlation with counterparties,
and transparency. In the decentralized market, traders exclusively engage with their
best counterparties - those with the lowest value correlation. In the centralized market,
traders interact not only with their best counterparties but also with competitors who
have more correlated values. The decentralized market is opaque; traders cannot see
past prices from this market. However, traders can observe and learn about their values
from past centralized market prices. After they choose the market, traders receive private
signals about the asset, submit demand schedules and the market clears.t

Different dynamic market choices can naturally emerge as price history evolves en-
dogenously over time. In this model, the impact of past prices on the current market
choice can be summarized by a single sufficient statistic: price history informativeness. It
measures how much traders can learn about their values from price history. Higher price
history informativeness improves liquidity and increases traders” expected utility, with
this improvement being more pronounced in the decentralized market.

Two asset properties determine the evolution of price history informativeness and there-
fore traders” market choices. The first is the asset’s payoff sensitivity to shocks in funda-
mentals. When an asset is insensitive to shocks, its value remains relatively stable over

time. Consequently, the price history becomes more informative and decays slowly. If

The assumption that traders receive private signals after they choose the market follows Yoon (2017).
It ensures that comparative statics are not affected by the realization of the signals. It is not crucial for the
results.
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the sensitivity is sufficiently low, the first round centralized market price is sufficiently
informative for traders to remain in the decentralized market afterwards. For assets more
sensitive to value changes across rounds, traders switch between the decentralized and
centralized markets. Traders tend to prefer the decentralized market as price history ac-
cumulates. However, once they have chosen the decentralized market, its opaque nature
causes price history informativeness to decay — the price history gradually becomes stale
and uninformative as new shocks change the asset values. As price history informative-
ness decreases, the decentralized market becomes illiquid. It drives traders back to the
centralized market when the price history is sufficiently informative. For the most sensi-
tive assets, price history informativeness is sufficiently low for traders to always stay in
the centralized market.

Asset volatility also affects market choices. If volatility is sufficiently low, traders
remain in the decentralized market starting from the second round. An intermediate
level of volatility makes price history informativeness decay faster, leading traders to
switch between centralized and decentralized markets. High volatility diminishes the
informativeness of past prices, compelling traders to remain in the centralized market.

Only when traders’ value correlations are highly homogeneous will they choose to
stay in the centralized market for all rounds. When value correlations are very hetero-
geneous, traders consistently opt for the decentralized market. This choice stems from
the significant benefit each trader gains by matching bilaterally with the counterparty
having the lowest correlation, and thus the most diverse values. In this case, the advan-
tage of heterogeneous values outweighs the reduced liquidity of a decentralized market.
Conversely, when value correlations are highly homogeneous, traders invariably choose
the centralized market. This preference arises because similar correlations across traders
diminish the advantage of exclusive trading with a specific counterparty in the decen-
tralized market. The higher liquidity attracts traders to the centralized market.

We test model predictions on asset properties and market choices in the Chinese cor-

porate bond market. In China, two bond markets co-exist: an over-the-counter (OTC)
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market and a centralized exchange market. Non-bank financial institutions, such as mu-
tual funds or insurance companies, can choose to trade in either market. We focused on
traders” market choices for corporate bonds dual-listed in both markets, collecting daily
transaction data from January 1 to May 31, 2018. Consistent with the model predictions,
we find that bonds with higher sensitivity to shocks to fundamentals are more likely to
be traded in the centralized market; and that assets with higher volatility, as measured by
greater price volatility in the last 30 days, are more likely to be traded in the centralized
market.

We then directly test the key mechanism regarding price history informativeness and
dynamic market choices using the same dataset. Our model predicts that as price history
accumulates, traders tend to shift from the centralized market to the decentralized mar-
ket. Empirically, we find that bond traders are more likely to switch from the centralized
market to the over-the-counter market when the bond trades more frequently.

Besides evidence from the Chinese corporate bond market, we also find evidence
in support of the model prediction on volatility and market choices in the U.S. equity
market. In Appendix 2.11, we test the model predictions in the U.S. equity market.”
Menkveld et al. (2017) and Buti et al. (2022) find evidence with U.S. equity data in support
of our model prediction, i.e., the share of equities traded in dark pools decreases when the
asset volatility is high. These empirical findings, consistent across various asset classes
and market structures, strongly support the model’s key implications about what drives
traders to choose between centralized and decentralized trading venues.

The dynamic market choice we explore has new policy implications for market de-
signs. In particular, we highlight a novel trade-off between the current round decen-
tralized market efficiency and future traders’ utilities. Given this trade-off, designs that

improve efficiency in the decentralized market without post-trade transparency may hurt

"We collect data for equities traded in exchanges, alternative trading systems (ATS), and over-the-
counter (OTC) markets during 2019-2022 from the Financial Industry Regulatory Authority (FINRA) and
Wharton Research Data Service (WRDS). We classify the centralized exchanges such as Nasdaq and NYSE
as centralized markets, ATS and OTC as decentralized markets. We use the standard deviation of prices in
the last 100 trading days for each stock as a proxy for volatility. We find a negative correlation between price
volatility and the proportion of transaction volume traded in the ATS and OTC.
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the overall welfare. This trade-off is absent in static market designs. For instance, while a
static model might suggest that introducing pre-trade transparency in the decentralized
market improves efficiency, it may decrease welfare in a dynamic context where the de-
centralized market lacks post-trade transparency. This occurs because price history infor-
mativeness decreases for future traders, as the more efficient pre-trade transparent decen-
tralized market attracts more trades while simultaneously making prices unobservable.
In scenarios with sufficient trading rounds and stable asset values due to low sensitivity
or volatility, the long-term effect of diminished price history informativeness outweighs

the efficiency gains in the decentralized market, ultimately leading to decreased welfare.

The trade-off between current-round decentralized market efficiency and future traders’

utilities also informs market structure design. The prevalent coexistence of centralized
and decentralized markets has sparked policy debates about mandating all trades in the
centralized market. In a static version of this model, we might conclude that such a man-
date deprives traders of the ability to trade with the best counterparty when beneficial.
However, in the dynamic model, while shutting down the opaque decentralized mar-
ket may decrease traders’ utility in the current round, it can improve overall welfare by

increasing price history informativeness for future traders.

Literature: This paper is closely related to the literature studying endogenous market
structure. One strand of literature focuses on the endogenous formation of core-periphery
trading networks (Chang and Zhang, 2015; Glode and Opp, 2016; Wang, 2016; Farboodi
et al., 2018; Babus and Parlatore, 2022; Hugonnier et al., 2022; Sambalaibat, 2022; Far-
boodi, 2023; Farboodi et al., 2023). This paper is more closely related to the literature on
the endogenous formation of coexisting centralized and decentralized markets (Pagano,
1989; Rust and Hall, 2003; Yoon, 2017; Vogel, 2019; Seppi, 1990; Desgranges and Fou-
cault, 2005; Bolton et al., 2016; Lee and Wang, 2018; Huang and Xu, 2021; Dugast et al.,
2022). While the literature focuses on static endogenous market choices, this paper stud-
ies dynamic market choices. In terms of underlying frictions giving rise to decentralized

markets, the papers closest to this paper are Yoon (2017) and Babus and Parlatore (2022),
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which focus on the trade-off between the larger market size of the centralized market
and counterparty with a lower correlation (i.e. more disagreement in the word of Babus
and Parlatore (2022)) in the decentralized markets. While Yoon (2017) and Babus and
Parlatore (2022) focus on traders’ role in determining market structures, e.g. value cor-
relation across traders and private signal precision, this paper highlights the impact of
asset properties on traders’ market choices.® We show that high price history informa-
tiveness due to low asset sensitivity and volatility is a new mechanism. That explains
why some traders choose to trade in decentralized markets. By incorporating the impact
of price history on traders” market choices, this paper endogenizes the dynamic evolution
of price history informativeness, traders’ beliefs, price impacts and market choices.

Second, this paper is related to the literature studying the welfare implication of co-
existing centralized and decentralized markets dynamically (e.g. Miao, 2006; Antill and
Duffie, 2021; Blonien, 2023). Papers using a static approach to analyze the welfare of
coexisting centralized and decentralized markets include Zhu (2014), Buti et al. (2017),
Malamud and Rostek (2017), Liu et al. (2018), and also the papers mentioned above that
endogenize this market structure. Existing papers assume exogenous timing for traders
to participate in decentralized markets. This paper contributes to the literature by en-
dogenizing the time for traders to choose between the decentralized and the centralized
market.

Finally, this paper is related to papers on transparency designs in financial markets
(Duffie et al., 2017; Asriyan et al., 2017; Ollar et al., 2021; Back et al., 2020; Kakhbod and
Song, 2020, 2022; Glebkin et al., 2023; Cespa and Vives, 2023; Vairo and Dworczak, 2023;
Rostek and Wu, 2024; Rostek et al., 2024). The existing literature usually considers trans-
parency designs without allowing traders to choose the venues. In this paper, we show
transparency designs with endogenous dynamic market choices. Among this strand of
literature, two existing papers (Rostek and Wu, 2024; Rostek et al., 2024) are closest to

this paper. Rostek and Wu (2024) provided the existence condition for bilateral double

$The asset sensitivity and volatility are properties related to the asset’s value correlation across rounds,
as opposed to the value correlation across traders.
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auction which this paper builds on. Rostek et al. (2024) explores which assets should
be traded over the counter by jointly analyzing market structure and transparency de-
sign. Instead, this paper examines the dynamic endogenous choice of venues with a new
trade-off between the current round decentralized market efficiency and future traders’

utilities.

2.2 Model

Market Structure Consider a market of one divisible risky asset and one risk-free asset
as a numéraire. The market has 7 rounds, and I > 4 even number of short-lived traders
arrive each round. In each round before they trade, and conditional on the history of
prices that they observe, traders first choose the market structure M = {CM, DM} that
gives them the higher expected utility.” The traders can choose the market that can either
be one centralized market (CM) where all traders participate in the same exchange, or
decentralized markets (DM) where traders are matched with a counterparty according to
an algorithm a la Irving (1985). The matching is pairwise stable in the sense that no trader
wants to leave the current counterparty and form a new pair. We assume that trades only
choose the DM if they strictly prefer it to CM. This prevents our results from being driven
by the indeterminacy of a tie-breaking rule in the case that the DM and CM lead to the
same utility.

Information structure Each trader i’s value of the risky asset is given 6; ; = d; + €;+. The
common value partis given by d; = u+¢ f;, where f; are shocks to the asset fundamentals,
u are macro-level risks unrelated to the asset fundamentals such as interest rate risk, and

€ measures the asset’s value sensitivity to the asset fundamentals relative to the macro-

“Please refer to the information structure for the details of the price history. Note that we do not allow
traders to split orders, i.e. to submit demand schedules to DM and CM simultaneously. Order splitting is
proved to be equivalent to CM in our set-up, given that the price and price impact will equalize between
DM and CM and the two markets operate as if they are one centralized market (Malamud and Rostek,
2017; Rostek and Wu, 2021). In practice, order splitting is often imperfect because traders are unable to
observe prices in both the DM and CM at the same time and cannot execute their orders based on both
prices simultaneously due to various regulations and market frictions. We find empirical evidence that
traders choose the market instead of splitting orders in the Chinese corporate bond market (see Section 2.6).
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level risks. The higher £, the more sensitive the asset payoff is to shocks. Without loss

of generality we normalize d; to have a standard normal distribution, d; ~ N(0,1), u ~

N(0, ﬁ) and f; ~ N(0, 1 +1§2 ).10 f; is time-varying given the growth of the underlying
asset, e.g. firm issuers. It follows an AR(1) process f; = rfi—1 + y;, where k € [0,1],
yr ~ N(0, (1 — m2)@) is the innovation independent of any other random variables.
x measures the autocorrelation of the shocks across rounds. e;+ ~ N (0, €2) captures the
heterogeneity of traders” value. ¢;; is independent of v and f;. By assumption the mean

of 6; ; is normalized as E[6; ;| = 0. Denote the variance of 6; ; as ag =1+ ¢2. We allow €it

to be correlated across traders, such that {6; ; }; has the joint correlation matrix at round ¢,

1 prot ... pLIg
p21t 1 ... parg
Ct =
prit pPr2t --- 1

To simplify the analysis, we assume that for any trader i, there is only one trader
J # i whose value correlates p, with trader i, and any other traders £ # j,¢ has value
correlation p; ;, > p, with trader i. Later in Section 2.3, we will see that this assumption
ensures unique pairwise matching a la Irving (1985).

Following Rostek and Weretka (2012), the market is equicommonal by assumption,
i.e., the average correlation between any trader i and the residual market is the same,
fil Zj;&i Pijt = Pt

Traders are uncertain about the asset value 6, ; and do not observe u, { f;}+ and {e; ; }i .
After they choose the market and before trading, each trader observes a private noisy
signal about his true value s;; = 60;; + £;+, where £;; ~ N(0, 0203) and o2 measures

the relative importance of noise in the signal. We assume o is sufficiently large, o >

This normalization ensures that the comparative statics with ¢ does not change anything else other
than the relative sensitivity to risks. In particular, it does not change the traders” value variances. The
normalization ensures the comparative analysis is not affected by the magnitude of risk but the sensitivity,
but it is not necessary to generate all the results in the paper. With the normalization, u can also be seen as a
numéraire for payoff sensitivity to shocks.
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Traders can observe the current market price and submit demand contingent on that.
Besides the private signals and the current market price, traders also observe past prices
in the CM. Traders cannot observe prices in the DM other than the price in their current
pair. We define the observed price history at round t as H; = {pM},<;. Given the
symmetric market assumption, if the optimal market choice of all traders at round ¢ is

the CM, then the price history updates as ;11 = H; U {p:}, otherwise, H; 1 = H;.

Preferences: The market is a double auction in a linear-normal setting. After the traders
choose the market, they submit a demand schedule ¢; ;, to maximize the payoffs condi-
tioning on the history of past round price information #;, the current round signal s; ¢,

and the current round price py,

(0%

E[Ui | Ht, si,0¢) = Elbi1qie — 5

(Gi1)? — peqit|He, 56, 1)-

The linear-quadratic utility function form follows the literature (Kyle, 1989; Vives,
2011; Rostek and Weretka, 2012; Yoon, 2017), where « is traders’ risk aversion.

The centralized market clears with p, when , ¢; +(p¢) = 0. In the decentralized mar-
ket, after the traders are matched bilaterally in NV = % pairs, each pair n € N clears in-
dependently with p;, when ), I(n) ¢i.t(ptn) = 0. This set-up of a decentralized market
has a close mapping to markets in reality. In terms of the bond market, we use this de-
centralized trading mechanism to model the bilateral trade in the over-the-counter (OTC)
market. In terms of the stock market, we use this decentralized market trading mecha-
nism to model the dark pools operating as continuous non-displayed limit order books.
This is the type of dark pool with the largest market share (around 70 percent) of total
U.S. dark pool volumes in 2011 according to Tabb Group (2011). It includes many dark

pools owned by major broker-dealers.?

"'This assumption is a sufficient but not necessary condition to generate all the results in the paper. This
is to avoid the nonmonotonicity of utility to o, and to simplify the proof of Lemma 5. See Vives (2011) for a
discussion of the nonmonotonic impact of o.

12There are other two types of dark pools, one derives price from the lit venues, and the other acts like
fast electronic market maker (Tabb Group, 2011; Zhu, 2014).
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Timing: We summarize the timing of each round with Figure 2.1.
Figure 2.1: Timing

I Il Il |
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t t+1
choose M; s; ¢ realizes submit g; +(-)
if My =DM, and market clears

match with a counterparty

2.3 Equilibrium

As the traders are short-lived, trading is static with a time-varying information set.
Therefore, we are subject to solving the model round by round forwardly given price
history H;. In each round, the problem is solved with backward induction. First, we solve
the trading strategy given the market structure. Then, we solve each trader’s optimal
market structure choice, by comparing each trader’s expected utility in CM and DM. We
apply the tie-breaking rule of choosing CM when CM and DM give the trader the same
utility. We focus on the symmetric Nash equilibrium where each trader in the same round
will have the same market choice and ex-ante expected utility. Given the optimal market

choice, we can determine the evolution of the price history.

2.3.1 Second Stage Trading Equilibrium

Denote the chosen market structure as M*. By symmetry, choosing the market struc-
ture is equivalent to choosing the number of traders in the market I; r¢+ and the average
correlation across traders p; rq+. It is easy to see that M* = C'M, the number of traders
in the exchange is I; ;i = I; with an average correlation between any trader and the
residual market p; a7+ = p. If M* = DM, the number of traders in each pair is [; p+ = 2
and every pair clears independently. Without solving the ex-ante expected utility, we will
not be able to know each trader’s choice of counterparty. For now, let us assume that the

correlation within each pair (i, j) is p m+ = ps,; and solve the bilateral equilibrium. With
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the equilibrium strategy solved in the second stage, we can write the ex-ante utility as a
function of p; ; in the first stage, and the trader j # i that gives the trader ¢ the highest
ex-ante utility will be the trader i’s counterparty.

Given the market structure Mj, at round ¢, traders submit a demand schedule g¢; ; to

maximize the utility

o
Hc}ath[Qi,tqz‘,t - 5(%’,02 — piqit|He, Sits Pt

By taking first order condition with respect to ¢; ;, we can solve the trader i’s demand

schedule,
E[0;,t|Ht, sit, ] — pt
- ; ) 2.1
QZ,t a+ Ai,t ( )
where \; ; = d‘?:tt is the price impact. By symmetry, the price impacts are the same for

all traders in the same round \; ; = A¢, Vi € I; pq~. We can parameterize E[0; ¢|H:, si ¢, pt] =
cuitHe + CsitSie + Cpigpe. By symmetry, the inference coefficients are the same for all
traders in the same round, ¢+ = c3t, Cs,it = Csp and cp i = cp -

In equilibrium, by market clearing condition, ); is equal to the inverse of the slope of

the residual demand,

qu]t ~1_ a+ M

= dpe (Lem= = 1)(1 = cpy)

Given the parameterization, the equilibrium price is,
pr= (1= cp) " emiHe + co151) (22)

where 5, = T — >, si; is the average signal in the exchange (for DM, it is the average
signal in each pair).

The trader i’s value 6, ;, the equilibrium price p; given equation (2.2), the history #;
and the private signal s;; are joint normally distributed. By the projection theorem, the

inference coefficients cy; ¢, ¢+, and ¢, can be determined given the joint distribution of
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(031, 50,65 He, ).
Theorem 10 (Trading Equilibrium). The equilibrium price impact is

a

A= Vi
(Tea = 1)1 —cpe) — 1
where ¢ = It,M*(,Ot,M*—”Zt)Uz = var(0;,¢)—var(0; ¢|Ht) _ T ()"l c
P, (1—Pt,M*+U2)(1+(lt,M*—1)Pt,M*—It,M*77t) var(i,¢) o5

R, 74 = cov(Hy, 0i4) € RI* and 1, = cov(Hy, Hy) € RIFx[He,

The utility conditional on H; for trader i is

a+2\ L —1 (1= ppe)?
(Oé+)\t)2 IuM* 1 —Pt,M* +O’27

E[U" Vi

Ht]zz

2.3.2 First Stage Market Choice

Given the trading equilibrium in Theorem 10, we can obtain the ex-ante utility of the
traders. By comparing the ex-ante utility of traders in DM and CM, we can determine the

optimal market choice.

Ex-ante Utility in CM: If the market structure is CM, the ex-ante utility for trader i is

a+208M T -1 (1-p)?

Viel 2.3
20+ M2 T 1—p+4o02 ! 23)

E[USM|He] =

- a I(p—nt)o>
(T-T)(T=cpt)—1" “Pt = (A=p+o?)(I+(I—1)p—Inr)"

where \{'M

Ex-ante Utility in DM: For traders in the DM, we will need to first determine the trader
i’s counterparty a la Irving (1985). The trader j that gives trader i the highest utility is
matched with trader i. Given that the traders j # ¢ are ex-ante identical except for their
correlation with trader 7, equivalently, this optimal choice of counterparty can be framed

as the optimal choice of p; ; among the pairwise correlations {p; ; } i,

max E[UPM(p. H
pigli€l,j#i [’vt (pij)[Hi]



Lemma 3 (Ex-ante Utility with Correlation Across Traders). Keeping everything else con-

stant, the ex-ante utility ]E[Ul{‘{‘ (p)|H+] is decreasing in the correlation p.

By Lemma 3, the trader j with lowest correlation with ¢ is matched as i’s counter-
party. By assumption, only one trader j has the lowest correlation p, with trader i, so
the algorithm a la Irving (1985) generates a unique matching result. Given the matching

result, trader ¢’s ex-ante utility in DM is

a+22PM (1 — p,)?

E[ULM M) = viel 24
Ui ] ot APRET=pp 02 Y
DM _ _« — 2(pg=mt)o?
where \/Y = ey’ Ot = (17pé+gg)(qt+P£*277t)'

2.3.3 Price History Informativeness

One observation from Theorem 10 is that the impact of the price history #; on the

market choice can be summarized by a sufficient statistic, the informativeness of the price

var(0;,+)—var(0; ¢ |He
var(6;,¢)

history to the traders n; = ) 13 Tt measures how much traders can learn
about their values from the price history.

Given the above observation that the informativeness of the price history 7; governs
the impact of the past market choices on the current market choice, we will first discuss

the impact of 7, on the market choice before we analyze the dynamics. We have the

following comparative statics results for 7;.

Lemma 4 (Comparative Statics With Price History Informativeness n (Rostek and Wu,
2024)). Keeping everything else constant, when 1 increases, the price impact \; decreases; and

the ex-ante expected utility for any trader i increases.

Lemma 4 implies that higher price history informativeness improves liquidity and
utility for both centralized and decentralized market. To understand the intuition of

Lemma 4, we can decompose the trader i’s utility into two parts, the liquidity effect and

BWhen H. is a scalar, 7, is the square of the correlation between the price history H; and any trader i’s
value 6; ;.
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the gain from heterogeneous values,

. o+ 2)\
B[S 1) = o g2 BUEBucl e si,pr] — po)* M
—_——

gain from heterogeneous values
liquidity effect

First, price impact decreases as price history informativeness increases. A more in-
formative price history reduces adverse selection by providing additional information to
calibrate the asset value. Specifically, given a more informative price history, the residual
market (the counterparty) requires a smaller price increase to sell an additional unit to
the trader, thus lowering the price impact.

Second, the gain from heterogeneous values remains constant regardless of price his-
tory informativeness. This is because price history only informs about the value that re-
mains constant across rounds, not the idiosyncratic shocks that determine the gain from
heterogeneous values. Since the liquidity effect increases with price history informa-
tiveness while the gain from heterogeneous values remains constant, traders” expected

utilities rise as price history becomes more informative.

Given heterogeneous trader values, when the price history is sufficiently informative,

the traders” expected utility can be higher in DM than in CM.
Lemma 5 (Optimal Market Choice at Round t ). Given H,, at round t,
1. ]E[Ul%M\Ht] — E[UZ%M|Ht] is decreasing in n;
2. if p < p* (I, pe, 0?), then any trader i will choose CM;
3. if p > p* (I, pe,0?%), there exists 7j (I, p, pe, 0%) the any trader i will choose CM if my < 1,
and otherwise if ny > 1.

Figure 2.2 serves as an example for Lemma 5. It shows the comparison of current
round utility in CM versus DM with respect to trader value correlation and past price
informativeness. We can see that when p is sufficiently low, the utility in CM is always
higher than DM. When p is high, there exists 7 such that DM gives traders higher utility

than CM. As 7 increases, the utility difference between CM and DM decreases.
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Figure 2.2: Utility in CM vs. DM With Traders’ Value Correlation and Price History
Informativeness
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Note: This figure shows the comparison of utility (welfare) in CM versus DM with traders’ value correlation
and price history informativeness . When the price history informativeness is higher or when the value
correlation across all traders is higher, the difference between utilities in DM and CM becomes larger.

To understand Lemma 5, we can start with the intuition in static models without
price history (Rostek and Weretka, 2012; Yoon, 2017; Rostek and Wu, 2021; Babus and
Parlatore, 2022). The horizontal axis of Figure 2.2 represents the static case 7' = 1. The
trade-off between CM and DM is between market size and the value correlation with
counterparty. CM always has a higher liquidity effect than the bilateral DM given a
larger market size.!* DM is better than CM in terms of counterparty. The gain from
heterogeneous values reflects the highest potential gain from trade without price impacts
with the residual market. In DM, the residual market is the best counterparty in DM -

the one with the lowest correlation p,. In CM, traders not only interact with their best

“*While empirically transaction volume is widely used to measure liquidity, we want to clarify that the
liquidity effect in this paper refers merely to the effect due to price impact but not the transaction volume.
Equation (2.1) implies that the transaction volume is determined by both liquidity and gain from heteroge-
neous values. Ex-ante, the variance of the transaction volume can be higher in DM than in CM when the gain
from heterogeneous values is sufficiently large. Therefore, we may see higher transaction volume ex-post
with lower liquidity (high price impact) in the DM than in the CM.
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counterparty but also compete with I — 2 other counterparties with correlation pp. The
residual market in CM can be viewed as I — 1 average counterparties with correlation
p- When the best counterparty is sufficiently different from the average counterparty, i.e.
the correlation py is sufficiently lower than p, the gain from heterogeneous value is lower
in CM compared to DM.

In a dynamic model, having access to price history changes the static trade-off. Fig-
ure 2.2 shows that price history informativeness 1 expands another dimension that is
independent of the value correlation p. Price history enhances utility in DM more than
that in CM. Higher price history informativeness improves liquidity in both markets, as
demonstrated by Lemma 4, with the improvement being more pronounced in the DM.
This is because the CM already boasts high liquidity, leaving less room for enhancement.
With sufficiently heterogeneous correlation, i.e., p > p* (I, pg,0?), the benefit from trad-
ing exclusively with the best counterparty is substantial. With high enough price history
informativeness 7, the loss of liquidity in DM is marginal. Consequently, traders tend
to favor DM, prioritizing the optimal counterparty even if it means a slight sacrifice in
liquidity.

Lemma 5 implies that, given sufficiently heterogeneous value correlation, when price
history is sufficiently informative, the traders have incentives to switch to DM. This intu-
ition applies to the analysis of dynamic market choices. In each round, we only need to
compare the correlation p with the threshold p* (I, ps,0?) and the price history informa-

tiveness with its threshold 7 (I s Dy Pes 02) to determine the market choice.

2.3.4 Dynamic Equilibrium

Given the expected utility in DM and CM characterized by equations (2.3) and (2.4),
if ]E[UZ%M |Hy] > E[UZQM |H:], then the optimal market choice at round ¢ is CM and the
price history H;1 = H; U {p;}, otherwise, the optimal market choice at round ¢ is DM
and H;+1 = H:. We have the following recursive algorithm to generate the equilibrium

of dynamic market choice through updates of H;,
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Theorem 11 (Algorithm for Dynamic Market Choice Equilibrium). The Bayesian Nash
equilibrium is a set of price history {H;}+, a sequence of market choice { M }+, and a set of infer-

ence coefficients {cs ¢, cpt, Cy 1} that is characterized forwardly recursively.
1. Initialize witht = 1, H, = 0.

2. Given M, the equilibrium inference coefficients {cs ¢, cp ¢, 31+ } is characterized in Theorem

10wzthpt7M* = py¢ It,/\/l* ZQ#M* = DM,andpnM* :ﬁ-[t,./\/l* :Ilf./\/l* =CM.

3. Given inference coefficients {cs ¢, cpt, e}, If (1) p < p* (I, pe,0%), 0r (ii) p > p* (I, pe, 0°)
and ny < 7 (I, p, pe, 02), then My = CM, Hyy1 = Hy U {ps}; otherwise, M; = DM,
Hiy1 = He. Repeat Steps 2-3 with the next t, until t=T.

The proof of Theorem 11 is immediate from the above analysis.

2.4 Dynamic Market Choice

In this section, we will explore how market choices evolve dynamically. In particular,
we are interested in how trader value correlations and asset properties affect the dynamic

market choice.

2.4.1 Constant Market Choice

In this part, we discuss sufficient conditions for traders to choose only one market
structure in all rounds.
Homogeneous Correlation: First, let us consider a simple case where the traders’ value

correlations are homogeneous. In this case, traders will always choose CM.

Proposition 5 (Homogeneous Correlation). When the traders value correlations are suffi-

ciently homogeneous p < p* (I, pe, 0?), traders will always stay in the CM.

The proof of Proposition 5 directly follows from Lemma 5, as no price history in-
formativeness 1 will allow traders to choose DM. When the lowest correlation and the

correlation with all other traders are similar, the benefit of trading with one counterparty
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with lower adverse selection in the DM is dominated by the loss of lower liquidity, re-
gardless of the price history. Thus the traders have no incentive to choose DM in any

rounds.

