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ABSTRACT

This dissertation consists of two original studies in social networks and one
original study in political economy. In the first two chapters, I study (i) how social
networks form, and (ii) how economic agents optimize their behaviors for a given
network structure. In the last chapter, I examine how election rules affect individual
voting decisions and ultimate election outcomes.

In Chapter 1, “Social Network Formation and Strategic Interaction in Large
Networks,” I present a dynamic network formation model that aims to explain why
some empirical degree distributions exhibit the increasing hazard rate property
(IHRP). In my model, a sequentially arriving node forms a link with one existing
node through a bilateral agreement. A newborn node prefers a highly linked node;
however, the more links an existing node has, the more the marginal return from an
additional link diminishes. I prove that the IHRP emerges if and only if the latter
effect prevails over the former. I present two implications of the IHRP for strategic
interactions in networks. First, when there is uncertainty about neighboring agents’
connectivity, the IHRP guarantees that a unique Bayesian equilibrium exists in a
network game with strategic complementarities. Second, the IHRP characterizes a
monotone revenue-maximizing mechanism with allocative externalities.

In Chapter 2, “Monopoly Pricing and Diffusion of a (Social) Network Good,”
I present a model of dynamic pricing and diffusion of a network good sold by a
monopolist. In the model, the network good is a subscription social network good.
This means that in each period, each consumer has to pay a subscription price to
use the good, and the utility derived from subscribing to the good increases as
more of her neighboring consumers subscribe. Consumers myopically optimize
their subscription decisions, and the monopolist chooses a sequence of subscription
prices that maximizes his discounted sum of per-period profits. Three main results
emerge. First, I characterize a unique steady state of the monopoly market where
both the monopolist and consumers do not change their decisions. Second, I find
that optimal sequences of subscription prices oscillate around the subscription price
at the steady state as time passes. Third, I analyze how changes in the monopolist’s
discount factor and the density of the social network affect the subscription price,
subscription rate, and deadweight loss at the steady state.

In Chapter 3, “A Model of Pre-Electoral Coalition Formation,” I study how
two different election rules, simple plurality (e.g., as in South Korea) and two-

round runoff (e.g., as in France), affect political candidates’ incentives to form
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pre-electoral coalitions (PECs). In my model, three candidates compete for a single
office, and two candidates can form a PEC. Since the candidates are both policy-
and office-motivated, one candidate can incentivize the other candidate to withdraw
his candidacy by choosing a joint policy platform. I find that PECs are more likely
to form in plurality elections than in two-round runoff elections. I further examine
how other electoral environments, such as ideological distance and pre-election

polls, influence incentives to form PECs.
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Chapter 1

SOCIAL NETWORK FORMATION AND STRATEGIC
INTERACTION IN LARGE NETWORKS

1.1 Introduction
1.1.1 Overview

People are linked together through social relationships, and these relationships
influence their economic decisions. The growing literature on network games an-
alyzes various economic settings such as contagion behavior, criminal activity,
political alliances, pricing of network goods, public good provision, and so forth. In
many contexts, researchers analyze games in large networks, i.e., networks consist-
ing of a large number of agents and their relationships. Since equilibrium outcomes
depend on certain properties of the underlying network, it is important to identify
key properties of large networks and understand how the social network formation
process generates those properties.

A fundamental characteristic that represents connectivity of a large network
is its degree distribution. The value of a degree distribution at integer d is the
proportion of nodes having d links (notated as degree d). In this paper, I highlight
one crucial property of the degree distribution of large networks that has been
overlooked: whether the degree distribution satisfies the increasing hazard rate
property (IHRP). The value of the hazard rate function of a degree distribution at
d is the conditional probability that a randomly selected node has exactly d links
given that it has at least d links. The IHRP indicates that the hazard rate function is
increasing in d.

The literature on dynamic network formation, in which newborn nodes form links
with existing nodes, offers possible explanations for various properties observed
in real large networks.! Most of the models in this literature tend to generate
only the degree distributions that have decreasing hazard rates. For instance, the
preferential attachment (PA) model by Barabasi and Albert (1999) and the network-
based search model by Jackson and Rogers (2007a) produce strictly decreasing
hazard rate functions regardless of the model parameters.

However, empirical degree distributions exhibit both increasing and decreasing

'For example, the small-world property with high clustering and short-average path lengths
(Jackson and Rogers, 2007a), nestedness (Konig et al., 2014), and the scale-free property (Barabasi
and Albert, 1999) are supported by this literature.
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Figure 1.1: Different patterns of hazard rate functions

patterns of hazard rates. For example, Figure 1.1 plots the empirical hazard rate
functions for four network datasets:? (a) one social network of a rural Indian village,?
(b) a friendship network of adolescents in the United States, (c) an online friendship
network of Facebook users, and (d) the network of the webpages at Notre Dame

University.* The hazard rate functions exhibit increasing patterns for (a) and (b),

’In a network dataset, one can identify the hazard rate at integer d as the number of nodes with d
links divided by the number of nodes having at least d links. By its definition, the degree hazard rate
at the largest degree is always one for any finite network dataset. This constraint makes the hazard
rate function tend to increase around the largest degree. Thus, in Figure 1.1, I plot the hazard rate
function only for degrees that account for the degrees of 95% of nodes.

3Source: http://web.stanford.edu/_jacksonm/Data.html. The whole dataset consists of the social
networks of 75 rural Indian villages, and the hazard function in Figure 1.1 corresponds to the 58th
village as an illustrating example. For the 75 villages as a whole dataset, I observe that increasing
hazard rates are observed at more than 75% of all points.

4Sources:  http://www.cpc.unc.edu/projects/addhealth/documentation is for the friend-
ship network of adolescents in the United States; https://snap.stanford.edu/data/egonets-
Facebook.html is  for the friendship network of  Facebook  users; and
https://www.aeaweb.org/articles.php?doi=10.1257/aer.97.3.890 is for the webpage network at
the Notre Dame University.



but decreasing patterns for (c) and (d).

To understand the logic behind different patterns of the hazard rate function, I
consider a dynamic network formation model formed by bilateral and costly link
formations. Nodes arrive sequentially. Upon arrival, a new node randomly finds
a single existing node with a probability that is proportional to the degree of the
existing node. Once an existing node is identified, it decides whether to form a
link with the new node. Since the marginal benefit from one additional link is
decreasing but link formation is costly, the identified node is less likely to agree to
form a link as its degree increases. As such, the probability that an existing node
forms one additional link is determined by the combination of the new node’s desire
to form a link with a highly connected node, and the existing node’s decreasing
marginal utility from one additional link. When the diminishing marginal utility
from additional links is substantial, a node will be less likely to form additional links
as its degree increases.

I prove that the IHRP emerges if and only if a node is less likely to form additional
links as its degree increases (Proposition 2). This characterization directly explains
why previous models are not able to produce degree distributions having the IHRP.
The previous models mostly consider unilateral link formations: existing nodes
never reject any link formation offers by newly joining nodes. Since newborn nodes
are more willing to form links with the existing nodes having more links, a node
is more likely to form additional links as its degree increases. This is exactly the
condition for the decreasing hazard rate property of the resulting degree distribution.

There are many theoretical implications of the IHRP for modeling network
games. I consider an incomplete information setting in which agents are not aware
of the exact structure of the underlying network, but know its degree distribution. I
employ the degree independence assumption as a way to simplify uncertainty about
neighboring agents’ connectivity (e.g., Fainmesser and Galeotti, 2016; Feri and Pin,
2015; Galeotti et al., 2010; Ghiglino, 2012; Jackson and Yariv, 2007). Specifically,
under this assumption, agents believe that their shared links are independently and
randomly chosen from the underlying network. Because of independence, the only
private information that remains for the agents is their degree. Therefore, the fype
distribution of the agents is the degree distribution.

I explore two particular theoretical implications of the IHRP. First, I consider a
network game in which agents interact with neighboring agents. There are strategic
complementarities between linked agents: an agent’s incentive to perform an action

increases in her neighboring agents’ actions. For example, the individual cost of
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engaging in criminal activity becomes lower as more criminal friends engage in the
same criminal activity, or the value of using a computer software becomes higher
as more acquaintances use the same software. I show that as long as the second
moment of the degree distribution is finite, a Bayesian equilibrium exists even when
the action space is unbounded (Proposition 5).

The IHRP guarantees that al/l moments of the degree distribution are finite
(Proposition 4), thereby an equilibrium exists. However, degree distributions gen-
erated by prominent dynamic network formation models have an infinite second
moment, and so no equilibrium exists. To see why, note first that taking a high
action is always desirable for the agents who have an enormous number of links be-
cause of strategic complementarities. The IHRP implies that the probability that an
agent is linked to such highly linked agents is very small. As such, although agents’
actions feed back into one another, their best response dynamics converges even if
the action space is unbounded. However, for many prominent degree distributions,
the probability that an agent is linked to very highly linked agents will be substantial,
and so agent’s best response dynamics diverges.

Second, I study a revenue-maximizing Bayesian incentive compatible mecha-
nism design problem. I consider an environment in which there is a single seller
who produces divisible objects at zero production cost. There are allocative exter-
nalities between linked buyers: each buyer’s valuation of her allocation depends on
allocations of neighboring buyers. This environment is relevant for many settings
such as a monopolistic telecommunications company that provides data plan ser-
vices. The better data plans friends have, the higher valuation a customer obtains.
Therefore, the company has to investigate how its sales to individual customers
generate positive network externalities to their neighbors. For a given mechanism (a
pair of allocation rule and price scheme), the induced network game with the IHRP
provides a tractable framework where the seller can take into account the amount of
network externalities generated by the equilibrium behavior of buyers.

I characterize a revenue-maximizing mechanism, assuming the IHRP of the
degree distribution. The allocation rule of an optimal mechanism maximizes the
virtual value, which is a multiplication of the usual virtual type and the social value.
The social value represents the magnitude of network externalities in the equilibrium
of the game induced by the optimal mechanism. Thus, different from a canonical
mechanism design problem (Myerson, 1981), the allocation rule that maximizes the
sum of virtual types is not necessarily optimal. By increasing allocations to every

customer, the seller can increase the social value. Since an increase of the social
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value raises the virtual value of buyers, the seller can charge a higher price to every
buyer, and it ultimately returns a higher revenue to the seller. Although a closed-
form solution of the optimal mechanism is not generally obtainable, I characterize
the optimal mechanism in a restricted environment where the seller cannot price

discriminate.

1.1.2 Related Literature

There is a large and growing literature on dynamic network formation models.
In these models, new nodes are born over time and form links to existing nodes.
The seminal model is the PA model by Barabasi and Albert (1999), which attempts
to explain the scale-free property of degree distributions.> There has been a variety
of extensions of the PA model (e.g., Cooper and Frieze, 2003; Dorogovtsev and
Mendes, 2001; Krapivsky et al., 2000). Jackson (2010) and references therein
explain network properties that emerge from those models. To the best of my
knowledge, my model is the first dynamic network formation model that identifies
a condition that produces an IHRP for the degree distribution.®

In terms of the modeling approach, the current paper takes the rate equation
approach introduced by Bollobas et al. (2001). They formalize the dynamic network
formation process generated by the PA model, and prove that the resulting degree
distribution sequence converges. In the current paper, I prove the convergence of
the degree distribution sequence in a more general setting. I find a closed-form
expression of the limiting degree distribution that provides a condition under which
the limiting degree distribution satisfies the IHRP.

Dynamic network formation models are largely mechanical in that there are few
reasons why links are formed according to their descriptions. My paper provides
a micro-foundation in which agents optimize their link formation decisions (e.g.,
Baetz, 2015; Currarini et al., 2009; Ghiglino, 2012; Jackson and Rogers, 2007a;
Konigetal.,2014). Ghiglino (2012) and Konig et al. (2014) are two notable dynamic
and strategic network formation models using linear utility functions. They assume
that the largest eigenvalue of the relevant network is bounded regardless of the
network size. However, my model finds that as the network size becomes large, the

largest eigenvalue of an undirected network diverges almost surely to infinity if the

A degree distribution is said to have the scale-free property if it has a functional form of
f(d) = cd™ where c is a normalization factor.

6Some random network formation models can generate the IHRP. Examples are the Poisson
random network model by Erdds and Rényi (1959) and the small-world model by Watts and Strogatz
(1998). Although the resulting degree distributions by these two models always generate the IHRP,
none of these models explain why this property can emerge.



condition for the IHRP is not satisfied.”

There have been many related papers on strategic interaction in networks that
adopt the incomplete information setting introduced by Galeotti et al. (2010). Shin
(2016a) is a closely related paper. In that paper, I study optimal dynamic pricing of
a subscription network good sold by a monopolist. Each consumer’s value of the
good increases as more of her friends use the good, and consumers need to pay a
subscription price in each period. By assuming the IHRP of the degree distribution,
I characterize a unique equilibrium in which the monopolist does not change the
subscription price. In the current paper, I examine a similar problem in a static
setting where the monopolist can price discriminate consumers according to their
number of friends.

The current paper is also related to the literature on network games with strategic
complementarities. Galeotti et al. (2010) study a more general framework than my
model in that they allow correlations in the degrees of agents’ neighbors. In the
current paper, by assuming degree independence, I obtain a clear characterization
of a unique Bayesian equilibrium, and find its relation to the IHRP of the degree
distribution. Belhaj et al. (2014) examine network games with strategic comple-
mentarities when agents have complete information about the underlying network.
However, the current paper and Galeotti et al. (2010) analyze network games of
incomplete information.

One important application of the IHRP is on the mechanism design theory.
Myerson (1981) considers a problem where an auctioneer wants to sell a single
object to one of many buyers. The types of buyers are their valuations of the object.
Assuming the IHRP of the type distribution, he characterizes the seller’s optimal
mechanism. Jehiel et al. (1996) study a mechanism design problem with allocative
externalities as in the current paper. In particular, they consider a two-dimensional
type space: each buyer’s type is a pair of her value of the object and the externalities
that she generates to the other agents. I examine an environment in which buyers’
types are their degrees, and a buyer’s valuation of her allocation is endogenously
determined by her neighboring buyers’ allocations. Because of the endogenously
determined externalities, my characterization of an optimal mechanism is different

from a canonical solution in Myerson (1981).

7Since the number of nodes is fixed in Konig et al. (2014), the authors identify an upper bound
of the largest eigenvalue in a footnote. Ghiglino (2012) avoids this problem by considering a directed
network.



1.2 Dynamic Network Formation
In this section, I introduce terminology and establish a model of dynamic network
formation. Then, I derive the rate equations, which are essential to analyze the

resulting degree distribution sequence in the next section.

1.2.1 Setup

Terminology. A network is represented by G = (N, A), where N = {1,...,n}isa
set of nodes, and A is the adjacency matrix, an n X n symmetric matrix with each
entry in {0, 1}. A;; = 1 indicates that nodes i and j are connected by a link. For
a given network G, N;(G) := {j € N|A;; = 1} is the set of neighbors of node i.
d;i(G) := |N;(G)| is called the degree of node i. The degree distribution is a function
f(G.G): N — [0,1]with 37 | f(d,G) = 1,in which f(d, G) represents the fraction
of nodes with degree d. F(-, G) is the corresponding cumulative degree distribution
defined as F(d,G) := Y <4 f(d’,G). Last, F(-,G) denotes the complementary
cumulative degree distribution defined as F(d, G) := Yarsa [, G).

Dynamic network formation. I build a model of dynamic network formation
process by recursively defining a random sequence of networks denoted by (G'), ;.
Nodes arrive sequentially, and only one node joins the existing network in each
period r. N' = {1,...,t} represents the set of nodes that have emerged by period z.
As such, 7 also denotes the size of the network in period ¢.

To make the process well-defined, I focus on formation of random networks after
t > 2 with the initial conditions

Al = [O] and A% = [(1) (1)],

where A! represents a network of one node without any link, and A expresses a
network of two nodes sharing one link.® As will be explained in the following
sections, results of the current paper are independent of these initial conditions.

For a given network G, a network G'*! is randomly formed by adding one
new node 7 + 1 together with one link between node ¢ + 1 and node i € N’. Upon
arrival, node ¢ + 1 randomly identifies a single existing node with a probability that
is proportional to the degree of the existing node. I call this step preferential search.

Formally, node ¢ + 1 finds node i with probability %.
=14

8The dynamic network formation process is well-defined with these initial conditions in the
sense that for every period ¢ > 2, each node has at least one link, so that every node has a positive
probability of being found by new nodes after their arrival.
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Once node i is identified by the new node ¢ + 1, node i probabilistically agrees
to form a link with node ¢ + 1. The probability of forming a link decreases as its
degree increases. I call this step constrained match. Formally, node i agrees to
form a link with probability ®(d;(G")) where ®(-) : N — (0, 1] is a decreasing
function. If node i rejects node ¢ + 1’s link formation offer, node ¢ + 1 independently
and randomly repeats the two steps until it forms one link with an existing node
successfully.® Since trials are independent, the probability that node ¢ + 1 forms a
link with node i is

di(G)®(di(G))
i1 di(GHD(dj(GN)

One interpretation of the above two-step process is as follows. Consider the
evolution of a collaboration network in which nodes represent researchers, and
links denote experiences of collaborations between them. Establishing a new col-
laborative relationship is clearly bilateral and costly. A researcher’s productivity
increases as she has more collaborators because she exchanges new ideas, receives
more comments about her ongoing projects, obtains other indirect benefits from her
collaborators’ colleagues, etc. When a junior researcher tries to build a new col-
laborative relationship, he is more likely to find distinguished researchers who have
many existing collaborators. Thus, more collaborations will make a researcher more
likely to attract junior researchers. However, for a senior researcher, the marginal
utility from having one additional relationship is decreasing due to constraints such
as limited time and energy as she has more existing collaborators. Therefore, more
collaborations will make a researcher reject collaboration offers more frequently.

A degree-dependent utility function provides a micro-foundation for the current
model. Suppose that new nodes find existing nodes according to the preferential
search step. Consider myopic link formation decisions in which existing nodes look
at only the marginal utility from one additional link. Let the marginal utility of a

node with degree d be
w(d) —c—n,

where w(d) is the marginal value of forming one additional link, ¢ > O is the

marginal cost of forming one additional link, and 7 is a random factor distributed

By repeating the two-step process, node 7 + 1 forms one link within a finite number of trials
almost surely. To see this, one can consider node ¢ + 1’s trials as a Bernoulli process (X1, ..., Xj),
where each entry represents a Bernoulli trial, and s represents the first time that a success is achieved.
Since trials are independent and identical, the variables are independently and identically distributed
with a strictly positive probability of success. Thus, the process ends in a finite length almost surely.
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over the real numbers with full support. Assuming a decreasing marginal return
of additional links is tantamount to w(d) decreasing in d. Thus, the probability
of accepting a link formation offer is ®(d) = P[n < w(d) — c], and it is clearly

decreasing in d.

1.2.2 The Rate Equation

Following a standard approach in the literature (e.g., Bollobds et al., 2001;
Dorogovtsev et al., 2000; Ghiglino, 2012), I derive the rate equation for each degree
d, which describes the dynamics of the expected number of nodes with degree d.

I write ¢ for the probability space of undirected networks in which a random
network G’ has its distribution. Let (:#7);» be the o-field generated by the dynamic
network formation process. For a given network G', I define two random variables
N(d,t) and M(z) as

N(d, 1) := ) 1{d;(G") = d),
j=1

M(t) := Z dO(d)N(, 1).

d=1
N(d,t) is the number of nodes with degree d, and M(z) is a weighted sum of
(N(d, 1))dz1-
With the above notation, for a given network G', T express changes in the

conditional expectations of N(d, ¢) from ¢ toz + 1 by

E [N(d,t +1) - N(, t)|Gf]
— g =1y - 22@ d-DHod-1)
= 1{61(.)_ 1) 0 N(d, 1) + M) Nd-1,01{d>2}. (1.2.1)

(i) (iii)

Each term in equation (1.2.1) represents the following:

(i) The degree of a new node is always 1. Thus, one additional node with degree

1 emerges.

(ii) If the new node in period ¢ + 1 attaches to a node with degree d, its degree
becomes d + 1. Consequently, the number of nodes of degree d decreases by
1, but the number of nodes of degree d + 1 increases by 1. The probability of

this event is
dD(d)N(d,1) dd(d)
Y dO(d)Nd, 1) M@

N(d,1).
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(iii) If the new node in period ¢ + 1 attaches to a node with degree d — 1, its degree
turns into d. Consequently, the number of nodes of degree d increases by 1,
but the number of nodes of degree d — 1 decreases by 1. The probability of
this event is

(d-1)P(d-1)N@-1,1) (@d-1)Pd-1)
[ dDdN@. ) M@

N(d - 1,1).

Equation (1.2.1) is not linear with respect to N(d,t) and N(d — 1,¢) because
M(#) appears in the denominators of the second and third terms. This is an obstacle
for characterizing the asymptotic degree distribution by using the rate equation
approach.

To make my analysis tractable, I introduce a technical assumption that enables
me to consider linear rate equations. Before introducing the assumption, note that

M(t) can be written as m(t)r by setting m(r) := Y,_, d®(d)™22 e [%D 2], 1

assume that m(#) converges in probability to a constant:1©
Assumption 1 m(¢) converges in probability to u € [%, 2].

Assumption 1 enables me to consider linear rate equations with correction terms:

Ford = 1:
E[N(Lt+ 1] =1+ (1 - q)ﬂLtl))]E[N(l,t)] +e(1,1), (2.2)
Ford > 2:
E[N(d,t+1)] = (1 - M) E[N(d, )] + (d-DHoed-Dp [N(d - 1,1)]
ut ut
+e(d, 1), (2.3)

where the correction term &(d, t) converges to zero as the network size ¢ becomes
large.!! Moreover, as shown in the proof of Proposition 1, I can ignore the correction
terms regardless of their convergence rates.

The previous dynamic network formation models using the rate equation ap-
proach make Assumption 1 implicitly (e.g., Bollobas et al., 2001; Dorogovtsev et
al., 2000). For instance, in the PA model with ®(d) = 1, m(¢) calculates the average

degree in the network at the end of period 7. Since only one addition link is added

10When d®(d) is bounded, it suffices to assume that the expectation of m(z) converges to u. A
proof is available upon request.
1See Section A.2 for a proof.
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in each period, m(z) converges to 2 as t — oo, and so Assumption 1 is trivially
satisfied.

To evaluate the validity of Assumption 1, I present numerical simulation results
in Figure 1.2. In each figure, the horizontal axis is in logarithmic scale. For ®(d) =
d-172, Figure 1.2(a) illustrates that m(#) converges in probability to a constant. The
average path of m(¢) (the solid black line) is generated from 1000 repetitions, and it
converges to a constant as the network size ¢ increases. The size of the 100% interval
(the dotted red lines) clearly shrinks to zero as the network size ¢ increases. These
observations indicate that m(#) converges in probability. In Figure 1.2(b), the same
observations follow for another functional form ®(d) = d~3/?. These simulations
illustrate that Assumption 1 reasonably holds for these parametric examples of
O(-).12

1.36 i i 0.89

—Average path
----- 100% interval

131}

m(t)

R W
o MN~
1261 & ] 0.79} Wm"“.ﬁﬁ-
¥ . _ﬂ'."v‘-.‘-"-\’
—Average path g :
C R 100% interval

1.21 ; ; 0.74 ; ;

10t 102 10° 10* 10t 102 10° 10*

Network Size (t) Network Size (t)
(a) 1000 repetitions for ®(d) = d-1? (b) 1000 repetitions for ®(d) = d-3?

Figure 1.2: Simulation results for parametric examples of ®(-)

1.3 Results
In this section, I define the asymptotic degree distribution and find its closed-
form expression. Then, I characterize a sufficient and necessary condition for the

IHRP of the resulting asymptotic degree distribution.

1.3.1 Characterization of the Asymptotic Degree Distribution
I define f(-,7) : N — [0, 1] the degree distribution at the end of period ¢ by

N(l, N(d,
Flat) = (t H o (t D

12 A5 will be shown in the next section, when O(d) = d~* with a > 0, the hazard rate function is
strictly increasing if @ > 1, strictly decreasing if @ < 1, and constant if & = 1.
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f(d, ) represents a probability that one randomly selected node at the end of period
thas d links. (f(-,1)),s is the sequence of degree distributions. I define the asymp-
totic degree distribution f(-) : N — [0, 1] as the pointwise limit of (f(-,1)),: for
a fixed € > 0,

lim P(|f(d,1) = f(d)| > £) =0 foralld € N.

I define the asymptotic degree distribution as the pointwise limit because it en-
sures that the degree distribution sequence converges in distribution to the asymp-
totic degree distribution. To see this, I first clarify the notion of convergence in
distribution in the current setup. Convergence in distribution means that f(-,7) and
f(+) are approximately the same when the network size ¢ is large. Since the degree of
a randomly selected node is an integer, it is natural to consider a probability density
function f(-) : N — [0, 1] as a limit of the degree distribution sequence. Thus, both
f()and (f(-1)),5, are defined over the set of integers, and it implies that as the
network size ¢t becomes infinitely large, the degree distribution sequence converges
in distribution to f(-) if and only if f(d,t) converges in probability to f(d) for all
d.'3 Therefore, the asymptotic degree distribution is equivalently identified as a
pointwise limit of the sequence of degree distributions.

The following presents a closed-form expression of the asymptotic degree dis-

tribution:

Proposition 1 As the network size becomes infinitely large, the degree distribution

sequence converges in distribution to f (), which is defined recursively as

K _d-D)o@d-1)
m and f(d) = 4+ do(d) fld-1) ford > 2.

f) =

Since the rate equation approach is relatively new in the economics literature,
I explain details of the proof of Proposition 1. The proof consists of two parts. !4
First, by using rate equations (2.2) and (2.3), I prove that the expected proportion

of nodes with degree d converges to f(d) as the network size increases to infinity.

13See Section A.2 for a proof.
l4Stationarity of the asymptotic degree distribution defined in Proposition 1 is obvious because
it is a unique solution of the following stationarity equations:

Ford=1: f(d)=1- @f(d),
Ford >2:  f(d) = —dq)lfd)f(d) Gl l)i(d — 1)f(d - 1.
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Second, for each d, I show that the difference between the random proportion of
nodes with degree d and its expectation converges in probability to zero. These
two observations will provide that the degree distribution sequence converges in
probability to the asymptotic degree distribution. For expositional simplicity, I
consider the linear rate equations, ignoring correction terms.

For d = 1, the iterations of rate equation (2.2) provides that

EIN(t+ D] =1+ (1 —w) + (1 —w) (1 —ﬂ)]E[N(l,t— D]
pt pt u@—1)

—Z l—[( cp(l)) {l—[(l @;:))}E[N(l Dl

s=1 r=s+1 r=1

For large ¢, the expected number of nodes with degree 1 in period #+1 is approximated
aslS
E[N(Lt+ D] ~ %ftsyds S
l‘% 0 u+ (I)(l)

By dividing [E [N(1,7 + 1)] by 7 + 1, I find the limit of the expected fraction of nodes
with degree 1 as f(1) = m.

