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Are Top Management Teams Compensated as Teams?
A Structural Approach

Using data from S&P1500 firms from 1993 to 2005, this paper structurally tests two compet-

ing models of the principal—multiagent moral hazard. Called the Team Model and Individual

Model, respectively, they are intended to capture a crucial consideration in executive com-

pensation design, that is, whether shareholders are concerned about top managers’unilateral

deviation in effort and incentivize top managers as a team or as separate individuals. The

Team Model can rationalize the observed relationship between executive compensation and

stock returns. The Individual Model can be plausible only when it appeals to an extra

assumption that managers have heterogeneous risk preferences across firm characteristics

and industrial sectors; thus it is less robust. These findings suggest that isolating the CEO

from other executives in research designs and regulatory considerations regarding executive

compensation seems less preferred.

Keywords: Moral Hazard, Top Management Team, Executive Compensation, Structural

Model

JEL Codes: D82, J33, M12, M52
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1 Introduction

Top managers’activities are hardly observed by shareholders and may deviate from share-

holders’objectives. This problem, called moral hazard, is one of the main theoretical rea-

sons why shareholders base compensation on firm—denominated securities. Researchers in

accounting, finance, and economics have been pervasively testing whether the observed ex-

ecutive compensation conforms to the optimal contract derived from a moral hazard model.1

However, based on even a basic moral hazard model, understanding the effi ciency of ob-

served executive compensation and drawing inferences about compensation reforms depend

on whether shareholders are motivating the managers as individuals or a team. This paper

investigates this important yet underexplored question.

Specifically, linking each manager’s compensation to overall firm performance, sharehold-

ers may or may not take advantage of interest alignment within top management teams. De-

pending on how shareholders perceive and respond to the moral hazard problem, theoretical

models provide different empirical implications for the components in optimal compensation.

If managers can only shirk together, shareholders may motivate the managers as a team by

providing incentives to avoid joint shirking only. In the optimal compensation predicted by a

team model, the shadow price of incentive compatibility constraint reflects the marginal cost

of all managers shirking, and the likelihood ratio of stock returns captures that the informa-

tiveness of performance measure is affected by the distribution of stock returns conditional

on all managers shirking and that distribution conditional on all managers working. By

contrast, if one manager could shirk no matter whether other managers work, shareholders

need to motivate them as individuals by providing incentives to avoid unilateral shirking in

addition to joint shirking. In the optimal compensation predicted by an individual model,

the shadow price reflects the marginal cost of unilateral shirking, and the likelihood ratio is

affected by the distribution of stock returns conditional on one manager shirking and that

1Several surveys are provided by Murphy [1999, 2012], Bushman and Smith [2001], Core et al. [2003],
and Edmans [2009].
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distribution conditional on all managers working. Given the preceding theoretical distinc-

tions and empirical predictions provided by the two types of models, a test of which type can

better reflect the incentive nature underlying the observed relationship between executive

compensation and stock returns is important not only for academic studies on the opti-

mality of executive compensation but also for regulations that intend to improve corporate

governance. This paper performs this test.

Previous studies using a nonstructural approach to infer the incentive nature have ob-

tained few and mixed results, because their research designs face the challenge that the

shadow price and likelihood ratio which determine the compensation shape in theory cannot

be observed by researchers, in addition to other unobservable primitives in a typical moral

hazard model such as effort costs and risk aversion, such that those studies have to rely on

indirect tests and examine only the implications of theory.2 These insuffi ciencies call for the

structural approach used in this paper, which directly examines the restrictions that each

model imposes on data as a whole.3 Doing so can to a large extent mitigate the preceding

concerns over indirectly testing models with theoretically important components left out

of simple regressions, because these internally consistent restrictions explicitly capture the

incentive nature of different contract types and discipline unmeasurable parameters together

with observed compensation and stock returns within a unified framework.

Called the Individual Model and Team Model, respectively, the two models in this paper

may both be used to rationalize observed executive compensation but depart in terms of a

crucial consideration in compensation design, that is, whether shareholders are concerned

about top managers’unilateral deviation in effort choice and, consequently, whether they

2Main et al. [1993] attribute the positive association between compensation variation within management
teams and firm performance to tournaments (an individual incentive mechanism). Henderson and Fredrickson
[2001] get ambiguous conclusions by showing that the relationship between the executive pay gap and ROA is
affected by both coordination needs and a demand for individual incentives. Li [2014] attributes the negative
relationship between future firm performance and current pay gap between the CEO and the second highest
paid executive to mutual monitoring (team incentive). Bushman et al. [2016] find that the deleterious
effect of deviating from the optimal contract (proxied by the dispersion of pay-performance-sensitivity in top
management teams) is affected by factors related to managerial coordination.

3Ittner and Larcker [2002] and Gow et al. [2015] make a similar point.
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incentivize the members of a top management team as separate individuals or as a team. In

the Individual Model, given that unilateral shirking is possible, shareholders motivate both

managers working as a Nash equilibrium in the managers’subgame and prefer both working

to either or both managers shirking. In the Team Model, conditional on that managers can

only shirk together and working is Pareto optimal, shareholders compare both working only

with both shirking. The key theoretical feature of the Team Model is that a team incentive

compatibility constraint replaces an individual incentive compatibility constraint. The key

implication for testing theTeam Model is that the likelihood ratio stays the same in the

optimal compensation between both managers.

The intuition for my empirical strategy is as follows. Even though we do not know how

shareholders design the optimal compensation, we do observe the compensation they offer,

and managers generate the output in the form of market returns. The optimal compensa-

tion contract of one type can essentially be described by a distinct, well-defined theoretical

model. It is standard in structural approach literature to assume that both shareholders

and managers behave as the model predicts. Consequently, if the observed data pattern

is statistically consistent with a group of restrictions imposed on data by that theoretical

model, the consistency suggests that the observed compensation schemes feature the corre-

sponding model. The purpose of the model specification tests is to find out which model,

as a whole, can better statistically explain the joint distribution of compensation and stock

returns, allowing the contract shape to vary with firm characteristics, industrial sectors, and

macroeconomic fluctuations.

The data used in this paper cover S&P 1500 firms from 1993 to 2005. In addition to the

total compensation from the ExecuComp database, the opportunity costs of holding firm

stocks and stock options are included in managers’total compensation to comprehensively

measure the incentive pay. This measurement follows Antle and Smith [1985].4 Also, both

the density of the gross abnormal return (performance measure in this paper) in equilibrium

4Hall and Liebman [1998], Margiotta and Miller [2000], Gayle and Miller [2009, 2015], Gayle et al. [2015a],
and Gayle et al. [2015b] also follow the same approach.
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and the optimal compensation scheme are nonparametrically estimated. The nonparametric

method can exploit the information from data as much as possible and also avoid rejecting

a model due to specific functional assumptions on contract form and distribution.

The result of model identification shows that, without imposing on data the restrictions

implied by shareholders’profit maximization, the pattern of compensation and stock returns

can be empirically consistent with either model. This result indicates that the descriptive

properties of compensation– usually based on comparative statics derived from the subset of

equilibrium conditions in shareholders’cost minimization problem– may not be suffi cient to

help us distinguish the two potential underlying models without considering other restrictions

that those confounding unobservable parameters need to satisfy.

The results of model specification tests show that the Team Model is more robust than

the Individual Model in rationalizing the correlation between the observed top executive

compensation and stock returns. Specifically, under the least restrictive assumption that

managers have heterogeneous risk preferences across firm types and industrial sectors, both

the Individual Model and the Team Model cannot be rejected. However, under the most

restrictive assumption that managers have homogeneous risk preference across firm types

and industries, only the Team Model cannot be rejected. These results suggest that the

Team Model tends to better capture the incentive nature of executive compensation.

This paper extends existing literature from a few aspects. First, this paper is closely

related to a small and growing literature in which researchers use a structural approach to

analyze executive compensation. The closest to the present study is Gayle and Miller [2015],

who use the same semiparametric set identification technique to identify three single-agent

moral hazard models and compare the empirical relevance of those models. This paper is

distinguished from the preceding by identifying and testing multiagent models. A few other

papers in this line of research instead focus on counterfactual estimation. Margiotta and

Miller [2000] and Gayle and Miller [2009] quantify welfare costs derived from parametric

models of a single agent to examine the importance of moral hazard in executive compen-
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sation. Gayle et al. [2015b] estimate the social welfare costs related to CEO compensation

before and after the Sarbanes—Oxley Act (SOX) to investigate the consequences of regula-

tory intervention for private contracts. Gayle et al. [2015a] quantify different sources of

pay gaps, including moral hazard, human capital accumulation, and career concerns. Taylor

[2013] quantitatively analyzes how learning about a CEO’s ability affects the pay level.

Second, this paper enriches empirical studies on executive compensation in accounting

literature by, for the first time, adopting the structural approach to explicitly test the incen-

tive nature of compensation for top management teams. Investigations of the compensation

of multiple managers together are infrequent in the accounting literature,5 partially because

it is unclear which type of incentive models statistical analyses should be based on. The

findings in this paper tend to call for more attention to the positive effects of managerial

coordination and the implications generated from team-based models in future empirical

research on executive compensation. For example, theoretical studies have suggested factors

that affect incentive pay in team settings, such as reputation concern and group identity (Itoh

[1990]), corporate culture (Kreps [1990]), and long-term relationships (Arya et al. [1997],

Che and Yoo [2001]).

More broadly, this paper joins the very recently growing application of the structural

approach in accounting research, as evidenced by Zakolyukina [2014] and Beyer et al. [2014]

on earnings management; Bertomeu et al. [2015] on voluntary disclosure; and Gerakos and

Syverson [2015] on audit market competition. These papers focus on estimating a given

structural model rather than testing alternative models, which is the focus of this paper.

Also, we examine different areas of accounting research and exploit different identification

strategies.

Testing the popularly adopted incentive nature of executive compensation, as this pa-

per does, also sheds light on regulation and practice. Fostering a stable and close network

5Recent exceptions include Li et al. [2014], Li [2012], and Bushman et al. [2016]. Although the manage-
ment literature tends to conclude that “attention to executive groups, rather than to individuals, often yields
better explanations of organizational outcomes” [(Hambrick [2007, p. 334]), its emphasis is on behavioral
integration and collective cognition based on demographic characteristics.
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within top management teams may be beneficial to a firm, but otherwise could be detrimen-

tal if the managers tend to collude against shareholders’interests.6 The distinct potential

consequences make it important for any regulatory reform on corporate governance to ac-

knowledge the common properties of incentives provided in most executive compensation

packages. Given the findings in this paper, more regulations that extend monitoring to non-

CEOs may be expected in the future. For example, the recent SEC clawback proposal covers

more offi cers than just CEOs and CFOs, who are the focus of the SOX which was enacted in

2002. For an individual firm, when coordination among managers has been taken advantage

of by the majority of its peers, as this paper suggests, investment in human resources to

facilitate cooperation seems necessary to maintain competitive advantage.