Sufficiently Heterogeneous Correlation: On the opposite side, when the traders” value
correlation is sufficiently heterogeneous, traders will always choose DM. If traders choose

DM in the first round, they will choose DM for all rounds.

Lemma 6 (DM persisitency). Keep everything else constant, if M = DM, then M} = DM
forall t.

Proof. Suppose traders choose DM over CM in round 1. It is easy to see that ; = 0.
Given that in each round primitives (I, p, p;, 0%) are the same, this means they prefer DM
over CM if 5, = 0. As DM is opaque, if n; = 0 and traders choose DM at round ¢, then

nt+1 = 0. This implies traders will always choose DM by forward induction. [

Given Lemma 6, if we find sufficiently heterogeneous correlation makes traders choose

DM in the first round, then they will stay in DM for all rounds.

Proposition 6 (Sufficiently Heterogeneous Correlation). There exists p, < 0 and p > p*

Py
such that for any pg < p,and p > p, traders will stay in the DM for all rounds.
Propositions 5 and 6 are consistent with Yoon (2017), where the traders’ heteroge-
neous value correlation is crucial for traders to choose DM. Note that the condition for
Propositions 6 is the same in both static (' = 1, Yoon (2017)) and dynamic models
(T" > 2) given Lemma 6. However, the threshold p* for Proposition 5 in the dynamic
model (1" > 2) is lower than that in the static model (7" = 1). This is because correlation
should be more homogeneous to keep traders in a centralized market with a longer price
history. Appendix Section 2.9.3 provides simulations of the market choices as the number

of rounds increases.
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2.4.2 Alternating Market Choices

The equilibrium becomes more interesting when we the traders” value correlations
are neither too homogenous nor too heterogeneous. Alternating between CM and DM
can emerge endogenously as the optimal market choice. We find that the asset proper-
ties, including asset sensitivity to shocks to fundamentals £, and the fundamental value

volatility inversely related to autocorrelation «, are crucial for the market choices.

Proposition 7 (Heterogeneous Correlation and Asset Sensitivity). With heterogeneous cor-
relation p > p* (I,pg,0%), pe > 0, € < €(0?,1),3 <T <T(0? I,¢€),and k < k(c?,1,¢), there

exists £ and € such that such that traders will choose CM in the first round, and

1. When the asset sensitivity to shocks to fundamentals is sufficiently low & € [0,§), the

traders shift to DM in the second round and stay there.

2. When the asset sensitivity to shocks to fundamentals is intermediate & € [£, &), the traders

will alternate between CM and DM.

3. When the asset sensitivity to shocks to fundamentals is sufficiently high ¢ € [£,00), the

traders will always stay in the CM.

Intuitively, when traders’ value correlations are heterogeneous, i.e., when p and p; are
sufficiently different, the traders have incentives to shift to DM by our previous analy-
sis. To further understand this result with respect to asset sensitivity, let us consider the

following three-round example.

Example 3 (Three-round Market). We consider a market with T' = 3. Assume that p, > 0,
such that in the 1st round the DM does not exist and the traders will always choose CM. Assume
also that any pair of traders that do not have correlation p, have value correlation py, > py.
Figure 2.3 shows the market choice of the traders in the 2nd and 3rd round. In the Appendix,
we also provided the price history informativeness in the 2nd and 3rd rounds with respect to &.
Region A: When the asset sensitivity is low, this implies the asset value is less susceptible to

shocks to fundamentals and more correlated across rounds. This also implies that the price history
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Figure 2.3: Dynamic Market Choice with Asset Sensitivity  in 7" = 3 Market
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Note: The black solid line plots the difference between the ex-ante expected utility of DM and that of CM
in the 2nd round, and the black dotted line plots that difference in the 3rd round. The red dashed line is a
reference line of 0. When the black solid(dotted) line is above the reference line, then the traders choose DM
in the 2nd round(3rd round), and if it is below the reference line, the traders choose CM in the 2nd round(3rd
round). The jump in the difference of utility in CM vs. DM in the third round comes from the difference in
the second-round choice.

Inregion A, i.e. £ € [0,£), traders choose DM in both 2nd and 3rd round. In region B, i.e. £ € (§,{] and in the
lower partition, traders choose DM in the 2nd round and CM in the 3rd round. In region C, ¢ € (¢, €] and in
the higher partition, traders choose CM in the 2nd round and DM in the 3rd round. In region D, ¢ € (&, 1],
traders choose CM in both the 2nd round and the 3rd round.

is more informative to the traders. A more informative price history can lower the price impact and
increase liquidity effect and utility. Such an increase is higher for DM than CM, as CM is already
very liquid thus leaving less room for liquidity improvement. The higher liquidity improvement
in DM can decrease the loss of liquidity effect for choosing DM and be dominated by the gain in
heterogeneous values. This gives rise to a shift to DM in the 2nd round.

When the asset sensitivity is sufficiently low, & € [0,§), traders will continue to stay in DM

in the 3rd round, as the 1st round price is still informative enough for them to trade with better

counterparty at just a bit higher price impact in DM.

Region B: However, when the asset sensitivity is not sufficiently low, i.e., £ € [€, £ ), traders
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will alternate between DM and CM. traders will choose DM in the second round and choose CM
in the 3rd round. As the asset value is not that stable across time and traders do not know the
DM price, the price in the 1st round becomes stale and not informative enough for the 3rd round
values. The liquidity difference in CM and DM again becomes large, making traders shift back to
CM for liquidity improvement.

Region C: When the asset sensitivity is high but not high enough, i.e., & € [, €) and higher than
that in Case 2, traders will still alternate between DM and CM. Traders will choose CM in the
first two rounds and shift to DM in the last round. This is because the asset sensitivity is not
low enough such that traders will choose CM in the second round for higher liquidity. However,
the asset sensitivity is low enough such that the price history is sufficiently informative in the 3rd
round when traders see both the 1st round and 2nd round prices in CM. In the 3rd round, the
liquidity improvement in DM is sufficiently higher than that in CM. The traders shift to DM in

the 3rd round for a better counterparty.

Region D: When the asset sensitivity is sufficiently high, i.e., & € [£,00), traders will stay in
the CM for both the 2nd and 3rd round. This is because the value of assets changes frequently
across time, making price history not informative enough to largely boost the liquidity in the DM.
Therefore, the liquidity difference between the DM and CM remains large, preventing the traders

from choosing DM for the benefit of the best counterparty.

To summarize, Example 3 shows how the asset sensitivity affects the informativeness
of the price history 7, and then affects the liquidity effect and therefore current market
choice. Past prices in the CM increase n and lower price impact. Better counterparties
attracts traders to the DM. However, DM opacity can lower future price history infor-
mativeness 7 and push traders back to the CM. These intuitions from Example 3 can
be extended to more than 3 rounds. Figure 2.4 shows the evolution of price history in-
formativeness and market choice with 7' = 10 with respect to different levels of asset
sensitivities. When the marker is above (below) the reference line 7 which is defined by
Lemma 5 and calculated according to trader value correlations, then traders choose DM

(CM).
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Figure 2.4: Evolution of Price History Informativeness for Different Asset Sensitivities
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Note: This figure shows the evolution of price history informativeness for different levels of asset sensitivity
& for T' = 10. The black dashed line is a reference line of threshold 7. When the marker is above the reference
line, then the history informativeness in that round is higher than 7 and traders choose DM. If the marker is
below the reference line, then the history informativeness in that round is lower than 7 and traders choose
CM.

We would like to clarify that the mechanism for alternating market choice does not
come from the tie-breaking rule which we do not impose any indeterminacy. It also
differs from the mechanism as in Yoon (2017) where (i) traders in the DM do not access
CM price; and (ii) marginal trader’s (weak) indifference between DM and CM gives rise
to coexistence. In this paper, traders choose DM when DM gives them a strictly higher
utility than CM. DM emerges endogenously as a result of learning from price history, and
fades endogenously when the price history becomes uninformative.

Proposition 7 is consistent with our real life observations. Securities that are designed
to be insensitive to issuers’ fundamentals, like bonds, are firstly traded in the central-
ized primary market and then mostly traded in the secondary over-the-counter market.
Securities that are relatively more sensitive to issuers’ fundamentals, like equities, are
mostly traded in the centralized market, sometimes traded in dark pools. Securities that

by design are most sensitive to issuers” fundamentals, like options, are only traded in the

centralized market.
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Proposition 8 (Heterogeneous Correlation and Autocorrelation). With heterogeneous cor-
relation p > p* (I, ps,0%), € <€(0?,1),3 <T < T (02 1,¢), and & > (0%, 1, €), there exists

and & such that traders will choose CM in the first round, and

1. When the autocorrelation is sufficiently low k € [0, |, the traders will always stay in the

CM.

2. When the autocorrelation is intermediate r € (k, k|, the traders will alternate between CM

and DM.

3. When the autocorrelation is sufficiently high x € (k, 1], the traders will choose DM over

CM in the second round and never choose CM again.

Figure 2.5 shows the market choice of the traders in the 2nd and 3rd round in Ex-
ample 3 with respect to autocorrelation . In the Appendix, we also provided the price
history informativeness in the 2nd and 3rd rounds with respect to . Similar to the anal-
ysis of Proposition 7, the intuition for Proposition 8 also works through the dynamics of
the price history informativeness 7. The price history informativeness 7 is increasing in
autocorrelation k. When autocorrelation is higher, this means the values are less volatile
across rounds, the price history is more informative, and the traders are more likely to
shift to DM. The intuition of Example 3 also applies to a market with more rounds. Figure
2.6 shows the evolution of price history informativeness and market choice for a 7' = 10
round market with respect to different levels of autocorrelation. When the marker is
above (below) the reference line 7) which is defined by Lemma 5 and calculated accord-
ing to trader value correlations, then traders choose DM (CM).

The autocorrelation x captures the volatility of the fundamentals. Proposition 8 im-
plies that when the shocks are less volatile, i.e. high x, then the traders are more likely
to trade in DM. The implication of Proposition 8 is consistent with some existing em-
pirical literature. Both Menkveld et al. (2017) and Buti et al. (2022) find that the market
share of the dark pools (corresponding to DM in our model) relative to the lit venues

(corresponding to CM in our model) decreases when the market is more volatile.
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Figure 2.5: Dynamic Market Choices with Autocorrelation x in 7" = 3 Market
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Note: The black solid line plots the difference between the ex-ante expected utility of DM and that of CM
in the 2nd round, and the black dotted line plots that difference in the 3rd round. The red dashed line is a
reference line of 0. When the black solid (dotted) line is above the reference line, then the traders choose DM
in the 2nd round (3rd round), and if it is below the reference line, the traders choose CM in the 2nd round
(3rd round). The jump in the difference of utility in CM vs. DM in the third round comes from the difference
in the second-round choice.

InregionE, i.e. k € [0, k], traders choose CM in both 2nd and 3rd round. Inregion F i.e. ¥ € (&, 5] and in the
lower partition, traders choose CM in the 2nd round and DM in the 3rd round. In region G, « € (k, 5] and in
the higher partition, traders choose DM in the 2nd round and CM in the 3rd round. In region H, « € (&, 1],
traders choose DM in both the 2nd round and the 3rd round.

We also want to clarify the difference between asset sensitivity and volatility. Even if

the issuer’s fundamental has high volatility, it is possible for the issuer to design securities

that have low asset sensitivity to be traded in the DM.

2.4.3 Discussions and Extensions

General Private Information Precision: In the baseline model, traders receive private
signals with constant precision. Appendix Section 2.9.1 extends the model to include
varying precision of private information. We find that traders are more likely to choose

CM after rounds with less precise private signals. Additionally, we demonstrate that
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Figure 2.6: Evolution of Price History Informativeness For Different Autocorrelations
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Note: This figure shows the evolution of price history informativeness for different levels of autocorrelation
k for T' = 10. The black dashed line is a reference line of threshold 7. When the marker is above the reference
line, then the history informativeness in that round is higher than 7 and traders choose DM. If the marker is
below the reference line, then the history informativeness in that round is lower than 7 and traders choose
CM.

traders can still alternate between CM and DM, even with post-trade transparent DM,

when precise signals are infrequent.

Non-movers: In the baseline model, we focus on the behavior of traders who move
across venues without frictions. This generates a pattern where all traders either choose
CM or DM. In practice, some traders only have access to one type of the markets. For
example, the retail traders in the U.S. equity market usually do not trade in the dark
pools, and the bank dealers are prohibited from trading in the centralized bond market
in China. Appendix Section 2.9.2 provides an extension to accommodate the non-movers

in the market without changing the mechanisms and qualitative results in the baseline

model.

Proportion of Time in CM: Appendix Section 2.9.3 provides the analysis on the propor-
tion of time traders choose CM over DM with sensitivity and volatility. Consistent with

our intuition for Propositions 7 and 8, we find the proportion of time traders choosing



CM is positively correlated with asset sensitivity and volatility.

Alternative Tie-breaking Rule: In this paper, we do not allow traders to choose DM
and CM in the same round. Following Yoon (2017), we can allow the traders to choose
DM or CM until no trader would like to deviate to the other market. Note that our results
still hold qualitatively with this new tie-breaking rule, as price history informativeness n
can still evolve endogenously with traders” past market choices and in turn determines

traders future choices.

2.5 Market Designs with Endogenous Market Choices

In previous sections, we endogenize the traders’ market choices given their value
correlations and asset properties. Most of the literature focuses on comparing market
designs with a fixed number of traders in each market. We may wonder how to improve
market efficiency taking into account the flow of traders across venues. In this section,

we will revisit some popular market designs given the endogenous market choice.

2.5.1 Transparency

So far, we have assumed that DM is opaque, i.e. future traders cannot see prices in
DM and traders in DM cannot see prices in other pairs. In this section, we will consider
introducing transparency designs in DM.

It is of policy interest to discuss the impact of transparency on market structures and
welfare. In reality, traders have post-trade transparency in some decentralized markets,
e.g. TRACE in the bond market, and blockchain technology in the crypto market. Some
decentralized trading mechanism allows pre-trade transparency, e.g. request-for-quote.
However, some decentralized markets are relatively opaque, e.g. dark pools for equities.
The lack of transparency in dark pools has received critique and policy attention. How-
ever, the impact of introducing transparency to dark pools remains unclear. Our dynamic

model allows us to explore the impact of transparency designs on traders” market choices
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and welfare.

2.5.1.1 Post-trade Transparency

In this section, we will consider introducing post-trade transparency to DM, i.e.,
prices in DM will enter the price history and affect future market choices. This definition
of post-trade transparency follows Vairo and Dworczak (2023) and Rostek et al. (2024).

It is easy to see that Theorem 10 still applies to equilibrium with post-trade trans-
parency. Denote the number of trading pairs in the DM as N = £, and each trading pair
as n. We can slightly modify the price updating rule in Theorem 11 to characterize the

new equilibrium.

Theorem 12 (Algorithm for Dynamic Market Choice Equilibrium with Post-trade Trans-
parency). The Bayesian Nash equilibrium is a set of price history {H}+, a sequence of market
choice { M}, and a set of inference coefficients {cs s, cpt,Cy ¢} that is characterized forwardly

recursively.
1. Initialize witht =1, Hy = 0.

2. Given M, the equilibrium inference coefficients {cs ¢, cp t, C3+ } is characterized in Theorem
10 with Pt,M* = Pe It,M* =2 Zf./\/l* = DM,lli’ldpt’M* = ﬁIt,/\/l* = Ilf./\/l* =CM.

aADEM 11 (=g o at2APM (1-p)?

3. Given inference coefficients {cs, cp, ey}, If 5
then M} = CM, Hyy1 = He U{p:}; otherwise, M} = DM, Hyy1 = Hi U{pnt }n, where
Pn,¢ 15 the equilibrium price of bilateral trading pair n. Repeat Steps 2-3 with the next t,

until t=T.

The proof of Theorem 12 follows the analysis in Section 2.3.

First, we explore the impact of post-trade transparency on traders” optimal market
choice. Perhaps surprisingly, we find that with post-trade transparency, traders will stay
in DM once they have chosen it. This is because the price history informativeness 7 never

decays, attracting traders to stay in DM.
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Proposition 9 (Post-trade Transparency: Once DM, Always DM). With post-trade trans-
parency, if My = DM, then M* = DM,V > t.

By Proposition 9, the potential dynamic market choices will be (i) choosing DM for all
rounds; (ii) choosing CM at first and DM thereafter; and (iii) choosing CM for all rounds.
Alternating back and forth between DM and CM is no longer an optimal dynamic market
choice. Note that this result is different from Lemma 6 which only describes one possible
market choice, i.e., DM persists when traders choose DM in the first round. Proposi-
tion 9 implies that if we introduce post-trade transparency in dark pools, the traders will
not return to the centralized market. Note that Proposition 9 holds only when the pri-
vate signals and trading rounds arrive regularly, which may not hold in reality. If we
slightly modify the model by allowing precise private signals to arrive less frequently,
then the price history informativeness naturally decays during these long no-trade or
uninformed-trade periods, and traders can return to CM from DM even with post-trade
transparency (see Appendix Section 2.9.1).

Still, regardless of its impact on the market choice, post-trade transparency in DM

weakly increases overall welfare.

Proposition 10 (Post-trade Transparency Improves Welfare). Post-trade transparency weakly

improves welfare regardless of market choices.

Post-trade transparency in DM does not affect the utility of traders when they choose
CM, but can weakly increase welfare when they choose DM. The intuition is as follows.
7" with post-trade transparency will always be weakly higher than 7; without post-
trade transparency, as the DM prices are informationally equivalent to the average signal
of each bilateral pair, which is at least as informative as the centralized market price in
the same round if traders choose CM without post-trade transparency. Given n?°* > 7,

any market choice without post-trade transparency will not give traders higher utility

than DM with post-trade transparency.
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2.5.1.2 Pre-trade Transparency

In this section, we will consider introducing pre-trade transparency in DM. The def-
inition of post-trade transparency follows Rostek et al. (2024). We allow traders in each
pair to not only submit demand schedules contingent on their price but also the prices in
other pairs. Their demand schedule in DM at round ¢ will be ¢; ;(p,) : RY — R, where
p; € RY is the vector all prices in all pairs whose n'* element is the price in pair n at
round ¢, p,, ;. For tractability, besides that each trader will have a correlation p, with only
one trader, we further assume that each trader has a correlation p;, with all other traders

in the same round.

Equilibrium Characterization: It is easy to see that given history #, ;, the trading equi-
librium in CM will not be affected by the pre-trade transparency in DM. We can still
apply Theorem 10 to characterize CM equilibrium. We need to solve for the new trading
equilibrium for DM.

With pre-trade transparency, traders in the DM will have access to prices from other
pairs and submit demand schedules contingent on them. Trader i € I(n) submit demand
schedule ¢; ;(p;) : RY — R to maximize the expected utility conditional on the history

H;, private signal s; ¢, and

1
max E[0;1qi¢ — =0q;; — pn.1qepy, Hi, sid]
qi,t(pt) 2

trader 7 ’s first-order condition as

E[6; ¢

Di, Hta Si,t] — Pnt
o+ Ai,t

qi (py) =

where \;; is the trader ¢’s price impact within pair n. Trader 7 also has cross-pair price
impact as traders from other pairs will change their bids when price p,, changes with i’s
bid. Trader i’s price impact over all pairs can be described with a price impact matrix

Ay = (%) e RV*N where the nt" diagonal elements is \; ;. Each trader i ’s price im-
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pact matrix is equal to the transpose of the Jacobian of trader i’s inverse residual supply:

-1

(A = [ -3
i P
We can parameterize E[0; ;|p;, He, 5i¢) = CpisHe + CsinSis + CpiaDy Cin € RV
csit € R, and ¢,;+ € RPN, Given symmetry within each pait, ¢yt = Cynt, Csit =
Cemitr Cpyit = Cpnt and Ajp = Ap 4.
Given the market clearing condition, ) .. I(n) %t (py) = 0, and trader symmetry within

exchanges, we have the equilibrium price in all pairs in vector form,
Py = (Id—Cpy) ™" (CoiMi + Cyi51)

where C,; = diag (csnz),, € RN, Cyp = (epng), € RNxH ¢, = (cpmt), € RNV,
5; € RY is the average signals for all pairs, where the n'" element is the average signal in
pair n.

Given that value 6;,, private signal s;;, prices p,, and price history H; are jointly
normally distributed, we can solve the inference coefficients C ;, C'4;; and C; through

the projection theorem.

Theorem 13 (DM Trading Equilibrium with Pre-trade Transparency). The price impact for

trader i in pair n is
1

Ang = ((((Id - (J][,,t)—l)m)f1 - 1>_ a.

where (A)ny, is an operator that gives the n'" diagonal element of matrix A.
— rr—1
C,: = diag (ﬁ) (Id — diag (%) (= 11’77t)*1>. N = % is price history
n, n 0

cov (0,0, NxN
(5 t) GR X

informativeness. C =
%9

is the correlation of pairwise average values across

all pairs, where 8, € RY is the vector of average value per trading pair where the n'" value is

gn,t = Zie[(n) Hivt
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The expect utility for trader i in pair n conditional on the price history is

a4 2s 1 (1= pay)?
(CV + )\n,t)2 21— Pnt+ o?

E[U; 37 [He] = WE[(E[Qi,tmt,Si,t,Pt] — Pin) | He] = 5

Thoerem 13 shows that the price history’s impact on the current round utility is still
through the price impact, and can be summarized by the sufficient statistic, price history
informativeness 7;.

Our next question is, will pre-trade transparency change the matching results in DM?
We find that the expected utility is still monotonic in the correlation p, ; (see Lemma
7). Therefore, each trader will be matched with the counterparty that has the lowest

correlation py, same as the matching results in Section 2.3.

Lemma 7 (Monotonicity of Utility with Pre-trade Transparency). With pre-trade trans-

parency, E[UﬁM |H+] is monotonically decreasing in py, ;.

Given that introducing pre-trade transparency does not change the matching results
in DM, and the price history update rule remains the same, we can still apply Theorem

11 to characterize the equilibrium.

Pre-trade Transparency and Welfare: With the equilibrium characterization, we would
be able to discuss the impact of pre-trade transparency on market choice and welfare.
First, we find that given price history H;, introducing pre-trade transparency always

weakly increases the utility for all traders in DM.

Lemma 8 (Pre-trade Transparency Increases DM Utility). Given price history H., introduc-

ing pre-trade transparency weakly increases the utility for all traders in DM.

Given Lemma 8, it is intuitive that, holding everything else constant, it is more likely
for traders to choose DM over CM as the threshold of history informativeness 7 for

traders to opt for DM is weakly lower.
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Proposition 11 (Pre-trade Transparency Precipitates DM). With pre-trade transparency, (i)
the first time for traders to choose DM is no later than without transparency; (ii) if the round
when traders first choose DM is the same as the round when traders first choose DM without

pre-trade transparency, then they stay in DM for weakly longer.

The fact that pre-trade transparency can make traders choose DM earlier creates nu-
ances in terms of welfare. By Lemma 8 we know that transparency increases utility for
traders in DM given the price history. However, choosing DM earlier and staying longer
can potentially decrease the price history informativeness and welfare in later rounds.
Pre-trade transparency can bring down welfare when the loss of history informativeness

dominates the benefit in DM.

Proposition 12 (Pre-trade Transparency and Welfare). 1. For sufficiently heterogeneous

trader value py < p, < 0and p > p, pre-trade transparency weakly improves welfare.

2. For sufficiently homogenous trader value, p < p*P (I, py, 0%), pre-trade transparency does

not change welfare.

3. When traders’ value correlations are neither sufficiently heterogeneous nor sufficiently ho-
mogenous, pre-trade transparency can decrease welfare when the number of rounds T is

sufficiently large, asset sensitivity & is low, or autocorrelation « is high.

Intuitively, Proposition 12.1 corresponds to the constant DM choices both with and
without pre-trade transparency, and given Lemma 8, pre-trade transparency should al-
ways weakly increase welfare. Proposition 12.2 corresponds to the constant CM choices
both with and without pre-trade transparency. As traders do not choose DM, pre-trade
transparency does not change welfare.

The impact of pre-trade transparency on welfare is ambiguous when traders’ value
correlation heterogeneity is of intermediate level (Proposition 12.3). This is when traders
can have alternating market choices in the benchmark model. Despite that DM util-
ity is higher with pre-trade transparency, price history informativeness may be lower

as traders are more likely to choose DM earlier with pre-trade transparency. Figure
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Figure 2.7: The Difference Between Welfare With Pre-trade Transparency and Welfare
With Opaque DM
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Note: Each black line plots the welfare with pre-trade transparency minus the welfare with opaque DM. The
red dash line is a reference line of 0. If the black line is higher than (or at) the reference line, then pre-trade
transparency (weakly) improves welfare, otherwise, it decreases welfare.



2.7 shows the difference between welfare with pre-trade transparency and welfare with
opaque DM with respect to asset sensitivity &, volatility (1—x?), and the number of rounds
T. When the number of rounds 7' is large, and the asset value is stable either due to low
sensitivity ¢ or low volatility (high ), low price history informativeness has a persistent
and long-run impact. With these conditions, the loss of price history informativeness
dominates the utility gain in DM, making pre-trade transparency welfare-decreasing.
This welfare result contrasts Vairo and Dworczak (2023) where they find pre-trade
transparency always improves welfare. The key difference is that they focus on the im-
pact of transparency given the decentralized market structure, but we endogenize the
impact of pre-trade transparency on dynamic market choice and highlight the loss in

price history informativeness.

2.5.2 Coexisting DM&CM vs. CM only

Besides lack of transparency, another concern on DM is market fragmentation. For ex-
ample, the decentralized corporate bonds market in the U.S. has raised policy concerns
about its lack of efficiency. There is an ongoing debate on whether to introduce a central-
ized market to the decentralized corporate bond market (e.g. Plante, 2017; Kutai et al.,
2022; Allen and Wittwer, 2023a).

We first consider the welfare impact of providing traders in DM with the option to
trade in CM. In our model, we will compare the welfare under the baseline model with
both opaque DM and CM and the welfare of the opaque DM market only. We find that

introducing CM alongside DM weakly increases welfare (see Proposition 13). 1

Proposition 13 (Welfare Comparison: DM vs. DM&CM). Compared with DM only, intro-

ducing CM weakly improves welfare.

A more radical market design is to move all traders to the centralized market. We

model this design as a design where traders no longer have the option to trade in DM.

5To allow a more interesting comparison, the DM-market-only case can be relaxed to allow traders to
access both CM and DM in the first round but only DM later. Proposition 13 still holds. See proof of Propo-
sition 13 for details.
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Figure 2.8: The Difference Between Welfare With Centralized Market Only and Welfare
With Parallel Markets with Sufficiently Heterogeneous Correlation
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Note: Each black line plots the welfare with CM only minus the welfare with both DM and CM with suffi-
ciently heterogeneous correlation p, < p, < 0 and p > p. The red dash line is a reference line of 0. If the
black line is higher than (or at) the reference line, then centralizing the DM improves welfare, otherwise, it

decreases welfare.



We find that compared with having access to both CM and DM, centralizing DM can
decrease welfare when the value correlations are sufficiently heterogeneous, or when the
asset sensitivity and volatility are sufficiently high with trading rounds T < T. Intu-
itively, with sufficiently heterogeneous value correlation, traders’ gain from trading with
the lowest correlation trader is higher than the loss from the less deep market in the DM
with no price history, so they prefer DM over CM in the first round. Over time, the trans-
parent CM increases the price history informativeness and the CM welfare. If the asset
sensitivity and volatility are sufficiently high with short trading horizons, the improve-
ment in price history informativeness in CM is not large enough to offset the welfare loss
in the beginning. Conversely, with sufficiently heterogeneous correlation, when the asset
sensitivity and volatility are sufficiently low, with long enough trading horizons, the CM

can improve welfare upon the coexisting markets (see Figure 2.8).

Proposition 14 (Welfare Comparison: CM vs. DM&CM). Compared with the parallel mar-
kets of CM and DM,

1. Centralizing DM does not change welfare, (i) if values are sufficiently homogenous, p <
p*Pre(1, pg, o) or (ii) if traders’ value correlations are neither sufficiently heterogeneous
nor sufficiently homogenous, and the number of rounds T < T, centralizing DM does
not change welfare if the asset sensitivity is sufficiently high ¢ € [, 00), or volatility is
sufficiently high k € [0, ].

2. Centralizing DM decreases welfare if trader values are sufficiently heterogeneous p, <
p, < 0and p > p, the asset sensitivity is sufficiently high { € [EEMonly o) and when the

volatility is sufficiently high k € [0, k"™ ") with finite rounds T < T.

