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Abstract

Two firms engage in price competition to attract buyers located on a net-
work. The value of the good of either firm to any buyer depends on the number
of neighbors on the network who adopt the same good. When the size of
externalities increases linearly with the number of adoptions, we identify the
set of price strategies that are consistent with an equilibrium in which one of
the firms monopolizes the market. The set includes marginal cost pricing as
well as bipartition pricing, which offers discounts to some buyers and charges
markups to others. We show that marginal cost pricing fails to be an equilib-
rium under non-linear externalities but identify conditions for an equilibrium
with bipartition pricing to be robust against perturbations in the externalities
from linearity. The idea of bipartition pricing is then applied to the analysis
of platform competition in a two-sided market under local and approximately
linear externalities.

Key words: graphs, divide and conquer, price discrimination, two-sided mar-
kets, partition.
Journal of Economic Literature Classification Numbers: C72, D82.

1 Introduction

Goods have network externalities when their value to each user depends on the
adoption decisions of others. Externalities are important not only for consumption
goods but also for intermediate goods. As argued by Carvalho (2014), for example,
modern production is an intricate network of firms. In such a network, a single
supplier of inputs serves multiple downstream firms who are themselves linked with
each other in the form of mutual production of final products or technology transfers.
A downstream firm would find a higher value for the same inputs as used by other
downstream firms that are linked to it.
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Despite their importance in reality, our understanding of network externalities
is limited when those goods are supplied competitively. The objective of this paper
is to study price competition in the presence of such externalities: We formulate a
highly stylized model of price competition in which users located at the nodes of a
network experience positive externalities when their neighbors adopt the same good
or technology. In our model, two symmetric firms each supply goods or technologies
that are incompatible with each other. Users of either good experience larger positive
externalities when more of their neighbors in the network adopt the same good.
In stage 1, the two firms post prices simultaneously. The prices can be perfectly
discriminatory and negative, and are publicly observable. In stage 2, the buyers
simultaneously decide which good to adopt or not to adopt either.

When no network externalities are present, it is clear that the unique subgame
perfect equilibrium of this game has both firms offer ¢, the constant marginal cost of
production, to all buyers. We find that marginal-cost pricing is consistent with an
equilibrium with monopolization by one of the firms in an arbitrary network when
the externalities are linear in the number of neighbors adopting the same good. In
contrast with the case with no externalities, however, we show that various pricing
strategies are consistent with an equilibrium under linear externalities. In effect,
when both firms offer the same price vector z, it is consistent with a monopolization
equilibrium if the sum of markups and markdowns it entails for any subset of buyers
is less than or equal to (the factor of proportion times) the number of links they
jointly have with the complementary set. The latter quantity can be interpreted
as the aggregate externalities that these buyers could enjoy if they were connected
with the rest of the network.

With no markup and markdown to any buyer, marginal cost pricing is clearly an
equilibrium under linear externalities. When the externalities are non-linear, on the
other hand, we show that marginal cost pricing is consistent with an equilibrium
only when the buyer network is either a cycle or complete.! We also show that
under non-linear externalities, there exists no equilibrium with monopolization in
which every buyer is charged the same price. These observations lead us to the
study of equilibrium pricing strategies that are robust against slight perturbations
in the externalities from linearity. Our central focus in this investigation is a class
of bipartition pricing, which entails price discrimination based on a binary partition
of the buyer set: Discounts are offered to the buyers in one subset but markups
are charged to the buyers in the other subset. Furthermore, the size of a markup
or markdown to any buyer is proportional to the number of his neighbors in the
other subset. We consider small perturbations in the externalities from linearity,
and define equilibrium pricing strategies under linear externalities to be robust if
there exists a non-degenerate set of approximately linear externalities under which
there exists an equilibrium pricing strategy that is “close” to the original pricing

' A network is complete if any pair of buyers are neighbors. A complete network implies the
existence of global externalities.



strategy. We show that in a large class of networks, bipartition pricing given some
binary partition of buyers is in fact robust.

One important class of networks that admits a natural interpretation of robust
bipartition pricing identified above is bipartite networks in which the buyer set is
partitioned into two subsets and each buyer in one subset has neighbors only in
the other subset. Bipartite networks are a graph-theoretical representation of two-
stded markets that have received much attention in the literature: The two subsets
correspond to the two sides of the market such as buyers and sellers of a certain good,
and the two firms correspond to platforms that compete in offering marketplace to
them. In a robust bipartition equilibrium over a bipartite network, all users on
one side of the market are charged markups while all users on the other side are
offered discounts. Furthermore, the size of the markup or discount to each user is
proportional to the number of users on the other side of the market who are directly
connected to them. This is the first result that demonstrates that this popular
pricing strategy arises as an equilibrium of price competition under local network
externalities, and also identifies how the markups or markdowns are related to the
specification of those externalities.?

As mentioned above, the key assumption of our model is the ability of the firms
to perfectly price discriminate the buyers. This assumption is more likely satisfied
in intermediate goods markets with a limited number of participants than large
consumption goods markets. One good example is provided by the international
competition in the sales of infrastructures that has recently become a major form of
international trade. In a market for high-speed rails, for example, there are typically
a small number of firms capable of providing a system, a buyer is either a country
or a region and hence is also limited in number, and the good has externalities since
it is not simply a physical product but includes the operation and management
of the system: Countries contemplating the adoption of a high-speed rail would
be concerned with the rail system adopted by their neighbors if future connection
between their systems is anticipated.?

It is well recognized that games with adoption externalities possess multiple
equilibria. In our model, this corresponds to the potential multiplicity of Nash
equilibria (NE) in the subgame played by the buyers after the posting of the prices
by the firms. In the set of equilibria, our analysis makes use of two NE that are
extreme as follows: The A-maximal NE is one in which the set of buyers who choose

2The explanation offered for such a pricing strategy in the literature is typically based on a
monopoly platform which faces two sides with asymmetric price elasticities. Caillaud and Jullien
(2001) and Ambrus and Argenziano (2009) offer explanation for the pricing strategy under price
competition in a symmetric two-sided market with global externalities. See Section 2.

3The Association of the European Rail Industry (UNIFE) estimates that the average annual
market volume of rail supply amounts to 150 billion Euro in 2011-2013 (World Rail Market Study).
About 40% of the volume is in the form of management and maintenance of the system. The
largest market is in Asia, where India alone plans highspeed rail systems in five different routes.
Government-backed firms from Japan and China also compete fiercely for multiple rail routes in
South-East Asia.



A is maximal in the sense that buyer i chooses A in it as long as he chooses A in
some NE. The B-maximal equilibrium is one in which the set of buyers who choose
B is maximal in the same sense. Our analysis builds on the assumption that the
buyers play the B-maximal equilibrium after any deviation by firm A, and the A-
maximal equilibrium after any deviation by firm B. We show that these behavioral
patterns support the broadest spectrum of equilibria of the firms’ price competition
game by minimizing the profitability of deviations.

The paper is organized as follows: After discussing the related literature in Sec-
tion 2, we formulate a model of price competition in Section 3. A leading example
is given in Section 4. Section 5 considers the subgame played by the buyers in
stage 2. Section 6 derives necessary conditions for an equilibrium in terms of the
firms’ payoffs. Section 7 provides a characterization of an equilibrium under linear
externalities and introduces bipartition pricing strategies. The possibility of uni-
form pricing and marginal cost pricing under non-linear externalities is discussed
in Section 8. Section 9 discusses the robustness of bipartition pricing strategies.
Application of the analysis to two-sided markets is discussed in Section 10. Section
11 concludes with a discussion. All the proofs are collected in the Appendix.?

2 Related Literature

This paper contributes to two strands of literature. First, it contributes to the
literature on network competition and two-sided markets through the introduction
of local network externalities. Beginning with Katz and Shapiro (1985), most work
on the topic supposes that the externalities are global in the sense that the adoption
decision of any single buyer affects all other buyers equally.® In the context of two-
sided markets, this implies that the participation of any agent on one side of the
market equally affects the utility of all participating agents on the other side of the
market.% In contrast, we suppose that the adoption decision of any buyer affects
only his neighbors on the network. In two-sided markets, our formulation implies
that the participation of any agent may have different effects on different agents on
the other side of the market.”

Second, it presents a general analysis of price competition between suppliers of
goods with local network externalities. Models of price competition under local
network externalities include Banerji and Dutta (2009), Bloch and Quérou (2013),
Blume et al. (2009) and Jullien (2011). Blume et al. (2009) and Bloch and Quérou

4While the main body of the paper focuses on equilibrium with market monopolization by one
of the firms, an equilibrium with market segmentation is discussed in the supplementary material.

®See Gabszewicz and Wauthy (2004), Hagiu (2006), Ambrus and Argenziano (2009), Blume et
al. (2009), Fjeldstad et al. (2010), Cabral (2011).

See Armstrong (1998), and Laffont et al. (1998a,b).

"Ambrus and Argenziano (2009) analyze a market with global but asymmetric externalities in
which each agent may have a different utility function over the size of participation in the same
platform.



(2013) study price competition under local network externalities when market seg-
mentation among the firms is exogenously given. Banerji and Dutta (2009) study
price competition using a graph representation of local externalities when there is
no price discrimination. A model of Stackelberg price competition by Jullien (2011)
is most closely related to the present model and entails a very general specification
of local externalities. Our specification of local externalities is more restrictive than
that in Jullien (2011), but allows us to derive an explicit characterization of an
equilibrium.®

The multiplicity of equilibria is often a central concern in games with network
externalities. Since the pioneering work of Dybvig and Spatt (1983), this concern
has led the literature to focus on such issues as implementing efficient or revenue
maximizing equilibria under complete and incomplete information, intertemporal
patterns of adoption decisions, as well as the validity of introductory pricing.? As
mentioned in the Introduction, we abstract from the issue by supposing that when-
ever there is a deviating firm, the buyers coordinate on its least favorable NE. The
literature makes different assumptions in this regard. For example, Ambrus and
Argenziano (2009) assume that the agents’ actions satisfy correlated rationalizabil-
ity, which implies that they coordinate on the pareto-efficient alternative whenever
there is one, and Jullien (2011, Assumption 2) assumes that a change in price offer
by one firm to buyers outside its market segment does not affect the decisions of
those inside it.

One key idea used in the present paper is that of divide-and-conquer, which
has been studied by Segal (2003), Winter (2004) and Bernstein and Winter (2012)
among others in contracting problems in which a single principal offers a contract to
the set of agents whose participation decisions create externalities to other agents.!?

3 Model

Two firms A and B compete for the set I = {1,...,N} of N > 3 buyers. Adoption
of either firm’s good generates externalities to the buyers according to a buyer
network. Formally, a buyer network is represented by a simple undirected graph
G whose nodes correspond to the buyers, and adoption externalities exist between
buyers i and j if they are adjacent in the sense that there is a link between ¢ and j.
When buyer j is adjacent to buyer i, we also say that j is ¢’s neighbor.

8Sundararajan (2003), Candogan et al. (2012) and Bloch and Quérou (2013) each study
monopoly pricing under local externalities.

9See Cabral et al. (1999), Park (2004), Sekiguchi (2009), Ochs and Park (2010), Aoyagi (2013),
Parakhonyak and Vikander (2013), among others. Rohlfs (1974) provides a very early treatment of
network externalities.

10A similar idea can be found in the study of an optimal marketing strategy under externalities
in Hartline et al. (2008). A marketing strategy determines the order in which the monopolist
approaches the set of buyers with private valuations as well as a sequence of contingent prices
offered to them. See also Aoyagi (2010).



The buyer network G is connected in the sense that for any pair of buyers ¢ and
j, there exists a path from ¢ to j. That is, there exist buyers iy, 4o, . .., i, such that
i1 is adjacent to i, i9 is adjacent to i1, ..., and 4, is adjacent to j. For any buyer
i in network G, denote by N; the set of i’s neighbors in G. The degree d; = |N;| of
buyer ¢ is the number of i’s neighbors. Define also M to be the number of links in
G. Since each link counts twice when aggregating the number of degrees in G, we
have M =1 Y., ..

For »r = 2,..., N — 1, the network G is r-regular if all buyers have the same
degree r, and regular if it is r-regular for some r. G is cyclic if it forms a single
cycle, and complete if every pair of buyers are adjacent to each other.

The value of either firm’s good to any buyer ¢ is determined by the number of
neighbors of ¢ who adopt the same good. We denote by v™ > 0 the value of either
good to any buyer when n of his neighbors adopt the same good. In particular,
1Y denotes the stand-alone value, or the value to any buyer of either good when
none of his neighbors adopts the same good. Implicit in this assumption is that the
two goods A and B are incompatible with each other since the value of either good
to any buyer is assumed the same whether his neighbor adopts the other good or
nothing. The value does not depend on the identity of a buyer or the identity of
the firm who supplies the good. The externalities are positive in the sense that v"
is increasing in n. Let d be the highest degree in the network G: d = max;cr d;.
We will refer to the vector (v°,...,v%) as externalities and denote it by v. Denote
by Vg the set of relevant externalities.

VG:{U:(UO,...,vd): cgvog---gv‘j}.

Each firm supplies the good at the constant marginal cost ¢ > 0 and no fixed
cost. We will assume throughout that ¢ < v° so that the firms can serve even a
single buyer without making a loss.!! The firms can perfectly price discriminate
the buyers, and we let p; and ¢; denote the prices offered to buyer ¢ by firm A and
firm B, respectively. The price vectors p = (p;)ie; € RY and ¢ = (¢;)ic; € RY
are quoted simultaneously and publicly observed. The buyers then simultaneously
decide whether to buy either good, or buy neither.

Buyer 4’s action x; is an element of the set S; = {4, B, 0}, where () represents no
purchase. Each firm’s strategy is an element of R, whereas buyer i’s strategy o;
is a mapping from the set R of price vectors (p, q) to S;. Given the price profile
(p,q), buyer i’s payoff under the action profile = is given by

,U‘{jENiZCEj:AH — Di if €x; = A’
ui(x’pa Q) = /U‘{jENi:xj:B}‘ —dq; lf Ty = B) (]‘)

' See Footnote 23 for one implication of the violation of this assumption.
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Figure 1. Firm A’s price offer p makes the choice of A (1)
dominant for buyers 1 and 3 before it does so for buyer 2 (left),
and (2) dominant for buyer 2 before it does so for buyers 1 and 3.

