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Abstract

This dissertation focuses on examining firms’ operational decisions under the influence of gov-
ernment regulation, including the regulation of anti-trust agencies and environmental protection
agencies.

In the first essay, I investigate a merger between price-setting newsvendors in an oligopolistic
market. It is well-known that inventory pooling can greatly reduce inventory costs in a cen-
tralized distribution system because it helps reduce aggregate demand uncertainty. Although
such statistical economies of scale are important benefits of a retail merger, the extant literature
models cost savings from a merger only through reduction in a post-merger firm’s marginal cost.
In this paper, I develop a model of a retail merger under uncertain demand that distinguishes
between cost savings from conventional economies of scale and those from statistical economies
of scale. I show that these two sources of cost savings have substantially different impacts on
firms’ decisions in a post-merger market. Specifically, and contrary to the existing theory of
mergers developed under deterministic demand, I find that although inventory pooling enables
the post-merger firm to achieve cost savings, it always induces firms to raise their prices, and
that marginal cost reduction induces firms to lower their prices only when it is substantial —
consequently, marginal cost reduction can benefit even nonparticipant firms when it induces
the post-merger firm to raise its price. Finally, even if a merger induces all firms to raise their
prices, it can still improve expected consumer welfare by increasing firms’ service levels under
uncertain demand.

In the second essay, I investigate firms’ development and adoption decisions of green tech-
nology. This work is motivated by the observation that while enforcing a stricter standard on

a pollutant, a government agency often takes into account the proportion of firms that are able



to meet the new standard (I refer to this proportion as a “capability index”). Despite this fact,
existing research assumes that a government agency might move to a stricter standard regard-
less of the industry’s capability index. Additionally, the literature also assumes that a firm’s
benefit from developing a new green technology to reduce pollution is deterministic. By con-
trast, I develop a novel model in which the probability of enforcing a stricter standard increases
with the capability index, and in which the benefit of a new green technology is uncertain and
correlated for all firms. Thus, one firm’s adoption decision can affect the adoption decisions of
other firms through enforcement interactions with the government (via the capability index),
requiring a firm to conjecture on other firm’s decisions using its own payoff information. Given
the interactions among firms’ decisions and the correlated uncertain payoffs, I use the global
game framework to analyze this model; this framework was recently developed in economics
to analyze similar problems. My analysis shows that regulation based on a capability index,
compared with regulation that ignores it, has a substantially different impact on firms’ deci-
sions for new green technology development. The latter effectively motivates a firm to develop
a green technology when the first-mover advantage of that technology is high. Regulation based
on the capability index, on the other hand, works well when the first-mover advantage is low.
Surprisingly, 1 also find that the uncertainty about the benefit of the technology can promote
a firm’s development of a green technology.

In the third essay, I examine firms’ quality and variety decisions after a merger. Mergers
often induce firms to change their product qualities and variety. However, the impact of such
changes has received little attention in merger literature. We study how quality and variety
changes in a merger affect consumers by analyzing a merger in a vertically differentiated market.
In contrast to existing literature that uses prices as the main determinant of consumer welfare,
we find that a merger may decrease consumer welfare even if it induces the post-merger firm
to reduce prices, because it may also cause firms to reduce qualities. Furthermore, although it
is conventional wisdom that cost reduction from a merger brings down prices and benefit con-
sumers, we find that this is not always true: Cost reduction can increase prices by inducing the
post-merger firm to increase its quality and charge a higher price, and it may harm consumers

by causing the post-merger firm to reduce the number of products it offers.
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Chapter 1

Introduction

In today’s business world, government regulation plays a significant role in firms’ operational
decisions. For example, when a firm is making a decision on developing a technology that may
have environmental impacts, the firm takes into account existing and future environmental
regulation. This dissertation studies how government regulation affects firms’ decisions and
their subsequent impacts on consumers and environments.

We focus on two types of government agencies that are closely related to firms: antitrust
agencies and environmental protection agencies. Chapter 2 analyzes the impacts on consumers
of demand uncertainty and inventory pooling in mergers. It provides important new insights
to both firms and antitrust agencies to help them better evaluate future mergers. Chapter 3
studies firms’ development and adoption decisions of green technology when facing potential
tighter regulation from an environmental protection agency. This chapter provides insights for
environmental protection agencies on choosing regulation schemes, as well as new intuitions for
firms on evaluating the benefits of new green technologies under uncertainty about their success
and about potential regulation. Chapter 4 studies two important elements in mergers that have
not received much attention in previous research on mergers: quality and variety. It provides
insights for antitrust agencies on evaluating mergers with product changes, and insights for
firms on repositioning products after mergers. An overview of each chapter is provided below.

Chapter 2 studies the effects of a horizontal merger between retailers in an oligopolistic mar-
ket under demand uncertainty. Mergers play a significant role in the business world. Mergers

have been regarded as an important strategy to achieve economies of scale and higher opera-



tional efficiency by many firms. For example, by acquiring Dollar Thrifty, Hertz expected annual
savings of $65.6 million in fleet costs, in part through sharing cars across brands (Sawyers 2012).
However, such operational efficiency improvement cannot happen if the proposed mergers are
not approved by antitrust agencies.

In practice, many mergers are not approved. This is because antitrust agencies are often
concerned that mergers may reduce competition and thus raise prices. To defend their pro-
posed mergers, firms argue that they can achieve cost savings through operational efficiency
improvements generated by the merger, and pass on such cost savings to consumers. Since
after a retailer merger, the post-merger firm can pool its resources at the two retail outlets that
were managed independently prior to the merger, cost savings from a merger can come from
pooling inventory as well as from conventional economies of scale, as illustrated in the example
of Hertz’s acquisition of Dollar Thrifty.

The benefit of inventory pooling is well-known in the operations literature (e.g., Eppen 1979,
Corbett and Rajaram 2006). Nevertheless, the extant literature on mergers (e.g., Williamson
1968, Farrell and Shapiro 1990, Cho 2014) models cost synergies only through reduction in a
post-merger firm’s marginal cost. A primary reason for this modeling choice is that researchers
have analyzed the effects of a merger under deterministic demand, whereas a careful examination
of inventory pooling requires a merger analysis under uncertain demand. Nevertheless, a retail
business always entails uncertainty in consumer demand.

To bridge this gap, we investigate a merger between price-setting newsvendors in an oligopolis-
tic market, and study the effects of the merger on firms’ prices and expected profits as well as
consumer welfare, under uncertain demand. We study three effects of the merger: the effects of
reduced competition, inventory pooling, and marginal cost reduction. Our analysis highlights
the important role of demand uncertainty and inventory pooling in evaluating a retail merger.
The existing literature predicts that cost savings from a merger will drive firms’ prices down.
However, our incorporation of demand uncertainty generates results that indicate that neither
marginal cost reduction nor inventory cost savings will always induce firms to lower their prices.
We find that although inventory pooling enables the post-merger firm to achieve cost savings,
it always induces firms to raise their prices, and that marginal cost reduction induces firms to

lower their prices only when it is substantial. Finally, we show that even if a merger induces all



firms to raise their prices, it can still improve expected consumer welfare by increasing firms’
service levels under uncertain demand.

Chapter 3 studies firms’ development and adoption decisions of a green technology when
facing potential tighter regulation from an environmental protection agency. When an environ-
mental protection agency considers tightening a standard on a pollutant, it usually takes into
account the proportion of firms in the industry that are able to meet the new standard (we refer
to this proportion as a “capability index”). For example, in Europe, newer emission control
technologies became mandatory only after their feasibility had been demonstrated in practice
by early adopters (Faiz et al. 1996). Such consideration of a government agency induces strate-
gic complementarity among firms: if a firm expects that many other firms will adopt a new
technology to reduce a pollutant, the firm is also likely to adopt this new technology because
mandated adoption is more likely, and may be more costly.

Despite this fact that regulation often takes industry capability into account, existing re-
search assumes that government agencies move to stricter standards with fixed probabilities
regardless of industry capability (e.g., Farzin and Kort 2000 and Kraft and Raz 2015). Under
this assumption of fixed regulation probabilities, firms’ actions are no longer strategic comple-
ments, and an important driving force behind firms’ decisions may be missed. In addition,
most existing research assumes that the benefits of adopting new green technologies to reduce
pollutants are deterministic (e.g., Baker and Shittu 2006 and Kraft et al. 2013). In practice,
the benefit of a new technology is often highly uncertain. We provide insight into how the un-
certainty of a new technology’s payoff and the strategic complementarity induced by regulation
based on industry capability jointly affect firms’ incentives to develop or adopt a new green
technology.

Specifically, we consider three factors that may affect a firm’s decision to innovate or adopt
a green technology: the benefits from the technology, the costs of developing, adopting and
using this technology, and other firms’ decisions. We develop a novel model in which the
probability of enforcing a stricter standard increases with the capability index, and in which
the benefit of a new green technology is uncertain and correlated among all firms. Thus, one
firm’s adoption decision can affect the adoption decisions of other firms through enforcement

interactions with the government (via the capability index), requiring a firm to conjecture on



other firm’s decisions using its own payoff information. Given the interactions among firms’
decisions and the correlated uncertain payoffs, we use the global game framework to analyze
this model; this framework was recently developed in economics to analyze similar problems.

Our analysis highlights the importance of taking into account the interplay of industry capa-
bility and uncertainty about a new green technology’s payoff in a firm’s development decision.
We show that regulation based on a capability index, compared with regulation that ignores it,
has a substantially different impact on firms’ decisions for new green technology development.
The latter effectively motivates a firm to develop a green technology when the first-mover ad-
vantage of that technology is high. Regulation based on the capability index, on the other hand,
works well when the first-mover advantage is low. Surprisingly, we also find that uncertainty
about the benefit of the technology can promote a firm’s development of a green technology.
Finally, we find that more stringent regulation (a higher probability of enforcing a stricter stan-
dard for a given capability index) encourages more firms to adopt a green technology once the
technology becomes available, but may discourage a firm from developing it in the first place
when facing intense competition.

Chapter 4 examines firms’ quality and variety decisions after a merger. Whereas in Chapter
2, we focus on concerns about price, in Chapter 4, we consider concerns about how a merger
may also reduce the quality and variety of products.

Although it is common for mergers to cause quality and variety changes, there has been
little research on evaluating their impact on consumers. Most existing merger literature regards
price as the key determinant of consumer welfare and focuses on price changes (e.g., Williamson
1968 and Farrell and Shapiro 1990). We aim to bridge this gap by studying firms’ product
repositioning decisions after a merger, and analyzing how such decisions affect consumer welfare.

Specifically, we study a merger of two firms in a vertically differentiated market. Our
analysis highlights the importance of considering firms’ product repositioning when evaluating
the impact of a merger. We find that a merger may decrease consumer welfare even if it induces
the post-merger firm to reduce prices, because a post-merger firm may reduce its product
qualities to achieve lower marginal costs. In contrast to the conventional wisdom that cost
reduction arising from a merger brings down prices and benefits consumers, we find that cost

reduction does not always reduce prices, nor does it always benefit consumers. Specifically,



when a cost reduction enables the post-merger firm to achieve the same quality level at a lower
cost, the post-merger firm increases its quality. But because of the higher quality, it also charges
a higher price. Moreover, the cost reduction may induce the post-merger firm to offer only one
product. Such a product variety reduction may be harmful to consumers if the cost reduction
is not sufficiently high.

Finally, we present conclusions in Chapter 5, highlighting our findings and implications for

both government agencies and firms.






Chapter 2

Newsvendor Mergers

2.1 Introduction

Potential benefits of mergers and acquisitions (M&As) are manifold. Through M&As, firms
could increase their revenues by utilizing stronger market power, and achieve cost savings by
utilizing economies of scale and improving operational efficiency. M&As have been an important
aspect of management strategy in modern economies — 26,409 M& As that were worth 1.9 trillion
dollars occurred in 2013 (WilmerHale 2014). Our focus in this paper is on studying the effects
of a horizontal merger between retailers in an oligopolistic market.

In a retail business, price is a natural strategic variable in competing against other retailers.
In their seminal study, Deneckere and Davidson (1985) show that in the absence of cost syn-
ergies, a merger of price-setting retailers will induce both merging and nonparticipant firms to
raise their prices: by determining prices jointly that were set independently prior to the merger,
merging parties will raise their prices, and this initial price increase will be followed by price
increase of their competitors; the merging parties then further raise their prices, and so on until
all prices in the market will have risen, and all firms will be better off.

Since mergers that lead to such price increase will be unlikely to be approved by antitrust
authorities, merging firms often argue that they can achieve cost savings through the merger,
which in turn will be passed on to consumers. Several empirical studies (e.g., Houston et
al. 2001, DeLong 2003) suggest that operating synergies are the most important determinant
of successful M&As. According to Bascle et al. (2008), cost efficiency is the main rationale
behind more than 70% of M&As. Because a post-merger firm can pool its resources at the
two retail outlets that were managed independently prior to the merger, cost savings from a

merger can come from pooling inventory as well as from conventional economies of scale (e.g.,



lower procurement cost from higher purchasing power, lower R&D cost, lower cost of capital)
as illustrated in the following examples:

— “Zipcar agreed to sell itself to Avis Budget Group Inc., for about $500 million ... Avis
expects the deal to lower the companies’ combined costs by $50 million to $70 million a year.
Mr. Nelson [CEO of Avis| said the synergies were tied to three components: lower fleet costs,
better fleet utilization and increased revenue ... The deal would allow Avis to reduce the number
of cars at Zipcar locations during the week, but also to use Avis’s excess weekend inventory to
meet Zipcar’s strong weekend demand.” (Kell 2013)

— “Hertz would acquire Dollar Thrifty for about $2.3 billion in cash ... they expect the merger’s
synergies to include annual savings of $65.6 million in fleet costs, in part through sharing of
vehicles across rental brands.” (Sawyers 2012)

Savings in inventory costs from a merger have also been substantial in various other industries
such as auto dealerships (Gattorna et al. 1998), office-supply stores such as Office Depot and
OfficeMax (Office Depot 2013), and the airline industry (Seidenman and Spanovich 2011).

In the operations literature (e.g., Eppen 1979, Corbett and Rajaram 2006), it is well-known
that inventory pooling can greatly reduce inventory costs in a centralized distribution system be-
cause it helps reduce aggregate demand uncertainty. While such statistical economies of scale
are important benefits of a retail merger, the extant literature on mergers (e.g., Williamson
1968, Farrell and Shapiro 1990, Cho 2014) models cost synergies only through reduction in a
post-merger firm’s marginal cost; in other words, prior models of mergers treat both statisti-
cal economies of scale and conventional economies of scale in the same manner. A primary
reason for this modeling choice is that researchers have analyzed the effects of a merger under
deterministic demand, whereas a careful examination of statistical economies of scale requires
a merger analysis under uncertain demand. Under uncertain demand, a merger analysis be-
comes more complex because firms use inventory as well as price as their strategic variables.
Nevertheless, a retail business always entails uncertainty in consumer demand, and therefore de-
mand uncertainty has been one of the most fundamental features in the literature of operations
management (OM).

The objective of this paper is to study the effects of a merger on firms’ prices and expected
profits as well as consumer welfare under uncertain demand. Specifically, we consider a merger
of two firms in an oligopolistic market in which firms determine their prices and inventory
levels under uncertain demand. In the OM literature, such firms are often called price-setting
competitive “newsvendors.” Our focus is on examining the following three effects of a merger.
First, the “collusion effect” arises due to the ability of a post-merger firm to set its prices jointly

at the two retail outlets which were independent prior to the merger. Second, a merger creates



the “pooling effect” when a post-merger firm can manage its inventory in a centralized manner.
In order to save its inventory cost by utilizing statistical economies of scale, a post-merger firm
may manage a single safety stock in a central warehouse that serves two retail outlets or in two
warehouses by allowing transshipment between them. Third, the “synergy effect” exists when
a post-merger firm can reduce its marginal cost; for example, a post-merger firm may spread
fixed costs over a larger number of sales units through economies of scale or reduce the cost of
capital from lower securities and transaction costs.

Our analysis highlights the important role of demand uncertainty and inventory pooling in
evaluating a retail merger. As discussed above, the existing literature models cost savings from a
merger through marginal cost reduction under deterministic demand, and it does not distinguish
inventory cost savings due to statistical economies of scale from marginal cost reduction. The
conventional wisdom that cost savings from a merger will drive firms’ prices down has been
proven by many economists — notably, Williamson (1968), Perry and Porter (1985) and Farrell
and Shapiro (1990), and it has been regarded as the de facto standard result in the theory
of mergers (see Whinston 2007 for a comprehensive review). As a result, firms justify their
proposed mergers by emphasizing that their cost savings will be passed on to consumers, and
it appears that antitrust agencies view such cost savings positively (c.f. Horizontal Merger
Guidelines of the U.S. Department of Justice and the Federal Trade Commission). However,
our results indicate that neither marginal cost reduction (from conventional economies of scale)
nor inventory cost savings (from statistical economies of scale) will always induce firms to
lower their prices. Furthermore, although both conventional and statistical economies of scale
enable merging firms to reduce their expected costs, their impacts on firms’ prices and expected
profits are substantially different. Counter-intuitively, consumer price is more likely to rise
after a merger when the benefit of pooling is more significant, and larger cost synergies from a
merger can benefit nonparticipant firms. And, contrary to the previous literature studied under
deterministic demand, we find that even if a merger induces all firms to raise their prices, it
can still improve expected consumer welfare by increasing firms’ service levels.

The rest of this chapter is organized as follows. In §2 we review the related literature. In
83 we describe our pre-merger model. In §4 we present our post-merger model and analysis.
In §5 we study several extensions of our base model. We conclude our paper in §6. Proofs are

presented in Appendix A.

2.2 Related Literature

In this section, we first review the economic theory of a merger, and then we review the re-

lated operations management (OM) literature on competitive models of newsvendors, inventory



pooling, operational models of mergers, and cooperative networks.

Economists and antitrust agencies have long studied mergers, in particular focusing on how
a merger affects price. Stigler (1950) considers the formation of a cartel among firms that
make a collusive decision in a competitive market, and he shows that a cartel is not stable
because an increase of a market price will benefit external firms more than cartel members.
To explain the observed formation of cartels or mergers in practice, starting from Williamson
(1968), economists have taken into account cost synergies of mergers that may induce merging
firms to lower their prices. Most notably, Farrell and Shapiro (1990) show that if the amount
of marginal cost reduction from a merger exceeds a certain threshold, then price will fall after
a merger. Whereas these papers and their subsequent extensions adopt the Cournot model of
quantity competition among homogeneous goods (e.g., see a comprehensive review by Whinston
2007), Deneckere and Davidson (1985) analyze a merger in a differentiated market where firms
engage in price competition. The analysis of a merger in such a market is particularly important
because firms, especially retailers, are often price-setters, and the nature of price competition is
different from quantity competition (e.g., Vives 1999). For this reason, numerous papers have
constructed their models by building on Deneckere and Davidson (1985), including Werden and
Froeb (1994) and Davidson and Ferrett (2007). Since our work deals with retail mergers, we
use Deneckere and Davidson (1985) as our benchmark model of deterministic demand. To the
best of our knowledge, our paper is the first that evaluates a merger under uncertain demand
and characterizes statistical economies of scale from a merger. Contrary to the existing results
in this literature, our results show that marginal cost reduction from conventional economies
of scale induces merging firms to lower their prices only when they are sufficiently large, and
that larger statistical economies of scale always induce both merging and nonparticipant firms
to raise their prices.

In order to evaluate the effect of a merger under uncertain demand, we need a benchmark in
which firms compete before the merger takes place. For this benchmark, our paper builds on the
OM literature that studies competition among newsvendors. Traditional research on newsven-
dor models considers a monopolistic firm’s decision on inventory under uncertain demand, while
taking demand and price as given exogenously. A major extension to this traditional approach
is to consider a monopolistic newsvendor who sets its price and inventory simultaneously (e.g.,
Petruzzi and Dada 1999, Kocabiyikoglu and Popescu 2011). Another important extension is to
introduce competition among newsvendors (e.g., Lippman and McCardle 1997, Netessine and
Rudi 2003). While these papers focus on the inventory decisions of competitive newsvendors,
Zhao and Atkins (2008) consider a more general case in which each competitive newsvendor

determines both price and inventory simultaneously. Our paper builds on Zhao and Atkins
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(2008) for the pre-merger model, and examines the effect of a merger between two competitive
newsvendors on merging firms, nonparticipant firms, and consumers.

Research on inventory pooling has a long tradition in operations management. The seminal
paper by Eppen (1979) considers a multi-location newsvendor problem with normal demand
at each location. He shows that inventory costs in a centralized system increase with the cor-
relation between uncertain demands in different locations. Numerous extensions have followed
Eppen (1979), including among others: a decentralized system with one manufacturer and mul-
tiple retailers owned and operated by a single entity who can transship inventory between them
(Dong and Rudi 2004), arbitrary dependence structure with non-normal distributions (Corbett
and Rajaram 2006), capacity-sharing joint ventures (Roels et al. 2012), and procurement con-
tracts between two buyers and one common supplier (Hu et al. 2013). While these papers
consider the centralization of inventory among warehouses of a single firm or among monopolis-
tic firms, Anupindi and Bassok (1999) and Wang and Gerchak (2001) analyze the centralization
of inventory in a supply chain with one supplier and two competitive retailers, and compare
its performance with the decentralized system. There are two important differences between
these papers and our work. First, whereas the previous papers consider the centralization of
inventory (or stocking decisions) of all retailers in a market, in the context of a merger, such
complete centralization will create a monopolist, and hence will not be approved a priori by
antitrust authorities. Instead, a merger usually involves only two firms, and it affects other
nonparticipant firms in an oligopoly market — in this sense, a merger may be referred to as
partial centralization. The essence of a merger analysis is to examine the competitive reactions
of nonparticipant firms to the proposed merger, which in turn affect the decision of the post-
merger firm, and so on; hence, our merger analysis is substantially different from the previous
analyses that compare centralization with decentralization. Second, these papers assume fixed
consumer prices of all retailers, but consider stock-out substitution among retailers (i.e., a frac-
tion of consumers who do not find the good at their local retailers look for the good at other
retailers). In contrast, a central question in the analysis of a merger is how a merger affects
consumer price. Therefore, in our work, we consider a price-setting competitive newsvendor
model as our pre-merger model, which itself is difficult to analyze. To maintain tractability, we
assume initially that firms compete only through prices, while examining stock-out substitution
in a later extension, numerically.

Despite the importance of mergers in practice, there is scant literature on mergers in the OM
literature. Prior research in this literature mainly focuses on quantifying operating synergies
from a merger in monopolistic markets (e.g., Gupta and Gerchak 2002, Nagurney 2009) or on

vertical integration under deterministic demand (e.g., Corbett and Karmarkar 2001, Lin et al.
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2014). Recently, Cho (2014) studies a horizontal merger in a multitier decentralized supply
chain in which firms engage in quantity competition at each tier. He characterizes the impact
of a merger at one tier on strategic decisions of firms at different tiers of the supply chain.
Unlike Cho (2014) who considers a deterministic setting, the main research question of the
current paper is to characterize the impact of demand uncertainty and inventory pooling in a
merger of price-setting firms. Different from the analytical papers reviewed above, Zhu et al.
(2011) empirically study the effects of a horizontal merger on the financial and inventory-related
performance of firms. Although they discuss the potential impact of demand uncertainty on
firms’ performance, they develop their hypotheses mainly from Deneckere and Davidson (1985)
who characterize only the collusion effect under deterministic demand. Our paper complements
their empirical work by providing theoretical results about the collusion, pooling and synergy
effects of a merger under uncertain demand.

Lastly, in another stream of research, researchers use cooperative game theory to study
the formation of resource-pooling or inventory-transshipment coalitions among firms. In this
literature, firms maintain their independence but consider forming coalitions to obtain synergies
or to reduce financial risk (e.g., Kemahlioglu-Ziya and Bartholdi 2011, Fang and Cho 2014,
Huang et al. 2015). This literature focuses primarily on examining how stable coalitions can
be formed by allocating the benefits from collaboration to independent firms appropriately. In
contrast, the benefits from a merger need not be allocated between merging firms, since merging
firms become a single entity after the merger. Our focus is therefore on analyzing the effect of a

merger on prices, expected profits, and consumer welfare, provided that such a merger occurs.

2.3 Pre-Merger Model and Analysis

Consider n symmetric firms that sell products through different retail locations. Let p; denote
the price of firm i (= 1,2,...,n), p=(p1,...,pn) denote the price vector, and p_;= (p1,...,
Di—1,Dit1,---»Pn) denote the price vector of all firms but firm i. The demand of firm i is
D, (p) = Li(p) + €;, where L;(p) is the deterministic part of the demand and ; is the random
part of the demand. Following our benchmark model of deterministic demand in Deneckere

and Davison (1985), we assume
1 n
Li(p)=a—bpi+v| =2 pi—pi|, (2.1)
n j=1
where a (> 0) is the deterministic demand when all firms’ prices are zero, and b (> 0) captures

the sensitivity of demand to firm i’s own price p;. The parameter v (> 0) captures competition

among firms in the following sense. When ~ is close to zero, competition among firms is low, so
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that the difference between a firm’s own price and other firms’ prices has little impact on the
demand; whereas when = is large, competition is intense. We assume that € = (£1, ¢, ..., &,) fol-
lows a multivariate normal distribution N (0, ), where > represents the covariance structure
of demand with Var(g;) = 0? = 0%. We denote by ¢(-) and ®(-) the density and the cumulative
distribution function of the standard normal random variable, respectively. To ensure positive
demand, we require a >> o so that Pr(a +¢; < 0) = 0. Each firm ¢ incurs a marginal cost
w; = w. We assume there is no salvage value for unsold goods.

Each firm ¢ decides its price p; and inventory ¢; simultaneously with other firms before the
random demand is realized. Let ¢; = L;(p) + yi, where y; is firm ¢’s safety stock to hedge
against demand uncertainty. As in Petruzzi and Dada (1999) and Zhao and Atkins (2008), it
can be shown that a game with decision variables (p;, ¢;) is equivalent to a game with decision
variables (p;, y;). With (p;,y;) as decision variables, a firm’s strategy set can be unbounded. To
ensure the compactness of a firm’s strategy set for the existence of Nash equilibrium, we assume
pi € [p,p| and y; € [~7,7], where p > w, and P and ¥ are sufficiently large numbers that do not
constrain firms’ decisions. Given p_;, firm ¢ chooses p; and y; to maximize its expected profit

given as
~ Yi
mi(p. i) = (pi = w)Li(p) — wys = piB (B = )" = (pi = w)Li(p) —wyi —pioR (L), (22)

where R (z) = [°(u—2z)¢(u)du is the standard normal loss function and the expected lost sales
of firm i having safety stock y; is given as E (&; — y;) " = fyio(u — yi)wdu =oR(%). Since
there are no lost sales under deterministic demand, for convenience, we define c R (%) = 0 when
o =0. Let 7¢(p) = (p; —w)L;(p) and ¢; (p;, yi) = wy; +pioR (%), representing the profit from
the deterministic demand and the expected cost caused by demand uncertainty, respectively.
Then m;(p,y:) = 7¢ (p)—ci (i, i) Note that —c¢; (p;, ;) can also be interpreted as the expected
profit of a newsvendor who faces the demand of ;. In our subsequent analysis, we will focus
on the case in which all firms earn positive expected profits.

Following Netessine and Rudi (2003) and Zhao and Atkins (2008), we can show that a unique
pure-strategy Nash equilibrium exists under a certain condition (see Lemma A.1 in Appendix
A). The symmetric equilibrium price p{"“ = pb’® = ... = pb’® is the unique solution of the

following equation:

- <2b+ nnl,y> P —oR (@1 (1 —p%”)) ta+t <b+ ”nl7> w=0. (2.3)

pre

The equilibrium safety stock y7"“ = y5" = ... = y1" is equal to @1 (1 —w/p}"®), and it is

pre

also unique. The corresponding expected profit of firm ¢ in equilibrium is denoted by ;
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Before proceeding to our post-merger analysis, we remark on our assumptions and later
extensions. First, we consider symmetric firms in the pre-merger market in §§3-4, while ex-
tending the analysis to asymmetric firms in §5.1. Our analysis in §§3-4 enables us to isolate
the effect of demand uncertainty on the celebrated result of Deneckere and Davison (1985) who
also consider symmetric firms in the pre-merger market, and to compare the effect of a merger
on merging firms with that on nonparticipant firms. Second, we assume that random demands
follow a multivariate normal distribution, which is widely used in the literature that studies
the effect of inventory pooling (e.g., Eppen 1979, Anupindi and Bassok 1999, Dong and Rudi
2004, Hu et al. 2013). Even in this case, no closed-form expressions for p!™“, 3" and 77"
exist, and our subsequent analysis deals with the implicit functions such as (2.3) that define
these equilibrium outcomes. Nevertheless, we show in §5.2 that our results hold under a more
general class of distributions. In §5.3, we consider a demand model with a general uncertainty

structure. Lastly, in §5.4, we examine the impact of stock-out substitution on our results.

2.4 Post-Merger Model and Analysis

In §4.1, we present our post-merger model, and describe the collusion, pooling and synergy
effects of a merger. We then characterize these effects of a merger on firms’ prices and expected

profits in §4.2, and on firms’ service levels and expected consumer welfare in §4.3.

2.4.1 Post-Merger Model

Suppose firm 1 and firm 2 in the pre-merger market described in §3 have merged. We refer to
these two firms that are merged as the merging firms. When the two merging firms become
a single firm in the post-merger market, we refer to this firm as the post-merger firm, while
referring to the other firms as the nonparticipant firms. We index the post-merger firm by
1 = m, and the nonparticipant firms by i = 3,4, ...,n. We consider an oligopolistic market with
n > 3 because a merger that creates a monopolist (i.e., n = 2) is unlikely to be approved by
antitrust authorities.

The post-merger firm faces the demand of L, (p) + €, where L,,(p) = L1 (p) + L2 (p) rep-
resents the deterministic part of the demand and &, represents the random part of the demand.
The random part €, is given as €, = £1 +¢&2. Since the linear combination of the components of
the multivariate normal random vector € is normally distributed, €,, follows N (0, 0,,), where
om represents the post-merger firm’s aggregate volatility of the uncertain demand. Letting p
(€ [-1,1]) denote the correlation coefficient between £, and €2, we obtain oy, = 0v/2+ 2p.
Prior to the merger, firm 1 and firm 2 set prices p; and po at their respective retail outlet
independently, whereas the post-merger firm can set its prices p; and po collusively at these

two retail outlets. We call the effect of such price collusion on equilibrium as the “collusion
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effect.” To examine the collusion effect, we assume that the post-merger firm maintains their
two retail outlets after the merger — the same assumption is made by Deneckere and Davidson
(1985) and subsequent extensions (e.g., Werden and Froeb 1994, Davidson and Ferrett 2007).

In addition to setting its prices at two retail outlets collusively, the post-merger firm may also
manage its inventories at these two locations in a centralized manner. We model this “pooling
effect” by allowing the post-merger firm to sell the same product at both retail outlets and to use
a single safety stock y,, to hedge against the aggregate demand volatility o,,. This is essentially
the same as the centralization of inventory in the literature (e.g., Eppen 1979, Anupindi and
Bassok 1999, Wang and Gerchak 2001, Corbett and Rajaram 2006). In contrast, when each
retail outlet sells a different product and/or manages its stock separately even after the merger,
there is no pooling effect. This corresponds to the centralization of stocking decisions in the
literature (as compared to the centralization of physical inventory) (e.g., Netessine and Rudi
2003, Netessine and Zhang 2005).! We can prove that this case is identical to the special case
when the post-merger firm pools its inventories under perfectly-correlated demand (i.e., p = 1)
so that 0, = 20. In the presence of the pooling effect (i.e., p < 1), when the demands of the
two merging firms are highly correlated (i.e., high p), the post-merger firm faces high demand
volatility o,, due to the low pooling effect.

The post-merger firm often achieves cost synergies by utilizing economies of scale. Following
the common approach in the merger literature (e.g., see Cho (2014) and references therein),

we model the “synergy effect” of a merger by reducing the marginal cost of the post-merger

= W—Wm

—tm (€ [0,1)) denote a percentage of marginal cost

firm from w to wy, (€ (0,w]). Let s
reduction after a merger. When s = 0, there is no synergy effect. When s > 0, the synergy
effect exists, and as s increases, the merger entails larger cost synergies. The synergy level
s is an aggregate measure for cost synergies from various areas of operations, marketing and
administration, and its estimation often requires an industry-specific detailed analysis.

As in the pre-merger market, each firm ¢ (= m, 3,4, ...,n) in the post-merger market decides
its price p; and inventory ¢; simultaneously before the random demand is realized. The post-

merger firm decides its prices p; and po as well as its safety stock y,,, to maximize its expected

profit 7,,,, which can be expressed similarly to (2.2) as follows:?

'In other words, the pooling effect does not exist when two merging firms sell two distinct products after the
merger. Although this is quite plausible for a merger of manufacturers, it may not be common for a merger of
retailers, which is the main focus of this paper.
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) = (1~ 0 Ea () + (52~ ) Eal) = it = (-4 ) Tyt (22 ). ()

Om

Let 7, (p) = (p1—wim) L1(p)+(p2—win) L2(p) and ¢ (p1, 92, Ym) = winYm+(p1 + p2) %*R (gfz)
so that T, (P, Ym) = 7% (P) — cm (P1,P2,Ym). The expected profit of nonparticipant firm i
(= 3,4,...,n) remains the same as 7;(p,y;) given in (2.2). Similar to the pre-merger mar-
ket, we can show that equilibrium prices pbos* (where pﬁ’OSt = pé’OSt = pf,?St) and pé’OSt (where
Pt = ph*t = . = ph™") are the unique solutions that satisfy two first-order conditions,
while safety stocks in equilibrium are y?**" = ¢®~1(1 — w/pl**") for nonparticipant firm  and
yPot = 5 ® (1 — wy, /PE) for the post-merger firm. The corresponding expected profit of

.. n .
firm ¢ is 7t for i =m, 3,4, ...,n.

2.4.2 Post-Merger Analysis: Price and Expected Profit

The prior literature on a merger of price-setting firms focuses on the collusion effect of the
merger under deterministic demand. In this section, we will first investigate the collusion effect
under uncertain demand. We then examine the impact of two sources of cost savings for a
post-merger firm — namely, inventory pooling and cost synergies — on firms’ prices and expected
profits. Lastly, by combining the collusion, pooling and synergy effects of a merger, we examine
the aggregate effect of a merger on firms’ prices and expected profits.

To isolate the impact of demand uncertainty on the collusion effect, we examine the same
setting as Deneckere and Davidson (1985) except that firms face uncertain demand in our model.
In this special case, no pooling and synergy effects exist; i.e., a post-merger firm decides on its
prices at its two retail outlets, but the merger entails no cost savings through inventory pooling

or marginal cost reduction (i.e., p =1 and wy, = w).

Lemma 2.1 When p =1 and w, = w, the collusion effect of a merger leads to the following
results:

(a) The post-merger price of any firm is higher than its pre-merger price (i.e., pﬁqoSt > pi" and
pfOSt > pt"¢ fori=3,4,...,n). In addition, the price of the post-merger firm is higher than that
of a nonparticipant firm (i.e., phost > pfOSt fori=3,4,...n).

(b) The post-merger expected profit of any firm is higher than its pre-merger expected profit

(i.e., %W%)St > 7t and 7P > 7" for i = 3,4,...,n). Furthermore, the post-merger expected
profit of a merging firm is lower than that of a nonparticipant firm (i.e., %W%St < ﬂfo‘gt for any

i=3,4,..,n).

2 As is common in the literature, we do not consider a fixed cost of a merger. However, we can easily incorporate
this cost into (2.4). Since the fixed cost does not affect the functional characteristic of 7, it has no impact on
subsequent analyses.
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Lemma 2.1 shows that the price collusion of the merging parties induces all firms to raise their
prices and thereby earn higher expected profits. These results verify that the collusion effect
of a merger on prices and profits under deterministic demand remains valid under uncertain
demand. This suggests that the nature of competition that drives these results is unaffected
by demand uncertainty. Specifically, a merging firm has an incentive to raise its price after
the merger because its higher price has a positive externality on the other merging party.
The increased prices of the merging firms in turn benefit nonparticipant firms by raising their
demands (see (2.1)). Consequently, nonparticipant firms also raise their prices after the merger.
However, they raise prices less than the post-merger firm due to the (technical) reason that a
nonparticipant firm’s best response function to the merged firm’s price is upward sloping with
a slope less than one (see Appendix).

Having characterized the collusion effect of a merger under uncertain demand, we next
examine how inventory pooling and cost synergies affect the post-merger equilibrium. Since a
merger always enables merging parties to collude on their prices, we examine these effects in the
presence of the collusion effect. We first examine the pooling effect and then the synergy effect.
As discussed in §4.1, the post-merger firm faces the aggregate volatility in its total demand,
om = 04/2 + 2p, which is increasing in the correlation coefficient p between the demands of two
merging firms. Thus, when p is low (resp., high), o, is low (resp., high) due to the high (resp.,

low) pooling effect.

