LONG-TERM OPTIMAL INVESTMENT STRATEGIES IN THE
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ABSTRACT. We consider the problem of determining in a dynamical way the optimal
capacity level of an investment project that operates within a random economic environ-
ment. In particular, we consider an investment project that yields payoff at a rate that
depends on its installed capacity level and on a random economic indicator such as the
price of the project’s output commodity. We model this economic indicator by means
of a general one-dimensional ergodic diffusion. At any time, the project’s capacity level
can be increased or decreased at given proportional costs. The aim is to maximise an
ergodic performance criterion that reflects the long-term average payoff resulting from
the project’s management. We solve this genuinely two-dimensional stochastic control
problem by constructing an explicit solution to an appropriate Hamilton-Jacobi-Bellman
equation and by fully characterising an optimal investment strategy.

Dedicated to Professor Ioannis Karatzas on the occasion of his 60th birthday.

1. INTRODUCTION

We consider an investment project in a random environment that yields a payoff rate
that depends on its installed capacity and on a stochastic economic indicator such as the
price of or the demand for one unit of the project’s output. We model this economic
indicator by the one-dimensional diffusion

where W is a standard one-dimensional Brownian motion. We assume that the functions
b and o satisfy general assumptions such that (1) has a unique solution X in R, that is
ergodic as well as recurrent. We denote by Y; the project’s installed capacity at time ¢,
and we assume that this can be increased or decreased dynamically over time. Also, we
assume that there is no capital depreciation, so

(2) Y, =y+Y, =Y >0,

where y > 0 is the project’s initial capital invested at time 0, while Y, (resp., Y;7) is the
total additional capital that has been invested (resp., disinvested) by time ¢. The objective
of the optimisation problem that we study is to maximise the long-term average payoff
resulting from the management of the project, which is given by

1 T
(3) Jpy(Y) = limsup —E* {/ h(X,Y)dt — K'Y + K Y, |,
0

T—o00
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where h models the running payoff resulting from the project’s operation, K+ > 0 is the
cost of increasing the capacity by one unit and K~ € [0, KT) is the return of capital
resulting from reducing the capacity by one unit.

Irreversible capacity expansion models have attracted considerable interest in the liter-
ature and can be traced beck to Manne [38]; see Van Mieghem [47] for a survey. Relevant
models that have been studied in the mathematics literature include Davis, Dempster,
Sethi and Vermes [15], Davis [14], Kobila [32], OQksendal [41], Wang [48], Chiarolla and
Haussmann [13], Bank [6], Alvarez [2, 3|, and references therein. The first reversible ca-
pacity expansion model was studied by Abel and Eberly [1] who considered the discounted
version of (3) that arises when X is a geometric Brownian motion and h(x,y) = x*y", for
some constants p, v > 0. Later, Merhi and Zervos [40] solved the problem that arises when
X is a geometric Brownian motion and (3) takes the form of a discounted criterion with a
general running payoff function h. In the context of such models, Guo and Tomecek [22, 23]
and Guo, Kaminsky, Tomecek and Yuen [20] established interesting connections between
singular control and sequential switching. Another related model of partially reversible
investment was studied by Guo and Pham [21].

All of the above references consider expected discounted performance indices. By their
nature, such indices attach higher values to payoffs realised in the shorter term horizon,
which may be associated with unfairness if one considers the payoffs received by successive
generations. The use of exponential discounting can make this criticism appear as a non-
issue because it typically results in stationary optimal strategies. However, this approach
to modelling assumes that all generations agree on the same discounting rate. Moreover,
recent economics theory has questioned the appropriateness of exponential discounting in
the timeframe of a single generation (e.g., see Haldane [25]). Long-term average perfor-
mance criteria could be considered as an alternative that bypasses such issues regarding
discounting choices. In particular, they could be considered as better suited to decision
making in the context of sustainable development because they assign the same values to
payoffs enjoyed by present and future generations.

Recently, Lokka and Zervos [37] studied an ergodic irreversible capacity expansion model.
In this paper, we solve the first reversible capacity expansion problem with an ergodic
performance criterion that has appeared in the literature. In particular, we consider state
dynamics that are modelled by a general one-dimensional diffusion rather than a geometric
Brownian motion, which is more appropriate for several practical applications. Indeed, it
has been well-documented in the economics and finance literature that a range of economic
indicators are more realistically modelled by means of mean-reverting processes rather than
a geometric Brownian motion (e.g., see Geman [18] and references therein). Also, it is
worth noting that we could replace the assumption K~ € [0, K*) with the more general
K*—K~ > 01in all of our analysis with the exception of just one point, which would require
restricting the set of admissible investment strategies to ergodic ones (see Remark 3).

Models involving the ergodic control of one-dimensional diffusions have been studied
by Bensoussan and Borkar [7, 8], who consider absolutely continuous control of the drift,
Karatzas [30], who considers singular stochastic control, Jack and Zervos [28, 29], who con-
sider impulse and absolutely continuous control, Bronstein and Zervos [12], who consider a
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sequential entry and exit decision model, and Irle and Sass [27], who consider the problem
of maximising the asymptotic growth rate of a portfolio in the presence of fixed and pro-
portional costs. For further general theory of stochastic optimal ergodic control, the reader
is referred to Kushner [36], Gatarek and Stettner [17], Borkar and Gosh [11], Bensoussan
and Frehse [9], Menaldi, Robin and Taksar [39], Ghosh, Arapostathis and Marcus [19],
Duncan, Maslowski and Pasik-Duncan [16], Kurtz and Stockbridge [34, 35], Borkar [10],
Kruk [33], Sadowy and Stettner [46], Arapostathis and Borkar [4], the recent monograph
by Arapostathis, Borkar and Ghosh [5], and several references therein.

From a control theoretic perspective, the singular stochastic control problem that we
solve presents an addition to a rather small list of explicitly solvable genuinely two-
dimensional stochastic control problems. This list includes the problems arising in the
context of the capacity expansion models discussed above as well as certain optimal stop-
ping problems involving the running maximum of the state process (e.g., see Peskir [43],
Pedersen [42], Hobson [26], Guo and Zervos [24], and references therein). To the best of
our knowledge, we derive here the first explicit solution to a genuinely two-dimensional
non-trivial problem involving the ergodic control of a diffusion process. Furthermore, we
allow for general state process dynamics and we do not make any Lipschitz assumptions.

By their nature, ergodic performance criteria result in non-unique optimal strategies.
Indeed, any two decision strategies that differ on an arbitrary long, but finite, time period
are associated with the same value of the performance index. From an applications’ per-
spective, this observation presents a real issue. However, this can be addressed in practice
by means of appropriate levels of regulation and transparency, which are fundamental in
the context of sustainable development. From a theoretical point of view, this observation
renders Bellman’s principle of optimality and the use of dynamic programming techniques
inapplicable. As a result, different methodologies have been devised to solve ergodic con-
trol problems. The more recent one is based on reformulating the control problem at hand
as an infinite dimensional linear program and then devising numerical schemes by means
of appropriate finite-dimensional relaxations (see Kurtz and Stockbridge [35] for the anal-
ysis of ergodic singular stochastic control problems following this approach). The so-called
“vanishing discounting” approach analyses ergodic control problems by considering them
as limiting cases of appropriate infinite time horizon discounted problems as the discount-
ing rate tends to 0 (see Menaldi, Robin and Taksar [39] for the analysis of ergodic singular
stochastic control problems by means of this approach, as well as Arapostathis, Borkar
and Ghosh [5, Chapter 3] for other general theory). The approach that we follow here is
better suited to problems that admit explicit solutions and is closely related to part of the
analysis in Karatzas [30] as well as in Menaldi, Robin and Taksar [39]: we construct an
explicit solution to the Hamilton-Jacobi-Bellman (HJB) equation suggested by the “van-
ishing discounting” approach and we use this to identify a strategy that we prove to be
optimal by means of a “verification theorem”.

The paper is organised as follows. In Section 2, we formulate the problem that we study
and we list all of the assumptions that we make. We construct an appropriate solution to
an associated HJB equation in Section 3 and we derive the solution of the control problem
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in Section 4. Finally, we consider a number of special cases in Section 5. To focus on the
main results of the paper, we include most proofs in Appendices I-1II.

2. PROBLEM FORMULATION

We start with the following assumption on the functions b,0 : R} — R that define
the one-dimensional diffusion given by (1)'. The inequalities (6)—(7) may appear involved
at first glance. However, they are quite general and easy to verify in practice (see also
Remark 1 at the end of this section as well as the examples in Section 5).

Assumption 1. The functions b, o : R% — R are continuous and

(4) o*(x) >0 forallz € R".

Also, there exist constants

(5) 0€(0,1), Co>0 and 0<y<l<¥x

such that?
2b 1

(6) (z) > e Co and o?(z) > epr? forallz <y,
o?(x) x =

20(x Inx € _
(7) _02<(x)) > 2507 and o%(x) > I‘COO for all = > X.

O

The continuity of b, o and (4) are sufficient conditions for (1) to have a solution that is
unique in the sense of probability law (e.g., see Karatzas and Shreve [31, Section 5.5]).
Given an initial condition x > 0, we assume such a weak solution (2, F, F;, P, W, X)) fixed
throughout the paper. Also, the continuity of b, o and (4) ensure that the scale function
p and the speed measure m, given by

(8) p(1)=0 and p'(x)=-exp <— /j 627222)) ds) , forz € (0,00),
and
() m(dr) = — (:C)pr o

respectively, are well-defined.
We can check that the estimates (119) and (120) in Appendix I imply that

. _ " _
limp(z) = —oo and  lim p(z) = oo,

which are sufficient for the solution of (1) to be non-explosive as well as recurrent (see
Karatzas and Shreve [31, Proposition 5.5.22]). Also, (118) in Appendix I with n = 0 yields

IThroughout the paper, we use the notation Ry = [0, 00) and R* = (0,00).
2In practice, we can verify each of the inequalities in (6)—(7) independently of each other: if we then
take the smallest (resp., largest) value of e¢ (resp., Cp), then they all hold for the same ey and Cjp.
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m(Ri) < 00, which implies that the process X is ergodic. This observation, (118) in
Appendix I and Exercise X.3.18 in Revuz and Yor [45] imply that

D T I 1 ©

for every constant n > 0.
We will use the following result, which we consider in slightly greater generality than we
actually need and we prove in Appendix II.

