N

N

Characterization of the optimal boundaries in reversible
investment problems

Salvatore Federico, Huyen Pham

» To cite this version:

Salvatore Federico, Huyen Pham. Characterization of the optimal boundaries in reversible investment
problems. 2013. hal-00676352

HAL Id: hal-00676352
https://hal.science/hal-00676352

Preprint submitted on 4 Jul 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00676352
https://hal.archives-ouvertes.fr

Characterization of the optimal boundaries in reversible

investment problems

Salvatore FEDERICO* Huyén PHAM
Dipartimento di Economia, Laboratoire de Probabilités et
Management e Metodi Quantitativi Modeles Aléatoires, CNRS, UMR 7599
Universita di Milano Université Paris Diderot

salvatore.federico at unimi.it pham at math.univ-paris-diderot.fr

and CREST-ENSAE

This version: July 2013

Abstract

This paper studies a reversible investment problem where a social planner aims to control
its capacity production in order to fit optimally the random demand of a good. Our model
allows for general diffusion dynamics on the demand as well as general cost functional. The
resulting optimization problem leads to a degenerate two-dimensional bounded variation
singular stochastic control problem, for which explicit solution is not available in general
and the standard verification approach can not be applied a priori. We use a direct viscosity
solutions approach for deriving some features of the optimal free boundary function, and for
displaying the structure of the solution. In the quadratic cost case, we are able to prove a
smooth-fit C? property, which gives rise to a full characterization of the optimal boundaries
and value function.
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1 Introduction

We are concerned with a bounded variation singular control problem motivated by a model of
reversible investment. More precisely, we imagine to deal with a social planner whose objective
is to optimize some functional depending on the current demand of a good (energy, electricity,
oil, corn, etc) and its supply in terms of production capacity that can be increased or decreased
at any time and at given proportional costs.

Problems of investment under uncertainty have been introduced in the economic literature by
[33] and then developed by several other authors (see [16, Ch. 11] for references on this subject).
From a mathematical point of view, such problems have been formulated as optimal stopping
problems or, at a second stage of complexity, as singular stochastic optimal control problems,
and have given a considerable impulse to the development of the corresponding mathematical
theory. As references for the theory of singular stochastic control in context different from
investment under uncertainty, we may mention the works [13, 21, 22, 24] and [17, Ch. VIII].
The mathematical literature of singular stochastic control applied to the subject of irreversible
investment under uncertainty (i.e. when the capacity can be only increased and the control is
therefore monotone) includes the works [3, 5, 6, 11, 12, 15, 35, 38, 42]. In particular [6, 38] solve
the problem by using a probabilistic representation result stated in [7], which seems very suitable
to tackle this kind of problems, while [42] uses a dynamic programming approach. The economic
issue of reversibility (i.e. when the capacity can be also decreased and the control is a finite
variation process) has then been introduced and studied, among others, in [1, 4, 18, 19, 31, 34]. In
the papers dealing with reversibility mentioned above, the ones (substantially) considering two
state variables (an uncontrolled one containing the noise, and a controlled one, representing the
capacity) are [4, 19, 31, 34]!. [4] derives optimality conditions based on economic considerations,
while [19] states and solves the problem with an interesting connection between finite-variation
singular control problems and optimal switching problems. The papers dealing with a dynamic
programming approach directly on the singular control problem and with the study of the
associated Hamilton-Jacobi-Bellman equation (which in this case is a variational inequality)
are [31, 34]. In particular, [34] considers an expected performance on infinite horizon with
discounting over time, as in our case. However, the approach of [34] is of wverification type.
In a singular stochastic control framework, this means that one has to guess some smooth fit
properties of the value function at the optimal free boundary in order to look for a solution of the
Hamilton-Jacobi-Bellman equation. Then one needs to prove a posteriori that the solution found
is indeed the value function and, as a byproduct, one gets also the optimal feedback control.
When this approach is applicable, it turns out to be very convenient, as it is theoretically fast
(even if it may involve a nontrivial technical complexity) and allows a first understanding of
the problem. Moreover, the presence of an explicit solution is an important tool to analyze
the qualitative properties of optimal control and trajectory. On the other hand, one has to
recognize that it presents two drawbacks. First, it is based on a guess, and so it cannot bring
to a deep understanding of the structural issues of the problem. Second, it works only when
explicit solutions are available, therefore it leaves the problem completely unsolved most of the

'"We should mention also [28], which just shows the connection between finite-variation singular control and
Dynkin games. We shall indeed use this connection in Subsection 3.2 to prove some results on the value function.



cases.

In the present paper, we perform a direct study of the singular stochastic control problem
with bounded variation controls (without passing through verification type arguments) by means
of a viscosity approach to the Hamilton-Jacobi-Bellman (HJB) equation. To our knowledge, this
is the first time that such an approach is used in the case of two state variables, in particular
when the controlled state variable, here the reversible capacity process, has no diffusion term,
and so is degenerate?. Our approach allows us to keep much more generality with regard to
the uncontrolled state variable (which is indeed a very general diffusion in the present paper, as
in [4]) and to state the smooth-fit conditions of [34] as necessary conditions of optimality, i.e.
prove that the value function must satisfy these conditions®. More precisely, we show that the
value function is C'' along the component of the controlled variable (Proposition 3.1; this easily
follows from our assumptions by convexity arguments, just working on the definition of value
function). This allows to state the structure of the solution (Theorems 4.1 and 4.2). Then,
we prove that it has continuous mixed second derivative along the optimal boundary function
(Proposition 5.1; this is a deeper result, which invokes the viscosity property of the value
function and requires the additional assumption (5.4) of quadratic cost in the capacity). The
set of optimality conditions stated is then rewritten, following the arguments of [4], in a more
suitable way, which allows to determine the optimal boundaries, splitting them in three different
regions and giving optimality conditions characterizing them in each of these regions (Theorem
5.2). At the end, this machinery allows us to uniquely individuate the value function and solve
the problem by Theorem 4.2. We mention that the approach developed in [6] for singular control
problem with monotone controls is not valid anymore in the context of reversible investment.

The rest of the paper is organized as follows. In Section 2, we formulate the two-dimensional
bounded variation singular stochastic control problem and state the main assumptions. We
study in Section 3 some first properties of the value function and of the optimal boundary,
which is a function of the demand. In Section 4, by relying on the viscosity property of the value
function to its dynamic programming variational inequality, we give a first main result providing
the structure of the value function, and state a second main result yielding the optimal control
in terms of the optimal boundary. Section 5 focus on the case of quadratic cost function, which
allows us to prove a second order smooth fit principle. This leads to the missing information to
explicitly individuate the value function and the optimal boundary (the third main result), and

2There are of course several papers (among them we may quote [22]), which consider singular stochastic control
problems with multidimensional state variables, and characterize the value function in terms of viscosity solutions
to the associated HJB equations. However, rather few go beyond the viscosity characterization, and investigate
smooth-fit properties in order to derive the structural form of the value function. In this spirit, we may mention
the paper [18] in the case of just one dimensional controlled variable. See also [20] for impulse control of multi-
dimensional diffusion processes with non degenerate diffusion term. On the other hand, we may quote the paper
[40], which studies regularity of a two-dimensional singular control problem with nondegenerate diffusion. Finally,
we should mention the paper [41], dealing with a singular control problem with two state variables in a different
context (consumption-investment under transaction costs). In this case the problem is approached by dynamic
programming and by means of viscosity solutions to the associated Hamilton-Jacobi-Bellman equation. However,
the regularity of the value function is proved by reducing the problem to dimension one, which is possible in that
case due to the specific structure of the problem.

3 Another major advantage of such approach is that it allows generalizations. With this regard, we notice that
here we minimize a cost functional. However, the arguments used here can be extended to the case of profit/cost
functional, as in [34].



makes the results of Section 4 applicable. Finally, we close the paper by explicit illustrations
of the theory to the basic example of geometric Brownian motion for the uncontrolled demand
diffusion in the case of irreversible investment. More examples and applications are developed,
in the case of irreversible investment, in the companion paper [2], where we also take into
account delay in the expansion of the capacity production.

2 The singular stochastic control problem

Let us fix a probability space (£, F,P) equipped with a filtration F = (F;)¢>0 satisfying the
usual conditions, and supporting a standard one-dimensional Brownian motion (W;):>o.

On this space, we consider an uncontrolled state process D = (D;);>¢ (representing the
demand of a good), governed by a diffusion dynamics:

dDy = w(Dy)dt + o(Dy)dWy, Dy = dp. (2.1)
Let
O = (dmin)dmax);, —0 < dmin < dmax < 0.
Throughout the paper we assume the following on the diffusion D.

Assumption 2.1. (i) The coefficients p,o : O — R are continuous and have at most linear
growth.

(i) For all dy € O, there exists a unique non-exploding solution D% admitting a version with
continuous path (and we shall always refer to such a version) to the SDE (2.1) in the space
(Q, F,P) taking values into O.

(iii) The unique solution D continuously depends on the initial datum: if d, iy do, then
Din "Z%° Do glmost surely.

(iv) The SDE (2.1) satisfy a comparison criterion: if dy < d, then DI < Df6 P-almost surely
for every t > 0.

(v) The boundaries dyin, dmax are natural for the diffusion D in the sense of Feller’s classification
and the diffusion D 1is regular.

Remark 2.1. Sufficient conditions for the assumptions above can be found in many classical
references, such as, e.g., [25, Ch.5]. We notice that some standard models of diffusion, such
as arithmetic or geometric Brownian motion, mean-reverting processes, or the CIR model (for
suitable values of the parameters) satisfy Assumption 2.1. O

Next, we denote by Z the class of cadlag bounded variation F-adapted processes, setting
Io- = 0. Given I € Z we have the minimal decomposition I = I™ — I, where I, I~ are the
positive and the negative variation of I, respectively. It follows that the increments

Iy = I —1-,  dI” = I] — I~

are supported on disjoint subsets of [0,00). We shall always refer to the latter minimal decom-
position and, with a slight abuse of notation, we shall often denote I = (I"", 7). The economic
meaning of I'™ and I~ is the following:



- I, is the cumulative investment done up to time ¢ to increase the capacity;
- I, is the cumulative disinvestment done up to time ¢ to decrease the capacity.
Hence, the production capacity process (Cy)i>0, controlled by I € Z, is given by
C, = c+I7—1I7, c ek (2.2)

The objective is to minimize over Z
o0
E| / e (9(Cu, Do)t + g AL + gzl )|, (23)
0

where g : R x O — [0,00) is a cost function, qar >0, gy > 0 are, respectively, the cost per unit
of investment and the cost per unit of disinvestment, and p is a positive discount factor.

Remark 2.2. 1. Among all the possible decompositions of a bounded variation process I € Z,
the minimal decomposition is the one providing the minimal value for the functional (2.3).
Indeed, denoting by ™" —I"~ the minimal decomposition of I, for all the other decompositions
I = I'" — I~ the dynamics of the capacity C is the same, while I > ™% = > ™~ So

o[ paa s o )|

< E[/OOO e—Pt<g(Ct,Dt)dt+qo+de+q0*d1;>},

2. Even if we shall consider g, as a finite number, everything can be extended, giving a suitable
sense, to the case g; = oco. In this case the problem is equivalent to require irreversibility for the
investment (i.e. the case when I~ is constrained to be 0, as there is no convenience to disinvest,
the cost being infinite). This case is treated in Subsection 5.3.

3. For sake of simplicity, we do not impose the (economically meaningful: recall that C should
represent the capacity production) state constraint C; > 0. We will comment in Remark 4.2
about the case that it may be verified a posteriori.

4. Note that, with respect to the usual investment under uncertainty literature, which is mainly
based on profit/cost performance criterions, we focus here on the minimization of a cost criterion
in the spirit of a social planning problem, whose objective is to fit the capacity production to
the demand at cheapest cost. In particular the most significant case from the economic point of
view is when g(c,d) = |c — d|? (see also Remark 2.3 (2) below), as it represents a maximization of
social surplus in the context of a linear inverse demand function (see [2] for a detailed description
and explanation). We will give an explicit solution to the problem exactly in that case. O

We shall make the following assumptions on the cost function g.
Assumption 2.2. (i) g € C'(R x O;R,), g(-,d) € C*R;R) for every d € O, and g. €
C'(R x O;R).
(ii) g(-,d) is convex for all d € O and g.(c,-) is nonincreasing in O for every c € R.