Proposition 2.1 For any wy, € (0,w], the inventory pooling of a post-merger firm affects post-
merger equilibrium as follows:
(a) The post-merger price of any firm i, PP (i =m,3,4,...,n), is decreasing in p.

b) The post-merger expected profit of any firm 1, 7ot G = m,3,4,...,n), is decreasing in p.
K3

Proposition 2.1(a) states that as the pooling effect becomes more substantial with lower p (i.e.,
the post-merger firm faces a lower aggregate volatility), the post-merger firm charges a higher
price; see Figure 2-1(a). Because the post-merger firm saves on inventory cost by pooling
inventories, one might anticipate that such cost savings would be passed on to consumers
through reduced prices. In fact, the existing theory of mergers developed under deterministic
demand posits that marginal cost reduction through cost synergies will induce firms to reduce
their prices (see §2). However, our result indicates that although inventory pooling enables the
post-merger firm to achieve cost savings, it always induces firms to raise their prices.

We can explain this result as follows. In order to prove that p’ﬁﬁm decreases with o, as
well as p (since o, = /2 + 2p), we apply the implicit function theorem to the first-order

conditions for p£2*" and pé’OSt, and obtain the following after simplifications (see the proof):
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Figure 2-1: The Pooling Effect of a Merger on (a) Prices and (b) Expected Profits. (Note. The
following parameter values are used: n = 3, a =1, b = 0.6, v = 0.5, w = w,, = 0.5, and
o = 0.3. These values are motivated by the U.S. rental car industry; see Appendix B.)
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In (2.5), the first term in the denominator captures the shape of the post-merger firm’s profit

function m,, with respect to its own price, and the second term captures the competitive dy-
namics between post-merger and nonparticipant firms. Using Lemma 2.1 (as well as Lemma
A.1 in Appendix A that shows 0 < dpgo‘gt/dpf,?“ < 1), we show in the proof that the de-

nominator of (2.5) is negative. Thus, it suffices to show that the numerator of (2.5) is pos-

e 527, 8%l e,
1tive: l.e., Opi0om = Dpidon  Tpidon

a?fggm = R(® (1 - wm/pﬁfSt)) > 0 at p = pP°!. Note that the numerator is computed for

fixed prices of all nonparticipant firms, and hence it is consistent with the result of the price-

< 0 at p = pP*!, which follows from 252 — 0 and
p = p"*, p =

setting monopolistic newsvendor models (cf. Mills 1959, Petruzzi and Dada 1999). Intuition
for this result is as follows. Although demand volatility o,, does not affect the profit from
the deterministic demand, 7% , it does affect the expected cost due to demand uncertainty, c,,.
It can be shown that c,, increases with price p{’,fSt as well as volatility ¢,,. The result that
0?cm/ 8p180m}p:ppost > 0 suggests that the marginal cost of a higher demand volatility o, in-
creases with price phe®® because the lost revenue due to demand uncertainty increases with price
phost . Likewise, the marginal cost of a higher price pf,fSt increases with volatility ¢, because
more demand will be lost with a higher volatility ¢,,. Taken as a whole, considering the impact
of o,, on its own expected profit 7, as well as the competitive response of nonparticipant firms,
the post-merger firm raises its price in equilibrium when facing a lower o,,. In response to the

increased price of the post-merger firm, as discussed earlier in Lemma 2.1(a), nonparticipant
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firms raise their prices as well.

Proposition 2.1(b) shows, as expected, that a post-merger firm will obtain a higher expected
profit by pooling its inventories. One might expect that the cost advantage of the post-merger
firm may hurt its competitors. In contrast to this first intuition, Proposition 2.1(b) shows that
the high pooling effect also benefits nonparticipant firms. This happens because the increased
price of the post-merger firm will allow nonparticipant firms to raise their prices as well, and
to earn higher expected profits. Although the pooling effect benefits both post-merger and
nonparticipant firms, Figure 2-1(b) illustrates that the pooling effect is more beneficial to a
merging firm than a nonparticipant firm, and hence when p is sufficiently low, a merging firm
earns a higher expected profit than that of a nonparticipant firm. This is contrary to the
result of Deneckere and Davidson (1985) who show that a merger is always more beneficial to
a nonparticipant firm under deterministic demand.

We next examine the impact of marginal cost reduction from merger synergies on post-
merger equilibrium. Although both inventory pooling and cost synergies enable a post-merger
firm to reduce its expected cost, the following proposition shows that the synergy effect on post-
merger equilibrium differs substantially from the pooling effect presented earlier in Proposition

2.1.

Proposition 2.2 For any p € [—1,1], there exists a threshold s € [0,1), which is nonde-
creasing in oy, with sV =0 at o, = 0, such that:

(a) The post-merger price of any firm i, pfOSt (i =m,3,4,...,n), is decreasing in s if and only
if s > s,

(b) The expected profit of the post-merger firm, W%)St, s always increasing in s, whereas the
expected profit of a monparticipant firm, waSt (i = 3,4,...,n), is decreasing in s if and only if

S > 5(1).

Proposition 2.2(a) states that larger cost synergies of a merger do not necessarily induce firms

to lower their prices under uncertain demand. This bears important implications for antitrust

policies, since firms often use cost synergies to justify their proposed merger to antitrust au-

thorities. Note that this result is not obtained under deterministic demand (since s() = 0) as is

the case in the existing literature. This result can be explained similarly to Proposition 2.1(a).
ost

In particular, phy*" decreases with s if and only if 0?7,,/9p10w, > 0 at p = pP°*!, which is
proven by showing that:
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Figure 2-2: The Synergy Effect of a Merger on Prices under Uncertain Demand at (a) p = 0,
(b) p=0.5, and (c) p = 1. (Note. The same parameter values are used as in Figure 1 except
o =0.5.)

Under deterministic demand with o, = 0, the expected cost ¢, is zero, and thus so is
9%¢ Op1Owy,. In this case, since 82wy, /Op10wy, > 0, phe™ decreases with s. This means
that without demand uncertainty, cost synergies enable the post-merger firm to lower its price.
However, under uncertain demand with o, > 0, observe from (2.6) that 9%c,,/0p10w,, > 0,
and consequently 927, /0p10w,, can be either positive or negative. Proposition 2.2(a) pro-
vides the necessary and sufficient condition for 9%m,,/9p10w,, < 0 at the equilibrium point, so
that pzﬁr?“ increases with s. This condition requires that the synergy level s is lower than the
threshold s().3 The threshold s(!) is nondecreasing with the aggregate demand volatility o,y,.
This implies that when the post-merger firm faces higher demand volatility, it is more likely
to observe the counter-intuitive result that pf,fSt increases with s; see Figure 2-2. The same
condition applies to nonparticipant firms as well, since nonparticipant firms change their prices
in the same direction as the post-merger firm (see Lemma 2.1(a)).

Interestingly, Proposition 2.2(b) shows that when the post-merger firm achieves larger cost
synergies, nonparticipant firms can (but not always) also earn higher expected profits. We can
explain this result in the same manner as the non-monotonic change of the post-merger prices
in Proposition 2.2(a). Although the price of a post-merger firm changes non-monotonically
with the synergy level s, Proposition 2.2(b) shows that as the synergy level s increases, the

post-merger firm earns larger expected profit. This result is intuitive and also holds for the case

3Intuitively, when a post-merger firm decides on its price pi1, it considers a tradeoff between a marginal gain
in a deterministic profit from increasing p; and a marginal gain from hedging against uncertainty by reducing
p1. It turns out that the former is increasing linearly with w,,, while the latter is increasing convexly with w,.
Thus, when wy, is high, a small reduction of w,, has a larger impact on the marginal gain from hedging against
uncertainty.
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Figure 2-3: The Aggregate Effect of a Merger on: (a) Prices and (b) Expected Profits. (Note.

The same parameter values are used as in Figure 1 except p = 0.9 to better illustrate s2) and
®3))
s,

under deterministic demand.
Finally, by combining Lemma 2.1 with Propositions 2.1 and 2.2, we examine the aggregate
(collusion, pooling and synergy) effect of a merger, and compare pre-merger equilibrium with

post-merger equilibrium. See Figure 2-3 for illustration.

Proposition 2.3 For any p € [~1,1] and w,, € (0,w], there exist thresholds s € (s, 1]

and s € [0,5P)] such that:

(a) The post-merger price of any firm is higher than its pre-merger price (i.e., phy™ > pi"® and
oSt pPTe fori=3,4,...,n) if and only if s < s, The price of the post-merger firm is higher

Py > 4y ey y p p g 9

than that of a nonparticipant firm (i.e. phy™ > p'*" for i = 3,4,...,n) if and only if s < s,

2)

Furthermore, s is nonincreasing in p.

(b) The post-merger expected profit of a merging firm is higher than its pre-merger expected profit

: t
(i.e., smhy™ > ml"

) for any s, whereas the post-merger expected profit of a nonparticipant firm
is higher than its pre-merger expected profit (i.e., WfOSt > 7" for i =3,4,...,n) if and only if
s < s@. Moreover, the post-merger expected profit of a merging firm is higher than that of a

nonparticipant firm (i.e. %W%St > WfOSt fori=3,4,...n) if s > s,

Proposition 2.3(a) states that a merger will cause firms’ prices to drop only when the synergy
level s is higher than s(2). This result combines the collusion effect (which causes prices to
rise as shown in Lemma 2.1(a)), the pooling effect (which causes prices to rise as shown in
Proposition 2.1(a)), and the synergy effect (which causes prices to drop only when s > s(!) as
shown in Proposition 2.2(a)). Since the synergy effect causes prices to drop only when s > s,

even in the absence of the pooling effect, the threshold s(2) in Proposition 2.3(a) is higher than
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s Tt is also possible that s = 1, implying that a merger will increase firms’ prices for any
synergy level s. This extreme case may happen when the pre-merger marginal cost w is so low
that further reduction of the marginal cost from synergies does not outweigh the collusion and
pooling effects of the merger on prices. Proposition 2.3(a) also reveals that when the synergy
level is so high that the merger decreases prices (i.e., s > 3(2)), the price of the post-merger
firm becomes lower than the price of nonparticipant firms; see Figure 2-3(a).

In addition, Proposition 2.3(a) shows that the threshold s is nondecreasing in p. This
happens because the pooling effect drives prices upward as shown in Proposition 2.1(a). This
result suggests that as the pooling effect becomes more significant, larger cost synergies are
required for prices to drop after a merger. Therefore, ceteris paribus, consumer price is less
likely to rise after a merger in an industry where firms’ uncertain demands are highly correlated
(e.g., household furniture, home appliances, and motor vehicle dealerships, where demand is
closely related to business cycles (Berman and Pfleeger 1997)).

Since the post-merger firm benefits from each of the collusion, pooling and synergy effects,
a merger will increase the expected profit of a merging firm (Proposition 2.3(b)). On the
other hand, a merger will increase the expected profit of a nonparticipant firm only when the
merger induces all firms to raise their prices. This is consistent with our previous lemma and
propositions. As illustrated in Figure 2-3(b), when the synergy level s is larger than s the

expected profit of a merging firm exceeds that of a nonparticipant firm.

2.4.3 Post-Merger Analysis: Service Level and Expected Consumer Welfare
So far we have focused on the effect of a merger on firms’ prices and their expected profits,
following the tradition of prior work on mergers studied under deterministic demand. However,
when demand is uncertain, firms determine their stocking levels which can affect the availability
of products to consumers. In this section, we examine how the pooling and synergy effects of
a merger affect firms’ service levels and ultimately expected consumer welfare.

Following the convention of the operations management literature, we define firm 4’s service
level [; as its in-stock probability: [; = Pr(D; < ¢;) = Pr(g; < ;) = ® (y;/0i). The following
proposition shows the pooling and synergy effects of a merger on firms’ service levels (in the
presence of the collusion effect), and compares service levels between pre-merger and post-

merger markets.

Proposition 2.4 (a) For any fived w,, € (0,w], the post-merger service levels of all firms, 157"
and lfOSt (i =3,4,....,n), are decreasing in p.
(b) For any fized p € [—1,1], the service level of the post-merger firm, I59°", is always increasing

in s, whereas the service level of a nonparticipant firm, I!°" (i = 3,4,...,n), is increasing in s
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if and only if s < sV (where sV is defined in Proposition 2)

(c) The service level of the post-merger firm is always higher than its pre-merger service level
(i.e., 0" > I¥"°). The service level of a nonparticipant firm is higher than its pre-merger
service level (i.e. lfOSt > 17" fori=3,4,...,n) if and only if s < 5@ (where 5@ is defined in

Proposition 3).

Proposition 2.4(a) shows that when the pooling effect of a merger is significant with low p,
firms raise their service levels. To understand this result, recall from §4.1 that the optimal
safety stock is nySt =g;0! (1 — wi/pf08t>, at which the service level is lfOSt =1- wi/p?mt.
Because a higher pooling effect (i.e., a lower p) raises all firms’ prices pfOSt (1t =m,3,4,...,n)
for any fixed w; (Proposition 1(a)), it also raises their service levels [ ost (i = m,3,4,....,n).
With a higher service level, a firm’s lost sales are decreased; i.e., E (D; — qi)Jr =o;R (CD*I (lz))
is decreasing with ;.

Unlike the pooling effect, the synergy effect affects the service level of the post-merger firm
0% =1 — wy, /ph2*" via changes in both w,, and phe®*. When the synergy level s is significant
with s > s(!), the result is not straightforward because a higher s means a lower w,, but it
also induces the post-merger firm to lower its price p’ﬁ?‘gt (cf. Proposition 2). It turns out
that the price drop is always less than the cost reduction (i.e., dpﬁffSt /dw,, < 1; see the proof of
Proposition 2.4(b)), so the service level I}, " increases for any synergy level s. For nonparticipant
firm i (i = 3,4,...,n), the synergy effect affects its service level I/°* = 1 —w;/pP®*" only through
a change in its price p! 5t Since P % increases with the synergy level s if and only if s < s(!)
(cf. Proposition 2), so does lfOSt.

The aggregate effect (collusion, pooling and synergy effects) of a merger on a firm’s service
level is shown in Proposition 2.4(c). It always increases the post-merger firm’s service level,
but it increases the nonparticipant firm’s service level only when the synergy level is low (i.e.,
s < 5(2),

This result raises an interesting point. When the synergy level s < s, a merger not
only induces all firms to raise their prices (cf. Proposition 3(a)), but also induces all firms to
raise their service levels. The former affects consumer negatively, whereas the latter affects
consumers positively. Note that the latter effect exists only when demand is uncertain. A
similar trade-off also exists when s > s(2) because consumers will benefit from lower prices as
well as a higher service level of a post-merger firm, but be hurt from a lower service level of
nonparticipant firms. Then how can we measure the overall impact of a merger on consumers?
Now we propose expected consumer welfare as the aggregate measure that an antitrust agency

and other interested parties may use in evaluating a merger. As compared to the standard
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approach of computing consumer welfare as an area under the demand curve of a single firm,
special care must be taken to account for the price-competing oligopoly as well as for potential
stock-outs. We therefore derive expected consumer welfare in the following two steps. First, we
present the consumer utility function of a representative consumer that leads to our demand
function in the oligopolistic market. Second, we use this utility function to define expected
consumer welfare that takes into account potential stock-outs.

Following Shubik (1980), we can show that the following utility function of a representative

consumer generates the demand function D; = L; (p) +€; (where L; (p) is given in (1)):

n

1+ % 1 ol 1
D) = nb gi—-Di)+ gj—=D;) D 2.
u (D) Z br o (a—i—s 5 )+nb(b+7);<a+sj 5 ]> (2.7)

where D= (D1, Ds,...,D,)" denotes a consumption bundle. In (2.7), the first term in the
bracket represents the (direct) marginal utility from the product sold by firm 4 (hereinafter,
product i in short), and the second term in the bracket is the marginal utility from substitution.

Total expected consumer welfare (or surplus) from the consumption bundle is denoted by
Elcs (D)], which is the sum of expected consumer surplus from product i, E[cs; (D)]; i.e.,
Eles (D)] = i Eles; (D)]. To derive c¢s; (D), we consider two different cases. In the first
case when a rzalization of random demand component £; is smaller than or equal to safety
stock y; = ;@71 (I;), all demand will be satisfied. In this case, by substituting the demand
D; = L; (p) +¢&; to (2.7) and then subtracting the price paid )", p;D;, we obtain the following
ex-post consumer surplus:

Z(a+gj)—pi {Li(p) +&}. (2.8)
i

SR R i

In the second case when a realization of €; is greater than y;, some demand will be lost. Similar
to the monopoly case of Cohen et al. (2014) and Ovchinnikov and Raz (2015), we assume that
customers are first-come-first-served, so that every customer faces the same probability of not
getting a product, {L; (p) + v} /{Li(p) +¢:}. In this case, the ex-post consumer surplus is
given as c¢s; (p,&i) {L; (p) +vi} /{Li (p) +&i}. Putting the two cases together, we can express

the expected consumer surplus from product i, E[cs; (p,€)], as follows:

o, @1 (1) 00 00
Elcsi(p,e)] = / / / cs; (p,€) f(e)dey---dei—1deiyr -+ - depde; (2.9)

+/01-<1> / / csi (p, € L; + ¢ ( )f (e)dey---dej_1deiqq - - - depde;,
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Figure 2-4: The Aggregate Effect of a Merger on: (a) Prices, (b) Service Levels, and (c)
Expected Consumer Welfare. (Note. The same parameter values are used as in Figure 3.)

where f (€) = e €/2/(27)"/2/|$|1/2 is the n-dimensional joint density of the multivariate
normal random variable € and ¥ is its covariance matrix. After a merger between firms 1 and
2, csm, (P, €) in (2.9) needs to be integrated over the aggregate uncertain component, (g1 +¢£2).

Using the total expected consumer welfare Elcs (D)] defined above, we now examine the
aggregate impact of a merger on consumers (which essentially combines all the effects we have
examined separately, including the collusion, pooling and synergy effects on prices and service

levels of both post-merger and nonparticipant firms).

Proposition 2.5 Suppose b > (n—2)ow . Then there exists a threshold s(¢5) €
p PP - n¢(q>—1(l§ost))(pz3mst)2

[0, 5(2)] such that for any s > s(°) the expected consumer welfare after a merger, ElcsPost], is

greater than that before the merger, E[csP™c].

The existence of the threshold s(¢®) is intuitive. As discussed above, when s > s(2), consumers
benefit from lower prices of all firms and a higher service level of a post-merger firm, although
they are hurt by a lower service level of nonparticipant firms. When the synergy level s is
sufficiently high, the former positive effect outweighs the latter negative effect. However, as
compared to the earlier result in Proposition 3(a) that s is nonincreasing in p, we observe
5(c5) as well as E [csP9st] change non-monotonically in p. This is because the high pooling effect
hurts consumers through increased prices, but at the same time it benefits consumers through
increased service levels. More importantly, even if a merger induces all firms to raise their
prices, it can still improve expected consumer welfare by increasing firms’ service levels. This

is illustrated in Figure 2-4 when the synergy level s falls between s(¢5) and s(2) 4

(2

4The technical condition given in Proposition 2.5 is a sufficient condition for s < 5@ which is observed
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The main takeaway from the above analysis is as follows. The extant literature has mea-
sured the impact of a merger on consumers via price changes, assuming consumer demand is
deterministic. In reality, consumer demand is fundamentally uncertain. Our result indicates
that under uncertain demand, it is crucial to take into account how a merger affects consumers

via firms’ service levels as well as their prices.

2.5 Extensions

This section examines four extensions of our base model. In §5.1, we consider asymmetric firms
in a pre-merger market. In §5.2, we extend our results to non-normal distributions. In §5.3,
we analyze a demand model with a general uncertainty structure. Lastly, in §5.4, we analyze
the impact of stock-out substitution on mergers. For brevity, we focus on the pooling effect of
a merger on prices and the synergy effect on nonparticipants’ profits. The effects on service

levels and expected consumer welfare can also be shown similarly.

2.5.1 Asymmetric Firms

So far we have analyzed a merger in the pre-merger market in which firms are symmetric. Such
a merger results in asymmetric competition between a post-merger firm and nonparticipant
firms in the post-merger market. In this section, we examine the impact of a merger in the
pre-merger market in which firms are asymmetric, and we demonstrate that our main results
continue to hold.

Consider a pre-merger market in which firms differ in demand and cost parameters. Specif-
ically, firm ¢ (= 1,2,--- ,n) faces its demand D; (p) = L;(p) + &;, where L;(p) = a; — bjp; +
Y(>2i_1pj/n —pi) and € = (1,82, -+ ,Ey) follows a multivariate normal distribution N (0, ")
with Var(g;) = o7; and firm i incurs a marginal cost w;. We consider a situation where
firms sell homogeneous products, and differentiation among firms occurs at the retail level due
to the reasons such as locations, consumer characteristics, and store characteristics. After a
merger between firms 1 and 2, the deterministic part of the post-merger firm’s demand becomes
L,.(p) = L1 (p) + L2 (p), assuming that two retail outlets maintain their differentiation. As be-
fore, we measure the pooling effect of a merger in terms of the correlation coefficient p between
£1 and €. Unlike the symmetric case, the post-merger firm may set two different prices at retail
outlets 1 and 2 in equilibrium, so we denote firm i’s post-merger price by p?** for i = 1,2, ....n
(instead of using subscript m). As for the synergy effect, when firms are symmetric in the

pre-merger market, in §4 we have defined the synergy level as s = (w — wy,)/w. However, when

in all of our extensive numerical experiments with the following parameter values: n=3, a=1, b €{0.1,0.6,1,2},
~v €{0.1,0.5,1,2}, w €{0.1,0.2,0.3,0.4,0.5}, o €{0.05,0.1,0.3,0.5} and p €{0,0.2,0.4,0.6,0.8,1}. These scenarios
include the parameter values used in Figure 1, and also cover various possible scenarios.
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asymmetric firms compete in the pre-merger market, merging firms’ marginal costs w; and wo
may differ, so we refine our previous definition of s to s = (min{wy, ws} — wyy,)/ minf{wy, wy}.
The synergy level s is non-negative when the marginal cost of the post-merger firm w,, is at
least as small as min{w;,wy}. Note that when w; and wq are different, a merger leads to a
change in the marginal cost of at least one merging firm. For this reason, we cannot isolate the
collusion effect from the synergy effect as we did in Lemma 2.1 for the symmetric case. The
following corollary shows that the pooling and synergy effects of a merger in the pre-merger
market of asymmetric firms are consistent with those in the pre-merger market of symmetric

firms.

Corollary 2.1 (a) For any fixed wy, € (0,w], all post-merger prices pfOSt (i=1,2,...,n) are
decreasing in p.
(b) For any fized p € [—1,1], there exists a threshold s((ig)ym € [0,1) such that a nonparticipant

firm’s profit W?OSt (i = 3,4,...,n) as well as all post-merger prices pfOSt (1t = 1,2,...,n) is

increasing i s if s < s((ig)ym.

2.5.2 Non-Normal Distributions

In this section, we consider a case in which the demand of a firm follows a general distribution.
We denote by f(-) and F(-) the density of €; with E (£;) = 0 and its cumulative distribution
respectively, and we denote by f,,,(-) and F,,,(-) the density of ,, =21 + €2 and its cumulative
distribution. In the pre-merger market, the expected profit of firm ¢ can be expressed as:

mi(P,yi) = (pi — w)Li(P) — wy; — piRy (yi), where Ry (y;) = [ (t — ;) f (t) dt represents the

expected lost sales of firm ¢ having safety stock y;. Similarly, the expected profit of the post-
merger firm is given as 7, (P, Ym) = (P1 —wm)L1(P) + (p2 — W) La(P) — Wi Ym — WRM (Ym)-
We next present the definition of dispersive ordering and a failure rate (e.g., see Miiller and

Stoyan 2002), and then use these properties to generalize our results in §4.

Definition (a) A random wvariable X is smaller than Y in dispersive ordering, written as
X =isp Y, if F7H(19) = F71(11) < Gl (12) = G71 (1) for all 0 < 71 < 79 < 1, where F
and G are the distribution functions of X and Y, respectively.
(b) Let X be a random variable with density f and cumulative distribution F. The failure rate
of X is defined as h(x) = f (x) /{1 —F (z)}. The random variable X has an increasing failure
rate (IFR) if h(z) is increasing for all x such that F (x) < 1.

*Dispersive ordering and an IFR have the following relation. Let X be a random variable with support on
(a,00) where a > —oo. For any t € (a,00), let X; = [X — t|X > t] denote the residual life time. The following
statements are equivalent (Pellerey and Shaked 1997): (i) X has an IFR; (ii) Xt <aisp X for all ¢; (iii) Xt <aisp Xs
for all s < t.
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Corollary 2.2 (a) Let &, and £, be two random variables with E [,,] = E[€,,] = 0. Let pfOSt
or ﬁ?OSt (i = m,3,4,...,n) be the equilibrium price of firm i when the post-merger firm faces
random demand component Zn, or £,,, respectively. Then, Ep, =disp &, implies Pt > ot
(b) If €p, follows an IFR distribution, then there exists a threshold sgo)n € [0,1] such that a
nonparticipant firm’s profit WfOSt (i = 3,4,...,n) as well as all post-merger prices pfOSt (1 =
m,3,4,...,n) is increasing in s if and only if s < sﬁfo)n

Corollary 2.2(a) generalizes the pooling effect of a merger presented earlier in Proposition 2.1(a).
The condition €, =gisp Em implies that the expected lost sales Ry, [Fgl (1 —wp/ pm)] (which
is equal to 20¢,,/0p1) is smaller for a less dispersive demand. Because the marginal loss from
raising a price is lower for a less dispersive demand, the post-merger firm charges a higher
price in equilibrium, which is followed by an increase in prices of nonparticipant firms. This is
consistent with Proposition 1(a), since a larger p, or equivalently a larger o, under a normally
distributed demand, results in a more dispersive £,,. Corollary 2.2(b) shows that the synergy
effect of a merger presented earlier in Proposition 2.2 holds for an IFR distribution which
includes many commonly used distributions such as normal, uniform, gamma and Weibull
(with a shape parameter greater than 1 for gamma and Weibull); see, e.g., Kocabiyikoglu and
Popescu (2011).

2.5.3 Demand Function with a General Uncertainty Structure

In this section, we consider a more general model in which firm i’s demand is D; (p) = L;(p) +
0;(p)€i, where L;(p) is given in (2.1), d;(p) = a—ﬁpﬁ—@(% i pj—p;i) (>0, B> 0and @ > 0),
and € = (&1, 2, ..., &y, follows a multivariate normal distribju_tion with E (£;) = 0 and Var (g;) =
1. This model takes the following two commonly-used models in the literature as special cases:
(1) when (38,0) = (0,0), D; (p) = Li(p) + a&;, which is the additive demand function in the
main body with ¢ = a; and (2) when (3,0) = (ba/a,va/a), D; (p) = Li(p)(1 + a€;/a), which
is a multiplicative demand function.® After a merger between firm 1 and firm 2 takes place,

the post-merger firm faces the demand of D,, (p) = L1(p) + L2(p) + 01(p)e1 + d2(p)ee.

Corollary 2.3 (a) For any fired wy, € (0,w] and 6 > 0, there exists a threshold B (> 0) such
that if B < B, all post-merger prices pfOSt (i =m,3,4,...,n) are decreasing in p.

(b) Suppose v > 0¢ (<I>_1 (1 - #)) (1 — p;gst)fl. Then, for any fired p € [—1,1], there

3 3

5Young (1978) and Petruzzi and Dada (1999) use a similar demand function for a monopoly case: D (p) =
L (p) + 4 (p) €. Since we analyze an oligopoly model, we replace the price p with a vector of prices of all firms,
p. To be consistent with the main body, we assume that L;(p) is given in (2.1), and that J; (p) takes a similar
form to L; (p).
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Figure 2-5: The Pooling Effect of a Merger under a General Uncertainty Model. (Note. The
same parameter values are used as in Figure 1.)

exists a threshold séle)n € [0,1) such that a nonparticipant firm’s profit WfOSt (i =3,4,...n) as

well as all post-merger prices pfOSt (1 =m,3,4,...,n) is increasing in s if and only if s < sgle)n.
Corollary 2.3(a) shows that the pooling effect of a merger on firms’ prices is the same as
that in our base model as long as the impact of demand uncertainty on price sensitivity is
sufficiently small (i.e., 5 and 6 are small). See Figure 2-5 for illustration, in which the lower left
corner at (8,60) = (0,0) corresponds to the additive demand case and the upper right corner
at (8,0) = (ba/a,va/a) corresponds to the multiplicative demand case. The intuition from
this result is as follows. To hedge against the risk of uncertainty due to high p, in the additive
case, a post-merger firm wants to reduce its price to decrease the coeflicient of variance without
affecting the variance; whereas in the multiplicative case, a post-merger firm wants to increase
its price to reduce the variance without affecting the coefficient of variance (cf. Petruzzi and
Dada 1999). When g and 6 are sufficiently small, the effect of controlling the coefficient of
variance dominates the effect of controlling the variance, hence inducing a post-merger firm
to decrease its price with p as in the additive case. Next, Corollary 2.3(b) shows that the
non-monotonic relationship between post-merger firm’s prices p? st and the synergy level s is
preserved in the general demand model. Consequently, when synergy level s is small, larger
cost synergies from a merger benefit nonparticipant firms. The condition on « guarantees that
a higher price of a merging firm has a positive externality on a nonparticipant firm as in the

base model.”

TA demand function with additive uncertainty is more amenable to modeling consumer behavior from stock-
out substitution as we discuss next in §5.4. It is also worth noting that a demand function with multiplicative
uncertainty does not satisfy the conditions necessary to guarantee utility maximization by a representative
consumer (Krishnan 2010), and hence it cannot be used for welfare analysis in §4.3.
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Figure 2-6: Under Stock-Out Substitution: (a) the Pooling Effect on Prices, (b) The Synergy
Effect on Prices, and (c¢) The Synergy Effect on Expected Profits.

2.5.4 Stock-Out Substitution

This section examines the case in which a fraction of consumers who do not find a product at
their local retailers look for the product at other retailers. We follow the standard approach
of modeling this stock-out substitution (Netessine and Rudi 2003, Zhao and Atkins 2008, and
references therein) by assuming that a part of excess demand is reallocated to other retailers
in deterministic proportions, and that the sale is lost if reallocated demand cannot be satisfied.
Then, the total demand of firm 7 is the sum of its original demand and a fraction of lost demands
from other firms; i.e., D; (p,y_i) =Li(p)+&i+ 25 > (D; — ;)" where k (< 1) is a fraction

i
of the excess demand from firm j spilled to other ﬁilﬁls, and —£5 > (D; — ;)" is referred to
i

as “spill demand.” Random variable ﬁl is the sum of n random z/:riables — a normal g; and
(n — 1) truncated normal —f- (D; — ¢;)" for j # i — which are correlated with each other in
a complex manner. Thus the analytical characterization of even the pre-merger equilibrium
is intractable (Netessine and Rudi 2003, Zhao and Atkins 2008). For this reason, we study
stock-out substitution numerically.

We first examine how stock-out substitution affects the pooling effect of a merger. Figure
2-6(a) uses the same parameter values as in Figure 2-1 except x = 0.2. By comparing these two
figures, we observe that under stock-out substitution inventory pooling continues to induce all
firms to raise their prices (i.e., ot and pgo“"t decrease with p). This is because the main driver
for the pooling effect (i.e., the demand volatility of the post-merger firm is increasing with p)
exists with or without stock-out substitution. Although the correlation between firms’ demands
does not affect the pre-merger equilibrium in Figure 2-1, we observe in Figure 2-6(a) that p}"*

is decreasing with p under stock-out substitution. To understand this result, suppose that p is
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high. Then when the demand of one firm, say firm 1, is high, there is a high chance that the
demands of the other firms are also high. In this case, when the other firms experience stock-
outs, it is likely that firm 1 also experiences a stock-out and cannot satisfy the spill demand
from the other firms. As a result, higher p reduces the expected spill demand a firm can satisfy.®
Therefore, with higher p, firms compete more intensely by reducing their prices.

We next examine how stock-out substitution affects the synergy effect of a merger. Figure
2-6(b)-(c) use the same parameter values as in Figure 2-2 except £ = 0.2. From these two
figures, we observe that the synergy effect on the post-merger firm is consistent in both cases
with or without stock-out substitution: larger cost synergies increase the post-merger firm’s
price only when s is lower than a certain threshold (denoted by s in Figure 2-6(b)), although

sub

it always increases the post-merger firm’s expected profit. For a nonparticipant firm, when s is
small, 7r13)08t increases with s, confirming that larger cost synergies can benefit non-participant
firms. However, unlike Proposition 2.2 (showing that without stock-out substitution p5”** and

75" decrease in s if and only if s > s()), Figure 2-6(b)-(c) show that p5°* and 75" can
1)

sub- We can explain this result intuitively as follows. With larger

decrease in s even when s < s
cost synergies, the post-merger firm increases its safety stock, which not only reduces its own
expected lost sales due to stock-outs, but also reduces its spill demand to the nonparticipant
firm. Therefore, with stock-out substitution, larger cost synergies create an additional force
post

3

that induces the nonparticipant firm to charge a lower price and to stock less, causing 7 o

be decreasing in s over a larger range.

2.6 Conclusion

M&As have been employed by many firms as significant strategies to create competitive ad-
vantages. Not only does a merger enable merging parties to cooperate with each other in their
decision-making, but also enables to achieve cost savings by improving operational efficiencies.
Whether such competitive advantages created by a merger will benefit consumers is a central
concern of antitrust agencies. Popular defensive arguments used by firms have been that merger
synergies will lower the cost of a post-merger firm and thus be ultimately passed on to con-
sumers. Whereas the existing theory of mergers has been supportive of those arguments, this
paper shows they are not necessarily true.

While building on the competitive models established in the rich literature on mergers, our

~ ~ 3
SHigher p also increases Var(D:), since Var(Di) = VarE) + % S Var(E; —y)T) +
j=2

3
kY Cov(Er, G —y))t) + SCou((Fz—y2)", (3 —y3)"), where both Cov(E,(E —y;)T) and
=2

Cov((E2 —y2)", Bz — y3)1) are increasing in p.
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model features two novel operational elements: uncertain demand and statistical economies of
scale. Clearly, a retail business entails uncertainty in consumer demand, and therefore demand
uncertainty has been one of the most fundamental features in the literature of operations
management. Under uncertain demand, a merger can create statistical economies of scale by
reducing the aggregate volatility of combined demands in addition to conventional economies
of scale that lead to marginal cost reduction. Such statistical economies of scale allow a post-
merger firm to reduce inventory costs by managing their stocks in a centralized manner.

Our analysis shows that cost savings from statistical economies of scale have substantially
different impacts on firms’ prices and expected profits as compared to cost savings from conven-
tional economies of scale. First, we find that statistical economies of scale (i.e., pooling effects)
indeed reduce the expected cost of a post-merger firm (hence increasing its expected profit), but
contrary to a common belief, they always induce both post-merger and nonparticipant firms to
raise their prices. Second, although the existing theory has shown that cost synergies due to
conventional economies of scale (i.e., synergy effects) lead to price reduction under determin-
istic demand, our analysis shows that this is no longer true under uncertain demand. When a
post-merger firm faces highly uncertain demand or its cost synergies are not significant, it is
better off raising its price. Interestingly, larger cost synergies of a post-merger firm can benefit
nonparticipant firms when accompanying a price increase. Finally, when a post-merger firm can
utilize both conventional and statistical economies of scale, consumer price is less likely to rise
after a merger in industries that exhibit higher correlation among firms’ uncertain demands.
Furthermore, a merger may induce firms to raise their service levels, and ultimately benefit
consumers even if prices are increased.

We have considered various extensions of our base model and analysis. However, due to the
inherent complexity of analyzing competitive price-setting newsvendors and their mergers, we
have made some simplifying assumptions such as a linear demand function, no supply chain
considerations, and a single product with no economies of scope. Relaxing these assumptions
would enrich our findings, but the incorporation of these features may require simplification of
other parts of our model. Our results also provide several important theoretical findings that

may be tested empirically.
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Chapter 3

Green Technology Development and
Adoption: Competition, Regulation,
and Uncertainty — A Global Game
Approach

3.1 Introduction

When a government agency considers tightening a standard on a pollutant, it usually takes into
account the proportion of firms in the industry that are able to meet the new standard. For
example, in a regulatory impact analysis of proposed greenhouse gas (GHG) emission standards,
the United States Environmental Protection Agency (EPA) stated the following (EPA 2012):
“the vast majority of technology we project as being utilized to meet the GHG standards is
commercially available and already being used to a limited extent across the fleet, although
far greater penetration of these technologies into the fleet is projected as a result of both the
MYs [model years] 2012-2016 rule and this final rule.” The Tier 3 Gasoline Sulfur Standard is
another example of industry capability influencing regulation. This standard requires gasoline
sold in the U.S. to have an annual average of no more than 10 parts per million of sulfur.
When proposing the Tier 3 Standard, the EPA demonstrated its feasibility by claiming that
40 out of 108 gasoline refineries were already able to meet this standard (EPA 2014a). Such
consideration is not just a recent development: in early 1999, BP Amoco announced that it
would lower the sulfur level in its gasoline in 40 cities around the world; it is believed that

this encouraged the EPA to set tougher standards (Kendall and Grossman 1999), as later that
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year the EPA proposed the Tier 2 Gasoline Standard, which required a 90% reduction of the
sulfur level in gasoline by 2004. This pattern of looking at early technology adopters before
mandating universal adoption is also common in other parts of the world. For example, in
Europe, newer emission control technologies became mandatory only after their feasibility had
been demonstrated in practice by early adopters (Faiz et al. 1996).