If we denote by o = (0;);cr the buyers’ strategy profile, the payoffs m4(p,q,0) and
m(p,q,0) of firms A and B, respectively, under the strategy profile (p,q,o) are
given by

map o)=Y, -0, mpgo)= Y.  (a-o),

{iz0i(p,q)=A} {iz0:(p,q)=B}

and buyer ¢’s payoff 7;(p, ¢, o) under the strategy profile (p, ¢, o) is given by m;(p, ¢, o)
ui(o(p, q),p, q)-

A price vector (p*,¢*) and a strategy profile o = (0;);cr together constitute a
subgame perfect equilibrium (SPE) if given any price vector (p,q) € RN the action
vector (o;(p, q))icr is a Nash equilibrium of the subgame following (p, ¢), and given
o, the price vectors p* and ¢* are optimal against each other.

4 Leading Example

Consider the line network with three buyers 1, 2 and 3 in Figure 1.

e Is marginal cost pricing consistent with an equilibrium? Suppose that
both firms engage in marginal cost pricing: p¢ = ¢¢ = (¢, ¢, ¢). If all buyers choose
B, hence, the payoffs to buyers 1, 2 and 3 equal v' — ¢, v> — ¢ and v!' — ¢, respectively.
Suppose now that firm A offers the price vector p = (p1, p2, p3) such that

vo—p1 > max {vl —c,O}, v2—p2 > max {’UO—C,O},

(2)

vo—pg > max {vl —c,O}.

For buyer 1, choosing A is strictly dominant since it yields at least vY — p; whereas
choosing () yields 0 and choosing B yields v! — ¢ if his neighbor, buyer 2, chooses
B. The same reasoning applies to buyer 3. It follows that x; = A is the unique
outcome that survives the elimination of strictly dominated strategies for « = 1 and
3. Given this, however, buyer 2 finds A optimal since it yields v? — po, whereas ()
yields 0 and B yields v — ¢. In other words, xo = A is the unique outcome that
survives two rounds of elimination of strictly dominated strategies. If we give the
orientation ¢ — j to the link between buyers ¢ and 7 when ¢ precedes j in this
iterative elimination process, then p satisfying (2) is depicted as in the left panel of



Figure 1. Note that such a p induces all buyers to choose A as long as they choose
a rational response to the price offers. Hence, marginal cost pricing by both firms
can only be consistent with an equilibrium if no such deviation by firm A yields a
strictly positive payoff. The inequalities in (2) imply >, (p; — ¢) < v? +0° — 201,
but firm A can bring its payoff arbitrarily close to v? + v — 2v! by offering p that
barely satisfies (2). In other words, there exists a profitable deviation p satisfying
(2) if

v? — 0¥ +2(0° —vt) =0? +0° — 20! > 0. (3)

Suppose next that firm A offers the price vector p = (p1, p2, p3) such that

ot — p1 > max {’UO—C,O}, vo—pg > max {02—0,0},

(4)

ot — p3 > max {vo—c,O}.

This time, buyer 2 finds x5 = A dominant in the first round of the iterative elim-
ination process, and buyers 1 and 3 find z; = A dominant in the second round of
the process. The orientation of the links hence is now given as in the right panel of
Figure 1. The inequalities in (4) imply >, (p; —¢) < 20! —v? — %, and by the same
logic as above, there exists a profitable deviation p satisfying (4) if

0 — 02 4200t — oY) =20t — 0% =¥ > 0. (5)
From (3) and (5), we see that marginal cost pricing is not an equilibrium if
20t —v? =¥ £0, (6)

which is true for a generic specification of (v°,v',v%). On the other hand, if the
externalities are linear in the sense that v¢ — v® = hd for some h > 0 for every
d=1,2,..., then equality holds in (6). We can verify that under linear externalities,
marginal cost pricing is indeed consistent with an equilibrium. In this network,
hence, an equilibrium involving marginal cost pricing under linearity is not robust
against slight perturbations in externalities. We show that this observation on
marginal cost pricing extends to any network that is not a cycle or complete.

e Pricing strategies consistent with a monopolization equilibrium? Sup-
pose that the externalities are either linear or satisfy (3), and consider the price pair
(p*, ¢*) such that

2% 4¢, and pi=¢i=1" o' +e (7)

pi=q =" —v'+e pr=g=v
In other words, buyers 1 and 3 are offered markdowns from marginal cost ¢ whereas
buyer 2 is charged a markup from c¢. Note that when the externalities are linear,
the price vectors in (7) reduce to p = ¢ = (—h + ¢,2h 4+ ¢, —h + ¢) so that the size
of the markup or markdown equals the number of their neighbors who receive the



opposite treatment from the firms.'? Suppose that the buyers choose firm B under
this price pair o(p*, ¢*) = (B, B, B), and that when firm A deviates from p* to p,
buyers choose A only when they find A iteratively strictly dominant under (p, ¢*).
By (3), firm B’s payoff is positive under (p*,¢*). Consider firm A’s price vector p
that makes A dominant for buyer 1 in the first round, then iteratively dominant for
buyers 3 and 2 in this order in subsequent rounds. p then must satisfy

0 — p; > max {vl —qi‘,O}, v? — py > max {vo —q§,0},
v — pg > max {vo - q§,0} A3

Combining these inequalities together, we have

dpi—o)< (@ +vP—2") +> (g —c)+ (v' — ).
7 7

When the externalities are linear as defined above, the first two terms on the right-
hand side equal zero whereas the third term is < 0 as can be readily verified. It
follows that no such deviation p is profitable also when the externalities are approx-
imately linear. If, on the other hand, firm A’s price vector p makes A dominant for
buyers 2 in the first round and iteratively dominant for buyers 1 and 3 a subsequent
round as in the right panel of Figure 1, p satisfies

v' — p1 > max {20 — q1,0}, v — pa > max {v® — ¢3,0},
vt — p3 > max {vo —q3,0}.
These inequalities together imply that

Z(Pi—c)<—(UO+02—2”1)+Z(61?—6)=0-

7

Hence, no such p is profitable either. We can indeed verify that firm A has no
profitable deviation, and conclude that the pricing strategies in (7) are consistent
with a monopolization equilibrium when the externalities are linear, or approxi-
mately linear and also satisfy (3). Put differently, the equilibrium price vector (p, q)
under linearity in (7) is robust against slight perturbations in externalities which
satisfy (3). This marks a sharp contrast with the marginal cost pricing equilibrium
discussed above.!

12This is a special case of the bipartition equilibrium introduced in Section 7.

13When buyer 1 finds A dominant in round 1, buyer 2 finds B dominated by () in round 2 since he
has only one neighbor (i.e., buyer 3) who may choose B and hence v' — g5 < 0. This further implies
that buyer 3’s payoff from choosing B in any subsequent round of the iteration process equals v° — ¢}
instead of v — ¢3, as indicated in the third inequality. With 2 = B not rationalizable for buyer
2, firm A can make x3 = A iteratively dominant for buyer 3 more easily (i.e., at a higher price
p3) than in the hypothetical scenario where xo = B is rationalizable for buyer 2. However, it can
be shown generally that no deviation p by firm A is profitable if it eliminates B before A becomes
dominant. See the discussion after Proposition 7.2 in Section 7.

“We can also verify that there exists no equilibrium in which the two firms segment the market.
The supplementary material provides a necessary condition for the existence of such an equilibrium.
This condition fails in the network of this example.



5 Nash Equilibrium in the Buyers’ Game

In this section, we fix the price vector (p,q), and consider an equilibrium of the
buyers’ subgame following (p,q) in which the set of actions of each buyer i equals
S; = {A, B,0}, and his payoff function u; is defined by (1). The simultaneous-move
game (I,S = [[;c; Si, (ui)ier) among the buyers is one of strategic complementar-
ities given that any buyer’s incentive to choose A (resp. B) increases when more
buyers choose A (resp. B). As such, the buyers’ game typically has multiple equilib-
ria. Among them, we are interested in two pure Nash equilibria 24 and z” that are
extreme in the set of buyers who choose either A or B. Formally, 2% is A-mazimal
in the sense that if y is any Nash equilibrium and if any buyer i chooses A in y (i.e.,
y; = A), then he also chooses A in 24 (2! = A). Likewise, 27 is B-mazimal in the
sense that if y is any Nash equilibrium and if any buyer i chooses B in y (y; = B),
then he also chooses B in 2 (28 = B).15: 16

Formally, if we define D4 (resp. Dp and Dy) to be the set of buyers for whom z; =
A (resp. x; = B and x; = ()) is iteratively dominant, and D = D4 U D U Dy, then
any buyer ¢ € D must choose his iteratively dominant action in any NE. It follows
that any pair of NE may be different from each other only in the actions chosen
by buyers not in D. The A-maximal and B-maximal NE can then be constructed
by simply having all buyers for whom A and B are rationalizable choose A and B,
respectively, as seen in the following proposition.

Proposition 5.1 (Mazimal NE) Define z2 and =P by

A if x; = A is rationalizable,

:cf =< B if z; = B is iteratively dominant,
0 otherwise,
and
A if x; = A is iteratively dominant,
xf =< B ifx; = B is rationalizable,
0 otherwise,

Then z? and =P are the A-mazimal and B-mazimal NE, respectively.

We denote by ¢ the buyers’ strategy profile that chooses the A-maximal NE
for any price pair (p, q), and by o the strategy profile that chooses the B-maximal
NE after any (p,q). It is clear from Proposition 5.1 that when the buyers play o7,

Y Formally, the game is supermodular when the set S; of actions of each buyer is endowed with
the ordering A > () > B. The set of NE in a supermodular game has maximal and minimal elements
with respect to the partial ordering >g on S induced by . See Topkis (1998).

6 Any NE survives the iterative elimination of strictly dominated actions, and in a finite su-
permodular game, any strategy profile  that survives this process lies between z and z:
z? =5 2 =5 2. See Milgrom and Roberts (1990).

10



the set of buyers who choose A under any (p,q) equals D4(p,q). Likewise, when
they play o4, the set of buyers who choose B equals Dg(p, q):

{i: oP(p,q) = A} = Da(p,q), and {i: o{'(p.q) = B} = Dp(p,q).

Suppose now that the price vector (p*,¢*) is given, and that we want to examine
if any deviation by firm A to an alternative price vector p is profitable. A different
deviation p will induce a different iterative elimination process, and as will be seen,
the exact order in which the buyers find the choice of A iteratively dominant under
the price vector (p,¢*) determines whether this deviation by firm A is profitable or
not. For this reason, our analysis requires the description of the iterative elimination
of dominated strategies in the buyers’ game in some more detail. For any product
subset S" =[], S/ C S of action profiles such that S/ # ), buyer i’s action z; € S/ is
(strictly) dominated in S’ (by another pure action) if there exists x} € S! such that

wi(wi, w_;) < ui(xh, x_;) for every z_; € ' ,.

x; € Sl is dominant in S’ if any other action z, € S! is dominated in S” (by ;). Let
S0 =8 and for k =1,2,..., let Sf be the set of buyer i’s k-rationalizable actions,
i.e., the actions that survive the elimination of all dominated strategies in S*~1. If
x; is the unique k-rationalizable action for buyer ¢ for the first time in the iteration
process (i.e., SF~1 2 SF = {2;}), we say that action z; is k-dominant. Since each
buyer has at most two dominated actions, the above process stops in or before 2/V
rounds. Let then K be the last round of the iteration process: SK+! = SX. Define

DY ={iel: z;=Aisk-dominant}, and
RN ={iel: xz; = Ais k-rationalizable}.

(8)

For any k > 1, U’gzl Dfil is the set of buyers for whom z; = A is the unique k-
rationalizable action, and the set of buyers for whom z; = A is iteratively dominant
equals Dy = Uszl D’j‘. On the other hand, Rﬁf is the set of buyers for whom z; = A
is rationalizable. Dp, Dy, Rg and Ré( have similar interpretations. Since the above
iteration process depends on the price profile (p, q), we often write D¥ (p, q) and so
on to make this dependence explicit.

For any i, define o} = 0 and 8! = d;. For k > 2, define o¥ to be the number
of ’s neighbors j for whom x; = A is the unique (k — 1)-rationalizable action, and
B¥ to be the number of his neighbors j for whom z; = B is (k — 1)-rationalizable.
x; = A is the unique k-rationalizable action for buyer ¢ if and only if the payoff
from choosing A along with af of his neighbors is higher than that from choosing
B along with ﬁlk of his neighbors, or from choosing (). In other words, i € Ulgzl Dg
if and only if

v — p; > max {vﬁf - qi, 0},

or equivalently,
p; < min {vo‘? I G, vo‘?} . 9)

11



If z; = A is k-dominant (i € D¥) for buyer i and z; = A is either /~dominant
(j € DY) for £ > k or not iteratively dominant (j ¢ D4) for buyer j, we say that i
precedes j in the elimination process, and write ¢ <(;, o) j or simply i < 3.17 When
buyers i and j are adjacent, the precedence relation < induces an orientation of the
link between ¢ and j: The link ¢j is given the orientation ¢ — j if ¢ < j.

6 Subgame Perfect Equilibrium

We now turn to the original two-stage game including the firms. We first observe
that if a price vector (p*,¢*) is sustained in some SPE, then it must be sustained in
an SPE in which the buyers choose an extreme response to either firm’s deviation.
Formally, a strategy profile o of the buyers is extremal with respect to (p*,q*) if

{UB(p, q) ifp#p*andq=q",

o(p,q) = (10)

o (p,q) ifp=p*and ¢ # q".
In other words, when firm A unilaterally deviates from p*, then all buyers play the
B-maximal NE that least favors firm A, and when firm B unilaterally deviates from
q*, then they play the A-maximal NE that least favors firm B.

Proposition 6.1 (Bang-bang property) (p*,q*) is an SPE price vector if and only
if (p*,q*,0) is an SPE for o that is extremal with respect to (p*,q*).

Consider next firm A’s best response p to B’s price ¢ when the buyers play the
B-maximal strategy o”. We say that the set .J of buyers is independent if no pair
of buyers in J are adjacent to each other.'® The following lemma shows that if p is
any “optimal” deviation by firm A, then D’jl(p, q) is independent. In other words,
p is never optimal if there exists a pair of adjacent buyers who belong to the same
round of the elimination process. Intuitively, this is because making A dominant
for adjacent buyers ¢ and j simultaneously requires offering lower prices to both of
them than making x; = A dominant for buyer ¢ first, then making x; = A dominant
for buyer j next conditional on i choosing x; = A. For illustration, consider the line
network of Section 4. If firm A offers p that makes A dominant for buyers 1 and 2
simultaneously, then p must satisfy

p1 < min {v¥ —v' + ¢, 0"} and py < min {00 — v? + g5, 00}

On the other hand, if it offers p’ that makes A dominant for buyer 1 first and then
buyer 2 next, p’ should satisfy

P} < min {0° — o' 4 ¢}, 0%} and ph < min {g}, v'}.

