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Abstract

We study a continuous-time principal-agent problem where the risk-neutral agent can pri-
vately and meaningfully choose the drift and volatility of a cash flow, while the risk-neutral
principal only continuously observes the managed cash flows over time. Our model contributes
a result that is hitherto relatively unexplored in both the continuous-time dynamic contracting
and the delegated portfolio management literatures. Firstly, even though there is no direct moral
hazard conflict between the principal and the agent on their preferred volatility choices, but to
avoid inefficient termination and compensation from excess diffusion, this first best choice is not
reached; this is the “reverse moral hazard” effect. Secondly, the dollar incentives the principal
gives to the agent critically depends on the volatility choice, endogenous quasi-risk aversion of
the principal, and the elasticity to the exogenous factor level; this is the “risk adjusted sensi-
tivity” (RAS) effect. In a delegated portfolio management context, our model suggests outside
investors should prefer investment funds with the characteristics: (i) the investment fund has an
“internal fund” available only to management, or equivalently, a “flagship fund” that is closed
to new outside investors; (ii) the “external fund” for the outside investors closely tracks the

investment strategy and value of the internal fund; and (iii) has dynamic incentive fee schemes.
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1 Introduction

As of 2009, $71.3 trillion is invested into managed portfolios worldwide ®, and the vast majority of
these managed portfolios are under active management. Despite the prevalence and importance of
delegated portfolio management in the modern capital markets, surprisingly little is known about its
optimal contracting characteristics in a dynamic environment. The difficulty of approaching these

problems is succinctly captured by a remark in Cuocoand Kaniel (2011):

“A distinctive feature of the agency problem arising from portfolio management is that
the agent’s actions (the investment strategy and possibly the effort spent acquiring infor-
mation about securities’ returns) affect both the drift and volatility of the relevant state
variable (the value of the managed portfolio), although realistically the drift and the
volatility cannot be chosen independently. This makes the problem significantly more
complex than the one considered in the classic paper by Holmstrom and Milgrom (I9%87)
and its extensions. With a couple of exceptions, as noted by Stracca (PIIUR) in his recent
survey of the literature on delegated portfolio management, ‘the literature has reached
more negative rather than constructive results, and the search for an optimal contract

N

has proved to be inconclusive even in the most simple settings’ ”.

To emphasize the point, the ability to influence the volatility of a managed cash flow is critical
in a delegated portfolio management context. Indeed, numerous papers have recognized that risk
shifting 2 behavior of the portfolio manager as an important source of moral hazard that is typically
not present in traditional principal-agent contexts, such as employer-employee and landlord-tenant
relationships.

Here, we present a continuous-time principal-agent model that represents both a first step in the
literature in dynamic contracting theory whereby the agent can explicitly and meaningfully privately
choose volatility, and equally important, also as a first step into understanding dynamic contracting
environment in the context of delegated portfolio management. We consider a dynamic contracting
environment in continuous-time with a risk-neutral agent and a risk-neutral principal, whereby the
agent can privately choose effort and volatility levels that affect both the mean and overall risk of
the cash flows. The principal can continuously observe the cash flows, but not the hidden choices
of effort and volatility that the agent chooses. In line with the literature, the agent enjoys a private
benefit from exerting low levels of effort (“job shirking”), and we also further assume that the agent
enjoys a private benefit from choosing high level volatility control (“lazy quality management”).
The expected payoff of the managed cash flows (i.e. the drift) is a “reward function” of both the
effort and volatility chosen by the agent. This is to roughly capture the classical “risk-reward trade
off” intuition of financial economics, particularly in portfolio choice theory. Here, effort is a binary
choice but volatility is chosen from a closed interval. The problem of drift only control, to various
degrees of sophistication, has been extensively studied in recent years (see Section B for a literature

review).

I Wermers (eram)

2See Btoughton (T993) and Admafi and PHeiderer (I997); see also Sfracca (PO0A) for a summary on how the
delegated portfolio management problem presents unique challenges that are not present in standard principal-agent
problems.



However, to the best knowledge of this author, continuous volatility control when the principal
can continuously observe the cash flows has been given little to no attention in the models commonly
used in the literature, and for good reason. Specifically, if the principal can continuously observe
the cash flows and the agent directly controls the volatility term of the cash flow, the principal can
compute the quadratic variation of the cash flow process, and thereby infer directly the choice of
volatility that the agent has been using. Hence, if indeed the agent has deviated from the principal’s
prescribed volatility level, the principal could in effect apply a “grim trigger” strategy and punish
the agent indefinitely thereon. By using this argument, the agent will never have any incentive to
deviate from the principal’s desired and prescribed volatility level, and thus, volatility control by
the agent can essentially be abstracted away. Yet economically, the absence of meaningful volatility
control by the agent is very unsatisfying. There are several important situations where allowing
the agent to influence the volatility of the cash flows is economically significant; for example, the
classical considerations of asset substitution in corporate finance ® and risk shifting in delegated
portfolio management. Thus to have any meaningful volatility control by the agent, a richer model
of the agent managed cash flows is required.

The key ingredient of our model is to introduce an exogenous factor level component to the
overall diffusion term of the managed cash flows. In particular, we will allow the instantaneous
diffusion of the cash flows be a product of an exogenous factor level process that is completely not
managed by the agent, and a component that is directly controlled by the agent. The agent can
observe this exogenous factor term, and off equilibrium, this exogenous factor level is unobservable
to the principal, even though at equilibrium becomes observable to the principal. Thus when the
principal computes the quadratic variation of this cash flow process, the principal can at best observe
the product of an unobservable exogenous factor level and a controlled volatility term, but not the
two components separately. So economically, even if the principal observes high instantaneous cash
flow volatility through the computation of the quadratic variation, the principal cannot disentangle
whether this high volatility is due to a high realization of the exogenous factor level, high volatility
control by the agent, or both. Clearly, the principal should only punish or reward the agent for
the endogenous volatility control by the agent and not for the exogenous component. As well, in
line with the models of drift-only control by the agent, the principal must put the agent at risk to
induce the agent to work according to the principal’s desired and prescribed plan. However, given
that the agent can choose the volatility of the cash flows, the agent can effectively undo or weaken
some of the risks that the principal imposes on him. Thus, the incentives involved in a model with
combined drift and volatility control are, perhaps understandably, considerably more difficult than
a case with only drift control.

Let us now discuss economically the form of the optimal contract. The two relevant state variables
here are the agent’s continuation value process and also the exogenous factor level. The use of
the agent’s continuation value as a tracker to punish or reward the agent is a standard argument
in this literature (see Sannikod (Z00R)). The principal will terminate the agent when the agent’s
continuation value falls below the agent’s outside option, and the principal will receive some recovery

value of the firm. In addition, there exists a free boundary that is a function of the factor level,

3Say [Celand (M9YR), among many others.



so namely not a constant, such that when the agent’s continuation value first hits this boundary,
a lump sum compensation is made immediately from the principal to the agent. As it is common
with principal-agent problems both in discrete or continuous time, the principal needs to incentivize
and impose sufficient amount of risk to the agent’s payoff to ensure the agent will make those
latent choices that the principal desires. However, since the agent can directly influence the level of
uncertainty in this economy, namely through the agent’s choice of volatility, the agent effectively can
partially undo or weaken the amount of risk the principal imposes on him. Furthermore, the existence
of an exogenous factor level that affects both the principal and the agent further affects the amount
of risk the principal can directly impose on the agent. Thus, to this end, we will introduce a concept
labeled risk adjusted sensitivity (RAS) to represent the amount of risk the principal imposes on the
agent, or equivalently, the dollar-per-performance the agent is entitled to. Most notably, RAS is
identically a constant in drift-only control models like DeMarzo and Sannikov (2006) and He (200Y),

and many others, but this is not the case here. Indeed, we can decompose and understand RAS

as coming from the volatility precision chosen by the agent, the “endogenous risk aversion” of the
principal, and the “elasticity of exogenous factor level”.

Bringing back the discussion and concrete application of delegated portfolio management, when
outside investors are seeking an investment firm, of which the prototypical example is a hedge fund,
with good corporate governance, our model suggests the outside investors should actively look for
investment firms with the following characteristics: (i) the firm has an internal fund available only to
management, and an external fund only available to external investors; (ii) the investment strategies
of the internal fund and of the external fund are closely correlated to each other; and (iii) the firm

has dynamic watermark compensation schemes.

2 Related Literature

This paper contributes to: (i) a growing literature on continuous-time principal-agent problems; and
(ii) continuous-time delegated portfolio management problems.

One of the first papers that considered a continuous-time principal agent problem is Holmsfrom
(I987). Recent papers in the continuous-time principal-agent problem include DeMarzd
And Sannikod (2006) (of which DeMarzo and Fishman (2007) is the discrete-time counterpart),
Mariotti, Planfin, and Rochef (2007), Sannikov (200R), Hd (2009), Adran and Wesferfield (P009),
Hoffmann-and Pfeil (2010), Grochulski and Zhang (2011), He (2011), Williamd (2011), DeM
Fishman, He, and Wang (P012), He (PUI7), (P017), Miao and Zhang (2013), Miao and
Rivera (2013), Zhu (2013), DeMarzo. Livdan, and Tchistyi (2013), Giat-and Subramanianl (2013) and
Hoffmann and Ptetl (2013). We note that Biais, Mariotti, and Rochef (2001), Sannikov (P0123), and
Sannikaod (PIT3) all give an excellent survey and overview of the current state in this literature. Please

see Table [ for a selected survey of the models used in the literature; note that even though the table
enumerates the agent’s managed cash flow form, these papers often have very different assumptions
on the preferences of the agent and the principal, and some also have different assumptions of the
timing in which the principal can observe the cash flows.

All the aforementioned papers allow the agent to manage a cash flow in the form of a stochastic



differential equation, of various levels of complexity, but the common setup is that the agent can
only exert effort to influence the drift of the cash flow but not its volatility. But in these sorts of
papers, the volatility parameter is held constant, known both to the principal and the agent. This

is without loss of generality in the case when the noise term of the cash flow is driven exclusively

by Brownian motion. [DeMarzo, Livdan, and Tchistyi (2013) is an interesting example whereby the

cash flows have a jump component and the agent can influence the jump, but nonetheless, the agent
still does not (and cannot meaningfully) influence the volatility. To our best knowledge, there are
some notable exceptions and we will describe these below in Section B but regardless, none of them
allow for meaningful volatility control as in our context.

The setup of this model lends itself naturally to delegated portfolio management problems. As
emphasized by (r993) and Admafi and PHeidered (1997), and summarized in Sfracca

(2006), delegated portfolio management problems present challenges that are not commonly con-

sidered in standard principal-agent problems; in particular, the portfolio manager has the ability to
influence both the expected return and also volatility of the managed returns or cash flows. While
managing expected return part, usually modeled as moral hazard hidden effort selection, is common
in standard principal-agent problems, managing volatility is not. (2003) is one of the key
models in the delegated portfolio management literature but modeled in continuous time and we
will further discuss this case in Section 2.

The problem of “risk shifting”, namely changing volatility of the managed cash flows, is well

recognized as a key moral hazard component in the delegated portfolio management literature.

Basak, Pavlova. and Shapird (2007) considers a portfolio manager’s risk taking incentives induced

by an increasing and convex relationship of fund flows to relative performance, and how this objective
could give rise to risk-shifting incentives. However, it should be noted that the contract in Basak
Bf—all (2007) is exogenously given and there is no explicit principal-agent modeling. Other papers
that investigate into risk shifting behavior by portfolio managers include: Chevalier and FEllisorl
(rg97), Rauhl (2008), Giambona and Goled (2009), Hodder and_Jackwerth (2009), Foster and Young
(2010) and (201T). Sfracea (2006) and (2012) offer excellent recent surveys on the

literature in delegated portfolio management.

2.1 Selected important special cases

Several papers in the literature have some level of volatility control in the dynamic principal-agent
problem in continuous-time. However, all of them place various levels of restrictive assumptions on

the way the agent can control volatility, which is not imposed in our setup.

2.1.1 (995, 2004)

The papers by (995) and (2004) are the closest in terms of volatility control but still
does not resolve the problem that we have in mind for this paper.
Let’s first review (995). The author considers a finite time horizon, [0, 1]. The cash flows

under management is of the form dY; = p;dt + o4d By, where the drift p; and volatility o; are under



[ Cash flow dynamics

References

Brownian motion
with controlled drift

dY, = pedt + 0dB,

Holmstrom and  Milgrom
(rag7), B V
Planfin. and Rochef (2007),
Sannikod (R00R), DeMarzd
And——Sannikod (P0B),
Adman____and ___ Westertield
(2009), Zhi (20013)

Brow-
with

Geometric
nian motion
controlled drift

He (2009)

General Ito diffusion
with controlled drift

dY; = f(t,Y,p)dt + o(t,Y)dDB,

Schaettler and Sung (I993)

Brownian motion
with controlled drift
and controlled jump

dY: = (a+ ppe)dt + odBy — Dpid Ny,
a, p, D constants

DelMarzo, Livdan,

(pOT3)

and

Brownian motion | dY; = §idt+odB;, 6 = f(f f(t—s)psds | Sannikov (20I2K)
with controlled

drift via long run

incentives

Controlled  Poisson | dY; = CdN¢, N has intensity process | Hd (2012)
intensity {pt}t>0, C > 0 constant

Linear Ito diffusion
with controlled drift
and volatility

dY; = f(ut, O't)dt + o¢dBy

(+) Sung (1995, 2004)

Geometric Brownian
motion with same
control on drift and

dY: = [rY: + pe(a — r)]dt + perdBy,

T, a, Kk constants

(*) Ou-Yang (2003)

volatility

Geometric Brow- | dY; = kYidt + dpedt + aoVidt + | (%) [Cadenillas, Cvitanicl
nian motion with | o+VidBy, k,d, a constants and D d (z0ma)
controlled drift and

volatility

Table 1: A selected survey of agent’s managed cash flows in the existing literature. Here, B denotes a
standard Brownian motion and N denotes a Poisson process. For consistency, the notations here
differ from that of the original papers. The agent’s control (in bold for emphasis) is p = {p }e>0
(and where relevant, 0 = {o:}+>0). For the (x) starred cases where volatility is (seemed to be)

under control, please see section P for discussions of their key caveats.




the agent’s control. A contract is signed between the principal and the agent at time ¢ = 0 and
the agent is compensated at time ¢ = 1. The agent incurs an integrated cost fol c(pe, o¢)dt for
choosing between the drift u; and o; over the investment horizon [0, 1]. The principal is restricted to
compensate the agent according to an exogenously fixed “salary function” S. The author considers
two cases. In the first case, the principal observes the entire path of {Y;};c[0,1] and hence can also
observe o; across this path (i.e. via the quadratic variation of Y'). Hence, there is no need for the
principal to provide incentives to control the volatility o;. In the second case, the principal can only
observe the ending cash flow value Y7. In such a case, the principal cannot know what volatility
control o; the agent had chosen over the investment horizon [0, 1].

Sung (2004) is similar to Sung (I'995), except that the author allows for a more general specifi-
cation of the cash flow process, and restrict to the second case setup of Sung (I995), whereby the
principal can only observe the initial Y cash flow and the terminal Y7 cash flow. Specifically, Sung
(20td)’s specification is of the form dY; = f(ut, 0¢) + 0+d By, where the agent controls both the drift
e and volatility o;. The details in the preferences of the agent and principal differ slightly between
Sung (I995) and Sung (2004) and we defer the reader to the actual papers for details.

Unlike Sung (995) and Sung (2004), in this paper we will explicitly allow the principal to observe

the agent’s managed cash flow process at all times.

2.1.2 [Ou-Yang (2003)

In Ou-Yang (P003), the principal-agent problem is the in form of an investment manager (i.e. agent)
has to manage a portfolio for an investor (i.e. principal). Asset returns follow the familiar geometric
Brownian motion and together with the risk free asset, it induces a wealth process for the portfolio.
The agent can choose the portfolio process and the conflict arises when the investor cannot observe
the manager’s chosen portfolio policy ® . In this setup, the portfolio choice variable is attached
to the diffusion term of the wealth process. But as duly noted in Ou-Yang (2003, Page 178): “If
the investor observes both the stock price vector P(t) and the wealth process W (t) of the portfolio
continuously, then she can infer precisely the manager’s portfolio policy vector A(t) from the fact
that the instantaneous covariance between W (t) and P(t) equals diag(P)ool A(t). Since oo? is
invertible by assumption, the manager’s policy vector A(t) is completely determined. Hence we
must assume that the investor does not observe the wealth and stock processes simultaneously.”
Hence, through this, rather strong, assumption in restricting what the investor can observe over
time, volatility can be controlled without detection by the principal. In this paper, we will not

impose such a strong assumption that restricts the principal’s information set.

4The wealth process, referring to [Ot-Yang (2003, Equation (1)), has the form,
dW(t) = [rW(¢t) + A(t)(n — r)]dt + A(t)odBy,

where 7 is the risk free rate, and p is the expected return of risky assets, and A(t) is the portfolio choice policy. Note
in particular the choice variable A(t) enters both into the drift and volatility of the wealth process.



2.1.3 [Cadenillas, Cvitani¢, and Zapaterd (2004, Z007)

Cadenillas_ef all (2004) does allow the agent to have explicit drift and volatility control but the
compensation type is exogenously given. Using the original notation of Cadenillas"ef all (2004,

Equation (2)), the agent (manager) manages the value of assets V under the agent’s management
evolves according to,
dVy = pVidt + dpdt + avyVidt 4+ v VidWy,

where u and v are the agent’s controls. Moreover, the paper assumes that while effort (drift) u
control for the agent is costly, project selection (volatility) v control incurs no cost on the agent, but
only implicitly matters to the agent through the principal’s compensation. The principal (outside
investors) is exogenously allowed to only compensate the agent with stock that becomes vested at
a terminal time 7. The principal simply needs to choose the number of shares of stock to give to
the agent and the level of debt of the firm ® . In all, taken in this light, Cadenillas ef_all (2004)’s
interesting approach of the problem does not have the key ingredients that are present in this paper.
Firstly, we do not exogenously fix what the compensation contract the principal must give to the
agent, and indeed the compensation structure is dynamic and endogenous. And secondly, the agent
does incur private benefits (or equivalently, negative private costs) of controlling the unobservable
volatility level of cash flows and so the principal must provide incentives on both effort and volatility.

Cadenillas_ef"all (2007) allows for the agent to control both the drift and volatility but they

explicitly consider a first-best risk-sharing setup whereby agency problems are absent.

2.1.4 [Cvitanié, Possamai, and Touzi (2014)

The closest work in the literature to our paper is the contemporary work by [Cvitani¢, Possamai]
and Touzi (2014). ® The goal of that paper is also to investigate under what conditions would there
be meaningful volatility control by the agent. The authors propose that if the principal can only

observe managed cash flows Y continuously overtime, and if the agent controls a vector of volatilities

Ve R‘i, so that the managed cash flows have the form,
t
Y: = / Vs - (bdt + dBy),
0

where B is a d-dimensional Brownian motion, and b € R? is a common knowledge constant vector.
Again, since the principal can continuously observe the managed cash flows Y, then the principal

can compute the quadratic variation of Y and obtain an (integrated) matrix,

d[Y]t = UV - l/tdt,

51t should be noted that in a similar spirit, (zo00) considers a delegated portfolio choice problem of
which through the portfolio choice policy, the agent can choose the volatility of the value of the asset portfolio. There
are no private benefits or costs to the agent in choosing a particular portfolio choice policy. Exogenously, the principal
compensates the agent (only) with a call option with the strike price being the terminal value of the managed portfolio.

6This author was not aware of the presence of this paper (with a working date of March 7, 2014) until mid April
2014, but by then, a well working draft of this current paper had already been written and indeed circulated in small
private circles.



where, of course, v-v/' is a scalar. But given that the principal can only observe Y, there is no way the
principal can decipher the individual managed elements of v - v. Thus, this yields to a setup where
there is meaningful volatility control. It should be immediately noted that in the setup of Cyifanié
ef_all (2014), the dimensionality d plays a critical role. That is, if d = 1, then we collapse back to
the case where there is no meaningful volatility control. Hence, in their setup, the dimensionality
must be d > 2.

Cwifanic ef all (20014) considers a setup where the agent is only paid at a final deterministic time
T and both the principal and the agent have identical CARA utility, and the agent has a quadratic
cost in volatility choices. In contrast, our paper considers only risk neutral principal and agent,
but allow for intertemporal compensation from the principal to the agent, endogenous termination
of the agent, and also private effort and volatility choices by the agent. Moreover, fundamentally,
our methods for “hiding” volatility control are fundamentally different in that Cyifanic et all (2014)
relies on a dimensionality argument, whereas this paper relies on reconsidering economically the
modeling method of the noise term. It could be an interesting extension for future research to

combine both of these approaches.

3 Model Motivation in Discrete-Time

To motivate the continuous-time model of the paper, and also to highlight how existing drift-only
control principal-agent models in the literature cannot be used to appropriately model delegation
portfolio management problems, we first draw an analogy to a simple discrete-time asset pricing
factor models. Suppose in the current period, a group of investors hire a portfolio manager to
manage a portfolio that will deliver excess returns R — r; that is observable to the investor, where
r¢ is the risk free return. The investors know a priori that the manager has skill so ex-ante the
investors are willing to invest into the portfolio manager. What is not known to the investors is
whether the manager is exerting sufficient effort to maximize his skills. Suppose further the fund
operates like a mutual fund, so that the investment holdings of the fund are somewhat transparent,
and so the investors know and can observe what is the appropriate market factor, say Ry — ¢, to
price the portfolio, and moreover, the investors can precisely choose their desired factor loading. @

Thus, the portfolio returns are driven by a factor form,
R—ry=ale)+ B x (Rm —ry) +¢, (3.1)

where (9, is the factor loading onto the factor Ry —r ¢, and € is the idiosyncratic risk with zero

mean, and independent of Ry — ry. ® Since 33, had been a priori selected by the principal, there

"Indeed, commercial services like Morningstar regularly report the appropriate investment style or factor (i.e.
“value”, “growth”, “big cap”, etc.) of the majority of mutual funds available, and they also report a CAPM beta
value to the investors.