(iii) g and g. satisfy a polynomial growth condition w.r.t. d: there exist positive locally bounded
functions v9,m0 : R — R, and a constant v > 0 such that

(e, )] + |gele,d)| < qole) +mo(e)ld]”, VeeR, vVdeO. (2.4)



Remark 2.3. 1. We observe that the monotonicity assumption in Assumption 2.2-(ii) reflects
an economic intuition. It means that the marginal cost with respect to capacity for a fixed
level of capacity is nonincreasing in the demand: for a given level of capacity, the more is the
demand, the more is convenient to invest; the less is the demand, the more is convenient to
disinvest.

2. Any function g of the spread |c — d| between capacity and demand, in the form

g(c,d) = Kple—d|*, Ky>0, a>1, (2.5)
satisfies Assumption 2.2. O

Remark 2.4. Following the idea of [5, Sec. 6], our model admits a suitable generalization to

the case of capacity dynamics in the form:
dC; = Cy(bdt+~dWP) +dI;, Cy- = ¢,
where W9 is another Browinan motion independent of . Indeed letting C° be the solution to
dcy = CY(bdt+~dwy), C) = 1,
the process C can be rewritten as
Cy = CCy,  t>0,

where

_ _ _ _ tq _ t
Cy = c+ I —1I7, with I = i Ed[j, I = /0 @dlg.
S S

So, letting g(¢, %, d) = g(c°¢, d), the problem becomes
inf E[/ e (§(Cy, CP, Dy)dt + CPag AT + a5 ;) |.
IeT 0
This problem involves an additional uncontrolled state variable (the variable C°), but keeps

the basic structures, so it seems approachable by the same techniques developed in the next

sections. O

3 Dynamic programming: preliminary results

We shall study the optimization problem by dynamic programming methods, and so we consider
this singular stochastic control problem when varying initial data (co,dy) = (¢,d) € R x O.
Therefore, from now on, we stress the dependence of C' on ¢, and the dependence of D on d
by denoting them respectively as C“, D?. The state space is then equal to

S = RxO.

Throughout the paper we indicate by C™*(S;R), h,k € N, the class of functions which are
continuous, h-times differentiable with respect to the first variable, k-times differentiable with



respect to the second variable, and having these derivatives continuous in S.

Given (c,d) € S, the functional to be minimized over I € 7 is
Gle.d;I) = E[ / e—Pt<g(c;vf,Dg)dt+q3de +q0—d[;>],
0

and the associated value function is

v(e,d) = }relg G(e,d;I), (c,d)€S. (3.1)

3.1 First properties of the value function: finiteness and convexity

Notice that v > 0 as ¢ > 0. We want to ensure also an upper bound for v. Since u, o have at
most linear growth, by standard estimates we know (see, e.g., [30, Ch. 2.5, Cor.12]) that there
exist constants Ko = Ko 0, > 0 and Ky = K1 5, € R such that

EUD,‘}H < Ko(1+|d")ekH, vt > o. (3.2)
In the sequel, we make the standing assumption that the discount factor p satisfies
p > K, (3.3)

where K is the constant appearing in (3.2). Using Assumption 2.2 (iii) and (3.2)-(3.3), we get

Vie,d) = E[/Ooo e g(c, Df)dt] < m(e) +me)d)”, ¥Y(cd) €S, (3.4)

for some nonnegative locally bounded real functions 1, 7. Moreover, due Assumption 2.2, the
function V is continuous in S and differentiable with respect to ¢ for all d € O, with

A~

Ve(e,d) = E[/OOO e Plge(c, DHAt|, (c,d) € S, (3.5)

and for the same reason as before

A~

Vele,d) < m(e) +mle)ld]”, V(e d) €S. (3.6)

Now, let dy € O be a reference point and let us introduce the functions

o - on(- [ 455). ace

and 5
! —
m(d) = DS (d) deO.
S’ is the the density of the so called scale function of the diffusion D, and m/' is the density
of the so called speed measure of the diffusion D. Let us denote respectively by ¢ and ¢ the
increasing and decreasing fundamental solutions, individuated up to a multiplicative constant,
to the linear ordinary differential equation

L

Lo(d) = po(d) — p(d)d(d) — 50°(d)¢"(d) = 0. (3.7)



The existence and properties of such functions, as well as their relationship with the functions
S, m defined above, can be found in several references including in [8, Ch.II], [29, Ch. 15], [39,
Ch. V], and [32, Ch.2|. In particular we know that v, ¢ are strictly positive, convex, and, since
dmin, dmax are natural boundaries, they satisfy (see, e.g., [8, Ch.2])

d&{f}mw( ) =0, d}ldr:m@(d) = o0, dTlérmnaxw( ) = o0, i e(d) =0, (3.8)
. Y(d) - ¢(d) . Y'(d) - ¢(d)
] = 1 = - 1 = ] =0 (3
A @~ AR @ T T Al e T s s@ - Y

Let w be the constant positive Wronskian of the fundamental solutions v, ¢, i.e.

_ Y(d)e(d) —p(d)¢(d)
0 < w = Sd) , de0.

and let p(t,d,-) be the density of the transition probability P(¢,d,-) of the diffusion D. Using
the characterization of the Green’s function

G(d,h) = / e Pp(t,d, h)dt
0

associated to D as

G(d,h) = wlp(d)p(h), ifd<h,
| wlp(h)p(d), i d> h,

and the fact that it is the kernel of the resolvent operator (see, e.g., [39, Ch. V] or [29, Ch. 15])

with respect to m, i.e.

E[/Oooe—mf (D dt] /f m/(h)dh, Vf € B(O;R),

we see (approxunatlng 9, 9c by bounded functions and using the monotone convergence theorem)
that the functions V and V. can be represented in terms of P, as

A d drmax
Vied) = o' otd) [ 0@a(eom @ + v@ [ el@gle. ' ©)dc]. @10)

dmax

. d
Vied) = w7 o) [ w(Oule m'©d + 0@ [ elOle gm (€] @)

d

Proposition 3.1. The value function v is conver with respect to ¢ and satisfies the growth

condition, for some locally bounded functions y1,m : R — R,
0 < vie,d) < Vie,d) < mle)+m(o)ld”, Y(d) eS, (3.12)

Proof. (3.12) comes from (3.5) and from the inequality v(c,d) < G(c,d;0) = V (¢, d).
Convexity of v follows in a standard way from the convexity of g with respect to ¢ and
linearity of the state equation for C/. |



3.2 Existence of optimal controls and the associated Dynkin game

In this subsection we show that the singular stochastic control problem admits optimal controls
and that it is related to a suitable associated Dynkin game. We estabilish this connection mainly
to inherit from the monotonicity of g.(c, ) the monotonicity of v.(c, ), whose direct proof seems
not attainable. The proofs of Propositions 3.2, 3.3 closely follow the arguments of [28], and are
reported in Appendix.

Definition 3.1. Given (¢,d) € S we say that a control I* € T is optimal starting from (c,d) if
G(e,d; I") = v(c,d).

Proposition 3.2. For all (¢,d) € S there exists an optimal control I* starting from (c,d).
Moreover, if g(-,d) is strictly convex on R for every d € O, then I* is the unique (up to
undistinguishability) optimal control starting from (c,d).

Let T denote the set of all F-stopping times. For fixed (¢,d) € S, we may consider the
functional, controlled by o € T, 7 € T,

oNT
J(C7 d;o, T) - E|:/O eiptgc(g Df)dt + Q()_eipgl{o<7} - Q(—)’—eipTl{T<o}] : (313)

We can imagine that J(c,d; 7, 0) is the payoff associated to a two-players stochastic game. The
two players, P1 and P2, have the possibility to stop the game at times o and 7, respectively
(i.e. P1 controls the game through o and P2 controls the game through 7). If P1 stops first
(0 < 7), he pays to P2 the amount g, e *?; if P2 stops first (7 < ), he pays to P1 the amount
qare_pT; if they decide to stop at the same time, i.e. if 7 = o, then no cashflow occurs; finally,
as long as the game is running, i.e. up to time o A 7, P1 pays P2 at the rate e *g.(c, D;j) per
unit of time. The goal of P1 is to minimize (3.13), while the goal of P2 is to maximize (3.13).

The functions

d) = inf J(e,d; w(e,d) = inf J(c,d;
w(c,d) sup inf. (c,d;o,7), w(c,d) Inf sup (c,d;o,7),
are called lower- and upper-values of the game. Clearly w(c,d) < w(c,d). If w(e,d) =
the game is said to have a value denoted by w(c,d) := w(c,d) = w(c,d). A pair (¢*,7*) € T xT
is called a saddle-point of the game if

~—

J(e,d;o* 1) < Je,dio*, %) < J(c,dyo,TY), VoeT, VTeT. (3.14)
One easily sees that the existence of a saddle point implies that the game has a value and
w(e,d) = J(c,d;o*, 7). (3.15)

Proposition 3.3. 1. Let (¢,d) € S and let I* = (I*",I*7) € T be an optimal control for
the singular stochastic control problem, i.e. such that v(c,d) = G(c,d;I*). Define the
stopping times

of = if{t>0 | ;7 >0}, ™ = inf{t>0 | I/" >0}

Then (o*,7*) € T x T is a saddle point for the associated Dynkin game.



2. v 1is differentiable with respect to ¢ in S and it holds the equality v. = w, where w is the
(well-defined) value of the associated Dynkin game.

By relying on this connection between singular control and Dynkin game, we prove now
some properties on the derivative of the value function v, to be used in the next Section.

Proposition 3.4. The function v. has the following properties:
1. v, is continuous in S.

2. ve(e,-) is nonincreasing in O for all ¢ € R.

Proof. 1. Let (¢,d) € S and take a sequence (¢, d,) — (¢,d). For each n € N, let (¢}, 7,) be
a saddle-point for the Dynkin game starting at (c,,d,,), and let (¢*,7*) be a saddle point for
the Dynkin game starting at (¢, d). Using (3.14), we then have

w(e,d) —w(cy,dy)

J(e,dyo*, %) — J(cn, dny o, Th)

< J(e,dyoy, 7)) — J(en, dp; oy, )
T*No,
= E [/ e " (ge(c, DY) — gc(cn,Df"))dt] (3.16)
0

= E |:A eipt (gC(C; Dg) - gC(Cn’Dtdn))]-{tST*/\o;‘L}dt] .

Note that, assuming without loss of generality that (d,)neny C (d —¢,d — ) C O for suitable
e > 0, we have by Assumption 2.1 (iv)

D < |DI~f| + D], vt >0, VneN. (3.17)
On the other hand Assumption 2.1 (iii) ensures the convergence
DI "2 Ddas., VE>0. (3.18)

Hence, using Assumption 2.2, (3.3), and (3.17)-(3.18), we can apply dominated convergence to
(3.16) for n — oo and conclude that liminf,, . w(cy,d,) > w(e, d).

Arguing in a similar way, but considering the couple (¢, 7,%) in place of the couple (o}, 7%),
one also gets the inequality lim sup,, . w(c,, d,) < w(e, d), so w is continuous at (¢, d).

Then the claim follows by Proposition 3.3 (2).

2. By the assumption that g.(c,-) is non increasing (Assumption 2.2(ii)), and from the same
comparison result cited above, we have, for every d,d" € O such that d < d',

J(ce,dyo,m) > J(e,d;o,7), YoeT,VreT.

Passing to the infimum over o € T and then to the supremum over 7 € T the inequality above
we get, for every d,d € O such that d < d',

w(e,d) > w(e,d).

10



Proposition 3.3 states that the game has a value, so from the inequality above we get, for every
d,d € O such that d < d',
w(e,d) > wle,d).

Hence, the claim follows from Proposition 3.3,(2).

3. We have J(c,d;0,0) = —qg for every o € T, and J(c,d;0,7) = gy for every 7 € T. It
follows that —qJ < w(c,d) < g, and the claim follows from Proposition 3.3 (2). O

4 The dynamic programming equation and the structure of the
solution

In view of Proposition 3.4, we introduce the so-called continuation region
C = {(,d) eS| —qf < vele,d) < qp 1,
and its complement set, the action region
A = AT U A7, (4.1)
where AT and A~ are respectively the investment and the disinvestment region defined by
AT = {led) €S Juled) =~} AT = {(cd eS|vlcd =g} (42

We also set
otfC = CnAT, 9C = CnA".
The boundaries 9*C are associated with a free boundary differential problem (which we are

going to define in the next subsection) and are the objects to individuate to solve the optimal
stochastic control problem.

