Appl Math Optim (2009) 59: 99-146
DOI 10.1007/s00245-008-9050-0

Optimal Compensation with Hidden Action
and Lump-Sum Payment in a Continuous-Time Model

Jaksa Cvitani¢ - Xuhu Wan - Jianfeng Zhang

Published online: 6 June 2008
© Springer Science+Business Media, LLC 2008

Abstract We consider a problem of finding optimal contracts in continuous time,
when the agent’s actions are unobservable by the principal, who pays the agent with
a one-time payoff at the end of the contract. We fully solve the case of quadratic
cost and separable utility, for general utility functions. The optimal contract is, in
general, a nonlinear function of the final outcome only, while in the previously solved
cases, for exponential and linear utility functions, the optimal contract is linear in the
final output value. In a specific example we compute, the first-best principal’s utility
is infinite, while it becomes finite with hidden action, which is increasing in value
of the output. In the second part of the paper we formulate a general mathematical
theory for the problem. We apply the stochastic maximum principle to give necessary
conditions for optimal contracts. Sufficient conditions are hard to establish, but we
suggest a way to check sufficiency using non-convex optimization.
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1 Introduction

This paper builds a general theory of optimal contracts between two parties in contin-
uous time when the action of one party is not observable. In most existing continuous-
time models of this type it is assumed that the parties have exponential utility func-
tions, while we allow general utility functions.

In economics literature, these types of problems are known as Principal-Agent
problems, with a principal who hires an agent to perform a certain task by control-
ling a given stochastic process. For example, shareholders hire a company executive
whose effort has an effect on the company’s stock price, or investors hire a portfolio
manager to manage their wealth from investments. In a previous paper [5], we study
the case in which the actions of the agent are observed by the principal, the so-called
first-best case. Here, we consider the second-best case of “hidden actions” or “moral
hazard”, in which the agent’s control of the drift of the process is unobserved by the
principal. Thus, it is harder (more expensive) for the principal to provide incentives
to the agent in order to make her apply high effort. The seminal paper on this topic in
the continuous-time framework is Holmstrom and Milgrom [13], which showed that
if both the principal and the agent have exponential utilities, then the optimal contract
is linear. Schiittler and Sung [24] generalized those results using a dynamic program-
ming and martingales approach of Stochastic Control Theory, and Sung [26] showed
that the linearity of the optimal contract still holds even if the agent can control the
volatility, too. A nice survey of the literature is provided by Sung [27].

Our model is similar to those papers, but we obtain further results also for non-
exponential utility functions. We use a so-called weak formulation, meaning that the
agent, with her actions, influences the distribution of the outcome process, or, more
precisely its rate of return. This approach is first suggested by Mirrlees [16, 17], as
explained nicely in [12, p. 77]. We will illustrate this approach first in a simple single-
period model.

Different variations and applications of the problem are considered in [3, 7, 8, 14,
21, 23,28, 29]. See also [18, 19], and [11]. The paper closest to ours is Williams [29].
That paper uses the stochastic maximum principle to characterize the optimal contract
in the principal-agent problems with hidden information, in the case without volatility
control. It focuses on the case of a continuously paid reward to the agent, while we
study the case when the reward is paid once, at the end of the contract. Moreover,
we prove our results from the scratch, thus getting them under weaker conditions.
(Williams [29] also deals with the so-called hidden states case, which we do not
discuss here.) A very nice paper with a setting in which the payment to the agent is
continuous is Sannikov [23]. That paper has a risk-neutral principal, and the agent
has an arbitrary utility function.

While working on the general theory, we have been able to identify a special
framework in which the problem is tractable even with general utility functions: un-
der the assumption of a cost function which is quadratic in agent’s effort and under
a separable utility, we find an explicit solution for the contract payoff. To the best of
our knowledge, this is the first time that the optimal second-best lump-sum contract
payoff is explicitly described in a continuous-time contracting problem with hidden
action, other than for exponential and linear utilities. The solution depends only on
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the final outcome (usually in a nonlinear way), and not on the history of the con-
trolled process, the fact which was known before for exponential and linear utilities.
The contract is determined from an equation which extends the classical Borch rule
for marginal utilities of the first-best contract. It is an increasing function of the fi-
nal value of the output, thus in the spirit of real-life contracts, such as call option
contracts in executive compensation. While the optimal payoff is explicitly given as
a solution to a nonlinear equation, the agent’s optimal effort is obtained as a part of
a solution to a “simple” Backward Stochastic Differential Equation (BSDE), which,
in a Markovian framework, boils down to solving a linear parabolic PDE, a standard
heat equation.

In a concrete example that we compute, with risk-neutral principal (linear utility)
and risk-averse agent (logarithmic utility), the effort is an increasing function of the
current value of the output. Interestingly, the first-best case for that example leads to
infinite utility for the principal.

For the general theory, we provide a detailed discussion on how to check whether
the necessary conditions we find are also sufficient. In particular, this is true for the
separable utility case. Our method is based on studying the agent’s “value function”,
that is, her remaining expected utility process. In continuous-time stochastic con-
trol literature this method is known at least since Davis and Varaiya [6]. In dynamic
Principal-Agent problems in discrete-time, it is used, among others, in [2, 22, 25].

The theory for general non-separable utility functions is quite hard. If the neces-
sary conditions determine a unique control process, then, if we proved existence of
the optimal control, we would know that the necessary conditions are also sufficient.
The existence of an optimal control is hard because, in general, the problem is not
concave. It is related to the existence of a solution to Forward-Backward Stochastic
Differential Equations (FBSDEs), possibly fully coupled. However, it is not known
under which general conditions these equations have a solution. The FBSDESs theory
is presented in the monograph [15]. The method of the stochastic maximum princi-
ple that we use is covered in the book [30]. For other applications of the stochastic
maximum principle in finance, see the recent book by Oksendal and Sulem [20].

The paper is organized as follows: In Sect. 2 we set up the model. In Sect. 3
we analyze the tractable case of quadratic cost and separable utility. In Sect. 4, we
find necessary conditions for the agent’s problem and the principal’s problem in gen-
eral case. In Sect. 5 we discuss how to establish sufficiency and illustrate with the
Holmstrom-Milgrom example. We conclude in Sect. 6 and provide longer proofs in
Appendix.

2 The Setting
2.1 Model with Symmetric Information
We first describe here the model appropriate when considering the full information,

first-best case, in which the agent’s actions are observed.
Let {W;};>0 be a standard Brownian Motion on a probability space (€2, F, P)

and denote by ol 2 {]:;W}ng its augmented filtration on the interval [0, T]. The
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controlled state process, or output process is denoted X = X"V and its dynamics are
given by

dXt:M[U[dt+Utth, X():.x. (21)

Here for simplicity we assume all the processes are one-dimensional. The F%-
adapted processes u and/or v may be controlled by an agent, who is hired by a prin-
cipal to control the output process X.

For example, if u is fixed and v is controlled, process X corresponds exactly to
a value process of a portfolio which invests in a stock and a bank account, whose
manager decides which amount v, of money to hold in the stock at time ¢, and keeps
the rest in the bank account. The value u; corresponds then to the expected return
rate of the stock above the risk-free rate. This is a well known and standard model in
Financial Mathematics. If the manager can affect the mean return through her effort,
for example by carefully choosing the assets in which to invest, then we can assume
that u, is also chosen by the manager.

A more general model would be a standard general model of Stochastic Control
Theory given by

dXt:b(t,Xt,lxlt,Ut)dt+0([,Xt,Ut)th. (22)

When o is nondegenerate, one can always set

~ A ~ A _
vIZO—(thlavl)a Mtzb(t,X[,I/lt,Ut)O— l(taXl‘ﬂvf)'

Then (2.2) becomes (2.1). Moreover, under some monotonicity conditions on b, o,
one can write u, v as functions of (X, &, v). In this sense, (2.1) and (2.2) are equiva-
lent. We always consider models of type (2.1).

The “full information” case, in which the principal observes X, u,v and thus
also W, was studied in Cvitani¢ et al. [5]. In the so-called “hidden action” case, the
principal can only observe the controlled process X, but not the underlying Brownian
motion or the agent’s control u (so the agent’s “action” u; is hidden to the principal).
We present the appropriate model for this, second-best case, in the following section.

At time T, the principal gives the agent compensation in the form of a payoff
Cr = F(X.), where F : C[0,T] — R is a (deterministic) mapping. We note that
since the principal is assumed to observe the process X continuously, the volatility
control v can also be observed by the principal through the quadratic variation of X,
under the assumption v > 0. Because he can verify what volatility has been used, for
a given process v the principal can design the payoff F in order to induce the agent to
implement it (or to “force” her to do so by harsh penalization). In this sense, we may
consider v as a control chosen by the principal instead of by the agent, as is usual in
the literature when action is observed. We say that the pair (F, v) is a contract.

The agent’s problem is that, given a contract (F, v), she needs to choose the con-
trol u (over some admissible set which will be specified later) in order to maximize
her utility

Vi(F, v) 2 sup Vi (u; F,v) = sup E[U; (F(X""), G4")].
u u
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Here,

t
G;{’v é / g(sa XSﬂ uSa vS)dS (23)
0

is the accumulated cost of the agent, and with a slight abuse of notation we use V|
both for the objective function and its maximum. We say a contract (F, v) is imple-
mentable if there exists an effort process u? which maximizes the agent’s utility
given the contract, that is, it is such that

Vi F,v) = V,(F,v). (2.4)

The principal maximizes her utility

V2 max E[U,(XE" = Fxe ), 2.5)

F,u,uf-v

where the maximum is over all implementable contracts (F, v) and corresponding
agent’s optimal efforts u>V, such that the following participation constraint or indi-
vidual rationality (IR) constraint holds:

Vi (F,v) > R. (2.6)

Note that typically for a given contract (F, v) the corresponding optimal effort
uf>v of the agent will be unique, in which case the principal only maximizes over
(F,v).

Constant R is the reservation utility of the agent and represents the value of the
agent’s outside opportunities, the minimum value she requires to accept the job. Func-
tions U; and U, are utility functions of the agent and the principal. The typical cases
studied in the literature are the separable utility case with Uy(x,y) = Uy(x) — y,
and the non-separable case with Uj(x, y) = Uj(x — y), where, with a slight abuse
of notation, we use the same notation U also for the function of one argument only.
We could also have the same generality for U,, but this makes less sense from the
economics point of view.