Second, for d > 2, the expected number of nodes with degree d in period 7 + 1
relieson IE [N(d — 1,1)] as well as [E [N(d, 1)]:

E[N(d,t+1)] = (1 - %) E[N(d, )] + d- DZ(‘I — 1)JE[N(d - 1,1].

Assumption 1 enables me to replace [E[N(d — 1,¢)] by tf(d — 1) for sufficiently
large ¢. Hence, by following a similar procedure for d = 1, I identify the limit of the
expected fraction of nodes with degree d as it appears in Proposition 1.

The remaining step is to show that as a random variable, the proportion of nodes
with degree d is very close to its expectation when the network size is large. This step
is proven by applying the Azuma-Hoeffding inequality (Azuma, 1967; Hoeffding,
1963). The Azuma-Hoeffiding inequality states that the number of nodes with
degree d is located around its expectation within a bounded range. That is, for a
fixed d, there exists a constant My > 0 such that for any g4 > 0,

4

2
at

]P(lN(d, ) —E[Nd, ]| > sd) <2e M

151 use the following approximation:

t o)

l_[ 1 - CD(I) e_(l)‘l(lJZi‘=s+]% ~ (E)T .
ur t

r=s+1

Since this product converges to zero as ¢ becomes large, the second term in the previous equation is
ignored.
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By choosing ;5 = 2M 4/t logt, it follows that the probability that the proportion of

nodes with degree d is different from its expectation becomes arbitrarily small as

the network size ¢ becomes infinitely large:

P(‘N(d, D o [N(a’, z)“ N 2de/tlogt) 3
t - t

” < o(1).

In order to finalize that the random proportion of nodes with degree d converges
in probability to f(d), I still need to show that [2 [w] is quite close to f(d) for
large ¢. In fact, Assumption 1 provides that for a given & > 0, |E [%] -fld)| <5
whenever the network size ¢ is larger than some constant 7. Thus, ¢ > T, implies
that

]P(‘N(d’t) —f(d)’ > s)

e s

<p ('N(d,t) E [N(d,t)]' S _8) '

[N(d t)] —f(d)‘ > s)

t t 3

Therefore, since the last term converges to zero as the network size becomes infinitely
large, the random proportion of nodes with degree d converges in probability to f(d).

I finally note that there exists a unique choice of u for Assumption 1. Since
the degree distribution sequence converges, I have y = lim £ [Z;’l":l do(d)f(d, t)].

This observation in turn implies that

1
l=—=IlmE
M 100

Z do(d) f(d)

> dd(d)f(d,1)
d=1

i i ﬁl ( kcb(k))_1 |

The last expression is continuous and strictly decreasing in u.'® Moreover, it diverges
to infinity as g — 0, but it converges to zero as u — co. Therefore, the choice of u

satisfying the above equation is unique.

1.3.2 The Hazard Rate Function

I characterize a condition under which the hazard rate function of the asymptotic
degree distribution is increasing. Recall that the hazard rate function is defined as
h(d) = 1{ Z?) in which F(d) is the complementary cumulative degree distribution.
This definition suggests an interpretation that the value of the hazard rate function at

d is a conditional probability: h(d) is the probability that a randomly selected node

16See Section A.2 for a proof of continuity.
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has exactly d links, given that it has at least d links. To characterize a condition for
h(d) to increase in d, I first relate the expression of the complementary cumulative
degree distribution to the hazard rate function. The hazard rate at d can be written

_ 1 _ F(d+D) . .
as h(d) =1 SR and it implies that
—= —= =T d-1
Fd) F(d-1) FQB)F®2)

:ﬂ(l—h(k)).

F(d) = = — —
F(d-1)F(d-2) FQ)F() ;4

Since f(d) = F(d) — F(d + 1), it follows that

d-1
f(d) = hd) [ | (1= hk)).
k=1

Recall that the asymptotic degree distribution has the following recursive for-

mula:

d-1
_ U k®(k)
Hd) = 1+ dod(d) B w+kdk)

Since the hazard rate function is uniquely defined for the asymptotic degree distri-

bution, it directly follows that the hazard rate function is simply expressed as

3 u
hid) = u+do(d)’

Therefore, I characterize the increase of the hazard rates from d to d + 1 as follows. 17

Proposition 2 h(d) < h(d + 1) if and only if dO(d) > (d + 1)D(d + 1).

Proposition 2 provides a natural interpretation of the IHRP in terms of the
dynamic network formation process. Let d;(¢) be the degree of node i at the end of
period 7. By Assumption 1, the logarithm of the probability that node i forms a link
with the new node entering in period ¢ + 1 is approximated by

log (di(G®(di(G)/M(1)) ~ log (di(GHP(di(G))) ~ log ().

The first term on the right-hand side explains how the probability of forming one

additional link depends on node i’s degree. Therefore, Proposition 2 provides a

"The value of the hazard rate function at d is sometimes defined as h(d) := % for a

discrete probability distribution. The characterization of the IHRP by Proposition 2 is still valid for
this alternative definition as h(d) = #(d).
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dynamic interpretation that the IHRP emerges if and only if a node is less likely to
form additional links with newly entering nodes as its degree increases.

The IHRP is difficult to observe in network datasets where link formation deci-
sions are unilateral. In many contexts of growing networks such as collaborations
between scholars and links between webpages, new nodes are more willing to link
to the more popular nodes. Thus, if the link formation decision is unilateral, more
links will cause a node to form more new links. For example, in the PA model, a
link formation decision is clearly unilateral because a webpage freely creates a link
from itself to an existing webpage. As a result, nodes are always more likely to form
additional links as their degree increases, and so the degree distribution generated
by the PA model satisfies the decreasing hazard rate property.

In my model, however, link formation decisions are bilateral. This feature
separates the new node’s desire to form a link with a node having many links
(preferential search) and the limitation of existing nodes to form additional links
with newly entering nodes (constrained match). The constrained match step may
cause links to make a node form fewer new links. The hazard rate function is
increasing if this limitation is so strict that it nullifies the new nodes’ desire in the
preferential search step. Therefore, one can expect the IHRP in a network dataset
where maintaining links is very costly and link formations are bilateral.

A parametric example considered in the previous section illustrates the above
discussion. Let ®(d) = d~ be the probability that an existing node agrees to form
a link when it is identified by a new node. @ > 0 is the parameter that measures the
cost of forming links. The hazard rate function is strictly increasing in d if and only if
a > 1. The knife-edge case of this parametric example is @ = 1, which corresponds
to the random attachment model in which link formation does not depend on the

degree of nodes.

1.4 Relations to Other Properties of Large Networks

In this section, I compare the IHRP to other properties of a large network: (i) the
size of its largest eigenvalue and (ii) heavy-tailedness of its degree distribution. I first
introduce these characteristics and explain why they have received much attention
in the literature. Then, I identify relations between these two properties and the
IHRP under the assumption that the hazard rate function is monotonically either

increasing or decreasing.
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1.4.1 Definitions
The largest eigenvalue. The largest eigenvalue of network G = (N, A) is defined
as the largest eigenvalue of its adjacency matrix A, denoted by A, (G). Since I
focus on undirected networks, and therefore on symmetric A, Amax (G) is a positive
real number. '8

The largest eigenvalue of a network has many implications for strategic inter-
actions in a network. In particular, equilibrium conditions of network games often
depend on the size of the largest eigenvalue (e.g., Ballester et al., 2006; Bramoullé
et al., 2014). For example, consider the network game in Ballester et al. (20006),
where each node i takes a positive action x; € R, and obtains the payoft

Aijx,-xj.

n
1

wi(xi,X_j) = x; — %x.z +0
j=1
Suppose that ¢ is strictly positive, which means that actions are strategic comple-
ments. As Ballester et al. (2006) show, a Nash equilibrium exists if and only if
0dmax(G) < 1.
To see why this condition is necessary, note that node i’s best response with

respect to other nodes’ action profile x_; is linear as

n
xlB(x_l-) =1+ (52 Aijxj.
j=1
Let X’ be an eigenvector corresponding to the largest eigenvalue. The vector of

nodes’ myopic best responses to X’ is
x2(x') = 1 + 6AX' = 1 + 6 Aax (G)X'.

The myopic best reply dynamics constructed by repeating the above steps con-
verges if and only if the summation of externalities, ) 52, (6 Amax(G)X’)", con-
verges (Ballester et al., 2006). Obviously, the summation converges if and only if
0Amax(G) < 1, which means that the maximum marginal influence of nodes’ actions
on other nodes is bounded.

The above restriction on the size of the largest eigenvalue is also required for
some strategic dynamic network formation models (e.g., Ghiglino, 2012; Konig
et al., 2014). For example, Ghiglino (2012) tries to explain the scale-free property

8By the Perron-Frobenius theorem, all eigenvalues of a symmetric adjacency matrix are real
numbers. Since all the diagonal entries are zero, the trace of the adjacency matrix is zero. The trace
equals the sum of all eigenvalues, and it follows that largest eigenvalue of the adjacency matrix is
strictly positive.
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of the productivity distribution. He assumes that the productivity of an idea (node)
depends on its parental and offspring ideas.!® Only one idea is newly created in
each period. Since a new idea inherits its parental idea’s productivity, it attempts to
form a link to an old idea with many offspring ideas. Specifically, the productivity

of idea i when used in knowledge creation in period 7 is

where § > 0, and 0 ~ N(1,0p) with oy < 1.20 Let x’ be the X 1 vectors with

entries xf . Then, x' satisfies
‘= (1-6604") Yol = Z (604")" 111. (1.4.1)
5=0

A new idea strategically forms a link to an old idea with the highest productivity.
This network formation process requires the productivity of ideas to be finite for all
periods; otherwise, the productivity of an idea will be infinite after some period, and
only this idea will have offsprings beyond that time. Therefore, x in equation (1.4.1)
has to be finite with probability one for all period 7. This condition is satisfied if and

only if §Amax (G") < 1 with probability one for all # > 1 because oy < 1.2!

Heavy-tailed degree distribution. In the Poisson random network model by Erd&s
and Rényi (1959), a link between two nodes is formed independently of other pairs
of nodes with a fixed probability. The resulting degree distribution is approximated
by the Poisson distribution if the network size is inﬁnitely large.?? The Poisson

distribution with parameter A has the form of f(d; 1) = , and its tail decreases

at an exponential rate.
One important observation in real large networks is that their degree distributions

are heavy-tailed: there tend to be more nodes with very large degrees than the

Node i is called a parental (offspring) node of node j if there is a link from j to i (from i to j).

207 here simplify the notation in Ghiglino (2012). In addition, note that the adjacency matrix A’
is not necessarily symmetric because the author considers a directed network.

21Ko6nig et al. (2014) consider a dynamic network formation model with a finite number of agents.
For any network between n agents, its largest eigenvalue has an upper bound of V2m(n —1)/n
where m = ('21) (Cvetkovi¢ and Rowlinson, 1990). Thus, they explicitly assume that the parameter
representing the magnitude of positive externalities between linked agents is strictly smaller than

22The Poisson random network is represented by G (n, p(n)) such that there are n nodes, and each
pair of nodes forms a link independently at random with probability p(n). The resulting degree
distribution is a binomial distribution, and it converges to the Poisson distribution with parameter
np(n) as n — oo, assuming that np(n) is a constant.
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Poisson distribution of any parameter.?> Thus, researchers have been interested
in building dynamic network formation models that generate heavy-tailed degree
distributions (e.g., Barabdsi and Albert, 1999; Ghiglino, 2012; Jackson and Rogers,
2007a; Konig et al., 2014). The following definition formalizes the heavy-tailedness

of a degree distribution:
Definition 1 A degree distribution f(-) is said to be heavy-tailed if for all € > 0,

F(d)
=0
e—sd

lim sup
d—0co
1.4.2 Relations and Implication
I find the relations between three properties of an infinitely large network: (i)
finiteness of the largest eigenvalue, (ii) heavy-tailedness of its degree distribution,
and (iii) the IHRP of its degree distribution.
I first present lower and upper bounds of the largest eigenvalue of a network that
will be useful for illustrating the relationships between the three properties under

consideration. For any finite network G, its largest eigenvalue A, (G) satisfies

vdmax(G) S /lmaX(G) S dmaX(G),

where dpmax(G) is the largest degree of the network (Cvetkovi¢ and Rowlinson,
1990).24 This observation suggests that the limiting behavior of the largest eigen-
value is closely related to the limiting behavior of the maximum degree.

Inow find arelation between the finiteness of the largest eigenvalue and the IHRP.
In the current model, the hazard rate function of the asymptotic degree distribution
is decreasing if and only if a node is more likely to form additional links as its degree
increases. Suppose this, and consider the evolution of node i’s degree. Given a

network G’, the probability that node i forms one additional link with the new node

.. . . (1),
entering in period 7 + 1 is at least ==
di(GHP(di(Gh) o)

L di(GH®(d;(G) T 2

]P({node i forms a link with node 7 + 1}) =

Thus, the growth of node i’s degree is faster than its growth when new nodes
independently and randomly form a link with probability %tl). When this is the

case, the probability that node i forms infinitely many links becomes one by the

23See Chapter 3 in Jackson (2010) for examples and discussions.
24A proof is provided in Section A.2.
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second Borel-Cantelli lemma (Durrett, 2005).25 Therefore, the degree of node
i becomes infinitely large as the network size increases under the condition of

decreasing hazard rates.

Proposition 3 If the hazard rate function is decreasing, then the largest eigenvalue

diverges almost surely to infinity as the network size becomes infinitely large.

I now identify a relation between the heavy-tailedness of the asymptotic degree
distribution and its IHRP. From the definition of the hazard rate function, I can

express the complementary degree distribution as

d— d—1
k®(k)
F(d) = 1 —h k
(@ B ( ) D ( + k(D(k))
Suppose the IHRP, and so uﬁ)gi)d) is decreasing in d. Then, _since /l(fg?d s < ’ufé)l()l)

for all d, the value of the complementary degree distribution F'(d) decreases at least
(1)
p+@(D)

not heavy-tailed if the hazard rate function is increasing.

at a geometric rate of < 1. Therefore, the asymptotic degree distribution is

The asymptotic degree distribution can be heavy-tailed even when its hazard
rate function strictly decreases. In particular, the asymptotic degree distribution is
heavy-tailed only if its hazard rate function not only decreases, but also converges
to zero. In the current model, the hazard rate function converges to zero whenever
d®(d) diverges to infinity without any bound as d becomes infinitely large.

In many models, however, the strictly decreasing hazard rate property of the
asymptotic degree distribution coincides with its heavy-tailedness. For example,
in the current model. d®(d)

becomes infinitely large as the network size increases whenever @ < 1, which is

consider the parametric example of ®(d) = d™¢
the condition for the strictly decreasing hazard rate function. Thus, the asymp-
totic degree distribution is heavy-tailed if and only if the hazard rate function is
strictly decreasing. Indeed, in other network formation models such as Barabdsi
and Albert (1999) and Jackson and Rogers (2007a), the resulting asymptotic degree
distributions are heavy-tailed and satisfy the strictly decreasing hazard rate property

simultaneously. The following proposition summarizes this point.

Proposition 4 [f the hazard rate function is increasing, then the asymptotic degree

distribution is not heavy-tailed. If the hazard rate function is strictly decreasing and

23The second Borel-Cantelli lemma states that for a given set of independent events, say {E,, by
if 3" | P(E,) = oo, then IP(E, i.0.) = 1. A proof is provided in Section A.2.
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converges to zero as the degree becomes infinitely large, then the asymptotic degree

distribution is heavy-tailed.

Negative implication. By Proposition 3 and Proposition 4, it follows that if a
dynamic network formation model generates a heavy-tailed degree distribution,
then the largest eigenvalue of the network becomes infinitely large as the network

size increases.
Corollary 1 If the asymptotic degree distribution is heavy-tailed, then
lim P(Amax(G') < 00) = 0.

Corollary 1 proves that by using a standard utility function in the literature, it
is impossible to build a bilateral dynamic network formation model that generates a
heavy-tailed degree distribution. In a bilateral dynamic network formation model,
the resulting asymptotic degree distribution is heavy-tailed only if a node is more
likely to form new links as its degree increases. Corollary 1 shows that this condition
implies that largest eigenvalue becomes arbitrarily large as the network size becomes
large. Thus, the value of forming a link to a particular node becomes arbitrarily large
beyond a certain period. As such, if nodes can strategically choose a node to link,
all nodes entering after that period will choose a particular node. Therefore, when
it comes to bilateral link formations, the strategic link formation and a heavy-tailed

degree distribution are incompatible.

1.5 Application I: Network Games

In this section, I present how the IHRP helps to characterize equilibria in network
games. [ adopt the incomplete information setting introduced by Galeotti et al.
(2010), in which agents are not aware of the exact structure of the underlying network,
but know its degree distribution. I characterize a unique Bayesian equilibrium, and
explain how it is related to the IHRP.

1.5.1 Network Games with Incomplete Information
Network and utilities. There is a countable set of agents, N = {1,...,n}. Con-
nections between agents are represented by a network G = (N, A), in which A is a
symmetric matrix of size n with each entry in {0, 1}. For notational simplicity, let
N; be the set of agent i’s neighbors. f(-) is the degree distribution of the underlying
network, which is common knowledge amongst the agents.

Each agent i simultaneously takes an action x; € R,. I denote by x = (x;,X_;) €

R’ the action profile of the agents, where x_; is the action profile of all agents except
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agent i. For an action profile x, the utility of agent i with degree d; is given by

1
2
ui(xp, X, di) = x;— R 0x; Z Xj
S—— jeN[
idiosyncratic utility —

network externality

where 6 > 0 represents positive network externalities between agents’ actions. This
utility function satisfies a property in which adding a link to an agent taking action
0 generates no additional value to agent i’s utility. Note that the utility function
is independent of agent i’s identity in the network in the sense that agents i and
J obtain the same utility if their degrees are identical and their neighbors’ actions
coincide. Thus, I represent agent i’s utility by u(x;, Xy,, d;) where Xy, € Ri" is the

action profile of agent i’s neighbors.

Information. Before deciding on her action, the information available to agent
i is her degree d; and the degree distribution f(-). Thus, each agent can update
her beliefs about the degrees of her neighbors based on her private information.
To simplify this belief updating process, I employ the assumption of degree inde-
pendence, which is quite common in the literature (e.g., Fainmesser and Galeotti,
2016; Feri and Pin, 2015; Galeotti et al., 2010; Ghiglino, 2012; Shin, 2016a). The
degree independence assumption states that agent i believes that the link between
herself and each of her neighboring agents is an i.i.d. draw from a given degree
distribution. Under this assumption, I denote by f(-) : N — [0, 1] the probability
density function of a neighboring agent’s degree, which is calculated as

~ df(d)
d) = ———,
f(d) @

where (d) = 3.7, df (d) is the average degree.?° I call f(-) the conditional degree
distribution. The conditional degree distribution f(~) captures the idea that a highly
connected agent is more likely to be an agent’s neighbor: f (d) > f(d) for all
d > {d). F () and Z(-) are the corresponding cumulative distribution function and

the hazard rate function, respectively.

26To understand this calculation, suppose that each agent’s degree is either one or two. Let f(1)
and f(2) be the fraction of agents with degree one and two, respectively. Divide the set of links
into two categories: (i) set L; containing links attached to an agent with degree one, and (ii) set
L, containing links attached to an agent with degree two. Then, the fraction of links in set L; is
proportional to f(1) and the fraction of links in set L, is proportional to 2f(2). Due to degree
independence, the probability that the degree of a randomly selected neighbor is d is equal to the
probability that a randomly selected link is chosen from set Ly. Thus, after normalization, f(-) is
the probability density function of a neighbor’s degree.
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The degree independence assumption is plausible for large networks because the
degrees of two neighboring agents are approximately independently distributed. In-
deed, the configuration model confirms that for each agent i, knowing only agent i’s
degree provides no additional information about the degrees of her neighbors, as the
number of agents becomes large (Bender and Canfield, 1978). Therefore, a neigh-
boring agent’s degree is considered as an i.i.d. draw from the degree distribution,
and its probability density function is f(-).27

The following lemma states that the conditional degree distribution satisfies the
IHRP.

Lemma 1 If f () satisfies the increasing hazard rate property, then f (+) satisfies

the strictly increasing hazard rate property.

Partial order on degree distributions. To compare equilibria where the underlying
network changes in density, I consider a family of degree distributions {f5(:)}sce
indexed by an ordered set ® in which all members have the common support N. [ use
the likelihood ratio order (Karlin and Rubin, 1956) as a partial order on {fy(-)} .-

Definition 2 Degree distribution fy(-) is said to stochastically dominate fy (-) ac-
cording to the likelihood ratio order if for all d,d’ € N with d > d’,

fo(d) . fo(d")

Jo(d)  for(d)

I denote this stochastic dominance order by >1,r and assume that fg(-) >1r fo'(-)

if 6 > 6".2% For each degree distribution fy(-), let fé(-) be the corresponding condi-
tional degree distribution. Similarly, I denote by /y(-) and ﬁg(-) the corresponding
hazard rate functions.

The likelihood ratio order has the following three useful properties:

(i) The likelihood ratio order between two degree distributions is preserved for

the corresponding conditional degree distributions:?°

Jo() >Lr for(-) implies fo(-) >Lr for(-).
2’However, many dynamic network formation models generate correlations between neighboring
nodes. In fact, real network datasets often exhibit positive or negative neighbor affiliations (Newman,
2003).
28The likelihood ratio order is not a complete ordering of an arbitrary family of degree distribu-

tions.
DForall d > d’,

fold) _ dfo [ d'fod)/( e _ fod)
Jo@ o @idy "~ d'fo@) o~ Jo@)
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(ii) The likelihood ratio order >y g induces the first-order stochastic dominance
order, denoted by >posp for the degree distributions and the conditional
degree distributions:3°

fo(-) >Lr for(-) implies f4(-) >Fosp for(-) and fo(-) >rosp fo ().

(iii) The likelihood ratio order >t g provides the monotone hazard rate order for
the hazard rate functions of the degree distributions and the conditional degree

distributions:

fo(-) >Lr for(-) implies hg(d) > hy(d) and hy(d) > hy(d) for all d.

As will be presented in later sections, the above properties are useful to analyze

comparative statics of network game outcomes.

Strategy and equilibria. A strategy for agent i is a map o; : N — A(R,) where
A(Ry) is the set of probability distributions over R.,.. I consider symmetric Bayesian
equilibria (equilibria). Thus, an equilibrium is represented by a strategy o (-), and
so each agent’s equilibrium strategy depends only on her degree.
When agent i with degree d; chooses action x; € R,, her expected utility is
1 ~
Ulxi, 0 di) = x; = 5x7 + 6diE ] xi,

where E [o] := 2o o(d) f (d) is the expected action of a neighboring agent. A
strategy o (-) establishes an equilibrium if o (d;) is a best response for any agent
with degree d;.

Definition 3 A strategy o (-) is an equilibrium if for any agent i with degree d;,

U(x;,0,d;) 2 U(x},0,d;) for all x| € R, and x; € supp(o(d;)).

1.5.2 Properties of Equilibria

The expected utility of agent i with degree d; is U(x;,0,d;) = x; — %xlz +

6diE [o] x; for given strategy o (-). Maximizing the expected utility U(x;, o, d;)

with respect to x; yields a linear best reply function:

Bo,d) =1+ 6d;E[o]. (1.5.1)

where (d)g = X5, dfe(d) and (d)g = 355, dfer(d).

30The first-order stochastic dominance order between the degree distributions does not induce
the first-order stochastic dominance order between the conditional degree distributions. To see this,
consider two degree distributions, f1(1) = 0.30, f1(2) = 0.45, and f1(3) = 0.25; f>(1) = 0.45,
f2(2) = 0.30 and f>(3) = 0.25. Then, fo(-) >rosp for("), but fo(-) #rosp fe(-) because
Fo(1) =0.25 > Fy (1) = 0.15 but Fy(2) = 0.58 < Fy (1) = 0.62.
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In any equilibrium, the corresponding equilibrium strategy o *(-) is a best reply
with respect to o*(+): xB(c*,-) = o*(-). In any equilibrium, agents’ beliefs must
be consistent: by taking expectations of both sides in equation (1.5.1), it must hold
that
™ * n * 1
E[oc"] =1+ 8dDE [07] = ——,
1 - 6(d)
where (d) = P df(d) is the expectation of a neighboring agent’s degree. Thus,
an equilibrium exists if and only if §¢dy < 1. This equilibrium condition can be

further simplified as the ratio of the first and second moments of degree distribution

f() as:

df (d d?
@300 20 [5) -

Thus, the sufficient and necessary condition for existence of equilibria is 542 ( d> < 1.

To understand the intuition behind the above equilibrium condition, consider a
myopic best reply dynamics such that o' (-) := 1, and recursively define o (-) :=
xB(o""1,-) for n > 2. The initial strategy o' (-) corresponds to a strategy in which
individuals take the minimum action. When agent i myopically best responds to
o'(-), she assumes that her neighboring agents take action ]E[al] = 1. Thus,
when her degree is d;, her best response is o2(d;) = 1 + é6d;. Now, for the next
best reply, agents optimize their actions by assuming that the other agents play
strategy o->(-). Each agent i finds the expectation of her neighboring agent’s action
as E[c?] = 1 + 6%; Thus, when her degree is d;, agent i’s myopic best reply
is 03(d;) = 1 + 6d; + 62 <<il>>d . This myopic best reply dynamics continues until

it converges.3! To establish that this dynamics converges, it must hold that the
@
(d)
In the above dynamics, the agents with very high degrees serve as conduits for ac-

influence of the neighboring agent’s expected actions converges as ¢ < 1.

celerating actions of other agents with low degrees. When the degree distribution is
heavy-tailed, there is a sufficient number of agents with enormously many neighbors.
Since the action space is unbounded, the presence of such agents will significantly

increase other agents’ actions. Thus, the above myopic best reply dynamic will

31This myopic best reply dynamics is called the mean-field dynamics and frequently used in
diffusion models (e.g., Jackson and Rogers, 2007b; Loépez-Pintado, 2008; Shin, 2016a). These
dynamic models implicitly assume that (i) in each period, agents consider a new strategic interaction
in a network, and (ii) the stochastic dynamics is represented by a deterministic dynamics. These two
assumptions remarkably simplify the models, and allow researchers to compare diffusion outcomes
in terms of the network structure that underlies.



26

diverge. For example, consider a network having a scale-free degree distribution.
Since a scale-free degree distribution has a functional form of f(d) = cd™” where
¢ is a normalization factor, its second moment is infinite if and only if y < 3. The
scale parameter is frequently estimated to take values within the (2, 3) interval.32
Therefore, the empirical scale-free degree distributions predict that the myopic best
reply dynamics diverges.

However, the degree distribution of a network is not heavy-tailed if it satisfies the
IHRP. Specifically, the IHRP provides a finite second moment, and so the myopic
best reply dynamics converges as long as ¢ is not too large. Moreover, since the best
reply function is linear, the equilibrium is uniquely exists. The following proposition

summarizes these points.