3. Centralizing DM improves welfare if trader value correlations satisfy p < p < p, P, <

pe < p, <0, and the number of rounds T' > T is sufficiently large.
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2.6 Empirical Evidence

The model provides us with some testable predictions. Proposition 7 implies that the
assets with higher sensitivity (higher &) to shocks to fundamentals are more likely to be
traded in CM. Proposition 8 implies that assets with higher volatility (lower ) are more
likely to be traded in CM. The model also predicts a dynamic market choice as price
history informativeness grows. Lemma 5 implies that traders are more likely to switch to
DM from CM with a more informative price history.

We collect and analyze the Chinese corporate bond market data to test the predictions.

2.6.1 Institutional Background

Before delving into the data, it is beneficial to offer an overview of the distinctive

institutional framework of Chinese bond markets.

Parallel OTC and CM: In China, there exist two concurrent bond markets: the inter-
bank market and the exchange market. The interbank bond market, established in 1997,
operates similarly to the U.S. interbank bond market and is an over-the-counter (OTC)
market. On the other hand, the exchange bond market, inaugurated in 1990, functions
as part of the Shanghai and Shenzhen Stock Exchanges and operates as a centralized
market. Both markets comprise a cash bond market for primary issuance and secondary

trading, as well as a repo market.

Participants. Participants in the two bond markets exhibit some variation, but largely
share most non-bank institutional investors. The interbank bond market caters to qual-
ified institutional investors, including commercial banks, mutual funds, insurance com-
panies, and security firms, functioning as a wholesale market. Conversely, the exchange-
based bond market operates as a retail market, permitting non-bank institutions, corpo-
rate investors, and retail investors to engage in bond investments. Commercial banks’

involvement in the exchange market is minimal due to restrictions on repo transactions.
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However, many non-bank financial institutions, such as mutual funds, insurance com-
panies, and security firms actively participate in both markets. According to Chen et al.
(2023), the non-bank financial institutions take up 76 percent and 57 percent of aggregate
enterprise bond holdings, over 80 percent and nearly 50 percent of enterprise bonds’ spot

transactions on the exchange and interbank markets respectively by the end of 2014.

Bond Products. Bonds traded in the exchange market typically exhibit smaller sizes
compared to those in the interbank market. Nonetheless, certain bond products, par-
ticularly some enterprise bonds and government bonds, are dual-listed, being traded in
both markets. Enterprise bonds are corporate bonds issued by state-owned enterprises
or entities with substantial state ownership. Access to enterprise bonds in the exchange
market was limited until 2005 when the National Development and Reform Commission
(NDRC) granted non-public-listed state-owned enterprises entry to the exchange mar-
ket. Since then, dual-listed enterprise bonds have experienced significant growth. In
2018, over 28 percent of outstanding enterprise bonds were dual-listed. We will focus on

these dual-listed corporate bonds in the following analysis.

Regulators and Clearing Houses. The two markets are overseen by different regula-
tory bodies. The People’s Bank of China (PBOC) serves as the primary regulator of the
interbank bond market, while the China Securities Regulatory Commission (CSRC) regu-
lates the exchange market. In the interbank market, trading occurs via the China Foreign
Exchange Trade System (CFETS), with clearing services provided by the Shanghai Clear-
ing House (SHCH) and China Central Depository & Clearing Co. Ltd (CCDC), which
exclusively offers custodial services. Conversely, in the exchange market, investor bids
are consolidated in electronic order books, with the exchange acting as the central clear-
ing house, and all matched trades are settled through the China Securities Depository &
Clearing Co. Ltd (CSDC).
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Limited Same-day Arbitrage: Several obstacles hinder a trader’s ability to trade in both
markets on the same day. Firstly, as outlined by Chen et al. (2023), the transfer of bonds
between the interbank market (CCDC) and the exchange market (CSDC) took approxi-
mately 3-4 working days in 2014, with even longer durations (about 4-6 working days)
required to move bonds from the exchange market to the interbank market. Although
the transfer process has become faster in recent years, it still entails a significant waiting
period. Secondly, transferring funds from the exchange market to the interbank market
encounters settlement delays. While the interbank market operates on a “T+0” settlement
basis, the exchange market follows a “T+1” settlement model, necessitating a day’s wait
for fund transfers. Transferring funds from the interbank market to the exchange market
also involves time constraints. Typically, if a transaction concludes in the interbank mar-
ket in the morning, settlement occurs in the afternoon. Given that the exchange market
closes at 3:00 pm, executing same-day arbitrage between the two markets becomes nearly
infeasible. Thirdly, the settlement fee is relatively high compared to the potential gains
from cross-market arbitrage opportunities. Finally, shorting bonds is prohibited in bond
markets in China. Therefore traders cannot apply a long-short strategy across the two
markets to arbitrage. As a result of these barriers, it is unusual to see traders trading the

same bonds in both markets on the same day.

2.6.2 Asset Properties and Market Choices

We obtain daily prices and transaction volume of corporate bonds in China from
WIND. We focus on enterprise bonds dual-listed in both the interbank market and the
exchange market. The sample period is January 1st 2018 to May 31st, 2018.1° The obser-
vations are at the bond x day level. Hereafter, we will refer to the interbank market as
DM and the exchange market as CM.

In this section, we tested the relationship between asset properties and market choices

*We chose this sample period as there were no collateral-based monetary policies or any changes in
bond pledgeability during this period. These policies can create a large divergence in the prices of the same
bond in the two markets (see Fang et al. (2020) and Chen et al. (2023)), thus may introduce noises in the
measurement of asset value volatility.
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(Propositions 7 and 8).

We define CM share as the daily transaction volume in CM as a percentage of the
total daily transaction volume at bond x day level. Figure 2.9 shows the distribution of
CM share. We can see that most of the mass is distributed on either 0% or 100%. Table
2.1 shows the count of observations by their markets. We find that only around 3% of
observations are bonds traded in both markets on the same day. This is largely consistent
with our model assumption where traders choose the market before they bid instead of
submitting orders to both markets. We define two bond choice dummies, the indicator
CM is 1 if the bond is traded in CM on that day and 0 otherwise, and the indicator DM

is 1 if the bond is traded in DM on that day and 0 otherwise.

Figure 2.9: Distribution of Centralized Market Share
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Note: This figure shows the density of centralized market share for dual-listed corporate bonds traded be-
tween Jan. 1st, 2018 and May 31st, 2018.

Table 2.1: Count of Observations by Their Markets

Not traded in DM Traded in DM Total

(DM = 0) (DM =1)
Not traded in CM (CM = 0) - 1,653 1,653
Traded in CM (CM = 1) 7,098 299 7,397
Total 7,098 1,952 9,050

Note: This table shows the number of observations by traders” market choice of the bond on that day.

We use default risk to proxy for the sensitivity of assets to the issuing firms” funda-



mental value. Given the hockey-stick-like bond payoff structure, we would expect when
the default risk is higher, the bond payoff is more sensitive to the issuer’s fundamentals.
Therefore, we collect the 2017 year-end current ratio for each bond issuer as the proxy
for their asset sensitivity.!” The current ratio (CR) is defined as the ratio of the issuer’s
current assets to its current liabilities. When CR is lower, the default risk is higher and
the bond sensitivity is higher. We winsorize these ratios at 1%.'® Figure 2.10 (a) shows
the scatter plots of average centralized market share across the sample period for each
bond with respect to their current ratios. Figure 2.10 (b) shows the average centralized
market share for each bond with high (above 75 percentile), median (25-75 percentile),
and low (below 25 percentile) current ratios across time. We find that when the current
ratio is lower, the bond has a larger overall centralized market share. This is consistent

with the prediction of Proposition 7.

Figure 2.10: Current Ratio and the Centralized Market Share
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Note: This figure shows the correlation between the current ratio and the centralized market share of the
dual-listed corporate bonds traded during Jan. 1st, 2018 - May 31st, 2018. Panel (a) shows the scatter plot
of CM share against the current ratio of the bond issuer with a fitted linear curve. Panel (b) shows the time
series of current ratios with respect to low, median, and high levels of current ratios.

We use the standard deviation of prices between the ¢t — 30 to ¢t — 1 trading days

as a proxy for the volatility at day ¢ for each bond. Given that we have two markets,

7We also use the 2017 year-end debt-to-asset ratio, cash interest ratio of the issuers, and the bond credit
rating to proxy the default risk in robustness check.

8The regression results are robust without winsorization.
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we construct the price volatility for both CM and DM. Figure 2.11 shows the correla-
tion of the average centralized market share and weekly average price volatility across
bonds weighted by their transaction volume. We can see that the centralized market
share moves in tandem with the volatility measures. The correlation between the central-
ized market share and the volatility in the CM (DM) market is 0.7 (0.73).!° Figure 2.11 is
consistent with the prediction of Proposition 8, that traders are more likely to choose CM

with higher asset volatility.

Figure 2.11: Asset Volatility and the Centralized Market Share
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Note: This figure shows the time series of asset price volatility and the centralized market share of the dual-
listed corporate bonds traded during Jan. 1st, 2018 - May 31st, 2018. The correlation between the CM price
volatility and the CM share is 0.70, and the correlation between the DM price volatility and d the CM share
is 0.73.

Panel A of Table 2.2 provides the summary of statistics for the variables used in this

section.

We then formally tested Propositions 7 and 8 in a regression framework. We first

There may be concerns that the positive correlation is driven by the high volatility in week 7 of 2018. As
a robustness check, we drop the observations in week 7 and calculate the correlations between the weekly
average CM share and price volatility measures weighted by bond transaction volume. These correlations
remain positive without observations in week 7. The correlation between the centralized market share and
the volatility measures in the CM (DM) market is 0.3 (0.39).

127



Table 2.2: Summary of Statistics

®m @ ©) (4) ©)

VARIABLES N Mean Std. Dev. Min  Max
Panel A: Full Sample

CM Share 9,050 78.54 40.97 0 100
CM 9,050 0.817 0.386 0 1
DM 9,050 0.216 0.411 0 1
Current Ratio 9,060 3.575 3.442 0291 24.44
CM Price Volatility 9,050 2.992 3.997 0 17.53
DM Price Volatility 9,060 2.820 4.118 0 18.00

Panel B: Switching Sample

Pr(From CM to DM) 848  0.508 0.500 0 1
Trade Frequency 848  0.586 0.155 0.0769 0.971

Note: This table shows the summary of statistics for the dual-listed corporate bonds traded between Jan.
1st, 2018 and May 31st, 2018. Panel A is statistics of the full sample for regression equations (2.5) and (2.6).
Panel B is statistics of the sample where traders switch markets for the bond in the next round for regression
equation (2.7).

test the model predictions using a probit regression, with the indicator dummy CM (or
D M) as the dependent variable and the current ratio and the volatility measures as inde-
pendent variables. Note that 3% of the observations are the same bonds traded in both
CM and DM within a day, the coefficients in the following two probit regressions are not
exactly opposite.

Pr(CM;; = 1) = ®(By + B1Volatility,, + f2Current Ratio;) 25)

Pr(DM; =1) = ®(By + p1 Volatility,, + S2Current Ratio;)
where i is the index for bonds and ¢ is the index for dates. Table 2.3 shows the regression
results of equation (2.5). We find that higher price volatility and asset sensitivity increase

the probability of traders choosing the centralized market, consistent with the patterns in

Figures 2.10 and 2.11.
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Table 2.3: Market Choice and Asset Properties

1) () 3) 4)

VARIABLES Pr(CM=1) Pr(CM=1) Pr(DM=1) Pr(DM=1)
Current Ratio -0.0443*  -0.0442**  0.0399***  0.0398***

(0.00411)  (0.00410)  (0.00404)  (0.00403)
CM Price Volatility ~ 0.0403*** 00371

(0.00428) (0.00402)
DM Price Volatility 0.0353*** -0.0309***

(0.00401) (0.00378)

Constant 0.964%%  0.982**  -0.833%*  -0.854***

(0.0244)  (0.0239)  (0.0236)  (0.0231)

Observations 9,050 9,050 9,050 9,050
Pseudo R-squared 0.0245 0.0223 0.0197 0.0171

Note: This table shows the impact of asset properties on trader’s market choice from probit regression equa-
tion (2.5). We focus on dual-listed corporate bonds in China. The sample period is Jan. 1st, 2018, and May
31st, 2018. We include robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.

Instead of running regressions, we can also use CM share as the dependent variable

to test Propositions 7 and 8, with the asset properties as the independent variable, con-

trolling for the date fixed effects,

CM Share;; = $1Current Ratio;; + B2 Volatility,, + Date FE + ¢ (2.6)

where ¢ is the index for bonds and ¢ is the index for dates, and ¢ are robust standard
errors.

Table 2.4 shows the regression results of equation (2.6). We find that higher price
volatility and asset sensitivity increase centralized market share, consistent with our pre-

vious findings and model predictions.

2.6.3 Price History and Market Choices

In this section, we directly test the mechanism of the model that when the price his-
tory is more informative, traders are more likely to choose DM (Lemma 5). This implies

that bonds with more price history are more likely to be traded in DM.



Table 2.4: CM Share and Asset Properties

(1) )
VARIABLES CM Share CM Share
Current Ratio -1.339%** -1.338***

(0.142) (0.142)
CM Price Volatility ~ 0.847***

(0.118)
DM Price Volatility 0.689***
(0.111)
Date FE Yes Yes
Observations 9,050 9,050
R-squared 0.068 0.066

Note: This table shows the impact of asset properties on the CM share of the bond from regression equation
(2.6). We focus on dual-listed corporate bonds in China. The sample period is Jan. 1st, 2018, and May 31st,
2018. We include robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.

The difficulty in testing this prediction is that we do not know the threshold 7 and
therefore the exact time for traders to switch from CM to DM. The price history infor-
mativeness 1 may be above the threshold, such that past CM trades lead to DM trades.
It is also possible for 1 to be below the threshold, such that past CM trades still lead to
more CM trades. Therefore, simply running a probit regression with the number of past
trades as the independent variable and the current round market choice as the dependent
variable is not feasible.

To test Lemma 5, we can focus on the sample when traders change their market
choice. Lemma 5 implies that conditional on traders changing their market, more (less)
past trades incentivize traders to switch from CM to DM (from DM to CM).

We drop the observations when the same bond is traded in the same market for
two consecutive trades, and focus on the observations that the next trading market dif-
fers from the current market. We define the dependent variable FromCMtoDM;; as a
dummy which takes 1 if the bond i is traded in CM on trading day ¢ but in DM the next

time when it is traded, and 0 otherwise. We use TradeFrequency = TondeCO””t to

talTradeCount

proxy for price history informativeness. TradeCount is the number of days traded in
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DM and CM for each bond during the last 60 trading days, i.e. [t — 60,¢ — 1] for bonds
traded on trading day ¢. The T'otalTradeCount is the total number of trades during the
sample period from Jan. 1, 2018, to May 31, 2018, for each bond. Panel B of Table 2.2
provides the statistics of the variables used in this section.

We then tested the relationship between price history and traders” market choices

with the following probit regression,

Pr(FromCMtoDM;;) = ®(By + p1TradeFrequency) (2.7)

Table 2.5 column (1) shows the regression results of equation (2.7). We find that con-
sistent with the model prediction, traders are more likely to shift from CM to DM when

they observe more past trades.

Table 2.5: The Impact of Past Trading Frequency on Market Choices

@)
VARIABLES Pr(From CM to DM)
Trade Frequency 1.046***
(0.284)
Constant -0.593***
(0.172)
Observations 848
Pseudo R-squared 0.0118

Note: This table shows the impact of past trade frequency on the probability for traders to switch from CM to
DM from regression equation (2.7). We focus on dual-listed corporate bonds in China. The sample period is
Jan. 1st, 2018, and May 31st, 2018. We include robust standard errors in parentheses. *** p<0.01, ** p<0.05,
*

p<0.1.

2.6.4 Other Empirical Results

Amplification Effects We also examine whether the volatility could amplify the impact
of asset sensitivity on traders” market choices. Table 2.6 shows the regression results of
equation (2.5) with an additional interaction term of current ratio and volatility. We find

that higher volatility together with higher sensitivity (i.e. lower current ratio) further in-
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creases the probability for traders to choose CM, and decreases the probability for traders
to choose CM. Table 2.7 shows that the amplification effect, despite being consistent in
the signs, is not statistically significant in regression equation (2.6) with the interaction

term.

Robustness Check 1. Other Default Risk Measures One may wonder whether our
results hold robustly to other default risk measures. To verify this, we include the 2017
year-end debt-to-asset ratio and cash interest ratio of the bond issuers, and the bond
credit rating on each day in regressions (2.5) and (2.6) as a robustness check.?’ Table 2.8
Panel A shows the statistics of these additional default risk measures. Tables 2.9 and 2.10
show that the coefficients on the current ratio and the volatility measure do not differ
much from the baseline regressions. The coefficients on the 2017 year-end debt-to-asset
ratio and cash-interest ratio of the bond issuers are not significant. The coefficients on the
bond credit rating AA and AA+ are negative, mostly driven by the fact that retail traders

in CM trade more AAA bonds than those bonds with lower ratings.

Robustness Check 2. Alternative Trade Frequency Measure We include alternative
trade frequency measure as a robustness check. We measure 7'radeCount with the num-
ber of days traded in DM and CM for each bond in the last 30 instead of 60 trading days.
Table 2.8 Panel B shows the statistics of this alternative trade count measure and other
default risk measures for equation (2.7). Table 2.11 shows the regression results. We find
with the new measure, the results are still consistent with the model prediction that more

trade history makes traders more likely to switch from CM to DM.

Additional Evidence from the U.S. Markets: We provided additional empirical evi-
dence for Proposition 8 with the U.S. equity market data (see Appendix 2.11). Also, by

comparing the average centralized market share of bonds in China and the equities in

2The the 2017 year-end debt-to-asset ratio, and cash interest ratio of the bond issuers are winsorized at
1% to avoid extreme values. There are three credit ratings for bonds in the sample, AA, AA+, and AAA. The
AAA corporate bonds are taken as the reference group in the regression.
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the U.S. we obtain an additional piece of evidence in support of Proposition 7: The assets
more sensitive to shocks to fundamentals such as equities generally have higher central-

ized market share than those with lower sensitivity such as bonds.

2.7 Conclusion and Discussions

This paper presents a model examining the dynamic market choice between central-
ized and decentralized markets, where arriving traders must decide between a central-
ized market and a bilaterally matched decentralized market in each period. The emer-
gence of dynamic market choice is observed as a consequence of learning from the cen-
tralized market price history. Optimal market choices, influenced by asset properties,
include switching between centralized and decentralized markets when traders’ value
correlation is moderately heterogeneous. In cases where asset values are insensitive
to shocks or shocks are predictable, traders switch between centralized and decentral-
ized markets or stay in the decentralized market after one round in the centralized mar-
ket. Conversely, when asset values are sensitive to unpredictable fundamentals, traders
choose to stay in the centralized market.

It is interesting to see that learning from price history alone generates rich dynamic
market choices. It is also important to recognize that we abstract away from the inven-
tory held by traders by assuming short-lived traders. Adding dynamic inventory signif-
icantly reduces tractability in the linear-quadratic double auction setting like this paper.
Inventory management across rounds is also an important aspect of trading strategies.
We believe dynamic market choice with both dynamic inventory and learning warrants
future research.

The empirical results can also be explained by alternative theories. For instance, the
positive correlation between centralized market share and volatility measures might be
attributed to retail traders, who typically trade in the centralized market, increasing their
trading activity during periods of higher volatility. However, we cannot empirically rule

out such alternative explanations since our dataset does not identify individual traders.
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These possibilities remain open for investigation in future studies.
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Figure 2.12: Price History Informativeness with Asset Sensitivity £ in 7" = 3 Market
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Note: 1 = 0. The black solid line plots 72, and the black dotted line plots n3. The red dashed line is a
reference line of 7. When the black solid (dotted) line is above the reference line, then the traders choose DM
in the 2nd round (3rd round), and if it is below the reference line, the traders choose CM in the 2nd round
(8rd round). The jump in the difference of utility in CM vs. DM in the third round comes from the difference
in the second-round choice.

Inregion A, i.e. £ € [0,€), traders choose DM in both 2nd and 3rd round. In region B, i.e. £ € (¢, £] and in the
lower partition, traders choose DM in the 2nd round and CM in the 3rd round. In region C, ¢ € (£, €] and in
the higher partition, traders choose CM in the 2nd round and DM in the 3rd round. In region D, ¢ € (€, 1],
traders choose CM in both the 2nd round and the 3rd round.
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Figure 2.13: Price History Informativeness with Autocorrelation « in 7" = 3 Market
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Note: 71 = 0. The black solid line plots 72, and the black dotted line plots n3. The red dashed line is a
reference line of 77. When the black solid (dotted) line is above the reference line, then the traders choose DM
in the 2nd round (3rd round), and if it is below the reference line, the traders choose CM in the 2nd round
(8rd round). The jump in the difference of utility in CM vs. DM in the third round comes from the difference
in the second-round choice.

InregionE, i.e. k € [0, k], traders choose CM in both 2nd and 3rd round. Inregion F, i.e. k € (k, 7] and in the
lower partition, traders choose CM in the 2nd round and DM in the 3rd round. In region G, s € (k, k] and in
the higher partition, traders choose DM in the 2nd round and CM in the 3rd round. In region H, « € (&, 1],
traders choose DM in both the 2nd round and the 3rd round.
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Table 2.6: Amplification Effect: Market Choice and Asset Properties with Interaction
Term of Volatility Measures and Current Ratio

(1) (2) (3) (4)
VARIABLES Pr(CM=1) Pr(CM=1) Pr(DM=1) Pr(DM=1)
Current Ratio -0.0389***  -0.0401***  0.0353**  0.0366***
(0.00473)  (0.00452)  (0.00467)  (0.00446)
CM Price Volatility 0.0535%** -0.0476***
(0.00718) (0.00673)
Current Ratio x Exchange Volatility = -0.00321** 0.00264**
(0.00139) (0.00134)
DM Price Volatility 0.0474** -0.0397***
(0.00682) (0.00640)
Current Ratio x Interbank Volatility -0.00293** 0.00217%
(0.00132) (0.00128)
Constant 0.943*** 0.966***  -0.816***  -0.842***
(0.0260) (0.0250) (0.0251) (0.0242)
Observations 9,050 9,050 9,050 9,050
Pseudo R-squared 0.0251 0.0229 0.0201 0.0174

Note: This table shows the impact of asset properties on the CM share of the bond from regression equation
(2.5) with an additional interaction term between the current ratio and the volatility measure. We focus on
dual-listed corporate bonds in China. The sample period is Jan. 1st, 2018, and May 31st, 2018. We include
robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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Table 2.7: Amplification Effect: CM Share and Asset Properties with Interaction Term of

Volatility Measures and Current Ratio

1) (2)
VARIABLES CM Share CM Share
Current Ratio -1.314%%  -1.321%**
(0.156) (0.154)
CM Price Volatility 0.895%**
(0.170)
Exchange Volatility x Current Ratio ~ -0.0129
(0.0377)
DM Price Volatility 0.725%**
(0.167)
Interbank Volatility x Current Ratio -0.00970
(0.0371)
Observations 9,050 9,050
R-squared 0.068 0.066
Date FE Yes Yes

Note: This table shows the impact of asset properties on the CM share of the bond from regression equation
(2.6) with an additional interaction term between the current ratio and the volatility measure. We focus on
dual-listed corporate bonds in China. The sample period is Jan. 1st, 2018, and May 31st, 2018. We include
robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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Table 2.8: Robustness Check: Summary of Statistics for Other Default Risk Measures

@ @ €) (4) ()
VARIABLES N  Mean Std. Dev. Min Max
Panel A: Full Sample
Debt-to-Asset Ratio 9,050 54.92 11.97 26.03 77.36
Cash Interest Ratio 9,050 -21.91 211.8 -1,935 385.9
AA 9,050 0.429 0.495 0 1
AA+ 9,050 0.344 0.475 0 1
Panel B: Switching Sample
Trade Frequency (in 30 days) 1,193 0.336 0.159  0.0294 0.969
Pr(From CM to DM) 1,193  0.490 0.500 0 1

Note: This table shows the summary of statistics for risk measures other than the current ratio. We focus
on dual-listed corporate bonds in China. The sample period is Jan. 1st, 2018, and May 31st, 2018. Panel
A is statistics of the full sample for regression equations (2.5) and (2.6). Panel B is statistics of the sample
where traders switch markets for the bond in the next round for regression equation (2.7), where the trade

frequency is measured in the last 30 days instead of the last 60 days.
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Table 2.9: Robustness Check: Market Choices with Other Default Risk Measures

(1) (2) (3) (4)
VARIABLES Pr(CM=1) Pr(CM=1) Pr(DM=1) Pr(DM=1)
Current Ratio -0.0395***  -0.0410***  0.0357***  0.0373***
(0.00508)  (0.00487)  (0.00500)  (0.00480)
CM Price Volatility 0.0533*** -0.0477***
(0.00729) (0.00684)
Current Ratio x Exchange Volatility -0.00323** 0.00267**
(0.00140) (0.00135)
DM Price Volatility 0.0475%** -0.0400%**
(0.00699) (0.00655)
Current Ratio x Interbank Volatility -0.00294** 0.00219*
(0.00133) (0.00129)
Debt-to-Asset Ratio -0.000610  -0.000823  0.000559  0.000739
(0.00147)  (0.00147)  (0.00140)  (0.00140)
Cash Interest Ratio 8.44e-05 8.21e-05  -9.55e-05  -9.18e-05
(6.74e-05) (6.73e-05) (6.74e-05) (6.72e-05)
AA -0.0338 -0.0385 0.0520 0.0529
(0.0420) (0.0425) (0.0405) (0.0409)
AA+ -0.0989**  -0.108** 0.130*** 0.137***
(0.0418) (0.0419) (0.0403) (0.0404)
Constant 1.030*** 1.070***  -0.918**  -0.957***

(0.0980)  (0.0982)  (0.0940)  (0.0940)

Observations 9,050 9,050 9,050 9,050
Pseudo R-squared 0.0260 0.0239 0.0215 0.0190

Note: This table shows the impact of asset properties on the CM share of the bond from regression equation
(2.5) with (1) an additional interaction term between the current ratio and the volatility measure; and (2)
default risk measures other than the current ratio, Debt-to-Asset Ratio, Cash Interest Ratio and bond rating
dummies (AA and AA+). We focus on dual-listed corporate bonds in China. The sample period is Jan. 1st,
2018, and May 31st, 2018. We include robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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Table 2.10: Robustness Check: CM Share with Other Default Risk Measures

1) 2)
VARIABLES CM Share CM Share
Current Ratio -1.332%** -1.344***
(0.164) (0.162)
CM Price Volatility 0.922%**
(0.173)
Current Ratio x Exchange Volatility =~ -0.0147
(0.0384)
DM Price Volatility 0.766***
(0.172)
Current Ratio x Interbank Volatility -0.0122
(0.0379)
Debt-to-Asset Ratio -0.0368 -0.0389
(0.0414) (0.0415)
Cash Interest Ratio 0.00245 0.00236
(0.00187)  (0.00187)
AA -3.268%* -3.262%*
(1.349) (1.356)
AA+ -5.584*** -5 75]***

(1.235) (1.240)

Date FE Yes Yes
Observations 9,050 9,050
R-squared 0.070 0.069

Note: This table shows the impact of asset properties on the CM share of the bond from regression equation
(2.6) with (1) an additional interaction term between the current ratio and the volatility measure; and (2)
default risk measures other than the current ratio, Debt-to-Asset Ratio, Cash Interest Ratio and bond rating
dummies (AA and AA+). We focus on dual-listed corporate bonds in China. The sample period is Jan. 1st,
2018, and May 31st, 2018. We include robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.



Table 2.11: Robustness Check: Market Choice and Alternative Measure of Price History

)

VARIABLES Pr(From CM to DM)
Trade Frequency 0.460**

(0.228)
Constant -0.179**

(0.0849)
Observations 1,193
Pseudo R-squared 0.00246

Note: This table shows the impact of past trading frequency on the probability for traders to switch from CM
to DM from regression equation (2.7) with past trading frequency measured by the bond’s trade count in
the last 30 trading days over the total trade counts. We focus on dual-listed corporate bonds in China. The
sample period is Jan. 1st, 2018, and May 31st, 2018. We include robust standard errors in parentheses. ***
p<0.01, ** p<0.05, * p<0.1.
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2.9 Extensions

2.9.1 General Private Information Precision

In the baseline model, traders receive private signals with constant precision. In this
section, we provide an extension with general private information precision. We find
that traders are more likely to choose CM after rounds with less precise private signals.
We show that the traders can still switch back and forth between CM and DM, even with
post-trade transparent DM (as opposed to Proposition 9), when the precise signals do not
arrive frequently.