Remark 2.1 A standard way to write the principal’s problem is the one of looking for
a so-called “constrained Pareto optimal” solution, which is such that no other contract
satisfying the required constraints could make both parties better off. More precisely,
the problem is written as

sup [ ETU> (X7 — )] +3Vi(@; F. v)]

F,uo,u

subject to the constraint (2.4). When we restrict ourselves to implementable contracts,
then this formulation is equivalent to our formulation above, because the choice of the
“Lagrange multiplier” A is equivalent to the choice of the minimal agent’s utility R,
while the constraint (2.4) is absorbed into the principal’s problem by setting the effort
u in the principal’s problem (2.5) equal to uf"?, that is, equal to an effort which the
agent will choose optimally given a contract (F, v). While our formulation is less
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standard for symmetric information problems, it is consistent with the approach we
will use for solving the problem in the case of hidden action: we will first characterize
the optimal effort of the agent for a given contract, and then solve the principal’s
problem analogous to (2.5).

Remark 2.2 Our approach also works for the framework in which the output process
X=X I ¢ d), d > 1 is a d-dimensional vector. In this case effort # and Brown-
ian motion W would also be d-dimensional vectors, while v would be a d x d ma-
trix. The principal’s utility may take the general form U, (X7, Ct), or a special form
UQ(ZZ- X’T — Cr) as in [13]. By observing X continuously, the principal also ob-
serves its quadratic variation matrix vv*, where v* denotes the transpose of v. Notice
that the principal cannot observe v directly. If we assume further that, given vv*,
the particular choice of v does not change the value of the cost G, then the princi-
pal essentially “observes” v, and one can extend all the results in this paper without
substantial difficulty.

2.2 Model with Hidden Action

For the origins, importance and numerous applications of the discrete-time Principal-
Agent theory with hidden action (and more), we refer the reader to the excellent
book [4]. The original motivation behind continuous-time models in the seminal pa-
per [13] was to show that if the agent has a rich strategy space, then she can undermine
complicated contracts, and the principal is forced to use simple contracts, as is fre-
quently the case in practice. Before their paper, there was a gap between the theory, in
which complex contracts were optimal, and practice, in which often relatively simple
contracts are observed. They also show that their continuous-time model in which
the drift is controlled, but not the volatility, can be obtained as a limit of a model in
which the outcomes have multinomial distribution, and in which the agent chooses
the probabilities of the outcomes, while the possible outcomes values are fixed. We
essentially adopt Holmstrom and Milgrom continuous-time model for the underlying
dynamics, as do most other existing papers in continuous time.

2.2.1 A Single-Period Model with Hidden Action

In order to make it easier to understand our continuous-time model, we first present a
simple problem in a single-period model. This is a familiar model, and can be found,
for example, in the book [4]. This modeling approach, of the action determining the
distribution of the output, was originally suggested by Mirrlees [16, 17] and extended
in [12]. It was driven partly by tractability, as Mirrlees [16, 17] has shown that without
this approach even simple problems may be hard or not have a solution.

In this model we describe the contract which is optimal among linear contracts,
while in the analogues continuous-time model the same linear contract turns out to be
optimal even if we allow general contracts. This is an advantage of continuous-time,
as discovered first in [13].

The agent picks the distribution of the final output X by her action, unobserved
by the principal. We assume that under a fixed probability P = P?, we have

X1=Xo+vB;
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where v is fixed and B; is a random variable with a standard normal distribution. By

applying action u, the probability P changes to P, under which the distribution of

B, is normal with mean u and variance one. Therefor, under P*, X| has mean uv.
We consider only contracts which are linear in X, or, equivalently, in Bj:

Ci=ko+ k1 B;.

We assume a quadratic cost function, g(u) = u?/2, and exponential utility functions.
Denoting by E* the expectation operator under probability P¥, we define the agent’s
problem to be the minimization of

EY [e—yl (ko+lel—L12/2)] —e (k()—u2/2+k1u—%k12y1)

where we used the fact that
Eu[ekBl] :ek“+%k2. (27)

Hence, the optimal action u is
u=k. 2.8)

We now describe a method which will also use in the continuous-time case. We sup-
pose that the principal decides to provide the agent with a contract payoff C; which
results in (optimal) expected utility of R to the agent. This means that, using (2.7)
and (2.8),

R= _iEu[eﬂ/l (C1*M2/2)] — —ieﬂ/l (k0+%M2*%V1u2)_ (2.9)
4! Vi
Computing e~71%0 from this and using C| = ko + u By, we can write

_%emcl = Re N GIn—11+uBy) (2.10)

LT3

Thus, we get a representation of the contract payoff in terms of the agent’s “promised”
utility R and the source of uncertainty Bp, something we will find helpful later on,
too. Denoting the principal’s risk aversion with y3, using €?2€1 = (e=V1C1)=72/n
X1 = Xo+ vBj and (2.10), we can write the principal’s expected utility as

E"'[Up(X; —C)]= _i(_le)_VZ/Vl Eu[e—yz(Xo+vBl—%[Vl—lluz—uBl)]
»2
which can be computed as

_ L Ry g Ko 2 Ju ().

Maximizing over u, we get the optimal u as

14+

2 @2.11)
I+y+n
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If the principal could choose v, he would optimize the above expression over v,
too.
If there was symmetric information, and the model was

X1 =Xo+av+vB;

(under a single, fixed probability P), in a similar way it can be computed that the
optimal action is # = v, and that the contract is of the form

Y2
Ci=c+ 1.
1+
We see that the “sensitivity” yl)fyz of the first-best contract is less than the sensitivity
ki/v=; j;rl )fyz of the second-best contract. This is not surprising—when the action

is unobservable the principal is forced to try to induce more effort by offering higher
incentives.

As mentioned above, when we illustrate our theory with the Holmstrom-
Milgrom [13] problem in continuous time, we will see that the above second-best
contract is actually optimal among all contracts, linear or not.

2.2.2 A Continuous-time Model with Hidden Action

Similarly to our single-period model, Holmstrom-Milgrom [13] assume that the agent
is choosing a probability measure under which the output process evolves (as can
be seen in particular in their proof of Theorem 6 in the appendix of that paper).
Schittler and Sung [24] make this approach precise and rigorous, based on the so-
called weak formulation and a martingale approach to stochastic control. We adopt
the same formulation, and describe it in more detail next.

Let B be a standard Brownian motion under some probability space with proba-
bility measure Q, and F5 = {.7-}3 Jo<t<T be the filtration on [0, 7] generated by B.
For any F58-adapted square integrable process v > 0, let

t
X, 2x +/ vsdBy. (2.12)
0
Then v, is a functional of X, v, = v,(X.) and obviously it holds that

FX=rF i

Moreover, effort process u is assumed to be a functional &, of X. Given such i, we
define

t t 1 t
w2 (X)) BféB,—/ usds: M,“éexp</ usst—E/ |u5|2ds);
0 0 0

(2.13)
and a new probability measure Q“ by
do* A
dQ r
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Then we know by Girsanov Theorem that, under certain conditions, B* is a Q“-
Brownian motion and

dXt = UtdBt = (I/Nltljt)(X)d[ + Tjt (X)dBtu

That is, in the language of Stochastic Analysis, the triple (X, B*, P") is a weak solu-
tion to the SDE

Compared to (2.1), we note that in the weak formulation we consider functionals
(i, v) as controls. Accordingly, we consider (F, v) as a contract offered by the prin-
cipal. The choice of i corresponds to the choice of probability measure P*, thus to
the choice of the distribution of process X. It is also well known that this is the only
way to vary probability measures in Brownian models, while keeping them equivalent
(i.e., having the same null sets).

For any contract payoff Cr € FZ, there exists some functional F such that C7 =
F(X.). Thus, a contract (F, v) is equivalent to a random variable Cr € ]-'ﬁ and a
process v € FB. Also, an action i is equivalent to a process u € FZ. For simplicity,
in the following we abuse the notation by writing u, = ii;(X.) and v; = v,(X.) when
there is no danger of confusion.

Now given a contract Ct € fﬁ and v € FB, the agent’s problem is to find an
optimal control #€7-¥ € F8 such that

Vi@Cr?; Cr,v) = Vi(Cr, v) 2 sup Vi (u; Cr, v),
u
where, recalling (2.3),

Viu: Cr,v) 2 EQ(Uy(Cr. G1)} = EQ{MLU (Cr, Gr)). (2.14)

For simplicity from now on we denote E 2 EQ and E* 2 E2". The principal’s

problem is to find optimal (C, v*) such that

Va(Ch v =Va 2 sup Va@CTY; Cr,v),

Cr,v,u€Tv

where
Vo(u; Cr,v) 2 EY{Ux(XT — Cr)} = E{M;U>(XT — C1)}. (2.15)

We see from this last expression that, indeed, the choice of u is really the choice of
M*" and hence the choice of the probability measure, that is, the choice of distribution
of the output X.

As usual in contract theory, we assume that when the agent is indifferent between
two actions, she will choose the one better for the principal.
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Remark 2.3 (i) The agent chooses her action based on the output value X which is
observable to the principal. However, although u is FX-adapted, the principal does
not know #, and hence does not know the value of B* either.

(i) Mathematically, the strong formulation we used in Sect. 2.1 and the weak
formulation of this section are in general not equivalent, due to the different require-
ments on the measurability of the agent’s control . In Sect. 2.1, u is an FW -adapted
process, and thus FX" may be smaller than F%. In contrast, in the weak formulation
here, u is FX -adapted, and thus F2* may be smaller than FX.

(iii) If we restrict u to a smaller admissible set, say to those such that FX' = FW
in the strong formulation and those such that FX = F5" in the weak formulation,
then the two formulations are equivalent. This constraint, however, may make the
calculations in the general framework very difficult.

(iv) However, in the solvable examples existing in the literature, it turns out that,
for the optimal u, the two filtrations are equal (e.g., the solution u in the strong for-
mulation is a feedback control, or even deterministic); see below for more comments.

(v) In the strong formulation, one has to distinguish the optimal contract F and
its realized optimal value Ct = F(X.) (see, e.g. [5]). In the weak formulation, since,
given the outcome w € 2, the output value of X is fixed (independent of u), the
random variable Ct can be understood as the contract, and we do so in this paper.

We note that often in the literature, for tractability reasons the weak formulation
is used for the agent’s problem and the strong formulation for the principal’s prob-
lem. However, there is a subtle measurability issue, as pointed out in part (ii) of the
above remark. More precisely, on one hand, the optimal action u>¥ obtained from
the agent’s problem by using the weak formulation may not be in the admissible set
under the strong formulation (if F2" is strictly smaller than FX); on the other hand,
given a principal’s target action u (see Sect. 4.2.2) in the strong formulation, it is
not always possible to obtain it as an optimal solution of the agent’s problem in the
weak formulation, as it may not be even implementable. In this paper we are able
to develop a general theory using the weak formulation for both the agent’s problem
and the principal’s problem, avoiding potential inconsistencies. On the other hand, as
mentioned in part (iv) of the above remark, in all the solvable examples in the litera-
ture it turns out that the optimal, for the strong formulation, effort u is a functional of
output X only (and not of Brownian Motion W). If that is the case, one may use the
strong formulation for the principal’s problem without loss of generality.

