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Abstract

We examine the impact of increasing competition among the fastest traders by
analyzing a new low-latency microwave network connecting exchanges trading the
same stocks. Using a difference-in-differences approach comparing German stocks
with similar French stocks, we find improved market integration, faster incorporation
of stock-specific information, and an increased contribution to price discovery by
the smaller exchange. Liquidity worsens for large caps due to increased sniping but
improves for mid caps due to fast liquidity provision. Trading volume on the smaller
exchange declines across all stocks. We thus uncover nuanced effects of fast trader
participation that depend on their prior involvement.
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1 Introduction

Trading in most of the world’s largest equity markets is fragmented across multiple

exchanges which often have their matching engines situated in different geographical

locations. This geographical dispersion induces high frequency traders (HFTs) to invest in

technology allowing the rapid transmission of market data between trading venues. This,

in turn, makes inter-market latency a critical dimension of the competition among HFTs.

This competition is distinct from intra-exchange competition and is characterized not

only by speed differences. Rather, when traders use the fastest, wireless networks, they

face capacity constraints inherent in this technology. Such constraints are particularly

important when a large cross-section of instruments is traded, as is commonly the case in

equity markets. While there is substantial research on the broader implications of market

fragmentation and on speed competition within exchanges, the empirical consequences of

inter-market latency competition, particularly in scenarios with a diverse range of traded

instruments, have attracted much less attention.

This paper investigates the effects of varying inter-market latency among market

participants by exploiting the deployment of the first commercially available microwave

link between London and Frankfurt. Prior to this event, the vast majority of trading firms

relied on comparatively slower fiber optic cables for data transmission between these two

financial hubs. We refer to these traders as slow high frequency traders. However, some

traders, referred to as fast high frequency traders, apparently operated privately-owned

faster microwave connections and used them for market-making in the largest stocks. The
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introduction of the new link significantly broadened the set of market participants with

access to the fastest mode of information transmission, thereby increasing the number

of fast, relative to the number of slow, high frequency traders and thus altering the

competitive landscape.

Employing difference-in-differences methodology, our analysis focuses on the effects

of the newly established microwave link on traders’ order submission behavior, trading

activity, various aspects of market quality, and price discovery. Our treatment group

consists of German stocks that are traded both on the Frankfurt-based Deutsche Börse’s

Xetra system (henceforth Xetra) and on Chi-X, located near London. The control group

comprises French stocks traded on Euronext and Chi-X, which were, at the time, located

near London.1 French stocks are a particularly well-suited control group for several reasons.

First, and most importantly, the communication speed between Euronext and Chi-X is not

affected by the microwave link between Frankfurt and London. Additionally, the French

and German equity markets are roughly equally-sized, operate similar trading systems,

and stocks from both countries are actively traded on Chi-X. Our sample consists of a

broad cross-section of large-cap and mid-cap firms from both countries. The large spread

in the size of our sample firms allows us to shed light on the potentially heterogeneous

impact of cross-market communication latencies on stocks of different size.

There is no existing theoretical model that directly parallels the setting of our empirical

analysis. However, the model of Baldauf and Mollner (2020) comes closest. It features a

multi-market setting with liquidity traders, information traders, high-frequency market

1In November 2010, Euronext relocated its exchange matching engine from Aubervilliers, near Paris,
to Basildon, near London.
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makers and snipers. This model serves as the foundation from which we derive hypotheses

on the effect of the introduction of the microwave network on liquidity. Besides liquidity we

consider several other important outcome variables, but do not derive formal hypotheses

from the Baldauf and Mollner (2020) model due to the differences between the model

setup and the institutional setting we analyze.

We show that, following the introduction of the microwave link, integration of pricing

between the two exchanges increased, as evidenced by a reduction in arbitrage opportunities.

Specifically, we find, for the whole cross-section of stocks, a decline in the frequency,

profitability, and persistence of arbitrage opportunities. These findings demonstrate that

the new network enabled faster information transmission between the trading venues and

increased the speed of adjustment of prices on one venue to information generated on the

other.

In the second part of our analyses, we focus on trading and quoting activity. We

find a negative effect of the introduction of the microwave network on trading volume

on Chi-X, especially for large-cap stocks. A possible explanation is that traders without

access to the microwave network cannot adjust their quotes on Chi-X fast enough to

information generated in Frankfurt and therefore relocate orders from Chi-X to Xetra.2

The stronger effect for large caps is consistent with the notion that users of the new

microwave connection primarily engage in aggressive, opportunistic trading in these stocks,

2New information on German stocks is predominantly produced in Germany. Consequently, a fast
data connection between Frankfurt and London is clearly beneficial to adjust quotes in the London-based
Chi-X to new information but is not needed to the same degree to adjust quotes in the Frankfurt-based
Xetra system. As a result, the introduction of the microwave network puts slower market participants at
a larger disadvantage on Chi-X than on Xetra.
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whereas for mid caps, microwave-using liquidity providers become active for the first time.

We also find that the introduction of the microwave network affects the amount of

order message traffic. For both mid and large caps, we find large negative effects on

the number of messages affecting the best bid-offer (BBO) on Chi-X. These results are

consistent with the hypothesized decrease in the number of competitive limit order traders

that is attributable to the first-time entry of the fastest liquidity providers in the mid-cap

segment, and increased fast aggressive activity among large caps, respectively. At the same

time, there are positive, albeit smaller and statistically weaker, effects on the message

traffic at the BBO on Xetra, possibly due to the migration of some participants away

from Chi-X. For large caps, the negative effect on the number of messages also extends

to orders away from the BBO, albeit to a lesser degree. This effect may be due to the

increased exposure to snipers, as orders behind the BBO eventually become stale. On

Xetra, we observe a positive effect on orders behind the BBO for both groups of stocks,

again suggesting a shift of participants’ activity towards the primary venue.

Enhanced capacity for fast information transmission between trading venues should

also improve the responsiveness of prices to stock-specific information relative to

market-wide information. We test this hypothesis by regressing price changes on Chi-X on

contemporaneous and past price changes on Xetra and, for the market-wide information,

price changes of futures traded on Eurex, which is also located in Frankfurt. The analysis

reveals that, subsequent to the introduction of the microwave link, both mid-cap and

large-cap stock prices exhibit a more pronounced reaction to stock-specific information

and a relatively subdued response to market-wide information. Moreover, the time taken

5
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to react to stock-specific information decreases noticeably with the availability of the new

network.

Besides the speed and nature of information transfer, we also consider its directionality.

We employ high-resolution information shares (Hasbrouck, 2021) to the order book

mid-point prices at a millisecond resolution. We find no significant changes for large caps,

with Xetra maintaining an information share of about 65 percent. However, the apparent

first-time entry of the fastest liquidity providers does appear to enhance the role of Chi-X

in the price discovery process of mid-cap stocks. Although Xetra’s information remains

dominant and higher than that for large-cap stocks, we estimate a roughly 10 percentage

point drop in its information share as the result of the new microwave link.

The effects on liquidity are in line with the predictions we derive from the Baldauf

and Mollner (2020) model. For mid-cap stocks, we observe large reductions in quoted

and effective spreads on Chi-X. Price impacts drop by about the same amount, such

that there is no statistically significant effect on realized spreads. These results are

consistent with the first-time entry of fast liquidity providers with access to a microwave

network, which helps reduce adverse selection. The depth at the top of the order book

decreases, presumably because one or a small set of fast liquidity providers replaces a mix

of liquidity providers and other traders. Apart from depth, which appears unaffected, we

find qualitatively similar but smaller effects on Xetra. These results suggest that liquidity

providers are able to price in information from Chi-X faster than before, which contributes

to a reduction in adverse selection.

For large-cap stocks, the results are consistent with an increased activity of snipers
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on Chi-X. Though there is no statistically significant effect on spreads or depth, price

impacts increase and, correspondingly, realized spreads decrease. The lack of an effect on

spreads indicates that liquidity providers were earning rents (most likely caused by tick-size

constraints) in the pre-event period. On Xetra, individually statistically insignificant

effects on spreads and price impact add up to a significant reduction in realized spreads.

This finding can also be explained by increasing sniping activity, even though the effect

is less pronounced than on Chi-X due to a smaller amount of information originating in

London as compared to Frankfurt.

Finally, we assess effects on volatility and price efficiency, the latter proxied by return

autocorrelations and variance ratios. For mid-cap stocks, volatility is reduced and price

efficiency improved on Chi-X, with no significant effects on Xetra. There is no significant

effect on large-cap volatility, though the result for autocorrelation on Xetra implies a

slightly decreased price efficiency.

Our interpretation of the results is based on three premises. First, the introduction of

the new microwave link increased the number and activity of fast high-frequency traders.

Second, due to the inherent capacity limits of microwave data transfer, the privately

owned networks existing before October 2012 were predominantly used to trade large-cap

stocks. Third, the additional fast high-frequency traders that became active after October

2012 focused on sniping in large caps and market making in mid caps. Although we

cannot formally prove these claims, we believe they are plausible and supported by our

empirical findings.

Regarding our first claim, it is conceivable that the new microwave network essentially

7
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replaced the prior privately owned networks, thus not effectively increasing the number of

very fast traders. However, in this case, we would not expect to see any first-order effect

on the outcome variables under investigation with the introduction of the new network.

Our second claim is that before October 2012, the fastest traders focused on large

stocks. The capacity of pre-existing networks was likely insufficient for a trader to be

simultaneously active in a large number of stocks (such as the 60 stocks in our sample).

Therefore, traders had to focus on small subsets of instruments and most likely chose

actively traded stocks. Furthermore, the first faster trader who chooses to become active

in a stock is likely to act as a liquidity provider. This choice is driven by the opportunity

to earn the spread and avoid adverse selection when trading against slower traders. In

contrast, sniping opportunities would be limited in a market where slower traders post

wide spreads.

When the new network became available, subscribers needed to decide how to allocate

their newly acquired data transfer capacity. Because market making in large caps was

already dominated by incumbents with access to private networks, sniping in large caps

was one option. Alternatively, traders could move towards less liquid mid-cap stocks

with a focus on market making. The fact that the new network had 12 subscribers does

not imply there were 12 competitors in each stock. Rather, due to capacity limits, each

subscriber had to focus on a subset of stocks.

Our findings that (1) spreads for mid-caps decrease on Chi-X while (2) quoting activity

at the best bid/ask decreases is consistent with the notion that a few fast traders with a

cost advantage replaced a larger number of slower liquidity providers. Simultaneously,
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the increase of the price impact for large caps aligns with our conjecture of increased

sniping activity in these stocks. While these results do not prove our premises, we see no

alternative explanation consistent with our findings.

Our paper adds to the literature on trading speed and speed differences between traders.

Most theoretical contributions to this literature (such as Aı̈t-Sahalia and Sağlam, 2024,

Bernales, 2019, Biais et al., 2015, Bongaerts and Van Achter, 2021, Budish et al., 2015,

Foucault et al., 2016, Hoffmann, 2014 and Menkveld and Zoican, 2017) consider a single

market setting. Only few papers consider multiple market settings. Some of them, such

as Baldauf and Mollner (2021) and Pagnotta and Philippon (2018), focus on competition

between trading venues, a topic that is beyond the scope of our paper. Others focus on the

role and impact of cross-market arbitrage. While arbitrageurs are traditionally considered

as contrarian traders (Gromb and Vayanos, 2002, 2010) who positively affect market

outcomes by enforcing the law of one price and/or providing liquidity, there may be a dark

side to arbitrage. Foucault et al. (2017) model the presence of toxic arbitrage opportunities

that emerge when market makers adjust their quotes to new information with a delay.

Such arbitrage opportunities arise when market makers compete with faster traders, and

they harm liquidity because market makers price the resulting adverse selection costs

into the bid-ask spread. Kozhan and Tham (2012) highlight the presence of execution

risk in high-frequency arbitrage strategies due to a crowding out effect associated with

competing arbitrageurs. Baldauf and Mollner (2020) analyze the interaction of two major

HFT strategies, market making and sniping, in a multi-market setting. We describe their

model in more detail in Section 3.
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Most empirical studies that investigate the effects on market quality of increases in

trading speed do so in a single-market setting. The speed increases under investigation are

caused by either the introduction of and/or upgrade to colocation services, or by general

speed improvements due to system upgrades. While the majority of papers, including

Brogaard et al., 2015, Boehmer et al., 2021, Frino et al., 2014 and Hollifield et al., 2017,

document improvements in liquidity, Ye et al. (2013) obtain the opposite result and

Aquilina et al. (2022) quantify adverse selection costs due to snipers picking off stale

orders.