Let us then consider the functions éy,é_ : O — R defined with the conventions inf) = oo,
inf R = —o0, supR = oo, supl) = —oco (the equalities below are consequence of convexity of v

with respect to ¢):

ér(d) = inf {c€R |v.le,d) > —qf} = sup {c€R |v.(c,d) =—qd}, (4.3)
¢c_(d) = sup{ceR|wv(c,d) <qy} = inf{ceR|vclc,d)=qq} (4.4)

Proposition 4.1. 1. ¢4 : O - RU{—o00}, ¢ : O — RU{oo}, they are both nondecreasing
and

ér(d) < e_(a), Vd e O. (4.5)
2. ¢y s right-continuous and ¢_ is left-continuous.
3. The action and continuation regions are expressed in terms of the functions ¢+ as:
C = {le,d)eS | ¢4(d) < ¢ < ¢-(d)},
AT = {(ed)eS | ¢ < ép(d)}, A = {(cd)eS | ¢ > é(d)}.
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. C is open and connected, and AT are closed and connected.
4

Proof. 1. The fact that ¢, takes values in R U {—oc} and ¢é_ takes values in R U {oo} is
consequence of the nonnegativity of v, combined with the convexity of v(-,d) and with (4.3)-
(4.4). Monotonicity follows from Proposition 3.4 (2) and (4.3)-(4.4). Finally, (4.5) is due to the
convexity of v with respect to ¢ and to the fact that v(-,d) € C'(R;R) for every d € O.

2. It follows from Proposition 3.4 (1) and from the convexity of v w.r.t. c.

3-4. They follow from the previous items also considering (4.3)-(4.4). O
Below it is represented a possible shape of the regions C, A* and of the functions é* (here
dnax = 00).

| A~
‘ |
| é—(d)
P
| |
b— ¢

Let us define

¢, = inf ¢ (d), ¢y = supcéqp(d), c_ := infé_(d), c— := supc_(d),

deO deO deO de®
and the pseudo-inverse of ¢4, i.e. the functions cii : R — O defined by
di(c) == inf{deO|eép(d)>ch, d_(c) := sup{deO|e_(d) <c}, (4.6)

with the convention inf () = dax and sup @ = dpin.
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Proposition 4.2. 1. We have the equalities

di(c) = sup {d € O | ve(c,d) > —qf}, d_(c) = inf {de€ O |ve(c,d) <qy}. (47)

2. The functions dy are nondecreasing and cz+ >d_.
3. If c_ < oo, then d_ = dpax on [c_,00); if ¢, > —o0, then CZ+ = dmin on (—00,c,].
4. d_(¢) < dy(c) if and only if c € (cp,c-).

Proof. 1. It directly follows from the definition of ¢4, cZi.

2. Monotonicity of dy and the inequality CZ+ > d_ follow from Proposition 4.1 (1).

3. By monotonicity of d_, lime_e0 CZ,(C) exists. Suppose by contradiction lime_s0 d_ (c) =
d < dpax. This would imply é_ = 0o over (d,dmayx), which contradicts ¢. < oco. A similar
argument works for the other claim.

4. Tt follows from (4.5). O

We also introduce the c-section sets of the continuation region
S. = {c} x(d_(¢),dy(c)), ceR. (4.8)
Due to Proposition 4.2, we have
c€(c,c ) <= d(c)<di(c) <= S.#0. (4.9)
We have the following result on the form of the continuation region.

Proposition 4.3. We have the representation of the continuation region

c = U s (4.10)

ce(ey,e-)

Proof. If (¢,d) € C, then —qj < v.(c,d) < qq , so, by continuity of v, (Proposition 3.4 (1)), it
is —gf < . < gy in some suitable neighborhood of (¢,d). Then d_(c) < d. (c), therefore, by
(4.9), c € (¢y,¢-) and (¢,d) € S # 0. Hence we have proved the inclusion C C Ue(c, o ) Se-

Conversely, let ¢ € (c,,¢_) and let d € O be such that (c,d) € Sc(# 0). By (4.7) and (4.9),
we have —qar < ve(e,+) < gy in some neighborhood of d. The continuity of v. with respect
to ¢ (Proposition 3.4 (1)) implies —g < v, < g in some neighborhood of (¢,d). Therefore
(¢,d) € C. Hence we have proved the inclusion C D Uce(g+,é,) Se. O
We also introduce the functions ¢4, from O into R defined, with the usual convention
sup () = —oo,inf ) = co, by:

Crg(d) = inf{c € R | ge(c,d) > —pqar}, ¢_g(d) = sup{c € R | ge(c,d) < pgq }-

One easily checks that, by Assumption 2.2, they are nondecreasing and, respectively right- and
left-continuous. Moreover, we clearly have, by convexity of g(-,d) and continuity of g., the
inequality ¢4 4 < ¢_ 4. We have the following estimates of ¢4 in terms of ¢4 ;.
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Proposition 4.4. ¢y < ¢, 4, and c_ > c_ ;.

Proof. Let us show the first inequality, the second one can be proved symmetrically. Let d € O
+
and take ¢ > ¢4 4(d), so that g.(c,d) + pgg > 0. Let € € <0, M), and consider the
stopping time
7. = inf{t >0 g(c, D) + pgd < pe}.
By continuity of g.(c,-) and by continuity of trajectories of D¢, we have 7. > 0. Then, by
Proposition 3.3 (2) and taking into account the definition of 7., we have

cle,d) = inf sup J(¢,d;o,7) = inf J(c, d;o0,
ve(e, d) JIGITEE%)' (¢,d;o,7) inf (¢, d;o, 1)

ONTe
. — d R —p7e
- ;relfTE[/o e " ge(e, D)dt + g e " Ligary —qge 7 1{7—5<U}:|

= JIIEI;E [(E - qar)(l - e_p(gm—s)) + qae_pal{0<rs} - qare_stl{TsQT}]

Z Ol_Ielg.E |:€(1 - e_pTg)]‘{Ts<O'} - QE]Fe_pTE]'{Ts<O'} *

Clearly the last term of the inequality above is larger than —qar . Now, assume by contradiction
that it is equal to —qar . This means that there exists a minimizing sequence of stopping times
(0n)nen C T such that

lim Ele(1— e_p78)1{75<0n} - qa‘e_PTsl{TE<0n} = _Q(—)’—- (4.11)

n—o0

Hence, looking at the second addend in the expectation above, since the first one is nonnegative,
we see that we must have P{7. < o} — 1. But then we must have

(1= ") frcpy — 1—e = >0,
from which we deduce that

lim E[e(l - eipTE)]'{Tg<0n} > 0,

n—oo

contradicting (4.11). So we have shown that v.(c,d) > —qg . By continuity of vc(c, -), this shows
that ¢ > ¢4 (d), completing the proof. O

4.1 The dynamic programming equation

The dynamic programming equation for the singular stochastic control problem (3.1) takes the

form of a variational inequality:
max { [Cv(c,)|(d) — g(c,d), —ve(e,d) —qf, ve(e,d) —qy } = 0, (c,d) €S, (4.12)

where the second-order ordinary differential operator £ is defined in (3.7). Formally, (4.12) may
be derived, assuming sufficient regularity of v and exploiting its convexity in ¢, by looking at the
three possibilities one has: (1) wait; (2) invest a small amount &; (3) disinvest a small amount
e. We refer to [17] for a formal derivation of the dynamic programming equation in the general
context of singular control problems, and specifically to [34] for a problem very similar to ours.
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In the following, given a locally bounded function ¢ : i/ — R, where &/ C R" is an open set,
we denote respectively by ¢*, and ¢, the upper semicontinuous and the lower semicontinuous
envelope of ¢. Since we do not know a priori if there exists a smooth solution to (4.12), we first
rely in general on the notion of viscosity solutions:

Definition 4.1. (i) We say that v is a viscosity subsolution to (4.12) if for any (¢,d) € S,
max { [Lo(c,)](d) — gle.d), —pe(e,d) —ag, wele,d) —qp } <0,

whenever p € CH2(S;R), v*(c,d) = ¢(c,d), and v* — ¢ has a local maximum at (c,d).
(i) We say that v is a viscosity supersolution to (4.12) if for any (¢,d) € S,

max{ [£@(07 )](d) - 9(07 d)? _“PC(C’ d) - qg? “PC(Q d) - qa } 2> O’

whenever ¢ € CY2(S;R), vi(c,d) = ¢(c,d), and vi — ¢ has a local minimum at (c,d).
(iii) We say that v is a viscosity solution to (4.12) if it is both a viscosity sub- and supersolution.

The viscosity property of the value function follows usually from the dynamic programming
principle (DPP). The statement of DPP calls upon delicate measurable selection arguments.
Once we know a priori that the value function is continuous, one can overcome this difficulty by
exploiting the continuity, see e.g. [17]. However, since the control set is unbounded, and we are
not assuming Lipschitz continuity of the coefficients in (2.1) and - overall - of g, it is not clear
how to get the continuity of the value function from its very definition. Instead, we can use the
concept of weak dynamic programming introduced in [9], which holds for our problem (see also
Remarks 3.10 and 3.11 in [9]), stating that, for each (¢,d) € S and for each family (77);ez of
stopping times indexed by I € Z, it holds

inf E[/I
IeT 0

e Plg(COT, DIt + qf AT + gy dI] + e*f’%*(cj;_f , Dﬁl)]

Tr
/ e Ptg(COT, DAL + g dI + gy dI7 + e Pt (O, D;%I)] . (4.13)
0 1

Proposition 4.5. The value function v is a viscosity solution to (4.12) on S.

Proof. Given the weak DPP (4.13), the proof is straightforward (and we omit it for brevity),
and follows the line of the proof based on the standard Dynamic Programming Principle. Indeed,
what one really needs are the two inequalities of (4.13) separately to prove the two viscosity
properties separately. We can refer to [9, Sec. 5] where this is done for the case of continuous
control; the proof can be adapted to our case of stochastic control. O

Remark 4.1. A comparison principle to the variational inequality (4.12) for viscosity sub-and
super solution satisfying the growth condition (3.12) could be proved using standard techniques
(see [14]), hence providing a uniqueness viscosity characterization of the value function v. How-
ever, in our approach we rely mainly on the viscosity property in order to derive a smooth-fit
property. g
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We now investigate the structure of the value function v in the continuation region C and in
the action regions A*. The following lemma characterizes the structure of v in the c-sections
Se defined in (4.8).

Lemma 4.1. Let ¢ € (c,,c-).
1. v(c,-) is a viscosity solution of the ODE

A~ A~

[ﬁU(C, )](d) —g(c,d) = 0, de (d-f- (0)7 d- (C)) (4.14)

2. U(Cv ) € 02((62—(0)7624-(0));1&)'
3. There exist constants A(c), B(c) € R such that
v(e,d) = A(e)(d) + B(e)o(d) + V(e,d), Vde (d_(c),d(c)). (4.15)

Moreover, (4.15) holds also at d_(c),dy(c) when they do not coincide with dmin, dmax,

respectively.

Proof. 1. Let us show the subsolution property (the proof of the supersolution property is
completely analogous).