It is clear that p’ can be taken so that p; + pa < p} + ph.

"For simplicity, we define the precedence relationship only for A.
18 J is also independent if it is a singleton.
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Lemma 6.2 (Strict precedence between adjacent buyers) Let the price vector (p,q)
be given and suppose that buyers i and j are adjacent. If i and j both find x; = x; =
A k-dominant for the same k under (p,q), then there is another price vector p’ such
that firm A’s payoff under (p',q) is strictly higher than that under (p,q), and that i
precedes j under (p',q): wa(p',q,0B) > walp,q,08) and i =g J-

Note that p may or may not entail strict precedence between non-adjacent buy-
ers. Note in general that firm A’s optimal deviation may be to make the choice of
A iteratively dominant for only a subset of buyers, and that the buyers may choose
A even if it is not iteratively dominant. In this sense, if we consider p that makes
A iteratively dominant for every buyer, then it gives a lower bound for firm A’s
deviation payoff. Formally, given the price vector ¢ of firm B, p is firm A’s divide-
and-conquer (DC') price vector against ¢ if it (1) entails strict precedence between
every pair of adjacent buyers (“divide”), and (2) makes A iteratively dominant for
all buyers (“conquer”). If p is a DC price vector, hence, the entire buyer network G
is given an orientation — induced by the precedence relation <.

Let a price vector (p,q) be given. For any buyer i € Da(p,q) and <==<, ),
define

sE=lGeN;: j =i} (11)

to be the number of ¢’s neighbors who precede him in the elimination process. When
no confusion arises, we omit the dependence of s;* on < and simply write s;. We
refer to s; as buyer i’s in-degree and d; — s; as i’s out-degree.

In terms of the orientation — induced by =<, buyer i’s in-degree is simply the
number of links directed toward 4, and his out-degree is the number of links directed
toward 4’s neighbors. Recall also that o is the number of i’s neighbors for whom
x; = A is the unique (k — 1)-rationalizable action (i.e., {A} = Sf_l), and (¥ is the
number of his neighbors for whom 2; = B is (k — 1)-rationalizable (i.c., B € SF™1).
Hence, if #; = A is k-dominant for buyer i (i.e., i € D%), then

S = af and d; —s; > Bf.lg (12)

In the example of Section 4, the sequence of in-degrees is given by (s1,s2,s3) =
(0,2,0) in the left panel of Figure 1 and (si,s2,s3) = (1,0,1) in the right panel.
When < induces an orientation to every link of the network G, then the sum of
in-degrees of all buyers and the sum of out-degrees of all buyers both equal the total

number M of links in G:
> si=) (di—s) =M. (13)
icl icl

Define now O¢ to be the set of all possible orientations — of the buyer network G. If

s = (87")ier is the sequence of in-degrees for the relation <, then the corresponding

YNote that d; — s; > B if i has a neighbor j for whom z; = B is not (k — 1)-rationalizable but
z; = A is not the unique (k — 1)-rationalizable action, i.e., if S¥~" = {A,0} or {0}.
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sequence of out-degrees d — s = (d; — s;%)ier equals the sequence of in-degrees for
the reverse relation <’ such that i <’ j if and only if j < 1.

By (9) and (12), a sufficient condition for the dominance of z; = A for 7 in (9)
is given by

p; < min {vsi —pdimsi 4 Gis vsi}
(14)
= 0% — %% 4 min {qi, vdi*si} .

By offering p that barely satisfies (14) for every i, hence, firm A captures all the
buyers (D(p,q) = I) and achieves the profits arbitrarily close to

Z (vsi —v%~% 4 min {qi, vdi*si} - c) . (15)
el

We hence have the following lemma that gives a lower bound for each firm’s equi-
librium payoff.

Lemma 6.3 (Lower bound on equilibrium payoffs) If (p*,q*,0) is an SPE, then

WA(p*,q*,O') Z max (Q)Si _ ’Udi_5i + min {q;k’ 'Udi_Si} _ C) ’
<€0¢ <
7
(16)
ﬂ-B(p*7q*70—) Z max (’[}Si _ ’Udi_5i + min {p;k, 'Udi_Si} _ C) .
< €0¢g

Lemma 6.3 shows that a firm’s payoff from DC is closely linked to the value of

Z (vsi - vdi_si) . (17)

el

(17) is the key quantity referred to as firm A’s benchmark payoff given <. Since
c < v <odi=si (15) reduces to (17) when firm B engages in marginal cost pricing
q¢ = (¢,...,c). The benchmark payoff can hence be interpreted as the maximal
payoff achieved by employing DC against marginal cost pricing.?’

7 Linear Externalities

When there are no adoption externalities ¢ < v? = ... = o9, it is clear that a

subgame perfect equilibrium price (p*, ¢*) is unique and equal to the marginal cost:
p* =q* = (c,...,c). In this section, we will examine if and how this result can be

2ONote that the benchmark payoff is determined by the relation < alone and independent of the
particular price vector p.
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extended when the externalities increase linearly in the size of adoption. Specifically,
we say that the externalities v = (v9,...,v%) are linear if there exists h > 0 such
that

vl =00 =dh for every d=0,1,...,d.

Linearity is a working assumption in many models of network externalities in the
literature.?! We first establish that marginal cost pricing survives as an equilibrium
under linear externalities.

Proposition 7.1 (MC pricing under linear externalities) Let G be an arbitrary
buyer network. If the externalities v are h-linear for some h > 0, p* = ¢* = (¢,...,c)
18 an equilibrium price vector.

To see the intuition behind Proposition 7.1, suppose that firm B monopolizes
the market under p* = ¢* = (c,...,c) and that the B-extremal NE o7 is played
when firm A deviates. If firm A offers a DC price vector p, then by (15), its payoff
satisfies

Z (pi—c) < Z (vsi — %% 4 min {c, vdi_si} — c)

icl el
= Z (vsi — vdi_5i> =c<
el
=0. < linearity and (13)

It can also be checked that firm A cannot profitably deviate by offering p that
attracts only a subset of buyers.

Unlike in the case of no externalities, however, there exists a large multiplicity
of equilibria in the price competition game with linear externalities. The following
proposition provides a complete characterization of the set of pricing strategies con-
sistent with a monopolization equilibrium when the two firms offer the same price
vector. For any J C I, denote by L(J) the number of links in J, and for any J,
J' I with JNJ' =0, denote by L(J, J") the number of links between .J and .J'.

Proposition 7.2 Let G be an arbitrary buyer network and suppose that the exter-
nalities v are h-linear for some h > 0. Let z = (z;);er be any price vector.

1) (p*,q*) = (2, 2) is consistent with a monopolization equilibrium if

Z (zi —¢) < hL(J, I\ J) for every J C I and Z (z; —c) =0. (18)
ieJ el

2) Suppose that v > c. If (p*,q*) = (2,2) is consistent with a monopolization
equilibrium, then z satisfies (18).

21See, for example, Caillaud and Jullien (2003), Ambrus and Argenziano (2009), Candogan et
al. (2012) and Bloch and Quérou (2013).
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One key step of the proof for Proposition 7.2(1) is Lemma A.2 in the Appendix
which shows that no deviation p is profitable unless it satisfies the following condi-
tion: Under (p,q"), every buyer i has either z; = A as the unique k-rationalizable
action, or x; = B as one of the k-rationalizable actions. This point is illustrated in
the line network of Section 4. Suppose that firm B monopolizes the market with
the price vector ¢* satisfying ¢}, ¢5 < 0, ¢5 > v! =%+ h, and >, (¢f —¢) = 0.
Suppose also that firm A deviates to p such that under (p, ¢*), all three buyers find
A iteratively dominant with the precedence relationship 1 < 3 < 2 (as in the right
panel of Figure 1). Since buyer 1 finds 1 = B dominated in round 1, and since
¢ > v!, buyer 2 finds 75 = B dominated in round 2 so that it is not 2-rationalizable.
However, xo = A is not 1- or 2-dominant and hence is not the unique 2-rationalizable
action for buyer 2. This p hence violates the above condition. Furthermore, ﬁ% =0
since buyer 3 has no neighbor for whom B is 2-rationalizable. It follows that p
should satisfy:

pr < min {® o +qf, 00} =00 — o' 447,
p3 < min {vo —° + g3, vo} =g,

po < min {v? —0° + ¢5, v*} =02,

where the last equality holds since g5 > vl > 0. It hence follows that p is not a
profitable deviation since Y, (p; —¢) < 10 —v! +v?2 4+ ¢ +¢5 —3c = (W +h)— g} < 0.

The above observation in turn implies af + ﬁf = d; for every i and k since
every neighbor of i either has A as his unique (k — 1)-rationalizable action (who
counts towards af) or B as one of the (k — 1)-rationalizable actions (who counts
towards Bf).m This substantially simplifies checking the profitability of deviations
since the deviating firm’s payoff can be evaluated in terms of the indegrees and the
markups/markdowns imposed by firm B:

K
S - <Y Y @ vt g g = 3 @ vt g o),

1€Dy k=1 ieD’j, €Dy

It is readily seen (Lemma A.1 in the Appendix) that 3 ;. | (vi—v%=%) = —hL(Dn, I\
D) so that no deviation p is profitable against ¢* which satisfies (18) for J = D 4.
The intuition behind Proposition 7.2(2) is rather simple: Suppose for example
that J = {i} and that ¢f > hL(J,I\J) = hd;. In this case, min {v° —v% + ¢}, 00} =
v% and hence firm A can profitably attract buyer i (i.e., i € Da(p,q*)) by offering
p with p; € (¢,v%) and p; = ¢ for j # i. This observation basically extends to the
case where |J| > 2.
Among the large set of pricing strategies consistent with a monopolization equi-
librium identified in Proposition 7.2, we are interested in a particular class that

22Note that this equality fails in the example given since o3 + 83 = 0 < d3.
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entails price discrimination of buyers as follows. Specifically, consider price dis-
crimination based on a binary partition of the buyer set: Buyers in one subset are
charged markups and those in the other subset are offered discounts. Formally, a
bipartition of the set I of buyers is an ordered pair (I1, I) of subsets I, Iy C I such
that Iy = I\ I;. For any i € I, denote by df the number of his neighbors in set [Ij:

dll:|Niﬂfl|, and df:|NZﬂIQ|

We say that z = (2;)er is a bipartition price vector given the bipartition ([, Io) if

d?h ifieel
ZZ‘:{Z +c 1w e 1y, (19)

—dih+c ifi€ L.

Hence, every buyer in [I; is charged a markup and every buyer in [Is is offered
a markdown from c. Furthermore, the size of the markup or markdown to each
buyer is proportional to the number of his neighbors in the other subset. We can
also verify that the markups and markdowns sum up to zero: » .;(z; —c) = 0.
A profile (p*,q*,0) is a bipartition equilibrium with monopolization given (Iy,I3)
if it is an SPE with monopolization by one of the firms and (p*,¢*) = (z,2) for
some bipartition price vector z given (I, I2). Proposition 7.3 below establishes the
existence of a bipartition equilibrium under linear externalities.

Proposition 7.3 (Bipartition equilibrium) Let G be an arbitrary buyer network and
suppose that the externalities v are h-linear for some h > 0. For any bipartition
(I1,13) of the set I, let z be the bipartition price vector given (I1,13). Then (p,q) =
(z,2) is consistent with a bipartition equilibrium.

Since the choice of the bipartition is arbitrary, the total number of bipartition
equilibria is still very large. It is interesting to note that the bipartition equilibrium
of Proposition 7.3 reduces to the marginal cost pricing equilibrium of Proposition
7.1 when the bipartition is given by (I1,2) = (0, I): In this case, no buyer has a
neighbor in the other subset, and hence a bipartition equilibrium entails offering the
marginal cost to every buyer.

8 Marginal Cost Pricing under Generic Externalities

We next consider the consequence of introducing some generic property of external-

ities. The externalities v = (v°,...,v%) are generic if for any orientation — € Og of
the buyer network,
d — s is not a permutation of s = Z (vsi — vdi*si) # 0. (20)

i€l
Since the sequence d — s of out-degrees for any orientation — equals the sequence
s of in-degrees for the reverse orientation as noted before, (20) implies that the
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benchmark payoff for some orientation is strictly positive as long as there exists an
orientation in Og for which s and d — s are not permutations of each other. The
externalities v satisfying (20) are indeed generic in the set Viz of possible externalities
in G. The condition (6) of the leading example in Section 4 corresponds to (20). The
following lemma shows that under (20), the benchmark payoff is strictly positive for
some orientation if and only if the buyer network is neither cyclic nor complete.

Lemma 8.1 (Positivity of the benchmark payoff) If the buyer network G is neither
cyclic nor complete, then s and d — s are not permutations of each other for some
orientation — so that
max (vsi — vdi*si> > 0.
—€0¢ icl
Lemma 8.1(1) is illustrated in Figure 2 for a regular network. The sequences of
in-degrees and out-degrees of buyers 1, 2 and 4 in the left panel equal

(817 592, 84) = (07 17 1)7 (dl — 51, d2 — S92, d4 - 84) = (4737 3)7
respectively, whereas those in the right panel equal
(817 592, 84) = (07 27 0)7 (dl — 51, d2 — S92, d4 - 84) = (47 274)7

respectively. Since the sequences of in-degrees and out-degrees of all other buyers
are the same in both panels, we see that if s and d — s are permutations of each
other in the left-panel, they cannot be so in the right-panel, and vice versa.

Figure 2. Illustration of Proposition 8.1(1) for a regular network

Suppose now that firm B monopolizes the market with uniform pricing ¢* (¢f =
- =¢qx > ¢). In this case, since ¢ < 00 < v%~% by assumption, the second term
on the right-hand side of (15) is non-negative:

Z (min {qi, vdi*si} — c) > 0. (21)

icl

18



Since ma(p*,q*,0) = 0, Lemma 8.1 and (21) together imply that (16) is violated
for firm A, implying the impossibility of a monopolization equilibrium with uniform
pricing.?? As seen in the following proposition, further inspection of (21) shows that
the monopolizing firm must offer a markdown from ¢ to some buyer and also charge
a markup above ©° to another buyer. Furthermore, the largest externalities in a
network cannot be too small compared with v°. The last condition is a non-trivial
restriction for networks in which the largest degree d is small as in line networks.

