Private Compensation and Organizational Design

ANDREA M. BUFFA
University of Colorado Boulder

QING LIU
City University of Hong Kong

LUCY WHITE
Boston University

August 2021*

Abstract

Most of the literature on organizational design and incentives assumes public contracting. Yet
most real world compensation contracts are private information, observed only by their direct
signatories. This matters when agents work together to produce a joint output, because they
care about each others’ incentives. In this case, the principal can gain from designating one agent
“team leader,” with authority to decide, and hence observe, all the bonuses. Such “outsourcing”
of contracting is never optimal with fully public contracts. With private contracts, by contrast,
it raises effort by reassuring agents that the incentives provided are sufficiently strong; but it
distorts effort allocation, as the team leader takes too much of the compensation budget. Even
when observability is held constant, pay delegation can raise output by skewing bonuses towards
more productive agents.
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1 Introduction

When multiple agents work together on a project, they care about how much effort each of them
will put in, and hence about the incentives that each of them received from the principal. Directly
observing the incentive structure of each coworker, however, is generally not possible since in most
organizations compensation contracts are seen only by the parties signing them. Recent evidence
suggests that the majority of employees do not know how much money their peers make, nor do
they know the compensation budget offered to their boss (IWPR (2017); Cullen and Perez-Truglia
(2020))." This lack of pay transparency makes teamwork more difficult to incentivize. In this paper,

we show that this has important consequences for the design of organizations.”

We consider a setting in which efforts are complementary in production, so each agent needs to
be sure that the other team members have strong incentives in order to be convinced to put in high
effort himself.” The principal retains the profit from the project that is not used to pay agents, and
this, coupled with the privacy of contract offers, creates a commitment problem. The principal would
like to promise each agent that she will provide high bonuses to the other agents because, due to the
complementarity of effort, he will work harder, knowing that the others are also working hard. But
the principal can always privately renege on such cheap talk when compensation contracts are private
and cannot be made contingent on the incentives provided to other agents on the team. Each agent
rationally expects that the principal will behave opportunistically, thus making it more expensive for

the principal to incentivize agents in teams than if bonus structures were transparent.

We can make a preliminary observation, therefore, that private contracting will lead to suboptimal
pay and effort provision by agents as compared to the second-best when contracts are public. We then
turn our attention to features of the real world environment that mitigate this problem. In particular,
the contracting parties observe the bonus contract—so, if the principal were to delegate contracting
to one of the agents, then that agent-delegate would observe the bonus provided to the other agent
(the “sub-agent”). While delegation of contracting need not in itself affect how many contracts are
observed within an organization (since we assume that all contracting remains bilateral), it does

affect who observes those contracts. The impact of delegation on the distribution of information

"While compensation contracts can in principle be verified in a court of law, such verification is costly, particularly
for third parties. Even though it might be possible to make contracts public on some occasion, contracting parties
could always renegotiate privately afterwards (Aghion, Dewatripont, and Rey (1994)).

2In this paper, we take the privacy of contracts as given and focus on organizational design. For recent contributions
rationalizing the privacy of contracts within a given organizational structure, see Cullen and Pakzad-Hurson (2019)
and Halac, Lipnowski, and Rappoport (2021).

3Tt can be shown that the privacy of contracts will also matter when agents’ efforts are substitutes, but we choose
to work with complementarities, both for tractability, and because we think that it is a realistic feature of many
interesting team-based settings.



about compensation can be beneficial to the principal: it improves the transparency of pay for the

agents making effort choices.

Our first main result is that delegating contracting down the corporate hierarchy, rather than
keeping it centralized at headquarters, raises total compensation and thus helps to restore incentives,
in particular when agents are skilled enough, and similar enough. The reason why delegation is ben-
eficial is precisely that it allows transparency of contracting in the places where it is most important:
between agents working together on a joint project. It allows one of the agents observes the other’s
(steep) incentives, with positive feedback effects on effort. The problem with pay-delegation is that
when the principal relinquishes control of incentive provision, providing only a compensation budget
without stipulating its distribution, this leads to skewed pay. Those who now have responsibility for
distributing the compensation budget extract excessive rents, resulting in pay which is more unequal
than would be optimal in a second-best world. A subsidiary result here is that because of the skewed
pay resulting from delegation, if agents are heterogeneous, the more skilled agent should be put in
charge of determining the allocation of the compensation budget (i.e., he becomes the “team leader”),

so that the excessive incentives are paid out to the agent whose effort responds more strongly to them.

Our second, and perhaps most surprising main result, is that increasing pay-transparency to
agents is not the only reason why a principal might decide to delegate contracting when contracts are
private. To show that delegation of pay-setting can still be an optimal choice for the principal even
when pay-transparency does not change, we make the contract that is observable under delegation (i.e.,
the contract between the team leader and the team member) also observable under centralization
of contracting. The reason why delegation can still be optimal is that although the two agents
now observe the same contracts, pay transparency remains incomplete, so the principal still suffers
from a commitment problem related to the contract of the agent whose pay remains private. The
commitment problem arising from incomplete transparency itself results in skewed pay, in delegated
as well as in centralized settings, but the skew is different, and sometimes better for the principal,

under delegation.

The intuition is as follows. When pay-setting is centralized, other things being equal, the princi-
pal sets higher pay for workers whose bonuses are publicly observed, as these bonuses serve a dual
purpose—they not only directly motivate the recipient, but they also indirectly motivate the team-
mates of the recipient, who work harder because their effort is complementary to the effort of the
worker receiving the public bonus. By contrast, when pay choices are delegated, the agent charged
with making those choices will receive higher pay because of his inevitable self-seeking choices. This
delegated pay skew is better for the principal when the principal is able to put the more skilled agent

in charge of contracting, as long as that agent’s subordinate is sufficiently skilled and sufficiently



similar to the agent-delegate himself. Rent-seeking by the latter will be then be mitigated, and
moreover, the pay skew is in the principal’s preferred direction (towards the more skilled agent). So,
in a world where pay is not fully transparent, delegation of pay-choices can be an optimal response

even when it does not affect which contracts are publicly observed by agents.

These two results provide an explanation for pay-delegation that we see in the real world.” Stan-
dard principal agent theory has little to tell us about why compensation would be organized in
this way: any principal can always do at least weakly better by contracting directly with all the
agents who work on her project, rather than providing a budget to some agents and allowing them
to determine compensation for other agents.” There is never any gain from “sub-contracting” pay,
because the principal could always set up the same set of performance-based contracts that each
agent and “sub-agent” would write, and in general, the principal can do strictly better than this by
writing different contracts because the incentives of the contract-writing agent will not be perfectly
aligned with those of the principal. Our paper explains pay-delegation by highlighting one particular
feature of real-world contracts that is largely absent from existing principal-agent models: the pri-
vacy of contracts. In particular, while agents working on the same team can guess each others’ pay
in equilibrium, they do not actually observe each others’ contracts, meaning that agents correctly
anticipate that the principal will economize on bonus pay where it is privately optimal for her and
the party she is contracting with to do so. We believe that in many, though not all, circumstances,

this assumption is realistic, and we explore its consequences.

The remainder of the paper is organized as follows. Section 2 presents the economic setup.

Section 3 solves for the optimal contract under centralized contracting, while Section 4 does the

4Delegation of bonus setting could take the form of outsourcing the team project to one agent, who hires another to
work with him, since outsourcing companies often have little insight or control over the pay-structures of the companies
to which they outsource. But pay-delegation can also happen within an organization. As an example of such a practice,
Rose and Sesia (2010) describe how compensation at Credit Suisse was organized, which is roughly as follows: the
board set aside a proportion of the firm’s income as a bonus pool; the CEO and his leadership team then allocate
this pool across the bank’s divisions; the division leaders then spread their allocation across the various business units
making up their division; and then individuals within each division were compensated according to their economic
contribution to their unit, a qualitative assessment of their performance by their manager, and, in some cases, by a 360
degree review. An individual’s compensation thus depended on the overall performance of the bank, the performance
of their division, and their unit, as well as their own particular performance insofar as it could be assessed. For our
purposes, the main point to note is that an agent’s compensation is not determined in a formulaic way by the top
headquarters of the firm; rather, agents much further down the hierarchy (but still above the agent) are determining
what fraction of overall output is allocated to him or her. Moreover, agents in the same group and at the same level
of the hierarchy may have little direct visibility into the incentive pay received by their peers. We believe that these
features are common to many organizations.

5There is a large theoretical literature exploring the causes and consequences of delegation within organizations,
which we survey in the related literature section below. However, this literature has not, to our knowledge, touched
on the question of why or under what circumstances compensation decisions should be delegated. The outsourcing
literature, which we review in the same section, has also left aside the specific issue of pay-delegation because it mostly
assumes a two-level production process where compensation is determined by ex post Nash bargaining.



same under delegated contracting. In Section 5 we compare the two contracting schemes and find

conditions under which it is optimal to delegate the authority to one agent to compensate the other
agent. Section 6 studies optimal delegation when the observability of contracts is kept constant across
contracting schemes (i.e., only one compensation contract is publicly observable with centralized or
delegated contracting). We defer our discussion of related literature to Section 7, before concluding
and suggesting some directions for further research in Section 8. Appendix A contains the proofs,
while the Online Appendices B and C present the derivation of the optimal contracts in a centralized

contracting scheme with two or one observable contracts, respectively.

2 Economic Setting

We consider an economy with two dates. At date 0, a principal makes an investment in a risky
project and needs to hire two agents to implement it. The two agents can individually exert effort
to increase the project’s expected cash flow, which is realized at date 1. The effort that each agent
1 = 1,2 exerts at date 0, denoted by e; for ¢ = 1,2, is unobservable to the other agent and to the

principal. All three players in this economy are risk-neutral and have limited liability.

Technology. We denote the cash flow of the risky project by X and we assume that it follows a
Bernoulli distribution. The project either succeeds or fails. The probability of success of the project,

denoted by 7, is affected by the effort choices of the two agents:

1 with prob. 7(es,es)
0 with prob. 1—m(ey,ez).

Xeren) = { 0
Given the nature of the cash flows in the two states, m(ey, e3) coincides with the expected cash flow
of the project, E[X (eq, €3)].

Effort. For tractability, we model the probability of success m as a Cobb-Douglas function of the

two agents’ effort choices:

7T(61, €2> = 6?1632’ (2)
where «; € (0, 1) represents the elasticity of m with respect to agent i’s effort e;. This effort elasticity
measures the agent’s ability to “transform” effort into output and so can be interpreted as the agent’s

skill level. The probability function 7 is strictly increasing and concave in the effort level of each



agent, dr/de; > 0 and 9?°m/de? < 0. This implies that additional effort increases the expected
cash flow with diminishing returns. Notably, our specification exhibits complementarity between
the agents’ effort levels, 9%m/0e;0ey > 0, so that one agent’s effort is more productive the higher is
the effort exerted by the other. Effort from both agents is needed for the project to succeed since
7(0,e5) = m(e1,0) = 0. Moreover, to guarantee that 7 is a well-defined probability function, we

restrict the effort choice e; to be continuous in [0, 1].°

Exerting effort is costly for the agents, and we assume that they have a quadratic cost function,

2
e.
= —, 3

which is strictly increasing and convex in the effort choice e;.” Finally, we normalize each agent’s

reservation utility (i.e., their outside options) to zero.”

Contracts. The principal needs both agents to implement the project, but she can choose whether
to contract directly with both agents, or whether instead to hire only one agent and let this agent
hire (and hence write a contract with) the other agent. We refer to the two contracting schemes
as centralized contracting and delegated contracting, respectively. In the latter scheme, for ease of
exposition, we will refer who does the hiring as the Agent and to the agent who is hired by the other
agent as the Subagent. Depending on the setting, one can think of the Agent as the manager, or the
general contractor, and the Subagent as the worker, or subcontractor. Importantly, when the agents
are heterogeneous (a; # «3), the principal also chooses with which agent she will contract directly
if she decides to adopt a delegated contracting scheme. Figure 1 illustrates the structure of the two
contracting schemes. The centralized contracting scheme corresponds to a flat hierarchy whereas the

delegated contracting scheme is a steeper hierarchy.

6Cobb-Douglas functions are commonly used to represent the effect of the levels of inputs to production on total
output. In the context of agency theory, Bhattacharyya and Lafontaine (1995), for instance, consider a downstream
Cobb-Douglas production function for a franchising business, where the inputs of production are the effort levels of
the franchisee and the franchisor. In the context of venture capital, Repullo and Suarez (2004) adopt a specification
similar to ours in to capture the effort complementarities between an entrepreneur and a venture capitalist.

"Our model can easily accommodate a more general heterogeneous cost function such as ¢; = e;"/k;, where k;
captures the elasticity of the effort cost with respect to the effort level of agent i. Heterogeneous costs of effort (k1 # k2)
do not add additional insights to the problem since, as we discuss in the next sections, the optimal contracts only
depend on the ratios «;/k;. We therefore normalize k; = k2 = 2 and we analyze the implications of heterogeneous
agents by use of different effort elasticities (g # ag).

8The setting can be extended to allow for positive reservation utilities for each agent. When agents have positive
reservation utilities, the results become stronger in the sense that the principal’s temptation to cut promised bonuses in
an ex post opportunistic way becomes worse, and so the need to delegate contracting to improve observability becomes
stronger. It can be shown that with strictly positive reservation utilities, delegated contracting will sometimes be
optimal even when agents’ efforts are substitutes rather than complements (details available from the authors on
request). For simplicity, we will work with a model with zero reservation wages.



CENTRALIZED CONTRACTING DELEGATED CONTRACTING

principal

principal

Figure 1: Contracting Schemes

In both contracting schemes, only two contracts are written and we are interested in exploring
the case in which these bilateral contracts are private information to the parties signing them. This
means that each contract is observable only by the two parties who sign it. Therefore, while in the
case of centralized contracting it is the principal who observes two contracts, in the case of delegated
contracting it is the Agent. Our model, therefore, features two types of hidden actions: unobservable
effort and unobservable contracts. Any enforceable contract is based on what is observable by all

three players, which is a realization x of the project’s cash flow X (eq,es).

For a given realization = € {0, 1} of the project’s cash flow, we denote by b(x) the principal’s total
compensation budget for the agents, and by ¢;(z) the fraction of the budget that is allocated to agent
i, where 327 é;(x) = 1. Tt follows that agent 4’s contingent compensation is equal to ¢;(z)b(z).
Since in the low state of the world the project fails and does not deliver any cash flow, and the
principal and agents all have limited liability, the compensation budget and hence the payments to
the agents are all equal to zero in that state. Therefore, in what follows we drop the dependence of

the contracts on the cashflow x and we simply refer to b(1) and ¢;(1) as b and ¢;.

In the centralized contracting scheme, the principal chooses both the size of the compensation
budget b and its allocation between the two agents ¢;. The word “centralized” indicates that both
these decisions are retained by the principal. By contrast, in the delegated contracting scheme, the
principal only sets b, the fraction of output that will be used for compensation, whereas the decision

regarding the division of the compensation budget ¢; is delegated to the Agent.

Note that our separation of promised payments to agents into budget b and share ¢; is only for

expositional convenience.” The offers that agents actually receive are in dollar terms, so that under

9n particular, this represention will allow us to nicely distinguish the two effects of delegation: the gain from
observability, which comes in the form of a larger budget, from the cost from rent extraction, which comes in the form
of a distortion in the shares of the budget allocated to each agent.



centralized contracting, an agent is promised a certain dollar amount (equal to ¢;b) when the project
succeeds, but can infer neither ¢; nor b from this offer. Similarly, under delegated contracting, the
Subagent receives a dollar offer and from this can infer nothing about the total compensation budget
nor the pay of the Agent. The Agent, on the other hand, observes the dollar amount that the
principal will pay him if the project succeeds and the dollar amount he promises the subagent in that

case, and hence both his own and the Subagent’s incentive pay.

Payoffs. The expected payoff of the principal, denoted by v, is given by the project’s payoff if it

succeeds minus the compensation budget, times the probability of success,
v=(1—Db)efe;’. (4)

The expected payoff of agent i, denoted by w;, is given by his expected compensation minus his cost
of effort,

2

7

o €

U; = (gbib)e?le]% - E (5)
Before studying the optimal choice that the principal makes at date 0 between the two contract-
ing schemes, we first characterize the optimal contracts in two schemes separately, and discuss the

fundamental role played by the observability of these contracts.

3 Centralized Contracting

In this section we consider the centralized contracting scheme in which the principal contracts di-
rectly with both agents. We model the interaction between the principal and the two agents as a

noncooperative game. The sequence of events is as follows:

(i) The principal makes two simultaneous take-it-or-leave-it offers to the two agents. Each offer

includes a compensation level, contingent on the success of the project.

(ii) Each agent observes only his own offer and decides whether to accept the offer and, in that

case, how much effort to exert.

(iii) If the project succeeds, the principal uses the project’s cash flow to pay the agents the com-
pensation specified in the accepted contracts and collects the residual. If the project fails, no

player receives anything.



We solve for the optimal contracts by working backwards. First, we take as given the principal’s
choice of compensation budget b and allocation ¢;, and derive each agent i’s optimal effort choice
e; which maximizes his expected payoff u; given his belief about the other agent’s effort. Second,
given the two agents’ optimal effort choices (eq, es), we derive the optimal choices of b and ¢ which
maximize the principal’s expected payoff v. Notice that since contracts are not publicly observable,
an agent’s choice of effort cannot be contingent on the effort level exerted by the other agent, nor
on the contract privately signed by the other agent. This creates a role for beliefs about effort levels

and contracts that has been missing from the literature so far but which is central to our analysis.

Before proceeding to the formal analysis, let us highlight the importance of being able to observe
the contracts of other complementary agents contributing to the same project. Suppose the principal
were able to make and commit to publicly observable contract offers, and consider the pair of optimal
public contracts that the principal would choose in this case. (These are second best contracts in that
the agents can perfectly observe each others’ contracts but still effort itself is not contractible; they
are derived in the Online Appendix B). Now suppose that when contracts are private, the principal
tries to offer agent ¢ his optimal public contract, and promises agent ¢ that she will also offer agent
J the latter’s optimal public contract. Would the agents in this setting continue to exert the same

effort they would if contracts were indeed public? The answer is no.

