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Frequent Batch Auctions and Informed Trading”

Steffen Eibelshauser! Fabian Smetak?

March 11, 2022

Abstract

We study liquidity provision by competitive high-frequency trading firms (HFTs)
in a dynamic trading model with private information. Liquidity providers face
adverse selection risk from trading with privately informed investors and from
trading with other HF Ts that engage in latency arbitrage upon public informa-
tion. The impact of the two different sources of risk depends on the details of
the market design. We determine equilibrium transaction costs in continuous
limit order book (CLOB) markets and under frequent batch auctions (FBA). In
the absence of informed trading, FBA dominates CLOB just as in Budish et al.
(2015). Surprisingly, this result does no longer hold with privately informed
investors. We show that FBA allows liquidity providers to charge markups and
earn profits — even under risk neutrality and perfect competition. A slight vari-
ation of the FBA design removes the inefficiency by allowing traders to submit

orders conditional on auction excess demand.
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1 Introduction and Related Literature

In modern financial markets, highly correlated securities are traded on multiple finan-
cial exchanges. This fragmentation has been fostered by regulation both in the US
(Reg NMS, 2005) and the EU (MiFID, 2004; MiFID II & MiFIR, 2014) in order to
stimulate competition among trading venues. Prices remain aligned across exchanges
by two mechanisms: Either by liquidity providers updating their limit prices or by
high-frequency trading firms (HFTs) performing latency arbitrage. Latency arbitrage
can be referred to as the practice of exploiting a time disparity in order execution
(e.g. due to differences in trading technologies). When some market participants have
speed advantages over liquidity providers, they can profitably trade on mispricings in
prevailing bid-ask quotes, thereby bringing back prices to their “fundamental value”.
Latency arbitrage, however, imposes an additional adverse selection risk on liquidity
providers, as shown by Budish et al. (2015) and Foucault et al. (2003, 2013, 2017).
When prices on some exchanges respond to information more quickly, prices on other
exchanges become stale. While liquidity providers try to adjust their prices, other
HFTs try to “snipe” the old quotes before the adjustment, thereby earning arbitrage
rents. In equilibrium, liquidity providers take this adverse selection risk into account
and quote wider spreads, leading to increased transaction costs for investors. The
risks of liquidity provision — and thus bid-ask spreads — are highly sensitive to the

market microstructure, i.e. to the rules by which traders interact on the market.!

The currently predominant design of financial markets is the continuous limit order
book (CLOB) setup, also known as continuous double auction. Under CLOB, finan-
cial exchanges process orders serially, in the order of receipt. Therefore, only the
fastest traders get to transact or update their quotes, inducing a potentially wasteful
arms race for trading speed (Budish et al., 2015). Both economists and practition-
ers have proposed alternative market designs intended to prevent latency arbitrage.
One such alternative is the frequent batch auction (FBA) market design, raised by
policy makers (Farmer and Skouras, 2012) and academics (Budish et al., 2015). The
idea of FBA is to depart from continuous trading and to introduce periodic market
clearing with uniform price double auctions. Budish et al. (2015) propose a trading
model populated by noise traders and trading firms, the latter sorting into liquidity

providers and stale-quote snipers. The authors show that FBA can mitigate arbitrage

'Readers interested in a broader literature review on market microstructure may consult O’Hara
(1995, 2015), Madhavan (2000), Harris (2003), or Biais, Glosten, and Spatt (2005).



considerably. Once all firms have access to the same speed technology, stale-quote
sniping is eliminated entirely and competitive liquidity providers quote efficient prices

at zero bid-ask spreads.

Evidence for the positive welfare effects of batch auctions in financial markets is
mounting. Wah and Wellman (2016) and Wah et al. (2016) present simulations of
agent-based trading models where FBA leads to lower transaction costs than CLOB.
Menkveld and Zoican (2017) argue that slower trading leads to fewer trades among
HFTs which decreases adverse selection and thus spreads. Baldauf and Mollner (2020)
point out an important trade-off between liquidity provision and price discovery; they
find that FBA implements outcomes on the “efficient frontier” of that trade-off while
CLOB does not. Aldrich and Lépez Vargas (2020) conduct a series of laboratory
experiments confirming that FBA leads to lower transaction costs than CLOB. On
the empirical side, Ricco and Wang (2020) analyze the transition from FBA to CLOB
on the Taiwan Stock Exchange in March 2020 and find that FBA had lower spreads
(and lower trading volume). Ibikunle and Zhang (2021) use data on UK-listed stocks
and find that an increase in latency arbitrage is associated with a rise in FBA volume;
the authors interpret this as sub-second periodic auctions providing a “safe haven”
for slower traders. Besides lower spreads, auctions might have additional advantages.
There is an older literature on not-so-frequent batch auctions showing that these
can improve market quality, particularly information aggregation and price efficiency
(Madhavan, 1992; Economides and Schwartz, 1995; Kandel et al., 2012; Pagano and
Schwartz, 2003; Pagano et al., 2013). In a more recent paper, Jagannathan (2020)

shows that batch auctions have the potential to dampen shocks and crashes.

Despite their potential advantages, frequent batch auctions do not seem to have caught
on.? Budish et al. (2020) argue that financial exchanges themselves profit from the
speed race by selling speed technology such as fast data feeds and co-location services
and therefore have little incentive to change their market design. Other academics
point out that FBA might come with some disadvantages as well. Du and Zhu (2017)
present a periodic auction model with volatile private information, inventory costs

and fully strategic traders. In equilibrium traders engage in “demand reduction”,

2According to Securities and Authority (2019), periodic auctions in European trading venues
only account for around 1.5% of total trading volume as of January 2019. European venues with
periodic auction designs include Choe Periodic Auctions (accounting for roughly 70% of periodic
auction volume in Europe), ITG POSIT Auction, Nasdaq Auction on Demand, Turquoise Uncross,
Turquoise Lit Auctions, UBS MTF, GS Sigma-X MTF and MS MTF.



leading to an important trade-off: Fast trading (many auctions per time) allows quick
asset reallocation due to news, but quoting in each auction is inefficient. The authors
estimate the optimal trading frequency to be in the range of a couple of auctions per
second. Fricke and Gerig (2018) show that risk-averse traders suffer from increased
execution uncertainty in FBA. Using U.S. data they estimate the optimal batch fre-
quency to be about half a second. Similarly, Bellia et al. (2020) argue that the lack
of immediate execution in FBA might reduce participation of HFTs which in turn
may impede the quality of price discovery. Finally, Haas et al. (2020) illustrate yet
another trade-off linked to FBA. In their model, batch auctions decrease the num-
ber of sniping opportunities, thus improving liquidity, but less frequent trading also
increases the likelihood of more informed traders per auction, thus hampering liquid-
ity. The practitioner side also appears to be skeptical of FBA. For example, Dorre
(2020) harshly criticizes FBA in a series of blog posts, albeit without exact scientific
reasoning. Jagannathan (2020) conjectures that there are some “aspect[s] of reality

academic research may be missing”.

The main objective of this paper is to compare the CLOB and FBA market designs
on the basis of the bid-ask spreads and markup inefficiencies that they imply. While
existing theoretical literature has mainly focused on adverse selection risks from ei-
ther high-frequency arbitrageurs or from privately informed investors, we will use a
dynamic trading model that allows for the presence of both of these risks simultane-
ously. As will become evident, this does not constitute a minor variation but can have
game-changing effects on the efficiency of the individual market designs. We measure
the (in)efficiency of a particular market design by the excessive markups that investors
expect to pay per unit of time to liquidity providers — we will refer to this measure as
the “expected markup flow”. The core argument will be that liquidity provision under
FBA is inefficient and that the severity of this inefficiency can exceed the one from
latency arbitrage under CLOB. To arrive at this conclusion, we follow the seminal
work of Budish et al. (2015) and use a variation of their original model with one main
adjustment: We allow some traders to have private information about the fundamen-
tal value of the asset. When trading can be motivated by private information, trades
have price impact and the order flow determines the expected fundamental value. In
a sealed-bid batch auction, however, the order flow is unknown ex ante and so is the
true fundamental value during the auction. We will show that fully strategic bidders

take this into account and that quoting becomes inefficient: In equilibrium, market



makers can charge additional markups and make strictly positive expected profits
— even under risk neutrality and perfect price competition. These markups trans-
late into increased transaction costs and hence into welfare losses for investors. The
inefficiency resembles bid shading (also known as demand reduction), a well-known
phenomenon in multi-unit, uniform price double auctions, and the following result
applies: Every equilibrium in multi-unit, uniform price auctions is inefficient due to
bid shading (Ausubel et al., 2014, Theorem 1, p. 1380). From that perspective, our
paper is similar to Jovanovic and Menkveld (2021) who also consider an auction setup
with an unknown number of bidders. However, the authors focus on randomization
in mixed-strategy equilibria, similar to the classic model of sales (Varian, 1980), while
we focus on inefficiencies of pure-strategy equilibria. In our model, there are two key
determinants of trading costs: Firstly, the relative frequencies of privately informed
trading versus publicly observable news events and, secondly, the absolute frequency
of trading relative to the length ot the batch interval. When overall trading activity
is high and privately informed trading is relatively frequent, expected markup flow in

equilibrium is lower in CLOB than under FBA, and vice versa.

We provide three sets of results: Firstly, we prove existence and uniqueness of pure-
strategy equilibria in CLOB and under FBA (uniqueness of equilibrium quotes up to
permutation of trading firms). We derive closed-form representations of equilibrium
bid-ask spreads and markups of liquidity providers under each market design. Sec-
ondly, we highlight the distinct inefficiencies of FBA and CLOB and show that the
former can strictly exceed the latter. More precisely, we derive a boundary in the
parameter space between FBA and CLOB such that each market design is welfare-
dominant (in terms of expected markup flow) on one side of the boundary. Thirdly,
we show that a slight variation of the FBA design — in which traders may submit
quotes conditional on excess demand within an auction — is welfare-optimal in the
sense that it leads to zero markups and lowest possible transaction costs for investors.
Overall, we intend to contribute to the literature by formally shedding light on yet
undiscovered inefficiencies and by offering a potential solution. We believe that these
results are not only appealing from a theoretical perspective but can also provide

additional insights for policy makers and market design authorities.

The remainder of this paper is organized as follows. Section 2 illustrates some of

the main results with simple examples. Section 3 introduces the trading model and



discusses its key assumptions. Section 4 presents the equilibrium concepts used for the
different market designs and derives closed-form solutions for equilibrium inefficiencies
under CLOB and FBA. Section 5 compares equilibrium trading costs and inefficiencies
and establishes conditions for CLOB to welfare-dominate FBA. Section 6 presents a
slight modification of FBA with conditional quoting schedules such that full efficiency
is restored. Finally, Section 7 concludes. We provide proof ideas of important results
throughout the text while detailed proofs are deferred to Appendix A. The ONLINE

APPENDIX contains supplementary materials and discussions.

2 Introductory Examples

Besides direct costs such as custody fees or broker commissions, bid-ask spreads con-
stitute the lion’s share of transaction costs. Should market microstructures have a
significant bearing on those costs, clever market design can help to mitigate these in-
efficiencies. Albeit bid-ask spreads might appear negligible, even small decreases can
translate into considerable welfare improvements given the enormous volume trans-
acted on financial exchanges across the world.> We focus in particular on CLOB and
FBA in this regard. The two distinct characteristics of the CLOB market design are
continuous trading and serial order processing: Traders can send messages (i.e. post,
cancel or adjust orders) at any time and the financial exchange processes incoming
orders serially, one after the other, in order of receipt. Therefore, CLOB rewards
speed advantages as only the fastest traders can transact or update their quotes. In
the FBA design, by contrast, the trading day is divided into discrete intervals and
uniform price, sealed-bid double auctions are conducted frequently over the course of
the trading day. During an auction interval, traders can submit or modify orders at
any time and the financial exchange collects — but does not immediately process —
all incoming messages. At the end of the auction interval, the exchange batches all
outstanding orders and treats them as if having arrived at the same time. It then
computes aggregate demand and supply schedules and a uniform market clearing price

at which each transaction is executed.* After market clearing quantities and the price

3Tt is worth to mention that transaction costs in general — and bid-ask spreads in particular
— have significantly declined throughout the last decades (Jones, 2002, 2013). Nevertheless, this
development does not imply that today’s bid-ask spreads are optimal. We do not neglect previous
improvements, but rather ask how transaction costs can be decreased further.

4Supply and demand schedules can intersect in different ways (horizontally, vertically) which
leads to different equilibrium prices. More detailed discussions can be found in Budish et al. (2015).



have been computed and transactions have been executed, the order history of the
current batch interval is made public by the exchange. The following simple exam-
ples summarize the (far more general) results of this paper in a nutshell. They shed
some light on how — and why — the respective market designs might be vulnerable to

adverse selection risks from informed investors and HF Ts.