Proposition 8.2 (No monopolization equilibrium with uniform pricing) Suppose
that the buyer network G is neither complete nor cyclic, and that the externalities
v are generic (20). Let (p*,q*,0) be an equilibrium with monopolization by one
firm, say firm B: o(p*,q*) = (B,...,B). Then min; ¢/ < ¢, max; ¢; > 0" and
vl > 200 —c.

As depicted in Figure 2, there are networks that are not cyclic or complete, but
are symmetric with respect to every buyer. It follows from Proposition 8.2 that
those identical buyers must also face price discrimination.

We are now ready to state our main result in this section. Suppose that both
firms engage in marginal cost pricing p* = ¢* = (¢,...,¢) to all the buyers. By
Proposition 8.2, it cannot be consistent with a monopolization equilibrium unless
the network is complete or cyclic. On the other hand, it is indeed consistent with
a monopolization equilibrium in these classes of networks essentially because for
any precedence relation <, the associated sequences of indegrees and outdegrees are
permutations of each other.

Proposition 8.3 (MC pricing in cyclic and complete networks) Let a buyer net-
work G be given and the externalities v are generic (20). (p*,q¢*) = (z,z) for
z = (¢,...,c) is consistent with a monopolization equilibrium if and only if G is
either cyclic or complete.

9 Robustness of a Bipartition Equilibrium

We now examine the robustness of the equilibrium under linear externalities against
slight perturbation in the externalities. To this end, we consider externalities that
are approximately linear: For h > 0, the externalities v = (19, ...,v%) are e-close to
h-linear if

v —v® — hd| < eford=1,...,d.

2When ¢ > v°, marginal cost pricing can be consistent with an equilibrium in some cases. In
the line network of Section 4, for example, if v” < ¢ < % (20" +v®) and ¢ > max {v® — 2(v' —
0%, vt — % (v? —v°)}, then there exists an equilibrium with p° = ¢° = (¢, ¢, ¢). Intuitively, this is
so because (21) fails when ¢ > v° so that a firm’s payoff from a DC price vector may never exceed
its benchmark payoff as defined in (17).
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We also say that the (sequence of) externalities (v(n)),en approach h-linearity if for
any € > 0, there exists n such that v(n’) is e-close to h-linear for n’ > n. Given h > 0,
an equilibrium (p, ¢, o) under h-linearity is robust if there exists a non-degenerate
set V* of externalities such that (i) V* contains h-linear externalities, and (ii) for
every v € V*, there exists an equilibrium (p", ¢*, o") such that (p,¢") — (p,q) as v
approaches h-linearity from within V* and that o¥(p", ¢") = o(p,q). The following
result readily follows from Propositions 8.2 and 8.3.

Proposition 9.1 (Non-robustness of MC pricing) Suppose that v° > ¢ and let
(p,q) = (2,2) for z = (¢,...,c). Then the monopolization equilibrium (p,q, o) under
h-linearity is robust if and only if the buyer network G is a cycle or complete.

In contrast with the non-robustness of MC pricing seen in Proposition 9.1, Propo-
sition 9.2 below identifies a sufficient condition for bipartition pricing to be robust.
Consider the set of precedence relations < according to which every buyer in Ij
precedes every buyer in Is:

i <jifiely and j € Is,

and let OF be the corresponding set of orientations of the buyer network. For each
orientation — € Of and each degree d = 1,...,d, define A\ to be “the number
of buyers whose indegree equals d” minus “the number of buyers whose outdegree
equals d”:

Ay =Wi:si=d}—|{i:di—si=d} and N7 =( ?,...,A;). (22)
Clearly, A~ = 0 if and only if s and d — s are permutations of each other under the
orientation —. The sufficient condition is described in terms of these vectors A\7.
A subset J C I is mazimally independent if (1) it is independent (i.e., contains no
pair of adjacent buyers), and (2) there exists no J' 2 J that is independent.

Proposition 9.2 Let the network G be given, and (I1,I3) be the bipartition of the
set of buyers such that I is mazimally independent. Suppose that h > v° — ¢ > 0.
The bipartition equilibrium (p,q, o) under h-linearity is robust if no convex combi-
nation of the collection of vectors A ={\7 : X7 # 0, =€ O%} equals zero.

The interpretation of Proposition 9.2 is as follows: Since every buyer in I; pre-
cedes every buyer in I according to any orientation in Og, if — € O, then its
reverse is not an element of Of. This is important since the non-robustness of the
marginal cost pricing equilibrium (Lemma 8.1 and Proposition 8.3) results from the
fact that the benchmark payoff under one orientation is always the negative of that
under the reverse orientation. It may however be the case that even within O,
there exists an orientation that generates the same sequence of indegrees (up to
permutations) as that generated by the reverse of some — & OF. The condition
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that no convex combination of vectors in {A\™ : A7 # 0, — € OF} equals zero in
particular excludes such a possibility.?*

The following corollary presents easy-to-verify sufficient conditions for the re-
quirement in Proposition 9.2, and shows that a robust bipartition equilibrium exists
in a large class of networks.

Corollary 9.3 Suppose that the network G has a maximally independent set J C I
that satisfies one of the following conditions:

1) |J| > |J'| for any independent set J' C I\ J.
2) maXx;e.j dz > maxieI\J dl
3) I\ J is independent.

If h > ' — ¢ > 0, then for the bipartition (I,13) = (J, I\ J), the bipartition
equilibrium under h-linearity is robust.

10 Two-sided Markets

An extremely clear-cut characterization of equilibrium pricing under approximate
linearity is obtained when we focus on an important class of networks known as
bipartite networks. A buyer network G is bipartite if there exists a bipartition
(I, I5) such that the only links of G' are between I; and I5.25 Any tree, which is
a network with no cycle, is bipartite. For example, the line network in Figure 1 is
bipartite with the partition Iy = {1,3} and I, = {2}. More generally, a network
is bipartite if and only if the length of every cycle is even. Bipartite networks are
the most fundamental class of networks in graph theory.?® A bipartite network is
complete if every buyer in I is adjacent to every buyer in Is. A complete bipartite
network is a graph-theoretical representation of a two-sided market with global
externalities that receives much attention in the economics literature. For example,
we can think of I; as the set of sellers and I5 as the set of buyers of a certain good.
In this case, firms A and B are interpreted as the platforms that offer marketplace
to these sellers and buyers, and their prices are interpreted as participation fees
required for registration into their platforms. Under global externalities, the value
of a platform for an agent on one side of the market is monotonically increasing
in the number of agents on the other side of the market who adopt that platform.
Our characterization below applies also to two-sided markets with local externalities
where the value of a platform to any agent depends on whether the adopters of the
platform on the other side are linked to him or not.

241f the sequence of indegrees generated by —' is the same as (a permutations of ) that generated
by the reverse of — € OF, then A~ + 2 =0.

25In other words, both I; and I are independent. Condition (3) of Corollary 9.3 corresponds to
this case.

268ee for example Bollobas (1998).
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Proposition 10.1 (Monopolization equilibrium in a two-sided market) Suppose that
the buyer network G is bipartite with the bipartition (I1,15). Let h, v and ¢ > 0
satisfy h > v° — ¢ > 0. If the externalities v are sufficiently close to h-linear,
and D i1, (v — ) > Y icl (v — ), then (p*,q*) = (2,2) is consistent with a
momnopolization equilibrium if

vl — 0 4 ¢ ifi e I,
Z = 0 dl p .
v —v% 4+ ¢ ifi € L.

According to Proposition 10.1, the agents on one side are charged markups and
those on the other side are offered markdowns. Which side should be offered dis-
counts is determined by the inequality that compares the aggregate externalities
that each side enjoys when all agents on the other side adopt the same platform:
Markups are charged to the side that enjoys the larger aggregate externalities. This
pricing strategy is a natural extension of the bipartition pricing identified in Propo-
sition 7.3 given that the size of a markup/markdown to any buyer (divided by h)
approaches the number of his neighbors on the other side in the limit as the exter-
nalities approach linearity. Put differently, Proposition 10.1 shows the robustness
of bipartition pricing for a bipartite network.

The pricing strategy described in Proposition 10.1 has empirical support. While
the theoretical literature finds such a pricing strategy optimal when the platform
is a monopoly or when the externalities are global, Proposition 10.1 shows that it
is valid even when there is competition and when the externalities are local. In
particular, it is the first to identify the exact relationship between the externalities
and the direction and size of price discrimination.?” 2® The literature often discusses
global but asymmetric externalities in two-sided markets.?? In those models, the
network effect of the adoption decision of side 1 on side 2 is different from that of
side 2 on side 1. Such a model is replicated in the present framework by considering
a complete bipartite network with different numbers of buyers on each side. Which
side should receive discounts in such markets again depends on the specification of
externalities.

Figure 3 illustrates the markups and markdowns specified in Proposition 10.1
when

vt — 00 > 40! =0, (23)

2"Local externalities are important in two-sided markets as well. Consider, for example, a sport
league selling sponsorship rights to firms while selling broadcasting rights to TV stations in different
countries. Potential sponsors would be interested in knowing which countries obtain the right given
the varying degrees of their interests in those markets.

28 Alternative explanation of the markup-markdown scheme in two-sided markets is provided by
Bolt and Tieman (2008), and Parker and Van Alstyne (2005) among others.

298ee, for example, Jullien (2011).
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so that [} = {1} and Iy = {2,3,4,5}. Buyer 1 at the hub is charged a markup
whereas all the buyers in the periphery are offered a discount. We can interpret the
discount to the peripheral buyers as a protection against the inducement from the
other firm. In fact, when (23) holds, it is relatively more difficult for the other firm,
say firm A, to induce the hub buyer to switch: When for example firm B engages
in marginal cost pricing ¢¢ = (c,...,c), firm A must pay buyer 1 more than v* — v°
to make 21 = A 1-dominant, whereas he needs to pay just above 4(v! — %) to make
x; = A 1-dominant for all peripheral buyers. When the inequality (23) is reversed,
then buyer 1 now receives a discount, whereas the peripheral buyers are charged
a markup. Again, which buyer(s) should be protected depends sensitively on the
specification of externalities.

2
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Figure 3. Equilibrium markups and markdowns on a star when
vt — 00 > 4(vt —0).

One interesting observation concerns how an equilibrium changes when a link
is added to or removed from a network. Suppose that the network G’ is obtained
from the original bipartite network G by adding a link between buyer i in I; and
buyer j in Iy. If buyer 7 is charged a markup and buyer j is offered a markdown in
G, the addition of the link typically only affects only the prices charged to buyers
i and j: With the new link, the price increases by approximately h for buyer ¢ and
decreases by approximately h for buyer j. In some cases, however, the new link
may cause the regime shift in the pricing strategy. In other words, the addition
of a new link may cause I; to be the side that receives a discount, and I to be
the side that is charged a markup. When 2(v! —v%) +0v* — 00 < 3(v? — v%) and
(vt =) + (vt = v%) > (02 —v°) + (v3 — vY) in Figure 4, for example, the buyers in
I are charged markups in G but offered discounts in G’ which is obtained from G
by adding a link between 2 and 8.3°

30As seen in this example, the regime shift can take place even when the externalities are
marginally decreasing or increasing.
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I

Figure 4. Regime shift with the addition of a link: G (left) and
G’ (right).

11 Discussion

The essential feature of the market for goods with network externalities is the mul-
tiplicity of equilibria. In the present context, this corresponds to the multiplicity of
equilibria in the buyers’ subgame. Our construction of an equilibrium is based on
the assumption that following any deviation by either firm, the buyers coordinate
on the extreme equilibrium that least favors the deviator. While this assumption
supports the broadest spectrum of equilibrium, it is not consistent with, for exam-
ple, the assumption that the buyers choose the Pareto efficient alternative whenever
there is one.3" Fundamental multiplicity of equilibria also exists in the pricing game
between the firms when the externalities are linear. In this case, any pricing strategy
is consistent with an equilibrium as long as the sum of markups and markdowns
(divided by the factor of proportion h) it entails for any subset of buyers does not
exceed the number of links they have with the rest of the network. Even if we re-
strict attention to bipartition pricing strategies, there is freedom in the choice of a
binary partition as well as in the choice of the partition element to which discounts
are offered. On the other hand, the entire set of equilibrium pricing strategies is
unknown under non-linear externalities. We have shown that marginal cost pricing
is no longer consistent with a monopolization equilibrium except in the two special
classes of networks under non-linear externalities. As for bipartition pricing, we
have identified conditions under which it is robust and in a bipartite network, have
uniquely pinned down the equilibrium pricing strategy under approximate linearity
that is “close” to robust bipartition pricing under linearity. These findings may
suggest that the number of equilibrium pricing strategies is fewer under non-linear
externalities than under linear externalities.

There are a number of interesting extensions of the present model including, for

31See Ambrus and Argenziano (2009) and also Jullien (2011). One related issue concerns what
happens when one of the firms, say firm A, is focal so that the buyers play the A-maximal NE
following any price offers. See Jullien (2011).
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example, the model with a general number of firms, firms with asymmetric exter-
nalities, or a positive degree of compatibility between the goods.?? 33 It would also
be interesting to consider alternatives to the assumptions of perfect price discrimi-
nation, public observability of prices, and perfect knowledge of the firms about the
network.3

Appendix

Proof of Proposition 5.1 We show that 2 is a NE. It will be then clear that
z? is a A-maximal NE since any NE y must be rationalizable (i.e., y € S&), and
since xf‘ = A whenever A is rationalizable. For buyer i € D, x{‘ is dominant and
hence is optimal. If 4 has no dominant action (i ¢ D) and z; = A is rationalizable,

s
then x{' = A by definition. If
u; (xA) <0=u; (z; = @,xfi) ,

then () would be rationalizable and dominate z; = A. If

U; (xA) < Uy (acZ = B,xf‘i) ,

then B would be rationalizable and dominate x; = A since buyer j # 4 plays
:c}-‘l = B only if z; = B is iteratively dominant and plays 3:34 = A whenever A is

rationalizable. In either case, we would have A ¢ S5 C SK a contradiction.
If 4 has no dominant action (i ¢ D) and z; = A is not rationalizable, then the
set of rationalizable actions equals S/ = {B, 0} and z* = () by definition. If

0= (xA) < U4 (xz = Avxéi) )
then A would be rationalizable, a contradiction. If
0= (xA) < (w; = B,xéi) )

then x; = B would be rationalizable and dominate x; = () since buyer j # i plays

:c}-‘l = B only if it is iteratively dominant. This is a contradiction to the fact that
z; = () is rationalizable. O

32When there is small asymmetry in the marginal cost, the monopolization equilibrium survives
with the more efficient firm monopolizing the market.

