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ABSTRACT

I characterize the dynamics of incentives in an optimal contract with investment del-
egation, moral hazard, and uncertainty about the agent’s productivity. The princi-
pal increases the agent’s incentives after good performance in order to delegate more
capital to an agent with higher perceived productivity, thus implementing a convex
pay-for-performance scheme. Moreover, the principal commits to reduce the agent’s
future incentives in order to mitigate ex-ante investment distortions. Methodolog-
ically, I provide a duality-based strategy to overcome technical challenges common
to continuous-time contracting models with state variables. I also derive a sufficient
condition to verify the validity of the first-order approach.

KEYWORDS: Dynamic contracts, managerial compensation, duality, dynamic pro-

gramming, delegated investment.

1 INTRODUCTION

In many situations, principals delegate the management of capital to agents with un-
certain productivity. For example, investors rely on fund managers with unknown skill

to invest their savings; venture capitalists finance entrepreneurs developing innovative
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products; and CEOs allocate resources to division managers with undetermined ability.
If the agent is subject to moral hazard, the principal designs an incentive contract for the
agent. As the principal learns about the agent’s productivity over time, she may dynam-
ically change the agent’s incentives and capital under management. However, models of
dynamic incentive provision with learning are difficult to solve. Therefore, although del-
egated money management is widespread in the world, the theoretical literature presents
a noticeable gap. In this paper, I fill this gap.

I make three main contributions. First, I develop a continuous-time contracting model
of money management with uncertainty about the agent’s productivity,! and I derive a
sufficient condition for the validity of the first-order approach. Second, I uncover a novel
mechanism that generates a convex compensation scheme for the agent. This mechanism
highlights how the agent’s incentives change in response to past performance. Third,
I provide a duality-based methodology to overcome the technical challenges posed by
contracting models with state variables. This methodology can be directly applied to a
wide class of such models.

In the model, a risk-neutral principal writes a long-term contract for a risk-averse
agent with uncertain productivity. The agent operates a constant-returns-to-scale tech-
nology, but suffers a private cost of effort proportional to the capital under management.
To prevent shirking, the principal provides incentives to the agent by exposing him to
performance risk. Along the equilibrium path, the principal and the agent symmetrically
learn about the agent’s productivity by observing performance, and they share common
beliefs. However, an off-equilibrium deviation by the agent causes a persistent distortion
in the principal’s beliefs, giving the agent an information rent. Because of the agent’s
information rent, agency frictions are exacerbated: Everything else being equal, the prin-
cipal delegates a smaller amount of capital to the agent when the agent’s information rent
is larger.

The agent enjoys larger information rents when he expects larger exposures to risk
in the future. Hence, to lower the agent’s information rent, the principal commits to re-

duce the agent’s future incentives, along with delegated capital.? Although optimal ex

!The dynamic contracting literature has been predominately applied outside the context of investment
delegation. Typical applications of the dynamic contracting theory include executive compensation (Ed-
mans et al.,, 2012; Garrett and Pavan, 2012; He, 2012), delegation of experimentation (Guo, 2016; Halac
et al., 2016; Horner and Samuelson, 2013), optimal taxation (Farhi and Werning, 2013; Golosov et al., 2003;
Kocherlakota, 2005), dynamic price discrimination (Battaglini, 2005) and security design (Biais et al., 2007;
DeMarzo and Sannikov, 2006).

2Such commitment is common in models where future risk exposure exacerbates current frictions either
because of information rents (He et al., 2017; Prat and Jovanovic, 2014), or because of the agent’s precaution-
ary saving motive (Di Tella and Sannikov, 2021). However, the path of incentives differs substantially from
models with career concerns (Fama, 1980; Holmstrom, 1999) where implicit incentives from career concerns



ante, such commitment is costly ex post for the principal. To diminish the expected cost
of commitment, the principal optimally allocates her commitment as a function of past
performance. After good performance, the principal rewards the agent with higher fu-
ture compensation, and therefore suffers higher costs if committed to reduce the agent’s
incentives and capital. As a result, the principal relaxes her commitment after good per-
formance and reinforces it after bad performance.

The model predicts the agent’s incentives increase after a history of good performance
and they decline after a history of bad performance. The result relies on the interaction
between moral hazard and learning. Because of learning, the agent’s estimated produc-
tivity increases after good performance. The principal then wants to allocate more capital
to the agent.> However, because of moral hazard, the principal must increase the agent’s
incentives along with delegated capital in order to prevent shirking. Furthermore, af-
ter good performance, the principal also relaxes her commitment and allows herself to
provide steeper incentives and more capital to the agent.

Based on this mechanism, the model generates a convex relation between the agent’s
compensation and his cumulative performance. With a convex compensation scheme, the
agent’s compensation becomes more (less) sensitive to current performance after a history
of good (bad) performance, thus reflecting the optimal allocation of incentives described
above. The model’s mechanism, and the resulting convex incentive scheme, has been
observed empirically in various settings. Corporate executives frequently receive per-
formance bonuses in the form of company shares or stock options (Edmans et al., 2017;
Hall and Liebman, 1998); hedge fund managers earn fees on the fund’s profits and typi-
cally reinvest the fees back in the fund (Agarwal et al., 2009); entrepreneurs are granted
larger equity stakes by venture capitalists after good performance, especially when the
venture’s quality is uncertain (Kaplan and Stromberg, 2003). In all these cases, the agent’s
risk exposure increases after good performance, resulting in a convex incentive scheme.

Methodologically, I provide a general technique to feasibly solve continuous-time con-
tracting models with state variables. These models often require a solution to a differen-
tial equation with an endogenous boundary in the state space. Previous contributions

developed specialized methods that could not be directly extended outside their model.*

decline over time, but explicit incentives from short-term contracts increase (Gibbons and Murphy, 1992).

SEmpirically, Graham et al. (2015) document that CEOs and CFOs allocate capital to division managers
based on the managers’ reputation and past performance.

“DeMarzo and Sannikov (2017) exploit the structure of their model to reformulate the problem in terms
of dynamically changing termination thresholds. He et al. (2017) use a guess-and-verify numerical ap-
proach that cannot be feasibly applied to differential equations in more than one dimension. Prat and
Jovanovic (2014) and Williams (2011) make parametric assumptions on the utility function and on the law
of motion of the state variable to obtain analytical solutions.



In this paper, I use duality methods to provide a general solution strategy that applies
to a wide class of models, including those with differential equations in more than one
dimension.

In the dual problem, a new state variable, a multiplier, directly captures the commit-
ment of the principal to reduce future incentives. Besides allowing for a more transparent
representation of the dynamic allocation of commitment, the dual problem offers a key
simplification relative to the standard approach. In the dual problem, the endogenous
boundary on the agent’s information rent is replaced by an exogenous non-negativity
constraint on the multiplier. The optimal contract can then be conveniently characterized

by the solution to the dual problem after simply initializing the multiplier to zero.

RELATION TO THE LITERATURE. This paper belongs with the growing literature that
uses recursive methods to solve for optimal contracts (Phelan and Stacchetti, 2001; Phelan
and Townsend, 1991; Sannikov, 2008; Spear and Srivastava, 1987; Williams, 2009). The
model features persistent private information, similar to Battaglini (2005), Di Tella and
Sannikov (2021), Kapicka (2013), Farhi and Werning (2013), Fernandes and Phelan (2000),
Pavan et al. (2014), and Williams (2011). Therefore, the first-order approach is not guar-
anteed to be valid (Battaglini and Lamba, 2019; Kocherlakota, 2004). I contribute to this
literature by providing a sufficient incentive-compatibility condition that I use to verify
the validity of the first-order approach. This condition states that, if a contract prevents
one-shot deviations and reduces the marginal value of the agent’s private information
after bad performance, the contract is incentive compatible.

I also extend the literature on dynamic contracting with learning (Bergemann and
Hege, 1998, 2005; DeMarzo and Sannikov, 2017; Halac et al., 2016; He et al., 2017; Horner
and Samuelson, 2013; Prat and Jovanovic, 2014) by allowing for endogenous capital un-
der management. Because of the interaction of learning, moral hazard, and investment
delegation, the model generates a convex incentive scheme for the manager. As the man-
ager’s assessed productivity increases with past performance, the principal desires to
allocate more capital to him. She thus offers steeper incentives because more money is at
stake.

This mechanism for a convex incentive scheme is new. In Dittmann et al. (2010), con-
vex compensation contracts encourage the agent to take risks, whereas in Li and Tiwari
(2009), they motivate the agent to gather and use private information when forming a
portfolio of assets. In dynamic settings, Edmans and Gabaix (2011) obtain convex com-
pensation contracts when marginal costs of effort are high, whereas He et al. (2017) obtain

option-like incentives if the principal can commit to establish a negative correlation be-



tween the agent’s incentives and marginal utility of consumption.

Finally, I develop a duality-based approach to overcome the mathematical challenges
that are common to continuous-time contracting models with state variables. This ap-
proach could be applied to models with learning, like in this paper, models with hidden
savings like the model in Di Tella and Sannikov (2021), or models with arbitrary state
variables, like the model in Williams (2011). Within the literature that uses duality meth-
ods in contracting models, my paper is therefore close in spirit to Marcet and Marimon
(2019) and Pavoni et al. (2018), who focus on discrete-time models. Other papers apply-
ing duality theory in contracting models, although for different purposes, include Miao
and Zhang (2015), Sannikov (2014), Arie (2016), Carrasco et al. (2019), Myerson (1984),
and Myerson (1985).

2 MODEL

A principal (she) writes a long-term contract for an agent (he). The principal delegates
the management of capital to the agent. However, the agent’s ability to generate returns
is uncertain, and both the principal and the agent learn about the agent’s productivity by
observing realized returns. Moreover, the agent is subject to moral hazard, because he
might secretly shirk and obtain a private benefit at the expense of the principal. Time is
continuous and starts at 0. A complete probability space (2, F, P) with filtration (F;);> is
given.

2.1 PLAYERS AND TECHNOLOGY

The principal hires the agent to invest capital in a constant-returns-to-scale technology.
However, the agent’s productivity is unknown to all players, including the agent himself.
The agent’s hidden type, h € {0, 1}, is arandom variable on the probability space (22, F, P)
and it indicates whether the agent is unskilled (2 = 0) or skilled (h = 1.) Players have a
common prior ¢, = E[h|F,] € [0,1]. The agent’s unknown skill constitutes the source of
uncertain productivity.®

The principal obtains capital from a competitive capital market with perfectly elastic

supply. When managed by the agent, capital produces excess returns given by

dR = (onh — my)dt + odW,,

>Uncertain productivity may be due to factors other than the agent’s skill. For example, the quality of the
underlying technology itself may be uncertain because the agent is making unconventional investments.



wheren > 0and o > 0 are known parameters, and where (IV,),>¢ is a f_ﬂ-adapted standard
Brownian motion on the complete probability space (€2, F, P), and it is independent of h.

Returns depend on the uncertain skill of the agent, ., and on the agent’s hidden action,
m; > 0, which is positive if the agent shirks. The agent generates superior returns only
if he is skilled (h = 1). The parameter > 0 is the signal-to-noise ratio of returns, which
measures how informative returns are regarding the agent’s productivity. If the agent
shirks to obtain a private benefit, he reduces returns for the principal at rate m, for each
unit of capital invested.

At time t, the principal invests capital K; > 0, collects the excess returns the agent
produces, dR;, and offers a compensation C; > 0 to the agent. The principal is risk neutral,
and her cost of employing the agent is

E |:/ e_rt(Ctdt — thRt)
0

éfo} | 1)

where r > 0.
At time ¢, the agent receives compensation C; from the principal, actively invests cap-
ital K;, and shirks at rate m,. His lifetime utility is

E {/ e ' (Cy + mAK) dt‘f_ﬂ)} , (2)
0

where A € (0,1),6 > r(1 — p), and u(z) = wll:: with p € (0,1/2).