The empirical literature on speed differences in a multiple-markets setting is scant.3

Rzayev et al. (2023) study the effects of latency on market quality in a two-markets

setting. They focus on toxic versus non-toxic arbitrage opportunities and find that

(consistent with the predictions made by Foucault et al., 2017) inter-market latency

reductions are associated with a deterioration of liquidity after the former and with

liquidity improvements after the latter.

Shkilko and Sokolov (2020) investigate the impact on liquidity and transaction costs of

precipitation-induced changes in communication latencies between index futures traded in

Chicago and ETFs traded in New York. Precipitation disrupts microwave networks, forces

high frequency traders (HFTs) to temporarily downgrade to slower fiber optic networks,

and thus effectively eliminates the speed dispersion across HFT firms for short periods

3An early predecessor of the literature on trading and communication speed is a paper by Garbade
and Silber (1978). They study the effects of two technological innovations from the 19th century, the
introduction of a domestic telegraph system in the US and that of the first Trans-Atlantic cable between
London and New York. They observe increased integration (proxied by inter-market price differentials)
between geographically dispersed markets (such as regional stock exchanges in the US) around the
introduction of these two technologies.
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of time. In addition, Shkilko and Sokolov (2020) analyze an event4 that resulted in a

permanent reduction of speed differences. In both settings the authors find, consistent

with theoretical models of speed-induced adverse selection such as Foucault et al. (2017),

improvements in liquidity.

Our empirical setting is distinct from that in Shkilko and Sokolov (2020) in important

respects. First, we consider a setting in which HFTs operate in two parallel markets for

the same securities whereas Shkilko and Sokolov (2020) consider index futures contracts

and associated ETFs. Second, we analyze a broad cross-section of stocks spanning a wide

range in liquidity rather than focusing on a set of highly liquid instruments. Third (as we

show in Section 5) price discovery in the stocks we analyze is bi-directional whereas, as

recently re-confirmed by Dobrev and Schaumburg (2023), stock index futures lead ETFs,

making price discovery in the setting analyzed by Shkilko and Sokolov (2020) largely

uni-directional. Fourth, we analyze the “switching on” of an additional microwave link

that considerably increased the number of fast high frequency traders, an event that is

inherently different from the precipitation-induced switching on and off of all fast high

frequency trading analyzed by Shkilko and Sokolov (2020). Given our emphasis on the

variation in the extent of microwave network utilization, exogenous shocks resulting from

precipitation are unsuitable for our setting.5

These differences in the empirical setting allow us to contribute to the literature in

4In December 2012 Quincy data started to sell information transmitted through a microwave network
to subscribers (rather than selling bandwidth on the network), thereby making the high-speed information
available to a large number of traders.

5Moreover, we note that granular time-stamped data on precipitation for the area between Frankfurt
and London is not available because the area covers three or four countries (depending on the exact
route), not all of which provide usable data, as well as parts of the North Sea.
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multiple ways. Analyzing identical securities traded in different markets enables us to study

the implications of trading speed on market integration and the competitive dynamics

between the two trading venues under investigation. Considering a broad cross-section of

stocks is potentially important because there is empirical evidence suggesting that the

beneficial effects of high frequency trading are more pronounced for large than for small

firms (Boehmer et al., 2021). Finally, by studying a setting in which price discovery is

bi-directional we can analyze whether the introduction of the microwave connection affects

the contributions to price discovery of the trading venues we analyze.

Our findings collectively highlight the complex consequences of changing the

inter-market latency distribution of trading firms in a fragmented and geographically

dispersed market. The impact of these decisions – owing to the physical limitations

that restrict the bandwidth of microwave connections – vary in the cross-section of

financial instruments. Ultimately, the welfare implications of augmenting or restricting

the capabilities and capacities of the fastest market participants hinges on a careful

consideration of the trade-offs across multiple dimensions of outcomes. Our results are

also relevant for trading venues when choosing the location of their exchange data centers

and the different connectivity options in a geographically dispersed market. For example,

CBOE and Euronext relocated their data center in 2012 and 2022, respectively.6 Finally,

our results also imply that the distribution of intermarket latencies across traders is a

6CBOE in 2012 moved its main option exchange from Chicago closer to the stock exchanges in New
Jersey with the goal of reducing latency. In contrast, market participants raised concerns about latency
arbitrage due to Euronext’s decision in 2022 to move its matching engine from Basildon near London
(close to its competitors’ data centers) to Bergamo, Italy. Finally, trading venues and HFT firms also
actively choose the location of microwave towers in and around exchanges’ data centers to optimize access
speeds.
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relevant aspect that trading venues should consider when defining their trading rules, fees,

and other parameters.

2 Institutional Background

Two institutional factors – automation and regulation – have led to the evolution of

HFT in modern equity markets. Advances in computational power and innovations in

networking technologies combined with decreasing computing costs accelerated the shift

towards electronic trading. Concurrently, regulatory initiatives such as the Regulation

National Market System (RegNMS) in the US and the Markets in Financial Instruments

Directive (MiFID) in the EU led to the emergence of new trading venues. By 2012, the

US and EU markets had seen a significant increase in the number of trading venues, with

nine public limit-order markets in the US and three in the EU competing with the primary

listing exchanges for individual stock order flows.7 These new venues, by investing in

enhanced trading speeds and offering lower transaction fees, have become attractive to

HFT firms. These firms, in turn, provide liquidity, enabling these venues to maintain

competitiveness. HFT firms additionally ensure that prices in fragmented markets remain

arbitrage-free by swiftly eliminating discrepancies arising from local demand and supply

imbalances.

HFT and technology firms also invest in improving (both in terms of transmission

speed and reliability) the connections between different financial centers. In Europe, this

7In addition, several dozen dark pools, internalization platforms, and other off-exchange venues also
compete with these exchanges.
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involves connecting the cities hosting different exchanges such as London Stock Exchange

(London, UK), Euronext (Basildon, UK)8, Xetra (Frankfurt, Germany), and Chi-X

(Slough, UK) (see Figure 1) by setting up or improving existing fiber optic connections

and, increasingly, installing microwave networks. Microwave networks are faster than

fiber optic cables: transmission of data through the air happens at nearly the speed of

light whereas transmission through cables, because the signal bounces off the walls of the

cables, is only about two thirds as fast.

[Insert Figure 1 about here]

In October 2012, Perseus Telecom – a provider of low-latency networks – launched

operations of the first commercially available microwave network between London and

Frankfurt. Before that, there were a small number of preexisting microwave networks

owned by HFT firms linking the two cities.9 The new network enabled a significant

reduction in round-trip latency, decreasing it by nearly half from 8.3 to “less than

4.6” milliseconds.10 This performance compares to a theoretical round-trip latency of

4 milliseconds based on transmission at the speed of light. Perseus, in its press release

and in a later interview with its CEO, announced that: (i) the initial capacity had been

8This information pertains to our sample period. In 2022, Euronext moved to a data center in Bergamo,
Italy.

9Alexandre Laumonier, an anthropologist who studied the evolution of the usage of microwave networks
by HFTs, reports at https://sniperinmahwah.wordpress.com/2014/10/02/hft-in-my-backyard-iii/: “Here
is Vigilant Global, a Montreal-based prop trading firm. Vigilant is now a subsidiary of DRW. [. . . ]Another
[competitor] said: ‘I actually admire Vigilant/DRW. They were first.[. . . ]’ Yes, Vigilant were the first
to build a network in Europe. They probably initiated their network 2011, perhaps even in 2010.”,
and, referring to a planning application made in September 2012, “Once Jump [. . . ] apologized: ‘The
two largest dishes proposed for World Class Wireless [Jump Trading’s subsidiary making the planning
application] were actually installed in advance of the submission of the planning applications.’

10Shkilko and Sokolov (2020) report similar improvements in data transmission speeds resulting from
upgrades to networks linking Chicago and New York.
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quickly sold out to approximately twelve subscribers each utilizing identical capacities,

and (ii) the network had been running at 99% uptime. This network was a component

of a larger super-network owned by Perseus connecting Xetra and Eurex in Frankfurt to

London Stock Exchange, BATS, Chi-X, Euronext, and Liffe in and around London.11 In

the interview, the CEO also referred to bandwidth constraints as a limitation of microwave

as compared to fiber networks: “The capacity of of fiber networks is at 1000 times that of

a wireless network. [. . . ] So you have to think very carefully of what signals you are going

to send between markets on your wireless network.” He explained that “we can serve 12

customers with a 10 megabits per second slice each.” This capacity corresponds to about

one kilobyte per millisecond. Thus, the new network substantially increased the number

of microwave users, though each trading firms’ bandwidth was still contrained, such that

they needed to make strategic choices as to how to use the newly available network.

The period around the introduction of this microwave network thus provides a unique

opportunity to empirically evaluate the effects of enhanced speed available to more market

participants on market outcomes in fragmented markets.

3 Theoretical Background and Hypotheses

To the best of our knowledge, there is no theoretical model that fully captures our

empirical setting. The one that comes closest is Baldauf and Mollner (2020). In this

11See https://intelligenttradingtechnology.com/hardware/blog/perseus-beats-rivals-live-london-frankfurt
-microwave-service (saved to Dropbox) and https://prnewswire.com/news-releases/perseus-telecom-announ
ces-fastest-available-microwave-service-in-european-financial-markets-193012631.html for the press release
concerning Perseus’ microwave network and see http://www.marketswiki.com/wiki/Jock Percy for the
interview with the CEO at the time.
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section we provide a brief sketch of their model and then “translate” it to our setting in

order to derive testable implications. In the model, a single security is traded on several

trading venues, organized as (identical) anonymous limit order books. The value of the

security is either +1 or −1 and is initially unknown to all agents. A single trader who

may either be a liquidity trader (with probability 1− λ) or an information trader (with

probability λ) arrives and trades one share. A liquidity trader is equally likely to buy or

sell and can only trade at her home exchange (determined randomly). An information

investor can send orders to all exchanges. Liquidity and information traders can only

use immediate-or-cancel (IOC) orders, i.e., limit orders that are executed on arrival if

marketable but are deleted (rather than added to the book) if not marketable.

The model features two types of high frequency traders, high frequency market makers

(HFT-MM) and an infinite number of high frequency snipers. The snipers can only

submit IOC orders, whereas the HFT-MM can only submit post-only orders. These are

limit orders that are canceled if they are marketable. Bertrand competition between the

HFT-MMs ensures that they earn zero profit in expectation when at least two HFT-MMs

are present.

In the equilibrium of the model, liquidity traders, information traders, HFT-MM and

snipers use the following strategies. A liquidity trader simply buys or sells one share at

her home exchange. An information trader does nothing if she does not learn the asset

value. If she learns the asset value she sends an IOC order to buy [sell] one unit of the

asset with a price limit of +1 [−1] to all exchanges. There is one “active” HFT-MM who
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places limit buy and sell orders in the book.12 The equilibrium bid and ask prices are

such that the HFT-MM is exposed to adverse selection risk.

If a trade occurs at one (or more) exchanges, the HFT-MM will immediately send out

cancellation messages for her exposed orders, which are now at risk of being unprofitable.

This action is predicated on the understanding that a second trade implies the activity

of an information trader who has learned the asset value. If trades occur on more than

one exchange, HFT-MM and snipers conclude that an information trader traded. They

learn the asset value based on the direction of the trades. Snipers react immediately by

submitting IOC orders to trade against the now stale HFT-MM orders while the HFT-MM

sends cancellation messages.

Time in the model progresses in very small increments, denoted as ϵ. The latency of

an order (or a cancellation), defined as the time between submission and processing of the

message, is either 1ϵ or 3ϵ. The latency durations are random and governed by exogenous

probabilities, which may be different for traders and HFTs. In instances where two or

more orders arrive simultaneously, ties are broken randomly. To illustrate how the model

operates, let us consider three cases.

Case 1. A liquidity trader arrives and executes a trade for one unit of the asset at her

home exchange. Depending on the latency, that trade executes at time 1ϵ or at time 3ϵ.

Upon observing the trade, the active HFT-MM cancels all her outstanding quotes. The

cancellations, subject to their own latency, are processed either at 2ϵ or 4ϵ if the initial

12Note that, if one HFT-MM has standing quotes priced at the break-even bid and ask prices in the
book, other HFT-MMs have no incentive to add depth because only information traders and snipers
would be interested in trading a second unit, resulting in a loss to the HFT-MM.
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trade was at 1ϵ, or at 4ϵ or 6ϵ if it was at 3ϵ. In this scenario, the active HFT-MM earns

a profit in expectation (the half-spread) and nothing else happens.

