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Chapter 1 Human Capital Investments and the Marriage

Market

Abstract: I provide a dynamic equilibrium framework to simultaneously study human
capital investments and the marriage market. A set of variables is endogenously determined:
investments, income, marriage-age, marriage matching, and the division of marriage surplus.
I prove equilibrium existence with Glicksberg and Arzela-Ascoli theorems and show the
wide applicability of the techniques to other papers. I provide a marriage-market-based
explanation to the college gender gap puzzle: more women than men go to college although
women’s tradeoff between career and fertility lowers their incentive for college. I also derive
a set of other new implications including the relationships between marriage-age and income.
Keywords: investment-and-matching models, equilibrium existence, the college gender gap
puzzle, marriage-age patterns

JEL: C78, D10, J12



1.1 Introduction

Although human capital investments (Becker, 1964) and the marriage market (Becker, 1991)
have been extensively studied, they have rarely been studied simultaneously. Yet, an indi-
vidual’s investments and marriage decisions depend on each other as well as other people’s
decisions. To fill this gap, I construct in this paper a dynamic equilibrium framework to
derive a set of new implications about the labor market and the marriage market.

A set of variables is endogenously determined: college and career investment decisions,
distributions of income and marriage-age, and the matching and the division of surplus in
the marriage market. The equilibrium is easily characterized with cutoff strategies and non-
assortative matching. The main technical difficulty is to prove equilibrium existence. I apply
Glicksberg’s fixed-point theorem and the Arzela-Ascoli theorem to tackle this difficulty and
show the wide applicability of the techniques to other papers in the literature. Previous
existence proofs have hinged on such restrictions as the single dimensionality of the marriage
characteristics, discrete support of the marriage characteristics, and supermodularity of the
marriage surplus function. The current approach renders these restrictions unnecessary.

The framework explains in a unified manner a set of observations in the labor market
and the marriage market, with the simultaneous determination of many important variables
and the key assumption of gender difference in reproductive fitness: women are more likely
to become reproductively fit after thirty!. First, I provide a new marriage-market-based
explanation to the college gender gap puzzle, i.e., more women than men go to college al-
though their tradeoff between career and fertility supposedly lowers their incentive for college
(Section 1.5.1). Then, I explain the gender-specific, changing, non-monotonic relationships

between marriage-age and personal income (Sections 1.5.2 and 1.5.3), and the changing rela-

! The assumption is based on the biological fact that the risk of poor birth outcome increases significantly
with mother’s age. For example, according to the U.S. Department of Health and Human Services, about
one-third of couples in which the wife is over thirty-five have encountered fertility problems.



tionships between a woman’s marriage-age and her husband’s income (Section 1.5.4). Finally,
I discover a new marriage-delaying factor: people delay marriage when they are uncertain
about their labor market prospects (Section 1.5.5).

The paper contributes to the theoretical literature as well as several strands of the applied
literature. The theoretical framework adds repeated investments with uncertain returns to
previous papers that only consider agents who live for two periods and make investments
with deterministic returns (Iyigun and Walsh, 2007; Chiappori et al., 2009; Low, 2015; Chiap-
pori et al., 2015b), and, more importantly, introduces new equilibrium existence techniques
applicable to all the previous papers. Whereas a sizable theoretical literature focuses on
the social efficiency of the premarital investments (Cole et al., 2001b,a; Peters and Siow,
2002; Iyigun and Walsh, 2007; Chiappori et al., 2009; Dizdar, 2013; Hatfield et al., 2014;
Noldeke and Samuelson, 2014), this paper provides a unifying theory to address a set of
applied questions. First, this paper offers a new marriage-market-based explanation of the
college gender gap puzzle (Goldin et al., 2006; Mulligan and Rubinstein, 2008; Becker et
al., 2010b,a; ?) and calls for more attention to investigate the marriage market returns to
college (Chiappori et al., 2009, 2015a; Bruze, 2015). Second, the paper fully explains the
gender-specific changing relationships between marriage-age and personal income, unifying
and extending the previous literature (Becker, 1973; Keeley, 1974, 1977, 1979; Bergstrom
and Bagnoli, 1993; Bergstrom and Schoeni, 1996). Finally, the paper stresses the biological
gender difference in reproductive fitness and examines the changing marriage prospects of
highly educated women, an issue of increasing importance as more women progress in the
labor market but delay marriage and childbearing (Siow, 1998; Low, 2015; Bertrand et al.,
2010; Chiappori et al., 2012; Diaz-Gimémenez and Giolito, 2013; Goldin, 2014).

The rest of the paper is organized as follows. Section 1.2 sets up the general theoreti-
cal framework. Section 1.3 characterizes the equilibrium and proves equilibrium existence.

Section 1.4 presents a simplified version of the framework and proves equilibrium unique-



ness. Section 1.5 derives implications of the model about the labor market and the marriage
market. Section 1.6 concludes. Appendix 1.7 presents proofs of lemmas, theorems and

propositions. Appendix 1.8 describes data and includes additional figures.

1.2 The General Theoretical Framework

My analysis is based on the following framework. Each period, a new generation of men
and women reach adulthood. They have heterogenous income-earning abilities and decide
whether or not to go to college. A college investment improves a person’s income with
uncertainty. Depending on the income prospects of the job after college, a college graduate
can make what I call a career investment to change the income prospects. Examples of a
career investment include choosing a different career, searching for a new job, or additional
schooling. People marry when they finish investments. Each period, overlapping generations
of men and women participate in a frictionless transferable-utilities marriage market, and
match and bargain over the division of their marriage surplus until no one can benefit from
choosing a different partner; the marriage market reaches a stable outcome. A couple’s
marriage surplus depends on the husband’s income, the wife’s income, and her reproductive
fitness. Whereas men stay reproductively fit, women may become less reproductively fit in
their thirties. The reproductive fitness is the only gender difference in our analysis.

Let me formally introduce the theoretical framework. There are an infinite number of
discrete periods. At the beginning of each period, unit masses of men and women reach
adulthood and become eligible for the labor market and the marriage market. They are
endowed with heterogeneous income-earning abilities indexed by 6,, and 6,. The abilities
are distributed according to continuous and strictly increasing distributions F;, and F,, on
[0,1]. Agents each live for three periods, which can be thought as ages 20-25, 25-30, and

30-35. They are risk-neutral and discount each period by . The agents derive utilities from



the labor market income Y and the marriage market payoff V', and dis-utilities from any

costs C' paid for human capital investments.

1.2.1 College and Career Investments

Each age 1 agent chooses whether or not to make a college investment. An agent who does
not go to college enters the labor market and the marriage market, and realizes an income
Y; drawn from distribution P;;, ¢ = m,w. The income distributions can have continuous or
discrete supports. An agent who goes to college pays a cost Cj;, and delays entering the
labor market and the marriage market. Assume for now that it is infeasible to invest and to
enter the labor market and the marriage market in the same period.?

Each age 2 6;-ability college graduate receives an income Y; offer drawn from distribution
Py5(+|0;). Assume that higher-ability agents receive better income offers; for i = m,w,
Pi5(+16;) strictly first-order stochastically dominates Pj(-]0;) if 6; > 6.. The agent decides
whether or not to accept the income offer. An agent who accepts the income offer earns
lifetime income Y; and enters the marriage market. An agent who rejects the income offer
makes a career investment costing Co, and skips the labor market and the marriage market in
the current period. The career investment can be working hard at the current job, spending
more effort searching for a better job offer, receiving more training, or additional schooling.

An age 3 6;-ability agent who has made the career investment receives an income offer Y’
drawn from distribution Pj3(-|f;). Assume that higher ability agents receive better income
offers from career investments; for i = m, w, Pj3(+|0;) strictly first-order stochastically domi-
nates Pj(-|0}) if 6; > 6.. An agent at this point has no choice but to enter the labor market
and the marriage market, and earns a lifetime income Y;.

Let 0;1(0;) represent the probability a 6;-ability agent makes a college investment and

2Section 1.5.5 relaxes this assumption and shows that investing and entering the marriage market in the
same period is dominated by investing and delaying marriage for a sufficiently patient agent.



0i2(0;,Yi9) the probability a 6;-ability agent makes a career investment after receiving an
income Yjy offer. Let 0, = (071(+), 0ma(+,+)) and oy, = (0w1(+), Buw1 (-, +)) respectively denote

men’s and women’s stationary and ability-symmetric strategies.

1.2.2 The Marriage Market

Whereas men of all ages and women who enter the marriage market at age 1 and age 2 stay
reproductively fit (R = Ry ), women who enter the marriage market at age 3 may have lower
reproductive fitness (R < Ry ), distributed according to distribution ®. The marriage surplus
S(Yy, Yy, R) a couple generates depends on the husband’s income Y,,,, the wife’s income Y,
and her reproductive fitness R. Assume that S is non-negative, twice differentiable, and
strictly increasing in every argument, and that the singles’” marriage surplus is zero.

Because agents make different investment decisions and enter the marriage market at
different ages, there are overlapping generations of men and women in the marriage market in
each period. The stationary and symmetric strategies o, and o,, induce stationary measures
tm o0 [Yoor, Yiog] and py, on [Yar, Yunr| X [Rr, Ry| which together describe the marriage
market.

Men’s income measure fi,, is induced as follows. The men who earn less than income Y,
include those who do not go to college and marry at age 1 with an income less than Y,,,
those who accept an offer of income less than Y,, and marry at age 2, and those who reject

an offer after college and receive an income less than Y,, at age 3,

,um([YmL,Ym]) = {/(1 - 0m1(9m>)dFm(0m) Pml(Ym) +
//Ym [1 - 0m2(0m7 Ym?)] deQ(Ym2|9m)dFm(9m) +

//Um2(9ma Ym2)Pm3(Ym|9m)dpm2(ym2|9m)dFm(0m)

Women’s marriage characteristics measure fi,, is similarly characterized. The women who



earn less than income Y,, and stay reproductively fit include those who do not go to college
and marry at age 1 with income less than Y,,,, those who go to college and accept an income
offer less than Y, at age 2, and those who make the career investment stay reproductively

fit and receive an income less than Y, in the third period,

(YL, Y] X Ry) = {/(1 — 01 (00))dFy(0) | Pu1(Ye) +
//Yw [1 — O'wQ(Qw,YwQ)] dPWQ(YUJ?lew)de(Hw) n

/ / 02(Burs Vo) Py (Vi |0 AP (Vi B A (B, b R

where ¢(Rp) is the probability measure of being highly reproductive. All of R < Ry women

have entered the marriage market at age 3,

too([Vior, Vil x [Ri, B]) = / / (O, Vo) Pas (Vi |00 ) APrs (Vo Bus A (60 B (R).

In a marriage market described by (ftm, ftw), men and women match and bargain over
their marriage surplus. A stable outcome of the marriage market (fi,, tt,) consists of a
matching described by a measure p on [Y,,r, Yiug] X [Yur, Yer| X [Rr, Ry] with marginals
tm and pi,, and marriage payoff functions Vi, = [Yor, Y] = R and Vi, : [Yr, Yuu| X [RL,
Ryl — R. pu(Vm X Vw X R) denotes the mass of matches between men with characteristics
Y, € Y, and women with characteristics (Y, R) € ), x R. Stable marriage payoff functions
V., and V,, satisfy the following stability conditions. First, every agent receives weakly more
than being single: V,,,(Y,,) > 0 for all Y,,, and V,,(Y,,, R) > 0 for all (Y,,, R). Second, every
matched couple divides the entire surplus: V,,(Y;,) + Voo (Y, R) = S(Yin, Yo, R) for all (Y,
Y, R) € supp(u). Third, no unmatched couple can feasibly prefer to match with each other:
Vin(Yi) + Vi (Y, R) > S(Yi, Y, R) for all Y, € supp(uy,) and (Y, R) € supp(ph). In
words, in a stable outcome, no one is willing to leave his or her partner and form a new

matching with someone else, because the current marriage payoff cannot be improved upon.



For any marriage market (fim, itw), & stable outcome (u, V,,,V,,) exists (Gretsky et al.,
1992). For any stable matching pu, let X,,(Yy, R) = {Yin|(Ym, Y, R) € supp(u)} denote
the set of men with which a (Y,,, R) woman is matched, and X, (V) = {(Yw, R)|(Yin, Yu,
R) € supp(p)} the set of women with which a Y;, man is matched. The stability conditions

imply that for any Y,,,
Vin(Yi) = S(Yi, Y, R) — Vi (Y, R) V(Yy, R) € X (Yin)

and

Vin(Yi) > S(Y, Y, R) — Vi (Y, R) V(Yy, R) € supp(pia)-

The two conditions together imply

Vin(Yi) = max [S(Yin, Y, R) — Vi (Yo, R)].

(Yw,R)€supp(pw)

In words, the partner with which any agent is matched gives the agent the highest payoff

possible. The similar condition holds for women,

Vo(Yy,R) = max [S(Y,,Y,, R)— V(Y.

Yo €supp(pm)

The stability conditions above do not restrict V,,(Y;,) or V,(Y,, R) for out-of-support
marriage characteristics. We make the assumption that agents have rational expectations,
and know the stable marriage payoffs and partners if they enter the marriage market with

out-of-support marriage characteristics. Define for Y,, & supp(m),

Vin (Vi) = max [S(Yin, Y, R) — Vi (Y, R)],

(Yw,R)€supp(pw)

Xo(Y) =  argmax  [S(Yi, Y, R) — Vu(Yy, R)],

(Yw,R)€supp(pw)



and for (Y, R) & supp(fiw),

VoY, R) =  max  [S(Y, Y, R) — Vi (Yi)],

Ym€supp(tm)

XYy, R) = argmax [S(Yi, Y, R) — Vi (Vi)

Y €supp(pim )

1.3 Equilibrium

An equilibrium consists of men’s and women’s investment strategies o, and o}, distributions
of marriage characteristics p;, and ), a matching p*, and marriage payoff functions V*
and V. In equilibrium, agents choose the investments that maximize their utilities, the
utility-maximizing investments induce distributions of income and reproductive fitness in
the marriage market, and the matching and the marriage payoff functions on which the

agents base their decisions form a stable outcome of the induced marriage market.

Definition 1. (o}, 0%, i, p, 1, Vi V) is an equilibrium if

1. Investment strategy o, (0) = (0.1 (0m), 0590, -)) maximizes each 6, —ability man’s

expected utility when men’s marriage payoff function is V¥, and the investment strategy
0l (0w) = (08,(0m), 0% 5(0m, -)) maximizes each 6,—ability woman’s expected utility

w

when women’s marriage payoff function is V),

2. Men’s investment strategy o7, induces men’s marriage characteristics measure p; , and
, o . , : __ .
women'’s investment strategy o induces women’s marriage characteristics measure

and

3. (u*, Vx V) is a stable outcome of the marriage market (p,, pl).

I characterize equilibrium components in the following order: investments (Section 1.3.1),
distributions of marriage characteristics (Section 1.3.2), matching (Section 1.3.3), and mar-

riage payoff functions (Section 1.3.4). Finally, I prove equilibrium existence (Section 1.3.5).
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1.3.1 College and Career Investments

Suppose that agents make their investment decisions with respect to stable marriage payoff
functions V,,, and V,,. The marriage payoff functions are continuous and strictly increasing
in marriage characteristics, in particular in incomes and reproductive fitness (Gretsky et al.,
1992). Because the marriage payoff functions are increasing in incomes and a higher-ability
agent receives better income offers than a lower-ability agent making the same investment
in the first-order stochastic sense, a higher-ability agent receives a higher expected marriage
payoff from an investment than a lower-ability agent who makes the same investment. There-
fore, an agent makes a college investment if and only if his or her ability is sufficiently high,
and makes a career investment if and only if the income sufficiently low. Simple ability cut-
offs #,,1 and 6,,; characterize optimal college investment strategies and reservation incomes
Yn2(0) and Yyo(6,,) characterize optimal career investment strategies: for all §; and Y,
1 =m,w,

051 (0;) = , 0(0:, Yig) =

1.3.1.1 Men’s Investments

*

o) can

By the Principle of Optimality, men’s optimal investment strategy o} = (0},,0
be solved by backward induction. We first solve men’s optimal career investment strategy
o o. Suppose that an age 2 6,,-ability man who has made the college investment receives

an income offer Y,,5. If he accepts the offer, his utility is

Ym2 + Vm<Ym2) .
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If he rejects the offer and makes a career investment, his utility is
—Crnz + OB [Yn3 + Vi (Vo) |01].
Therefore, he makes a career investment if and only if
—Ch2 + 0B [ Y3 + Vi (Yia)|0m] = Yz + Vi (Yino)-

With rearrangement,

0 [E(Vrualfn) — Yool + 6 E(Vin (V) 0rn) — Vin (V)] = (1= 6) Voo + Vio V)] + Ol

labor market gain marriage market gain cost of delay investment cost
where the left-hand side represents the benefits of the labor market gain and the marriage
market gain, and the right-hand side represents the cost of delay and the cost of investment.
There is a reservation income Y;,2(6,,) for each 6, such that an ability 6,, agent only accepts

an income offer exceeding Y;,2(0,). Y2 (0,,) satisfies
—Cma + 5]E[Ym3 + Vm(Ym3)|6m] = YmQ(em) + Vm(YmQ(em))

Yin2(0m) € (—00,Y,pm] is unique and is increasing in 6, since dE[Y,,3 + Vi, (Yin3)|0m] and
Vn(+) are continuous and increasing in 6,,.
We can solve for the optimal college investment strategy given the optimal career invest-

ment strategy. A 6,,-ability man who does not go to college gets expected utility
E Y1 + Vi (Yin)] -
If he goes to college, his expected utility is
~Co + 0 [max{ Yina + Vin(Vin2), ~Cona + E[Yons + Vi (Vo) 0] } 6]

The expected utility of the college investment increases with 6,,, because P,,» and P,,3 are
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first-order stochastically ranked by 6,,,. Therefore, an agent goes to college only if he is above

ability #,,1, the smallest solution to

—Cm1 + 5E[maX{Ym2 + vm(Ym2)7

—LYm2 + 5E[Ym3 + Vm(Ym3>|0m1]|0m1}] Z E [le + Vm(Ym1>] .

Since the expected utility of going to college strictly increases with ability, the cutoff 6,,; is
unique. Without any restrictions on the parameters, it is possible that every man invests or

no man invests (6,,1 = 0 or 6,,; = 1).

1.3.1.2 Women’s Investments

Women’s optimal investment strategy can also be solved by backward induction. Suppose
that a 6,-ability woman receives an income offer of Y. If she accepts the offer, her utility
1S

Yo + Vie(Yao, R ).

If she rejects the offer and makes a career investment, her utility is
—Cug + 6By, 5 r[Yus + Vi (Yus, R)[0].

She makes a career investment if and only if

OE(Yu3|0) — Yo] + S[E(Viy(Yuz, Rir)|0w) — Viy(Yuz, Rir))

labor m;;ket gain marriage market gain
Z \(1 _5)[Yw2+vw(YwQaRH)l+ Cw2 +§E[Vw<yw3aRH) _Vw(Yw37R)|0w]/-
cost o‘f,delay investment cost fitness cost

Women face a fitness cost in addition to the same benefits and costs men face. A woman
expects to gain in the income dimension of the marriage payoff with a career investment but

expects to lose in the fitness dimension. A 6,-ability woman’s optimal career investment
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strategy is characterized by a reservation income Yy2(6,,), which is the unique solution to
YwQ(Qw) + Vw(Yw2<0w)a RH) = —Lw2 + 5EYM3,R[Yw3 + Vw(Yw37 R)lew]

Given the optimal career investment, we can then solve the optimal college investment.

A 6,-ability woman who does not go to college gets
E[Yy1 + Vi (Yor, Rir)].
A 6,-ability woman who goes to college gets
—Cy1 + E[max{ Yo + Vio(Yue, Rir), —Cu2 + E[Yas + Vi (Yus, R)|0w] }0w]-

All women above cutoff ability 6,; go to college, where 6, € [0, 1] is the smallest solution

to

—Cy1 + 5]E[max{Yw2 + VU)(YwZ; RH>7

—Lw?2 + 5E[Yw3 + Vw(YwZ’); R)|Qw1]}|ew1] 2 E[le + Vw(ow RH)]

1.3.2 Distributions of Marriage Characteristics

Equal unit masses of men and women are in the marriage market. Men above ability 6,,;
go to college, and among them, those who receive an income offer above Y,,2(6,,) accept the
offer and enter the marriage market at age 2, and those who receive an income offer below
Y;n2(0,,) make the career investment and enter the marriage market at age 3. The measure

of men’s marriage characteristics induced by the optimal strategy is

pim (Yo, Yo) = 1) B (Yin) +

Po(min{Y,,,, You2(0,) HOm ) dF (6,) +

Yin2(0)|0m) | Pon (Yo | O ) A Eoy (1) -

\3\@
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The measure of women’s characteristics is similarly derived.

Mw([YwLan] X RH) = )P (Y )Jf_

Po(min{Yy,, Yi2(0,) Hbw)dFy(60,) +

Y2 (0)10uw)] Puss (Yo | 0u) A Foy (0 ) (B ).

\\ﬁ;

For R < Ry,

p([Yor, Y] X [RL,R])Z/ [1 = Pua(Yuz(0)[0w)] Pus (Y| 0w ) dFw (00) D (R).

9w1

1.3.3 Marriage Matching

By Gretsky et al. (1992), stable matching p exists and solves the primal linear program

PP (tin, i)

m@x/Sdﬁ s.t. p has marginals p,, and .
m
That is, stable matching maximizes the total surplus of the marriage market (g, ft,). To
further characterize the stable matching pattern, we need to impose additional restrictions

on the marriage surplus function.

Lemma 1. Suppose that the marriage surplus function is strictly supermodular (submodular)

in incomes, that is, for all'Y,, > Yy, and Y, >Y,, S(Y,, Y. R)+ S(Ym, Yu, R) > (<)S(Y,,,

Y, R) + SV, Y., R). Men and women of a fized fitness level are positive-assortatively
(negative-assortatively) matched: for almost all (Y., Y., R) and (Y, Yw, R) in the support

m? w?

of w, Y > Y, if and only if Y > (<)Y,

Let me characterize the stable matching with continuous incomes and two fitness levels Ry,

and Ry and the surplus function strictly supermodular in Y,, and Y,, and in Y,, and R.3

3See Chiappori et al. (2012) and Low (2015) for similar matching models with a continuous income
characteristic and a second binary characteristic.
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The key complication compared to the basic one-dimensional setting of Becker (1973) is
that agents of identical characteristics may be matched with partners of different marriage
characteristics. In this particular setting, a man may be indifferent between a high-income
less-fit woman and a low-income fit woman. Top-income men are matched to top-income fit
women, and bottom-income men are matched to bottom-income fit women. The complica-
tion is that some middle-income men may be matched to a lower-income fit woman with or
a higher-income less-fit woman. The matching can be divided into two scenarios depending
on whether or not there exists a positive mass of the middle-income men. The importance
of fitness plays a key role in the distinction of the two cases. When fitness is an important
consideration in marriage, less-fit women cannot compensate their lower fitness with higher
income to marry a top-income man. In this case, higher-income men marry fit women and
lower-income men marry less-fit women. When the fitness is less important so that a woman
can compensate her fitness loss with income gain to attract a top-income man, a positive
mass of middle-income men is matched to either a high-income less-fit woman or a low-
income fit woman. Figure 1.1 illustrates the two cases of equilibrium matching. The exact
condition that formalizes the importance of the fitness and the stable matching patterns are

delineated in the following lemma.

Lemma 2. Suppose that S(Y,,, Y, R) is twice differentiable, and strictly supermodular in Yy,
and Yy, and in'Y,, and R, and that the marriage market is described by marriage characteris-
tics measures fi, with support on Yo, Ymu| and p, with support on [Yyr, Y] X { R, Ry}
Define income distributions G (Yi) = tim([Yir, Yml), Guwr(Yew) = tw([Yur, Yu] X Rr) and
Gun(Yy) = pu([Yor,Yu] X Ry), and cutoff income Y} = G NGy (Yun)). Consider the

following condition

S(Yniv G;}{(Gm(ym) - GwL(YwH))7 RH) + S(Y:u YwH7 RL)

> SOV G (Gon(Yo) — Gur(Yur)), Ry) + S(Yom, Yur, Rr) VY, > Y (11)
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Xm(YwaRH) YmH" Xm<Yw7 RH)
top

Y;L_ m(Ywa RL)

Xm(Yw,Ry)  middle

bottom Y,
bottom
YmL : YmL :
YwL YwH YwL YwH
(1) pure matching (2) mixed matching

Figure 1.1: Two stable matching patterns. The left panel illustrates the pure matching that
arises when fitness is important. The right panel illustrates the mixed matching that arises
when fitness is less important.

1. (Pure Matching) If and only if Condition 1.1 holds, almost all income Y, > Y men

marry Ry women and almost all income Y, <Y,* men marry R women.

2. (Mized Matching) If and only if Condition 1.1 does not hold, there exist Y, and Y,’
such that almost all income Y, > Y.t men marry Ry women, almost all income
Y, <Y men marry Ry women, and almost all income Y, € [Y,,,Y.*] men marry

either a Ry, or Ry woman with positive probability.

Condition 1.1 is the “twisted-buyer” condition (Chiappori et al., 2010) specialized to the
setting with binary fitness. The general stable matching pattern is more complicated to
characterize and depends on more assumptions about the distributions of marriage charac-

teristics as well as the marriage surplus function.

1.3.4 Marriage Payoffs

By Gretsky et al. (1992), stable marriage payoff functions V,, and V,, exist and solve the

dual linear problem DP (g, i)

min /deum—i—/ffwduw
Vin,Vw
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st Viu(Yin) =0,V (Y, R) = 0, Vi (Yin) + Vi (Ya, R) = S(Yom, Yo, R)V(Yyn, Yo, R).

Furthermore, if the marriage surplus function is twice differentiable and strictly increasing,
then stable marriage payoff functions are twice differentiable and strictly increasing. A

person is matched to the partner who gives him or her the highest possible marriage payoft,

VoY, R) =  max  [S(Yi, Y, R) — V(Yo

Yo €supp(pm )

By the Envelope Theorem, for any (Y, R) and Y,, € X,,(Yy, R),

OV (Y, R)

oy, = S5(Yon, Y, R).

By integration, women’s stable marriage payoff function satisfies
Yo o o o _
VY, R) = Vo(Yur, R) = So (Y, Yo, R)AYy Y € Xin(Yu, R).

Yur

Similarly, men’s stable marriage payoff function satisfies*
Yim

Via(Yon) = Vin(Yinr) = / $,(Yyn, Yo, R) dRAY,, (Y, R) € Xo(Yyn).

Y'mL

1.3.5 Equilibrium Existence

Theorem 1. An equilibrium (o), 0k, k., i, @', Vi VYY) exists.

In order to establish equilibrium existence, first fix a pair of marriage payoff functions (V,,,
V). We have characterized the optimal investment strategy (o,,,0.,) = I'v(Vin, Vi) with
respect to (Vp,, Vi) in Section 1.3.1, the pair of marriage characteristics measures (fim, ftw) =
I'(Ts(Vin, Vi)) induced by the optimal strategy I';(Vi,,V,,) in Section 1.3.2, and the set

of stable marriage payoff functions I'v (I',,(I'y (V5 Viy))) of the marriage market I'),(I's (V.

4In order for the above equations to be well-defined, we must have S1(Y;,, Yy, R) to be equal for all (Y,
R) € X,,(Y;,) for any given Y,,,. This is warranted because for (Y, R), (Y., R') € X (Yim), Vin (Vi) = S(Vin,
Yu,R) = Voo (Yo, R) = S(Yin, Yo, R') — Vi, (Y., R'). Using the Envelope Theorem, V. (V) = S1(Ym, Yu,
R) = Sl(Ym7)/1:n R).
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Vw)) in Section 1.3.4. (V,,, Vi), I'o(Vin, Vi), and I',(I'5(Vin, Viy)) compose an equilibrium if
(Vi Vi) € Ty (L(T6(Vin, Viw))). Therefore, an equilibrium exists if the composite mapping
I'vol',ol'y : (Viy, Viy) = (Vin, Vi) has a fixed point. We can apply Glicksberg (1952) fixed-
point theorem to show equilibrium. By Glicksberg, it suffices to show that the set of stable
marriage payoff functions is nonempty, convex, and compact, the correspondence I'y-oI',oI',
is upper-hemicontinuous, and I'y o I', o I';(V},,, V,,) is nonempty, convex, and compact for
each (Vi,,, Vip).

The primary difficulty is to show the compactness of the set of stable marriage payoff
functions. The stability conditions and the Arzela-Ascoli theorem imply compactness. By
the Arzela-Ascoli theorem, the set of stable marriage payoff functions is compact if and only
if a sequence of stable marriage payoff functions is uniformly bounded and equicontinuous.
Uniform boundedness follows directly from the boundedness of the surplus function. The
equicontinuity relies on the stability condition. Take any stable marriage payoff functions
Vi and V,,. Take a Y, man who is matched to a (Y,,, R) woman. The stable marriage payoff
functions satisty V,,,(Yin) = S(Yin, Y, R) — Vi (Y, R). Any Y, <Y, man’s marriage payoff
Vin (V) = maxys ryesupp(un) 1S (Yo Y B') = Vi (Y, R')]. The difference V,,(Y,,) — Vin(Y),)
is

(S(Yn, Y, R) — Vo (Y, R)] — max [S(Y,, Y. R)—V,(Y,, R

mo L w?
(Y, R")€supp(piw)

which is smaller than
[S(Yin, Y, R) — Vi (Y, R)] — [S(Y,;,Yw, R)—V,(Yy, R)] = SV, Yy, R) — S(Y,:Z,Yw, R).

Since the difference V,,,(Y;,,) — Vi (Y.)) only depends on the surplus function S, it is equicon-
tinuous.
The proof techniques can be adapted to any investments-and-matching model that uses

the Becker-Shapley-Shubik matching model. Equilibrium can be shown to exist with these
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techniques in the models of Low (2015) and Chiappori et al. (2015b) that lack an equilibrium
existence proof. Furthermore, note that the current proof only relies on the stability condi-
tions of the marriage market, and does not rely on restrictions previous papers have hinged
on, such as the dimensionality of the marriage characteristics, discreteness or continuity of
the marriage characteristics support and supermodularity of the marriage surplus function.

Let me show two examples in which the existence proofs can be simplified by the current
proof techniques. In Iyigun and Walsh (2007), men and women are endowed with asset.
They can choose to divide up the endowment into current consumption and investment that
enriches future consumption. Men and women are characterized by their investments in the
marriage market and then match and bargain over the surplus exactly as in this setting.
Equilibrium was shown to exist under an unnatural condition that cannot be easily verified.
With our proof techniques, we can show that an equilibrium always exists. Construct the
composite mapping from stable marriage payoff functions to the investment strategies to
the distribution of marriage characteristics back to the space of marriage functions. We can
apply Glicksberg’s fixed-point theorem on the mapping to show existence, and the Arzela-
Ascoli theorem to take care of the compactness. In Chiappori et al. (2009), men and women
born with heterogenous costs of education decide whether or not to go to college. Going to
college delays entering the marriage market but makes a person an educated type. Agents are
matched based on their education types and match-specific shocks. The authors explicitly
characterize a quadruple of stable marriage payoffs of an educated /uneducated man/woman
and the induced distributions of education and show equilibrium existence under different
parameters. Instead, we can apply Glicksberg’s fixed-point theorem as done here without

the explicit characterization.
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1.4 A Simple Model

I present a simplified version of the general framework in this section. Assume no discounting:
0 = 1. Let P;; be degenerate: any agent without a college investment gets a low income
Yir. Let Py(:10;) = Pi3(-|0;) with supports on Y;;, and Y;y: after either investment, an agent
gets a high-income offer with probability #; and a low-income offer with probability 1 — 6.
Equate investment costs too: C; = C;; = Cj». Since an age 2 agent always accepts the high-
income offer, agents’ two decisions can be simply characterized by o;;(6;) the probability
of making a college investment and o;5(6;) the probability of a career investment at age 2
conditional on receiving a low-income offer. Assume that it is a strictly dominant strategy
for the highest ability agents to invest.” The women who enter the marriage market in the
first period or the second period stay fit, but the women who enter the marriage market in
the third period stay fit with probability ¢z and become less fit (R < Ry) with probability
¢ = 1—¢py. Stationary and symmetric strategies o, and o, induce stationary measures i,
on {Ynr, Ymu} and py, on {Yyr, Yun} X {Rr, Rg}. Furthermore, assume that the surplus
function is strictly supermodular in Y,, and Y,, and in Y,, and R.

Let us characterize the equilibrium. The optimal investments can be characterized by

simple ability cutoffs. A 0,,-ability man makes a career investment if and only if

Oul¥outt = Vit 0 Via (Vi) = Vi (Vui)] = O

Vv Vv
labor market gain marriage market gain investment cost

A man makes a career investment if his ability exceeds

Cm
YmH - YmL + Vm(YmH) - Vm(Ym )

0m2 —

>The conditions that guarantee the strict dominance are C,, < Yz — Yimr +S Yo, Yor, Rr) — S(Yonr,
YwLa RL) and Cw + ¢L [S(YmL7 YwL7 RH) - S(YmLa YwHa RL)} < Yu;H - YwL +¢H[S(YmL7 YwHy RH) - S(Yva
YL, Ru)l.
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A 6,,-ability man makes a college investment if and only if

\gm [YmH - Yle + \em[vm (Ym ) - Vm(YmL)l - Cm
labor market gain marriage market gain investment cost

+ (1 - em)19m29m2 [Hm(YmH - YmL + vm(YmH> - Vm(Ym )) - le Z 0.

(.

net gain from a career investment

A 0,,-ability man makes a college investment if and only if

Therefore, a man makes a college investment if his ability exceeds

Cm
YmH - YmL + Vm(YmH) - Vm(YmL)’

eml =

the same as the career investment cutoff 6,,,. Let 0 = 0,1 = 0,,2. In summary, ability
0, < 07, men do not make any investment, and ability 6,, > 6, men make the college
investment and make the career investment if they receive a low-income offer after the college
investment.

Women’s optimal investments can be similarly characterized. An ability 6,, woman makes

a career investment if and only if

Qw [YwH - YwL] + Qw [Vw(YwHa RH) - Vw(YwL7 RH)] - Cw
N ~~ > ) v
labor market gain marriage market gain investment cost
= o100V (Yur, Rir) = Vi (Yo, Br)) + (1= 0u) (Vo (Yur, Br) = Vi (Yur, Br))] = 0.

fitness cost

When a woman makes a career investment, she pays not only an investment cost but also
a fitness cost. With probability ¢, she has lower fitness thus lower gain in the marriage

market. A woman makes a career investment if and only if her ability exceeds

C’w + ¢L(Vw(YwL7 RH) - Vw(YwLa RL))

0o = )
2" You — Yur + 05V Yuu, Ri) + 01V Yo, Rr) — 0uVeYur, Ri) — 01V (Yur, RL)
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3H
1L 1L
2H 2H
0 No college 0, College 1 0, 0 0r, 0, 1 O
No career Career no college college college

1o career 1no career career

Figure 1.2: Men’s and women’s equilibrium strategy, marriage-age, and income.

A 6,-ability woman’s college investment yields an expected utility gain of

_Cw + ew[YwH - YwL] + ew[Vw(Yva RH) - Vw<YwL7 RH)] + (1 - ew)lewzew X

{=Cyw + 0uYur — Yur + Vio(You, Ru) — Vi(Yur, Ry)] — fitness cost}.

The marginal gain from a career investment is strictly smaller than the marginal gain from a
college investment. Therefore, a woman makes a college investment if and only if her ability

exceeds
Cuw
YwH - YwL + Vw(YwH7 RH) - Vw(YwLa RH) '

ewl =

Unlike men’s equal thresholds, women’s ability thresholds for the two investments are differ-
ent. In summary, ability 6,, < #,; women never invest, ability 0,1 < 6, < 0,0 women make
the college investment but never make the career investment, and ability 6,, > 6,2 women
make the college investment as well as the career investment.

The marriage market (g, () induced by these optimal investments is summarized by
six numbers: i, (Yir), i (Ymm), tw(Ywr, BRL), thw(Ywm, BL), thw(Ywr, Ru), thw(Ywm, Ra)-
Low-income men in the marriage market consist of those who do not go to college and those

who receive a low-income offer at age 3 after two unsuccessful investments,

1

i (Yonr) = Fin65) + / (1= 0,)2dF(6,).

*
m
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High-income men consist of those who go to college and receive a high-income offer at age 2
and those who reject a low-income offer after college and receive a high income-offer at age
3,
1
(Vo) = [ 1= (1= 0,)1F 00

0,
Fit low-income women include those who do not go to college, those who accept a low-income
offer at age 2 after college and those who receive a low-income offer at age 3 after a career
investment and stay fit,
Ow2 1
trw(Yor, Ri) = Fu(0u1) + /ewl (1= 0,)dE,(0y) + ¢ /6w2(1 — 0,)°dF(0,).
Fit high-income women include those who receive a high-income offer at age 2, and a high-
income offer at age 3 after a career investment and stay fit,
1 1
(Yot Rir) = /9 BudFulb) + 0 /9 (1= )
Less-fit high-income women are those who receive a high-income offer at age 3 after a career
investment and become less-fit,
1
o Yoorr, Rp) = (bL/e 2[1 — (1 = 0,)%dF,(0,).
Less-fit low-income women are those who receive a low-income offer at age 3 after a career
investment and become less-fit,
1
pr(Yoor, Rr) = ¢L/0 2(1 — 0,)°dF,(0,).

Now let me describe the stable matching. Since the surplus function is strictly super-

modular in Y;, and Y, and in Y,, and R, by Lemma 1, almost all (Y,,5, Ry) women marry

higher-income husbands than any other women, and (Y, Rz) women marry lower-income

husbands than any other women. However, whether (Y, 5, Rr) or (Y., Ry) women marry

23



higher-income husbands depends on whether the following condition holds:
SYomw, Yo, Re) + S(Yir, You, Re) > S(Yw, Yor, Re) + S(Yir, Yur, Ra), (1.2)

This is parallel to Condition 1.1 in the continuous case. Figure 1.3 illustrates the two possible
scenarios. The left panel illustrates the case when (Y, Ry) women marry higher-income
husbands than (Y, n, R;) women, and the right panel illustrates the case when (Y,u, Rr)
women marry higher-income husbands than (Y5, Rr). Say X,,,(Y, R) > X,,(Y’, R) if almost

all (Y, R) women marry higher-income husbands than (Y’, R') women.

(Yor, Ru) (Yom, Ru)

(YwL7 RH) (YwHa RL)
(Yom, Rr) (Yor, Ru)

(YwL7 RL) (YwL7 RL)

Xon(Yor, Ry) > Xi(Yuu, Rr) Xon(Yor, Ry) < Xpn(Yuw, Rr)

Figure 1.3: Stable matchings when the marriage characteristics take binary values.

Finally, the stability conditions pin down the marriage payoffs. For example, in the left

panel of Figure 1.3, these conditions pin down the marriage payoff functions up to a constant,
Vm(YmH) - vm(Ym ) = S(YmH7 YwHa RL) - S(YmL7 Yva RL)7

Vw(YwHaRH) - Vw(YwLa RH) = S(YmH7YwH7RH) - S(YmHawaa RH),
Vw(YvaRH) - Vw<YwH7 RL) - S(YmH7YMH7RH) - S<YmH7YwH7 RL):
Vw(YwHa RL) - Vw(len RL) - S<YmL7 YwH7 RL) - S(YmL7 YwLa RL)

Since agents base their investment decisions on marriage payoff difference between the high-
income and the low-income, despite of indeterminacy in marriage payoffs, investments are

unique.
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Theorem 2. An equilibrium (o, of, pk e, w*, V.5 V) exists uniquely, with the equilibrium

marriage payoffs unique up to a constant.

The proof explicitly shows that the equilibrium is unique under different parameters of the
model. The proof idea is that an increase in equilibrium g, (Y,,z) is accompanied by a
decrease in equilibrium marriage payoffs difference V,,(Yng) — Vin(Yr). The difference

between stable marriage payoffs V,,(Yn) — Vin(Yiur) equals

NS (Voit, Yoo Be) =S (Vons, Vi, Re) 4+ (1= NS Vott, Yaorts Rit) = S(Yons, Yorr, Rir)] = A()

b~<

for some A € [0,1]. When A = 0, the stable marriage payoffs difference V,,,(Yonr) — Vi (Yiur) =
S(Yom, Yur, Ra) —S(Yir, You, Ry), which is only satisfied when i, (Yig) < piw (Yow, Ru);
when A = 1, V,,(Yow) — Viu(Yur) = S(Youw, Yor, Rr) — S(Yor, Yur, Rr), which is only
satisfied when pi,,(Ying) > thw(Yor, Ry) + tw(Ywr, Ry) + pw(Ywrn, Rr). When g, (Yym,
Rp) < pin (Yinr) < prow (Yo, Rir) +pw(Yor, Ra) + pw(Yor, Re), Vin(Yomm) = Vin(Yir) = A(A)
for some A € (0,1), depending on the distributions of marriage characteristics. Each A
corresponds to the marriage market in which V,,,(Ym) — Vin (Yinz) = A(X); there are fourteen
possible marriage markets as enumerated in the proof.

Start with some A. The stable marriage payoffs corresponding to A induce optimal
investments, and the optimal investments induce marriage characteristics distributions (u,,,
wh,). The stable marriage payoffs difference V) (Yiug) — V!, (Yir) in the marriage market
(., 1) equals A(n) for some n € [0,1]. n corresponds to the marriage market (u,,, ).
For each A, let () denote the marriage market induced by the marriage market A\. \* is an
equilibrium if A* = n(A*). If n()) is strictly decreasing in A, then there is a unique solution
A* to A = n(A) and there is a unique equilibrium.

The reasoning for decreasing n(\) is as follows. When A increases, V,,(Yig) — Vin(Yinr)
decreases, and p,,(Y,,r) increases: high-income men’s relative value decreases if and only

if high-income men become more abundant. When V,,,(Y,,z) — Vi (Y,ur) decreases, men’s

25



incentive to make investments decreases and the mass of men making investments decreases.
The mass of high-income men p! (Y,,x) in the induced marriage market n(\) decreases.

VI (Yor) — Vil (Yiur) = A(n(N)) increases and () decreases.

1.5 Implications

1.5.1 The College Gender Gap Puzzle

More and more women are going to college around the world, both in absolute numbers
and in percentages. For example, in the United States, women’s college enrollment rate has
increased rapidly from 10% in 1970 to 45% in 2010. Several factors contribute to the rise.
The labor market returns to college increased as the demand for skilled workers rose, the
social norm for women to stay at home and take care of family has loosened as the home
production technology (e.g., domestic time-saving appliances) has improved. The home
production technology improvement has both freed women from the household to the work
force as well as demanded more knowledge and education for everyday chores.

With so many factors contributing to the rise, it is not surprising to see that women’s
college enrollment rate has increased worldwide and has caught up with men’s. As costs of
investments, labor market opportunities, roles in the family converge for the two genders,
we would expect women’s college enrollment rate to converge to men’s. However, it is very
surprising to see that more women than men are going to college in most developed countries
today. In 2014, women constituted 57% of college freshmen in the United States, and 58% in
Canada. More women than men are in college in 30 out of 34 OECD countries.® The reversal
of the college gender gap is indisputable by different measures such as entrance enrollment

rate, graduation rates from two-year and four-year colleges.” It is not only surprising but

SExceptions are Japan and Korea, and the two lowest-income countries Turkey and Mexico.
"See Goldin et al. (2006) for college education patterns of the United States over the last one hundred
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also puzzling because women’s labor market returns to college are not significantly higher
than men’s, and women on average still earn less than men in the workforce.