To see why, suppose that one of the agents were to exert the level of effort associated with public
contracts; then, it would be optimal for the principal to deviate with the other agent and write him
a better contract which economizes on incentive payments. The principal can be made better off and
the other agent no worse off by this deviation, because the second agent’s compensation contract is
not a best response to the first agent’s. Or, to put it another way, when the second agent puts in
more effort, he exerts a positive externality on both the principal and the first agent (who are both
more likely to receive a positive payoff at date 1), and the principal’s optimal bilateral contract with
the second agent internalizes the exernality on the principal and the second agent but not on the
first agent. Anticipating the “opportunistic” behavior of the other pair, each agent demands more
compensation to exert a given effort than they would if contracts were public. If contracts were
public, each agent could confidently expect higher effort from the other agent (given the observed
contract), raising the productivity of their own effort, and so making higher effort more worthwhile
for a given level of compensation. With private contracts, therefore, incentive provision in direct

contracting schemes is more expensive than with public contracts.

In solving the centralized contracting game, we will be looking for a Perfect Bayesian equilibrium
(PBE) with strictly positive effort, in which consistency of beliefs with Bayes Rule is required both

on and off the equilibrium path. Notice, however, that Bayes Rule does not pin down beliefs after



probability zero events, and so in principle, different systems of out-of-equilibrium beliefs exist and
could be used to support different PBEs, so the game could have multiple PBE. Intuitively, in our
game, a system of beliefs characterizes how each agent revises his beliefs about the unobservable
contract offered to the other agent when he receives an out-of-equilibrium offer from the principal.
The willingness of an agent to accept an “unexpected” offer depends on what he thinks about how,
if at all, the principal might change the contract she is secretly offering to the other agent when she
unexpectedly changes the offer made to him. In this paper, we select a PBE which is supported by

so called passive beliefs."

An agent ¢ with passive beliefs does not revise his beliefs about the unobservable effort made to
the other agent j when he receives an out-of-equilibrium offer from the principal. Therefore, agent i’s
conjecture about agent j’s effort level, denoted by é;, remains the effort level which agent ¢ expects
the principal to induce in equilibrium. In other words, regardless of the off-equilibrium offer, each
agent believes that the principal continues to offer the equilibrium contract to the other agent, and

hence believes that the other agent will exert effort at the equilibrium level.

Having defined our notion of equilibrium and the system of off-equilibrium beliefs, we next discuss
the optimization problems of the agents and the principal. We start with agent i’s problem. After
receiving the compensation offer ¢;b from the principal, agent ¢ forms beliefs €; about agent j’s effort
level. The optimal level of effort exerted by agent i, therefore, is a function of his compensation and

the conjectured effort of agent j:

2
ei(ib, &) = argmax (9b)m(es,é;) = = (6)
= (cugibe”) = (7)

As in standard principal-agent problems with moral hazard, agent ¢’s optimal effort increases
with the compensation ¢;b he receives when output is high. Moreover, agent i exerts more effort the
higher the effort he believes agent j’s will exert, reflecting the complementarities between their effort

choices.

0Passive beliefs, originally introduced by Hart and Tirole (1990), are have been widely used in the industrial
organization literature on vertical relations (e.g., O’Brien and Shaffer (1992), McAfee and Schwartz (1994), Rey and
Vergé (2004)), and applied to other settings by Segal (1999). Other belief systems include symmetric beliefs and wary
beliefs (McAfee and Schwartz (1994)).



The principal’s problem is to choose the compensation budget b and its allocation between the
two agents (¢;, 1 — ¢;) so as to maximize the expected residual cash flow from the project v, subject

to the two agents’ incentive compatibility (IC) and individual rationality (IR) constraints,

UCRDRACKDIE arg max (1= 0) m(ea(dib, &5), e5((1 — )b, &) (8)
The IC constraint of agent i is given by the optimal effort choice in (7). Agents’ IR constraints
are always satisfied given their outside options of 0.'' The principal rationally takes into account
(through the IC constraints) that each agent has passive beliefs about the unobservable contract
offered to the other agent. The optimal budget and allocation are therefore a function of the agents’
beliefs. In equilibrium, each agent’s conjecture about the effort level exerted by the other agent
must be correct and correspond to the equilibrium effort level, denoted by e (C for centralized
contracting): é; = e, for i = 1,2. Imposing this equilibrium condition after solving the optimization
problem in (8), we obtain the optimal contracts in the centralized contracting scheme, which the

following proposition characterizes.

Proposition 1. With centralized contracting, the optimal compensation budget and allocation are

2(a; + o — ;)

b¢ = 9
ey (9)

1 1 o — O

c ? J
C = 242 10
¢Z 2 + 2 (Oji—l—O[j—OéiO{j)’ ( )

respectively. It follows that:

(i) the compensation budget b increases with both effort elasticities, a; and a5
(ii) the allocation ¢ increases with o, decreases with o and is larger than 1/2 iff a; > «;

(i4i) agent i’s compensation ¢$'bC increases with o; and decreases with o;.

In our setting, the effort elasticities of the two agents (a1, ay) are the only drivers of the optimal
contracts. Proposition | shows that the higher are the agents’ skill levels, the larger the total
compensation budget. When the agents are more productive, the principal finds it more worthwhile
to increase the probability of success of the project (through stronger incentives) at the cost of a

lower residual cash flow (1 — b). Moreover, it is optimal for her to pay the agent with the higher

11We assume that the principal can always choose not to implement the project, so we are only interested in contracts
which can generate a non-negative profit for the principal (b < 1).

10



skill more. The higher an agent’s skill, the larger the fraction of the compensation budget allocated
to him. This implies that an increase in the skill of one agent induces two competing effects on the
dollar compensation of the other agent: a positive effect through an increase in the total budget, and
a negative effect through a decrease in the fraction of the budget he receives. Proposition | reveals

that the latter effect always dominates.

The optimal budget and allocation obtained in Proposition | are based on the maintained assump-
tion that contracts are not publicly observable. In the Online Appendix B, we derive the optimal
public contracts in a centralized contracting scheme. These are second-best contracts and are denoted

by (b*,¢*). The next corollary provides the comparison.

Corollary 1. Under centralized contracting, the optimal compensation budget is lower with private
contracts than with public contracts, b < b*, while the fraction of the budget allocated to the most
skilled agent is higher, ¢S > ¢ if a; > a;. Owerall, both agents receive lower compensation and exert

lower effort when contracts are private, ¢$b° < ¢ib*, for any i.

Part of the intuition for the lower compensation and effort has already been explained above—it is
not credible for the principal to propose the second-best public information contracts when contracts
are private as the agents are aware that these second-best contracts are not best responses to one
another; the principal will deviate and offer contracts with lower compensation. To see the same
result in a different way, note that with public contracts, there are two reasons why the principal
sets a relatively high compensation for (say) agent 1. First, increasing agent 1’s bonus has a direct
effect on agent 1’s effort. But second, increasing agent 1’s bonus, by making agent 1 work harder
in equilibrium, also increases agent 2’s effort. This gives the principal an extra reason to increase
agent 1’s compensation when contracts are public which is absent when contracts are private as agent
2 does not then observe the increase in agent 1’s compensation (and does not anticipate any such
increase beyond the passive belief that agent 2’s compensation is set at the equilibrium level). The
same argument applies to any potential increase in agent 2’s compensation. So compensation and

effort are lower when contracts are private.

When contracts are private, the principal also skews compensation towards the more skilled agent
relative to what she would when contracts are public. This is because the direct effect of increasing
compensation on effort is now the driving force behind the principal’s choice (the indirect effect on
the other agent’s effort, mentioned above, is now absent). The more skilled agent’s effort is more
responsive to increases in compensation than the unskilled agent’s (for whom the cost of effort is

higher) and so it makes sense to concentrate more of the budget on the more skilled agent.

11



4 Delegated Contracting

In this section we analyze a delegated contracting scheme in which the principal sets only the total
compensation budget. She contracts with only one Agent, promising to pay to him the total budget
if the project succeeds. That Agent then contracts with a Subagent, and agrees to pay the Subagent
a dollar amount if the project succeeds. The payment to the Subagent will be drawn from the
total compensation budget paid by the principal to the Agent and so must be less than this total
compensation budget by limited liability of the Agent. As with centralized contracting, we model
the interactions between the principal and the Agent, and between the Agent and the Subagent as a

noncooperative game. The sequence of events is as follows:

(i) The principal makes a take-it-or-leave-it offer to the Agent. The offer includes a compensation
budget, contingent on the success of the project. The Agent decides whether to accept the offer
or not. Contracting between the principal and the Agent is not observed by the Subagent.

(ii) After signing a contract in stage one, the Agent makes a take-it-or-leave-it contract offer to the
Subagent. The offer includes a compensation level, contingent on the success of the project.
The Subagent decides whether to accept the offer or not. Contracting between the Agent and
the Subagent is not observed by the principal.

(iii) If the Agent and the Subagent have accepted contracts in stage one and stage two, respectively,

they decide how much effort to exert.

(iv) If the project succeeds, the principal uses the project’s cash flow to pay the Agent according
to the contract signed in stage one and collects the residual. The Agent uses what he receives
from the principal to pay the Subagent according to the contract signed in stage two and keeps

the residual part of the budget. If the project fails, no player receives anything.

Similarly to the centralized contracting case, we look for an equilibrium with strictly positive
effort choices, and solve the principal’s contracting problem by working backwards. However, since
it is now the Agent who decides how to allocate the budget, there are two differences between the
principal’s problem in the delegated contracting scheme and in the centralized contracting scheme.
First, the principal no longer has direct control over the allocation of the budget; and second, the
Agent now observes the contract that has been signed by the Subagent when he chooses his own
effort. The Subagent, however, still does not observe the contract between the principal and the

Agent, so he is in essentially the same situation as that in the centralized contracting scheme.
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The Subagent, therefore, forms beliefs about the unobservable contract between the principal and
the Agent and the induced effort level é4 of the Agent.'” The optimal level of effort exerted by the

Subagent is a function of his compensation and the conjectured effort of the Agent:

es(psb, €4) = argmax (¢sb)m(ea,es) — 2 (11)

= (Oés@gbéj’q)W . (12)

Properties of the Subagent’s optimal effort eg parallel those characterizing the optimal effort of an

~

agent in the centralized contracting scheme (i.e., e; in (7)).

What is different from the centralized contracting scheme is that the Agent observes both contracts
in the delegated contracting scheme. Therefore, when the Agent receives an unexpected offer from the
principal, he does not need to form beliefs about the offer received by the Subagent, as he actually
observes that offer. The Agent also knows that the Subagent will form passive beliefs about the
Agent’s effort €4 should the Agent decide to make an unexpected offer. As a result, the Agent plays
a best response to those beliefs by exerting an optimal effort level which is a function of the budget
he received from the principal, the allocation he has offered to the Subagent, and the Subagent’s
beliefs:

62

6A(b, ¢A,éA) = arg max (qub)?T(eA,eg((l — qu)b, éA>) — 714, (13)
= (@a0a (as(1 = pa)es)Tos bros ) 771 (14)

For a given allocation of the budget, the Agent’s optimal effort level increases with the size of the
budget b. However, the budget allocation ¢4 has a nonlinear effect on the Agent’s effort choice. This
is due to the complementarity in effort provision. On one hand, a large ¢4 means the Agent keeps
more budget for himself which provides greater incentives for the Agent to exert more effort. On the
other hand, if he keeps too much, that will leave too little for the Subagent. As a result, the Subagent
will exert low effort, which, given complementarity, discourages the Agent from making much effort

himself.

We continue solving the problem by backward induction. For a given budget b, specified in the

contract between the principal and the Agent, we solve for the optimal budget allocation ¢, that

12Tn the delegated contracting scheme, we use subscript A and S when referring to the Agent and the Subagent,
respectively.
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maximizes the Agent’s expected payoff, conditioning on the best responses e4(b, ¢4, €4) in (14) and
es(psb, ) in (12):

A~ \2
9a(b;ea) = arg nax (0aD)T (ea(b, Pa,€a),es((1 — da)b, €a)) — M.

(15)

We then solve for the optimal compensation budget b that maximizes the principal’s expected
residual cash flow, conditioning on the chain of best responses ¢4(b,é4) in (15), ea(b, pa,é4) in (14)
and eg(¢pgb,é4) in (12):

b(éa) = arglg)nax (1-— b)w(eA(b, da(b,éa),éa),es((1 —pa(b,éa))b, éA)). (16)

As in the centralized contracting scheme, both the Agent’s and the Subagent’s IR constraints are
always satisfied given their outside options of 0. In equilibrium, the Subagent’s conjecture about
the effort level exerted by the Agent must be correct and correspond to his equilibrium effort level,
denoted by e (D for delegated contracting): é4 = ef. Imposing this equilibrium condition after
solving the optimization problem in (16), we obtain the optimal contracts in the delegated contracting

scheme, which are presented in the following proposition.

Proposition 2. With delegated contracting, the optimal compensation budget and allocation are

2(aa + ag) — asag

D
pu— 1
b ; : (17)
1 1l—«
D S
= — ].

respectively. It follows that:

(i) the compensation budget bP increases with both effort elasticities, ay and ag;

(ii) the allocation ¢& is independent of s, decreases with s and is always larger than 1/2;
(iii) the Agent’s compensation ¢BbY increases with aa and decreases with cs iff aq > %;

w) the Subagent’s compensation (1 — ¢7)bP increases with both ay and ag.
9 A

Proposition 2 reveals that, as in the centralized contracting scheme, the higher the skill level
of the agents (i.e., Agent and Subagent in this case), the larger the compensation budget. The

intuition remains the same: the principal gives stronger incentives (by increasing the budget) when
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the agents are more productive. Interestingly, though, with our Cobb-Douglas specification for the
probability of success, the allocation of the budget, chosen optimally by the Agent, is independent
of the Agent’s skill. Instead, the Agent always keeps at least half of the budget for himself, and then
gives the Subagent a fraction of the second half of the budget, depending on the subagent’s skill.
The Subagent’s share of the whole budget equals skill level, ag. The more skilled the Subagent, the

lower the rents that the Agent extracts from the compensation budget.

An increase in the Agent’s skill induces the principal to increase the compensation budget, but
does not affect the allocation. Therefore, contingent on the success of the project, the dollar compen-
sation of both the Agent and the Subagent are increasing in cvy. An increase in the Subagent’s skill,
instead, generates not only a higher budget, but also a more balanced allocation, since ¢& approaches
1/2 when «g approaches 1. While this always increases the dollar compensation of the Subagent in
the high state of the world, it can decrease that of the Agent. This is because the decrease in rent

extraction may dominate the increase in the budget.

We define the rent extraction of the Agent as the additional fraction of the compensation budget
that the Agent keeps for himself, compared to the second-best allocation ¢% = aa/(aa + ag).

Denoting the rent extraction by Ay, it follows that

AAE¢£_¢2:&S(#+@S_%) (19)
is always strictly positive since a; € (0,1) for any i. Moreover, the rent extraction A, always
decreases with the skill of the Agent, a4, whereas it decreases with the skill of the Subagent, asg,
only when the Subagent is sufficiently skilled. The trade-off between rent extraction distortion, which
results in an inefficient allocation of compensation between the two agents, and observability gain,
which increases incentives, is the key driver of the optimal choice between centralized and delegated

contracting, and is the focus of the next section.

5 Optimal Contracting Scheme

Having analyzed the optimal (private) contracts in the centralized and delegated contracting schemes,
in this section we discuss the optimal choice that the principal makes between the two hierarchical
structures. In particular, we show that when the agents’ skills are sufficiently high, the principal
prefers to contract with only one agent, delegating to that agent the power to compensate the other

agent. Specifically, we provide formal conditions under which delegated contracting is optimal.
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5.1 The Optimal Hierarchy with Delegation

Before comparing the principal’s expected payoff under the two contracting schemes, we first estab-
lish with whom, among the two agents, the principal prefers to contract directly, when relying on
delegated contracting. This pins down which agent plays the role of Agent, and which Subagent, in
this contracting scheme. Naturally, when the agents are homogeneous (a; = «s), the principal is
indifferent as to whether she contracts directly with agent 1 or agent 2. However, when the agents
are heterogeneous (o # «3), the principal is not indifferent but strictly prefers one of them as the

Agent with whom to contract directly. Lemma 1 below summarizes the principal’s optimal choice.

Lemma 1. With delegated contracting, the principal always delegates to the more skilled agent: cy =

max{a,as} and ag = min{ay, as}.

Without loss of generality, in what follows we consider the case a; > ao, i.e., agent 1 is more
skilled than agent 2. Lemma | reveals that, in the delegated contracting scheme, the principal finds
it optimal to contract directly with agent 1 and to delegate to him the power to contract with agent
2. In other words, it is optimal for the principal to have the more skilled agent be the Agent,
and consequently the less skilled one be the Subagent. There are two opposing effects behind this
result. For a given rent extraction A, the principal would prefer to contract with the less skilled
agent, i.e., agent 2. This is because agent 2 is relatively more exposed to opportunism if he does not
observe the contract signed by the other agent, as agent 1’s effort is more important overall. Effort
complementarity is stronger for the less skilled agent because the impact of the effort of the more

skilled agent on the less skilled one is larger than vice versa.'’

The second, countervailing, effect is induced by the different rents that the two agents would
choose to extract if given the role of the Agent. In particular, given the optimal contract in Propo-
sition 2, it follows that agent 2, the less skilled agent, would extract more rents than agent 1:
Ay = (1 —a1/2) — ¢35 > Ay = (1 — ae/2) — ¢}. So, the allocation distortion induced by the rent
exaction of agent 2 is larger, and makes the principal inclined to contract directly with agent 1.
Lemma | shows that overall the second effect dominates: the higher rent extraction distortion from
delegating to agent 2 is more detrimental to the principal than the lower observability gain through
effort complementarity from delegating to agent 1. This makes it optimal for the principal to delegate

to the most skilled agent.