First of all we note that, since v(-,d) € C*(R;R), it is v(c,d) = v(co,d) + fcf) ve(§, d)dg, for
every ¢,cop € R and every d € O. Thus, since by Proposition 3.4 (1) v, is continuous in S, we
deduce the equalities

v (e, d) = v(e, )" (d), V(e,d) € S; (4.16)
v*(e,d) —v*(co,d) = w(c,d) —v(co,d), V(e,d) €S, Ve € R. (4.17)

Let ¢o € (¢}, ), do € (di(co),d—(co)), and let ¢ € C*(O;R) be such that
d(dy) = wlco, ) (do),  &(d) > w(e,-)*(d), VdeO. (4.18)
We claim that
(ve(co, do), ¢'(do), ¢ (do)) € DYy v*(co, o), (4.19)

where Di’j’Jrv* (co, dp) is the superdifferential of v* at (cg, dy) of first order w.r.t. ¢ and of second
order w.r.t. d (see [43], Ch.4, Sec.5). We have to check that

Jim sup v* (¢, d)—v*(co, do) —ve(co, do)(c — Co)—¢/(d()2)(d — do)—¢" (do)(d — do)?
(e,d)—(co,do) lc—co| + |d — do]

< 0.(4.20)

By (4.16) it has to be (¢/(dp), ¢"(do)) € D?l”Lv* (co,dp), where D?l”Lv* (co, dp) is the superdiffer-
ential of v* at (cg, dpy) of second order w.r.t. d. Hence

v*(co,d) — v*(co,do) — &' (do)(d — do) — ¢"(do)(d — dp)*> < o(|d — dp|?). (4.21)

Moreover, since v(-,d) € C'(R;R) for every d € O and v, is locally uniformly continuous w.r.t.
(¢,d) € S, for all £ > 0 there exists § > 0 such that

v(c,d) —v(co,d) — ve(co,d)(c — o) < o(le — col), unif. ind € (dy — 0,dp + ), (4.22)
[ve(co, d) — ve(co,dy)] < g, Vde (dy —0,dy + 9). (4.23)
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By (4.17), we derive from (4.22)

v*(e,d) — v*(co,d) — ve(co,d)(c —co) < of|e—cpl|), unif. ind € (dg — J,dy + 9). (4.24)
By subtracting and adding v.(co,do)(c — ¢p) in (4.24) and using (4.23), we get
v*(c,d)—v*(co,d)—ve(co, do)(c — co) < o(lc — ¢o|)+e-|c — col, unif. ind € (dy — 6, dp + 0).(4.25)

Combining (4.21) and (4.25), dividing by |c — co| + |d — dp|?, and taking the limsup, since & was
arbitrary, we finally get (4.20), thus (4.19).

Now, starting from (4.19), we can construct (see, e.g., [43], Ch. 4, Lemma 5.4%) a function
¢ € CY%(S;R) such that o(cy,dy) = v*(co,dp), ¢ > v* on S and

(¢c(co, do), alco, do), paa(co, do)) = (velco,do), ¢’ (do), " (do)). (4.26)

Now notice that —qi < v.(co,do) < qg, as (co,dp) € C (Proposition 4.3). Hence, since v is
a viscosity solution to (4.12), taking into account (4.26) we finally get the desired inequality
[L4](do) < 0.

2. Let ¢ € (c;,¢-) and, given a,b € S. with a < b, consider the Dirichlet problem

{pu{d)—u(d)U’(d)— o*(d)u"(d) = g(c.d), de€ (a,b),
u(a) = v(c,a), u(b) = v(c,b).

N[

(4.27)

This problem clearly admits a unique viscosity solution, which must coincide with v(c, -) in [a, b]
by item 1. On the other hand, by since o?(-) > 0, (4.27) is a uniformly elliptic problem, so
it admits a solution of class C%([a,b];R) N C?((a,b);R), which is also a viscosity solution, so
coincides with v. Hence, we deduce that v(c,-) € C2((d_(c),d(c)); R), and satisfies in a classical
sense:

[Lu(e,))(d) = g(e.d) = 0, de(d-(c),ds(c))
3. Notice that V(c,-) is a particular solution to the ODE
[Lod(c,)](d) —g(c,d) = 0, deO. (4.28)
Therefore the general solution to (4.28) is in the form:
A(Q)y(d) + B(c)p(d) + V(e,d), de Se

for some real-valued constants A(c), B(c), which proves, together with item 2, the structure
(4.15) of v in S,.

The extension of (4.15) at d_(c) and at d(c), when they do not coincide with diin, diax,
respectively, can be obtained by taking a = d_(c) and b= cﬁ(c) in the argument above. O

Lemma 4.2. We have

dEim (v(e,d) = V(e,d)) = 0, Ve€ (cy,c); (4.29)
dTlilm (v(e,d) = V(e,d) = 0, Vee (E4,6 ). (4.30)

4The proof works even if the function is just upper semicontinuous.
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Proof. We prove (4.29), the proof of (4.30) is analogous.
Fix ¢ € (¢, ,c_). In this case we have cz_(c) = dmin- Then, due to Lemma 4.1, we have that
v(e,-) € C2((dyin, d4(¢));R), and that it satisfies in a classical sense

[Lo(e,))(d) —g(e,d) = 0, Vd€ (dumin,dr(c). (4.31)

Let do € (dmin, dy(c)) be fixed and take a generic d € (dmin, do). Consider the stopping time

¢ = inf{t>0]DI>dy}.
Since dpin is not-entrance for the diffusion D, we have (see e.g. [23, Ch. 20]):

T4 /oo when d | dpin. (4.32)
Given a sequence (d,,) C (dmin, d) such that d,, | dmin consider the stopping times

= inf{t >0 D¢ <d,}.
Since dpin is inaccessible for the diffusion D, we have

T /oo when n — oo. (4.33)

By (4.31) and definition of 74, we apply Itd’s formula to v(c, D{) in the interval [0, 74 A T} An),
TaNT L AN TaNTL AN
oed) = [T gt [T e, DAL €0l D)

By taking the expectation (noting that the expectation of the stochastic integral vanishes by
our localization and that v > 0), we get

TaNTG AN
v(e,d) > E[/ e_"tg(c,Df)dt}.
0

By taking the limit for n — oo (note that g > 0, so we can use monotone convergence) and
using (4.33), we get

v(c,d) > E[/OTdeptg(c,Df)dt].

Subtracting V(c, d) in both sides of the inequality above, we get

o0

vie,d) — Vie,d) > E[/

Td

e Pyg(c, Df)dt}

Taking the liminf for d | dp,n, and using (4.32), we obtain

liminf (v(c,d) — V(e,d)) > 0,

min

and so the required limiting result, since we always have v < V (see (3.4)). O
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4.2 Structure of the value function

We can now provide the complete structure of the value function. Let us define
Oy = {deO|ép(d) > -0}, O- = {deO]é_(d) < oo}
Note that O are connected due to monotonicity of ¢4.

Theorem 4.1. (Structure and properties of the value function)
There exist functions
A,Be CY(cy,c-);R),  2+:04 =R,

(with A, B eventually extendable to C' functions up to ¢y, c_, respectively, when there exists
d € O such that ¢4 (d) = ¢, or when there exists d € O such that ¢_(d) = c_ ), such that

A(e)yp(d) + B(c)p(d) + V(c,d), on C,

v(e,d) = { 2 (d) — qc, on At (4.34)
z_(d) + g c, on A™.

Moreover:

(i) A(c) = 0 for every c € [cq,c_), and B(c) = 0 for every c € (¢, ,c_| (note that these
intervals may be empty).

(i) zx can be written in terms of the values of v at IC and of ¢4 as

2eld) = ol <d>,d>+qoc+<d>, deo,, (435)
z_(d) = v(é-(d),d) —qyc—(d), deO-_. (4.36)

Proof. Structure of v in C. By Lemma 4.1(3), we already know that there exist functions
A,B: (cy,c-) — R such that we have

v(e,d) = A(e)y(d) + B(e)p(d) + V(e,d), (c,d) eC. (4.37)

Let ¢ € (c,,c—). Since C is open, from the representation (4.10) we see that we can find
d,dy € O such that (¢, dp), (c,d) € S, for every ¢ € (¢y —€,co + €), for some £ > 0. Writing
(4.37) at (c,d), (¢,dp) € C, and taking into account that ¥ (d)e(dy) —p(d)(dy) # 0 for all d # dy
(this is due to strict monotonicity of ¢,v), we can retrieve A, B in the interval (cy — €, ¢ + €)
as

(e, d) = Ve, d)pl(do) — (v(e,do) — V (e, do))p(d)

Ale) = ) p(do) — (dydo) ’ (4.38)
_ (v(e,do) = V(e,do))w(d) = (v(e,d) = V(e,d)(d)

Bl = P(d)p(do) — () (do ' (439)

Hence, since v(-,d) and V(-,d) are of class C! for any fixed d € O, we get, by arbitrariness of
co, that A, B € C*((c,,e-);R).

Now assume that there exists d € O such that ¢4 (d) = c¢,. Then, since the function ¢ is
nondecreasing and right-continuous, there exists an interval (a,b) C O such that ¢, (d) = ¢, in
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(a,b). Take dy,d € (a,b). Then, for every ¢ > c,, it is (c,dp), (¢,d) € C. We can then write the
relation (4.38) for every ¢ > ¢, and pass it to the limit for ¢ | ¢, . In such a way we see that
A can be extended to C'!' function up to ¢ . The same argument holds true for the other case
involving B and ¢_.

Let us now check that (4.37) also holds at the points of the boundary 9C. Let (¢, d) € 97C.
In this case, one of the following case must hold :

(a) d=di(c) €O,

(b) ¢=¢4(d) and {(c,d) | ¢ € (¢4(d),é(d) +¢)} C C for some € > 0,

(¢) d=dy () for ¢ € (¢,c+¢) for some & > 0.
In the case (a) the form (4.37) holds by Lemma 4.1 (3). In the case (b) the structure (4.37)
holds by continuity of A, B and of v with respect to ¢, and by the already proved structure in
C. In the case (c) the structure (4.37) holds by case (a) and by continuity of A, B and of v with

respect to c.
The same argument holds for points belonging to the boundary 9~C, so we conclude that

v(e,d) = A(e)p(d) + B(e)o(d) + V(e,d), inC. (4.40)

Structure of v in A*. This follows directly from the definition (4.1) of A*.

Let us now prove the remaining properties.
(i) Let ¢ € (¢4,¢—). We can use (4.40) and write

A vie,d) = lim (A)y(d) + Ble)p(d) + Ve, d)).

By taking into account Lemma 4.2 and (3.8), we see that it must be A(c) = 0. In a similar
way one proves that B(c) = 0 for every ¢ € (c,,c_). Then A(¢;) =0 and B(c_) = 0 follow by
continuity.

(71) It follows using (4.34) and by evaluating v at the points (¢4 (d),d) € C. O

4.3 Optimal control

In the following we suppress, for simplicity of notation, the superscript d in D?. Moreover, the
superscript k in the notation Cf below will not denote the initial datum, but a running natural
index.

Let (¢,d) € S. Let us define, with the convention inf () = oo, the random times

= inf{t>0|c<ep (D)}, T = inf{t>0]|c>c(Dy)}, T = T4 AT
Due to (4.5), we have {7 = 75 } = {70 = o0}. Define also
Qoo = {m0=00}, Q = {17 <7}, Q- = {1 >7 }

Define

and define recursively the following processes and stopping times:
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- For all k > 0,

Ef = max D37 Qf = min Ds7 t Z Tk—1,
s€[r—1,1] s€[r—1,1]
- If k> 1is odd,
c, on Qoo;
Ctk = C—|—é+(ﬁf), on Q+, t > 71,
c+é (DY), onQ_,
0, on Qom
T = inf {t > 751 | C:’k >¢_(Dy)}y,  on Qy,

inf {t > 71 | C:’k < ¢y (Dy)}y,  onQ_.

- Ifk>2is even

c, on Qso,
cF = {ceve (DY), onQ, t > 7o,
c+e(Df),  onQy,

o0, on QOO,
T = inf {t > 71 | C:’k >¢_(Dy)}y, onQ_,
inf {t > 71 | CF" <, (D)},  on Q.

Since AT are closed and o2 > 0, we have, if k is odd
inf {t > 7, | (C’:’k,Dt) €A} = inf{t>mn | C:’k < ¢4(Dy)}, ace. in Qy,

inf {t >7, | (C/F, D) eA™} = inf{t>m | C/">e (D)}, ae inQ_,

and similar representations if &k is even. Hence, since I satisfies the usual conditions, so hitting
times of open sets are stopping times, we see that the sequence (1) is a sequence of stopping
times. Setting 7_1 := 0, define the process

Cr o= > CFlp (), t>0. (4.41)
k=0

Since 7 — 0o almost surely, the process C* is well defined for every ¢t > 0. Moreover it is clearly
right-continuous and adapted. By construction

(Cf,Dy) € C, Vt>0. (4.42)

Define the control
I} = Cf —c (4.43)
The control process I* does the minimum effort to keep the couple (Cf, D;) inside C. More

precisely, at time ¢ > 0:
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- if (C}=, Dy) € C, no action is taken (dI* = 0);

- if (C},Dy) € OC (e.g., assume (C}, D;) € O*C; simmetrically one can argue in the case
(Cy, Dy) € 07C), then two cases have to be distinguished:

- if C. = ¢4 (Dy) (which occurs in particular if ¢ is continuous at Dy), then I* acts
in order to reflect (Cf, D;) at the boundary dC™ along the positive c-direction. Note
that no action is taken if ¢; is constant in a right-neighborhood of D;.