There have been many explanations for the reversal of the college gender gap. The most
natural explanation is the gender difference in labor market returns to college. However, em-
pirically the result is debatable (Dougherty, 2005; Mulligan and Rubinstein, 2008; Hubbard,
2011). If anything, men’s labor market returns to college are higher than women’s. Even
if the gender difference in labor market returns can explain for example the United States’
college gender gap, it is not likely that the labor markets across all developed countries are
organized in similar ways. There should be other inherent gender differences that contribute
to the reversal of the college gender gap. Goldin et al. (2006) and Becker et al. (2010a) argue
that the gender difference is in non-cognitive abilities. Men’s ability distribution is more
spread than women’s, but women have a higher average ability; therefore, when there are
few college students, only the top students, consisted of mostly men, go to college, but when
more people go to college, many more women of similar intermediate abilities go, causing the
reversal of the college gender gap. Their evidence was the difference in high school grades.
However, it is not always the case the college gender gap reverses at a certain enrollment
rate. Moreover, high school grades can be interpreted as measures of investment efforts by
parents instead of inherent abilities. There must be other factors that contribute to the
reversal of the college gender gap.

I stress the gender difference in the marriage market returns to college. The marriage
market returns to college have been found to be on the same order of magnitude as the
labor market returns to college (Bruze, 2015). Chiappori et al. (2009) and Chiappori et al.
(2015a) argue and present evidence for women’s higher marriage market returns to college in
the United States. The theoretical argument in Chiappori et al. (2009) can be further refined.

In their model, more women than men go to college only when women are advantageous in

years. See Becker et al. (2010a) for college education patterns around the world since World War II.
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some aspect: for example, women contribute more to the marriage surplus or earn more than
men in the labor market. In contrast, in my model it is always the case that more women
than men go to college even when men and women are the same except for that women face

the fertility loss disadvantage that tampers with their career investment incentives.

Proposition 1. Suppose that the setting is gender-symmetric except for the gender difference
in fitness: men and women have the same ability distribution (F,, = F, = F), have the
same investment cost (C,, = C, = C), face the same labor market opportunities (Pyny =
Pyg = Py and Py, = P, = Ppr), contribute to the marriage surplus symmetrically (S(Yom,
Y, R) = S(Yw,Ym, R)), but women become less fit with positive probability (¢ > 0). In

equilibrium, strictly more women than men go to college.

Let me explain the logic of the result. When the setting is totally gender-symmetric (¢y = 1),
every man and woman above a certain ability goes to college and makes a career investment
after receiving a low-income offer. The same number of men and women go to college in
equilibrium. When women face reproductive fitness loss (¢y < 1), men’s and women’s
investment strategies differ. Whereas every college man still makes a career investment after
receiving a low-income offer, not every college woman makes a career investment. As a result,
fewer women than men end up with high-income jobs. But remember, the same people are
also in the marriage market. The marriage payoffs are determined by supply and demand
of different marriage characteristics. High-income women, compared to high-income men,
are scarcer, and are therefore more valuable in the marriage market. The labor market gain
from a college investment is the same for men and women, and the marriage market gain
from a college investment is endogenously higher for women. A woman therefore gains more
from a college investment.

This model makes the college gender gap puzzle less puzzling. We present an equilibrium

model in which more women than men go to college but women still earn less than men
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on average. The gender difference in reproductive fitness and the marriage market play
important roles in the result. Women'’s fitness cost in the third period directly discourages
women from making career investments, but through the endogenous division of surplus
in the marriage market the scarcity of high-income women indirectly encourages women to
make college investments.

Let me elaborate. Figure 1.4 illustrates the returns to college for men and women of
heterogeneous abilities. The highest-ability women has higher returns to college than the

highest-ability men
Yo YL +V,(Yu,Ry) = Vo (Yo, Ry) >Yu =Y + V. (Y) — V. (YL).

The highest-ability women have higher marriage market returns and they do not worry about
fitness constrain because they always succeed right out of college. All other intermediate-
ability women need to worry about the fitness cost. Because of the fitness cost, some of the
infra-marginal female college graduates with abilities between 6, and 6, have lower returns
to college than the male college graduates with the same ability. However, the marginal
0, —ability female college graduates always receive higher total returns to college than men
of the same ability. It crucial to distinguish infra-marginal and marginal college graduates’
returns to college with a model of heterogeneous agents. The fitness cost constrains the infra-
marginal female college graduates’ career investment incentives but does not affect directly
the marginal female college graduates’ investment incentives. In fact, the fitness cost makes
high-income women scarcer and through the endogenous determination of marriage payoffs
indirectly raises the marginal women'’s college investment incentives.

The model with heterogeneous agents also calls for more care with estimating and inter-
preting average and marginal returns to college. Because some infra-marginal women have
lower returns to college than the men with the same income-earning ability, the average

marriage and labor market returns to college for women may be lower than for men even
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Returns to College
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Figure 1.4: Equilibrium returns to college for men and women of heterogeneous abilities.

though the marginal returns to college are higher for women than for men, while more women
than men go to college. In addition, because different populations of men and women enter
college, the selection issue prevents us from simply estimating the average returns to college
as the difference between the incomes of those who go to college and of those who do not.
Finally, let us the importance of strict surplus supermodularity in incomes (9%5/9Y,,0Y,, >
0) plays in Proposition 1. If the marriage surplus is modular in incomes (95/9Y,,0Y,, = 0),
that is, there is no synergy between men and women in marriages, then always exactly
the same number of men and women go to college. If the marriage surplus is strictly sub-
modular in incomes (92S/9Y,,0Y,, < 0), weakly more women than men go to college in
equilibrium. The reversal of the college gender gap is unambiguous when the marriage sur-
plus function is strictly supermodular in incomes. Strict supermodularity in incomes implies
positive-assortative matching in incomes. The increase is empirically backed by the observed
increase in positive-assortative matching in incomes as well as in education. The increase
in positive-assortative matching is important to explain recent changes in marriage patterns
and in income inequality (Stevenson and Wolfers, 2007; Greenwood et al., 2014). In the
recent decades, as technological advances in home production free women from daily chores,
the role of the household has gradually transitioned from a unit of labor specialization (a

submodular surplus function) to a unit of labor cooperation (a supermodular surplus func-
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Figure 1.5: The relationships between marriage-age and income among American men ages
40-44 in 1980 and in 2012.

tion). When love and companionship are valued more, a husband and a wife of similar
education and income levels have more to share in their life and leisure, so the consideration
of complementing each other in intellectual activities is stronger than the consideration of
substituting each other for housework for example. In addition, human capital investments
in children have also become more important. The benefits multiply when both parents are
highly educated. Therefore, the transition of the role of marriage and family from a unit of
labor specialization to a unit of labor cooperation also serves as a potentially crucial reason

for the reversal of the college gender gap.

1.5.2 A Man’s Marriage-Age and His Income

Across time and countries, the relationship between a man’s age at first marriage and his
income later in life has been hump-shaped: those who married between 25 and 30 earned
more on average than those who married earlier and later. In addition, those who remain
unmarried into their forties earned the least. Figure 1.5 shows the relationship among

American men ages 40-44 in 1980 and in 2012. Figure 1.10 shows the same relationship
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among Canadian men ages 40-44 in 1981 and among Brazilian men ages 40-44 in 1991.

Previous studies on the relationships between marriage-age and income cannot explain
the non-monotonic relationships. Furthermore, they are based on the outdated premise of
Becker (1973) that marriage and household formation allow men to specialize in labor-market
activities and women in household chores. Keeley (1974, 1977, 1979), using a search-theoretic
framework, predicts a negative marriage-age /income relationship because higher-income men
benefit more from marriage specialization and find partners more easily. Bergstrom and
Bagnoli (1993), using a signaling model, predict a positive relationship for men. They argue
that it takes time for men to reveal their true income-earning abilities, so men with higher
income-earning potential delay marriage.

The current model always predicts a hump-shaped relationship.

Proposition 2. The relationship between a man’s marriage-age and his income in equi-
librium is always hump-shaped: men who marry in the second period have higher average

income than those who marry in the first period and those who marry in the third period.

Figure 1.2 illustrates men’s equilibrium strategies, marriage-age and incomes. Those mar-
rying in the first period are the low-ability men who do not go to college and receive a low
income. Those marrying in the second period are the high-ability men who succeed with a
high income after a college investment. Those marrying in the third period are the high-
ability men who receive a low-income offer after college and make a career investment to try
to improve. Some of them succeed and receive a high income, while some of them fail and
receive a low income. On average, those marrying in the third period earn more than those
marrying in the first period but less than those marrying in the second period.

The upward-sloping portion of the hump-shaped curve comes from the fact that college
investment is time-intensive and delays marriage. Those men who marry early do not have a

bright labor market outlook and choose to marry as early as possible. Those who can have a
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brighter labor market outlook put in effort and take time to improve their chance of success
and delay marriage. The positive relationship is the same as in Bergstrom and Bagnoli (1993)
but the driving force is conceptually very different. Whereas in Bergstrom and Bagnoli
(1993), men delay marriage to reveal their private information of income-earning abilities,
in this model, everything is public information, and people delay marriage to improve their
income.

The downward-sloping portion of the hump-shaped curve among men who marry rel-
atively late formalizes the effect mentioned in the concluding remarks of Bergstrom and
Schoeni (1996), the first paper documenting men’s hump-shaped relationship between marriage-
age and income, “Some of these men who marry very late in life ... may be persons whose
successes in life have not met the expectations that led them to postpone marriage and who
continue to postpone marriage until their true worth is recognized.” This marriage-delaying
effect is also conceptually different from the marriage-market friction effect of Becker-Keeley.
The marriage delay in this model is due to the interaction of investments and the marriage
market. A less desirable outcome in the labor market incentivizes men to marry later but a
desirable outcome in the labor market incentivizes men to marry early.

My model also predicts that the lowest-income men will stay unmarried if there is an
unequal number of men and women in the marriage market. This prediction is also consis-
tent with the evidence presented by Figures 1.5 and 1.10. It formalizes another remark in
Bergstrom and Schoeni (1996): “There may also be a considerable number of men who are
such poor marriage material, that any woman whom they would wish to marry would prefer

being single to marrying one of these men.”

1.5.3 A Woman’s Marriage-Age and Her Income

Figure 1.6 shows the relationships between marriage-age and income among American
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Figure 1.6: The relationship between marriage-age and income among American women ages
40-44 in 1980 and in 2012.

women ages 40-44 in 1980 and in 2012. The relationship was positive in 1980: the later a
woman married, the more she earned. The same positive relationship was observed in Canada
and Brazil in 1981 and 1991 respectively (Figure 1.11). However, in 2012, women’s relation-
ship between marriage-age and income became similarly hump-shaped to men’s: those who
married after 35 earned less than those married before 35. The same relationships are un-
altered if we restrict the sample to different races or to only those who earned a positive
income.

Previous models could not predict the non-monotonic relationship and the change over
time. Becker (1973) and Keeley (1974, 1977, 1979), with their marriage-market friction
effect, predict that because low-income women benefit more from household specialization,
they marry earlier, and the marriage-age/income relationship is positive. Bergstrom and
Bagnoli (1993) on the other hand predict no relationship between women’s income and
marriage-age, because every woman marries in the first period in their two-period model.
The current model predicts the change from the positive relationship to the non-monotonic

relationship.

Proposition 3. When the fitness cost is sufficiently large (¢y is sufficiently small and/or
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Condition 1.2 holds), the equilibrium marriage-age/income relationship for women is posi-
tive: the average income of women increases with their marriage-age. When the fitness cost
is sufficient small (¢ 1is sufficiently large and/or Condition 1.2 does not hold), the equilib-
rium relationship is hump-shaped: the women who marry in the second period have higher
average income than those who marry in the first period and those who marry in the third

period.

Figure 1.2 shows women’s equilibrium strategies, marriage-age, and income when their in-
come abilities are uniformly distributed. Low-ability women marry in the first period and
all earn a low income. Those who marry in the second period consist of all the intermediate-
ability (between 6, and 6 ,) women who do not make a career investment regardless of the
outcome of the college investment, and the high-ability women who receive a high income
after the college investment. Women who marry in the third period are those of high-ability
who receive a low-income offer after college and make a career investment.

The women who marry in the second period may have higher or lower average income than
the women who marry in the third period. When the fitness cost is high, only extremely
high-ability unlucky women make the career investment and delay marriage to the third
period. Many of those who marry in the second period are low-income earners. When the
fitness cost is low, more women make career investments but many of them marry with a
low income in the third period. In the extreme case when men and women do not have
any difference in reproductive fitness, women’s equilibrium strategies are the same as men’s,
and women’s marriage-age/income relationship becomes as hump-shaped as men’s. Among
the women who marry in the second period, not many will earn a low income. Among
the women who marry in the third period, many are of intermediate-ability rather than of
extremely-high ability, and they will earn a low income. The average income of those who
marry in the third period can be lower than the average income of those who marry in the

second period, and the marriage-age/income relationship is hump-shaped.
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Several factors in the model can contribute to the change in relationships from positive in
1980 to hump-shaped in 2012. The declining fitness cost in the marriage market results from
the interplay between social and economic changes that push up the supply of and down the
demand for women’s reproductive fitness. On one hand, the supply of reproductive fitness
has increased. Advances in medical technology (e.g. in-vitro fertilization, egg-freezing) and
better maternal health services result in higher probability of staying fit, so older women
can have children with more ease and less adverse health effects. On the other hand, the
demand for reproductive fitness has decreased. For instance, the desired family size has
decreased. In the United States, the average desired number of children has declined from
3.6 to 2.6 from 1960 to 2010. Demand for women’s reproductive fitness decreases because
increases in parents’ incomes as well as higher opportunity cost of raising kids prevent bigger
family size. Many families have shifted from demand for quantity of children to demand for
quality (Becker and Lewis, 1973). Women'’s reproductive fitness becomes less of a concern
than women’s income and education. Finally, a simple increase in income gain from college
and career investments also has the same effect as a decrease in the relative importance of
reproductive fitness: when income gain becomes much more important, gender difference in

the marriage market becomes less important.

1.5.4 A Woman’s Marriage-Age and Her Husband’s Income

Figure 1.7 shows the relationship between a woman’s marriage-age and her husband’s
income. It was persistently hump-shaped: women who married around the median marriage-
age (22 in 1980, 26 in 2012) married husbands with the highest income on average. One-
dimensional assortative matching by incomes could not explain the non-monotonic relation-
ship. In 1980, as shown in Figure 1.6, the later a woman married, the more she earned on

average. If men and women are simply positive-assortatively matched by incomes, the later
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Figure 1.7: The relationship between a woman’s marriage-age and her husband’s income
among American women ages 40-44 was hump-shaped in both 1980 and 2012.

a woman marries, the more her husband would earn. If men and women are simply negative-
assortatively matched by incomes, the later a woman marries, the less her husband would
earn. Furthermore, such an assortative matching model cannot explain another change. In
1980, women who married before the median marriage-age had higher-income husbands than
those who married after the median marriage-age, but in 2012, women who married after
the median marriage-age had higher-income husbands than those who married before the
median marriage-age.

The extra dimension of reproductive fitness in the marriage market helps explain the

non-assortative matching as well as the change over time.

Proposition 4. The relationship between a woman’s marriage-age and her husband’s in-
come in equilibrium is always hump-shaped. When the fitness cost is sufficiently high (¢g
is sufficiently small and/or Condition 1.2 holds), women who marry in the first period have
higher-income husbands on average than women who marry in the third period. When the
fitness cost is low, (g is sufficiently large and/or Condition 1.2 does not hold), the women
who marry in the first period have lower-income husbands on average than the women who

marry in the third period.
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The women who marry in the first period have low average income but are reproductively
fit. The women who marry in the second period are reproductively fit and college-educated;
a significant portion earns a high income. The women who marry in the second period
earn a higher average income than those who marry in the first period, and all of them
are reproductively fit. By Lemma 1, because higher-income fit women marry higher-income
men, the women who marry in the second period have higher-income husbands on average
than the ones who marry in the first period. The women who marry in the third period have
relatively higher income but lower reproductive fitness on average than those who marry in
the first period.

The relative importance of reproductive fitness in the marriage market determines whether
those who marry in the first period or in the third period have higher-income husbands on
average. When the relative importance of reproductive fitness is so high that in the equilib-
rium matching fit women marry higher-income husbands than almost all less-fit women, then
those who marry in the third period marry lower-income husbands than those who marry in
the first period. Otherwise, if the relative importance of reproductive fitness is not as high
when Condition 1.2 does not hold, it is possible that higher income can compensate for lower
fitness in the marriage market, so that higher-income fit women may marry higher-income
husbands than low-income less-fit women. In addition, when ¢y is sufficiently large, the av-
erage income of the husbands of the women who marry at age 3 is larger than marriage-age
1 women’s husbands’ average income.

The right-skewed equilibrium relationship when reproductive fitness is important in the
marriage market is consistent with the observed relationship in 1980. The left-skewed equi-
librium relationship when reproductive fitness is less important in the marriage market is
consistent with the observed relationship in 2012. In 1980, higher-income men in general
married low-income fit women but recently higher-income men marry high-income fit women.

The factors that have contributed to the change from women'’s positive marriage-age/income
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Figure 1.8: Predicted relationships between a man’s marriage-age and his income, between
a woman’s marriage-age and her income, and between a woman’s marriage-age and her
husband’s income.

relationship in 1980 to the hump-shaped relationship in 2012 also contribute to the change
from the right-skewed equilibrium relationship to the recent left-skewed relationship: the
supply of reproductive fitness increased and the demand decreased.

We can calculate the equilibrium relationships between a man’s marriage-age and his
personal income, between a woman’s marriage-age and her personal income, and between a
woman’s marriage-age and her husband’s income. Figure 1.8 graphs the equilibrium relation-
ships under two different regimes: ¢y = 0.6 in the first setting and ¢y = 0.8 in the second
setting, while all the other parameters remain constant (F,,(0) = F,(0) =6, C,, = C,, = 1,
Yo = 3, Yiur = 2, Yyu = 24, Yy = 1.6, S(Yo, Y, R) = 1, (YnYw/2 — 1)). The
equilibrium relationships are consistent with the observed relationships in 1980 and 2012,

respectively.

1.5.5 Income Uncertainty Delays Marriage

So far in the model, making an investment and entering the marriage market in the same
period is not allowed. In this section, I relax this restriction and allow men and women to

enter the marriage market and invest at the same time. The income uncertainty associated
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with the investment are not resolved when people enter the marriage market. Their marriage
characteristic cannot be represented by a real number of realized income. The marriage
characteristic may be an income distribution from which the realized income is drawn. The
basic theoretical framework needs to be expanded in order to include not only new strategies
but also new marriage characteristics.

The result is quite surprising;:

Proposition 5. When an agent is sufficiently patient, investing and delaying marriage

strictly dominates investing and marrying at the same time.

Intuitively, entering the marriage market early without realizing his marriage characteristics
locks a man to a wife early. If he waits to marry, he can marry a wife who is more suitable to
him and who can provide him higher marriage payoff than the wife he is locked to early. The
same logic applies to a woman. Remember that in any stable matching, an agent is always
matched with the partner that gives him or her the higher possible marriage payoff. The
wife he marries after he realizes his income is always more suitable in this sense. Therefore,
when the flow marriage payoff is negligible, a man always has the incentive to delay marriage
and wait for the income uncertainty to resolve to marry a more suitable wife.

This income-uncertainty effect is conceptually different from the Bergstrom-Bagnoli sig-
naling effect although both effects delay marriage. In Bergstrom and Bagnoli (1993), a man
delays marriage to let his privately known income-earning ability become public information
in the second period, and only high-ability men have incentives to delay marriage. In this
model, although all the information is public, income uncertainty coupled with the com-
petitive structure of the marriage market deters all people from marrying early. The result
highlights a marriage-delaying effect caused by the competitive nature of the marriage mar-
ket. Oppenheimer (1988) argues that people tend to marry only after income uncertainty is

resolved, and my model formalizes the argument by showing the undesirability of marrying
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early.

It offers an explanation to why overwhelming majority of people only marry after they
have finished their schooling. Among people ages 11-21 in 1979 NLSY, 79% of women
and 84% of men married after they have finished all schooling (Browning et al., 2014).
Nonetheless, not everyone waits until he or she finishes all the schooling as predicted by
the model. Possible reasons for early marriage suggested by the current model include that
agents enjoy the flow consumption of marriage and their uncertainty about future income is

quite low.

1.6 Conclusion

This paper provides a dynamic equilibrium framework to study simultaneously human capital
investments and the marriage market. College and career investment decisions, distributions
of marriage characteristics, matching between men and women, and the division of surplus
within a household are all endogenized. I provide equilibrium existence proof techniques
applicable to other investment-and-matching models in the literature and also an equilibrium
uniqueness theorem in a specialized model. T am able to derive a set of implications about
the labor market and the marriage market. First, the model explains the college gender
gap puzzle that more women go to college but earn less by arguing that women have an
endogenously higher marriage market return to college. Second, the model is consistent with
men’s hump-shaped relationship between marriage-age and income, and the shift in women’s
relationship from positive to hump-shaped. Third, the stable matching is non-assortative in
incomes, and explains how higher-income husbands become increasingly inclined to marry
higher-income women than younger lower-income women. Finally, I extend the basic model
with post-marital investments, and show that uncertainty about future income can deter

people from marrying early.
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The current framework serves as a foundation for future theoretical, applied, and empiri-
cal work. First, we can enrich the current framework by incorporating cohabitation, divorce,
and household consumption. Second, the model also makes predictions about different effects
on marriage-age and the marriage matching by ages of men and women. Other implications
should be explored. Finally, we can try to estimate the investment-and-matching models

with techniques developed by Choo and Siow (2006).

1.7 Proofs

1.7.1 Proofs of Lemmas 1 and 2

Proof of Lemma 1. The proof is by way of contradiction. First we look at the case when
the marriage surplus function is strictly supermodular in Y,, and Y,,. Suppose that there is
a positive measure of couples of (Y,,,Y,, R) and (Y,,Y,,, R) where Y, > Y,, and Y, > Y,,.
The marriage surplus generated by the two matched couples is S(Y,,, Y., R)+ S(Y. Y., R).
The surplus generated by swapping the partners is S(Y,, Y, R)+S(Y,, Y. R). The surplus
generated by the swap is strictly higher because the surplus function is strictly supermodular
in incomes. Since there is a positive measure of such couples, the total surplus cannot be
maximized under the stable matching, contradicting the surplus-maximizing property of the
stable matching. We can analogously prove the negative-assortative matching when the

marriage surplus function is strictly submodular in Y, and Y,,. O

Proof of Lemma 2. First, I show that Condition 1.1 is necessary for the pure matching to
be stable. Suppose that Condition 1.1 does not hold. Then there exist Y,, and ¢ > 0 such

that for almost all Y/ € (Y,, — €, Y, +€), Y € (Y: —€,Y:), Y € Yo — €, Yun),

S(Y, G (Gn(Y) = Gur(Ya)), Rir) + S(Y, Yy, Ry)

42



< SV, Gl (Gn(Y) = Gur(Ya)), Bar) + S(Y', Y, Ry).

It is more efficient to have couples (Y, (G 1;(G(Y) — Gwr(Ya)), Ryr)) and (Y, Y, Ry) than
couples (Y, (G 1 (Gn(Y) — Guwr(Yw)), Ry)) and (Y',Y,,, R;). Hence the pure matching with
couples (Y, (G 1 (Gn(Y) = Gur(Yy)), Ry)) and (Y'Y, Ry) is not efficient and therefore not
stable.

Next, I prove sufficiency of Condition 1.1 for the pure matching to be stable. When
Condition 1.1 holds, it is never more efficient for (Y, z, Ry) to marry any income Y,, > Y*
men than to marry income Y, men. The highest-income husband a (Y,,5, Rr) can marry is
Y:. By Lemma 1, for almost all Y, a (Y,, Ry) woman marries a higher-income husband
than a (Y, Ry) woman, and a (Y,m, R;) woman marries a higher income husband than
a (Y,, Rr) woman with any income Y,, < Y, g. Therefore, the lowest-income husband a
(Yww, R) woman can marry is also Y,.

Finally, T show that thresholds YT and Y, exist. Because S(Y,,,Y,, R) is strictly su-
permodular in Y,, and R, S1(You, You, Ry) > S1(Ymu, Yun, Rr). By the smoothness of the

surplus function, for some € > 0, for almost all Y > Y,y —e and Y,, > Y, — ¢, S1(Y, Y,

Ry) > S1(Y,Yyn, Rr). That is, for any Y, < Y., <Y,z — €,

Yoo o - Yo o ~
Sl(YmuywyRH)de > Sl(meywHyRL)dYrm
Ym Ym

or equivalently for any Y,, and Y, > Y,,,
S(Yn/w YUM RH) - S(Ym7 wa RH) > S(Y,r/n, YwH7 RL) - S<Ym7 YwH7 RL)

Therefore, the marriage surplus generated by couples (Y)Y, Ry) and (Y, Yum, Rr) is
strictly more than the marriage surplus generated by couples (Y,,,Y,, Ry) and (Y., Yy m,
Rp). The existence of Y, can be similarly shown from S1(Y,.z,Ywr, Ru) > S1(Yimr, Yor,
Rp). O
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1.7.2 Proof of Theorem 1

By Glicksberg, it suffices to show that the space of stable marriage payoff functions (V,,,, Vi,)
is non-empty, compact, and convex, I'y o', oI'; is upper-hemicontinuous, and FV(FM(FU(VW
Viw))) is non-empty, compact, and convex for any pair of stable marriage payoff functions
(Vin, Vi)

First, I show that the space of stable marriage payoff functions is non-empty, compact,
and convex. Non-emptiness follows from the existence of a stable outcome for every marriage
market (Gretsky et al., 1992). To show compactness of the space of stable marriage payoff
functions (V,,, Vi), we need to show that if (up, ut) — (fm, ), then the sequence (V)2
Vi), where (V2 VI) € Ty (ul, 1) for each n has a convergent subsequence. To show that

(V. V™), has a convergent subsequence, by the Arzela-Ascoli Theorem, it suffices to show

mI " w

that (V,, V') is a uniformly bounded, equicontinuous sequence of real-valued functions. It is
uniformly bounded because the surplus function is increasing in every argument and V*(Y,,),
Vi (Y, R) < S(Yim, Ywu, Ry). Equicontinuity follows from the following crucial argument.

For each Y;, and n, there exists (Y,", R") € supp(ui,) such that
Vi (Ym) =SV, Yy, RY) — Vo (Y, R").
For any Y,, > Y/, because

Vr(y,) = max [S(Y,,, Yy, R) — Vi (Ya, R)],

" (Yw,R)€supp(uz,)

we have

ValYa) = Va(¥s)

= S(Y, Y™, RY) —V*(Y",R") —  max [S(Y",Yu,R) — Vu(Ye,R)]

(Yw,R)€supp(uz,)

< [V, Yy, BY) = Vi (Y, B =[SV, Yo, BY) = Vi (Y, RY))

m? T w?
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= S(Ymqug?Rn)_S(Yr;aYu?’Rn)
S(Yon, Y, R?) — S(Y/ Y™, R") ,
— w m Loy W)y oy,

[S(Y,,, Y., R") — S(Y,, Y2 R")|/(Ym —Y,.) is bounded by some real number K because S
is continuous on a bounded set. V.7'(-) is a uniformly bounded and equicontinuous sequence
of real-valued functions by the same argument.

The space of stable marriage payoff functions (V;,,V,,) is convex if and only if for any
(VI V) € Ty(uk,pul), (V2,V2) € Ty(u2,12), and A € (0,1), there exists (g, fte) such
that (A\V.) 4+ (1 = V2, AV + (1 = MV2) € Ty, puw)-  Let X(fim, f1) Tepresent the
value of the primal linear programming problem PP(,,, 1,,) and also the value of the dual
linear programming problem DP(ji,,, jt,,) since the values of the two linear programs coincide
(Gretsky et al., 1992). Because ¥ is weakly continuous, there exists a (fim, tt,y) such that
SUpp(ftm) C supp(fin,) U supp(py, ), supp(pi,) C supp(p,,) Usupp(p;,), and it satisfies S(pn,
fw) = A (g, b)) + (1= N)D(pipy, pi7,). For any (Y, Vi, R), (AV, + (1 = NV2)(Yn) > 0,
(AVE+ (1 = NV2)(Yy, R) > 0, and for all Y,,, € supp(ttr,) and (Y, R) € supp(pi), (AV,} +
(1 =NV (V) + AV + (1 = NV (Y, R) > S(Yom, Yy, R). Therefore, (A\V,! + (1 — \)V2,
AV + (1 — AN)V2) solves the dual linear programming problem DP (g, f1,), and is thus in
the space of stable marriage payoff functions.

Second, I show that the composite mapping I'y o I', o I'; is upper-hemicontinuous by
showing that I', o I'; is a continuous function, and I'y is an upper-hemicontinuous corre-
spondence. Continuity of I', o I', follows from the characterization of I', by ability cutoffs
and reservation income, and the continuity of the ability cutoffs and the reservation income
in marriage payoff functions (V,,,, V,,). Since the sequence (V*, V.''),, has a convergent subse-

quence, I'y is upper-hemicontinuous if and only if (u?, 1) — (tn, ), (V2, V) € Ty (ult,

m? T w

ur), and (V2 V) — (Vi, Vi) implies (Vin, Vi) € Tv(pom, pw)- It suffices to show that

m’) T w

Sty pow) = [ Vel + [ Vipdpry, and (Vin, V) satisty the conditions that V;,(Y,,) > 0,
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V(Y R) >0,V (Ysn) + Vie(Ya, R) > S(Yi, Y, R) for all (Y,,,Y.,, R).

Vg — E(Mma Nw)|

Vindfim, /Vﬁdu?u+2(u%,u$) = Bk Ho)|

IN
—
N
U
=

3

IN

-/
Vdpo = [ Viduy ~ [ Vi) + 1205 12) = St 1)
[ Vo + [ Vi~ [ Vi, = [ Vit + 1205 12) = SG0ms00)
ol [Vadi o+ [ Viaw,~ [ Vad,~ [ vidu)

| / Vindpim + / Vipdjtn — / Vidp?, — / Vi dyd®|

H Vi = Vil - Ve = Vi =+ [5G, pas) = Zhms )|

IN

Fix any €. Since (u?, 1) — (fm, fw), there is an Nj(e) such that for all n > Ny(e),
| [ Vindpim + [ Viedpy — [ Vindpt, — [ Vipdpit] < €/3. Since (V,2, Vi) — (Vp, V), there is an
Ny (e€) such that for all n > Ny (e€), ||V — V.|| 4[|V — V|| < €/6. Since X is weakly continuous,
there is N3(e) such that for all n > Ns(e€), | (ul, 1) — X(tm, )| < €/3. Therefore, given
any €, for all n > N(e) = max{N;(€), Na(€), Ns(€)}, | [ Vindpm + [ Viedprwy — Z(pims pr)| < €.
Therefore, | [ Vidpim + [ Vieditw — E(fim, pw)| = 0. We need to show that it also satisfies the
stability conditions. Suppose otherwise: V,,,(Y,,) + Vi (Y, 7) < S(Y, Y, R) for a positive
measure of (Y,,,,Y,, R). Then lim, . [||[V;n — V.|| + [|[Vw — ViJ||]] > 0, a contradiction to the
assumption that V! — V,,, and V] — V,,.

Finally, I show that I'v(I',(I's(V;y, Viy))) is non-empty, compact, and convex. Non-
emptiness of I', and I', follows from constructions, and non-emptiness of I'y, is proven by
Gretsky et al. (1992). Remember that stable marriage payoff functions are solutions to the
linear programming problem. Take pairs of stable marriage payoff functions (V;,,, Vi,), (V..,
V!) € V(tm, f), then for any A € (0,1), (AV,, + (1 = NV, AV + (1= XN)V)) € Ty (fim, fow)

because the pair of stable marriage payoff function is also the solution to the linear program-
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ming problem. Therefore, I'y (jtm, 1) is convex. Showing compactness of I'yv (', (I (Viy,
Viw))) = Tv(ttm, t) follows similar steps of showing the compactness of the space of stable

marriage payoff functions.

1.7.3 Proof of Theorem 2

To simplify notations, for ki, ke, ks € {L,H}, let Vi, = Viu(Youky)s Vioks = Vio(Yaokss Ris)s
Sk1k2k‘3 = S(Ymk1 ) ka2> Rks)

Equilibrium investments are then

C
0r, = = 1.3
" You =Y + Vi =V (1.3)
C
0= s 1.4
wl YwH_YwL+V;[H_VEH ( )
. _ Cw + ¢V — Vi)
0, = - - - - (1.5)
Yor = Yor +0n(Viy — Vig) + o0 (Virp — VL)
Equilibrium marriage characteristics distributions are
1
i = [ 0n(2 = 0,)dFn(0,) (1.6)
03,
1
i = [ (1= 0 E(6) (1.7)
1 1
Perg = 0udFy,(0,) + O (1 —04)0,dF,(0,) (1.8)
Oin 02
0%, 1
iy = Fulbu) + [ (0= 0)dFu00) + [ oull - 6,PdFA00)  (19)
b1 02
1
:u;{L = / ¢L‘9w(2 - Qw)de(€w> (110)
02
1
W, =1— (1 —0,)*dF,(0,) (1.11)
022

First, suppose that Condition 1.2 holds (Syrg + Scrr > Swmr + Sprw). The left
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case 1-1 (Yo, Ru) case 2-1 e Q (You, Ru)

N
case 1-2 case 2-2 —
case 1_3 (YwL7 RH) case 2—3 - . (YwH7 RL)
case 1-4 case 2-4

N

case 1-5 (Yom, Rr) case 2-5 = k\ (Yor, Ru)
case 1-6 case 2-6 —
case 1-7 (Yor, Rr) case 2-7 — . (Yur, Rr)
Xm(YwL7 RH) > Xm(YwH7 RL) Xm(YwLa RH) < Xm(YwH7 RL)

Figure 1.9: Fourteen cases of marriage characteristics distributions and stable matchings
when the marriage characteristics take binary values.

panel of Figure 1.3 illustrates the possible equilibrium matching: (Y., Ry) women marry
higher-income husbands than (Y, y, R;) women. The equilibrium marriage characteristics
distributions can be categorized into the following seven scenarios depending on the relative
abundance of high-income men: (1) u}; < piy, (2) wi; = Wy, 3) Wiy < Wiy + 1y, (4)
W = g+ 1pm, (5) why < Wyg + Wi + P, (6) 0y = Waa + Pog + Wi, (7) 0h > Wia +
Wi+ - The following seven cases are mutually exclusive and comprehensive, under each
case equilibrium marriage characteristics distributions are different. Equilibrium marriage
payoffs in each case are uniquely determined up to a constant. Equilibrium investments
(0r,,0%,,0%,) (by equations (1.3)-(1.5)), marriage characteristics distributions (g, k) (by

equations (1.6)-(1.11)) and matching p* are uniquely determined.

Case 1-1:
1
Om(2 — 0,,)dF,,(0,)

Cm

YmH—YmL+tSHHH-SLHH

1

< deFw(gw)

Cw

Yo YuwL+SLHH-SLLH

1
n dr(1 = 0,,)0,dF (0,).

Cw+¢r(SLyr=Srrr)
YwH YL +égSrug—Sroe)+ér(Sppr—ScLr)

Equilibrium distribution satisfies pj; < pjy. Equilibrium marriage payoffs are determined
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VE - VL* = Spyug — Ston
VITIH - VL*H = Scun — Sceu
VL*H - VL*L = SLLH - SLLL

* *
VHL - VLL = SLHL - SLLL.

Case 1-2

0,0(2 — 0,,)dF (6,)
Cm

YmH—YmL+tSHHH—SLHH

1

> 0 dF,(6,)
Cw
Y —YwLtSLHH—SLLH
1

+ Cw+ér(SLHL—SLLL) ¢H(1 - Hw)ewde(ew)

YwH " YwrLtégSrag—Sroa)+ér(Sppr—ScLrr)

and

Cm
YmH-YmL+tSHLH-SLLH
1

> 0 dF,y(0,)
Cw
YoH-YwL+SHHH—SHLH
1

* Cwtdr(SLpr=SLLL) ¢H(1 B ew)ewde(ew)'

YwH = YowrL+og(SHpg—SgrLa)+¢L(SLuL—SLLL)

by

Equilibrium distribution satisfies pj; = pj; . Equilibrium marriage payoffs are determined

Vir = Vi =N (Surn — Spem) + (1 = XN)(Sunn — Sean)
Vir —Vig =X (Suun — Saru) + (1= XN)(Sean — Spon)
VL*H - VL*L = Srrm — Stre

* *
VHL - VLL = SLHL - SLLL-
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where A\* is the unique solution to

/ 1 0 (2 — 0,,)dE(61)

Cm
YmH—YmL TSy —SLop)+0-N(Sgpp—SLun))

- / 1 0 dF, (0,)

Cw
YwH YL+ MNSapg—Surm)+0-N(SLug—Srrm)l
1
+ g(1—6,)0,dF,(0,).
Cw+¢r(SLHL=SLLL) ¢ ( w) Y w( w)
Yo YL touMNSpgu—Spru)+0-S gy —SLLp)l+eL(SpuL—SLrr)

Case 1-3
1
B dFoy(01)
Cu
YoH—YouLtSHHH-SHLH
1
" Cw+ér(Sppr—Srrr) ¢H(1 - ew)ewde(ew)
YwH*YwL+¢H(SHHHszLH)+¢L(SLHL7SLLL)
1
< O (2 = 01n)dFp (On)
Cm
Yo H-YmL+SHLH—SLLH
1
) 0o+ 011~ 0,))dF, (6,)

Cw+dr(SLHL=SpLL)
YwH YL +ogSppg—Sgru)+¢L(Scur—SLLr)

R ( Cw+ ¢r(Spar — Scrr) )
“\Yur — Yor + 0u(Suas — Surn) + ¢r(Scur — Strr)

Equilibrium distribution satisfies pj;; < py < pyy + pr - Equilibrium payofts satisty
Vi = Vi = Suin — Sven

* *
VHH - VLH = Suun — SHrH
* *
VLH - VLL = SLLH - SLLL
* *
VHL - VLL = SLHL - SLLL-

Case 1-4

On(2 — 0,,)dF (01)
Cm

YmH—YmL+tSHLH—SLLH
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> + 0w + r (1 — 0y)]dFy(0,)

Cw+ér(Sryr—SpLr)
YwH YL +t¢H(SHHHE—SHLH)T¢L(SLHL=SLLL)

FF( Cw+ ¢r(Sear — Swir)
You — Yur + éu(Sunn — Suru) + o(Scur — Scrr)

and

1

) 0 (2 — ) (61r)

m
YmH—YmLTSHHL-SLHL
1

[ew + d)H(l - ew)]de(9w>

IN

Cw+ér(SgrH—SLLL—SHHL+SLHL)
YwH =YL +ou(SLHH—SLLH) oL (SLaL—SLLL)

LR ( Cw+ ¢r(Sgry — Scer — Sunr + Stur) )
Y\ Yor — Yor + ¢ (Scwg — Scem) + é0(Spar — Swir)

Equilibrium distribution satisfies pz; = pupy + p7y. Equilibrium marriage payoffs are deter-

mined by
V;I - VE - )‘*(SHHL - SLHL) + (1 - )\*)(SHLH — SLLH)

Vlile - VL*H = SHHH - SHLH
Vig = Vio =X (Sure — Seer — Sunr + Seur) + (1 — X)) (Seow — Soir)
VITIL - VEL = SLHL - SLLL

where A\* is the unique solution to

1 0, (2 — 0,,)dF,, (0,n)

Cm
YinH —YmL+ M SgprL—SLap)+A-N(Sgrg—SLLr)l

_ / 1 [0+ 611 (1 — 0,)]dFo(01)

Cwtor MSyry—Sprr—SHHL+SL ) +0-N S g—Sprr)l

YwH YL t¢gSLaa—SLoa)+ér(Spr—SLrLr)

LR (Cw + ¢ AN Sury — Scrr — Suur + Scar) + (1 — X)) (Spou — SLLL)])

Yo — Yur + 6u(Scwn — Scen) + é0(Scer — Swir)

Case 1-5

+ [0 + ¢r(1 — 0y)]dEy (6,)

Cw+ér(Spra—SLLL—SHHL+SLHL)
Yo YL toa(SLang—SLou)+oL(SLpn—SLLL)
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+Fw < Cw + ¢L<SHLH - SLLL B SHHL + SLHL) )

Yo — Yoo + ¢u(Scun — Scew) + é0(Sear — Scir)
1
< 0,(2 — 0,,)dFp(0,0)
Cm
YmH-YmL+tSHHL-SLHL
1
< 1- 1 —6,)%dFE,(0,).
Cw+¢r (SHLH=SLLL=SHHL+SLHL) ¢L( ) ( )
YwH " YwrLt¢aSLaa—SLLa)+éL(SLpL—SLLL)

Equilibrium distribution satisfies upy + pry < py < pymg + pig + - Equilibrium

marriage payoffs are determined by

V]jr - Vik = SHHL - SLHL

VIjVH - VL*H = SHHH - SHLH
Vig = Vir = Surw — Scer — Suwr + Stue

* *
VHL - VLL = SLHL - SLLL

Case 1-6
1
O (2 — 0,,)dF,,(0,,)
Cm
YmH—YmL+SHHL-SLHL
1
> 1- 1—6,)%dF,(0
o Cw+ér(Sprg—SprL—SHHr+Srur) ¢L( w) w( w)
YwH YL tégSrag—Sroe)+ér(Sppr—Scrr)
and
1
0 (2 — 0,,)dF,(01)
Cm
YmH—YmL+SHLL—SLLL
1
< 1- Gr(1 — 04,)?dF,(0,).

Cw+ér(SyrH—SHLL)
Yo YwrLtég(SHHE—SHLHE)T¢L(SHEL—SHLL)

Equilibrium distribution satisfies uy; = pyy + 175 + - Equilibrium marriage payoffs are

determined by

Vi = Vi =X (Surr — Seer) + (1= XN)(Saur — Stur)
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VITIH - VL*H = SHHH - SHLH
Vig = Vie=XN(Surg — Scer — Spur + Scwr) + (1 — X)) (Sure — Surr)
VL —=Vie =X (Scur — Screr) + (1 = XN)(Swmr — Surr)

where \* is the unique solution to

1

Om(2 — 0,,)dF,,(0,,)

Cm
YmH —YmL+PSHLL—SLLp)+A-N(SguL—SLuL))
1
= 1-— (1 —0,)%dF,(0,).
Cwt+dp MNSHLH=SLrL—SHHL+SLHL) (- SHrg—SHLL)] (b ( w) w< w)
Y YL tégSupg—Sura)+er S —SLL)+(-N Sy —SarLL)!

Case 1-7

1

O (2 — O,)dF,, (601)
Cm

YmH—YmL+SHLL-SLLL
1

> 1— Gr(1 —0,)2dFy,(0,).