13The elasticity of the marginal product of agent i’s effort, m., = d7/de;, with respect to agentj’s effort, E;T;", is
equal to a;. Therefore, if a3 > aq, a 1% increase in agent 1’s effort increases the productivity of agent 2 by more
compared to the increase in productivity of agent 1 induced by a 1% increase in agent 2’s effort.
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We illustrate these effects in Figure 2, where we plot the expected payoff of the principal in the

delegated contracting scheme, as a function of a generic allocation of the budget to agent 1,
P = K(bP) [691(1 — ¢y)™) o3 (20)

The function K (-) does not depend on the allocation of the budget, and is given explicitly in (A.18).
Importantly, since the optimal compensation budget b” in (17) is independent of the principal’s choice
of Agent, K (bP) is constant across the two possible cases of delegation: (i) the principal delegates to
agent 1 (A = 1), (ii) the principal delegates to agent 2 (A = 2). For each of these cases, we mark with
a solid dot the expected payoff of the principal corresponding to the optimal (delegated) contracts:

1
2—ay—agy

vi = K(OP) (91 + A)™ (1 = 65 — Ay , (21)
) PR—1 -
W2y = K(P)|(1— 65— M) (g3 + A2 | " 7
= K(P)| (g1 =A™ (1= g7+ An)| (22

D
¢S:1

where the last equality follows from the identity ¢; = 1 — ¢;. A comparison between (21) and (22)
shows two differences. The first is the sign in front of the rent extraction: when the principal delegates
to agent 1, the rent extraction increases the budget allocation to agent 1, whereas it decreases it when
the principal delegates to agent 2. The second difference is the extent of the rent extraction: Ay # A,
if a1 # ay. These two differences correspond to the two opposing effects characterizing the optimal

delegation choice of the principal.

In order to isolate these effects, we also plot the expected payoff of the principal when she delegates

to agent 2, but now we articially impose that agent 2 chooses agent 1’s optimal rent extraction Aq,

1
2—a)—ag

viza(Ar) = K(07) | (67 — A)™ (1 = 6} + Ay)* : (23)

Given the same rent extraction A, the difference between (21) and (23) captures the difference in
observability gains through effort complementarity. Under the maintained assumption that agent 1
is more skilled than agent 2 (a; > ), the plot in Figure 2 shows that vf_, > v{_,. In particular, it
highlights that it is the larger rent extraction by agent 2 — compared to that of agent 1 — that makes
the principal worse off. Indeed, if the two agents were to extract the same rent A, then the principal

would prefer to delegate to agent 2, since vi_,(A) > vf_,(A) for any A > 0 (see Proof of Lemma
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Figure 2: Optimal delegation hierarchy

In this figure we plot the principal’s expected payoff in the delegated contracting scheme, as a function of the
budget allocation to agent 1, ¢1, for the optimal compensation budget b”. The solid blue dots, corresponding
to vfz:l- for ¢ = 1,2, represent the principal’s expected payoff under the optimal contracts (bD , qbgzi). The
solid black dot, corresponding to UEZQ(Al), represents the principal’s expected payoff under the contracts
(bP, 1 = ¢ — A1). Parameter values are: oy = 0.8, ag = 0.2.

1 in the Appendix). For instance, when the rent extraction Ay, = A; for both agents, the plot in
Figure 2 shows that vf_,(A;) > vf_,.

5.2 Optimal Delegation

Given the optimal choice of the principal to delegate to the more skilled agent in the delegated
contracting scheme, we now discuss the conditions under which she prefers delegated contracting to
centralized contracting. A comparison of the compensation budgets and allocations characterizing

the optimal contracts in the two contracting schemes, yields that
bC<bP o <, (24)

where, given the result in Lemma 1, agent 7 is the more skilled of the two agents. So, compared to
centralized contracting, the principal allocates a larger compensation budget when delegating, and,

in that case, the more skilled agent receives a larger fraction of the budget.
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The different compensation budgets and allocations across the two contracting schemes affect
the principal’s expected payoff in opposite ways. We first note that, in our setting, the equilibrium
expected payoff of the principal — as well as the equilibrium effort levels, the probability of success,
and the agents’ expected payoffs — admit the same functional form across the two contracting schemes:

v9=0(b%, ¢¢) and v = v(bP, ¢4_,), where

1

v(b; di) = (1= b) [(:b)™ (a;b) &7 (1 — i) ]* 7 . (25)

For a given allocation ¢;, the function v(b, ¢;) is maximized at a level of the compensation budget
equal to (a; 4+ a3)/2, which corresponds to the optimal compensation budget under second-best
(public) contracts b*. Since b < bP < b*, and v(b, ¢;) is increasing in b in the interval (0,5*] and
decreasing otherwise, the larger budget associated with delegated contracting is beneficial to the
principal. This reflects the fact that more contract observability allows the principal to credibly
commit to a larger budget, which increases agents’ incentives, and hence her expected profitability.
Indeed, since the Agent is the one offering the contract to the Subagent, the Agent does not fear
expropriation by the principal, who could, instead, (secretly) save on the contract offered to the other
agent with centralized contracting. This makes the Agent’s effort respond more strongly to changes
in compensation, which in turn induces the principal to reduce her stake in the future cash flows, in

exchange of a higher likelihood of success of the risky project.

For a given budget b, instead, the function v(b, ¢;) is maximized for a budget share equal to
a;/(a1+as), which corresponds to the optimal budget allocation under second-best (public) contracts
¢r. Since ¢ < ¢ < ¢P, and v(b, ¢;) is increasing in ¢; in the interval (0, ¢f] and decreasing otherwise,
the larger budget share associated with delegated contracting is detrimental to the principal. This
reflects the distortion in the efficiency of effort provision induced by the Agent, who under-incentivizes
the Subagent in order to extract rents. For instance, when the two agents are equally skilled (a; = ap),
the principal allocates the compensation budget equally to these agents when contracting with both
of them directly, since their marginal productivities in generating expected cash flows are the same.
With delegated contracting, instead, the Agent allocates more than half of the budget to himself, as
he finds it optimal to increase his own stake in the future cash flows, despite the negative effect that

this has on the likelihood of success of the risky project.

The principal’s loss of control over the budget allocation is the price to pay in order to gain the
benefits of more contract observability. Under what conditions it is worthwhile for the principal to

pay this price? The following proposition answers this question.
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Proposition 3. The principal chooses delegated contracting over centralized contacting if and only
if the Agent’s skill is sufficiently high, aq > aa(ag), where the threshold a,(as) decreases with the

Subagent’s skill ag.

Proposition 3 states that it is optimal for the principal to delegate contracting if the agent that
is relatively more skilled (i.e., the Agent) is skilled enough. Indeed, when a4 is sufficiently large, the
benefit induced by more observability under delegated contracting dominates the cost of the loss of
control. The intuition is as follows. First, the additional compensation budget that the principal
optimally gives to the agents when choosing delegation, b” — b®, is increasing in the Agent’s skill.
This is because the higher transparency of contracts makes the Agent’s effort more responsive to
compensation, while the high skill of the Agent makes the probability of success of the project more
responsive to her effort. So, the principal benefits more from the observability of contracts when the

Agent is very skilled.

Second, the distortion in effort provision due the Agent’s rent extraction is also reduced when the
Agent is very skilled. In particular, since the optimal budget allocation ¢% in (18) is independent
of ay, it is the increase in the second-best allocation ¢% in (B.2) that makes the rent extraction A4
in (19) decrease with the Agent’s skill. Intuitively, when the Agent is very skilled (relative to the
Subagent), it is optimal from the perspective of principal as well as the Agent to heavily tilt the
budget allocation towards the Agent. Therefore, in this case, the rent extraction due to the loss of
control becomes less of a problem, and consequently the principal loses less from giving up control

over the budget allocation.

We illustrate these effects in Figure 3, where we consider the case oy > . The left panel
shows the principal’s expected payoff in the delegated contracting scheme (solid blue line) and in
the centralized scheme (dashed red line), as a function of the budget allocation to agent 1 (i.e., the
Agent). The plot highlights how, fixing the allocation ¢;, the principal is always better off under
delegated contracting. In particular, we identify the difference between the two curves at the optimal
allocation under centralized contracting, v®(b”) — v“, as the benefit of making the contract of the
Subagent observable to the Agent. Moving to the right of v“(b”) along the solid blue line captures
the cost induced by the Agent’s rent extraction, which in equilibrium is quantified by the difference
v (bP) — vP. For the chosen parameters (a; = 0.8 and ay = 0.7), the plot shows that the benefit of

delegation is larger than the cost, making v” > v°.

The middle panel provides a graphical illustration of the regions of the plane defined by the
agents’ skills (a4, aig) subject to the restriction a4 > g, in which delegated contracting is preferred

to centralized contracting and vice versa. The plot shows that for any Subagent’s skill ag, there
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Figure 3: Optimal contracting scheme

In the left panel we plot the principal’s expected payoff in the delegated contracting scheme (solid blue line)
and in the centralized scheme (dashed red line), as a function of the budget allocation to agent 1, ¢, for
the optimal compensation budget b” and b®, respectively. The solid blue and red dots, corresponding to
vP and v, represent the principal’s expected payoff under the optimal contracts (b, ¢%_,) and (b, ¢¢),
respectively. The solid black dot, corresponding to ’UC(bD ), represents the principal’s expected payoff under
the contracts (b”, ¢{). In the middle panel we plot the region of agents’ skill (a4, ag) in which delegated
and centralized contracting are optimal. The solid black line represents the threshold a(ag). The dotted line
delimits the relevant region a4 > ag. In the right panel we plot the percentage increase in the principal’s
expected payoff when choosing delegated over centralized contracting, v”/v® — 1, as a function of the
Subagent’s skill ag. Parameter values are: a1 = 0.8, as = 0.7.

exists a level of the Agent’s skill above which delegated contracting is chosen by the principal. This
skill level is depicted by the solid black line and corresponds to the threshold a4 in Proposition 3.
This confirms the above intuition that contracting with a very skilled Agent increases the benefit
of delegation and decreases its cost. The plot also highlights how the threshold a4 is not constant
but decreases with the Subagent’s skill a,g. This means that a more skilled Subagent can make
up for a less skilled Agent in keeping the principal indifferent between centralized and delegated
contracting. Similar to the effects induced by a higher a4, a higher ag increases the difference in
compensation budgets b — b¢ and it decreases the Agent’s rent extraction when the Subagent is
sufficiently skilled. Intuitively, when contracting with a very skilled Subagent, the Agent has lower
incentives to extract rents by allocating an excessively large fraction of the compensation budget to

himself, as he internalizes the higher cost caused by the distorsion in effort provision.
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Finally, the right panel plots the percentage change in the principal’s expected payoff when she
chooses delegated over centralized contracting, as a function of the Subagent’s skill. That the per-
centage change is positive and increasing in ag when the Subagent is sufficiently skilled confirms
the forces at play discussed above. The plot further reveals that the net benefit of more contract
transparency can be significant when the agents are particularly skilled, making their effort com-
plementarities particularly important. The non-monotonic behavior of (v” — v%)/v® in this plot
reflects the fact that the Agent’s rent extraction A, decreases with ag when the Subagent’s skill is

sufficiently low.

In the next corollary we provide additional comparisons of equilibrium quantities characterizing

the two contracting schemes.

Corollary 2. Compared to the centralized contracting scheme, in the delegated contracting scheme:

(i) the Agent always receives higher compensation and exerts higher effort;

(i1) the Subagent receives higher compensation iff the Agent’s skill level is sufficiently high, aa >
a5 (as), and exerts higher effort iff aa > a%(as), where the thresholds a5 (as) and a5 (as)

decrease in ag, and are such that as(ag) < a(as) < aG(as);

(7i) the probability of success is higher iff the Agent’s skill level is sufficiently high, ax > a7 (ag),

where the threshold &7 (as) decreases in ag, and is such that 1/2 < a%(ag) < aalas).

Compared to centralized contracting, both the compensation budget and its allocation to the
Agent are larger in the delegated contracting scheme. Therefore, in this scheme, the Agent receives a
higher total compensation, ¢5b” > ¢Gb", which in turn makes him exert higher effort in equilibrium.
Regarding the total compensation and effort level of the Subagent, we have two competing effects.
The larger budget under delegated contracting tends to increase both, but the lower budget allocation
(due to the Agent’s rent extraction) tends to decrease them. When the Agent is sufficiently skilled,
the positive effect through the higher the compensation budget dominates. Corollary 2 identifies two
distinct thresholds for the Agent’s skill a4 above which the Subagent’s compensation and effort are
higher under delegated contracting. These thresholds are decreasing in the Subagent’s skill because
when ag increases, the compensation budget and the Subagent’s allocation increase more when the
principal chooses to delegate. A similar argument holds for the equilibrium probability of success
of the risky project. In particular, the optimality of delegated contracting, ay > &4 is a sufficient

condition for the likelihood of success 7 to be larger in that scheme.
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6 Optimal Delegation with Common Observability

In the previous section, we saw that the principal’s choice between delegated and centralized contract-
ing is governed by the trade-off between improved observability of contracts and more control over
the division of the agents’ compensation budget. In this section, we show that delegated contracting
may also be preferred by the principal even when the observability of contracts is the same across the
two contracting schemes. Thus improving observability is not the only reason why delegation may be
preferred, even in our stripped-down set-up. We will show that when observability is imperfect, but
the same across centralized and delegated contracting settings, compensation will be skewed away
from the second best in either case, and that sometimes delegated contracting permits the principal

to commit to a better distribution of compensation than does centralized contracting.

To highlight this effect, in this section we will allow the less skilled agent’s contract (i.e., the
Subagent’s contract) to be publicly observed. In particular, suppose that the Agent can observe (and
hence can condition his decision on) the contract signed by the Subagent in the centralized contracting
scheme as well as the delegated contracting scheme. We denote the optimal compensation budget and
allocation in the centralized scheme with one public contract by (0',¢'), and derive them in Online

Appendix C.

Proposition 4. If both the Agent and Subagent are sufficiently skilled, ax > aa(as) and ag > ag,
the principal prefers delegated contracting over centralized contacting, even when the contract of the
less skilled agent is public. The threshold as(as) > aa(ag) and decreases with the Subagent’s skill

for as > as.

Proposition 4 reveals that, even though the two contracting schemes have the same observability
of contracts, delegated contacting may still be preferable for the principal. To see the reason for this
result, note first that the principal gains from the improved observability: his payoff from centralized
contracting with one public contract is higher than when both contracts are private, even though
the total compensation budget he chooses under this arrangement is also larger. This is because
the principal would really like to commit to offering both agents higher compensation, because when
each agent knows that the other is receiving strong incentive pay, the complementarity between the
agents’ efforts kicks in: the agents work harder for a given prize, knowing that their own effort is
more effective when the other agent is working hard. The difficulty for the principal is that he is
unable to commit to high compensation for agents whose contracts are private because when their
pay is unobservable by the other agent, the principal prefers to privately reduce it. So it is better

for the principal to have one contract observable than none. However, having only one contract
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Figure 4: Optimal contracting scheme with one public contract

In the left panel we plot the principal’s expected payoff as a function of the budget allocation to agent 1,
¢1, for the optimal compensation budget b” = ¥'. The solid blue dot, corresponding to v”, represents the

principal’s expected payoff under the optimal contracts (b”, qﬁgzl). The solid black dot, corresponding to
/

V', represents the principal’s expected payoff under the contracts (V/,¢}). In the middle panel we plot the
region of agents’ skill (a4, ag) in which delegated and centralized contracting are optimal. The solid black
line represents the threshold a(«g). The dotted line delimits the relevant region ay > «vg. In the right panel
we plot the percentage increase in the principal’s expected payoff when choosing delegated over centralized
contracting, as a function of the Subagent’s skill ag. Parameter values are: a; = 0.9, ag = 0.7.

observable distorts the principal’s allocation of the compensation budget in favor of the agent whose
contract is public. For each dollar the principal publicly promises to pay this agent, the principal
anticipates both: (i) the direct effect of more effort from the recipient of the higher pay; and (ii) the
indirect effect of more effort from the other agent who observes his co-worker’s higher pay, anticipates
the latter’s higher effort and hence puts in more effort himself. By contrast, every dollar paid to
the agent whose contract is unobserved only generates the first, direct, effort response. So with
centralized contracting, the principal optimally skews the distribution of the compensation budget

when only one contract is observable.

This compensation distortion under centralized contracting creates room for delegation to im-
prove matters even when observability is held fixed. Because delegation allows rent extraction by
the agent, compensation is also distorted relative to the second best in this case. But if the rent
extraction is not too severe, then the distortion can be smaller than the distortion associated with

centralized contracting. The first panel of figure 4 illustrates one such case: compensation under
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centralized contracting is more distorted than compensation under delegated contracting, resulting
in a lower expected payoff for the principal, v < v”. Why then, does the principal not offer the same,
less distorted compensation under centralized contracting? The answer is that such an offer would
not be credible: the Subagent would anticipate that the principal would secretly cut the promised
compensation to the Agent because it is not optimal for him to offer such large compensation to the
Agent privately. By contrast, because the Subagent in the delegated hierarchy knows that the Agent
engages in rent extraction, he can be confident that the Agent is receiving a substantial portion of
the compensation budget even though the actual contract that the Agent receives is his own private
information. Thus the commitment to a structure where rent extraction occurs allows the principal
to commit to a different, and potentially less distorted, division of the compensation budget from

what he would choose in equilibrium under centralized contracting.

Under what conditions is it useful for the principal to use the delegated contract structure to
commit to a different budget allocation even when one contract is observable? Proposition 4 states
that it is when both agents are particularly skilled. In this case: (i) the rent extraction is low, and
(i) the complementarity between agents, and the need to incentivize the Subagent more effectively

is large. The plots in Figure 4 confirm this finding.