The rest of the paper is organized as follows. Section 2 lays out two theoretical models

and the optimal contract derived from each model. Section 3 describes the data used in the

empirical implementation. Section 4 establishes the identification. Section 5 discusses the

hypothesis tests and the procedures of structural estimation. Section 6 reports the results

of structural estimation and model specification tests. Section 7 concludes.

2 Models

This section lays out the two principal-multiagent models of moral hazard as the theoret-

ical underpinning of the identification and hypothesis tests. The two structural models in

this paper aim to suffi ciently distinguish the incentive nature up to the extent that the

primitive parameters can be recovered from the observed compensation and stock returns.

These models, however, are not constructed to comprehensively explore the delicate strategic

interactions between and within shareholders and managers in complex reality.

This section is structured as follows. After introducing the timeline, production technol-

ogy, and managers’preferences for the two models, for each model, I first solve the share-

6Larcker and Tayan [2013] discuss the benefits and challenges in implementing a corporate governance
system that relies on trust.
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holders’ cost minimization problem (as in the second step of Grossman and Hart [1983])

and then solve their profit maximization problem (as in the first step of Grossman and Hart

[1983]). At the end of this section, I compare these two models with a few other models in

the literature that study moral hazard problems of multiple agents.

2.1 Timeline

In each model, risk-neutral shareholders (principal) and two risk-averse managers (agents)

interact as follows. At the beginning of a period, the shareholders propose a compensation

scheme wi(x) for manager i = 1, 2; x is the joint output whose distribution is conditional on

the effort choices of the two managers. Let V denote the firm value at the beginning of this

period and x̃ denote the abnormal stock return realized from this period; x̃ is the idiosyncratic

component of the firm’s stock return, which is under the control of the managers. The

performance measure x, called gross abnormal return, is the return to shareholders before

compensating the managers and is given by

x = x̃+
w1
V

+
w2
V
. (1)

Facing the shareholders’offer, each manager decides whether to take the offer or reject. If

one manager rejects the offer, he gets his outside option. It is assumed that neither manager

can operate the firm by himself and that one manager has to wait for another manager to

join the team to proceed together. This is realistic because modern firms are large such that

they are rarely run by a single manager.

After accepting the shareholders’offer, each manager can choose between working and

shirking. The interdisciplinary nature of managing large diversified firms requires that top

managers work together to make better decisions. The frequent interaction in their routine

work makes it possible for them to observe each other’s effort, but it can be hard to describe
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to anyone outside the teams.7 Both models assume that the two managers can observe each

other’s effort choice, but the shareholders cannot observe these choices. Such information

asymmetry between the shareholders and managers creates a moral hazard problem, con-

sidering that more managerial effort can benefit the shareholders but is more costly to the

managers. The moral hazard due to managers’unobservable efforts is the fundamental fric-

tion in single-agent models. In multiagent models, there is another potential friction called

free riding. If one manager shirks, he can avoid his entire disutility of working but only has

to partially bear the loss from the reduction in output as long as the other manager works.

Thus each manager has an incentive to count on the other one and shirks. Let ji denote

manager i’s effort choice. The three mutually exclusive choices are defined as follows:

ji =


0, if manager i rejects the offer,

1, if manager i accepts the contract but shirks later,

2, if manager i accepts the contract and works later.

(2)

At the end of the period, the joint output x is realized and manager i gets paid according

to his compensation scheme wi(x). Conditional on the two managers’effort choice (j1, j2),

x is a random draw from an independent and identical distribution across firms of the same

type.

2.2 Production Technologies

The technologies that the two managers use to generate output are captured by the proba-

bility density function of the joint output x conditional on the two managers’effort choices.

Denote f(x) as the density of x conditional on both managers working (the effort pair on

the equilibrium path). Throughout this paper, I use the symbol E[•] to represent the ex-

pectation taken over f(x), or
∫
• f(x)dx. When manager i chooses to shirk but the other

manager chooses to work, the product gi(x)f(x) denotes the corresponding density of x;

7This assumption rules out the revelation mechanism as found in Ma [1988].
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gi(x) is the likelihood ratio between the density of x conditional on manager i’s unilateral

shirking over the density of x conditional on the equilibrium effort pair. In the framework of

single joint output, without specifying the individual contribution as an additive or a mul-

tiplicative technology, g1(x) 6= g2(x) simply means that shareholders can provide individual

incentive to each manager based on his distinct influence on the distribution of the gross

abnormal return.8

It is noteworthy that the specification of the densities on and offthe equilibrium path does

not put any functional form restrictions on the distribution. The first advantage of relaxing

functional assumptions is that the densities specified in the framework can accommodate

discrete distributions used in multiple-agent models close to the present paper, as in Itoh

[1993], Arya et al. [1997], and Che and Yoo [2001]. Therefore the framework can be applied

to broad models. Many theoretical models do not rely on particular functional forms to guide

empirical analysis (Holmstrom [1979, 1982], Grossman and Hart [1983]). Keeping consistent

with theory in production, the technology assumption set up for minimal use of structures

gives the tests in this paper more credibility.

The second advantage of not being tied to a specific distribution is that the flexibility of

densities and thus that of the likelihood ratio frees the optimal compensation form from a

rigid linear shape or similar, because the variation of compensation essentially comes from the

variation of the likelihood ratio across various realizations of the performance measure. As

Hemmer [2004] illustrates with relative performance evaluation studies, the lack of empirical

support can be caused by overly relying on linear compensation regression, which is not

required by the theoretical results (Holmstrom [1982]). This paper avoids this problem.

Also, the specifications are general enough to capture the type of performance evaluation

that shareholders may adopt in reality. To illustrate, one manager may mainly take charge of

the right-tail performance of the firm, for instance, the head of a research and development

department whose primary task is to maintain high growth or a Chief Marketing Offi cer

8This setup is suggested by Margiotta and Miller [2000] in their discussion of extending their single-agent
framework to a multiagent one.
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who is responsible for continued market expansion. By contrast, the other manager may

be someone who monitors the downside risk of the firm, for instance, a Chief Financial

Offi cer who watches financial stress and bankruptcy risk or a Chief Executive Offi cer who is

responsible for both tails of the gross abnormal return.

Denote g0(x) as the likelihood ratio of the density of x conditional on both managers

shirking over that conditional on both managers working; g0(x) ≡ g1(x)g2(x) is implied

by the primitive assumption that one manager’s marginal influence on the density of x is

unconditional on the other manager’s effort choice. This assumption rules out the possibility

that the two managers have exactly the same marginal influence on the distribution of the

gross abnormal return when they unilaterally shirk. Also, this assumption can be consistent

with the managers’efforts sharing substitutability, independence, or complementarity.

The likelihood ratio gk(x) (k = 0, 1, 2) has the following properties: (i) gk(x) ≥ 0,∀x;

(ii) E[gk(x)] = 1; (iii) limx→∞ gk(x) = 0, meaning that an extraordinary output can be

realized only when no one shirks; (iv) gk(x) is bounded, which implies that the contract

cannot achieve the first best allocation by using a signal that can be perfectly informative

at extreme realizations of x (Mirreless [1975]); and (v) the shareholders and managers have

conflicting interests in the sense that shareholders can benefit more if the managers work than

if they shirk. These assumptions are standard in structural models of optimal contracting

(Gayle and Miller [2009, 2015]).

2.3 Managers’Preferences

Each manager’s preference can be expressed using a negative exponential utility function

with multiplicatively separable preference on effort. The utility function is denoted by

−α̃iji exp [−ρwi(x)], for manager i = 1, 2. The two managers have the same coeffi cient

of absolute risk aversion, denoted by ρ, but differ in the cost of effort. The cost is captured

by the coeffi cient α̃iji (i = 1, 2, ji = 1, 2) in the managers’utility functions, corresponding to

manager i’s effort choice ji (specified in (2)). For manager i, it is assumed that 0 < α̃i1 < α̃i2,

12



meaning that manager i would not choose to work if he faced fixed compensation but instead

would prefer shirking. To interpret shirking, managers are not necessarily lazy, but instead

they pursue their own benefits, which conflict with the shareholders’interests. Take empire

building, for example. The managers may exert substantial labor input to pick up projects

that maximize their own private perks but do not maximize the firm’s value. Also, the

outside option of the two managers is assumed to be the same and is denoted by α̃0. The

utility function is normalized by α̃0, and thus the outside option becomes −1, and the effort

disutility coeffi cient thereafter becomes αiji ≡ α̃iji/α̃0.

Manager i’s compensation wi(x) is a function of the gross abnormal return x. The

expected utility conditional on the distribution of x given the managers’effort pair (j1, j2)

is

−αijiE [exp (−ρwi(x)) | j1, j2] , i = 1, 2. (3)

I tabulate the expected utilities conditional on the four effort pairs in the table below.

In each of the four cells, manager 1’s (the row player) expected utility is in the bottom left

corner, and manager 2’s (the column player) is in the upper right corner. To simplify nota-

tion, vi(x) ≡ exp (−ρwi(x)), i = 1, 2. Take, for example, −α11E[v1(x)g1(x)]. It represents

the expected utility of manager 1 conditional on the distribution of x when he shirks but

manager 2 works.

Effort Choices Manager 2 Works Manager 2 Shirks

Manager 1 Works − α22E[v2(x)] − α21E[v2(x)g2(x)]

−α12E[v1(x)] −α12E[v1(x)g2(x)]

Manager 1 Shirks − α22E[v2(x)g1(x)] − α21E[v2(x)g0(x)]

−α11E[v1(x)g1(x)] −α11E[v1(x)g0(x)]
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2.4 Shareholder’s Cost Minimization Problem

This paper assumes that shareholders prefer both managers working to other effort pairs.

As in the second step in Grossman and Hart [1983], shareholders minimize the expected

compensation required to motivate both managers to work. To describe shareholders’con-

strained optimization problem, the two models have the same objective function but apply

different constraints.