Lemma 1. Consider the one-dimensional diffusion given by (1) and suppose that the func-
tions b,o : R% — R are continuous, o*(z) > 0 for all x € R and

(1) 2b(x) Inz

> 2ey for all x >,
x
for some constants ey € (0,1) and X > 1. Then

o%(a) T

1
(12) lim —E* [ sup Xt"] =0

T—o00 0<t<T

for every constant n > 1.
We now introduce the family of all admissible investment strategies.

Definition 1. Given an initial condition (z,y) € R x R, an investment strategy is any
(Fi)-adapted caglad finite-variation process Y such that Yy = y and Y7 > 0 for all T > 0,
P,-a.s.. An investment strategy is admissible if

(13) E* [Y;f +Y;] <oo forall T >0,

where, if we denote by Y is the total variation process of Y, then Y, Y~ are the unique
(Fi)-adapted caglad increasing processes satisfying

(14) Y=y+Y"—Y" and Y=Y"4+YV".
We denote by )V, , the set of all such admissible investment strategies. a

The aim of our optimisation problem is to determine the strategy that maximises the
performance index defined by (3). To this end, we define the problem’s value function V'
by
(15) V(z,y) = sup J,,(Y),

YEVx,y
which turns out to be identically equal to a constant (see Theorem 6, our main result).

For the optimisation problem defined by (1)—(3) to be well-posed and admit a solution

that conforms with economic intuition, we need to make additional assumptions. If we

define

Oh
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then, for Ay > 0 small, H(x,y) Ay represents the additional running payoff rate that the
project yields if the underlying economic indicator takes the value x and the project’s
capacity level is y + Ay instead of y. If the economic indicator process X is interpreted
as “price” or “demand”, then it is reasonable to assume that this additional payoff rate is
increasing as a function of x and becomes strictly positive, if not tend to oo, as x tends to
0o. On the other hand, this additional payoff rate should be decreasing as a function of y
and should become strictly negative as y tends to co. These considerations are reflected by
(17), (18) and (20) below, provided we assume that, whatever the value x of the underlying
economic indicator is, it is always profitable to marginally increase the project’s capacity
from 0 to a strictly positive value. In fact, we can dispense of this last requirement by
introducing a point z and replacing the function y* : RY — R* appearing in (19)-(20)
by a function §* : (2§, 00) — R* having the same properties otherwise; the analysis that
we develop can easily be modified to account for such a relaxation, but this would involve
extra notational complexity and would make the paper significantly longer. We also need
to make the additional technical assumptions (21)-(22) (see also Remark 2 below).

Assumption 2. The inequalities K+ > K~ > 0 hold true, the function h is C?%2,

(17) h(x,-) is strictly concave for all z > 0,
(18) lim H(x,y) >0 forally >0,
T—00

and there exists a continuous strictly increasing function y* : R} — R% of polynomial
growth, i.e.,

(19) 0<y“(z) <n(l+2") forallz>0,

for some constant n > 1, such that

>0, ify<y*(x),
(20) H(z,y) =0, ify=y(2),
<0, ify>y*(x).
Also, there exist constants Cy, i, (,e1 > 0 and v € (0,1) such that
(21) —Ci(1+y) < h(z,y) <Cy (14 2"y +1°) —ey  forall (z,y) € R} x Ry,
(22) ~Ci(1+y) < H(z,y) <Ci (L+y ) (L+29)  forall (z,y) € R}

For future reference, we note that, if we define

(23) yo =1limy () and yZ, = limy*(z),
and we let z* : (y5,y%) — R be the inverse function of 3*, then x* is strictly increasing,
(24) limz*(y) =0 and lim z*(y) = co.

yly5 YTy

Combining the assumption that H is a continuous function satisfying the integrability
condition (117) in Lemma 7 in Appendix I, which our assumptions thus far imply, with (17)
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and the monotone and the dominated convergence theorems, we can see that the function
y — [0 H(u,y) m(du) is continuous and strictly decreasing in (0,00). To simplify our
analysis and keep the paper within a reasonable size, we make the following additional
assumption, which rules out the possibility for never decreasing or never increasing the
project’s capacity to be optimal (such an assumption can easily be relaxed).

Assumption 3. The function H defined by (16) satisfies

(25) lim H(z,y)m(dzr) <0 < lim H(z,y)m(dx).

y—=0 Jo Y40 0
O

For future reference, we note that this assumption and its preceding discussion imply that
there exists a unique point y' € (yg, y% ) such that
- >0, fory<uyf,
(26) / H(u,y) m(du) § =0, fory =y,
0 <0, fory>y'.
The following result, which we prove in Appendix II, is concerned with the well-posedness
of the control problem that we study as well as with certain estimates that we will need.

Lemma 2. Suppose that Assumptions 1 and 2 hold. Given any initial condition (x,y) €
R x Ry, the following statements are true:

(I) —oco < V(z,y) < oo;

(IT) every investment strateqy Y satisfying E* [fOT Y, dt} < o0 for allT >0 is such that

T
@) B | [ vyl < o
0
(III) every admissible investment strategy Y € Y, , such that J, ,(Y) > —oo satisfies
E*|Y
(28) tmint = D7) 0.
T—o00

Remark 1. The diffusion Z = p(X) satisfies the SDE
(29) dZz, = U(pfl(Zt))P/ (Zfl(Zt)) dWt,

where p~! is the inverse of the scale function p. Since the performance index J, ,(Y)
depends on X only through the running payoff function h, we can make the state space
transformation associated with (29) to derive an equivalent model with the underlying dif-
fusion being in natural scale. Starting from such an equivalent setting would have simplified
the assumptions that we have made by making redundant the first inequalities in (6) and
(7), which are needed to derive the estimates (119) and (120) in Appendix I. However, we
would still need assumptions on the volatility function, which would require considerable
analysis to verify for standard diffusions such as the ones we consider in Section 5, which
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have been extensively studied in the context of several applications, because this would
involve their scale functions (see (29)). On the other hand, appropriate state space trans-
formations can in principle be used to study examples with state spaces other than R* by
means of the analysis that we develop, though, one has to be careful because state space
transformations other than the one we have discussed above do not necessarily preserve
ergodicity. a

Remark 2. Among the technical assumptions (21)-(22), the upper bound of A is the
strongest one. The first term of this upper bound is quite general and consistent with
(17). On the other hand, we need its second term to exclude the possibility for the value
function V' to be identically equal to co. Indeed, if we allow for e; = 0 and we choose
h(z,y) = z*y¥, for some p > 0 and v € (0, 1), then the strategy that increases the project’s
capacity by £ > 0 at time 0 and then makes no further adjustments has payoff

1 r (y+0)7 [
: B Nk 12 v _ + _ o
jlgr;o TIE [/0 X/ (y+O)rdt— K E] (k%) /0 z# m(dx),

the equality being true thanks to (10). It follows that V(x,y) = oo for every initial
condition (z,y) € RY x Ry. O

3. THE HAMILTON-JACOBI-BELLMAN (HJB) EQUATION

We will solve the stochastic control problem formulated in the previous section by first
constructing an appropriate solution to the HJB equation

1
(30) max{§02w$$+wa+h, w, — KT, —wy+K} =0

(see Proposition 5 below, which is the main result of this section). This HJB equation
is suggested by the so-called “vanishing discounting” approach, which we have discussed
at the end of the penultimate paragraph of the introduction: it arises by setting the
discounting rate equal to 0 in the HJB equation of the corresponding problem with expected
discounting criterion.

Motivated by Merhi and Zervos [40], we look for a solution to this equation that is
characterised by two strictly increasing continuous functions F' : (y F,yF) — R, and G :
(y G,yG) — R, that divide R x R, into three connected subsets (see Figure 1). In the
presence of the assumptions that we have made, it turns out that the points defining the
domains of F' and G satisfy

Yo =Y. <Yy <Y <Yo <TUr =k,

*

where y7, y% and y' are as in Assumptions 2 and 3, while,

{Gy): ye (W, Ue)} ={FW): ye€(y,Tr)} =R}
In this context, the solution of (30) satisfies
(31) —wy(z,y) + K~ =0, for (z,y) €D,
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(32) %az(x)wm(x, y) + b(x)wy(x,y) + h(x,y) =0, for (z,y) € C =C UC, UCs,
(33) wy(z,y) — KT =0, for (x,y) €T,

where the disinvestment region D, the continuation region C = C; U Cy U C3 and the
investment region Z are given by

(34) D={(z,y) eRL xRy: y>F '(z)}

£y -
@) a={" * iy, = Uy
{(z,y) eRE xRy 2 y e (y,,y,] and z < Gy)}, ify, <y,
o
CONNES . ; 3, = i
{(x,y) eR: xRy : ye (QF,yG) and z € (F(y),G(y))}, ify, <Ye

0, if Yo =V,
(37) = ) L LG
{(z,y) eERL xRyt y € [Y, ¥p) and x> F(y)}, if Yo < Yp,

38) ZI={(z,y)eRLxRy: y<G ' (z)}

In view of the calculation

(39) ) = - o)

which follows from the definition (8) of the scale function p, we can verify that every
solution to the ordinary differential equation

1
(40) 50 () 0sa (@, y) + b(x)va (2, y) + hlz,y) = 0

that w should satisfy inside the waiting region C is given by

(a1) vtoan) = B0+ [ #06) [~ [ bl mia)] s

for some functions A and B. Combining this observation with (31) and (33), we can see
that a solution w to the HJB equation (30) having the form that we have discussed above
should be given by

v(z, G (z)) = KT[G7M(z) —y], if (z,y) €L,
(42) w(z,y) = { v(z,y), if (z,y) €C,
v(z, F~Y(2)) + K~ [y — F'(2)], if (z,y) € D.

