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Abstract. This paper studies a finite-fuel two-dimensional degenerate singular stochastic
control problem under regime switching that is motivated by the optimal irreversible extraction
problem of an exhaustible commodity. A company extracts a natural resource from a reserve
with finite capacity, and sells it in the market at a spot price that evolves according to a Brownian
motion with volatility modulated by a two-state Markov chain. In this setting, the company
aims at finding the extraction rule that maximizes its expected discounted cash flow, net of the
costs of extraction and maintenance of the reserve. We provide expressions both for the value
function and for the optimal control. On the one hand, if the running cost for the maintenance
of the reserve is a convex function of the reserve level, the optimal extraction rule prescribes
a Skorokhod reflection of the (optimally) controlled state process at a certain state and price
dependent threshold. On the other hand, in presence of a concave running cost function it is
optimal to instantaneously deplet the reserve at the time at which the commodity’s price exceeds
an endogenously determined critical level. In both cases, the threshold triggering the optimal
control is given in terms of the optimal stopping boundary of an auxiliary family of perpetual
optimal selling problems with regime switching.
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1 Introduction

Since the seminal work [8], both the literature in Applied Mathematics and that in Economics
have seen numerous papers on optimal extraction problems of non-renewable resources under
uncertainty. Some of these works formulate the extraction problem as an optimal timing problem
(see, e.g., [13], [33] and references therein); some as a combined absolutely continuous/impulse
stochastic control problem (e.g., [7] and [25]); and some others as a stochastic optimal control
problem only with classical absolutely continuous controls (cf. [1] and [15], among many others),
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but with commodity price dynamics possibly described by a Markov regime switching model (cf.,
e.g., [23]). The latter kind of dynamics, firstly introduced in [22], may indeed help to explain
boom and bust periods of commodity prices in terms of different regimes in a unique stochastic
process.

In this paper we provide the solution to a stochastic irreversible extraction problem in pres-
ence of regime shifts in the underlying commodity spot price process. The problem we have in
mind is that of a company extracting continuously in time a commodity from a reserve with
finite capacity, and selling the natural resource in the spot market. The reserve level can be
decreased at any time at a given proportional cost, following extraction policies which do not
need to be rates. Moreover, the company faces a running cost for the extraction procedures (e.g.
a cost for the reserve’s maintenance) that is dependent on the reserve level. The company aims
at finding the extraction rule that maximizes the expected discounted net cash flow in presence
of market uncertainty and macroeconomic cycles. The latter are described through regime shifts
in the volatility of the commodity spot price dynamics.

We set up the optimal extraction problem as a finite-fuel two-dimensional degenerate singular
stochastic control problem under Markov regime switching. It is two-dimensional because for
any regime ¢ the state variable consists of the value of the spot price, z, and the level of the
reserve, y. It is a problem of singular stochastic control with finite-fuel since extraction does
not need to be performed at rates, and the commodity reserve has a finite capacity. Finally, it
is degenerate since the state variable describing the level of the reserve is purely controlled, and
does not have any diffusive component.

While the literature on optimal stopping problems under regime switching is relatively rich
(see, e.g., [5], [9], [18], [19], [35], among others), that on singular stochastic control problems
with regime switching is still quite limited. We refer, e.g., to [26], [27], [32] and [37] where the
optimal dividend problem of actuarial science is formulated as a one-dimensional problem under
Markov regime switching. If we then further restrict our attention to singular stochastic control
problems with a two-dimensional state space and regime shifts, to the best of our knowledge [20]
is the only other paper available in the literature. That work addresses an optimal irreversible
investment problem in which the growth and the volatility of the decision variable jump between
two states at independent exponentially distributed random times. However, although in [20)]
the authors provide a detailed discussion on the structure of the candidate solution and on the
economic implications of regime switching for capital accumulation and growth, they do not
confirm their guess by a verification theorem.

In this paper, with the aim of a complete analytical study, we assume that the commodity
spot price X evolves according to a Bachelier model! with regime switching between two states.
We show that the optimal extraction rule is of threshold type, and we provide the expression of
the value function.

The Hamilton-Jacobi-Bellman (HJB) equation for our optimal extraction problem takes the
form of a system of two coupled variational inequalities with state dependent gradient con-
straints. The coupling is through the transition rates of the underlying continuous-time Markov
chain €, and it makes the problem of finding an explicit solution much harder than in the stan-
dard case without regime switching. We associate to the singular control problem a family of
auxiliary optimal stopping problems for the Markov process (X, ¢). Such family is parametrized
through the initial reserve level y. We solve the related free-boundary problem, and we char-

IThe choice of an arithmetic dynamics can be justified also the modeling stage. Indeed, it has been shown in
[17] that for certain commodities an arithmetic dynamics fits historical time series better than a mean-reverting
one. Moreover, it has been recently observed that some commodities can be traded at negative prices (see [14]).
This happened, e.g., to propane prices in Edmonton (Canada) in June 2015.



OPTIMAL EXTRACTION WITH REGIME SWITCHING 3

acterize the geometry of stopping and continuation regions. As it is usual in optimal stopping
theory, we show that the first time at which the underlying process leaves the continuation re-
gion is an optimal stopping rule. For any given and fixed y, such time takes the form of the first
hitting time of X to a regime dependent boundary z}(y), i« = 1,2. These boundaries are the
unique solutions to a system of nonlinear algebraic equations derived by imposing the smooth-fit
principle.

Under the assumption that the running cost function is either strictly convex or strictly
concave in the reserve level, we show that the value function of the optimal extraction problem
is given in terms of that of the auxiliary family of optimal stopping problems. Moreover, we
prove that the optimal extraction policy is triggered by the optimal stopping boundaries z(y),
1 = 1,2. However, the behavior of the optimal control, and the regularity of the value function,
significantly change when passing from a strictly convex running cost to a strictly concave one.

On the one hand, if the running cost is a strictly convex function of the reserve level, we
show that the optimal extraction policy keeps at any time the optimally controlled reserve level
below a certain critical value b* with minimal effort, i.e. according to a Skorokhod reflection.
Such threshold depends on the spot price and on the market regime, and it is the inverse of the
optimal stopping boundary z}(-) previously determined. Also, we prove that, for any regime
i = 1,2, the value function of the optimal extraction problem is a C?*!-solution of the associated
HJB equation, and it is given as the integral, with respect to the controlled state variable, of
the value function of the auxiliary optimal stopping problem.

On the other hand, if the running cost is a strictly concave function of the reserve, the optimal
extraction rule prescribes the instantaneous depletion of the reserve at the time at which the
commodity’s price in regime i = 1,2 exceeds the critical level 2}(y). As a consequence of such
bang-bang nature of the optimal policy - not extract or extract all - for any regime i = 1,2
the value function only belongs to the class C°(R x [0,1]) N CT1(R x (0, 1]), with second order
derivatives with respect to x that are bounded on any compact subset of R x (0, 1].

Although optimal controls of reflecting and bang-bang type already appeared in the literature
on two-dimensional degenerate singular stochastic control problems (see, e.g., the recent [10],
[11] and references therein), to the best of our knowledge, this is the first paper in which these
two different behaviors of the optimal control arise in a model with Markov regime switching.

The study of the auxiliary family of optimal stopping problems performed in this paper is of
interest on its own as well. Each stopping problem takes indeed the form of a perpetual optimal
selling problem under regime switching that we completely solve. It is worth noticing that
most of the papers dealing with optimal stopping problems with regime switching, and following
a guess and verify approach, assume existence of a solution of the smooth-fit equations and
additional properties of the candidate value function in order to perform a verification theorem
(see, e.g., Theorem 3.1 in [19], and Theorems 3 and 5 in [35]). An abstract and nonconstructive
approach, based on a thorough analysis of the involved variational inequality, is adopted in [5].
Here, instead, we construct a solution to the free-boundary problem, and we then prove all
the properties needed to verify that such solution is actually the value function of our optimal
stopping problem with regime switching (see our Theorems 3.4 and 3.5 below). We believe that
also such result represents an interesting contribution to the literature.

Although not solvable in closed form, the system of nonlinear algebraic equations charac-
terizing the optimal stopping boundaries - hence the optimal extraction policy - can be easily
solved numerically. This fact allows us, e.g., to compare the optimal extraction boundaries in
the case with and without regime switching, and thus to draw interesting economic conclusions
(see Section 5). In particular, we show that in presence of macroeconomic cycles, the company
is more reluctant (resp. favourable) to extract and then sell the commodity, relative to the case
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in which the market were always in the good (resp. bad) regime with the lowest (resp. highest)
volatility.

The rest of the paper is organized as follows. In Section 2 we formulate the optimal extraction
problem, we introduce the associated HJB equation and we discuss the solution approach. The
family of optimal stopping problems is then solved in Section 3, whereas the optimal control is
provided in Section 4. A comparison with the optimal extraction rule that one would find in the
no-regime-switching case, and some economic conclusions, are contained in Section 5. Appendix
A collects the proofs of some results of Section 3, whereas in Appendix B one can find auxiliary
results needed in the paper.

2 Problem Formulation and Solution Approach

2.1 The Optimal Extraction Problem

Let (2, F,P) be a complete probability space, rich enough to accommodate a one-dimensional
Brownian motion {W,¢t > 0} and a continuous-time Markov chain {e;,¢ > 0} with state space
E := {1, 2}, and with irreducible generator matrix

“A A
Q= ( A; _;2>, (2.1)

for some A1, A2 > 0. The Markov chain & jumps between the two states at exponentially
distributed random times, and the constant A; gives the rate of leaving state i = 1,2. We take
¢ independent of W and denote by F := {F;,t > 0} the filtration jointly generated by W and ¢,
as usual augmented by P-null sets.

We assume that the spot price of the commodity evolves according to a Bachelier model [3]
with regime switching; i.e.

dX; = O’etth, t >0, Xo=xz €R, (22)

where for every state ¢ = 1,2 o; > 0 is a known finite constant. From the modeling point of view,
the choice of an arithmetic dynamics might be justified by noticing that certain commodities can
be treated at negative spot prices (see, e.g., [14]), and do not show a mean-reverting behavior
(cf. [17], among others).

(X,¢) is a strong Markov process (see [36], Remark 3.11) and we set P, ;)(-) := P(-|Xo =
r,e0 = i), and we denote by E,; the corresponding expectation operator. From Section 3.1
in [36] we also know that (X,¢) is regular, in the sense that the sequence of stopping times
{Bn,n € N}, with 8, :=inf{t > 0: [X¢| = n}, is such that lim, B, = +00, P, ;-a.s.

The level of the commodity reserve is such that

dYY = —dy;, t>0, Y =yel0,1]. (2.3)

Taking y < 1 we model the fact that the reserve has a finite capacity, normalized to 1 without
loss of generality. Here v; represents the cumulative amount of commodity extracted up to time
t > 0. We say that an extraction policy is admissible if, given y € [0, 1], it belongs to the
nonempty convex set

Ay = {r: Q xRy = Ry, ((w) := v(w,t))i>0 is nondecreasing, left-continuous,
F —adapted with y —14 >0Vt >0, p=0 P—as.}. (2.4)
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Moreover, we let P, () = P(-[Xo = 2,Yy = y,e0 = i) and E,
expectation operator.