Proposition 5 [f the degree distribution satisfies the increasing hazard rate prop-
erty, then there exists an equilibrium if and only if 6 % < 1. The equilibrium is

unique if it exists.

I finally remark on two theoretical features of the equilibrium in the current
incomplete information setting, comparing to the equilibria in a complete informa-
tion setting. First, the current equilibrium condition is less restrictive in that it is
independent of the network size that underlies. In the network games with complete
information, Nash equilibria exist if and only if 04, (G) < 1. However, in promi-
nent dynamic network formation models, the largest eigenvalue diverges to infinity
as the size of the network increases. For example, in the PA model, it grows at the
rate of \/n where n is the size of the network (e.g., Chung et al., 2003; Flaxman
et al., 2005). Moreover, as shown in the previous section, the largest eigenvalue
can be very large even when the IHRP is satisfied. Thus, the equilibrium condition
under complete information is more restrictive.

Second, the equilibrium under incomplete information is easier to calculate. In
the network game with complete information, the equilibrium action profile is a
function of the eigenvalues of the adjacency matrix (Ballester et al., 2006), which
are more expensive to calculate than finding the second moment of the degree

distribution. Specifically, for a given n X n adjacency matrix, the time complexity

32For example, Barabasi and Albert (1999) measure the scale-free parameter for the social network
between movie actors. Two actors share a link if they have appeared in at least one movie together.
The authors identify the scale parameter 2.3 for the degree distribution. See Chapter 1 in Durrett
(2010) for more examples of the estimated scale parameters.
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of finding the second moment is O(n?).33 On the other hand, the time complexity
of an algorithm that finds all eigenvalues is roughly tied to the complexity of matrix

multiplications, which require at least O(n?3) time.34

1.6 Application II: Mechanism Design

I study a revenue-maximizing Bayesian incentive compatible mechanism. I
consider a monopolistic seller who determines allocations to buyers. Buyers are
connected to one another, and a buyer’s valuation of her allocation depends on her
neighbors’ allocations as well. The buyers know their degree but have incomplete
information about the degrees of their neighboring buyers. Thus, the degree distri-
bution is a type distribution of the buyers. By assuming its IHRP, I characterize an

optimal mechanism.

1.6.1 The Model

Consider the following mechanism design problem. There are n buyers indexed
by i, and N = {1,...,n} is the set of buyers. There is a single seller who owns an
infinite number of an object. The object is divisible and has no value for the seller.
I assume that each buyer has a unit demand for the object. The buyers and seller
know the degree distribution of the underlying network between the buyers.

Agent i’s type is her degree d; € D = {0,. .., dmax}, and D" is the set of all type
profiles. By the assumption of degree independence, buyer i’s type is drawn from
the degree distribution f(-), and is independent of other buyers’ types. I assume that
each buyer’s degree is her private information. The joint type distribution, except
buyer i’s type, is f-;j(d-;) = [1;4 f(d;) whered_; € D" is the type profile of all
buyers except buyer i’s type. Although realizations of types are independent, buyer
i’s utility has allocative externalities. Let x = (x;,x_;) € [0, 1]" be an allocation
vector of the buyers, where x_; represents the allocation vector except buyer i’s
allocation. Buyer i’s value of allocation vector X is v;(x;,X—;) = X; Yjen, Xj- |
consider buyers with a quasi-linear utility function: when buyer i pays p; to the
seller, her utility is v;(x;, X-;) — p;.

By the revelation principle, I focus on direct revelation mechanisms (mecha-

nisms): buyers directly report their types, and an allocation vector and a payment

33The computation of a degree distribution can be done in O(n?) time. For example, the naive
algorithm, which simply iterates through each element of the adjacency matrix to count the number
of neighbors each node has, achieves the bound of O(n?) to find the degree distribution. Given a
degree distribution, one can easily calculate the second moment in O(n) time.

34For instance, Coppersmith and Winograd (1990) suggest an algorithm that achieves the bound
of O(n?>37%). There is no known algorithm that achieves on?).
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vector are determined according to a pre-determined rule. Formally, let X = [0, 1]"
be the set of allocation vectors. The seller specifies a direct revelation mechanism
(x, p), where x is an allocation rule, and p is a payment scheme. The allocation rule
is represented by x = (xy,...,x,) where x;(-) : D" — [0, 1] is an allocation rule
for buyer i. Similarly, the payment scheme is denoted by p = (py, ..., p,) Where
pi(:) : D" — R, is a payment scheme for buyer i. Therefore, when the reported
profileisd = (dj, ..., d,), buyer i obtains x;(d) unit of the object and pays p;(d) to
the seller.

Given a mechanism (x,p), I define for each buyer i the conditional expected
allocation function &;(-) : O — [0, 1] and the conditional expected payment function
mi(): D - R, as

E(d) = D xi(did)fa(dy),

d_iGZ)"_l
m(d) = ). pildid) foi(doy).
d_[EDn—l
Suppose buyer i believes that other buyers report their types truthfully. When
her type is d;, buyer i’s expected valuation by reporting type d; is

Vi(dy, di) = &(d)) D E [£(d)p],

JEN;

where E [g,- (dj)] = DdeD f(dj)fj(dj) is the expectation of neighbor j’s alloca-
tion.

I restrict my attention to anonymous mechanisms: if d; = d;, then &;(d;) =
&;(d;) and m;(d;) = mj(d;) for all i, j € N. With this restriction, a mechanism is
simply expressed by a pair of two functions (&, ): if buyer i reports type d;, she
receives £(d’) unit of the object and pays n(d’). Thus, for a buyer of type d, her
expected value from reporting d’ is

V(d',d) = £(d')dE,

where ;5 = Zj“:“‘l‘ é(d) f (d) is the expected allocation of a neighboring buyer.

A mechanism (&, ) is called incentive compatible if
V(d,d)-n(d)>V(d,d)—n=(d) foralld’,d € D.
In addition, a mechanism is called (interim) individually rational if for alli € N,

V({d,d) —n(d) > 0foralld € D.
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Since the seller’s per-capita expected revenue is ) el f(d)rn(d), his mechanism

design problem is formulated as

dmax
maximize d)r(d
xim ; f(d)n(d)

subjectto V(d,d) —n(d) > V(d',d) —n(d") foralld’,d € D, (1.6.1)
V(d,d)—n(d) >0 foralld € D,
£(d) €[0,1] foralld € D.

1.6.2 Revenue-Maximizing Mechanism
For any mechanism generating a positive revenue to the seller, V (-, ) is strictly
supermodular: for all d > d’ and k > k’,

V(d, k) -V (d, k) >V(dKk)-V(d, k).

For this strict supermodularity, a mechanism (&, ) is incentive compatible if and
only if the allocation rule £(+) is monotone: £(d) > £(d”) forall d > d’. The mono-
tonicity simplifies the incentive compatibility constraints by the adjacent incentive

compatibility constraints:3>

V(d,d)—n(d)>2V(d+1,d)—n(d+1)foralld =0,...,dnax — 1 (1.6.2)
V(d,d)—n(d)>2V(d-1,d)—n(d-1)foralld =1,...,dnax- (1.6.3)

Needless to say, all the downward incentive compatibility constraints (1.6.3) must
be binding if a mechanism (&, ) maximizes the seller’s revenue. Since any isolated
buyer with zero degrees takes no value from his allocation, I set 7(0) = 0 without loss
of generality. Since the downward incentive compatibility constraints are binding,

the payment scheme satisfies

d
r(d) =x(d - 1)+ (V(d,d) - V(d=1,d)) =&y (£(k)k = £(k = 1)k)

k=1
forall d > 1, where E = ZZ‘:‘]* &(d )f(d ) is the expected allocation of a neighboring
buyer. It follows that if £(-) is monotone, the above payment scheme provides that
all the upward incentive compatibility constraints (1.6.2) are satisfied. Thus, the
seller’s problem becomes

maximize di FlaHe@dyy | f (g(d) (d- 1_—F(d)))
&D-l01 | 44 —~ f(d)

subjectto 0 < £(0) < £(1) < -+ < &(dmay) < 1.
35See Chapter 6 in Vohra (2011) for a proof.

dmax

(1.6.4)
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The seller’s objective function can be rewritten as

dmax

) @ (Ead)(d _L F(d))),
d=1

f(d)

where '5 = Zj“;alx &(d) f (d) is the expected allocation of a neighboring buyer. The

term presents in the summation, E (d- %) , is the virtual value of a buyer of type

d. Due to the allocative externalities between neighboring buyers, the virtual value
l}ﬁ)d)) and 'g' The first component that does
not depend on other buyers’ allocations is the virtual type (Myerson, 1981). The

consists of two components: (d —

second component E newly appears in the current model, and I call this the social
value. Since the social value depends on allocation rule £(-), the seller takes it into
account his revenue maximization problem.

If the seller fully knows the buyers’ types, he can choose the efficient allocation
rule where £(d) = 1 and the payment rule n(d) = d for all d. Since every buyer
knows that the other neighboring buyers obtain one unit of the object, this allocation
rule maximizes the social value £ as one. However, when the seller has incomplete
information, he has to incentivize the buyers to truthfully report their types.

Note that if allocative externalities do not exist, and the IHRP is satisfied, the
seller can incentivize the buyers by solving the following pointwise maximization

problem of the individual values:

dn
) ) max 1 _ F(d)
maximize (d) ( (d)d - ————— )
£D-[0,1] ; f ¢ ( f(d) ) (1.6.5)
subjectto 0 < &(0) < &(1) <+ < E(dmax) < 1.
The solution of the above problem maximizes &(d) (d - I}Zf) ) for each d (Myerson,

1981). Note that the virtual type (d — 1}1&)[1 )) undercuts the buyers’ true types, and

so the resulting social value is strictly less than one. Since the seller’s true objective
function contains the social value, the solution of alternative problem (1.6.5) does
not maximize the seller’s true per-capita revenue in (1.6.4). This suggests that the
seller has to balance the maximization of the social value and the maximization of
the individual value. By using the example in the following section, I will clearly

illustrate the tension between these two maximizations.

Comparative statics. Although it is impossible to obtain a closed-form solution
of the optimal mechanism, it follows that the seller’s per-capita revenue monotone

increases as the density of the underlying network increases. By using the notion of
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likelihood ratio order, let fy(-) and fy(-) be the degree distributions of two networks

fo(d) for(d)
, 1_‘}9([1) < 1—?%'(01) for all

with fp(-) >Lr for(-). As shown in the previous section
d,and fy(-) >rosp fo' ().

Suppose that the seller chooses the same allocation rule &(-) for both networks.
Then, as the degree distribution changes from fy/(-) to fg(-), the individual value
strictly increases as

1 -F 1-Fy
B od) _ o (d)
fo(d) Jor(d)
for all d. In addition, the first-order stochastic dominance, f;(-) >FOSD fgl(-),

implies that the social value strictly increases as

dmax dmax

DL fod) > Y E(d) for(d).
d=1 d=1

These two observations imply that for any given allocation rule, the seller’s objec-
tive function in (1.6.4) is strictly increasing as the underlying network changes its
density in terms of the likelihood ratio order. Therefore, the seller’s revenue strictly

increases. The following proposition summarizes this idea.

Proposition 6 [f the degree distribution satisfies the increasing hazard rate prop-
erty, then there exists a monotone revenue-maximizing mechanism. The seller’s
revenue strictly increases as the degree distribution increases in terms of likelihood

ratio order.

1.6.3 Example: Uniform Pricing

I here analyze the seller’s optimal mechanism problem when he cannot price
discriminate the buyers. The seller chooses only one price ¥ > 0. Since the valuation
of the object is strictly increasing in degree, any buyer with a degree higher than a
threshold degree will be willing to pay the posted price 7 and obtain one unit of the
object. Thus, in any equilibrium of the game with incomplete information among
the buyers, the buyers with the threshold degree must obtain zero utility.

The above observation provides that it suffices to consider a binary allocation
rule £(+) characterized by a threshold degree d as é(d) = 1ifd > d, and £(d) =0
otherwise. By the incentive compatibility constraint for d, the expected utility of
the buyers with the threshold degree d must be zero. Thus, the price 7 satisfies
n=V(dd =d(l - F (d — 1)), and the seller’s revenue function for a given
threshold degree d is

Y(d)=d(1-Fd-1)(1-Fd-1)).

posted price demand
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I now characterize the seller’s optimal choice of the threshold degree. I note
that the seller’s revenue function is single-peaked if the degree distribution satisfies
the IHRP. To explain why, I define the seller’s marginal revenue by increasing the
threshold degree d to d + 1 as A¥Y(d) := ¥(d + 1) — ¥(d). The marginal revenue
satisfies (i) AW(0) > 0, and (ii) a single-crossing property that AW (d) < 0 implies
AY(d") < 0 for all & > d. In words, (i) represents that the seller excludes the
buyers who have no neighboring buyers: otherwise, the seller has to make the price
zero to sell the object to those buyers. The single-crossing property (ii) establishes
that the seller’s revenue function has a unique maximizer.

Indeed, the single-crossing property follows from the fact that both the degree
distribution and the conditional degree distribution simultaneously satisfy the IHRP.

To demonstrate, I write the marginal revenue as
1
(1-F(d-1)(1-F(d-1))

AY(d) = {1+ (d+1)(h(d)h(d) - h(d) - h(d))} .

Since h(d)h(d) — (h(d) + h(d)) is strictly decreasing by Lemma 1, the marginal
revenue satisfies the single-crossing property. The seller’s revenue is maximized at
d* = inf{d|A¥(d) < 0}. By ignoring the integer-value problem, the optimal choice
of threshold degree d* is easily characterized by setting A®(d*) = 0O:

= h(d") + h(d*) — h(d*)h(d"). (1.6.6)

d*+1
This characterization directly shows the existence and uniqueness of a threshold
degree: the left-hand side strictly decreases in d, but the right-hand side strictly
increases in d.

The above characterization equation has the following economic interpretation.
Suppose that the social value is fixed as E, and that the seller proposes a take-it-or-
leave-it offer to a buyer at price . Since the buyer obtains a zero utility if she has
degreed = n/ ;?, the probability that this buyer accepts the offeris 1 = F(d—1). Thus,
the seller’s revenue function in terms of threshold degree d is £d(1 — F(d — 1)).
The seller’s revenue is uniquely maximized at d’ satisfying ﬁ = h(d’), and it
is independent of the social value E Therefore, the first term in equation (1.6.6)
explains the optimal choice of threshold degree when he does not take into account
the change of the social value by his mechanism. However, the seller has to consider
the social value to maximize his revenue as explained for the general model. In
equation (1.6.6), the latter term (ﬁ(d) - ﬁ(d)h(d)) captures this factor. Since
Z(d) —E(d)h(d ) is strictly positive, the threshold degree d* solving equation (1.6.6)

is strictly smaller than d’.
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The optimal choice of threshold degree d* as strictly smaller than d’ has the
following meaning. Let 7* = d*(1 — F(d* - 1)) and n’ = d’(1 — F(d’ - 1)) be
the corresponding prices. Since the degree distribution f(-) satisfies the strictly
IHREP, it follows that 7* < n’.36 Therefore, by setting a lower price 7*, the seller
increases the demand. In turn, the lower price provides a higher return to the seller
than a price that only maximizes the individual value. The following proposition

summarizes the observations.

Proposition 7 If the degree distribution satisfies the increasing hazard rate prop-
erty, then there exists a unique threshold degree d* that maximizes the seller’s

revenue.

1.7 Concluding Remarks

Researchers are interested in analyzing strategic interaction in large networks. In
the modeling perspective, they often consider an incomplete information setting in
which agents know their own connections, but have uncertainty about connectivity of
their neighboring agents. In this setting, the IHRP of the degree distribution plays
a key role in characterizing equilibrium outcomes. In addition to the theoretical
implications of the IHRP, the current paper presents a dynamic network formation
model that explains why empirical hazard rates exhibit different patterns. This
network formation model with empirical observations justifies the use of the IHRP
as an assumption of network games.

One important factor should be taken into account in future research. It has
been recently shown that networks having the same degree distribution may have
very different network structures. Specifically, Bubeck et al. (2015) show that the
initial network has a great impact on the limiting graph generated by the PA model.
This is a surprising result because the degree distribution generated by the PA
model converges almost surely to a scale-free distribution regardless of the initial
network. Beyond just finding a limiting degree distribution, the dynamic network
formation literature is evolving in a direction of identifying the limiting distribution
of networks.

Therefore, in line with the literature on strategic network formation, it is definitely
worth building a strategic dynamic network formation model that incorporates how

agents form beliefs about the future networks for a given network, and how it affects

36To see this, let d” be the degree that maximizes d (1 — F(d —1)). Since f(-) satisfies the
strictly IHRP, such d” is unique. It follows that d” < d” by h(d) > h(d) for all d. Note also that
d(1 — F(d - 1)) is strictly increasing in d for d < d”’. Therefore, 7* < n’ because d* < d’ < d”.
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their decision on link formation. I conjecture that this approach will generate a
probability distribution over a set of multiple networks, and so it will enrich the
limiting equilibrium network structure compared to what the previous strategic

network formation models predict.



35
Chapter 2

MONOPOLY PRICING AND DIFFUSION OF (SOCIAL)
NETWORK GOODS

2.1 Introduction
2.1.1 Overview

There are many goods for which a consumer’s valuation is influenced by her
existing social relationships. For instance, when a consumer is thinking of joining
an online communication service (e.g., Skype or WhatsApp), she considers how
many of her friends and co-workers are currently subscribing the same service.
Because of this interdependency of valuations, demand for a good depends on social
relationships between all consumers. Social relationships between all consumers
can be represented by a social network that consists of consumers and a set of links
between them. It then follows that a monopolistic seller would factor social network
structures into his optimal marketing strategy.

In this paper, I analyze an optimal dynamic pricing strategy for a subscription
social network good sold by a monopolist. In the model, the good is a social
network good in the sense that positive network effects are generated only between
consumers sharing a link within a social network. Subscription means that in each
period, consumers need to pay a subscription price (e.g., monthly service fees of
cell phone services) to use the good. I assume that in each period, there is only
one subscription price that applies to all the consumers, and that each consumer
myopically best responds to population behavior in the previous period (mean-field
approximation). Under these assumptions, the monopolist maximizes the discounted
sum of per-period profits by choosing a sequence of subscription prices, which I
call a pricing plan.

The current monopoly market for a subscription social network good is different
from other types of network good markets. First, in contrast with a network good
market in which each consumer benefits from all other subscribers, a consumer ben-
efits only from her neighboring consumers’ subscription. I assume that consumers
know only their own degree and are uncertain about the subscription decisions of
other consumers. Thus, other things equal, a consumer’s value from subscribing to
the good depends on her degree, the number of her neighboring consumers. For this,

in the model, consumer heterogeneity is summarized by the degree distribution of
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the social network. Thus, the monopolist takes the degree distribution into account
when determining his optimal pricing plan.

Second, in contrast with a durable good market in which a consumer permanently
leaves the market after her initial purchase, no consumer permanently leaves the
market for a subscription good. As a consequence, the monopolist does not compete
with his future selves in demand. Rather, as a function of the degree distribution, his
dynamic problem is how to adjust the size of positive network effects by changing
subscription prices over time.

In my model, the monopolist balances an intertemporal tradeoff in each period:
maximizing the current profit versus increasing future profits by encouraging more
consumers to subscribe to the good. In period ¢, if the monopolist lowers the
subscription price below the price that maximizes profit in period ¢, more consumers
subscribe to the good. This will lead consumers to expect that their neighboring
consumers are more likely to subscribe to the good in period ¢ + 1; the demand
shifts up, and it provides a chance for the monopolist to obtain a higher profit in
period ¢ + 1. The monopolist balances the above tradeoff across periods in order to
maximize his discounted sum of per-period profits.

I characterize optimal pricing plans and analyze their dynamic properties. In-
terestingly, any optimal pricing plan has the property that if at some period the
subscription price is lower than its steady state level, then it will become higher than
its steady state level within finite periods, and vice versa. This pattern originates
from the fact that, for example, when the size of network effects is high due to a
high subscription rate in the previous period, the monopolist has an incentive to set
a high subscription price in order to obtain a higher profit in that period. Moreover,
since an optimal pricing plan oscillates around its steady state level, the resulting
subscription rate also exhibits oscillating patterns.

The rest of my analysis focuses on properties of the unique steady state of the
monopoly market where both the monopolist and consumers do not change their
decisions.! First, the subscription rate at the steady state of the market is at the
highest level that is consistent with the steady state price level. Because of this, the
steady state is robust to small perturbations to consumers’ belief in the subscription
rate. Second, I find a closed-form expression for the deadweight loss from the
monopoly that consists of two parts: welfare loss from excluded consumers and

welfare loss from the lost network effects. Third, I examine the effects of changes

ISince I consider an incomplete information setting, the unique steady state can be interpreted
as a perfect Bayesian equilibrium (Jackson and Yariv, 2007).
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in the monopolist’s discount factor and the density of social networks in terms of

the likelihood ratio property.

2.1.2 Related Literature

The current paper is related to the literature on diffusion in social networks.
Bass (1969) introduces a non-strategic diffusion model of product adoptions, and
expresses changes of the adoption rate by using ordinary differential equations.
Granovetter (1978) proposes an alternative dynamic model where in each period,
each agent best responds to population behavior in the previous period. Both Bass
(1969) and Granovetter (1978) do not account for the impact of social network
structures on diffusion outcomes. Several recent papers highlight the impact of
particular social network structures (e.g., Jackson and Rogers, 2007b; Jackson and
Yariv, 2007; Lopez-Pintado, 2008; Young, 2009). Although these models can be
used to analyze consumers’ adoption behavior, they do not introduce a firm that
might influence diffusion processes in order to maximize his profit. I take the
framework by Jackson and Yariv (2007) and consider a monopolist who changes
subscription incentives by changing subscription prices. This leads my model to
predict a unique steady state.

The current paper is also related to the growing literature on optimal marketing
strategy when consumers, connected to one another in a social network, influence
one another (e.g., Fainmesser and Galeotti, 2016; Campbell, 2013).2 Fainmesser
and Galeotti (2016) consider a static price discrimination problem rather than the
dynamic setting I consider. Specifically, they consider a monopolist who knows the
in-degree and out-degree distributions of the underlying social network. They show
that the average and variance of the two degree distributions are sufficient statistics
to characterize the optimal price discrimination rule. In contrast, in my dynamic
setting, the steady state price level depends on the hazard rate function.

Campbell (2013) models the diffusion process as a percolation process, and
finds the value of informed consumers asymptotically. A monopolist can influence
the percolation process by changing a purchasing price only at the outset of the
process. However, in my model, the monopolist optimally sets a subscription price

in every period, depending on the present subscription rate. Because of this, the

2In the computer science literature, several papers study the complexity of finding an optimal
strategy in various settings. For example, Hartline et al. (2008) and Arthur et al. (2009) consider
a setting in which a monopolist sequentially approaches consumers and offers a different price for
each consumer. Since finding an optimal strategy is NP-hard, the authors of these papers propose
an algorithm that generates a simple strategy that returns approximately the maximum expected
revenue.
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comparative static results on the steady state rely on different statistics of the degree
distribution.

Conceptually, the current paper is related to the classical literature on dynamic
pricing of subscription network goods sold by a monopolist.® Rohlfs (1974) is one
of the first to inspect consequences of dynamic pricing and diffusion. Dhebar and
Oren (1985) show that assuming a particular subscription pattern, an optimal pricing
plan monotonically increases to the steady state price level. Similarly, Radner et al.
(2014) prove that assuming a concave distribution of consumer heterogeneity, an
optimal pricing plan monotonically decreases (increases) to the steady state price
level if the initial subscription rate is above (below) the subscription rate at the
steady state. In my model, consumer utilities derived from subscribing to the good
depend on connectivity in the social network. Moreover, my model does not assume
a particular subscription pattern, so that I obtain oscillating optimal pricing plans

instead of monotone plans in the previous papers.

2.2 The Model

Social network. I consider a finite (but large) set of consumers N = {1,...,i,...,n}.
Social relationships between the consumers are represented by a social network
(N, L), where L C N X N is the set of links that represents pairwise social relation-
ships among the consumers. The social network is undirected: (i, j) € L if and only
if (j,i) € L. For consumer i, N’ := {j € N|(i, j) € L} is the set of neighbors, and
its cardinality x' := |N'| is called consumer i’s degree. As will be explained later,
a key property of the social network is its degree distribution f : Ny — R*, where
f(x) represents the fraction of consumers with degree x.# To obtain clear results,
I assume that the degree distribution is approximated by a continuous probability
density function, which has full support Rj and is continuously differentiable.> I

denote by F the corresponding cumulative degree distribution. 1 define a function

f: Ry — R as f (x) := x{g ) where (x) is the expected degree under the degree

3There are several papers (e.g., Bensaid and Lesne, 1996; Cabral et al., 1999) that find conditions
under which an optimal pricing of a durable network good is increasing, contrary to the Coase
theorem (Coase, 1972). Bensaid and Lesne (1996) find that if the network effect on consumer utility
is substantial, the monopolist can credibly increase prices as time passes. Cabral et al. (1999) propose
a two-period model, which shows that if consumers have incomplete information about the demand
size, there exists a unique perfect Bayesian equilibrium in which price in the second period is higher
than price in the first period. See surveys by Katz and Shapiro (1994), Farrell and Klemperer (2007),
and Shy (2011).

4T use the following notation: R* := (0, co) and Rg :== {0} UR™.

>This approximation is reasonable when the population size n is large. For example, the degree
distribution of an undirected ErdGs-Rényi graph G(n, p) is approximated by the normal distribution
N(np,np).
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distribution f. I call fthe conditional degree distribution, and f(x) represents the
conditional probability that a consumer’s degree is x, conditional on being at the
end of a randomly and independently chosen link in the social network.

I take the following assumption of the increasing hazard rate property (IHRP):

Assumption 2 For all x € R”,

dx \1-F(x)] —

The IHRP of f indicates that, among consumers having at least x neighbors, the
conditional fraction of consumers with degree exactly x increases as x increases.
Several degree distributions exhibit the [IHRP. For example, an exponential degree
distribution generated through a random attachment model satisfies the IHRP.¢ A
degree distribution generated by the Watts-Strogatz model (Watts and Strogatz,
1998) also satisfies the IHRP. Moreover, several empirical degree distributions
exhibit the IHRP (Shin, 2016b).”

The following lemma provides useful properties of the hazard rate functions of

f and fthat will play important roles throughout the paper.

Lemma 2 If f satisfies the IHRP, then the following properties hold:
(i) The strictly IHRP of f: for all x € RY,

i(—ﬁ?—)>a (2.2.1)
dx \1-F(x)

(ii) The dominance relationship: for all x € R},

S (x) S J(x)
1-F(x) " 1-F(x)

(2.2.2)

(iii) The single crossing property: there exist x,x € R* such that x < x and

L f® 1 @
x 1-F&) X 1-F®
A simple discrete-time random attachment model generates a variant of exponential degree
distributions in expectation. In the model, nodes newly join to existing networks and form links to
the existing nodes. Then, in expectation, the resulting degree distribution becomes an exponential
distribution. See Jackson (2010) for details.
70f course, there are some degree distributions not satisfying the IHRP. A scale-free distribution
generated by the preferential attachment model (Barabdsi and Albert, 1999) is an example.