Cw+dr(SHLH—SHLL)
YwH YL +og(Sppg—Sgru)+¢r(Sugr—SuLL)

Equilibrium distribution satisfies uj; > pyy + 17 g + - Equilibrium marriage payoffs are
determined by

Vi — Vi = Surr — St
V:IH - VL*H = Sunn — SuLu
VL*H - VIjL = Surn — SHLL
Var —Vir = Sunr — Surr-
Second, suppose that Condition 1.2 does not hold, i.e. Sgrg+ Srrr < Sgrr+Scry. In

the equilibrium matching, almost all (Y,,;, Ry) women marry lower-income husbands than
(Yum, Rr) women do. There are also seven different scenarios depending on equilibrium
matching distributions: (1) pyy < pyp, (2) wh = tpms 3) Wy < Wy < Wug + Hims (4)
Wi = M + Pom (5) Wi + Lm < Ph < Waa + PL + P (6) W = i + Bom + M,
(7) Wor > Wirm + Wom + M-
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Case 2-1 = Case 1-1
Case 2-2 = Case 1-2
Case 2-3

1
0,dF,(0,)

Cw
Yo~ YuwLtSLHHE—SLLH
1

+ 1-46,)0,dF,(6
Cw+ér (SLLg—SLLL) ¢H( w) Y w( w)
YwH YL +toa Sy —Spoa)+on(SLunL—SLLr)
1
< / ) O (2 — 0,0)AF 0 (6,)
YmH—YmL+§nHHL—SLHL
1
< 0 dF,(6,)
Cuw
Yo~ YuwL+SLHH-SLLH
1

+ (1= 0u)00dFu(00).
Cw+ér(Sppp—Sppr)
YwH YL +ég(SLua—SLLa)+éL(SLun—ScLr)

Equilibrium distribution satisfies gy < py < g + pir- Equilibrium marriage payoff

functions are determined by

Vi = Vi = Sunr — Scur
VI;H - VEH = Spun — SiLm
Vig —Vip =St — Stir
VI?L - VL*L = Stur — StiL-

Case 2-4

1

. 0wdFy (0.)
YoH—YwL+SLHH-SLLH
1
- (1= 0,,)0udF,(60,,)
Cw+tér(Sppg—Sprr)
YwH =YL +oug(SLHa—SLLa)+oL(SLuL—SLLL)

1 On(2 — 0,)dF 2 (00)

IN

Cm
YmH=YmL+tSHHL-SLHL
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and

0m(2 — 0,,)dF,,(0,,)
Cm

YmH—YmL+SHLH—SLLH
1
< OwdF oy (0)
Cw
Yo —YwLtSHHH-SHLH
1
+ 1-6,)0,dF,(0,).
Cw+ér (SLrg—SpLL) ( w) v w( w)
Yo —YwrteH(SHHH—SHLH)Y¢L(SHHL—-SLLL—SHLH+SLLH)

Equilibrium distribution is p};y + pi;, = pjy- Equilibrium marriage payoffs are determined
by

Vi = Vi =X (Sumr — Scur) + (1= XN)(Sure — Scrn)
Vg —Vig =X (Scug — See) + (1= XN)(Saun — Surn)
VL*H - VL*L = Speu — Strr

Vin = Vio =X (Scur — Scer) + (1 = X)(Seur — Scer — Sure + Scow)

where A\* is the unique solution to

1

Cm
YmH " YmL+ X SHHL—SLu)+(-NSyry—SLoH)
1

= 0,dF,(0,) +

C’U}
YoH " YwrLt 2 Spgg—Spra)+0-\(Sygg—SurH)
1

(1 — 0,,)0udF, (0,).

Cw+or(SLrL—Sror)

Yor — Yur + 0a AN Scaw — Scew) + (1 — N)(Sunr — Surw))
+ ¢n AN Serr — Scrrn) + (L= XN (Sumr — Seer — Sure + Stow))

Case 2-5

0wdFy(0,)
Cuy

Yoa—YwL*SHHH-SHLH
1
+ (1 — 04)0udF,(60,)
Cw+¢r(SLLH=SLLL)
Yo YL t¢g(SHHH—SHLH)TL(SHHL—SLLL—SHLH+SLLH)
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1
< ) On(2 — 0,,)dF (0,0)
m
YmH = YmL¥SHLH—SLLH
1
2
Cwt+¢r(SLLH=SLLL) ¢ ( w) w( w)
Yo YL t¢HSHHH—SHLH)TL(SHHL—SLLL—SHLH+SLLH)

Equilibrium distribution is p}; 5 + 1y < g < 1—p7 . Equilibrium marriage payoffs satisty
Vi = Vi =Surn — Seen

VITIH - VEH = SHHH - SHLH
VL*H - VL*L = Srw — Strr
Vi, — Vi, =Suur — Ster — Sure + Sooo.

Case 2-6 = Case 1-6
Case 2-7 = Case 1-7

1.7.4 Proof of Proposition 1
When P,y = Poy = Py, P, = Py, = P, F,,, = F, = F, and ¢,, = ¢, = ¢, the three
equilibrium cutoffs become

o, = ¢
m Yy —Yr + V%(YH) — Vr;kz(YL>,

C
- Yy —-Y. + VJ(YH, RH) — VJ(YL, RH)7
_ C+¢r[Vy(Yr,Rp) —EV(Yr, Rp)
Y — Yo + ou(Va(Yu, Ry) — Vi(Ye, Ru)] + o[V (Ya, Re) — Vii(Ye, R)]

*
ewl

O
The proof is by contradiction. Suppose that weakly more men go to college than women

in equilibrium: 1 — F(6%) > 1 — F(6%,). Hence, 0 < 0%,. First, from the equilibrium

*

investment cutoffs determination, 6}, < 6%

1 implies

Ve (Yu) =V (Yy) > Vo (Yu, Ry) — V, (YL, Ry) (1.12)
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Second, since 0}, > 6%,, 05 < 07, < 0:,. The mass of high-income men and women are

respectively
1

it (Yir) = / 6+ (1— 0)0dF(9)

*
m

1 1

0dF(0) + / (1— 0)0dF(6)

*
0w2

8 (Vi Rut) + 125V, Ry) = /

0ot
Hence, more men than women draw from high-income distribution in equilibrium, g, (Yg) >
wh (Y, Ry) + i, (Y, Rr). Regardless of the equilibrium matching (case 1-5, 1-6, 1-7, 2-5,
2-6, or 2-7 in the equilibrium uniqueness proof), the following stability conditions hold: there

are positive measures of matches between Yy men and (Y, Ry) women,

there are positive measures of matches between Yy men and (Yy, R;) women because there
are more high-income men than high-income women, so some high-income men marry fit

lower-income women,

VinYa) + Vi (Yr, Ry) = S(Y, Yz, Ry), (1.14)

and finally by the stability condition,
Vo (YL) + Vi (Yo, Ri) > S(YL, Yi, Ru). (1.15)
Subtract equation (1.14) from equation (1.13),
Vo Yu, Ry) — Vo (Y, Ry) = S(Yu,Yu, Ry) — S(Yu, Y1, Ry).
Subtract equation (1.15) from equation (1.14),

VoY) =V (Ye) < S(Yu,Yr,Ruy) — S(YL, YL, Ry).
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By strict supermodularity,

VoY) =V (Yr) < S(Yu,Yr,Ru) — S(YL, Y, Ry)

< SYu,Yy,Ruy) — S(Yu,Yr,Ry) =V, (Yu,Ry) — V., (Yr, Ry)

which contradicts inequality (1.12). Therefore, when the surplus function is strictly super-
modular in incomes, strictly more women than men go to college.

Suppose that the surplus function is strictly submodular instead, weakly more women
than men go to college. In any stable matching, by Lemma 1, almost all (Y7, Ry) women
marry higher-income husbands than (Yy, Ry) and (Y7, R;) women, and almost all (Y7, Ry)
women marry higher-income husbands than (Y, R;) women. Therefore, at least some (Y7,
Rp) women marry the highest-income husbands. By the stability condition, V! (Yg)+ V. (Y7,
Ry) = S(Yy, Y, Ry) where equality follows from symmetry. By the stability condition for
Yy men and (Yg, Ry), V(YL) + Vi (Yu,Ry) > S(Yr,Yu,Ry) = S(Yu,Yr, Ry). The two

stability conditions combine to
Vi Ver) = Voo (Vo) <V (Ye, Re) = Vi (Yar, Ry).

As a result, 0F, > 0%, and 1 — F,,(0) < 1 — F,(6%,). The inequality holds strictly when

there is no match between Y7, men and (Y, Ry) women, and strictly more women than men

go to college.

1.7.5 Extended Model and Proof of Proposition 5

Suppose that an agent can enter the marriage market and invest in the same period. Assume
that their subsequent investment plans are publicly known and they can commit to these
plans. An age 1 agent can choose among four actions: to go to college and to delay marriage

(I1, Dy), to go to college and to enter the marriage market in the current period (Iy, E),
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not to invest and to delay marriage (N, D;), and not to invest and to enter the marriage
market (N, Ey). Easily we can see that (N1, D;) is strictly dominated by (NN, F4) because
there is no gain in delaying marriage if an agent does not go to college. An age 2 agent
chooses among four strategies: to make a career investment and to delay marriage (1o, Ds),
to make a career investment and to enter the marriage market (15, Es), not to make a career
investment and to delay marriage (N3, Dy), not to make a career investment and to enter
the marriage market (No, Es). (No, Ds) is dominated by (Na, E»).

A man who chooses (Ny, Ey) or (Ng, E3) enters the marriage market with marriage type
Y1 or Yo, A man who chooses (Ih, Ey) enters the marriage market at age 1 but does
not have his income realized. His marriage type is 0,,2(0p, ) where 0,,2(0,,, Vo) is his
probability of investing when he receives an income offer Y,,5. A man who chooses (15, Ds)
enters the marriage market in the second period, but does not have his income realized. His
marriage type is Pp3(:|0), the distribution he draws his income from in the third period. In
summary, a man’s marriage type can be Y,,, 0,,2(0m, ), or Pps(+|6,,). Similarly, a woman’s
marriage type is (Y, R), 0uw2(0w, ), or Pus(+|0y).

Let X,, and X, denote a man’s and a woman’s marriage characteristics, and X, and
X, the set of men’s and women’s characteristics, respectively. Let S (Xm, Xy) denote the
expected marriage surplus of a X,,, man and a X,, woman. Assume that a man and a woman
start to receive their marriage surplus when both of them realize their income. Therefore,

the marriage surplus function is

S(Ym; Ywa R) = S(me Ywa R)

S(Yma Pw3(|0w)) - 5EYw3,R[S(Ym7 Yw37 R)|0w]

S(Ym7 UwQ(ewa )) = 5EYw2[(1 - Uw2(9w7 Yw2>>S(YM7 YwQ; RH)

+Uw2(0w7 ng)S(Ym, Pw3(‘9w))|9w]
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S(Po3(-10m), Yu, R) = 6By . [S(Vons, Yip, R)|60m]

S(Pros(-|0m); Pus(-10w)) = 0By, vus 2l YVimss Yuss R)|Om, Ou]

§<Pm3(‘9m)a O-w2(6w7 )) - 5EYm3,Yw2[<l - O-w2<(9w7 Yw2))S(Ym37 Yw27 RH)

+0w2<9w7 Yw2)§(ym37 Pw3(|9w))|9m7 Qw]

S(Om2(Om: ), Y B) = 0By, [(1 = 0020, Yin2)) S (Vinz, Yo, R)
+O-m2(6m7Ym2) ( m3( |9 )anyR)lem]
§(0m2<9m7 ')7 PwS(yew)) = 5EYmg,Yw3,R[(1 - O_m2(9m7 Ym2>)S(Ym27 Yw3> R)
+0m2 (O, YVin2) S (P (-16m), Pus (16)) |6 O]
§<0m2(9m7 ')7 O-wQ(Qwa )) = 5EYm2,Yw2[<1 — am2<9m7 Ym2))<1 - 0w2(9w7 Yw2)>S(Ym27 Yw27 RH)
+(1 — 0m2(0m7 Ym2))0w2(ew7Yw2)§(Ym27 Pw3(|9w>>
+0m2(9m7Ym2)(1 _O-wQ(QwanQ)) ( m2< |8 ) Yw27RH)

+0m2(Oms Yim2)Owz (O Yur)S ( Pra(+10m), Pu(+10w))|0m, O]

Let fi,, and fi,, represent respectively measures of men’s and women’s marriage characteris-
tics. Let g be the matching measure on the expanded marriage characteristics set X, x X,.
Let ‘~/m X, - R and Vw : X, — R be men’s and women’s marriage payoff functions. A
marriage market outcome (i, Vi, 17w) is stable if g has marginals fi,, and i, I~/m(5Pm) >0
and V,,(X,,) > 0 for all X,,, Viy(Xy) > 0 for all Xy, Vi (Xm) + V(X)) = S(Xom, Xu) for
all V( X, X,) € supp(), and Vi (Xm) 4 Vip(Xw) = S( X, X, for all X,, € supp(fim) and

X € supp(fiy).®

8See Borch (1962); Wilson (1968); Chiappori and Reny (2015); Zhang (2015¢) for settings with income
uncertainty.
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Now consider an age 2 ability ,, man who decides between investing and marrying (Is,
E,), and investing and delaying marriage (I3, Dy). The marriage timing decision does not
affect the labor market return or the investment cost, the only difference is in the marriage
market payoff. If he invests and enters the marriage market, his marriage type is P,3(-|0n),
and his marriage market payoff is V,,,(Pos(:|0,)). If he invests and delays marriage, he enters
the marriage market in the third period, and his expected payoff is 6By . [Vin(Vins)|0m]. It
turns out that investing and delaying marriage always dominates investing and marrying at

the same time. Consider the following logic. Suppose that the Pp,3(+|6,,) is matched to a

(Y., R) woman in the marriage market, so they divide up their marriage surplus,
§(Pm3<|9m>’ Yun R) = ‘A//vm(Pm3<|8m)> + vw(yun R)
A P,3(:|0,,) man’s marriage payoff is

V(P (-10m)) = By, [S(Vins, Yo, R)[0n] — Vio(Yar, R)

= 0Ey, ,[S(Yis, Y, R) = Viy(Yap, R) 0] — (1 — 0)Viy(Ya, R)

By the stability condition, a Y,,3 man’s marriage payoff is weakly higher than the payoff he

gets with a (Y,,, R) woman,

Vm(Ym3> Z S(Ym?nywa R) - Vw<Yw7R)'

Since this inequality is true for any Y3,

vm(PmS('wm)) S 5EYm3 [Vm(ym?))l@m] - (1 - 5)Vw(yw7 R)’

Since Vi, (Y, R) > 0, or Vi (Yin3) > S(Yons, Yup, R) = Viy (Y, R) for some Yy, Vi (Prs(+0m)) <
0Ey, . [Vm(Ym3)|9m] Therefore, a man prefers making a career investment and delaying
marriage to making a career investment and marrying at the same time if he is matched

to a a type Y, woman. The same preference stays if he is matched to a type P,3(-|6,) or
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0w3(0w, -) woman. Furthermore, a man prefers going to college and marrying later over going
to college and marrying at the same time.

It has been shown above that when a man who makes a career investment and marries
in the same period marries a (Y,,, R) woman, he strictly prefers to delay marriage to the
next period. In general, we can show that investing and marrying at the same time is always
dominated by investing and delaying marriage when the agent is sufficiently patient. Now we
show the preference when he marries a P,3(+|0,,) woman. The marriage payoff of investing

and marrying at the same time is

Vo Pos(10m)) = S(Prig(10m), Pas(:16)) = Vil Pas(-161)
= OBy v kS (Vi Yaz, B) 0, 0] = Vio( P (-16))
= By [ 0By nlS Vs, Yas B)l0w] = Vol Pas(:16.)) 100
= By [ S0V, Pus(100))10u] = Vi Pas (160.)) 61|

< EYms [Vm<Ym3)|‘9m]
where the inequality follows from the stability condition for each Y3,

S’/(Ym37 PwS('yew))lew] - Vw(PwS('ww)) < Vm(Ym?))»

with inequality holding for almost all ¥;,3. When ¢ is sufficiently large, 0Ey, ,[Vin(Yin3)|0m] >

Vi (Pons(-10)). Suppose a Prs(+|6,,) man marries a oz (6, -) woman,

‘N/m(Pm3<'|8m)> = g(PmS('wm)a w2 (0w, ) = Vi (w2 (O, +))
= (5Eym37yw2 [(]_ — O'wg(ew, ng))S(Ymg, ng, RH)
03 (O Yu)S (Vons, Pus (-10)) 0m, 0uu] = Vio (0 (B, -))

= Ey,, [5EYM2 [S(me%a 0w2(0w7 )) - Vw(UU)Q(Qw’ >)}

< By [V (Yons) 0],
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When 4 is sufficiently large, 0Ey. . [Vin(Yin3)|0m] > Vin(Pms(:|6m)). Therefore, we have shown
that (I3, Dy) dominates (I3, F3) when a man is sufficiently patient.

We now show similarly that (I, Dy) dominates (I, F) when a woman is sufficiently
patient. The marriage payoff of (I, D) is 6By, , r[Vi(Yw)|0w], and the marriage payoff of

(I, E5) is Vw(ng(-|9w)). If a P,3(:|0,) woman marries a Y,, man, her payoff is

Vw(Pws(‘ww)) = §<Yma PwS("ew)) - vm(ym)
- 5]EYw3,R[S(Ym7 Yw37 R)"gw] - Vm(ym)
< OBy, 1S (Yin, Yus, R) = Vin(Yin)10u)]

< OBy, r[Vi(Ya)|0u).

If a Py3(-|0,) woman marries a P,,3(+|0,,) man, her payoff is

Vw(PwS("ew» = g(Pm?&("em)a ng('ww)) - Vm(Pm3<|9m))
= 5EYm3,Yw3,R[S(Ym37 Yus, R)|0m7 ew] - ‘7m<Pm3(|0m))
= Esz,R[éEYmg [S(Yma Yus, R)wm] - ‘N/m(ym)ww]

< Eng,R[‘/}w (Yun R) |0w] .

When ¢ is sufficiently large, Vw(Pw3(~]9w)) < Eyw?”R[Vw(Yw,R)]Hw]. If a Pu3(-|0,) woman

marries a 0,,2(0p, -) man,

ViPus(100)) = S(0m2bms). Pus(16)) — Vin(0riz(0r, )
= 0Ey,,vis.r[(1 — 0m2(0m, Yina2))S (Y, Yus, R)
02 O Y2 S (Pass (10, Pas (102)) 01, 0u] = Vin (010261, ))
— Evo By, (1 = 0a (O, Yin2))S (Vi Yas, R)
03O Y2 S (Pass (101, Pas(16.)) = Vi (00501 )10, 0]

= Eng,R[(sEYmg [§(0m2<9mvym2) Yw7R> V (0m2< ))’9m7‘9 ]]
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< Eng,R[Vw (Ywa R) |9w]

When 4 is sufficiently large, Vi, (Pus(-6)) < Ey,,, R[Vw(Yw, R)|0,]. Therefore, we have shown
that (I, Dy) dominates (I3, Ey) when a woman is sufficiently patient.

We next show that (1, D;) dominates (I, Ey) for sufficiently patient men. Let 0,,2(0;, -)
be an ability 6,, man’s second period investment strategy. If he chooses (I1, D;), his expected

marriage payoff is
5EYm2 [(1 - o-mQ(ema YmQ))‘A//m(YmQ) + O-mQ(ema YmQ)EYmg [5‘7m(ym3) |9m] |0m:| .

If he chooses (I, E1), his expected marriage payoff is ‘7m(0'm2<9m,'>>. Suppose that he

matches with a (Y,,, R) woman, and they divide their marriage surplus,

Vo020 ) = S(0ma(Bm, ), Vi, R) — Viy (Y, R)
= 0By, [(1 = 02 (0, Yin2)) S (Yina, Vi, R)
402 (O, Vi) S (Pons (-0, Y R)|0ra] — Viy(Ya, R)
= Ey,,[(1 = 020, Yin2)) (65 (Yimz, Yus, R) — Vip(Yay, R))|60,]
By, [0m2 O, Yiz) (65 (Prs (10, Yeo, R) — Vi (Yp, R))|0]
< OEy,,u[(1 = 02O, Yin2) ) Vin(Vinz) 0]

+5]EYm2 [GmQ (9m7 Ym?)]EYmg [5‘7m(ym3) |9m] |0m] .

The man’s marriage payoff Vm(amQ(Qm, -)) if he marries with a P,3(-|0,,) woman is

§(Um2(9ma )y Pus(+10w)) — Vo (Pus(+0w))
= ]Esz [Esz,R[(l - Um?(ema Ym?))(és(ym% Yos, R) - ‘N/w(PwZS("‘gw)))ww]wm}
+Ey,2 (B, [0m2(0ms Yin2) (85 (Prus (-10m), P (-16)) = Vo (P (16:))) |6, 61

Esz [(1 - 0m2(€m7 Ym2))‘7m (Ym2> + 0m2(‘9ma YmQ)EYmg [5‘7m (YmB) |0m] |0m] .

IN
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For sufficiently large 8, V;,(0,n2(6m, -)) is smaller than
OBy, ., [(1 = 02 (Oms Yi2) Wi (Yim2) + 2Oy Yoz ) By, [6Vin (Yi3) | O] | O]

If & 0,2(0,, -) man is matched with a 0,2(0,, -) woman, then his marriage payoff Vm(amg (O,

)

= S(0m2(0m: ), 0u2 (O, ) = Vo (Pus(-|6))
= E|(1 = 0ma(Om: Yin2)) (1 — 020, Yi)) <5S(Ym2, Yoo, Rir) — Viy( Py <~|9w))]
E [(1 = 0na (O, Vo)) (O, Yaz) (85 (Vs Pus(160)) = Ve Pus(16)) |
E (000, Yin2)(1 = 020, Vo)) (05(ProalC160m), Yoo, Bir) = V(P (-160) )|
E [0 (0, Yin2) 72O Vi) (05 (Prua (160m), Pus(16.)) = Vo Pas(-161,)) |

E (1= 0ys(Bm, Vo)) (1 — an(ew,YwQ))vm(YWQ)}

IN

B[ (1= 0 (B, Yo2) ) (Bu, Vo) Vi (Vi)

E (0020, Yin2) (1 = 0 (Ou Ya2)) Vi (Prua([6))]

+E :amg(em, Vi) T (G, sz)vm(sz(-wm))}
Ey,., [(1 - 0m2(9ma Ym2>>‘7m(ym2)|‘9m]

Ey,., [Um? (O, Ym2)EYm3 [5‘7m (Yin3) lem] | em]

IN

where the last inequality follows from the fact that V,,(Pra(-|0m)) < Ey.,.[0Vin (Yin3)| 0] for

sufficiently large 6. For sufficiently large 8, V(02 (0, -)) is smaller than
5EYm2 [(1 — Om2 (‘gma Ym2))‘7m<ym2) + Om2 <9m7 Ym2)EYm3 [5‘7m<ym3) |9m] "gm] .

Therefore, we have shown that no matter who the man is matched to in the marriage market,
if he is sufficiently patient, (I1, ) is dominated. We can use analogous arguments to show

that (I, Dy) dominates (I;, E4) for sufficiently patient women.
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Men's Income by Marriage-Age, CAN 1981 Men's Income by Marriage-Age, BRA 1991
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Figure 1.10: The relationships between marriage-age and income among Canadian men ages
40-44 in 1981 and among Brazilian men ages 40-44 in 1991.

1.8 Data Description and Additional Figures

The data in USA 1980 were taken from the 1% sample of the 1980 US Census via IPUMS
(Ruggles et al., 2010). Age at first marriage (AGEMARR) and personal income (INCTOT)
are directly asked on the form. To be comparable with 2010, I dropped all the people who
have married more than once, which constituted 18% of the sample; including those people in
the analysis does not change the relationship qualitatively. The data in USA 2012 were taken
from the 1% sample of the 2012 American Community Survey via IPUMS-USA (Ruggles
et al., 2010). Marriage-age is calculated for those who married once in the current marital
status (YRMARR). Those who married more than once constitute about 16% of the sample
and are dropped because marriage-age cannot be computed for this subsample.

The Canadian data in 1981 were taken from 1980 Census of Canada via IPUMS (Ruggles
et al., 2010). Age at first marriage was directly asked and recorded as AGEMARR. Personal
income is INCTOT. The Brazilian men ages 40-44 in 1991 were the the men from 1991 Censo
Demografico via IPUMS-International (Ruggles et al., 2010). Marriage-age was directly
asked and recorded as AGEMARR. Personal income is INCTOT. Questions related to family
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Women's Income by Marriage-Age, CAN 1981 Women's Income by Marriage-Age, BRA 1991
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Figure 1.11: The relationship between marriage-age and income among Canadian women
ages 40-44 in 1981 and among Brazilian women ages 40-44 in 1991.

income or spouse’s income are not asked. I choose these two countries because of data
availability: those were the only two countries with data on both personal income and
marriage-age in [IPUMS-International.

The husband’s income is calculated as the family income minus personal income (FTOT-

INC — INCTOT). Questions related to family income or spouse’s income were not asked in

the Canadian and Brazilian datasets.
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Chapter 2 Pre-Matching Gambles

“The lottery of the law [profession] ... is very far from being a perfectly fair lottery;
and that as well as many other liberal and honorable professions, is, in point of
pecuniary gain, evidently under-recompensed. Those professions keep their level,
however, with other occupations; and, notwithstanding these discouragements,

all the most generous and liberal spirits are eager to crowd into them.”
— Adam Smith, Wealth of Nations

Abstract: This paper studies gambling behavior in an equilibrium two-sided matching mar-
ket. People choose lotteries to change their matching attributes before they enter a stable
matching market. These choices can be financial investments, occupation choices, or college
major choices. Surprisingly, risk-averse people can take very risky investments before they
enter a matching market. A unique fundamental feature of the matching market, I call
the stable rematching effect, drives the risky choices: a gamble changes not only a person’s
matching attribute but also his or her partner. Furthermore, the gambling incentive arises
independently of the shape of the surplus function contrary to the possible misconceived
intuition that surplus supermodularity and positive-assortative matching resulted from the
surplus play a key role. The paper discusses the trade-off between efficiency and inequal-
ity: the socially efficient gambling can always be supported in equilibrium, but there may
exist other equilibria with different equilibrium wealth distributions. Finally, I interpret
pre-matching gambling as choosing careers with different wage distributions and account for
gender-specific patterns of occupational choices and marital timing.

Keywords: investment-and-matching, stable rematching effect, income inequality, occupa-

tional choice
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JEL: C78, D31, J41

2.1 Introduction

People take risks. Ordinary you and I visit casinos and buy lottery tickets. Sane citizens
commit crimes and take chance to park illegally. College graduates pick career paths with
similar expected lifetime earnings but very different income distributions. Young profes-
sionals quit their steady jobs and become entrepreneurs. Investment managers build risky
portfolios.

Adam Smith (1776) conjectures that social status motives and overconfidence drive these
risky choices. Friedman and Savage (1948) postulate that utility functions exhibit convexity
in some range. Rubin and Paul (1979) point out that people may gamble to reach subsistence
level (e.g. stealing, robbery). Robson (1992) and Becker et al. (2005) reemphasize the
importance of social status. I argue in this paper that subsequent matching concerns induce
gambling. College students choose different majors that provide different bundles of human
capital in order to meet future employers’ needs in the competitive labor market. People
risk their wealth in order to attract mates in the future. Investment managers build risky
portfolios because financial investment returns not only augment cash flow but also attract
future investors.

This paper is the first to study gambling behavior in an equilibrium two-sided matching
market. Agents can pick lotteries to change their matching characteristics before they find
partners and bargain for their surplus. Studying these often overlooked investments in
an equilibrium setting can lead to quite surprising implications about private and social
risk-taking. The inherent competitive structure of the matching market in fact encourages
gambling.

The paper contains the following key results. First, the paper rationalizes seemingly risky
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choices before matching markets. Second, the paper discovers a gambling-inducing factor
inherent in stable matching market independent of any assumption on the surplus function.
Third, the paper investigates the properties of equilibria. Fourth and finally, the paper
provides a tractable model that is consistent with key stylized facts about career choices and
the marriage market.

Beneficial pre-matching gambles can be prevalent. I first show in an example that an
agent may strictly prefer to take an actuarially unfair gamble. Moderate amount of risk
aversion does not preclude agents from taking these unfair and risky gambles. The example
also alludes to the factors that drive the seemingly risk-seeking preferences.

Stability of the transferable utilities matching market inherently encourages and induces
pre-matching risk-taking. A stable rematching effect always prompts the agent to gamble. A
gamble does not only change an agent’s contribution to surplus but also his or her partner.
Crucially, due to stability, for every realization of the gamble, the agent is always matched
with the partner that gives him the highest attainable payoff. This stable rematching effect
is exclusive to matching market.

The risk-taking behavior, despite of its usual negative connotation, is not necessarily
undesirable in the current matching setting. The gambles can be beneficial to private as well
as social welfare. The gambles in equilibrium are constrained efficient. That is, if a social
planner can redo the gambles everyone on one side of the market takes and rearranges the
matches based on the realizations of the gambles, he cannot improve social welfare. When
multiple equilibria arise, carefully designed tax schemes can eliminate inefficient equilibrium.
I show an example where a progressive tax scheme can effectively enhance efficiency, reduce
inequality, and generate positive tax revenue.

I use a dynamic extension of the model to study gender differences in occupational choices
and marital patterns. If women remain reproductively desirable for a shorter length of time

than men and it takes time to resolve uncertainties from risky investment, women will choose
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careers that have steady gains and marry early. Men on the other hand choose occupations
that may have volatile returns (e.g. traders, entrepreneurs) and marry later in general. As
fecundity constraint lessens, more women enter the occupations previously dominated by
men and are exposed to labor market shocks and delay their marriages.

After a brief literature review, the rest of the paper proceeds as follows. Section 2.2
demonstrates an example in which an agent could find profitable pre-matching lottery. Sec-
tion 2.3 describes the basic model. Section 2.4 shows the dominance of extremely volatile
gambles when the surplus function is bi-linear. Section 2.5 highlights how stability fosters
risk-taking behaviors. Section 2.6 shows the existence of the efficient equilibrium and the
equilibrium properties. Section 2.7 extends the model to a dynamic setting and discusses

interplay between occupational choices and marital timing. Section 2.8 concludes.

Related Literature

The paper is linked to the literature that answers why people gamble. Smith (1776) raises
and discusses the question. The primary consideration has been the additional social status
wealth adds. Modern treatment begins with Friedman and Savage (1948). They argue the
utility over money is convex on certain range, and people take gambles if their wealth falls in
that range. Their explanation for the convexity is that people gamble with wealth because
of social status considerations. Wealth gain raises not only consumption but also one’s social
status. Ray and Robson (2012) formalizes these arguments in a dynamic setting. Becker et
al. (2005) investigate the gambling incentives when social status can be bought and traded
in an explicit or implicit market. Complementarity between money and status for utility is
key to prompt risk-taking behavior that results in unequal wage distributions. This paper
shows complementarity is no longer key in a two-sided hedonic market.

The idea that marriage can generate gambling incentives has been explored before as

well. Rubin and Paul (1979) and Robson (1996) both discuss incentives to gamble in order
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to obtain additional wives. Because of discreteness number of wives a man can have, he
would rather take unfair lotteries to obtain enough wealth and resources for an additional
wife than to let some of resources to remain idle for inefficient use. However, the papers
rely on both assumptions of non-transferable utility and polygamy. The current paper is in
a transferable utility, one-to-one matching setting. Roughly speaking, the previous papers
have considered how quantity of wives can affect a man’s gambling incentive, whereas the
current paper considers how quality can induce similar gambling incentive.

Rosen (1997) shows agents’ willingness to gamble if having more wages enable one to move
to bigger cities with more abundant resources. From the literature that investigates voluntary
and wealth redistribution, the paper provides a possible relationship between efficiency and
inequality in a matching market. Rosen (1997) and Becker et al. (2005) investigate wealth
redistribution as a result of gambling incentives. Bergstrom (1986) studies gambling and
occupational choices. Anderson and Smith (2010), although not on gambling incentives, show
the convexity of the payoff function when the surplus function is bilinear and supermodular,
and some of their key results depend on this feature of the payoff function. This paper
generalizes this result and investigates the persistent underlying driving force.

Different from the previous investment-and-matching models in which investments yield
deterministic returns, I investigate investments with uncertain returns. The literature on
investments with deterministic returns is fairly large (Cole et al., 2001b; Iyigun and Walsh,
2007; Chiappori et al., 2009; Mailath et al., 2012, 2013; Dizdar, 2013). Zhang (2015a) studies
investments with uncertain returns but the focus is not on the tradeoff between investments
of different volatilities. We can draw some parallels about equilibrium results. The efficient
gambles and inequality can be supported in equilibrium, but there may also exist inefficient
equilibria. The inefficiency is related to the lack of corresponding agents on the other side of
the market, similar to the causes of inefficiency in Cole et al. (2001b) and Dizdar (2013). The

equilibrium gambles and the deterministic investments are constrained efficient, however.
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2.2 A Motivating Example

Let me first show a simple example in which an agent always embraces uncertainty and prefers
a gamble over a deterministic investment that has the same expected return. Consider a
two-sided matching market with continuums of men and women distinguished by a one-
dimensional matching attribute denoted by z and y, and the attributes are distributed
according to mass distributions GG, and G,,. A man of attribute x and a woman of y produce
zero individually and positive surplus s(z,y) if matched. Market conditions determine the
matching among agents and division of the surplus. Matching 7 and payoffs u and v are said
to be stable if the matching maximizes total surplus [ sdm and matched partners split their
surpluses, i.e. u(x)+v(y) = s(z,y) if 7(z,y) > 0, and no pair of agents can be strictly better
off matching with each other and redividing their surplus than staying with their current

partners, i.e. for any x and y,
u(z) +o(y) = s(z,y).

This inequality holds for any pair of agents and often holds strictly for any two agents who
are not matched to each other.

Now suppose that the surplus function is s(z,y) = zy and that a risk-neutral man born
with attribute x has an investment choice before entering the large matching market, while
the rest of the agents can only enter the market with their innate attributes. He can either
enter the large matching market with attribute x or take a fair gamble that changes his
attribute such that with probability p he has high attribute ¥ > x and with probability 1 —p
he has low attribute x < z, but the expected attribute remains z, x = px + (1 — p)z.

Since there are continuums of agents, the man’s choice between z and poT + (1 —p)ozx
does not affect the equilibrium payoff functions u(-) and v(-). He chooses an investment to

maximize his expected payoff. If he does not take the gamble, his payoff is u(z). If he takes
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Figure 2.1: Stability conditions in a two-sided matching market.

the gamble, his expected payoff is pu(Z) + (1 — p)u(z).
In fact, the gamble yields weakly greater expected payoff. If he enters the matching
market with attribute = and is stably matched with a woman of attribute y (as shown in

Figure 2.1)!, his payoff is the surplus x and y produces net any payoff y takes,

u(@) = ay —v(y).

Simply by the stability condition u(z) + v(y) > s(z,y) for all x and y, the following two

inequalities must hold:

Figure 2.1 illustrates the matching market and summarizes these implied stability conditions.

The expected payoff of taking the gamble is then bounded by these stability inequalities,

in particular,

pu(Z) + (1 —plu(z) > plEy —v(y)] + (1 —p)lzy —v(y)]

= pry+ (1 —plry —v(y) = vy — v(y) = u(w).

Therefore, taking the fair lottery for = is at least as good as not taking it. Often the

f x is not matched to any woman, u(x) = 0, then taking the gamble is trivially weakly better as u(-) is
non-negative by individual rationality.
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inequalities u(Z) > Ty — v(y) and u(z) > zy — v(y) hold strictly; for example, when none
of the partners of men with attribute ¥ is a woman with attribute y in the stable matching
(m(z,y) = 0), u(T) > Ty — v(y). As long as one of the inequalities holds strictly, the fair
lottery yields strictly higher expected payoff than the risk-free investment. By continuity,
the agent can strictly prefer an unfair lottery even if he is strictly risk averse in the payoffs.
The range of such desirable unfair lotteries can be quite large; as shown in the subsequent
numerical Example 1, the risk-neutral median man is willing to take a gamble that makes

him the greatest with probability 1/4 and the worst with probability 3/4.

Example 1. Mass 1 of men and mass 1 of women are endowed with attributes uniformly
distributed on [0, 1]. Suppose the surplus function is s(x,y) = xy and single agents produce
zero. The stable matching is positive assortative and the unique stable payoff functions are
u(x) = /2 and v(y) = y*/2. An attribute = £ man decides between remaining attribute
% and taking a gamble that changes his attribute to either the worst x = 0 or the best ¥ = 1.
If his utility is U(u) = u%(Hp), he prefers buying an extreme fair lottery % o0+ % ol to

remaining attribute % if
1
p- 1" 4+ (1—p)- 07 > (5)1+p =p > 1/2'*7,

In particular, if the man is risk-neutral (p = 1), he prefers the extreme lottery to no lottery
if p > 1/4. If p = 1/2 so his utility is U(u) = ui, he prefers the lottery if p > 0.36. Of
course, gambling is not always preferred when the agent is too risk averse and/or the lottery
is too unfair. If the man is risk averse enough, when p < 0 in this example, he strictly prefers
staying attribute % to taking any fair lottery. If the available lottery is po 1+ (1 —p) o0

where p < 1/4, a risk-neutral man strictly prefers not taking it.

In this example, preference for gamble over risk-free option does not rely on particular

attribute distributions G,, and G,,. If all agents can choose gambles and their choices result
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in attribute distributions, each agent nonetheless individually prefers to choose a gamble.
In fact, in a general equilibrium model in which every agent can choose among lotteries,
if there are several lotteries that have the same mean and are ordered in terms of second
order stochastic dominance, when the surplus function is bilinear, the only weakly domi-
nant investment strategy for each agent is the second order stochastically most dominated
investment, which we will show in Section 2.4. However, the independence between oppo-
site side heterogeneity and gambling incentives is not generally true. In fact, the attribute

distributions crucially determine the gambling incentives.

2.3 The Model

Economy E consists of a continuum of men and women endowed with one-dimensional
attributes respectively denoted by Z and 7. Mass functions F,, and F,, describe the distri-
butions of the attributes on compact supports X and Y in R, . Without loss of generality,
assume equal masses of men and women?.

The economy E operates in two phases, an investment phase followed by a matching
phase. In the investment phase, the agents simultaneously choose among fair investment
lotteries to stochastically alter their innate attributes. Then in the matching phase, the
agents match based on their realized attributes and divide their matching surpluses in a

frictionless stable assignment market. Details of the economy precede definition of the equi-

librium.

2X and Y could be discrete or continuous. If there are unequal masses of men and women, dummy agents
can always be added to the shorter side of the market. Dummy agents do not change their attributes and
matching with dummy agents does not generate any surplus.
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2.3.1 Gambling Phase

In the investment phase, each agent simultaneously and non-cooperatively chooses a fair
lottery that alters one’s innate attribute. A lottery P(-|Z) specifies the cumulative distribu-
tion function of the realized attribute. Each man Z’s feasible lottery set P(Z) consists of all
lotteries that realize attribute on compact support X = [z, 7] and have expected attribute
of Z. The lotteries for women are similarly defined and specified; Q(-|y) represents a feasible
fair lottery of ¥ and Q(¥) the set of feasible lotteries with compact support on Y = [y,7].
Note that P(z) and Q(y) include every mixed strategy as well; for example, mixed strategy
0o Py(+|Z)+(1—0)oPy(-|T) is equivalent to the pure strategy P(-|Z) = o Pi(:|Z)+(1—0) P (-|Z).

(P(:]"),Q(:]")), or simply (P, ), represent the population strategies where each T plays
P(:|z) and each y plays Q(-|y). If X and Y are continuous sets, P(:|-) and Q(+|-) are said to
be well-behaved if they are discontinuous at only a finite number of points and Lipschitz on

every interval of continuity points. In particular, well-behaved P(-|-) and Q(:|-) are absolutely

continuous on the intervals of continuity points.

2.3.2 Matching Phase

After agents play well-behaved strategies (P, @), attributes are realized at the beginning of

the matching phase. (P, Q) induce heterogeneous attribute distributions G,, and G,, where

Gon() = / _ P@RNF,), Guly) = / _QUIDIFLD)

Let g,, and g, represent the associated measures. A man of attribute x and a woman of
attribute y produce surplus s(z,y), and unmatched agents obtain zero surplus. Assume
s: X xY — R, is twice differentiable and has non-zero cross-partial almost everywhere.
Men and women find partners in a continuum transferable utility assignment market

characterized by measures g,, on X and g, on Y and the surplus function s, and match and
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split surpluses in a stable, efficient way.

A stable bargaining outcome of assignment market (g,,, g, s) is composed of a surplus-
maximizing matching of g,, and g, and payoff functions that specify the stable payoffs for
all attributes on X and Y. Let 7 € (g, g») be a feasible matching such that measure 7
on supp(gm) X supp(g,) has marginals g,, and g,. The primal linear program P(g,,, gw, s)

finds a feasible matching 7 € I1(g,,, g,,) that attains

sup / sd,
TEI(Gm,gw)

and the dual linear program D(g,, g, s) finds payoff functions u : supp(g,) — R and

v : supp(g,) — R to minimize total payoffs among all stable payoff functions that satisfy

u(z) +v(y) > s(z,y) V(z,y) € supp(gm) X supp(gu)-

In other words, the solutions u(-) and v(-) attain

inf </ udg,, +/17dgw> .
{(@,9)|a(z)+0(y)>s(x,y)V(x,y) Esupp(gm ) xsupp(gw) }

Definition 2. A stable bargaining outcome (7, u,v) of assignment game (g, gu, S) iS
composed of solution 7 € I1(g,, g,) to the primal linear program P(g,,, g, s) and solutions

u(+) and v(-) to the dual linear program D(g,,, guw, S)-

Solutions to the primal and dual linear programs exist®. The solutions to the two linear

programs also achieve the same objective,

max /sdﬁ = min (/ udgm, +/f)dgw) .
RE(gm,gw) {(@,9)|a(z)+5(y) >s(z,y)¥(z,y) Esupp(gm ) Xsupp(gw) }

Let B(gm, 9w, s) denote the set of stable bargaining outcomes of (g, gu, s), as there is not

necessarily a unique stable bargaining outcome.

3Interested readers should consult Gretsky et al. (1992, 1999), Chapters 4 and 5 of Villani (2009), and
Dizdar (2013) for more detailed formulations and proofs.
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In summary, the economy is composed of a simultaneous non-cooperative investment
phase in which everyone chooses a lottery and a cooperative assignment phase. Therefore,
(Fm, Fu, P, Q, s), innate attribute mass distributions, feasible lottery strategies, and surplus

function describe an economy F.

2.3.3 Equilibrium

An equilibrium of the economy consists of population strategies and a stable bargaining
outcome extended appropriately. Roughly speaking, in an equilibrium, each agent rationally
expects his or her matching outcome and respective payoff and chooses the lottery that
maximizes his or her expected payoff.

Consider well-behaved strategies (P, Q) and a stable bargaining outcome (7, u,v) of the
assignment market (g, gu,s) induced by (P,@). Suppose a man of innate attribute =
deviates to play a feasible strategy P(-|Z) # P(-|Z). There are two issues with such unilateral
deviation. First, population strategies in which one agent plays P(:|Z) and every other agent
plays according to (P, Q) are no longer well-behaved. Second, u(-) and v(:) by definition
are defined respectively on supp(g,) and supp(g,), so a deviation P(-|Z) may realize an
attribute = not in supp(g,,) so the man’s payoff u(z) when he realizes attribute z is not
defined.