2.4.1 Objective Function

The utility of risk-neutral shareholders is measured in monetary terms. The shareholders’

benefit is the expected firm value growth conditional on both managers working, which is a

constant when managers’effort choices are fixed. The shareholders’cost is the total compen-

sation paid to the two managers, as a function of the output x. Therefore, to maximize net

benefit ex ante, shareholders minimize the expected total compensation of the two managers,

and the expectation is taken over the distribution of the gross abnormal return conditional

on both managers working.

By definition, vi(x) is monotonically decreasing in wi(x), so the objective function of the

cost-minimizing shareholders is equivalent to maximizing the following expected value:

E [ln v1(x) + ln v2(x)] . (4)

This objective function in the shareholders’cost minimization problem is the same between

the two models. However, depending on whether the shareholders motivate the managers as

individuals or a team, shareholders face different constraints across the two models.

2.4.2 Participation Constraint

Shareholders design the optimal compensation contracts such that, at the beginning of the

period when managers decide whether to accept or reject the job offer, each manager finds
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that accepting the offer and working diligently during the following period is weakly better

than rejecting the shareholders’ offers to instead pursue an outside option. This is the

participation constraint, which is the same in both the Individual Model and the Team

Model and is given by

−αi2E [vi(x)] ≥ −1, for manager i ∈ {1, 2}. (5)

2.4.3 Incentive Compatibility Constraint

Given that shirking is more tempting to the managers (αi1 < αi2), to induce both managers to

work, the optimal compensation contracts need to provide the managers suffi cient incentive

not only to accept the offers but also to exert effort in line with the shareholders’interests.

This is the incentive compatibility constraint, which distinguishes the two models depending

on whether the managers can shirk unilaterally or only jointly.

In the Individual Model, shareholders design the optimal compensation to induce one

manager to work as a best response to the other manager’s working; that is, both man-

agers working is a Nash equilibrium in the two managers’subgame. Therefore the incentive

compatibility constraint is

−αi2E [vi(x)] ≥ −αi1E [vi(x)gi(x)] , for manager i ∈ {1, 2}. (6)

If both working is the unique Nash equilibrium, then one manager’s shirking cannot be

the best response to the other manager’s shirking. This implies that

−αi2E [vi(x)g−i(x)] > −αi1E [vi(x)g1(x)g2(x)] , for manager i ∈ {1, 2}.

In the Team Model, working is preferred only as a Pareto optimal strategy rather than

as a Nash equilibrium strategy. This is the whole idea of this model and makes it essentially

different from the Individual Model. The following incentive compatibility constraint states
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that for manager i, the expected utility conditional on both working (on the left-hand side)

is no less than the expected utility conditional on both shirking (on the right-hand side):

−αi2E [vi(x)] ≥ −αi1E [vi(x)g0(x)] , for manager i ∈ {1, 2}. (7)

If the free riding problem exists, then it implies that both shirking is the (unique) Nash

equilibrium. Consequently, the following inequalities hold simultaneously:

−αi1E [vi(x)g0(x)] > −αi2E [vi(x)g−i(x)] , for manager i ∈ {1, 2}.

2.5 Optimal Contract

In the Individual Model, shareholders minimize the objective function (4) subject to the

participation constraints (5) and the incentive compatibility constraints (6). In the Team

Model, shareholders minimize (4) subject to the participation constraints (5) and the incen-

tive compatibility constraints (7). The following proposition gives the optimal contract for

each model.9

Proposition 1 Let µMi be the shadow price associated with manager i’s incentive compat-

ibility constraint in model M ∈ {I (Individual Model), T (Team Model)}; w∗i,M(x) is the

optimal compensation paid to manager i in model M:

w∗i,I(x) =
1

ρ
lnαi2 +

1

ρ
ln

[
1 + µIi − µIi

(
αi1
αi2

)
gi(x)

]
, for manager i ∈ {1, 2} (8)

w∗i,T (x) =
1

ρ
lnαi2 +

1

ρ
ln

[
1 + µTi − µTi

(
αi1
αi2

)
g0(x)

]
, for manager i ∈ {1, 2}, (9)

where µIi uniquely solves

E

[
αi1gi(x)

αi2 + µIiαi2 − µIiαi1gi(x)

]
= E

[
αi2

αi2 + µIiαi2 − µIiαi1gi(x)

]
, for manager i ∈ {1, 2}

9All proofs in this paper are saved for Appendix A.
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and µTi uniquely solves

E

[
αi1g0(x)

αi2 + µTi αi2 − µTi αi1g0(x)

]
= E

[
αi2

αi2 + µTi αi2 − µTi αi1g0(x)

]
, for manager i ∈ {1, 2}.

The intuition is as follows. In the Individual Model, the managers are incentivized to

respond to their own influence on the distribution of the gross abnormal return, so that the

optimal compensation accounts for the informativeness of the joint output differently between

the two managers, that is, g1(x) and g2(x) enter the formula, respectively. In the Team

Model, the optimal contract merely prevents the managers’simultaneous shirking and thus

relies on the informativeness of the joint output drawn from the distribution conditional on

both managers shirking, which is captured by g0(x). Also, in the Team Model, the incentive

effect provided to one manager will be dampened by the other manager’s effort choice. This

implies that the marginal cost of motivating a single manager using the optimal contract

suggested by the Team model will differ from that marginal cost in the Individual Model.

The different values of the shadow price between the two models (i.e., µIi and µ
T
i ) capture

such discrepancy.

Importantly, if the observed compensation and stock returns are generated from the

equilibrium of a model, the managers’risk attitude (ρ), their effort tastes (αij), and the in-

formativeness of the performance signal (gi(x) or g0(x)) together explain the compensation

of each manager. Relative features of the two managers’compensation schemes, for exam-

ple, the pay gap or the difference of pay-performance-sensitivity between managers, can be

rationalized by any of these two models, depending on the values of the preceding primitive

parameters. This again confirms that the descriptive properties between the two managers’

compensations are not suffi cient to distinguish the two models.

Each manager gets her highest compensation, denoted by wi(x), when the informative-

ness of the corresponding output realization is highest, that is, gi(x) = 0 or g0(x) = 0.

Furthermore, if the managers’efforts are observable to shareholders, gi(x) or g0(x) equals
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zero for any x. This is the first best scenario without information asymmetry on effort. Thus

only the participation constraint is binding for each manager at his effort choice of working,

and the shadow price of the incentive compatibility constraint drops. As a result, the op-

timal compensation equals (1/ρ) lnαi2, which is the suffi cient amount required to motivate

manager i to work if his effort can be perfectly monitored by shareholders. Last, optimal

compensation increases with the informativeness of the performance signal about working.

While an output realization is more likely drawn from the distribution under which manager

i works, that is, gi(x) or g0(x) is smaller, she gets higher compensation at that signal, keeping

all other things constant.

It is important to emphasize the advantages of using a nonparametric approach placing

no restrictions on the distributions of output. According to the optimal contract (8) and (9),

strong assumptions on the functional form of the likelihood ratio gi(x) or g0(x) are required

to legitimize a linear contract shape or, alternatively, an OLS analysis. For example, if the

distributions belong to the exponential family, the contract shape can be approximated by

a linear regression after log transformation. However, equity-based compensation including

stock options is convex in stock returns in general, which violates the linearity assumption

on contract shape.

2.6 Shareholders’Profit Maximization

As in the first step in Grossman and Hart [1983], shareholders maximize the expected net

benefits by motivating both managers working rather than other effort pairs. Shareholders’

benefit is the expected increase in the equity value of the firm in the contract period, which

is calculated by multiplying the market value of the firm at the beginning of the period, as

denoted by V in (1), with the gross abnormal return x and then taking the expectation over

the distribution of x conditional on the two managers’effort choices in that period; that is,

E[V x | j1, j2].

Shareholders’cost is the total compensation paid to the two managers. Denote wsi as the
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optimal fixed compensation paid to the manager i, (i = 1, 2), if shareholders merely wish to

induce the manager to stay in the firm but allow him to shirk. The superscript s refers to

shirking; wsi can be derived from an equation resembling a binding participation constraint

at shirking. In that equation, on one side is the value of manager i’s outside option, and

on the other side is the manager i’s expected CARA utility from a flat compensation wsi

multiplied by his disutility coeffi cient of shirking (αi1). Solving such an equation gives the

optimal compensation to induce manager i to shirk as

wsi =
1

ρ
lnαi1, for i = 1, 2.

The optimal effort pair to be implemented in the two models is the same, that is, both

managers work. However, the suboptimal benchmark effort pairs are different. In the In-

dividual Model, the suboptimal effort pair is that no more than one manager works. By

contrast, in the Team Model, there is only one benchmark effort pair, that is, both managers

shirk.

2.7 Links to Theoretical Literature

The Individual Model is standard in theoretical literature on multiagent moral hazard and

appears as the benchmark model in Itoh [1993], Arya et al. [1997], and Che and Yoo

[2001], to contrast with their team models. It can be considered as a multiagent version

of Holmstrom [1979], in the sense that one agent’s participation constraint and incentive

compatibility constraint, which are binding on their own, respectively, in Holmstrom [1979],

now are conditional on the equilibrium effort choice of the other agent. In equilibrium,

each agent takes working as the best response to the other working. The key difference in

the Team Model is that the team incentive compatibility constraint replaces the individual

incentive compatibility constraint. This feature is commonly shared by several theoretical

models of team incentive. These models further develop various mechanisms to enforce the
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Pareto optimal strategy, for example, the explicit side contracts without utility transfer in

Itoh [1993], the finitely repeated game with implicit side contracts in Arya et al. [1997], and

the infinitely repeated game with implicit side contracts in Che and Yoo [2001]. Though

distinguishing these enforcement mechanisms is interesting, it is beyond the scope of a first-

pass test, which this paper targets.10 Instead, the Team Model in this paper assumes that

managers choose Pareto optimality. Similarly in theoretical papers, simplification is made

for the sake of research focus, for example, Friedman [2012] models the CEO and CFO as a

syndicate without an explicit enforcement mechanism.