To determine the functions A, B and the free-boundary functions F', GG, we require that w
is C%1. In particular, we require that

43 lim v,(z,y) = lim w,(z,y)= lim w,(r,y) =K , ify¢€ JUR),
(43) =[P (y) W(z:9) =[P (y) W(@:9) 1P (y) () v € W r)
(44) lim v,(z,y) = lim wy(z,y) = lim w,(z,y)=K", ifye (Y Ua)s

1G(y) 1G(y) zlG(y)
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45 lim v, (z,y) = lim wy,(z,y) = lim wy,(x,y) =0, ifyée , ,
(45)  lim vy (2,y) = i ey (2,y) = Hm (2, y) Y€ (YpTr)
46 lim v, (x,y) = lim wg,(r,y) = lim w,,(z,y) =0, ifye , )
(46)  Hm vey(z,9) = lim ey (z,y) = lim e (2,y) v € (Y Ta)

If the problem data is such that C; # (), then it turns out that, given any y € (y @ Ypl

1
Aty == [ hlu.y)mida)
0
is the appropriate choice for A (see also (116) in Appendix I), which results in the expression
@ ee) = B) - [ P6) [ by mldu)ds, for (ay) € i
1 0
This expression and (46) imply that G should satisfy
G(y)
(48) / H(u,y)m(du) =0 forally € (gG,gF].
0
Also, (44) and (47) imply that
G(y) s
B)= K+ [ ) [ Hlwyymidu) ds,
1 0
which, combined with (47), yields
G(y) s
(49) vy(z,y) = K+ —|—/ p'(s)/ H(u,y)m(du)ds, for (z,y) € Cy.
T 0

If the problem data is such that C3 # ), then we can argue in the same way to see that
F' should satisfy

(50) | Hgymdn) =0 for all y € 5,5,
F(y)
and derive the expression

(51)  uly) =K+ /

F(y

The following result, which we prove in Appendix III, is concerned with the solvability

of (48) and (50).

T

)p'(s)/s H(u,y) m(du)ds, for (z,y) € Cs.

Lemma 3. There exist strictly increasing C* functions 8 : (y5,y') — R and o :
(y', %) — R such that

. <0, ifx<pBy),
(52) / Hu,y)m(du) { =0, ifx=5(y), forally e (5 y).
° >0, ifz>B(y),
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and

- <0, ifx<a(y),
(53) | Hm@n =0, ge=aly). forally€ (4,3
’ >0, ifz>aly),

~—

Also, these functions satisfy

(54) *(y) < Bly) for ally € (y5,y"),

(55) aly) <a*(y) forally € (y',yk),

(56) limf(y) =lima(y) =0 and limB(y) = lim a(y) = oo,
INSTRS ylyt ytyt YTk

where x* 1is the strictly increasing inverse of the function y* appearing in Assumption 2.

If the problem data is such that C, # 0, then, given any y € (y,,%¢), we can see that
(45)—(46) are equivalent to

F(y) G(y)
67 A= [ Hugmd) ad 2= [ Hy) i),
1 1
respectively, which imply that F' and G should satisfy
G(y)
(58) / H(u,y)m(du) =0 forally € (y,.7q)-
F(y)

Using the first identity in (57) to substitute for A’ in the expression for v, resulting from
(41), we can see that (43), (44) imply that

F(y) F(y)
(59) B(y) + / ps) [ Huy)m(du)ds = K-

G(y) SF(y)
(60) B(y) + / Ps) [ Hu,y)m(du)ds = K*,

S

respectively. Combining these identities with (58) and (122) in Appendix I, we obtain

G(y) G(y) / s
| sty == [ ) [ Hg)miau)ds
F(y) F(y) F(y)

(61) =K"— K~ forally€ (y,,%)

Furthermore, we note that this equation, the expression (41) for v and the expressions (57)
and (59)—(60) for the functions A" and B’ imply that

G(y) s
oy (z,y) = K* + / P(s) /  HGym() ds
x y

(62) =K~ —/ P'(s) H(u,y) m(du)ds, for (z,y) € C.
F(y) F(y)
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To determine the solvability of the system of equations (58) and (61), we need to consider
the functions Qg : (yg, y') — (—o0,00] and Q. : (yf,y%) — (—oc, 0o] defined by

B(y)
Qsly) = / p(u) H (u, ) m(du) — (K* — K°)
B(y) s
(63) _ / p(s) / H(u,y) m(du)ds — (K+ — K7), fory € (45.5"),

Quly) = / :p<u>H<u,y> m(du) — (K* — K°)

(64) -/ : v [ " H(uy)mldu)ds — (K* — K7), fory e (4h,422),

where the identities follow from Lemma 3 above and Lemma 8 in Appendix I. It is worth
noting that the integrals appearing in this definition can indeed be equal to oo because
lim, o p(z) = —o0, lim,_,o p(z) = 0o and H satisfies (20) in Assumption 2 (see also special
cases considered in Section 5).

We prove the following result in Appendix III.

Lemma 4. The function Qs defined by (63) is increasing, while, the function Q. defined
by (64) is decreasing. In particular, if the strict inequality

©)  mQs(o) = limQuly) = [ pHlymidu) - (K* = K7) >0

is true, then there exist unique y, € [yg, y') and 5, € (y',y*.] such that

(<0, ify,>ys andy € (15,y,),
(66) Qs(y) =0, ify,>ys andy=y,,

(>0, fye(y,y),

(>0, ifye W),

(67) Qay) =0, if7q <y andy=7g,
(<0, ifYe <y andy € (Yg, Ya)-

The system of equations (58) and (61) has a unique solution F(y) < G(y) if and only if
(65) is true and y € (y,,,Yg), n which case

(68) 0< F(y) <a*(y) <Gy) < Bly) forally € (y,.y"),
(69) aly) < Fy) <a*(y) < G(y) < oo for ally € (y',9¢),

where 3, o are as in Lemma 3. Furthermore, if (65) is true, then the resulting functions
F.G: (gF,ZG) — R% are C' and strictly increasing,

(70) /F:: )H(u, y)ym(du) <0 for all x € (F(y), G(y)),



LONG-TERM OPTIMAL STRATEGIES 13

(71) lim F(y) =0, lim G(y) = oo,
Wy, e
(72) lim F(y) =00, ifJe=v%,  lmG(y) =0, ify, =y,
YYa Wy
(73) Z}g;; G(y) = Bly,) and ylggr; G'(y)=06'(y,): iy, >,
(74) lim F(y) = a(¥e) and lim F'(y) =o' (Ye), if Vo <y
ya (Ve

If (65) is true, then we define Yo, = ¥ and Yp = y5,, we extend the functions F :
(Y ¥e) = Ry and G : (y,.,Yq) — R} given by the previous lemma to (y,,7r) and
(¥, Ue) by defining

(75) F(y) = aly) forally € [Ye.Up), if Yo <Yp,
and
(76) Gy) =By) forallye (y,.y,l fy, <y,

respectively, and we note that these extensions are strictly increasing C'* functions thanks to
Lemmas 3 and 4. On the other hand, if (65) is false, then we define Yo = Yo, Yo = Yp = y'
and ¥ =y, and we set

(77)  F(y)=a(y) forally € (y,,¥p) and G(y)=B(y) for all y € (y,,.Ya),

The following result, which we prove in Appendix III, is concerned with the solution to
the HJB equation (30).

Proposition 5. Consider the control problem formulated in Section 2, let
(78) Yo=Y, <Up <V <Yo <Yr =yl

be as in Lemma 4 and the discussion above, and let G : (y,,Yg) = R and F': (y,.,Jp) = R

be the strictly increasing C* functions that are given by Lemma 4 and (75)-(77). The
functions F and G satisfy

lim F(y) = lim G(y) =0 and lim F(y)= lim G(y) = oo,
Wy wyg Yr ANTe]

and they partition R x Ry into the regions D, C; UC, UCs, T defined by (34)-(38). Also,
the function v, : R% x (yg5,y%) — R defined by (49) ify, <ypandy € (QG,QF], by (51) if
Uo <Up and y € [e, Up), and by (62) Yy, <Yg andy € (gF,yg), is C*t. Furthermore,
if we define

Y
o(z,y) = / Sy drfor (o) € RS X (402,
Yy

then the function w : RY X Ry — R given by (42) is a C*' solution to the HJIB equation

(30).
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4. THE SOLUTION TO THE CONTROL PROBLEM

The solution to the HJB equation (30) that we constructed in Proposition 5 suggests
the investment strategy introduced by the following definition, which we will prove to be
optimal.

Definition 2. Consider the functions F', G and the associated domains D, C = C; UC,UCs5,
T appearing in Proposition 5. Given an initial condition (z,y) € R xR, we denote by Y°
the investment strategy that instantaneously increases or decreases the project’s capacity
to the closest boundary point of C if (z,y) ¢ C, and then takes minimal action so as to
reflect the process (X, Y°) in the boundary G of C along the positive y-direction and in
the boundary F of C along the negative y-direction. In particular, the process Y° has a
positive jump of size G™(z) — y, if G71(x) > y, and a negative jump of size y — F~!(z),
if y > F~!(x), at time 0, and satisfies
(79) d}/to = [1{Y,5°=G_1(Xt)} — ]_{Yto:F—l(Xt)}] dY;o for all ¢ > 0.