We call the proportion of firms within an industry who are currently able to meet a proposed
stricter standard the industry’s “capability index.” A higher capability index indicates that
more firms have the technology to meet the standard, thereby potentially encouraging the
government agency to tighten regulations. This relationship between capability and potential
future regulation can in turn affect firms’ decisions on technology adoption: if a firm expects
that many other firms will adopt a new technology to reduce a pollutant, the firm is also likely
to adopt this new technology because mandated adoption is more likely, and may be more
costly. For example, after the Tier 3 Gasoline Sulfur Standard became effective, refineries that
had not met the standard were required to purchase credits to offset their pollution until they
updated their technology to bring them into full compliance with the standard (EPA 2014b). As
a result, regulation which considers an industry’s capability index makes firms’ actions strategic
complements.

Despite the fact that regulation often takes industry capability into account, there has been
disappointingly little research on evaluating the impact of the interrelation of capability and
regulation on firms’ adoption decisions: existing research assumes that government agencies
move to stricter standards with fixed probabilities regardless of industry capability (e.g., Farzin
and Kort 2000 and Kraft and Raz 2015). Under this assumption of fixed regulation probabilities,
firms’ actions are no longer strategic complements, and an important driving force behind
firms’ decisions may be missed. In addition, most existing research assumes that the benefits of
adopting new green technologies to reduce pollutants are deterministic (e.g., Baker and Shittu
2006 and Kraft et al. 2013). In practice, the benefit of a new technology is often highly
uncertain — a firm is not likely to know the precise payoff of a new technology before it is
developed. We aim to provide insight into how the uncertainty of a new technology’s payoff
and the strategic complementarity induced by regulation based on industry capability jointly
affect firms’ incentives to develop or adopt a new green technology.

Specifically, we consider three factors that may affect a firm’s decision to innovate or adopt

a green technology: the benefits from the technology, the costs of developing, adopting and
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using this technology, and other firms’ decisions. The benefits of a green technology are often
the primary incentive for a firm to innovate or adopt it. For example, Steve Percy, the former
Chairman and CEO of BP America, Inc., summarized the benefits from a proactive sustain-
ability move by BP as follows: “an enhanced reputation that provided exclusive access through
partnerships and relationships to new ideas, natural resources, business opportunities, the best

M

employees, and probably most importantly, a seat at the public policy table,” “market share
gains from attracting customers with concerns about the environment,” and “reduced risks
from unforeseen liabilities [primarily regulatory fines]” (Percy 2013). All of these benefits are
highly uncertain, although the sources of uncertainty are different: the uncertainty concerning
an enhanced reputation and demand gain is primarily due to the market and the new green
technology itself, whereas the uncertainty of the reduced risks from regulatory fines stems from
the uncertainty of government regulation. Our model captures these benefits, distinguishing
between the two different types of benefit uncertainty.

The costs of a green technology also consist of two parts: a fixed cost of developing or
adopting it, and typically a higher production cost caused by using the new green technology,
since a greener product is often more expensive to produce. For example, when BP Amoco
promised to reduce the sulfur level in its gasoline in 1999, they estimated that such a reduction
would increase production costs by 5 or 6 cents per gallon (Kendall and Grossman 1999).

Finally, other firms’ decisions play an important role in a firm’s decision process. On the one
hand, as more firms adopt the new technology, the reputation enhancement and demand gain
for a particular firm become smaller. In this case, other firms’ adoption decisions discourage
a firm from adopting the new technology; firms’ actions exhibit strategic substitutability. On
the other hand, as more firms adopt the new technology, the probability of the government
enforcing a stricter standard will increase, yielding a higher incentive to adopt a new technology
so as to avoid a higher cost of later adoption. In this case, firms’ actions exhibit strategic
complementarity.

To analyze firms’ adoption decisions in equilibrium, taking into account these complex inter-
actions, we utilize the global game framework recently developed in economics. This framework
is appropriate for addressing two important features of our model: the strategic complemen-
tarity among firms’ actions and the uncertainty concerning the new green technology’s payoff.
Because of the strategic complementarity, a firm must take into account other firms’ actions

when deciding its own action. And, due to uncertainty, firms do not know the payoff of adopt-
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ing the technology exactly; instead, they observe noisy private signals about the payoff. These
noisy private signals imply that a firm cannot predict other firms’ actions exactly; the best it
can do is to use its own private signal to form a belief on other firms’ signals since the other
firms are considering the same technology. Since every firm acts based on its belief on other
firms’ signals, in order to conjecture on other firms’ actions a firm must also form a belief on
other firms’ beliefs (on other firms’ signals), a belief on other firms’ belief on other firms’ beliefs,
and so on. When all firms rely on such higher-order beliefs to decide their actions, an equi-
librium can be reached in a global game. Crucially, global games differ from typical Bayesian
games in which firms’ signals are independently distributed: In such Bayesian games one’s own
signal does not reveal any information about other firms’ signals. Thus higher-order beliefs do
not play an important role in those games (see, e.g., Morris and Shin 2003 for a more detailed
discussion).

Our analysis highlights the importance of taking into account the interplay of industry
capability and uncertainty about a new green technology’s payoff in a firm’s development de-
cision. We find that regulation that considers industry capability, compared with regulation
that ignores it, more effectively motivates a firm to develop a new green technology when the
first-mover advantage from developing this new technology is small. Therefore, for an industry
in which firms can easily catch up with a new technology (thus reducing a firm’s first-mover
advantage), a government agency may wish to use a regulation scheme that considers industry
capability to encourage innovation. Surprisingly, we also find that uncertainty of the payoff can
help promote a firm’s development of a new green technology when competition is intense and
the first-mover advantage is small, or when competition is mild and the first-mover advantage
is large. Finally, we find that more stringent regulation (which implies a higher probability
of enforcing a stricter standard for a given capability index) encourages more firms to adopt
a green technology once the technology becomes available, but may discourage a firm from
developing it in the first place when facing intense competition. Therefore, for an industry
with intense competition, a government agency should use caution — enforcing too stringent a
regulation may stifle innovation.

The rest of this chapter is organized as follows. In §2 we review the related literature. In
83 we describe our model. In §4 we analyze the equilibrium behaviors of all firms. In §5 we
compare our findings in §4 with two benchmarks: the case in which a government agency might

enforce a stricter standard with a fixed probability, and the case in which the benefit of the
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new technology is common knowledge. In §6 we study two extensions of our base model. We

conclude our paper in §7. Proofs are presented in the Appendix B.

3.2 Related Literature

We first review the literature discussing the impact of government regulation on firms’ envi-
ronmental decisions, and then we discuss the literature on technology adoption under network
effects. We finally present the literature related to global games.

Research in the impact of government regulation on firms’ environmental decisions has
received significant attention recently. The issues studied in this literature include mandatory
disclosure (e.g., Kalkanci et al. 2014), allocation of emission responsibilities (e.g., Granot et al.
2014), and financial incentives such as taxes and subsidies (e.g., Tarui and Polasky 2005, Krass
et al. 2013, Cohen et al. 2014, and Sunar and Plambeck 2016). Innes and Bial (2002) and Puller
(2006) examine how a firm can influence regulation to increase its rivals’ compliance costs and
thereby gain competitive advantages. Our model incorporates such competitive advantages
into the benefit of a new green technology, and furthermore also studies the crucial role of
uncertainty in the technology’s benefit and effects of regulation.

Our work is particularly related to a stream of research that analyzes the impact of reg-
ulatory uncertainty on firms’ environmental decisions. Farzin and Kort (2000) study how an
uncertain tax rate increase affects firms’ adoption of more efficient pollution abatement tech-
nologies, Baker and Shittu (2006) study a firm’s R&D response to an uncertain carbon tax, Kraft
et al. (2013) investigate a monopolist’s decision to replace potentially hazardous substances in
anticipation of possible regulation, and Kraft and Raz (2015) study firms’ replacement decisions
for potentially hazardous substances under competition and potential government regulation.
Finally, Hoen et al. (2015) study the impact of an uncertain future emission price on a mo-
nopolist’s investment decision regarding a cleaner technology and production capacity decision.
Like these works, our paper also investigates how uncertainty of government regulation affects
firms’ environmental decisions. However, whereas prior work assumes that the probability of
government regulation is fixed, our model incorporates the fact that such a probability often
increases with industry capability. We find that the consideration of industry capability in
regulation can make a firm more likely to develop a new green technology when the first-mover
advantage from the technology is low. In addition, whereas most prior work assumes that the

benefits of adopting new technologies are deterministic, we model the uncertainty of these ben-
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efits, finding—counterintuitively—that this uncertainty can actually promote development of a
green technology.

Our work is also related to the literature on technology adoption under network effects in
economics and operations management. Network effects arise when a user’s utility increases
with the number of other users, as is the case for technology standards. There is extensive liter-
ature on various issues related to network effects, including compatibility choices for products
(e.g., Katz and Shapiro 1986, Regibeau and Rockett 1996, and references therein), coordination
failures (see Farrell and Klemeperer 2007 for a summary of the literature), and price competition
(e.g., Argenziano 2008 and references therein). Our consideration of strategic complementar-
ity among firms’ decisions in developing or adopting a new technology places us within this
framework. However, different from the previous literature, our focus is on the effect of regu-
latory uncertainty on firms’ investment decisions; government regulation is seldom studied in
this literature.

The notion of global games was originally defined by Carlsson and van Damme (1993);
they refer to global games as games of incomplete information in which players receive noisy
private signals about a fundamental of the real world, and decide their actions based on their
correlated signals. They solve a two-player global game in which players’ actions are strategic
complements, showing that uncertainty about the payoffs leads to a unique equilibrium because
of players’ consideration of higher-order beliefs. Morris and Shin (1998) extend global games to
the case of a continuum of players, and Morris and Shin (2005) extend global games to the case
in which players’ actions are strategic substitutes. Karp et al. (2007) analyze a problem in which
players’ actions are strategic complements in one region, and strategic substitutes in the other
region. Global games have been used to analyze various problems of decentralized coordination
among players, including financial crises (Angeletos and Werning 2006), accounting standards
comparison (Plantin et al. 2008), network analysis (Argenziano 2008), and business cycles
(Schaal and Taschereau-Dumouchel 2014). In operations management, Chen and Tang (2015)
apply the related concept of higher-order beliefs to study the economic values of private and
public information in farmers’ production process. To the best of our knowledge, our paper is
among the first papers that apply the theory of global games to sustainable operations. The
use of the global game framework enables us to analyze firms’ decisions when both strategic
complementarity and substitutability are co-present, due to government regulation and firms’

competition, respectively.
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3.3 Model

We consider a game of incomplete information between a leading firm and multiple other fol-
lowing firms. We assume a continuum of firms indexed by the interval [0, 1]. This assumption
is common in the literature on global games; it is reasonable in our context in which a govern-
ment agency’s decision is based on consideration of an entire industry consisting of many firms.
For example, there were about 40 car brands in the U.S. in 2008 (Marks 2008), and the EPA
considered 108 gasoline refineries when proposing the Tier 3 Gasoline Sulfur Standard (EPA
2014).

The game proceeds as follows: In period 1, a leading firm decides whether to develop a new
green technology, which enables the firm to reduce a certain pollutant in its product. If the
technology is not developed, the game ends. If it is developed, the game proceeds to period
2 in which other firms decide whether to adopt this technology. In period 3, a government
agency announces whether to enforce a stricter standard on the pollutant. The enforcement
of the stricter standard occurs with a probability which increases with the proportion of firms
that have installed this technology, i.e., the industry’s capability index. Once the new regula-
tion is enforced, those firms that have installed the technology can meet the stricter standard
immediately, while the rest of the firms have to incur extra cost to adopt the technology. The
sequence of decisions and events is illustrated in Figure 3-1.

We next present the details of our model in each period: In period 1 the leading firm,
denoted as firm 1, has an opportunity to develop a new green technology. Let a; denote firm
1’s action: a; = 1 if firm 1 chooses to develop the new technology, or a; = 0 otherwise. If the
firm chooses to develop the new technology (i.e., a3 = 1), then it incurs a fixed cost f; (> 0),
while also enjoying the first-mover advantage over other firms. The existence of the first-mover
advantage is evident in the example of BP mentioned in §1 (Percy 2013): “BP believed that
if it were to move proactively on the topic, it would be much more valuable to be the first
rather than second, especially in terms of the reputational benefits.” Let A (> 0) denote the
expected payoff from the first-mover advantage.! In addition, firm 1 privately observes a signal
about the benefit of the new green technology during period 2, at which time other firms as

followers can also adopt the technology. We assume that firm 1’s payoff during period 2 is

'We focus on uncertainty in the value of the new technology as well as uncertainty in regulation, while
abstracting away from uncertainty in various other dimensions such as lead time and development cost. Our
model could be extended to include these, but its analysis would be much more complicated.
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Figure 3-1: Sequence of Decisions and Events

given as 6 — ba, where b (> 0) captures the competition intensity and « (€ [0, 1]) represents
the proportion of firms that adopt this technology in period 2, i.e., the capability index. The
unknown parameter 6, called a “fundamental” of the new technology, represents the maximum
payoff firm 1 can get from the new technology if no other firms adopt the technology in period
2. Firm 1 cannot observe 6 directly, but instead it observes a noisy private signal x1 = 6 + 21,
where 2 is distributed uniformly on [—¢, €] with € > 0 (e is common knowledge). We assume
that firm 1’s prior belief on 6 is very noisy such that firm 1 relies fully on its signal z; to
estimate #. Such a prior is often called an “improper prior.” Note that x; as well as 6 can be
negative, meaning that the technology could cause a loss to firm 1’s profit. If firm 1 decides
not to develop the new technology (i.e., a; = 0), the game ends.?

In period 2, if firm 1 has developed the technology in period 1 (i.e., a3 = 1), each firm ¢
(€ 10,1)) decides whether to adopt the new green technology (a; = 1) or not (a; = 0). If a; =1,
then firm 4 (€ [0,1)) incurs a cost fr, (> 0), while receiving the payoff of § — bar during period
2. Like firm 1, firm ¢ (€ [0, 1)) observes a noisy private signal z; = 6 +¢;, where ¢; is uniformly

distributed on [—¢, €] with € > 0. All €; are mutually independent as well as independent of 7.

2This implies that a stricter standard will not be enforced if there is no extant green technology to meet the
elevated standard. In §6, we consider a case in which a stricter standard may still be enforced even if a new
green technology has not been developed. We show that our findings continue to hold in this case.
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If a; = 0, then firm 7 (€ [0, 1)) receives zero payoff during this period.

In period 3, a government agency enforces a stricter standard on the pollutant with a
probability o, where « is the capability index and r is a positive constant. Since o € [0, 1],
the larger r is, the less likely the new standard is to be enforced. We refer to the probability
" as the “regulation probability.” Firms’ payoffs differ depending on whether or not the new
regulation is enforced: firms who have installed the new technology, including both firm 1
(who developed the new technology in period 1) and any firm ¢ € [0,1) who adopted the new
technology in period 2 receive my when the new regulation is enforced, and my, when it is not.
We assume that these payoffs are non-positive (i.e., my < 0 and my < 0), since it is typically
more costly to reduce a pollutant (see §1). In addition, we assume that these firms receive lower
payoffs in the absence of the more stringent standard (i.e., my < my) because their production
costs would typically be higher than those of their competitors who have not installed the green
technology.® Such a cost disadvantage to those firms who have installed the green technology
does not exist when the new regulation is enforced, because then all firms must install the green
technology.*

Next we consider the period-3 payoffs of the firms who have not installed the new technology.
If the stricter standard is not enforced, then these firms’ payoffs are zero. This is consistent
with our earlier assumption that a firm’s payoff is zero during period 1 or 2 when the green
technology is not installed. On the other hand, if the new regulation is enforced, these firms
must adopt the new green technology at a cost fr in order to meet the stricter standard. We
assume that the cost of this later adoption is no less than that in period 2 (i.e., fg > fL).5 For
example, as mentioned in §1, after the Tier 3 Gasoline Sulfur Standard became effective, the
refineries that could not meet the new standard had to purchase credits to offset their pollution
until they became fully compliant (EPA 2014b). Once these firms install the new technology,

they will earn the same payoff my as other firms who have previously installed the technology.

30ur model can be extended to the case in which mr, > mpg > 0, indicating that the production cost using
a green technology is lower than that using a conventional technology. In this case the only cost of installing a
green technology is a fixed cost, and the problem becomes much simpler than the one we analyze.

4In periods 1 and 2, the potential cost disadvantage of a firm who has installed the green technology can be
captured in A and 6, respectively.

*We assume fg > fr, for consistency with observations in practice. Relaxing this constraint will not change
the intuitions of our results because there is an additional force that incentivizes early adoption: An early adopter
will receive a higher payoff in period 3 with new regulation than without new regulation (i.e., mug > mr).
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Table 2.1 Summary of Notation

Symbol Definition
a; Firm ¢’s action (€ {0,1})
5 Firm 4’s total expected payoff
U; Firm ¢’s gain from developing or adopting the new technology
A Firm 1’s expected payoff from the new technology during period 1 (> 0)
Firm’s maximum payoff from the new technology during period 2 (€ R)
b Competition intensity (> 0)
a Proportion of firms that adopt the technology (i.e., capability index) (€ [0,1])
r Regulation probability parameter (> 0)
a” Probability that a stricter standard will be enforced (i.e., regulation probability)
T Firm ¢’s private signal about 6
€ Noise term in x; which is uniformly distributed on [—¢, €]
f1 Firm 1’s cost for developing the new technology in period 1 (> 0)
fr Cost of firm ¢ (#£ 1) for adopting the new technology in period 2 (> 0)
fu Cost of firm ¢ (# 1) for adopting the new technology in period 3 (> fr)
mr, Payoff of firms having the new technology installed during period 3 if the stricter
standard is not enforced
mpy Payoff of all firms during period 3 if the stricter standard is enforced (my < mpgy < 0)

Based on our model described above, we now derive firm i’s total expected payoff 7; (a;; 6, @) .

For any given 6 and «, if firm 7 (€ [0,1)) adopts the new green technology in period 2

(i.e., a; = 1 in period 2), then its total expected payoff is given as m; (1;0,a) = —fr + 0 —

ba + a"myg + (1 —a”)myp; and if firm ¢ chooses a; = 0, its total expected payoff is given as

i (0;0,a) = o (my — fr). Thus, the expected gain from adopting the technology, u;(0, a), is

ui(0,a) =m; (1;0,a) — 7 (0;0,) =0 — ba+ " (fg —mp) — (fr —mp). (3.1)

Since firm 4 can use its private signal z; to estimate € and «, we can also write u;(0,«) as a

function of x;, u; (z;). Firm ¢ will adopt the technology (i.e., a; = 1) if and only if u; (z;) > 0.

Similarly, we can derive firm 1’s total expected payoff 71 (a1;60, @), and then write uy (0, @) as
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follows:
u1(0,0) =71 (1;0,0) — 11 (050, 0) =A+0+mp — fi —ba+a" (mg —myp). (3.2)

Firm 1 will develop the new green technology in period 1 if and only if u;(0, o) = uy (z1) > 0.

Table 2.1 summarizes our notation.

3.4 Equilibrium Analysis

In this section we analyze firms’ decisions in equilibrium. We derive a perfect Bayesian equi-
librium as follows. In §4.1, assuming that the new green technology has been developed, we
first analyze the decision of firm i (€ [0, 1)) regarding the adoption of the new green technology
in period 2. In §4.2, we then analyze the decision of the leading firm 1 regarding whether to
develop the new green technology in period 1. For convenience, we use superscripts (1) and (2)

to denote periods 1 and 2, respectively.

3.4.1 Period 2: Adoption of the New Green Technology

In this section we examine the conditions under which firm ¢ (€ [0,1)) adopts the new green
technology developed by firm 1. We analyze the game among a continuum of firms using the
global game framework. The basic idea of a global game (e.g., see Carlsson and van Damme
1993 and Morris and Shin 2003) is as follows: When the fundamental # is uncertain, firm i uses
its private signal x; = 6 4+ €; to form its belief on the fundamental. Since all firms’ signals are
correlated, firm ¢ also uses its signal to form its belief on every other firm’s signal. As every firm
forms a belief on other firms’ signals, in order to estimate other firms’ actions, firm ¢ must also
form a belief on other firms’ beliefs, a belief on other firms’ beliefs on other firms’ beliefs, and
so on. When all firms rely on such “higher-order” beliefs to decide their actions, an equilibrium
can be reached.

In addition to the correlated signals among firms, our setting has the unique feature that
there exist both strategic complementarity and strategic substitutability among firms’ adoption
decisions. Strategic complementarity exists because as more firms adopt the technology (i.e.,
the capability index « increases), the new regulation is more likely to be enforced, and firms that
have adopted the technology will earn a higher payoff in period 3 under the new regulation than
in the case without new regulation (i.e., my > my). In addition, later adoption may be more

costly (i.e., fg > fr). For firm ¢ € [0,1), the magnitude of complementarity is captured in (3.1)
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by fg —mp as the coefficient of o”. At the same time, strategic substitutability exists because
as more firms adopt the technology, the marketing and sales effect of the green technology —
through reputation enhancement — will be reduced. This is captured in our model as a firm’s
payoff in period 2, # — ba, decreases with a.

We now present firms’ adoption decisions in equilibrium, and discuss the factors that affect

their decisions.

Lemma 3.1 There exists a threshold ¢ (> 0) such that if € > €2 there exists a pure-strategy
equilibrium. The threshold € is nondecreasing with b and nonincreasing with fir — myr. In
this equilibrium, firm i (€ [0,1)) adopts the green technology if and only if x; > =), where

Lemma 3.1 provides a sufficient condition for the existence of a pure-strategy equilibrium (e >
€?). To understand the intuition for this condition, we first discuss the scenario in which there
exists no equilibrium. The nonexistence of a pure-strategy equilibrium is common for games in
which strategic substitutability is present among more than two players (see, e.g., Vives 2000).
Similarly, in our model when the substitutability effect is sufficiently strong, there does not
exist a pure-strategy equilibrium. When a firm expects that all other firms would adopt the
technology, the firm may be better off not to adopt it under a strong substitutability effect.
Likewise, when a firm expects that no other firms would adopt the technology, the firm may be
better off to adopt it. As a result, in this case, there exists no pure-strategy equilibrium. This
suggests that in order to ensure the existence of a pure-strategy equilibrium, the substitutability
effect cannot be too great.

We can show that the magnitude of the substitutability effect increases with b and decreases
with e When the competition intensity b is large, the substitutability effect is strong because
firm 4’s payoff in period 2 is very sensitive to other firms’ decisions. When the level of uncertainty
captured by € is large, firm i’s signal is a very noisy indicator of other firms’ signals. As a result,
firm ¢’s belief of other firms’ decisions does not change much as firm 4’s signal changes, and
hence it does not have a large impact on firm 4’s decision. Moreover, the substitutability effect
can be mitigated by the complementarity effect, which increases with fiz — mp as discussed
above. Taken together, when the substitutability effect is small with large ¢ or small b, or when
the complementarity effect is large with large frr —mp, there exists a pure-strategy equilibrium.

In the rest of the paper, we assume the conditions in Lemma 3.1 is satisfied such that there

44



exists a pure-strategy equilibrium.%

When a pure-strategy equilibrium exists, Lemma 3.1 shows that firms will adopt the tech-
nology if and only if their privately observed signal about the technology’s fundamental is
sufficiently large (i.e., z; > m(2)). Such a strategy is referred to as a “switching” strategy
around z( in the literature on global games. From the expression of z(?), we observe that z(?)
increases with b, fr, and r, and that it decreases with my and fr. This can be interpreted
as follows. Firms are more likely to adopt the green technology (i.e., (?) is lower) when: (i)
competition among firms is less intense (i.e., smaller b); (ii) the fixed cost of adopting the
technology in period 2 is lower (i.e., lower fr); (iii) the likelihood of the new regulation being
enforced in period 3 is higher (i.e., smaller r); (iv) the competitive disadvantage in period 3

from higher marginal cost is lower (i.e., less negative mp); and (v) the penalty due to late

adoption in period 3 is larger (i.e., higher fgr).

3.4.2 Period 1: Development of the New Green Technology

In this section we analyze the leading firm 1’s decision regarding whether to develop the new
green technology. Similar to other firms’ adoption decisions in period 2, we characterize firm
1’s decision as a function of its private signal x; about the technology’s fundamental 6. A
higher signal x; indicates a higher fundamental 6 in expectation, which increases the maximum
payoff in period 2. In addition, a higher signal x; affects the substitutability effect and the
complementarity effect: With a higher fundamental 6, other firms’ signals x; for i € [0,1) are
more likely to be higher as well. This implies from Lemma 3.1 that more firms can be expected
to adopt the technology in period 2 (i.e., the capability index a will increase), decreasing firm
1’s payoff in period 2, # — ba. This substitutability effect creates a negative incentive for firm
1 to develop the new green technology. However, a higher capability index « also creates a
positive incentive for firm 1 due to the complementarity effect: With a higher « it is more likely
that the new regulation will be enforced in period 3. Under the new regulation, firm 1 will earn
a higher payoff my, rather than m, without the new regulation. In (3.2), the complementarity
effect is captured by (myg —mp)a’.

In order to characterize these two effects on firm 1’s decision, we first examine the case in

5The value of €® is within a reasonable range: for example, from the expression for ¢® in the Appendix
(B.2), it is easy to show @ < b/2. Moreover, when the effects of substitutability and complementarity are of
similar magnitude, ¢® is generally smaller than 0.2b. When the effect of complementarity is strong, indicating
that government regulation plays an important role, € can be close to zero.
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which only the substitutability effect is present. This effect can be isolated by setting my = my.
Next, we study the case in which only the complementarity effect exists by setting b = 0. Lastly,

by combining both effects, we examine the aggregate effect on firm 1’s decision.

The Substitutability Effect

We first consider the case in which only the substitutability effect exists, setting my = my.
Firm 1 will develop the new green technology if and only if the expected gain from this technol-
ogy u1 (1) > 0. Since u (z1) depends on the capability index «, we first derive the expression
for « using Lemma 3.1. From Lemma 3.1, any other firm 4 (€ [0,1)) will adopt the technology
when it observes its signal x; (= 6 +¢;) higher than 2. Thus, for any given 6, we can express

« as follows:

0 ifg <22 — €;
a= “62;:”(2) if £ —e <0 <2® 4¢ (3.3)
1 iftg> 22 +e

Since firm 1’s signal is 1 = 6 + €1, where £; is uniformly distributed on [—¢, €], the posterior
distribution of the fundamental € is uniformly distributed on [z; — €, 1 + €] for any given ;.
We show in Appendix B that for any given x, the posterior distribution of z; (= 6 + &;) is
a symmetric triangular distribution on [x; — 2¢,x1 + 2¢]. Using this property, we can derive

the following expression for uj (z1) from (3.2) and (3.3) (see the proof of Proposition 3.1 for

details):
—fi+A+mp 4z if 27 < 2® — 2¢;
_ _ b (mme®p2e)? £ 2@ (2).
fl—l—)\—i—mL—i—xl 5 5e if x 2¢ < x1 < 2\,
uy (z1) = 2
—f1+)\+mL+x1—% 1—(5“_27?2)) }—b(ml_?f@)) if 2 <z <2 +2¢
—fitA+mp+x1—0b ifﬂ:12w(2)+26.
(3.4)

n (3.4), —f1 + A is the sum of the development cost and the expected payoff from the first-
mover advantage during period 1. Since my = my, the expected payoff during period 3 is
my, regardless of whether or not the new regulation will be enforced. Next, x1 represents the
expected value of the first term of the payoff & — ba during period 2 because the posterior
distribution of € is uniformly distributed on [z1 —€,21 +¢€]. The last term in (3.4) is the

expected value of —ba, capturing the substitutability effect: It is zero if z; < 2 —2¢ (because
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o =0), and it is —b if z; > 2(®) + 2¢ (because o = 1); in the two middle intervals of z; in (3.4),
a e (0,1).
We can further examine the impact of a greater signal x1 on firm 1’s incentive by computing

duy (x1) /dzx; as follows:

1 if g < 2@ — 2¢;
duy (1) 1— 5 (%) if 2 —2e < 2y < 2®); (3.5)
dry 1-— % (26_%7:'””(2)> if 23 <z < 2@ + 2¢; .
1 if 21 > 2@ + 2e.

As we can see from (3.5), if € > b/2, then duy (1) /dz1 > 0 for every interval of z; (as illustrated
in Figure 3-2(a)), whereas if € < b/2, then w; (z1) first increases, then decreases, and finally
increases again with z; (as illustrated in Figure 3-2(b)). This means that for large enough
uncertainty (e > b/2), the expected gain from development for firm 1 is nondecreasing in the
expected benefit. Surprisingly, if uncertainty is small (e < b/2), there may be regions in which
a larger expected benefit reduces the incentive for firm 1 to develop the technology.

We now explain the intuition behind the shape of uj (z1). A higher signal about the fun-
damental (z71) has two effects on firm 1’s payoff in period 2, (§ — ba): it increases the expected
value of the fundamental (F[f]), and it creates the substitutability effect by increasing the ca-
pability index («). The marginal effect of a higher signal on the former is constant (i.e., the
first term of duy (z1) /dz1 in (3.5) is the constant 1), whereas the marginal effect on the latter
varies with z; (i.e., the second term of du; (z1) /dx; in (3.5), if it exists, is a function of z;).
This latter effect depends on how the expected value of the capability index « changes with
z1, which in turn depends on the relative value of 21 compared to 2 as shown in (3.5). This
is because the proportion of other firms i € [0,1) who will adopt the technology in period 2
(i.e., capability index «) depends on firm 1’s signal z1, as the posterior distribution of z; is a
symmetric triangular distribution on [z — 2¢, 21 + 2¢], as mentioned above.

Specifically, (3.5) illustrates the following three cases. First, when firm 1’s signal is very
low (i.e., 1 < () — 2¢), firm 1 believes that other firms will not observe signals higher than
the threshold ), and thus @ = 0 by Lemma 1. In this case, there is no substitutability
effect, and firm 1’s expected gain from the technology, u; (x1), increases with z;. Second,

when firm 1’s signal is close to other firms’ adoption threshold z(?) (i.e., () —2e < z; < z(®
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Figure 3-2: Firm 1’s Expected Gain from Developing the Technology when: (a) € > b/2, (b)
e<b/2and A > Mg, and (c) e < b/2 and A\, < X < Ag.

or z? < z; < 2® 4+ 2¢), firm 1 believes that some firms will observe signals higher than
the threshold z®, and thus o > 0. In this case an increase of x; is likely to increase a by
causing more firms to observe signals larger than z(2). The marginal effect of a higher signal on
substitutability is particularly large when z is close to (2 and the density of z; is less diffuse
(which happens when the level of uncertainty captured by e is lower) due to larger probability
mass centered around 2 in the triangular distribution of z;. As a result, when € < b/2 and x
is sufficiently close to the threshold z#(?), the marginal effect of a higher signal on substitutability
is dominant, and the expected gain uj (1) decreases with x;. Lastly, when firm 1’s signal is
very high (i.e., z1 > (® + 2¢), firm 1 believes that other firms will also observe high signals,
and hence all firms will adopt the technology, resulting in & = 1. In this case, a higher x; will
not change «, so u; (1) again increases with z;.

This property of u; (z1) leads to the following proposition that characterizes firm 1’s equi-

librium decision.

Proposition 3.1 In the case of myg = my, the following results hold in equilibrium:

(a) If € > g, then There exists threshold m(l)b such that firm 1 develops the green technology
1) (1)

subs? Ysubs’

or > )\subs,

Zf and only if £1 > ! If e < , then there exist real numbers A Asubs, T and

(where A

subs Asubsy

< Neups and z'} ),,S <y <M ) such that: (i) when X < A

= subs = subs Lsubs

subg Asubs

firm 1 develops the green technology if and only if x1 > xgu)bs; and (i) when Agps < A < Asubs,

(1) (1)]U[z()

firm 1 develops the green technology if and only if x1 € [T ), Yalps subs? 09)-
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(1)

subs 1S nonde-

(b) The thresholds B and 2V are nonincreasing with r, and the threshold y

subs subs

creasing with r.

Proposition 3.1(a) makes explicit how uncertainty about the fundamental of the technology ()
affects firm 1’s strategy. When the fundamental 6 of the new technology is highly uncertain
(i.e., € > b/2), the firm’s expected gain is increasing with its signal about the fundamental (z7).
Therefore, when firm 1 observes a sufficiently high signal, it will undertake the development of
the new green technology. This equilibrium strategy takes the same form (a switching strategy)
as that of the following firms’ adoption decisions (See Lemma 3.1).

By contrast, when the level of uncertainty about the fundamental 6 is moderate (i.e., € <
b/2), firm 1’s equilibrium strategy can take two different forms depending on the magnitude of
the first mover advantage in period 1 (A). Recall from (3.4) that the expected payoff uj (1)
increases with A\. When the first-mover advantage is very large (A > Agus), firm 1’s strategy
is again a switching strategy because uj (1) crosses zero only once as illustrated in Figure
3-2(b). The intuition for the case when A is very small (A < A,,;5) is similar. However, when

< A < Agups), firm 1 develops the technology in
1) (1)

subs subs

the first-mover advantage is moderate (Ag,ps

equilibrium when it observes a moderate signal between x and y or a sufficiently high

(1)

subs- I this case, as illustrated in Figure 3-2(c), u; (x1) crosses zero three times

signal above z

due to the substitutability effect. This illustrates our counterintuitive result that a higher signal

on the technology’s fundamental may not necessarily lead firm 1 to develop the technology.
Proposition 3.1(b) characterizes the impact of 7 on firm 1’s incentive to develop the new

green technology. Recall that the smaller r is, the more likely the new standard is to be
(1)

subs

enforced. The result that 33(1) and z(l)

subs subs are nonincreasing i 7 and Yy

is nondecreasing in
r implies that a larger chance of a stricter standard being enforced discourages development
of the new green technology. Interestingly, this result is contrary to Lemma 3.1 which shows
that a greater chance of the stricter standard being enforced encourages other firms to adopt
the green technology later. With a smaller r, the regulation probability increases faster with

«, and the substitutability effect, which creates a negative incentive for firm 1, becomes more

pronounced.

The Complementarity Effect
Next we consider the case in which only the complementarity effect exists by setting b = 0,

while my > mp,. Following the same procedure as in the first case, we can obtain du (1) /dz1
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as follows:

;

1 if 1 < (2 — 2¢;
myg—m x 793( ) € r .
du () _ | 1 g () el -2 <o
1 1+ (maome) {1 - (%) } if 22 < 2y < 2® + 2¢;
1 if z; > 2 4 2.

As in the first case, if 1 < @ — 2 or 2y > 2@ + 2¢, then duj (x1) /dx; = 1 because the
capability index o = 0 or o = 1, respectively. In the two middle intervals of z; in (3.6), the
second term of duj (x1) /dzq captures the marginal effect of a higher signal on complementarity,
which decreases with e. The intuition is similar to that in §4.2.1. Since my > my, it is easy to
see that duj (x1) /dx1 > 0 for any 1. This means that as firm 1 observes a higher signal z, it
anticipates that more firms will adopt the technology. This in turn will increase the likelihood
of the new regulation being enforced under which firm 1 will have a higher payoff myg than mp,
under the current regulation. As a result, in equilibrium, firm 1 chooses a switching strategy

around a threshold a:((;gnp as stated in the following proposition.

Proposition 3.2 In the case of b =0, the following results hold in equilibrium:
(a) There exists threshold xglnp such that firm 1 develops the green technology if and only if
(1)

T1 2 Teomp-

(b) The threshold xé})an is nondecreasing with r.

Contrary to Proposition 3.1(a), Proposition 3.2(a) shows that there exists a single threshold
x&?np that determines firm 1’s strategy in equilibrium. Moreover, Proposition 3.2(b) suggests
that the impact of r on the firm’s incentive to develop the new green technology is opposite
to that in Proposition 3.1(b): When the complementarity effect exists, a larger chance of the
stricter standard being enforced incentivizes firm 1 to develop the new green technology, whereas

it discourages firm 1 from doing so in the presence of the substitutability effect.