We generalize the private signals’” precision to accommodate different information
arrival frequencies. Assume trader will receive a private signal s;+ = 6;: + ¢;+, where
gir ~N(0,07,05), 040 > ((@)1/3 —1)~1/2. Note that 0; ; — oo is equivalent to traders
not receiving private signals.

With the above generalization, we can solve the trading equilibrium as follows:

Proposition 15 (Trading Equilibrium with General Private Information). Given the price
history H; and the market structure M, the equilibrium at round t can be characterized by a

fixed point of inference coefficients,

_ =
L= prme + 07,

Csit

(1- Pt,M*)UiQ,t

I~nr—1
cH’t:< T Xy

1= pepmx + Uiz,t) (I + (I.me — Dpemr — T pmone)
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The equilibrium price impact is

(0]
A = Vi
T (I — 1) (1 —cpy) — 1

The utility conditional on H; for trader i is

o+ 2)\25 It,/\/l* -1 (1 — pt’/\/[*)z
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The dynamic market equilibrium is characterized as follows:

Theorem 14 (Algorithm for Dynamic Market Choice Equilibrium with General Private
Information ). The Bayesian Nash equilibrium is a set of price history {H:}+, a sequence of mar-
ket choice { M }+, and a set of inference coefficients {cs ¢, cp ¢, cy ¢} that characterized forwardly

recursively.
1. Initialize with t = 1, Hy = 0.

2. Given Hy, the equilibrium inference coefficients {cs+, cp+, Cy ¢} is characterized in Propo-
sition 15 with py g+ = po Iy = 2 if M* = DM, and pyp= = p L= = 1 if
M*=CM.

(@a+M)? Las 1= prme +07)

oM [o1 (1-p)? o _at2APM (1-pp)?

3. Given inference coefficients {cs t, cpt, ¢ i}, If 5
then My = CM, Hyr1 = Hi U {p:}; otherwise, Mj = DM, H;+1 = H;. Repeat Steps

2-3 with the next t, untilt = T.

Differences Compared to the Baseline Model: There are two major differences in the
model with general private signals compared with the baseline model.

First, the traders are more likely to go to DM in rounds with less precise private infor-
mation. The threshold of price history informativeness to choose DM over CM in rounds
with noisy private signals is lower than the threshold with precise private signals. Fig-
ure 2.14 compares the utility of each trader in CM versus DM. We can see that when

the private signals become less precise, the threshold of price history informativeness for

(a+AEMY2 Ty 1_ﬁt+01'2,t = 4(at+APM)2 l—pg—l—af’t’
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traders to choose DM over CM becomes lower.

Figure 2.14: Utility in CM vs. DM With Private Signal Precision and Price History Infor-
mativeness
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Note: This figure shows the comparison of utility (welfare) in CM versus DM with private signal precision
(%2 and price history informativeness 7. When the price history informativeness is higher given precision,
or when the signal precision is lower (i.e. o is higher) given price history informativeness, the difference
between utilities in DM and CM becomes larger.

Second, the traders are more likely to go to CM after rounds without private signals,
as price history informativeness decreases. Intuitively, the price aggregates private sig-
nals, and it is less informative when the private signals are less precise. The price history
informativeness n; will decrease after a round with extremely noisy signals. Traders will
choose CM if the price history informativeness falls below the threshold by Lemma 4. In
rounds traders do not receive private signals (¢;; — 00), there will be no trade in those

rounds, and the price history informativeness decays with time.?!

With Post-trade Transparency: When DM is post-trade transparent, different from Propo-

sition 9 where traders stay in DM once they choose DM, traders can switch back and
forth with the general information structure. By Lemma 4, we would expect the traders

to choose CM if the price history informativeness is below the threshold 7 after sufficient

'The price is a linear combination of past prices in rounds without private signals. H; is a sufficient
statistic for p, when ¢ — co. Even if traders can observe the price, they do not learn from it conditional on
Hi.
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rounds of extremely noisy signals, regardless of post-trade transparency.

Example 4 (Infrequent Arrival of Private Signals). We consider a T = 10 market where
DM is post-trade transparent. Each trader will receive a private signal s, = 0;; + €;1, where
eir ~ N(0,07,07), 0y = oginroundst = 5k + 1, k € N, and 0;; = oy, > oy otherwise.
This setup captures a case where traders receive precise private signals in rounds 1 and 6, and
extremely noisy signals in other rounds.

Figure 2.15 shows the simulated evolution of price history informativeness for different asset
sensitivities. Panel (a) shows the price history informativeness and corresponding traders’ market
choices with the infrequent arrival of precise private signals. In panel (b) we include an example
as the baseline model with post-trade transparent DM for comparison. Panel (a) indicates that
when the sensitivity is neither too high nor too low and precise private signals arrive infrequently,
the traders switch back and forth between CM and DM. In this example, traders choose DM in
rounds 2,7, 8, 9, and 10 and CM in other rounds. In contrast, with private signals being precise
in every round (Panel (b)), traders choose to stay in DM once they enter DM (see Proposition
9). Figure 2.16 shows a similar pattern for the evolution of price history informativeness with

different levels of asset volatilities (autocorrelations).
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Figure 2.15: Evolution of Price History Informativeness For Different Asset Sensitivities
with Post-trade Transparent DM
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(b) Frequent Precise Private Signals

Note: This figure shows the evolution of price history informativeness for different levels of asset sensitivity
& for T' = 10 when DM is post-trade transparent. The black dashed line is a reference line of threshold 7 with
private signals. The black dotted line is a reference line of threshold 7., with noisier private signals. When
the marker is in the shaded area, the history informativeness in that round is lower than 7} (or 7o in rounds
with noisier private signals) and traders choose CM. When the marker is in the unshaded area, the history
informativeness in that round is higher than 7 (or 7o in rounds with noisier private signals) and traders
choose DM.
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Figure 2.16: Evolution of Price History Informativeness For Different Autocorrelations
with Post-Trade Transparent DM
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(b) Frequent Precise Private Signals

Note: This figure shows the evolution of price history informativeness for different levels of autocorrelation
k for T' = 10 when DM is post-trade transparent. The black dashed line is a reference line of threshold 7
with private signals. The black dotted line is a reference line of threshold 7., with noisier private signals.
When the marker is in the shaded area, the history informativeness in that round is lower than 7 (or 7o in
rounds with noisier private signals), and traders choose CM. When the marker is in the unshaded area, the
history informativeness in that round is higher than 7 (or 7 in rounds with noisier private signals) and
traders choose DM.
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2.9.2 Non-movers and Trading Volumes

The baseline model in the paper models traders who move without frictions across
decentralized and centralized markets. However, in practice, there are non-movers who
trade only in one market due to regulations, lack of information, or entry cost. For exam-
ple, banks are not allowed to trade in the centralized Exchange Bond Market in China,
and retail traders hardly trade in dark pools in the United States. We can extend the
model by adding non-movers in both the centralized and decentralized markets.

Let us add to the baseline model I; = 2N, traders that always trade in the decen-
tralized market. These traders are ex-ante identical to the traders in the baseline model
except that they are non-movers. We also have a continuum of non-strategic retail traders
who always trade in the centralized market with exogenous demand, such that the mar-
ket clearing price is p; = A; + % > @i, where Ay and B, are constant known to all
traders. Intuitively, if DM is opaque, adding these non-movers does not affect the price
informativeness and movers’ choice of venues, but the price levels and total trading vol-
umes in CM and DM. If DM is post-trade transparent, more non-movers in DM increases

the price history informativeness, and thus future traders’ incentive to choose DM.

2.9.3 Proportion of Time in CM

Figure 2.17 shows the proportion of time when traders choose CM with respect to
asset sensitivity ¢ and volatility (1 — x2). Consistent with our intuition for Propositions 7
and 8, we find that the proportion of time in CM increases with &, and decreases with .

Figure 2.17 also shows the proportion of time when traders in CM with respect to
rounds 7. Numerically, we find that the choice of alternating markets between DM and
CM is generally more prevalent as the trading round 7" increases. Note that with a small
probability the proportion of time in CM with a smaller 7" can be lower than that with
larger T, this is because the last round can end at different stages of an alternating cycle.

Intuitively, with longer T the price history informativeness 7 increases as its length

accumulates, and it is more likely for traders to choose DM over CM. This implies assets
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with shorter terms are more likely to be traded in the centralized market, e.g. most op-
tions are less than 90 days. Assets with the longer term are more likely to be traded in the
decentralized market or alternating market structure, e.g. bonds have maturities as long

as 30 years, and equities usually do not have maturity.

Figure 2.17: Proportion of Time in CM
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Note: This figure shows the proportion of time in CM for (a) asset sensitivities and (b) autocorrelation. The

solid, dashed, and dotted lines plot the proportions of rounds in CM with total rounds 7" = 30, T' = 20, and
T = 10 respectively.



2.10 Proofs

Proof of Theorem 10. Given the market structure M*, at round ¢, traders submit a demand

schedule g; ; to maximize the utility

a

maXEWi,tht - (Qi,t)2 - ptfh',tmt, Si,tapt]

Qit 2

By taking first order condition with respect to g; ;, we can solve the trader i’s demand

schedule,
Ewi,t|Ht7 Si,tvpt] — Dt
o+ /\i,t

qit =

where \;; = Cg‘f}’? - is the price impact. By symmetry, the price impacts are the same for all

traders in the same round \;; = A, Vi € I; o+ We can parameterize E[0; ;| Hy, si i, 0] =
C it Ht + CsitSit + CpitDt, Where ey i1 € RIXIH:el csit € R,and ¢p ;s € R. By symmetry,
the inference coefficients are the same for all traders in the same round, ¢y = ¢y,
Csit = Cspt and Cpit = Cpyt-

In equilibrium, by market clearing condition, ); is equal to the inverse of the slope of

the residual demand,

dg; s _1 «
M= (— A9 =
t ( ; dpt ) (It - 1)(1 - Cp,t) -1

Given the parameterization, the equilibrium price is,
pe = (1= cpa) (e My + cs45t) (2.8)

where 5, = I% >, Sit is the average signal in the exchange (for DM, it is the average signal
in each pair).

(Step 1: Inference Coefficients) The trader i’s value 6, ;, the equilibrium price p; given
equation (2.8), the history H; and the private signal s;; are jointly normally distributed.

By projection theorem, the inference coefficients ¢y ¢, cs¢, and ¢, can be determined
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given the joint distribution of (0;, si ¢, "¢, pt),

0+ E[6] var(6;.+) cov(;t,8it) cov(O;y, H}) cov(0;y,p})
Sit N E[6] cov(S;t, 0it) var(s; ) cov(sit, Hy) cov (sit, D)
H; E[0] cov (Hy, 0it) cov (Hy, siy) cov(He, Hy) cov (Hy, p))
Pt |\ E[] cov (pt,0it)  cov(pesie) cov(pe, Hy)  cov (pe,p})
where

cov (p,0i) = (1— cp,t)fl (€s,tc0v (¢, 0;4) + g pcov(Hy, 0it))

cov (pg, sip) = (1— Cpﬂg)il (cs,1cov (¢, Sit) + g pcov(Hy, Sit))

cov(py, Hy) = (1— Cp7t)_1 (csytcov (Et, 7-[;) + ¢y rcov(Hy, H;)

cov (pt,p;) = (1- cp,t)_1 (cs,tvar(Et) + ¢ tcov (§t, ”Hg) c'%t + ey cov(Hy, H;) )

By projection theorem, we have

cov(sit) cov(sit, Hy) cov (i, pt)
[cstr et Cpt] | cov (He,sie) cov(He, Hy) cov(He,pr)

)
cov (pg, sip)  cov (py, Hy)  cov (pe, py)
( ]

= [cov(0; 4, sit), cov(0;r, Hy), cov(b;t, pr) (2.9)
From equation (2.9), we have the following equations,
cov(cs tSit + Cp i He + Cp b, Sit) = cov(big, Sit) (2.10)
cov(cs18it + i He + cpipe, Hy) = cov(0;.4, Hy) (2.11)
cov(csSit + i He + cp7tpt,p£) = cov(0; ¢, pt) (2.12)

Given that p; = (1 — ¢p+) " (et He + c545t), subtracting ¢y times equation (2.11) from
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equation (2.12) gives us

cov(Cs 1Sit + €t He + Cpipe, 5¢) = cov(big, 5¢) (2.13)

Averaging equation (2.10) over ¢ in the same exchange gives

cot(1+ 02)03 + cov(ey  He + Ccpapr, 5t) = 03 (2.14)

Comparing equation (2.13) and (2.14), we have

0;i.1,5¢) — o2 1-— .

. cov(_z,t, 5t) 092 - Pt,. M ; (2.15)

cov(si,5) — (L+0%)oy  1—pim+o

where p; v+ is the correlation of traders given market structure M*.

Given equation (2.15), we can rewrite equation (2.11) as
(1—cps) (cs,ecov(sip, Hy) + cppcov(Hy, Hy)) = cov(B;e, Hy) (2.16)
and equation (2.13) as

(1-— cpﬂt)_1 (cspvar(5e) + eycov(My, 5¢)) = cov(b ¢, 5¢) (2.17)

Given that cov(H, 0;) = cov(H, s;) = cov(H, s;j), Vj # i, and ¢, in equation (2.15) , we

can solve the term ¢y, + and ¢, ; by equation (2.16) and equation (2.17),

(1 — pim)o?
L= pe e +02) (14 (I — D)peaas — T pem)

I~a~—1
CHt = ( T Xy

I = (pr e — )0

(1= pea +02) (14 (T — D) peaa — T paem)

Cp,t

. /
where i = T(Y) "7y, T = % eR*l and Y, = “’”(7;7;%) e RIHIXIH],
o 0



163

The equilibrium price impact is

(0]
A = Vi
T (I — 1) (1 —cpy) — 1

The ex-ante utility for trader i is

I px—1 (1— )2 .
E[Us M) = R BB He, 10, p1] — 00’ [H1] = g8 e 2 i

Proof of Lemma 3. We leave out the subscripts t and M* to ease the notation. Taking the

derivative of welfare over p, we have

dE[U;|H] a+2) T—1(1-p) (1-p+2052) A T—1 (1—p)2 dA

— < U
dp 20+ N)? I (1—p+02)? (a+X)3 I 1—p+o2dp

Keep everything else constant,

Lot 1) (I = T 4 = p)? 4+ (L))
—=A > 0.
dp a(l—p+02)? 1+ —1)p—In)?

Thus %;\’H} < 0. The traders’ welfare decreases with trader value correlation p. W

Proof of Lemma 4. We leave out the subscripts ¢t and M* to ease the notation. Keep every-

thing else constant,

A Io?> (I—1)(1—p) _<o.
dn a(l—p+0o2) 1+{—-1)p—1In)

Therefore the price impact decreases with price history informativeness 7.

The expected utility of any trader 7 is

a+2\ IT—1 (1—-p)?
(a+XN2 I 1—p+o%

E[Ui|H] = 5
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Taking the derivative of welfare over 1, we have

dE[U|H]  o* (1—p+0?) (1+IT—-1)p—1In)

5 > 0.
dn a(I-1)(1+T-1p+o2—1In)

Therefore the traders” welfare increases with price history informativeness . [

Proof of Lemma 5. We leave out the subscript ¢ to ease the notation.

Monotonicity: The difference between trader i’s utility in the CM and DM is

a4+22M T -1 (1-p)? a+22PM 1 (1 - p,)?

E[USM|H| — E[UPM |4 = — = .
[Uz |/H] [Uz |/H] 2(0& + )\CM)Q I 1— ﬁ+ 0.2 2(0& + )\DM)2 21 — Y + 0-2

Taking its derivative over the public informativeness 7, we have

dn « B

AE[UEMH]-E[UPMH]) _ 52 (1—p+0?) (14+(I-1)p—1In) (1—pe+0?) (1+p—21n) <0
N (I-1) A+(I-1)p+o2—1 ) (1+peto2—2n)° '

given that o > ((@)1/3 —1)"Y2, 5> pj,and n < 1+(II_1)’3 < HQ'DZ, for the joint
correlation matrix of values to be positive semidefinite.
CM vs. DM: The lowest possible 1 is p; for equilibrium existence in the DM. lim,,_, ,, AP =
oo and limy,, ,, E[lUPM|H] = 0, therefore

lim (E[USM |H] - E[UPM|H]) = Jim E[USM|H] > 0. (2.18)
14

n—rpe

Given

t e; b _ 1+(II_1)'5 > 0 for the joint correlation matrix of values to be positive

e .  1(I-D3
semidefinite, the maximum 7 is M,

\92 Oé+2 lim'q*) 1+(II,1)5 >\n

CM DM _11-1 (1-p (1—pe)?
M(E[Uz ’H] - E[Ui ’H]) T 2a T 1-pF02 = A(a+lim L+ (—1)p )2 1_,,@_;{02'
n———7—F

lim
n—

1 o
a(l,pﬂrg?)(%,w)
(po— =122

where limn_) 1+(-1)5 Ap = . There exists unique p* as a func-
I

tion of (I, py, 0?) such that hmn—> vens (B[UCM M) — E[UPM|H]) = 0if p = 5*(I, pe, 02).
I



If p > p*,
lim (BUSM|H] - BUPM|H]) < 0. (2.19)

1+(I-1)p
n——7

Given that the difference between the ex-ante utility of the centralized market and
that of the decentralized market is continuous and monotonically decreasing in 7, by
equations (2.18) and (2.19), if p > p*(I, ps, 02), there exist 7i(1, p, ps, %) such that the cen-
tralized market has equal welfare as the decentralized market if 7 = 7, the centralized
market has higher welfare than the decentralized market if < 7, and otherwise if n > 7.

If p < p*(I, pe, 0°),

lim (E[USM|H] — E[UPM|H]) > 0. (2.20)

1+(I-1)p

n— T

Given that the difference between the utility of the centralized market and that of the
decentralized market is continuous and monotonically decreasing in 7, by equation (2.20)
the utility in the centralized market is always higher than the utility in the decentralized

market regardless of 7. [

Proof of Proposition 5. The proof of Proposition 5 directly follows from Lemma 5, as no

price history informativeness n will allow traders to choose D M. [
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Proof of Proposition 6. By Lemma 3, the expected utility E[USM|#] decreases with p, E[UPM |H]

decreases with py, if E[USM (p)|H] —E[UPM(p,)|H] < 0, then E[UCM (p)[H]-E[UPM (pe)|H]
for any py < p, and p > p.

By Lemma 6 we are subject to find p, and p that makes E[USM (p)|H]-E[UPM (p)IH] <
0 when n = 0. It is easy to see p, < 0 for DM to exist. And by Lemma 5, p > p* given
there exists 7 for traders to choose DM over CM.

When 1 = 0, the trader’s utility in the CM is

a+2XM 11 (1-p)?
20+ XCM2 T 1—p+o2

E[USM] = Viel

A\CM — o CM I1po?

where = TD-g™M—1" % T 0—pte)(1+I-1p)



The trader’s utility in the DM is

a+22PM (1 — py)?

E[UPM] =
o] A+ APMY2 T — py 4 02

Viel

2pp0>

/\DM — « CDM —
—cpM’ T (I—peto?)(1+pe)

where
For the correlation matrix to be well-defined (positive-semidefinite), the maximum p
I(1+py) 1

as a function of py is —5——

1 1 I
I I EIUPM\y _RUCM\Y] = — — =
oty i, HOH BT = e T s T - )oY

p—

>0

I—-1

Given E[USM] decreases with p, E[UPM] decreases with p,, and E[UPM] — E[UﬁM ]
is continuous in p and py, there exists p, < 0 and p > p* such that E[UPM] = E[UFM),

E[UPM] —E[UFM] > 0if pe < p,and p > . u

Proof of Proposition 7. With p, > 0, the DM equilibrium does not exist due to extreme

adverse selection. Traders will choose CM in the first round.

var(0;,¢)—var(0; ¢|Ht)
var(0;,¢)

Step 1. Less (More) history, lower (higher) n;: 7, =

. To see this point,

consider 7; derived from H;. H, is a strict subset of the price history Hy C He. N =

var(@iﬂt)—var(&,tﬂ:[t)
var(0;,¢)

. As H, is a sub-sigma-algebra of H;, var(6; ¢|H;) < var(6;:|H;). Thus

ne < m¢. This result tells us to keep everything else including the market choices in other
rounds constant, if the trader chooses DM (CM) instead at round ¢, the informativeness
in any round 7 > t decreases (increases).

Step 2. Higher ¢, lower n;: With symmetric market assumption, the price history is a
linear combination of the past average signals in the CM. Let H; = L5¢/, where 3¢ ¢

RI*¢l is the vector of the average signals in past rounds where CM is the optimal market
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choice, and L € R/*¢/x"l jg a linear operator. We have the following equivalence:

cov(0; ¢, He)cov(Hy, Hy) ™ Leov(Hy, 0;1)

N = 2
O

cov (0, I/ (8921 )coo(LsY , (€2 1)~ cou(LsC2. 0i,)
2

(o2
[
cov(0:1, (592) )eov(sEX , (sEX )~ cov(sEN, 6:,)

2
Ty

We only need to compute the joint distribution of {5;},; and {6;,}; to obtain the 7

given the above equivalence.

Given the primitive, we have cov(5¢M, 5CM) = M%/ cov(8¢M 5EM) =
[/ =7 _ 2 t—T .. .
(lliiz';wag, cov(s¢M 0, ,) = %03 for 7 < t. Fixing the past market choice,

we have the following comparative static:

dni 1 deov(8:s, (M) cov(8EM, (55M)) " cou(sEM, 60)

_ 0
i~ o2 dé <

which means, the price history informativeness is decreasing in asset sensitivity £ given
past market choice.

Step 3. Existence of {: By Lemma 5, to show the existence of {, we will need to check
if there exists ¢ that n, > 7, Vt. By Step 1 the lowest possible 7; over ¢ and all possible
market choices is the n,, with price history set including only p¢M. Given Cﬁl—? < 0, we are

subject to check if the smallest { makes n,, > 7).

1 I
1+e)214+ I —-1)p+o02

lim 7, =
eI

To show that n,, > 7, we are subject to show lim¢_,g E[USM (n,)|H] —E[uPM (np)IH] <

: CcM 1 2 DM 1— 2
hmgao E[Uch (QT) |H] [UDM (77T) |H] 2{.;_’_2/\)\01\4)2 I[ ! 1( p_;'p_)UQ - 2&—:2)?\DIVI)2 % 1(—pep-f-)o'2 .

imge_, oM _miDM o B
dlime o EIT: (ﬂTd)elH] FOT @M . There exist €(0?, I) such that for any e < (o2, I),




limg_,o IE[UZ.CM(QT)\H] - IE[UiDM(QT)W} < 0. Given d—? < 0 and 7, is continuous in &, and
€ < &(0?,I), there exists &, such that for any ¢ € [0, &), traders will stay in the DM since
the 2nd round.

Step 4. Existence of & By Lemma 5, to show the existence of ¢, we will need to
check if there exists ¢ that n: < 7, Vt. By Step 1 the highest possible 7, over ¢ and all
possible market choices is 77 when all past market choices are CMs and all past prices
are available. Therefore, we are subject to check a hypothetical 7y that is generated with
the history of all past CM prices. Given Step 2, C;—? < 0 and 7 is continuous in £, we are
subject to check if the highest £ makes 77 < 7.

(T - 1)
1+(I—-1)p+0?

K
1+ €2

lim 77 < ( )?
£—00
There exists & such that for k < &(0?,1,¢),3 < T < T(c2,1,¢),

DM (5 _
w > 0. Given ”fi—? < 0, n; is continuous in &, and k < &(0?, I, €), there exist &,

dlimg_,o E[USM (77)|H]
dl -

for any ¢ € [¢, 00), traders will stay in the CM.
Step 5. Summarize: Given 3 < T < T(0? I,¢), ¢ < €%, 1) and k < K(0?,1,¢), there

exists £ and ¢ such that traders will choose CM in the first round, and

1. When the asset sensitivity to shocks to fundamentals is sufficiently low £ € [0,§),

the traders shift to DM in the second round and stay there.

2. When the asset sensitivity to shocks to fundamentals is intermediate £ € [{,¢), the

traders will alternate between CM and DM. This is because, for £ € [£,&), there

exists t such that n; > 7, and there also exists ¢ such that 7; < 7.

3. When the asset sensitivity to shocks to fundamentals is sufficiently high £ € [¢, 00),

the traders will always stay in the CM.
u

Proof of Proposition 8. With py > 0, the DM equilibrium does not exist due to extreme

adverse selection. Traders will choose CM in the first round.
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Step 1. Less (More) history, lower (higher) 7,: See proof of Proposition 7.

Step 2. Higher &, lower 7;: The derivation of 1 as a function of the joint distribution of
signals and values follows from the proof of Proposition 7. Fixing the past market choice,
we have the following comparative static:

dny

0
d/i>

which means, the price history informativeness is decreasing in autocorrelation x given
past market choice.

Step 3. Existence of k: By Lemma 5, to show the existence of &, we will need to check
if there exists « that n, > 7, Vt. By Step 1 the lowest possible 7; over ¢ and all possible
market choices is the n,, with price history set including only p¢M. Given % > 0, we are
subject to check if the highest x makes 1., > 7.

1 1
li =
s 7 1+e2)21+{I—-1)p+02

169

There exist €(0?, I) such that for any e < &(o?, I), lim, o E[USY (n,.)[H]-E[UPY (n,.)|H] <

0. Given % > 0 and 7 is continuous in , and € < €(0?, I), there exists &, such that for
any « € (R, 1], traders will stay in the DM since the 2nd round.

Step 4. Existence of x: By Lemma 5, to show the existence of s, we will need to check
if there exists x that n, < 7, Vt. By Step 1 the highest possible 7; over ¢ and all possible
market choices is the 77 when all past market choices are CMs and all past prices are
available. Therefore, we are subject to check a hypothetical 77 that is generated with the
history of all past CM prices. Given Step 2, % > 0 and 7 is continuous in x, we are
subject to check if the highest x makes 7 < 7.

(T - 1)
1+ (I —1)p+o0?

)2

=)

There exists £ such that for § > {(0?,1,¢),3 < T < T(0?,1,¢), dlime o E[c[z]fCM(ﬁT)m] _



DM (5 _
w > 0. Given % > 0, ; is continuous in k, and 3 < T < T(c?,1,¢), £ >

3 (02,1, ¢€), there exist k, for any « € [0, k], traders will stay in the CM.
Step 5. Summarize: Given e < &(c?, 1) and £ > {(0?,1,¢), 3 < T < T(0? 1,¢), there

exists k and & such that traders will choose CM in the first round, and

1. When the autocorrelation is sufficiently low « € [0, x|, the traders will always stay

in the CM.

2. When the autocorrelation is intermediate ~ € (k, 5|, the traders will alternate be-
tween CM and DM, as there exists ¢ such that n; > 7j, and there also exists ¢ such

that Ny < 1.

3. When the autocorrelation is sufficiently high « € (%, 1], the traders will choose DM

over CM in the second round and never choose CM again.
[ |

Proof of Proposition 9. The proof of Proposition 9 is simple and intuitive. By the first
monotonicity result in Lemma 5, if My = DM for 7., and price history informative-

ness increases 7;1 > 7, then My, ; = DM. We are subject to show that 1,1 > 7, if

var(0;)—var(0;|Ht)

traders choose DM at round ¢t. 7, = . If traders choose DM at round

var(60;)
i) —var(6; :
t, then Hiry = Hy U {pnytn, and nyq = 22 )u;f{e(i) Her1) - Given that Hy C Hitn,
var(0;|Hiv1) < var(6;|H:), and therefore 1.1 > n:. [ |

Proof of Proposition 10. If traders always stay in CM. Post-trade transparency has no im-
pact on welfare.

If traders have ever chosen DM, denote the round that traders first choose DM as
t*. For t < t*, post-trade transparency has no impact on traders” utility. For ¢ > t*, de-

N |qyPpost
note the price history informativeness as n7**t = 22(%) vz;z@(iﬁ% ). By symmetry, the

price history is a linear combination of the average signal in the market and is informa-

N | gpost
tionally equivalent to the average signal per exchange. Thus 7" = wr(el)vsf(éf)”st ),

where S7*" = {5, }, ¢, {8n,rtntr<r<t). Without post-trade transparency in DM, 7 =
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var(0;)—var(0;|St)
var(6;)

tion generated by S ! therefore, var(0;|SP°*") < var(6;|S;), and " > ny, Vt.

,where §; C {5;},«;. filtration generated by S, is a sub o-algebra of filtra-

If the traders choose DM at round ¢ without post trade transparency, given that 77" >
DM
Nt E[Ui,t ,post |/H€08t} > E[Ung |th] .

