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ABSTRACT

This dissertation consists of three essays focusing on how information asymmetry
affects agents’ behavior across different environments. The first essay characterizes
the optimal contract when a firm can employ two incentive schemes, promotion and
pay for performance, simultaneously (Chapter 2). In the second essay, I study how
information asymmetry can lead a firm to choose a less profitable short-term over
a more profitable long-term project (Chapter 3). The other essay analyzes a career
choice problem when agents have private information about their ability (Chapter
4).

Chapter 2 presents the effect of information asymmetry on executive pay structure
to examine the cause of the rise in CEO compensation and wage inequality between
CEO and other executives. To analyze the effect of the interaction of two incentive
schemes, promotion and pay for performance, on CEO compensation and within-
firm wage inequality, I embed a pay for performance framework into a tournament
structure. The model shows that when CEO and managers contribute to a firm’s
output independently, it is optimal for the firm to provide the CEO a compensation
far beyond her reservation value in order to provide promotion incentives for man-
agers. However, I find that the promotion incentive motive can disappear if there is
interdependency between the CEO’s and managers’ outputs. In this case, the main
purpose of a high CEO compensation is to induce the CEO to exert effort. The
tension between incentives for CEO and managers makes it difficult to interpret the
meaning of within-firm wage gap. As a possible solution, this paper suggests the

use of CEQO’s base salary to identify which incentive factor is driving the pay gap.

In Chapter 3, I study the optimal contract problem when a firm faces a long-term
project. I consider a long-term project as one that requires an indefinite amount
of time to complete its objective. 1 assume that the long-term project generates
profits once it is accomplished. Using a continuous-time moral hazard model, I
characterize the incentive compatibility condition in a relatively general contract-
ing space. Moreover, I find a unique optimal contract under a restricted contracting
space which consists of the two components: the termination level and the com-
pletion payment. The firm might invest in a short-term project: one that generates
an instantaneous profit to the firm without any effect on the future, as analyzed
by DeMarzo and Sannikov (2006). Comparison of optimal contracts for long and

short-term projects provides an interesting insight to managerial short-termism: the
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firm, not the agent, could prefer a short-term project to a long-term project if there

is a moral hazard problem.

Chapter 4 analyzes the role of asymmetry information on one’s career choice. I
examine how people choose their career when they do not know ability of the rest
of the applicant pool. The goal is to understand labor supply in the markets where
ability is widely distributed. In particular, I consider a situation where there are two
exclusive labor markets and the upper and lower bounds of one market’s payoffs are
both higher than those of the other market. Under the market setting, agents decide
which market to participate in. I find that the symmetric Bayesian Nash equilibrium
of this problem is unique. In the equilibrium, agents are divided into two groups
according to their ability. Members of the high ability group use a pure strategy and
only apply to the more desirable market. Members of the low ability group apply
to both markets with positive probability.
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Chapter 1

INTRODUCTION

This dissertation consists of three essays focusing on how information asymmetry
affects agents’ behavior across different environments. Asymmetric information is
an important source of friction in many markets and it can also lead a firm to raise
its executive compensation and engage in short-termism. The first essay character-
izes the optimal contract when a firm can employ two incentive schemes, promotion
and pay for performance, simultaneously (Chapter 2). This analysis helps us un-
derstand which incentive schemes contributed to the rise in CEO compensation. In
the second essay, I study how information asymmetry can lead a firm to choose a
less profitable short-term over a more profitable long-term project (Chapter 3). The
other essay analyzes a career choice problem when agents have private informa-
tion about their ability (Chapter 4). This information asymmetry yields a tension
between pursuing a more desirable career and the probability of employment since

agents cannot identify her or his ranking which determines their career path.

Chapter 2 presents the effect of information asymmetry on executive pay structure
to examine the cause of the rise in CEO compensation and wage inequality between
CEO and other executives. To analyze the effect of the interaction of two incentive
schemes, promotion and pay for performance, on CEO compensation and within-
firm wage inequality, I embed a pay for performance framework into a tournament
structure. The model shows that when CEO and managers contribute to a firm’s
output independently, it is optimal for the firm to provide the CEO a compensation
far beyond her reservation value if there are many managers who compete for the
CEO position. In particular, promotion incentives for managers generate the high
CEO pay and the wage gap between CEO and managers. However, I find that the
promotion incentive motive can disappear if there is interdependency between the
CEO’s and managers’ outputs. In this case, the main purpose of a high CEO com-
pensation is to induce the CEO to exert effort, not to provide promotion incentives
for managers. The tension between incentives for CEO and managers makes it dif-
ficult to interpret the meaning of within-firm wage gap. As a possible solution, this
paper suggests the use of CEO’s base salary to identify which incentive factor is

driving the pay gap.
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In Chapter 3, I study the optimal contract problem when a firm faces a long-term
project. In many cases, a firm cannot pursue several projects simultaneously be-
cause of limited resources. Particularly, the firm might need to choose between
long and short-term projects. I consider a short-term project as one that generates
an instantaneous profit to the firm without any effect on the future, as analyzed by
DeMarzo and Sannikov (2006). The firm can also invest in a long-term project: one
that requires an indefinite amount of time to complete its objective. I assume that
the long-term project generates profits once it is accomplished. Using a continuous-
time moral hazard model, I characterize the incentive compatibility condition in a
relatively general contracting space. Moreover, I find a unique optimal contract
under a restricted contracting space which consists of the two components, the ter-
mination level and the completion payment. Comparison of optimal contracts for
long and short-term projects provides an interesting insight to managerial short-
termism: the firm, not the agent, could prefer a short-term project to a long-term

project if there is a moral hazard problem.

Chapter 4 analyzes the role of asymmetry information on one’s career choice. I
examine how people choose their career when they do not know ability of the rest
of the applicant pool. The goal is to understand labor supply in the markets where
ability is widely distributed. Specifically, I consider a situation where there are
two exclusive labor markets with different payoff distributions, but people share
common preferences over possible career paths. More precisely, the upper and
lower bounds of one labor market’s payoffs are both higher than those of the other
market. Under the market setting, agents decide which market to participate in.
The presence of private information produces a tension between the probability of
being employed and the expected payoff. I find that the symmetric Bayesian Nash
equilibrium of this problem is unique. In the equilibrium, agents are divided into
two groups according to their ability. Members of the high ability group use a pure
strategy and only apply to the more desirable market. Members of the low ability
group apply to both markets with positive probability.



Chapter 2

HIGH CEO COMPENSATION: INCENTIVES FOR CEO OR
MANAGERS?

2.1 Introduction

The provision of incentives has been considered as an important factor that con-
tributed the rise in executive compensation since 1970s. In particular, researchers
have focused on two incentive schemes: promotion and pay for performance.!
However, each incentive scheme has a drawback in explaining the trend in execu-
tive compensation. First, pay for performance schemes have been criticized because
theoretical analysis predicts a reduction in base salary with the rise in incentive pay,
which contradicts the empirical evidence. On the other hand, promotion incentives
do not capture the weak correlation between executive compensation and firm size.
This paper studies whether a hybrid incentive scheme that includes both pay for

performance and promotion can account for these empirical findings.

This paper contributes to the theoretical literature on executive compensation based
on a principal-agent framework. The moral hazard literature attributes high CEO
compensation to the need to provide incentives. There are two incentive schemes
relevant to this problem. The first incentive scheme is pay for performance as stud-
ied by Grossman and Hart (1983) and Mirrlees (1999). These works suggest that
firms need to provide high compensation to a CEO in order to make him/her exert
more effort. The second incentive scheme is internal promotion associated with a
rank-order tournament model proposed by Lazear and Rosen (1981). They argue
that firms set up internal labor markets and promote workers who do well. In this
setting, high wages at the top of the firms can make lower level employees work
harder to increase their promotion probability. Following the analysis of Lazear
and Rosen (1981), the CEO may well have a wage that is much higher than his
or her contribution to the firm because it acts as the prize for lower level managers.
The main difference between these two incentive schemes is that the former is based
on absolute performance while the latter depends on relative performance. In this

paper, I analyze how the two incentive schemes interact within a firm to understand

"For example, Bognanno (2001) shows that CEO compensation increases with the number of
competitors for the position. Also, Frydman and Jenter (2010) illustrate that the increase in incentive
pay such as option compensation significantly contribute to the rise in CEO compensation.
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when a firm might want to combine the two in a hybrid incentive scheme: a contract

based on both absolute and relative performance.

To study how the hybrid incentive scheme works, it is important to understand
which incentive scheme is relevant to each agent in a firm. In terms of incentives,
the pay for performance scheme works for both the CEO and other top executives
(from now on, I call these executives “managers") in the same way. However, the
promotion based incentive scheme only matters for managers who have a possi-
bility of being promoted. On the other hand, with respect to compensation level,
promotion incentives affect two types of agents, CEO and managers, in opposite
ways. When other conditions are fixed, raising promotion incentives increases CEO
compensation, but decreases managers’ compensation. The pay for performance
scheme yields a higher compensation to both agents if a firm wants them to exert a
higher effort. Given that raising promotion incentives impacts managers and CEOs
in different directions, it is natural to ask how the two types of incentive payments

constitute the executives’ total compensation.

In order to answer this question, I consider a model with a hierarchical structure
in which an infinitely lived risk-neutral firm hires N + 1 agents (one CEO and N
managers) in each period. For tractability, I assume that the firm offers a contract
based on agents’ positions. That is, there are only two types of contracts which do
not depend on time: one for CEO and one for managers.2 Each agent conducts
her/his own tasks and produces an outcome that depends on her/his effort level. In
the benchmark model, I assume that each task affects the firm’s profit independently.
That is, there is no complementarity between agents. All outcomes are observable
and contractible. This structure closely follows Grossman and Hart (1983). In
addition, I introduce a tournament structure to add promotion based incentives. If
there are qualified managers for the CEO position according to a promotion rule,

the firm fills the position by internal promotion when the previous CEO leaves.

The most important contribution of this paper is that I analyze how the two incen-
tive schemes interact in a dynamic environment similar to Rogerson (1985a). In
particular, the reward for promotion is not an immediate monetary remuneration,
but a position that can provide high compensation in the future. Under this distinc-

tive structure, the analysis of the model shows that firms can rationally employ the

2This is a stronger assumption than the commitment assumption in Lazear and Rosen (1981)
However, this makes the firm’s problem simple when I consider a complex situation in Section 2.7

3Throughout the rest of this paper, I use she as a personal pronoun for a CEO and he for a
manager.
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two incentive schemes simultaneously. Therefore, it is important to understand the
interaction between the two incentive tools within a firm as well as the effect of

each scheme.

An extensive literature investigates the two incentive schemes separately.4 Since
the seminal work of Lazear and Rosen (1981), promotion incentives based on the
tournament theory have been extensively studied in various settings.5 Although the
tournament theory has broad applications® , unlike athletic tournaments, it requires
caution to apply the theory to a firm’s internal organization problem. The distinc-
tion of the firm’s internal labor market is that the winner of the tournament stays
in the firm as a worker to whom the firm needs to provide incentives. Ke, Li, and
Powell (2014) and Goel and Thakor (2008) reflect this idea in their papers. How-
ever, Ke, Li, and Powell (2014) only consider a risk-neutral agent and one of two
incentive schemes, while Goel and Thakor (2008) do not explicitly analyze man-
agers’ compensation. Different from these works, I investigate the role of agents’
risk aversion and the relationship between managers’ and CEO’s compensations in

a hierarchical structure.

On the other hand, the pay for performance literature investigates how the optimal
level of incentives changes according to numerous factors affecting the contract.”
For example, Baker and Hall (2004) examine how the measure of CEO incentives
could change according to the effect of a CEO on the firm’s value, and Prendergast
(2002) studies the effect of uncertainty on incentives and shows that a positive rela-
tionship between uncertainty and incentives can arise. In this paper, I examine the

relationship between CEO incentives and the internal labor market.

A number of papers compare the two incentive schemes from a theoretical perspec-
tive. However, most papers do not consider a firm that uses both schemes together
though most of firms implement an incentive system based on both schemes in
practice. For example, Nalebuff and Stiglitz (1983) and Mookherjee (1984) inves-
tigate conditions under which one of the incentive schemes is optimal. That is,
these papers consider the two incentive schemes as substitutes. A notable excep-
tion is Ekinci and Waldman (2015), where they combine pay for performance and

promotion incentives. Different from my paper, Ekinci and Waldman (2015) use a

4See Prendergast (1999).

5See Lazear and Oyer (2012).

6Konrad (2009) and Dechenaux, Kovenock, and Sheremeta (2015) review a broad literature on
contests.

"For a comprehensive review, see Bolton and Dewatripont (2005).
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market-based tournament theory, where the reward of promotion is determined by
expected wage offers of competing firms.8 Therefore, their paper focuses on how
the market wage is determined, while I illustrate that a CEO can earn more than her

market wage because of the internal labor market.

The formal analysis yields the following results. First, the firm provides compensa-
tion beyond the CEQO’s reservation value when there are enough candidates for the
promotion and if agents are risk-averse. That is, the CEO’s participation constraint
can optimally be slack to maximize the firm’s profit. I interpret the gap between
the CEO’s expected utility under the optimal contract and the CEQ’s reservation
value as the promotion incentive because this utility gap, rather than the monetary
gap, is the reward from the agent’s point of view.® The non-binding participation
constraint implies that a large wage gap between a CEO and managers could be
optimal for the firm in order to incentivize managers below the CEO even when the
firm employs an absolute performance based incentive scheme. Intuitively, when
there is a small number of managers, the profit generated by the CEO accounts for a
substantial part of the firm’s profit. Thus, the firm does not want to raise promotion
incentives beyond the CEQ’s reservation value since this makes it more costly for
the firm to provide incentives to her (particularly when CEO is risk-averse). How-
ever, when the firm is large, the CEO’s contribution is marginal compared to the
profit created by managers. Thus, the firm uses its CEO position as the prize to the
winner of internal competition rather than an output producer, which leads to the

rise in CEO compensation and larger wage gap.

Second, for a fixed number of managers, analyzing the comparative statics gives
interesting results for a CEO’s utility and managers’ wages. I show that there is a
negative relationship between the promotion incentive and the CEQO’s effort level.
In other words, the optimal contract provides a higher expected utility to the CEO
when the firm requires less effort from her. The contract could even offer her a
higher expected compensation. This result captures how promotion incentives in-
teract with CEO incentives. I will discuss this issue in more detail later. The other
important comparative static is the relationship between promotion incentives and
managers’ reservation value. The positive correlation between them illustrates that
the two extreme allocations between the two incentive schemes for managers can

happen. That is, the firm can only adopt the promotion incentive without pay for

8See Waldman (2013) for a survey of the literature on the two tournament theories.
Note that the monetary gap can widen if the firm requires a higher effort from the CEO since
agents are risk-averse.
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performance scheme if managers’ reservation value is high enough. The opposite
situation (no promotion incentives) can occur when the reservation value is very
low. In particular, I expect that the former case can provide an explanation of why
performance-tied compensation is not prevalent in the workplace as illustrated in
Lemieux, MacLeod, and Parent (2009).1° Firms may optimally mute the absolute
performance channel even though they consider this incentive scheme. Namely, in-
troducing relative performance-based incentives can make managers’ compensation

less dependent (even independent) on their performance.

As an extension of the benchmark model, I analyze a situation where there is com-
plementarity between the CEO’s task and managers’ outputs. Specifically, I con-
sider the CEO’s task with a multiplication effect on the sum of other managers’
outputs. This specification is closely related to Baker and Hall (2004), where the
marginal product of the CEO’s marginal effort is increasing in the size of the firm.!

This extension indicates that the level of promotion incentive depends on the role
of a CEO. Under the multiplication specification, the promotion incentive can dis-
appear. That is, if the firm hires enough managers, the slackness of the CEO’s
individual rationality constraint can alter to the binding constraint. Because the
CEOQO’s marginal effort is much more valuable for the firm as the number of man-
agers increases, the firm prefers to focus on the CEO’s absolute performance based

incentive rather than the managers’ relative performance based incentive.

The extension provides a unique implication regarding CEO compensation. Al-
though the benchmark model and the extension can produce a positive link be-
tween compensation and firm size, they make a different prediction about the op-
timal compensation structure. That is, the two specifications link the rise in CEO
compensation to different channels. When the CEO’s marginal productivity is in-
dependent of firm size, compensation grows with the size of the firm because of the
raised promotion incentive. Under the alternative specification, however, the higher
compensation stems from enhanced pay for performance incentives for the CEO
because her demanded effort grows with the size. I connect this implication with a

measure of promotion incentives in section 2.10.2.

In addition, this paper contributes to the literature on the trend in executive com-
pensation. The hybrid incentive scheme model predicts that CEO compensation

remains stable and the wage gap between lower-level executives and CEO does not

10Macera (2016) provides a behavioral explanation based on loss aversion on this problem.
"'They use the market value of the company or firms’ sales as the measure of the size of the firm.
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expand until the size of the firm reaches the point that it begins to raise its CEO
compensation to induce managers’ effort. The main conditions for the result are ex-
ecutives’ risk aversion and the independence of agents’ outputs. Therefore, if these
conditions are satisfied, CEO compensation has a non-monotonic relationship with
firm size measured by the number of candidates for promotion. 2 In other words,
the compensation remains at the same level although the number of competitors
increases since CEQO’s participation constraint binds. However, beyond a certain
point, the firm wants to raise its CEO compensation beyond her reservation value
in order to provide incentives to its managers. Also, the wage gap widens when
the firm starts providing compensation to the CEO beyond her reservation value but
not before that point. These results suggest a possible explanation for two empir-
ical facts shown in Frydman and Jenter (2010). First, they find a non-monotonic
increase of executive pay: the rapid growth in executive pay only started in the
mid-1970s. Also, their results show that the compensation gap between CEO and
other top executives rapidly grown during the past 30 years but not before 1980. I
discuss this issue in more detail in section 2.10.1.

The rest of the paper is organized as follows. Section 2.2 presents the basic model
and the promotion rule. Before I introduce the formal model, I present a preview of
the tension between promotion incentives and pay for performance in Section 2.3.
In Section 2.4, I simplify the firm’s problem and provide the primitive trade-off of
the problem. In Section 2.5, I consider the problem without any agency problem
to illustrate the effect of information asymmetry. In Section 2.6, I discuss the main
properties of the firm’s problem demonstrating the effect of promotion on CEQO’s
compensation. In Section 2.7, I introduce several dynamics into the basic model
and analyze the effect of them on CEO compensation. Section 2.8 examines how
the role of a CEO impact on promotion incentives. I compare two promotion rules
in Section 2.9 to demonstrate the benefit of external CEO recruitment. I discuss
the important implications of this paper in Section 2.10. Section 2.11 contains

concluding remarks.

2.2 The Benchmark Model
2.2.1 Firm structure and executives

I start with a simple discrete time model, where an infinitely lived risk-neutral firm

with a discount factor 6 € (0,1) maintains its employment structure. In particular,

12For instance, Acs and Audretsch (1987) use the number of employees as a measure of firm
size.
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the profit maximizing firm employs one CEO and N managers over time. The firm
hires the managers from a labor market every period, but it can promote one of the
previous managers to be the next CEO according to a promotion rule. If there is no
manager satisfying the promotion criteria, the firm hires a CEO from an external
labor market. Throughout most of the paper, I consider the case where the CEO
leaves the firm or retires after one period, and a manager remains in the firm if
he is promoted to CEO. Otherwise, managers leave the firm after one period. I
consider a moral hazard situation where agents’ efforts (e) are not observable to the
firm and incur a cost to agents, g(-). Agents are risk-neutral or risk-averse with an
additively separable (von Neumann-Morgenstern) utility function U (C, e), where C

is consumption!® , in each period satisfying the following assumption:

Assumption 1 Agents’ utility function is of the form
U(C,e) =u(C) - g(e),

where u'(-) > 0,u”(-) <0, u(-) is defined over the real interval (C,o0), and g(0) =
0, gC:) 2 0,¢"C¢) > 0over e € [0,1]. Also, there exists C e (C,0) such that
u((?) > 0 and limc c u(C) = —oo.

This assumption comes from Grossman and Hart (1983) and Rogerson (1985b),
which guarantees the existence of solution and validates the first-order approach.
Additionally, I assume that agents do not discount the future, and a CEO and man-
agers have an outside option U . > 0, and U ,, respectively, if they do not accept the
offer from the firm. Also, in their second period, managers are assumed to obtain a
reservation utility, normalized to zero, if they leave the firm. Hence, the positivity
assumption on U . assures that promotion is beneficial for managers. Agent i does
an independent task X;, i = 0,...,N, which can end in a good or bad outcome.!#
The probability of good outcome depends on the agents’ choice of effort level e; by
the function s(e;) in the following way:

Gi;  with probability s(e)
X,-(e) = .
B;  with probability 1 — s(e)

131 do not consider the possibility of private saving in this paper.
14 Agent 0 represents CEO.



10

I assume that s(e) is a linear function of the effort level .’ That is, s(e) satisfies
s(e) = a + e,

where e € [0, 1] is the agent’s effort level. For two parameters & and S, I assume
that > 0, 8 > 0, and @ + B < 1, which guarantees that s(e) € [0, 1].

I assume that each manager’s task has an identical effect on the firm’s output. That
is,G; = Gjand B; = B, fori,j € {1,2,...,N}. After observing managers’ outputs,

the firm makes the promotion decision according to the following rule:

(Promotion Rule 1) Among managers whose outcome is good (G ), the firm chooses
one manager randomly for promotion. If there are no such managers, the firm hires

a CEO from an external labor market.

This promotion rule can be understood as a situation where a firm sets up a certain
requirement such that it considers managers who satisfy the requirement as candi-
dates for internal promotion. Note that this promotion rule is different from the rule

considered in Lazear and Rosen (1981), where they use the following one:!6

(Promotion Rule 2) The firm promotes the best manager, whose outcome could be
good (G) or bad (B). If more than one agent makes the best outcome, the firm

chooses one of them randomly.

The difference between two promotion rules is the possibility of external hiring.
When all managers’ outcomes are bad, the firm appoints its CEO from an external
labor market under promotion rule 1 while it still uses the internal labor market
under promotion rule 2.17 I show that promotion rule 1 could be preferred by firms
to promotion rule 2 if they do not know a managers’ ability and want to promote a

more talented candidate in section 2.9.

While the CEO’s job can also have a good or bad outcome, the effect on the output
can be different from that of managers. For brevity, I denote CEO’s good and bad
outcomes by G¢ and B¢, respectively, with manager’s outcomes denoted by Gy
and B,,. Also, the marginal productivity of the CEO’s effort depends on the firm’s

operational structure. As the benchmark model, I study a firm where the CEO’s

5This is not so much restrictive. With Assumption 1, this condition embraces any concave
function s(e) with s”(e) > 0.

16Strictly speaking, there is a difference. Lazear and Rosen (1981) consider a continuous out-
come space. This yields no ties with probability 1.

17 A5 Kale, Reis, and Venkateswaran (2009) show, the firm recruits its CEO from outside as well
although internal promotion is more common.
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task and managers’ jobs are independent of each other. That is, CEO and managers

are substitutable in terms of the firm’s profit. I relax this assumption later on.

2.2.2 Contracts

In order to make the problem tractable, I assume that contracts only depend on

agent’s positions regardless of time as well as internal and external hiring.
Assumption 2 The firm offers contracts based on agents’ positions.

This assumption implies that a firm offers the same contract to a future CEO as the
current one. That is, in every period, the firm offers a contract (ec, Wg , Wg ) to the
CEO choosing each component in order to maximize its profit. In the contract, ec
represents the firm’s recommended effort level while WCO is the wage if the CEO’s
output turns out to be O € {G, B}. On the other hand, the firm provides a contract
(eMi,WA(/’}I.,Wﬁi) to manager i, where the role of each component is the same as
that of the CEO contract. Note that the firm does not need to specify the prize
for the winner of promotion since Assumption 2 allows current managers to know
what they will get if promoted to CEO in the next period. This is in line with the
tournament literature in the sense that firms can commit to the prize for the winner.
For simplicity, I focus on a symmetric equilibrium in this paper. That is, the firm
requires the same effort e); from every manager. Therefore, the firm offers the same
contract (eyy, WA(;, Wﬁ) to all managers. After I solve this simple benchmark model,
I extend the model by including job security issues, complex operational structure,

and heterogeneous managers.

2.3 The Effect of Promotion Incentive on Agents’ Wages
In this section, before I move to a general problem, I study how promotion incentive
affects agents’ compensation. Since each output is binary, the two types of agents’

ex-ante utility can be described by the following two terms for each agent:

u(WS) + P(e_p)V  when X =
Manager Wip) (e-) G and,

u(Wg) when X = By
u(WS)  when X = Ge

CEO )
u(Wg) when X = B¢
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where P(e_)s) represents the probability that a manager is promoted to CEO when
he gets a good outcome and other managers’ effort levels are e_j;. V is the CEO’s
expected utility, which the manager will get if promoted in the next period. Note
that the value of V determines the power of promotion incentive since this is the

benefit the winner of the tournament enjoys.

How does this promotion incentive affect the incentive based on absolute perfor-
mance? Note that for agents’ incentives, the difference between two utility levels is
all that matters. Hence, when the firm requires a certain effort from its executives,
the firm chooses wages fixing the value of these two gaps at some positive values:
D) [u(WG) + Pey)V]| = u(WE) and 2) u(WE) - u(WE).

From the manager’s perspective, raising the promotion incentives makes the firm
reduce incentives based on pay for performance, that is, the gap between WA(:; and
Wﬁ. This leads to a decrease in managers’ compensation. However, for the CEO
incentives, higher promotion incentives yield a bigger gap between W< and W/ if

the CEO is risk-averse. This makes the compensation for the CEO rise.

Therefore, there is a tension between incentives for managers and CEO as well as
a trade-off between the two types of agents’ wages: higher promotion incentives
make it more difficult for the firm to incentivize its CEO but easier for managers.
This feature is captured by the movement of the gap between wages associated with
a good and bad outcome. It is worth mentioning that this incentive trade-off rises
because the CEO is risk-averse. If the CEO is risk-neutral, the wage gap between

WCG and Wg is always a constant unless the firm requires a different effort level.

Hence, adjusting promotion incentives affects two types of agents’ absolute per-
formance based incentive schemes in different ways. In the following sections, I
analyze how the firm optimally sets up the level of promotion incentives and how

this decision changes when the firm’s contracting environment alters.

2.4 Formulation of the Firm’s Problem

In this section, I explicitly state the firm’s problem and simplify it. First, I consider
the agents’ problem. The CEO’s utility maximization problem is straightforward.
For a given compensation scheme (WG,Wg ), the CEO chooses an effort level ec

maximizing her expected utility

s(ec)u(WS) + (1 = s(ec)u(Wg) - glec).
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The strict convexity of g(-) guarantees a unique solution to the CEO’s problem.

Notice that this problem does not depend on other agents’ effort choices.

On the other hand, the managers’ problem depends on other managers’ effort choices
e_y in the same cohort. Since I consider a symmetric equilibrium, it is enough to
focus on e_y; such that e_y; = (e_pr,e—prs- .. e—y) € [0,11V~1. Therefore, for a
compensation scheme (WS, Wg, WG, WE), and an effort level of e_y, the man-

agers’ problem can be rewritten as
max s(ea)u(Wy) + (1 = s(esn))u(Wyy) = g(ew) + s(ear) Ple-y) Ve,
M

where
1-(1-ste-y)"
Ns(e_y)

represents the conditional probability that a manager will be promoted to the next

Pe_y) =

period’s CEO when he achieves a good outcome and other managers’ effort level

e_y is given.’® Also,
Ve = s(ec)u(WE) + (1 — s(ec))u(WE) — g(ec)

is the expected utility a manager will get if he is promoted to CEO. Recall that

managers know the contract they will get if promoted under Assumption 2.

Under the fixed employment structure, Assumption 2, and the symmetric equilib-
rium condition, the firm’s objective is to offer contracts (ec, WS, W2) and (ey, WS,
Wf[) to CEO and managers that maximize its profit under the incentive compatibil-

ity and individual rationality constraints. Mathematically, the problem is:

max > 6H{ s(ec)(Ge = WE) + (1= s(ec)(Bc = WE)

{ec WEWE) (em Wi WY
+ N [s(en)(Gu — Wi + (1 = s(en))(Bu - Wiy }

subject to

18The derivation of this equation is found in the Appendix.
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s(ec)u(WE) + (1 = s(ec)u(Wg) — glec) > U, (IRc)

2.1)

s(ea)u(Wyp) + (1 = s(em))u(Wy) — glen) + s(en) P(e_y)Ve = U, (IRy)
2.2)

ec € argmax s(Ou(WS) + (1 — s(&)u(Wg) - g(é) (ICc)
(2.3)

ey € argmax s@uWe) + (1 = s()u(Wy) — g(8) + s(em)P(euy)Ve (ICy).
(2.4)

Since contracts are not time-dependent, the above problem is equivalent to solve
the following problem:

max s(ec)(Ge = WE) + (1 = s(ec))(Bc — WE)

{(ec. WEWE).(ens Wi WE))
+ N [s(es)(Gur — Wi + (1 = s(en)) (B = Wiy
subject to the four constraints, (2.1), (2.2), (2.3), and (2.4).

From now on, I call this the firm’s problem. It is worth mentioning the role of
Assumption 2 in the simplification of the firm’s problem. This allows one to focus
on a repeating part by restricting the firm to offer the same contract to the CEO. In
section 2.7, I investigate a more complex model with dynamics in a simplified form

with the same argument.

2.4.1 The basic characterization of the firm’s problem
In this section, I analyze some preliminary features of the firm’s problem before

examining its main properties.

First of all, by a similar argument with Grossman and Hart (1983), I can show that

the firm’s problem has a solution.
Lemma 1 There exists a solution to the firm’s problem.
Proof 1 All proofs are presented in the Appendix.

In order to analyze agents’ incentive compatibility constraint, I can apply the first-
order approach from Rogerson (1985b). The two first-order conditions yield the
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following results:

'(ec)
u(W8) = u(wh) + i, (Zz), and
"(em)
w(W8)y = u(wh) + % — P(e_y)Ve.

Since the firm can control (WG,WZ@) without affecting the CEO’s problem, the
manager’s individual rationality constraint must bind to maximize its profit. In
particular, the firm can decrease Wﬁ such that the managers’ incentive compatibility
constraint is satisfied at the given effort level e when WAG4 decreases for a given
fixed value V. This means that the firm can increase its profit if the managers’

individual rationality constraint does not bind.
Lemma 2 Managers’ individual rationality constraint binds.

However, the same logic cannot be applied to the CEO’s individual rationality con-
straint since adjusting Wg and Wg inevitably affects V¢, which directly enters into
the managers’ problem. Reducing a CEO’s expected utility yields a higher WA(/;[ for
given ey and Wﬁ, which could decrease the firm’s profit. This observation makes
it difficult to analyze the properties of the firm’s problem. In the next section, I

consider a modified method circumventing this obstacle.

2.4.2 CEO’s individual rationality constraint
In this section, I examine a problem where the CEQO’s individual rationality con-
straint binds at a certain value in order to indirectly solve the firm’s problem. In

particular, I consider the following problem:

F(V) = max stec)(Ge = WE) + (1 = s(ec))(Bc - W)

{(ec WEWE)(em Wi WE)}
+ N [s(em)(Gu = Wi)) + (1 = s(en))(Bu — Wip) |

subject to
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s(ec)u(WE) + (1 = s(ec))u(WE) - glec) =V (IRc)

(2.5)

step)u(Wo) + (1 = s(ep))u(Wpy) — gen) + s(em)P(e_py)V = U,, (IRy)
(2.6)

ec € argmax s(Ou(W) + (1 — s(&)u(Wg) - g(é) (ICc)
2.7)

ey € argmax s(O)u(Wy) + (1 — s(2)u(Wg) — g(é) + s(em)Pe_y)V (ICy)
(2.8)

for V € [0,0). The difference from the original firm’s problem is that the CEO’s in-
dividual rationality constraint binds at a positive value V. Since both individual ra-
tionality constraints are binding now, the compensation scheme (WG, Wg , WA(:}, Wﬁ)

can be expressed by functions of (ec, e ):

w(W8) =V + glec) + (1 - s(ec»fl,ig

w(WE) =V + g(ec) - S@C)i,iii

(W) = U, + glen) + (1 — s(en) ) _ pie_y)v
n(em)

w(WB)Y=U,, + glen) - S(eM)ifEZZ;'

These equations characterize the compensation scheme for a given effort level (ec, epr)
and a parameter V. However, the solution to this modified problem is not necessar-
ily the same as that of the firm’s original problem. One special case when the two
problems have the same solution is V = U . and the CEQO’s individual rationality

constraint binds.

In order to find the optimal compensation schemes, I exploit the modified problem.
Suppose that F(+) is a strictly quasi-concave function. Then, I can solve the original

problem indirectly using F'(+). In particular, consider a maximization problem:
max F (V).
%

Let V* denotes inf {arg maxq F(V)} . Then, the strict quasi-concavity ensures

that the CEO’s individual rationality constraint binds and the firm’s expected profit

From now on, I use the superscript star to denote the optimal variable.
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is equal to F(U,) if V* < U.. On the other hand, the CEO’s individual ratio-

nality constraint does not bind and the firm’s expected profit is equal to F(V™)
it V* > U,.. Before analyzing this modified problem, I impose some parametric

assumptionson U, .