2.1 CLOB and FBA with HFTs

Suppose there is a single asset with current fundamental value v = 0. The asset value
may change over time due to publicly observable news events. Assume that a positive
event increases v by J = 1. There are two kinds of market participants: Infinitely
many investors and N high-frequency trading firms (HFTSs), one of which acts as a
market maker (MM) who quotes bid and ask prices at which she is willing to buy
and sell the asset. Investors arrive stochastically at the exchange and have exogenous
motivations to trade. HFTs and the MM do not have intrinsic trading motives. They
observe — and can act upon — news events simultaneously and posses equally fast

trading technologies.

Consider what happens in the CLOB market design once a positive news event occurs
and the fundamental value jumps to v = 1. All trading firms observe the event
simultaneously and instantaneously send their orders to the exchange. The MM’s
old quotes have become stale so she wants to adjust them upwards by J = 1. The
other N —1 HFTs try to snipe the old quotes by submitting market buy orders.
Since all firms are equally fast, their orders arrive at the exchange simultaneously and
the MM’s old quotes are sniped with probability % To account for the resulting
losses, the MM quotes a positive bid-ask spread and earns profits from trading with
investors. Equilibrium quotes are such that all firms make equal expected profits and
no one has incentives to deviate. Hence, even in the absence of private information
or technological advantages, CLOB allows for arbitrage. These rents come at the
expense of investors (e.g. mutual funds, retail investors, etc.) who are faced with

higher trading costs in the form of wider bid-ask spreads.®

What would the same situation look like in the FBA market design? Just as under

°Budish et al. (2015) highlight another inefficiency: A socially wasteful arms race for speed
among HFTs which eventually also harms investors in the form of higher trading costs.
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CLOB, trading firms could instantaneously send their orders to the exchange upon a
positive news event (HFTs: market buy orders, MM: quote adjustment). In contrast
to CLOB, the exchange batches all outstanding orders at the end of an auction and
does not process them serially. Therefore, the canceled quotes of the MM do not even
enter the supply schedule when the market clearing price is computed and only the
adjusted quotes are considered. FBA thereby eliminates sniping risk entirely and the

MM quotes zero bid-ask spreads, implying zero costs for investors.%

2.2 CLOB and FBA with HFTs and Informed Investors

Now suppose that some traders may have private information about changes in the
fundamental value of the asset. In this case, marketable orders (i.e. trades) have price
impact. They carry informational content and a buy (sell) order can be regarded as
a signal that the fundamental value of the asset has increased (decreased). Market
makers are systematically disadvantaged when trading with informed investors. They
therefore quote positive bid-ask spreads in order to compensate these losses with prof-
its earned from trading with uninformed investors. This informational disadvantage
for market makers and the corresponding increase in bid-ask spreads is the same in
both market designs. The risk from stale quote sniping, however, is still present only
under CLOB and has to be accounted for by quoting higher bid-ask spreads. It seems
straightforward that trading costs in the FBA design will again be strictly lower than
under CLOB. Any markups - other than accounting for privately informed traders -
should be competed away by HF'Ts who can also act as market makers and undercut
profitable quotes. As it turns out, this does not have to be the case: Market makers in
the FBA design can charge additional markups without being undercut. To illustrate
this point, suppose that a given trading firm (“the seller”) holds two shares of the
asset with current fundamental value v = 0 and wishes to sell both shares through a
uniform price auction. Further suppose that due to the presence of informed traders,
buy orders have price impact normalized to A = 1. Therefore, if one buy order arrives
in the auction interval, the expected fundamental value of the asset is 1. If two buy
orders arrive, the expected fundamental value is 2, and so on. To keep the setup
simple, suppose that the number of buy orders in the auction is either 1 or 2 with

50% probability each. Under FBA, the trading price is determined as the mid-price

6Profits earned from quoting positive bid-ask spreads would be immediately competed away by
other trading firms who can also act as market makers and would undercut these quotes.

7



where supply and demand schedules intersect. To make zero expected profit (and for
the market to match buyers and sellers efficiently), it seems intuitive for the seller to
quote the first share at an ask price of a; = 1 and the second share at a; = 2. In
case of one (two) arriving buy order(s), the resulting trading price would be p = 1
(p = 2) with zero expected profit for the seller. But is this really an equilibrium? The
answer, somewhat surprisingly, is no. The seller can strictly improve by increasing
the limit price for the first share to a; = 1.5 — even in case of risk neutrality and
perfect market maker competition. To see this, suppose that other firms would step
in if quoted ask prices are too high and if undercutting them is profitable. How high
can ask quotes be set so that still no other firm has an incentive to underbid the
seller’s quotes? For the second share, there is no room for improvement. For any ask
price o > 2, another trader would undercut the quote by € > 0, thus rendering as the
third best ask price which would never execute. If two buy orders arrive, the trader
can sell at the market clearing price ay — ¢ > 2 and make positive profits. Therefore,
in equilibrium, the second ask must be ay = 2. However, the seller can increase her
first quote to a; = 1.5 (thereby make positive expected profits), and still no other
trader can undercut her profitably. Suppose some other trader would undercut to
a’ = 1.5 —e. If one buy order arrives, that trader gets to trade at the clearing price

p = a' and makes expected profits of

E[7'|1 buy order] = p(d’,ds,as,1 buy order) — E[v|1 buy order]
= 15— -1 = 05— e

If two buy orders arrive, however, the seller’s quote a; = 1.5 is the second best ask

and hence determines the uniform trading price p = a@,. The other trader incurs losses
of

E[7'|2 buy orders] = p(d’,ay,as,2 buy orders) — E[v|2 buy orders]
= 15 -2 = =05

Since each event occurs with 50% probability, the overall expected profit of the other
trader is —0.5e. He would hence decide not to underbid a; in the first place. The
resulting equilibrium ask price of a; = 1.5 can be decomposed into a; = A + z; =
1 + x1, where 1 is the expected fundamental value in case one buy order arrives and

x1 = 0.5 is the additional markup that the seller can charge in the FBA market design.



If one buy order arrives, the seller’s profit is equal to x; and if two buy orders arrive,

her profit is zero. Overall, this yields strictly positive expected profits of 0.25.

The MM makes positive expected profits in equilibrium and nobody can profitably
prevent her from doing so. This induces positive trading costs above what is charged
to account for risks from informed investors. The inefficiency arises in uniform price
auctions when (i) marketable orders have price impact and (ii) multiple units can be
traded in an auction. The phenomenon resembles bid shading (or demand reduction)
which occurs when orders for some units have a potential impact on the price of
other units. This externality is priced in and equilibrium prices are excessive. Private
information thus has differential implications for CLOB and FBA. Unlike in the first
example where private information was absent, it is no longer obvious whether FBA
is still the dominant choice in terms of efficient liquidity provision and trading costs

for investors.”

2.3 Potential Solution for FBA with Informed Investors

The quoting inefficiency in FBA with informed traders arises because quotes for some
units can impact the price of other units. This externality disappears if price com-
petition is independent across units. One way to achieve this is to allow bidding
via price-quantity schedules, i.e. to allow quoting conditional on demand in an auc-
tion. This restores independent price competition for each unit, leading to the classic
Bertrand outcome with competitive prices for buyers. Continuing the previous ex-
ample, suppose the seller could submit ask quotes conditional on the number of buy

orders arriving as follows:

Qone buy order = 1A = 17 Gtwo buy orders — 2A = 2.

"It should be mentioned that there does exist a unique, symmetric mized-strategy equilibrium
with zero expected profits for the seller under FBA. An example thereof is provided in the ONLINE
APPENDIX. The simple trading model hence indicates that FBA can induce inefficient stable prices
or efficient random prices. Either scenario might not be desirable. Since our focus is on strategic
behavior of HFTs and market makers as inspired by Budish et al. (2015), we continue to focus
on pure-strategy equilibria. Recent research on price dispersion (Jovanovic and Menkveld, 2021)
or flickering quotes and fleeting orders (Baruch and Glosten, 2013) makes specific use of stochastic
quoting behavior. Mixed-strategy equilibria can hence be particularly fruitful with seemingly random
patterns in (high-frequency) data.



In other words, if one buy order arrives, the seller is willing to sell one unit at a price
of 1, whereas if two buy orders arrive, the seller is willing to sell two units at a price
of 2 each. This is efficient quoting and in fact the only equilibrium outcome — the
clearing price will always be equal to the expected value. Contrary to the previous
section, the seller can no longer profitably raise any quote. If the seller increased
any of her quotes, other firms would step in and undercut the quote — without any
downside. Perfect price competition is restored and buyers can transact at the best

possible prices.

3 General Setup of the Dynamic Trading Model

This section introduces the general building blocks of the trading model we use. Most
modeling assumptions are closely related to those in Budish et al. (2015) in order
to allow for an easier comparison of results. The key difference is that we augment
the financial market model by privately informed investors so that marketable orders
have price impact. Further details on the market microstructure are intentionally
left unspecified in this section since equilibrium analyses are conducted separately for
CLOB and FBA in the subsequent section.

3.1 Model Primitives and Basic Setup

Time: Time ¢ runs continuously on [0,7], where 7' > 0. We abstract from any

latency and assume that submitted orders arrive at the exchange instantaneously.

Asset: There is a single risky asset with time-varying fundamental value V; which
evolves according to a Poisson jump process. For t € (0,7'), V; remains unobservable
to all agents. At each jump time, the fundamental value jumps up or down by a
constant jump size J > 0 with equal probability. Jump directions are stochastically
independent.® While some of the jumps are observed publicly, others are only observed

privately. Further details will be explained below.

Prices: Prices can be any real number, i.e. the tick size is zero.

8The specific jump size distribution allows for closed-form solutions, but it should be generalizable
to arbitrary, symmetric distributions without affecting the qualitative results of this paper.
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Market: The asset is traded in an anonymous limit order market. Attention is
confined to limit orders and market orders. All orders must be for one single unit of

the asset.”

Traders: The model is populated by three types of traders, all of whom are risk-

neutral and do not discount future payoffs. They differ in their motivations to trade.

(i) There are infinitely many informed traders. According to an exogenous Pois-
son process with rate A\; > 0, one single informed trader arrives at the market,
privately observes a jump of size £.J, and issues a market buy or market sell
order for one unit of the asset accordingly. Upon order execution, the corre-

sponding trader exits the market forever.

(ii) There are infinitely many uninformed traders, also referred to as noise
traders, who trade for exogenous motivations such as rebalancing their port-
folios or for liquidity reasons. According to an exogenous Poisson process with
rate A, > 0, one single uninformed trader arrives at the market, randomly is-
sues a market buy or a market sell order for one unit of the asset, and exits
the model forever. Uninformed traders can be modeled as to have a private
valuation component U and to value the asset at V; + U. Private valuation
components U are equal to £U (where U > J)' with equal probability and are
independent and identically distributed across investors. Due to the symmetric

distribution of U, uninformed investors buy and sell with equal probability.

(iii) There are N > 2 perfectly competitive trading firms who may submit limit
and market orders at any time. Trading firms can freely choose to act as either
market makers (MMSs) or high-frequency traders (HFTs) and this choice is de-
termined by whatever role yields higher expected profits. All firms are assumed

to be infinitely fast, i.e. they can react instantaneously to any market event.

Market Events: The model features three types of stochastic market events. Their

arrival is governed by three independent Poisson processes. At public news events, the

9The single-unit restriction keeps the model tractable without departing too far from today’s
trading reality. For most liquid assets, individual order sizes are fairly small and mostly single-digit.
One reason for small order sizes is provided by Kyle (1985) and Back and Baruch (2007) who have
shown that large block orders should optimally be split into several smaller orders to avoid price
impact and to minimize effective transaction costs.

0y > J is a technical restriction ensuring that noise traders are willing to transact at bid-ask
spreads.
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fundamental value jumps by £J. They occur with Poisson intensity A; > 0 and are
observed simultaneously by all agents. Informed trade occurs with Poisson intensity
A; and is characterized by privately observable jumps of size +.J in the fundamental
value. They are only observable to one informed investor who submits a market order
for one unit of the asset in the corresponding direction. Finally, noise trade occurs
with Poisson intensity A,. A noise trader arriving at the market randomly submits a

market buy or sell order for one unit of the asset with equal probability.

Information and Updating: Any trader arriving at the market at time ¢ can ob-
serve the past history H, of all prices, quotes, trades, and publicly observable jumps
in the fundamental value of the asset. H; is also referred to as the public information
available at time t. All parameters of the model are common knowledge. Further-
more, the initial fundamental value vy and the order flow are public information and
summarized by H; at any point in time. Orders are anonymous, however, so informed
and uninformed trades cannot be distinguished and agents act in a game of imperfect
information. Market participants perform standard Bayesian updating to form an

unbiased expectation about the valuation of the asset.

