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Introduction

In the last years the theory of irreversible investment under uncertainty has received
much attention in Economics as well as in Mathematics (see, for example, the extensive
review in Dixit and Pindyck [28]). From the mathematical point of view optimal irreversible
investment problems under uncertainty are singular stochastic control problems. In fact
the economic constraint that does not allow disinvestment may be modeled as a ‘monotone
follower’ problem; that is a problem in which investment strategies are given by nondecreasing
stochastic processes, not necessarily absolutely continuous with respect to the Lebesgue
measure as functions of time. Work on ‘monotone follower’ problems and their application to
Economics started with the pioneering papers by Karatzas, Karatzas and Shreve, El Karoui
and Karatzas (cf. [40], [42] and [32]), among others. These Authors studied the problem of
optimally minimizing a convex cost (or of optimally maximizing a concave profit) functional
when the production capacity is a Brownian motion tracked by a nondecreasing process, i.e.
the monotone follower. They showed that any such control problem is connected to a suitable
optimal stopping problem whose value function v is the derivative of the value function V' of
the control problem; moreover, the optimal control v, defines an optimal stopping time 7* in a
very simple way through the formula 7* := inf{¢t € [0, 7] : v,(¢) > 0} AT. Later on, this kind
of link has been established also for more complicated dynamics of the controlled diffusion;
that is the case, for example, of a Geometric Brownian motion [2], or of a quite general
controlled Ito diffusion (see [13] and [20]|, among others). More recently, Boetius [14], and

Karatzas and Wang [47] showed that such connection holds in the case of bounded variation
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singular stochastic control problems as well; the value function of the control problem V'
satisfies %V = v, where v is the saddle point of a suitable Dynkin game, that is a zero-sum
optimal stopping game.

The link between irreversible investment problems and optimal stopping is also relevant
in Economics. In fact a firm operating in a market with uncertainty not only has to decide
how to invest but also when to invest. The optimal timing problem is then related to option
theory, since it may be viewed as a ‘real option’, an option whose strike price is the cost of
investment. Tt follows that exercising a real option means to invest properly at an optimal
time.

Usually (see Kobila [48]|, Chiarolla and Haussmann [18] and [20], Riedel and Su [59],
Oksendal [53] and Pham [55] among others) the optimal investment policy consists in waiting
until the marginal expected future profit is below the marginal cost of investment; on the
other hand, the times at which the future marginal expected profit equals the marginal cost
of investment are optimal times to invest. Such simple policy is traditionally known in the
economic literature as the ‘Net Present Value’ method. It follows that from the mathematical
point of view one must find the region in which it is profitable to invest immediately (the
so called ‘action region’) and the region in which it is optimal to wait (the so called ‘no
action region’). The boundary between these two regions is the free boundary of the optimal
stopping problem naturally associated to the singular control one. The optimal investment
is then the least effort to keep the controlled process inside the closure of the ‘no-action’
region, i.e. it is the local time of the optimal controlled diffusion at the free boundary.

The investment problem becomes even harder if one takes into account the fact that
the available resources in which to invest may be limited. The problem turns into a ‘finite
fuel’ singular stochastic control problem: the total amount of effort (fuel) available to the
controller (for example the firm’s manager) is limited. The mathematical literature on this
field started in 1966 with Bather and Chernoff ([8] and [9]) in the context of controlling the

motion of a spaceship. Finite fuel monotone follower problems were then studied by Benes,
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Shepp and Witsenhausen in 1980 [10]. In 1985 Chow, Menaldi and Robin [26], by a PDE
approach, and Karatzas [43], by purely probabilistic arguments, showed that the optimal
policy of a ‘monotone follower’ problem with constant finite fuel consists in following the
unconstrained optimal policy until there is some fuel to spend. Much more difficult is the
case of a finite fuel specified by a deterministic or stochastic time-dependent process. In 2005
Bank [7], without relying on any Markovian assumption, proved a suitable generalization of
the optimal policy proposed by Karatzas [43] when the finite fuel is a stochastic, increasing,
adapted process 0(t). The Author characterized the optimal policy of a cost minimization
problem as the unique process satisfying some first order conditions for optimality ([7],
Theorem 1): the optimal control should be exercised only when its impact on future costs
is maximal; on the other hand, when the cost functional’s subgradient tends to decrease,
then all the available fuel must be used. More in detail, if S(v) is the Snell envelope of the
total cost functional’s subgradient V,C(v) (i.e. S(v)(t) := essinfi<,<r E{V,C(v)(T)|F:}),
and M(v)+ A(v) is its Doob-Meyer decomposition, then Bank |7] proved that v* is optimal
if and only if
(i) wv. is flat off {V,C(v.) = S(vi)}
(ii) A(v.) is flat off {v. = 0}. W
Moreover the Author constructed the optimal control v, in terms of the ‘base capacity’
process, a desirable value of capacity. Mathematically such process is the unique optional
solution of the Bank-El Karoui representation problem [6].
The Bank-El Karoui Representation Theorem allows to write an optional process Y =
{Y(t),t € [0,T]} as an optional projection of the form
T
Y (t) = E{/ f(s, sup &(v))ds )}_t}, t € 0,7], (2)
¢ t<v<s
where f = f(¢,€) is a prescribed function, strictly decreasing in &, and {£(¢),t € [0,T]} is
a progressively measurable process to be found. It was shown in [6] that the representation

problem (2) is closely linked to the solution of stochastic optimization problems as contin-
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uous time dynamic allocation problems with a limited amount of effort to spend on a fixed
number of projects (e.g., cf. [31]), or the optimal consumption choice problem in a general
semimartingale setting with Hindy-Huang-Kreps utility functional (cf. [3]).

The optimal stochastic, irreversible investment problem of a firm can also be involved
into more complex problems as, for example, the existence of the General Equilibrium in
a given economy. Roughly speaking, a market is in (intertemporal) equilibrium if prices
(of labour, money, goods and financial instruments) vary over the time so that the firm’s
manager can maximize the profits of his company, the agents can optimize their utilities,
and still ‘market-clearing’ conditions hold, i.e. there is a ‘balance’ between supply forces
and demand forces. The mathematical treatment of such problem has been widely tackled
in several classic papers like [27], [29], [35], [45], [51]. Also the economic literature is quite
rich of models (usually in discrete time) which study the equilibrium problem for open and
closed economies, cf. [49] and [52] among others. In [17] Chiarolla and Haussmann studied
the equilibrium problem for a stochastic economy with consumption, wages and irreversible
investment, whereas in [22]| money, supplied by the government, was also considered. For
an equilibrium model with irreversible investment simpler then that of [22], Paulsen [54]
analyzed money market returns and reached some interesting economic conclusions.

In this Thesis we treat continuous time, stochastic, irreversible investment problems with
both limited and unlimited resources. We develop a new approach based on first order con-
ditions for optimality which correspond to a stochastic, infinite-dimensional analogue of the
Kuhn-Tucker conditions of real analysis. Our approach is based on the identification of
investment plans with the cumulative distribution of optional random measures on [0, 7.
It does apply to very general semimartingale settings and not only to Markovian models;
therefore it may be seen as a non-Markovian substitute of the dynamic programming ap-
proach. Moreover, as we show in Chapter 2, when the state process is a diffusion, then the
dynamic programming method applies and our approach allows to obtain further regularity

of the free boundary and a new characterization of it.
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In Chapter 1 we study the Social Planner problem for a market with N firms in which
the total investment is bounded by a stochastic, time-dependent finite fuel (¢), that is
SV, (1) < 0(t) P-a.s. for all t € [0,T]. The Social Planner’s objective is to pursue a
vector of efficient irreversible investment processes v, € RY that maximizes the aggregate

expected profit, net of investment cost, i.e.

N

T
Sup ZE{/ o) R(")(X(t),u(i)(t))dt—/ e—é(t)dy(i)(t) }
0 [0,T)

YL, v W< o

Notice that the production function R® of firm 4, i = 1,2,..., N, depends directly on the
cumulative control exercised since in this problem we do not allow dynamics for the pro-
duction capacity. As in [48] and [59], the uncertain status of the economy is modeled by an
exogeneous economic shock {X(t),¢ € [0,T]}. The application of a version of Komlos’ theo-
rem for optional random measures (cf. [39]) allows us to prove existence and uniqueness of
optimal irreversible investement policies. Then we use the concavity of the profit functional
to characterize the optimal Social Planner policy as the unique solution of stochastic Kuhn-
Tucker conditions. The Lagrange multiplier takes the form of a nonnegative optional random
measure on [0, 7] whose support is the set of times for which the constraint is binding, i.e.
all the fuel is spent. Hence, as a subproduct we obtain an enlightening interpretation of the
first order conditions that Bank in |7] proved for a single firm optimal investment problem.
Infact, condition (1)-(ii) may be interpreted as the Lagrange multiplier acting only when
the constraint is binding; this is due to the identification of the Lagrange multiplier optional
measure with the increment of the compensator in the Doob-Meyer decomposition of the
net profit’s supergradient at optimum.

Moreover, our generalized stochastic Kuhn-Tucker approach allows the explicit calcula-
tion of the Social Planner optimal investment strategy when the N firms have the same
instantaneous production function (symmetric case) and, more interesting, in the case of
Cobb-Douglas production functions with a different parameter for each firm. The Social

Planner optimal policy is given in terms of the ‘base capacity’ process, i.e. the unique
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solution of Bank-El Karoui’s Representation Problem [6].

Chapter 1 is organized as follows: in Section 1.1 we present the model. The generalized
stochastic Kuhn-Tucker conditions for the Social Planner problem are introduced in Section
1.2. In Section 1.3 we test our approach on some ‘finite-fuel’ problems from the literature
(cf. [7], [10], [48]) and we solve some N-firms Social Planner optimization problems.

In Chapter 2 we assume that the capacity is a diffusion process controlled by a nonde-
creasing process v/(t) representing the cumulative investment (as in Chiarolla and Haussmann

[20] but without leisure, wages and scrap value), i.e.
dC¥(t) = C* (t)[—po(t)dt + oc(t)dW ()] + fo(t)dv(t), t€[0,T),
cvr(0) =y > 0.

Here we allow for unlimited resources, i.e. 6(t) = +oo. The firm’s optimal investment

problem is

sup E{ /T o~ Jo nr(s)ds R(CY"(t))dt — / e o ”F(S)dsdy(t)}.
v 0 [0,7)

In [20] the Authors proved the existence of the optimal investment process 7. As expected,
the optimal time to invest 7% was the solution of the associated optimal stopping problem.
In particular, under constant coefficients and a Cobb-Douglas production function, they
obtained a variational formulation for the optimal stopping problem, i.e. a free boundary
problem. In order to characterize the moving boundary () through an integral equation,
the Authors proved the left-continuity of g(¢) and assumed its right-continuity (cf. [20],
Assumption-|Cfb|) since continuity of the free boundary was needed to prove the smooth
fit property. Rather than trying to generalize the variational approach to the case of time-
dependent coefficients, we characterize the free boundary by exploiting the Bank-El Karoui
Representation Theorem (cf. [6]). In fact, by using the results in [6], Riedel and Su [59] in
their irreversible investment problem with deterministic capacity and profit rate influenced

by a stochastic parameter process, proved that invest just enough to keep the production

capacity above a certain lower bound (their ‘base capacity’) is the optimal investment strat-
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egy. That means the optimal policy acts like the optimal control of the original monotone
follower problem (e.g., cf. [40] and [42]) or, more generally, irreversible investment problems
(cf. [2] and [20]). Hence in Chapter 2 we prove that the ‘base capacity’ and the free boundary
arising in singular stochastic control problems are linked. That is done by identifying the
‘base capacity’ [*(t) of our irreversible investment problem with ¢(¢). As a subproduct, in
the case of constant coefficients and of a Cobb-Douglas production function, we obtain the
right-continuity of the free boundary, whereas the variational approach did not lead to it in
[20]. We start by proving some first order conditions for optimality. Then we obtain [*(¥)
as the unique solution of a representation problem in the spirit of Bank and El Karoui [6].
Hence we characterize the optimal solution of the investment problem in terms of [*(¢) by the
first order conditions for optimality. In particular, we prove that the ‘base capacity’ I*(t) is
deterministic and coincides with the free boundary §(t) of the original irreversible investment
problem when the coefficients of the controlled diffusion and the manager’s discount factor
are deterministic. It turns out that the representation problem for [*(¢) provides an integral
equation for the free boundary which might be solved numerically by backward induction.

Notice that when 7" = 400 we are able to find the explicit form of the free boundary
which we show to coincide with that obtained in [55] by H. Pham via a viscosity solution
approach.

Chapter 2 is organized as follows. In Section 2.1 we introduce the optimal investment
problem, whereas in Section 2.2 we derive the first order conditions for optimality. In Section
2.3 we obtain the optimal production capacity. Under Markovian assumptions, in Section
2.4 we show that [*(¢) is deterministic and coincides with y(¢). Section 2.5 is devoted to
the analysis of the Cobb-Douglas case with infinite time horizon. In Section 2.6 we recall
the variational approach of Chiarolla and Haussmann [20] and we generalize some of their
results to the case of deterministic, time-dependent coefficients. Such results are needed in
Section 2.4.

In Chapter 3 we embed the firm’s optimal irreversible investment problem into a stochas-
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tic continuous time economy on a finite time interval as it was done in [22]. The economy of
[22] consists of a single perishable good producing firm which has to decide on cash holdings,
levels of employment and investment for capacity expansion; rational agents that maximize
their total expected utility of consumption, money holding and leisure, some of them are
employed by the firm to facilitate capacity expansion and some who are retired or on wel-
fare. Moreover, all the agents partecipate in a financial market consisting of a nominal
bond, a real bond (i.e. valued in real terms), another type of contract, called derivative, and
stocks of the firm. The shares’ owner receives dividends. The firm produces a single kind
of perishable consumption good and to do that it employs labour, borrows capital for its
daily business, and sells shares to raise capital for capacity expansion. The agents and the
firm’s manager take the market parameters (e.g. the real interest rate, the wage process, the
nominal interest rate, the real dividend process...) as given, but their ‘optimal’ value has to
be characterized at equilibrium by some stochastic first order conditions (‘market-clearing’
conditions).

Rather than taking an exogeneous discount factor of the firm’s manager we assume that
it is the deflator of the economy. It was shown in [22]| that this leads to a very difficult
random fixed point for the deflator, the nominal interest rate and the wage process. We
study the existence of a solution to such fixed point problem. In the simpler case of no
leisure and no money, the deflator may be thought as an element of the Skorohod space of
cadlag processes endowed with the Meyer-Zheng topology (cf. [50] and Appendix A for a
brief introduction on such topology). Then, under some reasonable assumptions, we are able
to prove the continuity of the random operator arising in the fixed point problem and the
compactness of its domain. Hence an application of Schauder Theorem (see, for example,
[61]) guarantees the existence of an equilibrium deflator.

Finally, in the Conclusions we discuss some possible developments of the research and

open problems.



Chapter 1

Generalized Kuhn-Tucker Conditions for
N-Firms Stochastic Irreversible
Investment under Limited Resources

In this Chapter we study a continuous time, optimal stochastic investment problem with
limited resources in a market with N firms. The investment processes are subject to a time-
dependent stochastic constraint. Rather than using a dynamic programming approach, we
exploit the concavity of the profit functional to derive some necessary and sufficient first
order conditions for the corresponding Social Planner optimal policy. Our conditions are a
stochastic infinite-dimensional generalization of the Kuhn-Tucker Theorem. As a subproduct
we obtain an enlightening interpretation of the first order conditions in Bank [7| for a single
firm.

In the infinite-horizon case with Cobb-Douglas production functions our method allows
the explicit calculation of the optimal policy in terms of the ‘base capacity’ process, i.e. the

unique solution of the Bank and El Karoui representation problem [6].

1.1 The Model

We consider a market with N firms on a time horizon T' < +oc. Let (Q, F, {Ft}cjo71: P)

be a complete filtered probability space with the filtration {F;,t € [0,7T]} satisfying the
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usual conditions. The cumulative irreversible investment of firm i, i = 1,2, ..., N, denoted by
v (t), is an adapted process, nondecreasing, left-continuous, finite a.s. s.t. v®(0) =y > 0.

The firms are financed entirely by equities but we focus primarily on the irreversibility of
investments and do not model precisely the rest of the economy. It is reasonable to assume
that the firms cannot invest in technologies or primary resources as much as they like. In
fact, we assume that the total amount of technologies and available primary resources in
the market is a finite quantity 6(t), at each time ¢, depending on the status of the economy.

That is,
N

> VO <o(t), P—as., for tel0,T). (1.1)

The stochastic time-dependent constraint {6(¢),t € [0,7]} is the cumulative amount of
resources extracted or technologies produced up to time ¢. It is a nonnegative and increasing
adapted process with left-continuous paths, which starts at time zero from 6(0) = 6, > 0.

We assume

E{0(T)} < +oo. (1.2)

We denote by Sy the nonempty set of admissible investment plans, i.e.

S = {v:Qx[0,7T]— Rf, nondecreasing, left-continuous, adapted process s.t.

N
v@(0) =y, P—as, i=12..,N, and > () <6(t), P—as. Vt € [0,T]}.
=1

Let {X(¢),t € [0,T]} be some exogenous real-valued state variable progressively measur-
able with respect to F;. It may be regarded as an economic shock, reflecting the changes in
technological ouput, demand and macroeconomic conditions which have direct or indirect
effect on the firm’s profit. At the moment we do not make any Markovian assumption.

We work in a moneyless world and so all the quantities are measured in units of capital
goods. That implies that the unitary price of the investment is set identically equal to one.
We take the point of view of a fictitious Social Planner aiming to maximize the aggregate

expected profit, net of investment costs, Jsp(v) (see equation (1.5) below). We denote by
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d(t) the Social Planner discount factor. J(t) is a nonnegative, optional process, bounded

uniformly in (w,t) € Q x [0, 7]. Assumption (1.2) ensures

E{/ e ) dy@(t)} < +o0, i=1,2,..,N, (1.3)
[0.7)

i.e. the investment plan’s expected net present value of firm ¢ is finite.

The production function of firm 4, i = 1,2,..., N, is R% : R x R, — R,. At time ¢, when
firm i investment is v (¢), R® (X(t),v"(t)) represents the amount of goods produced by
firm ¢ under the shock process X (t).

The Social Planner problem is

Vsp = sup Jsp(v), (1.4)
VvESy
where
N .
Tsp(v) = Fi@) (1.5)
=1

and, for7:=1,2,..., N,

Ji(v®) :E{ / Te—5<t> RO(X (), v D(t))dt — /

e W dy D (¢) } (1.6)
0 [0,T)

Notice that J;(v(?) is the expected total profit, net of investment costs, of firm i when the
Social Planner picks v € Sg.

The production functions satisfy the following concavity and regularity assumptions.

Assumption 1.1.1.

1. For everyx € R andi = 1,2,..., N, the mapping y — R (x,y) is increasing, strictly
concave, with continuous decreasing partial derivative Rg)(x,y) satisfying the Inada
conditions

lim RY (z,y) = oo, lim R (z,y) = 0.
y—0 Y Y

Y—00
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2. RU (X(w, t),v® (w,t)) is dP ® dt-integrable, fori=1,2,...,N.