8 Another way to view (B1) is to view the mutual funds types are indexed by their factor loading {6?\47j };. But
there the investors can perfectly see the type, and so according to their preferences, select their desired type, say BR/I.
Once this type has been selected, the investors then proceed to construct contracts to motivate the managers to exert
high effort to maximize their skills. But it should be noted that this type selection argument is only valid because
the investors know precisely the appropriate market factor is Rys — r¢, and hence can compute for themselves the
expected risk premium E[Rp; — r¢]. If this were unknown, then this argument does not hold.



is no need to condition on this anymore. Thus, conditioning on the effort e the manager will exert,

the investors’ expected returns from this managed portfolio is,
E[R — 1 | e] = a(e) + By E[Rym — 7yl (3.2)

where we assumed that effort choice e is independent of the market risk factor Rj;. Thus, we see
that the expected returns, conditional on effort e is increasing in effort e. Note here that since the
investors know the appropriate risk factor Ry; — 7, he can also compute the expected risk premium
E[Rar — 7). That is, the entire term 8Y,E[Ry — ry] is common knowledge to both the manager
and the investor. Referring to Table O, the prototypical model in the existing continuous-time

principal-agent literature takes the form,
dY; = pedt + od By, (3.3)

where p; is a choice that the agent can privately select, and the models in the literature specify p;
to various degrees of sophistication; see also Section B for further discussion. Mapping (83) to

the asset pricing model in (Bl), existing drift-only control models can effectively be viewed as,
dYy~ R—rp, wdt ~E[R—r;|e] =a(e) + BYE[Ry —ry], 0dBy~ B (Rar —ryp) +e. (3.4)

In particular, we note that for the noise term odB; ~ 8%, (R — rf) + €, as mentioned earlier, the
risk loading 39, is a priori known to the investor, and also the risk factor Ry, —r ¢ is also observable
to the investor. Thus, for the overall noise term, the only term that is unobservable to the investor is
the idiosyncratic risk e. And indeed, mapping to the dynamic model, this corroborates well with the
notion that the overall noise is simply a Brownian motion dB; (i.e. continuous-time random walk).
While the viewpoint (81), and by extension the continuous-time formulation (833) with no volatil-
ity control, may be plausible for, say, mutual funds that have fairly transparent investment proce-
dures, this is not the case for numerous other delegated portfolio management practices in the
market. Most notably, hedge funds and private equity funds, unlike mutual funds, are not subject
to regulation to reveal their investment positions or trading strategies. And indeed, the investment
strategies and positions of these funds are precisely their “secret sauce” or “black box”, of which
they are very protective of its details. As such, unlike (BII), a far more appropriate model here is
the form,
R—ry=uale)+ Bz x (Rz —ry), (3.5)

where Rz — 7y is the excess return of an exogenously priced factor that is observable to the manager,
but unknown to the investor, and S is the factor loading the manager can privately and endoge-
nously control. Note that unlike (B1), in (BXH) we consider an extreme case and do not write an
idiosyncratic term . That is because since the factor loading Sz is endogenously controlled by the
manager, in a sense all the idiosyncrasies are due to the manager’s decision; and also, this creates
a clearer mapping to the continuous-time model to be discussed in Section B. Concretely speaking,

if a hedge fund manager claims that it is a “global macro fund” but does not disclose its actual

10



positions and trading strategies, there is no way the investor can infer what is the appropriate risk
factor to benchmark the fund at. And indeed, even looking at other peer “global macro funds” only
give at best a noisy proxy to what the fund in question is actually doing. In particular, that means
that unlike the case of mutual funds as per (Bl), the investor cannot a priori view and select the
factor loading of the fund. Thus, conditional on the effort e and the factor loading 8z as chosen by

the manager, the expected returns of the managed portfolio are,
E[R—ry | e Bz] = ale) + BzE[Rz — 4], (3.6)

where the effort e and factor loading 37 are independent of the risk factor Rz — 7. Note that unlike
(82), the last term SzE[Rz — 7| is not common knowledge to both the investor and the manager.
Indeed, even if the investor knew that there is a positive risk premium E[Rz — r¢] > 0 associated
with the risk factor Rz — r¢, the investor still does not know which factor loading 87 the manager
chose.

In all, this means to have a principal-agent model that represents the practices of hedge funds,
private equity firms, and other “secret sauce” investment funds, we need at least two additional
ingredients, on top of the skill term «(e): (i) exogenous factor term Rz — ry observable to the
manager but unobservable to the investor; and (ii) endogenous factor loading term [z that can
be privately controlled by the manager. This represents the starting point of our continuous-time

model.

4 Model Outline

Let (2, F, P) be a complete probability space and let {B;};>0 be a standard Brownian motion on
this probability space and let {F;};>0 be the filtration generated by this Brownian motion, suitably
augmented. We will write E as the expectation operator under probability measure P. The agent can
choose an action process A = {(es, 0¢)}+>0, where for all times ¢t > 0, (e, 0¢) € {er,en} X [or,0H],
where ey > er, > 0 and oy > o, > 0. We will call {e; }+>0 the effort control (process) and {0} }1>0
volatility control (process). ® ™ Consider a function « : {er,en} X [or,08] = [pr, ur] that maps
both the effort and volatility chosen by the agent to the (expected) return of the (cumulative) cash
flow process Y; that is, consider (e,0) — k(e,0) = p. We will call k as the reward function and
we will discuss further on the assumptions and properties of this function in Section E=2 below. The
cash flow process Y has dynamics that depend on the agent’s action process ™ |

dY—t = /{(et, O't)dt + O'tht, YO = Yo (41)
th = MtdBt, MO = my, (42)

90f course, strictly speaking in the usual language of stochastic differential equations, we would call oymy as the
(stochastic) volatility of Y. However, since in this setup, m: is an exogenous process, and only o; is being directly
controlled by the agent, it would be more natural to think and call o as volatility that is being managed by the agent.

0Throughout this article, we will use e to denote the effort parameter / process, and use e to denote the exponential
function.

HSpecifically, the action process A is progressively measurable with respect to {Fi}.
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where mg > 0 and note we have denoted p; := k(et,0¢). Given an action process A, we will call
{ut}>0 = {k(et,0¢) }t>0 the drift (process) of the cash flow Y ™ . The principal cannot observe
the agent’s action process but can only observe the cash flow Y. The agent can also observe the
cash flow Y. Let {F} };>0 be the (suitably augmented) filtration generated by the cash flow process
Y, which represents the principal’s information set. The extra term m; in (EZ1) and its dynamics
(E2) is different from the prevailing literature (see Table ). We shall call {M;};>¢ as the exogenous
factor.

Finally, for illustrative purposes only, Figure 0 plots this cash flow process against some other
cash flow processes that have been used in the literature.

Both the principal and the agent are risk neutral. The principal discounts time at rate r; > 0
and the agent discounts time at rate o > 0. As per DeMarzo and Sannikod (2008), we assume that
the agent is less patient than investors; so we assume ry > r1. The principal needs to compensate
the agent and is modeled via the {F} };>0-adapted stochastic process X = {X;},, and assuming
limited liability, we restrict the compensations to be non-negative, so dX; > 0. The principal also
has the ability to terminate the agent at some F}-measurable random time 7 € [0,00]. Upon
termination, the firm is liquidated for value ™ L > 0 and the agent receives retirement value ™
R > 0. A contract is the tuple (A, X, 7), which specifies the recommended action process 4, a
compensation for the agent X and the termination time 7.

Fix a contract (A4, X,7) and suppose the agent follows the principal’s recommended action A.

The agent’s payoff at time t = 0,

Wo(A) = EA [/0 ot (dXt + [qbe (1 - :;) + b0 (Z - 1)] dt) + e_”’TR] : (4.3)

where ¢., ¢, > 0 are constants known to both the principal and the agent. Here, we denote E4 as
the expectation under the probability measure P4 induced ™ by the agent’s chosen action process A.
We will further discuss the properties of the agent’s payoffs and incentives in Section B33. Likewise,

the principal’s payoff at time t = 0 is, ™
EA [/ e " (dY, — dX,) +e”TL} =E4 [/ e*”t/{(et,at)dt—/ e "dX, + e L[ . (4.4)
0 0 0

Further discussion of the conflict between the agent and principal is deferred until Section B=3.

We collect some assorted remarks, largely technical in nature, about the model in Section B.

12 Throughout the paper, we will interchange the notation p; and k(et, ot) to denote the drift part of the cash flow
process. This is for notational brevity. Thus, given an action process A = {(e¢, 0¢) }+>0, we will also with some abuse
of notation, also call and denote A = {(u¢,0¢)}+>0 as the action process, with the understanding that u: = x(et, o).

13We will be more specific about this liquidation value L in Section B.

MWe will be more specific regarding this retirement value R in Section B.

15 See Section B for details.

16In the second equality, we applied Doob’s Optional Stopping Theorem. While 7 could have been unbounded
(i.e. never terminating the agent) but a standard argument using bounded sequences of stopping times and an usual
application of the Dominated Convergence Theorem will also show the result. We will omit these details.
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Figure 1:

qY, = pnY,dt ¥ oYdB,, Yo=1

4Y, = judt + 0dB,, Yo=1
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(c) Integrated GBM with drift

Nlustrations of various types of commonly used cash flow processes. Here, the (constant) param-
eters are chosen to be = 0.5,0 = 0.3, Yy = 1, mp = 1, and we simulate over 1000 discrete evenly
spaced points over the time interval ¢ € [0, 1]. Subfigure (Id) describes the linear Brownian mo-
tion with drift cash flow process, dY; = udt+odB;, that is used in the models by Holmsfrom and
Milg (987), DeMarzo and Sannikod (2006), Sannikov (2008) and several others; see Table 0
Subfigure MA describes the geometric Brownian motion process, dY: = udY:dt + oY:d Bz, that is
used by Heé (2009) (note, He (2009) calls this the firm value process). Finally, subfigure (Id) de-
scribes an an integrated Geometric Brownian motion with drift, dY; = pdt+odMy, dMy = MdBy,
as it will be used in this paper. Note also the parameters used in generating this figure are for
illustrative purposes only. Unless specified otherwise, these parameters are not enforced through-
out the paper.
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4.1 Mapping back to the discrete-time model

Mapping back to the discrete-time specification in Section B, and in particular to (B3H), we can map

the terms analogously as,

dY, ~ R —ry,
k(e o0)dt = E[R —1y | e,8z] = ale) + BzE[Rz — 1/, (45)
or = Bz,
dM, ~ Ry — r;.

As discussed, the specification (83) and now to the continuous-time extension of (E), (£72), can
be viewed as a more appropriate model of delegated portfolio management than existing drift-only
control models in the literature.

In particular, in contrast to the mapping in (B3) where the noise term is mapped like odB; =
B (Rar —7y) + €, the mapping in (B33) for the noise term is mapped like dM; ~ Rz —rs. These two
forms of mappings represent a fundamental difference in how investors view whether a risk factor
is observable or unobservable to them. As explained in Section B, when the risk factor Ry — ry is
known and observable to the investors, the term 3%,(Ry — 7¢) is common knowledge to both the
manager and the investor. Thus, the only source of uncertainty to the managed cash flows in that
case is the idiosyncratic risk €, of which its appropriate continuous-time counterpart is a Brownian
motion odB;, which is essentially a pure noise random walk in continuous-time. In contrast, in
the setting where the investors do not know and cannot observe the risk factor Rz — ry, then the
uncertainty is more “informative”. Firstly, the risk loading (z is no longer common knowledge.
Secondly, the risk factor Rz — r¢, in continuous-time, cannot be appropriately viewed as a random
walk. Indeed, in accordance to the tradition of classic asset pricing theory, assets have returns that
are log-normally distributed; in particular, the Black-Scholes economy risky asset also models the
returns of a risky asset as a geometric Brownian motion. Here, in setting dM; ~ Rz — ry, we
have simply modeled M as a geometric Brownian motion with zero drift and unit variance; it is

straightforward, but algebraically cumbersome, to put in a non-zero drift and non-unit variance.

Remark 4.1. Although slightly beyond the original motivation scope of the paper, it should be
noted that in modeling the managed cash flows dY;, we have that the expected value k(es, o¢)dt is
dependent on both effort and volatility, and this modeling form has found precedence in the recent
empirical and theoretical asset pricing literature. In [Buraschi, Kosowski, and Sritrakul (2013), the

authors note:

“...[The traditional alpha measure that is independent of beta] raises the question
of how well a reduced-form alpha measures the true managerial skill of a hedge fund
manager. An answer to this question depends on the determinants of the optimal allo-
cation 6%, made by that manager. If the optimal allocation is constant and determined
exclusively by the risk and return characteristics of the investment opportunity set (as in
a traditional Merton model without agency distortions), then reduced-form alpha is an

unbiased estimate of managerial skill. However, if the optimal allocation is influenced by
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nonlinear agency contracts, then reduced-form alpha is a misspecified estimate of true
skill. For instance, a high reduced-form alpha could be the fortunate result of too much
leverage as managers aim to maximize their incentive options. Of course, high leverage
increases not only the manager’s expected return (because of the call option) but also

the likelihood of large negative returns.”

Thus, Buraschi_efall (2013) suggests that the managed portfolio alpha, under the influence of
“nonlinear agency contracts”, could depend on leverage and investment opportunities.

In addition, although absent of any agency considerations, Frazzini and Pedersen (2014) also
considers an overlapping generations model that implies a factor model structure for risky asset
returns, and show that the alpha term could depend explicitly on the factor loading. Also in

empirical research of hedge fund performance, Bollen and Whaley (2009) also notes:

“Accurate appraisal of hedge fund performance must recognize the freedom with
which managers shift asset classes, strategies, and leverage in response to changing mar-
ket conditions and arbitrage opportunities. The standard measure of performance is the
abnormal return defined by a hedge fund’s exposure to risk factors. If exposures are
assumed constant when, in fact, they vary through time, estimated abnormal returns

may be incorrect.”

4.2 Reward Function s

We need to be more specific about the way the agent can control the drift and volatility of the
cash flows. It should be noted in drift-control only models, the specification of the drift is usually
quite simple (i.e. linear). But in our case, given the volatility control, we must be more careful in
modeling and giving economic meaning to link the volatility and drift controls. Note that one possible
characterization is to have the agent control drifts and volatilities that are completely unrelated to
each other. But this case is not economically meaningful since it destroys the traditional link of
risk-return trade-offs of financial economics, particularly that of portfolio choice theory. We will

now more specifically define the reward function  as follows.

Definition 4.1. A strictly positive real valued function « : {er,ep} X [or, 0] = [uL, uH], (e,0) —
k(e,o) = p, that is twice-continuously differentiable in the second argument, is called a reward

(drift) function if it that has the following properties:
(a) Higher effort, higher reward: k(ep,o) > k(er, o), for all o;
(b) Higher risk, higher reward but at decreasing rate: ky(e,0) > 0 and Ky (e,0) < 0, for all (e, 0);

(¢) Risk cannot substitute for effort: k(em,o) > k(er,o’) for all o, 0.

(d) Range of effort greater than range of risk: ¢1§

e (eg —er) > 220y, and k(e,0) > ¢ for all (e, o).

L
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The requirement (a) is natural to interpret; that is, if the agent exerts higher effort to running
the project, then the expected payoff should be higher, regardless of the choice of volatility. Require-
ment (B) is the traditional risk-reward type trade off. One would expect that by choosing a riskier
project (higher volatility) over a safer project (lower volatility), it is so that one could enjoy higher
expected returns, but we impose that the rate of return from increasing risk is decreasing. Thus,
requirements (a) and (H) should have good natural interpretations. Requirement (o) means that
exerting high effort always gives a higher return, regardless of the level of risk taken. Effectively,
that means that effort and risk are not “substitute goods”; hence, this requirement explicitly rules
out a case where the agent can exert low effort and take on a high level of risk such that this return
is equal or greater to one with high effort and any level of risk. Note that clearly (o) implies (a) but
we write them out separately as (a) is effectively the only requirement assumed in the controlled
drift-only models (i.e. when & is a function only of effort ¢). ™ More generically, early studies
between project selection (viewed as volatility in the current context), risk and effort can be found
in Camberfl (T986G) and Hirshleifer and Sull (I992).

We now given an example that satisfies Definition BT and hence directly showing that the set of

reward functions is nonempty.

Example 4.1. Consider the reward function of the form,
k(e,0) = aje® €L log g,

where ag, a; > 0 are deterministic constants. Here, we restrict oy, oy such that o, = ¢, og ~ 1.763,
where 1 < ¢ < oy, and that ¢.,¢, > 0 are such that e 1 (eg —er) > ZZ. Note here that

b0 en orL
wur, = k(ep,or) and pg = k(em,om). See Figure B for an illustration.

Proof. See the Appendix for proof of this Example and all subsequent proofs throughout this article.
O

4.3 Principal and Agent Conflict

With the reward function specified in Definition BT, we are now ready to discuss the sources of
conflicts between the principal and the agent. From the agent’s payoff in (E23), we see that the agent
dislikes exerting high effort e; = ey and likes to exert low effort e, = ey, and the agent likes to
choose high volatility 0, = oy and dislikes to choose low volatility oy = or. In contrast, from the
principal’s payoff in (E2), and the properties of the reward function as given in Definition BT, the
principal likes high effort e; = ey and dislikes low effort e; = e;,. Moreover, by the properties of the
reward function, and also effectively by the risk neutrality of the principal, the principal also seems
to like high volatility o,. The assumption that the agent likes to job shirk while the principal does

not is common in the principal-agent literature.

17Strictly speaking (H) is not an requirement of the reward function x(e,o) but rather an assumption on the
parameters ¢e, ¢o, €, €L,0H,0L, but we will collect this here for subsequent convenient reference.
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Figure 2: Illustration of Example B with the parameters: a9 = 0.3,01 = 2,er, = 3,eqy = 5,0 =
1.01,0m = 1.763.

However, in this context, the specification of volatility warrants more discussion. It seems like
since both the agent and the principal prefers higher level of volatility, then volatility is not a source
of moral hazard conflict between the principal and the agent. However, this is not entirely correct.
As it is standard in the principal-agent literature, to incentivize the agent, the principal must put the
agent’s payoff at risk, and specifically meaning the agent’s payoff must be sensitive to the agent’s
managed cash flows. However, such sensitivity here is also further affected both by the agent’s
volatility choice o and also the exogenous factor M;. Hence, even though both the principal and
the agent prefers the volatility choices in the same direction, but since volatility choice also affects
the overall uncertainty in this economy, this uncertainty indirectly causes the conflict between the
agent and the principal. We will have more to say about this important feature of volatility choice
in Section B.

5 First Best

Let’s begin by characterizing the first best result. At this point, we should further impose a restriction
on the recovery value L of the firm upon termination. In line with the literature, we will assume
that termination is inefficient so that never terminating 7 = 400 is indeed optimal in the first best

case.

Assumption 5.1. We assume that termination is inefficient. That is, the salvage value of the firm

L is such that,
0<L< / e e, op)dt = L TE). (5.1)
0 1
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Recalling Definition BT, the right-hand side of (BI) is precisely the “worst case” indefinite payoff
scenario for the principal.

Suppose the principal can and will operate the firm without the agent. In this case, the principal
does not need to pay any compensation, so X = 0, nor is there any need for termination, so 7 = +o0.

Recalling (E4), the principal has the optimization problem,

(o] o0
bi'P = supE {/ e_“tn(et,at)dt] = sup/ e (e, 0p)dt (5.2)
e,o 0 €,0 JO

Proposition 5.2. Suppose there are no agency conflicts so the principal does not need to hire the
agent to run the firm. Then the principal will pay zero compensation, X = 0, and never terminate,
T = 400. The principal will always exert high effort at all times, so e; = ey for all t, and always

choose high volatility o, = oy for all times. The first best value of the firm by'B at time t = 0 is,

e kleg,o
il = / e ey, op)dt = wlen,on) (5.3)
0 1
The first best value of the firm is deterministic and stationary. That is, the time ¢ = 0 value bj?
does not depend on any state variable, and this is economically intuitive. Given that the principal
only derives payoff from the reward function k(e;, ¢ ), there are no exogenous state variables (namely,

say the exogenous factor M) involved.

6 Continuation value and Incentive compatible contracts

Now we proceed to the main focus of the paper. As it is standard in the literature, following
the arguments like DeMarzo and Sannikoy (P006) and Sannikod (PO0R), we consider the agent’s
continuation value as a state variable to capture the dynamic incentive compatibility constraints.
However, again because of the richer volatility setup of (E) than the ones in the current literature,
we must take more care in deriving the results.

Firstly, we make a trivial substitution that will substantially simplify the problem. Throughout
this section, let’s fix an arbitrary contract (A, X, 7). In particular, note that the action process ™
has the form, A = {(e;,0¢)},~,- As noted in footnote I2, defining p; = k(et, 0¢), we will also call
A = {(p,01) }>0 as the action process. Define, the agent’s time ¢ continuation value (or promised

value),

Wi(4) = EA [ S (dXs ; [(be (1 - e) o (“ - 1)} ds) re o OR | B } -
t ey oJ,

(6.1)
Note here on the left-hand side of (6I), we have suppressed the notation for the dependence on the

payment X and termination time 7, but retained the notation emphasis on the action process A.

18 We should be clear on the word “fixed” action process here. Although the agent chooses an action process that
just needs to be {F; }-adapted, but when the principal fixes a recommended action A to the agent, this recommended
action process A is known to the principal and hence A is also {]-'ty }-adapted. That is, the recommended action must
be known to the principal but any general deviation away from the recommended action by agent is not known to the
principal.
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6.1 Incentive compatible contracts

Definition 6.1. A contract (A, X,7) at time 0 with expected agent payoff Wy(A) is incentive

compatible if

(1) (a) Wi(A) > R for all times ¢ < 7; , where the retirement value R > 0 is such that,
1 oy
R>—¢, (= —1]); (6.2)
To oL
(b) My > m, for all times ¢ < 7, where m > 0; and

(2) Wo(A) > Wy(AT), for all other action processes Af.

The optimal contracting problem is to find an incentive-compatible contract that maximizes the

principal’s time 0 expected payoff.

Requirement (@) of Definition B is also more aptly called agent’s individual participation (IR)
constraints. In particular, (I3) says that the agent’s continuation value W; must be at all times
greater than or equal to the agent’s reservation value R. This is a standard definition of the IR
constraint in the literature. The addition of ([H) warrants slightly more discussion as this is not
standard in the literature. Requirement (IH) effectively requires when the agent manages the cash
flows dY;, the agent will only manage it only when the exogenous factor level M; at any point in
time ¢ is not too low, and in particular it must be greater than this lower bound m. See further
detailed discussions in Remark B, where we also discuss the justification of the retirement value R

in (632). Finally, requirement (B) is the usual incentive compatibility condition in the literature.

Remark 6.1 (Justification for Definition EI(IH) and retirement value R of (E3)). Let’s discuss
the economic justification of (IH). If the exogenous factor level M, which again is a geometric
Brownian motion so M > 0, is too low, say when M; ~ 0 (even though M; = 0 happens on a set
of measure zero), then all sources of uncertainty in this economy vanishes. Indeed, suppose in the
extreme that we indeed have M = 0. And when that happens, the managed cash flows thus become
dY; = k(e, o¢)dt, without any additional noise term. But this implies the principal, upon observing
cash flows dY; continuously over time, can precisely detect the choice of effort e; and choice of
volatility o, that the agent has chosen ™ , and clearly then, the principal would instruct the agent
to choose the first best effort and volatility choices. However, first best effort and volatility choices
are clearly not beneficial for the agent.