Strategies: Informed and uninformed investors arrive at the market according to an
exogenous stochastic process, mechanically trade one unit at the best available price
and leave the market afterwards. Their behavior is not strategic. Strategic interaction
is limited to competition among trading firms. They are permanently active in the
market and may submit, modify and cancel orders at any time. Further details are

provided in Section 4 where equilibrium analyses are presented for each market design.

3.2 Discussion of the Model Setup

The model setup is closely related to Budish et al. (2015) in order to simplify a

comparison of results. The key distinction of our model is that we allow for traders

11

with private information as in Glosten and Milgrom (1985)."" The possibility of

informed trading causes an adverse selection problem for liquidity providers which is

1 Augmenting the model of Budish et al. (2015) by privately informed investors has also been
done by Budish et al. (2020), however, with different modeling assumptions and focus. While their
paper considers stock exchange competition between multiple trading venues, our paper focuses on
competitive liquidity provision on a single exchange.
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accounted for by increased bid-ask spreads.!? Furthermore, informed trading causes
a rational Bayesian price impact corresponding to the expected informational content
of marketable orders. While privately informed trading has a long tradition in the
literature of financial markets (Treynor, 1981; Copeland and Galai, 1983; Glosten and
Milgrom, 1985; Kyle, 1985) it has been abstracted from in much of the recent literature
(with the notable exception of Baldauf and Mollner (2020), for example). Our model
provides a synthesis of Budish et al. (2015) and Glosten and Milgrom (1985). Without
informed trading (A; = 0), our model reduces to the original Budish-Cramton-Shim
model with constant jump size J. Without public news events (A\; = 0), our model
corresponds to a continuous-time version of the Glosten-Milgrom model. Further
discussion is deferred to the ONLINE APPENDIX.

Since one of our key objectives is to shed some light on yet undiscovered inefficiencies
of FBA as compared to CLOB, assumptions that leave room for ambiguity have
been made in the most conservative manner, i.e. in a way that is most favorable
for the FBA design. This concerns in particular the instantaneous reaction time
and the common speed technology. Assuming zero latency and equally fast trading
technologies eliminates sniping risk under FBA completely.'® Budish et al. (2015)
allow for different trading technologies (fast and slow) and show that even in this
case, frequent batch auctions can alleviate sniping risk considerably.'* In summary,
if we can find a situation where CLOB dominates FBA in terms of trading costs and
inefficiencies under the assumptions that we impose, then this will be especially true

when relaxing some of these assumptions.

2Easley et al. (1996) have shown empirically that the adverse selection risk associated with
informed trading is a major source of bid-ask spread.

13When all trading firms have access to a common no-latency speed technology, order cancellations
and adjustments will always arrive at the same time as sniping attempts within an auction interval.
Since all orders are batched at the end of an auction, only the MM’s adjusted quotes are relevant
and her stale quotes do not enter her supply schedule. This eliminates latency arbitrage.

More precisely, they show that the proportion of an auction interval of length 7 which allows for
latency arbitrage is g where § := Jg1ow — Oast 1S the difference in latency of the speed technologies.
By choosing the length of the auction interval long enough, sniping risk can be reduced considerably.
See Budish et al. (2015) Section VIL.B and Figure VII for a more detailed exposition.
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4 Equilibrium Analysis

This section provides equilibrium analyses for the CLOB and the FBA market design.
First, we introduce necessary equilibrium notions. We then present optimal quoting
strategies of trading firms and compute the resulting equilibrium bid-ask spreads and

the distinct inefficiencies as represented by the expected markup flow.

4.1 Equilibrium Concepts

A natural solution concept for stochastic games in continuous time with imperfect
information is a pure-strategy, stationary Markov Perfect Equilibrium (MPE) (Maskin
and Tirole, 2001). While this equilibrium concept does apply to the CLOB design,
the discrete-time implementation of sealed-bid, frequent batch auctions together with
private information leads to non-existence problems under FBA. In their recent paper,
Budish et al. (2020) also augment a similar trading model by private information and
encounter analogous equilibrium existence issues. The authors suggest an alternative
solution concept, Order Book Equilibrium (OBE), which strictly weakens MPE but
still tries to capture the spirit of competitive liquidity provision a la Glosten and
Milgrom (1985). We will follow the authors and use the OBE notion under FBA.

Stationary Markov Perfect Equilibrium (in CLOB)

As the order book can be monitored continuously under CLOB, trading firms can
condition their strategies on its current state. Strategies hence constitute a complete
contingent plan of action: Whenever some trading firm deviates from equilibrium play
(which will be reflected in the order book configuration), other firms can instanta-
neously react and play their best responses against the deviation. If such reactions
render the deviation unprofitable, total profits earned from deviating are essentially
zero (and the deviation attempt should not be initiated in the first place). Continuous-
time trading and reactions that occur at the same instant make stationary Markov
Perfect Equilibria well-defined under CLOB. An MPE is a subgame perfect equilib-
rium in which players may only use time-independent Markov strategies, i.e. strategies
that depend on the current state only (Fudenberg and Tirole, 1991; Maskin and Ti-
role, 2001). In the present model, the payoff relevant state at time t is given by
S; = {P, Ji, (b, a;)} where P, = E[V;|H,] denotes the estimate of the fundamental

value given public information, J, € {0, —J, J} indicates whether there is a jump at
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time ¢, and (b, a;) summarizes the current bid and ask quotes in the order book. The

dynamic MPE constitutes a static Nash equilibrium at each point in time.

Order Book Equilibrium (in FBA)

The introductory example with private information in Section 2 showed that a market
maker under FBA can charge additional markups and thus make positive profits.
Other firms cannot undercut these quotes as they would incur losses. But given that no
one undercuts her quotes, the market maker has incentives to increase markups even
further. Therefore, stationary MPEs do not exist under FBA and a weaker solution
concept is required. Note, however, that once the market maker deviates by increasing
the markups, other firms will have an incentive to undercut these higher quotes which
renders the deviation unprofitable.!> In order to enhance the comparability of our
results to Budish et al. (2015) and Budish et al. (2020), we follow the latter authors
and use their alternative solution concept of an Order book Equilibrium (OBE) in the
FBA setup. We briefly outline the main intuition in the following — a more detailed
treatment can be found in the last-mentioned authors’ paper or theory appendix and
in our ONLINE APPENDIX. Whereas an MPE requires that no player has a profitable
deviation at any point in time, OBE allows for profitable deviations to exist as long
as they are rendered unprofitable by specific reactions of some other player.'® An
OBE is a set of orders of the high-frequency trading firms that captures the idea
of a "rest point” of the order book (Budish et al., 2020): First, there do not exist
strictly profitable safe price improvements. These are deviations that improve prices
of existing quotes. More specifically, new quotes constitute a price improvement over
older ones when it is weakly cheaper trading against liquidity-providing limit orders in
the new set of quotes and there exists some limit order for which it is strictly cheaper.
A strictly profitable price improvement is safe if it remains strictly profitable, even
if some other trading firm profitably withdraws liquidity (i.e. takes out limit order(s)

from the book) in response to firm i’s deviation.!” Second, there do not exist robust

15Such reactions can only happen at the end of an auction as this is when supply and demand
schedules are released and the deviation becomes visible. Any possible equilibrium under FBA hence
cannot capture the idea of instantaneous reactions within a given auction.

16Profitable deviations can hence only be sustained for short time periods, i.e. an auction interval.

I"Note that a price improvement can never withdraw liquidity itself as it would otherwise no
longer be weakly cheaper to trade against all liquidity-providing limit orders in the new set of quotes.
Further note that liquidity withdrawals can never render another quote or deviation unprofitable in
our FBA setup and any profitable price improvement is hence automatically safe: In case of excess
demand, for instance, fewer quotes in the order book due to a liquidity withdrawal can only mean
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deviations. These are strictly profitable deviations (other than price improvements)
of any firm that remain strictly profitable even if another firm profitably reacts to
this deviation by safe profitable price improvements or liquidity withdrawals (Budish
et al., 2020). We follow the latter authors and term the following solution concept an

Order Book Equilibrium (OBE).

Definition 1 (Order Book Equilibrium).
Given the state Sy = {P;, J;, (b, as)} at time t, an Order Book Equilibrium at
time t of the strategic interaction between the high-frequency trading firms is a set of

orders such that the following conditions hold for all firms:

1. There do not exist strictly profitable safe price improvements.

2. There do not exist strictly profitable robust deviations.

OBE captures the idea that likely anticipated reactions by rival trading firms to an
existing profitable deviation can discipline a given firm not to pursue the deviation
in the first place (Budish et al., 2020). They can hence uphold equilibrium quote
levels and no trading firm has an incentive to add or withdraw liquidity-providing
quotes from the order book. Firstly, there do not exist any strictly profitable price
improvements: It cannot be possible in an OBE that some firm can still profitably
improve quotes. Secondly, there do not exist strictly profitable robust deviations:
It cannot be possible in an OBE to worsen quotes without triggering underbidding

incentives of other firms that would render the initial deviation unprofitable.

In market designs that feature continuous order processing (e.g. CLOB), the stronger
concept of a MPE coincides with that of an OBE: Trading firms can condition their
actions on the order book which is observed at every instant. Hence, in a MPE, there
do not even exist any profitable deviations given the strategies of the other firms.
Summing up, we will solve for pure-strategy, stationary Markov Perfect Equilibria
under CLOB and for pure-strategy, Order Book Equilibria under FBA.'®

(weakly) higher trading prices as supply and demand would intersect at (weakly) higher ask quotes.
This would — if anything — increase an incumbent market maker’s profits.

8Reverting to the example from Section 2.2, the suggested equilibrium in which the market maker
charges markups under FBA does not constitute an MPE but it fulfills all properties of an OBE.
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4.2 The Continuous Limit Order Book Market Design

We derive the equilibrium in the CLOB market design in the following. In other words,
we present optimal strategies of trading firms and compute the resulting equilibrium
bid-ask spreads of the market maker and the resulting expected markup flows. Equi-
librium actions of trading firms given informational events are straightforward: At
public news events, the liquidity provider sends a message to adjust her quotes by +J
while arbitrageurs simultaneously submit market orders to snipe the stale quotes.
At other trading times (i.e. upon arrival of either informed or uninformed investors),
the liquidity provider renews her quotes by the rational price impact A of any single
order according to Bayesian updating. There are hence two sources of adverse selec-
tion risk for the market maker in this model. First, she potentially trades against
informed traders who possess superior private information. Second, upon publicly
observable jumps in the fundamental value, she trades against other HF'Ts who pick
up her quotes that have become stale. The liquidity provider will incur expected
losses in both cases. To compensate for these losses, she will quote a strictly positive
bid-ask spread which yields expected profits when trading with uninformed investors.
By allowing for instantaneous modifications of limit orders, trading firms providing
liquidity stand in perfect competition. If one firm posts a limit order with a limit price
that promises strictly positive expected profits, other trading firms will immediately
undercut this order until prices are low enough to yield zero expected profits. The
following theorem establishes existence and a characterization of a stationary Markov

Perfect Equilibrium in pure strategies in the CLOB market design.

Theorem 1 (CLOB Equilibrium).
There exists a pure-strateqy, stationary Markov Perfect Equilibrium of the continuous
limit order book market model. The equilibrium is unique up to permutation of trading

firms.

Bid and ask prices in equilibrium satisfy

b= E[Vi[Hy,sel] = Pi= =% and  a, =E[W[H, buy] = B+=%F,

where P, = E[V;|H,] denotes the asset’s expected value at time t conditional on infor-
mation H; available up to time t, E[V;|Hy, sell] and E[Vi|H;, buy] denote the expected

9When assuming infinitely many trading firms (i.e. N — oo), the market maker’s stale quotes
will be sniped with probability one upon publicly observable news events.
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fundamental value of the asset, conditional on a market sell order and market buy

order arriving, respectively, and scrop denotes the spread given by

A+ A

A 41
A+ A+ A (4.1)

scrop = 2J
After a mon-arbitrage buy and sell trade, the asset’s conditional expected value jumps

to P, = P- + A and P, = P,- — A, respectively, where the price impact A is given by

Ai

A = .
J)\i+>\n

(4.2)

Trading costs for investors are equal to *°5°F for every trade and can be decomposed
into
SCcLoB

A
C = = A = A J J7n
CLOB 2 + ZcoroB + ()\i+)\j +)\n>(>\i+)\n)’

where xcrop denotes the markup component that is due to the risk of stale-quote

arbitrage.

The “expected markup flow” for investors captures expected markups per unit of time.

It is given by

AjAn

it A ) (4.3)

Elzlron] = Toros i+ XA,) = J

Proof: See Appendix A.1.

Proof idea:

Optimality and uniqueness (up to permutation) follow from profit maximization and per-
fect competition among trading firms. The equilibrium bid-ask spread results from an
equal-profit condition for all trading firms. Since informed and uninformed trade cannot be

distinguished, the rational price impact A derives from a manipulation of E[V;|H,, buy, iV n].