3. The process

(w,t) — sup RO(X (w, ), (w, 1))

v (w,t) : vESy
15 dP ® dt-integrable, for1=1,2,...,N.
Under (1.2) and Assumption 1.1.1 the net profit J;(vV) is well definite and finite for all
admissible plans.
In the next Section we show how to handle constraint (1.1) in order to find the solution

to Social Planner problem (1.4).

1.2 A Stochastic Kuhn-Tucker Approach

In this Section we aim to find an optimal investment plan by means of a gradient ap-
proach. As in |59], proof of Theorem 2.6, by applying a suitable version of Komlos’ Theorem
for optional random measures (cf. [39], Lemma 3.5), we obtain existence and uniqueness of
a solution to problem (1.4). Komlos’ Theorem states that a sequence of random variables
(Zn)nen upper-bounded in expectation, has a subsequence (Z,, )reny which converges in the
Cesaro sense to some random variable Z. The limit identified by Komlos’ Theorem turns

out to be the optimal investment strategy.

Theorem 1.2.1. Under (1.2) and Assumption 1.1.1, there exists a unique optimal vector of

irreversible investment plans v, € Sy for problem (1.4).

Proof. Let v € Sy and denote by H the space of optional measures on [0,7]. Then, the
investment strategies (Y may be regarded as elements of H, hence Sy C HY.

Let (v,,)nen be a maximizing sequence of investment plans in Sy, i.e. a sequence such
that 7}1—{20 Jsp(v,) = Vsp. By (1.2) we have that the sequence (E{Vﬁi)(T)})neN is bounded
for i = 1,2,..., N; in fact, E{u,(f)(T)} < E{0(T)} < oo. By a version of Komlos’ Theorem

for optional measures, there exists a subsequence (2,,),en that converges weakly a.s. in the
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Cesaro sense to some random vector v, € HV. That is, for i = 1,2,..., N, we have, almost

surely,

IOt Z D(t), as n— oo, (1.7)

Notice that ©,, € Sy for all n implies that also the Cesaro sequence zn belongs to Sy due to

the convexity of Sp, hence SN I ( ) < 0(t), for n € N. It follows that, almost surely,

> () <o), (1.8)

which means v, € Sy.
Since (w(f))neN is a maximizing sequence so is (f,(f))neN by concavity of the profit func-

tional. Then Jensen inequality and the dominated convergence theorem yield

Tsp(v,) > lim —ZJSP = Vsp. (1.9)

n—oo M

Finally, uniqueness follows from the strict concavity of the Social Planner profit functional.

]

We now aim to characterize the Social Planner optimal policy as the unique solution
of a set of first order generalized stochastic Kuhn-Tucker conditions. Notice that the strict

concave functionals 7;, i = 1,2, ..., N, admit the supergradient

T

Vyﬂ(y(i))(t) = E{ / e 90 R?(f)(X(s), l/(i)(s)) ds ’ Fi } — e_‘s(t)]l{KT} (1.10)
t

for ¢ € [0,T7.

Remark 1.2.2. The quantity Vyjl-(y(i))(t), 1 =1,2,..., N, may be interpreted as the marginal

expected profit resulting from an additional infinitesimal investment at time t when the in-

vestment plan is V9. Mathematically, Vyj,-(l/(i)) s the Riesz representation of the profit

gradient at vV . More precisely, define Vyjl-(y(i)) as the optional projection of the progres-

stvely measurable process

T
D, (w, t) ::/ e~0ws) Réi)(X(w,s),V(i)(w,s))ds — e @y, (1.11)
t
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forw € Q, andt € [0,T]. Hence V,J;(v?) is uniquely determined up to P-indistinguishability
and it holds

IE{ Vyﬂ(y(i))(t)dy(i)(t)} :E{ / (I)i(t)dy(i)(t)}
[0.T) [0,T)
for all admissible v (t) (cf. Theorem 1.33 in [36]).

1.2.1 Generalized Stochastic Kuhn-Tucker Conditions

Let B[0,T] denote the Borel o-algebra on [0, T]. Recall that if 5(t) is a right-continuous,

adapted and nondecreasing process, then the bracket operator

(0.8) = E{ /[ al) w50 } (112)

is well defined (possibly infinite) for all processes a(t) which are nonnegative and Fr&B|0, T]-
measurable. Notice that the bracket is preserved when we pass from « to its optional

projection a(® (cf. [36], Theorem 1.33); that is

(@, 8) = (@), 8). (1.13)

Since the constraint is (t) — .1, v (t) > 0, P-as. for all t € [0, 7] (cf. (1.1)), we define

the Lagrangian functional of problem (1.4) as

L)) = Tspw)+ (0= v\

= iE{ /0 T80 RO (1), 00(0))dt — /[O o 5<t>du@>(t)} (1.14)
+1E{ /[0 R éu(“(t)]d)\(t) }

where dA(w, t) is a nonnegative optional measure, which may be interpreted as the Lagrange
multiplier of Social Planner problem (1.4). By using Fubini’s Theorem we write the bracket

(@ — 32N v \) in a more convenient form, that is
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0—3 v 2 = E{ /[OT) 0(t) — 3" v (1)]dA ) }

_ IE{ /{0 ; [ /[0 K8 —iildym(s))}dx(t) } + KET{ /[O ; dA(t)}
- E{ /M) [/[m d/\(s)] (dO(t) — ﬁ;dy(i)(t)) } + K]E{ /[O,T) d/\(t)},

where K := 6, — 3.7 4@ =0(0) — S, v®(0). Hence

N T
_ ZE{ / =50 RO(X (1), 1D (1)) dt — / e5<t>dy<l’>(t)}
, 0 [0,T)

{ /m) M’T) d)\(s)] (do(t) — iildy(i)(t)) } + KIE{ /[O’T) d)\(t)}.

As done in [3] for an intertemporal utility maximization problem under uncertainty with

+
=

Hindy, Huang and Kreps preferences, we now obtain stochastic Kuhn-Tucker conditions for

optimality.

Theorem 1.2.3. Under (1.2) and Assumption 1.1.1, an admissible investment vector v, is
the unique solution of the Social Planner problem (1.4) if there exists a nonnegative Lagrange
multiplier measure d\(w,t) such that E{ f[(),T) dA\(t)} < oo, and the following generalized
stochastic Kuhn-Tucker conditions hold true fori1=1,2,.... N

( VykZ(V’gi))(t) < E{ / dA(s) ]—"t}7 P—a.s., Vt €[0,7),
)

A) ) V,04)(e) - B /[ e

\ E{ /[O’T)[Q(t) -y Vf)(t)]d/\(t)} =0.

=1

]—“t}} dyii)(t) =0, P-as, (1.15)
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Proof. Let v, satisfy the first order Kuhn-Tucker conditions (1.15) and let v be an arbitrary

admissible plan. By concavity of R (x,-), i =1,2,..., N, and Fubini’s Theorem we have

Jsp(v,) — Tsp(v) =

v

Now (1.15) implies

Tsp(v,) — Tsp(v)

N

> E{ / " TORO(X (1), W0(1)) — RO(X (1), 9(6))

0

Y

}}} (v

* —~
~
~

—~
~

~—
<
—~
~
~

—~
~+

~—

~—
N——
~~

—
—_
~

~—

E;E{ /[O’T) IE{ /w) dX(s)

(2

_ ;E{ /[0 ,T)[ /[t I)d)\(s)}d(%(f)(t)—V(i)(t))}

and the nonnegativity of dA(t), the admissibility of v, and another application of Fubini’s

Theorem give

JIsp(v,) — Tsp(v) > ZE{
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where the last line follows from (1.15), third condition. O

Conditions (1.15) are also necessary for optimality under the assumption that
T .
w— Q(W,T)/ RY(X(w,t),0(w,T))dt is dP — integrable, i=1,2,...N. (1.18)
0

The proof is based on arguments similar to those used in the finite-dimensional Kuhn-Tucker

Theorem. Denote by T the set of all stopping times in [0, T], P-a.s., and notice that

v, i) (r) < E{ /[ ; dA(s)\fT},

for every 1 = 1,2, ..., N and for all 7 € 7. In fact, if not, then there would exist some 7 € T
such that Vyji(l/ii))(?) > E{f[F’T) d\(s)| >} which, togheter with the continuity of R’ and
the linearity of investment costs, would imply that a sufficiently small extra investment at
T is profitable and hence contradict the optimality of z/ff), 1=1,2,...,N.

In the next Lemma we show that under (1.18) the optimal policy v, solves the linearized

problem
N

sup ZE{ / @;(s)dwi)(s)} (1.19)
ZGSH i=1 [07T)
where @7 is the progressively measurable process associated to Vyj(yii)), 1= 1,2,..., N,

and defined in (1.11). Solutions of the linear problem will then be characterized by some

‘flat-off conditions’ in the second Lemma.
Lemma 1.2.4. Let v, be optimal for problem (1.4) and assume (1.18). Then it solves (1.19).

Proof. Let v be an admissible plan. For i = 1,2,..., N and ¢ € (0,1), set VD = e ¢
(1— )t and let ¢ be the progressively measurable process defined in (1.11) associated to
V.. 7 (). Then lim_ov!?(t) = vi7(t), P-as., as well as lim,_,o ®<() = ®*(¢), P-a.s., by

continuity of Rg(,i). Optimality of v,, concavity of y — R@(X(t),y) and Fubini’s Theorem,
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imply
1
0 > - (Tsp(v.) — Tsp(v,)]
1 & T
= - E{ / e "OIRO(X (1), () — RV(X (1), v (1)) ]dt
€= 0
—e/ eI (t) — v® (t))} (1.20)
[0,T)
N
> You{ [ e -0,
i=1 [0,T)
since e(v(® — ) =y — .

In order to prove that

N

2 [, #odn - 0} <0

i=1
we need to apply Fatou’s Lemma to conclude (by (1.20))

N N
}:E{/‘<w@d@@@—m9@ﬂ}gmmm E{/‘(w@d@m@%ﬂ&w»}SO
— 0,7 [0,T)

e—0
i= =1

To check the hypothesis of Fatou’s Lemma, we must find dP-integrable random variables,

Gi(w),i=1,2,...,N, such that

Immzéng@wwww@—ﬁmm»z@w,eemu

We write I] as

T
I = / e~ RO (X (£), v (£)) (v (8) — 1 ()t — /[ R ORI ORED
by Fubini’s Theorem. Then, from concavity of R (z,-) and
<vO(), on {t: @) — (1) >0},
v (t) (1.22)
> 0@, on {t: @) — () < 0}.



1.2 A Stochastic Kuhn-Tucker Approach 22

we obtain
o> / e ORDX (1), (1)) (0 (1) = v (1) 1100 (D

T
+ /0 o= 5(®) Réz)(X(t),y(z)(t))(,,(z)(t) — V§Z>(t))]l{m(.)@@(‘)}(t)dt

= v, T () d@O (1) — v (1)).
0.1)

Hence we define
Gilw) == / Y, T (w, (D (w, £) — v (w, ). (1.23)
[0,7)

Now (1.2), Assumption 1.1.1 and condition (1.18), imply the integrability of G;(w) since
Gi(w)| < ClB(w,T) + (1 +0(w,T)) Ji RD (X (w,1t),0(w, T))dt] with C a constant. 0

Lemma 1.2.5. Let f;, 1 =1,2,..., N, be optional processes and define

ps) = ma { £ (5), fif (5), e F5(5)} (1.24)

Then every solution U to the linear optimization problem

sup Z;E{ o fi(s) dl/(i)(s)} (1.25)

ZE‘SG i=

satisfies the ‘flat-off conditions’

E{ /[O,T) (fi(s) — pu(s)) dﬁ“)(s)} =0, i=1,2,...,N. (1.26)

Proof. Obviously

iE{ /m) u(s) dv(“(S)}. (1.27)

)

iE{ - fi(s) dy“)(s)} <

1=
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The equality holds if and only if v satisfies (1.26). In fact (1.26) implies the equality.
Conversely, if equality holds in (1.27), then S| E{ Jory (fils) — () dv(s)} = 0. Hence

(1.26) follows from the fact that the integrands are nonpositive. O

Remark 1.2.6. We point out that our stochastic Kuhn-Tucker approach may be generalized
to the case of investment processes also bounded from below by a stochastic process. In that
case the Lagrangian functional is defined in terms of two Lagrange multipliers, d)\(w,t) and

dAQ(w,t)

1.3 Applications of the Kuhn-Tucker Conditions

In this Section we test our approach on some ‘finite-fuel’ problems from the literature (cf.
[7] and [43], among others) and we solve a N-firms Social Planner optimization problem. In

the following examples we assume 6(t) = 0t, with § > 0, and T' = +oc.

1.3.1 The Finite Fuel Monotone Follower of Bank [7]

In the setting of Section 1.1, under (1.2) and Assumption 1.1.1, we take N = 1 and
T = 4o00. We set v := v =y R:= RV and J := J;. Notice that with

c(w, t,v(w,t)) = —e’étR(X(w,t), v(w,t)),
and instantaneous cost of investment
k(w,t) == —e

we fit into Bank’s model [7]. Recall that Bank’s optimal investment (cf. 7], Theorem 2) was
given by
vi(t) == sup (I(s) NO(s))Vy (1.28)

0<s<t

in terms of the ‘base capacity’ process [(t) (cf. [59] for this definition) which solves uniquely

the stochastic backward equation (cf. [6], Theorem 3)

IE{ /Tooe—ésRy(X(s), sup U(u)) ds

T<u<ls

J—“T} =7 VreT. (1.29)
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When [(t) is a continuous process we show the optimality of v, (t) by means of our Gener-
alized Kuhn-Tucker conditions; as a subproduct we obtain an enlightening interpretation of
the first order conditions stated in 7], Theorem 1, for a single firm optimal investment prob-
lem. Notice that continuity of {(¢) is guaranteed when the shock process X (¢) is continuous
as well, as in the case of a diffusion (cf. [59], Theorem 6.5).

Recall that the supergradient of the net profit functional is the unique optional process
given by

V,T(0)(t) = IE{ / TR, (X(s), v(5)) ds ‘]—}} — e, (1.30)
t

By Theorem 1.2.3 an investment plan v, () is optimal if

v, T (1)) < IE{ /too d)\(s)‘]-“t}, P—as., t>0, (1.31)

/OOO [Vyj(l/*)(t) - E{ /too dA(s)‘]—"t}] dv(t) =0, P—as., (1.32)

vi(t) < 0(t), P—as., ¥Vt >0, (1.33)

E{ / (0(t) — vi(t)) d/\(t)} =0, (1.34)
0
for some nonnegative optional random measure dA(w, t) such that E{ [ dA(s)} < +oc0.

Lemma 1.3.1. For all t > 0 such that v,(t) = 0(t) a.s., one has R, (X (t),0(t)) > a.s.

Proof. Lett > 0such that v,(t) = 0(t) a.s. Hencel(t) > 6(t) a.s. and therefore R, (X (¢),0(t)) >
R,(X(t),1(t)) a.s. due to the decreasing property of the mapping y — R,(X(¢),y). Recall

that the base capacity process [(t) was defined in [6], Theorem 1, as
I(t) = essszltnf lst, (1.35)

where the F;-measurable random variable [, is the unique solution of the equation

E}:E{e—ét_e—és

E{ / TRy (X (), Ly) du ]—“t}. (1.36)

t
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Hence for each stopping time 7 > ¢ by (1.36) we have

E{ /t e Ry (X (u),1(t)) du ‘]—“t} > E{ -

]—“t}, (1.37)

since y — R, (X (t),y) is decreasing.
Therefore if € > 0 and 7.(¢) := inf{u >t : R, (X (u),l(t)) > R, (X(t),l(t)) + €} we have

Fi}.

Te(t)
]E{ / e R, (X (u), I(t)) du ‘]—}} > JE{ =8t _ =0t
t

On the other hand, the definition of 7.(¢) implies

R

Therefore R, (X(t),l(t)) + ¢ > d. By taking ¢ — 0 we obtain R, (X(¢),[(t)) > 0, and hence
also R, (X(t),6(t)) > ¢ as. O

E{ /tnm e Ry (X (u), () du ‘J-}} < %(Ry (X(1),1(t)) + €)E { =8t _ g=ore(t)

Theorem 1.3.2. If the base capacity process [(t) has continuous paths, then v.(t) (cf. (1.28))
is optimal and the Lagrange multiplier dA(t) is absolutely continuous with respect to the

Lebesgue measure.

Proof. 1t sufficies to check the Generalized Kuhn-Tucker conditions (1.31) - (1.34) for v,(t).
Obviously v, (t) satisfies (1.33). Recall that the available resources process 6(t) is increasing

and left-continuous. To show (1.31) and (1.32), fix 7 € T, set 75 := 7, and recursively define

{ Ton = Inf{s > 79, 1 : I(s) < egsﬂ} (1.38)

Tont1 := inf{s > 1o, : {(s) > 0
with the convention inf{()} = +o0o0. Notice that time 79,41, n > 0, is a time of increase for
[(t). Then

v.(s) = 0(s) for s € (Tont1, Tonaal,
and

vi(s) = sup I(u) for s € (Tan, Tont1),
Ton <u<s
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by the continuity of [(t). Moreover we have I(s) < 6(s) for s € (7, 7], hence sup, ., (I(u) A O(u)) =

SUD, <y (1)

Recalling (1.28) and the previous considerations we have

B{ [t R (X6 as| 7 |
:E{ / U PR (X (5), ma(s))ds fT}
+§:]E{ /+ R (X (s), va(s))ds
SE{ / R (X (s), sup () AO(u))ds

T<u<s

+iﬂ3{ [ e nxe. sz

n=1

7

L} (1.39)

fT}?

where the equality holds if and only if 7 is a point of increase for v,. By definition of 7,

E{ /Tooe—ésRy(X(s),u*(s))ds fT}
SE{ /TT1 e R, (X(s), sup l(u))ds

Ton Ju<s

a Ton+1
—i—Z]E{ / e R, (X(s), sup I(u))ds
n=1 T2n

from (1.39) we get

fT} (1.40)

T<u<s
0 T2n
—i—ZE{ / e R, (X (s),0(s))ds fT}
n=1 Tan—1
o T2n+1
+Z]E{ / e R,(X(s), sup I(u))ds .FT}.
n—1 Ton Ton Ju<ls

Since 7 and all odd indexed stopping times are times of increase for the process [(t), hence

SUD, <5 [(u) = sup, <, [(u) for s > 7, and sup,, -, l(u) = sup,, . <, l(u) for s >

Ton+1. Therefore, from (1.40) the stochastic backward equation (1.29) implies

E{ /TOO e R,(X(s), vi(s))ds J—“T} = E{e“” —e ]—"T}

+i1@{ /Tjjnle-ész%y(X(s),e(s))ds ﬁ}
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+ Z E{ e 0mn _ o= 0T2n41 .7-}}

-MZE{ [ e 00 - djas |7}
=B { [T PIRO9.0) - G| |

Notice that the process e ™[R, (X (t),0(t)) — 0]1{,,—y (t) is nonnegative by Lemma 1.3.1 and

it is F; ® B([0, t])—measurable. Hence, we set,
dA(t) i= e [Ry(X(1),0(t)) — 8|1 .=y (t)dt (1.41)

and we show that it is the optional measure Lagrange multiplier. Let us start by showing

that dA(t) is an optional random measure on R, . That is, the continuous, increasing process

At) == /[O . dA(s) (1.42)

is adapted to the filtration {F;}¢>0. Assumption 1.1.1 and concavity of R in the second

argument, imply that

EA@)) = Ef [ e <s>,e<s>>—61ﬂ{u*:e}<s>ds}

[
{ e Ry (X (5), )1 (1. =0} (5) ds}
(U

e R, (X(s),0,) ds} (1.43)

IN
&=

< E
< E{/ sup R(X(s), v(s)) ds} < +oo.
0o 0 w(s)ESs
Hence A(t) is dP-integrable and e /[R,(X(t),0(t)) — ]1{.—g(t) is dP ® dt-integrable on
2 x R,. Therefore, by Fubini’s Theorem, the application w — A(w, t) is F;-measurable and
hence A is adapted. Then it is predictable since it is continuous.
It follows that (1.31) and (1.32) hold and hence the process (1.28) is optimal by Theorem
1.2.3. O
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Remark 1.3.3. The usual interpretation of the Lagrange multiplier as the shadow price of
the value function may be heuristically shown as follows. After an integration by parts on

the cost term, we may write the value function as

0<s<t 0<s<t

va:E{%fe%ﬂR@ww,wpu@)Am@»—ésmmnge@»}u}.