We make the following assumptions to solve these issues. When an agent unilaterally
deviates from (P, (), assume the stable bargaining outcome (7, u,v) is unchanged. If the
agent’s deviation yields an existing attribute, the payoff is well-defined by the payoff func-
tions. On the other hand, if the agent’s realized attribute z lies outside supp(g,,), his
payoff is the maximal net surplus he or she can get given the payoff the partner takes; that
is, wW(T) = SUPyequpp(gn)[5(T;¥) — v(y)] if = & supp(g,). Define extended stable bargain-
ing outcome for any assignment market with matching and payoffs functions extended to

support X X Y. Define the payoff u(x) of a non-existent attribute x ¢ supp(g,) to be
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u(z) = supyesupp(gw)[s(x,y) — v(y)]. Define v(y) for y & supp(g,) similarly and 7(z,y) = 0

for all = ¢ supp(gm) or y & supp(gu)-

Definition 3. An extended stable bargaining outcome (7, u, v) of an assignment market
(9m, Guw, ) is composed of 7 : X XY - R, u: X - Ry, and v : Y — R, such that (7, u,
v) restricted to supp(gm,) X supp(gy) is a stable bargaining outcome of (g, g, s), and for
z € X\supp(gm) and y € Y\supp(guw), 7(z,y) = 0, u(x) = SUPycsupp(gu) (T, ¥) — v(y)], and

U(y> = Supx€supp(gm)[s(x7 y) - U(.I)]

We are ready to define the equilibrium of the game, modifying the definitions of the

ex-post contracting equilibrium in Cole et al. (2001b) and Dizdar (2013).

Definition 4. Consider (P*, Q*, 7*, u*, v*) composed of well-behaved strategies (P*, Q*) and
an extended stable bargaining outcome (7%, u*,v*) in economy E = (F,,, F,, P, Q,s). Let
G*

m

and G, represent the induced attribution distributions G;,(z) = [, < P (2[Z)dFn ()

and G (y) = fy <, @ (9ly)dF,(y) and gy, and g, the corresponding attribute measures. (P,

Q*, ™, u*,v*) is a fulfilled expectations equilibrium of economy £ if
o (7, u*,v*) is an extended stable bargaining outcome of (g, g, s), and

e (P*,Q*) are optimal with respect to extended stable bargaining outcome (7*, u*, v*);

namely, for all 7 € X and P(-[7) € P(@ ), [u*(z)dP*(z|Z) > [w*(x)dP(x|Z), and for

all €Y and Q(-[7) € Q@), [ v*(1)dQ*(y[7) > [ v*(y)dQ(yl7).

2.4 Dominant Extreme Gambles Under Linear Surplus

In this section, I show that when the surplus function is linear in agent’s attribute, it is a
weakly dominant strategy to pick extreme lotteries in which agents gamble to realize only

either the highest attribute or the lowest attribute. It follows that there exists an equilibrium
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in which every man and every woman chooses the extreme lottery when the surplus function

is bilinear.

Definition 5. An extreme lottery P(-|Z) for an agent of innate attribute 7 is to realize
only the highest or the lowest possible attribute. Given that = with probability p and x with

probability 1 — p where p = ;—; so that pT + (1 — p)z = 7.

Proposition 6. If s(x,y) is linear in x, an attribute T man’s only weakly dominant strategy

1s the extreme lottery.

Lemma 3. If s(x,y) is linear in x, every man weakly prefers P to any second-order stochas-

tically dominant lottery P.

First, let’s see that every man prefers his lottery P, to the degenerate lottery. Suppose
the population strategies are P(:|-) and Q(-|-) resulting in matching market distributions
G, and G, if the selection function is 8, u(-) and v(-) are the rationally expected payoffs;
regardless of the strategies and the selection function, payoffs satisfy the stability conditions.
The expected utility of taking the degenerate lottery Py(-|Z) for an attribute Z man is U(Z,
Py) = u(x), and on the other hand, the expected utility of taking fair lottery P;(-|Z) when
others are playing P(-]-) and Q(+]-) and selection function is 8 is U(z, Py, P, @, ) = U(Z,

Py) = [u(x)dPi(z|Z). Suppose T is matched with y in the stable matching 7, then

u(7) = s(7,y) — v(y).

By stability, for any x € X,
u(z) = s(z,y) —v(y).

Therefore,

Uz, Fy) = / u()dPy (z]7) > / [s(z,y) — v(y)|dPy(z]7) = / s(z,y)dPy (]) — vl(y).
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By linearity of the surplus function in z, [ s(x,y)dPi(2|Z) = s([ xdP,(x|Z),y). Because by
definition P (z|Z) is a fair lottery, [ zdP;(z|Z) = Z. Hence U(Z, P,) > U(Z, P).

In general, take any random variable € ~ 2 such that Eq(e) = 0. Given any payoff
function u(-) that satisfies the stability conditions, if s(x,y) is linear in z, [ u(Z+ €)dQ(e) >
uw(Z). P11(+|7) is a mean-preserving spread of P(-|Z) if and only if there exists a random
variable z; such that E[z|x] =0, z;41 = 2 + 2.

Therefore, just as the lotteries are second order stochastically ranked, they are ranked in
terms of expected utilities as well: the more second order stochastically dominated a lottery
is, the higher the expected utility, regardless of other players’ lottery choices. Therefore, the
most second order stochastically dominated lottery is a weakly dominant strategy for each
man and woman.

Naturally, there exists an equilibrium in which the men and women all play the dominant

strategy to pick the most volatile investment.

Proposition 7. Suppose the surplus function s(x,y) is bilinear. There exists an ex-post

contracting equilibrium in which every agent takes the extreme gamble.

It is not necessarily the unique equilibrium. Section 2.6 presents an example with mul-
tiple equilibria. Nonetheless, the equilibrium in which every agent is voluntarily exposed to
maximal uncertainty exists and in fact maximizes social surplus. When both sides of the
agent are heterogeneous enough, then taking the most extreme lottery is everyone’s unique
strictly dominant strategy, so the equilibrium is unique. This example resonates some of the

ideas in Cole et al. (2001b), which I will elaborate in Section 2.6.

Proposition 8 (Uniqueness). Suppose the surplus function is bilinear. If distributions F,,
and F,, are differentiable and strictly increasing on full supports X and Y, and all the
non-degenerate lotteries P/(-|Z) and Q,(+|y) are differentiable and strictly increasing on full

supports X and Y, then the population strategies in which each man chooses lottery Pp(-|T)
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and each woman chooses lottery Qn(+|y) are the unique equilibrium strategies.

From the derivation above, even for a general surplus function, the agent might 1) strictly
prefer a nonempty set of unfair lotteries in the neighborhood of the fair lottery, 2) strictly
prefer the fair lottery even if he is strictly risk averse, and 3) strictly prefer an unfair lottery
even if he is strictly risk averse.

Note that bi-linearity is not equivalent to supermodularity of the surplus function. Al-
though s(x,y) = xy as used in the example in Introduction is bilinear and strictly supermod-
ular, s(z,y) = x+y—xy for z,y € [0, 1] is bilinear and strictly submodular. Fundamentally
similar to the results in this section, Anderson and Smith (2010) show convexity of the stable
payoff function when surplus function is bilinear. I will show a force derived from stability
and efficiency that persistently encourages pre-matching risk-taking. Also note that if the
surplus function is instead strictly biconvex (e.g. s(z,y) = x?y?), all the propositions go

through and the most volatile investments are strictly dominant.

2.5 Stable Reassignment Effect

The motivating single-agent gambling example in Section 2.2 and the results on extreme
gambles as unique dominant strategies under linear surplus in the previous section suggest
that the stable payoff functions are inherently convex and that the stable organization of
the assignment market itself possibly contributes to such payoff convexity. I will show below
an inherent stable rematching effect that always generates convexity in the stable payoff
functions and thus induces pre-matching gambling. Notably, this gamble-inducing effect
arises solely as a byproduct of the stability conditions and exists independently of the surplus
function. The independence of the effect’s existence to the shape of the surplus function
particularly dismisses the probable speculation that complementarity plays the essential role

in encouraging gambles in the previous results.
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In essence, the stable assignment, in particular, the rematching based on realized at-
tribute, provides an implicit but persistent benefit to gambling. In any stable bargaining
outcome, simply by the stability conditions, a man cannot do strictly better by matching
with a partner different from the one that he is assigned to and paying the new partner at
least her competitive payoff. In other words, in any stable bargaining outcome, any man (or
any woman) is assigned to the partner that maximizes his marital payoff. Consider the sce-
narios between gambling and no gambling. A man who does not gamble will end up with an
assigned partner. When he gambles, he will be very likely assigned a different partner based
on the realized attribute. This reassigned partner enables him a higher stable payoff than he
would get otherwise with the original partner if he does not gamble. This rematching effect
always brings an extra benefit to the agent who gambles. The rematching based on realized
attribute adds a benefit to the agent who realizes a higher attribute and an insurance if the
realized attribute is low.

Let me now formally demonstrate the gamble-inducing stable rematching effect. Consider
an assignment market (g,,, g, s) induced by the population strategies (P, ()) and an extended
stable bargaining outcome (7, u,v) of the market. Take any man = € X. Recall the stability

conditions the stable matching and payoffs satisfy. For any woman y € supp(g.),
u(z) = s(z,y) — v(y).

If there is positive measure of matches between = and y, i.e. m(z,y) > 0, then
u(z) = s(z,y) —ov(y).

Consider s(z,y) — v(y). It represents the payoff x would get if he marries y and pays y her

competitive market value v(y). In the stable assignment, x is matched with y only if

s(w,y) —v(y) = s(x,y') —v(y') Yy € supp(gu).
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In other words, x marries y that gives the highest possible payoff, so
u() = sup [s(z,y) —v(y)].
yEsupp(guw)

Let y(x) € supp(g,) denote a woman attribute that satisfies

s(z,y(x)) —v(y(z)) =  sup  [s(z,y) —v(y)],

yEsupp(gw)

and let Y (z) denote the set of women whose match with = will yield the maximal payoff
SUDyesupp(ge) [5(T,¥) — v(y)] for . Therefore in an extended stable bargaining outcome,
u(z) = s(x,y(z)) —v(y(x)) for all x € X, not only x € supp(g,). In particular, if an agent
has innate attribute Z and takes a gamble and realizes a different attribute x, his optimally
assigned partners in the market probably differ, and the payoff = gets by matching with any

of his optimal partners y(x) weakly exceeds the payoff = gets by matching z’s partner y(Z).

u(z) = sz, y(x)) —v(y(z)) = s(z,y(7)) — v(y(2)). (2.1)

IfY(Z)NY(z) =0, z has for sure a different assigned partner as 7, and the payoff benefit
is strictly positive.
Now, compare a feasible fair lottery P(-|Z) for an innate attribute ¥ man to his degenerate

lottery p(x|x) = 1,—z. The difference between the expected payoffs from the two decisions is

Ep(p[u(@)] = u(@) = Epqp sz, y(@)) = v(y(2))] = [s(,y(7)) = v(y(@))]-

Subtract and add the same term Ep(.3)[s(z, y(Z) —v(y(Z))], the hypothetical expected payoff
a man T would receive for gambling P(-|Z), producing with the partner of attribute y(Z),

and transferring v(y(Z)) to her. The expected payoff difference is then rewritten as

Ep(plu(@)] —u(@) = Epqsls(z,y(@)) = vy(2)] = Epcm sz, y(7) — v(y(@))]

HEp(m[s(, (7)) = v(y(@))] = [s(Z, (7)) — v(y(@))].
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Combine the first two terms and the last two terms respectively, the expected payoff difference

is expressed as the sum of two effects,

Ep(a) {Is(z,y(T)) —v(y(2))] = [s(Z,y(Z)) — v(y(D)]}

J/

o
surplus contribution effect

_|_

Epz) {[s(z,y(z)) —vly(z))] = [s(z,y(7)) — v(y(2))]}

~
stable rematching effect

The first term represents the difference between two expected payoffs, 1) the expected
payoff Z gets by taking the gamble P(-|Z) but matching with the partner y(Z) he would have
without gambling, and 2) the (expected) payoff of T for not gambling. Regardless of the
realization of the attribute, the wife gets her share of payoff v(y(Z)). Therefore, the sign of
the second term amounts to the convexity of the surplus function with respect to the agent’s

own attribute given a fixed partner y(7),

Epca {[s(z,y(@)) —o(y(@))] = [s(z, y(Z)) — v(y(@)]} = Epcays(e, y(2)) — s(7, y(7)).

If the surplus function is convex in x, in other words, man’s marginal surplus contribution
increases as his attribute increases, then the effect is positive. If the surplus function is
concave, or the marginal surplus decreases as man’s attribute increases, then the effect is
negative. I call the term the surplus contribution effect since its sign depends on the
slope of marginal surplus function and the convexity of the surplus function. If the surplus
function is linear in z, for example when s(x,y) = xy, then this term is always zero and this
effect does not affect people’s gambling incentives at all. Therefore, the previous results on
beneficial gambling must be driven by the second effect.

The second term represents the expected payoff difference from optimal partner rematch-
ing based on different gambling realizations, whereas the first term represents the expected

payoff difference between gambling and no gambling if the agent is held fixed to his no-
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gambling partner. For any realized x € supp(p(-|7)),

[s(a, y(2)) — v(y(@))] = [s(2, y(T)) — v(y(7))]

represents the difference between the maximal payoff x can get by matching with y(z) and the
possibly non-optimal payoff x can get by matching with y(Z). By (2.1) and that s(x,y(z)) —
y(x) is the maximal payoff for z, the payoff difference is non-negative for any realized x. Since
the payoff difference is non-negative for any realization, the expected payoff difference over all
possible realizations is always non-negative. I call the second term the stable rematching
effect for the payoff gain comes from reassigning the agent to an optimally chosen partner
by the stability conditions. This weakly positive benefit gives a persistent reason for agents
to gamble.

Note that the non-negative stable rematching effect does not depend on any assumption
about the shape of the surplus function, but rather comes solely from the stability conditions
that govern the assignment market.

To emphasize that stable assignment induces gambles regardless of the shape of the
surplus function, let’s take a price-theoretic approach to see why in particular surplus super-
modularity assumption can be dispensed with. Consider an assignment market (g, gu, S)-
Suppose that the mass distributions G,, and G, are strictly increasing and twice differen-
tiable on full supports X and Y and that s is strictly supermodular and twice differentiable.
The stable matching is then positive assortative. Let Y(z) = {y : m(x,y(z)) > 0} the set
of women’s attributes that attribute x men are matched with. The assumptions on the
distributions and the surplus function dictate that Y (x) is a singleton for all x, denoted by
y(z); y(r) = G,'(G,n(x)) is a strictly increasing and bijective function. Moreover, u and v

w

are differentiable. An attribute z man’s payoff is the surplus = and y(z) produce together
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net the payoff of attribute y(z) woman,

u(z) = sz, y(z)) — v(y(@)).

Each man chooses and is paired with the woman that maximizes his payoff, so we have the

first order condition
sa(x,y(x)) = ' (y(x)) = 0. (2.2)
Let’s examine the convexity of the continuous and twice differentiable payoff function w.

Differentiate with respect to =,

u'(z) = si(z,y(x)) + [s2(, y(x) — ' (y(2))]y ().

so by the FOC (2.2), the second term is zero, and '(z) is simply the marginal surplus of

given the fixed optimal partner y(x),

u'(z) = si(z,y(x)),

a standard and widely result in the matching literature. Differentiate v’(x) with respect to x,

we get the differentiation with respect to the first term and to the second term, respectively,

u(z) = sulzy(@) 4 s y)y(z) .

Vo
surplus contribution effect  stable rematching effect

The two terms correspond to the two effects described above - the surplus contribution effect
and the stable rematching effect. The second term, the stable rematching, is undoubtedly
always non-negative. When the surplus function is strictly supermodular s;5 > 0, the stable
matching is positive assortative so y/'(z) > 0, so the effect is positive.

Economically, when the surplus is strictly supermodular, it is straightforward to under-
stand gambling incentives to improve expected equilibrium marginal surplus. With a super-

modular surplus function, an agent’s own marginal surplus increases in partner’s attribute,
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so the agent has incentive to take a fair gamble to be matched with a better partner and
enjoys a higher marginal surplus. The gambling incentives in the one-sided hedonic market
in Rosen (1997) and Becker et al. (2005) for example crucially depend on the assumption of
complementarity.

Although the gambling incentives in the matching market can be justified in the same
way when the surplus is supermodular, that does not imply that gambling incentives cru-
cially depend on the supermodularity assumption. Take the extreme opposite case that the
surplus function is submodular, s12 < 0 (e.g. s(z,y) = z +y — zy for z,y € [0,1]). An
agent’s marginal surplus decreases as the partner’s attribute increases. However, the match-
ing market reassigns the agent a partner based on the realized attribute and a higher realized
attribute results in a partner with lower attribute when the surplus is submodular. Conse-
quently, when an agent realizes a higher attribute, his stably assigned partner has a lower
attribute than if he does not take the gamble; when an agent realizes a lower attribute, his
stably assigned partner has a higher attribute. Isolating to the stable rematching effect, the
effective marginal surplus s, (z, y(x)) increases unambiguously with respect to one’s attribute
change, because s12 < 0 and ¢’ < 0 imply sia(z, y(z))y'(x) > 0.

The same stable rematching effect always contributes to the convexity of the payoff
function regardless of the underlying surplus function. Suppose the surplus function is
strictly supermodular for certain (z,y) and strictly submodular for other certain combination
of (z,y). When s;5 > 0, the stable matching is locally positive assortative. On the other
hand when sj5 < 0, the stable matching is locally negative assortative. Therefore, si5(,
y)y' (x) > 0 for all (z,y). Nonetheless, as long as the surplus contribution effect is not
significantly negative, the stable rematching effect always encourages gambling behavior.

An important market condition that affects gambling incentive for agents is the degree
of diversity on the opposite side of the market. Take the extreme case that all women are

born identical and do not gamble. Then ¢/(z) = 0 in any market. The stable rematching
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effect s1a(x,y)y'(x) = 0. However, if the other side of the two-sided market is diverse, then
gambling becomes more attractive. Mathematically, consider the general expression of the
stable rematching effect for a realized =,
[s(x,y(x)) —v(y(x)] = sup  [s(x,y) —v(y)].
yEsupp(guw)

As supp(g,) expands, any man x’s optimal payoff weakly increases. The payoff gain due to
rematching increases without affecting the magnitude of the surplus contribution effect. The
degree of diversity is important in guaranteeing uniqueness of the equilibrium with socially
efficient investments in Cole et al. (2001b). It will also play a crucial role in this model. In
particular, I show an example with homogeneous agents on both sides of the market and
multiple equilibria.

Therefore, convexity of the stable payoff function in the previous sections hinges on this
rematching effect. In the special case of a bilinear surplus function, s;; = s99 = 0, the surplus
contribution effect is mute and the stable payoff functions exhibit weak convexity generally
and strict convexity when the agents are heterogeneous enough.

The stable rematching effect is similar to a substitution effect. However, the matching
market is special in the following sense. Consider a competitively organized market. A vector
of goods {1,--- , N} is available, and a bundle is denoted by x = (z1,--- ,xy) € X. Suppose
the supply of goods is fixed. Every person is endowed with (possibly different) wage earnings
w; € Ry and (possibly different, “well-behaved”) utility function w; : X — R,. They are
price takers and denote the vector of prices by p.

The utility a person ¢ derives when he has income w is the maximal utility he can derive

by consuming the optimal bundle of goods,
u(w) =u(x) st px<w
Let x(w) denote the optimal bundle of goods when a person has income w.
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Consider gambling now. Suppose a person starts with income @w and can take a fair
gamble on the income. The person purchases the goods after gambling. Then the utility

difference between gambling and not gambling is
Elu(w)] — u(w),

and express in terms of the explicit utility function,

Add and subtract the term E [u (%X(fﬁ))], i.e. the expected utility if the agent simply
consumes the feasible bundle given any income w by shifting proportionally with respect to

his income 7, the difference becomes

Efu(x(w))] — E [u (Zx(@))} 4 E [u (Zx(@)ﬂ — u(x(@)).

w w

It combines to have two terms,

2.6 Equilibrium Properties

Conjecture 1. For the socially efficient allocation (P*,Q**), there exists an extended sta-
ble bargaining outcome function (m**,u**,v*™*) such that (P**, Q™ m** u** v**) is a fulfilled

expectations equilibrium.

The effect that drives gambling is to convexify the payoff function, which is endogenous
determined in this model. The idea is similar to Friedman and Savage (1948) and the
subsequent literature. The key advance here is that the utility function is not assumed to

be convex. The convexity arises from a rematching effect unique to the assignment market.

91



x & supp(gy,)

Figure 2.2: Equilibrium payoff functions are weakly concave on equilibrium support.

The efficient equilibrium is not necessarily the unique equilibrium; there may exist in-
efficient equilibria. In this section, I investigate these inefficient equilibria. An equilibrium
is constrained efficient if neither side of the agents can collectively change their equi-
librium investments to improve total expected surplus. Every equilibrium turns out to be

constrained efficient.
Proposition 9. Every fulfilled expectations equilibrium is constrained efficient.

If an equilibrium is inefficient, changing one side of investments cannot improve efficiency
since it is constrained efficient, but changing both sides of investments can improve. In other
words, in every inefficient equilibrium, some coordination failures happen between two sides
of the market.

Suppose everyone is born homogeneous and can take a gamble before participating in
the matching market. Each of the mass 1 of type 2zy men and mass 1 of type 2y, women
can enter the matching market either with the innate type as his or her match type or after
taking a lottery P; for men and @), for women that with probability % a person becomes x
and with the other probability % the person becomes type 3xg. Let the surplus function be
s(z,y) = 2zy. So the attribute sets are X = {wy, 2z, 370} and Y = {50, 2v0, 350 }-

Two quite different rational expectations equilibria arise. In the first equilibrium, no one

takes a gamble; in the second equilibrium, everyone takes the gamble.
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In the first homogeneous equilibrium, everyone enters the matching market as the innate
type without gambling so mass 1 of type 2zy men and mass 1 of type 2y, women are in
the matching market. The equilibrium non-negative share payoff functions u*(-) and v*(-)
satisfy u*(2o) = v*(yo) = 0, u*(210) = v*(2y0) = 2z0¥0, and u*(3zo) = v*(3yo) = 4xoYo.
Under these equilibrium share payoffs, no one can strictly benefit from taking a gamble.

In the second heterogeneous equilibrium, everyone takes the lottery and the equilibrium
share payoff functions are u*(z¢) = v*(yo) = 0, u*(2x¢) = v*(2yo) = 2z0yo, and u*(3xy) =
v*(3yo) = 4.5x9yo. The matching market is composed of mass 0.5 of type 329 men, mass 0.5
of type xg men, mass 0.5 of type 3yg women, and mass 0.5 of type 3, women.

The second equilibrium is the efficient equilibrium. The total surplus in the second
equilibrium is $(320)(3y0) + 3 (20) (y0) = Hxoyo while the total surplus in the first equilibrium
is only (220)(2yo) = 42oyo. Therefore, a social planner should encourage the seemingly risky
behavior.

A perhaps undesirable effect of the population-wide risky behavior is the ex-post inequal-
ity in their match types and payoffs. A remedy to the problem is a progressive tax scheme
on the share payoffs. As we see in Section 2.5, the share payoff functions are strictly convex.
A progressive tax scheme can flatten out the convexity of share payoff function. As long as
there the after-tax share payoffs remain a little convex, incentives to invest and improve still
exist. Moreover, a carefully designed progressive tax, besides reducing inequality, can also
produce positive revenue and eliminate inefficient equilibrium.

Let me show an example of such tax scheme that can be implemented for the current
example. Suppose 7,,(1z) = 7,(1y) = =1, 7 (22) = 7 (2y) = 0,7,(32) = 7,(3y) = 2, that
is, attribute 1s are given subsidies of 100% and attribute 3s are taxed fraction 2/9 of their
earnings. Before the taxes, u*(1z) = v*(ly) = 1,u*(2z) = v*(2y) = 3,u*(3z) = v*(3y) = 9.
After the taxes, u'(lz) = vi(ly) = 2,u’(2x) = v'(2y) = 3,u'(3z) = vI(3y) = 7: the

inequality is reduced and the equilibrium lotteries are still supported. Furthermore, a positive
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tax revenue is generated: 7 = %-2—{— % (=1) = % Finally, the previous inefficient equilibrium
investments are no longer supported as the risk of a bad outcome is completely insured by
the subsidy: u'(1z) = v'(ly) = 4, uf(22) = v7(2y) = 4,4 (3z) = v(3y) = 4.

A literature exists on the relationship between economic growth and income inequality.
Rosen (1997) focuses on the complementarity between income and location. Becker et al.
(2005) focus on market for status and generate endogenous income distributions. Ray and
Robson (2012) have an equilibrium growth model with endogenous risk-taking. However,

none of the papers considers the gambling incentives in a matching market.

2.7 Occupational Choices with Marital Concerns

We can extend this framework to understand gender differences in risk-taking behavior as
well. If we treat the risk-taking behavior as career path choices, we can explain the ob-
servation that more men are in risky careers and explain marriage age-personal income
relationships. An active literature empirically examines the gender difference in risk pref-
erences and tries to justify the career choice. I provide an alternative explanation to what
seem to be a difference in risk preferences - differential fecundity:.

Time is discrete and infinite. At the beginning of each period, masses one of men and
women are born and are endowed with attributes Z and ¥, distributed according to f,, and
fuw on X and Y. They each live for two periods which we refer to as ages 1 and 2, and make
an occupational choice and a marriage timing choice. At the beginning of age 1, they can
either take either a safe occupation that has certain returns or a risky occupation that has
uncertain returns. The safe occupation S gives an agent lifetime earning of Z for sure and
the risky occupation R gives the agent an earning of T + ¢ with probability % and T — € with
probability % The risky occupation realizes its return at age 2 and cost cp to choose.

They choose to marry at age 1 or age 2 after choosing occupation. Denote the early
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marriage choice by E and marriage delay by D. It costs c¢p to delay to age 2. The marital
surplus s : X XY — R, depends on the realized wages x and y; suppose s is continuously
differentiable and is weakly concave, sq1, s92 < 0. A risky occupational man who enters the
marriage market early is of matching type 1 o (Z+¢€) + 5 o (T — €). Suppose every agent is
risk-neutral. The expected surplus a man of type 3 o (Z + €) + 3 o (T — €) marries a woman
of y is 35(T+€,y) + 35(T — €,y).

The marriage market, roughly speaking, is described by (g, 9w, ) and returns the stable
bargaining outcome.

In the stationary equilibrium, u* and v* are fixed. Each agent has four strategies: (S,

E), (S, D), (R, E), and (R, D). The expected payoffs for a man Z are respectively
e (S, E): u*(7)
e (S,D): u"(Z) — cmp
e R E:u(50(T+e)+30(T—¢€)—cmr
e (R, D): su*(T+¢€) + 5u*(T — €) — Cur — Cmp
The expected payoffs for a woman ¥ are respectively
* (S, E):v"(y)
* (S, D): v*(y) — cup
o R E):v'(30(+e)+3500F—€)—cur
e (R,D): 30" (J+€)+ 20" (T — €) — Cwr — Cub

When cp > 0, (S, D) is strictly dominated by (S, E). When c¢g > 0 and s is concave, (R,

E) is strictly dominated by (S, E). The choice is then between (S, E) and (R, D); that is,
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between choosing the safe occupation and marrying early and choosing the risky occupation
and delaying marriage.

A man chooses (R, D) over (S, E) when
1 * (2 1 * (2 * (N
JU (x+e)+§u (T —€) —u™(T) > ¢mp + Cmb-

The left hand side is positive because of the stable rematching effect. The gain from delaying
marriage is resulted from the different wife one gets. The cost cg + c¢p includes cost of risky
occupation and cost of marriage delay.

A woman chooses (R, D) over (S, E) when

1. 1, . .
§U*<y+€)+§v (y—E)—U (y) > Cyr + CupD-

The women have a potentially higher cost when she chooses (R, D).
The simple dynamic model generates a number of stylized facts fairly consistent with our

observations. If c,r + cuwp > Cmr + Cmb,
e Men are more likely to choose risky occupations than women and marry later.

e Men’s wage distributions are more varied than women’s.

Men and women of higher abilities tend to enter risky occupations and marry later.

Women of higher wages and lower wages tend to marry later.

If sex ratio is imbalanced, lowest ability men may choose risky activities, for example,

criminal activities.

Suppose men and women can choose among a set of lotteries as their wage realizations.
However, wages realize over time, and people can only enter the matching market when they
realize their wages or know their realizations with certainty. Suppose women’s desirability

as a marriage partner declines sharply over time, and men’s does not decline. Then, men
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tend to take gambles and women tend to take the non-degenerate lottery or gambles with
smaller uncertainty. As the previous sections have shown, gambles are often preferable. Men
are without fecundity constraints and therefore tend to choose risky career paths and marry
until they are successful in the career pursuits. Women on the other hand have additional
waiting costs, so they rather choose career paths that give them steady gains in their incomes
and can marry early.

We also can explain the observed personal income-marriage age relationships resulted
from the gender differences in career path choices. Around the world, the relationship be-
tween age at first marriage and personal income earned in later life has been persistently
inverse-U shaped for men: those who marry earlier and later earn significantly less than those
who marry around a median age. On the other hand, the correlation between marriage age
and personal income for women has been positive until recently in the United States the
relationship tends to an inverse-U shape similar to men’s.

Suppose men and women of heterogeneous innate types become marriageable in each
period and there are costs to invest to choose a set of investment lotteries. For men, those
of the lowest abilities do not invest at all and marry as early as possible. Men who choose
to invest choose risky lottery options, and those who realize their wage gains marry earlier
than those who realize wage gains later or who do not realize the gains at all. Women on the
other hand tend to invest safely. Those who do not invest earn low wages and marry early,
but those who invest choose career paths that have steady wage gains or that have small
variation in wages and realize quicker gains. As a result, the relationship between marriage
age and personal income is positive for women if the fecundity constraint is significant. If the
fecundity constraint is not as significant as before, for example because of lower demand for
quantity of children and a shift to a demand for quality of children, women, more similarly
treated as men on the marriage market, will choose uncertain career paths and delay their

marriages. Furthermore, the marriage age-personal income relationship tends to be inverse
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U as well.

In summary, men and women could have the same risk preferences and still exhibit
different risk-taking behavior regarding their career choices, because of their differences in
fecundity and the associated social devaluing of older age women.

Zhang (2015a) discusses the influence of fecundity concern on career investment and
age at marriage taking the labor market uncertainty as given but such investment lottery
options are not available in that model. Adding these lottery options does not change the
theoretical predictions. Charles and Luoh (2003) also empirically verify the importance of
wage distributions and market opportunities on schooling and the gender differences in those

aspects. Preliminary analyses verify the model’s predictions.

2.8 Conclusion

I show that stability encourages pre-matching risk-taking behavior. These gambling behav-
iors are even strictly profitable for risk-averse agents on unfair lotteries. The fundamental
force that drives this type of behavior is sorting among the two sides of the market as a re-
sult of stability and transferable utilities. This discovery explains some observed risk taking
behavior in the market and offers some thought on the inevitability of risk and inequality
for economic growth.

It could be interesting to extend these results in various ways. I have shown the possi-
bility of pre-matching gambles in a setting with transferable utility and stability. If agents
have ordinal preferences, and the matching among the agents is stable in the sense of Gale
and Shapley (1962), we might also investigate agents’ risk-taking behaviors in pre-matching
investment in these markets. However, utilities and fair lotteries are not straightforwardly
defined with respect to ordinal preferences.

Furthermore, it would be interesting to show that the logic goes through in a model with
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search frictions. Adding search frictions should not change the basic logic that a man still
may strictly benefit from fair lotteries and the sorting effect is still strong enough for people
to take lotteries. Bi-linearity of surplus function may play a crucial role in the extensions.
Burdett and Coles (1997) shows that when the surplus function is bilinear, there is block
matching in equilibrium, that is, agents on both sides are segregated into blocks of matching
that can be viewed as classes. The matching technology and bargaining process may have

different implications for the incentives on pre-matching investments.

2.9 Proofs

Before presenting the proofs, I list some key properties of the extended stable bargaining
outcomes to be repeatedly used. Given an assignment market characterized by (g, guw, 5),
an extended stable bargaining outcome (7%, u*, v*) is composed of the solutions to two linear

programs. The primal linear program P*(g,,, gu, s) solves SUP rery( ) [ sdm where I1(g,,,

gm,Gw

gw) is the set of measures 7 on X x Y with marginals g,,, and g,. The dual linear program

D*(gm, Gu, s) solves

inf (/ udg, + /vdgw> .
{(wv)[u(@)+v(y)=s(z,y)V(z,y) €(supp(gm) x Y )U(X Xsupp(gw)}

Solutions to both programs exist and achieve the same objective,

max /Sdﬂ' = min (/ udgy, + /vdgw) .
mEll(gm ,gw) {(w,v)u(@)+v(y)=s(z,y)V(z,y) €(supp(gm) x Y )U(X Xsupp(gw) }

The solutions restricted to supp(g.,) X supp(g,) constitute the solutions to the linear pro-
grams P(gm, guw, s) and D(gpm, gw, S), hence a stable bargaining outcome of (g,,, gu, 5).

Furthermore, (7*, u*, v*) satisfies the following properties. For x € X and y € Y,

w(r) = sup [s(z,y) —v'(y), v'(x)= sup [s(z,y) —v"(x)].

y€supp(guw ) yEsupp(gw)
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If 7*(x,y) > 0, u*(z) + v*(y) = s(z,y). Finally, by the constraints of the dual program, for

all (z,y) € (supp(gm) X Y) U (X X supp(gu), u*(z) +v*(y) = s(z,y).

Proof of Proposition 3. Suppose the population strategies are P(:|-) and Q(:|-) resulting in
matching market distributions G,, and G, if the selection function is 5, u(-) and v(-) are
the rationally expected payoffs. Take an attribute ¥ € X man. When all other agents play
according to P(:|-) and Q(:|-), and the selection function is (3, the expected utility of taking

lottery Pyq for T is

U(/x\a P, P, Q»B) = U(/x\v Pl—H) = /U($l+1)dpl+1($l+1|55)-

Since P41 is a mean-preserving spread of P, for z;41 ~ Py1(-|Z) and z; ~ B(-|7), there
exists a random variable z; with distribution A; and Ep,[z|x;] = 0 such that ;4 4 T+ 2.

Then dP 1 (z141|7) = dA;(z|z;)dP,(z;|T). The expected utility of taking lottery

fZHrl“lezH

Py 1 can be rewritten as

U(E,PZH):/l/u(ml—i—zl)d/\l(zl\xl) dP,(z;|7).

For any random variable x such that Eq(x) = Z, [u(z)dQ(z) > u(Z). If 7 is not matched
with anyone in the market, u(z) = 0 < u(z) for all z. If T is matched with y, u(Z) +v(y) =
s(Z,y). By stability, for any z, u(z) + v(y) > s(x,y). Therefore, [u(x)dQ(z) > [[s(,
y) —o(y)]dQz) = [ s(z,y)dQ(z) —v(y) = s(x,y) — v(y) where the last equality follows from
linearity of s(z,y) in .

The inequality holds for any stable payoff function u(-) and any random variable € with

zero mean. It holds for z with A; so [ u(z; + z)dA(z) > w(ZT + z). Therefore,

U@Pm):/ {/u(mmtzl)dﬂ(mlﬁc\)} dAl(zl)z/u(§+Zl)dAl(zl).

The expected utility of taking lottery P, is U(Z, F) = [w(T+2)d\(z), so U(Z, Py1) > U(Z,

100



P)). Symmetrically, if s(z,y) is linear in y, U(y, Qns1) > U(y, @Qp) forn € {0,--- ,N—1}. O

Proof of Proposition 7. When every man takes lottery P and every woman takes lottery
Qn, the induced distributions are gy, () = [ pr(x]|2)dF,(Z), and g;(y) = [ an(y[y)dFw(D)-
The support of G, and G} can be finite, countable or continuous. Regardless, by Gretsky et
al. (1992), stable share payoff functions u*(-) and v*(-) exist. By Corollary 6, the strategies

are optimal with respect to 8*(gy,, 97, 5). (PL(*|-), @n(-]-), 3%) constitutes an equilibrium. [

Proof of Proposition 8. Regardless of the agents’ choices, the induced matching market dis-
tributions G, and Gy are strictly increasing and differentiable because of the nice con-
ditions on innate type distributions and lotteries. As a result, the matching function
y(z) = G,'(G,n(x)) is continuous, strictly monotonic, and differentiable. Then any sta-
ble share payoff function u(z) is differentiable. In particular, v”(x) = s12(z, y(x))y'(z) > 0is

positive. Therefore, given any rationally expected stable payoff functions, an agent strictly

prefer to take the lottery that second order stochastically dominates all the others. O]

Proof of Proposition 9. Take an equilibrium (P*, Q*, 7*, u*, v*) and equilibrium assignment
market distributions (g7, g5 ) induced by (P*, Q*). I prove constrained efficiency of (P*, Q")
by contradiction. Suppose to the contrary that there exist population lottery choices ]5(|)
such that the surplus-maximizing matching 7 generates surplus [ sdm > [ sdr*. The distri-
butions induced by (P,Q*) are (jm,g%) and let (7,4, ) be an extended stable bargaining
outcome of (G, g, ).

Since the primal and dual linear programs achieve the same objective, [ sdr = [ udg,, +

[ vdg:, and [ sdn* = [w*dg;, + [v*dg. Therefore,

/sdfr = /ﬁd§m+/ﬁdg;z > /u*dg;—l—/v*dgfu = /sdw*. (2.3)
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Rearrange (2.3) and add the term [ u*dg,, on both sides of the inequality,

/u*dgm—/u*dg:‘n > [/ u*dgm—i—/v*dgfv} - {/ﬂd@m—k/@dg;} : (2.4)

By definition of the dual linear program D(g,,, g%, s), (@, 0) restricted to domain supp(gy,) X
supp(g;,) obtain the minimum of [ udg,,+ [ vdg;, among all (u, v) such that u(z)+v(y) > s(z,
y) for all (x,y) € supp(gm) x supp(g;,). By the definition of the extended stable bargaining
outcome, (@, ?) defined on X x Y minimize [ udg,, + [ vdg}, among (u,v) such that u(x) +
v(y) = s(z,y) for all (z,y) € (X x supp(gy,)) U (supp(gm) x Y). If supp(gm) S supp(gy,),
(u*,v*) defined on X x Y satisfy the condition u(z) + v(y) > s(z,y) for all (z,y) € (X x
supp(g:)) U (supp(gm) X Y') but may not minimize the total surplus, so the RHS of inequality
(2.4) is non-negative, and the LHS of the inequality is positive. g,, and g, are respectively

induced by P and P*, so expand §,, and g:, on the LHS of (2.4), we get the inequality

[|[waeem - [ u*(:c)dp*(m)} —

Therefore, for some 7 € X, [u*(v)dP(z|Z) > [u*(x)dP*(x|2). However, this conclusion
contradicts the equilibrium optimality conditions satisfied by strategies P*(-|-) and payoff
functions u*(-) that VZ € X, [wu*(z)dP(x|Z) < [ u*(x)dP*(x|Z). We can analogously show

Q* are constrained efficient. n
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Chapter 3 The Optimal Sequence of Prices and Auctions

Abstract: This paper highlights the tradeoffs between posting prices and running auctions
in a dynamic environment. It also provides a new justification to the use of the buy-it-
now option (BIN) on eBay - to post a price before an auction. Consider a seller who
must use simple posted prices and reserve price auctions to sell one unit of an indivisible
good within a fixed number of periods while buyers with independent private values arrive
over time. An auction costs more than a simple posted price and can attract different set
of buyers. I characterize the optimal sequence of prices and auctions that maximizes the
seller’s expected profit. The seller’s dynamic programming problem in a finite period setting
is non-stationary but remains surprisingly tractable. The optimal mechanism sequence is a
sequence of declining prices when the auction cost is sufficiently high, a sequence of auctions
with declining reserve prices when the auction cost is sufficiently low, and most interestingly,
a sequence of prices followed by a sequence of auctions when the auction cost is intermediate.
In particular, auctioning before posting a price is never optimal. The price-auction sequence
is optimal under various extensions of the basic setting and resembles a BIN.

Keywords: dynamic mechanism design, reserve price auction, posted price, buy-it-now

JEL: D44

3.1 Introduction

Although a second-price auction with a carefully chosen reserve price can generate the op-
timal expected revenue when buyers have independent private values (Myerson, 1981), it is
usually much more costly and inconvenient to set up than a simple posted price. In compar-

ison with a simple posted price, an auction has operational and mental costs involved with
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calculating a reserve price, advertising to and aggregating bidders to an auction house, re-
viewing bids, communicating with buyers, and determining payments. In large competitive
markets where the buyers can search and choose among sales of closely substitutable goods,
many buyers love posted prices for their certainty of sale price, transparency, immediacy and
convenience. As a result, sellers can shy away from running auctions. For example, eBay is
an online platform long known for auctions but has evolved to a site mainly of posted prices.
In January 2002, more than 90% of the active listings on eBay were auctions, but by late
2012, only around 10% of the active listings were auctions, and the rest were posted prices
and hybrid buy-it-now formats (Einav et al., 2013).

In this paper, we explicitly take auction costs into account and study how a seller re-
peatedly chooses between prices and auctions to maximize her expected profit in a dynamic
environment. Specifically, a seller must sell one unit of an indivisible good within a fixed
T periods and in each period, she either runs a reserve price auction incurring a per-period
auction cost or posts a price for free. Buyers with independent private values enter the
market each period: they can be short-lived or long-lived, short-sighted or forward-looking.
What sequence of prices and auctions should the seller choose to maximize her expected
profit? It seems to be daunting to solve for the optimal sequence of prices and auctions, as
there are 27 combinations of them, not to mention the determination of optimal prices and
reserve prices in each period. Furthermore, the dynamic programming problem the seller
faces in each period changes as the time elapses.

However, it turns out that the non-stationary dynamic programming problem is surpris-
ingly tractable, and the optimal sequence of prices and auctions takes a surprisingly simple
form: a sequence of posted prices followed by a sequence of auctions. In the static setting,
Myerson (1981) has shown that a reserve price auction with the optimal reserve price de-
termined by the virtual utility curve generates the highest expected revenue; therefore, the

seller runs the optimal auction if the auction cost is low, and posts a fixed price otherwise. In
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the dynamic setting, the seller uses the prices-auctions sequence. Prices are adjusted down-
ward and then auctions are run each period after a period, with the reserve prices declining
to the static optimal reserve price in the last period. When the auction cost is sufficiently
low, the dynamic pricing phase does not exist: a sequence of auctions is optimal. When
the auction cost is sufficiently high, the sequential auction phase does not exist: a sequence
of declining prices is optimal. When the auction cost is within most realistic range, as will
be numerically shown, the mixed prices-auctions sequence is optimal, and it resembles the
buy-it-now option on eBay. No other complicated combination of prices and auctions is
optimal. Most notably, it is never optimal for a seller to run auctions then post prices.

The optimality of this simple prices-auctions sequence relies on an implicit endogenous
opportunity cost associated with auctions only in the dynamic setting. In the static setting,
the seller only faces the straightforward tradeoff between the gain in expected revenue from
an auction and the additional cost incurred form an auction. In the dynamic setting, the
seller faces an additional cost when he uses an auction. The optimal reserve price is always
lower than the optimal posted price, so the probability of a sale using the optimal auction
is higher than using the optimal price. In the dynamic setting, the good not sold today
is worth the expected revenue it generates in the next period. Therefore, using an auction
in a dynamic setting incurs not only an operational cost but also an opportunity cost of
selling the good too soon. The operational cost stays constant over time by assumption,
but the opportunity cost of selling decreases as the number of remaining periods decreases.
Although the seller’s dynamic programming problem is non-stationary, the retention value
of the good unambiguously diminishes. As a result, running an auction in a later period
essentially incurs a lower opportunity cost and thus becomes relatively more attractive.

