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Abstract

This paper presents a unified framework for characterizing symmetric equilibrium
in simultaneous move, two-player, rank-order contests with complete information, in
which each player’s strategy generates direct or indirect affine “spillover” effects that
depend on the rank-order of her decision variable. These effects arise in natural inter-
pretations of a number of important economic environments, as well as in classic con-
tests adapted to recent experimental and behavioral models where individuals exhibit
inequality aversion or regret. We provide the closed-form solution for the symmetric
Nash equilibria of this class of games, and show how it can be used to directly solve
for equilibrium behavior in auctions, pricing games, tournaments, R&D races, models
of litigation, and a host of other contests.
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1 Introduction

This paper presents a unified framework for analyzing equilibrium in simultaneous-move,
two-player, rank-order contests with complete information, in which each player’s strategy
generates direct or indirect affine “spillover” effects that depend on the rank-order of her
decision variable. We show that these effects arise in natural interpretations of a number of
important economic environments, including contests adapted to recent experimental and
behavioral models where individuals exhibit inequality aversion or regret. We provide a
characterization of symmetric equilibria (both pure and mixed), closed-form expressions for
these equilibria, and show how our results may be used to directly solve for equilibrium
behavior in auctions, pricing games, tournaments, R&D races, models of litigation, and a
host of other games.

Rank-order contests are ubiquitous. These take the form of environments in which play-
ers choose nonnegative bids (which may be interpreted as a proposed payment, effort, or
the commitment of other scarce resources that are non-refundable) whose rank-order dis-
continuously influences the probability of winning some prize. Classic examples include
homogeneous product Bertrand competition (Bertrand, 1883), in which the lowest price firm
“wins” the profit from selling to demand at that price, as well as first and second-price auc-
tions (Vickrey, 1961), where the player who submits the highest bid wins the item and pays
either his own bid (in the first-price auction) or the bid of the second-highest bidder (in the
second-price auction).

Many rank-order contests involve both winners and losers alike forfeiting payments. In a
first-price all-pay auction, for instance, each player submits a non-refundable bid and only the
higher bidder receives a prize. The war-of-attrition (Maynard Smith, 1974) is a second-price
all-pay auction: The high bidder wins the prize and pays the amount bid by the second-
highest bidder. These forms of competition have been widely used to model activities as
diverse as patent and R&D races, lobbying and rent-seeking activities, litigation, advertising
and political campaigns, tournaments as incentive devices in labor markets, competition for
college admissions, sports competitions, urban architecture, and territorial contests among

organisms.’

! Applications in these areas include work by Dasgupta (1986), Kaplan, Luski and Wettstein (2003),
Hillman and Riley (1989), Baye, Kovenock and de Vries (1993), Che and Gale (1998), Baye, Kovenock and
de Vries (2005), Sahuguet and Persico (2006), Konrad (2004), Fu (2006), Groh, Moldovanu, Sela and Sunde



The principal motivation of this article is that spillovers are often important in rank-order
contests; in many economic environments, one player’s decision affects the other player’s
payoff, and the nature of this effect may depend on the rank-order of the players’ choices.
This is perhaps most obvious in second-price auctions where the high bidder pays the second
highest bid, but spillovers also arise in a variety of economic contexts. For instance, an
extensive literature starting with D’Aspremont and Jacquemin (1988) has examined the
effects of positive spillovers in R&D competition that can arise when one player’s R&D
effort provides information that benefits its rival. Although D’Aspremont and Jacquemin
(1988) does not involve rank-order effects, a growing literature, starting from an original
observation by Dasgupta (1986), models the R&D process as a rank-order tournament (see
also Che and Gale (2003) and Zhou (2006)). The results examined in this article apply to
the positive spillovers arising in this context.

Rank-order spillovers also arise in models of litigation. Baye, Kovenock and de Vries
(2005), for instance, examine equilibrium in a litigation game with incomplete information
in which legal expenditures increase the quality of the case presented and where the “best
case” wins. This turns the litigation process into a rank order contest in which the litigation
incentives in legal systems, such as the American, British, Continental and “Quayle” systems,
may be examined. Although the American system, where litigants pay their own legal costs,
involves no spillovers, other fee-shifting rules, such as the British and Continental rules,
which require that losers compensate winners for a portion of their legal costs, and the
Quayle system, in which the loser reimburses the winner up to the amount actually spent
by the loser, involve spillovers. Under the British and Continental rules there is an indirect
spillover effect of the winner’s expenditure on the loser that is negative. In the continuation
we call this a second-order negative spillover effect. In the case of the Quayle system, there
is an indirect spillover of the loser’s expenditure on the winner that is positive. We call this
a first-order positive spillover effect.

Our taxonomy of spillover effects may also be used to construct and analyze variants
and extensions of the auction and contest literatures noted above. For instance, the classic
partnership dissolution problem may be viewed as the auction of a business in which two
partners simultaneously submit bids and the partner with the higher bid pays his bid to the

partner with the lower bid in return for ownership of the business. In this case, the payment

(forthcoming), Helsley and Strange (2008), and Kura (1999).



of the winning partner is a second-order positive spillover effect on the loser. Similarly, both
the first-price and second-price all-pay auctions, often used to model economic and biological
contests, may be extended to include environments in which effort expended imposes both
a rank-order contingent direct effect on the player expending the effort and a rank order
spillover effect on the player’s rival. For instance, if two organisms are engaged in a territorial
fight, the effort of the winner may exact both a cost to the winner (a first-order negative
direct effect) and a cost to the loser (a second-order negative spillover effect). The loser’s
effort may have a second-order negative direct effect on the loser’s payoft and a first-order
negative spillover effect on the winner.

An important class of economic environments where rank-order dependent spillovers arise
naturally is the analysis of auctions adapted to recent experimental and behavioral models
of individual choice. In Section 3 we show that our characterization may be used to examine
behavioral models that include: (i) tournaments in which individuals exhibit inequality
aversion in the spirit of Fehr-Schmidt (1999), (ii) first-price and all-pay auctions where players
experience regret similar to that in the models of Engelbrecht-Wiggans (1989), Engelbrecht-
Wiggans and Katok (2007), and Filiz-Ozbay and Ozbay (2007), and (iii) an all-pay auction
in which players maximize relative fitness according to the finite agent Evolutionary Stable
Strategies (ESS) equilibrium of Schaffer (1988)%.

Section 3 also shows that many pricing games have rank-order dependent spillovers that
may be analyzed within our framework. For instance, a variant of the classic Bertrand
model, due to Varian (1980), has two sellers simultaneously setting a price and selling to
three inelastic segments of demand with common choke price, r. One of these inelastic
segments consists of price sensitive consumers who are aware of both prices in the market
and who purchase from the lower-price seller, while the other two segments are attached to
different firms and are each aware of only the price of that firm to which they are attached
(as long as that price is at or below the choke price). Baye, Kovenock and de Vries (1992)
have shown that this game has a structure similar to that of a first-price all-pay auction in
which the bid is the difference between the choke price and a firm’s price. In this context, the
bid corresponds to the opportunity cost of the lost revenue from the seller’s own uninformed

segment that results from reducing price in order to attempt to capture the “prize” consisting

2See also Hehenkamp, Leininger, and Possajennikov (2004) who, to the best of our knowledge, were the

first to apply the ESS equilibrium concept in a (Tullock) contest.



of the demand of the informed price-sensitive consumer segment.

Spillovers also arise naturally in the context of the Varian model when one examines pop-
ular price matching policies (see Lin (1988), Png and Hirshleifer (1987), Baye and Kovenock
(1994)). If a high price seller institutes a price matching policy it will sell at its own price
to consumers informed only of that price, but sell at its rival’s price to a proportion of the
informed customers who are willing to bear the cost of visiting the high price seller and
taking it up on its offer to match the better price. In this case the rival’s low price generates
a spillover effect on the high price seller’s payoff, but not vice-versa. Section 3 also includes
additional applications of our results, including a “reference pricing” version of the Varian
model that includes “relative bargain” seekers whose demand from the low-price firm de-
pends on the ratio of the high price to the low price. With reference pricing, a rival’s high
price generates a spillover effect on low price seller’s payoff, but not vice-versa.

All of these models have the property that they are special cases of the linear parameter-
ized class of rank-order contests whose symmetric equilibria we characterize in this paper.
In Section 2 we formally introduce this class of models and provide a general closed-form
solution for the symmetric equilibria of the class. We characterize the symmetric equilib-
rium strategies as functions of “contest parameters,” which when varied change the “rules”
of the contest. In Section 3, we show how this characterization may be used to directly ob-
tain closed-form solutions for symmetric equilibrium strategies in these and other economic

environments. In Section 4 we conclude. The proofs are collected in the Appendix.

2 Model and Results

We study the symmetric Nash equilibria of the class of two-player games of complete infor-
mation in which each player i € {1,2} chooses an action (or bid) z; from the strategy space

A =0,00), and where payoffs are

W (z, ;) = v — Bx; — if z; > x;
ui(vi,v5) = Lz, z) = —y — ax; — Oz, if z; < (1)
T(ZCi,Ij) = %W (Z'Z',.Tj) -+ %L (CL',L',Q?J') if xT; = ZCj



We assume that V = v+ v > 0 and v > 0; otherwise, one could simply redefine winning as
losing and vice versa.®> We also assume that at least one of the contest parameters f3, 6, «,
or 6 is nonzero.* In the sequel, we let I' denote an arbitrary game within this class.