Now, if v.(t) = supgc,({(5) A 0(s)), then 1y, gy is the derivative (in some sense) of v,
with respect to 0. We thus expect that the ‘derivative’ of V' with respect to the constraint 0
is € R, (X (),0(t)) — 01,y (t), which is ezactly the density of the Lagrange multiplier

in the case of a continuous ‘base capacity’ (t).
Proposition 1.3.4. The process G(t) := E{A(c0) |F;} is a uniformly integrable martingale.

Proof. By Assumption 1.1.1 the random variable A(oo) (cf. (1.42)) is dP-integrable. Hence

the process G(t) is a uniformly integrable martingale. O

Proposition 1.3.5. The process

u@%_E{lmdM@

is a supermartingale of class (D) and G(t) — A(t) is its unique Doob-Meyer decomposition.

ft} “E{A(o) B} — A =G(t) —A()  (L44)

Proof. Recall (cf. proof of Theorem 1.3.2) that the process A(t) of (1.42) is increasing,
adapted, continuous and integrable. Then U(t) is dP-integrable. Moreover, being d\ non-
negative, for s < ¢ we have E{U(t) | Fs} < U(s), i.e. U(t) is a supermartingale. Assumption
1.1.1 guarantees that it belongs to class (D). Hence G(t) — A(t) is the unique Doob-Meyer
decomposition of the supermartingale ¢(¢) and therefore the process A(t) is the compensator

of U(t). O
If S(v) is the Snell envelope of the supergradient V,J (v), i.e.

S(v)(t) = esssup E{V,J (v)(7)|F:}, (1.45)

t<r<4o00
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then [7], Theorem 1, claims that the optimal investment plan v, is characterized by the
following conditions

{ v, is flat off {V,J (1) = S(v.)} (1.46)

A(v,) is flat off {v, = 60},
where A(v,) is the predictable increasing process in the Doob-Meyer decomposition of the
supermartingale S(v,). Moreover S(v,)(t) = E {A(c0) — A(t) | Fi} since V, T (v,)(00) = 0. If
(1.18) holds, then (1.46), (1.31) and (1.32) imply that

Ut) = S(v,)(t) (1.47)

at times of investment (when A(v,) and d\ are not flat). This argument allows an enlight-
ening interpretation of the increasing, predictable, integrable process A(t). In fact at times

of investment

Gt) — A(t) = ]E{ /:O dA(s) ‘]—}} = S() (1) = M(1)(t) — Alw.)(8), (1.48)

where M(v,) is the martingale process in the unique Doob-Meyer decomposition of S(v,).

By uniqueness

]E{ /Oood/\(s) ‘}"t}z/\/l(u*)(t) and  A(t) = A(w,)(t), (1.49)

hence

dA(v,)(t) = d\(t), P —as., Vi > 0. (1.50)

Therefore the second first order condition of (1.46) coincides with the Kuhn-Tucker condition
(1.34); that is the Lagrange multiplier acts only when the constraint is binding.

When [(t) is continuous, the explicit form of the Lagrange multiplier is known (cf. (1.41)),
hence the compensator A(v,)(t) is known as well. It follows that its paths are absolutely

continuous with respect to the Lebesgue measure and the Radon-Nykodym derivative of

AA(V.) (1) is e (R, (X (1), 0(1)) — 0] L,y (1)
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1.3.2 N Firms with Finite Fuel: the Symmetric Case

In the same setting of Section 1.1 with 7" = 400, we may start with studying the sym-
metric Social Planner problem, i.e. problem (1.4) when R (z,y) := R(z,y), i = 1,2, ..., N.
Moreover, suppose that the investment processes of the N firms have the same initial con-
ditions, i.e. »(0) =y, i = 1,2,..., N. Notice that in such case the supergradient processes

coincide for ¢ = 1,2, ..., N and are given by

V,Ji(v ) (t) = E{ /too e R, (X (s),(s)) ds ‘]-"t} —e 0 (1.51)

Moreover, recall that the ‘base capacity’ is defined as the optional process that uniquely

solves the backward stochastic differential equation (cf. [6])

]E{ / N e R,(X(s), sup I(u))ds

T<u<s

]—'T} =T, VreT. (1.52)
By Theorem (1.2.3) we may prove the following Proposition.

Proposition 1.3.6. Let the production functions be identical, the investment processes start
from the same level and the base capacity [(t) have continuous paths. Then, the unique

optimal solution for the Social Planner problem (1.4) is given by

- 0
Ot = sup () A D) vy, i=1,2, N,
0<u<t N

Moreover the Lagrange multiplier associated to problem (1.4) is absolutely continuous with

respect to the Lebesgue measure.

Proof. We are going only to sketch the proof, since it is very similar to that of Theorem
(1.3.2).

Obviously Zf\il e (t) < 0(t), a.s. forallt > 0. To prove the optimality of supg, ., (I(u)A

%)\/y we proceed as in the case of only one firm (see Section 1.3.1, proof of Theorem (1.2.3))

but with a base capacity given by NI(t). For 7 > 0 fixed, and n > 0, we may introduce the
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random times
TO=T

Tont1 := inf{s > 1, : Nl(s) > 0(s)} (1.53)
Tont2 = inf{s > 79,41 : Nl(s) < (s+)}

\ -

with the convention inf{()} = +o00. Notice that time 75,,1, n > 0, is a time of increase for the
process Nl(s). Following from now on the same considerations as in the proof of Theorem
1.3.2 (obviously by substituting the process {(t) with NI(t), or, equivalentely, 6(t) with %),
we may conclude that (1.15) are actually satisfied for a Lagrange multiplier optional measure
given by

dA(t) = e ' [R,(X (1), N"'0(t)) — 6]1 (s)ds. (1.54)

(2N, v=0}
u

Asymmetric Capital Levels

Since the results in this Section can be easily generalized, set N = 2 for sake of semplicity.
We now allow for some heterogeneity by considering that the two firms have the same
production functions but investment processes with different capital installed before the
starting time. We aim to prove that, as long as the levels of installed capital are not all the
same, only the ‘smallest firm’ (i.e. the firm with the smallest value of installed capital at the
beginning) will invest. This particular behavior of the investment policies has been already
discussed in [60].

Interpret the investment processes as including the respective initial capital; without loss
of generality we may set: v(0(0) = 41, v®(0) = y5 and y; > y,. Hence we shall refer to firm

2 as the smallest one.

Proposition 1.3.7. Suppose RV (z,y) = R (x,y), v (0) = y1, v@(0) =y, and y1 > ys.
Then, we have dl/il)(t) =0 as long as y, > ys + fot dl/,gz)(s).
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Proof. Let o be the first time at which firm 1 invests, and o5 the first time of investment for
firm 2. Suppose, by absurdum, that oy < o5 and let (Vil), V£2)) be the optimal solution for
the Social Planner problem (1.4). From the generalized stochastic Kuhn-Tucker first order
conditions in Theorem 1.3.2 we have at o,

IE{ / 026_55Ry(X(s),y£1)(3))ds‘]—"01}+E{ /U we—ésRy(X(s),u,E”(s))ds]Fal}

o1 2

— +]E{ /OO dA(s) ‘]—}1} (1.55)

o1

for firm 1 and

Bf [ eorxemds|zaf v B{ [Tt i)z, ]

g1 2
)

36‘5”1+E{/ dA(s)

since oy is not optimal for firm 2.

(1.56)

Notice that o is an optimal time for firm 2. Hence

]E{ /OO e Ry(X(s), P (s)) ds ‘]—"} — ]E{ g% /:o dA(s) ‘]—"01}. (1.57)

g2 2

On the other hand, time o5 is not optimal for firm 1

e{ [ n 006 a7, |

2

< E{ 702 4 /:O dA(s) ]fm} (1.58)

2

—ef [T rx ) s 7

where in the last equality we have used (1.57). Moreover, by hypothesis Vi”(t) > Y1 > 1Yo,

on o1 <t < ogy; hence concavity of R, (X(t),-) implies

6—501+E{ /:de(s) ‘}}1} - E{ /”e—ésRy (X(s), 1D (s)) ds’}"al}

1 o1

+IE{ /:o e R (X(s),vM(s)) ds ‘fm}

2

6_501+E{/ dA(s) ‘]—"01}

IN



1.3 Applications of the Kuhn-Tucker Conditions 33

< &l [" R0 i[5 )

o1

+E{ / °° ¢8R, (X(s), 12 (5)) ds fo—l}

- IE{ / dX(s) ‘J-}l}.
o1
It means that

]E{ / " e5sRy(X(s),y2)ds‘fgl}+E{ / Ooe55Ry(X(s),y£2)(s))ds‘]:gl}

g1 g2

=% —i—E{ / d\(s) ]:gl}

which is, obviously, a contraddiction since o; is not an optimal time for firm 2. O

IN

Proposition (1.3.7) states that the smallest firm will catch up before any other invests.
Once all firms are equally sized, they act identically as suggested by Proposition (1.3.6). If

we define
t
Ty = 1Inf{t > 0:y; =y —|—/ dv® (u)},
0
then the optimal investment couple (Vil)(t), 2 (t)) is given by

V"(})(t) =Y, le [077—?/1)
(1.59)

2 (t) = supgey<i(l(u) AO(u)), te€[0,7,)

and » ,
v (t)y =y V sup,., <uct(l(u) A %), t>7,

(1.60)

) (t) =y V sup,, <uct(l(u) A @)7 t>1,

The Social Planner leads only to the smallest firm to invest until its capital reaches the
value of the initial capital of the other firm at time 7,,. This means that until that time firm
2 behaves as a monopoly in a market with only one firm; after 7, the two firms behave in a
symmetric way (see Proposition 1.3.6 for further details). Notice that (1.60) is the version
of the ‘dynamic programming’ principle formulated in [7], Corollary 4.2: the base capacity
process [(t) may be used to describe optimal solutions not only when starting at time zero,

but actually for an arbitrary initial stopping time.
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1.3.3 N Firms: Finite Fuel and Cobb-Douglas Production

In the setting of Section 1.1 with 7" = 400 we consider the Social Planner optimal

investment problem (1.4) for a market with N firms endowed with Cobb-Douglas production
oz ylfoc
T 1-a;

L with a; € (0,1),i=1,2,..., N.

functions, i.e. R (z,v)
Suppose that the economic shock process X (t) is given by X (t) = exp{Y(¢)} for some
Levy process Y (t) such that Y (0) = 0 and with finite Laplace transform. Then (cf. [59],

Proposition 7.1)
19() = k;X(t), i=1,2,..,N, (1.61)

with

+o00 %
ki _ (E{ / eféteaiinfoguq Y(u)dt}) ‘ , — 1,2’ - N’
0

is the unique optional solution of the stochastic backward equation

E{ / 6_58R$)(X(S), sup 1 (u)) ds ‘]—}} =, VreT. (1.62)

T<u<s

Define the optional process
1@ (t)

YL 19 (H)

Here f3;(t) may be thought as the fraction of desirable investment of the i-th firm. By (1.61),

Bi(t) = (1.63)

fort > 0and i =1,2,..., N, we have that ;(t) is constant in time; in fact 5;(t) = Z,f” = =
j=1Fj
Bi.

Fix 7 € T and introduce the random times

o (1) =inf{s >7: N 10(s) > 0(s)}

(1.64)
oo(7) = inf{s > 7 :1D(s) > Bi0(s), Vi=1,2,...,N}.

Lemma 1.3.8. For all 7 € T we have o1(T) = 03(7) P-almost surely.

Proof. Notice that (1.61) implies o1(7) = inf{s > 7 : X(s) > Zfl\g:sl)ki} = inf{s > 7 :

]{JZX(S> > /82'9(5), Vi = 1,2, ,N} = 0'2(’7'). L]
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Remark 1.3.9. If 7 € T is a time of investment for all firms, that is dvt? (1) > 0 for all i,

then the first Kuhn-Tucker condition in (1.15) guarantees that

+oo +0o0
E{ [ e R0 ) ds| } _ E{ [ R0 as | }
Notice that if X is continuous, then {¥) is continuous too due to (1.61).

Theorem 1.3.10. If the shock process X (t) is continuous then the process v, with compo-

nents

vO(t) = sup (19(uw) A BiB(uw)) vV y?, i=1,2,...,N, (1.65)

*
0<u<t

is optimal for problem (1.4). Moreover, the Lagrange multiplier d\(t) associated to (1.4) is

absolutely continuous with respect to the Lebesque measure.

Proof. Let us check that v” (t) satisfies the first order conditions of Theorem 1.2.3. Obviously
SV V() < 6(t) as. for all t > 0.

The arguments of the proof are similar to those in the proof of Theorem 1.3.2. Fix 7 € T,
set 7o := 7 and define the sequence of stopping times 7, as in (1.38) but with 3_~ 1) instead

of [; that is,
{ Ton41 := if{s > 79, 0 30, 10 (s) > 6(s)} (1.6)
Tomya i= i0f{s > Tonp1 : S0 1D (s) < O(s+)}. '

Notice that the continuity of I(¥) implies

,/ii)<5) = sup 1@ (u) for s € (Ton, Ton+1)-
Ton Su<s

Also Topi1 = 01(Ton) = 09(72n) by Lemma 1.3.8, hence 75, is a time of increase for all [,
It follows

v (s) = B;0(s) for s € (Tant1, Tont2].
Fix ¢ = 1,2,..., N, and consider E{ [~ e R (X (s),{"(s))ds | F.}. Split the integral into

two integrals [™ and [°°. Since 7y is a time of increase for every 1), Remark (1.3.9) holds
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and we may write

e [ Ooe“R;”(X(s),u£i><s>>ds{ﬁ}:E{ | eSSR;i><X<s>,u8><s>>ds]ff} (1.67)
+E{ / e~ B, RO (X ds‘}“}Jr]E{/ e BRY ii)(s))ds‘]-}}

JF
since F,. C F,,. Now, as in the proof of Theorem 1.3.2, we use the stopping times 7,, to split

the last two integrals above and by the backward equation (1.62) corresponding to [()(¢) we

may write

e [ Ooe68R$><X<s>,u£i><s>>ds\ﬁ} (1.68)
<65T+E{/ 68[2@ RO(X(s), 5i0(s)) — }]1{21 Ny }(s)ds‘};},

with equality if and only if dvt? (1) > 0. Hence

o0t [ Z Bi(R BiO(t)) — )} ]l{zﬁ\r:1 NORPN (1)

is nonnegative by Lemma 1.3.1. We may now define the Lagrange multiplier for the N-firms
Social Planner problem by d\(t) := p(t)dt since such d\ is a nonnegative optional measure

as in the proof of Theorem 1.3.2. O

Remark 1.3.11. For general production functions satisfying Assumption 1.1.1, we expect
the solution for the Social Planner problem (1.4) to be
V(1) = sup (19(u) A Bw)0W) Vy®, i =1,2,..,N,
0<u<t
with
l(i)(t)
> 1O()

1.3.4 Constant Finite Fuel and Quadratic Cost

Here we consider a monotone follower problem with constant finite fuel similar to those

studied by Karatzas ([40], [43]), and Karatzas and Shreve [42] (among others). In particular



1.3 Applications of the Kuhn-Tucker Conditions 37

we discuss the example (c¢f. [7]) of optimal cost minimization for a firm that does not
incur into investment’s costs and has a running cost flow given by the convex function
c(z,y) = 3(z — y)? of the economic shock z and the investment y. That is, we study the

constrained convex minimization problem

inf C(v) = inf E{ /0 N &*%(wg) —V<t))2dt} (1.69)

1/6890 I/ES@O

where W (t) is a standard Brownian motion and 6, is the positive constant finite fuel such
that v(t) < 46,, P-a.s. for all £ > 0.

We expect to find a nonpositive Lagrange multiplier. Notice that

V,C(0)(t) = ]E{ /too 5e=5(u(s) — W(s)) ds ‘]—“t} (1.70)

Moreover, the backward equation

E{ / 6e=% sup I(u)ds ‘]—"T} = "W(r), VreT, (1.71)

T<u<s

is uniquely solved by

I(s) =W(s) —c, (1.72)

where ¢ is the positive constant ¢ := E{ [ de™°* supy, ., W (u) ds}, by independence and
time-homogeneity of Brownian increments.
From [7] we know that the optimal investment policy is
vi(t) = sup (W (s) —c)Ab,) Vr(0), (1.73)
0<s<t

which is the well known strategy of reflecting the Brownian motion at the threshold ¢ until

all the fuel is spent (cf. [43]).
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We may write the subgradient (1.70) at v, as
V,C(v)(t) = E{ /:O 5e% (v,(s) — W(s)) ds E} -0
= E{ /too 5e7%% (v,(s) — W(s)) ds ]-"t}
—E{ /t " e sup (W(u) —c) ds

t<u<s

J-"t} + e W (1)

3

where we have used (1.71) in the second equality with [ given by (1.72). With this trivial

_ E{ /t 0056_55[1/*(5)— sup (W () — )| ds

t<u<s

trick we are in the same setting as [7], proof of Theorem 2. Hence we have that the Snell

envelope of the subgradient evaluated at the optimum v, (cf. (1.73)) is

S(vy)(t) = ]E{ /too Se % [V*(S) — sup (W(u) — C)} A O0ds

t<u<s
a}

7, (t) ;== 1inf{s >t : W(s) — ¢ > 0,}, (1.75)

J-"t} (1.74)

or, equivalently,

S(V*)(t):]E{ / h 5520, — sup (W(w) )] ds

0o (t) t<u<s

with

by means of (1.73). Notice that 74, () is a time of increase for W(t) — ¢. Hence we have

SUP <y s (W (1) — €) = sup,, ()<ucs(W(u) —¢) for s € (79,(t), +00]. Therefore (1.71) implies

ft};

S(V*)(t)ZE{ / N de %0, ds

00(t)

Fip = B{ e W (1)

that is,
S()(t) = E{ 77" |6, — W (73,(1)

]-"t}. (1.76)

We now find the explicit form of the Snell envelope S(v,)(t) and then we use it to identify
the compensator part of its Doob-Meyer decomposition; that is the Lagrange multiplier of
problem (1.69) (cf. (1.50)). Notice that 7y, (t) > ¢ a.s. by definition (1.75). Hence we have

two cases.
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o If t is such that W(t) < 6, + ¢, then 7y, (t) > t, a.s. Since 7, (u) = 79,(¢t) a.s. for all
u € [t,7q,(t)), then for u; < ug in [t, 7, (t)) we have E{S(v,)(u2)|Fu, } = S(vs)(uq),
hence (S(vs)(u))ueltr, 1)) i a Fy-martingale. The Markov property, the continuity of
Brownian paths, and the Laplace transform formula for the hitting time of a standard
Brownian motion (see, for example, [44]) imply that S(v,)(u) = KeV2W@—du for

u € [t,1p,(t)), with K = K(9,6,,c) a constant.
e If ¢ is such that W (t) > 0, + ¢, then define the stopping time
o(t) :=1inf{s >t : W(s) <0, + c}.
Notice that t < o(t) a.s. and 7y, (u) = u a.s., for every u € [t,o(t)). Hence
S(vy)(u) = e™°(0, — W(u)).