Having understood this key economic tradeoff between an auction and a posted price,
we can easily see that the resulting optimal sequence of mechanisms persists in more gen-

eral settings when the seller may randomly exit, the buyers enter stochastically and have
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sequential outside options.

When the horizon is infinite, there is no exogenous deadline to sell the good but a cost
of delay that incentivizes early sale, the problem the seller faces in each period is identical,
and the seller’s optimization problem is stationary. As a result of the stationary problem,
the seller runs the same mechanism repeatedly in each period. A high cost seller posts a
constant price and a low cost seller runs auctions with a constant reserve price. In particular,
the optimal reserve price is inversely related to the auction cost: a lower auction cost delays
the sale of the good. Moreover, for a fixed operational cost, it is more likely for a more
patient seller to post price. The optimal auction can be approximately implemented by an
ascending auction with the deadline determined by the time elapsed after the latest bid. In
continuous time, a constant price is always optimal.

This paper solves a dynamic sales mechanism design problem, and contributes to two
strands of literature. First, the paper is the first to consider intermingled choices between
posted prices and costly auctions. Wang (1993) compares the separate uses of costly auctions
and posted prices, and highlights the importance of the steepness of the marginal revenue
curve. Kultti (1999) considers the competition between the auctions market and the posted
prices market. A large computer science literature highlights the near-optimality of simple
sequential posted prices compared to auctions (Blumrosen and Holenstein, 2008; Chawla et
al., 2010; Yan, 2011; Hartline, 2012). Although this paper takes a different approach and
characterizes the exactly optimal mechanism sequence of prices and auctions, the underlying
key message is the same: simple mechanisms such as prices can perform almost equally well
as complicated mechanisms.

Second, the paper provides a new justification to the use of buy-it-now options. Previous
explanations include risk aversion of the buyers (Budish and Takeyama, 2001), impatience
of the seller (Mathews, 2004), and seller and buyer competition (Anwar and Zheng, 2015).

In the current setting, the price-auction sequence arises naturally and remains robust under
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many extensions even when buyers and sellers are risk-neutral and patient. The price-auction
sequence has been optimal in various dynamic settings (Riley and Zeckhauser, 1983; McAfee
and McMillan, 1988; Dilme and Li, 2012; Board and Skrzypacz, 2014), and the current
model is the first to succinctly highlight the importance of the non-stationary opportunity
cost associated with running an auction in a dynamic setting. Investigations of mechanism
choices in the electronic commerce market have also received attention in the empirical
literature (Bajari and Hortacsu, 2004; Einav et al., 2013), and the theoretical investigations
in this paper can potentially aide future empirical investigations.

The paper is organized as follows. Section 3.2 introduces the benchmark setting and
solves the seller’s problem in the static setting. Section 3.3 demonstrates the key insights of
the paper with a simple two-period example. Section 3.4 fully solves the seller’s problem in
the finite horizon. Section 3.5 demonstrates the robustness of the main results under more
general settings. Section 3.6 further demonstrates the robustness of the results when buyers
are long-lived and forward-looking. Section 3.7 solves and discusses the seller’s problem

without deadline. Section 3.8 concludes and suggests future extensions.

3.2 Preliminaries and the Seller’s Static Problem

In this section, let me first introduce the basic setup, and then characterize the seller’s
static problem. Many components of the basic setup (e.g. constant discounting, constant
fixed buyer arrival, fixed auction cost) seem to be stylized, but will be relaxed significantly
in Section 3.5. The main results continue to hold in the extended setting, and the main
economic intuitions are adequately demonstrated with the basic setup.

A (woman) seller wants to sell one unit of an indivisible good for which she has zero
consumption value. She must sell the good within 7" periods. T can be one, finitely many,

stochastic, or infinite. She discounts each period by the same discount factor 6 € [0, 1]. In
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each period t, n one-period-lived (man) buyers enter the market. Each buyer has a private
value v independently drawn from the identical value distribution F' with positive density f
on the entire support [0, 1]. All the agents are risk-neutral and have quasi-linear preferences
in transfers. Except for the private value each buyer is born with, everything else is common
knowledge.

Throughout the paper, we maintain the assumption that ' has monotone hazard rate.
The sole purpose of the assumption is to guarantee that the optimal reserve price and the
optimal posted price are uniquely determined, so that we do not have to deal with the

irrelevant complication that the optimal mechanism involves ironing.
Assumption 1 (Monotone Hazard Rate Condition). (1 — F(v))/f(v) is decreasing in v.

At the beginning of each period t, the seller chooses a mechanism m;, either a reserve
price second-price auction A, or a posted price FP,. A seller running a second-price auction
A, with reserve price r asks each buyer for a sealed bid. At the end of the period the seller
assigns the good to the buyer with the highest bid if it is above r, and the winning buyer
pays the bigger of the reserve price and the second highest bid. In the second-price auction
A,, it is a dominant strategy for a buyer to bid his value v. A reserve price auction costs
¢ > 0 to run. On the other hand, it is free to post a price. In a posted price mechanism P,
the seller posts a fixed price p at the beginning of a period and the buyers with values higher
than p have equal chances of receiving the good. It intends to capture a dynamic process in
which the buyers sequentially enter the market and each buyer decides immediately whether
to purchase or not.

Let R(m) and 7 (m) denote mechanism m’s expected revenue and profit in the current
period. Any posted price mechanism’s expected profit equals its expected revenue, but
any auction’s expected profit is its expected revenue minus the auction cost c. Let s(m)

represent the ex-ante expected probability that the seller sells the good using mechanism m,
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and let k(m) = 1 — s(m) denote the probability that the good is not sold and is kept by the
seller to the next period. The probability that the good is sold from a posted price P, is
s(P,) =1 — F"(p), and the probability that the good is sold from a a reserve price auction
A, is s(A,) =1 — F"™(r). Since the probability the good is sold depends only on the posted
price or the reserve price, we will write s(p) = s(P,) and s(r) = s(A,) for convenience.
Similarly, k(p) and k(r) represent the probabilities that the good is kept from using P, and
A,, respectively.

Let (m,,--- ,mg) denote the mechanism sequence of the seller who runs mechanism m;
in period t if the good has not been sold by the end of period t — 1. The seller’s problem is
to choose the optimal mechanism sequence m* = (my,--- ,my) so that the expected profit
from running (m.,--- ,mr) is maximized for any period 7. Since the buyer arrival process
is known and there is no learning by the seller, the seller essentially chooses a sequence of
mechanisms at the beginning of the first period, to be executed in each period if the good
has not been sold.

The setup intends to capture a seller’s problem in a large selling market such as eBay. For
example, a person who has bought a lyric opera ticket but could no longer attend the event
scheduled in two weeks chooses between posting a fixed price for the ticket and auctioning
off the ticket before it loses its value. The item’s posting can last for a week (e.g. it stays
as a new item for a week on the front page of the website where buyers much more likely
search). Potential buyers browse the website and encounter the posting for the item on
sale, and decide whether or not to buy the ticket immediately. They have idiosyncratic
values for the ticket. Although their individual values are unknown, their aggregate demand
curve is known to the seller. Buyers are anonymous to the seller so the seller cannot price

discriminate against them, and she is restricted to use either prices or auctions.
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The Seller’s Static Problem

In the remainder of the section, I solve the seller’s one-period problem as a building block
for the subsequent multi-period problem. The determination of the optimal reserve price
auction is not new and is only restating Myerson (1981). The only addition from the previous
literature is the introduction of the posted price’s marginal revenue curve that draws parallel
to the auction’s marginal revenue curve as interpreted by Bulow and Roberts (1989), the
virtual utility curve as originally named in Myerson (1981). The introduction of the posted
price’s marginal revenue curve will especially facilitate the exposition as well as the solution
of the seller’s problem in the dynamic setting. The advantage will first become apparent in
the characterization of the seller’s expected profit in the dynamic setting.

Let me first characterize an auction’s revenue. The realized revenue of an auction A, is r
if the second highest bid is lower than r, and is v if the second highest bid v is greater than

r. Therefore, the expected revenue is
1
R(A,) = rn[l — F(r)]F"'(r) + / vn(n — 1)1 — F)]F"?(v) f(v)dv.

It can be rearranged to be
! 1— F(v)
R (A, :/ {v——]dF” v) .
W= T |
Define
1— F(v)
f(v)
Myerson (1981) call a(v) the virtual utility curve, but we follow Bulow and Roberts (1989)

alv) =v—

and call a(v) an auction’s marginal revenue curve. Bulow and Roberts (1989) have named it
so because of the following interpretation of the problem. The probability that a buyer buys
the good at price v is g(v) = 1— F'(v). An inverse demand curve can be therefore constructed

as v(q) = F1(1 — q). The expected revenue from selling quantity ¢ is R(q) = ¢ - v(q) =
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q-F~*(1—q), so the marginal revenue is MR(q) = F~*(1—q)—q/F'(F~*(1—q)). Substituting
inv(q), MR(q(v)) = v—[1-F(v)]/f(v) = a(v). A standard auction then becomes a standard
monopoly pricing problem. The reserve price auction A, asks each buyer to submit v and
calculate the marginal revenue a(v) accordingly. The good is assigned to the buyer with the
highest marginal revenue «(v) if it is positive. Then the expected revenue of any auction A,

is the expected marginal revenue of the highest value buyer when the value exceeds r,

R(A,,):/ a(v)dEF"(v).

By Myerson (1981), the expected revenue maximizing mechanism among all direct revelation
mechanisms is a reserve price auction with the optimal reserve price r* uniquely determined
by a(r*) = 0. Since a(v) is continuous, (0) < 0 and «(1) = 1, r* exists. Since F satisfies the
monotone hazard rate condition, a(v) is strictly increasing, and r* is uniquely determined.
The probability the good is not sold is k(r*) = F"(r*).

Posting price p realizes a revenue p if there is a buyer who values it more than p
and revenue 0 if no buyer values it more than p. Its expected revenue can be written
as R(P,) = p[l — F"(p)]. However, we cannot see the connection between a posted price
and an auction. As Bulow and Roberts (1989) construct an auction’s marginal revenue
curve a(v), I construct here a posted price’s marginal revenue curve. The auction’s marginal
revenue curve is constructed for each buyer with value drawn from distribution F'(v). The
posted price’s marginal revenue curve is constructed for the highest value buyer out of the
n buyers. Recognize that that the seller generates the same revenue from posting a price
to all buyers and from posting the same price to the highest value buyer, as some buyer is
willing to pay price p if and only if the highest value buyer is willing to pay price p. The
highest value is drawn from the first-order distribution F"(v). The highest value buyer’s

inverse demand curve is v(q) = (F™)7'(1 — ¢), and the marginal revenue is derived from
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dlg- (F")~'(1 = q)]/dg,
1 — F™(v)

S O

We can succinctly write a posted price P,’s expected revenue as

R(P) = [ pl0)aF(0)

Such representation helps us see the similarities between the two classes of mechanisms.
More importantly, the representation facilitates the exposition and eases our understanding
in the dynamic setting. The optimal posted price p* is uniquely determined by p(p*) = 0.
The optimal price p* exists because p(v) is continuous, p(0) < 0 and p(1) = 1. The optimal

price p* is unique because

1—F”(v):U_anl(v)qL---—i—l'l—F(v)
[F(v)) () fw)

p(v) =v—

is strictly increasing in v, as [F" " 1(v) + -+ + 1]/[nF™ ! (v)] is strictly decreasing in v, and
[1— F(v)]/f(v) is decreasing in v by Assumption 1. The probability the good is not sold is
k(p*) = F"(p7).

Figure 3.1 provides a graphical illustration of the two marginal revenue curves. The
optimal reserve price and the optimal posted price equate the marginal revenue to zero.
Consequently, the areas under the curves (weighted with respect to dF"(v)) are the expected
revenues of the two mechanisms.

Since

F' ' (v)4---4+1] 1= F(v)
ntn=1(v) fo) 7

P4+ 1 1= F(v)

nFT(0) O

p(v) =v

a posted price’s marginal revenue p(v) is always smaller than an auction’s marginal revenue
a(v) except for when n = 1 and two curves coincide. Since a(r*) = p(p*) = 0, the optimal

posted price is always higher than the optimal reserve price. Clearly from the figure, the
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Figure 3.1: Auction’s and posted price’s marginal revenue curves and expected revenues in
the static setting. An auction’s marginal revenue curve is a(v) = v — [1 — F(v)]/f(v) and a
posted price’s marginal revenue curve is p(v) = v—[1— F™(v)]/[F"(v)]. The optimal reserve
price is 7* = a~1(0) and the optimal posted price is p* = p~1(0). The optimal auction’s ex-
pected revenue is R(A,+) = [ ' a(v)dF™(v), and the optimal posted price’s expected revenue

is R(P,+) = fpl* p(v)dF™(v). The difference between the optimal revenues can be written as

R(Ay) = R(Py) = [y wd[F(a7 (x)) = F(p™*(2))]
optimal posted price’s expected revenue is smaller. Since a(r*) = p(p*) = 0 and «(1) =

p(1) = 1, by changes of variables, the optimal revenue difference can be expressed as

R(A:) = RPy) = [ ad[Fa” @) = (57 (@) (3.1)

Although the optimal reserve price auction always generates more expected revenue than
the optimal posted price, if there is a sufficiently high cost of running the auction, it may be
more desirable to post the optimal price. In general, there is a cutoff cost ¢* such that the
seller with the cost is indifferent between the optimal reserve price auction and the optimal
posted price. Running an auction is more appealing for the seller if her cost is lower than the
cutoff cost, and posting a price is more appealing if her cost is higher than the cutoff cost.
The cutoff cost equals the optimal revenue difference, as the tradeoff in the static setting is
simply between the revenue gain from the auction and the cost incurred from the auction.

Proposition 10 characterizes the seller’s optimal mechanism in the static setting.
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Proposition 10. Suppose T = 1. Let r* and p* be the unique solutions to a(r*) = p(p*) = 0,
and ¢* = R(A,«) — R(P,+). The seller’s optimal mechanism is A, if ¢ < ¢*, and is Py if

c>c*. Ac=c" seller is indifferent between A« and P,-.

3.3 A Two-Period Example

Let me use a simple two-period example to demonstrate the key insights of the seller’s multi-
period problem. Suppose that there are two buyers in each of the two periods. Their values
are independently drawn from the uniform [0, 1] distribution (F(v) = v and f(v) = 1).
Purely for simplicity, suppose that the seller does not discount (6 = 1). Her objective is to
choose a selling mechanism m; in the first period and a selling mechanism ms in the second
period to maximize her expected profit 7(mq, ms) = w(my) + k(mq)mw(ms).

We now solve for and characterize the seller’s profit-maximizing mechanism sequence
(m$,m3). We can solve for the profit-maximizing mechanism choice problem by backward
induction. We first solve for the optimal mechanism in the second period. The seller’s
problem in the last period is essentially a static problem. We thus directly apply the solution
of the static problem described in the previous section. The profit of a posted price P, is
n(P,) = fpl p(v)dv?. The optimal price to post in the second period is determined by
p(py) = ps — % =0, or p5 = v/3/3 ~ 0.577, and the optimal revenue and profit is
R(P,g3) = m(P,j5/3) = 2V/3/9 ~ 0.385. The revenue of an auction A, is R(A,) = f: a(v)dv?.

The optimal reserve price is determined by «(r3) = 2r5 — 1 =0, so r; = 1/2. The optimal

revenue is R(A,;) = fé (2v — 1)dv?* = 5/12 =~ 0.417. By equation (3.1), let
1
* _ 2 _ 2 5 2\/§
¢y = R(Ay;) — R(Pyy) = /0 xd [(a Yz)" = (p(2)) } =59 ~ 0.032. (3.2)

By Proposition 10, if ¢ < ¢3, then the optimal mechanism is mj; = A,y = Ags; otherwise,

the optimal mechanism is mj = Pyx = P j35.
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Having solved the second period’s optimal mechanism, we can solve for the first period’s
optimal mechanism. Let w5 = m(mJ) denote the optimal second period profit. The total
expected profit from posting price p; in the first period and using m3 in the second period is
the expected profit posting price p; plus the expected profit using mj in case the good is not
sold. Since the probability is not sold in the first period is p}, 7(P,,,m3) = R(P,,) + pims.
The profit can be written as

1 1 1
T(Pp,, m3) = / p(v)dv? + 7} —/ mhdv® = / [p(v) — 75)dv® + 7.
p1 p1 p1
The optimal price is thus determined by p(p}) = pj — [1 — (p})?]/2p; = 7. The economic
interpretation is that the optimal posted price price is set so that the posted price’s marginal
revenue equates the opportunity cost of selling the good, ;. Solving for the optimal posted
price, pi = (75 4+ /732 + 3)/3. The total expected profit from running an auction A, in the
first period is
1
m(An,ms) = R(A,,) —c+rins = / [a(v) — m3)dv? + 75 — c.
1
The optimal reserve price is determined by «a(rj) = i — (1 — rj) = m5. The economic
interpretation is similar as in the optimal posted price determination: the optimal reserve
price is set so that the auction’s marginal revenue is equated to the opportunity cost of
selling the good, 5. Solving for the optimal reserve price, i = (75 + 1)/2. Let ¢ satisfy
7( Py, m5) = m(Aps,m3); a cost ¢ seller is indifferent between P,: and A,+ in the first period.

i = [ [lo) -mae +) = [ [ o) - milat+ 7

p1

= [ 1ot - it - [ o) ~ wsa.

* *

1 P

But remember that a(r}) = p(pj) = m5. With the same change of variable performed for
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Figure 3.2: Auction’s and posted price’s marginal revenue curves and expected revenues in
the two-period setting. The revenue difference between the optimal auction and the optimal

price increases: ¢} = [z — d[(a () — (7~ (2))"] < & = Ji (@~ ) — (o~ (2))?].
The optimal prices decline: pt = p~'(73) > p5 = p~'(0), and the optimal reserve prices

decline: r; = a~(7m3) > r5 = a~(0).
equation (3.1),

¢ = / (e - mp)d [(@7@)* = (' @)]. (33)

3
Note that 73 depends on c. We can solve for ¢ = 0.0075. When ¢ < ¢f, auction A, is used,
and when ¢ > ¢f, posted price Py is used.

Let

Note that & (m) = —fwl dl(a " (z))* — (p~(x))?] = (a}(7))* — (p™'(7))* < 0. From the
characterization of ¢} in equation (3.3) and ¢} in equation (3.2), ¢f = ¢(0) and ¢} = é(m5(c3)).
Since m3(c) > 0, ¢f = é(m3(c})) < €(0) = ¢b. Therefore, the optimal mechanism sequence
can be characterized in three separate scenarios: ¢ < cj, ¢ < ¢ < ¢, and ¢ > ¢5. When
¢ < cj, the optimal mechanism sequence is an auction in the first period followed by another
in the second period, with lower reserve price in the second period. If ¢j < ¢ < ¢, the
optimal mechanism sequence is a price in the first period followed by an auction in the

second period. If ¢ > ¢}, the optimal mechanism sequence is a price in the first period
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Figure 3.3: The expected revenues of different mechanism sequences as the auction cost
varies.

followed by a lower price in the second period. The optimal mechanism’s optimal reserve
price and optimal posted price are as illustrated in the figure below. Although any of the
four combinations is feasible, (A,, 4,), (A, B,), (P, P,), (P, A,), for any r and p, in this
example, the mechanism sequence (A4,, P,) is never optimal.

The resulting optimal mechanism sequence continues to hold in more general settings:
for sufficiently low cost, a sequence of auctions with declining reserve prices is optimal; for
sufficiently high cost, a sequence of declining prices is optimal; and for intermediate cost, a
sequence of declining prices followed by a sequence of auctions with declining reserve prices
is optimal. Any mechanism sequence of auctions followed by prices is never optimal. The
optimal sequence of auctions for sufficiently low costs and the optimal sequence of prices for
sufficiently high costs are not surprising as they arise almost trivially from the assumption of
that auction costs more. However, for intermediate auctioning costs, it is not straightforward
to arrive at the conclusion that such a nice sequence of mechanisms is the only optimal

mechanism, as any combination of prices and auctions in any order is feasible.
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Figure 3.4: The optimal reserve price and the optimal posted price as the auction cost varies.

Although the auction’s revenue is always higher, economically, for even economically
relevant small cost, the optimal price dominates the optimal auction. In the current example,
only when ¢ < 0.007, or when the cost is smaller than 1.5% of the expected revenue, auctions
are used in both periods. When the cost is between 0.007 and 0.03, a price followed by an
auction is optimal. If the costs of the sellers are uniformly drawn between 0 and 0.1, we
see roughly that 7% of the sellers use sequential auctions, 25% of the sellers use buy-it-now
options, and the majority of the sellers will simply adjust prices. These percentage roughly
match the current distribution of selling mechanisms on eBay in magnitude.

Another pattern worth mentioning is that the optimal prices adjust downward over time.
Mathematically, we can easily see from the optimal price determination: The optimal reserve
prices are determined by 75 = a~(0) and r; = a~'(n}), and the optimal posted prices are
determined by p; = p~1(0) and p; = p~!(7}). Economically, the optimal prices equate the
marginal revenue to the opportunity cost of selling the good. Since the opportunity cost of

selling the good decreases from 75 in the first period to 0 in the second period, the optimal
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reserve and posted prices also decrease accordingly.

The rest of the paper is geared towards characterizing the optimal mechanism sequence in
more general settings. In particular, we establish in a variety of extensions the optimality of
the buy-it-now option with prices preceding auctions, and the sub-optimality of the reverse

mechanism sequence - auctions preceding prices.

3.4 Finite Horizon

In this section, we solve the seller’s profit maximization problem when 7' is finite and fixed.
For any t = 1,---,T — 1, the seller’s discounted sum of payoffs at period ¢t < T is her
expected profit in the current period plus her discounted payoff if the good is not sold in the

current period,
w(my, mygr, -+ ,mp) = w(my) + 0k(my)m(mer, - -+ ,mr).

By the Principle of Optimality, we can solve the problem backwards. We have already solved
the period T problem, as it has the same solution as the one-period problem. We restate

Proposition 10 in the T-period problem.

Lemma 4. Suppose T is finite. Let 17 = o (0), pp = p~'(0), and c; = R(A) — R(Pps).

The seller’s optimal mechanism in the last period, period T, is mk(c) = Az if ¢ <,

*

my(c) = Py if ¢ > ¢}, and my(c) = Ay = Py if ¢ = ¢

The maximized expected profit is the larger of the expected profit of running the optimal

auction and of posting the optimal price,
7y () = max {R(A;:) — ¢, R(Pp: ) } - (3.4)

Given the optimal solution in period 7', we can solve for the seller’s in period T'— 1. Her
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problem in period 7' — 1 is

max w(mp_1) + 0k(my_1)7m} ().

If she chooses an auction A, in period T — 1, then her expected profit is

w(A,,mp(c)) = R(A,)—c+k(r)iny(c)
= / a(v)dF"(v) —c+ F"(r)émp(c)
= dmp(c) +/ [a(v) = oy (c)|dF™ (v) — c.

If she chooses a posted price P, in period T'— 1, then her expected profit is

w(P,,my(c)) = R(P,)+ k(p)dmr(c)

- / p(v)dF™(v) + F*(p)dmy(c)
= omile)+ [ lolo) - Sm(OWE" )

Her optimal reserve price is 7%, (c¢) = a1 (d74(c)) and her optimal posted price is pk_,(c) =

p~ (675 (c)). The seller’s optimal profit in period T'— 1 is then

mia(0) = max {R(A;_ o) =+ k(o (0)0m3(0), R(By_ ) + k(ph_ (0)6mh(c)}

— smi(e)

+max{ / 1 la(v) — 8 (c)]|dF™(v) — e, /

}71(0) p}il(C)

1
lp(v) = 57T?(C)]dF”(v)} :
There is a cutoff cost ¢i_; such that the seller runs A,. () if her cost is lower than it and

runs Fy: (o) otherwise. ¢i_; is determined by

G = [ @ = mG W) - [ (p) - SredF ()
RG] pr_a(cr )
= [ dm WP @) - P ).

W?(C*Tfl)
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The entire optimal mechanism sequence can be solved by iterating this procedure over all

periods ¢t <T'— 1. The optimal mechanism sequence is summarized in Lemma 5.

Lemma 5. Suppose T is finite and t < T — 1. Suppose that 7}, (c) is the optimal expected

profit of a cost ¢ seller in period t + 1. Let r;(c) and p;(c) be uniquely determined by

a(ri(c)) = p(pi(c) = omiy(c). (3.5)

And let

¢ = /5 [z = omfa(ef)]d [F™ (a7 (@) — F"(p~ " (2))] - (3.6)

W:Jrl(cf)

A cost c seller’s optimal mechanism my(c) in periodt <T — 1 is Apx (o) if ¢ < cf(c), is Py (e)

if ¢ > cf(c), and is Apxc) = Ppr(o) if ¢ = ¢ (c).

Proof. We need to show that equation (3.6), rearranged as below, has a unique solution ¢}
for each t,
1
e =d- | ol I [ @) - ] =06
It suffices to show that ~(c), is continuous, increasing in ¢, v(0) < 0 and (1) > 0. y(c) is
differentiable:

Y = 1ol | A @) = P )

= 1—om (Q)[F" (o (0m1 () — F™(p™ ' (0mi1 (e)))]

= 1= 6m(Ok(r]) — k()]
The maximal profit is
T (0) = max{R(Ar; ) — ¢+ 0k(ri1)m 5(c), R(Bpy, ) + 0k(piy)miio(c)}

Therefore,

77:;1(0) > -1+ 5/f(7“2‘+1)7fé"+2(0),
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and

77:;2@) > -1+ 575(7”%2)”:;3(0)’

and so on for ¥ (c) through T. Altogether, the inequalities, coupled with the inequalities

that r; >y, for all £, imply that

W:Jlrl(c) > —[1+0k(ry,) + 52]?(7":“)]?(7";2) + -]

> —[1+6k(rfyy) + 0k (rfpy) + -]
1 1
- - > =
1-— 5]{:(7’;““) = 1= 0k(r})

Therefore,
: 0k(p;) — 0k(r})
V) z1-—— Sk(r7)

Finally, since f;ﬂ* (olr = 0mi ()]d [F" (e~ (z)) — F"(p~!(x))] is the revenue difference
141

> 0.

between the optimal auction and the optimal price in a period, it is between 0 and 1 for any

c. 7(0) < 0 and (1) > 0 follow directly. O

The optimal profit in period 7' is determined by equation (3.4), and the optimal profit

in period t <T —1is
7/ (¢) = max {R(AT;(C)) —c+k(r; (c)on;, 1 (c), R(Pp(e)) + k(pf(c))&rfﬂ(c)} ) (3.8)

The optimal mechanism sequence is thus completely characterized by the two lemmas and

each period’s optimal profit function.

Proposition 11. Suppose T is finite. The optimal mechanism sequence (mi(c),--- ,mk(c))
is characterized by Lemmas 4 and 5, with 7} (c) defined by equations (3.4) and (3.8), and ¢}

determined by equation (3.6).

Although Proposition 11 completely solves the seller’s problem for any cost ¢ seller, the

solution is not very informative. We only know that there is a cutoff cost ¢} in each period

122



t such that a seller chooses a reserve price auction if her cost is smaller than ¢ and posts a
price if her cost is bigger than ¢;. In other words, all we know so far is that in each period
if the auction cost is low, use an auction, and if the auction cost is high, post a price.

A little bit more work gives us a much stronger result. We can show that the cutoff costs
increase over the periods. In other words, it is more and more likely a seller will run an
optimal auction in a later period. Furthermore, we can show that the posted prices and the

reserve prices fall over time.

Proposition 12. Suppose T is finite. The cutoff costs increase over time: c¢; < c; <

- < ch. That is, the optimal mechanism sequence is auctions when the auction cost s
smaller than ci, is prices-auctions when the auction cost is between ci and c}., and is prices
when the auction cost is bigger than c}.. Moreover, the optimal prices decrease over time:

ri(c) >ri(c) >+ >rk and pi(c) > pi(c) > -+ > ph.

Proof. Equation (3.6) determines the cutoff cost ¢f in each period. In equation (3.6), the
cutoff cost ¢} is decreasing in ém;;(c). That is, the lower the optimal discounted sequential
profit 67/, (c) is, the higher the cutoff cost should be. Since the optimal profit decreases over
time, 7/, (¢) > 7/ (c). Therefore, ¢ < ¢;,, for any t. The second part of the proposition
follows directly from the determination of optimal posted prices and reserve prices and the

facts that m; (¢) > 7} (¢) and the marginal revenue curves are increasing. ]

The first part of Proposition 12 shows that the cutoff costs are declining over periods so
that there is an optimal period of switch from posted prices to auctions. If the auction cost
is ¢, in the optimal mechanism sequence, the seller posts declining prices until period ¢* such
that ¢+ < ¢ < ¢=41 (define ¢ = —oo and ¢;11 = o0) and then runs auctions from period
t + 1 on. In other words, it is more profitable paying the auction cost later than earlier. In
the earlier periods, there are still many more periods left and many opportunities to sell the

good. It is not worth paying an auction cost yet because the good has a retention value.
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However, as time passes on and the sale opportunities diminish, the auction cost, though
constant in absolute terms, is deemed more attractive relative to the risk of not selling the
good.

Furthermore, as ¢ increases, c; decreases for all ¢. In other words, if the seller is less
impatient the seller will post prices in more periods and use auctions in fewer periods. The
prices, both optimal fixed prices and reserve prices, are declining over time in equilibrium in
finite horizon, as opposed to be constant in infinite horizon. Therefore, fixed deadlines are
the main attributors to price declines in this model and in general (Board and Skrzypacz,
2014; Dilme and Li, 2012).

The second part of Proposition 12 shows that the optimal posted prices and the optimal
reserve prices are declining over time. The cutoff period t* can be 0 or T" If the cost is too
high, the auctions phase does not exist and the seller posts a sequence of declining prices; if
the cost is too low, the posted prices phase does not exist and the seller runs a sequence of
auctions with declining reserve prices.

As a corollary of the result, it is impossible for any mechanism sequence that has an auc-
tion before a posted price to be optimal. In other words, all mechanism sequences consisting
of an auction and a posted price following it are always dominated strictly by at least one
alternative mechanism sequence - either dynamic pricing, or sequential auctions, or posted

price followed by auction.

Proposition 13. The auction-price mechanism sequence (A,, P,) is never optimal. Conse-

quently, a mechanism sequence with auctions before prices is never optimal.

We present a proof that is independent from previous results. It directly constructs the
mechanisms that dominate even the expected profit-maximizing auction-price sequence. The
marginal revenue curve representations of the expected revenues and the optimal prices are

key.
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on(A,,, m)

5 (m)

Figure 3.5: Case 1: 1, > po. (4,,, P,,, m) cannot simultaneously dominate (4,,, 4,,, m) and
(P, P,,, m).

Proof. Suppose T" > 2. Because the mechanisms chosen before period ¢ do not affect the
optimal mechanism sequence after period ¢, without loss of generality, it suffices to show
that the mechanism sequence of an auction in the first period and a posted price in the
second period is never optimal. Suppose the seller runs the mechanism sequence m in
periods 3 through 7" and generates expected profit 7 (m); when there are only two periods,
m(m) = 0. It suffices to show that the optimal sequence (A,,, P,,,m) is dominated by
at least one other mechanism sequence not consisting of the auction-price sequence. The
optimal r; and p, are determined respectively by p(p2) = dn(m) and a (1) = dn(Pp,, m) =
OR (P,,) + 6%k (p2) m(m). If the mechanism sequence is optimal, then 7(P,,, m) > 7(m) > 0;
otherwise, the mechanism sequence (m, A, ) generates strictly higher expected profit. We
show separately in the case when r; > ps and in the case when r; < p, that the mechanism
sequence (A,,, Py, m) is dominated by at least one other mechanism sequence not including
auction-price sequence.

Case 1: r > ps.

Suppose (A,,, P,,, m) is optimal. The optimality of the mechanism sequence (A4,,, P,,, m)
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implies that (A,,, P,,, m) dominates both (4,,, A,,,m) and (P, P,,,m),

W(Amvppzvm) _W(AT17A m)

p2>

v

0,

(A, Py,,m) —n(P,,P,,,m) > 0.

where 7(A,,, Py,,m), m(A,,, Ap,, m) and 7(F,,, P,,, m) can be written out as

(A, Ppyym) = R(A,,) —c+0k(r)R(Py,) + 0%k (r1) k (p2) m(m),
W(ATNAW’ m) = R(Arl) —Cc+ 6k(rl)[R(Ap2) - C] + 52]{: (rl) k (p2> 7T(II1)7

W(Pruppwm) = R(PT1)+5k (Tl) R(Pp2)+52k (Tl)k(pQ) W(m)

The two inequalities become

ey
e
=
O
N
O,
vV
=

Adding the two inequalities up,
R(A"'l) - R(Pﬁ) > R<PP2) - R(Apz)

Since R (A,)— R (P,) = f: la (v) — p (v)] dF™ (v) is strictly decreasing in 7, evident in Figure

3.5, when 1 > po,

R<AT1) - R(Pﬁ) < R(Pm) - R<Ap2)7

a contradiction with the premise that (A,,, P,,,m) is optimal.
Case 2: r < ps.
Suppose that (A,,, Pp,, m) is optimal. It dominates both mechanism sequences (P,,, P,,,

m) and (A,,, A,,,m) where « (ry) = dr(m),

7T(A7"1’Pp2>m) - W(szvppzvm) Z O’
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p(v)
Figure 3.6: Case 2: 1 < ps. (4,,, P,,, m) cannot simultaneously dominate (F,,, P,,, m) and

P2+ P2

(AT]_ 7 ATQ Y m)

7T<AT‘17 PP27 m) - 7T<AT17 ATQ? m) Z 07
where

T(Ary, Bpyym) = R(Ay,) = ¢+ 0k(r1)R(Py,) + 0°k (r1) k (p2) w(m),
W(sza PP27 m) = R(PPQ) + ok (pZ) R(sz) + 52k (p2) k (p2> W(m)

(A, Any,m) = R(A,) —c+6k(r) [R(A,,) — c] + 6%k (p1) k (r2) m(m)
Plugging in the profit functions, we can rewrite the two inequalities as

R(A,,) = = R(Pp) = & [k(ps) — k(r)] w(Rypm) > 0

R(Py,) — R(Ar,) + ¢ = 0 [k(p2) — k(r2)] m(m) > 0
Summing the two inequalities,
R(A;)) = R(Ay,) = 0 [k(p2) — k(r1)] m(Ryp,, m) — 6 [k(p2) — k(r2)] w(m) > 0.

r1 and ry satisfy a(ry) = dm(m) and a(ry) = dn(F,,, m). By the optimality of (A,,, Pp,, m),

7w(P,,,m) > m(m). As illustrated by Figure 3.1, 7% < ry < ry, so R(4,,) < R(A,,). Coupled
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with the inequality ro < ry < po,
R(AT1> - R<AT’2) -0 [k<p2) - k(rl)] 7T<Rp27 m) -0 [k<p2) - k(TQ)] ﬂ-(m) <0.
O]

We see that a seller’s mechanism choice depends crucially on her cost of running an
auction. If the cost is high, she will post prices and adjust prices downward as the deadline
to sell approaches. This has been the predominant selling mechanism in many markets.
However, with the development of Internet and less friction with information transmission,
the cost associated with organizing auctions has been reduced and in particular on sites such
as eBay where bidding can be automated and the sellers can set a variety of options to tailor
their mechanisms. Nonetheless, some disadvantages associated with auctions, mentioned in
the Introduction, cannot be eradicated by technological advances.

When the auction cost is at an intermediate level such that auctions and posted prices
are both considerably good mechanisms, mechanism sequences other than posting prices
become attractive and are implementable by new eBay mechanisms, in particular, bidding
with deadline and buy-it-now options. If the cost is very low possibly because she is an adept
and /or fervent auctioneer, she always runs auctions and adjusts her reserve price downwards
if no one has bought. When the buyers arrive continuously and randomly in the real world,
instead of having a short duration for bidding, the seller can specify the closing time of
the ascending auction to be dependent of the time of latest submission bid. If the auction
cost is still a significant consideration, we show that the seller will try to sell it by posting
prices first before considering auctions. On eBay, this can be very closely implemented by
an buy-it-now option by specifying a fixed price that can be immediately sold and a reserve
price for minimum bid. Although the time of switch to auction is determined by the buyers,

the essential cost-saving strategy of using prices first is captured by buy-it-now options.
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3.5 Extensions

In the previous, we show two main results: Proposition 12 and Proposition 13. We extend
the benchmark setting and show that both results hold in general. We allow the seller to
be increasingly impatient, the buyers to arrive stochastically and have outside options. We
also consider the cases when the buyers’ markets are separate for auctions and posted prices,
when the mechanism designer is procuring a contract from potential contractors rather than
selling a good to buyers, and when the seller sequentially sells more than one object. In the
next section, we show that the main results continue to hold even when buyers are long-lived

and forward-looking.

3.5.1 Perishable Good and Increasing Impatience

If the seller survives the market with probability ;1 < 1 to the next period, the stochastic
deadline may result from the seller’s uncertainty when or whether her good will be out of favor
or when it may be perished or banned to be sold. It has a similar effect as time discounting
J, as the expected payoff of the future periods becomes pdnr,1; by redefining ¢ = ud, the
problem is the same as before. Even when the seller survives the market less likely over time,
that is, u; decreases, the main results are unchanged. Because the assertion that discounted
payoff in a period is still greater than that in a later period, 1,07} (c) > pey107;, 4 (c) for any

¢, the decline of the cutoff ¢; over time is unaltered.

3.5.2 Stochastic Buyer Arrival

If in each period, the buyer arrival process is stochastic instead of deterministic, the results
do not change qualitatively. Suppose that the probability that the number of buyers is n is

q (n), then the probability of selling is s(p) =1 — >_ ¢ (n) F"(p). The optimal posted price
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is then determined by

*

p(p;) =p; — 1 - o)

[ (v)] =P+ M = 0m/y1(c).

A posted price’s expected revenue is R (P,) = ps (p) and an auction’s expected revenue is

R(AT):/Tloz(v)d[Zq(n)F”(v)].

Since the determination of ¢} is not changed from equation (3.6), the results from the previous

section on the form of mechanism sequence carry over.

3.5.3 Buyers with Outside Options

If the buyers have type-dependent outside options in the latter periods, their willingnesses-
to-pay are depressed and the seller solves the problem with respect to the buyers’ reservation
values instead of their values. As long as the willingness-to-pay function w(v) is a concave

transformation of the value, the weighted marginal revenue curve is

alv)=v— 1_—F<U)w'(v).

f(v)
&(v) is still increasing and the main results continue to hold. For example, the willingness-

to-pay function w(v) is concave in the setting of Zhang (2013b).

3.5.4 Separate Markets for Prices and Auctions

Suppose that the auction market and the posted price market are separate: n4 buyers will
show up for an auction and np buyers will show up for a posted price. The revenue difference

between running an optimal auction and an optimal price becomes
1

R(A;,m) — R(Py;,m) = / = A [0 @) = (7 ()] = ),
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A(0) > 0 and A(1) =0, and

Al(r) = —/ d[F" (o™ (2)) = F"(p~ (2))] = F" (o™} (7)) — F"7 (p~" ().

When n4 > np, i.e. more buyers are in the auction market than in the price market, the
characterization of the optimal sequences remains.

In general, if the buyers arrive stochastically, let g4(n) denote the probability that n
buyers arrive when an auction is run, and gp(n) the probability that n buyers arrive when
a posted price is run. The difference between the optimal revenues is then

1

R(Asgm) = B(Pym) = [ o= br(m))d |30 aa(n)F e ) = Y an(m) (7 )]

dm(m)
We say that an auction faces a higher demand than a posted price if > | ga(i) <> ", qp(7)
for all n. Propositions 12 and 13 continue to hold when an auction faces a higher than a
posted price.

On the other hand, when the auction market is smaller, the optimal mechanism sequence
is either a sequence of auctions or a sequence of prices. Neither the mixed sequence of
prices-auctions nor that of auctions-prices is optimal. In other words, while Proposition 13
continues to hold, Proposition 12 holds with the modification: there is a single cost cutoff
such that the seller will use a sequence of auctions if the cost is lower than it, and a sequence

of prices otherwise.

3.5.5 Procurement Contracts

Throughout, we have considered the setting in which a monopolist is selling a good. We
now turn our attention and consider the problem of a procurement contract in which the
monopolist is looking for contracts to complete a project with the lowest cost. We show that
the optimal mechanism sequence takes the same form. McAfee and McMillan (1988) consider

the procurement problem when the communication cost is high and similar to our argument,
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find that the principal may search sequentially for contractors if the communication is too
costly. A principal who needs a cost of 1 to complete the task, finds a contractor to finish a
task for a minimum compensation. Suppose n contractors whose true costs ¢ for the project
are independently and identically distributed according to G arrive each period; assume
G has increasing hazard rate GG/g. The principal’s choice is the same as the seller in the

previous sections. Her auction’s expected profit with a requirement of a maximum bid r is

m(A,) = /0 {1 —c— (;((cc” dG™(c) — c.

The probability of sale becomes s(r) = G"(r). A posted price P, yields expected revenue

(1 —p) G™(p). The optimal reserve price and the optimal posted price are determined by

ri +G(r)/g(rt) = pi + G (1) /(G™(p})') = 714 (c). (3.9)

In the static setting, the optimal auction yields more expected revenue than the optimal

posted price. In a finite horizon, the counterpart of equation (3.6) is

¢ = R(Aven)) = R(Ppr(epy) — [k(pi(cr)) — k(ri(c))] 0714 (cr). (3.10)

Therefore, the optimal sequence of mechanisms in the procurement problem depends on the

auction cost in the same way as the seller’s problem in the benchmark setting.

3.5.6 Multiple Objects

Suppose the monopolist has multiple identical copies of an object for sale, and she must sell
each object sequentially. The fundamental problem has not changed at all, so the optimal
mechanisms do not change. The only change is in notations to carry around another state

variable, the number of objects remaining K. An auction in period ¢ yields expected revenue

R (A,) = R(A,) — ¢+ Sk(A)TET + 6[1 — k(A)]7h.
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7K is increasing in K and decreasing in t. The same proofs apply in the multiple-goods

setting.

3.6 Forward-Looking Buyers

Thus far, we have assumed that the buyers are short-lived. In this section, we consider
the much more complicated environment in which the buyers are long-lived and forward-
looking. Modify the simplest setting of Section 3.3 with two buyers in each of the two
periods. In this section, we assume that the two buyers born in the first period continue
to be around in the second period and have a chance to buy the good in the second period
if the good has not been sold. Furthermore, the seller and the buyers discount by § (if
the seller does not discount, the optimal mechanism is trivial: wait until the last period to
run the static optimal auction or post the static optimal price). We solve one by one the
optimal price-price, price-auction, auction-auction, and auction-price sequences. Because
buyers are forward-looking, we can no longer solve the seller’s problem backwards like we
have done when buyers are short-lived. The mechanisms and prices chosen in the latter
periods affect buyers’ behavior in earlier periods and in turn the seller’s profit in the earlier
periods. The optimal prices are characterized by a system of equations. Nonetheless, the
main result remains: the optimal mechanism sequence is auction-auction when the auction
cost is sufficiently low, price-auction when the auction cost is intermediate, and price-price
when the auction cost is sufficiently high, and auction-price is never optimal. Figure 3.7
illustrates each mechanism sequence’s optimal revenue for different auction costs. For only

very small auction cost the auction-auction sequence is optimal.
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Figure 3.7: The optimal revenues of different mechanism sequences for different auction costs
when buyers are forward-looking.