The § and 0 parameters capture the externalities (negative or positive) that contestants
may inflict on each other. We use the terms “first-order positive (negative) spillover effects”
when § < (>)0, and “second-order positive (negative) spillover effects” when 6 < (>)0.
This captures the fact that when x; is the higher bid (the first in rank-order), the spillover
effect of player j’s bid, j # ¢, on player ¢’s payoff is linear with coefficient —¢§. If § > 0,
this effect is negative and if 6 < 0 this effect is positive. Likewise, when player i’s bid is
the lower bid (second in the rank-order), the spillover effect of player j’s bid, j # i, is linear
with coefficient —0. If # > 0, this effect is negative and if # < 0 this effect is positive. For
similar reasons, we refer to § and « as the first- and second-order direct effects. If player ¢’s
bid z; is the higher bid, or first, in the rank-order, the direct effect of player ¢’s bid on player
i's payoff is linear with coefficient —3. If 5 > 0, the first order direct effect of an increase
in player i’s bid is negative and is positive if 7 < 0. Similar interpretations apply to the
second-order direct effect, o.

Notice that, were the strategy space bounded and one is merely interested in establishing
existence of a symmetric equilibrium, one could readily analyze this class of games using
the Dasgupta and Maskin (1986) framework. For games of incomplete information, Lizzeri
and Perisco (2000) examine existence and uniqueness of bidding strategies in auctions where
W (z;,x;) and L (z;,z;) need not be linear, while Baye, Kovenock and de Vries (2005)
provide closed-form expressions for equilibrium strategies in the linear case. In what follows,
we provide closed-form solutions for symmetric pure- and mixed-strategy equilibria for the
case of complete information, and allow for parameter configurations not accounted for in

the Lizzeri-Persico and Baye-Kovenock-deVries analysis.’

3In particular, note that V' > 0 implies W (0,0) > L (0,0). Analysis of the case where V = v+~ =0 is

available upon request from the authors.
4The case where 3 = § = a = 6 = 0 corresponds to the game of “pick the greatest non-negative real

number,” which does not have an equilibrium when the strategy space is unbounded.
®Complete information analogues of the Lizzeri-Persico axioms (labelled A1-A8) would require a > 0 (A5,

AT), >0 (A7), 6 > 0 (A7), and 0 = 0 (A7). Baye, Kovenock, and de Vries assume, in their incomplete
information framework, that (8,a) >0, = (1 —«), and 0 = (1 — 5).



2.1 Symmetric Pure Strategy Nash Equilibria

We first provide the conditions under which there exists a symmetric pure strategy equilib-
rium, x*, such that each player earns the equilibrium payoff U* < co. To this end, define
n=a+60— -4, so that n measures the change in the payoff per unit of expenditure at
x*derived solely from changes in the direct and spillover effects (and not from winning V')

that result from the switch from being a loser to being a winner at x*.

Proposition 1 I' has a symmetric pure strategy Nash equilibrium if and only if the following
three conditions jointly hold: (i) 5 >0, (ii) o <0 and (iii) n < 0. Furthermore, there is but

one such equilibrium and it is given by

v= ‘% ﬁ 2)

Examples of applications of Proposition 1 to games of complete information include the
first price auction (y =0, 5 =1, = a = 0 = 0) where * = v and the second-price auction
(vy=0,0=1,8=a=460=0) where z* = v. Proposition 1 also implies that games such as
the standard first-price all-pay auction (8 = o =1, § = # = 0) and the second-price all-pay
auction (also called the war of attrition, where § = a = 1, § = ¢ = 0) do not have symmetric
pure-strategy equilibria. Since it is known that these special cases of I' do have symmetric

mixed-strategy equilibria, we provide a characterization of all such equilibria to I

2.2 Symmetric mixed-strategy Equilibria

Let F(z) be the cumulative distribution function describing a symmetric equilibrium mixed
strategy of T, if one exists, and let FU* € (—o00,00) denote the associated equilibrium
(expected) payoff. If F' has a density f(x) on (m,u), then the expected payoff to a player
that bids w € (m, u) against the rival’s mixed-strategy F' is given by

EU(w) = / W (w, 2)dF (z) + / L(w, 2)dF (x),
0 w
Since F' is a symmetric equilibrium by hypothesis, EU(w) = EU* on w € (m, ). Hence,

dEU (w)
dw

6Note that the strategy space and payoffs in equation (1) are unbounded. Consequently, if a player’s

= [V +nuw] fw) —a+ (o= ) F(w) =0 (3)

expected payoff against a rival’s mixed-strategy does not exist (that is, the relevant integral diverges to

+00), that strategy cannot comprise a symmetric mixed-strategy equilibrium.
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on (m,u). The solution to this differential equation is given by

a—0 a—0

« V4+mgm| V+nygm| »
Flw)y=——<1 — |——— +C | —— , 4
(w) a—ﬂ{ [V+77w} } {V+77w (4)

where m >0 and 0 < C < 1.

Notice that this derivation of the functional form for a symmetric equilibrium mixed-
strategy is only heuristic, as it ignores mass points, the possibility of profitable deviations
outside of (m,u), and furthermore, may not represent a well-defined distribution function

for some parameter configurations. Our next proposition addresses these issues formally and

characterizes the non-degenerate symmetric mixed-strategy equilibria to I'.

Proposition 2 I' has a nondegenerate symmetric mized-strateqy equilibrium if and only if
one of the following three sets of conditions holds: (i) f > 0 and o > 0; (i) 5 =0, a > 0
and either n) = 0 orn < «; or (ii) 5 =0, a < 0 and either « <n < 0 orn < 6 = 0.
In cases (i) and (i1), the equilibrium is unique within the class of symmetric equilibria (pure
or mized). In case (iii) there exists a continuum of nondegenerate symmetric mized-strategy
equilibria, as well as a unique symmetric pure strategy equilibrium (given in Proposition 1).
The nondegenerate symmetric mixed-strateqy equilibria are atomless and described by the

distribution function F* (w) on [m*,u*), where

(%5(1_<Vvﬁﬁ*)%ﬁ> if n#0;a—p3#0
Fray=d s (CE) i pA0a-8=0 5
25 (1—exp (=%Pw)) if n=0a—-F#0
{ v if n=0,a—-p=0
0 if a>0

, and 6
m’E(—%,oo) if a<0 ©)

— if a>0;8=0n<0
1 _n
%{(@/5)“*5—1] if a>0;8>0a#8;n#0
ut = vlexp(n/a) =1 if a=pB>0n#0
a—‘jﬁln% if a>0;8>0a#8;n=0
V/a if a>0,0>0a=06mn1=0
[ if otherwise




Furthermore, the corresponding equilibrium payoffs are given by

( =

Ov+0 0 a8
75 P [1"<B)

}V if n#0a#B0#08#0

—y+ 4 - eng if n#0a#5;0=03#0
= L if n#0a#B0#0,6=0
By~ ) —y—am’ if n#0a#3;0=08=0 (7)
Gzi—gv +6(0—05)2 |:1—exp %)]V if n#0,a—5=0
bkt 4t i (2)] v i n=0ia— 50840
S if n=0a—B#0;8=0
Ui 14 if n=0a-3=0

Notice that all of the terms in equations (5), 6 and (7) are well-defined, since conditions
() through (i7i) which guarantee the existence of a non-degenerate symmetric mixed-strategy
equilibrium imply: (a) a # 0, (b) if @ < 0, then n < 0 and 5 = 0; (c) if & = 3, then o > 0
and 8 > 0; (d) if « = f and i # 0, then 0 # 6; (e) if & # f and n = 0, then 6 # 6; and (f) if
£ # 0 then a > 0 and 8 > 0.

The Appendix constructively derives all of the possible symmetric equilibria and the
resulting payoffs in a series of lemmata, and also indicates when an equilibrium does not
exist. The analysis in the Appendix implies that one may also obtain closed-form expressions
for the equilibrium strategies by taking limits of equation (4). For instance, the functional
form for the equilibrium distribution function in Proposition 2 when n # 0 and o = [ obtains
by taking the limit of equation (4) as a —  tends to zero.

Propositions 1 and 2, which characterize the parameter ranges where symmetric pure
and nondegenerate mixed-strategy equilibria arise, together facilitate a complete partition
of the parameter space into ranges of qualitatively different symmetric Nash equilibrium

correspondences. We summarize this in

Proposition 3 The symmetric equilibria to I' are characterized as follows:

(a) The unique symmetric equilibrium is in pure strategies if and only if one of the
following three conditions holds: (i) >0, a <0, andn < 0; (ii) =0, =0, andn < 0;
or (iii) f=0,n<a <0, and 0§ # 0.

(b) The unique symmetric equilibrium is in nondegenerate mized strategies if and only
one of the following two conditions holds: (i) 5 >0 and o > 0; or (it) f =0, a > 0 and
eithernf =0 orn < a.



(¢) There is a unique symmetric pure strategy equilibrium and a continuum of nondegen-
erate symmetric mixed-strategy equilibria if and only if B =0, a < 0 and either « <n <0
orn<6=0.

