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Abstract

In this paper we study a finite-fuel two-dimensional degenerate singular stochastic control
problem under regime switching 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 for both the value function and 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 the
presence of a concave running cost function, it is optimal to instantaneously deplete 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 of Brennan and Schwartz [6], both the literature in applied mathe-
matics and that of economics has seen numerous contributions on optimal extraction problems
of nonrenewable resources under uncertainty. In some of these contributions the extraction
problem is formulated as an optimal timing problem (see, e.g. [11] and [34] and the references
therein); in some as a combined absolutely continuous/impulse stochastic control problem
(see, e.g. [5] and [23]); and in others as a stochastic optimal control problem only with classical
absolutely continuous controls (see [1] and [ 12], among many others), but with commodity price
dynamics possibly described by a Markov regime switching model (see, e.g. [21]). The latter
kind of dynamics, first introduced by Hamilton [20], may indeed help to explain boom and bust
periods of commodity prices in terms of different regimes in a unique stochastic process.
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In this paper we provide the solution to a stochastic irreversible extraction problem in the
presence 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 (e.g. a cost for the maintenance of
the reserve) that is dependent on the reserve level. The company aims at finding the extraction
rule that maximizes the expected discounted net cash flow in the 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 i the state variable consists of the value of the spot price x 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. [4], [7], [16], [18], and [36]), that on singular stochastic control problems with regime
switching is still limited. We refer the reader to, e.g. [26], [27], [33], and [38] where the optimal
dividend problem of actuarial science was 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 the authors’
knowledge [19] is the only other paper available in the literature. The authors of that work
addressed 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 the authors of [19] provided a detailed discussion on the structure
of the candidate solution and on the economic implications of regime switching for capital
accumulation and growth, they did 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 choice of an arithmetic dynamics for the spot price might be justified also
at the modeling stage. Indeed, Geman [15] showed that for certain commodities an arithmetic
dynamics fits a historical time series better than a mean-reverting one. Moreover, it was recently
observed that some commodities can be traded at negative prices; see [13]. This happened, e.g.
to propane prices in Edmonton (Canada) in June 2015.

The Hamilton—Jacobi—Bellman (HJB) equation associated to the optimal extraction problem
takes the form of a system of two coupled variational inequalities with state-dependent gradient
constraints. 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 more difficult
than in the standard case without regime switching. We associate to the singular control
problem a family of auxiliary optimal stopping problems for the Markov process (X, ¢). Such
a family is parametrized through the initial reserve level y. We solve the related free-boundary
problem, and we characterize the geometry of stopping and continuation regions. As is usual
in optimal stopping theory, we show that the first time at which the underlying process leaves
the continuation region is an optimal stopping rule. For any given and fixed y, such a time
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takes the form of the first hitting time of X to a regime-dependent boundary x;(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 concave in
the reserve level, we show that the value function of the optimal extraction problem can be
stated in terms of the value function of the auxiliary (family of) optimal stopping problems.
Moreover, we prove that the optimal extraction policy is triggered by the optimal stopping
boundaries x;“ (y), i = 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 concave one.

On the one hand, if the running cost is a strictly convex function of the reserve level, we
show that at any time the optimal extraction policy keeps the optimally controlled reserve level
below a certain critical value b* with minimal effort, i.e. according to a Skorokhod reflection.
Such a threshold depends on the spot price and on the market regime, and it is the inverse
of the optimal stopping boundary x7(-) previously determined. Also, we prove that, for any
regime i = 1, 2, the value function of the optimal extraction problem is a C*!-solution to the
associated HIB 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 concave function of the reserve level, 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 x(y). As a consequence of
such a bang—bang nature of the optimal policy—not extract or extract all—for any regime
i = 1, 2 the value function belongs only to the class COYR x [0, 1D N CLYR x (0, 1]) with a
second-order derivative with respect to x that is bounded on any compact subset of R x (0, 1].

Although optimal controls of the reflecting and bang—bang type have already appeared in
the literature on two-dimensional degenerate singular stochastic control problems (see, e.g. [8]
and [9], and the references therein), to the best of the authors’ 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 in its own right. Indeed, each stopping problem takes the form of a perpetual optimal
selling problem under regime switching which we completely solve. It is worth noting that most
of the papers dealing with optimal stopping problems with regime switching, and following a
guess-and-verify approach, assume the existence of a solution to the smooth-fit equations and
additional properties of the candidate value function in order to perform a verification theorem;
see, e.g. [18, Theorem 3.1], and [36, Theorems 3 and 5]. An abstract and nonconstructive
approach, based on a thorough analysis of the related variational inequality, was adopted by
Bensoussan et al. [4]. Here, instead, we construct a solution to the free-boundary problem,
and we then prove all the properties needed to verify that such a solution is actually the value
function of our optimal stopping problem with regime switching; see our Theorems 3.1 and 3.2
below.

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 solved
numerically with ease. This fact allows us to compare the optimal extraction boundaries in the
cases of with and without regime switching, and thus to draw interesting economic conclusions;
see Section 5. In particular, we show that, in the presence of macroeconomic cycles, the
company is more reluctant (respectively, favourable) to extract and then sell the commodity,
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relative to the case in which the market was always in the regime with the lowest (respectively,
highest) volatility.

The rest of the paper is organized as follows. In Section 2 we formulate the optimal extraction
problem, we introduce the associated HIB 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, as well as some economic conclusions, are contained in
Section 5. Appendix A.1 collects the proofs of some results of Section 3, whereas Appendix A.2
contains the 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-dimen-

sional Brownian motion {W;, ¢ > 0} and a continuous-time Markov chain {g;, ¢t > 0} with
state space E := {1, 2}, and with irreducible generator matrix

0= <;);1 _)‘);) for some Ay, Ay > 0,

where A1 and A; are transition rates. The Markov chain & jumps between the two states at
exponentially distributed random times, and the constant A; is the rate of leaving state i = 1, 2.
We take ¢ independent of W and denote by 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 [2]
with regime switching; i.e.

dX; = o, dW;, t >0, Xo=x€eR, 2.1)

where for every state i = 1, 2, 0; > 0 is a known finite constant. From the modeling point of
view, the choice of an arithmetic dynamics might be justified by noting that certain commodities
can be traded at negative spot prices (see, e.g. [13]), and do not show a mean-reverting behavior;
see, e.g. [15].

The process (X, ¢) is a strong Markov process (see [37, Remark 3.11]) and we set P, ;) (+) :=
P(- | Xo = x, &0 = i), and denote by E, ;) the corresponding expectation operator. From [37,
Section 3.1] we also know that (X, €) is regular, in the sense that the sequence of stopping
times {8,, n € N} with B, :=inf{t > 0: |X,| = n}, is such that lim, 100 B, = +00, P(, j)-a.s.
(where we abbreviate almost surely to ‘a.s.’).

The level of the commodity reserve satisfies

dy) = —dy, >0, Yy =y el0,1].

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 ¢ > 0. We say that an extraction policy is admissible if, given y € [0, 1], it belongs to the
nonempty convex set

Ay = {v: Q xRy =R, (v (w) :=v(w, 1)),>0 is nondecreasing, left-continuous,
F-adapted with y — v, > O forall t > 0, vg = 0, P-a.s.}. 2.2)
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Moreover, we let Py y ;) () :=P(- | Xo =x, Yo =y, &0 = i) and E(y y ;) is the corresponding
expectation operator.
While extracting, the company faces two types of cost:

e an extraction cost that we take proportional through a constant ¢ > 0 to the amount of
commodity extracted;

e arunning cost, e.g. a holding cost for the maintenance of the reserve.
The latter is measured by a function f of the reserve level satisfying the following assumption.

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

(D y = f(y) is strictly convex and continuously differentiable on [0, 1];
D) y +— f(y) is concave on [0, 1] and continuously differentiable on (0, 1].
Assumption 2.1 will be standing throughout this paper.

Remark 2.1. (i) 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.

(ii) The requirement thatA f(0) = 0 holds without loss of generaAlity, since if f(0) = f, > 0
then we can always set f(y) := f(y) — f, and write f(y) = f(y) + fo, so that the firms’s
optimization problem (see (2.4) below) remains unchanged up to an additive constant.

(iii) Cost functions of the form f(y) = a,y% + B,y for some a,, B, > 0, f(y) = y?° for some
Yo € (0, 1), 0r f(y) = ay for « > 0, clearly meet Assumption 2.1.