The setup in this paper distinguishes it from some other theoretical papers on multia-

gent moral hazard, due to the context and data availability. First, the single joint output

assumption differs from mechanisms using agent-specific performance measures, such as rel-

ative performance evaluation (RPE; Holmstrom [1982]) and tournament (Lazear and Rosen

[1981]), which stick to a restrictive contract form. These mechanisms encounter a sabotage

problem. This counterproductive problem (Dye [1984]) may potentially explain why the

RPE has not received much empirical support in the context of top management teams.11

Besides, executive compensation is mostly equity based and tied to the overall firm per-

formance, so that the single-output assumption seems to better capture top management

team production. Second, the simultaneous move assumption differs from the sequential

move assumed in Winter [2006, 2010]. A sequential move enlarges the information space

and action space of players but seems to better describe stream-line workers rather than

top managers who make joint decisions often. Third, the single-action assumption differs

from the models of multiple tasks including reporting effort to upper levels in a hierarchy

(Ma [1988]), reporting output (Friedman [2012], Indjejikian and Matejka [2009]), or helping

10Another type of team model allows agents to transfer utilities (Itoh [1993]). In an unreported test, I
apply the same empirical procedure to a team model in which the setup is the same as the current one, except
that the two agents can transfer utilities. This type of team model describes a “teamness”level higher than
that of the current Team Model by treating managers as family members. Practically speaking, it may be
less implementable in the context of top management teams. In my test, this type is rejected by the data.
11Gong et al. [2011] point out that the weak support of RPE since Antle and Smith [1986] may be due to

data availability. However, their evidence from new information disclosed in proxy statements is limited to
using RPE to incentivize CEOs across firms rather than top managers within one firm.
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in addition to production (Itoh [1991], Ramakrishnan and Thakor [1991]). Testing these

models apparently requests the information regarding externality between managers more

than is available to this paper. For the same reason, I do not consider externality more than

on output, for example, the synergy on effort cost modeled by Edmans et al. [2013].

3 Data

This section discusses the data source and the construction of key variables used in structural

estimation. The sample covers S&P1500 firms from 1993 to 2005. The accounting data come

from the COMPUSTAT North America database. The stock returns and market value are

calculated from CRSP and Compustat PDE. The executive compensation comes from the

ExecuComp database. I drop firm-year observations if the firm changed its fiscal year end

such that all compensations and stock returns are 12-month based. A detailed description

of variable construction is left to Appendix B.

3.1 Heterogeneity in the Data

This paper assumes that managers’preferences for effort and risk do not change after they

accept the compensation contracts. However, managers with different preferences may sort

into different types of firms. To account for the heterogeneity in the sample, firms are

grouped by industrial sector, firm size, and capital structure.12

The whole sample is classified into three industrial sectors according to the Global Indus-

try Classification Standard (GICS) code, denoting by Snt the nth firm in year t. The primary

sector (Snt = 1) includes firms in energy, materials, industrials, and utilities. The consumer

good sector (Snt = 2) includes firms in consumer discretionary and consumer staples. The

service sector (Snt = 3) includes firms in health care, financial, and information technology

and telecommunication services. In each industrial sector, firms are classified based on both

12The definition of firm types follows Gayle and Miller [2015] and Gayle et al. [2015b] in order to make
the results more comparable.
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the firm size, which is measured by the total assets on the balance sheet and denoted by

Ant, and the capital structure, which is measured by the debt-to-equity ratio and denoted

by D/Ent. Each of the two variables can have two values, that is, small (S) or large (L).

If the beginning total assets of firm n in year t are below the median of total assets in its

sector, Ant = S; otherwise, Ant = L. The same rule applies to D/Ent. Firm type is denoted

by Znt = (Ant, D/Ent) and includes four combinations of Ant and D/Ent.

Table 1 summarizes the firm characteristics cross-sectionally. As to the firm size, if

compared based on book value (measured by the total assets on the balance sheet), firms

in the consumer goods sector on average have significantly smaller book values than those

in the other two sectors. If compared based on market value, the three sectors are not

significantly different. As to capital structure measured by the debt-to-equity ratio, among

the three sectiors that are significantly different from each other, the service sector has the

highest mean and the biggest standard deviation.

3.2 Abnormal Stock Returns

For each firm in each fiscal year, I calculate a monthly compounded return adjusted for

splitting and repurchasing and subtract the return to a value-weighted market portfolio

(NYSE/NASDAQ/AMEX) from the compounded return to get the abnormal return for

the corresponding fiscal year. The abnormal stock returns are summarized cross-sectionally

in Table 2, conditional on firm size, capital structure, and industrial sector. They are all

insignificantly different from zero, which is consistent with an underlying assumption that

each type of firm faces a competitive market.

3.3 Compensation

Managers choose efforts based on overall wealth change implied by their compensation pack-

ages. Following Antle and Smith [1985], I construct a total compensation measure by adding

wealth change from holding options and wealth change from holding stocks to all regular
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components provided by the ExecuComp database. These wealth changes can be interpreted

as opportunity costs of holding firm-specific equity. This paper studies the two highest paid

managers based on this total compensation measure.

Table 2 describes the two managers’compensation cross-sectionally. In all types of firms,

the primary sector always provides the lowest compensation for both managers, and the ser-

vice sector always provides the highest. In each sector, large firms offer higher compensation

for both managers than small firms. As to the distribution of compensation conditional on

capital structure, in the primary sector and the service sector, among firms of similar size,

firms of high financial leverage (large debt-to-equity ratio) offer compensation no more than

firms of low financial leverage. In the consumer goods sector, small firms have the same

direction, but large firms go in the opposite direction. The variation across firm types to-

gether with the heterogeneity presented in Table 1 indicate that it seems necessary to test

the robustness of a model by examining its explanatory power across different firm types.

Table 3 reports the position profiles of the two highest paid managers, who are classified

into three categories:13 (i) “Functional,” if the manager is a CTO, CIO, COO, CFO, or

CMO, but not any other; (ii) “General 1,”if the manager is a chairman, president, CEO, or

founder, but not any other; (iii) “General 2," if the manager is an executive vice-president,

senior vice-president, vice-president, vice-chair, or other (defined in the database), but not

any other. Also, there are four possible combinations if the manager holds multiple positions,

including “Functional & General 1,”“Functional & General 2,”“General 1 & General 2,”

and “Functional & General 1 & General 2.”The statistics reported in Table 3 show a similar

distribution of positions across industrial sectors.

13The ExecuComp database provides the titles of executives. For missing values, a data set of executive
positions used by Gayle et al. [2015a] is added.
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4 Identification

This section establishes the identification of the two models laid out in Section 2. As is

standard in the structural estimation literature, the identification is conducted under the

assumption that, in reality, shareholders honor the contract and the two managers work, as

the equilibrium predicts. Therefore the optimal compensation schemes and the distribution

of the gross abnormal returns conditional on managers’equilibrium actions are assumed to be

observable with only measurement errors and thus can be nonparametrically identified from

the data. This paper assumes that the data of compensation and stock returns are cross-

sectional, independent draws from the equilibrium of this model. The draws are repeated in

each year t = 1, ..., T . The unobservable primitive elements to be identified include managers’

preference parameters of risk and effort as well as the distribution of gross abnormal returns

conditional on managers’ off-equilibrium actions, which is pinned down to the likelihood

ratio between the distribution of the gross abnormal returns off and on the equilibrium path

because the on-equilibrium-path distribution can be identified from the data.

If we are only interested in estimating some suffi cient statistics of a particular aspect

of the economic model, for example, the pay-for-performance sensitivity given the primitive

preference parameters fixed, a reduced form regression can accomplish this task. However, if

we hope to test how well each entire model can rationalize the data of executive compensation

and stock returns, to estimate the primitive parameters for future counterfactual analysis

on contracting effi ciency, or to arrive at policy implications that can only be made based on

a particular model that fits reality, we need to go further to identify the models as a whole

and estimate all the unobservable primitive elements (Matzkin [2007]).

4.1 Individual Model

The unobservable structural parameters in the Individual Model include each manager’s effort

preference over working and shirking relative to his outside option (denoted by αiji , which
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is the time-independent effort disutility coeffi cient in manager i’s utility functions when he

chooses effort level j), the likelihood ratio of the distribution if manager i unilaterally shirks

over that if both managers work in year t (denoted by git (xt), and the subscript t in xt is

dropped hereafter when it does not cause confusion), and the risk aversion parameter ρ. This

paper shows that these unobservable parameters can be sequentially derived as mappings of

the risk aversion parameter and the observables.

First, the disutility coeffi cients of working, that is, αi2 for i = 1, 2, can be identified

from binding participation constraint. Shareholders design the optimal compensation such

that, at the beginning of the period when managers decide whether to accept or reject the

job offer, each manager is indifferent between rejecting the job to pursue an outside option

and accepting the offer and working diligently during the following period. In the economic

model, each manager’s expected utility conditional on his subsequent effort choice (working)

is equal to the value of his outside option.

Rearranging the terms of the participation constraints (5) when the equalities hold, we

can find that only the disutility coeffi cients αi2 and the risk aversion parameter ρ are un-

known. This indicates that if ρ can be identified, then αi2 can be expressed as a mapping of

ρ and the observables. In this sense, αi2 are identified respectively for i = 1, 2 up to the risk

aversion parameter as follows:

αi2(ρ) = Et[vit(x, ρ)]−1. (10)

Next, let’s consider the likelihood ratios git(x) for i = 1, 2. In the formula of optimal

compensation (8), it is easy to check that the compensation reaches the highest value when

the likelihood ratio equals zero. Consequently, assuming the data satisfy this restriction on

the likelihood ratio, that is, limx→∞ git(x) = 0, then wit ≡ wit(xit) satisfying git(xit) = 0

can be consistently estimated by the highest compensation. Now define the likelihood ratio

git(x, ρ) (i = 1, 2) as a mapping of ρ and some quantities that can be calculated from the
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data-generating process:

git(x, ρ) =
1/vit(x, ρ)− 1/vit(xi, ρ)

Et [1/vit(x, ρ)]− 1/vit(xi, ρ)
. (11)

Note that the formula of git(x, ρ)(i = 1, 2) satisfies Et[git(x, ρ)] = 1, which is required by

the definition of the likelihood function, as well as git(xi, ρ) = 0, which is required by the

model. Also, in the functional form of the likelihood ratios, the only unknown is the risk

aversion parameter. This implies that these two ratios are identifiable up to the risk aversion

parameter as well.