Case 2. An information trader arrives, learns the asset value, sends orders to all exchanges,

but only one of her trades executes at time 1ϵ. Upon observing the trade at time 1ϵ the

HFT-MM cancels all her outstanding orders. Meanwhile, the snipers remain inactive, as

at time 1ϵ cases 1 and 2 are indistinguishable to them. Some of the HFT-MM’s order

cancellations get processed at time 2ϵ. At time 3ϵ the remaining orders submitted by the

information trader execute at those exchanges where the HFT-MM’s cancellation messages

were not processed at time 2ϵ. The snipers observe these trades, infer the information

trader’s information, and submit orders to those exchanges where the HFT-MM still has

standing quotes. The snipers’ orders reach the exchanges at either 4ϵ or 6ϵ. The orders

arriving at time 6ϵ are canceled upon arrival because, at that time, the book is empty.

However, those arriving at time 4ϵ arrive simultaneously with the HFT-MM’s cancellation

messages. Given that (a) ties are broken randomly and that (b) there is an infinite number

of snipers, one sniper order is processed before the HFT-MM’s cancellation message with

probability 1. Thus, the sniper earns a profit while the HFT-MM incurs a loss.

Case 3. An information trader arrives, learns the asset value, sends orders to all exchanges

and more than one of her trades executes at time 1ϵ. Upon observing these trades at time

1ϵ, the HFT-MM cancels all her outstanding orders, wheras the snipers submit orders to

exploit the now-stale quotes. Again, because of the infinite number of snipers, there will

be sniper orders at every exchange at time 2ϵ, and even when the HFT-MM’s cancellation

message also arrives at time 2ϵ, a sniper’s order will be processed first with probability 1.
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The HFT-MM earns a profit in 1. In 2 she suffers a loss on a subset of exchanges while

in 3 she will suffer a loss on all exchanges.

It is evident that the Baldauf and Mollner (2020) model does not perfectly align with

our empirical setting. Unlike the model’s assumption of numerous identical markets, our

analysis specifically focuses on two distinct markets, Xetra and Chi-X. These markets

differ significantly, with Xetra being the primary market for our sample stocks and likely

the first to reflect firm-specific fundamental information in its prices. We expect, and later

provide empirical evidence, that Xetra contributes more significantly to price discovery

and attracts a higher proportion of captive liquidity traders, thus being more liquid

compared to Chi-X. Even though we focus on trading on Xetra and Chi-X, traders receive

information from other markets (such as markets for ETFs, index and single stock futures,

and equity options) as well. Trades in these markets are potentially informative on the

presence of information traders. The fact that these additional markets are located in

Frankfurt supports the argument that new information tends to be impounded into prices

on Xetra first.

Further, Baldauf and Mollner (2020) assume that there are at least two HFT-MMs

and an infinite number of snipers. In our empirical setting there are “slow” traders,

traditional HFTs (those without access to a microwave connection) and fast HFTs (those

with access to a microwave connection). Note that this distinctions matters most to

trading on Chi-X, whereas, due to the fact that most information originates in Frankfurt,

the set of competitive HFTs on Xetra is larger even before the introduction of the new

microwave connection. In the model of Baldauf and Mollner (2020) all markets are

19

Electronic copy available at: https://ssrn.com/abstract=3475442Electronic copy available at: https://ssrn.com/abstract=3475442



identical, meaning that the probability of observing a trade is the same on all markets. In

contrast, in our setting trades are more likely to occur on Xetra because there are more

liquidity traders in Xetra than on Chi-X, and because new information is predominantly

generated in Frankfurt. Thus, the reduction in inter-market latency is likely to be more

important for Chi-X and, consequently, our empirical predictions focus on effects on Chi-X.

However, there may also be repercussions on Xetra because some information is likely

to be generated in London as well. Traders using the microwave link to trade on that

information will impose additional adverse selection risk on other traders on Xetra.

We focus on a change in the number of fast HFTs and implicitly lump together slow

traders and traditional HFTs. As noted previously, there is evidence that there had

been fast HFTs (using a privately owned microwave link) already before the commercial

microwave link became available. Therefore, the introduction of the commercial microwave

connection increases the number of fast HFTs from a small number to a larger number,

albeit still far from infinite. We acknowledge that Baldauf and Mollner (2020) do not

model a finite number of snipers, but we posit that the qualitative implications of having

fewer snipers are intuitive, and we will use this sort of intuitive reasoning below.

Microwave links, constrained by their limited capacity, necessitate a strategic selection

from their users regarding the information and messages they prioritize for transmission.

Initially, when the number of fast HFTs is small, it is likely that these HFTs primarily

focus on trading large stocks. This preference stems from the greater profit opportunities

typically associated with actively traded instruments. However, as the market evolves

with the entrance of additional fast HFTs, these new entrants need to choose which stocks
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to prioritize, and to determine their role as either market makers or snipers. We will

analyze the implications of these choices, discussing the dynamics related to large and

mid-cap stocks in detail to understand how these decisions affect market behavior and

trading strategies.

In the market for large-cap stocks, the presence of incumbent fast HFTs likely leads to

a scenario where the potential profits from market making are largely exploited. According

to the model, the presence of merely two HFT-MMs is sufficient to reach the competitive

level of spreads. Consequently, additional fast HFTs entering the market have little

incentive to engage in market making, tending instead to assume the role of snipers.

In doing so, they impose additional adverse selection costs on the HFT-MMs, resulting

in larger price impacts. Typically, HFT-MMs would respond to this by widening their

quoted spreads. However, in real-world markets, the existence of a discrete minimum tick

size complicates this response. This tick size constraint allows HFT-MMs to maintain

profitability even when spreads are at their competitive minimum, determined by the

tick size. Therefore, the increased adverse selection costs imposed by additional snipers

do not necessarily lead to wider quoted spreads but may lead to a reduction in realized

spreads instead. Note that the discussions above refers to quoted spreads, though neither

the model nor specifics of our institutional setting suggest distinct effects on effective

as opposed to quoted spreads, such that we arrive at identical predictions for these two

measures of market liquidity.

These considerations lead to the following hypotheses.

Hypothesis 1: Effects of the microwave link on large-cap liquidity
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a. Price impacts increase on Chi-X.

b. Quoted and effective spreads increase and/or the realized spreads decrease on Chi-X.

c. Similar effects to those in a. and b. exist, in smaller magnitude, on Xetra.

Given the strong competitive pressure in the markets for large caps, some of the

additional fast HFTs will find it worthwhile to specialize in mid-cap stocks. Before the

introduction of the commercial microwave link, fast HFTs are unlikely to have been active

in these markets on Chi-X, presenting new profit opportunities to fast HFT market makers

(HFT-MMs). Owing to their speed advantage, these fast HFT-MMs will face less adverse

selection compared to incumbent liquidity providers, allowing them to offer tighter spreads.

This reduced adverse selection risk also suggests a decrease in price impacts. However, the

presence of a discrete minimum tick size means that these lower adverse selection costs

do not necessarily lead to reduced spreads but could actually increase realized spreads.

While the entry of additional snipers may undo this effect to some extent, it is unlikely

to completely offset it. The limited capacity of the commercial microwave link means

that only a finite number of snipers will find it advantageous to target mid-cap stocks.

Recall that, in the Baldauf and Mollner (2020) model, it takes just two HFT-MMs to

reach competitive spread levels, but an infinite number of snipers are required to exploit

all profit opportunities. With fewer snipers in the real world, HFT-MMs face less adverse

selection risk and can consequently offer lower spreads and / or earn increased realized

spreads) at unchanged quoted and effective spread levels. Because the bulk of information

on German stocks originates in Germany, effects on liquidity in Xetra are expected to be
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weaker but point in the same direction.

These considerations lead to the following hypotheses.

Hypothesis 2: Effects of the microwave link on mid-cap liquidity

a. Price impacts decrease on Chi-X.

b. Quoted and effective spreads decrease and/or the realized spreads increase on Chi-X.

c. Similar effects to those in a. and b. exist, in smaller magnitude, on Xetra.

4 Data, Descriptives, and Empirical Methodology

4.1 Data and Sample Selection

Our sample comprises German stocks with a primary listing on Xetra, serving as our

treatment group, and French stocks with a primary listing on Euronext as control group.

The German sample contains the 30 constituents of the DAX index and the 30 largest

stocks of the MDAX index, whereas the French sample contains all the constituents of

the CAC 40 and CAC Next 20 indices. We use the index composition as of June 30,

2012. For each stock, we obtain data from the respective primary listing exchange –

Deutsche Börse Xetra or Euronext Paris – and from Chi-X. We focus on the four months

around the introduction of the microwave link, spanning August to December 2012. The

precise date when the link became operational is not known, and it is unlikely that all

twelve trading firms began using it simultaneously. Therefore, to account for a potential

staggered adoption period, we exclude the month of October 2012 from our analysis.
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We obtain data from Eurofidai’s high-frequency database (BEDOFIH). For Euronext

Paris and Chi-X, the database contains messages of both the orders entering the order

book and the completed transactions. For Xetra, it contains orderbook snapshots at

irregular intervals, updates to the orderbooks in between these snapshots, and transaction

records. The data resolution is at the microsecond-level for Euronext Paris and at the

millisecond-level for Chi-X. As for Xetra, the resolution is at the millisecond level until 23

November 2012 and at the microsecond-level thereafter.13 To maintain consistency and

minimize resolution-related errors, we aggregate all data recorded at the microsecond level

to millisecond resolution. We supplement the BEDOFIH dataset with data on market

capitalization and trading volume on other trading venues (BATS and Turquoise, both

operating electronic open limit order books where all our sample stocks are traded) from

Thomson Reuters Eikon.

For each exchange, we reconstruct the orderbooks using the quote updates, which

reflect changes due to additions, cancellations, or executions of orders. This approach

allows us to capture the precise state of the orderbook at any given moment during the

trading session. We focus on trading between 09:05 CET and 17:25 CET, thus excluding

the opening and closing auctions as well as the first and last five minutes of the continuous

trading session. We also exclude the period associated with the intraday call auction on

Xetra for all treatment and control firms. We drop stocks with missing data or errors in

the message feed. Our final sample contains 111 stocks, among which 56 are German and

55 are French stocks.

13This change in resolution does not affect the frequency of updates to the real time data feeds relied
upon by trading firms.
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4.2 Variable Definitions

In this subsection, we define the specific metrics used for our analysis. For each stock and

day, we compute these measures separately for the primary exchange (Xetra or Euronext)

and Chi-X. We winsorize the variables at the 99% level.

We measure trading and quoting activity by computing several variables: trading

volume, median trade size, number of trades, and message frequency.Trading volume and

trade size are measured in log euros, the number of trades is the log count of all executions,

and message frequency is defined as the log sum of all new limit orders and cancellations.

We split the message frequency into messages that affect the best bid or ask and those

that only affect the book at deeper levels.

As measures of quoting liquidity we compute time-weighted averages of relative quoted

spreads and top-of-book depth.14 Specifically, denote the best bid and ask prices and

corresponding quantities as P bid, P ask, Qbid, and Qask and let M = Pask+P bid

2
. Our

variables are then defined as:

Quoted =
P ask − P bid

M

Depthtop = ln
(
P bidQbid + P askQask

)

We measure trading liquidity using the effective spread, realized spread, and price

impact. The effective spread quantifies the actual transaction cost paid by the trader

submitting a marketable order; the realized spread is the compensation earned by the

14Our results remain qualitatively unchanged if we use depth within 50bps of the midquote instead.
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trader whose limit order is executed, after adjusting for any adverse selection cost; and

the price impact measures the information content of the trade. Specifically, for each

trade at time t:

Effective =
2Dt(Pt −Mt)

Mt

Realized∆ =
2Dt(Pt −Mt+∆)

Mt

Price Impact∆ =
2Dt(Mt+∆ −Mt)

Mt

where Pt is the transaction price, Mt is the midquote just before the trade, Mt+∆ is the

midquote ∆ seconds after the trade, and Dt is +1 (−1) if the trade is initiated by the

buyer (seller). For each stock and day, we compute trade-size weighted averages of these

values for ∆ = 10 seconds.15

We define intraday volatility as the standard deviation of log quote midpoint returns

measured at one second intervals. As measures of short-term price efficiency, we employ

the absolute values of return autocorrelation and variance ratios, also based on quote

midpoints. The price efficiency measures compute deviations of prices from a random walk

benchmark. As in Boehmer and Kelley (2009), we take absolute values of these variables

in order to capture deviations on either side of the random walk benchmark to ensure

that our measures reflect the magnitude of inefficiencies irrespective of their direction.