7 Related Literature

According to the IWPR (2017), two thirds of private sector employees report that they are actively
discouraged or could be punished for discussing their pay with other workers. Cullen and Perez-
Truglia (2020) provide revealed preference evidence that individuals at a large Asian bank were
unwilling to reveal their salary to their peers. Our paper forms part of a small but growing theoret-
ical literature on consequences of this lack of pay transparency.'* A recent contribution by Halac,

Lipnowski, and Rappoport (2021) considers a model similar to ours in which two agents work in a

MThere is also a broader literature on the benefits of transparency in organizations in general, rather than pay-
transparency specifically. Jehiel (2015) argues that full transparency to agents in organizations is never optimal for
the principal: while giving agents more information has the benefit of allowing agents to tailor their action to the
particular problem they are facing, it also makes incentive constraints more difficult to satisfy. Starting from full
transparency, one can always find an improvement from concealing information and thereby pooling some constraints.
Various papers have shown that it may also be optimal for the principal to avoid full transparency of information for
himself. Prendergast (1993) notes that when the principal has prior expectations about the solution to a problem,
agents will conform excessively to those expectations; Prat (2005) shows that when the agent receives information
about the state of the world before choosing his action, then it can be harmful to the principal to learn about the
agent’s action itself, rather than just the outcome of that action; Crémer (1995) shows that when the agent has to
make effort to produce output, the principal may do better when she does not acquire information about the reasons
for the agent’s failure. Our model is different from these since we have no uncertainty about the state of the world,
only strategic uncertainty.
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team to produce a single output, and neither team-member observes the other’s actual pay package.
Differently to our paper, however, the principal can commit to a distribution of pay packages for each
agent, so it is only the realization of an agent’s actual incentive pay outcome that is private infor-
mation: that is, agents view their teammates’ pay packages as risky rather than subject to strategic
uncertainty as in our paper. Halac, Lipnowski, and Rappoport (2021) are specifically interested in
the problem, posed by Winter (2004), of ruling out bad equilibria which arise when one agent does
not work because he anticipates that the other agent will not work. Winter shows that with public
pay, “divide and conquer” strategies are generally the cheapest way to exclude zero effort: one agent
should receive very strong incentives, making working a dominant strategy for him; then the other
agent can be incentivized relatively cheaply (he knows his effort will have high marginal impact as he
is sure his co-worker will work). Halac, Lipnowski, and Rappoport (2021) show that if the principal
can commit to a randomization of pay contracts, and yet keep the outcome of randomization private,
bad equilibria can be excluded with pay levels that are lower on average and less asymmetric than
when the (realization of the) actual bonus contract is public information. Such strategies are not

available to the principal in our model, who lacks any public commitment device on pay.

Cullen and Pakzad-Hurson (2019) investigate an asymmetric information bargaining problem
where a single firm bargains bilaterally with each of a set of prospective workers; the degree of
transparency is measured by the speed at which information about individual pay agreements leaks
to other bargaining pairs. They show that full pay transparency enhances the firm’s bargaining
power in negotiations, since the firm knows that if it yields a higher wage to one worker, all workers
will learn that the firm’s reservation wage is higher—and hence the firm will be forced to pay the
same high wage to all the workers with whom it has not yet concluded a deal. Hence, contrary to
the result in Halac, Lipnowski, and Rappoport (2021), in equilibrium, transparency lowers pay levels
and reduces pay inequality. In our paper, moving from private contracts to full transparency raises
pay levels and reduces inequality. Our work resembles Halac, Lipnowski, and Rappoport (2021) in
taking a principal-agent rather than a bilateral bargaining approach to wage setting, but is closer to
Cullen and Pakzad-Hurson (2019) in denying the principal an exogenous commitment device which
would allow her to promise particular wage distributions. In our model and theirs, any commitment
to wage offers to teammates must arise endogenously and as part of the equilibrium (since all offers
will remain private ex post, workers cannot observe whether the principal fulfills her promises ex
post or not). We differ from both papers in that, having noted the equilibrium effect of private
wage contracts (sub-optimally low bonuses), we investigate possible equilibrium responses to this by
the principal such as pay-delegation, and the impact of these structural changes on pay levels and
dispersion. We show that privacy may result in steeper hierarchies, and that these will mitigate the

impact of privacy on average pay levels while worsening pay-inequality.
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The problem of organizing contracting in a setting where agents have to work in a team goes
back at least to Alchian and Demsetz (1972), who observe that the role of an employer is to monitor
individual employees’ efforts when the market only observes joint output. Holmstrom (1982) observes
that instead of monitoring, the employer, or principal, need only provide a “budget breaking service”
to the agents, whereby he writes a public contract with the agents to take all the agents’ output if
and only if output falls below the Pareto optimal level, but rewards the agents by dividing output
among them if output attains the desired level. This discrete drop in output resulting from a slight
reduction in effort can be sufficient to allow agents to attain the first-best. However, Eswaran and
Kotwal (1984) point out that Holmstrom’s solution is prone to the potentially serious problem that
the principal could make an unobserved side contract with one of the agents, where that agent agrees
to exert a lower-than-first-best effort in exchange for a share of the output the principal receives when
output is below first-best. They do not, however, solve for the optimal contract when such secret
side-contracting is possible. In our paper, we explicitly take into account the opportunism problem
faced by the agents and solve for the optimal contract under the constraint that the contract offered
by the principal to one agent must be a best response to the contract offered to the other agent, so

that the principal has no incentive to deviate from the equilibrium contracts.'”

Our assumption of effort complementarities is a specific form of positive externality that the
agents impose on one another. In a general model of contracting with externalities between agents,
including vertical relations, takeover battles, debt workouts, and network externalities, Segal (1999)
explores the principal’s incentive to deviate from an efficient trade profile when her contract offer
to each agent is only privately observed. He characterizes the optimal mechanism when agents’
contracts can be made contingent on other agents’ messages to the principal, but does not consider

how delegation may be used to solve the problem of contractual privacy.'"

The notions of passive beliefs, and opportunism in contracting, used in Segal (1999) and in our
paper, come from the industrial organization literature on vertical relations between supplying and
purchasing firms. Hart and Tirole (1990), and McAfee and Schwartz (1994), observe that while an

upstream monopolist would like to restrict his supply to downstream firms to the monopoly quantity,

15More recent work on moral hazard in teams includes Rayo (2007), Garicano, Meirowitz, and Rayo (2017), and
Edmans, Goldstein, and Zhu (2013). The first two papers look at how relational contracts interact with providing
incentives in teams, whereas Edmans, Goldstein, and Zhu (2013) looks at optimal team composition when agents’
effort affects not only the probability of a successful outcome, but also other agents’ effort costs. All of these papers
assume that contracts are public.

16Katz (1991) studies delegation by a game-playing principal to an agent. He shows that when a principal delegates
his actions to an agent who shares the same preferences in a game, this has no impact when the contract between the
principal and the agent is private. It will of course affect the game if their preferences differ, or if contract is public
(e.g., Spencer and Brander (1983); Brander and Spencer (1985); Vickers (1985)). Moreover, if the contract is public
and can be made contingent on the contracts written by other principals with their agents then a folk theorem obtains
and a plethora of equilibrium outcomes can be supported (Katz (2006)).
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doing so with private (non-contingent) contracts is impossible when retailers have “passive beliefs”,
that is, when they infer nothing from their own offer about offers that their rivals may have received.
In particular, as long as contracts between the upstream monopolist and the downstream firms are
not public, or, if public, can be secretly renegotiated, the monopolist will be unable to attain the
first best without resorting to vertical integration with one of the retailers.'” While the problem of
opportunism between a principal and two agents has some similarities to that between an upstream
monopolist and two retailers, a key difference is that in the principal-agent framework, the vertical
foreclosure solution of integrating the principal with the agent is generally not available.'® Thus, if
the principal contracts directly with both agents, the principal is stuck with the third best outcome
(because neither effort nor contracts are observable). However, in the principal-agent setting, a novel
solution that has not been explored in the vertical relations literature presents itself: to improve the

transparency of contracts, contracting with a co-worker could be delegated to one of the agents."’

If the principal decides to subcontract hiring one of the two agents to the other, then formally the
hiring agent’s problem is one of double-sided moral hazard, since both the agent and the sub-agent
must make effort in order for the project to be successful. The double-sided moral hazard problem
has been studied by a number of authors, including Bhattacharyya and Lafontaine (1995), Casamatta
(2003), Repullo and Suarez (2004), and Hori and Osano (2013). The last three of these papers have
venture capital as the leading example of their framework, and our results too can be applied to
this setting by recasting the principal as the investor, the agent to whom the principal delegates the
contracting as the venture capitalist, and the sub-agent as the entrepreneur funded by the venture
capitalist. *’ Aghion and Tirole (1997) study a double-sided moral hazard problem where principal
and agent may both make effort to obtain information about which project should be adopted. They
show that the principal can encourage the agent’s effort by delegating the choice of project to the
agent, even though this involves a loss of control when the principal and the agent’s optimal project

choices are not aligned. The reasons for delegation in their paper, however, are quite different from

1"The optimal contract between the upstream monopolist and a single retailer is a two-part tariff contract with the
product sold at a wholesale price equal to marginal cost, and a fixed fee equal to the monopoly profit. Once one such
a contract has been signed, it is profitable for the monopolist to approach a second retailer and offer him a contract
as well, for example by offering the best response to the monopoly quantity and a fixed fee which extracts the profit
from selling this quantity, to the detriment of the first retailer.

18 Another important difference is that in the vertical integration framework, output, i.e., retailers’ strategic variable,
is verifiable, whereas in our setting, agents’ efforts are not.

9This solution is typically unavailable in the vertical integration context because of anti-trust concerns.

20Liu (2020) considers a more realistic version in which the ownership of the project lies in the hands of the
entrepreneur (one of the agents who must make effort), and not with the principal, while the funding is provided by
competitive investors (rather than by a monopolistic principal). The entrepreneur chooses whether to obtain funding
from a venture capitalist (who raises funds from investors and contributes to the project by giving advice), or directly
from investors while instead obtaining advice from an independent consultant. Gryglewicz and Mayer (2019) study
a related hierarchical dynamic agency model where an intermediary monitors a firm’s manager on behalf of a firm’s
investor, and both the manager and the intermediary are subject to moral hazard.
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ours: in their model, delegation commits the principal to making a lower effort, encouraging the
agent to increase his own effort because efforts are substitutes. In our setting, there are two agents
whose efforts are complements and the principal makes no effort contribution; he delegates to increase

the transparency of one agent’s contract to the other.

Our paper is also related to the literature on delegation and hierarchies, surveyed by Mookherjee
(2006) and Poitevin (2000). The latter observes that the revelation principle ensures that delegation is
always weakly dominated by centralization, (e.g., Baron and Besanko (1992)), unless the centralized
mechanism is undermined by (i) costly communication between one or more agents or contract com-
plexity (e.g., Melumad, Mookherjee, and Reichelstein (1995); Melumad, Mookherjee, and Reichelstein
(1997)); (ii) renegotiation by the principal due to limited commitment (e.g., Beaudry and Poitevin
(1995); Baliga and Sjostrom (2001)); or (iii) collusion between agents (e.g., Tirole (1986); Laffont
and Martimort (1998); Ortner and Chassang (2018); Troya-Martinez and Wren-Lewis (2018)).”" In
our paper, communication is costless, but the agents do not posses any information valuable to the
principal. Moreover, since the agents do not observe each others’ efforts, there is no role for collusion
between them. So, it is the inability of the principal to commit not to secretly renegotiate contracts
bilaterally that makes delegation optimal in our model. Interestingly, however, this literature has
been almost entirely concerned with delegation of tasks, and has not, to our knowledge, discussed
delegation of contracting itself—on the contrary, it is optimal for the principal to retain the authority

to contract with all the agents in the hierarchy.

Our paper also speaks to the literature on outsourcing. We can interpret outsourcing in our
model as occuring when the principal contracts with a single agent for supply of the good that
two agents work on together, delegating employment of the second agent to the first one. Similar
to the outsourcing literature, the principal owns the “idea” for the project and provides financing,
but outsources the provision of the agents’ effort on the project to one of the agents. Centralized
contracting, by contrast, corresponds to production “in house”, or vertical integration, since the
principal directly contracts with all of the agents working on the project, and none of those agents

see each others’ contracts; all of them depend directly on the principal for compensation.””

A key idea in the outsourcing literature is that input specialization benefits the production process

but exposes the bargaining parties to ex post hold-up a la Williamson (1985) and Grossman and Hart

21Related work on hierarchies includes Qian (1994) and Rahman (2012), who investigate models in which an agent
must be incentivized to monitor the effort exerted by his immediate subordinates. A very different rationale for
hierarchies is set out by Garicano (2000), where heterogeneous agents have differing abilities to solve problems, and
difficult problems must be passed up the hierarchy to more able agents.

22Tndeed, in the case when the principal chooses to fully outsource provision of efforts on the project, rather than sim-
ply delegating contracting within an organization, she can more credibly commit not to engage in any side-contracting
with the subagent, which could potentially undermine the benefits of delegation occurring in-house.
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(1986). In a world of incomplete contracts, it is difficult to provide incentives directly, but outsourcing
the ownership of assets allows suppliers to enjoy greater bargaining power, and hence enhances
incentives indirectly.”” Our paper can be considered complementary to the existing outsourcing
literature in that it provides an alternative approach to the costs and benefits of outsourcing which
is based on complete contracting; we argue that the likelihood of outsourcing will depend on the
importance of incentive provision, and the level of skill asymmetries and complementarities associated

with the task that agents need to carry out.

Most theoretical papers on outsourcing model firms as two-level hierarchies, where the levels must
work together to produce output; the decision of whether to outsource is a question of how much
control to cede to the other unit, and under which circumstances. An interesting exception to this
modeling approach is Antras and Chor (2013), who model firm production as being composed of a
continuum of complementary production processes. This set-up is more similar to our three-layer
hierarchy (principal plus two agents) with complementary efforts. In their setting, direct rewards for
output are determined by bilateral bargaining between each supplier and the ultimate seller of the
good (equivalent to the principal in our model). Outsourcing is assumed to increase the bargaining
power of suppliers, and so is used to shift the distribution of rents away from the buyer (principal)
and increase investment (effort) by the suppliers (agents). By contrast, in our paper, direct rewards
are contractible, so there is no need to use outsourcing to provide direct incentives to any particular
supplier. Instead, we consider that supply is outsourced if the principal contracts with one only of
the agents, and does not contract (or perhaps ever meet) with the other agents; whereas Antras and
Chor (2013)’s principal must negotiate with all suppliers, whether in-house or outsourced. Suppliers
contracts are private in our model, whereas they are public in Antras and Chor (2013)), but in
both papers the integration versus outsourcing (delegation) decision is publicly observable. Because
of this, in our paper, outsourcing results in different expectations regarding what contracts will be
written with other suppliers, and hence different incentives for each particular supplier, making it
beneficial in some cases. In both papers, the benefit of outsourcing is that it enhances investment

incentives, and the cost is that it shifts rents away from the principal and other agents.

Z3A series of papers (McLaren (2000), Grossman and Helpman (2002), Grossman and Helpman (2005), Grossman
and Rossi-Hansberg (2012), and Legros and Newman (2013) highlight industry feedback mechanisms which can lead
to multiple equilibria in choices about outsourcing versus vertical integration: hold-up is less likely, and search costs
are lower, in markets with more unintegrated providers; if integration involves fixed costs but reduces variable costs
then it will be driven by margins, which are in turn endogenous to the amount of integration. Antras (2003) argues
that outsourcing provides stronger bargaining power, and hence incentives, to suppliers, but that this is less useful
in capital intensive industries (since capital is provided by headquarters). Alfaro, Bloom, Conconi, Fadinger, Legros,
Newman, Sadun, and Van Reenen (2018) distinguish the integration decision from the decision to delegate or centralize
decision rights. For them, integration has an option value: though integrating does not minimize expected costs, it
gives firm owners authority to choose to delegate or centralize decision rights, depending on which problems arise in
the future course of a relationship.
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8 Conclusions and Directions for Further Research

We have analyzed a moral hazard in teams problem with the realistic innovation that compensation
contracts are observed only by their signatories, and not by third-parties. In this environment,
principals contracting with agents working in a team face a credibility problem. In particular, since
rewards depend on the value of joint output, agents care not only about their own bonus (which they
observe) but also about their teammates’ effort on the project, and hence, indirectly, about their
teammates’ incentive pay (which they do not observe). Moreover, agents know that in equilibrium
the principal will find it optimal to economize on their colleagues’ pay, because the principal retains
whatever part of output is not paid out as bonuses. When effort productivity is complementary,
agents rationally take this into account by choosing lower effort themselves. As a consequence,
compensation and effort levels are lower when contracts are private than in the second best when
they are public. In this paper, we explore how these difficulties arising from contractual privacy are

affected by organizational design.

Our first main result highlights a novel trade-off that arises with private contracts between an
observability gain from delegation and a rent extraction cost. When contracts are public, delegated
contracting is dominated by centralized contracting: the principal could always write the same con-
tracts as any agent to whom she delegates contracting, and in general can do better by offering
different contracts since the principal’s and agent’s objectives differ. With private contracts, the
principal can gain from making one of the agents “team leader”, giving him a compensation budget
that he can choose to share between himself and the other team members. Doing so has costs and
benefits. The main benefit is that the team leader now observes all the contracts and consequently
no longer fears that the principal will opportunistically offer low pay to his colleague; this improves
the team leader’s incentives to make effort. The cost is that the team leader selfishly retains too
much of the compensation budget, paying his colleagues too little from the principal’s point of view.”*
We find that compared to centralized bonus provision, contractual delegation results in higher total
compensation, but results in excessive pay inequality. It is worthwhile when both agents are suffi-
ciently skilled (so that effort responds strongly enough to incentives) and not too heterogeneous (so

pay inequality is not too severe).

When we allow the principal to choose which agent will undertake the delegated contracting, she

always chooses to have the more skilled agent employ the less skilled worker. The intuition for this

24The contract offered by the team leader to the other agent is also socially suboptimal. Indeed, the principal always
induces too little effort since he trades off providing incentives versus rent extraction and does not internalize agents’
rent. So, the compensation pool provided to the team leader is socially too small. Moreover, when the latter offers a
contract to his peer, he faces the same trade-off between rent-extraction and incentives as the principal and keeps too
much for himself, giving too little effort incentive to his peer.
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result is that since the team leader engages in rent extraction, the incentives of the sub-agent are too
weak; and the team leader’s incentives are too strong, relatively. As more skilled workers respond
more strongly to incentive pay in our model (their marginal cost of effort is lower), this direction of
pay-skew is better than having the less skilled agent be team leader, even though the latter would

engage in relatively less rent extraction in equilibrium.