Following an extraction policy v € », 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, 1S

G y,i(v) = E(x,y,,-)[/ooe_p’(X, —c)dy, —/Ooe_p’f(Y,”) dt], (x,v,i) € 09, 2.3)
0 0

where p > 0 is a given discount factor and O := R x [0, 1] x {1, 2}. Throughout this paper,
fort > 0 and v € A,, we will make use of the notation fé e P (X — ¢) dvy to indicate the
Stieltjes integral f[o, 0 e P (Xy — ¢) dvg with respect to v. As a byproduct of Lemma A.4 (see
Appendix A.2), the functional (2.3) is well defined and finite for any v € A.

The company aims at choosing an admissible extraction rule that maximizes (2.3); i.e. it
faces the optimization problem

V(x,y,1) = sup Jxy,iv), (x,y,i) € 0. 2.4)

vEAy

Note thatif y = 0 then no control can be exerted, i.e. A9 = {v = 0} and, therefore, V (x,0,i) =
Fx.0.i(0) =0 forany (x,i) € R x {1, 2}.

Problem (2.4) 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 [14, Chapter VIII] and [31] for an introduction. In particular,
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itis a finite-fuel two-dimensional degenerate singular stochastic control problem under Markov
regime switching. Itis degenerate because the state process Y is purely controlled, and does not
have a diffusive component. Moreover, it is of finite-fuel type since the controls stay bounded.

Remark 2.2. (i) In the literature on optimal extraction it is common to consider the problem of
a company maximizing the total expected profits, net of the total expected costs of extraction
(see, e.g. [21] and [29]); i.e. (in our formulation) maximizing E[fooo e P (X; —c)dv]. In(2.3)
we also have the term E[ fo e P! f(¥) dr] in order to account for the possible running costs
incurred by the company, e.g. for the maintenance of the reserve. However, as discussed in
Remark 4.1, our results carry over to the f = 0 case as well.

(ii) Due to the convexity of 4, and the linearity of v — YV, if y = f(y) is strictly convex
on [0, 1], then the functional g, y;(-) is strictly concave on +,, and (2.4) is a well-posed
maximization problem of a concave functional. On the other hand, if y — f(y) is concave on
[0, 1] then gy y,; (-) is convex on +,. 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.

Remark 2.3. 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 similar 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 his/her
actions have impact on the stock price; see, e.g. [17] 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 HJB equation and a first verification theorem

In light of classical results in stochastic control (see, e.g. [14, Chapter VIII]), we expect that
for any i = 1, 2, the value function V (-, -, i) suitably satisfies the HIB equation

max{(§ — p)U(x,y,i) = f(y), (x —¢) = Uy(x,y,i)} =0 for (x,y) e R x (0,1] (2.5)

and with boundary condition U (x, 0,i) = 0. Here § is the infinitesimal generator of (X, €).
It acts on functions #: R x {1, 2} — R with i(-, i) € C2(R) for any given and fixed i = 1,2
as

Gh(x,i) 1= S0 he (x, i) + A (h(x,3 — i) — h(x, D). (2.6)

It is worth noting that, due to (2.6), equation (2.5) is actually a system of two variational
inequalities with state-dependent gradient constraints, coupled through the transition rates A
and Ap. In the next preliminary verification result we see that any suitable solution to (2.5)
provides an upper bound for the value function V.

Theorem 2.1. Fori =1,2,letU(-, -, i) € CY1(Rx (0, 1)) be such that Uxx (-, -, i) € LY (Rx

0,1),U(x,0,i) =0, x e R, and |U(x, y,i)| < K(1 + |x|) for any (x,y) € R x [0, 1] and
for some K > 0. Then if U solves (2.5) in the almost every (a.e.) sense, we have U >V on 0.

Proof. Fix (x,y,i) € O, and take arbitrary R > O and 7 > 0. Set tg ;= inf{t > 0: X; ¢
(=R, R)},andlet0 <n; <n2 < --- <nny < g AT be the random times of the jumps of ¢
in the interval [0, Tz A T') (clearly, the number N of those jumps is random as well). Note that
by the regularity of U we can approximate U (uniformly on compact subsets of R x (0, 1)) by
a sequence of functions {U(’")}mzl such that U™ (., -, i) € C%1(R x (0, 1)) for anyi =1,2;
see, e.g. the proof of [14, Chapter VIII, Theorem 4.1(a)], or the proof of [22, Theorem 2.7.9] for
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this kind of procedure. Then pick an admissible control v and apply t6—Meyer’s formula for
semimartingales (see [25, pp. 278-301]) to the process (e ~°'U "™ (X,, Y/, &))i>0 on each of
the intervals [0, 1), (n1, m2), ..., (NN, TR A T). Piecing together all the terms as in the proof
of [32, Lemma 3, p. 104] (see also [35, Lemma 2.4] for a similar idea of the proof), recalling
that U solves (2.5), and taking limits as m 1 oo, we obtain

Ulx,y,i)

> Ery.i) e " FNU (X epar, Yoo nrs Erpat)]

TRrAT
—Eqyi / e fY) dS]
0

r rirAT
+E(x,y,i) / eipSUy(Xs, st, 85) dvs]
0

- IE()(,y,i) Z e_pS(U(Xs» Y:-Q-a gs) — U(X;, Yqva gs) — Uy(Xs» stv 5S)AYX):|7

—0<s<tprAT

where AY; := Y4 — Y, = —Avg := —(vg4 —vy), and the expectation of the stochastic integral
vanishes since U, is bounded on (x, y,i) € [—R, R] x [0, 1] x {1, 2}.

Now, noting 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°®™ 4+ Av, we have

Ux,y.1) = By e DU X onr, Y2 g Ecgar)]

- ,TRAT ]
- ]E(x,y,i) / ei’mf(YSv) dsi|
0

TRAT
+ ]E(x,y,i) / e Uy (X, YSU7 £s) dvfom}
0

—Euyn| Y. e‘“(U(Xs,Y:+,es)—U(XS,Y;,es»}.

“0<s<tpAT
Due to

Avg
U(Xy, Ysu+a es) — U(Xy, Ysu, &) = _/ Uy(Xs’ st —z,&)dz, 2.7
0

and since U satisfies the HIB equation (2.5), we obtain

rAT
Ux,y. i) = Eqyiyle PFNDU X pnr, Yonr Spar)] — By [ / e f (YY) ds}
0

r rirNAT
+ E(x,y.i) / e (X — ) dve™ + E e (X — c)Avs}
0

- 0<s<trAT

= IE()c,y,i)[e_'()(TR/\T)U(XTR/\T, YTUR/\Ta SrRAT)]

rAT rAT
+ Exyi) f e 7(Xy — o) dvg — / e f(YS”)ds].
0 0
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By Holder’s inequality, (2.1), and 1t6’s isometry, we have

E(x,y,i)[e "M | Xopnr ]

< B,y [e P RNNE o[ X enr P12
2 12,2 AT
< V2B y,ple” PR (|x| +]E(x,y,;)['/ o, AW,
0

< x/EE(X,y,i)[f‘f_zl)uRAT)]l/z(le2 + (012 v 022)T)1/2.

7

The previous estimate, together with the linear growth property of U, then imply that

Eeyi)le DU X pnr. Y2 ngs E2paT)]

> —CE(x.y.ip[e "] = V2CE vy, [e™ T DV2(|x 2 + (of v o) T2
for some constant C > 0. Hence,

Ux,y,i) > —CE(y.nle D] - V2CE, .1 [e” 2P RNNY2(1x)2 4 (07 v o) T)/?

irAT RAT
+ E(x,y’,') |:/0 e P (Xy —0) dvs] — E(x,y,i) |:/0 e_psf(st) dsi|.
(2.8)

When taking limits as R — oo, we have tg AT — T, P(, y ;)-a.s. by the regularity of (X, ¢).
By Lemma A .4 (see Appendix A.2), the integrals on the right-hand side of (2.8) are uniformly
integrable. We can thus invoke Vitali’s convergence theorem to take limits as R 1 oo in (2.8),
and then as T 1 oo to obtain

[e¢]

o0
Ux,y,i) > E(x,y,i) |:/ e M(Xy —c)dvy — / e_psf(ysu) ds:| 2.9
0 0
Since (2.9) holds for any v € 4y, we have U(x, y,i) > V(x, y,i). Hence, U > V on O by
the arbitrariness of (x, y, i) € O. O

2.3. The solution approach

In this paper we solve problem (2.4) in the following two cases (see Assumption 2.1 and
Remark 2.2):

D y +— f(y)is strictly convex on [0, 1] (see Section 4.1);
D) y — f(y)isconcave on [0, 1] (see Section 4.2).