Without the presence of uncertainty (so when M = 0), the principal no longer needs to com-
pensate the agent, X = 0. Mapping back to the context of delegated portfolio management and
recalling the discussion in Section B, when M = 0, it is equivalent to saying the outside investor is
getting precisely zero premia for the factor exposure of this particular managed fund. In that case,
the investor has no particular reason to compensate the manager for management anymore. Indeed,

in this case, if the manager does not choose the first best case of highest effort (e; = ey ) and choose

19This is possible since the reward function & of Definition BT is bijective and non-crossing in effort e and volatility
o.
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the appropriate investment opportunity (o; = o), the investor will simply walk away. Anticipating
this, the agent is conceivably better off to “walk away” from managing the project before the ex-
ogenous factor level M is too low, namely at m, and still manage to extract some information rent

from the principal. More precisely, the agent’s retirement value R is such that,

Payoff to agent with positive exogenous factor M > m > 0, and arbitrary actions

/ e X, +/ e ™7 {@ (1 = 6) + dg <" - 1)] dt
0 0 ey oy,

>R

> / e ol <UH _ 1) dt — i% (UH _ 1)
0 oL To oL

Payoff to agent with always zero exogenous factor M = 0, and first best actions

This discussion hence also justifies the retirement value R as specified in (63).

Remark 6.2 (Retirement value too low). With Remark G in mind, we should also consider the
counter case. What if the retirement value R is too low? Specifically, what if, unlike (E2), R is such

that,

1
~ by (“H - 1) >R>0. (6.3)
To oL

If the retirement value R is such that (63) holds, when the exogenous factor level is identically zero
M = 0, we will see that it may be not optimal for the agent to walk away from the contract. That
is, if M = 0, again as per the argument in Remark B, the principal can credibly instruct the agent
to take on the first best action e, = ey and o; = oy, and pay zero compensation X = 0. That
is, the agent simply then receives the instantaneous private benefit of ¢, (Z—IL’ — ) dt. Even though
the agent knows that there are some positive information rent to extract from the principal if the
exogenous factor level is strictly positive, but even at the identically zero exogenous factor level case,
his instantaneous private benefit still exceeds the outside retirement value R. So if (633) holds, it
implies there is a possibility that the principal can give the agent zero compensation and yet the
agent will still happily remain employed.

We rule this case out. Specifically, we assume that at time ¢t = 0, the agent can anticipate such
effects, and negotiate, ex-ante, with the outside labor market to secure a sufficiently high retirement
value R that satisfies (62), rather than a low retirement value of (E33). In the context of delegated
portfolio management, we may think of a high retirement value R to represent an outside fund

management opportunity that’s available to the portfolio manager.

6.2 Continuation value dynamics

The dynamics of the agent’s continuation value is given as follows.

Theorem 6.3. Fiz a contract (A, X, 7). Then fort € (0,7), the agent’s continuation value Wy(A)
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of (B) has dynamics,

AW, (A) = roW,(A)dt — (dXt + [d)e (1 - :;) +éy (Zz - 1)} dt>

+ By (dYy — pgdt) + deg?,

(6.4)

t , . iy
where e#"A = fo e"sdV Ay = k(ey, 04), and where B; and VtJ"A are given in Proposition 3.

Let’s discuss economic meaning of the dynamics of the agent’s continuation value as characterized
in (64) of Theorem B3. Here, /3; represents the sensitivity of the agent’s continuation value to output
dY;. When the agent takes the recommended action process A as given in the contract, the term
dYy — dt = dYy — k(ey, 04)dt = 0 MdB; is a mean-zero noise term. The term def"A (explained
in more detail below) also has mean zero. Economically and intuitively (though mathematically

incorrect), we can view (B4) in this alternative way:

B, [roW, (A)dt] ~ E,[dW,(A)] + E, {dXt + {(;5@ (1 - ee;) + o <;f£ - 1)] dt} (6.5)

Hence, viewed in this way, we can think of the expected growth of the agent’s continuation value
E¢[roW:(A)dt], when the agent follows the recommended action process A, can be decomposed
into the expected change from the previous continuation value E;[dW;(A)], plus the expected com-
pensation from the principal E;[dX;], and plus the expected benefits from taking not the highest
effort (e; # ey) and not the lowest volatility (o: # or), which yields a strictly positive value
E; que (1 — :—;) + ¢o (g—z — 1)} dt] Note that if the agent were to really take the highest effort
level (e; = ey) and the lowest volatility (o, = o), then the agent’s private benefits vanishes.

The economic interpretation of (B2) in terms of a logic like (B3) is similar across models with
only drift control, say for instance, [DeMarzo and Sannikoy (2006) and Sannikod (2008). However, the
economic interpretations of the two noise terms 5;(dY; — pdt) and def‘ A warrant more discussion.
Firstly, observe that we have two noise terms here, rather than one, as in essentially all the papers
with drift-only control. Secondly, while the interpretation of 3; as the sensitivity of the agent’s
continuation value to output here is still in line with the existing models, the noise term dY; —
udt (being multiplied by the sensitivity g;) is different. Note also (as we will see in subsequent
development) f; still retains the interpretation as the minimal amount of risk the principal wants to
subject and incentivize the agent, as in line with the literature. However, since the agent can control
the volatility o, and if we read the diffusion term of the agent’s continuation value process dW; as
Be(dY; — pudt) = Broy Myd By, then we see that even if the principal can dictate the sensitivity 5; for
the agent, the agent still has the ability to “counteract” this dictation by choosing a volatility level
ot to shift the overall diffusion term Sio:M; (recall M is exogenous). Thus, we can already see that
in a model where the agent can control volatility oy, the principal’s tools to incentivize the agent
may be weakened, as compared to a model where the agent can only control the drift. This effect
is distinctly not present in models without volatility control. Finally, the additional term detl A s
also related to the fact that in this model the agent can control volatility. Recalling that the cash
flows are of the form dY; = pdt + oy MydB;. If there were no volatility control, so the cash flow
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takes on the form dY; = pdt + Md By, then uncertainty (as seen by the diffusion term M;) cannot
be dictated by the agent. However, in this current case, the diffusion term in the cash flow is oy My,
meaning that the agent can actually endogenously change the uncertainty of the cash flows, and as
seeing from the discussions with regards to the quadratic variation (see Section M), this change of
uncertainty cannot be detected by the principal if the agent does not follow an incentive compatible
action process. Hence, that is why the term def"A is there to capture this source of extra (orthogonal)
uncertainty (see Proposition [IZ3). Note that, as shown in Lemma [Z3, when we consider incentive
compatible contracts, this term cletL “ will become identically zero. The economic intuition is simply
that when the principal offers incentive compatible contracts, as opposed to any arbitrary contracts
to the agent, the principal knows that the agent will have no incentive deviate from the principal’s
recommendations. In particular, this also implies the principal can see the instantaneous diffusion

of the cash flows o;M; and hence there is no source of extra uncertainty that we’d described earlier.

6.3 Incentive compatibility conditions

Now, the following is a necessary and sufficient condition to characterize the incentive compatible

contracts in this context.

Lemma 6.4. Fiz a contract (A, X, ) and consider the process 8 as given in Proposition 3. Then

we have the following equivalence.
(i) The action A = {(es,01)}+>0 s such that,

0> —&( "—e) + QLU(U’ —01) + Bi(k(e,0") — k(e 01)) (6.6)
ey gL

for all (¢/,0") € {er,en} X [on,0H].
(i) Contract (A, X, T) is incentive compatible.

The following corollary is a simple rewriting of Lemma B2 but will be useful for the subsequent

discussion.

Corollary 6.5. Under the same setup of Lemma [02, if 8 = {8t} is a nonnegative process, then a

given action process A = {(es,04)} is incentive compatible if and only if for all times t:

(Z) If €t = €H,
1 Pe P
Pz k(em,or) — kler,om) LH(eH men)t E(UH - Ut)} ' (6.7
(i) If es = ey,
1 Pe Do
0shs [ e+ (o o) (63)

Remark 6.6. We should note that in Corollary 63, the right hand side of (624) is strictly positive
for all choices of o;. Also, recalling Definition B, the right hand side of the second inequality of

(B3) is also strictly positive for all choices of oy.
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Remark 6.7. At this point, we can make a direct comparison to the case when only the drift, but
not the volatility, is under the agent’s control. That drift only control case has been considered in
DeMarzo and Sannikoy (2006) and Hé (2009) but given our current linear cost form, a more direct
comparison is with He (2009). It should be noted that in He (2009), the agent manages a geometric
Brownian motion (which He (2009) regards as firm value, rather than cash flow). Nonetheless,
consider He (2009, Proposition 1) and they derive the analogous necessary and sufficient condition

to be,
o

Be > %M—H. (6.9)

Note in (B9), the multiplicative factor by o is to reflect the fact that the agent managed process in
Hd (2009) is a geometric Brownian motion (with managed drift u; and unmanaged constant volatility
o), rather than our linear setup.

What is most striking about the characterization in (69) and Lemma B4(i) is that on the right-
hand side of (EH), there are no other agent choice variables involved; indeed, the entire incentive-
compatible contract is characterized by this single — perhaps rather “static” — inequality. In
contrast, on the right-hand side of the inequality in Lemma B2(i), there still remains a choice
variable by the agent; indeed, this type of characterization is very similar to the one that is provided
in Sannikod (2008, Appendix A, Proposition 2), even though in that problem, there is still no

volatility control.

Remark 6.8. Despite the addition of volatility control, and in particular that volatility o; is chosen
from an interval [0, og] in our model, it might seem surprising that incentive compatibility can still
be completely be characterized by two inequalities, (624) and (63R) of Corollary B4, much alike binary
hidden effort or drift choice models of [DeMarzo and Sannikond (Z006) and Hé (2009). Economically,
it is because the volatility choice o; here is not a direct source of moral hazard conflict. That is, both
the principal and the agent prefer the same direction of volatility, even though they may disagree on
the level. Hence, the principal need not be concerned with providing direct incentives by altering the
sensitivity 8¢, and hence the optimal choice of sensitivity 8; should just focus on providing incentives
to motivate the correct effort level, and since there are just two effort choices here, this corresponds
to the two inequalities. As mentioned earlier, the volatility choice is an indirect source of moral
hazard conflict. In particular, even though the principal and the agent may agree on the general
direction of volatility choices ™ , the fact that the agent can directly alter the uncertainty of this
economy implies the agent’s volatility choice complicates the principal’s task of providing incentives

to the agent.

Remark 6.9. At this point, one might step back and ponder about this question: The principal here
can only observe a one-dimensional managed cash flow Y, but why is it that it can provide incentives
to induce the agent to make the appropriate choices for a two-dimensional moral hazard term (e, o),
that being effort and volatility choices? The essential explanation lies in the monotonicity of the
reward function k(e, o) in both arguments and also the way that the volatility term o enters linearly

into the diffusion term o;dM; of the managed cash flows dY;. For instance, if we had considered an

20 A far more difficult characterization happens when the principal and the agent disagree on their preferences of
the volatility level. This is left for future research.
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alternative reward function form, say like x(e,om), for M; = m, and that the diffusion term is more

complicated, like in the form o;Y;dM;, then we can see that the above argument will not hold.

7 Principal’s Problem

Once the incentive compatible contracts have been characterized as in Lemma B4, we are now ready

to consider the principal’s problem.

7.1 Strengthening the IC condition

If we take the necessary and sufficient IC condition as characterized by Corollary B3, it will be
difficult to ensure that the resulting principal’s value function will be concave in the agent’s contin-
uation value w. Hence, we will strengthen the IC condition and consider a sufficient IC condition

for Corollary B3, and also we will restrict the set of sensitivities to be bounded above.

Assumption 7.1. Suppose we restrict the set of sensitivities to be,

#:={B:K>p>p}, (7.1)

for some sufficiently large K > 0, and where we define,

! de bo
. e T —\om = - 7.2
=2 k(em,or) —K(BL’O—H) |:6H(6H er) + oL (on O'L):| (7.2)
Remark 7.2. Note that since o — m [é%(eH —er)+ %(UH — O’):| is monotonically

decreasing, it is clear that () is a sufficient condition that satisfies the IC condition as characterized
in Corollary E3. Furthermore, also note that 8 > 0. As well, we impose an upper bound K on
2 to ensure that the set & is compact. If the set £ is not upper bounded, and in particular not
compact, then it is conjectured that most of the arguments henceforth will still go through but one

might need more sophisticated proof techniques.

7.2 Principal’s optimization problem

Henceforth, we will restrict our attention to incentive compatible contracts. And when we write
the probability measure P and expectation [E and other processes where there is dependence on the
action process A, we will denote them without the superscript A notation. The following result

significantly simplifies the principal’s optimization problem.

Lemma 7.3. Fiz an incentive compatible contract (A, X, 7). Then under the recommended action
A, we have that,

(i) {FY Yis0 = {Fi }1>0, where {Fi}i>0 is the natural filtration generated by Brownian motion B.

(ii) dei =0, P-a.s.
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Thus, with Lemma [Z3(ii) in hand, we are now ready to consider the principal’s optimization
problem. For the remainder of the discussion, we will only consider the case when the principal
wants to induce the agent to choose high effort e; = ey at all times ¢, but the principal still needs
to induce the agent to optimally choose the volatility level o;. In binary effort models like DeMarzd
and Sannikov (2008) and Hd (2009), the authors also look for an always high effort implementation
of the optimal contract. Zhu (P013) considers the model of DeMarzo and Sannikov (2006) and shows
that it is possible to induce the agent to choose high effort and switch to low effort shirking at times.
We acknowledge this possibility that inducing the agent to shirk could yield a potentially higher
payoff for the principal, but for this paper we will only look for an always high effort equilibrium.
It should be noted that we do not place such a restriction on the volatility choice; for instance, we
do not insist on looking for an equilibrium where the principal induces the agent to always choose
high volatility. That is because in our model, as discussed earlier, there is no direct moral hazard
conflict between the principal and agent’s desired direction of volatility. However, there remains an
indirect moral hazard conflict arising due to volatility choice as the agent can effectively alter the
level of uncertainty directly in this economy and thereby making it more difficult for the principal
to provide incentives.

Recalling the principal’s time ¢ = 0 payoff form in (B3), the principal’s optimization problem,

when the principal desires to induce always high effort e; = ey, is thus,

o(w,m) := sup ]E[/ e_rltﬁ(eH,at)dt—/ e "X, +e L, (P?)
0, X,B,7 0 0

subject to state value dynamics,

AW, = {rthdt — by ((” _ 1)} dt — dX, + Bio MydB,, Wo = w,
oL

th = MtdBt, MO =m,

7.3 Optimal termination time

In () the principal maximizes over the set of effort control processes e = {e;} where e; € {er,en},
volatility control processes o = {01} where o} € [0, 0], compensation processes X = {X;} which
is cadlag and nondecreasing, the sensitivity process 8 = {8:}, where 8; € £, and the termination
stopping time 7; of course, all of the above must be {F;}-adapted.

At this point, we will note the following. Let’s considered the relaxed principal’s optimizaton

problem, of which we simply remove maximizing over 7 in (BJ). That is to say, consider,

v(Wo, My) := sup E[/ e_”tn(et,ot)dt—/ e "'dX, +e TL|,
e,0,X,B 0 0

(P)
T:=inf{t>0: W, < R=0o0r My <m},

subject to the state dynamics (B).

Using an argument similar to Cvitani¢ and Zhang (2002, Chapter 7, Lemma 7.3.2), and also in
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accordance to the intuition that the principal would want to hire the agent as long as the agent is
getting paid at least his outside option of R = 0 (i.e. individual participation constraint), we can
show that the problem of (H) subject to (8), and the problem of (EJ) subject to (8), are equivalent.

7.4 Heuristic HIB

Considering problem (B) subject to (8), this is a stochastic optimal control problem with continuous
controls (i.e. the volatility recommendation o, and the sensitivity 8) and singular controls (i.e.
compensation process X). Hence, standard results in the optimal control literature suggests the

value function v is a solution to the Hamilton-Bellman-Jacobi (HJB) equation,

max{ —rY(w,m) + max Slgp (L) (w,m; 0, B) + K(em,0)],

(7.3)
— Py (w,m) — 1} = 0.
And here, .Z,,, is the second order differential operator,
1
(Lew&)w,m, 50, 8) = row — 6o | = 1) | &u(w,m) + Sm*Emm(w, m)
oL 2 (7.4)

+ B (w,m) + 2 506 (w,m),

and where we maximize over o € [or,0n| and 5 € %B. Also, where not specified, when we write
max, and supg, for notational brevity, it is understood that we are maximizing over o € [0, 0H]
and € Z. For convenience, we will also denote the set of admissible controls at initial state (w,m)
as iy m, with a typical control element denoted as a = (o, X, /).

Let us denote the state space for the agent’s continuation value as T'y := (R, 00), and the state
space for the exogenous factor as 'y := (m, o), and the overall state space be " := I'yy x I'ps. The

appropriate boundary conditions of this problem are:
v(w,m) =1L, for (w,m) e IT. (7.5)

7.5 Key illustrations of the value function

Detailed properties of the value function are showed in Section [H. The most critical qualitative

behaviors of the value function are shown in Figures B and @.

8 Optimal Contract Discussion

In this section we will heuristically discuss the properties of the optimal contract and the implemented
actions. The emphasis is on the economic intuition and hence we will suppress the mathematical
details in this section. In particular, for the sake of discussion in this section, we will assume outright

that the value function is sufficiently smooth such that all the partial derivatives make sense.
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¢=T\9

0= —rw(w,m)+ max sup [(ZL,v)(w,m;o,B)+ klew,o)]
o€lor.on] ez

\

W (m) = sup{w € Ty : vy(w,m) = —1}

2 ={(w,m) €T :vy(w,m) = -1}

=

Figure 3: Illustration of the state space I'. The continuation region is the set €, and the payment condition
is the set 2. Here, the free (moving) boundary that separates between the continuation region
and the payment condition is m ~ W (m). It should be noted that the shape of W as drawn is
only meant to be illustrative.
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v(w,m) < w

A
0=maxq —rv(w,m)+ max  sup (Z,v)(w,m;o,B)+k(en,0), —vy(w,m)—1
UE[UL.UH]gg[g,K]
/ _ 11 5 - = , OH
v(W(m),m) = — | =m v (W(m),m) — roW(m) + kleg,on) + ¢ | — — 1
r|2 or
L -
1
1
1
1
1
1 > W
R W(m)

Figure 4: Illustration of the value function in the w-slice. That is, for each m € I'ps, we plot the value
function w — v(w, m).

8.1 Optimal sensitivity

Let’s first begin by discussing the optimal choice of sensitivity 8. Fix any o € [0, 0y]. From the
HJB equation (3), when (w, m) is in the no payment region, the optimal choice of sensitivity must
thus be,

1
sup Bovym(w, m) + =202V (w, m), (8.1)
pe® 2

and recall the definition of A in (IT).

Before we proceed to discuss the form of the optimal sensitivity £ choice in the optimization
problem (B), let’s first discuss the diffusion term of the agent’s continuation value dynamics dW;
in (8), and in particular, highlight how this makes our model significantly different from the drift-only
control models. If we recall back to agent’s continuation value dynamics dW; (B), the overall diffusion
term is Byo:M;dB;. Hence, even focusing on the choices of (3, 0) on the agent’s continuation value
diffusion term alone, we see several effects at play. On the one hand, the principal wants to provide
the cheapest or lowest amount of sensitivity S to induce the agent to adhere to his recommended
actions. But on the other hand, the amount of risk (i.e. the diffusion term of the agent’s continuation
value) is not solely just based on the principal’s imposed sensitivity 5. It is indeed determined by the
product of the sensitivity 3, volatility choice o, and the exogenous factor level M; = m. That is to
say, in contrast to drift-only control models, where the total amount of risk (i.e. again, meaning the
diffusion term of the agent’s continuation value) is of the form B;dBy, so the principal can directly
dictate the amount of risk he wants to subject the agent to through the choice of sensitivity 5. In

contrast, in our case, the principal’s choice of sensitivity § is not the only source of risk the agent
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is facing — the agent faces the product Sio. My, of which oy remains to be a term that the principal
wants to recommend and dictate for direct payoff reasons, and M; is an exogenous factor level not
controlled by the agent nor the principal. In all, that is to say when the principal wants to provide
incentives through the sensitivity [, the principal must thus take into account providing incentives
for an optimal volatility choice o, and also the exogenous factor level m. It is precisely in this sense,
the ability for the principal to provide incentives to the agent to induce the agent to take on the
recommended action is weakened, relative to a drift-only control model.

Once we understand the incentive concerns in the diffusion term of the agent’s continuation value
dynamics dW;, we can now be more specific about what the principal needs to consider in choosing
the optimal sensitivity 8 to choose, as in the optimization problem (B). Again, we immediately
note several effects that are distinctly not present in drift-only control models. The optimal choice
of sensitivity 8 now clearly depends on the volatility choice o, the cross marginal effect vy (w, m)
of the agent’s continuation value Wy = w and the exogenous factor level My = m, and the second
order effect vy, (w, m) of the agent’s continuation value. Let’s assume that v, (w, m) < 0 in the no
payment region, implying that the principal, although is risk neutral, becomes “endogenously quasi
risk averse” with respect to the agent’s continuation value. Then the objective function (B) is a
concave quadratic continuous function in 8 over a compact convex set . Thus, a unique maximizer

B*(o;w, m) exists. Let us also define the sets on [0, 0],

Y (w,m) == {a €loL,on]: —m < 6} (8.2a)

Grr(w,m) == {0 € lop,on): K > m > 5} (8.2b)

Vo (W, )

] > K} (8.2¢)

Gy (w,m) := {a €lor,on]: —

OV (W, M
Note that Uje v,y 9 (w, m) = o, ox], and 9 (w, m)NGy(w, m) = & for j,k € {L, M, H},j # k.
Then by a usual constrained optimization argument, we see that the optimal sensitivity choice

B*(o;w,m) is given by the following. =

Proposition 8.1. The optimal choice of sensitivity associated with the optimization problem (81)

18,

B, if o € 9, (w,m)
Br(oyw,m) = § — 2emll - if o € G (w,m) (8.3)
K, if 0 € G (w,m).

Proof. The proof is immediate by the usual constrained optimization methods via the Kuhn-Tucker

conditions. O

As it is with drift-only control models, the object 3 is the sensitivity, or “incentives”, that the

principal must subject and provide to the agent in order to induce the agent to take the principal’s

.