While extracting, the company faces two types of costs: the first one is an extraction cost
that we take proportional through a constant ¢ > 0 to the amount of commodity extracted; the
second one is a running cost for the extraction procedures (e.g. a cost for the maintenance of
the reserve). The latter is measured by a function f of the reserve level satisfying the following
assumption.

i) the corresponding

Assumption 2.1. f: R — Ry is strictly increasing, continuous on [0, 1] and such that f(0) = 0.
Moreover, either of the following two conditions are satisfied:

(1) y— f(y) is strictly convex and continuously differentiable on [0,1];

(II) y — f(y) is strictly concave on [0,1], continuously differentiable on (0,1], and such that
limyo f'(y) = +oo (Inada condition,).

Assumption 2.1 will be standing throughout this paper.

Remark 2.2.

1. From an economic point of view, a running cost function that is concave on [0,1] reflects
economies of scale in the size of the operation. On the other hand, a running cost function
convex on [0, 1] seems to be more appropriate for a company facing diseconomies of scale.

2. The requirement f(0) = 0 is without loss of generality, since if f(0) = fo > 0 then one can
always set f(y) := f(y) — f(0) and write f(y) = f(y)+ fo, so that the firms’s optimization
problem (cf. (2.6) below) remains unchanged up to an additive constant.

3. Cost functions of the form f(y) = aoy®+ Boy for some v, Bo > 0, or f(y) =y, for some
Yo € (0,1), clearly meet Assumption 2.1.

Following an extraction policy v € A, and selling the extracted amount in the spot market
at price X, the expected discounted cash flow of the company, net of extraction and maintenance
costs, is

T (V) :—E<x7y,n[ /0 e P ( Xy — c)dvy — /0 e"’tf(ié”)dt], (z,y,i) € O, (2.5)

where p > 0 is a given discount factor and O := R x [0,1] x {1,2}. Throughout this paper, for
t >0 and v € A, we will make use of the notation fg e P*(X? — ¢)dvs to indicate the Stieltjes
integral f[07t) e P$(XZT — ¢)dvs with respect to v. As a byproduct of Lemma B.4 in Appendix B,
the functional (2.5) is well-defined and finite for any v € A,).

The company aims at choosing an admissible extraction rule that maximizes (2.5); that is,
it faces the optimization problem

V(z,y,1) == sup Jpyi(V), (z,y,1) € O. (2.6)
veEAy

Notice that if y = 0 then no control can be exerted, i.e. A9 = {v = 0}, and therefore
V(z,0,i) = J2,0,(0) =0, for any (z,i) € R x {1,2}.
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Remark 2.3. Due to the convezity of Ay, and the linearity of v — YV, if y — f(y) is strictly
convez on [0,1], then the functional Jy,i(-) is strictly concave on Ay, and (2.6) is a well-
posed mazimization problem of a concave functional. On the other hand, if y — f(y) is strictly
concave on [0,1], then Jpyi(-) is strictly convex on Ay,. We will see in Section 4 how the
convexity/concavity of f will impact on the behavior of the optimal control, and on the regularity
of the value function.

Problem (2.6) falls into the class of singular stochastic control problems, i.e. problems in
which admissible controls do not need to be absolutely continuous with respect to the Lebesgue
measure, as functions of time (see [30] and Chapter VIII in [16] for an introduction). In par-
ticular, it is a finite-fuel two-dimensional degenerate singular stochastic control problem under
Markov regime switching. It is degenerate because the state process Y is purely controlled,

and does not have a diffusive component. Moreover, it is of finite-fuel since the controls stay
bounded.

Remark 2.4. Since the extraction rule adopted by the company does not affect the price of the
commodity, our model takes into consideration a price-taker company. Allowing for a direct
instantaneous effect of the extraction policy on the price dynamics, our problem would share
a sitmilar mathematical structure with the problem of optimal execution in algorithm trading,
where an investor sells a large number of stock shares over a given time horizon and her actions
have impact on the stock price (see, e.g., [21] for a recent formulation of the optimal execution
problem involving singular controls). We leave the analysis of the optimal extraction problem
with price impact as an interesting future research topic.

2.2 The Hamilton-Jacobi-Bellman Equation, a First Verification Theorem,
and the Solution Approach

In light of classical results in stochastic control (see, e.g., Chapter VIII in [16]), we expect that
for any ¢ = 1, 2 the value function V (-, -, ) suitably satisfies the Hamilton-Jacobi-Bellman (HJB)
equation

max { (G = p)U(z,y,1) = f(y), (z — ¢) = Uy(a, y,z‘)} =0, (2.7)

for (z,y) € R x (0,1] and with boundary condition U(z,0,7) = 0. Here G is the infinitesimal
generator of (X,¢). It acts on functions h : R x {1,2} — R with h(-,i) € C?(R) for any given
and fixed i = 1,2 as

Gh(z, i) = %afhm(:c, D)+ N3 — i) — h(z,1)). (2.8)

It is worth noting that, due to (2.8), equation (2.7) is actually a system of two variational in-
equalities with state-dependent gradient constraints, coupled through the transition rates A1, As.
The next preliminary verification result shows that any suitable solution to (2.7) provides an
upper bound for the value function V.

Theorem 2.5. For i = 1,2, let U(-,-,i) € Wli’cl’oo(R x (0,1)) be a solution in the a.e. sense
of (2.7) such that U(x,0,i) =0, x € R, and |U(z,y,7)| < K(1+ |z|), (x,y,i) € O, for some
K > 0. Then one has U >V on O.

Proof. Fix (z,y,i) € O, and take arbitrary R > 0 and 7' > 0. Set 7 := inf {t >0: X; ¢
(—R, R)}, and let 0 < m; <1mg < ... <ny < 7r AT be the random times of jumps of € in the
interval [0,7r A T) (clearly, the number N of those jumps is random as well). Then pick an
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admissible control v, and notice that the regularity of U allows us to apply a generalized version
of Ito’s formula (see, e.g., [16], Ch. VIII, Sec. VIIL.4, Th. 4.1) on each of the intervals [0,7;),
(m,n2),....(nn, 7R A T). Piecing together all the terms as in the proof of Lemma 3 at p. 104 of
[31] (see also Lemma 2.4 in [34] for a similar idea of proof) one finds

TRAT
U(I‘, Y, Z) :E(:v,y,i) |:ep(TR/\T)U( fR/\T7 YTZ{/\T? STR/\T) - / e*ps(g - p)U(Xa Ysyu 85)d8:|
0

TRNAT
+ E(m,y,i) |:/0 e_psz(Xsa }/sya €S)d1/5:|

- E(:ﬁ,y,i) [ Z e ? (U(XS7 }/5114-3 53) - U(X& Y;y’ 53) - Uy(XS7 }/5117 55)AY:9) :| y

0<s<TpAT
where AY; := Y,y — Y, = —Av, := —(vsy — 1), and the expectation of the stochastic integral
vanishes since U, is bounded on (z,y,i) € [-R, R] x [0, 1] x {1,2}.
Now, noticing that any admissible control v can be written as the sum of its continuous

part and of its pure jump part, i.e. dv = dv°™ + Av (see again [16], Chapter 8, Section VIII.4,
Theorem 4.1 at pp. 301-302), one has

TRAT
U(z,y,9) =E(zy.0 [eP“RA”U(XTRAT,YT’;AT,ETRAT) - / e (G — p)U(Xs, Y, e5)ds
0

TRAT
+Ewyg [/0 e U (Xs, Y, es)dugm]

—Em,z‘)[ > 6”’3(U(X&Ysi,as)—U(XS,Y;,SS))]

0<s<TRNAT

Since U satisfies the HJB equation (2.7), and because

Avs
U(X,, Y2 es) — U(Xs, Y7, 20) = —/ U, (Xa, YV = 2,2,)dz, (2.9)
0

one obtains

TRAT

U(.T, v, Z) ZE(w,y,i) [G_P(TRAT)U(XTR/\T, YTl;%/\T, €TR/\T)] — ]E(:lt,y,i) [A e_psf(i/;l/)ds]

TrNAT
+ By, [/0 e (X — C)dygont] T By, [ Z e (X5 — C)Al/s:|

0<s<TprAT

TRNAT
B[P K Vi) + [ PO 0dn] (210
0

TR/\T
— E(w,y,i) |:/(; e_psf(yvsy)dS:| .

By Hélder’s inequality, (2.2), and It6’s isometry we have
1 1
E(z,y,i) [eip(TR/\T) |XTR/\T|:| < E(z,y,i) |:672p(TRAT)} 2]E(x,y,'i) |:“XTR/\T’2:| ’

% TRNAT
S \/iE(x,y,i) |:e_2P(TR/\T)i| <|gj|2 + E(x,y,i) |:’ / GEuqu
0

< \/iE(x,y,i) |:672p(TR/\T):|

QD;

N

1
(|x\2 + (0% vV a%)T) 2.



OPTIMAL EXTRACTION WITH REGIME SWITCHING 8

The previous estimate, together with the sublinear growth property of U, then imply
E(z.y.) [e_p(TRAT)U(XTR/\T, VY s 5TR/\T):| > —CE (44 {e_p(TR/\T)}
1 1
—\/iCE(x,w) [e*QP(TR/\T)] ’ (|x\2 + (0% V a%)T) ’

for some constant C' > 0. Hence

N

1
U(z,y,i) > —CE, [e_p(TR/\T)} — ﬂCE(x,y,i) [e_Qp(TRAT)} : <|ﬂz|2 + (0% Vv Ug)T)
TRAT TRNAT
TE (2.0 [ / e XY —C)dvs] —Ey.) [ / e”sf(n”)ds]. (2.11)
0 0

When taking limits as R — oo we have TRAT — T', P, , ;y-a.s. by regularity of (X, ). By Lemma
B.4 in Appendix B, the integrals on the right-hand side of (2.11) are uniformly integrable. We
can thus invoke Vitali’s convergence theorem to take limits as R 1 oo in (2.11), and then as
T 1 oo, and obtain

U0 000) 2 B | [ 706 = 0= [~ e pyas]. (212)

Since (2.12) holds for any v € A, we have U(z,y,i) > V(z,y,1). O

In this paper we solve problem (2.6) in the two following cases (cf. Assumption 2.1 and
Remark 2.3):

(I) y— f(y) is strictly convex on [0, 1] (cf. Section 4.1);
(IT) y — f(y) is strictly concave on [0, 1] (cf. Section 4.2).

The case of a running cost that is neither convex nor concave on [0, 1] clearly needs a separate
analysis, and it is left as an interesting open problem.

In cases (I) and (II) we construct a solution of the HIB equation (2.7), and we provide a
candidate optimal extraction policy. The optimality of the latter is verified through a verification
argument. We find that even if the optimal policy qualitatively differs among the two cases, in
both cases (I) and (II) the value function is given in terms of that of the parameter-dependent
(as y € (0, 1] enters only as a parameter) optimal stopping problem with regime switching

u(z,i;y) = supE, 4 e 77 (Xr — 0(y)) |- (2.13)
>0

In (2.13) the optimization is taken over all P(, ;)-a.s. finite F-stopping times; moreover, 0(y) is a
given suitable real number whose specific dependence on y will be different among the two cases
(I) and (II).