Furthermore, if none of the conditions in (a) through (c) hold, I' does not have a sym-

metric equilibrium (either pure or mized).

It is important to emphasize that we have focused solely on symmetric equilibria. Asym-
metric equilibria are known to exist, for instance, in the symmetric two player war of attrition
(¢ =6 =1,6=60=0) and sad loser auction (o = 1,5 = 6 = § = 0). We also note that,
were there a common finite upper bound on the strategy space for the players (such that the
strategy space is compact), existence of a symmetric equilibrium is guaranteed by Lemma 7
of Dasgupta-Maskin (1986).

Before proceeding, we offer several observations about the four functional forms for the
symmetric equilibrium mixed-strategies that can arise under different parameter configura-
tions. First, note that the lower bound of the support, m*, of every symmetric equilibrium
mixed-strategy to I' is zero when v > 0, but an arbitrary positive number m* € (—=V/n, o)
when a < 0 (this accounts for the continuum of symmetric mixed-strategy equilibria that
arise in this case). Second, notice that the equilibrium mixed-strategies take on different
functional forms (including the uniform distribution, exponential distribution, as well as

more exotic forms) depending on which of four regions (denoted R1-R4) the parameters lie:

R1: n =0 and a = f. In this case, conditions (i) through (i77) in Proposition 2 imply that
only condition (i) can be satisfied, and therefore &« = § > 0 and 6 = §. The standard
all-pay auction (¢« = 8 =1 and § = § = 0) is a special case of this configuration. More
generally, this configuration is a modified first-price all-pay auction in which § = § # 0
is a “nuisance parameter” that does not influence the symmetric equilibrium mixed-
strategy (which is a uniform distribution) but does, impact the players’ equilibrium

expected payoffs.

R2: 7 # 0 and a = (. In this case, conditions () through (iii) in Proposition 2 imply that
only condition (7) is satisfied, and therefore « = § > 0 and 6 # ¢. In this case the
asymmetric spillovers impact both the equilibrium payoffs and the symmetric mixed
strategies (which take on a logarithmic form). To the best of our knowledge, contests

or auctions with parameters in R2 have not here-to-for been examined in the literature.
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R3:

R4:

Notice that a game with parameters in R1 is the limit of games with parameters in
R2 as the spillovers become symmetric. Hence, games with parameters in R2 may be

interpreted as a generalized first-price all-pay auction with asymmetric spillovers.

n = 0 and o # (. In this case, conditions (i) through (iii) in Proposition 2 imply
that either (i) or (i7) applies, and therefore « > 0, 5 > 0 and 6 # §. In this case the
asymmetric spillovers impact the symmetric equilibrium payoffs but not the equilibrium
mixed-strategies (which take the form of a truncated exponential distribution). The
standard war of attrition (« = 6 = 1, § = 6 = 0) is a special case of a I" with
parameters in R3. Notice that when $ > 0, the symmetric mixed-strategy has a
bounded upper support, whereas it is unbounded when = 0 (and hence the symmetric

mixed-strategies are a non-truncated exponential distribution).

n # 0 and o # [. In this case, any of the conditions (i), (i7), or (iii) may apply.
This is, in a sense, the most general form of an all pay auction in which direct effects
are asymmetric and spillovers may be either symmetric or asymmetric. When both
«a and (3 are positive, Proposition 2 implies that the support of the distribution is
bounded. When 8 = 0, the support of the symmetric equilibrium mixed strategies is
unbounded unless 77 < 0; the unbounded distribution is known as a Burr distribution
with a Pareto type upper tail such that not all moments exist. Notice that part (i7)
of Proposition 2 includes the case where f = 0, a > 0, and # = 0. The Riley and
Samuelson (1980) sad loser auction in which only the loser pays his bid (5 =0 =60 =0
and a = 1) is a special case of this configuration. The case where § = 0, @ > 0 and
a > n # 0 may be viewed as a sad loser auction with spillovers (§ > 6 ). Finally, note
that when o < 8 = 0 and either « < < 0 or n < 6 = 0, there is a continuum of
symmetric mixed-strategy equilibria which stem from the continuum of lower bounds
for the support that arise when o < 0. The Baye-Morgan (1999) folk-theorem for
one-shot, homogeneous product Bertrand games, which entails both a continuum of
symmetric equilibrium strategies and equilibrium payoffs, is an example of an economic

environment that may be viewed as a I" with parameters in R4.7

"More technically, Example 1 in Baye-Morgan (1999) corresponds to a limit of this case.
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3 Applications

We now are in a position to show how our characterization of symmetric equilibria may be
used to obtain closed-form expressions for equilibrium strategies in economic environments
that include auctions, contests, and pricing games. In so doing, we also show that our
results may be used to generalize existing models to allow for spillover effects, and to exam-
ine the implications of alternative behavioral and evolutionary assumptions on equilibrium.
Throughout this section, we suppress ties, which we assume are broken with the flip of a fair

coin.

3.1 Auctions and Contests with Spillovers

In addition to standard auctions and contests (such as first- and second-price auctions,
the war of attrition, and the all-pay auction), our framework may be used to characterize

symmetric equilibria in more exotic economic applications.

Partnership Dissolution (The Self-Auction). Two partners wish to dissolve a part-
nership each values at v. They simultaneously submit bids; the high bidder wins the asset
and pays his bid to the other partner. Here, the payoffs are given by
v—uwx; it ;>
;i (w3, 25) =
x; it =, <
and thus the game may be viewed as a I’ with V =v, f=—-0=1,a=0 =0, and n = —2.
It follows from Proposition 1 that the only symmetric pure-strategy equilibrium is z* = v/2.
Furthermore, Proposition 3 reveals that the self-auction does not have a non-degenerate

symmetric mixed-strategy equilibrium.

An Innovation Contest with Spillovers. One may also use our results to extend Das-
gupta’s (1986) all-pay auction formulation of an R&D race by allowing each firm’s expen-
diture on R&D to induce an informational spillover that benefits the rival. In particular,
suppose the winner receives a greater benefit per unit of expenditure from the loser’s ex-

penditure than the loser receives from the winner’s expenditure. The corresponding payoffs

12



are
v—x; —0x; if x>
u;i (@i, @) = .

—x; —0x; if x <ux;
This game may be viewed as a I' in which V =v > 0, a = 8 =1, and § < 6 < 0. Since
a— =0 and n > 0, Propositions 2 and 3 imply that the unique symmetric equilibrium is

in nondegenerate mixed strategies and given by

1 0—9 v 0—06
9_6ln(1—|— ” x) on [O,M(exp<7>—1)].

Territorial Contests with Injuries. Next, consider a generalization of an all-pay auction

F* (z) =

formulation of a territorial contest in which the outcome of the battle depends on the intensity
of effort put forth by the two players in the fight, where each player values the territory in
dispute at v. Suppose the cost to a player per unit of intensity of effort is unity (« = 5 = 1),
and each unit of effort a player expends in the battle imposes a cost on its rival (through
injury), so that d, 8 > 0. If the cost to the loser per unit of intensity of effort of the winner
is greater than the cost to the winner per unit of intensity of effort of the loser (6 > § > 0),
then « — =0 and n = 6 — 9 > 0. In this case, Proposition 2 reveals that the symmetric
equilibrium of this game is identical to that in the above innovation contest with spillovers.

If, on the other hand, the efforts of the winner and loser entail symmetric injury (f =

d > 0), Proposition 2 implies that the symmetric equilibrium mixed-strategy is given by
F*(x) =x/von [0,v],

which corresponds to the all-pay auction. However, expected payoffs are not zero as they are
in the standard all-pay auction. Notice that, as a result of spillovers, both of these variants
differ from the classic war of attrition (8 =6 = 0 and a = § = 1), which lies in the region

of R3 that entails an equilibrium distribution that is an exponential distribution.

Litigation Contests with Fee Shifting. Our framework may also be used to characterize
symmetric equilibria for the complete information analogues of the Baye et al. (2005) model
of litigation contests under incomplete information. In this application, players are litigants
who compete by choosing (quality normalized) expenditures on legal services, with the player
spending the higher amount winning the case valued at v. The fee shifting rules examined
by Baye et al. may be examined under complete information using the tools developed in

Section 2.
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For instance, under the Continental rule, the loser pays his own legal expenditure and, ad-
ditionally, reimburses the winner a fraction (1—/) € (0, 1) of the winner’s legal expenditures.
Thus, the Continental Ruleisa I' with V =v, 0 < f<a=1,and d =0 < 0 = (1 — ).
Since « > 0, f# > 0, a — 3 > 0, and n = 2(1 — ) > 0, Proposition 2 implies that the

corresponding equilibrium is

-5 (1= () ) o [ (3-0)

and the equilibrium payoff is EU* = —v (1 — ) / (28) < 0.
In contrast, under the Quayle rule where the loser reimburses the winner up to the amount

actually spent by the loser, V =v, a=2, =1, =—1and § = 0. Since a > 0, § > 0,

D=

a— (B >0and n=2>0, Proposition 2 implies that the corresponding equilibrium is

F*(z) =2 [1 - (U J:’%)%] on {0, gvl

and the equilibrium payoff is FU* = 0. Furthermore, Proposition 1 reveals that symmetric

pure-strategy equilibria do not arise in these litigation environments.