We now present a special case which can be solved more or less straightforwardly,
and it is probably the most interesting part of the paper for economic applications.
Later, we present a more fully developed mathematical theory, which, unfortunately
does not lead to general existence results, or additional solvable examples, but it does
provide necessary conditions for optimality.

3 Special Case: Separable Utility with Fixed Volatility v and Quadratic Cost g

The model we present here is quite general in the choice of the utility functions,
and thus could be of use in many economic applications. The solution is explicit in

@ Springer



Appl Math Optim (2009) 59: 99-146 109

the characterization of the optimal contract payoff C7, via a nonlinear deterministic
equation. It is in general semi-explicit in terms of the optimal effort u, as it boils down
to solving a linear BSDE (not FBSDE!). To the best of our knowledge, this is the
first explicit description of a solution to a continuous-time Principal-Agent problem
with hidden action and lump-sum payment, other than the case of exponential and
linear utility functions. Moreover, as in those two cases, the optimal contract is still a
function only of the final outcome X7, and not of the history of the output process X,
but unlike those two cases, the dependence on X7 is nonlinear in general.

We assume the process v is fixed; the agent takes separable utility U; (Cr) — Gr;
and the cost function is

gt,x,u,v)= u2/2.
First we adopt standard assumptions for utility functions, which are assumed through-
out this section.

Assumption 3.1 Uy, U, are twice differentiable such that U/ > 0, U/ <0,i =1, 2.

We now specify the technical conditions u and Cr should satisfy. Roughly speak-
ing, we need enough integrability so that calculations in the remainder of the section
can go through.

Definition 3.1 The set A; of admissible effort processes u is the space of FZ-
adapted processes u such that

() P lurlPdr < 00) =1;
(ii) E{IM%*} < oco.

We note that any u € A; satisfies the Novikov condition and thus the Girsanov
Theorem can be applied, see (7.1) below.

Definition 3.2 The set .A; of admissible contracts is the space of J—'f} -measurable Cr
such that

(i) E{|U(Cr)|* 4 &*V1(€D)}) < 0o,
(i) E(JU2(XT — C1)> + VDU (X7 — Cp) |} < 0.

3.1 Agent’s Problem
First we establish a simple technical lemma for a linear BSDE.

Lemma 3.1 Assume u € ¥8, Girsanov Theorem holds true for (B*, Q"), and
E{|M¥|2} < 00. Then for any & € .7-'71? such that E*{|£|?} < 0o, there exists a unique
Q"-square integrable pair (Y, Z) € FB such that

T
Y,:‘;‘—/ Z,dB". 3.1)
t
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Obviously Y; = E/'{£}, and uniqueness also follows immediately. But in general
F2" £ F5, so we cannot apply the standard Martingale Representation Theorem di-
rectly to obtain Z. Nevertheless, the result follows from an extended Martingale Rep-
resentation Theorem, see [10], and for completeness we provide a proof in Appendix.
We now solve the agent’s problem.

Theorem 3.1 For any contract Ct € Ay, the optimal effort ii € A for the agent is
obtained by solving the BSDE

T
Y,=Et[eU'(CT)]=eU](CT)—/ lisYsdBy. (3.2)

t

Moreover, the agent’s optimal expected utility is given by
Vi =log Yo =log E[¢V1(€T)]. (3.3)

Remark 3.1 (i) We can see from the proof below that

- 1 rT T .
1ogY,=U1(cT)—§ / ids — / liyd B! (3.4)
t t

represents the remaining expected utility of the agent when she behaves optimally.
Thus, the optimal # is chosen so that the remaining expected utility is increasing by
the reduction in the remaining cost until it reaches U1 (Cr), and there is additional
mean zero term ftT ﬁdef. Actually, the fact that the integrand of this term is equal
to # distinguishes the optimal effort from non-optimal efforts.

(i1) One of the main insights of Holmstrom-Milgrom [13] and Schittler and
Sung [24] is the representation of the optimal payoff Cr in terms of the agent’s op-
timal effort # and her utility certainty equivalent. That representation corresponds in
our model of this section to (3.4), after a transformation (the certainty equivalent is
ur l(log Y})). For our case of separable utilities it is more convenient to work with
the remaining utility as in (3.4) than with the certainty equivalent.

(iii) In the language of option pricing theory finding # is equivalent to finding a
replicating portfolio for the option with payoff ¢V1(7) . Numerous methods have been
developed to compute such an object, sometimes analytically, otherwise numerically.
Let us comment on this in more detail. As we will see below, the optimal contract
(when exists) is going to be a deterministic function of X7, say Cr = c(X7). Assume
vy = v(t, X;) is a deterministic function of X and ¢ and thus X is Markovian. Then
the solution to the BSDE (3.2) is a function of X/, that is, ¥, = F (¢, X;) and

1
dF(t, X;) = |:F[ + EFxxvtz]dt + FvdB;.
Since Y is a martingale, the dt term has to be zero, so that F satisfies the PDE

[ Fy(t,x) + 302(t, x) Fex (2, %) = 0; 55)

F(T, x) = eV1(c),
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and

PE 11 ao
s At

Proof of Theorem 3.1 We first claim that the BSDE (3.2) is well-posed and that #
determined by (3.2) is indeed in A;. The proof is technical and thus is postponed to
the Appendix.

We now show that iz is optimal for the agent’s problem. For any u € A, as is
standard in this type of stochastic control problems (see [24], for example) and, in

particular, in dynamic principal-agent problems, we consider the remaining utility of
the agent at time ¢

1 T
W[A,M = E;’t [Ul (CT) — 5/- Mzds:|
t

Then WA " 5 (; 2ds is a Q"-martingale, so by Lemma 3.1 there exists an F5-
adapted process Z4-* such that

A,u 1 ! 2 1 ! 2 ! A
wh _5/0 uSdS=U1(CT)—§/O uxds—/ Z;"d By,
t

Then, switching from B* to B, we have

T T
WIA’M =Ui(Cr) +/ [u ZA w_ Eu ]ds —f Z?’Mst. 3.7
t t

Note that Wé“’" = E*[U,(CT) — % fOT u2ds), is the agent’s utility, given action u. On
the other hand, for # from the theorem, using Itd’s rule and (3.2), we get

1 T T
log¥, =U(Cr) + = / ﬁ?ds —/ ligdBy.
t t

Thus, log Yo = E[log Yo] = W(;L"'2 is the agent’s utility if she chooses action . Notice
that

A T T
W()*"“—W(;“"‘:/ [ Ot | + ur)?] — u Z; }m/ [(Z" — i, 1d B,
0
T
> / L — u Z"1de + / [z — i,1d B,
0 0

T
=/ [z} —,1dB". (3.8)
0

The equality holds if and only if # = 7. Note that E“{]OT |Z22dt} < oo, and

T T 2
E“{/ |ﬁ,|2dt}=E{M;f |u,|2dt} <CE{|M 1> + (/ |12,|2dt> }<oo,
0 0 0
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thanks to (7.1) below. Then
T
E“{/ (zA - ﬁt]zdt} < 0.
0

Taking expected values under Q% in (3.8) we get Wé‘"ﬁ > Wé“’", with equality if and
only if u = . O

3.2 Principal’s Problem

Since, given a contract C7 € Aj, the agent’s optimal effort &z = i2(C7) from Theo-
rem 3.1 is unique, the principal’s optimization problem can be written as

sup EXCO[Uy (X1 — Cr)] (3.9)
Cr

under the constraint (2.6).
Note now that by solving the linear equation (3.2), we get, denoting henceforth
i=u,

?t — ?()efot usst—% Orufds
which, together with (2.13) and (3.3), gives the following crucial fact
Ui(Cr) =log Y7 = Vi +log(MY). (3.10)

This turns out to be exactly the reason why this problem is tractable: the fact that for
the optimal agent’s effort u, we have

MY == V1eV1(€1), (3.11)

In other words, the choice of the probability measure corresponding to the optimal
action u has an explicit functional relation with the promised payoff Cr.

When we use this expression, and recall that E“[X] = E[M} X], we can rewrite
the principal’s problem as

sup e VE{V'CD[Uy (X7 — Cr) + A}, (3.12)
Cr,Vi

where A is a Lagrange multiplier for the IR constraint E [V1(CD] = V1 (see (3.3)).
As usual in hidden action problems, we see that the principal will give the smallest
possible utility to the agent,

Vi =R.

Moreover, we get
Proposition 3.1 Assume that the contract Cr is required to satisfy

L<Cr<H
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for some Fr-measurable random variables L, H, which may take infinite values. If,
with probability one, there exists a finite value C % (w) € [L(w), H(w)] that maximizes

N CDU, (X7 — Cp) + A (3.13)

and A can be found so that
E[eY1 (é})] =R

then CA‘% is the optimal contract.

Since (3.13) is considered w by w, we reduce the problem to a one-variable deter-
ministic optimization problem.

Remark 3.2 In this remark we assume that there is an interior solution when maxi-
mizing (3.13).

(i) The first order condition for maximizing (3.13) can be written as

U5(Xt — Cr)
—————— =2+ U(X7 — C7). 3.14

UlCr) 2(X7 —Cr) (3.14)
This is a generalization of the classical Borch rule for risk-sharing in the first-
best (full information) case:

/

M = (3.15)
U,(Cr)
The difference is the last term in (3.14): the ratio of marginal utilities of the
agent and the principal is no longer constant, but a constant plus utility of the
principal. Increase in global utility of the principal also makes him happier at the
margin, relative to the agent, and decrease in global utility makes him less happy
at the margin. This will tend to make the contract “more nonlinear” than in the
first-best case. For example, if both utility functions are exponential, and we
require Ct > L > —oo (for technical reasons), it is easy to check from (3.15)
that the first-best contract Cy will be linear in X7 for Cr > L. On the other

hand, as can be seen from (3.14), the second-best contract will be nonlinear.

(i) Note that the optimal contract is a function of the final value X only. In the pre-
vious continuous-time literature, only the cases of exponential (non-separable)
utility functions and linear utility functions have been solved explicitly, leading
to linear contracts. It’s been stated that in the case of general utilities the optimal
contract may depend on the history of the process X. However, this is not the
case in the special framework of this section.

(iii) The first order condition can be solved for the optimal contract Ct = Cr(X71)
as a function of X7, and we can find, omitting the functions arguments, that

- sy |
UyU{ + ULU! — Uy (U))?

= Ccr=1
axy !
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Thus, the contract is a non-decreasing function of X7, and its slope with respect
to X7 is not higher than one.