In the next section we solve (2.13) and we show that its solution is triggered by suitable
regime-dependent stopping boundaries z}(y), y € (0,1]. These boundaries are completely char-
acterized as unique solutions to a system of nonlinear algebraic equations.
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3 The Associated Family of Optimal Selling Problems

In this section we solve the parameter-dependent optimal stopping problem with regime switch-
ing (2.13). This result is of interest on its own since problem (2.13) takes the form of an optimal
selling problem in a Bachelier model with regime switching, and with a transaction cost 6(y)
that parametrically depends on y € (0, 1]. In the rest of this section y € (0, 1] is given and fixed.

Some preliminary properties of u are stated in the next proposition. These will be important
in the following when constructing the solution to (2.13).

Proposition 3.1. Recall (2.13). There exists a constant K(y) > 0 such that for any (z,i) €
R x {1,2}

1. u(z,isy) > x — 60(y);
2. |u(z,i;y)| < K(y)(1+ |z]).

Proof. The first claim immediately follows by taking the admissible 7 = 0. As for the second
property, let 7 be an F-stopping time and notice that by an integration by parts we can write

(X, — 0(y) = (2 — 0(y)) - /0 pe=* (X, — 0(y) ) ds + /0 e o dW,. (3.1

Denoting M; = fg e "o, , dWs, t > 0, and recalling the boundedness of o., M is uniformly
bounded in LQ(Q,]P)(QJ’Z-)), and therefore P, ;-uniformly integrable. Hence, taking expectations
in (3.1), applying the optional stopping theorem (see Theorem 3.2 in [29]), and then taking
absolute values we obtain

[E [ (X = 09)]| < lol +100)] + e [ /0 eI, - e<y>|ds]

?%s (3.2)

< 2(a| + 6(y)]) + / PP E [\ / 0. dW,
0 0
< 2(Je] + 0@))) + (03 v o)} / pvse P ds < K(y)(1 + |z,
0

for some K (y) > 0. Equation (2.2), Tonelli’s Theorem and Hoélder’s inequality imply the second
step above, whereas the third step is guaranteed by Ito’s isometry. The second claim of the
proposition then easily follows from (3.2). O

In line with the standard theory of optimal stopping (see, e.g., [28]) we expect u of (2.13) to
suitably satisfy the variational inequality

max{(g — p)w(z,i;y),z — 0(y) — w(z,; y)} =0, (3.3)

for (z,i) € R x {1,2} and for any given y € (0, 1]. Also, we define the continuation and stopping
regions of (2.13) as

C:= {(x,z) € Rx{1,2} : u(x,i;y) > :E—G(y)}, S = {(33,@) € Rx{1,2} : u(z,i;y) = :C—G(y)},

respectively. Given the structure of optimal stopping problem (2.13) we expect that

c:{@ﬁyx<ﬁ@§u{@gy$<@@&, (3.4)
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for some thresholds, z}(y), ¢ = 1,2, such that z}(y) > 6(y), i = 1,2, and depending parametri-
cally on y € (0, 1].

According to this conjecture three configurations are possible: (A) zi(y) < x3(y), (B)
zi(y) = z3(y), and (C) zi(y) > z5(y). We now solve (3.3) in cases (A) and (B). Case (C)
is completely symmetric to case (A), and it can be treated with similar arguments. We there-
fore omit its discussion in this paper in the interest of length. In a second step, by a verification
argument, we will show that the solution w to (3.3) satisfies w = u. As a byproduct we will also
provide the optimal stopping rule 7*.

3.1 Case (A): zi(y) < x3(y)

We rewrite (3.3) in the form of a free-boundary problem to find (w(z, 1;y), w(z, 2;v), 27 (y), 25(y)),
with w(-,4;y) € CH(R) and wyy (-, i;y) € L (R) for any i = 1,2, solving

loc

([ Jotwen(x,i3y) — pw(z,isy) + Ni(w(z,3 — i;y) —w(z,iy)) =0 for 2 < zj(y) and i = 1,2
303w (2,25 y) — pw(z,2;y) + Aa(w(z, 1;y) — w(z, 29) =0 for 23(y) <z < z3(y)
w(z, 1y) =z —0(y) for 27(y) < = < 23(y)
w(z, Ly) =z —0(y) =w(x,2y) for x > 23(y)
wy(z,1;y) =1 for z = 27 (y)
w(z—,2;y) = w(z+,2;y) for x = z3(y)
wa (2=, 2;y) = we(2+,2;y) for z = 27 (y)
wy(x,2;y) =1 for x = x5(y)

$02wae (2, y) — pw(,isy) + Ni(w(z,3 — i;y) — w(z,i;y)) <0 for ae. 2 € Randi=1,2
w(z,i;y) >z — 0(y), forr e Randi=1,2

(3.5)

where w(- %,4;y) := limp o w(- £ h,4;y) and wy (- £, 43 y) = limp o wa (- £ h, 45 y).

Recalling that o; > 0 and A\; > 0,7 =1,2, let a1 < g < 0 < a3 < ay be the roots of the
fourth-order equation ®1(a)®2(a) — AAs = 0, with ®;(a) := —102a® +p+ N\;, i = 1,2 (see
Lemma B.1 in Appendix B). Then notice that the first equation of (3.5) is actually a system
of two second-order ordinary differential equations (ODEs). Hence, transforming such a system
into a system of four first-order ODEs, one finds that its general solution is given by

{ w(z, 1;y) = Ai(y)e™™ + Aa(y)e™” + Az(y)e™” + Ay(y)e™” 56

w(z,2;y) = B1(y)e™® + Ba(y)e*?* + B3 (y)e®* + By(y)e*”,

for any < zj(y), z](y) to be found, and where Bj(y) := %?J')Aj(y) = %Aj(y), j =
1,2,3,4, with A;(y) to be determined. Since the value function (2.13) diverges at most linearly
(cf. Proposition 3.1) we set A;(y) = 0= As(y), so that also Bi(y) = 0 = Ba(y).

On the other hand, the general solution to the second and the third equations of (3.5) is
given on (27(y), x5(y)) by

U}(IL’, L; y) =T - H(y)

(e, 2:9) = By(u)e®s® + Bo(y)eo5® + g (4242

) | (3.7)
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with a5 = |/ =—=—=*, and for some Bj5(y) an 6(y) to be found.
h 20122) and f B d B be found
2

Finally, for any = > z5(y) we have (cf. the fourth equation of (3.5))

It now remains to find the constants As(y), A4(y), Bs(y), Bs(y) and the two threshold val-
ues x7(y),z3(y). To accomplish that we impose that w(-,1;y) is continuous with continuous
first-order derivative at = x7(y), and that w(-,2;y) is continuous with continuous first-order
derivative at = z}(y) and = = 25(y). Then we find from (3.6)—(3.8) the nonlinear system

Ag()esi) 1+ Ag(y)en i = ai(y) — 6(y)

OégAg(y)eOBII(y) + a4A4(y)€a4I’f(y) -1
B3(y)ea3xf(y) + B4(y)ea4xf(y) — B5(y)ea5x1(y) + Bﬁ(y)e—asw’{(y) T (%)
Ongg(y)easz(y) + 044B4(y)€a4wf(y) — Oz5B5(y)e°‘5wT(y) _ QBBG(y)e—am’{(y) i pj\-2>\2
a5y —asTh x4 (y)—0 «
Bs(y)e®s72(¥) 4 Bg(y)e 73 W) 4+ ), (%) — 2i(y) - 0(y)
\ OZ5BS(y)ea5$§(y) — a5B6(y)e—a5x§(y) + piz)\ - 1.

2

(3.9)

Solving the first two equations of (3.9) with respect to A3(y) and A4(y) we obtain after some
simple algebra

Aaly) = as(x3(y) — 0(y)) — 1}6_04396;(@,)7 Auly) = [1 —az(zi(y) — H(y))}e—am(y)_ (3.10)
Gy — Qg a4 — Qg3

Analogously, the solution to the fifth and the sixth equations of (3.9) is given in terms of the
unknown x3(y) as

p B p -e—asxg(y)(l + « (CC*(Z/) - e(y)))
B5<y) - p+ )\2 I 22[5 2 ]
(3.11)
B o _easzg(y) (a5(ac*(y) — H(y)) - 1)
Bﬁ(y) - ,0+ )\2 I 3055 ] .

Finally, plugging (3.10) and (3.11) into the third and the fourth equations of (3.9), recalling that
Bs(y) = %@Ag(y) and By(y) = %‘1}‘4)/14(3/), we find after some algebra that (z7(y),z5(y))
should satisfy

Fi(zi(y),z3(y);y) =0  and  Fy(z](y),z3(y);y) =0, (3.12)
where we have set

Fi(u,v;y) == erLAz [(v — 6(y)) cosh <a5(v - u)) - a%) sinh (a5(v - u))} +ai(u—0(y)) + az

Fy(u,v;y) == erLAz [cosh (045(11 — u)) — a5(v — 6(y)) sinh (a5(v — u))] + as(u—0(y)) + aq,

(3.13)
with a; := a;(p, \1, A2, 01,02), i = 1,2,3,4, given by
o ag®i(a3) —az®i(ay) A2 _ Pi(az) — i)
ap ‘= — + ) az = )
A1(aq — a3) p+ A2 gl((hl —ag) o \ (3.14)
T T T

(g — ag) (g — ag) p+ X
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Notice that a; <0, as > 0, ag < 0 and a4 > 0 by Lemma B.2 in Appendix B.

Since we expect from (2.13) that z}(y), i = 1,2, are such that z3(y) > z7(y) > 0(y), it is
natural to check if (3.12) admits a solution in (6(y),o0) x (6(y),o0). So far we do not know
about existence, and in case uniqueness, of such a solution. To investigate this fact we define
#(y) = 7(y) — 0(y) and #5(y) = w5(y) — (), so that w3(y) — 0(y) = #}(y) + 25(y), and we
notice that with such definition the explicit dependence with respect to y disappears in (3.12).
We can thus drop the y-dependence in 2] (y), i = 1,2, and set (2], 23) as the solution, if it does
exist, of the equivalent system

G1(u,v) =0 and Ga(u,v) =0, (3.15)
with
Gi(u,v) := (a1 + HL/\Q cosh(asv))u — p+)\2 [— sinh(asv) — v cosh(asv)] + az
(3.16)
Go(u,v) = (a3 — p’fg sinh(asv))u — pfh [vas sinh(asv) — cosh(asv)] + aq,
for u,v > 0.

Proposition 3.2. Let 2o be the unique positive solution to the equation

p

ai + cosh(asv) =0, v >0,

Y (o) -

with ay as in (3.14) and as = 4/ W, Then there exists a unique couple (25, z3) solving (3.15)
2

n (0,00) x (0,22) if and only if 02 < o3. Moreover z} is such that

a2

al + P+>\2

p
p+A2 +as

<z < —
a3

Proof. Step 1. We preliminary notice that the function r(v) := p+)\2 [— sinh(asv)—v cosh(asv)]—
ag, v > 0, is strictly decreasing, and therefore strictly negative for any v > 0 since r(0) = —ag < 0
(cf. Lemma B.2 in Appendix B).