Fix now u; < uy in [t,o(t)) and notice that E{S (1) (uz)|Fu, } > €70 (0, — W (uy)) =

S(vi)(ur). Tt follows that (S(v.)(u))ueftoq)) is a Fy-submartingale with
dS(v,)(u) = —e “dW (u) + [~6e (0, — W (u))]du, (1.77)
i.e. with absolutely continuous compensator A(v,)(u) such that
dA(v,)(u) == =07 (0, — W (u)) du. (1.78)
Recall that the Lagrange multiplier (1.41) acts only when v,(t) = 6(t), i.e. only when
I[(t) > 0(t). Therefore, the Lagrange multiplier of problem (1.69) must be
dA(t) = 6™ [0, — W ()] Lgwe)>0,+c) dt, (1.79)

which, as expected, is negative and coincides with the opposite of the optional measure

dA(w,)(t) (cf. (1.78)).

Remark 1.3.12. In [10] Benes, Shepp and Witsenhausen considered a problem with the

same cost functional but they allowed controls of bounded variation.
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1.3.5 Constant Finite Fuel and Cobb-Douglas Production

We consider the maximization problem of profit, net of investment costs,
sup J(v) := sup E{ / e R(X(s),v(s))ds —/ e_(ssdv(s)}. (1.80)
veSy, veSy, 0 0
The finite fuel is given by the positive constant 6,, hence the controls satisfy 0 < v(t) < 0,
P-a.s., for all t > 0. The economic shock process X (¢) is modeled by a Geometric Brownian

motion

X(t) = woelh— 3o )HoW (D) with 2o > 0. (1.81)

The firm’s production function is of the Cobb-Douglas type and depends on the economic
shock x and the investment policy y; i.e., R(z,y) = ﬁxo‘yl_o‘ with 0 < a < 1. As
pointed out in [59] this construction is consistent with a competitive firm which produces
at decreasing returns to scale or with a monopolist firm facing a constant elasticity demand
function and constant returns to scale production. Notice that problem (1.80) has been
studied in detail in [48] in the case of §, = +00 by a dynamic programming approach.

It is known (cf. [7]) that the unique optimal solution for problem (1.80) is given by

vi(t) = sup (I(s) Nb,) Vv (0), (1.82)

0<s<t

where the optional process [(t) uniquely solves the stochastic backward equation (cf. [6])

E{ /TOO e X(s)( sup l(u)) “ds ]-"T} =e 7 VreT. (1.83)

T<u<s
As shown in [59], Proposition 7.1, when the shock process is of exponential Levy type, i.e.
X (t) = moe¥®, with Y(t) a Levy process such that Y (0) = 0, then the solution of (1.83) is
given by

I(t) = kX(t), (1.84)

1

where k = (E{e"X"OD})a | Y (t) := info<y< Y (u) and 7(6) is an independent exponentially

distributed time with parameter 9.
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From (1.80) we have

V,Jv)(t) = IE{ / e X (s)v%(s)ds ‘]-"t} —e (1.85)
t
Following [7], proof of Theorem 2, we know that the Snell envelope of supergradient (1.85)

evaluated at the optimal control policy (1.82) is

S(v)(t) (1.86)
= ]E{ /t o 08 [Xa(s) (<OSSELLES<I€X(U) NO,)V V(O)) o (tzligs kX(u))_a)} ’ ds ‘E}

Fix t > 0 and define the stopping time
7o, (t) == 1inf{s >t : kX (s) > 0,}. (1.87)

It is a time of increase for X (¢). Now we split the integral into [, © 4 f;o (1) then the first

one vanishes due to (1.87) and we are left with

S(n)(t) = ]E{ / h 6_5S[X°‘(s)<(«90)_a—(sup kX(u))‘aﬂds’}}}

T, (t) t<u<s

= (QO)Q]E{ / e X*(s)ds ’J—"t} — E{e‘fmo(”
0, (t)

0o

where we have used (1.83) to obtain the second equality.

2

Lemma 1.3.13. Assume 6 >+ o°. Then for every t > 0, one has

> 1
E —0s x(s)d = F{ et X Y| Fb. (1.88
{ /T (t)e (S) S‘Ft} (5—ua)+%a2a(l—a) { 7’9 ‘ t} )

0o

Proof. The proof follows from the Markov property and the Laplace transform of a Gaussian
process. Independence of Brownian increments, together with W (u + 1y, (t)) — W (7, (t)) ~

W (u), allow us to write

E{ / 6_58Xa(8)d8“/—';5} :E{ ]E{ —55Xa(8) dS‘]:Teo(t)} ‘]:t}
0, (1)

— ]E{ —07p,, (¢ on 7_0 E{ /OO —Su a(,u—fo Yutao (W (utTg, () —W (79, (1)) dS}

{ /OO —du a(u—fo' )u+0¢0’W(U) ds} E}
0
— E{ —07g,, (t Xa ,7_9 / —(6— ,ua)u—fo a(l-—a udu ‘f }

3

= E{ e %00 () X (7, (
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Notice that (6 — pa) + s0%a(1l — @) > 0 by the assumption, hence (1.88) follows. O

Now Lemma 1.3.13 and (1.88) imply

(90)—11 —67p, (t) =
S(1)(t) = E{ =00 xo(r, (1)) |7, } = B{ &0
()(2) (6 — per) + 20%a(l — ) { (7, 1 ‘ t} {e

ft}. (1.89)

As in Subsection 1.3.4 we now find the explicit form of the compensator of the Snell envelope
S(v.)(t) and hence we identify the compensator part of its Doob-Meyer decomposition, which
is the Lagrange multiplier of problem (1.80). By definition we have 74 (t) > t a.s., hence we

consider two cases.

e If ¢ is such that kX (t) < 0,, then 7y, (t) > t a.s. Since 7y, (u) = 7y,(t) a.s. for all
€ [t,79,(1)), then for uy < ug in [t, 7y, (t)) we have E{S(v.)(u2)|Fu,} = S(vi)(uq),
hence (S(vi)(u))ueltr, 1)) 15 a Fy-martingale. By using the continuity of Brownian
paths, the Laplace transform formula for the hitting time of a Brownian motion with

drift (cf. [44]) and the Markov property, we may write
S(w) (1) = KeW@WVPHB-0-u@+7 /22420 for e [t 7, (1),
with v := 2(u — 30?) and K = K(0,6,, k) a constant.
e If ¢ is such that kX (t) > 6,, then define the stopping time
o(t) :==1inf{s >t: kX(s) <6,}.

Notice that t < o(t) a.s. and we have 7y, (u) = u a.s., for every u € [¢t,0(t)). Hence

(6,)
(6 — per) + 2o%a(l — )

S(ve)(u) = e X (u) — e, for u € [t,o(t)).

Moreover X*(u)(0,)~* > § for all u € [t,0(t)). In fact, with k£ as in (1.84) and
Y (u) := infocs<y [(1 — 302) s+ oW (s)], we have X*(u)(6,)™ > k= for u € [t,0(t))
because E{e®X"®)} = B (B_ — a)~' < 1, being B_ the negative root of 1o%z? +

(n—30%)x—06=0and o> 0.
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Fix now u; < ug in [t,o(t)) and apply Ito’s Lemma,

_ Ua(90>_a " —0t v«
]—"ul} = S(u)(w) + (5_m)+%02a(1_a)1a{ / =3t X (s)dW (s)

—E{ / s (X(s)(0o) ™™ — 8) ds

u1

)

E{S(V*)(ug)

]-"ul} < S(vi)(ug).

Hence (S(v4)(%))ucpo)) is a Fy-supermartingale whose compensator is the absolutely

continuous process

dA(v,) (u) == e (X(u)(6,) " — §) du. (1.90)

Recall that the Lagrange multiplier optional measure d\ (cf. (1.41)) acts only at times
such that v.(t) = 0(t) (i.e., only when [(t) > 6(t)). Therefore, for problem (1.80), d\ must

be given by
d)\(t) = (Xa(t) (90)704 — (5) ]l{kX(t)>00} dt, (1.91)

which coincides with the random measure dA(v,)(t) (cf. (1.90)).



Chapter 2

Identifying the Free Boundary of a
Stochastic, Irreversible Investment

Problem via the Bank-El Karoui
Representation Theorem

In this Chapter we study a stochastic, continuous time model on a finite horizon for a
firm that produces a single good. In contrast with Chapter 1 in which we did not make any
Markovian assumption and in which there was not a production capacity dynamics, here we
model the capacity as an Ito diffusion controlled by a nondecreasing process representing
the cumulative investment. We suppose now that the resources are unlimited and the firm’s
manager aims to maximize its expected total net profit by choosing the optimal investment
process. That is a singular stochastic control problem. The aim of this Chapter is to
understand the significance of the base capacity process in such a diffusion framework.

We derive some first order conditions for optimality and we characterize the optimal
solution in terms of the base capacity process [*(t), i.e. the unique solution of a representation
problem in the spirit of Bank and El Karoui [6].

Under further assumptions we show that the base capacity is in fact deterministic and
coincides with the free boundary ¢(t) of the optimal stopping problem naturally associated

to the original singular control problem. This result allows us to obtain the continuity of
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the free boundary ¢(¢) in the case of a Cobb-Douglas production function and of constant

coefficients in the controlled capacity process.

2.1 The Firm’s Investment Problem

The setting is as in Chiarolla and Haussmann [20] but without leisure, wages and scrap
value. We briefly recall their notation. An economy with finite horizon 7" and productive
sector represented by a firm is considered on a complete probability space (2, F,PP) with
filtration {F;,t € [0, T]}. Such filtration is the usual augmentation of the filtration generated
by an exogeneous Brownian motion {W(t) : ¢ € [0,7]} and augmented by P-null sets. The
firm produces at rate R(C') when its capacity is C. The cumulative, irreversible investment
is denoted by v(t). It is an a.s. finite, left-continuous with right-limits, nondecreasing, and
adapted process. The irreversibility of investment is expressed by the nondecreasing nature

of v. The production capacity C¥" associated to the investment strategy v satisfies

dCvY (t) = C¥ (t)[—pc(t)dt + oc(t)dW (t)] + fo(t)dv(t), t € [0,T), o)
2.1
Ccvr(0) =y >0,

where pc, oc and fo are given measurable, uniformly bounded in (w,t) adapted processes.

Moreover fc is continuous with 0 < ky < fo(t) < ky and pe > 0. Here f¢ is a conversion

factor since any unit of investment is converted into fo units of production capacity.

By setting
0/4) . (1,0 —(a\ . fo(s)
Co(t) := CH°(1), v(t) = N CO(S)dV(s), (2.2)
[0,t)
then we may write
CO(t) = e~ Jore®ds pq (1), (2.3)

where the exponential martingale

M,(t) 1= e~ Js 2ot dutfoc@dW () ¢ o (g T (2.4)
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is defined for s € [0,7]. Without investment, C° represents the decay of a unit of initial

capital and we have
v (1) = COt) [y + (1)) (2.5)
The production function of the firm is a nonnegative, measurable function R(C). We
make the following

Assumption 2.1.1.

1. the mapping C — R(C) is strictly increasing and strictly concave with continuous

derivative R.(C) := £ R(C) satisfying the Inada conditions

lim R.(C) = oo, lim R.(C) = 0.

C—0 C—o0
2.Yn>0: supgso{R(C)—nC} < co.

Our Assumption 2.1.1 is not as general as the Assumption in [20] but it is needed to
apply the Bank-El Karoui Representation Theorem [6]. Assumption 2.1.1, part 2 is satisfied
by any production function which grows at infinity less than linearly as, for example, the
Cobb-Douglas one, i.e. R(C) = C*/a with a € (0, 1).

Each investment plan v € &y leads to the expected total profit net of investment

T
jo,y(w_ﬂ«:{ / o= I3 e (v ()t — / e—féw<s>dsczy<t)} (2.6)
0 [0,7)

where

So = {v:Qx|[0,7] — R,, nondecreasing, left-continuous, adapted s.t. v(0) =0, P —a.s.}

is the convex set of irreversible investment processes. Here pp is the firm’s manager discount
factor; it is a nonnegative, measurable, uniformly bounded in (w,t) adapted process. Of
course Sy # () because v(t) = 0 for all t € [0, 7] belongs to Sp.

The firm’s problem is

V(0,y) := sup Jo,(v). (2.7)

VES)
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V is finite thanks to Assumption 2.1.1, part 2 (cf. [20], Proposition 2.1). Moreover, the
concavity of R and the affine nature of C¥" in v imply that Jo,(v) is strictly concave on
So. Hence if a solution & of (2.7) exists, it is unique. The existence of the solution has been

proved in [20], Theorem 3.1. We provide a new characterization of it in Theorem 2.3.1.

2.2 First Order Conditions for Optimality

As in [3] and [24], we aim to characterize the optimal solution of (2.7) by some first order
conditions for optimality.
Let T denote the set of all stopping times with value in [0, 7], P-a.s. Note that the strict

concave functional 7 ,(v) admits the supergradient

fo(T)
Co(r)

M ety

VoJo,w)(1) = IE{ / ¢ Jo pr(wdu0 gy R.(C¥"(s))ds

T

7 } (2.8)

_ ef f()T !LF(“)

forTeT.

Remark 2.2.1. The quantity V,Jo,(v)(t) may be interpreted as the marginal expected fu-
ture profit resulting from an additional infinitesimal investment at time t. Mathematically,
V. Joy (V) can be viewed as the Riesz representation of the profit’s gradient at v. More pre-
cisely, we may define V,Jo, (V) as the optional projection of the progressively measurable

process

fc(w,t)
C%w, t)

T
Blw,t) = / e JonrloniCO(w, 5) Ro(C¥(w,5)) ds — e~ Jorrlemdig, o (2.9)
t

for w e Q, t €[0,T]. Hence V,TJo,(v) is uniquely determined up to P-indistinguishability
and it holds
E{ VV%7y(V)(t)dy(t)} = E{ ng(t)du(t)} (2.10)
[0,7)

for all v € Sy (cf. Theorem 1.33 in [36]).

(0,7

We shall prove that
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Theorem 2.2.1. Given problem (2.7), the following first-order conditions
VoJoy,(0)(1) <0, VTeT, P—a.s., (2.11)

E{ o Vo TJo,(2)(T) dﬁ(T)} =0, (2.12)

are sufficient for the optimality of D(t).

Conversely, if Jo,(v) > 0 for allv € Sy and 7¥(T) = f[o ) éigdﬁ(s) is P-integrable,

then (2.11) and (2.12) are also necessary for optimality.

The proof of Theorem 2.2.1 relies on the following Lemma. The idea is to use arguments
similar to those in the proof of the finite dimensional Kuhn-Tucker Theorem. First of all,
notice that the supergradient (2.8) evaluated at the optimal investment plan cannot be
positive. In fact there cannot exist a stopping time 7 € T such that V,J,(?)(T) > 0, since
the continuity of R. and the linearity of the investment cost imply that a sufficiently small
extra investment at 7 would be profitable, and hence 7 would not be optimal. Therefore
VoJoy(@)(T) <Oforall 7€ T.

In the next Lemma we show that if J,(v) > 0 for all v € Sy and E{7¥(T)} < +o0,
then the optimal policy 7 solves the problem linearized near . The solutions of the linear

problem are characterized by a flat-off condition.

Lemma 2.2.2. Let © be optimal for problem (2.7) and letq@ be the progressively measurable
process given by (2.9) and corresponding to V,Jo, (D). If Joyu(v) > 0 for all v € Sy and

E{7Y(T)} < +o0, then ¥ solves the linear problem

sup E{ o &(s)dy(s)}. (2.13)

Proof. Let v € Sy. We set v°(t) = ev(t) + (1 — €)0(t), for € € (0,1), and define ¢ to be the

progressively measurable process given by (2.9) and corresponding to V, 7y, (v¢) . Of course

~

lime,o v (t) = o(t) for all t < T, P-a.s., as well as lim.,0 ¢°(t) = ¢(t) by continuity of R..
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By optimality of 7 and concavity of R we have

Joy(v) = Joy(¥)

€

0 >
_ %E{ /0 " o K e (R((Jy’”e(t))—R(Cy”’(t)))dt}

—%]E{ /[O . e~ Jomr(dn (que (1) — dis(t)) }
Se{ [ e g on en @) - ooy L

—IE{ /m ; e S 0 (g (1) dﬁ(t))} (2.14)

- E{ / T”S“F‘”)"“Rc<0y’“<t>>[ 0“<t)£%—%<dv<u>—dﬁ<u>>]}dt

0 [0,)

—E{ /[O ; e~ I3 1 B () — di(8)) }
_ E{ /[0 ; [ /t "o B e (o (5))00s) é%((gds—e—fé ()i (du(t)—dz?(t))}

v

_ E{ oW (dy(t)—dﬁ(m}

where in the third equality we have used Fubini’s Theorem.

We would like to prove that
]E{ o(t) (dv(t) — di(t)) } <0.
[0,T)
Consider

I° = ¢°(t) (dv(t) — do(t))

(0,7

= [ smenrien )] [ cowls s -]

- / e I3 e (g, (8) — di (1) (2.15)
[0,7)

- e (O ) (O 1) - V)

0

= [ e R ) ~ o).
[0,T)
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where in the first equality we have used Fubini’s Theorem. Notice that
< C¥(t) on {C¥¥(t)— C¥"(t) > 0},
CY (1) = eC¥" (t) + (1 — €)C¥"(t) (2.16)
> Cv¥(t) on {C¥¥(t)— C¥"(t) < 0}.
Since the production function is concave, then for € € (0, 1) the decreasing property of R,

and (2.16) give

I° = ¢°(1)(dv(t) — dir(t))

(0,7

T
> / e~ Jorr(du R (CV (£))(C¥* (t) — C¥" (1)) Licvw(yzcmo(pydt
0
T
+ / e Jorr@d R (CV(1))(C¥ (1) — C¥" (1)) Licuw(ty<cws et
0
- / oI5 B0y (1) — di(t))
[0,T)
T ‘ N
_ /0 o~ Js i R (U (1)) (W () — OV (1)) dt

- / e~ Jo e gy, () — di(t)) (2.17)
[0,T)

= Voo, (V) () (dv(t) — dit)) =: G(w).

(0,7

If E{|G(w)|} < 400, we may apply Fatou’s Lemma to lim._,oE {I°(w)} and obtain

E{ ) - dﬁ(s»}
0,7 (2.18)

< lim infEf{ o ¢°(s)(dv(s) — dﬁ(s))} <0

=0
by (2.14).