- if ¢4 is discontinuous at D; and C}. < ¢4 (Dy), then the process C* has a positive
jump ACy = AL = é,.(Dy) — CF.

Regarding the last possibility, letting A'* be the (at most countable) sets of discontinuity
points of ¢4, respectively, due to the continuity of trajectories of D, we see that the process
I* = It — I~ can jump

(a.1) either at time 0 when ¢ < é4(d) or when ¢ > ¢é_(d), and in this case we have, respectively,
Al =AIyT =é.(d) —cor Alf = —AIY™ =¢_(d) — ¢
(a.2) when D; € N and C}. < é;.(Dy), and in this case Al = AN =é, (D) — Cr.

(a.3) when D; € N~ and C}- > é_(Dy), and in this case AIf = —AI"" = C. — é_(Dy).

Lemma 4.3. The processes C*, I* satisfy

/0 e*ﬂtz{(C;,Dt)ec}dI;vi = 0. (4.44)

Proof. Fix w € Q and suppose that (C}(w), D{(w)) € C. Then, by definition of the 7’s and
since C is open, we must have ¢t € (74_1(w), 7% (w)) for some k > 0, and

Crw) € (er(Diw), e (Dyw))). (4.45)

By definition of C*, 74_1, 7%, we see that C.*(w) is constant in some suitable neighborhood
(t —e(w),t + e(w)) of t, hence also I.*(w) is constant therein. Thus, we have proved (4.44). O

The second main result provides the existence and an explicit description of the optimal

state process (and a description of the optimal investment in terms of the optimal state).

Theorem 4.2. (Optimal control) Let (c,d) € S. The process C* constructed before in (4.41)
is an optimal state process for the value function at (c,d), with corresponding optimal control

I* = (I, I%7) defined by (4.43).

Proof. Let us show that
v(e,d) > E[/ e Pt <g(C’f,Dt) +qfd " — qadI:’f)]. (4.46)
0

Let (K,,) be an increasing sequence of compact subsets of S such that U,enK, = S. Consider
the (bounded) stopping time 7, = inf{t > 0 | C; A D; ¢ K,} A n, and notice that 7, / oo
a.s. when n goes to infinity. From (4.40) and since V € C12(S;R), we see that v € CV2(C;R).
Thus, by (4.42), we may apply Itd’s formula (see Proposition A.4) to e v (C}, D{) between
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0 and 7,, take expectation, and obtain (after observing that the stochastic integral over the
interval [0, 7, A T) vanishes in expectation due to our localization):

T

v(e,d) = E[e_m"v( :n/\T,DTn/\T)] + E{/ne_pt[ﬁv(Ct*,-)](Dt)dt} (4.47)

0
-E| / e Dydry]
0

_ E{ Z e P (v(Cf, Dy) — v(Cr, Dy) — ve(Cy, Dt)ACt*)],

0<t<my,

Now observe that [Lv(c,-)](d") = g(c/,d’) for (¢/,d') in C but also in C by continuity of g and
since v € CH2(C;R). This implies

E| /O "oy Nopat] = E| /O " e (g(0r Dat]. (4.48)

Now, notice that dI** = 0 if (Cf, D{) € A~ and dI*~ = 0if (C}, D{) € A*. Then taking into
account (4.44) and the fact that v, = —qd in A" and v. = ¢; in A~, we have

Tn Tn
- E[ / e (CF, Dg)dfg] - ﬂ«:[ / e P (g dIt + quI;f)} . (4.49)
0 0
Moreover, considering the three possibilities of jump (a.1)—(a.3) described above for I*, we have
v(CF, D) —v(C-, D) —v.(CF, DHAC; = 0, Vt>0. (4.50)

Therefore by nonnegativity of v and (4.47)--(4.50), we have
v(c,d) > E{/ e Pt (g(Ct*,Df)dt + q;{d[;’Jr + qO’dIf’*)].
0

Letting n — oo, from monotone convergence we get the inequality (4.46). Since the opposite
inequality always holds by definition of v, this proves the equality, i.e. that [* is an optimal
control. 0O

The picture below represents a possible shape of the solution. The state space region S is
the half-plane on the right of the vertical dotted line. When the system lies in the continuation
region C, it moves along the horizontal lines and no action is taken. Whenever the system
touches the boundary dC, the optimal control (acting along the vertical lines as indicated by
the arrows in the picture) consists in doing the minimal effort to keep the system in C. We
notice that, if the boundary é4 or the boundary ¢_ is constant somewhere, no action is taken if
the system reaches this part of boundary, and the system lies on this part of the boundary for
a certain time until it meets a strictly increasing part of this boundary.

Remark 4.2. From the solution found, it turns out that when ¢_ > 0, starting from ¢ > 0 the
optimal state process verifies C* > 0. This means that the solution is, henceforth, also thee
solution of the problem with state constraint C' > 0.

Corollary 4.1. 1. Iflim.|_ ge(c,d) = —00, then ¢4 > —00 in (d, dmax)-
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2. If limepoo ge(c, d) = 0o, then ¢— < 00 in (dmin, d).

Proof. We prove item 1, then item 2 can be proved symmetrically.

Let d € O be such that lim.|_ gc(c,d) = —oo. Take ¢y € R such that g.(cp,d) < 0 and
¢_(d) > ¢p. Since by Assumption 2.2 g, is nondecreasing in ¢ and nonincreasing in d, we have
ge < 0in (—00,cp] X [d,dmax). Assume, by contradiction, that there exists dy € (d, dpax) such
that ¢4 (dy) = —oo. By monotonicity of ¢, this implies that ¢; = —oo in (din, d1]. Now, given
any ¢ < ¢g and dy € (d,dy), define the stopping times

c=if{t>0| Dl <d}, 7=if{t>0|D®>d}, 7%c)=inf{t>0] DM >d(c)}.

Observe that 7 < 7(c), for every ¢ € R, since cz+(c) has to be larger than d;, as ¢4 = —oo in
(dmin, d1]. Moreover, by Proposition 3.3 and Theorem 4.2, 7*(c¢) is the optimal stopping time
of P2 for the Dynkin game defined in Subsection 3.2. Hence, we must have, taking also into

account that g.(c,-) is nonincreasing, that g. < 0 in (—o0,cg] X [d, dnax), and that 7 < 7%(c),
ve(e,d) < J(c,d;o,77(c))

*(c)No *
= E / e_ptgc(c’ Dtdo)dt + qae_pa]-{a<’r*(c)} - qare—p’r (C)]-{T*(c)<a}
0

TNO
E/ eptgc(c,Df")qua}
0

IN

TNO
E / efptgc(c, d)dt + qo_]
0

_ gc(c7 d) E[l _ e—p(TAa)] +qq -

p

IN

Note that o and 7 are independent of ¢, and that 7Ac > 0. So, letting ¢ — —o0 in the inequality
above we get lim,,_~ v.(¢,d) = —oo, which contradicts Proposition 3.4 (3). O

Remark 4.3. We notice that items 1 and 2 of Corollary 4.1 above hold, respectively, when
qaL < oo and g, < oo, which is an assumption we are doing throughout the paper. However, also
referring to Remark 2.2 (2), we point out that in the case one consider, e.g., ¢, = oo (irreversible
investment), one has immediately ¢_ = oo, so Corollary 4.1 does not hold anymore.
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| A+

5 Quadratic cost: smooth fit and boundaries’ characterization

Theorem 4.1 and the continuity of v, in § yield some optimality conditions. Indeed, we should
have
A()p(d) + B(e)p(d) + Vele,d) = —qf,  V(e,d) € dCT,
(5.1)
A(OU(d) + BOp(d) + Vele,d) = g5, VY(ed) €dc.

It is clear that one cannot expect that the conditions above provide a way either to find
the value function or the optimal boundaries 0FC (e.g., in terms of the functions éi), as,
read at (¢4(d),d), they would relate four unknown functions A, B, é1 by two equations. Other
optimality conditions are needed and should be derived from some other suitable smoothness
property of the value function at the optimal boundaries 9*C. To this end, we notice by Theorem
4.1 that

0 P
54 ve(e,d) =0 in A™. (5.2)

Therefore, a requirement of a smooth fit condition of the second order mixed derivative of v at
the optimal boundaries would imply

li e, d) = 0, V(e dy) € d™C. 5.3
(c,d)—1>r(207do)vd(c ) (co,do) (5.3)
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This is what we are going to prove in the next subsection under further assumptions on g.

5.1 The smooth fit-principle

The purpose of the present subsection is indeed to prove (5.3). However, we need to further

specify our assumptions, restricting to the quadratic cost case:

glc,d) = %(cz—Qﬂo(d)chao(d)), (5.4)

where ag, 5y are continuous functions. From now on, we assume that g has the structure (5.4)
and we do not repeat this assumption in the statements of the results. We assume that the
functions ag, By are continuous and that 3y is nondecreasing, so that Assumption 2.2 holds true,

and we denote
a(d) = E[/OOO e*ﬂtao(Df)dt}, 8d) = E[/OOO e”’tﬁo(Df)dt], (5.5)

noting that o, 8 € C?(O;R) as the diffusion D is nondegenerate. The function V is written in

this case as:
Vied) — %(%cz —28(d)e + a(d)). (5.6)
Given a function ¢ € C(R;R), let us denote
[A%p](z;e) = E%[(p(x +e)+p(r—e)—2p(x)], zeR, e>0.
The following Lemma, which relies on assumption (5.4), enables us to obtain further regularity

of the value function with respect to ¢ (Corollary 5.1), which is crucial to prove then (5.3).

Lemma 5.1. We have for every (¢,d) € S, € > 0,
1
0 < [A%(,d)(ce) < =,
P

Proof. The estimate from below is a straightforward consequence of the convexity of v with
respect to c. Let us prove the estimate from above. Let (¢,d) € S, ¢ > 0, and I € Z. By using
the fact that g.. = 1 under (5.4), we have

EiQ (Glete,d: 1) +Cle—e,d; T) — 2G(e,ds T)] (5.7)

o — 1 C C— C 1
] / e 5 (a(CrT D) + g(CEo!, D) — 29(C5 " DY) Jat] = =
0 € p
Since
vic+e,d)+v(c—e,d) —2G(c,d;I) < Glc+e,d;I)+ Glec—e,d; 1) —2G(c,d; 1),
we get from (5.7):

1 1
6—2[v(c+€,d)+v(c—€,d)—2G(c,d;[)] < -, VIel
p

Taking the supremum over I € Z, this proves the required upper-estimate. O

Lemma 5.1 implies that wv.(-,d) is Lipschitz continuous for each d € O. Together with
(4.38)-(4.39) and (5.6), we immediately get the following regularity result.
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Corollary 5.1. The derivative functions A", B’ : (¢, ,c_) — R, where A, B are the functions
defined in Theorem 4.1, are locally Lipschitz. In other terms A, B € W'li’coo((g_y,é_);R).

(This property holds eventually up to c,,c_, when A, B can be extended, respectively, to Ct
functions up to c,c_, according to the conditions of Theorem 4.1 which allow these extensions.)

We are now able to prove the second order smooth-fit result on the value function.
Proposition 5.1. The relation (5.3) hold true.

Proof. Since v.g = 0 in A*, the claim is equivalent to prove that

lim  ve(c,d) = 0, V(co,do) € I*C. (5.8)
(e,d)—(cq,dp)
(e,d)eC
We shall prove (5.8) for the lower boundary 97 C; the claim concerning the upper boundary 8—C
can be proved in the same way. Letting (cg,dy) € 07C we distinguish three cases.
1. Suppose that ¢y = é4(d) > ¢, . Let us consider the function on D := (¢, ,é-) x O

o(e,d) = A(e)p(d) + B(e)p(d) + V(e,d), (c,d) € D.