3.6.1 Price-Price Sequence

Suppose the seller posts the price sequence (P,,, P,,). We can restrict our attention to the
price sequence with declining, because (P,,, P,,) with p; < ps is never optimal. An upward

price path cannot capture the benefits of buyers living longer.
Lemma 6. (P, , P,,) with p; < ps is never optimal.

Proof. When p; < ps, buyers who are born with values above p; in the first period do not
wait until the second period to buy. They will buy in the first period. The expected revenue

for the seller is then
1 1
R(Py P = [ plo)dF0) 4 F(0) [ p0)aF"(0),
p1 P2

The optimal prices are set by p(pj) = R(Ppy;) and p(p;) = 0. But p(-) is strictly increasing,

p~'(+) is strictly decreasing, pj = p~'(R(Pp;)) > p~'(0) = pj, contradicting the assumption
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that p7 < p3. ]

Regardless of the price, there is a cutoff value ¥ > p; such that first-period buyers with
values above © will buy in the first period, and buyers with value below v will wait to buy
in the second period. The wait lowers the probability the buyer gets the good, but the wait
increases the buyer’s utility when he gets the good because of the lower price in the second

period. Some buyers with values barely above p; are willing to wait.

Lemma 7. Suppose that the seller runs the mechanism sequence (Pp,, P,,) with p1 > ps.
There is a cutoff value ¥ such that any buyer with value above v > py will buy in the first

period, and any buyer with value below v will wait to buy in the second period.

Proof. Fix a value v buyer. Suppose that his opponent uses a strategy such that he will
buy if his value falls into the (compact, possibly disconnected) set V' C [py,1]. Let F(V) =
[.ev f(v)dv be the probability that the opponent buys. Let V5 = [pa, 1]\V be the set of the
values v such that the value v opponent will buy in the second period instead of the first

period. Then a value v > p; buyer’s utility of buying in the first period is

up(o|Pyy, B) = (0~ p)L = F(V) + 2 F(V)]

The utility unp(v|Pp,, Pp,) of not buying in the first period and waiting for the second period

is

(= PV = pa) [ TP ) + 5 22 (pa)1 ~ Fipa)
F5(FV) = F@a) ) + 5 1 pot=(1 = Flpa)?
S a1 ) + 3 P - )

Both utilities are linear in v, so the two lines ug(v) and uyp(v) intersect at most at one

point. Furthermore, vz > 1 — F(V) and uyp < 1 — F(V). Since ug(p1) = 0 < unp(p1), the
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intersection is either in [1,00), or (p1,1). In the first case, unxp(v) > ug(v) for all v € [py,
1], so no one buys in the first period: we let © = 1. In the second case, the intersection

0 € (p1, 1), so a buyer will buy in the first period if his value exceeds . n

The two buyers will play symmetric strategies: he will buy if his value exceeds v. A value
v buyer is indifferent between buying and not buying in the first period. The utility from
buying is

un(0| P, Br) = (5 = po)[F(0) + 51— F(@)]

The utility unp(v|Py,, Pp,) of not buying in the first period is

(0~ p2)[F*(02) + 52F(pa)(1 — F(p)) + 5(F () — F(p2)) F*(p)
3 F )1~ F(pa)? + 5(F () — Flpa) 2F ()1~ F(p2))
+(F@) — Fp2) (1~ F ()]

0 satisfies up(0|P,,, Pp,) = unp(0|Pp,, P,,). When F(v) = v,

B 1+0 5 1 1 .
(0 —p)—— = 4@ — pa)[p5 + 52173(1 —p2) +5(0 — p2)p3
1 1 . 1,
+§p2(1 —pa)® + 52("0 —p2)p2(1 —p2) + Z(U —p2)(1 —p3)] (3.11)

It is possible that the price in period two is so low that no one is willing to buy in the first

period. In such a case, let v = 1. The seller’s expected revenue is
R(By,, Pplp1 > p2) = [L — F2(0)]p1 + [F*(2) — F*(pa)]p2- (3.12)

When F(v) = v, R(P,,, By,) = (1 — 0*)p; + (0% — p3)p2. In comparison, the revenue when

p1 < p2is

R(Py,, Ppylpr < p2) = [1 = F*(p1)lpy + [F*(p1) — F*(p1) F? (p2)]p2-
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3.6.2 Price-Auction Sequence

Suppose the seller’s mechanism sequence is (P,,, A,,) with p; > r5. Similarly, we can char-

acterize the buyers’ strategies by cutoffs. The utility of buying in the first period is

1 - F(0)

(5 = pIF(®) + —

].
The utility not buying in the first period is

F3(9) _17 — /0?3 max{rs, v}dF3(v)/F3(17)}

_ @) o / A (0)/ F(5) — /0  adF3(0) /F3(6)]

= F3(v) -17—(17—/(:2 T’QdFS(Q})/FB(’f))—/U[F3(U)/F3(ﬁ)]dv)—/or2 rod F?(v) ) F? (D)

_ / F3(0)dv.

Therefore, v satisfies

(0 — pl)l%m = / F3(v)dv. (3.13)

T2
When F(v) =wv, (0 —p1)(0+1)/2 = ff; v3®dv. The expected revenue is
R(va AT2|p1 > T2) = [1 - F2(1~})]p1 - FQ(@)C - F4<T2)7’2

+ /)’“2 r2[6(1 — F(U)) + 6(F(q§) _ F(v))]f<U)F2(U)dU

+/” v[6(1 — F(v)) + 6(F(0) — F(v))]f(v)F*(v)dv

2

4 / v2(1 = F(v))f () F2(#)dv. (3.14)

When the seller’s mechanism sequence is (P,,, A,,) with p; < rs, the forward-looking buyers

will not wait until next period and pay a higher price. The expected revenue

M&W%WSWFWm—ﬁ@m+ﬁmﬂ/a@ﬂww—%.

T1
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3.6.3 Auction-Auction Sequence

Suppose the seller’s mechanism sequence is (4,,, A,,) with r; > ro. The utility of buying in

the first period is

F()5 — F(r)r — / vdF(v) = / " F)dv.

T1 T1

v

The utility of not buying in the first period is

/T F3(0)dv.

/T vy = / F3(v)dv. (3.15)

¥ satisfies

The expected revenue is
1
R(A,,, A, |lr1 >1r) = 2[1— F@)]F(0)r +/ v2(1 = F(v))f(v)dv — ¢
—F%(0)c — F*(ry)ry

+/0r2 ra6(1 — F(v)) + 6(F(8) — F(v))]f(v)F2(v)dv
+ /%[6(1 — F(v)) + 6(F(%) — F))]f(v)F(v)dv

+ / v2(1 — F(0))f(0) F*(5)dv. (3.16)

If r; < ry, then the first-period buyers will participate in the auction in the first period for

its lower reserve price and reduced competition. The seller’s revenue is

R(A,, A |ry < ra) = /1 a(0)dF2(v) — ¢ + F"(r1) Ul a(v)dF2(v) — c} |

1 T2
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3.6.4 Auction-Price Sequence

Suppose the seller’s mechanism sequence is (A4,,, P,,) with r; > ps. The utility from buying

18

[ Fv)dv.

The utility not buying is

(0~ p2F*(02) + F () (1= F(p2)) + 5(F (D) = F(pa) F*(pa) + 5 () (1~ F(p))
2 (F () ~ Fp)2F(pa)(1 — F(p2)) + 3 (F(@) — Fpa)) (1~ F*(p)].

When F(v) = v, ¥ satisfies

g ~ 1 1,
/ vdv = (0 — p2)[p§’ + 52293(1 —p2) + 5(” — p2)ps
T1

Famall= )+ 320~ pma(L =)+ (- p)(1 - B (317)

The expected revenue is
1
R(Ar,, Bpy) = 2[1 = F(0)|F(0)ry + / a(v)dF?(v) — ¢+ [F*(0) = Fi(po)lpa. (3.18)
When r; < ps, all buyers buy in the first period, and the expected revenue is

R<AT’17PP2) = / O‘(”)dFQ(U) —c+ F2<T1)[1 - F2(p2)]p2-

T1

3.7 Infinite Horizon

Unlike goods with expirations such as airline tickets and hotel rooms or seasonal clothes that
might fall out of favor in three months, many goods such as cellphones, stamps and books
do not lose value and do not have fixed deadlines to be sold, but nonetheless, the seller has

incentive to sell the good and realize the payment as soon as possible. In this section, the
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optimal sequence of mechanisms when in the infinite horizon is characterized. The solution
turns out to be relatively simple and straightforward: the optimal mechanism sequence is
an infinite repetition of the same mechanism. Different from the static setting, the optimal
reserve price depends on not only the buyer value distribution but also the number of buyers
per period and crucially the operational cost.

Although it is an infinite horizon problem, the seller faces the same problem in each
period. Therefore, she only needs to solve a static problem in a stationary setting, and her
optimal mechanism sequence is either an infinitely repeated auction or an infinitely repeated
posted price - running a reserve price auction until some buyers bid, or posting a constant
price until some buyers buy at the price. We will first calculate respectively the optimal
constant price and the optimal constant reserve price and then compare to see which infinite
mechanism sequence generates more expected profits. Finally, we verify that the better of
the two is indeed the expected revenue maximizing mechanism in each individual period.

First, we solve the optimal posted price p?_. Let 7 denote the expected profit of posting

p’ in each period. Together, p?_ and 7¥, must simultaneously satisfy the following equations,

p(pl,) = oml, (3.19)
mh = w(Py) + 6k (pl) TL, (3.20)

where equation (3.19) equates the posted price marginal revenue to the expected profit, and
equation (3.20) shows that the optimal expected profit equals the profit of using P,. plus the
expected profit if it is not sold. Rearranging equation (3.20) and plugging it into equation

(3.19),
-5 . 1=F"(p)
1= ok(pe)"™ " T[Fr(pn))

Since the first term is strictly increasing in and the second term is strictly decreasing in p}_,

— 0. (3.21)

and when p% = 0, the LHS is negative (= —(1 — F"(0))/(F"(0))"), but when p% = 1, the
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LHS is positive (= 1), p%, is uniquely determined by.
Similarly, we can calculate the optimal reserve price r*_(c) for a cost ¢ seller. Let 74 (c)
denote the continuation value of running A, (. each period. Together, r7 (c) and 72 must

simultaneously satisfy the following two equations,

a(ri(c) = 57r;40(c), (3.22)
2(c) = W(AT;O(C))+5k(r§o(c))7rfo(c). (3.23)

Substitute equation (3.23) into equation (3.22) and rearrange,

ir* c) — 1—-F(ri(c) o [R(Ar;o(c)) — R(Pyx (o) — c]

The LHS is increasing and the RHS is decreasing in 7% (¢); the LHS is 0 and the RHS
is 1/f(0) + d[R(Ap) — ]/ (1 — 6) when r’_(c¢) = 0 and the LHS is 1 and the RHS is —dc
when 7% (¢) = 1. Therefore, if ¢ < R(Ap), r’ (c) is uniquely determined by the system of

equations. If ¢ > R(Ay), the seller chooses a posted price for sure, because for any r, A,

generates strictly less expected profit than P,, as

w(A,) —7(P.) < 7(Ay) — m(Fy) = R(A,) —c < 0.

*

Therefore, there is a cutoff cost ¢}, such that the seller runs A« () if ¢ > ¢},

runs P if
¢ < ¢, and is indifferent between the two if ¢ = ¢?_. ¢, must satisfy 72 (%) = 7. There is
an easy way to calculate ¢, than solving equations (3.23) and (3.24). r’ (c%,) is determined

by equation (3.23),
a(ri(cs)) = ome, (3.25)

but ¢ must satisfy that in any period, the seller is indifferent between posting the optimal

price and running the optimal auction instead, so 72 = R(Ax (cx)) — ¢l + 0k(ri (ci))mh

oo o0
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Figure 3.8: The cutoff cost for different numbers of buyers and discount factors when the
buyers’ values are uniformly distributed between 0 and 1.

or

o= R(Ars o) — [1 = Sk(r ()] . (3.26)

o0 o0

The optimal mechanism sequence is summarized as follows.

Proposition 14. Suppose T = oo. Let p%, and 7, be the unique solution to equations (3.19)
and (3.20). Let ¢t be the unique solution to equations (3.25) and (3.26). Fiz any ¢ < R(Ay),
let %, (c) be the unique solution to equation (3.24). The seller’s optimal mechanism sequence

is an infinitely repeated sequence of m’, (c). If ¢ > ¢, then m’ (c) = Py, if ¢ < ¢}, then

mi(c) = Ar (o), and if ¢ = ¢, mi(c) = Pys or mi (c) = Ay (c2). Her expected payoff by

running the optimal mechanism is % (¢) = max {7%, 72 (c)} where w

o7 oo

A

2 (c) is obtained from

equation (3.22).

Figure 3.8 shows ¢ for different combinations of n and § when v ~ Unif |0, 1]. For
example, if § = 0.95, n = 5, ¢&, ~ 0.0026. Fixing any 0, the relationship between ¢} and
n is non-monotonic. Notice that fixing any n, as ¢ increases, i.e. when the seller becomes

more patient, ¢, decreases. When 0 — 1, there is less discounting and because the seller

142



lives forever, she essentially encounters infinitely many buyers over her life so the order
statistics effect dominates. Consequently, c¢5, — 0. The monotonic relationship between ¢
and ¢ holds in general for any I’ and n. An implication of the result is that if the buyers
arrive over time, as ¢ is small, we can think of the dynamic buyer arrival as continuous and
stochastic (Poisson arrival, for example). We see that as 6 becomes small, ¢ approaches 0,
so a constant price is optimal. The proof relies on the facts that as § increases, both 72 and
pk, strictly increase, and the optimal reserve price 7% (c%) is always smaller than the posted
price pZ..

Proposition 15. Suppose T' = co. When ¢ increases, ci, strictly decreases. That is, when
the seller becomes more patient, an auction becomes less attractive.

Proof. For simplicity let r’ = % (ck,) throughout the proof. Differentiate ¢, with respect

to ¢ in equation (3.26),

dc;o * ! fox * dﬂ.oP; * ! [ a P
So = (o (%) — (1= O] T — [k (%) — 0K (r2,)] L
* * P * P * dﬂ-g
The first term & (r%,) [~ (rk,) + 675 ] = 0 by equation (3.25), so
dc;, p drl drl
75 k(rk) |:7Too +5_d(5 } 5 (3.27)

By equations (3.19) and (3.25), and the facts that a () > p(:), we have r% < p% and

consequently k (r%) < k (pi,). Therefore

dc, . P drnt drt
o = k) [WWM s } D

It suffices to show that the RHS is negative.

Rearrange equation (3.20),

[1—0k(pi)] 7l = Pl [1 — k(D3]
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and differentiate it with respect to 4,

% (1= 0k(pi)] — 7l [k(ph) + K (P2)] = =Pk (05) + [1 = k(p2)] dggo‘

Rearrange, we obtain

* Pl drt e
k(o) [w:; ; 6—] _ e 1) — P K (L)

do do dé

The RHS by equation (3.19) equals (6 — 1) 7Lk (p?,) %. Differentiate equation (3.19) with

respect to 9,
drl, _ Op(pk.) dpk

B o o Y

2 46

¢ > 0 implies dp?_/dd > 0, which implies (6 — 1) 7L k" (p%.) % <0asd <1 O

3.8 Conclusion

This paper studies a monopolist seller’s sequence of profit-maximizing choices between posted
prices and costly auctions when buyers arrive to the market over time. Most interestingly,
we find that in a variety of settings, posting a price before auctioning is desirable, but
auctioning before posting a price is not. An optimal auction has a low reserve price and
thus a high sale probability, so the use of an auction in an earlier period is associated with
a higher probability of giving up the good. An auction incurs not only a constant fixed
operational cost, it also incurs an endogenous opportunity cost of the retention value of the
good. Prices-auctions sequences are more desirable than auctions-prices sequences because
the retention value, the opportunity cost of selling through an auction, is decreasing over
time. On eBay in particular, a buy-it-now option that allows a buyer to snatch a good for a
fixed price before the seller starts an auction resembles the optimal price-auction sequence.
Finally, a constant price can be optimal when the seller does not have a deadline to sell the

good.
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Although we have explored the following extensions to different degrees, they are still
interesting and worthwhile to be explored to fuller extents. The cost of mechanisms is not a
consideration in any of the papers that has been ignored in other papers, so it is worthwhile
to explore how the mechanism cost and the mechanism choice can interact.

First, the seller may have multiple copies of the identical goods. We have explored the
possibility that the seller sells the good sequentially, but it is worthwhile to consider other
forms of auctions in which the seller can seller more than one good at a time. The dynamic
programming problem carries one more state variable besides the seller’s age - the number
of remaining objects she has. Given the complexity of the problem with even one good,
the multiple-goods extension should be treated as a separate pursuit complementary to the
current one.

Another nontrivial and interesting extension is to allow the buyers to be long-lived and
strategic in choosing their purchase times and may exit randomly. We have shown that
the main results hold in a numerical example. It is important to explore how the result
holds in general, when there are more than two periods, more than two buyers, and with
general value distributions. I suspect that the optimality of prices-auctions sequence and the
sub-optimality of the auction-prices sequence remain. The main difficulty is that we cannot
solve the problem period-by-period, and the optimal profit does not necessarily decrease over
time because new buyers arrive and old buyers stay. Deb and Pai (2012) and Pai and Vohra
(2013) study this problem in a costless environment and show that simple index rules and
ironing can be optimal. Said (2012) and Li (2009) show that open ascending auctions are
suitable for perishable and storable goods, respectively, when the buyers arrive over time
and stay and strategically time their purchases.

Finally, the seller has been assumed to commit to a particular sequence of mechanisms.
The seller’s commitment to future mechanisms. Dilme and Li (2012) consider the equilibrium

non-committal price paths of the seller. Skreta (2006) shows that simple prices can be
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optimal when the seller does not have commitment power.
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Chapter 4 Prices and Auctions in Dynamic Markets

Abstract: This paper studies the dynamic markets in which infinitely many unit-supply
short-lived sellers and unit-demand long-lived buyers with persistent private values are
matched according to a frictional process. Although reserve price auctions are expected
revenue maximizing in the unique steady state equilibrium, the optimal revenue decreases
when the market becomes more consumer friendly, namely when the buyers survive longer,
face fewer bidding competitors, and become more patient. In particular, the revenue ad-
vantage from running an auction with a reserve price over simply posting that reserve price
reduces as the market becomes more buyer friendly, making sellers more likely to use posted
prices whose prevalence however results in market-wide externalities and inefficiencies.
Keywords: optimal mechanism, reserve price auction, posted price, auction premium, equi-
librium existence

JEL: D44

4.1 Introduction

In theory and practice, a standard auction with a well-chosen reserve price has shown to
be desirable revenue-enhancing choice for unit-supply sellers facing buyers with independent
private valuations. Although this paper confirms theoretically the revenue optimality of the
reserve price auction in dynamic markets, the optimal revenue decreases when the market
becomes more competitive for the sellers. More importantly, the revenue advantage relative
to a simple posted price diminishes in such competitive environment.

We study steady states of the dynamic markets where infinitely many short-lived sell-

ers and long-lived buyers who have possibly many chances to obtain a good are matched
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uniformly randomly. When the sellers have no fixed cost of running any mechanism, stan-
dard reserve price auctions are expected revenue maximizing with the strictly positive reserve
prices indicating market competitiveness. The market becomes more consumer friendly when
the buyers survive longer, face fewer competitors and become more patient, and the equi-
librium reserve price and optimal auction revenue are lower in consumer friendly markets
where the sellers have less market power. We generalize the monopolist’s problem of Myerson
(1981) by introducing a sequential market in which buyers may have opportunities to buy
a perfect substitute of the good, and generalize the auction marginal revenue of Bulow and
Roberts (1989) in this setting.

Although an auction with an optimally chosen reserve price generates the most expected
revenue, we witness the prevalent and increasing uses of alternative mechanisms in many
markets of goods with close substitutes because they have other operational advantages
while achieving revenues sufficiently close to be optimal. For example used auto dealers
use sequential bargaining followed by secret reserve price auctions (Larsen, 2013), treasury
bill sales implement multi-unit auctions and price menus, and alternating bargaining are
prevalent in housing markets. The effects of sequential competition offer a particularly
plausible explanation to the rises of alternative mechanisms, in particular, the posted prices
which rapidly take over eBay market (Einav et al., 2013).

Posted price mechanisms have the desirable properties of immediacy and simplicity com-
pared with auctions which involve active organization of sellers and participation of buyers
over a longer period of time. The gain in revenue from auction caused by buyer competi-
tion is depressed when the market becomes consumer friendly; more precisely, the difference
between the expected revenue of the reserve price auction and that of simply posting the
reserve price as the price, decreases as distribution of the buyers’ potential price offers im-
proves first-order stochastically in favor of the buyers. This result resonates that the choice

between an auction and posted price depends on steepness of the marginal revenue curve
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in Wang (1993). When a buyer has multiple sequential opportunities to purchase a good,
her willingness-to-pay to each seller is driven below her intrinsic value for the good, con-
sequently affecting expected revenues of different sales mechanisms and possibly altering
a seller’s profit-maximizing choice if there is higher fixed cost associated with running an
auction.

We also consider the dynamic markets with simultaneous existence of posted prices and
auctions. When sellers have heterogeneous costs of running auctions, the sellers may switch
to simpler mechanisms involving posting prices. The sellers who live for one period post
prices, and those who can live longer use Buy-It-Now options and dynamically adjust prices,
while auction followed by a posted price if it is not sold is never profit-maximizing. There are
inefficiencies associated with posted prices, however, as it is less likely to be sold by seller,
and it is not guaranteed that the buyer with the highest value receives the good. These
inefficiencies result in market-wide externalities to future sellers and buyers.

The frictional matching process distinguishes the current work from the simultaneous
auctions literature which studies competing sellers who simultaneously announce mechanisms
to attract buyers to participate. In equilibrium, with mild technical conditions, each seller
runs auction with reserve price lower than that in the monopoly case (Burguet and Sakovics,
1999; Pai, 2009), and as the number of sellers approaches infinity, the equilibrium mechanism
is the efficient auction (McAfee, 1993; Peters and Severinov, 1997). Although the literature
yields beautiful technical results, it is hardly applicable to real world: not all the agents
can meet one another because of geographic or time constraints, and lower reserve price is a
result of buyers’ sequential opportunities rather than a tool to attract buyer participation.

The sale inefficiency that buyers who value the goods more than the sellers do not receive
the goods is a result of the frictional matching process. Similar frictional matching mod-
els explain nontrivial prices in bargaining (Rubinstein and Wolinsky, 1985) and auctions

(Wolinsky, 1988), as well as inevitable natural unemployment (Diamond and Maskin, 1979)
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despite of excess demand or supply. Another related paper, Satterthwaite and Shneyerov
(2008), shows that the transaction price converges to the competitive Walrasian price.

The idea that sequential opportunities reduce buyers’ willingnesses-to-pay is explored in
Said (2011). It considers a dynamic setting where bidders randomly arrive and incorporate
beliefs of current and future dynamics in their bids shading in efficient second price auctions.
However, it takes a partial equilibrium approach by assuming that the sellers are restricted to
run efficient auctions in addition to that the buyers have value independent outside options
as they receive new value draws for each imperfect substitute, an assumption maintained in
Wolinsky (1988) as well. This paper studies a general equilibrium when buyers have value
dependent outside options so that in equilibrium the buyers with higher valuations have
better opportunities and exit the market faster.

In summary, the main contributions of the paper are three-fold. First, it characterizes
the revenue-maximizing mechanism when buyers have sequential outside options. Second,
equilibrium of the dynamic settings where buyers have value dependent outside options,
previously deemed infeasible to solve, is uniquely characterized with definitive comparative
statics results which offer guidance to auction platform design. Finally, analogues are drawn
between posted price mechanisms and reserve price auctions with their revenues directly
compared, and it is probably the first paper to consider simultaneous existence of posted
prices, auctions, and Buy-It-Now options to investigate their welfare effects in dynamic
settings.

The paper is organized as follows. Section 4.2 introduces the basic dynamic setup and
defines the steady state solution concept. Section 4.3 solves a generalized monopolist’s
problem when buyers have sequential outside options and examines the effects of changes
in the outside options. Section 4.4 characterizes the stationary equilibrium and Section 4.5
presents comparative static results and their market implications. Section 4.6 introduces the

posted price mechanism with its revenue compared to auction’s and Section 4.7 discusses
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the welfare effects when posted prices are used. Section 4.8 concludes.

4.2 The Setup

In this section, we describe the dynamic setup and define the equilibrium. There are count-
ably infinite periods labeled by ¢ = 0,1,---. In the beginning of each period, there are
measure 1 continuum of unit-supply sellers and integer measure n continuum of unit-demand
buyers in a homogeneous good market. We refer to n as the buyer-seller ratio. All the
agents are risk-neutral, expected utility maximizers with quasilinear preferences, and have
common discount factor d for the next period. Each seller lives for one period and has nor-
malized value zero for the good. Each buyer possibly lives forever and has persistent private
value v independently and identically drawn from value distribution I’ with positive density
f on support [0, 1]. Let H; denote period ¢’s active buyer value distribution composed of old
and newborn buyers, except for that in period 0 when all the buyers are newborn (Hy = F).

The market proceeds as follows. Buyers and sellers are randomly matched. Sellers each
choose a sales mechanism, and buyers participate in the mechanisms. The number of buyers
each seller is matched with is n.

Seller s chooses a direct anonymous mechanism (DAM) Mj; in which the buyers cannot be
distinguished by their ages or identities but only by reported values. It consists of probability
assignment and cost functions {P; (-),C;(-)}, which, for any vector of value reports z =
(21, -+, zn) specifies each buyer’s probability of winning and payment. Therefore, A buyer

1’s expected probability of winning and expected payment by reporting z; are

Py () = / Py (2,25 dH ;(2_.),
Ci(z) = / Ci(zi,2z_;)dH_; (z_;)
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A buyer 7 of value v, after knowing what mechanism M;, she participates in, plays a
feasible strategy o;. (v, M,;) € [0,1]. If buyer i obtains the good from the seller she is
matched with, she is a winner (i € W;) and exits the market; otherwise, she is a loser
(1 € Ly) and survives with probability s to period ¢ + 1, and we refer to s as the survival
rate. Newborn buyers enter the market in the beginning of period ¢t + 1 to replace the
winners and exiting losers to to keep a constant measure n of buyers.

Let l;; (v|oie (v, Msy) ,0-i4 (-, Msy), Ms,) denote value v buyer i’s expected probability
of losing when she plays o, ; (v, M) and her opponents play o_;; (-, M) in the mechanism
M, she participates in, and I, ({o; (-,-)},, {M,.},) is the proportion of losers in period ¢
given the agents’ behaviors. We subsequently denote them /;; (v) and [, but keep in mind
that they depend on behavior of the active agents. Period t+1 active buyers are composed of
newborn buyers and surviving losers from period ¢, so the expected active value distribution
in period t + 1 is

E[Hi1 (v) |He) = (1 = sly) F (v) + sH; (v|Ly) (4.1)

where H; (v|L;) is the value conditional distribution for losing buyers.

Before defining the equilibrium, we shall comment on some aspects of the model. Wolin-
sky (1988) employed similar frictional matching technology reflecting information and search
frictions. The stochastic matching however adds no further insights but computational com-
plexities, so we restrict our attention to the uniform matching with deterministic buyer-seller
ratio. Furthermore, a seller can hold multiple goods in the same period, and as long as he
does not own a positive measure of the goods in the market, his actions cannot alter the
subsequent market compositions.

Two tunnels of learning arise in finite markets but not in infinite and anonymous ones. In
a market with finite number of buyers, there is significant probability that a buyer’s oppo-

nents may become her opponents again in subsequent periods, so when the transaction price
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is not announced in an auction, a bidder can infer from her bid about the possible transaction
price and values of her opponents. In a market with finite number of items for sale (sellers),
a buyer knowing whether the item from the mechanism he has participated in is sold or not
helps her to learn about nontrivial portion of the market. Information asymmetry arises in
sellers facing markets of asymmetric bidders knowing different amounts of information from
history of actions and outcomes despite of symmetric newborn distributions. Milgrom and
Weber (2000) studies the setting of n buyers, and one seller with £ < n goods and shows
these learning effects make the expected price path a martingale. Said (2012) shows that a
simultaneous ascending auction can alleviate these effects resulted from stochastic arrival of
the agents.

Continuum of agents and restrictions to the direct anonymous mechanisms guarantee
information symmetry among all the participating agents. Numerical results show that the
learning effect is relatively small and vanishes rather quickly even in medium-sized markets!.
Furthermore, Bodoh-Creed (2012) shows that the equilibrium with continuum of agents is
approximated by that of finite markets. In this particular setting, the sellers have symmetric
beliefs about buyers’ values. Anonymous mechanisms further restrict sellers to discriminate
by the buyers’ ages that potentially reveal buyers’ losing histories and thus values. Learning
by bidding is also not plausible as the online market is so enormous that no buyer aims at
beating any particular opponent.

The assumption that masses of agents stay constant is nonrestrictive as well. Suppose
that the market size grows each period so that masses of sellers and buyers both increase by
g > 0. This market growth effect is actually equivalent to decreasing the buyer’s survival

rate by 1/ (1 + g). Instead of sl;, there is only sl;/ (1 + g) of surviving losers in period ¢ + 1.

n—

!The beneficial probability of learning from bidding and outcome is of order 1 — (1 — s/k) ! where k is
the total number of sellers. It vanishes rather quickly in market of small size with relatively low survival rate
s. For example, for s =1/2, k = 10 and n = 5, the probability of a buyer encountering a previous opponent
in the next period is 20%, conditional on her own survival.
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The active value distribution is then

E[H, ., (v) |H] = (1 . ljgzt) F(v)+ lngt (0] Ly).

When s' = s/ (1 + g), the buyer value evolution coincides with (4.1). Although each buyer
survives with probability s, the market growth rate essentially makes the survival rate s’ =
s/ (1+g).

For the remainder of the section, we define the equilibrium concept we want to solve, the
stationary symmetric sequential equilibrium (SSSE) where buyers and sellers of the same
value play the same utility maximizing strategies in each period when the expected active
buyer value distribution remains stationary, and the belief of the buyers and sellers updates
according to the equilibrium behavior.

Agents’ strategies and beliefs are defined as follows. Since all the sellers are identical and
the buyers symmetric, we restrict our attention to symmetric behavior where all the sellers
chooses the same mechanism M; and each value v buyer behaves according to strategy
o, (v, My); that is, agents are only distinguished by their types but not by indices. In period
t, each agent has belief yu; ({ Hy, My, oy },_,) on the active buyer value distribution, the seller
mechanism choice and the buyer strategies for the current and every subsequent period.

The payoffs of the agents are specified as follows. Each seller gets expected revenue
r (Mi|pe) by choosing mechanism M, under belief p,. Each value v buyer receives total
discounted expected utility u (v, oy (v, M), 04 (-, My) | My, p1;) when her n — 1 opponents
play o_;¢ (-, My).

Subsequent active buyer value distributions E [H;,; (v) |Hy, My, 04] can be inferred from
the buyer and seller behavior and pre-specified market and matching dynamics. If the active
buyer value distribution is stationary, then the buyer composition will be expected to be

the same across periods, so the stationary value distribution is H, (v) = E [H; (v) |u.] =

E[Hy (0) ).
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In particular, given the equilibrium mechanism M, and strategy o, (-, ), the stationary
value PDF is the weighted average of newborn PDF f and the previous period PDF h, in

stationary equilibrium. The stationary value PDF and CDF are respectively

he (V) = (1 —=sl) f(v)+ sl (v) hs (V) (4.2)

H.(v) = (1=sl,)F(v)+s /Ov l. (2)dH, (2) (4.3)

where [, () and [, depend on the equilibrium seller and buyer behaviors and matching dy-
namics.

Now we can define the equilibrium where 1) all the agents play symmetric stationary
strategies, 2) the active value distribution is stationary, 3) agents’ beliefs about the equi-
librium behavior and active value distribution are correctly updated, and 4) every agent

maximizes the expected payoff given beliefs.

Definition 6. (M,, 0., H., i) constitutes a stationary symmetric sequential equilib-
rium (SSSE) where every seller runs the same mechanism M, and every value v buyer
plays according to strategy o. (v, M) in mechanism M € M and it satisfies the following

conditions.

1. (Stationarity) Stationary value distribution is a martingale with respect to the equi-

librium mechanism M, and strategy o,:
H,(v) =E[H; (v) |Hy = Hy, M, 0.],

where the stationary value PDF and CDF are determined by (4.2) and (4.3), respec-

tively.

2. (Consistency) Every agent has the correct belief p, about the stationary value dis-
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tribution, equilibrium mechanism and strategy:

Mo (H*,M*,o*) =1L

3. (Sequential Rationality of Seller) M, maximizes seller’s expected profit with re-

spect to belief p,: VM € M, m (M) > m (M |puy) .

4. (Sequential Rationality of Buyer) o, (-, M) is a symmetric Bayes-Nash equilibrium
in every mechanism M: Yv, VM € M, Vo (-, M) € ¥y,

u ()M, ) > (v,6 (v, M), o, (-, M) M, p.),

where u (v|M, p.) = u (v,04 (v, M), 0_;, (-, M) |M, p1.) denotes value v buyer’s equi-

librium expected payoff in M.

Note in particular that the symmetry assumption does not need to be assumed but arises
as an equilibrium outcome. Since all the optimal incentive-compatible mechanisms yield
the same revenues and the same expected buyer payoffs, all the sellers will choose the same
mechanism in equilibrium and all the buyers will have the same expected equilibrium payoffs.

Characterizing the equilibrium requires 1) characterizing the stationary value distribu-
tion, 2) solving the monopolist profit-maximizing problem with value-dependent outside
options, and 3) solving the buyers’ equilibrium strategies when they have sequential oppor-
tunities. In essence, in the dynamic setting, the existence of sequential markets affects both
seller mechanism choice and buyer behavior, and the sequential market conditions depend
on buyer composition H,.

In Section 4.3, we solve a general version of the monopolist’s problem and specifies the
buyer’s equilibrium strategy in the optimal mechanism and the agents’ expected equilibrium
payoffs. The SSSE is characterized and proven to uniquely exist in Section 4.4 and compar-

ative statics results on the survival rate, the buyer-seller ratio and the discount factor are
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presented in Section 4.5.

4.3 Seller’s Problem Generalized

In this section, we study revenue maximization of a monopolist who faces symmetric buyers
in the presence of a sequential market where the identical good is expected to be sold by
other sellers. We show that the optimal mechanism is implementable by a standard reserve
price auction, but the reserve price changes with respect to the sequential market condition.
In particular, the reserve price is always lower than the monopoly reserve price in Myerson
(1981), an extreme setting of the current setup which incorporates the monopolist problem
in the SSSE as a special case. We generalize the marginal revenue curve defined by Bulow
and Roberts (1989) to this sequentially competitive setting to determine optimal reserve
prices. The general revenue maximizing mechanism with ex-ante asymmetric buyers and
related results regarding incentive-compatibility, buyer indifference and revenue-equivalence
of different mechanisms are derived and presented in Appendix 4.9.

Suppose that there are n buyers and one seller which we call a monopolist. In addition to
the assumptions defined above, the value distribution is assumed to have decreasing inverse

hazard rate.
Assumption 2. dn (F (v)) /dv < 0 where n (F (v)) = (1 — F (v)) /f (v).

In particular, the setting so far is the same as Myerson (1981), which we refer to as the
pure monopoly setting. We introduce a sequential market where each buyer is expected
to receive a price offer drawn from distribution A with support [z, Z] and density A. Since
A incorporates all the information about the subsequent period, we simply refer to the
sequential market by the distribution A. Not to be interrupted by technical details, we
assume that the buyers are symmetric and the sequential market distribution is continuous

and differentiable.
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The presence of a sequential market incorporates a wide range of settings. Myerson
(1981) solves the monopolist’s problem when there is no price offer (lower than 1) in the
sequential market (A (z) = 0Vz < 1), or the buyers discount the sequential market infinitely
(0 = 0). In the SSSE, a buyer’s continuation payoff is her total discounted expected utility
from all mechanisms she participates in the future periods. Any outcome she faces can
be characterized by the expected payment with the probability of such payment. The set
of outcomes can be summarized by a probability distribution, thus a sequential market.
In particular, the sequential opportunities each buyer faces in the stationary equilibrium
are captured by an equilibrium sequential market. In addition, the sequential market can
be viewed as signals buyers receive to update their valuations of the good. The dynamic
mechanism design literature takes this particular stance and yield analogous results as this
current section (Es6 and Szentes (2007)).

Although all the buyers face the same sequential market, they may receive different
realized price offers and may make different decisions based on their own valuations even
if the realized price offers are the same. A buyer purchases the good if and only if her
value exceeds the realized price offer she receives, so a value v buyer’s expected payoff in the
sequential market A is

QA(U):/:(U—I)dA(x) :/;A(x)dx.

It increases whenever the buyers receive lower price offers with higher probability, so we

say that A is more buyer-friendly than A if A is first-order stochastically dominated by A.

Definition 7. A sequential market is more buyer-friendly than another if and only if it

is first order stochastically dominated by the other: A >=p A if and only if A (z) > A (z) V.

A value v buyer will not pay more than the expected utility if she waits, so her willingness-
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to-pay (WTP) to the monopolist is
wy (v) = v = duy (v),

and it is differentiable, weakly increasing and weakly concave?. The monopolist’s problem
with a sequential market corresponds to a monopolist’s problem with buyers’ values trans-
formed according to an increasing, concave function. Conversely, for any concave value trans-
formation © (), there is a sequential market A that induces a WTP function wy () = v (-).
In essence, the monopolist maximizes expected revenue with respect to n buyers who
have WTP w (v) drawn from the WTP distribution F (7) = F (w,* (0)) and fa(0) =
f(wi' (9)) /w' (wi" (2)), so by Myerson (1981), the optimal mechanism is to run a standard
auction with reserve price determined by a transformed virtual utility curve. The virtual
utility in this setting is defined as the competitive auction marginal revenue (MR) in

the presence of sequential market A

MR3 (v) = wa (v) = 1 (Fr (wa (v))) = wa (v) = 0 (F () w} (v). (4.4)

In section 7, we will define the competitive posted price marginal revenue and compare
those with the auction’s when the sequential market changes to derive results regarding
changes in revenues of different mechanisms and provide further economic insights, especially
parallels between auctions and posted prices. Since WTP is increasing and concave, and
inverse hazard rate is decreasing, the competitive auction marginal revenue is continuously

increasing, so the optimal reserve type exists and is unique.

Proposition 16 (The Optimal Mechanism). Let A (p) represent a standard auction that
implements reserve price wy (p) in the presence of sequential market A. The revenue-
mazximizing mechanism in the presence of the sequential market A is Ay = A(p}) where
MR} (p}) = 0.

Zwh (v) =1=8u) (v) =1—5A(v) >0 and W} (v) = —du} (v) = =6 (v) < 0.
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Not all the buyers who have values above the reserve price will participate in the auction,
but the reserve price screens for participation of buyers with willingness-to-pay above it, who
have values above p which we call the the reserve type. Without the sequential market,
a buyer’s value is her WTP, so the pure monopoly reserve price and reserve type coincide.
When there is a nontrivial sequential market, the optimal competitive reserve price is lower
than the pure monopoly reserve price. The importance of determining the reserve type is
its relation with the probability of sale, 1 — F" (p): the bigger the optimal reserve type, the
lower the probability of sale and the higher the expected sale efficiency to transform the

good from seller to buyers.

Proposition 17. The optimal competitive reserve price in the presence of a sequential mar-

ket is lower than the optimal pure monopoly reserve price.

Remark 1. The optimal competitive reserve price is equal to the pure monopoly reserve
price when there is no price offer (weakly) lower than the pure monopoly reserve price in the
sequential market, because the competitive auction marginal revenue curve is unchanged for

values below the pure monopoly reserve price.

The following numerical example illustrates that we can not compare optimal reserve
type across different markets as a more buyer-friendly sequential market does not guarantee

a lower optimal reserve price or reserve type.

Example 2. Suppose there are two buyers (n = 2) with values drawn uniformly from
[0,1] (F(x) = x). In the first market, they may receive a uniform price offer from 0 to
1 (A1 (z) = x), and in the second market, they may receive a lower price offer with lower
probability (A (z) = 22?Vz € [0,0.5];2Vz € [0.5,1]). Therefore, the first market is more
buyer-friendly. However, the optimal reserve type and price are higher in the first market

(pi, = 0.4227 > p}_ ~ 0.4221 and wy, (p},) ~ 0.333 > wa, (p},) = 0.303).
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Finally, we can calculate the buyers’ equilibrium strategies and payoffs in the standard
auctions in the presence of a sequential market. The first price and second price auctions
(as well as Dutch and English, and all-pay auctions) with the same reserve prices generate
the same revenues, from the generalized revenue equivalence and buyer indifference result
(Corollary 1), a corollary of the characterization of incentive compatible mechanisms (Propo-
sition 26), and both are presented in Appendix 4.9. In the second price auction, buyers bid
their WTPs rather than their values (which are equivalent in the setting without sequential

market). In the first price auction, buyers continue to shade their bids, but according to

their WTPs as well.

Proposition 18 (Equilibrium in Standard Auctions). Consider a standard reserve price
auction A (p) with n buyers in the presence of A. A value v > p buyer in the second price
auction bids her willingness-to-pay wy (v). In the first price auction, the equilibrium bidding
strategy of buyer v > p is

7 (0, A(p) = un (o)~ [ P dun (2) (P ). (4.5

p

A wvalue v buyer’s total discounted payoff is
w(el4 () = [ ) dun (2) + bu, (o), (46)

p

and the seller’s expected revenue is

r(A(p)) = / MR (v) dF™ (v). (@7)

These equilibrium characterizations, along with the characterization of the optimal auc-

tion, directly apply to the dynamic setting.
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4.4 Stationary Symmetric Sequential Equilibrium

In this section, we characterize the stationary symmetric sequential equilibrium and prove
its existence and uniqueness under mild technical conditions. Based on the results from the
previous section, every seller runs the same reserve price auction. Higher value buyers are
more likely to win the auctions and to exit the market, resulting in lower value buyers staying
longer and a stationary value distribution that is first order stochastically dominated by the
newborn value distribution. Such an equilibrium exists and is unique under mild conditions,
and convergence of equilibrium from initial period is also discussed.