Then the disutility coeffi cients of shirking, that is, αi1 for i = 1, 2, can be identified

from the bind incentive compatibility constraint. The optimal compensation motivates each

manager to exert effort in the shareholders’interests. In the economic model, the optimal

compensation makes each manager’s expected utility from working the same as his expected

utility from shirking. In the econometric model, the data generated from this model satisfy

the two equalities held in the incentive compatibility constraints (6) as well as the two equal-

ities held in the participation constraints (5). These together help us derive the disutility

coeffi cients αi1(ρ) (i = 1, 2) as the mappings of the risk aversion parameter, as follows:

αi1(ρ) = Et[vit(x, ρ)git(x, ρ)]−1. (12)

In (12), for any known risk aversion parameter ρ, the shirking disutility coeffi cient αi1 is the

only unknown in the equations, and thus it can be identified from the data along with the

risk aversion parameter for i = 1, 2.

Last, I consider the shadow price of each manager’s incentive compatibility constraint in

the Lagrangian formulation of the shareholders’cost minimization problem. Take manager

1, for example. I apply the property of the likelihood ratio g1t(x1) = 0 in the formula of the

optimal compensation w∗1t(x) in (8) and evaluate both sides at x1. Note that on the left-hand

side of that formula, w1t(x1) can be identified and estimated by the highest compensation
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that manager 1 receives. That is, w1t(x1) = max(w1t(x1)). On the right-hand side, given

that the disutility coeffi cients have been identified as previously and g1t(x1) drops off, only

the shadow price µI1t and the risk aversion parameter are left unknown. The same procedure

applies to identifying the shadow price for manager 2 (µI2t). Consequently, the two shadow

prices can be expressed as the mappings of the risk aversion parameter, as follows:

µIit(ρ) = Et [vit(x, ρ)] /vit(x, ρ)− 1. (13)

Collectively, all parameters in the model can be recovered from the data-generating process,

along with the risk aversion parameter.

Subsequently, I further explore other restrictions implied by the Individual Model to

delimit the range of the risk aversion parameters. The first set of restrictions refers to share-

holders’preferences on profit maximization. As assumed, the shareholders prefer motivating

both managers to work to allowing either one or both of them to shirk. From the sharehold-

ers’viewpoint, the net profit of motivating a particular effort pair is the residual of the firm

value growth deducted by the compensation cost. I calculate the shareholders’net benefit

of motivating both managers to work and that of motivating no more than one manager

to work, respectively. Those equilibrium restrictions imply that this difference should be

nonnegative and constitute the following three inequalities in (14), (15), and (16). Λ1t (Λ2t)

reflects that the shareholders’ net benefit of motivating both managers to work is larger

than that of having only manager 1 (2) shirk. By contrast, Λ3t reflects that shareholders’

net benefit is also larger than that of having both managers shirk:

Λ1t(ρ) = Et[Vt ∗ x− w∗1t(x)− w∗2t(x)]− Et[(Vt ∗ x− ws1t − w∗2t(x)) ∗ g1t(x, ρ)] ≥ 0, (14)

Λ2t(ρ) = Et[Vt ∗ x− w∗1t(x)− w∗2t(x)]− Et[(Vt ∗ x− w∗1t(x)− ws2t) ∗ g2t(x, ρ)] ≥ 0, (15)

Λ3t(ρ) = Et[Vt ∗ x− w∗1t(x)− w∗2t(x)]− Et[(Vt ∗ x− ws1t − ws2t) ∗ g1t(x, ρ) ∗ g2t(x, ρ)]

≥ 0, (16)
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where w∗it(x) is manager i’s compensation if he works and is estimated from data and wsit

is manager i’s flat compensation to meet his outside option when shareholders prefer him

shirking, that is,

wsit =
1

ρ
lnαi1(ρ), for i = 1, 2. (17)

The second set of restrictions stems from the requirement that both managers working

is the unique Nash equilibrium between the two managers. The incentive compatibility

constraint has guaranteed that for each manager, shirking is not a best response to the other

manager working such that the asymmetric effort pairs are ruled out from being a potential

Nash equilibrium. To avoid “both managers shirk”being a Nash equilibrium in the subgame

of the two managers, the optimal contract ensures that shirking is never a best response

of one manager to the shirking of the other manager. In particular, manager 1’s expected

utility conditional on that he works but manager 2 shirks is higher than that conditional on

both he and manager 2 shirking. The first term of the inequality in (18) ((19)) is manager

1 (2)’s expected utility conditional on that he works but manager 2 (1) shirks. The second

term is manager 1 (2)’s expected utility conditional on both managers shirking. If the data

are generated from this model, then the following two inequalities should hold:

Λ4t(ρ) = {−α12(ρ)Et[v1t(x, ρ)g2t(x, ρ)]}

− {−α11(ρ)Et [v1t(x, ρ)g1t(x, ρ)g2t(x, ρ)]} > 0, (18)

Λ5t(ρ) = {−α22(ρ)Et[v2t(x, ρ)g1t(x, ρ)]}

− {−α21(ρ)Et[v2t(x, ρ)g1t(x, ρ)g2t(x, ρ)]} > 0. (19)

The third source of equilibrium restrictions comes from the requirement that the like-

lihood ratio git(x) be nonnegative. Recall the identification of xi, which is obtained by

satisfying git(xi) = 0, ∀ x > xi (i = 1, 2), where git(x) in (11) is guaranteed to be nonneg-

ative. However, the product g1t(x)g2t(x) is another likelihood ratio such that the following
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restriction must be satisfied:

Ψ1t(ρ) = Et[g1t(x, ρ) ∗ g2t(x, ρ)] = 1.

Collectively, the preceding restrictions implied by the Individual Model can be summa-

rized by a function QI(ρ) as

QI(ρ) ≡
T∑
t=1

{
5∑

k=1

[min(0,Λkt(ρ)]2 + [Ψ1t(ρ)]2
}
.

Note that the QI(ρ) function has a distance-minimizing feature, which is the sum of two

types of elements. The element corresponding to an equality restriction, that is, Ψ1t(ρ) = 0,

is the square of Ψ1t(ρ). The element corresponding to a nonnegative inequality restriction,

that is, Λkt > 0, is the squared value of the minimum between Λkt and zero. As a result,

QI(ρ) theoretically reaches zero if all restrictions implied by the model are satisfied. Thus, if

a risk aversion parameter is admissible to the model, it belongs to the identified set14 defined

as

ΓI ≡ {ρ > 0 : QI(ρ) = 0} . (20)

4.2 Team Model

Compared with the same set of restrictions in the Individual Model, two key differences

exist in the identification of the Team Model. First, shareholders are only concerned with

symmetric deviation of managerial effort, so that each manager’s compensation provides

the same inference to back out the likelihood ratio g0t(x). Define gi0t(x) (i = 1, 2) as the

likelihood ratio that can be identified from manager i’s compensation scheme:

gi0t(x, ρ) =
1/vit(x, ρ)− 1/vit(xi, ρ)

Et [1/vit(x, ρ)]− 1/vit(xi, ρ)
. (21)

14The inclusion of inequality constraints prevents point identification.
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The symmetric inference restriction implied by the Team Model leads to the following re-

striction, in which the two likelihood ratios are equal in unit mass:

Ψ2t(ρ) = Et[1{g10t(x, ρ) = g20t(x, ρ)} − 1] ≥ 0,

where 1{g10t(x, ρ) = g20t(x, ρ)} is an index function equal to 1 if the condition is satisfied, and

zero otherwise.15

Second, the suboptimal effort level to which the equilibrium effort is compared becomes

both managers shirking. Shareholders prefer incentivizing both managers working to both

shirking. This restriction can be reflected in the following inequality constraints:

Λ6t(ρ) = Et[Vt ∗ x− w∗1t(x)− w∗2t(x)]− Et[Vt ∗ x ∗ g10t(x,w1, w2)− ws1t − ws2t] ≥ 0,

Λ7t(ρ) = Et[Vt ∗ x− w∗1t(x)− w∗2t(x)]− Et[Vt ∗ x ∗ g20t(x,w1, w2)− ws1t − ws2t] ≥ 0,

where the fixed compensation paid to both managers if the shareholders prefer them shirking

(wsit) is the same as previously defined.

Collecting the restrictions implied by the Team Model as

QT(ρ) ≡
T∑
t=1

{
7∑
l=6

[min(0,Λlt(ρ))]2 + [min (0,Ψ2t(ρ))]2
}
,

I define ΓT, a set of the risk aversion parameter admissible to this model, as

ΓT ≡ {ρ > 0 : QT(ρ) = 0} . (22)

Note that only binding constraints are used to develop the mappings from the risk aver-

sion parameter to other primitive parameters. As a result, the likelihood ratio associated

with unilateral shirking (git(x), for i = 1, 2) cannot be identified. Inequality constraints can

15This function-wise restriction is constructed in a way similar to the nonnegative restriction on likelihood
ratio imposed in Gayle and Miller [2015].
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have empirical content only when all involved parameters can be identified. In this model,

the binding constraints include the two participation constraints and the two incentive com-

patibility constraints, and both associate with symmetric effort choices only.

4.3 Summary of the Identification Results

In the previous subsections, the binding participation constraints and binding incentive com-

patibility constraints in each model helped us derive the mappings from the risk aversion

parameter to the primitives in the model. The equilibrium restrictions customized to each

model help us bound the risk aversion parameter with which the model can rationalize the

data. The function QM(ρ) for each model M summarizes the equality and inequality re-

strictions in equilibrium, and it is a function of observables and the risk aversion parameter,

which is the only unknown in the econometric model.

Given that all primitives introduced into the econometric model can be recovered from the

data-generating process along with the risk aversion parameter, I denote the set of structural

parameters for model M ∈ {I (Individual Model), T (Team Model)} by

θI ≡ (α11, α12, α21, α22, g1t (x) , g2t (x))

θT ≡ (α11, α12, α21, α22, g0t (x));

then the following proposition formally states this result.

Proposition 2 If the data are generated by one model M in the framework of this paper

with true risk aversion parameter ρ∗, then θ∗M can be identified from (xt, wit, wit) for i = 1, 2,

that is, θ∗M = θM (ρ∗).
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5 Estimation and Tests

5.1 Hypotheses and Test Statistics

Intuitively, if the model M ∈ {I (Individual Model), T (Team Model)} can rationalize the

data, there must exist some nonnegative values of the risk aversion parameter ρ such that the

data restrictions summarized by the criterion function QM(ρ) are satisfied. In other words,

the corresponding set ΓM is nonempty. This intuition is the foundation of the estimation

and tests in this section.