By Theorem 4.1 and (5.6), we have that © € C1?(D;R), and that .4 exists and is continuous
in D. Since ¥ = v in C N D, by monotonicity of v.(c,-), we have

Ueg < 0 inC. (5.9)
Clearly (5.8) is equivalent to
lim  9(e,d) = 0, V(co,do) € ITC. (5.10)
(e,d)—=(cg,do)
(e,d)eC

By continuity of v.4, the limit above exists and coincides with v.4(co, dp). Taking into account
(5.9), suppose by contradiction that

@cd(CQ, do) < 0. (5.11)
Then, by continuity of v.4, we may find € > 0, §; > 0, do > 0 such that
T)cd(c, d) < —¢ V(C, d) € (CO —01,¢0 — (51) X (do — 09, do + (52) cD. (5.12)

Since .(co,dp) = —qg, due to (5.11) and to Corollary 5.1, we can apply Implicit Function
Theorem in a generalized form, stating that there exists d/, in Sobolev sense in the interval
(co — 01,¢0 + 91), and, assuming without loss of generality that

dy — 6o = dA+(CQ—(51), do + 09 = 624_(004—(51), (5.13)
that it holds, by Corollary 5.1 and (5.12)

7760('7 C?—i—())

— < M, < o0, ae. in (¢g—61,¢0+ 7).
vcd(',d+('))

di () = -
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Let us now assume, without loss of generality (recall that ¢y is right-continuous), that ¢y
is continuous on [dy,dy + d2). Then, combining with (5.13)-(5.14), we see that ¢y is strictly
increasing on [do, dg + 02), there exists the inverse éjrl on [cp,co+ 1), it coincides with cf+, and
cz+ is continuous and strictly increasing as well on [¢g, g + d1). It follows that

dAl_i_ > 0, ae. in [cy,co+ 01). (5.14)

Let Y be the set of differentiability points of cf+ in [dy,dy + ) where 0 < cfﬁr < M. Then,
taking into account (5.14)-(5.14), we see that ) has full measure in [cp, co + J1). Consequently
d(Y) is dense in [do, do + 62), ¢ exists in d. (), and

d € [I/M.,00), in di(Y). (5.15)

Let us now consider the function d € [dy,dy + d2) — v(co,d). Since ¢4 is nondecreasing in
[do, do+ 02) (actually we have shown strictly increasing), the segment {(co,d) | d € [dg, do+d2)}
is contained in A™". Hence, Theorem 4.1 yields

v(cg,d) = —qico+z4(d), VdE€ [do,do+ 9). (5.16)

Applying the chain rule at the points of d4 () to
[dosdo +0) = R, d = zi(d) = v(é(d),d) +qyér(d) = 0(é(d),d) +qqé4(d),
we see that the function z, is differentiable at the points of d (V) and
D) = 0uler (@) D (d) + 0ale4 (d), ) +gi L (d), Vi€ di (D).
By definition of é;, we have v.(¢;(d),d) = v.(¢1(d),d) = —qg for every d € O, and so
Z(d) = va(é4(d),d), Vdedi(Y).
Together with (5.16), this shows the existence of vy(co,d) for each d € do () and the equality
valco,d) = #y(d) = va(és(d),d), Vde. (5.17)

On the other hand, by using again the chain rule, we can get from (5.17) the existence of
vaq(co, d) for each d € dy () and the equality

Udd(CO, d) = Zl(d) = @dd(é+(d), d) + Qjcd(é—I— (d), d) CA{’_ (d), Vd € 624_ (y) (5.18)
Therefore, from (5.12), (5.15), and (5.18), we get
vaa(co,d) < Dgg(éq(d),d) —e/M., Vdedy (). (5.19)

Now the viscosity subsolution property of v, and (5.16), (5.17), (5.19) yield

oeod) = polen, d) = pld)oa(eo, d) = 3o(d uaaleo,d (520)

= polco, ) — u(d)2a(é (d),d) — 50(d)[ouaes (D), d) — /M., Vd € d ().
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Taking a sequence (a,) C dy(Y) such that o, | do (this can be done since dy()) is dense in
[do,dp + 02)) and passing to the limit in (5.20) evaluated at d = «,, we obtain by continuity of
¢y in [do,dg + d2), continuity of g in S, and since v € C1*(D,R) anfd v = v in C,

p@(CQ, do) — M(do)@d(CQ,do) — %O’(do)2[@dd(00, do) — E/ME] < g(co, do). (5.21)

On the other hand, recall that £ = Lv = g on C. Therefore, since v € C12(D;R) and since
(co,dp) € C, by continuity we must also have
pv(co, do) — p(do)va(co, do) — %U(do)%dd(co, do) = g(co,do),

which is in contradiction with (5.21) as 02(dg) > 0, and the claim is proved in this case.

2. Consider now the case ¢y = ¢4 (dp) = ¢ . In this case we can construct the function o in
D := (¢, —¢&,c-) x O for some € > 0 by using the extension part of Corollary 5.1, and repeat
the argument of the previous case.

3. Consider now the last possible case, i.e. dy = dy(co) and ¢y < é4(dy), noting that
¢4+ (dy) < oo (see Proposition 4.1 (1)). In this case the segment K := {(c,dp) | ¢ € [co, ¢4+ (do)]}
is contained in OTC. Define the function v as in item 1. We then have v, = v, = —qa' in K.

Hence
_Q(—)’— - @c(c’ d) = 2_}c(ca dO) - @c(c’ d)
do
- / Bed(c, )AE, Ve € [co, 4 (do)], Vd < do, (5.22)
d

Taking into account Corollary 5.1 and differentiating (5.22) with respect to ¢ we get (the deriva-
tives A”, B” must be intended in Sobolev sense)

do ~
Ctele,d) = /d P, )dE,  ae. (e,d) € [co, s (do)] x (d_(c),do).  (5.23)

Since v, > 0, hence 0., > 0 (in Sobolev sense), from (5.23) we get

02 [Trate o we 0d il x (@ @a, 621
from which, taking into account (5.6), we deduce that actually
A"y (d) + B"(c)¢'(d) < 0, e in [eo,é4(do)] x (d—(c), do),
Then, since v/, ¢’ are continuous, we deduce that
A (do) + B ()@ (do) < 0, ae. in [ e (do)]

Hence, U.4(,dy) is nonincreasing with respect to ¢ in [cg, ¢4 (dp)]. Then, assuming now, as in
item 1, by contradiction (5.11), we also must have v.4(¢4(dp),dp) < 0. So we are now reduced
to the contradiction assumption of item 1, we can apply the argument of that item and get the
contradiction, so the claim. O

Remark 5.1. In [34], a similar smooth-fit principle (5.3) is derived a posteriori in the particular
case where the state process is a geometric Brownian motion, so that an explicit smooth solution
can be obtained, and then shown to be the equal to the value function by a verification approach.
In the general diffusion case for demand and when the cost function is quadratic, we prove
directly the smooth-fit principle (5.3) by a viscosity solutions approach.
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5.2 Characterization of the optimal boundaries

Proposition 5.1 can be used to add other necessary optimality conditions to (5.1): indeed, by
(4.40), the relation (5.3) yields

A (d) + B'(¢)¢' (d) + Vog(e,d) = 0, Y(c,d) e dC (5.25)

We want to use the optimality conditions (5.1) and (5.25) to characterize the optimal boundaries
OC*. First, we rewrite such conditions. (The proofs of the next two propositions follow the line

of [4] and also, in some parts, of [34].)

Proposition 5.2. Let ¢ € R and let dy,d_ € O be such that (c,d_) € 9°C, (c¢,dy) € 9*C.
Then

" ! _¢'(d-) '(dy)
d_ P(E)ge(e, )m'(§)dE + gq 5'(d-) % S/(di) 0
(5.26)
" / _¢/(d-) o' (dy)
/_ @(&§)ge(c, )m (§)dE + qq 5'(d-) qarS’(di) 0

Proof. Let ¢,dy be as in the statement. The conditions (5.1) computed respectively at (¢, dy)
and (¢,d_) yield

{A'<c>¢<d+>+B'<c>so<d+>+vc<c,d+> = —aq,
Al()y(d-) + B'(c)p(d-) + Ve(e,d-) = qq,
from which we get
iy eld)(Ve(edy)—ad) —o(dy) (g —Ve(ed-))
Ale) = 7 e e i )
(5.27)
oy (de) gy —Ve(ed-)—w(d)(—qf —Ve(cds))
Be) = R e o Ty :
By Theorem 4.1
vole,d) = A(e)y(d) + B'(e)p(d) + Vi(e,d), Vde[d_,d]. (5.28)

So, plugging (5.27) into (5.28), we get

welend) = Zhlay ~ Veeud-) + %ﬂ(—qo*—v;<c,d+>>+vc<c,d>, vd e [d,d,], (5.29)
where
B = old) = SR, D) = o) - L) (5.30)
Hence
veerd) = 2D (e Guea )+ LD (gt e dy)) 4 Viale ), Vd € [d- d .53
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Now (5.25) yields veq(c,d—) = veq(c,d4) = 0. Imposing these conditions into (5.31), we get

g — V(c d.) = = ca(c,d- )Y (dy)p(d—)+Veale,d )Y (d—)@(d-)
0 e o ¢'do)yr(dy) =y (d-)¢' (dy ) 7 (5.32)
I s (c,dy) = = cd(¢,d+ )@ (d—)ip(d+ )+ Vea(c,d—) @' (d1)d(d+)

0 e @' (d-)Y! (dg )= (d-)@' (d+)

P (d ) (dy) =/ (d )@ (dy) = (P (d)(dy) — @ (d )9 (d))(p(d-)ip(dy) — @(dy)(d-)),
)G = (' (ds)ip(d=) — P(d-)¢'(d4)) (p(d=)¥(d+) — p(ds)p(d-))
A ¥(dy)p(d-) 7
oy _ (@Wdo)e(d-) — o(d-)¢'(d-))((d-)p(d+) — p(ds)ip(d-))
vldetd) = D)) |
N (¢’ (d-)y(dy) — @(d4 )Y’ (d-)) (p(d-)¥(dy) — p(dy )y (d-))
i) = D )eld) |
. - (A y(dy) = p(d)y' (dy))(p(d-)p(dy) — o(dy)(d-))
de)v(dy) = d)od)
Plugging these expressions into (5.32) we get
G5~ Valeyd ) = eledo) o)l g (G (e )0 (o)eldo) b))
gt Vedy) = Vo)) )0 ) Ve )l ) O
o — Vele.dyt AT ()7 (d ) :

Using the representations (3.10)-(3.11) in (5.33), we get after long computations

dy

—qg (¥'(d-)v'(dy) = (d-)¢'(dy)) = ¢'(d-)S'(dy) ] (&) ge(c, §)m/ (§)dg

dy

—y/(d_)S'(dy) / o (€)ge(e, O)m! (€)de,

dy
qo (¢ (d)¥'(ds) —U'(d-)¢'(d4)) = ¢'(d4)S"(d-) [ P(E)gelc, E)m/(§)dg

d_
dy

—'(d)S'(d ) / o(€)ge(e, O)m! (€)de,

from which we finally see that the couple (d_,d) € O x O satisfies (5.26). O

Let us denote

Crg = MfCrg g = e Gy = SUDlry, Oy = SUDC

For all ¢ € R denote

di(c) = mf{€€O|gc,€) <—pgf}, d(c) = sup{€€O|gclc,§) > pgy}.

with the convention sup () = dmin, inf ) = dmax. Then clearly we have d’ (c) < d* (c) for every
c€ R, and d% (c),d*(c) € O if and only if c € (c_ ;, ¢4 g)-
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Proposition 5.3. Let ¢ € R and let —Py be strictly decreasing (so that g.(c,-) = —po(-) is
strictly decreasing for every ¢ € R). The couple of equations

[ v©ae.om'@ae + g ﬁémi o ?Eii -
(5.34)
/yw(ﬁ)gc(caﬁ)m'(f)dg * %?8 - qﬁ?% -
admits a solution (z*(c),y*(c)) with y*(c) > x*(c) if and only if ¢ € (c_ 90 C+, g) (note that the

case ¢_ 4 > Cy g may occur, and in this case this interval is considered as empty). If this is the
case, i.e. ¢ € (c_ 4, Cy g), then the solution is unique and belongs to (dmin, d* (c)) X (d%(¢), dmax)-
Moreover x*,y* are continuously differentiable in the interval (g_’g,@ﬁg) and have strictly

positive derivatives.