If the traders choose CM at round ¢ without post-trade transparency, E[UMM’p o5

>
E[UﬁM’p N HE > B[USM M), the first inequality follows from the fact that traders
prefer DM over CM at round ¢ given proof of Proposition 9, the second equality follows

from 7}’ > . |

Proof of Theorem 13. (Step 1: Optimization) Let the cross pair price information be p, €
RY, whose n'" element is the price in pair n at round ¢, p,, ;. Trader i € I(n) submit
demand schedule ¢;+(p,) : RY — R to maximize the expected utility conditional on the

history H;, private signal s; ;, and

1
max E[0;1qi¢ — =0q;; — pn.1qepy, Hi, sid]
qi,t(pt) 2

trader 7 ’s first-order condition as

E[0; +

P Hta si,t] - pn,t
o+ /\m

qi (py) =

where \; ; is the trader i’s price impact within pair n. Trader 7 also has cross-pair price
impact as traders from other pairs will change their bids when price p,, changes with i’s

bid. Trader i’s price impact over all pairs can be described with a price impact matrix

Ay = ( dil]ﬁ t) e RV*N where the nt" diagonal elements is \;;. Each trader i ’s price

impact matrix is equal to the transpose of the Jacobian of trader ¢ ’s inverse residual

supply:
~1
dq;,
(Asr) = =) d;j
gt
We can parameterize E[6;1|p;, He, sit] = CaiiHe + CoinSip + Cpiyby- Crip € R,

csit € R,and ¢, € RN Given symmetry within each pair, ¢yi: = Cunt, Csit =
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Cen,tr Cp,it = Cponit and )\i,t = >\n,t-
Given the market clearing condition, } /() ¢i.¢(p;) = 0, and trader symmetry within

exchanges, we have the equilibrium price in all pairs in vector form,
Py = (Id = Cpy) " (CoiHy + Cy5r)

where C,; = diag (cs 1), € RVN, Cyp = (cni), € RV Cpy = (cpny), € RN,
5; € RY is the average signals for all pairs, where the n'* element is the average signal in

pair n.

(Step 2: Inference Coefficients) We determine the inference coefficients as a function of

the primitives (and in closed form). Random vector (0; ., s; ¢, H¢, p;) is jointly normally

distributed:
0+ E[6] var(;.+) cov(bit,8it) cov(B;¢, Hy) cov (654, py)
Sit Y E[6) cov(sit, ;1) var(si) cov(s;t, Hy)  cov (i, Ph)
Hy E[6] cov (M, 0ir) cov(He,sit) cov(He, Hy)  cov (He, py)
Py \ E[6] cov (py,bit)  cov(py, sit) cov(p, Hy)  cov(py, py)
where

cov (py, 0;4) = (Id — C'p,t)_1 (Cstcov (8¢, 0; 1) + Corcov(Hy, 0it))
cov (py, sit) = (Id — C'p,t)_1 (Cs,rcov (8¢, 8it) + Cprcov(Hy, sit))
cov(p, Hy) = (Id — Cp,t)_l (Csytcov (Et, ’H;) + Cyy rcov(Hy, ’Hé))
cov (Pupft) = (Id - Cm)fl (Cs,tCOU (gta 32) (Cs,t)l =+ CH,tCOU(Hn H:&)C,H,t

/
+C'yy rcov(Hy, EQ)C;’,& + C cov(sy, Hg)C'Ht) ((Id — Cp7t)_1>
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By Projection Theorem, we have

var(s;y)  cov(sis, Hy) cov (S, py)
[Csmts CHnts Cpmit] | cov (Heysit) cov(Hy, Hy)  cov (He, Pl)

cov (py, sit)  cov(py,Hy)  cov (py, PL)
= [cov(0; 4, Sit), cov(bs e, Hy), cov (0i 4, P})] (2.21)

From equation (2.21), we have the following equations,

COU(Cs,n,tSi,t + c?—[,n,t/Ht + Cp,n,tPt, Si,t) = 0’37 (222)
cov(Cs niSit + CHntHe + Cppapy, He) = cov(b; 4, Hy), (2.23)

and
cov(Csn tSit + CrntHe + Cpn Dy, pé) = cov(@i,t,pé). (2.24)

Given that p, = (Id — C’pﬂg)_1 (Cy M+ C,y45.), subtracting Cyy; times equation

(2.23) from equation (2.24) gives us
cov(Csn1Sit + CrntHe + CpniDy, 8) = cov(b; 4, 8}). (2.25)
Averaging equation (2.22) over i € I(n) gives
csnt(l+ 02)05 + cov(cyn,tHe + CpntDis Sn) = 03, vn. (2.26)

Comparing equation (2.25) and (2.26), we have

cov(0; ¢, Sn) — 03 _ 1—pny
cov(sit, 5n) — (1 + 02)03 1 —ppt+0?

(2.27)

Csnt =

where p,, ; is the correlation for traders in pair n.

Given C,; = diag(cs,n,) solved in equation (2.27), we can rewrite equation (2.23) in



matrix form,

(Id—Cpy) " (Csplt) + CyyyXy) = 17, (2.28)

and equation (2.25) as
(Id—Cps)~" (Csicov(34,8,) + Cayymil’) = cov(8, 8}), (2.29)

where 7, = cov(Hy, 0;1), i = cov(Hy, Hy).

We can solve the term Cy;; and C), ; by the above two equations,

2
Cpﬂg = Id — Cs7t — Cs,t dlag (3-) (C_— 11/7715)71

o’ L—pnt\ »
— diag (~—————— ) (Id—diag (—") (¢ —11/p) " ).
e (1 — Pt +a2>n < 8 < 2 ) (€ =11 )

and

_ . l—p t)02 5 _ _
Cy,=Id—-Cp,;—Cs )17 X =d ( o C—11n) 17t
He = ( pit st) 17X, 1ag <2(1—Pn,t+02) n( n)” 17Xy

e iy N . . . . 5 0.0
N = % is price history informativeness. C = % e RVxN
0 6

is the correlation
of pairwise average values across all pairs, where 0, € RY is the vector of average value
per trading pair where the n'" value is 6,,; = >, 1(n) Oict-

(Step 3: Price impacts) In equilibrium, each trader i 's price impact is equal to the trans-

pose of the Jacobian of trader i s inverse residual supply:
-1

dq; —1 4. a+ A,
A = [~ %) (- ) i (21t> |
i Py — Lier(n) / ,

From the last equation, we can solve for the within-exchange price impact for alli € I(n),

-1

wi=(((1a-c,0™) )" -1) e

where (A),,, is an operator that gives the n' diagonal element of matrix A. Denote the
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matrix of within-exchange price impacts by A= diag (An,t),,- In equilibrium,

-1

A, = (([(Id - Cp,t)—l}myl - Id) a,

where [A],;, is an operator that gives the diagonal elements of matrix A while setting all
off-diagonal elements to zero.

In this paper, we focus on nonnegative price impacts such that the residual supply
curve is downward-sloping, i.e., A,, > 0, for all n. This is satisfied under the following
conditions:

(Id—Cps) ")n <1

_ 2 2 o2 _ 0n.1,0",,
(Td=Cp)™) = () (1- 5 (27— — A1), where 4; = (7ot
1n)( M&Z—g’ow —11'n,)~ ! (Cov(e;i%’t’e"’*) —17;). Therefore, the following conditions are

needed for equilibrium existence,

e+ A > pne Vn

The second-order condition for the trader i 's optimization problem is, A, > —%a,

and is trivially satisfied with nonnegative price impacts.
(Step 4: Utility) Given the inference coefficients and price impacts solved in the previous

section, the expected utility conditional on price history is

E[U;" " (M) = mE[(E[ei,t!Ht, sits Prl = i) [ He] = 2&12;\:52 % 1(i ;nini);
|
Proof of Lemma 7. Taking derivative of UZ%M with respect to p,, ;, we have
B[V M) a2 (L= po)(1=ps+20%)  Ag (L= pun)® ddny
Pt 4o+ Any)? (1 —ppt+02)? 20+ M t)3 1 — prt+ 02 dppy

>0 >0
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o o o dAng
The derivative of price impact to correlation Ti is
n,

L, d <(Id — Cp,t)—l)

nn

et = e ((1a-p),)

dpn.t « dpn.t
At
« <<(Id — Cpﬂg) ) )
2 —1
(1= png)(L = pny + 0?) 1 —pns’ 4 2 e s

>0

1—pn,t 2

given that ((Id - Cm)_l) =1+
(cov(Qn;ée,n’t) _ 1/77)(001)(9,7;;,9,”70 _ ll/n)_l(cov(e,nit,@n,t) . 177), and é—n,t c RN_l is the
] 9

%9

) (1 -5 (M e — At)”),where A =

vector of average values in pairs m # n. The last inequality follows from the fact that

% —n — Ay > 0 give positive-semidefinite joint correlation matrix of Q_M, 9_n,t and
history H;.
UPM |y ey . .
Therefore, B [P < 0. The expected utility in DM is decreasing in p, ;. |

Proof of Lemma 8. To show that given H; (and therefore given 7;) the utility for any trader
i weakly increases, we are subject to show that the expected utility E[U; DM’p " H) >
E[U5}M|H;]. Comparing E[U, UPMP34,] in Theorem 13 and E[U5M|H;] in Theorem 10,

we find if and only if )\ﬁiw’pre < APM then E[U. DM7pre|’H ] > E[ULM |1,

n,t 7

ADYPTe < APM if and only if

((Id - Cpt)—l) <1 (2.30)
’ nn 1 — CEM
Following the proof of Lemma 7,
1d-Cp)™") =(0+12) (1 o < (14 2y 2t

(( o p,t) )rm =1+ 1—Pn,t) o 2<1+Pnét+0'2 _m_At) <@+ l_Pn,t) 1+Pnét+0'2 e
as A; = (%f;e_m_l/nt)(me_z—w 11'm,)~ (%ﬂghem) 17;) > 0 given it has



/

COU(O—n t:é—n t) cov(é_n,t,él_n | Ht)

a quadratic form and e — 11y, = > is positive semidefinite. By
0 0
Itont
Theorem 10, 5 D = (1+ 1fp2n R +62m . Therefore, equation (2.30) holds, )\5 M.pre <
s né —n
ADM and IE[UDM’met] > E[URM |1y). [

Proof of Proposition 11. First Time Choosing DM: Let the threshold to choose DM without
pre-trade transparency by 7 (see Lemma 5), and the threshold to choose DM with pre-
trade transparency by 7*"¢. Suppose p > p*, for any H; generating 1, > 7, given results
of Lemma 8, E[U; DM’p "|Hi) > E[UAMH,] > E[USM [Hy). This implies (i) the threshold to
choose DM without pre-trade transparency is at least as low as 7, 77" < 7; (ii) and the
first round that traders choose DM with pre-trade transparency is no later than without
pre-trade transparency, i.e. if tPM = min {M; = DM}, then t2M"¢ = min, {M}?"® =
DM} < tPM,

First Time Stay in DM: If traders choose DM with pre-trade transparency in the same

DM _ ;DM,pre
tl - tl

round as with opaque DM, i.e., , then the length of stay in DM when
traders first choose DM is (weakly) longer with pre-trade transparency. This is because,
given that they enter the DM at the same round, the evolution of 7, is the same before they
first exit the DM after the first time they choose DM. And E[U DM’p "M > E[UAM|H,]
implies, the first time traders exit DM with pre-trade transparency is no earlier than the
first time when they exit the opaque DM. Thus, the length of stay in DM when traders
first choose DM is (weakly) longer with pre-trade transparency.

We are not sure about the following rounds of choosing DM, as the evolution of 7
will not be the same with and without pre-trade transparency, except for the 77 = 0 special

case. If 7 = 0 then 7P"¢ = 0, trader will always choose DM.
[ |

Lemma 9. If A and A+ B are invertible, and B has rank 1, then let g = trace (BA™'). Then
g# —land

(A+B)'=a"1- 1J1FA1BA1.
g

Proof of Proposition 12. Constant CM regardless of pre-trade transparency: It is trivial
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that when traders choose CM for all rounds with or without pre-trade transparency, then
pre-trade transparency should not have any impact on welfare. Given that E[U, } DALPTe ] >
E[USM|H,] for any 7, choosing CM constantly implies E[USM |[H,] — E[U, DM’p " Hy] >

for any 1. We know that if p = p, = py,

_ o? o 14 py+ 02 _
(a=0p07),, =+ 7250 (1- G - )

1 1 o 1+ —1)pe
> = 1+
T Di-Cm -1 1,

where A, = (%ﬁe—nt) _ 1/77t)(00”J(6’—7;—§’9—W _ 11/7%)71(00“(97‘7%&791%0 — 1) = (pp —

m)ﬁ, g=N % by Lemma 9, and _,,; € RV~ is the vector of average values in
2

pairs m # n. Therefore, A\J} < )\DM P¢ and

D]VI ,pre

C
[UCM|,H ] a+2X¢M I—1 (1—pp)? E[ DM,p'I‘€|rH ] a+2M,; (1—pg)?
t 2(C¥+>\CA/I) [ 1_PZ+02 t 4( +)‘7EL)]M pre)g 1_Pl+0'2

Given that E[UﬁM |H,] is decreasing in p, there exists p*P"¢(p,, I, 0?) such that if p <
77e(pg, 1, 0%), BlUSM M) — E[USM7°[Hy] > 0 for any n. So if p < p*"(py, I, 0?),
traders always choose CM with and without pre-trade transparency.

Transparency changes market choice: Without pre-trade transparency, when traders’
value correlations are neither sufficiently heterogeneous nor sufficiently homogeneous,
alternating market choice can be optimal according to Proposition 7 and Proposition 8.
With pre-trade transparency, as the utility in DM is higher given the same parameters,
traders are more likely to choose DM (weakly) earlier (see Proposition 11). And this
can potentially decrease the price history informativeness and welfare. We can find a
non-trivial set of parameters such that the pre-trade transparency can decrease welfare.
A most intuitive case is a set of parameters such that (i) traders always choose CM or
alternate between CM and DM with n; > 0 for ¢ > 1 without pre-trade transparency; (ii)
traders always choose DM with pre-trade transparency, resulting 7; = 0 for all ¢; (iii) the

total welfare over all rounds is higher without pre-trade transparency. We provide proof
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of the existence of such parameters below.

To satisfy condition (i), the traders” expected utility in CM is higher than the expected
utility in opaque DM when 7, = 0, i.e. E[U5M|Ht]\m:0 > E[UZ€M|Ht]|nt:O.

To satisfy condition (ii), we require the traders in DM with pre-trade transparency to
have higher utility than in CM given 7, = 0. When 7; = 0, the expected utility in CM is

a+22M 11 (1-p)?

Viel
Nat A2 [ 1-proz S

E [Ung ‘Ht] |77t:0 =

« I1po?
where \6M = T=Di=c)=1’ % = (17%(72)’21“[71)@. And when 7, = 0, the expected

utility in DM with pre-trade transparency is

a4 2APMpre 1 (1 — p,)?

DM,pre
E[ ‘Ht”??t 0= (Oé 4 )\DM,pTe)? 5 1— e+ o2

o2 o2 o2 -1
where )\DM,pre _ (1 + s pe)(l-gpz _ AO) (7 — (I_M)(l‘gipé — A0)> «,

Ay cov(On, t,B,n 1)cov(0_,. t,B,n +) " Leov(0_n,t,0n,1) > 0.

— e

Given that E[USM|Hy]|,,—o is decreasing in 5 and E[U; UPMPT34,],,—0 is decreasing
in p; given Lemma 3, and E[UDM’pTe]Hth:o > E[UZ%M\Hth:O when py = 0 and p =
%, there exists 0 < py < pg and p > pP"® (I, py,0?) such that E[U, DM’pw!Hth -0

E[UGM [Hilln=o

Y

To satisfy condition (iii), we require the total welfare over all rounds is higher without

pre-trade transparency than with pre-trade transparency, i.e. W*™* = ITE[U;; DMLpreigy,)

‘T]t=0 <
w=I1yr, E[UZ/‘{‘ |H:]. Given the same market choice, the expected utility weakly in-
creases with the length of price history, i.e. E[UﬁM H:] > E[USM|H,) for 7 > t. For

sufficiently small £ and sufficiently large &, there exists ¢, such that 7, is sufficiently large,

E[USM|Hy] > E[U, DM’p "“|H4]|n,=0. Therefore, we can rewrite the difference between wel-
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fare without and with pre-trade transparency as
T
(W= WPe)/1 =3 EIULE [Ha] = TR H =0
t=1

> (T — t) (BUSM M) — BT 131, [,=o0 +ZE A1) — RO M=o

>0

>_ ﬂE[UDIM ,pre |Ht] |’qt 0

Easy to see W — WP is increasing in 7. Given that the second part is bounded below,
lim7_oo W —WP"® > 0. This implies we can find sufficiently small £ and sufficiently large

 and sufficiently large 7', such that condition (iii) is satisfied. [

Proof of Proposition 13. 1. Introducing CM does not change welfare when traders choose
DM in all rounds. This is the case when trader values are sufficiently heterogeneous
pe < p,<0andp > p. If traders are allowed to have access to CM in the first round,
the welfare also does not change when conditions of Proposition 7.1 and Proposi-

tion 8.3 are satisfied.

2. Introducing CM weakly improves welfare for any other cases (where there could be
no trade with DM only). This is because, (1) when traders have access to both CM
and DM, traders choose CM when the expected utility conditional on the history in
CM is weakly higher than that in DM, and (2) choosing CM weakly increases price

history informativeness and weakly increase utility for all future traders. In math,

[U %DM only] > E[ DM only‘,HDM only] Vi,

]>IE[U

DMonly DMonly

The first inequality comes from the fact that #, =0 C Hy,me >y =0
and that the expected utility is increasing in 7; (Lemma 4). The second inequality
comes from the optimal market choice M*.

Proof of Proposition 14. 1. For sufficiently homogeneous value, p < p*P"(I, py, o%), by



Proposition 5 traders will always choose CM, and therefore centralizing DM does

not change welfare.

When traders” value correlations are neither sufficiently heterogeneous nor suffi-
ciently homogeneous, and the number of rounds T < T, by Proposition 7 and 8, if
the asset sensitivity is sufficiently high ¢ € [¢, 00), or volatility is sufficiently high

€ [0, k], traders will always choose CM, and therefore centralizing DM does not

change welfare.

. For sufficiently heterogeneous value p; < p, < 0 and p > p, by the proof of Propo-
sition 6, traders will always choose DM if they have the choice of choosing ei-
ther CM or DM and E[USM] < E[U4M]. If we centralize the market, the traders

will be worse off in the first round, as they will prefer DM with zero price his-

tory informativeness. Given that var(6; |’HCM Only) > var(Gi\HtaN{ only) Vi, n CM only _

var(0;)—var(0; |HCMonly)
var(0;)

is monotonically increasing in t. By Lemma 4, E[U,
is monotonically increasing in ¢. As rounds increase, the price history informative-
ness increases in CM as the history accumulates, the utility increases in CM with
n > 0, and may exceed the utility in DM withn = 0 (H; = H1 = 0, s = m1 = 0 with
parallel market). The difference in welfare in parallel markets and welfare in CM

is,

T
WCM only _ W— I(Z E[ CM Only|HCM 01’11}7] TE[UZ%M])
t=1

Differentiate WMoY — 117 over £, we can see that it is monotonically decreasing in

£,

AWM only _ 7 _, i dE[ CM only|,HCM only] % o (2 31)
T 2 dn ¢ '
~—
>0 <0

where the first term in the summation is positive by Lemma 4, and the second term

deov(0; 750]% / cov C]\[, CM 1CO’U CI\/[79
in the summation is negative as CZ? = 1 (Ou.1,(874))cov(® T<CE£( r<i)) 7 cov(8r £y 0it)

0. Intuitively, when the asset sens1t1v1ty is higher, then CM price informativeness is
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lower and therefore the welfare with CM only is lower.

Similarly, Differentiate WwMonly _ 117 gver k, we can see that it is monotonically

increasing in k,

CM onl CM onl
dWCM only T y ’H Y d
E ‘ Vam (2.32)
dr
=1 N~
>0 >0

where the first term in the summation is positive by Lemma 4, and the second term

dne 1 deov(85,4,(38927) ) cov(3E27,(38927)") P eov(3E27 0ie)
dx o'g dk

in the summation is negative as >
0. Intuitively, when the asset volatility is higher, then CM price informativeness is

lower and therefore the welfare with CM only is lower.

When ¢ = co and & = 0, then 1, = 0 for all t, WEMonly _ 117 < 0 given Proposition
6. By equations (2.31) and (2.32), with finite rounds T' < T, there exists &MY and
Moy such that when the asset sensitivity is sufficiently high ¢ € [EEMonly o)

and the volatility is sufficiently high x € [0, kx“Monly], JyCMonly _ 117 < 0.

. For sufficiently heterogeneous value p; < p, < 0 and p > p, by the proof of Propo-
sition 6, traders will always choose DM if they have the choice of choosing either
CM or DM and E[UﬁM] < E[UZ%M].

CM only | ,HCM only]

Given Lemma 4, E[U; is increasing in the price history informative-

ness 7. SoforT > 1, ]E[ CM only‘,HCM only] > E[ CM only|,HCM only] [UCM]

As lim, 50,5, E[USM] = lim,_, 5,5, 0, E[U}4M] following the proof of Proposition
CM 1 CM onl . .

6, hmp—ﬂipg—)gg E[ on Y|H on y} > hmp—>570e—>ﬁg E[UﬁM] = hmp—ﬁipz—mz E[Uz,’DlM].

There exist correlation p < p < p and P, <pr<p, <0 and T such that for any
T>T,
EU;7 ™ Hp" ) > EULM) = EUSY) (233)
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Given equation (2.33), for T' > T the total welfare can be decomposed as

’ﬂ |

WCM only W = Z CM only CM only] TE[UDlM])
l’

t=1
T
( CM only CM only] . E[UDM})
E %,1
T

>0

where the first part is finite, and the second part is positive. As T increases, WM only

W increases. When T' — oo, limg_,o, WMol 17 > 1 (Zt LE[U; CM Only\HCM only] _

TE[UZ‘,I ]) + IlimTﬁoo(T — T) (E[UETIYI Only|/HCM onl}’] E[Ui71 ]) 0.

Therefore, there exists T, such that when T > T, p<p<pand P, <pe<p, < 0 and
T, centralizing the decentralized market improves the welfare WEMonly — 117 > 0.
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211 Evidence from the U.S. Equity Markets

The model provides us with testable predictions. It shows that a higher asset auto-
correlation can lead to market fragmentation (Proposition 8). To test this prediction, we
collected data for U.S. equities traded in exchanges, alternative trading systems (ATS),
and over-the-counter (OTC) markets.

We obtain the ATS weekly summary of transaction volumes from FINRA and Ex-
change and OTC equity prices and transaction volumes from Wharton Research Data
Service (WRDS). Our sample period is 2019-2022. We classify the lit exchanges as CM,
e.g., Nasdaq, and NYSE. We classify ATS (e.g., Credit Suisse Crossfinder, Instinet) and
OTC as DM.?> We consider two samples for the regression and construct variables for
each sample respectively. The first sample is the full sample that includes all equities
traded in all venues. There is a concern that some equities may be restricted to be traded
only in CM or DM due to regulations, preventing traders from changing their venues as
the model assumption. To mitigate the influence of the market restrictions on our identi-
fication, we consider another sample, which includes those equities that have ever been
traded in both CM and DM during 2019-2022. We drop singleton observations of equities
with only one-week transactions in both samples.

We construct the dependent variable DM share; ;, which is the transaction volume of
equity ¢ in DM as a proportion of the total transaction volume of equity ¢ in all venues in
week t. Given that lower « implies higher volatility in values, we use the price volatility
in the last 100 days Volatilityld—100.4d] a5 3 proxy for x, which is constructed as follows.
We first calculate the standard deviation of the close price p; 4 in the last 100 trading days
[d — 100, d], and then take the weekly average of it for each equity i and week t.22 We
winsorize the top and bottom 1% to avoid the impact of extreme values.

We use the following regression to test the model prediction in Proposition 8 with

ZPlease refer to FINRA equity ATS Firms and SEC Form ATS-N Filings and Information for a complete
list and more detailed information of current and past ATS for equities.

2 As some OTC equities are not traded frequently, not all trading days have close prices. We use the
midpoint of the best bid and ask prices on each trading day as the close price.
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both the full sample and a smaller sample of equities traded in both DM and CM,

DM share; ; = BVolatilityl[fi_mO’d] +0i+y+ein (2.34)
where §; are equity fixed effects, ; are week fixed effects, and ¢;; are robust standard
erTors.

One concern is that traders” market choices may affect the price fluctuations. It can
cause reverse causality and weaken our identification results. Therefore, we construct
the lagged price volatility Volatilityz[ifmo’d*wl] as an instrumental variable (IV). It is
the weekly average of the standard deviation of the close price p; 4 between trading day
[d—200, d—101] for each equity i in week ¢t. We winsorize the top and bottom 1% to avoid
the extreme value.

Table 2.12 shows the summary of statistics of the variables. The average proportion
traded in DM is 57.27% over the full sample and 10.94% for equities ever traded in both
DM and CM. The price volatility and its IV on average are 4.190 and 4.164 respectively
for the full sample. For equities traded in both DM and CM, the price volatility and its
IV on average 4.652 and 4.709 respectively.

Figure 2.18 shows the average price volatility for each equity by their DM share. We
can see that the average volatility is the highest for equities only traded in CM, lower for
the equities traded in both DM and CM, and lowest for equities traded in DM only.

Table 2.13 shows the regression results of equation (2.34). Panel A shows the OLS re-
gression results, where we can see that for both the full sample and the restricted sample
with equities traded in CM and DM, the volatility is negatively correlated with the pro-
portion of transaction volume in DM. Panel B-D shows the two-stage least-square (2SLS)
regression results using the Volatilityl?=200:4=101] a5 an TV. Panel B shows the reduced-
form results with the IV as the independent variable. Panel C shows the first stage of 25LS
regression which indicates the IV is strongly correlated with Volatilityl1%%4. Panel D
shows the second stage of 2SLS regression. We find that the volatility significantly de-

creases the proportion of transaction volume in DM, and the magnitude is larger than the
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OLS regression results.

Table 2.12: Summary of Statistics

Full Sample

Variable Obs Mean Std. Dev. Min Max
DM share(%) 3,451,675 5727 4539 0 100
Volatilityd—100.d) 3,451,675 4.190 13.20 6.70e-05 111.7
Volatilityld—200.d-101] 3 451 675 4164  12.65  4.61e-05 105.0
Equities Traded in CM & DM
Variable Obs Mean Std. Dev. Min Max
DM share(%) 1,651,680 10.94 12.83 0 100
Volatilityd—100.d) 1,651,680 4.652 9.033 6.70e-05 111.7
Volatilityld—200.4-101] 1 651 680 4.709  9.038  4.61e-05 105.0

Note: This table presents the summary of statistics for U.S. equity traded in exchanges, ATS, and OTC market

during 2019-2022.
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Figure 2.18: Volatility of Each Equity by DM Share
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Note: This figure shows the average volatility for each equity during 2019-2022 by their average DM share.
We classified the lit exchanges as CM, and ATS or OTC as DM. The dark box plots the volatility between
[t — 100, t]. The lighter box plots the IV, volatility between [t — 200, ¢ — 100]. The lower and the upper end of
the box are values at the 25th and 75th percentile. The white line in the box indicates the median value. And
the lower and upper end of whiskers are lower and upper adjacent values.
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Table 2.13: The Impact of Equity Volatility on DM Volume Share

Panel A. OLS
Dependent Variable: DM share Full CM&DM
Volatilityt—1004] -0.00372#**  -0.0172%**
(0.000397)  (0.00189)
Week FE Yes Yes
Equity FE Yes Yes
Observations 3,451,675 1,651,680
R-squared 0.982 0.546
Panel B. Reduced
Dependent Variable: DM Share Full CM&DM
Volatility!t=200:t=101] -0.00291%*  -0.0129***
(0.000419)  (0.00173)
Week FE Yes Yes
Equity FE Yes Yes
Observations 3,451,675 1,651,680
R-squared 0.982 0.546
Panel C. First Stage of 2SLS
Dependent Variable: Volatility!t—1001] Full CM&DM
Volatilitylt—200,t—101] 0.154***  0.290***
(0.00277)  (0.00344)
Week FE Yes Yes
Equity FE Yes Yes
Observations 3,451,675 1,651,680
R-squared 0.743 0.775
Panel D. Second Stage of 2SLS
Dependent Variable: DM share Full CM&DM
Volatilitylt—100:t] -0.0189***  -0.0447+**
(0.00274)  (0.00599)
Week FE Yes Yes
Equity FE Yes Yes
Observations 3,451,675 1,651,680
R-squared 0.982 0.546
Cragg-Donald Wald F statistic 3100 7097

Note: This table shows the impact of equity volatility on the proportion of volume traded in the DM versus
CM. Robust standard errors are included in parentheses. *** p<0.01, ** p<0.05, * p<0.1.