The Aggregate Effect
By combining the results stated in Propositions 3.1 and 3.2, we finally derive the following
equilibrium for the general case in which both substitutability and complementarity effects are

present (i.e., b > 0 and myg > myp).
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Proposition 3.3 (a) Proposition 3.1(a) continues to hold (with thresholds A Aagars x((llg)gT,

Zaggr’
(1) (1) 1) (1) (1)

Yaggrs and zaggr TeEplacing Agps Nsubs s Toubs: Youbs: subs: Tespectively) except that the

and z
condition € > % is replaced with € > € where e is a real number lower than %, and €M) s
nondecreasing with b and nonincreasing with myg — my,.

(b) There exists b\ (resp., b®)) such that the thresholds a:(%)gr (resp., z&,?qr) is nonincreasing
with r if and only if b > b(*) (resp., b > b(z)). There exists bY) such that the thresholds yélg)gr 18

nondecreasing with v if and only if b > b¥),

When both complementarity and substitutability are present, a larger signal x; affects the
expected value of the fundamental, the complementarity effect, and the substitutability effect.
The marginal effect of a higher signal on the fundamental does not depend on the level of
uncertainty, whereas its effect on substitutability and complementarity decreases with the level
of uncertainty (see our discussion in §4.2.1 and §4.2.2). When the level of uncertainty is large,
the former effect dominates the latter two, and the expected gain w; (z1) increases with the
signal z1. In this case, firm 1’s strategy is a switching strategy.

But when the level of uncertainty is small, the marginal effects of a higher signal on sub-
stitutability and complementarity are large. In this case, firm 1’s signal is a very informative
indicator of other firms’ signals, and firm 1’s belief on other firms’ decisions changes significantly
as firm 1’s signal changes. In this situation, there are two cases to consider: First, when the
marginal effect of a higher signal on complementarity dominates that on substitutability (which
happens when mpy — my, is large and r is small), the expected gain u; (z1) always increases
with the signal z;, resulting in ¢ = 0. In this case, firm 1’s strategy is again a switching
strategy (similar to Proposition 3.2(a)). Second, when the marginal effect of a higher signal
on substitutability dominates that on complementarity, the negative impact of substitutability
can make firm 1’s expected gain u; (x1) change non-monotonically with z1. In this case, similar
to Proposition 3.1(a) (when complemenatrity was assumed to be zero), firm 1 may develop the
technology if it observes a signal in two separate regions. However, the threshold e(!) is smaller
than the threshold b/2 in Proposition 3.1(a) because the negative impact of substitutability is
mitigated by the positive impact of complementarity in the aggregate model.

Proposition 3.3(b) combines the results of Proposition 3.1(b) and Proposition 3.2(b). As
discussed earlier, a greater chance of the stricter standard being enforced (i.e., a lower r) dis-

courages firm 1 from developing the new green technology under substitutability, whereas it
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encourages the firm to do so under complementarity. When both effects are present, Proposi-
tion 3.3(b) shows that when the competition intensity b is sufficiently large, the former substi-
tutability effect outweighs the latter complementarity effect. In this case, the innovation of a
new green technology can be encouraged if the government agency can make firms believe that

the probability of regulation is small (r is large).

3.5 Comparisons with Two Benchmarks

In this section we compare our results derived in §4 under uncertain payoffs and regulation based
on a capability index with two benchmarks: the case in which a stricter standard is enforced
with a fixed probability, and the case in which the fundamental of the new green technology is

common knowledge to every firm.

3.5.1 Comparison with Regulation Independent of a Capability Index

To study the impact of government consideration of industry capability on firms’ decisions,
we compare regulation that considers industry capability with regulation that ignores it. To
model regulation that ignores industry capability, we assume the government agency enforces
a stricter standard with a fixed probability p (€ (0,1)). In this case, there is a possibility that
the stricter standard will be enforced even if no firms adopt the technology in period 2. All
other assumptions remain the same as in the base model. Following a procedure similar to that

in §4, we can characterize the equilibrium in this case as follows:

Lemma 3.2 Suppose that the requlation probability is p. Then there exists a pure-strategy
equilibrium if € > b/2. In equilibrium the following results hold:

(a) Firm i (€ [0,1)) adopts the green technology in period 2 if and only if x; > T3, where
¥ =Lb+ fr— (1—p)mp —pfu.

(b) There exists threshold ) such that firm 1 develops the green technology if and only if

T Z i'\(l)

Lemma 3.2(a) shows that firms’ equilibrium strategies in period 2 take a similar form to those
under regulation which considers industry capability, although the value of the threshold is
different from that of the corresponding threshold in our base model. Also, in both cases,
sufficiently large levels of uncertainty are required for the existence of an equilibrium, because

the impact of strategic substitutability needs to be sufficiently small to ensure the existence of
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an equilibrium. We know from §4.1 that for our base model the impact of substitutability de-
creases with € and can be mitigated by strategic complementarity. But for the fixed probability
model, due to the absence of complementarity under regulation ignoring industry capability,
the threshold (b/2) for uncertainty is larger than that (e)) under regulation which considers
industry capability.

Lemma 3.2(b) shows that firm 1’s equilibrium strategy is a switching strategy for the fixed
probability model. Recall from part (a) that when e > b/2, a pure-strategy equilibrium exists in
period 2. In this case, firm 1’s expected gain always increases with the signal x1. The intuition
is similar to that of Proposition 3.3(a) when € > ¢(1).

We next compare a firm’s incentive to develop the new green technology under regulation
which considers industry capability with that under regulation which ignores industry capability.
To this end, we compare the threshold Z(!) in Lemma 3.2 with x%)gr in Proposition 3.3, assuming
that both regulation settings are equally good at motiving firms to adopt the new technology in
period 2: Because the thresholds Z(2) and z(?) in period 2 are functions of p and r, respectively,
we therefore choose values of p and r such that the two thresholds are the same. Given that
both regulation schemes are equally effective in period 2, the following proposition establishes

a condition under which one is more effective in period 1 than the other.

Proposition 3.4 There exists threshold X such that x,%)gT < z2W if and only if X < A

Proposition 3.4 shows that when the first-mover advantage A is small, regulation that considers
industry capability is more effective in incentivizing firm 1 to develop the new green technology.
When the first-mover advantage A is small, firm 1 needs larger payoffs in periods 2 and 3 to
earn positive expected gain in total. When firm 1 observes a large signal xp, other firms are
also likely to observe large signals. As a result, the capability index « is likely to be high,
cutting firm 1’s payoff in period 2. But under regulation which considers industry capability,
the probability of regulation is also likely to be high because it increases with the capability
index. In this case there is a high probability that firm 1’s cost disadvantage in period 3 will be
eliminated due to mandatory adoption. Therefore, regulation that considers industry capability
works better when the first-mover advantage A is small.

Proposition 3.4 bears important policy implications. A government agency’s consideration
of industry capability can effectively motivate a firm to develop a green technology only when

the first-mover advantage is small. Such first-mover advantage is typically small, for example,

53



if other firms can catch up with the technology quickly. For example, as mentioned in §1, BP
Amoco announced that it would lower the sulfur level in its gasoline in 40 cities in 1999. A few
months later, Koch Petroleum followed BP by announcing that they would also sell gasoline
with lower sulfur levels (Koch 1999). In this case the first-mover advantage was small, so our
result suggests that regulation based on industry capability may work better for motivating
green technology development in this case. A few months later, Koch Petroleum followed BP

by announcing that they would also sell gasoline with lower sulfur level.

3.5.2 Comparison with the Case of Complete Information

Suppose the fundamental of the new green technology () is common knowledge to every firm.
In this case of complete information, we can show, similarly to Lemma 1, that if b > fg — mp
there exists no pure-strategy Nash equilibrium in period 2 for 0 € (fr, — mp,b— fo + fr). In

the remainder of this section, we thus focus on the case in which b < fg —myp.”

Lemma 3.3 When 6 is common knowledge to every firm, the following results hold in equilib-
rium:

(a) In period 2, every firm adopts the new technology if and only if 0 > 02 = 1, +min{—mp,b—
mpg}.

(b) If b < mpy —my, or X € (o0, fi — frL]U[f1 — fL+b— (myg —my),00), then there exists 6V
such that firm 1 develops the green technology if and only if 6 > 0N . Otherwise, there exist 8
and O (where o) < 9 < 0(0)) such that firm 1 develops the green technology if and only
0 c [9(1>,9<2>] U 0@, 00).

Having characterized the equilibrium under complete information, we now compare it with
that of our base model under incomplete information. For brevity, we focus on comparing the
threshold #) in Lemma 3.3 with xglg)gr in Proposition 3.3. The comparison between other

thresholds can be done similarly.

Proposition 3.5 The threshold for x1 in the incomplete information case is strictly smaller
than that in the complete information case (i.e., a:gi])gr < W) if r < max{b/ (mg —mp),1}

and one of the following conditions is satisfied:

"We show in the proof of Lemma 3.3(a) that when 0 € [b — fur + fr, fr. —mL], two pure-strategy symmetric
equilibria exist. In this case, we follow the convention of the literature (e.g., Katz and Shapiro 1986) that firms
choose the equilibrium that maximizes their payoffs.

54



(i) b<mpg—mp and fi1 — fr —b+mg—mp <A< f1— f —%b—{—fH_mL—l—Qe;

r—+1
(z'z')b>mH—mL andfl—fL—I—g—mH—i—mL—i—ererL —2e < A< f1 — fr;
(iii) b=myg —my and f1 — fr — 3b+ f’i,fl”L —2e <A< fi— fr—3b+ f’f;TL + 2e.

Proposition 3.5 suggests that uncertainty surrounding the fundamental of the new green tech-
nology can incentivize firm 1 to develop the new green technology (i.e., :c%)gr < 9(1)). This
occurs under condition (i), (ii), or (iii) with sufficiently small r. Note that under complete
information, a capability index is either 0 or 1; every firm observes the same fundamental 6,
and hence follows the same strategy in period 2. By contrast, under incomplete information, a
capability index can be any value between 0 and 1 because firms observe different signals about
#. This uncertainty can encourage firm 1 to develop the new technology.

To gain deeper understanding of Proposition 3.5, we examine firm 1’s expected gain when
it observes a signal xy = 6 in our base model: If firm 1’s expected gain is positive for the
signal x; = 9(1), then firm 1 develops the technology under incomplete information, whereas
firm 1 is indifferent between developing and not developing the technology under complete
information. In this case, uncertainty encourages firm 1 to develop the technology (i.e., xglg)gr <
0(1)). Firm 1’s expected gain depends on a capability index, which drives the substitutability
and complementarity effects. When the capability index is 0, both effects are 0. When the
capability index is 1, the substitutability effect can be smaller than, greater than, or equal to
the complementarity effect. Those three scenarios correspond to conditions (i), (ii), and (iii) in
Proposition 3.5, respectively.

Under the condition on A in (i), when firm 1 observes 6 = 0™ under complete information,
it expects that no firms will adopt the technology due to low benefits (hence, a = 0). However,
when it observes a signal x; = 6™ under incomplete information, it expects that some firms may
observe sufficiently high signals and adopt the technology (hence, o > 0). Under the condition
b < mpg—my in (i) and the condition r < max{b/ (mg — myp), 1}, the substitutability effect is
smaller than the complementarity effect for any positive a. As a result, firm 1 expects higher
expected gain under incomplete information because of a possibly positive capability index.
This higher expected gain caused by uncertainty encourages firm 1 to develop the technology.

The intuition for condition (ii) is similar. Under the condition on A in (ii), when firm 1
observes § = 01 under complete information, it expects that all firms will adopt the technol-

ogy (hence, a = 1); but when it observes a signal x; = 6 under incomplete information,
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it expects that some firms will observe sufficiently low signals, and they will not adopt the
technology (hence, @ < 1). Under the condition b > my — my in (ii) and the condition
r < max{b/ (mg —myz), 1}, the substitutability effect is larger than the complementarity ef-
fect for high «, and the difference between the two effects is the largest at « = 1 (which is the
case under complete information). Since o < 1 under incomplete information, firm 1 expects
higher expected gain in this case.

The intuition for condition (iii) is slightly different. Under the condition on A in (iii),
firm 1 expects 0 < a < 1 when it observes a signal z; = 6" under incomplete information.
Under the condition b = my — my, in (iii) and the condition r < max{b/ (mpg —mr),1}, the
substitutability effect is smaller than the complementarity effect for any o € (0,1) (which is
the case under incomplete information), and these two effects are equal for « = 0 or @ = 1
(which is the case under complete information). So firm 1 expects higher expected gain under
incomplete information.

In summary, uncertainty is likely to encourage firm 1’s development decision if the comple-
mentarity effect is strong and firm 1 observes low payoff signals for period 2 (conditions (i) and
(iii)), or if the substitutability effect is strong and firm 1 observes high payoff signals (condition
(ii)). Furthermore, in all the three conditions the ranges of A become larger as € becomes larger,
indicating that a larger level of uncertainty is more likely to encourage the development of a

green technology in these scenarios.

3.6 Extensions

This section examines two extensions of our base model. In §6.1, we consider a case in which
a government agency might enforce a new regulation even if there is no technology available to
meet the standard. In §6.2, we consider a case in which firm 1 licenses the technology to other

firms.

3.6.1 Positive Regulation Probability in the Absence of Industry Capability
Our base model presented in §3 assumes that the regulation probability is o”. This means that
if firm 1 does not develop the new green technology, no firms will adopt the technology (hence
a = 0), and consequently the government agency will not enforce the new regulation. This
captures the government’s common reluctance to significantly disrupt industry.

However, there may be urgent environmental and health situations (such as forbidding toxic

additives in food or replacing carcinogenic dyes in clothes) for which a government agency may
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not be willing to wait until a leading firm in an industry develops a new green technology
(although the presence of such a technology is likely to encourage regulation). In such settings
we can model the regulation probability as pg + (1 — pp) @ where py (€ [0,1)) represents the
probability the government agency will enforce a stricter standard even when a new green
technology has not been developed. With this change in the regulation probability, we can

revise equations (3.1) and (3.2) as follows:

ui(f,0) =0 —ba+ " (1 —po) (fu —mr)+ (1 —po) mr — fr + pofm: (3.7)

u1(0,0) =X+0+ (1 —po)myp — f1 —ba+a" (1 —po) (myg —myp). (3.8)

It is easy to see that (3.7) and (3.8) have the same functional forms as (3.1) and (3.2), respec-
tively. As a result, although the specific values of thresholds now depend on the new parameter

po, all the qualitative insights obtained in §4 and §5 continue to hold.

3.6.2 Licensing of the Technology

Our base model presented in §3 assumes that firm 1 does not receive additional revenue from
licensing its green technology to other firms. However, if the technology were patented, it is
plausible that firm 1 would receive additional revenue from licensing, proportional to the number
of firms who adopt the technology. This can be modeled by adding s« to firm 1’s revenue, where
s is a positive constant, representing the maximum expected revenue from possible licensing
fees. In this case, firm ¢’s adoption cost fr, or fz includes the possibility of paying a fee to firm

1. With this additional possibility, we can revise equation (3.2) as follows:

ur(,a) =A+0+mp—fi—(b—s)a+a" (mg—myg). (3.9)

It is easy to see that (3.9) has the same functional form as (3.2). Thus, although the specific

values of thresholds depend on the new parameter s, our qualitative insights continue to hold.

3.7 Conclusion

A government agency’s potential regulatory action is an important driving force for firms to de-
velop and adopt a new green technology. Existing research assumes that a government agency’s
action is independent of industry capability, and that the benefit of the new technology is

known. In practice, however, a government agency often takes into account industry capability,
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and firms face uncertainty in the technology’s benefits. In this case firms’ decisions exhibit both
strategic substitutability (because the marketing benefit of a new green technology decreases
as more firms adopt it) and complementarity (because the stricter standard is more likely to
be enforced as more firms adopt it). We develop a novel model that captures these realistic
features, and examine how they affect firms’ development and adoption decisions.

Our analysis shows that regulation that considers an industry’s capability index—compared
with regulation that ignores it—can more effectively motivate development of a new green tech-
nology when the first-mover advantage from the technology is low. Therefore, for an industry
in which firms can easily catch up with a new technology (thus reducing a firm’s first-mover
advantage), regulation that considers industry capability should be considered to encourage
innovation. Our analysis further shows that in a setting in which industry capability affects
regulation, uncertainty concerning the new technology’s benefits can help motivate a firm to
develop the new technology, because this uncertainty might soften competition or increase the
probability of regulation. Finally, our findings bear important policy implications about the
stringency of regulation (the probability of enforcing a stricter standard for a given capability
index): More stringent regulation encourages more firms to adopt a green technology once it
is invented, but may discourage a firm from developing it if the competition intensity is high.
Therefore, for an industry with intense competition, a government agency may wish to enforce

regulation with mild stringency to encourage innovation.
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Chapter 4

Horizontal Mergers in Vertically

Differentiated Markets

4.1 Introduction

Mergers and acquisitions (M&As) plays an important role in today’s business world. Through
M&As companies aim to increase competitiveness and reduce costs. Mergers are common in
practice — 20,409 M&As occurred in 2013, worth 1.9 trillion dollars (WilmerHale 2014). Our
focus in this paper is on studying the effects of a horizontal merger on firms’ quality and price
decisions, and their consequent impact on consumer welfare.

Despite their popularity among firms, mergers often raise concerns for antitrust agencies;
antitrust agencies worry that a merger may reduce competition in a market and thus harm con-
sumer welfare. Specifically, after a merger, reduced competition may raise prices, and reduce
the quality and variety of products in a market. For example, the Horizontal Merger Guide-
lines of the U.S. state the following (U.S. Department of Justice/Federal Trade Commission
2010): “Enhanced market power can also be manifested in non-price terms and conditions that
adversely affect customers, including reduced product quality, reduced product variety, ....”

Indeed, merger-induced quality and variety changes are widely observed in practice. For
example, Song (2015) shows that the quality level of Compaq’s personal computer product line
improved at a much slower rate than its competitors after the merger of HP and Compaq; i.e.,
the merged firm repositioned Compaq’s product line at a lower quality level. Another example

is provided by the merger of two microprocessor manufacturers. In 1999, VIA Technology, a
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Taiwanese manufacturer of integrated circuits, bought Cyrix and Centaur Technology, two low-
end microprocessor manufacturers that competed with Intel and AMD. After the acquisitions,
VIA only sold products based on designs from Centaur Technology, in order to pool resources
(Hachman 2000).

Although it is common for mergers to cause quality and variety changes, there has been
little research on evaluating their impact on consumers. Most existing merger literature regards
price as the key determinant of consumer welfare, and focuses on price changes (e.g., Williamson
1968 and Farrell and Shapiro 1990). We aim to bridge this gap by studying firms’ product
repositioning decisions after a merger, and analyzing how such decisions affect consumer welfare.
Specifically, we study a merger of two firms in a vertically differentiated market. In this market,
all customers prefer higher quality, but their willingness to pay for higher quality is different.
Before the merger, each firm offers a single product. After the merger, all firm can alter
their quality, and the post-merge firm can either continue to offer two products to cover more
customers, or offer a single product to achieve cost reduction through economies of scale.

Our analysis highlights the importance of considering firms’ product repositioning when
evaluating the impact of a merger. As discussed above, the existing merger literature only
uses price changes to indicate whether a merger will harm consumers. However, we find that a
merger may decrease consumer welfare even if it induces the post-merger firm to reduce prices.
This is because a post-merger firm may reduce its product qualities to achieve lower marginal
costs. Although such lower costs may reduce prices, the quality reduction harms consumer
welfare and its negative impact can outweigh the positive impact of lower prices. This finding
is consistent with the empirical study of Song (2015), who shows that the price drop of Compaq
products after the merger of HP and Compaq was primarily caused by a quality reduction of
Compaq products.

Similarly, it is conventional wisdom that cost reduction arising from a merger brings down
prices and benefits consumers; this statement has been supported by many economists (see a
comprehensive review by Whinston 2007), and has been regarded as the standard result in the
theory of mergers. Indeed, many firms justify their proposed mergers by claiming that they
can pass on cost savings to consumers. However, we find that cost reduction does not always
reduce prices, nor does it always benefit consumers. Specifically, when a cost reduction enables
the post-merger firm to achieve the same quality level at a lower cost, the post-merger firm

increases its quality. But because of the higher quality, it also charges a higher price. Moreover,
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the cost reduction may induce the post-merger firm to offer only one product. Such a product
variety reduction may be harmful to consumers if the cost reduction is not sufficiently high.
The rest of this chapter is organized as follows. In §2 we review related literature. In §3
we describe our pre-merger model. In §4 we describe the post-merger model and analyze the
equilibrium in the post-merger market. In §5 we compare our findings in §4 with a case in
which there is a monopolist in the post-merger market. In §6 we study an extension of our
base model in which there are more than three firms. We conclude our paper in §7. Proofs are

presented in Appendix C.

4.2 Literature Review

In this section, we first review the literature on mergers, and then the literature on vertical
differentiation and product variety.

Mergers have been studied extensively by antitrust agencies and economists. The main focus
has been on whether a merger will increase consumer price and harm consumers. Stigler (1950)
uses a Cournot model to analyze the formation of a cartel and shows that prices will increase
due to such formation. Starting from Williamson (1968), economists have taken into account
cost synergies generated by mergers that may lower prices, and focus on the trade-off between
reduced competition and lower costs (e.g., Perry and Porter 1985, Farrell and Shapiro 1990, and
Whinston 2007). Different from these papers based on Cournot competition, Deneckere and
Davidson (1985) analyze a merger using a Bertrand competition model. The price competition
among firms in such a model is more suitable for the analysis of retailer mergers because
retailers are often price setters. Many researchers have subsequently analyzed mergers based
on the model in Deneckere and Davidson (1985), such as Werden and Froeb (1994) and Davidson
and Ferrett (2007). In these papers prices are the only indicator of whether consumer welfare is
harmed by mergers, whereas in our model consumer welfare is affected by prices, qualities, and
the number of products. We show that prices alone are not sufficient to determine the impact
of a merger: It is possible that a merger may reduce consumer welfare even if the post-merger
firm reduces its prices.

Recently, there have been a few papers on horizontal mergers in operations management.
One stream focuses on quantifying operational synergies in mergers (e.g., Gupta and Gerchak

2002, Nagurney 2009). Another stream analyzes important roles of operational elements in
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mergers. Cho (2014) studies a horizontal merger in a multitier decentralized supply chain and
shows that the position in a supply chain where a merger happens plays an important role in
determining the impact of the merger on consumers. Cho and Wang (2016) study a horizontal
merger with demand uncertainty, and identify the critical roles of demand uncertainty and
inventory pooling in its effects. In this paper, we consider another important element, quality,
and show that classical results about merger in the economics literature do not always hold
when quality decisions are considered.

There has been little research on product repositioning after a merger. Based on the
Hotelling model, in a horizontally-differentiated market, Gandhi et al. (2008) study a merger
between firms which compete by choosing price and location. They show that location reposi-
tioning greatly mitigates the anticompetitive effects of the merger. Berry and Walfogel (2001),
Sweeting (2010), and Sweeting (2013) analyze mergers in the radio industry empirically and find
evidence of product repositioning. These papers focus on mergers in a market where products
are horizontally differentiated. In such a market, consumers’ preferences differ based on their
travel costs to different locations: at the same prices, some consumers may prefer one prod-
uct, while others may prefer another. Our paper is fundamentally different from these papers
because we study mergers in a market where products are vertically differentiated by different
qualities — in our model, all consumers prefer products with higher qualities if the prices are
the same.

To the best of our knowledge, there are only two papers on product repositioning in a
vertically differentiated market after a merger. Norman et al. (2005) assume that marginal
costs are fixed regardless of qualities; i.e., higher qualities can be achieved without any cost.
Our model is different from theirs because we take into account the fact that products of higher
quality are typically more expensive to produce. In Norman et al. (2005) the post-merger firm
always offers only one product, whereas in our model, a possible equilibrium exists in which
the post-merger firm continues offering two products, which is consistent with the outcome
of the merger of HP and Compaq. Song (2015) empirically analyzes the merger of HP and
Compaq in the consumer PC market, and shows that the PC market was clearly vertically
differentiated, with HP in the middle-end and Compaq in the lower-middle end. However, due
to lack of analytical research, Song (2015) uses the analysis in Gandhi et al. (2008), which is
based on horizontal differentiation, as his analytical benchmark. Our finding is consistent with

the empirical finding of Song (2015) that Compaq reduced its product quality after the merger.
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Our paper thus bridges the gap between merger literature and vertical differentiation literature
and provides an analytical tool to study mergers with quality changes.

Our model is based on the classical model of vertical differentiation. This model was first
developed by Mussa and Rosen (1978). A number of papers have extended this model (e.g.,
Shaked and Sutton 1982, Bonanno 1986, and Desai 2001). Particularly relevant to our work,
Moorthy (1988) studies a duopoly in which the marginal cost is a quadratic function of qual-
ity. We extend this model to three firms that sell three different products, and use it as our
benchmark for the pre-merger market.

After a merger, the two merging firms can either continue to offer two products as in the
pre-merger market, or just offer one product. This is related to research in product variety.
Readers may refer to Ho and Tang (1998) and Kok et al. (2008) for comprehensive reviews.
The main difference between our paper and this stream of research is that we focus on product

variety induced by mergers.

4.3 Pre-Merger Model

Our model is based on classical models of vertical differentiation. On the demand side, all
consumers prefer more of a characteristic called “quality.” However, their willingness to pay for
quality is different; we use € to represent a consumer’s willingness to pay. A type-6 consumer’s
utility of buying a product with quality ¢ at price p is given as 6q — p. If 8¢ — p is smaller
than zero, the consumer chooses not to buy the product and get zero utility. We assume 6 is
uniformly distributed over [0, §] at unit density. Consumers can observe the product qualities
and prices before they make purchase decisions. Each consumer will either buy one unit of the
product that maximizes her utility, or choose not to buy any product if none of the products
provide her with positive utility.

On the supply side, we assume there are three firms in the market, indexed by i, ¢ = 1, 2,
and 3.! Each firm offers one product, choosing quality ¢; and price p; to maximize its profit.
The competition occurs in two stages. In the first stage, each firm ¢ chooses a quality ¢; (¢; > 0)

simultaneously. In the second stage, after observing the qualities of other firms, each firm 4

!We assume there are three firms to be consistent with practice: if there are only two firms in the pre-merger
market, a merger will create a monpolist and it is not likely to be approved by antitrust agencies. In §5 we show
that competition in the post-merger market plays an important role in determining how cost synergies affect
consumers.
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decides its price p; simultaneously with other firms. We assume firms choose prices after they
choose qualities because prices are usually easier to change than qualities. For all firms, for any
chosen quality ¢;, the marginal cost of producing one unit of this product is ag?, where o > 0
is a cost coefficient. This quadratic form has been widely used in the literature (e.g., Moorthy
1988 and Desai 2001); it reflects the fact that it becomes more and more costly to manufacturer
products of greater qualities. We assume there is no fixed cost because fixed cost has no effect
on the pre-merger equilibrium as long as each firm’s profit is higher than the fixed cost.
pre

Without loss of generality, we assume ¢; > g2 > ¢3. Denote by ¢, p?", and 7%"° the

equilibrium quality, price, and profit of firm 4, respectively. Denote by wP™ the equilibrium

> que, p}lwe > pé)re >

consumer welfare in equilibrium. We can show in equilibrium ¢} > ¢5"

pre

ph ¢, and " > 7b" > 78" (see Lemma C.1 in Appendix C).

4.4 Post-Merger Model and Analysis

We focus our analysis on the case in which firm 2 and firm 3 merge to compete with firm 1. The
analysis of cases with other merging firms can be obtained similarly. We use firm m to denote
the new firm that is created by the merger, which we refer to as the post-merger firm. Firm
m may either choose to continue producing two products with qualities g2 and g3, or choose to
produce a single product with quality ¢,,. If firm m only produces one product, it can achieve
marginal cost reduction through economies of scale. Denote by s (€ (0, 1]) the percentage of the
cost reduction; firm m’s marginal cost of producing a product with quality g, is a (1 — s) gm.

We first investigate the case in which the post-merger firm produces two products. We then
examine the case in which the post-merger firm produces only one product. We finally compare
these two cases to analyze the post-merger firm’s variety decision.

We compare the post-merger equilibrium in the case in which the post-merger firm produces
two products with the pre-merger equilibrium in the following proposition; we use the super-

script “(2)” to denote equilibrium outcomes when the post-merger firm produces two products.

Proposition 4.1 When the post-merger firm produces two products, there exists a unique Nash
equilibrium in the post-merger market. In equilibrium:
(a) The post-merger quality of any product is lower than its pre-merger quality; i.e., qZ@) < g,

1=1,2,3.
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(b) The post-merger price of product 1 is higher than its pre-merger price, whereas the post-
merger prices of products 2 and 3 are lower than their pre-merger prices, respectively; i.e.,
p§2) > pi"®, and pz(-Z) <pi"c,i=2,3.

(2) pre

(¢) Firm 1’s post-merger profit is higher than its pre-merger profit; i.e., m;" > mj Firm

m’s post-merger profit is higher than the sum of firm 2’s and firm 3’s pre-merger profits; i.e.,
7T7(7?L) > "¢+ b
(d) The post-merger consumer welfare is lower than the pre-merger consumer welfare; i.e.,

w®@ < qPre,

Proposition 4.1(a) shows that after a merger, all firms reduce their qualities. In the pre-
merger market, firm 2 competes with both firm 1 and firm 3. In the post-merger market, firm
2 and firm 3 become one firm and do not compete with each other; the post-merger firm only
competes with firm 1. Therefore, it reduces its product qualities to differentiate its products
from firm 1’s product further and soften competition. Since its competitors’ qualities become
lower, firm 1 also reduces its quality. This finding is consistent with the empirical finding of
Song (2015) that Compaq reduced its product quality relative to other competitors after its
merger with HP.

Proposition 4.1(b) shows that after a merger, the post-merger firm reduces its prices, but
the nonparticipant firm (firm 1) increases its price. Since the post-merger firm reduces its
quality, it incurs lower marginal costs for products 2 and 3 (aq%, i = 2, 3) which enable it to
reduce its prices. Although the reduced competition intensity could cause the post-merger firm
to increase its price, this effect is outweighed by the effect of lower marginal costs. However, for
firm 1, the quality reduction is not as large. So the effect of a lower marginal cost ag? cannot
outweigh the effect of the reduced competition intensity, and as a result, firm 1 increases its
price after a merger. Notice that in this case, the post-merger firm reduces its prices without
achieving any cost synergies — the price reduction is not caused by improved efficiency of the
post-merger firm, but caused by quality reduction of the post-merger firm. This finding is quite
different from existing merger literature which focuses solely on prices and predicts that price
reductions are caused by cost synergies generated in mergers.

Proposition 4.1(c) and Proposition 4.1(d) show that in this case a merger increases the
firms’ profits, but harms consumer welfare. The conventional wisdom that a merger benefits

consumers if it brings prices down has been supported by many economists, such as Williamson
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(1968), Perry and Porter (1985), and Farrell and Shapiro (1990). Actually, in most merger
papers, consumer price is the single indicator of consumer welfare; the central issue is whether
a merger increases consumer price. Similarly, in practice, many firms justify their proposed
mergers by arguing that the mergers can bring down consumer prices and therefore benefit
consumers. However, our finding suggests that such a statement does not always hold when
product qualities are taken into account. After a merger, although consumers can buy products
from the post-merger firm at lower prices as shown in Proposition 4.1(b), their welfare may
still be reduced by the merger because product qualities become lower. Therefore, without
analyzing product qualities, merger analysis based on prices alone can be misleading.

Next we study the case when the post-merger firm only produces one product. Here the
equilibrium outcomes depend on the synergy level. We investigate how firms’ decisions and
other market outcomes change with the synergy level s in the following proposition. We use
superscript “(1)” to denote equilibrium outcomes when the post-merger firm produces one

product.

Proposition 4.2 When firm m produces a single product in the post-merger market, there
exists a unique Nash equilibrium. In equilibrium:

(a) The qualities of both products (qgl) and qﬁ)) are increasing with s.

(b) The prices of both products (pgl) and pﬁ}l)) are increasing with s.

(¢) Firm 1’s post-merger profit (77&1) ) is decreasing with s, whereas the post-merger firm’s post-
merger profit (77,(71)) is increasing with s.

(d) The post-merger consumer welfare (w)) is increasing with s.

As it becomes cheaper for the post-merger firm to produce higher-quality products, the post-
merger firm increases its product quality; facing the higher qualities from its competitor, firm 1
also increases its quality, as shown in Proposition 4.2(a). Since all firms increases their quality,
they also increase their prices to match their qualities, as shown in Proposition 4.2(b). This is
in contrast to the conventional wisdom that cost reductions generated by mergers bring down
prices. Proposition 4.2(b) shows that when quality decisions are considered, a cost reduction
increases prices by increasing quality.

Proposition 4.2(c) shows that cost synergies are beneficial to the post-merger firm, but
harmful to its competitor firm 1. As mentioned above, as it becomes cheaper for the post-

merger firm to produce higher-quality products, consumers enjoy higher qualities but incur
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higher prices. Proposition 4.2(d) shows that the positive impact of higher qualities outweighs
the negative impact of higher prices, and thus consumers benefit from the post-merger firm’s
cost synergies when it only produces one product.

By combining the results above, the following proposition analyzes the post-merger firm’s
decision on the number of products to offer, and the impact of such decision on consumer

welfare.

Proposition 4.3 There exists thresholds s < s() such that the following results hold:

(a) The post-merger firm produces one product if and only if s > 5™

(b) Consumer welfare in the case in which the post-merger firm produces one product is greater
than that in the case in which the post-merger firm produces two products (i.e., w® > w(z)) if

w)'

and only if s > s(

Since cost synergies are generated when the post-merger firm produces one product, con-
sumer welfare and the post-merger firm’s profit increase with synergy level s in this case, as
shown in Proposition 4.2. Also, there exists thresholds s(™ and s(*) such that 77,%) > 7757%)
and the post-merger firm produces one product if and only if s > s, and w® > w® if
and only if s > s(®) (see Figure 4-1 for illustration). It is interesting that s(M < sW): When
s < s(™ the post-merger firm produces two products, and the consumer welfare is w®. When
s(M < s < s(®) the post-merger firm only produces one product, and consumer welfare changes
to wM). Notice that in this interval of s, consumers prefer two products from the post-merger
firm because w) < w®. As a result, when s increases from the interval [0, s(”)] to the interval
(s(”), s(w)), consumer welfare actually decreases. In other words, cost synergies generated by
the merger actually harm consumers.

Existing merger literature predicts that cost reduction generated by mergers are always
beneficial to consumers. It seems antitrust agencies also view such cost reductions positively
(e.g., see U.S. Department of Justice/Federal Trade Commission 2010). As a result, firms justify
their proposed mergers by emphasizing that they can generate significant cost savings. However,
our result shows that cost reduction may induce the post-merger firm to reduce the number of
products it offers. If such cost reduction is not sufficiently high, it may hurt consumers because
of the variety reduction. So cost reduction generated by mergers is not always beneficial to

consumers when product quality and variety are taken into account.
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Figure 4-1: The Post-Merger Firm’s Profit and Consumer Welfare (Parameters Used: § = 10,
a=1)

4.5 Comparison with a Benchmark

In this section we compare our results with the case in which there are only two firms in the
pre-merger market. As a result, a merger creates a monopolist in the post-merger market. We
show that competition in the post-merger market plays a vital role in determining how cost

reductions affect consumers.

Proposition 4.4 There exists threshold (™ such that the following results hold if and only if
s> 35m;

(a) The post-merger firm produces one product.

(b) Consumer welfare in the case in which the post-merger firm produces one product is greater

than that in the case in which the post-merger firm produces two products.

When a merger creates a monopolist in the post-merger market, there exists a single thresh-
old 3™ that determines whether the post-merger firm produces one or two products, and
whether consumers prefer one or two products. If s > 5(™ then the post-merger firm produces
only one product, and consumers also prefer one product. There does not exists any interval

of s in which the post-merger firm produces one product, but consumers prefer two products.
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However, such an interval exists when there are two firms in the post-merger firm, as discussed
in §5 (the interval (s(”), s(“’))). So with competition, cost synergies might harm consumers, but

in this case it does not.

4.6 Extension to Four Firms

In this section, we consider a case in which there are 4 firms in the pre-merger market. After a
merger, firm 3 and firm 4 merge and create firm m, the post-merger firm. We study this case
numerically and show that our results obtained in the main body still hold.

Table 3.1 compares the pre-merger qualities and prices with the post-merger ones when
the post-merger firm produces two products. Table 3.2 compares the pre-merger profits and
consumer welfare with the post-merger ones. We can see that most results in Proposition 4.1
still hold: after the merger, the quality of all products decreases, the profit of all firms increases,
and consumer welfare decreases. The price changes are also similar to Proposition 4.1(b): after
the merger, the price of the high-quality product offered by firm 1 increases, whereas the prices

of low-quality products offered by firm 2 and firm m decrease.