The liquidity provider quotes bid and ask prices symmetrically around the mid-price.
Positive spreads follow from the twofold asymmetric information problem that the
market maker faces, resulting from (i) adverse selection risk from informed traders

(A) and (ii) sniping risk from arbitrageurs (xcrop). Both of these risks are subsumed
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in the half-spread *“°® which represents the total trading costs for every trade in this
model.?’ More informative in the lights of a comparison of the distinct inefficiencies
between the continuous CLOB design and the discrete FBA setup are what we call
“expected markup flows”.?* These are the markups which investors expect to pay to
the market maker per unit of time — in addition to the rational price impact of orders
— and serve as our foremost measure of inefficiency of a particular market design. The
price impact A from informed trading captures the rational component of trading costs
and reflects an "efficient” protection of market makers against adverse selection risk.
It will always be the same, irrespective of the specific market microstructure. The
distinct inefficiency of the CLOB design is hence given by E[zL; op] and is attributable
to the conjunction of continuous-time trading and serial order processing. It will be
the key determinant when examining conditions under which either market design is
welfare-dominant. Figure 1 below illustrates an exemplary path of equilibrium prices
and quotes under CLOB.

4.3 The Frequent Batch Auction Market Design

Budish et al. (2015) propose frequent batch auctions as an alternative market design
to CLOB. Under FBA, the trading day is divided into discrete, sealed-bid auction
intervals, each of length 7. At the end of an interval, the exchange batches all out-
standing orders and computes aggregate demand and supply schedules and a uniform
market clearing price. The order history of the current interval is made public by the

exchange thereafter.

Before equilibrium strategies and resulting quotes in the FBA setup are discussed,
some important differences to the CLOB design should be recapitulated. First,
discrete-time uniform price auctions eliminate latency arbitrage. Second, continuous-
time trading and independent Poisson arrival rates made it sufficient for liquidity
providers under CLOB to quote prices at unit depth on either market side. The

FBA market design, by contrast, leads to a deeper order book. Trading volume of

20We abstract from other explicit or implicit trading costs, such as inventory costs or order
commissions.

21Under CLOB, we could also consider "expected trading cost flows”, i.e. ]E[CéLOB] = Ccros(Ni+
An), capturing total trading costs per unit of time. However, it includes the rational price impact
which is not a distinct market design inefficiency. We therefore consider E[z{; 5] to be our key
inefficiency measure.
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Figure 1: At time ¢ = 0, bid by = vg — *4°B and ask ag = vo + *5°8 lie symmetrically
around the asset’s initial fundamental value vg. From then on, the expected fundamental
value P, = E[V;|H;| evolves as a jump process. At time ¢;, a buy trade occurs and induces
price impact of A. At time t2, a public news event (fundamental value jumps by +.J) leads

to an arbitrage trade at the old ask price based on information before the event.

HTFs is determined by the excess demand (or order imbalance) Z,, defined as the
total number of buy orders, D,, minus the total number of sell orders, S,, in any
auction interval. Since upward and downward jumps in the fundamental value occur
with equal probability, the distribution of Z, will be symmetric around zero. As do
Budish et al. (2015), we assume that excess demand is bounded, i.e. |Z;| < @ + 1,
where Q is a large integer.?? In each auction interval, liquidity providers must offer
at least () + 1 units on each side of the market. Due to the presence of informed
traders, these supply schedules are staggered. The ¢'* best ask quote, a((f), has to
account for a rational price impact of ¢ - A. Third, trading under CLOB is organized
by a liquidity provider who quotes bid and ask prices and hence enables trade for all
other market participants. Under FBA, buy and sell orders of market participants
are matched with each other and quotes of the market maker are only needed to clear
excess demand or supply. From a more technical perspective, the aforementioned
differences make the derivation of equilibria under FBA substantially more involved.

This has two main reasons: First, we want to allow for an arbitrarily deep order book

22This boundedness assumption is innocuous for a sufficiently large Q. We will analyze equilibrium
quotes for an infinitely deep order book (@ — o0) below and show that these quotes converge quickly.
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whose configuration is not further restricted. More precisely, we wish to allow for the
possibility that a given trading firm can own none, one, several, or even all quotes in
the order book. Second, although the notion of an Order Book Equilibrium narrows
down the possible reactions to a given deviation, the strategy space of trading firms
is still infinitely large. They can add or shift quotes to any desired price level and
the profitability of doing so does depend on the precise actions they take and on the
configuration of the order book (i.e. on which other quotes they already own). In
order to account for this fact in the proofs of the following theorems, we let w, > 0
denote the number of active quotes which a given firm of interest owns in the order
book at or below the ¢ best quote, and w = (wy, ...,wg+1). Note that we naturally
have 0 < w; < -+ < w1 < @Q+1. If excess demand in an auction interval is Z; = g,
all quotes up to and including the ¢"* quote will execute at the same uniform clearing
price, i.e. the ¢'* best ask quote agT). The revenue of a given trading firm is hence
given by w, a((;) while expected profits depend on the possibility to charge markups
under FBA. We will show in the following that liquidity providers can charge addi-
tional markups and earn positive expected profits — even in a perfectly competitive
market. Remarkably, such an inefficient quoting outcome turns out to be the unique
OBE and there does not exist any efficient equilibrium with zero markups as the

following theorem shows.

Theorem 2 (No Zero Markups in FBA).
The FBA quoting schedule (up to permutation of trading firms for each quote) with

zero markups for any unit, i.e. bid and ask schedules of the form

B =P — A g=1,..,Q+1
(4.4)
aéT):PT—FqA g=1,...,Q+1

is not an Order Book Equilibrium. It is also neither a pure-strateqy Nash equilibrium

in the finitely-repeated game, nor in the discounted infinitely-repeated game.

Proof: See Appendix A.2.

Proof idea:
OBE: Consider, for instance, the liquidity provider who submits the lowest ask quote agT)
and show that she has a strictly profitable deviation that cannot be rendered unprofitable

with reactions covered by the OBE notion.
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Nash-Equilibrium: Given the zero-markup schedule, there always exists a strictly profitable

unilateral deviation by some liquidity provider.

Theorem 2 shows that any pure-strategy equilibrium under FBA (should it exist) can-
not be efficient. The following theorem establishes existence of the Order Book Equi-
librium under FBA. It provides a closed-form representation of the unique markups

that liquidity providers can charge and characterizes the inefficiencies that arise.

Theorem 3 (FBA Equilibrium).
There exists an Order Book Equilibrium in pure strategies of the FBA market model.
If excess demand in an auction is truncated to Q + 1, i.e. |Z;| < Q + 1, supply and

demand schedules in equilibrium satisfy

beT):PT—qA—xq, g=1,...,Q+1
a((IT):PT+qA+xq, g=1,...,Q+1

where A = J /\Z_;\j/\n is the usual expected price impact of an order and x, represents the

additional markup that the liquidity provider can charge in the ¢ best quote. These

markups are given by vgi1 = 0 and
Q—q Q—q
zg = A D ] ag-s, qg=1,...,0Q, (4.5)
k=0 s=k
pq+1
where o = ——— and pe=P(Z, =q||Z;| <Q+1).
o e 4 |Z-|

Equilibrium markups are unique up to permutation of trading firms for each submitted
quote. The order imbalance measure Z, follows a symmetric truncated Skellam dis-
tribution with parameter %T()\i + A\n). The total expected markup flow that investors

expect to pay to liquidity providers per unit of time is given by

92 Q
E["EJZ;BA] = - kak Tk (4.6)
k=1

Proof: See Appendix A.3.
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Proof idea:

Markups: Arise from a zero-profit condition for underbidding attempts of other firms.
OBE Ezistence and Uniqueness: Show by induction that the markup z4, ¢ = 1,...,Q + 1,
as given by (4.5) does neither allow for strictly profitable safe price improvements nor for
strictly profitable robust deviations while any markup Z, different from (4.5) does so.
Probability distribution of excess demand: Z, := D, — S, is the difference between two

independent Poisson random variables and thus follows a truncated Skellam distribution.

Theorem 3 quantifies the inefficiencies that result in the FBA market design, once aug-
mented by privately informed investors. The equilibrium in the FBA market design
is remarkable in that perfectly competitive liquidity providers can charge additional
markups over and above what is necessary to account for informed trade and no other
firm can prevent them from doing so. We will show that all markups zi,...,z¢ are
strictly positive, and so is the resulting expected markup flow E[zfg,]. Therefore,
equilibrium prices under FBA are excessive. Figure 2 illustrates equilibrium quotes
under FBA with an order book depth of () + 1 = 4 and highlights the inefficiency.

Non-equilibrium quotes FBA equilibrium quotes

p p
Q@ +1 Q+1
...... e e gD
2 l (T)?a‘* ...... (T)fa4

...... as () as
..i..la(r) ! P as !
T 1 ) 2 L e al !
P+ A e aj ‘ P, + A |
P 1 | P; 1 |
Pr— A oo ptm) : P — A . !
L T S R S by |
Ul A R s p(7) |
e b:(;) | QTb(;') |

...... ,bi‘f) ..'....,by')
1 2 3 4 1 2 3 4

Figure 2: Left: The zero-markup schedule (only accounting for the price impact A) does
not reflect equilibrium quotes under FBA. The arrows indicate that ask (bid) quotes can be
increased (decreased) — even in case of perfect competition and under risk neutrality. Right:
FBA equilibrium quotes. The liquidity provider has an incentives to shade all bids except
for the quotes of the last unit.
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Intuitively, equilibrium markups under FBA with informed trade can be upheld —
despite perfect competition among trading firms — because quoted units are not "in-
dependent”. Suppose some previously inactive tradding firm underbids a given ask
quote, say a((;) = qA + z,, by some small amount ¢ > 0. Then this undercutting
attempt influences the trading price if excess demand turns out to be Z, > ¢q. More
precisely, the underbidding firm would benefit if Z, = ¢ since she now offers the ¢*"
best quote and earns profits in the amount of z, — . But she would incur losses if
Z, > q. This is because the old previously ¢'" best quote at markup z, becomes the
new (g+1)" best quote, and similarly, all quotes above the new undercutting quote
shift positions by one. As a consequence, each quote above the new undercutting
quote accounts too little for the price impact of informed trade and hence results
in expected losses.?® This trade-off allows market makers to charge strictly positive
markups z, for ¢ = 1, ..., ) that cannot be undercut by other firms. For the last unit
in the order book, liquidity providers cannot charge a positive markup, i.e. zg4; = 0.
This is because excess demand is assumed to be bounded by ) + 1 and this unit can

hence be undercut at no risk.

The resulting equilibrium in the FBA market design is asymmetric: Liquidity providers
earn positive expected profits while other trading firms earn zero profits. As equilib-
rium markups sizes vary between different quotes, liquidity providers will not make
equal profits in equilibrium — but none has an incentive to deviate. This emphasizes
the fact that equilibrium outcomes are determinable up to permutation of trading firms
for each quote. The closed-form representation (4.5) shows that equilibrium markups
depend on the probability distribution of the order imbalance measure Z, = D, — 5.
Buy and sell orders are independent and equally likely as they are both generated
from informed and uninformed investors arriving at the market with known Pois-
son intensities \; and \,, respectively. Therefore, Z, is the difference between two
statistically independent Poisson-distributed random variables and hence follows a

truncated Skellam distribution.?* The closed-form solution of the markups and the

23For instance, the old previously ¢'" best quote agf) = qA + z, accounts for a rational price

impact of ¢ A. However, due to the undercutting attempt, it now determines the uniform trading
price if Z, = g+1 in which case the rational price impact to be accounted for should be (¢+1) A.
The undercutting firm hence incurs losses in the amount of A — z,. Analogous reasoning applies for
any Z. > q+1.

24Further details of the order imbalance measure Z, and the Skellam distribution, including its
probability mass function, are provided by Lemma A.4 in the Appendix. In general, the Skellam
distribution is characterized by two parameters, namely the expected values (or arrival rates) of the
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distribution of Z, allow us to derive important properties of the individual markups.
These properties emphasize the characteristic of the quoting inefficiency under FBA

and are summarized in the following proposition.

Proposition 1 (Properties of the FBA Markups).
Suppose \; > 0 (existence of informed investors). Then markups in the FBA design,
as given by (4.5), fulfill the following properties for Q@ € N and ¢ =1,...,Q:

(1) zg41=0 (no markup on last unit)

(2) 0<z,<A (positivity and boundedness)

(3) xy > xgn (monotonically decreasing)

(4) z2,(Q+1) > 2,(Q) (increasing in order book depth)
(5) QIEI;O(%<Q +1) — xq(Q)) =0 (convergence in order book depth)

Proof: See Appendix A.4.