The case of a running cost that is neither convex nor concave on [0, 1] needs a separate analysis,
and it is left as an interesting open problem; see [8] and [9] for singular stochastic control
problems in which the running cost is neither convex nor concave.

We will follow a guess-and-verify approach by finding in each of the two previous cases a
suitable solution to (2.5) and then verifying its optimality through a verification theorem. As a
byproduct, we will also obtain the optimal control rule. We will see that in both (I) and (II)
the solution to (2.4) is given in terms of the solution to the parameter-dependent (as y € (0, 1]
enters only as a parameter) optimal stopping problem with regime switching, i.e.

u(x,i;y) =supEu e (X — 0] (2.10)

>0
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In (2.10) the optimization is taken over all P, ;)-a.s. finite IF-stopping times; moreover, 6 (y)
is a given suitable real number that depends on the initial level of the reserve y through the
running cost function f. In particular,

/
c— RS) if case (I) holds,
P
0(y) ==
1
c— —M if case (II) holds.
oy

To obtain a heuristic justification of the relation between problems (2.4) and (2.10), we argue
as follows. On the one hand, formally differentiating (2.5) with respect to y inside the region
where (§ — p)V(x,y,i) — f(y) =0, we see that, forany i = 1, 2, V, should identify with an
appropriate solution to the variational inequality

max{(§ — p)¢(x,i5 ¥) — f/(),x —c—¢(x,i; y)} =0 (2.11)

for x € R and any given y € [0, 1].

As well as (2.5), note also that (2.11) is actually a system of variational inequalities. In fact,
it is the variational inequality that we expect to be associated to the family of optimal stopping
problem with regime switching, i.e.

T
sup B, [e"" (X —0) - / e f'(y) ds}. 2.12)
>0 0

By evaluating the time integral in (2.12), we easily see that (2.12) can be expressed as

supE(x,i)[e_’”<Xr —c+ f ()7))] _ f ()’)’
>0 1% 0

which is clearly equivalent to (2.10) when 8(y) = ¢ — f'(y)/p.

A differential connection between the value functions of a singular control problem and of
an optimal stopping problem is commonly observed in singular control problems in which the
payoff functional to be maximized is concave with respect to the control variable; see, e.g. [3]
and the references therein. In light of Remark 2.2 we then expect that V, = u in case (I); i.e.
when f is (strictly) convex.

On the other hand, optimal stopping problem (2.10) can also arise if we restrict the opti-
mization in (2.4) to all the controls of the following purely discontinuous bang—bang type: for
some [F-stopping time 7 and for any given y € [0, 1], v; = 0 for any r < 7, and v; = y for any
t > 1. Indeed, following such a policy, and optimizing with respect to the time of the reserve’s
depletion 7, we arrive at the optimal stopping problem

T
SUPE(x,n[e‘”(Xr — o)y —/ e f(y) ds},
>0 0

which easily becomes

LIGY] 1),

ysupEq i) |:e,0r <Xr —c+
>0 Py 1Y

The latter is clearly related to (2.10) when 6(y) = c — f(y)/pYy.
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We expect that a similar connection to problem (2.4) (and therefore the optimality of a
policy prescribing the instantaneous depletion of the reserve at a suitable stopping time) holds
in case (II). Indeed, in such a case f is concave and, therefore, the marginal holding cost of the
reserve decreases.

Supported by the previous heuristic discussion, in the next section we will solve problem
(2.10) when 6(y) is a given constant. In particular, we will show that the solution to (2.10)
is triggered by suitable regime-dependent stopping boundaries x/(y), y € (0, 1], that we
will characterize as the unique solutions to a system of nonlinear algebraic equations. These
boundaries will then play a crucial role in the construction of the optimal control in both cases
(D and (IT) (see Sections 4.1 and 4.2, respectively).

3. The associated family of optimal selling problems

In this section we solve the parameter-dependent optimal stopping problem with regime
switching (2.10). This result is of interest in its own right since (2.10) 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, the proof of which can
be found in Appendix A.1. These properties of u will be important later when we construct the
solution to (2.10).

Proposition 3.1. Recall (2.10). There exists a constant K (y) > 0 such that for any (x,i) €
R x {1, 2},

(1) ulx,i;y) =x—60();
(i) |uCx,i; y)| < KA+ |x]).

In line with the standard theory of optimal stopping (see, e.g. [28]), we expect u of (2.10) to
suitably satisfy the variational inequality

max{(§ — p)w(x,i;y),x —0(y) —w(x,i;y)} =0, (x,i) e R x {1,2}, 3.D

for any given y € (0, 1], and where § is defined in (2.6). Also, we define the continuation and
stopping regions of (2.10) as

C:={(x,i) e Rx{1,2}: u(x,i;y) >x -0},
$:={(x,)) e Rx {1, 2} ulx,isy) =x -6},
respectively. Given the structure of the optimal stopping problem (2.10), we suppose that
C:={(x,D:x <xfOIU{(x,2): x <x5(»)} (3.2)

for some threshold xi* (), i =1, 2,suchthat xl.* (y) > 0(y), i = 1,2, depending parametrically
ony € (0, 1].
In our problem, three cases are possible:

(A) o1 < 0p;
(B) o1 =o02;

(©) o1 > oy.
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We expect that the higher the volatility, the more the stopper would like to wait in order to
benefit from possibly larger values of X; see [24] and [11] for this effect in the context of real
options. Hence, in light of (3.2), we conjecture that:

e in case (A) we have x{(y) < x5 (¥);
e in case (B) we have x] (y) = x5 ();
e in case (C) we have xj (y) > x5 ().

We now solve (3.1) in cases (A) and (B). Case (C) is completely symmetric to case (A) and
can be treated with similar arguments. For the sake of brevity we therefore omit its discussion.
Then, by a verification argument, we will show that the solution w to (3.1) satisfies w = u. As
a byproduct we will also provide the optimal stopping rule 7*.

3.1. Case (A): 01 < 03

Given the previous conjecture, here we suppose that x{'(y) < x5(y), and we rewrite (3.1) in
the form of a free-boundary problem. That is, we aim at finding
(w(x, 1; ), w(x,2; ), x{(y), x5 (¥)) that satisfies the following relations:

%Jizwxx(x,i;y) —pw(x,i;y) +Awkx,3—i;y) —wlx,i;y))
=0, x <xj(y),i=12,

s (3.3)
305 Wax (%, 25 y) — pw(x, 25 y) + Aa(w(x, 1; y) — w(x, 25 y))
=0, x € (xF (), x5 (),

x —6(y) for xf(y) < x < x5(»),

wix, 13 y) = Y 17 2t (3.4)
x—0()=wx,2;y) forx >x3(y).

Moreover, from (3.1), w(-, 1; y) and w(-, 2; y) should also satisfy, for any i = 1, 2,
Tofwee(x,isy) — pw(x, i3 y) + A (w(x,3 —i3y) —w(x,i;y) <0 forae x R, 33)

w(x,i;y) >x—0(y) forx eR.

Recalling thato; > Oand A; > 0, i = 1,2, leto] < an < 0 < @3 < a4 be the roots of the
fourth-order equation @ ()P, () — A1A2 = 0 (see Lemma A.1) with

Di(@) = —fofa’ +p+A, i=12

We then note that the first equation of (3.3) 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, we see that its general solution is

w(x, I3 y) = A1 (y)e™™ + Az(y)e®? + A3(y)e™ 4 Az(y)e™”,

3.6
w(x,2;y) = Bi(y)e®” + Ba(y)e**" + B3(y)e™* + Ba(y)e™ G0
for any x < xj(y), x{(y) to be found, and where

A2
Do ()

¢ .
Bj(y) = 21

Aj(y) = Aj(y), J=1273,4,
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with A;(y) to be determined. Since the value function (2.10) diverges at most linearly (see
Proposition 3.1), we set A1(y) = 0 = A>(y), so that also Bi(y) = 0 = Ba(y).