It remains to show that E {|G(w)|} < +00. The growth assumption on R (cf. Assumption
2.1.1, part 2) implies that for every n > 0 there exists , such that R(C) < k,, + nC. As in
[20] we define 7¥ f[o . ). By concavity of R we have

T " )
Gl < / e-tinronne ZEZI |one) — o) at
0
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+ /[ e~ Jorr(du gy — dp(t))|
/ ! o= Jo nr(u —”" +nc? |Cv¥ () — CYP(t)| dt
0 Cvr(t)
+ /[0 . e~ Jorrdu (1) + dis(t)) (2.19)

T 7Y
< nT+ / efgmmdu,%(w)m
0 Yy

+n/0 e i HE@CO (1) (3(1) + 7Y (1)t

+ / e~ Jo e (g (1) 4+ dip(t))
[0,7)

IN

< 2/<;,7T+—/ e mr i )dt+77/Te S e 0 (1) (1) + B (1) )t

0

+ / e~ I me O (g, (1) 1 di(t)).
0.7)

If Jo,(v) > 0, then [20], Proposition 2.1 part (b), implies E{f[o e Jo mr(w)du dv(t)} < +o0

for all v € Sg. Thus we have only to show that

E{ /Te Jo wr(u)du g 4 )dt} < oo and E{ /OT e~ o prldu CO () (p(4) + DY (1 ))dt} < +o0.

0

Clearly, if 7¥(T) is P-integrable then E {f e~ Jo rr(dugy (¢ )dt} < +o0.
Recall that CO(t) = e~ Jo ne(u )4 My (t) and apply Fubini’s Theorem to obtain

E{ /OT — Jo ur(u)du Ctyw ()dt} E{ o fo(s) g’;((z)) /ST o~ Jo nr(w)du Co(t)dt}

T
SE{ / efosuc(wa_(S)dl,(S)]E{ / e I3 ey ur (0 p (1Y it | ;}} (2.20)
[0.7) Mo(s) ]

< const E{v(T)},

since fo, pe and pp are uniformly bounded in (¢,w). Again by [20], Proposition 2.1 part (b),
if Joy(v) > 0 then E{v(T)} < oo for all v € Sy. Hence E {fOT e~ Jo pr@du 00 4) D(t)dt} <
+o00 and similarly for E {f e~ Jo mr(wdu CO(4) g (t)dt}. It means that G(w) is P-integrable

and this concludes the proof. O
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Notice that for every nonpositive, optional, and adapted process f(t), the linear opti-

mization problem

sup E{ . f(s)du(s)} (2.21)

VES)H

has value zero since v € Sy has nondecreasing paths.

Proof of Theorem 2.2.1. Let v satisfy the first-order conditions (2.11) and (2.12) and let
v € 8. Then it follows from (2.5) that

OV () — OV () = / co(t) 2*%8 (dir(s) — du(s)).

[0,¢)

Hence the strict concavity of R implies

—uf [" e sins o) - R - [

(0,7

e~ Jo e @i g4y — dv{t))}

e I3 w0 g ) — du(t))}

0,T)

{
> ]E{ /0 U B R (o (1)) (V1) — OV (1))t — /
{

- " o R (o 01) L) (46) — (s
B{ [ RACH(D) || COO G o) = duls)i
—/ e_fot“F(“)d”(dﬁ(t) —dl/(t))} (2.22)

[0,T)

:E{ /m [ / e et R.;(Cy’%s))c‘)(s)gi—gds_e—fgmu)du (@(e) — dy(t))}

t

_ E{ /[ | a0 d011) - du(t))} >0

where we have used Fubini’s theorem in the third equality, and (2.11) and (2.12) in the last
one. It follows that © is optimal for problem (2.7).
On the other hand, that (2.11) and (2.12) are necessary for optimality follows from

Lemma 2.2.2. O
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Theorem (2.2.1) characterizes the optimal investment plan but it might not be useful if
one aims to find the explicit solution, since the first order conditions are not always binding.
In what follows we construct the optimal capacity in terms of the ‘base capacity’ {l(t),t €
(0,7} (cf. [59]) which represents the capacity level that is optimal for a firm starting at
time ¢ without any knowledge of the past capacity, and we show that it is optimal for (2.7)
to invest up to the base capacity level if the current capacity level is below it; otherwise no

investment is optimal.

2.3 Finding the Optimal Capacity Process

Recall the Bank-El Karoui Representation Theorem (cf. [6], Theorem 3); that is, given

e an optional process X = {X(¢),t € [0,T]} of class (D), lower-semicontinuous in expec-

tation with X (7') =0,
e a nonnegative optional random Borel measure p(w, dt),

o f(w,t,z): Q2 x][0,7] x R — R such that f(w,t,-): R — R is continuous in z, strictly
decreasing from +oo to —oo, and the stochastic process f(-,-,x) : Q x [0,T] — R is

progressively measurable and integrable with respect to dP ® p(w, dt),

then there exists a unique optional process £ = {(¢),t € [0,T]} such that for all 7 € T
S, sup €L (1) € L (0P & o, )

and

{ fswpgnm%wmﬁ}zxm.

T<u<s

Note that & may be taken to be upper right-continuous a.s. (cf. [6], Lemma 4.1).
Lemma 2.3.1. There exists a unique upper right-continuous process £*(t) that solves

o{ [errmenn(-mlm)e
co(n

fo(r) eer)

- 6_ fOT .U‘F(u)du
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for all T € T. Moreover £*(t) <0 for all t € [0,T) a.s

Proof. We apply the Bank-El Karoui Representation Theorem to

t 0 t
X(w,t) := e~ Joprlwudu ?cgij,g Loy (t), (w, dt) := e~ Jorr@wdu OO, it (2.24)
and
R, (—%) , for x <0,
flw,t,x) = (2.25)

-, for x > 0.

Then there exists a unique upper right-continuous process £* such that, for all 7 € T

) 0
e Jo pr(u ?cé ))]1{T<T} { f(s, s<u;<) £ (u)) pu(ds) ’]—"T } (2.26)

It now sufficies to show that £* < 0 on [0,7") a.s. Define
=inf{t € [0,T) : &*(t) > 0} AT,

then for w € {o < T}, the upper right-continuity of £* implies £*(o) > 0 and therefore
SUP,<y<s &¥(u) > 0 for all s € [0, T|. Therefore, (2.26) with 7 = 0, i.e.
e Jo “F(“)d”%]l{KT} = —E{ /T e lo “F(”)d“CO(S) sup £*(u)ds ‘ F, }, (2.27)
fe(o) o o<uss
is not possible for w € {o < T'} since the right-hand side of (2.27) is nonpositive, whereas
the left-hand side is always strictly positive. It follows that o = T" a.s. and hence £*(t) < 0
for all t € [0,T) a.s. O

Proposition 2.3.2. There ezists a unique upper right-continuous solution I*(t) of

IE{ / i pr(@du0(g) RC<OO(3) s (go(&)))) ds ) F, }

co(r)
fC—(T)]l{T<T} (2.28)

_ o I e (u)du

for T €T, and it is given by

() == — . (2.29)
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Proof. With & (t) = — % as in (2.29), it follows from (2.23) that

0 T 0
e~ Jo ILF(1L)dUO—(7_)]l{T<T} — E{ / e~ Jo MF(u)duGO(S) Rc( C (S) e ) ds ‘ F, }
fe(T) — SUPr<y<o(— 7 )

T 0
= E{ / e_fosuF(U)duC’O(s) Rc( C (Sgo(u )ds’]:T} (2.30)

infr<u<s( l*(u)) )
l

_ E{ /TT e I3 nrau o () RC(CO(S> sup. <50(<u13))> ds‘]-; }

Finally, the upper right-continuity of {*(¢) follows from that of £*(¢) and from the continuity
of C(t). O

T

Notice that [*(¢) may be found numerically from (2.28) by backward induction. In some
cases, when T = 400, (2.28) has a closed form solution as in the case of a Cobb-Douglas
production function.

We are now able to find the unique optimally controlled capacity plan for problem (2.7).

Definition 2.3.3. For a given optional process l(t), the capacity process that tracks [ is

defined as

cO(t) .= CO(1) <y v sup. (cl*(()l(g) > ) (2.31)

Theorem 2.3.1. Let [*(t) be the unique solution of (2.28) and let C"") be the capacity

process that tracks [*. Then the investment plan I/(l*)(t) that finances C17) | ie.
dv) (1) = CO () [u(t)dt — o(t)dW ()] +dCU(t),  with v1)(0) =0,
is optimal for the firm’s problem (2.7).

Proof. In order to prove that C'")(¢) is the optimal capacity, we only have to show that

C")(t) solves the two first-order conditions of Theorem 2.2.1. In fact, for all 7 € T

T
E{ / ¢ Jo rrducO(g) B (C(l*)(s)) ds ‘ F- }

o [t (cofo (5)

F, } (2.32)
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_ E{ /TT e~ I3 mr@itn o0 g) . (CO(S>TS<1£5 (5{%}))) s ‘ ﬁ}

4 (1)
— o Jo pr(u)du 1
€ fC(T) {T<T}

where in the last step we have used (2.28). Notice that in (2.32) we have equality if and
only if 7 is a time of investment; that is a time of strict increase for O, i.e. dCU) (1) > 0.
In fact, at such time, we have C")(t) = C°(t) sup, <, (%) for t > 7. Hence (2.11) and
(2.12) hold (see also (2.8)) and so v (t) = (t). O

Remark 2.3.4. Recall that C*¥(t) = C°(t)[y+7¥(1)] (cf. 2.5) where 7¥(1) = [, & di(s).

Hence it follows from (2.31) with | = 1* that

0= e, (v ) 0
Therefore
(1) = sup (l (“)C_O(f (“)) V0. (2.34)

2.4 Identifying the Base Capacity Process

In this Section we find the explicit link between our ‘base capacity’ approach and the
variational approach in Chiarolla and Haussmann [20] based on the shadow value of installed
capital, v := %V (see Section 2.6 for a generalization of 20| in the case of deterministic,
time-dependent coefficients).

We make the following Markovian Assumption

Assumption 2.4.1. uc(t), oc(t), fo(t) and pp(t) are deterministic functions of t € [0,T].

Define
T w 1
£ o o — [ wr(r)dr ~O _ =0
rs(t) - ?ziir%fE{ /t e C"(u) RC( gC’ (u)) du
- 1
_fo #F(T)dr
te Co(r) -y L) ‘Ft}, (2.35)

for £ € R and ¢t € [0,7]. Then [6], Lemma 4.12 and Lemma 4.13 guarantee that
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e the stopping time

78 = inf {s eft,T):T¢(s)=e o “F“)d’”co(s)f;S) } AT (2.36)

is optimal for (2.35);

e the optional process

1

fc—(t)} telo,7T), (2.37)

is the unique solution of the representation problem (2.23).

£*(t) :=sup {f ER:TS(t) = e_fot“F(”")dTC’O(t)

We now make an absolutely continuous change of probability measure. In fact, consider
the exponential martingale M, (s) := /i 7dW (=3 [Fo*wdu 4 ¢ [0, T] and ¢t < s < T, and
define the probability measure B, by Py(A) := E{M(T)1}, for A € For = o{W(u) —
W(t),t <u <T}. Then the Radon-Nikodym derivative is

0,
dpP

AL M(s), s€]0,1], (2.38)

and the process Wt(s) = W(s) — W(t) — [, o(u)du is a standard Brownian motion under
P,. We denote by E; {-} the expectation w.r.t. P,.
T¢(t)

Hence under P := ]I~Do the process elo “F(T)drco—(t) becomes

~ ~ T U — 1 T - 1
T¢(4) :— essinf E ~Jraedr p (2000 ) du e PRI g ‘]—" 2.39
(t) etiSTlS% { /t e ¢ (u) | du +e o) {r<T}| St (s ( )

and so the optional process £*(t) (cf. 2.37) may be written as

£*(t) = sup {5 eR:T¢(t) = 7 ! } (2.40)

In fact,

£*(t) = sup {f eR: essianE{ /T e‘ftu“F(r)d’"CO(u) Rc( - 1Co(u)) du

t<r<T

~—
—_

T Co(T 1
j; p(r)dr =0\ /) 4 _
I fcm“{““‘f } fc(t)}’
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and by the continuous time Bayes’ Rule (see e.g. [44]), we obtain

H—" 0 1 T 1
E{ / e i #F(v‘)drc_(u) Rc( — —Co(u)> du + e i uF(r)dTCO_m_]l{T<T}‘ ]:t}
t

0 £ ) Jelr)
t C

with 7i(t) := pc(t) + pr(t). Now (2.40) follows from (2.39).
For an appropriate value of £, we are now able to link fﬁ(t) to v(t,y), the shadow value

of installed capital (cf. (2.81)).

Proposition 2.4.2. With T¢(t) as in (2.39) and v(t,y) as in (2.81), that is

- T . 1
_ — [ m(r)ar ty = Jiatrydr __—
v(t,y) télgéTEt{/t e Re (Y™(u)) du + e fc(r)]l{“”}’ (2.41)

we have

T (t) = v (£, yCO(1)) . (2.42)

Proof. The proof borrows arguments from [18], Theorem 4.1. As in Section 2.6 we set
YViy(s) == yCl(s) = yC0(s) for s > t (cf. (2.69)). Then, for ¢ € [0,T) and 7 € [t,T],

notice that

~ T w— - 1
E{ / e Ji mlr)dr R. (yC’O(u)) du + e /i u(r)dr_]l{KT}‘ ]:t}
t fe(T)

~ T w e 1
— E{ / e ft ,U(T)dr Rc <Yt,yCO(t) (U)) d'LL _|_ e ft V’(T)d'r'—]l{T<T}) «Ft } (243)

t fo(r)
~ T u— ~ T — ]_
= = J; B(r)dr 0 i - [l alr)dr =
E{ /; e R, (yC (t)C ('LL)) du +e fC(T) ]1{7<T}‘ Fi }

In order to take care of the conditioning, it is convenient to work on the canonical prob-
ability space (ﬁ, F), where P is the Wiener measure on 0 := Cq ([0, T]), the space of all
continuous functions on [0,7] which are zero at ¢ = 0. In fact, we may take wWo() =
T = (@1, @) where &, = {W%),o <v< t} and T, = {WO@) W), t < v < T} -
{W’(v), 0<v<T— t}. Since Brownian increments are independent then P is a product-

measure on Cq ([0,7]) = Co ([0,#]) x Co ([0,T —t]) and 7 > ¢ P-a.s. may be written in the
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form 7 (W1, W;) = t475, (W2) with 75 (-) a {.7:;”7,} -stopping time for every @w;. Then,
0<v<T—t

since C(-) is independent of F,, the last conditional expectation in (2.43) is equal to

1
S

fC(t n 7%1) {4, +t<T} }
1

— Et{ / e~ S a(r)dr R. (ytyCO(t)(u)) du + e~ ftTﬁ(T)dT—]]_{T<T} }
t fe(T)

~ t+7'$1 u— ~ ””/wl _
Ew2{ / efft a(r)dr Rc (’yCO(t)Ct(U)> du + e~ I w(r)dr
t

(2.44)

where Ez,{-} denotes expectation over Wy or W’. Hence (2.42) follows from (2.39) and

(2.41). O

Notice that the process £*(¢) is negative for all ¢ € [0,7) a.s. (cf. Lemma 2.23), then

for t € [0,T) it must be £*(t) = sup {5 <0:T%(t) = e’”CO(t)fcl(t)} or equivalently £*(t) =
sup {5 <0:T¢(t) = #(t)}
The following Proposition provides another representation of the base capacity [*(t) :=

0
— S (ef. (2.29)).

Proposition 2.4.3. The base capacity *(t), unique solution of (2.28), admits the represen-

tation
I*(t) = sup {y C'(t) > 0:v (t,yC°(t)) = fcl(t) } (2.45)
Proof. For t € [0,T) and y > 0 we have
o w0 o) - o)
(1) sup {5 <0:T¢(t) = #(t)} sup {—i <0: f_i(t) = fcl(t)}
co(t) Co(t)

=1 . 1
—sup{—i <0:T7v(t) = fcl(t)} mf{i >0:T7v(t) = fcl(t)}

_ oo Sup{y>0:f—;(t):f01<t>}:sup{yco(t)>o;f—i(t)= : }

NS
_ sup{yc(t>>0- (t,yC°(1)) fc(t)}

where the last equality follows from Proposition 2.4.2. O
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Notice that v(t,y) < fc;(t) for all t € [0,7) and y > 0. As in [20], (3.19) introduce the

Continuation Region (or ‘no-action region’) of problem (2.41)

1
fc—(t)} (2.46)

This is a Borel set and, roughly speaking, D is the region where it is not profitable to

D := {(t,y) € [0,T) x (0,00) : v(t,y) <

invest, since the expected marginal profit is strictly less than the capital’s replacement cost.

Similarly its complement is the Stopping Region (or ‘action region’), i.e.

D := {(t,y) €10,7) x (0,00) : v(t,y) = fcl(t) }, (2.47)

is the region where it is profitable to invest immediately.
The boundary between these two regions is the free boundary ¢() of the optimal stopping
problem (2.41).

Theorem 2.4.1. The base capacity process I*(t), unique solution of (2.28), is deterministic
and coincides with the free boundary y(t) associated to the optimal stopping problem (2.41).

Hence

[*(t) = sup { z2>0:0(tz) = } fort e [0,T). (2.48)

fe(t)
Proof. Recall (2.45). Fix t € [0,T') and set

2(w,y) = yC°(w, 1).

It follows that

{yCO(w,t)>0:v(t,yC’O(w,t)): ! } = {z(w,y)>0:v(t,z(w7y))= 1 }

fe(t) fe(t)
1
- {z>0:v(t7z):fc(t)}

for a.e. w € © and y > 0, hence the inclusion holds a.s. for all y > 0.

To show the reverse inclusion, fix w € Q and t € [0,T), then for z > 0 define
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so that that every z > 0 may be written as z = y(z,w)C%(¢t,w). Then

1 0 : w, 2)C%(w = !
{z>0:v(t,z):fc—(t)} = {y(w,z)(] (W,t)>0.v(t,y( ,2)C7( ,t)) fc(t)}

This inclusion holds for a.e. w € €2, hence a.s. Hence, it holds P-a.s. that

sup { yC%w,t) >0:v (t,yCO(w,t)) = L} = sup { z2>0:0(t,2) = (2.49)

1
fe(t) fc(t)}
and [*(t) is deterministic (cf. (2.45)). Now the right-hand side of (2.49) (cf. [20], (3.13))

identifies [*(¢t) with the free boundary (t) of problem (2.41). O

Since ¢(t) coincides with [*(t), equation (2.28) provides an integral equation for the free

boundary 9(t).

Theorem 2.4.2. The free boundary §(t) of problem (2.41) is the unique upper right-continuous

solution of the integral equation

Tt 0
~ _j;v+t a(r)dr ~r C (U -+ t) B 1
E{/O e Rc(oig& (y(u +t)—C’0(u’ +t)>) dv} = 7o)’ te[0,7). (2.50)

Proof. Fix t € [0,T). Set 7 =t and recall that [*(¢) = §(¢). Then write (2.28) under P and

apply the continuous time Bayes’ Rule to obtain

(Tt v + 1) 1
E —ftW(”d’“Rc( ( / t—)>d ]—"}: .
{/ ¢ s (00 g ) ) @17 = 5

Now (2.50) follows since %, v > >0, is independent of F;. O

We now aim to obtain paths’ regularity of the free boundary (¢) of problem (2.41) from
the fact that it coincides with the base capacity process [*(t). Recall that {*(¢) has upper
right-continuous paths on [0,7") and satisfies {*(t) > 0 on [0,7") a.s. (cf. Lemma 2.3.1).