These markup characteristics are appealing, both from a mathematical and from
an economic standpoint: First, all markups - except for the last unit - are strictly
positive in the presence of informed trade, with markups on "early units” being largest.
Since Skellam probabilities for these units are also largest, this can translate into
considerable quoting inefficiencies in the FBA market design.?® Second, although the
markups do depend on the depth of the limit order book, this dependence diminishes
and disappears as () — oo. In other words, all markups converge. Finally, markup

sizes are well-behaved and markups do not "explode”: They are all smaller than the

A
)\i “F)\TL

markups for an order book depth of @) + 1 = 150.

price impact A = J . Figure 3 below shows an exemplary simulation of the FBA

Theorem 3 which established the FBA equilibrium still rests on the assumption that
excess demand is bounded, i.e. |Z,;| < @+ 1 where @ is a large integer. The resulting
equilibrium markups in (4.5) and hence the markup inefficiency in (4.6) do depend
on this exogenous bound. The last property of Proposition 1 indicates that the

boundedness assumption is innocuous. The following proposition substantiates this

two underlying Poisson processes (here, D, and S;). Since these arrival rates are identical in our
symmetric case, we can characterize the Skellam distribution by a single parameter.

ZFor the symmetric Skellam distribution, it holds that P(|Z,| = i) > P(|Z,| = j) for i < j (see
Lemma A.4 in the Appendix for details).
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point and analyzes equilibrium quotes for an infinitely deep order book.

Proposition 2 (FBA Quotes with an Infinitely Deep Order Book).

FBA markups and hence equilibrium supply and demand schedules a( ) o a(({),

bl o, D with

q
b((;):PT—qA—xq, q=1,2,...

a((;):PT—l—qA—i—xq, qg=1,2,...

and

converge for fixed ¢ and QQ — oo. Markups x, are given by (4.5) for any ¢ € N and

excess demand Z. follows a (now untruncated) symmetric Skellam distribution. The

total expected markup flow remains finite, i.e.

Proof: See Appendix A.5.
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5 A Comparison of Efficiency and Trading Costs

Our equilibrium analyses have shown that CLOB and FBA suffer from different in-
efficiencies. Continuous trading and serial order processing give rise to stale quote
arbitrage by HFTs. Discrete trading in auctions and processing orders in batches
eliminates these arbitrage opportunities but allows liquidity providers to charge pos-
itive markups that cannot be competed away. In both cases, the inefficiencies induce
higher trading costs that are mainly borne by investors. Budish et al. (2015) illustrate
that in the absence of informed trading, FBA dominates the CLOB market design
in terms of trading costs. Our equilibrium characterizations indicate that this result
does no longer need to hold in the presence of privately informed investors. It is hence
not clear a priori which market design is welfare dominant. In our setup, determin-
ing the more efficient design reduced to a comparison of the expected markup flows
Elzlg,] and E[zL; o] under FBA and CLOB, respectively. We will demonstrate that
there exist model parameters such that CLOB is strictly preferable over FBA. The
following lemma indicates that the Poisson arrival rates of the different market events

will play an important role in this regard.

Lemma 1 (Expected Markup Flow).
The following holds for the expected markup flows under CLOB and FBA, respectively:

, 0 An (A + Ay 0
(i) a)\j(E[xéLOBD = J(/\rﬁ)\j T )\:)2 >0 and a)\j<E[xJJ;BA]> = 0.

— ; ! —
T 0 and A}EHOOE[ICLOB] = J .

(i) Elx JéL ozl

Proof: See Appendix A.6.

The first part of Lemma 1 shows that the inefficiencies under CLOB are increas-
ing in the frequency of publicly observable jumps in the fundamental value. Since
FBA eliminates stale quote arbitrage, its inefficiencies are independent of these jump
events. The second part of Lemma 1 quantifies the markup inefficiencies under CLOB
for extreme cases of public news events. These insights allow us to state the main
theorem of this paper in the following. It highlights that none of the market designs is
unambiguously superior and that a comparison of markup inefficiencies has to depend

on model parameters, especially on the frequencies of different market events.
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Theorem 4 (Inefficiency Comparison).

Consider any given parameter constellation (J,Q, T, A\j, \) with A\, > 0.

(i) Without private information, expected markup flow under FBA is zero and
strictly lower than under CLOB:

(i) Without public news events, expected markup flow under CLOB is zero and
strictly lower than under FBA:

0 = E[QUJ;LOB] < ]E[le;BA] for Aj =0, A\; >0

Proof: See Appendix A.7.

The intuition behind Theorem 4 is straightforward: When \; = 0, there is no in-
formed trade and orders do not have price impact, i.e. A = 0. As the closed-form
representation in (4.5) shows, all markups under FBA — and hence expected markup
flow E[x%B A) — will be zero. By contrast, the risk of stale quote sniping is still present
under CLOB, so expected markup flow will be strictly positive. Conversely, when
Aj = 0, sniping risk is zero and the markup inefficiency under CLOB disappears. Un-
der FBA, by contrast, liquidity providers can still charge additional markups in their
quotes. This results in higher markup inefficiencies under FBA. Theorem 4 induces
an important corollary which we state in the following. It provides a characterization
of the possible situations that can arise when comparing the markup inefficiencies in
both market designs and shows that there will always exist model parameters such

that CLOB is more favorable than FBA in terms of expected markup flows.

Corollary 1 (Markup Flow Boundary).
Consider any given parameter constellation (J,Q, T, A\j, \y) with A, > 0 and \; > 0.

Then, two cases can arise for expected markup flows:

Case 1: (CLOB unambiguously preferred over FBA)

BN st Elalyop > Elahpgal. This is the case whenever

Aj—00 2 @
L7, JN, < ;kakpk = E[ﬁ?BA], (5.1)

k=1

E [x];’LOB]
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and therefore B[zt on] < Elzhgl VA; > 0.

Case 2: (Superiority depends on frequency of public news events)

3N, s.t. Elalyop > Elahpgal. This is the case whenever

2 & P
=Y kxppe = Elzhgal (5.2)
k=1

)\j —00

]E[x](c]LOB] — JA 2

In this case, there exist a unique X; = \j(\i, A\n, 7, Q, J) given by

. Bl (M+ )
JAn — ]E[xFBA]

that induces equality between the expected markup flows under CLOB and FBA, i.e.

Elzt; op) = Elzhga]. For A; < A%, we have Elzl, opl < E[xhg,], and vice versa.

Proof: See Appendix A.S.

Proof idea:
Aj — oo puts CLOB in the least favorable position as sniping risk is maximal. If expected
markup flow is still smaller than under FBA, then CLOB is unambiguously preferred (Case

1). Otherwise, we can solve E[xéLOB] = E[w{iB Al for a unique \j (Case 2).

Corollary 1 can be interpreted as to attenuate the advantageous position from Budish
et al. (2015) that FBA seems to have over CLOB. It shows that the interplay between
the Poisson arrival rates of public news events ();) and informed trade ()\;) are key
determinants for the relative inefficiencies in the different market designs. Two sce-
narios can arise for expected markup flows. In the first case, CLOB is unambiguously
welfare-dominant since it induces lower markups than FBA for any A;, i.e. no matter
how high the risk of stale-quote arbitrage is. In the second case, there exists a unique
A; > 0, given by (5.3), which induces a markup flow boundary between CLOB and
FBA. For any given level of uninformed trade, A} separates the A; — A\;—parameter

space into two parts and each market design is welfare-dominant in one of them.?%

260ne could also fix a given level of informed trade, \;, and consider the Aj — Ap-parameter space.
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Corollary 1 allows us to make a precise prediction as to when each market design
is preferable in terms of expected markups per unit of time. Most importantly, it
shows that the dominant position of FBA without privately informed investors might
no longer hold in the presence of informed trade. Figure 4 shows the markup flow

boundary induced by A} for two different lengths 7 of the auction interval.

Xtio0p VS- ElxEpal xE0p V. Elxfgal

Ar=)=11=1 Ar=J=1,T7=100
10 10

CLOB > FBA
8 8
CLOB > FBA
6 6
= < FBA > CLOB

2 FBA > CLOB 2

Figure 4: Markup flow boundary in the A; — A;—space induced by A} as given by (5.3).
The length of the auction interval 7 is varied (left: 7 = 1, right: 7 = 100).

Longer auction intervals make arrivals of multiple investors - and hence higher re-
alizations of excess demand — more likely. While total expected markups within a
longer interval increase as a consequence, the rate of this increase is less than linear
in 7 so that expected markups per unit of time decrease with 7. From a more intu-
itive perspective, longer intervals lead to more investor arrivals, on average. However,
trading firms only clear excess demand, so many of these investors are matched with
each other in an auction. Therefore, total markups paid to trading firms increase,
but only by a factor that is less than 7. To increase efficiency in frequent batch auc-
tions, longer intervals could be suggested but those might not be compatible with the
fast-changing environment of today’s financial markets in practice. A higher level of
informed trade, \;, exacerbates the inefficiency under FBA and makes this market
design less attractive. Figure 5 provides further intuition for the shape of the markup
flow boundary. It depicts comparative statics for markup flows under CLOB and FBA

of the auction interval length and the arrival rate of informed trade, respectively.
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Elxfg,] and E[xE, og] for varying T (interval length) Elxfga] and E[xE, g1 for varying A; (informed)
Ai=A,=J=1,A4=0.1 Ai=An=)=1
7

0.16 — Elxfgal — Elxfgal
. 014 -=~ Elxti05] _ 6 ——- Elxtios]
3 g
kxd 0.12 ‘xd 5
4 010 : 4
el
= =4
© 0.08 © 3
3 E
= 0.06 52 T=10
Y 0.04 . 1
' =100
0.02 0o Le—m—— -
0 200 400 600 800 1000 0 20 40 60 80 100
T (auction interval length) Aj (informed)

Figure 5: Comparative statics of the auction interval length 7 (left) and the arrival rate of
informed trade \; (right) on expected markup flows under CLOB and FBA.

Discussion of the Main Result

While FBA eliminates stale-quote arbitrage, it can lead to inefficient prices. When
abstracting from informed trade (\; = 0), our model’s implications are analogous to
those in Budish et al. (2015) in that FBA is welfare-dominant. Once there are pri-
vately informed traders in the market, however, this result does no longer hold.?” The
equilibrium that we have derived relies on several important assumptions, most of
which are common in the market microstructure literature. First, informed investors
and noise traders can only use market orders and strategic interaction is limited to
trading firms. Once informed investors could also use limit orders, further equilibria
in the FBA market design would exist, one of which is efficient and leads to zero
markups. Second, we have shown that there ezist parameter constellations such that
CLOB is strictly preferred over FBA in terms of markup inefficiencies. Our result crit-
ically relied on the frequencies of different market events. In practice, it is notoriously
difficult to distinguish between informed and noise trade and to quantify publicly ob-
servable jumps in the fundamental value. Third, we have focused on informed trading
and risks from stale-quote arbitrage but have abstracted from other costs in both
market designs. Fourth, equilibrium outcomes were unique only up to permutation of
trading firms and quotes. Therefore, it is undetermined how trading firms sort into
HFTs and liquidity providers and how a certain equilibrium is reached. Finally, in

order to obtain closed-form results, we have assumed a very simple process for the

2TThis is true although we have made modeling assumptions as conservatively (i.e. as unfavorable)
as possible for trading costs under CLOB.
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fundamental asset value. Nonetheless, we have shown that the seemingly dominant
position of FBA over CLOB is itself contingent on several crucial assumptions - first
and foremost, the abstraction from informed trade. Well-known results from auction
theory mitigate the efficiency of frequent batch auctions and can lead to externalities

that outweigh the costs from stale-quote arbitrage under CLOB.

6 A Possible FBA Adjustment

Although the underlying motive for introducing FBA (i.e. eliminating stale-quote ar-
bitrage and a socially wasteful arms race for speed) is noble, we have shown that this
market design does not come without unintended drawbacks. Nonetheless, the fun-
damental contributions of Budish et al. (2015) should not be devalued. Their seminal
work has laid the foundation for a critical re-evaluation of existing microstructures
and has shed light on important inefficiencies that can be reduced by clever market
design alternatives.?® Furthermore, the inefficiencies under FBA that we highlight
can be eliminated with relatively straightforward adjustments as we show in this sec-
tion. The main reason why liquidity providers can charge markups under FBA is that
price competition for different quotes is not “independent”. In an auction with excess
demand Z, = k, the clearing price is determined by the k" best quote. Suppose some
trading firm underbids the k' ask quote aj, this undercutting affects the trading
price if excess demand turns out to be Z, > k. The undercutting firm would benefit
if Z, = k but would incur losses if Z, > k. This trade-off allows market makers to
charge strictly positive markups that cannot be undercut by other firms. In order to
prevent the inefficiency, an adjustment should make price competition independent

for each quote for every possible realization of excess demand.