33Endogenous determination of compatibility levels by the firms is one topic that has received
much attention in the literature. For example, Baake and Boom (2001) find in their model of global
network externalities that the firms always choose to offer compatibility in equilibrium.

34Price discrimination in the form of one full price and one discount price is studied in Candogan
et al. (2012). Pasini et al. (2008) formulate a two-sided market model in which firms only know the
degree distribution of the buyers.
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Proof of Lemma 6.2. Denote D% = D% (p,q) for k = 1,..., K, and suppose that
adjacent buyers 1 and 2 both find z; = 29 = A k-dominant (i.e., 1, 2 € Dﬁ(p, q))
for some & < K. Then it follows from (9) that for i =1, 2,

p; < min {vaf(pvq) PP 4 g vaf(pm} .
Consider now p’ such that p, = p; for i # 2, and
P2 < ph < min {Ua’zc(pvq)ﬂ PP gy va'z“(pVQ)Jrl} _ (24)
We then have

DY (' q) = Di(p,q) for £ <k —1, and D%(p',q) = D%(p,q) \ {2}.

Since 1 is adjacent to 2 (1 € N3), in round k+1 of the iteration process under (p', q),
we have,

AT q) = H] € Ny : z; = Ais k-dominant under (p’,q)}! =ob(p,q) +1,
and
MW, q) = H] € Ny : x; = B is k-rationalizable under (p/7Q)}| < B5(p,q).

It then follows from (24) that
Pl < min {va’g“(p’,q) _ B 4 qQ’Ua’g“(p’,q)} )

so that 29 = A is (k + 1)-dominant (2 € D% (p/,¢)) by (9). This further implies
that Da(p’,q) = Da(p,q). Hence

T 0% = Y i-o> Y (pi—0o)=malp.q0"),

i€Da(p',q) i€D A(p,q)

implying that p’ is a strictly better response to (q, UB) than p. ]

Proof of Proposition 6.1. If (p*, ¢*,0) is an SPE for ¢ which is extremal with
respect to (p*,q*), then (p*,¢*) is clearly an SPE price vector. Conversely, suppose
that (p*,¢*,d) is an equilibrium for some strategy profile 6 of the buyers. Let o be
the buyers’ strategy profile which (i) is extremal with respect to (p*, ¢*), and (ii)
chooses the same action profile as 6 on the path: o(p*,¢*) = 6(p*,¢*). To show
that (p*,q¢*, o) is an equilibrium, we derive a contradiction by supposing that firm
A has a profitable deviation p from p* against (¢*,0):

ma(p,q* o) > ma(0*, ", 0). (25)
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By the definition of ¢, only those buyers who have A as their iteratively dominant
action choose A: {i: o;(p,q*) = A} = Da(p,q*). Define an alternative price vector
p’ of firm A as follows:

p; =

, Jpi ifie€ Da(p,q*),
¢ otherwise.

We will show that if x; = A is iteratively dominant for buyer ¢ under (p, ¢*), then
it is also iteratively dominant under (p/,¢*): Da(p',q*) D Da(p,q*). We will show
this by proving that U§_, D4 (p',q*) D UL_, D% (p,q*) and RE(p',q*) C Rk (p,q*)
for each k =1,..., K, where K is the number of the maximum number of iterations
under (p,¢*), and RY is the set of buyers for whom x; = B is k-rationalizable as
defined in (8). Suppose first that £ = 1. We have

i e DY(p, ) & 0 — p; > max {vd" —q;, 0}, (26)

i€ Dy(,q") © 0 —p;>max{vh - g, 0}. (27)
If i € DY(p,q*), then p, = p; and hence (27) holds. It follows that D (p,q*) C
DY (p',q*). On the other hand,

4 _ g¥ > max {v° — pl, 0}, (28

— ¢} > max {v° — p;, 0}. (29

i€ RE(W.,q") & v
i€ Rp(p,q") & v

~—

d;

~—

If i € RL(p,q*) and i 6 Da(p,q*), (29) holds smce then p; = p;. Let i € RL(Y/, q*)
and i ¢ Da(p,q*). If v° —p; > 0, then v¥ — gf > v" — p; must hold since otherwise,
r; = A would be 1-dominant for 4 under (p, ¢*), a contradiction. If v —p; < 0, then
vdi — g > 0 clearly holds by (28). It follows that (29) holds in both cases so that
RE(P,q") C Rp(p, q¥).

As an induction hypothesis, suppose that U’_, D% (p,q*) C ul_, D% (p', ¢*) and
R%(p,q*) D R5(p,q*) for £ = 1,...,k — 1 for some k > 2. We then have aF =
aF(p',q*) > o¥(p,q*) = o and ﬁNf = B85, q*) < B¥(p,q*) = BF for every i. Note

that
; k K * ak gk
L E Uf@il DA(paq ) <~ v pi > max{v ‘ q; O}a (30)
i€ Ui DA, q") & o™ —pi>max{v™ —gf, 0}. (31)
Take any i € Uk_ D% (p,q*). Given that p = p; for any such 4, (31) holds since
k > a and 6’“ ﬁk It follows that i € U 1 D5(P', q*). We hence conclude that
uk_, D~ % (p,q*) C u’;;zl D% (', q*). On the other hand,
i€ RE(.q") & v — g =max{v™ —pf, 0}, (32)
i€ Ry(p,q") < - q; > max{vo‘i'C — pi, 0}. (33)

If i € R{(Y,q") and i € Da(p,q*), then p, = p; so that (32) implies (33) since
af and ﬁNf < BF. Let i€ RE(Y,q*) and i ¢ Da(p,q*). If e — p; > 0, then

2
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WP — q; > v — p; must hold since otherwise, z; = A would be k-dominant for ¢
under (p, ¢*), a contradiction. If e —p; <0, then B — q > WP — g; > 0 holds by
(32). Tt follows that (33) holds in both cases so that RY(p',¢*) € R%(p,q*). This
completes the induction step.

The above argument shows that 74(p/,¢*,0) = wa(p,¢*,0) since any buyer
i € Da(p,q*) chooses A also under (p',q*) for the same price p; = p;, and the
contribution to firm A’s payoff of any buyer i € DA (p,q*) \ Da(p,q*) equals zero
since p, = c. Finally, {i : 6;(p',q*) = A} D Da(p',q*), and if 5;(p', ¢*) = A and
i ¢ Da(p',q"), then i’s contribution to firm A’s payoff equals zero since p; = c.
It hence follows that wa(p',¢*,6) = wa(p',¢*,0) = wa(p,q*,0). This, along with
wa(p*,q¢*,6) = ma(p*, ¢*, o) by the definition of o, shows that if (25) holds, then p’
is a profitable deviation for firm A against (¢*,d), which is a contradiction. O

Proof of Lemma 6.3. Let ¢ > 0 and orientation — € O¢ be given. Define the
price vector p = (p;)ier by

pi = min {v% — % 4 g %) — e (34)

p is then a DC vector so that D4(p,q*) = I. Hence, firm A’s payoff under (p, ¢*, o)
satisfies
walp,q*,0) = Z (min {v%i — %S 4 g vSi} — e — c) .
el
Since € > 0 and — € Og are arbitrary, if (16) does not hold, then we would have a
contradiction wa(p, ¢*,0) > wa(p*,q*, 0). O

Proof of Proposition 7.1. Let p* = ¢* = (¢,...,c). Let o be the extremal
strategy profile with respect to (p*, ¢*) with o(p*,¢*) = (B,..., B) so that B mo-
nopolizes the market under (p*, ¢*). Now consider any deviation p # p* by firm A
and write D% = D¥(p,q¢*) (k = 1,...,K). Since v —¢f =" —¢ >0, 2; = B
is never dominated by z; = (). Furthermore, if z; = A dominates x; = B, then
x; = A also dominates z; = (). If follows that for any i and k, either x; = A is the
unique (k — 1)-rationalizable action (SF~! = {A}) or #; = B is (k — 1)-rationalizable
(B € Sf_l). Hence, for any ¢ and k,

ﬁf = di — Ck,f: .
It then follows from (9) that

k
@

. k k & o
pl < min {Uai _Uﬁi +q;7’l)ai} Sva —Udl Qy _i_c-

Denote the number of links in J C I by L(J), and that between J and J' C I\ J
by L(J,J'). We then have

> di=2L(Da)+ L(Da, I\ Da) and Y af = L(Da). (35)
i€Dy ieDk
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Hence, firm A’s payoff satisfies

malp, g 0") =) (pi—c)
€Dy
K
35 (-
k=1 ieD¥
K
5> (204? - di>
k=1 ie Dk
= —hL(Das,1\ Dy) <0
Therefore, p is not a profitable deviation. O

Proof of Proposition 7.2 The proof uses three lemmas (Lemmas A.1, A.2, and
A.3) presented below.

1) Suppose that (18) holds. Let o be extremal with respect to (p*, ¢*) and o(p*, ¢*) =
(B,...,B). It follows from Lemma A.2 that if p is any profitable deviation, then
BF = d; — aF for any i and k. Hence, if i € Da(p, ¢*), p; must satisfy

k

pi < min {va? — o7 +¢f, vaf} < oo — ol 4 g (36)

Take any J C I and take any p such that Dy(p,¢*) = J. It then follows from
Lemma A.1 that

7TA(pa q*,O') = Z (pl - C)
e
<D = g - o)
e
< —hL(J, I\ J)+hL(J, I\ J) = 0.

Hence, firm A has no profitable deviation.

2) Suppose that (18) fails. Suppose that firm B monopolizes the market under
(p*,q¢"): o(p*,q*) = (B,...,B). In view of Proposition 6.1, we may suppose that o
is extremal with respect to (p*,q*). If > .c; (z: —¢) = mg(p*,¢*, o) <0, then (p*, ¢*)
is clearly inconsistent with an SPE. Suppose then that »,_; (z; —¢) > hL(J, I\ J)
for some J C I. By setting K = ) in Lemma A.3, we see that when the buyers play
the B-maximal NE ¢, firm A can choose p so that D4(p,q*) = J and make its
payoff arbitrarily close to

r(J|0,¢") > —hL(J, I\ J) + min {Z (¢} — ), n(v® = ¢) + hL(J, T\ J)}. (37)
jeJ
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By assumption, the RHS of (37) is > 0, implying that there exists p such that
7a(p,q*,0B) > 0. Since o is extremal with respect to (p*, ¢*), we have m4(p, ¢*,0) =
7A(p, q*,0B) > 0 = 7a(p*, ¢*,0) so that p is a profitable deviation against ¢*. [

Lemma A.1 Let the network G be given and suppose that the externalities are
h-linear for h > 0. Then for any (p,q) and Da = D4(p,q),

K
%Z S (v —vtet) = —L(Da, 1\ Da).
k=

1 ieDk

Proof of Lemma A.1 The conclusion follows since v® — v®%—07 = h(2aF — d;),
K K
2 k=1 Zz‘eDg O‘f = L(Da), and )5y Zz‘eDg di = 2L(Da) + L(Da, I \ Da). O

Lemma A.2 Let the buyer network G be given. Suppose that the externalities v
are h-linear for h > 0. Let q* be any price vector satisfying

Z(q;—c)ghL(J,I\J) forany J C 1. (38)
e

If firm A’s price vector p is such that wa(p,q*,cP) > 0, then the following holds
under (p,q*): For anyi €I and k=1,...,K, either

(i) x; = B is k-rationalizable (i.e., B € S¥), or
(ii) z; = A is the unique k-rationalizable action (i.e., {A} = SF).

Furthermore, for any such p, of + B = d; for everyi and k.

Proof of Lemma A.2 Note that the second statement of the proposition follows
from (39): For any ¢ € I and k > 2, every neighbor j of i has either x; = A as their
unique (k — 1)-rationalizable action or z; = B as one of the (k — 1)-rationalizable
actions. Hence, af + ﬁf =d;.

Write D% = D (p, ¢*). We show that the failure of (39) implies 7 (p, ¢*, o?) <
0. For simplicity, we suppose that (39) fails for a single i so that B ¢ SF and
{A} # SF for some k. Let k > 2 be the smallest such k so that B € SF~! and
B ¢ Sf‘. We must have v% < q; since if e > ¢f, for B ¢ Sf to take place,
x; = B must be dominated by z; = A in S*~! so that e —pi > WP — q; > 0.
This, however, shows that z; = A also dominates z; = () and hence is the unique
k-rationalizable action (S¥ = {A}), which is a contradiction. For any j # i, (39)
holds by assumption, and hence for any £ =1,..., K,

. ¢ -1 01
Jj€Dy= S #{A} = BeS; .
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Suppose first that ¢ € D'} for some m > k. By the above observation, for any j

and ¢ such that j € Dﬁ, 6§ is given as follows:

dj — of if j € D\ N;, or
ﬁf: if j€ N;NDY and £ < kor{>m+1, (40)
dj—af—1 ifjeNynDjand k+1<¢<m—1.
Furthermore, since 8" < Bf, if x; = A is m-dominant, then p; should satisfy
pi<min{vl — A" +qz,vl}:v°‘§n. (41)
Using (40) and (41), we can evaluate firm A’s payoff under (p,q*,c?) as follows:
ma(p,q*,0") = Z (pj — )
J€D4
K £ 7 £
<X 3 (min {oF oW T} o)
=1 jeDY
m—1 ) )
<> X (-G
l=k+1 jeN,nDY (42)
3 X (g =)
S5 seva
Y (et -
J#z
jGDA\N
+ (v —¢)
Rewriting of (42) yields
K £
At o) <30 3 (=t g )
/=1 je f;‘
(43)

t=k+1 jeN;nD%

-
dj—at dj—a’—1 d;

DI M (e
di—at di—at—1 d;—am

<X X (et el g

m—1
{=k+1 jeN,nD
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where the last inequality follows from Lemma A.1 and (38). Linearity then implies
that

m—1
ma(p gt o) <ot gt Y Yk
(=k+1 jeN;nDY (44)

=0+ h(d; — ") —qf +h ‘Ni NUL DY
When m — 1 > k + 1, (44) reduces to

ma(p,q*,0%) <o’ +h(d; — o) = ¢f + h(a]" — o)

=0+ h(d; — o) — g
B{C-Fl « (45)

§vﬁf—q;‘<0.