If the agent shirks at rate m,, he reduces the principal’s cash-flow rate by m,K;. How-
ever, the agent obtains a private consumption benefit of only Am, K;. Shirking is therefore
inefficient because the agent destroys more value that what he obtains, and 1 — A repre-
sents the inefficiency of shirking. Full effort coincides with m; = 0, and the consumption

value of shirking can be equivalently interpreted as the cost of effort.

2.2 CONTRACTING ENVIRONMENT AND LEARNING

Returns constitute the only source of information for the players. Players form estimates
of the agent’s productivity by observing his performance. Moreover, because return re-
alizations depend on the agent’s hidden action, the principal may reward or punish the
agent based on his performance in order to deter shirking. In this framework, players’

®The assumption that p < 1/2 is needed to obtain a finite solution to the model. If p > 1/2, the agent’s
marginal utility of consumption would decline quickly enough that the principal would find it profitable
to give infinite capital and infinite consumption to the agent and overcome the incentive problem. See also
Di Tella (2019).



information is generated by the history of returns. Let (R;)o<s;<: denote the history of re-
turns up to time ¢. I define &, := {(R;)o<s<:} as the smallest o-algebra for which (R;)o<s<
is measurable, possibly augmented by the P-null sets. Thus, ¥, = F, and (Ft)i>0 is the
augmented filtration generated by the history of returns.

A contract between the principal and the agent specifies the agent’s compensation and
his capital under management as a function of past performance.

DEFINITION 1 (CONTRACT). A contract Cis a F;-adapted process (Cy, Ky)i>o.

Although the principal cannot directly control the agent’s hidden action, she under-
stands the implications of a contract on the agent’s incentives to shirk. In general, we say
that a contract € = (C}, K}):>¢ is incentive compatible with the shirking process (m:):>o if the
latter is the agent’s best response to contract C.

Given a contract ¢ = (C}, K}):>o that is incentive compatible with (m;);>0, players
symmetrically learn about the agent’s productivity by observing realized returns. They
therefore possess common beliefs about the agent’s skill,

¢t = E[h‘gjt],
starting from the common prior ¢,. As players observe returns, beliefs ¢, evolve as

doy = 77¢t(1 - ¢t)th67 3)

where 1
the = s [dR; — (onée — my)], 4)

is the increment of a standard Brownian motion under the measure of returns induced by
C. Lemma O.1 in the online appendix provides a formal proof of (3).

Equation (3) highlights that changes in beliefs, d¢,, are positively correlated with the
agent’s performance dR?;, reflecting the intuition that an agent that performs well (poorly)
is more (less) likely to be skilled. The sensitivity of beliefs to performance, n¢:(1 — ¢,),
quantifies the amount of information that players obtain from returns and hence the
speed of learning.

When optimally designing a contract, the principal minimizes the costs of delegation,
after taking into account the incentives that the agent receives from the contract. Formally,
an optimal contract can be defined as follows.

DEFINITION 2 (OPTIMAL CONTRACT). Given a prior ¢y and an outside option V; for the
agent, a contract € = (C, Ky)>o is optimal if it minimizes the principal’s cost (1), while offering
the agent an expected lifetime utility (2) at least as large as V.

7



The principal is aware the agent might shirk and gain private benefits. However,
the following lemma shows that any optimal contract is designed so that the agent is not
tempted to shirk. Therefore, when looking for an optimal contract, I can restrict the search

over the class of contracts that are incentive compatible with full effort.
LEMMA 1. Any optimal contract is incentive compatible with no shirking, that is, m, = 0Vt > 0.

All proofs are in the appendix.

The intuition for this lemma is the following. First, by the revelation principle, we
lose no generality if we restrict attention to incentive-compatible contracts. Second, op-
timal contracts must align the agent’s incentives with the principal’s objectives. Because
shirking is inefficient, the principal designs an optimal contract that motivates the agent
to exert full effort.

2.3 INCENTIVE COMPATIBILITY AND INFORMATION RENT

Because of Lemma 1, Inow focus on contracts that are incentive compatible with no shirk-
ing and, for brevity, I simply refer to them as incentive-compatible contracts. I provide a nec-
essary condition that incentive-compatible contracts must satisfy. As in static principal-
agent problems, this condition requires the agent to be exposed to some risk. Whereas
in static models, the principal exposes the agent to risk by giving him performance-
contingent pay, in a dynamic model, the principal exposes the agent to risk by adjusting
his future continuation value based on performance.

The agent’s continuation value at time ¢, denoted by V,, represents the future expected
utility for an agent that does not shirk. The continuation value V; is a function of the

continuation contract, G;,” and beliefs at time ¢, and it can be expressed as®

V,=V(C,¢) =E [/ e~y (C,) ds
¢

fﬂ} . ()

Using the martingale-representation approach developed in previous literature (San-
nikov, 2008; Williams, 2009), I obtain the law of motion for the agent’s continuation value

7 A continuation contract at time ¢, G, is a Fs-adapted process (Cs, Ki)s>t.
8Given a continuation contract G, beliefs are a sufficient statistic for the probability measure of future
returns. To see why, write

Vi=(1-¢)E [/00 e_é(s_t)u(C's)ds’h = O} + &E {/OO e 06y (Cy) ds‘h = 1] .
t t

The conditional expectations on the right-hand side of this equation are functions of the continuation con-
tract C; only.



V, as
dV; = (8Vi — u(Cy))dt + frdW)  with  lim E [e™V;|Fy] =0, (6)

for some F;-adapted process (5;):>o.

If 3, is positive, the future utility of the agent increases with performance. Hence, 3,
represents the risk exposure of the agent. Although the risk-neutral principal should fully
insure the risk-averse agent in an efficient allocation, the agent will be exposed to risk in
the optimal contract in order to mitigate the moral hazard friction. If 3, > 0, the agent
suffers a loss of future utility when returns decline because of shirking. Therefore, the
agent might be deterred from shirking if his risk exposure, /3, is large enough.

As a benchmark, assume for the moment that the agent’s type, h, is known. In this
case, the principal prevents shirking by offering a contract in which the agent’s risk expo-
sure, [3;, offsets the marginal consumption value of shirking. A necessary and sufficient
condition for incentive compatibility with no shirking is

' (CNo Ky < 5. (7)

The intuition for this condition is the following.” If the agent shirks, he reduces returns
by m,, and hence dW; acquires a negative drift —™¢. The agent therefore suffers a loss
of continuation value equal to 3;™. However, his current utility increases from u(C}) to
u(Cy + mAK,). Condition (7) ensures m; = 0 is the agent’s best response to this trade off;
thatis, 0 = arg max,,>o{[u(Cy + mAK,) — u(Cy)] — B2 }.

However, if the agent’s type is uncertain, the principal faces some additional chal-
lenges in designing an incentive-compatible contract. Suppose the agent deviates to
m; = m > 0 for a small amount of time between s and s+ As. With learning, the agent not
only gains consumption value from the deviation, but also earns an informational advan-
tage over the principal. Unaware of the agent’s deviation, the principal updates beliefs
according to equations (3) and (4) with m; = 0 for all ¢. Because the correct expected
return is on¢, — m for t € [s,s + As|, the principal’s beliefs, ¢;, acquire a negative drift
relative to the agent’s beliefs, ¢;. Immediately after the deviation, the difference between
the agent’s and the principal’s beliefs, ¢;' — ¢, is given by @2, o, — dsns = nos(1— ;) T As.

This difference in beliefs is persistent and causes persistent distortions in the provision
of incentives. Following a deviation, the agent will always be more optimistic than the
principal; that is, ¢;' > ¢, for all ¢ > s + As. The agent is not only more optimistic, but
also aware of possessing correct beliefs. By having more accurate and optimistic beliefs,

9 A proof can be found in Di Tella (2019) and Di Tella and Sannikov (2021).



the agent earns an information rent over the principal.’

To see how the agent earns an information rent, consider equation (6). If (btA > ¢y,
shocks dW* = 1 [dR, — on¢,dt] have a positive drift equal to 7(¢; — ¢;)dt > 0 based on
the agent’s information. Therefore, the agent’s continuation value acquires an additional
drift equal to Bin(¢;' — ¢)dt. This additional drift captures the surprise the agent expects
the principal to receive. Suppose that after a (hidden) deviation, the principal promises
the agent a continuation value V, ;. The future expected utility of the agent, conditional

on not shirking is the future, is larger than V1, by an amount equal to

E {/00 6_5(t_S_AS)ﬁt77(¢f - th)dt‘gjwm} .
s+As
This additional future utility constitutes the information rent the agent acquired after the
deviation.

This reasoning suggests that when players are learning, an incentive-compatible con-
tract should provide risk exposure f3; large enough to offset the agent’s marginal utility of

shirking, as well as the marginal information rent that he could earn.

THEOREM 1 (NECESSARY CONDITION). If € = (Cy, Ky)i>0 is incentive compatible with no
shirking, then
U (Cy) Ko < By — nés, (8)

where &, follows
dé; = (0& — Binoy(1 — ¢p))dt + w, dWE  with tliglo E [e_5t§t|9’0] =0 9)

for some F-adapted process (wi)i>o.

Similar to (7), condition (8) highlights that, everything else being equal, the principal
has to increase the agent’s risk exposure f3; to increase the amount of delegated capital K
in an incentive-compatible contract. Thus, because the agent is risk averse, delegation is
costly. In the optimal contract, the principal will therefore trade off the costs and benefits
of delegation when deciding the level of investment and the agent’s risk exposure.

The term 7¢, in (8), which is missing in (7), accounts for the marginal information rent
that the agent acquires after an instantaneous deviation. Solving (9), we can express the

information rent ¢; as the present value of the agent’s future risk exposure and speed of

OTntuitively, a skilled agent who is believed to be unskilled is better off than an agent who is actually
unskilled. The skilled agent can expect to surprise the principal in the future thanks to his superior skill.
The truly unskilled agent cannot expect to surprise anyone.

10



learning; specifically,

&=E UOO e Bnes (1 — @) ds

t

a} (10)

which is a positive quantity in any incentive-compatible contract, by Lemma O.2 in the
online appendix.

Theorem 1 thus also implies that because of the agent’s information rent, investment
distortions are exacerbated relative to a model with perfect information. The larger the
information rent, the lower the amount of capital that can be delegated to the agent for
a given compensation C; and risk exposure ;. By reducing the amount of capital under
the agent’s management, the principal foregoes profitable investment opportunities.

Therefore, from an ex-ante perspective, the principal prefers to lower the agent’s in-
formation rent. To do so, she has to commit to reduce the agent’s future risk exposures,
(Bi)i=0, because of (10). However, the principal may be tempted to re-negotiate the con-
tract and increase risk exposure ex post. Consequently, to achieve ex-ante optimality, the
principal must fully commit to the terms of an initial contract.

To offer an interpretation of (8), consider expression (5). Let 8¢V(€t, ¢:) measure the
marginal change in the continuation value due to a marginal change in beliefs while keep-

ing the continuation contract fixed. Lemma O.2 in the online appendix shows that

& = 01— 00V (€, ). (11)

From equation (6), we know the risk exposure j; corresponds to the total volatility of
the continuation value V;. Combining (3) and (11), we see n& = n¢i(1 — ¢1)0sV (Cy, @)
represents the volatility of the continuation value driven by changes in beliefs. Therefore,
we can interpret the quantity

B —né& = Br — ne(1 — ¢t)a¢v(et, b:)

as the volatility of the agent’s continuation value driven by changes in the continuation
contract while keeping beliefs fixed.

Therefore, equation (8) states that to provide incentives to the agent, the principal
cannot rely on changes in beliefs to punish him for bad performance. Although changes
in beliefs do affect the volatility of the continuation value along the equilibrium path, they
cannot be exploited to prevent off-equilibrium deviations. In fact, following a deviation
my, the agent’s true expected future utility declines by (3, — 7)™, and not by 3,"%, as the
principal incorrectly thinks. Therefore, in an incentive-compatible contract, the quantity

11



Br — né&; is what matters for incentive provision, and must be such that

m
0 = arg max y(Ct +mAK;) — U(Ctl— (B — Uft)?-

benefit of shirking

cost of shirking

In other words, the incentive-compatibility condition asserts that to prevent shirking, the
principal must adjust the continuation contract so that, keeping beliefs constant, the risk
exposure of the agent exceeds the private benefit of shirking.