Chapter 3

The Impact of Leverage Ratio
Regulation on Bond Market

Liquidity

3.1 Introduction

The disruption of the U.S. bond market in March 2020 has raised regulatory con-
cerns on whether some post-crisis regulation, in particular the supplemental leverage ra-
tio (SLR) regulation, has contributed to market inefficiency. Following the bond market
turmoil due to COVID-19, the Federal Reserve Board announced a one-year temporary
waiver to SLR on April 1st, 2020, aiming to ease the strains in the Treasury market.! Al-
though the temporary exemption expired on March 31, 2021, the Federal Reserve is still
seeking comments on measures to adjust the SLR for potential improvement.? This paper
aims to explore how the SLR, or more generally, the leverage ratio constraint has affected

the bond market efficiency, both theoretically and empirically.

This temporary change excludes U.S. Treasury securities and deposits at Federal Reserve Banks from
calculating the SLR rule for holding companies.

ZJan 11th, 2022, Reuter, “Fed’s Powell sees tweaks to the key leverage ratio, climate analysis on agenda
going forward.” https://www.reuters.com/markets/rates-bonds/feds-powell-sees-tweaks-key-leverage-
ratio-climate-analysis-agenda-going-forward-2022-01-11/
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We first examined the impact of leverage regulation on market liquidity through an
event study of the March 2020 U.S. corporate bond market turmoil. Using a difference-in-
difference method, we estimated changes in liquidity measures during the crisis. Risky
principal trades, which require dealers to adjust their balance sheets for intermediation,
served as the treatment group. Agency trades and riskless principal trades, which don’t
affect dealers’ balance sheets, acted as the control group. Following O’Hara and Zhou
(2021a), we used transaction cost, the price difference between interdealer and dealer-
customer market prices, as a measure of market liquidity. Our findings revealed that
the leverage regulation’s impact on transaction costs varied across trading directions and
underlying assets. Transaction costs rose significantly for dealer buy orders but slightly
decreased for dealer sell orders. These changes were more pronounced in investment-
grade (IG) bonds compared to high-yield (HY) bonds.

We build a model to explain the empirical findings. The model captures three features
of the U.S. bond market. First, the bond market is highly decentralized. Assets are not
cleared jointly, and prices can be different for the same asset across different traders.
Second, the bond market is imperfectly competitive. Traders have market power and
trade strategically. Third, bank-affiliated dealers are subject to leverage ratio regulation.
Due to the constraint on balance sheet sizes, dealers are limited to providing balance
sheet space for corporate bonds.

Theoretically, we demonstrate that leverage regulation has a heterogeneous impact on
liquidity measures, aligning with our empirical findings. As dealers” inventory increases
and the constraint tightens, they intermediate lower volumes. Consequently, the trans-
action cost for a customer selling to a dealer rises, while it falls for a customer buying
from a dealer. Interestingly, the transaction cost for trading IG bonds can fluctuate more
than that for HY bonds when the risk-weight on IG bonds is sufficiently high. This oc-
curs when IG bonds contribute more to the balance sheet size than HY bonds, compelling
dealers to demand higher compensation for intermediating IG bonds.

Next, we calibrated the model using U.S. corporate bond market transaction data
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from the March 2020 market turmoil. We first evaluated the welfare loss due to lever-
age ratio regulation by considering the counterfactual of completely removing it. Our
findings show that dealers benefit from lifting the regulation. However, the impact on
customers is mixed. Customers of dealers associated with global systemically impor-
tant banks (GSIBs) benefit from relaxed leverage regulation, while other customers are
slightly worse off.

We then consider two adjustments to the leverage ratio regulation: (i) modifying the
risk weights for investment grade (IG) and high yield (HY) corporate bonds, and (ii) ex-
empting Treasury positions from the leverage exposure. Our findings show that lowering
the risk weight for IG bonds while increasing it for HY bonds can actually decrease over-
all welfare. This occurs because when the risk weight on safer assets decreases, dealers
tend to intermediate more safe assets and fewer risky ones when the constraint is bind-
ing. This shift can potentially worsen risk-sharing between customers and dealers. In-
terestingly, we discover that exempting Treasury positions from the calculation improves
welfare for both dealers and customers, effectively mimicking the outcome of removing
leverage regulation entirely.

Adjusting the leverage ratio raises concerns about potentially decreasing financial sta-
bility, and balancing financial stability with market liquidity is challenging. To address
this, we explored market design solutions that could mitigate unintended consequences
without compromising stability. Our findings show that both introducing a central clear-
ing party (CCP) and centralizing the market can increase overall welfare. Introducing a
CCP has an effect similar to removing leverage regulation. The centralized market design
offers the highest allocation efficiency among the options considered. We estimate that
introducing a CCP would increase overall welfare by 42.4%, while centralizing the mar-
ket could more than double overall welfare in the U.S. bond market during March 2020.
However, it’s important to note that while centralizing the market improves customers’
welfare, it comes at the expense of dealers” welfare. Dealers experience a significant de-

crease in welfare as they lose profits from transaction costs.
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Literature Review: This paper is related to the double auction literature in the tradition
of Kyle (1989) (e.g. Vayanos, 1999; Vives, 2011; Rostek and Weretka, 2012; Ausubel et al.,
2014; Malamud and Rostek, 2017). In particular, this paper builds a double auction model
for decentralized market following Malamud and Rostek (2017) and Babus and Parlatore
(2022). This model brings together the research on financial intermediaries and that on
double auction, by introducing the intermediaries” leverage ratio constraint to a general
framework of a decentralized market with strategic traders. We point out that market
structure can amplify or attenuate the impact of post-crisis regulation on the bond mar-
ket.

This paper is also related to literature that explores the effect of leverage ratio con-
straints of financial intermediaries on asset prices and market liquidity. (e.g. Brunner-
meier and Pedersen, 2009; Garleanu and Pedersen, 2011; Adrian and Shin, 2010; Duffie,
2017a; Anderson and Stulz, 2017; He and Krishnamurthy, 2013; He et al., 2019; Chikis
and Goldberg, 2021; He et al., 2022).

Among the existing literature, Allen and Wittwer (2022) are most closely related to
this paper, which studies the capital-constrained traders in a centralized market in the
style of Kyle (1989). Allen and Wittwer (2022) build a model of primary bond auc-
tion where leverage-constrained dealers trade strategically and empirically estimate how
dealer capitalization under the leverage ratio regulation affects the demand and price of
Canadian Treasuries. Similar to Allen and Wittwer (2022), this paper discusses how lever-
age ratio regulation affects market liquidity and prices. However, this paper is different
from Allen and Wittwer (2022) in the following aspects. First, while Allen and Wittwer
(2022) focus on a centralized market, this paper builds a model of a decentralized mar-
ket with an endogenous dealer capital structure. It emphasizes how the dealer network,
besides the dealers” market power, affects the market efficiency. Second, this paper com-
plements Allen and Wittwer (2022) by exploring how leverage ratio regulation affects the
secondary bond market.

This paper will provide a policy-relevant evaluation of SLR’s impact on bond mar-
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ket liquidity. Existing literature found mixed results on how post-crisis regulation affects
market liquidity. Some research found that there was no significant deterioration or even
improvement in market liquidity with post-crisis regulation (e.g. Mizrach, 2015; Bessem-
binder and Maxwell, 2016; Anderson and Stulz, 2017; Adrian et al., 2017; Trebbi and Xiao,
2019). Some found that market liquidity worsened with leverage regulation (e.g. Adrian
et al., 2017; Dick-Nielsen and Rossi, 2019; Choi et al., 2023). Recent literature has implied
that the dealer’s unwillingness to supply liquidity during the bond market turmoil dur-
ing March 2020 might be caused by the leverage regulation (e.g. Haddad et al., 2021; He
et al., 2022). It is puzzling why the impact of leverage regulation on market liquidity is
mixed. This paper can provide an explanation with a decentralized bond market model.

Finally, this paper is related to the literature on market design solutions to bond mar-
ket illiquidity. Enhancing bond market liquidity by redesigning the market has attracted
attention from academia, industry, and regulators (Duffie, 2017b; Malamud and Rostek,
2017; Plante, 2017; Blackrock, 2020; Duffie, 2020; Liang and Parkinson, 2020; Allen and
Wittwer, 2021; Fleming and Keane, 2021; Kutai et al., 2021; Cheshire and Embry, 2023).
Among the few papers that quantify the improvement of the market designs during the
crisis, Fleming and Keane (2021) shows that expanded central clearing of all outright
trades of Treasury securities would have lowered dealers” daily gross settlement obli-
gations 70% during the March 2020 sell-off, and Kutai et al. (2021) shows that spreads
in government bond markets without exchanges would have been 30%—-60% lower if
there had been an exchange during the March 2020 crisis. This paper documents a 42.4%
increase in overall welfare if there were a central clearing party, and more than 100%
increase in overall welfare if the market is centralized in the U.S. bond market during

March 2020.
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3.2 Institutional Background

3.2.1 Post-Crisis Leverage Regulation

In the aftermath of the financial crisis in 2008, regulators established Basel III, aiming
to strengthen the regulation, supervision, and risk management of banks. A core reform
of Basel IlI is a set of leverage regulations to prevent excessive risk-taking by banks and
other financial entities.

As part of the U.S. implementation of the Basel III reforms, on Sept. 3, 2014, U.S. reg-
ulators announced the adoption of the supplementary leverage ratio (SLR) for large bank
holding companies, aiming to strengthen the risk management of the banking sector. The
effective date of the SLR is January 1, 2018. Advanced approaches banking organizations
must calculate and disclose their SLR beginning in the first quarter of 2015.> The SLR is
the ratio of Tier 1 capital banks must hold relative to their total leverage exposure.* It is
3% for large US banks, and 5% for top-tier bank holding companies. When calculating
SLR, all corporate bonds are included in the assets at 100% of their market value. The
SLR, which does not distinguish between assets based on risk, is conceived as a backstop
to existing risk-weighted capital requirements such as the Tier 1 capital ratio. SLR is cited
as an important factor limiting banks and bank-affiliated dealers” ability to expand their
balance sheets for bond market intermediation (Duffie, 2017a).

Prior to SLR, Basel III also implemented a risk-weighted capital ratio regulation. The
Tier 1 capital ratio is the ratio of Tier 1 capital to the total risk-weighted assets. For in-
vestment grade corporate bonds, the tier 1 capital requirement assigns 6.25% risk-weight

for bonds with 6 months or less remaining contractual maturity, 25% to those with 6-24

*There are some important changes to SLR following the bond market turmoil due to the COVID-19
pandemic. On April 1st, 2020, the Federal Reserve Board announced a temporary change to SLR. The change
would exclude U.S. Treasury securities and deposits at Federal Reserve Banks from the calculation of the rule
for holding companies. This temporary exemption expired on March 31, 2021. See “Federal Reserve Board
announces temporary change to its supplementary leverage ratio rule to ease strains in the Treasury market
resulting from the coronavirus and increase banking organizations” ability to provide credit to households
and businesses”, https:/ /www.federalreserve.gov/newsevents/pressreleases /bcreg20200401a.htm.

*The total leverage exposure includes on-balance sheet assets, derivative assets, repo-style transaction
exposures, and other off-balance sheet exposures. See “Agencies adopt supplementary leverage ratio final
rule”. https:/ /www.federalreserve.gov/newsevents/pressreleases/bcreg20140903b.htm
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months maturity, and 50% to those with more than 24 months maturity. For high-yield
(HY) corporate bonds, the tier 1 capital requirement assigns a 150% risk-weight.> Tier
1 capital ratio is the basis for the Basel III international capital and liquidity standards
devised after the financial crisis. All U.S. banks are required to have a minimum Tier 1
capital ratio of 6%. Advanced approaches banks holding companies are required to hold
2.5% capital surcharge, and global systemically important banks (G-SIBs) are required to

hold a 1-4% more capital surcharge.

3.2.2 U.S. Corporate Bond Market Structure

The corporate bond market is highly fragmented and imperfectly competitive.

Most bond market participants are institutional traders. Major customers include
pension funds, mutual funds, hedge funds, insurance companies, and sovereign wealth
funds. Major bond dealers are subsidiaries of investment banks, commercial banks, or
investment companies.

In the dealer-customer market, customers can negotiate and trade with dealers through
traditional voice methods, or request-for-quote (RFQ) from dealers in electronic plat-
forms such as MarketAxess. Most of the trades are still bilateral.

Dealers have two ways to trade, principal trades, and agency trades. In a principal trade,
dealer commit their own capital and absorb the customer order with their own inventory.
In an agency trade, a dealer finds a counterparty for the customer. The dealer does not
need to use their capital or inventory to meet the customers’ needs.

The SLR imposes a constraint on the balance sheet of bank-affiliated dealers. In par-
ticular, the SLR can limit the dealer to use principal trades to buy from customers as they
increase the dealer’s balance sheet size. The fact that the principal trades affect balance
sheet size while the agency trades do not allows us to take a difference-in-difference ap-

proach in the event study.

°See 12 CFR Part 217 Subpart F for risk-weight asset calculation of market risk. Using the Standardized
measurement method for specific risk of corporate debt position, the risk-weighted value of the corporate
debt position is the fair value x risk-weighting factor x 12.5.
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3.3 Event Study

To examine whether the leverage regulation has an impact on market liquidity, we
conduct an event study of the March 2020 bond market turmoil using Academic TRACE
corporate bond transaction data. We follow Dick-Nielsen and Poulsen (2019) to clean the
dataset.

Our sample period covers Feb. 1, 2020 - Mar. 19, 2020. We classified our sample
into two periods, the normal period Feb. 1 - Mar. 5, and the crisis period Mar. 6 - Mar.
19, following O'Hara and Zhou (2021a). According to the trend in the ICE BofA US
Corporate Index Option-Adjusted Spread (see Figure 3.1), the spread started to increase
on March 6. The spread did not decrease until the Primary Dealer Credit Facility (PDCF)

started operating on March 20. We focus on the period before PDCF was implemented.

Figure 3.1: ICE BofA US Corporate Index Option-Adjusted Spread
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We apply the difference-in-difference method to estimate the impact of leverage reg-
ulation on the market outcomes during the March 2020 bond market turmoil. We follow
Choi et al. (2023) to define the dealer-customer principal trade that is followed by an

interdealer trade of the same asset of the same volume in a different direction in 15 min-



utes as riskless principal trades.® We will take agency trades and riskless principal trades
as the controlled group, as it does not affect the dealer’s balance sheet size. The prin-
cipal trades, excluding riskless principal trades, are defined as risky principal trades. We
will take the risky principal trades as the treatment group, as it changes dealers” balance
sheet size and therefore the leverage ratio constraint.

We follow O’Hara and Zhou (2021a) to measure liquidity using the dealer’s transac-

tion cost for each transaction,

Costijie = In (pijre/ BenchmarkPrice;jrg) x TradeSign, .

where p; - is the transaction price; Benchmark Price;jiq- is the transaction price of the
prior trade in that bond in the interdealer market; Sign, ;.. is 1 for a dealer sell order,
and —1 for a dealer buy order. We multiply it by 10,000 to compute transaction cost in
basis points of value. The benchmark price may be stale due to infrequent transactions,
creating extreme values. To avoid such noises, we winsorize the top and the bottom
1% across the sample. Cost;jiq4: captures the daily average price difference between the
interdealer trades and the dealer-customer trades.

Figure 3.2 shows the difference between the average transaction cost of principal
trades and agency trades before and after the bond market disruption. We can see that
the difference in the transaction cost remains stable from 10 to 30 bps before the market
turmoil. The difference increased dramatically for the trades where dealers buy from the
customers, while it slightly decreased for the trades where dealers sell to the customers
during the crisis. We can also see that the change is larger for the IG bonds than the
HY bonds. The difference between principal trades and agency trades in the transaction
cost for dealers to buy IG bonds from customers was around 10 bps before the crisis, but

reached over 80 bps during the crisis. The difference in the transaction cost for dealers to

®Dealers are required to report their transactions to FINRA within 15 minutes. If a dealer has a dealer-
customer principal trade that is followed by an interdealer trade of the same asset of the same volume in
a different direction in 15 minutes, it’s possible that the dealer did not provide balance sheet space for the
customer but facilitated a match of the customer with the next dealer.
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buy HY bonds from customers was 10-20 bps before the crisis and less than 50 bps during
the crisis.

Figure 3.2: The Difference of Transaction Costs Between Principal and Agency Trades
Before and During the March 2020 Market Turmoil
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Note: Each line is the difference of weekly average transaction cost between principal and agency trades for
dealers to buy/sell IG/HY bonds, respectively. The vertical dashed line indicates the week of March 6,
2020, when the market disruption happens.

Baseline Regression: We use the following baseline regression to estimate the impact of

the leverage constraint on market liquidity:

Cost;jrar = BPrincipaly x Posty + Maturityy, + mi + Cq + 0t + €ijkar (3.1)

where i indicates the buyer, j indicates the seller, k indicates the bond, ¢ indicates the
week, d indicates trade type (d € {principal, agency}). Principalg is a dummy that indi-
cates if the trade is principal trading. Post; is a dummy that equals 1 if the trade happens
during the crisis period (Mar. 6, 2020 - Mar. 19, 2020) and 0 if it happens during the
normal period (Feb. 1, 2020 - Mar. 5, 2020). We control the term-to-maturity of the traded

bonds Maturityg:. n, 6, and (4 are fixed effects for the bond, the transaction date, and
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the trade type, respectively. €;;.1q are standard errors clustered at the bond and date level.
We focus on 3, which measures the effect of leverage constraints on market liquidity.

We run the baseline regression with four different samples: (i) dealers sell IG bonds
to customers, (ii) dealers buy IG bonds from customers, (iii) dealers sell HY bonds to
customers, and (iv) dealers buy HY bonds from customers. Table 3.1 shows the baseline
regression results. We can see two patterns of the leverage ratio regulation’s impact on
liquidity. First, the impact of leverage ratio regulation on liquidity is heterogeneous with
different trading directions. The transaction cost for the dealer buy order significantly
increased, but the spread for the dealer sell order decreased during the crisis. Second, the
impact on liquidity is larger for safe assets than the risky assets. Investment grade (IG)
bonds have a steeper increase(decrease) than the high yield (HY) bonds for a dealer buy

(sell) order.

Table 3.1: The Impact of Leverage Constraint on Market Liquidity

@ ) ) (4)
dealers sell IG ~ dealers buy IG dealers sell HY dealers buy HY
Principal x Post -14.97** 63.08*** 3.218 20.94**
(5.089) (2.996) (3.886) (7.940)
Maturity -39.80** 19.39 -26.53** -16.48
(9.902) (29.08) (8.874) (35.26)
Observations 297,446 316,115 107,300 112,394
R-squared 0.207 0.238 0.138 0.142
Trade Type FE yes yes yes yes
Bond FE yes yes yes yes
Date FE yes yes yes yes

% 5<0.01, * p<0.05, * p<0.1

Regression by Dealer Size: To examine the impact of leverage ratio on different dealers,
we split the sample into large and small dealers. We define the large dealers as those
whose total trading volume with customers between January 1, 2020 and February 1,
2020 is at 95 percentile or higher among all dealers. And the other dealers are defined

as small dealers. Note that the large traders account for over half of the dealer-customer



transactions during the sample period.

Table 3.2 shows the regression results of equation (3.1) with the large and small deal-

ers. We can see that the transaction cost significantly increases for the large dealers to buy

IG bonds by 79.95 bps, while it increases by 48.27 bps for them to buy HY bonds. The

transaction cost decreases for larger traders to sell IG bonds, and does not significantly

change for them to sell HY bonds. In contrast, the transaction cost for small dealers to

buy IG bonds only slightly increases by 11.05 bps, and it even decreases for the small

dealers to buy the HY bonds. The transaction cost does not significantly change for small

dealers to sell the bonds to customers.

Table 3.2: The Impact of Leverage Constraint on Market Liquidity by Dealer Size

(1)

)

)

(4)

Panel A. Large Dealers  dealer sell IG  dealer buy IG dealer sell HY dealer buy HY
Principal x Post -25.13*** 79.95%** -3.466 48.27***
(5.073) (4.435) (4.215) (5.493)
Maturity -60.03*** 34.86 -33.31* 4.712
(13.05) (38.19) (15.34) (42.39)
Observations 170,920 194,166 54,650 62,034
R-squared 0.217 0.287 0.152 0.179
Trade Type FE yes yes yes yes
Bond FE yes yes yes yes
Date FE yes yes yes yes
(1) ) €) (4)
Panel B. Small Dealers ~ dealer sell IG  dealer buy IG dealer sell HY dealer buy HY
Principal x Post -1.125 11.05** 14.32 -19.27*
(3.187) (3.691) (7.922) (8.183)
Maturity -14.08** -9.485 -16.14 -34.20
(3.834) (17.26) (12.47) (27.25)
Observations 124,995 120,285 52,414 50,056
R-squared 0.304 0.256 0.218 0.179
Trade Type FE yes yes yes yes
Bond FE yes yes yes yes
Date FE yes yes yes yes

% 5 <0.01, ** p<0.05, * p<0.1
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3.4 Model

In this section, we build a network model with leverage ratio regulations to explain
the empirical findings. The empirical pattern in Section 3.3 is consistent with the intuition
that the leverage ratio regulations can potentially hurt the dealers’ ability to intermediate
the market. In particular, non-risk-weighted leverage ratio regulation like SLR can make
the dealers less willing to intermediate the relatively safe assets like IG bonds. It is also
consistent with the fact that the large dealers — which are usually bank dealers — are sub-
ject to tighter leverage ratio regulations and therefore can be less willing to intermediate

the market during the crisis.

3.4.1 Model Set-up and Equilibrium

The market has a core-periphery network structure. There are NV dealers indexed by
n. Each dealer can trade with I(n) customer and with other dealers. Each customer in
I(n) can only trade with the dealer n. We denote the number of customers I(n) as I,.
Traders can trade K risky assets with joint-normal payoffs V' (p, V') indexed by k, and 1
riskless asset with zero interest rate as the numéraire.”

The market has three periods. Att = 0, customers receive endowment shocks. At
t = 1, the dealer-customer market opens and customers trade with dealers (see Figure
3.3a). Att = 2, the interdealer market opens, and dealers trade with each other (see
Figure 3.3b).
Endowment Shocks: At round ¢ = 0, the dealer-customer market opens, each customer
i receives exogenous endowment shock, g} ~ F(q).

Dealer-Customer Market: At round ¢t = 1, the dealer-customer market opens where

customers trade with their dealers. For simplicity, we assume that the dealer has market

"We choose this model instead of the search model because (i) the traders have a linear demand in-
stead of unit demand, which makes it possible to directly model the dealers’ leverage ratio constraints with
demand shocks from customers; (ii) we will later propose a centralized market design solution to the unin-
tended consequence of the leverage ratio on bond market liquidity, and this framework provides a conve-
nient comparison of the decentralized market and centralized market; and (iii) we want to model the friction
due to the dealer’s market power which is better captured by this model. Without search frictions, the model
still captures price dispersions through market fragmentation.
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Figure 3.3: Market Structure
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power while customers do not, i.e., dealers trade strategically considering their price

impact, while customers do not. Each customer i submits a demand schedule ¢,.(p.) :
RE — RE to maximize the utility,

Ve = W (90 + qac) — 54(a0 + a.)'V (40 + da) — (i) e (3:2)

Without loss of generality, assume that the customers do not have market power

while dealers have market power. Customers do not consider their price impact when

submitting their bids.® By taking first order condition of v, with respect to g, we can

solve for the demand schedule of customer ::

@ = (V) N — KV qj — P, (3.3)

Each dealer n submits a demand schedule Q7. (p%.) : RF — R to maximize the

utility given his price impact Afic

- E[ zd‘Qdc] pdc) Qdc (34)

In Appendix 3.9, we provide a model with two-sided market power where both customers and dealers
submit demand schedules given their price impact. The comparative statics results are not qualitatively
different from this model with one-sided market power. The results do not quantitatively differ much from
the current model.
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subject to a leverage ratio constraint

gn

> o 3.5
A ywQy, =7 (3:5)

where £" and A" are dealer n’s equity and risk-weighted inventory respectively. Balance
sheet information (£" and A™) is public information among the dealers. We use the as-
set value p to calculate the value of the traded assets.” In general, there are two ways
to model the leverage ratio, constraints on debt (e.g. Brunnermeier and Pedersen, 2009;
Adrian and Shin, 2010; Garleanu and Pedersen, 2011), or constraints on equity (e.g. He
and Krishnamurthy, 2013; Allen and Wittwer, 2021). We use the latter one based on the
fact that most bonds are used as collateral in the repo market to fund their purchase, so
the debt level can change easily, while the equity cannot.

Equivalently, the dealer n chooses demand schedule Q};.(p]}.) to maximize
ugc(QZch) = E[u?d’Qgc] - (p:ilc)/QZc - Tn(QOnNIWQZC + (PnAn - 5n)

r™ is the shadow cost of the leverage ratio constraint. " satisfies complementary
slackness that

("W WQ5. + " A" — E™) = 0. (3.6)

Without loss of generality, we assume that the impact of Q7. on the expected utility
E[ul,| Q%) ie. %lf;ﬂ can be parameterized as c" + C" Q.. By taking first order

condition of u[;, with respect to Q7;., we can solve for the demand schedule of dealer n,
Qi = 8" (" = Pic — ¥ic) (3.7)

where 9y, = 7} "W p is the additional marginal cost of dealer n’s demand in the dealer-

-1
customer market due to leverage regulation, S" = (C” + %IQV) is the dealer n's

Prices differ across different dealers in the decentralized market. To standardize the computation of
dealers’ balance sheet sizes using identical asset prices, we use the asset value p instead of their transaction
prices to calculate the value of the traded assets. In the Appendix 3.9, we provide an extension of the model
using market prices to calculate the value of traded assets following Allen and Wittwer (2023b).
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demand elasticity (in absolute value) to the price pj;..

The market clears when Qg + > c1(n) g4, = 0 for all n. Given the market clearing
condition, dealer n’s price impact A}, = 11V
Interdealer Market: At round ¢ = 2, all dealers trade with each other in an imperfectly
competitive centralized market. Each dealer n chooses the demand schedule Q7;(p};) :
RE — R to maximize the utility given the dealer-customer trades Q7. and his price

impact A},
1
uig = ' (Qge + Qig) — ia(Q:ch +Qiy)'V(Qu + Qi) — (Pia) Qiy
subject to the leverage ratio constraint

n

6‘TL
>
AT+ W (Q+ Q) 7

Equivalently, each dealer i chooses the demand schedule Q% (p},) : RE — RE to

maximize the utility given his price impact A},

1 n n n n n n
Ujy = ul(Qgc_{'Q?d)_ia(QdC_}'Qid),V(QSC_FQid)_p;ind_Tznd(QO W (Q+Qiy)+¢" A" —

By taking the first order condition with respect to Q7;;, we can solve for the optimal

demand schedule

Ql(pig) = (@V + Al (= pig — aV QL. — i) (3.8)

where ¥} = "W p is the additional marginal cost of dealer n’s demand in the in-
terdealer market due to leverage regulation, r}; satisfies the complementary slackness

condition 77 (¢"W/'W (Qj. + Q) + " A" — E™) = 0.
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Given the market clearing condition ) |, Qjy; = 0, trader i’s price impact satisfies:

-1

aqQy,
e 3.9
id = dpz’d ( )

Given dealers’ strategy at ¢t = 2, we can write each dealer’s utility [, as a function of
Q. and compute %&QQ@] = c" + C"Q},. By matching the coefficients, we can obtain

the parameters ¢" and C".

Theorem 15 (Equilibrium). The Beysian-Nash equilibrium is a profile of dealer’s demand sched-
ule and price impact, {Qly., Qly, Alj., A}, and a profile of customer’s demand schedules {q’;, }:,

and a profile of shadow cost of leverage constraint {r™},, such that

1. In the dealer-customer market, each customer submits a demand schedule in equation (3.3);
each dealer submits demand schedule in equation (3.7), given the shadow cost of leverage

ratio ™ in equation (3.6) and the impact of inventory on the next round utility %&QQC].

2. In the interdealer market, each dealer submits a demand schedule in equation (3.8), given

the price impact in equation (3.9).

3.4.2 Comparative Statics with Inventory

Before the market disruption happened in March 2020, the bank-affiliated primary
dealers” inventory had increased and pushed their leverage ratio towards the regulatory
bound. The primary dealers have on average a $6.8 billion increase in their net positions
from January 1st, 2020 to the week of March 6th, right before the bond market disruption.
In this section, we consider the comparative statics of increasing inventory on market
liquidity.