(2.2.3)
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The strictly IHRP of f has a probabilistic interpretation that knowing that a
consumer’s neighbor has at least x neighbors, the conditional probability that the
neighbor has degree exactly x increases as x increases. The hazard rate function
of fis strictly smaller than that of f as stated in (2.2.2) because fis calculated
based on additional information that a neighbor’s degree is not zero. The single
crossing property is a direct consequence of (2.2.1) and (2.2.2). The following
example illustrates a case in which the degree distribution is an exponential degree
distribution, and properties in Lemma 2 are easily illustrated.

Example (Exponential Degree Distribution) Consider the case of f(x) = %

iy —x/& . .
Then, f(x) = *¢ e and the corresponding hazard rate functions are calculated as
X 1 f(x X
fo 1 W |
1-F(x) & 1-F(x) ¢&E+x)
Function Values Function Values

0.067 0.067
.

0.04} 0.04F __________

o [
,»”x.,,‘ __ @

4 1-F(a)

0.02} o02f . -1

_______ I'
100 0 T T 50 100
Degree () Degree ()
(a) f(x) and ]7 (x) (b) hazard rate functions of f and f

Figure 2.1: Illustration of Lemma 2

Figure 2.1(a) illustrates f(x) and f(x) when & = 20. Observe that f (x) (the
dotted line) dominates f(x) (the solid line) for all x > (x) = £. This captures the
idea that in a social network, highly connected consumers are involved in a larger
fraction of the links.® As depicted in Figure 2.1(b), the hazard rate functions of f

and f satisfy properties in Lemma 2: (i) the hazard rate function of f(the black

80ne may interpret this result as a probabilistic version of friendship paradox in the social
network literature. Roughly speaking, the friendship paradox states that on average, most people
have fewer friends than their friends have. See Feld (1991) for introduction of the related literature
and Hodas et al. (2013) for evidence in recent social network services.
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dotted line) is strictly increasing in x, (ii) it is strictly smaller than the hazard rate

function of f (the solid line), and (iii) there are two crossing points, x and Xx.

Network good market. 1 consider a monopoly market for a subscription social
network good. The monopolist produces the good at zero marginal production
cost and sells it to the consumers for infinitely many periods ¢t = 1,2,3,.... The
monopolist’s discount factor is denoted by g € (0, 1). The monopolist chooses a
pricing plan, a sequence of non-negative subscription prices {p;};°,, to maximize
his discounted sum of per-period profits. I will formulate the monopolist’s dynamic
optimization problem at the end of the current section.

The good is a subscription good, which indicates that a consumer needs to pay
a subscription price p; to use the good in each period . Without loss of generality,
I assume that a consumer obtains a utility of zero if she does not subscribe to the
good. To qualify as a social network good, 1 assume that positive network effects
are generated only between consumers sharing a link. Formally, if a consumer with
degree x subscribes to the good, she gets a per-period utility of u,(m, p;) = m — p,
where m (< x) is the number of consumers who share a link with her as well as
subscribe to the good in period . Without loss of generality, I assume that in each

period, consumers maximize their per-period utility.®

Diffusion process and the monopolist’s problem. For a given pricing plan {p,};°,,
I model consumers’ subscription decisions as a diffusion process on the social
network by employing the approach proposed by Jackson and Yariv (2007). In
terms of consumers’ information about the underlying social network, I assume
that the consumers know their own degrees but not their neighbors’ degrees, so
that each consumer is uncertain about interactions of other consumers including
her neighbors. Specifically, I consider consumers who believe that (i) there is no
correlation between consumers’ degrees, and that (ii) each neighbor’s degree is an
independent random draw from the conditional degree distribution across periods. '°
The former means that given that two consumers i and j share a link, consumer i

believes that consumer j’s degree is x with the probability f (x), and vice versa.!!

°To see why this assumption can be made without loss of generality, suppose that a consumer
maximizes her discounted sum of per-period utilities. Suppose also that her per-period utility is
strictly greater than zero if she subscribes to the good in period z. In this case, cancelling her
subscription in period ¢ strictly decreases her discounted sum of utilities because by doing so, she
obtains a utility of zero in period ¢, but her future utilities remain the same, independent of this
cancellation. Thus, only the per-period utility matters for her decision in each period.

0These two assumptions rule out any possibility that consumers can learn their neighbors’
degrees from realized utilities in previous periods.

"'The current incomplete information setting is used to model strategic interactions in a large
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With the above incomplete information structure, I consider the following mean-
field approximation of the diffusion process in which the consumers myopically best
respond to the population subscription rate in the previous period.!? As an initial
condition, suppose that any consumer with degree at least x( subscribes to the good;
or equivalently, suppose that a strictly positive fraction 1 — F(x0) of the consumers

is randomly chosen to subscribe to the good.!3 In period ¢ = 1, x¢ and p; are known
pi

1-F(xq)

the good because the expected utility of a consumer with degree x is

to all consumers. Then, consumers with degree at least x; = subscribe to

X

Z (1 = F(x0))"F(x0)*™| = p1 = x(1 = F(x0)) = p1»

m=0

presuming that each neighboring consumer subscribes to the good with probability
1 - F(xo).

Subscription Price

0 Ly Li—1
Degree ()

Figure 2.2: The dynamic demand structure

Generally, for given p; and x;_1, anew threshold degree x; is uniquely determined
and satisfies p; = W(xy, x,—1), where W(x, x") := x(1 — f(x’)) is the willingness-
to-pay (or, the inverse demand) of consumers with degree x when each neighboring

social network. In fact, there is some evidence suggesting that people are not perfectly informed of
their neighbors’ connectivity even in a small world network (e.g., Kumbasar et al., 1994).

2The myopia considered in this paper is only about consumers’ beliefs on their neighbors’
decisions. As explained by Dhebar and Oren (1985), there are three factors affecting a consumers’
subscription decision in each period when population size n is sufficiently large: her degree, the
current subscription price, and her expectation about her neighbors’ current subscription decisions.
Among the three factors, the former two do not require a myopia assumption because a consumer’s
degree is time-invariant, and the current subscription price is observable.

3This can be done, for example, by distributing free units of the good to 1 — F(xg) fraction of
the consumers.
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consumer subscribes to the good with probability 1 — F(x').'* As illustrated in
Figure 2.2, this one-to-one correspondence between p, and x; for a given threshold
degree x;_ determines the demand size as 1 — F(x;) in period ¢, which is the fraction
of consumers with degree at least x;.13

Note that either a pricing plan or the corresponding sequence of threshold degrees
determined by the diffusion process returns the same discounted sum of profits to
the monopolist. For this reason, I formulate the monopolist’s dynamic optimization
problem as an optimal choice of a sequence of threshold degrees {x,};~,, which I
call a diffusion plan. Therefore, the monopolist’s dynamic optimization problem is
formulated as

[e9)

maximize Z B (xi-1, xp),
{xf};il l=1

where 71(x, y) = y(1 = F(x)) (1 = F(y)) is the per-period profit function.

2.3 Preliminary Results
In this section, I first provide characterizations of an optimal diffusion plan and
its unique steady state level. Then, I analyze dynamic properties of optimal diffusion

and pricing plans.

2.3.1 Optimal Diffusion Plan and Unique Steady State
I find that the monopolist never chooses x; > X in any period ¢, so that any

optimal diffusion plan must be in a compact interval [0, x] where x solves equation
1 _ _f

x  1-F(x)"
i-th variable. By the single crossing property in Lemma 2, m>(x, y) > 0 if and only

To see why, let ; denote the partial derivative of & with respect to the

if y € [0, x]. This observation implies that 7(x, y) is single-peaked at y = X, so that

the monopolist never chooses x; > x in any period ¢.'¢ This ensures that an optimal

!4Recall that each neighbor’s degree is an independent random draw from the conditional degree
distribution across periods. In addition, there is no correlation between neighboring consumers’
degrees. Thus, for a consumer with degree x, the number of neighbors subscribing to the good in
period ¢ follows the binomial distribution with parameters x and 1 — F'(x;-1). Therefore, the expected
number of subscribing neighbors is x (1 — F(x;-1)).

5This mean-field approximation of the diffusion process is different from that considered in
Jackson and Rogers (2007b) and Lépez-Pintado (2008). In these papers, the mean-field approxima-
tion does not require an incomplete information setting because agents simply myopically react to
what they observe in the previous period. In contrast, the current mean-field approximation with an
incomplete information structure corresponds to that in Jackson and Yariv (2007), which induces the
property that consumers with the same degree take the same action.

16 et a diffusion plan {x;};2, with x,, > X for some ' > 1 be given. Define an alternative
diffusion plan {x;};?, as X; = X if t = ¢, and X; = x, otherwise. Then, the alternative diffusion plan
returns a strictly greater discounted sum of per-period profits than the given diffusion plan.
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diffusion plan {x7}7 exists.

Moreover, an optimal diffusion plan is contained in the interior of [0, X] because
the monopolist has an incentive to sacrifice current profit for a higher future profit
by choosing x; strictly smaller than X. By doing so, the profit in period ¢ is
not maximized, but the profit in period ¢ + 1 increases because consumers are
more willing to subscribe to the good due to increased subscription probability of
neighboring consumers. In addition, the monopolist never chooses x; equal to zero
because it is not profitable to sell the good to the solitary consumers with degree
zero. Therefore, x; must be contained in (0, x) for all r > 1.

Since any optimal diffusion plan is in (0, X), I characterize an optimal diffusion
plan by employing a Bellman approach as follows. A value function V : Rj — R

is defined as

V(x) := max {n(x,y) + BV(y)},
y€[0,x]

where V (x) represents the maximum discounted sum of profits that the monopolist
can achieve when the consumers believe that consumers with degree at least x are
expected to subscribe to the good. Assuming that V is differentiable, x; solves a

first-order condition,
mo(x;_p, x7) + BV (x7) =0,

for given x;“_l. Along with an envelope condition, V' (x;) = my(x;}, x;‘ +1)» I charac-

terize an optimal diffusion plan as follows.

Proposition 8 [f the value function is differentiable, then there exists an optimal

diffusion plan {x7}2, such that
k k * k _
mo(x,_y, x;) + Bry(x;, x,,;) = 0.

Since the per-period profit function is not necessarily concave on its whole
domain, it is not obvious whether V is differentiable. Introducing a sufficient
condition for the differentiability of V' is delayed until the end of the current section
because it depends on a feature of optimal diffusion plans discussed below.

The optimality condition in Proposition 8 represents how the monopolist bal-

*

1’ there are two effects of a

ances intertemporal tradeoffs. For given x7_, and x
change in x; on the monopolist’s discounted sum of profits. First, an increase of x;

within the interval (0, X) strictly increases the monopolist’s profit in period ¢ because

*

(X,

x;) is single-peaked at x; = x. The magnitude of this effect is 72 (x7_;, x;).
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Second, an increase of x; will strictly decrease the profit in period ¢ + 1 because
consumers will be less willing to subscribe to the good. Before discounting, the
magnitude of this effect is 7 (x;, x7, ) = —]ﬂ;()ct)x:‘+1 (1= F(x},,)). Inormalize the
magnitudes of these two effects by dividing them by ]7 (x;). After this normalization,
I call the first effect a profit effect, which strictly decreases to zero as x; increases
to x. I call the second effect a friendship effect, which is now independent of x;.

Therefore, an optimal choice of x; is unique and balances the two effects:

mo(x;_p, X7) . .
"'E 1*) = = Bxiy (1= F(x;y)). (2.3.1)
f yi friendship effect
profit effect

I call a fixed point of equation (2.3.1) a steady state diffusion level, which
represents that when the consumers believe that consumers with degree at least x*
are expected to subscribe, the monopolist perfectly balances the profit effect and
the friendship effect without any change in the diffusion plan. The corresponding
steady state price level is p* = W(x* x*) that makes a marginal consumer with
degree x* indifferent between subscription and non-subscription. The following
proposition finds that a unique steady state diffusion level exists, and that this level

is characterized by the hazard rate functions of f and f

Proposition 9 If the value function is differentiable, then there exists a unique
steady state diffusion level x* such that
£ f(x)

1
— = — . 2.3.2
v T-Fem PR (232

The uniqueness directly follows from the IHRPs of f and f The second term
in the right-hand side of the equation in Proposition 9 captures the magnitude of
the discounted friendship effect that the monopolist takes into account in exchange
for sacrificing the per-period profit maximization. Before discounting, this term
solely depends on fbecause consumers’ belief about their neighbors’ subscription
probability depends on f

I finally introduce a sufficient condition under which the value function is dif-
ferentiable.!” Although the per-period profit function is not concave on its whole

domain, the current model satisfies all the conditions for Theorem 3 and Theorem 4

17A proof is provided in the proof for Proposition 8. In fact, Theorem 4 in Milgrom and Segal
(2002) provides that V is absolutely continuous, which further implies that V is differentiable except
on a set of Lebesgue measure zero.
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in Milgrom and Segal (2002). Theorem 3 confirms that directional derivatives are
well-defined at each x;. Theorem 4 finds that the directional derivatives equal to
each other (equivalently, V is differentiable) if and only if the diffusion policy that
maps a current threshold degree to the threshold degree in the next period is single-
valued.!® The diffusion policy is single-valued if the per-period profit function is

concave on a small region [x, X]?, where x uniquely satisfies

Uy (E’ i)

2 - BR(1 - F(X)).

the maximum
friendship effect

Lower bound x represents a minimum threshold degree that the monopolist may
choose to maximize the friendship effect, even though only consumers with degree
at least x are currently expected to subscribe to the good.!®

This concavity assumption on a small region is not too restrictive. First, the
uniqueness of steady state diffusion level is independent of this assumption. Sec-
ond, for a given degree distribution, one can calculate the two bounds and check
the concavity of the per-period profit function on [x,X]?. For example, a direct
calculation provides that when the underlying degree distribution is an exponential
degree distribution, the corresponding per-period profit function is strictly concave
on [x, X]?. Last, if the degree distribution is decreasing, then a sufficient condition

IRl
X

x))l for x € [x, x].

for the concavity can be written as Tix

2.3.2 Dynamics

I now analyze how an optimal diffusion plan and the corresponding pricing plan

*

1, are fixed, a

behave as time passes. For this, I first observe that when xf_l and x
change in x; only influences the per-period profits in period ¢ and ¢ + 1. Suppose
that x7_, < x*, which means that the size of network effects in period 7 is larger than
that at the steady state of the market where both the monopolist and consumers do
not change their decisions. In this scenario, the only reason to set x; smaller than
x* is to aim for a higher profit in period 7 + 1 through the friendship effect, while
sacrificing profit in period ¢. For this higher future profit, equation (2.3.1) requires
x7,, to be strictly greater than x*. As a consequence, any optimal diffusion plan
does not contain three consecutive threshold degrees strictly smaller than the steady

state diffusion level. Similarly, it can be shown that any optimal diffusion plan does

18 A correspondence k : Ry = Ry is said to be a diffusion policy if x7, | € k(x}) for all z.

19 is the unique minimum threshold degree that the monopolist might choose because % is
= y

strictly decreasing in x, but x(1 — F(x)) is strictly increasing in x whenever x € (0, X).
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not contain three consecutive threshold degrees strictly greater than the steady state
diffusion level. Therefore, optimal diffusion plans not staying at the steady state
alternate around the steady state diffusion level.

To obtain an alternating diffusion plan, the monopolist has to set a pricing plan
that alternates around the steady state price level. For example, if x| > x7, it
is required to set p; strictly smaller than p* to achieve x; < x*. The following

proposition summarizes discussions.

Proposition 10 Any optimal diffusion plan does not contain three consecutive
threshold degrees either strictly smaller or strictly greater than the steady state

diffusion level:

* * k * * k
x; <x" oand x;, < XX = x,,,>Xx,

*

£ £ % 3k *
X, >x" and X[ ;> X = X, <X.

Moreover, any optimal pricing plan does not contain four consecutive subscription

prices either strictly smaller or strictly greater than the steady state price level:

* * * * * * * *
P <P Py <P and p, <pt = pLy>p,
* * * * * * * *
p,>p,pt+1>p,andpt+2>p = p3<D.

Proposition 10 illustrates an important difference between subscription good
markets and durable good markets. In a durable good market, a consumer perma-
nently leaves the market after her purchase. As a result, if the monopolist lowers
the purchasing price in a period, then he loses all the possible profits he can earn
from consumers who buy the good in the period. In other words, the monopolist
competes on consumer demands with his future selves. On the contrary, there is no
such self competition in a subscription good market, which in turn implies that it
is optimal for the monopolist to lower the subscription price under the steady state

price level occasionally.

2.4 Properties of the Steady State
In this section, I first study efficiency and stability of the steady state diffusion
level. Then, I find a closed-form expression for a per-period deadweight loss from

monopoly at the steady state of the market.

2.4.1 Efficiency and Stability
Recall that W (x, x) = x(1 -F (x)) measures the willingness-to-pay of consumers

with degree x when consumers with degree at least x are expected to subscribe to
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the good. By the single crossing property in Lemma 2, W (x, x) is single-peaked at
1 _ _fx)

X T 1-F(x) N
price level, there are two distinctive degrees x/ and x” satisfying x¥ < X < x and

x = X, where X solves equation Thus, with respect to the steady state
W(xf, xH)y = W(xt, xt) = p*. Since the subscription rate at x* is strictly higher
than the subscription rate at x”, there is a coordination problem between consumers
because either expectation that consumers with degree at least x/ or x’ subscribe
to the good is self-fulfilling.

Note that the expectation that consumers with degree at least x* subscribe to
the good is also self-fulfilling with respect to subscription price p*. For this, I
call x* is diffusion-efficient if x* = x| because x* = x’ means that there is a
coordination failure between consumers at the steady state of the market. The

following proposition finds that the steady state diffusion level is diffusion-efficient.

Proposition 11 The steady state diffusion level is diffusion-efficient.

The proof directly follows from the dominance relationship in Lemma 2, which
implies x* < X < x. In fact, as in other models for a network good market, this
diffusion-efficiency of x* is equivalent to a dynamic stability: when the subscription
price is fixed at p*, the steady state diffusion level is robust to small perturbations
to consumers’ belief in the subscription rate 1 — F (x*). Perturbations can arise, for
instance, due to incorrect reports of the subscription rate by the media, or because
the monopolist tries to exaggerate some statistics about the subscription rate. I
formally define this stability notion as the following:

Definition 4 x* is said to be diffusion-stable if there exists € > 0 such that for all

%

xo € (x* — &, x" + &), a diffusion process defined as x; := #
— I (Xr—1

converges to x*

ast — oo,

To see why x™ is called diffusion-stable, suppose that the subscription price is
fixed as p* and that consumers’ belief is perturbed in a way that each neighboring
consumer subscribes with probability 1 — F (x0) as illustrated in Figure 2.3(a). For

this perturbed belief, the inverse demand shifts down to W (x, xo). In this shifted
p*

1-F(x0) < X0

are still willing to subscribe at p*. Thus, in the next period, the inverse demand

inverse demand curve, consumers with degree in [x1, xo) where x| =

curve shifts up from W (x, xo) to W(x, x1). This positive feedback continues until the

diffusion process reaches x*, the steady state diffusion level. An analogous process
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Figure 2.3: Illustration of the diffusion stability of x*

with negative feedbacks takes place when consumers believe that more consumers
are subscribing than the actual subscription rate.2°

However, the above convergence does not arise if xo > x’. For example, as
illustrated in Figure 2.3(b), if consumers’ belief is perturbed in a way that each
neighboring consumer subscribes with probability less than 1 — F(xL), then the

diffusion process diverges to infinity.

2.4.2 Deadweight Loss

Since the marginal production cost is zero, social surplus is maximized when
every consumer subscribes to the good at the subscription price of zero. For this,
I define the steady state deadweight loss ratio from monopoly as the ratio of the
per-period deadweight loss at the steady state of the market to the maximum social
surplus.

First note that the maximum per-period social surplus is the mean of the degree
distribution. If every consumer subscribes to the good at zero subscription price,
a consumer with degree x interacts with all of her neighbors, so that she obtains
a utility of x. Thus, the total consumer surplus is fooo x f(x) dx, the mean of f.
Since the monopolist’s per-period profit is zero in this case, the mean of the degree

distribution is the maximum per-period social surplus. On the contrary, the per-

20When consumers believe that the subscription rate is higher than 1 — F(x*), some consumers
immediately cancel their subscriptions because p* is higher than their willingness-to-pay. This
negative feedback continues until the diffusion process converges to x*.
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period social surplus at the steady state of the market is fx " x(1- F (x*)) dx because
(i) each neighboring consumer is expected to subscribe with probability 1 — F(x*),
and (ii) only consumers with degree at least x* subscribe to the good.

Therefore, the steady state deadweight loss ratio from monopoly, denoted by
DW . is

(o)

[y xf ) dx = [T x(1 = F(x") dx
Jo xf(x)dx '

The following proposition finds an expression for DW that solely depends on the

DW :=

conditional degree distribution.
Proposition 12 The steady state deadweight loss ratio is
DW = F(x*)(1 = F(x")) + F(x). (2.4.1)

Figure 2.4 illustrates the decomposition of two terms for given steady state dif-
fusion and price levels. The lower dark triangle depicts the first term in expression
(2.4.1) before normalization, corresponding to the classical deadweight loss gen-
erated by restricting some consumers from taking the positive network effect. If
consumers with degree in [0, x*) were to subscribe to the good, they would derive a
positive network effect of 1 — F(x*) from each neighboring consumer’s subscription.
The amount of this welfare loss is calculated by multiplying the positive network

effect and the average degree of the consumers excluded from the market.

Subscription Price

Degree (z)

Figure 2.4: Illustration of two sources of welfare loss

The upper light triangle represents the other source of welfare loss. This in-

efficiency originates from the lost positive network effect at the steady state of
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the market, and it is measured by the second term in expression (2.4.1) after the
normalization. If all consumers subscribe to the good, then the inverse demand
shifts up from W (., x*) to W(-, 0) because every consumer can derive an additional
positive network effect of F(x*) from each neighboring consumer’s subscription.
The amount of this deadweight loss is calculated by multiplying the lost positive

network effect to the average degree of the whole population.

2.5 Comparative Statics
In this section, I investigate how the steady state diffusion level, price level, and
deadweight loss ratio from monopoly depend on two fundamentals of the monopoly

market: the monopolist’s discount factor and the social network density.

2.5.1 Changes in Discount Factor
As functions of £, I denote (i) by x* () the steady state diffusion level, (ii) by
p*(B) the steady state price level, and (iii) by DW () the steady state deadweight

loss ratio. I find that these quantities are decreasing in S as follows.

Proposition 13 The steady state diffusion level, price level, and deadweight loss

ratio are decreasing in the monopolist’s discount factor.

As the discount factor increases, the monopolist has an incentive to aim for
a higher friendship effect. This automatically implies that x*(f) is decreasing in
B. Observe also that since the steady state diffusion level is diffusion-efficient,
(x*(B), p*(B)) is located on the graph of W where W (x, x) is increasing in x. This
means that p*() is decreasing in 8. In turn, that x*(8) and p*(f) are decreasing
in B imply that DW () is also decreasing in f3.

This comparative static result has a policy implication. One possible interpreta-
tion of the monopolist’s discount factor S is that it represents how confident he is that
he will continue to hold exclusive rights in the market in future periods. Consider a
developing country whose government tries to introduce a new monopoly market for
a social network good, such as landline phone service in an area. The above result
indicates that giving a strong monopoly power may be optimal for the government

if its goal is to minimize the steady state deadweight loss ratio.

2.5.2 Changes in Network Structure

I consider an increase in density of social networks in terms of the monotone
likelihood ratio property (MLRP). For this, I represent two social networks by
their degree distributions f (-, &p) and f (-, &) satisfying all the assumptions for the
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existence of the steady state diffusion level discussed in Section 2.3. I assume the
MLRP of f(-, &) and f(-, &1) as follows.

Assumption 3 For all x| > xo,
f(x1;€1) S f(x0;&1)
fx13é0) — f(xo3é0)

Intuitively, the assumption means that the social network represented by f(-; &1)
is denser than that represented by f(-; &). I denote by f(-, &o) and f (-, &1) the cor-

responding conditional degree distributions. Assumption 3 implies the following

statistical orderings for the degree distributions and the conditional degree distribu-

tions.
(i) The MLRP of f(-, &) and (-, &):2! for all x; > xo,

fxi:ép) S f~(X0;§1).
fxi:€0)  f(xo0;€0)

(2.5.1)

(ii) The first-order stochastic dominance property: for all x € RY,

1-F(x; &) 2 1-F(x;&) and 1-F(x; &) > 1-F(x;&). (25.2)

(iii) The monotone hazard rate property: for all x € R},

fsey __f(xéo) and fsey __fxéo)
1-F(x;é1) ~ 1= F(x:éo) 1-F(x;&)  1-F(x;&)
(2.5.3)

I finally denote by x*(&;) and p*(&;) the steady state diffusion and price levels
under f(-;&;). The following proposition finds that x*(&;) and p*(¢;) are increasing

in the density of the social network.

Proposition 14 The steady state diffusion and price levels increase as the density of
the social network increases in the likelihood ratio: x*(&1) > x*(&o) and p*(&1) >

P (o).
MLet u(é) = [ x f(x;&)dx for i = 0, 1. Then, for all x; > xo,

Fié) _ mfGaén/ué) | xof(oén/un _ foosé)

Flxéo)  Mf €0 o) ~ xof (xos€0)/u(€0) — Flxg: &)
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Because of the monotone hazard rate property, other things equal, the monopolist
has an incentive to choose a larger x; under f(-;£&;) than under f(-;&p) in order
to maximize the profit in period ¢. In addition, the friendship effect is higher
under f(-; 1) than under f(-; &p) by the first-order stochastic dominance property.
Hence, the monopolist’s former incentive to choose a higher x; does not conflict
with his latter incentive to choose a lower x; to aim for a higher friendship effect.
Therefore, the steady state diffusion level increases as the density of the social
network increases.

To see why the steady state price level also increases, note that (x*(&;), p* (&)
is located on the upward slope of W(x, x;&;) = x(1 - F (x;&)) as illustrated in
Figure 2.5. This indicates that in the denser social network represented by f(-; &1),
consumers believe that their neighbors are more likely to have a higher degree.
Knowing this, the monopolist sets a higher subscription price for a higher profit at
the steady state of the market. Thus, the steady state price level increases in the

density of the social network as well.

Subscription Price

-=-W(z,z;&)
— Wz, x:
p*(ﬁl) (xaxagl)
P (&) —
o z"(&%) =7(&)
Degree ()

Figure 2.5: Monotonicity of the steady state subscription and price levels

By combining the above two monotonicity results, the following proposition
finds that the monopolist can earn a higher per-period profit at the steady state of

the market as the social network becomes denser.

Corollary 2 The per-period profit at the steady state of the market increases as the

density of the social network increases in likelihood ratio.