Specifically, first denote the log return over a time interval ∆ as r∆t = ln(Mt)− ln(Mt−∆).

15Our results remain qualitatively unchanged if we use ∆ = 1 second instead.
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Our price efficiency measures are given by

Abs. AC∆ =
∣∣Corr(r∆t , r∆t−∆)

∣∣
Abs. VRn,m =

∣∣∣∣1− nVar(rmt )

mVar(rnt )

∣∣∣∣
We compute autocorrelations for ∆ = 10 seconds, and variance ratio for (n, m) = (10, 30)

seconds.16

Finally, we also measure cross-market arbitrage activity and information shares. The

corresponding variables are defined in Section 5.1 and Section 5.4, respectively.

4.3 Descriptive Statistics

We present descriptive statistics, based on average values for July 2012, in Table 1.

Building on the reasoning presented in Section 3, we perform our analyses separately for

large-cap and mid-cap firms. Within each country, we split our sample based on the firms’

average market capitalization during July 2012.17 The descriptive statistics for mid-caps

are shown in Panel A, those for large caps in Panel B.

The French mid caps are larger than their German counterparts (average market

capitalization e 5.1 billion as compared to e 3.5 billion), they have higher trading volume

(average daily volume on the four major electronic limit order books e 30.1 million as

compared to e 17.4 million) and higher message traffic (230,400 messages as compared to

87,400). French mid caps trade at a one-cent spread more frequently than their German

16Again, our results remain qualitatively unchanged if we use different window lengths instead.
17Our results remain qualitatively unchanged if we split the sample by index membership.
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peers (10.5% versus 3.2% on the primary market and 7.6% versus 1.9% on Chi-X), meaning

that the tick size-constraint is more binding for the French stocks. The level of market

fragmentation (measured by the Herfindahl Hirschmann Index (HHI) calculated from

the market shares of the primary exchange, Chi-X, BATS and Turquoise) is similar for

French and German mid caps (36.7 as compared to 34.0), as are the market shares of the

primary exchange (68.9% for French and 65.9% for German mid caps) and Chi-X (20.2%

versus 22.5%). French large caps are also larger than their German peers (average market

capitalization e 27.6 billion as compared to e 23.8 billion) and have higher message traffic

(407,400 as compared to 351,100), but they have lower average daily trading volume

(e 108.6 million as compared to e 147.9 million). The fraction of time a stock trades at

a one-cent spread is similar for French and German large caps (14.8% versus 15.1% on

the primary market and 13.3% versus 12.3% on Chi-X). Similarly, the level of market

fragmentation as measured by the HHI and the market shares of the primary exchange

and Chi-X are similar for French and German stocks (HHI 37.0 versus 35.5, market share

primary market / Chi-X 69.0 / 21.0 versus 67.2 / 23.3).

[Insert Table 1 about here]

Figure 2 shows the market shares of the primary exchange, Chi-X, BATS and Turquoise

for all four groups of stocks (French and German mid caps and large caps) during the

sample period. The two markets under investigation, the primary exchange and Chi-X,

account for approximately 90% of trading. This fraction is similar across the four groups

and stable during the sample period.
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[Insert Figure 2 about here]

The Appendix contains additional summary statistics for all dependent variables

considered in this article separated by country and stock category.

4.4 Empirical Approach

To assess the impact of the introduction of the microwave network between Frankfurt

and London on various dimensions of market quality, we employ difference-in-differences

(DiD) methodology. Given that the event might have differential effects on the primary

market (PM) and Chi-X (CHIX), we first perform our estimation separately for each

venue. Specifically, letting DEPV ARk
it be the variable of interest for stock i, day t, and

venue k ∈ {PM,CHIX}, we estimate the following regression:

DEPV ARk
it = α + δDEi × EV ENTt + ηi + κt + εit

where DEi is an indicator variable equal to one if stock i is listed on Xetra and zero

otherwise, EV ENTt is an indicator variable that takes the value one for all days after

October 2012 and zero for days before. The interaction term DEi × EV ENTt captures

the effect of the event on the treatment group in the post-event period. εit is the error

term. We employ stock (ηi) and date (κt) fixed effects, and cluster standard errors by

stock and date. Our coefficient of interest, δ, measures the differential impact of the

microwave network introduction on Xetra-listed stocks compared to the control group. We

plot the development of all dependent variables used in these regressions in the Internet
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Appendix. German and French stocks generally closely co-move before the introduction

of the microwave link, further supporting the choice of control group.

Furthermore, we employ a triple-differences (DiDiD) approach, allowing us to compare

the DiD effects on Chi-X with those on Xetra. Our theoretical discussion suggests different

expected effects on these two venues, and the DiDiD analysis enables us to empirically

test these hypotheses. Thus, we estimate the following regression:

DEPV ARCHIX
it −DEPV ARPM

it = α + δDEi × EV ENTt + ηi + κt + εit

We estimate the above two equations separately for large and mid-cap firms to study the

effects of HFTs’ differential trading strategies for stocks of different market capitalization

and liquidity.

5 Traders’ Cross Market Response and Trading

Activity

In this section, we provide evidence for changes in traders’ cross-market responses and

trading activity following the introduction of the microwave link. We consider four aspects

that are affected by the increase in the number of the fastest market participants. First, we

consider the most direct consequences of reduced inter-market latency: its impact on the

frequency, duration, and profitability of arbitrage opportunities. Second, we consider how

general measures of trading activity in the markets under consideration are affected. Third,
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our analysis focuses on the speed at which stock-specific and market-wide information is

assimilated into prices, given the enhanced aggregate capacity of fast connections. Fourth,

we estimate cross-venue information shares in high resolution using the Hasbrouck (2021)

VECM to analyze effects on the two venues’ relative contributions to price discovery.

5.1 Arbitrage Opportunities

We define arbitrage opportunities as instances where the market-wide highest bid exceeds

the market-wide lowest ask, resulting in crossed order books. An arbitrage opportunity can

be resolved in three different ways: (1) a trader observes the changes in the order books

that create an arbitrage opportunity and acts by submitting orders (e.g. to exploit the

opportunity) or canceling orders on one or both markets; (2) a trader submits or cancels

orders on one market without being aware of the existence of an arbitrage opportunity; (3)

a trader submits or cancels orders on both markets nearly simultaneously (possibly delaying

order submission to the nearer market to account for latency differences and assure that

order messages arrive on both markets at approximately the same time), thereby causing

the appearance of an arbitrage opportunity that is, however, not exploitable. Importantly,

only the first scenario will be affected by changes in cross-market communication latency.

Because of the existence of the second and third scenarios, there will exist arbitrage

opportunities lasting for periods shorter than the fastest possible communication time

between the two markets. Although our data does not allow to differentiate between these

three types of arbitrage opportunity resolutions, we expect that the event we analyze will

impact primarily the first type, with no important effects on the other two. Consequently,
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the overall effect of the event should be driven by changes in the first type of resolution.

Therefore, if traders can respond more quickly on one trading venue based on information

from another, we anticipate a reduction in the average time required to eliminate arbitrage

opportunities. We define the duration of an arbitrage opportunity as the interval from

the initial crossing of the order book to the point where the inside spread is at least zero,

regardless of any intervening order book changes.

We determine the theoretical gross arbitrage profit as the profit available if one were

to trade against the standing orders so as to maximize one’s gain. E.g., if the difference

between the highest bid and the lowest ask is one tick, the theoretically available arbitrage

profit is the size of a tick multiplied by the minimum of the number of shares available at

the highest bid and the lowest ask. The total potential profit from an arbitrage opportunity

is then the maximum such value obtained while the arbitrage opportunity persists, which

is the maximum profit – before trading fees – that an arbitrageur could have achieved by

instantaneously trading on both markets at any time during the arbitrage opportunity

under consideration.

For the purpose of our analysis, we keep all arbitrage opportunities that last up to 10ms,

which account for 84% of such opportunities in our sample. We exclude longer-lasting

ones as their non-exploitation is likely not attributable to limitations in speed. Instead,

these instances are more plausibly explained by traders perceiving a high risk associated

with not being able to execute both legs of the trade successfully. It is important to note

that all arbitrage opportunities involve inherent risks. These risks stem from the fact that

latency is not zero and order books are constantly changing, creating a scenario where
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an opportunity identified may disappear before it can be exploited. Likely differences

between the execution risks for different kinds of stocks also imply that differences in the

level of arbitrage durations have no obvious interpretation. To account for execution fees,

we consider only arbitrage opportunities with a theoretical gross profit of at least e 1.18

The results are robust to using different windows and using other profitability cutoffs.

Table 2 presents the results of DiD analyses of variables related to arbitrage

opportunities. The top panel shows results for average durations of arbitrage

opportunities. Overall durations are shorter for French stocks compared to German stocks,

which is to be expected because the geographical distance between the primary market

and Chi-X is smaller for French stocks. Post-event, arbitrage durations for German stocks

decrease significantly, whereas there is no notable change for French stocks. The DiD

estimates of the reduction are −0.34ms for large caps and −0.58ms for mid caps, both of

which are statistically significant. This larger decrease in arbitrage durations for mid caps

as opposed to large caps is consistent with our assumption that, before the introduction

of the Perseus network, very fast traders were already active in large-cap stocks but were

less prevalent or absent in mid-cap stocks.

The second panel of Table 2 reveals a noteworthy decrease in the number of arbitrage

opportunities post-introduction of the microwave link, suggesting enhanced market

synchronization. The DiD analysis indicates that this reduced latency leads, on average,

to a decrease of about 2.2 arbitrage opportunities per stock and day for mid caps and

18On Xetra, the standard execution fees are determined as a percentage of the transaction value, subject
to a minimum fee of e 0.60 per order. Reductions for designated market makers and Xetra liquidity
providers apply, such that fees paid by likely arbitrageurs are lower. Fees on Euronext are of a similar
magnitude, and those on Chi-X are lower. Thus, a e 1 gross profit would result in a positive net profit.
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of about 4.3 such opportunities for large caps. Notably, while the absolute reduction

in the number of opportunities is larger for large-cap stocks, the relative reduction is

more pronounced for mid-cap stocks, indicating a differential impact based on market

capitalization.

The third panel shows that the reduced number of arbitrage opportunities is also

reflected in their total value per stock and day, with a reductions by e11.21 for mid caps

and by e19.08 for large caps on average. These reductions correspond to over 40% for

mid-caps and about 20% for large caps of their respective pre-event values. Thus, the

absolute reduction is again larger for large-cap stocks than for mid-cap stocks, whereas

the opposite is true for the relative change.19

[Insert Table 2 about here]

5.2 Trading Activity

In this subsection, we examine the effects of the microwave network’s introduction

on measures of trading and quoting activity. Table 3 shows averages per exchange,

capitalization group, and period, as well as DiD estimates.

[Insert Table 3 about here]

The top panel shows that the log number of trades in German stocks on Chi-X was

negatively affected for both groups of stocks, with DiD estimates of −0.115 and −0.147

19Figure A1 in the appendix shows the distribution of the duration of potential arbitrage opportunities.
For German stocks, there is generally a decrease in the number of potential arbitrage opportunities lasting
5 to 6 milliseconds and an increase in shorter-lived arbitrage opportunities. For French stocks, there are
no strong shifts in the distribution of the duration of arbitrage opportunities.
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for mid and large caps, respectively. This finding suggests that an increased participation

by the fastest traders does not lead to incremental volume, presumably because other

traders reduce their participation in turn. In contrast, we find no statistically significant

effects on trading on the primary exchanges for either group of stocks.

We next observe, in the second panel, no significant effects on the log of median trade

sizes on Chi-X, where trades are generally smaller than on the primary exchange. In

contrast, the trade size on Xetra increases both in absolute terms and relative to Euronext,

with DiD estimates of about 0.082 and 0.053 for mid and large caps, respectively.

The third panel shows that the effects on the log of the daily trading volume in euros

for Chi-X are consistent with what we would expect based on those for the number of

trades and for trade size. For the primary exchange, there is no significant effect on

mid-cap trading volume. The estimate for large-cap stocks of 0.085, which is significant

at the 10 percent level, indicates that Xetra experiences a relative gain in trading volume.