On the other hand, the solution to the second equation of (3.3) and the first equation of (3.4)
is given on (x} (y), x5 (y)) by

wx, 3 y) =x—6(y), w(x,2;y) = B5(y)e™* + Bg(y)e ™" + M()C;)_—é’(y)) (3.7)

+ A2
with a5 = ,1/2(,0 + Az)/azz, and for some Bs5(y) and Bg(y) to be determined.
Finally, for any x > xi" (y), we have (see the second equation of (3.4))
wx, L;y)=x—00) =wx,2;y). (3.8)

It now remains to find the constants A3(y), A4(y), B5(y), Be(y), and the two threshold
values x{(y), x5 (). To accomplish this we impose the condition that w(, 1; y) is continuous
with continuous first-order derivative at x = x(y), and that w(:, 2; y) is continuous with
continuous first-order derivative at x = x{(y) and x = x5 (y). In the optimal stopping literature
these regularity requirements are the so-called continuous fit (C-regularity) and smooth fit
(c! -regularity) conditions. Then, from (3.6)—(3.8), we obtain the nonlinear system

A3(p)e™ T + Ay ()™ Y = x{(3) - 0(y), (3.92)
a3 A3(1)e™ 1Y) + oy Ag(y)e™ 1Y) = 1, (3.9b)
* J—
By(y)e 1) 4 By(n)e* 10 = Bs(y)e™ 1) + Bg(y)e 1) Az(x1 (y)+ xg(y) )
1Y 2
(3.9¢)
* N * * * )\.
a3B3 (1)1 4 ay By (y)e™ 1Y) = s Bs(y)e® 1Y) — a5 Bg(y)e ** 1) 4 +—2)»
)
(3.94d)
X % *(y)—6
Bs(y)e® ") 4 Bs(y)e B0 42y (M) = x5 -6y, (3.9¢)
P+ A
* * )\4
asBs(y)e® 3 — asBg(y)e 50 4 2 = (3.9f)
Jole %)
Solving (3.9a) and (3.9b) with respect to A3(y) and A4(y), we obtain, after some simple
algebra,
As(y) = [M(XT(y) —0(y)) — 1}6_@@(”’
o4 — O3
(3.10)
Auly) = |:1 —a3(xf(y) — G(Y))]emxf(y)'
o4 — a3

Analogously, the solutions to (3.9¢) and (3.9f), given in terms of the unknown xik (y), are

Bey) = P [e—asxé‘@)(l + a5 (x5 (y) —e(y)»]

e 2as ’ 3.11)
Ber) = P [easxi*W)(as(x;(y)—e(y))— 1)}

6Ly) = P+ A 2a5 '
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Finally, substituting (3.10) and (3.11) into (3.9c) and (3.9d), recalling that B3(y) =
(P1(x3)/21)A3(y) and B4(y) = (P1(a4)/11)As(y), we find, after some algebra, that (x] (y),
x5 (y)) should satisty

Fi(xf (), x3(»);y) =0 and Fr(x{(y), x5(y);y) =0, (3.12)

where we have set

Fi(u,v;y) == p P [(v — 6(y)) cosh(as(v — u)) — ai sinh(as(v — u))}
5

+ A2
+ai(u —0(y) +az,

i [cosh(as(v — u)) — as(v — 6(y)) sinh(as(v — u))]
+ A2

+azu—0(y) +as

Fu,v;y) =
o)

with a; :== a;(p, A1, X2, 01,02), i = 1,2, 3,4, given by

g ®i(a3) —a3Pi(ay) A2

a , (3.13a)
Alag —a3) P+ A2

4y = 21@) ~ Pr(@) (3.13b)
Ar(ag — a3)
o3¢

a3 = —— [ (ag) — Dy (a3)], (3.13¢)

Al — a3)
4= a3 ®i(a3) — s P (aq) A2 ' (3.13d)
Aoy — a3) P+ A2

Note thata; < 0,a2 > 0,a3 < 0, and a4 > 0 by Lemma A.2.

Since we expect, from (2.10), that x(y), i = 1, 2, are such that x5 (y) > x(y) > 0(y), it
is natural to check to see if (3.12) admits a solution in (6 (y), 00) X (8(y), 00). So far we do not
know about the existence, and uniqueness, of such a solution. To investigate this fact, we define
Z7(y) == x{(y) — 0(y) and z3(y) := x3(y) — x] (), so that x3(y) — 0(y) = 2] (y) + 25(),
and we note that with such a definition the explicit dependence with respect to y disappears
in (3.12). We can thus drop the y-dependence in z7(y), i = 1, 2, and set (z}, z3) as the solution,
if it exists, of the equivalent system

Gi(u,v) =0 and Gz(u, v)=0 foru,v>0 (3.14)
with
( ) = ( (. )) - —1 inh( ) — ( ) |
Gi(u,v): al + cosh(asv) |u sinh(a5v v cosh(asv) | + ap,
! ! P+ A2 5 0+ Ar| o5 3 3 2

pos . 14 .
Go(u,v) := a3z — sinh(as5v) Ju — vas sinh(asv) — cosh(asv)] + ag.
2(u, v) (3 ot (5)) p+)»[5 (asv) (as5v)] + a4

2

Proposition 3.2. Let Z, be the unique positive solution to

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

https://doi.org/10.1017/apr.2018.31 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2018.31

684 G. FERRARI AND S. YANG

with ay as in (3.13a) and a5 = /2(p + )»2)/022. Then there exists a unique couple (zT, zz)
solving (3.14) in (0, 00) x (0, Z2) if and only ifal2 < 022. Moreover, 77 is such that

as . p/(p+Xr2) +as
< -

-_—— <
ay+ p/(p + A2) az

Proof. The proof is in four steps.
Step 1. Note that the function

1
r(v) := p [— sinh(asv) — vcosh(a5v)] —ay, v >0,
p+Alas
is strictly decreasing and, therefore, strictly negative for any v > 0 since r(0) = —az < 0; see

Lemma A.2.
Step 2. Now we prove that

hw) =0,  h@):=a + —2

cosh(asv), v >0,
o+ A2

admits a unique solution zZp > 0. For this, it suffices to note that v > h(v) is strictly increasing
with limy_, o0 £(v) = 400, and that

P __p+012a3a4/2 -

= 0.
p+ A Al

h(0) = aj +

The last inequality in the previous equation follows by using (A.24).
Step 3. Using step 2, for any v € [0, Z2) we can write (3.14) in the equivalent form

u= Mv), Mi(v) — Ma(v) =0

with

Mi(v) = (,0 sz |:ozi5 sinh(asv) — v cosh(a5v):| — a2>

-1
Jo
x (a; + cosh(asv ,
<1 PR (5))

(3.15)

Ms(v) = (p J’: 7 et sinh(asv) — cosh(ersv)] ~ a4>

( pas
X | az —
P+ A

where we have also used the fact that az — (pa5/(p + A3)) sinh(asv) # O on [0, c0) isaz < O;
see again Lemma A.2.

The numerator of M7 in (3.15) is strictly negative on v > 0 by step 1. Using this fact, and
noting that a; + (p/(p + A2)) cosh(asv) < 0on [0, 22), by a direct calculation we observe that
v > M (v) strictly increases on [0, Z2), and it is such that lim 43, M1 (v) = +o0.

Also, employing (A.23) and (A.25), and the definitions of o3 and a4, we can check that

-1
sinh(as v)) ,

1
M (0) — M2(0) = —<

az
+a4) — <0 < o}<o;
as

0
— <
o+ a;+p/(p+A2)
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We now claim (and prove later) that v — Mp(v) strictly decreases in [0, Z»], so that v +—>
M (v) — M (v) strictly increases on [0, Z») and diverges to 400 as z approaches z. Combining
all these facts, we conclude that there exists a unique z3 € (0, Z2) solving M1 (v) — M2 (v) = 0.
Hence, z7 = M (z}) (or, equivalently, z7 = M>(z})), and zj > 0 since M1 (v) = M;(0) > 0
on [0, 22).

Moreover, since M (-) is strictly increasing, M, (-) is strictly decreasing on [0, z5), and
25 < Zp, we have M1 (0) < z} < M2(0), i.e.

az % p/(p+22) +aq
< < <.
ai+p/(p +A2) az
Step 4. To complete the proof we need to show that v > M>(v) is strictly decreasing in
[0, Z2]. By direct calculations we can see that the latter monotonicity property holds if

(3.16)

h 0 0, 2»].
PR cosh(asv) + azv < on [0, z2]

This holds since a3 < 0. O

Since, by Proposition 3.2, there exists a unique couple (z}, z3) solving (3.14) in (0, c0) x
(0, Zp) if and only if 012 < 022, the latter condition is taken as a standing assumption throughout
the rest of this section.

Corollary 3.1. There exists a unique couple (x{(y),x5(y)) € (B(y),+00) x (6(y), +00)
solving (3.12). Moreover; it is such that x5 (y) > x{(y).