In the first-best case of (3.15), we have

d A
—~ Cr=1- TITI L
0X7 Uy U+ UU;

We see that the sensitivity of the contract is higher in the second-best case, because
more incentives are needed to induce the agent to provide optimal effort when the
effort is hidden. The term which causes the increase in the slope of the contract is
U,(U {)2 in the denominator. We see that this term is dominated by the agent’s mar-
ginal utility, but it also depends on the principal’s marginal utility. Higher marginal
utility for either party causes the slope of the contract to increase relative to the first-
best case.

There is also an alternative way to formulate the principal’s problem, as optimizing
over effort u, or probability measures Q%, which we present next. From (3.10), with

V1 = R, the principal’s problem is

sup E[G (M2)] = sup EIM4U>(X7 — Ji (R + log(M))].

A . . ..
Here, J1 = U, !'and G is a random function on positive real numbers, defined by

A
G(x) =xUz(X1 — J1(R +log(x)).
It is straightforward to compute that
G"(x) <0

so that G is a strictly concave function, for every fixed X7 (®).
We define the dual function, for y > 0,

G (y) = max[G(x) — xy].
x>0
The maximum is attained at

=[(GH "1t

=

Thus, we get the following upper bound on the principal’s problem, for any constant
A>0:

E[G(M%)] < E[G(\)]+ AE[M¥]= E[G(})] + A.

The upper bound will be attained if
Mi=(GH7' %)
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and A is chosen such that
E[GH']=1.

This leads to the following alternative to the Proposition 3.1

Proposition 3.2 Assume (for simplicity) that there are no required bounds on the
contract Cr. If, with probability one, (G') "' (1) > 0 for A for which E[(G")~'(1)] =
1, then the optimal effort u satisfies the Backward SDE

T
M;‘:(G’)_I(A)—/ usM"d By
t

(assuming a solution exists). Moreover, we have
(G/)—l () = o RpP(X1.0)
where Ct = ®(Xr, A) is a solution to (3.14), and it is the optimal payoff.

Proof By the above upper bound, M% = (G’ )~1(1) is optimal for the principal’s
problem, and the BSDE from the proposition is the consequence of the dynamics of
the process M;. Moreover, we have

G (¢ Re®X1.0))
=Us(X7 — JiI(®(X7, 1) — Uy(X7 — J1(@(X7, W) (P(XT, 1) =4

where the last equality comes from the definition of ® (X7, ¢). Thus the BSDE for u
becomes

T
M = ¢ Re®E1.0) —/ usMydBg
t

where, since E[M7] =1, we have
E[e®XTM] = R
so that the IR constraint is satisfied. g
3.3 Examples
Example 3.1 Suppose the principal is risk-neutral while the agent is risk averse with
Upy(x) =x, Ui(x) =logx.
Also assume o; > 0 is a given process and
vy =01 Xy, Xo=x>0

so that X; > O for all t. Moreover, assume that
~ A
r=2eR—x>0.
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The first order condition (3.14) gives
1
Cr= E(X T+2)

and in order to satisfy the IR constraint
R 1
e" =E[Cr]= E(x +2)

we need to take A = i. By the assumptions, we have Cr > 0, and Cr is then the
optimal contract and it is linear. The optimal « is obtained by solving BSDE

t
¥, = E,[Cr] =" +/ ¥.u,dB,.
0

Noting that
1 R !
Et[CT]:E(Xt‘f‘)»):e + 01 X:d B,
0
we get
X,
U =20, ——.
X[ +)\.

Since A > 0, we see that the effort goes down as the output decreases, and goes up
when the output goes up. Thus, the incentive effect coming from the fact that the agent
is paid an increasing function of the output at the end, translates into earlier times,
so when the promise of the future payment gets higher, the agent works harder. Also
notice that the effort is bounded in this example (by 207 ).

Assume now that ¢ is deterministic. The principal’s expected utility can be com-
puted to be equal to

2

E“[ X7 —Crl=e¢ RE[Cr (X7 — Cr)]=x —ef + e*RxI[efor o2ds _ 1]
The first term, x — eX, is what the principal can get if he pays a constant payoff Cr,
in which case the agent would choose # = 0. The second term is the extra benefit of
inducing the agent to apply non-zero effort. The extra benefit increases quadratically
with the initial output, increases exponentially with the volatility squared, and de-
creases exponentially with the agent’s reservation utility. While the principal would
like best to have the agent with the lowest R, the cost of hiring expensive agents is
somewhat offset when the volatility is high (which is not surprising, given that the
principal is risk-neutral).

For comparison, we look now at the first-best case in this example. Interestingly,
we have

Remark 3.3 Assume that o, > 0 is deterministic and bounded. Then the principal’s
first-best optimal utility is oo.
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Proof We see from (3.15) that, whenever the principal is risk-neutral, a candidate for
an optimal contract is a constant contract Cr. With log-utility for the agent, we set

Cr=»x

where X is obtained from the IR constraint, and the optimal utility of the principal is
obtained from

sup E[X7 — 3] = Sup[E{xefoT[u,g,—%gtz]dt-q—foT ord By } _ eReE{fOT %utzdt}]' (3.16)
u u

Under the assumption that o is deterministic and bounded, we show now that the
right side of (3.16) is co. In fact, for any #n, set

r

A 2 A
Anz{/ atdBt>n}e.7:%; o, = P(A,;) = 0;
0
and
-3 T
u;’l(a))é:an ) 7§t§va€Anv (317)
0, otherwise.

Then the cost is finite:

E "l m2g | = T

However, for a generic constant ¢ > 0,

T 1 T
E{x exp(/ [u;’a, — —a,2i|dt +/ a,dB,)}
0 2 0
T T T
=FE xexp(an 2/ o:dtly, —/ —cr,zdt—i-/ a,dBt>}
T 0o 2 0

2

T T T
>FE xexp(an 2/T a,dt—/ Eatzdt—}-/ a,dB,)lAn}
z 0 0

2

_1 pT T 5 7
=F xexp(anz/; atdt—/o Eat dt+/0 otdBt>1An}

2

_1 T
zcE{xexp<an2/T otdt+n)1An}

2

_1rT
:cxexp(anz/T Utdt+l’l>P(An)

2

T _1

_% coy X

=cxexp| o, oidt +n |a, > cxoy,e™
r

2
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which obviously diverges to co as «;, — 0. |

We note that another completely solvable example in this special framework is the
case of both the principal and the agent having linear utilities. But in that case it is
easily shown that the first-best and the second-best are the same, so there is no need
to consider the second-best.

The property that u; is increasing in the output values X; holds true in more gen-
eral cases. We have the following result whose proof is postponed to the Appendix.

Proposition 3.3 Suppose that U>(x) = x and v; = 0:X; for deterministic oy > 0.
Assume ) is non-negative and (3.13) admits an interior solution. Assume further that

max(H;(x), Hy(x)) >0, (3.18)

for any x in the domain of U1, where

A "
H = U{U; +U)*U{ —3U%
A4 I N2y N2 ’
H,=U)"+UU, —U)U; =2(U))" +xUH.
Then u; = u(t, X;) for some deterministic function u and u, > 0.

Remark 3.4 The following examples satisfy the condition (3.18).
(i) Ui(x) =x. Then
U =1,U/=U, =0.
Thus
Hi(x)=0.
(i) Uj(x) =log(x). Then

Ul=x"'U=—x2U =2x7.
Thus
Hy(x) =0.
(i) Ui(x) = %xV where 0 < y < 1. Then
Ul=x""1 Ul =@ -2, U{” =(y —D(y —2)x" 3.
Thus
Hy(x) = yx? 4 [x¥ +2(1 = y)x? + 1 = p)] 2 0.

Exponential utility U; (x) = —%e"’x does not satisfy (3.18).

@ Springer



Appl Math Optim (2009) 59: 99-146 119

4 General Case: Necessary Conditions

In the rest of the paper we find necessary conditions, and discuss a possibility of
finding sufficient conditions for optimal contracts in a very general framework. This
material is technical, and much less intuitive than the special case discussed in the
previous section. We use the method of the so-called Stochastic Maximum Principle,
as described in the book [30]. It is an extension of the Pontryagin maximum principle
to the stochastic case. We believe this is the right method to use for the general theory.
For example, it naturally leads to the use of remaining expected utility of the agent
as the variable on which the solution heavily depends, and also it shows immediately
what other variables are important, without having to guess what they should be, as
in other approaches.

4.1 Standing Assumptions

Recall the setup from Sect. 2. We need the following assumptions.

(A1) Function g :[0,T] x R x R x R x 2 — R is continuously differentiable with
respect to x, u, v, gx is uniformly bounded, and g, g, have uniform linear
growth in x,u,v. In addition, g is jointly convex in (x,u,v), g, > 0 and
guu > 0.

(A2) (i) Functions U; : R? - R, U, : R — R are differentiable, with 8;U; > 0,
U <0, Uﬁ > 0, U is jointly concave and U is concave.

(i) Sometimes we will also need U; < K for some constant K.

For any p > 1, denote

LP(Q") 2 (& e FB : E"{j£|7} < oo);
LP(Q"Y=1n€eF° E / |nt|”dt <y,
0

and define L% (Q), L?(Q) in a similar way.
We next define the admissible set for the agent’s controls.

(A3) Given a contract (Cr, v), the admissible set A(Cr, v) of agent’s controls asso-
ciated with this contract is the set of all those u € FZ such that
(i) Girsanov Theorem holds true for (B*, Q%);

(i) Ui(Cr,Gr), %U1(Cr, Gr) € LT(Q");

(iii) For any bounded Au € F5, there exists &9 > 0 such that for any & €
[0, 80), u® satisfies (i) and (i) at above and |u®|*, |g®|*, |g5|*, |M5|%,
UX(Cr, G%), |:U1(Cr, G5)|? are uniformly integrable in L'(Q) or
LIT(Q), where

T
W2y +eAu, 7 é/() g% (ndt, M? e Mtug,
VEE Vi),
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and

A A
gs(t)=g(t’Xl’ufvvl)7 g;(t)zgu(trxfsuf’vl)'

When ¢ = 0 we omit the superscript “0”. We note that, for any u € A(Cr, v) and
Au, gg satisfying (A3)(iii), we have u® € A(Cr, v) for any ¢ € [0, g9). We note also
that, under mild assumptions on (C7, v), all bounded u belong to A(Cr, v).

The admissible set for the contracts (Cr, v) is more involved. We postpone its
description until later.

4.2 Necessary Conditions
4.2.1 The Agent’s Problem

We fix now a contract (C7,v), u € A(Cr,v), and Au € F? bounded. Denote, omit-
ting arguments of Uy, d,U1, the “variations”

A
Vg(t) :gu(t’ Xtv U, U[)Aut;

A t
VG,:f Vg(s)ds;
0

t t t
VM,éM,[/ Auyd B —f usAusds] =M,/ AusdB":;
0 0 0

VYV, £ E{VMsU, + My, U, VGr).