2.4 SUFFICIENT INCENTIVE-COMPATIBILITY CONDITION

Theorem 1 offers a condition that prevents the agent from engaging in an instantaneous,
“one-shot”, deviation. Although this condition is necessary for incentive compatibility,
alone it does not guarantee incentive compatibility. With learning, any hidden shirk-
ing will cause a persistent wedge between the agent’s and principal’s beliefs. Given this
wedge, the agent’s best response to the contract may still involve a dynamic shirking
strategy even if (8) holds. Next, I provide a sufficient condition that ensures that no shirk-
ing is the agent’s best response to a contract.

Previous literature has long recognized the challenge that state variables, such as be-
liefs, pose in the design of an optimal contract. The common approach is to solve for
an optimal contract by imposing the necessary condition (8) only. This approach is often
referred to as the relaxed-problem approach. Then, one should verify whether the con-
tract so obtained satisfies a sufficient incentive-compatibility condition. This strategy is
the one undertaken by He (2012) and Di Tella and Sannikov (2021) for private savings,
by Prat and Jovanovic (2014), DeMarzo and Sannikov (2017), He et al. (2017), and Cister-
nas (2018) for learning, and Williams (2011) for generic state variables. I take the same
approach and use the following theorem to verify whether the solution to the relaxed
problem is actually incentive compatible.

THEOREM 2 (SUFFICIENT CONDITION). Ifa contract C = (Cy, Ky)¢>o is such that (8) and
wr — (1 = 2¢4)& > 0 (12)

hold for all t > 0, then the contract is incentive compatible with no shirking.

To interpret the sufficient condition for incentive compatibility, it is useful to refer to
the proof of this theorem in the appendix, where I show w; — n(1 — 2¢;)¢; is proportional
to the volatility of 9,V (C;, ¢;). Theorem 2 therefore states that if a contract prevents “one-

12



shot” deviations thanks to (8), and it reduces the marginal value of beliefs after a negative
shock thanks to (12), then the contract is incentive compatible with no shirking.

This result has an intuitive appeal. If the contract lowers the marginal value of the
agent’s beliefs 9,V (€, ¢,) after a bad shock, then, following a deviation, the agent would
experience a decline not only in his continuation value, but also in his information rent.
The agent loses part of the option to “impress” the principal in the future, thus lowering
the value of his informational advantage.

Equation (12) is likely to hold in an optimal contract. Looking at equation (10), we see
& depends on future risk exposures (;)s>;. After a positive shock, the agent’s estimated
productivity increases by (3). Hence, the principal may want to increase future capital
under management K, to take advantage of increased expected returns. By the incentive-
compatibility condition (8), the principal will then have to increase the agent’s future risk
exposure as well. We therefore have reasonable economic motivations to expect that in
the optimal contract, & increases after good performance (or at least it does not decline
too much), in such a way that condition (12) is satisfied.

3 OPTIMAL CONTRACT AND DUALITY

To solve for the optimal contract, I proceed as follows. First, I define the relaxed opti-
mal contract, in which the principal minimizes costs subject to the necessary incentive-
compatibility condition (8). Then, I introduce the dual problem and establish its relation
to the relaxed optimal contract. Finally, I provide a verification result to characterize
the relaxed optimal contract using the Hamilton-Jacobi-Bellman (HJB) equation associ-
ated with the dual problem, and to verify whether the contract is an optimal (incentive-
compatible) contract.

3.1 THE RELAXED PROBLEM

I adopt a first-order approach and solve for a contract that minimizes the cost for the
principal within the class of contracts satisfying (8). This is the so-called relaxed optimal
contract.

DEFINITION 3 (RELAXED OPTIMAL CONTRACT). Given the prior ¢ and the agent’s outside
option Vy, a relaxed optimal contract is a contract that minimizes the cost for the principal (1)
subject to the necessary incentive-compatibility condition (8) and subject to delivering expected
lifetime utility Vj to the agent if he does not shirk.
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Because (8) is a necessary but not sufficient condition for the agent not to shirk, the cost
of a relaxed optimal contract provides a lower bound for the cost of an optimal contract.
Although I only impose the necessary condition (8) in a relaxed optimal contract, I use
the result in Theorem 2 to numerically verify whether the relaxed optimal contract is
fully incentive compatible with no shirking. In this case, the relaxed optimal contract is
an optimal contract.

The principal fully commits to the contract she offers.! Because of this commitment,
the agent’s continuation value V; and information rent &, are recursive state variables of
the contract-design problem. At every point in time, the (forward-looking) continuation
value and information rent of the agent are determined by past promises of the principal,
and the continuation contract should be optimal given these promises.

For a given information rent ¢, at time 0, consider the following cost-minimization

problem for the principal:

J*(‘/(bé(]? ¢0) = i%f E [/0 e (Ct - 77¢t7(ﬁt - Uft)) dt’ffo]
st. C, > 0,8, > n&
(6),(9), and (3) with m; = 0Vt > 0.

(13)

I restrict my attention to admissible contracts, as in Di Tella and Sannikov (2021). These

are contracts in the form € = (Cy, K;);>¢ such that

B[ [ eta+ gl + b afs) <o 19
0

thus ensuring the principal’s objective function (1) is well defined and that a strong solu-
tion to the stochastic differential equation in (6) exists starting from a given V4.

In this formulation, the principal’s objective function already incorporates the neces-
sary incentive-compatibility constraint (8) as an equality. Because expected returns are
always positive, the principal optimally increases the level of assets under management
as much as the incentive-compatibility constraint permits. Therefore, (8) is always bind-
ing. Hence, going forward, a contract € could equivalently specify compensation and
capital, (Ct, K})i>0, or compensation and risk exposure, (Cy, 5¢)i>0-

The constraints C; > 0 and 3, > 1, impose the non-negativity of consumption and
capital, whereas the constraints (6) and (9) represent promise-keeping constraints on the

'With full commitment, the principal implements an allocation that yields the best outcome given the
frictions of the model. In the supplemental material, I focus on contracts with limited commitment, and I
highlight which results hold independently of the commitment assumption.
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agent’ continuation value and information rent. Finally, (3) with m; = 0 is the law of
motion of beliefs under Bayesian learning and no shirking.

Therefore, a solution to problem (13) is a relaxed optimal contract if , is an optimal
choice of the principal. In fact, according to Definition 3, the initial outside option of the
agent, Vp, and the initial beliefs, ¢,, are exogenously given. However, the definition im-
poses no constraints on the initial information rent of the agent &,. Therefore, the principal

chooses the initial information rent to minimize costs; that is,
50 = arg rg1>1£1 J*(‘/O7€7¢0) (15)

In choosing the initial information rent for the agent, the principal faces a trade-off.
By choosing a small information rent &, the principal reduces the ex-ante distortions in
the allocation of capital captured by the incentive-compatibility condition (8). However,
to deliver a small information rent, the principal must commit to limit the agent’s risk
exposure in the future, as expression (10) indicates. In the extreme case in which the
information rent & is set to zero, the principal would have to immediately “retire” the
agent, that is, offer a safe contract with no risk exposure for the agent and no capital
under management.

Normally, to solve for a relaxed optimal contract, one would then proceed in two steps.
First, one would solve problem (13) using dynamic programming methods. Second, one
would solve for , using (15). Unfortunately in the current situation, this approach is not
feasible, either analytically or numerically. In the optimal contract, the information rent
at any time ¢ > 0, &, is bounded from above by a function of V; and ¢;.!* For values of
information rent above the upper bound, admissible optimal contracts might not exist.
To solve for the optimal contract, we need to know the bound of the agent’s information
rent. However, this bound is endogenous to the contract; therefore, to derive this bound,
we need to know the optimal contract.!3

To overcome this challenge, I introduce the dual problem of (13), derive its properties,
and show the dual problem offers an efficient and intuitive way to characterize the relaxed

optimal contract.

12This function is implicitly defined as arg ming J*(V;, €, ¢¢), and equation (20) provides a formal state-
ment.

¥Information rents in contracting models tend to be bounded, and similar bounds are obtained in De-
Marzo and Sannikov (2017), Di Tella and Sannikov (2021), and He et al. (2017).
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3.2 THE DUAL PROBLEM

To define the dual formulation of (13), I introduce a new state variable that directly cap-
tures the principal’s commitment to reduce the agent’s risk exposure. As discussed in
section 2.3, the principal has to commit to reduce the agent’s future risk exposure in order
to lower the agent’s ex-ante information rent. In the dual problem, a positive multiplier,
Y,, replaces the information rent, ¢, as a state variable. The multiplier Y; measures the
principal’s commitment at time ¢: The larger the multiplier Y;, the more binding the com-
mitment to reduce the agent’s risk exposure, ;.

For a given initial value of the multiplier at time 0, Y; > 0, let the multiplier evolve

according to

2

dY, = (r — §)Yidt + gbt%Cfdt + ndU;, (16)

where (U;):>0 is a right-continuous, non-decreasing process with left limits and with U, =
0.

Then, consider the following problem:

G*(Vo, Yo d0) = inf  sup E [ / e”{<0t—77¢t%05+3€6m¢t(1 —czst)) dt—ﬁtht}
0

(Ct’ﬂt)tzo (Ut)tzoej

.

st. C4>0,82>0
(6), (16), and (3) with m; = 0 V¢ > 0,

(17)
where J is the set of right-continuous, non-decreasing processes with left limits and start-
ing at 0. I call (17) the dual problem, as opposed to problem (13), which I call the primal
problem, hereafter.

When looking for a solution to (17), I focus on admissible contracts for the dual prob-

lem, which are characterized by (14) and

< 00.

E {/OOO e " YiBmei(1 — ¢y dt‘?o

The dual problem in (17) has an intuitive appeal. First, consider the term C; — ngbt%(]tp ,
which represents the flow cost of a principal who writes a contract with no information-
rent problem. We can think of this hypothetical situation as one in which the hidden
action m; is observable but not contractible. In this case, the incentive-compatibility con-
dition is the same as in (7) because shirking does not induce any belief distortion or any
information rent for the agent.

Second, consider the term Y;5n¢:(1 — ¢;), which represents a flow cost of risk expo-
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sure 3. In the dual formulation, this flow cost captures the principal’s commitment to
reduce the agent’s risk exposure in order to lower ex-ante information rents. The larger
Yine(1 — ¢¢), the more binding the commitment of the principal at time ¢. In this sense,
the multiplier ¥; measures the commitment of the principal to reduce risk exposures.
Also note commitment becomes more binding when the speed of learning, n¢:(1 — ¢,),
increases. When returns are more informative, the information-rent distortions are more
severe as (10) indicates; hence, the principal needs to further reduce risk exposures to
honor her commitment to the information rent she initially promised.

Finally, the process (U,);>¢ introduces possibly non-continuous changes in the multi-
plier and in the flow cost. This process serves the same function as the constraint on the
non-negativity of capital, 5, > 7n¢,;, in the primal problem. As I show in equation (A.3) in
the proof of Theorem 3, a positive penalty dU; > 0 materializes whenever 3, < 7n¢;, where
& is the information rent implied by the dual contract at time ¢. Therefore, any contract
(Ct, Bi)t>0 that is optimal for the dual problem will be such that 5; > 7¢; for all ¢, in order
to avoid an unbounded penalty when this inequality is violated.

3.3 THE RELATION BETWEEN THE DUAL AND PRIMAL PROBLEM

The dual problem (17) offers a major simplification relative to the primal problem (13).
To begin with, in the dual problem (17), a backward-looking state variable, the multiplier
Y;, replaces the forward-looking information rent &;. Moreover, in the dual problem, the
multiplier is subject to an exogenous lower bound, Y; > 0, whereas the information rent
in the primal problem is subject to an endogenous upper bound.

Importantly, as the following theorem shows, the primal and the dual problems are
closely connected, and a relaxed optimal contract can be derived as a solution to the dual
problem when Yj is initialized to zero.