Proof. Fix ¢ € R and consider the functions in the couple of variables (z,y) € O x O

Do) = [ v@uom©e + g5l + gLE 5

L = [ e@alcom©i + 58 + 55D 630

The solvability of our system of equations corresponds then to the solvability of Li(z,y;c) = 0,
Lo(z,y;¢) = 01in O x O with & < y. Using the representations (see, e.g., [8, Ch.II])

. dmax
= o weomeas  H5 = <[ emies (5.37)

Inln

L1, Lo can be rewritten as

Dieyie) = [ 0l +pa (€ + (af +a7) g0

y
Loz, y;c) = / ©(€)(ge(c, &) — pgg )m/ (§)dE + <q0++qa>5,(y),
or equivalently as

Y
Lieye) = [ 0l©aleOm'©d + paf [ w@m'©d + oy [ im0

tn in

dmax

y dmax

Ly = [ e@uleom(@ds — paf [ o@m'©d — piy [ elem ()
T Y T

and the partial derivatives of L1, Lo with respect to x,y are

0L oL

Bp @uie) = V@ (gelen) = pap)m (@), FE(yie) = b)geley) + pa (),
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8L2 — aLQ
o @ie) = —e@)(gele.x) = pgg)m' (@), Z @ yie) = e(u)geley) + pag ) (y)-
Let us study the solvability of Li(z,-;¢) = 0 for given x € O. First of all we notice that
Li(xz,z;¢) > 0 as ¢/ > 0, 8" > 0. Taking into account that g.(c,-) is strictly decreasing
and continuous, we see that the sign of %—Lyl(x, -5 ¢) is strictly positive in (x,d* (c)) and strictly
negative in (d% (c), dmax). Combined with the fact that Li(x,z;c) > 0, this shows that there
is at most one point y*(z;c) € (x, dmax) solution to Li(z,-;¢) = 0 and that y*(x;c) (if exists)
must belong to (d7 (¢), dmax). Now we distinguish two cases.

- If ¢ > ¢4 g, then ge(c,-) + pqa' >0 in O. So the solution does not exist in this case.

- If ¢ < ¢4 4, take g(c) > d*(c) such that Lq(x,g(c);c) > 0 (such y(c) exists by continuity),
and observe that since g¢.(c,-) is (strictly) decreasing, using (5.37), one has for every
y = y(c)

YV . 4 ge(e.9) +pag (¥'(y) ¢ (©)
/@(C)ws) (€)(ge(c.€) + pal e < ' ( g)>,

therefore

Ll(.%',y; C) < Ll(m,gj(c);c) + (538)

ge(e,9(c)) + pag. (w’(y) B 1/}’(?)))
p S'y)  S'"(9))

Now we notice that there exists M, > 0 such that Ly (z,9(c);c) < M, for every = < g(c).
Indeed, fj(c) (&) ge(c,&)m’ (£)dE is finite because of the finiteness of V. and taking into

account (3.11); y(c) “p(§m'(€)dE is finite because of (5.37); ¢'(z)/S'(x) is bounded in
(dmin, Y(c)] because of (3.9). Now, since g.(c,9(c)) + pgg < 0 and since by (3.9) we have
V' (y)/ S (y) = 00 as y — dmax, we see that the solution y*(z;¢) to Li(z,;¢) = 0 exists in
the interval (§(c), dmax — €n.] for some €y, > 0, hence in the interval (d7 (c), dmax — €11.],
for every x < d* (c).

Hence we have shown that, given x € O, there exists a unique solution y*(z;¢) to Li(x,;¢) =0
if and only if ¢ < ¢4 4, and it belongs to the interval (d% (c), dmax — €n.]. Morever, Implicit
Function Theorem ensures that y*(-; ¢) is continuously differentiable and

* % (a7 (w;) Y@y @) geles ) — pag)
- e _  _ Oz _ 0 ) )
&) T T i) T W@ @) e @) o)

Now consider the equation La(x,y*(x;c);c) = 0. We are going to show existence and unique-
ness of solutions to such equation in @. This will complete the proof of existence and uniqueness
of solutions for (5.34), as, from what we have said before, z*(c) solves the latter equation if and
only if (z*(c), y*(z*(c);c)) solves (5.34). We observe that:

- Ife<c g, then go(c, ) —pgy < 0in O; so, since ¢'(-)/S'(-) < 0 we have Ly(-,y*(:;¢)) <0
in O and the solution does not exist.

-Ife>ec then we have the following facts:

-9’

1. La( 9% (55 ¢)) <0 in (d(c), dmax), as ge(c,-) — pgy < 0 therein and ¢'(-)/S’(-) <0
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2. Using (5.39) we compute

d%LQ(m’y*(x;c)) _ Y@y (wgg(;bg (w,C))sD(fv)m,(w)(gc(m) g
So taking into account that y*(x;c) > x, the strict (opposite) monotonicity of ¢, ),
and that g(c,") — pgg > 0 in (dmin, d*(c)), We see that <= Lo(z,y*(z;¢)) < 0 for
x € (dwin, d* (c)).

3. Arguing as in proving (5.38), we can prove that there exists & € (dpin, d* (¢)) such
that Lo(Z,y*(Z;¢)) < 0 and

y* (z5¢)
Lo,y (x;0)) z/f S (gele, €) — pag ym'(€)de
_gAaf>—p%)(@%m ¢%@>.

; —

S'(z)  S'(z)
Since y*(z;¢) € (d.(¢), dmax — en.] for every = € (dmin, d* (c)], setting
dmax—€ M,
Ko = [ @l ) - iy m (€,

the latter inequality yields

oo 9c(c, ) —pgy (¥'(x)  ¢'(2)
Lala i) > Ko - MO (G- )

Now, since S,E ; — —00 as & — dmin due to (3.9), and since g.(c,Z) — pgy > 0, we

see that Lo(z,y*(z;¢)) — 00 as & — dpin.

Combining these three fact we deduce that there exists a unique solution to the equation
La(-;y*(+;¢)) = 0 and that it belongs to the interval (dpin, d* (c)). O

Let us show now the last part of the claim. Consider ¢ as a variable in L, Lo and consider

the matrix

Ly (p*(c), y*(c):e) 2L (a*(c), y*(c); ¢
M (@), g (@:0) = <w<<m<»>a¢<xymm>_

G2 (2% (), y* (0);0) G2 (% (), y*(c); )
Taking into account that z*(c) < d* (c), y*(c) > d*(c), and that 1, ¢ are respectively strictly

increasing and strictly decreasing, we see that the M*(z*(c), y*(c);¢) is actually non singular.
More precisely M := det(M(z*(c),y*(c);¢c)) < 0 and
1

o %a(0(0) g (0)e) 2o (), ()0
x"(c el = — 9y 9y . .
M (e JW<awx@¢@@ %wﬂaw¢@> (40

So, since Li(x*(c),y*(c);c) = 0, Li(xz*(c),y*(c); ¢) = 0, we can apply Implicit Function Theorem
which yields

x*(c L1 (1 (o) *(c): ¢
3Q<0::—MW@¢@@*<£JJ”“¥)>- (5.41)



Since g.. = 1, we have

oLy

“(e) *(e)
Taoweo = [ oo 2eeeo = [ oo

So, from (5.41)-(5.40) we get

d * 1 * 1 % v*(©) * * /
2@ = —g7(eley (@) + pag)m'(y (c))/mc) (p(y™())b(&) — (y*(e))e(§))m’ (§)dE
d * _ 1 * — /(% y*(c) * * / d
=y'(Q) = —r(gele.a(©) — pag )m/ (" () / -y (PO = (e (el ()

Now, notice that
M <0, g,y (e) +pgg < 0, gele,x*(c)) —pgg > 0,

and that the functions

are both strictly increasing and verify, respectively ¢(y*(¢)) = 0 and p(z*(¢)) = 0. So we
conclude from (5.41). O

We are now ready to characterize the optimal boundaries.

Theorem 5.1. Let —fy be strictly decreasing. We have c_ =c_ ,, ¢y = ¢4 4 and the optimal
boundaries 0FC are characterized piecewise as follows. (Note that some of the three regions

below where we split the characterization may be empty.)

1. In the region (c_ 4, ¢4 4) x O, the optimal boundaries OFC are identified by the functions ds
which are characterized as follows: given c € (c_ ,,¢4 4) the couple (d_(c),dy(c)) € OxO
is the unique solution of the system of equations (5.34) provided by Proposition 5.3.

2. In the region (—oo,c_ ] x O only d*C (at most) exists and is identified in terms of the
function ¢4 (note that Corollary 4.1 ensures ¢4 > —o0) ), which is explicitly given by

J .
_ ;f/((d)) B'd)—q5|, d< c&?g d(c), deO.

(@) = p B

For the definition of lim z_ cf+ c) when (c_ ,,Cy q) is empty, recall that cf+ ¢) = dmax
~l/ g ,g e

forec>cy.)

3. In the region [C4 g,00) x O only 0~C (at most) exists and is identified in terms of the
function ¢_ (note that Corollary 4.1 ensures ¢— < o)), which is explicitly given by

A o gp(d) / — . 7
) = p|Bld) - SEA@ |, d > lim (), deO.

(For the definition of limee, , d_(c) when (c_ 4> Cr,g) is empty, recall that d_(¢) = dmin
fore<c_.)
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Moreover:

(i) The functions ¢4 : O — R are continuous and strictly increasing.

(ii) ¢y and é_ are of class O except, at most, at the points limeye | d,(c) and limeye, , d—(c),
respectively (if they belong to O).

Proof. 1. First of all we notice that, by Proposition 4.4, we have ¢ g <c_andcyg >y
In the interval (¢_,é;), we have that the couple (d_(c),d (c)) belongs to © x O, and, by
Propositions 5.2 and 5.3, it can be identified as the unique solution of the system of equations

(5.34). This shows claim 1, once we prove the claim c_ , = c_ and ¢ 4 = ¢4, which is what we

are going to prove now. !

Assume by contradiction that (c_ ,,c_] is nonempty. Then, for all ¢ € (c_ ;,c_| we should
have a unique solution (d_(c),d+(c)) € O x O to (5.34) as provided by Proposition 5.3. By
the monotonicity claim of Proposition 5.3, such a solution should be such that dpi, < d—(c) <
lime . cf_(() =: dyp. Now if dy > duin, then, by definition of ¢ we would have ¢ = ¢_ in
(dmin, do) and we would have, by Proposition 5.2, more than one solution to (5.34) at the level
c¢_. But this contradicts Proposition 5.3. Therefore it should be dy = dpin, but this would be
a contradiction to dpyin < d—(c) < dy. Hence, it remains proved that ¢ = C_ g The same
argument applies to ¢4 and so the claim is proved.

2. The fact that only 9*C (at most) exists in the region (—oo,c_ ] is due to the definition

_79] N
of c_, to the equality ¢ , = c_ and to the fact that, as shown in item 1, lim¢ ). d—(¢) = din-
Then, due to Theorem 4.1, we have B(c) = 0 for all ¢ < ¢_ 4- Hence, the optimality conditions
(5.1) and (5.25) written at the points (¢4 (d),d) € 97C with d € (dmin, lim.|. , d,(c)] (notice

that, due to Corollary 4.1, we actually have ¢4 : O — R) yield

A (d)y(d) + Jes(d) - Bd) = —qf,
(5.42)

A'(ey (d)y'(d) = p'(d) = 0.

Multiplying the second equation in (5.42) by /¢’ and subtracting it to the first one, we get
(5.45).

3. The same argument of item 2 applies symmetrically.

Let us now show items (i) and (ii).
(i) We show the claim for ¢;, the proof of the claim regarding ¢_ is analogous.
Since ciJr is strictly increasing and continuous in the interval (c

_ g>C+,g) (when this is not
empty), we see that ¢, is the inverse of dy in the interval (lim.|.d(c), dmax) (when this is,
correspondingly, nonempty) and is strictly increasing and continuous therein. So we must now
show that ¢, is strictly increasing and continuous in the interval (duin, limey.dy(c)] (when
this is nonempty). Assume by contradiction that there exists a nonempty interval (a,b) C
(dumin, limy d (¢)] where & = ¢g. Then from the first equality in (5.42) we should have

8(d) = A’(co)z/z(d)—l—%co—l—qar, d e (a,b).
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Since 1 solves L1 = 0, we then have that LS = ¢g + ,0(]6L in (a,b). On the other hand, from
(5.5), we see that it must be also L5 = [y, so we should conclude that [y is constant in (a,b),
contradictiong the hypothesis. So, it has been proved that ¢, is strictly increasing.