As in [20], Section 4, we make the following assumptions

Assumption 2.4.4.
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1. R(C) = 10 with o € (0,1) (i.e. Cobb-Douglas production function);

2. po(t) = po, oc(t) =oc, prt) =pr, folt) = fo

Remark 2.4.5. Notice that under Assumption 2.4.4, part 2, the process % has the

same law as % Hence, the integral equation (2.50) takes the form

B[ on o (erogim)) ol e

Under Assumption 2.4.4, the properties of the free boundary obtained in [20] hold. The

novelty is the continuity of 3(¢) which we prove thanks to its identification with [*(¢).

Theorem 2.4.3. Let Assumptions 2.4.4 hold and recall that 3(t) is the function representing
the free boundary between the continuation region D and the stopping region D¢. Then we

have

1. 9(t) >0 onte|0,T);

3. 4(t) is nonincreasing for t € [0,T);
4. 4(t) is left-continuous for t € [0,T);
5. 4(t) is continuous on t € [0,T).

Proof. Property 1 follows from the analogous property of {*(t) (see Lemma 2.3.1). For the
proof of properties 2, 3 and 4 see [20]|, Proposition 4.3. To prove property 5 recall that
I*(t) has upper right-continuous paths (see Lemma 2.3.1), but [*(¢) = y(¢) admits right-hand
limits thanks to property 3, then it is right-continuous, i.e.

I*(t) = liII;Eupl*(s) = ligll*(s).

Hence the continuity of §(t) follows from property 4. O
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Notice that property 5 was assumed in [20] (see [20], Assumption-[Cfb]). Chiarolla and
Haussmann in [20] stressed that the data regularity of problem (2.41) gave no indication
that continuity of the free boundary should fail, but they were unable to prove it, as they
could not show its right-continuity. In fact arguments similar to those used in [38] for the
free boundary of the American put did not apply being the value function of their stopping
problem an inf rather than a sup as in the option problem.

In this Section we have linked the Bank-El Karoui’s probabilistic approach to the vari-
ational approach followed by Chiarolla and Haussmann in [18] and [20] for an irreversible
investment problem similar to (2.7). Under Markovian assumptions we have proved that
the base capacity process [*(f) is a deterministic process and it coincides with the free-
boundary of the optimal stopping problem (2.41). Moreover, in the Cobb-Douglas case, we
have obtained its continuity so to remove Assumption-|Cfb| in [20]. We have characterized
the free boundary as the unique solution of an integral equation based on the stochastic
Representation Theorem of [6]. Even under Assumption 2.4.4, the integral equation for the
free boundary (2.50) cannot be analitically solved when the time horizon is finite. However
it is possible to find a curve bounding the free boundary from above. In Section 2.5 we shall
see that, instead, when T'= 400 (as in H. Pham [55]) the free boundary is a constant whose
value we find explicitly by applying Proposition 2.5.1.

Recall that T < +o0.

Proposition 2.4.6. Under Assumption 2.4.4 the boundary y(t) of the continuation region

1 — e~ (urtapctia(l-a)e2)(T—t)\ 1 Toa
j(t) < —: (1), 2.52
y()_{fc( pr +ape + za(l — a)og, )] ve) (2:52)

D satisfies

for every t € [0,T).

Proof. Fix t € [0,T). The representation formula (2.28) for 7 = ¢ and in the Cobb-Douglas

case becomes

g o ((oat))

7 } (2.53)
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Set fic := pc + 202, then the right-hand side of (2.53) gives

E{ / T 20—8 <tiggs (C°<s> 50(2)))%1 ds

T
= E{/ e HFS gmho(s—t)+oc(W(s)=W (1))
t

7 } (2.54)

x_inf ([*(u)]*! el D(ols—u)-+oc(W ()W) ds‘ ;t}

t<u<s
7 }

T
< E{/ e HFS e—ﬁc(s_t)+oc(W(s)—W(t)) [l*(t)]a—l e(a—l)(—ﬁc(s—t)—i—aC(W(s)—W(t))) ds
t

T—t
= e Hrl [l*(t)]a—l E{ / e HFY e—ﬁcv—l—aC(W(v-i-t)—W(t))
0

« elo=D(—Ticvtoc(W ()W (1)) dv’ 7 }

Since the Brownian increments in the integral above are independent of F;, we obtain

of Lo (o (o) «lo)

T—t
S e—MFt U* (t)]a—l E{ / e HFY e—ﬁcv+JC(W(U+t)—W(t))
0

« ela=D(=hcvtoc(W(v+t)=W(1)) } dv (2.55)

— ekt [l*(t)]afl e HFUTR { ea(fﬁchrac(W(vH)fW(t)))} dv

_ AT 1.2 2
e HFVeT OV 32990V (),

= e ()t

J
T—t
— e*,u,pt [l*(t)]afl / ef,upvefaﬂch { eaacW(v)} dv
0
J

Notice that

~ Ly 1 2
MF+Oz/L0—§Oé aczup+auc+§a(1—a)ac>0,

hence (2.53) and (2.55) imply that

T—t
e A U e e (2:50)
c 0
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—(pr+apc+ia(l—a)o2 ) (T—t)
_ e—m[x*@)]a_l(l—e (kr reso+selie)) )

pp + apc + 30(1 — a)od

Now 2.56 gives

) 1— e—(,up—i-a,uc-l-%a(l—a)cré)(T—t) .
)] < — (), 2.57
PO < o () = (2.57
and (2.52) follows from the identification of I*(-) with g(-) (cf. Theorem 2.4.1). O

Remark 2.4.7. Notice that the curve y*(t) is exactly what in [18] was incorrectly identified
as the free boundary between the ‘action’ and the ‘no-action’ regions. In [20] the authors
characterized the free boundary Y(t) as the unique solution of a nonlinear integral equation
(see [20], Theorem 4.8). Then, by using a discrete approximation of such integral equation,
they showed that y(t) < y*(t), for t <T. That is exactly what we prove here in Proposition
2.4.6.

Remark 2.4.8. Notice that the arguments in the proof of Proposition 2.4.6 apply even
under the more general conditions of Assumption 2.4.1. That is, under deterministic, time-

dependent coefficients we have

1

11—«

T—t
Q(t) < |:fc(t)/ o ftv+ (MF(s)+auc(s)+%a(lfa)o%(s))dsdv : Vi e [O,T)
0

2.5 Explicit Results when T' = +o0

In this Section, with 7' = +o00 and under Assumption 2.4.4, we set fo = 1 in order to
compare our finding with the results in H. Pham [55]. As one would expect, when the time

horizon is infinite, the free boundary is a point. That is what we show below.

Proposition 2.5.1. The unique solution of the representation problem (2.28) is given by

I*(t) = 2 R (2.58)
2ur — 03B — aog (1 + By)

where By are, respectively, the positive and negative roots of %O‘%[BQ + ficx — pp = 0 with

fic := pic + 308
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Hence (cf. Definition 2.3.3 and Theorem 2.5.1) the optimal capacity is given by

0<u<t

¥ (1) = O (t) = CO(t) (y V sup (COL(u)) ) (2.59)

Proof. We make the ansatz that [*(t) = a for all t € [0, 00) and we plug it into the left-hand
side of (2.28) to obtain

““E{ / e Li&& (&)l

[T g ([l

{ / o3 G0C (W (8) =W (7)) ~fic (s-7) (2.60)
ds)fT}

— aa—le—upfr E{ /OO e—queac'W(’U)—ﬁCU inf (6(04—1)((76‘(W(U)_W(u/))_ﬁC(U_u/))) dU }
0

0<u’<v

7

(a—1)
X inf {e”c(W(S)—W(u’+7))—ﬁc(s—u’—r)}

0<u/'<s—r

since the Brownian increments are independent of F,.
Define now Y (v) := ficv—ocW (v), Y (v) := infocyc, Y (') and Y (v) := supge,o, Y ('),

then

0<u/<v

=y #FTE{ / Y npv oW (o) fice <6<a1><oc<W<v>W<u ) —fic (v )dv}
0
_ aa—1€_#FT]E{ /°° o1V g—a(ficv=00W(v)) L subgc <y l(a—1) o ~oo W (u ]dv}
0

— aa—le—uFT ]E{ /oo e—que—aY(U)e(a—l)Y(U)dv} (2.61)
0

— iaa—le—uFT E{ /oo i e_uFue—a(Y(v)—Y(v))e—?(v) dl)}
1223 0

_ L et {efa(Y(T(MF))*V(T(uF)))6—7(T(MF))}

HF
where 7(ur) denotes an independent exponential distributed random time.
Using the Excursion Theory for Levy processes (cf. [11]), Y — Y is independent of Y,

and by the Duality Theorem, Y — Y has the same distribution of Y. Hence from (2.61) we
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obtain
L ot {e—a(Y(TmF»—?(r(uF»)e—?mw))}
HF

_ L poimet g {e oY) E [evewen) (2.62)
HF

It is well known that for a Brownian motion with drift

R {ez?ww))} _ P E{e¥Cey - P
By —z B — =z

if 5, and [_ are, respectively, the positive and negative roots of %aéxQ + ficx — pp = 0, i.e.

~ ~ 2
2
pm o (EeY 2
o¢ ¢ 9c
Hence (cf. (2.28))

oo = o [omGglew m ()] el

a1 e (X ()} B {e—ﬂrw))} (2.63)
HF

— Laaflefyp‘r 6—0—6—

[ir 1+ B )(a+p-)

Then, we solve for a and we obtain

o= ()

which may also be written as

2 T-a
a =
(QMF —otf- —ac(1+ B+))
being . 4_ = —2;—5.

Hence (cf. Theorem 2.3.1) the optimal capacity is

C¥(t) = C@(t) = CO(t) <y vV sup ( C(fzu))). (2.64)

0<u<t
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From Remark 2.3.4 we have

() = sup <%(Cu)(“)) V0, (2.65)

0<u<t

and the corresponding control 0(t) (cf. (2.2)) makes the diffusion reflect at the boundary a,
it is the local time of C¥”(t) at a.

Notice that the boundary @ in (2.58) coincides with the free boundary &, obtained by H.

Pham in [55] for a unit cost of investment p. In fact from [55], Example 1.5.1

po1 _ 1—m
b Cla—m)’

with

1

C= — e and m=—p.
Hp + Qe — 20
It is easy to see that
1 _ 1—
aa—l — MF( + /64'_)(0( + /8 ) — m — k?—l) (266)
By b= Cla—m)

hence a = k.

The following Proposition permits to have some comparative statics results.

Proposition 2.5.2. The free boundary of problem (2.7) is a positive decreasing function of

the diffusion coefficient oc and satisfies

1 Ta
lim ¢ = { ——
oc—0 wr + opc

lim a=0.
oc——+0o0

Proof. Notice that k, > 0 since 4 and « are positive as well as C. By means of (2.66) it
follows a > 0.

Straighforward calculations give

80’0 oc

%——Bi<1+
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where we have used the definition of S_ and the relation 8,3 = —2:—2’”. Thanks to (2.66)
C

we get

6&1_a B 02(1 _ a)[%gg% — 0'00((1 + B—i—)(a + 6-4—)] <0
agc N (]- + 5+)2

from which it is clear that o — a(o¢) is a decreasing mapping.
Moreover, we have

lim &' = pp + apc

oc—0
and

lim k’g“_l = +00.
oc—+0o0

Hence, thanks to (2.66) we get

L\ s
o= ()
oc—0 Ur + alic

and

lim a=0.
oc—+0o

O

We notice that when oc and uc are zero (i.e. in the deterministic setting with zero

depreciation) R.(I*(t)) = R.(a) = pr as expected from economic theory.

Remark 2.5.3. For a general production function R(-) satisfying Assumption 2.1.1, to find
the free boundary a one should solve the analogue of (2.62), i.e.

LR e YOuR, (4 YOW) ) E {G—V(T(w))} _1

HF

or equivalently

1 _ - b
Bl o) Y(r(ur)) R Y(r(pr)) +
Lafe (aereomp 2

That is, a is the unique solution of

E {e—x(f(up))Rc (a e*X(T(uF)))} — %—i_ﬁ” (2.67)
+
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2.6 The Variational Approach in the Case of
Time-Dependent Coefficients

In this Section we recall the solution of problem (2.7) obtained in Chiarolla and Hauss-
mann [20] by a variational approach and we generalize some of their results to the case of
deterministic, time-dependent coefficients of the controlled diffusion (cf. Assumption 2.4.1).

Let C®¥¥(t) be the capacity process starting at time s € [0,7T) from y, controlled by v,

then
dCs%Y (t) = CVY (t)[—pc(t)dt + oc(t)dW ()] + fe(t)dv(t), t € [s,T),
(2.68)
C*¥¥(s) =y >0,
hence
Co(t) C°(s)
SWY(t) = d
0= G [ e
with C°(t) as defined in (2.3).
To semplify notation write
~ CO(t) ¢ 12 ¢
s(4) . (81004 — o Ji(e(W)+502 (w)dut [ oo (u)dW (u) )
C(t) := C*H7(¢t) Co(s) e ¢ ) (2.69)

this process is j-:&t = o{W(u) — W(s),s < u < t}-measurable.

To C*¥" we associate the expected total profit net of investment given by

T
Js,y(u):nz{ / o [ nedu peosu (1)) dp — / e‘fs“F(“)d"dy(t)}. (2.70)
s [s,T)

The corresponding optimal investment problem is

V(Sv y) i= sup Js,y(’/)a (271)
VESS
where
S = {v:Qx|[s,T] - Ry, nondecreasing, left-continuous, adapted s.t. v(s) =0, P — a.s.}

is the convex set of irreversible investments.
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We define the opportunity cost of not investing until time ¢ as (compare with [20], Section

3)

t
u ~ ~ ¢ ~ 1
CT(e) = [ O G ) R (O )+ e O C ) ey, (272

and the optimal stopping problem (compare with [20], (3.1))

7Y (t) := essinf B {Cs’y’T(T)|5Es,t} . (2.73)

t<r<T

Denoting by Z*%7(.) the right-continuous with left-limits modification of Z5%T(.), for s = ¢

we set v(s,y) := Z°%7T(s), so that up to a null set,

v(s,y) = essme{ / e Lm0 o) R, (4G () du

s<t<T

r ~ 1
+e /] MF(r)drCs (7_) 7 (7—_) ]1{7<T} } (2.74)

Now, the results in [2], Proposition 2 and Theorem 3, guarantee that for s € [0,7T) the
stopping time
™(s,y) =inf {t € [s,T) : Z°¥7(t) = ¥ ()} AT (2.75)

is optimal for (2.73) and the function v(s,y) is the shadow value of installed capital, i.e.

v(s,y) = %V(S,y)-

Theorem 2.6.1. Under Assumption 2.4.1, for every (s,y) in [0,T) x (0,00) the optimal

stopping time (2.75) may be written as

7*(s,y) = inf {t €[s,T):v(t,Y*¥(t)) = fcl(t) } AT. (2.76)

Proof. Recall that Y*¥(t) := yC*(¢). From (2.73) we may write

t
22 i(t) = essinf]E{ / e~ I 1O O (w) Re (V> (u)) du

t<r<T

+ / e IS mEdr G ()R, (Y (1)) du
t
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t T -~ 1 -~
te~ J{pp(r)dr — [ MF(r)drCs(T)fC_(T)]l{T<T} ’j-'s’t} (2.77)

¢V T (L) + ess ianE{ / e~ S @ G () R (V¥ (w)) du
t

t<r<T

: . ~ 1 ~ 1 -
— /! uF(v-)dr( — [ pr(r)dr s 1 — O%(t 1 )’ '
te e O (T> fC’(T) {r<T} O ( >fC(t) {t<T} fs,t
Notice that
Co(u) = C*(t)C(w), Yu>t, and e JorrOdrCs(py = o= Jonrdre= [T ur(drGs (1Ot (1),
Hence for ¢t < T we have

Z(t) = ¢ (2.78)

e JerrAr G (1) ogg infE{ / e~ S mrdr Gty R, (Ys’y(t)ét(“)> du

t<r<T ¢

. ~ 1 1 |~
fe i reMd s (A — ——| T, }
Ot~ el

In order to take care of the conditioning in (2.78) we proceed exactly as in the proof of
Proposition 2.4.2 by working on the canonical probability space (ﬁ, F), where P is the
Wiener measure on Q := Cy ([0, 77]), the space of continuous functions on [0, 7] which are
zero at time zero. Since C'(.) is independent of F,, and Y*¥(t) is F,,-adapted, recalling

(2.74), from (2.78) we get

2507 (1) = (VT (¢) 4 e~ J{ np(r)dr s (t) (v (£, Y™¥(t)) — fcl(t) ) (2.79)

Finally, (2.75) and (2.79) imply

™(s,y) = inf{t €[s,T): Z%7(t) = (YT AT

— inf {t € [s,T) : e~ e 1nr(@irGs(p) (v (t, Y*¥(1)) — fcl(t)) - 0} AT

= inf {t € s, T):v(t,Y*(t)) = fcl(t)} AT. (2.80)

]
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Notice that if E, {-} is the expectation w.r.t. P, (cf. (2.38) for its definition), then (2.74)

may also be written as

~ o w_ . 1
v(s,y) = inf E{/ e~ JSEOA B (YU () du + e~ Js O _—__q } (2.81)

s<r<T . folr) {r<T}
with 7i(t) = pr(t) + pc(t), for t € [0,T7.
The value function v(s, y) is expected to be the solution of a variational inequality similar
to that obtained in Chiarolla and Haussmann [20] under Markovian restrictions (cf. [20],
Assumption-|M]) and with a Cobb-Douglas production function (cf. [20], (4.5) and Theorem
4.4).
In order to show that v(s,y) is directly related to the solution of a suitable variational

inequality, we introduce for s € [0,7] and t > s the diffusion

X5 (t) == —|—/ (ue(r) — %aé(r))dr —|—/ oo(r)dW*(r), X**(s) = z. (2.82)

Clearly, X*™®(¢) = In(Y*¥(t)). Moreover, we may define the second order differential

operator

. %O—Z(s)am + (302(3) ~ ()0 (2.83)

Definition 2.6.1. Let 1 < p < oo and let O be an open set of R. For anym € N and A > 0
we denote by VVm’p”\(O) the space of all functions u such that

el = (Z [ e_m||u<k><x>|pdx> oo
k<m <

where u®) (z) denotes the k-th derivate of u.

Q=

Moreover, we write u € LPMO) if u is such that

< /O e_)‘|x|u(x)|pdx); < +00.

Theorem 2.6.2. Assume that pc, oc, fo and pp have bounded first order derivatives

and fit X > 2. Then, there exists a unique solution ®(s,z) € L* (O,T; WI’Q”\(R)) N
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L* (0,T; W>*AR)) such that 22 € L* (0,T; L**(R)) N L* (0,T; L**(R)) and
( (=0, — L —7(s)) D(s.x) < R (¢7), (s,2) € (0,T) xR,

I o — L = S, T

(_(as +£+M(8))(I)(871') - Rc (6 )) ((I)(S,CL’) fC(S)) - O) ( ) ) € (OaT> X Ra
1

(D(S,.CE) < fc—(s), (S,Z') S (0,T> X R,

| ©(T,z) =0, zeR
(2.84)

Moreover, the unique solution ®(s,x) admits the representation

~ T U — s.T T — 1
(I)(S’x) = 9<1£1£TE3{ / e~ S mrydr RC(GX ' (u))du + e ST ar)dr fC(T)]l{T<T} }

with the diffusion X**(t) given by (2.82).
Proof. The proof is an application of the results of Bensoussan and Lions in [12] (see [12],
Chapter 3, Section 4.9, p. 442). With respect to the notation in [12| we may write system

(2.84) as
[ (=0, + A(5)) ®(s,2) < R (%), (s,2) € (0,T) xR,

v ! = S, T
(—0sP(s,x) + A(s)P(s,z) — R, (€7)) ((I)(S,I) - fc(8)> =0, (s,z)€(0,7) xR,
1
(I)(S,ZL’) S fC—(S)’ <S7$) S (07T) X Ra

| ©(T,z) =0, z€R,
where we have introduced the differential operator A(s) := — (£ — f(s)) .