THEOREM 3 (DUALITY RELATIONS). The following holds:

(1) G*(V.Y, ¢) is an increasing and concave function of Y. It is differentiable in Y for Y # 0.

(11) Let Yy > 0. Then, the dual cost function is related to the primal cost function by
G* (Vo Yo, 60) = Inf {J°(V0.€',60) + Yot} (18)

Any contract solving the dual problem (17) delivers information rent G5, (Vy, Yo, ¢o) to the

agent.** Moreover, if a contract C solves the primal problem (13) with &, = G5, (Vo, Yo, ¢o),

then it also solves the dual problem (17).

YT use Gy, (V,Y, ¢) to denote the right derivative of G*(V, Y, ¢) with respect to Y.
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(1) Let & < G5+ (Vo,0,¢0). Then, the primal cost function is related to the dual cost function
by
J*(Vo, §os d0) = sup{G™ (Voo Y, ) — Y'éo} (19)

Y’>0
If a contract C solves the dual problem (17) with Y, = —Jg‘(VO, &0, Po), then it also solves
the primal problem (13).

(1v) A contract is a relaxed optimal contract given outside option V;, and beliefs ¢, if an only if it
is the solution to the dual problem (17) with Y, = 0. The cost of a relaxed optimal contract
for the principal is G*(V;, 0, ¢o) if the agent does not shirk.

Whereas part (I) of Theorem 3 establishes properties of the dual cost function, parts
(11) and (111) establish the crucial connections between the primal and the dual problem.
Given an initial multiplier ¥;, > 0, an optimal contract for the dual problem can obtained
as a solution to the primal problem after initializing §, = G5, (Vo, Yo, ¢o). Similarly, given
an initial information rent §, < G5, (5,0, ¢y), an optimal contract for the primal problem
can be obtained as a solution to the dual problem after initializing Yy = —JZ(Vb, &0, ¢0)-
Part (1v) builds on parts (1I) and (III) to conclude one can obtain the relaxed optimal
contract as a solution to the dual problem when the multiplier is initialized to 0.

Moreover, based on Theorem 3, we obtain a dynamic bound on the information rent
in a relaxed optimal contract. Let {; be the information rent implied by a relaxed optimal
contract at time ¢. Then,

& = Gy+(Vi, Yi, @) < Gy+(V4,0, 1) = argnéi/n T (Vi, €', ). (20)

By Theorem 3(1V) and equation (16), in any relaxed optimal contract the multiplier starts
at zero and remains positive thereafter, thatis ¥, > 0 for all ¢ > 0. Using the result in The-
orem 3(11), we therefore have & = Gy+(V, Y, @), where Gy+(V,, Y, &) < Gy+(V;, 0, ¢)
by concavity of G*(V, -, ¢). Finally, combining parts (1I) and (1V) of Theorem 3, we ob-
tain that Gy+(V;,0, ¢;) is the initial information rent of any relaxed optimal contract for
outside option V; and beliefs ¢;. Such information rent, according to (15), is equal to
arg ming J*(V;, &', ¢).

Equation (20) provides a formal upper bound to the information rent in a relaxed
optimal contract. Moreover, it offers a better intuition for why the dual problem (17)
is numerically more tractable than the primal problem (13). In the dual problem, one
can initialize Y; to a constant (zero). Then, the exogenous bound Y; > 0 is mechanically
satisfied given the law of motion of Y, (16). By contrast, in the primal problem, one

should initialize the information rent to a value that is a priori not known. Moreover, the
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endogenous bound on the information rent is satisfied only when control variables are

suitably chosen, causing standard numerical methods to fail.

3.4 CHANGE OF VARIABLES AND INCENTIVES

Thanks to the homotheticity of the agent’s utility function and the linearity of the tech-
nology, I simplify the problem with a change of variables. I define the promised value
v o= ((1 — p)Vt)ﬁ, which is the consumption equivalent of the agent’s continuation
value. I also consider a scaled version of the multiplier, y; := v, ”Y;. I can then express the

dual cost function as®
G*(Vo, Yo, o) = vog™ (Yo, ¢0)- (21)

Throughout the paper, I impose restrictions on parameters to ensure that g*(0, ¢) is posi-
tive for all ¢, € [0, 1].16

I then define the agent’s incentives Bt = (1—6W’ compensation ratio ¢, ‘= (;—:, and capital
ratio k, = f—; Given a contract (C, )0 that solves the dual problem (17), the laws of

motion of the promised value v; and multiplier y; are thus given by

dUt 1 Ctlip 1 52 A e
e Z 22
o (1_p 1_p+2,06t dt + By dW; (22)
and
772 P 0 Ci_p 1 22 Q e
dys = ¢gp——cpdt +ye (7 — +p + _pﬁt dt — ytﬂﬁtdwt ) (23)
A 1—0p 1—p 2

where I omitted the increasing process (U;);>o because, as discussed earlier, U; = 0 for all
t > 0 for any contract that solves (17).

The quantity j, offers an easy-to-interpret measure of the agent’s incentives at time ¢.
Because the promised value v, is expressed in units of consumption,'” j3, represents the
percentage change of the agent’s continuation value, measured in units of consumption,
for a one-standard deviation return. In this formulation, the (scaled) multiplier y;, mea-
sures the principal’s commitment to limit incentives ;. In fact, the principal’s flow cost
in the dual problem can be written as v;[c; — %gzﬁtﬁtcf + quﬁt(l — &)l

1T provide a formal proof in Lemma O.3 in the online appendix.

16Similar to Di Tella and Sannikov (2021), a sufficient condition for a positive dual cost function is (O.4) in
Lemma O.6 in the online appendix. Note that, when g*(0, ¢y) is positive, the agent’s participation constraint
binds. That is, the principal does not provide continuation value larger than the agent’s outside option, Vj.
If she did, costs would increase. When ¢*(0, ¢) is negative, an optimal contract does not exist, since the
principal could obtain infinite profits by promising an infinite continuation value to the agent.

The promised value v; can be interpreted as the level of constant consumption from ¢ to oo that would
deliver continuation value V;/4 to the agent.
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Although compensation and capital are linear in the promised value because of the
homogeneity and linearity assumptions, we should in general expect a positive relation
between the compensation, capital, and promised value with a risk-averse agent. In fact,
the principal increases current compensation when the agent’s promised value is larger
because of the agent’s desire to smooth consumption over time. As for capital, the mo-
tivation relies on the agent’s decreasing absolute risk aversion. With a larger promised
value, the agent tolerates larger risk exposures. The principal thus optimally takes ad-
vantage of the agent’s higher risk tolerance to increase capital under management while
still satisfying (8).!8

3.5 THE H]JB EQUATION AND VERIFICATION

To conclude this section, I provide a verification theorem. Thanks to this theorem, I can
solve problem (17) using a dynamic-programming approach.

Consider the following partial differential equation for y > 0 and ¢ € [0, 1]:

cl=r

P . 5 1 .
rg(y,¢) = czo,3§%£+ » {c - n¢ﬁ% +yBne(l — ¢) + g(y, &) (Tp 1,7 §pﬁ2>
2

) c=r 1 .
+9y(y. 9) V%C"er(r— 1_p+pl_p+5052)]

— pyBg,(y, ¢) + Bnd(1 — ¢)gs(y, ¢)

+ %(ypﬁ)ngy(y, ¢) + %n%?(l — 0)2940(y, ) — pyBnd(1l — ¢)gys(y, cb)}

(24)
This is the H]B equation associated with the dual problem (17).

Note that instead of including a penalizing process (U;);>o, I introduce a lower bound
on f3 related to the marginal cost of y. Unlike the limited-commitment model of Miao and
Zhang (2015), here the increasing process (U;);>¢ penalizes the principal for a choice of
a control variable, namely, 3. In Miao and Zhang (2015), an increasing process penalizes
the principal based on the value of the state variable. Whereas Miao and Zhang (2015) can
characterize the optimal contract in terms of reflective barriers and a variation inequality,
their approach is not valid in this situation. However, I show shortly that under standard
regularity conditions, a solution to (24) provides a valid solution to the dual problem.

8 An analogous result holds in the dynamic contracting models in Biais et al. (2010) and DeMarzo and
Fishman (2007). These papers show investments (and disinvestments) at firm level depend on the agent’s
promised value. Similar to my model, when the agent has a larger promised value, the principal can more
easily incentivize him to exert effort in a larger firm.
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To provide an intuitive justification for the constraint on f in the HJB equation (24),
consider two observations. First, as discussed above, in any contract (Cy, 8;):>o that solves
the dual problem (17), we have 5, > n¢, to avoid the penalty dU,. Second, according
to equation (20), in such a contract the agent’s information rent ¢; coincides with the
marginal cost of commitment G5, (V;,Y;, ¢;). Therefore, 8, > 0G5 (V,,Y:, ¢). Because
of (21), we have 3, > ng,+ (Y1, &1). Theorem 4 formalizes this intuition.

Starting from the HJB equation (24), I associate a contract (‘3 (vow0.0) = (CE, K)o
with its policy functions, c¢(y, ¢) and B(y, ¢), which are the minimizers in (24). Contract
e(vo,yo,éo) is a contract for which CE = v,c(yy, ¢y), KE = vk(yq, ¢y) with k(y, ¢) == (B(y, ) —
ngy+(y, @)) C(yA’f)p , and where v;, y;, and ¢; evolve as in (22), (23), and (3) for some initial vy,
Yo, and ¢p, and with ¢; = c(y;, ¢1), Bt = B(yt, ¢), and m; = 0 for all t > 0. The following

theorem verifies whether this contract is optimal.

THEOREM 4 (VERIFICATION). Let g: RT x [0,1] — R be a twice-differentiable solution of
(24), such that g(y, ¢) is increasing and concave in y and 0 < j; < g < jo for some constants
J1 and jo. Let 6507107 o0) be the contract generated by the policy functionAs of (24) with y, = 0 and

= ((1 — p)Vy)T>. Assume an M > 0 exists such that |c(y, ¢)| + |5(y, ¢)| < M forall y > 0
and ¢ € [0,1]. If G (v0,0,60) |8 admissible, the following holds:

= Vp from contract G (v0,0.0) If e does not shirk.

(11) 6&70’ 60 1S @ relaxed optimal contract whose cost is (1 — p)Vo)l%p 9(0, @) if the agent does
not shirk.

(1I1) Suppose the following condition is satisfied for all y > 0 and ¢ € [0, 1]:

[(1=p)gy+ (U, )= pYGyy (1 DBy, &)+ gy 6 (y, D)nS(1— ) —1(1—20)g,+ (3, 8) > 0. (25)

Then Ggo 0.60) 18 incentive compatible with no shirking, and hence, it is an optimal contract.

Thanks to parts (I) and (1I) of Theorem 4, I can solve for a relaxed optimal contract
by solving the H]JB equation associated with the dual problem. Part (1II) combines the
results from Theorem 2 and equation (20) to establish a sufficient condition for the relaxed
optimal contract C (00,0, 1O b€ incentive compatible and hence to be the optimal contract
according to Definition 2. Equation (25) is equivalent to (12) when &, = v,g,+ (y:, ¢:), which

is the case for the relaxed optimal contract G In particular, the left-hand side of (25)

(r00.p)°
coincides with the quantity (w;, — 7(1 — 2¢,)&) /v,
In the next section, I rely on Theorem 4 to numerically solve for an optimal contract

using the H]B equation (24). I then discuss the implications of the optimal contract for the
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Figure 1: Verification of condition (25) and drift of the multiplier y in the optimal contract. Figure (a) plots
the left-hand side of equation (25) as a function of the multiplier y and beliefs ¢. Figure (b) plots the drift
of equation (23) as a function of the multiplier y and beliefs ¢. Results are shown for three values of the
multiplier y. The parameters are r = 0.02, § = 0.05, p = 1/3, A = 0.95, oy = 0.02, and ¢ = 0.18.

dynamics of the agent’s incentives.