Our second main result is that delegated contracting can sometimes have an advantage over
centralized contracting even with observability held constant across the two settings. To show this
surprising result, we allow the less skilled agent’s contract to be observable to both agents in the
centralized contracting setting. If the sole benefit of delegation were improving transparency, one
would expect centralized contracting to now dominate delegation. But in fact, delegation sometimes
does better. The reason is that when observability remains imperfect in both settings, the distri-
bution of compensation is skewed relative to the second best in both cases, but the direction of
the skew differs. With delegation, compensation will be skewed towards the agent with the power
to subcontract; whereas with centralized contracting, it will be skewed towards the agent with the
public contract (because that agent’s compensation has both a direct effect on that agent’s effort
and an indirect effect on his co-worker’s effort). When agents are not too different, and the returns
to increasing effort are high, the skew that results from delegation is better for the principal. The
principal cannot duplicate the outcome of delegation using centralized contracts even though observ-
ability is the same, because without complete observability, promises to increase the bonus of the
agent with the unobservable contract are merely cheap talk. By contrast, it is understood that the
team leader will extract rents in equilibrium, and so delegation provides a new way for the principal

to commit to higher pay for that agent, despite his pay being unobserved by his teammates.

Our model reveals a key difficulty of providing incentives in teams in a world where bonus pay-
ments are mostly private information. We have shown how the privacy of incentive contracts has
implications for organizational design, shedding light on why pay-delegation and subcontracting are
common even though standard theory suggests that such structures should be dominated. Our frame-
work can also be useful in addressing other questions about the design of organizations, hierarchies,
and incentive structures. What happens to the optimality of delegation versus centralization as the
number of agents on the team increases, for example? How should the number of levels of the hi-
erarchy, and the number of agents in each level, be determined if three or more agents must work
together? How does the flatness or steepness of the optimal hierarchy vary with the skill level of the

agents, or with their asymmetry? We hope to address some of these questions in future research.

We have used our model to analyze whether organizations should centralize bonus allocation

or delegate it to divisional managers, and whether it is better to produce in-house or outsource
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production to other, subcontracted, firms where the principal does not control salaries. There are
a number of other interesting applications to explore using this new perspective. Venture capital
(VC) has a three-tier structure comparable to the one in this paper: limited partners (LPs) contract
with general partners (GPs) to form a VC firm which then invests in entrepreneurial companies.
Normally, the LPs (corresponding to the principal in our model) just provide funding, while both
the GPs and the entrepreneurs (corresponding to the two agents in our model) must make effort in
order for the venture to succeed. Many other financial relationships have a similar flavor: funds of
funds, and the relationship between depositors, banks, and entrepreneurs, feature contracts between
the entrepreneur and the intermediary which are often difficult or costly for the ultimate investors
(principal) to verify. While the efforts in these applications may take a different form (e.g., screening
adversely-selected entrepreneurs), the observability of contracts seems likely to remain important to
the extent that the success of the entrepreneur’s project involves complementary efforts between the

financial intermediary and the entrepreneurs.

Finally, our theory takes as given the difficulty in verifying other agents’ contracts, or equivalently,
the problems with making compensation public. We take this difficulty as a fact about the world:
people generally avoid discussing their compensation with their colleagues (IWPR (2017), Cullen
and Perez-Truglia (2020)) and when compensation contracts are made public, this can lead to the
leveling of pay and the departure of key staff.”” Since, in our model, the principal would be better off
if compensation contracts were made public, it is important to understand the real world problems
that firms and institutions endure as a result of being obliged to make compensation contracts public,
and the costs that prevent others from doing so. We conjecture that envy of other agents’ contracts
is one such cost.” It would be interesting to explore, theoretically and experimentally, the trade-offs
that arise between making the compensation of agents with unequal talents transparent, in order to
induce greater effort when efforts are complementary, and keeping them opaque in order to efficiently

match incentives to skills without inducing envy.

25Zenger (2016) surveys some of the costs, and discusses the departure of key personnel from the Harvard Manage-
ment Company after their compensation was made public. The 2017 decision to force the BBC to reveal the pay of
its highest earners resulted in their loss of some star talent (BBC (2018)). Mandated pay transparency in California
cities resulted in pay reductions and a 75% increase in the quit rate Mas (2017).

26Perez-Truglia (2020) documents that when Norwegian income data become more easily available, lower-paid Nor-
wegians’ happiness and life satisfaction was reduced relative to their higher-paid peers. Card, Mas, Moretti, and Saez
(2012) document that pay transparency reduces job satisfaction and increases the probability of departure for lower-
paid workers, while Obloj and Zenger (2017) suggest that allowing bonus comparisons reduces employee productivity
because of envy. Cullen and Perez-Truglia (2019) distinguish between horizontal transparency (knowledge of one’s
peer’s salary) from vertical transparency (knowledge of one’s boss’s salary). They find that horizontal pay inequality
is demoralizing, whereas vertical pay inequality is motivating.
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Appendix

A Proofs

Proof of Proposition 1. In the centralized contracting scheme with private contracts, agent ¢’s maximiza-
tion problem is

2
ei(¢ib, é;) = argmax  ¢;b e?ié?j — %‘. (A.1)
e
The first order condition with respect to e; is
dib aief e —e; =0, (A.2)
and the second order condition is
¢ib a;(o; — 1)eg ™ 26% 1 < 0, (A.3)
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since «; < 1. Therefore, solving for e; from (A.2), we obtain (7).

In order to induce positive effort from each agent, we consider (and later verify that) b > 0 and ¢; € (0,1).
Substituting (7) into (8) for ¢ = 1,2, the principal’s maximization problem becomes
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Since ¢, «;, and «; are all bounded in (0, 1), the first order condition can be reduced to
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since —2b¢ + (1 — b) <% — 1) = —1. Hence, b® maximizes the principal’s objective function.
i J

Similarly, the first order condition with respect to ¢ is
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Since b = 1 is not an optimal choice for the principal, and «;, and «; are bounded in (0, 1), the first order
condition can be reduced to
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since a; and a; € (0,1) imply 5% < 1 and 5= Ja < 1. Hence, ¢¢ maximizes the principal’s objective

function. Since o; and oy € (0,1), b¢ and ¢¢ € (0, 1).

20— c

Agent #’s equilibrium compensation is ¢¢b¢ = (0,1), while agent j’s equilibrium compensa-

d—aja;
tion is (1 — ¢)bC = % € (0,1). Passive beliefs require that in equilibrium
& = ey, (A.6)
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Substituting (A.6) and (A.7) into the first order conditions of each agent’s effort (A.2), we obtain

_1

= (600,
e’ = 0y (e€) T (1 - 6O T

Solving the system of equations in (eio, ejc), we obtain the equilibrium effort levels of the two agents:
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Since b“, ¢, a;, and a; are all bounded in (0,1), ¢ and ejc (0,1). Substituting (A.8) and (A.9) into (2),
we obtain the equilibrium probability of success under centralized contracting
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The principal’s expected payoff, v© = (1 — b%)x is strictly positive since b¢ and 7¢ € (0,1). So,
implementing the risky project under the centralized contracting scheme is profitable (in expectation) for
the principal. The expected payoffs of agent ¢ and agent j are equal to

ulc = (1 — %) pCbnC,

uf = (1= F) (1= 60,

respectively. Since o;, o, #Y, b, and ¢ are € (0, 1), the agents’ expected payoffs are strictly positive. So,

both agents’ participation constraints are satisfied.

The optimal compensation budget, the budget allocation, as well as the agents’ total compensations,
have the following properties:

¢ 22— q ¢ -
w_me) 2w,
Oa; (4 — oyay) Oa; (4 — o)
C (D _ C (9 _ oy
19J0) _ a;(2 -« ) >0, 0¢ _ ai(2 — o) <o,
doy; 2(a + o — aiaj) 8aj 2(ai + o — aiaj)
C1,C A4(2 — o C1,C (9 _ v
a??of B (4( e Z];Q >0, &gab - _?jl(za aa;g <0,
i — hty J - hty
01— ¢ _ 2052-0y) _, O(L— g _ 42-a) _
8ai N (4 — aiaj)Q ’ 804]' - (4 — OéZ‘Oéj)Q .

Proof of Corollary 1. The optimal private contracts in the centralized contracting scheme are given in
Proposition 1 and are equal to

bC _ 2(0[1‘ + Q5 — aiaj)7 ¢lc _ 2(1@' —

4 — Q05

2(0; + aj — i)

The optimal public contracts in the centralized contracting scheme, instead, are given in Proposition B.1 in
the Online Appendix B and are equal to

Q5

b* =

Qi+ oF =
2 ’ ' Oéi—‘rOéj.

We compare these optimal contracts along the following dimensions:

(i) Compensation budget, b: b¢ < b* since a; and aj; €(0,1).
(ii) Budget allocation to agent i, ¢;: qﬁic > ¢F since 0 < oj < oy < 1.

(iii) Agent i’s compensation, ¢;b:
2051' — Oél'Oéj

«
Lo =3

CcpC
;b
b; 5

4 — ;0

implies that ¢{'b” < ¢b* since a; and a; € (0, 1).
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(iv) Agent j’s compensation ¢;b:

. 20éj — OtiOéj

658 = (1 - 67 = o= (- ey =

4 — (87107

implies that d)fbc < ¢jb* since a; and «; € (0,1).

Proof of Proposition 2. In the delegated contracting scheme with private contracts, the Subagent’s max-
imization problem is the same as that in the centralized contracting scheme. Therefore, the Subagent’s
optimal effort level is determined as

1 oA 1

es((1—@)b,éa) = ag “5e, " ((1 — ¢)b)Z=s. (A.10)

The Agent’s maximization problem with respect to his effort level is given by

2
ealb, @) = argmax 6b ¢ es((1 - )b, e4)% — 2.
ea
The first order condition with respect to e4 is
ob asef es((1— )b, éa)™s —eq =0, (A.11)
and the second order condition is
¢b aa(aa — 1) 2es((1— )b, é4)*s —1 <0,
since auy < 1. Solving (A.11) for the effort level e4, we obtain
aqa ag 2
ea(b,d,é4) = as® aA ag @ QA)(Q asTé (2—ay)(2-ag) p2-oa aA (1 — ¢)EFaa)@ag) pE-oa)@ag) (A.12)

which corresponds to (14). Given his optimal effort choice, the Agent’s maximization problem with respect
to the budget allocation is given by

¢h = arg max db ea(b, ¢, é4)*es((1 — )b, é4)*s — W
= arg max (1 — OZ?A) OzA2a£AaS(2 aA><2 ag) & %qﬂ = (1—¢)C a,i?(sz ag) hE— aEe ag) |
¢
The first order condition with respect to ¢ is
<1 — a7A> aAzaéA og - O‘A)(Q as) AA%()W
8 <2 — Qy ¢2 aA ( B ¢) <27aja52‘ as> ¢2 aA (2 — Ozj;)[(; — aS) (1 - ¢) (2(1“21?(52‘&5)1> - 0
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Since, as we show later, the Agent’s equilibrium effort choice is bounded in (0, 1), the first order condition
can be reduced to

2 205
1-—¢)— =0
2—aA( ?) ¢(2—aA)(2—ozS)
yielding
¢£:1—f§. (A.13)
The second order condition, evaluated at ¢ = <Z5,l4? is
a 2a % 2a
(1 — %) ay 2*2,4 g (27%4)(52*&5) éA(Q*aA)@fO‘S) b(Q*QA)AL(Q*D‘S) QSZ*%"A _2(1 — ¢)m_2 5

205

(72 1) 09 -2 -9+ 2 (e )] <0

since

(2 —1)<1—¢i?>2—2¢£ 208 (1 6]) + (65252 << e ‘1>:‘O;S‘

2—ay (2 —a4)(2—ag) —as \(2—ax)(2—ag)

Hence, qbg maximizes the Agent’s objective function.
The principal’s maximization problem is given by

bD = argmax (1 - b) BA(b, ¢£, éA)aAeS((l - ¢£)b’ éA)asa
b
a 2ag R % D oy D 2ag 20p4t2ag—aqgag
= arg max (1 — b) g’ A qg P-2a)-as) €4 A S (QZ)A)Q*O‘A (1 — (;SA) (2—ap)2-ag) h (2—ax)2-ag) |
b

The first order condition with respect to b is

o, 2ag (2720‘1)4(2‘5' a 2ag
a4 qug C-ea)-as) éA ay)(2-ag) (qf)g)Q’“A (1 _ ¢£) (Z—aq)(2—ag)
20p4t2ag—aygag _ 2aA+2aS—aAaS_
« [ —p By | _py20at2as —apag, A SASS 1) )
+
(2—4)(2—as)

Since d)ff, a4, and ag are all bounded in (0, 1), the first order condition can be reduced to

20‘A+2O‘570‘AO‘S _ 20‘A+2O‘57("A&57
—b C-ea)C-as) 4 (1 —b) 2004 + 205 — ap0g CEryy =T s 0,
(2 —@a)2 - as)

yielding
D _ 2004 + 205 — aq08
4 .

(A.14)

The second order condition, evaluated at b = b”, is

XA 2ag __2ap0g9 oy 2ag 200 +20{ — A 20 pt+2ag—agag
2 g g Taras ¢ Prea)BTes) (gDyImag (1 — ) Eren e A S T AARS e E—ag) 2

a 2—aa)(2—as)

x[—%+41—m<i?j2321igf—w>}<Q
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since —2b" + (1 — bP) <%% — 1) = —1. Hence, b” maximizes the principal’s objective function.

Since a4 and ag € (0,1), bP and ¢& € (0,1).

The Agent’s equilibrium compensation is ¢fbP = (1 - 0‘75) Ww € (0,1), while the Subagent’s
equilibrium compensation is (1 — ¢5)bP = %W‘% € (0,1). Passive beliefs require that in equilib-
rium

éq=el. (A.15)

Substituting (A.15) into the first order condition of the Agent’s effort (A.11) and the first order condition
of the Subagent’s effort (A.10), we obtain

@

1
e§ = 057 (ea?) TS (1 - GRIDP) T,

1 « apgog 1 ag 2
{ eg = % %A qg Caa)(Fag) (GAD) (2—ay)(2—ag) ((;32)2—0% (1 _ d@) (2—a4)(2—ag) (bD) Gma-as)
1

Solving the system of equations in (eg , e? ), we obtain the equilibrium effort levels of the two agents:

2—ag ag 2—ag as 1

eg = vy 2C-ea—as) g2R-aa—as) ((bﬁ?) 2(2—ap—ag) (1 — ¢1[4)) 2(2—ap—ag) (bD) 2-ay—ag (A.lﬁ)
@ 2—a [e% 2—a 1

6? =y 2(27042447065) as 2(270¢Aéa5) (¢2) 2(27042‘7(15) (1 _ qzbﬁ) 2(270414%0‘5) (bD) T-as-og (A.17)

Since bP, ¢& | a4, and ag are all bounded in (0,1), ef and e € (0,1). Substituting (A.16) and (A.17) into
(2), we obtain the equilibrium probability of success under delegated contracting

aA ag ayg as aptas
7_‘_l) — O[Z*O‘Afo‘s aSQ—aA—aS (ng)Q_aA_aS (1 _ ¢£)2—aA—aS (bD)Q—aA—aS ,

The principal’s expected payoff, v? = (1 — b”)7P | is equal to

D _ _ D 2—aaA—a Q—QQS—& D 25£+f§ Dyaa _ D ag ﬁ
o = [(1 = 0P )au T e 00 RS | (@) (1 - eR) ) F I 0, (Adg)

since bP € (0,1). So, implementing the risky project under the centralized contracting scheme is profitable
(in expectation) for the principal. The expected payoffs of the Agent and the Subagent are equal to

uf = (1= 54) oR0Pn",

(1-22) - oRwP=",

D
o 2

u

respectively. Since a4, ag, qbg , bP, and 7P are € (0,1), the agent’s expected payoffs are strictly positive.
So, both agents’ participation constraints are satisfied.

39



The optimal compensation budget, the budget allocation, as well as the agents’ total compensations,
have the following properties:

D _ D _
ob :2 a5>0’ ob :2 aA>O,
day 4 dag 4
D D
1
%:0’ %:_,<Q’
Oag dag 2
agbng B (2 - ag)? >0 8¢£bD _apas — 204 — 205 +2 > 0
day N 8 ’ Oag - 4 <
(1 — )P as(2 - as) (1 —oD)P  aa(l —ag) + 2as
Oag 8 Oag 4

Proof of Lemma 1. Without loss of generality, we assume that
O<az<ap <1.

We denote by vﬁ):i the principal’s expected payoff in the delegated contracting scheme where she delegates
contracting to agent 7 (i.e., agent i is the Agent). Accordingly, the optimal contracts in Proposition 2 imply
that

bD N 20[1 + 2042 — (19
= 1 ,

a

(03]
Ra=1-F,  oh,=1-

2

Taking the ratio of the principal’s expected payoff vfzi for the two cases A =1 and A = 2, we obtain

D 200142 2 e 2 o2 o1 o2 20142 ajtag
_ Q=12 Te1Te2 I ] _ % \2_a;—a a2 \2—ai—a (65} Q2 —1 X2\ 2" —a
UA=1_(1 4 )y @9 (1 )2 erea (%)= ( i )2e1mee
Vit (1 - Bt T G T (1 - ) T () T (Rt
=2 1 — 2UTLQa— Q9 ) (27N TY2 (2772 (] Q1) 2—ag—ag (QL 2704170(2( ai 042—011012)27&170(2
4 1 2 2 2 4
_ Q2)\2—qa— Q2 \2—aq— Q2 az
_(1 7)) ()T _< 2>1—%—3§< P )1—%1—%&
- ag aq - a1 1 a1 ’
_ % \2—a;—«a &1 )\2—aj—a o o
(1—G)z ooz ()7 eaa 2 2

implying that

p \I-F-% o\ om NP
v - 5 2 95 2

A=1 _ 2 2

Va=2 2 2

The following steps allows us to prove that the RHS of (A.19) is always higher than 1 for o > ao.