3.2 Price Competition

We mentioned earlier that our framework readily includes standard models of price com-
petition under complete information that take the form of first-and second-price auctions
(which have a unique symmetric equilibrium in pure strategies) as well variants such as
Baye-Morgan (1999) (which have a continuum of symmetric mixed-strategy equilibria). We
next show that several leading models of price competition in the industrial organization

literature are also subsumed in our framework.

The Varian/Rosenthal Model. The price setting models of Varian (1980) and Rosenthal
(1980) may be analyzed in our framework as follows. Here, two price-setting firms each
service a fixed number, L > 0, of loyal (or uninformed) consumers who have unit demand up
to a choke price , r > 0. Additionally, there are S > 0 price sensitive “shoppers” (or informed
consumers) who always purchase from the firm charging the lowest price—provided it does

not exceed r. Each firm produces at zero cost to earn a payoft of
(S+L)ps if p; <p,

Uy (p’wp) =
! Lp; it p; > p;
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To see that this model is a special case of our framework, define x; = r — p; > 0 so that

the above payoffs are equivalent to a game in which

rL — Lz; it z; <z,

Thus, the Varian/Rosenthal models may be interpreted as a I' with v = (S + L) r, v = —rL,
V=rS>00=(54L)>0,0=0=0 a=0L>0,and n = =S < 0. Hence, by

Proposition 2, the equilibrium (expressed in terms of the discount from the monopoly price,

. L r rS
F (‘T):§<T_x—1> on [O,m]

To write this expression in terms of the equilibrium distribution of prices, G* (p), use the

fact that = r — p and note that G* (p) =Pr(P <p)=1-Pr(z <r—p)=1—-F*(r —p),

so that
L (r—p L
“(p)=1—= —— .
G* (p) S( p ) on [TS+L,T]

Price Matching Guarantees. One may also use our results to extend the Varian/Rosenthal

orx=r—p)is

models to allow for price matching policies, as in Png and Hirshleifer (1987) and Baye and
Kovenock (1994). To see this, extend the Varian/Rosenthal models by assuming that the
two firms not only list prices, but also promise to match a better price by the rival. Here,
one interprets S as informed consumers who are aware of the firms’ prices, L as uninformed
consumers who are unaware of the firms’ prices, and one assumes that only a proportion
i < 1/2 of the informed customers are willing to bear the cost of visiting a firm charging
the highest price to take it up on its offer to match a better price. Consequently, the firms’
payoffs are
i (pinps) — (L+(1—p)S)p; ?f pi <pj

Lpi +pSp; it pi > p;

As before, let x; = r — p;, so that the payoffs may be rewritten as

r(1—p)S+L)—(1—p)S+L)x; if z; >

wi (25, 25) =
’ r(L+ pS) — Lz; — pSx; if @ <uw;j

Note that V = (1 -2u)Sr >0, 8= (1—-u)S+L >0, a =L >0,0 = Su > 0, and
d=0.In thiscase, « —f=—(1—p)S <0and n=—(1—2u)S <0, so that Proposition

15



2 implies

P = s ((—>— - 1) o [0”“ (1 ~(@=re+o) )] ‘

As before, one may easily re-write this distribution of discounts from the monopoly price

purely in terms of the prices.

3.3 Behavioral and Evolutionary Extensions

The results in Section 2 may also be used to extend existing models to account for behavioral
or evolutionary considerations that impact the payoffs in standard games. We discuss these

applications next.

Reference Pricing. One may use our results to analyze an extension of the Varian/Rosenthal
models to account for reference pricing. To see this, suppose that in addition to shoppers
and loyal consumers, there also exists a measure of “relative bargain seekers.” As above,
all consumer segments have a common choke price, r > 0. Relative bargain seekers, like
shoppers, always purchase from the firm offering the lowest price. But unlike shoppers, the
demand of relative bargain seekers depends on how low the best price is in comparison to the
next best price: The lower the “best” price relative to that of the higher price, the greater
their demand for the low priced good. To capture this behavior, assume that when firm ¢
charges the lowest price, its demand from relative bargain seekers is D; = \p;/p; while firm
j’s demand from these consumers is zero. When A > 0, this captures the behavioral phe-
nomenon where the demand by one segment of consumers depends, in part, on their frame
of reference.

With this extension, the payoffs are.

B (S—FL—#—)\%)@ it p; <pj
Lp; it p; > p;

As before, let x; = r — p;, so that these payoffs are equivalent to

T(S—FL-’-)\)—ZEZ(S—FL)—/\IJ if T; > T

U (Ii;%‘) = .
rL — Lx; it z; <ua
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Thus, this extensionisa I’ with V =7r(S4+X) >0, a=L>0,8=5S4+L>0,0=0,6 =},
a—pf=-=5<0andn=—(S+A) <0. Hence, Proposition 2 implies

Fw)=t ((Tix)%H - 1) on lo,r <1 - (ﬁ) (3?)” ,

or in terms of price,

cm=1-L((5) 7w () ]

This distribution converges to that in the Varian/Rosenthal model as A tends to zero.

Interestingly, when there are only loyal customers and relative bargain seekers (S = 0),

then n = -\ < 0 and o — 8 = 0. In this case, Proposition 2 implies

Fio- b o fo(i-e(-2)]

Inequality Aversion in a Job Tournament. Next, consider an environment where two

workers compete in a job tournament but, in the spirit of Fehr-Schmidt (1999), exhibit a
specialized form of inequality aversion such that they receive disutility from inequality of
effort. In particular, suppose that the worker exerting the greater effort (x;) receives a bonus
valued at p > 0 and that payoffs are
p—x; —b(x; —x;) if x;>ua;
u; (w3, 25) =
—zi—a(x;—z;) if z; <z
where 0 < a < 1 and 0 < b. This captures behavior where the winner experiences disutility
for having “slaughtered” the loser, and the loser derived disutility from having been beaten

badly. In this case, utilities may be written as

u—(l—l—b)l’l—l-bl’] if Ty > T
u; (T1,22) = .
—(1—-a)x;—azx; if z; <,
This behavioral environment may thus be viewed as a I' in which V =v =pu > 0, v = 0,
a=1-a>0,0=a,f=14+b>0and 6 = —b < 0. Note that a— = —(a+b) <0 and
n=0.
Since « = 1 — a > 0, it is immediate from Proposition 1 that there does not exist a

symmetric pure strategy equilibrium. However, Propositions 2 and 3 imply that a unique
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nondegenerate symmetric mixed strategy equilibrium exists. The corresponding distribution

1—a a+b L 145
* = -1 1
(x) a—l—b(eXp( . 3:) ) on {O’a—i—bn(l—a)]

and each player earns an expected equilibrium payoff of

a 1+5b 1—a
EU* = 1 | )
v a+b{ +a+bn(1+b>}“

It is interesting to note that if a € (0,1) but b € (—1,0) (so that the winner enjoys

of effort is

“slaughtering” the loser), the equilibrium strategies and payoffs have exactly the same form
when b # —a. But when b = —a (so that « — 5 = 0 and 7 = 0), the equilibrium distribution
effort is identical to that in the all-pay auction,

1—a

F*(z) = . x on l(]’lﬁa}

However, unlike the all-pay auction,

a
EUY = —— .
21 —a)
Loss Aversion in a Job Tournament. Two workers compete in a job tournament and
the worker exerting the greater effort (z;) receives a bonus valued at g > 0. Thus, their

income is

)= it ;>
e —z; it z, <
Suppose the workers’ utility (over income) exhibits “loss aversion” in that u; = y; if player i
wins, and u; = \y; if player ¢ loses, where A > 1. In this case, utility (as a function of effort)
is
pw—x; it x>z,
u; (T3, 25) =
—Az; it @, <
and this scenario may be analyzed as a I' with v = pu, v =0,V = > 0, a = X > 0,
b=1>0,0=0=0,andn=a— = X—1>0. Hence, Propositions 2 and 3 imply that

the unique nondegenerate symmetric mixed-strategy equilibrium is given by

AT

T

on [0, p].
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Regret in Auctions. A growing literature has examined regret in auctions; see Engelbrecht-
Wiggans (1989), Engelbrecht-Wiggans and Katok (2007), and Filiz-Ozbay and Ozbay (2007)
and the references cited therein. To illustrate how our framework may be used to examine
the implications of this behavioral assumption in complete information environments, con-
sider a first-price auction where each player i € {1,2} values the item at v, but there is

winner regret such that the payoffs are

v—x; —pl(—x;) i x>
ui(x1, w2) = :
0 it z;, <a,
Here, z; is player i’s bid and v > 0 is the value of the item; winner regret (1 > 0) refers to the
fact that the high bidder derives disutility from leaving money on the table (the difference
between the winning and losing bid). The payoffs may be rewritten as
v—(p+ 1) x;+px; if x>
ui(x1, T2) = :
0 it z;, <,
which is a rank-order contest, I', with a positive first-order spillover effects. In particular,
V=v,a=0=0,=1+u) >0, =—pu, and n = —1, so Proposition 1 implies that a
symmetric pure strategy Nash equilibrium exists and is given by x* = v. Furthermore, by
Proposition 3, there are no symmetric mixed-strategy equilibria.
In a first-price auction with loser regret, payoffs are
v — T if x; >z,
u; (w1, T2) = )
—p(v—ua;) if ;<
where p > 0. Preferences with loser regret thus transform the standard auction into a rank-
order contest with a positive second-order spillover effect, and one can use the results in
Section 2 to conclude that the unique symmetric equilibrium (pure or mixed) is z* = v.
The results of Section 2 may also be used to extend these behavioral models to include
combined winner and loser regret in a first-price auction. In this case, both first and second

order spillover effects arise, as the payoffs are

v—(p+ D)z +px; if x>
ui(21, w2) = .
—p (v — ;) if x <z
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One can readily establish that the unique symmetric equilibrium is in pure strategies and
given by z* = v.