4 RESULTS AND DYNAMIC TRADE-OFFS

I numerically solve the H]JB equation (24), and I verify the numerical solution satisfies
the conditions of Theorem 4. In particular, the numerical solution is twice differentiable,
increasing and concave in y, and bounded between two positive constants (Figure O.1(a)
in the online appendix provides an illustration.) Moreover, it satisfies (25). As an illus-
tration, Figure 1(a) plots the left-hand side of (25) for three values of the multiplier y,
showing (25) is satisfied for these values. The same result holds on the entire state space.
See Figure O.1(b) in the online appendix for an illustration.

Thanks to the dual formulation of the contract-design problem, I can characterize the
dynamics of the principal’s commitment through the dynamics of the multiplier y. Key
teatures of the optimal contract, such as the long-run path of incentives, depend on the
dynamics of the principal’s commitment.

In equation (23), we immediately observe y; has a negative loading on the shocks
dW¢, indicating the principal relaxes (reinforces) her commitment after good (bad) per-
formance. After good performance, the agent is rewarded with higher promised value
v;. The principal thus optimally relaxes her commitment in order to be more “uncon-
strained” in the future, when larger compensation is due to the agent. As a result, the
principal optimally establishes a negative correlation between changes in her commit-
ment and changes in the agent’s promised value.

Moreover, on average, the principal tightens her commitment over time. In Figure
1(b) and Figure O.1(c) in the online appendix, we observe the drift of y, is positive, indi-
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cating the multiplier y tends to increase over time. This feature is common in dynamic
contracting models in which future risk exposures distort the agent’s current incentives
(Di Tella and Sannikov, 2021; He et al., 2017; Prat and Jovanovic, 2014).
Next, I study how the agent’s incentives, 3(y;, ¢;), change with the agent performance.
To study the relation between performance and compensation, I define the pay-perfor-
mance sensitivity as the percentage change in compensation for a 1% return. Because in
the optimal contract, compensation takes the form C = v,c(y;, ¢;), the pay-performance
sensitivity can be written as
dCER/CE 1 (. oe(Yt, bt
ec(Ye, o) = %}tt -5 (B(yt, o) + W) ; (26)
where o.(y;, ¢;) is the volatility of c(y, ¢:). Because ex(y,¢) directly depends on the
agent’s incentives f(y, ¢), the pay-performance sensitivity reflects the strength of the

agent’s incentives.

4.1 PERFORMANCE AND INCENTIVES IN THE OPTIMAL CONTRACT

I now study changes in the agent’s incentives, 3(y, ¢), triggered by the agent’s perfor-
mance. In the optimal contract, incentives are functions of two state variables: beliefs ¢,
and the multiplier y;. Figure 2(a) shows how incentives vary for all values of beliefs ¢ and
for three values of the multiplier y. Figure O.1(d) in the online appendix shows incentives
for a continuum of values for the multiplier.

We immediately notice incentives increase with beliefs and decline with the multiplier.
This result is robust across all the numerical solutions that I obtained under a variety of
parameters. Moreover, by comparing Figures 2(a) and 2(b), we also observe the capital
ratio k(y, ¢) follows a similar pattern.

To explain these results, recall that in contract 620707 b0)7 capital under management is

given by K[ = v,k (y;, ¢;), where

~

This expression corresponds to the incentive-compatibility condition (8), holding as an
equality in the optimal contract Gg]m(x 4o) after using the results in Theorems 3 and 4.
Incentives, 3(y, ¢), and the capital ratio, k(y, ¢), are intimately connected by this incentive-
compatibility condition. In fact, the primary purpose of giving incentives to the agent is
to delegate capital while preventing shirking.
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Figure 2: Incentives, 5(y, ¢), capital ratio, k(y, ¢), pay-performance sensitivity, ec(y, ¢), and compensation
ratio, c(y, ¢), in the optimal contract as functions of the multiplier y and beliefs ¢. Results are shown for
three values of the multiplier y. The parameters are r = 0.02, 6 = 0.05, p = 1/3, A = 0.95, onp = 0.02, and
o =0.18.

To study the trade-offs the principal faces when choosing incentives 3(y, ¢), consider

the first-order condition for incentives in (24) for an interior minimizer:

A noc(y, 0)) —nd(1—d)gs(y.¢) = ymd(1—¢)  +
TV - ~ vV o
A: Benefit from IC  B: Benefit from Cov(V,¢) C: Cost from commitment

pB(y, ) [9(y, 0) — ya,(y, &) + ¥*p9yy (4, 8)] — pynd(1 — ) gye(y, &) .

J/

TV
D: Cost from risk aversion

On the one hand, the principal benefits from higher incentives because, by the in-
centive-compatibility condition (27), they allow more capital to be delegated to the agent,
thus increasing current expected cash flows. Term A captures this marginal benefit. More-
over, with higher incentives, the principal increases the covariance between promised
value and beliefs, thus promising larger (lower) compensation when the agent’s expected
productivity is higher (lower.) The marginal benefit of such covariance is measured by
term B.

On the other hand, the principal suffers costs from higher incentives because of her
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commitment and because of the agent’s risk aversion. In the optimal contract, the princi-
pal commits to reduce the agent’s future incentives in order to lower ex-ante information
rents. In the dual formulation, the commitment of the principal is captured by the multi-
plier y, which imposes an ex-post marginal penalty for incentives equal to term C. More-
over, the risk-averse agent requires larger future compensation when exposed to more
risk, generating the marginal cost of incentives in by term D. Note this term is zero if the
agent is risk neutral and p = 0.

The principal sets the agent’s incentives after optimally trading off marginal benefits
and marginal costs. When beliefs increase (decline), expected productivity increases (de-
cline), along with the marginal benefit of investment delegation. When the multiplier
declines (increases), the commitment of the principal is less (more) binding, and the ex-
post penalty for incentives is smaller (larger.) Hence, incentives /3 increase with beliefs
and decline with the multiplier.

As a result, incentives increase after good performance and decline after bad perfor-
mance. After good performance, the expected productivity of the agent increases and the
principal relaxes her commitment. The principal thus increases the agent’s incentives in
order to take advantage of higher expected returns and lower commitment. I summarize
this observation in the following prediction.

PREDICTION. Incentives increase (decline) after good (bad) performance; that is,

sy
dR, —

For this prediction, both learning and moral hazard play a key role, even in the ab-
sence of commitment. Without moral hazard, the principal would fully insure the agent,
and incentives would be zero. With moral hazard but no learning, the agent’s produc-
tivity would be known and constant. The agent’s incentives would be increasing in the
agent’s productivity, but they would be constant over time.' With learning and moral
hazard, incentives change with performance. Because of learning, the agent’s expected
productivity increases after good performance, and the principal thus wants to allocate
more capital k(y:, ¢:) to the agent. Because of moral hazard and the incentive compatibil-

ity condition (27), the principal has to increase the agent’s incentives, 3(y, ¢), along with

capital in order to preventing shirking.

YSee the discussion in section S.2 of the supplemental material. Even in the absence of learning, the
principal wants to allocate more capital to more productive agents. To prevent shirking, more productive
agents are thus offered steeper incentive contracts.
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Figure 3: Relation between cumulative performance, change in compensation, and change in capital under
management. The curves represent the change in log-compensation (Figure (a)) and log-capital (Figure
(b)) as functions of cumulative performance. Curves are shifted to represent changes relative to an agent
that has a zero cumulative performance. Performance, change in compensation, and change in capital are
computed while assuming that returns are realized uniformly over time during the course of one year.
Figures are drawn for initial beliefs ¢y = 0.5 and initial multiplier yo = 0. The parameters are » = 0.02,
§=0.05,p=1/3,A=0.95,0n =0.02,and ¢ = 0.18.

CONVEX AND BACK-LOADED COMPENSATION. As Figure 2(c) illustrates, the pay-
performance sensitivity ec(y, ¢), defined in (26), increases with beliefs ¢ and declines with
the multiplier y, similar to incentives B (y,¢). Consequently, agents with better (worse)
past performance face steeper (flatter) performance-based compensation schemes.

Because of this mechanism, the change in log-compensation appears convex in cumu-
lative performance, as Figure 3(a) illustrates. As the agent keeps performing well, incen-
tives become increasingly steeper and compensation becomes increasingly more sensitive
to performance, thus generating a convex compensation scheme for the agent.

When beliefs converge to either zero or one, the agent’s compensation scheme con-
verges to a linear one, where log-compensation increases linearly with performance. Fig-
ure O.2 in the online appendix provides an illustration. As beliefs converge to zero or
one, their volatility, n¢,(1 — ¢;), converges to zero. Hence, players stop updating their be-
liefs based on performance and the marginal cost of commitment, y,n¢,(1 — ¢;), vanishes.
This situation resembles a model with moral hazard but without learning, such as the
model in section S.2 of the supplemental material, where the pay-performance sensitivity
is constant.

However, even in the limit with no learning, the steepness of the compensation scheme
still depends on the agent’s perceived productivity. With an optimal contract for moral
hazard, the principal offers steep incentives to an agent with high perceived productivity
in order to delegate a substantial amount of capital while preventing shirking. Agents
with low perceived productivity, on the other hand, face flat compensation schemes be-

cause the principal delegates less capital to them and provides more insurance.

26



After good performance, the principal also back-loads the performance-based com-
pensation of the agent. Figure 2(d) shows the compensation ratio ¢(y, ¢) declines with
beliefs and increases with the multiplier. Hence, the compensation ratio declines after
good performance, thus indicating the principal increases future promised consumption
more than current compensation.

To understand why the principal back-loads the agent’s performance-based compen-
sation, consider the dynamic trade-off captured by the first-order condition for the com-
pensation ratio c(y, ¢):

L =208y, 0) — gy (y, 9))pely. ) + (9(y, 6) — pygy(y, 9))ely. 9) "

A: direct cost fit ro
- direct cos B: benefit from IC C: benefit from lower V/

Compensation is a direct cost for the principal, with unit marginal cost (term A).
However, compensation is also beneficial for the principal because, first, it relaxes the
incentive-compatibility constraint, thus allowing more investment delegation (term B);
second, it allows the agent’s continuation value to be reduced, thus reducing future com-
pensation costs (term C).

When expected productivity increases or the principal relaxes her commitment, the
trade-off tilts in favor of a lower c(y, ¢). With higher expected productivity and weaker
commitment, the principal enjoys a larger marginal benefit of relaxing the incentive-
compatibility constraint in term B. However, she also can deliver any given continuation
value more cheaply, thus lowering the marginal benefit in term C. Because p < 1/2, the
second effect dominates the first, and the compensation ratio declines.

CAPITAL FLOWS. Figure 3(b) shows that, similar to compensation, capital under man-
agement increases with performance. In the optimal contract, capital under management,
Ky = vik(ys, ¢1), increases with the agent’s promised value and with the capital ratio. As
discussed above, the capital ratio k(y;, ¢;) increases with past performance because the
principal wants to delegate more capital when the agent is perceived to be more produc-
tive and when commitment is less binding. The promised value increases with perfor-
mance in order to deter shirking. Therefore, the total amount of capital under manage-

ment also increases in performance.

INCENTIVES IN THE LONG RUN Over time, the principal tends to be increasingly com-
mitted to reduce the agent’s incentives. This increasing commitment is reflected in a
positive drift of the multiplier y. Because incentives ((y, ¢) decline when the multiplier y

increases, incentives tend to decline over time.
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Figure 4: Incentives, B (yt, ¢¢), over time for ¢y = 0.5. Figure (a) shows the unconditional distribution of
incentives at each point in time. Figure (b) shows the average incentives conditional on the agent’s type.
The distributions are obtained from a sample of 10,000 independent simulations in which the fraction of
skilled agents is equal to the prior ¢¢. The parameters are r = 0.02, 6 = 0.05, p = 1/3, A = 0.95, on = 0.02,
and o = 0.18.

Figure 4(a) shows the unconditional distribution of incentives over time for the entire
sample. Here, we observe incentives tend to decline over time. To study the distribution
of incentives over time, I generate 10,000 simulated histories of 50 years. In the simula-
tions, the initial prior is ¢y = 0.5. Half of the paths are simulated using i = 1, whereas the
remaining half is simulated using h = 0. Figure O.3 in the online appendix plots the dis-
tribution of incentives over time for different priors (and hence different shares of skilled
agents in the 10,000 simulations), namely, ¢y = 0.1 and ¢, = 0.9.