One possible approach to restore independent price competition across units is to allow
market makers to submit quotes conditional on excess demand in an auction. Let most
rules of the current FBA implementation remain intact. In particular, discrete-time
auction intervals still eliminate stale-quote arbitrage, given common trading tech-

nologies. But suppose that, instead of submitting “unconditional” quotes, liquidity

28 Another interesting approach, opposite to discretization, is due to Kyle and Lee (2017). They
propose to make trading fully continuous by letting traders submit trade rates over time instead of
quantities. Trade rates would allow to perfectly smooth larger trades over time, eliminating tempo-
rary price impact and thus limiting sniping opportunities for HF Ts. While theoretically appealing,
this suggestion seems more drastic and less practicable than variations of the FBA design.
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providers can submit price-quantity schedules for every realization of excess demand.
More precisely, each liquidity provider i = 1,..., N can submit an ask schedule (and

an analogous bid schedule) of the form

@i )\ L))" TR (6.1)
Lj» "L, =1 2,50 7%2, = Q+1,j> QR+, i1 :

whereby (aj, ;,n4, ;) is the j’s price-quantity quote (out of gj, in total) reflecting firm i’s
willingness to sell n}w units (with n}w € Ny) at price a};,j if excess demand is Z, = k.
Since k is the maximum number of units that firm ¢ could sell when Z, = k, we
impose Z?il nj; < k. Asng; =0for j =1,..,q is permitted, liquidity providers

are not forced to submit quotes for every possible realization of excess demand.?

For each realization of excess demand Z, = k with £ = 1,...,Q + 1, the uniform
trading price is determined by the k' best among all quotes that have been submitted
conditional on Z, = k. More formally, let M} denote the multiset of all quotes

submitted by the N trading firms, conditional on excess demand being Z, = k.3

: 1 1 2 2 N N

In other words, My contains all quotes a ;, oy G gty Qgs ey G g2y ooy Qgseeey Gy
i Tt i _ N % i

where each a;, ; has multiplicity nj, ; and hence [M,| = i1, 355 nj ;. Furthermore,

let m(My, k) denote the k' smallest element of M. If excess demand is Z, = k, then
the trading price in the adjusted FBA design is given by m(My, k). Note especially
that if the k lowest quotes in M}, are all identical (as will be the case in equilibrium),
the trading price is given by this common ask price. Finally, one has to specify
how the k units are allocated to those firms who submit quotes below or equal to
m(My, k). Price-priority should be upheld while, in case of ties, we suggest a pro-

rata-type rationing rule based on offered quantities. We denote by nl® (respectively

ny™") the total number of quotes in My with ask prices strictly below (respectively
equal to) m(My, k) and by Nj*v C {1,..., N} (respectively N7 C {1,...,N}) the
subset of firms who submit these ask quotes. Several cases must be considered. First,
if nfew + n®™ = k, each liquidity provider i € N[°¥ U N/ is allowed to sell her
desired number of units. The same is true if nl?” + ni™ < k, although some units

of excess demand cannot be filled in this case.?! Finally, if nl°¥ 4+ n{™ > k, the k

29Tn practice, simple rule-based algorithms should allow liquidity providers to submit their desired
quoting schedules with relative ease.

30Informally speaking, a multiset is a modification of the concept of a set which allows for multiple
instances of the same element.

310ne could either carry this unfulfilled demand into the next auction interval, as Budish et al.
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units must be rationed. Due to price-priority, firms within N/ can sell all their

desired quantities with ask prices below m(Mjy, k) while the remaining units, k :=
k= Yienow Sy nj,; Lot <m(asys must be rationed among the firms within A"
With pro-rata rationing, the number of units allocated to each firm ¢ € NJ™ is
proportional to nﬁcyequ, the total number of quotes submitted by firm ¢ with an ask

price equal to m(My, k).3

Figure 6 illustrates how prices are determined and how
units are allocated under the proposed FBA adjustment. Proposition 3 shows that
markups can no longer be sustained in the adjusted FBA design and that the resulting

unique pure-strategy equilibrium is efficient.

Proposition 3 (Equilibrium in the Adjusted FBA Setup).
There exists a pure-strateqy, stationary Markov Perfect Equilibrium in the adjusted

FBA market model. Equilibrium bid and ask schedules are given by

béT):PT—qA g=1,...,Q+1
(6.2)
a‘(]T):PT+qA q:177Q+]—a

where A = JAiii/\n denotes the price impact of an order. The equilibrium is efficient
and induces zero expected markups. The equilibrium is unique up to the subsets of

firms submitting the k' best quote on each market side for each value of excess demand
Zr=kwithk=1..,Q+1.

Proof: The adjusted FBA setup gives rise to separate games of Bertrand competition

for each quote so that classical zero-profit equilibrium results apply. |

The proposed FBA adjustment creates (Q+ 1 separate games of Bertrand competition.
In each of these games, trading firms compete for price leadership for all possible values
of excess demand. Undercutting solely affect the trading price for this level of excess
demand and imposes no externality on other levels of excess demand. The classic

zero-profit result in Bertrand competition applies and equilibrium prices are efficient.

(2014) suggest, or cancel the respective market orders (similar to fill-or-kill orders). In any case,
ntow 4 nf? < k will never occur in equilibri
X " quilibrium.

32More precisely, one possibility is to allow firm i € V77" to sell fii, 1= | ket k| units
ZjeNequ M equ
k
where || is the floor function. Should some units remain (which is the case when ), A ni < k),

then those remaining units are allocated randomly among all firms within N;?" that have been
assigned fewer units than desired by them (i.e. among those firms i € N** for which 72}, < nj, .,,,)-
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Figure 6: Price determination and quantity allocation in the proposed FBA adjustment.
Note that this figure does not depict equilibrium quoting behavior. Left: Three trading
firms, labeled 1 (black), 2 (blue), and 3 (gray) submit price-quantity-schedules as in (6.1),
Where' (a}; i nﬁc j) denotes the j’s price-quantity quote of firm ¢, reflecting her willingness to
sell n% ; units at price a}a j if excess demand is Z; = k. Right: Resulting prices m(Mjy, k)

are determined by the k" best quote for excess demand of Z, = k. If Z, =1 (Z, = 2), firm
1 (firm 3) is the only seller of those units. If Z, = 3, the quote a%yl of firm 2 determines the
trading price. Firm 1 is allocated one unit since she was willing to sell below the trading
price. The remaining two units are allocated to firm 2.

As trading firms submit quotes without markups, investors only face costs arising
from the Bayesian price impact of orders due to the presence of informed traders.
Consequently, our measure of inefficiency — expected markup flow — is zero for the
adjusted FBA design.

7 Conclusion

The goal of this paper was to compare trading costs and (in)efficiencies under two dif-
ferent market designs: The continuous limit order book (CLOB) and frequent batch
auctions (FBA). In their seminal and pioneering work, Budish et al. (2015) highlight
that continuous trading and serial order processing can lead to distinct inefficiencies
which can be avoided using frequent batch auctions. We have shown that such multi-
unit auctions, in the presence of informed trading, induce other inefficiencies that
closely resemble bid-shading or demand reduction, well-known concepts in auction

theory. When some investors have superior private information and orders have price
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impact, liquidity providers under FBA can charge markups and earn profits in equilib-
rium which cannot be competed away — even in a perfectly competitive environment
and under risk-neutrality. Higher trading costs are mainly borne by investors who

suffer from excessive equilibrium prices.

The main result of this paper shows that there exist circumstances such that the inef-
ficiencies under CLOB are strictly lower than under FBA. Our inefficiency measure,
expected markup flow, quantifies expected markups per unit of time that informed
and uninformed investors have to pay under different market microstructures. Key
determinants for markups are the frequency of publicly observable jumps in the fun-
damental value and the frequency of informed trading. We have shown that CLOB
is either strictly preferable or there exists a critical level of public news events, A7,
inducing a “markup-flow-boundary” between CLOB and FBA. In the latter case,
CLOB is still the preferable market design in terms of markup inefficiencies for all
public news frequencies smaller than A}, and FBA is preferable otherwise. Finally,
we have proposed a straightforward adjustment to the FBA market design that fixes
the aforementioned inefficiency and leads to a unique pure-strategy equilibrium with

zero markups.
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A  Proofs

General remark: Proofs will be conducted for one side of the order book only; all

reasoning symmetrically applies to the respective other side as well.

A.1 Proof of Theorem 1 (CLOB Equilibrium)

Bid-ask spread. In equilibrium, the liquidity provider and HFTs must earn identical

expected profits since they are free to choose their role.

loss from arbitrageur

profit from uninformed loss from informed
SCLOB SCLOB N -1 ScLoBy |, 1 SCLOB
An —Ai(J — )= X (J - ) =X (J - )
2 2 N 2 N 2
profit for liquidity provider profit for arbitrageur
. . . : e . it
Rearranging this equation yields the equilibrium bid-ask spread scros = 2J m

Price tmpact. The equilibrium price impact is given by the expected change in the

fundamental value upon a non-arbitrage trade.?® For a buy order, we have

E[‘/tr}{t? bHY7Z. \

n
= E[Vi|H:, buy,i| P(i|H¢, buy,i V n) + E[V;|H;, buy, n] P(n|H:, buy,i V n)
B P(i, buy|Hy, i V n) P(n, buy|He, i V n)
B < Vi) + > P(buy|H, 1 V n) E[Vi[H] P(buy|He, i V n)
- LV’L%H“’A Y
=P T/

which gives the price impact A = X + =

Markup. In the CLOB market, the half-spread on every transaction can be decom-

posed into the rational price impact and an additional markup as follows:

SCLOB
2

= A+ zcroB

Rearranging yields equilibrium markup zcrog = J oF )\j:‘i’\;( N

33Note that the liquidity provider can distinguish between arbitrage trades (any order upon a
public news event) and non-arbitrage trades: With independent Poisson arrivals in continuous time,
the probability that a public news event occurs at exactly the same time as a trader arrival is zero.
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Expected markup flow per unit of time is given by ]E[:L‘CLOB] (N + ) zcrog. W

A.2 Proof of Theorem 2 (No Zero Markups in FBA)

Consider the liquidity provider LP of the first ask quote. We show that the deviation

of LP from a; = A to a; = A+ y; with y; € (O, plpfm A) constitutes a strictly

profitable robust deviation. The deviation is clearly profitable for LP as it increases

expected profits. It remains to be shown that there does not exist a strictly profitable

underbidding reaction of any other trading firm 7T'F' in response to LP’s deviation.

Let w = (wy, ..., wg4+1) where w, denotes T'F’s number of active quotes at or below q,
(before reacting to LP’s deviation). Since LP owns a;, we have w; = 0. Furthermore,
it is most profitable for T'F' to underbid to a; — € for some small ¢ > 0. Two cases of
underbidding need to be considered.
(A) TF inserts an additional quote.
Q+1
H(A)( w) = prlwi+1) [y —el + palwi+1)[y1 —A] = > pr(wp—1+1)A

k=3

The incentive of T'F' to underbid the deviation of LP is highest if TF was pre-

viously inactive, i.e. for w* := argmax H(Tff;(w) = (0,...,0). But even then, we
have
Q+1 A Q+1
H{,ZS(W*) = yi(prt+p2) — A Zpk < 0 for y; < >k
D1+Dp2 k=2
(B) TF shifts down the k™ best existing quote.
k
{5 W) = pr(wi+ D)y —e] + palwn+ 1) —A] = > pj(w; 1 +1)A
=3

The incentive of TF' to underbid the deviation of LP is highest if T'F' shifts down

the second best quote, i.e. if £ = 2 and wy, = 1. But even then, we have

H7E(w) = yi(pr4ps) —p2A < 0 fory<p2A
(W) 1(p1+p2) — P2 LS

In sum, underbidding LP’s deviation is not profitable for any trading firm and hence
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the zero-markup schedule cannot constitute an OBE in the one-shot auction game.

Likewise, in the finitely or infinitely repeated (with discounting) version of the auction
game, zero-markup quoting does not constitute a Nash equilibrium. Given the zero-
markup schedule, any liquidity provider has a strictly profitable one-shot deviation:
In some period ¢, increase the quote by some small enough € > 0 and remain inactive
thereafter. Thereby, the liquidity provider makes strictly positive expected profits in

t while making zero expected profits in all other periods — a strict improvement. W

A.3 Proof of Theorem 3 (FBA Equilibrium)

In preparation of the main proof, we first establish several lemmas.

Lemma A.1 (FBA Markups and No-Entry Condition).

Let excess demand in an auction be truncated to |Z.| < Q+1 for some @) € N.
Then the markups {x,},=1...0n as defined in (4.5) are the largest markups such that
inactive trading firms have no incentive to enter the book and undercut existing quotes.
If some markup x, is larger than given in (4.5), then there exists a strict incentive to

undercut the corresponding quote.

Proof:
Consider a liquidity provider offering the ¢'* best ask quote at aff) =P, +qA+x,as
specified in (4.4). We consider the incentive of an inactive trading firm to enter the

book and undercut the ask. The proof proceeds by induction over gq.