Recall that the QM(ρ) function has a distance-minimizing feature. Mathematically, if the

data are generated by the model M , there must exist some nonnegative values of the risk

aversion parameter ρ such that the population value QM(ρ) is zero. Following this logic, a

subsampling algorithm is used to obtain a consistent estimate of the 95% confidence region

of the risk aversion parameter that is admissible to the model. If the model is observationally

equivalent to the data-generating process, this interval should not be empty. If the interval is

empty, we can reject the null hypothesis that this model generates the data. Consequently,

the estimated confidence region of the risk aversion parameter provides a criterion on whether

the model is rejected. The estimation and the hypothesis test are accomplished at the same

time.

For each model M , define the null hypothesis and alternative hypothesis as

HM
0 : QM(ρ) = 0 for some ρ > 0, i.e., the model M cannot be rejected

HM
A : QM(ρ) > 0 for all ρ, i.e., the model M is rejected.

The sample analogue of QM(ρ) is calculated using data and the only unknown parameter

(risk aversion) for each firm type Z in each sector S. The expectation inQM(ρ) is consistently

estimated by an average weighted by the corresponding kernel densities.16 Besides, in the

16The nonparametric estimation of optimal compensation and the density of gross abnormal returns can
be found in Appendix C.
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Individual Model, vit(xit) is replaced with exp (−ρwit(xit)), where wit = max{w1it, ...wNZSit }.

NZS is the number of firms of type Z in each sector S. In the Team Model, vit(xit) is replaced

with exp (−ρwit(xt)), where xt = max{arg maxxw
n
1t(x), arg maxxw

n
2t(x), for n = 1, ..., NZS}.

Formally, for each modelM ∈ {I (Individual Model), T (Team Model)},the sample analogue

of QM(ρ) is defined as

Q
(N)
I,ZS(ρ) ≡

2005∑
t=1993

{
5∑
l=1

[
min(0,Λ

(N)
it,ZS)

]2
+
[
Ψ
(N)
1t,ZS

]2}

Q
(N)
T,ZS(ρ) ≡

2005∑
t=1993

{
7∑
l=6

[
min

(
0,Λ

(N)
it,ZS

)]2
+
[
min

(
0,Ψ

(N)
2t,ZS

)]2}
.

Let us summarize the differences among the preceding two criterion functions. The

suboptimal effort pair unfavorable to the shareholders is different between the Individual

Model and the Team Model such that the restrictions corresponding to the shareholders’

profit maximization are Λ
(N)
lt,ZS (l = 1, 2, 3) in the criterion function of the Individual Model

but Λ
(N)
lt,ZS (l = 6, 7) in theTeam Model. The restriction on the uniqueness of Nash equilibrium

is only required by the Individual Model, so Q(N)I ,ZS(ρ) includes two unique terms Λ
(N)
lt,ZS (l =

4, 5). The restrictions on the likelihood ratios generate the term Ψ
(N)
1t,ZS in the Individual

Model to guarantee that the likelihood ratio associated with both managers shirking satisfies

the integral-to-one property. In the Team Model, the symmetric inference of the likelihood

ratio requires that the two likelihood ratios identified separately from the two managers’

compensation schemes be equal with unit mass, which gives the last restriction, denoted by

Ψ
(N)
2t,ZS.

The hypothesis test on each model M is based on the confidence region of the risk aver-

sion parameter by which each model can be indexed. The intuition is that if the data are

generated from a process observationally equivalent to one model with some values of the

risk aversion parameter admissible to this model, then the corresponding criterion function

Q
(N)
M,ZS(ρ), which is evaluated by the observed data at a fixed risk aversion parameter belong-

ing to the identified set, should be close enough to zero because of its distance-minimizing
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feature. By contrast, if that model cannot rationalize the data, then at least one of those

restrictions summarized by the criterion function must be violated. Such violation makes

the test statistic, that is, the criterion function multiplied by its asymptotic convergence

rate, go to infinity as the sample size N goes to infinity. Consequently, if there do not exist

positive values of the risk aversion parameter that, together with the observed data, can

make the value of the test statistic small enough, the model should be rejected. Define the

95% confidence region of the identified set of the risk aversion parameter under model M in

firm type Z and sector S as

Γ
(N)
M,ZS ≡ {ρ > 0 : Na

ZS ∗Q
(N)
M,ZS(ρ) ≤ cM95,ZS},

where Na
ZS is the asymptotic convergence rate of Q

(N)
M,ZS(ρ) with a = 2/3 and where cM95,ZS

is the 95% critical value of the test statistic; cM95,ZS can be consistently estimated by the

subsampling algorithm used in Gayle et al. [2015b]. Consequently, if the set Γ
(N)
M,ZS is empty,

I reject the model M for firm type Z in sector S. If it is not empty, I obtain the 95%

confidence region of the risk aversion parameter set.

5.2 A Dynamic Variation

So far, managers’outside options have been assumed to be constant over time. However,

managers’alternative career opportunities may fluctuate with the macroeconomy. Top man-

agers may lose their jobs or receive shrunken compensation packages in recession years. Also,

top managers studied by this paper are in late middle age on average, such that when they

make effort choices, they may take into account consumption smoothing over the rest of their

lives. Given these factors, a natural extension of the static models is a dynamic version that

addresses the preceding two considerations.
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To convert, the effort-dependent utility function defined in (3) now has a new expression:

−αij
1

bt−1Et

[
exp

(
−ρwit(xt)
bt+1

)
| j, k

]
, (23)

where bt is the bond price in year t, which pays a unit of consumption per period forever.17

Intuitively, now a manager consumes the interest of the bond purchased with the compensa-

tion in each period, that is, wit(xt)/bt+1. This reflects her lifetime consumption smoothing.

Also, the cash certainty equivalent of the nonpecuniary benefit of effort is deferred one more

period to match the timing of compensation. It was (1/ρ) lnαij in the static model as (17),

but now it is [bt+1/ρ(bt − 1)] lnαij in the dynamic version.

The empirical implementation in this paper adopts the dynamic version of the two models

to estimate the primitive parameters and to test each model. The utility function in partic-

ipation constraints and incentive compatibility constraints in the static models are replaced

with (23). The results are reported in the next section.

6 Results

6.1 Estimation of the Risk Aversion Parameter and Tests

Table 4 reports the estimates of the risk aversion parameter under each model by firm

type and sector as well as its economic meaning in terms of a certainty equivalent value

of a gamble.18 The two panels in the table correspond to the two models. The column

“Risk Aversion" reports the 95% confidence region of the identified set of the risk aversion

parameter, where empty parentheses mean an empty set. The column “Certainty Equivalent"

reports the amount that a manager would like to pay to avoid a gamble with equal chance to

win or lose $1 million given his coeffi cient of absolute risk aversion equal to the corresponding

17See the detailed construction of the bond prices in Gayle and Miller [2009, pp. 1748—1749].
18For a manager with risk aversion parameter ρ, the expected utility from a gamble with half chance to

win or lose $1 million is EU = 0.5 ∗ exp(−ρ ∗ (−1/b)) + 0.5 ∗ exp(−ρ ∗ 1/b), where b is the mean of the bond
prices in the sample period (16.65). Thus the certainty equivalent to this gamble is CE = −b

ρ lnEU .
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value in the column “Risk Aversion."

A comparison of confidence regions between the two models shows that the level of

the estimated risk aversion parameter is higher under the Individual Model than under the

Team Model. Note that for the same industrial sector and firm type, whenever, between the

Individual Model and the Team Model, the confidence regions are not perfectly overlapped,

the Team Model always covers the lower range of the nonoverlapped interval, indicating that

to rationalize the currently studied data of stock returns and executive compensation, this

model has to go with less risk-averse managers.

To examine how sensitive the robustness of the model specification test is to the assump-

tion on homogeneous risk preferences, I strengthen this assumption gradually. Take the Indi-

vidual Model in panel A of Table 4 as an example. First, I assume managers’risk preferences

can vary with capital structure but stay the same among firms of similar size. The column

“Homogenous within Size" reports the confidence region overlapped among firms that fall

into the same size category. In the primary sector, the common interval for small-size firms

is (12.75, 16.25), which is the overlapped interval between (12.75, 26.38) of small-size and

small-debt-to-equity-ratio firms and (0.89, 16.25) of small-size and large-debt-to-equity-ratio

firms. Similar analysis applies to the large-size firms and to other sectors.

Then, I further strengthen the assumption on homogeneous risk preference by assuming

that managers in the same sector have the same magnitude of risk aversion. This assumption

makes it impossible to find an overlapped confidence region within either the primary or

the consumer goods sector. This indicates a rejection of the model in these two sectors if

managers’risk attitudes are not sensitive to firm-level characteristics. Only the service sector

survives this level of homogeneity by presenting a common confidence region regardless of

firm size and capital structure, which covers a range of (4.83, 7.85).

However, if managers’risk preferences cannot vary with industrial sector, firm size, or

capital structure, then the last column, “Homogeneous across Sectors," shows that there is

no common interval of the confidence regions of the risk aversion parameter, which means
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that the Individual Model would be rejected if such an amount of homogeneity in managers’

risk preferences were to exist in the data. In panel B for the Team Model, I do the same

analysis and report the common confidence regions subject to different levels of homogeneity

of managers’risk preferences.

To sum up the main results, the Individual Model cannot be rejected in any type of

firm if managers’risk preferences differ across firm types. This model can rationalize the

data with managers who have heterogeneous risk preferences and are relatively more risk

averse. If homogeneous risk preferences are assumed regardless of firm type, the Individual

Model cannot be rejected only in the service sector, which accommodates many firms in

the financial industry. However, if the homogeneity in risk preferences is assumed across

industrial sectors, there is no common interval of the confidence regions of the risk aversion

parameter. This means that the Individual Model is rejected if the managers are assumed

to have homogeneous risk preferences.

The Team Model can rationalize the data in all types of firms with less risk-averse man-

agers. What’s more, when the homogeneous risk aversion assumption is put on data, this

model survives up to the most restrictive case. There is a common confidence region sitting

across all firm types and industrial sectors in the sample. As a result, the Team Model is

more robust than the Individual Model in explaining the observed executive compensation

of top management teams.

6.2 Discussion

Three issues are worth further discussion. The first issue is to compare the level of the

estimated risk aversion between my two models. Note that the estimated risk aversion

parameter under the Individual Model is in general higher than that under the Team Model.