Moreover, for any bounded Au € F2 and ¢ € (0, &9) as in (A3)(iii), denote

Vgg(t)é g5 @) —g(t); VGSTé G% —GT; v ME A M:, —MT;
€ € €
aVi—=V
vy 1L

For a given payoff Cr and cost variable G7, introduce the so-called adjoint
processes

WA = EX[Ui(Cr, G)) = U\ (Cr, Gr) — [ Z&'dBY; wh
YA = EX[8,U1(Cr, Gr)1 = U (Cr, Gr) — [ Z2d B!

where Z4+ are obtained from Lemma 3.1. The first one represents the agent’s re-
maining expected utility, and the second one the agent’s remaining expected mar-
ginal cost. The latter becomes unimportant when the utility is separable (when
Ui(C,G) =U;(C) — G then YA = —1).

Theorem 4.1 Under our standing assumptions, we have the following differentiation
result for the value function of the agent:

T
lim VV} = VvV = E" {/ F,AAu,dt} 4.2)
€— 0
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where
'S
FiA:Zt +gu(tﬂxtvulvvl)YfA' (43)
In particular, the necessary condition for u to be an optimal control is:
ZA g (6, Xy g, ) YA =0. (4.4)

Proof See Appendix. O

Remark 4.1 In the separable case the necessary condition becomes g, = Z4! (since
YtA = —1). We can interpret Z4-! as a “derivative” of the agent’s remaining utility
with respect to the Brownian motion (actually, it is equal to what is called a Malliavin
derivative). Thus, at the optimum, in the separable utility case the agent’s local mar-
ginal cost of effort has to be equal to the sensitivity of the agent’s remaining utility
with respect to the underlying uncertainty. In the non-separable case, this has to be
adjusted by normalizing with the global marginal cost YZA.

We now provide a FBSDE characterization of the necessary condition. We see that
given (CT, v) (and thus also X), the optimal u should satisfy the FBSDE

Gi = [y 8(s. Xy, us, v5)ds;
WA =Ui(Cr,Gr) - [z aBY, (4.5)
YA =8U(Cr,Gr) — [| Z}*aBY,

with maximum condition (4.4).
Moreover, since g,, > 0, we may assume there exists a function A(¢, x, v, z) such
that

gu(t,x,h(t,x,v,2),v) =2. (4.6)
Note that 0,U; < 0, so0 Y, ,A < 0. Thus, (4.4) is equivalent to
w=hit, X, v, =2 1Y), @7
That is, given (Ct, v) and X, one may solve the following (self-contained) FBSDE:
Gr= [y (s, X, hi(s, Xy, v5, —Z" /YY), v)ds;
WA =UI(Cr, Gr) + [T Z8 his, X, vg, =28 )Y Myds — [T 22 a By
YA =&U(Cr, Gr) + [ Z&82h(s, Xy, v5, =22 Y Mds — [T 2282 B,

4.8)
Then, as a necessary condition, the optimal control u€T? should be defined by (4.7).

4.2.2 The Principal’s Problem

We now characterize the admissible set A of contracts (Cr, v). Our first requirement
is:
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(A4) (Cr,v) is implementable. That is, (4.8) has a unique solution, and u€7-? de-
fined by (4.7) is in A(C7, v).

Note that we found only necessary conditions for the agent. Later we will have
some discussion on when the above 1u€7? is indeed the agent’s optimal control. Thus,
solving the principal’s problem with €7V instead of general u is not quite satisfying
the constraint (2.4), but it represents solving a “relaxed” problem over efforts which
satisfy the agent’s necessary condition of optimality. This is traditionally called “the
first-order approach”. The approach will produce the optimal solution if the necessary
conditions for the agent are also sufficient.

Now, an implementable contract (Cr, v) uniquely determines u€Tv In fact, for
fixed v, the correspondence between C7 and u€T-Y is one to one, up to a constant.
To see this, we fix some («, v) and want to find some Cr such that u¢T-Y = u. For
notational convenience, we denote

74 A 742
If u = uT-¥ for some Cr, then (4.4) holds true for u. That is,

Z;AJ =—gu(t, X¢,uy, Ut)Y,A~
Denote by R the agent’s expected utility, that is R 2 W(f‘. Then (4.5) becomes
G: = [y 8(s, Xy, us, v5)ds;
WA =R — [y gu(s, Xy, uy, v,)YAd BY; 4.9)
YA =8U(Cr,Gr) — [ Z}dBY;
where
Wi =U(Cr, Gr). (4.10)
Since 91 U; > 0, we may assume there exists a function H (x, y) such that
Ui(H(x,y),y)=x. (4.11)
Then (4.10) leads to
Cr 2 HWA,Gr). (4.12)
Plugging this into (4.9), we get
X, =x+ [ vydBy;
G = [y (s, Xy, us, v5)ds;
. s . B (4.13)
Wt =R- ,/() 8uls, Xy, ug, Us)Ys dB;‘;

YA = uU (H(WP, Gr),Gr) — [ ZAdB".
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Now fix (R, u, v). If FBSDE (4.13) is well-posed, we may define Cr by (4.12) and
we can easily see that uCTV — . In this sense, for technical convenience, from now
on we consider (R, u, v) (instead of (Cr, v)) as a contract, or say, as the principal’s
control, and we call u the principal’s target action. Then (A4) should be rewritten as

(A4") We assume that (R, u, v) is an implementable contract, by which we mean:
(i) FBSDE (4.13) is well-posed;
(ii) For Cr defined by (4.12), (Cr, v) is implementable in the sense of (A4).

We note that the theory of FBSDEs is far from complete. The well-posedness of
(4.13) is in general unclear (unless we put strict conditions). In fact, even for linear
FBSDEs there is no general result like Lemma 3.1. Instead of adopting too strong
technical conditions, in this paper we assume the well-posedness of the involved FB-
SDEs directly and leave the general FBSDE theory for future research. However, in
the separable utility case, the corresponding FBSDEs will become decoupled FBS-
DEs and thus we can use Lemma 3.1 to establish their well-posedness, as we will see
later.

Now for any (u, v) and any bounded (Au, Av), denote

uféu,+8Au[; vfév,+£Av,;
&€ A ! & & A g & & &
X, =x+ | v,dBy; T = g(t, X, u;,v,)dt; (4.14)
0 0
VXEéXS_X; VGSTéGST_GT; vaéV;—Vz'
€ €

Denote also with superscript ¢ all corresponding quantities.

(A5) The principal’s admissible set .4 of controls is the set of all those contracts
(R, u, v) such that, for any bounded (Au, Av), there exists a constant 1 > 0
such that for any ¢ € [0, 1):
(i) (A4’) holds true for (R, u®, v°);
(ii) The FBSDEs (4.17) and (4.19) below are well-posed for (R, u®, v°);
(iii) lim,—o VV5§ = VY for VY{ defined in (4.17) below.

Note again that we will specify sufficient conditions for (AS) in the separable
utility case later on. We also assume that A4 is not empty.
We now derive the necessary conditions for the Principal’s problem. Since

R = E"{W) = E"{U1(Cr, G1))
is the optimal utility of the agent, the condition (2.6) becomes equivalent to
R > R.

Intuitively it is obvious that the principal would choose R = R in order to maximize
her utility. Again, due to the lack of satisfactory theory of FBSDEs, here we simply
assume that the optimal R = R, and we will prove it rigorously in the separable utility
case by using the comparison theorem of BSDEs, as we did in the special case.
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Given (u, v), let (X, G, wA YA, ZA) be the solution to (4.13) with R = R. Define
Cr by (4.12). This will guarantee that the agent’s necessary condition is satisfied.
Introduce the principal’s remaining expected utility

T
Y[ = E“[Us(Xr — Cp)] = Us (X7 — Cr) — f ZPdBY (415

t

By Lemma 3.1 (4.15) is well-posed. Then the principal’s problem is to choose optimal
(u, v) in order to maximize

Va(u, v) 2 EY(YPy = v (4.16)

Similarly as before, denote, omitting functions’ arguments,

t
VX,:/ Avgd By
0
Veu = guuAu + guvAv + gux VX;
T
VGr 2/ [exVX; + guAu; + gy Av,ldt.
0

Moreover, consider the following FBSDE system
VWA = [y gu¥{ Augds — [{[gu VY + YAV g,1d BY;
VYA =810U1VCr + 00U1VGr + [ ZAAugds — [T VZAdBY;,  (4.17)
VY =UjIVXr —VCrl+ [ ZF Augds — [T vZPaBY,
where VCr is defined by
VW3 =8,U1VCr + U VGr; (4.18)

For the general framework we have here, we need to introduce the following “ad-
joint processes” X;, Y;, Z;, which, unfortunately, do not all have a direct economic
intuition:

X! = [y guZ}ds:

X2 = [ [gux Z YA + g  Y21ds;

T
v, = ﬁ[Uﬁ — XUl - [, ZldB!; (4.19)

T
Y2 = 20U} — X} 01U+ XponUs — [, Z2dBY;

v} =x2+uU;— [ Z3aB.

Theorem 4.2 Under (AS), we have

T T
VYOP=E”{/ FtP’lAutdt—i—/ F,P‘zAvtdt}, (4.20)
0 0
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where
P1A Sp _ lyA 17A lyA 2.
I, =Z &Y YO+ X 20 + guuZ, Y + gl Y
4.21)
2 A
/22 g0 Z YA + g Y2+ 22 +u, (Y — XP).
In particular, the necessary condition for (u, v) to be an optimal control is:
r/'=r/*=o. (4.22)
Proof See Appendix. O

In summary, we have the following system of necessary conditions for the princi-

pal:

X, =x +f(§ vsd By

G, = fot g(s, Xy, uy, vg)ds;

WA =R~ [, gu¥{*dB";

X! = [y guZ}ds:

X7 = [olgux Zi Y + g Y2ds;

YA =0Ui(HW}.Gr). Gr) — [ ZAdBY;
YF =Uy(Xr — HW}.G) — [ ZFdBY;
Yl = gh-tu) — xhonUil - ) zldBY;

0 T
Y2 = %[Uﬁ — X}o1Ui]+ XLanUy — [ Z2dBY;

Y} =X} +U;— [ Z3dB,;

with maximum condition (4.22).
In particular, if (4.22) has a unique solution

we=hi(t, X, YA ¥2 zP + x1z2, z v A, 72,
v =ho(t, X, VYA Y2, 2P + X128, 2 v A, 7)),

then, by plugging (h1, h2) into (4.23) we obtain a self contained FBSDE.