O

Motivated by the solution to Skorokhod’s equation (e.g., see Karatzas and Shreve [31,
Lemma 3.6.C.14], we can construct such a process Y° iteratively in a pathwise sense as
follows. First, we fix a sample path X (w) of any continuous positive stochastic process X
such that X (w) is “recurrent”, namely, inf,>; X,(w) = 0 and sup,~, X,(w) = oo for all
t >0, and we drop the argument “w” for notational simplicity. We then define the times

0 =inf{t>0: (X;,y) €intZ} and 7, =inf{t>0: (X,,y) €intD},

and we assume that 77 < 75 in what follows; if 7,7 < 7, then only straightforward
revisions of the arguments are required. We define

+
Yf”z{Gl (supxu)—y] Loy, Y77 =0, ¥ =y+ v -y

u<t
71 = inf {t >0: (Xt,Y;(l)) € int D} > 7,
and we note that , 1s reflecting in G 1n the positive y-direction,
(X, Y;(l)) cclCforallt<n and Y=FX,),

where clC is the closure of C in RY x R..

Ity, = y' =Yg, then the free-boundaries F', G identify with the functions «, 3 depicted
by Figure 2, 71 = oo and the construction is complete. On the other hand, if y , < Yy <7a,
then 7 < 0o and we continue the construction as follows (see also Figure 1 depicting this

generic case).
We define

m 71 <u<t

}/t(2)+ _ Y;f(/\lle—’—a Y;(Q)_ — |:Y(1) _ F—l ( inf Xu):| 1{7’1St}7

}/;(2) =y+ Y;(QH — Y;(Q)f and 7o = inf {t >0: (Xt, Y;@)) € intI} > Ty,
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An inspection of these definitions reveals that (X,Y®) is reflecting in G in the positive
y-direction and in F' in the negative y-direction up to time 7o,

Y;(z) = Y;(l) for all t < 7y,
(X, YY) ecdClorallt <7, and V@ =GHX,,).

We then iterate these constructions by defining

Y;(Qn—i—l)-i— _ Y;(/?g)j + {G_l ( Sup Xu) _ Y(2n)+:| Lir <ty Yt(2n+1)— — y@n)-

T2n tAT2n
Ton <u<t

Y;(Zn-l—l) =y + }/t(Zn-l-l)-f— o }/t(Zn-l-l)—’ Toni1 = inf {t >0: (Xta Y;(Qn—i—l)) € int D} > Ton,

Yt(zn)+ _ K(A27r_;:)l+’ Yt(2n)— _ Yt%:)l— + |:Y(2n—1)+ _ ! ( inf Xu):| 1{Tzn—1§t}>

Tan—t Ton—1<u<t
Y =y 1 Y, Y@ and 7, = inf {t >0: (X, Y,®) €int I} > T,
for n > 1, and we note that, given any m, ¢ > 1,
Y;(MH) = Y;(m) =y+ Yt(m)+ — Yt(m)_ and (X, Yt(m)) €clC forallt <7,

The recurrence of the sample path X that we have considered implies that lim,, .., 7, = co.
Therefore, we can define (Y°)*, (Y°)™ and Y° by

(Yo)j:Y;(mH, (YO);IYQ(m)* and Y;O:Y;(m)

for any m > 1 such that ¢t < 7,,. The finite variation function Y° thus constructed satisfies
(79) because this is true for all of the functions Y™, Indeed, an inspection of the iterative
algorithm that we have developed reveals that Y™ increases (resp., decreases) on the set

{t >0: V" =G(X,) and X; = sup Xu}

0<u<t

(resp., {t >0: Yt(") = FYX,) and X, = ogifth“D )

This construction defines operators F*(-;y), F~(-;y) and F(-; y) mapping the set C", (R.)
of all continuous functions g : Ry — R that are recurrent into the set of all caglad finite
variation functions that are continuous in R?. In particular, given an initial condition
(z,y) € R% x Ry and the solution (2, F, F;, P,, W, X) of (1) that we have associated with
it, a process Y° that is as in Definition 2 is given by

(80) Y =F(X;y) =y +F (X;y) - F, (X;y) forallt >0,

where, e.g., F(g;y) is the evaluation of the function F(g;y) at t, for g € C*_(Ry).
We can now prove the main result of the paper.

Theorem 6. Consider the stochastic control problem formulated in Section 2. Given any
initial condition (x,y) € R% x Ry, the associated investment strategqy Y° € Yy, given by
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Definition 2 is optimal, namely, V(z,y) = J;,(Y°). Furthermore, the value function V' is
constant, i.e., V' does not depend on the initial condition (x,y).

Proof. Consider any initial condition (z,y) € R% x Ry fixed. In view of the fact that
z*(y) < G(y) for all y € (y,,,Y¢), we can see that

(81) G z) < y'(@) < n(l+a”),

where n > 1 is as in (19) in Assumption 2. Combining this estimate with the fact that Y°
increases through reflection of the process (X, Y°) in the boundary function G, we can see
that

Y7 =Fp(X;y) < sup Fi(X5y)

0<t<T
+
(82) §y+{Gl<sup Xt)—y} <y-+n+n sup X/
0<t<T 0<t<T
These inequalities and Lemma 1 imply that
1 1
(83) lim —E* { sup Y;O] = lim —E” [ sup Ft(X;y)] =0.
T—o0 OStST T—o0 OStST

Given any admissible investment strategy Y € ), ,,, an application of Itd’s formula yields
!
U}(XT, YT) = w(x, ’y) + / |:§O'2(Xt)w$$(Xt, }/t) + b(Xt)wm(Xt, }/t):| dt
0

i /T wy (X, V) d(YT)s — /OT wy (X, Yy) d(Y7);

+ 3 [w(Xn Y+ AYT)) - w(X, V)]

0<t<T

+ Z Xt,Y;t (Yi)t) —w(Xt,Y;e)] "‘/OT o (X w, (X, Yy) dWy,

0<t<T
where the process (Y )¢ (resp., (Y 7)) is the continuous part of Y (resp., Y~) and the
process A(Y1) (resp., A(Y ™)) is the jump part of Yt (resp., Y 7). This identity implies
that

T
/ h(X, Yy)dt — KYY; + K™Y,
0
=w(z,y) — w(Xr, Yr)

T
1
+ / {502(Xt)wm(Xt, K) + b(Xt)'LUm(Xt, K) + h,(Xt, }/;5) dt
0

+ /O [wy (X, i) = KF]d(Y,")" - /O [wy (X, i) = K] d(Y,)*
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+ Z/ wat,YtJru) K+]du

0<t<T

T
- / wy (X0, Y+ ) — K] du+ /0 o (X))wa( X, V) dW,

0<t<T
T
wa, y) — w(Xr, Yr) + / o (X wa(X,, V) AW,
0

the inequality following because w satisfies the HJB equation (30). In light of the con-
struction of the strategy Y°, we can see that the same calculations yield

T
| nye - KR
0
T
= w(l’,y) —w(XT,Yr;) + / O'(Xt)wx(Xt,}/;o) th
0
From these inequalities, it follows that
T
/ h(Xy, Y dt — KYY  + K7Y,
0
T
< [ H ey - K+ KO
0
T
(84) +w(Xp, Y7) —w(Xrp, Yr) + / o(Xy) [we(Xy, Y2) — w,(Xe, Y,2)] dW.
0
Since w satisfies the HJB equation (30) and K™ > K~ > 0, we can see that

YR
(85) |w(Xrp,Y7) — w(Xy, Yr)| = / wy(Xr,y)dy| < KT|YR = Y| < KT (Y2 + V7).

Yr

This estimate implies that

(86) BT | sup |w(X,, ) —w(X,,Y))]
te[0,7

< K'E” | sup Y;’+YT++YT‘} < 00,
L0<t<T

the second inequality following thanks to the admissibility condition (13) that the process
Y satisfies and (83). Similarly, we can see that

Yr

Yr
w(Xr, Y7) —w(Xp, Yr) = 1{YT<YT°}/Y wy (X7, y) dy — Liyz>vey /Y wy (X, y) dy
T

T
< K (Y2 = Yr) liyvpevey — K~ (Yo — Y2) Lpnove
< K'YP.
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Combining these inequalities with (83), we can see that
E* V7]

1
(87) limsup —E* [w(X7, Y7) — w(Xy, Y7)] < KT lim

T—o0 T—o0

= 0.
In view of the inequality

/O o (X0) [wa (X0, Yo) — wa (X0, Y2)] AW

T T
> / h(X,,Y;)dt — / WX, Y?)dt — KTY + KYs — w(Xr, Y2) + w(Xp, Yr),
0 0

which follows from (84) and the fact that K~ < K™, we can see that (13), which the
admissible process Y satisfies, part (II) of Lemma 2, (83) and (86) imply that the process

t— /to(Xr)[ww(X,n,Yr) —wy (X, Y2)] dW,, ¢ €[0T,

is bounded from below by an integrable random variable. Therefore, if (7,,) is a localising
sequence for this stochastic integral, then Fatou’s lemma implies that

£ UOT 0 (Xo) [we(X, Y2) — we(Xe, YY) th}

n—oo

TNATy
(88) < lim inf E [/ o(Xy) [we(Xy, Y2) — w,(Xe, Y,2)] dWi| = 0.
0

Also, the inequality

-k [

0

T T
h(X,, Y7 dt — / WX, Y,) dt + KV — K7Y3
0

T
+w(Xr, Y1) — w(Xr, Yr) +/ o(Xy) [w:v<Xt7 Vi) — wa (X, Y;O)} dWi,
0

which follows from (84), (13), part (II) of Lemma 2, (86), (83) and (88) imply that
E*[(Y°)5] < oo. It follows that Y° is admissible because it satisfies (13). Furthermore,
we can take expectations in (84) and use (87) to obtain

1 T
Jry(Y) = limsup —E” [/ h(X.,Y:)dt — KTY  + KYT}
0

T—o00

T—o00

1 T
< limsup —=E° [/ h(X, Y2 dt — KT(Y°)h + K(Y")T]
0

1
+ lim sup TEm [w(X7, Y7) — w(Xy, Yr)]

T—o00

1 T
= limsup —E” [ / h(X,, Y?)dt — KH(Y°)h + K—(YC’);]
0

T—o00

= Joy(Y"),
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which establishes the optimality of Y°.