Now we show that ¢4 is continuous. Indeed it is continuous in the interval (dmin, lim, dy(c)]
due to item 2, and in the interval (lim.. d; (¢), dmax), due to item 1. Tt remains to prove that
¢; is continuous at lim,.d (c) (when it belongs to ©). This comes just from the fact that ¢,
is right-continuous in general and, as we have seen just now, it is left-continuous at lim.,. ciJr (c).

(ii) It follows from the previuos claims and from Proposition 5.3. O

We notice that c_ ;, ¢4 4 are explicit. So Theorem 5.1 actually provides a way to find, up to the
(possibly numerical) solution of the system of equations (5.34) for every ¢ € (c_ ;, ¢4 4), when

this interval is not empty, the optimal boundaries 9*C. Then the functions A, B individuating
the value function in the continuation region can be retrieved by Theorem 4.1:

- If (c_ 41 C14) # 0, then A, B can be computed in the interval (c_ ;, ¢4 4) by integrating

(5.27) with boundary conditions A(c} ) = 0 and B(c_ ;) = 0, and, respectively in the
intervals (cy,c_ | and [¢4, ¢4 ) (when they are nonempty), by the equalities

A(c) = [lim A(c)] — /Q,g %df, céE (ng,g,,g];

clemy V(d: €)
B(e) = [c%iém B(c)] + 76 %dg, c € [Cyg,Co).
g Ct.9 +

- If (c_ 4, ¢4,9) = 0, then

[y

Ale) = / i et (5.43)
¢ B(d-(9) _

B(c) = ——=d¢, ce (e, Co). 5.44

=) @ e o4

Then z4 can be obtained by (4.35).

5.3 Quadratic cost and irreversibility

In this subsection we consider we further particularize to the irreversible investment case. Even if
it is, rigorously speaking, out of our setting, nonetheless it can be formally seen as corresponding
to take q; = oo. The upper boundary in this case is clearly ¢_ = oo, or, in other terms, it
disappears. Hence, from Theorem 5.1, we immediately get the following.

Corollary 5.2. Let gy = oo, and let the assumptions of Theorem 5.1 hold true. Then the
functions ¢+, A, B, z+ of Theorem 4.1 are determined as follows:

(a) The upper optimal boundary is ¢— = oo, and lower boundary function ¢4 is explicitly given
by
. d
end) = o |Btd) - LA ~af | deo. (5.45)

In particular ¢4 € CY(O;R).
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(b) B =0, and the function A is given by
Ct.g /8/ Cz -
Ale) = —/ 7,( f(f)) d¢,  c€(c;,Cry),
e Y(de(8))
(¢) The function z_ is whatever function (it does not play a role, as ¢_ = oo implies A~ =0),
while the function zy is
(d) = ACHD)() + V(e (d),d) +qfes(d), deO, (5.46)
with V' given in (5.6).
We end this paper by a simple and explicit illustration of our Corollary 5.2 to the case when
the demand is modeled as a geometric Brownian motion:
dD; = MDtdt + o Dy dWy, n e R, 0 >0,

with initial datum d > 0. In this case O = (0, 00). Moreover, assume that

gled) = Slc—dp,

and, according to (3.3), assume that

p > [2uto?T. (5.47)

Then V is the quadratic function equal to

V d = — d2 _ d 1 5 ‘
(c;d) 2(p_2,u—02 — c+pc>
The increasing fundamental solution to
1
Lol(d) = pd—pdd - Sotd¢" = 0,
is given by
() = d™,

where m is the positive root of the equation p — um — %Uzm(m —1) = 0, and explicitly given by

_ k1 (_ 13 1)2 2p
o= 02+2+\/ 02+2 +02
Notice that m > 2 by (5.47). From Corollary 5.2, the value function v has the explicit form

(c.d) Ae)d™ + Ve, d), if ¢ > ¢, (d),
v(c, =
—qg ¢+ 2(d), if ¢ < é4(d).

where the functions A, ¢, z are

ér(d) = ad—0b, d>0,
am 1 1
Ale) = - c+0b)2m, c>—b,
© = —mt—g(e+D

2i(d) = A(ad —b)d™ + V(ad — b,d) + qf (ad — b), d >0,

with
m—1 p
a = ——- b:pqg.
m.op— W
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A Appendix

Proof of Proposition 3.2. Ezistence. Let (c¢,d) € S and take a sequence (I"),eny C Z s.t.
G(e,d; I™) — wv(c,d). Assume, without loss of generality, that G(c,d; I"™) < v(c,d) + 1 for all
n > 0and set x := min{qg, ¢y } > 0. Then, taking into account that g > 0, that I;"" = Iy =0
for all n > 0, and integrating by parts, we get

vie,d)+1 > & E/ et <d[tn’+ + d[tn’_)
0

o0
= wB | [T (e ) e ot
0

o
> kE [/ S (A dt] .
0

So, the sequence (I"),cy is bounded in the space L'(€2 x R;P x e~?!dt). Thus, by a theorem
of Komlés, there exists a subsequence (relabeled and still denoted by (I™),en) and a pair of
measurable processes 17, I~ such that the Cesiro sequences of processes

- 1 & -
mE = = Z It | Cc I converge (P x e Pldt)—a.e. toIT. (A.48)
n
j=1

Define " := "™ — [~ Then, from (A.48), we have the convergence

I" — I (Pxe Pdt) —ae. (A.49)

By convexity of G w.r.t. the control argument 7, we have that also (f ")neN 18 a minimizing
sequence, i.e. G(c,d;I") = v(c,d). On the other hand, arguing as in Lemmata 4.5-4.7 of [26],
we can see that T and I— admit modifications - which we still denote by It and I~ - right-
continuous, nondecreasing, and F-adapted. Hence, there is also a modification of I - which we
still denote by I - belonging to Z. Now Fatou’s Lemma yields

Gle,d;I) < lirginfG(c,d;f") = v(c,d), (A.50)

so I is an optimal control starting from (c, d).

Uniqueness. Let (c,d) € S, and let I' € T, I?> € T be two optimal controls starting
from (c,d). Define I := 11"+ 11%. By linearity of the state equation (2.2) we then have
col = %CC’II + %00’12. Thus, since g(+,d) is convex,

0 < Gle,d;I)—v(e,d) = G(c,d;f)—%G(c,d;[l)—%G(c,d;ﬂ)

> —pt 1 e, It 1 c,I? d 1 e, It d 1 c,Ia d
= B[ e (g(30°" + 50 Df) = 20(G D) = qe(c D ) | <o

So, the inequalities above are indeed equalities and, still due to convexity of g(-,d), we must
have

7 1 1
9(CT D) = S9(CP" DY) = 59(CP™ D) = 0, P—as, forac teR.
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Now the assumption of strict convexity of g(-,d) implies col' = 05712, P —as., for a.e. t € R,
from which we derive I' = I?, P — a.s., for a.e. t € R. So, due to right-continuity, I' and I? are
indistinguishable. u

Lemma A.2. Let (¢,d) € S and denote by vl (c,d), v, (c,d), respectively, the right- and left-
derivative of v w.r.t. ¢ at (¢,d) (their existence being guaranteed by convexity of v(-,d)). Then

vi(e,d) < Jle,d;jo,7), VYo €T, v, (e,d) > J(c,d;o*, 1), VreT. (A5l

Proof. Let us show the first inequality. Let (¢,d) € S and let I* = (I*",I*~) € Z be an
optimal control for (¢,d). Let € > 0 and set

™ = inf{t >0 ;" >0}, T = inf{t >0 I} > e}
Moreover, given o € T, set

[ -7, if 0<t<oAT,
. If —e, if t>oANT..

We can write

oAT*
Glc+e,d;I7) = E[/ e Plglc4e— I, DHdt
0

ONTe >
+/ ePg(c+e— I, Di)dt + / e~g(c — I}, Df)dt
ag

NAT* ONTe

o0 [e.9]
(a1 =)+ [ taant + [ ergan)
T,

€
o0

arennle a1+ [

ot

oo o0
e_"tqardlf’Jr + /0 e_ptqodff’)] ,

o
e Plafdryt + /0 e gy dl)

+1{U<T*}(6_p0qa€ + /

T*

and

*

ONT ONTe
Gle,d; I*) = E[/ e Plg(c— 17", DHdt + / e Plg(c+ I, DY)dt
0 o

AT*

o0
—i—/ e_ptg(c + 177, Df)dt
ON\Te
Te o] [e'e)
+1{TESU}(/* e*ptqardlfﬁr +e gl (IhT — I:’_Jr) + /+ eif)tqardI:’Jr + /0 efptqad.f:ﬁ)

T € _

o

o0 [e.9]
+1{T*§0<T6}</ e Plafdryt +e gy (I8 — [:f) + /+ e Plafdryt + /0 e_ptqadlf’_>
[

7—*
oo
e_"tqardlf’Jr + / e_ptqodff’)} .
0

o0

+1locr < /*

T

40



Subtracting we get

*

oNT
vic+e,d) —v(e,d) < E[/ e " (g(c+e— I, D) — gle— 1,7, D)) dt
0

ONTe
+/ e_pt(g(c—l—s—lf’*,Df)—g(c—i—I:’Jr—I;,Df))dt
oAT*

+1{rn<o) (e”’“qJ(I:; —€) - /

T

—pt 4t
e Plgydly >

*

Flirecocny (€7 (15T — ) —/ ergrant) 1{0<T*}6,wq05}

Using convexity of g(-,d) we can estimate from above the first two terms in the expectation
above respectively with

*

ONT ONTe
e / e Mgec— I DA, L) = / e (e — Iy ")ge(c + e, D)t
0 o

AT*

while the third term can be rearranged as
_eqare_/”'* 1{T*<U} + L2(6) + L3(6)a

where

.
Lo(e) := aqar [e_pT*l{T*<0} — e_pTgl{ngg}], Ls(e) := 1{Te§0} <€_p7—5[:’,+ — / e_ptdI:’Jr).
€ T

Setting also
Ly(e) = lirecocry (efpgqa(ljfr —e) — / efptqardI:’Jr)

we can write

v(c+e,d) —v(e,d) 1
< J(e,dyo, 7))+ =) Lje).
c — (Ca 70, T ) + c Z ](6)

Using estimates like the ones used in [28, Lemma 4.3], one can see that, for each j = 1,...,4,

L (5) . . . . . . .
=== — 0 when ¢ — 0, which gives the first inequality in (A.51). The second inequality can

be obtained in a similar way. O

Proof of Proposition 3.3. Let vl (c,d) and v (c,d) be, respectively, the left and the right
derivative of v w.r.t. ¢ at (c,d), which exist due to convexity of v(-,d) and verify vl (c,d) >
v. (¢,d). Then, considering (A.51), we get

v (e, d) < vf(e,d) < J(e,dio*, ) < v (cd).

So the inequalities above are indeed equalities and hence it follows that v.(c,d) exists and is
equal to J(c,d;o*, 7). Then, still using (A.51), we get

J(e,d;o*,7) < v (c,;d) = J(c,djo*,7*) = vI(c,d) < J(c,dyo,7*), VoeT,VreT.

This shows both the claims. O
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Proposition A.4 (Itd’s Formula). Let ¢ € CY2(S;R), (¢,d) € S, I € Z, and let T be a
bounded stopping time such that (Cf’I,Df)te[O,T] is contained in a compact subset of S. Then
the following change of variable’s formula holds:

pled) = B[emo(ce!. D] + B[ [ e eplcr )]

- E[ / "t (O, Df)dft}
0

~E[ Y e el D) — (O DY) — ¢elCr DHACE)].

t—

Proof. Theorem 33 (p.81) in [37] provides the desired formula for functions which are contin-
uously twice differentiable when 7 is constant. The extension to the case of 7 stopping time for
the latter class of functions is standard. To get the formula for functions belonging to C'?(S;R),
one can argue using mollifiers as follows. Take a sequence of mollifiers (&, ),en and consider the
convolution ¢, := &, . Then ¢, is continuously twice differentiable for each n, so the formula
applies to the sequence (¢, )nen. Moreover all the derivatives of ¢, involved in the formula
converge locally uniformly to the corresponding derivatives of v (which exist, as the formula
involves only derivatives which are defined in the class C12(S;R). Hence, the claim follows by
uniform convergence since (C} A Df)te[o,ﬂ is contained in a compact subset of S. O
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