(i) Define f(x,y) = (ﬂ)x(i)y where 0 <y < x < % Hence, lim,_,,+ f(z,y) = 1. Taking the first

T 1—x
order derivative with respect to x, we obtain

e =210 _ (122 (L2 o (22) 10 2]
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Define g(y) = fz(y,y) = log( ) 1+ % Where y € (0, %] Taking the first order derivative,

y(l 224)2 < 0 for any y G (0, %) Therefore, g(y) is decreasing in (0, %] Hence,

g(y) > g(3) =0, for any y € (0, 3). This implies that lim, ,,+ fz(z,y) > 0.

we obtain g,(y) =

2

1
(ii) Define h(y) = f(3.y) = (1_Ty) ’ <1_%)y = V2T —y(2y)¥ where y € (0,1]. Taking the first order
derivative, we obtain ’
V2yr2u!
hy(y) = ———
vi—y
Define k(y) = 2(1 — y) (log(2y) + 1) — 1. Taking the first order derivative, we obtain k,(y) =

2log(2y) — 4 > 0 for any y € (0,3). Therefore, k(y) is increasing in (0, 2] Hence, k(y) < k(3)
This implies that hy(y) < 0Vy € (0,1). Therefore, h(y) is decreasing in (0, 3]. Hence, h(y) > h(3) =1
Yy € (0, %) This implies that lim __,- f(z,y) > 1.

2

2(1 —y) (log(2y) + 1) —1].

(iii) Let us consider the second order derivative of f(z,y) with respect to z:

= (52 (5 25 6(52) )R8+ (02) ) 2]

2
Define g(z,y) = 1 _ <log( ) - 1) E?{Jri;g (log (—y) - 1) — 1 where 0 <y <z < 1. Taking
the first order derivative with respect to y, we obtain

222 4+ 2(1 — ) (z — y) log (=) +1 — 2z + y(1 — 2) -

gy(m,y) = (1_x)2(i_y)

forany 0 <y <z < % Taking the first order derivative with respect to x, we obtain

224 4+ 523 + 22(2y% + 4y — 3) —2(2y + 1) + 1 — 2(1 — 2)z(2? — x(y + 2) + 1) log(+=2)
gx(xay) = (1 _ :E)3ZL‘2 '

Define q(z) = go(2,0) = (22 + 1 — 2zlog(1/x))/x* where z € (0, 5]. Define m(z) = zlog(+) where
z € (0,3]. Taking the second order derivative, we obtain mge(z) = —1 < 0 for any z € (0, 3].
Therefore, there must exist a unique maximal value of m(x), which is equal to 0.3679. Hence, ¢(z) >
(2241 —2x 0.3679)/22 > 0 for any z € (0, 3]. Since We have proved that g,(z,y) > 0, this implies
that g,(z,y) > g2(2,0) = g(z) > 0 for any 0 < y < z < 3. As a result, g(z,y) < g(3,%) = 0, which
further implies that f,.(z,y) < 0. So, f(x,y) is concave.

(iv) Since lim,_,,+ f(z,y) = 1, lim,_,,+ fz(z,y) > 0, lim e f(z,y) > 1, and f(x,y) is concave for any
O<y<z< 2,1tfollowsthat f(z, y)>1fora110<y<x<f Hence,

v >0l ¥V 0<ay<al <.

We next show that UA 9 > UA 1 When ¢A ; = ¢; + A, for any rent extraction A where 0 < A < & +a]
The allocation ¢; is the second-best allocation obtained in the centralized contracting scheme with public
contract, as derived in the Online Appendix B, and is equal to a; /(a1 + ag).
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Taking the ratio of the principal’s expected payoff UEZZ.(A) for the two cases A = 1 and A = 2, we obtain

@

vi(A) _ (¢4 A) T (1 — ¢* — A)Farm
vi=a(B)  (p* — A)TmEE (1 — ¢ 4 A) T
ag

B <a1 + Aoy + 042)) o <a2 — Aag + a2)> 2=aj—ag
- \ar — Aoy + az) as + Aag + o) ’

implying that

<M>“la2 _ <a1 + Alay + 042))0“ <a2 — Aoy + a2)>a2.

UEZQ(A) a1 — Ao + az) as + Ao + ag)
Let us define f(z,y,2) = (£ (=200} yhere 0 < y < 2 < 1 and 0 < 2 < —L. Taking th
et us define f(z,y,2) = ( 7255 yTirsy) ) Where y<zx an z aking the
first order partial derivative with respect to z, we obtrain
2 4 (z+2(z+y)\T (y—z(z+y) \Y
of (x,,2) 2:2(a — y)(@ + ) (FE) " (i)
=— <0
0z (x+z(a:+y))(x—z(x+y)) y+z2(z+y)(y—z2(z+vy))
forany 0 <y <z <1and 0 <z < _*-. Therefore, f(z,y, 2) is decreasing in z € [0, I+y) and f(x,y,2) <
f(z,y,0) =1Vz e (0 ,x+y) As aresult
vE_o(A) > v (A)
forany 0 < ag < a3 <land 0 < A < ao/(a1 + ag). O
Proof of Proposition 3. Without loss of generality, we assume that
O0<a; <o <1
Taking the ratio of the principal’s expected payoff in the two contracting schemes,
a o +a
f_ ( bC)(¢C)2 alfa ( ¢C)2 azfa (bC)Q a;—aj
’UD - o ajta;
(1= B2)($2) T4 (1 = 62) 7o (42) T
7] )
1 -5 -5
e F13-3% $+3-%%)

implies that

c\1-F—F 1 7} % 1 5
<UD> - <1 Qg aj) (Oéi ajz (27 aj) (ai Qj 20@- Oéj) : (A'2O)
v —23/\3 T3 37 T3 27
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x y
Define f(x,y) = (1_1%,) <m+;—xy> (zj;fmy> where 0 <y < x < % Taking the first order derivative with

T r 1—x Y
T+y—zy T+y—zy

(1—x)(x+y—xy)(l -y

respect to x, we obtain

f:}c(x7y) = -

2 [y(22(1-29)—y(1-22) )+ (1—2) (1—2y) (x-+y—ay) log (222 )]

1—x
(o) G aw)”

Too) ety—29) (org)? > 0,since 0 <y <ax< % Define g(z,y) =y (wz(l —2y) —y(l — 23;)) +
(1—2)(1 —2y)(z+y —zy)log (L) where 0 < y < = < 3. The domain 0 < y < z < 1 implies that

where the ratio

g(z,y) >y (z%(1 - 2y) — 2(1 - 2y)) + (1 — 2)(1 — 2y)(z + y — xy) log (W)

> (1—2)(1—2y) —xy+<x+y_xy>1og(w+yx—wﬂ

Define h(z,y) = —zy + (z + y — 2y) log(FL=2Y) where 0 < y < < 3. Taking the first order derivative

with respect to z, we obtain hy(z,y) = [z(1 — y)log(*L2) — (2 + 1)y]/2. Taking the second order

m >0 forany 0 <y <z < % Therefore,
hy(z,y) is increasing in = € (y, %] It follows that h,(z,y) < hz(%ﬂ) = (1 — y)log(1 + y) — 3y for any

0<y<zx< % Define k(y) = (1 — y) log(1 + y) — 3y where y € [0, %) Taking the first order derivative, we

get ky(y) = —% —log(1+y) < 0 for any y € [0, %) Therefore, k(y) is decreasing in y € [0, %) Hence,
k(y) < k(0) = 0 for any y € (0, %). This implies that hy(z,y) < g(y) < 0 for any 0 < y < = < 5. Therefore,
h(z,y) is decreasing in x € (y, %] As a consequence, f(x,y) > f(%,y) = %(—y+ (1+y)log(l+y)) for
any = € (y,3). Define ¢(y) = —y + (1 + y)log(1 + y) where y € [0, 3). Taking the first order derivative,
we obtain ¢,(y) = log(l +y) > 0 for any y € [0,%). Therefore, ¢(y) is increasing in [0,%). Hence,
h(z,y) = 2g9(y) > 39(0) = 0 for any y € (0,3). This implies that g(z,y) > (1 — 2)(1 — 2y)h(z,y) > 0 for
any 0 <y <z < %, which further implies that

derivative with respect to z, we obtain hy,(z,y) =

(o) s )Y
I-2)(z+y—2y)(1 -2y

fx(m7y):_ )29($7y) <0

for any 0 < y < z < 3. Therefore, f(z,y) is decreasing in z € (y, 3]. Hence, f(z,y) > f(3,9) = 525 (13 )y+%

2=y \T+y
for any z € (y,1). Define w(y) = ﬁ(ﬁly)y‘% where y € [0,z). Taking the first order derivative, we
obtain wy(y) = — [2(2 = (y— )P log(y+ 1)+ y(1 —2y)] / [(2 = 9)*(1 + y)¥*] < 0 for any y € [0,z).

Therefore, w(y) is decreasing in [0,z). Hence, w(y) < w(0) = 1 for any y € (O,%). This implies that
f(3,y) < 1 for any y € (0,%). Continuity of f(z,y) implies that lim .- f(z,y) = f(3,y) < 1 for any
2

y € (0,z). Therefore, f(z,y) < lforany 0 <y <z < % as long as x is close enough to % As a result, there
exists a unique @; € (0, 1) such that

¢ >0l for o <@

¢ <P for ;> ay.

Next, consider the implicit function f(z,y) =1 where 0 <y <z < % Take the logarithm on both sides
of the implicit function, we get that F(x,y) = log(f(x,y)) = 0, where

F(x,y) = —log(1 — zy) + wlog(z) — xlog(x +y — x2y) + ylog(l — x) — ylog(x + y — zy).

43



Taking the first order derivative of F'(x,y) with respect to x, we obtain

1

(1-2)1-2y)(zr+y—2y
1

T Ao -ay) @ty - xy)g(w’y)'

Fo(xz,y) =— ) [v(22(1-2y) ~y(1-22) ) +(1—2) (1—2y) (x-+y—ay) log( ZH1=2v )|

Since in the previous step we have shown that g(z,y) > 0 forany 0 < y < z < %, it follows that F,(x,y) <0
forany 0 <y <z < % Taking the first, the second and the third order derivatives of F'(z,y) with respect
to y, we obtain

x 1—z)(z+ 11—z
Fy(z,y) = _ = y)+10g(7),
1—xy rT+y—xy rT+y—xy
F,(2.9) z? (1—2)(x+y—zy+2?)
xT,y) = —
WU T 1 ) (z+y—ay)?

BRI e
Fyyy(x,y) = (1—ay)? (z+y—xy)?

> 0,

respectively, for any 0 < y < x < % Therefore, Fy,(x,y) is increasing in y € [0,z]. Hence, Fyy(z,y) <
Fyy(z,x) = 3x?2__6§;2;‘(1fi222§”{2 for any x € (0, 1]. Define G(z) = 32° — 62* + 422 + 2z — 2 where z € [0, 3].
Taking the first, the second and the third order derivatives of G(z) with respect to x, we obtain

Go(z) = 152" — 2423 + 8z + 2,
Goo(z) = 6023 — 7222 + 8,
Gaze(x) = 362(bx —4) < 0,

respectively, for any = € [0,3]. Therefore, G, (z) is decreasing in [0, 3], and Gau(z
for any « € (0,3]. This implies that G,(z) is increasing in [0,1], and that Gy(z) > G,(0) = 2 > 0
for any = € (0,3]. As a consequence, G(z) is increasing in [0, 3], and G(z) < G(3) = —0.28125 < 0.

Therefore, it follows that Fy,(z,y) < 0 for any 0 <y < z < %, which implies that Fy(z,y) is decreasing

~—

> Ggr(0) =8 >0

rol—=~—"

iny € [0,z]. Since {x =y = 0.3454} and {x = %,y = 0} are both solutions to F(z,y) = 0, and since
F,(0.3454,0.3454) = —0.2633 and Fy(3,0) = 0, it must be that F(z,y) < 0 for any 0 < y < = < 3. Using
the Implicit Function Theorem, % = —%gzg; <0, forany 0 <y <z < %, where F'(z,y) = 0. As a result,
ooy (o
dailoy) _
aaj O

Proof of Corollary 2. Without loss of generality, we assume that
0<ao; <oy <1
The optimal contracts in the centralized contracting scheme are given in Proposition 1 and are equal to

bC _ 2(0@ +a; — OéZ‘Oéj) ¢C _ 20, — Q05
) i

4 — (07107

2(0; + aj — i)
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The optimal contracts in the delegated contracting scheme, instead, are given in Proposition 2 and are equal
to
Q;

¢£:i = 1= ?7

P — 2c; + 2aj — o
4 )
where the principal optimally chooses to delegate to agent i (Lemma 1). Given these optimal contracts, we
compare the two contracting schemes with respect to the following equilibrium quantities:
(i) Compensation budget, b: b¢ < b since o, a; € (0,1).
(ii) Budget allocation to the Agent (i.e., agent i), ¢;: ¢ < P4_, since oy, a;j € (0,1).
(iii) The Agent’s compensation, ¢;b:

200; — Qi) (2 — Oéj)(?Oéi + 204]' — OéiOéj)

D D
_b" = .
) (Z)Afz ]

CC
el —
gbl 4—04in

Define f(z,y) = 2%y — 22y — 222 — 42 + 8 where 0 < y < x < 1. Taking the first order partial
derivative with respect to y, we get fy(z,y) = 22 =22 = (1 —2)? =1 < 0, for any 0 < = < 1.
Therefore, f(x,y) is decreasing in y € (0,z]. Hence, f(z,y) > f(z,z) = 2% — 42® — 42 + 8 for
0 <y <z <1 Define g(x) = 2° — 422 — 4z + 8 for x € [0,1]. Taking the first order derivative, we
get go(z) = 32° — 8z — 4 = 3(x — %)2 — % < 0, for any = € [0,1]. Therefore, g(x) is decreasing in

[0,1] and g(z) > ¢g(1) =1 for any = € (0,1). g(x) > 0 implies that f(x,y) >0 for any 0 <y <z < 1.
2?;2'—011'04]' < 2—aj)(2a¢—8|—2aj—aiaj)
—o0

Rearranging f(a;, o) > 0, we obtain that . Hence,

b < g

(iv) The Subagent’s compensation, ¢;b:

20 + 2aj — OtiOéj)
3 .

G5b7 = (1— i )b = SR = (1 - R =
Define f(z,y) = 22y? — 222y — 2xy® — 4ay + 162 + 8y — 16 where 0 < y < & < 1. Taking the first order
partial derivative with respect to y, we obtain fy(z,y) = 222y — 222 — 4oy — 4x + 8. Taking the second
order partial derivative with respect to y, we obtain fy,(z,y) = 222 — 4z = 2(z — 1) — 2 < 0 for
any 0 < < 1. Therefore, fy(x,y) is decreasing in y € [0,z and fy(x,y) > fy(z,z) where y € [0, ).
Define g(z) = fy(z,r) = 22% — 622 — 42 + 8 where 0 < x < 1. Taking the first order derivate, we
obtain g,(r) = 622 — 122 — 4 = 6(x — 1) — 10 < 0 for any x € [0, 1]. Therefore, g(z) is decreasing in
x € [0,1]. Hence, g(x) > g(1) = 0 where 0 < x < 1. This implies that fy,(z,y) > 0 for any y € [0, z).
Therefore, f(x,y) is increasing in y € [0,z). Hence, f(z,0) < f(z,y) < f(x,z) for any y € (0,z),
where f(x,0) = 16(x — 1) < 0 for any = € (0,1). Define h(z) = f(x,z) = 2* — 423 — 42? + 242 — 16
where x € [0,1]. Taking the first order derivative, we obtain h,(z) = 423 — 1222 — 8z + 24. Taking
the second order derivative, we obtain h,,(r) = 122% — 24x — 8 = 12(x — 1)2 — 20 < 0 Vz € [0,1].
Therefore, h,(z) is decreasing in x € [0,1], and h,(x) > h;(1) = 8 > 0. Hence, h(x) is increasing in

€ [0,1]. Since, f(1,1) = h(1) =1 > 0, combined with f(z,0) < 0 for any x € (0, 1], it follows that
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f(x,y) >0 for any 0 < y < x < 1 as long as x is close enough to 1. As a result, there exists a unique
a§(a ) € (0,1) such that

{ (1—60)¢ = (i - ziD)bD for oy < af(ay)

(1 — ¢ < ( PVl for  a; > af(a;).

Next, consider the implicit function f(z,y) = 0 where 0 < y < & < 1. From the above derivation,
fy(z,y) > 0 for any 0 < y < x < 1. Taking the first order partial derivative with respect to =, we
obtain f,(z,y) = 22y? — 42y — 2y? — 4y + 16. Taking the second order partial derivative with respect
to z, we get fou(m,y) =2y? —4dy =2(y —1)> —2 < 0 for any 0 < y < 1. Hence, f.(x,y) is decreasing
inz € (y,1), and fp(z,y) > f.(1,y) = =8y + 16 > 0 for any 0 < y < 1. Therefore, f,(z,y) > 0 for

any 0 < y < x < 1. Using the Implicit Function Theorem, % = —% <0, forany 0 <y <x<1.
As a result,
oaieg) _
8aj
The Agent’s effort level, e;:
c c Y o % o 1

ei (¢ )2(2—041'—&]-) (1 _ ¢> )Q(Z_Qi_o‘j) (b )Q—Qi—a]-

7D - 270¢j o 1 9

€

((ﬁD)m(l _ ¢D)2(270¢2'70¢j) (bD)2—araj

implying that

N ‘QQ
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Define f(x,y) = 2'7Y(1 — 2)Y/[(1 — zy)(x + y — 2y)] where 0 < y < x <

7
. Taking the first order
partial derivative with respect to x, we obtain

N[

(L-yy(—2’ +2’(y+ D —2(y+2)+1)

fo(z,y) = (1 —x)=vay(1 — zy)?(x +y — zy)?