A higher parameter value corresponds to the managers who are more risk averse.

To understand this difference, a comparable result is found in the comparison of different

models by Gayle and Miller [2015]. In their paper, the estimated risk aversion under a two-
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states pure moral hazard model is less than that under a hybrid moral hazard model in which

the CEO has private information about the firm’s states and shareholders pay a premium

to induce truthful report. To explain their difference, the pure moral hazard model requires

that managers’expected utilities be equalized across states (no premium for reporting truth),

such that the estimated risk aversion needs to be low enough to mitigate the variation in

CEOs’compensation between states.

A similar consequence of model fitting emerges in this paper. In the Team Model, the

suboptimal effort choice in the binding incentive compatibility constraint is both shirking.

This implies that the variation in the two managers’expected utilities is attributed to their

different effort disutility coeffi cients only, rather than additionally to the differentiable in-

formativeness of performance measure (captured by the likelihood ratios) as the Individual

Model allows. As a result, to fit the data, the Team Model accommodates less risk-averse

managers.

The second issue is to compare my estimates of risk aversion with those in previous papers

on executive compensation covering similar sample periods. The papers are comparable in

terms of the certainty equivalent amount of a gamble with half chance to win or lose $1

million. The estimated risk aversion under my Individual Model is close to what Gayle and

Miller [2009] and Gayle et al. [2015a] find using a more parameterized approach. The point

estimate of the risk aversion parameter in Gayle and Miller [2009] generates that certainty

equivalent amount at $248,620, and Gayle et al. [2015a] gives $255,199. My Individual Model

covers these two values in 8 out of 12 cases in Table 4.

The estimated risk aversion under the Team Model is less, but it is still at a reasonable

level close to the estimates in Gayle and Miller [2015], whose approach this paper follows.

Their paper reports the 95% confidence region of that certainty equivalent amount at [$8,849,

$92,390] under their pure moral hazard model and as [$160,870, $181,710] under their hybrid

moral hazard model. My estimated common region of the risk aversion parameter under the

Team Model gives [$7,000, $75,000].
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The third issue is to contrast my estimates based on structural models whose primi-

tives are unknown against the predictions from theoretical models built on fixed primitives

(presumably known). A potential confusion could arise as follows. At a fixed level of risk

aversion, the incentive provided by a team contract is muted owing to a less restrictive in-

centive compatibility constraint. Theoretically, this implies that the compensation scheme

under a team contract tends to be flatter. If the Team Model and the Individual Model both

have nonempty confidence regions (assuming heterogeneous risk preference), shareholders

seem to have adopted a compensation scheme unnecessarily steeper than they are supposed

to use under a team contract. This tends to suggest a rejection of the Team Model.

However, in the structual estimation, managers’ risk aversion is not known and may

actually be lower than the level that the Individual Model requires to explain the data. Then,

as theory predicts, there is more demand of incentive in a team contract, and thus a steeper

compensation scheme is needed for less risk-averse managers. The structural estimation of

the Team Model fits this scenario, and thus the Team Model can rationalize the data.19

7 Conclusion

This paper identifies and tests two competing structural models that are explicitly based

on theoretical models of principal-multiagent moral hazard. The two models are intended

to capture a crucial consideration in shareholders’ optimal compensation design, that is,

whether they incentivize the members of a top management team indeed as a team or only

as separate individuals.

For each model, the equilibrium restrictions are exploited to delimit the identified set of

the risk aversion parameters to which all other primitive parameters in the same model can

be indexed. The confidence region of the identified set is the basis of the model specification

test. The set identification method enables this paper to examine a richer set of equilibrium
19Appendix D sets up a binary output example to illustrate how the risk aversion parameter (ρ) and

the information structure (f(x) and h(x)) interact in the estimation to reconcile with the curvature of the
compensation schemes.
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restrictions by incorporating both equality and inequality moment conditions into the crite-

rion functions of the tests. Besides, the nonparametric technique can, to a certain extent,

alleviate concern about overusing auxiliary assumptions. This concern generally applies to

structural modeling papers.

To analyze the results of the hypothesis tests and draw conclusions, this paper needs

to delve into a discussion of the assumption of homogeneity of managers’risk preferences.

Under the Individual Model, the identified sets are not empty, but they do not overlap across

firm types and industrial sectors. To reconcile this model with the data, it is necessary to

assume that managers’risk preferences vary with firm size, capital structure, and industrial

sector. Although it is likely that top managers in general have a different risk attitude from

other groups of people, it is unclear to what extent they are distinguishable among themselves

in terms of risk aversion based on the characteristics of their employers. In contrast, the

Team Model predicts a common range of risk aversion across all firms. This model cannot be

rejected even with the most stringent assumption that the managers have homogenous risk

preferences across all types of firms and industrial sectors. Therefore this model has more

robust explanatory power for the observed correlation between the executive compensation

of top management teams and stock returns.
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A Proofs

Proof of Proposition 1. In the Individual Model, shareholders’cost minimization problem
can be summarized into the Lagrangian as

L = E [ln v1(x) + ln v2(x)]

−µ1 [α12E [v1(x)]− α11E [v1(x)g1(x)]]

−µ2 [α22E [v2(x)]− α21E [v2(x)g2(x)]]

−µ3 [α12E [v1(x)]− 1]

−µ4 [α22E [v2(x)]− 1] . (24)

Take the derivative of the proceeding Lagrangian with respect to (w.r.t., hereafter) vi(x).
We get the first-order condition (FOC) w.r.t. v1(x) as

1/v1(x) = (µI1 + µI3)α12 − µI1α11g1(x). (25)

Multiply both sides with v1(x), take expectation over f(x), and, using the binding partici-
pation constraint and incentive compatibility constraint for manager 1, we get

µI3 = 1.

Since vi(x) ≡ exp (−ρwi(x)), i = 1, 2, rearranging items in the proceeding FOC gives

1/v1(x) = exp (ρw1(x)) = α12

[
1 + µI1 − µI1

α11
α12

g1(x)

]
w∗1(x) =

1

ρ
lnα12 +

1

ρ
ln

[
1 + µI1 − µI1

(
α11
α12

)
g1(x)

]
where µI1 satisfies the binding incentive compatibility constraint, such that it uniquely

solves

α12E [v1(x)] = α11E [v1(x)g1(x)]

α12E

 1

α12

[
1 + µI1 − µI1 α11α12

g1(x)
]
 = α11E

 g1(x)

α12

[
1 + µI1 − µI1 α11α12

g1(x)
]


E

[
α12

1 + µI1 − µI1 α11α12
g1(x)

]
= E

[
α11g1(x)

1 + µI1 − µI1 α11α12
g1(x)

]

Similarly for manager 2,

µI4 = 1

w∗2(x) =
1

ρ
lnα22 +

1

ρ
ln

[
1 + µI2 − µI2

(
α21
α22

)
g2(x)

]
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where µI2 uniquely solves

E

[
α22

1 + µI2 − µI2 α21α22
g2(x)

]
= E

[
α21g2(x)

1 + µI2 − µI2 α21α22
g2(x)

]

In the Team Model, shareholders’cost minimization problem can be summarized into the
Lagrangian as

L = E [ln v1(x) + ln v2(x)]

−µ1 [α12E [v1(x)]− α11E [v1(x)g0(x)]]

−µ2 [α22E [v2(x)]− α21E [v2(x)g0(x)]]

−µ3 [α12E [v1(x)]− 1]

−µ4 [α22E [v2(x)]− 1] . (26)

Note that the only difference from the Individual Model is that the likelihood ratios in
the incentive compatibility constraints are replaced with g0(x). As a result, the optimal
compensation in the Team Model differs from that in the Individual Model by the likelihood
ratio and shadow price µTi , which uniquely solves

E

[
αi2

1 + µTi − µTi αi1αi g0(x)

]
= E

[
αi1g0(x)

1 + µTi − µTi αi1αi2
g0(x)

]
.

Proof of Proposition 2.
Individual Model
We want to show that θ∗ = θ (ρ∗). Suppose ρ is known. Write down the Lagrangian as

L = E [ln v1t(x) + ln v2t(x)]

−µ1 [α12Et [v1t(x)]− α11Et [v1t(x)g1t(x)]]

−µ2 [α22Et [v2t(x)]− α21Et [v2t(x)g2t(x)]]

−µ3 [α12Et [v1t(x)]− 1]

−µ4 [α22Et [v2t(x)]− 1] . (27)

Take the derivative of the proceeding Lagrangian w.r.t. vit(x). We get the FOC w.r.t. v1t(x)
as

1/v1t(x) = (µ1 + µ3)α12 − µ1α11g1t(x). (28)

Similarly, the FOC w.r.t. v2t(x) is

1/v2t(x) = (µ2 + µ4)α22 − µ2α21g2t(x). (29)

Evaluate the FOCs at the threshold values of shirking distribution, that is, g1t(x1) =
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g2t(x2) = 0. Respectively, we get

1/v1t(x1) = (µ1 + µ3)α12, (30)

1/v2t(x2) = (µ2 + µ4)α22. (31)

Take the expectation of the FOCs over the distribution with both diligent managers to get

Et [1/v1t(x)] = (µ1 + µ3)α12 − µ1α11, (32)

Et [1/v2t(x)] = (µ2 + µ4)α22 − µ2α21. (33)

The binding participation constraint for each manager gives

α∗12 = Et[v1t(x)]−1, (34)

α∗22 = Et[v2t(x)]−1. (35)

The binding incentive compatibility constraint gives

α11Et [v1t(x)g1t(x)] = α21Et [v2t(x)g2t(x)] = 1. (36)

Multiply both sides of (28) by v1t(x) and integrate over f(x); it follows that

1 = (µ1 + µ3)α12Et [v1t(x)]− µ1α11Et [v1t(x)g1t(x)] ,

and plugging (34) and (36) into the preceding, it follows that

µ∗3 = 1.

Multiply both sides of (29) by v2t(x) and integrate over f(x); it follows that

1 = (µ2 + µ4)α22Et [v2t(x)]− µ2α21Et [v2t(x)g2t(x)] ,

and plugging (35) and (36) into the preceding, it follows that

µ∗4 = 1.

Multiplying (30) by Et [v1t(x)] and using µ3 = 1 and (34), it follows that

Et [v1t(x)] /v1t(x1) = µ1 + µ3,

thus µ∗1 = Et [v1t(x)] /v1t(x1)− 1.