The first three panels of Table 3 can be interpreted jointly. It appears that relatively

larger trades happen on Xetra whereas the number of trades on Chi-X drops after the

introduction of the microwave network, which is consistent with the idea that investors

reduce their splitting of orders across multiple exchanges and instead submit larger orders

to Xetra. This might be explained by concerns that the microwave connection better

allows fast traders to respond on one exchange to events on the respective other, such that

order splitting across multiple exchanges is associated, when attempting to use marketable

orders, with a higher risk of vanished liquidity on the second exchange by the time the

investor’s order reaches the market, and with increased adverse selection when using limit
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orders.

In the next two panels we consider the log number of order messages that affect

and do not affect the best bid or offer (BBO) prices or volumes on the exchange under

consideration, respectively. On Chi-X, the amount of order message traffic at the BBO

for German stocks decreases, with DiD estimates of −0.357 and −0.517, respectively.

These decreases exceed the reduction in the trading activity described earlier. The results

for Xetra are in the opposite direction to those for Chi-X, though economically smaller

and statistically weaker, consistent with the effects on trading volume. The effect on the

amount of order messages behind the BBO on Chi-X is significant only for large caps,

and at −0.256 smaller than the effect at the BBO but still substantial. In contrast, there

are significantly positive effects of about 0.18 on the message volume behind the BBO at

Xetra for both mid and large caps.

A potential explanation for the observed shifts in order message flow and sophisticated

consumption of liquidity can be linked to the evolving competitive landscape among

liquidity suppliers. The launch of the microwave network intensified the competition

faced by ’slow’ HFT market makers, particularly from their ’fast’ counterparts. As

new information predominantly originates in Frankfurt, fast HFT market makers gain

a competitive edge on Chi-X due to their ability to rapidly adjust quotes in response

to this information. This advantage, however, is less relevant on Xetra, where the

proximity to the source of information negates the need for high-speed data connections

for quote adjustments. Consequently, slow market makers may recalibrate their strategies

in response to this increased competition. On Chi-X, where they are now at a relative
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disadvantage, we observe a reduction in quotation activity, leading to decreased message

traffic and a reduction in the number of trades. Conversely, on Xetra, these market

makers might increase their order submissions, contributing to higher message traffic on

the primary market. The observed changes in sophisticated aggressive trading also align

with this narrative. Slower and less sophisticated traders, finding themselves increasingly

outmatched by the fastest traders on Chi-X, may choose to shift their trading activities

away from this venue. This migration is reflective of a strategic realignment in response

to the heightened competition and speed differentials brought about by the introduction

of the microwave network.

5.3 Response to stock-specific and market-wide information

We have argued that prior to the introduction of the microwave link, there probably had

been no fast HFTs trading mid caps. Consequently, the introduction of the microwave

link may have implications for cross-market price discovery.

In the model of Baldauf and Mollner (2020), there is only one asset, such that there is

no distinction between firm-specific and market-wide information. This contrasts with

the real world, where stock prices are affected by both types of information. Initially,

prior to the introduction of the commercial microwave link, only few HFTs had access to

private microwave connections. Given the capacity constraints of these private links, it is

plausible that these HFTs to a significant degree focused on trading based on market-wide

information. However, the introduction of the commercial network expanded the overall

capacity of microwave links, potentially leading some fast HFTs to shift their focus towards
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trading on firm-specific information. Consequently, we expect that, following the network

introduction, firm-specific information – primarily generated in Frankfurt, as previously

argued – will begin to affect prices on Chi-X more rapidly than before. Nonetheless, we

do not anticipate a similar change in the speed of reaction to market-wide information.

The preceding discussion implies that returns on one market subsequent to returns

observed on the other market result from traders responding to information observed in

the latter. Similar to the reasoning in Section 5.1, correlated returns on the two markets

can also result from a trader acting on both markets nearly simultaneously, ensuring a

persistent positive relation between returns on the two venues at speeds faster than the

theoretically possible communication latency. We do not anticipate this type of activity

to be affected by the event. Therefore, changes in the speed at which market-wide and

stock-specific information are incorporated into prices can be interpreted as the effects of

faster information transmission between markets.

To test for such effects, we estimate the following regression model for each stock and

date:

rChi−X
i,t = αi +

10∑
k=0

βi,kr
Eurex
m,t−k +

10∑
k=0

γi,kr
Xetra
i,t−k + εi,t (1)

where i indicates the stock, t the point in time at millisecond resolution, and m the market

as proxied for by the near-term futures contract on the DAX30 large-cap index.20 In

Table 4, we report the means of the beta and gamma coefficients before and after the

event. Furthermore, we test for differences by regressing these coefficients on a dummy

20Note that the futures on the mid-cap index MDAX is too illiquid to be of use here. However, the
large-cap index DAX is representative of and thus suitable as a proxy for the market.
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variable taking on the value 1 in the period after the introduction of the microwave link.

We cluster the standard errors by stock and date.

We then plot the values of the estimated coefficients in Figure 3 (a) and (b). Moreover,

Figure 3 (c) and (d) show the cumulative sum of these coefficients within k milliseconds.

For both large-cap and mid-cap stocks, it is apparent that subsequent to the introduction

of the new microwave link the amount of stock-specific information priced in within 4

milliseconds, i.e., faster than would be possible without a microwave link, increases. In

turn, the additional information priced in only after delays achievable by fiber connections

decreases for large caps, resulting in a modest increase in the total sensitivity of their prices

on Chi-X to changes of Xetra prices within the past 10 milliseconds. Such a decrease is

not observable for mid caps, presumably because there was very little use of stock-specific

information in these stocks before the event, when they were quite illiquid on Chi-X.

With respect to the information from futures contracts, we observe a decrease for all

of the 10 milliseconds under consideration. This finding is consistent with the notion

that market-wide information is displaced by stock-specific information as increased data

bandwidth at fast speed becomes available.

In conclusion, we find evidence that stock prices on Chi-X more quickly incorporate

stock-specific information subsequent to the introduction of the new microwave connection,

while the importance of market-wide information is reduced.

[Insert Table 4 about here]

[Insert Figure 3 about here]
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5.4 Cross-Venue Information Shares

In this subsection, we shift our focus from the speed and type of information incorporated

into prices on Chi-X to examining the impact of faster cross-market connectivity on the

venue of information incorporation. Specifically, we investigate the relative contribution

to price discovery of two trading venues and shifts thereof around the introduction of the

microwave link. We rely on the methodology pioneered by Hasbrouck (1995, 2003). The

price dynamics in this setting can be expressed by the VECM

∆Pt = γβPt−1 +
k∑

i=1

ϕi∆Pt−i + εt (2)

where Pt =
[
pPM
t , pCHIX

t

]
is the vector of log quote midpoints, βPt−1 is the pre-specified,

zero-mean cointegrating vector with β = (1,−1)′, γ is a 2× 1 error correction vector, the

second term on the right side is the VECM’s autoregressive component of order k, and εt

is a zero-mean error vector with variance-covariance matrix Ω. Our estimation is based on

quote midpoints observed with a millisecond resolution to ensure that any effect associated

with reducing round-trip latency between Frankfurt and London from 8.3ms to 4.6ms is

picked up by the model. We therefore employ the high resolution version of the method

developed by Hasbrouck (2021). We set k = 10000 to capture autoregressive effects up to

10 seconds in the past and impose constraints on the autoregressive coefficients. Specifically,

we let ϕ1 unrestricted and assume ϕ2 = . . . = ϕ10, ϕ11 = . . . = ϕ100, ϕ101 = . . . = ϕ1000,

and ϕ1001 = . . . = ϕ10000.
21 We note that using midquotes rather than transaction prices

21We rely on code made available by Joel Hasbrouck to estimate the VECM. The code
along with its documentation is available at http://people.stern.nyu.edu/jhasbrou/Research/
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(or combinations of both) avoids the biases described in Hagströmer and Menkveld (2023).

The high data resolution of one millisecond allows us to obtain very tight upper and lower

bounds for the information shares. This is because at low resolutions time aggregation

of events increases the contemporaneous correlation in ∆Pt, whereas at high resolutions

the sequence of events is determined more accurately. At one millisecond resolution, the

median difference between the upper and lower bounds across all stock-days is 1.3%.22

We estimate the primary market information share separately for each stock-day. To

perform statistical inference, we analyze the distribution of these information shares across

all stock-days in our sample. Table 5 contains the results. We report the mean and median

values of the lower and upper bounds of the primary market information share as well as

their average.

[Insert Table 5 about here]

The information share in the primary market is larger for German than for French

large-cap stocks, with a mean of 64.7% compared to 54.0%. The introduction of the

microwave connection has no significant effect on the large-cap primary market information

shares. However, for mid-caps, where the primary market information share is generally

much higher, we obtain very different results. The primary market information shares

decline sharply after the introduction of the network, with an effect size of nearly 10

percentage points.

HRVAR/HRVARindex.html.
22We estimate the VECM at one second resolution and obtain wider (and, as a result, overlapping)

information share bounds for the primary market and Chi-X.
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As IS mainly measures which market prices in information first (Yan and Zivot, 2010),

this result points to a large shift of information discovery to Chi-X, while Xetra altogether

remains dominant. It appears the faster communication between the two venues allows

information arising in Chi-X – possibly in response to price changes of other assets on

exchanges in and near London – to travel to Xetra. Such effects are not apparent for large

caps, where the magnitude of the dominance of Xetra remains unchanged.

Overall, these results complement the trading activity effects documented above. An

increase in fast liquidity provision by HFTs for mid-cap firms leads to an increase in

Chi-X’s competitiveness relative to Xetra, further leading to an increase in its contribution

to price discovery. For large-cap firms, the two markets are already highly integrated and

equally competitive such that we do not observer a similar competition-induced shift in

information shares towards Chi-X.

6 Market Quality Implications

In this section, we examine the impact of the microwave link on various measures of

market quality. We begin by analyzing the link’s effects on market liquidity, which we tie,

to a large degree, to our discussion of theory and the resulting hypotheses of Section 3.

Following this, we explore the link’s implications for market volatility and price efficiency.
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6.1 Liquidity and Transaction Costs

We begin our analysis by examining the effects on quoted and traded liquidity, considering

Chi-X and Xetra separately. As elaborated in Section 3, we anticipate a differential impact

not only across these two trading venues but also between large-cap and mid-cap stocks.

This expectation stems largely from variations in the existing trader populations and

their adaptive responses to the introduction of the commercial microwave link. Further,

the findings in Section 5, which indicate Xetra’s more significant contribution to price

discovery compared to Chi-X, reinforce our expectation of more pronounced effects on

Chi-X. The introduction of the microwave link, altering the speed differences, is more

important in a context where most of the information originates from the other end of

this connection.

All findings related to liquidity are detailed in Table 6. We first analyze the impact

on large-cap liquidity, guided by predictions from Hypothesis 1, which are based on

theory and the institutional context. On Chi-X, we observe a significant positive effect

on price impact, aligning with our expectation of increased sniping activity. This effect,

approximately 0.8 basis points, is economically substantial in comparison to the average

of about 5 basis points. Conversely, on Xetra, the smaller volume of information flow in

the reverse direction appears insufficient to produce a similar effect, with the observed

impact being an order of magnitude smaller and not statistically significant. The positive

effect on adverse selection on Chi-X is mirrored by a negative effect on realized spreads of

about half a basis point. This suggests that liquidity providers previously earned rents,
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likely because the tick size constrained their price competition. These rents are either

reduced or eliminated due to heightened adverse selection. The observation of slightly

negative average realized spreads is a common phenomenon in modern equity markets

(see, e.g., Aquilina et al., 2022) attributable to limit order trades by directional traders,

who are not included in our model. For these traders, a marginally negative realized

spread may still be preferable to the costs associated with marketable orders. Overall, we

observe small and statistically insignificant effects on both effective and quoted spreads

on Chi-X. In contrast, Xetra shows a minor negative impact on realized spreads, about

0.3 basis points, which exceeds the negligible effect on price impacts. This result could

imply reduced inventory costs, possibly due to improved integration of trading activities

by liquidity providers across both markets. However, we caution against over-interpreting

this modest finding. Lastly, when assessing market depth, measured by the size of the

best bid and ask for large caps, we find no significant effects.