This comparative static result is different from Jackson and Yariv (2007), in

which monotonicity results regarding the stable steady state follows from the first-
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order stochastic dominance property of the degree distributions. On the contrary,
due to the presence of a monopolist who optimally chooses a pricing plan, the first-
order stochastic dominance property does not ensure a monotonicity of the steady
state diffusion level in the current model.

In fact, considering the MLRP has three benefits. First, the MLRP only concerns
the degree distributions, and it implies the same property for the conditional degree
distributions.?? Second, it provides monotonicity of the steady state price level as
well as of the steady state diffusion level. Third, having these two monotonicity

results leads to monotonicity of the steady state monopoly profit.

2.6 Concluding Remarks

This paper presents a novel approach for studying how a monopolist takes into
account the diffusion of subscription decisions in a social network for its optimal
dynamic pricing strategy. Depending on connections within the social network,
consumers derive heterogeneous utilities from subscribing to a network good. Due
to the presence of the monopolist who optimally balances his intertemporal tradeoffs,
I obtain optimal pricing plans exhibit oscillating patterns around the steady state
price level. I also provide monotone comparative static results concerning the
monopolist’s discount factor and the social network density in terms of monotone
likelihood ratio order.

Though the current paper has focused on a monopoly market, it might also
be worth analyzing a competitive market in which multiple firms simultaneously
optimize their pricing policies through time. Another salient extension would be
to consider consumers who have richer information about their neighboring con-
sumers’ connectivity and decisions. One drawback of the mean-field approximation
considered in this paper is that each neighboring consumer’s degree (identity) is
assumed to be independently and identically redrawn from the degree distribution
across all the periods. As a result, consumers ignore correlations between neigh-
bors’ decisions and identities. In reality, however, consumers continuously interact
with one another, so that they may better understand neighbors’ decisions based
on their information on neighbors’ identities in a social network. Analyzing how
subscription decisions diffuse within a social network and how a monopolist’s opti-
mal pricing plan changes in such a richer environment will be an interesting future

research direction.

220n the contrary, the first-order stochastic dominance property of two degree distributions does
not imply the same property for the corresponding conditional degree distributions (Shin, 2016b).
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Chapter 3

A MODEL OF PRE-ELECTORAL COALITION FORMATION

3.1 Introduction
3.1.1 Overview

In many elections with three or more candidates, coalitions can form between
candidates in order to defeat a common opponent. These pre-electoral coalitions
(PECs) often require that one candidate withdraw from the race and throw his support
to another candidate in exchange for policy concessions from that candidate. These
types of coalitions can frequently occur in single-office elections, such as presidential
or gubernatorial elections. Bormann and Golder (2013) find that between 2001 and
2011, the average number of effective candidates in 147 worldwide presidential
elections was 3.1.! This means that the possibility of PEC formation is quite high
in presidential elections. Indeed, PECs have formed in presidential elections in
many countries (e.g., France, Mexico, and South Korea). In France, a PEC carried
Francois Hollande to victory in 2012. In Mexico, winners of two of the recent
three presidential elections were also beneficiaries of PECs.? In South Korea, every
presidential election since 1992 has included at least one PEC, and both Dae Jung
Kim and Moo-Hyun Roh won elections in 1997 and 2002 in part due to PECs.?

Previous literature on PECs has focused primarily on parliamentary democracies.
For instance, Golder (2006b) observes that in 23 parliamentary democracies between
1946 and 2002, 47.8% of the 364 legislative elections had at least one PEC.#
Moreover, she finds that 19.2% of all the elections in her data produced a government
that was based on a PEC agreement. Given their prevalence and impact, however,
the literature on PECs is surprisingly thin (Powell, 2000). Since PECs can only

exist in multi-candidate elections, the limitation might be a result of the literature’s

!'The median is 2.86. The number of effective candidates in an election is calculated by 1/ 3, ql.z,
where ¢; is candidate i’s proportion of all votes in the election.

Following the definition proposed by Bormann and Golder (2013), I include only democratic
presidential elections from 2000. Vicente Fox won the 2000 presidential election as the candidate
of Alliance for Change, which was a coalition between the National Action Party and the Ecological
Green Party of Mexico. In 2012, Enrique Pefia Nieto won the election as the candidate of the
Institutional Revolutionary Party and the Ecological Green Party of Mexico.

31 focus on presidential elections taking place since 1992 because the 1992 presidential election
was the first free and fair election in which South Korea elected its first civilian president (Golder,
2006b).

4One can find more PEC examples and related empirical results in parliamentary democracies
in Bandyopadhyay et al. (2011) and references therein.
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focus on American politics, where two dominant parties competing is norm. The
assumption of two party elections is also supported by Duverger’s law, which asserts
that elections under plurality rule tend to favor a two-party system (Duverger, 1954).

From a theoretical perspective, PECs in single-office elections involve a different
set of incentives than other elections. In single-office elections, only one member
of a PEC can occupy office; this is unlike in parliamentary systems, in which a PEC
can lead to a sharing of seats. Hence, if candidates obtain utility from holding office,
utilities are not fully transferable between coalition partners. For this reason, PEC
formation incentives in presidential elections call for a model different from these
used for parliamentary elections (e.g., Bandyopadhyay et al., 2011; Golder, 2006b).
This paper investigates and compares PEC incentives in single-office elections, as
a function of electoral environments such as election rules, ideological distance
between candidates, and pre-election polls. To this end, I analyze a sequential game
in which three candidates compete in large elections for one office.

In my model, there are three candidates, L1, L2, and R, who are motivated by
both ideology and office value.> I assume that due to their ideological similarity,
only L1 and L2 can form a PEC by nominating one representative candidate and
choosing a joint policy platform. There are n voters, and each voter is one of three
types: (i) atype t; voter who prefers L1 to L2, and L2 to R, (ii) a type t1, voter who
prefers L2 to L1, and L1 to R, and (iii) a type tg voter who prefers R to L1 and L2,
but evaluates L1 and L2 equally. Types of voters are independently and identically
distributed according to a probability distribution, which is unknown to both voters
and candidates. Voters and candidates observe a set of public signals drawn from
the same distribution of voter types, which models a pre-election opinion poll result.
After observing the poll result, candidates L1 and L2 publicly decide whether to
form a PEC. Voters cast their ballots based on their private information and the PEC
outcome. Finally, one candidate is elected according to the given election rule. I
consider two election rules, plurality and the two-round runoff, which are the two
most frequently used rules for presidential elections; for instance, Bormann and
Golder (2013) find that about 87% of presidential elections between 2001 and 2011

utilized these rules.®

>There are three lines of theoretical models in terms of assumptions of political candidates’
motivations. Following Hotelling (1929), one stream assumes that candidates are purely office-
motivated. Another stream assumes that candidates are purely policy-motivated. Finally, a third
stream makes assumptions between the previous two extremes, and the current paper belongs to this
stream. See Callander (2008) and references therein for more detailed discussions.

®In their original dataset that covers worldwide presidential elections between 1946 to 2011,
76% of elections used these two rules. Among those elections, about 40% of elections were under
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This model captures the main incentives that each candidate faces. When a
candidate chooses to form a PEC in which he is not the representative candidate, he
must evaluate the tradeoff between reducing his likelihood of holding office (to zero)
and the increase in likelihood of a policy more to his liking. The latter is driven
by the fact that the PEC increases his partner’s chances of winning the election and
implementing the joint policy platform of the PEC. In my model, if candidates are
purely policy-motivated agents, then L1 and L2 always form a PEC; by doing so,
they can strictly increase their probability of winning and split additional benefits
by choosing a compromised joint policy platform. If candidates are purely office-
motivated, however, no candidate has an incentive to form a PEC. Thus, ceteris
paribus, there is a threshold office value such that L1 and L2 form a PEC whenever
the office value is lower than that threshold. The likelihood of forming a PEC under
a particular electoral environment is measured through this threshold office value.

This paper produces three main results: (i) PECs are more likely to form in plu-
rality elections than in two-round runoff elections; (ii) in two-round runoff elections,
PECs are more likely to form as the threshold for first-round victory decreases; and
(iii) conditional on divided support, PECs are more likely to form as the ideological

distance between PEC partners increases.”

3.1.2 Related Literature

There is a small but growing body of literature on PEC formation. Golder
(2006b) provides a comprehensive survey of PECs around the world. In addition,
she builds a simple bargaining model to derive a set of testable comparative static
results. Carroll and Cox (2007) and Debus (2009) find empirical evidence that PECs
significantly affect election outcomes and government formations. Bandyopadhyay
etal. (2011) compare coalition outcomes in proportional representation and plurality
voting systems under different bargaining protocols. They assume a continuum of
voters, which in turn implies that voters are not strategic because no single voter can
change election outcomes. Thus, election outcomes are purely a function of parties’
coalition decisions. In contrast, I allow strategic voting behavior so that the election
outcome depends on voters’ equilibrium voting behavior as well as candidates’ PEC
decisions.

In terms of motivation, the current paper studies PEC formation incentives in

plurality rule.

"Prediction (i) implies that under the presence of PECs, plurality elections are more likely to
include fewer candidates than two-round runoff elections. This is consistent with several empirical
findings (e.g., Bormann and Golder, 2013; Fujiwara, 2011; Golder, 2006a).
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presidential elections, which are not a primary concern of the above papers. In
particular, in my model, office value is non-transferable, and candidates are not
allowed to form a coalition after the election. This feature dramatically changes
the PEC formation incentives. In terms of results, the current paper predicts that in
presidential elections, PECs are more likely to form under plurality rule. However,
Nagashima (2011) finds the opposite result in legislative elections in which party
leaders might be able to share office value by allocating seats to other coalition
partners.

My model is related to the literature on multi-candidate elections with strategic
voters (e.g., Bouton, 2013; Cox, 1997; Hummel, 2014; Myatt, 2007). A substantial
portion of this literature is aimed at rationalizing the Duvergerian equilibria where
a Condorcet loser would be elected.® Cox (1997) provides a good summary of
strategic voting behavior from both theoretical and empirical perspectives. Myatt
(2007) employs techniques of global games (Morris and Shin, 2003). He considers
the voters who use their private signals to infer the true relative popularity of their
favorable candidates. He proves that in a plurality election, there exists a unique
equilibrium with partial coordination. As a result, a Condorcet loser could be
elected. Bouton (2013) offers a tractable framework to study strategic voting in
two-round runoff elections by considering a Poisson voting game (Myerson, 1998;
Myerson, 2000). He shows that two-round runoff elections with a threshold below
50% may elect the Condorcet loser. In the current paper, by adopting the model by
Hummel (2014), I show that in both plurality and two-round runoff elections, the
possibility of electing the Condorcet loser remains even with PEC formation.®

Several papers compare plurality and two-round runoff rules in terms of strategic
voting behavior in multi-candidate elections (e.g., Bordignon et al., 2013; Niou,
2001). Hummel (2014) studies sequential voting in large elections, and he examines
voters’ incentives in responding to pre-election polls. I extend Hummel (2014) to
account for important electoral details (e.g., election rules, ideological distance, and
pre-election polls) that may affect strategic voting and PEC formation incentives.

Furthermore, I also analyze different strategic voting behavior in plurality elections

8 A candidate is called the Condorcet loser if a majority would vote against him in a two-candidate
race between himself and any one of the other candidates (Myerson and Weber, 1993).

“Both Myatt (2007) and Hummel (2014) assume that there exists aggregate uncertainty about
the true distribution from which voters’ private signals are drawn. This assumption provides that the
odds of pivotal events do not diverge as the number of voters becomes infinitely large, so that voters
may vote strategically. Although this assumption is unusual in formal models considering strategic
voters (Hummel, 2014), there is a growing literature adopting it (e.g., Chamberlain and Rothschild,
1981; Dewan and Myatt, 2007; Ekmekci, 2009; Good and Mayer, 1975; Hummel, 2012; Hummel,
2014; Myatt, 2007).
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and two-round runoff elections.

The current paper is also broadly related to other literature on coalition formation
and bargaining (e.g., Chatterjee et al., 1993; Bandyopadhyay et al., 2011; Eraslan
and Merlo, 2002; Okada, 2011; Ray, 2008). Ray (2008) provides an excellent
survey of this literature. These models are interested in how coalition formation and
election outcomes depend on bargaining protocols, and are related to cooperative
bargaining solutions such as the Nash bargaining solution. Although my model takes
the Nash bargaining solution as a bargaining protocol, its cooperative feature is not
a driving force of the results. For example, as I will briefly discuss in Section 3.3, a
Rubinstein alternating-offers model with outside options, which is a non-cooperative
bargaining protocol, generates the same bargaining outcome. The main focus of the
current paper is the comparison of PEC formation incentives under different election
rules, rather than the identification of outcomes of the PEC bargaining process.

The rest of the paper is organized as follows. Section 3.2 describes a sequen-
tial game of four periods. Section 3.3 analyzes the outcomes of plurality rule.
Section 3.4 studies the outcomes of the two-round runoft rule and compares PEC
formation incentives under these two election rules. Section 3.5 analyzes voter wel-
fare. Section 3.6 presents comparative static results. Finally, Section 3.7 concludes.

All proofs are gathered in Appendix C.

3.2 The Model
Candidates and voters. C = {L1, L2, R} is a set of three candidates competing for
one office. If a candidate wins the election alone, then he obtains a utility of V + 1
where V is the value of holding office, and 1 is the value of choosing his ideal policy.
L1 and L2 are left candidates who are similar in their ideologies; if L2 wins, L1
obtains a utility of 1/2 and vice versa.'® On the other hand, R obtains a utility of 0
if either L1 or L2 wins. Similarly, if R wins, he obtains a utility of V + 1, but both
L1 and L2 obtain a utility of 0.

N ={1,...,n}is a finite set of voters. T = {t 1,112, tg} is a set of voters’ types.
A voter is said to be of type 7; if her most preferred candidate is j. Voters are only
interested in candidates’ ideologies. Thus, a type 771 voter obtains a utility of 1 if
L1 wins, 1/2 if L2 wins, and 0 if R wins; a type 77, voter obtains a utility of 1 if L2
wins, 1/2 if L1 wins, and 0 if R wins. Finally, a type ¢r voter obtains a utility of
3/2 if R wins, but 0 otherwise.!!

10Section 3.6.2 presents a case where ideological distance between L1 and L2 is parameterized
by 6 € [0, 1].
T assume a utility of 3/2 for a type tg voter’s utility to normalize the sum of welfare levels
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The sequential game. I consider a sequential game of four periods. At the outset of
the game, types of voters are determined as independently and identically distributed
(i.i.d.) draws from a probability distribution p, where p takes on value 77| with
probability py 1, t7, with probability py,, and tg with probability pg = 1 —pr1 —pr2;
that is, a voter’s type is 7; with probability p;. I assume that the exact value of p is
unknown, but itis common knowledge that p is distributed according to distribution f
with full support over A% = {(pp1, pr2) € R*|0 < pr1,pr2 < 1and 0 < pry + pra <
1}.12 f is assumed to be symmetric and continuously differentiable.!*> Voters know
their types but do not know any of the other voters’ types.

In period 2, voters and candidates observe the result of a single pre-election
opinion poll. I model the opinion poll as a number of public signals, each of which
isani.i.d. draw from p. Without loss of generality, o = (o-1/m, 0 2/m) represents
a result of the opinion poll, where o; denotes the number of j signals out of m.!#
Y ={(opi/m ora/m) € A*0 < op1, 02 <mand 0 < o) + oo < m} is the set
of all possible results of the opinion poll.

In period 3, bargaining between L1 and L2 takes place over whether and how to
form a PEC. In the bargaining process, they decide (i) who becomes the nominated
candidate (i.e., who withdraws from the race) and (ii) how to choose their joint
policy platform. I denote a PEC by &(k, A), where k € {L1, L2} represents the
nominated candidate, and A € [0, 1] measures how much the coalition reflects L1’s
ideal policy. I assume that £(k, A) is determined as a Nash bargaining solution
(Nash, 1950).'5 Table 3.1 summarizes the utility structure of the game. Note that
for a given £(k, 1), only the nominated candidate k takes the office value V.

In period 4, voters cast a ballot for a single candidate. An election rule is denoted
by &, which is either plurality (%) or the two-round runoff (R). Under plurality rule,
the candidate who obtains the relative majority in a single round wins. I assume
that if there are some candidates that tie, then each of those candidates is elected
with equal probability.

Under the two-round runoff rule, the candidate who is ranked first by taking

corresponding to all three types a constant. This normalization simplifies the welfare analysis in
Section 3.5.

2There are two degrees of freedom for the support of f because p is a probability distribution
such that pr1 + pro + pr = 1.

13Symmetry of f is defined as f(x,y) = f(y,x) for all (x,y) € a%. All the results except the
welfare calculations in Section 3.5 do not depend on this symmetricity assumption.

4Since 011 + 012 + or = m, there are two degrees of freedom for o.

ISWith symmetricity of the distribution function f, the symmetry property of the Nash bargaining
solution simplifies the calculation of ex-ante payoff for the voters.
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Voter Types Candidates
Winners
11 15%) tr L1 L2 R
L1 1 1/2 0 V+1 1/2 0
L2 1/2 1 0 1/2 V+1 0
R 0 0 3/2 0 0 V+1
E(LL Q) a+0/2 @2-1/2 0 V+(1+2)/2 2-21)/2 0
E(L2, Q) a+0/2 2-1/2 0 1+)/2 V+Q2-1))/2 0

Table 3.1: The utility structure

more than or equal to 50% of the vote share in the first round wins outright, and
there is no second round. !¢ If everyone receives less than 50% of the vote share in
the first round, then the top two candidates who received the most votes in the first
round advance to the second round, and the candidate who obtains the majority of
the vote share in that round ultimately wins. I also assume that if there are some
candidates that tie in any round, then each of those candidates is chosen to advance
or win with equal probability.

I finally assume that each election rule nullifies any ballot for a withdrawn
candidate whenever a PEC forms. That is, for instance, if L1 and L2 decide to
form a PEC by nominating L1, but some voters vote for L2, then an election rule
excludes their ballots for L2 in calculation of the vote share. Table 3.2 summarizes

the timeline of the game.

Period 1 Types of voters are determined

Period 2 Poll result is realized

Period 3 L1 and L2 bargain over PEC formation

Period 4 Voters vote, and the election rule decides the winner

Table 3.2: The timeline of the game

Information. The election winner is determined by the exact value of p as the
number of voters n increases to infinity. For instance, suppose that p satisfies
pL1 > pr2 > pg and that voters select their most preferred candidates. Then, by the
law of large numbers, the probability that L1 wins the election converges to one as
n increases to infinity. Since voters and candidates infer the value of p from the poll

result o, their updated beliefs on f affect their decisions.

16Section 3.6.1 studies parameterized two-round runoff rules where a candidate wins outright if
he obtains more than { < 1/2 vote shares in the first round. This limited attention of thresholds is
empirically relevant: to the best of my knowledge, the 1996 presidential election in Sierra Leone
was the only presidential election in which the threshold was set higher than 55%.
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There are two stages in which voters update their beliefs. The first is when
voters learn their types (private information) in period 1, and the second is when
they observe the poll result (public information) in period 2. I denote by f;(:|o")
the type ; voters’ beliefs after the second update, as a function of the poll result o.
For example, a type 1 voter obtains 1 + m signals from realization of her own type

and m public signals until period 4. Consequently, her updated belief in period 4 is

x0'L1+1y0'L2(1 —x = y)m—(tfuﬂnz)f(x, y)

1 o=
fo fo Y zontlyoia (1 = 7 — w)ym=@L+o) £(z w) dz dw

frilx,ylo) = . (3.2.1)

For candidates, there is only one stage in which beliefs are updated after observing
o in period 2. I denote the candidates’ updated belief by fc(-|o) defined as
xTLyTL2(] — x — y)m—(O'LlﬂTLz)f(x’ y)

e
fo 0 Y zouiwea (1 — z — wym—(@n+ow) £(z, w) dz dw

fe(x,ylo) = (3.2.2)
Note that since realizations of types and results of the opinion poll are independent

of election rules, f;(-|o) and fc(-|o") do not depend on the election rule &.

Voting strategies. I focus on symmetric pure strategies such that voters of the
same type behave in the same way. I make another weak assumption about voting
strategies that voters only make voting decisions that are weakly undominated. This
assumption requires that no voter votes for candidate j who is dominated in the sense
that there exists another candidate j’, such that voting for j” never yields a lower
expected payoff for the voter than voting for j does, and that there exists at least one
situation that voting for j’ returns a strictly higher expected payoff for the voter than
voting for j does. As will be explained soon, this assumption characterizes a unique
equilibrium voting behavior as a function of the poll result o under each election
rule.

Since the set of voting strategies depends on election rules, I define voting
strategies for each election rule separately. In plurality elections, a voting strategy
s is a function s : T X ¥ — C; that is, a voting strategy depends on types and
results of the opinion poll. Define S as the set of all voting strategies.!” I denote by
BR : T xX xS — C the best response function. I impose a tie-breaking rule that if
a voter of either type #; or type ¢, is indifferent to candidates L1 and L2 in terms
of her expected utility, then she votes for her most preferred candidate, without loss

of further generality.

17With this notation, the following strategies are weakly dominated for all o € X: s(tg, o) = L1,
s(tg,0) = L2, s(tp1,0) = R, and s(t70,0) = R. In addition, when a PEC £(k, A1) forms,
s(tp1,0) = k" and s(¢5,0) = k’ are weakly dominated strategies for k” # k.
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In two-round runoff elections, the voting strategy is a bit complicated because
it depends not only on what voters do in the second round, but also on how voters
form their beliefs about the other voters’ decisions in the second round (if it exists).
To avoid any such complexity, I make the following assumptions about the voting
decisions in the second round. If one of the left candidates and candidate R compete,
then it is clear that type 77| and type ¢7, voters vote for the advanced left candidate,
and that type rg voters vote for R. When L1 and L2 reach the second round, it is
natural to assume that type 77| voters vote for L1 and type t;, voters vote for L1. For
type tr voters’ decisions, I assume that when there are r number of type ¢z voters
who are indifferent to L1 and L2, | /2] number of voters vote for L1 and the other
r — | r/2] number of type ¢ voters vote for L2.18

With the simplifying assumptions described above, it suffices to consider type
L1 and type L2 voters’ voting strategies in the first round. Likewise for plurality
elections, a voting strategy is a function s : T X X — C. I denote by S the set of
voting strategies, and BR : T X X X § — C the best response function. I assume the

same tie-breaking rule for type ¢ and type L2 voters.

Equilibrium notion. I consider Bayesian equilibria (voting equilibria) that satisfy
a certain criterion. Recall that I restrict my attention to symmetric strategies, in
which voters of the same type vote in the same way. Voters know the possible types
of other voters and observe the same poll results. Given the uncertainty over other
voters’ types, however, each voter can only form beliefs about how the other voters
will vote. Thus, each voter optimizes her voting decision by taking into account this
uncertainty, depending on her own type and the poll results. Therefore, a voting
equilibrium is denoted by a voting strategy that voters play in it.

Before defining the criterion, 1 first define an uninformative voting strategy,
in which every voter votes for their most preferred candidate independent of their
private information. Formally, it is defined as a voting strategy 5 € S such that
s(tj,o) = jforallt; € T and all o € X. I focus on a voting equilibrium in which
each voter’s decision not only best responds to the equilibrium voting strategy, but
also to the uninformative voting strategy. I call this voting equilibrium strong and

define it as follows.

18For any weakly undominated strategy for type ¢g voters, they always vote for R in the first round
regardless of the realization of the poll result o. Similarly, for any weakly undominated strategy
for type t71 and t7, voters, they always vote for one of the left candidates. Thus, by observing an
election result of the first round, voters can figure out the exact number of type g voters. Hence,
type tr voters are able to make decisions according to the described behavior. Alternatively, one can
simply assume that type g voters vote for L1 with probability 1/2.
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Definition 5 A voting equilibrium s* is called strong if for allt; € T and all o € Z,
(i) s* is weakly undominated;
(ii) s* = BR(tj,0,5);
(iii) s* = BR(tj,0,5).

The concept of strong voting equilibrium captures the idea of conservative voting
behavior. Inreality, people might have several reasons to vote for their most preferred
candidates, even though voting for that candidate does not add any value in terms
of election outcome. Perhaps, voters may vote for their most preferred candidates
to express their identities rather than obtaining better election outcomes (Fiorina,
1976).1° In addition, some voters might not fully follow the opinion poll results.
These voters might be poorly informed about the population preferences and willing
to vote for their most preferred candidate based on their limited information. In this
regard, the strong voting equilibrium describes an equilibrium voting behavior in
which voters best respond to all those behaviors.

As will be shown in the following section, the strongness criterion characterizes
a unique equilibrium voting behavior as a function of the poll result when the
population size n becomes infinitely large. For this reason, I analyze the limiting
properties of strong voting equilibria for sufficiently large n. From a theoretical
perspective, the uniqueness enriches the scope of my analysis. In particular, I can
calculate the expected utility of the voters according to their types for each poll
result, which in turn enables me to find ex-ante utility of voters under each election
rule. Therefore, I compare the ex-ante utilities of voters of each type, and investigate
which election rule is more beneficial to which type of voters under the presence of
a PEC.

3.3 Plurality Elections

In this section, I analyze the game when the election is governed by plurality
rule. In the spirit of backward induction, I first characterize a unique strong voting
equilibrium in period 4. Then, I formulate and analyze the PEC formation as a Nash

bargaining problem.

9This motivation is called expressive motivation in the voting literature. See Schuessler (2000)
for more detailed discussions.
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3.3.1 Strong Voting Equilibrium

To begin, I provide a lemma that states how type 77| and type 77, voters best

respond to the uninformative voting strategy.2°

Lemma 3 If & = P, then BR(t;1,0,5) = L1 if and only if

1/2 1/2 1/2
fri(x, x|o) dx + fri(x, 1 =2x|o)dx > = fri(1 =2x, x|o) dx,
1/3 1/3 2013
(3.3.1)
and BR(t1»,0,s) = L2 if and only if
1/2 1/2 1/2
fra(x, x|o) dx + fr2(1 =2x,x|lo) dx > = fro(x, 1 =2x|o) dx.
1/3 1/3 2 i3
(3.3.2)

To see the intuition behind Lemma 3, consider a type ¢, voter’s decision. Given
the other n — 1 voters’ decisions, there are three types of scenarios in which her
decision is pivotal: (i) L1 and L2 obtain nearly the same vote shares, (ii) L1 and R
obtain nearly the same vote shares, and (iii) L2 and R obtain nearly the same vote
shares.

For scenario (i), there are three types of events: (i-a) L1 obtains exactly one
more vote than L2, (i-b) L1 and L2 obtain exactly the same support, and (i-c) L1
obtains exactly one less support than L2. Now, if she (a type 71| voter) votes for L1
rather than for L2, she receives additional utility of 1/4 for event (i-a), 1/2 for event
(i-b), and 1/4 for event (i-c).2! When n is sufficiently large, the probability of each
event is proportional to fll//; fri(x, x|o) dx. Hence, the first term in the left-hand
side of inequality (3.3.1) represents the marginal utility of voting for L1 instead of
L2.