21We denote j € {L, M, H} for the sets 4;(w, m) to, respectively, mean “low”, “medium” and “high”. The reason
is that if 5 = L and o € 91 (w, m), then the optimal sensitivity 8*(o;w, m) is chosen to be the one at the lowest value;
and likewise for the other cases of j.
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desired action. In this case, we see that the sensitivity [ that the principal wants to subject the
agent to is underline by two distinct channels: (i) the level of the exogenous factor at M; = m;
and (ii) the volatility level oy = o that should be implemented. For the rest of this discussion, let’s
hold the recommended volatility level o as fixed. Also, we recognize that when (w,m) is in the no
payment, we only have that v, (w,m) > —1. Thus, it is distinctly possible that v, (w, m) = 0. We
will suppose that v, (w,m) > 0 for the sake of this economic discussion, but this is not enforced

anywhere else. #

Vwm (W,m)

TV (w,m) plays a significant role to determin-

In the expressions (BX), we see that the object —
ing the optimal choice of sensitivity in (8.3). To highlight its importance, we will label the term

_ Vum(w,m)

e o S risk adjusted sensitivity (RAS). Economically, we can decompose RAS as follows:

(a) Precision of volatility choice (b) ”Risk tolerance” (¢) ”Elasticity of exogenous factor”
/\ ’_/%
l % < Uw(wam) > % (me(wvm))
o Vo (W, M) Uy (W, M)
(8.4)

We see that RAS depends on three different terms: (a) precision of volatility choice; (b) “risk

Vwm, (’LU, m) _

TV (W, M)

tolerance”; and (c¢) “elasticity of exogenous factor”.

Let’s first discuss the economic channel for which RAS would induce the optimal sensitivity 3
to be low, that is *(o;w,m) = B in (&3). Noting the form of %1 (w, m), in order for the set to
be nonempty, we see that while —vy.,(w,m) > 0, given that S > 0, there are no particular sign
restrictions on vy, (w, m). Economically, this is the case when the principal does not care or want
exposure to the exogenous factor level, that is roughly to say, the principal is relatively “inelastic”
to the exogenous factor M; = m. Once the principal does not care about the exogenous factor.
then indeed, we return to the perhaps more familiar economic logic of drift-only control models. As
well, the precision of volatility choice here must be relatively low, so that the choice of volatility is
relatively high. Also, we can infer also here that the principal must have low risk tolerance, which
implies the principal wants to achieve the lowest overall volatility of cash flow diffusion, and this is
achieved when the principal subjects the agent to the lowest sensitivity 3*(o;w, m) = 8.

Next, let’s discuss the economic channel for which RAS would induce the optimal sensitivity 3
choice to be high, that is 8*(o;w, m) = K in (B3). Firstly, noting the form of ¥ (w, m) in (B2d),
we see that since —vy(w,m) > 0, if we vym(w, m) < 0, then the set ¥y (w, m) = &. So let us
suppose and discuss the case when ¥y (w, m) # &, which implies vy (w,m) > 0. If o € Gy (w, m),
then it implies that the precision of volatility choice is high, or that the volatility choice is relatively
low. Furthermore, the “risk tolerance” term must also be relatively high, and the “elasticity of
exogenous factor” is also relatively high. This is effectively the scenario when the cash flow volatility
o is relatively low, the principal is relatively risk tolerance and so is willing to take on more risk,
and hence is willing to let the exogenous factor to give the extra “risk” bump, and so justifying why

Vwm (w,m) > 0. In such a case, the principal wants to put the highest sensitivity or incentives to

22Indeed, for the rest of this discussion, the sign and value of vy, (w, m) is largely irrelevant. However, including the
term vy (w, m) allows us to identify terms like —vy, (w, M) /vVww(w, m) as “risk tolerance” as it is traditionally defined
(when we view the agent’s continuation value W; = w as a “consumption good”) = | and view vim (w, m) /vy (w, m) as
an “elasticity” in the traditional economic sense. But even without this normalization by v, (w, m), all of the economic
reasoning here goes through, except that it may not be appropriate to keep on using the traditional economic labels.
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the agent.

Finally, let’s discuss the economic channel for which RAS would induce the optimal sensitivity S
choice to be medium, that is 5*(o;w,m) = RAS = —% And it is through this medium case,
which is effectively the interior solution to the optimization problem in (Bl), why we think the label
risk adjusted sensitivity (RAS) is appropriate. Note that unlike the case when the optimal sensitivity
B*(o;w,m) = p(o) is low, and similar to the high case, here for %);(w, m) to be nonempty, there
must be a sign restriction on vy, (w, m). In particular, we require that vy, (w, m) > 0 and also not

too high, nor too low. This case of which o € ¥, (w, m) as in (B2H) is exactly the “Goldilocks zone”

_ VYwm (wam)

o (wm) is almost like a “Goldilocks” sensitivity. That

and the optimal sensitivity 5*(o;w, m) =
is, the precision of volatility choice is neither too high nor too low, the risk tolerance of the principal
is neither too high nor too low, and the principal’s appetite for the exogenous factor is neither too
high nor too low.

In all, the above discussion not only suggests that a model with volatility control differs substan-
tially to drift-only control models on how the optimal sensitivity S should be chosen, but equally
important, our model suggests that how it is chosen is through the decomposition of the RAS term

in (B3).

8.2 Optimal volatility

Once the optimal sensitivity has been characterized, as discussed in Section BTl and in (B3), we are
now ready to discuss the optimal volatility o choice. The choice of volatility here also highlights an
interesting economic result — while the principal and the agent both desire higher volatility as seen
from their direct payoffs, so seemingly there is no moral hazard conflict effect, but there still exist a
distinctive presence of a reverse moral hazard effect.

Firstly, it should be noted that while we have emphasized and focused the case when the principal
implements the high effort e; = ey at all times, in the case of volatility control o, it is a priori unclear
whether it is possible to say which fixed volatility level that is prevalent at all time is optimal for
both the agent and the principal. While there is indeed some loss of generality in focusing and
implementing a high effort choice at all time, and this point is made clear in Zhu (2013) based on
the effort-only control model of DeMarzo and Sannikos (2008), the motivation is that high effort at
all times is “part of” the first best action. Recall again from the discussion in Section B, the first
best action is indeed to implement high effort e; = ey at all times, and also high volatility oy = oy
at all times.

But it is perhaps difficult to motivate and justify how and why the principal would find it desirable
to implement the first best volatility choice, that being the high volatility choice, at all times. It is
here that we can pinpoint the source of this reverse moral hazard effect. Recalling the payoffs of
both the agent in (E33) and principal in (E32), it would appear that there is no direct moral hazard
conflict between the principal and the agent in volatility choice at all. That is, both the principal and
agent strictly prefer higher levels of volatility. Thus, it might appear that in the optimal contract,
the principal should be able to implement the first best level of volatility, namely setting oy = oy

to the highest level, at all times. But in light of the discussion in Section BTl of the overall risk or
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diffusion term of the agent’s continuation value dW;, we can see that fixing at the high volatility
choice at all times leads to the overall diffusion term S0y M;dB;. Recall again that in this setup,
termination is inefficient. In particular, that implies up to the IR conditions of the agent being met,
economically the principal would want to keep the agent employed as long as possible. Then there
are now two tensions. While the principal’s instantaneous direct payoff k(e , 0¢) is maximized when
choosing oy = oy (again, the first best result), if the principal recommends a higher volatility o; at
time ¢, it also boosts the probability that the agent’s continuation value W; will hit the termination
boundary (i.e. when the first time when W; = R = 0), and thereby the principal will only get the
inefficient liquidation value L. This is precisely the reverse moral hazard effect. By the IR condition,
so Wy > R =0, it is clear that it is better for the agent to be employed than to be terminated. But
to keep employment, even though the agent desires a higher volatility choice through his private
benefits, the agent must at the same time also desire lower volatility to maintain employment.
Similarly, while the principal obtains a higher direct payoff from recommending a higher volatility
choice, it is endogenously in the interest of the principal to not recommend too high of a volatility
choice for fear of terminating the agent and receiving the inefficient liquidation value.

In all, this implies that it is mot mecessarily optimal for the principal to recommend the first
best volatility choice at all times. And indeed, the above discussion highly suggests that the reverse
moral hazard effect will endogenously lead the principal to shade down the choice of volatility. And
also, by choosing a higher volatility o, and also observing the decomposition of RAS in (B3) and
the sets (83), it also implies that the choice of sensitivity 8 will tend to be lower. In all, and already
suggested in Section B, there is an interplay of effects between the optimal choice of volatility and
optimal choice of sensitivity. Let us make this precise below.

With the optimal sensitivity choice 8*(o; w, m) characterized in (8=3), we define first the objective

function,

G(o;w,m) :=¢, (:L - 1) Vy (w, m) + B (03w, m)am%wm(w,m)

2

1
+ 55*(0; w, m)o m2vww(w, m) + k(ey,o0),

and the optimization problem,

max G(o;w,m). (8.6)
o€lor,on]=U;9;(w,m)

Economically, we see that when the principal recommends the volatility choice, there are several
effects at play. The first three terms of (B3) are for the principal to internalize the agent’s concerns.
The first term ¢, (% — 1) vy (w, m) are the direct payoffs to the agent for choosing volatility level
o, multiplied by the weight v,,(w, m). The weight v,,(w, m) > —1 represents the marginal value of
the principal’s value function with respect to an increase to the agent’s continuation value. So if
vy (w, m) > 0, then it is marginally beneficial for the principal to increase the agent’s continuation
value, and in that case, the principal would prefer to recommend a higher volatility choice, which is

also a private benefit again for the agent; vice-versa, if —1 < v,,(w, m) < 0, then the principal would
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want to decrease the agent’s continuation value, and this is achieved by picking a lower volatility
level that incurs a private benefit cost to the agent. And if v, (w,m) = 0, then the principal is
indifferent. The second and third terms B*(o; w, m)om?vym (w, m) + 2 8* (05w, m)o*m> vy (w, m)
of (BE) capture the sensitivity effects as discussed in Section B, which effectively captures the cost
to providing incentives to the agent, except now the exogenous factor level effect M; = m is now
explicitly present. Finally, the last term k(em,o) captures the principal’s concerns. In all, that
means in the problem of choosing and recommending the optimal volatility, the principal must trade
off the agent’s incentives, the cost and sensitivity to providing correct incentives to the agent, and
also the principal’s own desired preferences.

At this point, to consider the optimization problem (B3), we effectively need to partition the
volatility control ¢ into three different regions, according to (82) and accordingly change the value
of f*(o;w,m) as given in (B23). While @y (w,m) is clearly a compact subset of [op,op], it is
clear that ¢ (w,m) and ¥ (w, m) are just half-open interval subsets of [or,on]. So from an
optimization perspective, optimizing over non-compact intervals might have serious non-existence
issues. However, this is not a concern in our current case. For instance, recalling (824), if we pick
o € 9y (w, m) such that §*(o;w, m) = K, and if it is indeed the optimizer ¢ is at the boundary K of

Lum (W) fe and hence we are no different from
O Voo (W,mM)

the set ¥y (w, m), then that effectively means —
optimizing over the closure % (w, m) or evaluating the objective function at o € % (w, m) such
that —% = K. Either case, the optimal sensitivity is 8*(o;w,m) = K and so the overall
objective function G(o;w, m) of (83) remains the same. Similar arguments apply to the case when
we consider ¥y (w,m) of (B2d). Thus, with this argument in mind, we modify our optimization
problem and consider,

max___ G(o;w,m). (8.7)

occU;9; (w,m)

We will consider the optimization each case at a time. When we pick o € ¢;(w, m), for j = L, M, H,

then the objective function respectively becomes,

o

G(o;w, m)|m = ¢ <U - 1) Vw(w, m) + p(0) oMV (w, m)

) L (8.8a)
+ ip(o)202m21)ww(w,m) + k(em,0),
o 1 Uy (w0, m)?

G(U;w,m)‘m = ¢y (ETL - 1) Uy (W, m) — 21;((wm))m2 + k(em,0), (8.8b)

G(a,w,m)’m = ¢g (; - 1) Uw(wam) + KUmQ'me(wvm)
L (8.8c¢)

1
+ §K202m20ww(w, m) + k(em, o).
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From the forms in (BX), we see that in general there are no closed form and simple analytic
expressions of the optimal choice of volatility o*(w, m). Moreover, one needs to compute the (set
of) optimizers o (w,m) for each case j = H, M, L, substitute the optimizer back into the objective
function G(o7} (w, m);w, m)|m, and once that is complete, the optimal volatility choice is the
set,

o*(w,m) € argmax G(o}

7 (w,m);
JE{L,M,H}

Remark 8.2. As a general remark, it should not be surprising that the optimal volatility choice in
the form (BM) is rather this complicated. Indeed, if one observes the drift-only control model of
Zzh (2013), which is based off of the model of DeMarzo and Sannikov (2006), in which the agent
has a binary choice of effort, it is readily seen that it is not trivial and indeed rather challenging to
characterize the optimal effort choice. Here, we have already simplified matters substantially by con-
centrating on implementing the always high effort case, but nonetheless, even allowing for volatility
to be optimally implemented, the resulting optimal volatility recommendation is nonetheless rather

complicated to observe.

Remark 8.3 (Difficulty of direct application of verification theorem). As we conclude the discussion
of the optimal choice of sensitivity in Section BTl and optimal choice in this Section B2, we can now
remark the tremendous difficulty in applying the traditional “verification theorem” to conjecture the
existence of a smooth solution of the HJB (I=3) that actually coincides with the value function in
(B). A classical method is the verification theorem argument, or the “guess and verify” argument,
where one conjectures that a PDE that solves HIB equation subject to some well thought out and
economically motivated boundary conditions, and from the HJB, one takes the first order conditions
to obtain the optimal controls, and substitute these controls back into the original HJB equation.
There, one then proceeds to directly solve the PDE by constructing an explicit solution and thereby
directly proving existence and also smoothness. Then essentially by Ito’s lemma argument, one can
then verify that the HJB is a supersolution of the value function, and hence under the optimal
controls, the HJB is the solution to the value function. This type of argument is fairly prevalent in
the finance literature, especially in asset pricing theory, and also in continuous-time principal agent
problems where there is a single state variable, so the problem is an ODE rather than a PDE.
However, we see here once we substitute the optimal sensitivity 5*(o; w,m) in (833) and optimal
volatility o*(w, m) in (89) back into the HIJB equation (I33), the resulting HIB is sufficiently complex
that it is difficult to see how we can indeed obtain the existence of a smooth solution that satisfies the
necessary boundary conditions. And this is especially why in the technical proofs, we have to proceed
through a more roundabout way via viscosity solutions to show existence, and then “upgrade” our

smoothness results.
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9 Delegated portfolio management

9.1 Motivation

We are now ready to consider the concrete application of the model in the context of delegated
portfolio management. Suppose we regard the principal as outside investors of a managed portfolio,
and regard the agent as the portfolio manager. In this context, we will explicitly assume that the
portfolio manager has skill and can exert costly effort to search and achieve higher cash flow payoffs
in the managed portfolio. That is, the portfolio manager can directly control the drift of the cash
flows. Furthermore, we assume the portfolio manager has available assorted tools and financial
instruments to engage into hedging and speculating behavior that can change the overall volatility
of the cash flows. The portfolio itself is also subject systematically subject to an exogenous market
wide or industry wide factor that the portfolio manager cannot control. Hence, portfolio volatility
is comprised of a manager specific choice in volatility, reflecting risk management practices, and
an exogenous market or industry factor. A delegated portfolio management problem framed in
a principal-agent setting has also been considered by Ou-Yang (P003); other recent models that
consider delegated portfolio management problems include van Binsbergen et all (2O0R), Dybvig
ef_all (2009) and Ciafanic_ef all (204). In this section, we will relabel and call the agent as the
manager, and the principal as investor.

The main idea here is to have the portfolio manager to have sufficient “skin in the game” through
his own investments. Specifically, consider an investment firm whereby the investment manager
operates two different investment funds: an external fund fund that is available to outside investors
and an internal fund that is only available to management. Suppose we regard the continuation
value W, as the value of an internal fund that is only available to the portfolio manager but not to
the outside investor. This form of internal fund that is only available to insiders of the firm, and not
outside investors, is also an observed market practice. For instance, numerous banks (at least prior
to the Volcker Rule) also run proprietary trading desks, which are effectively internal hedge funds.
Several hedge funds also engage into this practice. For example, the hedge fund firm Renaissance
Technologies runs three funds that are open to outside investors, but also run a separate fund, the
Medallion Fund, that is only open to its employees (see Zuckermar (2013)). [Darolles and Gourieronx
(P0T143) and Darolles and Gourieroux (2014H) also discuss at length the practice of this internal fund
in the hedge fund industry. The external fund has value v(Wy, M;). In particular, this specifically
implies that the value of the external fund is explicitly dependent on the value of the internal fund

W; and also the exogenous factor level M;.

Remark 9.1. Asserting that the portfolio volatility overall is directly influenced by the portfolio
manager’s risk management practices and market volatility should be reasonable. However, asserting
that the portfolio manager has skill, and moreover that such skill surely translates to higher cash
flow payoffs is a strong assumption. Indeed, the question of whether persistent manager skill exists
or not is still heavily debated in empirical research. ® As well, what we refer to as skill here

differs from the usual interpretation of skill in the empirical research of fund performance. In the

24The literature on this question is too vast to survey here with any justice, but some recent papers here include:
Eama and French (20L0) and Barrasetall (2OL0).
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empirical literature, skill usually refers to whether the portfolio manager can deliver positive alpha,
adjusting for the systematic risk factors the portfolio takes on. In contrast, here we refer to skill as
the manager’s direct ability to influence the drift of the cash flows (not returns). Thus, recognizing
fully that this is a debatable aspect, we will nonetheless make such a strong assumption in this

section.

9.2 Interpreting the continuation value

For given sensitivity S = {f:} and volatility o = {o+}, the continuation value dynamics dW; in (8)

in the no payment region so dX; = 0, we can rewrite the expression as,

th = |:T0Wt - ¢0 (00-_2 - 1):| dt + /Btotht

= [TOWt - ¢ (Ut - 1)] dt + B(dY; — k(em, 0¢)dt)

oL

= ﬁtdY;g + ’I"()Wtdt — |:¢0' (:’; — 1) + 5t:‘€(€H7 O't):| dt. (91)

With the context of delegated portfolio management, we will interpret the continuation value dy-
namics dW; via the expression form of (E).

Since W is the value of the internal fund, the expression (E) suggests that the value of the
internal fund is driven by the amount of ownership 5;dY; the agent has of the underlying invest-
ment technology, and plus an investment rqW;dt into a riskfree asset that pays off at a rate rg.
Note here that in this context, we can interpret [3; as the dynamic incentive fees of ownership the
manager owns of the investment opportunity dY;, so 8:dY; is the total dollar exposure the manager
has to the managed cash flows. The latter two terms of (B0) represent the cost of implementing
an investment strategy o;. The term ¢, (;’—z — 1) dt can be thought of as the direct cost of im-
plementing the investment strategy oy; for instance, this could represent the direct trading costs
or managerial monitoring costs. The term S:x(ep, o¢)dt represents the proportional expected re-
turn of implementing the strategy o;. So the manager’s internal fund value only gets a positive
bump if 5;(dY; — k(em,o0:)dt) > 0, and since the ownership amount 8; > 0, then we have that
B:(dY: — k(em, o¢)dt) > 0 if and only if dY; —k(eg,0t) > 0. That is to say, the manager captures the
positive excess returns over the expected return of the investment strategy, only if the investment
strategy performs extraordinarily well.

Since we focus on implementing an always high effort action e; = epy, other than the dollar
incentives B, the remaining control policy here is the volatility o;. Again, we interpret (; as
the dollar incentives of ownership, or dynamic incentive fees, the manager owns of the managed
investment opportunity dY;, so B:dY; is the total dollar exposure the manager has to the managed
cash flows. In addition, here we may broadly interpret o; as investment strategies. To be more
specific, once in equilibrium we implement an always high effort e; = ey action, then it effectively
implies that the manager is already exerting costly skill to find the set investment opportunities
with good returns. However, even after exerting skill to find this investment opportunity set, the

manager still needs to choose the specific investments from the set, and it is here we interpret oy
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as the opportunities available to the manager. Specifically, we will let o; be effectively a parameter
captures both the set of investment opportunities and hedging strategies.

Now using the results in Section B, under the optimally chosen sensitivity 5*(o;w,m) in (83)
and optimally chosen volatility o*(w,m) in (B9), and the set forms ¢;(w, m) in (82), we can thus
write (BC1) as,

W= S {8 O MW MY oWt = [, (T )

je{L,M,H} (9.2)

+ B*(" (Wa My); Wo, M) (et o (Wo, M) | d 1 (o v, at 0, (w0

Economically, the form of (82) implies the following contractual implementation. The outside
investors offer the manager an initial start up fund value of Wy at ¢ = 0 and in return, the manager
commits to the following dynamic incentive fee compensation scheme as represented via the optimal
dollar incentives 3*(c*(w, m);w, m), viewed as a map from (w,m). That is to say dependent on
the value of the internal fund W; = w and also the exogenous factor level My = m, the manager
will choose a different investment strategy o*(w, m). And dependent on this strategy, the internal
fund will only get different dollar exposures of the managed cash flows dY;. For instance, for
those investment strategies such that o*(w, m) € ¢ (w, m), the manager gets a low dollar incentive

B*(o* (w,m);w, m) = B; for those investment strategies o*(w, m) € %y (w, m), the manager gets a

Vo (W, M)

medium dollar incentive §*(o*(w, m);w,m) = = crermy T o

ok and finally, for those investment
strategies o*(w, m) € ¥y (w, m), the manager gets a high dollar incentive 8*(o*(w, m); w,m) = K.

The critical real-world implication of the above is as follows — investors should contract on the
value of the internal fund and the exogenous factor level. Again, take hedge funds as a prototypical
example. Hedge fund investment strategies are essentially completely black box, and effectively that
means even investors into the fund most often have no idea what types of investment strategies
the manager is employing. Hence, that makes directly contracting on investment strategies to be
highly unrealistic and impossible. In our framework however, the investor only needs to contract on
two things: the value of the internal fund W; = w and the stochastic factor level M; = m. That
is, the investor writes a contract not on the investment strategy that maps to the dollar incentives
o +— [*(o;w, m), but rather directly from the value of the internal fund and the stochastic factor
level (w,m) — B*(c*(w,m);w,m), and we emphasize that 8*(¢*(w, m);w, m) only depends on
(w,m), and indeed only has three relatively “small” sets of values, as given by (B33).

However, while the investors can certainly contract on the value of the internal fund W; = w,
it is unclear how the investors can contract on the factor level M; = m. In particular, recall that
off equilibrium, the investors cannot observe the exogenous factor level. Thus, to complete the
optimal contract implementation, we further require the manager to directly and truthfully report
the exogenous factor level to the investors. In practice, that translates to the manager reporting
periodically some factor benchmark index to the investors.