Base case (¢ = Q+1): In order to have an incentive to undercut the (Q+1)" ask by
some sufficiently small € > 0 to markup 241 — €, an inactive trading firm must earn

higher expected profits from undercutting compared to remaining inactive.

!
_ > >
pQ—l-l(IQ-&-l 8) = 0 =4 TQo+1 = € > 0

undercutting Inactive

Clearly, g1 = 0 is the largest markup such that an inactive trading firm has no
incentive to enter the book and undercut while, if zg41 > 0, there exists a strict

incentive to undercut by some sufficiently small £ > 0.
Induction Step (q+ 1 = q): Suppose Tg41, ..., T4 satisfy (4.5).
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Again, we consider the incentive of an inactive trading firm to undercut the ¢*" quote
by some sufficiently small ¢ > 0 to markup x, — €. In case of undercutting, the new
quote at markup z, — ¢ becomes the ¢ best quote, the old previously ¢"* best quote
at markup z, becomes the new (g+1)" best quote, and so on. That means all quotes
above the new undercutting quote shift positions by one; the undercutting firm profits

if the order balance is Z, = ¢ but incurs expected losses when Z, = ¢+1, ..., Q+1.

Q+1 |
pe(xy —€) + Z Pe(Tp—1 — A) > \Q/
k=q+1 inactive

undercutting

Q Q+1
= To(Dg +Pgr1) —Dge+ D TuPern > A Y py
k=q+1 k=q+1

Clearly, the incentive to undercut increases with z,. To find the largest z, such that

there is no incentive to undercut, we let ¢ — 0 and consider the equality

Q Q+1
To(Pg +Pgr1) + Do Twprn = A D pi (A.1)
k=q+1 k=g+1

It remains to be shown that z, in (A.1) satisfies (4.5) as well: Consider (A.1) for z,

and z,41. Subtracting the equation for .4, from the one for z, and rearranging gives

pq+1
pq + pq+1
N————

=:ayq

T, = (A4 z401) = agA~+ ayxgn (A.2)
Finally, inserting the induction hypothesis (4.5) for z,.; into (A.2) yields
(45) Q—(g+1) @—(g+1)
Tqg = A+ agen = aA+a| A Z H XQ—s

k=0 s=k

= A {aq +ay [aqﬂ-l t Qgr1Qgr2 + Qgr1QgraQqrs + o+ Qgy1 - O‘Q] }

= A {O‘q T Qg1+ Qg1 Qg1 + Qg1 Q2043 £+ + Qg1+ O‘Q}
Q—gQ—q

= A2 [l ae-s

k=0 s=k
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proving that x, satisfies (4.5). |

Corollary A.1 (FBA Markups and Recursive Relations).
The FBA markups defined in (4.5) satisfy the following recursive relations

r0 = (A + 701 (A3
Tq(Pg + Pgr1) = Pay1(A + 2441) (A.4)
pq-l—l(xq - A) = Tg4+1Pq+1 — LgPyq (A5)

Lemma A.2 (FBA Markups and Competitive Pressure).

Let excess demand in an auction be truncated to |Z.| < Q+1 for some Q € N and
let markups Tgyiq,...,x0+1 be given as in (4.5). Then inactive trading firms have the
(weakly) strongest incentive to enter the book and undercut the ¢'* quote, i.e. exert

the highest competitive pressure on markup x,.

Proof:

Let markups 41, ..., £g+1 be given by (4.5) (Proposition 1 will show that these are
strictly smaller than A) while Z4, ..., Z, do not necessarily satisfy (4.5). We consider
expected profits from undercutting the ¢* quote, i.e. from offering a quote at markup

2, — € for some small ¢ > 0. Three cases of undercutting need to be considered.

(A) Inactive trading firm adding a new quote.

E[Winactive before] =0

E[Winactive adding] - pq(j'q_5> + pq—l—l(jq_A) + pq+2(xq+1_A) + -t pQ—H(xQ_A)

= IE'[A’/Tinactive adding] = ]E[/]rinactive adding] - IE'[’/Tinactive before]

(A.5) . ~
=" Pg(Tq—€) + Pgr1(Tg—A) + Pgr2 T2 — Pgt1 Tgr1 T+ + Poi1 Q1 —PQTQ

=0

= Tg(pg+pgr1) — Per1(D+g11) — pge
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To specify profits of active trading firms, let w, > 0 denote the number of active
quotes (before undercutting) at or below the ¢** quote, and w = (wy, ...,wg+1). For
a trading firm to be active, it must own some quote in the book, say at least the k™
quote, i.e. wy = wr_1+1 and wiy; > 1 for all [ > 0. Furthermore, for undercutting to

be meaningful, the firm must not own the ¢ quote, i.e. Wq = Wg—1.

(B) Active trading firm adding a new quote.