The same inequality holds true also when m =k + 1 or m = k since " = af“ in
those cases.®> When i ¢ D4, (42) holds with m replaced by K + 1 and without the
last term v®" — ¢ > 0 on the right-hand side. It follows that m4(p,q*,c”) < 0 in
this case as well. U

Suppose that the externalities are h-linear. Given firm B’s price vector ¢ and disjoint
sets K, J C I of buyers, suppose that firm A offers p such that under (p, q), (i) z; = A
is iteratively dominant for i« € K U J, and (ii) the buyers in K precede the buyers in
J. Let ra(J | K,q) denote the supremum of firm A’s payoff from J when it chooses
a price vector p satisfying these conditions:

ra(J | K,q) = sup {Z(pi—c):KUJ:DA(p,q),i-<jifi€Kandj€J}.
ieJ

Lemma A.3 For any K and J C I such that K NJ = (), if we denote ¢; =
min {qi,vdi*df}, then

r(J | K, q) > h{L(J, K)— L(J,I\ (KU J))}

+ min {Z (@ — ¢), n(v® — ¢) + hL(J, T\ (K U J))}.
jeJ

(46)

Proof. We proceed by induction on the size of J. Take any J such that J = {j}
for any j € I. Then j finds A dominant and is preceded by buyers in K if vl — pj >

3*When m = k, af'“ =a"t = !Ni NUpL, Dﬁ,| = |Ni N Uznz_ll Dﬁ,! = q;" since i € D’} implies
N; N D} =0 by Lemma 6.2.
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max {vd —d ¢;,0} so that any p; with p; < v 4 %= 4 min {qj,v i } =
AL A ¢; will ensure that j € D4(p,q). Hence, (46) holds since
r({j} [ K. q)
> df— d; d] +q—c

= n{L({j}, K) = LIGL T\ (K U () }
+mln{qj—c, v —c+hL({j},I\(KU{j}))}.

Let n > 1 be given, and suppose as an induction hypothesis that (46) holds for
every J such that |J| < n. Take any J such that |J| = n + 1. Suppose without loss
of generality that 1 € J and let J_; = J \ {1}. Note that r(J | K, q) satisfies

r(J] K,q) = max {r({1} | K.q) +7(J-1 | K U{1},0), -
Pt | Kog) + ({1} | KUJo1,q) .

The first term on the right-hand side equals the bound when buyer 1 precedes buyers
in J_1, and the second term equals the bound when buyers in J_; precede buyer 1.
By the induction hypothesis, we can evaluate each term on the right-hand side of
(47) as follows. First, since

r({1} | K.q) = h{ L{LL ) = LHLL T\ (KU ) |+ — e,
and
P71 | KU{T}a) > h{ (1, K U{1}) = LT, T\ (K UT) b

+min{ Z (gj — ), n(v® —¢) + hL(J-1,T\ (KU J))},
JjeJ 1

we have
r(J | K, q) — h{L(J, K)— L(J,I\ (KU J))}

> g — c+min{ > (@ —¢) n(@ — )+ hL(J_y, I\ (K U J))}.
jeJ_1

(48)

Next, since

r(J_1 | K,q) > h{L(J_l, K)— L(J_1,I\ (KU J_l))}

+min{ 3" (@~ ¢) n(® — )+ hL(J_y, I\ (K U J,l))},
JEJ-1
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and

({1} K UJ1,9) > {L({1}, K UJy) = L1 T\ (K U )
+ min {q1 e, 0% — e+ hL{1}, 1\ (K U J))},
we have
r(J | K,q) = B{L(J, K) = L(L T\ (K U.J)) |

> min{ Z (g — ), n(v" —¢) + hL(J_1,T\ (K U Jfl))} (49)
jeJ_1

+ min {@ — e, — e+ hL{1}, I\ (K U J))}.
We now consider the following two cases separately. Let dj = |N; \ (K U .J)| be the
number of j’s neighbors not in K U J.
Case 1. If g; < v for every j € J, then
Z (@ —c) <n(@ —c)+h Z dj =n(@® —¢) +hL(J_1, T\ (K UJ)),
JEJ 1 JeJ 1
Substitution of this into (48) yields

r(J | K,q) = B{L(LK) = LI\ (KU f 2 a1 — e+ Y (g -
JjeJ-1

:Z(%_

jed

Case 2. If g; > v for some j € J, suppose without loss of generality that ¢q; > v
so that
ql—C>UO—C+d1h.

First, if > e, (g5 —¢) > n(v® —¢) +hL(J_1,I\ (K UJ_1)), then it follows from
(49) that

r(J | K,q) = h{L(J, K) = L(J, I\ (K UJ)) }

> n( —¢) + L(J_1, 1\ (KUJ_1)h+0" —c+dih

P{L(I1, T\ (K U J-0) + L{LL T\ (K UT)) |
(

= (n+
(n+1)( — )+ h{ LI\ (K U D) + L(J1, {1}) |
> (n+

D —¢

) +
) +
1)(0° = ¢) + hL(J,1\ (K U.J)).
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Next, if n(v? —c¢) +hL(J_1, I\ (KUJ)) < djes o (@i—o) < n(v® —e)+hL(J_ 1,1\
(K UJ_1)), then it follows from (48) that

r(J | K,q) = h{L(J, K) = L(J T\ (K U.J)) |

>q —c+n(® —c¢)+hL(J_, I\ (KU.J))

>0 —c+dih+n(@ —¢)+hL(J_1, 1\ (KU.J))

= (n+ 1) = )+ A{ LI 1, I\ (K UJ) + LH{1L T\ (KU D))}

=+ 1) —¢) +hL(J, T\ (K U.J)).
Finally, if > 7.,  (gj —¢) < n(v® —¢) + hL(J_1,1\ (K UJ)), then it follows from
(48) that

r(J | K,q) = h{L(J, K) = L(J, I\ (K UJ)) |

>q—ct+ > (G—o)=>_ (g —o.

JjeJ_1 jedJ
In all cases, we have shown that (46) holds for any J with |J| = n+1. This completes
the proof. O

Proof of Proposition 7.3. The proof uses Lemma A.4 presented below. Take
any bipartition (I, I2) of the buyer set and let z be the corresponding bipartition
price vector. Define p* = ¢* = z and o to be extremal with respect to (p*, ¢*) with
o(p*,q*) = (B,...,B). Suppose that p # p* is an arbitrary deviation by firm A.
By Lemma A.2, we may restrict attention to p such that

BE(p,q*) = d; — o (p, ¢*) for any i and k.
If i € D4, then (9) implies that
p; < min {v —_— +qz,v Z} < —vdi*af—i—qf.
Furthermore, Lemma A.4 shows that
1 K k k
=3 (vai _ et g c> = L(DA, 1\ Da) — L(Is N D, I\ D) < 0.
k=1 je Dk
It hence follows that

K K
ML 9< 3 (vt — o) <o

k=1 ieD

b?r

Therefore, no deviation p is profitable. O
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Lemma A.4 Let the network G be given and suppose that the externalities are h-
linear for h > 0. If (I1,1I2) is any bipartition and q* = z for the bipartition price
vector z given (I1,I2) defined in (19), then for any p,

K

1 k ok «

=303 (v vt 4 gf ) = ~L(Da, 11\ Da) — L(L N Da, I\ Da).
k=1 ieDk

Proof. It follows from Lemma A.1 and the definition of ¢* that

1 at k k
SR

k=1 ieDj} (50)
= —L(Da, I\Da)+ > di— > dj.
€D NI i€DANIo
Since
> d&i— Y d =L(IinDa, I\ Da) — L(I,NDa, L1\ Da),  (51)
1€D NIy €D N2
and

L(DA,I\DA) = L(Il NDga, I \DA) +L(Il N Dy, I \DA)
—i—L(IQ ﬂDA,I\DA),

the right-hand side of (50) reduces to —L(Da,I1 \ Dao) — L(IoNDa,I\ Dy). O

Proof of Lemma 8.1. 1) Suppose that G is neither cyclic nor complete. We will
consider the following two cases separately.

i) G is not regular.

Since G is not regular, we may suppose, with renaming of buyers if necessary,
that buyers 1 and 2 are adjacent, and that d; = d and dy < d, where d > 2 is the
highest degree in G. Suppose further that buyer 3 is adjacent to 1 but not to 2. To
see that there exists such a buyer, suppose to the contrary that every neighbor of 1
(except 2) is also a neighbor of 2. Then 2 has at least d neighbors, a contradiction.
Name other buyers arbitrarily. Consider first the orientation — that is induced by
the precedence relation < such that

3<1<2<iforany i > 4.
We then have

(817 592, 83) - (17 17 0) )

_ 52
(dy = s1,dy — s3,d3 — s3) = (d — 1,dy — 1,d3) . (52
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If s is not a permutation of d — s, then we are done. Suppose then that s is
a permutation of d — s, and consider an alternative orientation —' of G that is
induced by <’ which agrees with < defined above everywhere except between 1 and
2:

3<'2<"1<"iforeveryi>4,and (i <'j<i<j)fori,j>4.

Let s’ = (sf/)ie 7 be the sequence of in-degrees corresponding to this alternative
orientation —’. Then

(5'1,5'2,5%) =(0,2,0),

_ 53
(dl—Sll,dQ—SIQ,dB—SIB):(d2,d—2,d3). ( )
We also have
({2‘24: di—si:OH :({2‘24: di—s;:OH,
(54)
{i24: si:O}‘:Hizllz 8;:0}‘.
The following two cases are considered separately.
a) dQ =1.
In this case, (52) and (53 ) imply that
‘{153: di—sizo}(:‘{igzs: si:OH:l.
Hence, since d — s is a permutation of s, we must have
Hi>4:di—s;=0}={i>4:s =0}.
It then follows from (54) that
|{i24:di—8220}‘:‘{i24:sgzOH. (55)
However,
{i<3:di—s;=0}<1<2=|[{i<3:s;=0}. (56)

(55) and (56) together show that d — s’ cannot be a permutation of s'.

b) dy > 2.

In this case, we have d > 3 since d > d; > 2, and also

{i<s: di—sizo}‘:0<1:‘{i§3: si:o}‘.
Hence, since d — s is a permutation of s,

’{2‘24:di—SZ‘ZO}‘Z‘{Z‘Zﬁlt8@20}’4-1.

37



It then follows from (54) that
{izd:di—s;=0}=|{i>4:s;=0}|+1. (57)

However, (52) and (53 ) imply that

Hz’ﬁ?;:dl-—s;:O}‘:Hig?):s;:O}‘—Q (58)

(57) and (58) together imply that d — s’ is not a permutation of s’.

ii) G is r-regular with 2 <r < N — 1.

Since G is connected and not complete, we may suppose, with renaming if nec-
essary, that buyers 1 and 2 are adjacent, and that buyer 3 is adjacent to 2 but not to
1. To see that this is possible, suppose to the contrary that for any pair of adjacent
buyers i and j, any buyer k # ¢ adjacent to j is also adjacent to i. We then show
that G must be complete. Take any pair of buyers ¢ and j. Since G is connected,
there is a path k1 =i — ko — -+ = k1 — ky, = j. Since ks is adjacent to i = ky
and k3 is adjacent to ks, ks is adjacent to ¢ as well by the above. Now since ky is
adjacent to ks, it is also adjacent to i. Proceeding the same way, we conclude that
j = kpn, is adjacent to i« = ki, implying that G is complete.

We now name buyers other than 1, 2, and 3 arbitrarily. For the orientation —
induced by < such that

1 <2<3<iforanyi>4,

the associated sequence s = (53¢

7 )ier of indegrees satisfies

(81782783) - (0717 1)7
(dy — s1,dy — s9,d3 — s3) = (r,r — 1, —1).

If d — s is a not permutation of s, then we are done. Suppose then that d — s is a
permutation of s. We then must have

‘{i:sizo}‘:‘{i:di—sizo}. (59)

Consider an alternative orientation induced by <’ that agrees with < everywhere
except between 2 and 3:

1<'3<2<"ifori>4 andi<"jei<jfori, j>4.

If we denote by s’ = (sf/)ie 1 the sequence of indegrees associated with <’, then it
satisfies

(s'l,s'g,sg) =(0,2,0),
(d1 — 8, dy — 845, d3 —sg) = (r,r—2,7).
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Since r > 2, if (59) holds, then the same argument as in the non-regular case shows
that

)

‘{z s;:O}‘#‘{i:di—(S;:O}

implying that d — s’ is not a permutation of s’.

2) Suppose that G is cyclic, and let the orientation — € Og be given. Denote by
s = (s7")ier the sequence of indegrees associated with <. Let Jo = {i : s; = 2} and
Jo = {i: s; = 0}, and consider any distinct (and non-adjacent) buyers in Jo such
that there is no buyer in J on the shorter path between them. Clearly, there exists
exactly one buyer on that path who belongs to Jy. It follows that |Jo| = |Jp|. Since
s; = d; — s; = 1 for any buyer who is not in Js or Jy, s is a permutation of d — s.
Suppose next that G is complete, and let the orientation — € Og be given. If
we denote by s = (s7%);er the sequence of indegrees associated with <, then s is a
permutation of the sequence 0,1,2,..., N —1. Since d; —s; = (N —1) —s;, it follows
that d — s is also a permutation of 0,1,2,..., N — 1. Hence, s is a permutation of
d—s. O

Proof of Proposition 8.2. Suppose that G is neither cyclic or complete, and
let (p*,¢*,0) be any SPE. By Lemma 8.1, Y, (v¥ — v%~%) > 0 for some — € Og.
Lemma 6.3 then implies that for any such — € Og,

wa(p*,q*, o) > Z (min {q, vdi_si} — c) > Z (min {q, vo} — c) . (60)
el el
Suppose now that firm B monopolizes the market: o(p*,¢*) = (B,..., B) so that
ma(p*,¢*,0) = 0 and 7g(p*,q*,0) = > ,(¢f —¢) > 0. If min; ¢ > ¢, then
Ta(p*,q*,0) = 0 < 3, (min{g},v°} —¢), contradicting (60). If max; ¢f < 7,
then we have a contradiction to (60) since

ma(p*,q*,0) <mp(p*,¢*,0) = Z (gi —c) = Z (min {g},2"} — ).

7 %

Note now that ¢ < v% —v0 4 for every i since otherwise firm A can profitably switch
buyer i to A by p such that ¢ < p; < vo—vdi+q;‘ and p; = c for j # 1. If v? < 200 —¢,
then we have a contradiction to the above since max; ¢ < vd — 9 4 ¢ < Y. ]

Proof of Proposition 8.3 Let p* = ¢* = (¢,...,c), and suppose that o is ex-
tremal with respect to (p*,¢*) with o(p*,¢*) = (B,...,B).