To prove that V' is constant, we consider any initial conditions (z,y), (Z,y) € R% x Ry,
we denote by (Q, F, F,, P, W, X), (Q, F, F,, Pz, W, X) the weak solutions to (1) that we
have associated with the initial conditions x, z, and we let Y° = F(X;y) € V,,, Yo =
F(X;9) € Yz be the associated optimal investment strategies, where the operators F(-;y),
F(-;y) are as in (80). The recurrence of the diffusion X implies that the (F;)-stopping time
Tz defined by

is finite P,-a.s. and E*[7z] < 0o. On the stochastic basis (2, F, F;, P, W, X)), we consider
the investment strategy Y+ € Y, , that involves no capacity adjustments up to time 7z,

adjusts the capacity level from y to § at time 7z, and then replicates Y°. In particular, we
recall (80) and we define

Y;i = yl{tSTo‘c} + Ft*Ti (9T5X; g)1{75<t}
— Yoy + (54 FL, (0, X09) = Fi (02X 0) ) Limycry,

where 6, : C(R;) — C(R, ) is the shift operator defined by (0s9): = g(s+1t) for g € C(Ry)
and s,t > 0. Next, we calculate

V(z,y) > Joy(YF)

1 Ti/\T T
= lim sup —=FE* l/ (X, y) dt + Lo <1y / h(Xu Firy (0 X ﬂ)) dt
0 Tz

T—o0

- K+F:1t—7'5c (975X7 g)l{T{E <T} + Kiﬂ?;_n_c (QT;‘CX’ lg)l{ﬁ'c <T}:|

1 Tz NT T
= lim sSup TEQC |:/ h(Xta y) dt — 1{TE<T} / h((eTa'cX)t7 Ft(eTa'cX; g)) dt
0

T—00 Trs
+ Liro<my (/OT (0 X)e, Fi(0r, X §)) dt — KF7(0,,X:9) + K Fr(0-, X ﬂ))
+ K7 [F7 (07X 9) = Fr o, (05 X59) | Lmeery

O0) K [0 Xi0) - Fr (00 X)L |

In view of (21) in Assumption 2, we can see that

(91) /OMT WXy, ) dt > —Ch(1+y)(7s AT).

Also, we can use the inequality K™ > K~ >0, (80) and (82) to obtain
K+ [F’}_(QT@Xv g) - F;—Tg—c (eTa‘ch g)} 1{T£<T} - K- [F; (0T2X7 g) - }Fj_“_»rg-c (0T2X7 g)} 1{T55<T}
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= K" [FT(QTQX; g) - IFT_TS?‘ (QT:EX; g)} 1{TE<T}
= _K+FT—T50 (07, X; g)l{w <T}
©) =& (00 s (6,307
0<t<T
as well as
T
- 0<t<T

In light of the estimates (91)—(92), we can see that (90) implies that

T—oc0

1
V(x,y) > limsup fEx l—Cl(l +y)(=AT)
T
+ Liroer) ( / h((07:X)e, Fi(0-,X;9)) dt — K F1(0,, X 9) + K~ Fr(0-,X; y))
0

T
O) e [ (O X)R0, X)) di - K (y+n+nsup <97,X>?)].

T—rs 0<i<T

To proceed further, we note that the definition (89) of 75 implies that

Tz +T Tz+T
(‘975X>T = XTEJ’,T =+ / Z)(Xt> dt + / O'(Xt) th

=7+ /Tb((eTzX)t) dt+/To—((eTzX)t) AW 44,

where the second identity follows from the time change formulae in Revuz and Yor [45,
Propositions V.1.4, V.1.5]. Recalling that the process (W, ., — W,,, t > 0) is a standard
Brownian motion that is independent of F., (e.g., see Revuz and Yor [45, Exercise IV.3.21]),
we can see that this observation implies that the process 6., X is independent of F., and
has the same distribution under P, as the process X under P;, thanks to the uniqueness

in distribution of the solution to the SDE (1). It follows that
T
E* [1{TQ<T} (/ h((erg-cX)ta Ft(eTa'cX; g)) dt — K+F;(07’5¢X7 g) + K_IFI_“(HWX’ y)):|
0
T
~Pu(rs < TE | [ (X)) de - KVFF (i) + K Fr(Xig)]
0
— T — — — —

(95) =P, (7 < T)E" U h(X,,Y7)dt — K* (Vo) + K(Y")T} .

0
Also, since E?[1;z] < oo, (93) and Lemma 1 imply that

1 T
0 < lim TEI [1{TQ<T}/ Fi(0-,.X;9) dt}

T—o0 T—75
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1
< lim TE“” [7z] (y +n + nE”* [ sup (HTD_CX)?])

T T—oo 0<t<T

1 . i
= Jim —E"[r] <y+n+nEx { sup Xt"])

T—o00 0<t<T
(96) ~0.
and
1
(97) lim —E* [—Cl(l +y) (= AT)— K+ (y +n+mn sup (QTQX)?)} = 0.
Tooo T 0<t<T

Using the upper bound in (21) of Assumption 1, (135), (96) and Hélder’s inequality, we
can calculate

T
E* |:1{T1;<T}/ h((@ X taIFt 0 X y )dt:|

T*Ti

T
< C1E* [1r,<my7s] + CLE” {1{%0} / (6, X) Cdt]

T—71z

T
+ CLE” {/ (1{0<T775§t}(9T5X)t)M(1{0<T77—i§t}Ft<97—iX; ﬂ))ydt}
0

T
— g E* [1{TQ<T}/ Fi (0., X; ﬂ)) dt}

T*Ti

T T

< C1E?[rz] + C1E® [1{T3—C<T}/ (0., X)§ dt} — g E* |:1{T5<T}/ Fi (0, X; ?)) dt}
T*Ti T*Ti
T

T 1—v v
+ O (El“ {1{710} / (6,, X)W/ dtD (E"” {1{%@} / Fy(0., X;7) dtD
T—Tg-c T—’T;‘C

T
< C1E[15] + CLE” ll{rg—c<T}/ (- X)¢ dt}

T—7z

ei(1—v) (v VY T —
L&l )( 1) E* [1{TZ<T} / (6,, X))/ )dt].
T—7z

v €1

(98)

Also, given any constants § € (0,1) and n > 0, we can use Holder’s inequality to obtain

T T
E® {l{md}/ (0-X)7 d’f} E* {/ Lio<r—r<ty (0, X)} dt}
Tz 0

T_
T 9 T 1-6
T 1/6 z n/(1—6
< (& | tir nanar]) (o[ [ 0000
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T 1-6
< @)’ (5| [ X100 a))
0
Since E*[7z] < oo, these inequalities, (98) and (10) imply that
1 T
(99) lim sup ~E* | 1., -1y / B (0., X0, Fo(0,. X 7)) dt| < 0.
T—o0 T T—15

On the other hand, we can see that the lower bound in (21) of Assumption 1 and (96)
imply that

1 T

T—oc0 T—1z

1 T
(100) > —C lim — <E$[Tm] +E° ll{”m / Fy(6,. X: ) dtD _0.

T—o00 T—1z

Combining (94) with (95), (97) and (99)-(100), we obtain

1 - r _ _
V(x,y) > limsup TIP’JC (Tg—c < T)I[EfC [/ h(X:, Y2)dt — KT(Y°)h + K_(YO)T]
0

T—o0
=V(z,9),
which establishes the independence of V' from the initial condition (x,y) because the initial
conditions (z,y), (#,7) € R% x R, have been arbitrary. O

Remark 3. The validity of (87) is the only reason we have assumed that K > K~ > 0
rather than the more general inequalities K, Kt — K~ > 0. To relax the assumption
Kt >K >0to Kt,KT — K~ > 0 in a straightforward way, we have to restrict the set
of admissible strategies to ergodic ones, namely, to strategies Y € Y, , such that

E:}: [YT]

(101) the limit lim exists.

T—o0

Indeed, we can combine (83) and (85) with part (III) of Lemma 2 and (101) to see that,
given any Y € Y, , such that J, ,(Y) > —oo0,

lim sup %E”CHw(XT,YTO) — w(XT,YT)H < K" lim % + KT lim % =0,

T— 00 T—o00 T—o00

which can substitute for (87) in the proof of Theorem 6, our main result. a

5. SPECIAL CASES

It is straightforward to check that any of the diffusions that we now consider satisfies all
of the conditions in Assumption 1. The solution to the SDE

(102) dXt = k(ﬂ—Xt) dt"—(f\/ Xtth,
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where k, 1,0 > 0 are constants such that kv — %O’Q > (), is the mean-reverting square-root
process that identifies with the short interest rate process in the Cox-Ingersoll-Ross model.
In this case, the derivative of the scale function p is given by

p,(l’) _ :L_—Qkﬁ/JQ 62]9(90—1)/02.
We can check that the derivative of the scale function of the constant-elasticity-of-variance
(CEV) process, which is the solution to the SDE

dX, = k(¥ — X,) dt + o X! dW,,

for some constants k,v,0 > 0 and ¢ € (%, 1), is given by

, ok ( 220-0) Y~ (26=1) v 1
P'(x) = exp <F{2(1—£) T Two1 2(1—5)}) '

Also, the stochastic logistic equation

(103) dXy = k(0 — X;) Xy dt + 0 X, dW,

where k,9,0 > 0 are constants such that ki — %02 > 0, defines a diffusion that has the
same scale function as the square-root mean-reverting process given by (102).
The running payoff function given by

(104) h(ﬂfa ZJ) = Cia"y” — ey,

for some constants C1,u,e; > 0 and v € (0,1), is a modification of the so-called Cobb-
Douglas production function (x,y) — xy” that is appropriate for the problem that we
study here. We can check that such a choice satisfies all of the requirements in Assump-
tion 2. In particular, the functions y* and x* are given by

Cv 1/(1-v) c p
* _ w/(1—v) d * — 1 (1-v)/p
y*(z) (—81 ) x and w(y) =\ ) ¥ ,

and therefore, y; = 0 and y}, = oo.