Step 2. We here prove that the equation h(v) = 0 with h(v) := a3 +5 55 cosh(asv), v > 0,
admits a unique solution Z, > 0. For this it suffices to notice that v — h(v ) is strictly increasing
1.2
with lim,e0 h(v) = +00, and that h(0) = a1 + 5 = —2Ta%195% < . The last equality in
the previous formula follows by using (B-4) in Appendlx B.
For any v € [0, 22) we can thus rewrite (3.15) in the equivalent form

u = M;(v), M;i(v) — My(v) =0,

with
M (o) +/\2[ smh(a5v) — v cosh(asv)] — az
v) =
! a + p+)\2 cosh(asv)
(3.17)
My (o) p+)\ [vas sinh(asv) — cosh(asv)] — ay
v) = 7
? az — £ sinh(asv)
where we have also used the fact that ag — p’f)f’Q sinh(asv) # 0 on [0, 00) being a3z < 0 (see again

Lemma B.2 in Appendix B).
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The numerator of M; in (3.17) is strictly negative on v > 0 by Step 1. Using this fact, and

noticing that a; + HLAQ cosh(asv) < 0 on [0, 22), by direct calculations one can observe that
v+ My (v) strictly increases on [0, 22), and it is such that lims, M;(v) = +o0.

Also, one can check by employing (B-3) and (B-5) of Lemma B.2, and the definitions of a3

and ay, that M;(0) — M2(0) = a—lg(pf)Q + a4) — alfipA < 0 if and only if 67 < 02. We now
A2

claim (and prove later) that v — M (v) strictly decreases in [0, 22], so that v — M;(v) — Ma(v)
strictly increases on [0, Z2) and diverges to +o00 as z approaches Z3. Combining all these facts we
conclude that there exists a unique z3 € (0, 22) solving M;(v) — Ma(v) = 0. Hence, 27 = M;(z3)
(or, equivalently, zf = M(z3)), and 27 > 0 because Mj(v) > M;(0) > 0 on [0, 22).

Moreover, since M (+) is strictly increasing, Ms(-) is strictly decreasing on [0, 22), and 25 < Za,
one has M;(0) < 2} < M»(0), i.e.

P
as _p+)\2+a4

0<——2 <
ay + £

<z < (3.18)
p+A2

as

Step 3. To complete the proof we need to show that v — Ms(v) is strictly decreasing in
[0, 25]. By direct calculations one can see that the latter monotonicity property holds if

P
P+ A2

cosh(asv) + agv < 0

on [0, Z2]. But this is true since a3 < 0. O

Because by Proposition 3.2 there exists a unique couple (2}, z5) solving (3.15) in (0, 00) X
(0, 22) if and only if 07 < 03, the latter condition is taken as a standing assumption throughout
the rest of this section.

Corollary 3.3. There ezists a unique couple (x3(y),x5(y)) € (0(y), +00) x (0(y), +00) solving
(3.12). Moreover, it is such that x3(y) > i (y).

Proof. By Proposition 3.2 there exists a unique couple (2], z5) solving (3.15) in (0, 00) x (0, 22).
Since { = ai(y) — 0(y) and 25 — aj(y) — a3(y), one has 2i(y) — =i + O(y) > () and
23(y) = z5 + 21 (y) > =i(y) > 0(y). [

Theorem 3.4 below proves that (w(zx, 1;y), w(x,2;y), 27 (y), z5(y)) solves free-boundary prob-
lem (3.5). Its proof is quite long and technical, and for this reason it is postponed to Appendix
A.

Theorem 3.4. [The Candidate Value Function] Let (x7(y),z5(y)) with x5(y) > z3(y) be
the unique solution to (3.12) in (6(y), +00) x (0(y), +00). Define A3(y) and A4(y) as in (3.10),
Bs(y) == %@Ag(y) and By(y) = %?4)144(3;), and Bs(y) and Bg(y) as in (3.11). Then the

A
functions
A eag:)f +A ea4m, T S x*
w(z,1;y) = { 3) +) 1(‘1’) (3.19)
z—0(y), x = x1(y),
and
By(y)e®* + Ba(y)e™*, x < xi(y)
wle2y) = B(y)e™ 4 Bo(y)e ™ + 0 (552), ai) <w<aily)  (320)
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are such that w(-,i;y) € CH(R) with wayy(-,4;y) € LYS(R) for any i = 1,2, and |w(z,i;y)| <
*

)
ki(y)(1 + |z|) for some ki(y) > 0. Moreover, (w(z,1;y),w(z,2;y),z](y), z5(y)) solves free-
boundary problem (3.5).

We now verify the actual optimality of the candidate value function of Theorem 3.4. The
proof of this result is contained in Appendix A.

Theorem 3.5. [The Verification Theorem] Let C = {(z,1) : z < zi(y)} U {(x,2) : = <
z5(y)}. Then, for w as in Theorem 3.4 and for w as in (2.13), one has that w = u on R x {1, 2}
and

T i=inf{t > 0: (Xy, &) €C}, Poyy — as., (3.21)

s an optimal stopping time.

3.2 Case (B): zj(y) = z5(y)
In this section we study the case in which the two boundaries z(y) and z%(y) coincide and are
equal to some z*(y) to be found.

We rewrite (3.3) in the form of a free-boundary problem to find (w(z, 1;y), w(x,2;y), z*(y)),
with w(-,4;y) € CH(R) and wye (-, i;y) € LS (R) for any i = 1,2, solving
s02wag (x4 y) — pw(z,i5y) + Ni(w(z, 3 — i;y) —w(x,i;y)) =0 for z < 2*(y) and i = 1,2

7

w(z,i;y) =z — 0(y) for z > z*(y)
wy(z,i5y) =1 for z = z*(y)
$02wee (2, 43y) — pw(z, i y) + Ni(w(z,3 — isy) —w(z,4y)) <0 forae. z € Randi=1,2
w(z,i;y) >z —0(y), forreRandi=1,2.
(3.22)
Recall )
®;(a) = —§ai2a2 +p+N, i=1,2 (3.23)

and that a1 < ags < 0 < ag < ay denote the solutions to the fourth-order equation ®1(a)Po () —
AA2 = 0 (cf. Lemma B.1 in Appendix B). Then the general solution to the system of two
second-order ODEs appearing in the first equation of (3.22) is given for any = < z*(y) by

{ w(z, 1;y) = A1 (y)e™® + Ax(y)e®?® + As(y)e™® + Ay(y)es® (3.24)
w(x,2;y) = Bi(y)e®™® + Ba(y)e®” + Bs(y)e®® + Ba(y)e®s?,
with o ( ) \
Bi(y) = -2 Ay = 227 i =1.2.3 4. 2
J(y) )\1 j(y) @2(aj) J(y)v ] 9 533 (3 5)

Notice that from the expressions of a3 and a4 (see the proof of Lemma B.1 in Appendix B) one
has ®1(az) > 0 and ®1(a4) < 0. Since for z — —oo the value function diverges at most with
linear growth (cf. Proposition 3.1) we set A;(y) = A2(y) =0 = B1(y) = Ba(y).

For = € [x*(y), +0o0) we have from (3.22)

w(z, l;y) =2 —0(y) = w(z,2;y). (3.26)
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It now only remains to find As(y), A4(y) and z*(y), since Bs(y) and By(y) are given in terms
of As(y) and A4(y) through (3.25). To do so, we impose that w(-,4;y), i = 1,2, is continuous
across z*(y) together with its first derivative, and we obtain

(

Ag(y)enss W 4 Ay(y)eos® = a7(y) ~ (y)

a3‘z£3(y)eagz*(y) + Oé4g4<y)ea4w*(y) =1
(3.27)
Bs(y)es™ W) 4 By(y)e™s* W) = 2*(y) — 0(y)

a3 Bs(y)e®™ ¥) 4 oy By(y)es=™ @) = 1.

\

Solving the first two equations of (3.27) for As(y) and A4(y), one has

g?,(iy) _ [044(56*(((3)/21 _Ga(f))) - 1]670131*(?;!) 24(y) — |:1 — a?éi*(yig_) Q(y)) efa4ac*(y)‘ (328)

On the other hand, recalling (3.25) and plugging As(y) and A4(y) from (3.28) into the third
equation of (3.27), some simple algebra leads to

v (y) = %a%(ag + ay)

= + 0(y), 3.29
p+ %U%agoq (y) ( )

where (3.23) has also been used. Similarly, inserting As(y) and A4(y) of (3.28) into the fourth
equation of (3.27) and using (3.23) one obtains

1.20.2, 2
501(ag + aj + azay) —p

x*(y) = +0(y). (3.30)

%O’%OA;}O&;(O@, + ay)
Equations (3.29) and (3.30) then imply that system (3.27) admits a solution (which is then
unique) if and only if

20103 +aa) _ 50703 +af +agaa) —p

p+ Loazay sotasay(as +ay)
Using that (agas)? = 4[(p+A1)(p+A2) — M) /0?02 and a3 +a? = 203 (p+X2) +203(p+ A1) /o303
by Vieta’s formulas, one can show that (3.31) is equivalent to o3 = 03 =: 2. In such case, it
is not hard to check by direct calculations that a3 = 2p/c? and af = 2(p + A1 + A2)/0?. With
regard to (3.25) this in turn gives

(3.31)

Bs(y) = As(y)  and  Bu(y) = —Au(y). (3.32)

The proof of the next result follows by using the identities a3 = 2p/0? and aF = 2(p+A1+A2) /0>
in (3.29).
Corollary 3.6. One has
o
' (y) = —7= +0(y) > 0(y) (3.33)
V2p

Although the boundary z* of (3.33) coincides with that one would obtain in a model without
regime switching (see Section 5 for details), the next result - whose proof is contained in Appendix
A - shows that the (candidate) optimal value function is regime-dependent, and differs from that
one finds in a no-regime-switching case.
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Theorem 3.7. [The Candidate Value Function] Assume o1 = 03. Let x*(y) € (6(y), +00)
be given by (3.33), define As(y) and A4(y) as in (3.28) and recall (3.32). Then the functions

As(y)e®s® + A evar, r<zx*
(z,1,y) == { () ) == (3.34)
z—0(y), x> " (y),
and
2{ asr QAV oe4ac’ < ¥
(z,2;y) = { a(y)e nAalye TS W) (3.35)
z—0(y), x>z (y),
are such that w(-,i;y) € CYR) with wez(-,i;y) € LS(R) for any i = 1,2, and |w(z,i;y)| <

ki(y)(1 + |z]) for some k;i(y) > 0. Moreover, (w(x,1;y),w(x,2;y),x*(y)) solves free-boundary
problem (3.22).

By arguing as in the proof of Theorem 3.5, one can also prove the following theorem.

Theorem 3.8. [The Verification Theorem] Let C = {(z,i) € Rx{1,2} : x < 2*(y)}. Under
the same conditions of Theorem 3.7 and with w as in (2.13) one has that w = u on R x {1,2}
and

T i=inf{t > 0: (Xy, &) €C}, Poyy — as., (3.36)

s an optimal stopping time.

4 The Optimal Extraction Policy

In this section we provide the solution to the finite-fuel singular stochastic control problem
(2.6) in terms of the solution to the optimal stopping problem with regime switching (2.13). In
particular, we consider separately the two cases (I) y — f(y) strictly convex on [0,1], and (II)
y — f(y) strictly concave on [0, 1] (cf. Assumption 2.1). It turns out that the optimal extraction
rule is qualitatively different among these two cases.