1) G is a cycle.

Fix any deviation p # p* by firm A and write D¥ = Dk (p, ¢*). Since ° — ¢} =
v} —¢ >0, z; = B is never dominated by z; = () for any buyer i. Furthermore, if
xz; = A dominates z; = B, x; = A also dominates x; = (). It follows that for any i

0
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and k, either z; = A is the unique (k — 1)-rationalizable action ({A} = SF71), or
z; = B is (k — 1)-rationalizable (B € SF~1). Hence for any i and k,

Bf=2-af

i .
Suppose now that z; = A is k-dominant (i € D’j‘). Then we have by (9),

. . . . k ok
p; < min {val — % 4o, val} =% — 0?7 fc.

More specifically, 4 finds z; = A 1-dominant if p; < 1% — v? + ¢, and k-dominant for
k > 1 either if (i) p; < c and exactly one of i’s two neighbors precedes i (af = 1), or
(ii) p; < v — 1% + ¢ and both his neighbors precede him (a¥ = 2). In particular, if
buyer ¢ precedes both his neighbors, then i € Di‘. Firm A’s payoff under (p, ¢*,0)
hence satisfies

Tl q*0) =) Y (o)

k=1 ieD¥

K
< DA = v?) + (* =0") Y ‘{i e DX ol =2},
=2

Since no buyer finds x; = A k-dominant for & > 2 if neither of his neighbors precedes
him, the number of components (i.e, connected clusters of buyers) in Ullf:ll Dﬁ is
less than or equal to that in Dil for any k.3 It follows that

K

Y i€ Dji:af =2} <D}
k=2

We can therefore conclude that 74(p, ¢*,0) < 0.

2) G is complete.
Define D% = D¥(p,q*) (k = 1,...,K) as above. Denote by o* the number of
buyers who find z; = A k-dominant for 1,... &k — 1:

Ea

~1
o = ‘Dg‘.
1

~
Il

Since G is complete, for any buyer ¢, the number af of i’s neighbors who precede
him equals o*. Furthermore, by Lemma 6.2, we only need consider p such that each
fo‘ contains a single buyer. (If D’jl contains two or more buyers, then since G is

36 A set J C I is connected if for any pair of buyers i, j in J, there exists a path within J between
i and j. For any kK = 1 or 2, J C I is a component of Iy if it is connected and no L C I with
L D J is connected.
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complete, those buyers are adjacent.) Hence, without loss of generality, let DY = {k}
for each k =1,..., N. Just as in the case of a cyclic network, ¢* = (¢, ..., ¢) implies
that ﬁf =d; — af for any 7 and k. It follows that

pk<vak—val*O‘k+cfork::1,...,K.

Firm A’s payoff under (p, ¢*, o) hence satisfies

N K
Alp,q*,0) Z pr — C) Z (vo‘k - vN_l_o‘k) . (61)

k=1 k=1

It can then readily be verified that the right-hand side is maximized when K = N
and that the maximum value equals zero. Hence, firm A has no profitable deviation.
O

Proof of Proposition 9.1. If G is either cyclic or complete, then (p’,¢") = (z, 2)
is consistent with a monopolization equilibrium for any externalities v by Proposition
8.3. Conversely, suppose that G is neither cyclic nor complete. Note that if (p¥, ¢")
is sufficiently close to (2, z), then max; ¢} < vY must hold since v° > ¢. Proposition
8.2 then shows that (p”,¢"”) cannot be consistent with a monopolization equilibrium
unless the externalities are non-generic. U

Proof of Proposition 9.2 The proof uses Lemmas A.5 and A.6 presented below.
Given the externalities v, we begin by defining the price vector z¥. As v approaches
h-linear externalities, this price vector z¥ approaches the bipartition price vector z
defined in (19). Fix any orientation — € Of and let s = (s;7);er. Let

G = Z (vdi - vo) . (62)
i€l

Suppose that I consists of T' components (Igt)t:17...7T.37 For each component Iy,
let

— €0g,

T
(o = max (vsi - vd"_si) , and (= Z Cot. (63)
t=1

1€ IQt

Define the set V* of externalities by
={v: A= — (>0}

V* is non-degenerate as will be seen below, and contains the h-linear externalities
as one of its elements since then (; = (5. Let now a price vector z¥ be defined by

) vd?—v0+c ifi € I, (64)
Z; = . 1 oo
72 ! d; +c. ifie Iy.

37See Figure 5 and Footnote 36.
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I

Figure 5. Components of Ip: Iy = Iy U Iz 9.

In Figure 5, for example, (21 and (22 equal

0 4 1

Cg,1:v2—v and Cg,gzmax{v - —1—1)3—1)0,@2—@1—1—@5—@0},

and hence the price vector z is given by

2 1

A= =02 =04, =0 —1"4¢ =0vl-1+¢

1 1 2
zg:zg:—§<2,1+c, Z$:—§C2,2+C and Z§:—§C2,2+C.

Note that as v approaches h-linear externalities, vl — 0 — d%h, and % —h
j€lag 7y
so that z¥ — z for the bipartition price vector z defined in (19).
In what follows, we set p* = ¢* = z" and let o be extremal with respect to
(p*, ¢*) with monopolization by firm B on the path: o(p*,¢*) = (B,...,B). By
construction, we have

mA(p*,q%0) =0 and 7(p*,q"0) =) (2} —¢) =G — (> 0.
il

We first note that the set V* is non-degenerate under the stated condition of
Proposition 9.2. For this, define

eg=v—10—dhford=1,...,d, and € = (e1,...,£4)-
Note that
veV® & AT-e=Aer+-+A]eg <0 for every — € O,

To show that V* is non-degenerate, hence, it suffices to show that the set defined
by the corresponding strict inequalities is non-empty:

{EGRJ: A7 -e < 0 for every — € Of; such that )\H%O};«é(b.
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By Theorem 22.2 of Rockafellar (1997, p198), this holds if and only if no convex
combination of the collection of vectors {\™ : A7 # 0, =€ Of} equals zero, as
required by the proposition.

The remainder of the proof shows that no deviation p by firm A is profitable

when v € Z* is e-close to h-linear, 2V satisfies |2} — z;| < € for every ¢, and € <

W—c h—0+c
2 2d

ﬁf =d; — af for any 7 and k. In this case, if z; = A is k-dominant for buyer i (i.e.,

i € D%), then it should satisfy

min{giN, }. By Lemma A.6, we may restrict attention to p for which

pi < min {vo‘f — % 4 g, vo‘?} < oo — il 4 g, (65)
We now proceed in the following steps.

1. Any profitable deviation p attracts at least one buyer in I;: I1 N D # 0.

If Dy C I3, then every neighbor of ¢ € D4 should also belong to D4 since
otherwise, L(I; N D, I\ Dy) > 1 and hence m4(p, ¢*,0) < 0 under approximate
linearity by Lemma A.5. Proceeding iteratively, every buyer who is connected
to i should belong to D 4. Since the network G is connected, there must exist
7 € I N Dy, a contradiction.

2. Any profitable deviation p attracts at least one buyer in I and all his neighbors:
IgﬂDA;é(Z)and N; CDyforieclanNDy.

Since I is independent, if D4 C I;, then

K
gt o?) <D N (=t )+ Y @ -9 = ()

k=1 Z'GDIZ 1€D 4

= Z (vo — vdl) + Z (vdi — vo) < (62)
i€D p 1€D 7

=0.

It follows that if p is a profitable deviation, then I N D4 # 0. If N;\ D4 # 0 for
some i € IyN Dy, there is a link between I;N Dy and I\ D 4. Since ﬁf =d; — af
for every i and k, m4(p,q*,0) < 0 by Lemma A.5.

3. If p is any profitable deviation, then x; = A is 1-dominant for any buyer i € I
and is k-dominant for k > 2 for any buyer i € Iy: DY C I, and D’j‘ C Iy for
k > 2.

i) If i € Iy, then S¥ C {A,B} fork=1,..., K.
If i € I, vo—q;‘:vo+d%h—c>080tha‘c x; = () is dominated by z; = B
in S9.
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ii) If i € I; N D% for some k > 2, then N; N DX™! £ 0.
Suppose to the contrary that ¢ € I; N fo‘ and N; N Dljfl = () for some ¢ and
k > 2. We then have af_l = of. Furthermore, since Sf_l C {A, B} for
every j € N; C Iy by (3i), j ¢ D" implies that B € S/> = Be SF~. It
follows that ﬁffl = ﬁf. Hence, if ; = A is not (k — 1)-dominant, then it
cannot be k-dominant since

k—1
@

k—1
v —pigmax{vﬁi —q;‘,O} = vaf—pigmax{vﬁf—q;‘,()}.

This is a contradiction to ¢ € D’j‘.

iii) If I; N D% # 0 for some k > 2, then p is not profitable.
Let k > 2 and i € I; N DY. We have N; N D¥™' # 0 by (3ii). It then
follows that 8% < |N;| — 1 = d? — 1. By Lemma A.6, we conclude that
ma(p,q*,0B) <.

iv) If i € I, N DY, then p is not profitable.
Let i € Iy N DY. Since I is maximally independent, there exists j € N; N 1.
For this j, we have 5? <|Nj|—-1= d? — 1 and hence ma(p, ¢*,07) < 0 by
Lemma A.6.

v) If p is a profitable deviation, then Dil C Iy, sz C Iy for k> 2, N; C Dy for
1€ IsNDy.
Suppose that 74 (p,q*, o) > 0. By (3iii) and (3iv), we must have D}, C I
and D¥ C I, for k > 2. By Step 2, N; C D4 for i € [N Da. O

4. No deviation p is profitable.

By Step 3, we may restrict attention to p such that DY (p, ¢*) C I, and D% (p, ¢*) C
I, for k > 2. By Steps 1 and 2, we may also suppose that I; N D4 # () and that

I> N D4 consists of components of I that are adjacent only to I1 N D 4. Suppose

for simplicity that Io N D4 consists of a single component Io; of Is. Then

7TA(pa q*a UB)

K
<> W - g -+ Y 0 vt p g —0) = (65)

ieD} k=2 ieDk
K
k k
= Z Z (v — v = Gy < (62) and (63)
k=2 je Dk
<0
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Lemma A.5 Let the network G and the bipartition (I, I3) of the buyer set be given.
For each € > 0, take externalities v(e) and the price vector ¢*(g) such that v(e) is e-
close to h-linear (h > 0), and that |q (¢) —z;| < € for every i for the bipartition price
vector z given (I1, I). Then for e > 0 sufficiently small, wa(p, ¢* (¢),07) < 0 for any
p such that ﬁlk = di—af for everyi and k, and L(D 4, 1\DA)+L(IsND4,I\D4) > 1.

Proof. Let e < 3LN Take p such that ﬂf =d; — af for every 7 and k. Then

K
AP, d*(e),0")=> " > (mi—c)

k=1 ie Dk

k=1 je Dk
< —h+3|Dale <0,

where next to the last inequality follows from Lemma A.4 and our assumption that
L(Da, 11\ Da)+ L(IoNDa,I\ Dy) > 1, and the last inequality from our choice of
€. O

Lemma A.6 Let the buyer network G and the bipartition (11, I2) of the buyer set
be given. Take h, v°, and ¢ > 0 such that h > v* — ¢ > 0. For each ¢ > 0, take
externalities v(e) and price vector q*(g) such that v(e) is e-close to h-linear, and
that |q} (e) — z;| < € for every i for the bipartition price vector z given (I1,I2) defined
in (19). Then for e sufficiently small, if p is such that wa(p,q*(g),0B) > 0, then
the following holds for every i and k:

(i) z; = B is k-rationalizable (B € SF), or
(ii) x; = A is the unique k-rationalizable action ({A} = S¥)

Furthermore, if p is any such price vector, then af + ﬁf = d; for every i and k.
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0

Proof. Takee < min{giN, ve, by +C} First, since ¢ (¢) < z;+¢ = —dih+c+
e < for i € I, (66) may fail only for 1€l. Forie,e< ”O;C implies that

vﬂ§(€)<qf(€):> WO+ hpF —e<c+ hd? 4

0
e f-pgsL = _;_26 (67)
= d&-pF>1

Under the simplifying assumption that ¢ € I is the only buyer for whom (66) fails,
the same logic as in the proof of Lemma A.2 leads to the following inequality which
is the same as (43):

Alpq* 0" <ZZ(§ v 5%(E) + 5 (e) — ¢)

=1 jeD%

m—1
YT (B — ot ) + ) — )

l=k+1 jeN;,nD4

m—1
<Y Y (EE - TE) o) - g e),

{=k+1 jeN,nDY,
(68)

where this time, the second inequality follows from Lemma A.5 as ¢ < 3LN Since

v (e) — vdf_o‘g_l(e) < h+ 2e,

and
,Udifagn(&.) o q;k(&.) < UO —c— h(d? — dz‘ + Oé;n) + 267

(68) implies

malp, 4" (e), 0 Z > (h+2e) +0° —c—h(d} —di+af") + 2. (69)
(=k+1 jeN,nD",
When m — 1 > k + 1, (69) reduces to
By < (a" — oY (h + 26) +0° — ¢ — h(d? — d; + o) + 2¢
= h(di —af "' = df) + 0" —c+2e(a]" —af T 4+ 1)
= R(BF — @) + 0" — e+ 2e(af" — af ! 4+ 1)
< h(BF —d?) +1° — c+ 2d;e
—h+v" — ¢+ 2d;e.

7A(p,q*(e),0

By the same logic as in the proof of Lemma A.2, the same inequality holds true
when m =k + 1 or m = k, or when i ¢ D4. Since —h + v° — ¢ + 2d;e < 0 by our
choice of &, T4(p, q*(¢),0?) < 0 for any p that fails (66). O
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Proof of Corollary 9.3

1) Let e=(1,...,1) € R%. Then e-\ < |.J'| — |I1] for any A € A, where .J' is the
set that has the largest number of elements among independent sets which are
subsets of Iy. By assumption, |J'| — |I1| < 0 so that e- A < 0 for any A € A.
It follows that for any convex combination ), (rAy of vectors (Ag)x in A, we

have e - >, CGedr =D 1 (i (e Ag) < 0so that Y, (pAg # 0.

2) Let é = (0,...,0,1) € R%. Thené-A=—|{i € I, : d; = d}| < 0 for any A € A.
It then follows from the same argument as above that no convex combination
of vectors in A equals zero.