Furthermore, our results may be utilized to examine the implications of combined winner-
loser regret in other auction environments. For instance, in an all-pay auction with winner-
loser regret, payoffs are
v—(p+ D) x+px; i x>

ui(z1, 2) =
—vp—(p+ 1)z +px; if z; <z,

This may be viewed as a I' in which V- = (1+p)v, a = (1+p) >0, 5 = (14+pu) > 0,

0 =—p, 6 = —p, and n = 0. When p # u, Propositions 2 and 3 imply that the unique

symmetric equilibrium is

P = (1) (1-on (<5542)) o o=t (122

and each player earns an expected payoff of

I+ +p—p

(p— p)*

EU* =vp+p(l+p)v

However, if p = p, so that a = 3, one obtains the standard all-pay auction form: F* (z) =
x/v. In this case, total expected effort is the same with symmetric winner loser regret as in

the standard all-pay auction, but EU* = —pv/2.

ESS in the All-Pay Auction. Finally, one may utilize our results to construct equilibrium
strategies in certain evolutionary environments. To see this, consider a two player all-pay
auction and note that the (finite agent) ESS equilibrium of Schaffer (1988) requires that each

player maximizes the difference in payoffs. Thus

v—x; — (—x;) if x; >z
u;(71, 72) = .
—x;— (v—u;) if @<z
Hence, this may be viewed as a I" where payofts are
v—x;+x; it x>

ui(z1, 72) = )
—v—x+z; if z <z

and V =2v >0, =a = -0 = - = 1, and consequently, « — 3 = 0 and n = 0. One

may therefore apply the results in Section 2 to conclude that the unique symmetric Nash
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equilibrium to a game with these payoffs (which corresponds to the ESS equilibrium of a
game with the original formulation of payoffs) is

F*(z) = 2—"; on [0, 20].

Among other things, this implies that there is overdissipation of rents in the ESS equilibrium.

This is similar to the findings of Hehenkamp et al. (2004) for the case of a Tullock contest.

4 Conclusion

This paper has characterized symmetric equilibria (pure and mixed) in a parameterized class
of two player complete information contests with rank-order spillovers. We derived explicit
closed form solutions for the complete set of symmetric equilibrium strategies for this class
of games, and showed that these strategies take on only a small number of functional forms
that depend on the parameters in a systematic and easily verified way. We concluded by
using this framework to formulate and solve several new contests. Not only are a plethora
of existing models of auctions, contests, and price competition covered as special cases, but
our results permit one to extend these models to allow for a broader array of preferences,
spillover effects, and equilibrium concepts. The logarithmic equilibrium distribution that
arises in the all-pay auction with asymmetric spillovers, for example, appears to be novel
to the literature. We believe that Propositions 1 through 3 will provide positive spillovers
for future applied work on auctions, contests, and pricing strategies, as well as behavioral

economics and evolutionary game theory.

References

[1] Baye, M. R. and Kovenock, D. “How to Sell a Pickup Truck - Beat-or-Pay Advertise-
ments as Facilitating Devices.” International Journal of Industrial Organization, 1994,

12(1), pp. 21-33.

[2] Baye, M. R.; Kovenock, D. and de Vries, C. G. “It Takes 2 to Tango - Equilibria in a
Model of Sales.” Games and Economic Behavior, 1992, 4(4), pp. 493-510.

21



3]

[10]

[11]

[12]

[13]

Baye, M. R.; Kovenock, D. and de Vries, C. G. “Rigging the Lobbying Process: An
Application of the All-Pay Auction.” American Economic Review, 1993, 83(1), pp. 289-
294.

Baye, M. R.; Kovenock, D. and de Vries, C. G. “The All-Pay Auction with Complete
Information.” Economic Theory, 1996, 8(2), pp. 291-305.

Baye, M. R.; Kovenock, D. and de Vries, C. G. “Comparative Analysis of Litigation
Systems: An Auction-Theoretic Approach.” Economic Journal, 2005, 115(505), pp.
583-601.

Baye, M. R. and Morgan, J. “The Folk Theorem for One-Shot Bertrand Games.” Eco-
nomics Letters, 1999, 65(1), 59-65.

Bertrand, J. “(Review of) Theorie Mathematique de la Richesse Sociale par Leon Wal-
ras: Recherches sur les Principes Mathematiques de la Theorie des Richesses par Au-

gustin Cournot.” Journal Des Savants, 1883, 67, 499-508.

Che, Y. K. and Gale, I. L. “Caps on Political Lobbying.” American Economic Review,
1998, 88(3), pp. 643-51.

Che, Y. K. and Gale, I. “Optimal Design of Research Contests.” American Economic
Review, 2003, 93(3), pp. 646-71.

Dasgupta, P. “The Theory of Technological Competition,” in J.E. Stiglitz and G.F.
Mathewson (eds.) New Developments in the Analysis of Market Structure, 1986, Cam-
bridge: MITPress, pp. 519-547.

Dasgupta, P. and Maskin, E. “The Existence of Equilibrium in Discontinuous Economic

Games. I. Theory.” Review of Economic Studies, 1986, 53, 1-26.

D’Aspremont C. and Jacquemin, A. “Cooperative and Noncooperative R-and-D in

Duopoly with Spillovers.” American Economic Review, 1988, 78(5), pp. 1133-1137.

Engelbrecht-Wiggans, R., “The Effect of Regret on Optimal Bidding in Auctions,”
Management Science 35(6), June 1989, 685-692.

22



Engelbrecht-Wiggans, R. Katok, E., “Regret in Auctions: Theory and Evidence,” Eco-
nomic Theory 33 (2007), 81-101.

Fehr, E. and Schmidt K.M. “A Theory of Fairness, Competition, and Cooperation.”
Quarterly Journal of Economics, 1999, 114(3), pp 817-868.

Filiz-Ozbay E. and Ozbay E.Y. “Auctions with Anticipated Regret: Theory and Exper-
iment.” American Economic Review, 2007, 97(4), pp. 1407-1418.

Fu, Q. “A Theory of Affirmative Action in College Admissions.” Economic Inquiry,
2006, 44(3), pp. 420-28.

Groh, C.; Moldovanu, B.; Sela, A.; and Sunde, E. “Optimal Seedings in Elimination

Tournaments.” Fconomic Theory, forthcoming,.

Hehenkamp, B., Leininger, W., and Possajennikov, A. “Evolutionary Equilibrium in

Tullock Contests: Spite and Overdissipation.” European Journal of Political Economy,

2004, 20, 1045-1057.

Helsey, R.W. and Strange, W.C. “A Game-Theoretic Analysis of Skyscrapers.” Journal
of Urban Economics, 2008, 64, pp. 49-64.

Hillman, A. and Riley J. “Politically Contestable Rents and Transfers.” Economics and
Politics, 1989, 1, pp. 17-40.

Kaplan, T. R.; Luski, I. and Wettstein, D. “Innovative Activity and Sunk Cost.” Inter-
national Journal of Industrial Organization, 2003, 21(8), pp. 1111-33.

Konrad, K. A. “Inverse Campaigning.” Economic Journal, 2004, 114(492), pp. 69-82.

Kura, T. “Dilemma of the Equality: An All-Pay Contest with Individual Differences in
Resource Holding Potential.” Journal of Theoretical Biology, 1999, 198(3), pp. 395-404.

Lin, J. “Price Matching in a Model of Equilibrium Price Dispersion.” Southern Economic

Journal, 1988, 55, pp. 57-65.

Lizzeri, A. and Perisco, N. “Uniqueness and Existence of Equilibrium in Auctions with

a Reserve Price.” Games and Economic Behavior, 2000, 30(1), pp. 83-114.

23



[27] Maynard Smith, J. “The Theory of Games and the Evolution of Animal Conflicts.”
Journal of Theoretical Biology, 1974, 47, pp. 209-221.

[28] Png, I. P. L. and Hirshleifer, D. “Price-Discrimination through Offers to Match Price.”
Journal of Business, 1987, 60(3), pp. 365-83.

[29] Riley, J.G. and W.S. Samuelson, “Optimal Auctions.” American Economic Review,

1981, 71, 381-392.

[30] Rosenthal, R. , “A Model in Which an Increase in the Number of Sellers Leads to a
Higher Price,” Econometrica (1980) 48(6), pp. 1575-1580.

[31] Sahuguet, N. and Persico, N. “Campaign Spending Regulation in a Model of Redistrib-
utive Politics.” Economic Theory, 2006, 28(1), pp. 95-124.