Table 3.1. Pre- and Post-Merger Qualities and Prices (Parameters: § = 10 and a = 1)
Product 1 2 3 4

Pre-merger quality 4.46 3.26 234 1.35
Post-merger quality 4.40 3.04 1.97 0.99
Pre-merger price  21.87 11.91 6.50 2.79
Post-merger price  21.95 11.02 5.52 2.27

Table 3.2. Pre- and Post-Merger Profits and Consumer Welfare (Parameters: Same as Table

3.1)
Firm 1 Firm 2 Firms 3 and 4 Consumer
Pre-merger 3.34 3.11 3.79 71.38
Post-merger 5.03 5.15 4.28 66.61

Our numerical study also shows that our results in Proposition 4.1 also hold with 4 pre-
merger firms. Furthermore, Figure 4-2 shows how the post-merger firm’s profit and consumer
welfare change with the synergy level s. There is an interval of s in which the post-merger firm
produces one product, but consumers prefer 2 products. So the results in Proposition 4.3 still

hold in this case.
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Figure 4-2: The Post-Merger Firm’s Profit and Consumer Welfare in the Case with 4 Pre-Merger
Firms (Parameters Used: 6 = 10, o = 1)

4.7 Conclusion

Although merger-induced quality and variety changes are widely observed in the business world,
there has been little research evaluating the impact of such changes on consumers. This paper
bridges this gap in the literature by analyzing mergers in vertically differentiated markets.
Specifically, our analysis highlights the importance of taking into account potential quality and
variety changes when evaluating potential mergers. For example, a merger may induce the post-
merger firm to reduce prices, but still harm consumers because it can reduce product qualities.
This analytical finding is consistent with the empirical finding in Song (2015). In addition,
cost reductions generated by mergers may actually increase price because it may cause firms
to increase qualities. Finally, we find that the cost reduction generated by mergers does not
always benefit consumers; for example, such a cost reduction may cause the post-merger firm
to reduce the number of products it offers. As a result, consumer welfare may be hurt because

of the smaller number of available products.
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Chapter 5

Conclusion

The main focus of this dissertation is on firms’ operational decisions under the influence of
government regulation in a competitive market. When a firm is making operational decisions,
it is crucial to consider the effect of government regulation and the reactions of opponents.
In addition, when a government agency is making regulatory decisions, it is also important to
take into account the dynamics among firms and the agency. This dissertation studies such
interactions between regulation and firms’ strategic responses, and provides important insights
to both firms and government agencies.

Chapter 2 studies how firms’ operational decisions in a merger affect consumers under
demand uncertainty. Since an antitrust agency must evaluate the impact of a proposed merger
on consumers before approving it, this essay provides important new insights to both antitrust
agencies and firms. The existing theory of mergers has studied mergers under deterministic
demand, and predicts that cost savings generated in mergers are always beneficial to consumers.
We find those statements are not necessarily true under uncertain demand.

Under uncertain demand, a merger can create statistical economies of scale by reducing
the aggregate volatility of combined demands in addition to conventional economies of scale
that lead to marginal cost reduction. Such statistical economies of scale enable a post-merger
firm to reduce inventory costs by managing their stocks in a centralized manner. We find cost
savings from statistical economies of scale do not always reduce prices, nor do cost savings
from conventional economies of scale. First, we find that statistical economies of scale (i.e.,
pooling effects) indeed reduce the expected cost of a post-merger firm (hence increasing its

expected profit), but contrary to a common belief, they always induce both post-merger and
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nonparticipant firms to raise their prices. Second, our analysis shows that cost synergies due to
conventional economies of scale reduce prices only when the synergies are substantial. Finally,
a merger may induce firms to raise their service levels, and ultimately benefit consumers even
if prices are increased.

Chapter 3 investigates firms’ development and adoption decisions of a new green technology.
A government agency’s potential regulatory action is an important driving force for firms to
develop and adopt new green technology. Existing research assumes that a government agency’s
action is independent of industry capability, and that the benefit of the new technology is
known. In practice, however, a government agency often takes into account industry capability
to meet a new standard, and firms face uncertainty in the technology’s benefits. In this case
firms’ decisions exhibit both strategic substitutability (because the marketing benefit of a new
green technology decreases as more firms adopt it) and complementarity (because the stricter
standard is more likely to be enforced as more firms adopt it). We develop a novel model that
captures these realistic features, and examine how they affect firms’ development and adoption
decisions.

Our analysis bears important policy implications. We show that for an industry in which
firms can easily catch up with a new technology (thus reducing a firm'’s first-mover advantage),
regulation that considers industry capability should be considered to encourage innovation.
Furthermore, our analysis suggests that for an industry with intense competition, a government
agency may wish to enforce regulation with mild stringency to encourage innovation. We also
provide managerial insights for firms: uncertainty concerning the new technology’s benefits is
not always harmful to firms. This uncertainty might benefit firms by softening competition or
by increasing the probability of regulation.

Chapter 4 studies firms’ quality and variety decisions after a merger and their subsequent
impacts on consumers. We add two important elements—quality and variety—to the study
of mergers, and provide important new insights to both antitrust agencies and firms. Quality
and variety changes in mergers have been widely observed in practice, but have received little
attention in existing research, which focuses instead on price changes. We find that quality
and variety changes can have substantial impacts on consumers, and such impacts may be
quite different from what price changes indicate. For example, a merger may induce the post-
merger firm to reduce prices, but still harm consumers because it can reduce product qualities.

In addition, cost reductions generated by mergers may actually increase price because it may
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cause firms to increase qualities. Finally, we find that a cost reduction generated by mergers
does not always benefit consumers, because it may induce the post-merger firm to reduce variety,
and ultimately hurt consumers.

For operations under the influence of antitrust agencies, we considered three operational
elements in this dissertation: uncertainty, quality, and variety. For operations under the influ-
ence of environmental protection agencies, we study the impact of government consideration of
industry capability on firms’ development and adoption decisions of a new green technology.
We believe that such topics are quite new in the operations management field, and the findings
in this dissertation will serve as a basis for future studies. For example, future work may ex-
tend such studies to a supply chain setting and investigate the interactions among government
regulation, firms’ own operational decisions, strategic responses of opponents in the same tier,

and strategic responses of firms in other tiers in the supply chain.
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Appendix A

Supplements to Chapter 2

A.1 Proofs of Main Results

We use superscript * to denote a firm’s best response to the other firms’ prices. For example,
the joint best response price of all nonparticipant firms to the post-merger firm’s price p,, is

denoted by p3 (pm)-

Lemma A.1 Suppose the following condition is satisfied:

—9 2
%+ - ov > 0. (A1)

n ¢(<I>_1 (1 _ ))23

SRS

(a) 0 < dpi/dpm < 1,0 < dp},/dps < 1 and dr§/dp,, > 0.

(b) There exists a unique pure-strategy Nash equilibrium in the pre-merger market in which the
symmetric equilibrium prices p}"© = pb"® = ... = ph'® are the unique solution of (2.5).

(¢) There ezists a unique pure-strategy Nash equilibrium in the post-merger market in which
PPt = phot = bt and pht = ph%t = .. = pb®" are the unique solutions of the following
equations:

n—2 s n—2 ,os Om _ Wi,
a—<b+7 - )(prnt—wm)—l—v 7y t—QR(fb 1(1—ppost>>:o; (A.2)

1 ~1 2
a— (2b+ n 7) ot 4 <b+ "7> w4y =pt — oR (cb—l (1 - “’t>> —0. (A.3)
n n n pg

ost post
Proof of Proposition 2.1. (a) We compute dg{;‘%m and dggm by applying the implicit function

theorem to (A.2) and (A.3) as follows:
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dph*" 0 M‘ 0?7 (P,0m)
dom = —J_l X Iom op1 p:pPOSt — _J—l % 0p100m

post p:ppost
dpy & _ (9oms(p) | 0
dom Oom Ops |p=pPost
o) 87’1’3([)) _ o) 87r7n(pao"m)
ang)OSt Ops p:ppost ang)OSt op1 p:ppost
0 87T3(13) o) 87rm(p70'm)
apf,fSt Ops —ppost apngt dp1 —ppost
where J~! = L L .
9 Omtm (P,om) ‘ 9 9n3(p) __ 9 1m (P,om) 9 On3(p)
apZ”r?St Op1 p=pPost 31,50“ Op3 p=pPost angSt 9pq p=pPost dppOSt 9p3 p=pPost
T dp5*! o ( 9ms(p) o [ 9ms(p)
ubstitutin into above and =— = | =
S g J USIIlg dp?e poSt apfnyt Op3 pprost /8p§o>t dps3 p=prost )
. . t post .

we can simplify 5’” and into

t O i (Psom) t t t

0S T A A~ 0S 0S 0S8’
dpg”l, o aplao—'m‘ p:pPUSt dpg o dpg dpgn
d - ost O d - ost ] )
Om o) O m (P,0m) + o) O m (P,om) d 137 Om, dpfn Om
8}7?:“ Op1 p=pPost appDSt Op1 p=pPost dppOSt

A4
We now show dgp < 0 by examining its denominator and numerator, respectively. To com2

st
pute the denominator of pm , we use (A.2) and ( ) =@ (t)—1, getting app"“ <8”’”(p"’m) t> =
m p=pP°s

op1
2
2 (b+~22)+ Tonlle <0, and o post (8”*”8(;”””“)‘ > =22y > 0. Us-
2¢)(<I>*1 (17 y‘%i))(pf,fst)g 1 P ppost
. o 87Tm(p70'm) 0 87Fm(P70m)
ing (A.1), we can show o < Ops — + PR Op — < 0. Because

0st 0 87rm(p,0'm) 0 67rm(p70'm)
dpt®” /dpp < 1 from Lemma A.1(a), P ( Des ‘p ppost) + PR ( O

d post
B <
p:ppost dp,,pn
post
0. To compute the numerator of dgym , we first find the expression of 7, (p) = 7, (p) —

cm (p1,p2). By substituting y, = 0, ®! <1 — p21“jr’;2), Li(p) and Ls(p) into 7% (p) and

¢m (P1, P2, Ym) in (2.4) respectively, we have

mn(p) = il(pi—wm){ (b+717)p@+ éjpj} nd (A.5)
1= ] i

_ 2w p1+ P2 ( _ 2wy,
c , = Wpon® 11— ")+ R(®1(1- . (A6
m (P1,P2) e ( P +p2) 2 ™ 1+ P2 (4.6)

From (A.5), %@’;’") = 0. From (A.6), by using dﬁ—gt) = ® (t) — 1 we obtain %’ggpmligiw as

follows:
92cm (p1,p2,0m) il aq>—1<17p211$;2> _ pitp2 2w o2~ (171721”1?2) + o‘mR(CP (21717211”;2)) }

001mOp1 = do | WmIm Op1 2 Impitps Op1

_ 1 -1 2w
- iR ((I) (1_p1+p2)> > 0.

76



aQﬂ'm(p»Um) _ aQW;ln(vam) 820m(p17p270'm) :
Thus, — “Oprdom T Bendp T Do m I > 0. Fmally, because the denom-

p_ppost \
. post pos
inator of ®m_ is negative and its numerator is positive, we get dp m_ < 0, hence dep =
. dppOSt n Tm,
m
\/2“1’2/) dom < 0
dp;gost dppost d post dp;y;;)st ost
Lastly, i dam < 0 because o < 0 from above and dp5”" /dp,, > 0 from
dngSt . o dppost
Lemma A.1(a). So =} — = Tav5s do < 0-

(b) We first prove drbe™ /dp < 0. From (2.4), we can write

7

post post post\ g, Post post duPost post dpPest n post dpPost post
dﬂérL —_— <ag’"/ + agTVL ) pd 807” yd _l_ 87.r’f7L + pd Z 878F7IL. dTrd',,L + pd 875”’L_ s
P P1 P2 P Ym P P =3 Dj 14 P Pj
. 9rPost HrPost o ost ost 0st
since “gn— = - = 0 and “m = 0 at (p1,p2,ym) = (P, P ym ") (by Envelop
Theorem). From (2.4), using R( ) o) —t(1—>(t)) a dR(t) = ®(t) — 1, we have
8#‘,1{”’5 . 277 ost _ 8Tl'm _ p}TorzL)stO, post ost d st . p’]’)n sto_ yglost
Top = w (P —wp) and FgEm = — BB R (N2 ) —pinom g R0 ) = = g ()
87rm ombost . dmbost dmbost pms o ybost 27 ¢, post
Finally, substltutlng and 55— into “GE—, we obtain = mgﬁ( o )—1—7(]9% _

o0st

wm) (n—2) dps° é’p < 0, Where the inequality is due to dps~ /dp < 0 from part (a). Next,
pOSt/dp = (d pOSt/dpm)(dp%’St/dp) < 0 because dprSt/dpm > 0 by Lemma A.1(a) and

dph?® Jdp < 0 by part (a). O

Proof of Proposition 2.2. (a) We focus on proving that dphe® /ds < 0 if and only if s > s(1),
and that s() is nondecreasing in o, with s(!) = 0 at ¢,,, = 0. Then the result about p§08t follows
easily: d 308t/ds = (d ppOSt/dpm)(dpﬁfSt/ds) < 0 if and only if s > s() because dp‘gOSt/dpm >0
from Lemma A.1(a) and d OSt/ds < 0 if and only if s > s(1). The proof proceeds in three steps.
(1)

In step 1, we get the expression of dphe® /dw,,. In step 2, we prove there exists a unique wy,
such that dpbe*" /dw,y, > 0 if and only if w,, < wh. n step 3, we use wid to compute s,
Step 1: Similar to Proposition 2.1(a), we apply the implicit function theorem to obtain

0st _ Prm(pwm)
dpﬁz N Op10wWm, p=pPost | (A7)

dwm 0 37Fm(p7wm) + 0 Omm (p,wm) dPEOSt
8p%m apl p:ppost 6ngSt 8171 p:ppost dpl"y)‘nyt

Since the denominator of (A.7) is negative (cf. the proof of Proposition 2.1(a)), dggl has the

: BQWm(vam) — 9l o (Pywm) 82Cm(p1,p2,0'm) o2 m(p,wm) —
Sane sigmn as Op10wm p= ppogf - meapl p=pPost - 00 mOp1 p:ppost’ where Owm Op1 -
b+ —";27 from (A.5) and i c’ggplg?’g’") Tmlm > from (A.6) and —dﬂ;gt) =
mp1 20 (@1 (1- 2% ) J{(p1+p2)/2}
® (t) — 1. Thus;
2
a Wm(pywm)

_9 . -1
— b+, {2h <<I>—1 (1 - wost» pfggsf} , (A.8)
p:ppost n pfn

where h (t) = ¢ (t) /{1 — ® (¢)} is the failure rate of a standard normal variable.

Op10wy,
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(1)

Step 2: We can show the existence and uniqueness of wy,” by proving the three statements:

1 (Pywm) 33 3 3 *mm (Pywm)
T Op1Owm —pwost > 0, (11) when Wm 18 SuﬂiClently large, T Op1owm

(i) when w,,, — 0, ‘p:pwst

= 0. Then from (i) and

’p:ppost

0?7 (P, wm 0?7 (P, wm
0, and (iii) d{aplg’um) 5 ppost} /dwy, < 0 when &1 (p.wm)

Op10wm
(1) (1)

8271—771 (an)m)

(ii), there exists at least one wy,’, and the value of wy,’ is determined by Dprow ‘ .= 0.
™ Ip=pPo°
. 1) . . 2
In addition, from (iii) w,(n) is unique because O (powm) can cross zero only once
9 8p18wm pfppost
as Wy, increases. To show how w( ) changes with o,,, we compute dom /dw( ), By solving
0?1 (Pwm) _ _ n—2 wd ost
Bor0um | pport — 0 from (A.8), we have o, = 2 (b + ’y) h{d=t(1 e phe". Then,
2(b+2=2)H 1 ) ol 2(brm=2)n (@1 (1o i ) Yoot
dom ( +o ) _pﬁ?St ( + n Py) _PgnOSt Pm dpl’,’rgSt
dwg) - 1 _ ’LU'E%') + 8p$7?5t dwm w :w(l)’
¢ ¢ 1 ppost m m

(1)
where the first term is negative due to A’ (CI> (1 — ;‘,’,%)) > 0 and the second term is zero

dppost
dwm

= 0. Therefore, dwy /do, < 0.

due to
Wy —wm

Step 3: If w < w,(n), then dpbe™ /dw,, > 0 and dphe™/ds < 0 for any w, < w. We
define sV = 0 in this case. If w > w%), then we define s() = (w w( )/w In this case,

dpe*t Jds < 0 if and only if s > s, Since dwly) /don, < 0, ds®) /dom, > 0 in this case. Since

(1) 027 (P, wm)

Wy solves =5 5n =0, from (A.8), s(1) is the maximum of 0 and the unique s that

‘p:ppost
solves b + ”—_2'7 —Oom {2h <<I>*1 (1 — w(;osf)>) pPOSt} =0.

() 5 a o
- ds dp

dp m” < 0 if and only if s > s(M) by part (a). In the rest of the proof, we prove d”m > 0 for all

st
< 0 if and only if s > s() because dzlrg > 0 by Lemma A.1(a) and

s by showing dwm < 0 for all wy, in each of the following two cases: (case I) d pﬂfSt Jdw,, <0,
and (case II) d pﬁf“/dwm > 0.

d7rm °t orhe*t | ombyot dphet | orhy*t dyhy™ den *t deOSt o~ Omhet _
(Case I) From (2.4), —( oo T “oms door T o dw T oua T dw o =
87‘(?,?“ de—’OSf dp post T 671’177,?“ 67‘(,,?“ aﬂ_grfst Bﬂ'm st
Owm dpm dzzlm dp; where gp1 — Op2 = 0 and Oym 0 at (p1,p2,ym) =
Jj=3

ost os
(phost phost 4Po) by Envelop Theorem. By computing 6”5" and 6551’:” from (2.4) and substi-

post

< 0, where the

post post post

7rm drd)®" post n—2 ost dp3”™" dp

tuting them into Gz=—, we get W = —qn 4+ 2722 (ph” — m) o
st

inequality is due to ¢, > 0, dp i < 0 by the premise, and 2 > 0 by Lemma A.1(a).

(Case II) Suppose that w,, is reduced by dw,, (> 0). Let p pOSt - dpg, PR Ay YPOS — dym
post

post

and 7, — dm,, denote new equilibrium outcomes assomated with the change of dw,,. Let

7). denote the post-merger firm’s expected profit at the new marginal cost w,, — dw,, when
ost

Pm = —dpm, p3 = pa = ... = pp = P> —dps, and y,, = yh*". Note that 7, < Post _ dm,

post < 0, we will

because ¥, = yms is chosen instead of ¥, = ¥ — dym. In order to prove d
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show 7, > b so that ©he™" — dm,, > 7!, > 7he®". From (2.4), we can compute b, 7/ and
then 7/ — 7225t as follows:
whet = (P = wn) LA = i = pom R ()
o, {pfrf‘gt — Wy + (dwy, — dpm)} {L%’St + 2bdpn, + =22 (dpy, — dpg)} (W — dwy,) yho*!
e o (),
o, = mhost — {pf,?‘gt — Wy, + (dwy, — dpm) } {Zbdpm + 2 27 (dppm, — dpg)}

post

+ (dwy, — dpm) LEOSt 4 oSty + o R (y’” ) dpm,

post

> (dwy, — dpy) Lim LPost 4 ypOStdwm +omR (y’" ) dpy,

— <L$n08t + ypost> dwm {O_mR (ym t) _ LpOSt} dpm,
dpm
p'LU

dp’rn

Where the inequality follows from > 0 by the premise, < 1 from step 2 of part (a),

an Lemma A.1(a). Using dw,, > dp,, > 0, we can simplify this inequality into

Om

. WﬁfSt > { Post 4 o R (yL> } dpm. Finally, we complete the proof by showing that y£2** >

t ~ ~ i~ ~ i~
_UmR (%) . Since ym_(ym - 5m)+ = 5m_(5m - ym) y Ym = E (ym - 5m)+_E< Em — ym)Jr
post

Using E (Ym — &) > 0and E G — Ym)" = 0mRWm/om), ot > _g R (ym ) O

Om,

dlpost N 8lpost dp%)St N Win dppoat . dp%)st
Proof of Proposition 2.4. (a) = G dy = (ppo’:t)Q 7= Since “p— < 0 from
L. dl post PDSt
Proposition 1(a), we get < 0. Similarly, we can prove < 0.
dlpost dppost N w dppost ost dpgfst
(b) G- = pﬁfst + (p%,’(;:;)z o = p,,g’;t do——1 ppost. Slnce Wi < P and - <1
from the proof of Proposition 2(a), ¢ < 0. Therefore, dl™ i dwy i (—w) >0
p p ’ dw ds ~— dwm ds —  dwm .
dlp"“ w  dph’ . : 1 s
Next, = i s > 0 if and only if s < s() from Proposition 2(a).
(c) Since 159" decreases with p and increases with s, it suffice to show £2°" > " at p=1 and

s = 0, which follows directly from I5y*" = 1—w/ph™, I = 1 —w/p™ and phe™ > pP" at p = 1
and s = 0. Since 5" =1 — w/ph®" increases with p§°*, the result follows from Proposition
3(a).00

Proof of Proposition 2.5. A sketch of the proof is as follows. We first find a lower bound of
E[csP*!], denoted by E[cs™®]. We then show E[cs!®] > F [cs™] at s = s?) and that E [cs™*]

increases with s for s € [s(2),1). Therefore, there exists a threshold s(¢*) € [0, 3(2)] such that
E[csP?®!] > E [csP"®] for any s > s(¢9). O

Proof of Corollary 2.1. We provide a sketch of the proof for part (a). The proof of part

(b) follows a similar procedure. We first get the n first-order conditions for the post-merger

firm: %”Tm = 0, %7;’” = 0, and 87” = 0,7 = 3,4,...,n. Using the implicit function theorem
post
and the Cramer’s rule, we obtain dep = —|J?| /|J|, where J is the Jacobian matrix of the n

first-order conditions, and J! is the matrix formed by replacing the ith column of J with the
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?mm P

vector (5t  Opads 0,...,0)7. We can show that the sign of |.J| is (—1)". In

‘p:ppost ’

p:ppost
se %7, 0% 7, : P
addition, we can show that 77z I < 0and Za I < 0, and thus the sign of |J/|
X dpfOSt
is also (—1)". So i =—|J’I/|J]<0. O

Proof of Corollary 2.2. We provide a sketch of the proof for part (a). We compare d7,,/0p1
for the same price vector under two different demands 2, and Em. We show that if the post-
merger firm keeps its prices constant but chooses its safety stock optimally, then the expected
lost sales is smaller for the less dispersive demand €,,. This results in a larger Om,,/0dp; for the
less dispersive demand. Consequently, if the prices are set at the equilibrium point for the more
dispersive demand (resulting in d7,,/dp; = 0 for this demand), then d7,,/dp; > 0 for the less
dispersive demand. The rest of the proof follows the procedure similar to the proof of Lemma
2.1(a). The proof of part (b) follows the procedure similar to the proof of Proposition 2.2(a).
O

A.2 Parameter Values Used in Figures

The parameter values used in our numerical examples are motivated by the U.S. rental car
market. In Figure 2-1, we used the following parameter values: n =3,a=1, b= 0.6, v = 0.5,
w = 0.5, and 0 = 0.3. We use n = 3 to reflect the number of major rental car companies in the
U.S. (i.e., Hertz, Avis and Enterprise). We used the normalized value of a = 1 for the demand
intercept. The parameters b and ~ are related to the price sensitivity of a firm’s demand to
its own price and other competitors’ prices. According to McCarthy (1996), the own price
elasticity for the US auto market is between —1.06 and —1.85, and the cross price elasticity is
between 0.28 and 0.86. We chose the values of b and « to yield the own price elasticity of —1.64
and the cross price elasticity of 0.59, which are consistent with McCarthy (1996). We chose
w = 0.5 to yield a profit margin of 42% in the pre-merger market. From the quarterly financial
reports of Hertz, we found that its gross profit margin was between 37% and 50% from 2006
to 2013. The profit margin in our numerical example is in the middle of this range. We used
o = 0.3 to add moderate uncertainty to demand.

Figure 2-2 is plotted over different levels of synergy s for a fixed value of p. For illustration,
we provide three different figures for p = 0, 0.5 and 1, respectively. The case when p = 1 can
be viewed as a benchmark case in which firm 1 and firm 2 maintain separate inventories after
their merger. Other parameter values are the same as in Figure 2-1 except o = 0.5. We used a

larger o to better illustrate the property that s(!) is nondecreasing with o,.
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A.3 Supplemental Materials

Proof of Lemma A.1. (a) We first prove 0 < dp}/dp,, < 1. Substituting the optimal safety
stock y; = o®~! (1 — p%) to (2.2), computing the derivative with respect to p;, and setting
p3 = ... =p, = pj and p1 = pa = pj, yield:

—(2b+ 2Hy) ps —oR ((I)fl <1 — %)) +2p+a+ (b+ 21y w=0,
which implicitly defines p} (py,). Using the implicit function theorem, we obtain

-1
2

jﬁzzl <2b+n;§17) - = 5 (o (A.9)
P o (o1 (1-2)) ()
where we have used (A.12). To prove 0 < dp3/dp,, < 1, we finally show
1 2 2
(2b+ nt ~y> - 70 > (A.10)
n oo (1-2)) @’ "

To show that (A.10) holds, we use (A.1), and rewrite it as follows by adding 3% to both sides

of (A.1):
2

41 3y 2
<2b+nn 7)— ov - >%z%.
prEY (i

Because p3 > p, (A.10) holds if ( zw )) is decreasing with p. By using the failure rate of

a standard normal variable h (t) ow? )) as follows:

¢ (t) /{1 —®(t)}, we can express m

wr__ _oAre@r(og))e gy
o(@-1(1-2))ps p(@1(1-2))p? (o=t (1-2))p2’

which is decreasing with p because h (t) is increasing with ¢ for the standard normal distribution.

Similarly, we can obtain the following equation that defines p}, (p3) implicitly:

—2(b+7”7*2)pm—%R(cI>—1(1—;’;"))+7 2=2ps+a+ (b+v=2) wy, =0,

s, b _ e
dp? as follows: d”% = 2(b+ynnz)amw72n{2l( (1 1::2»(%)3}71. We prove 0 <

dp},/dps < 1 by using the following inequality that can be proven similarly to (A.10):
OmWw? n— 2

-2
2<b+’yn o

n >_2¢(<1> 1)) @) ~ T

and obtain

(A.11)
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Lastly, we prove dn3/dp, > 0. Observe from (2.2) that 73 depends on the prices of all

t d7r3 Oms dps + Oms dys + Z 87r3 617] 87r3

firms, so tha . When (ps, y3) are chosen optimally

" Opz dpm ' Oys dpm
o (p3,ys3), the two terms in c(lipﬂ are zero (by Envelop Theorem). Since p3 = ... = p;,, we
n

d7r3 . drg omy dpj. 4 9m3 . dpg om3 | 9m gy :
can rewrite dps 8S follows: . Z p. dpm + e = o ]Z::4 P, + ap Finally, using
oms _ Y s 87r _ 2y . . drk .
e = (p3 —w)l (for j =4,...,n) and s = (ps — w)7! from (2.2), we can simplify Z% into
dny  (n—3 _ dpj 2y . . ..
e ="V + 3 (p5 — w), which is positive because dpj/dp,, > 0 and p3 > w.

(b) For a given p;, from (2.2) we can compute a unique optimal safety stock y; = c®~1 (1 — w/p;).
Given this optimal safety stock, firm 7 only needs to make a price decision; i.e., firm i’s strategy
space can be reduced to L, ﬁ] with price as the single decision variable. The original game
can be reduced to a game with price as the only decision variable. By using this new game,
we complete the rest of the proof in three steps. In step 1, we show there exists a Nash equi-
librium in this new game. In step 2, we show that this Nash equilibrium is unique with p{"™*
as the equilibrium price for each firm. In step 3, we show the original game also has a unique
equilibrium with p!™® as the equilibrium price and "¢ = ¢®~1 (1 — w/p}"®) as the equilibrium
safety stock for each firm.

Step 1: To show the existence, we need to show that 7; (p) is concave in p;. Substituting the
optimal safety stock y; = o®~! (1 — w/p;) back into (2.2), we obtain 7;(p) = (p; — w)L;(p) —
wo® (1 —w/p;) — pioR (®~ ' (1 —w/p;)). By using (A.12), we compute its second order

2

derivative as follows: %2;;" =20+ x1y) + W- Comparing this equation with
(A.1), we obtain that 2 (b+ 21v) > 2b+ 22 and guw? ow? (since

I R G )

——ow® 5 decreasing with p; as shown in the proof of Lemma A.1(a)), and thus B;Zi
o(2= (1=3) )t

Therefore, 7; (p) is concave in p;. In addition, the strategy space @, ;T)] is compact. So there

< 0.

exists a pure-strategy Nash equilibrium. Note from (2.2) that p; = p or p; = p yields non-
positive expected profits for sufficiently small p or sufficiently large p, respectively, and thus it
cannot be optimal. So the optimal price must be a interior solution of the first-order condition.
Step 2: We first use the contraction mapping theorem to prove the uniqueness. We then
prove p{"¢ is the equilibrium price. By using the contraction mapping theorem, Cachon and
Netessine (2004) show that if Pl > Z la‘zjg;j ,
J#i e

Op?
rium. From the expression of m;(p), we obtain Do — 7 and “ = =2 (b+ "T“y) +

then there exists a unique Nash equilib-

n

M < 0, where the inequality is due to concavity proved in step 1. So we need
p. A

9%,
Z ‘apigp'

to step 1, we can show that (A.1) ensures this inequality holds, hence the uniqueness of the

(97rI

to show ‘ — (2b + L*l,y) — M > (0. Following a procedure similar

Nash equilibrium. Therefore, equilibrium prices is the solution of (2.3), which is obtained by
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omi(p)
Opi
prove the solution of (2.3) is unique, it suffices to show that the left side of (2.3), denoted by

f1 (P79, is decreasing in p{"®. We can compute f{ (p) = —(2b+ 2=1y) + (]M <0,
p

computing from the expression of m;(p), and then setting p{"“ = pb"“ = ... = p}/“. To

where the inequality follows from (A.1).
Step 3: It is easy to verify that p!"® = pI™ and y!™® = 0@ ! (1 —w/pl"™) is a Nash
equilibrium for the original game. In order to prove the uniqueness of the Nash equilibrium,

from the index theory (page 48 in Vives 1999), it suffices to show that the determinant of the

gg? and gZ: has the sign of (—1)*" whenever

(3

Jacobian matrix of

om; __ om; __ :
8; =0 and 3; = 0. By using

(2.2), we can calculate the elements of the Jacobian matrix J (which is a 2n by 2n matrix)

as follows: for 7,5 < n and i # j, J;; = %2;? = —-2(b+ "Tflfy), Jij = 6?312312 = %% Jiitn =

g = 1= 2 (%), Jijin = g = 0, Jivni = gy = 1= (%), Jivns = goges = 0,

Jitnitn = %Zzi = —Lgp (%), and Jipnj4n = % = 0. By using y = 0® ' (1 —w/pi)

at g—’;z = 0, we can simplify the Jacobian matrix J as follows: J = [ jl f’ ], where the
3 J2

elements of J; are given as (J1);; = —2(b+ 2=1,) and (J1);; = Ly fori# jand i,j <n,
Jo is an n by n diagonal matrix with the ith diagonal element equal to —¢ <<I>*1 <1 — }%)),
and Js is an n by n diagonal matrix with the ith diagonal element equal to w/p;. Using
J—J3Jy b 0

0 Jo
J1 — Jngngl - |J2|. Since Jo is an n by n diagonal matrix with the ith diagonal element
equal to —Z¢ <<I>_1 (1 - p%))’ the sign of |J5| is (—1)". From the expression of Ji, Jo and

J3, we obtain (Jy — J3J5 *J3)

row and column operations, we can compute |J| as follows: |J| =

= 20+ 2=ly) 4 2w < ( (the inequality has
m el (1) ot

= %’y > 0 for ¢ # j. In addition, we compute

been shown in step 1), and (J; — J3J2_1J3)Z.j
2

the following; )(J1 — J3Jy )| - Z (J1 — J3J2*1J3)i7j) = (2b+ 21y) — Ww—%))zﬁ

Following the same procedure as in step 1, we can show that from (A.1), }(Jl — J3J2_1J3)

n

2

> 0. Therefore, J; — J3J, 1J5 is a diagonally dominant matrix with

(J1 — J3J5 J3)

. . i7j

JF#i

negative diagonal values and its sign is (—1)". So the sign of |[J| = |J; — J3J2_1J3‘ - |Ja| is
(_1)271.

(c) The proof proceeds similarly to the proof of part (b) as follows.

Step 1. The proof for firm 3 to firm n is similar to part (b). To prove 7, (p) =

(p1 = ) L1 (B) + (p2 = win) L2(B) — w0 @ (1= 222 ) — (py + po) R (071 (1= 2 ))

2w,
p1+p2

L po™m(P) is negative definite. We can compute

(which is obtained by substituting i, = ¢, ®~! (1 — to (2.4)) is jointly-concave in p;

and po, we need to show that Vg
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v12)1 p2TTm (p) =

-2 b n—1 me?n 27’7 o—mw?n
S o =) o A e O ) )
o4 Tonty —2(b+ 2Ly) + Tt

Tl T =) CD)

For this symmetric matrix, to ensure that it is negative definite, we only need to show that it

amw%

20(2 (1= ) ) (71572)
part (b), this inequality follows directly from (A.1).

is diagonally dominant; i.e., 2 (b + "7_27) — 3 > 0. Similar to step 1 in

Step 2. The proof for firm 3 to firm n is similar to part (b). For the post-merger firm, we need

8 ﬂ'm 8 Tm 627Tm 8 Tm 8271'7” [ n—1
to show ‘ > Z ’ opoy; |- We compute 0 and Z5 as follows: = 2(b+ =1y)+
amw2 92 2v OCmw? 2 ol ;
. oo — 21y & 3, and m = 1 for j £12.
1 _ 2w p1+tpo 3 ap18172 n 1 _ 2wy p1t+p2 ’ 8p18p' n ’
do(o (1-73)) (M572) 4¢(¢ (=ms)) (52) ’
9% 7m n—2 Tmw?,
So we obtain a sufficient condition for |2 B (2b + T’y) — '
J

26(0 (12, )) (2522

> 0. Following a procedure similar to the proof of Lemma A.1(a), we can show that the left-

hand side of this inequality is increasing in p; and ps, and decreasing in w,, and o,,. Since

P1, P2 > P, Wy < w and om/2 < o, we can use the bounds of wy,, o, p1 and ps to get the

sufficient condition for this inequality: 2b+ ”7723/ - % > 0, which is exactly (A.1).
o(e(1-5) )

Step 3. The proof follows the same procedure as in the proof of part (b). O

aﬂm(p)|
(9p1 P1=p2=...=Pn pl

> 0, implying that if all firms charge the pre-merger equilibrium price p}"“ in the post-merger

Te

Proof of Lemma 2.1. (a) The proof proceeds in two steps. First, we show

market, then the post-merger firm has an incentive to raise its price. Second, we prove
ppre ppost ppost

First, substituting y,, = 0, ®~ 1 (1 —

p1+P2 Ll( ) and Lg(p) in (2'1) into 7Tm(paym) in
(2.4), we obtain the expression for m,,(p). Then, using (2.3) and the following result:

-1 _w -1 _w
dR(‘I) <1 p)) :{(I) <(I)1 (1_w>)_1} dd (1 p) _ w? |
z A R
(A.12)
we obtain aﬂg;ip) after simplification as follows: aﬂa’gip) = (2b+ =Lv) (p]"° — p1)+2 Z (pj —p1)

+1 (p2 —w)+oR <(I> (1 - p're)) —oR (<I> <1 — p1+p2)> . Substitutingpy = ps =p3 = ... =

b1

pn =i ¢ into 87””( ) vields aﬁm(p) =Ly (" —w) >
Next, suppose the post-merger firm raises its price to a new price p ="+ Apgn) with

Apgn) > 0 such that Om,,(p)/ 8})1|/p1_p2 B 0. (Note that such pgn) exists,

since 7, (p) is jointly-concave in p; and pso. ) Since 0 < dp§/dpy, < 1 by Lemma A.1(a), all

nonparticipant firms raise their prices to p3 = pb° + Apg) with 0 < Ap(l) < Apgn). In
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(1)

response to p; ', the post-merger firm will raise its price again to p( ) = (1) + Apgn), where

0< Ap(2) < Apé ) (since 0 < dp}, /dps < 1 by Lemma A.1(a)). This process continues until p,,

and p3 converge to ph™" and plgo‘gt respectively in equilibrium. Since 0 < Apgj ) < Ap%) in every

stage 7, equilibrium prices will satisfy p}"“ < p§OSt < pff;‘gt.

post pre . .
(b) We first prove m, /2 > 7] . Let Wm\ (pr.02,5m)= (275 7 2077°) denote the post-merger firm’s
expected profit when (p1, pa, ym) = PV, P27, 20%") and p; = pP°* for i = 3,4, ...,n. From 7,

n (2.4) and 7; in (2.2), we can express y| pre pire 2y7e) and 7" respectively as
»4Y71

(p1,p2,ym)=(p1" p¥

e e gyre) = 208 —w) {a — bp}"® 4 2 <P§OSt - pﬁ’)} 2wyl ~2p{ oR (?“7) ;

Fm| (p1:p2,ym)=(pP1" P}
pre
Pre o (ppre i U}) (CL . bp}fre) . wyglore ppreUR <y1 ) ‘
pre _pre pre) pTe = (ppre_w) 71772 ( 05t _ppre) > 07

(p1.p2,ym) =P} P"¢ 208
where the inequality is due to p}"“ > w and p‘é’OSt > p{"® from part (a). Since mh; ost >
T P )= (P27 2577°) (because (phe™, 42" maximize 7., given that p; = pfOSt fori =3,4,...,n),
7T17;105t/2 > gjre.

post

Next, we prove 75" > 7). Let 7r3\

follows:

Then, we can compute %ﬂ'm‘

(p3,3)= (27" 47") denote firm 3’s post-merger expected

profit when (p3,y3) = (plf?"@’yiﬂ”e) and p; = pfost for i = m,4,5,...,n. We can then show
Tl = (e ey = 7o = B = w) {2 (BB =) + 2 (e =) b >0

where the inequality is due to p!™ > w, ph*" > p¥™ and phy™ > pP from part (a). Since

P ost Ost pre
2 73] (g )= eyt T3 2T
Finally, we prove 75° > W%St /2. Let w3 (pa)= (P2 472" /2) denote firm 3’s post-merger

expected profit when (pg,yg) = (P%)St,y%St/Q) and p; = pfOSt for i = m,4,5,...,n. Then, we

1_post __ ost 1 0st ost
can compute s, o (oot et j2) — 37 = (pha™ — w);y( b — ph ) > 0, where the
post

inequality is due to phe™ > ph°*" by part (a). Since 74
ot O

post

2 773‘ ( post éypost), 773 >

(p3,y3)=

Detailed Proof of Proposition 2.2. (a) The proofs of statements (i), (ii) and (iii) are

6271-771 (p,wm)

Ap10wn, -

p:ppost
b+2=2y > 0. To prove (ii), we will show that d oSt Jdwy, < 1 such that when w,, is sufficiently

large, (1 — I%) — 0 and h ( (1 - ppost)> — 0. Thus, from (A.8), W o < 0
m P=p

when wy, is sufficiently large. We can compute the expression of dphe™ /dw,, in (A.7) as follows:

-1
n—2 -1 t
et (p+252)-an{2n (0 (12 ) )b}

dwm _ -1 dppDSt
e ()] ()

presented below. To prove (i), we note from (A.8) that as w,, — 0,
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which is smaller than 1 because b > 0, wy, < phe™* and dph”* /dp,, < 1 from Lemma A.1(a). To

827rm(p7wm) .
prove (iii), we compute d { TOmoun | et /dw,, as follows:
32 2 2
mm (P, wm ) 9%mm (P, wm) 9%mm (P, wm)
N " Tpowm 9\ “oprowm 9\ ~oprowm ost
p=pPost o p=pPost + p=pPost dpp
dwm - Owm 8p17)nOSt dwm °

From (A.7), when W‘ ,=0,d oSt Jdwy, = 0. Substituting dphe™ /dw,, = 0 and
m  |p=pPos

the expression in (A.8) to the above equation, we obtain the following after simplification:

!/ 1 w
pp”"“} _ omh (CI) (1_17%%))

= <0
d m 0s W, - Wm, ’
’ o) (v (=g ) Jo (2 (=5

where the inequality is due to A’ (@‘1 (1 — I%)) > () because the normal distribution has an

d 327"m(P,wm)
Op10wm

increasing failure rate. [

Proof of Proposition 2.3. (a) The proof proceeds in three steps. First, we show phe®" >
pé’OSt > pi"® when s = 0 for all p. Second, we prove the existence of 5. Finally, we prove that

He)

is nonincreasing with p.