In the special cases that we consider below, we show that the inequalities in (78) that the
points defining the domains of the free-boundaries F' and G satisfy may be strict. Indeed,
we show that the points y, < ¥p and y, < Yg may satisfy (106), (110), (112)-(113)
or (115), which reveal that our general assumptions give rise to a rich family of optimal
investment strategies. In particular, we show that (65) in Lemma 4 may be false, in which
case, the free-boundaries F', GG identify with the functions «, 3, respectively.

5.1. The case of the mean-reverting square-root process given by (102) and the
running payoff function given by (104). In this case, the point y' associated with
(26) in Assumption 3 is given by

1/(1-v)
/G () 2

€1 % T 2:—219)




24 LOKKA AND ZERVOS

where T is the Gamma function defined by I'(a) = [;°u®'e ™ du. We used matlab to
compute y' = 4.214 if
k=1, v=5 0¢=08 Ci=1, u=1,

(105) v=08, =3 and K'—-K =1
Also, we plot the results of an unsophisticated simulation that calculated the free-
boundaries F' and G for this data in Figure 3.

For any appropriate values of the parameters in (102) and (104), the points defining the
domains of the free-boundaries F' and G satisfy
(106) O0=yy =y, <Y<y <Yg=7p=00
To see this claim, we first consider any A > 0 and we calculate

x S 2 xT
/ pl(s)/ u*m(du) ds = — [ s %06353/ W e B duds
0 0

0% Jo 0

2 2k
107 < A+1 27
(107) S0+ )+ BT

Using this inequality with A = 0 and A = p, respectively, we can see that the function (g
defined by (63) is real-valued,

lim Qp(y) < —hmﬁ( )ers W) _ (Kt — K7)
y40

kv y
= —(KJr - K7),
and
21/01 2k
lim > — lim y" =LA (y)e W) — (K+ — K~
21/01 1 2k z*( _
— lim ea?® W _ (Kt — K
Al 0w 28 Y ) S
= —(Kt-K").
It follows that
(108) Qs(y) €R for all y € (0,y") and lyi?ol Qsly) = —(K" —K").
On the other hand, an application of L’Hopital’s rule yields
1' foo u>\+2k0 1 f—Qudu B l S>\+2k0 167%5
SLIE-O S)\+2Uk_219_16_§_§8 o sigolo ()\ + 2;9_219 _ 1)5>‘+2:_279_26_§_§S — %5)\4_2:_279_16_%8

(109) =
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which, for A = 0, implies that

*© > 2 [ foou%tle*%”du
/ p/(s)/ m(du)ds:—2/ s T ds = 0.

o 52 e o2°

Therefore, the function @, defined by (64) is identically equal to co thanks to the fact that
lim, oo H(z,y) = oo for all y € R D (y',00). The inequalities in (106) now follow from
this observation, (108), Lemma 4 and the discussion after that result.

5.2. Further special cases. By means of calculations similar to the ones in (107)-(109),
we can show that the case arising when X solves the stochastic logistic equation (103) and
h is given by (104), give rise to free-boundaries F', G such that

(110) O:y{;:gG:gF<yT<§G<yF:oo.

Instead of pursuing further this case, we consider the diffusion with data

(111) b(z) = {W —z), ifx<l, and  o(x) = {aﬁ, if v <1,

k(Y —x)x, ifx>1, ox, ifz>1.

for some constants k,1, o > 0 such that ki — %02 > (, which is a hybrid of the square-root
mean-reverting process given by (102) and the stochastic logistic equation given by (103).
To reduce the number of possible forms that the optimal strategy can take, we consider
the running payoff function given by (104) for p € (0, 1).

An interesting feature of this special case is that the optimal strategy takes qualitatively
different forms, depending on parameter values. To see this claim, we consider (107), (123)
and the fact that p(1) =0 (see (8)), and we calculate

1 1 s
o<~ [ plttey)mdn) = [ pGs) [ 1H )| md)ds < o
0 0 0
Also, we use (109) with A = p —1 € (—1,0) and A = —1 together with (122) to obtain

0< / " (W) H ()| m{du) = / T (s) / " H ()| midu) ds

0 29 o 2k
w0C Yyt [ 't e du
< 1Y n—2Js d
- o2 ° pt2p—2 —2s °
1 S o e o
2kY 2k
2¢0 [ foo uo? 2e 2" du
+— s o ds < oo.
o? Ji 502 2T o2

These calculations imply that
/ Ip(uw)H (u,y)| m(du) < oo for all y > 0.
0

It follows that (65) may be false, in which case,
(112) O:QG<yG:yT:gF<§F:oo
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and the free-boundaries F', G identify with the functions «, 3, respectively, or it may be
true, in which case,

(113) 0=y, <y, <y <Yg <¥r=o0.

In the latter case, we can show that the inequalities y o <Y and Yy, < Y are indeed true
using arguments similar to the ones that we considered in the previous subsection.
Finally, we note that the diffusion with data

— 3 < . <
T o T L b B D
k(0 —x), ifz>1, oz, ifz>1.

for some constants k, 4,0 > 0 such that kv — %02 > 0, and the running payoff function
given by (104) is associated with free-boundaries F', G such that

(115) 0=y =Y, =Y, <y <Yg="0r=00.
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APPENDIX I: ANALYTIC ESTIMATES AND IDENTITIES

Lemma 7. In the presence of Assumptions 1 and 2,

(116) /OO |h(s,y)| m(ds) < oo forally >0,
0

(117) /OO |H (s,y)|m(ds) < oo forally >0,
0

and

118 T d

(118) /0 s"m(ds) < oo,

for all constants n > 0.
Proof. We first use the inequalities in (6)—(7) to calculate

sy 2o ([, [ o)

(119) = xf(1+6°)x§+€°e_co(x2_“) for all 0 <z <@y <,

) l
> exp (250/ e ds)
p/<.§L’1) T1 S

—egolnxy _eolnxeo

(120) =] x5 for all ¥ < 1 < .

and
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We now fix any y > 0; (116) for y = 0 involves no additional arguments. The inequalities
(21) and (22) in Assumption 1 imply that there exist constants K, = K;(n,y) > 0 and
¢ = {(n) > 0 such that

"+ |h(x,y)| + [H(z,y)| < K; forall x <,
o™+ |z, y)| + |H(2,y)| < Kya® forall 2 > X,

where 0 < x < 1 <X are as in Assumption 2. The first of these estimates, the bound of
o2 in (6) and (119) imply that

/OX[S”+Ih(s,y)|+|H(s,y)|}m(ds)§2_K1 1 /Oxszp(g)ds

g0 P'(X) p'(s)
C —(1+eo)
< 2K1€ OKX / = /K82€Cossl+eo ds
€0 p (X) 0
< 00,

while, the second one, the bound of o2 in (7) and (120) imply that

/ [ (s, )|+ [H s, )] m(ds)

X
00 I (~

- 2K, /1_ / sCoMp,(X) s

g P'(X) Jx P'(s)
~colny 0

S 2[(1 XF;O_X/ S—eolns—l—Co—i—Z ds
g0 P'(X) X

< Q.

Combining these results with the inequality
X
[ sl + s )l mds) < oc,
X

which follows from the fact that m is a locally finite measure and the continuity of the
functions |h| and |H|, we obtain (116), (117) as well as (118). O
Lemma 8. In the presence of Assumption 1, if g : R% — R is any function such that

<0, ifzr<at
>0, ifx >t

(121) / lg(s)|ds < oo and g(x) {
0
for some x* > 0, then

(122) / p(s) / " o) m(du) ds = p(2) / " g(u) m(du) - / " p(u)g(u) m(du) € [~o0, %)

forall0 <z < z<o0andy >0, and

[ v [ stymian)as
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(123) —~pla) [ gt m(du) + | pu)glu)m(du) € (-0,
forall0 <z < z <00 and y > 0, in which identities all integrals are well-defined.

Proof. Using Fubini’s theorem, we can see that

/x Z / ZP,(S)Q(u)l{ugs}m(du) ds = / ) < / ) P (8)1uss) ds) g(u) m(du),

which implies the identity in (122) for every 0 < z < z < co. The monotone convergence
theorem and the last set of inequalities in (121) imply that the last integral in (122) is
well-defined and takes values in [—00,00) if z = 0. It follows that the identity is true if
x = 0 because the second integral remains finite as x tends to 0, thanks to the integrability
condition in (121).

Similarly, we use Fubini’s theorem to establish the identity in (123) when 0 < z < z < oc.
The monotone convergence theorem and (121) then imply that the third integral in this
identity is well-defined and takes values in (—oo, 00| for z = co. As a consequence, the
identity is true for z = oo because the second integral remains finite as z tends to oo,
thanks to (121). O

APPENDIX II: PROOFS OF RESULTS IN SECTION 2

We will need the following result for the proof of Lemma 1.