Assumption 3 When N = 1 and agents are risk-averse, U, is such that

V* = inf {argmqe/lx F((V)} > (.20

Under this assumption, I can exclude a corner solution implying that promotion
is strictly beneficial for a manager if a firm hires only one manager. Note that
the manager who is promoted to CEO enjoys the expected utility V* during the
second period. Hence, I can interpret this value as the promotion incentive from the

manager’s point of view.?!

2.5 The Effect of Promotion Incentive on Agents’ compensation when the
Effort is Observable

Before analyzing the firm’s problem with incomplete information, I first study the

solution without any agency problem. In this section, I focus on risk-averse agents

and use Promotion rule 2 not Promotion rule 1 for simplicity.?? Then, the firm’s

modified problem is reduced to:

max ,Stec)(Ge - WE) + (1 = s(ec)(Bc - W)

ec.om WG WEWG WS
+ N(s(es) (G = W) + (1 = s(en) (Bur — WE))

subject to

s(ecyuWe) + (1 = s(ec)u(We) —gec) =V (IRc)

1
s(e)u(Ws) + (1 = s(ex))u(WE) — glen) + 5V =Un URw).

20Since gui* > 0 and there exists U}, such that F/(V|U},)|lv=o > 0, there is U,, satisfying
M

the condition.

*'More formally, the promotion incentive is max{V* — U .,0} since the firm has to offer U .
in order to hire a CEO. However, I simply consider V* as the promotion incentive since U is a
constant.

22There are two reasons. First of all, Promotion rule 2 simplifies the analysis if there is no
agency problem. Also, if there is no agency problem, the argument in Section 2.9 does not work
since the adverse selection issue is also related to incomplete information.
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Since there is no agency problem, incentive compatibility constraints are dropped.
Moreover, because the agents are risk-averse while the firm is risk-neutral, the two

individual rationality constraints can be rewritten as:23
u(We) —glec) =V (IRc)
1
u(Wuy) — glem) + N(V =U, (Ry),

where the fixed payments (W¢, Wyy) are paid to the CEO and managers when they

exert the required effort levels (ec,eyr), respectively.

Therefore, for given effort levels (ec,eyr), the optimal wage levels are determined
by

uWe) =V + g(ec), and
1
u(War) = Uy + g(enr) = V.

Also, the following two first order conditions characterize the optimal effort choice

levels by the firm:24

_ g'(ec)
B(Gc - Bc) = o)’ and
_ _ 8'(en)
B(Gu — By) = W War),

Recall that a strict quasi-concavity of F(-) allows the use of the modified method in
order to solve the firm’s original problem. The following lemma confirms that this

is the case when there is no information friction between the firm and agents.

Lemma 3 F (V) is strictly concave.

Now, I analyze the property of the firm’s problem using the modified one. The main

concern is the CEO’s expected utility level V*.
Proposition 1 If agents are risk-averse, V* strictly increases as N increases.
In other words, it is optimal for the firm to offer a contract providing a higher

expected utility to the CEO if the internal pool of candidates for promotion is getting

bigger. Combining this result with Lemma 3 yields the following result.

23This can be easily checked using Jensen’s inequality.
24The second order conditions can be checked easily.
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Corollary 1 CEO’s expected utility is an increasing function in N.

This implies that a CEO can obtain utility beyond her reservation value if a firm is
big enough.?s Although this does not mean that the firm provides a higher com-

pensation to the CEOQ, this is true when there is no agency problem.
Corollary 2 The optimal CEO compensation W(. is an increasing function in N.

However, the following proposition illustrates that there are two restrictions on the

CEO’s compensation level when agents’ effort levels are contractible.

Proposition 2 If every agent is risk-averse, W/ = Wy,. Moreover, if Gc — B¢ =

Gu — By, then V* is equal to %QM.

The first restriction is that CEO and managers receive exactly the same level of
compensation when there is no information asymmetry. This is true since the firm
wants to reduce the total pay by equally distributing remuneration. According to
this result, if there is no informational friction, there is no wage gap between CEO

and managers.

Moreover, if CEO and managers have the same marginal productivity?® , then
CEQ'’s expected utility is strictly bounded by the manager’s reservation value. Re-
call that the firm offers the utility V* to its CEO only when V* > U,.. In other
words, if CEO’s reservation value is greater than managers’, the CEO’s individual
rationality constraint always binds regardless of the number of managers. This im-
plies that the CEO’s reservation value should be less than managers’ to obtain both
the wage gap and a positive relationship between CEO compensation and the firm

size, In the next section, I consider the asymmetric information case.

2.6 The Effect of Promotion on CEO Compensation under Moral Hazard
2.6.1 Preliminary - no promotion possibility
In this section, I briefly illustrate several properties of the solution to the firm’s

problem when there is no promotion possibility. Comparing the optimal contract

ZHere, the size of a firm is determined by the number of managers or candidates for internal
promotion.
26In this paper, agents’ marginal productivity is measured by 8(G; — 8B;), where i € {C, M}.
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with and without promotion possibility can clarify the effect of promotion incen-
tives on CEO compensation.?’ If there is no promotion possibility, the firm’s prob-
lem turns into a simple moral hazard problem and the CEO’s individual rationality
constraint must bind.?® Binding individual rationality constraint yields a limitation
in explaining the trend in CEO compensation. If changes in the firm’s contracting
environment make it require higher effort from the CEO, the firm provides higher
expected pay to its CEO and the ratio of the fixed pay to the incentive pay falls. That
is to say, the theory predicts the fixed pay and the incentive pay should move in the
opposite directions. In practice, however, the base salary, i.e., fixed pay for CEO has
not fallen enough while the incentive pay has risen. In the following section, I illus-
trate how this prediction changes if a firm uses the two incentive schemes, absolute

performance based and relative performance based compensation, together.

2.6.2 Risk-neutral agents
First, I consider risk-neutral agents. The following proposition says that it is optimal
for the firm not to offer a contract providing a higher utility than CEO’s reservation

value to her if all agents are risk-neutral.

Proposition 3 If every agent is risk-neutral, the CEO’s individual rationality con-

straint binds. Specifically, the firm’s profit is a strictly decreasing function in V.

This implies that promotion incentive scheme is dominated by pay for performance
if agents are risk-neutral. According to Lazear and Rosen (1981), a compensation
scheme based on relative ranking achieves the first best allocation if agents are risk-
neutral, which is also true for the incentive scheme based on absolute performance.
Since the promotion rule considered in this paper has a penalty?® compared to the
tournament structure in Lazear and Rosen (1981), the incentive based on promotion
is less efficient than absolute performance-based incentives.3® I analyze how this

observation changes if agents are risk-averse as follows.

2’The problem in this section is exactly the same as Grossman and Hart (1983).

28This is true with any finite number of possible outcomes when CEO’s utility function is addi-
tively separable.

2There is a possibility of external hiring.

301F 1 adopt Promotion rule 2, the two schemes are perfect substitutes. However, under Promo-
tion rule 2, pay for performance scheme still dominates promotion incentive scheme if managers
discount the future.
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2.6.3 The first stage

In this section, I consider a simple situation where the firm’s desired effort levels
are given exogenously. That is, the firm requires fixed effort levels (ec,ep) €
(0,1) x (0,1) from the CEO and managers, respectively. First of all, the following
lemma guarantees that I can use the modified method to solve the firm’s problem.
Moreover, the strict concavity ensures that the solution of the firm’s problem is

unique.

Lemma 4 [f agents are risk-averse, F (V) is strictly concave.

The next question is how the CEO’s expected utility changes when there is a com-
petition among managers for promotion. First, I consider the effect of the number of
managers on the CEO’s expected utility, which determines the power of promotion
incentives. This is important because the number of candidates for promotion might
be a good proxy of the firm size. For example, Zabojnik and Bernhardt (2001) use
the number of competitors for a promotion as the measure of the firm size. From

now on, I use the number of managers N to refer the size of a firm.

Proposition 4 [f agents are risk-averse, V* strictly increases as N increases.

Again, this proposition and the previous lemma lead to the following result.

Corollary 3 CEO’s expected utility rises as N increases.

Hence, the firm raises the promotion incentive, although the power of it decreases
as the competition gets severe. From this result, one can confirm that the firm wants
to divide payments between absolute and relative performance based compensation
depending on the size of internal labor market. In other words, firms effectively
employ a hybrid incentive scheme not just one of the two schemes. Moreover, if
the CEQO’s required effort level does not change as the number of candidates varies,

the rise in CEO’s expected utility yields a higher expected compensation to CEO.

Corollary 4 The expected compensation to CEQ increases as N grows.

Therefore, it is optimal for a firm to provide a higher compensation to the CEO

when there are more candidates for internal promotion. Therefore, the increase in
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promotion incentives might play a significant role in the rise of CEO compensation.
When it comes to the wage inequality between CEO and managers, I can assert that
the size of the firm has a positive correlation with the expected wage gap between
CEO and managers as well as CEO compensation if agents have the log utility

function.

Corollary 5 Suppose that agents have the log utility function. Then, the expected

compensation gap between CEO and managers widens as N increases.

Then, can the CEO compensation still have the upper bound of Proposition 273!
This question is important since if the compensation has the same upper bound, the
CEO compensation is always lower than managers’ one when the firm requires the
same effort level. However, the following proposition indicates that this is not the

case if there is a moral hazard problem.
Proposition 5 When 0 < ec < ey < 1, there is N such that V* > Uy if N> N.

Figure 2.1 numerically illustrates previous results. In this example, the CEO’s indi-
vidual rationality constraint binds when U . = 3, which is the same as the manager’s
reservation value in the example, and N = 1,2, or 3. This means that the CEO’s
compensation level remains at the same level even when the firm size increases.
Namely, the size of the firm and CEO compensation do not have a strictly mono-
tonic relationship. This feature makes this model different from Gabaix and Landier
(2008), where CEO payment monotonically moves with changes in the size of the

firm.32

By comparing this result with Proposition 2, I derive two channels to explain why
the firm increases promotion incentives as N grows. The first channel comes from
the difference between two reservation values U and U,,. If U . is less than U, ,
by offering a higher compensation to the CEO than to the managers, the firm can
reduce overall payouts to agents. The other channel is to reduce the gap between
WA(/;[ and Wﬁ by increasing the CEO’s expected utility. Note that the inefficiency

of information asymmetry arises when agents are risk-averse if the firm does not

3£ I consider Promotion rule 1 under the first-best case, it can be shown that V* is strictly less
than % Uy

32Gabaix and Landier (2008) use earnings of firms as a proxy of the size of a firm. Analyzing the
relationship between the number of candidates and other measures of the firm size such as earnings,
market values, and sales will be a topic for future research.
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use internal promotion schemes. This is because the wage gap incurs an additional
cost to the firm. Hence, the firm can partly remove the inefficiency by increasing
promotion incentives, which reduces the wage gap. This effect gets stronger as N

grows because promotion incentives affects N managers’ wage gaps.

Uqo=0 - =U,=3
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Figure 2.1: CEQO’s expected utility for U . = 0 (solid line) or U . = 3 (dashed line)
when U, = 3. Other parameters are Gc = Gy = 1,000, B¢ = By = 0, @ = 0.05,
B =0.45,ec =0.35, epy = 0.43, u(x) = log(x) and g(a) = —a—fl —a-—1.

As the next step, I examine how the level of promotion incentives behaves according
to the adjustment of required effort levels. The following proposition shows how

this changes.

u//(x)
w (x)3

Proposition 6 Suppose that is a decreasing function in x. If agents are risk-
averse, V* strictly decreases as ec increases while V* strictly increases when ey

increases.

One interesting result is that the firm provides a higher expected utility to the CEO
when it requires less effort from her. This makes sense when CEO compensation
is related to her incentives as well as promotion incentives for managers. This
result gives an important implication about promotion incentives. Recall that the
degree of promotion incentives is determined by the level of V*. Therefore, if the
firm requires a high (low) effort from the CEO, it reduces (increases) the promotion

incentives. This implies that if a change in contracting environments yields a growth
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in the CEO’s marginal productivity, then the firm decreases the CEO’s expected

utility reducing promotion incentives.

The sufficient condition regarding agents’ utility functions for Proposition 6 holds
for all CARA utility functions and CRRA utility functions with a coeflicient of

relative risk aversion higher than one half.

When the firm uses relative as well as absolute performance based incentive schemes,
the gap between the managers’ wage for a good and a bad performance could shrink
to zero.33 In other words, it can be optimal for a firm to focus on promotion incen-

tives instead of performance tied compensation.

Proposition 7 Assume that limy_,. u’(x) = 0. Then, for a given (N, ec,ey), there
is Q  Such that
Wip* < (Wy)*

ifUy 2 Uy

Therefore, if people do not consider the possibility of promotion when they analyze
executives’ compensations they can misinterpret the incentives behind them. That
is, although managers’ compensation does not depend on their output, their wages
have already reflected incentives through the promotion possibility. Figure 2.2
illustrates this result. As the managers’ reservation value increases from 8 to 9, the
situation of (W)* < (Wg)* happens when N < 4. It is worth mentioning that
this result does not mean that managers have less utility when they make a good
outcome rather than a bad outcome. If managers achieve a good outcome, they
obtain utility through two channels: 1) utility from the first period’s wage, W,
in the first period and 2 ) utility from the promotion possibility, P(e_3)V, in the
second period. On the other hand, a bad outcome only gives them the wage in the
first period, Wﬁ. For the sum of expected utilities, the firm has to offer a higher
utility for a good outcome than a bad outcome in order to induce a positive effort

from managers. That is, u(WA(f[) + P(e_p)V must be greater than u(Wﬁ).

The previous result illustrates that promotion incentive can dominate the incentive
associated with pay for performance. The following result shows that the opposite

situation can also happen.34

33Similar result holds under the Promotion Rule 2. The difference is that Wg > W, always holds
when N = 1.
34For this result, T drop Assumption 3. That is, I allow corner solutions.
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Corollary 6 Fora given (N,ec,ep), there is QM such that
YV =0

ifUy < Uy

That is, the pay for performance incentive scheme might dominate the promotion
based scheme. In this case, there is no incentive for the firm to introduce a hier-
archical structure. One can interpret the previous two results in two ways. First,
if a managers’ reservation value is really high (low) and the CEO’s individual ra-
tionality constraint does not bind, a firm should focus on the promotion (pay for
performance) incentive scheme. Also, if the CEO’s reservation value is really high,
the firm would prefer the promotion based incentive scheme to the pay for perfor-

mance incentive scheme.

2.6.3.1 The effect of internal competition on firm’s profit per agent

Up to this point, I focus on how the two incentive schemes interact in a firm. Here,
I turn to another question: why does the firm use a hierarchical structure based on
the competition among managers by paying higher compensation to the CEO? In
order to answer this question, I focus on the firm’s profit per agent measured by

1
II(V*IN) = mF((V*IN).

In order to concentrate on the effect of competition between managers, I assume
that G = Ge = Gy and B = B¢ = By,. In particular, I try to answer the question:
can firms increase the profit per agent by adopting a hierarchical structure? The
following result shows what the firm can do by introducing internal competition

between managers.

Proposition 8 If1 > ey > ec > 0, there is (G*, B*) such that for G—B > G*—B*,
[I(V*|N) > II(V*|1) for a given N. Moreover, for a given G — B < O, there is N
such that TI(V*|N) < II(V*|1) if N > ]V, where O is derived in the Appendix.

Moreover; for a given G — B < O, there is N such that [I(V*IN) < TI(V*[1) if

N > N and ey € (ec,ey], where O and éy; are derived in the Appendix.

Figure 2.3 illustrates this result graphically. Under the given parameters, the profit
per agent is maximized when N = 2if U = 0 and when N = 3 if U . = 3. The lat-

ter case means that the firm can increase its profit by hiring three managers and one
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Figure 2.2: Managers’ wage levels for U,, = 8 (up) and U,, = 9 (down) when
U, = 0. Other parameters are the same as those in Figure 2.1.
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CEO with internal competition compared to the situation where there are two lower-
level managers and two upper-level managers without any internal competition. In
the second scenario, there is no competition for promotion among managers, but
the decision is only determined by their own performances. These two scenarios

are represented by N = 3 case and two N = 1 structures.

UC:O —-QCZB

I(V*[N)

1 2 3 4 5 6 7 8 9 10
Number of managers

Figure 2.3: Firm’s profit per agent for U, = 0 (solid line) or U . = 3 (dashed line)
when U, = 3. Other parameters are the same as those in Figure 2.1.

Moreover, the following result extends Proposition 8 with the log utility function
and ec = ey = e. The difference is that the previous result comes from the man-
agers’ higher contribution to the firm’s output than the CEO’s. However, the fol-
lowing proposition is related to the reduction in managers’ wages. That is, as the
number of managers increases, the firm reduces WAG4 by raising promotion incen-

tives.

Proposition 9 Suppose that agents have the log utility function, u(x) = log(x).
Also, assume that lim,_,1 g’(e) = co. Then, for a given N > 2, there is (U},,,U};.€")
such that II(V*|N) > II(V*|1) ife > e* and U,, € [U},,U};), where U, < Uy
Moreover, for a fixed (U,,,e), there is N* > 1 such that II(V*|N) < II(V*[1) if
N > N*.

Both Proposition 8 and 9 illustrate that the profit per agent decreases beyond some

point of N. In other words, the relationship between the profit per agent and the
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number of managers is not monotonic.

2.6.4 The second stage
In this section, I relax the condition that the effort levels are determined exoge-
nously. In order to make the analysis more tractable, I impose the following as-

sumption.

Assumption 4 The agents’ cost function g(-) satisfies g"’(-) > Owithlim,_,1 g’'(:) =
oo, Also, the two parameters in the probability of good outcome s(e) = a + Pe sat-

isfies @ + B < % u” (x)/u'(x)3 is a decreasing function in x.

This assumption provides a sufficient condition for concavity of the firm’s objective
function with respect to agents’ effort level for a given V. This allows one to focus
on the first order condition with respect to agent’s effort when solving the problem.
Intuitively, these conditions together make the firm’s payout more rapidly increase
as the firm requires a higher effort from an agent. It is worth mentioning the condi-
tionthat o + 8 < % Different from Lazear and Rosen (1981), the agent’s output has
only two possible outcomes, good or bad. Under this binary output process, change
of its mean by controlling the agent’s effort inevitably leads to change of the vari-
ance. Moreover this variance is equal to zero if s(e) is zero or one, which eliminates
the moral hazard problem since the realized output perfectly reveals the agent’s ex-
erted effort. In particular, a probability around s(e) = 1 could be problematic since
the variance of the output decreases as s(e) increases. This yields a tension between
a higher wage and a lower agency problem around s(e) equal to one. By restricting
the two parameters in the given way, I can constrain the variance and the mean of
the output to have a positive relationship. However, this assumption can be relaxed
if the cost function g(e) is sufficiently convex. This condition makes the growth of
the wage component dominate the decrease of the agency problem when the firm

requires a higher effort even if this reduces the variance of the output.

2.6.4.1 Optimal CEQO effort choice

I relax the condition of exogenous effort choice in this section: I allow the firm to
optimally choose the CEQ’s effort level in order to maximize its profit, still fixing

the managers’ effort level. I assume that the function F' (V) satisfies the strict quasi-
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concavity condition in order to solve the firm’s original problem using the modified

one.3s

Assumption S5 [f agents are risk-averse, F (V) is strictly quasi-concave.

The following result confirms that the CEO’s expected utility is still an increasing
function in the size of the firm. Moreover, the CEO’s optimal effort level decreases

as the firm size increases.

Proposition 10 When agents are risk-averse, V* is a strictly increasing function

in N while e(. is a strictly decreasing function in N.

Intuitively, under the operational structure characterized by agents’ independent
outputs, the relative importance of the CEO’s output, compared to the managers’
total output, decreases as the number of managers increases. Therefore, the firm
uses the CEO’s position as a bonus rather than an output source. For the purpose of
reducing the cost of increasing promotion incentives, the firm decreases the CEO’s
effort level.

It is important to note that a higher promotion incentive does not directly imply a
higher expected compensation in this case. The movements of the optimal effort
level and the promotion incentive predict the change of expected compensation
in the opposite directions when the firm size grows. Figure 2.4 and Figure 2.5
illustrate an example for given parameters to see how CEO compensation changes
as the firm size grows. Figure 2.4 shows that the relationship between CEO effort
level and the ratio of CEQ’s fixed pay to incentive pay remains the same as the
prediction without promotion possibility: the ratio increases as the firm requires a
lower effort level from the CEO. Also, a moral hazard model without promotion
possibility predicts lower compensation and incentive pay when a firm requires a
lesser effort level. However, the two variables in Figure 2.5 present the opposite
results. This result demonstrates that the trade-off between the required effort level
and compensation could be reversed if people take into account the presence of
internal labor markets. As a special case, if agents have the log utility function, the
following corollary shows that CEO’s incentive pay rises as the firm size increases

although it requires lower effort from the CEO.

33Numerically, this condition is investigated, and I confirm that the condition holds generally.
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Corollary 7 Suppose that agents have the log utility function, u(x) = log(x).
Then, CEO'’s incentive pay measured by (Wg ) — (Wg )* rises as N increases.
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Figure 2.4: CEOQ effort level (solid line) and the ratio of CEQO’s fixed pay relative to

incentive pay (dashed line) for U . = 0 and U, = 3. Other parameters are the same
as those in Figure 2.1 except ec.

= CEO Compensation == :(W§)* — (WE)*

CEO Compensation
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Figure 2.5: CEO compensation (solid line) and the level of incentive pay (dashed
line) for U = 0 and U,, = 3. Other parameters are the same as those in Figure
24.
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2.6.4.2 General case

In this section, I mainly deal with the numerical examples illustrating that the previ-
ous results still hold when the firm chooses both effort levels ec and ey, optimally.
In addition, I analytically show that e;. < ¢}, could be a consequence of the firm’s
optimal decision.3¢ Again, I assume that the function F (V) satisfies the desired

condition.%’
Assumption 6 If agents are risk-averse, F (V) is strictly quasi-concave.

First, Proposition 11 shows that the firm can optimally require a higher effort from

managers than that of the CEO. Figure 2.6 illustrates this numerically.

Proposition 11 Suppose that U,, = 0, then there exists N such that ey > ecif
N > N.

This implies that it can be optimal for a firm to provide an expected utility to the
CEO beyond her and managers’ reservation values since Proposition S only re-
quires ec < ey. Also, the firm can raise its profit per agent by adopting the internal
labor market based on competition between managers as the same reason. Figure
2.7 and 2.8 confirm these observations. In particular, in this example, CEO’s ex-
pected utility is higher than managers’ reservation value if N is greater than or equal
to three. Also, Figure 2.8 shows that the firm’s profit per agent is maximized when

the number of managers is equal to three.

Furthermore, Figure 2.9 demonstrates that (Wﬁ)* could be greater than (WA?I)* as
U,, increases from 6 to 7. In particular, (Wﬁ)* is greater than (ng)* if N € [5,54].
That is, the firm can optimally reduce the dependency of managers’ compensation

on their performance.

2.7 The Effect of Job Security on Promotion Incentives

As the first extension of the benchmark model, I analyze the effect of employment
structure on promotion incentives in this section. In particular, I focus on how the
level of promotion incentives changes according to the firm’s policy on the execu-

tives’ job security. This question is important since issues related to executives’ job

36Recall that Proposition 5 and 8 depend on this feature.
37The condition is checked numerically.
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Figure 2.6: CEO effort level (solid line) and Manager’s effort level (dashed line) for
U =0and U,, = 3. Other parameters are the same as those in Figure 2.1 except
ec and e M-

1N w b
) w W ~ W

CEO's expected utility

[\

1.5

l 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Number of managers

Figure 2.7: CEQO’s expected utility for U . = 0 (solid line) or U . = 3 (dashed line)
when U,, = 3. Other parameters are the same as those in Figure 2.7.
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(V| N)

1 2 3 4 5 6 7 8 9 10
Number of managers

Figure 2.8: Firm’s profit per agent when U . = 0 (solid line) or 3 (dashed line) when
U,, = 3. Other parameters are the same as those in Figure 2.7.

security have received significant attention from both researchers and practition-
ers. For example, Jenter and Kanaan (2015) illustrate that bad performance related
to negative shocks causes a forced CEO turnover. Hence, in order to understand
executives’ compensation more clearly, it is valuable to examine the effect of exec-
utives’ job security on their compensation. Throughout the section, I treat agents’

effort levels as exogenously given.

2.7.1 The effect of managers job security on promotion incentives

So far I assume that managers leave the firm if they are not promoted to CEO al-
though they perform well in their position. In this section, I consider a slightly dif-
ferent employment structure. Namely, even if managers fail to be promoted to CEO,
they can stay in the firm one more period as senior managers if their performance is
good.3® However, the senior managers do not have any chance for promotion. That
is, senior managers retire regardless of their outcomes. Except this strengthened
job security for managers, every employment structure is the same as the bench-
mark model. That is, the firm still hires N managers from an external labor market
every period, and uses the same promotion rule. Then, does the firm have an in-

centive to provide more utility to the CEO than other successful managers? That is,

38Since managers do not have any chance of promotion if they face a bad outcome in the first
period under promotion rule 1, it does not affect the result in terms of promotion incentives whether
managers can stay in the firm after a bad outcome.
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Figure 2.9: Managers’ wage levels for U,, = 6 (up) and U,, = 7 (down) when
U, = 0. Other parameters are the same as those in Figure 2.7.



35

can promotion incentives still contribute to the increase in CEO compensation?

Denote the senior manager’s compensation by (WS¢, WSE), which are tied to a
good and bad outcome, respectively. Note that only managers with a good outcome
remain in the firm as senior managers. Also, I use the term ey, to distinguish
the senior manager’s effort from the (young) manager’s effort, e);;. The difference

from the benchmark model is that successful managers obtain the expected utility,

s(ep)u(WE) + (1 = s(ep))u(WSP) — gern),

though they are not picked as the CEO.3° I denote this utility by Uy, for brevity.
Then, I show that managers’ compensation scheme satisfies

u(Wip) = Uy, +glemn) + (1 - s(eMl))g/(eMl) — P(es))V = (1 = P(e_y))Us
u(Wyp) =U,, +g(em) — S(eMl)g/(ZMl)

u(Wy%) = Upa + g(ena) + (1 — s(eMz))gl(;Mz)

u(WyP) = Uy + g(emn) - s(eMz)g/(eﬁMZ),

The first equation illustrates that the manager’s wage tied to good outcome depends
on the senior manager’s expected utility, Uy, as well as the promotion incentive, V.
Moreover, this wage and the senior manager’s compensation satisfy the following

relationship according to Rogerson (1985a)

I _ | slem) 11— s(emn)
w (W) wWeo  wwsB) |

(2.9)

For this problem, the main concern is the difference between the CEO’s expected
utility (V™) and senior managers’ expected utility (U,,,). If senior managers have
higher expected utility than the CEO, promotion incentives do not play any effective
role as an incentive tool. In this case, managers do not want to be promoted to the
CEO. Hence, from now on, I add one more constraint in the firm’s problem, call

this promotion constraint.

YV > U (Promotion Constraint)

The following result indicates when the promotion constraint does not bind.

3The detail of the firm’s problem can be found in Appendix A.2.1.
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MN(.X)
u”\(x)3 —~
ficiently large*®, there is (éc,N) such that V* > Uy, when ec < éc and N > N,

Proposition 12 Assume that is a decreasing function in x. Then, if 6 is suf-

where éc < epn. Moreover, ‘V* is an increasing function in N when V* > U, ,.

Therefore, the firm can still optimally provide its CEO a compensation beyond her
reservation value even if managers have strong job security. That is, Proposition 4
still holds under this extension. This means that promotion incentives contribute the
rise in CEO compensation when the size of the firm is large and the firm requires

less effort from CEO than managers, even if managers have job security.

2.7.2 The effect of CEO job security on promotion incentives

In the benchmark model, a CEO leaves the firm after one period regardless of her
performance. In this section, I assume differently that a CEO will stay and work
one more period if she performs well in the first period. In other words, the CEO
will be sacked as punishment for bad performance. Regarding managers, I maintain
the same structure as the benchmark model. That is, only the manager promoted to
the CEO remains in the firm and works one more period. In this section, I slightly

modify Assumption 2.

Assumption 7 The firm offers contracts based on agents’ positions and the senior-
ity of its CEO. That is, it offers three (possibly) different types of contracts: 1) CEO,

2) managers with new CEQ, and 3) managers with CEO close to retirement.

Under this assumption, the firm can offer different contracts to managers according
to the length of the CEO’s remaining term. Therefore, the extension allows one to
examine managers’ cohort effects as well as the effect of the CEO’s job security. 4
Similar with section 2.4, I reduce the firm’s problem to a more tractable form under
Assumption 742 .

The following proposition tells how the level of promotion incentives changes ac-
cording to the change of CEO job security. More formally, call the case where a
CEO is sacked if her performance is bad in the first period “unguaranteed job se-
curity". On the contrary, name it “guaranteed job security" if a CEO is not fired

regardless of the first period’s performance. By comparing these situations, one can

40The condition for & can be found in the proof.

4By the cohort effects, I mean that a cohort who earn more on entry maintains its advantage
through time according to Baker, Gibbs, and Holmstrom (1994).

42The detail of the firm’s problem can be found in Appendix A.2.2.
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see when the firm puts more weight on promotion incentives. In particular, I focus
on the level of promotion incentives by fixing the required effort at the same level

for both cases.

Proposition 13 Assume that lim,_,; g’(e) = oo and lim,_,o, u’(x) = 0. Also, sup-
pose that the firm requires an effort level ec anf ey from the CEO and managers, re-
spectively, in every period. Then, there is e;. € (0,1) such that V*(ec) = (V*(ec) if
ec € le;, 1) and 6 is sufficiently high**, where V*(ec) and (V*(ec) are the optimal
level of promotion incentives for unguaranteed and guaranteed job security cases,
respectively, for a given ec. Moreover, for the sufficiently high o, if P 0) > 0,
there is an interval [e.,éc], where éc € (e, 1), such that V*(ec) > (V*(ec) for

ec in the interval.

It is important to know that the CEO’s individual rationality constraint binds in both
cases if one does not consider promotion possibilities. However, taking into account
promotion possibilities gives a different answer. That is, it shows that a CEO can
receive a favorable contract when her job security is less guaranteed. This result
is also related to the tension between CEO incentives and managers’ incentives.
If the firm does not guarantee CEO job security, it gives more promotion chances
to its managers. On the other hand, raising promotion incentive is more costly to
the firm under the guaranteed situation than the other case since this make the firm
need to pay more in the second period. Hence, when the firm requires a higher
effort from the CEQ, it wants to emphasize more the incentive for the CEO under
the guaranteed situation. This emphasis yields fewer promotion incentives than the

unguaranteed case.

Moreover, it can be shown that Wﬁ“ > Wzt?[z if eps1 = epn. Hence, managers’ wage
can exhibit a gap between cohorts although their abilities and required effort are the
same. The reason is straightforward. The promotion possibility of managers relies
on the timing they enter the firm: managers working with a new CEO expect less to
be promoted than managers below a CEO who is about to retire, other things being

equal. This affects managers’ wages in an unambiguous way.

Now, I extend the above model allowing managers stay in the firm one more period
if their performance is good although they are not promoted to the CEO. Then,

do the managers who start a career with a new CEO still earn more money than

43The condition for ¢ can be found in the proof.
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managers starting with CEO close to retirement the second period? The following

result shows that this is the case if the promotion is desirable for managers.

Proposition 14 Suppose that the firm requires the same effort (epr11,em12) = (em2i,
em22), where ey is the required effort level in the period j from managers with
a new CEO (i = 1), or managers with CEO close to retirement (i = 2). Then,
Uy )" > WUs)* if V* > (Uy,,)*. This also implies that (WS, )* > (WS,)*.

Hence, this model can also predict a cohort effect. That is, the expected wage
level of managers who have a lesser chance of promotion can be larger than that of
managers having better chance in their whole careers. The condition that being the
CEO is strictly beneficial than staying in the manager position is closely related to
Proposition 12. Although I do not formally analyze the condition, if the firm does
not require a high effort from the CEO in her second period, Proposition 12 might

hold since the firm optimally distributes the cost of raising promotion incentives.

2.8 Complementary Tasks: Multiplication Specification

I study how the firm’s operational structure affects the firm’s optimal contract in this
section. Until now, I assume that a CEO’s contribution to the firm’s profit is inde-
pendent of managers’ outputs. As the second extension of the benchmark model, I
investigate how the previous results change if there is a dependency between them.

In particular, I consider the following firm’s output structure:

N

S

i=1

|
|

where the CEO’s task has a multiplication effect on the managers’ aggregated out-

[s(ec)Gc + (1 — s(ec))BclE {f

put through the function f(-). For the function f(-), I impose some assumptions.

Assumption 8 The function f(-) satisfies f(-) > 0, f'(-) > 0, and limy_, f'(x) >
0.

The first two conditions are quite general. The last condition rules out the case when
the size effect disappears since the firm size N only affects the firm’s output through
the function f(-). For example, a linear function taking positive numbers on its do-
main satisfies all requirements. Also, I adopt Assumption 4 for the same reason as

mentioned above. Note that the argument of the function f(-) is [iGy + (N —1) By,
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i =0,...,N. In order to assure that the argument is a strictly increasing function
in the number of managers, I assume that 8;; > 0. Under these assumptions, I an-
alyze the following problem with an exogenously given managers’ effort level ey,
like in Section 2.6.4.1.

max F(V), where
Vel0,00)

|
J

F(V) = max [s(ec)Gc + (1 = s(ec))BclE
{ec.WE . WE), WG W)}

—s(ec)Wg = (1 = s(ec)WE
= Nls(esn)Wyy + (1 = s(em)) Wiy
subject to four constraints, (2.5), (2.6), (2.7), (2.8).