Notice that

e R.(e”) € L? (0, T;L**(R)) for every A > 2. In fact, the strict concavity of the produc-
tion function and the growth assumption on the production function (cf. the second

part of Assumption 2.1.1) imply

1

T o) % o] 2
/ (/ e MR, (&%) |2dx) dt <T (/ e Mrle=2 (ko 4 ne”)? d:v) < 00.
0 —00 — 00
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1
° 7o 0s) is bounded with bounded first order derivative and clearly it belongs to the
c\S
space L” (0,7; WHA(R)) for all A > 0. Moreover #(8) € C°([0,T] x R) and

8 1 2 T 2,
(_% +A(3)) 70 € L? (0,T;L**(R)), YA>0

being 7i(s) bounded as well as fo(s) and its first order derivative.

1
e &(T,z) = 0, hence it belongs to W»**(R) for all A > 0, and ®(T,z) < o)
c

Moreover we have 202(s), pc(s) —30&(s) and fi(s) bounded with bounded first order deriva-
tives. Finally, the differential operator £ is uniformly parabolic.

Hence, thanks to the results in [12]|, Chapter 3, Section 4.9, p. 442, we have that there
exists a unique P s.t.

( ®(s,z) € L” (0,7; WHAR)) NL? (0, T; WA (R)) ,

g—f € L? (0, T;L**(R)) N L* (0, T; L**(R))

(—0s + A(s)) @(s,2) < R. ("), (s,x) € (0,T) xR,

€T 1 _
(—0sP(s,x) + A(s)P(s,z) — R, (")) ((ID(S,JC) - fc(5)> =0, (s,z)€(0,7) xR,
1
Bs,) € s (50) € (0.T) X R

L (T,2) =0, z€R.

In particular it follows that

: ™ ! — [“a(r)dr ST (y — [T @(r)dr 1
D(s,x) = SglgiTEs{ / e s O B (X5 W)y 4 o= I fc—(r)]l{T<T} } (2.85)
where the diffusion X**(t) is given by (2.82). O

Corollary 2.6.2. Let ®(s,z) be the unique solution of (2.84). Then we have ®(s,In(y)) =
u(t,y).

Proof. Since Y*¥(t) = X" (¢), then it is clear by (2.85) that v(t,y) = ®(s, In(y)). O



Chapter 3

A Stochastic Economy in Continuous
Time: First Order Conditions and a
Fixed Point Problem

In the previous two Chapters of this Thesis a firm has represented the productive sector
of a market, but we have not modeled precisely the rest of the economy. In fact we focused
only on the firm’s manager problem, i.e. to choose an irreversible investment strategy that
maximizes the company’s expected total profit, net of investment costs. In this Chapter we
consider the optimal irreversible investment problem for a firm embedded in a stochastic,
continuous time economy on a finite time interval, as modeled in [22]. When the discount
factor of the firm’s manager coincides with the deflator, stochastic first order conditions for
the general equilibrium of the economy lead to a very difficult random fixed point problem
that the Authors in [22] have been unable to solve. We now aim to study the existence of a

solution to such fixed point problem.

3.1 A Stochastic Economy with Irreversible Investment

We briefly recall the model of [22] for a continuous time, stochastic economy with irre-
versible investment and money. A stochastic, continuous time economy consists of a single

perishable good producing firm which has to decide on cash holdings, levels of employment
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and how to invest for capacity expansion; rational agents that maximize their total expected
utility of consumption, money holding and leisure, some of them are employed by the firm
to facilitate capacity expansion, and some are retired or on welfare. Moreover, all the agents
partecipate in a financial market consisting of a nominal bond, a real bond (i.e. valued in
real terms), stocks of the firm and another type of contract, called derivative. The shares’
owner receives dividends. For its production the firm employs labour, borrows capital for its
daily business, and sells shares to raise capital for capacity expansion.

We may think of the agents partecipating in the economy as members of three different
categories: the first kind provides labour to the firm (production sector), the second turns
investment cash into capacity expansion (construction sector), and the third category pro-
vides no labour (the welfare and retired sector). All the agents own the firm’s shares and
the bonds, and consume the good produced by the firm. Moreover, in order to facilitate
purchases of the goods and the other financial transactions, the government supplies money
to the agents as an exogeneous process M. On the other hand, all the price processes are
endogeneous and their optimal value is determined from equilibrium considerations.

We now start with briefly introducing the ‘ingredients’ we need. Let J be the total
number of agents operating in the three sector of the economy. At equilibrium, market
clearing conditions has to be solved, and, following the original approach of |[45], the analysis
becomes much easier if only one (representative) agent is present. For that reason the actions
of the single agents are aggregated into the action of a single fictitious Social Planner. His
utility function, U, is a suitable weight of the utility functions of the individual agents in the
economy. The factor A := (\y,..., \j) € Ri+ accomplishes this. The suitable A is determined
at equilibrium as solution of a fixed point problem in the spirit of [45], Theorem 11.1.

Denote by C(t) the optimal (at equilibrium) production capacity process, by K (t) the
optimal real capital at time ¢ € [0,7], and by j}(t) the optimal labour level process. As
already introduced, M (t) represents the exogeneous money supply, whereas J? is the total

~

number of agents who supply labour to the firm (that is, J? — L(t) is the equilibrium number
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of agents in the welfare and retired sector at time ¢t € [0, TY).

Regarding the Social Planner’s utility function U, we assume all the properties of [22],
Lemma 4.1; briefly, U(t,-; A) is a concave, increasing, continuous function on R? with con-
tinuous partial first order derivatives U, U;, U,,.

The process ((t) is the deflator (or real state-price density) and (cf. [22], (2.18)) it is
assumed to be continuous, uniformly bounded in (w,t) € Q x [0,7] (i.e. there exist finite
constants ke, k¢ such that a.s. a.e. 0 < ke < ((w,t) < k¢.), and to satisfy

{ dC(t) = C(H)[=r(t)dt — 07 (H)dW () — dB(1)], (3.1)
¢(0) =1, |

Here, r(t) is the real interest rate (cf. [22], (2.1)), whereas ((t) is the singular continuous

part in the dynamics of the real bond (cf. [22], (2.1)). In [22], (2.2), it is assumed that

T
/ [r(t)|dt < +o00 a.s., 5]|r < o0 a.s.,
0

where ||(||7 denotes the total variation of the process 5 on [0,7]. W (t) is an exogeneous
two-dimensional Brownian motion and 6(t) is the ‘market price of risk’ (cf. [22], (2.16),

(2.17) and Remark 2.1) such that

(4) /0|]9(t)\|2dt<ooa.s.
(3.2)

(ii) E(t) = exp[— /0 OT(s)dW(s)—% /0 16(s)|[2ds] is a martingale.

On the other hand, 7(¢) and w'(¢) are the nominal interest rate and the real cost of labour
(the real wage process) respectively. They are uniformly bounded in (w,t) € Q x [0,T]
continuous processes (cf. [22], (2.4) and (3.5)).

The firm’s production function is denoted by R : R* — [—o0,00), and, according to
[22], Assumption R (3.4), it is a nondecreasing, upper semicontinuous, concave function
with sub-linear growth, twice continuously differentiable on the interior of its domain. Since

R is the rate of production of goods, the production profit per unit of time is given by
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R(C,K,L) — 7K — w'L which the manager aims to maximize at each moment in time by
choosing capital and labour (K, L) at the current capacity C. Take M < kj; to be the
current money supply and set Q(M) := [0, M] x [0, J?]. Then, (cf. [22], (3.11))

R(C,7,w"):= max [R(C,K,L)—7TK —w'L]
(K,M)eQ(M)

is the maximal profit rate. Notice that for C' > 0 fixed, —R(C,-,-) is the concave conjugate
of REM)(C,-,-) = R(C,",") — xoun/(:,) where

_ 0,  zeQM)
XQM) "= 400, otherwise

The firm’s manager chooses the investment strategy v(w,t) in order to maximize the

total profit plus scrap value, net of investment costs, that is he maximizes

Joy(v) = E{ /0 Te‘“F(t)ﬁ(Cy’”(t),?(t),w’(t))dt+e_“F(T)G(Cy”’(T))

_ /[0 ; e—um)dy(t)} (3.3)

over the convex set
S := {v : left-continuous, nondecreasing, adapted process, a.s. finite, s.t. ¥(0) = 0 a.s.}.

Here G is the scrap-value function; it is strictly concave, non decreasing, continuously dif-
ferentiable with sub-linear growth (cf. [22]|, Assumption G). Recall that the controlled pro-
duction capacity C¥"(t), unique strong solution of

dC*(t) = C¥ (t)[—po(t)dt + oc(t)dW (8)] + fe(t)dv(t), t e [0,T),

C¥r(0) =y >0,
is given by C¥"(t) = C°(t)[y + 7(t)], with C°(t) := C'°(t) and 7(t) := [, é%—g‘:;dl/(s).

At equilibrium all the agents act optimally: the firm’s manager has to choose investment,

labour and operating capital to maximize the expected total net profits; the profits have to

be distributed as dividends; the investment capital has to be passed as wages to the non-

production sector; the changes in the money supply have to be passed into the economy
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as ‘welfare’ and the market (goods, bonds, money, labour, derivative and stocks) have to
be clear. In [22], Definition 6.1, the general equilibrium of the economy is characterized by

stochastic first order conditions that must hold simultaneously.

3.1.1 First Order Conditions and a Random Fixed Point Problem

Notice that, as pointed out in [22], Remark 3.2, we may look at the manager’s situation
(cf. (3.3)) slightly different. In fact, we may think of the firm’s net present value as a claim
to be sold with no-arbitrage price given by Jp, when the manager’s discount factor coincides
with the deflator of the economy (cf. (3.1)), i.e. e ##(®) = ((¢). In such a case Jy,(v) is the
total number of firm’s shares at time zero, i.e. Jp, = N(0)S(0) (cf. [22], (3.13)). If N(0) is
given (exogeneous), on the other hand S(0) depends on the future expected payments, hence
the firm’s manager attempt is to maximize the present share value. Notice that he may well
be motivated to do so if he owns a significant number of stock options. It follows that, when
e ##(®) = ((t), the market parameters ¢,7 and w’ are expected to be at equilibrium solutions

of a very difficult random fixed point problem. In fact, (cf. [22], (6.16) and (6.17)),

( C(t) = Uc(t7R(é(t)7 K(t), f/(t))a M(t) - K(ﬂ? JP — [A’(t);A)7

o) = Un(t, RIC(t), K(t), L(t)), M(t) — K(t), J> — L(t); A)
UL R(C(), K(t), L)), M(t) — K(t), Jo — L(t); A)’

(3.4)

wie) = Uit RCW). K1), £(0), M) = K0, — Le):A)
\ Uelt, RIC(), K (), (1)), M(0) = K(8), 77 = L(£): A)

Equations (3.4) state that, at equilibrium, the deflator ¢ equals the marginal utility of
consumption; the nominal interest rate 7 coincides with the marginal utility of money relative
to the marginal utility of consumption; whereas the real cost of labour w’ is the marginal
utility of labour relative to the marginal utility of consumption. Notice that equations (3.4)
are well posed since, as ¢, 7 and w’, also U, U; and U, are bounded (cf. [22], proof of Theorem
7.1). We stress that in [22] the Authors did not work with the endogeneous discount factor

((t), but only with the exogeneous one e ##®) gince they were unable to solve (3.4). In
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this Section, we aim to prove the existence of a solution to the daunting fixed point problem
(3.4).
We shall write (¢(¢),7(¢),w'(t)) € A, where

A = {X:Qx[0,7] - R® continuous and s.t. ||X|[gs < K < +00,Vt € [0,7], P — a.s.}.

Notice that the right-hand sides of (3.4) are highly nonlinear functionals of the processes
¢(t), 7(t) and w’'(t). The marginal utilities U;, Uy, and U, depend on (C(t), K(t), L(t)) which
in turn are functions of {(t), 7(t) and w'(t). In fact

A~

(R (1), Le)) = 17 (), (1),

RROM(C,-,)

where [ is an extension of the inverse of V. RM)(C,-,.), whereas the optimal

productive capacity C(t) = C°(t)[y + 7¥(t)] depends on (((t),7(t),w'(t)) in the following

way. Define

RY (1) = / C(3)C(3) RulyC™(s), 7(s), w'(s))ds

+¢<t>?c—gn{t<n LTI T)C (yC(T)) Ly

and the Snell Envelope of RY7 (1),
yT . i y, T
Zv = etzisTlganE{R (17)|Fi}
Let Z¥T(t) be a modification of Z%T with right-continuous paths, then the stopping time
7(0,y) ;= inf{s € [0,T) : Z¥T(t) = RYT ()} AT
is the optimal time to invest and its left-continuous inverse (modulo a shift)

7Y(t) :==[sup{z >y : 77(0,24) <t} —y]" if t >0, TY(0)=0,

is related to the optimal investment (¢) through

D(t) = % V(s
o) = /[) fols) ™)
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Unfortunately the right-hand sides of (3.4) are not monotone operators, hence fixed point
theorems for monotone operators (e.g. Tarski Theorem) cannot be applied. Therefore the

idea is to look for a topology under which the mapping

Un U . . .

(C(1), 7(1), w'(t)) = (U, T E)(t’ R(C(t), K (1), L(t)), M(t) = K(1), J” = L(t); A)

is continuous and under which the set A is compact. We may think of X (¢) := ({(t),7(t), w'(t))
as an element of D([0,T];R?), the Skorohod space of cadlag functions from [0, 7] into R? en-

dowed with the Meyer-Zheng (or pseudo-path) topology. As pointed out in [50], D([0, T]; R?)

with the pseudo-path topology is a separable metric space and the Meyer-Zheng topology

is equivalent to convergence in measure (see Appendix A for further details on the Meyer-

Zheng topology). We aim to check if A is compact under such topology and the right-hand

sides of (3.4) are continuous.

It has been proved in [57] that if Y is a stochastic process satisfying some conditions and
such that Y, YWy (i.e. the probabilities P¥ converge to P¥ when the Skorohod sample
space is endowed with Meyer-Zheng topology), then the Snell envelope T,, associated to Y,
is such that PT» — PY, where T is the Snell envelope of Y. That result motivates our
attempt to look at our fixed point problem under the Meyer-Zheng topology, possibly under
some additional assumptions. Our daunting program of action is described below.

Set X, := (Gu(t),mn(t), w, (1)) € A and define

/

Ry (1) ::/0 Cn(s)Co(s)Ec(yCo(s),Fn(s),wn(s))ds
+60Dyar) + GG GO

Z¥7(t) as the right-continuous modification of the Snell envelope of RY7 (t),
(0,y) :=inf{s € [0,T) : ZL7(t) =R (1)} AT,

vY(t) == [sup{z >y : 75(0,2+) < t} —y|" if t >0, PY(0)=0,

n
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and
Co(t) = CO(1)y + 74 (1))

Suppose X, Mz X, then we would like to prove the following steps.

RyT X Ry T (3.5)
zyT YU zuT (3.6)
72 (0,y) =5 7°(0,9) (3.7)

(recall that a stopping time, being a functional of a process, is continuous in the more usual

Skorohod topology (cf. [37]|, Chapter VI))

A7 (3.8)
C, 3 C. (3.9)

The continuity of TR and of U, Up, U (cf. |22] and [21]) might then enable us to

obtain the continuity of the right-hand sides of (3.4).

3.1.2 The Case of no Leisure and no Money

We may start with studying the simpler case of no leisure and no money; hence through-

out this Section we make use of the following Assumption.

Assumption 3.1.1.
1. 7T(t) =0=w/'(t) fort €[0,T];

2 IE{ /OTr(u)du} <, ]E{ /OTHe(u)H?du} <C and E{||B]|1} < Cs.

Notice that the second part of Assumption 3.1.1 is stronger than [22], (2.2) and the first
of (2.17), but, in any case, that will be verified in equilibrium (cf. [22], page 42). Under

Assumption 3.1.1 the fixed point problem (3.4) becomes

((t) = U(R(C(1))). (3.10)



3.1 A Stochastic Economy with Irreversible Investment 84

Introduce the set

/

A {X :Qx[0,7] - R continuous, uniformly of class (D) and

uniformly bounded in (w,t) with bounded conditional variation},

and recall that (cf. (3.1))

4C(t) = C(O[=r(t)dt — 67 (AW (2) — d(2))
{ c(0) =1, (3.11)

with k¢ < ((w,t) < k¢, P-a.s. for all t € [0,T].
Proposition 3.1.2. Let Assumption 3.1.1 hold, then ( € A'.

Proof. Under Assumption 3.1.1 the solution of (3.11) ((t) = exp{fo s)ds — B(t)} (see
(3.1) for the definition of the exponential martingale £(t)) is continuous; moreover, being
uniformly bounded in (w,t) € Q x [0, 77, it is uniformly of class (D) as well, i.e. the random
variable ((7) is uniformly integrable for every stopping time 7 < 7.

Let 7 be any partition of [0,7]. Denoting by V;({) the conditional variation of ((t), we

have

V(¢ ) E{|C(T)\}

{‘E{  ctwrtwan— [ e wawe) - [ cwasto)z, |}

n—1

o(1+5 e / wdut [ asr})

k=0

=c(1+E{/OTr<u>du} +B{|I8llr}) <@

by Assumption 3.1.1. It follows that ¢ belongs to A’ O

Proposition 3.1.3. The set A" is relatively compact (in the sense of convergence in distri-

bution) when D([0,T];R) is endowed with the Meyer-Zheng topology.

Proof. Notice that every X € A’ is a uniformly bounded in (w,?) quasimartingale. Hence

[50], Theorem 4 implies the thesis. O



3.1 A Stochastic Economy with Irreversible Investment 85

. MZ
From now on we use the notation X,, =

X to indicate that the probabilities PX" con-
verge to PX when the sample space D([0,T];R) is endowed with the Meyer-Zheng topology.
Moreover X,, ME X if the sample path X,, converges to X in the Meyer-Zheng topology. We
may now start with studying the continuity of the right-hand side of (3.10). Hence, letting
¢ % ¢, we aim to prove that U.(R(C,(t))) converges (in some sense) to U,(R(C(t))).
Recall that F' is a continuous functional on D([0,T]; R) endowed with the Meyer-Zheng

topology if for all z,, and = in D([0,T];R) such that z, Y¢ 2 we have

lim 1/0 F(t, () — Pt 2(1))]dt = 0.

Proposition 3.1.4. The functional R""(-) : D([0, T]; R) — D([0, T];R) is continuous under

the Meyer-Zheng topology.