Thus, with the internal fund value W; = w and the exogenous factor level M; = m known to
the investors, the investors can just adjust the level of the dynamic incentive fee 5*(o*(w, m); w, m)

accordingly, without knowledge of the actual employed investment strategy o*(w, m). The advantage
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of this implementation is that the manager does not need to report to the investors their actual
employed investment strategy, which is usually what is observed in practice in the case of hedge
funds. Moreover, if the internal fund does well, so when W; = w hits the payment boundary
W (M;) = W(m), the external investors will directly compensate manager =

As a result of the above discussion, the value of the external fund to the investors is v(w,m),
when the value of the internal fund is W; = w and the level of the exogenous factor is My = m. But
economically and conceptually, what does it mean by the value of the external fund is a function of the
value of the internal fund and the level of the exogenous factor? Borrowing the language of financial
derivatives, we effectively can view the external fund as a derivative, where the underlying asset here
is written on the value of the internal fund and level of the exogenous factor, with two associated
barriers. The lower barrier is the first time (W, M) = (w,m) hits the level (w,m) = (R, m) or
(w,m) = (w, m); that is, either when the value of the internal fund goes bust (i.e. W; = R), or when
the exogenous factor level is sufficiently low (i.e. My = m) that the manager effectively walks away
from the firm. The upper barrier is the moving barrier (W (M;), M;) that determines the optimal
capital injection or compensation scheme. However, despite this discussion, a direct implication here
is that the investment strategy of the manager still remains a black-box to the investor. Another
direct implication here is that the investment strategy of the external fund will closely track that of
the internal fund’s investment strategy.

Finally, we should observe what is not optimal or feasible in this context. Most notably, the
perhaps “easier” contractual setup would be that there is a single investment fund, managed by the
manager, for which mangers and investors commonly invest to. In this context, this is not possible.
As a thought experiment, suppose this were true, meaning the internal fund and the external fund are
exactly identical. But because the manager can privately select effort and volatility (again, broadly
interpreted as investment opportunity), and by limited liability, the manager would effectively have
incentives to gamble (i.e. choose the highest volatility) and exert the lowest effort. Focusing on the
volatility choice, although by the form of the reward function (e, o) it may appear that it too is
desirable for the investor to choose the highest volatility, the discussion in Section B2 argued that
this is not the case. As well, and this is perhaps a more cynical view of managers, suppose there does
exist only a single common fund, and recalling the black box nature of the investment strategy, how
can investors ensure that the managers will not privately squirrel away the best available investment
opportunities and leave the subpar investment opportunities to the common fund? However, the
establishment of an internal only fund for the manager with an external fund that closely tracks
the investment strategy of the internal fund does mitigate this concerns. That is, although in
equilibrium, the manager will collect some “information rent”, namely in the form of keeping the
best investment strategies still for the internal fund, but if the investment strategy of the external
fund commits to following that of the internal fund, the external fund still benefits from the exposure
of those good investment strategies.

In all, as a concrete and simple investment policy recommendation, this model highly suggests

that outside investors should actively seek funds with the following characteristics: (i) the fund has an

25In this setup, injecting more capital dX; into the internal fund is equivalent to compensating the manger, as we
assume the manager derives all utility from maximizing the value of the internal fund.
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internal fund available only to management, and an external fund only available to external investors;
(ii) the fund investment strategies of the internal fund and external fund are closely correlated to

each other; and (iii) the investment firm has dynamic incentive fee compensation schemes.

10 Conclusion

We studied continuous-time principal-agent problem where the agent can continuously choose the
drift and volatility parameters, while the principal continuously observes and receives the resulting
controlled cash flows. The key ingredient yielding a meaningful private volatility control by the
agent, in that the agent’s deviation cannot be easily detected by the principal’s computation of the
quadratic variation of the cash flows, is via the introduction of an exogenous factor level. Hence
effectively, even though the principal can infer the overall instantaneous diffusions of the cash flows,
the principal cannot disentangle the component that is due to the agent’s endogenous volatility
control and the exogenous factor level. As a result, beyond merely hidden drift or effort control,
the principal must provide incentives now for both inducing the desired effort and volatility. Most
importantly, as a concrete application, our current model provides a first step to considering the
dynamic contracting environment in the context of delegated portfolio management.

By introducing this meaningful sense of volatility control, we now open a new economic channel
for researchers to study continuous-time principal-agent problems. In particular, there are further
questions one can consider between the interplay of effort and volatility. In particular, there are

several questions that this framework researchers could consider:

e The current model assumes the principal is risk neutral. However, once we give the agent
the meaningful ability to privately select volatility, an immediate and relevant extension is to

consider a case when the principal is risk averse.

e In the context of delegated portfolio management, since prices of risky assets jump (i.e. “dis-
aster” states), it will be interesting to pair, say, our current model to that of DeMarzo et al

(2013), where the agent can also influence the likelihood of a disaster state occurring.

In all, we feel that this model is an important step to the growing literature of continuous-time
dynamic contracting, and also to our better understanding of delegated portfolio management con-

tracting practices.
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Appendices

A The “quadratic variation test”

Given the continuous-time and Brownian noise driven setup, the computation of the quadratic variation turns out to
be of utmost importance, especially in the case when we have volatility control. Technical details revolving around
the quadratic variation can be found in standard references like Karatzas_and Shrevd ([991), Proffed (20O05) and
O ksendal (201I0), among many others.

In what follows, we will first specialize the discussion to when the agent controls the volatility o4 so that it is

continuous in time ¢. In the latter section, we will consider the case when the agent does not necessarily need to make

the volatility control to be continuous in time.

A.1 Models in the existing literature

In continuous-time principal agent models like Holmstrom and Milgrom ([987) and the more recent papers by [DeMarzd
bnd_Sannikos (2006), RBiais_et all (2007), Sannikoy (2O0X), Ed (2009) and others, all consider the case of constant
volatility. For instance, taking the model of DeMarza and Sannikod (200H) and Sannikod (PO0R), cash flows are of
the form (IO2). Thus, the agency conflict only arises due to the principal’s unobservability of the agent’s choice of

the drift, which is broadly interpreted as hidden effort. However, in those model, it is without loss of generality to
consider constant volatility. For instance, even if volatility o; (non constant) is a choice variable for the agent in this
setting, and since the principal can continuously observe the cash flow process Y, then at any time ¢, the principal
can infer the agent’s choice of volatility with arbitrary precision. To see this, suppose the principal has observed the
cash flow process {Ys},< <, according to (O=2) up to time ¢ (replacing o by o¢). Then by computing the quadratic

variation “® | and using the fact that noise here is driven by a standard Brownian motion B, and that o is continuous

t
[Y}t:/ o2ds.
0

The right-hand side is a standard Riemann integral, of which the principal can apply the fundamental theorem of

in time,

calculus and compute that,
Y], =02, forallt>0,as.,

and since the left-hand side of the above is observable to the principal, and thus so is the volatility choice o+ at each
point in time ® . Thus, it follows that even if the agent can choose the volatility, given that the principal can perfectly
observe such a choice, the principal can thus directly dictate his desired level of volatility and immediately detect
deviations. Thus, it is for this reason, choosing volatility o = o as a known constant to both the principal and the
agent in these types of models is without loss of generality. Indeed, Schaettler and Sung ([993) and (e00d) use

the same type of dynamics (i.e. noise driven by Brownian motion) in which the agent can control both the drift and

volatility; they show that the volatility is naturally optimally chosen to be a constant. Thus indeed, in these types of

models, the only variable that could have moral hazard type conflicts is in the choice of the drift.

A.2 Current model

Here, the dynamics are fundamentally different. If we use the same “quadratic variation test”, we immediately see
that even if the principal observes the cash flow {Ys}j,«, up to time t of (E), and since both o; and m; are

continuous in time ¢, we have that,

t
Y]t :/ o2m?ds.
0

26 Throughout this paper, we will denote the quadratic variation of X as [X]t, and likewise, the quadratic covariation
between X and Y as [X,Y];.

27Since we assume that the volatility term is always strictly positive, that means that even if the square o2 is
observed, by taking the square root, we know for sure the value of o¢.
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Again, applying the fundamental theorem of calculus, we see that,

Y], = o2m?, forallt>0,as.
Thus, even if the principal can observe the left-hand side [Y]} above, he can at best observe the product o2m? but
not the two components separately, since the process m is not observed by the principal independently. Thus, under
the specification of () and (E), the agent can choose volatility without being directly detected by the principal
and hence, this is a meaningful moral hazard term.

A.3 Detecting deviations in the current model?

As argued in section BT, for the models in the existing literature, there is no loss of generality in assuming that the
volatility is not under control; whether we allow the non-controlled exogenous volatility to be constant or stochastic
then is just a matter of taste. But continuing on with the discussion in section B2, we now have a legitimate concern

of whether the principal can detect deviations from his recommended actions without the need to provide incentives.

A.3.1 An incorrect computation (i)

We will first discuss a type of computation that is seemingly correct and seemingly suggest that even in this current
more complex model volatility control is mute, but is indeed faulty. Suppose the principal offers a contract (A, X, T)
with action process A = {(ut,0t)}¢>0. Of course, we will just consider the case when the contract is not incentive
compatible for the agent, else if the contract was to be incentive compatible, the agent will not deviate from the
recommendation. Suppose the agent ignores the principal’s recommended action A and deviates to AT = {(/LI, UI)}tZ().

Under the deviant action AT, the cash flows will now evolve according to,

dY: = uIdt + z:r;rmtdBt7 Yo=0

dmt = mtdBt, mo = 1.

Repeating the same quadratic variation test, and for emphasis here, we insert the notation w to denote this is a sample

space path-by-path computation, the principal would compute at time ¢,

t
V]i(w) = /0 (o12m2)(w)ds. (A1)

One might strongly suggest the following. Since the principal knows his own recommended action A, and if the agent
complied and followed the principal’s recommended action, the principal would correctly deduce that the cash flows

might be evolving according to dynamics, and we denote Y °°™ to mean “conjecture”,

AYoN = pydt + oymidB, Yo =0

dm¢ = midBy, mo = 1.

And if the principal were to do the exact same quadratic variation computation, the principal would deduce that,

[yl (w) = /t(Ugmi)(W')ds, (A2)
0
and note in particular that we do not necessarily have w = w’.

It is tempting, thus, for us to conclude that in order to detect deviations, all the principal needs to do is to
observe [Y]; in (B0) and consider his conjecture [Y°°™]; in (BE) at each point in time ¢, and take the difference
[Y]: — [Ye™];. If this difference is zero, then the agent must have followed the recommendation and if it is not zero,
then the agent must have deviated and the principal can then appropriately punish the agent. Thus, this seems like
we are back to the case of section B where volatility control is mute.

However, this thinking is incorrect. Recall again the crucial assumption that the principal only observes the cash
flows Y but not the exogenous volatility m. In particular, this means that generically, we cannot even compare [Y];
and [Yconj]t on the same trajectory realization w! To make this point, let’s apply the fundamental theorem of calculus
in (BE) and (BE3). While in (E), the principal, say, observes 10 = [Y]¢(w) = (62m?)(w). It remains true that the
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principal cannot disentangle (Ufm?)(w) separately; more forcibly, that is to say the principal cannot tell whether the

observed value 10 is factored as 10 = 2 x 5 or is it 10 = 5 X 2, or infinitely many other factor combinations. Thus, the
principal at most can see the product (02m?)(w) but not ¢?(w) and m?(w) separately. More succinctly, this means
the product o2m? is 7} -measurable, but the individual components 02 and m? are not, and recall the information
set of the principal is {F} }.

Continuing onto the conjectured cash flow Y™ this means even if the principal can compute [Y]gOnj (W' =
o?(w")m2(w"), for each w’, and of course the principal knows his recommendation o¢ evaluated at any w’ and in
particular when w’ = w, the principal does not know what realization mg (w) should be plugged in (again, since my is
not FY -measurable). Thus, the wishful computation of evaluating at w’ = w to have [Y];Oﬂj (w) = 02 (w)m?(w), is not
even possible, again since m?(w) is not known to the principal. Thus, the wishful deviation test of simply observing

and checking whether the difference [Y]; — [Y°%]; is zero or not is invalid.

A.3.2 An incorrect computation (ii)

The discussion in section B=3 above may lead to wonder what the principal can detect deviations with more time
points. Could the principal make a further level of inference to detect deviation not based on the quadratic variation
but directly via the cash flows?

Suppose the principal makes the same computations as described in section B=32 for each point in time ¢. This
implies that if the principal were to use the conjectured cash flows Y°°™ that follows his recommended action, the
principal could indeed compute & mf = m?onj’Q = [Ycon-j]t/o?, w’-by-w’. And since the principal can do this for
each w’ and for each ¢, and since m$®™ > 0 by nature of the geometric Brownian motion, the principal has thus
constructed a process {mfonj}tzo. Thus, that implies at any time ¢, the principal could construct another cash flow

process Yo%t (i.e. denoting “conjecture plus”),

. t t .
X/tconﬁ» = / pedt +/ atmgoanBt.
0 0

Comparing it against the true cash flow Y, it is tempting to conclude that the principal simply needs to take the
difference Y;OHJJF —Y: at each point in time and see if it equals zero at each point in time, as if this difference is zero,
it would indicate the agent is compliant and if this difference is nonzero, it would indicate the agent had deviated.

Again, however, this thinking is incorrect. Taking the difference between thon'H_ and Y%, one finds,
Y Y= [ =il + [ (oum — olme)dbs.
0 0

We note that even if the agent were to be completely compliant in the drift recommendation so that s = ul for all
s, and so the first integral on the right-hand side above vanishes, we see that generically mg"“j # ms for all s. Hence
— however tempting — the conclusion to say that mS®™ = mg holds with equality so that in the integrand of the
second integral we can factor as ms(os — O'Z) and need to simply observe whether this is zero or not — is faulty.

conj = . This is precisely the case when the principal offers

Remark A.1. There is a very important case by which m
a contract (A, X, 7) that is incentive compatible for the agent. Specifically, since the agent is recommended an action
for which it is incentive compatible, the agent will not deviate from the principal’s recommended action. We will use

this critical observation in a key lemma in the later development.

A.4 The case of volatility controls not continuous in the time path

The discussion of section B2 and B=3 assumed that the agent must make time-continuous volatility controls; that
is, we had restricted the discussion to o¢ to be continuous in time ¢. The consideration of jumps in the controls of
the cash flow process is important, even in the drift-only control models of DeMarza and Sannikod (2006), say when
the cash flow had the form dY: = pidt + odB¢, where the drift controls are binary in state values, pu¢ € {0, A}. In
the drift-only control case, the distinction of whether allowing for the state values to be binary (i.e. u: € {0, A}; see
DeMarza and Sannikoy (2O06) amongst others) or to be in a compact set (i.e. p € [0, A]; see Sannikoy (Z00R)), up to

possibly difficult technical details, is not that important economically.

28This type of computation is used again later in the discussion.
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So now, suppose that the volatility control o; need not be continuous in time, and so we in particular allow it
to have jumps , s0 Aoy = oy — oy~ # 0. But nonetheless, by standard stochastic integration theory, even if the
integrand (i.e. in this case oym¢) is cadlag, as long as the integrator is continuous (i.e. in this case dBy), then there
exists a version of the stochastic integral fg osmsdBs that is continuous in the time path ¢. Hence working with this

version, the principal will still conclude that, by calculating the quadratic variation,

t
Y]t :/ o2m?ds.
0

Note however now, the integrand in the Riemann integral me% is not continuous in the time path ¢ since o is

cadlag, not continuous. But if we define g(s,w) := o2 (w)m?2 (W)1[o,¢(s), then it is immediate that for each w, g(-,w) is
absolutely integrable on R. That means for each w, we can apply the Lebesgue differentiation theorem 59 to conclude
that,

[Y]i(w) = (ofm?)(w), A-ae.,

where A is the Lebesgue measure on R. Up to this null set difference in the time ¢ € Ry coordinate, we can apply
the same arguments as in sections B=3 and B=33 to illustrate that it is still not possible for the principal to detect

deviations from the agent.

A.5 Economic intuition and summary of the “quadratic variation” test

As noted in section BT, existing models in the literature does not have room for meaningful volatility control,
precisely because they cannot “pass” the quadratic variation test. We assert that our model () does pass the
quadratic variation test. Furthermore, we argue that for any meaningful agency problems associated with volatility
control, the first pass must be to pass the quadratic variation test. Although we have not tried this approach yet
but if we were to switch out the Brownian noise dB; attached to the instantaneous controlled volatility o¢m: with
some more general stochastic process, it may also pass this quadratic variation test. It is also possible to compute
even higher nth-order variation (i.e. cubic, quartic, etc.) but it is unclear how this will be useful for the principal in
detecting deviations.

Economically, what exactly is this “quadratic variation” test trying to tell us and why does it matter so much for
stochastic volatility control? Stepping away from the current setup (E=1), let’s consider a standard asset pricing type

model. Suppose we have a stock with price S and has dynamics,
dS; = u(t, St)dt + 0'(t7 St)de,

where B is again a standard Brownian motion ¥ . Computing the quadratic variation of S and have,

t
[S]e :/0 a(u,S’u)2du7

which roughly is precisely the integrated instantaneous variance of the process S. Effectively, the quadratic variation
gives us the “sum (over time)” of the variances of the stock price S. And if variance is related to some measure of

“risk” B2 | this quadratic variation object, in some loose sense, is a time-tracker of “sum of risks”.

A.5.1 Brief comment to the link with financial econometrics

It should be noted that the econometric estimation of quadratic variation is an active topic of study in the field of
financial econometrics theory. For instance, a recent survey of the developments in this field can be found in Aifd
Sahalia_and Tacod (2002) and a textbook reference like Kessler, Lindner, and Sorensen] (2002) deals with statistical
methodologies of SDE’s. The key point is that it is not too “far-fetched” to think of an individual (in this context,

29In particular, we still restrict the trajectories to be cadlag and the process to be adapted.

30See, say, Folland (1999, Chapter 3, Section 3.4).

31'We omit spelling out the restrictions on p and o here to ensure that a solution to this SDE exists. Details can be
found in Proffer (2O05).

32This claim of “risk” is made precise when we consider individuals with mean-variance preferences or risk averse
preferences.
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the principal) to in reality employ a battery of statistical tests of this sort to estimate and make inference of the
instantaneous volatility via the quadratic variation. Indeed, there is a well developed literature using the so called
“realized variance” to estimate the quadratic variation using real (discrete) data; see for instance, among many others,
Barndorit-Nielsen and Shephard (), Barndorti-Nielsen and Shephard (), Barndorii-Nielsen and Shephard
(zond), Andersen, Bollerslev, Diebold. and Ebens (2001) and Andersen, Bollerslev, Diebold, and Labyd (2003).

B Assorted Remarks

B.1 Notations

Throughout this article, we will use enforce the following notations. We will use e to denote the effort parameter
/ process, and use e to denote the exponential function. If {St};>0 is a stochastic process, we will either use S to
denote the process or also {S;}. We will also define and denote the indicator function as 14(z), which equals 1 if
z€Aand 0if x ¢ A. If E is a set, we will denote E€ as its complement. Given an action process A = {et,o¢}, we
will interchange the notation ps and k(et,0¢) to denote the drift part of the cash flow process. Hence, we will also
with some abuse of notation, also call and denote A = {(ut,0t)}+>0 as the action process, with the understanding

that put = k(et, o¢).

B.2 Induced probability measure

Fix an action process A = {(ut,0t)}+>0 and recall that the action process A is { F¢ }-adapted. Consider the stochastic
process Y4 =: Y = {Yi};>0 with dynamics as given in (B20) and (&), which clearly and explicitly depend on the
action process A. Define P4 to be the law of the stochastic process Y = Y4, and likewise, E4 the expectation under
PA. Observe that the definition (and indeed existence) of this law P4 is possible through the deep and highly technical
Kolmogorov Extension Theorem (see Durretd (2000, Theorem A.3.1) or Revuzand Yor (2005, Chapter 1, §3) for more
details). Note here that we write P to be the probability measure on (2, F) and likewise, E as the expectation under
P.

While the law of a stochastic process is deep measure theoretic concept, but the intuition can more or less be
grasped when we have a single random variable (i.e. the trivial stochastic process with a singleton time index). Let
(92, F,P) be a complete probability space and let X : @ — R be a real-valued random variable. We often call
the sample space and R here as the state space of the random variable X. And suppose X is integrable so that the

expectation is well defined,
Ep[X] = / X (w)dP(w).
Q

Note in particular that we are integrating over the sample space 2. However, in a lot of probability applications, it is
far easier and more intuitive to work with the state space of the random variable (of which we may know something
about its distribution function) than the sample space. By effectively a change of variables, we can integrate over the
state space R of the random variable. That is, we may define the law (or more commonly, the distribution) Px of the
random variable X as,

Px(B) :=P(X~Y(B)), B e B(R),

where B(R) is the Borel set of R. Then under this definition, we see that,

IE]p[X]:/QX(w)d]P’(w):/R:chF’X(:C):EpX[X].

The idea of the law under stochastic process is essentially the above consideration, except that we have to work
through with finite dimensional joint distributions and cylinder sets to make the definition of the law of a stochastic

process rigorous and precise.

B.3 Single Brownian motion

In (E0) and (E22), we use a single Brownian motion B, rather than say two different Brownian motions. In particular,

this might be surprising coming from an asset pricing perspective; in asset pricing applications, say like the classical
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Hesfor (I993) model, if S is the price of an asset, then it has say the dynamics,

dSt = ps(t, St)dt + os(t, 00, v¢)dBu
dve = pu(t, ve)dt + oo (t, vt )dBay,

where B; and Bz are correlated Brownian motions (with possibly zero correlation). In this type of specification,
we see that the stochastic volatility dynamics of price S are also further driven by the process v. In contrast, the
specification of (E0) and (E=2) uses the same Brownian motion. Indeed, in our specification, if we were to use two
different Brownian motions, then economically, then there is little hope for an equilibrium. Economically, recall here
the principal can only observe a single source of information (i.e. the cash flow Y; over time), but if there are two
sources of risk (i.e. two Brownian motions), then the agent has far too much room to deviate from the principal’s

recommended actions. Indeed, we will see the importance of using a single Brownian motion in Lemma 3.

B.4 Stochastic Time Change

We can actually view (E20) and (E=2) as a time-changed process. We will not use this fact elsewhere in the paper.
Since we can write (E) and (E=2) as dY: = k(et, 0¢)dt + ordmy, but since m is a geometric Brownian motion, by the
Dambis-Dubins-Schwartz theorem % and by expanding the filtration and changing the probability space if needed,
there exists a stochastic time change {T'(t)};>0 given by T'(t) := inf {u: [' exp{—v + 2B, }dv > t}, and another

Brownian motion Z, such that m; = Zp(;). Hence, we can rewrite the cash flows as,

dYy = ke, 00)dt + o1dZp(yy.