(5

i=1

The distinction between the independent and the multiplication specification is
whether the marginal productivity of the CEO changes according to the size of
the firm. Since the multiplication specification assumes an increasing productivity,
the CEQ’s task is more crucial to the output when the firm is larger. This change of

the CEO’s role yields a different result from Proposition 10.

Proposition 15 Assume that lim,_. u'(x) = 0. Then, there is N such that V* is
a decreasing function in N while e(. is a strictly increasing function in N. Also, if

V* > 0, V* strictly decreases as N grows.

Recall that Proposition 10 says that the promotion incentive increases as the firm
size grows, and the firm requires less effort from the CEO. However, Proposition
15 reveals that the exactly opposite situation happens if the size of the firm is suf-
ficiently large, and the marginal contribution of the CEQ’s effort increases with
the firm size. Figure 2.10 and 2.11 show numerical examples under the multiplica-
tion specification. Figure 2.10 illustrates a non-monotonic relationship between the
promotion incentive and the number of managers. Especially, if CEO’s reservation
value is equal to one, which is exactly the same as managers’ reservation value in
the example, the CEO’s individual rationality constraint binds when N is less than 7
or greater than 22. Also, Figure 2.11 shows that the CEO’s effort level increases as
N grows. Intuitively, the firm wants the CEO to exert more effort since her marginal

productivity grows as the number of managers increases. However, the concavity
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of the CEQO’s utility function makes it very costly for the firm to induce her to exert
more effort especially when ec is high. Hence, the firm puts more emphasis on the
CEQ'’s absolute performance-based compensation not the promotion incentive for
managers. Namely, by reducing the promotion incentive, the firm can increase the

CEQ’s effort level at a lower cost.

12 = =C

CEQ's expected utility

<
~
T
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0 5 10 15 20 25 30

Number of managers

Figure 2.10: CEO’s expected utility under a multiplication specfication for U = 0
(solid line) or U . = 1 (dashed line) when U, = 1. Other parameters are G¢c = 1.7,
Be =076 =358y =5 f(x) =x,a=0.1, =04ey =022, u(x) =
log(x) and g(a) = - —a - 1.

a—1

2.9 Comparing Two Promotion Rules

In this section, I explain when promotion rule 1 can be preferred to promotion
rule 2 by the firm. Consider the situation where managers’ abilities are private
information to them. Recall that a manager’s effort affects the probability of good
outcome by the function s(e) = @ + Be. In the following model, managers’ ability
is determined by . Specifically, assume that 3 can be one of two values, 8 and S,
with the probability ¢ € (0,1) and 1 — ¢, respectively. Also, assume that the tw_o
values satisfy § > 8 > 0 and § < § — a. Call the agent with 8 = 3 by high type
(H) and the agent with B = B by low type (L). For brevity, I denote the probability
of good performance for a gi;en e by sy (e) and sy (e) according to manager’s type.
If the firm hires the CEO from the external labor market, they also have the same
prior probability about types of agents. That is, the firm’s prior probability that a

CEO from the external labor market is high type is g. In order to focus on the effect
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Figure 2.11: Under a multiplication specification, CEO effort level (solid line) and
the ratio of CEO’s fixed pay relative to incentive pay (dashed line) for U . = 0 and
U,, = 1. Other parameters are the same as those in Figure 2.10.

of promotion rules, I additionally assume that N is equal to 2 in this section. Then,

the firm’s problem is the following:

max YE[Bler,er] — We + E[Ny|(eq,er, W, Wo )]
)

(We),(eL.en,Wyg Wiy

subject to

u(We) 2 U (IRc)

st (er)u(Wyp) + P(e_py)Vel + (1 = sp (en)u(Wyy) + R(e_p)Vel — glen) > Uy, (IRy)
sr(en)u(Wy)) + P(e_p)Vel + (1 = sp(ep)[u(Wyy) + R(e_p)Vel - gler) 2 Uy, (IRL)
ey € argmax sy ()[u(Wyy) + Pe_p)Vel + (1 = s (@)[u(Wyp) + Rle-m)Vel - (@) (ICh)

eL € argmax sL(O[u(Wy;) + Pe_p)Vel + (1 = sp(e)[u(Wgp) + R(e_pm)Vel - gler) (ICL),

where E[I1y/|(eq, e, WA(,;[, Wﬁ)] represents the expected profit from two managers44
, and E[B|eq,er] is the expected S when the firm requires ey and ey from high-
type and low-type managers, respectively. v determines the firm’s benefit of hiring
high-type CEO. More formally, y is the firm’s marginal benefit from higher ex-
pected CEO’s . Also, the managers’ promotion probability when their outcome is

#The exact expression can be found in Appendix A.2.3.
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good (P(e_ps)) and bad (R(e_j)) are

2 —sy(en)g — sp(ep)(1 —q) a

5 nd

Pe_y) =

under promotion rule 1

R(e_M) = .
l-sg (eH)q—ZSL(eL)(l_‘Z) under promotion rule 2

Here, I only consider a pooling equilibrium so that the firm provides the same con-
tract regardless of managers’ types.#> In this problem, moral hazard aspects related
to the CEO are ignored. However, a hired CEO’s ability, which determines her pro-
ductivity, depends on the promotion rule and managers’ compensation. Specifically,
the choice of promotion rule determines the functional form of E[fS|ey,er] while
the compensation affects managers’ effort choice.#*¢ Moreover, I simply assume

. . . . . 2 .
that agents’ cost function is a quadratic function, that is, g(e) = “5- with « > 0.

The following result illustrates that the firm will prefer the promotion rule 1 to the

promotion rule 2 if the benefit from hiring a high type CEO is big enough.

Proposition 16 There is y > 0 such that the profit under promotion rule 1 is strictly

greater than that under promotion rule 2 if y > 7.

That is, if the firm emphasize the role of internal promotion as a screening device,

promotion rule 1 will be optimally chosen rather than promotion 2.

2.10 Discussion
In this section, I connect the previous results with two lines of literature: 1) CEO

compensation, and 2) Empirical studies in tournament literature.

2.10.1 Implications for the trend in executive compensation

CEO compensation and the wage gap between CEO and other managers have re-
ceived extensive attention from both researchers and media. Since the influential
work by Gabaix and Landier (2008),47 researchers have focused on the size of the
firm in order to explain the rise of CEO compensation. However, the relationship is
not monotonic from a long-term perspective as Frydman and Saks (2010) and Fryd-
man and Jenter (2010) illustrate. Here, I connect my model with the non-monotonic

relationship between the two factors.

4The argument in this section still holds even when one considers a separating equilibrium if the
firm determines its promotion decision based on managers’ outputs not revealed types.

46The functional form can be found in Appendix A.2.3.

47See also Tervio (2008).
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First, I illustrate that the promotion incentive channel predicts that CEO compensa-
tion increases non-monotonically as the size of the firm, measured by the number
of internal candidates for the CEO position, grows. Corollary 4 and Figure 2.1
demonstrate this relationship. In Figure 2.1, when the CEO’ reservation value is
equal to the managers’, the CEO’s expected utility and compensation remains a
constant up to the point that N is equal to 3 although the firm size increases since
the CEO’s individual rationality constraint binds. However, beyond this point, the
CEQ'’s expected utility and the size of the firm show a monotonic relationship. This
rise of CEO’s expected utility leads to the increase of CEO’s compensation accord-
ing to Corollary 4 if her effort level remains a constant. Moreover, Figure 2.5
shows that this can also be the case when the firm optimally choose the CEO’s
effort level.

Also, my model suggests that the rise of promotion incentives might play a key
role in the growth of the wage gap between CEO and managers during the past
30 years but not before 1980. Therefore, similar with the previous argument, the
relationship between the wage gap and the firm size is not monotonic since the
CEO’s compensation does not change if her individual rationality constraint binds.
However, if the number of managers is high enough such that the CEO’s individual
rationality constraint does not bind, the wage gap might start to widen as Figure
2.12 illustrates.*8

It is worth mentioning that the rise of promotion incentives can also affect the CEO’s
pay for performance incentives. Basically, the CEO’s incentive payment, such as
stock options and restricted stock, has a positive correlation with the required effort
level. However, if researchers take into account promotion incentives, this relation-
ship can be reversed. Figures 2.4 and 2.5 show this possibility. In this example, the
CEO’s incentive payment expressed by (WS)* — (W£)* increases although the firm

requires less effort from her as the size of the firm grows.

2.10.2 Implications for empirical research on tournament theory

Since the seminal work of Lazear and Rosen (1981), an extensive empirical litera-
ture studies the implications of tournament theory. Executive compensation is one
of the most studied applications in order to test the implications. In these applica-
tions, researchers have used the wage gap between CEO and the next level execu-

tives as the measure of promotion incentives based on Lazear and Rosen (1981).4°

“8When U ¢ = U,, =3, the wage gap reduces up to N is equal to 3, which is the smallest N that
the CEO’s individual rationality constraint does not bind, in this example.
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However, to the best of my knowledge, the interaction between CEO incentives,
which depend on the role of CEO in a firm, and promotion incentives has not been
considered. The interaction, however, should be useful in understanding the cause
of the wage gap in a firm as well as CEO compensation. For example, the Securities
and Exchange Commission announced that it adopted a rule that required a public
company to disclose the ratio of its CEO to the median compensation of its employ-
ees. Hence, if researchers misinterpret the meaning of the ratio, it could lead to a

distortion in the wage structure or incentives.

In this section, I compare Proposition 10 and 15, and derive an important implica-
tion regarding a measure of promotion incentives. The important message is that
it can be misleading to use the wage gap between CEO and managers as the mea-
sure of promotion incentives. The reason for this is that two factors, high-powered
incentives for CEO and strong promotion incentives, both should result in a high
CEO compensation and a large wage gap when other conditions remain the same.
Moreover, when the CEO is risk-averse, the two factors are negatively correlated
according to Proposition 6. Therefore, researchers need to disentangle these effects

in order to measure promotion incentives properly.

One possible way of identifying promotion incentives is to see CEO’s base salary
(Wg in my model). To increase CEQ’s effort level, the base salary should decrease
because of moral hazard problem. Thus, the fall of base salary is related to the
demand for higher effort from CEO. On the other hand, when a firm wants to in-
crease promotion incentives for the lower-rung executives or employees, the CEO’s
base salary should increase. In particular, Proposition 10 predicts that enhancing

promotion incentives leads to the increase in CEO’s base salary.

Unfortunately, this identification strategy based on base salary may not work when
a firm is small. Under the multiplication specification, for instance, a CEQO’s ef-
fort level and promotional incentives can move in such a way that they affect the
base salary in the opposite directions. Despite this limited applicability, I expect
that the CEO’s base salary can still be useful for identifying promotion incentives
for two reasons. First, this undesired situation happens when the size of the firm
is small, which makes the problem less of a concern. For small firms, the CEO’s
individual rationality constraint binds or promotion incentives may dominate the ef-
fect of high-powered incentives for CEO. In the former case, the growth in the firm

size does not yield the increase in promotion incentives and base salary. Therefore,

49Lazear and Oyer (2012) and Waldman (2012) provide reviews on the literature.
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the base salary can weakly identify promotion incentives. In the latter case, as the
firm size grows, I expect that the promotion incentive will be the major driving
force of the base salary movement. Second and more importantly, the dataset that
economists mostly use consists of large firms. For example, ExecuComp dataset
only contains public firms. For firms large enough, I expect that promotion incen-

tives move in the opposite direction of CEO effort level based on Proposition 15.

As an example of this prediction, Figure 2.12 and 2.13 illustrate two numerical
examples based on given parameters. As these two figures show, the expected wage

gap measured by:
E[Wc] - E[Wy] = [s(ec)WE + (1 = s(ec)WEI = [s(es)WS: + (1 = s(em))Wh ]

grows as the number of managers increases regardless of the direction of promotion
incentives. On the other hand, CEO’s base salary, overall, captures the change of
promotion incentives. This is especially true when the number of managers is large
enough as the theory predicts. The future research is to study this relationship
under a more complex operational structure. However, unless promotion incentives
and the CEQO’s required effort level move in opposite directions, researchers can
exploit the CEO’s base salary in order to identify promotion incentives. Moreover,
this property is generally applicable to other problems if the organizer of a contest

needs to provide incentives to the winner of the contest.

2.11 Conclusion

I examine the effect of a managers’ possibility of promotion on executive compen-
sation. Using a theoretical model which incorporates both relative and absolute
performance based compensation, I find that it is optimal for a firm to provide
a compensation to its CEO higher than her reservation value in order to incen-
tivize lower-rung executives. In particular, this is true if agents are risk-averse,
the CEO’s marginal productivity is independent of firm size, and there are enough
number of competitors for promotion. Therefore, the promotion possibilities yield
the growth of CEO compensation as well as create a wage gap between the CEO
and other executives. Moreover, promotion incentives reduce the dependence of
managers’ compensation on their performance. As a justification for the hybrid in-
centive scheme, I examine the effect of it on a firm’s profit per agent. The result
illustrates that firms can increase their profit per agent by introducing a promotion
structure based on competition among managers. In addition, the relation between

the CEQO’s task and the managers’ outputs significantly affects the CEO’s compen-
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CEOQ's Expected Utility

CEO's Base Salary & Wage Gap
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Figure 2.12: CEO’s expected utility (solid line), CEO’s base salary (dotted line),
and Wage gap between CEO and manager (dashed line) under the independent
specification for U . = 0. Other parameters are the same as those in Figure 2.4.
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Figure 2.13: CEQO’s expected utility (solid line), CEO’s base salary (dotted line),
and Wage gap between CEO and manager (dashed line) under a multiplication spec-
ification for U . = 0. Other parameters are the same as those in Figure 2.10.
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sation. In particular, if there is a complementarity between them, the contribution
of promotion incentives to CEO compensation can vanish. These results give valu-
able implications for CEO compensation. Researchers need to take into account
the promotion possibility besides performance based compensation when they an-
alyze CEO compensation. Also, interpreting the role of the CEO in a firm is of

importance when one tries to answer why CEO compensation has risen.
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Chapter 3

INCENTIVE CONTRACT FOR A LONG-TERM PROJECT WITH
MORAL HAZARD

3.1 Introduction

In many cases, a firm’s project requires long-term investment or R&D before it
starts generating a positive cash flow to the firm. For example, an automobile com-
pany invests its resources in order to develop a new model, and the new car provides
a profit after the development is completed. A hired manger is in charge of such a
project. However, it is difficult for investors to observe the manager’s effort level.
The manager may enjoy some private benefits instead of exerting effort. In this pa-
per, I analyze the optimal contract problem under a moral hazard setting where an

agent controls the investment process for a project.

I study a continuous-time moral hazard model in order to examine the optimal con-
tract. This modeling is desirable since it is tractable and easily comparable to the
existing literature. Specifically, I model a long-term investment by an arithmetic
Brownian motion. An agent’s effort choice is reflected in the drift term in the in-
vestment process. That is, the agent’s effort helps the investment process complete
more quickly on average. This investment does not generate any cash flow before
it reaches a fixed threshold. However, once the project is completed, it delivers a

stream of positive cash flow to the investors without agent’s further effort.

First, I characterize the incentive compatibility condition in a general contracting
space. Also, I study two essential elements of the incentive contract, the completion
payment and the termination level. However, the presence of two state variables, the
agent’s continuation value and the investment level, makes the model intractable.
Hence, 1 focus on a restricted contracting space for the baseline model. In the
baseline model, contracting space is restricted to include only the termination level
and the final completion payment fixed at the beginning of the contract. Under these
restrictions, I find a unique incentive-compatible contract maximizing the investors’
profit. Despite the inherent limitation of the contract, it can serve as a benchmark for
a more complex contracting space. In addition, I extend the baseline model to allow
for one-time adjustment of the termination level with an intermediate compensation.

In my extended model, the payoff for the investors slightly increases compared to
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the baseline model.

Moreover, I compare my model with DeMarzo and Sannikov (2006). In their
model, the agent directly controls the drift of the cash flow process. I will call
such projects as short-term projects hereafter since such projects do not require any
time interval between the agent’s effort and cash flow. Under a comparison rule,
I compare the expected profit the investors obtain from the two different types of
projects. More specifically, I fix a set of parameters that make the two projects yield
the same profit when there is no information asymmetry. However, the comparison
of two projects with moral hazard problem shows that the short-term project can
be preferred to the long-term project by the investors. This implies that the short-
termism (often criticized as a moral hazard problem of agent) can actually arise for
the sake of the principal. I expect that the results can provide a new insight to the

short-termism issue in the literature.

The remainder of the paper is as follows. Section 2 reviews the related literature.
Section 3 analyzes the agent’s incentive compatibility and essential components
of the incentive-compatible contract under a general contracting space. In Section
4, I examine the optimal contract under a restricted contracting space and provide
some comparative statics. Section 5 compares the optimal contract for long and

short-term projects. Section 6 concludes.

3.2 Related Literature

This paper is closely related to several streams of the literature. First of all, this
paper builds on the literature of a hidden-action principal-agent problem, introduced
by Holmstrom (1979). Among many works in this literature, Spear and Srivastava
(1987) and Rogerson (1985a) are related to my paper. They analyze a dynamic
principal-agent model in discrete-time setting. Since the seminal work of Sannikov
(2008), many researchers follow the novel technique to analyze an agency problem
in continuous-time setting.! For example, DeMarzo and Sannikov (2006), Zhu
(2013b), Biais et al. (2007), and He (2009) have used the methodology in order
to analyze a dynamic principal-agent model where the agent controls a cash flow
process. While the existing literature has full tractability since they consider only
one state variable, my model requires two state variables, which makes the problem

intractable. One notable exception is Cvitanic, Wan, and Yang (2013), who analyze

ICvitani¢, Wan, and Zhang (2009) use a stochastic maximum principle approach in order to
characterize optimal contract in a similar setting.
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moral hazard and adverse selection in continuous-time setting. In this paper, they

consider two states variables: the agent’s continuation value and temptation value.

Also, there is literature on optimal contracting problem for a long-term project. For
example, Zhu (2013a) studies a myopic agency problem where there exists a tension
between a short-term benefit and long-term cost. On the other hand, Sannikov
(2013) studies the situation where the agent’s effort has a persistent effect on the
future output. My modeling of long term project is closely related to Georgiadis
(2014). However, Georgiadis (2014) focuses more on agents’ behavior in a group
although he also considers a simple contracting problem. In this paper, I consider

an extended contracting space compared to the one in Georgiadis (2014).

Another closely related research area is experimentation. For instance, Manso
(2011), Horner and Samuelson (2013), and Guo (2014) study the contracting prob-
lem when players do not know the profitability of a risky project. The main dif-
ference between this literature and my model is that players know the quality or
profitability of the project in my model. However, the profitability is unknown in
the literature of experimentation. While the agent’s past behavior is reflected in
the posterior belief on the quality of the project in the experimentation literature,
it is directly reflected in the current investment level in my model. Hence, the two
models have different implications. If players’ main concern is the unknown quality
of project, the experimentation model would be more appropriate. However, if the
main concern is the accumulated effort or development to complete a project, my

model specification would be more suitable.

3.3 The Model

I consider a continuous-time principal-agent model, where a principal or investors
need to hire an agent in order to operate an investment process or a R&D process.
If the principal decides not to hire the agent, both players receive their reservation

values. The firm’s cash flow process evolves according to
dY; = klir=r, r<ndt,

where « is a constant, and 7 is a stopping time depending on the investment process.
Specifically, the stopping time 7 = min[71,,7;] is decided by the investment process
{I;}o<t<r such that

7, = inf{s|I; > I for s € [0,00)} and 74 = inf{s|I; < I(Hj) for s € [0,00)},
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where [ is exogenously given but I(¢) is determined by investors. Also, H, denotes
a history of investment process until time s. Therefore, 7 is a /- measurable stopping
time. I and I(H,) represent the completion level and the termination level of the
investment, respectively. Therefore, the term x1,-,, means that if the investment
process reaches the completion level before the principal terminates the project, the
successful project starts generating cash flow at rate x from the moment without
any agency problem. Note that /(H;) could be a negative infinity for every H;.
In this case, the principal never terminates the investment. In this paper, I model
the publicly observable investment process by the following arithmetic Brownian
motion:
dl; = a,dt + odZ;,

where o is a constant and Z = {Z;,%;;0 < t < oo} is a standard Brownian motion.
The drift term a; € {0, u}, where u > 0, is decided by the agent’s binary effort
choice. Each choice gives a different cost to the agent. If the agent chooses ““shirk-
ing” (a; = 0), then she enjoys private benefit ¢dt for each time . On the other hand,
if she chooses “working” (a; = w), then there is no private benefit.

Under this environment, a contract I' = (C, I, B, A) specifies a cumulative interme-
diate compensation C = {C;};>o to the agent, a lower bound /, the bonus payment
B = (B,,8B,) at time 7, where B, is compensated to the agent if 7 = 7, and B,
is provided if T = 74, and a recommended effort process A = {a;};>0. All four

components are adapted to 1.

Two players, the principal and the agent, are both risk-neutral. The principal or
investors discount the future at rate r > 0, and the agent discounts at p > r. The
agent is protected by limited liability. This implies dC; > O for all  and 8 > 0. For

simplicity, assume that both players’ reservation values are 0. Also, I assume that

investors possess full bargaining power.

In this paper, I say that a contract I is incentive-compatible if it induces the agent to
work until completion or termination. That is, a contract I" is incentive-compatible
if A = {a; = p}o<s<r 1s a solution to the following agent’s problem:

max E“ |:f e P! (dC, +¢ (1 - ﬂ) dl‘) + e_pT(Bull{T:Tu} +Baliz=r,1) |-
0 H

a={a;€{0,u} | 0<t<7}

Note that the expectation depends on the effort process a = {a; € {O,u} | 0 <t <
7}. From now on, I suppress a in the expectation operator if the effort process is

A = {a; = ulo<i< for brevity. Moreover, I assume that parameters k and ¢ satisfy
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k > ¢. This is a necessary condition for the incentive-compatible contract to be

socially optimal.

The principal’s problem is to find an incentive-compatible contract I' maximizing

his discounted expected profit
! K
E |:—f g—rtdCt +e 7 (;H{T:Tu} - Bu]l{‘r:‘ru} - Bd]l{T:Td})] - CO»
0

where a constant Cy is the setup cost for the project. Note that if ¢ = 0, the principal
can achieve the first best profit by choosing I = —oo, {C; = 0}9<;<7, and B, = By =

0, and the agent always exerts effort until the completion.? This policy gives the

. p[ —pu+ 2+ 2ro?
X f—

profit

- K
. u—mﬂ——@
o r
to the principal and the reservation value to the agent. From now on, I call this

profit the first best profit.

3.4 Incentive Compatibility

In this section, I characterize the agent’s incentive compatibility condition and
two essential components of the optimal incentive-compatible contract, / and $5,,.
Among two components, B, does not appear in DeMarzo and Sannikov (2006)
since the contract is only terminated when the agent’s continuation value reaches
zero in their problem. On the other hand, the possibility of a finite / is not consid-
ered in Georgiadis (2014).

Before I analyze the incentive compatibility condition, I put some restriction on
the choice of C and [ in order to obtain tractability. Specifically, I only allow
a finite number of intermediate compensation and a finite number of termination
level updating based on the investment level. Denote K. and K, as the number of
intermediate compensation and the number of termination level updating. Then,
i-th intermediate compensation C' is provided according to the threshold I..; such
that

dC, = C'if t = inf{s|I; > I.; for s € [1,;_1,00)} and ¢ < inf{s|I; < I(s) for s € [0,00)},
where

T.; = inf{s|l; > I.; for s € [1,;_1,00)} fori = 1,2,3,...,K. and 7.9 = 0.

21 implicitly assume that the agent works if both actions give the same utility to the agent.
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On the other hand, the j-th termination level I; is adjusted by the thresholds 1, ;
such that

1(H;) = [j if t = inf{s|l; > I, for s € [14j-1,00)} and ¢t < inf{s[[; < I(s) for s € [0,00)},
where
74 = inf{s|ly > Iy for s € [14j_1,00)} fori =1,2,3,...,Kg and 749 = 0.

Later, I demonstrate that the second restriction is closely related to the first restric-

tion. For brevity, I define a threshold 1, € {I.1,...,1.x.. 141, . .,1ak,} such that
dC, = C*, and I(H,) = I,
when
t =inf{s|l;y > I,x for s € [t x—1,00)} and ¢ < inf{s|l; < I(Hj) for s € [0, 00)},
where
Tk = Inf{s|ly > I,x for s € [ty 4-1,00)} fori = 1,2,3,...,K, and 7,0 = O,

allowing C* = 0 and 1 « = Li.» where K, is the number of any intermediate com-
pensation or termination level updating. Therefore, K, < K. + K;. Therefore, 1, &
represents the updating point of the intermediate compensation or the termination

level.

First, I analyze the agent’s problem and find the incentive-compatible condition. I

denote the agent’s continuation value at time t by W (I;|1,C,$8,a). That is,
W(LILC,B,a) =

Ef [f e Pt (dCs + ¢ (1 - %) ds) +e P (Bylir=r,) + Bal{z=r,)) | -
t

I can rewrite this continuation value using 7,x. Denote wk (I;|1,C,8B,a) as the

agent’s continuation value for /; € [, x-1,1,%). That is,

w1, =

—o(s— dg _ ot
E* U e Pl %(1 - ;)ds+e PELCH + W (L)) Lipny ) + Bal ez | »
t
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where T = min[7,x, 7] 1S a stopping time.

The agent chooses her effort level maximizing her continuation value each time ¢.
This maximization problem satisfies the Hamilton-Jacobi-Bellman equation
wk 1 ,0°Wk

k. _ _¢ 9 -
pW a’t—m(?x[gb(l ’u)dt+a o dt+20' e

dt

subject to the boundary conditions
WX (I, ) = Bgand Wr(Lx) = C*1 + WHH (1,0

fork=1,2,...,K,.

I can characterize the incentive-compatibility condition using the equation.

Proposition 17 The contract T is incentive-compatible if

ow*
—_— 2> ? forevery I, | <I <l andk=12,...,K,.
ol u - ’
Intuitively, if the agent shirks at time ¢, she obtains a private benefit ¢dt. However,
she loses uW;dt since the drift term is 0. Hence, by setting udW*/dl > ¢, the
principal can incentivize the agent. Combining the incentive-compatibility condi-

tion and the limited liability condition yields the following proposition.
Proposition 18 There is no incentive-compatible contract satisfying B, = 0.

This says that the principal has to compensate for the completion of the investment
in order to incentivize the agent. Unless the principal provides the payment for
completion, the agent has an incentive to delay the completion since she can only
enjoy the private benefit before the completion. Note that the limited liability ex-
cludes a negative payment which can make the agent incentivized with 8, = 0. In
addition to this bonus payment, Proposition 19 shows that a finite lower bound /
is the other essential component for the incentive compatibility and a positive profit

to investors.

Proposition 19 The optimal incentive-compatible contract I satisfies I, > —oo for

every k.
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Although the probability of completion is equal to one if /(H;) equal to negative
infinity for every H;, it is not optimal for the principal to set I(H;) as such. If
the current investment level is really low at time ¢, it takes long time to complete
the investment. Therefore, for the agent, it would be better to enjoy the private
benefit than to exert effort to complete the project unless she will be compensated
big enough in the future. However, the compensation that makes the agent work
yields a negative profit to the principal at the very low level 1. Also, the investment
level can get to the low level with a positive probability. Hence, the principal cannot
achieve both objectives, incentive-compatibility and positive profit, simultaneously

if the principal does not set a finite termination level.

Proposition 18 and 19 indicate that the optimal incentive-compatible contract has
to include a positive B, and a finite /(H;) for every ¢t. Generally, those 8B, and
1(H;) can change as the investment level and the agent’s continuation value change.
However, this general case is difficult to analyze since this problem requires to solve
a partial differential equation instead of an ordinary differential equation. Therefore,
I characterize the incentive compatibility condition by imposing some restrictions

on the dependence of C and [ upon the investment level.

3.5 Lower Bound

It is difficult to find a general optimal contract since the principal’s value function
depends on two state variables I and W. In this section, I restrict the contracting
space and find the optimal contract under that restriction. Formally, I restrict the
contracting space to I' = (1,8, A) such that / and B are constant. That is, I do not
allow any intermediate compensation, adjustable lower bound, and adjustable bonus
payment. This contract can be interpreted as a lower bound for the general optimal
contract since the restricted contracting space includes two essential components in
the simplest way. Although this is very restrictive, the contract could be close to
the optimal one in some cases. For instance, companies may not have enough cash
or budget to provide any intermediate compensation. Also, they may not be able to
update the initial agreement for some reasons. In these cases, investors may focus

on the final payment or fix the termination level at the beginning of employment.

3.5.1 Optimal Contract under the Restricted Contract Space

Under this restricted contracting space, the agent’s continuation value is

WI(Z,B,CZ) = Ela |:f e Ps ((]5 (1 - %) dS) + €_pT(Bu]l{T:Tu} + Bd]l{‘r:‘['d})
t
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If the effort process is A = {a; = po<t<r, Wi (I, B, a) can be written as3

exp(n L +n*l) —exp(n I + n*I)

exp(n~1 +n*I) —exp(n=1 +n*I)

s exp(n™I +n*l) —exp(n~1I + 77+I)B
exp(n~L+n*l) —exp(n~1 +n*l)

Wl(!aB’A) =

d>

where
_ = +2pa?

—u+ A +2p0?

o2

n and " =

2
o
This equation enables one to find the final payment in a closed form. I characterize
it later. Under this condition, the principal’s problem is expressed by

_ K
(I,Bmz%elcE [e N (;1”:’"} = Buljr=r,) = Bd]l{fzrd})]

= max
(LBy.Ba)elC

exp(v Iy + vl —exp(v I + v'ly)

exp(v I +v*ly) —exp(v" I + v*I) (K 3 )

exp(v_ I +v+l) —exp(v I +v*I) \r

d

2

exp(v_ 1 +vtI) —exp(v I +v*I)

where

_ —u— A +2ro? . U+ AR+ 2ro?
= v =

o2 ’ o2 ’

4

and IC means the set of (1, B, B,) satisfying the incentive-compatibility condition.
Since the setup cost does not affect the principal’s choice of the optimal contract
if he hires the agent, I suppress Cp in this section.# Now, I characterize each

component of the optimal contract.
Lemma 5 The optimal B, is equal to zero.

When the principal can’t adjust the lower bound and bonus payments, 8, only
makes the incentivization more difficult since B, gives an incentive to shirk. Hence,

I define the principal’s choice set as (I, 8,) without loss of generality.

Lemma 6 For given I, the optimal bonus payment is

exp(n L+ n*D) —exp(p I+n*'D ¢
ntexp(n~L+ntl*) —n-exp(I*+ntD
3The related mathematical result is stated in Appendix B.2.
4Unless the principal’s discounted expected profit is greater than Cy, the principal does not hire

the agent. However, if he decides to hire the agent, Cy does not affect the choice of I and 8B since Cy
is a sunk cost. Hence, without loss of generality, I ignore Cy or assume Cy = 0O in the analysis.

B.(1) =
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where

-2
I’ :min[ ! ln(o7 )

+ - +2)+£’I'
nt-n (n*)

In order to incentivize the agent with any / on [/, 11, the slope of the continuation
value with respect to / must be greater than % for all I € [I,I] by Proposition 17.
For given /, the unique com_pletlon payment comes from the strict convexity of %
and the compactness of [/,/]. Here, one can see why the lower bound is essential

part for the optimal contract. For a given / is minimized at the point I*. If /

L al
approaches to negative infinity, /* also goes to negative infinity. That is, there is no
finite completion payment B, providing incentives since 8B, goes to positive infinity
as I approaches to negative infinity. It is worth mentioning that 7™ is strictly greater
than /. This means that %W is strictly greater than = for I € [1,I"). That is, for I in
that region, the completion payment is provided more than needed to incentivize the
agent at each point. This means that when / decreases the principal can incentivize
the agent without increasing the completion payment in this region. On the other
hand, for I € (I*,I], the principal has to increase the completion payment as I
decreases. Mathematically, this is reflected in the convexity of W for I € (I*,I],
while W is concave in the region, [/,1*). Therefore, when the investment level falls
close to /, there is a “self-incentive” effect. This effect does not arise if / = —co. In
this case, W is convex on the whole region. Now, the principal’s problem is reduced

to find the optimal / maximizing his discounted expected profit at time 0.

Proposition 20 For given parameters (r > 0,p > r,u > 0,0 > 0,k > 0,¢,1,1))
such that
K
- =8Byl > 0, (3.1)
-
there exists a unique optimal contract (I,8,) providing a positive expected dis-

counted profit to the principal. In this contract, B, satisfies

exp(n™ L +n*D) —exp(p™ I+ %) ¢
ntexp(n~L+n*l*) —n-exp(p~I* + D)y’

1 )2 _
I*:min[ . _1n(('7+)2)+g,1 :
nt-n (n*)
and 1 is the solution to the equation

B.(1) =

where

u(l)

P (5 - BuD) - PU) -0,
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where
exp(v' I+ vy —exp(v Iy + v'I
P(I) = p(v I+v (1) p(v o +v _)’ n
- exp(v I +v*l) —exp(v I+ v*l)
P/(1) = 24P +22r0'2 o (_2_,1;1) exp(v_ Iy + v+_1_) - exp(v‘_l_+ vtip) .
o o27) [exp(v=I + v*I) —exp(v~I + v*I)]?