First, by Lemma 2.1(a), phe™ > p5°" > p?™ when s = 0 and p = 1. By Proposition 2.1(a),
dphe™* Jdp < 0 and dph®**/dp < 0. In addition, since dph”* /dp = (dph®** /dpm)dphe™ /dp and
0< dp‘gOSt/dpm < 1 by Lemma A.1(a), /dp‘ < )dpfﬁm/dp‘. So phost > pémt > pi"® when

s=0and p < 1.

. . . . OTm
Second, we consider the following two different cases: (Case I) o |p1=pa=ps=..=pn _ppre 2 0
Omm
when wy, — 0, and (Case II) Z= |, —p.— —, —ppre <0 when wy, — 0.

(Case I) Following the same procedure as in the proof of Lemma 2.1(a), we can show that when
s — 1 (wy — 0), p];rz;st > pgost ppre if 87rm ’pm—pgz —— > (. Since pp ost ppost pﬁare
when s = 0, and both phe** and ph*** elther decrease with s or first increase and then decrease
with s by Proposition 2.2(a), pPOSt > pi"® and ppOSt > pi"® for any 0 < s < 1. In addition,
dpp“t/d = (dppOSt/dpm)(d bost /ds), where 0 < d pOSt/dpm < 1 by Lemma A.1(a); consequently

ost post
‘d ;5 ‘dpds . Therefore, phy*" > ph®* for any s. If we set s2) = 1, the result stated is
satisfied.

(Case II) Following the same procedure as in the proof of Lemma 2.1(a), we can show that when
t t . t t

s — 1 (wm — 0), ph™ < ph”" < pi" if gg:z | pr=ps=...=pn —prre < 0. Since phy™" > pb®" > pi"®

when s = 0 and phy™ < ph®" < p}"® when s — 1, there exists s?) € (0,1) such that phy™" = pi™

at s = 5. In addition, by substituting phy*" = p¥" into (A.3), we can verify ph”* = pi"

at s = s, By Proposition 2.2(a), if s =0, pf,fSt and p’;OSt decrease with s, and otherwise

they first increase with s when s < s() and then decrease with s when s > s(). Furthermore,
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post

dphe®!
ds

> ‘ ‘ as shown in case I. Therefore, p‘,’,‘fSt > i, pgo‘% > pi" and p;f,fSt > p§0$t if
and only if s < 52, where s® (> s(1) is unique.

Finally, we prove that s(?) is nonincreasing with p for each of the two cases considered above.
(Case I) As shown above, if 8”7” | —pa=..=pn ,ppre > 0 when wy, — 0, then s2) = 1. After sub-
stituting the optimal safety stock Ym = 0 ® 1 (1 — 2w/ (p1 + p2)) into (2.4) and differentiating

it with respect to p;, we obtain

OTm(P) - 1
Tpl|m =P2=pP3=---=Pn ppre =a- b (pp —’UJm) QUmR C pp""e .
Since limoag’;rip P — (2b4+9™2) pi™ + a > 0 is independent of p, s ( )

for any p in this case.
(Case II) Define w? such that 5@ = (w — wg))/w. We prove dwm)/dam > 0, which
implies ds® /dp < 0 because o, = o/2+ 2p. Since phe™ = ph*" = P at s = s,

673;”(11)) |pm=ps=...=pn=pie = 0 at s = s(@). Differentiating both sides of a’é’”(p) s e =
0 (see (A.13)) with respect to o, and setting w,, = w® result in
—1
i~ 4R (07 (1)) S ity - — ey

n w ) re
2¢(<1>— (1—p§¢e))(p’1’ )’

To complete the proof by showing dwg) /doy, > 0, it suffices to show b—l—”T_Qv >

(2)
2ofomt (1) )
Since 52 > s(1) (see above), by Proposition 2.2(a), dphe* /dw,, > 0 at s = s2). From (A.7)

(2)
and (A.8), d ggst/dwm > 0 implies b + "T_ny > Tm Wy _ Since ppost PP at

111(2) post
oo (1 ) o5y

Omm (P) ‘
pre —
0 (9pm Pm=PpP3=...=Pn=PpP7

— (2b+~y™=2) p{" +a > 0 (i.e., case I), then 5@ =1. Otherw1se 8(2) is the unique s that solves

the following equation:

s = 52| the result follows.

Taken in sum, 5 is determined as follows. From (A.13), if lim

a—bpt" — (b+~y22) {p" —w (1l —s)} — 3onR (CIfl (1 — w;);l{es))) =0.

1

(b) We first compare whe™ /2 and 72" Since 7hy™ /2 > 77" when s = 0 and p = 1 by Lemma
2.1(b), 72" increases with s by Proposition 2.2(b), and 7h*" decreases with p by Proposition
2.1(b), 7he*t /2 > 78" for any 0 < s < 1 and p < 1.

Next, we compare 75°% and 72", Since phe™ = ph*' = " at s = s by part (a),
et = 7l at s = 5@ by (2.2). Since 75" > 74 when s = 0, 75°" increases (resp.,

decreases) with s when s < s() (resp., s > s(1)) and s(1) < s, 78" < 77

).

if and only if s >
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Finally, let us compare 7hy** /2 and 75", We consider the following two cases: (case I)
There does not exist any s in [0, 1) such that 7™ /2 = 75" and (case IT) There exists at least
one s € [0,1) such that 7hy™ /2 = 75
(Case I) In this case, either why*' /2 > 75° for all 5 € [0, 1), or 7he™" /2 < 75°* for all 5 € [0, 1).
We set s(3) = 0 for the first case, and s(3) = 1 for the second case. The second case is only
possible if s() = 1. This is because 7he* /2 > 77" = 757 at s = s?) if s(2) < 1.

(Case IT) Define s as the largest s that satisfies 750 /2 = ﬂé’OSt. (Note that multiple s’s may

satisfy mhy ost /2 = 7T§OSt because 7T§OSt may first increase with s and then decrease with s from
Proposition 2.2; see our discussion in the main body.) The result that 7he™* /2 > 75°" if 5 > 5(3)
(where s < s?) follows from the following earlier results: (i) whe™' /2 > 787¢ = 75°" at

s =s®); and (ii) 0% is increasing with s € (3(2), 1), and 7r§08t is decreasing with s € (3(2), 1)
because of Proposition 2.2(b) and s() < s(2) from part (a).
Taken in sum, s is the maximum of 0 and the largest s that solves the following equation:

{P%St —w(l - 5)} {a — (b+ 2=2) phe*t 4 22 ppost}
—w(l—s) 2ot (1 _ wlios) ) ppostng< (1 -’ w(;;sts)»

m m

w0 P et () o (300 (- ),

post

where the left-hand side is the expression of 7h,” /2 obtained by substituting w,, = w (1 — s)
and " = o, &~ (1 —w(l—3s)/p p05t> 0 (2.4), and the right-hand side is the expression of

75" obtained by substituting y5°*" = o®~ (1 — w/p@OSt) to (2.2). O

Derivation of the demand from the utility function. We derive the demand function
D; = L;(p) + ¢; (where L; (p) is given in (1)) from the utility function of a representative

consumer given in (2.7). The representative consumer determines her consumption bundle D
n

that maximizes her utility gain: « (D) — ) p;D;. The first order conditions for this maximiza-
i=1
tion problem are du (D) /0D; —p; = 0 for i = 1,2,...,n, which can be obtained from (2.7) as

follows:

uD) 14 e

— = . — D; > . — D) —p; = 0. A.l4

oD, T pya CTE T PTG .#(QHJ i) = (A-14)
Now we solve for n unknown D; (i = 1,2,...,n) from n first order conditions. By adding

n n
all first order conditions and rearranging terms, we obtain ) (a +¢; — D;) =b ) pj. Substi-
j=1 j=1
tuting this expression into (A.14) yields

n

~ Y
a+e; —D;)+ ——— p; —p; = 0.
( ) n(b—l—’y)jz::1 !

b+~
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From this equation, we can solve for D; as follows:

~ ~ - 1 & ~
Di(p,g;) = i+ = i — (b i =a — bp; — P — Di i O Al
(p&i) =a+¢€ +nj§1py (b+7)pi=a—bpi+~ nglpg pi | +¢ (A.15)

Derivation of the consumer surplus function. Total consumer surplus is the utility the

representative consumer derives from the consumption bundle less the money spent on the
n

consumption, so cs(p,D) = u (D) — > p;D;. Substituting the expression of v (D) given in
i=1

(2.7) into cs(p, D) yields

n + 2 B "y
, D) = 1 +& D; )+ + D i
¢s(p. D) 2 b+7< T > nb(b+’y);<a T J) 2.
— - ﬁ(a+g)+$zﬂ:(a+g.)_; D.+lzn:D, — ;| D;
—~ | bty Y nb(b+ ) o 7 2(b+7) ‘ nbj:1 J T

(A.16)

n
To simplify (A.16), we compute D; + -5 >~ D; using the expression of D; in (A.15) as follows:
j=1

’y n
oap 2
7j=1
N 1 = - 1 o
= a+¢& —bpi+ ﬁz — D b a+ée;—bpj+v ﬁZPj—Pj
g
- <1+nb) a+¢;)+ b; a+2;)—(b+7)pi

n
Finally, after substituting the above expression of D; + % >~ D; and the expression of D; in
j=1

(A.15) into (A.16), we obtain the following after simplification:

n n

1 1+ X _ v - ~
2*5 " i 75 i) —pi| 1Li iy 4
¢ (p.€) 22| brny @)+ ey #i(a+6]) 7o) s (p)+E:)

Detailed Proof of Proposition 2.5. When s?) = 1, it is possible E[csP*!] < E|cs?"]
for all s < 1. In this case, we define s(¢) = 1. When s < 1, we prove the existence of
5(¢) € [0,5)) in the following three steps. In step 1, we obtain a lower bound of E[csP!],
denoted by E [cs']. In step 2, we show E[cs'*?] > E[csP™] at s = 5. In step 3, we show
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that E [cs™™] increases with s in (s, 1).

Step 1. Since F [CSPOSt] =n—-2)F [033 (ppOSt ~)] +FE [cs (ppOSt,E)], we first find the ex-
pressions of [033 (ppOSt, E)] and [csm (pp“t, N)] to find a lower bound of £ [csp“t]. To find
the expression of E [cs3 (pP°*!, €)], we simplify cs3 (pF°**, €) into cs3 (p, €) = v3 (p3, &) {L3 (p) + &3},

where v3 (p3,€) and its expected value are defined from (2.8) as follows:

2(b+~

Blaed) = [ [ o[ wne fede =5 (A.18)

Let 23 = &1 <l§03t>. Using (2.9), (A.17) and (A.18), we can write E [cs3 (pF**, €)] as follows:

8 = gy (14 0) @B+ 5> @ E) — (b (A7)

E [ess (pP8)] = / / / U3 {L (D7) + 23} f (€) de_sdes
/m / / ”3 € {L (pP°!) + 023} f (€) de_sdes.

— a—bppost pPost) / / / U3 €3f( ) de_3des
/ / / 5, €) o2 (€) deades, (A.19)

where e_3 = (€1,€9,€4,...€). We next simplify the second and third terms in (A.19). Let
f3(e3) and f3; (e3,¢;) denote the marginal density of €3 and the joint density of (e3,¢;), re-
spectively. Then substituting (A.17) into the second term in (A.19) yields

/ / / v3 t, € €3f (e) de_3des (A.20)

B / {( )83+M }f3 (e3) des + Vs )T o €s€ifa (€8, €5) dejdes
o b (

2 v) 2nb (b + )
1+, a — bps V2 s )0 SO e38i f (€3,5) dejdes
= ma {®(23) — 230 (23)} — 2% o¢(z3) + 2nb (b + ) )

where the last equality is due to [7722 e f3 (€3) deg = 0 (23) and [77° €3 f3 (e3) deg = o?{P (23)—
z3¢ (23)}. To calculate the second term in (A.20), we let u3 =€3/0 and u; = (¢; — pes)/o. We
have E [u3] = E [u;] =0, Var [us] = 1, and Var [u;] = 1 — p2. In addition, since Cov (us, uj) =

Cov (£3,&) Jo? — pCov (€3,3) /o® = 0, U3 and u; are independent. So we can calculate the
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integral in the second term of (A.20) as follows:

oz3 oo 23 0o (
/ / €3€jf37j (83, €j) d&jdsg = 0'2/ / us u] + ,OU3
—00 —00 — o0 —00

dujdw,
- o 9 (x%)
= 02/7/ u3¢ (uz) dus 3 \/11_7;261%‘ = 0" p{® (23) — 230 (u3)},

o rts
u; <11;j)duj = E[u;] = 0. By substituting this into (A.20),

we can simplify the second term in (A.19) as follows:

/ / / U3 ppOSt,€> esf (€) de_sdes

S L Y (1<+’3)02{<I> (23) = 239 (28)} +

B 2b
Similarly, we can simplify the third term in (A.19) as follows:

/ / / JZ3f( ) de_3des

—b post 1 a
= o {l- ()} + Mﬂm (23) +

where the equality is due to [

o0

(n—1)y0%p{® (23) — 230 (23)}
2nb (b+ ) '

(n — 1) y0®pz3¢ (23)
2nb (b +7)

So we can rewrite (A.19) as follows after combining terms:

E [cs3 (pP,€)] = a_;)l])jgw [Ls (pP*") — 0 (23) + 023 {1 — @ (23)}]

P (23) v (n=1)9p
*M{”nb*nb}

ost 0_2 P
pp {L ( post)_aR(23)}—|—2(;I)_{(_’3; {1+%+lb(n—1) }

(A.21)

where the last equality is due to R (z3) = ¢ (23) — 23 {1 — ® (23)}.
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We next find the expression of E [csm (ppOSt,E)]. Letting p1 = ps = pm, we can write
csm (P, €) as

csm (P,E) = cs1 (p§)+081 (p:€)
n 2
1]a ¥ ~
— AL ( ; - C— Dm i
b+'y Ze{ +5}—|— b+nb(b+~y)j;gj D ; ) +Ei}
B St TR T O Z m (D) + 31 + B2}
I R T i A T b+7 —bm p)erezs,

where the last equality is due to Ly (p) = La (p) = Lum (p) /2. Let &, = 1422 and (,,, = &1 — 2.

We can show that £, and Zm are independent, and that the correlation coefficient between &,

~ . . 2 . . . . . .
and € (j > 3) is \/2Jf72p. Substituting these new variables into the above equation and noting

~ ~ ~ ~2 .
that 7 + &5 = %afn + 2(,,, we obtain

~2
— G 1)a Em VE; _
esm (PE) = 105 T2 b pm+2(b+’y)( >+an ot ( (P FEmt

(A.22)
Let 2, = &1 (l%m). Since Em and g, are independent, the expected value of the first term

in (A.22) can be expressed as

—oo0 >N g./2—2p OmzZm  Lm+em Om

o2(2-2 mTOImZm
= 4gb+7;) {(I) (2m) + fzm LLm++o rot)d }

Cm em
4(b}i'7) foo Cz ¢<H\/m> de ffmzm ¢(EM) dep, + f Lo o ¢<0m> dgm}

The second term in (A.22) is similar to ¢s; (p,€) in (2.8), so we can obtain its expected value

similarly to E [c53 (pp”t N)] Putting them together we can write F [cs (ppOSt, E)] as follows

(where we use the correlation coefficient of m between €, and ¢;):

Bloon (078)] = GO o4 [Tt i g ), COE2 R (15)
;EI;) (jn;)) S WWV% += _§5POSt {Lm (P"") — om R (2m) }
- 022(;14: 7[;) /:O L;;f:;n ¢ (t)dt + a_;fw {Lpn (P") — 0 R (2m) }
+(W{l+m+%(”_l) } (A.23)
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Define E [csﬁ’fl] =F [csm (ppOSt,E)] _20-p) [ Lntomzm o (1) dt (< E [csm (ppOSt,E)] ). From

2(b+v) Jzm Lm+omt
(A.23) we get
ost 2
bd| pP post\ o (I)(Zm) I l _
E{csm} = — {L,, (p"*) amR(zm)}—i-ib_i_7 {1+nb+nb (n—=1)p } (A.24)

Finally, we let E [cslbd] =F [csﬁﬁd] + (n —2) E [cs3 (pP***,€)]. Then E [cslbd] < E [esPost] =
E [csm (PP, €)] + (n — 2) E [csg (pP*, €)].
Step 2. Following the same procedure as in the calculation of E [033 (ppOSt,E)], we can

express E [cs1 (pP'¢, €)] as follows:

a— o2Pre
Blesy (078 = P (L 07) —oR (07 @) b g7 {14 T - 1)
(A.25)

Note that F [cs?"¢] = nE [cs; (pP'¢,€)]. Using pP°t = p”® and 5" = I8 at s = 52, we can

compute E [cs'?] — E [csP™] from (A.21), (A.24) and (A.25) as

0_2 (llrjr(z)St _ l]f’re)
bd| pre]  _ _ _ _
E[cs ] E [csP) T { +nb+ b(n l)p}
LM —1 gpreyy —1 (ypost
+ 2b {ZUR ((I) (ll )) UmR (@ (lm ))}
> 0,
where the inequality is due to 5% > " at s = s and 20 > opp,.

dE[cs”’d] i dE[cs”’d] dpg’r‘l’“ 8E[cs”’d] Blf,fSt

Step 3. Wi B[] s follows:
ep . e can eXpl"eSS ds asS I0lIOWS: ds = d oSt ds 8[?,?St s
dE[cslbd]

post dE lbd OE|e Ibd
dp < 0 and al > 0 for s > s(2 ) if % 0 and al[post | > 0, then o > 0 for

E lbd L dE lbd
s > s2) Below we first prove that % > 0 and then derive a condition for %

BE[cs“’d] aE[cs”’d] dzm dzm 1 6E[cslbd]
AT = oz e and prac e e > 0, it suffices to show b > 0 for

> 0. From E [cs"] = E [cs!] + (n — 2) E [cs3 (pP°*!,€)] and (A.24), we get

. Since

< 0.

Since

oFE [cs”’d}
W

OF [cs“’d] oFE [cs”J ]
8Zm 3Zm

st
= B (1= (e)} + TR {14 5+ (0= 1) p} > 0.

b

We next derive a condition for % < 0. Since E [cs!?] = E [esl]+(n — 2) E [cs3 (pP°,€)],

we can express dE [cs!™] /dphy™" as follows:

dE [cs'] OE [cstbd] OF [cs3 (prost,€)]  OF [eslM] dp‘go“
0st = 0st + (n - 2) post post 05t

dpl? ophy o ops™™"  dpin
OF [cs3 (pP°*t,€)] dph®* OF [cs3 (pPost,€)] Q15" dph™!
8 0st ost + (n - ) post ost ost *

o dph? ol OpLost dphs
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To simplify di,gz—iid], we next derive OBesit]  OB[esi’] - 0B[ess(prort 2)] and OB[ess(pr 2)]

. From
8p]7;<l)st 9 8pgost 9 8pgost 8p17)7;>st
(A.24), we get

OF [cstbd]

f% {Ln (") — 0mR (2m) } — a = bpm (b+ n- 27) . (A27)

oy b "

OFE lbd - %st _9

L’j}} _ azbem n=2 (A.28)
8p§os b n

Similarly, from (A.21) we can compute

oF [653 (ppost’g)] . 1 post a—b 3ost‘ 9 '
apgost - _5 {L3 (p ) —oR (23)} - T <b + n’7> ; (A29)

OF [033 (pPOSt,E)] ~y ost
P T (a— b)) (A.30)

Using (A.27) and (A.30), we can show that the first two terms in (A.26) are negative because

BE[csizd] (n—2)8E[653 (pPOSt,E)] .
apfrfst appost -

o (57— o)) — (0 ) — 5525 (0 e <0,

where the inequality is due to phy™* < ph*** for s > 5(). Furthermore, since 0 < <1,

dphy®t

oFE [cs%’ld

Ly -2 Lt n-2)

BE[csg (ppOSt,E‘)] BE[cs%’ld BE[csg (ppOSt,E‘)] dpg‘”t
o T o [ aheT <

. .. . dE[cs”’d]

Using this inequality, we can get an upper bound of ——; from (A.26):
dE lbd
8E[cslrf’1’i] ﬁE[csilr’Ld} ('?E[CSg, (ppOSt,E)] ('?E[CSg, (ppOSt,E)] ('?E[CSg, (ppOSt,E)] 6[50‘“ dpgo‘gt
apf,f“ apgost + (n - 2) 8p%75t + 8pgost + algost apgost dpzr;f?St .
lbd

Thus, dE[cs] < 0 if the following condition holds:

dphy®t

8E[cs£,bld] BE[csigd] 8E[683 (ppOSt,E)] 8E[683 (ppOSt,E)] 8E[683 (ppOSt,E)] 8[50“
apg(;st apgost + (n - 2) apgfst + angSt + algost apgost < 0

By substituting (A.27), (A.28), (A.29), and (A.30), this condition can be further simplified into

OF [053 (ppOSt,g)] 8l§OSt

algost 8p]§ost :
(A.31)

2(a— bp‘f,f“)—%amR (zm)+(n —2) {(a - bp§05t> - %R (23)} > (n—2)
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The left-hand side of (A.31) satisfies the following:
<a — bpp05t> 20 R (2m) + (n — 2) { (a — bpgo‘%) - %R (Zg)} >n <a — bpg‘m) — R (23)
> <a_bp§ost>7
where the first inequality is due to pgo‘St > P and 2, > 23 (because [post lgOSt) for s > s,
and the second inequality is due to L (pP**') — cR(z3) > 0 and Lg (p**!) = a — bpgo‘% —
] ( post _ ppo OSt) < a—bph®". The right-hand side of (A.31) is smaller than (n—2)o (a—bpf" Ju

n bqb(tb 1(lpost)>(pgost)2
because from (A.21)

o ost,~ . 0st 2
B A o P A A
oo o)l e
: %6 (@—1 (zgosf» Y (cp—l (zg“t)p) 201 <1 " 5>
e (o) () ool ()
= 2o <(1>71 (l§05t>) B % <(I)71 (lgost))
(a _ bppost) o
<

% (qu (zg“t» ’

where the first inequality is due to p < 1, and the second inequality is due to a — bph”*" >
L3 (ppOSt) for s > s@ and

ﬂ_gost — L, (pPOSt) (pgost - w) — wod-! (lpost) 7ppost ( p-1 (lpost))
{1 ) (1 ) o () —on (31 (7))}

3

) o
= {La (o) (1= ) — o0 (27 (57)) }

> 0.
By using the bounds of the left- and right-hand sides of (A.31), we finally have the following
sufficient condition for (A.31): b > (n=2)ow . O

n¢>(¢'— 1 (lgost)) (p;gost)Z

Detailed Proof of Corollary 2.1. Before we prove (a) and (b), we first derive the condition
for the existence of a unique Nash equilibrium in the post-merger market. To do so, we first
obtain n first-order conditions on prices. We then compute the Jacobian matrix J of the
left-hand side of the first-order conditions. We finally use J to obtain the conditions for the
existence of a unique Nash equilibrium.

We can express the expected profits of a nonparticipant firm i (i = 3,4,...,n) and the

post-merger firm respectively as follows:
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mi(pyi) = (i —wi) § @i — (b + "29) i+ 1Y pj ¢ — wiys — pioiR (%>, and
i

2
p,ym Z (b + 77 pi + +2 Zp] _wmym_(plkl +p2k2) omRR (32) 5
j=1 j#i
where k1 (> 0) (resp., k2) represents a portion of lost sales at location 1 (resp., location 2) with

k1 + ke = 1. From the expression above, we can compute the first-order conditions on ¥, and

yi, and obtain the optimal safety stock for a given price vector p: y}, = 7, @1 (1 — %’—m> and

w;
pi
m3(p,y3) above, we obtain

yi = 0,071 (1 — ), where p,, = p1k1 + p2ke. Substituting vy, and y into 7, (p, ym) and

i=1 i
— T W, ® ! <1 — wm> —DmOmR <<I>_l <1 — Zm>) , and (A.32)

n—1 ¥ _1 w;
i(P) =i —wi)§ai— | bi+——|pi *g g —wi® (11— —
mi(p) = (pi —w;) < a < + - ’y>p+n Dj w < )

i pi

— pioiR <CI>_1 (1 - ;f)) . (A.33)

We compute the first-order conditions for p1, p2, and p; (i > 2) respectively as:

-1 B w,
(o e e 12

j;él 2 Pm

(A.34)
n—1 _ Wm,

ag — ( n 7) (2p2 - 'U)m) 7pl + — Z p] nwm — kzo'mR ((D 1 <1 o >> = 0;

j;él 2 Pm

(A.35)

—2 <bi + n'y> pit 2> pi+ (bi s 7> w; — oiR <<1>—1 <1 - w)) =0. (A.36)

" N n Di

J#
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We then compute the Jacobian matrix J for these first-order conditions and get the following

expressions for J; ;:

*Tm ~1 w2
Jig = L;p) =-2 <b1 + n’y) + k3 TmYm ; (A.37)
AT
O*mm, 2 Omw2,
Joqg = Ji2= 8})18;1:) = % +/€1k2¢ ((I) . (1 )) ; ; (A.38)
_ - % Z—)m
Pm
0?1 (P) n—1 9 Tmw?
Jrp = oo =2 (bz + ’Y) + k3 = ; (A.39)
o " o (07 (1-32)) 7
2 ; -1 ; 2
g, = Imle)_ (bz 4+ ’y) + githi Li>2 (A40)
AR G T
Pmi(p) 1 .
Jii = = —v, t>2and j #7i; A4l
5] 8pzap] n’Y ¢ and 7 7& ? ( )
Prmp) 1 . .
J o= ZImPl_ i< 9and j > 2. A.42
5J 8])13])] n7 ? anda j > ( )

To ensure the expected profit of firm 4 is concave in p;, we require J; < 0. In addition, to

ensure there exists a unique Nash equilibrium, we require that J is diagonally dominant; i.e.,

|Jiil > Z |Ji j| (Cachon and Netessine 2004). We can verify J; ; > 0 for ¢ # j. So the condition
J#i

n
simplifies to Z Jij < 0. Substituting the expression for J; ;, we get the following conditions:
j=1

— (2b1+ 2) by e <,
o(a= (1-2))

_ Gl

— (20 + =29) + k2¢(¢-1(1fg—g))ﬁ2@ <0,
_(2b1'+n;1'7)+qm <0 fori > 2.
3

(a) We first prove dpfOSt/dp <0(t=1,2,...,n). We then prove dﬂ'fOSt/dp <0(t=3,4,...,n).

Using the implicit function theorem and the Cramer’s rule, we obtain dpt®* /dp = — |J| /|J|,

2
where J is the matrix formed by replacing the ith column of J with the vector ( %g;m 1
p=prs

2
9" mm (p.p) ,0,...,0)T. This vector is obtained by differentiating the first-order conditions

81’28/7 —ppost
pP=p
with respect to p. We next show that the signs of |J| and [J| are both (—1)" such that
dp? ost /dp < 0. Since J is symmetric and strictly diagonally dominant with negative diagonal

elements, the sign of |J| is (—1)". To obtain the sign of |J’|, we use column expansion and
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obtain

O* 1 (p.p)
Op20p

7 (p.p)

| z‘ aplap

t (1) M| +
p=pP°®

(=1)" [ Moy, (A.43)

p:ppost

where M ; is a matrix formed by deleting the jth row and ith column of J. We then use (A.43)
to obtain the signs of |J7|, |J§| and |JF|, i = 3,...n, respectively.

To show that the sign of |J{| is (—1)", from (A.43) we will show &rm(pp)

Tp10p <0

‘ p:ppost

and %g)pm‘p_ppost < 0, and the signs of |Mj 1| and |May | are (—1)"_1 and (—1)", respec-

tively. From (A.34) and (A.35), we obtain % bprort —k1%G 2R <¢'_1 (1 - ﬁ%’ﬁz» <0

and Prm(p.p) = k2R (P (] - Um < 0. Since Mjq 1 matrix formed
Ba0p | pport = g 2L s ) ce My is a ma orme

by deleting the first row and first column of J, M;j; is symmetric and diagonally domi-

nant with negative diagonal values. So the sign of |Mj 1] is (=1)""!. Finally, we compute

Jig Jiz 0 Jin
32 J3z oo Js,
M| =1 . o " . We substitute Jij = 2~ for i # j, i > 2 from (A.41), and
Jn,2 Jn,3 e Jn,n
Jij =2~ for i <2, j > 2 from (A.42) into the expression of M| and get the following:
YRR "
L Jss
[Maa|=| 7 X
: . X
SRR I
1,2 . " 3
0 Bs-itt 2(1-:3%) 2(1-35)
_ 2(1- %)
- ol ol
’ n (1 B nJ1,2)
0 F(-wkz) o E(-aks) e
hs =gt 11— ) (1-7)
ol _
=Ji2| " <1 " 2) ;
: (1= 575)
1(1-5) o 1(1-55) de-a51

where the second equality is obtained by multiplying the first row with —ﬁw and adding the
product to the other rows, and the last equality is obtained from column expansion. We obtain

Ji2 > 0 from (A.38). In order to obtain the sign of |Msy 1| from the above expression, we will
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show that the following symmetric matrix is diagonally dominant with negative diagonal values

such that the sign of its determinant is (—1)"2:

[ G-t 2(1-a5) o 2(1-a5)
(1-05) '
: (1= 535)
2 (1-75) 1(1-F5) Jan—5d |

nJ12n+( -3)3 <1_nJ1)<03«Hd1(1—n]172>>08uchthat

) Since nJ - <1 from (A.38), we obtain <1 — nJm) >

To do so, we will show J; ; —
J33 — = >(n—3)1(

nJl 2n
0. Since J is diagonally dominant Wlth negative dlagonal values, J; ;+(n—1) 1 =J; H_Z Jij <

J#i

J_0
%—2%—(“—3)anJ1,2

0 for i > 3, where the equality is from (A.41). Adding both sides —7 5
results in J;; — /=1 4+ (n—-3)71 (1— ) < ——=1 2T —(n—-3)TJ— < 0 because

nJian nJi2n nJi,2
J172 > 0 from (A38)
Following the same procedure as in the case of |J]|, we can show that the sign of |Jf| is also
(="
Finally, from (A.43) we show that the sign of |J?|, ¢ > 3, is (—1)" by proving that the signs
of | My and |Ma;| are (—1)"" and (—1)"*""!, respectively. We compute Mj ; as follows:

nJi 2

Jo1 Jao oo Jai1 Joipr e Jon
Jicin1 Jiciz2 oo Jicticr Jicvivr 0 Jicin
My ; = Ji1 Jig - Jiic1 Jiiv1 o i
Jiv11 Jiv12 o Jivrir Jivvivr 0 Jitin
L Jn,l Jn,2 T Jn,ifl Jn,iJrl te Jn,n ]

By switching the (i — 1)th row with the row above it (i — 2) times, we obtain

Ji1 Jig oo Jiict Jiiv1 o Jin
Jo1 Joo o Joia Jojy1 - Jon
i—2
| M| = (—1) Jicig Jicig o Jiciic1r Jiciier 0 Jicam
Jit11 Jiv12 0 Jivrior Jivrgvr o0 Jidan
Jn,l Jn,? T Jn,i—l Jn,i—i—l e Jnm,
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s s 0l
n n n
Jog Jop L
s s
n n
- (_1) : : . Jifl,ifl . . : )
Jit1,i+1

ol
n

ol i e R R o

n n n Jna”

where the last equality is obtained by substituting J; ; = %'y for k # j, k > 2 from (A.41), and
Jij = %’y for k <2, 5 > 2 from (A.42). By multiplying the first row by —1 and adding this

product to the other rows, we can simplify the above equation to the following equation:

ol ol ol
n n n
Jo1—=3 Ja—3 0 0
0 0
| M ;| = (1) : : oo Jilnier— 2
' Jiv1iv1 — 2
' 0
0 0 0 Jpp—2
J272 — % 0
0
—(—1)i2 Jic1i-1— 32
= 7 )
Jiv1i+1 — 3
0
0 0 Jnn—73
ol ol ol
n n n
0 Jig—2 0 0
0
(D (Pa- ) Jia - 2
' Jiv1i+1 — 4
' 0
0 0 Jpm—2
) n n
=0T I Uke=3) =3 (a=3) I (re=3) ¢
k=2 ki k=3 ki
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where the second equality is from column expansion. Since Ji,— 21 < Jpp <0and Jp1—2 >0
from (A.38), the sign of [ M ;| is (=1)"""" from the above expression. Similarly, we can show
that the sign of [My,| is (—1)" "1,

(b) We prove dp” ost Jds > 0 if s < sgls)ym in three steps. First, following the same procedure

i T (pwm) and Zrm(p:w)

as in the proof of part (a), we can show that if =5n= Tpads

are
p:ppost p:ppost

both negative, then dpt°*/dw,, < 0. Second, we show that there exists a w'Y such that

% — and %(&n)‘p:ppost are both negative if w,, > @}J. To do so, we obtain
the expressions of W‘ W‘ by differentiating (A.34) and (A.35)
] P1 'm p:ppost P2 m p:ppost
with respect to wy,:
0? —2 k
gm(apawm) — <b1 _|_ n ry> — 10mWm 3 al’ld (A44)
pl wm p:ppost n (b (@,1 (1 71) t)) ( OSt)
0? —2 k
7I-m(pawm) _ <b2 + n 7) . 20mWm . (A45)
i e = ) o) 9

Following the same procedure as in the proof of Proposition 2.2(a), we can show that when w,, is

827Tm (p,’UJm)
Op10wm <0

TmWm

sufficiently large, ; (q) (

becomes sufficiently large such that ‘
))pm p=preost

1_ wm
Pm
and Lrm@wm) < 0 from (A.44) and (A.45). Let w'Y be the largest w,, that satisfies

}p:ppost

8P28wm
o Tm (P,Wm) aQWm(pﬂUm) _ (1) aQﬂ'm(PﬂUM)
max{ Op10wm ‘p:ppost ) T Opadwm p:ppost} = 0. For any w,, > wy’, Tpr Do, — <0
and %‘p:ppm < 0, and thus d iOSt /dw,, < 0. Finally, we use w'Y to calculate s((ig)ym
fwd > 6 n £ wd) : f 1
If wy,” > min{w;,ws}, we define sosym = 0. If wy,’ < min{wi, we}, we define sgeym =

ost

/ds > 0if s < s(%)ym
Finally, we prove dr?**/ds > 0 (i = 3,4,...,n) if s < s\ m. We can write dn?** Jds

n
post post g post
dm, _ on, D
ds 3p1?05t ds
J

(min {wy, wa} — Q,(%))/min {w1,wa2}. So dp;

as follows:

. ¢ . . t t

Since p?**" is chosen optimally, ot /9pl** = 0. In
j=1

addition, we get On? ost Opp ost = I(p o5t _w;) (j # i) from (A.33). Substituting the expressions

of Or? ost /Opt st and or? ost / app ost (j # i) into the expression of dr? ost /ds, we get the following:

post post
d Z

_1 ost
ds _npp Z ds ’

JFi

05t

where the inequality is due to p? st 5 w; and d j /ds < 0if s < s((l?ym from above. O

Detailed Proof of Corollary 2.2. (a) Denote by f;, () and fz () the density functions
of Z,, and &,,, respectively. Denote by F: (-) and Fy (+) the distribution functions of €, and

Em, respectively. Denote by 7z and TE the expected profits of the post-merger firm when
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facing €, and Em, respectively. The proof proceeds in the following two steps. First, we obtain

. on. () ~ . el
the expression for —3= post, Where pPost = <]37pyf5t, [t AL ﬁg‘mf) is the equilibrium
=, (P)

. ~ 0
price vector when the post-merger firm faces ,,. Second, we prove 3;1 |p grost > 0 if

Em disp Em Therefore, if the post-merger firm faces random demand &,,, but all firms charge

|p:ﬁ

the equilibrium prices for random demand &,, (i.e., PP i =m,3,4,...,n), then the post-merger

firm has an incentive to raise its price. Then following the same procedure as in the proof of

Lemma 2.1(a), we obtain p?®* > pr**.

om~
We first get the expression of WEB’; ()

’p:ﬁpost. Following the same procedure as in the proof

of Lemma 2.1(a), we get

oz, () 97, (P) oy, - 2w 1p “1 2w
dp1  Ip1 iREm Fr R (1 N P1+p2) —2h%, (FREm (1 N P1+p2>>’

where Rz, (ym) = [~ (t —ym) fz,, (t) dt and Rz (ym) = [~ (t —ym) fz (¢)dt. Since pPo*' is
orz (P)
Op1 |p p

the equilibrium price vector when the post-merger firm faces the demand Em, ~post =

0. So from the above equation we obtain
ngm (p) | . 87rgm (p) | B Brrgm (p) |
op1  'p=p op1  Ip=p"" op1_lp=p

~post —
= %Rgm <FR%1m (1 - %ﬁ)) iRz, (F}g} (1 - ﬁ;”mt)) .