The equilibrium is characterized by the optimal reserve type and the stationary distri-
bution. Since the buyers’ sequential options in the SSSE can be summarized by a sequential
market A, which we will characterize, Proposition 16 shows the optimal mechanism is a

standard auction with reserve type p. determined by the equilibrium auction MR,

1—H*(p*) /

MR (p,) = w, (ps) — h (o) w, (ps) = 0,

where w, (v) is value v buyer’s equilibrium WTP. However, since the buyers’ realized pay-
ments are all higher than p,, by Remark 1, and the equilibrium reserve type is the same as

the equilibrium reserve price, and is determined by

_1—H.(ps)

O e 0. (4.8)

The equilibrium reserve price is always positive, in contrast to the result obtained by
McAfee (1993) that it converges to zero. As results from the next section demonstrate,
the equilibrium reserve price varies with different parameters of the model, indicating level
of market competitiveness. These competitive forces alleviate the frictions in matching by
reducing the equilibrium reserve price to be close to the efficient level. The sellers are

able to set nontrivial prices even if there is no excess demand which resonate the natural
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unemployment resulted from frictional search and matching models (Diamond and Maskin,
1979). When n = 1, this setting is a dynamic bargaining setting with equal measure of
buyers and sellers, the model is similar to Rubinstein and Wolinsky (1985).

As a result a value v buyer wins the auction if and only if her value is above p, and no
opponent has value above v, so her probability of winning is P, (v) = 1 — 1,~, H'" ! (v).
Conversely, a value v buyer’s losing probability I, (v) is 1 if v < p, and 1 — H?! (v) if v > p.
Equilibrium loser proportion is then

1 1 1
L :/0 L (v) dH, (v) = 1—/0* HY ™ () dH. (0) = 1= - (1= H2 ()
In order words, measure 1 — H! (p,) of the sellers sell their goods.

The stationary value distributions can be determined by 4.2 and 4.3 by substituting
for I (v) = 1 — P (v), a value v buyer’s expected probability of losing in a direct anonymous
mechanism. Value v buyer’s expected utility of reporting z is P (z) v—C (z) in the mechanism

and is P, (v) v—C, (v) if she does not win. The stationary value distributions are determined

as follows.

he (v) = {1 - 3/0 (1 - P, (2))dH, (z)} f @) +s(1—=P,(v)dh(v) (4.9)
H,(v) = {1 — 5/0 (1— P, (2))dH, (z)} F(v) + S/O” (1 - P, (2))dH, (z) (4.10)

Given the equilibrium losing probability and proportion of losers, the stationary value dis-

tributions characterized by (4.2) and (4.3) are
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In particular, the stationary distribution at the equilibrium reserve type is determined by

h (p*) _ H, (,0*) B S l o
Ty~ Floy M 1sa LD (4.13)

As a consequence of the auction’s allocative efficiency that the buyer with the highest value
above the reserve type is allocated the good, higher value buyers exit the market faster,
resulting in a stationary value distribution that is first order stochastically dominated by the
newborn distribution?.

In summary, (A (ps),0x, Hy, i) constitutes a SSSE. Each seller runs reserve price auc-
tion A (p,) with p,. determined by the system of equations, (4.8) and (4.13) which also pin
down H, (p«). The stationary value distribution H, is characterized by (4.8) and (4.12)
given H, (p.). Each buyer reports truthfully in each incentive-compatible direct anonymous
mechanism (bids w, (v) in second price auction by Proposition (18)) and the equilibrium
belief is the same across periods, pu. (A (p«), 0, Hy) = 1.

Such an equilibrium exists when losing buyers exit the market sufficiently fast. When
enough higher value newborns enter the market to ensure the active value distribution with
decreasing inverse hazard rate, the reserve price auction remain optimal. The exact sufficient

assumptions are as follows.
Assumption 3. The newborn value distribution is convex: F" (v) > 0.

Assumption 4. The survival rate is sufficiently small: s and § satisfy 6s*> —2s+1 > 0.
Equivalently, s < (1 —+/1—=10) /8 for all 6.

These are reasonable assumptions. Although convex distribution assumption is more

restrictive than that of monotone hazard rate, it includes some standard distributions such

3Rearrange (4.12),

};*((vv)) = |1+ - 5% (1-H" (P*))] / {1 +Lusp. g s S%Hf (v;{*—(gf (p+)

Since [H? (v) — H (p«)] /H« (v) achieves its maximum 1 — H} (p.) at v = 1, RHS is bigger than 1.
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as uniform and exponential distributions. Although in this paper we do not have a buyer
entry stage, the equilibrium distribution resulted from a reasonable entry model should be
one where higher value buyers are more likely to enter. The assumption on the survival rate
and discount factor is not restrictive. First of all, as long as s < 1/2, the equilibrium exists
regardless of 0. And for higher discount factor, the range of survival rate that supports
a unique equilibrium becomes larger. For example, for 6 = 0.95, s < 0.876 satisfies the
condition. Furthermore, note that these assumptions are by means necessary conditions
for existence or uniqueness but rather loose sufficient conditions. Finding the necessary
conditions for equilibrium existence is not key to the arguments of the paper. Furthermore,

they are conditions that not only guarantee equilibrium existence but also uniqueness.
Proposition 19. When Assumptions 3 and 4 hold, there exists a unique SSSE.

This equilibrium is reached from periods of plays where the reserve price monotonically
decreases. Starting with the initial period in which all the buyers are newborns, the sellers
post auctions with a reserve price higher than the equilibrium one, because buyers value
distribution FOSDs the stationary distribution and the buyers face worse sequential market
than the buyers in the steady state. However, as the time progresses, lower value buyers
congest the market and expect more buyer-friendly environment in the future periods, so
the sellers post lower reserve price in response. The sequence of reserve price monotonically
converges to the equilibrium reserve price. The monotonicity of adjusted inverse hazard
rate is guaranteed because the sequential market improves and the active buyer distribution
decreases as higher value buyers win more often and exit faster.

The equilibrium sequential market is

Hp ! (x)

A, (J}) = 1v>p* 1—6s (1 _ Hffl (.T))

Vo > p,. (4.14)

It indicates market competitiveness or buyer-friendliness of the market as we have mentioned.
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In the next section, we partially use the change in the equilibrium sequential market to
explore effects of the changes in different parameters of the model - the survival rate, the
buyer-seller ratio, and the discount factor, on the equilibrium reserve price, stationary value

distribution, buyer utility, seller revenue, and sale efficiency.

4.5 Comparative Statics

In this section, we investigate how the equilibrium is affected by changes in the market
environment manifested in three parameters of the model - the buyer survival rate, the buyer-
seller ratio, and the discount factor. Although there are only three parameters (apart from
the newborn value distribution) in the model, each of them represents different characteristics
of the market which we shall elaborate on.

We consider the change in the equilibrium from three perspectives: the sellers’, the
buyers’, and the social planner’s. It should not be a surprise that the sellers and the buyers
always exhibit conflict of interests, but it is not directly obvious that the social planner’s
welfare aligns with the sellers’. In general, the changes that benefit the buyers and harm
the sellers include prolonging buyer expected age, decreasing competition, and making them
more patient. However, from the social efficiency point of view, benefiting the buyer worsens
the allocative efficiency as the probability of sale decreases.

A seller’s expected revenue from her optimally chosen auction A (p,) is

1
T =/ [w. (v) =0 (H, (v) wl, (V)] dHT (v). (4.15)

P
We need to characterize the changes in the optimal auction, the stationary buyer value
distribution, and the buyer’s WTP. In addition, a value v buyer’s total discounted expected

utility is

_ ’ Hy ' (2)
u, (v) = 1>, /p* T (1= H(2) dz. (4.16)
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There are different types of efficiencies associated with a sale mechanism. When the good
is transferred from the seller who values the good at zero to any of the buyers, we say the
transaction is sale efficient. When the sale occurs, and it is transferred to the buyer with
the highest value, then we say the sale is allocative efficient. A zero reserve price second
price auction is both sale efficient and allocative efficient as the good always ends up in the
hand of the buyer with the highest valuation. A positive reserve price auction is not always
sale efficient but is allocative efficient as the buyers’ competition results in the allocative
efficiency. However, an optimal posted price is neither sale nor allocative efficient. The
significant posted price results in more ex-post sale inefficient allocation than the optimal
auction because the optimal reserve price is lower than the optimal posted price, and it also
results in allocative inefficiency as the good does not necessarily end in the hand of the buyer
with the highest value.

The total social welfare is the discounted sum of the buyers and the sellers across all
periods, but with a little careful consideration reveals that the equilibrium probability of
sale is the key indicator of social efficiency. Since quasi-efficient auctions, the mechanisms
that assign the good to the highest valued agent if not withheld by the seller, are run, and
buyers and sellers divide the profit, transaction occurring is always preferred to otherwise
as the sellers holding onto the good being the most socially inefficient allocation. The social
efficiency monotonically increases in sale probability.

The platform designer’s profit closely ties in with sale and allocative efficiency. If his profit
is proportional to the total surplus he generates, given that a mechanism is allocative efficient
as it is the case in an auction, higher sale efficiency results in higher total welfare. The idea
that platform designer’s maximum profit is proportional to the total welfare is supported by
Oi (1971) and Armstrong (1999). If instead the designer charges a participation fee for new
agents who arrive in the market (shown to be a revenue maximizing fee structure in Bodoh-

Creed (2012)), he wishes that more new agents arrive, which is realized when equilibrium
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probability of sale increases.

Therefore, in order to consider the changes in the three perspectives, we solve the com-
parative statics of these variables - the seller’s chosen equilibrium reserve price, the seller’s
utility; the stationary buyer value distribution, the buyer’s utility; and the probability of sale.
We summarize these results in the next three Propositions. All of the changes have definite
signs and monotonic effects over the range as long as an additional convexity assumption on
the newborn value distribution is imposed in addition to the existing one. It further restricts
Assumption 3 of convex value distribution that guarantees the existence of equilibria, but
not by much: the uniform distribution and any distribution with CDF F (v) = v* k > 1 still

satisfies the assumption.

Assumption 5. The newborn value distribution satisfies that vf (v) /F (v) is increasing for

v < P om-

First, let us look at the change in the survival rate. These variations in the survival rate
may reflect elasticities of demand across different types of goods: people are more likely to
keep searching for a cellphone until they get one, but people may quit searching for a novel if
they cannot find it at a satisfactory price. Furthermore, it can also represent search friction
in the market; higher survival rate means that the current buyers can easily find a perfect
substitute in the existing market. Lastly, recall that the market size growth rate is inversely
related to the survival rate, an increase in survival rate also corresponds to a slower market
expansion or faster market contraction.

Suppose that the survival rate increases so that the good becomes more inelastically de-
manded, the consumer’s search friction decreases, or the consumer base remains relatively
more stable. When the sellers survive to the next period with higher probability, the equi-
librium stationary value distribution will be depressed because lower type buyers crowd the

market, preventing newcomers to enter. The equilibrium reserve price the sellers choose goes
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down as a result. The probability of sale, positively related to the equilibrium reserve price,
decreases. The buyers’ expected utilities increase as they can search longer and the sellers

revenue decreases.

Proposition 20 (Survival Rate). When the survival rate increases, the equilibrium reserve
price decreases, the equilibrium probability of sale decreases, the stationary value distribution
shifts down first-order stochastically, and the buyer’s utility increases, and the seller’s revenue

decreases.

The proof relies on the two equations that pin down the equilibrium reserve price and the
stationary value distribution at the reserve price, (4.8) and (4.13). Algebraic rearrangements
of the differentiation by the Implicit Function Theorem with the continuity of the solution
guaranteed specifies the change in the reserve price, and with Assumption 5, the sign is
definite. The ensuing changes follow from the change in reserve price. The proofs of the
following two Propositions follow the same method, with the last one particularly easy as
the discount factor does not affect the equilibrium conditions.

Decrease in the buyer-seller ratio, reduction in relative number of buyers to sellers, in-
dicates that relative demand decreases or relative supply increases. Similar to the increase
in survival rate, if the buyer-seller ratio decreases, the buyers are better off and the sellers
are worse off. What is not obvious is that, although the reserve price decreases, the proba-
bility of sale decreases as well - the demand plummets more than what the supply side can

optimally adjust for.

Proposition 21 (Buyer-Seller Ratio). When the buyer-seller ratio increases, the equilibrium
reserve price decreases, the equilibrium probability of sale decreases, the stationary value
distribution shifts down first-order stochastically, the buyer’s utility increases, and the seller’s

revenue decreases.

Finally, let us examine the effects of change in discount factor. If the discount factor
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increases, the buyers become more patient, or the interval between the time periods decreases
and buyers have more sequential opportunities in the imminent future. The stationary value
distribution and the reserve price are not affected by the change in discount factor, as the
sellers do not change their optimal mechanism, as equilibrium reserve price only depends on
the survival rate and the buyer-seller ratio.

In particular, we need to distinguish the shrinking time interval interpretation of the
market expansion and the market growth rate as mentioned in Section 4.2. When the
interval shrinks, the market is being replicated more times, increasing measures of the old
buyers, the new buyers and the sellers. However, increasing the market growth rate only
increases the measure of newborn buyers and sellers, and in particular decreasing the relative

proportion of the old buyers whose opportunities are worsened rather than improved.

Proposition 22 (Discount Factor). When the discount factor increases, the equilibrium
reserve price, the equilibrium probability of sale, the stationary value distribution are not

affected, the buyer’s utility increases and the seller’s revenue decreases.

Overall, when the survival rate increases and/or the buyer-seller ratio decreases, the
buyers’ expected utilities increase as their WTPs are depressed. The revenue of the sellers
decreases, as they face a buyer composition that is first-order stochastically worse (of course,
as a result of the precedent sellers’ responses to buyer-friendly market environment). How-
ever, social sale efficiency decreases in response, resulting in lower probability of transactions.
When buyers become more patient, the market composition does not change, but the seller’s

revenue will be hit hard, as the buyers are more willing to wait for future chances.

4.6 Posted Prices and Their Market Effects

Despite of being sub-optimal, the posted prices are robust revenue preservers to sequential

price competitions. We define the posted prices marginal revenue and utilize it to explain
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why posted prices are an increasingly attractive for sellers when the market becomes more
buyer friendly.

Let’s consider the widely used posted price mechanism and its relation with the reserve
price auction. A posted price P (¢) is the mechanism where a seller posts price wy (¢) and
the buyers who are willing to buy at the price enter the lottery to be picked as a winner with
equal chances. The posted price mechanism is an incentive compatible direct-revelation
mechanism: only the buyers with willingness-to-pay wy (¢), or values above ¢ enter the
lottery. The lottery seems unrealistic, but it is equivalent to the following natural selling
process when the buyers arrive stochastically. The seller posts price wy (¢) and the n buyers
uniformly randomly arrive within a time interval. The first buyer with willingness-to-pay
greater than wy (¢) takes the item and pays the posted price.

From the mechanism, all the buyers with value v above the posted type ¢ have the

same expected utility,

11 (g)

up (v|P (¢)) = D= F (o)

(v —wa(9)),

and the seller’s expected revenue is

r(P(#)) = (1 - F"(¢))ws(9).

Define the posted price marginal revenue in the presence of sequential market A
to be

MRy (v) = wa (v) =1 (F" (v)) w) (v). (4.17)

then the revenue-maximizing posted price mechanism in the presence of sequential market
A is P* = P (¢*) with MR} (¢*) = 0.
The posted price and the reserve price auction have a lot of similarities in terms of the

marginal revenue curve. Both reserve type and posted type are determined by equating the
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marginal revenue to zero, and the types calculated specify the set of willing buyers. Together,

we call the reserve price auction and the posted prices critical type mechanisms.

Remark 2. A critical type mechanism (CTM) M (7) is either a reserve price auction A (p)

or a posted price P (¢). Its revenue is

r (M (7)) = / MRY (v) dF™ ()

and the optimal CTM is M (7*) where MR} (7%) = 0. The probability of sale is 1 — F™ (7).

MR (v) > MRF (v) for all v because n (F" (v)) > n (F (v))*. Therefore, the auction MR
curve always dominates the posted price MR curve and the optimal posted type ¢} is always
greater than the optimal reserve type pj. The difference in revenues between the auction
and the posted price of the same critical type is positive, and we call it the auction premium
over posted price, A (1) =7 (A (1)) —r (P (7)).

Whenever the sequential market becomes more buyer-friendly, the monopolist’s revenues
from the optimal auction and the optimal posted price decreases. Previous papers, realizing
the disadvantages of an auction facing sequential competition, show that in the limit when
the market is infinitely competitive, an auction and a posted price are equivalent, generating

the same revenue (Kultti, 1999; Rachmilevitch and Reisman, 2012).

Proposition 23. When the sequential market becomes more buyer-friendly or buyers become

more patient, the auction premium over posted price decreases for any critical type.

Wang (1993) shows in a stochastic setting that auction is more advantageous than posted
price when the MR is steeper, Proposition (23) shows that more buyer friendly sequential
market flattens the competitive auction marginal revenue more so that the gain in revenue
is reduced. In addition to listing a critical type (the price posted or the reserve price in the

auction), an auction involves additional procedures such as sorting the bids, announcing the

(F"(v)=nF @) (1+F @)+ -+ Ft(v)/ (nF " (v)) is greater than n (F (v)) and decreasing
when F (-) has decreasing inverse hazard rate.
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Figure 4.1: Critical type mechanisms.

winner and the payment calculated from the bids. The proof shows that the competitive
marginal revenues of auction and posted price are closer to each other when the market

becomes more buyer friendly or the buyers become more patient.

Proof of Proposition 23. The difference between the competitive marginal revenues is

MR3 (v) = MR} (v) = [wa (v) = (F" (v)) wy (v)] = [wa (v) = 7 (F" (v)) w) (v)]

= [n(F" (v)) =0 (F ()] (1 = 0A (v))
The term in the square bracket is positive, so when A (v) > A (v),
MR} (v) = MR} (v) < MR} (v) — MR} (v).

Also, when the discount factor becomes larger, the difference becomes strictly smaller as
well as A (v) > 0. Take any critical type 7 and the difference between the revenues in the

presence of A is

P ) = (P () = [ [MRY (0) - MRY (0)] dF” (o).
]

This result offers a possible explanation to the rapid demise of small auctions on eBay
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(Einav et al., 2013). The paper argues that auctions are widely used in the early 2000s
because the sellers are auction-fervent, but as time progresses with more entrance of general
sellers, they do not have an inclination for posted prices. Another effect as the general
population enters is increase in market liquidity so that buyers have more opportunities to
purchase. When there are more better purchasing opportunities for the buyers in sequential
periods, the revenue gain from running an auction, which declines as shown, may not cover
the extra cost associated with displaying and storage.

It is also worth mentioning the change in optimal auction premium with respect to the
number of buyers as it is not a monotonic relationship. When there is only one buyer, the
seller essentially faces a bargaining problem: a buyer either accepts or rejects the price of-
fer the seller proposes, so the optimal auction and the optimal posted price yield the same
revenue. When there are several buyers, the auction yields the benefit that competition
between buyers drives up the transaction price. However, when the number of buyers ap-
proaches infinity, the two revenues are equal again. There is probability 1 that a buyer has
any arbitrarily high value, so full revenue of is guaranteed by posting a high price. What
the sequential market limits is the maximum revenue any mechanism obtains, which is the
willingness-to-pay of the highest value buyer, wy (1).

Figure 4.2 shows the ratio of the two revenues with respect to different number of buyers,
when the buyers’ values are drawn from uniform distribution (r (P}) /r (A}), F (v) = v).
X" shows the ratio when it is a pure monopoly setting, and 'O’s shows the ratio when the
sequential market is A (z) = x, i.e., each buyer expects to receive a price offer drawn from the
uniform distribution. As the plot illustrates, the percentage of expected revenue the optimal
posted price attains with respect to the optimal auction increases when there is a sequential
market. For example, when there are five buyers, the seller can get 86% of the optimal
revenue from a posted price as a monopoly but almost 90% of the optimal revenue when a

sequential market is present. The absolute revenue difference exhibits a similar pattern - as
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Figure 4.2: The ratio of the optimal auction and the optimal price revenues.

the market gets more buyer friendly, the optimal auction premium is likely to decrease.

If the seller is impatient and buyers arrive stochastically over time, posted price brings
immediacy to transaction in the way that as soon as there is one willing buyer the trans-
action is realized and the payment is received, whereas the auction involves waiting longer.
Therefore, when the buyer arrival rate is low, an impatient seller is more inclined to post a
price instead of running the reserve price auction. Board and Skrzypacz (2014), for example,
shows with continuos stochastic arrival of buyers, the optimal mechanism is to dynamically
adjust prices with a reserve price auction in the end, so a posted price or an auction approx-
imates the optimal revenue a seller. Skreta (2006) shows that posted price is optimal when
the sellers cannot commit in a sequential setting.

We investigate market effects of such auction cost on equilibrium mechanism choice and

market efficiency in the next section.
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4.7 A Market with Heterogeneous Auction Costs

We have shown in the previous section that all the homogenous sellers run reserve price
auctions in equilibrium. In this section, we investigate how seller’s fixed cost of setting an
auction alters his mechanism choice and what effects the switch to alternative mechanisms
brings to the market.

Each seller chooses a critical type mechanism: M = {A(-),P ()}, but has heterogenous
fixed cost associated with running an auction. The cost ¢ is iid drawn from the cost dis-
tribution G (-) on support [—1,1] with positive PDF g. The expected profit 7 (A (+)) is the
expected revenue 7 (A (+)) minus the cost ¢. The matching and market processes remain the
same as in the previous setting. We consider both settings in which the sellers live for one
period and two periods.

A SSSE (M, (+), 04 (-,-) s Hi (+) , s (+)) in this setting only differs from Definition 6 by
that each cost ¢ seller chooses a possibly different mechanism M, (¢). In equilibrium, there
is a cutoff cost ¢, such that any seller with cost ¢ > ¢, uses posts price mechanism P (¢,)
and any other with cost ¢ < ¢, runs reserve price auction A (p.). Cost ¢, seller is indifferent
between the two mechanisms because he yields the same profit,

1 1
/ MR2 (v)dH"™ (v) — ¢, = | MRE (v)dH!" (v).
P o
The buyers with the highest values above exit slower than in the previous setting because all
the participating buyers have the same probability of winning in a posted price. Furthermore,
a posted price makes the sale probability smaller, resulting in more lower value buyers
crowding the market, bringing down the stationary value distribution. In particular, such
an equilibrium exists and is unique under the same assumptions as in the previous section.
The derivations and characterizations of the SSSE are included in the Appendix.

We are particularly interested in the market effects of the auction costs and the posted
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price mechanisms as a consequence of the auction costs. The introduction of posted prices
mechanisms reduces allocative efficiency possibly because sellers value immediacy of the sale
to some buyer who arrives the earliest, not necessarily of the highest value. However, even
though sale efficiency depreciates with the posted price mechanism compared to the auction
mechanisms, the downward change in stationary value distribution brought by the posted

prices actually improves sale efficiency of the equilibrium auction.

Proposition 24. Suppose Assumption 5 holds. When there is auction cost, allocative inef-

ficiency increases but change in sale efficiency is ambiguous.

Although analytically it is ambiguous, under most circumstances, the sale efficiency de-
creases as the decrease in sale efficiency brought about by the switch to posted price dom-
inates the gain in social efficiency in auctions. In the extreme case when every seller posts
price, sale efficiency depreciates the most.

Note that the high cost sellers are the ones using inefficient, suboptimal posted price
mechanisms. The sellers are gaining less from the posted price, because the sellers who use
auctions get strictly higher profit (r (A (p.)) — ¢ > 7 (P (¢.))). The highest value buyers’
expected utilities are depressed too. If the sellers and buyers make decisions whether to
enter the market based on ex-ante expected utilities, expected prevalence of posted prices
mechanisms may deter their entrance, and possibly causes the market to collapse if there is
a sufficiently competitive rival who may offer market of auctions. As a result, incentivizing
the sellers to use auctions may be an attractive option. Facilitating buyer bids by allowing
bidding bots, reducing fixed cost of auctions for sellers and buyers, and deterring posted
prices may be options worth trying.

The theoretical predictions qualitatively match most qualitative results of empirical evi-
dence. On the market level, the relative proportion of auctions to posted prices has rapidly

decreased from over 95% in 2003 to only 25% in 2011 (Einav et al., 2013, Figure 1). However,
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share of revenues from auctions has not dropped as much, meaning that auctions generate
relatively higher average revenues.

Empirical evidence suggests that the speed of convergence to SSSE is rather fast - three
weeks in Ockenfels and Roth (2004). A deck of cards with each showing a most wanted
terrorist was issued by the US military to its solders on April 11, 2003, but was sold on eBay
and retail immediately (on day 2 - April 12, and on day 3 - April 13, respectively). The
deck, for its novelty, origin, and rarity, sold for nearly $70 in the first week, and mostly by
auctions. However, the US Playing Cards Company released the identical copies of the cards
for $5.95 and got publicly known, the prices gradually dropped to the competitive prices in

about three weeks and gradually higher proportion of decks were sold through posted prices.

4.8 Conclusion

The paper shows that reserve price auction remains a desirable choice for a seller facing
uncertain demand and uncertain future competition. The reserve price, determined by a
generalized marginal revenue curve, screens for buyers’ willingnesses-to-pay but also indicates
market competitiveness. The optimal posted price mechanism is shown to exhibit similar
critical type determination procedure.

Although the optimal mechanism remains reserve price auction, sequential outside op-
tions reduce the desirability of an auction as it curtails some of the most important features
of an auction. The advantage of running auction comes from the uniqueness of the item and
the surplus extracted from the possible high valuations of the buyers, but the sequential op-
portunities make the current item dispensable, especially to buyers with high values for the
item. A mechanism particularly immune to such turns in market conditions is posted price
mechanism that does not have the transaction price dependent on unique willing buyers.

Variants include dynamically adjusting prices and Buy-It-Now featured on eBay. However,
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posted prices are allocative inefficient and impose market externalities that affect sale effi-
ciency and affect active buyer composition that lowers profit for future sellers.

We make some concluding remarks focusing on the current work’s shortcomings and
possible amendments for future works. An issue is the seller’s commitment in case he does not
sell, which is embodied by the assumption that we have maintained throughout the majority
of the paper, sellers live only for one period and thus choose a static selling mechanism. When
transaction costs of posting to intermediaries are high, when the items for sale have high
depreciation rate or face intense competition from substitutable goods, a seller is better off
using one-shot mechanisms. Reputation and rating systems also punish sellers for selling low
quality goods for repeatedly many times. Furthermore, many goods that have substitutable
competitions and upgrades have steep price drops in short period which essentially prevents a
seller to choose a dynamically optimal pricing rule or repeated auctions. Zhang (2015b) shows
that even if sellers can adjust their mechanisms periodically, it is going to be some predictable
combination of auctions and posted prices. A dynamic model taking consideration of possible
resale is of important interest.

Although we suggest several possibilities to the rise of auction cost - risk aversion, dis-
count factor, fixed costs and idiosyncratic taste, the simple one-dimensional cost imposed
is seemingly ad-hoc and does not tackle the more fundamental question why auction is less
desirable to a rational agent who should supposedly only care about revenue. Works in
dynamic mechanism design and revenue management can offer some insights.

A SSSE is proven to exist uniquely in the settings but we have been ignorant of the speed
of convergence to such a stationary equilibrium behavior from an initial value distribution.
If the speed of convergence to the SSSE is low (as it might be, suggested by numerical
simulation of similar trading markets of Cho and Matsui (2012)), then it is important to
investigate the adjustment on the equilibrium path to see how sellers switch from auctions

to posted prices for example. Furthermore, we are agnostic about whether it is guaranteed
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that any change in the market environment results in global convergence to the new SSSE.

Furthermore, there is a line of empirical research that needs to be done, especially to the
two latter dynamic markets. Equilibrium characterizations are complicated enough already
that definitive comparative statics results were not obtainable because of complexity and non-
monotonicity resulted from sellers’ possible switch to alternative sub-efficient mechanisms.
Numerical simulations and empirical works can be done to investigate different inefficiencies
and externalities, to quantify the effects such as changes in revenues and probability of sale,

and to test validity of assumptions made in the paper.

4.9 The Monopolist’s Problem with Asymmetric Buyers

In this section, we solve the revenue-maximizing mechanism for n buyers with possibly asym-
metric value distributions. Each buyer ¢ has independent private value drawn distribution F;
on support [v;, T;] such that (1 — F; (v)) / fi (v) is weakly decreasing. The sequential market is
A, which is fixed throughout the section, so we do not include subscript. Let v = (v, -+, v,)
be the vector of values and F'(v) =[], Fi (v;) be the value distribution.

A DSM (P(-),C () = (P;(-),C; ()i, consists of a collection of probability assign-
ment functions and cost functions. The probability assignment functions take reports of the
buyers to assign each buyer a probability of obtaining the item, with the properties that
0 < P(z,--,2,) <land > Pi(z1, -+ ,2,) < 1 for each buyer i. The cost function
C; (21, -+, zn) specifies the transfer from buyer i to the monopolist given all buyers’ reports.

Define the expected probability assignment and expected cost function as

F’i (ZZ) = / Zl, H dF Z]
I 7€l 2 ﬁ]] i

Ci(z) = / (21, - H dF; (%)
[T %€l 2 @] i
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We want to restrict our attention to incentive-compatible (IC) mechanisms. Buyer i’s
expected utility of reporting z; in the mechanism is the expected utility when he gets the
object from the mechanism plus the expected utility if she does not get and waits until the

next period,

u(zilv;) = Pi(z)v—Ci(z)+ (1 - P; (zz)) u (v;),

Proposition 25. (P, (-),C; ()i, is incentive-compatible if and only if for every buyer i,

1. P;(v;) is non-decreasing in v;, and

2. Ci(v;) = C; (v) — Py (v) w (v;) + P (v3) w (v;) — f; P; () dw (z) for all v; € [v;, 7).

Proof of Proposition 25. First I show that if the mechanism is IC, then both conditions 1

and 2 hold. Define benefit of lying,
IC implies that for any v;, there is no benefit in lying, so v, (z;|v;) < 0 for all z;, v;, so

0 = ¢ (zilvi) + i (vil2)
= [Pi(z)w (i) = Ci(z) + (v = w (v) = (Pi (vi) w (vi) = Ci (v0) + (v = w (va)))] =
[Pi (vi)w (z:) = Ci (vi) + (2 = w (2) = (Pi (z) w (20) = Ci (20) + (2 — w (21)))]
= [Pi(z)w () = Ci(z) = (Pi(v)w(v;) - Ci ()] -
[Pi (vi) w (21) = Ci (vi) = (Pi (21) w (2) = C ()]

= (Pi(z) = Pi (v3)) (w (v;) —w(2))

Since w (v;) is non-decreasing in v;, P; (v;) is non-decreasing in v;. Furthermore, IC implies

that u; (2;|v;) is maximized at z; = v;, then by envelope theorem,

@ui (21|UZ) — —/

9z = P, (vi)w(v;) —C;(v;) = 0.

)

2;=;
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By fundamental theorem of calculus,

Ci(v) = C; (yi)+/UiF; (vi) w (vs) dv;

Integration by parts yields condition 2 as desired. The converse is shown directly by definition

of incentive-compatibility:

Vi (zilvi) = [Pi(z)w (v;) = Cs (2:) 4 (vi — w (vy))]

— [Pi (vi) w (v;) — Cs (i) + (v; — w (v;))]

= [Pi (%) — P; (’Uz)] w (v;) + C; (v;) — Cy ()

Plugging in condition 2,

Vi (zilvy) = [Pi (2i) —

B ()] w (05) + B () w (1) — /“P 2) dw () — B; (2) w (=)

= Pl - wiz) - [ P / P (a)) dw ()
Then by condition 1, the expression is non-positive. O

Because the expected probability assignment function pins down the expected cost func-
tion, if the expected cost function of the buyer of the lowest value is the same across two
bidders and the expected probability assignment is the same, then the expected revenue
is the same for the seller, and all buyers are indifferent between the incentive-compatible

mechanisms the seller runs.

Corollary 1 (Buyer Indifference and Revenue Equivalence). If two incentive-compatible
mechanisms have 1) the same expected probability assignment functions, and 2) the same
expected costs for the buyer of the lowest value, then all the agents are indifferent between
the two mechanisms, as they yield the same expected revenue, and the same expected payoffs

for the buyers of the same value.
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Proof to Corollary 1. Denote the two mechanisms M’ = (F{ () ,65())71 and M1 =
<]_3U (+) ,6-11 ())n g respectively. In any IC mechanism M = (P;(-),C; ())jzl , the ex-

K3 7
1=

pected cost function

Ci (vi) = Ci (v;) — P, (v;) 0 (v;) + P, (vi) w (v;) — /Ui P, (z) dw ()

=i

e

Because Ff () = F;I (+) for all ¢ by condition 1 and 6; (v;) = 651 (v;) by condition 2,
6; (v;) = 6;1 (v;) for all v; for all i. Expected utility of v; in mechanism M is

ul (vilvi) = Pi(v)w (v;) — Ci (v5) +v; — w (vy)

uM’ (v;]v;) = uM”

; M (v]v) for all v, for 7. Revenue is determined by

Z/ (v;) dF; (v;)

Then as shown that 65 (v;) = 651 (vi) Vo Vi, v (M) =r (M'T). O

The seller maximizes expected revenue subject to the incentive compatibility and indi-

vidual rationality constraints.

Definition 8. A revenue-maximizing IC, IR DSM is M = (P; (), C; (+));_, that maximizes

Z/ T (v5) dF; (v3)
i=1 Y%
subject to Vi: @ (vi|v;) > @ (2i|v;) Vzi # v; and @ (vi]v;) > 0 Vo,
Proposition 26 (The Optimal Mechanism). The revenue-mazximizing IC, IR DSM (P;}(-),

Cr(-))iy is that PF(v) =1 if 0 (v;) — %’;fsi)w’ (v;) > max {f} (v) — %ﬁgj)w’ (v5) ,0} and

= 0 otherwise, and
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The several key steps to the proof are i) characterizing the individual rationality con-
straint, ii) exchanging integrals, and iii) expanding expected probability assignment functions

to obtain a weighted average of probability assignment functions.
Proof of Proposition 26. The constraints are

1. IC1: P;(v;) > P; (%) Vv > 2,

2. 102: C; (v;) = C; (v;) + f; P, (v;) w (v;) dv; Yoy, and

3. IR: u; (viv;) > w,; (vy).

In particular, The IR implies that C; (v;) — P; (v;) w (v;) < 0.

z)| dF; (v;) + Z W’L (v;) — P, (v;) w (21)}

where
[ {Pew - [ Pi@ane| i)
- [P [ [ T i
_ /Uf”’m%)w(m £ (o) dos — / P, (2)w' () (1 - F (2)) da
_ / P, () {w () - . }j;g ) '(m} i () v,
R
Therefore,

< [ [ nm e - e )] ar )

YUn 4=1
and any mechanism that implements the specified probability assignment function will

achieve the upper bound. O
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4.10 Proofs

Proof of Proposition 16. 1t follows as a corollary of Proposition 26 when all the value distri-
butions are identically /. When the WTP function w (+) is not continuously differentiable,
the optimal reserve type p* satisfies that MR* (p’jr) > 0 and MR* (pi) < 0. The existence
and uniqueness of p* are guaranteed by the monotonicity of the auction marginal revenue

curve. O

Proof of Proposition 17. The optimal reserve type is determined by

wa (py) /wh (PR) = 1 (F (p}))

The LHS is increasing and the RHS is decreasing. If we show that LHS is greater than pj,

then g3 < pon. wn (0) fuh (0) > v if
wa (v) — v (v) = v—é/vA(x)d:c—v(l—éA(v))
_ véA(v)—é/vA(x)dxz()
as A (2) < A (v) for all 2 < v. D

Proof of Proposition 18. The derivation modifies Jehle and Reny (2011). Value v buyer’s

utility bidding according to the strictly increasing bidding function o (2) is
w(0,0(2), 04 (VA (p) = F*1 (2) (v = 0 (2)) + L(=) by (v)
where [ (2) = 1—-1,5,F™" ! (2) is the expected probability of losing by reporting 2. Rearrange,
u(v,0(2),0-:()[A(p)) = F"7'(2) (wa(v) = 0 (2)) + duy (v) (4.18)

Differentiate (4.18) with respect to z and the buyer optimality condition requires that it is

zero at z = v. Coupled with the boundary condition that o (p) = wy (p), the equilibrium

185



bidding function is obtained. The candidate bidding function is indeed the equilibrium as
the utility is maximized (rather than minimized) at z = v. The equilibrium payoffs are
obtained by replugging in the equilibrium bidding function, and revenue is obtained by the

MR curve by Riley and Samuelson (1981). ]

Proof of Proposition 19. We show first that there exists a unique solution of p, to (4.8)
and (4.13), and it is the only candidate equilibrium. It is then shown to be the unique
optimal reserve type that a seller chooses in the equilibrium. Coupled with the stationary
distributions determined by (4.11) and (4.12), it constitutes an equilibrium.

First we show the existence and uniqueness of p, and H, (p.) for the system of equations,
(4.8) and (4.13). If every seller chooses the same reserve type p auction (not necessarily opti-
mal), the stationary value distribution resulted from it is characterized by (4.12) (substitute

p for p,). In particular, z = H, (p) is determined by (4.13),

S

S| =F ().

xz/ |1+ 1
LHS is monotonically strictly increasing in x, ranging from 0 (when x = 0) to 1 (when z = 1).
Since RHS is a fixed number between 0 and 1 for any p, there is solution x (p) = H, (p) for
each p, and is strictly increasing in p.

In order to show that (4.8) has a solution, it is sufficient to show that LHS is increasing

in p, and it holds when 1/n (H, (p)) is increasing,

h. (p) H.(p) f(p) 1 L8 11— H."(p)
1-H.(p) 1—snl—H(p)

where both equalities follow from (4.13). f is increasing by Assumption (3) and the second
term is increasing in p because H, (p) is increasing. Overall, LHS of (4.8) continuously and
monotonically increases from —1/f (0) to 1 as p increases from 0 to 1. Therefore, the solution

to the system of equations, p,, is unique.
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In fact, it is the only candidate equilibrium. Any p can be the symmetric equilibrium
reserve type but the stationary distribution from such choice of p is pinned down by solution
H,.(p) = z(p). Only the pairs (p,x (p)) satisfy stationarity condition and only one pair is
candidate equilibrium by the seller’s optimality condition that determines the reserve price.
Finally, it is sufficient to show that under H., (p.), p. is indeed the unique optimal reserve
price.

p. is optimal if MR% (v) is increasing, so it is sufficient to show that h, (v)/[(1 —

H,.(v))w,(v)] is increasing.

dlog [h. (v) / [(1 = H. (v)) w, ()] _ K. (v) w
dv he(v) 1—H,(v) w.(v)

SO

By differentiating (4.20),

Pulling together, we get

1 (v) sl (v) hy (v) sl (v)

) T T—sl(0)  1—H.(0) 1—=dsl (v)
L), @ (-5siw)

fv)y 1—H,(v) (1—sl(v))(1—0dsl(v))
) v 1 _ (1-4)s " — n=2 (,
TRl T R A e T A ) A

Note that #(v) > Z;:g Hi(v) > (n—1) H**(v), the term in the bracket is greater than
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0if
(1-9¢)s
(L= sl () (L—osl, () ="

and the LHS is bounded by % when [, (v) = 1. The numerator is smaller than

the (positive) denominator when Assumption (4) holds. Coupled with Assumption (3) that
guarantees f’ to be positive, the auction marginal revenue curve is strictly increasing, so p,

is the only solution to MR2 (p) = 0, thus the only equilibrium. ]

Calculations of Sequential Market, WTP, Equilibrium Buyer Utility and Seller
Revenue Because the equilibrium behavior and buyer composition are stationary, value
v > p, buyer’s total discounted expected payoff is the same as her continuation payoft, which

is the same as the equilibrium expected payoff in A (p,), which by (4.6) is,

0, (0) = (ol (o) = [ HI @l (2)ds + s (o) (4.19)

Her WTP is her value net her present value of expected continuation payoff, depressed by

her survival rate and discount factor,

50 ' H' ' (2)wl (2) dz (4.20)

w*(v):v—sdg*(z}):v—l_sé A

where (4.20) is from plugging in (4.19). Differentiate both sides of (4.20) and rearrange, we
get that

B 1—s6  1—ws0

C1-s6(1—-HMY(v)  1—sdl(v)

wl, (v)
In equilibrium, value v buyer’s equilibrium WTP is

v sOH™ 1 (2)
% =v—1, . dz. 4.21
e (v) =v = /* 1—s6+s6HM ! (2) © (4.21)

p

Proof of Proposition 20. The equilibrium p, and H, (p,) simultaneously satisfy

S

%(1 — HI (p.)| F (p.) (4.22)

H.(p,) = {H—l
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ps-he(p) + Ho(ps) = 1 (4.23)
Plugging in the equality H, (p.) /h« (p) = F (ps) / f (ps) to (4.23),

H. (pe) = F(ps) [ (F (ps) + puf (p4)) (4.24)

and plug that into (4.22),

F(p.) +1p*f(p*) T 1—:9% (1 - (F(p*)FJf/zjf (p*)>n> (4.25)

This holds for all s,n at p. (s,n), the equilibrium reserve price at the respective environment.

By Implicit Function Theorem on (4.24),

/
dH, (p.) 1 dp.
= — 4.26
ds (1 + P;f_(ﬂ*)) ds (4.26)

(p)

has the opposite sign as dp,/ds, because the sign of the first term is negative by Assumption
5. By Implicit Function Theorem again, differentiate (4.25) with respect to s,

Plug (4.26) in and rearrange,

/
1 ! S ]_ dp*
+ H' N p) | ——— e
<F(p*)+p*f(p*)) 1= (p)<1+—”;f,§p*)>] s

(p<)
= (1) ta- i)

n

Since (ﬁ)/ > 0, the sign of % is the same as
1 ! 1 !
s
+—H (o) | ——57 |
(F(p*) + puf (,0*)> 1—s (e.) (1 + _p;{/(),:;)>

The first term is negative because f’ (v) > 0 and the second term is negative by Assumption

5. Therefore, dp,./ds < 0: the sign is strict because p. f (p.) is strictly increasing.
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The change in probability of sale with respect to higher survival rate has opposite sign
as that of dH, (p.) /ds which has opposite sign as dp./ds, so it is negative.
By (4.12), for all v < p,,

1—sn

)=o) |1+ -1 ).

Since the term in the bracket equals 1/ (F (p«) + p«f (p«)), it increases as s increases:

d[1/ (F (p.) + pf (p.))] _ 1 " dp.
ds - (F(p*) +p*f(,0*)> ds

as both multiplicands are negative. For all v > p,,

H0) = FO) |14 T2 0= 12 )| = £ 2 (7 0 - 2 0.)
Rearrange,
Ho (0) + —— 217 (0) = F () + F (0) —— = (1= H' (p.)) + ——~H" () (4.27)

1—sn 1—sn 1—sn
Differentiate with respect to s and let x = H, (v), the LHS is

dx s

— + Ly G /lHn(@
ds 1—s ds l—s) n * ’

and the RHS is

n

F(v) (1:9)/1(1 - H! (p*))+(1i

Rearrange, (1+ £2-2"71) 4 equals

Lo - o] (1)

n
dH, (p.)
ds

)1 (1= (p)

s 1
- Hn—l N
L (p«)

+(1 = F(v)

To show that dz/ds > 0, it suffices to show that the first term in the bracket is positive,
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because %ﬁp*) > 0 is already shown. By (4.12), the term equals

[H*(v)—F(v)]/( i )zo

1—5
as the newborn distribution always first order stochastically dominates the stationary value
distribution in equilibrium.