If the condition (3.1) does not hold, there is no incentive-compatible contract pro-

viding a positive profit to the principal.

In the remaining paper, I call this contract the baseline contract. Figure 3.1 shows
the optimal choice of  when (r = 0.1,p = 0.15,u = 10,0 = 3,k = 15,¢ = 3,1y =
0,1 = 50).
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Figure 3.1: The optimal / = —2.6729 and 8, = 41.0295.

Although I drop the possibility of an intermediate payment to the agent in the base-
line contract, this restriction is not severe if the principal can’t adjust the termination
level in the middle of investment for some reason. For example, if the verification
of investment performance incurs some cost, the principal may want to avoid a fre-
quent update of the termination level. The following corollary formally states that
the intermediate compensation is closely related to the adjustment of the termina-

tion level.

Corollary 8 For a fixed 1, a finite intermediate payment is not optimal in the set of

incentive-compatible contract.
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Corollary 8 has two implications. First, it says that if the principal can’t adjust the
termination level after the initiation of the contract, he has to focus on the com-
pletion payment. Intuitively, the intermediate compensation has no role for incen-
tivization after it is paid to the agent. Hence, the principal has to provide B, (/)
eventually in order to fully incentivize the agent. This means that the intermediate
compensation only increases the principal’s cost if the termination level is fixed.
Second, this implies that if the principal provides an intermediate compensation, he
has to modify the termination level. In subsection 3.5.3, I examine how the contract

changes in this case.

3.5.2 Comparative Statics

In this section, I analyze some comparative statics of the optimal contract under the
restricted contracting space as in the previous section. The main interests are the
optimal termination level, the completion probability, and the players’ discounted
expected utilities. First, I define the completion probability as a function of /y and

1.5 Formally,

exp(=61) — exp(—dlp)
exp(—d1) — exp(=61)’

P(ly,I) = Pr(t = 1,|lp) =

where 6 = % Table 3.1 summarizes the analytical findings of comparative statics.
oIl Uy oWy oP
0¢ + - + -
ol + + + +

Table 3.1: Comparative Statics for the Baseline Contract

It is particularly interesting to understand the effect of the private benefit and the
initial investment level because they play an important role in the following section
where I compare my model with another model based on a different specification.
First, I analyze the effect of the private benefit the agent can enjoy. As the benefit
increases, the optimal termination level increases and principal’s expected profit
decreases. The intuition is clear. The completion probability also decreases as the
termination level increases. On the other hand, the agent’s expected utility can go
either way. Note that as ¢ increases above a certain level, the expected profit is
negative and the agent will not be employed in the first place. Therefore, if ¢ is big

enough, the agent’s expected utility will be zero. For ¢ = 0, it gives zero utility to

>See Appendix B.2 for the related mathematical result.
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the agent while the principal obtains the first-best profit. Hence, the effect depends

on the value of ¢.

Second, I also examine the effect of the initial investment level /. As the initial in-
vestment level gets close to I, the project is getting closer to the completion. There-
fore, the optimal termination level and the principal’s expected profit increase. On
the other hand, the direction of the agent’s discounted expected utility and comple-
tion probability can be positive or negative. The completion probability decreases
if the principal increases the optimal termination level significantly compared to
the increment of the initial investment level. The decrease of the agent’s utility
can be demonstrated indirectly through the principal’s first-best profit. Denote the
first-best value of the profit by FB(u,ly). That is,

FB(u.Io) = exp (—v*(I - I)).

Then, doing simple calculations gives

OF B(u, o) 1 g
= v (I - I)) FB(u,1y) > 0, and
o V2 + 2ro?
O*FB(uly) 1

o — 2m_2v+FB(u,IO)(v+(I_— L) - 1) <0ifv*(I -1y < 1.

As one can see, the effect of u decreases if the initial level is really close to I. This
implies that the role of the agent’s effort decreases when the initial level is close to
I. Hence, the agent’s utility can decrease. Note that, in the extreme case, Iy = I,
there is no need to hire the agent for the completion. Hence, in this case, the agent
obtains zero utility. Figure 3.2 and Figure 3.3 illustrate the comparative static
results for the case (r = 0.1,p = 0.15,u = 10,0 = 3,k = 15,¢ = 3,1y = 0,1 =
50) varying parameters Iy and ¢. One thing to note is that the agent’s discounted
expected utility sharply decreases when I is really close to /. From this result, I
can anticipate that the agent prefers the project which is moderately far from the
completion level. That is, she may prefer the project taking more time to the one
that is closer to the completion. However, she does not prefer a project which is far
from the completion. This result can be connected to the short-termism problem
in the literature; agents prefer a moderately short-term project compared to a long-
term project, but they prefer a moderately short-term project to a very short-term

project.
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3.5.3 One Step Further

In this section, I extend the contracting space. In contrast to the baseline contract, I
allow one time adjustment of the termination level with an intermediate compensa-
tion denoted by C, which can be zero. In this case, the principal’s problem is much
more complex since the final payment and the intermediate compensation depend
on three thresholds (T, 1,,1,), where T, I,,and I, denote the updating point, the first
termination level, and the updated termination level, respectively. More specifi-
cally, the first termination level is set at /. However, if the investment level reaches
T before it drops to the first termination level, the termination level is adjusted to
I, paying the intermediate compensation C to the agent. The following proposition
shows the existence of the optimal contract and illustrates the optimal payments as

the function of three threshold levels.

Proposition 21 Suppose that parameters (r > 0,p > r,u > 0,0 > 0,k > 0,¢,1,1y)
satisfy the condition

= _ B,y > 0.

.

Then, there exists a solution (7, 1,,1,,C,B) to the principal’s problem, and the op-

timal B and C are given as follows :

exp(n™L, +n*I) —exp(n~ I +n*1L,) )

B(I ) = K}
2T prexp(nL, + ) —nexp(p I+ ntl,) p
where )
| 1 - _
I**:min[ . _1n((’7 )2)+gz,1 :
nt-n n")
and

exp(p™1, +n*1) —exp(n T +n*1 5 (7T ]
¢ et Li+nD—expl+n71,) ~PAd LB

C(I,1,,1,) = max
-=2 untexp(p~I, +ntl*) —n-exp(n~I* +n*l))

where

-2
I*:min[ ! _ln((77 )2)+£1,IA].
nt-n (n*)

From now on, I call this contract the extended contract. Note that this contract
includes the baseline contract since setting =1, I, =I*,and I, = I gives the same
profit to the principal as (I*, 8, (/*)). Hence, this extended contract must provide at
least the same profit as the baseline contract. Figure 3.4 illustrates the principal’s
discounted expected profit when (r = 0.1,p = 0.15,u = 10,0 = 3,k = 15,¢ =
3,1 = 50) varying I from 0 to 50.
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This example shows that the extended contract provides slightly higher profit to the
principal. According to the numerical example, the extended contract gives 1.29
percent higher profit to the principal when [y is equal to zero. At this point, the
optimal (T,!l,lz) is (24.2084, —2.7348,20.3077), and (C, B) is (8.1294,29.1332).
On the other hand, the baseline contract is (1,8,) = (—2.6729,41.0295) with the
same parameters. Also, the extended contract provides 2.85 percent higher profit to
the principal when I = 48.78. with (7’11’12) = (49.3877,47.1187,47.7064) and
(C,8B) = (0,10.7773). At this point, the baseline contract is (/,8,) = (47.1143,
16.3975). Surprisingly, the principal can achieve higher profit by adjusting the ter-
mination level without any intermediate payment. However, in this case, two ter-
mination levels should be very close in order to fully incentivize the agent. For
the future research, it would be interesting to analyze a more extended case where

frequent updating is allowed.

3.6 Comparison with DeMarzo and Sannikov (2006)
DeMarzo and Sannikov (2006) find the optimal contract when the agent controls

the drift of a cash flow process. That is, the cash flow process evolves as
dY, = 4.dt + 6dZ,,

where d; could be fi or zero according to the agent’s effort choice and 7= {Z, I?,; 0<
t < oo} is a standard Brownian motion. If the agent shirks (a; = 0), she enjoys the
private benefit ¢dr.
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The following Proposition rephrases the result in DeMarzo and Sannikov (2006),
which characterizes the optimal contract implementing high effort until the termi-

nation.

Proposition 22 (Proposition 1 and 7 in DeMarzo and Sannikov (2006)) 7The con-
tract that maximizes the principal’s profit and delivers the value Wy € [0, W] to the

agent takes the following form : W, evolves according to

AW, = pW,dt — dC, — ¢ (1 - “—j) + ¢(dY, — fidr).
1

When W; € [O,W), dC; = 0. When W; = W, payments dC; cause W; to reflect at w.
If Wy > W, an immediate payment Wy — W is made. The contract is terminated at
time T when W; reaches 0. The principal’s expected payoff at any point is given by

a concave function b(W;), which satisfies
1
rb(W) = i+ pWb (W) + 5qszfrzb”(W)

on the interval [0, W], b'(W) =—-1forW > W, and boundary conditions b(0) = 0

and rb(W) = i — pW.

In contrast to my model, DeMarzo and Sannikov (2006) consider a project in which
the agent controls the cash flow directly. For instance, in an automobile company,
a manager may control sales or production of existing models. Such tasks can
be understood as a short-term project. On the other hand, development of a new
model is considered as a long-term investment project. If the company faces limited
resources, it should decide between short-term and long-term projects. Hence, it is
worth comparing two different types of projects to see which project the firm will

pursue.

The difference between DeMarzo and Sannikov (2006) and my model has an impor-
tant implication. There are two main differences. First of all, the current investment
level I, plays a key role in my model. It measures the distance to the completion
level. The lower the current level is, the longer the project remains incomplete on
average. Secondly, the long-term project can be ended by both completion and
termination. If the long-term project is completed, then it generates the cash flow
without an agent. Hence, the firm does not suffer from an agency problem after

it finishes the project. On the other hand, the firm pursuing a short-term project
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constantly encounters the agency problem unless they fire the agent giving up the
additional cash flow. Hence, one can see that there is a tension between the length
of agency problem and its intensity when a principal chooses its project. Specifi-
cally, if Iy is closer to I, the expected time to completion will be shorter. On the
other hand, if Iy is far from I, it is expected to take a long time to finish the project.
Therefore, the length of agency problem is determined by the distance between I
and I. However, in the long term project, the agency problem can be more severe.
Since the agent can’t enjoy the private benefit once the project is completed, the
agent has higher incentive to shirk delaying the completion of the project. When
it comes to the short-term project, this type of incentive does not exist since the
contract runs out only when the firm fires the agent. This implies that the long-term
project can be worse than the short-term project with respect to the agency prob-
lem. Based on these implications, I numerically compare two projects from the

principal’s perspective in the following.

Before I compare the two contracts, I need to decide how to specify parameters be-
cause the comparison depends on the way I set the parameters. First, note that pa-
rameters (r, p, u({1), ¢,o0(6)) appear in both specifications. In order to reduce com-
plexity in comparison, I use the same values of those parameters for both models.
Note that the long-term project also depends on four additional variables; &, Cy, I,
and /. Since only the distance between I and I matters, I fix Iy as zero without loss

of generality. After that, I specify « and Cp according to the following equations

A = exp (—v+(I_— IO)) £_ Co, and (3.2)
r r
0 = exp (—g(i - 10)) ; - Co. (3.3)

The equation (3.2) says that both specifications provide the same profit to the prin-
cipal when there is no moral hazard problem. On the other hand, the equation (3.3)
means that both projects provide the same profit if a, = @, = 0 all the time. That is,
if the principal can operate each project without a manager or agent, both projects
give the same profit. These two conditions make the two project comparable in the
sense that they have the same net present value ignoring the cost and the benefit

related to the agent.

Figure 3.5, Figure 3.6, and Figure 3.7 show the numerical results based on param-
eters (r = 0.1,p = 0.15,0 = 6 = 12,u = 1 = 10,1y = 0) varying the degree of
agency problem (¢) for three different 7, 10, 50, and 100. The results show that the
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long-term project could provide higher profit to the principal when the completion
level is close enough to the initial level and the agent’s private benefit is not high
enough. However, if I is very far from the initial investment level, the long-term
project provides lower profit than the short-term for all ¢ values. These results pro-
vide one important implication regarding “short-termism” : if one take into account
the agency problem, the short-term project could be the best choice for the principal

or investors.

This comparison has two critical limitations. First of all, the parameter o (0-) does
not have the same effect on both specifications. In DeMarzo and Sannikov (2006),
o only affects the principal negatively since it reflects the unobservability of the
agent’s action. On the other hand, in my specification, higher o can provide higher
profit to the principal because a higher volatility can help the investment process to
reach the completion level. This property is reflected in the equation (3.3). That
is, the long-term project provides a positive profit to the principal although the drift
term is equal to zero if there is no setup cost. This is different from the short-term
project which gives zero profit if the drift term of cash flow process is equal to zero.
The other limitation arises from the setup cost Cp. If Cy is fixed, the principal’s profit
is a strictly increasing function in Iy by the comparative static result. However, if
Co satisfied the condition (3.3), the principal’s profit can decrease as Iy increases
since the setup cost is also an increasing function in /y. Figure 3.8 shows that this
could happen under the parameters (r = 0.1,p = 0.15,0 = 12,u = 10,1 = 100)
varying Io from O to 1.

In summary, two observations (a higher o can increase the principal’s profit and
Iy closer to I can decrease the principal’s profit) make the interpretation not clear.
Nonetheless, this result can provide a research direction regarding the short-termism

issues.
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3.7 Conclusion

In this paper, I examine the optimal contract problem when the agent controls a
long-term investment process. I characterize the incentive compatibility condition
in the general contracting space. The characterization shows that there are two
essential components for the optimal incentive-compatible contract, a termination
level and a completion payment. Based on these results, I find the optimal con-
tract under a restricted contracting space which includes the two components in a
tractable way. This result shows that the principal can obtain a positive profit while
fully incentivizing the agent. Moreover, the comparative static results demonstrate
that the agent prefers a project which is moderately far from the completion level
while the principal always prefers the project closer to the completion. Also, I ex-
tend the contracting space by adding a one-time intermediate compensation and
termination level updating. The numerical results show that this extension makes
the principal slightly better off. Finally, I compare my result with DeMarzo and
Sannikov (2006). This comparison gives an interesting insight regarding the short-
termism problem. That is, the principal herself could prefer a short-term project to

a long-term project if there is an agency problem.

In the future research, a more complex or general contracting space can be con-
sidered. This analysis can provide a tighter comparison between a long-term and
short-term project. Also, one can incorporate a repeated relation between the prin-
cipal and the agent. That is, after the completion of the long-term project, the
principal may re-hire the manager by assigning another long-term investment or
short-term project to her. I expect that a repeated relation would reduce the agency
cost. In the aspect of model specification of a long-term project, one can introduce
a time-varying cost or . These settings will make the problem more difficult since
the value of the project changes over time. Another interesting direction is to com-
bine my model with the short-term project model such that an agent can assign her
time or effort between two projects in order to maximize her utility according to the
contract. To characterize optimal contract with multi-tasks is an interesting topic

for future research.
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Chapter 4

A CAREER CHOICE PROBLEM WITH INFORMATION
ASYMMETRY IN ABILITY

4.1 Introduction

Many scholars study two-sided matching problems between agents and organiza-
tions. They mostly focus on finding matching mechanisms satisfying some prop-
erties or the properties of a given mechanism. That is, researchers have examined
how the mechanism works after agents decide a set of organizations to be matched
with. When it comes to a career choice problem, however, people first think about
which career path to pursue and then decide what to do in a specific labor market.
In this context, a labor market should be interpreted as the aggregation of possible
career paths in a particular field. For example, each labor market has a certain re-
quirement such as MBA degree or a medical degree. In this paper, I examine how
people behave when there is more than one labor market on the market side with an

emphasis on agents’ career choice.

I consider agents with different ability level such as academic ability or commu-
nication skill. T assume that the agents’ abilities are independently and identically
distributed and the distribution is common knowledge to every agent. However,
each agent’s ability is private information. On the market side, throughout the pa-
per, I focus on the case with two labor markets. For example, I can consider two
markets for undergraduate students: 1) career path with a postgraduate degree and
2) career path without a postgraduate degree. A college student can enter an eco-
nomics Ph.D. program to be an economist or pursue an accounting career with a
bachelor’s degree. In order to focus on the information asymmetry between agents,
I assume that agents and career paths are matched according to their ranking (posi-
tive assortative matching) after agents make their career decisions. In other words,

an agent with higher ability experiences a better career path in each market.

Two labor markets are distinguished by its payoff distribution. I assume that one
market’s upper bound and lower bound are both higher than those of the other mar-
ket. In terms of the above example, the best career path with a postgraduate degree
is better than the best path with a bachelor’s degree and also the worst situation with

a graduate education is better than the worst case without a postgraduate degree.
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Agents choose one labor market to enter and this career decision is irreversible. The
irreversibility and incomplete information produce the tension between the proba-

bility of being matched and the expected payoff.

The tension results from two key elements of the model. First, the two labor mar-
kets may differ in competitiveness. In this paper, competitiveness of a market is
defined as the ratio of the number of applicants who apply to the market to the
number of career paths in it. Notice that the more competitive the market is, the
lower the acceptance rate is in that market. Going back to the example of under-
graduate students, if the number of agent pursuing a graduate education are much
larger than the number of jobs requiring postgraduate degrees, then the employment
rate of graduate schools would be very low. In this case, even though career paths
with postgraduate degree provide much better payoffs, students may participate in
the less desirable market. The other component to consider is the applicants’ rel-
ative ranking in each market. The ranking is important even when markets have
enough career paths for applicants since a low-ranked agent in one market could
get a higher payoff in the other market. That is, the outcome of the career choice is
not straightforward since the information about ability is private information when

agents make their choice over two markets.

In order to analyze the agents’ behavior in this setting, I consider a symmetric
Bayesian Nash equilibrium. Importantly, I find that there is no pure strategy equi-
librium and there is a unique symmetric equilibrium in which agents are divided
into two groups according to their ability. Members of the high ability group uses
a pure strategy and only apply to the more desirable market. On the other hand,
members of the low ability group apply to both markets with positive probability.
Also, in order to investigate the effect of asymmetric information on the market
side, I consider the competitiveness of a market. The analysis illustrates which
market is to be more competitive with the presence of information asymmetry. De-
spite some limitations, I believe that the results can serve as benchmark for more

complex environment and research.

The remainder of the paper is as follows. Section 2 reviews the related literature.
Section 3 describes the model of career choice. Section 4 introduces a simple exam-
ple and section 5 defines the equilibrium and shows its existence and uniqueness.
In section 7, I introduce the concept of competitiveness and compare the competi-

tiveness of each market. Section 7 extends the model and section 8 concludes.
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4.2 Related Literatures

This paper is closely related to several streams of literatures. First of all, the model
is based on two-sided matching problem. Since Gale and Shapley (1962) propose
the deferred acceptance algorithm, two-sided matching markets have been exten-
sively studied! . Especially, Roth (1984) and Abdulkadiroglu and Sonmez (2003)
introduce two-sided matching concept in order to analyze medical residencies and
school choice problem, respectively. While they deal with only one market, hospi-

tals or schools, on the side of organizations, I consider two markets case.

Second, this model contains a signaling problem. By choosing a market, agents
can reveal or signal their private information to organizations. Since the seminal
work by Spence (1973), signaling problems have been much studied in economics.
Particularly, Spence (1973) analyzes a situation with costly signal when there is a
private information. This paper shows that education may serve as signal conveying
information of agents’ type. Recently, Bilancini and Boncinelli (2013) develop a
model where disclosure of information is costly only for one side although both
sides have private information. On the other hand, Satterthwaite and Shneyerov
(2007) consider dynamic matching model under two-sided incomplete information
and participation costs. Unlike other papers, my model does not include any explicit
cost of revealing the private information, but implicit cost incurred by exclusiveness

of the two markets.

Finally, this paper can be interpreted as an extension of career or major choice
problem in labor economics. There is a huge literature in labor economics focus-
ing on major or career choice problem? . Most of the literature considers dynamic
choice models where agents’ ability and preferences are unknown and have some
uncertainty. Therefore, these studies focuses on agents’ optimal choice when they
have imperfect information of their own characteristics. Noticeably, McCann et al.
(2015) study dynamic model where agents can choose between becoming teacher
and worker in a firm when individuals are characterized with two characteristics:
communication and cognitive skills. However, they do not consider any informa-
tional friction. In contrast with these literatures, in my paper, every agent knows
their own ability exactly and preferences and agents’ types are fixed. Therefore, the
key factor affecting agents’ choice problem is the uncertainty on relative ranking

among agents.

I'See Roth (2008).
2See Altonji, Blom, and Meghir (2012)
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4.3 Model

4.3.1 Preliminaries

Consider the following career choice problem. One side is composed of agents
having private information on their ability. On the other side, there are two exclusive
labor markets; each market consists of a set of career paths. The distributions of
the two markets’ payoffs are common knowledge and the possible outcomes’ upper
bound and lower bound of one market are both higher than those of the other market.
From now on, I call the market with higher bounds a high-paying career, and the

other market a low-paying career.

Agents decide which career to pursue between these two labor markets. For sim-
plicity, I assume that the cost of market participation is zero, which implies that ev-
ery agent enters one of two markets. Moreover, in this paper, I exclude a possibility
of pursuing both careers simultaneously.®> Once agents make their career choices
over two markets, participants and possible career paths are matched according to
their ranking (positive assortative matching). That is, the best agent among those
pursuing the high-paying career experiences the best path of the high-paying career.
If the number of participants in the high-paying career or the low-paying career is
greater than the number of possible career paths in a market, low-ranked agents are
unmatched and gain the outside option for the market. In the benchmark model, I
assume that the unmatched agents cannot apply to the other market even when there

are remaining positions in that market.

4.3.2 Agents

There are I agents and their (one dimensional) ability 6;, i = 1,...,I, is a pri-
vate information. However, the fact that 6; is independently distributed according
to a distribution function F(-) is common knowledge. I assume that the function
F(0) is continuously differentiable on a finite support [0, 0] with F’(8) > 0 for all
6 € (0,0). There are n possible career paths in the high-paying career which are
represented by Hy, H»,...,H,, and m paths in the low-paying career, represented
by Li,L,,...,L,. Iconsider the case that I > n+m and n,m > 2. Every agent has

the following identical preferences over possible career paths:

H >H,>--->H,, L1 >L,>--->L,, H > Ly, and H, > L,,.

3 Although this is a limitation, it may not be severe if career paths include career-change in the
future.
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Moreover, if an agent pursuing the high-paying career is unmatched, she will get
the outside option, Op. Also, unmatched low-paying career participants obtain the
outside option, Or. The two outside options satisfy H, > Oy, L, > O and
Ly > Op, where the last condition makes the career choice problem not trivial.4 1
do not impose any other restriction on the relationship between Oy and Op. That
is, Oy > Or, Op > Oy, and Oy ~ Oy are all possible. For completeness, I assume
that every career path is acceptable to all agent and the two outside options are
preferred to the outcome from non-participation. Therefore, agent i’s action space

consists of

Ai = {7{7-5}, l = 172’---9N’

where H and L denote the participation in the high-paying career and the low-

paying career, respectively.

I denote the utility of an agent by u(M) when she is matched with a career path
M. Here, I assume that agents’ utility does not depend on their ability but only the
matched career path. Moreover, I consider the case where agents and career paths
in each market are matched based on the ranking in ability and payoff. That is, a
higher ability agent gets a better payoft in each market. I also assume that every

agent is appropriate to all career paths regardless of their ability.

4.3.3 Sequence of the Game
The game is played according to following steps:
1. Agents observe their ability 6;,i = 1,...,1.

2. Agents decide whether to pursue the high-paying career or the low-paying

career.
3. Agents are matched with career paths according to their ranking.

4. If the number of agents who participate in one of two labor markets is greater
than the number of possible paths, then low-ranked agents remain unmatched

and obtain the outside option associated with the market.

“If Oy % L1, every agent pursues the high-paying career for sure.
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4.3.4 Equilibrium Concept

I focus on a symmetric Bayesian Nash equilibrium to characterize the agents’ be-
havior in the career choice problem. Recall that an agent i’s action space is com-
posed of two elements:

Ai=1{H, L}.

Therefore, for a given other agents’ strategy s_;, she chooses her strategy to maxi-
mize her expected utility:

57 (s-;) = arg max Efu()l(si,5-)].

From now on, I suppress the subscript i for brevity since I consider a symmetric

equilibrium.

4.4 Simple Example

In this section, I consider a simple example in order to illustrate the tension between
pursuing a more desirable career and the probability of employment. In the econ-
omy, there are four agents and their abilities are uniformly distributed on [0, 1]. On
the other hand, there are two high-paying career paths and two low-paying career
paths. Every agent has the following identical utility function:

u(Hy) =4,u(H) =2,u(Ly) =3,u(Ly) =1, and u(Op) = u(0Or) =0,

where H; and L;, i = 1,2, represent high-paying and low-paying career paths, re-
spectively. Also, Oy and O denote the outside options for each labor market.
If there is no information asymmetry, agents and career paths are matched in the

following way:

H H, L, Lz]

MComplete = (Sl S3 Sz S4

where S; represents ith ranked agent.> Therefore, under the complete information,
agents choose their career based on their relative ranking compared to other agents
since this ranking determines their payoffs. However, when there is information
asymmetry, agents have to make decision without the information about the rank-

ing.

SWithout loss of generality, I can ignore the case where some agents have the same ability since
the distribution function for the ability is continuous.
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In equilibrium, there is a cut-off (6 ~ 0.8318) such that agents above the cut-off
ability pursue the high-paying career and agents below the cut-off attend both la-
bor markets with a positive probability. The solid line in Figure 4.1 indicates the
equilibrium strategy for each type under incomplete information® . That is, g(@) is
the probability that an agent with ability 6 pursues the high-paying career. In order
to compare this with the complete information case, Figure 4.1 also includes the
ex-ante probability (dotted line) that each agent with ability 6 concentrates on the
high-paying career. In other words, the probability of being first or third ranked

among four agents.

It is worth mentioning that high-ability agents (6 > 5) pursue the high-paying career
with probability one under incomplete information although there is a chance that
they are ranked second or fourth. Based on the equilibrium strategy and the ex-
ante probability, the solid line and dotted line in Figure 4.2 illustrate the expected
utility when agents follow the strategy with information asymmetry and the ex-
ante expected utility of each type with complete information, respectively. The
result shows that the cut-off type agent experiences the biggest utility loss when
agents’ ability is private information compared to the complete information case. |
generalize this example and characterize the equilibrium behavior in the following

sections.

g(®)

Complete Information
mmm [ncomplete Information

0.6 G L -

0.4 e R

02 o i

Figure 4.1: Equilibrium strategy g(6)

4.5 Equilibrium
4.5.1 Pure Strategy Equilibrium

First, I prove that there is no symmetric pure strategy equilibrium in this problem.

Proposition 23 There is no symmetric pure strategy equilibrium.

%See the appendix for the derivation.
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Figure 4.2: Expected Utilities

Intuitively, there must exist a cut-off such that agents with higher ability than the
cut-off pursue the high-paying career with probability one since they are matched
with Hj with very high probability. Notice that an agent with the cut-off ability
must obtain the same expected utility whatever she does in the equilibrium. Now,
assume that there is a non-degenerate interval below the cut-off such that agents
with ability in the interval use pure strategy. Denote this interval by [a, b], where
a < b. If an agent with ability a uses the same (pure) strategy as one with ability
b, her expected utility should be strictly less than that of the agent with ability b
in equilibrium. However, if she uses the other (pure) strategy” , she can obtain the
same expected utility as the agent with ability b since there is no competitors with
ability & € (a,b) . This is a contradiction. Hence, there is no symmetric pure

strategy equilibrium.

4.5.2 Mixed Strategy Equilibrium
In this section, I examine the existence and uniqueness of the symmetric mixed

strategy equilibrium.

Proposition 24 Among integrable functions g(60), there exists a unique symmetric

mixed strategy equilibrium (s*). This has the following form:

Agents with ability 6 > 0 pursue the high-paying career with probability one. On
the other hand, agents with ability 0 < 0 pursue the high-paying career with proba-
bility g(0) and the low-paying career with probability 1 — g(60), where g(0) is given

by:
B N (0)
M) = N(©6)

"Note that there are only two pure strategies: 9 and L.

g() = 0<6<0,
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where

OE[u()|(si(0;) = H,s* ;(6-;))] and N(6) = OE[u(-)|(si(6;) = Ls_i(e—i))]‘

M) = 96, 96,

I provide the sketch of the proof of this proposition. Details are in the appendix.

Proof 2 Claim 1 The cut-off ability 0 is strictly greater than 6, the lower bound of
the type space.

If every agent pursues the high-paying career, low ability agents can increase their
expected utility by deviating from the strategy since they will be matched with L
for sure if they participate in the other labor market. Hence, the cut-off must be

strictly greater than 6.

For the next claim and the rest of this paper, I define a function D(-) as the difference
in the expected utility between pursuing the high-paying career and the low-paying

career:
D(0) = E[u()|(si(8) = H,s_,(0-)] — E[u()|(si(0;) = L,sZ;(8-))].

Also, I introduce two functions:

b b
P(a,b) := (f f(@)g(@)d@) , and Q(a,b) = (f fea - g(9))d0).

P(a,b) represents the ex-ante probability that an agent pursues the high-paying
career with ability 6 € (a,b) Similarly, Q(a,b) is the ex-ante probability that an
agent attend the labor market of the low-paying career paths with ability 6 € (a,b).

Claim 2 There exists a unique value of Q(6, 5) € (0,1) such that D(6) = 0.

For the lowest ability agent, the only factor to take into consideration is the prob-
ability that other agents participate in the labor market of the low-paying career
paths (Q(6, 5) ) or the probability that other agents pursue the high-paying career
(1-Q(6, 5)) since it is not possible (probability is zero) that there is an agent whose
ability is less than or equal to 6. Since D(6) should be zero in equilibrium, Q(6, )

must have the unique value to guarantee the condition, D(6) = 0.

Claim 3 There exists a unique 6 < @ such that D(§) =0and D) = 0.
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First, note that D(0) = u(H;) — u(Ly) > 0 since she will be matched with the
best career path in the labor market she attends. Therefore, the cut-off 0 should be
strictly lower than the upper bound, 6. The condition D(6) > 0 also implies that it
is better for a high-ability to pursue the high-paying career since the probability of
being matched with the career path Hy is very high. However, this chance decreases
as the ability gets lower. At the end, for an agent with the cut-off ability 0, both
strategies should provide the same expected utility in equilibrium. That is, D(g)
should be zero, and there is a unique 0 satisfying this condition and D(6) = O.
In words, given an environment, Claim 2 tells us that the ex-ante probability that
an agent participates in the labor market of the low-paying career paths should
be fixed. This fixed probability leads us to Claim 3, which determines the cut-off
ability. That is, there is a certain cut-off such that an agent with a higher ability
than the cut-off use the pure-strategy (pursue the high-paying career).

Claim 4 For given 0" and Q(b, 5*), there is a unique value of Q(6,0) satisfying
D(6) = 0 for each 0in(8, 5).

Since Q(6, 5) and 6 are fixed, Q(8,0) determines the value of D(6). For a given 0,
this claim means that there is a unique probability g(0) since Q(8,6) only depends
on g(0). Therefore, in equilibrium, an agent with ability 6 € [67, 0) pursues the high-
paying career with probability one, and an agent with ability 6 € [0, 5) pursues the
low-paying career with probability 1 — g(6) € (0,1).

4.5.3 Characterization

I have proved the existence of the equilibrium strategy g(6) for each agent with
ability 6. In this section, I characterize the equilibrium strategy. In particular, I
show that there is a discontinuity of g(8) at 6.

Proposition 25 g(0) has a discontinuity at 6. That is, limg(@) <1 = g(g).
616

Proof 3 Proof is in the Appendix.

This implies that the two groups, the high-ability group and the low-ability group,
are strictly divided. In other words, around the cut-off ability, a small difference in

ability causes a significant change in agent’s behavior.
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4.6 Competitiveness

In this section, I assume that / = n + m. Define the level of competitiveness of

o 1) £O)r@)do _
a labor market including b € {n,m} career paths by —————, where r(0) is

the probability that an agent with ability 6 participates in the market. Therefore,
the competitiveness of a market measures the expected number of applicants to the

market compared to the available career paths of the market.

Therefore, the competitiveness of the high-paying career is

1, F@2©®3do 1 _ g
n - n ’

and that of the low-paying career is

1, 1) -g@)d0 g

m m

Note that if the information is complete, both markets have the same competitive-
ness equal to one. In order to compare competitiveness of the two markets in equi-

librium, I define two variables:

m=1 . -1, | -
Erl = ;‘) (Ij I)M(OH) ( I )] (’;)I - +j (I . 1)u(HI ])( )j (YIZ)I "
and

=1, . | o
ser= 3 o (7 (7 2 (7 Jun () ()

Here, E[H] (E[L]) represents the expected utility of an agent with the lowest abil-
ity among all agents if she pursue the high-paying career (the low-paying career)
and all other agents randomly choose their career path according to the ratio of
available career paths of a marker to the total number of career paths. That is, other
agents pursue the high-paying career path with probability 7 and the low-paying
career path with probability 7

Proposition 26 If E[H] is greater(smaller) than E[L), the high-paying career

path is more (less) competitive than the low-paying career path.