We next show that Rz (Fgml (z)) < Ry (FJ (2 )) forany 0 < z < 1such that

=~post

. (P) |
8101 P=Pp

é_m ~post
> 0 from the above equation. Note that from the definition of lost sales Rz, (Fg:nl (z)) =

[ {t o (z)} fz,. (£)dt and Ry (F,{;1 (z)) = {t i (z)} fz (t)dt. Let X =
Em — Fg:nl (z) and Y = £ - FE_: (z). Denote by Fx (-) and Fy (-) the distribution functions
of X and Y, respectively. Denote by fx (-) and fy (-) the density functions of X and Y, re-
spectively. Then Rz ( ) = [, tfx (t)dt and Ry (Fg_m ) Jo tfy (t)dt. Using

integration by parts, we can rewrite Rz (Fgm ! (z)) and R (Fg1 ) as R, ( Eml )
Joo{1— Fx (t)} dt and Ry (FE_1 (z)) = Jo {1 —Fy (t)}dt. So we obtain Rz ( )
Ry (F5 ) Jo {Fy (t) — Fx (t)}dt. We next show Fy (t) < Fx (t) for t > 0 so that

R: (Fgml (z)) - Rgm (Fg1 (z)) < 0. From the definition of X and Y, we obtain Fx (0) =
Fy (0) = z. Let u = Fy (tr)n Then Fy (t) < Fx (t) for t > 0 is equivalent to u < Fx (Fy'' (u))
for u € [z,1). This inequality is equivalent to Fy'(u) < Fy''(u) because Fy' (:) is an in-
creasing function. Since Fy (0) = Fy (0) = 2, we obtain Fy'(z) = Fy'(2) = 0. Then
Fil(u) < Fyt(u) & Fyl(u) — Fy'! (2) < Byt (u) — Fy ! (2). From the definition of dispersive
ordering, this inequality holds if X <4, Y. Since the dispersive order is location-invariant,
Em Ddisp Em implies X =4y Y from the definitions of X and Y.
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dpm

(b) Following the same procedure as in the proof of Proposition 2.2(a), we can show that

07 (P;wm)

has the same sign as Bpr O,

|p:ppost and

2 —
E e 0 )

(A.46)

where hy, () is the failure rate for ,,,. We consider two cases: (i) 1/2h, ( ~1 (1 wm/p%m)> phost
> b+ y22 at wy, = w, and (i) 1/2hy, ( (1—wm/pp05t))pp08t<b+7” =2 at wy, = w.

In case (i), at w,, = w, from (A.46) % < 0 and thus dpb™ /dw,, < 0. As wp,

decreases, pEo® increases and hy, <FT;1 (1 — Wi/ pﬁf“)) also increases because g,, has an in-
creasing failure rate. If the upper bound of the failure rate is not sufficiently large, then the last

term in (A.46), 1/2p50° by, ( (1 - wm/ppOSt)>, is smaller than b+v"=2, so that %

remains negative. In this case, phy ! increases with s for all s € [0,1], so we set s%lo)n = 1.

If the failure rate has a sufficiently large upper bound, then as w,, becomes sufficiently small,
o, (Fnjl (1 — Wy, /P p08t>) becomes sufficiently large such that 1/2pf,ff5thm (F@l (1 — wm/p%’“))

2
< b+y™=2 and %|p:ppost > 0 from (A.46). There exists a w'y such that %h):ppost =
0 and dpbest [dwy, =0 at w, = wﬁn). Following the same procedure as in the proof of Propo-

sition 2.2(a), we can show that this w,%) is unique. We define sﬁ(}n = (w wm ) Jw, and

dp%m/ds > 0 if and only if s < sﬁfo)n

In case (ii), when w,, = w, % > 0 and dpb?® /dw,, > 0. Following the same
procedure as in the proof of Proposition 2.2(a), we can show that dphost /dw,, can cross zero
only once from negative to positive as w,, decreases from w,, = w. Since dp%m Jdwy, > 0
at w, = w, d ,,‘f‘gt/dwm > 0 for all w,, < w. Therefore, sﬁﬂ,,)n =0 and d OSt/ds < 0 for any
§ > shon =

Following the same procedure as in the proof of dr?* /ds > 0 (i = 3,4,...,n) in Corollary
2.1(b), we can prove dr?**"/ds > 0 if and only if s < s, O

Proof of Corollary 2.3. Before we prove part (a), we derive conditions for the existence
and uniqueness of a pure-strategy equilibrium in the post-merger market. Following the same
procedure as in the proof of Lemma A.1(c), We need the following conditions for nonparticipant

. 9*mi(p) 9°7i(p) 6m %mi(p)
firms: op? < 0, Opi0p; > 0, and > Z Opidp;

, it =3,...,n and j # i, and

2
the following conditions for the post-merger firm 675’#?() < 0, 88;7751(}_)) > 0, and ‘M‘ >
i iOPj
827"771(13)
Z’ OpiOp;
JF#

then analyze the conditions for the post-merger firm.

,t=1,2and j # i. We first analyze the conditions for nonparticipant firms, and
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For nonparticipant firm 4, let its inventory ¢; = L; (p) + 0;(p)y;- Then m;(p,yi) = (pi —
w)Li(p) — wo;(p)y; — pidi(p)R (y;). Using the first-order condition on y;, it is easy to get the
optimal y¥ = &~ (1 — w/p;). Substituting this into m;(p,y;) results in

7 (0) = - wLie) - ) {we (12 ) pr (2 (1-2)) b )

’ (p) as follows:

Tt = Lip )—(IHL”T1 ) (pi — )+(5+”T*19){wq>—1 (1_%)+piR(¢_1( _]%))}
—0;(p)R (@—1 (1 - g)) ,

From the expression of B%IJ(P) above, we can compute
7

We can compute

32{’;;& P) and %pma(p) as follows:

i

Zrue) — 2 (b+2:1y) +2 (B + 220 R (071 (1-2)) + n bi(p)u?

w and
T = - 4R (07 (1-1)).

Using the above expressions, we obtain the following sufficient conditions for gé p) 0,
9*mi(p) 9 m( ) 0°m;
i, > 0 for j # 1, and’ P Z’dpzdp]'
_ _ . 2
o) () ()
n i -1 _w
nl o efe (1-3))0
(A.48)

v —OR (cpl (1 - ;")) >0, (A.49)

For the post-merger firm, we can express its expected profit as

Tm (P) = (p1—wm)Li(p) + (P2 — wm)L2(p \/52 ) + 83(p) +2p31(p)d2(p)
2 2
{wm<1>_1 (1— . >+p1+p2R(<I>_1 (1— m >>} (A.50)
1+ D2 2 P1+ P2
. . . s mm (p) O mm (p)
Using the above expression, we can obtain the conditions for o2 < 0, Tpidp; 0, and

azmp 32mp
‘ gp?()‘>z ™ (_)

,1=1,2 and j # i. By setting p; = p2 = p;, in equilibrium, we obtain
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the following conditions:

o252 o) (o )

2 ) B
(A.51)

5 - %mg}z <<1>—1 (1 - w’”)) > 0. (A.52)

Pm

Following the same procedure as in the proof of Lemma A.1(a), we can show that Lemma
A.1(a) still holds: 0 < dpj/dpy, < 1 and 0 < dp},/dps < 1.

(a) We prove the following two statements before we prove our main result: (i) dp =" has the

same sign for all p € [~1,1], and (i) ph;™" is increasing with 8 at p = 1.

ost
To prove (i), it suffices to show the following statement (iii): if % = 0 for some p € [—1,1],
post

then dpé’; =0 for all p € [-1,1]. The reason is as follows. Suppose the sign of dp";) changes

with p. Then there exist p; and py (p1,py € [—1,1] and p; # py) such that dpm‘ > 0 for p,
and dp’" < 0 for p,. By continuity, there must exists py € [—1, 1] such that % = 0. By

ost
statement (iii), this implies that dpf" =0 for all p € [—1,1]. This contradicts the premise that
dppost

> 0 for p;. Therefore, the sign of p m cannot change with p.

ost
We first find the expression of p 51 We can compute the first-order conditions aﬂ#ﬁm

p:ppost

=0 and 272(P)

ps =0 from (A.50) and (A.47) respectively as follows:

‘ p:ppost

_ < ”_27> pg;’“erp’éOSt— <b+ n;%) (P — wim)

e (e P (0 (1))

2

A D R S O D) R
(o2 ) 0w+ 2~ {a (54 20) p§°5‘*+27fp’;;’“}R(<I>‘1 (1— i )

ez oz oo - )
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Following the same procedure as in the proof of Proposition 2.1(a), we obtain the following:

ost _ 827Tm(p:p) ’
dpgn . Op10p p=pPost (A 55)
dp ) Imm(p,p) + 0 Omm (P,p) dp}”*"
ap%)“ apl p:ppost (9pg05t apl p:pPOSt dp%mt

By using (A.53) and (A.54), we can simplify the denominator of the above expression as follows:

2o 20 (002 520) 27 (0 (1 )+
VZF 2061 (PP wd, ”—2{7_9\/@1% <<I> (1—ppost>>}d :z%’)

20 (0t (1 ) ()" :

To show that the expression in (A.56) is negative, we add 22~ — ”7727”2;2’)0]% <<I>_1 (1 — %))
to both sides of (A.51) and obtain the following:

o a0 e SR - ) -
S =2y (n;2)0 \/zg_isz ((I)_l (1 B wm/pfrfSt)> o pm

n

m

where the last inequality follows from (A.52). Since Zpgost < 1 from Lemma A.1(a), the above

inequality can be rewritten as:

2 (b 1520) 2 (04 120) R (07 (1 ) ) - EEREEE

> {(”—712)7 _ (”;2)9 \/2;72"1% ((I)‘l (1 — wm/Pfr?St))} %,

which implies the expression in (A.56), the denominator of dpt ";) in (A.55), is negative. There-

02 Tm (p p)
OpmOp

fore, from (A.55), dpm has the same sign as

(A.53) as follows:

‘ o which can be computed from
p=pPo®

1 -2 n—2 w
P — -9 0 o0st 0 ost R (I)il 1— m
p=prost 2v2+2p {a ( ) P n Ps } ( ( P%St)>

T (5 n ”n%) W <1 - ppost> (A57)

post

, which has the same sign as dp{;’;} , we show

827Tm(p7p)
Op10p

f 92 Tm (p,p)

Next, using the expression o Dpmp

pP= ppost
that if there exists py € [—1, 1] such that dpg'z =0 at p = py, then pm =0 for all p € [-1,1].
Note that phe™, ph°**, and p, are the solution of first-order condltlons (A.53) and (A.54), and
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azﬂm (pvp)

2mm(p,
dp10p = 0. From (A.57), 9mm (p.p)

Op10p = 0 can be written as

‘p:ppost

>ppost - 9 post} R <(I)_1 <1 o pqggit))
N (5 N n;%) w0, ! (1 _ p%) = 0. (A.58)

Using (A.58), we can rewrite the first-order condition (A.53) as

_ _ 2
MpgostJr b+n727 o L V2E2p Prn(pip)
n n 2 Op10p

‘p:ppost

_{a_2<

-2
a—2<b+nn’y>pfr?8t+

_ G_Q(

Notice that p does not appear in (A.54), (A.58) or (A.59). Therefore, pho* and ppOSt do not

2
depend on p, while satisfying %g;m

p:ppost

-2 -2 -2
n 7) pglost 4 ngOSt + <b+ n - 7) Wiy = 0. (A59)

’ , =0 for any p. This implies that dp m — () and
p=pP°°

dppost d post d post
g = T D dp =0 for all p € [-1,1].
We prove (ii) by following the same procedure as in the proof of Proposition 2.1(a). First,
we apply the implicit function theorem to the first-order conditions %@Ep) .= 0 and
p=pPo®
87537@ = 0, and get the following expressions:
P3 p:ppost
dple”" & (omate) )
J %Bost — _J’fl X aB 8171 p:ppost ,
D3 9 8#3(p,ﬁ)|
dg Gl dps  |p=prost

where J is defined in Proposition 1(a). Next, we show that J~! < 0, 2 % (67r,g 1()11),,3) ‘ t) >0
p=pros

aﬂ%pps”g |p= ppost) > 0 such that %2 d’% " > 0. From the first-order conditions in (A.53)

and (A.54), we compute all the elements of J at p = 1 as follows:
{a—(B+2520)phet 202 prost 2,
20 5 25+ 1 (5 (1 )+ |
’ " " Pm —1 _ post\3
(@ (1 2 t))(p )
{o—(B+20)p5°*" + 2 pyy, Lw?

¢ (q) 1 (1— pgost >> (ngSt)B ?

and %(

oo == (204 BELy) + 28+ 220) R (01 (1- 7)) +

3
Jip= 520 R (971 (11— ) and

n
m

By following the same procedure as in the analysis of the sign of

in the proof of statement
(i), from (A.48), (A.49), (A.51) and (A.52), we obtain —Joo > Jo1 > 0 and —J11 > Ji2 >

dphe*t
dp
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Joo  —Jip

0. SoJt=——1t_
Toodi1—J1 27
2,2J1,1—J1,2J21 —]2,1 Jl,l

] < 0. We compute % <a7”5§1”5)‘ t) and
p ppos

9 (87r3(p’6 ) ]p:pposz) from the first-order conditions in (A.53) and (A.54) as follows:

9B Ops
t
) = () R (o (1 ),

8 [ 9mm(p.f)
9B Jdp1

9 (8#3 p7ﬁ)| Ost) — wd! (1 _ ) + 2ppostR (CI)_l (1 w ))
BB apg p=pP ngSt 3 pgost .

It is easy to verify that % (w t> > 0 and % (‘%3(“5) \p:ppost> > 0.
p pPOS

Opm Ops

Using statements (i) and () we next prove that there exists a threshold 3 for a fixed
ost ost post post ost
0 such that dpg’; <0if B < ,6’ The result for p37p follows because 22 3,) = Zp S dp(:”;

post

where % > 0 (as Lemma A.l(a) still holds). Since we have shown that dpm‘ has the

6277777. (pvp)

same Slgn as Opmp
m

, in the proof of (i), and the sign of dep is independent of p
p=pP°®

from statement (i), we only need to show that there exists a threshold B such that if 8 < E,

9%mm (p,p) 0*mm (p, p)’ > _ ; ;
Trdp | ppost < 0. If Dpip pprort o1 0 at 8 = 0 (which happens when 6 is

sufficiently large), the result holds when setting 5 = 0. In the rest of the proof, we focus on

2
9" mm (p.p) < 0 at 8 = 0. For this case, it suffices to show that if 3 is

the case when Tpiop

)p ppostp 1

sufficiently large, then i g;“ a‘;p ‘ L 0. From the first-order condition in (A.53), we
p=pPes,p=
can compute 782&;’;(5;”) ) Dot g1 as
827Tm(p p) 1 { < n—2 2 t W,
~ imAEHF) —_da- B"’_ ] ost eppos R (I)fl 1— "
Op10p | p_prost p—1 4 n m n o 3 phost
1 n—2 1 Wiy, " _1 Wiy
e (o) {me (1 ) om0 (1)) -
(A.60)
We will show that ag;"ig;p) > 0 for a sufficiently large 3 in each of the two cases:

p=pPost,p=1

(Case T) phy™ > ph®**, and (Case II) phy™ < ph**".
(Case I) Define the following function:

g1 (pt, ) = %‘p:pmapﬂ 1n=2¢ <p%)st _p]gost> R (<I>—1 (1 - #))
=t (a—p) R (2 (1- )
4 (8 2:20) {1 (1= o) + R (27 (1- 20 )}

. 0st post 027w (P,p)
Since ppy™" > p5°*, “opiop

> g1 (pp"St, ﬂ) In the remainder, we show that % is

p=pProst,p=1
greater than a positive constant, so that g; (ppOSt, ,6’) > 0 for a sufficiently large 5. From the

expression of g; (pp"St, ,B) we obtain
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= (o 1 ) (a0 (=) 7 (o7 (- )

+3 PR ((I)il (1 B pigégt» * ¢<¢_1((1612:3157pr03t)3 +(6+ "0 R (q) (1 B pp”“)) %'
vhe* "

. post .
Since dpé% > 0 from statement (ii), every term in dﬁ is positive. In particular, as (3 increases,

the second term increases because W{wm (1 — post> + pfffStR( (1 - ppcst>)} =

R (q) (1 - ppost)) > 0. So d91 is greater than a positive constant. Therefore, g; (ppOSt, B) >0

m

for a sufficiently large S3.

(Case II) Since Lz (pP*') = a — bp@OSt + %’y <p§f8t —p§08t> > 0 and pho — p§05t < 0, we
obtain p§08t < a/b. Substituting this inequality to (A.60) results in
P rm(pop) > —1 {a — (B4 220) ph™' + ”—*209} R <<I> (1 — pﬁ’x,))

Op10p
+ (94 2220) {wn® " (1= ) ol R (271 (1 ) )}

Define the right-hand side of the above inequality as go (ppOSt, ﬁ).
02 (07, 8) =~ {or— (5 + 20) b + 203 L R (21 (1 ;:;':f))

P47 e (- o)+ o (1 )}

> go (pp"s’f7 ,6’). From the expression of go (ppOSt, B) , we obtain the

p=prest,p=1

Then Z7m(Pp) p)’
617 8/7 pZPPOSt,pil

following;:
= (57 (1= 39)) + o) (1) =80 (01 (1))}
— BPPOSt)w 9 d post
+54BR (07 (1- 2 )) + C 2 (B4 2520) R (@71 (1 ) ) o 2
4 pgn ¢ ¢<(I>_ (171:;3;75)) (pz”)nost)B ( n ) pgn dﬁ
The expression of 2 is the same as ‘flgﬁl in (Case I). Thus, for a sufficiently large 3, %g’p’m ‘p:pPOSt,p:l

> g2 (PP, B) > 0-
(b) Following the same procedure as in the proof of part (a), we can show that the sign of

dPPOSt azﬂ'm(pvwm) 827Tm(p:wm) _
T is the same as 0w ot If T T — > 0 at w,, = w, then we can
show that dp'" < 0 for all s > 0, hence 8(631 — 0. If Lrm(pwm) < 0 at w,, = w, then
9 8p18wrn p:ppost
dg m < 0 at this point. We compute the expression of WI as follows:
P1OWm p=pPost
827Tm(p7wm) _
apla'wvn p:ppost -
"2 ’72+2p05 (B_"_TL 29) post 0(n72)p13mst pRu I . w
(b+m52) — ¥5 T2 (8+ 0) © (1_,,1;3%)'
P

m

As w,, — 0, the second term approaches zero, and the first and third terms are positive, so

2 . 1 2 1
9 mm (Pswm) > 0. Thus, there exists wﬁn) such that Lrm@wm) =0at w, = wﬁn).
6plau/'m p:ppost 8p13wm p:ppost
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Following the same procedure as in the proof of Proposition 2.2(a), we can show that phe™
is increasing with w,, if and only if w,, < w,(%). Define sgle)n = (w— w%))/w. Then pE2* is

increasing with s if and only if s < sgle%.

Following the same procedure as in the proof of deOSt/ds <0 (i=3,4,...,n) in Corollary
n
Post post d post .
2.3(b), we can write dr?**"/ds as follows: dwés = ZWPW b 2—. Since we have shown
J#i
dpp0$t post po st

o >0ifs < sge%, we need to show 8;:;.)0“ > 0 (j # 1) to prove d < 0. From (A.47) we

J
post

o
can calculate —i;+ as follows:
8p§)

o post

8;%08t = %(pl - w) - % {w@_l (1 - pfOSt) pPOSt ( (1 - pp%st))} .

(3

By using R (t) = ¢ (t) —t{1 — ® (¢)}, we can simplify the above equation as follows:

aﬂ_post

Sy = 20— w) — L0 oo (1- %)) =

i

e L (eh) I}

7

ost
So if v > 6 (qu (1 _ pL)) (1= ), i”f;st >0. O

i
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Appendix B

Supplements to Chapter 3

B.1 Proofs for Main Results

Proof of Lemma 3.1. We prove that a switching strategy around z(?) is an equilibrium by
showing that if all firms but firm 4 follow this switching strategy, then firm ’s best response is
to follow this switching strategy. (In Lemma B.1, we show how we derive this strategy using
the argument of higher-order beliefs.)

We first derive firm i’s expected gain u; (x;) as a function of x;, and then show that u; (z;) > 0

(2
if and only if 2; > (2. For notational convenience, define n; = ”“2723()

. Given that every other
firm follows a switching strategy around z(?), we can use the expressions of a in (3.3) and
integrate u; (6, ) in (3.1) to get the expression of u; (z;). When z; < () — 2¢, we get a = 0

and u; (x;) = x; — (fr — mz). When 22 — 2 < z; < x(2), we obtain the following expression

of u; (x;):
Ti—e g 1 [frite 0+e—x? ' 0+¢—az?
i(z;) = —df — — — — —_— | —b———— 3 db
us (@) /gci6 2e (fr = mr) + 2e /m(z)6 {(fH me) ( 2e 2e
:n1+2e—m(2)
2e
= xi—(fL—mL)+/ {=ba+ (fg —mp)a"}da, (B.1)
0
where the equality is obtained by changing the integration variable from 6 to o = H%f@). By
using n; = xi;f(z) (which is between —1 and 0 because z(?) — 2¢ < z; < 2(?)), we rewrite u; (;)
in (B.1) as:

u; (n;) = 3 + 2en; — (fr —my) + f01+m {=ba+ (fg —mr)a"}da.

Similarly, when z(® < z; < 23 4 2¢, we obtain

111



wi () = @@ + 2en; — (fr, = mp) + [, {=ba+ (fu —mz) "} da+n; (fu —mz —b).
When z; > 22 4 2¢, we obtain w; (z;) =x; — b
Next, we prove u; (x;) > 0 if and only if x; > z? by showing: (i) (x(2)) = 0, and
(ii) if € > €®, then w; (z;) is nondecreasing with x;. To prove (i), from (B.1), we obtain

U; (ZL'(Z)) = 2@ — (fp —myp) — b+ f’iﬂ” By substituting z(2) = b+ fr — % into

U; (x(Q)) , we get u; (x(Q)) = 0. To prove (ii), we derive conditions for du; (z;) /dx; > 0 in each
interval of z;, and express those conditions as € > €. When z; < z® — 2¢ or x; > @ 4+ 2,
it is easy to show du; (z;) /dx; = 1 > 0. When £ —2¢ < z; < 2?, we analyze the sign of
du; (n;) /dn; because du; (z;) /dx; = 2edu; (n;) /dn; where € > 0. In preparation, we compute
M= 9~ b(L4 )+ (fr - me) (L4 m)s B8 = bt (f - m) (L4 ) L
r(r—1)(fg —mg) (14mn,)" "2 First, consider the case when 7 < 1. Then Cui < 0. So if

r—1

, and

dn?
% > 0 and d“Z > 0, then dul >0 for any —1 < 1n; < 0. Since ill“”b = 2¢ and
il =—1 i |y, =0 i ln;=—1
ilh;z = 2¢ + (fg —mp) — b, g:;l >0if e > M Second, consider the case when

1
r > 1. Then ‘fﬂ? > 0, and Zgz achieves its minimum value of 2¢ + {ngm} b {% — 1}

1 1
_ b r—1 b b r—1 d i .
at n; = {7r(inmL)} —1. If r > F—mp then 0 < {7r(fomL)} < 1 and —d;;i > 0 if

1
€ > {W}Pl % (1 —1); otherwise, z:;? is decreasing with 1, € [~1,0], so % > 0 if

> b—(fu—myr)

€ 5 . Following the same procedure as above, when @ < z; < 2@ 4 2, we

can obtain the condition for ‘Cil“i > 0 as follows: € > bi(f}gifm” if r > min{l, 7 b }, and
H—m[,

€ > {W}7 to {l — 1} + 53— 5 fH mp) if r < mm{l,%}. By combining the

fa—mp
du;

=0 for any z; if € > €@, where

conditions for different intervals of x;, we have

1
b—(f _ ) b r—1 b 1 . . b .
5 - {r(fomL)} 5(1_;) 1fr<mm{1’fH_mL}’

2) _ b—(fu—my) if mi b b :
6()— maX{O,Hme} if mm{l,m}grﬁmax{l,m},

1
b =1 p 1 : b
{T(fH—mL)} 3 (1 — ;) if 7 > max {1, FromL } .

(B.2)
We show that € in (B.2) is nondecreasing with b and nonincreasing with fz —my, in Lemma

B.2 of Appendix B.2. 0

Proof of Proposition 3.1. Since 1 = 0 + 1, for any given x1, the posterior distribution of 6
is a uniform distribution on [z1 — €, 21 + €]. Since g; is independent of €1, it is also independent

of . Thus, x; = 6 +%; is a sum of two uniformly distributed random variables that are
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independent. Using convolution, we can show that the posterior distribution of z; for any given
x1 is a symmetric triangular distribution on [z — 2¢, 21 + 2¢]. Using this result, we next prove
(a) and (b).

(a) Following the same procedure as in the proof of Lemma 3.1, we obtain the expression of
up (z1) in (3.4), and the expression of ‘g% in (3.5). We next consider two cases: ¢ > b/2 and
€ <b/2.

For the case of € > b/2, from (3.5) %1 > 0. So uy crosses zero only once. Let azgu)bs be the
¢9)

solution of w; (x1). Then uy (1) > 0 if and only if 21 > =z, .

For the case of € < b/2, we will first prove that u; increases with xj, then decreases with z1,
and finally increases with x1 again. We then compare the local maximum and minimum of uq

with 0 to determine firm 1’s decision. First, we show the Shape of u1 on [:E(2) — 2¢, ZL'(2)]. From

Ouy du1 Pup _ (2 _ 2.
(3.5), o @ —ge >0, g _— < 0, and 8%1 = )2 < 0 when z 2e <z <=
Therefore, There exists le\4 € (x(2) — 26,22 )) such that at 1 = w{\/[, g;l 0 and wuq (x1)

achieves its local maximum u; (23). Solving F~ 8“1 = 0 in this case ylelds oM = @ —2¢+ (26)

Substituting this expression to (3.4) we obtain ul(xl ) =A— f1 +2® —2¢+ K. Similarly, from
Huy Juyr 92 ur 2) < 1, < (2

(3.5) we get il B A > 0, and 5 = )2 > 0 when 2% < 21 < 2%+ 2e.

So There exists =" € (x(2),3:(2) + 26) such that at x1; = x{”, % = 0 and wu; (z1) achieves its

local minimum value uy (") = X\ — f; + 2(®) 4 2¢ — b — 2=

We next analyze three cases: (Case I) uj(x) < 0, (Case II) u1 (z*) > 0, and (Case III)
up (27) < 0 and u1(z}f) > 0.
(Case T) From the expression of ui(zM), ui(x}) < 0 when A\ < —2® + 2¢ + f; — mp. Let

Asups = —2P +2e+ fi —mp. Then ui(2) < 0if and only if A < A, In this case, given that

subs
the local maximum u;(2}/) < 0, u1 (1) can cross zero once in the interval (2%, c0). Denote by
ey e))

L subs subs”

the solution of uj (x1) = 0. Then u; (1) > 0 if and only if 1 > x
2)

(1)

subs”

(Case II) Similar to (Case I), we can show uj (27%) > 0 when A > Agups, Where Agups = —xl
(1)

subs

(Case III) Similarly, u; (z) < 0 and ug(23) > 0 when A
There exists z'") D and zY (x(l) < wl < y( ) <ap' < 2 ) such that u; (z1) > 0 if

subs? Ysubs subs subs subs — “subs

ORSORISTRG

L subs> Ysubs subs’

2¢+ fr+b+ % —my,. There exists x < " such that u; (z1) > 0 if and only if z; > =

< X < Agubs. We can prove that

Asubs

and only if z; € [z 00).

(b) In order to compute dm;;jbs, we apply the implicit function theorem to the equation

= 0 and obtain the following: dxii)b __ Oui/or
up (1) = 0 and obtain the following: —% = vl

L From the proof of part

Lsubs
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(a), g%; 0 > 0 and dz< ) has the same sign as — % pima) We examine the sign of
=T subs —“subs

% — in the following four cases: (Case I) xgu)bs < 2® —2¢, (Case IT) 2(?) —2¢ < xii)bs <

2@ (Case TT) 2@ < 21 < 2@ 4 2¢, and (Case V) 21 > 2@ + 2¢.

(1)
ases I an rom (3.4), we obtain $4 = sub — () and z., is independent of 7.
Cases T and TV) From (3.4 btain 24 = 0. So st — 0 and '), is independent of
(Case II) From (3.4) and z(®) = o+ fr— f—H in Lemma 3.1, we obtain 24 = du 9% _

or ox(2) Or
dz™
—z(2)
b (m z +26)(fH2 ~ 0. So dub < 0.

2e 2e r+1)

G
(Case III) Similar to Case II, we obtain % = % {1 - (‘”1_2?@)} - fﬁ)2 > 0. So dS“b < 0.
Following the same procedure, we can prove the results for yS}b s and zgi)b s U

Proof of Proposition 3.2. Following the same procedure as in the proof of Lemma 3.1, we
obtain the expression of g—gi in (3.6). We can verify that g—;i > 0 in all intervals. So u; crosses
zero only once. Let :Ug)anp be the solution of u; (x1) = 0. Then w; (x1) > 0 if and only if
T > x((:iznp-

(b) The proof follows the same procedure as in the proof of Proposition 3.1(b). O

Proof of Proposition 3.3. (a) Similar to the proof of Proposition 3.1(a), we can show that
there are two cases. In the first case, uj (x1) is nondecreasing with x1, and There exists threshold
a:((lg)gr such that uy (z1) > 0 if and only if 21 > xg?gr. In the second case, u; (z1) first increases
with z1, then decreases with x1, and finally increases with x; again. In this case, there exists
oM < 27 such that up (z1) achieves a local maximum at z{/ and a local minimum at z*. If

uy (z3) < 0oruy (27") > 0, then there exists threshold xg?gr such that u; (x1) > 0 if and only if

x> :U((llg)gr. If uq (m{\/[) > 0 and u; (27") < 0, then there exists acglg)gr < x{‘/f < yc(z_}])gr <z < zé?w
such that uy (z1) > 0 if and only if 21 € [:Bflg)gT,yc(Lg)gr] U [z[(l;)gr, o0). We let Aaggr D€ the value
of A such that u (ml ) =01 A= Agggrs

A = Agggr- Then uy (z21) > 0 and wy (2") < 0 if and only if

and )\aggr be the value of A such that u; (z7*) = 0 if
Aaggr <A < Aaggr-
Finally, we show in Appendix B.2 (Lemma B.3) that the first case (respectively, the second

case) occurs if € > (1) (respectively, € < €(1)), where () is given as follows:

%{b—(mH—mL)}—{m}r 1%(1—;) ifT<min{l,mHimL}§
D = max{oj%{b_(mH—mL)}} ifmin{l b }grgmax{l k };

Pmpg—mp, Pmyg—mp,

{Wb_mL)}T ! b(l—f) ifr>max{l,mHﬁmL}.
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Similar to Lemma 3.1, we can show that ¢! is nondecreasing with b and nonincreasing with

myg — myj,.
dzgzlg)gr

(b) As in the proof of Proposition 3.1(b), we can show that —32

_ Ou
or (1) -

T1=Taggr T1=Taggr
x(%)gr < 2@ — 9¢, (Case II) 22 —2¢ < a:(%)gr < 2, (Case III) 22 < xglg)gr < z® 4 2¢, and
(Case IV) :c%)gr > 2?2
(1)
(Cases I and IV) From (B.8), % =0. So dm;% =0 and xffg)gr is independent of r.

(Case II) From (B.10) and z(?) = o+ fr— % in Lemma 3.1, we obtain the following:

has the same sign as

duy

We examine the sign of %1 in the following four cases: (Case I)

(1)

du; __ Oup + du; 9z + dur Ony 9x(?)

dr — Or ox(2) Or dn, 6z(2) Or

1 -1[1 — )b
= ) [_ (mg —mp) (149 { = (L m) I (L) + J;il(rflL) } + 3 } '
—1 [ 2¢(2 2 (1
Let b(® — (my —mp) (1 + naggr)r 1 { E(fH+_7];7/ngT> _ e(r-&-f;(_;nf"Zaggr)
(1)

—z(2 . . W .
Naggr = % Finally, from the above equation, we get dd% > 0, and thus dxg% < 0 if and

only if b > b(®).
(1)
(Case III) Similar to (Case II), we can show that dw;% < 0 if and only if b > b(® where

41 T
b(x) _ myg—my 26(1_77a?;rgr) + 25(7'+1)77a;rglr In +1—n"
fu—mg fa—mgr aggr Naggr (-

In (1 + naggr) + 1}, where

1777agg7‘

Following the same procedure, we can prove the results for y((l?qr and zc(é)gT. O

Proof of Lemma 3.2. (a) Following the same procedure as in the proof of Lemma 3.1, we
show that if all firms but firm ¢ follow a switching strategy around Z(®, then firm i’s best
response is to follow this switching strategy as well. Similar to Lemma 3.1, we first derive the
expected gain ; (z;) when other firms follow a switching strategy around Z(®). We can show
that if € > b/2, then u; (E(Q)) = 0, and u; (z;) is nondecreasing with x;. Thus u; (x;) > 0 if and
only if z; > z(?).