4.1 Case (I): y — f(y) strictly convex on [0, 1]

Assume that y — f(y) fulfills condition (I) of Assumption 2.1. For any y € [0,1], let 6(y) in
(2.13) be such that /
oy) = - 1Y,
p

and notice that with such a choice of 6 all the results of Section 3 remains valid for y € [0, 1].

By Corollary 3.3 we know that z}(y) = 2] + 0(y) and z3(y) = 25 + 27 (y) (see also Corollary
3.6 in the case z3(y) = x3(y) = 2*(y)). Because y — f(y) is continuously differentiable and
strictly convex on [0,1], it follows that for any ¢ = 1,2, y +— z}(y) is continuous and strictly
decreasing on [0, 1], and it has an inverse with respect to y. For i = 1,2, we then define

1, z < zf(1)
bi(x) =1 (2f) " H(x), =€ (a7(1),27(0)) (4.1)
0, x> x7(0),

and we observe that b : R — [0,1] is continuous and decreasing. Notice that also the case in
which z3(y) = x3(y) (1.e. case (B) of Section 3) can be accommodated into (4.1). Indeed, in
such case we simply have b] = 03.
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We now aim at providing a candidate value function for problem (2.6). To this end, for u as
in Theorems 3.5 or 3.8, we introduce the function

F(x,y,i) := /Oy u(zx,i;z)dz — M (4.2)

p
Proposition 4.1. The function F of (4.2) is such that F(-,-,i) € C**(Rx[0,1]) for anyi = 1,2
and the following bounds hold

[P (@, y,9)| + |Fy(z,y,9)| < CA+z]),  |[Folz,y,9)| + |Foola,y,9)] < 5, (4.3)
for (z,y,1) € O and some positive constants C' and k (possibly depending on i).

Proof. 1t is easy to verify from (3.19) and (3.20), and from (3.34) and (3.35) (upon recalling
also Theorems 3.5 and 3.8) that w is of the form u(x,i;y) = (i(y)Gi(x) + n:(y)Hi(z) for some
continuous functions (;, 7;, G; and H;. It thus follows that (x,y) — F(x,y,i) and (z,y) —
Fy(x,y,1) are continuous on R x [0,1]. Also, from (3.19) and (3.20), and from (3.34) and (3.35),
one can see that for any z in a bounded set K C R and for any i = 1,2 the derivatives |u,|
and |ug,| are at least bounded by a function Fi(y) € L'(0,1). It follows that to determine F}
and F, one can invoke the dominate convergence theorem and evaluate derivatives inside the
integral in (4.2) so to obtain

b7 (z)Ay b3 (2) Ay y
F.(x,y,1) :/ uz(x,i;z)dz—i—/ ux(:r,i;z)dz+/ ug(x, 15 2)dz (4.4)
0 by (z)Ay b3 (x)Ay
and
by (z)Ay b3 (z) Ay
Fro(x,y,1) :/ uxx(:n,i;z)dz+/ Ugg(x,1; 2)dz, (4.5)
0 by (z)A\y

where the second integrals on the right hand side of (4.4) and (4.5) equal zero in case b] = b3.
Therefore F(-,-,i) € C*'*(Rx[0,1]) for i = 1,2 by (3.19) and (3.20), (3.34) and (3.35), Theorems
3.5 and 3.8, and continuity of b} (-) (cf. (4.1)). Finally, bounds (4.3) follow from (3.19) and (3.20),
(3.34) and (3.35), (4.2), (4.4) and (4.5). O

The next result shows that F' solves the HJB equation (2.7).

Proposition 4.2. For all (z,y,i) € R x (0,1] x {1,2}, F is a classical solution of (2.7).
Moreover, it satisfies the boundary condition F(x,0,i) =0 for (x,i) € R x {1,2}.

Proof. First of all we observe that for any (z,y,i) € O one has by (4.2) that

/
Fy(z,y,1) = u(x,i;y) — /) >x—c, (4.6)
p
where the last inequality follows from the fact that w(z,i;y) > 2 —0(y) = . —c+ ! ’l()y). In

particular, for any i = 1,2 one has equality in (4.6) on {(z,y) € R x [0,1] : z > z}(y)}.
For any fixed i = 1,2, take y € [0,1] and = € R such that Fy(z,y,i) >z — ¢, i.e. y < bf(z),
and notice that, thanks to Proposition 4.1, one can write

G- P = [ "G~ pyule. 1)z + Flu) = F(o).
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and

YAb] (2) YA} ()
(G —p)F(z,y,2) = /0 (G — p)u(z,2;2)dz + / (G = p)ulz,2;2)dz + f(y) = f(y)-

Abi (2)

The last equalities in the two equations above follow from the fact that w solves free-boundary
problem (3.5) (cf. Theorems 3.4 and 3.5; see also Theorems 3.7 and 3.8 in the case zj(y) =

23(y) = 2" (y))-
On the other hand, for arbitrary (z,y,7) € O we notice that (cf. (4.1))

b (x)Ay b3 (x) Ay
G-pF@i= [ @ pulmisdz+ [ (G pulr.iiz)ds
0 b

T(x)Ay

+ /y (G — plu(z,i;2)dz + f(y) < f(y),
b

5 (@) Ay

since, again, u solves free-boundary problem (3.5). Hence F solves (2.7). Moreover, recalling that
f(0) =0, it is straightforward to see from (4.2) that F'(z,0,7) = 0 for any (z,7) € Rx{1,2}. O

Satisfying (2.7) and the boundary condition F'(z,0,7) = 0 for (z,i) € R x {1,2}, F is clearly
a candidate value function for problem (2.6). We now introduce a candidate optimal control
process. Let (z,y,1) € O, recall b} of (4.1) and consider the process

v = |y— inf b: (Xs)r_, t>0, vy=0, (4.7)

0<s<t
where [-]T denotes the positive part.
Proposition 4.3. The process v* of (4.7) is an admissible control.

Proof. Recall (2.4). For any given and fixed w € Q, ¢t — 1/ (w) is clearly nondecreasing and
such that Y}  (w) > 0, for any ¢ > 0, since b}(z) € [0,1] for any x € R. Moreover, since (X, ¢)
is right-continuous with left-limits (cf. Lemma 3.6 in [36]) and (z,7) — bf(x) is continuous,
t — v (w) is left-continuous. Finally, F-progressive measurability of (X, ) and measurability of
b* imply that v* is F-progressively measurable by [12], Theorem IV.33, whence F-adapted. [

Process v* is the minimal effort needed to have Y < b7, (X;) at any time ¢. In particular
it is a standard result (see, e.g., Proposition 2.7 in [10] and references therein for a proof in a
similar setting) that v* of (4.7) solves the Skorokhod reflection problem

LY < b, (X)), Py i)-almost surely, for each ¢ > 0;
T

2. / ]l{Yt*<b?£t (x)y@vi = 0 Py ;y-almost surely, for all T' > 0,
0

where Y* := Y*". An illustration of the (candidate) optimal policy v* is provided in Figure 1.

Theorem 4.4. [The Verification Theorem] The control v* of (4.7) is optimal for problem
(2.6), and F of (4.2) is such that F =V .

Proof. Since F' is a classical solution to the HJB equation due to Proposition 4.2, one has F* >V
on O by Theorem 2.5. We now show that one actually has ' =V on O, and that v* of (4.7) is
optimal for problem (2.6).
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08l hl(x):log(l.Sl—x
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Figure 1: Adopting the terminology of [20], the boundaries b, i = 1,2, split the state space into the

inaction region (y < bi(x)), transient region (bj(z) < y < b5(x)) and action region (y > b3(x)). When
the initial state is (x,y,7) € O with y < bf(x) one observes a Skorokhod reflection of (X,Y™*, &) at b in
the vertical direction up to when all the fuel is spent. If the system is reflected at the upper boundary,
at a time of regime switch v* prescribes an immediate jump of Y* from the upper to the lower boundary
(whenever they are different). This plot was obtained solving with Matlab the nonlinear system (3.15)
when f(y) = (e — 1) and with o1 = 0.38, 02 = 1.9, A\; = 1.7, A, = 0.44, p = 1/3 and ¢ = 0.5.

If y = 0 then F(z,0,i) = 0 = V(z,0,4). Take then y € (0,1], set Y* := Y with v* as
n (4.3) and define ¥ :=inf {t > 0 : vf =y} and 75 := inf{t > 0: X7 ¢ (=R, R)}, for some
R > 0. Given the regularity of F', we can repeat the arguments at the beginning of the proof of
Theorem 2.5, and apply It6’s formula so to obtain

TRAY
F(x’y’i) :E(f&y»i) [e_p(TRAﬁ)F(XTR/\% Y‘;/\Q%ETR/W) - / e_ps(g - p)F(Xs,Y;*,Es)dS
0

TR/\'ﬁ
+ E(z,.i) [ / e P F, (X, Ys*,es)du;w"t] (4.8)
0

— By | Y, e (F(Xa Y e) — F(X, Y7 20)) |

0<s<TrAY

where %" denotes the continuous part of v*.

Recall now (2.9), that (G — p)F(z,y,i) = —f(y) for y < bf(x) and Fy(z,y,i) =  — ¢
for y > bf(x), and the fact that v* solves the Skorokhod reflection problem, and therefore
{t: dvf(w) >0} C{t: V" (w)> b w) (Xt(w))} for any w € Q. Then by using all these facts we
obtain from (4.8)

TRAY
F(‘Ta Y, Z) :E(z,y,i) |:ep (TRAﬂ)F(XTR/\l% Y:R/\ﬁv 57}3/\19) - / eipsf(}/s*)ds (49)
0
TRAY
+/ e (X5 —c)dvy|.
0

As R — oo, TR — 00, and clearly 7 A9 — ¥, P, ;y-a.s. Moreover, we can use the sublin-
ear growth property of F' (cf. (4.3)) and Lemma B.3 in Appendix B to apply the dominated
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convergence theorem and have
}1%1%?0 E(zy.) [e‘p(TRM)F(XTRAmYT’;M’&TRM)} =E@y.) [e_pﬁF(XﬁaYék,w)] = 0.

Finally, we also notice that since dv} =0 and f(Y;) =0 for s > ¢ the integrals in (4.9) may be
extended beyond ¥ up to 400 to get

F(x,y,i) =E(gy.) [/ e P (Xs — o)dvg —/ e_psf(Ys*)dS} = Jayi(V7). (4.10)
0 0
Then F =V and v* is optimal. O

4.2 Case (II): y — f(y) strictly concave on |0, 1]

Assume now that y — f(y) satisfies condition (II) in Assumption 2.1, and for y € (0,1] take
O(y) in (2.13) such that

L f(y
O(y) :=c—— ( )
Py
By Corollary 3.3 we know that z}(y) = 2] + 0(y) and z3(y) = 25 + 7 (y) (see also Corollary
3.6 in the case zi(y) = z3(y) = z*(y) = ﬁ + 6(y)). Because y — f(y) is continuously

differentiable on (0, 1], and strictly concave on [0, 1], it follows that for any i = 1,2 y — x}(y)

is strictly increasing and continuously differentiable on (0,1]. Moreover, by de 'Hopital rule,

limy o ] (y) = —oo, where we have used the fact that lim, o f'(y) = +o0 (cf. Assumption 2.1).
Recall now u of (2.13), and for any (x,y,i) € O define the function

W,y ) = yu(e,i;y) — ;f@). (4.11)

The next result shows that W identifies with a suitable solution to the HIB equation (2.7).