One should expect a declining path of incentives when future risk exposures exacer-
bate current moral-hazard frictions. The connection between future risk exposures and
current frictions may be introduced by the agent’s information rent in models with learn-
ing, as in my model, He et al. (2017), and Prat and Jovanovic (2014), or by agent’s pre-
cautionary saving motive in models with private savings, as in Di Tella and Sannikov
(2021). Similar to Di Tella and Sannikov (2021), in my model the principal also restricts
future access to capital to mitigate ex-ante frictions. In fact, both here and in Di Tella
and Sannikov (2021), capital and risk exposures are crucially connected by a necessary
incentive-compatibility condition.

Although incentives decline on average, agents experience different paths of incen-
tives depending on their history of performance and their hidden type. Figure 4(b) shows
average incentives for the two types of agents starting from prior ¢, = 0.5. In the figure,
expected incentives increase slowly over time for skilled agents, and decline steeply for
unskilled agents. Suppose an agent is skilled. By Girsanov’s theorem, beliefs acquire a
positive drifts because of the agent’s high expected performance. For analogous reasons,

the multiplier acquires a negative term in its drift. Thus, if players’ beliefs are pessimistic

28



enough, the skilled agent’s superior performance might offset the principal’s increasing
commitment , causing an upward trend in incentives to be observed.” By contrast, un-
skilled agents experience a declining path of expected incentives because of the combined
effect of poor performance and increasing commitment.

Full commitment by the principal is crucial for a declining path of incentives to be
observed. Ex post, the principal is tempted to renegotiate the contract and relax her
commitment by “resetting” y to zero. In the supplemental material, I study contracts
in which the principal cannot fully commit, as in the “commitment and renegotiation”
model of Laffont and Tirole (1990). In this case, no declining path of expected incentives

is observed.

5 CONCLUSIONS

In this paper, I study how a principal delegates the management of capital to an agent
with uncertain productivity. The principal dynamically learns about the agent’s produc-
tivity and allocates her commitment based on past performance. As a result, the agent’s
incentives and capital under management also change in response to past performance.

The model highlights the dynamic nature of incentives, compensation, and capital un-
der management. In particular, the model predicts that, after a history of good (bad) per-
formance, the agent’s incentives increase (decline.) The agent’s incentives are reflected in
his pay-performance sensitivity. As the pay-performance sensitivity increases (declines)
after a history of good (bad) performance, the agent’s compensation scheme appears con-
vex in cumulative performance.

I also make a methodological contribution to overcome the mathematical and com-
putational challenges of the model. These challenges regularly appear in continuous-
time contracting models with state variables. Such models often involve an endogenous
boundary in the state space of the optimal contract. Thanks to the dual formulation of
the contract-design problem, I sidestep the computation of the endogenous boundary.
This methodology can be readily applied to a large class of continuous-time contracting

models with state variables.

2Fjgure O.3(d) in the online appendix shows that, when ¢, = 0.9, incentives tend to decline even con-
ditional on h = 1. When the principal already expects large returns because of optimistic beliefs, even a
skilled agent may fail to produce good enough returns to offset the principal’s increasing commitment.
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A PROOFS

A.A PROOF OF LEMMA 1

I proceed by contradiction. Assume € is an optimal contract and that it is incentive com-
patible with a shirking process (m);>o such that E [ [[* e "'m, K, dt] > 0.

Because the contract is F;-adapted, the time-¢ allocation (Cy, K;) and shirking action
m; in equilibrium can be expressed as functions of the history of returns up to time ¢,
(RS)OSSSt' That iS, Ot = Ct((RS)OSSSt)/ Kt = Kt((Rs)OSSSt)/ and my = mt((RS)Ogsgt), for
some functions C?, K, and m®.

Now consider an alternative contract € = (C‘t, Ks)tzo- This contract is designed in the
following way. If the history of returns up to time ¢ is (Rs)o<s<t, e specifies capital at time
t equal to

Kt = K (RS —/ m; dz’) . with m; = m’ (RS —/ m; dz’) )
0 0<s<t 0 0<s<t

Contract C then specifies consumption as

C,=C! <RS — / m; dz’) + i K.
0 0<s<t

Suppose the agent’s best response to contract € is the shirking process (1m});>o. After
any history up to time ¢, with contract €, the agent receives capital equal to the amount
he would have received if he had chosen a shirking strategy (ms + m/)o<s;<; under the
original contract €. Similarly, he receives compensation equal to the combined amount
of compensation and private benefits he would have enjoyed if he had chosen a shirking
strategy (ms + m/,)o<s<; under the original contract €. In particular,

B [u(C)[Fo] = B 0= u(Cy + Aok |5l

where I explicitly express the dependence of the probability measure of returns on the
shirking process.

The best response of the agent to contract € thus solves the following problem:

5.

Because (m),>¢ is the best response of the agent to contract €, the right-hand side is max-
imized by m; = 0 for all ¢ > 0. Hence, no shirking is the agent’s best response to contract
C.

Note that with the new contract €, the agent receives the same lifetime utility as in
contract C. However, the costs for the principal change by E [ [ e~ (A — 1) m, K, dt] <0,

because she pays Am, K, as an additional compensation at time ¢, but enjoys an additional
cash flow m,K; by preventing shirking. Because the principal bears lower costs with

max B0 {/ e u(Cy) dt

(my)e>o0 0

3’0] = max E(mtmiizo [/ 6_&“(015 + AmKy) dt
0

(m})e>o0
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contract G, the assumption that € is an optimal contract is contradicted. O

A.B PROOF OF THEOREM 1

I use the stochastic maximum principle (Yong and Zhou, 1999, Chapter 3 and references
therein) to derive necessary conditions for incentive compatibility, as in Williams (2011)
and DeMarzo and Sannikov (2017).

Instead of working with posterior beliefs ¢, as a state variable, it is convenient to work
with the log-likelihood ratio

t
1
Ty = Q/ (dRs + mgds) — §n2t.
0

g

By Girsanov’s theorem, e™ represents the ratio between the likelihood that the path
(Rs)o<s<t is generated by a skilled agent (h = 1) and the likelihood that the same path

is generated by an unskilled agent (h = 0.) That is, e** = 113%[5214‘

We can then express beliefs as a function of the log-likelihood ratio,

_ _ Poe™
b= Pla) = 1 — o + doe™t

Let C be an incentive-compatible contract with no shirking, and let P be the probabil-
ity measure for which W is a standard Brownian motion. Consider an arbitrary shirking
process (m;):>o- Let z; be the principal’s log-likelihood ratio and let x; + A} be the agent’s
log-likelihood ratio. The laws of motion of z; and A} are given by

1
dxy = (@D(xt) — 5) n2dt + nthe
m

AAT = Lyt
g

Let P™ be a measure for which W/ :== W¢ — fot “= (s is a standard Brownian motion.
The continuation value of the agent, given € and ()0, can be written as

E |:/ FTG_dtUI(Ct —I— mt)\Kt) dt)?0:| s
0

where I' := 95 is a density process representing the change of measure for the path of

returns induced by the shirking strategy (1m,);>o. By Girsanov’s theorem, I'™ evolves as

4y = (=2 4 (e + A7) = ¥()) TV

Consider the following Hamiltonian,

H(T,x,A%;m;B, &) =Tu(C +mAK) + <—% +n(Y(xz+ A%) — z/z(x))) I'B+ %n&
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If m; = 0 is optimal for all ¢, the stochastic maximum principle (Williams, 2011; Yong
and Zhou, 1999) implies that m = 0 must maximize the Hamiltonian above with I'" =1,
Az = 0, and with (V, B)i>0 and (&, wy)i>0 solving the following backward stochastic
differential equations (BSDEs):

dV, = (6V, — Hp(1,24,0;0; By, &))dt + B dW
d& = (5515 - Hx(L-Tt, 0; 0; Bbgt))dt + WthVte,
with limit conditions limy_,., E[e™TV7|F,] = 0 and limy_.o, E[e7¢r|Fo] = 0 (Konlack

Socgnia and Menoukeu-Pamen, 2015).
We must therefore have

th = (5Vt — U(Ct))dt + Btthe
d&, = (6& — Bingu(1 — ¢r))dt + w,dWy,

gjt:|7

Hence, V, =V, and B, = 3;, which concludes the proof. O

Solving the BDSE for V;, we obtain

V. =E {/ e~06=Dy(C,) ds
¢

A.C PROOF OF THEOREM 2

Define (; := , which, by Ito’s lemma, evolves as

&t
d1(1—¢y)
¢ = (5§t —np + 772¢t(1 - ¢t)§t - 77(1 - 2¢t)wct) dt + Wgtthe7

where
Wy — ft(l - 2¢t)77

¢(1 — @)

Let ¢! be the agent’s posterior at time ¢ after a deviation (m;)o<s<:, While ¢, is the
principal’s. Because m, > 0, gb;f‘ > ¢;. | want to show that if the conditions of the theorem
are satisfied, then V; + (¢7' — ¢,)¢; is an upper bound on the agent’s future expected utility
at time ¢. Because ¢! = ¢, this upper bound proves the agent has no (strictly) better
strategy than choosing m, = 0 for all t > 0 and receive the continuation value V.

Consider an arbitrary deviation up to time ¢ and let

UJCt =

S, = / (G, m K ds + e (Vi (6 — 6)G).
0
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It suffices to show S, is a supermartingale because in this case,

T
S, > E[Sr|F,] =E { / e u(Cy + mAK) ds + e T (Vp + (62 — é7)Cr)
0

?t:|7

which would then imply

Vi+ (6 — )¢ > B [/ ey (Cy + mAK,) ds
t

?t} vt > 0,

because V,,, ¢ — ¢,, and (, are positive.
To show S, is a supermartingale, it is sufficient to prove the drift of dS; is non-positive.

Using Ito’s lemma, and after some algebra, the drift of dS; simplifies to
m m
e [a(Ch+ mAKD) = ul(C) = Bt 4 meu(1 = @Gt — (87! = dowar

2
Recall & = ¢;(1 — ¢)(;. By (8), (12), and the concavity of U(+),

W (O + M) — By — 77¢t£fl — ¢)G

— (62— 6) <0 W¥m, >0
g

Hence, the drift is maximized for m; = 0. For m; = 0, the drift of dS; is zero, and it is
negative for m, > 0. Therefore, for an arbitrary deviation (m;):>o, S; is a supermartingale,
thus concluding the proof. O

A.D PROOF OF THEOREM 3

NOTATION. Before proceeding to the proof, I introduce some useful notation. I use
P4 to denote the set of admissible contracts that solve the primal problem (13) for
(Vo, &0, 00) = (V. &, ¢). I call such contracts optimal primal contracts. I use D(y,y,4) to denote
the set of admissible contracts that solve the dual problem (17) for (V;, Yo, ¢0) = (V. Y, ¢).
I call such contracts optimal dual contracts.

Let € = (C}, Bt)i>0 be an arbitrary admissible contract that delivers expected lifetime
utility V(if the agent does not shirk) and information rent £. I use J(V, &, ¢|C) to denote
the value of the objective function of primal problem (13) when the principal chooses
contract . Similarly, I use G(V,Y, ¢|C) to denote value of the objective function of the
dual problem (17) when the principal chooses contract €. In particular, if ¥ € Py 4) and
€P € D(vy,4), we must have J*(V, £, ¢) = J(V,£,¢|CF) and G*(V.Y, ¢) = G(V,Y, ¢|CP).

Given a contract C = (C}, )0, I denote with £(€, ¢) the information rent implied by
the contract € when beliefs are ¢; that is,

&e,.¢)=E { [ e modi— o) a

?0:| s with ¢0 = QZ5

Before proving the theorem, I provide a preliminary lemma. The proof of the lemma is
informative about the relation between the primal and dual problem; thus, I provide it
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here.

LEMMA A.1. Consider an admissible contract C and a process (U;)i>o € J. Let & = £ (Ct, &),
where Cy is the continuation contract of C at time t. Then,

Bl [T Vimodt - st =Yoéte.on +E | [T e (o Rtcrar + ety ) ).
(A1)

Moreover, if C € D (v, vy,60), it must satisfy 3, > & forall t > 0.