Define g(z,y) = —2% + 2%(y + 1) — 2(y + 2) + 1 where 0 < y < = < 1. Taking the first order partlal
derivative with respect to x, we obtain gy (2, y) = —3z*+2z(y+1)—y—2 = —3(z—3)?—(1— 2:1:) y—2<0
forany0<y<az<4i Therefore g(z,y) is decreasing in z € [y, 3] and g(z,y) > g(3,y) = (1 2y) >
0f0rany0<y§x< 5. Hence,

(1-y)y
(1 —2)vay(1 — 2y)?(x +y — 2y)?

fa(z,y) = g(x,y) >0

for any 0 < y < x < % It follows that f(x,y) is increasing in = € [y,%) and f(z,y) < f(%ay) =

2 2 1
= < 5
s < " ‘y:O 1 forany 0 <y <x < 5. As a result,

el <eb.
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(vi) The Subagent’s effort level, e;:

a; 2—ay 1
C C\2(2—a;—a;) C\2(2—a;—a;) (BC\2—a;—a;
€ _ (@) (1= )i (b7 2
% _ _ — —, (A.22)
J

(QSD)W( ¢)D)2(2 a,—a]) (bD)2 aj—oj

implying that

e 2maima; (%) 73
- = 2 A23
<6?> -5%) (% +% -9%) 2)

Define f(z,y) = 2%(1 — 2)7%/[(1 — 2y)(z + y — zy)] where 0 < y < < i. Taking the first order
partial derivative with respect to x, we obtain

2%(1 — )" Y 1—y x
z,Y) = — +lo .
Fel2) (1—$y)(w+y—wy)<1—ﬂ:y cty—ay Cl-a
Define g(z,y) = ﬁ m +log % where 0 <y <z < % Taking the first order partial derivative

with respect to x, we obtain g,(z,y) = z(l—x) + (lixy)g + (x(j;’iy)Q >0forany 0 <y <z < 3
4(1—2y)

2
Therefore, g(z,y) is increasing in = € [y, %], and g(z,y) < g(%,y) = G-Ip-v < 0 for any y € (0, %)
2 4

Hence,

2%(1 —z)t-*
1—zy)(z+y—zy
forany 0 <y <z < % It follows that f(z,y) is decreasing in x € [y, %], and f(x,y) > f(%,y) for any
O<y<a< %, since f(%,y) = Wilﬂ/) <lforany0<y<uz< % Continuity of f(z,y) implies
that limm_%f f(z,y) = f(3,y) <1 for any y € (0,z]. Therefore, f(z,y) <1lforany0 <y <z <1 as

falz,y) = [( )] g(z,y) <0

long as z is close enough to % As a result, there exists a unique a§(a;) € (0, 1) such that

J
C D . ~C( oy -
e; <ey for a; >af(aqj).

{ eJC >el for o < as (o)
Next, consider an implicit function f(z,y) = 1 where 0 < y < x < % From the above derivation,
fe(z,y) < Oforany 0 <y <z < % Taking the first order partial derivative with respect to y, we
obtain
xm(l _ x)l—:p

(1 —zy)?(z +y —xy)?
Define h(z,y) = 22(2y — 1) — 2(2y + 1) + 1 where 0 < y < 2 < 3. Taking the first order partial
derivative with respect to x, we obtain h,(z,y) = 2x(2y — 1) — 2y — 1. Taking the second order
derivative with respect to z, we obtain h,,(x,y) =22y —1) <O forany 0 <y <z < 2 Therefore,
h(;17y)lsdecreasmglnxe[y,Q) andh( y) < hz(y, ) (1-2y)2—2<0forany 0 <y <z <
Hence, h(z,y) is decreasing in = € [y, 3] and h(z,y) > h(3,y) = (1 —2y) > 0forany 0 <y <z <
It follows that,

fy(w,y) = — [x2(2y—1)—3:(2y+1)+1] )

w\»—tww

(1 — )=

T ) = = oty — ap?

h(z,y) <0
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(vii)

forany 0 <y <z < % Using the Implicit Function Theorem, % = —b@v) g for any V0 < y <

fw(myy)
x < 1. As a result,

oai(ey) _ o
aOéj
The probability of success,
c Cy7=ay Oyl (O
7O (¢O) TR (1 - ¢C) T (1) T
7'['D - [T} Ocj az+o¢] )

implying that

P

Q5
2 2
e AACES S S IR

Define f(z,y) = 2%(1 —z)¥/[(1 — 2y)*"¥(z 4+ y — 2y)* Y] where 0 < y < z < $. Taking the first order
partial derivative with respect to x, we obtain

folz,y) = v (1 —x)? v y(ty)  (A=y)(ety) 3 1
e (1 —zy)*V(z 4y — zy)*ty Tt ey T atyay T8 Uty an) 1) -

17
Define g(z,y) = -7 + yl(f:‘z) — mfz(_x;;y) +1og iy —ayy T 1 Where 0 <y <z < 1, and define
1

h(z,y) =1 -2 —x(x +y — xy) where 0 < y < 2 < 5. Taking the first order partial derivative with
respect to x, we obtain hy(z,y) = —1—y—22(l —y) <Oforany 0 < y <z < % Therefore, h(z,y)
is decreasing in x € [y, 3], and h(z,y) > h(i,y) = 2(1 —y) > 0 for any 0 < y < 2 < . The fact

that h(z,y) =1 — 2 — z(z +y — zy) > 0 implies that (l—wy)(i—ﬂ;—ry) < 1, which further implies that

10gm<0forany0<y§$§%. Hence,

g(IL‘, y) -_ Y " y(l’ + y) B (1 — y)(.’IJ + y) 1= y(zsy—x3+z2y2—2z2y+m2—2xy2+2xy—m+y2)

l—z  1-uwmy T4y -y (I-2)(1 —ay)(@+y—ay)
Define k(z,y) = 23y — 23+ 22y? — 202y + 22 —229% + 22y —x+ 9% where 0 < y < z < % Taking the first
order partial derivative with respect to x, we obtain k,(x,y) = —%(1 —y)(Bx+y—1)%— %(y3 +3y% +
2—3y) < 0 where 0 < y < 2 < . Therefore, k(z,y) is decreasing in z € [y, 5], and k(z,y) < k(y,y) =
—(1-2)%y(1—-2y) <0forany 0 < y <z < % Hence, g(z,y) < 0 k(z,y) < 0 for any

O<y<zx< % It follows that

y
1-z)(1-zy)(z+y—zy)

¥ (1 —x)Y
N (e e e ] K

for any 0 < y < < 3. Thus, f(z,y) is decreasing in = € [y, 3], and f(z,y) > f(3,y) for any

1
0<y<z< %, since f(%,y) =1/ (% — %(1 —2y)2)yJr2 <lforany 0 <y <zx< % Continuity of
f(x,y) implies that lim .- f(z,y) = f(%,y) < 1 for any y € (0,x]. Therefore, f(z,y) < 1 for any
2
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(viii)

O<y<z< % as long as z is close enough to % As a result, there exists a unique a7 (¢;) € (0,1)
such that

¢ >0 for o; < a7l (o)
¢ <7l for a; > al(ay).

Next, consider the implicit function f(z,y) = 1 where 0 < y < z < % When y = x, the solution to
f(z,y) = 1is {x = y = 0.2892}. When, instead, y is close to zero, say y = § = 1075, the solution
to f(xz,y) = 11is {x = & = 0.3856,y = y}. Since, given the above derivation, f,(x,y) < 0 for any
O<y<zx< %, we consider 0 < z < Z. Taking the first order partial derivative of f(x,y) with respect
to y, we obtain

(1-a)a+y)  lz+y) -2

JY) = — +1 .
J(@y) T4y —zy T—ay B -ay)(e+y—ay)

Taking the second order partial derivative with respect to y, we obtain

x (1—x)x? l—=z n z(1+ 2?)

fyy(%l/):1_xy_(x+y_xy)2_x+y_xy (1—zy)?’

Taking the third order partial derivative with respect to y, we obtain

222 (2% 4+ 1) x? 2(1 — z)%z? (1—2x)2

+ + >0
1-zy)®  (A-zy)? (z+y—ay)? (z+y—zy)?

fyyy(,y) =

for any 0 < y < z < z. Therefore, fy,(x,y) is increasing in y € [0,z] and fyy(x,y) < fyy(z,x) =
2(?521%3;(613:_2:2‘?1). Define g(x) = 2° — 62% + 622 + z — 1 where 0 < x < z. Taking the first order
derivative, we obtain g,(z) = 5z* — 1822 + 122 + 1 = —(1 — z)(52% + 522 — 13z — 1). Define
h(z) = 523 + 522 — 13z — 1 where 0 < x < Z. Taking the first order derivative, we get hy(z) =
1522 + 10z — 13 = 15(z + §)? — % < 0 for any 0 < z < 2. Therefore, h(z) is decreasing in x € [0, z]
and h(z) < h(0) = -1 < 0 for any 0 < z < Z. It follows that g,(z) > 0 for any 0 < x < &, and hence
g(x) is increasing in z € (0, ], and g(z) < g(z) = —0.0578 < 0 for any 0 < z < Z. As a consequence,
fyy(x,y) < fyy(z,x) = Wg(m) < 0 for any 0 < y <o < Z. Hence, fy(x,y) is decreasing in
y € (0,2], and fy(z,y) < fy(Z,9) = —4.9187 x 1079 < 0. Since f,(z,y) <0 for any 0 < y < z < Z,
dzx fy(l’ay)

using the Implicit Function Theorem, Wy = aw < 0 for any 0 < y < x < Z. As a result, for
0< a; < o?f(aj) <2xx=0.7712,
oai(e) _
8aj

The Agent’s expected payoff, u;:

€ (1-aif2)sCtCnC

Uy
uP (1 - a;/2)¢PbPrD’

implying that

O\ 2maimay a\1=F (] _ ey T
<ub> - <042z ZVJ' Oéz'( %’2 ) Qg &5\ (A‘24)
u; 1-9F)(F+%-%%F)

49



Since the RHS in (A.24) is the same as the RHS in (A.21), it follows that

uic < UZ’D.

(ix) The Subagent’s expected payoff, u;:

¢ (1 ay/2)(1 - ¢9)bnC

u]
uP (1 —a;/2)(1 = ¢P)pPxD’

implying that

D
uj

(A.25)

(“5;)2_%_% RGO RNCES

Since the RHS in (A.25) is the same as the RHS in (A.23), it follows that

{ u]g > u]g for «; <af(wy)
uy <wuy for a; > af(qj).

We finally prove that

—_

< @?(Oéj) < @i(aj) < @f(aj) < @?(Ozj) < 1.

[\

We proceed in five steps, by showing sequentially that, for any o € (0,1): (1) 3 < a7 (a;); (2) aF(a;) <
ai(ag); (3) ailey) < ajay); (4) af(ay) < aj(ay); and (5) af(a;) < 1.

(1) Since in part (vii) of this proof we show that & (;) is decreasing in «;, the lowest value of & (o) is
aT(a;) = 0.5784 > 3.

(2) Since (1—b%) > (1—-b") for any o; and a; € (0,1), and since 7¢ < 7 for any a; > ax(a;), it follows
that v¢ = (1 — b9)7¢ < vP = (1 — bP)7P for any a; > @i(a;) > af(a;) and o < .

(3) In part (ix) of this proof we show that the unique threshold of a; above which ujc < uf is the same

threshold above which ejc < ejD. Since u; = (1 — a;/2)(1 — ¢)br and v = (1 — b)7, we express v as a
function of w;:

(1 —b)uy
(1-%) -0

Assume by contradiction that a; > &f, and consider &f < «; < &;, implying that ujc < uf and
v¢ > vP. Since

v =

)
U=

C [T S R T} C
U_<2+2 22)“]
j

_ Q4
1 2

20



(5)

ujC < ujD and v¢ > vP imply that

o (A.26)

,UC 1_%_ zj 1 Qi D422

PR < — 2 po” ,
D (73 [e 7 )

v 1— 5 71 1 5

Define f(z) = ﬁ(ﬁ)’” where z € [0, 5]. Taking the first order derivative, we obtain
1

fao(z) = ((21(;;@)1)(;262)2 (2 —4x+ (2(z —1)x+1)log l ﬁ x) .

Define g(z) = 2 — 4z + (2(z — 1)z + 1) log £ where z € (0, 3]. Taking the first order derivative,
we obtain g;(x) = ﬁ —2(1 — 2x)log %= — 6. Taking the second order derivative, we obtain

Guz(x) = 7%316327?9”;*1 +4log t& < 0 for any x € (0, 3). Therefore, g,(z) is decreasing in x € (0, 3).

Since lim,_,g+ gz () > 0 and g$(§) = —2 < 0, using the Mean Value Theorem, it follows that there
exist a unique 2* € (0, §) such that g,(2) > 0 for any z € (0,2*] and g,(z) < 0 for any = € (z*, 1)
where 2* = 0.2694. Hence, g(z) is increasing in = € (0,2*] and decreasing in = € (2*,1). Smce
lim 2 — 0Tg(z) < 0, g(z*) = 0.3175 > 0, and g(3) = 0, using again the Mean Value Theorem, it

follows that there exist a unique 2** € (0, 2*) such that g(z) < 0 for any = € (0,2**] and g(z) > 0 for

€T
any = € (2**,3), where z** = 0.1284. Since f,(z) = g(z)(1 — z) (1 /12(x — 1)z + 1]?, it follows

that f,(z) < 0 for any 2 € (0,2**] and f,(z) > 0 for any z € (z**, ). Therefore, f(z) is decreasing
in z € (0,2**] and increasing in z € ( ¥ 2). Since f(0) = 1, f( ) =0.8781 < 1, and f(3) = 1, it
follows that f(z) < 1 for any z € (0,%). This implies that v© < v”, which is a contradiction. As a
result, we can conclude that a;(o;) < af(ay).

)

xT

Given the ratio ejc / ejD in (A.22), it follows that

2(270%704‘7) 2-ay

(1 _ ¢C’)b0 B ﬁ o ngbD T (A 27)

(L—¢PpP ~ &P o) |
Since in part (iii) of this proof we show that ¢“bv¢ < ¢PbP, it follows that the second term on the
RHS of (A.27) id always larger than 1. Therefore, there must exists a value of a; > @f(c;) but close
enough to af(«a;) such that ej > eC but (1 — ¢P)oP < (1 — ¢C)bc When, instead, o; > &§(cy),

implying that (1 — ¢?)b? > (1 qbo)bc, it must be that e]D ¢ implying that a; > a¢ S(aj). As a
result, we can conclude that af (o) < af(a;).

Part (vi) of this proof implies that af(c;) < 1.
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Proof of Proposition 4. Without loss of generality, we assume that
0<a; <o <1

The optimal contracts in the delegated contracting scheme and the optimal contracts in the centralized
contracting scheme when agent j’s contract is public (i.e., when agent i observes agent j’s contract but not
vice versa) are given in Proposition 2 and in Proposition C.1 (Online Appendix C), respectively, and are
equal to

20, + 204]' — o
4 )

/ 20&1' — Q05

b=t = dha=1-2  d¢i=

Y
2a,~ + 204]‘ — 0y

Taking the ratio of the principal’s expected payoff in the two contracting schemes, we obtain

oy +o¢
,U/ ( b/)(¢/)2 az—oz ( (;5/)2 al—a (b/)Q =
,UiD = ozj o +a Y
(1= DY (B2 7o (1 62, 7o (bP) o
&y @
2 T

implying that

Define f(z,y) = (z+yw—:(:y)$(x+y1—:cy)y where 0 <y <z < % Taking the first order partial derivative with
respect to x, we obtain

z y

e = (=) (ryma) s (s ()
z,y)=|—-—-— x —ay)log | ——— ) | .
=Y T +y—xy r+y—zy) vH+y—ay y y—ry)ios T +y—axy

Define g(z,y) = y* + (z + y — zy) log(z/(z + y — zy)) where 0 < y < x < . Taking the first order partial
derivative with respect to x, we obtain g,(x,y) = (1 — y)log(z/(x +y — xy)) + £. Taking the second order
partial derivative with respect to x, we obtain g..(z,y) = —y*/[2%(x +y — zy)] < 0 for any 0 < y <
z < 3. Therefore, g,(z,y) is decreasing in z € [y, 3], and g (z,y) > g2(3,vy) = 2y + (1 — y) log(1 +y)~ .
Define k(y) = y + (1 — y)log(l + y)~! where y € (0,1]. Taking the first order derivative, we obtain
ky(y) = % —log(1 4+ y)~! > 0 for any y € (0, 3], and k(y) > lim, .o+ k(y) = 0 for any y € (0,1].
Hence, g;(z,y) > k(y) > 0 for any 0 < y < z < ; Therefore, g(x,y) is increasing in z € [y, %], and
9(x,y) < g(5.y) = 9>+ 5(1 +y)log(1 4+ y)~! for any y € (0,3]. Define w(y) = y* + 35(1 +y)log(1 +y)~"
where 0 < y < 3. Taking the first order derivative we obtain wy (y) = 3(4y—log(y+1)—1). Taking the second
order derivative, we get wy, (y) = 2— ) > 0 for any y € (0, 1]. Therefore, w,(y) is increasing in y € (0, 3].