Indeed, more is true. Since m is a geometric Brownian motion, by Lamperti’s relation , we can further write m as

a time-changed squared Bessel process

C Proofs of Section @

Proof of Example f1. Let’s quickly verify that the conditions in Definition B0 are satisfied.

(a) k(emg,o0) = aje®(eHE—¢L) logg > aye®(eL—¢L) Jogo = a; logo, which holds since clearly aoler —er) > 0,

which implies e®0(eH—eL) > 1,
(b) Ko(e,0) = 04160‘0(6’511)% > 0, and koo (e, 0) = —oqec"O(e*EL)le2 <0.
(¢) (i) If o =o', then we return back to case (a);
(ii) If o > o/, then k(emy,0) = are®(eH—¢L) log g > ay logo’ = k(er,o’) clearly holds since evolerm—er) > 1,
(ili) If o < o/, then k(eg,0) = aye®o(er—¢L) logg > oy logo’ = k(er,o’) will hold if and only if e*o(em—er) >

ll;)gg;, holds. And since o < ¢/, clearly 1 > llggg;, . But since e*0(¢#—€L) > 1, then we are done.

(d) Observe that,

H(GH» U) - H(eLz UH) < UK/O’(eHz U)

—er)d
o

— aqe®H L) ogo — ajlogoy < are®0(eH

= logo—e (H¢L)logoy < é.
But we note that if for all o € [0, 0] are such that 1/0 > logo, then clearly,
1/o >logo > logo — e~*0(eH L) log(opy + K),

holds. Note that 1/c > logo is clearly equivalent to 1/0 — logo > 0, and when we view the left-hand side of
the equality as a map on Ry, f(y) := 1/y —logy, f is strictly decreasing, continuous, limy_.o4 f(y) = 400, and

33See Resmz and You (2005, Chapter V, §1, Theorem 1.6) for the precise statement.
34See Rexmz and You (2005, Chapter XI, §1, Exercise 1.28).
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limy 4o f(y) = 0. Thus by the intermediate value theorem, there exists some g € (0,00) such that f(g) = 0.
Note also, we can view 1/0 > logo equivalently as 1 > (logo)el®8 .

Now, we must investigate the equation z = W(z)eW(z>, where W is the complexed valued Lambert W function
B3 and z is also complex (note, even though the Lambert W function is a map from the complex numbers to
the complex numbers, for this example, we just need the real parts). Our case of interest is when z = 1 and o
solves log o = W (1), or that o = eW (1), That is, we need to find the positive real number W (1) = x (it is indeed

unique) such that 1 = ze® and numerically, we have that x = W(1) ~ 0.5671, which implies e* = eV ~ 1.763.

Hence, if we consider the set of volatility controls as the interval [op,0y] = [c,e" (D] ~ [¢,1.763], where o >
¢ > 1, then the condition 1/0 — logo > 0 will hold for any o € [0, 0]

(e) Condition (H) of Definition EZI holds immediately by hypothesis.
O

Remark C.1. One would also wonder why the range o — o, of the volatility control set [0, o] in Example B0 to
be relatively numerically “small”. However, this is just due to the choice of the log function in defining (e, o) for this
example. Essentially, the log function grows too slowly in o, even though it retains all of the required properties in
Definition ET0. If we were to choose another function that satisfies the properties of Definition B0 but one that grows
much quicker in o, we will widen the numerical range of the volatility control set [or,0n]. As well, we might be
concerned with how small numerically the maximum op controlled volatility value can take on. This is especially in
contrast to the overall instantaneous diffusion term otmy¢ of dYz, where m¢ could be relatively large. This might beg
the question how “meaningful” is volatility control in light of an exogenous volatility term m; that could “swamp”
the endogenous volatility control of the agent. However, by inspection of the reward function form in Example B,
we see that we can translate the values of volatility control set [0, o] as it is written to a form [of, + K, oy + K],

where K > 0 is some deterministic constant, and thereby enlarging the absolute values of the volatility controls.

D Proofs of Section B

First let’s define,

Vi(A) := EA [/OT eTos (dXs + {¢e (1 - e‘i) + 60 (ﬁ - 1)} ds) femo(T-tR ( f}’] (D.1)

H oL

It is important to note that both (EB) and (O), which represents the continuation value of the agent at time ¢ if
the action process A is being taken, are conditioned on the filtration {]_-ty} That is, the information observable to
the principal. In particular, the filtration that is being conditioned on is not a Brownian one. This is a key and
important departure from the usual papers in continuous-time principal agent problems. In providing incentives to
the agent, since the principal can only observe the cash flows Y, this implies the continuation value of the agent, from
the perspective of the principal, can only condition on the information {]-'ty } generated by the cash flows Y, and
hence (B30) and (D) have the correct conditioning.

Remark D.1. Consider the typical setup of DeMarzo and _Sannikod (2006) in the form (O02),
dY; = pudt + odB. (D.2)

For a fixed recommended action {p¢},~ ¢, and since the principal observes the cash flows {Y; },~, by simply rearranging

terms, we see that,
dYy — pdt

o
Indeed, this is the key step to the analysis of both DeMarzoand Sannikoyl (2006) and Sannikos (200%). And so, in this
case, once the action process {ut},~( is fixed B3 then the left-hand side is completely observable by the principal.

dBg.

And thus, in these types of setup, the information set available to the principal {-7'—,5Y}t20 is exactly identical to the

35For details, see (r959). This W notation is not to be confused with our subsequent treatment of the
agent’s continuation value process. We retain the notation W for the Lambert W function out of convention.
36More precisely, this means we work under the induced probability measure P4, where A = {pt}e>o0-
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Brownian information set {F%};>0, and so we do achieve EA[ - |F}] = E[ - |F¢]. That is, in words, if the principal
knows the action process and can observe the cash flows, that means he must also know the Brownian motion noise.

However, in this current setup of (E00) and (E), this is clearly not the case. In particular, even if the agent
knows the action process and the cash flows, he does not know the Brownian motion noise, and so we have a clear

inequality, EA[ - |[FY] # EA[ - |F¢]. To see this, observe that even if we repeat the above rearranging computation,
dYy — pedt = oy Myd By,

where specifically, we cannot “divide” over the generically not constant over time volatility choice o¢ (i.e. simply write
out the above SDE in it’s integrated form). Recall also that m is not observable to the principal. And from this
expression, we see that even if an action process A = {(ut,0¢)};5¢ is known to the principal, his information set F

cannot equal to the information set generated by Brownian motion Ft.

D.1 A trivial rewriting

In light of Remark O, it motivates for the following rewriting. The idea is to not think of noise driven by Brownian
motion but rather driven by a more general continuous martingale process. In particular, observe, trivially, from (21)
and (E2), we can write,

dY: = pedt + ord M. (D.3)

In particular, note that from (E=2), it is a geometric Brownian motion with zero drift and unit volatility. Thus, we

have an explicit solution,
1
M; = Moexp {—515 + Bt} , t>0. (D.4)
For all the proofs that follow, we take, without loss of generality that My = 1; the proof goes through with a generic
Mo = mgo but we just have to carry more algebra.

Proposition D.2. For a fized contract (A, X, T), the stochastic process t — fg osdms is an (P4, {FY })-martingale.

Proof. First, from (O=3) and again since the action process A is held fixed, we write,
}/t - /.Ltdt = O'tht. (D5)

From ([4), we see immediately that M is a true (P, {F:})-martingale (i.e. the Dolean exponential with respect to
Brownian motion). Since oy is {F:}-adapted and since m is a P-square integrable continuous martingale, then this
implies that ¢ — fot osdMs is also a (P, {F:})-martingale.

Now, let’s show that ¢ — fg osdMs, is also a (P, {F} })-martingale. Observe that t — fot osdM, is F) -adapted.
But this is immediate by viewing the left-hand side of (IOTF) and recalling footnote I8. It remains to verify the
martingale property. Pick any time ¢1 > tg. Since ¢t — fot osdMs is a martingale, then we immediately have that,

t1
E [/ osdMs
to

But by applying the Law of Iterated Expectations,

t1 t1
E U osdMs }'3/} =E {E U osdMs
to to

so the martingale property holds for {F}}. Finally, the fact that ¢ — fg osdM; is a (PA, {FY })-martingale follows

from the discussion in footnote [3. |

]'—t:| =0.

ft} )]—'ty} =0,

This trivial rewriting of (CI3) and observation of Proposition 2 that ordM; is an (P4, {FY })-martingale are
the key steps to the beginning of our analysis. Indeed, to emphasize the importance of the observation in Proposition
02, we will in the subsequent few sections, denote explicitly the (P4, {FY })-martingale as,

ordM{P? = Y; — pedt. (D.6)
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D.2 Martingale Representation Theorem

With Proposition 2 in mind and also the cash flow process in the form (I033), we can now state the following key

proposition.

Proposition D.3. Fiz a contract (A,X,7). Then there exist processes {fBt},~, and {V;J“A}tzo such that the
dynamics of Vi(A) in () can be written as,

dVi(A) = e "0 B00d M + dV,- A, (D.7)

where Bt is some predictable process such that fg(e*’"osﬁs)zd[fd UudM;j‘]s < o0, PA-a.s., and V#’A is continuous
and orthogonal to t fg’ osdMZ (i.e. meaning, [V4A, [0 0sdMA], =0, PA-a.s.), and VOL’A =0.

Proof. 1t is easy to verify that (OCJ) is a (P4, {F) })-martingale (i.e. Doob’s martingale). Then the result is an
immediate consequence of Proposition I and the (general) martingale representation theorem. For the precise

statement for this general martingale representation theorem result, please see (comd, Chapter 5,
Theorem 5.37), Pratfen (2005, Chapter IV, Section 3, Corollary 1) and Revuzand Yoi (2005, Chapter V, Section 4,
Lemma 4.2). |

Remark D.4. In the term e’Tot,BtO'thtA, the time discount factor term e~70t is merely a convenient normalization;
this is also done in Sannikoyl (2O0R). Also, strictly speaking, 8 is clearly dependent on the choice of the action process
A but will suppress it for notational convenience when the context is clear. We keep the notation A on the orthogonal
process VtL’A as the choice of A will make a meaningful difference in the subsequent discussions.

Compared to the papers like Holmstrom and Milgronj ([987), DeMarzo and Sannikoy (2006), Sannikov (200R),
and others, they all invoke a martingale representation theorem for the case when the filtration is generated by
Brownian motion (i.e. see Karafzas_and Shrevd ([9910, Chapter 3, Theorem 4.2), among others); recall again the

discussion in Remark OO on why a Brownian filtration setup here is inappropriate. Specifically in the Brownian case,
the orthogonal term, denoted above as V;J"A, would be identically zero. It is also worth noting that in this line of
continuous-time principal-agent literature, there have been some notable cases where the filtration is not Brownian.
For instance, in Sannikod (2007, Proposition 1), the “extra” orthogonal term is interpreted as a public randomization

device.

D.3 Dynamics of the agent’s continuation value

With Proposition I3 in mind, the following is an easy application of Ito’s lemma.

Proof of Theorem BEZ3. From (), we can write,

Vi(A) = /Ot e~70s (dXS + {d)e (1 - ?) + ¢ (5 - 1)D ds + e TO W, (A). (D.8)

H oL

Applying Ito’s lemma, we obtain,
dVi(A) = e~"ot (dXt i {% (1 - i) + ¢o (2 - 1)} dt) + d(eTotWe(A)y (D.9)
ey g N— ———
—roe Tt Widt4+e~TOtdW,
Equating (I0Z) with (), we obtain,

e 70! Byordmit + dv, A

e o (D.10)
— et (dXt + [¢>e (1 — —) + b0 (— - 1)] dt) — roe "W (A)dt + e~ T W (A)
en or,
. LAt posgisLl,A . . B .
Defining €, " := fo e"08dVg ", rearranging, and recalling that otdM; = Y; — pidt, we obtain,
et ot 1,A
th(A) = 7‘0Wt(A)dt - (dXt =+ |:¢e <1 - 67) + ¢g (0.7 — 1)] dt) + Bt (det - ,uzdt) + dEt e, (Dll)
H L
and we are done. O
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D.3.1 Checking for Deviations

With Theorem B33 on hand, we are now ready to give a simple condition (hopefully that is both sufficient and necessary)
to pin down the incentive compatibility constraints of the agent. Fix two action processes =@ A = {(nt,0t)};>0 and
At = {(u],0])}ez0-

If the agent plays A, then the agent’s time zero continuation value is Wy (A) as in (E). But suppose the agent

deviates to AT. Specifically, the cash flow processes under the two different action processes evolve as 5 |
Under P4: 4dY; = wedt + Uth,gA. (D.12)
Under PAT: dY; = uidt + JZdM,gAT. (D.13)

Phrased in this light, this strongly calls for a change-of-measure type analysis. To do so, we need to invoke a
stronger version of Girsanov’s theorem, which is usually applied in a Brownian setting. Here, we will use the slightly

more general Girsanov-Meyer theorem. We will reiterate it here for reference:

Girsanov-Meyer Theorem. Let P and Q be equivalent measures. Let X be a continuous (classical) semimartingale
under P with decomposition X = M + A. Then X is also a continuous (classical) semimartingale under Q and has

decomposition X = L + C, where
t
1
L= M, 7/ Lz, M, (D.14)
0 Zs
is a Q local martingale, and C = X — L is a Q finite variation process.

Proof. For details of the theorem and its proof, please see Pratied (2005, Chapter III, Section 8, Theorem 39). O

Using the Girsanov-Meyer theorem as a guide, and we can set P = P4 and Q = IP’A]L, then it is natural to set,

t t
At:/ psds, M :/ osdM2, (D.15)
0 0

and,
t t
Cy :/ plds, L :/ otamA’ (D.16)
0 0

Then, to ensure that the correct change of measure is possible, it remains to identify the process Z.

In particular, we define the Radon-Nikodym derivative as,
+
dpPA
Z; = EA [ ‘ f}’} . (D.17)

To continue the discussion, we will need the following mild technical assumption that we have an appropriate kernel.

Assumption D.5. Suppose associated with the Radon-Nikdoym derivative in (OEIA), there exists a square integrable
process {ot}y>0 such that,
dZs = oy Zyosd M. (D.18)

With Assumption O3 on hand, and letting N; := gotathtA, we see that,
Zy = E(N)t, (D.19)

the Dolean’s exponential ¥ for the process N. For now, let’s suppose that Z is a true {]—'tY }-martingale but we will

37 Again, recalling the notation convention in footnote 2, what we mean here is to fix two action processes A =
{(et, o) }+>0 and At = {(eI,UZ)}tZO, then define pu¢ = k(et,0¢) and },LI = H(ei,az).

38To be precise, we mean the following and please see Proposition I2 again. Under P4, we have the (P4, {F} })-
martingale ordMA = dY; — pdt; and under IP’AT, we have the (IP’AT,{]:tY})—martingale JIthAT = dY; — uldt.
Rearrange to obtain the two displayed equations.

39The Dolean’s exponential E(N): for a continuous local martingale S is given by,

£(S): = exp {st — S0 - %[S]t} .
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verify this in the subsequent discussion ™ . Thus, it remains to find ;. Note in the above, we have two expressions

for L, (OI3A) as given in the Girsanov-Meyer theorem statement, and also in (IIIH). Equating these two expressions

for L, we find,
t t . t
Lt:/ ade;‘f/ osd [/ audM;‘} :/ olamAT, (D.20)
0 0 0 s 0

and since thA = M{‘ dBf then we immediately have by the quadratic variation of Brownian motion,

d [/ crudqu} = o2 (M)?dt.
0 t
Rewriting everything in differential form and substituting, we thus have that,
ordMP — pro? (MPA)2dt = deMtAT.
But recall again that o’,gclM,g4 =dY; — pedt and o’IthAT =dY; — ,u,;rdt, so we substitute,
dY; — pedt — @ro? (MP)2dt = dY; — pl dt.

Canceling terms and equating, we have thus,

t t
/ sosanfds=/ (1l — ps)ds.
0 0

But since the integrands on the left-hand side and the right-hand side are well bounded, this immediately implies the

integrands must equal. And thus, we have that the Girsanov kernel is,

i
My — Pt
o = . (D.21)
of (M{h)?

Now in particular, we have the following important relationship.

Lemma D.6. Fiz a contract (A, X, 7). Suppose the agent considers the recommended action process A and fizes
another action process AT. The agent considers a deviation from A to AT. Then the noise terms are related in the
following manner:
A_ 1 _ t oAt
ordM{* = (py — pe)dt + ol dM{ . (D.22)

Proof. Using the Girsanov kernel in (ZZ), simply substitute,

T
o dM{ — piof (M{)?dt = oy M — %U?(M{A)zdt
o (M{)
= UZdM{U.

Rearrange, and we get ([Z22). |

D.3.2 Change of Measure and Novikov’s Criterion

However, an important task remains — we need to verify that the Dolean’s exponential £(N) for N is a true martingale
to allow for a valid change of measure. With the Girsanov kernel given in (IZ1), and recalling again that th“‘ =
MtAalBtA7 we substitute back to see that,

ui — pe
(J',g]\4{4

ni— pe

dN; = MAdB = dBA
CT e f

But this implies N has quadratic variation,

400f course, with the equivalence of P4 and IP’AT, there is no need to specify for which probability measure is Z a
martingale.
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In all, that means to ensure that £(N) is a true martingale, a sufficient condition is to ensure that the Novikov’s

criterion ™ holds. For what follows, consider a fixed deterministic time horizon T' < co. The Nowikov’s criterion

1T (u] — e)?
EA |exp{ = / T2 dt | < oo (D.23)
{ {2 o op(M)?
Lemma D.7. The Novikov criterion (IEZ3) holds for finite time horizon T < oo and infinite time horizon T = co.

And thus, E(N)¢ is a true martingale for all t € [0, c0].

requires,

Proof. Recall again that M4 itself is a geometric Brownian motion with zero drift and unit volatility. Thus, we can
immediately write MtA = exp {—%t + B,;“}; we have taken, without loss of generality My = 1. Furthermore, since we
know that ut,ui € [uL, pp] and likewise oy, UI € [oL,0m], then we clearly have,

1
2
9L,

E4 |exp E/TMCH < EA |exp 12“%/TLdt
2Jo oP(MP)? - 2 07 Jo (M2 f]

T 1 J
= e“%{/U%]EA |:exp {/ Tdt}
o (M) ]

T _
= e“%/”%EA [exp{/ et*Qqudt}
0

>

1
|ui — p?| < 203, =,
g

Substituting,

Thus, the problem reduces now to proving that, E4 [exp {fOT et—2B7 dt}] < oo. It should be noted that this
is a non-trivial problem since we essentially have to show that the expectation of the exponential of an integrated
geometric Brownian motion is finite. As noted from o1 (I997), the aforementioned problem is essentially the same

as investigating the properties of,

t
/eaBS+bSds, a,b e R.
0

But by scaling properties of Brownian motion ™ B, it suffices to consider the process,

t
A ::/ 2(Bstvs)ds  peR. (D.24)
0

Hence, to solve our problem of showing (IIZ3), it is equivalent to showing that,
E [exp {Aiu)}] < oo. (D.25)

But to show that (II2H) is finite is equivalent to showing that the Laplace transform (moment generating function) of
Agl’) is well defined and finite. But using Yod (1992, Equation (7.e)) as pointed out by Kim (2004) (see also AThanesd
bnd Lawi (2005)), we are ensured that the aforementioned Laplace transform is well defined and finite.

Thus, this implies that (I'Z3) does indeed hold for each finite T' < co. However, given in this model, we allow for
a termination time 7 that could be finite (i.e. terminating the agent at some time) or infinite (i.e. never terminating
the agent), considering the deterministic finite time case is insufficient. But invoking Revuz_and Yor (2005, Chapter
VIII, §1, Corollary 1.16), we can extend the discussion from finite time interval [0, T] for T' < oo to [0, 0o]. Thus, this
shows that £(N); is a martingale for all times ¢ € [0, co]. O

The following lemma will be useful when we further characterize the effects of deviation in the subsequent dis-

cussion.

Lemma D.8. Fiz a contract (A, X, 7). Consider the setup and the process eL4 as defined in Theorem B3. Fiz

another action process AT. The stochastic process e+4

and IPAWL .

41Gee Protfed (2008, Chapter 111, Section 8, Theorem 45), Reviiz_and Yo (2005, Proposition 1.15, Corollary 1.16)
and also (eoom, Appendix D)
42For this discussion, it suffices to suppress the dependence on action process A.

is a {]—'ty}—martingale under both probability measures P4
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Proof. The fact that el4 is a (]P’A,J—'ty )-martingale is immediate from the fact that by Proposition I3, V14 is a
(P4, FY') martingale.
Thus, it remains to prove that ei"A is a (IP’AT , ]-'ty)—martingale. Clearly, this is equivalent to showing that V;J"A

is an (]P’AT )-martingale. But thanks to Lemma [0, this is equivalent to showing that for any s > ¢, we have,

LA _gat via Y] = gA VL,Ad]PAT FY
t - s t - s dPA -FSY t

1,4 gpAT

Hence, we see that it suffices to prove that the stochastic process as a product, ¢t — V; el e is an ]-'tY -
t

martingale ™ But we observe that VtJ"A is a square-integrable martingale and likewise for dpA' /dIPA\]_.y = E(N):.
t
Then using the notion of strongly orthogonal martingales in, say, Pratfen (2005, Chapter IV, §3), to show that the

product Vf’AE(N))t is a martingale, it is equivalent to showing,
[VEA E(N)]; is a uniformly integrable martingale.