Proof. Consider an admissible contract € = (C}, 5¢)i>0 and let Y, = e=tY,. For a finite

T > 0, we can use integration by parts to obtain

T
E [/ e Y, Bimee(1 — ¢y) dt
0

Fo

-0 [ / " (Vi1 - o) de %]

_ —E{ [th / L Bl - 6 d]: - ' ( / LBl — 6 d) v, :fo}

—VE { /0 " I Bba(1 — 6y) ds %} +E [ /0 L ( / T e (1 — 6 ds) av; %]
:fo} |

3"0} +E [ /0 ' et ( /t ' e 6B ne (1 — ¢y) ds) (T@Cﬁdt - ndm)
(A.2)

By definition of admissible contract, E[ [;* e~ |V, 8¢ (1 — ¢¢)| dt|Fy] < oo. Hence, by
the monotone convergence theorem and the law of iterated expectations, we can conclude

.

T
_YiE { /O 5 Bnds(1 — 6y ds

T
5o| = Jim B| [ e (Vo1 - o) a

&
A

E [/OO e "Y Bimee(1 — ) di
0

— Vi€, o) +E [ | e (n%bt

).

Because Y, = Y, this proves the first part of the lemma.
To prove the last part, I use (A.1) to rewrite the objective function in (17) as

G(Vo, Yo, #0|C) =
sup E[ /0 e-“{(ot—”@(ﬁt—n&)ctp) dt—(ﬂt—ﬁft)dUtH+Yof~(ea¢)- (A3)

(Ut)tzoej )\

Because dU; can be arbitrarily large, if € is an optimal dual contract, it must satisfy 3, —n&; > 0
for all ¢.

PROOF OF THEOREM 3(1). Consider Y? and Y! such that Y* < Y''. To prove G*(V, -, ¢)
is increasing, consider C; € D(yy, ¢) and note

G'(V.Y ) < G(VY",9l€1) = G (V.Y ) + (YO = Y')E(Cr,9) < GH(V. Y, 9),
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where the equality follows from equation (A.3).
To prove G*(V, -, ¢) is concave, define Y” = vY? + (1 —v)Y! for v € [0,1]. Let €, €
®(V7Y”,¢)' Then,

VG (V.Y 0) + (1 - v)G (VY ¢)
<vG(V, Y, 6le,) + (1 - v)G(V,Y', 4le,)
- G*(V7 YV7 ¢)7

where the last equality follows from equation (A.3).

Finally, I prove G*(V,Y, ¢) is differentiable in Y for Y # 0 in Lemma O.5 of the online
appendix. I delegate this proof to the online appendix because it is a purely technical
proof involving lengthy arguments based on viscosity solution concepts.?!

PROOF OF THEOREM 3(11). I begin by proving equation (18). Let € be an admissible
contract that satisfies (8) and 3; > né&(Cy, ¢¢) for all ¢ > 0 and that delivers continuation
value 1 and information rent &, to the agent. Then,

A

—rt 772¢t
A

I (Vi €0, dol€) = E [/OOO i~ (ct - ”%f) dt‘%}

—aw oo ][
0
= G(Vo, Yo, ¢0|€) — Yo&o,

&CY dt‘%] - E [/OOO e Y Bmen(1 — ¢y) dt‘?o]

(A.4)
where the last equality follows from Lemma A.1 and the fact that when 5, > né (Cy, 1)
for all ¢ > 0, the supremum in (A.3) is achieved by a process (U)o € J such that (3, —
né&)dUE = 0 for all t > 0.
Consider CF € P(y¢ 4 and C” € D(y.y4). Using (A.4), we have

J(V,E9)+YE=T(V,E,0C7) +YE=G (VY,0[€7) > G*(V,Y, 9) (A.5)
and
I (V.E(€".0).0) < T (V.E(€70) . 0le”) = G*(V.Y.0) = YE(€P.0).  (AS)

Equation (18) foll~ows directly from (A.5) and (A.6). In particular, the infimum in (18) is
achieved by ¢ = £(€P, ¢); that s,

£(€7,0) € arginf{J(V,€,0) + Y} (A7)

Next, I show that, for any optimal dual contract € € Dy, £(CP,¢) = G5 (VY. ¢).

21Gee Crandall et al. (1992) and Pham (2009) for the notion of viscosity solution of a partial differential
equation.
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Let C” € D(yy,). Using (A.5) and (A.6), we obtain

)+Y§ (€P,¢)

G (VY. 0) = J* (V.E(€,0) 0
£(€7,0),0) +(Y +2)E (€”,0).

G(V,Y +5,0) < T (Vi€
Together, they imply

G (V.Y + el ¢9) = G*(V.Y, 9)
B

G (V.Y,¢) -G (V.Y — |e], ¢)
e

<E(CP,9)  ife >0

>¢(CP,9)  ife <.

For Y > 0, the function G* is differentiable in Y, and hence, the left and right derivatives
with respect to Y exist and coincide. For Y > 0, the right derivatives exist because of the
concavity of G*(V, -, ¢). After taking limits for ¢ — 0" and ¢ — 0~, we obtain

£(CP,¢) =Gy (V,Y,¢) for Y >0 (A.8)

and .
£(€P.¢) 2 Gy+(V.0,¢) for Y =0.

I then prove £(CP,¢) = G4, (V,0,6) when €° € Dy 4.2 For n > 0, define 7, =
sup{t € (0,1/n] : ¢: = ¢o}. By the Blumenthal Zero-One Law, 7,, > t exists because ¢; — ¢y
changes sign infinitely many times in any time interval [0,1/n| (Karatzas and Shreve,
1998, Chapter 2.7.C). By Lemma O.3 in the online appendix, G*(Vy, Yo, ¢0) = v0g* (yo, ¢o)
for a function ¢g* where v; = ((1 — p)Vt)ﬁ and y; = v; ”Y;. The function ¢* inherits
some of the properties of G*. In particular, ¢*(y, ¢) is increasing and concave in y and
differentiable in y for y # 0 with G}, (V. Y, ¢) = (1 — p)Vg;. (v, 9).

For any C” € Dy, 0.4,), let € be its continuation contract at time ¢. Then,

§(C7, ¢) =E /0 " e Bmon(L — ) dt] | + B [e70E(eD, 0u)l0]

=E /0 ' e Bmey(1 — ¢y) dt|Fo| + E [e "™ (1 — P)Vr G (Yr, $0)|Fo]

<E /One—étﬂmébt(l — &) dt|Fo| + (1= p)gi+ (0, ¢0) E [e ™V, |Fo] -

The first equality is because of (10). The second equality is because, by Bellman’s optimal-
ity principle, €2 € Dy, v, 4.y and because, with Y, > 0 by (16), equation (A.8) implies
£(C2 o) = Gy (Vi, Yoy b0) = (1= p)V5, 9+ (Yr» %0)- The final inequality follows from
Y-, > 0 and the concavity of ¢*(-, ¢).

Taking the limit for n — oo, the first expectation in the right-hand side converges to

2Note G%, (V, 0, ¢) is finite because of the global concavity of G*(V, -, ¢).
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zero by the monotone convergence theorem. As for the second expectation, we have

Tn 1-
/ € —ot Ct dt‘ffo
0 _

Taking the limit for n — oo in this expression, E[ [/

Vi=E F B[, |3,

n _5t0 dt’ffO] — 0 by the monotone

convergence theorem. Hence, E[e ™V, |Fo] — V.
Therefore, for any € € Dy, 0.69),

€ (P, ¢p) < (1— p)Vog;+ (0, ¢0) = G+ (Vo 0, o).

Because V; and ¢, were arbitrary and because, from the previous results, 3 (€eP,¢) >
7+ (V,0,¢) when €2 € Dy 4), we conclude (€, ¢) = G5, (V. 0, ¢) for any P € Dy ).

To conclude the proof, it remains to show that, given ¢ = £(€P,¢) = Gi,(V,Y,¢), if
€’ € Piver 4), then €7 € Dyy ). To show it, I combine (A.5) and (A.6) to obtain

T (V,€,0) +YE =G (V.Y ¢e7) > G*(V,Y,¢) > J*(V,€,¢) + Y,

which thus implies G(V,Y, ¢|€”) = G*(V,Y, ¢), and that €” € D(yy,¢). .

PROOF OF THEOREM 3(11). Consider ¢ < G} (V,0,¢) and let YV €
arg supy~o{G*(V,Y’,¢) — Y'¢}. Because G*(V,-,¢) is concave and differentiable for
Y > 0, we have G%., (V,Y, ¢) = £. Therefore, given information rent £ < G (V,0, ¢), any
optimal dual contract €” € Dy delivers information rent £. Then,

J(V,£,0|C7) > J*(V,£,¢) > G*(V,Y,¢) = YE =G (V,Y,9) — YE(CP,0) = J (V& 4|CP),

where the first inequality follows because C” cannot be strictly better than the optimal
(primal) contract, and the second inequality follows from (A.5). The subsequent equality
is because £ (€7, ¢) = G%. (V, Y, ¢) = £, and the last equality is a consequence of (A 4).
Because the first and the last terms coincide, we conclude J*(V, &, ¢) = J(V, £, ¢|CP);
that is, CP ¢ Pwee). Because of this observation and (A.5), we therefore have
J*(V, &, ¢) = supy-o{G*(V,Y’', ¢) — Y'¢}, where the supremum is achieved by Y such
that G5, (V,Y, ¢) = ¢ By the envelope theorem (Milgrom and Segal, 2002), ¥ =
_‘]5* (V7 57 (b) [

PROOF OF THEOREM 3(1v). Consider ¢} € D). By equation (A.6), G*(V,0,¢) >

J*(V,£(€P,6),¢). Moreover by (A.5), we also have G*(V,0,¢) < J(V,&, ) for any €.
Therefore,

I (V.€@P.0),0) < J(Vig.9) foranye,
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proving £(€F, ¢) is a global minimizer of J(V, ¢, ¢) with respect to ¢&. Hence, any €7 €
Pvé(ep ). is a relaxed optimal contract whose cost is

T (V.E(CP,9),¢) = G*(V,0,9),

by (A.5) and (A.6). Note also that, by Theorem 3(11), f((’:‘g’, ¢) = G+ (V.0,€) for any Cf €
Dwo,0)-

Combining the results from part (1I) and the proof of part (111) of this theorem, we have
€ € Py éep,g) ifand onlyif € € Dy,o,4). Thus, any optimal dual contract €Y € Doy isa
relaxed optimal contract. However, there might be multiple minimizers of J*(V, £, ¢) with
respect to £. That is, there could be a relaxed optimal contract € such that € ¢ fP(V’ EEP.6).0)"
I rule out this possibility by showing &(CP, ¢) is the unique minimizer of J*(V, &, ¢) with
respect to . )

I proceed by contradiction. Suppose G and ¢” # £(CD, ¢) exist such that €7 ¢
Prven gy and J*(V,€", ¢) = J*(V,£(€F, ¢), ¢). Using (A.5), we have

I (V.€(€R,0) . 0) = J(V.&",0) = J (V.&",0le”") = G (V.0,6le™) = G*(V,0,0).

Because J*(V,£(CF, ¢),6) = G*(V,0,¢), the inequality above holds as an equality and
e"" € Dy, By assumption, €”” delivers information rent £” # £(C, ¢) = Gy+(V,0, $).
However, by Theorem 3(11), any optimal dual contract € € Dy, 4) delivers information
rent Gy+(V,0, ¢), thus creating a contradiction.