81
Proof 4 Proof is in the Appendix.

Competitiveness of a labor market has important meaning since unbalanced com-
petitiveness implies inefficient allocation of human capital. In particular, if the com-
petitiveness of a market is greater than one, some agents in this market may end up

unemployed, while other marker could experience a shortage of labor supply.

4.7 Extension

4.7.1 Endogenous Outside Option

Up to this point, I have considered a situation where agents choose their action si-
multaneously and two markets are exclusive. This situation is proper if two markets
are divided physically or each career path has a specific requirement. For example,
a migrant worker has to decide where he settles in order to find a job. Once he
has decided where to move, then it is difficult to move again due to moving costs.
Therefore, he has to choose where to go based on possible jobs and competition in
that area. However, in some cases, agents can still try to pursue the other career
after they experience a career failure. For instance, a student who fails to pass the
CPA exam might pursue a finance career instead. Although his comparative advan-
tage is low compared to students who have prepared for a long time to become a
financial analyst, he might still prefer having a job to being unemployed. In order
to incorporate this situation, in this section, I consider a model where the outside
option Oy is determined endogenously. In particular, agents who pursue the high-
paying career can be matched with the remaining slots in the other market if they
do not succeed in the high-paying career. In addition, I add one more assumption
on agents’ preferences over career paths, H, > L;. That is, the worst outcome in
the high-paying career is preferred to the best low-paying career path. This implies
that the high-paying career dominates the low-paying career in all possible payoffs.

The sequence of the game is the following:

1. Agents observe their type 6;.

2. Agents decide whether to pursue the high-paying career or the low-paying

carecer.

3. Agents are matched with career paths according to their ranking.
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4. If the number of agents who purse the low-paying career is greater than
the number of low-paying career paths, then low-ranked agents remain un-

matched and obtain the outside option.

If the number of agents who pursue the high-paying career is greater than the
number of high-paying career paths, the unmatched agents will be matched
with the remaining low-paying career paths according to their ranking after

the first round matching.

Unmatched agents after the second round matching get the outside option.

The following proposition shows that agents behave in the similar way as Proposi-

tion 24 in equilibrium.

Proposition 27 There does not exist any symmetric pure strategy equilibrium. Also,
among integrable functions g(6), there exists a unique symmetric mixed strategy
equilibrium. This has the following form: Agents with ability 6 > 7 pursue the
high-paying career with probability one. On the other hand, agents with ability
0 < gpursue the high-paying career path with probability g(6), where g(0) is

given by:
NGO _
where
OE : i(0;) = ,*-9_,' oE . (8;) = 9*'9—1'
M. (6,) = [ ()1 Csi( )80'7-( s2,(0-1))] and Nu(8) = [ ()] Csi( ;9‘ L,s* ( ))]'

Proof S Proof is in the Appendix.

Note that this situation can be interpreted as a dynamic situation with a discount
factor equal to one. That is, agents who pursue the high-paying career at = 1 can
attend the other labor market in the second round if they are not successful in their

first career.

The next question is how this opportunity for changing career affects agent’s equi-
librium behavior. In particular, when does the opportunity make the high-paying
career more desirable? In order to answer this question, I compare the equilibrium
cut-off ability for the exogenous outside option case with that for the endogenously

determined outside option case.
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Proposition 28 Denote 0 as the equilibrium cut-off when Oy is given exogenously
and 56 as the equilibrium cut-off when the outside option is determined endoge-
nously with u(Op) = 0. Then, there is a value 0 < K < u(H,) such that if
u(Oy) > K, then 6 < :9;. However, if u(Og) < K, then 9 > [9;. Moreover,
0=0,ifu(On) =K.

Proof 6 Proof is in the Appendix.

In words, if the outside option given exogenously for an agent to pursue the high-
paying career is greater (lower) than a certain value K, the equilibrium cut-off
ability for the endogenous outside option case is greater (lower) than the equilib-
rium cut-off for the exogenous outside option case. Intuitively, if the outside option
for pursuing the high-paying career is high enough, an agent with ability 0, strictly
prefers the outside option Oy to the opportunity that she can attend the other labor
market if she is not successful in her career. This implies 0 < ge. On the other
hand, if both outside options (Oy and Op) represent the same status such as “Un-
employment” (#u(Og) = u(Or) = 0), an agent with ability 0, prefers the case with
endogenous outside option case since she has one more chance to get a job, which

is better than being unemployed.

4.8 Conclusion

In this paper, I examine the equilibrium behavior in a career choice problem when
there are two exclusive labor markets with different payoff distributions. The result
shows that there is a cut-off point in ability such that agents are divided into two
groups. Members of the high ability group pursue the career where the best outcome
is possible. On the other hand, members of the low ability group attend both labor
markets with positive probability which depends on their ability. Moreover, if one
consider the probability that an agent pursue the high-paying career as a function
of agent’s ability, this function also sharply divides agents into two groups. In
particular, this function has a jump discontinuity at the cut-off point though this

function is continuous in each group.

Going back to the high-paying versus the low-paying career example, this equi-
librium behavior is consistent with reality in a sense that well-qualified students
pursue the career with the best career path without fear of failure. On the other
hand, students who are not strong enough spend much time agonizing over which

career to pursue. This agony leads different market choice although students are
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similar. That is, these students use a mixed strategy in the aspect of game theory.
Among a number of interpretations of mixed strategy equilibrium, the following
interpretation from Osborne and Rubinstein (1994) would be appropriate for this

situation:

A player’s action is a response to his guess about the other player’s
choice; guessing is a psychological operation that is very much delib-

erate and not random.

One contribution of this paper is to provide a way of introducing multi-markets on
the organization side in matching problems. The paper also contributes to the lit-
erature of career choice problem in labor economics. Most papers in the literature
have focused on uncertainty over the agent’s own ability and learning. However,
this paper shows that the information about own ability is not sufficient to explain
one’s career choice. Since people usually have to compete for jobs or positions
with competitors they do not know well, their relative ranking, which is uncertain,
is really important for their career choice. I believe that incorporating the mod-
elling assumption in this paper into existing literature would give us much more

satisfactory explanation.

In future research, more complex type spaces or heterogeneous preference relations
can be incorporated into the model in order to reflect a career specific or general
skills and students’ different preference relations over career paths. Also, one can
focus on the behavior of the organization side. Organizations might have some re-
quirements for applicants to elevate overall quality of its members. For example, a
market could impose restrictions on applicants’ quality by requiring some special-
ized test score. Moreover, one can consider a model where payoff distribution is
endogenously determined. Despite the simple structure of the model in this paper,
I believe that this model can be used as a starting point of the future research on

more realistic career choice problems with information asymmetry.
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Appendix A

APPENDIX TO CHAPTER 2
A.1 Proofs
A.1.1 Derivation of P(e_y;;)
Note that

e A
_ - J NN-1-j
P(e_pi) = jE=0 FE 1( j )S(e—Mi)’(l - s(e—mi)) /

1 SN +1 N-1-j
_ e _—
= 1 3 N S N-s N
R
1= =ste_pi)V
B Ns(e-mi) '

A.1.2 Proof of Lemma 1
Denote the firm’s profit when the CEO’s IR condition binds as I1. Then, the firm’s optimal

profit must be greater than or equal to II.

First, for an action (ez,e;"w) € [0,1] x [0, 1], I show that there exists a solution (WS, Wg ,
WAG4, Wﬁ) to the firm’s problem. Note that when the CEO’s IR condition binds the firm’s
problem is reduced to the case of Grossman and Hart (1983). Hence, a solution exists
to this restricted problem. Now, I show that I can artificially bound the constraint set of
W&, WE WS W ). They are bounded below by two IR conditions. Moreover, they are
also bounded above since the firm’s optimal profit is lower than II and the firm’s profit is
a strictly decreasing function in all four components in (WS, Wg ,Wq,W},) without a lower
bound. Also, the constraint set is closed according to two IC and two IR conditions. Hence,
there exists a solution by the Extreme value theorem. The remaining proof exactly follows

the proof in Grossman and Hart (1983).

A.1.3 Proof of Lemma 2

Suppose this is not true. That is,

stea)u(Wp) + (1 = s(ep))u(Wey) — glem) + stemr)P(e_p)Ve > U,
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Then, choosing new wage scheme (WG,WI@) = (WAC/; - 61,W1€1 — €7), where €; > 0 and

€2 > 0, satisfying

uWS) —u(WB) = uWwS) — u(ws ) and
s(ea)u(WS) + (1 = s(ep)u(WE) - glem) + Ple_y)Ve = U,,

gives a higher profit to the firm without affecting other constraints. Hence, the wage scheme

(WG , Wﬁ) is not optimal.

A.1.4 Proof of Lemma 3

Note that
OF (V) B 1 1

VT wWe)  w(Wap)

using the envelope theorem.
Differentiating this with respect to V' gives

O?F(V) _ u”’ (W) L LW W) (We) et )ae; W (Wa) ” )Oe;,
VI wWe)  Nuw W) wWeps oy & 1m

M’(WM)3 %
u’”’ (We)
w(We) W (We) w8 (el)

Wy wWer® jgg‘v‘“c);gwc)z g (ez)

"Wm) *
Lu” (W) " (War) N irweRg (€h)

8 (€h) 77
NwWa)® — wWany3® M W) o1 o 32— gr(en)

"We) 2
_ [/[”(WC) _ u/(WCC)Zg/(eC)
- w(We)3 u”We) 7(er)2 — //(e )
’(W )Zg C g
(W) * \2
1w Wa) |, _ e eh)
NwWn)* | e (e3)? — 87 (¢3,)

< 0.

That is, F(V) is a strictly concave function.

A.1.5 Proof of Proposition 1

It is enough to show that
*F(V)
ONOV



91

Notice that

CEV) __ LWy 0 W) )[ ~B(Gum - Bu) 2 ) ]
ONOV — N w(Wn)d  wWy)" M\ B2(Gu — Bu)2w (W) = g7 (€})
W (Wa) B(Gu - Bu) e’ (ehy)
TN (W) [ PG — Bu)w (W) - g”(em]
__ 1 u” (W) (1 3 B2(Gm — Bm)*u”’ (W) )
N2w(Wan )3\ B2(Gum — Ba) 2w (War) — 8 (e}y)

> 0.

A.1.6 Proof of Corollary 2

Suppose this is not the case. From the first order condition

_ g/ (ec)
B(Gc - Be) = W We)

it can be shown that e/, and W move in the opposite direction since the left hand side
is a constant. Therefore, e*c should increase if Wé decreases. Since V™ increases as N

increases, W/ must increase according to
uWe) =V* +g(ep).

This contradicts the premise that W, decreases. Hence,

AW
v Y

A.1.7 Proof of Proposition 2
Recall that the first order condition is

1 1

- — + — =0.
wWg) — w (W)

Hence, Wé should be the same as W, .

If Gc — Bec = Gum — B, using the previous result and two first order conditions, it can be

shown that
g'(ep) = g’ (epy).
That is, ez =e),.

Also, this result and the two individual rationality constraints imply that
1 * * 1 *
u(WM)—g(eM)—i-N(V =V +N(V =U,,-

Hence,
V=

Up-
N+1—M
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A.1.8 Proof of Proposition 3
Note that when agents are risk-neutral

OF (V)
oV

= —s(ec) — (1 = s(ec)) + N = s(epr) P(e_pr)
=—1+(1=(-s(em)™)
<0

using the envelope theorem.! Hence, the firm’s profit decreases as the level of V increases.

A.1.9 Proof of Lemma 4

Using the envelope theorem,

OF(V) _ _ slec) _1-s(ec)

+ Ns(ep)P(e_p)

oV wWg)  w (W) w (W)
Differentiating this with respect to V gives
PF(V) wwe u’ (We 21 Wi)
=s(ec)———=+ (1 —s(ec))——— + Ns(ep)P(e_ —<
572 C)u’(WCG)3 ( (C))u’(Wg)3 (em)P(e_p) (WG )3
A.1.10 Proof of Proposition 4
It is enough to show that
’F(V)
ONOV
Note that
’F(V) N
=—(1- log(1 —
NGV (1 = s(err))™ log( S(EM))M,(WA(;)
OP(e_p) . (WS
+[1-(1-s(e N % > 0,
1= (1= s M= et
where
OP(e_p) _ N N
N = s [ 1oe(l = sen)( = st DV = 1+ (1= s(ean)” ]
<0

since k(s) = —log(1—s)(1-s)¥NN—1+(1-5)" is equal to zero when s = 0 and k’(s) < 0.
Here, I use the condition that V > 0.

A.1.11 Proof of Corollary 4
Denote the expected compensation to CEO by E[W(],

E[Wc] = s(ec)WE + (1 = s(ec)WE.

'In equilibrium, s(eps) is equal to s(e_ ;) since I am considering a symmetric equilibrium.
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Since ‘96—(‘5 > 0, it is enough to show that

GEIWC] _ s(ec) 1= s(ec)
Ve e

A.1.12 Proof of Corollary 5
I need to show that the wage gap

[sec)WE)* + (1 = s(ec))(WE)*| = [steas) (W)™ + (1 = s(er))(Wip)"]

widens as N increases. Since (1 —s(e M))(Wﬁ)* has a fixed value regardless of the number

of managers, it is enough to show that
[s(ec)(WEY* + (1 = s(ec)(WE)'] = s(em)(Wi)*

is an increasing function in N. When agents have the log utility function, the first order

condition with respect to V is
s(ec)(WEY* + (1 = s(ec)(WEY = (1 = (1 = stem)™ W)™

Since the left hand side of the equation is a strictly increasing function in V and % > 0,

this side strictly increases as N increases. Hence,

0
(== stem))MIWE* = =log(l = s(em))(1 = s(em )™ (W)™
a(WG)*

+(1-(- s(eM))N)a—;\‘f > 0.

Since

[sec)WE)* + (1 = s(ec))(WE)Y*| = s(em)(Wi)* = (1=s(enr) = (1=s(ea))V ) (WSp)*
(A.1)

0
o A5 WE + (1 = stecHWE)'| = steaD W)} =

N G\ * N a(W]\(/;I)*
= log(1 = s(ern))(1 = s(er))™ (WiD)* + (1 = s(en) = (1 = s(em)™) — =
> —log(1 = s(em))(1 = s(ep))N (Wi)* + (1 = s(enr) = (1 = s(ep))™N)-
log(1 = s(ep))(1 = s(ep))N (WE)*
1-(1 - s(em)N

= - S(eM) — _ N G\ *
= 1_(1_s(eM))N10g(1 s(em))(1 = s(em))™ (Wyy)

>0

when N > 1. Also, when N = 1, the wage gap is equal to zero according to A.1. On the
other hand, the gap has a positive value when N = 2 since (WA(/’})* > 0. Therefore, the

expected compensation gap is a strictly increasing function in N.
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A.1.13 Proof of Proposition 5

First, I consider a case when ec = ejy.

Note that €c) | ) 1-d ( ))N
s(ec — s(ec —(1-s(em
F(U,,IN)=—- - s
Gl wwg)  wWwk) w(WS)
where
uWS) =U,, +glec) + (1 s(ec»fl,izz;,
uWE) = U,, +glec) - s(w)%, and
WWG) = U, +glen) + (1 - s(eM))fl,Ej”; ; — Ple_s)U,,.

Denote the difference between 1/ u’(WCG )and 1/ u'(Wé9 ) by D.
For given (1 — s(ec))D > € > 0, there is N such that

1 1—(1-s(ep))N

e ws T wWe) ¢

when N > N since P(e_p) — 0 and (1 — s(epr))N — 0as N — oo. Therefore, when
N > N,

sec) _1-slec) 1-0- s(em)™

FWU,,|IN)=- -
(_Ml ) u,(Wg) u’(Wg) u’(Wg)
_ slec) 1 - s(ec) 1 .
wWs)  wWE)  wWs)
1 1
=(1- _ _
> 0.

Since F(V|N) is a strictly concave in V, V* > U, when N > N.
Second, I show that there is N* such that V* > U, if N > N* when 0 < ec <ep < 1.

There are two possibilities;

s(epm) S 1 or s(epm) - 1
wWg) T wWg) T wwh)  wwe)

whenV =U, and N = 1.

s(em) 1
T\wwo) T wwE)
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This condition implies that

s(ec) 1-s(ec) —s(em)
F(Uy, 1) = - -
Gl w(WS)  w (W) i w (W)

1 I
1- -
= (1= stec)) [u’(WCG) u'(Wg)]
> 0.

Since % >0,V*>U,, forevery N.

s(em) 1 )
C\wws T ww)
Again, denote the difference between 1 /u’(Wg ) and 1 /u’(Wg ) by D. Then, for
given (1 — s(ec))D > e, there exists N such that

< [ 1—(1=s(ep))V -
w(WE) w (Wip)

Therefore, when N > N s

stec) 1—s(ec)  1-(1—sey)V
FWU,,|N) = - -
Gl =2 we ~ ey T ey
B s(ec) 3 1-s(ec) N 1 e
wWsg)  wWg  wWws)
1 1
=(1 - — _
(1 —-s(ec)) [u,(Wg) u,(Wg)] €
> 0.

Since F(V|N) is a strictly concave in V, V* > U, when N > N.

A.1.14 Proof of Proposition 6

Under the given assumption, it can be shown that

2 ’” ’” WG 77 WB
6F(‘1/):_ﬁ{ 1 1 ]+s(ec)(1—s(ec))g (ec)[u( & w C)]

0V dec wWS)  wwh) B \wWw83? wwk)
<0,

PPFV) _ (= sten)™!

AVdey w (W)

1l —(1- N WD (o g (em) OP(e_m)
[1—(1-s(en)) ]u’(WA(j)3 (1 -s(em)) 5 er, V| >o0.
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A.1.15 Proof of Proposition 7
First, I show that V* increases as U, increases. From the first order condition with respect
to V*:

sec)  1=s(ec) 1-(1=s(em)™ _
- + =
wWg)  wWg) w(Wip)

ove [1-( —s(eM))N]”,(xvéﬁi
Um () 4 (1= stec) it

”( c)
’(W )3

u” (W)
/(WG )’5

+ Ns(epr)P(e_pr)?

Note that for a given (N, epr), (WS)* = (WB)* if

g’ (em)

V= B

since u(WS) —u(Wg ) = -2 (eM) — P(e_p)V. For given (N, ec,ep ), denote V satisfying
(WG = (WB)* by V. That is,

g’ (em)

V=g

Then,

6F<(VIUM>’ __slec) 1=-stec) 1= (1= stem)"
wWe)  wWh) w (W)

6F((V|U ) OF(VI|U,,)
M| -20a d—m,MI __<0.

There are two possible cases,
V=V

If
(')F("VlUM)’

aF((VlUM)| -2 0. then V* > V. This implies that (W )* < (Wﬁ)*. Suppose that

& < 0. Since V is fixed at (V

- (1= stem)N
m =
Uy=e  w (W)

Hence, there is 0 < U}, < oo such that

OF (VIU,,)
oV %

SmceaU >0, (W )*<( )*1fU > Uy,

A.1.16 Proof of Corollary 6
It is enough to show that there is U, such that wB > WSI when V = 0 since this implies

that
OF (V)

0V lv=o

< 0.
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Note that
B G\ _ g’ (ec) g (em)
uWe) —u(Wyy) = g(ec) — s(ec) 5 Uy —8lem) — (1 = s(em)) 3
when V = 0. Hence, if
"(ec) "(em)

Uy < 8(ec) = s(ec) ™25 = glew) = (1= s(en) =2
wg 2wy
Since % > 0 and there is Q s such that V* > 0 according to Proposition 7, there exists
QM such that V* = 0 with 6§£;V) o = 0. Also, if U, is less than QM, the solution is
V* =0 with 2ECV)| <0.

OV |y=-~

A.1.17 Proof of Proposition 8
Before I prove the proposition, I show that V* is bounded for every N. The first order
condition with respect to V implies that (Wg, ) > (Wg )* for every N. Therefore,

g’ (ec)

g’ (em) —Ple_p)V* =2 V" +g(ec) — s(ec) 8

Uy +8lem) + (1 = s(enm))

Since 0 < P(e_pr) < 1,

g’ (em) —g(ec)+s(ec)g,(eC) N

B B

where the left hand side does not depend on N.

v,

U, +g(em) + (1 —s(enm))

First, I denote the optimal compensations by (Wg (N), Wg (N), WA(/}I (N), Wﬁ) for a given
N.2

Then, the difference between the two profit per agent is

2(N + DIIVHIN)-II(VT D) = (N = D(s(em) — s(ec))(G — B)
—2We(N) + (N + DWe(1) = 2NWp(N) + (N + DWa (1),

where

Wc(N) = s(ec)WE(N) + (1 = s(ec))WE(N)
Wi (N) = s(ep) WS (N) + (1 = s(epm))WE (N).

Since V* is bounded, optimal compensations (W (N), Wy (N),We (1), Wy (1)) are also
bounded. Also, they are not depend on G and B. Hence, there is G* — 8™ such that the

difference has a positive value for a given N since s(eps) > s(ec).

Note that Wﬂlf[ does not depend on the number of candidates.
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For the second part, I impose a restriction on ep;. Namely, for a given ec. epy satisfies the

condition that

g'ec) _g'lem)
B B

where V*(ec,ep|N = 1) is the optimal V when N = 1 for a given (ec,eps). Since

V*(ec,em|N = 1)+%—% > 0ifep = ec, there is épy such that V*(ec,ep [N =

1)+ &8c)  £m) > 0if ey € (ec.om .

(V*(EC,EMlN: 1)+ O,

B
Note that
* * N — 1
H(V*N)-TI(V*|1) = m(s(ezu) - s(ec))(G - B)
1
- Es(eM)(Wg(N) - Wy (1)
1
tSNTD [=(N = D)Wy (N) = 2Wc(N) + (N + D)W (1)]
N —
< m(s(eM) - s(ec))(G - B)
1
- 5s(eM)(W,{;(N) - W (1))
1
t oD W~ DWa (V) = 2We (N) + (N = DWar (1) + 2We (V)]
N-1
= m(s(em - s(ec))(G — B)
~ 7SN Wi (N) = Wi ).

The inequality holds since W (N) > W (1) and Wy, (1) > We(1). Note that We(N) >
We (1) is true because % > 0. On the other hand, the condition imposed on ey, guaran-
tees that Wys (1) > We(1).3 Here, I show that Wy, (1) > W (1) if eps € (ec,énr]. The
first order condition with respect to V when N = 1 is
stec)  1-slec) __ sem)
wWE1)  wWEW)  wwga)

which implies that u(W§; (1)) > u(Wg (1)). Therefore,

Uy +8lem) + (1 - S(eM))g,(eM) >2V" + g(ec) + (1 - s(ec))gl(;C).
This inequality and the condition on ej; imply that
u(Wip) = Uy, +glem) - sten)E (;M)
>V*+glec) - s(ec)g,(;C) +V*+ g’(;C) - g,(;M)
g (ec)

>V +g(ec) — s(ec)

=u(WE(1)).

31f agents have the log utility function, the condition is not needed.
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Therefore, Wy, (1) > W (1).

Hence, if N exr)
_ SeM G _ G
G-8 < T a0 (Wi (V) = wg (D],

IM(V*IN) < TI(V*|1).

Notice that there is N such that WO(N) > WS () if N > N since P(e_y) converges to
zero as N approaches infinity and V* is bounded. Let O denote
) 2N s(epm)
inf
Ne[N,o0) N = 1 s(ep) — s(ec)

[Wii (V) = Wi D).
Then, TI(V*|N) < TI(V*|1)if N > Nand G - B < O.

A.1.18 Proof of Proposition 9

Proof 7 First, note that

(N+1D)Wc (1) =2We(N) + (N + D)Wy (1) —2NWa (N)
2(N +1) ’

where W (k) and Wy (k) represent CEO’s and managers’ expected compensation when

I(VTIN) = TI(V* D) =

the firm hires k managers*, respectively. When agents have the log utility function, the first

order condition with respect to V is
s(OWE(N) + (1 = s(e)WEN) = (1 = (1 = s(e))M)Wy;(N).
Using this condition, it can be shown that

TI(V*IN) = TI(V*[1) = s(e)[WS (1) — W (N)]

(i =s(end = (1~ s(e)N"HWE(N) _ N-1
N+1 2(N +1)

This indicates that TL(V*|N) = IL(V*|1) < 0 if WS (N) > Wo (1).

Also, when u(x) = log(x) and ec = epy = e, V(N) is®

(1-s(e)WE.

V*(N) = _m.
log s(ec) exp [g(ec) +(1 - s(ec))%] + (1= s(ec)) exp [g(ec) - s(ec)%]
(1= =s(epm))N)exp [QM +glen) + (1 - s(eM))%]
1 s(e) + (1 — s(e)) exp [_%]
T TTH P | oo s@)M)yexp [U,]
1

(1-(1-s(e)N) }

=———U
T+ Pleca) M " T4 Plecs) ° | se) + (1 - ste) exp [-57]

“These are defined in A.1.17.
3In this proof, I explicitly indicate the dependency of the variable on N.

|
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Note that when U, = —log [ o (ng) - g,(e)]], V*(1) =0, and
s(e —Ss(e €X _T
wn (1—-(1-s@)H™)
VN = e Og[ s(a) '

Therefore, II(V*|N) — I1(V*|1) is greater than 0 if

s(e) - [N UG IN_ +(11_ S(“))N] expl—P(e_y IN)V*(N)]
_ %(1 — 5(e)) exp (—g,/(:)) > 0.
This is equivalent to
e i ()

[NP(e_p|N)]+Pe-pmTN)

For a fixed N, the first term on the right hand side is increasing in the agents’ effort level e

since

0 1+ Ple_pIN) B log[NP(e_p|N)] OP(e_m|N)

de Pe_pyIN)_ [T Ple_pIN) Je
[NPe_p |N)ITP@m™i ) (1+ Ple_pIN)INP(e—p |N) &™)

> 0.

Also, the first term on the right hand side is bounded above by 1. On the other hand, the
second term on the right hand side is decreasing in a and converges to zero as a goes to 1.°
Therefore, there is e*(N) € (0,1) such that

N 1+ Ple_mIN) N-1 1-s(e) g’ (e)
>N+1 M+2(N+l) s(e) eXp | — B
[NP(e_p|N)]+Ple—mIN)

holds if e = e*(N). That is, II('V*|N) — I1('V*|1) is greater than zero.

1

However, for fixed e and N, there is U}, such that II(V*|N) — II(V*|1) < 0ifU,, >
U3, (N). Notice that

Wiz (D) = Wi (N) = exp [g(e) +(1- s<e>)g/;e)] |
[exp [_(V*(l)] — exp [—P(e_M|N)fV*(N)]] i

which is less than zero if V*(1) > P(e_py|N)V*(N). The difference between these two

terms is

1 1
V*(1) — Ple_yIN)YV*(N) = (5 B m)

This result relies on the condition that lim,_, g’ (e) = co.

U, +R(N,e), (A2)
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where R(N,e) is a constant only depending on N and e not U ;. Since P(e_p|N) is strictly
less than 1 when N > 2, there is U}, (N) such that W5 (1) < WS (N) if U,, > U3, (N).
This implies that ITI(V*|N) — II(V*|1) < Owhen U,, > U}, (N).

Now, I show that 6(3—2)2 [TI(V*|N) = TI(V*ID] < 0 if 52— [TI(V*|IN) = TI(V*|1)] < 0.
M =M

Suppose that
s(e)

% _ 5 _ G
U [TI(V*IN) = TI(V*|1)] = — WD)
N G N -
- OV () - m(l - s(e)Wy;
has a negative value. Then,
0? . X s(e) .G N s(e)
@, VN =TCVADT = == W (D = o T h e i) Wiz (N)
N-1 B
—_ m(l — s(a))WM
s(e) Gy N s(e)
S W) - == SEWE )
N
m(l - S(a))WM
_Ls@ye gy - N owSivy - Nl (1~ senw?
21 2 M N +1 M 2(N +1) M
1 0
=350, [I(VFIN) = II(VFD)] <

[
When TI(V*|N) = II(V*[1) > 0as U,, = —logl s(a) = Q(I)\/I’ there

are two possible cases.

i (ﬁ [TL(V*N) = TI(V*[1)] < 0)

Since there is Uy, (N) such that II(V*|N) — TI(V*[1) < 0 when U,, > U}, (N),
there is aunique U, (N) such that TI(V*IN)=TI(V*[1) > 0if U, € [US,.U,,(N)).

2. (% [TL(V*|IN) - II(V*|1)] > o).

The condition that —%— a(U T [TI(V*IN) = TI(V*[1)] < O’fau [TI(V*|IN)-II(V*[1)]

= 0 implies that there is a unique U ,, such that 57— aU [TI(V*IN) = II(V*|1)] = 0.
=M

Hence, there is a unique U,,(N) such that II(V*|N) — II(V*|1) > 0ifU,, €

[US-Upr(N)).
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Lastly, I show that there is N* such that Wﬂcj(l) < WAC/; (N)if N > N* for a given (U,,,e).
This implies that II(V*|N) < II(V*|1) > 0. In the equation (A.2), R(N,e) is equal to

1 s(e)
R N, = _1 ’
e =3 Og{s(e) + (1 = s(e)) exp [—gT(“’]]

__P(e_uIN) 1-(1=s(e)N
L+ Ple-mIN) 7| s(e) + (1 - s(e))exp [-£52] |
Since (% - m) U,; > 0, it is enough to show that R(N,e) > 0 if N > N*. The

first term of R(N, e) does not depend on N and has a strictly positive number. Denote this

number by C. On the other hand, the second term is always less than

Ple_yIN) !
: , A3
1+ P(e_pIN) Og[s(€)+(1—s(e))eXP [_%]] -

which is strictly decreasing function in N and converges to zero. Hence, there is N* such
that (A.3) is less than C if N > N*. This implies that R(N,e) > 0.

A.1.19 Proof of Proposition 10

Note that
8?;§N (1 = s(ew )" log(1 = s(en)) ’(‘14’ )70
a(—(fﬁ =0, and
% s(e C);;‘ZG +(1 = s(ec)) azvgfc * (6;’5 - 3;’5]
= —s(ec)(1 - S(ec))g,,l(;C) [Z:;(W‘;V(gz - Z:’(;‘;Vgi]

1 1
+ﬁ(mwg‘) i u’(W@))'

This result shows that B(V >0 and C < 0 according to Milgrom and Shannon (1994).

First, consider e/. as a functlon of (V . Then, under the condition that u”’ (x)/u’(x)? is a
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decreasing function in x,

w’ (WS ows

0’F 5 1 + s
w(We)  w(WE) CwWE)? de;

OVON

L (WE owg] oer.
+(1—s(ec))u,(Wg)2 der. | aN
1
= (1 = s(em)™ log(1 = s(en))— A

>0

de S * . o .
since — ,\‘,3 < 0. This implies that % > 0. Now, consider the first order condition with

respect to ec:

OWEC OwWB
BG - B) = BWE - WE) + s(el) aeCC + (1= s(ec)— ¢

. .8 (e) 1 1
= BWE —WE) + s(ef)(1 - s(ef)) ﬂc (M,(Wg) - u,(Wg)].

The right hand side of the equation is a strictly increasing function in ec if g (ec) =2 0

and a strictly decreasing function in V. Hence, ‘E’v > 0 indicates that C < 0.

A.1.20 Proof of Corollary 7

Note that
0 WGy ov] I -ste)  s(ep) ) g7(eg) deg
[)(V g’ (el) Oe;
(WG) ~ )"+ (= S(ENWE” +sten W) =S 5

when agents have the log utility function. Also, it can be shown that

der. (/3 +s(ep)(1 - s(e;))%e*c)) (W& = (W8

- - 5

oV D1+ Dy
where
gu( C) . . g///(ez) Gos B
= (B0 = 252D T + s(ep) (1 = s(ee) TS | (W - W)
//( *) //( *)
=(ﬁ+s<ez><1—s<ez>>g ;C )g ;C (1= s(el)(WE)* + s(e)(WEY™).
Hence,
O o (W) = (WE
(’)N[(WC) (WS 1= D D, Dy > 0.
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A.1.21 Proof of Proposition 11
Note that when V = 0, e*C = ¢, by two first order conditions. Also, this implies that
WS = W Therefore,

PV __slep) L=step) 1-(=s(epnN
0V lv=0  wWg wWg) w (Wgp)
L 1= =step)Nt 1
= (1= s(e)) G~ o |-
u’(WC) u,(Wc)
Since W& > W& and (1 -s(ef))N ™! > 0as N — oo, there is N such that 6’(;53/) w0

if N > N. This implies that V* > U, = 0 when N > N. As a next step, I show that the

promotion incentive is bounded regardless of the firm size.
Claim 5 The optimal promotion incentive V™ is bounded for any N.

Proof 8 First, fix (eps) € (0,1) for a given N. Denote the optimal V by V*(ec) for a
given ec. Recall that %(CEC) < 0. Therefore,

V*(ec) < V*(0).

When ec = 0, the first order condition with respect to V is

1 1—(1-s(e)N
— + =
w(Wp) w (W)

B

where u(Wg ) = V*(0). It can be easily shown that

g’ (em)

V*(0) = u(WE) <u(Wyy) =U,, +glem) + (1 — s(em)) — P(e_pm)V*(0),

implying that

1
V) < —5—— [QM +g(em) + (1 —s(em))

g’ (em)
1+ Ple_n) '

B

Notice that this bound does not depend on ec. Now, suppose that

g'(eM)]
5|

vV

1
"1+ Ple_n) [QM +glem) + (1 —s(em))

Then, the manager’s wage for good performance satisfies

1
1+ P(e_M)

g’ (em)
B

u(Wo) [QM +g(em) + (1 = s(en))

g'(eM)]
5|

2

\%

Uy +8(em) + (1 = s(en))
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The bound for u(WACj) does not depend on N. This result means that the firm has to pay the
wage satisfying the lower bound if it requires an effort level ey form its managers. Since

the wage approaches infinity as ey converges to one, thereis ey < 1 suchthat el < ép re-
gardless of N and ec. Hence, V™ is bounded by m [QM +g(epy) + (1 - s(EM))%],
which is less than [QM +g(epy) + (1 - s(e‘M))%]. I denote this bound by V. This
upper bound does not depend on N.