Similarly, when n is sufficiently large, the probabilities of scenarios (ii) and
(ifi) are proportional to [\"* f11(x.1 - 2x|o) dx and [\ fu1(1 - 2x.x|or) dx.,
respectively. The marginal utility of voting for L1 instead of L2 is one for scenario
(ii), but —1/2 for scenario (iii). Therefore, inequality (3.3.1) represents the condition
in which voting for L1 is optimal for a type 77 voter.

Given Lemma 3, the following lemma describes how voters take the results of

the pre-election opinion poll into account for their voting decisions.

20Since the lemma is essentially the same as Proposition 1 in Hummel (2012), T omit its proof.
2lEor instance, for event (i-a), a type t1 voter obtains a utility of 1 for sure if she votes for L1,
but her expected utility becomes 3/4 if she votes for L2.
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Lemmad4 Let & = P. For each j € {L1, L2}, there exists a function y; : [0,1] —
[0, 1] such that BR(tj,0,s) = j for all tj; € {tp\,t12} if and only if oj/m >
yj(or/m).

The lemma states that voters who prefer the left candidates would concentrate
their support for a common left candidate if one candidate is doing significantly
better than the other left candidate. An opinion poll result o provides information
about the expected performance of L1 in the election. For a given o g/m, the larger
or1/m is the better expected performance of L1 in the election. Thus, if o1 /m is
larger than a threshold y; (o gr/m), then a type ¢, voter chooses L1 although she
believes that other type ¢, voters choose L2.

On the other hand, any poll result where L1 and L2 are doing almost equally
well in the poll does not encourage type t;; or type f7> voters to choose their
second preferred candidate. Consider the case of o711 = o 12. Although the opinion
poll equally evaluates the expected performance of candidates L1 and L2, type t;;
and type t7, voters differently evaluate their pivotal probabilities, and they vote for
their most preferred candidates. For instance, since a type #7; voter has private
information from realization of her own type, she believes that L1 and R, or L1 and
L2 are more likely to compete than L2 and R. Thus, she votes for L1, her most
preferred candidate.??

Lemma 3 and Lemma 4 clearly characterize the set of opinion poll results in
which voters concentrate their support in the strong voting equilibrium. Let Zfl
be the set of opinion poll results where type 7,1 and type 77, voters vote for L1 as
the best responses to the uninformative voting strategy; that is, the set of opinion
poll results such that inequality (3.3.1) holds, but inequality (3.3.2) does not. To
qualify these behaviors as an equilibrium behavior, I still have to check whether
voters are best-responding to other voters’ behavior. In fact, since n is supposed
to be sufficiently large and there are only two types of left voters, no voter has an
incentive to change her mind.

Specifically, first note that type ¢; | voters have no reason to switch their decisions
because the probability that L1 wins the election is maximized. For type 77, voters,
if they believe that other type 77| and type 7, voter votes for L1, then any unilateral
deviation to vote for L2 is weakly dominated: L2 never wins the election whenever

there are at least three voters, but there is a possibility that R wins with one margin

2 Therefore, there is no o such that o-;/m > y;(og/m) and o ;s /m > yy (g /m). Moreover, the
impossibility of oj/m > y;j(or/m) and o /m > yj(og/m) holds for asymmetric f, as shown in
Appendix C.
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P

of victory. Hence, for any poll result o € X7,

voting for L1 is an equilibrium
behavior for both type 771 and type ¢, voters.

Likewise, I define ZZ to be the set of opinion poll results where type ¢;; and

type ¢, voters vote for L2, as the best responses to the uninformative voting strategy.

fz’ voting for L2 is an equilibrium behavior for both type
P

tr1 and type f1, voters as for Efl. For any poll result o ¢ 7

For any poll result o € X

| UE?, each voter votes

for her most preferred candidate, as the best response to the uninformative voting
strategy. This is obviously an equilibrium behavior because each voter’s belief about
the other voters, voting for their most preferred candidates, is self-fulfilling.

The following proposition summarizes the strong voting equilibrium.

Proposition 15 In plurality elections, there exists a unique strong voting equilib-

rium in which

P .
L1
P .
L2’

. P
(iii) type 111 voters vote for L1, but type t1, voters vote for L2 if o € Z.

(i) type tp and type ty; voters vote for L1 if o € X
(ii) type tp1 and type ty, voters vote for L2 if o € X

7’2?

P . N
21 and X g are mutually exclusive and exhaustive.

Moreover, X

3.3.2 Pre-Electoral Coalition Bargaining

I formulate the PEC formation bargaining process as a Nash bargaining problem.
To define a bargaining environment, I find the status quo utilities (or disagreement
utilities) of the left candidates, and the set of feasible agreements. These two
elements depend on the opinion poll result o, which represents the information
candidates have in period 3.

The status quo utilities for the left candidates are the expected utilities when they
decline to form a PEC. Formally, for each j € {L1, L2}, let CI)JZ) (o) be the probability
that candidate j wins the plurality election if the left candidates run independently.

Then, the status quo utility of a left candidate j is
1
—p _ P 2P
w; (o) =(V+ 1D, (o) + 2CI)J.,(O'),

where j’ denotes the other left candidate.

To define the set of feasible agreements, let (D? (o) be the probability that a PEC
wins at 0. If £(L1, 1) forms and wins, for example, then L1 obtains a utility of
V + (1 +4)/2 and L2 obtains a utility of (2 — 1)/2. The set of feasible agreements

by nominating L1 is

Gy (o) = {(xy) e R?(x,y) = ®F () (V + (1 + 1)/2, (2= )/2), 4 € [0, 1]}
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Similarly, the set of feasible agreements having L2 as the nominated candidate is
Gh() = {(xy) € R?|(x,y) = DL (o) (1 + 1)/2,V + (2= )/2), A € [0, 1]}.

Therefore, the set of feasible agreements at o is G* (o) = Gfl (o)yu sz(O').B

(a) winning events without a PEC (b) winning events with a PEC

Figure 3.1: Illustration of the additional winning event under plurality rule

Figure 3.1 illustrates how to calculate the probabilities of winning for the left
candidates with and without forming a PEC at o € 2?. Under plurality rule with
large n, L1 wins the election if pr; = max{pr1, pr2, pr}, which corresponds to the
case where p is located in the red stripped region in Figure 3.1(a). Similarly, L2
wins if p is located in the blue region, and R wins if p is located in the white region.
On the other hand, if £(k, A) forms, then the coalition wins if py; +pr2 > 1/2, which
corresponds to the grey region in Figure 3.1(b). This region is strictly larger than the
union of the red stripped and blue regions in Figure 3.1(a); that is, if L1 and L2 form
a coalition, then there exists an additional winning event, which corresponds to the
bordered region in Figure 3.1(b). When p is located in this region, type ¢, voters
vote for L1, and type t;, voters vote for L2. Since max{pr1, pr2} < pr < pr1 + pr2
in this region, R wins if and only if there is no PEC. Therefore, since f has full
support, the left candidates strictly increase their probability of winning by forming
a PEC, and they split the extra benefit by transferring utilities within the set of

feasible agreements.

2G” (o) may not be convex as the standard Nash bargaining problem. Alternatively, one can
include coin-tossing bargaining outcomes to make the set of feasible agreements convex. In this
case, however, the same qualitative comparison of the election rules follows.
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With the above expressions, I formulate the PEC formation problem as follows:
maximize (uLl - ﬁfl (0')) (uLz - ﬁfz(a))
subject to  (up1,ura) > (i} (0), iy (o)) (33.3)
(uLt,ur2) € G” (o).

Figure 3.2(a) illustrates the bargaining problem when V = 0 and o € Z?.
The blue and red dotted lines represent the status quo utilities, and the solid line
represents the set of feasible agreements. The solid curve is the objective function
of the bargaining problem (3.3.3). Note that since the probability that a PEC wins is
strictly greater than the sum of probabilities that each left candidate wins without a
PEC, the left candidates can agree to form a PEC and obtain strictly higher payoffs
than the status quo utilities. In the figure, this fact is captured by G¥ (o) intersecting

the stripped region where (uri,uz) > (ﬁf1 (o), ﬁfz(a)). Consequently, the left
candidates form a PEC represented by the dot in the figure.

I3
Upo U Gi2(0)

uf, (o) B

tf,(a)

u
0 L1 0

(a) V = 0: a PEC forms (b)V >V (0): no PEC forms

Figure 3.2: Illustration of the Nash bargaining problem

On the other hand, the intersection of G¥ (o) with the stripped region shrinks
and eventually disappears as V increases. Figure 3.2(b) illustrates the situation
where (I)f1 (o) > (sz(a) and V is larger than the threshold Vp(o'). Note that
G’LD1 (o) is located below the line of u;, = ﬁfz. This condition corresponds to the
situation where, having L1 as the nominated candidate, there is no way to persuade
L2 to form a coalition even if the coalition chooses L2’s ideology. Of course, since
d)fl((f) > d)fz(a) implies ﬁfl (o) > ﬁfz(a), there is no way to form a PEC by
nominating L2. Therefore, the left candidates end up in disagreement. With this

observation, I formalize the condition in which (3.3.3) has a solution as follows.
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Proposition 16 In plurality elections, the left candidates form a PEC after observ-

ing opinion poll result o if and only if the office value V is less than or equal to a
—p
threshold V' (o).

A solution of the bargaining problem (3.3.3) is unique in terms of the ex-
pected utilities of the left candidates; that is, there exists a unique pair of utilities
(uy (o), u; ,(0)) such that (u} ,(0), uy,(0)) solves (3.3.3) for a given poll result o
However, there might be two different ways to represent the bargaining solution as
the PEC formation, say £(L1, 4*) and £ (L2, ™), that return the same utilities for the
left candidates. One pair represents a PEC having L1 as the nominated candidate,
and the other pair represents a PEC having L2 as the nominated candidate.?*

To see this, suppose V > 0 and there are two bargaining representations,
E(L2, ™) and &(L2, A™). Since the office value is strictly greater than V, it
must be that 1* < A™; that is, by being nominated, L1 must transfer more utilities
to L2 by choosing a joint policy platform close to L2’s ideal policy. This in turn
implies that type 77, voters obtain lower utility from the PEC of £(L1, A**) than
from the PEC of &(L2, A¥). Therefore, when a PEC forms at o € >?, there are
multiples ways to calculate type t;; voters’ expected utility, which is problematic
for welfare analysis in Section 3.5.

To solve this multiplicity problem, I assume that the candidate who has a higher
probability of winning becomes the nominated candidate of the coalition.?> In
particular, this assumption is consistent with Proposition 16 in that when V =
Vp(O'), the only way to form a PEC is by nominating the candidate with more
support.

I further suppose that, if vote concentration is expected, then L1 and L2 form a
trivial coalition by nominating the candidate who is expected to receive the support
and choosing his ideal policy. For example, if o € Efl, then L1 and L2 form a PEC
having L1 as a nominated candidate and 4 = 1. This assumption is empirically
supported by the fact that candidates often withdraw their candidacy when they are
unlikely to receive a significant amount of the vote share in elections. Theoretically,
the supported candidate can offer any arbitrarily small offer to the other candidate,
and the unappealing candidate takes it. In Proposition 16, this assumption is captured
by the fact that V(o) is infinity at o € Zfl U Efz.

24This multiplicity of PEC representation exists only when Gfl (o)n sz(cr).

23This assumption fits the PEC formation in the 2002 Korean presidential election. Two coalition
partners, Chung and Roh, used opinion polls to decide a representative candidate. As a result, Roh
obtained more support and was nominated.
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Observe that a micro-foundation for the above Nash bargaining problem is found
as follows.?¢ Consider a Rubinstein alternating-offers model with outside options
where there is an exogenous risk of breakdown where the left candidates will no
longer be able to continue bargaining, so that they have to run a three-way race
independently. In this case, the expected utilities from the three-way race become
the status quo utilities of the left candidates.?” As a result, the resulting (subgame
perfect) equilibrium payoffs approximate the Nash bargaining solution payoffs with
the same status quo utilities in the current section, when the risk is small and the

candidates make offers frequently.

3.4 Runoff Elections
In this section, I analyze the game under the two-round runoff rule. I then

compare the two election rules in terms of the threshold office value V to form a
PEC.

3.4.1 Voting Equilibrium
I first show that regardless of opinion poll results, the best response to the
uninformative voting strategy is to vote for the most preferred candidate in two-

round runoff elections.
Lemma 5 IfE =R, then BR(tj,0,s) = jforallt; € T and all o € X.

To gain the intuition behind this lemma, recall that voters care only about pivotal
probabilities in the first round due to the simplifying assumptions for the second
round voting behavior. There are two types of events where a voter’s decision can
be pivotal in the first round. The first case is when one candidate obtains almost half
of the vote share and one of the other candidates obtains another half of the votes.
In this case, depending on what a voter decides, one candidate may win outright, or
the two candidates can advance to the second round. The other case is when one top
candidate obtains fewer than half of the votes, and the other two candidates obtain
almost the same vote shares. In this case, depending on a voter’s choice, only one
of the trailing candidates advances to the second round.

When 7 is sufficiently large, the events of the first type are negligible relative

to the events of the second type in terms of probability. To see this, first consider

26See Muthoo (1999) for a proof and more discussions about the relationships between Nash
Bargaining problems and Rubinstein alternating-offers models.

2"Each left candidate’s status quo utility is the utility he obtains when the left candidates perpet-
ually disagree in the bargaining process. If p is an exogenous probability that the bargaining process
terminates, then the candidate j’s status quo utility is calculated as pﬁf((r) Yool =p)F = ﬁf (o).
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an event of the first type in which L1 and L2 get fifty percent of the vote share
approximately. Then, in large elections, the probability that both L1 and L2 receive
the fraction of the vote share equal to 1/2 is close to the probability that p;; = pr> =
1/2, which is in turn related to the density at (pr1, pr2) = (1/2,1/2). Consider
another event of the second type in which L1 and L2 obtain almost the same
vote share, and R takes first place. The probability of this event is close to the
probability that p;; = pro < pr < 1/2, which is in turn related to the density at
(pr1, pr2) = (x, x) with x € [1/4,1/3].

As n increases, the probability of the first event decreases to zero at a speed of
the order of n=2, but the probability of the second event decreases to zero at a speed
of the order of n~!. The same convergence rates hold for other pivotal events of the
same types. Therefore, due to the different convergence rates, the events of the first
type are negligible in terms of a type ¢ or #;, voter’s choice when n is sufficiently
large.

Among the events of the second type, only the event where R takes first place
(but gains less than fifty percent of the vote share) and L1 and L2 get almost half
of the remaining vote share affects decisions of type ;1 and type 77, voters. To see
this, first observe that when n is sufficiently large, a type #71 or type 7, voter does
not consider the event where L1 or L2 takes first place. For instance, L1 becomes
the top candidate in the first round if py; > max{po, pr}. Then, in the second
round, L1 gets more than half of the vote share regardless which candidates advance
to the second round. Thus, only the event where R takes first place and L1 and
L2 get almost the same vote share is relevant. Given this, it is obviously optimal
for a type ¢; voter to vote for candidate j. Therefore, characterization of the strong
voting equilibrium under the two-round runoff rule is straightforward, and we have

the following proposition.

Proposition 17 In two-round runoff elections, there exists a unique strong voting
equilibrium in which every voter votes for her most preferred candidate for all

opinion poll results.

3.4.2 Pre-Electoral Coalition Bargaining

The probabilities of winning significantly change under the two-round runoff
rule. Consider the case where p;; = 1/3+¢&, pro = 1/6, and pg = 1/2 — & for some
positive small real number €. In this case, R wins outright under plurality rule if no
PEC forms. On the other hand, under the two-round runoff rule, R cannot obtain

majority support in the first round, and he reaches the second round with L1. In
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the second round, both type ¢, and type 7, voters choose L1; consequently, L1
ultimately wins.

Figure 3.3 illustrates the above differences. Assuming that there is no PEC and
voters vote for their most preferred candidates, the red stripped regions represent
the winning events for candidate L1 under different election rules; likewise, the blue

regions represent the winning events for candidate L2 under different election rules.

D
//////z;’/’dk

(a) winning events under plurality rule (b) winning events under the two-round
runoff rule

Figure 3.3: Illustration of the winning events under different election rules

There are two facts to notice. First, the winning event for each left candidate
is strictly larger under the two-round runoff rule than the one under plurality rule.
This implies that each left candidate is more likely to win under the two-round rule
without a PEC. In turn, if other things remain the same, L1 and L2 are more likely
to win the election alone, and their status quo utilities are strictly greater under the
two-round runoff rule than under plurality rule. Second, the union of the red stripped
and blue regions in Figure 3.3(b) includes the bordered region in Figure 3.3(a). This
feature means that if other things remain the same, the probability that a PEC wins
the election is the same under the two election rules.

In sum, the left candidates can obtain higher utilities in the two-round runoff
elections without PEC formation, and the chances to win the elections by forming a
PEC remains the same. In terms of the bargaining environment, the two effects stated
above diminish incentives to form a PEC, which in turn means that the threshold V
decreases for each opinion poll result o, compared to the threshold V under plurality

rule.
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The following proposition summarizes the characterization and comparison of

PEC formation incentives under the two election rules.

Proposition 18 In two-round runoff elections, the left candidates form a PEC after
observing opinion poll result o if and only if the office value V is less than or equal
to a threshold VR(O'). In addition, the threshold under plurality rule is strictly
larger than the threshold under the two-round runoff rule for any given opinion poll
result o: VP(O') > VR(O') forall o € X.

This result induces a clear testable hypothesis: PECs are more likely to form in
plurality elections than in two-round runoff elections. This prediction is the result
of two effects. First, strategic voters merge their support only under plurality rule,
and whenever this behavior is expected, candidates form a trivial PEC. Second,
even when voters are expected not to integrate their support, it is easier for the left
candidates to form a PEC under plurality rule. These two forces have the same
impact in terms of the ex-ante likelihood of PEC formation; thus, more PECs should
be observed in presidential elections under plurality rule.

The above hypothesis is consistent with observations of French and Korean pres-
idential elections. French presidential elections are under the two-round runoff rule,
but Korean presidential elections are under plurality rule. Among the presidential
elections in these two countries, I observe that 80% of Korean presidential elections
had at least one PEC, and this fraction is significantly higher than 33% of elections
with PECs in French presidential elections.?® Thus, it is definitely worth working
on more careful empirical analysis on the relationships between election rules and

PEC formation with a richer dataset.

3.5 Welfare Analysis

In this section, I analyze which election rule is more favorable for which types of
voters under the potential presence of PECs. 1 define the type 7; voter’s welfare as her
ex-ante utility before starting the game. Formally, I define a function WJ.S Ry - R,
such that W]‘f3 (V) is the welfare of a type ¢; voter under election rule & at office value
V. Note that since f is symmetric and the Nash bargaining solution is symmetric,
Wfl V) = Wf’z(V) for all V. Moreover, it suffices to consider the welfare of a

28The calculations include nine French presidential elections in the period of 1965 - 2012 and five
Korean presidential elections in the period of 1992-2012. I exclude Korean presidential elections
before 1992; the 1992 presidential election was the first free and fair election in which South Korea
elected its first civilian president (Golder, 2006b)



75

type 11 voter because the sum of welfare levels corresponding to all three types is
assumed to be a constant.
The following proposition asserts that the two-round runoff elections return a

larger welfare to the type 771 voters.

Proposition 19 The welfare of type L1 voters is higher under plurality rule than
under the two-round runoff rule: WLRI(V) > WE(V) forall V e R,.

The proposition can be understood with Figure 3.4 that depicts Wfl(V) and
W;)(V) as functions of V for m = 1 and the distribution of p is uniform. When
m = 1, voters always choose their most preferred candidate under plurality rule
for any realized opinion poll result o because inequalities (3.3.1) and (3.3.2) are
simultaneously satisfied. This means that Z? = X, and the welfare of type 77| voters

is solely determined by whether the left candidates form a PEC.
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Figure 3.4: Illustration of the welfare of a type 771 voter

Consider two different office values, V = 0,1/2. When the candidates are
purely policy-motivated (V = 0), the left candidates form a PEC regardless of the
realization of the opinion poll o as discussed in Section 3.3.2. However, when
candidates obtain value by holding the office (V = 1/2), the left candidates do not
form a PEC if the opinion poll realizes as o = (1, 0) because this poll result indicates
that the probability that candidate L1 wins without any PEC is substantially high,
and it is better for him to finish the race alone and try to take office value 1/2.
Likewise, if the opinion poll realizes as o = (0, 1), then no PEC forms because L2
wants to take the office value alone.

This selfish motivation when V = 1/2 indeed decreases the welfare of type 7

voters because voters only care about the ideal policy of the candidates. Suppose
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that p is located in the bordered region in Figure 3.3(a). When V = 0, one of the
left candidates wins for sure, but when V = 1/2, neither of them wins if the opinion
poll result realizes as oo = (1,0), (0, 1). Hence, type ¢, voters obtain strictly less
ex-ante utility if V = 1/2. In Figure 3.4, this decrease of type 771 voter’s welfare is
captured by a drop of WE (V)atV =3/11.%°

However, under the two-round runoff rule, the welfare of a ¢;; voter is constant.
To see why, consider the situation where V = 2 and p is located in the region where
the left candidates can win only by forming a PEC under plurality rule. Regardless
of opinion poll results, no PEC forms because V is large.3® However, one left
candidate still wins the election under the two-round runoff rule because type 71
and type t;, voters are the majority of the population. Thus, no matter whether a
PEC forms, a type f71 voter obtains a strictly positive payoff whenever p is located
in the union of the red and blue regions in Figure 3.3(b). Thus, the welfare of a type
tr is constant. Since f is symmetric, the ex-ante utilities of type 77, and type 77>
voters’ welfare are the same, which in turn implies that a type ¢ voter’s welfare is
also constant.

The key factor determining welfare of voters is whether not only voters, but
also candidates correctly guess the true p and make the right decision to win.
Intuitively, as their size increases, poll results convey more accurate information on
the distribution of voters’ preferences. Thus, voters and candidates can correctly
infer the true value of p and merge their support when a PEC is necessary to win; in
turn, the welfare of the voters who prefer the left candidates increases.

To formalize the above discussion, let WE

voter under plurality rule at (V, m). The following proposition states the welfare

(V, m) be the welfare of a type 71

effect of the poll size.

Proposition 20 In terms of the welfare of a type tr| voter, plurality and the two-
round runoff rules become indifferent as the poll size increases to infinity: for a

givenV € R, WE (V,m) converges to Wfl (V)as m — oo,

Figure 3.5 illustrates the proposition. The convergence is driven by more PEC
formations of the left candidates as well as more vote concentration when p is located
in the region where the left candidates can win only by forming a PEC. As before,
type t11 and type 77 voters never concentrate their support if o1 = 02. On the

other hand, for large m, the left candidates form a PEC whenever max{o 1,02} <

29 Another drop around V = 1 is due to no PEC formation at o = (0, 0).
30This observation follows from Proposition 18 and the fact that no PEC forms at V = 2 for all
o € Z under plurality rule.
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Or < o1 + o; if any such opinion poll result is disclosed, the left candidates
can correctly predict that they can defeat R only by forming a PEC. Therefore, as m

increases, plurality rule and the two-round runoff rule become indifferent in terms

of welfare.
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Figure 3.5: Convergence of the welfare of a type 77| voter

3.6 Comparative Statics

In this section, I provide two comparative static results. I first parameterize
two-round runoff elections and compare PEC incentives. Then, I study how PEC
incentives change as a function of ideological distance between the two left candi-

dates.

3.6.1 General Two-Round Runoff Elections

General two-round runoff rules can be represented by a single parameter { €
(1/3,1/2) such that ¢ is the required threshold for a candidate to win outright.3!
To begin, the arguments underlying Lemma 5 imply that voters always choose their
most preferred candidates for all £. Thus, I focus on the threshold V to form a PEC

and obtain the following comparative static result.

Proposition 21 Let V{(O') be the threshold office value for the left candidates to
form a PEC when ( is the threshold for the first-round victory, after observing
opinion poll result o. Then, the threshold office value is smaller than the threshold

under plurality, but larger than the threshold under the two-round runoff rule:

31T follow the approach of Bouton (2013). If £ = 1/3, the corresponding two-round runoff rule is
equivalent to plurality rule. The two-round runoff rule studied in the previous sections is equivalent
to a runoff rule with £ = 1/2.
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VP(U) > V'z (o) > VR (o). In addition, the threshold office value decreases as the

threshold for first-round victory increases.

Figure 3.6 illustrates the events where the left candidates can win in a two-round
runoff election with threshold £. The bordered region represents the set of events
such that the left candidates can win only by forming a PEC. If p is located in this
region, R obtains not only majority support in the first round, but also the support
higher than the threshold £. Thus, R wins outright if L1 and L2 do not form a
PEC. On the other hand, the left candidates can defeat R by forming a PEC. For
each threshold £, the additional event that guarantees victory of the left candidates
is strictly contained in the added winning event under plurality rule. Thus, the left
candidates are more likely to win without a PEC under any runoff rule other than
under plurality rule, and so the threshold V under plurality rule is higher than any

runoff rule.

1/2
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Figure 3.6: Illustration of the winning events when & = ¢

Note that the size of this additional event decreases in { because the higher £ is
in favor of the left candidates. This observation implies that the threshold V is larger
than the threshold under the two-round runoff rule with threshold 1/2. Therefore,
in two-round runoff elections, PECs are more likely to form as the threshold for

first-round victory decreases.

3.6.2 Ideological Distance

I now parameterize the ideological distance between the left candidates by
6 € [0, 1]: if L1 wins the election alone, then L2 and type #;, voters obtain a utility
of 1 — 0, and vice versa. With this parametrization, as an extension of Lemma 3, I

have the following lemma.
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Lemma 6 If & = P, then BR(t11,0,5) = L1 if and only if

172 172
20 fri(x, x|o) dx + fri(x,1 =2x|o) dx
1/3 13
1/2
>(1-6) fri(l =2x, x|o) dx,
1/3

and BR(ty», 0,s) = L2 if and only if

1/2 172
26 fro(x, x|o) dx + fro(1 = 2x, x|o) dx
1/3 1/3
1/2
>(1-6) fra(x, 1 —2x|o) dx.
1/3

This lemma is quite intuitive because as ideological distance increases, the
marginal benefit of voting for the second preferred candidate decreases. Although
voters are less likely to merge their support, the next proposition states that the left
candidates’s incentives to merge their support increase as their ideological distance

increases.

Proposition 22 For any opinion poll result o that predicts divided support, the
=&
threshold office value V- (o, 0) for the left candidates to form a PEC after observing

o increases as the ideological distance increases.

The proposition states that an increase in ideological distance has a positive
effect on the probability of winning through increasing PEC formation incentives.
To see why, first note that ideological distance has no influence on the probability of
winning. The maximum utility transfer by choosing the opponent’s ideal policy is
0 and the status quo utility is 1 — 8. Hence, as 6 increases, the left candidates’ status
quo utilities decrease, and the set of feasible utility transfers expands, which in turn
implies that L1 and L2 are more willing to form a PEC. Therefore, conditional on
divided support, PECs are more likely to form as the ideological distance between

potential coalition partners increases.