Shifting our focus to mid-cap stocks, we anticipate differing outcomes as outlined in

Hypothesis 2. Whereas these stocks previously had apparently not been traded using

information from microwave connections by the fastest market participants, likely due

to network capacity constraints, our findings indicate effects that align with the entry

of fast liquidity providers. The relative speed of these providers, in comparison to the

average liquidity consumer, appears to lead to a marked decrease in adverse selection.

This is evident from the significant negative effect on price impact, which amounts to

approximately 3.8 basis points. On Xetra, we notice a smaller, yet also negative, impact

on price impact. This aligns with the expectation of reduced adverse selection in the rarer

44

Electronic copy available at: https://ssrn.com/abstract=3475442Electronic copy available at: https://ssrn.com/abstract=3475442



instances of information being transmitted to, rather than from, Frankfurt. We do not

observe significant changes in realized spreads, which corroborates the supposition that

tick sizes do not notably constrain competition among liquidity providers. The market for

liquidity provision was competitive both pre- and post-event, with the primary difference

being the exposure to adverse selection, a factor common to all liquidity providers.

Consequently, the magnitude of effects on effective spreads mirrors those on price impacts.

The impact on quoted spreads on Chi-X is even more pronounced. This suggests that

prior to the introduction of the new microwave link, liquidity on Chi-X was often costly,

leading traders to engage on this platform only when spreads were exceptionally narrow.

Finally, we note a negative effect on depth on Chi-X. This decrease is likely attributable

to the diminished competitiveness of slower traders who engage in large limit orders,

especially following the entry of the fastest liquidity providers.

[Insert Table 6 about here]

6.2 Volatility and Price Efficiency

In this subsection, we consider effects of the increase in the population of traders with the

fastest information transmission technology on stock return volatility and price efficiency,

i.e., the deviations of prices from a random walk. Although the theoretical framework

of Baldauf and Mollner (2020) does not explicitly provide testable hypotheses for these

variables, we nevertheless extend our analysis to assess the impact of the change in speed

dispersion also on these important dimensions of market quality. We present the results

in Table 7.
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[Insert Table 7 about here]

For large caps, we observe no significant effect on our measure of volatility, the

one-second standard deviation of quote midpoint returns, on either of the two exchanges.

Neither is there evidence for a significant effect on volatility for mid caps on Xetra.

However, we do find evidence for a large negative effect of more than 2 bps for mid caps

on Chi-X, which amounts to more than half of the pre-event level. The latter result

is consistent with the effects on liquidity observed in Section 6.1 and aligns with the

idea that smaller spreads coincide with more precise quote midpoint prices and smaller

short-term changes to those prices.

In our examination of price efficiency, defined as the deviation of quote midpoint prices

from a random walk, we analyze two metrics: the absolute autocorrelation of 10-second

quote midpoint returns and the variance ratio of 10- and 30-second midpoint returns.

For enhanced legibility, we have scaled these measures up by a factor of 100. For large

caps, we find no significant effects on Chi-X. However, on Xetra, we find a slight adverse

effect on price efficiency, with effect sizes of about 0.6 and 0.7 for autocorrelation and

variance ratio, respectively, though only the former is statistically significant. For mid

caps, the results for price efficiency mirror those for volatility. There is no evidence for a

significant effect on price efficiency on Xetra. In contrast, for both measures, we find a

large beneficial effect on Chi-X of about 7.7 and 11.5 units for autocorrelation and variance

ratio, respectively. These results indicate that after the introduction of the commercial

microwave link, the more liquid order book not only exhibits reduced volatility but also

decreased predictability of price changes.
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In conclusion, our findings offer compelling evidence that the first-time market entry of

the fastest traders, who apparently choose to engage in liquidity provision, which we infer

is the case for mid caps in our setting, has beneficial effects on various measures of market

quality. By contrast, as observed for large-cap stocks, if there is already competitive

fast liquidity provision, the incremental entry of fast snipers can have adverse effects on

liquidity.

7 Conclusion

Trading in today’s fragmented financial markets is characterized by speed differences both

in terms of the capability to quickly respond to information on an individual trading

venue and in terms of access to the fastest ways of transmitting information and order

messages between venues trading the same or related securities. The fastest, wireless,

networks connecting geographically dispersed trading centers have capacity constraints

due to physical limits. These constraints are particularly relevant when transmitting

data through air, which nowadays is the common approach as it minimizes latency. The

limited bandwidth of the networks is a particularly severe restriction when, as is the

case in today’s fragmented equity markets, a large number of liquid financial instruments

is traded in parallel markets, and when the valuation of these instruments depends on

idiosyncratic information.

We analyze the introduction of the first commercially available microwave link

between Frankfurt and London, which increased the speed of communication between
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Frankfurt-based Xetra and London-based Chi-X for the subscribers to the link. We find

that this event affects trading activity and market quality of both large-cap and mid-cap

stocks. We establish that the increased communication speed of a subset of market

participants enhances the synchronization of prices across the two venues, as evidenced by

a reduction in the number, duration, and value of arbitrage opportunities. We further find

that the event reduces trading volume and quoting activity on the smaller venue Chi-X,

whereas the larger (and home) venue Xetra is largely unaffected in this regard. The new

microwave link results in faster incorporation of stock-specific information originating in

the home market into prices, thereby reducing the relative importance of market-wide

information transmitted from Frankfurt to London. Information shares for large-cap

stocks are unaffected by the event whereas for mid caps we find an increase in information

shares for Chi-X and a corresponding decrease for Xetra. This result may be due to

the fact that proprietary microwave networks were apparently not used to communicate

stock-specific information for mid caps.

We document changes in market liquidity that are consistent with predictions that we

derive from the model in Baldauf and Mollner (2020). The sniping activities of fast market

participants in large caps appear to increase adverse selection on Chi-X and reduce rents

earned by liquidity providers which presumably result from minimum tick size-constraints.

At the same time, liquidity for mid-cap stocks on Chi-X improves, most likely because

some market participants use the microwave link for market making activities in those

stocks. The reduced spreads on Chi-X go hand in hand with a decrease in volatility and a

higher degree of price efficiency.
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Altogether, our results are nuanced and do not suggest that additional fast connections

between trading venues are unambiguously good or bad. They rather suggest that having a

small number of fast competitive liquidity providers with access to the fastest inter-market

connection is beneficial to liquidity and price efficiency. However, a larger number of such

market participants may be harmful to liquidity because of increased sniping activity. Our

findings further imply that the improved liquidity upon the entry of fast liquidity suppliers

may not necessarily benefit the venue operator because there is no overall increase in

trading volume.
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Table 1: Summary Statistics for Sample Stocks

This table shows summary statistics for the stocks in the sample based on the pre-treatment period of
August and September 2012. Market Cap. is the market capitalization in 1bn EUR. Trading volume is
the daily trading volume at the primary listing exchange and Chi-X, Bats, and Turquoise, in 1mn EUR.
# Messages is the message traffic as measured by the number of added or canceled limit orders on the
primary listing exchange and Chi-X, in 1000. Tick Constrained shows the fraction of the day the quoted
spread is at one tick, in percent. HHIExchanges is the normalized Herfindahl index for trading volume
at the four exchanges, in percent. Market Share shows the relative market share of the primary listing
exchange / of Chi-X relative to all four exchanges, in percent. Stocks are sorted into mid and large caps
by the medians of market capitalization for the two main listing exchanges during July 2012.

German stocks French stocks

Mean P5 P50 P95 Mean P5 P50 P95

Panel A: Mid caps

Market Cap. 3.5 1.8 3.1 5.7 5.1 2.5 4.8 8.5

Trading Volume 17.4 2.0 12.5 57.4 30.1 7.0 26.7 69.0

# Messages 87.4 28.1 71.9 213.4 230.4 40.4 223.5 618.9

Tick ConstrainedPM 3.2 0.7 2.1 9.3 10.5 2.8 6.9 26.0

Tick ConstrainedChi-X 1.9 0.2 1.1 5.1 7.6 0.9 5.0 23.2

HHIExchanges 34.0 19.4 31.2 61.5 36.7 24.9 36.7 48.2

Market SharePM 65.9 53.1 65.1 83.8 68.9 59.9 68.9 76.3

Market ShareChi-X 22.5 10.5 23.1 33.0 20.2 15.7 20.3 25.2

Panel B: Large caps

Market Cap. 23.8 7.1 18.1 60.3 27.6 9.5 22.5 81.7

Trading Volume 147.9 44.4 109.0 310.1 108.6 20.3 86.2 277.8

# Messages 351.1 142.1 265.1 707.0 407.4 115.1 346.2 890.6

Tick ConstrainedPM 15.1 1.5 9.9 40.1 14.8 5.4 10.6 37.2

Tick ConstrainedChi-X 12.3 1.5 7.5 35.4 13.3 3.0 8.7 32.0

HHIExchanges 35.5 25.2 34.4 50.6 37.0 28.1 38.5 44.6

Market SharePM 67.2 58.3 66.8 77.6 69.0 63.2 70.3 74.2

Market ShareChi-X 23.3 15.9 23.9 31.2 21.0 16.9 20.6 25.7
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Table 2: Arbitrage Opportunities

This table shows summary statistics and difference-in-difference results for arbitrage opportunities between
the primary listing exchanges and Chi-X. Arb.Duration is the average duration of an arbitrage opportunity
in milliseconds. Arb.Number is the daily number of arbitrage opportunity per stock. Arb.Value is the
daily theoretical maximum gross arbitrage profit per stock in EUR. Only arbitrage opportunities lasting
up to 10ms and with a profitability of at least 1 EUR are included. The column denoted DiD show
the difference-in-difference coefficients. The before and after periods are August–September 2012 and
November–December 2012, respectively. Stocks are sorted into mid and large caps by the medians of
market capitalization for the two main listing exchanges during July 2012. Cluster robust t-statistics are
given in parentheses. ***, **, * denotes significance at the 1%, 5%, 10%–level, respectively.

German stocks French stocks
Before After Before After DiD

Arb. Duration

Mid caps 4.06 3.62 2.08 2.21
−0.576∗∗∗

(−5.30)

Large caps 4.09 3.82 2.15 2.22
−0.339∗∗∗

(−3.10)

Arb. Number

Mid caps 5.92 4.02 2.48 2.76
−2.183∗∗∗

(−2.95)

Large caps 20.19 15.55 6.80 6.49
−4.328∗∗∗

(−2.86)

Arb. Value

Mid caps 25.89 16.27 9.03 10.62
−11.210∗∗∗

(−2.66)

Large caps 97.27 73.02 28.98 23.82
−19.080∗∗

(−2.57)
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Table 3: Trading and Quoting Activity

This table shows summary statistics and difference-in-difference results for trading and quoting activity. # Trades is the log number of transactions. Trade Sizep50 is the median trade size
during a day in lnEUR. Tr. Volume is the trading volume in lnEUR. # Messages BBO (notBBO) is the message traffic (not) affecting the best bid or offer, measured by the log number of
new and canceled quotes. The columns denoted DiD show the difference-in-difference coefficients. In the estimations for DiDChi-X, the treatment group are German stocks on Chi-X and the
control group French stocks on Chi-X. Similarly, for DiDPM we take data from the two primary listing exchanges Xetra and Euronext. DiDDiff gives the difference-in-difference estimates on
the differences between the primary listing exchange and Chi-X. The before and after periods are August–September 2012 and November–December 2012, respectively. Stocks are sorted into
mid and large caps by the medians of market capitalization for the two main listing exchanges during July 2012. Cluster robust t-statistics are given in parentheses. ***, **, * denotes
significance at the 1%, 5%, 10%–level, respectively.