Based on this result, I show the following result.
Claim 6 There is N such that (W§;)* > (Wy)* if N > N.

Proof 9 Recall that
W)™ < (Wep)*
if and only if

8 M) ple V.

Since e}, > e,,, where e,, is the firm’s optimal effort choice when V = 0, and P(e_p) —

0as N — oo, there exists N such that
g'(ey) . g’ (epr)

B B
if N > N. Therefore, (Wg)* > (Wﬁ)* if N > N.

> P(e_:_M)(V > Ple_p)V

Now, I show that e}, > ef. if N > N* = max{N, N}.

Note that two optimal effort levels e/. and e}, are decided by two first order conditions for

a given V:
owe W58
BG-B)=BWE -WE) + s(e*c)?g + (1 = s(ec)) aecc
. .87 (er) 1 1
= ﬁ(Wg - Wg) +s(eq)(1 = s(ep)) ﬁc [u’(Wg) - u’(Wg)] , and
(A.4)
G wB oWy Wi
B(G - B) = B(Wy; — Wyy) + s(ey) 3 + (1 =s(eyy))
em dem
. . g//(e* ) 1 1
= BV = Wig) + s(ein) (1 = s(eip)) ﬁM (u'<wg> B u'(Wﬁ)]
oP(e*
~s(e}y) Cw) 1o (A.5)

dem  w (W)
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If V is equal to U,, = 0, two conditions yield e;. = e},. The right hand side of (A.4) is a
strictly increasing function in ‘V while that of (A.5) is a strictly decreasing function in V
since

T (V. ec) 1 ¢’ (ec) (W WE)  w (WE)
= — — 1_ _
oV [u’(Wg) uf(Wg)] et = stee) =g Tiwey ~wangy | "
0Tu (V.enr) 1 g” (em) w’ (Wyy)
PImCV-eM) _ _ ppe_p)— - 8 tem) po_
o BP(e-) s+ stean)(1 = stew) Ep  Pleoan) 2 mehs
oP(e_p) 1 OP(e_p) u’ (W)
—s(em) dens u’(WA(f,)_s(eM) denr P(efM)u’(WA(f,P
~ ~ 8" (ep) Wi Nt 1
=s(epm)(1 —s(enm)) 3 P(e_M)”'(WJS)S B —s(en)) —”’(Wz\cﬂ
aP _ 77 WG
— s(enr) ;:MM)P(e_M)%vw
M
where
JeV.ec) = BWE —WE) + stec)(1 - seen® | L 1| g
B wws  wwh
It (Voens) = BOWE —WBY + s(ean) (1 - s(eppio) | L1
’ MM B \ww$) wwg
OP(e_y) 1
—s(eym) denr u,(WAC;)(V,and
6P(;e_M) = P (1= sten)V ! = Ple_yn)] <.
em s(em)

In addition, the following results

dJc(V,ec) :zg,,(ec)[l—s(ec)+ S(ec))]_g,,(e )( s(ec) +1—s(ec)]

dec wWws) " w Wk wWe)  wWg)
u”’ (WE) u”’ (Wg)

+ s(e
vy ey

8" (ec) 1 1

K 1- -

+s(ec)(1 = s(ec)) 7 (u,(wg) u,(Wg)] >0,
OP(e_pr) 1
-2

ec=epm ﬁ aeM M’(Wg)
g (ep) OP(e_pr)

B dey
O?P(e_y) 1

dem)? wWS)
_ afc((v,é’c)
- 6ec

’7 2
~ sec)(1 = stec)® iff)

(1 =s(ec))

Oy (V,en)  dJc(V,ec)
8€M - 8€C

+|2s(em)(1 = s(em))

2 ’7 G
V —s(enm) (6P(e_M)) (VZ} u” (W)

Oey w (W3

—s(em)

1
2(N-D(1 - N-2______
oo, +B( )(1 = s(em)) u,(Wg)(V

g” (enr) OP(e_pp) AP(e_p) )2 ,| W W)
B deym dey w(WG)3

+|2s(en)(1 = s(enm))

V —s(em) (

>0,
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where
PPe-y) _ B
d(em)?  Ns(em
+2 =201 = s(em)N ™" = 2N = Ds(en)(1 = s(epr )V ']

2
B (N = 1)1 = stempN 2 —2B Pl
sten) Sem)  den

validate the first order approach.

7 [-NV = Dystem)*(1 = s(em )V >

* * . * _ -
Hence, e, <€), since V* > U, =0when N > N.

A.1.22 Proof of Proposition 12

For a given (V,N), Uy, is determined by the equation (2.9). I denote this by U, (V,N)
to explicitly express the dependency. The first order condition with respect to V and the
equation (2.9) imply that V* and U, (V*, N) satisfy

s(ec) 1-s(ec) (1=s(em)" _ s(em2) 1 —s(em2)
w((WE*)  w((WE*  w(W5)*) W (W5 w (Wb |
where the first order condition with respect to V is

OF (V) B s(ec) 3 1 -s(ec)
oV wWe)  wWE)

+NS(€M1)'

IUpa(V)
[mwg) (P(e_M) +(1- P(e_M»g—(V)]

stem2) 1= s(em2) | OUp2(V)
-6 (Ns(eM1) -1+(1- S(eMl))N) (u’(WA]éG) + u’(WA(jA;) ] ’g(v
stec) 1—s(ec) 1—(1—s(ep)V
- +
wWs)  w(Wg) w (W

by (2.9).

Note that % approaches zero as N goes to infinity. Also, when ec = ep0, V =
M
Uz, and 6 = 1, the condition is equal to
stec)  1-sec) _ slema) 1-s(emd)
wWs)  wWwl  wwge  wwe)

Since the left hand side of this equation is a strictly increasing function in ec and V, there

18 ]V, éc < eprr such that

s(éc) l_S(éC)+(1_S(3M1))ﬁ stema) | 1—s(em)
wWs)  wWh) w(WS) w (WS  w (WS

when V = U M for a sufficiently large 6. This implies that for given (d,ec,enr1,em2,N),
where ec < éc < epypand N > f\?, V*> Uy, (V. N).
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Now, I show that V* is an increasing function in N > N when V* > U* (V5 N ).

First, note that for a given V' and N,

. u” (Wi) 9P(e_pm1)
AU, (V,N)

e RV = Upy (V.N))
:_u// wGG) , wGBy 7"
N AR (1 = Ple_y)) + 0 s<eMz>W—GG)3+(1—s(eMz>>,(;VL%
Therefore,
?F(V) _ N 1
NGV —(1 = s(ep1))” log(1 - S(eMl))M,(WA(;;)
u”’ (WS)
1-(1- N M7,
# - s TG
OP(e_m1) . . oU*,(V,N)
(VT = Ui + (1= Ple_y) —5
1
=—(1- Nlog(1 -
(I = s(em1))™ log( S(€M1))u,( G)
—[1 = (1 = s(epr1)N1|s(e )¥+(1—S(e ))u
M1 M?2 u (WA(;G)3 M?2 (WA(/;B)3
Moreover,
02 F (V) u” (WE) u” (WE)
Gl gc)3 (1= s(ec)———n— W

0= (1 = stepn™) S Wir)

U, (V,N)
’7 Wg M”(Wg)
= s(€C)u,(WCG)3 + (1 - S(eC)) /(WCB)3
//( )
+(1—(1—S(€M1)) ) /( )3
WwGG) W)
|\ Pe_p1) 6[S(€M )W"‘(l — s(em2)) ,(WGB)S]
(1= Ple-yyi)) S + 6 [s(enra) S+ (1 = sCenra)) 2 |
<0,

where I exploit

u’ (W)

U3, (V.N) Ple-m) 7we s
- w w ’r WGB
VP S b [sten T 4 (1~ (e )

u (Wei)3
using the implicit function theorem.
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A.1.23 Derivation of the Firm’s Problem in Section 2.7.2

The firm’s problem can be written as

oo

max  Eo Z 8P (C, My, My | H_ )
C,. M\, M, P

subject to (IRc), (ICc), (URm1), (UCpm1), (URm2), (ICp2),

where
P1(C, My, M>a|Hp) = Pc(C) + P (M)
Pc(C)+ NPy (M) ifH,_1 €8
P, (C, My, Ma|H, 1) = ’
NPM(MZ) if?”{,_l € Sz
with

Pc(C) = s(ec1)(Ge — WE) + (1 = s(ec1))(Bc - WE)
+0s(ec)s(ec2)(Gc = WED) + (1 = s(ec2))(Bc - WEH)]
Pr(M;) = stemi)(Gum — Wypy) + (1 = s(emi))(Bu — Wiy,
C=WE WEWEC WEP)
Mi = Wy Wizp)-

Also, H; denotes the CEQ’s seniority and outcome at time 7. Hence,

7-11 € {(CI,QC), (CI’BC)9 (CQAQC)’ (C29BC)}9

where C; is equal to C; (Cy) if the CEO is her first period (second period) in the position.

For brevity, I use two terms, S; and S», in order to represent

S1 ={(C1,8c), (C2,Gc), (C2,B¢)}
S, ={(C1,Gc)}s

respectively.

Then,
Ey Z 6r_lpt(C,M1,M2|7-[t—l):| =Pc(C) + NPy (M)
=1

+ ds(ecy) {NPM (M) +6Ey

t=1

5Z_1P;(C,M],M2|7'{t—l)]}

+6(1 —s(ec1))Eo

>, 6"‘7>,(c,M1,M2|%_1>] :

=1
where I exploit

oo

Eo | > 6"\ Pi(C, My, Mol H 1)

t=1

=E;

Z 6t—(s+1)7)t(c, MlJWZl?{t_l)l
t=s+1
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if H; € 8. Therefore,

— 1
t—1 _
Ey 216 PACMLMIH )| = 5 i v ee)

[Pc(C) + NPy (My) + 6s(ect) NPy (Ma)].

Since I treat ec; as an exogenous variable, the firm’s problem is to choose (C, M, M;)
maximizing

Pc(C) + NPp (My) + 6s(ec1) NPy (M).

A.1.24 Proof of Proposition 13

The firm’s problem for guaranteed situation is to choose (‘7 € [0,00) maximizing F ((V )
defined by’

F(V) = max s(ec)(Ge = WE) + (1 - s(ec))(Bc - WE)

A
+8s(ec)s(ec)(Ge — WEO) + (1 - s(ec))(Bc - WEB)]
+6(1 = s(ec))sec)(Ge — WEG) + (1 = s(ec))(Bc — WEP))
+ N [s(em)(Gm = Wi;p) + (1 = s(en)) By = Wiy )]
+ 0N [s(em)(Gm = W) + (1= s(en))(Bu = Wiy
subject to
u(WG) =V + glec) + (1 - s(ec»g'(;‘f) _ve,
M(Wg) =V +glec) - S(ec)g,(eC) - Vp,
u(WEC) = VO + glec) + (1 - s(ec)) =2 (;C)
(WGP = VO 1 glec) - s(ec>g'(TeC),
w(WEG) = VB + glec) + (1 — s(ec)) 2 (;C)
w(WEB) = VB + g(ec) — s(ec) 2 (;C)
W(WG ) =U,, +gler) + (1 - s(ea )’ (;M),
W(WB ) = U,, +glen) - slean)® (;M),
“(Wz\(:;z) =U, +glem)+ (- S((eM))—g’(f;M) — P(e_p)V, and
uW(WB,) = U,, +glenr) — slea)® (;M),

I use the hat notation to indicate guaranteed job security case.
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where
ﬁ = {(WG,Wg’WgG’WgB’WgG’WgB)’ (ngl’wlaz)a (WEZ’W]\Blz)}’
VZ = s(ec)u(WEP) + (1 - s(ec)u(WE®) - g(ec), and

VE = stec)u(WEO) + (1 - s(ec))u(WEB) - g(ec).

Then, the first order condition with respect to V for unguaranteed situation is

s(ec) 1-s(ec) 1-(1-s(emNV - (1= stem)™ _

- - 5(1- 5
WG wwd) O TS T e T sl 6 )

On the other hand, the condition for guaranteed case is

_stee) _1=stec) 1= (1= sten)™ _

— = = 0.
wWs)  wWwh) w(WS,)

First, I show that there is §* € (0, 1) such that (VZB)* <V fora given Ve [0,00). Note
that V' and (VZB )" satisfy

1 5 s(ec) N I —s(ec) ~0

wWph)y  |wWES)  w(WEP)

Suppose that 6 = 1. Then, the equation cannot hold if V< (VZB)* since this inequality
implies that (Wgc)* > (VT’gB )t > (Wg )*. Here, the first inequality holds since ec > 0
and the last inequality holds as a strict inequality unless V = (V2B)* = 0. Since this is true
for all V € [0,00), there is 6* € (0, 1) such that (V)* < V.

There are two possible cases when ec = 0: 1) (V*(O) > 0, and 2) (V*(O) = 0, where

(V* (ec) is the optimal promotion incentive for a given CEO’s effort level ec. First, I show
B\ * Tk P

that 6(;/—2(7) > 0 and MT(EC) < 0 when V*(ec) > 0 for ec € (0,1). Notice that, by the

implicit function theorem,

M"(’W\g)
6(VZB)* _ u/(")v\gﬁ
a(i; uu(Wg) u//(WgG) B M”(WCBB)
B +6 S(eC)—uf(WgG)S +(1 S(ec))—u,(wgg)g
B\x G\ *
Also, this means that (9((;/—%7) is less than 1. Likewise, 0 < ‘9(;/% < 1. Hence,
~ OEF (V™)
0V (ec) _ _aecov _,
Odec ORF (V™) ’

oOV?2
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where
O2F (V™) 1 1 w’ (WE)*) g’ (ec) OV
= — - — + — < " la- -
decdV [u'«wg)*) w((W@)*)] S(eC)u'«WG) BE [( T T e
’7 WB * ’ 0 VB *
+ (1 - s(ecn D)) [—s(eag (ec) | 25
W (WE)*)? B dec
_ﬁ[ 1 ~ 1 }
w (WS w (W)
w”’ (WE)*)
— s(ec)—=—
w(WE)*)3
1 B B g (ec) (W (WESH  w(WEB
[’B(u <<WGG>> u((WgB)*>) s(ec) (1 =s(ec)) =5 (u’((WgG>*>3 u’((%”*)*ﬁ)]
u” (WE)*) u” (WEG) u” (WE))
P TS +0 [s(ec)—u,((ﬁ;gc)*)3 +(1- S(eC))—u'((WgB)*)3]
//((WB)*)
(1= see) .
W (WB))3
1 1 "<ec> u”(WEC)")  u”(WEB))
5[ (s — ) — (e (1 = st £ (LG - D )]
u” (WE)*) u’ (WEC u’ (WEB))
Wiy O [s(e ) (WBG) )3 + (1= slec)) s >3]
+85(ec)(1 - s(ec)) Hij)'
1 .
u” (WE)*) u” (WEG)*) u” (WEE)*)
(u’((WCG)*P o [S(eC)u'«VV‘CGG>*>3 +(- S(eC))u'((WCGB>*>3])
1
u’ (WE)*) u” (WEC 3 u” (WEB)*)
(u’((vVg)*>3 +6[S(e ) (WBG> £ (1= s(ec ) W )3])
{u"((v?gm W’ (WE)") » (u"((WgG> ) "((WgG)*)]
w (WE))P w (W) w((WEGY)S  w(WEP)*)
M”((WGB)*) n((WBB)*)
+<1—s<ec>>[ Bt = )
(WEPY3 w (WEP)*)?
Il(( G) ) "((WGB)*)
+5[S(EC)T (1—s(ec>>”A—GCB)-
W (WGG)+)3 w (WGB)*)3
wWweN W (WERY) ) (w/ (WE")  w"(WH")
seC/ABG*3+(_s(eC))/ABB*3 ((TUGNN3 7 ¢ (TUBY#\3
w((We™)*) w (WE=)") w((We) )y w((Wa)*)
<0,
and
O2F(V*) w(WEH [ ave)* W (WHH [ avP)
———= =s(ec e 1- — | + (1 = s(ec)) B =
oV? u'((WC )*) oV ((W )*) oV

W (W5)")

+6(1-(1- s(eM»N)P(e_M)—G
W (Wyip)*)?
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where I use the following two results

oV 1
dec  wr(WS) u’ (WS W (WGBY1
et [ (ec) '<WGCG>* + (1= s(ec)) %Wg‘*)*]
(1 - steen e WD | !
B u (WG)3 w(WEE)  w(WEP)
" (e u//(WGG) M”(WGB)
—s(en)(1 - s(ec))Sec) [ _C - - _C || and
B w(WE3  wWa?P)
awvyr 1
dec  ur(Wh) ' (WBG ' (WBE)
c uf(W§)3 [ (ec) ,(ngG)'; +( _S(BC))—f(WBB)%]

¢ (ec) W’ (W, ) 1 1
— 5 — — —
{ Hec)™p W (WE)3 ['B(u’(WgG) u'(WgB))
g '(ec) [MII(WCBG) ) M”(WgB)]]}

B \w(WBS)  w(WBB)

—s(ec)(1 = s(ec))

based on the implicit function theorem.

For the previous results, I exploit the condition (Wg )< > (Wg ), (Wg Gy*y > (Wg Gy*,
and (WGB)*) > (WEB)*, which all hold since (V,®)* > (V,#)*. These imply that

I _6[ stec) 1= s(ec)
w((WS  [w(WEG*)  w(WEB)*)

5[ stec) . 1-s(ec)

w((WESY)  w(WBB)*)
1

w(WB)

Here, I show that why the condition, (VZG)* > (VzB )*, holds. Suppose (Vzc)* < (VZB ).
Then (Wg)* < (Wg)* according to the same logic above. Note that u((Wg)*) + (VZG)*
must be strictly greater than u((Wg ) + (VZB )* in order to induce managers to exert a
positive effort. However, two conditions, (VZG)* < (VZB )* and (Wg )*) < (Wg )*, yield
u((WCG )+ (V)" < u((Wg)*) + (V,8)*. Therefore, (V,°)* must be strictly greater than
(V3)*.

The next step is to show that there is éc € (0, 1) such that (V*(ec) =0ifec € [éc,1) and
(V*(ec) > 0if ec € [0,ec). Since %(;C) < 0 when (V*(ec) > 0, it is enough to show
that there is ¢ such that V*(ec) = 0. Recall that

OF(V) _ _ stec) _1-slec) | 51— (= stem)™
oV w(WE) u(WB> wWwé,)
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When V = 0, the last term is a positive constant regardless of the value of ec. On the other

hand, from the condition

L sl o) | Loslea))
w (WE) w(WE9  wWE?)

it can be shown that the first term approaches negative infinity as ec approaches one because

(Vo) > %\ = 0 and u((WS“)*) approaches positive infinity as ec converges to one.

Hence, there is éc supporting the optimal choice of zero promotion incentive. This result
yields that there is &¢ € [0,é¢) such that (V,2)* < Oifec € [éc,1) since (V,F)* < V*(ec).

The remaining proof is to show that V*(ec) > vV “(ec) when ec € [éc,1). Notice that,
when V =V € [0,V*(ec)] for ec € [éc, 1),
FV) AF (V)
oV Fa%

since (WS)* = (WS)*, WE)* < (WE)*, and (WG ,)* > (WG ,)*. Hence, V*(ec) >
(V*(ec) when ec € [éc,1). Moreover, when ec € [éc,ec], V*(ec) > (V*(ec) since
D) = 0.

OV Y=V (ec)
Consider the second case, vV *(0) = 0. In this case, YV *(ec) = 0 for every ec € (0,1).
Hence, V*(ec) = (V*(ec) regardless of the value of ec € (0,1).

A.1.25 Proof of Proposition 14
For brevity, I denote epri; = epma1 by ey and epr12 = eproo by epn. Suppose that
(UZ%,[ 1)* < (UI%“)*. Note that, for a given V, the expected utility for the second period,

Ul%l ;» 18 determined according to the equation

1 stemiz) 1 —s(emi2)

w (WS ) w(WSo  wwoBy |’

i = 1, 2. This equation and the condition that (U]%ﬂ)* < (Uz%/[z)* imply that (WA(/}“)* <
(WAGH)*. In order for the inequality to hold, the following must hold:

(1= s(ec)Pe_p1)V+(1 — (1 = s(ect)Ple_p1)(Uss))*
> P(e_p1)V + (1 — Ple_p1))(Unyy)",

which implies that
(1= Ple_p))((Uz, )" = (Uz)") + s(ect)P(e—a1)(Un; ) = s(ec)Ple—p)V.

Then, (Uj%/“)* must be greater than V since (UI%,“)* < (Uj%“)*. This contradicts to the

given condition. Hence, (U]%/“)* > (UI%“)* if V* > (U]%/“)*. Moreover, the difference
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between u(WA(j]) and u(WAC;Z) is
u(Wypp) = u(Wypy) = steci)P(e-p)V
= [ = Plea)) (U3, - Uzpy) + s(ec) Ple_y) Uz | .
which has a positive value when V* > (UZ%,“)* > (UI%“)*. That is, (WAC;I)* > (WAC/;IQ)*.

A.1.26 Proof of Proposition 15
First, I show that there is a constant N such that V*(N+1)—=V*(N) <0if N > N.

For a given V and N, ec(N) is determined by

N
E|f (Z Xl-) B(Gc - Bc) = BOWE(N) = WE(N))
i=1
. g (ec(N)) 1
+5(ec(N)( = stec(N)*—— [u’(Wg(N)) TWE |

(A.6)

Claim 7 There is M such that

N+1 N
E|f in] - E f[ZXi] > M
i=1 i=1
for every N.
Proof 10 For brevity, denote
N NN ‘ _
E|\f [Z Xi] =3 ( l. )s(eMY(l ~ s(es)N T [iGu + (N = )By)
i=1 i=0

by I(N). Also, I denote
min [f(iGm + (N +1-0))By) - f(iG+ (N -i)Bu)]

by f. Note that there is My > 0 such that f > My for every N since f/(x) > 0 for every
x2>0.

Then,
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N

N . .
ICN +D=I(N) = ) ( l. )s(eM)l(l — s(em))V
i=0
N+1

¥ (1 —stem)) fiGm + (N+1-0)Bpy) - f(iGu + (N —)Buy)
+1—1i

+ses)N T FN + DGum)

o (N i N—i
z; st = stea)™ "

N+1
N+1-i

+s(es)V AN+ 1)Gu) + [

(1 =s(enm)) - 1] fiGm + (N - )Bum)

Denote [(N + 1)s(ep)] by S. Then,

ifi >§

[ NA1 e - 1

N+1-i

{S 0 otherwise.

There are two possible cases.

1. (§=N+1)
Then,

N N ' ‘
I(N+h)—1(h) > Z ( ; )S(eM)l(l —s(em))N "
i=0
N +1

N+1-i
+s(ea)N ' F(NGm)

+s(ex)" M [F(N+1DGm) = FINGu)] + f
> s(es) N LFUN + h)Gu) - FINGM)1 + £,

(1 =s(em)) - 1] fGm + (N —)Bum)

where the last inequality holds since

(N ~ AT (N + BN = i)!
;(Z)S(eM)l(l _S(eM))N—l\ (N'-:Nl(h_l;? (1 _S(eM))h _ 1:” — S(eM)N+1.
2. (§<N+1)

N_
N+1

§ < N + 1. In this case,

First, notice that if > s(ep), then § < N + 1. That is, if N is sufficiently large,
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s—1

I(N+1)-I(N) = Z (]Y)s(eM)i(l - s(eM))N_i.
ico \!
N+1
[N++1 —; (= stem)) = 1] fGm + (N = )Bur)

o N i N-—i
+Z | sCenn)’ (1= s(en)

N+1
N+1-1i

+s(em)" M F(INGM) +
N N . _
> Z ( ; )s(eml(l — s(ep)N

[f3Gm + (N =9)By) = f(5—1Gum + (N =3+ 1)By)]
+s(ex)N T (N +1D)Gum) + f

o N i N-—i
>Z | sCern)’ (1 = s(ear)

[F (G + (N = $)Bu) = (5= DG + (N =5+ DB + £
> f

(1 =s(em)) - 1] fiGm + (N —)Bum)

N+1
N+1-i

(I —s(em)) — 1]-

N+1
N+1-i

(1= s(em)) - ]

Hence

E - FE >£2Mf>0.

(5

i=1

/(2

This result means that ec(N + 1) > ec(N) if V is fixed.

Now, I show that there is N such that 6%,3’) < 0 for every V € [0,V]. Note that
OF(VIN) _ s(ec(V,N)) 1 =s(ec(V,N)) N 1-(1-s(em)V
oV wWWE(V,ec(V.N))  wWE(V,ec(V.N)) w (WS
___stecP.N)  1=s(ec(V.N) 1= (1= s(em)™
T w(WE(0,ec(V,N)  w(WE(0,ec(V,N)) w(WS)
where

WE(Vi,ec(Va,N)) = Vi + glec(Va,N)) + (1 = s(ec(V2,N))) 7

WE(Vi,ec(Va,N)) = Vi + g(ec(Va,N)) = s(ec(Va,N)) B
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and ec (V,, N) satisfies

5

i=1

E\f B(Gc = Bc) = BWE (Va,ec(Va,N)) = WE(Va,ec(Va,N))

’7” vV N
+s(ec(Va,N))(1 - s(ec((Vz,N)))%.

1 1 |

| (WE (Va,ec(Va,N))) W (WE(Vasec(Va.N))) |

since

9 s(ec(V2,N)) 1 - s(ec(V2,N))
+ >0,
IVi {w (WE (Ve (Va,N)) — w (WE(Wi,ec(Va,N))

0 s(ec(Va,N)) 1 = s(ec(V2,N))
+ <0
4% u’(Wg(Wl,ec(Vz,N)) W (WE(Vi,ec(Va,N))

. . 1—(1=s(ep )N < 1 G :
Since V is bounded Wl S wwoy’ where W7, satisfies

u(WS) = Uy +glenn) + (1= s(en)® (;M).

Moreover, there is éc € (0, 1) such that
s(ec) 1 —s(ec) 1
G t B > G
wWEO,ec))  wWB(O,ec) ~ w(WG)

if ec > éc since lim,. 1 Wg (0,ec) = oo. Since there is N; such that ec (V,N) > éc if
N > N,

OF(VIN) _ _ stec(V,N))  1=s(ec(V,N)) L1-a- stem)N
oV wWE(0,ec(V.N)) w(WE(O,ec(V.N)) w (W
_ slec(V,N))  1=s(ec(V,N)) L]
w(WE0,ec(V,N))  wWE©O,ec(V,N)) u (W)
<0
when N > Nj.

Hence, V* = 0if N > Nj. Also, this implies that there is N, < Nj such that V*(N + 1) —
V*(N) <0when N € [N, N; — 1] if there is N* < N; such that V*(N*) > 0.

Moreover, e (N + 1) — e/ (N) > 0 when N > N, since

OE(V,ec) 0E(V,ec)
Yon > 0 and dec > 0,

where
E(V,ec) = WS (V,ec) = WE(V,ec))

¢ (ec) I ) L]
B |wWE(V.ec)) wWE(V.ec))|

+s(ec)(1 = s(ec))

comes from the right hand side of (A.6).
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A.1.27 Proof of Proposition 16

First, note that constraints regarding managers give the following results:

uWe) =%V

G\ _ g’(er)
uWy) =U,, +g(er) + (1 —sp(er)) - P(e_pm)V,
WWE) = U, +gler) — si(en)S 2 _ Rie_y)V, and

eyg = ey,

I =

for a given (er,V). From now on, I use subscript 1 for promotion rule 1 and subscript
2 for promotion 2 in order to distinguish two problems. For a given ey and ey, denote
the optimal V by (Vl* (er1) under promotion rule 1 and (Vz* (er1) under promotion rule 2,
Also, denote the firm’s objective function under promotion rule 1 and promotion rule 2 by

Fi(er1ly) and F>(er2|y), respectively, for a given y. That is,

Filerly) =y [(B = BHi(er) + B] = Wer +20gsu(en) + (1 = @)sLen) (G - Wii))
+2[1 - gsu(en) - (1 - @)sr(er)(B - Wyy)), and

Fy(eLly) =y [(B = B)Ha(er) + B] = Wea + 2gsu(en) + (1 = @)sLleL) (G - Wir,)
+2[1 - gsp(en) — (1 - @)sL(e)/(B - Wy,

where

gsu(er1)
gsu(en1) + (1 —g)sp(err)
+(1 = q)srlern)’|
+q [1-2(gsu(enr) + (1 = @)sr(er)) + (gsu(ent) + (1 - g)s(er1))?] . and

Hi(ep1) = [2(gsu(eq1) + (1 = q)sp.(er1)) — (gsu(emt)

H(erz) = q+q(1 —q)(sp(en2) — sp(er2)).

Then, the firm’s problem is to choose ey, in order to maximize its objective function. Notice

that, for a given e ;, (V]* (erj), j = 1 and 2, satisfies

OFi(eLily) = 1 2(gsu(en1) + (1 —q)sp(err)) _

v wWen W (WG ) Ple-an) =0, and
OF(ealy) _ 1 2(qsu(em2) +( - Q)SL(eLz))P(e )

0V w (Wea) w(WS) M

N 2(1 —gsu(em2) — (1 —q)sp(er2))

u/(WI\I;Z) R(e_p2) = 0.
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Also, the first order conditions with respect to e ; are

OF(erily) _ -, OHi(er) B _ —@_wG _ wh
Oer1 =vB-P der1 +2[q:8+(1 Q)E][g o7 W =Wl

gsu(em1) + (1 —q)sp(err)
w W)

-2 [(1 —sp(er1))

= | =

1 —gsu(em1) — (1 —q)spert)
—-sp(er1)

w (W)
gsu(em1) + (1 —q)sp(er1) OP(e_pr1)

V*(er1), and

+2

OF 5_ o OH X
2(€L2|7) — 7’([3 _ B)M +2 [qﬁ_ + (1 — q)é] [g - B - (WA?IZ - WAL,;[Z)]

dera - dern é
K gsu(em2) + (1 —q)sp(er2)
22 (1=
5 [( sp(er2)) u’(W,\(;z)
—sp(en) 1 —gsu(en2) — (1 —g)sp(er2)
w (W)
gsu(en2) + (1 —q)sp(ern) OP(e_p2) .
2 V.
’ w(WG ) Der, 212
1-gsy(ens) — (1 —q)sp(ers) OR(e_p2) . .
+2 u’(Wﬁlz) S (VQ (er2).-

According to Milgrom and Shannon (1994), 0;:61 >0and 6;—5‘ > 0 since

O?Fi(erily) - OH\(eL1)
der1dy F-P) dery
a2
=2(8 - pq(1 - q) (E - ﬁ] [1—-gsu(en) — (1 —g)sp(ec)] >0, and
*Fyleraly) - )5H2(€L2)
derrdy = Oers

a2

=(B—g>q<1—q>[%—g]>0-

Il

. .. . o o . * %
Moreover, these inequalities imply that ;;1 > 0and ;;‘ >0ifey, € (0, ) and e, €

(O, %), respectively, according to Edlin and Shannon (1998).

Also, there is y; such that e} | = £ which means thatey; = 1,if y > y{ since %ezly)

1~ B’
) . . . . . . OF(eLly)
is a strictly increasing function in y and lim, _, o e, X
erLi=

= oo,

Moreover, by the envelope theorem,

dF (e} (1y)
oy

_ ok (€%, ]y) _
= (B - BYHi(e},) + B and % = (B - BHa(e},) + B

ep1=1
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Since Hi(er1) > Hy(ep1) when ep = epo, there is éy; € (O,%) such that Hy(ér) >
H, (%) Hence, there is ¥ such that Fy (e} ,|y) > Fa(e},ly) if y > 7.

Now, I show that F (e ,|y) < Fa(ej,ly) when y = 0. This is true since

Fr(ep,ly) = Fa(ey ly) > Fi(ep,ly).

The second inequality holds since (Wz\%)* = W]\(:;z and (Wﬁl)* > W1€12 if (ef2, V) =
(ezl,(Vl*). Hence, ¥ > 0.

A.2 Firm’s Problems in Detail

A.2.1 The Firm’s Problem in Section 2.7.1

Under this extension, the firm’s problem is to choose V € [0, c0) maximizing F (V) defined
by

F(V) = max s(ec)(Ge = WE) + (1 = s(ec))(Bc - WE)
{(WEWE, WG WE), WSS, w38,

+ N [s(er)(@m = Wii) + (1 = sCemn)) (B — Wip)]
+8(Ns(em1) = 1+ (1= stemr))™)s(em2) (G = W5 + (1 = s(ear2))(Bu — WHE)]

subject to

E[UWE WE ec)] =V,
E[UW5;, Wasem)] + s(ep){P(e_p)V + (1 — Pe_py))E[UWSC WhEB e} = U,,.
ec € argmax E[U WS, WS, é],

em1 € argmax E[UWS . WE, &)1+ s(@){Ple_pm)V + (1 — Ple_an )V EIUWSCE WTB errn)]),

ema € argmax E[U(WSE, WSB 6)],
e

where
E[UWE,WB e)] = s(e)u(WE) + (1 — s(e))u(WB) - g(e).