But observe that since thL’A and athg“ are orthogonal (i.e. recall Proposition D=3), then computing the quadratic

covariation (here, for convenience, we use the differential notation),

AV;SAdE(N)) = AV, AE(N) vprord M
= E(N)spr (AV; ) (ord M)
—_—
=0
=0.
Hence, we have that [V14 £(N)]; = 0 (i.e. a constant stochastic process, which is a trivial martingale). Thus, we

have that V14 is also a martingale under ]PAT, in addition to being a martingale under P4, O

D.3.3 Characterizing Deviations

Proof of Lemma [64. As before, fix a contract (A, X, 7). And fix another action process A, Consider a deviation

from A to AT. Let’s do some preliminary computations before showing the equivalence of (i) and (ii). Define,

N t el o
Vi = / e M [ dXy + e (1= —= | + o | == —1||ds | +e 0 W (A), (D-26)
0 € oL

which is the time ¢ expectation of the agent’s total payoff if he experienced the cost of effort from the action process

At before time t, and plans to follow the recommended action process A after time t. Let’s write the dynamics of V;

under the measure IP’AT. Observe that in differential form, and noting the expression in (O-I0), and equating,

i t

be <1 B et) o <0t B )] dt) + d(e 0N W (A))
(534 oL
ef o

b (1——L ) +¢o [ L —1)|at (b:27)
e oL

+e 0t BAG dm + AV, S A — e 7ot (dXt + {% (1 - 3) + ¢o (2 - 1)} dt) .
ex oL

dV; = e~ 70t (dXt +

=e 70! <dXt +

43Note by the equivalence in measures, we no longer need to be explicit about the probability measure for which
this is a martingale.
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But using (0=23) of Lemma (@), and collecting terms, we can further rewrite (D=24) as

f f
€H oL
4eTotg, {[K(eg, ol) = K(er, o1)|dt + ol dmd’ } +dvA

e o () o (2]

T T
—e [‘% G L g, TET T Bylk(el of) — n(et,atﬂ] “

€H oL

dV, = e=70? <dXt +

+ d‘/tL,A + eiTot,BtO'Ithqu
Thus, writing in integrated form for both (IZ28) and (IZ8), and equating,

ol —ou

t T
V;S = Vo +/ e—'ros |:—¢e ete “ + ¢a
0

+ Bilw(e], o)) — r(er, Ut)]} ds
H oL

t
+y A +/ e 705 B0t dMA (D.29)
0

t i t
=" +/ e oS <dXs + [qse <1 - 6) + ¢o (US - 1” ds> + e 7T WL(A). (D.30)
0 ey o,

Let’s consider taking the time 0 expectation of V; in (O=29) above under PA". From Lemma [O8, we have that
EAT [VtL’A] = 0. Furthermore, note that the stochastic process t — e*Tot,BtUz is an ]-'tY square integrable martingale,
since the integrator m{ﬂ is a square integrable martingale and the terms in the integrand are well bounded; see
Proffer (2005, Chapter IV, §2, Theorem 11). Thus, in expectation, the last two terms in the sum of (™2) vanish.

Thus, picking any two times ¢t > tg > 0 in mind, observe that, under condition (i),
Tl N
BT [Ve = Vi | Y|

— gAT

L el — et - (o3
/ e~ T0S [—45@ t + ¢o + Bt[n(ez,az) — k(et,o¢)]| ds ‘ ]—?;
to oL
<O0.
Specifically, this implies that V; is an }'ty—supermartingale (under both probability measures P4 and IP’AT, by Lemma

Now, let’s show that (i) = (ii). The above supermartingale property implies, EeAT [Vi] < Vo = Wo(A). Rewriting
the left-hand side of the this inequality, and using (IZ30), we have that,

i i
gAT [/Ote—ros (dXS+ e (1—6H>+¢U <Z;—1>]d3>

<V
= Wo(4)
—EA [/ e~ oS (dXS + [¢>e <1 - 6—) + ¢o (— - 1)]) ds+e_”’TR} .
0 ey or,
Since t > 0 was arbitrary, set it to t = 7 and note that W,(A) = R a.s. (both in P4 and in ]P’AT), then we have that,
i T eT T
EA / e 0% [dXo 4 [pe [1— =2 ) 400 [ Z= —1)|ds | +e 0™ R
0 eH oL
cor [ (oo 1 ) o () e
0 E€H oy,

Thus, if the recommended action process is A, then it is not optimal for the agent to deviate to AT. Thus, (i) = (ii)
holds.

+EA e Totwy (4)]
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Let’s show that (ii) = (i) holds. We will prove by contrapositive. Suppose that (i) does not hold on a set
of non-zero measure (again, both under P4 or IP’AT). Let’s show that deviating away from A is optimal (i.e. A is
suboptimal). On the set of times with non-zero measure such that (EH) does not hold for some time s and some
(e,0) € {er,en} x [oL,0x]. But this implies we can construct an action process A such that there would exist some
time t’ such that,

EAV,] > Vo = Wo(A).
But since the agent gets utility EA [\A/t/] if he follows A until time ¢ and switches to A, the action process A is
suboptimal. This shows that (ii)) = (i). ]

Proof of Corollary BEZ. Consider (622). To consider a deviation from the recommended action (e¢, o¢) to the deviated

action (€/,0'), that is (et,0+) # (€', 0’), we have three cases to consider:
(i) et #€, 00 #0';
(ii) et = €', ot # 0’5 and
(iii) et £ €', 0t =0’
Case (i): Suppose e; # ¢’ and o+ # o’. Let’s prove the case when e; = ey. Then we must have that ¢/ = ey. So,

we have,

0> 2% (e, —enr) + 22(0" — 00) + i [m(er, ") — n(em, 1)) -
(328 or,

But from Definition E(a), we have x(er,0’) — k(em,ot) < 0. Rearranging the above, we have that,

Bt > ! [E(BL*SH)*(LG(U/*‘H)}
k(er,0') — k(em,ot) Llen oL
= ! I:ﬁ(eH —er)+ ¢—°(o’ - Ut):| , (D.31)
k(em,ot) — Kler,o0’) len oL

for all o/ € [o,,0n]. But we observe immediately that the inequality (D=30) holds if and only if (B22) holds. This
shows the equivalence of (B22) with (EX8) when e; = e. The case of when e; = ey, is proved similarly.
Case (ii): Suppose that e = ¢/ = e and o # ¢’. Suppose first if ¢/ > o4, which implies x(e,o’) — k(e,o¢) > 0.

Then we have,
—¢U (ot — ') > Bt (n(e,o') — k(e, at)) ,
or

which implies that 0 > 8; — contradiction. That is to say, if the principal’s recommended volatility is o¢, the agent

will not deviate to a higher volatility o’ > o¢. Next, if 0/ < oy, so k(e,0’) — (e, 0¢) < 0, then we have,

b

(ot — ') > Bt (I{(B,O'/) — k(e, O’t)) ,
oL
which implies ; is greater than or equal to some strictly negative term. But nonnegativity of B¢, this imposes no
restriction on St.
Case (ii1): Suppose e; # €', and o4 = o/ = o. Consider first the case when e; = ey, so ¢ = er, which implies
k(er,o) — k(em,o) < 0. Then we have,
de

0 2 —7(8L —eH) +Bt (H(BL,O') —I{(GH,O')),
€H

implying,
! Pe
k(em,o) — k(er,o) em

But we also have that k(er,0) — k(er,0) > k(em, o) — k(er,om), which then is equivalent to the following chain of

Bt > (em —eL). (D.32)

inequalities,

1 Pe 1 { Pe

Po
k(em,o0) — k(er,o) ;(BH —en) s k(em,o0) — k(er,o) ;(eH —en)+ E(Uh B U)]

! Pe —e 24 oy —o
~ k(em,o0) —k(er,om) [;(EH L)+ O'L( H )} ’

and hence the condition (B=2) covers Case (iii) when e; = eyy. The case of when e; = ey, is similar.

54



E Principal’s value function

E.1 Properties of the value function

First we obtain some basic properties of the value function 0.
Proposition E.1. The value function ¥ is concave in w. That is, for all m > m, and w',w? > R and X € [0,1],
Ao(wh,m) + (1 — No(w?, m) < o(Aw! + (1 — Nw?, m).

Proof of Proposition E. Pick any W7 > R = 0 and controls ¢/, X7,37 77, for j = 1,2, and in particular pick

71 =72 = 70 from the admissible control set. Then from (8), we have the dynamics,
) ) ot . o
dW} = |roW] — ¢o | =+ — 1| | dt — dX] + B o] d My,
oL

for any j = 1,2. Fix any X € [0, 1]. Multiplying and summing, we obtain,

dOWE + (1 - NW2) = [ro(/\th (1= NWP) — o <M - 1)} dt
oL

—d(AX} + (1= NXP) + (Miop + (1= N){o}) dMy.

Now, let us define,
A\3lol 4+ (1 — \)B202
po= M0+ OB (m.1)
oy + (1= A)oj

Let’s show that 8; € 4, as given in (D). That is, let’s show that,

K > Bt > p. (E.2)

The upper bound is clear since Btl,/o’? < K. But the lower bound is also clear since ,Btl, ,8? > B. Thus, Bt € %.
Hence, we have that if (o7, X7,87,77) € o,; .., 5 = 1,2, then (Aot + (1 — N)o?, AX! + (1 — M) X?,8,7) €
(! ,m)+(1—A) (w?,m)> Where B is as constructed in (ECT).
Thus, this implies by optimality, and concavity of k(em, o) in o,

0 0

T T
AE {/ e "lkey,of)dt — / e tdx} + e L
0 0

‘rU 7_0
+(1-ME [/ e "tk(ep,o)dt — / e "tdx2 4 eTlTOL]
0 0

<E |:/ e*T1tli(€H7 )\O'tl + (]. — )\)Ug)dt _ / e*’rltd()\th + (1 . )\)XE) N e*TITOL
0 0

< s(Aw! + (1 = ANw?,m).

Take the supremum to the above over the admissible set of controls, and we obtain, A#(w!, m) + (1 — A)o(w?,m) <
B Aw! 4+ (1 — MN)w?,m), as desired.
O

Proposition EXl is not only mathematically important, but also economically critical. In the model of DeMarzaand
Sannikay (ZO06), it was explicitly shown that the principal’s value function as a function of the agent’s continuation

value is concave, and thus, public randomization does not improve the payoff for the principal. Note that public

randomization is effectively concavification of the principal’s value function. However, in DeMarzo, Livdan, and
(2013), the authors show that in the case the agent manages a cash flows with a jump component (interpreted
as “disasters”), then public randomization does indeed improve the value for the principal. Economically, public
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randomization implies the following. ™ To induce the current agent to work, the manager could effectively flip a coin
every morning, and if the coin lands in heads, the manager keeps the current agent employed, but if the coin lands in
tails, the manager fires the current agent and finds an identical agent in the labor market to replacement the outgoing
agent. This coin flipping act implies that the principal is indifferent to the identity of the agent, as long as there does
exist a competitive labor market of identical agents, and the principal can frictionlessly hire and fire agents from this
labor market pool. Also equally important, the production technology of the firm is completely independent of the
identity of the agent. Effectively, that means the firm is effectively a factory with a fixed production technology, and
the agent is simply hired to spend effort (or not) to press a button in the factory; it does not matter who presses that
button.

However, in the context of delegated portfolio management, this public randomization argument does not hold.
In particular, for investment firms, the technology is the agent. Effectively, investment firms, and hedge funds in
particular, live and die by the investment manager. Threatening the investment manager via the aforementioned
coin flipping exercise is not credible, as the manager knows if he is fired, the firm also collapses with him. Thus,
the importance of Proposition ETl is that the principal does not need to resort to a public randomization device to

achieve a better outcome, as if otherwise, this public randomization device is not even feasible.

E.2 Further properties of the value function

Lemma E.2. For any (w',m?) €T, i=1,2,, and X € [0, 1], if (o¢, 5%, X?) € o, then there does not exist some

B such that (Aot 4 (1 = A)a?, B, AX! + (1 = M) X?) € &) (1 m1 )4 (1-2)(

w2,m2)'

Proof of Lemma [E8. We proceed by contradiction. Fix any (w?,m?), i = 1,2 and A\ € [0,1]. Without loss of

generality, let us pick m? > m!. Then there exists some admissible controls (O'i, B, Xi) such that,

dw} = (rowt bo (7 - )) dt — dX} + BiotdM}.
or
In particular, we must have that there exist some point (w,m) such that A(w!,m!) + (1 — A\)(w?,m?2) = (w,m) and
some admissible controls (o, 8, X) associated with the point (w, m). In particular, multiplying by A and summing, we

must have that,

AOWE + (1 - NW2) = (ro(Ath (1= NWP) — o (%L_W - 1)) dt

—dAXE 4+ (1= N X)) + \BlotdM} + (1 — N)BZoidM?.

(E.3)

But since M1, M? are both geometric Brownian motions on the same underlying Brownian motion term except for

different initial conditions, so Mtl = mie~1/2t+Bt the diffusion term above in (E3) can be rewritten as,

MNrotdM}! 4+ (1 — N)B2o2dM? = ABlotmte /2t BedB, 4 (1 — A\)B2o?me~ /2B,
= (ABtoim! + (1 — N)BFoim?) e~ V24 Biyp,,

/\Ut1+(17)\)o't2 _

But if there exist some admissible control o associated with (w,m), then from the ¢ or

1) dt term, it
means this admissible volatility control o must be oy = Ao} + (1 — A)o?. As well, the admissible compensation must
be X = AX! + (1 — \)X2. Then from this form, it implies the admissible sensitivity 8 must thus be the form, for
m = Am! + (1 - \)m?2,

Be[Aaf + (1= NoflAm! + (1 = \)m?] = ABtorm! + (1 — \)Bioim?,

or that,

Alotm! + (1 - \otm?
Dol + (1 - NoZlm! + (1 - Nm?]’
If this B¢ is admissible, it must thus be in %. But the lower bound in % cannot hold for 3; of (Ed). To see this,

Bt =

(E.4)

441 thank Dmitry Livdan for pointing this out.
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since 3} € %, i = 1,2, we have that,

Aotm! + (1 — NoZm?

Bt > é[)xo,} T 1= NoZml + (1 - Nm2]’

Thus, in order for B; to be admissible, we must thus have that,

Aoimt + (1 — N)oZm?

> 1. E.5
Aol + (1= NoZ]Am! + (1 — A\)ym?] ~ (E-5)

Rearranging and after some algebra, (EX) implies,
m2(o? —o}) 2 mi(o? — o}). (E.6)

Recall we had assumed, without loss of generality, m? > m! — contradiction, this is impossible to hold for all choices
of o’tl, o? € [or,oq] for all times ¢. In particular, it suffices to pick those times ¢ and controls such that atQ < atl and

1

the above inequality will imply m? < m!. Thus, there does not exist an admissible control § associated with the

point (w, m) = A(w!,m!) + (1 — \)(w?, m?). |

Remark E.3. The significance of Lemma E™ is that it is not possible that the value function is concave in the
coordinate pair of (w,m). Since T is clearly a convex set, that means it must be that for any (w?,m?) € T, i = 1,2
and A € [0,1] we can for sure find a point (w,m) such that (w,m) = A(w!,m') + (1 — X)(w?,m?). The difficult in
making the concavity argument of the value function is that from those controls (o?, 3%, X*) associated with point
(w?,m?), can we find or construct a control (0,3, X) associated with the point (w,m), which again is a convex
combination of (wi7 m’) Lemma EZ shows that we cannot. However, to be clear, that is not to say there does not
exist an admissible associated with the point (w, m). Lemma EZ merely states that if (w, m) is a convex combination
of (w?,m?), i = 1,2, that admissible control associated with the point (w,m) cannot be constructed out of the controls
associated with (o?, 8%, X?).

Finally, we note that Lemma EX is not contradicting Proposition EZl. In particular, Proposition EJ is not
claiming concavity in the coordinate pair (w,m), but rather it is claiming that if we hold the exogenous factor level
m fixed and look at the w-slice of the state space, then the value function is concave in the w-direction, with respect

to the agent’s continuation value. We summarize and formalize this below in Corollary EZ.
Corollary E.4. The value function v is not concave on I'.
The next result shows that the value function is decreasing in the exogenous factor level.

Proposition E.5. The value function is decreasing in the exogenous factor level. That is, for any w € Ty,
m1,ma € I'pr with ma > m1, we have,
v(w, m1) > v(w, ma). (E.7)

Proof of Proposition [EZ4. Fix any w € I'yy and fix any m1, mo € I'j; and let’s suppose ma > m1. Pick the admissible

control as follows. Pick an arbitrary volatility choice ¢ = {o+} and let ¢! = 02 = o and also pick an arbitrary

sensitivity choice 8 = {B:} and let 81 = 32 = . For the compensation process, pick an arbitrary compensation
process X = {X;}, and set X1, X2 such that,

X=X,
X? = Xtlge(0,m)}-

Then we have the associated state variable dynamics associated with those controls as,

AW}

[rowg — by (Z—t - 1)] dt — dX} + BrordM;
L

dM{ = M}dB,

where (Wé7 Mé) = (w,my), i =1,2. Let 7% be the associated hitting time of the form,

hi=inf {t > 0: W{ < Ror M{ <m}, (E.8)
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corresponding to the stopping time form in (B).

But recalling that M? is a geometric Brownian motion, that implies the diffusion terms of thi is simply ,Bto'thti =
,BtcftMtidBt = Btotmie_1/2t+3tdBt = BrormidMy¢, where M is a geometric Brownian motion on B with zero drift
and unit variance and with initial value My = 1. But given that mo > mj, it implies that the diffusion term of
thQ is weakly greater than that of thl. But recalling (E3), and since VVO1 = WO2 = w, it implies that we we have
71 > 72; that is, with a higher diffusion (from thQ), and on the same Brownian path By, it is likely the first time to
get bumped out of the region in (EZ8) comes before that of one with a lower diffusion (from dW}!).

Then consider that,

1 1 2 1

T T T T
E / e "r(ep,or)dt — / e "tax} 4 e_”TlL] —E [/ e "k(ey,or)dt — / e "X ? 4 e L
0 0 0 0

Tl 1 2
=E |:/ k(epg,o¢)dt + (e7™7 —e™ 1T )L:|
-2
> 0.

But rearranging the above, and recalling the chosen admissible controls were arbitrary, and by optimality, we have
that,

7_1 Tl 7_2 7_1
v(w,m1) > E |:/ e "ty(ey,or)dt — / e mtdx} + eTlTlL:| >E [/ e "tk(ey, o )dt — / e TtdX2 4+ e L
0 0 0 0

And again by arbitrariness of the admissible controls and optimality, we have that,
7‘2 7‘1 2
v(w,m1) > v(w,mz) > E l:/ e "r(en, o )dt —/ e "dXE +e 1T L:| .
0 0

This concludes the proof. O

The next result provides a lower bound on the value function v and directly shows that the value function is

positive.

Proposition E.6. For any (w,m) € ', define the processes W, M, given by
th = ’I”()Wtdt —+ QO'Lth, WO =w
th = MtdBt, M() =m,

Define the hitting time 0 as,

0= inf{t >0: (W, M) gf}.
Then,

M) ) (MR 1) <o, (£9)
r1 T1

where k(em,or)/r1—L > 0, and holds with equality if and only if (w,m) € T, in which case 8 = 0, and v(w,m) = L.

Thus, the value function is bounded below by a finite, positive constant.

Proof of Proposition EC8. Fix any (w,m) € I'. Pick the controls (o, X, 3) as o1 = 07,, X =0 and 8¢ = 8 for all times
t. Then the state variables thus becomes,

th = Tthdt -‘y—éO’Lth, W() =w
th = MtdBt, M() =m.

With these choices of controls, the principal’s payoff is thus,
T 1 _ e—TlT
E |:/ e "ik(ey,or)dt +e " TL| = k(ey,or)E |:7i| + LE[e™"7]
0 T
_ R(eH,O'L) _]E[e—rlr} (K«(GH,O'L) _ L) ,

T1 1
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where note that x(eg,or)/r1 — L > 0 by Assumption B that k(er,or)/r1 > L and we have k(em,or) > k(er,oL)

by Definition E. Now, since the stopping time 7 =: 0 is now viewed as,
6 :=inf{t>0:W; <0orM; <0} =inf{t>0: (W, M) ¢TI}
Since (w,m) € I" was arbitrary, then we clearly have (EX) as desired. |

Remark E.7. Economically, the value on the left hand side of the inequality (EX) represents the following. The
term x(ep,or)/r1 is the “second worst” value of the firm, in which the agent effectively chooses the lowest possible
volatility oy = o, for all times t. We note that it is “second worst” value because the absolute “worst” value of the
firm is k(ep,o0r)/r1, that is when the lowest effort e; = e, is exerted at all times, but note in this discussion we are
concentrating on implementing the high effort ey contract. However, the agent is still running the firm and recall
from Assumption B that terminating the firm remains to be inefficient. Hence, the term k(ep,or)/r1 — L effectively
represents the premium the principal has to give up to the agent to operate the firm, even at its “second worst” value.
However, to maintain IR constraints of the agent, the principal will only allow the agent to run the firm up until the

stopping time 6.

E.3 Comparison Principle

We first establish a comparison principle for the value function v.

Proposition E.8. Suppose ¢ is a smooth solution on I" that satisfies ¥(0,m) > L for all m > 0, and also satisfies,

max {—r1¢(w,m) + max sup(ZLe, V) (w, m; 0, B) + klem, o), —thw(w, m) — 1} <0, (E.10)
7 B

Then we have that,
P > .

Proof of Proposition [EZ8. Fix an initial state (wg,mo) € I' and select an arbitrary admissible control a = (o, 3, X) €
“hwo,mg- Furthermore, for k,n € N, set 0, := inf{t > 0: Wy > k or Wy < 1/k}, and pn :=inf{t > 0: My > nor My <
1/n}. Then we have that 0y, pn 1 0o as k,n — co. Now by Ito’s formula, we have that,

—7r1TAO A
e 1 k pnd(vV%AekAp"7TnTA0kApn)

TAOR App,
= (wo, mo) + /0 €71 [—r (Wa, My) + (Lo ) (Ws_, My; 05, Bs) + r(err, 0s)] ds

TAOR Apnp, TAOR Apn, TAOR Apn,
- / e_Tlsli(eH,Us)dS+/ e_msww(Ws—yMs)BsUdes +/ e_rlswm(WS—vMs)dMs
0 0 0

TAOKApn
+ D e (W, M) — (W, My)) —/ e ey (Wi, My)dXE,
0<s<TAOKNpn 0
where X ¢ is the continuous part of X. Using the mean value theorem and since v satisfies the variational inequality
(ETD), we have that 1, > —1, and moreover since for times s € [0, 7 A0 Apy], all the integrands in the diffusion terms
are bounded, and noting also that the controls are also in a compact set, and so taking expectations and rearrange,

we obtain,

o TAOR App, TAOR AP
W(wo, mo) > Be " TARNOR YWy g p o mrnpinpn) +E { / e " k(enr, 0a)ds — / e—”SdXs} .
0 0

Now, take k,n — oo and applying Fatou’s lemma, we obtain, and recalling ¥ (Wr, m,) = ¢(0,m,) > L,

T

Y(wo, mo) > E {/ e "%k(em,0s)ds —/ e "%d X, +e7T17’L} .
0 0

Since the set of admissible controls u,,m, were arbitrary, taking the supermum on the right hand side of the

inequality above, then we are done. O

With Proposition EX8 on hand, we can now derive some easy growth conditions on the value function v.
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Corollary E.9. For all (w,m) € T, the value function v satisfies,

v(w,m) < (1+ro)w~+m+ M.
r1
Proof of Corollary EXQ. Take ¢(w,m) := (1 4+ row) + m + Melj{ilam on I' and ¥(w,m) = L for w < 0 and m > 0.
Then clearly v is smooth on I' and moreover, Yww = Ywm = Ymm = 0, and ¥ = 1+ rg. Observing (EIO), we have
that,
—tYw(w,m)—1=—(1+ry)—1<0,

and
— r1p(w, m) + maxsup(Ze, ) (w, m; 0, 8) + ke, om)
7 B

k(em,om)
1

IN

—71 ((1+To)w+m+ ) +row + ke, o)

=(ro—ri(1+ro))w—rim

<0,

since we have ro/r1 < 1+ 7o. Then this choice of i satisfies the hypothesis of Proposition EX and we are done. O

E.4 Viscosity solution

E.4.1 Overview

Unlike the approach by the existing continuous-time principal-agent problem literature where either the value function
of the principal is only dependent on one single state variable ™ | namely the agent’s continuation value, or there
are multiple state variables but can be shown that the value function can be written in such a way that dynamic
programming only applies to a single state variable ™ . In particular, because there is only one relevant state variable
in considering dynamic programming, the literature can rely on the extensive literature on existence and uniqueness
results of ODE theory, and in some cases even compute explicitly the form of the principal’s value function from the
ODE form.