Therefore, for any ) € D4, £(CF,¢) = Gy+(V,0,¢) is the unique minimizer of
J *(V,f-, ¢). Hence, if € is a relaxed optimal contract, C € Py, é(ep.g),0), thus concluding the
proof. [

A.E PROOF OF THEOREM 4

PROOF OF THEOREM 4(1). To begin with, I show ¢(y, ¢) is uniformly bounded away
from zero for all y > 0 and ¢ € [0,1]. Consider (24) and the first-order condition for
c(y, ¢):

1= Ay, 9)e(y, 9)"~" = (9(y, &) — pygy(y, 6))c(y, 6) ™" > 0, (A9)

where A(y, ¢) = W¢wp > 0.
Note

9y, ®) — pygy(y, ) > 9(y, ¢) — yg,(y, ) > 9(0,¢) > j1 >0,

where the first inequality is because p < 1 and yg,(y, ¢) > 0, the second is because ¢(-, ¢) is
concave, and the third is because g > j;. Furthermore, note that c(y, ¢) is interior because,
as c¢(y,¢) — 0 the left-hand side in (A.9) tends to —oo. Moreover, as ¢(y,¢) — oo, the
left-hand side of (A.9) tends to 1. Hence, 0 < c(y, ¢) < oo and (A.9) holds as an equality.
Together, these observations also imply 1 — A(y, ¢)c(y, ¢)?~! > 0.
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Therefore,

S

1
it >0,

ey, ) = (1 — Ay, d)e(y, )" )7 (g(y, &) — pygy(y, 0))7 >

proving c(y, ¢) is uniformly bounded away from zero.

Next, I show that for any ¢ > 0, the contract ngo 40.60) PTOVides continuation value Qit_p
to the agent if he does not shirk

Consider the variable D, = ‘s lemma,

6y $)' "
L—p L—p

aD, = (1— p)D; ( )+ (1= DDA e

Consider a localizing sequence of stopping times (7,,)7° , such that 7,, — co as n — 0.
Then, using the Dynkin’s formula (Jksendal, 2003, Chapter 7.4) and taking the limit for
n — oo, we have

00 R\1—p
D, =E {/ e‘s(St)(Cl’L ds
t

- P

%]+lm1E[ 0mm=D. |F],

n—oo

by the monotone convergence theorem.
To show lim,,_,o E[e ™" Y D |F,] = 0, consider

Tn 1 R Tn N
0D, = Diexp [ (el 007 = S0 B0 ) st [0 B0 s
t t
Tn 'Fip 1 N n N
<Diexp{ [7 (<07 = 50 0B o) ds [0 = )00 W,
t t
The random variable e/i™ —3(1=p)*B(ys,6:)% ds+ [ (1=p)3(ys.65) AW gatisfies the Novikov con-

dition because f(y,4) is uniformly bounded. Hence, it is a martingale and
|:€f‘r"** 1 P 6(:‘/3 ¢S)2ds+ff7—n 1 P)ﬁ(ys ¢S)dW(

t} = 1. Therefore, using also D, > 0,

1—p

0< Ele ™D, |F,] < De " (=)

Y

and, thus, lim,,_,o, E[e "9 D_ |F,] = 0.
We therefore conclude

1—p [e'S) CR 1—p
Uy _ Dt —FE |:/ e—&(s—t)( 15 ) ds‘?t:| ’
t -p

1—p

proving “— " is the agent’s continuation value at time ¢ if the agent does not shirk. O

PROOF OF THEOREM 4(11). [ begin by proving v.g(y, ¢r) < G*(V,,Y:, ¢:). To do so,
consider an optimal dual contract € = (Cy, 5;)i>0 that delivers continuation value Vj =
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1—
vl)%p to the agent. Define
P

5 A 1
AMK%¢%&5%=9@A®(—T+——;—-C +1mﬁ)

N

2 5 1—
+ 9y(y, 8) [—cbn—cp +y ( 157 pf_; + %fﬁ)]
— 94y, 0)ypB* + 9oy, SNS(1 — )3
45000 8) 0B + 3900l DS (= 0" — yaly DypBud(1 — 0).

Let ¢; == C;/v; and Bt = 5t/vt1_p . For a process U = (U;)i>0 € J, the multiplier

yY = v, "Y; evolves as

1—p
) c;

2
n
dy§]=¢t70§’dt+yt (7“— 1—p+p1—,0

1 . . B
* §P5t2> dt — ypBedWE + nu, UL
Consider also a process U := (Uf)i>o € I with dU; = I,dt, where I; > 0 is such that

Cr — ;@Bth + yBmen(1 — ¢t)] +Alg; (v, 60); ¢, B — (B — N9y+(Ye, @)1y > 0. (A10)

Note such I, exists because if 3, > ngy+ (e, ¢1), I = 0 satisfies this condition by (24). If, on
the other hand, 0 < 3, < ngy+(ye, ¢1), a large enough I, will satisfy this condition.

Consider a localizing sequence of stopping times (7,,)7° , such that 7,, — co as n — 0.
Then, by the Dynkin’s formula,

Ele " ™0, g(yY, , ¢r.)|Fo] — v09(y0, do) = E [/ e " {A[g; W, de); o, Be) + gy (ui ¢t)1t} dt’%] .
0

Using inequality (A.10) and the differentiability of ¢(-, ¢) inside the domain, we obtain

v09(Yo, ¢o) < E {/OT” e "y (Ct - g@/;)tcp + yf]cﬁmﬁbt(l — ) — Btﬁ) dt‘%] + E[e_”"vrng(ygv b7, )| Fo]
< sup E [/()Tn et {(Ct - gﬁf?tﬁtcf + YiBime(1 — ¢t>> dt — @dUt} ‘%]

(Ut)e>0€7

+ Sup E[e_TTnUTng(ygl ’ ¢Tn) ’?0] °
(Ut)tZ()Ej

(A.11)
First, I show lim,,_,., E[e™"™v,, ¢ (yTn,ngn)|5t0] = 0 for any (U;);>0 € J. Define j; =
g*(0,0). By Theorem 3 and equation (21), v, jo > ( is the cost of the cheapest (admissible)

contract that delivers continuation value T" > to the agent without any investment. 21

ZRecall that throughout the paper, I assume parameters are such that g* (0, ¢) > 0 for all ¢ € [0, 1].
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then proceed as in Di Tella and Sannikov (2021) by noting

EV e‘Ttlct!} ZE[/ 6‘”@] ZEV eCy+ e i
0 0 0

Because of the admissibility condition (14) and because v,, > 0, I apply the dom-
inated convergence theorem and conclude lim,_,,, E[e”"™v,, |[F] = 0. Because 0 <
E[eirmvmg(yrn ¢Tn)|?0] < joE[e™"™ vy, |Fo], then lim,, E[eirmvmg(ygu ¢, )|Fo] = 0.

Because C = (C%, Ki);>0 is assumed to be an optimal dual contract, by Lemma
(A1), B > né(Cid). Moreover, for any 7, &(C,¢) > ET(Crdy,Tn) =
E [ et Bmps(1 — ¢5) ds|F,]. Using equation (A.2) in the proof of Lemma (A.1), we
therefore have

Tn . n
(Ui?gejE {/0 et {(Ot - Xd)tﬁtcf + Y8 (1 — ¢t)) dt — 5tht} %}
= ¥ [ / e {(c 1 - ngT(et,@,Tu))c;) dt — (5 — ' (€, ¢t,rn>>dUtH LYET(C, o, )

g { [ {(c SUIPRI qﬁtxn))ct”) dt}] Y78, o, 7)

=g | [" e (Com Fonct + Yismo1 - ) difsa].

Taking the limit as n — oo in (A.11) and applying the dominated convergence theorem,
we obtain

g ) B | [T e (Com ToBCE + Yibaan(1 - ) dtfa] =6 (V.Y.0)
Next, I show vog(yo, ¢o) > G*(Vo, Yo, ¢o). To prove this inequality, note

v Alg; (Y 01); Wi s 1), By, b))t
+ vt (C(yt—, &t) — nOB (Y-, 1) + - By, de)ndi(1 — qbt)) dt

- Ut pﬁ(yt a¢t)dUt + vy [ (yt + Ut_pﬁdUu th) - g(ytﬂﬁbt)]
= —Ut pﬁ(yt >¢t)dUt + vy [ (Z/t* + vt_pndUta ¢t> - g(yt*7 ¢t)]

< _Ut [ﬁ(ytwﬁbt) — NGy+ (Yi, P¢)]dU; (A12)
<0,

c(ye-, ¢t)

with equality if dU; = 0. The equality follows because of the definition of ¢(y, ¢) and
B(y, ¢) and the HJB equation (24). The first inequality follows from the concavity of g
with respect to y. The last inequality follows because 5(y;-, @) > 1g,+ (Yi-, ¢1).
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Therefore,

v0g(Yo, ¢o) — Ele™"™vr, 9(Yr,, 7., )| Fo]
= E{/o ' e { — v Alg; (Wi &0); (Wi, 1), B(%*a@)}dt —v(g(ye- + vy ndUy, ¢y) — g(yt*7¢t)):| ‘%}

> E UOT e {Ut (C(ytw@) - n@@(yt—,@)c(%%ﬁt)p + Y- By eI (1 — ¢t)) dt — vt]*”B(yt—vdh)dUt] ‘%} 7

with equality if dU, = 0 for all ¢.
Taking the limit for n — oo and using lim,,_,o E[e"™ vy, (Y-, ¢-,.)|Fo] = 0, we obtain

Rl A C(Z/rm@)p A ; , 1-p
v09(Yo, do) > E [/0 e [Uz, <C(Z/tw &) — NP (Y-, 1) h\ + Y- By, d)nde (1 — @z)) dt —v; "By, ¢t)dUt:| )%} ,
with equality if dU, = 0 for all ¢.
Therefore, we conclude
oo . (s, by)" R
109(Yo, ¢o) = E [/0 ey (C(yt*7 ¢1) — oS (e (bt)w + - By po)ne(1 — ¢t)) dt‘ffro}
[e's) . . _ P N "
= sup E {/ e’”{vt <C(yt—7 &0) — 6B (Y-, sz)('(ytf’@) + Y- B(Ye- pe)nge(1 — ¢>t)) dt — v, By, Q&t)dUt}’?O}
(Ut)i>0€d 0
= sup E { /OO e—rt{ (CtR _ ’r/(btﬂfc(cf)p 4 YtﬁtR’r/@t(l — (bt)) dt — /3thUt}’5tg} .
(U)130€7 0 A

1—

%" to the agent, we conclude

Because the contract €} . delivers utility V, = 7

Uog(y[)) gbO) Z G*(‘/b7 }/0) gbO)
Combining the results so far, we therefore have

o0 “ P ~
6" (Vi Yordu) = taglms ) = E | [ (el ) = nnblo 00 P52 — by, annont1 = ) ) |
Hence, the contract Gg}myo’ 4o) Tepresents a solution to the dual problem. Because the re-
laxed optimal contract coincides with the solution to the dual problem when Y; = 0, we

conclude Gg]o 0.60) 15 @ relaxed optimal contract. O

PROOF OF THEOREM 4(I1I). Because Gg)o 0.6) 15 @ relaxed optimal contract, the cost
009 (Yo, ¢o) provides a lower bound for the principal’s cost function in an optimal con-

tract. Hence, if the contract Ggo 0.60) is incentive compatible, it is also an optimal contract.

I use Theorem 2 to verify whether €f}, , , , is incentive compatible. Because condition (8)

holds by construction in a relaxed optimal contract, it remains to verify whether (12) is
satisfied.

By Theorem 3 and Theorem 4(11), the agent’s information rent at time ¢ with contract
Gg)mo’%) is given by & = G+ (Vi,Y:, ¢1) = vtlfpgy+ (y¢, ¢r). 1 then use Ito’s lemma and
express the volatility of the agent’s information rent, w;, as

Wy = (1 - p)vtl_pgy+ (yta ¢t)B(yt7 ¢t) - pvtl_pytgyy(yta ¢t)3(yt> (bt) + vtl_pgyw(yt» ¢t)77¢t(1 - (bt)-
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With contract G{f}o 0.60)” condition (12) is thus equivalent to

o {100 = P (s 60) = P (e, 600) Byt &1) + gy o S0)1n (1 = 61) = (1 = 260) g, (6 | 2 0.

After dividing by v; ?, I obtain (25). If (25) holds, the relaxed optimal contract Gg]m b0)
satisfies (12) and it is therefore an optimal contract. ]
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