Note that the expected number of senior managers in the second period is
& (N & (N
> ( )S(eMl)k(l —stem)V Kk -1 =] ( )ks(em)"u — s(em)V
= \k o \k

N (N
- ( )S(eMl)k(l — s(emN™NF + (1 = sean)”
k=0 k

= Ns(ep1) = 1+ (1 = s(eann)V.
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A.2.2 The Firm’s Problem in Section 2.7.2
The objective of the firm is to choose V € [0, c0) maximizing F (V) defined by

F(V) = max stec)(Gc = WE) + (1 = s(ec1))(Bc — WE)

+ds(ect)s(eca)(Ge = WD) + (1 = s(ec2))(Be - WEP)]
+ N [stem)(Gm = Wi ) + (1= s(em))( By — Wiy )]
+6Ns(ect) [s(em2)(Gu — Wipy) + (1 = s(em2))(Bur = Wip,) |

subject to

E[UWE,WE. ec)] + s(ec) EIUWET , WEP ec2)] =V (IRc)
E[UWS W emD] + s(em1)(1 = s(ect))Pe—p1)V =U,, (IRm1),
E[UWyjy, Wiy ema)] + s(em2) Ple_a2)V = Uy, (IRu2)

ec1 € argmax E[UWE,WE,e1+ s(OE[UWES,WEB ecy)] (ICch)

ec? € arg max E[UWES,WEE 8)] (ICc2)
em € argmax E[U Wy, Wigy, 0]+ s(&)(1 = s(ect)Pe-m1)V (ICu1),
em> € argmax E[UWS, W ,,8)]+ s(&)Pe_m2)V (ICu2),
where

A= (WS WEWEC,WEBY, (WS WE ), (WS, W)}, and
E[UWE, Wg,e)] = s(e)u(W) + (1 — s(e))u(WB) — g(e).

When the CEO’s individual rationality constraint binds at V, the compensation scheme
WS WE, WEC, WEE) for the CEO satisfies

g'(ec1)

u(Wg) =V +glect) + (1 - s(ecr)) 5
u(Wg) =V +glecr) - S(€c1)g’(eTC1),
W(WEC) = Vs + gleca) + (1 - s(ecz»g'(;%"‘),
W(WEB) = Vs + gleca) - S(ecz)gl(eTCZ),

where
Vs = s(ec)u(WE9) + (1 = s(eco))u(WEE) — g(eca)

is the successful CEO’s expected utility in the second period.
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On the other hand, the compensation schemes for managers are characterized by

WWS) =U,, +glearn) + (1= sean) S _ (1 = s(ee))Ple_s) V.
WWEB ) = U, +gleann) — s(earn)® (;M”,

G\ _ g ((em2)
u(Wyp,) =U,, +glem2) + (1 - S((eMZ))T — P(e_p2)V, and
W(WEB,) = U, + glears) - S(em)%-

A.2.3 The Firm’s Problem in Section 2.9

The expected profit from two managers is

E[Myl(en.er. Wy Wil = ¢*2[su (en)(Gu — Wip) + (1 = su(en))(Bu — Wip)]
+2q(1 = )lsu(en)(Gu — Wip) + (1 = s (en))( By — Wiy)
+s52(e)(Gu — Wyp) + (1 = sp(er))(Bu — Wiyl
+ (1= )" 2sp(er)(Gm — Wip) + (1 = sp.(er))(Bu — Wil

Also, the choice of promotion rule determines the expected 8 when the firm requires ey and
ey, from high-type and low-type managers according to 1) when the firm uses promotion
rule 1, E[Bleq.er] is equal to

gsu(en)
gsu(en)+ (1 —¢q)sp(er)
~(gsu(en) + (1= @)sp(er))’]

EP'[Blen,er] = [2(gsu(en) + (1 — q)sp(er))

+q[1-2gsu(en) + (1 = g)sLler)) + (gsulen) + (1 - @)s(er))’]
2) while the expectation has the following value
E™?[Blen.eL] = q +q(1 = @)(su(en) = srer))

if the firm adopts promotion rule 2.
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Appendix B

APPENDIX TO CHAPTER 3

B.1 Proofs
B.1.1 Proof of Proposition 17

If the agent chooses a = 0,

1 0wk
kadl = ¢dl’ + Egzmdl.

On the other hand, choosing a = u yields

oWk 1 ,owWk

wkdt = uy——dt + ~0*>——dt.
p Har 27 o

Therefore, the contract is incentive-compatible if

AWk

——dt > ¢dt

Ry ¢

for every I and k.

B.1.2 Proof of Proposition 18
By the Proposition 17, the incentive-compatible contract must satisfy

oWk

e > % forall I € (1;_;,1uk)-
Also, the limited liability condition impies that W(I) > O for all I € [/, I]. Note
that the payment B, is the same with W (I). Suppose that W (1) = 0. The condition
AWk /oI > ¢/u > 0, for all I € (I;_y- 1) and k, implies that W(I) < O for
I < I. This violates the limited liability condition.

B.1.3 Proof of Proposition 19.

It is enough to show that the principal can’t incentivize the agent by transfering all
output from the project to the agent since it is the maximum transfer for the principal
to the agent without loss. First, suppose that I, = —oo, then every —oo < I; < I x+1

can be reached with a positive probability. Hence, if there exists /; such that

.
I,] < Ef [f e_p(s_t)¢ds+e_mg It] ,
t |

it
Pl
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where € = {a; = pli<s<r and € = {a; = O};<s<¢, then the proof is done. The
difference between them is
K 5 T K
It] - E [f e P D s + e PT—
t

Ef [e_m— It] =
Je

P
K—¢)
P

Since lim;, ,_c f(I;) = —=¢p/p < 0 and f(I) = 0, there is ; such that f(I;) < 0.

P AT S A
P

—

o &

=f()

B.1.4 Proof of Lemma 5

Since

n-exp(n L, +ntl) —nTexp(n~I + n+I,)Bd
exp(n=1+n*l) —exp(n~I +n*I)
forB;>0andI < I, <1,

<0

GWZ(IZ’BM’Bd) > aWt(IbBM’Bd)
ol B4=0 ol B,50

Therfore, by setting B, = 0, the principal can achieve the incentive compatibility

condition with strictly lower B, forevery I < I, < I.

B.1.5 Proof of Lemma 6

For given /, the principal has to set

exp(n L +n*D) —exp(n I+n*D) ¢
T oprexp(nTL+ntIY) —n-exp(p I+t g

where

1 —\2

I*:min[ - _ln((n )2 ,
nt-n ™)

in order to satisfy the incentive compatibility condition for all / < I, < I. Notice

that

)+[,I_

O*°W (") exp(n L+n*D) — (") exp(n I + n'D g
or exp(n~L+n*I) —exp(n~1I +n*l)

-
This second derivative is equal to zero if
1 —\2
I=— _1n(('7 )2)+1
nt-n (")

Also, the second derivative is strictly greater (less) than 0 if 7 > (<)I*.

.
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Since the agent’s expected discounted profit

exp(v I +vTly) —exp(v Iy +vtI
E [e_rT (51{7:7'”} - BM:H‘{TZTu}) = p( — 0 P( 0 _) (K Bu)
-

exp(v= I +v+I) —exp(v I +v*I) \r

is a strictly decreasing function in $B,,, it is optimal for him to set B, as the minimum

value in the set of 8,’s satisfying the incentive compatibility condition.

B.1.6 Proof of Proposition 20
Recall that the principal’s problem is

max P(D) (5-5.m).

where
“I+vTly) - Iy +vtl
P = exp(v I +v (1) exp(v _0 % ‘),an
exp(v I +vtl) —exp(v I +v*tl)
exp(n I +nTI) —exp(n~I+n*l
Bu(1) = p(n~L+n"1D) p(n nn ¢

n*exp(p~L+n*I*) — - exp(p~I* +n* D) p’

First, I show that there is a unique 7** such that if / < I, the principal’s dis-
counted expected profit is less than 0. There are two possibilities. When I* =

i )’ -
s In ( ) ) + 1, I can rewrite 8,(/) by

exp(*(I - D) —exp(p”(I - 1)) ¢

BM (!) = n-
)r}*n M

— _ N\ (n7)?
(77 77 ),7+ ((7]+)2

Notice that this is a strictly decreasing function in / and it is equal to zero when
I = I. Therefore, there is a unique I** such that B, (I**) = +-. Therefore, choosing /

lower than I** gives a negative profit to the principal. On the other hand, if I* = I,

l—exp(-(n* —-nH)UT -D) ¢

B.(l) = = =
nt—=n-exp(-(n* —n)U -D) K

is a strictly decreasing function in I and 8, = 0 when I = I. Therefore, B, has the

maximum value when

-2
I=1- ! ln((n)).

nt-n- \(n*)?
After some algebra, I can obtain the maximum value of 8, (1)
Bu = ?
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Hence, when I* = I, B,(I) is always strictly less than + since I assume that x > ¢

and p > r.

Second, B,(/) must be greater than B,(lp) since I can’t be greater than I and
B,(1) is a strictly decreasing function in /. From now on, I focus on the range

I < I < Iy without loss of generality.

There are three possible cases.

1. (%= B.Io) <0)

In this case, it is impossible for the principal to achieve a positive utility
regardless of the choice of [ since

¢ ntexp(n” L+ D)-n~ exp(n” I+n*I) P 1

08,(1) _ _,t_ui(* GXP(nIﬂ)ﬁI*)—n exp(n~I*+n*1) 0 if =1
al | _o (-BU+D)ag2p0?) i e T

- u€ ot 7t exp(n—L+n*I)—n~ exp(n~I+n*1)]? <0 ifrr=1

- —\2
2. (5 - B,(Ip) > 0and [ - 1~ In (g;—;) > 10)

-2
In this case, I* = [ + # In (((ZT))Z) for all I € [I**,1y]. Under this circum-
stance, there is a unique / maximizing the principal’s discounted expected

profit since

Ao _ 0 [k 0B.(D) _ |P'Uo) (5= Bullp) <0 ifL=1o
I =g+
and
P2Us() ., [k , - 08B,(I) 028, (1)
e -P@W;—mqﬂ—MWD—@——Pq>af <0

for I"* < I < Iy, where

UoD) = P (= - BuD).

, 24/ p? + 2ro? 2 exp(v 1o+ vTI) —exp(v I + vl
P(D:—’u—zexp(——gl) p - . p - 3
o o [exp(v I +v*I) —exp(v™ I+ v*])]
2 +2ro? 2 exp(v I +vI) +exp(v I +v'I
o o?7) [exp(v=I + vtI) —exp(v I +v*I)]3

(exp(v'lo +vTI) —exp(v I+ v+Io)) , and

PBuD) _ ¢ ) expn T+n*D) — () exp(n L +n*])
oI? u nrexp(m L+ntl*) —n-exp(n~I* +n*l)
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3. [£=8B,(I)) >0and I — ——1n U P
S VAt =0~ 7\ )2 0

nt-n- (n*)?
this situation, consider the following Lemma.

Now, I* could be ] + —— In (("_)2) or I depending on I. In order to analyze

Lemma 7 Denote n+in‘ In (((77;));) by T. When © — B,(lp) > 0, if there

exists I € (I — T ,1y) such that

an(D‘ )
ol lI=r ’
then
0*Uo(D) |
—| <0O.
Proof 11 By the condition m?]@ il—i =0,

P (I (; - Bu(f)) _ (BT = 0.

Therefore,
PUD| s (X .
e ig:i =P7(1) (; —Bu(l)) - 2P (NB,(I) - P B, (I)
//P(i)Bblt(i) 1T 1T T "oy
= — -2 -
P D) P(DHB,) -PU)B,/ )

v L+ exp((r* = v)) o - D)
- —250(1)8”([); (\/ml —exp((vt = v7)(lp — D)
277+ +n - exp(—=(pt =T = 1))

nt —n-exp(—(n* —n)I -1)))

+4/ 2 + 2po
I need to show that
[2 + 2”721 +exp((v" = v7) (o — 1~))
1 —exp((vF —v7)(lo - 1))
o0t +n exp(=(p" =) = 1)) -0
n*t —n-exp(=(n* —n7)U = 1))
Since the LHS is a strictly decreasing function in I. it is enough to show that
\/ml +exp((vt —v)Uo — L+T))
T—exp( = v ) (o — L+ 7))
Sn"+n exp(=(n" =n7)T)
n*—n-exp(—=(n* -n7)7)

_ \/ml +exp((Vr =v)Uo—1+T)) N
- VA 1 —exp((v —v ) (o — 1+ T))

<0

+ /U2 + 2p0

+ 2+ 2p0

9
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where the last inequality holds since
L+exp((Wr=v)Up— 1+ 7))
\ M2+ 2ro? > d = -1.
T O oo =y o= L+ 7))

AUy(D) |
ol |1=

Since

L= P’ (1y) (f — BM(IO)) < 0and Uy(l) is a strict convex func-
0

. v T .0 0U(D) |
tionfor I € [I**,1-7], if aI |£:10

< 0, there exists a unique I € [I**, -7 ]

maximizing the principal’s profit. Note that % i < Oimplies aLg)I(D <0
L l=p, I
forl e (I-7,Iy] by Lemma 7. Also, if alg)l(!) i > (), there exists a unique
JERVEA

1 € (I - T ,1y) maximizing the principal’s proﬁ_t by Lemma 7.

B.1.7 Proof of Corollary 8

Denote the project level right after the final intermediate payment by /,. Then, the
bonus payment 8, must be less than 8B, which is the optimal bonus payment with-
out any intermediate payment. (If not, the compensation scheme with intermedate

payments makes the principal worse off.) Recall that there is a I* € (I,1) such that

WABLA| b Hepce. IWUBuA)

¢ _ _ .
ol I=I* M ol I=I* < #, Where ﬂ = {al = #}OSZ<T' Slnce

I is reached with a positive probability, the compensation scheme with intermedi-

ate payments is not incentive-compatible.

B.1.8 Proof of Comparative Statics

Lemma 8 For given parameters, the optimal termination level I* is a strictly in-
creasing function in ly. That is,
ol

— > 0.
ol

Proof 12 Recall that

aUu(D)|
ol

- P/(I) (f - B,1)) - PUNBLU) =0.

I=r°

By the implicit function theorem,

or
oly

P (1)
ol

(5 -8a1) - B;@*)] >0

2Uo(D)| ‘l[ap'q*)
orr |._ alo




130

since
OPI*) viexp(v I"+ vl —v exp(v Iy + v I)
— = = = = = >0, and
oly exp(v I* +v*I) —exp(v=I + v*I")

oP'(I") _2\//12 +2ro? o (—Z—NI) voexp(vT Iy + viI) — vt exp(v I + v'1)
oly o2 o27) (exp(v I* + v*I) —exp(v—I + v*I*))?

> 0.

Note that this implies that
08B, (")

oly

since B,(1) is a strictly decreasing function in /.

<0

Lemma 9 For given parameters, the optimal termination time I* is a strictly in-

creasing function in ¢. That is,
or

d¢

> 0.

Proof 13 Again, by the implicit function theorem,

or (2Uun| ) [, . 0B . 9BLI)
a¢_( o |, [(P(“ o9 P70
since
OB By
= >0
Py p
IBL(I) B
= < 0.
Py p

Lemma 10 For given parameters, the principal’s discounted expected utility is a

strictly increasing function in ly. That is,

U (L")

>0
ol

Proof 14 By the envelope theorem,

o) OP(I)
oly B ol

98,(I")

o, > 0.

(5 -8u1)) - P

The inequality holds by Lemma 8.
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n*)?
circumstance, the agent’s discounted expected utility at time 0 is a strictly increas-

—\2 —
Lemma 11 Consider the case where I* = n*ln‘ log ((n ) ) + I* < I. Under this

ing (decreasing) function in Iy if

= 1.
oo <(>)

On the other hand, if I* = I, the agent’s discounted expected utility at time 0 is a
strictly increasing (decreasing) function in Iy if
al* (n_en_IO'HfZ* — n+e’7_l*+n+10)(n+en_l*+77+l_ — 77—677_1_+77+£*)

— < (> i '
Olo ( (n* — ) (gt I+ Qo+ L") _ g+ on™ (To+I)+n* (T+17))

—\2 —
Proof 15 Note that when I* = n*ln‘ log (((Z+§2) +1I* <1,

B,(I) = exp(n” L +n"I) —exp(n™ I +n*I) ¢
T ontexpTLAntlY) —nTexp(T I+ 0Tl p
Therefore, the agent’s discounted expected utility at time 0 is
exp( " +n'lo) —exp(n o+ " 1") ¢
n*exp(n L+ n*I*) —n-exp(n I* +n* ) p
Differentiation this with respect to Iy yields
OWo(lp) _ —n"exp(n 1" +n"lo) +n~ exp(n lo+n"[") (01* 1) ¢

Wo(lp) =

oly  nrexp(y I +n*I*) —n-exp(nI* +n*I") \oly |
<0
Hence, .
6‘)‘(;0—1(0]0) > (<) 0 ifand only if (69_50 < (>) 1.
When I = 1,
oWy (1p) _ 1 [
ol nten I+n'l _ p=en~I+n*I" p

(=) (el THANTUoHL") _ gt on™ (oI 4y (I+1)) GI*

n*exp(n~I*+n*I) —n~exp(n~I +n*I") aly
+n* exp(n™I* + 0t o) =0~ exp(y Io + 71| .
Hence, 0Wy(1y)/01y > O if the term in the square bracket is positive, and this holds

if the condition in Lemma holds. Also, the difference between the numerator and

denominator in the condition in Lemma is :

Numerator—Denominator =

(e’]_l +ntly eﬂ_10+’7 1 )en_l +n I[(n—)ze—(fl -n7)U-I") _ (n+)2]
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(n")?
(n*)?
old is less than 1. (Note that both numerator and denominator are negative.)

Since [ - I* < n+—177‘ log ( ) the difference is greater than 0. Hence, the thresh-

Lemma 12 For a given parameters, the principal’s discounted expected utility is a

strictly decreasing function in ¢. That is,

oU(I")
oy <0

Proof 16 By the envelope theorem,

08,(I")

¢

exp(n L +n*tD) —exp(n I +n*l) 1
n*exp(n=L+n*I%) —n~exp(y~I* + 1) p

U (I")
d¢

= —P(L")

=-P") <0.

Lemma 13 The agent’s discounted expected utility at time O can be increasing or

decreasing in ¢, depending on the parameter values.

Proof 17 Note that if ¢ = 0, the agent’s discounted expected utility is O since
B,(I) = 0 regardless of the value of 1. On the other hand, there is ¢ such that
B, () > L if¢p = ¢ since B, (ly) is a strictly increasing function in ¢. Hence, the
agent’s discounted expected utility is 0 if ¢ > ¢. That is, the principal does not
hire the agent or sets I = ly. Combining this with the limited liability gives us the

desired result.

Lemma 14 The completion probability can be increasing or decreasing in ¢, de-

pending on the parameter values.

Proof 18 Note that

8_P — —1 e 4 570" e - e_6_10 0_!*
oly ¢=0I" — =01 e — =019l |’
Therefore,
oP
— >0
oly
if and only if
oI 1 — e0U-I"
— <

Oly = 1 = e—0U-Ip)"
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Lemma 15 The completion probaility is a strictly decreasing function in ¢. That

is,

Proof 19 This holds since % > 0 and

0P _ . s e 0 — ¢~ 9"
_ = e =

—— <0
0o [e=0L" — ¢=0I12 ¢ <

B.1.9 Proof of Proposition 21
Note that the principal’s problem is

max  P(lo.1.1,) |-C + P(I.1.1,) (5 - B)]
(11,1,C.5) r

0P, T,1,)
ol;

OP AL 1.1 [
MB > ¢ for I; € [1,,1], and
U

subject to (C + 514(7,1_,!2)8) > ¢ for I, € [[1,7],
u

ol,
C>0,
where
- exp(v' I, +vtD) —exp(yv I +v*'I]
PUTI,) = p(v I, ,\) p( _ _1),
exp(v™I, + v*I) —exp(v_I +v*I))
~ exp(v I, +vtD) —exp(v I +v*'I]
PUIL) = p(v71, _) p( ! _2)’
exp(v™I, + v*I) —exp(v_I +v*l,)
- exp(n I, +ntl) —exp(n I +n"1
PALTL) = p(n~ 1, nA) p(n I+ _1),and
exp(n=L, +n*I) —exp(n~1 +n*1))
~ _ exp(n™L, +n*Il) —exp(n I +n"1,)
PaLIL) = pn 1, 77_ P77_ 77_2-
exp(n™1, +n*l) —exp(n~1 +n*l,)
Claim 8

OPAILLT,1 [
Mg = Qforsome I, € [1,,1], and
ol, u -
OPAULTI,)

(C+ 5A(zi,£2)8) = fforsome I € [11’7]-
ol H
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Proof 20 First, suppose that both conditions do not bind. Then, the principal can
obtain a higher profit by reducing B since

OPAL T, T OPALT.1
A(t _2)>Oand A(t _1)>O
('Ht 811‘

Let’s assume that the first condition binds but the second does not. There are two
possibilities, C > 0 and C = 0. If C > 0, the principal increases his profit by
reducing C. On the other hand, if C = 0, lowering 1, by € > 0 yields a higher profit

to the principal since

OP (1o, 1.1 2P, 1,1
(o _1)<Oand (I, 1,1,)
o1, 01,01,

Therefore, the second condition must bind.

Suppose that the first condition does not bind but the second does. Then, choosing
B=B-A, and C=C+Ps(,L1,)A

does not affect the first constraint and still satisfies the second constraint, where

OPAL T, 1
min MB—?EA>O.
LelL ) ol 7

This compensation scheme gives a higher profit to the principal since

~P o, 1,1 ) Pa(L,LL)A + P Iy, 1,1 )P (I, 1,1,)A
= P(lo,[,1)AIP,1,1,) — Pa(l,1,1,)]

is strictly greater than zero by Theorem 2.
This claim directly provides the following results.

Claim 9 For given (T,ll ,1,), the optimal B is

exp(n” L +n*D) —exp(n T+n'L) ¢
ntexp(n=I, + n*I*) —n-exp(p~ I +n*L,) u’

—\2
I**:min[ ! _ln((77 )2)+£2,I_],
nt-n ")

B(lz) =

where
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and the optimal C is

exp(n~ I, +n*D) —exp(n~1 +n*1 - o~
0w LDz T4nh) g 7rpma0f,
untexp(n~I, +n*l*) —n-exp(n~I* +n*l))

-2
I*:min[ ! _ln(O7 )2)+[1,T].
nt-n ™)

C(I.1,.1,) = max

where

OPA LI APAULTI,) .
A(It _2) Cll’ld A(t _1)

Proof 21 Convexity of —r T implies that

exp(n L +n*D) —expin I+n'L) ¢
T ntexp(nTL, +nt ) —nTexp(p I +ntl,) u

and

¢ expn L+ n*D) —exp(n~T +n*1)
T ountexp(TL +ntl*) —nmexp(nT I +ntl)

~ Pa(l,1,1,)B(1,).

Since C > 0 and the principal’s profit is a strictly decreasing function in C and B,
the claim holds.

Claim 10 [, is greater than I ;.

Proof 22 Suppose not. That is, I, > I,,. This implies that C(T,{l,[z) = 0 since

¢ expOr L +n"D —exp( T +0*L)
untexp(m~I, +n*I*) —n-exp(n~I* +n*1))

< Pa(I,L1,)B(I,)

regardless of 1. Now, I show that the constraints can’t bind if I, > I,. Without loss

of generality, assume that

_expL+ntD—exppI+n*L) 4
ntexp(n=L, + ntI*) —n-exp(p~ I +ntl) pu

Recall that the other constraint is

0P, T,1,)

~ o~ _ ¢ —~
L Pal,1,1,)B > ;for I € [1,.1].

This is equivalent to

ntexp(n~L, +ntI*) — - exp(n~I* +n*L) exp(p~L, +n*D) —exp(p~T +n*1,) .

— — > 1.
nrexp(n~Ly + 1) == exp(~ 1" + 07 L) exp(n=1, + n*1) —exp(n~1 +n*1))

This condition does not bind since the left hand side is a strictly increasing function

in I, and equal to one if I, = I = 2. Therefore, I, < I,.
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Claim 11 There is I* such that I, > I*.

Proof 23 Since 62;—%2) < 0andlimy,—,_« B(I,) = oo, thereis I"* such that B(I*") =

~. Therefore, 1, > I'*. For given I'*, there exist I" such that

¢ exp( I +ntD) —exp(y T +ntIY)
untexp(n~I* +ntI*) —n-exp(n~I* + n*I")

— PAL LI BU™) = f

since R R
exp(n Ly +n*1) —exp(n” I +n"1))
nrexp(n~Ly +n*I*) —n~exp(n~I* +n*1,)
is a strictly decreasing function in 1, and goes to infinity as I, — —oo. Hence, if

1, < I", the principal never obtains a non-negative profit.

Therefore, the principal’s problem is
_max_PUoL1) [-CT1 ) + PALL) (5 - 81|
(I1,.1,C8) r
¢ exp(y L +n7D —exp(p T +771)
pntexpm=Iy +ntI*) —n~exp(n~I* +n*1l)
~Pa(I.1,1,)B(1,),0] , and
B(L,) = — eXp(_n‘!z ++77+I) - efp(n‘l_ir 2:12) i ¢
ntexp(n~L, + n* 1) —n-exp(n~ 1™ +n*l,) u

subject to C(T,[l,!z) = max

The compactness of (f,[l,lz) € ([Lo,11,[1*, o], [, ,f]) and the continuity of the ob-
jective function on the region guarantee the existence of a solution to the principal’s

problem.

B.2 Additional Mathematical Results
Theorem 1 ! Let X be a (u, o%) Brownian motion with initial condition x € [b, B].
Let T be the stopping time T = min[1y, 78], and r > 0. If o> > 0, then

Rix,RB _ ,Rox ,RIB

e e

EX[e_rTlX(T) = b]PX(X(T) = b) = eRibpR:B _ eszeR1B’

R\b,Ryx _ ,Rob_ Rix
Ee™|X(1) = BIPy(X(1) = B) === _—°¢ ¢

oR1boR2B _ oRyboRIB’

R —p— A2+ 2ro? IR —pu+ A+ 2ro?
| = and Ry ,

o2 o2

where

1Proposition 5.3. in Stokey (2008)
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Theorem 2 Let X be a (/1,0'2) Brownian motion with initial condition x € [b, B].
Let T be the stopping time T = min[1y, 78], and r > 0. If o> > 0, then

O{E[e™"|X () = BIPx(X(7) = B)} _

or 0.

Proof 24 First. notice that
OR 1 OR 1
Lo _ and 2

or V2 +2ro? or  \JiZ+2r0?

After some algebra, I can obtain

O Ex[e”""IX (1) = BIP«(X(7) = B)} (V2 +2ra?)”! P2Rib+RA(B+)

~ [LRib+R:B _ LR|B+R:b12
r [e e ]

[(1 _ e—(Rz—Rz)(B+x—2b))(x ~B)+ (e—(Rz—Rl)(x—b) _ e—(Rz—Rl)(B—b))(B +x - 2]7)] .

=f(x)

Since e*R10+R2(B+) 5 0 it is enough to show that f(x) < 0 for b < x < B. Notice
that f(B) = f(b) = 0. Now, I show that f(x) is a strictly convex function on
b < x < B. The second derivative of f(x) is

f//(x) — aZe—(l(B+x—2b) (B _ .X) + a2e—u(x—b) (B +x— 2b) + 2a(e—a(B+x—2b)

_ e—a(x—b)),

where a = (Ry — R1) > 0. Since (B —b) >0and a > 0,

f//(x) — ae—a(x—b) [ae—a(B—b) (B _ b) + 2e—a(B—b) _ ae—a(B—b) (x — b)
+a(B+x—2b) —2]
> ae ‘D2 - a(B=b)—ae B D (x—b)+a(B+x-2b)-2]

=ae™ " Pa(x - by(1 — e B Py > 0.

Theorem 3 2 Let X be a (u, o%) Brownian motion with initial condition x € [b, B],

and let T be the stopping time T = min[ty,7g]. If 0> > 0, then

_6B —
e — e
Pr(X(1) =) = —5— 5

ox

—-0x _ e—éb

e .
Px(X(T):B):m’ lf,u;t(),

2Proposition 5.4. in Stokey (2008)
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where § = 2u/o?, and
B—-x

Py(X(1) = b) = =—.

—b
P.(X(1)=B) = ;__b, if 1 = 0.
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Appendix C

APPENDIX TO CHAPTER 4

C.1 Derivation of the Simple Example

Consider a strategy profile (§) of the following form:

e An agent with ability 6 > 7 pursues the high-paying career.

e An agent with ability § < 0 participates in the labor market of the low-paying
career paths.

If an agent with ability 0 pursues the high-paying career, then her expected utility
would be

N 313\ .
Elu(-)[(si(0) = H,5_;(0_))] = (]) J(1 - 9)3_1u(H4_j)
=2

~

—+

J
= 207 + 66°.

1 3\ ~ _
( .)ef (1-6)7u(0n)

If this agent pursues the low-paying career, her expected utility would be
E[u()|(5i(8) = £,5-;(0-)] =u(Ly) =3

since she is the best candidate in the labor market of the low-paying career paths if
she chooses to pursue the low-paying career. In order for 6 to be the equilibrium

cut-off, the two expected utilities must have the same value. Hence,

—20° + 66% = 3.
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Now, if an agent with ability 8 € [0,< ) pursues the high-paying career, her
expected utility would be

W

3
E[u()|(s(0) = H,5_:(0-))] = ) ( .)(é‘ —P(0,0)) (1 -0+ P(0,0)" /u(Ha-)

J=2

~

3

Z (j)@— P6,0)Y (1 -0 +P6,0)> TuOy)

j=2
= —20° + 602 + 66°P(6,6) — 66P(0,0) — 1209 (6,0)
+6P(6,0)% +2P(6,0)°,

+

where P(6,8) = [/ f(x)g(x)dx = [ g(x)dx. On the other hand, if this agent
decides to attend the other labor market, her expected utility would be

1
E[u()|(s:(0) = £,5-1(0-))1 = ) (j)(é‘ —0-P0,0))(1-0+P(0,0) +0) u(Lyi1)

j=0
1
+ Z (?)(5— 0 —P0,0)) (1 -6+P®,0) +6)>uyr)
j=0

=3 — 60 +36% — 600 + 60 + 36> + 6P (8,0) — 66P(0,8)
+60P(6,0) + 3P (6,0)%.

Equating these equations gives the equilibrium strategy.

C.2  Proofs
C.2.1 Proof of Proposition 23

Consider a strategy profile (5) of the following form:

e An agent with ability 6 > 7 pursues the high-paying career.

e An agent with ability § < 0 participates in the labor market of the low-paying

career paths.

I show that this strategy can not be an equilibrium. When agents follow this strategy,
the expected utility of an agent with ability 0 is
-1

— -1 —_ — .
Elu(-)|(5:(8) = H,5(0-)] = ( ; )F(em—F(@)"“Ju(Hn_,-)

j=1-

n (’; 1)F@f (1= F@)""u(0n)
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if she pursues the high-paying career.

However, if she participates in the other labor market, her expected utility would be

E[u()|(8:(8) = £,5;(6-))] = u(Ly).

Therefore, the difference in the expected utility of an agent with ability 0 between

pursuing the high-paying career and the low-paying career is

D(8) = E[u(-)|(8;(6) = H,5_:(0_))] — E[u()|(5:(0) = £,5_:(6-))]

A

when agents follow the pure strategy profile, §, where I use the hat notation to

clarify that this difference depends on the strategy profile § through 0.

Then, D(@) = u(H,) — u(L;) > 0 when 8 = 8 and D(@) = u(®) — u(L,) < O if
0 = 6. Now, I show that 85/85 > 0 for @ € 9, 6). This implies that there is a
unique 6 such that 5(5) = 0. Note that

oD@ .~ [ S -1y~ ~ o ~
9D®) _ f(@){z ( | )F(@)f*(l—F<9>)"2‘1u(Gz_j)[j—(1—1>F<9>]
I-n-1 I-1 . _ . .
+ ) ( : )F(e))f—l(l—F(9>)’—2—fu<0H)[j—<1—1)F<9>]}.
=0\ J
First, notice that
1im 229 _ o and 1im 22D < - D)) - ui) > 0.
616 00 619 06

For 6 such that =1 < F(9) < X5, k= 1,2,...,1 - 2and 122 < F(9) < 1,

I-1

9O _ 1@ { 2. (I; I)F @Y~ (A= F@)' 7 uH-plj = (U = DF )]

00

j=I—-n

I-n—1
+ (1 ; 1)F@f—l(l — FO) > uomlj - U - 1)F(5)]}
j=0

I1-1

g _ I=1\_ ~. ~ - =
S AC M(Hk){ 3 ( . )Fw)f(l—F(e»’—l—f[j—u—1>F<9>]
F(0)(1 - F(8)) j /

j=1—n
I-n-1 I-1 _ . =
-y (7 )Fw)f(l—F(@))’—l—f[j—a—1>F<9>]}
=0
0

T F@ (- F@)
= 0,

u(H)I( = )F(@) - (I = 1)F(0)]
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where
u(Hy) ifk<n

u(Hy) = .
u(Oy) ifk>n

Therefore, there is a unique 6 < 0* < 0 such that D(6*) = 0. However, if agents
use this strategy, an agent with ability 6 € [0, 5*) has an incentive to deviate. In
particular, if she follows this strategy, her expected utility is strictly less than u(L).
However, if she pursues the high-paying career instead, her expected utility would
be u(L) since her expected utility when she pursue the high-paying career is ex-
actly the same as an agent with ability 6*. Hence, there is no symmetric pure strat-
egy equilibrium in the form of §. Also, for any other form of pure strategy, there is

no symmetric pure strategy equilibrium by the same logic.