3.7 Concluding Remarks

Although only one coalition member can occupy the office, PECs have frequently
formed and influenced outcomes in single-office elections. In my model, candidates
are both office- and policy-motivated. For this reason, forming a PEC could be
beneficial to all coalition members including the one who withdraws his candidacy.

By throwing his support behind the representative candidate, the coalition becomes
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more likely to win and implement a policy more to his liking. In this setting, the
current paper provides a series of empirically testable predictions in the literature
on PEC formation.

Adding one more candidate who can form a coalition with candidate R does not
change the qualitative nature of PEC incentives. Of course, incentives to form a
PEC between coalition partners will depend on their beliefs about what candidates
of the other-side would do. For instance, if the right candidates are expected to
merge their support by forming a PEC, then the left candidates are more willing
to form a coalition. However, the comparative static results in this paper remain
the same. As an example, ceteris paribus, the increase of probability of winning
by forming a PEC under plurality rule is strictly larger than the increase under the
two-round runoff rule. Thus, PECs are more likely to form in plurality elections
than runoff elections.

With the generalization of the number of candidates, one salient extension would
be to allow some candidate to choose their coalition partners. In reality, it is easier
for ideologically moderate candidates to form a PEC with other candidates than
ideological extremists, and they utilize this flexibility as a leverage in the PEC
bargaining process. One thing to notice is that if their office motivation dominates
policy motivation, such candidates would try to be nominated and occupy the office
in exchange for implementing their ideal policy. Therefore, the resulting policy
choice by a PEC including those candidates might be more extreme than without the
possibility of PEC formation. Since this new asymmetric incentive structure affects

voter welfare, it is worth considering this extension as a future research topic.
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Appendix A

PROOFS OF CHAPTER 1: SOCIAL NETWORK FORMATION
AND STRATEGIC INTERACTION IN LARGE NETWORKS

A.1 Proofs of Results
Proof of Proposition 1
Proof. The proof consists of two parts. In Part I, by defining N, t) := E[N(, 1)]

for each d, I show that N(dt)
N(dz)

converges to f(d). In Part II, I prove that for each d,
converges in probablhty to f(d).

Part L. I first show that the expected fraction of nodes with degree d converges.

Claim 1 Foreach d € N, N(f’l) converges to f(d) ast — oo.

Proof. I start from the following rate equations:

(i) Ford = 1:
N(L,t+1) =1+ (1 - %:))N(Lt)+s(l,t). (A.1.1)
(ii) Ford > 2:
N1+ 1) = 92 I)Z(d_ DR@-1,0+ (1 —'u—(d))N(d 1) +&(d,1).
(A.1.2)

I solve the rate equations inductively. By letting a(1) = %1), (A.1.1) becomes

N(Lz+1) = 1+(1—(—))N(1 t)+e(l,1)

_ 1+(1—@)+(1— “(1)) (1—f(1))ﬁ(1,z—1)

t -1
+e(l,1) + (1 - Q) e(l,t—1)

Z[]—[ (1—@) +N(1, 1)]_[(1—@)

s+1
() (ii)
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t t
21
s=1 Lr=s+1

(1—@) —1)].

(i)

For a large ¢, I have the following approximation:

t
1—[ (l _ a(l)) v T ath) p—a((logr-logs) _ ( )a(l). (A.1.3)
t
1

r

By the above approximation, I find approximations for (i) - (iii) as

| | — ds= ———— Mt o
Z ( ) @ Jo 0P T O T a() 1+ a(l)

s=1 r=s+1

i) N(1L1) ﬁ (1 _ @) ~N(1, 1) (;)a(l),
r=1

: a(l) N t
11 (1 - —) e(lr=1)~ el =1 e

t
s=1 r=s

(iii)

By dividing by ¢ and taking the limit, both (ii) and (iii) become zero. Hence, it
follows that

~ N, nH 1 u B
o T Tra) - avom W
Let f(d — 1) be given. Define a(d) and b(d — 1,t) as
a(d) = dd(d) and  b(d - 1.1) _(d—l)(D(d—l)N(d—lt)
H“ M t
I observe that
tli)m b(d— L1) = (d - l)i)(d— 1) tli)m N(d; 1,1) _ (d - l)i)(d— l)f(d— 1

Then, by using the approximation technique for d = 1, I rewrite equation (A.1.2) as

N(d,t+1)
_ (1 _a(d)

)N(d 1) +b(d-1,t)+e(dt)

= b(d—-1.1)+ (1 - “(td)) b(d.t—1) + (1 - “(td)) (1 - f(di)N(d 1

+e(d,t) + (1 - %d)) e(d,t—1)
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s=1 r=s+1 r=1
B

By dividing ¢ and taking the limit, the latter two terms become zero. In addition,
since im b(d - 1,1) = =HED f(d — 1), it follows that

N,y Mmbd-1t) (d-1)®d-1)
lim = =

M T T ira@ prdo@ J@-b=E/@- R

Part II. For notational simplicity, I let z; = d®(d) for each d. I find the following

result:

Claim 2 For each d € N, there exists (v(d,t));>1 such that
IN(d, 1) — f(d)t| < v(d, 1),
and v(d,t) - 0ast — o.

Proof. I prove the claim inductively. For d = 1, I observe that
N(Lr+1)=1+ (1 - %)N(l,t) + (1, 1),
M
t+Df() =1+ (1 - ﬁ)rf(l).
ut
Let 6(1,¢) := IN(1,#) — t£(1)|. Then, by setting v(1,#) = &(1,1) + 1, it follows that
N(lL,t+1) -+ 1)f(1)| < '(N(l,t) —tf (1)) - —t(N(l,t) —tf(l))‘ +e(1,1)
M

_ (1 _ ﬂ)5(1,0 +e(l,1)
Mt

t t t
35(1,1)H(1——)+Z H (1——)s(d )
k=1 s=1 r=s+1
—0ast— 0 <e(l,n)t
<v(l, ).

Suppose now that the statement holds for d — 1. I observe that

N(d,t+1) =N(d,1) + %N(d -1,1) - —N(d 1) +e(d,t),



89

(t+ D) = tf(d) + =Lef(d - 1) - i £ ().
ut ut

Let 6(d,1) = [N(d.1) — t(d)|. By setting v(d,1) = “Lv(d - 1,1) + &(d,1) + 1,1

have
‘N(d,t F1)—(t+ 1)f(d)‘
< ‘(N(d, 1)~ 1f(d)) (1 - %) + %(N(d L) —tf(d - 1))’ +ed,1)

< (1 - Z—") §dt)+ 2 yd - 1,0+ e(d, 1)
it 4

s(l—z—d)(l— td )6(a’,t—1)+(I—Z—d)@v(d—l,t—l)
pt] u

pt pt=1)
+ ﬁV(d— 1,t) + (1 - Z—d) e(d,t—1)+e(d,t)
H l tﬂt t
<6(d,1) B (1 - %) +; {[%v(d —1,5) +&(d, s)] D (1 - %)}
—0ast =0 < (=L y(d-Ls)+e(d.s) )i
<v(d,t)t. -

I now show concentration of the degrees as follows.

Claim 3 Let d € N be fixed. Then, there exists a constant K; > 0 such that
P (‘N(d, 1) - N(d, z)| > Ki logt) < o(l).

Proof. 1 first find that a sequence of random variables (N(d, s))’s:1 defined as
N(d, s) := E[N(d,t)|F *] is a Doob Martingale. To see why, first find that

E[IN(, 9|l = E[E [N, 1)|F°]] = E[N(d,1)] <t < oo,
E [N, )7 = E [E [N 0|71 17| =E [N(d,0)|F*"] = N(d, s - 1).

Moreover, N(d,0) = N(d, t) and N(d,t) = N(d, t) because

N(d,0) = E [N(d,)|F°| = E[N(d, 0],
N(d.1) = E [N(d.0|F"]| = N(d.»).
(N, s))gz | further has a uniformly bounded difference property: For each d €

N, there exists M; > Osuchthatforalll < s < ¢, |N(d, s)-N(d,s—1)| < M,;. Tosee

why, I first note that it suffices to show it only for d > 2 because one can easily repeat
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similar steps for d = 1. Now, for any givend > 2, [set M; = % max{1, z4, zg—1} and
verify the uniformly bounded difference property by using mathematical induction
in the difference k =t — 5 > 0.

First, when k = 0, I have

IN(d.1) = N(d.t - 1)]
- |E [N, nIF] - E [N@ z)|¢f—1]‘

= [N(d.1) - E [N, t)|7-'f‘1]'

< IN(d.1) - N(d.1 — 1)‘ + Z—le(l,t 1)+ Zd—_llN(l,t — 1)

F(-1) F(-1)

M(N(d— L) +N(d1 - 1)

Fa-D

<M.
Second, suppose the property holds for all k& < k. For k > 1, I have

IN(d, 5) = N(d, s — 1)]
= |E[N@,nIF*] - E [N(d,t)l?-'s'l]'

max{z4-1, Zd}

<l+
Fs-1)

(E [N@.0IF°] + B [N(d.0|F*] )
< M,.

Having the properties of (N(d, 5))!_, as the above, the Azuma-Hoeffiding in-
equality states that for any €4 > 0,

2
2

P(IN(d, 1) - N(d.1)] > &4) < De Mit,

By choosing €5 = 2M 44/t log t, it follows that

P (IN(d.1) - N(d.1)| 2 2My+[tTog1) < o(1). |

N(d,t)
t

I finally prove that for each d, converges in probability to f(d) as follows.

Claim 4 Let d € N be fixed. For any given € > 0,

lim P (‘N(d’ D _ f(d)‘ > s) 0.

t—o00 14
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Proof. By Claim 2, there exists 77 such that I% — f(d)| < &/3 whenever t > Tj.
Then, for all ¢t > T,

P ('N(f’l) - )| > 8) 3 IP(‘N(C:’I) . N(f’t)‘ N ‘N(i[’t) - ) > 8)
B ]P(‘N(d, n N, r)‘ N gg)‘
t t 3
By Claim 3, it follows that
lim P (‘N(d’ H _NG t)’ > gs) =0. [ |
t—o0 t t 3

I finally prove the unique choice of u. For this, I state and prove the following

claim.

Claim 5 Let T'() : Ry — R, be a function defined as

u ﬁ( kD (k) )
do(d) L 1\ i+ ko)

F(p) = ), dOd)f(d) = ) d(d)
d=1 d=1

Then, I'(+) is continuous in p.
Proof. Define a function y,4(-) : Ry — R, as
d
U 1—[ k®(k)
dd(d) o \M k®(k)
Note that 0 < yq(p) < df(d) and 37, df(d) = 2. Define a function I',(-) :
Ry = RyasT(p) = ZZ:l va(w). Then, I';,(+) is continuous in y, and it converges

Ya(p) = d(d) f(d) = dD(d)

uniformly to I'(-) by the Weierstrass M test. Therefore, I'(-) is continuous.

Therefore, the theorem is proven. W

Proof of Proposition 2

Proof. The proposition is fully proven in the main text. W

Proof of Proposition 3

Proof. I observe the following lower bound of Ayax (G'):

Vldmax(G") < Amax(G'),

where dpax (G) is the maximum degree of network G'. Thus, it suffices to show that

if d®(d) is increasing in d, then d; (G') — oo almost surely as t — oo.
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Define a sequence of independent Bernoulli random variables (I;);>; such that

d(1
P =1):= %

If the hazard rate function is not increasing, then it follows that

di (G Hd(d((G'™"))
L d(GHD(d(GY))
D(1)
> —
2t
=P, =1).

P(di(G") —di(G'™) =1|G'"™") =

Thus, d;(G") > le:l I;. Note that 3;°, IP(I; = 1) = co. Since (I;);»1 is a sequence

of independent random variables, the second Borel-Cantelli lemma shows that
]P)(It = 1 i.O.) = 1.

Thus, P( X2, I; = o) = 1, so that d;(G') — co almost surely as t — co. W

Proof of Proposition 4

Proof. Suppose that the hazard rate function is increasing, which implies that
zqg < zy forall d > 1. Choose € = log (1 + (D(l)) Then, it follows that

. F(d) .
dll_rgolog ed _kh—r&;log(y+zs)+8d

d-1 .
= lim lo
o

d—o0
s=1

d-1
d(1
< lim (log( o )+log(1+ ()))+8
d—oo o M+ 27 4Z1

d-1
O(1)/4
= lim Zlog (M) +&
s=1

[

d—oo m+ 21

<E&.

Hence, the asymptotic degree distribution is not heavy-tailed.

I now show that if the hazard rate function monotonically decreases to zero, then
the asymptotic degree distribution is heavy-tailed. By the assumption, it follows that
Zg — o0 as d — oo. For a fixed € > 0, there exists 6 > 0 such that € = log(1 + 9).
Then, I have

fim o2 15 - 113;210%(

)+sd
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S§=
S 0Zs + Zs
= lim log £
d—oo p= M+ Zs
= Q.

Therefore, the proposition is proven. W

Proof of Corollary 1
Proof. The statement directly follows by and Proposition 3 and Proposition 4. W

Proof of Lemma 1

Proof. I define a sequence (a(d))g>1 as

d

d-1
F(d)=1- (Z f(k)) = [ato).
k=1

k=1

By its construction, I have
d
fd)=(-a@d+ D) [ Jatk),
k=1

h(d)=1-a(d+1).

Thus, h(d) is increasing in d if and only if a(d) is decreasing in d for all d > 2.
By the summation by parts, I find that

) d o0 k
Zkf(k) = dl_[a(s) + Z ]—[ a(s)).
k=d s=1 k=d+1 s'=1

Hence, the inverse hazard rate function of f(~) is

210

O AC)
_ d 15, a(s)) N S 15y a(s)
d(1-a(d+ 1)) [1%_ a(’) d(1-a(d+1)]]L,a(r)
1 1 > A
- w35, L] )

Thus, it suffices to show that the inverse hazard rate function is decreasing in d.
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Since a(d) is decreasing in d,

o0 k o] k’
2 | law=2 []aw
k=d+1 s=d+1 k'=d+2 s'=d+2

=(ad+D+ald+a(d+2)+---)—(a(d+2)+a(d+2)a(d+3)+--+)
=(a(d+1)—a(d+2) + (a(d + Da(d +2) —a(d +2)a(d +3)) + - - -

=(a(d+1)—a(d+2))+ i ( ﬁ a(s) — ﬁ a(s’))

k=d+2 \s=d+1 s'=d+2
> 0.

Note here that terms in the summations are rearrangeable because each summation
is absolutely convergent. With this observation, it follows that the inverse hazard

rate function of f (+) is strictly decreasing in d. Thus, the proposition follows. B

Proof of Proposition 5

Proof. The proof directly follows by the equilibrium characterization. H

Proof of Proposition 7
Proof. Fix a mechanism (&, 7). The social value & = E [£(d)] is strictly positive if a
mechanism returns a strictly positive revenue to the seller. Thus, for any mechanism

with a positive revenue, the expected valuation V (-, -) is strictly supermodular as

V(d,dy) - V(d,dy) = Edy (£(d') — £(d))
> Edy (6(d) - £(d))
=V(d,dy)-V(d, dy).

Then, I have the following claim:
Claim 6 Suppose that V (-, -) is strictly supermodular. Then, the following hold:

(i) &(-) is incentive compatible if and only if £(+) is monotone.

(ii) &(-) is incentive compatible if the following inequalities hold:
V(d,d)y-n(d)>2V(d-1,d)—n(d—-1)foralld =1,...,dnax
V(d,d)—n(d) >2V(d+1,d)—n(d+1)foralld =0,...,dnx— 1.

Proof. See Chapter 6 in Vohra (2011) for a proof. B
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Claim 7 For any monotone allocation &(+), there exists an expected payment sched-

ule n(-) such that all the incentive comparability constraints are satisfied.

Proof. Since any buyer with degree zero obtains zero utility, I set £(0) = 0 without
loss of generality. Define a payment schedule n(-) : © — R, such that 7(0) := 0

and
d

n(d) = Z (V(d.d)-V(d-1.d))

k=1
for all d > 1. Then, by the previous claim, it suffices to show that all downward and
upward incentive compatibility constraints are satisfied as:
n(d)-n(d-1)=V(d,d)-V(d-1,d)foralld > 1,
n(d+1)-n(d)>V(d+1,d)-V(d,d) foralld > 0. |

Therefore, the claim is proven.

The previous claims imply that to solve the seller’s problem (1.6.1), it suffices to
consider monotone allocation rules and a payment schedule satisfying the adjacent
incentive compatibility constraints. Moreover, for any monotone allocation rule,
there is a payment schedule satisfying the adjacent constraints. In particular, the
payment schedule satisfies all downward incentive compatibility constraints.

Note that for any optimal mechanism (&, ), the downward incentive compati-
bility constraints must be binding in the seller’s problem (1.6.1). Thus, given that
£(0) = 0and 7(0) = 0 without loss of generality, I can fix the payment schedule de-
fined as (d) := gz;f:l (é(k)k —&(k —1)k). This implies that the seller’s problem
is

dmax

d
' . max ~ 1 - F(d)
maximize {; f(d)f(a’)} ; f(d) (6(60 (a- W))

subjectto 0=¢&(0) < &(1) < < é(dmax) < 1.

Consider two degree distributions f(-) and f’(-) with f(-) >Lr f’(-). Assuming
the increasing hazard rate property for both degree distributions, it follows that
= > ) Since () >rosp f7(), it also follows that 397 f(d)é(d) >

j‘:‘f f’(d)f (d) for any allocation rule £(-). Therefore, the seller’s revenue strictly

increases as the degree distribution increases in terms of the likelihood ratio order.
|

Proof of Proposition 7

Proof. The proposition follows by the discussions in the main text. W
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A.2 Additional Proofs

I here provide additional proofs and results in probability theory.

Approximation of Random Variables

Claim 8 Ler X(t) and Y (t) be random variables such that X(t) € [0, K] and
Y(t) € [6,L] with 6 > 0. If (Y(2)),s, converges in probability to a constant
y € [0, 1], thenast — oo,

X X

‘]E[ (t)] ]E[—(t)”eo.
Y () y

Proof. For a given £ > 0, let Q(¢) := {w : |Y() —y| < %}. By the assumption,

there exists 7 such that P(Q(¢)¢) < 13?{2 whenever ¢ > T. Hence, t > T implies

that
i o}
Y(@) y
‘f X()y - X(I)Y(l) 'f X(@)y - X()Y () F‘
Q) yY(1) Qe yY()

<= f X(1)y — X(t)Y(t)‘dF+ f X(t)y—X(t)Y(t)‘dF)
0 Q) Q(1)©
1 (62

<5 \1ag J,, IX@14F +2L fg N |X(t)|dF)
1 (£62

< = (55 P@0) + CKLP©@))

< E&.

Therefore, the claim is proven. B

Convergence of Random Variables in N*

Claim 9 Let (X,),>1 be a sequence of random variables. Let X be a random
variable distributed over N. Then, X,, converges in distribution to X« as n — oo
if and only if for all x € R,

lim P(X,, = x) = P(Xs = x).
n—o0

Proof. Suppose that X,, converges to X, in distribution as n — oco. Let (a,b) C R
such that (a, b) NN = (. Then, it follows that

P(Xw € (a,b)) < liminf P(X, € (a,b)) = 0
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This part is shown in Theorem 29.1 in Billingsley (2012). Therefore, for any x ¢ N,
there exists (a, b) such that x € (a,b), (a,b)) "N = @, and P(Xe = x) =0 =
lim, 0 P (X, = x).

Now fix x € N. By choosing &€ = 1/2, I find that

PXow=x)=PXs€(x—¢gx+¢))

<liminfP(X, € (x —g,x+¢&))

n—oo

<limsupP(X, € (x —&,x + &))

n—oo

<limsupP(Xe € (x —&,x + &))

n—oo

=P (Xe = x),

where the second and the last inequalities are by Theorem 29.1 in Billingsley (2012).
Therefore, it follows that lim P (X, = x) = P (X = x).

n—oo

To show the converse, fix z € R, and assume that F,(-) is continuous at z. Since
Fo(z) = P(Xo < 2]), it follows that

Fo()= ), P(Xa=k) = Y lim P(X, = Lz]) = lim F,(lz]) = lim F(2).
k<|z] k<|z]

Note that the above argument does not hold if the support of X, isnot N.! W

Bounds of the Largest Eigenvalue

Claim 10 Ler G = (N, A) be a network with size n. Its largest eigenvalue satisfies

vdmax(G) S /lmax(G) S dmaX(G)-

Proof. Throughout the proof, let node 1’s degree be the maximum degree d,x.

To prove the lower bound, note that An,x (G) satisfies

q'Aq
qq

Amax(G) =

for all ¢ € R". Without loss of generality, suppose that nodes 2,..., k have,
respectively, a link to node 1, but nodes k + 1, ..., n do not. Choose q such that

4 = (Vdmax(G), Lix(k=1) O1x(n-k-1)) s

I A simple counter example is a sequence of integer-valued random variables (X31),,51 such that
P(X, = k) = 1/nif and only if 1 < k < n. Then, lim P(X, = x) = 0 for all x € R. Let
Xo ~ N(0,1). Then, IP (X = x) = 0, but X,, does not converges in distribution to X, as n — co.
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where 11xx—1isa 1x(k—1) vector with entries of one, and 01x(,—k-1yisa IX(n—k—1)

vector with entries of zero. Then, q'q = 2dnax (G) and
q'Aq = (dnax(G))*? + Vnax (G) (d2(G) + - + di(G)) = 2(dmax (G)) 2.

Thus, Anax (G) 2 Vdmax (G).
To prove the upper bound, let x,x be an eigenvector corresponding to the

maximum eigenvalue An,x(G). By its definition, AX = Anyax(G)X, and so

/lmax(G)Xl = Z Xj,

JEN

where x; is the vector that has only one non-zero entry at the i-th entry. Hence,

[Amax (G)[[x1] < Z IX;| < dmax(G)[x1]. (A2.1)
JEN

Therefore, the claim is proven. W

The Second Borel-Cantelli Lemma

Claim 11 Ler (E,),” | be a sequence of independent events. If 2oy P(E,) = oo,
then

P(E,i.0.) = 1.

Proof. Independence and 1 — x < e imply that

(o)

P(n, E) = | | (1-P(E)

k=n

< | [exo (- P(ED)
k=n

= exp (— Z 1P(Ek))
k=n
=0.

Thus, P( U2, E,) = 1 for all n. Since U E, decreases monotonically to
limsup,, E, as n — oo, it follows that P(E, i.0.) =1. &
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Appendix B

PROOFS OF CHAPTER 2: MONOPOLY PRICING AND
DIFFUSION OF (SOCIAL) NETWORK GOODS

Proof of Lemma 2

Proof. The strictly increasing hazard rate property of f Define a function
At R* — R* such that A(x) := t£2, which is differentiable and A’(x) > 0 by
the THRP assumption. Then, I can rewrite f and F as f(x) = A(x)e” Iy 4®ds gng

Fx)=1-¢" Jo 4945 With these new expressions, it follows that

1-F(x) [, sf(s)ds
fo  xf
[s(-1+ F(s))]zo ~ [T (= 1+ F(s)) ds

x/l(x)e‘fox A(s) ds
xe—_ﬂ)xg(s)ds + f‘x’ e—ﬁ)y A(s)ds ds
X

xA(x)e” Jo Aoy s
o _ [ Aw)d
1 +fx e Jo A gy
A(x) xA(x)

Since A’'(x) > 0, (fxoo e Jo A du ds)’ < 0, and (xA(x))" > 0, the inverse hazard
rate function of fis strictly decreasing.

The dominance relationship: Observe that for all x € R*,

fo)  _ xfw
1-F(x) [ sf(s)ds
_ f(x)
fxoof(s)ds+fx°°(s;—x)f(s)ds
_ f)
1= Fx)+ [0 £(s) ds

—x)

< A(x) because

f(s) >0 forall s > x.

The single crossing property: By the IHRP assumption, it suffices to show ex-
istence of crossing points. A proof for the existence is straightforward by the

intermediate value theorem as follows. Define a function ¢ : R* — R* as
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¢(x) = x(1-F(x)), which is differentiable, ¢(0) = 0, ¢’(0) > 0, and lim ¢(x) = 0.

Hence, there exists x € R* such that ¢'(x) = 1 — F(x) — xf(x) = 0, which is the
desired single crossing point of A(x) with )17 The same exercise with a function
@ : Rt > R* defined as @(x) = x(1 — F(x)) shows existence of single crossing

point x. W

Proof of Proposition 8
Proof. I first show that an optimal diffusion policy exists. Then, assuming differ-
entiability of V, I derive the characterization equation in Proposition 8. Finally, I
provide proofs for the discussions about a sufficient condition for the differentiability
of V.

Note that 711 (x, y) = y( = f(x))(1 = F(y)) < 0 for all x,y € R*. By single
crossing property (2.2.3), it follows that for all x € R*,

m(x,y) = (1- f(x))(l -F()+y( - f(x))( - f(y)) = 0ifand only if y < X.

The equality holds only at y = x. Thus, for given x € R*, n(x,y) is uniquely
maximized at y = X.
The following claim finds that an optimal plan must be contained a compact

interval:
Claim 12 For anyt > 1, it is not optimal to choose x; ¢ [0, X].

Proof. By stationarity of the monopolist’'s dynamic optimization problem, let
{x:};2, be adiffusion policy such that x; > x, without loss of generality. Then, since

m1(x,y) <0and mp(x,y) < Oforall y>x and x € R*, I have
D BT (e, x) = w(xo, 1) + Br(xi, x2) + ) BT (e, x)
=1 =3

< m(xg,Xx) + Br(x, x3) + Z ,8[_17r(xt_1,x,). [ |
t=3

I prove existence of an optimal diffusion policy. By Claim 12, without loss of
generality, I define a feasible policy correspondence I' : [0,x] — [0, X] such that

I'(x) = [0,x] for all x € [0, x]. I satisfies the following properties:
(i) I'(x) is nonempty for all x € [0, X],

(ii) For any feasible policy {x;}>,, lim 7  gi=lz(x, | x;) exists because 7 is
=1

t=1° n—oo

bounded, and Z;’Zl ﬁ"ln(xt_], x;) is strictly increasing in n,
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(iii) [0,x]is a convex subset of Rg , and I is compact-valued and continuous, and
@{iv) m: [0, x] x [0,x] — [0, x] is continuous, and B € (0, 1).

Under the above four properties, it can be shown that there exists a unique
continuous function V : [0, Xx] — Rsuchthat V(x) = sup{y € I'(x)|n(x, y)+B8V(y)}
(Stokey and Lucas, 1989). The Maximum theorem provides that an optimal diffusion

policy exists.

)
=1

(0,x). I prove it by using mathematical induction. For ¢ = 1, I calculate

I now show that for any optimal diffusion policy {x; it must be that x; €

a [ee]
% (ﬂ(xo, y) + Br(y, x5) + Z ,Bt_lﬂ(x;‘_l, x;‘))

=3

= (1= F(x0))(1=F)) +y(1 = F(x0)) (= f) + Bx3( = FO) (1 = F(x3)).