Chi-XGerman Chi-XFrench PMGerman PMFrench

Before After Before After DiDChi-X Before After Before After DiDPM DiDDiff

#Trades
Mid caps 6.67 6.67 7.26 7.37

−0.115∗
6.89 6.77 7.89 7.80

−0.041 −0.074
(−1.72) (−0.59) (−1.54)

Large caps 8.32 8.25 8.15 8.22
−0.147∗∗∗

8.16 8.06 8.54 8.41
0.029 −0.176∗∗∗

(−2.61) ( 0.57) (−3.73)

Trade SizeP50

Mid caps 7.63 7.65 7.66 7.70
−0.026

8.09 8.21 8.01 8.06
0.082∗∗ −0.107∗∗∗

(−0.62) ( 2.15) (−2.61)

Large caps 8.25 8.28 7.99 8.03
−0.015

9.07 9.11 8.54 8.53
0.053 −0.068

(−0.33) ( 1.63) (−1.62)

Tr. Volume
Mid caps 14.52 14.56 15.19 15.35

−0.118∗
15.44 15.44 16.23 16.22

0.005 −0.123∗∗

(−1.68) ( 0.06) (−2.44)

Large caps 16.94 16.86 16.47 16.56
−0.178∗∗∗

17.72 17.68 17.42 17.29
0.085∗ −0.263∗∗∗

(−3.49) ( 1.85) (−5.82)

#Messages BBO
Mid caps 9.19 9.04 9.50 9.71

−0.357∗∗∗
9.25 9.04 10.57 10.27

0.089 −0.446∗∗∗

(−3.54) ( 0.88) (−4.97)

Large caps 10.54 10.52 10.26 10.76
−0.517∗∗∗

10.55 10.45 11.18 10.94
0.147∗ −0.664∗∗∗

(−4.57) ( 1.75) (−5.87)

#Messages notBBO
Mid caps 9.77 9.70 10.35 10.31

−0.034
10.20 10.09 11.27 10.98

0.184∗∗ −0.219∗∗∗

(−0.36) ( 2.27) (−3.05)

Large caps 11.44 11.25 11.22 11.29
−0.256∗∗∗

11.72 11.56 11.80 11.46
0.181∗∗ −0.437∗∗∗

(−2.63) ( 2.01) (−5.63)
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Table 4: Market Information

This table shows coefficients from a regression of returns of German stocks at Chi-X on lagged returns of the same stock at Xetra and returns of
DAX index futures traded at Eurex. Lags are given in milliseconds. The columns Diff and t-stat show the results for a t-test of differences
between the coefficients before and after the introduction of the microwave link. The before and after periods are August–September 2012 and
November–December 2012, respectively. Stocks are sorted into mid and large caps by the median of market capitalization at the primary listing
exchange during July 2012.

Mid Caps Large Caps

Market Lag Before After Diff t-stat Before After Diff t-stat

0 0.0030 0.0025 -0.0005 −0.36 0.0043 0.0045 0.0002 0.37
1 0.0044 0.0047 0.0003 0.27 0.0041 0.0059 0.0018 3.79∗∗∗

2 0.0074 0.0076 0.0002 0.12 0.0077 0.0091 0.0015 2.66∗∗∗

3 0.0159 0.0198 0.0039 1.39 0.0199 0.0260 0.0061 5.59∗∗∗

4 0.0224 0.0510 0.0286 7.95∗∗∗ 0.0275 0.0556 0.0281 11.17∗∗∗

Xetra 5 0.0408 0.0550 0.0142 2.02∗∗ 0.0767 0.0707 -0.0061 −2.53∗∗

6 0.0121 0.0275 0.0154 2.29∗∗ 0.0495 0.0358 -0.0137 −10.54∗∗∗

7 0.0147 0.0108 -0.0038 −1.43 0.0212 0.0168 -0.0044 −6.20∗∗∗

8 0.0088 0.0065 -0.0022 −1.16 0.0144 0.0119 -0.0024 −3.68∗∗∗

9 0.0044 0.0048 0.0004 0.22 0.0095 0.0088 -0.0007 −0.82
10 0.0020 0.0021 0.0000 0.00 0.0067 0.0057 -0.0011 −2.58∗∗∗

0 0.0011 0.0004 -0.0007 −2.05∗∗ 0.0036 0.0026 -0.0010 −4.60∗∗∗

1 0.0016 0.0006 -0.0010 −3.93∗∗∗ 0.0050 0.0041 -0.0009 −3.77∗∗∗

2 0.0016 0.0009 -0.0006 −1.77∗ 0.0068 0.0060 -0.0008 −2.52∗∗

3 0.0016 0.0013 -0.0002 −0.71 0.0092 0.0084 -0.0008 −2.15∗∗

4 0.0039 0.0029 -0.0010 −1.75∗ 0.0214 0.0164 -0.0050 −4.41∗∗∗

Futures 5 0.0044 0.0031 -0.0013 −1.97∗∗ 0.0249 0.0186 -0.0064 −5.05∗∗∗

6 0.0035 0.0027 -0.0007 −1.34 0.0190 0.0154 -0.0036 −4.03∗∗∗

7 0.0030 0.0023 -0.0007 −1.58 0.0152 0.0119 -0.0033 −4.58∗∗∗

8 0.0027 0.0019 -0.0008 −2.30∗∗ 0.0119 0.0098 -0.0021 −4.08∗∗∗

9 0.0024 0.0016 -0.0008 −3.46∗∗∗ 0.0090 0.0077 -0.0013 −3.05∗∗∗

10 0.0021 0.0014 -0.0007 −2.88∗∗∗ 0.0071 0.0059 -0.0012 −4.04∗∗∗
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Table 5: Information Shares

This table shows summary statistics and difference-in-difference results for information shares.
Info Share PM is the average of the lower and upper bound of the high-resolution information share
of the primary market in percent. Info Share PM

Lower and Info Share PM
Upper are the respective bounds.

The column denoted DiD show the difference-in-difference coefficients. The before and after periods
are August–September 2012 and November–December 2012, respectively. Stocks are sorted into mid
and large caps by the medians of market capitalization for the two main listing exchanges during July
2012. Cluster robust t-statistics are given in parentheses. ***, **, * denotes significance at the 1%, 5%,
10%–level, respectively.

German stocks French stocks
Before After Before After DiD

Info Share PM

Mid caps 86.12 73.16 63.07 60.04
−9.933∗∗∗

(−4.82)

Large caps 64.67 64.70 55.87 53.98
1.929

( 1.18)

Info Share PM
Lower

Mid caps 85.99 72.95 60.59 57.30
−9.755∗∗∗

(−4.61)

Large caps 64.08 64.34 52.65 50.50
2.410

( 1.36)

Info Share PM
Upper

Mid caps 86.26 73.31 65.52 62.72
−10.150∗∗∗

(−5.01)

Large caps 64.79 64.99 59.02 57.30
1.923

( 1.17)
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Table 6: Liquidity

This table shows summary statistics and difference-in-difference results for various liquidity measures . Pr. Impactt is the volume-weighted price impact at horizon t, i.e. twice the signed
difference between transaction prices and the quote midpoint after time t. Realizedt is the volume-weighted difference between effective spreads and the price impact at time horizon t. Effective
is the volume-weighted effective spread, i.e. twice the signed difference between transaction prices and quote midpoints immediately before the transactions. Effective spreads, price impact,
and realized spreads are presented in basis points of the transaction price. Quoted is the time-weighted quoted spread in basis points of the quote midpoint. Depthtop is the total quoted depth
at the best bid and ask in lnEUR. The columns denoted DiD show the difference-in-difference coefficients. In the estimations for DiDChi-X, the treatment group are German stocks on Chi-X
and the control group French stocks on Chi-X. Similarly, for DiDPM we take data from the two primary listing exchanges Xetra and Euronext. DiDDiff gives the difference-in-difference
estimates on the differences between the primary listing exchange and Chi-X. The before and after periods are August–September 2012 and November–December 2012, respectively. Stocks are
sorted into mid and large caps by the medians of market capitalization for the two main listing exchanges during July 2012. Cluster robust t-statistics are given in parentheses. ***, **, *
denotes significance at the 1%, 5%, 10%–level, respectively.

Chi-XGerman Chi-XFrench PMGerman PMFrench

Before After Before After DiDChi-X Before After Before After DiDPM DiDDiff

Pr. Impact10s

Mid caps 13.71 9.24 7.51 6.84
−3.804∗∗

9.94 8.74 6.84 7.14
−1.508∗∗∗ −2.296

(−2.34) (−4.07) (−1.52)

Large caps 4.90 4.56 5.61 4.50
0.769∗∗∗

5.21 4.79 5.43 4.92
0.089 0.680∗∗∗

( 4.11) ( 0.49) ( 5.70)

Realized10s

Mid caps -0.01 0.04 -1.42 -1.20
−0.165

-0.04 -0.08 -0.72 -1.07
0.309 −0.475∗∗∗

(−0.63) ( 1.12) (−3.18)

Large caps -0.58 -0.70 -1.09 -0.68
−0.528∗∗∗

-0.36 -0.50 -0.70 -0.55
−0.289∗∗ −0.240∗∗∗

(−4.40) (−2.13) (−2.77)

Effective
Mid caps 13.79 9.34 6.10 5.66

−4.011∗∗
9.93 8.63 6.15 6.08

−1.238∗∗∗ −2.773∗

(−2.39) (−3.51) (−1.77)

Large caps 4.31 3.86 4.52 3.82
0.245

4.85 4.29 4.74 4.37
−0.194 0.439∗∗∗

( 1.63) (−1.15) ( 4.69)

Quoted
Mid caps 24.85 14.39 8.64 7.91

−9.740∗∗∗
11.79 9.97 7.56 7.29

−1.541∗∗∗ −8.199∗∗

(−2.63) (−4.74) (−2.31)

Large caps 5.88 5.15 6.11 5.13
0.252

5.42 4.66 5.69 5.19
−0.264 0.517∗∗∗

( 1.13) (−1.35) ( 4.30)

Depthtop

Mid caps 9.66 9.63 9.67 9.82
−0.193∗∗∗

10.11 10.20 11.06 11.14
0.015 −0.207∗∗∗

(−2.59) ( 0.31) (−3.25)

Large caps 10.79 10.90 10.35 10.50
−0.039

11.23 11.28 11.66 11.70
0.005 −0.045

(−0.55) ( 0.10) (−0.83)
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Table 7: Price Efficiency and Volatility

This table shows summary statistics and difference-in-difference results for volatiltiy and price efficiency. Volatilityt is the standard deviation of quote midpoint returns, where the returns are
calculated at time horizon t, in basis points. Abs. ACt is the absolute first order autocorrelation of quote midpoint returns, where the returns are calculated at time horizon t, in basis points.
Abs. VR10/30sec is the absolute deviation from unity of the appropriately scaled variance ratio using 10sec and 30sec quote midpoint returns, in percent. The columns denoted DiD show the
difference-in-difference coefficients. In the estimations for DiDChi-X, the treatment group are German stocks on Chi-X and the control group French stocks on Chi-X. Similarly, for DiDPM we
take data from the two primary listing exchanges Xetra and Euronext. DiDDiff gives the difference-in-difference estimates on the differences between the primary listing exchange and Chi-X.
The before and after periods are August–September 2012 and November–December 2012, respectively. Stocks are sorted into mid and large caps by the medians of market capitalization for the
two main listing exchanges during July 2012. Cluster robust t-statistics are given in parentheses. ***, **, * denotes significance at the 1%, 5%, 10%–level, respectively.

Chi-XGerman Chi-XFrench PMGerman PMFrench

Before After Before After DiDChi-X Before After Before After DiDPM DiDDiff

Volatility1sec

Mid caps 3.87 1.56 1.30 1.08
−2.091∗∗∗

1.06 0.88 1.11 0.97
−0.041 −2.049∗∗∗

(−4.34) (−0.90) (−4.34)

Large caps 1.13 0.93 1.11 0.90
0.011

0.98 0.84 1.02 0.84
0.048 −0.036

( 0.21) ( 1.29) (−0.97)

Abs. AC10sec

Mid caps 15.55 7.65 5.01 4.82
−7.698∗∗∗

5.08 5.07 5.11 5.51
−0.402 −7.296∗∗∗

(−7.14) (−1.00) (−6.08)

Large caps 4.94 4.57 4.19 4.25
−0.431

4.31 4.56 4.43 4.09
0.588∗∗ −1.018∗∗∗

(−1.11) ( 2.07) (−2.58)

Abs. VR10/30sec

Mid caps 23.38 12.17 7.18 7.48
−11.500∗∗∗

7.73 8.33 7.55 8.06
0.092 −11.592∗∗∗

(−7.14) ( 0.16) (−6.62)

Large caps 7.47 7.45 6.33 6.57
−0.253

6.49 7.06 6.66 6.56
0.673 −0.926∗

(−0.45) ( 1.56) (−1.90)
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Figure 1: Geography of Key European Equity Markets

This graph shows the locations of four major European exchanges: London Stock Exchange (London),
BATS and Chi-X (Slough), Euronext (Basildon), and Xetra (Frankfurt).
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Figure 2: Market Shares of Exchanges

These graphs show the market shares of daily total trading volume of different exchanges, separate
for French and German stocks. Stocks are sorted into mid and large caps by the medians of market
capitalization for the two main listing exchanges during July 2012.
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Figure 3: Stock-specific vs. Market-wide Information

These graphs show coefficients from a regression of returns of German stocks at Chi-X on lagged returns
of the same stock at Xetra and returns of DAX index futures traded at Eurex. Lags are given in
milliseconds. Panels a and b show the coefficient values while panels c and d show the cumulative sum of
the coefficients up to a given lag. Stocks are sorted into mid and large caps by the medians of market
capitalization for the two main listing exchanges during July 2012.
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Appendix

In this appendix we report additional summary statistics. We then show the distribution

of the duration of arbitrage opportunities.