[32] Schaffer, M. “Evolutionary Stable Strategies for a Finite Population and a Variable
Contest Size.” Journal of Theoretical Biology, 1988, 132, 469-478.

[33] Varian, H. “A Model of Sales.” American Economic Review, 1980, 70, pp. 651-659.

[34] Vickrey, W. “Counterspeculation, Auctions and Sealed Tenders.” Journal of Finance,

1961, 16, pp. 8-37.

[35] Zhou H. “R&D Tournaments with Spillovers.” Atlantic Economic Journal 2006, 34, pp.
327-339.

24



Appendix

This Appendix provides the proofs of Propositions 1 through 3. Recall the definitions of
W, L, and T are given in equation (1).
Al. Proof of Proposition 1

The following lemma is useful in proving Proposition 1.

Lemma 1 z € [0,00) is a symmetric pure strategy Nash equilibrium of T if and only if the

following two conditions hold:

S
Q)
=
v

Wy, z) forally >z (8)
T(z,x) > L(y,x) foral0<y<uz

Proof. Note first that since
1 1
T (z,z) = §W (z,x) + §L (x,x),
the conditions in (8) imply
T(x,x) =W (x,x) = L(x,x).

( <) By hypothesis, = € [0, c0) satisfies

~
Q)
=
v

W(y,x) forally > x
T (z,z) > L(y,z) forally <uz

Hence, if player ¢ plays the pure strategy x; = x when player j plays z; = z, she earns a
payoff of U* = T (z,x) = W (x,z) = L(z,z). The conditions in (8) imply that player i
cannot gain by deviating from z, given that z; = z.

(=) If (x, ) is a symmetric pure strategy Nash equilibrium, player i earns a payoff of
T (z, ) in this equilibrium. By way of contradiction, suppose there exists a y € [0, 00) such
that y > = with T'(x,z) < W (y,x). Then player ¢ could increase his payoff to W (y,z) >
T (x,x) by deviating from x; = z to x; = y, a contradiction. Similarly, if there existed a
y € [0,00) such that y < z with T'(z,z) < L (y,x), player i could increase his payoff to
L(y,z) > T (z,z) by deviating from z; = = to z; = y, a contradiction. m

We conclude that the conditions in (8) are necessary and sufficient for the existence of

a symmetric pure strategy Nash equilibrium. Note that the proof of Lemma 1 does not
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rely on the linear structure for W and L in equation (1), and hence applies to more general
formulations for payoffs.

We are now in a position to prove Proposition 1. We do so by exploiting the linear
structure in equation (1) and applying Lemma 1.
Proof of Proposition 1. (=) By way of contradiction, suppose = € [0,00) is a
symmetric pure strategy Nash equilibrium so that player ¢ earns his equilibrium payoff
of U* = T (z,z) = W(x,z) = L(x,x) at (z,z). If condition (i) in Proposition 1 did
not hold, then player i could deviate to earn W (z +¢,z) > U* = W (z,z), since 8 <
0 implies W (z;,x) is increasing in z;, a contradiction. If condition (i7i) did not hold,
then V +nx = W (z,z) — L(x,z) > 0, which contradicts the conditions in (8). Finally,
since V' > 0, condition (#i7) implies x > 0. Thus, if condition (#i) did not hold, then
x > 0 and a > 0, in which case player i could deviate to earn a payoff of L (x —e,z) >
L(xz,x) =W (z,2) = U*, since a > 0 implies L (x;, x) is decreasing in x;, a contradiction.
(«<=) Suppose conditions (i) through (iii) hold. It is immediate that condition (iii) im-
plies that 2* = —V/n is well-defined and V' + nz* = W (z*,2*) — L (z*,2*) = 0. Hence,
W (x* z*) = L (z*, 2*) = T («*,2*). Next, note that there is no incentive to deviate from z*,
since (i) implies 7' (z*,2*) > W (y,2*) for all y > 2*, and (i¢) implies 7" (z*,2*) > L (y,z*)
for all y < z*. By the Lemma 1, this implies that z* is a symmetric pure strategy Nash
equilibrium. Uniqueness follows from Lemma 1 and the fact that * = —V/n is the unique
solution to W (z,2) — L (z,2) =0. m

A2. Proof of Proposition 2

Our second proposition is proved through a sequence of lemmas. We first demonstrate
that if an atom exists at some point (x,z) in a nondegenerate symmetric mixed-strategy
equilibrium of I', then (z,x) constitutes a symmetric pure strategy equilibrium as well. We
then apply Proposition 1 to show that this can occur only over a restricted range of the pa-
rameter space and that any such atom is unique. Consequently, if the symmetric equilibrium
is in nondegenerate mixed strategies, there must exist an absolutely continuous part of the
mixed-strategy, and furthermore, it must satisfy the differential equation in equation (3).
Given the linearity of differential equation (3), it readily follows that its solution over the
interval (m,u) is unique (as it satisfies a Lipschitz condition). Lemma 4 provides an end-
point restriction on the lower bound of the distribution. We then examine (by exhaustion) a

partition of the parameter space to show (i) when the differential equation can be solved in
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a manner consistent with the corresponding restrictions on mass points and endpoints, (ii)
which solutions indeed define equilibria in the sense that there is no incentive for a player to
unilaterally deviate from his strategy, and (iii) whether the differential equation, mass point
and endpoint restrictions are inconsistent, thereby implying nonexistence of a nondegenerate

symmetric mixed-strategy. We also derive the corresponding equilibrium payoffs.

Lemma 2 If there is an atom at some point x € [0,00) in a nondegenerate symmetric
mized-strategy equilibrium of T', then (x,x) is also a symmetric pure strategy equilibrium of

I'. Furthermore, there is no atom at x = 0.

Proof. If there is an atom of size ¢, € (0,1) at some point x, it must be the case
that ¢, [W (x +¢e,2) — T (z,2)] < 0 (there is no incentive to raise the bid above x) and,
if in addition = > 0, ¢, [L(x —¢,2) — T (x,2)] < 0 for small ¢ > 0 (there is no incen-
tive to lower the bid below z). Furthermore, there can be no atom at = = 0, since
G [W (0+¢,00—T(0,0)] < 0 implies W (0,0) — 7°(0,0) < 0 from the linearity of W,
contradicting W (0,0) — 7°(0,0) = V > 0. For x > 0, since ¢, > 0 by hypothesis,
W(x+ex)—T(z,z)] < 0 and [L(x—¢e,x2) =T (z,z)] < 0. This implies T (z,z) =
W (xz,z) = L (x,z), and furthermore, given the linearity of W and L,

S
Q)
=
v

W(y,x) forally > x
T(z,z) > L(y,x) forall y <u.

These are exactly the conditions (8) for a pure strategy solution from Theorem 1 and hence

(x,2) must also be a pure strategy equilibrium point. m

Lemma 3 Suppose a symmetric equilibrium strateqy of T' has an atom of size q, € (0,1]
at . Then 8 > 0, a < 0 and n < 0. Furthermore the atom is unique and located at
x=-V/n>0.

Proof. Follows immediately from Lemma 2 and Proposition 1. =

Importantly, Lemma 3 implies that if a nondegenerate symmetric mixed-strategy equi-
librium exists, any atom (if one exists) associated with the strategy is necessarily unique
(and given by © = —V/n). Consequently, the remaining absolutely continuous part is char-

acterized by differential equation (3). We will use this fact to establish when nondegenerate
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symmetric mixed-strategy equilibria exist, their functional forms and the corresponding equi-
librium payoffs. We also identify parameter configurations for which the set of nondegenerate

symmetric mixed-strategy equilibria is empty. We also use this lemma to establish:

Lemma 4 Suppose o > 0. Then in any non-degenerate symmetric mixed-strateqy equilib-

rium of I, the lower bound of the support is m = 0.

Proof. The proof proceeds by way of contradiction. Suppose the lower bound of the support
of the equilibrium mixed-strategy is m > 0, and let g, be the size of an atom (possibly zero)

at m : Then a player who bids m earns his equilibrium payoff of

U = gu,T(m,m)+ (1—gqn) (—y—am—0EF[z|x > m)])

= 7V—7+7mam—am—q7m(9+ﬁ+5)m—(1—Qm)QEF[I|fE>m]-

Deviating by bidding zero yields a payoff of
U™ =—vy—0¢,m—0(1—qn) Ep x|z >m].
The difference in payoffs is thus
U - U :%{—V—l—(—@—a—i—ﬁ+5)m}+am:am>O,

since ¢, > 0 implies —V = nm by Lemma 3. Therefore it pays to deviate by bidding zero,
a contradiction.
[

We are now in a position to consider, case by case, the parameter configurations identified
in Proposition 2. We do this through a sequence of lemmas that are collected according to
the four parameter regions (R1 through R4) defining the different forms for the equilibrium
mixed strategies in equation (5), and which establish existence, uniqueness, or non existence

of equilibrium for parameter configurations within each case. We begin with
Case 1: a—B#0:n#0

Lemma 5 Suppose f =0, a > 0 and n # 0. Then there exists a symmetric equilibrium
if and only if either 8 = 0 or n < «. Furthermore, this equilibrium is unique and in

nondegenerate mized strategies as characterized in Proposition 2.
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Proof. Since a > 0, Proposition 1 implies any symmetric equilibrium must be in nondegen-
erate mixed-strategies, and by Lemma 3, there are no atoms. By Lemma 4, m = 0. Hence,
if a symmetric equilibrium exists, it necessarily has the form in equation (4) with C' = 0:

F(x)=1—< v )/ 9)

V+nx

This is a well-defined distribution function; when 7 > 0, the upper bound of its support is
u = 00; when 1 < 0, it is u = —V/n < co. Since 5 = 0, a player cannot gain by choosing
an action w > u. Thus, for an equilibrium to exist, it is sufficient to show that EU* < oo
and a player’s expected payoft against a rival who uses F' is constant for any action in the
support of F.