The value of the last expressionaty = Qis 1 — F (x0) > 0 because f (0) = 0. Hence,
x> 0. Suppose now that x; > 0 forall 1 < s <¢. Then, aty =0,

a t - * k * * - - * *
—ay(§ B In(x_ ) + B () + B R )+ ) B ln(xs_l,xs))
s=1

s=t+3

= B'(1 - F(x})) > 0.

This implies that x;‘ 1> 0. Therefore, x; > 0 forall r > 1.

Similarly, at y = X, I have that since xz >0,

6 o
o (ﬂ(xo, )+ Br(y,x5) + B n(x, XT))

t=3
= (1= F(x0))(1 - F(X) +y(1 = F(x0)) (- () + Bx3(— f(D) (1 = F(x}))
= Bx5(-f(D)(1 - F(x3)) <0.

Hence, x’[ < X. Suppose now that x; < x forall 1 < s <. Then, at y = X, I have

a : - * * * * S S— * *
5§<§ﬁs%u@pa>+ﬂm@¢o+ﬁ“Mx@H>+§ p %ukp%»
s=1

s=t+3
=B ((1-F(x)(1 - F@) = X(1 = F(x))) (%) = Bxfn f® (1 - F(x5,,)))
= B fE (1 - F(x!,,)) <0.

Therefore x; < x for all £.
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Suppose that V is differentiable. Then, it follows that mo (x7_, x7) + BV'(x;) = 0
for all # > 1 because x* € R". By plugging V’'(x}) = m(x}, x7,,), I obtain that for
allr > 1,

mo(xy_ 1, x7) + B (x;, x;,;) = 0.

I prove discussions about the differentiability of V. I first show that directional
derivatives are well-defined at x; forall# > 1 by checking conditions in the following

claim:

Claim 13 (Theorem 3 in Milgrom and Segal (2002)) Suppose that the family of
functions {1 (-, y)}yer(x) is equi-differentiable at X € [0, X], that SUPyer(x) |1 (%, y)| <
oo, and that k(x) = argmax,cr, 7(x,y) + BV(y) is not empty for all x € [0,Xx].
Then, V is left- and right-hand differentiable at x. For any selection y*(x) € k(x),
the directional derivatives are
V/(x+) = lim m1(x, y*(x)) for X <X,
X—>X+

V/(x-) = lim 71(x, y*(x)) for x > 0.
X—>X—

V is differentiable at x € (0,x) if and only if 7 (X, y*(x)) is continuous in x at

X=X
I check the following three conditions:

(i) {m1(,¥)}yercr) is equi-differentiable at x € I'(x): It suffices to show that
{m11(, ¥) }yer(x) is equi-continuous in x (Milgrom and Segal, 2002). Since
m(.y) = y(= f/())(1 = F(y)) and f" is continuous, {mry;(-,y)}yercy) is
equi-continuous.

(ii) SUPyer(x) |71 (X, y)| < oo: By single crossing property (2.3), for all y € I'(x),
m(%y) = y(= F@)(1-F(y) <X(- f®)(1-F®) <0.

(iii) k(x) = argmax{y € I'(x)|n(x,y) + BV(y)} # 0 for all x € [0,x]: This

property is proven by the existence of an optimal diffusion policy.

In addition, it follows that m;(X, y*(x)) is continuous in x at x = X if k is
continuous. Moreover, k is single-valued if 7 is concave on [x, x]. This further

provides that k is continuous (Theorem 4 in Milgrom and Segal (2002)). Therefore,

(o)

if 7 is concave on [x, x], then there exists a unique optimal diffusion policy {x;}2,

such that m (x;_,, x7) + Bmi(x/, x;,,) =0foralls > 1. &
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Proof of Proposition 9

Proof. Since equation (2.3.2) has a unique solution, the proposition is proven. B

Proof of Proposition 10
Proof. Define two functions L : [0, x] X [0,X] = RU{co}and R : [0, X] — [0, x] as

_F e [LEFO- 0
a F(x))( 1= )1fx>0,

o0 if.X':O,

R(z) := Bz(1 - F(2)).

L(x,y) :=

Observe that L(x, y) is strictly decreasing in x and y, and R(z) is strictly increasing
in z.

Let {x;}°, be an optimal diffusion policy. Then, L(x;_,x;) = R(x},,) for
all + > 1. In addition, by the definition of x*, L(x*, x*) = R(x™). Suppose that

*

X2t

< x*and x; < x*. Then, it follows that
R(x;, ) = L(x;_;,x;) > L(x",x") = R(x").

Since R(z) is strictly increasing in z, x;

v s
> X Similarly, x

. > x"and xp > x*

< x7. Thus, {x;}7, alternates around x* within length 3.

k

imply that x7_,

Let {p;}2, be an optimal pricing policy. In the following, I show that p; >

k £ £ * * : * * : .
PSP/ > Psp;,, > p’implies py , < p*. There are two cases to consider:

Case 1: Suppose x;_ | < x*. There exists 7 with# < 7y <7 + 1 such that x7 > x*

)
t=1

p/,, > p* implies x

because {x;}° alternates around x* within length 3. Suppose 71 = ¢ + 1. Then,

E (]
t+2 t=1

around x* within length 3. Therefore, p;, , < p*. Suppose 71 = t. Then, p;, | > p*

> x*. It follows that x7 , < x* because {x;}7, alternates

*
t+1

*

o > x*, which contradict that

and p;‘+2 > p* imply that x; > x*, x7 > x*, and x
{x7}7, alternates around x".
Case 2: Suppose x;_; > x*. Since p; > p* and p; | > p*, it follows that x; > x*

and x7, , > x*. Now, since {x;}*, alternates around x* within length 3, it must be

t+1
that x7, , < x*, which implies that py , < p*.
A similar argument shows that p; < p*, p7, < p*, and p; , < p* imply

P;.3 < p". Therefore, {p/}?, alternates around p* within length 4. W

Proof of Proposition 11
Proof. Equation (2.3.2) and X < X imply that x* < X.

To prove diffusion-stability, it suffices to show that x* < x implies the diffusion-
stability of x*. Let & = min{|x" — x|, |[x*|}/2. It follows that 0 < g(x() < g(x) by
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the construction of ¢ for any xg € (x* — &, x* + £). Note that x; < x; is equivalent

to g(x1) < g(xp) for any xy, x5 € [0, x].

Suppose that x* < xo. Then, the corresponding diffusion process {x;}7, is
defined as x; = ; flz - - This diffusion process is monotone decreasing and
—I(Xr-1

bounded below by x* as follows. First, x* < x| < x( because

X' <xpg=>x" = p~ < p~ = X,
1-F(x*) 1-F(xg)
and
x i (x") (x")
g(x") < g(xp) = x1 = D = gl_ﬁ( : :g(x )xo<xo.
1 = F(xo) (XO( Fxg )) g(xo
Second, (ii) x* < x; < x;—1 implies x* < x;41 < x; because
X'<x;=>x" = p~ < p~ = X1,
1-F(&x*) 1-F(x)
and
i (x") (xi-1) g(x")
2(x)) < g(xi) = Xy = — o =820y BTV ST

- Faoy  8G e(x) g

Hence, x; decreases to x* as t — oo. Similarly, for xg < x*, it can be shown that the

corresponding diffusion process {x;};°, increases to x*. W

Proof of Proposition 12
Proof. The maximum social welfare is (x), and the social welfare at the steady state

isEr[x(1 - f(x*))lx > x*]. Thus, the deadweight loss from monopoly is
(xy = Ef[x(1 = F(x*))|x = x*]
= f xf(x)dx — (1 — F(x*)) f xf(x) dx
0 x*
= f xf(x)dx + F(x") f x f(x) dx
0 x*
= (x) fo F(x) dx + ()F(x") f f()dx
= COF(x") + (OF (x") (1 - F(x")).
By dividing the last expression by (x), I obtain the deadweight loss ratio as

F(x*) + F(x*) (1 = F(x")).
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Therefore, Proposition 12 is proven. B

Proof of Proposition 13
Proof. x*(p) is decreasing in 3 by equation (2.3.2). Since x*(8) < X and x*(B) is
decreasing in 3, it follows that p*(8) is decreasing in .

To show that the DW () is decreasing in S, note that F'(x) is strictly increasing
in x. Thus, F(x*(B)) is decreasing in , so that DW () is decreasing in 5. B

Proof of Proposition 14
Proof. Monotonicity of x*(¢) directly follows from Proposition 9, Assumption 3,
and equation (2.5.1). To show monotonicity of p*(£), observe that for all £ > &,

p* (o)

= X" (&) (1 = F(x*(£0): 0))

< x"(é) (1 - F (x*(&);&1))  because of the first-order stochastic dominance

< xX*(ED( = F(x*(&1); &) because g(-; &) increases in & and x*(€1) > x*(&)
=p*(&).

Therefore, Proposition 14 is proven. W

Proof of Corollary 2

Proof. Let &y < &;. Since f(+; £1) has first-order stochastic dominance over f(-; &),
the per-period profit by charging p = x*(&) (1 — F(x*(&);&1)) is higher than the
per-period profit under f(-;&) by charging p*(&) = x*(&) (1 — F(x*(£0): &)).-
Since p*(&1) > p, the equilibrium monopoly profit under f(-;&;) is greater than
that under f(:;&p). W
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Appendix C

PROOFS OF CHAPTER 3: A MODEL OF PRE-ELECTORAL
COALITION FORMATION

Proof of Lemma 4

Proof. By symmetry, I prove the lemma for j = L1. I first define int(X) as
int(X) ={(op1/m,op/m) € Z|0 < op1,010 <mand oy +0pp < m}.
To construct y 1, I state and prove the following lemma:

Lemma7 Let & = P. If BR(t;p,0,5) = L1 at 0 = (op1/m,02/m) € int(X),
then BR(t15,0',s) = L1 where 0’ = (o1 + 1)/m, (012 — 1)/m).

Proof. BR(t;,,0,5) = L1 at o € int(X) if and only if

12 12 1 2
f fro(x, x|o) dx + f fro(1 =2x, xlo) dx < < f fro(x, 1 = 2x|o) dx.
1/3 1/3 2013

Then, since (1 —2x)/x < 1forall x € [1/3,1/2], ] have

1/2 1/2
fro(x, x|o”) dx + fro(1 = 2x, x|o") dx
1/3 1/3
1/2
= ,uf xTLHTLAL (] D x)OR £(x, x) dx
1/3
12
+ uf (1 = 2x)TLHIXTL24OR £(] — D, x) dx
1/3
1/2
< pu f xTLFoLtl (] _ )R £(x, x) dx
1/3

1/2
+ ”f (1 = 2x)7L1 xTL2 TR £ (1 _ D x x) dx
1/3

1/2
< g f xTLTOR(] = 2x)72 £(x, 1 — 2x) dx because BR(t12,0,5) = L1
1/3
u 1/2
< —f x(’““’"“(l —2x)7 2 f(x,1 —2x)dx
ANVE
1 1/2
= fra(x, 1 =2x|0") dx,
2 i3
where

1 1-w
ul= f f 27U WTL N (] — 2 — wW)IR £z w) dz dw.
0o Jo
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Therefore, BR(t17,0’,5) = L1, and the lemma is proven. B
Define a function ¥ : {0, 1/m, ..., 1} = {0,1/m, ..., 1} such that

~ (O o’ L , /
)/LI(WR) = sup {#|BR(IL2,U ,S) = L2, ol + ohy=m— O-R}~
Y11 is well-defined by the following lemma.

Lemma 8 {0}, /m|BR(t12,0',5) = L2,0 | + 0}, =m—og} # 0 for all m.

Proof. By direct calculations, one can easily show the statement for m = 0, 1.
Thus, I prove the statement for m > 2 by proving that BR(t1,, 0”,’s) = L2 for all
o = (op1/m,o2/m) with o1 = o2. Suppose such a o be given. Let a =
U felexloydx, b= [ fe(x.1-2xlo) dx,and ¢ = [\ fe(1 - 2x,xlo") dx.
Note that b = ¢ > 0 because o] = 0 5.
Since f7; and t;, are symmetric, it suffices to show that BR(t;1,0,s) = L1.

Suppose, by a way of contradiction, that BR(¢11, 0, s) = L2. Then, it follows that

1/2 4
+ vf gx(r“HrR(l —2x)72 f(x,1 —2x)dx
1
1/2
< vf xTLHTLAL (] D) £(x, x) dx
1/3

1/2
+ f xTLHTRYL(] _2x) 712 f(x, | - 2x) dx
1/3

172
< —f (1- 2x)cr“+1x‘r“+(’Rf(1 —2x,x)dx Dbecause BR(t;1,0,5) = L2
1/3

v (121
< —f §(1 — 2x)TL xTL2TOR £(1 = 2x, x) dx
1/3

1 1-w
vl = f f 27U WL (] — 2 — W)IR f(z W) dz dw.
0o Jo

Since b = ¢, a+ b < 2c implies a < 0, which is a contradiction. Thus,
BR(tp,0,5)=L1. 1
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I finally define yz; : [0, 1] — [0, 1] such that y;;(z) = y1(Lmz]/m). By its

construction, yy satisfies the desired property. W

Proof of Proposition 15

Proof. For each j € {L1, L2}, I define 217.) = {o € Z|oj/m > yj(ocgr/m)} and
TF =X\ (Zfl Y Zfz)‘

Mutual exclusiveness: For each j € {L1, L2}, ZJ? N Z¥ = 0 by the definition of
2?. I now show that Zfl N Zfz # 0. Suppose, by a way of contradiction, that
there exists o € Zfl N Efz. For each j € {L1,L2}, let a; = fll//32 f]‘?‘(x,xIO') dx,

b, = (2 sz(x, 1 —2x|o) dx, and ¢; = 11//32 sz(l —2x,x|o) dx. Since x > 1 —2x

1/3
forall x € [1/3,1/2], 1 have by — byr > 0and c;p — cp; > 0.
Note that o € Zfl N Zfz implies that ap; + br1 < cr1/2and agy + cra < bro/2.
These two inequalities imply that

(apy +ar) + (bLl - %) + (CLz - %) <0,

which is impossible because by; —by2 > 0 and ¢z 2 —cr; > 0. Thus, Zfl N Zfz =0.

Bayesian equilibrium: By the previous results, it follows that for all j € {L1, L2},

j ifoexf,

BR(tj,0,5) =Ll ifocex?,

L2 ifoext,.
Define s* : T X ¥ — C such that
j ifoexl,
s'(tj,o) =4L1 ifocex?,
L2 ifoexl.

Then, it suffices to show that BR(¢;, 0, s*) = BR(tj,0,5) all j € {L1,L2} and all
o el

I first observe that by the definition of s, BR(¢;, o, s*) = BR(tj,0,s) = j for all
o€ E?. To prove BR(tj,0,s") = L1 for o € Zfl,
number of votes for L1, b be the number of votes for L2, and ¢ be the number of

among n — 1 voters, let a be the

votes for R. Then, o € Zfl implies that » = 0 and

lim n

n—oo

{[Pr[a =c+ 1|lo,n] + Prla = c|o, n]] B [Pr[c = 0|o, n]]} 20
2 2 '
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Thus, BR(tj,0,s*) = L1 for all j € {L1,L2} and all o € Zfl. Moreover, by
symmetry, BR(tj, o, s*) = L2 forall j € {L1,L2} and all o € Efz. [ ]

Proof of Proposition 16

—p
P ux? | it suffices to set V' (o) for

Proof. By setting V(P(o-) = oo for all o € X7, 799

o€ Z?.

For a given o € £¥, a Nash bargaining solution exists if and only if G (") N
0 (o) # 0 where 0% () = {(x.y) € R|(x,y) > (@}, (). Wp5(c)).

If ®% (o) > ®% (o), then i}, (o) > U),(0). Hence, G (o) N Q¥ (o) # 0 if
and only if d)? (o) = ﬁfz(a), which is equivalent to

Of (o) = @7, (0) = D7 (0)/2

V<V (@)= % (o)
L2

Vf(a) is well-defined and strictly positive because both the numerator and the
denominator are strictly positive. Similarly, if d)fz((f) > d)fl (o), then G¥ (o) N
0% (o) # 0 if and only if

OF (o) — @ (o) = D, (0)/2

VeV(e)= d* (o)
L1

Therefore, G¥ (o) N Q% () # O if and only if V' (o) = min{V? (o), V2 (cr)}. W

Proof of Lemma 5
Proof. The proof is based on several results in the supplementary appendix for
Hummel (2012). I here assume that n = 2k, without loss of generality. I use the

following notations:

* Prla, b, c|o, k]: the conditional probability that among 2k — 1 voters, there
are a number of type 771 voters, b number of type 77, voters, and ¢ number of

type fg voters at o;
*a=a/2k-1),=0/2k-1);
« F = fi(plo);

afi(plo) ij(PIO')}}
dpL1 > Opr2 :

e D = sup {max{

pEA?

With the above notations, I state the following claim, which appears in Lemma

3 in the supplementary appendix for Hummel (2012).
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Claim 14 For any € > 0,

fi(a, Blo) —2De  Fe~2(2k=Ds?
2k(2k + 1) 2

< Prla, b, c|o, k]

fi(a, Blo) —2De  Fe 2(2k=De*
+
2k(2Kk + 1) 3

With this claim, I have the following two lemmas.!

Lemma9 lim kPrla = ¢ = k,b = Olo,k] = im kPrla = k- 1,b = l,c =
klo, k] =0.

Proof. By Claim 14, it follows that for any & > 0,

fi(3.0l0) =2Ds  Fe 22k-Ds?
2kQk+1) 2

<Prla=c=k,b=0|0,k]

fi(3:0lc) =2Ds  Fe2@k=Ds?
< +
T 2kQRk+1) 2

Consider &(k) = k3. Then, lim g-2500_ _ Jim g Fe22Det?

> k—oo m T koo 2 = O. Thus, lt
follows that
fi(3,0l0)

lim |k 227
kLrEo| 2k(2k + 1)

—kPr[a:c:k,b:OIO',k]| = 0.

Since f;(1/2,0]c) < oo, ;}530 kPrla = ¢ = k,b = 0|o, k] = 0. I omit the proof for
,}i_)ngo kPrla = k- 1,b = 1,c = k|o, k] = 0 because it is basically identical to the
current proof. W

Lemma 10 I}Ij{)lo kPr[2k/3<a=b<c <k|o,k]= % 11/23 fi(x, x|o) dx.

—22k-1)e(k)?

Proof. Observe that lim kD20 — ¢ and lim g Fe——

2k(2k+1) = 0. Thus, I have

k
klggokpr[%g:bqsqa,k] = lim k Z Prla = b = l|o, k]

[ l

k
1 JiGr= =g lo)
7 2

k I /
Z JiGr=1 =110

= lim k = i
o LT 2kQk+ 1) kow2 A4 2k+1
l:LTJ l:LTJ
13
=— fi(x, x|o) dx.
2 J1/a

IThe proofs are based on the proof of Lemma 4 in the supplementary appendix for Hummel
(2012).
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Thus, the lemma is proven. W

Lemma 9 and Lemma 10 imply that for each type #; voter, the marginal utility of
voting for j is strictly positive for sufficiently large n. Therefore, Lemma 5 follows.
|

Proof of Proposition 17
Proof. The proposition directly follows from Lemma 5 and the second part of the
proof of Proposition 15. W

Proof of Proposition 18
Proof. I omit the proof of the first part because it is essentially a replication of the
proof of Proposition 16.

To prove the second part, without loss of generality, suppose that CD7£1(0') >
®F,(0). Then, since ®X(0) > @7 (o) forall j € (L1,L2} and all o= € ZT, it
follows that
o7 () - (0%, (0) + @, ()/2)

P (o)
OF (o) - (%, () + DR ()/2)

> =V (o).
() Y

V(o) =

Therefore, the proposition is proven. W

Proof of Proposition 19
Proof. Since Wfl V) = WfZ(V) for all V, WI‘?(V) + 2Wfl(V) is constant for all
& = P,R. Thus, it suffices to show that (i) W} (0) = WK (0), (ii) Wr (V) is
constant, and (iii) WE (V) is decreasing in V.

To begin, I introduce several notations for proofs. Let ZgO(V) ={o € 2§|V <
VY ()} and 28 (V) = €\ 5E,,(V). Note that 55 (V) is increasing in V in the
sense of set inclusion. Let £(k(o), A(0)) be the Nash Bargaining solution at o (if
it exists). For each j € {L1, L2}, Qf is the subset of A2 where J wins by running
the race alone. Qg’ = {(x,y) € A%|x +y > 1/2} is the set of events where the
left candidates can win the election by forming a PEC. Note that the ex-post utility
of type f11 voters is positive if and only if p € Q‘;’: conditional on the fact that
p € Q&, atype t1 voter's utility is 1 if o € £2,; 1/2if o € £,; (1 + A(0))/2 if
o€ EEO(V); and 0 if o € EﬁC(V). Let Pr[o|x, y] be the conditional probability
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that o is observed conditional on that p = (x, y):

Pr[0'|x,y]=( )xO'LlyO'LZ(l_x_y)O'R.

011,012, 0R

Then, since f(x,y) = f(y, x), it follows that

[ | X petn|ranaa= [
(x)eQs

& (x.y)eQe
O'EZLI 3

Z Prlo|x, y] | f(x,y) dA,

&
O'EZL2

and

[ 3 2 et | ey aa
(xy)eQf

&
O'EZCO

3

- f >, 7 Prolx yl| f(xy) dA.

et | S 4
¢ \oeXz,

To show (i), recall that Zgo 0) = Z‘Sg. Thus, I have

WE©)

1
_ f >, Prloleyl+ Y SPrlolx vl| f(x,y) da
(xy)eQg

& &
O'GZLI O'EZLZ

1+A4
+f —(0-)Pr[<7|x, ylf(x,y)dA
(xyeQd 2

3 3
= — Prlo|x, y] + —Prlo|x, y] | f(x,y) dA
j;x,y)eﬁg Z 4 Z 4

oexf uLs, oeLl
3
=17 f f(xy) dA.
(xy)€Qf

Hence, it follows that WZ)I 0) = Wfl (0) because Q? = Q?.

To prove (ii), observe that

3 3
W (V) = f JPilolxyl+ ) ZPrlolxyl|f(xy)dA
H (ry)eQf Z 4 Z 4

oesR usk ek,
1
+f D Pr[a'|x,y]f(x,y)dA+f D, 5 Prloleylf(xy) dA
(DR, G exk (N, GerR

= ﬁx,weg? Z”Ezﬁc 3 Prlo|x,y]f (x,y) dA because Q? = Qfl U sz and f(x,y) = f(y,x)
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3

=7 f f(x,y) dA.
(xy)€QF

Hence, Wfl (V) is constant.

To show (iii), note that

3 3
Wz)l (V) = f . Z ZPr[alx, y]+ Z ZPr[le, vl f(x,y)dA
@D\ pex? Us?) oesf,
J.
(x,y)eQ],

3 3
= —Prlo|x, y] + — Prlo|x, y] | f(x, y) dA
~f(‘x,y)e§2§ Z 4 Z 4

P yP P
O'EELIUZLZ O'EZCO

1
Y, ploluolf eyt [ 3 S brolxlfuy) de

(x,y)eQ?

P 2 P
€Ty - TEEN

3
[N ol da
(%,y)€Q7

P
o-eZNC

3
+ E — Prlo|x, y]1f(x,y) dA
‘f(x,y)eﬂp 4

L2 O'EZEC

3
=12 f f(x,y)dA—f D Priolxyl| f(x,y)dA|.
(ry)eQf (6,)€QL\ (Qfl UQZ)

1)
O'EZNC

Thus, Wf] (V) is decreasing in V because ZﬁC(V) is increasingin V. W

Proof of Proposition 20

—P
Proof. Let X7 (m) = {0y € L (m)|V < V' (0, m)} and £} .(m) = £ \ £, (m).
To economize notation, let Q* = QZ; \ (Qfl U QZ). Then, it suffices to show that

lim Pr[{o e x{.(m}|{pea}] =0

m—oo

which is equivalent to prove that

lim Pr [{o, € {07, € SV <V (@)l}|{pe ] = 1, (C.0.1)

m—-0o0
where VP(O';M) is the minimum of
o7 (a7,) ~ (0, (a3) + Ty (7)/2)
7)
®; (o)

and
o7 (a7,) — (07, (a) + @ (0}, /2)

F (o7,)
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To prove (C.0.1), I first observe that since f is symmetric,

el o] - 1y Pl @l el o)

m—eo Mmoo Pr[{om € Q]
= n}iggopr[{am cQf{peai] =1

Thus, it follows that

lim Pr [{o, € {0, € SV <V (@)} {om e @}] = 1.

m—00

Similarly, I also have that

(@ Jim Pr[lo, € {0, e SV <V (@)} )| fom e @7} = 0;
(i) Jim, Pr[{o, e @ }|{peq}] =1
(iii) Jim, Pr[{o, ¢ Q*}|{p e @*}] =0.

Thus, since the inside of the limit expression in (C.0.1) is decomposed as

Pr[{ow € {07, e ZmV <V (@} }|{p e )]
= e[ < e Smiv < 7 fow € @) e o < @ e ]
+Pr[{o € {0, e IV <V ()} )| fom ¢ @] Pr[{om ¢ @7} |{p € @7},

it follows that

tim Pr {0 € {0, € |V <V (@} }|{pe )] = 1.

m—-0oo

Therefore, the proposition is proven. W

Proof of Proposition 21
Proof. Let <D§ (o) be the probability that candidate j wins the election alone at o
when the election rule is the two-round runoff rule with threshold . Note that if
{ =1/3, d)jf (o) represents the corresponding probability under plurality rule; if
{ = 1/2, then it represents the corresponding probability under the two-round runoff
rule. Therefore, it suffices to show that V{ (o) is strictly decreasing in { assuming
that a type ¢; voter votes for j for all j € {L1, L2} atall o € X.

Without loss of generality, suppose that (I)il(O') > d)iz(cr). Let {1 > {o. Then,
since cbf.l () > cDjTO(a), it follows that

_ cp? (0) = (@5 (0) + @ (0)/2)
V(o) =
()
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< c1>§1 (o) — (d)ioz((r) + (I)iol(O')/Z) 70,
@7 (o)

Therefore, the proposition is proven. W

Proof of Proposition 22
Proof. Let 2?(9) be the set of poll results such that the inequalities in Lemma 6
are satisfied. Since Z?(H) is decreasing in 6, in the sense of set inclusion, it suffices
to show that for each &, VS(O', ) is increasing in 0, assuming that voters vote for
their most preferred candidates.

Without loss of generality, suppose that @‘21(0') > (D‘Lo’l(o-). Then, 6, > 6y

implies that

O (o) - (VF,(0) + (1 = 0)DF ()
e (o)
O (o) - (VF,(0) + (1 = 0)PF () _

E
> =V (0‘, 00).
cpfz((r)

Vo (o, 01) =

Therefore, the proposition follows. W
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