The buyer’s utility then increases as the sequential market becomes more buyer-friendly.
For (4.16), the integrand increases as H, (v) increases for all v > p,, s increases, and p,
decreases. On the other hand, the seller’s revenue decreases because the willingnesses to pay
of the buyers all decrease, and the buyer stationary value distribution first stochastically

increases, resulting in less equilibrium probability of sale. O

Proof of Proposition 21. The comparative statics results still derive from the equilibrium

conditions of (4.22) and (4.23). Differentiate (4.25) with respect to n, the LHS is

(F (p+) +1p*f (p*))/ %

and the RHS becomes

dH, (p.)
dn

s 1 s

—— (A= H"(p,))+ —— | —nH" " (p,

1_8(712)( *<p>>+1_s(n* ()
S 3 dH, (p.) s 1

= — H ! (p, — —[1—H"(p,)+ H" (p,)log H" (p.
T () — el 2 (o) + HY (pi) log HY (ps)]

— H (p.)log H. (p*))

Equating the two sides and rearrange,

/
1 ' S 1 dps
4 Hn—l »

(s
s 1
— —[1—H"(p,)+ H" (p,)log H" (p,
1_Sn2[ 2 (pe) + HY (pe)log HY (py)]

The two terms in the bracket in the LHS are both negative as shown in the previous proof

dps«

(first by Assumption 3 and second by Assumption 5). Therefore 7

has the same sign as
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that of RHS. Since H} (p,) < 1,
HY (p) (1= log Y (p.) — 1 = (1+2) /exp () = 1< 0

for © = —log H} (p«) > 0 as exp (z) > 1 + = by Taylor expansion. Differentiation of (4.22)
yields the same result as with s, so it is (4.26) with n replacing s, so dH, (p.) /dn < 0.

Furthermore,

d(1—H(p.) /dn = —H!(p.)log H. (p.) —nH!™" (p.) dH:i:Lp*)

= —H"'(p,) (H* (p«) log H, (p*)+n%ép*)) > 0. (4.28)

In summary thus far, dp,/dn > 0, dH, (p.) /dn < 0, and d (1 — H} (p«)) /dn > 0.
Next, we show that dH, (v) /dn < 0 for allv. First, [1+ -2 (1 — H? (p,))] is decreasing

because its change equals

(F (ps) +1p*f (p*))/ %

which is negative, as the first term is negative and the second term positive. Therefore,
H, (v) decreases for all v < p, as n increases. Next, differentiate (4.27) with respect to n,

the LHS equals (z = H, (v)),

5 dx s 1
1 HM 1 — — — (H} (v) — H! (v)log H} .
b 0] G g (2 (0) = 2 () o (1)
The RHS equals the derivative of
s 1 s 1
-——(1-F 1— — (1 — H? (p«
Ca e =P [1- T 0 ()

which is
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Rearrange the terms, then equals

S dx s 1

1+1_8Hf—1(v) an _l—sﬁ[1_H’?(U)+H:<U)IOgH:<U)]
+1i3(1_F(U))d(%(1—l‘ff(p*))) Jdn <0

where the first term being negative follows from (4.28) and the second term being negative
follows from [1 + -1 (1 — H? (p.))] decreasing in n.
Finally, the buyer’s utility decreases and the seller’s revenue increases because the WTP

increases for all buyers of different values. m

Proof of Proposition 22. Change in 0 does not affect the equilibrium reserve price, so the
equilibrium probability of sale and stationary value distribution are not affected either. The
buyer’s utility increases because the sequential market becomes more buyer-friendly: directly
by (4.16), increase in ¢ increases the integral. The seller’s revenue decreases as each buyer’s
WTP decreases and the buyer composition does not change. The reduction in WTP is by

(4.21),
v Hn—l (Z)
Wy (V) = v — Ly>,, * — dz.
() Zp/p*(é—l)—i—Hfl(Z)

]

In the equilibrium, for a cost ¢ seller facing n symmetric buyers whose WTP is determined

by w, (+), the profit-maximizing auction is A (p.) where p, is determined by

_1—H.(ps)

pr————— =0
h (ps)

and the expected profit from it is 7 (A (p.)) = 7 (A (px)) — ¢, where

P ) = [ o) - S 0] a0,

Px

193



The profit-maximizing posted price is P (¢,) where ¢, is determined by

) ey

and the expected profit and revenue from it is

™ (P(¢.) =7 (P(9.)) = (1 = HY (6:)) we (¢4) -

Since a seller can only run an auction or post a price, he essentially makes a choice between

A (p.) and P (¢.), and he will choose the auction if and only if the auction generates higher

expected profit, or equivalent, the equilibrium auction premium is greater than the cost,

T (A(p) 2 7 (P(6.) & A =1 (A(p) =7 (P(6) > c,

and posts the optimal price otherwise. The cost ¢, = A, seller is indifferent between the two

mechanisms, and we call ¢, the equilibrium cutoff cost such that measure p, = G (c,) sellers

with cost lower than ¢, runs A (p,) and measure 1 — p, of the sellers with cost higher than

¢, chooses P (¢,).

The total discounted payoff is the expected utilities from participation in auctions and

posted prices,

U, (V) = Luzp, G (c2) u (V]A (p4)) + Luzg, (1= G (ch)) u (0[P (94))

where the payoffs in the auction and the posted price are respectively,

us (VA (pe)) = Lyzp.
U (U|P(¢*)) = 1v2¢*
= Lz,

For value v € (ps, ¢.), the

[ H' ' (2) dw (2) + dsu (v)]

11-HY () (0 R HI GO
nl—H, (o)) (v (¢-)) + (1 nl—H, (cb*)) s )}
(11— HY (o) —w su (v
T )~ wl) + o)

derivation is similar to the previous section and only differs by
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the extra G (c,) term.

u. (0] (p.)) = ﬁ / CHT () dw (2)

and
1 — s0G (c.)
1 — 85G (c,) + 80G (c,) HM ' (v)°

w, (v) =

For v > ¢,, the calculation is more convoluted,

(1-6s)u /Hnl ) duw, (2) + ii:?g; (w0, () — w, (6.))

In summary, an equilibrium (M, (+), 0. (-, ), H« (+), s (+)) is characterized by c., the
cutoff cost, ¢,, the optimal posted type, p., the optimal reserve type, and the stationary

value distribution H,, where

1. Mass p, of sellers with cost ¢ < ¢, run the same optimal reserve price auction A (p,)
and the other mass 1 — p, of sellers with cost ¢ > ¢, uses the same optimal posted price

mechanism P (¢,), where p, and ¢, are determined by MR (p,) = MRF (¢,) = 0.

2. Value v buyer’s equilibrium WTP is

05 [Lo>p, Pt (V[ A (ps)) + Lozg, (1= ps) u (0[P (¢1))]
1= 85 |1 = Losp o HE Y (0) — Lysg, (1 —p) 212 ﬁ((jjg]

w, (V) =v —

3. Stationary value distributions h,. and H, are characterized by (4.2) and (4.3) with the

expected losing probability function I, (),

(
1 v < Py

L(v) = yp.(1—H (v) v € (s bl

pe(1— HI (@) + (1) (1 - 1EEED) 4 e (g,,1)

\
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4. The equilibrium belief u, is

fo (Ho (-) s (po A(ps), (1 =p)oP(¢.)), 0. () = L.

Proof of Proposition 24. Similar to the previous model, the equilibrium is

Hop) = {14 om0 B D) G ) + (0= H (0) (1= G e} F (o)
= [ G )+ L G () - T 6)) (1= G )] F (o)
= [t s 0 e o) F o)

where € (p,) is strictly positive. As before, substitute in the equilibrium condition

H. (p.) = F (p<) [ (F (ps) + pof (i),

1 s 1 F(px) )")
:1+——(1—( —e(p.). 4.29
Fiomtod) T 1=sn ' \Foo+p7 (00 (6.) (4:29)
Compared with (4.25), the first two terms of RHS are increasing, but with the last term,

the curve shifts down and intersects the LHS at a bigger p, than before. However, bigger
p« means smaller H, (p,) and bigger 1 — H! (p.). Therefore, sale probability and efficiency
increases for the auctions, but it increases when there are sellers switching to posted prices
which have sale efficiency 1— H (¢, ), so the total effect is ambiguous. However, more posted

price mechanisms bring more allocative inefficiency. O]
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Chapter 5 An Evolutionary Justification for Overconfi-

dence

Note: This paper has been published in Economics Letters in November 2013 (Zhang,
2013a).

Abstract: This paper suggests that the evolutionarily optimal belief of an agent’s intrinsic
reproductive ability is systematically different from the posterior belief obtained by the
perfect Bayesian updating. In particular, the optimal belief depends on how risk-averse
the agent is. Although the perfect Bayesian updating remains evolutionarily optimal for a
risk-neutral agent, it is not for any other. Specifically, the belief is always positively biased
for a risk-averse agent, and the more risk-averse an agent is, the more positively biased the
optimally updated belief is. Such biased beliefs align with experimental findings and also
offer an alternative explanation to the empirical puzzle that people across the population
appear overconfident by consistently overestimating their personal hereditary traits.
Keywords: Non-Bayesian belief, risk-aversion, evolutionary economics, overconfidence, bias

JEL: C73, D83

5.1 Introduction

Daily observations, empirical evidence, and experimental findings suggest that under many
circumstances human beings are not perfect Bayesian updaters, especially when they learn
about their personal traits such as beauty and intelligence. One particular systematic de-
viation from the perfect Bayesian updating is positive bias: people tend to over-react to
positive signals indicating their possibility of high ability and under-react to negative ones

indicating otherwise. As a consequence, people are unrealistically overconfident about their
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personal characteristics.

The fact that the asymmetric updating results in population-wide overestimation of per-
sonal ability and persistently hyped beliefs even with overwhelming contrary indications
is reflected in studies self-reporting many personal traits. 88% of American drivers believe
that they drive more safely than the median driver does (Svenson, 1981) and 75% of Harvard
undergraduate students think they have above median IQ among their peers, even with re-
peated informative signals indicating their true tested results (M&bius et al., 2012). Although
many attribute the result to cognitive limitations like selective recall and selective informa-
tion acquisition, while maintaining the perfect Bayes Rule evidence is too overwhelming and
magnitude is too colossal to refuse entertaining the possibility of an updating system other
than the perfect Bayesian and a resulting non-Bayesian posterior. This is especially true
for beliefs about own traits - it is after all the same group of Harvard undergraduates who
show perfect Bayesian updating behavior about other people’s abilities in the same study.
An increasing number of papers assume people have direct belief utilities because they care
about self-esteem (Benabou and Tirole, 2002; Ké&szegi, 2006; Eil and Rao, 2011), but this
assumption almost directly implies positively biased beliefs.

This paper attempts to justify the seemingly imperfect human behavior - positively biased
updates and beliefs - from an evolutionary standpoint, without assuming a belief utility or
cognitive deficiencies. If such seemingly imperfect updating behavior is so prevalent, maybe
it is key to our survival, or those who have adopted such updating behavior are the fittest
and have adapted and survived to this date. The personal traits are esteemed because they
affect the reproductive efficiencies, so the belief should be formed in a way that achieves
maximal reproductive success. Although an agent cares about the survival of her offspring,
she wants to maximize her wtility about the survival of offspring. When the agent is not
risk-neutral, utility maximization is not the same goal as the primary evolutionary goal of

maximizing the expected survival rates of offspring. When a principal has an unaligned goal
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with an agent, the literature in contract theory and mechanism design considers possible
compensation schemes by a principal to an agent to align the two goals so that the agent
takes the effort level the principal desires. In this paper, the possible financial scheme is
impossible, but the principal, in this case Nature, can choose to manipulate the agent’s
belief about her own ability. Nature achieves his goal of maximized growth while the agent
still maximizes her utility. The agents who have the evolutionarily optimal beliefs would
have the highest overall expected growth and survival rate. We will show concretely that
risk-averse agents exhibit positively biased beliefs, as the way that evolution corrects risk
deficiency.

Non-Bayesian updating has been widely studied by psychologists, evolutionary biolo-
gists, philosophers, and behavioral economists. This paper, in a broad sense, attempts to
explain phenomena observed from psychological and behavioral experiments, by abiding by
philosophical rules and utilizing techniques developed by evolutionary economists. Although
there are many experiments confirming the non-Bayesian behaviors of human in various set-
tings, the theoretical literature explaining such behaviors is relatively scant and they do not
provide or suggest an evolutionary link (Epstein, 2006; Epstein et al., 2008, 2010). There are
only a few papers providing evolutionary justifications to risk aversion and Bayesian updat-
ing. Okasha (2012) shows that Bayesian updating is evolutionarily optimal when the agents
are ‘“rational” in a philosophical sense - essentially having von Neumann-Morgenstern utility.
Levy (2010) shows that constant relative risk-averse (CRRA) utility function is evolutionarily
optimal if the agent’s objective is to have descendants forever.

The result that non-Bayesian updaters and believers dominate the competition sharply
contrasts with some rational expectations results in the financial market. In the financial
market, those investors who make inaccurate predictions about the market partly due to
imperfect Bayesian updating are driven out in the competitive equilibrium (Sandroni, 2000).

However, in the reproduction market, the ones who make reproductive decisions from per-
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fectly updated beliefs are the ones who are driven out and will be extinct in the long run.
Section 5.2 defines and characterizes the evolutionarily optimal posterior. Section 5.3

shows that belief is consistently higher than true population proportion of high abilities.

Section 5.4 concludes by pointing out limitations of the current model and possible future

directions.

5.2 Evolutionarily Optimal Posterior

Let us introduce the setup and demonstrate the key results in a simple model with the
imperfectly observable reproductive trait taking two possible values. In particular, we show
that the evolutionarily optimal posterior is always higher than the perfect Bayesian posterior,
for all signals.

An agent chooses a reproductive action based on her belief about her reproductive trait
to maximize her expected utility about the survival of the offspring. The agent’s action a
and trait x determine the survival rate or the number of her offspring, which we call the
reproduction function. The trait can be either high (H) or low (L) but the agent does not
directly observe it. Assume the reproduction function F'(a,x) is continuously differentiable,
increasing, and concave in a, with the boundary condition F' (0, z) = 0. Furthermore, assume
that F'(a, H) > F(a, L), i.e., exerting the same effort, an agent with high ability produces
more than an agent with low ability. It is increasingly costly to exert effort in mating
activities, so the cost function ¢ (+) is assumed to be increasing and weakly convex, ¢ (a) > 0,
" (a) > 0. The agent derives utility u () from the net benefit F'(a,z) — ¢ (a) she gets, with
u (+) > 0.

Since the agent does not perfectly observe the trait x she has, she forms a posterior belief

u from a signal s coupled with a prior pg inherited possibly from her parent. The signal can
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be H or L, and the signal generating process is publicly known,

Pr(s=Hlr=H) = p,

Pr(s=Hlr=L) = p,.
In particular, the perfect Bayesian posterior u? can be expressed as
logit (1”) = logit (o) + L= Amr + L= Ar,

where p?, g are shorthands for u? (H) , o (H) as a slight abuse of notation, and logit (u) =

log (ﬁ) A\ = log (g@liif)) ) represents the log-likelihood of being high type given signal

s. In particular, Ay = log <§—;> and A\ = log (%)_

Agent’s Problem

Given the posterior belief 11, she chooses the effort level a to maximize expected utility,
ua(alp) = pu (F (a, H) = c(a)) + (1 = p)u(F (a, L) — c(a))
So the FOC is
0= ' (F(a, H) = c(a)) (Fa (a, H) — ¢ (a)) + (1 — p) ' (F (a, L) — c(a)) (Fa (a, L) — c (a))
Or rearrange, a is chosen so that the following equation is satisfied,
p Fa(a, L) = c(a) | w'(F(a,L) = c(a))

=y |F @i —¢(a)| w(F (el —cla) (5.1)

Nature’s Problem

Consider the agent’s problem regarding a reproductive decision. Consider that z is an
imperfectly observable reproductive trait (IQ, EQ, psychological fitness, for example), and

a is the agent’s effort spent in searching and mating with the convex cost of the effort that
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represents a reduction in one’s own survival and fitness (frequenting dating sites such as bars
and websites takes nontrivial effort and opportunity cost), with F (a, z) guiding the number
(and quality) of offspring an agent produces. The objective of Nature, a perfect Bayesian

updater, is then to maximize the overall expected growth of the population,
u (a) = (F (0. H) — e(a) + (1 = u) (F (a, L) — ¢ (a)
Its FOC is

P | Fu(a*, L) — ¢ (a¥)
L—puB  |F,(a*, H) —c (a*)

(5.2)

where a* is the evolutionarily optimal action Nature wants the agent to take, given prior ug
and signal s.
If Nature can manipulate the agent’s belief to induce her to choose the evolutionarily

optimal action, then (5.1) becomes

Plugging in (5.2),

i () = o () 8 L=y

(5.3)

Because F' (-,L) < F(-,H), when u(-) is concave, the second term on RHS of (5.3) is
positive, which we refer to as the risk-averse bias B (a*). The evolutionarily optimal
posterior belief of a risk neutral agent is the perfect Bayesian posterior, there is no bias; so
it is a bias stemmed from risk aversion of the agent. When the utility function is CRRA or
CARA, the bias perfectly correlates with the risk aversion factor, since a* does not depend

on the risk aversion factor but only on Bayesian posterior.
Example 3. If the utility is CRRA, u (C) =C* /(1 —p), p> 1,4 (C) = C*,

F(a*,H) —c(a*)
F(a*,L)—c(a*) |

B (a*) = plog
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Example 4. If the utility is CARA, u (C) = K —exp (—aC), a > 0, v/ (C) = aexp (—al),
B(a*)=«l[F (a*,H) — F (a*,L)].

The bias is positive for any risk-averse agent and negative for any risk-loving agent.

Proposition 27. When the agent is risk-averse (risk-loving), the evolutionarily optimal
posterior is a non-Bayesian posterior, positively (negatively) biased towards the high type

compared to the perfect Bayesian posterior.

Proof of Proposition 27. Because F (-,L) < F (-, H) and u (+) is concave (convex),
u'(F(a*, L) = c(a”)) > (<)u' (F (a", H) = ¢(a”)) .

By (5.3),

O

A few comments are in order. The evolutionarily optimal posterior is invariant to the
order of arrival of a stream of i.i.d. signals. The perfect Bayesian posterior is invariant to

the order of arrival of a stream of i.i.d. signals, given {s;} and prior p, the posterior u? is
logit (") = logit (o) + # {t : st = H} Ay + #{t : s, = L} Ay,

Since a* only depends on 7, it is invariant to the order of arrival, then by (5.3), p* is invariant
to the order of arrival of {s;}. Therefore, whether the agent makes the reproductive decision
after appearance of one or more signals does not affect the reproductive outcome or the
personal posterior belief.

As a result of the evolutionary correction, the long run survival of an agent does not
depend on her risk aversion factor but only on her true trait. A non-Bayesian belief corrects

the possible evolutionary sub-optimal reproductive decision a risk-averse agent can make,
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and the level of correction depends on the degree of risk aversion so that agents with the
same Bayesian posterior make the same reproductive decision. Without sexual production or
mutation, only the agents of high type will survive, and the evolutionarily optimal updating

makes an agent realize that she is of high type faster, and of low type slower.

5.3 Population Posterior

Investigation of the population evolutionarily optimal posterior belief shows that regardless
of the population composition, as long as they are risk-averse, more people believe that
they are of high type than there really are. Since we are survivors and winners of millions
of years of evolutionary struggles, this result possibly explains the aforementioned findings
that people are overconfident about their intrinsic skills.

The result can be directly understood from the asymmetric belief. Every agent believes
she is more likely to be a high type than a perfect Bayesian would believe. Regardless of the
evidence (stream of signals) a person receives, her belief about herself being a high type is
always higher than the Bayesian posterior belief.

Suppose the population is composed of proportion ¢ realized high type and proportion
1 — q realized low type agents after the previous action. Suppose that after each time an
agent takes an action, she observes the outcome of her action and infers her true type (since
F (a, x) is bijective, knowing what effort a she exerted and observing F is enough to uncover
her true trait z). After each action, there is a probability € that she mutates: her true type
switches from one to another. Therefore, an agent’s prior p after an action is 1 — € if she is
high or € if low.

We construct a population posterior and use it as a criterion to evaluate the percentage of

people believing they are of high type. For any posterior t = {4} 4, the expected population
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posterior is defined as the total population belief that they are a high type.

q(pn) = /A pradA

If every agent is a perfect Bayesian, given the signal generating process, their population
posterior should be the same as the population prior, which is the same as the population
composition, ¢, ¢° = ¢ (,uB ) = ¢q. On the other hand, any agent risk-averse A has p* > u%,
so in population, ¢ (u*) > ¢ (uB ), a relatively small portion of risk-seeking agents will not

alter the population belief.

Proposition 28. If most agents are risk-averse in the population, the evolutionarily optimal

population posterior belief about high type is strictly greater than the population composition

of high type.

Even though every agent knows that in the population, there is only a proportion ¢ of high
type agents, the aggregate of individual beliefs is higher than it. This finding explains the
perverse scenario mentioned in Introduction that objective aggregates of desirable personal
characteristics are always lower than their subjective individual reports. The key to the

result is the imperfect observability of personal characteristics and possibility of mutation.

5.4 Conclusion

The paper shows that in order to maximize the expected number of offspring, an agent
with nonlinear preference has a belief different from the belief obtained by perfect Bayesian
updating. In particular, for any risk-averse agent, she thinks more highly of herself than she
does if she is a perfect Bayesian. Therefore, the results suggest that evolution and survival
play a role in the widespread existence of non-Bayesian belief, especially about a person’s

own trait that influences reproductive decisions.

205



Although the paper provides a possible evolutionary channel to persistent overconfidence
across the population, it fails to characterize the exact way how this optimal overconfidence
is sustained. In terms of terminology of the model, the paper is able to rationalize the
misalignment of the optimal posterior and the perfect Bayesian posterior, but it fails to
characterize the updating rule! that can consistently achieve and sustain the optimal pos-
terior. The problem is especially conspicuous when the agent updates after each of many
sequentially observed noisy signals. Characterizing or approximating such evolutionarily
optimal updating rule would be interesting and useful.

It is also interesting to explore why and how risk aversion and non-Bayesian belief /updating
rule could be evolutionarily optimal at the same time. If we treat the objective of having
descendants forever to be the goal for each individual as in Levy (2010) and the objective
of maximizing expected population growth to be the goal for the entire group, an evolu-
tionarily optimal non-Bayesian updating is justified. While each individual agent needs to
be risk-averse to have descendants forever, the ones who dominate the population are those
following a non-Bayesian updating rule that, coupled with risk-averse utility, maximizes the
expected number of descendants in each generation.

Finally, a model with multiple signals and/or attributes may be more realistic and may

help generate more insights including but not limited to conservative updating.

T thank a referee for emphasizing the difference between an updating rule and an updated posterior.

206



Bibliography
Anderson, Axel and Lones Smith, “Dynamic Matching and Evolving Reputations,” The
Review of Economic Studies, 2010, 77, 3-29.

Anwar, Sajid and Mingli Zheng, “Posted Price Selling and Online Auctions,” Games
and Economic Behavior, 2015, 90, 81-92.

Armstrong, Mark, “Price Discrimination by a Many-Product Firm,” Review of Economic
Studies, January 1999, 66 (1), 151-168.

Bajari, Patrick and Ali Hortacsu, “Economic Insights from Internet Auctions,” Journal
of Economic Literature, 2004, 42 (2), 457-486.

Becker, Gary S., Human Capital: A Theoretical and Empirical Analysis, with Special
Reference to Education 1964.

—, “A Theory of Marriage: Part 1,” Journal of Political Economy, 1973, 81 (4), 813-846.
_ , A Treatise on the Family, Cambridge, Massachusetts: Harvard University Press, 1991.

_ and H. Gregg Lewis, “On the Interaction between the Quantity and Quality of Chil-
dren,” Journal of Political Economy, 1973, 81 (2), S279-S288.

_, Kevin M. Murphy, and Ivan Werning, “The Equilibrium Distribution of Income
and the Market for Status,” Journal of Political Economy, April 2005, 113 (2), 282-310.

_ , William H. J. Hubbard, and Kevin M. Murphy, “Explaining the Worldwide Boom
in Higher Education of Women,” Journal of Human Capital, 2010, 4 (3), 203—241.

_, —,and _ , “The Market for College Graduates and the Worldwide Boom in Higher
Education of Women,” American Economic Review: Papers € Proceedings, May 2010,
100, 229-233.

Benabou, Roland and Jean Tirole, “Self-Confidence and Personal Motivation,” Quarterly
Journal of Economics, 2002, 117 (3), 871-915.

Bergstrom, Theodore C., “Soldiers of Fortune?,” in Walter P. Heller and Ross M. Starr,
eds., Essays in Honor of Kenneth J. Arrow, Vol. 2, New York: Cambridge University
Press, 1986, pp. 57-80.

and Mark Bagnoli, “Courtship as a Waiting Game,” Journal of Political Economy,
February 1993, 101 (1), 185-202.

_ and Robert F. Schoeni, “Income Prospects and Age-at-Marriage,” Journal of Popula-
tion Economics, 1996, 9, 115-130.

207



Bertrand, Marianne, Claudia Goldin, and Lawrence Katz, “Dynamics of the Gender
Gap for Young Professionals in the Financial and Corporate Sectors,” American Economic
Journal: Applied Economics, 2010, 2, 288-255.

Blumrosen, Liad and Thomas Holenstein, “Posted Prices vs. Negotiations: An Asymp-
totic Analysis,” in “Proceedings of the 9th ACM Conference on Electronic Commerce” EC
08 ACM New York, NY, USA 2008, pp. 49—49.

Board, Simon and Andrezj Skrzypacz, “Revenue Management for Forward-Looking
Buyers,” April 2014. Mimeo.

Bodoh-Creed, Aaron, “Optimal Platform Fees for Large Dynamic Auction Markets,”
November 2012. Mimeo.

Borch, Karl, “Equilibrium in a Reinsurance Market,” Econometrica, July 1962, 30 (3),
424-444.

Browning, Martin, Pierre-André Chiappori, and Yoram Weiss, Economics of the
Family, New York, NY: Cambridge University Press, 2014.

Bruze, Gustaf, “Male and Female Marriage Returns to Schooling,” International Economic
Review, February 2015, 56 (1), 207-234.

Budish, Eric B. and Lisa N. Takeyama, “Buy Prices in Online Auctions: Irrationality
on the Internet?,” Economics Letters, 2001, 72 (3), 325-333.

Bulow, Jeremy and John Roberts, “The Simple Economics of Optimal Auctions,” The
Journal of Political Economy, October 1989, 97 (5), 1060-1090.

Burdett, Kenneth and Melvnyn Glyn Coles, “Marriage and Class,” Quarterly Journal
of Economics, 1997, 112 (1), 141-168.

Burguet, Roberto and Joézsef Sakovics, “Imperfect Competition in Auction Designs,”
International Economic Review, February 1999, 40 (1), 231-247.

Charles, Kerwin Kofi and Ming-Ching Luoh, “Gender Differences in Completed School-
ing,” The Review of Economics and Statistics, August 2003, 85 (3), 5569-577.

Chawla, Shuchi, Jason D. Hartline, David L. Malec, and Balasubramanian Sivan,
“Multi-parameter Mechanism Design and Sequential Posted Pricing,” in “Proceedings of
the Forty-second ACM Symposium on Theory of Computing” STOC 10 ACM New York,
NY, USA 2010, pp. 311-320.

Chiappori, Pierre-André and Philip J. Reny, “Matching to Share Risk,” Theoretical
Economics, 2015.

208



_ , Bernard Salanié, and Yoram Weiss, “Partner Choice and the Marital College Pre-
mium,” January 2015.

_ , Monica Costa Dias, and Costas Meghir, “The Marriage Market, Labor Supply and
Education Choice,” April 2015. NBER Working Paper 21004.

_ , Murat Iyigun, and Yoram Weiss, “Investment in Schooling and the Marriage Mar-
ket,” American Economic Review, 2009, 99 (5), 1689-1713.

_ , Robert J. McCann, and Lars P. Nesheim, “Hedonic Price Equilibria, Stable Match-
ing, and Optimal Transport: Equivalence, Topology, and Uniqueness,” Economic Theory,
2010, 42, 317-354.

_ , Sonia Oreffice, and Climent Quintana-Domeque, “Multidimensional Matching
with a Potential Handicap: Smoking in the Marriage Market,” August 2012.

Cho, In-Koo and Akihiko Matsui, “Competitive Equilibrium and Search Under Two-
Sided Incomplete Information,” September 2012. mimeo.

Choo, Eugene and Aloysius Siow, “Who Marries Whom and Why?,” Journal of Political
Economy, 2006, 114 (1), 175-201.

Cole, Harold L., George J. Mailath, and Andrew Postlewaite, “Efficient Non-
Contractible Investments in Finite Economies,” Advances in Theoretical Economies, 2001,

1(1).

_, —_,and _ , “Efficient Non-Contractible Investments in Large Economies,” Journal of
Economic Theory, 2001, 101, 333-373.

Deb, Rahul and Mallesh M. Pai, “Ironing in Dynamic Revenue Mangement: Posted
Prices and Biased Auctions,” July 2012. Mimeo.

Diamond, Peter and Eric Maskin, “An Equilibrium Analysis of Search and Breach of
Contract,” Bell Journal of Economics, 1979, 10, 282-316.

Diaz-Gimémenez, Javier and Eugenio Giolito, “Accounting for the Timing of First
Marriage,” International Economic Review, February 2013, 54 (1), 135-158.

Dilme, Francesc and Fei Li, “Revenue Management Without Commitment: Dynamic
Pricing and Periodic Fire Sales,” November 2012. Mimeo.

Dizdar, Deniz, “Two-Sided Investments and Matching with Multi-Dimensional Types and
Attributes,” October 2013.

Dougherty, Christopher, “Why Are the Returns to Schooling Higher for Women Than
for Men?,” Journal of Human Resources, 2005, 40 (4), 969-988.

209



Eil, David and Justin M. Rao, “The Good News-Bad News Effect: Asymmetric Pro-
cessing of Objective Information about Yourself,” American Economic Journal: Microe-
conomics, 2011, 3, 114-138.

Einav, Liran, Chiara Farronato, Jonathan Levin, and Neel Sundaresan, “Sales
Mechanisms in Online Markets: What Happened to Internet Auctions?,” May 2013. NBER
Working Paper 19021.

Epstein, Larry G., “An Axiomatic Model of Non-Bayesian Updating,” Review of Economic
Studies, April 2006, 73 (2), 413-436.

_, Jawwad Noor, and Alvaro Sandroni, “Non-Bayesian Updating: A Theoretical
Framework,” Theoretical Economics, 2008, pp. 193—-209.

_,_ ,and _ , “Non-Bayesian Learning,” The B.E. Journal of Theoretical Economics, 2010,
10 (1).

Es6, Peter and Balazs Szentes, “Optimal Information Disclosure in Auctions and the
Handicap Auction,” Review of Economic Studies, 07 2007, 7/ (3), 705-731.

Friedman, Milton and Leonard J. Savage, “Utility Analysis of Choices Involving Risk,”
Journal of Political Economy, August 1948, 56 (4), 279-304.

Gale, David and Lloyd S. Shapley, “College Admissions and the Stability of Marriage,”
The American Mathematical Monthly, January 1962, 69 (1), 9-15.

Glicksberg, Irving, “A Further Generalization of the Kakutani Fixed Point Theorem with
Applications to Nash Equilibrium,” Proceedings of the American Mathematical Society,
1952, 3, 170-174.

Goldin, Claudia, “A Grand Gender Convergence: Its Last Chapter,” American Economic
Review, 2014, 104 (4), 1-30.

_ , Lawrence Katz, and Ilyana Kuziemko, “The Homecoming of American College
Women: The Reversal of the College Gender Gap,” Journal of Economic Perspectives,
2006, 20 (4), 133-156.

Greenwood, Jeremy, Nezih Guner, Georgi Kocharkov, and Cezar Santos, “Marry
Your Like: Assortative Mating and Income Inequality,” January 2014. NBER Working
Paper No. 19829.

Gretsky, Neil E., Joseph M. Ostroy, and William R. Zame, “The Nonatomic Assign-
ment Model,” Economic Theory, 1992, 2, 103-127.

_, —,and _ , “Perfect Competition in the Continuous Assignment Model,” Journal of
Economic Theory, 1999, 88, 60-118.

210



Hartline, Jason, “Approximation in Mechanism Design,” American Economic Review: Pa-
pers € Proceedings, 2012, 102 (3), 330-336.

Hatfield, John, Fuhito Kojima, and Scott Duke Kominers, “Strategy-Proofness, In-
vestment Efficiency, and Marginal Returns: An Equivalence,” American Economic Review:
Papers € Proceedings, May 2014.

Hubbard, William, “The Phantom Gender Difference in the College Wage Premium,” The
Journal of Human Resources, 2011, 46 (3), 568-586.

Iyigun, Murat and Randall P. Walsh, “Building the Family Nest: Premarital Invest-
ments, Marriage Markets, and Spousal Allocations,” Review of Economic Studies, 2007,
74, 507-535.

Jehle, Geoffrey A. and Philip J. Reny, Advanced Microeconomic Theory, 3 ed., Prentice
Hall, 2011.

Keeley, Michael C., “A Model of Marital Formation: The Determinants of the Optimal
Age at First Marriage.” PhD dissertation, University of Chicago, Chicago, Illinois, USA
June 1974.

_, “The Economics of Family Formation: An Investigation of the Age at First Marriage,”
Economic Inquiry, April 1977, 15, 238-250.

_, “An Analysis of the Age Pattern of First Marriage,” International Economic Review,
June 1979, 20 (2), 527-544.

Ké&szegi, Botond, “Ego Utility, Overconfidence, and Task Choice,” Journal of European
Economic Association, 2006, 4 (4), 673-707.

Kultti, Klaus, “Equivalence of Auctions and Posted Prices,” Games and Economic Behav-
tor, 1999, 27, 106-113.

Larsen, Bradley, “The Efficiency of Dynamic, Post-Auction Bargaining: Evidence from
Wholesale Used-Auto Auctions,” January 2013. Mimeo.

Levy, Moshe, “Evolution of Risk Aversion: The ‘Having Descendants Forever’ Approach,”
October 2010. Mimeo.

Li, Angqi, “Selling Storable Goods to a Dynamic Population of Buyers: A Mechanism Design
Approach,” 2009. Mimeo.

Low, Corinne, “Pricing the Biological Clock: Reproductive Capital on the US Marriage
Market,” 2015.

Mailath, George J., Andrew Postlewaite, and Larry Samuelson, “Prenumeration
Values and Investments in Matching Markets,” 2012. Working Paper.

211



)

_, —, and _ , “Pricing and Investments in Matching Markets,” Theoretical Economics,

2013, &, 535-590.

Mathews, Timothy, “The Impact of Discounting on an Auction with a Buyout Option:
a Theoretical Analysis Motivated by eBay’s Buy-It-Now Feature,” Journal of Economics,
2004, 81 (1), 25-52.

McAfee, Preston and John McMillan, “Search Mechanisms,” Journal of FEconomic
Theory, 1988, 44, 99-123.

McAfee, Preston R., “Mechanism Design by Competing Sellers,” Econometrica, 1993, 61
(6), 1281-1312.

Milgrom, Paul and Robert J. Weber, “A Theory of Auctions and Competitive Bidding,
I1,” in Paul Klemperer, ed., The Economic Theory of Auctions, Vol. 1T 2000, pp. 179-194.

Mobius, Markus M., Muriel Niederle, Paul Niehaus, and Tanya S. Rosen-
blat, “Managing Self-Confidence: Theory and Experimental Evidence,” September 2012.
Mimeo.

Mulligan, Casey B. and Yona Rubinstein, “Selection, Investment, and Women’s Rela-
tive Wages Over Time,” Quarterly Journal of Economics, August 2008, pp. 1061-1110.

Myerson, Roger, “Optimal Auction Design,” Mathematics of Operations Research, 1981,
6 (1), 58-73.

Noldeke, Georg and Larry Samuelson, “Investment and Competitive Matching,” April
2014.

Ockenfels, Axel and Alvin E. Roth, “Convergence of prices for a new commodity: "lraq
most wanted" cards on eBay,” December 2004. Mimeo.

Oi, Walter Y., “A Disneyland Dilemma: Two-Part Tariffs for a Mickey Mouse Monopoly,”
Quarterly Journal of Economics, February 1971, 85, 77-96.

Okasha, Samir, “The Evolution of Bayesian Updating,” in “Philosophy of Science Associa-
tion 23rd Biennial Meeting” November 2012.

Oppenheimer, Valerie Kincade, “A Theory of Marriage Timing,” American Journal of
Sociology, November 1988, 9/ (3), 563-591.

Pai, Mallesh M., “Competing Auctioneers,” November 2009. Mimeo.

_ and Rakesh Vohra, “Optimal Dynamic Auctions and Simple Index Rule,” Mathematics
of Operations Research, November 2013, 38 (4), 682-697.

Peters, Michael and Aloysius Siow, “Competing Premarital Investments,” Journal of
Political Economy, June 2002, 110 (3), 592-608.

212



and Sergei Severinov, “Competition among Sellers Who Offer Auctions Instead of
Prices,” Journal of Economic Theory, 1997, 75 (1), 141-179.

Rachmilevitch, Shiran and Haim Reisman, “Auctions and Posted Prices are Virtually
the Same When Buyers Are Patient,” February 2012. Mimeo.

Ray, Debraj and Arthur J. Robson, “Status, Intertemporal Choice and Risk-Taking,”
Econometrica, July 2012, 80 (4), 1505-1531.

Riley, John and Richard Zeckhauser, “Optimal Selling Strategies: When to Haggle,
When to Hold Firm,” The Quarterly Journal of Economics, May 1983, 98 (2), 267-289.

_ and Wiliam Samuelson, “Optimal Auctions,” American Economic Review, June 1981,
71, 381-392.

Robson, Arthur J., “Status, the Distribution of Wealth, Private and Social Attitudes to
Risk,” Econometrica, July 1992, 60 (4), 837-857.

_, “The Evolution of Attitudes to Risk: Lottery Tickets and Relative Wealth,” Games and
Economic Behavior, 1996, 14, 190-207.

Rosen, Sherwin, “Manufactured Inequality,” Journal of Labor Economics, April 1997, 15
(2), 189-196.

Rubin, Paul H. and Chris W. Paul, “An Evolutionary Model of Taste for Risk,” Eco-
nomic Inquiry, October 1979, 17 (4), 585 — 596.

Rubinstein, Ariel and Asher Wolinsky, “Equilibrium in a Market with Sequential Bar-
gaining,” Econometrica, September 1985, 53 (5), 1133-1150.

Ruggles, Steven, J. Trent Alexander, Katie Genadek, Ronald Goeken,
Matthew B. Schroeder, and Matthew Sobek, Integrated Public Use Microdata Se-
ries: Version 5.0 [Machine-readable database] University of Minnesota 2010.

Said, Maher, “Sequential Auctions with Randomly Arriving Buyers,” Games and Economic
Behavior, 2011, 73, 236-243.

_, “Auctions with Dynamic Populations: Efficiency and Revenue Maximization,” Journal
of Economic Theory, 2012, 147, 2419-2438.

Sandroni, Alvaro, “Do Markets Favor Agents Able to Make Accurate Predictions?,” Econo-
metrica, November 2000, 68 (6), 1303-1341.

Satterthwaite, Mark A. and Artyom Shneyerov, “Convergence to Perfect Competition
of a Dynamic Matching and Bargaining Market with Two-Sided Incomplete Information
and Exogenous Exit Rate,” Games and Economic Behavior, 2008, 63, 435-467.

213



Siow, Aloysius, “Differential Fecundity, Markets, and Gender Roles,” Journal of Political
Economy, April 1998, 106 (2), 334-354.

Skreta, Vasiliki, “Sequentially Optimal Mechanisms,” The Review of Economic Studies,
2006, 73 (4), 1085-1111.

Smith, Adam, An Inquiry into the Nature and Causes of the Wealth of Nations, London:
W. Strahan and T. Cadell, 1776.

Stevenson, Betsey and Jusin Wolfers, “Marriage and Divorce: Changes and Their
Driving Forces,” Journal of Economic Perspectives, Spring 2007, 21 (2), 27-52.

Svenson, Ola, “Are We Less Risky and More Skillful Than Our Fellow Drivers?,” Acta
Psychologica, 1981, 47, 143—-148.

Villani, Cédric, Optimal Transport, Old and New, Vol. 338 of Grundlehren der mathema-
tischen Wissenschaften, Berlin: Springer-Verlag, 2009.

Wang, Ruqu, “Auctions versus Posted-Price Selling,” American Economic Review, 1993,
83 (4), 838-851.

Wilson, Robert, “The Theory of Syndicates,” Econometrica, January 1968, 36 (1), 119—
123.

Wolinsky, Asher, “Dynamic Markets with Competitive Bidding,” Review of Economic
Studies, 1988, 55 (1), 71-84.

Yan, Qiqi, “Mechanism Design via Correlation Gap,” in “Proceedings of the Twenty-second
Annual ACM-SIAM Symposium on Discrete Algorithms” SODA 11 STAM 2011, pp. 710—
719.

Zhang, Hanzhe, “Evolutionary Justifications for Non-Bayesian Beliefs,” Economics Letters,
November 2013, 121 (2), 198-201.

_, “Prices and Auctions in Dynamic Markets,” 2013.
_ , “Human Capital Investments and the Marriage Market,” 2015.

_, “The Optimal Sequence of Prices and Auctions,” 2015.
_, “Pre-Matching Gambles,” 2015.

214



	List of Figures
	Acknowledges
	Human Capital Investments and the Marriage Market
	Introduction
	The General Theoretical Framework
	College and Career Investments
	The Marriage Market

	Equilibrium
	College and Career Investments
	Men's Investments
	Women's Investments

	Distributions of Marriage Characteristics
	Marriage Matching
	Marriage Payoffs
	Equilibrium Existence

	A Simple Model
	Implications
	The College Gender Gap Puzzle
	A Man's Marriage-Age and His Income
	A Woman's Marriage-Age and Her Income
	A Woman's Marriage-Age and Her Husband's Income
	Income Uncertainty Delays Marriage

	Conclusion
	Proofs
	Proofs of Lemmas 1 and 2
	Proof of Theorem 1
	Proof of Theorem 2
	Proof of Proposition 1
	Extended Model and Proof of Proposition 5

	Data Description and Additional Figures

	Pre-Matching Gambles
	Introduction
	A Motivating Example
	The Model
	Gambling Phase
	Matching Phase
	Equilibrium

	Dominant Extreme Gambles Under Linear Surplus
	Stable Reassignment Effect
	Equilibrium Properties
	Occupational Choices with Marital Concerns
	Conclusion
	Proofs

	The Optimal Sequence of Prices and Auctions
	Introduction
	Preliminaries and the Seller's Static Problem
	A Two-Period Example
	Finite Horizon
	Extensions
	Perishable Good and Increasing Impatience
	Stochastic Buyer Arrival
	Buyers with Outside Options
	Separate Markets for Prices and Auctions
	Procurement Contracts
	Multiple Objects

	Forward-Looking Buyers
	Price-Price Sequence
	Price-Auction Sequence
	Auction-Auction Sequence
	Auction-Price Sequence

	Infinite Horizon
	Conclusion

	Prices and Auctions in Dynamic Markets
	Introduction
	The Setup
	Seller's Problem Generalized
	Stationary Symmetric Sequential Equilibrium
	Comparative Statics
	Posted Prices and Their Market Effects
	A Market with Heterogeneous Auction Costs
	Conclusion
	The Monopolist's Problem with Asymmetric Buyers
	Proofs

	An Evolutionary Justification for Overconfidence
	Introduction
	Evolutionarily Optimal Posterior
	Population Posterior
	Conclusion

	Bibliography