(4.23)
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4.2.3 Fixed Volatility Case

If the principal has no control on v, then both v and X are fixed. In this case, along
the variation one can only choose Av = 0. Then (4.23) can be simplified as

G, = fé g(s, Xs, ug, vs)ds;

WA=R— [j g Y dB";

X} = Jo suZids:

Y/ = Ui(H(W}, Gr), Gr) — [ Z}dBY; (4.24)
YP =Us(X7 — HW§, G)) — [ zPdBY;

Y] _ Ué—X]TE)]zU]

T 51 5pu.
t U _ft stBs’

T
Y? = 20L[US — X}01U)] + XEonUy — ) Z2dBY;

with maximum condition

r/

A
12zl e Y YA+ X ZA ¥ g Z YA + g Y =0. (4.25)
4.3 Separable Utilities

In this subsection we assume the agent has a separable utility function, namely,
Ui(Cr,Gr) =Ui(Cr) = Gr. (4.26)

Here we abuse the notation U;. We note that if U > 0 and U’ < 0, then Assumption
(A.2)(i) still holds true.

4.3.1 The Agent’s Problem

In this case obviously we have

yA=—-1, zM=o0.
Then (4.3) becomes
A
A=z — gt Xooug vy). (4.27)

Denote W/ = WA + fé gds. Then (4.5) and (4.8) become

T T
WA =U(Cr) +/ [us 221 — glds —/ zA41dBg; (4.28)
t

t
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and

T
WA =U1(CT)+/ [Z2 h(s, X, v5, ZEY) — g(s. Xy, h(s, X5, v, Z21), v5)1ds
t

T
- / zA1aBg; (4.29)

t

respectively.
4.3.2 The Principal’s Problem

First one can check straightforwardly that
YA =—1; ZA=0; y?=-vl; z?=-7" (4.30)
Denote
nEUrh O WAEWA+G:  PREY - XA 4.31)
Then (4.12) and (4.21) become,

~ A A ~
Cr=nWsy P2zl —guzly  TPP=2Z 4w g - gzl
(4.32)
Therefore, (4.23) becomes
X, =x +fot vyd By;
WA =R+ [y gds + [) gudBY;
YP =Us(Xr — (Wi — [T zPaBY,; (4.33)
| _ U= W) T 1 5 pu.
Y= Ui (1 (W) Ji Zs By

V2 =Uy(Xr — W) — [T e Y) + gux Zds — [T Z3a BY;

with maximum conditions FtP - FtP 2 =0.

As mentioned in Sect. 4.2, we shall specify some sufficient conditions for the
well-posedness of the FBSDEs in this case. First, under the integrability con-
ditions in (A5’) below, X and W4 are well defined. Applying Lemma 3.1 on
(Y?,zP), (v', z") and then on (Y3, Z%), we see that (4.33) is well-posed. There-
fore, FBSDEs (4.9), (4.17), and (4.19) are well-posed in this case.

Recall (4.14) and define other e-terms similarly. We now modify A as follows.

(A5’) The principal’s admissible set A of controls is redefined as the set of all those
contracts (Ié, u, v) such that, for any bounded (Au, Av), there exists a constant
€1 > 0 such that for any ¢ € [0, &1):
() u®, v, M7, [M7171, 8%, 85 855 85 Sl 8hvs 8hxs Ups US, U], and
[Jl/ ¢ are uniformly integrable in LP°(Q) or LI;O(Q), for some pq large
enough (where J; = Uf]).
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(i1) u € A(Cr,v) and (C7, v) is implementable in the sense of (A4), where
Cr is defined in (4.32);

Note that we may specify pg as in (A5). But in order to simplify the presentation
and to focus on the main ideas, we assume py is as large as we want.

Theorem 4.3 Assume (AS’). Then (A5) holds true and the optimal R is equal to R.

Proof We first show that the principal’s optimal control R is R. In fact, for fixed
(u, v), let superscript R denote the processes corresponding to R. Then obviously
W,A’R > WIA’R for any R > R. Since

1

W= e

0, Uj; >0,
we get
Y;D'Ié = Ux(X7 — Cf) = Ua(X7 — Jl(W;}j)) < U(Xr — h(Wp )y =y k.
Therefore,
yOR = gy PRy < By Ry = v R,

Thus, optimal R is equal to R.
It remains to prove

lim VV; = vys. (4.34)
£—>
We postpone the proof to the Appendix. 0

To end this subsection, for future use we note that (4.12) becomes

T

T
CT=J1 (R+/ gu(taXta’/lt, vt)dBtu-’_/\ g(t,Xtaut’Ut)dt)~
0 0

This means that the principal’s problem is

T T
supE”{U2<x+/ u,v,dt—i—/ v:d B}
u,v 0 0

T T
—J1<R+/ gu(t,Xt,u,,vt)dBt”—F/ g(t,X,,u,,vﬂdt))}. (435)
0 0
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4.3.3 Fixed Volatility Case

If we also assume v (hence X) is fixed, then (4.33) becomes

WA =R+ [y gds + [y gudBY;

- T
Y =U(Xr = (W) — [ Z[dBY; (4.36)
1 UXr=0iW8) T 1 pu.
Y=y T 2B

with maximum condition FIP 1=o.

5 General Case: Sufficient Conditions
5.1 A General Result

If the necessary condition uniquely determines a candidate for the optimal solution,
it is also a sufficient condition, if an optimal solution exists. We here discuss the
existence of an optimal solution. In general, our maximization problems are non-
concave, so we have to use infinite dimensional non-convex optimization methods.

Let 'H be a Hilbert space with norm || - || and inner product (-). Let F : H — R be
a functional with Fréchet derivative f : H — H. That is, for any h, Ah € 'H,

lim é[F(h +eAh) — F(h)] = (f(h), Ah).

The following theorem is a direct consequence of the so-called Ekeland’s varia-
tional principle, see [9].

Theorem 5.1 Assume

(A1) F is continuous;
(A2) There exists unique h* € H such that f(h*) =0;
(A3) ForVe > 0,38 > 0 such that || F (h) — F(h™)|| < & whenever || f(h)|| <3.

(A4) V 2 supypy F(h) < co.

Then h* is the maximum argument of F. That is, F(h*) = V.

Remark 5.1 (1) A sufficient condition for (A3) is that f is invertible and f —-1is
continuous at 0.

(2) If H =R and f is continuous and invertible, then F' is either convex or con-
cave, and thus the result obviously holds true.

(3) If (A4) is replaced by infycy F(h) > —o0, then A* is the minimum argument
of F.
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5.2 Sufficient Conditions for the Principal-Agent Problem
5.2.1 The Agent’s Problem: Separable Utility

Assume that the utility is separable, U1 (C, G) = U1(C) — G. We have
. T t
wi =E? [Ul (Cr) — / g(s, Xy, uy, vs)ds] + / zA 4B,
0 0

We define WA = WA + fo g(s, X, ug, vg)ds. Then, switching to Brownian Mo-
tion B, we have

T T
W,A=UI<CT>+/ [usz;*’l—g(s,xs,us,vmds—/ ZAMdB,. G
t t

Note that Wé“ = EQu[Ul (Cr) — fOT g(s, X5, ug, vg)ds], so the agent’s problem is to
maximize Wé“ over u. By the comparison theorem for BSDE’s, since U1 (C7) is fixed,
from (5.1) we see that W' will be maximized if the drift us Z;"' — g(s, X, us, vy) is
maximized, which is the case if Z;“ = gu(s, X5, us, vy). This is exactly the neces-
sary condition (4.4), taking into account (4.27). Thus, (4.4) is also a sufficient condi-
tion for optimality for the agent’s problem.

5.2.2 The Agent’s Problem: General Case

We now discuss what the conditions of Theorem 5.1 boil down to. Fix (Cr, v), and
let H be the set of all admissible u# and

<ul 22 E{/ ). (5.2)

For the functional V| : H — R defined by Vi(u) 2 Vi(u; Cr,v), by (4.2) Vi is
Fréchet differentiable with Fréchet derivative I'4. More precisely, for any u, we solve
(4.5) (without assuming (4.4)) and then define I' Awy=r4 by (4.3). Under technical
assumptions, I'4 is a mapping from H — H.

Moreover, we need enough assumptions to guarantee that FBSDE (4.5) is well-
posed, meaning, in particular, that V; is continuous in u, so that (A1) would be true.
We further need that FBSDE (4.5) together with maximum condition (4.4), or equiva-
lently FBSDE (4.8), has a unique solution, and denote u™* as the control corresponding
to this solution. Then (A2) would be true. To ensure (A3), we need to have, for any
sequence of u,

ITA @I — 0= Wy — W (5.3)

Recalling Remark 5.1(1), we note that (5.3) can be replaced by the follow-
ing stronger conditions. Assume for any I', FBSDE (4.5) together with condition
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F,A =T, has a unique solution and let u" denote the corresponding u. That is, recall-
ing (4.6) and noting again that I"ZA =TIy,

ul =h(t, X, v, [T = 21T,
where (Y41, Z4- LTy i the solution of the following FBSDE
G =[5 g(s, Xy, h(s, X5, vs, [Ts — Z2" T v80), vg)ds;
WA =ui(Cr, GYY + [T 28 T h(s, Xy, vs, [Ts — 2211/ ¥4 s
—[Fz& ay; (5.4)
YA = nUi(Cr. G + [T 28 h(s, X v, [T — 2301/ v Dyds

T
— [zt as,.

We need that the above FBSDE is well-posed. In particular,
Vi) =wihh > wi'=viw), as|IT|— 0. (5.5)
Then (A3) holds.

5.2.3 The Principal’s Problem

Here, H is the admissible set of (u, v) with
A T
(', v, @? vh)) = E{ f [ulu? + v,lvf]dt}.
0

The functional is V,(u, v) defined in (4.16). By (4.20) V5 is Fréchet differentiable
with Fréchet derivative (I'?1(u, v), TP2(u, v)). As in Sect. 4.2.1, we need the fol-
lowing:

(i) Considering (u, v) as parameters, FBSDE (4.23) (without assuming (4.22)) is
well-posed;
(i) FBSDE (4.23) together with (4.22) has a unique solution (u*, v*);
(iii) For any sequence of (u, v),

I P v), TP )| = 0= ¥ — v

Then (u*, v*) is the optimal control for the principal problem.
Similarly, (iii) can be replaced by the following stronger condition:

(iii") For any (I'',T'?), FBSDE (4.23) together with condition (F,P’I,I‘tp‘z) =
(F,l, th) is well-posed. In particular,

Vo™ T2 o) S vy 00, 000), as (0, T2) | — 0.
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5.2.4 Fixed Volatility Case

In this case v is fixed. Set H to be the admissible set of u# with inner product de-
fined by (5.2). The functional is V,(u) with Frechet derivative 'P1(4). We need the
following:

(i) Considering u as a parameter, FBSDE (4.24) (without assuming (4.25)) is well-
posed;
(i) FBSDE (4.24) together with (4.25) has a unique solution u*;
(iii) For any sequence of u,

TP @yl — 0= v — v

Then u* is the optimal control of the principal’s problem.
Similarly, (iii) can be replaced by the following stronger condition:

(iii’) For any I', FBSDE (4.24) together with condition I'*! = T'; is well-posed. In
particular,

Vau') = Va@®), as ||| 0.
5.3 Extension of the Original Holmstrom-Milgrom Problem

We now illustrate the approach above on a well known example. Assume exponential
utilities, U1 (x, y) = Uj(x — y) = —e "6 and Us(x) = —e~"2*. Here we abuse
the notation U] again. In the original [13] paper, it was also the case that v was fixed
as a given constant, but we do not assume that. The results below are obtained in
[24, 26] using a different approach.