The expected payoff when a player chooses x; = w against such a strategy is

EU(w):/Ow(v—5$)dF(x)+/u(—7—aw—0x)dF(x)

w

or, since this also holds at w = 0,
EU(0) = / (—y —0z)dF (x)
0

I / OxdF (z)

0
Evidently, when 6 = 0, EU (0) = —v, so EU (w) = —v for all w € Support (F), and F is
the unique symmetric equilibrium. Thus, suppose 6 # 0.

Consider first the case where n > 0. If a/n — 1 < 0 (or equivalently, § < 6 # 0), the
distribution in (9) has a “fat tail” and hence [’ 2dF (z) does not exist. Thus, when § = 0,
a > 0,n1 >0, and 0 # 0, we conclude there does not exist a symmetric equilibrium when
a < 7. On the other hand, when a/n — 1 > 0 (or equivalently, § > 6 # 0), the relevant
integral does exist and the expected payoff is

o A A Ov + oy
v 7 9/0 xa(V+77x> V—l—nxdx 0—9 (10)

Since for all w € [0,00), EU (w) = EU*, in this case it follows that F' is the unique symmetric
equilibrium.

Finally, if n < 0, then u = —V/n and simple integration reveals
EU(0) = (0v+6v) /(0 —0) = EU (w)
for all w € [0, u|, and hence F' is the unique symmetric equilibrium. =
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Lemma 6 Suppose 5 = 0, a < 0 and n > 0. Then there does not exist a symmetric

mixed-strategy equilibrium.

Proof. Since a < 0 and n > 0, Lemma 3 implies that F’ contains no atoms. Hence, C' =0

in equation (4), and thus

V_|_77w —04/77
V+nm '

F(w)=1- (
But note that, since —a/n > 0 and n > 0,

—a/n
(V+nw> o1
V+nm

for all w > m, which implies F'(w) < 0, a contradiction. m

Lemma 7 Suppose 5 =0, a < 0 and either « < n <0 orn < 6 = 0. Then there exists a
continuum of non-degenerate symmetric mized-strateqy equilibria, all of which are identified
in Proposition 2. Furthermore, if 5 =0, a < 0,n < «a and 6 # 0, there does not exist a

nondegenerate symmetric mixed-strateqy equilibrium.

Proof. By Proposition 1, a unique symmetric pure-strategy equilibrium exists at z* = —V /.
By Lemma 3, in any non-degenerate symmetric mixed-strategy equilibrium, there is at most
a single mass point, and this atom is located at —V/n. Let g € [0,1) denote the size of any
such mass point. By way of contradiction, suppose that the lower bound of the absolutely
continuous part of F'is m > —V//n (that is, F' contains a gap). Then the expected payoff to
a player that bids —V/n against F is

0(5) - (5 E) e vmn (oo ()5 )

[v—7+(5+a+9)%1
+(1—g) (—v—koz%—%/ooﬁxdF(x)).

—qJm
A player that bids m > —V/n against F' earns an expected payoff of

DO [

o0

Vv 1
EU(m)zq(U%—éﬁ)—l—(l—q) (—v—am—l—_q t%dF(x)).
Recall that V' = v + v and that, under the conditions stated, n = a + 6 — §. Provided
fncf xdF (x) exists or § = 0, straightforward algebra reveals
EU(m)— EU (L> =—a(l—g9q) (m— —177) > 0,

-
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a contradiction: there can be no atom below the lower bound of the absolutely continuous
part of a symmetric mixed-strategy equilibrium.

We next show that under the conditions stated, m > —V/n (which implies there are
no mass points) and that there exists a continuum of symmetric equilibria of the form in
Proposition 2. To see this, note that for « < 0 and n < 0, equation (3) requires that
m > —V/n in order for F'(w) to be a well-defined (and non-degenerate) distribution function
on an open interval above m. It follows that, when g = 0, @« < 0 and n < 0, the only

candidate for a non-degenerate symmetric mixed-strategy equilibrium is

a/n
M) ’ (11)

Flw)=1- <V+nw

on [m, o0),where m € (=V/n,o0) is arbitrary. The expected payoff when a player chooses
r; = w against F' is

EU(w):/w(v—éx)dF(x)—I—/Oo(—v—aw—é’x)dF(x)

m w

If a/n < 1, the distribution has fat tails ([~ zdF () does not exist). In this case, when 6 # 0,
EU (w) is undefined and hence a non-degenerate symmetric mixed-strategy equilibrium does
not exist. But if # = 0, the expected payoff to a player that bids w = m is EU (m) =
—~ —am, and hence for all w € [m, 00), EU (w) = EU (m). Since a < 0, EU (w) < EU (m)
for w < m, and hence it does not pay to deviate by choosing an action below m.

When a/n > 1 (which implies § > ¢ ) it follows that for all w € [m, c0),

oo a/n
EU (w) = EU(m)z—y—am—@/ xa(V+77m) ! dx

V+nz V +nx

m

9v+57+a5m
0—9 0—06

Again, since o < 0, EU (w) < EU (m) for w < m, it does not pay to deviate by choosing an

action below m. m

Lemma 8 Suppose 8 <0, a # B, a # 0, and n # 0. Then there does not exist a symmetric

equilibrium.

Proof. Since § < 0, Proposition 1 implies there does not exist a symmetric pure strategy

equilibrium, and by Lemma 3, there are no mass points in a nondegenerate symmetric
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mixed-strategy equilibrium. Since F'(m) = 0, C' = 0 in equation (4) ; hence, if a symmetric

mixed-strategy exists, it must be of the form

F(w):afﬁ (1— (‘;:ZZ‘)J) (12)

We claim the distribution is unbounded. To see this, suppose to the contrary that u < co.

Since I’ has no atoms, a player that bids u is certain to win and earn an equilibrium payoff
of EU (u) = v — fu — dEp [z]. But, since 8 < 0, a player who deviates by bidding u' > u
earns an expected payoff of EU (v') =v — fu' — 0Ep [z] > EU (u), a contradiction.

If (. — ) /n > 0, equation (12) implies

lim F(w) = a

wW—00 Og—ﬁ

£,

If (¢ = 8) /p <0, then
lim F(w) = £oo.

w—00
Hence, regardless of the sign of (v — 3) /n, F is not a well-defined distribution function,
a contradiction. Thus there does not exist a symmetric mixed-strategy equilibrium in this

case. H

Lemma 9 Suppose > 0, a < 0, n # 0. Then there does not exist a nondegenerate sym-

metric mixed-strateqy equilibrium.

Proof. If n > 0, then there are no mass points by Lemma 3. A symmetric equilibrium, if

one exists, must therefore satisfy equation (4) with C' = 0:

a=p

F(w) = afﬁ [1— (‘;:Z@_] for w € (m, ).

Since (o — ) /n < 0 and nw > nm > 0 for w > m, the term is square brackets is negative.

This and the fact that o/ (o — ) > 0 implies F' (w) < 0, which contradicts the assumption
that F'is a well-defined distribution function.

If n < 0, Lemma 3 implies that an equilibrium mixed-strategy may have a mass point at
w = —V/n (hence C' > 0). Hence, equation (4) implies

V4 gm] T

a a nm|
F = C— fi 13
(w) +(0-755) [irm] T torwe m (13)
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If the distribution is unbounded, lim, . F'(w) = a/ (o — ) < 1, a contradiction. Thus,
suppose u < 0.
Suppose first that the equilibrium distribution contains no mass point. Then the differ-

ential equation in equation (3) holds at u, and since F' (u) = 1, we have
[V +nu] f(u) —a+ (o — ) =0.

Now, f(u) >0, <0, > 0and n < 0 implies u < —V/n. Hence, the derivative of equation
(13) is

-8B _a—B+n

F' (w) :a(V—l—nm)aT (V+nw) 7 <0,

since V' 4+ nw > 0 for all w € [m,u], a contradiction.
Finally, suppose there is a mass point. We first show the mass point must be located at
or below m. By way of contradiction, suppose there is a mass point at —V/n > m. In this

case, the differential equation (3) holds at m, and F' (m) = 0. Hence,
[V +nm] f(m) —a=0

Since f(m) >0, <0, and 0 < m < —V/n, this is a contradiction.

Since the mass point must be at —V/n and m > —V/n, the derivative of equation (4) is

(for w > m)
a=8
, B o _ V4+mgm\ n 1
F(w)_(a—ﬁ C>(a ﬁ><V+nw) Ve
Since F’ (w) > 0 for some w > m,
sgn (F' (w)) = sgn (a;iﬁ — C’) >0 (14)

in order for F' to be a well-defined distribution. Since the differential equation holds at

w = u, setting F' (u) = 1 implies

el )
Q Q V+nu

The LHS is strictly negative by assumption, while the RHS is strictly positive by equation
(14) and the fact that m,u > —V/n—a contradiction.