C.2.2 Proof of Proposition 24

Consider a strategy profile (§) of the following form:

e An agent with ability 8 > 7 pursues the high-paying career with probability

one.

e An agent with ability § < 0 pursue the high-paying career with probability
g(0).

Also, recall that

b b
P(a,b) = (f f(@)g(@)d@) , and Q(a,b) = (f f(O)(1—-g(0))do|.

If an agent with ability 0 pursues the high-paying career, her expected utility would
be

_ =y . .
Elu)|(5:(8) = H.3-1(6-))] = Z( . )(1 ~ F@YF@)' u(H)
=0

~

= L .
+Z( ; )(1 —FOYF®""u(0y).

Jj=n

Clearly, if she participates in the other labor market, her expected utility would be
u(Ly).
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Now, if an agent with ability 8 € [L, 0) pursues the high-paying career, her expected
utility is equal to

E[u(-)I(3i(0) = H,3-i(6-))]

( i )(1 = F(0) + P(0.0)) (F(6) + Q(6.0)) " u(Hj 1)
=0

\.

I-1
+ ( )(1 - F(G) + P (6, 9))J(F(9) + Q(6, 0))1 Siuop).
j=n

However, if she decides to participate in the other labor market, her expected utility
would be

Eu()I(5:(8) = L,5-1(6-1))]

m—1
Z (1 j )Q(G 6) (1 — F(8) + P(6,0) + F(0)) "' Tu(L;1)

+ Z ( )Q(@ 6)/(1 - F(0) + P(6.0) + F(6)) " u(0y).

Jj=

Recall that the function D(-) is

D(0) = E[u(-)|(5:(0) = H,5-:(0-))] — Elu(-)|(5:;(8) = L,5-;(6-))].
Proof 25 (Proof of Claim 1) If6 = 6, D() = u(Oy) — u(L;) < 0. Hence, 6 > 6.

Proof 26 (Proof of Claim 2) For 0 < 6 < 5, the difference between the two ac-
tions is

n—1
DO) =) (’ ; 1)(1 — F(0) + P(0,0)Y (F(0) + Q0.0)) ™' Tu(H;u1)
+ (1 ; 1)(1 — F(0) +P(6,0)) (F(0) + Q(6,0) T u(On)

- (1 ; 1)&(9,5)]‘(1 — F@) +P(6,0) + F(0) " u(Ljy)

~ .
[
_- O

- (1 ; 1)@(9,5)]‘(1 —F(0) +P(0,0) + F(6)""Tu(0oy).

~
I
3
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Consider the case where 6 = 6. Then,

I-1

I—-1 . —~ .
D(6) = Q6,0 (1 —Q6,0) " u(H,_;
) ,Z,:( ; ) (6.0)' (1 - Q(6,0))' " “u(H,_))
I-n-1 I -1 _ R
; ( ,- )a@,e)f(l—a(g,e»“‘f'u(oﬁ)
=0

~
—

-, (I; 1)Q(Q,5)j(l - Q(0,0) " u(Lji1)

=0

ST R R
- (17 eedia - aedy o,
j=m

Note that D(6) = u(Og) — u(Ly) < 0 when Q(Q,é\) =0, and D(0) = u(Hy) —

u(0r) > 0 when Q(0, 5) =1. For0 < Q(6, 5) < 1, the differential of this difference
with respect to Q(0, 5) is

I-1
oD@ _ (1 B I)Q(Q@f"l(l Q.9 u(H)l - (I - DQG,0)]
0Q(0,0) j

Jj=I-
I

~

n—1
+ ), (I; l)a@,@)f—l(l - Q0.0 uOmlj - (1 - HQ(E.6)]
j=0
1

3

[

(’; 1)@@ 0y 11 - Q(8,0) 2 u(Ljs)lj - (I - HQ(,6)]

N~
- o

- (’ ; l)a@@f‘l(l ~Q(6,60) " u(op)lj - (I - DQY,6)].

~.
3

I define a pseudo-utility function U (-) by

and U(L;) =

u(Hi—)) ifl-n<i<IlI-1 u(0 fm<i<IlI-1
UCH) = (Hi=) if (Op) if
u(Og) if0<i<I—n, u(Liy1) if0<i<m.
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aD(0)
9Q(0.9)

Using this function, I can rewrite

v . Z( . )JU<H,-)Q(Q,§>-"<1—a@'e‘»’—l—f
9Q(0,0)  Q(8.6)(1-Q(8,0))

- (I -1Q(, Z( )U(H )Q(0, )/ (1 - Q(0, g))!-1-J

I-1 -1 ~ )
( ; )J'U(LJ)Q(Q,G)J'(I—Q(g,e))l—l—j
AN

I-1

HI - 1QE.6) (1; 1)U(Lj>a<g,5)f(1 Q.8
Jj=0

1 —~
> —— — {ELJIEIU(H,)] - (I - DQ(0,0)E[U(H,)]
Q8.6)(1 - Q(8,0))
~ELJIEIU(L)] + (I = DQG,6)E[U (L)1}
1 ~ —~
=— — {(I - DQO,OEUH,)] - (I - DQ®,0)EIU(H,)]
Q(0.6)(1 - Q(6,6))
~(I = DQ,0)EWU(L)] + (I - DQO,0)E[U(L,)]}

=0,

where

~

E[J]

(- 1Y, =~ ~ 11—
i JjQ6,0) (1 -Q(8.6))"

~.

~
- O

E[U(H))]

(’ ; Numnaw.dia - ae.) 1, and

o

~.

-1
I-1 ~ . —~ .
EUL)] = ( ;i Jvane.sya- Q(6.6) .

j=0
The above inequality holds since the function U(H;) is an increasing function in
J» U(L;) is a decreasing function in j, and 0 < Q(6, 5) < 1. This implies that
E[JU(Hj)] > E[JIE[IU(H; )] and E[JU(L,)] < E[JIE[U(L,)]

Therefore, there exists a unique value of Q(8, 5) such that D(0) = 0. I denote this
value by Q* € (0,1).

Proof 27 (Proof of Claim 3) I have already shown that Q(6, 5) has a unique value

Q" in equilibrium. Therefore, it suffices to show that there exists a unique 6 such
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that D() = 0 when Q(Q,g = Q*. Note that

n—1
D) = Z (I )(1 — F@) F0)'~"u(Hj41)
£ (’; 1)(1 — F(0)) F(0) " u(On) — u(Ly).

This difference has the value u(Hy) — u(Ly) > 0 when F(g) =1, and

,_.

D) = (1 )(a Y - Q) (L)
=0
-1

N ( )(Q)J(l Q)1 u(0y) ~ u(Ly) < 0

j=

K.

when F(é\) =Q"!

The differential of this difference with respect to F (5) is

1

aD©O) o (I-
0] Z( )(1 — F0)Y "' F(®) 7 u(H; DI = 1)(1 = F(6)) - j]
OF (@) g\ J

-1
+ ( )(1—F<9>)f LF@) =2 u0m)[I - 1)(1 = F()) - j].

Jj=n

Using the pseudo-utility function I defined before, the above equation can be rewrit-

ten as
oD () 1 Sr-1\ ~. o _
©_ ( . )F(em - F@)"IUHL - (- DF@)]
6F(8) F(H)(l —F(H)) =0 J
> {EWIEUH)] - (I - YF(O)EIU(H))]}
F<9><1 — F(6))
{(=DF@EWUHE)] - (I - YFO)EUH))]]

F(6’)(1 - F(0))
=0.

Therefore, the differential of the difference is strictly greater than 0. Hence, there
exist a unique 0 and Q(6, é\) such that D(g) = 0 and D(8) = 0. From now on, 1
denote these unique 5 P, 5), and Q(0, 5) by 5* P, 5*), and Q(0, 5*) = Q"

Recall that Q* is the solution to the equation D(6) = 0.
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Proof 28 (Proof of Claim 4) Consider an agent with ability 8 € (6, 5*). Recall
that

n—1
p@y=3 (’ ; 1)(1 — F(0) - Q"+ Q(0,0)) (F(9) + Q" - Q(0.0) Ju(H,1)
=0

I-1

) (1 ; 1)(1 —F(0) - Q" +Q(8.0) (F(O) + Q" - Q(8,0) " /u(0n)

~

~
S

3
I

[

(’ ; 1)@* —QEO.0Y (1 - Q" +Q0.0) (L)

~ .
- O

- (’ ; 1)@* - Q(6,0)(1 - Q" +Q8,0) " u(oy).

.
3

Now, I show that there is a unique value of Q(8,0) such that D(0) = 0. First, notice
that max{0,Q" — F(g) +F(0)} <Q(6,0) < min{F(0),Q"} from P(6,0)+Q(6,0) =
F(6) and Q(6,0) + Q(6,0) = Q.

Consider the four possible boundaries. This shows that D(6) has the value D(6) >
0Owhen Q(6,0) = maX{O,Q*—F(§)+F(9)} and D(0) < 0ifQ(6,6) = min{F(0),Q"}.

e Q(6,0) =0: From D(6) =0,

n—1
DIOESY (’ ; 1)(1 = F(0) - QY (F(O) +Q@)™ u(Hjs)

j=0
o -1 *y J o\ [—1—j

+ (1= F(6) - QY (F(6) + Q)™ u(On)
j=n N
n—1

S a-ev@)y uHn
=0\
o -1 N s\[—1—j

- |1 =@) @) uon)
jen N

> 0.

The last inequality holds since u(Hj1) is a strictly decreasing function in j
and F(9) > 0.

e Q(0,0) = Q" — F(0) + F(0):



From D(g) =0,

-1

Jo
"

~

j=m
m—1
=u(Ly) -
=0
-1 (I 1
jem N
> 0.

e Q(6,0) = F(0):

From D(6) =0,
m—1
<M®=Z
=0
I-1
+
j=
m—1

[

S

< 0.

~ .
_- O

(1 1
j
(’; 1)(Q*)J’(l @) u(oy)

I-1

y

I-1
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— F(0)) F(6)"Vu(Hj.1)

1)(1 — F(0))F(8)" " u(On)

(F(0) — F()) (1 - F(8) + F(0)) " u(Lj11)

(F(0) — F()) (1 - F(§) + F(0))'"1"/u(0y)

-1 o j " I-1-j
;|E®- F(0)) (1 = F(8) + F(0)) " u(Ljs))

(F(8) — F())/ (1 - F(8) + F(8))"'u(0y)

)(a*)f (1 -Q) " u(Ljs)
. )(a* —~F@) (1 -Q +F@) " u(Ljs1)

; )(a* ~ F(0))’(1 - Q"+ F(6)"“u(0or)

The last inequality holds since u(Hj1) is a strictly decreasing function and

F@@) > 0.

o Q(0,0) = Q"
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Then,

n—1

pw =3 (' )a - Feyrer

=0

\

-1

+ Z ( )(1 — FO)Y FO) " u(Oy) — u(L).

j=n

I have already shown that the differential of this equation is strictly greater
than zero in Claim 3. Since 0 < 5 D(9) < D(g) =0.

Remaining proof is to show that 0D(0)/0Q(68,0) < 0. Define S(0) := Q" —Q(6,0).
Then, it suffices to prove 0D(0)/0S(6) > 0. The differential of the difference D(6)
with respect to S(0) is

DO "S(I-1\ 12 W (Ho ).
_85(9)_;0( j )(1 F(0) — S(0)) "' (F(0) + S) T u(Hj+1)

[(I - 1)(1=F(@®) - S©®) - j]
I1-1

+ Z (1 ; 1)(1 — F() - S@)! "' (F(0) + S0)" > u(0n)-
j=n

[ =11 = F(8) - S5(6)) —JI
m—1

I-1
Z( )S(e)f N =800 uLnlj = 0 = 1DSO)]
=0
-1

- (1; 1)5(9),-_1(1 - SO T uoplj - (I - 1)S(0)]
j=m

— 1 .

T (F(0) + S0)(1 - F(0) - S(0))

n—1

> (' ; 1)(F(0) +50) (1= F(0) - SO~ UH))-

Jj=0
- -DEF®@®) + 5(9))
1
SO - 5(0)) &
1
" F©O) + S@)(1-F@) - S©)
{E[JIE[U(H;)] - (I - 1)(F(0) + S(0))E[U(H,)]}

(’ B} 1)S(e)f—](l —S0) UL - (I - DSO)]

- Sa sy EVIEW @] = (I = DSOEU L))

=0.
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aD(9)
Hence, W < 0.
Therefore, by the Lebesgue Differentiation Theorem, the symmetric equilibrium

strategy g(6) is unique among integrable functions.

C.2.3 Proof of Proposition 25
First, I derive g(8). Recall that the equilibrium strategy g (@) for 6 € [6, 5) satisfies

n—1

0=>" (1 ; 1)(1 CF©O) - Q + Q0.0 (F©) + Q" - Q©6,0) " Tu(H;.1)

0

~

I1-1
D (1 ; 1)(1 ~F(6) - Q" +Q(8,0) (F(O) + Q" ~Q(8,0)" ' u(0n)
j=n

—_

3

(1; 1)(@* - Q(6,6)) (1 - Q" +Q(6,0) " Vu(Ljs1)

~~.
- o

- (1 ; 1)(Q* - Q0,0) (1 -Q" +Q9,9) " u0y).

~.
3
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Differentiating this equation with respect to 6 gives the following result:
0=r(0)g(0):

n—1
{Z (1 ; 1)(1 —F(0) - Q@ +Q0.0)) " (F() + Q" - Q(0.0)) > u(H.)-

Jj=0

[ =D - F(6) - Q +Q(6,0)) - ]

* IZI (1 ; 1)(1 ~F(0) - Q" +Q(8.0)) " (F(6) + Q" - Q(8.0) > u(On):
j=n

[ = DA~ F(6) - Q +Q(6,9)) - ]

- mzl (’ ; 1)(@* - Q0.0)7'(1 - Q" +Q0,0) " u(Ljsn)-
Jj=0

= -1D@Q -Q(0.0)]

1-1
- (1 j 1)(@* ~QG,0) (1 - Q +Q0.0) > u(0y)-

j=m

[ — (- 1)@ -Q.0)]}
m—1

> ("7 )@ -awoya-a sa@oy

Jj=0

+ f(H){
- -1D(@Q -Q(6.0)]
I1-1
* ) (1 ] 1)(@* ~Q(0.0)) (1 - Q" +Q8.0)*u(0r)
jem N
- - 1)(@Q -Q@0)]}.

Aligning this equation gives

1 [ r-1 . .
80 = -5 {Z( j )(O*—Q(Q,H))J‘l(l—Q*+Q(Q,9))"2"u(Lj+1)-

as@) \j=0
- -D@Q -Q.0)]

I1-1
ST @ - @y - @+ @e.e)' 2 uo,):
J

Jj=m

- (- 1)@ - Q,0)1}.

From the proof of Claim 4, it can be easily shown that 0 < g(6) < 1. Therefore,

N (6)

O Mo - NGy
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where

M) = Zl (' ; 1)(1 ~F(0) - Q"+ Q(6,0) "' (F(0) + Q" ~ Q(8.0)) *u(H;.1):
Jj=0
(1 = D1 = F(6) - Q" +Q(6.6)) - j]
+ E (1 ; 1)(1 —~F(0) - Q +Q(0.0)) ' (F(0) + Q" - Q(8.0))' >/ u(On)-

j=n

[(7 = D1 = F(6) - Q" +Q(6.0)) - j]

N@®) = nil (' ; 1)@* ~Q(0.0)Y (1 - Q" +Q8.0) " u(Ljr1):
Jj=0
- -1D@Q - Q.01
+ ,IZ; (’ i 1)(@* - Q8.0 (1 -Q" +Q(68.0)) > u(Or)-

- -D@Q -Q(.0)]

Now, I prove the proposition. First, notice that g(6) = 1 for 8 € [6,0] by Proposi-
tion 24. Therefore, it suffices to show that

limg(0) < 1.
010
Since NO) N(§)
i (_M(H) - N(H)) T OM@ -NGO
M(8) = N(®) >0, and N (8) <0
, it is enough to show that M(g) > 0. Note that M(g) is the same as gg% in Claim

3. Therefore, M(g) > 0.

C.2.4 Proof of Proposition 26

Notice that D() = 0 when Q(Q,g) = Q" and D(0) = E[H] - E[L] = 0 if
Q,0) = Q" = ™. Hence, 2 > (<) Q" if E[H] > (<)E[L] since D(6) is
an increasing function in Q(6, 5). Moreover, the high-paying career path is more

(less) competitive than the low-paying career path if

I(1-Q 1Q*
— s (<) =,
n m

This condition is equivalent to % > (<) Q" when I = n + m.
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C.2.5 Proof of Proposition 27

Here, I only prove the case when I > n + m. The proof for the case when [ = n+m
is similar to this proof. The proof for non-existence of symmetric pure strategy

equilibrium is similar to the proof of Proposition 23. Therefore, I skip the proof.

Again, consider a strategy profile (§) of the following form:

e An agent with ability 8 > 7 pursues the high-paying career with probability

one.

e An agent with ability 6 < 0 pursue the high-paying career with probability
g(0).

Without loss of generality, let’s assume that u(Or) = u(0) = O for brevity. Note
that if an agent with ability 0 pursues the high-paying career, her expected utility
would be :

_ =l - ‘
Elu()|(5;(0) = H,5_;(6-))] = ( j )(1 — F0)FO)" " Tu(Hj.1)
0

J=

DI

n+m—1n+m—j—1 ( -1
j=n i=0

. . .)(1 — F(6))Q(8,6)'P(6,0) " "I u(Lisj—ns1)
i, j,I-1—-i—j

n+m—1 I-1-j

-1 U Ve

_ Jj i I-1-i—j

Y (i i _)(1 F(6))'Q(0,0)'P(6,6) u(0)

j=n i=n+m-—j > J> J
-1

+ 2 (1 - F@O) F(0)" " u(0).

j=n+m

Clearly, if she participates in the other labor market, her expected utility would be
u(Ly).

Now, if an agent with ability 8, L < 6 < 0, pursues the high-paying career, her
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expected utility has the following value:
E[u()I(3:(0) = H,5-;(6-:))]

n—1
= (’ ; 1)(1 — F(8) + P(6,6)) (F(6) + Q0,6))' ™'V u(H;41)
j=0

DI

n+m—1n+m—j—1 ( -1
l
Jj=n i=0

. . .)(1 —F@) +P0.0)Q0,8) P(0,0) 1.
s Js I - 1 —1l—]

M(Li+j—n+1)

n+m—-1 I-1-j
-1 5 N i I-1-i—j
Y (l., j,I_1_l._j)(l—F<9)+P(0,9>>JQ<Q,9> P(0.0) =T u(@)

j=n i=n+m-—j
-1 R o R .
+ DL (= F(®) +P0,0) (F0) + Q0,0))' ™' u(0).
j=n+m
However, if she decides to participate in the other labor market, her expected utility

would be

Efu()[(5i(0) = L,5-i(6-))]

m—1
= Z (I ; 1)@(9,5)/‘(1 — F(8) + P(6,0) + F(0)) ™' u(L;4)
7=0

-1

"

j=m

(1 ; 1)&(9,5)1(1 —F(8) +P(6,0) + F(6))! " u(0).

Claim 12 The cut-off ability 0 is strictly greater than 6.
Proof 29 Ifgz 6,D(0) =u(@) —u(Ly) < 0. Hence, 9 > 6.
Claim 13 There exists a unique value of Q(0, 5) € (0,1) such that D(6) = 0.

Proof 30 For 6 < [0, 5), the difference between two actions is

n—1

D®) =) (1 ] 1)(1 — F(0) + P(0,0)) (F(0) + Q(0,0)) " u(Hj1)
j=0
n+m—1n+m—j—1 ( I-1

M(Li+j—€+1)

.o ) ,)(1 - F(§) + P(Q’g))jQ(Q’é\)ip(g’e)l—]—i—j.
L J I-1-i- J

m—1
- Z (1 ; 1)@(9,5)1(1 — F(8) + P(6,0) + F(0)) ™ Tu(Lj41).
=0
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Consider the case when 6 = 6. Then,

I-1 -1 o _ _
D(9) = ( ; )a@,e)f(l—Q(Q,e)))’—‘—fu(Hn-j)

j=I-n

m—1 1_1 . .

_ ( ,- )a@e)f'(l—Q(Q,9>>’—1—fu<Lj+1).
=0

J

Note that D(0) = —u(Ly) < 0 when Q(Q,g) = 0and D(O) = u(Hy) > 0 when
Q(b, 5) = 1. Also, for Q(6, 5) € (0,1), the differential of this difference with respect
to Q(6, 0) is

aD(6 -1 . o _ , ~
©® _ (’ , 1)@(@,0)1“(1 ~Q(8.0) " u(H_)j — (I - DQ(6.6)]
0Qe.6) A\

m—1
- (’; 1)Q(Q, ) ~1(1 - Q(8,0)) 2 u(Ljs)Ij — (I - HQ,)].

Jj=0

Define a pseudo-utility function U (-) by
M(ffj_i) {f]’—-n <i<l

U@) =40 ifm-1<i<I-n
“u(Liy) f0<i<m-—1.

Using this function, I can express aZD((H% as
I1-1
T Ty 2 (1_. 1)11](1)@@@]’(1 - Q.6)""
9Q(0.0)  Q0.6)(1-Q.0) |5\ J
I-1 -1 o _ '
~(I-1), ( j )U(j)a@e)f(l - Q(Qﬁ))"l"}
j=0
1 —~
> —— — {ELVIEIU()] - (I - DQO,OEU ()]}
Q(6.6)(1 - Q(6.6))
1

=—— — [(I - DQE.OHEIU )] - (I - HQE.OHEIU )]
Q(8,0)(1 - Q(8,9))

=0,
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where
I-1 -1 o _ '
E[J] = ( . )ja@,e)f(l ~Q(9,6) 1
=0\ /
I-1 -1 o _ ‘
E[U)] = ( j )U(j)@(g,mfa - Q(8,0) 1.
j=0

The inequality holds since the function U(j) is increasing function in j and 0 <
P(L,é\) < 1. This implies E[JU(J)] > E[J]E[U(J)].

Therefore, there exists a unique value of Q(6, 5) € (0,1) such that D(8) = 0. From

now on, I denote this value by Q.
Claim 14 There exist a unique 6 such that D(g) =0and D(0) =0
Proof 31 I have already shown that Q(6, 0) has a unique value Q. Therefore, it

suffices to show that there exists a unique 8 such that D(g) = 0 when Q(6, 5) = Q.
Note that

N

D() =

-n

_lM

111 i
i FO) (1 - F0)~"u(H,_ i)
-

J

I-1-nl-1-n—j
DINDY
i=0
M(Ll—n—j) —u(Ly),

( -)<F (0) — Q) (@) (1 = F(0))' ™'~/
],l I-1- ] 1

&.

whereu(Li_,—;) = 0if I-n—j > m. This difference has the value u(Hy)—u(L1) > 0
when F(g) =1, and

N
|
—

D(6)

(’ ; 1)(1 — Q) (@) u(H 1) — u(Ly)

~.
o

—_

3

(’ ; 1)(@:)/’0 - Q)" u(Lj1) —u(Ly) <0

(=)

~.

when F(g) = Q.2

ZRecall that Q; is the solution to the equation D(6) =
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The differential of this difference with respect to F (5) is

DO N (I-1), ~, ) ' 0
©) _ Z( . )F(Q)J‘l(l—F(Q))I_Z_Ju(Hl—j)[j—(l—1)F(9)]
OF () L2\ T
—11-1-n—j

I-
§ > ( I=1 .)(F@—a:)f‘l(a:)"(l—F<5)>"2‘f‘i-
Joi, I=1—=j—i

=0

w(Li_n-p)[j(1 = F(@)) + (j + )(FO) - Q) — (I - )(F(®) - Q).

Now, I show that ZD((G) > 0 for F (9) € (Q;,1). The differentiation can be expressed

as
aD(e) = . _ . A
— ( . )F(ey‘l(l—F(e»"z‘fu(Hz_j)[j—(l—1)F(9>]
oF@) A\
S 1(1—1) FOY (1 - F@)'"' 2(1) [F(§>—a:]i( Q )"’]
S\ T IFEO-QU-F@)Z\iI/ F@) F(0)

u(Li_ni»®)[i(1 = F(8)) + j(F(6)
-1

- Q) - (I - DF®O) - Q)]

> > (I P )F(é‘ﬂ‘l(l—F(5>)"2‘fu(H1_j,5)[j—(1—1>F<§>]
i J

1-1-n

1—1\ FO)/(1 - F(@))~'-] ~
- ( . ) OO (1 - F@)ELAE(A))
i@ - @) - F@)

+ j(F(B) — @)Eu(A)] — (I = 1)(F(8) — Q)E[u(A)])
1 -1

I-1)\. _ ~; SNI-1=jrr ¢
= — — > )1F<9)J(1—F<9)> TU(j)
F@O)(1-F@®) [\ J

-1 . o R ' ]
IO (1 j 1)F(9>f<1 ~ F(6)™7U(.0)
j=0

> 0,



158

where

ELA] = (])] F(a) :Q: ’( QZA )]—i’
' l F(@0) F(0)

: = AaxY /oo Vi
E[M(AJ)] = (J) F(H) — Qe ( Qi ) M(L]_n_,'), and
l F(0) F(6)

u(Hi_.0) ifj=1-n
E[u(A;)] otherwise .

The last inequality holds since U,(j) is a increasing function in j and 0 < F (5) < 1.

Therefore, the differential of the difference is strictly greater than 0. Hence, there
exist a unique 6 and Q, 5) such that D(a) =0and D(0) = 0.

Claim 15 For given 6 and Q(b, 5), there is a unique Q(6,0) satisfying D(6) = 0
for 6 € (8,0).

Proof 32 Consider an agents with ability 0 € (0, 6*). Recall that

I-1

D@)= ) (I ; 1)(F(0) +Q; - Q0.0) (1 - F(0) - Q; +Q(8.0) ' u(H,_)

~
i
TT
—_— S

—1-nl-1-n—j
I-1 -
' ]Z‘O ; (j, i, 11 —j—i)(F(g)_Q(Q’g))](Qe)

(1-F®) -Q+Q6,0) "/ u(Li_p-j)

m—1
-, (’ i 1)(@: - Q(0,0)) (1 - Q@ +Q(8,0)) ™ u(Ljs).
Jj=0

Now, I show that there is a unique Q(8,60) such that D(0) = 0. First, notice that
max{0, QZ—F(§)+F(9)} < Q(6,0) < min{F(0),Q;} from P (0,60)+Q(6,0) = F(0)
and Q(6,0) + Q(6,0) = Q.

The difference D(0) has a positive value when Q(6,6) = max{0,Q; — F(g) +F(0)},
and a negative value when Q(6,0) = min{F(6),Q.}.

e Q(0,60) =0: From D(0) =0,
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oo (1; 1)(F(9) + Q) (1-F©®) - Q)" u(H,-))
j=I-n
I—1=nI-1-n—j L | |
F(0) (Q*)-
+j20 i=0 (j’i’l_l—j—i)()(e)

(1= F@O) " u(Li—p-))

I-1 -1 .
( j )(a YA -@) " u(H; )
i=I-n

J
> 0.

The inequality holds since the second summation is greater than 0 and the

first summation is strictly greater than the last summation because F(6) > 0

e Q0,0) = Q- F(8) + F(0): From D(8) =0,

m—1 ] — R . R '
D) = u(Ly) = ( ; )(F(e> — F(0)) (1 = F(8) + F(0))' ™ u(Lj11)
j=0

> 0.

e Q(0,0) = F(8): From D(6) =0,

m—1
D®) = ). (’ ; )(Q Y1 - @)™ u(Lj)
j=0
m—1
- > ( ; 1)(@: ~F(0)) (1 =@ + F(0)' ™ u(Ljs1)
j=0
< 0.

The inequality holds since F(0) > 0.

e Q(6,0) = Q*: From D(8) =0,
1-1
DO)= ) ( jl)Fw)f(l F(O)' ™" u(H, )
j=I-n
I-1-nI-1-n—j -1
— J i
- JZ ZO] ( 1o )(F(e) Q) (@)

(1= F@O) " u(Li—p-j) —u(L1) <0
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since F(0) < F().

Remaining proofis to show that 0D (0)/0Q(6,6) < 0. Define S.(0) := Q; —Q(6,0).
Then, it suffices to show that 0D (6)/0S.(0) > 0. The differentiation of the difference
D(0) with respect to S.(0) is

I1-1

ap©) _ (11 L
856(9)_]-:12"( j )(F(9)+Sg(9))] (1 -F(@0) - S.(9)) Tu(Hr—j)

[ = (I = 1)(F(8) + Se (6))]
I-1-nI-1-n—j I-1 ) o

+ ]ZO Z(; (j’ 1o _J._l.)<F<6)—Qe +S.(0)7 @)’

(1= F(0) = Se(0) >~ "u(Ls—n—j)

[(1 = F() = 5.(6)) + (j + D(F(6) = Q} + Se () = (I = D(F(0) - Q} + S.(0))]

m—1 I -1 ) )
- Z( j )Sew)f“(l—Se<9>>"2‘fu<Lj+1>[j—(1—1)Se(9>]
j=0

1-1
= > (’ ; 1)<F<9> +5:(0)) 711 = F(60) = Se(6) >~ u(H; )
j=I-n
[ = (= D(F(O) + Se(0)]
I-1-n

— i _ _ I-1-j
N Z (1 1)(F(0)+Se(9))](1 F(6) - S.(0) "/

S\ T EEO) -+ S (0)(1 = F(0) - S.(6)) '

i(j)(F(H)—QZ+Se(9))i( Q; )""'M(L N
i F(0) + S.(6) F(0) + S.(6) f=n=i

i=0

[i(1 = F(6) = Se(8)) + j(F(8) = Q + Se(8)) = (I = )(F(6) = Q; + 5.(6))]
m—1 I-1 ) )
- Z( ; )Sew)f—l(l—Sew))’—z—fu(LjH)[j—(1—1)Se<9>]
Jj=0
1

T FO) + S @)1 - F0) - 5.(0)

J=0

= . .
[Z ( j )j(Fw) +5e(0) (1 = F() = Se ()™ U (j)

I-1 -1 . s
- (1—1>(F<9)+Se<9>>2( j )<F<9>+Se<9>>f<1—F<9>—Se(9)>"‘—er<j>
j=0

—_

I-1 : .
- Z( ; )Sew)f—l(l—Se<9>>’—2—fu<Lj+1>[j—(1—1)Se<9>],

7=0
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where

~ u(Hy_; ifj>1—-n
O,y = {0 with
E[u(Bj)] otherwise

J . i i—i
S (FO - @+ 5.) Q@ |
Flu(Bp)] _Z;‘(l)( F@) + 5.(0) ) (F<e>+se<e>) D

The summation

I1-1

I1-1 . .
D ( j )j(Fw) +5:(0)) (1= F(6) = Se(6)' ' Ue (j)

J=0

1-1

I-1 . .
- (I =-DF@O) + Se(9))z ( i )(F(H) +8(0)) (1= F(0) = Se(0) ' U, ()
=0

is strictly greater than zero since U, ( J) is a increaing function in j and 0 < F(0) +

S.(0) < 1. Also, the summation

m—1

I-1 , .
>, ( j )Sew)f‘l(l = S uL i)l = (I = 1DSe(6)]

J=0

is strictly less than zero since u(Lj.y) is a strictly decreasing function in j and
0<S.(0) <1.

D)
> 3aen <Y

Hence
Therefore, by the Lebesgue Differentiation Theorem, the symmetric equilibrium

strategy g(6) is unique among integrable functions.

C.2.6 Proof of Proposition 28
Note that 6 satisfies :

1

n

D@) = (’J. )(1—F(9>)JF(9>’ u(H )

=0

\

-1

+ ) ( )(1 — FO)YF©O)"u(0n) - u(L) =

j=n
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and 56 satisfies :

l)(é;) — I-1 (I ; )1?(5;)j(1 _'17(5;))1_1_ju(17j_j)
Iizll—_nnl—l—n_j L ) | | ] ..
) IZé Z;‘ (J? i I=1-j- i)(F (6e) = Q)(Q)) (1 = F(6.)) "'~/
u(Ly-p—j) —u(Ly)

I-1-n
+ ) (’ B )F(é;)f'(l—F@)"“J’E[u(Aj)]—u(Ll):0.
j=0
Since
I-1-n I-1 _ .
0< ( ; )F(@)f'(l—F(ee»“—fE[u(A,-)]
j=0

I1-1-n I-1 . _
<)) ( . )F(eaf’(l—F(ee»"l—fu(Hn),
=0

there exists a unique 0 < K < u(H,) such that
I-1-n
-1y~ o\ I-1-j

DT @) (1 - F@)) T T EluA))

=\ J

J
I-1-n 11 o . _

= ( . )F(@)J(l ~F(0.)" K.

i \J

Hence, if u(Oy) = K, D(@) = D(0,) = 0 with § = 6,. Moreover, if u(Oy) >
(<) K, D(g) > (<) D(é;) = 0 when § = 56. Since D(g) is a strictly increasing
function in 8, the equilibrium cut-off ability 8 < (>) 8, if u(Oy) > (<) K.