Proof. By Proposition 3.2, there exists a unique couple (z], z3) solving (3.14) in (0, 00) x
(0, 22). Since z] = x{(y) —6(y) and 25 = x5 (y) —x] (), we have x{ (y) = z] +6(y) > 6(y)
and x3(y) = 23 +x7(y) > x7(y) > 0(y). O

In Theorem 3.1 below we prove that (w(x, 1; y), w(x, 2; y), x{(¥), x5 (¥)) is a solution to
the free-boundary problem (3.3)—(3.5). The proof is quite long and technical, and for this reason
we postpone it to Appendix A.1.

Theorem 3.1. (The candidate value function.) Let (x(y), x5 (y)) with x5(y) > x{(y) be the
unique solution to (3.12) in (6(y), +00) x (6(y), +00). Define Az(y) and A4(y) as in (3.10),

B3(y) = (@i(a3)/A1)A3(y) and Ba(y) := (P1(a4)/21)A4(y), and Bs(y) and Be(y) as
in (3.11). Then the functions

1 y) {Aameasx + A, x =27 0), G
x = 6(y), x > x{(y),
and
B3 (y)e® + Ba(y)e*”, x < x7(y),
w(x,2;y) i= | Bs(y)e™" + Bg(y)e™ ™" + Ao <xp—+_9)(z)) xf(y) <x <x5(y), (3.18)
x—6(y), x > x5(y),

are suchthatw(-,i; y) € CHR) with wyy (-, i; y) € Lf’&(R)foranyi =1,2,and|w(x,i; y)| <
ki (¥)(1 + |x]) for some k;(y) > O.

Moreover, (w(x, 1; y), w(x, 2; y), x{ (y), x5 (y)) is a solution to the free-boundary problem
(3.3)—(3.5).
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We now verify the actual optimality of the candidate value function of Theorem 3.1. The
proof of this result can be found in Appendix A.1.

Theorem 3.2. (The verification theorem.) Let C = {(x, 1): x < x{(»)}U{(x,2): x < x3(y)}.
Then, for w as in Theorem 3.1 and for u as in (2.10), we have w = u on R x {1, 2} and

™ :=inf{r > 0: (X;, &) € C}, P iy-a.s.,

is an optimal stopping time.

3.2. Case (B): 01 = 03

In this section we study the case in which o1 = 07 =: 0. We conjecture that this is
equivalent to the case without regime switching, in which the optimal stopping problem under
consideration is

q(x;y) = supE[e™"" (Xr —0()]. (3.19)
>0

Here X; = x + o W;, t > 0, and E, denotes the expectation under Py () := P(- | Xo = x).

Although (3.19) is a standard optimal stopping problem, the authors were unable to find a
precise solution in the literature. Therefore, here we simply provide the main ideas needed in
order to solve it, and we leave the details to the interested reader.

By standard theory, for any y € [0, 1] the value function ¢(-; y) should identify with a
suitable solution of the variational inequality

max{ 1020 (x; ) — L (s ¥),x —6() —C(; )} =0,  xeR. (3.20)

From (3.19), we can expect that the stopping region for this problem is of the form [x*(y),
+00) for some x*(y) > 6(y) to be determined. Indeed, for the stopper it is profitable to stop
the process X when its level is sufficiently large (but finite, due to discounting). By (3.20),
in the (candidate) continuation region (—oo, x*(y)) the value function should identify with a
solution to the ODE %Uzg“xx (x;y) — p¢(x; y) =0, that grows at most linearly when x || —oo
(this last condition is due to the linear structure with respect to x of the expected reward on the
right-hand side of (3.19)). Hence, ¢(x; y) = A(y) exp((+/2p/0)x) for some A(y) > 0 to be
determined. Then, imposing the condition that ¢ (-; y) is continuous with continuous first-order
derivative at the point x = x*(y) leads to a system of two equations for the two unknowns
(A(y), x*(y)). Solving such a system, and then performing a standard verification argument,
it follows that the value function of (3.19) is

a(x: y) = ECXP(T(X —X (Y))>, x < x*(y), (3.21)
x =0y, x = x*(y),
where the free boundary is
* o o
x7(y) = Nerd +60(y) > 0(y). (3.22)

Finally, by noting that for § as in (2.6), 4qg = %azq”, and arguing as in the proof of
Theorem 3.2, we are now in a position to prove the following result.
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Theorem 3.3. Assume that o) = oy =: 0, let x*(y) be given by (3.22), and q as in (3.21). Then
the value function of (2.10) is such that u = q. Moreover, letting C = {(x,i) € Rx{1,2}: x <
x*(y)}, the stopping time

* = inf{t > 0: (X;, &) € C}, Py .iy-a.s.,
is optimal.

4. The optimal extraction policy

In this section we provide the solution to the finite-fuel singular stochastic control problem
(2.4) in terms of the solution to the optimal stopping problem with regime switching (2.10).
In particular, we consider separately the two cases (I) y — f(y) strictly convex on [0, 1], and
(ID) y — f(y) concave on [0, 1]: see Assumption 2.1. It turns out that the optimal extraction
rule is qualitatively different across 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 8(y)
in (2.10) be such that

B(y) = c — f (y)’
P

and note that with such a choice of 6 all the results of Section 3 remains valid for y € [0, 1].
By Corollary 3.1, we know that x{(y) = zj +6(y) and x5 (y) = 25 + x{(y) (see also (3.22)
in the x{(y) = x3(y) = x™(y) case). Since y — f(y) is continuously differentiable and
strictly convex on [0, 1], it follows that forany i = 1,2, y > xi* (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, x < xj(1),
b (x) := 3 (x) 7 (x), x € (xF(1),x7(0)), 4.1
0, x > x¥(0),

and we observe that b;k: R — [0, 1] is continuous and decreasing. Note that also the case in
which x{(y) = x} (y)—i.e. case (B) of Section 3.2—can be accommodated into (4.1). Indeed,
in such a case we simply have b} = bj.

We now provide a candidate value function for problem (2.4). To this end, for u as in
Theorems 3.2 or 3.3, we introduce the function

“4.2)

Fx,y,i) = /yu(x,i;z)dz— IO
0 P

Proposition 4.1. The function F introduced in (4.2) is such that F(-,-,i) € C*'(R x [0, 1])
foranyi = 1,2. Moreover, fori = 1,2, there exist constants C; > 0 and k; > 0 such that

|F(xay’l)|+|Fy(x7yvl)|SCZ(1+|X|) and |Fx(-x7yvi)|+|Fxx(x’y’i)|SKi (43)

for (x,y) € R x [0, 1].

Proof. From (3.17) and (3.18), and from (3.21) (upon recalling also Theorems 3.2 and 3.3), it
is easy to verify that u is of the form u(x, i; y) = ¢ (y)G; (x) +n; (¥) H; (x) for some continuous
functions ¢;, n;, G;, and H;. Thus, it follows that (x, y) = F(x, y,i)and (x, y) = Fy(x, y, i)

https://doi.org/10.1017/apr.2018.31 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2018.31

688 G. FERRARI AND S. YANG

are continuous on R x [0, 1]. Also, from (3.17) and (3.18), and from (3.21), we can see that
for any x in a bounded set X C R and for any i = 1, 2, the derivatives |uy| and |u,,| are at
least bounded by a function Fx (y) € L'(0, 1). It follows that to determine F, and Fy, we can
invoke the dominate convergence theorem and evaluate derivatives inside the integral in (4.2)

to obtain
by (x)Ay by(x)Ay y
Fy(x,y,i) =/ ux(x,i;z)der/ ux(x,i;z)derf uy(x,i;z)dz (4.4)
0 by (x)Ay b3 (x)Ay
and
b¥(x)Ay by (x)Ay
Fxx(x,y,i)=/ uxx(x,i;z)der/ Uy (x,1; z) dz, 4.5)
0 by (x)ny

where the second integrals on the right-hand side of (4.4) and (4.5) are equal to 0 in the b} = b}
case. Therefore, F(-,-,i) € C>'(R x [0,1]) fori = 1,2, by (3.17) and (3.18), (3.21),
Theorems 3.2 and 3.3, and the continuity of 57 (-); see (4.1). Finally, the bounds (4.3) follow
from (3.17) and (3.18), (3.21), (4.2), and (4.4) and (4.5). O

In the next result we see that F solves the HIB equation (2.5).