For tractability, in this section we assume that the market is symmetric, i.e. I, = I
for all dealer n; the dealers have identical capital structure, i.e. A" = A, £" = &£; and
the leverage requirements are the same for all dealers " = ¢. We assume there are two

assets K = 2, a safe asset with mean payoffs 14, and variance o2, e and a risky as-

2
risky

2
safe*

set with mean payoffs .5, and variance o > 0o The risk-weight on the safe
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asset is wgq fe, and that on the risky asset is wysr,. We assume that for any customer of
dealer n, ¢' = §", 8" is either § < 0 or —§ with equal probability. " measures the imbal-
ance of customers’ endowment shocks across dealers and drives the intermediation need.
Given these assumptions, without loss of generality, we can focus on the equilibrium for
two dealers and their customers: (i) a dealer trading with customers whose endowment
shocks make them natural buyers (6" = —d < 0); and (ii) a dealer trading with customers
whose endowment shocks make them natural sellers (6" = § > 0). Hereafter, we refer to
the first case dealer-sell order, and the second case dealer-buy order.

We construct the liquidity measure similar to the transaction cost in the event study.
Let the transaction cost of dealer n be the price differences between the dealer-customer

market and interdealer market, Cost™ = |pl. — p;4|.

Proposition 16 (Dealer Buyer v.s. Dealer Seller). Given a symmetric market structure and
identical capital structure, as the inventory included in the leverage exposure increases, i.e., A
increases, the transaction cost Cost™ increases for dealers to buy from customers, and decreases

for dealers to sell to customers.

As risk-weighed inventory A increases, the transaction cost measured by the price
differences between the dealer-customer market and interdealer market increases for
dealer-buy orders but decreases for dealer-sell orders. For a dealer-buy order, as the
dealers’ leverage ratio constraint becomes binding, it brings a shadow cost for dealers to
hold the assets. Therefore, the marginal value of dealers decreases as they buy from the
customers. In the interdealer market, as there is a limited supply of assets, the dealers
can sell the assets at a higher price. Therefore, the transaction cost for the dealer to buy
from customers increases. The price for dealers to sell to customers slightly increases as
they expect the interdealer market price to increase, but not as much as the increase in
the interdealer market. Therefore, the transaction cost for the dealer to sell to customers

decreases.

Proposition 17 (Risky Asset v.s. Safe Asset). Given a symmetric market structure and identi-

cal capital structure, as the inventory included in the leverage exposure increases, i.e. A increases,
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the change in transaction cost (d|py, — P;q|) is larger for the safe asset than the risky asset when

the risk-weight on the safe asset is sufficiently large, i.e., Weqpe > W = %wmky.

As the risk weight on the safe asset increases, holding safe assets becomes more likely
to tighten the balance sheet constraint than holding risky assets, and therefore, dealers
require a higher transaction cost to compensate for the balance sheet cost of holding safe
assets.

Note that we do not require the risk weight on the safe asset to be higher than the risk
weight on the risky asset. We can have a larger change in transaction cost of the safe asset
than that of the risky asset by applying the same weight on the safe and risky assets, just
like the SLR. This is possible when the value of the risky asset is lower than the safe asset
Prisky < Usafe- 10

Figure 3.4 shows a simulation of the change in transaction cost with respect to inven-
tory A. Keeping everything else constant, when the risk weight on the safe asset is low,
the change in the transaction cost of the risky asset is larger than that of the safe asset;
when the weight on the safe asset is high, the patterns of change in transaction cost is

consistent what we’ve found with the event study.

3.5 Quantitative Analysis

In this section, we will calibrate the model and estimate the impact of leverage ratio
regulation on welfare. First, we consider the impact of the leverage ratio constraint on
different types of dealers and their customers by considering the counterfactual of re-
moving the leverage ratio regulation. Then we consider the counterfactual of different
adjustments of the regulation, including adjusting the risk weight on corporate bonds

and excluding Treasuries from the SLR calculation.

""When we extend the model by using market price instead of the value of the assets to calculate the
balance sheet size of the dealers (see AppendixX), prisky < Hsafe is sufficient for us to find a set of primitive
such that the change in transaction cost of safe asset to be larger than that of the risky asset with equal risk
weight wsqfe = Wrisky. This is because dealers buy the risky asset with a lower price than the safe asset from
customers as afisky > 02, fe- Given the same risk weight, the safe asset contributes more to the balance sheet
constraint than the risky asset. The required compensation for the balance sheet cost is higher for holding

safe assets than risky assets.
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Figure 3.4: Change of Transaction Cost with Increasing Inventory
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While adjustments of leverage ratio regulation can improve welfare, it may come at
the cost of financial stability. These adjustments might be against the purpose of the
leverage ratio regulation. To address such concerns, we will present market design solu-
tions that can improve allocation efficiency without hurting financial stability by the end
of this section. We consider two designs, introducing a central clearing party (CCP) and

centralizing the corporate bond market. We find that both designs improve welfare.

3.5.1 Calibration

We estimate the general model allowing for heterogeneity across dealers. We allow
three types of dealers differing in their capital structures (4 and &), market structure (1),
and leverage requirements (): (i) G-SIB affiliated dealers; (ii) advanced-approach banks
(AA banks) affiliated dealers; and (iii) other dealers.

Market Structure: We obtain the number of dealers from the cleaned Academic TRACE.

Firstly, we constructed the trading network in 2019. We use the average number of active
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dealers per day as a proxy for the total number of dealers V. We use the 99 percentile of
the number of transactions per dealer per day as a proxy for I(n) of G-SIBs, the 95 per-
centile of the number of transactions per dealer per day as a proxy for /(n) of advanced-
approach banks, and the average number of transactions per dealer per day as a proxy
for other dealers.

Asset Payoffs: We estimate the average prices for HY and IG bonds as the asset pay-
offs (n) and covariances (V') in the model. Note that each bond has a different coupon
rate and maturity, therefore, we cannot aggregate the transaction prices directly. We first
calculate the volume-weighted average yield of HY and IG bonds. Then we turn the
weighted-average yields into the prices of representative IG and HY bonds with volume-
weighted maturity and coupon rate. Finally, we calculate the average prices for the rep-
resentative HY and IG bonds, respectively. We intend to use the CDS data to estimate
the covariance matrix of the HY and IG bonds. For now, we use the covariance matrix in
Table 3.3 (b).

Dealer Capital Structure: The balance sheet statistics of bank holding companies (BHC)

209

are obtained from the Bank Regulatory Database of Wharton Research Data Service (WRDS).

This dataset provides quarterly accounting data of detailed assets and liabilities, enabling
the estimation of the bank’s equity (£), non-risk-weighted assets (A, used for SLR), and
risk-weighted assets (A, used for Tier 1 capital ratio). To maintain the heterogeneity
across banks, we estimated them by three different categories of banks: G-SIBs, large
banks, and other banks. We assume that log(.A) and log(£) are normally distributed, and
present their mean and variance in Table 3.3. We calculate these measures using report
data from 2019 Q4, the quarter before the bond market turmoil in March 2020. We also
estimate the average primary dealer’s change of total net positions of securities from Jan
1st, 2020 to Mar 6th, 2020 as inventory shocks to the G-SIBs during the crisis.

Leverage Regulation: The SLR requirement (¢) and risk weight (W) are publicly avail-
able from the Federal Reserve. The SLR was established on September 3rd, 2014, with

a 3% requirement for large US banks and a 5% requirement for top-tier bank holding



companies. SLR assigns equal weight to all bonds for calculating total assets (W = Id).

Internal Calibration: We estimated the rest of the parameters using the two-step Simu-
lated Method of Moments (SMM). The first set of parameters is risk-aversion of dealers
(c), and risk-aversion of customers (). The second set parameter is stress capital buffer
as an additional surcharge on the leverage ratio.!! The third set of parameters describes
the distribution of the demand shock to customers, including the mean and variance of
the demand shock of IG/HY bonds, and the covariance of the demand shock of IG/HY
bonds before and during the bond market turmoil. The targeted moments are the av-
erage daily customer buy/sell volume and transaction cost of HY and IG bonds in the
normal period Feb. 1 - Mar. 5, and the crisis period, March 6 - March 19. Table 3.4
shows estimated parameters, the targeted moments, and the estimated moments from

the model.

3.5.2 Welfare Impact of Leverage Regulation

In this section, we will discuss the welfare impact of leverage regulation on different
types of dealers and their customers, by comparing the welfare during the March 2020
corporate bond market crisis and its counterfactual without leverage regulation. We mea-

sure the welfare as the sum of all traders” ex-ante utility,

W= Eug) + > El

—_———

dealers’ welfare  customers’ welfare

Figure 3.5 shows the welfare change for customers and dealers. Overall, the welfare
improves for both dealers and customers without leverage regulation. The percentage
improvement is 51.9% for dealers, 17.8% for customers, and 42.4% overall. The overall

allocation is strictly better given that the dealers are not constrained to intermediate the

"Starting in 2013, the Federal Reserve’s capital assessment of large banks consisted of two primary com-
ponents: the Dodd-Frank Act Stress Test (stress test) and the Comprehensive Capital Analysis and Review
(CCAR). The banks hold additional capital for the stress tests.
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Table 3.3: External Calibration

(a) Market Structure

Parameter Estimate
N: G-SIB 8
N: AA banks 16
N: others 366
I(n): G-SIB 433
I(n): large banks 51
I(n): others 3
(c) Leverage Regulation
Parameter SLR
©: G-SIB 5%
©: AA banks 3%
©: others 0%
10
w o]

(b) Asset Payoffs
Parameter Estimate
1116.34
K 939.88

V before crisis [ 12001000 ]

1000 1300
3600 3000
3000 3900

(d) Capital Structure (in log; 4 ($Billion))

V during crisis {

Parameter Estimate S.E.

log(&): G-SIB 1.915 (0.436)
log(€): AA banks 1.275 (0.292)
log(A): G-SIB 3.114 (0.426)
log(A): AA banks 2474 (0.240)

(e) Inventory Shocks (in $Billion)

Parameter Estimate

AA: G-SIB 6.815

Figure 3.5: The Welfare Change with Removing Leverage Regulation During March 2020
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Table 3.4: Internal Calibration

212

(a) Risk Aversion (b) Capital Buffer
Parameter Estimate Parameter Estimate
a (x1079) 1.2 Capital Buffer:  1.291%
K (x107%) 13
(c) Customer Demand Distribution
Parameter Estimate
mean of IG § before crisis (x103): 0.6
mean of IG § during crisis (x103): 2
std. of IG & before crisis (x103): 45
std. of IG § during crisis (x103): 90
mean of HY & before crisis (x10?): 0.5
mean of HY § during crisis (x103): 1
std. of HY & before crisis (x10?): 40
std. of HY & during crisis (x10?): 68
corr. of IG and HY 6 before crisis (x103): -5
corr. of IG and HY § during crisis (x10%): -55
(d) Target Moments
Moments Data Model
Average daily dealer-sell volume of IG bonds before crisis ($billion) 4.28 4.25
Average daily dealer-buy volume of IG bonds before crisis ($billion) 4.52 4.26
Average daily dealer-sell volume of IG bonds during crisis ($billion) 5.79 5.81
Average daily dealer-buy volume of IG bonds during crisis ($billion) 5.62 5.67
Average dealer-sell orders’ transaction cost of IG bonds before crisis (bps) 3948  24.30
Average dealer-buy orders’ transaction cost of IG bonds before crisis (bps) 1442  43.34
Average dealer-sell orders’ transaction cost of IG bonds during crisis (bps) 3495 40.56
Average dealer-buy orders’ transaction cost of IG bonds during crisis (bps) 11420 92.78
Average daily dealer-sell volume of HY bonds before crisis ($billion) 4.15 4.18
Average daily dealer-buy volume of HY bonds before crisis ($billion) 4.09 4.01
Average daily dealer-sell volume of HY bonds during crisis ($billion) 5.23 5.49
Average daily dealer-buy volume of HY bonds during crisis ($billion) 5.08 5.13
Average dealer-sell orders’ transaction cost of HY bonds before crisis (bps)  40.17  26.41
Average dealer-buy orders’ transaction cost of HY bonds before crisis (bps)  28.66  55.62
Average dealer-sell orders’ transaction cost of HY bonds during crisis (bps)  27.65  48.26
Average dealer-buy orders’ transaction cost of HY bonds during crisis (bps) 94.49  86.60




market. Although the leverage ratio has a heterogeneous impact on the transaction cost,
those transaction costs don’t have a direct impact on overall welfare, as they are just
transfers within the market.

There are some redistributions across customers of different dealers. GSIB dealers
were constrained dealers during March 2020. The customers affiliated with GSIB dealers
have higher welfare without leverage regulation. In a market under selling pressure, the
customers of GSIB dealers pay a lot more transaction costs and sell less with leverage
regulation than without leverage regulation. The customers affiliated with other dealers
have a lower welfare without leverage regulation. The leverage regulation makes the
unconstrained dealers buy more from the customers and sell less to the customers. In a
market under selling pressure, the unconstrained dealers take more risk with leverage
regulation than without. The allocation efficiency is worse for unconstrained dealers’
customers without leverage ratio regulation.

The dealers all benefit from removing the leverage regulation, regardless of whether

they are constrained or not during the 2020 market disruption.

3.5.3 Adjustments of SLR

In this section, we consider the impact of leverage regulation on the welfare of cus-
tomers and dealers, versus the following counterfactuals: (i) changing the risk-weight;
(ii) excluding Treasuries from the total leverage exposure. Figure 3.6 shows the estimated
welfare in these counterfactuals. The dashed line plots the welfare change of removing
the leverage constraint as a benchmark.

We first consider changing the risk-weight W on the corporate bonds to the same risk-
weight as Tier 1 Capital Ratio, i.e., 50% on IG bonds, and 150% on HY bonds. Figure 3.6
shows estimated welfare change. We find that changing the risk weight slightly decreases
the welfare. It shows that the welfare of customers decreases by 3.5%, the welfare of
dealers decreases by 8.6%, and the total welfare decreases by 7.2% compared with the

welfare with the original leverage constraints.
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We then consider the counterfactual of excluding Treasuries from the total leverage
exposure. To ease strains in the Treasury market turmoil, the Fed temporarily modified
the SLR to exclude U.S. Treasury securities and central bank reserves on April 1st, 2020.
This policy was announced after the PDCF and SMMCE, and therefore, its impact on
the corporate bond cannot be disentangled from the other policies using reduced-form
methods. We use the primary dealers” average net Treasury positions during the week
of Mar. 6, 2020, as the position of the G-SIB dealers. We simulated the model assuming
that the net Treasury positions are excluded from the total leverage exposure. Figure 3.6
shows the estimated welfare change. It shows that the welfare of customers increases by
17.8%, the welfare of dealers increases by 51.9%, and the total welfare increases by 42.4%
compared with the welfare with the original leverage constraints. The exemption of Trea-
suries from the total leverage exposure effectively relaxes the leverage constraints, and
the simulated equilibrium results are the same as removing the leverage ratio regulation

(see Figure 3.6).

Figure 3.6: Welfare Change with Adjustments of Leverage Regulation
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3.5.4 Market Design Solutions

Despite that we find the leverage regulation may or may not decrease the welfare
compared with existing capital requirements, we hesitate to give policy recommenda-
tions on adjusting the leverage ratio requirement, as changing leverage ratio regulation
may hurt the financial stability of the banks. And it is always difficult to trade off the
potential benefit from financial stability and the loss from allocation inefficiency. In this
section, we consider two market design solutions that attenuate the unintended conse-
quences of leverage regulation without hurting financial stability. We show that they can

actually increase the welfare by more than relaxing the leverage constraints.

3.5.4.1 Central Clearing Party

One market design is to introduce a central clearing party (CCP) to trade with all
traders, including both customers and dealers. The CCP will allow the netting of trades of
the same asset among the same counterparties on the same settlement day. For now, the
CCP is available in the Treasury market, and is only accessible to dealers and interdealer
brokers, but is usually not accessible to customers and principal trading firms. 12

Allowing all traders to net their trades at CCP can potentially reduce the usage of
dealers’ balance sheets when there is a daisy chain of intermediation between dealers
and customers. For example, customer C1 sells a units of the asset to dealer D1, D1 sells
b units to dealer D2, and dealer D2 sells ¢ units of the asset to C'1. Without CCP, the
dealer D1’s balance sheet size can increase a units before D1 sells to D2, which can make
the dealer’s leverage ratio constraint binding such that D1 may not be willing to buy
from C'1. With CCP, the trades are netted so that CC'P will give the customer ¢ — a units,
dealer D1 a — b units, and dealer D2 b — c units. This reduces the dealer D1’s pressure of

providing balance sheet space for intermediation.

In this model, allowing CCP to be accessible to all traders is equivalent to letting

12See SEC Proposes Rules to Improve Risk Management in Clearance and Settlement and to Facilitate
Additional Central Clearing for the U.S. Treasury Market, Sept. 14, 2022.
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the constraint be binding only after the interdealer market trades are settled. Dealers
will no longer be constrained to take inventory from customers before they trade in the
interdealer market, i.e., equation (3.5) is not binding for dealer-customer trades. In that
case, at t = 1, dealer’s demand schedule becomes

1 - n n
—kV) 7" ~ Pli)

Qdc - (C + In

Figure 3.7 shows that introducing CCP can increase welfare to the extent that as if
dealers are not subject to the leverage ratio regulation. Both the customers” welfare and

the dealers’ welfare increase.

3.5.4.2 Centralized Market (All-to-all Market)

A more radical design is to centralize the bond market. Assume all dealers and cus-
tomers trade in a centralized exchange that operates as a double auction. Each customer

i € I submits demand schedule q¢'(p,) : R® — RX to maximize the utility,

Ve = Wae— 5r(q0 + 40)' V(o + ge) — (Pe)'qc

By taking first order condition with respect to g’ we can solve the customer i’s de-

mand schedule

g. = (vV)"" (1 = p. — nVap) (3.10)
Each dealer n € N the demand schedule Q7;(p;) : RX — RX to maximize the utility
given his price impact A7,

W= QL - JaQVQ - (p) Q!

subject to the leverage ratio constraint

(S"I’L

—_——— Z SD”
A + W WaQy
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By taking first order condition with respect to Q7 we can solve the dealer n’s demand

schedule

Qr=(aV+AN) " (u—p.—¢7) (3.11)

where 9, = r}¢"W p is the marginal cost of holding the assets due to leverage ratio
regulation.

The dealer n’s price impact is equal to the inverse of the residual demand curve,

-1

The market clears when Y, g¢* + 3" Q" = 0, from which we can solve for the equi-

librium centralized market price.

To understand how the centralized market can improve the welfare, let’s compare the

customer 4’s allocation (eq. (3.10)) with that in the decentralized market,
2. = (KV) " (1 — Pl — KV q)

The differences between customer demand in the decentralized market and the cen-
tralized market are the dealer customer market prices. In the decentralized market, cus-
tomers do not have access to the interdealer market price because of limited participation.
The customers have to pay a transaction cost as rent extracted by the dealers” market
power. The customer with positive endowment shock may face an even higher transac-
tion cost when his dealer is constrained to buy from him, further worsening the customer
allocation efficiency. In the centralized market, the transaction cost is eliminated. The
customers face a deeper market as unconstrained bank dealers, non-bank dealers, and
customers with opposite endowment shocks participate in the same exchange. So the
customers receive a better price in the centralized market.

Now let’s compare the dealer n’s allocation in the centralized market (eq.(3.11)) with



the dealer’s allocation in the decentralized market,

Q.+ Q= (aV + Al — pig + ALQl. — )

First, the price impact is lower in the centralized market as the dealer faces more elas-
tic residual demand with the participation of customers. Second, in the decentralized
market, the dealer firstly takes inventory from the customers but later is not able to trade
away all inventory towards the target portfolio due to price impact, while in the central-
ized market, the inefficiency of holding inventory is eliminated. Third, as there’s no need
for the dealers to hold inventory for intermediation as in the decentralized market, the
leverage ratio constraint is less binding, and the shadow cost of constraint is lower.

Still, even the the leverage constraints are less binding and allocation efficiency im-
proves, centralizing the market does not necessarily bring Pareto improvements. It can
decrease the welfare of the dealers. Figure 3.7 shows that the welfare increases for the
customers but decreases for dealers during the crisis if the market is centralized. This is
because dealers lose the profit from transaction costs between the interdealer market and

the dealer-customer market.

3.6 Conclusion

While the post-crisis regulations targeting banks’ leverage ratios aim to enhance fi-
nancial market resilience, there is an ongoing debate about their potential adverse effects
on market liquidity. This study delves into the influence of leverage ratio regulations on
the liquidity of the bond market. In our empirical analysis, we observe varied effects of
leverage regulation on market liquidity among different traders and assets, particularly
during the corporate bond market turmoil in March 2020. Notably, the impact of leverage
regulation is more pronounced on safe assets compared to risky assets. We construct a de-
centralized market model incorporating leverage ratio regulation to provide insights into

these observations. Additionally, we assess welfare implications during market turmoil
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Figure 3.7: Comparisons of Welfare with Adjusting Leverage Regulation vs. Market De-
signs
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and explore counterfactual scenarios involving adjustments to leverage regulation and
market design solutions. Our findings indicate that modifying the risk weight on corpo-
rate bonds could potentially reduce welfare, while excluding the Treasury from leverage
exposure calculations may enhance welfare. The introduction of a central clearing party
and an all-to-all market has the potential to mitigate the unintended consequences of

leverage regulation on market liquidity without compromising financial stability.
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Appendix

3.7 Proofs

Proof of Theorem 15. At t = 3, given the dealer trades Q7. each dealer i chooses the de-

mand schedule Q7 (p?,) : RX — RX to maximize the utility given his price impact A%,

1
uyg = Q.+ Qi) — 504(Q3c + Qi)' V(Qj. + Q) — (pia)

—ria(@" W (Qig + Q) + ¢" A" = £7)

By taking the first order condition with respect to Q7;, we can solve for the optimal

demand schedule

m(pig) = @V + AL N — pig — aV QY — i)

where 9} = rI0" W . ]}, satisfies the complementary slackness condition

ria(e" W W (Qig + Q) + ¢" A" — ") = 0.

Given the market clearing condition, trader ¢’s price impact satisfies:

-1 -1
n dQy, _

n#L #£n

By the market clearing condition,

Pig =1 —aVQu — Vi

where ¢,y = & >, "W

(3.12)

(3.13)

(3.14)
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So the demand schedule in the interdealer market can be rewriten as

(i) = (aV + Al HaV(Qu — QL) + g — Vi) (3.15)

Differentiating the dealer’s third-round utility E[u],|Q7.] with respect to Q7j., we have

dE[ujy|Qg] _ OE[ujy| Q] | OE[ujy| Q] dQi
ngc aQZc 8Q?d dQ(TiLc

(3.16)
Given that %L?ZLJ = 0 by the first order condition in the second round, we can

simplify the equation as

dE[u?d‘Qgc] I _
(Fraidy

OB [ujy Qe

aQn )/ =M= O‘V(Qgc + E[Q?d‘Q:ilc]) - E[ ?d] =c" - CnQZch
dc

(3.17)
where ¢ = p — % (%aV Zm;ﬁn E[Q7] + Ef);y — Z”d]) —E[y}], and C" = %aV.
Each customer i submits demand schedule qfic(pgc) : RE — RX to maximize the
utility,
(a6 + q2.)'V (ab + dae) — (Pi.)' dae

. . . 1
Utzic = l’l’,(q%) + qZIc) - 5’%

By taking the first order condition,
Qae = —q0 + (V) (1 — Pli) (3.18)

Given the market clearing condition that Qg. + 3/, q,, =0, we have

1

—KVQj, (3.19)

pgc: H-HVQ6L+

where gjj = > ict(n) q’.

Given his price impact Ay, the dealer £ chooses Q7 (p/.) to maximize

ug(Qi) = Eluiy Qi) — (Pl) Qi — ri(¢" W Qi + " A" — E)
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7. is the shadow cost of the leverage ratio constraint. 7}, satisfies complementary slack-
ness that

ra(@"WW Qg + " A" — £") = 0. (3.20)

Taking first order condition with respect to Qy,, we can solve customer n’s equilib-

rium demand schedule in the dealer-customer market,
Q. = 8" (" — pa. — Vgc) (3.21)

-1
where S" = (C” + i ,‘q,V) , Y. = 159" W p is the additional marginal cost of dealer
m’s demand in the dealer-customer market due to leverage regulation.

The market clears when Qg + >_;c /() g’ = 0. Given the market clearing condition,

we can solve that the equilibrium price
pi. =b"— B"qg, (3.22)

~1
where B" = (8" + (V) 71) 6" = B" (£8"(e" = $,) + (V) ).
Now let’s solve the coefficients C™ and ¢”. Plugging the equilbrium price in equation

(3.22) into equation (3.21) and taking the expectation, we have
ElQ7] = E[S"B™(kV) ™' (" — ¢ — p+ £V Gy (3.23)
We can solve c¢" by plugging equation (3.23) into equation (3.17),
e =p— =2 (%aV Y i STBT (V)L (¢™ — E[p7] — p+ kVE[g]) + IE[Q:MD — LR, e (3.24)
We can rewrite eq. (3.24) in the following form,
N -2

¢ (14 M)~ (4 Mo+ i~ B - 3 GBbul - Bl ) (6:25)

where é € REY whose (n — 1)K +1 to nK elements are c”, fi € RXN whose (n — 1)K +1
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to nK elements are p, M € RENXKN whose (n — 1)K + 1 tonK rows and (m — 1)K + 1
to mK columns are N( )aVSmBm(nV) = %a(%a + %n)*lId if m # n and
zero otherwise, 9, € REN*! whose (n—1)K +1 to nK element are ¥}, d € REN whose
(n—1)K+1tonK elements are KV @y, G € RENXEN whose (n—1)K +1 to nK rows and
(m — 1)K + 1 to mK columns are +Id, ;g € REN whose (n — 1)K + 1 to nK elements
are 1p,,. € is uniquely determined given @ch and 1_p'id (equivalently given {7} ,r"},) as
Id + M has full rank.

Given ¢, the marginal cost of leverage constraint in the interdealer market is also

uniquely determined,

n__ on n / n ! n gn —1(.n _ P )
'lﬁgczmax{O,WuA EY/¢" + wWQp + WWS"B"(xV)" (e :“""quo)}

wWWS"B™"(kV)"1Wpu

Given ¢ and ., 1,4 is uniquely determined,

B — max {o W,/ln —En )" + W WQE + W W (N=LaV) L (aV (Qu — Q) + i) }
id — ’

WW (3=50V) W

The expected v}, given Q7. is

AN — gn n_'_z "WQ". + "W (aV)~L _ e — L RElpn
E[ ?d]—maX{O,Wu [¢" + xWQi + B W(aV)™ (u 1 E[¥iul)

WW(§=5aV)" W

Given that Q). = (%a + %n)*l(V)*l (c" — . — p+ £V qy), we can rewrite it in

the matrix form,

—

Bl = mox {0, Fu b Fu(2Q(@ ~ oo~ i+ d) 4 30— €= Bl |

where max is an elementwise operator, fiq € REN where the (n — 1)K + 1 to nK ele-

Ar—gn KNxKN

ments are W W(I=1 1aéf§ W F;; € R*VX%Y where the (n — 1)K + 1 to nK rows
©w W(—oaV)

and columns are W W (o) W

and are zeros for all the other elements, Q €

RENXEN where the (n — 1)K + 1 to nK rows and columns are N](VN_fl)a(%a + %Fé)_lld

and zero for all the other elements.
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We can solve ¢, 9, and 1,, as a function of the primitives.

Welfare: The sum of utility of all customer i affiliated to dealer n is

> vhe= Y wlab+ah) — 5rlah+ ai)'Vigh + ai) — (P) ke
i€l(n) i€l(n)

The gain from trader for dealer n is

u" = p'(Qie + Qi) — %a(%‘c + Q) 'V (Qi. + Qi) — (pia)' Qia — (Pie) Qe
The total welfare is
W =3, nah — X2 5r(ah + a4.)'V(ah + ai.) — 3, 3( Qi + QL)' V(Qif + QL)
The total gain from trade is

1 . , . , . . 1
- Z 5% (a0 + 46)'V (ah + ai) — (a0)'Vab) — D 50(Qi + Qi)' V(Qie + Q)

n

Lemma 10. Given symmetric market structure and symmetric leverage constraint, and that the
endowment shock of customers has equal probability to either 6 > 0 or —6, the second round

leverage constraint is not binding for any dealer n, i.e. ], = 0,Vn € N.

Proof. Given that customers” demand has equal probability to be either 6 > 0 or —4 < 0,
we are subject to analyze two types of dealers: a dealer who buys from customers with
0 > 0 denoted with superscript b, and a dealer who sells to customers with —§ < 0
denoted with superscript s. We will prove the lemma by first calculating the demand
schedules with 7, = 0 and then verifying that the constraints are not binding for all
dealers in the interdealer market.