Lemma 9. Consider the function ® : R, — R given by
(124) O (z) :/ m([1,s])p (s) ds,
1

where p, m are defined as in (8), (9) for some continuous functions b,& : R% — R such
that 5%(z) > 0 for all z > 0 and

2b(2) Inz

(125) — > 26— forall z > ¥,
z

for some constants € € (0,1) and x > 1. Then,

= w0 af<

and

(127) lim 2 ()

U—00 U

=0,

where ®~1 is the inverse of ®, so that ® o @1 (u) = u and =1 o P(z2) = 2.
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Proof. The estimate (120) in Appendix I follows from the lower bound in the first set
of inequalities in (7) in Assumption 1, which is the same as (125). Therefore, we can use
(120) with the appropriate changes in notation and L’Hépital’s rule to calculate

~ ~f o~ 1 2z~ fssolns ds
i 2B gy 2O / P65 1o < tim Jyserds

200 zﬁ’(z) 2500 zﬁ/(z) 2300 2 < ﬁ’(z) = 2500 plteolnz

= 0.

In light of this result, we can use the definition of ® to obtain

(I)I =~/ ~/
(128) fim 22 S g, PR AR
z—00 @(z) 2300 fl p/(s) ds 2500 p(z)
Therefore, given any n > 0, there exists a constant xy = x(n) > 0 such that ®'(z)/®(z) >
(n+1)/z for all z > x, which implies that

In®(z) — In®(x) > Inz"" —Inx" .

It follows that

L e() L 20
> =
(129) T T
For n = 2, this limit implies that
* d O(s)\ [
(130) 0< / > < ( min (5) / s 2ds < oo forall z> 1.
e S\ e ) )
Using the definition (9) of the speed measure m, we can see that
P'(s) 2
®(z) < sup (x—1)% forall z €[1,2],

s,u€(1,2] 62(u)ﬁ’(u)

which implies that

-1
Y < ds S P'(s) /2 ds ~
1m _— su = = .
W) () T b Wi ) ) (s—1)

Therefore, we use L’Hopital’s rule and the identity

2

V() = 7 (([L2]) + 5

to calculate

o0 ds
> z s . P . oY
oy (P [T BRI - | . ()R
2 z z (I)(S) z{1 bez) z|1 Z(I)/(Z) — (b(z) 211 Z(I)”(Z)

Furthermore, we can use (128) and L’Hopital’s rule to obtain

o0 ds
. O(z) [ ds L B(s) . 1
i, ( P / (ID(S)) = = =l e =0

®(z) 3(2)
Combining this limit with (130) and (131), we derive (126).
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Finally, (129) with n = 1 implies that

, w o DD (u)
(132) Jim 1 (u) Jm ol(w)
and (127) has been established. O

Proof of Lemma 1. Given any constant n > 1 fixed, we consider the process Z = X"
and we use [t6’s formula to calculate

dZ, = b(Zy) dt + 6(Z;) dW,

where

—1
b(2) = 2D/ 4 77(”2 )0 Dmg2(0) and (2) = g2 D/1g ().
Using (11), we can see that
2h (A=n)/n 9p(1/n —1 1
_2W(z) 2 (=) =1 oy (280, n=1) 1
%(2) U A0 B U n )z
It follows that b, & satisfy (125) in Lemma 9 if we choose any

n(n—1)
2<€0 - 5772)) .

The result now follows from Lemma 9 and Theorem 2.5 in Peskir [44]. O

£€(0,g0/n*) and ¥ >exp (

Proof of Lemma 2. The lower bound in (21) of Assumption 2 imply that J, ,(Y?) >
—C1(1 +y), where Y is the strategy that involves no adjustments, namely, the strategy
defined by Yt =Y~ =0, and the inequality —oco < V(z,y) follows.

The inequality E* [ fOTY}dt} < 00, which an admissible investment strategy Y must
satisfy, Holder’s inequality and (10) imply that

(133) E* UOTXfY;” dt] < <Em [/OT x4 dtDH (El‘ UOTYtdtDV < o0,

where > 0 and v € (0, 1) are the constants appearing in Assumption 2. In view of these
observations and (21) in Assumption 2, we can see that

< 00,

T T
E* U |h(Xt,Yt)|dt}§ClEx U [1+X#Y;”+X§+Yt}dt
0 0

which establishes part (II) of the lemma.
In view of (21) in Assumption 1, we can see that

T T
(134) E* [ / h(X,,Y)) dt} <C\T+E" [ / [(JleY;” +O1XE — glyt} dt} .
0 0
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Also, given any constants (), > 0, we can verify that
1— 1/(1-v)
(135) Q2" —ez < ed-v) (K> QY1) for all z > 0.
v £
Combining these calculations with (133), we obtain

B [ /O LY dt]

T
< C\T + C,E” [ / Xt dt}
0

e [l [ v e ]

T _ 1/(1-v) T
(136) < O\T + CLE® U X¢ dt} Lal-y) (”Cl) E* U XA dt} .
0 0

v €1

v

This estimate, the inequalities
K'Y+ K'Y, <-K'"(Yf-Y;)=—-K"Yr+ K"y,
which follow from (14) and the inequality K > K~ > 0, and (10) imply that

1 T
Toy(Y) < limsup {K+y +E° U h(X,,Y,)dt — K*YT} }
0

T—o00

] - 1 1/(1-v)

<Ci+ 7/ Chat + sl ) (v 2| m(da).
m(R%) Jo v €1

These inequalities and (118) in Lemma 7 prove that V(x,y) < oo, and part (I) of the
lemma follows.

To establish part (III) of the lemma, we first consider any strategy Y € ), , that is
associated with

1 T
(137) lim —E” {/ Ytdt} = 0.
T 0

T—o00

Since p > 0 and v < 1, (10) implies that, given any constant £ > 0,

. 1. T 1 T .
lim sup { /0 Y;fl{yt<§xét/(1u)}dt:| <& lim —E [ /O X gy

< 00.
T—o0 T—oo T

Therefore, (137) is true if and only if
1 T
hTIILlOI.}fTE {/0 Ytl{ytngéL/u—u)} dt}

ol . e
> i 7 | [ viar] oz | [ g enpa
(138) = 00.
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Now, we choose any ¢ > 0 such that e; — C16-07) > 0, and we note that

T
E* |:/ [C’lXt“Y;” — 81}/;5] dt:|
0

T T
=G E° [/ Xfy;yl{ythﬂ/(l*v)} dt} + CLE” l/ Xfy;tyl{n>gxu/(l—u)} dt
0 t 0 = t

T
—€1Ex [/ }/tdt:|
0

T
< leuEaﬂ |:A Xéu/(lfy)]_{yt<§Xf/(1—u)} dt:|
T
_ (51 _ lef(lfu)) E* [/0 K]_{Ytngf‘/(lfu)} dt}

T T
< C)€VE® U x4 dt] — (&1 — CL& ) E® U Yilfy o expro-o) dt] .
0 0 —
Combining this inequality with (10), (134) and (138), we can see that

1 T
Jey(Y) < C1 + limsup ZE* { / [Clxm” TN e glyt] dt]
0

T—o00

= —OQ.

Therefore, a strategy Y € ), , satisfies J, ,(Y) > —o0 only if

T—o00

1 T
(139) lim inf —E* [/ Y}dt} < 00,
0

which implies (28). To see the latter claim, we argue by contradiction and we assume that
liminfr_ o %E”C [YT] > ¢, for some £ > 0, which implies that there exists a constant C' > 0
such that E? [Y;] > et for all t > C'. In this context, we can calculate

1 T e e [T
lim inf " U Ytdt] Zliminff/ E*[Y] dt > lim —/ tdt = oo,
0

T—o00 T—o00 C T—o00 C

which contradicts (139). O

APPENDIX IIl: PROOFS OF RESULTS IN SECTION 3

Proof of Lemma 3. The existence of functions « and f satisfying (53) and (52) as well
as (55)—(54) follows immediately from an inspection of the inequalities (20) and (26). By
continuity, (20) and (26) also imply that lim,,+ a(y) = 0 and lim,+ B(y) = co. In view
of the first of the limits in (24) and the lower bound in (22), we can see that

z*(y)

z*(y)
lim H(u,y) m(du) > —C; lim (1 + y)/ m(du) = 0.
0

s Jo ydyg
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This observation, (52) and (54) imply that

By) z* (y)
0 = lim H(u,y) m(du) > lim H(u,y) m(du) > 0.
vlys viyo Jo
It follows that lim,,,: ﬁ(y) = 0 because lim,,« H(u,y) > 0 for all u > lim,,- 2*(y) = 0.
Similarly, we can use the second limit in (24), the upper bound in (22), (53) and (55) to

calculate
[oe) o0

0= lim H(u,y)m(du) < lim H(u,y) m(du)
Y15 Ja(y) Y15 Jax(y)
<Cp lim (14 y_cl) / (1+ uCl) m(du) = 0.
y1yse z*(y)

Therefore, limy,: a(y) = oo because limy,« H(u,y) <0 for all v < limyyy. 2*(y) = oo.
Differentiating the identities in (52) and (53) with respect to y, we obtain

o2 / Y)
(140) B'y) = — %‘?)ﬁ)@ )(f;()y)) /0 %—Ij(u,y)m(du) >0 forallye (y5,yh

and
S = Claw)p(aly) = o
(141) (y) = 21 (0. 1) o 8y< )

We can see the inequalities here once we combine the strict positivity of p’ with (17) in
Assumption 2 and the observations that

H(B(y),y) > 0forall y € (yg,y") and H(a(y),y) <0 forally € (y',y2),
which follow from (52), (53) and (20) in Assumption 2. O

m(du) >0 forall y € (y',9%).

Proof of Lemma 4. Combining (20) in Assumption 2 with (52) and (54), we can see that,
for all y € (yg,y") and 2 € (0,2*(y)), there exists a unique point L(z,y) € (x (y),ﬁ(y))
such that

<0, ifxe (z, L(z,y)),

(142) / H(u,y)m(du){ =0, ifx=L(zy),
>0, ifx>L(zvy).