For the exponential utility we have that

RU1(x,c) =nUi(x, 0).
Therefore, we get, for the agent’s problem adjoint processes (4.1), that
” WZA _ YzA’ VlztA’l _ ZtA’Z.
Thus, the necessary condition (4.4) becomes
ZM = —yigult. Xo ur v) W (5.6)

Therefore, the agent’s remaining utility is
A ! A
Wt =U1(CT_GT)+f WS v18u(s, X5, ug, Us)dB;-l-
t

For the optimal contract we will have W/ = R. Therefore, we get

t

1 t
WtAzRexp<—§/ ylzg,f(s,Xs,us,vs)ds—/ ylgu(s,Xs,us,vs)dB;‘). 5.7
0 0
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Let us first show that the condition (5.6) is also sufficient. For any given control u,
since W,A is positive, we can write

T
W[A = —efyl(CTfGT) _ / WSAZSA,ldB;{
t

where Z41 = ZA1/ WA Denote
7, = wAenGr,

We get, by switching to Brownian Motion B,

T T
dY, = —e €T —/ Z;“YSdB;‘ +/ [ZsA’lYSuS +y18(s, Xy, ug, v5) Y 1ds.
t t
(5.8)

Note that the agent wants to maximize W(? = ¥,. By the BSDE Comparison Theo-
rem, the latter is maximized if the drift in (5.8) is maximized. We see that this will be
true if condition (5.6) is satisfied, which is then a sufficient condition.

Denote

B 2UT () = —log(—y)/n.

The principal’s problem is then to maximize
E%'[Ux(X7 — 1(WF ) = G1)]. (5.9)
We now impose the assumption (with a slight abuse of notation) that
gt,x,u,v)=pux +g(t,u,v), (5.10)

for some deterministic function w,. Doing integration by parts we get the following
representation for the first part of the cost Gr:

T T T s
f ,usXsds=XT/ Msds—/ / pudulusvsds + vsd By ]. (5.11)
0 0 0 0

If we substitute this into G = fOT s Xsds + fOT g(s, uy, vg)ds, and plug the ex-
pression for X7 and the expression (5.7) for Y4 into (5.9), with Us(x) = —e %%, we
get that we need to minimize

T T T 2
E" [eXP<—V2[1 —/ ust] [XoJr/ utvtdt} +V2V1/ Mds
0 0 0 2
T T s
+ VZ/ g(S’MS7 vS)dS - )/2/ [/ Mrd}’j|usvsds
0 0o LJo
T T
_ y2|:1 —/ usds]/ vyd B!
0 0
T TE rs
+V2/ 8u(s, us, vs)d Bf —yz/ [/ mdr]vsst”)] (5.12)
0 0 0
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This is a standard stochastic control problem, for which the solution turns out to
be deterministic processes i, U (as can be verified, once the solution is found, by
verifying the corresponding Hamilton-Jacobi-Bellman equation). Assuming that u, v
are deterministic, the expectation above can be computed by using the fact that

o[ )] o 70

for a given square-integrable deterministic function f. Then, the minimization can be
done inside the integral in the exponent, and boils down to minimizing over (u;, v;)
the expression

T 2
t, U, v
_|:1 _/ Msds}utvt +V1% +g(t5uf9vl)
t

T 2
+%{[1—/ ,usds]v,—gu(t,u,,v,)} . (5.13)
t

The optimal contract is found from (4.12), as:
1 A
Cr=Gr— ” log(=W7)

where W4 should be written not in terms of the Brownian Motion BY, but in the
terms of the process X. Since we have

t

1
W,A=Rexp(— / Viga(s. us, v)/2ds + f Vitts8u(s, s, vy)ds
0 0

t
_/ ylgu(sauSivS)dBS)’ (514)
0

we get that the optimal contract can be written as (assuming optimal v, is strictly
positive)

T T
Cr=c+/ Mxxder/ BulS s, Vs) )y
0 0

Us

for some constant ¢. If u =0 and M is a constant, then we get a linear contract.

Let us consider the special case of i—lolmstrom—Milgrom [13], with
v=1, g(t,x,u,v):uz/Z.

Then (5.13) becomes
—u; + ylutz/2 + utz/Z + %{1 - u,}z.

Minimizing this we get constant optimal # of Holmstrom-Milgrom [13], given by

14+
l+yi+py

U=
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The optimal contract is linear, and given by Cy = a + bXr, where b = it and a is
such that the IR constraint is satisfied,

1 b2T
a:—y—log(—R)—on+T(y1 1. (5.15)
1

Note that in the limit when y; — 0 we get the case corresponding to the linear
utility function U; (x) = x.

6 Conclusion

We provide a new solvable case of Principal-Agent problems with general utility
functions and hidden action in models driven by Brownian Motion, which leads to
nonlinear contracts. We then formulate a general theory leading to the necessary con-
ditions for the optimal solution. However, the question of the existence of an optimal
solution remains open. We analyze both the agent and the principal’s problem in weak
formulation, thus having a consistent framework.
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Appendix

In this appendix we provide the remaining proofs.

Proof of Lemma 3.1 We first assume & is bounded. Then M;¢ € LZT(Q). Let (Y, Z)
be the unique solution to the BSDE
~ T ~
Y, = My§ —/ ZsdB;.
t
Define
é v uy—1 é 4 v u1—1
i =Y:(M] ", Zi =Zs —us Ve ]IM ]
One can check directly that
dYIZthB;A, Yng.
Moreover,
Y, = EAM7ENM™" = El (&),
which implies that

'] sup 1%} < CE'{lgP) < oc.
0<t<T

@ Springer



136 Appl Math Optim (2009) 59: 99-146

Then one can easily get Z € L?(Q").
In general, assume &, are bounded and E*{|&, — £|?} — 0. Let (Y", Z") be the
solution to BSDE (3.1) with terminal condition &,,. Then

T
E”{ sup |Y!" —Y"? +/ |z — Z,m|2dz} < CE"{|&, — &nl?} — O.
0<t<T 0

Therefore, (Y", Z") converges to some (Y, Z) which satisfies (3.1). O
Proof of Theorem 3.1 We first show that
Lemma 7.1 For any u € A;, we have

E[e%T lurlzdf] < 00; 7.1
and thus Girsanov Theorem holds for u.

Proof Denote

t t
rnéinf{t:/ |us|2ds+|/ usst|>n}/\T.
0 0

Then 7, + T. Moreover,
™ 1 rtn 2
u;dB; U 5 |ug|=dt
elo = Mrne2 Jo .

Squaring both sides and taking the expectation, we get

1

E{EZfO-m |M¢|2dt} — EilM‘IE,{n|2efOT" \u,|2d[} < [E{|M?n|4}]% I:E{ezfo'fn |u,|2dt}i|§.

Thus
E{eroTn \u1|2dt} < E{lM-’L:tn|4} < E{|M?~|4} < o0,

Letting n — oo we get (7.1). 0

We now show that BSDE (3.2) is wellposed and i € A, . First, by Definition 3.2(i),
we can solve the following linear BSDE

T
Y,:eU1<CT)—/ Z.dB;.
t

Define

Then (Y, 4) satisfies (3.2).
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Since ¥; > 0 is continuous, and E{fOT |Z,|2dt} < 0o, we know i satisfies Defini-
tion 3.1(i). Moreover, by straightforward calculation (or recall (3.11)) we have

M = [Yo] 1 (€D,
Thus, by Definition 3.2(i),
E{IME[Y} = [Tl * (VD) < 0.
Therefore, it € Aj. O

Proof of Proposition 3.3 Under our assumptions (3.14) becomes

1
— =X A.
T+U{(CT) T+

We know C7 = c(Xr) for some deterministic function c¢. Then by Remark 3.1 we
know u; = u(t, X;) and (3.5)—(3.6) hold true with v(¢, x) = o,x. Note that

[oF
Uy (1, %) = F—;[FXF +¥(FFo = FD)]0,%).

Without loss of generality, we prove the result only at = 0.

Denote
t t
Xf:x—i—/ 05X, dBs; VX,:I—{—/ o, VX,dBy.
0 0
Then
X
VX7 =1,
X
and

F(0,x) = E{eV1cX)).
Fo(0,0) = E{e O U (c(X})e (XPHV X |
Far(0,) = E{eCOD U X)) (X VX
+ U I X VX P+ Ul e v X P}
Thus, by suppressing the variables,
1, (0, x) = —[FF 4 x[FFyy sz]](O,x)
> _[FE{ UlU’c’VXT}—i—xFE{ UIul|c' P + Ule ”]|VXT|2}
(o}

- FE{EU' [U;C/XT LU P+ Ul’c”]|XT|2]}.
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Note that
\ujl?
(X)) = —— S0
C (.X) |Ul/|2 _ U]//
neoy _ WUIPUY —200UYP |, UjUy =207
C()C)— 2 _ 112 ¢ = 12 _ Va /| |
[Uy1* = UY] (U117 = U710,
Then
|U/|2U// + U/UW _ 3|U//|2 |c/|2
U//|C/|2 + U/C// — 1 1 1~1 1 |C/|2 — Hl (C(XT)).
1 1 |U{|2—Ui/ |U{|2—U{/

Denote y = c¢(X7). If Hi(y) > 0, then, combining the fact that X7 > 0,
Ui Xr + U] |1 + U "X 7] > 0.