Similarly, multiplying (31) by Et [v2t(x)] and using µ4 = 1 and (35) it follows that

Et [v2t(x)] /v2t(x2) = µ2 + µ4,

thus µ∗2 = Et [v2t(x)] /v2t(x2)− 1.
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Equations (30) and (32) together give

1/v1t(x1)− E [1/v1t(x)] = µ1α11.

Equations (28) and (30) together give

1/v1t(x1)− 1/v1t(x) = µ1α11g1t(x).

Such that g1t(x) is obtained as

g∗1t(x) =
1/v1t(x)− 1/v1t(x1)

E [1/v1t(x)]− 1/v1t(x1)
.

Similarly, we get g2t(x) as

g∗2t(x) =
1/v2t(x)− 1/v2t(x2)

E [1/v2t(x)]− 1/v2t(x2)
.

Plugging into (36), it follows that

α∗11 =

[
Et[v1t(x)]− v1t(x1)

1− v1t(x1)E[1/v1t(x)]

]−1
,

α∗21 =

[
Et[v2t(x)]− v2t(x2)

1− v2t(x2)E[1/v2t(x)]

]−1
.

Team Model
See the proof for the Individual Model. The only difference is that the likelihood ratios

with respect to each manager are the same, that is, g10t(x) = g20t(x), which introduces an
additional restriction on data.

g10t(x) =
1/v1t(x)− 1/v1t(x1)

E [1/v1t(x)]− 1/v1t(x1)
,

g20t(x) =
1/v2t(x)− 1/v2t(x2)

E [1/v2t(x)]− 1/v2t(x2)
.

B Data construction details

Firm heterogeneity: Firm heterogeneity is described by industrial sector and firm char-
acteristics for each firm in each year. First, the whole sample is classified into three industrial
sectors according to the Global Industry Classification Standard (GICS) code obtained from
COMPUSTAT. The primary sector includes firms in energy (GICS: 1010), materials (GICS:
1510), industrials (GICS: 2010, 2020, 2030), or utilities (GICS: 5510). The consumer goods
sector includes firms in consumer discretionary (GICS: 2510, 2520, 2530, 2540, 2550) or
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consumer staples (GICS: 3010, 3020, 3030). The service sector includes firms in health care
(GICS: 3510, 3520), financial (GICS: 4010, 4020, 4030, 4040), or information technology and
telecommunication services (GICS: 4510, 4520, 5010). Firms that appear in different sectors
over the sample period are classified into the sector in which they appear most frequently.
Second, firm characteristics include two aspects (firm size and capital structure). The

firm size is measured by the total assets on the balance sheet (AT, COMPUSTAT variable
name in bracket hereafter). The capital structure is captured by the debt-to-equity ratio.
The numerator of the ratio is the total liabilities (LT) and the denominator is the total
common equity (CEQ). The market value equals the stock price at the end of fiscal year
(PRCCF) times the number of outstanding common shares (SHRSOUT) plus the liquidating
value of preferred stock (PSTKL, if available).The book values of asset, liability, and equity
and the market values are deflated to the base year 2006. The deflator is calculated using
Consumer Price Index for All Urban Consumers (all items with seasonal adjustment), which
was obtained from the website of the U.S. Department of Labor (Bureau of Labor Statistics).

Abnormal Stock Returns: I collect raw stock prices and adjustment factors from the
CRSP and COMPUSTAT/PDE. For each firm in the sample, I calculate monthly com-
pounded returns adjusted for splitting and repurchasing for each fiscal year and subtract
return to a value-weighted market portfolio (NYSE/NASDAQ/AMEX) from this raw return
to get the raw abnormal return for its corresponding fiscal year. I drop firm-year observa-
tions if the firm changed its fiscal year end, such that all compensations and stock returns
are 12-month based and consequently comparable with each other.

Compensation: Following the concept of income equivalent total compensation adopted
by Antle and Smith [1985, 1986], Hall and Liebman [1998], and Margiotta and Miller [2000],
the total compensation is constructed by adding change in wealth from options held and
change in wealth from stocks held to the other components of compensation included in
COMPUSTAT ExecComp.
Owing to the data availability, for each sample year, I cannot observe all the inputs of the

Black—Scholes formula for grants carried from years before 1993, the beginning year of our
sample. COMPUSTAT ExecComp only provides the valuation information for those options
newly granted after 1993, including the number of underlying stock shares, exercise prices,
expiration dates, and issue dates. However, I need to know these Black—Scholes inputs
for options granted before year 1993 to completely value the wealth change of managers
by estimating the value of unexercised options and updating it each year. To facilitate
the calculation, I make the following assumptions: (i) all options are not exercised until
expiration dates, (ii) stock options granted before 1993 are exercised in a FIFO fashion, and
(iii) each manager holds his own stock options granted before 1993 for a period of the average
length of holding across all years when he is in the sample. Consequently, I can back out the
issue dates and exercised prices for options granted before 1993 for each manager. The same
routines apply to those nonzero options granted before the manager entered the sample.
Then I apply the dividend-adjusted Black—Scholes formula to reevaluate the managers’call
options for each manager in each year. The dividend-adjusted Black—Scholes formula used is
as follows. Let c denotes the call option value, K the exercise price, Tm the time to maturity
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(in years), S the underlying security price, q the dividend yield, r the risk—free rate, and σ
the implied volatility. Let N(·) denote the standard normal cumulative distribution function.
Then the call option value is given by

c = Se−qTmN(d1)−Ke−rTmN(d2), (37)

d1 =
ln(S/K) + (r − q + σ2/2)Tm

σ
√
Tm

, (38)

and
d2 = d1 − σ

√
Tm. (39)

Bond prices In the dynamic version, bt is denoted as the price of a bond that pays a
unit of consumption each period from period t onwards, relative to the price of a unit of
consumption in period t. The price of this bond was derived using the method described
in Gayle and Miller [2009, pp. 1748—1749]. The term structure of interest rates underlying
the bond price series was constructed from data on Treasury bills of varying maturities and
were obtained from the Board of Governors website (http://www.bog.frb.fed.us/).

C Nonparametric Estimation of Compensation and
the Probability Density Function of Gross Abnor-
mal Returns in Equilibrium

I calculate the gross abnormal returns by

xnt ≡ x̃nt +
w̃1nt
Vn,t−1

+
w̃2nt
Vn,t−1

,

where Vn,t−1 is the market value of firm n at the end of year t−1, x̃nt represents the observed
abnormal returns, and w̃imt is manager i’s total compensation observed in firm n in year t.

(Zn, Sn) are firm type variables for firm n based on firm size, capital structure, and
industrial sector, as defined in the main text. For each firm type Z (four types in total) and
each sector S (three sectors in total), I nonparametrically estimate the optimal compensation
conditional on a set of grid points of bond price bτ using the following kernel regression (Pagan
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and Ullah [1999])20:

winτ ≡ Eτ [w̃int|xnt, bτ ]

=

∑N
m=1 w̃imtK

(
xmt−xnt

hx
, bmt−bτ

hb

)
∑N

m=1K
(
xmt−xnt

hx
, bmt−bτ

hb

) ,

where N is the number of observations belonging to firm type Z and sector S. Then the
density of gross abnormal return xnt is nonparametrically estimated by a kernel estimator:

f(xnt|Z, S) =

∑N
m=1K

(
xmt−xnt

hx

)
N

.

D A Binary Example

I use a binary output example to illustrate how the risk aversion parameter (ρ) and the
information structure (f(x) and h(x)) interact in the estimation to reconcile with the cur-
vature of the compensation schemes. Each manager i = 1, 2 has two effort options j ∈
{1 = shirk, 2 = work} and two outputs, either high or low, x ∈ {xH , xL}. The pay sched-
ule is defined as w(xk) for k = H,L. The following table gives the conditional probability
prob(x|j), that is, f(x) or f(x)h(x) in the continuous case. In particular, p ≡ prob(x|work)
and q ≡ prob(x|shirk); subscripts correspond to Individual Model (I) or Team Model (T ).

Model Both Models Individual Model Team Model
effort pair i work, −i work i shirk, −i work i shirk, −i shirk
xH p qI (< p) qT (< p)
xL 1− p 1− qI 1− qT

The CARA utility function of manager i is specified as −αi1e−ρw(x) if manager i shirks
and as −αi2e−ρw(x) if manager i works, for x ∈ {xH , xL}; ρ is the risk aversion parameter,
and αij are the effort disutility coeffi cients, defined as before. Note 0 < αi1 < αi2.
The incentive compatibility constraint implies that for a given q ∈ {qI , qT} and

{αij}i=1,2,j=1,2, the optimal compensation scheme for manager i satisfies the following in-
20K(·) is a multivariate standard normal kernel density function:

K(
xmt − xnt

hx
,
bmt − bτ

hb
) = exp

{
−0.5 ∗

(
xmt − xnt

hx

)2}
∗ exp

{
−0.5 ∗

(
bmt − bτ

hb

)2}
,

where hx = 0.96 ∗ sdx ∗N−1/6, hb = 0.96 ∗ sdb ∗N−1/6 are a cross-validation bandwidth and sdx(sdb) is the
standard deviation of gross abnormal return (bond price).
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equality:

p ∗ [−αi2e−ρwi(xH)] + (1− p) ∗ [−αi2e−ρwi(xL)]
≥ q ∗ [−αi1e−ρwi(xH)] + (1− q) ∗ [−αi1e−ρwi(xL)]

=⇒ (αi2p− αi1q)e−ρwi(xH) ≤ (αi1 − αi2 + αi2p− αi1q)e−ρwi(xL)

=⇒ e−ρ[wi(xH)−wi(xL)] ≤ αi1 − αi2
αi2p− αi1q

+ 1. (40)

Note that the left hand-side of the last line decreases in the wage spread between two output
levels for agent i because ρ > 0, and the right-hand side of the last line decreases in q because
αi1 < αi2.
From the shareholders’perspective, if manager i’s preference of risk and effort costs are

fixed, the compensation spread wi(xH) − wi(xL) increases in q. From the researcher’s per-
spective, the data tell about the spread (> 0) and p, which are both fixed. The Team Model
has qT < qI because the incentive compatibility constraint is relaxed and thus the suboptimal
effort pair is both shirking. Given the binding incentive compatibility constraint (equality
held in (40)) and fixed wage spread, ρ is expected to be smaller in the Team Model, which
rationalizes the same data as the Individual Model does.
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