(b) Following the same procedure as in the proof of Lemma 3.1, we obtain the expression of
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u (x1) as follows:

A—fi+mp+p(myg—mp)+ a1 if £; < 2@ — 2¢;
_ 2
= fimp 4 p (g —mp) + a1 — § (252207 i 5C) - 2¢ <y < 3O);
U1 (r1) =4 A—fit+tmp+p(myg—mp)+z; o »
b 2152 - 1f$()§x1§$()+26;
2 1_( 2e ) _b( 2e )
)\—f1+mL+p(mH—mL)+x1—b if$1>f(2)+26.

(B.3)

The rest of the proof follows the same procedure as in the proof of Proposition 3.1. [

Proof of Proposition 3.4. We first solve for the value of r that results in (2) = Z(). Noting
that 22 = b+ f — % from Lemma 3.1 and 2 = $b+ f, + (1 — p) (—my) — pfu from
Lemma 3.2(a), we solve z(2) = 2(?) and obtain r = 1/p — 1.

To compare a:(%)gr and M| we compare u; (z1) in (B.8) and 4 (z1) in (B.3) for z; = (1)
given that r = 1/p — 1. If ul(fc\(l)) > U (fc\(l)) = 0, then x(%)gr < 70 because uy (x1) > 0 for
x] > :L‘[(llg)gr. To compare u1(Z1)) and @y (2M), we compute u; (Z()) — @y (M) using (B.3) and

the expression of uj(z1) in the proof of Proposition 3.3:

( —p(mg —mp) if 20 < 22 — 2¢;

1
p(mi —my) {(1 v f“g—f@)fﬂ - 1} it 72 — 2¢ < 71 < 3,

w ()= (30) = 250) {1 —p (M)l}

(mm —mg) ( 2e 2e

it 7@ <z < 232 4 9¢;

(L —=p)(mg —my) if 720 > 22 4 9.
(B.4)

From (B.4) uy(z(M) — @1 (2M) = 0 if my = myz. In this case :U%)gr = 2. We next examine
the case in which my > mr. From (B.4) u;(zM) — 4;(@M) < 0 if 2 < 2 — 2¢, and
ur (W) =11 (W) > 0if 21 > 73+ 2¢. We next show that d {us (21) — @y (W)} dz™) >0
such that there exists 2 such that uy(Z(M)) — @1 (z(M) > 0 if and only if z) > z®). From

(B.4) we get the following:
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0 if 7V < 2 — 2¢;
19
mg—m 2V _z ey po oS
afur (30)) s (30) } ot (1 + 5 )p if 22 —2¢ <70 < 2);
— = 1
ddz) mH2—mL {1 . (§(1)5§(2) ) pl} if 5(2) < 55(1) < 53‘(2) + 26;
0 if 71 > 2 4 2e.

\

We can verify d {u1 (f(l)) — Uy (f(l))} /dz(M) > 0 for any z(1).
We finally change the condition Z) > z(®) to a condition on A using the implicit function

theorem. Note that Z(1) is the solution of @; (1) = 0 and @ () increases linearly with A from

(B.3). By the implicit function theorem, % =— ggll/ 889?1

< 0 because u; (z1) increases
2=2(D)

with 21 at 21 = 2. So there exists \ such that z(V) > 2P if and only if A < N O
Proof of Lemma 3.3. (a) We provide a sketch of proof here, while providing the detailed
proof in Appendix B.2. First, by analyzing the case in which firm 4 chooses a; = 0 given that
a; =0 (j # 1,i), we obtain the following: a; = 0 (i # 1) is an equilibrium if 6 < fr —my. Next,
by analyzing the case in which firm i chooses a; = 1 given that a; =1 (j # 1,4), we obtain the
following: a; = 1 (i # 1) is an equilibrium if > b — fy + fr. Finally, for b — fg + fr, <0 <
fr — mp, since both equilibria are possible, we choose the equilibrium that maximizes firms’
total payoffs and obtain the following: a; = 1if 6 > 0 where 0 = fo+min{—mzg,b—mpg}.
(b) We first examine firm 1’s decision when a = 1 or @ = 0, respectively. In the case of @ =1
(which occurs when 6 > 0?), from (3.2), 71 (1;60,1) — 71 (0;0,1) = A+0 — f1 — b+ mp. Define
09 = f1 —A+b—my (the threshold of § when all other firms adopt the technology). Then
71(1;0,1) — 71 (0;0,1) = 0 — 0. So a; = 1 if and only if # > 6®). Similarly, in the case of
o =0 when 0 < 9(2), a1 = 1 if and only if 6 > 6" = f1 — A — myg (the threshold of § when no
other firms adopt the technology).

We analyze two cases: (Case I) b > my — my (such that 0® > 0(™) and (Case II)
b < mg —my, (such that 0 < #). Combining the conditions in (Case I) and (Case II), we
can get the conditions specified in Lemma 3.3.
(Case I) We plot the relative positions of 83, 80 and (® in Figure B-1. Figures B-1(a)
corresponds to the scenario in which 92 < 9™ Note that a1 = 1 if one of the following
two conditions is met: (i) no other firms adopt the technology (o = 0) and 6 > 6™, or (ii)
all other firms adopt the technology (o« = 1) and 6 > 9(*). Using the relative position of 6(®

with respect to interval [0?), 00) (in which o = 1) shown in Figure B-1(a), we can obtain the
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(a) a=0 I a=1 (b) a=0 I a=1 (c) a=10 E(r =1
| a a ] a | a 0 a — ]
g2 g g o) 92 glo) o) gl g(2)

Figure B-1: The Relative Positions of #, () and 6(*) when: (a) 02 < o), (b) 6 < 92 <«
0, and (c) 6@ > 9@,

following: a; = 1 if and only if 8 > 6 where ) = 9@, Similarly, for the scenario in
which 0 < 0? < 0 a; = 1 if and only if 0 € [0, 0P U [0, x0), where 1) = o)
and ) = (9. Using the expressions of #®?), 8™ and 6% we can simplify the condition
0 < 9@ < 9@ a5 follows: fi—fo< A< fi+b+mr —mpg — fr. Similarly, for the scenario
in which 6 > 0(“), a1 = 1 if and only if § > 6(1), where (1) = (),

(Case II) Following the same procedure as in (Case I), we obtain the following: a; = 1 if and
only if 8 > 0N, where 1) = 9(@) if 9 < (). (1) = ) jf §(0) < ) < (") and 91 = ™)
if 92 > 9. O

Proof of Proposition 3.5. We provide a sketch of proof here, while providing the detailed
proof in Appendix B.2. The proof focuses on the case in which b < my — my. The case in
which b = myg — myp or b > my — mjy can be proved similarly. We examine three scenarios
shown in Figure B-1. For each scenario, similar to the proof of Proposition 3.4, we analyze
the condition for ul(ﬁ(l)) > 0 to get a sufficient condition for m%)gr < 0 because u (1) <0
for any x1 < :L'élg)gr. We first obtain the values of u1(0(1)) on boundary points (2 — 2¢ and
2(®) +2¢, and then analyze the changing patterns of u1(6(1)) in the following intervals to get the
condition for uy(0M) > 0: (—oo, 2 — 2¢), [2®) — 2¢,2(2) + 2¢], and (2 + 2¢,00). We finally
combine the conditions in all scenarios to derive the sufficient condition in the Proposition 3.5.

O

B.2 Supplemental Materials
This section provides the detailed proofs that are omitted in Appendix B.1.

Lemma B.1 Ifr <1 and b < r(fg — mp), then the equilibrium described in Lemma 3.1 is

unique.

118



Proof. Before we proceed to the proof, we first prove u;(#, ) in (3.1) is increasing with 6 and
nondecreasing with «. From (3.1), du; (0, ) /00 = 1 and thus u;(0, «) is increasing with 6. In
addition, we can get Ou; (0, ) /0o = —b+ 7 (fg —mp)a”™ 1. Since 0 < a < 1, r < 1, and
b<r(fu —mr), we have Ju; (0, ) /O > 0 and thus u;(0, @) is nondecreasing with «.
We prove the argument in 3 steps. In step 1, we will prove by induction that a strategy
survives n rounds of iterated deletion of strictly dominated strategies if and only if
0 ifxg; < g(”);

1 if ;> z™),

In step 2, we prove z("1) > £() and z("*+1) < (") guch that as n — oo, 2™ — z and 7™ — 7.
In step 3, we finally prove z = T = (® such that the switching strategy around z(? is the only
strategy that survives iterated deletion of strictly dominated strategy.

Step 1: We first prove the statement holds for 2 and 7O, Let 7O = p + (fL—mp) +e.
Since x; = 0 +&; and g; is uniformly distributed on [—e¢, €], for any z; > ), 6 > b+ (f;, — mp)
and from (3.1) w;(0,0) > o (fu —mz) > 0. So a; = 1 for z; > 7. Similarly, we let
20 = f; — fu — € and get the following: a; = 0 if z; < z(©.

We next prove that a strategy that survives n + 1 rounds of iterated deletion of strictly
dominated strategies is in the form of (B.5); i.e., if firm ¢ knows that other firms follow a
strategy in the form of (B.5) with thresholds z(™ and Z(™, then firm i’s best response should
be in the form of (B.5) with thresholds z(*1) and Z("*1). Note that firm i expects a; = 1
(j #4) for z; > 7™ and a; = 0 (j # i) for z; < 2. Firm i is not sure firm j’s strategy
for g(") <z; < 7™ So the lowest value of « is achieved when aj = 0 for g(") <z; < z(™),
Since u;(0, o) is nondecreasing with «, firm ¢ expects the lowest gain in this case. It is easy
to see that in this case other firms follow a switching strategy around z(™). Define uf (z4, )
the expected value of u; (6, ) given that firm 7 observes x; and any other firm will follow a
switching strategy around x. Then u] (mi,f(”)) is the lower bound of firm ¢’s expected gain.
If uy (mi,f(")) > 0, then firm i chooses a; = 1. Let Z("Y be the solution of u* (:ci,f(")) = 0.
Following a similar procedure to that in the proof of Lemma 3.1, we can show that u* (:):Z-, E("))

n+1)

is increasing with z;. So a; = 1 for any z; > Z{ . Similarly, u} (xi, g(")) is the upper bound

of firm ¢’s expected gain. Let g(”H) be the solution of u* (mi,g(”)) = (0. Then a; = 0 for any

z; < Q(n+1)_
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Step 2: We prove z("t1) > 2(" and z»*1 < (™ by induction. Since we have shown that
u* (z;,x) increases with x; and u* (5(1)75(0)) = 0, we need to show u* (f(o),f(o)) > 0 to prove
M) < 7O, Following a similar procedure to that in the proof of Lemma 3.1, we get

U*(wyfﬂ)zx—(fL—mL)—}bJrM-

B.
2 r+1 ( 6)

Using 7 = b+ (frL —mr) + € we get u* (:U(O),f(o)) = %b + fo% + ¢ > 0. Similarly, we get
(1) > z(0),

We next show z("t1) < z(™ given that z < z(®1). Following a similar procedure
to that in the proof of Lemma 3.1, we can show that u* (x;,z) is decreasing with z. Since
u* (f(”),f("*l)) =0 and 2" < 2"V we get u* (f(”),f(")) > 0. Since u* (z;,x) increases
with z;, u* (f(”“),f(”)) =0, and u* (f(”),f(”)) > 0, we get 2"t < (™ Similarly, we obtain
the following: g(”“) > g(") given that g(”) > g("_l).

Step 3: As n — oo, (™ — z and T™ — T, where u* (z,z) = 0 and u* (Z,%) = 0. From (B.6)

we can show that z(?) is the unique solution to u* (z,z) =0. Thus z =z =23, O

Remark. The proof of Lemma B.1 uses an argument of iterated deletion of strictly dominated
strategies. This argument was used in Morris and Shin (2003) to derive a unique equilibrium
when only strategic complementarity among firms is present. This process can also be viewed
as a process in which firm 4 considers its higher-order beliefs to eliminate possible strategies.
First, firm ¢ considers its own signal and gets a strategy specified by (B.5) with thresholds z©
and Z(®. Then by considering its belief that all other firms follow a strategy specified by (B.5)
with thresholds z(©) and (9, firm i refines its strategy and gets a strategy specified by (B.5)
with thresholds z() and ZM). Next by considering its belief about other firms’ strategy with
2 and M), firm ¢ gets a strategy with thresholds () and Z(!). This process continues and
finally firm ¢ gets a switching strategy with a threshold z(2).

We use an argument of iterated deletion of strictly dominated strategies to derive the equi-
librium strategy in Lemma 3.1 (a switching strategy around z(?)) and prove the uniqueness of
this equilibrium under the condition » < 1 and b < r(fg — myz). We show in Lemma 3.1 that
this switching strategy continues to be an equilibrium strategy for every firm under a more
general condition. Similarly, Karp et al. (2007) proved that every firm following a switching
strategy is an equilibrium in a one-period setting with both strategic complementarity and

substitutability.
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Lemma B.2 The threshold € is nondecreasing with b and nonincreasing with (fo —mp).

Proof. In the proof we focus on proving that ¢(?) is nondecreasing with b. The statement ¢(?)
is nonincreasing with fi — my, can be proven similarly. To prove €?) is nondecreasing with b,
we first prove de(?) /db > 0 in all intervals specified in (B.2). We then prove ¢(®) at the boundary
point b = r (fg —mr).

First, from (B.2) we calculate de(®) /db as follows:

( 1
1 1 b r—1 . . b .
§_Z{T(fH*mL)} 1fr<mm{1’fH_mL}’
de® _Jo if in’mL <r<landb< fg—mp; (B.7)
db % iflgrng_me and b > fg —my;
1
1 b r—1 . b
| 3 {rote ) itr > max {1, 7o }

1
: b b 1 . b r—1 de(?)
When r < mln{l, }, o y > 1 and =5 < 05 so {7T(fH_mL)} <land %5 >0

fa—mp fa—mg r—

in (B.7). When r > min {1, ﬁ}, from (B.7) dz(;) > 0. Taken together, de® /db > 0 in all

intervals.

Next, we prove that ¢(?) is continuous in b at b = = (fg —mz). We consider three cases:
(Case I) r < 1, (Case II) r = 1, and (Case III) r > 1.
(Case I) As b increases from b < r (fg — f1) to 11) > r(fg — fL), from (B.2) the expression of
¢? changes from 0 to b_(fH{mL) — { b }ﬁ % (1 — %) We can show as b — r (fg — f1)

r(fu—mr)

el
from the right side, bi(fH;mL) — { 4 )}T_l b(1-1) —0. So €@ is continuous in b.

r(fu—mr
(Case II) As b increases from b < fy — f1, to b > fy — fr, from (B.2) the expression of €(?)
changes from 0 to b_(fo_mL). It is easy to verify €® is continuous at b = fz — fr.

(Case III) As b increases from b < r (fg — fr) to b > r (fa — fr), from (B.2) the expression of
=
€@ changes from {*}“1 % (1 — l) to w. We can verify ¢®? is continuous at

r(fa—mr) T

b=r(fg—fr). O

Lemma B.3 If ¢ > ¢, where ¢ is given in the proof of Proposition 3.3(a), then uy (z1)
increases with x1. Otherwise uy (x1) first increases with x1, then decreases with x1, and finally

increases with 1 again.
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Proof. Following the same procedure as in the proof of Lemma 3.1, we obtain the expression

of uy (z1) as follows:

A—fitzi+myg if 1 < 2 — 2¢
(2)
A=fit+tzi+m —f(l—i—‘“x )
;i : - 2\ 1 if 22 —2¢ < 2 < 2
+(m1i+’{nL) (1+ r1—T
up (r1) = 2
) )\—f1+$1+mL—% 1—(36_292(2)) }
if 132 <21 < 2@ 4 2¢;
(mg—mp) z—e®\" ! G ="l = ’
e [y (V) (g ) (2522
A= fi+x1+myg—b, if 21 > 2® 4 2.

(B.8)

For the first and last intervals of zq, it is easy to observe that uj (z1) is increasing with z;.

We focus our analysis on the two middle intervals. Let 7, = zl_zfm. Then n; € [-1,0] for

2@ — 2 < 1 < 2@, and n; € [0, 1] for 2@ <2y <2 4+ 2. Let

A+ 2@ 2en; +mp — fr— 5 (1+ny)? + PEPE (1) i gy <0;

w(m) =9 Ata® ey +mp—fr—g (L-ni) + = -m™) L
if n, .
—{b— (mg —mp)}ni*!
(B.9)
Then from (B.8) we get uj (x1) = uy (n;) and ZZ; = 216‘17/“17(’71) for 2 — 2¢ < 27 < 2@ + 2

(corresponding to —1 < 7; < 1). We calculate the first, second, and third order derivatives of

ug (n;) as follows:

duy (1) 2¢ =b(1+m)+ (mug —my) (L+m,)" if 9y <0; (B.10)
dy 2¢ +bny — (mg —mp)nt + (mg —myg) —b if n; > 0;
duy () ) b (myg —m) (L) ifg <0; (B.11)
dni b—r(mp —mr)n; " if 7y > 0;
du () ) =1 (mg —mp) (L+m) 7 i gy <05 (B.12)
dn? —r (r—1) (mg —mg)n; 2 if n; > 0.

We next discuss three cases: (Case I) r = 1, (Case II) » > 1, and (Case III) r < 1.

(Case I) From (B.10), dulé?l) is linear in 7;. In addition, d”églzl) = d’;%(ll) = 2¢ > 0 and

— b+ (myg —myg). There are two cases regarding the sign of du#(lo). First, if
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€e> b_(mgi_mm (which implies 2¢ — b+ (mpyg —myz) > 0), then dul(m) > 0 for any n, € [-1,1],

and duéT(Tl) > 0 in this case. Second, if € < HLme), then dul(o) < 0, and dulr(]nl) decreases

from positive to negative, and then increases from negative to posmve. In this case, u; (x1) first

increases with x1, then decreases with x1, and finally increases with x; again. The condition

for the monotonic change of uy (x1) is € > b_(mgi_m”.

)

(Case II) We need to compare the minimum value of %

ui (z1). From (B.12), M > 0 for n; <0 and @ U;(m) < 0 for 7, > 0. So dulé?l) is convex
1

with 0 to determine the shape of

in n; for ; <0 and concave in 7, for n; > 0. We can show that there exists a minimum value

dui(nq)
f =
© dny

1
1 b —
o= {T(mH—mL)} -1
If 77(1) < 0 (which happens when ( b

r(mg—mr) —

du1( (1)) — 9 b rf11 1 b ﬁ 1 . . .
dan, = 6—{m} b(l—;) IfE 2 E{m} b(l—;) (Wthh anhes
du1< (1)>

o odnyy

1 duy (n{?
%{*}T "b(1—1) (which implies u1d(77]711) < 0), we can show that dulgl) changes

r(mpg—mr)
dul( 1)

dn;y

dt;}v(l) = 2¢ > 0 and the fact that dulém) is convex in n; for n; < 0 and concave in 7, for n; > 0.

o —
on (—00,0]. To get this minimum value, we solve dulegM) = 0 from (B.11) and get
1

d . . .
< 1), then %’171) achieves its minimum value

v

0), then duéT(;“) > 0 for any n; € [—1,1] and u (x1) increases with z;. If € <

from positive to negative, and then from negative to positive for n; € [—1,1] using

In this case, uj (x1) first increases with x1, then decreases with x1, and finally increases with
r1 again.

If 77&1) > 0 (which happens when ( 1), then %’fl) achieves its minimum value

b
r memL)
%() =2e—b+ (my —myr). So we get the condition for dujT(?l) >0ise> HL{T”L). The
rest of the proof is similar to case in which 77&1) <0.
(Case III) Similar to (Case II), we get the conditions for the monotonic change of u; (z1) as

l
fOHOWS:T(WLH%ZlandEZM—%{%} b(l—*) Orm<land

mr) r(myg—mpr)
€> bf(mgme).

Finally, by combining all the conditions in (Case I), (Case II), and (Case III), we can prove
that if € > e, uy (1) increases with x1, where the expression of ¢ is given in the proof of

Proposition 3.3(a). O

Detailed Proof of Lemma 3.3(a). For the case in which firm i expects none of other firms to
adopt the technology (a = 0), by (3.1), m; (1;0,0) —m; (0;0,0) = 0—(fr, —myp). If 0 < fr—mp,
then 7; (1;0,0) < m;(0;0,0), so a; = 0 for ¢ # 1 in equilibrium. For the case in which firm
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i expects all other firms to adopt the technology (o = 1), by (3.1), m; (1;6,1) — m; (0;6,1) =
0— (b— fg+ fr). Thus, if 0 > b— fg + fr, a; = 1 for all i # 1 in equilibrium. Putting the
conditions together, we find that: (i) a; = 0 is the unique equilibrium when 6 < b — fy + fr;
(ii) a; = 1 is the unique equilibrium when 6 > f;, — mp; and (iii) both a; = 1 and a; = 0 can
be an equilibrium when b — fg + f <6 < fr, — mp.

We next find the equilibrium that maximizes firms’ total payoffs when b — fir + fr, < 0 <
fr — myg. Similar to §3, we can obtain m; (1;0,1) = —fr + 60 — b+ mpy, and m; (0;0,0) = 0. So
a; = 1ifm; (1;0,1) > m; (0;0,0), which can be simplified to 0 > fr+b—my. Since fi > 0> myy,
fo+b—mpg >b— fg+ fr. But either f; —mp > fr +b—mpg or fr, —mp < fr +b—mpg is
possible. Define 6(2) = fo+min{-mpg,b—mg}. Then a; = 1 if and only if § > 0. O

Detailed Proof of Proposition 3.5. Similar to the procedure in the proof of Proposition 3.4,

we analyze the condition for u; (0(1)> > 0 to get a sufficient condition for xleg)gr < 0™ because

u(z1) <0 for any z1 < m((li,)gr. We further simplify the sufficient condition to the conditions in
the Proposition 3.5.

We first get a sufficient condition for wu; (9(1)> > 0. In this proof, we focus on the case in
which b < my —my. Conditions when b > mpy —my, or b = mpg —mp, can be derived similarly.
For the case in which b < mg —mp, we consider the following cases: (Case I) 92 > 9(”), (case
I1) 0% < 9 < 9™ and (case III) 3 < (@),

(Case I) Let n¥) = 9(1)2;6‘”(2). Using ) = 0™ from Lemma 3.3(b) and u; (1) in (B.8), we can

express uq (6(1)) as follows:

0 n® < -1,
fmga) (@) — 4 (n®)* —1<q® <o
u (n(9)> —{ mam {1 _ (nw)y“} oy {1 _ (n(e)f} 0w r® <1 (B.13)
+ {(my —myg) — b} n®@ T
myg —mp—b n® > 1.

When 0@ < —1, (77(9)) = 0; when 0@ > 1, u (77(9)) = myg —my — b > 0. Following
the same procedure as in the proof of Proposition 3.3(a), we can show that uq (n(e)) changes
with (®) in one of the following ways: (i) When r < b/ (mpg — myz), u (77(‘9)) first increases
with n®), and then decreases with n(®); (ii) When b/ (mg —mpr) <7 < 1, uy (77(0)) increases

with 7(®; and (iii) When r > 1, u (77(9)) first decreases with ), and then increases with
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n® (see Lemma B.4 for the proof). So if r < 1 and n(® > —1, then u, (77(9)) > 0. Using
n® = 90)2_7:0(2)7 o) = 9 and the expression of 32 in Lemma 3.1, we rewrite n(®) > —1 as

follows: A < f1 — fr — %b+ fﬁ;;rlnL + 2.

(Case II) Similar to (Case I), we can show a sufficient condition for wu; (77(9)) > 0is n@ > 1,
which can be rewritten as %b —mpy + % > 2e.
(Case III) Similar to (Case I), we can show that uy (n(e)) < 0 for any n® if r > b/ (mg —mp),
and u; (77(9)) < 0 for any n®) < —1 and @ > 1.

We get a sufficient condition on A and r from (Case I): A < f; — fr — %b + f’{,,_% + 2¢
and r < 1. In addition, using the expressions of 0 and 6™ from the proof of Lemma 3.3, we

rewrite the condition for this case, 02 > 9(”), to the following: A > f1 — fr, + myg — myp — b.

The final sufficient condition we get is f1 — fr +myg—mp—b< A< f1— fL — %b—l— f’i;TL + 2e.
O

Lemma B.4 The function uq (77(9)) changes with 0% ¢ [—1,1] in one of the following ways:
(i) if r < min{1,b/ (myg —mp)}, then uy (n(e)) first increases with 1%, and then decreases
with n(@;

(ii) if min {1,b/ (mpg —my)} <7 < max{1,b/ (my —myz)}, then uy (n@) changes monotoni-
cally with n®;

(i5i) if r > max {1,b/ (mg —myr)}, then u; (77(9)) first decreases with 19, and then increases
with n'?).

Proof. In the proof we focus on the case in which b < mg—my,. The case in which b = myg—my,

or b > mpg — myp, can be proved similarly.

We can calculate 24- and —2% from (B.13) as follows for —1 < n® < 1:

dn(e) d(n(e))
duq (77(9)) B —b (1 + 77(9)) + (mg —myg) (1 + n(g))r —-1< 77(9) <0; (B.14)
dn®®) @ — (myg —mp) (17(9))7« + (myg —mg —b) 0<n® <1;
d*uy () —b+7r(mg —mg) (1+ U(e))r_l —1<9® <o (B.15)
d (n®)? b—r(mg —mr) (n<e>)r—1 0<n® <1. '

We next examine the following three cases: (Casel)r < b/ (mg —myp), (CaseIl) b/ (my —mp) <
r <1, and (Case III) r > 1.
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(Case I) For —1 < n@ < 0, from (B.15) it is easy to show d(diz)l)g changes from positive
U
to negative when () increases from —1 to 0. Since from (B.14) du(-l) — g and a0 —
dn®

an®
dus (n(?) ) o
—b+ (myg —myg) > 0, — @ 2 0. For 0 < n\¥ <1, from (B.15) it is easy to show that

Puy > changes from negative to positive when n®) increases from 0 to 1. Since d;?l((g) =

—b+ (mg —myg) > 0 and

duq (1)
d'y](e)

0 < n® < 1. Taken together, d‘f;fé) changes from positive to negative when n®) increases from

= 0, we get that dﬁg) changes from positive to negative for

—1to 1. So u; (77(6)) first increases with 7(?), and then decreases with n(®).

d2u1(n(9)) . duy(—1)
W > 0. Since dln(e) =0

(Case II) For —1 < ¥ <0, from (B.15) it is easy to show

and 410 — _p 4 mpg —myp) > 0, dur (1) > 0. For 0 < n¥) <1, from (B.15) it is easy to
dn(®) dn(® n

d2 (9) d d 1 d (©)

;E;((g"))z) 0 — 4 (g —my) > 0 and 28 =0, “208) > o Taen

together, 4 i 4y >0 for =1 < n® < 1. So uy (77(9)) increases with 7@,

(Case III) For —1 < (® < 0, from (B.15) it is easy to show (2(0))2

positive when 1(®) increases from —1 to 0. Since dzl((g) ) = 0 and d;;((g)) = —b+(myg —myg) >0,

show < 0. Since

changes from negative to

du1

i y changes from negative to positive when 7@ increases from —1 to 0. For 0 < n(?) < 1, from

d2uy (n(G))
d(n®)"

: d d d
from 0 to 1. Since dlf})) O > 0 and dn%) O = 0, we get that dm > 0. Taken together,

(B.15) it is easy to show that changes from positive to negative when 7(®) increases

d —~y changes from negatlve to positive for —1 < 77( ) <1. So uy ( ) rst decreases with 7(®),

and then increases with 7(®). [
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Appendix C

Supplements to Chapter 4

To simplify our analysis, we denote by ¢; = a;0/ca, i = 1, 2, and 3.

Lemma C.1 There exists a unique Nash equilibrium in the post-merger market. In equilibrium:
(a) ¢} = 0.43240/c, g5 = 0.28030/cr, g5 = 0.16020/cx.

(b) P = 0.21910° /o, P = 0.099120° /ev, pi™ = 0.041150° /v

(c) 7" = 0.0067850° /v, 72" = 0.0062920° /v, 72" = 0.0034960° /cv.

(d) WP = 0.063708° /.

Proof. (a) We first obtain the expression of 7;. We then solve for the equilibrium backwards:
we first solve for the equilibrium prices for given qualities; we then solve for the equilibrium
qualities.

To get the expression of 71, we need to derive the demand of product 1. A consumer
buys product 1 other than product 2 if and only if 8q; — p1 > 6gs — po, which simplifies to

0> %.l So the demand of product 1 is § — % and the profit of firm 1 is given as m; =

p1—p2 _ p2—p3
q1—q2 43—4q3

p2—p3

(p1 — aq%) (6 — 21222 Similarly, 7y = (pQ — ozq%) ( ), and 73 = (p3 — ozq%) o

q1—q2
We then solve for equilibrium prices for given qualities. For given ¢; and g2, we obtain the
following: 972 /0p? = —2/(q1 — q2) < 0. So the optimal p; must satisfy dr1/0p; = 0. Similarly,

the optimal po and p3 must satisfy dme/0ps = 0 and dm3/dps = 0, respectively. We calculate

"Moorthy (1988) shows that it is not an equilibrium that two firms choose the same quality. In such a case,
price competition in the second stage drives profits of both firms to zero. However, a firm can gain positive profit
by deviate away from that quality.
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Om;/Op; and write the three equations (0m;/0p; =0, i = 1,2, 3) as follows:

3_ 2p1 — p2 — aqi

= 0

q1 — g2
p1 — 2p2 + ag3 _ 2p2 — ags —ps 0:
q1r — 42 q2 — g3 o
p2+ag —2p3  2p3—agy 0
q2 — g3 q3 -

By substituting ¢; = a;0/« into the above equations, we can solve for p; as follows:

-2
ia?(4a2 — a3) — 3a2azaz — a3az(2az + az) + araz(2a3 + a2) + (a1 — az2)(4a1a2 — araz — 3aza;3)

L=y 2 (a1(4az — ag) — az(ag + 2a3)) ’
(C.1)
—2
Dy = 0 as a%(ag —a3) — azaz(2ag + a3) + al(Qa% + a%) + (a1 — az)(az2 — as3) (C.2)
@ ai(4az — a3) — az(az + 2a3) ’ '
—2
Dy — 0 a3 a3(ag — a3) — 3azaz(ag + az) + 2a1a2(ag + 2a3) + (a1 — az)(az — as3) (©3)

! a1(4ag — a3) — az(az + 2a3)

We next solve for equilibrium qualities. We substitute (C.1), (C.2), and (C.3) into the

expression of m; and obtain the following after simplification:

_ 93 (a1 — as)
™o E4(a1(4a2 —a3) — az(ag + 2a3))? (C.4)

(a3 (4as — a3) — azas(2as + a3 — 3) + a1 {243 + a3 — 2a2(2 + ag)}]2

-3
(a1 — az)a3(ay — asz)(az — az)(—1 —aj +az +az)? 0
T2 = 2 N (05)
4(a1(4az — a3) — az(az + 2a3)) !
az(az — az)az(a? + a1 (1 + 2ay — 2a3) — az(1 + az))? 0
T3 = 5 —. (C.6)
4(aq(4ag — a3) — az(az + 2a3)) !

Using above equations, we calculate dm;/dp;, solve Om;/Op; = 0, and get the unique solution
that results in positive m;: a1 = 0.4324, as = 0.2803, and az = 0.1602. We finally verify
this solution is a Nash equilibrium. Using (C.1), we can verify that when as = 0.2803 and
az = 0.1602, firm 1 achieves its maximum profit by choosing a; = 0.4324. Similarly, we can
verify firm 2’s best response to a; = 0.4324 and a3z = 0.1602 is to choose as = 0.2803, and firm
3’s best response to a; = 0.4324 and as = 0.2803 is to choose a3 = 0.1602. So in equilibrium,
"¢ =0.43240/a, g™ = 0.28030 /v, g5 = 0.16020/cv.
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(b) We can prove the result using (C.1), (C.2), and (C.3) and a; = 0.4324, as = 0.2803, and
az = 0.1602.

(c) We can prove the result using (C.4), (C.5), and (C.6) and a; = 0.4324, ap = 0.2803, and
az = 0.1602.

(d) We can calculate the consumer welfare as follows:

pre —p5) /(a5 ~a5"%) 0 pTe ppre do (O =p5") /()" —a5") (0 pre _ prey 1o
w fpre/ pre ( + f p'rs p:;;re (qgre qgre) q2 p2 )
pre pre
+ f((pglo're pve)/(qpve gre) (9q — 1 )d9
= 0.063700° Ja. O

Proof of Proposition 4.1. In the post-merger market, the post-merger firm’s profit is given
as ™y = (p2 — aq3) (% - %) + (p3s — @g3) %. So the first order conditions for prices
in the second stage are as follows: dm1/9p1 = 0, On,,/Op2 = 0, and Oy, /Ops = 0; the first
order conditions for qualities in the first stage are as follows: 9m1/dq1 = 0, 07y, /Og2 = 0, and
Omm/0qs = 0. Following similar steps as in the proof of Lemma C.1, we can obtain the following:

¢? = 042080/, ¢§? = 0.21980/a, q3 = 0.10990/cr, p\? = 0.23130% /o, 2 = 0.084570° /ar,
pg> = 0.036250" /o, 72 = 0.014640° /o, =¥ = 0.013190° /o, and w® = 0.049250° /a. By

comparing the results with Lemma C.1, we can prove Proposition 4.1. [

Proof of Proposition 4.2. We first solve for the equilibrium prices for given qualities. Fol-
lowing similar steps as in the proof of Lemma C.1, we solve d71/9p1 = 0 and 9m,,/9p2 = 0,

and obtain the following:

a{2¢3+(1—5)g3}+2(q—q2)0

P = qi1,
4q1 — g2
o {21 —5s)gef + (g1 —q2)0
b2 = q2
4q1 — g2

We next substitute the above equations into the expression of m; and m, and obtain the

following:

2
S [a {267 —q192 — (1 = 5)a3 } + 2(—aq1 + 2)0)] 2
(g1 — q2)(4q1 — g2)? b

[a{g? —2(1—s)qig2+ (1 — 8)g3} + (¢ — an
(1 — q2)(4q1 — q2)?

T2 q142.
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Unfortunately, there is no close-form solution for dmy/dq1 = 0 and 97y, /0q2 = 0. Notice that
usually the synergy level s is small, we first solve the equilibrium at s = 0, and then use the
Taylor expansion at s = 0 to approximate results. To do so, we first solve dm1/0¢1 = 0 and
Omm/0g2 = 0 at s = 0 and obtain ¢; = 0.40980/a and g2 = 0.1994. We then use the Taylor

expansion to the third order and obtain the following:

¢" = (0.4098 +0.01733s + 0.3728s> + 1.14115%) 0/cv, (C.7)
Y = (0.1994 + 0.25365 + 0.46245% + 1.74155%)0/cv. (C.8)

Using the above equations, we can calculate prices, profits and consumer welfare as follows:

PV 0.2267 + 0.0793s + 0.2219s% + 0.99125%) 67/

) 0.0750 + 0.09685 + 0.201452 + 0.88525%) 8

O

0.0121 + 0.0185s + 0.0487s% + 0.00615%)8" /a,

( %) 0
( )7

A = (0.0164 — 0.02855 — 0.0601s% — 0.0071%) 8° /av,
( )

W = )

0.0470 + 0.0339s + 0.05965% + 0.00685%)° /o

Using the above equations, we can prove Proposition 4.2. [

(1)

Proof of Proposition 4.3. (a) Firm m produces one products if and only if 2 < b,
Using the expressions of 7r§n) and m(n) in Proposition 4.1 and Proposition 4.2, respectively, we
obtain the following: 777(7? > m(g) if and only if s > 5.2%. We define s(™ = 5.2%.

(b) Using ﬁ?) and 777(%) in Proposition 4.1 and Proposition 4.2, respectively, we obtain the
following: w™® > w® if and only if s > 6.0%. We define s*) = 6.0%.

(c) Using w®®) and w® in Lemma C.1 and Proposition 4.2, we obtain the following: w(!) >

w® if and only if s > 31.4%. We define s =31.4%. O

Proof of Proposition 4.4. Following similar steps as in the proof of Proposition 4.1, we
obtain the following: 7T( oy /250 and w(?) = oy /50c. Following similar steps as in the proof
of Proposition 4.2, we obtain the following: 7)) = e /27(1 — s)a and @M = 7’ /54(1 — s)a.
Solving 77( ) = 7'['( ) yields s(™ = = 2/27. So the post-merger firm produces one product if and
only if s > 2/27. We can also verify @) > @(?) if and only if s > s(™. O
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