E[Wactive before(w)] - plwl‘%l + -+ Pg—1 Wg—1 j:q—l + pqwqi‘q

+ Pg41 Wg1 Tgp1 + -+ Pr—1 Wk—1 Tp—1 T Pk Wk T + - + Po+1 W41 TQ+1
~~~ ——

=wp_1+1 >1
IE[7-‘-active adding(w)] = plwljl + -+ Pg—1 Wg—1 i‘qfl + Pq (th*l—i_l)(i’q_g)
=wyq

F D1 (Wgt 1) (T =A) + -+ poi(we +1)(z—A)

= E[ATactive adding(w)] = PqTq — Pq (wq+ Le + Pg+1 (Wq+ 1) (Z%q —A)
+ Pgr2(Wer1+1) (g1 —A) + -+ + por1(we+1) (zg—A)
<0 <0

T Pat1 Wot1 Tg1 = 100 T PQH1L WAL TQ+1
(C) Active trading firm shifting downward an existing quote.

E[Tactive shifting(W)] = prwr1@r + -+ - + Pgo1 We—1 Tg—1 + Dg (Wg—1+1)(Zg—¢)
—_——

=wq+1
+ Pyt (Wt 1) (Tg—A) + - -+ + pr(wp—1+1) (21— A)

+ Prt1 Wht1 Tyl + -+ PQ+1 Wo+1 TQ+1

= IE:[A’/Tactive shifting(w)] = pqi'q - pq(wq+1>5 + qurl (Wq"'l)(jq_A)
+ Pgr2(Wr1+1) (g1 —A) + -+ 4 pr(wp-1+1) (Te-1—A)
—— ——

<0 <0

— Dg+1 Wyt1 Tg4+1 — *°° — PrWiTy
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We show that the incentive to undercut is (weakly) maximal in case (A), which follows

in three steps.

Step 1: Case (C) dominates case (B): For active firms, undercutting by shifting an

existing quote is strictly more profitable than undercutting by adding a new quote.

We Clearly have IE:[ATractive shifting(w)] > ]E[Aﬂ'active adding(w)] as the latter is 1a1"gely
identical but contains additional strictly negative terms (z; — A < 0 due to Proposi-
tion 1).

Step 2: Maximal incentive in case (C): The incentive for an active firm to undercut by

shifting is maximal if the firm owns only one single quote, the k' quote to be shifted.

Since Wyt1, - . . , w41 only occur in negative terms, maximization of E[ATactive shifting(W)]
requires these to be minimal. The only other occurring weight, w,, is now considered
separately. Recall that #, < A + x,,;, otherwise it would not be the ¢"" markup.
Further recall that w, is contained in all wy41, ..., wg41 or, in other words, increasing

w, necessarily increases all subsequent weights. Therefore, we get

OE [Aﬂ-active shifting (w )]
Ow,

= —Pg €+ Pgr1 (T4—A)
—_————

quJrl

+pq+2(xq+1—A) o (T —A) — Pg+1 Tg41 — =+ — Pk
(A.5)
< —Pg €+ Pgs1 Tgg1 + Dg42 T2 — Pgt1 Tgp1 T+ + Dely — Pr—1 Th—1

— Pg+1 Tg41 — - — Pk—1 Tk—1 — PkTk

= —Pg€ —Dg+1 Tgp1 — ** —DPh—1Th—1 < O

which shows that maximization of E[Am,ctive shifting(w)] requires w, to be minimal as

well. Overall, we have

*

arg max E[ATactive shifting(W)] = w
0<w1 < Zwe+1<Q+1

: * _ * _ * _ * _
withwj =+ =wp ;=0and wy =+ =w,; = 1.

Step 3: Incentive in case (A) is equal to the maximal incentive in case (C): To complete
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the proof, we now show that E[ATinactive adding] = E[ATactive shifting (W*)]-

E [Aﬂ'active shifting (W* )]

= pq(i'q_g) +pq+1<jq_A> +pq+2(xq+1_A) + ot pr(Te1 — A) = pray,

(A.5) ~ ~
= Pqlq — Pq €+ Pg+1Tq — pq+1A T Pg+2 Tg+2 — Pg+1 Tg+1

+ o+ DRTk — Pr—1 Th—1 — DrTk

= jf](pq + pq—!—l) - pq—i-l(A + Iq—i—l) — Dq€ = E[Awinactive adding]

Lemma A.3 (FBA Markups and No Robust Deviation).

Let excess demand in an auction be truncated to |Z.| < Q+1 for some @ € N. Let
markups x,, ..., xo1 be given by (4.5). Then, there does not exist a strictly profitable
robust deviation for the liquidity provider (LP) of the ¢ quote at markup z,.

Proof:

Let markups g, ..., zg+1 be given by (4.5) (Proposition 1 will show that these are
strictly smaller than A) while #,...,Z,-1 do not necessarily satisfy (4.5). Let wy
denote the number of active quotes that LP owns at or below the k" best ask quote.
We show that any (profitable) deviation of LP can be rendered unprofitable by a
strictly profitable safe price improvement of some previously inactive trading firm.

LP’s expected profits before deviating are:

LP ~
E[hetore] = P1w1Z1 + + + PgeTq + Pat1 War1 Tgr1 + - + PQi1 Wo+1 TQ+1

Now suppose LP increases his quote from a, = ¢- A + a, to ax := k- A + 3, with
k > q and Ty € (xg, A + xk41). In other words, LP shifts his quote upward s.t. he

offers the k' best ask quote post deviation. Any such deviation has the form:

Elmitviate = Piwvi@1 + -+ 4 Pg1 Wg—1 Tg-1 + Pg(wgr1 — 1) (A + z411)
+ Pgr1(Wogre — DA+ 2g40) + -+ 4 peo1(we — 1)(A + 2p)

+ Prwilr + Prt1 Wht1 Tha1 + 0+ Dot WQt1 Tt

However, this deviation is not robust: Consider the reaction of a previously inactive

trading firm (TF) who enters the market and quotes a; = q - A + x;, with x| = z,.
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First, this price improvement is strictly profitable for TF: E[rlE . ] = 0and

inactive

E[W;Frger](fk) = quUIqJquHl’qH + Pgratgre + 0 4+ DrTr + Prpa(Zk — A)
+ Pry2(Tri1 — A) + 0+ pori(rg — A)

E[xIF 1(2x) is increasing in 2. To show that the reaction of TF is profitable for any

Amin

By € (B 20%) = (24, A + Tpyq), it is sufficient to consider 2" = 1z, + &:

E[Wger](f?in) = Pg%q + Dg+1%Tqgr1 + -0+ Pr—1Tk-1 + DkTr + Pra1(zr +e — A)
+ prro(Tp1 — A) + - + poti(zg — A)

= Pk+1€ + PgTq + Pg+1%g+1 + -+ + Pr—1Tk—1 + DrTk
+ ey (T — A) + Do (o1 — A) + - + pori(zg — A)

use (A.5) for these terms

= Pr1€ + PgTq + Pgr1Tgr1 + o0+ Peo1Tro1 + P11 > 0
Second, TF’s price improvement renders any initial deviation of LP to &y, unprofitable:

Denoting by E[nLE_](2;) the expected profits of LP after TF has reacted, we get:

E[W}eict](fk) = prwid1 + o+ Pr1wg-1T4-1 + pelwy — 1) 37:1 +Pgr1(Wer1 — 1)ag
~—

=x

Q

+ o A peer(wr-1 — Dag—1 + pr(we — Dy + prpiwie (2 — A)
+ ProwWrs1 (Thpr — A) + -+ por1wol(rg — A)

E[xLP ](#4) is increasing in #;. To show that the reaction of TF renders LP unprof-
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itable for any & € (xg, A + xx11), it is sufficient to consider Z"** = A + x4y — €

E[W}eict](iglax) = prwidr 4+ Pgo1 Weo1 Tgo1 + pg(wg — g + pera(wgrn — 1w
+ o A pee1(wr—1 — Vg1 + pr(we — Dag + prprwi(Trg1 — €)
+ PrrowWrt1(Thpr — A) + -+ poriwg(rg — A)

= P41k € + Py + -+ pg1wg—1Tg—1 + pewyg — 1)Tg + pe (Wer1 — 1)Tg41
+ o e (wrer — Dagoq + pr(wr — 1) 2k + pr1wi@igr
+ Prrowit1 (Thp1 — A) + -+ + poriwg(zg — A)

The profitability difference of LP is:

]E[AWLP ] = ]E[WLP }_E[W{:ef;ore]

react react

= —Pr+1Wk€ + Py [(Wq —Dxy — quq} + Pgr1|(Wor1 — 1) Tgy1 — Wora $q+1]

<0 since (wg—1)<wgqg <0

+ o+ Pe [(Wkl — 1) xp1 — wr—1 Te—1| + Dk [(Wk — D)y — wrry,

<0 <0
+ Prit |[WEThi1 — WeiTrgr| + Prr2|Weit (T — A) — WhiaTryo
—_———
<0 since wi<wp41 <0 by Proposition 1
<0

+ - +po [WQ—l (l’Q—l — A) — waQ} + Po+1|wo (JZQ — A) — WQ+1TQ
— %

<0 <0

< 0

The profitable reaction of TF hence renders any deviation of LP unprofitable. |

Lemma A.4 (Probability Distribution of Excess Demand).
Let excess demand in an auction be truncated to |Z.| < Q+1 for some @ € N. Then,

excess demand Z, follows a truncated symmetric Skellam distribution with parameter

46



.....

P(Z, = k)
P(Z: < Q+1) — P(Z: < —(Q+1))

where
P(Z, =k) = e 2 [(2)) (A7)

and where Ij (- ) denotes the modified Bessel function of the first kind. The probability

mass function is symmetric (pr = p—x) and mazimized at k = 0. It holds that
forany 0 <i<j<Q@Q+1 and

lim pr =0

k—o0
at an exponential rate.
Proof:
Excess demand Z, := D, — S, is the difference between total demand D, and total
supply S, in a given auction interval of length 7. In equilibrium, buy and sell orders
can stem from informed and uninformed investors arriving at Poisson intensities of \;
and A, per unit of time, respectively. Both types of investors issue buy and sell orders

with equal probability. Letting Ap and Ag denote the Poisson intensities of demand

and supply orders within a given auction interval, those intensities are given by
1
/\D = )\5 = 57'(/\14‘)\71) = A

As Z. is the difference between two statistically independent random variables, each
Poisson distributed with the same intensity A, excess demand Z, follows a symmetric

Skellam distribution (truncated, if @+1 < oo) with probability mass function

Ap\?
Pz =) = 0o () (2o ) = ¢ e

2v+k
for k € Z, where I}(z) = > 02, m (%) ™ denotes the modified Bessel function

A7



of the first kind. It holds for the symmetric Skellam distribution that it is maximized
at Z; = 0 and that P(|Z,| =1i) > P(|Z;| = j) for any i,j € N with ¢ < j.

For small arguments 0 < z < vk + 1 and k € N, the Bessel function has the following

asymptotic form

In(2) ~ F(kl—l—l)(;>k

where I'(m) is the Gamma function given by I'(m) = (m — 1)! for any m € N. Using
this asymptotic result of the Bessel function, we can approximate the symmetric

probability mass function of the Skellam distribution by

1
P(Z, =k) = e T8 Iy (v + A)) =~ e—TW“n)(

T(\i + )\n))lkl
|k

2

Finally, Skellam probabilities tend to zero exponentially as k — oo, i.e.

. ko,
lim P(Z, = k) ~ lim e_T()‘iJ“\n)l(T()‘ZH")) ®

koo k—oo k! 2

where (x) follows from the standard analytical result that the factorial sequence will
asymptotically grow faster than any exponential function with constant base. This

immediately implies limy_,o, pr = 0 for the truncated Skellam probabilities. [ |

Lemma A.5 (FBA Markup Flow).
Let excess demand in an auction be truncated to |Z;| < Q+1 for some Q € N. For
batch auctions of length T with markups {xy}r=1, on and probabilities {py}r=1.. .on

of excess demand, the expected markup flow for investors per unit of time is given by

9 @
Elxtp,] = ;Zk‘pkxk < 00.
k=1

For \; > 0 (existence of informed trade), we have E[zhy,,] € (0,00).

Proof:
Compute total expected markup payments to market makers within an auction in-

terval and scale by %, the inverse of the auction interval. We exploit the symmetry
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x, = x_) of markups on the buy and sell side to get

EM%‘BA] = 2 1 i kprre = 2 ZQ: k pr xy,
T k=1 T k=1
@ is finite and p;, € (0,1). Further, it holds that x; < A for all k = 1,...,Q which
will be shown in Proposition 1. Therefore, E[zfg,] < co. Finally, when \; > 0, it
holds that x>0 for all £k =1, ..., Q which will also be shown in Proposition 1. Hence
E[zfg,] € (0,00) in this case. [ ]

Proof of Theorem 3:

We show that if the provider of the ¢ ask quote deviates to a larger markup than the
one given in (4.5), then (a) some other trading firm can perform a strictly profitable
safe price improvement and (b) the price improvement renders the original deviation

to a larger markup unprofitable.** We proceed by induction over g.

Base case (¢ = Q+1): For the last unit, no markup can be charged, i.e. g4+ = 0.

1. zg41 = 0 is an OBE markup. Suppose to the contrary that the corresponding
liquidity provider deviates to Zg+1 > 0. Then some other trading firm could
undercut and offer at x(,,; = 211 — € > 0 for some small ¢ > 0 which constitutes

a price improvement.

(a) Undercutting is safe and profitable on expectation: For Z, < Q+1, the last
unit is not traded, but for Z; = Q+1, profit x5, > 0 will be realized.

ndercutting renders the original deviation to markup Z¢gy; > 0 unprofitable:
b) Undercutti ders the original deviation t kup Z¢g 0 fitabl
The corresponding ask would become the (Q+2)" best ask quote and never

execute, thus yielding zero profit.
2. Zg41 # 0 cannot be an OBE markup.

(1) Zg4+1 > 0 cannot be an OBE markup: By Lemma A.1, some inactive trad-
ing firm can undercut the markup which constitutes a safe profitable price

improvement.

34Note that in our setup, liquidity withdrawals lead to fewer quotes in the order book and can
hence only induce (weakly) larger clearing prices. Therefore, liquidity withdrawals can never render
deviations unprofitable and the ”safe” requirement of any safe profitable price improvement is always
fulfilled.
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(2) Zg41 < 0 cannot be an OBE markup: By Lemma A.1 and Lemma A.2, the
liquidity provider of this unit can increase her quote until g1 = 0 which

constitutes a profitable robust deviation.

Induction Step (q+1 = q): Suppose Zyi1,...,xqo+1 are given by (4.5). We show that
the unique OBE markup z, must also adhere to (4.5).

1. x4 asin (4.5) is an OBE markup. First, by Lemma A.1 and Lemma A .2, there do
not exist profitable price improvements of other firms. Second, by Lemma A.3,
there does not exist a profitable robust deviation of the liquidity provider of the

¢ quote.
2. &, # z, cannot be an OBE markup.
(1) z, > x, cannot be an OBE markup by Lemma A.1.

(2) &, < z, cannot be an OBE markup by Lemma A.1 and Lemma A.2.

This completes the proof of Theorem 3. |

A.4 Proof of Proposition 1 (Properties of FBA Markups)
(1) zg11 =0 (no markup on last unit)

See Theorem 3.

(2) 0<z,<A (positivity and boundedness)

Note that A > 0 and, for all ¢ = 1,...,Q, we have p, > p,+1 > 0 due to (A.8).
Thus

1
pq + pq+1 2
The proof proceeds by induction over gq.

Base case (¢ = Q): We have z¢ (L) ag A € (0,A).
—~~

€(0,3)
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(4)
(5)

Induction Step (q+ 1 = q): Suppose z,41 € (0, A) holds for some ¢g. Then

(A.3)
T, =

o (At ,0) € (0,4)
—_————

~~
€(0,3) €(A24)

Ty > T4+1  (monotonically decreasing)

We again use (A.3) and proceed by induction over q.
Base case (@ = Q): We have z¢ (1) ag(A+zg41) > 0=2041.

Induction Step (q+ 1= q): Suppose x4y > %442 holds for some q. Then

Tq (A3) o (A+x41)

= > 1
Tqt1 Qg1 (A +1g42)
—_——  ——
>1 from (%) >1

implying z, > zg41.

(%): % > 1 stems from the following considerations.

Pg+1 2 +
Qg petperr  _ Pgy1 T Pg+1Pg+2
- Pg+2 -
aq+1 Par1+Pgi2 pqpq+2 + pq+1pq+2

Since the second summand is the same in the numerator and denominator, it

2
follows that 4 > 1 if and only if LPatt ~ 1 Looking at this term in isolation
q+1 PqPq+2

and using the Skellam probability mass function from (A.7) yields

2
Py _ (G_QALIH(Q/\)) _ I51(2))
DgPg+2 e (2)) €7 g42(2X) 14(22) 1442(2X)

> 1

where the last inequality follows from the Turan-type inequalities of the modified
Bessel function I;(z) of the first kind (see Lorch, 1994, eqn. (5.1)).

zy(Q+1) > 2,(Q) (increasing in order book depth)

Qlim (a:q(Q—i—l) — xq(Q)) =0 (convergence in order book depth)
—00
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We show the last two properties jointly.

Q+1-gQ+1—gq

2,(Q+1) — 24(Q (40 A Z H QQ+1- s—AZ HOéQ s
s= k=0 s=k
Q+1—q Q+1-gQ+1—q Q—qQ—q
= A H aQi1-s + A Z II eqn-s—A> I] oo
= = s=k k=0 s=k
Q+1—q —qQ—q —qQ—q
=4 H aQi1- S+AZH‘)‘Q s—AZ I ao-
k=0 s=k k=0 s=k
Q+1—q
= A H ag+i—s N 0 for QQ — oo
s=0 S——~~—
€(0,3)
>0

In the above calculation, we have used that o, does not depend on (). To see this,
denote by P(Z, = ¢) and p, the untruncated and truncated Skellam probabilities

of excess demand, respectively. It holds that

B B (A.6) P(Z; = q)
v = PZ = a2 = QH) = 57— T hZ. < —071)
1
BT IS
—

It follows that «y is indeed independent of () because

2 noP(Z: = q+1) P(Z; = q+1)

Oéq: = =

Py + Pt noP(Z; = q) + ngP(Z, = ¢+1) P(Z, =q)+P(Z, = q+1)

A.5 Proof of Proposition 2 (FBA Quotes for @ — o)

Convergence of FBA markups, and hence of equilibrium supply and demand schedules,
follows from the last property of Proposition 1. As excess demand Z, is no longer
bounded, its Skellam probability distribution is no longer truncated. Finally, the total
expected markup flow is finite since

(*) 2A & ()

T r=1
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where (x) uses xp <A from Proposition 1 and (xx) uses the fact that Skellam proba-

bilities tend to zero exponentially by Lemma A.4. ]

A.6 Proof of Lemma 1 (Expected Markup Flow)

o f RN, A OitAn)J
(i) First, we have o <E[xCLOB]> = a/\j<(/\i+]/\j+/\n)) Doz = 0

Second, since FBA markups are independent of public news, % (E[ng A]> =0.

o Aad

ICYES V) =0.

A;=0

(i) First, we have ]E[a:éLOB] -

=
) ISR T) : ! Ajdnd
Second, by L’Hospital’s Rule, we get A}l_r)nooE[.%CLOB] = hinOo ot = And-

A.7 Proof of Theorem 4 (Inefficiency Comparison)

(i) A\; = 0 implies A = J)\ 25 = 0, which leads to z, = AV ags =0 and
thus E[zfzs] = 0. Due to A;, A, > 0, we have

Aidn
E[xéLOB] = J()\i+/]\-+/\n) >0 = E[xIJ;BA]

(ii) A; = 0 implies E[zly op] = J% = 0. Since A\; > 0, we have A = J)\ o>

0, which leads to z, = A Y2 I [[% 2 ag_s > 0 and thus E[zfg,] > 0. Overall,

0 = E[xéLOB] < E[xf;BA]

A.8 Proof of Corollary 1 (Markup Flow Boundary)

As shown in Lemma 1, the markup flow under CLOB increases in ), becomes maximal
for A; — oo and approaches lim); E[xéLOB] = A,J. On the other hand, the markup
flow under FBA are independent of J;.
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Case 1: If E[xfg,] > Ao, then E[zfga] > E[zl,op] for all \; > 0.

Case 2: It E[mléB Al < AnJ, we can solve for the unique A3 > 0 that induces equality.

AiAn ! E[xfipa] ()\i + /\n)
Elefyon] = Joi— L Elaly,] & A =
LOB i+ A5+ M) FB 7 A — Elafg,]
For \; < A}, we have Elzl; op] < E[zfgsa], and vice versa. [ |
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