The resulting function L(-,y) satisfies
(143) lim L(z,y) = B(y) and lim L(z,y)=z"(y).

2,0 ztz* (y)
Similarly, we can combine (20) in Assumption 2 with (53) and (55) to see that, for all
y € (yl,y2) and z € (a(y),z*(y)), there exists a unique point L(z,y) € (x (y),oo) such
that (142) is true. In this case,

(144) lim L(z,y) =00 and lim L(z,y) =2"(y).
zla(y) 2tz* (y)
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Furthermore, (20) and (26) imply that, for y = y' and all z € (0,2*(y"), there exists a
unique point L(z,y") € (2*(y'), 00) such that (142) is true, in which case,

(145) limL(z,y") =00 and  lim L(z,9") = 2*(y").
240 stz (y1)

For future reference, we note that differentiation of the identity in (142) yields

OL  _ H(zy)o*(L(z,y))p' (L(z,y))
16 B B = T () ) (o ()
and
o2 5 / p L(z,y)
(147) g—j(z,y):— %g{f?gf;f;;yﬂ / %—ZI(U,y)m(du)>0,

the inequality following because 0H /0y < 0 (see (17) in Assumption 2), p’ is strictly
positive and H(z,y) > 0 for all z > 2*(y). Also, we note that for no values of z, y other
than the ones we have considered above does there exist a point L(z,y) > z satisfying
(142).

Given y € (y5,y% ), the analysis thus far implies that the system of equations (58) and
(61) has a unique solution (F(y),G(y)) such that F(y) < G(y) if and only if there exists
a unique point F(y) such that

(148) F(y) € (0,2*(y)) ify € (y5.47,  Fly) € (aly),z*(v)) ify € (v, y%)
and

L(F(y),y)
(149) [ sty mid) = K - K

F(y)

in which case, G(y) = L(F(y),y) € (z*(y),00) and (68)—(70) are true.
Using (146), we calculate

L(zy) -
5 ( / p<u>H<u,y>m<du>> = 2D 11z ) i) <0,

o?(2)p'(2)

the inequality following because p is strictly increasing, z < L(z,y) and H(z,y) < 0. In
view of this result and (143)—(145), we can see that, given y € (yg, y% ), there exists F'(y)
satisfying (148)—(149) if and only if

(65) is true if y = yT,
Qsly) > 0ify € (y5,y") and Qa(y) > 0ify e (y',y2),

where (g, (), are defined by (63)-(64). It follows that we will establish all our claims
regarding the solvability of the system of equations (58) and (61) if we show that, if (65)
is false, then Qz(y) < 0 for all y € (y5,y") and Q. (y) < 0 for all y € (y',y7,), while, if (65)
is true, then there exist unique y . € [yg, y') and Y5 € (y',y%] such that the inequalities
(66)(67) hold.
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If Qs(y) = oo for all y € (y',y% ), then Qs plainly satisfies (66) for Y, = Yp- Given any
y in the open set in which @) is real-valued, we use (140), the fact that the scale function
p is strictly increasing and (17) in Assumption 2 to calculate

B(y)
Qyy) = / [p(u) = p(Bw))] %—fw,y) m(du) >0 for all y € (55, "),

In view of this calculation, we can see that () is increasing, which implies that, if (65) is
false, then Qg(y) < 0 for all y € (yg,y"), while, if (65) is true, then there exists a unique
Y, € g, y") such Qg satisfies the inequalities in (66).

If Qu(y) = oo for all y € (y',y%), then Q, satisfies (67) for 7, = y*.. Given any y in
the open set in which @, is real-valued, we use (141), the fact that the scale function p is
strictly increasing and (17) in Assumption 2 to calculate

@ = [ [pw) = pl(a()] 5, (w9) mlde) <0
a(y) Oy

This calculation implies that @, is decreasing. Therefore, if (65) is false, then Q,(y) < 0
for all y € (y',y7), while, if (65) is true, then there exists a unique . € (y',y%] such Q,
satisfies (67).

We assume that (65) is true in what follows. To prove that the functions F' and G are
C' and strictly increasing, we differentiate (149) with respect to y and use (146) and (147)
to obtain

Pl = 2 (F(y),5) p(LEG), 9)) - p(F W)
2 (Fy)p' (Fly)) [Hrww p(F(y)) — p(u) OH =~ .\ o
~ 2H(F(y),y) /p(y> 1+p(L(F(y),y))—p(F(y)) 5‘y( y) midu)
(150) >0,

the inequality following because 0H/Jy < 0, p is strictly increasing and H(z,y) < 0 for all
z < z*(y). Also, we calculate

) oL

G'(y) = 5, (F), y)F'(y) + 8—y(F(y),y)
P (EEW) )Y (LEW).9) Jrgy " ) = p(F)] 5 (u, ) m(du)
2H (L(F(y),y),y) [p(L(F(y).y)) — p(F(y))
_ @) (Gw) (| p(Gly) —plw) _ JoH
T 2 (Gly).y) /p<y> (G —p(Fw) | oy o))
(151) >0

To complete the proof, we still need to show (71)—(74). To this end, we combine the fact
that F(y) and G(y) satisfy the system of equations (58) and (61) with (52) and (66) to see
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that limy,, F(y) = 0and lim,, G(y) = B(y,.) if y,. > y5. Similarly, we use (53) and (67)
to see that limyg. F(y) = a(y) and limyg,. G(y) = o0 if T < yi. On the other hand,
if y, = yg, then the inequalities F'(y) < G(y) < 8(y) and the fact that lim, . 3(y) = 0
(see (56) in Lemma 3) imply that lim,, F(y) = limy, G(y) = 0, while, if §; = yZ,
then the inequalities a(y) < F(y) < G(y) and the fact that lim,. a(y) = oo imply that
hmyT?G F(y) - hmyT@G G(y) = 00.

If y, > yg, then we combine the limits lim,y, F(y) =0 and lim,, G(y) = B(y,) with
the fact that lim, o p(x) = —oo and (151) to obtain

o*(By,)p (B(y,.)) /mgF) o (140) .,

lim G'(y) = — o (u,y,) m(du) =" B'(y).

Yy QH(B(QF)’ QF)

Finally, if 7, < y%,, then we can use the limits lim5_. F(y) = a(y), limyy, G(y) = oo, the
fact that lim, ., p(z) = oo and (150) to calculate

2 77 / 77 o) H
i () = TP O [ Ty, )y 2 o),
e QH(Q(yG)a yG) a(Yg) Y
and the proof is complete. O

Proof of Proposition 5. First, we note that the existence and the claimed properties
of the functions F' and G follow from Lemmas 3 and 4 and (75)—(77). Also, we can check
that the C* continuity of the functions p/, F' and G, the limits (71)-(74) in Lemma 4 and
the definition of v, imply that this function is C*!.

By construction, the function w as well as its derivatives w, and w,, are well-defined
and continuous (see (43)-(46)). Using the definition of w and (44), (46), we can see that,
given any (z,y) € Z,

dG—1
dx

(152) wy(z,y) = va (2, G (2)) + [vy(2,G(z)) — K] (z) = va (2, G (2))

and

dG~1
dx

(153) W (T, Y) = Vg (2, G H(2)) + vy (2, G (2)) () = v (2, G (2)).

Similarly we can show that
we(z,y) = v, (IL‘, F_l(x)) and  Wep(T,Y) = Vg (x, F_l(x)) for all (z,y) € D.

In light of these considerations, we deduce the C?! continuity of w.
By construction, we will prove that w satisfies the HJB equation (30) if we show that

154 K~ <wy(z,y) < K" forall (z,y) €C
y

and

1
(155) 502(x)wm(x, y) + b(z)w,(x,y) + h(z,y) <0 forall (z,y) e DUT.
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In view of (152) and (153), we can calculate

%0-2(1’)11]11(1’, y) + b(:c)wm(:c, y> + h(SL’, y>

= %az(x)vm (2, G (2)) + b(z)vg (z, G (x)) + h(z,y)
G (x)
= —/ H(x,s)ds

<0 for all (x,y) € Z,

the inequality following because H(x,y) > 0 for all (z,y) € Z (see (20) in Assumption 2
and (68)—(69) in Lemma 4). Similarly, we can see that

1 y
éaz(x)wm(a:, y) + b(z)w,(x,y) + h(z,y) = / H(xz,s)ds <0 forall (z,y) € D,

F=(x)

and (155) has been established.

Ify, <y, and Cy # 0, then we combine (49) with the inequalities (52) in Lemma 3 and
the fact that G(y) = 8(y) for all y € (y,,,y,] to see that w,(z,y) < K™ for all (z,y) € (1,
and that K~ < wy(z,y) for all (z,y) € C; if and only if

B(y) s
Ko [0 [ Hpymdn) ds= K- forall y € (55,3,
0 0

In view of the identity (122), this inequality is equivalent to Q@s(y) < 0 for all y € (y5,y,.],
where )3 is defined by (63), which is true thanks to (66) in Lemma 4. It follows that (154)
is satisfied in C;. If 5, < ¥ and C3 # (), then we can see that (154) is satisfied in C3 using
the same arguments with (51), (53), (67) and (123).

Finally, if y, < Jg and C; # 0, then (70) in Lemma 4 and the first expression in (62)
imply that w,(z,y) < K* for all (z,y) € Cy, while (70) and the second expression in (62)
imply that wy(z,y) > K~ for all (z,y) € C,. O
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Figure 1. Graph of the functions F' and G in the general context.
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Figure 2. Graph of the functions a and 3 in the general context.
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Figure 3. Simulation results for the special case considered in Section 5.1 with data given

by (105).
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