Proposition 4.5. One has that W (z,0,i) = 0 for all (z,i) € R x {1,2}, and that there exists
K > 0 such that |W(z,y,i)| < K(1+|z|) on O. Moreover, W(-,-,i) € CO(R x [0,1]) N CH1(R x
(0,1]) with Wae(+,-,1) € LS. (R % (0,1]), and it satisfies the HIB equation (2.7) in the a.e. sense.

loc

Proof. We provide a proof only for W(z,y, 1) in the case z3(y) < 25(y), since similar arguments
can be employed to deal with all the other cases.

Step 1. By Proposition 3.1 (see in particular the last line in (3.2)) we can write
1 3
W,y DI < ylu(@, L)l +2f(y) < y[200()|+r(1+ 2] < y[2e+r(1+]z])] +o /), (412)

for some k > 0. Taking limit as y | 0, and recalling that f(0) = 0, we obtain W (x,0,7) = 0 for
all (z,7) € R x {1,2}. Also, from (4.12) we see that the monotonicity of f(-) and the fact that
y < 1 imply that there exists K > 0 such that |W(z,y,7)] < K(1+ |z|) on O.

Step 2. As for the claimed regularity of W(-,-, 1), from (3.34) and Theorem 3.5 it follows
that Wy(-,-,1) is uniformly continuous on open sets of the form (—R, R) x (4,1) for 6 > 0 and
arbitrary R > 0. Hence W (-, -, 1) has a continuous extension to R x (0, 1] that we denote again
by Wx(-,-,1). Moreover, Wy, (+,-, i) € LY (R x (0, 1]).

loc
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We now prove that y + W (xz,y,1) belongs to C*(R x (0,1]). A direct differentiation of
(4.11), and the use of (3.34) yield for any y € [d, 1], > 0 arbitrary,

W, (2,9,1) = u(e, L y) + yuy (2, L y) — j}f’(y)

As(y)e®s*[1 — asyt’ (y)] + Aa(y)e®*[1 — aayt' (y)] — , f'(y) for z < 27(y)
- . (4.13)
x—c for = > z3(y).

By using (3.10) and exploiting the continuity of 7(-), it can be checked that y — W (z,y,1)
is continuous on [4,1] for any € R. Also, one has that x — W (z,y,1) is continuous on R
uniformly with respect to y € [d, 1]. In particular, by using once more the expressions for As(y)
and A4(y) (cf. (3.10)), one has lim¢ g Wy (27 (y) — ¢, y,1) = 27 (y) + ¢, uniformly with respect to
y € [6,1]. Hence Wy(-,-,1) is continuous on R x (0, 1].

Step 3. We here show that Wy(z,y,1) > x —c for any (z,y) € R x (0,1]. Since this is clearly
true on = > x7(y) (cf. (4.13)), we consider only = < zj(y). We show that W,(z,y,1) < 1
on {(z,y) € Rx (0,1] : « < z7(y)}, as this fact together with W (z}(y)—,v,1) = zj(y) — ¢
implies that Wy, (z,y,1) > = — c on that set. By differentiating W, (x,y, 1) with respect to = on
{(z,y) e R x (0,1] : z < x7(y)} one finds that

Wym(xay7 1) —-1= Uz(-% 1;9) -1+ yuym(xa 1§y>'

Theorem 3.5 together with Step 2 of the proof of Theorem 3.4 imply that u,(z,1;y) —1 < 0
for any z < z3(y), y € (0,1]. Moreover, recalling that xj(y) = 27 + 0(y) (cf. Corollary 3.3),
from (3.34) it follows that yuye(z,1;y) = —yb'(y)uze(x, 1;y) for any = < z(y) and y € (0, 1].
However, by Theorem 3.5 and Step 2 of the proof of Theorem 3.4 we have ugz,(z,1;y) > 0 for
x < x7(y), whereas

() = ;1) [f’(y)yy— f(y)

by the assumed strict concavity of f. Hence Wy,(z,y,1) =1 <0 on {(z,y) € R x (0,1} : z <
z7(y)}, and therefore Wy (z,y,1) > = — ¢ on that set.

| <o

Step 4. By Theorems 3.4 and 3.5 one has that (u(z, 1;y), u(x,2;y), 25 (y), v5(y)) solves free-
boundary problem (3.5), and in particular (G — p)u(x,1;y) < 0 for a.e. z € R and all y € (0, 1],
and with equality for < zj(y). It thus follows from (4.11) that (G — p)W(x,1;y) < f(y) for
a.e. z € R and for any y € (0, 1], with equality for z < z3(y).

Combining the results of the previous steps, the proof is completed.

0
Recall that the stopping time
™ =inf{t>0: X7 >a} (y)}, (4.14)
is optimal for (2.13), and for any y € (0, 1] define the admissible extraction rule
v = { 2 i i : (4.15)

Theorem 4.6. The admissible control v* of (4.15) is optimal for problem (2.6) and W = V.
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Proof. Since W solves the HJB equation in the a.e. sense due to Proposition 4.2, one has W >V
on O by Theorem 2.5. We now show that one actually has W =V on O, and that v* of (4.15)
is optimal for problem (2.6).

Taking Y;* := Yty’l’* =y — v}, y € (0,1], with v* as in (4.15), and applying It6’s formula in
the weak version of [16], Chapter 8, Section VIII.4, Theorem 4.1 (by employing the rationale at
the beginning of the proof of Theorem 2.5, and possibly using localization arguments) we find

W(:L'a Y, Z) :E(ax,y,i) |:€_pT*W(XT* ) Y;—** ) 57‘*) - / e_psf(}/s*)ds]
0

*

+ Ey.) [ /0 e’ SWy(Xs,SQ*,es)dvs*’“’”t] (4.16)

= E@y.i) [ Z e P? (W(XS,YL;,as) - W(Xs, YS*,£S)>],

0<s<t*

where 1" denotes the continuous part of v*. The fact that (G — p)W (X, Y, e5) = f(Y)
for any s < 7* has been used in (4.16) above.

Since (XZ,Y},e5) = (X7,y,e5) for s < 7%, then the third and fourth term on the right-hand
side of (4.16) equal zero. On the other hand, for the first term we have from (4.15) and the
optimality of 7* for problem (2.13) that

E¢

T W (X, Y 200) | = By €777 W (X 00|

x,Y,1) z,9,1)

B[ (10X p200) = 2 10))] = B [ (5 = 000) = 1)

:E({L‘,y,i) |:€7pT* (XT* — C)yi| = }E(‘Ly’i) |:/0 eipS(Xs - C)dV::| . (417)

Also, for the second term on the right-hand side of (4.16) we have

*

E(Jz,y,i) |:/0 e_psf<Y:9*)dS:| = E(x,y,i) |:/0 e_psf(yvs*)ds] , (418)

since f(Yy) = f(0) for any s > 7*, and f(0) = 0 by assumption. Now, (4.16), (4.17) and (4.18)
give W(x,y,1) = Tpyi(v*) < V(z,y,i). Hence, W =V and v* is optimal. O

Remark 4.7. Notice that because limy o x}(y) = —o0, i = 1,2 (see the discussion at the be-
ginning of this section), the instantaneous short-term payoff x}(y) — c is strictly negative for y
sufficiently small and for ¢ = 1,2. This is particular implies that for y small enough such that
zi(y) —c < 0, one has V(z,y,i) = yE() [x;* (y) —c| <0 for all z > z*(y) and i = 1,2.

However, V(z,0,i) = 0.

5 A Comparison to the No-Regime-Switching Case

It is quite immediate to solve our optimal extraction problem when there is no regime switching.
In particular, in this case it can be checked that for any (0, 1] the optimal extraction boundary
is

e
LIW) f satisfies (II) of Assumption 2.1,

g

T 5 g
c—

\/2p+ Py

L#(y) if f satisfies (I) of Assumption 2.1,
V2p Y

z#(y) et oly) = (5.1)
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with limy o 2% (y) = ﬁ +c— %f’(()) and limy|o 27 (y) = —oo in cases (I) and (II), respectively.
Consequently, if f satisfies (I) of Assumption 2.1, and in particular it is strictly convex on [0, 1],

the optimal extraction rule reads as

#o_ [ e # ]* # _
vl =y ogitb (XS) , t>0, vi =0, (5.2)
where b7 (-) denotes the inverse of 27 (-). On the other hand, if f satisfies (II) of Assumption 2.1,
and therefore it is strictly concave on [0,1], it is optimal to extract according to the following
policy

# 0, t< T#,
I/t = { v, t> T#’ (53)

with 7% :=inf {t > 0 : X7 > 2% (y)}.

A first observation that is worth making is that ## = 2*, with z* as in (3.33). To understand
this, recall that in Section 3.2 we have obtained that the two regime-dependent boundaries z,
i = 1,2, coincide and are given by (3.33) if and only if 01 = 09. In such case the price process
does not jump and it therefore behaves as if we had not regime switching. It is then reasonable
to obtain for such setting the same optimal selling price that we would obtain in absence of
regime shifts, even if the associated optimal value is still regime-dependent.

Although qualitatively similar to (5.2), the optimal extraction rule (4.7) shows an important
feature which is not present in the single regime case. Indeed, v* of (4.7) jumps at the moments
of regime shifts from state 2 to state 1, thus implying a lump-sum extraction at those instants.
This fact is not observed in (5.2) where a jump can happen only at initial time. We also refer
to the detailed discussion in [20].

It is also interesting to see how the presence of regime shifts is reflected into the optimal
extraction boundaries. We study this in case (I) (i.e. for a strictly convex running cost function),
and our findings are illustrated in Figure 2. There we take the strictly convex running cost

09l b, (x)=log(1.81-x) ||

b,(x)=l0g(2.72-x)

08 - = — B/(9=10g(0.965-x]]

07k = = = bj(x)=log(2.83-¥) ||

0.6

051

04r

0.3r

0.2

01r

Figure 2: The dashed curve bf&(x)7 ¢t = 1,2, is the optimal extraction boundary (5.1) of the single
regime case when the volatility is ;. The solid curves are the optimal extraction boundaries (b3, b%)
when there is regime switching in the spot price process. To generate this plot with Matlab we have
taken f(y) = (€Y — 1) and with o1 = 0.38, 02 = 1.9, A\; = 1.7, A, = 0.44, p = 1/3 and ¢ = 0.5.

1

f(y) = 5(e¥—1), and we plot the optimal boundaries in the case of regime switching, b7, i = 1,2
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(solid curves), and in the case of a single regime, b? with volatility o; (dashed curves), i = 1, 2.
Taking 01 < 02 we observe, that under macroeconomic cycles, the value at which the reserve
level should be kept is higher than the one at which it would be kept if the volatility were always
o1. On the other hand, the value at which the reserve level should be maintained when business
cycles are present, is lower than the one at which it would be kept if the volatility were always
o2. To some extent, this fact can be thought of as an average effect of the regime switching. For
example, if the market volatility assumes at any time the highest value possible (i.e. it is always
equal to o3), then the company would be more reluctant to extract and sell the commodity in
the spot market relative to the case in which the volatility could jump to the lower value 1. A
symmetric argument applies to explain bfﬁ <b,i=1,2.