Proposition 4.2. For all (x,y,i) € R x (0,1] x {1,2}, F is a classical solution to (2.5).
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 (x, y,7) € O, we have, from (4.2),

/
Fy(x,y,i)=u(x,i;y)—%zx—c, (4.6)
where the last inequality follows from the fact that u(x, i; y) > x —0(y) =x —c+ f'(y)/p.
In particular, for any i = 1, 2, we have equality in (4.6) on {(x, y) € R x [0, 1]: x > x*(¥)}.

For any fixed i = 1,2, take y € [0, 1] and x € R such that F)(x,y,i) > x —c, ie.
y < b;“ (x), and note that thanks to Proposition 4.1, we can write

y
G =P Fx,y, )= /0 (G —pux, l;)dz+ f) = f),

and
YAD3(x)

YADT (x)
(9—0)F(x,y,2)=/0 l (9»—0)u(x,2;z)dz+/ (G —pu(x,2;2)dz+ f(y)

yAbY (x)
= f(.

The last equalities in the above equations follow from the fact that u solves the free-boundary
problem (3.3)—(3.5); see Theorems 3.1 and 3.2, and also Theorem 3.3 in the x{(y) = x5 (y) =
x*(y) case.

On the other hand, for arbitrary (x, y, i) € O, we note that (see (4.1))

by (x)Ay

by(x)Ay
(9»—,0)F(x,y,i)=/0 (9»—p)u(x,i;z)d2+f (¢ — p)u(x,i;z)dz

by(x)Ay

y
+f G — pyulx, i: ) dz + F )
b3 (x)Ay
< f(),
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since, again, u solves the free-boundary problem (3.3)—(3.5). Hence, F solves (2.5). Moreover,
recalling that f(0) = O, it is straightforward to see from (4.2) that F(x,0,i) = 0 for any
(x,i) e R x {1, 2}. O

Satisfying (2.5) and the boundary condition F(x,0,i) = O for (x,i) € R x {1,2}, F is
clearly a candidate value function for problem (2.4). We now introduce a candidate optimal
control process. Let (x, y,i) € O, recall b;‘ of (4.1), and consider the process

+
g =0, U,*z[y_ inf b (xs)] . 1>0, @7

0<s<t Es

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

Proof. Recall (2.2). For any given and fixed w € Q,¢ — v () is clearly nondecreasing
and such that Yt"* (w) > 0 for any t+ > 0, since b;“ (x) € [0, 1] for any x € R. Moreover,
since (X, &) is right-continuous with left limits (see [37, Lemma 3.6]) and (x, i) > b} (x) is
continuous, ¢ — v/ () is left-continuous. Finally, the F-progressive measurability of (X, &)
and the measurability of »* imply that v* is F-progressively measurable by [10, Theorem IV.33],
whence [F-adapted. (]

Process v* is the minimal effort needed to have Y, t"* < b;‘[ (X;) at any time ¢. In particular,
it is a standard result (see, e.g. [8, Proposition 2.7] and the references therein for a proof in a
similar setting) that v* of (4.7) solves the Skorokhod reflection problem

G Y*r < bjt (X1), P(x,y,i)-a.s. for each t > 0;
.. T
(>i1) fO l{Yf*<b§,(Xz>} dl)t* =0, P(x,),,i)—a.s. forall T > 0,
where Y* := Y"". In Figure 1 we present an illustration of the (candidate) optimal policy v*.

Theorem 4.1. (The verification theorem.) The control v* of (4.7) is optimal for problem (2.4),
and F of (4.2) is such that F = V.

Proof. Since F is a classical solution to the HIB equation due to Proposition 4.2, we have
F >V on @ by Theorem 2.1. We now show that we actually have F = V on O, and that v*
of (4.7) is optimal for problem (2.4).

If y =0then F(x,0,i) = 0 = V(x,0,i). Then take (x,i) € R x {1,2}, y € (0, 1],
set Y* := YV with v* as in (4.3), and define ¥ := inf{r > 0: v} = y} and tg := inf{r >
0: X; ¢ (=R, R)}, Py ;)-a.s. forsome R > 0. Also,let0 <ny <m <--- <ny <R AV
be the random times of jumps of ¢ in the interval [0, g A ¥) (clearly, the number N of those
jumps is random as well). Given the regularity of F, we can apply It6—Meyer’s formula for
semimartingales (see [25, pp. 278-301]) to the process (e " F(X;, Y,*, &:))¢>0 on each of the
intervals [0, 1), (n1, n2), ..., (NN, TR A T). Piecing together all the terms, we obtain

F(x,y.i) =Eqyiple ™ T F(Xopns. Yo g Ergnn)]

TRAD
- E(x,y,i) [/ e_ps(g’ — pP)F (X, YY*» Es)ds]
0
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0.8
0.7 ;

0.6 1
0.5 1

0.4

0.3 l
0.2

0.1

0 T T T T
-0.908 0.002 0.810 1.720

X

--- bi(x) =log(1.81 — x)
— b3(x) =10g(2.72 — x)

FIGURE 1: Adopting the terminology of [19], the boundaries b¥, i = 1,2, split the state space into the
inaction region (y < b} (x)), transient region (b} (x) < y < b3(x)), and action region (y > b3 (x)). When
the initial state is (x, y, i) € @ with y < b¥(x), we observe 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 using MATLAB® to solve the nonlinear system
(3.14) when f(y) = 4(¢” — 1) and with o1 = 0.38, 02 = 1.9, 4] = 1.7,4, = 0.44, p = §,and ¢ = 1.

s
E . TR —psF X Y* d *,cont
+ By € y( Xy, Yy, &) dyg
0

- IE(x,y,i)I: Z eipx(F(XSv Y;:_, 55) - F(st Ys*v gs))]' (48)

0<s<TRAD

Here v*1t denotes the continuous part of v*.

Recall (2.7), and the fact that (§ — p) F(x, y,i) = —f(y) for y < b} (x) and Fy(x, y, i) =
x —cfory > b;k (x). Furthermore, note that v* solves the Skorokhod reflection problem and,
therefore, {r: dv}(w) > 0} C {r: ¥'(w) > b:, (w)(Xt (w))} for any w € Q. Combining these
facts and using (4.8), we obtain

TRAD
F(x,y,i) =E<x,y,,~>[ep‘fRA”F(XTW,Y:W,ew)— / e P F(Y)ds
0
TRAD
+ f e Xy —0) dv;k:|. (4.9)
0

As R — o0, g — o0 and, clearly, tg A ¥ — ©, P(y,y,i)-a.s. Moreover, we can use the linear
growth property of F (see (4.3)) and Lemma A.3 to apply the dominated convergence theorem,
leading to

1%1%20 Eq,y,iyle™ CRAD) B (X ot s Y onps Ergan)] = E(x,y,i)[eipﬂF(Xz?a Yy, e9)] =0.
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Finally, we also note that since dv} = 0 and f(Y;") = 0 for s > ¢, the integrals in (4.9) may
be extended beyond # up to 400 in order to obtain

o0 o0
F(x,y,i) = E(x,y,,')[/o e ( Xy — ) dvy —/0 e P f(Y)) ds] = Fuy,i (V).

Then F = V and v* is optimal. |

4.2, Case (Il): y — f(y) concave on [0, 1]

Assume now that y +— f(y) satisfies condition (II) of Assumption 2.1, and for y € (0, 1],
take 6 (y) in (2.10) such that

1
0(y) :=c— —M.
0

y

Recall now u of (2.10), and for any (x, y,i) € O, define the function

1
Wx, y, i) = yu(x,i;y)—;f(y) (4.10)

In the next result we show that W identifies with a suitable solution to the HIB equation (2.5).

Proposition 4.4. We have W (x,0,i) = 0 for all (x,i) € R x {1, 2}, and there exists K > 0
such that |W(x, y,i)| < K(1 + |x]|) on O. Moreover, for anyi =1, 2,

W(,-i)e COR x[0,1) N PR x (0, 1])

with Wiy (-, -, i) € LY

loc

(R x (0, 1]), and it satisfies the HIB equation (2.5) in the a.e. sense.

Proof. We provide a proof only for W(x, y, 1) in the x{(y) < x5 (y) case, since similar
arguments can be employed to deal with all the other cases. The proof comprises four steps.

Step 1. By Proposition 3.1 (see, in particular, the last line in (A.2)), we can write

1
W, y, DI < ylulx, 1; y)| + ;f(y)
< y[216(y)| + x (1 + |x]]

< y[2c + k(1 + |x]]+ Ef(y) for some « > 0. 4.11)
0

Taking the limit as y | 0, and recalling that f(0) = 0, we obtain W(x, 0,i) = 0 for all
(x,i) € R x {1, 2}. Also, from (4.11) we see that the monotonicity of f(-) and the fact that
y < 1 imply that there exists K > O such that |W(x, y,i)| < K(1 + |x]) on O.