We first present summary statistics for the variables used in the analyses in Section 5

and Section 6 separately for the primary markets (Xetra and Euronext) and for Chi-X.

Table A1 and Table A2 contain the summary statistics for mid-cap and large-cap stocks,

respectively. Panel A (B) of the tables reports the statistics for the trading activity,

liquidity, and price efficiency variables for Chi-X (the primary markets), and Panel C

reports the statistics for the arbitrage variables and information shares.

Variables measuring trading and quoting activity such as #Trades, Tr.V olume, and

#MessagesBBO are largely comparable across the primary markets for mid and large-cap

stocks. The same holds for quoting and trading liquidity (for example, Pr.Impact10s,

Effective, and Quoted) for large cap stocks. However, liquidity for French mid-cap stocks

is notably higher compared to German stocks on both the primary market and on Chi-X.

This is evident from the lower quoted and effective spreads as well as lower price impacts.

With the exception of mid-cap stocks on Chi-X, price efficiency on the primary markets

and Chi-X is largely similar for French and German stocks. For mid cap stocks, prices on

Chi-X more closely resemble a random walk for French stocks compared to German stocks.

Cross-market arbitrage strategies between the primary market and Chi-X seem more

profitable for German mid cap and large-cap stocks compared to similarly-sized French

stocks. This is evident from the higher frequency of arbitrage opportunities (Arb.Number)
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and the gross arbitrage profits (Arb.V alue). Consistent with the geographical location

of Xetra, Euronext, and Chi-X, the duration of arbitrage opportunities is shorter for

French stocks compared to German stocks. Finally, the higher information share of Xetra

compared to Euronext for mid and large cap stocks suggests that Chi-X’s contribution to

price discovery is higher for French stocks compared to German stocks.

Figure A1 shows the distribution of the duration of potential arbitrage opportunities.

For German stocks, there is generally a decrease in the number of potential arbitrage

opportunities lasting 5 to 6 milliseconds and an increase in shorter-lived arbitrage

opportunities. For French stocks, there are no strong shifts in the distribution of the

duration of arbitrage opportunities.

65

Electronic copy available at: https://ssrn.com/abstract=3475442Electronic copy available at: https://ssrn.com/abstract=3475442



Table A1: Summary Statistics for Mid-Cap Stocks

This table shows summary statistics for the variables used in the analyses for the mid-cap stocks in the
sample based on the pre-treatment period of August and September 2012. The variables are defined as in
the main paper.

German stocks French stocks
Mean P5 P50 P95 Mean P5 P50 P95

Panel A: Chi-X

#Trades 6.7 4.6 6.8 8.1 7.3 6.1 7.3 8.4
Trade SizeP50 7.6 7.2 7.6 8.1 7.7 7.0 7.7 8.1
Tr. Volume 14.5 12.2 14.6 16.3 15.2 13.9 15.2 16.5
#Messages BBO 9.2 8.1 9.2 10.3 9.5 8.3 9.5 10.6
#Messages notBBO 9.8 8.2 9.8 11.3 10.3 8.8 10.5 11.9
% Trade Full Level 63.6 50.4 64.3 74.0 66.3 52.3 67.5 76.8

Pr. Impact10s 13.7 4.7 9.0 50.1 7.5 3.6 7.0 13.1
Realized10s -0.0 -6.9 -0.5 8.2 -1.4 -4.4 -1.4 1.4
Effective 13.8 4.3 8.5 52.2 6.1 3.3 5.5 11.6
Quoted 24.9 6.1 13.5 109.6 8.6 4.6 8.0 15.6
Depthtop 9.7 9.1 9.6 10.4 9.7 9.1 9.7 10.3

Volatility1sec 3.9 0.8 2.8 11.7 1.3 0.5 1.0 2.9
Abs. AC10sec 15.5 0.6 15.1 37.9 5.0 0.3 3.8 13.2
Abs. VR10/30sec 23.4 1.0 20.6 57.0 7.2 0.4 4.9 20.1

Panel B: Primary Market

#Trades 6.9 5.5 6.9 8.1 7.9 6.7 7.9 9.0
Trade SizeP50 8.1 7.5 8.1 8.7 8.0 7.4 8.0 8.5
Tr. Volume 15.4 13.8 15.4 17.2 16.2 14.8 16.3 17.6
#Messages BBO 9.2 8.2 9.3 10.3 10.6 8.5 10.8 11.8
#Messages notBBO 10.2 9.0 10.1 11.7 11.3 9.7 11.4 12.6
% Trade Full Level 58.9 46.9 59.4 69.2 42.8 28.5 43.7 53.4

Pr. Impact10s 9.9 5.0 8.8 19.3 6.8 3.8 6.4 11.3
Realized10s -0.0 -4.1 -0.4 5.6 -0.7 -3.3 -0.8 2.4
Effective 9.9 4.6 8.7 21.0 6.1 3.4 5.5 12.0
Quoted 11.8 5.5 10.5 21.4 7.6 4.2 6.8 13.7
Depthtop 10.1 9.5 10.1 10.8 11.1 10.2 11.1 11.7

Volatility1sec 1.1 0.5 0.9 2.1 1.1 0.4 0.9 2.4
Abs. AC10sec 5.1 0.4 4.1 13.0 5.1 0.4 4.1 13.0
Abs. VR10/30sec 7.7 0.5 5.6 22.0 7.6 0.5 5.6 20.5

Panel C: Cross market measures

Arb. Value 25.9 0.0 10.8 88.1 9.0 0.0 2.4 42.0
Arb. Number 5.9 0.0 3.0 19.0 2.5 0.0 1.0 10.0
Arb. Duration 4.1 2.0 4.0 6.0 2.1 1.0 2.0 4.0

Info SharePM 86.1 58.5 91.1 98.9 63.1 44.6 62.8 83.0
Info SharePM

Lower 86.0 58.3 91.0 98.8 60.6 41.0 60.4 81.5
Info SharePM

Upper 86.3 58.6 91.3 98.9 65.5 47.7 65.2 84.7
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Table A2: Summary Statistics for Large-Cap Stocks

This table shows summary statistics for the variables used in the analyses for the large-cap stocks in the
sample based on the pre-treatment period of August and September 2012. The variables are defined as in
the main paper.

German stocks French stocks
Mean P5 P50 P95 Mean P5 P50 P95

Panel A: Chi-X

#Trades 8.3 7.4 8.3 9.5 8.1 6.8 8.1 9.5
Trade SizeP50 8.3 7.8 8.2 8.8 8.0 7.5 8.0 8.6
Tr. Volume 16.9 15.7 16.9 18.2 16.5 14.8 16.5 17.9
#Messages BBO 10.5 9.7 10.5 11.5 10.3 9.0 10.3 11.3
#Messages notBBO 11.4 10.4 11.4 12.5 11.2 9.5 11.3 12.6
% Trade Full Level 62.9 47.5 64.0 74.7 64.5 49.8 65.8 76.3

Pr. Impact10s 4.9 2.9 4.5 8.3 5.6 3.1 5.4 8.9
Realized10s -0.6 -1.8 -0.6 0.6 -1.1 -2.8 -1.0 0.5
Effective 4.3 2.4 4.1 7.2 4.5 2.4 4.4 7.0
Quoted 5.9 2.9 5.6 9.8 6.1 3.0 6.1 9.7
Depthtop 10.8 9.8 10.7 11.9 10.3 9.6 10.2 11.4

Volatility1sec 1.1 0.6 0.9 2.3 1.1 0.6 0.9 2.2
Abs. AC10sec 4.9 0.3 3.4 14.1 4.2 0.2 3.2 11.4
Abs. VR10/30sec 7.5 0.4 5.8 21.0 6.3 0.4 4.8 17.0

Panel B: Primary Market

#Trades 8.2 7.2 8.1 9.2 8.5 7.2 8.6 9.7
Trade SizeP50 9.1 8.5 9.1 9.6 8.5 8.0 8.6 9.0
Tr. Volume 17.7 16.4 17.8 19.0 17.4 15.7 17.5 18.8
#Messages BBO 10.5 9.7 10.5 11.4 11.2 10.2 11.3 12.1
#Messages notBBO 11.7 10.7 11.7 12.8 11.8 10.3 11.9 13.0
% Trade Full Level 61.0 44.7 62.8 71.8 43.2 31.5 43.8 53.3

Pr. Impact10s 5.2 3.0 4.9 8.9 5.4 3.0 5.3 8.3
Realized10s -0.4 -1.7 -0.4 1.1 -0.7 -2.4 -0.7 1.1
Effective 4.8 2.8 4.5 7.8 4.7 2.6 4.5 7.4
Quoted 5.4 3.0 5.3 8.0 5.7 3.1 5.6 8.8
Depthtop 11.2 10.3 11.2 12.3 11.7 11.0 11.6 12.5

Volatility1sec 1.0 0.5 0.8 2.0 1.0 0.5 0.9 2.0
Abs. AC10sec 4.3 0.3 3.5 11.3 4.4 0.3 3.5 11.5
Abs. VR10/30sec 6.5 0.5 5.1 18.3 6.7 0.4 5.1 17.9

Panel C: Cross market measures

Arb. Value 97.3 4.3 67.3 325.1 29.0 0.0 11.3 117.1
Arb. Number 20.2 1.0 13.0 68.0 6.8 0.0 3.0 29.0
Arb. Duration 4.1 3.0 4.1 5.3 2.2 1.0 2.0 4.0

Info SharePM 64.7 46.6 63.7 86.9 55.9 39.5 54.4 76.3
Info SharePM

Lower 64.1 46.0 63.4 86.6 52.7 35.3 51.1 74.4
Info SharePM

Upper 64.8 46.9 64.1 87.1 59.0 43.2 57.8 78.2
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Figure A1: Duration of Arbitrage Opportunities

These graphs show the distribution of the duration of potential arbitrage opportunities between
the primary market and Chi-X for German or French stocks, respectively. The duration is given in
milliseconds. Only arbitrage opportunities lasting up to 10ms and with a profitability of at least 1 EUR
are included. All panels show the before and after periods separately, where the before and after periods
are August-September 2012 and November-December 2012, respectively. The before and after periods
are August–September 2012 and November–December 2012, respectively. Stocks are sorted into mid
and large caps by the medians of market capitalization for the two main listing exchanges during July 2012.
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A Tale of Two Cities – Inter-Market Latency and

Fast-Trader Competition

Internet Appendix

Figure I1 to Figure I13 show the time series plots of the most important trading activity,

liquidity, and price efficiency variables of interest. We separately plot the time series

evolution for large-cap versus mid-cap stocks on Chi-X and the primary market.
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Figure I1: Number of Trades

These graphs show the development of Number of Trades as defined in the main paper.
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Figure I2: Trade SizeP50

These graphs show the development of Trade SizeP50 as defined in the main paper.
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Figure I3: Trading Volume

These graphs show the development of Trading Volume as defined in the main paper.
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Figure I4: #Messages BBO

These graphs show the development of #Messages BBO as defined in the main paper.
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Figure I5: #Messages notBBO

These graphs show the development of #Messages notBBO as defined in the main paper.
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Figure I6: Price Impact10s

These graphs show the development of Price Impact10s as defined in the main paper.
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Figure I7: Realized Spreads10s

These graphs show the development of Realized Spreads10s as defined in the main paper.
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Figure I8: Effective Spread

These graphs show the development of Effective Spread as defined in the main paper.
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Figure I9: Quoted Spread

These graphs show the development of Quoted Spread as defined in the main paper.
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Figure I10: Depthtop

These graphs show the development of Depthtop as defined in the main paper.
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Figure I11: Volatility1sec

These graphs show the development of Volatility1sec as defined in the main paper.
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Figure I12: Abs. Autocorrelation10sec

These graphs show the development of Abs. Autocorrelation10sec as defined in the main paper.
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Figure I13: Abs. Variance Ratio10/30sec

These graphs show the development of Abs. Variance Ratio10/30sec as defined in the main paper.
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