Acknowledgments. We thank two anonymous Referees and an anonymous Associate Edi-
tor for their pertinent comments which helped a lot to improve a previous version of this paper.
The first named author thanks Maria B. Chiarolla for having introduced him to the literature
on optimal extraction problems under regime switching.

A  Some Proofs from Section 3

Proof of Theorem 3.4

Step 1. The fact that w(-,4;y) € C*(R) for i = 1,2 follows by construction. It is also easy to
verify from (3.19) and (3.20) that w(-,4;y), i = 1,2, grows at most linearly and that wg(-,%;y)
are bounded on any compact subset of R.

We now show that (w(z,1;y),w(z,2;y),z;(y),z5(y)) solves free-boundary problem (3.5).
Since by construction (w(zx, 1;y), w(x,2;y), 2 (y), z5(y)) solves the first eight conditions of (3.5),
then it suffices to prove that also the last two of (3.5) are fulfilled. This part of the proof is
organized in the next steps.

Step 2. Here we show that w(z,1;y) > = — 0(y) for any = € R. This is clearly true with
equality by (3.19) for any = > x7(y). To prove the claim when z < x7(y) we show that w(-,1;y)
is convex therein. Indeed such property, together with the fact that ws(zi(y),1;y) — 1 = 0,
implies that wy(z,1;y) — 1 < 0 for any = < zi(y) and therefore that w(zx, 1;y) > x — 6(y) for
x < 2 (y) since also w(zi(y), 1;y) — («1(y) — 0(y)) = 0.

To complete, we need to show that w(-,1;y) is convex on = < z7(y). To this end note that
for any = < 27(y) we have from (3.19)

waa (2, 1 y) (aa —a3) = af(au (@i (y) —0(y)) = 1)e®* 710Dt af(1—as (2} (y) —0(y)))e 10,
(A-1)

Moreover, some algebra gives

aj(aa(zi(y) —0(y)) — 1) +ai(1 - as(zi(y) — 0(y))) = (au — as)|as + as — azaa(zi(y) - 0(y))|.

(A-2)
Also (by simple but tedious algebra) one has that
1/ p 11
= ta ) - —<—. A-3
( p+ Ao 4 as 0y ( )

Then recalling that zj(y) — 6(y) = 2], using the upper bound for 27 in (3.18) (cf. proof of
Proposition 3.2) and (A-3) into (A-2) we get (s — a3)[ou + az — azaa(xi(y) — 6(y))] > 0,
whence

o (s (7 (y) ~ 0(y)) ~ 1)+ a3 (1- (a1 (y) - 0(y))) = (a1 —as) [ -+as —azau(w}(y) ~6(»))| = 0.
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Therefore
ai(1— az(zi(y) — 0(y))) > —a3(aa(ei(y) — 0(y)) — 1),

which substituted into (A-1) yields
W (2, ;) (01 = 03) = 0 (@ (wi(y) - 0(y)) = 1) [e@EHW) — embmi@)] >0, (A-4)

where (3.18), (A-3), and the fact that az < a4 but x < zj(y) have been employed for the last
estimate.

Step 3. In this step we prove that w(z}(y),2;y) > z7(y) — 0(y) and wg(z3(y),2;y) < 1.
These estimates will be needed to show that w(z,2;y) > = — 6(y) for any =z € R. From (3.20)
and using that Bs(y) = 4% As(y), Ba(y) = ‘D1<a4>A4( ), with As(y) and A4(y) as in (3.10),
one easily finds

1 (as)ou(zi(y) —0(y) — 1] | Palea)[1 — as(@i(y) — 6(y))]

)\1(044 — a3) A1 (a4 - 043)

w(@1(y), 2;y) =

and

az®i(as)[oa(zi(y) — 0(y)) — 1 n aq®i(ag)[1 — az(zi(y) — 0(y))]
Ao —as) Ao — az) .

we(71(y), 23y) =

Recalling that ®;(z) = —%0-222 +p+ X, i =1,2, a simple calculation yields

(2

—307(as + ay) + (2} (y) — 0(y)) (507 s+ p+ A1)

w(z1(y), 2y) = 3 (A-5)
1
i D) - as®(as) 2 (@1 (y) — 0(u) (0 + )
N ay®(ay) — as3P(asg agosoi(zi(y) — 0(y))(aa + a3
we(21(y), 25y) = + . A-6
(@1(),2;9) Moa—o3) 3N (A-6)
It is now matter of algebraic manipulations to show that
o?(az + ay) B as (A7)
0%043@4 + 2,0 a1 + p+)\2
and
p+>\2 + ay _ 2)\1 [1 a3<I>1(a3) — a4¢1(a4)} . (A—8)
as 0430440'%(044 + 043) )\1(044 — ag)

Then by (3.18), (A-7) and (A-8) we obtain

2
THOL) ) o) < ——
ooy +2p azayoi(oy + as)

21 [1 as®(ag) — a4¢(a4)]
+ ;
Ao — as)
which, used into (A-5) and (A-6) yield w(z](y),2;y) > zi(y) — 0(y) and ws(x}(y),2;y) < 1,

respectively.

Step 4. We now show that w(zx,2;y) > = — 6(y) for x < x5(y) and therefore for any z € R
due to the fourth of (3.5). On z € (—o0,x7(y)) U (z7(y), z5(y)) one has from (3.5)

1
§o§wm(a}, 2;y) + A(w(z, 1;y) —w(z,2;y)) — pw(z,2;y) = 0. (A-9)
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Setting @, 1; ) = w(z, i) — (1—0(y)), i = 1,2, it follows that on (o0, 23 (3)) U (1 (1), 73(»))

S8 Ban,2:0) + M0, 119) — B, 2y)) — pB(w,259) = pla — O(y). (A-10)

We now consider separately the two cases z € (—o0,zi(y)) and = € (x](y),z5(y)). For z €
(—o0, 27 (y)) we can differentiate (A-10) once more with respect to = so to obtain

1 5. N - N
§a§wm(m, 2;y) + A (We(w, 15 y) — W, 25 y)) — pWa(w,2;y) = p.

Setting 71 := inf{t > 0: (X,¢) ¢ D1} P, )-a.s., where Dy := {(v,i) € R x {1,2} : = < z7(y)},
an application of Itd’s formula (possibly with a standard localization argument) leads to

T1
ﬂ}x(fa 2; y) = IE(m,z) |:e—p’r1 wI(XTl yE115 y) - / e—pspd5:| < E(a:,z) [e_pﬁﬁ)\x(Xn €115 y)}
0
= IE(ac,z) |:6_p7—1 Wy (Xn €115 y)]l{slel}:| + ]E(a:,z) |:e—p7'1 Wy (XTI y €115 y)]l{aTl :2}] (A‘ll)

for any x < x7(y). Since wz(x](y),;y) = we(25(y),4;y) —1 <0, i = 1,2, by the fifth of (3.5)
and by Step 3., and because 71 < +o00 P(, ;-a.s. due to recurrence property of (X,e) (see (i)
of Theorem 4.4 of [36] with & > 0, o € (0,1), ¢ = ¢ therein), we conclude from (A-11) that
Wy (x,2;y) <0 for any = < z3(y). In turn this implies w(x,2;y) > = — 0(y) for any = < zi(y)
since w(zi(y),2;y) > 2} (y) — 0(y) again by the results of Step 3.

Take now z € (27(y),z3(y)) and define 712 := inf{t > 0: (X,e) & D12} P, )-a.s., where
D12 = {(z,i) € Rx{1,2} : 27(y) < < 25(y)}. Employing the same rationale of the arguments
above, using that w,(x3(y),2;y) = 0 and wx(z](y),2;y) < 0 (cf. end of Step 3), and that
We(23(y), 1;y) = 0 = wy (27 (y), 1;y), we obtain w,(z,2;y) < 0 for any z € (z7(y),25(y)). Hence
w(z,2;y) > 0 for any x € (x](y), x5(y)) since w(z5(y),2;y) = 0. Therefore w(z,2;y) > = —6(y)
for any = < z3(y), by combining the previous results and the fact that w(zi(y),2;y) > zi(y) —
6(y) proved in Step 3.

Steps 2, 8 and 4 above show that w(x,7;y) > x — 0(y) for z € R and 7 = 1,2. We now turn
to prove that one also has 02w, (,4;y) — pw(z, i;y) + Ai(w(z, 3 —iy) —w(z, 4 y)) < 0 for a.e.
reRandi=1,2.

Step 5. We start showing that
LoFwan(w,25) — pula, 2 y) + Aa(w(z, 15y) — w(z, 2 y)) <0 (A-12)

for a.e. € R. This is true with equality for any = < z3(y) by construction. For = > z3(y) we
have w(z,1;y) = ¢ — 0(y) = w(x,2;y). On that interval (A-12) thus reads —p(x — 0(y)) < 0,
which is fulfilled since p > 0 and 23(y) > 0(y) by Corollary 3.3.

We now check that one also has

30T Wao (7, 15y) — pw(@, 1y) + M (w(z, 2;y) — w(z,1;y)) <0 (A-13)
for a.e. x € R. Again, it suffices to show that the previous is true for x > z7(y), as it is verified
with equality by construction on (—oo, z3(y)).

If x > z3(y) then w(x,2;y) =  — 6(y) = w(x,1;y) and (A-13) holds since p > 0 and
x5(y) > 6(y) by Corollary 3.3. To complete the proof we consider the case x € (z7(y), z3(y)). On
such interval we have again w(z, 1;y) = —60(y), and therefore (A-13) is verified on (z7(y), z3(y))
if
p+ A1

w(z,1;y), (A-14)
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where we have used that wgz(z,1;y) = 0 on (27(y),25(y)). In Step 4. we have shown that
we(z,2;y) —1 < 0 for any x € (27(y),z3(y)), from which one has w(z,2;y) — w(z,1;y) =

w(z,2;y) — (z — 0(y)) < w(=i(y), 2y) — (21(y) — 0(y)) = w(z1(y), 2;y) — w(z1(y), L;y), where
the fact that w(z,1;y) = x — 0(y) for any = > x7(y) has been used. Therefore on (x7(y), z5(y))

w(z, 2;y) < w(@1(y), 2y) — w@i(y), Ly) +wlz, Ly), (A-15)
Also $0%wee (2, 15 y)—pw(z, 1; )+ (w(z, 2 y) —w(z, 1;y)) = 0, for any = < z}(y), and therefore

p+ A1

w($71;y)7 x < xT(y)7 (A_16)

by convexity of w(x,1;y) proved in Step 2. Then, taking limits as x 1 z7(y) we get from (A-16)
and continuity of w(-,;y)

wlai (). 29) < X (i), 1), (A-17)

and we conclude from (A-15) and (A-17) that for any = € (z7(y), z3(y))

p+ A1
A1

p+ A1

w(z,2;y) < )y

w(ri(y), y) —w(zi(y), Ly) + w(z,l;y) <

w(z, 1;y),

where the fact that w(zi(y),1;y) = zi(y) — 0(y) < (z — 0(y)) = w(z,1;y) for any = > 23 (y)
implies the last step. Hence (A-14) holds on (z7(y), 25(y)) and therefore also (A-13) is satisfied
on that interval. )

Proof of Theorem 3.5

Step 1. Fix (z,i) € R x {1,2}, let 7 be an arbitrary P, ;-a.s. finite stopping time, and set
Tpi=inf{t >0: X; ¢ (=R, R)} P(,;)-a.s. for R > 0. Then, let 0 <m <m2 < ... <ny) < TATR
be the random times of jumps of € in the interval [0,7 A 7r) (clearly, the number N of these
jumps is random as well) and, given the regularity of w(-,7;y) for any ¢ = 1,2 (cf. Theorem
3.4), apply It6-Tanaka’s formula (see, e.g., [29], Chapter VI, Proposition 1.5, Corollary 1.6 and
following Remarks) between consecutive jumps of € from time 0 up to time 7 A 7r. Piecing
together all the terms as in the proof of Lemma 3 at p. 104 of [31] (see also Lemma 2.4 and its
idea of proof in [34]) we find

TATR
w(z,;y) = E(:c,i) |:€_p(T/\TR)w(XT/\TR7 ETATR) y) — /0 e (G — p)w(Xs, es; y)d5:|
z E(:c i) |€ [ (T/\TR)w(XT/\TRa ETATRS y)} > E(ac,i) [e_p(T/\TR)(X‘F/\TR - Q(y))} - (A-18)

In (A-18) we have used that w solves free-boundary problem (3.5) (cf. Theorem 3.4), and the
fact that the stochastic integral over the interval [0, 7 A Tr) vanishes under expectation since wy
is bounded for (z,i,y) € [-R, R] x {1,2} x [0, 1].