Step 2. As for the claimed regularity of W (-, -, 1), from (4.10) we have W € COOR X0, 1]).
Also, from (3.21) and Theorem 3.2, it follows that W,(:, -, 1) is uniformly continuous on
open sets of the form (—R, R) x (§,1) for § > 0 and arbitrary R > 0. Hence, W,(-, -, 1)
has a continuous extension to R x (0, 1] that we denote again by W, (-, -, 1). Moreover,
Wix(, -, 1) € LE.(R x (0, 1]).

loc
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We now prove that Wy (-, -, 1) € CO(R x (0, 1]). A direct differentiation of (4.10), and the
use of (3.21), yields that for any y € [§, 1], 6 > O arbitrary,

1
Wy(x,y, 1) = ulx, 1;y) + yuy(x, 1;y) — ;f/(y)

A3(y)e 1 — azyb’(y)]
1
= +A4()e** [1 — agyd’ (y)] — ;f’(y) forx < x{(y), 4.12)
xX—c forx > x{ ().

By using (3.10) and exploiting the continuity of xi"(~) (due to the continuity of 6(-)), we can
check that y — W,(x, y, 1) is continuous on [§, 1] for any x € R. Also, it follows that
x — Wy (x,y,1) is continuous on R uniformly with respect to y € [§, 1]. In particular, by
using once more the expressions for A3(y) and A4(y) (see (3.10)), we have limg o Wy (x](y) —
Z,y, 1) = xT(y) — ¢ uniformly with respect to y € [8, 1]. Hence, Wy (-, -, 1) is continuous on
R x (0, 1] by the arbitrariness of § > 0.

Step 3. We now show that Wy (x, y, 1) > x —cforany (x, y) € R x (0, 1]. Since this clearly
holds on x > x{(y) (see (4.12)), we consider only x < x}(y). We show that Wy, (x, y, 1) < 1
on {(x,y) € R x (0, 1]: x < x](»)}, as this fact together with W, (x{ (y)—, y, 1) = x{(y) — ¢
imply that Wy (x, y, 1) > x — ¢ on that set. By differentiating Wy (x, y, 1) with respect to x on
{(x,y) e Rx (0,1]: x < x{(y)}, we find that

Wy, y, 1) =1 =ux(x,1;y) — 1+ yuy(x, 1; y).

Theorem 3.2 together with step 2 of the proof of Theorem 3.1 imply that u, (x, 1; y) — 1 <0
forany x < x{(y), y € (0, 1]. Moreover, recalling that x} (y) = z] +6(y) (see Corollary 3.1)
and (3.10), by simple algebra it follows from (3.17) that yu . (x, 1; y) = —y0’ (Y)uxx (x, 1; y)
for any x < x{(y) and y € (0, 1]. However, by Theorem 3.2 and step 2 of the proof of
Theorem 3.1, we have u,, (x, 1; y) > 0 for x < x{(y), whereas

'y — f(y)}
y

by the assumed concavity of f. Hence, Wy, (x,y,1) =1 < 0on {(x,y) e Rx (0,1]: x <
xf(y)} and, therefore, Wy (x, y, 1) > x — c on that set.

Step 4. By Theorems 3.1 and 3.2, it follows that (u(x, 1; y), u(x, 2; y), x{ (y), x5 (y)) solve
the free-boundary problem (3.3)—(3.5) and, in particular, (§ — p)u(x, 1;y) < 0 forae. x €
R and all y € (0, 1], and with equality for x < xj(y). It thus follows from (4.10) that
($ —pP)W(x,1;y) < f(y) fora.e. x € Rand for any y € (0, 1] with equality for x < x} ().

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

SO’

, 1
—y0'(y) = —[
yol

Recall that the stopping time
" =inf{r > 0: X; > x7 ()}, Py.i)-a.s.,
is optimal for (2.10), and for any y € (0, 1], define the admissible extraction rule

. 0, r=<rt¥
V= , . 4.13)
v, > 7%,

This policy acts to instantaneously deplete the reserve at time t*.
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Theorem 4.2. (The verification theorem.) The admissible control v* of (4.13) is optimal for
problem (2.4) and W = V.

Proof. Since W solves the HIB equation in the a.e. sense due to Proposition 4.2, we have
W > V on O by Theorem 2.1. We now show that we actually have W = V on 9, and that v*
of (4.13) is optimal for problem (2.4).

Let (x,y,i) € R x (0,1] x {1,2}, and set ¥}* := Y,y’V* = y — v} with v* as in (4.13).
Given the regularity of W, we can apply Ito—Meyer’s formula for semimartingales (see [25,
pp. 278-301]) following the approximation argument discussed at the beginning of the proof
of Theorem 2.1. We then find that

T*
W(x, y. i) =E<x,y,i>[e—“*vv<xr*,Y:*,sm— / P (Y ds:|
0

*

T
+ E,yi |:/ e S Wy (X, Y, &) dv;'c"m:|
0

- IE(x,y,i)|: Z e_pS(W(Xm Y;+» gs) — W(Xs, Y;’ 5x))j|

O<s<t*
*

T
= E(x,y,i) |:C’OT*W(XT*, Y:*, Erx) — / eipsf(Y;) ds]. 4.14)
0

Here v*°" denotes the continuous part of v*. Moreover, we have used the fact that
(G —p)W(Xs, Y, &) = f(Y)) forany s < t*, and that the terms in the second and third lines
of (4.14) are equal to 0 since (X, Y}, &5) = (X;, y, &) fors < t*.

On the other hand, (4.13) and the optimality of t* for problem (2.10) imply that

E(x,y,i)[e_pr*W(Xr*’ Y:*a grx)] = IE()c,y,i)[e_pr*VV(XT*a v, &r0)]

i % 1
= IE(x,y,i) e " (yu(Xr*» Y, Eg¢) — ;f(y)):|

- . |
= E(x,y.i) e Pt (th* —y0(y) — ;f()’))i|

= Eey.nle ™" (Xer —0)y]

o
=K@y f e " (Xy—o) dv;}. (4.15)
0

Also,

* 00
Ex,y,h |:/0 e P f(Y) ds:| =Eu, .0 |:/0 e ) ds:|, (4.16)

since f(Y}) = f(0) forany s > v*, and f(0) = O by assumption.
Now, using (4.15) and (4.16) in the last line of (4.14) yields W(x, y,i) = Jx y,i(V*) <
V(x,y,i). Hence, W = V and v* is optimal. O

Remark 4.1. It is worth noting that the results of this subsection also hold in the case of a
running cost function of the form f(y) = «ay for some o > 0. In particular, in such a case
0(y) = ¢ — o/ p and does not depend on y, so that the value function u of the auxiliary optimal
stopping problem is also y-independent. Thus, it follows that W of (4.10) can be expressed as
W(x,y,i) = yu(x,i) — a/p, and it is immediate that it satisfies the HIB equation (2.5) in the
a.e. sense.
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In fact, when f(y) = ay, @ > 0, simple algebra and an integration by parts allow us to
express the functional (2.3) as

ay ® o .
g(x,y,i)(v) = _7 +E(x,y,i) 0 € Xl‘ —C + ; dvl ) (x5 Yy, l) € (97 Ve ‘A)M

4.17)
which is linear with respect to the control variable. Given the discounting, from (4.17) we could
then expect that the company instantaneously depletes the reserve as soon as the spot price is
sufficiently high (but finite), in particular larger than ¢ — «/p.

Remark 4.2. Note that we have V(x, y,i) < 0 for small enough y and for all x > x(y)
and i = 1,2, if the Inada condition limy ¢ f '(y) = 400 holds. To see this, first note that
xl?* (y) = constant + 6(y) (see the proof of Corollary 3.1), together with the Inada condition,
yield limy o x/(y) = —oo by I’'Hopital’s rule. This, in particular, implies that, for small
enough y, and for all x > x/(y) and i = 1,2, we have V(x,y,i) = y(x'(y) —¢) < 0
(although V(x,0,i) = 0 for (x,i) € R x (0, 1)).