First, if 77, = 0, then QY. > 0, Q5. < 0 and QY. + Q3. < 0. Given symmetry, ¢ = c.

Intuitively, a dealer who sells to customers will not be leverage-constrained, ;. = 0. If the
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dealers who buy from the customer are not constrained, then ¢ = p, QY.+ Q5. = 0. If the
dealers who buys from the customer are constrained, then the constrained demand Q?,
is lower than the counterfactual unconstrained demand QZC if the buyer is not subject to
the regulation, i.e., QY. < Q’;C, as the unconstrained demand will violates the constraint
gob,u’WQZC + P A — b > 0 = U WQY, + AP — £V As QSC + Q;. = 0 given our
previous argument, Q4. + Q3 < QZC +Q;. =0.

If 7, = 0, then the demand schedule for dealer n in the interdealer market is

n N—-2 2 n
id — m(@dc - Qdc)

For a dealer who buys from the customer in the dealer customer market, Q%, < 0
as QY. > Qg = %(QZG + @Q3,). Given that Q% < 0, the total risk-weighted asset this
dealer holds in the interdealer market is lower than that in the dealer-customer market,
W Q8+ Q5,) + P A — &Y < L' WQY, + P A — £ < 0. So the constraint is not
binding for the dealer buyer in the dealer-customer market.

For a dealer who sells to the customer in the dealer customer market, Q7. + Q;; <0,
as Q% + Q3 = ¥ 3 Que + v1Q% = N 15(Qh + Qi) + § Qi < 0. Therefore the

constraint is not binding for the dealer who sells to the customer. [

Proof of Proposition 16. Given the symmetric market structure, without loss of generality,
we can focus on one buyer and one seller. Let’s denote the buyer with superscript b and
the seller with superscript s.
Dealer buyers’ volume in the dealer-customer market:

Given symmetric market structure, S" = S, B" = B, Vn, and by Lemma 10, we can

simplify the demand of the dealer buyer as

Q.= 5 ((1a- 1BS)E ~ 44 - BUV) - a) )
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Taking derivative of QY. over A, we can obtain that

b
dr;

dQ® — - !
dQAzc — S(I1d - 1BS) (% <1 + (%O&) YZa+ %H)) - 1) oWp—% (3.26)

-1
Given that S(Id — }BS) (; (1 + (%a)*l(%a + %n)) - 1> < 0, all elements

f dqQs,. h th e si drh,
of —7{¢ have the opposite sign as 4.

If the leverage ratio constraint is binding, the equilibrium price in the dealer-customer

market satisfy

KW@ =~ 4 (3.27)
Taking the derivative of eq. (3.27), we have

dQ?
Wl =
Y

b
Given all elements of ddeC have the same direction, the volume for customer-sell or-

ders decreases with A:

dc?jc <0 (3.28)
and
E
d d[;';{k] 0, 5—; >0
Dealer buyers’ price in the dealer-customer market: By eq. (3.19), jg%i = 1kV. Apply-
ing chain rule to eq. (3.28), we have
Pl _ 1,y 3 _ (3.29)

dA 1 dA

Dealer sellers’ price and volume in the dealer-customer market: Therefore dealer m’s

dealer-customer market price increases as A increases for n,

dp;, 1 de
¢ =_-BS— .
JA 7 S IA >0 (3.30)
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and
dQg.

_ -1 de
L= SB(V) >0 (3.31)

dA

Note thatas Q. <0, % implies that the seller intermediates less assets.

Interdealer market price p;;: Given that increasing A decreases dealer buyers” volume
Q). the supply of asset in the interdealer market decreases, and the interdealer market

price increases:

dp;q dQg 1 Q. | dQy
= — V = — — V C C 0
dA = Y aa T \aa taa )
as
dQs,  dQh N-2 _ . de
c ¢ — _ o 32
A traa -y eV a <o (3:32)

. . ) dp? dlp® —p.
Transaction Cost |p,;. — p,4|: Given that p%_. < p;,, dfjd > 0 and %ﬁ{c <0, IpddciAp“‘l > 0,

the transaction cost for a dealer buyer increases. For a dealer seller (customer buyer),

pilc > Dia and

d|pflc_pid’ _ l(zg 2)—1 N E <0
dA - \IU'Nkx I N-2)dA =
So the transaction cost for a dealer seller (customer buyer) decreases. |

Proof of Proposition 17. Given results in the proof of Proposition 16, we take the difference
of the derivative of transaction cost with respect to inventory A of the safe asset and that

of the risky asset

d‘pgqsafe - pid,safe| d’pgc’risky - pid,risky|

dA dA

(LN 1f2a 2\ NN-D (2 26)\\ L
S \2\N—-2 T\Nk I N -2 N T« I
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and
d‘pzc,safe B pid,safe’ _ d‘pflc,m'sky B pid,risky|
dA dA
_(L(2a, 2 N desafe  derishy
C\I\Nk I N -2 dA dA
1/2a 2" N \1 N-—2 2 2k \ ' drb
(2= “ - 1= (1 A S Y “ v dc
<I<N/<;+I> N—2>2< H o (N+Ia)> 7dA
<0
'(wsafeﬂsafe - wrisk’yﬂm’sky)
E h d|pgc’5afefpid,safe‘ d‘pgcﬁriskyfpid,risky‘ PR . . hich
asy to see that JA — JA IS InCreaing 1N wgq fe, Which means

the dealer buyer’s transaction cost of safe asset increase by more than that of the risky

. . . . APge safe—Pid,safel
asset as a response to an increase of inventory if w,,y. is large; and ——tesele—teefe

A|P3e piskey —Pid,riskyl . .. . .
derisky o is decreasing in ws, e, Which means the dealer seller’s transaction cost

of safe asset decrease by more than that of the risky asset with respsect to an increase of
inventory if wg, . is large.
The absolute change in the transaction cost of the safe asset with respect to an increase

in inventory is larger than that of the risky asset for dealer buyers and sellers if and only

if
_ isk
Wsafe >w= Hris ywm’sky (333)
Msafe
If wsofe = Wrisky, equation (3.33) is satisfied if and only if ji,isry < fsafe- [ ]

3.8 Model Extension with Change in Price Impact

In the benchmark model, we consider a leverage constraint where we use the exoge-
nous asset value to calculate the total asset value. In that case, the dealers’ price impacts
stay constant with and without the leverage ratio regulation. In this section, we consider
the impact of leverage regulation on the price impacts by considering a leverage ratio

regulation that uses the market prices to calculate the total asset values.
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3.8.1 Event Study with Price Impacts

Amihud Measure: We construct the Amihud measure as a proxy for price impact. To

construct the Amihud measure, we first compute the price change of each trade,

. Dijkdr — l.Dijkdr
jkdr =
R L.pijkdr

where p;ji.-q4 is the price of bond £ at time 7. I.p;;-q is the price of last trade of type d for
bond k that happens within an hour.
We then construct the Amihud measure by dividing the absolute price change by the

volume,

_ |rijrar

Nijkdt = ———
volijkdr

where vol; 14 is the par volume of the trade and ;4 is the number of trade of type d
for bond k on day t. Finally, we winsorize the top and the bottom 1% to eliminate the
extreme values.

The Amihud measure proxies the impact of a customer’s order on the price in the
dealer-customer market. Figure 3.8 shows the difference in Amihud measures between
the principal trades and agency trades before and after the crisis. It shows that the price
impact decreased for a customer to sell to a dealer during the crisis, but it is not obvious
for a customer to buy from the dealer during the market turmoil. This is also consistent

with the model prediction.

3.8.2 Leverage Regulation and Market Liquidity

In this section, we will discuss the comparative statics of market liquidity with respect
to leverage regulation under symmetric leverage regulation, where all dealers are subject
to the same leverage constraint.

The SLR requirement can change three parameters in the model, (i) the weighted in-
ventory A", (ii) the risk-weight matrix W, and (iii) the required leverage ratio ¢". To

understand the effect of each change on market liquidity, respectively, we provide a com-
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Figure 3.8: The Difference of Price Impacts Between Principal and Agency Trades Before
and During the March 2020 Market Turmoil
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parative statics analysis. For illustration purposes, we assume that the market is sym-
metric, i.e. I, = I for all dealer n; the dealers have identical capital structure, i.e. A" = A,
" = &; and the leverage requirements are the same for all dealers " = ¢. We assume
K = 2, a safe asset with non-zero payoff variance, and a risky asset with higher payoff
variance. Without loss of generality, we assume that " is either § < 0 or —4 with equal
probability so that we can focus on the equilibrium for two dealers and their customers:
(i) a dealer trading with customers whose endowment shocks make them natural buyers
(6" = —0 < 0); and (ii) a dealer trading with customers whose endowment shocks make
them natural sellers (6" = § > 0). Hereafter, we refer to the first case dealer-sell order, and
the second case dealer-buy order.

We construct three liquidity measures similar to the event study, (i)quantity-based
liquidity measured by the transaction volume of the dealer in the dealer-customer mar-
ket (Q7.);(ii)price-based liquidity measure such as transaction cost measured by price
differences between the dealer-customer market and interdealer market (|p]j. — p;4|);
and (iii)price-impact-based liquidity measured by the customers” price impacts of in the
dealer-customer market, which is defined as the inverse of the elasticity of the dealers

they trade with ((S™)~1).

Risk-weighted Inventory .A: The bank-affiliated dealers have a higher risk-weighted
inventory A for SLR than for Tier 1 Capital Ratio. This is because, firstly, SLR assigns
equal weights to the assets, which in general increases the weighted value of safe as-
sets inventory, and secondly, SLR also includes off-balance sheet exposure and repo-style
transaction exposure into the total leverage exposure. In this part, we will consider the
comparative statics with respect to risk-weighted inventory 4, keeping everything else

constant (see Figure 3.9).

Proposition 18 (Liquidity and Inventory A). Given a symmetric market structure and identi-

cal capital structure, as the inventory included in the leverage exposure increases, i.e., A increases,

1. Dealers intermediate less volume (Q ;) in the dealer-customer market.
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2. The transaction cost (|py, — p;q|) increases for customer sell orders, and decreases for cus-

tomer buy orders.

3. The price impact of selling to dealers decreases. The price impact of buying from a dealer

does not change.

4. The total welfare weakly decreases.

First, we find that higher risk-weighted inventory decreases the transaction volume.
Increasing risk-weighed inventory A tightens the leverage ratio constraint of the bank-
affiliated dealers when they buy from customers. As more initial holdings of assets will
increase the total leverage exposure, dealers” ability to hold the assets and resell them in
the interdealer market is limited. For a dealer-sell order, the SLR does not tighten the
leverage ratio constraint. However, as dealers expect that there are fewer assets to buy
from the interdealer market due to limited supply from those constrained dealers, they
sell less to the customers.

Second, as risk-weighed inventory A increases, the transaction cost measured by the
price differences between the dealer-customer market and interdealer market increases
for dealer-buy orders but decreases for dealer-sell orders. For a dealer-buy order, as the
dealers’ leverage ratio constraint becomes binding, it brings a shadow cost for dealers to
hold the assets. Therefore, the marginal value of dealers decreases as they buy from the
customers. In the interdealer market, as there is a limited supply of assets, the dealers
can sell the assets at a higher price. Therefore, the transaction cost for the customer-sell
order increases. For dealer-sell orders, the price for dealers to sell to customers slightly
increases as they expect the interdealer market price to increase, but not as much as the
increase in the interdealer market. Therefore, the transaction cost for the dealer-sell or-
ders decreases.

The price impact decreases for the dealer-buy order as risk-weighted inventory A
increases. As shadow cost brings the additional cost per unit of asset, the dealer’s de-
mand is more sensitive to price change, i.e., the effective demand curve is flatter. As the

residual demand curve becomes flatter, the customers have a smaller price impact. For
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dealer-sell orders, the leverage constraint is never binding, so the slope of the dealer’s
demand curve does not change. Their customers’ price impacts stay constant.

Despite the changes in the transaction cost being heterogeneous and the price impact
decreasing, the welfare decreases as A increases and the leverage ratio constraint be-
comes binding for bank-affiliated dealers. This is because the limit on the intermediation

decreases the allocation efficiency.

Risk Weight W: Another major difference between SLR and existing leverage ratio reg-
ulation is that SLR assigns equal weight to all assets, while the existing leverage ratio
assigns less weight to safe assets. In this part, we explore the impact of the risk weight
W on the liquidity measures. Figure 3.10 provides a comparative static analysis with

respect to the risk-weight on the safe asset while keeping everything else constant.

Proposition 19 (Liquidity and Risk Weight on Safe Assets w1). As the risk weight on the

safe asset increases, i.e., wy increases,

1. Dealers intermediate less safe asset (Q.) in the dealer-customer market; the volume of
intermediated risky assets is firstly decreasing in wy and can potentially be increasing in

wy as wy is sufficiently large.

2. The transaction cost (|pg. — p;q|) of the safe asset increases for dealer buyers, and decreases
for dealer sellers. The transaction cost (|pg. — p;ql) of the risky asset increases for dealer
buyers, and decreases for dealer sellers; as wy is sufficiently large, the transaction cost

(|Pge — Pial) of the risky asset decreases for dealer buyers, and increases for dealer sellers.

3. The price impact of selling the safe asset to dealers decreases. The price impact of selling the
risky asset to dealers firstly decreases, and can potentially increase if w; is sufficiently large.

The price impact of buying from a dealer does not change.
4. The welfare is first decreasing and then increasing in wy.

We find that increasing the risk weight on the safe asset decreases the transaction

volume, and it has a heterogeneous effect on the liquidity of risky and safe assets. As

242



Figure 3.9: The Comparative Statics of Liquidity Measures with Risk-weighted Inventory
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the risk-weight on the safe asset increases, dealers first intermediate more safe assets
than risky assets; however, when the risk-weight on the safe asset is sufficiently high,
the traders intermediate more risky assets than safe assets. Intuitively, as the risk weight
increases and the leverage ratio constraints become binding, dealers first reduce their
demand for risky assets to reduce risk-aversion loss. However, as the risk weight on
the safe asset becomes sufficiently high, dealers intermediate less safe assets than the
risky assets as the cost of the leverage ratio constraint dominates the risk-aversion. The
safe asset takes up too much balance sheet space while it provides a lower intermediate
spread than the risky asset. So dealers choose to intermediate more risky assets.

We also find that the change in the transaction cost is more homogeneous for safe
and risky assets, compared to their changes with respect to the risk-weighted inventory.
This is because as the risk weight on the safe asset increases, holding safe assets becomes
more likely to tighten the balance sheet constraint, and therefore, dealers require a higher
transaction cost for safe assets.

Similarly, the difference between the change in price impact for the safe asset and
risky asset is smaller when the risk weight on the safe asset becomes larger. The risky
asset used to contribute more to the leverage constraint, and the slope of the dealers’
demand curve becomes more sensitive to the risky asset price. The price impact for the
risky asset decreases by more than the safe asset when the risk weight on the safe asset
is low. As the risk weight on the safe asset increases, the safe asset contributes more
to the leverage exposure, and the additional marginal cost due to the binding leverage
constraint to buy safe assets becomes higher. So dealers become more sensitive to the
price change in the safe asset. The slope of the dealers” demand curve for the safe asset
becomes flatter, and the reduction in price impact of the safe asset is larger.

Finally, increasing risk-weight on the safe asset has an ambiguous effect on welfare.
As the risk weight on the safe asset increases, firstly, the dealers’ ability to intermediate
both the safe asset and risky asset decreases, and the welfare decreases. Given that the

leverage constraint is binding, when the risk weight on the safe asset increases from a
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median level to a high level, the dealer starts to intermediate more risky assets and fewer
safe assets. It improves the risk-sharing between the dealers and customers, and the

welfare increases.

Leverage Ratio ¢: Compared with risk-weighted leverage ratio like CET1, SLR slightly
decreases the required leverage ratio.!> Now let’s consider the impact of changing lever-
age ratio ¢ on the liquidity measures. Figure 3.11 shows the comparative statics analysis.
We find that the patterns are similar to comparative statics of the risk-weighted inven-
tory. A higher leverage ratio requirement tightens the leverage ratio constraint, and the
impacts on the liquidity measures align with the comparative statics of the risk-weighted

inventory.

Proposition 20 (Liquidity and Require Ratio y). Given the symmetric market structure and

identical capital structure, as the required leverage ratio increases, i.e.,  increases,
1. dealers intermediate less volume (Q ) in the dealer-customer market.
2. The transaction cost (|pg.—p;q|) increases for dealer buyers, and decreases for dealer sellers.

3. The price impact of selling to a dealer decreases. The price impact of buying from a dealer

does not change.

4. The welfare weakly decreases.

3.8.3 Rise of Non-Bank Dealers

Non-bank-affiliated dealers such as principal trading firms (PTFs) are also important
liquidity providers in the corporate bond market (Bessembinder and Maxwell, 2016). In
this section, we will discuss the comparative statics of market liquidity with respect to
leverage regulation under asymmetric leverage regulation, where some dealers are sub-

ject to the leverage constraint while others are not.

BNote that although SLR decreases the required leverage ratio, the stress test results show that SLR is
still the most binding ratio (Duffie, 2017b), indicating that the overall increase in risk-weighted inventory
and the risk-weight is large enough to offset the impact of a lower required ratio.
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Figure 3.10: The Comparative Statics of Liquidity Measures with Risk Weight W
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Figure 3.11: The Comparative Statics of Liquidity Measures with Leverage Ratio ¢
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For simplicity, we keep the symmetric market structure and symmetric capital struc-
ture assumption. Let some dealers be bank-affiliated dealers who are subject to the same
leverage ratio regulation(¢’ = ¢), and the other dealers are not subject to any leverage
ratio regulation(¢’ = 0). Assume that customers affiliated with both groups of dealers
have an equal probability of receiving customer demand shock 6" = § and 6" = —4d.

Figure 3.12 shows the comparative statics of liquidity measures with respect to the in-
ventory A. We find that the non-bank dealers, expecting that the bank-affiliated dealers
may be constrained to sell in the interdealer market, will buy more from customers and
sell in the interdealer market. The non-bank dealer buyers also increase the transaction
cost, but slightly lower than the bank-affiliated dealer buyers, as they are not subject to
the leverage constraint. The non-bank sellers decrease transaction costs. The demand
elasticity of non-bank dealers is not affected by the leverage regulation, therefore, the
price impact of customers trading with non-bank dealers does not change. The increased
intermediation of non-bank dealers is consistent with the observation that non-bank fi-
nancial institutions have increased their market share and capital commitment in the U.S.

corporate bond markets (Bessembinder and Maxwell, 2016).

Proposition 21 (Rise of Non-Banks). Given the symmetric market structure and identical cap-
ital structure, as the inventory included in the leverage exposure increases, i.e., A increases for

bank-affiliated dealers,

1. Non-bank dealer buyers intermediate more volume in the dealer-customer market. Non-

bank dealer sellers intermediate less volume in the dealer-customer market.

2. Non-bank dealer buyers’ transaction costs increase, and non-bank dealer sellers’ transaction

costs decrease.
3. The price impact of trading with non-bank dealers does not change.

However, the decentralized market structure can limit the non-bank dealers” ability
to intermediate the market, especially when the bank-affiliated dealers receive higher

customer demands.
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Figure 3.12: The Comparative Statics of Liquidity Measures with Risk-weighted Inven-
tory A under Asymmetric Leverage Regulation
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We keep the symmetric market structure and the identical capital structure assump-
tion. Assume half of the dealers are bank-affiliated dealers subject to leverage ratio regu-
lation ¢ = ¢, and the others are non-bank dealers. Assume the customer demand shock
for bank-affiliated dealers has an equal probability to be 6% > 0 or —6”. Let the cus-
tomer demand shock for non-bank dealers have an equal probability to be either § > 0
or —&% . We define the difference 6% — 6" as the imbalance in customer demand.

Figure 3.13 illustrates the change in liquidity with respect to the imbalance in cus-
tomer demand. When the non-bank dealers have a larger market share, the bank-affiliated
dealers are not subject to leverage ratio regulation. The leverage regulation is welfare-
neutral. When the customer demand increases for the bank-affiliated dealers, the bank-
affiliated dealer buyers are subject to binding leverage ratio constraints. The volume de-
creases, and transaction costs increase. Increasing customer demand for the bank dealers

increases the average transaction cost and decreases the average volume.

3.8.4 Summary and Remarks

The comparative statics shed light on the mechanisms of how leverage regulation

changes the market liquidity.
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Figure 3.13: The Comparative Statics of Liquidity Measures with Risk-weighted Inven-
tory A under Asymmetric Leverage Regulation
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First, even when the market is symmetric, the impact of leverage ratio regulation on
liquidity can be heterogeneous. It decreases the leverage-constrained dealers” valuation
for the assets as it increases the shadow cost of the leverage ratio constraint. The transac-
tion volume is lower. However, at the same time, it also decreases dealers’ market power,
so the liquidity measured by the dealer’s demand elasticity is higher. The transaction
cost increases for a constrained dealer to buy and decreases for a dealer to sell. The SLR
regulation can increase bank-affiliated dealers’ risk-taking. Safe assets contribute more
to the leverage exposure with SLR, making dealers more willing to intermediate risky
assets than safe assets.

When the bank-affiliated dealers are subject to leverage regulation, the non-bank deal-
ers will step into the market to intermediate the assets. However, the decentralized mar-
ket structure can limit the non-bank dealers’ ability to intermediate the market, especially
when the bank-affiliated dealers receive higher customer demands.

The effect of SLR on the welfare is ambiguous. The SLR can decrease the allocation
efficiency of the safe assets, however, it can potentially increase risk-sharing by incen-

tivizing the dealers to intermediate more risky assets.
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3.9 Model Extension with Two-sided Market Power

At t = 3, given the dealer trades Q7,., each dealer i chooses the demand schedule

m(pl) : RE — R to maximize the utility given his price impact A7,
n 1 n n n
uig = K (Qi + Qia) — §Q(Q3c + Qi)' V(Qi. + Q) — (Pia) Qig-

By taking the first order condition with respect to Q7;;, we can solve for the optimal

demand schedule
m(pig) = (@V + Al " H(p — pi — aV Q). (3.34)

Given the market clearing condition, trader i’s price impact satisfies:

—1 -1
n dQj; _ 1
= ( > dp;) = (Z(aV +Afy) 1) =5V (3.35)

n#l n#l

By the market-clearing condition,
Pig =1 — aVQq,.

a 1
where Qdc =N Zf QZch

Differentiating the dealer’s third-round utility E[u?,|Q".] with respect to Q’,., we have

dE[ujy| Q] _ O [ujy| Qi) 4 OE [ujy| Qi) Qi
dQ:iLc anc 8Q?d ngc

Given that % = 0 by the first order condition in the second round, we can
id
simplify the equation as

CElu3IQy], _ OBlugl QG

a0, oQy,

) = 1 V(@ + EQUIQA]) = ¢ — 2oV QL (336)
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where ¢ = p — %%CMV > mn ElQa| Q-

Given his price impact A}, the dealer £ chooses Q7 (p/.) to maximize
uge(Qde) = EluiglQi] — (pi.)' Qi — " (¢" (Pl) W (QGge) + " A" — €)

r™ is the shadow cost of the leverage ratio constraint. " satisfies complementary slack-

ness that

(" (Plie) W(Qg.) + 9" A" = €") = 0. (3.37)

Taking first order condition with respect to Q7;., we can solve customer n’s equilib-

rium demand schedule in the dealer-customer market,
n 2 n pn\—1 /_.n n, n
Qdc = (NOKV + Adcr ) (C -T pdc) (338)

where I'" = Id + r"p"W.
Each customer i submits demand schedule ¢ (p.) : RE — RE to maximize the
utility,
Ve = W dge — %H(qé +a4.)'V (a5 + dge) — (Pie) e

By taking the first order condition,
Que = (KV + Xz) " (n = xVap — Pl) (3.39)

Given the market clearing condition, dealer n’s price impact satisfies:

-1
dqil
n=1- ——ac 3.40
e 2 o (340)
i€l(n) ¢

and customer i € I(n) has price impact

) d nc dqjc
b= [~ MQde g i (3.41)
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The market clears when Qg + 3¢ () g’ = 0. Given the market-clearing condition,

we can solve for the equilibrium price

ph.=b"—B" Y (kV + X)) 'kV gy, (3.42)
i€l(n)

where B" = ((%av + AR 4 3 (KV + AZC)‘I) :
b = B" ((3aV + ALT") 1" + ey (V. + A%) " ).
Now let’s solve the intercept ¢”. Plugging the equilibrium price in equation (3.42)

into equation (3.39) and taking the expectation, we have

m | yn 2 myn)— m m/pm m i\ — j
E[Qdc‘Qdc]:(ﬁav+Adc )" - (" - B Z (kV + X)) 'kVE[gq)))
JEI(m)
(3.43)

We can solve ¢" by matching the coefficients of equation (3.36),

&= p— G20V Y, (RaV + ARTT) ! (cm S MU ST - L Agc)—lﬁvuz[qg])) (3.44)

cn = %av (3.45)

Theorem 16 (Equilibrium). The equilibrium is a profile of dealer’s demand schedule and price

impact, {Q%., Qry, AL, A%}y and a profile of customer’s demand schedules and price impacts

{q’,, N }i, and a profile of shadow cost of leverage constraint {r'}; such that

1. In the dealer-customer market, each customer submits a demand schedule in equation (3.39),
given the price impact N, in equation (3.41). Each dealer submits a demand schedule in
equation (3.38), given the price impact AJj, in equation (3.40), the shadow cost of leverage

Eluiy| Q4]

ratio r™ in equation (3.37) and the impact of inventory on the next round utility d aon

parameterized by c" (eq.(3.44)) and C" (eq.(3.45)).

2. In the interdealer market, each dealer submits a demand schedule in equation (3.34), given

the price impact in equation (3.35).
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Figure 3.14: The Comparative Statics of Liquidity Measures with Risk-weighted Inven-

tory A in Model with Two-sided Market Power
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Figure 3.16: The Comparative Statics of Liquidity Measures with Required Leverage Ra-
tio ¢ in Model with Two-sided Market Power

0.5

Volume

-0.1
0

0.04
Required Leverage Ratio ¢

0.02 0.06

——CD Buy Safe Asset from PD
——CD Buy Risky Asset from PD
CD Sell Safe Asset to PD

v CD Sell Risky Asset to PD

(a) Volume

Transaction Cost (|p2 — ps|)

o
N
a

o
S

o
o

o

o
o
o

0.02 0.04
Required Leverage Ratio ¢

——CD Buy Safe Asset from PD
——CD Buy Risky Asset from PD
CD Sell Safe Asset to PD

wres CD Sell Risky Asset to PD

(b) Transaction Cost

PD’s Price Impact

o
o

o

=4
o
©

=
o
=]

o
o
=

0.02 0.04 0.06

Required Leverage Ratio ¢

—— CD Buy Safe Asset from PD
—— CD Buy Risky Asset from PD
CD Sell Safe Asset to PD

weeee CD Sell Risky Asset to PD

(c) Elasticity

255



	Improving Access to Information Through Market Design
	Introduction
	Model
	Equilibrium characterization
	Decentralized Market
	Decentralized Market with Full Conditioning
	Decentralized Market with Partial Conditioning
	Centralized Market

	Welfare Comparison
	Liquidity Effect
	Learning Effect
	Pareto-Optimal Design

	Price Informativeness

	Dynamic Market Choice
	Introduction
	Model
	Equilibrium
	Second Stage Trading Equilibrium
	First Stage Market Choice
	Price History Informativeness
	Dynamic Equilibrium

	Dynamic Market Choice
	Constant Market Choice
	Alternating Market Choices
	Discussions and Extensions

	Market Designs with Endogenous Market Choices
	Transparency
	Coexisting DM&CM vs. CM only

	Empirical Evidence
	Institutional Background
	Asset Properties and Market Choices
	Price History and Market Choices
	Other Empirical Results

	Conclusion and Discussions
	Additional Tables and Figures
	Extensions
	General Private Information Precision
	Non-movers and Trading Volumes
	Proportion of Time in CM

	Proofs
	Evidence from the U.S. Equity Markets

	The Impact of Leverage Ratio Regulation on Bond Market Liquidity
	Introduction
	Institutional Background
	Post-Crisis Leverage Regulation
	U.S. Corporate Bond Market Structure

	Event Study
	Model
	Model Set-up and Equilibrium
	Comparative Statics with Inventory

	Quantitative Analysis
	Calibration
	Welfare Impact of Leverage Regulation
	Adjustments of SLR
	Market Design Solutions

	Conclusion
	Proofs
	Model Extension with Change in Price Impact
	Event Study with Price Impacts
	Leverage Regulation and Market Liquidity
	Rise of Non-Bank Dealers
	Summary and Remarks

	Model Extension with Two-sided Market Power 