Hence, there does not exist a nondegenerate mixed-strategy equilibrium. m
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Lemma 10 Suppose B >0, a > 0,a # 3, and n # 0. Then there exists a unique symmetric

equilibrium and it is in nondegenerate mized-strategies as identified in Proposition 2.

Proof. Since a > 0, Lemma 3 implies there are no mass points, and Lemma 4 implies

m = 0. Hence equation (4) implies

Flw) = = [1— (vfnw)ﬂ - (15

It is straightforward to show that, for all 5 > 0, a > 0, # ,and 1 # 0, this a well-defined

distribution function on [0, u*|, where

u*:% ((%)aﬁ —1) > 0.

Suppose first that 6 # ¢ (or equivalently, n # « — ). The expected payoff to a player
that bids w = 0 against a rival that employs F is

EU* = EU(w:()):—fy—H/ xdF (x)
0

Ov + oy L8 0 (@ a7
0—0 (0 —9) B
Hence, EU (w) = EU* for all w € [0,u*], and it does not pay to deviate to a w > u* since

8> 0.
When 6 = § (or equivalently, n = o — f3), the expected payoff to a player that bids w =0

against a rival that employs F' is

As above, since > 0, a player cannot gain by deviating to a w > u*. We conclude that F’

is the unique symmetric equilibrium in this case. =

Lemma 11 Suppose a — 8 # 0,ac = 0 and n # 0. Then there does not exist a symmetric

equilibrium in nondegenerate mized strategies.
Proof. Under the conditions stated, the solution to differential equation (3) is
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8
V—l—nw]I (16)

Fw)=K
(w) [V +nm
for some K # 0. By hypothesis, 8 # 0. Suppose first that 8 < 0. Then there is no mass
point by Lemma 3, and hence F'(u) = 1 implies
K5V + Kﬁénnm -V
n

u =

But since 5 < 0, this is a contradiction, since a player could improve his payoff by bidding
above u.

Suppose next that g > 0. If n > 0 then once again there is no mass point by Lemma 3.
Hence, F' (w) = 0 implies w = —V/n. But since —V/n < 0, this is a contradiction.

Finally, suppose > 0 and < 0. Then

f(w) = KV 4+nu) 5 (V4mm) 8
L F(w)
N 6V+77w

and hence w < —V/n. By Lemma 3, any mass point must be above the upper bound of the
absolutely continuous part of F. Setting F' (w) = 0 in equation (16) implies the lower bound
of the distribution must be —V//n. But this is a contradiction, since by Lemma 3, the mass

point must be located at this point. m
Case 2: a=8;n#0

Lemma 12 Suppose o = 3 > 0 and n # 0. Then there exists a unique symmetric equilib-

rium and it is in nondegenerate mized strategies as identified in Proposition 2.

Proof. Note first that the conditions of the Lemma imply 6 # §. Since a > 0, Lemma 3
implies there are no mass points. Moreover, by Lemma 4, o > 0 implies m = 0. Hence the
differential equation in (3) implies

o

) = i

(17)

which together with F'(m) = 0, implies that the unique F' is

F(@:/jvfnwdw:ﬁ&m (W) (18)
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on |0, % (exp (%5) — 1)], where we have used the fact n = 6 — 0 under the conditions

stated. The expected payoff of a player that bids w = 0 is

“ a
EU(0) = /()(—7—9x)v+nmdx

Ov + oy af 0-s
0—5'%w—&2ﬁ_6 %

and hence EU (w) = EU (0) for all w € [0, 55 (exp (£2) —1)]. Since 8 > 0, a player

cannot gain by bidding above the upper bound of the support. m

Lemma 13 Suppose a = 3 < 0 and n # 0. Then there does not exist a symmetric mized-

strategy equilibrium.

Proof. Lemma 3 implies there are no mass points, and hence equation (17) implies that, if

an equilibrium exists, it must have the form

T«
F(z) = / V—i—nwdw

- 75 (=)

where we have used the fact that 7 = # — 0 under the conditions stated. Since F'(u) =1
implies u < oo, the support of F'is bounded. But then F' cannot be part of a Nash equilibrium

since a player can increase his expected payoff by bidding above u, as 5 < 0. =

Lemma 14 Suppose o = 3 = 0 and n # 0. Then there does not exist a symmetric mizved-

strateqy equilibrium.
Proof. Under the conditions stated, differential equation (3) implies
(V +nw) f(w) =0
which contradicts the hypothesis that there is a nondegenerate mixed-strategy. m
Case 3: a—B#0;71=0
Lemma 15 Suppose n =0, a — 5 # 0, and a < 0. Then there does not exist a symmetric

equilibrium.
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Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Under the

conditions stated, differential equation (3) implies
Vf(w)—a+(a—=pB)F(w)=0

and hence the unique solution is

with density

If @ < 0, this is not a valid density and hence an equilibrium does not exist. m

Lemma 16 Suppose n =0, a — 3 # 0, and o > 0. Then if a symmetric equilibrium exists,

m = 0 and the distribution function is of the form in equation (19) with m = 0.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Moreover, the
solution to the differential equation takes on the form in equation (19). Since a > 0, Lemma

4 impliesm =0. m

Lemma 17 Suppose n = 0, a — 3 # 0, a > 0 and B < 0. Then there does not ezist a

symmetric mized-strateqy equilibrium.

Proof. By Lemma 16, under this parameter configuration F'(z) < a/ (o — ) < 1 for all

x > 0. Hence, F' is not a valid distribution function. m

Lemma 18 Suppose n =0, a — 3 # 0, a > 0 and § = 0. Then there exists a unique sym-
metric equilibrium and it is in nondegenerate mized strategies as characterized in Proposition

2.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Using Lemma

16 and setting 8 = 0, yields

F(x) =1—exp (—%x) on [0, 00).
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Since this is an exponential distribution, with mean V/«, the expected payoff to a player

that bids w = 0 against F'is

EU(0) = —7—9/ xdF (x)
0
= _7_0K7
a

and hence, EU (w) = EU (0) for all w € [0, 00). Thus, player cannot profitably deviate. m

Lemma 19 Suppose n =0, a — 5 # 0, a > 0 and > 0. Then there exists a unique sym-
metric equilibrium and it is in nondegenerate mized strategies as characterized in Proposition

2.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. By Lemma
16, the distribution must have the form in equation (19) with m = 0. Since 5 > 0, this is a
well-defined distribution function on [O, a—‘jﬁ In %} regardless of the sign of @ — . A player
that bids w = 0 against F' earns an expected payoff of

vty

IR

L In o
EU(0) = —7—9/0 ’ wvifyeﬁwdw
Ov + o 0 Q@
= + In(=)1|V, 20
0o 5(9—5)2[11(6)1 20

where we have used the fact that n = 0 implies « — 5 = § — 6. Since § > 0, a player cannot

gain by bidding above the upper bound of the support of /. m

Lemma 20 Suppose n =0, a — 5 # 0, and o = 0. Then there does not exist a symmetric

equilibrium.

Proof. Under the conditions stated, differential equation (3) implies

Vf(w) = BF(w) =0.
If 5 < 0, we have a contradiction, so suppose 5 > 0.The unique solution to this differential
equation is
F(w) = exp <éw - Q) :
Since n = 0, Lemma 3 implies there are no mass points. This contradicts the fact that
F(w) > 0 for all w € [0,00). Thus, if @« = 0 and n = 0, there does not exist a non-

degenerate symmetric mixed-strategy equilibrium when 8 >0or < 0. =
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Case4: a—pB=0;7=0

Lemma 21 Suppose n =0 and o = < 0. Then there does not exist a symmetric equilib-

TIUm.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Under the

conditions stated, differential equation (3) implies

Vf(w)—a=0
f(w)= 7.

But since o < 0, this is not a well-defined density, a contradiction. m

Lemma 22 Supposen = 0and o = [ > 0. Then there exists a unique symmetric equilibrium

and it is 1n nondegenerate mixed-strategies as characterized in Proposition 2.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Under the

conditions stated, differential equation (3) implies

or

Furthermore, since o > 0, Lemma 4 implies that m = 0. Hence, the unique solution to the

differential equation is

e’ o V
F(x)—/o de—vx on [O,E}

The expected payoff to a player that bids w = 0 against F' is

EU(0) = —~ — v

and hence, EU (w) = EU (0) for all w € [0, %} . Since 3 > 0, it does not pay to bid above the

upper bound of the support, as doing so increases costs but not the probability of winning.
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Lemma 23 Suppose n = 0, a = f = 0, and 0 = 0 # 0. Then there does not exist a

symmetric equilibrium.

Proof. First, note that since n = 0, there can be no mass point by Lemma 3. Under the

conditions stated, differential equation (3) implies

or f(w) =0 for all w. This is a contradiction. m

Taken together, the above lemmas exhaustively describe all mixed-strategy equilibria
(and nonexistence) as summarized in Proposition 2.

A3. Proof of Proposition 3

Follows directly from refining the partitions of the parameter space derived in Proposi-

tions 1 and 2.

40




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