Proof. Let ¢, be a sequence in A" which converges to ¢ in the Meyer-Zheng topology. We

have

RIT (1) — R (1)) < / 1Ga(s) — C(5)[CO(5) Ro(yCO(s))ds
OO
folt

Hence, concavity of R and G, and continuity of C°(¢) imply

+1Ga(t) = ()] ()11{t<T}+|Cn( ) = ¢(D|CUDG (YC*(T)L=ry.  (3.12)

| RO =R C < K [ 1640~ o (3.13)

0

where K denotes a suitable constant depending on y, inficjo1) fo(t), supep C°(t) and
on the constants that appear in the growth conditions on G and R. The thesis follows
by recalling that convergence in the Meyer-Zheng topology is just convergence in Lebesgue

measure (cf. Appendix A, Lemma A.0.10). ]
By continuous mapping Theorem we have the following simple result.

Lemma 3.1.5. If Cn C then RYT =5 MY Ryl
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Proposition 3.1.6. Denote by Y, := (RY",(,,C°) and by X, the random vector whose

components are the Snell envelopes of the elements of Y. If (¢, C°, RYT) Mg (¢,C° R¥T)

then (Y, X,) 4 Y, x).

Proof. For this proof we aim to apply the results in [57]| regarding the functional convergence
of the Snell envelopes in American Options approximations. First of all, notice that the
process R¥"7 () does not satisfy hypothesis (H) in [57], Definition 2.4 since it is not Markovian
depending on the path of processes C° and ¢ up to time ¢. On the other hand, if we consider
the Markovian three-dimensional process (R¥(t),C°(t),((t)) € D(]0,T]; R?), hypothesis
(H) of [57] does apply.

Notice that [57], condition (3.1), is satisfied being (R%T),en of class (D), i.e. the r.v.
(RYT(7))nen are uniformly integrable for every stopping time 7 < T'. In fact, since R and
G are concave functions such that R(z) < k, +nz and G(x) < k. + ez and fe and (, are
bounded processes, we may write

IRYT(7)| < K(1+ sup C°(t)), V7 e [0,T],
0<t<T
where K denotes a suitable constant depending on y, K, €, K, 7, T and the bounds on f¢

and (,. Moreover, notice that the process R%T(t) has right-continuous paths, hence

1 t+0
lim < / RYT (5)ds — RUT(1).
t

§—0t

Denote by E,{-} the expectation under the distribution P, of R¥” on the canonical space

D([0,T];R). By Lebesgue Theorem, there exists d(e;n) such that

t+6
En{%/ R (s)ds — RZ’T(t)\} <€, d < d(e;m).
¢

Set now 7 := inf, ey d(¢;n). Then, if § < v we have
1 t+d
E"{|5/ RY7(s)ds — RZ’T(t)|} <€, Vn € N.
t

It follows that the assertion of Lemma 3.3 in [57] is also fulfilled.
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Moreover, a sequence (CO(t), ¢, (t))nen € D([0, T];R?), with ((,(¢))nen € A" and converg-
ing in the Meyer-Zheng topology to (C°(t),¢(t)) € D([0, T]; R?), fulfill hypotheses 3.1 being
(Cu(t))men and CO(t) uniformly of class (D). By using the same arguments as for R (t), we
may prove that (¢, (¢))neny and C(t) satisfy the assertion of Lemma 3.3 in [57].

Denoting by Y, := (RY7(t), ¢, (t), CO(t)) and by X, () the random vector whose compo-

nents are the Snell envelopes of the elements of Y, i.e.

1.0 = (sl B RYT ()1 esshaf B.(G, (0|7, essnf E(CI7) ),

t<r<T

Z

then by [57], Theorem 3.5 and Remark 3.6, we have (Y,,,Y,) = (¥, Y) with

Y(t) := (essme{RyT( )|]:t},%SLI%E{C(TH.E},etiSLlleE{CO(T)LFt}).

t<r<T

Therefore the thesis follows. O

Notice that, under hypothesis (H) in [57], Definition 2.4, every limit law of (Y,,,X,,, 7;)
on D([0,T];R%) x [0,T7] is the law of (Y,Y,7*) on D([0,T];R%) x [0,T] where 7 is an
optimal stopping time for (R¥”, Z%T) (cf. [57], Remark 3.8). Then, by the Skorohod
representation theorem (see, e.g., [15]), we can assume without loss of generality that on

a common probability space, still denoted by (2, F,P), 7% converges to 7 almost surely.

Hence the following proposition holds.
Proposition 3.1.7. 7%(t) — 7¥(t) a.s. for every t € [0,T).

Proof. If 75(0,y) — 7°(0,y) a.s. for all y > 0, then it is well known that its generalized
inverse, i.e. 7Y, converges weakly to 7Y, that is 7¥(t) — 7¥(¢) a.s. for all the times t € [0, T
of continuity of 7¥(-). Being ©(t), with continuous paths and thus a.s. finite on [0,77] (cf.
[22], (3.18)), by Dominated Convergence Theorem we have that 7¥(t) := f[ ? (=) jdir(s) has

continuous trajectories as well. Hence 7Y (t) converges a.s. to 7¥(t) for all t € [0, T7. O

Corollary 3.1.8. C,(t) converges a.s. to C(t) for all t € [0,T).
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Proof. Since C,,(t) :== C(t)[y +7%(t)], obviously lim C,(t) = C(t) a.s. for all t € [0,T]. O

n—oo

We may now prove the main Theorem.
Theorem 3.1.1. There exists a solution to the fized point problem (5.10).

Proof. Proposition 3.1.4, Proposition 3.1.6, Proposition 3.1.7, Corollary 3.1.8 and, finally,
the continuity of R and U, (cf. [23], Lemma 4.4) imply the continuity of the right-hand side
of (3.10). Hence an application of Schauder Fixed Point Theorem (e.g., cf. [61]) guarantees

the existence of an equilibrium deflator, that is the existence of a solution ¢ to (3.10). O

Remark 3.1.9. A future attempt will be surely to remove Assumption 3.1.1. By assuming
that the uniformly bounded continuous processes T and w' have uniformly bounded conditional

variation, then C, 7 and w' are continuous quasimartingale that belong to the set

D = {X:Qx][0,T] = R® continuous, uniformly of class (D) and

uniformly bounded in (w,t) with bounded conditional variation}.

By [50], Theorem 4, the set D is relatively compact (in the sense of convergence in distri-
bution) if D([0,T];R3) is endowed with the Meyer-Zheng topology. Then, arguments similar
to those used in Proposition 3.1.4, Proposition 3.1.6, Proposition 3.1.7, Corollary 3.1.8, to-
gether with the continuity of R, U,, Uy, U,, and JREODEW (cf. [23], Lemma 4.4, and [21],

Proposition 3.2) allow to conclude that there exists a solution ({,7,w’) to (8.4).



Chapter 4

Concluding Remarks and Open Problems

In this Thesis we have studied stochastic, irreversible investment problems in continuous
time. We have developed a new approach based on first order conditions for optimality
which may be thought as generalized stochastic Kuhn-Tucker conditions.

In particular, in Chapter 1, we analyzed in a very general semimartingale setting the
optimal investment problem for the Social Planner of a market with N firms and with
limited resources. Our approach generalizes that of Peter Bank [7] for a single firm. The
optimal solution has been given in terms of the base capacity process [*(t), a desirable value
of production capacity, unique optional solution of a representation problem in the spirit of
Bank and El Karoui [6].

Chapter 2 has tackled the problem of the meaning of [*(¢) in a diffusion setting. We
have studied a stochastic, continuous time model on a finite horizon for a firm that produces
a single good and whose production capacity is a controlled Ito process. Under suitable
assumptions on the controlled diffusion coefficients, we have showed that the base capacity
process is actually deterministic and coincides with the free boundary §(t) of the optimal
stopping problem naturally associated to the singular control one. It follows that the Bank-
El Karoui representation problem gives rise to an integral equation for g(¢) which might be
solved numerically by backward induction.

Finally, in Chapter 3 we have considered the optimal irreversible investment problem
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for a firm embedded in a stochastic continuous time economy on a finite time interval, as
modeled in [22]. Under Markovian assumptions, we have studied a very daunting random
fixed point problem arising from stochastic first order conditions for the general equilibrium
of the economy when the discount factor of the firm’s manager coincides with the deflator.

The new approach for solving singular, stochastic control problems we have developed in
this Thesis might apply to other some very interesting problems arising in Economics. In

this Chapter we want to discuss some possible developments of the research.

First of all we may study the singular stochastic control problem of Chapter 2 when in the
economy there are limited resources. In particular we may consider an economy on a finite

time horizon T" whose productive sector is represented by a firm with capacity dynamics

dC¥" (t) = C¥"(t)[—pc(t)dt + oc(t)dW (t)] + fe(t)dv(t), t €[0,T), )
4.1
Ccv(0) =y > 0.

We may assume that any investment strategy v(¢) is such that v(t) < 6(¢), for some nonde-

creasing, integrable, left-continuous, adapted process 6. The firm’s manager problem is

T
supE{ / e—fo nr(s)ds R(Cy”j(t))dt _ /

e o eSS g () } (4.2)
v<f 0 [0,7)
Recall that CO(t) := C10(t), T denotes the set of all stopping times with values in [0, 77,

and that the optional process

Vo Joy0)(r) = JE{ / Te_f[f“F(“)d“CO(S)éCO—ETT%Rc(Cy’”(S))ds‘]-"T}

— ¢ Jo pr(u)du Tgremy

is the supergradient of J;,(v). At the moment we are able to prove that necessary and

sufficient conditions for optimality of ©(t) are

VioJoy(@)(1) <0, V€T, P—as,

IE{ /[OT) V. Joy(0)(T) dz?(T)} =0,
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v(t) <6(t), Ytel0,T], P—as.,

IE{ /[O’T)(H(t) - ﬁ(t))dA(t)} _o.

As in Chapter 1 the Lagrange multiplier d\(w,t) is an optional random measure on [0, T.
We guess that, at least in the case of a constant finite fuel 6y, the optimal investment strategy
takes the form

D(t) = U (t) A b, (4.3)

with *(¢) the optimal solution of the infinite fuel case discussed in Chapter 2, Theorem 2.3.1.
Such policy represents a quite natural generalization of that in [43] for a Brownian Motion
controlled by a nondecreasing process. Notice that even in this case the base capacity process
I*(t), unique solution of a representation problem in the spirit of Bank-El Karoui (cf. (2.28)),
should coincide with the free boundary of the optimal stopping problem associated to the
singular control one. In fact, as stressed in |7], it does not depend on the fuel and, therefore,
it may be viewed as a universal signal for a big class of finite fuel optimal stochastic control
problem. It follows that it would be interesting to prove guess (4.3) and to study which is

the optimal investment strategy in the case of a time-dependent, stochastic, increasing fuel.

It is reasonable to think that a firm might also disinvest. In that case the controls are

stochastic processes of bounded variation with minimal decomposition
v(t) =vi(t) — v (b),

for v+ and v~ increasing and left-continuous. The total expected profit associated to the

investment-disinvestment strategy v might be

g =e{ [ R xw)i- [ aarw- [ soan)

[0,T)



CONCLUSIONS AND FUTURE RESEARCH 92

hence the firm’s optimal problem
sup J (v; ). (4.4)

Here the process y(t) (resp. [(t)) is the running cost per unit of fuel spent to push in the
positive (resp. negative) direction, whereas the process X (¢t) = x + v(t) represents the state
at time t, when starting at X (0) = z. Economically, v(¢) is the running cost of investment
and (5(t) the rebate for disinvestment. We may assume that « and  are optional processes,
of class (D), continuous in expectation, such that v > g and v(T") = B(T") = 0.

Denoting by © the optimal solution of (4.4) and by X (t) = 2+ (t) the optimal controlled

state, then the first order conditions for optimality for problem (4.4) would be

E{ /TT Ro(t, X (1)) dt ‘]—"} <A(r), VreT, P—as., (4.5)

E{ /TT Ro(t, X (1)) dt (;f} > _B(r), VreT, P—as., (4.6)

with equality whenever investment and disinvestment actually occur. We expect that the
optimal control policy (#*,7~) might be expressed in terms of the solutions (I%,1*) of a
coupled representation problem of the Bank-El Karoui’s type arising from (4.5) and (4.6).
Hence it is engaging to compare this kind of analysis with that one based on the connections
between bounded variation control and Dynkin Games (e.g., cf. [47] and [14]). Moreover,
when X is a controlled diffusion, it would be intriguing to understand if [ and [* coincide, as
in the irreversible investment case (cf. Chapter 2), with the free boundaries of the investment-
disinvestment problem (4.4) and to analyze their path properties, e.g. if they cross each other,

if they are monotone, continuous...

A daunting task is to study the problem of Chapter 2 when the production capacity is a
very general controlled diffusion given by

dCY (t) = C¥" (t)[—pc(t, C¥¥ (1)) dt + oc(t, C¥¥ (t)) dW ()] + fe(t)dv(t), t € [0,T)

c*r(0) =y >0,
(4.7)
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for some deterministic coefficients satisfying suitable assumptions. By introducing the Doléans-

Dade exponential of C¥", i.e.

E(CH (1)) = exp{ - / (e (s, O7(5)) + 508(s, OV (s)) ds + / ac<sjcyv”<s>>dW<s>},

and
v = —fo(S) V(s
0= J,, Ficowiy ™

then, by Ito’s Lemma, one formally obtains
cvr(t) = E(C(1)ly + v(t)]. (4.8)

Notice that, under some assumptions on the diffusion coefficients and on the production
function, we are in the same setting of [34] with no absolutely continuous controls. Hence,
the control problem

T
sup E{ / e Jornr(ds R(CYY (1)) dt — /[ ) e o “F(S)dsdl/(t)} (4.9)
0 0,7

v
has an optimal solution 7(¢). However that solution is not unique; in fact, althought the
production function is strictly concave, the capacity process C¥"(t) is not affine in v. We
are able to show that a process v is optimal for problem (4.9) if it satisfies the following
first-order conditions

VioJoy(0)(1) <0, VreT, P—as, (4.10)

IE{ /[O,T) V. Jo,(0)(T) dﬁ(r)} =0, (4.11)

7

with V, 7y, (v) the unique optional process given by

V,Joy(V)(T) = ]E{/ e_f5“F(“)d“5(Cy’”(s))(i,(é(;—7(y7_()7_))RC(Cy’”(s))ds

_ef fOT :uF(u)d

Notice that (4.10) and (4.11) are not necessary conditions as instead (2.11) and (2.12). In

fact in this general case we are not able to apply Fatou’s Lemma, a crucial tool for proving the
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necessity of the first-order conditions for optimality. We can show that an optimal capacity

production can be represented as

CvP(t) = CO(t) (y V sup (go((?)) ) : (4.13)

0<u<t

with C%(¢) := C10(t). The optional process [*(t) is expected to be the solution of a repre-
sentation problem in the spirit of Bank-El Karoui, i.e.

E{ / ' e~ Jo nrWdug(Cv?(5)) R, (00(3) sup éo(—&))) ds‘}}}

- T<u<s
£(C"(1))

— p IOT rE (u)du ]l
e T .
fC(T) { <T}

(4.14)

We stress that (4.13) is not an explicit solution for the optimal investment problem (4.9) de-
pending [*(t) through (4.14) on C¥7”(t) itself. Hence (4.13) is actually a fixed point problem.
However, formula (4.13) is an interesting characterization of an optimal production capacity
C¥"(t) in terms of the solution of representation problem (4.14). It would be then of some
interests to understand which is in this setting the meaning of the the ‘base capacity’ I*(¢),

i.e. of the optional solution to (4.14).

Finally a further attempt is to study the fixed point problem of Chapter 3 removing

Assumption 3.1.1.



Appendix A

The Meyer-Zheng Topology

In this Appendix we recall the main facts about the Meyer-Zheng (or pseudo-path)
topology [50] for the Skorohod space D([0,T];RY) of cadlag processes with values in RY,
N > 1. The Meyer-Zheng topology has been widely used concerning the existence of solutions
to backward stochastic differential equations (see [1] and [16] among others) and for showing
the existence of singular stochastic optimal controls as in [34].

For sake of semplicity set N = 1, then for every X € D([0,T]; R) define the pseudo-path

of X to be a probability measure on [0, 7] x R as

PX(A) := %/OT La(t,X(t)dt,  VAeB([0,T] x R), (A-1)

where B([0,T] x R) denotes the Borel o-algebra and 14(-) the indicator function of a set
A. By definition, the pseudo-path of X is the image measure of the Lebesgue measure over
[0, 7], A(dt) := Zdt, under the mapping t — (¢, X(t)).

Denote by 1 the mapping which associates to a path X its pseudo-path; obviously v
identifies two paths if and only if they are equal a.e. in the Lebesgue sense. In particular,
¥ is 1-1 on D([0,T];R), hence we can identify every X € D([0,T];R) with its pseudo-
path. Moreover, 1) provide an imbedding of D([0,T];R) into the compact space P of all
probability laws on the compact space [0,7] x R. The topology induced on D([0,T];R) by

this embedding is the pesudo-path or Meyer-Zheng topology. It can also be introduced as



THE MEYER-ZHENG TOPOLOGY 96

the topology generated by the metric

1

7| (@ =velanas  eyeDO.TLR). (A2)

d(z,y) =
Convergence in the metric d is equivalent to convergence with respect to the Lebesgue

measure.

Lemma A.0.10. Let ¥ denote the set of all the pseudo-paths. Then, the pseudo-path topol-
ogy on YV is just convergence in Lebesque measure, that is X, M x if and only if for every

bounded continuous function f(s,x) on [0,T] x R we have

nh_}rgo—/ f(s, Xn(s 5:%/0 f(s, X(s))ds

For the proof see [50], Lemma 1. Notice that the Meyer-Zheng topology is much weaker
than the usual Skorohod topology (see [37] for a good introduction on the usual Skorohod
topology).

Let X € D([0,T];R) and define X* := sup,¢(o 7 |X(¢)|. For v and v in R such that u < v,
denote by N**(X) the number of upcrossing of X (-) on [0, 7] between levels u and v. Then

a subset A C D([0,T];R) such that for every u < v

sup X* < oo, sup N*Y(X) < oo (A-3)
XeA XeA

is relatively compact in D([0, T];R) endowed with the Meyer-Zheng topology. For details,
see [50], Corollary of Theorem 2.

The most significant application of the Meyer-Zheng topology is a tightness criterion
for quasimartingales. Let X be an adapted, cadlag process defined on [0,7], such that
E{|X ()|} < oo for all t € [0,T]. Let m := {to,t1,...;tn : 0 =1ty < t1 < .. <t, =T} bea

partition of the time interval [0, 7] and define

_ iE{' E{X (ti1) — X (0)Fo } [} + E{IX(T)]}.

If the conditional variation of X is finite, i.e. if sup, V;(X) < oo, then X is a quasimartingale.

In [50], Theorem 4, the following tightness result for quasimartingales is proved.
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Theorem A.0.2. Let (P,)nen be a sequence of probability laws on D([0,T];R) such that,
under P, the coordinate process X (t) is a quasimartingale with variation V,(X) uniformly
bounded inn. Then there exists a subsequence (P, )ren which converges weakly on D([0,T]; R)

to a law P, and X 1s a quasimartingale under P.

Finally notice that, contrary to the case of the usual Skorohod topology, the Meyer-
Zheng topology on the product space D([0,T];RY) is the product topology; then, if each

component of the RV valued random vector is tight, then the vector is tight as well.
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