3) When every component of I is a singleton, every orientation — € Of, yields
the same vector A™ = X so that A is a singleton. Hence, the condition is
satisfied. 0

Proof of Proposition 10.1 Since I is independent, for each i € I, {i} is a
component of Iy. Hence, (o in (63) in the proof of Proposition 9.2 equals

d 0

Cot = v i -0 for each t € Iy,

implying that the price vector p* = ¢* given in the proposition equals z¥ in (64).
Furthermore, the set V* of externalities defined in the proof of Proposition 9.2 is
given by V* = {v: > .1 (v —0) > > icl (v —v0)}. Proposition 9.2 then shows
that for ¢ > 0 sufficiently small, if v € V* is e-close to h-linear, then there exists an
equilibrium with p* = ¢* = 2. U
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Supplementary Material

(Not to be included in the paper.)

B Equilibrium with Market Segmentation

This section analyzes an equilibrium with market segmentation by the two firms
under linearity. We say that an equilibrium (p*, ¢*,0) entails complete market
segmentation if every buyer chooses either A or B: i.e.,there exists a bipartition
(I1, I3) of the buyer set I such that I, Iy # () and I; = {i : o;(p*,q*) = A} and
I, ={i: o;(p*,q*) = B}.

The following proposition presents a sufficient condition for the non-existence of
an equilibrium with complete market segmentation. As can be readily verified, this
condition holds in the line network of Section 4.

Proposition B.1 (Non-ezistence of a complete segmentation equilibrium) Suppose
that the buyer network G is such that for any bipartition (I1,1I) of the set of buyers,

S (di—di) <0, or Y (df—d})<o0. (70)

i€l i€la

Suppose that the externalities are h-linear for h > 0. Then there exists no equilib-
rium with complete market segmentation.

Proof. Suppose that for some bipartition (I, I3) with I, Iy # (), there exists an
equilibrium (p*, ¢*, o) such that buyers in I; choose firm A, and buyers in I5 choose

firm B in equilibrium. For any j € Iy, v —p; > max {vd? —-4qj, 0} so that p; < v
and q;-‘ > v — % + p}k- = (d? — djl.)h + p}f. Suppose without loss of generality that
1 2
> (dj—d3) <o. (71)

Jjel

Suppose now that firm A offers a DC price vector p such that under (p,¢*), buyers
in I precede those in I3 in the elimination process. Since buyer i finds A dominant
if p; < min {v¥% —v% =% 4 ¢¥ 0%}, firm A’s payoff from buyers in I; is bounded from
below by

~L(I, )+ > (g = ¢) = ~hL(T, D)+ > {p = e+ (d — d)n}

jenh Jjeh
= —hL(I1,I2) + Z (pj —c)+h Z (df — dj).
jen jen

o1



On the other hand, by setting K = [1 and J = I3 in Lemma A.3 and noting that
2

¢; = min {q}f, vdi} = ¢j for j € I, we see that firm A’s payoff from buyers in I5 is

bounded from below by

r(Io | I, q*) > hL(Iy, I5) + min {Z (¢ — o), L] (v* — ) + hL(IZ,Il)}.
jels

Since (p*,¢*,0) is an equilibrium, > .. (¢f —¢) > 0 so that r(l> | I1,q") >
hL(I1,I5). Tt follows that firm A’s payoff from offering a DC price vector p sat-
isfies

mAlpq* o) = > (P =) +h Y (dF—dj) > > (pj— ) =malp.q",0),

Jjeh Jen Jen

which is a contradiction to our assumption that (p*, ¢*, o) is an equilibrium. O

It remains an open question whether the existence of a bipartition (11, [2) such
that >, 7, (d} —d?) > 0 and > icl (d? —d}) > 0 ensures the existence of a complete
segmentation equilibrium. It is, however, not difficult to show that MC cost pricing is
consistent with a complete segmentation equilibrium under h-linearity if there exists
a bipartition (I1, Iy) such that d} > d? for every i € I and d? > d} for every i € I5.
In other words, (p,q,0) is a complete segmentation equilibrium if (p,q) = (z, z) for
z = (¢,...,c) and o is extremal with respect to (p,q) with o;(p,q) = A for i € I
and o;(p,q) = B for i € Is.

In what follows we show a slightly stronger condition on the network guarantees
the existence of a complete segmentation equilibrium when the externalities are
approximately linear. Specifically, we say that the buyer network is bi-cohesive if
there exists a bipartition (1, ) of the set I of buyers such that for m, n = 1, 2,
and m # n,

|N; N I,| > |N; N I,| for every i € I,,, and
|N; N I,| > |N; N I,| for some i € I,,.

Intuitively, in each element of a bipartition (I1,3), there are core and peripheral
buyers: The core buyers are those who have strictly more neighbors in the same set
than in the other set, while the peripheral buyers have as many neighbors in the
same set as in the other set. The definition of a bi-cohesive network is a natural
extension of a cohesive set that is studied extensively in social network theory, and
is also closely related to the definition of a cohesive network proposed by Morris
(2000).38 A line of four or more buyers is bi-cohesive if I consists of at least two
buyers on the left, and I consists of at least two buyers on the right. The buyers on
the two ends can be taken as core buyers in this case. The regular network in Figure
2 is also bi-cohesive when we take I; = {1,2,3,4} and I, = {5,6,7,8}. Buyers 2 and

38See for example Seidman (1983) for the various definitions of a cohesive set. Morris (2000)
defines cohesion in terms of the ratio of neighbors in the same subset over those in the other subset.
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3 are core buyers for I; and buyers 6 and 7 are core buyers for Is. More generally,
the following lemma describes a sufficient condition for a network to be bi-cohesive
based on the notion of connectedness.?® Two paths from i to j are disjoint if they
have no link in common. For any integer n, we say that a subset J C I is n-connected
if for any i, j € J, there are n disjoint paths within J connecting i to j.

Lemma B.2 (Buyer clusters and bi-cohesiveness) A network is bi-cohesive if for
an integer n, there exist two n-connected disjoint sets of buyers Ji and Jo with |J1],
|Jo| > 2 such that there exist at most n disjoint paths connecting Jy to J.

Proof. Let m < n be the number of disjoint paths connecting J; and J,. By
Menger’s theorem, there exists a set L of m links such that removal of those links
separates Ji from Jy. Denote L = {i1j1,...,imJm}, where irji is the link between
buyers iy and ji (k= 1,...,m). Define I; and I to be the sets of buyers that are
connected to J; and Jo, respectively, after the removal of links in L. Without loss of
generality, we name the links so that ¢1,...,4,, are connected to Ji, and ji,...,Jm
are connected to .Jo, after the removal of L. Take i1. If i1 € Jq, then i1 has at least
n neighbors in J; C I; and at most m neighbors in I5. If i1 ¢ Ji, then i; again has
at least as many neighbors in /; as he does in I since otherwise, we would have a
smaller set L of links than L whose removal separates J; from Jy. If there is a buyer
in I; other than iy,...,,,, then he is a core buyer of I; since he has no neighbor in
I, by definition. If, on the other hand, there is no other buyer in I; than iq,..., %,
then at least one of them is a core buyer: Since |Ji| > 2, m > 2 so that at least
one of i1,...,1,, has strictly fewer neighbors in I than m, whereas he has at least
n > m neighbors in J; C I;. O

According to Lemma B.2, a network is bi-cohesive if there are at least two
“clusters” of buyers who are closely linked among themselves. Such clusters can be
a natural consequence of geographic and other proximity among some subsets of
buyers.

Proposition B.3 (Complete segmentation equilibrium under approximate linear-
ity) Suppose that G is bi-cohesive. For any h > 0, there exists € > 0 such that if the
externalities are e-close to h-linear, there exists an SPE (p*,q*,0) in which buyers
in Iy choose firm A and buyers in Iy choose firm B. In this SPE, p;, = c+ 4§ and
q;, = ¢ — 0 for a single core buyer iy € Iy, pj, = c¢— 6 and q;, = ¢+ 0 for a single
core buyer ia € Iz, and p; = q; = c for any other buyer i, where

0 = max (vsi — vdi*si) . (72)
<06 et

39In social network theory, cohesiveness is often defined in terms of connectedness given that an
efficient algorithm exists for its computation.

93



1 2 3 4
© o O O
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Figure 6. Segmentation equilibrium on a line network (6 = [v?+
vt =209 > 0): A captures I; = {1, 2} and B captures I = {3,4}.
Indicated next to each buyer is the markup or markdown specified
by both firms: (pf — ¢, ¢f — ¢).

As seen, ¢ is the maximal benchmark payoff that is strictly positive under generic
externalities (Lemma 8.1). Each firm’s equilibrium payoff equals d, while the sum
of the markups and markdowns over all buyers equals zero (i.e., Y . (p; —c¢) =
>.; (@ —¢) = 0). Figure 6 illustrates the equilibrium for the line network of four
buyers. As in Proposition 6.1, any deviation by either firm results in the play of
the extreme equilibrium that least favors the deviating firm. Note that the core-
periphery pricing strategy is a natural form of price discrimination: It charges a
markup to a core buyer of the own market segment who finds it more difficult to
unilaterally switch to the other firm because of the adoption decision of the majority
of his neighbors. To see that neither firm has an incentive to deviate, suppose that
firm A employs a DC price vector p. We can verify that 8F(p,¢*) = d; — ¥ (p, ¢*)
for every i for whom z; = A is k-dominant. It follows that

K
map.g’o%) <30 3 (min {ot —o% g gp 0] o)

k=1 ieDk

YY) e a-a-o0

As noted above, MC pricing is consistent with a complete segmentation equilib-
rium in a bi-cohesive network. Since § — 0 in (73) as the externalities approach
h-linearity, the pricing strategy of Proposition B.3 equals MC pricing in the limit.
Hence, we readily conclude that MC pricing under linearity is robust for a segmen-
tation equilibrium in a bi-cohesive network.

Corollary B.4 (Robustness of MC pricing for a segmentation equilibrium in a bi-
cohesive network) Suppose that the network G is bi-cohesive with bipartition (I1,13),
and let (p,q) = (z,2) for z = (c,...,c) and o be extremal with respect to (p,q) with
oi(p,q) = A fori € I and 0;(p,q) = B for i € I. Then the equilibrium (p,q,o)
under h-linearity is robust.
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Proof of Proposition B.3. Let

0 = max (vsi — vdi*si) .
<€0
¢ el

When the externalities are e-close to h-linear,
Z (vsi — vd"_si) = Z {(vsi —s;h) — (vdi_si —(d; — si)h> —h((di — si) — sl)}
el el
< 2Ne,

and hence
0 < 2Ne. (73)
Let (I, I2) be the partition of the buyer set I, and let i4 € I; and ip € I3 be the
core buyers of the respective sets:
|NiA ﬂ]l| > |NiA ﬂ]g| and |Nz’B ﬂ]g| > |Nz’B ﬂ]l|.
We specify (p*,¢*, o) as follows:

(0+e,—0+4c) ifi=riga,
(i, @) = (=0+cd+c) ifi=ip,
(¢, c) otherwise,

and

(A,...,A,B,...,B) if (p,q) = (p*, q%),
—_——— ——

o(p,q) = n 12
’ aB(p,q) if p # p*,
o(p,q) if p=p* and q # ¢*.

Note that w4 (p*, ¢*,0) = mp(p*,¢*,0) = 4.
We first show that the buyers’ action profile following (p*,¢*) is a NE. If i €
I\ {ia}, then z; = A is a best response since

U‘Niﬂfﬂ . — /U‘Nimll‘

D |N;NIz2|

NN
IOl — g,

—c>v —Cc="v
If i = ia, then [N; N ;| > |N; N I1] so that
,U\Niﬁll\ _,U\Niﬁlg|
= (o!0nl — hiN; 0 11|) - (U\Ni“bl — BIN; N Bo|) + B {INi O I = [Ni 0 Lo}
> h — 2e.

Hence, if we take

M)
I
—
\]
e~
N~—

202N + 1)
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then for any € < &, (73) implies that

NN p; = oI NIl 5 o 5 I NinL2| +5—c= plNinl2| _ 0.

The symmetric argument shows that x; = B is a best response for each i € I
following (p*, ¢*).

We will next show that firm A has no profitable deviation. Let p be any deviation
by firm A, and D% = D%(p,q*). Suppose that i € D%. By Lemma 6.2, we may
assume that N; N Dljl = (). For any j € N;, we observe that

jeuUiZI DYy = BeS. (75)

We can see that (75) holds as follows: First, take j # ip. Since then ¢j <c¢ < WY,
zj = B is not dominated by z; = (). Hence, if z; = A is not dominant in St=1 for
0=1,....,k—1(ie, j ¢ U] DY), then B € SF~".

On the other hand, if j = ip, then ¢; = § +c. Since i € D,]Z- i¢ Ulg:_ll Dg. Since
i #ip, B€ Sf_l by the above. It follows that ﬁ;‘? > 1. Hence,

U;?—q;201—5—C>Uo+h—6—5—6>0.

Hence, (75) holds for any 4, which in turn implies that 8 = d; — o¥ for any 4 and
k. Hence, by (9), if i € D, then

. k ok k k —ak
pi < min {v®% — "W L gF p*} <% —pdiTN 4 g

Therefore, firm A’s payoff 74 under (p, ¢*) satisfies

ma(p.q"0) = Y (pi—c)

1€D 7
K
SPIDIN AR R (76)
k=1 ie Dk
K
< Z (vo‘iC — vdi*af) + 0.
k=1 ie Dk

We will show that w4 (p,¢*,0) < 0 for any p by considering the following two cases
separately.
Suppose first that D4 C I so that I\ Dy # (). Since the right-hand side of

(76) is continuous in e, if we show that it is less then —h under exact linearity,
then m4(p,¢") < 0 holds under approximate linearity. Under exact linearity, (76)
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becomes

K
AP, q*,0) <Z (vz—vdFO‘?)—i—é

k=1 ieD

hi (2a —dl-).

k=1 jeD

Since Zf:l ZzeDk af = L(D4) and Zk 1 Zz’eDg di = 2L(D4) + L(Da, I \ Da),
we have
WA(p,q*,O') < —hL(DA,I\DA) < —h,

where the inequality follows since I\ D4 # ().
Suppose next that D4 = I. In this case, > ,cp (g —¢) = 0 by definition so
that the definition of § implies

K
k Kk
malp, g5 0) =Y pi—e) <> (vo‘i — ot g — c) <6 =malp*,q",0).
i€Da k=1 ieDk
[l
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