However in our case, it is not evident or perhaps even possible, to consider a rewriting to reduce the two state
variables of the agent’s continuation value W and the exogenous factor level M to a single state variable case. As a
result the conventional and classical approach of the “verification theorem” does not apply. In particular, it means
unlike the extensive results from ODE theory that can ensure existence and uniqueness of smooth solutions, we cannot
a priori assume that there will exist a smooth solution (namely C2(T")) such that we can take the first order conditions
in (IZ3), substitute the maximizer back into (Z=3) and hope that there will exist a C? solution that still satisfies the
highly nonlinear HJB PDE (Z=3). Without existence of such a C? solution to the HJB PDE (Z3), a verification
theorem to show that the solution to the HJB PDE (IZ33) is indeed the value function (B) may likely fail. Thus, we
must use more general techniques to understand the value function (P) and the HJB PDE (I=3) and hence we will
consider viscosity solution methods.

To this end, we will first define the PDE operator F'. Let us define,

F(w,m,u,p, A) := max{ — 71U + max sup ( [row — do (l — 1)} Pw
o B or,
1 5 2 1o o o
+ gm Amm + Bom* Aym + 5[3 o“m* Aww + kleg,o) |, (E.11)

—pw—l}.

45There are many examples here. Most notably, DeMarzo and Sannikoy (PZO06), Sannikow (2008), Hd (Z009), among
many others.
46|He, Wei, and Yu (2014) is an interesting recent example.
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Hence, the HIB PDE in (I3) is the rewriting,
F(w,m,v, Dv, D?v) = 0, (E.12)

where we denote Dv as the gradient vector and D?v as the Hessian matrix of v, respectively. We will now show that
the value function v of (H) can be understood as the viscosity solution to (E.12).

We now give some definitions.

Definition E.1. We say that u is a wviscosity supersolution of (EZI2) in T if, for every (w,m) € T and ¢ € C*(T)

such that (w,m) is a local minimum of u — ¢ in T', then
F(w,m,u, Dp, D*) > 0. (E.13)

We say that u is a viscosity subsolution of (EXI2) in T if, for every (w,m) € T' and ¢ € C%(T) such that (w,m) is
a local maximum of v — ¢ in I, then
F(w7m7u7D¢7D2¢) <o (E14)

We say that u is a viscosity solution of (E-I2) in I if it is both a viscosity supersolution and viscosity subsolution.

It is widely known that it is without loss of generality at the point (w, m) in the definition above to take v(w, m) =

»(w, m) and also to replace local optimality with global optimality in the above.

E.4.2 Dynamic Programming Principle (DPP)

We will also assume and state without proof the Dynamic Programming Principle (DPP).

Theorem E.10 (Dynamic Programming Principle). For every initial state (w,m) € I' and every stopping time 0,

TNO TAO
v(w,m) = sup Eo [/ e " k(ey,0s)ds — / e 1A X + e T TN Y (W ng, Mrpg) | -
a€ Ay, m 0 0

E.4.3 Value function as a viscosity solution

Proposition E.11. The value function v of (B) is the unique viscosity solution of (EIZ) in I.

Remark E.12. In the proof of Proposition EZTl, we directly show that v is both a viscosity subsolution and a viscosity

super solution of (ETJ), and thus by definition, v is a viscosity solution of (EI32). The proof for uniqueness is

lengthy and technical. Hence, on a first pass, we will omit the proof for uniqueness.

Proof to Proposition EZI, Viscosity Subsolution. Fix any (w,m) € T and let ¢ € C?(T") with v — ¢ is a local max in
T and v(w,m) = ¢(w, m). By Theorem ET, if we pick any x € (0, w] with X = z, then we have that,

p(w,m) = v(w,m) > v(w — z,m) — 3 > (w — z,m) — .
Rearrange and take z | 0, then we have
pw(w,m) > —1. (E.15)

Next, fix any constant (3, in the control set, and set ¢ = 3 and o+ = &, and let X; = 0 for all times t. Let (W, M)
be the state variables with those associated control policies. Fix any h > 0. Define 7, := inf {t > 0: (W, M) € Bp(w,m) N T},
where for p > 0 sufficiently small, B,(w, m) is the ball centered at (w, m) with radius p. Then from Theorem ETN,

4TThe proof ideas are largely inspired by and inherited from (T999), Fleming and Soney (Z006),
Budhiraja and Rosd (200%) and Ly Vath, Pham. and Villeneuve (2O0R).
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and noting that 7 A 7, = 7, and applying Ito’s lemma, we have that,

Tp/A\h
0>E / e " k(ep,d)ds + e_TlTpAhv(erAh, Mz an)| —v(w,m)
0

[ rTpAh
=" /0 ei’rlsllq’(el'l7 5)d8 + eirlTp/\h[v(W"'p/\hv MTp/\h) - SO(WTp/\h,MTp/\h) + SO(WTp/\h,MTp/\h)] - v(w,m)

TpAh
=k / ! eirlSK’(GHva-)ds+e7T1TpAh[v(w7m) - @(wrm) +90(WTp/\h,MT /\h)} - U(wvm)
0 N— ———— 4 N——
- =0 =p(w,m)

‘rp/\h T,,/\h _
= E[ [ e nten a)ds +ptw,m) + [T e p(We, M)+ (L ) (W, Mai ) ds
0 0
Tp AR _ Tp AR
+/ "1 gy (Wa, M) frd M, +/ €15 g (W, Ma)dM, | — p(w, m)
0 0

TpAh _
=K |:/ efrls[—rlnp(W& Ms) + (ZEHSO)(W.SyMS;&v B) + H(EH,E')]CZS]
0

Bp(w,m)

Tp AR _
>E[ / Mens ing [w(w,m+(fem(w,m;w)+n(eH,a>]ds]
0

1—e T7pNR o

=E {7] inf  [—rip(w,m) + (Ley o) (W, m; B, B) + k(ew, 7))
r1 By (w,m)

Since with X = 0, then the state variable process (W, M) are continuous and hence 7, > 0. By dominated convergence

theorem, let h | 0 and we have,
1—e 71T, Ah
E [7e ’
h
As well, dividing the above inequality by h, and letting p | 0 so 7, — oo and B,(w,m) — {(w,m)} and h | 0, and

:|4>T'1.

recall v(w, m) = ¢(w, m), we obtain,
0> —riv(w,m) + (ZLey @) (w,m; 3, B) + K(em, 7).
But since the choice of 8,5 were arbitrary, the above also implies,

0 > —riv(w, m) + maxsup(Z., ¢)(w, m; o, B) + k(ew, o). (E.16)
7 B

Putting (ETH) and (ETI3) together and we are done. |

Proof to Proposition EZ, Viscosity Supersolution. Let ¢ € C?(T') and (w,7) be a local minimizer of v — ¢ on T
with v(w, M) = (), m). We need to show that,

F(,mh, @, Dp, D*p) > 0 (E.17)

For contradiction, suppose not. Then the left hand side of (EIQ) is strictly negative and by smoothness of ¢,
there exists 6,y > 0 satisfying,

F(w7m7W7D907 D2(p) < s (wvm) € B&(wvm)v (ElS)

where Bs(w, ) := {(w,m) : ||(w,m) — (b, M)||, < §}. Since I' is an open set, by changing &, if necessary, we may
assume that Bs(w,m) C T

Fix an arbitrary control a = (0, X, 8) € %4 m, and let  be the first exist time of (W, M) from Bs(w, 7). Since
Bs(w,m) C T, we have that 6 < 7.

Let W€, X¢ denote the continuous parts of W, X, respectively, and noting that AW := Wy — Wi = —AXy :=
— (Xt — X¢—). By the continuity of sample paths, Ms = Ms_. Now by Ito’s lemma and taking expectations, we have
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that,
Ee™ "0 p(Wy—, My—) — (b, )

o
= IE/ e "5 [—r1p(Ws, M) + (feHW)(WS:MS§G'S»BS) +r(en,os)ds
0

(E.19)
P
B[ e (W MOAXSHE Y €T [p(Wa, M) — p(Win, M)
0 0<s<6~
But for 0 < s < 6, (ETI3) implies,
7T1¢(W57M‘9)+("geH(p)(WSWMS;US?/BS) < -7, (E'20)
—puw(Ws, Ms) =1 < —7. (E.21)
And using the mean value theorem and (EZZI), we obtain,
P(Ws, Ms) — p(Ws—, Ms) < (1 —7)AXs. (E.22)
Substituting (EZ20), (EZZT) and (E=22) and noting that X; = X7 + AX¢, we obtain,
Ee 10" (W, , Mp) — (i, 1)
0~ (E.23)

7 [
< —]E/ e "k(em,0s)ds + E/ e (1 —y)dXs — ]E/ e "3yds.
0 0 0

Note that while (W, , My_) € Bs(, 1), we have that (Wp, Mp) is either on the boundary 8Bs(w, ™) or out of

Bs(m, ). However, there exists some random variable A € [0, 1] such that,
(WA, M) = (Wy— + AAW,, My) = (Wy— — AAXg, My) € 8Bs(w, ). (E.24)
And again by the mean value theorem and (EZZI), we have that,
PWH, M) — o(Wy—, My—) < (1 —7)AAX,. (E.25)
Note also that,
WA =W,_-AAX,
= Wy — AWp) — AAXyp
=Wy + AXy — ANAXy
=Ws+ (1 -XN)AX,. (E.26)
From (E=ZH) and properties of the value function, we also have that,
o(WH, M*) > v(Wy, Mg) — (1 — \)AX,. (E.27)
And since v — ¢ is a local min at (W, ), with v(@,m) = p(w, M), so we have that,
o(WA, M) < o(WA, M), (E-28)
So from (EZZ3), (E224) and (EZ28), we obtain,
P(Wy—, My—) > (W, M*) — (1 — 7)AAX,
> oW, MY = (1 - 1)AAXg
> v(Wp, Mg) — (1 = AM)AXg — (1 = y)AAXy
=v(Wp, Mp) — (1 — Ay)AX, (E.29)

63



Substituting (E=29) into (EZZ3), and rearranging, we thus have,

0~ 0~ _ _
(i, m) > E [/ e " k(eq,os)ds — / e %X —e 0T AXy 4+ e 10 o(Wy, M)
0 0

- - (E.30)
+E / e 154X, — / e "%ds+e "9 AAX,| .
0 0
Now suppose we can show that there exists a constant cg > 0 such that,
0~ 0~ B
E / e T18dX, — / e "%ds +e "1 AAXg | > co. (E.31)
0 0

Suppose for now that (EZX) is true. Then from (EZ3), using (EZ3T), recalling that the chosen controls were arbitrary

so we may take the supremum over all admissible controls, and using Theorem ET0 we have that,
QO(UA}» m) > yeco + ’U(ﬁ), m): (E32)

implying that ¢(w,m) — v(w, M) > ycp > 0 — contradiction, since we had assumed that ¢(w,m) = v(w, m).
So, the proof is complete once we can prove the existence of the constant ¢o > 0 that satisfies (EZX0). To this
end, let us define the C? function,

(b )2
B(w,m) := co (1 _ ltw,m) 62(w’m)2||> , (E.33)
where,

co:=Co A (6/2), (E.34)

and Cy is given by,

Co = 8*(k(em,or) — 1)
5 , , .11 (B35)
X inf inf 2row(w — W) — 2¢s | — — 1| (0 —w) +m“(m —m) + Ko .
selonon] (e By [TOPE ) 20 (oL ) (=0t ) .

Then a direct (but somewhat messy) computation will show that for any admissible choice (3,5), (EZ33) satisfies,

max {1 — 1w, ¥ — 1, —[-r1¥+ (Ley¥)(,55,8)] —1} <0, on Bs(d,m),

_ (E.36)
¥ =0, on dBs(w,m).

By Ito’s lemma applied to e 719" P(Wy—, My-), taking expectations and rearranging, we will arrive at (EZ30).
This completes the proof. O

E.4.4 Regularity upgrade

Once we have obtained Proposition E-TH and thus we can understand the value function v as the viscosity solution to
the HIB PDE (IZ3), we are now ready to “upgrade” our results. First we give a “partial” C1 result.

Proposition E.13. The value function v is C! in the w-direction; that is, for each m € T'yr, the partial derivative

vw(w, m) exists for all w € Ty, and is continuous in w.

Proof of Proposition [EZI3. Fix any mg € I'p,. Define the limits,

v(w + 8, mo) — v(w, mg)

+ — i
Viv(w, mg) := }Slf(} 5 , (E.37a)
- -4
Vev(w,mo) := lim v(w, mo) = v(w = 8 mo) (E.37b)

810 1

By Proposition EXl, the map w — v(w, mg) is concave in the w-direction. Thus from standard results in convex anal-
ysis (see, for instance, Rackafellad (T970)), the limits (EZ3A) exist. We want to show that Vi v(w, mo) = Vgv(w, mo),

and hence equals vy, (w, mg) for w € I'y,. We proceed in three steps.
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Step 1. Let’s show that Vf:(w,mo) > Vuwv(w,mg). For contradiction, suppose there exist some wg € I'y such
that Vﬁ(wo,mo) < Vyv(wo, mo). Fix any nonzero g € (Vltv(wo,mo),vvjv(wo,mo)), and any € > 0. Consider the
function,

2 2 2,2
4mg 4K*07m§

1 1
p(w,m) := v(wo, mo) + g <1 + — + ) (w—wp) — —(w 7w0)2 - —(m- mo)z.
eqwo eqwo 2e 2e

Then ¢ is quadratic and concave in (w,m), and then clearly (wo,mg) is a local maximum of v — ¢, with v(wg, mg) =
4mc2) + 4K20'%mg
equwg equwg

@(wo, mo), pw(wo,mo) = g (1 + ) Pwm = 0, and Yuw(wo,m0) = Pmm(wo,mo) = —1. By the

viscosity subsolution property of v, and suboptimality,

0 > F(wo,mo,, De, D*p)

am2  AK202m2
= max{ — r1v(wo, mo) +maxsup{ |:r0w0 — o (i _ 1):| q (1 + Amp + el A}
o B oy,

eqwo equo

1 1 1
+ -mg - (—g) + Bom3 -0+ 5,320202771(2) . (—g) + n(eH,a)} ,

2 2 2
_q<1+4“%+”wa> _1}
equwo equo

2 2.2 .2 2 2.2 .2
4mg 4K ULm0> _mg K=o1mg

— — ——=— + k(ey,oL).

> —r1v(wo, mo) + rowoq | 1+
2e 2e

equwo equo

Rearranging the above, we will have,

2 1 2 2 2 1
0 > —eriv(wo, mo) + erowoq + ex(em,or) + mg | 4ro — 5 + K°oimg ( 4ro — 5 )

Take € | 0, then the above implies,
2 1 2 2 2 1
0> mg 47"0—5 + K ormj 47‘0—5 ,

— contradiction, as we recall o € (0,1). Thus, we have Vv(w, mo) > Vv(w,mo) for w € Ty.

Step 2. Now, it remains to show Viv(w, mg) < Vyv(w, mg). But since for each mg € Iy, v(w, mo) is concave
in the w-direction, by again standard results from convex analysis (see Rackafellar (I970)), the desired inequality
Viv(w, mo) < Vypv(w, mp) immediately holds.

Step 8. By Step 1 and 2, we have that va(w, mo) = Vpv(w, mgo) = vw(w, mo). But furthermore, since we have
concavity in the w-direction and also continuity, this implies vy, (w,mg) is also continuous. Thus, we have C! in the

w-direction. O

Now, we give a C? regularity upgrade.
Proposition E.14. Define the sets,
2 :={(w,m) €T : vy(w,m) = -1}, (E.38)
% =T\ 9. (E.39)
Then,

1. v is C? in the w-direction on € U 2°.

2. In the classical C? solution sense, we have,
— r1v + maxsup (Zexv)(y -5 0,8) +k(em,0)] =0, on®. (E.40)
B
Proof of Proposition [E-I4. Part 1. Tt is clear that v is C? in the w-direction on 2°. That is, for (w,m) € 2°, we
have vy (w,m) = —1. Note that by Proposition ET3, the expression v, (w,m) makes sense. But moreover, since

the right hand side of vy (w, m) = —1 is a constant, which is trivially differentiable in the w-direction, and so it also

implies vy (w, m) is trivially C!, and so v is C? in the w-direction.
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It remains to prove that v is C2 in the w-direction on .

Part 2. Let’s first show that v is a viscosity solution to,

— r1v(w, m) + maxsup [(ZLeyv)(w, m; 0, 8) + k(eg,0)] =0, (w,m) € F. (E.41)
7 B

Viscosity supersolution. Indeed, let (,7m) € € and ¢ be a C? function on % such that (,7) is a local minimum
of v — ¢ with v(w,m) = ¢(w, 7). But that means by first order conditions, and again recalling Proposition EI3, it
implies we have 0 = 8%(11 — ) (i, m); so in particular, we have that for (1,m) € €, wuw (W, M) = vy (W, M) < —1.

And thus from the viscosity supersolution property of v from Proposition EZT, we have,

77.1‘/’(11)7 m) + max sup [(gﬁH ’U)(if), m;o, IB) + H(6H7 U)] > 0.
7 B

This shows the desired viscosity supersolution property.

Viscosity subsolution. The subsolution property is immediate by the fact v is (at least) a viscosity subsolution to
(I3), as given by Proposition ECTI. Thus, v is also a viscosity solution to (EZ).

Now, fix any arbitrarily bounded set O C €. Consider the nonlinear Dirichlet boundary value problem,

—r1€§ + max sgp (Zen&)(,-; 0,8)+k(em,0)] =0, onO, (E.42a)
&=wv, on00. (E.42b)

In particular, we see that for any a = (a1,a2) € R2, we have that by extracting out the coefficients to the second

order derivative and cross derivative terms of ¢ in (EZd), and for any 3,0 in the admissible choice set,

5202m2a% + 2,307712(11(12 + m2a§ > ézaimza% + 2Bormaias +m2a§
> C(a? + 2a1a2 + a3)
= Cllally,
where the constant C := min{8%062m?, 280, m, m?} > 0 and |||, is the standard R? Euclidean norm. In particular,
this shows PDE (EZ2) is uniformly elliptic (see Remark E-TH) with Dirichlet boundary data. Thus, standard classical

existence and uniqueness results are available (see Evans (I983), Fleming and Soney (2006), and Exvand (2010)). Hence,
a unique C? solution ¢ on O to (EZ2) exists. But from the standard uniqueness results of viscosity solution to (EZJ),

this implies we have v = £ on O. From the arbitrariness of O, this proves that v is C2 smooth on T'. O

Remark E.15. We can now see the significance of the IR constraint in Definition BX(IH). If in contrast, we do not
have the requirement that M; > m, so that the state space in question is (w,m) € (0,00) X (0,00) rather than
(0,00) x (m, 00), then there does not exist a strictly positive constant C for which flo?mta? +2B8om2aias +m2a3 >
C'|al|y can hold, in which case the PDE is known as being degenerate. The essential problem is that when m = 0,

the nature of the state variable dynamics significantly changes (i.e. from being fully stochastic to fully deterministic).

See also Figure B for an illustration of the state space I'. And also see Figure B for an illustration, for each fixed

m € I'z, the value function w — v(w, m).

Remark E.16. The set 2 of (EZ38) is the payment condition and % is the continuation region (i.e. no payment

condition).

Remark E.17. Proposition ECIA shows that in the continuation region ¢, the value function v is C? smooth in both
(w,m). Together with the concavity of the value function in the w-direction from Proposition ETJ, it implies that in
(EZM), when we optimize over the volatility o choice and the sensitivity B choice, we can use the usual first order
conditions to uniquely characterize them. Thus, Proposition EJl and Proposition ET4 show that the discussions in

Section B are on meaningful grounds.

E.5 Free boundary

We first introduce the free (moving) boundary,

0" :={(W(m),m) :meTy}, (E.43)
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where W is the map from I'j; to 'y, defined by,
W(m) :=sup{w € T'w : vw(w,m) = =1}, m ey (E.44)

Through a rather technical and elaborate argument similar to Soner and Shreve (9%89), one can show that W is finite
and indeed twice continuously differentiable. We omit the proof here, but the argument should follow, in spirit and
actuality, from Sonerand Shrevd ([9RY).

Then we can have a further regularity upgrade of our earlier results. Note that for each m € I'j;, we can partition
Tw = (R,00) = (R, W(m)) U[W (m), 00). Moreover, note that the set (R, W(m)) x T'ps = ¥, by construction. Define
the function V on T" as follows. For each m € I'p;, define,

V(w, m) (E.45)

)
)s )+”(€H70H)] w € [W(m), 0).
(E.46)

%maxg supg [(Zeyv)(w, m; 0, ) + s(em,o)], we (R, W(m
W(m) —w + % [ roW(m) + ¢ (7 - ) + 2m2vmm (W (m

o

In particular, we have simply taken the value function v, and extracted out the dynamics in the continuation region ¢
as in Proposition ETT4(EZD), and then on the payment condition region, linearly extrapolated the value at the slope
—1. By the smoothness of W, we have that V is also a viscosity solution to the HJB PDE (Z3). By uniqueness of
viscosity solutions, this implies that V = v on T, but we note that V is C? in the w-direction on Iy .

In particular, when we evaluate w = W (m) for any m € I'js from (EZB), we obtain,

V(W (m), m) = % {froW( )+ bo (f - 1) + ;m i (W (m), m) + Ii(eH,O'H)] , meTy.  (BA7)

But recalling the terminal condition V' = v = L on 9T, and in particular if we take m — m in (EZQ), we have,

L= [—mmm) + 6 (Z - 1) 5 0 (W (m), m) + (e, oH>] . (E.48)

But if we view the (moving) free boundary m + W (m) as the object of interest, then (EZJ) identifies the nonlinear
ODE
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