We now assume Hp(y) < 0, then H>(y) > 0. Since A > 0, we have

1
O<Xr<Xr+i=y+—.
Uiy

Thus

Ul (c(XT)e' (XT)XT + [U] (c(XT)Ic' (XT)|* 4+ Uy (X7)"" (XT)1| X 7|

H;

T g O XDP X
1 1

=U{(c(XT)'(XT)XT +

H;

m(ync’omﬂxr(xr +2)
1 1

> Uj(c(X7)(X1) X7 +

Uil -uy
= le'Pxr| )+
Uj

(y)[y +

H 1 ]]
\U{1? = U Uiy

/> X

=—————H > 0.
U0 =07 2(y) =

So in both cases, we have
Uid' X7 + 07| + Uj" 11X 7] = 0.
Thus u, (0, x) > 0. Il

Proof of Theorem 4.1 By (A3)(iii), one can easily show that

T
swp Ef [ U0 +igh a1 1G5+ g <oe (2

£€[0,&0)
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and

T
EE%E{/O [1g° () =8O +185() — 8 ()*ld1 +1G5 — Gr|*+ M5 — Mr[*} =0.
(7.3)

Lemma 7.2 We have

T
11%5{ / [IVes(r) — Vg(®)|Mdt + |[VGs — VG |* + |[VME — VMT|2} =0.
€—> 0
Proof First, note that V¢ (r) = [} g5¢(1)d8 Au,. Then

1
[Vg® (1) — Vg ()| < IAuzI/O 180" (1) — gu(1)]d8.
By (7.3) we get

T
lim E{ f IVg® (1) — Vg(t)|4dt} =0. (7.4)
e—0 0

Similarly,

lirr%) E{IVGS —VGr|*) =0.
€—
Second, noting that M%, = exp(fOT utdB, — %fOT |u?|>dt) we have

1 T T
VM5 :/ M%‘g[/ Au,dB; —/ (uy + 88Aut)Au,dt]d8.
0 0 0

Then

E{|[VMS — VMr|?)
1 T T
ZEH/ [(M?/ AutdBt_MT/ Au,dB,)
T T )
- (M%S/ (”t+58Aut)Autdf—MT/ u,Au,ds)]d(S’ }
0 0
1 T By
SC/ E{|M?8—Mr|2‘/ Au,dB,‘
0 0
T 2
+ |M%€ _MT|2‘/ (MI +88AM1)AM[dI‘
0
T 2
+ |MT|2’/ (Gt + 82 M) Ay =y Aup))de| }ds
0

1
<c [ [Veumy - mr
0
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T
+ . E{MbF — MT|4}\// E{|(us + 8¢ Auy)|*Ydt
0

+ E{lMT|2}e2]d8.

Then by (7.3) and Assumption A3(iii) we prove the result. O
To prove the theorem, we also need the following simple lemma (see, e.g., [5]):

Lemma 7.3 Assume W, = fé asdBs + Ay is a continuous semimartingale, where B
is a Brownian motion. Suppose that

(1) Ji leuPdt < o0 as.
(2) Both W; and A; are uniformly (in t) integrable.

Then E[Wr]= E[Ar].
We now show (4.2). The first equality can be written as
61i_r)r(1)VVf=E{VMTU1 +MT32U1VGT}. (1.5)
Note that we have

VE—V .
vy =L :E[VM;UHMT Yi U‘]. (7.6)
&

&

As for the limit of the first term on the right-hand side, we can write
VM3U; — VMU, = [VM7 — VMrlU + VMU — Uyl

By Assumption A3(iii) and the above L? bounds on VM3, this is integrable uni-
formly with respect to €, so the expected value (under Q) converges to zero, which is
what we need.

As for the limit of the second term in the right side of (7.6), notice that we have

. Ui =U
MT lim 7=MT32U1VGT. (7.7)
e—0 &
We want to prove the uniform integrability again. We note that
‘ U f - Uy

1
) =V azUI(cT,GHe(GST—Gr))de‘WG‘H
0

<{18U:(Cr, G7)| + 82U (Cr, G}V GT|

where the last inequality is due to monotonicity of d,Uj.
Therefore, we get

Ul's—Ul

- 5c{|32U1(cT,GT)|2+|32U1(CT,GST)|2+|VG;|4+|MT|4}.

jr
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Thus, from Assumption A3(iii), the left-hand side is uniformly integrable, and the
expectations of the terms in (7.7) also converge, and we finish the proof of (7.5).
We now want to prove the second equality of (4.2). We have

vV, = E[VMTU1 4 MT82U1VGT]

T T
=E{MTU1/ Au,dBt”+M782U1/ guAutdt}
0 0

T T
_ E"{W,?/ AuydB" + Y;‘/ guuqdt}
0 0

T T
:E“{/ l",AAu,dt—l-/ rde,”}, (1.8)
0 0

where
1
A A
rA=zM 4 g, X u v)Y2, TE=WAAu, 4+ zM! / AugdB" + Z}*VG,
0

and the last equality is obtained from It&’s rule, and definitions of Y4/, Z41 We
need to show

T
E" / r2dB" =o.
0
We want to use Lemma 7.3 in the last two lines of (7.8), with « = I'® and

t t
W, =wA / AugdB" + YA / 2u(8) Augds
0 0

t
Ay =/ F_?Auxds.
0
From the BSDE theory and our assumptions we have
r Al A2
Erf sup (WAP+YAR) +/ (1ZM' P+ 120} <00 (19)
0<t<T 0
From this it is easily verified that

2

Bl dr < oo

[

so that condition (1) of the lemma is satisfied. Next, we have

T
£'{ sup |W,|}sc15"[ sup {|W;A|2+|Y,A|2+}+/ |gu<r>|2dt]
0

0<t<T 0<t<T
T
<C+ CE[M% +/ |gu(;)|4dt} < 00,
0
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thanks to (7.9) and (7.2). Moreover,

E”{ sup |At|}=E“{ sup

0<t<T 0<t<T

t
/ [Z?’l +gu(S)YSA]AusdsH
0
T
5CE{MTf 1z +gu(S)YSA|dt}
0

T
< CE(ir* + [ 1ZM P+ g0l + 1Y Plar ] < oc.
0

The last two bounds ensure that condition (2) of the lemma is satisfied, so that the
last term in (7.8) is zero, and we finish the proof of (4.2).
Finally, (4.4) follows directly from (4.2) if u is optimal, as Au; is arbitrary. Il

Proof of Theorem 4.2 First the necessity of (4.22) is obvious because (Au, Av) is
arbitrary.
Note that

t t
VX, =/ AvsdB} +/ ug Avgds.
0 0

Applying Lemma 7.3 repeatedly, we have

E{[31 U\VCr + 82U1VGT]YT1} = E(VWAY))
T T
=E{/ YllgquAAutdt—/ Ztl[guVY,A—i-YtAVgu]dt}
0 0

T T T
:E{/ YllgquAAutdt—/ z) Y,Avgudt—/ X! ZA Audt
0 0 0

— X 80y VCr + 822U1VGT]}.

Note that
01Uy Y% + X1T312U1 = Ué.
Then

T T
E{UéVCT}zE{f YtlguYtAAu,dt—/ ZYYAVg,dr
0 0
T
—/ X' ZA Au,dt — [XLoUy + Y}azUl]VGT]}.
0

Therefore,
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T

vy{ = E{UjIV X7 - VCr] +f z! Augar

0
T
= E{UgvxT +/ ZF Ausdt + [ X} Uy + Y33U 1VGr
0
T
_f [[g"Y’I YIA - XIIZIA]AMI - ZtlYtAVgu]dt}
0
T
= E{/ (zP — gV YA+ X' ZA + g Z) Y2 + g, Y1 Audt
0
r 1 2
+/ [guth YIA + ngl ]Av;dl
0
T
+/ [gux Z, YA + g YAV X dt + UéVXT]
0
r 1vA 1-A 1yvA 2
= E{/ (2P — q V' YA+ X' Z2 + 0 2 Y2 + g, Y1 Au,dr
0
T
+/ [ Z Y/ + gu ¥ 1Avdt + Y%VXT}
0
r P 1A 1-A 1yvA 2
=E{/ (2P — ¥ YA + X' ZA + g Z) VA + g, Y21 Audt
0
T 1A 2 3 3 2
+/ lguo Z YA + g Y2 + Z3 + (¥ —Xt)ut]Avtdt}
0
T T
= E{/ F,P’lAu,dt +/ F[P’zAvtdl}.
0 0
The proof is complete.

Proof of Theorem 4.3
We have already shown that we can set R = R. Recall that

X;=x —i—fot vsd By
t 1t 2
M, =exp<f0 usdBy — 5 [o lus] ds);

WA =R+ [) gds — [} usguds + [} gud B;

YP =Ua(Xr — W) + [T uszPds — [T zPaBy;
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and that

VX, = fot AvydBy;

VM, = M,[ [y AugdBs — [y usAugds];

Vo =0,Aur + 0y Ave + 0 VX, ¢0=g,8u;

VWA = [y Veds — [ylgulus +ugVgulds + [y VgudBy:
v |

Ui (1 (W)

+ [T1ZF Aus +u;VZPNds — [T VZEaBy;

VY =Uy(Xr — H(W)IVXT —

To prove (4.34), we need the following result. For any random variable £ and any
p >0,

E" (1617} = E(MY (1) < JEQME P Eg ey < €\ B Pry:

E(E17) = B (M 1 1617) < [ B iy 12 B gy (1.10)

= JEUME 11 B 1gPry < o B (g ey, 0
Proof of (4.34) In this proof we use a generic constant p > 1 to denote the powers,
which may vary from line to line. We assume all the involved powers are always less
than or equal to the pg in (A5').
First, one can easily show that

lim E{ sup [|X¢ — X,|7 + M — M, |P + WA — WAP]

>0 0<r<T
T
+/ [Igg—gl”+lgi—gu|”]dt}=0.
0

Using the arguments in Lemma 3.1 we have

& T p
E" {U |th’8|2dt:| }§C<oo,
0

which, by applying (7.10) twice, implies that

T p
E”{[/ |Z,P’£|2dt:| }§C<oo.
0

Note that

T
vPe—yP Ui — U, +f (eau 20 +ug(z]* = 281 |ds
t

T
—/ [zl — zP1a B,
t
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T T
=U5-U+ s/ AugzPeds — / (zle — zFaB".
t t

Using the arguments in Lemma 3.1 again we get

T
P
limE”[ sup |YtP’6—YtP|”+[/ |z,’”8—zf|2dz] }:0,
0

e—0 0<t<T

which, together with (7.10), implies that

T
p
lim E{ sup |Yf”€—yf|l’+[/ |zf’€—zf|2dt] }=0. (7.11)
0

e—0 0<t<T

Next, recall (4.14) one can easily show that

lim E{ sup [|[VXS—VX,|? +|VM — VM, |P + |VWA - VWA ]

e—>0 0<t<T
T
+ [ 1vgt — Velr +19g, — Ve e} =0,
0
Then similar to (7.11) one can prove that

lim E{ sup VY — VY,PV’} —0.

=0 lo<<r
In particular,
lim VV5 = lim VY, =vy{.
e—0 e—0

The proof is complete.
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