(1+y
Since lim, o+ wy(y) = —0.5 < 0 and wy(3) = 0.2973 > 0, there exists a unique y* = 0.3193 € (0, 3] such
that wy(y) < 0 whenever y € (0,y*] and wy(y) > 0 whenever y € (y*,3). Hence, w(y) is decreasing in
y € (0,y*] and increasing in y € (y*,1]. Since lim, o+ w(y) = 0 and w(%) = —0.0541 < 0, it follows that
w(y) < 0 for any y € (0, %] Hence, g(z,y) < w(y) < 0 for any y € (0, %] As a consequenc, f(z,y) < 0 for
any 0 <y <z < %
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1+y
0<y< % Take the first order derivative, we obtain

S 1\ 1 2
hy(y) =2V | —— —y—§+(y+1)10gy+1 -

+3 1
Since f(z,y) > f(%,y) = 2 (L)y “forany 0 < y < z < %, define h(y) = 2y(i)y+2 where

y+1

Define m(y) = —y — % +(y+1) logy% where 0 < y < % Taking the first order derivative, we obtain

my(y) = logﬁ —2 < 0 for any y € [0,3]. Therefore, m(y) is decreasing in y € [0, 3]. Since m(0) =

0.1931 > 0 and m(3) = —0.5685 < 0, there exists a unique y** = 0.1406 € (0, 3] such that m(y) > 0 for

y € [0,y™] and m(y) < O for y € (y**,3]. This implies that hy(y) > 0 for y € [0,4**] and hy(y) < 0

for y € (y**, %] Hence, h(y) is increasing in y € [0,y**] and decreasing in y € (y**, %] Since h(0) = 1,

h(y**) = 1.0133 > 1, and h(3) = 0.9429 < 1, it follows that there exists a unique y*** = 0.2891 € (y**, 1]

such that h(y) > 1 for y € [y*,y**] and h(y) < 1 for y € (y**, %} This implies that f(x,y) > 1 for

0 <y < y”™. So, for any y € (0,y**] there does not exist a value of = € [y, %) such that f(z,y) < 1.
*xk 1

However, f(%,y) < 1 for any y € (y**, 3). Since fz(z,y) <0 forany 0 <y <z < %, continuity of f(z,y)
implies that lim .- f(z,y) = f(%,y) < 1 for any y € (y***, z|. Therefore,
2

< 1

for any ™ <y <z < % as long as x is close enough to % As a result, given a; = 2 x y*** = 0.5638, there
exists a unique &;(cy;) € (@,1) such that

o' <oP for ;> aj Ao > a(ay)
v > P otherwise.

Next, consider the implicit function f(z,y) = 1 where y** <y <z < % Taking the first order partial
derivative with respect to y, we obtain

(- D)@+ )+ oty — o) log ()

z,y) =

fy(z,y) T+y—ay

Define n(z,y) = —(1 — z)(x + y) + (v + y — xy) log z+y17xy where y*** < y < 2z < 1. Taking the first
order partial derivative with respect to y, we obtain ny(z,y) = —(1 — 2)(2 — log(x + y — zy)~!). Since

= 0.4843, and log(z +y —xy)~* < 0.7251.

*kk

P <y<zx< %, it follows that z +y —xy > x+y—xy’x:y:y***
This implies that n,(z,y) < 0 for any y € [0.2819,z]. Therefore, n(z,y) is decreasing in y € [y, z]
and n(z,y) < n(z,y™) = —(1 — 2)(x + y**) + (x + (1 — 2)y™**) log(z + (1 — 2)y**)~ L. Define q(z) =
—(1=2)(z+y™*)+(z+(1—z)y*™*) log(z+(1—2)y***) ! where y*** < x < 1. Taking the first order derivative,
we obtain ¢;(z) = —2((1 —y**) —2) + (1 — y**) log(z + (1 — 2)y**)~!. Taking the second order derivative,
we obtain gu(z) = 2 — (1 — y**)?/(z + (1 — )y**) = 2 — 0.7181/(z + 0.3926) > 0 for any z € [y**, 3].
Therefore, g,(z) is increasing in z € [y**, 3] and ¢,(2) < ¢z(3) = —0.1168 < 0 for any = € [y**,3]. It
follows that g(z) is decreasing in « € [y*™*, 3] and that ¢(z) < g(y**) = —0.0537 < 0. This implies that

n(z,y) < 0 for any y*** <y < x < 3, which further implies that f,(z,y) = n(z,y)/(z +y — zy) < 0 for
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any y** <y <z < % Since fr(z,y) < 0forany 0 <y <z < %, using the Implicit Function Theorem,

de _ _ fy(my) S A
d—j = _fZ(z,y) < 0 for any y™* <y < x < 1. As a result, for any o; > @,

dailag)
804j

We next compare the threshold a; (o) with the threshold &;(c;), for any a; € (&5, 1). To this purpose, we

first compare the principal’s expected payoff in the centralized contracting scheme with one public contract

with that in the centralized contracting scheme with two private contracts. Taking the ratio of v/ and v,
we obtain

oy aj o +a

v’ (1 —b/)aiQ—ai—aja 2= al—a (¢/)2 az—a ( ¢/)2 %J_a (b/)z a;—a;
Uic - o7} “j oy J ajta;
(1= 69)as 700 o, o0 (40T (1= 6€) T (1) T
o O 1;TJQ a; O a_TJ o
s A O s i A e
1 1-% )
implying that
o %5

Define F(z,y) = (1—zy)/(1—z)? where 0 < y < z < 3. Taking the first order partial derivative with respect
to x, we obtain F,(z,y) = zy(1 —y)/(1 — )Yt > 0 for any = € [y, 3). Therefore, F(z,y) is increasing in
z €[y, 3)and F(z,y) > F(y,y) = (1+y)(1—y)' ¥ forany x € [y, ). Define G(y) = F(y,y) where 0 < y < 1.
Taking the first order derivative with respect to y, we obtain G, (y) = —(1 — )™ (y + (1 + y) log(1 — y)).
Define H(y) = y + (1+y)log(1— ) where 0 < y < 5. Taking the first order derivative, we obtain H,(y) =

log(1—y) — =L 5 <0 for any y € [0,2). Therefore, H(y) is decreasing in y € [0, ) and H(y) < H(0) = 0 for

any y € (0, %) Hence Gy(y) > 0 for any y € (0,1), implying that G(y) is increasing in y € [0, ), and that
G(y) > G(0) = 1 for any y € (0, 3). It follows that F(z,y) > F(y,y) > G(0) =1 forany 0 <y <z < 3. As

a result,

v > vc.

Consequently, the lowest value of «; that makes v” > v/ need to be larger than the lowest value that makes
vP > 0O that is @i(ay) > @i(ay), for any o > a;.

Optimal allocation of the public contract. Suppose the principal could choose to sign a public contract with
only one agent. Who would the principal optimally pick, knowing that the public contract will be observed
by the other agent? Without loss of generality, we assume

O<as <oy <1.

o4



We denote with v/, ._, the principal’s expected payoff in the centralized contracting scheme when agent
1 observes agent 2’s (public) contract but not vice versa. Similarly, we denote with v/, _, the principal’s
expected payoff when it is agent 2 observing agent 1’s (public) contract. Given the optimal contracts in
Proposition C.1 (Online Appendix C),

implying that

«@ «@ « a72

<> (1—%2)21 A
Zobs=1 — -
’Ugbs:2 1 11— %

L a\ ay

- <1 5 > 2 < 1a1> p) _
1 1—ar
Therefore, we conclude that v/, _, > v/, _, when o > ao. O
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Online Appendix for
“Private Compensation and Organizational Design”

by Andrea M. Buffa, Qing Liu and Lucy White

In this online appendix, we derive the optimal contracts in a centralized contracting scheme when both
contracts (Section B) or only one of the two contracts (Section ) are public. As for the case with private
contracts, we look for an equilibrium with strictly positive effort choices. Table I summarizes the optimal
contracts for the different contracting schemes considered and discussed in this paper.

B Centralized Contracting with Two Public Contracts

We consider a centralized contracting scheme where contracts are public. We refer to the optimal contracts
in this scheme as second-best, and we denote the corresponding compensation budget and allocation by

(0%, ¢).

Proposition B.1. When contracts are public, the optimal compensation budget and allocation with central-
1zed contracting are respectively equal to

b — M, (B.1)
2
* o
S = . B.2
o= B2

Proof. Agent i’s and agent j’s maximization problems in stage two are

2

ei(b, @) = argmax gb ei%e;(b,0)" — 5,
ej(b, ) = argmax (1 — ¢)b e;(b,d)e;% — 3.

€j

The first order conditions are

qbb aieio‘i_lej(b, qb)aj —e; = 0,
(1 — ¢)b 62'(1), (Z))aiajejaj_l —e; = 0,

and the second order conditions are

@b ai(e; — 1)e;*?e;(b, )™ — 1 <0,
(1 — ¢)b ei(b, qﬁ)aiaj(aj — 1)€jaj72 —1<0,

since o and o € (0,1). The first order conditions imply that

{¢b aiei(ba ¢)ai71€j (bv ¢)aj = ei(bv ¢)7
(1— )b ei(b, ¢)* ajej(b, d)* " = e;(b, ¢).



Solving the above system of equation in (e;, e;), we obtain

2—a, ag 2—a o 1

ei(b, ) = a;*C im0 o 2B i) GRETAT) (1 — @) 2B eime) pEmeimay
ol 2oy g 2—q; 1

ej(b, ¢) =q 2(270414704]') J 2(2— alioej)(b?(Z azfocj) (1 _ (b) 2(2— a;—oaj b2 aj—ay

In order to induce a strictly positive probability of success of the risky project, both agents need to exert
effort in equilibrium, which requires b > 0 and ¢ € (0,1).

The principal’s maximization problem in stage one becomes

(b*’ d)*) = argimax (1 - b) ei(bv qb)aiej(b’ ¢)aj7

b, ¢
o o o ] @ity
— arg max (1 _ b) 2 a;—aj 01]2 a;—aj ¢)2 = (1 _ (b) 2—ai—a]~ b2—ai—aj .
b, ¢

The first order conditions are

2—a;—ay

a; o oy Qg a; +a a; +a 1
Oéi27ai7aj Oé] 27ai7aj ¢27a7;70¢j (1 _ ¢) 270%-704]- ( bQ aj—oy (1 _ b) Oéz+0¢] b2 a;—aj ) — 07

7

g ] ajtoy @4 -1 ] ] —1
(1 _ b) oy 2-aj—aj aj 2-aj—aj bzfai*aj (20‘[1;CMJ¢2 ] (1 _ ¢)2 a;—aj ¢2 az—a m(l _ (b) 2—a;—aj ) —-0.

b =1 is not a solution to the first equation as ¢ € (0,1). Therefore, b, ¢, c;, and «; are all bounded in
(0,1). The first order conditions can be reduced to

_citey oitay
SV (L
smaa 1 i - sl ——1
20[0izaj¢2al o (17¢))2a2a ¢2ala2a a(17¢)2a2 ag :0

7

Solving the above system of equation in (b, ¢), we obtain

2 ’ a; + o
The second order conditions are
. s [ a;t+as
a,zfaogiaj i aljfcvj ¢2 aalia (1 o ¢) 27%]7%? i+ bzflrij —2 —2h+ (1 o b) oitoy 1 <0
? J 2—a;—ay 2—a;—ay ’
oy o ity oy @

(1 _ b) ; 270%7043- Oé] 270%7043- b270¢i70¢j ¢27o¢i70¢j (1 _ qﬁ)m
X <2—0(Z'—0<j (2_0?2_&]- - 1) (1 - (b) - 2 al—a] ¢2 ozz—a ( ¢) + (b 2—ai]—aj <2—Oé7;J—oz]- - 1)) < O’

since —2b + (1 =) (53252 — 1) = —1 for b= b*, 5= (=2 — 1)(1 — ¢)? — 2520 byt (1 -

2—a;—ay ? 2—ai—aj \2—ay—ay

O)+ PPt (et = 1) = — iy < 0 for ¢ = ¢*, and o and «a; € (0,1). Hence, b* and ¢*

2—041-—04]- 2—0&1'—04]‘ (ai+aj)(2—o¢i—aj)
maximize the principal’s objective function.




Since b*, ¢*, a;, and a; are all bounded in (0,1), e; and e} € (0,1). The equilibrium probability of
success of the risky project is equal to

L% o o o) ity

7_(_* =q 2—(12-—04]- Oé] 2—ai—a]~ (d)*) 2—ai—aj (1 _ ¢*) 2—ai—aj (b*) 2—041'—(1]-7

which is also € (0,1). As a consequence, the expected payoff for the principal, v* = (1 — b*)x*, is strictly
positive. The same holds for the expected payoff of the two agents,

ul = (1 — %) b T > 0,

uj = (1-F) 1 =9)bn > 0.

C Centralized Contracting with One Public Contract

We consider a centralized contracting scheme where only one contract is public. In particular, we assume
that the contract offered to agent ¢ is private, while the contract offered to agent j is public. Therefore,
agent i can observe agent j’s contract but not vice versa. We denote the compensation budget and allocation
characterizing the optimal contracts in this scheme by (¥, ¢').

Proposition C.1. When only the contract of agent j is public, the optimal compensation budget and allo-
cation with centralized contracting are respectively equal to

_ 20 + 204]' — Q0

/
b i , (C.1)
(;5; 20&1‘ — Oél'Olj (C2)

- 200 + 204]' — Q0 '

Proof. Since the contract observability in this scheme is the same as that characterizing the delegated
contracting scheme (one agent observes the contract of the other agent, but not vice versa), agent j’s and
agent ¢’s optimal effort levels are equal to the effort level of the Subagent in (A.10) and of the Agent in
(A.12), respectively:

X

EET 1

ej (1= )b, &) = a7 ¢, " (1 — $)b) ™, (C.3)
L e Gmantmay TGy [ T P Re=rny e

ei(b, ¢, 6;) = a2~y BT e, P2 (1 — ) Brod)Bmey) pErai)Zmas) (C.4)

In order to induce positive effort from each agent, we consider (and later verify that) b > 0 and ¢ € (0, 1).



The principal’s maximization problem is

(b,7 d),) = argmax (1 - b) 6i(b7 ¢a él)aze]((l - (b)b? éi)aj’

b7¢
2a # QO‘j 2ai+2a —ajaj
Ny A « « N "o — =
— arng;aX (1 _ b) o 2 ala 2— az>(2 ) g, i ¢2 a; (1 _ ¢) (2=a)(2—aj) |, @ 1)(2 D
The first order conditions are
o 204 L o; 2a;
airaiaj (2=a;)(2=a3) éi (2-0y)(2-ay) ¢ﬁ (1 _ (b) (2—a;)(2—ay)

2ai+2aj7aio<j 20,42 20 +2OLJ a;ag 1
_p @—a)(2—ay) _ QT 20— QA5 1 (2—ay) (2—ay) —
b i 4+ (1—-0) @—an)(@=a,) b J ) =0,

2a 2(1740‘] 204205 Ty

(1 I R -5 5 __ vt 777 "t]
(1= b) o7 oy o2 aw,@ ) (2=05) P =0 (2=a;)

- 204] o 20¢j
S h (2=a)(2=aj) —a; 20 a1
X<2azai¢2_ai (1= @)t — 3 (1= @) 72707 >:0.

b =1 is not a solution to the first equation as ¢ € (0,1). Therefore, b, ¢, oy, and «; are all bounded in
(0,1). The first order conditions can be reduced to

20 +2a —oay 201,42 204205 Ty 1
a a QT a0 — QY @ a
_p G- Z)(z D) + (1 _ b) o )E2 = )Jb (2— 2)(2 ) — O,
2

aj 200

L e — GmanE=a)) —i 20 G=apt=ay !
Qg;iqbz—ai (1_¢)(2 i)(2—aj) _¢2 Z(Q—ai)oEJQ—aj)(l_gb)(Q i)(2—aj) =0.

Solving the above system of equation in (b, ¢), we obtain

W — 20 + 205 — oy o — 20 — o0
4 ’ 20 + 205 — iy
The second order conditions are
2a; ( 20()1(043 5 2a 9 9 200 +2Q] ajoj L
T, Ta ey g Pe0Cm0)) waZin | Eraptay) 20620, -0i0y o ataag)
@y Oé ! J i qb ( ¢) ¢ (2 az)(Q a]) b z
20¢i+204j—aiozj
(—2b+ (1—b) (m _ 1)) <o,
2a 2&7«%‘] 20 +2aJ oy 2a; 9
(1_b)a2azamA(2 a;)(2—aj) bmqbz % 2(1_¢)m_
(2
o - ; 2043 2 204] 20 _
< (22 (2% 1) 0= 00 ~ 2% bgmarytbmay (1~ ) + & ajimayy (et — 1)) <O

. 20420 —a o o 20
sice _2b+(1_b)(W(]2—aj)]_l) = (2 a; 1)(1_¢) 2 ¢(2 Oéz)(Q O‘J)(l

205 20
}) + ¢? o= az)(2 =) ((2_%)(32_%_) — 1) =— (2_%)(2&#2]% —aray <0 for ¢ = ¢'. Hence, V' and ¢’ maximize the
prlnc:lpal s objective function.

Agent i’s equilibrium compensation is ¢'b’ = a;(2 — a;)/4 € (0,1), while agent j’s equilibrium compen-
sation is (1 — ¢/)b' = % € (0,1). Passive beliefs require that in equilibrium



Substituting (C.5) into the first order condition of agent j’s effort (C.3) and the first order condition of the
agent i’s effort (C.1), we obtain

2] oo o 9
e = ozﬁ%?iaj (Q‘Qil(?‘“j) (&) <2‘“i)(f—“j) (qﬁ’)ﬁ(l —¢) (2—%)(]2—%) (b)) Ea0e=a;)
) = 0y (o) T (1 — §)) 7.

/

%), we obtain

Solving the above system of equations in (e}, e

2—a; o 2—a o

6; = q; 2(2—o;—aj) aj 2(2—ag—aj) (¢/) 2(2—a;—ay) (1 o ¢/) 2(2—az—aj) (b/) 2—();'[—(1]' ,

a 2—ay (e 2—ay

63- = 2(2*%?*04]') ; 2(2*%1%) ((;3’) 2(2*05*%‘) (1 _ ¢’) 2(2*%’*1&]') (b’) 2*&1*%‘ .

Since V', ¢/, a;, and «; are all bounded in (0, 1), e, and e;- € (0,1). The equilibrium probability of success
of the risky project is equal to

. a; . o st
oy oy it J

J
7'('/ =q 2—a;—ay Oé] 2—a;—aj (¢/) 2—a;—aj (1 o ¢/) 2—a;—aj (b/) 2—a;—aj ,

which is also € (0,1). As a consequence, the expected payoff for the principal, v' = (1 — b )7/, is strictly
positive. The same holds for the expected payoff of the two agents,

ol = (1 — %) b’ > 0,
z
wp=(1-3) (1= ¢ >0.
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