But now {e PUARIX . R >0} is a P(;,;)-uniformly integrable family by Lemma B.3 in
Appendix B, hence observing that if R 1 oo one has 7 A 7g T 7 a.s. by regularity of (X, &) (cf.
[36], Section 3.1), we can take limits as R 1 oo in (A-18), invoke Vitali’s convergence theorem
and obtain

w(z,i;y) > B,y [e‘pT(XT - G(y))]

Since 7 was arbitrary, w(z,;y) > sup,;> E(q[e ™77 (X; — O(y))} = u(z,i;y).
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Step 2. To prove the reverse inequality, i.e. w(z,i;y) < u(x,i;y), take 7 = 7, in the previous
arguments and notice that one has (G — p)w(x,i;y) = 0 on C. Then taking limits as R 1 co one
finds

w(w,isy) = B | w(Xe,eiy)| = By |77 (X —0@w)], (A-19)

where the last equality follows from the fact that 7% < +oo P, ;-a.s. by recurrence of (X,¢)
(cf. Theorem 4.4 in [36]). Therefore w(x,i;y) < u(x,i;y), whence w(z,i;y) = u(x,i;y) and
optimality of 7*. O

Proof of Theorem 3.7

The claimed regularity follows by construction, whereas the growth property can be easily
checked from (3.34) and (3.35). Moreover, by construction we also have that for any ¢ = 1,2
302w (2,5 y) — pw(z,i;y) + Ni(w(z,3 —i5y) — w(z,i5y)) = 0 on < 2*(y) and w(z,i;y) =
x —0(y) on x > 2*(y). It thus remains only to check that for any i = 1,2 a) Jo2we,(,4;y) —
pw(z,i;y) + /\i(w(x,3 -5y — w(m,i;y)) < 0onz > z*(y) and b) w(z,i;y) > = — 6(y) on
r < x*(y).

Since on = > z*(y) one has w(z,1;y) = = — 0(y) = w(x,2;y), property a) above follows by
noticing that z*(y) > 0(y) (cf. (3.29) or equivalently (3.30)) and recalling that p > 0.

As for b), it suffices to show that w,(z,i;y) — 1 <0 for any & < *(y) since w(x*(y),i;y) —
(x*(y) — 0(y)) = 0. To this end define w(x,i;y) := w(z,i;y) — (x — 6(y)), ¢ = 1,2, and notice
that we can differentiate once more the first of (3.22) with respect to x inside (—oo,z*(y)) to
obtain

503@3595(56, i y) + N (@ (2,3 — i5y) — Wu(,4;9)) — plog(,3;y) = p.

Then an argument based on Dynkin’s formula as that employed in Step 4. of the proof of
Theorem 3.4 yields wy(x,i;y) < 0 for any x < z*(y), which in turn gives w(zx,i;y) > x — 0(y)
for any = < 2*(y), because w(z*(y),i;y) = z*(y) — 0(y). O

B Some Auxiliary Results

Lemma B.1. Fori=1,2 and a € R, let ®;(«a) := —%01-2052 + p+ A;. Then there exist unique
a1 < ag <0< ag < ayg satisfying the fourth-order equation

@1(0&)‘1)2(05) — )\1/\2 =0. (B—l)

Proof. We provide here a proof of this claim in our setting for the sake of completeness (see also
[18], Remark 2.1, and [32], Lemma 3.1 for related results). Using the definition of ®;, i = 1,2,
equation (B-1) reads

1 1 1
Za%0§a4 — iaf(p + A2) + iag(p + )\1)} a? + (p+M)(p+A2) — AAa =0,
and letting

1 1 1
o= oo bui= oo+ 0+ goboE M), o= o M)+ ) — M

one can check that

o3 (p+ o) — o3(p + M)}

5 +>\1)\20%O‘% > 0.

bg —4a,c, = [
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Hence there exists two solutions 81 and (s to the second-order equation a,f% — by + ¢, = 0,
and they are such that 0 < o < 7 since aoc, > 0. It thus follows that

—Q] = \/E =! Oy, —Qg = \/5::: a3

solve (B-1) and satisfy a1 < as < 0 < ag < ay.
d

Lemma B.2. Let a;, i = 1,2,3,4, be defined as in (3.14). Then one has a; < 0, ag >0, a3 <0
and ayq > 0.
Proof. Noticing that ®;(a) = —%a?az +p+ A, i = 1,2, is a strictly decreasing function of «,
the fact that ag < a4 imply ao > 0 and ag < 0.

As for aq, recall that from (3.14) one has

P —azd A
4 = 2 1(as) — 3Py (o) 2 (B-2)
Aoy — as) P+ A2
By using the explicit expression of ®;(«), i = 1,2, direct calculations lead to
1
a®1(a3) — az®y (ay) = (50%0436!4 to+ Al) (o — a3), (B-3)
which substituted into (B-2) yields
%0%0&3064 +p+ M A9 %J%O&gcm +p
ap = — < - < 0. (B-4)
A1 p+ A2 A1
We conclude showing that a4 > 0. It is matter of simple algebra to show that
1
ag®i(ag) — as®i(ay) = (g — a3) [50%(a3a4 +ad+ad)—(p+M)|, (B-5)
which used in the expression for a4 of (3.14) allows to write
12 2 2
so7(asay+as5+a5) —(p+ A A
ay = 2 i (azoy 3 1) —(p 1)+ 2 (B-6)
A1 p+ A2
Since a3 and ay solve @1 (a)P2(a) = A1 A2, by Vieta’s formulas we deduce that
20%2(p+ X2) +203(p + A
ol +al = oi(p+ 2);202(P+ 1). (B-7)
0102
Noticing that agay > 0, and using (B-7) in (B-6) we obtain
12,2 2 2 2
507(az+ai) —(p+ A 1 A
as > 2 ez i) = (¢ 1)>7 0102(2'0—5 1)—(,0—1—)\1)]:0,
A A1 0705
thus completing the proof. O

Lemma B.3. Fiz (x,i) € R x {1,2}, let 7 be an arbitrary P(,.4)-a.s. finite stopping time, and
for R >0 set T := inf{t > 0: Xy ¢ (=R, R)} P(,3-a.s. Then the family of random variables
{e*p(T/\TR)XT/\TR, R > 0} is P, ;-uniformly integrable.
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Proof. By an integration by parts we have due to (2.2)
TATR TATR
e_”(TATR)XT/\TR =z — / pe P° Xods +/ e PPo. dWs.
0 0
On the one hand, by Holder’s inequality and It6’s isometry one has

E(m,z) |:/ pe_PS|X3|d8:| < |£C| +/ pe_pSE(Li) |:‘/ Usuqu
0 0 0

o0
<lal + (ot VoD [ pvserids < oo,
0

2} 3 58)

for some K > 0. Hence [;°pe 5| X |ds € L'(€,P(, ;). On the other hand, the continuous
martingale {f(;E e "o, dW, t > 0} is bounded in L*(Q,P(, ;) since E, | fg e PSoe dWs|?] <
(07 V 03) J3° e 2P5ds, and therefore (cf. [29], Chapter IV, Proposition 1.23)

E,; WRe*PSa aw,|’| =&, , TATRe*ZPSUQ ds| < (0% V o3) T e ds R0
(z,2) 0 €s s = H(x9) 0 €s = \Y1 2 0 ’ :

Hence, the family {]| fOTATR e "o, dW|, R > 0} is bounded in L*(9, P, ;) as well, thus uni-
formly integrable. This fact, together with (B-8), in turn imply uniform integrability of the
family {e=?AR)X_ . R > 0}. O

Lemma B.4. Let T denote the set of F-stopping times. Then for any v € Ay, the families of
random variables

{/T e "Xy —c)dvy, TE€ T} and {/T e " f(Y, )du, 7€ 7'}
0 0

are P, iy -uniformly integrable.

Proof. We prove the uniform integrability of the first family of random variables by showing
that it is uniformly bounded in L?((, P(zy,i))- Let 7 be any given and fixed stopping time of F,
take any v € Ay, and notice that an integration by parts leads to

/ e PUXy —o)dv, = e PT( X —c)vr + / pe P Xy — c)rydu — / e oo, dWy, (B-9)
0 0 0
where (2.2) has been employed. However we also have
T T
e (X —c)vy = vy [aj —ce T — / pe” "X, du +/ e_’masuqu]. (B-10)
0 0

Denoting by K > 0 a suitable constant possibly depending on x and y, but not on 7, and
that may change from line to line, we obtain from (B-9) and (B-10)

2

’/ e PUXy — c)duy,
0

.
-1—‘ / e Py o, dWy,
0

2 [o.¢] T
gK[1+ / pe_p“\Xu|2du+’ / e Mo, dW,
0 0
2 oo u
] < K[1+/ pe PY / e o, dWs
0

0
2
|

2
du (B-11)

T 2 T
—i—‘/ e o, dW,| + ‘/ e Plyyoe, dW,
0 0
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where the boundedness of v € A, has been exploited. In (B-11) Jensen’s inequality has been
used in the first step for the integrals with respect to pe™?“du, whereas the last step employs
(2.2). Taking expectations in (B-11), using It0’s isometry, and noticing that a?t <o} Vo3 as.
and that any admissible control is bounded by one, we obtain

T 2 o0
E(ry [\ / e (X, — c)du, ] < K[1+ (0} v od) / pe (L uydu|,  (B12)
0 0
which in turn proves the first claim.
Uniform integrability of the second family follows by noticing that for any F-stopping time
7 and any v € A, we have

o< [emseius [Terians f;”
0 0

where we have used the fact that f(-) is nonnegative and increasing, and that ¥} <1 a.s. [
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