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

o
)= 755 TP
1
7 +c— —f/(y) if f satisfies (I) of Assumption 2.1,
_ Ve P 5.1)
I L) . . . '
—— +c¢— ——— if f satisfies (I) of Assumption 2.1.
2p Py

Consequently, if f satisfies (I) of Assumption 2.1 and, in particular, it is strictly convex on
[0, 1], the optimal extraction rule can be expressed as

+
V¥ = [y — inf b#(XS)] . >0, =0, (5.2)
O0<s<t

where b*(-) denotes the inverse of x*(-). On the other hand, if f satisfies (IT) of Assumption 2.1
and, therefore, it is concave on [0, 1], it is optimal to extract according to the following policy:

4]0, 1=t
Ty, >,

with ¥ = inf{r > 0: X, > x*(y)}.

A first observation worth noting is that x* = x* with x* as in (3.22). To understand this,
recall that in Section 3.2 we found that the two regime-dependent boundaries x;k, i =1,2,
coincide and are given by (3.22) if and only if 61 = o2. In such a case the price process
does not jump and it therefore behaves as if without regime switching. In such a setting it
is reasonable to obtain the same optimal selling price that we would obtain in the absence of
regime shifts.

#
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FIGURE 2: The dashed curves represent b? (x), i =1, 2, the optimal extraction boundary (5.1) of the single
regime case when the volatility is o;. The solid curves are the optimal extraction boundaries (b}, b3) when
there is regime switching in the spot price process. To generate this plot with MATLAB we have taken

fO) =1@ -1 withoy =0.38,0, = 1.9, = 1.7, A, =044, p = 1, and ¢ = }.

Although qualitatively similar to (5.2), the optimal extraction rule (4.7) exhibits an important
feature which is not present in the single regime case. Indeed, v* of (4.7) jumps at the moment
of regime shift from state 2 to state 1, thus implying a lump sum extraction at those instants.
This fact is not seen in (5.2) where a jump can happen only at the initial time. We also refer the
reader to the detailed discussion in [19].

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 we present our findings in Figure 2.

In Figure 2 we take the strictly convex running cost f(y) = %(ey — 1), and we plot the
optimal boundaries in the case of regime switching, b;‘, i = 1,2 (solid curves), and in the case
of a single regime, bf with volatility o;, i = 1, 2 (dashed curves). Taking o1 < o2, 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 remained at o7. On the other hand, the
value at which the reserve level should be maintained when macroeconomic cycles are present
is lower than the one at which it would be kept if the volatility remained at o». 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 0»),
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 o;. A symmetric
argument applies to explain b’f <b¥, i=12.

i’

Appendix A

A.1. Some proofs from Section 3

Proof of Proposition 3.1. The first claim immediately follows by taking the admissible
T = 0. As for the second property, let T be an F-stopping time and note that by an integration
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by parts, we can write

T

e (X —0() =(x—0() — /r pe P (X5 —0(y)ds +f e Mo dW,.  (AD)
0 0

Denoting M; := fol e o, dWs, t > 0, and recalling the boundedness of o, , M is uniformly
bounded in LZ(Q, P(,i)) and, therefore, P, ;)-uniformly integrable. Hence, taking expecta-
tions in (A.1), applying the optional stopping theorem (see [30, Theorem 3.2]), and then taking
absolute values, we obtain

Eqx,iy [ (Xe — 0N < Ix] +10()] +E(x,i>[fo pe 1 Xs — 0yl dS}

00 s 2q1/2
< 2(|)6|+|9(y)|)+/ pe_psE(x,i)H[ oe, AWy, i| ds
0 0
o0
<2l + 0] + (0 v oD)!2 / p/5e ds
0
< K(@(y)(1 + |x]) forsome K(y) > 0. (A.2)

Equation (2.1), Tonelli’s theorem, and Holder’s inequality imply the second step above, whereas
the third and fourth steps are guaranteed by It6’s isometry. The second claim of the proposition
then easily follows from (A.2). O

Proof of Theorem 3.1. The proof follows in five steps.

Step 1. The fact that w(-,i;y) € C L(R) fori = 1,2 follows by construction. It is also
easy to verify from (3.17) and (3.18) that w(-, i; y), i = 1, 2, grows at most linearly and that
wyx (-, i; y) is bounded on any compact subset of R.

We now show that (w(x, 1; y), w(x, 2; ), x{(y), x5 (y)) solve the free-boundary problem
(3.3)=(3.5). Since (w(x, 1; y), w(x, 2; y), x{(y), x5 (y)) satisfy (3.3) and (3.4) by construction,
then it suffices to prove that (3.5) also is fulfilled. This part of the proof requires several estimates
and it is organized in the next steps. In particular, steps 2—4 below are devoted to showing that
w(x,i;y) > x —6(y) forx € Randi = 1,2. On the other hand, in step 5 we show that
%aizwxx(x, ;) —pwx,i;y)+ A (wkx,3—1i;y) —wx,i;y)) <0forae. x € R, and for
any i =1, 2.

Step 2. Now we show that w(x, 1;y) > x — 6(y) for any x € R. This clearly holds
with equality by (3.17) for any x > x{(y). To prove the claim when x < x{(y), we
show that w(:, 1; y) is convex therein. Indeed, such a property, together with the fact that
wy(x7(y), 1;y) — 1 = 0, implies that w,(x, 1;y) — 1 < 0 for any x < x{(y). Hence,
w(x, 1;y) = x —6(y) for x < xj(y) since also w(x}(y), I; y) — (x](y) —6(y)) = 0.

To complete, we thus need to show that w(-, 1; y) is convex on x < xi‘(y). We accomplish
this in the following way. For any x < x{ (), from (3.17) we have

Wer (X, 15 y)(ag — a3) = @3 (ag(x}(y) — 6(y)) — 1)eB3E¥0D
+ a3 (1 — a3 (x} (y) — () E=x 0D, (A3)

and we want to prove that wy, (x, 1; y) > 0. To this end, note that after some calculations we
arrive at

@3 (s (xF (=0 —D+ai(1—a3(xf (1) =) = (aa—az)[as+az—azas(x] () -0 ()],
(A4)
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and also

_l< p +a4>_ifi. (A.5)

a3 \p+ A2 az ooy
Then recall that x{(y) — 6(y) = z], use the upper bound for z} given in (3.16), and substitute
(A.5) into (A.4) to obtain (a4 — a3)[as + a3 — azas(x](y) —0(y))] = 0.
By (A.4), the latter implies that

af(l —a3(xf(y) — 0)) = —a3(aa(xF(y) — 6(») — 1),
which, substituted back into (A.3), yields
wer (x, 15 ) (@4 — @3) > a2 (aa(x}(p) — 0(y)) — D[eBEHO) _eas@=270N] (A 6)

But now the right-hand side of (A.6) is nonnegative due to (3.16), (A.5), and the fact that
a3 < ag but x < xj(y). Hence, wyy(x, 15 y) > 0 for any x < x(y) and, therefore, w(-, 1; y)
is convex on that region.

Step 3. In this step we prove that w(x}(y), 2; y) > x](y) — 6(y) and wy (x](y), 2; y) < 1.
These estimates will be needed in the next step to show that w(x, 2; y) > x — 6(y) for any
x € R.

From (3.18) and using the fact that

B3(y) =

A3(y), By(y) =

D1 (a3) Dy (ag) As(y)
. ,

with A3(y) and A4(y) as in (3.10), we easily obtain

D (@3)[oa(xf () —0(y) =11  P1(ag)[l —a3(xf(y) — ()]
Aoy — az) Ar(ag —az)

wxi(y),2;y) =

and

a3 P (e3)laa(xf(y) —0() — 11 | aa®i(ag)[l —a3(xj(y) —6(y)]

(7 (), 2 y) =
wy (x7(y) y) A (os — a3) A(og — a3)

Recalling that ®;(z) = —%aizzz + p+ X, i = 1,2, asimple calculation yields

—of(03 4+ a4)/2 4+ (xF(y) — 0() (ofazaa/2 + p + A1)

w(xi(y),2;y) = . ; (A7)
ag®(ag) — a3 ®(a3)  azaaal(xF(y) — 0(y)) (s + a3)
wx (¥ (), 2 y) = + — . (A
Ai(as —a3) 20
It is now matter of algebraic manipulation to show that
of (a3 + o) a
3 =— , (A9)
ofazay +2p ar+p/(p+22)
and
_p/pt+ia) tas _ 20 [ a3 Py (a3) —064<1>1(014)} (A.10)
ajs 0{30540'12(0(4 + a3) Aoy — a3) . .
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Then recalling that x} (y) — 6(y) = z}, by (3.16), (A.9), and (A.10), we obtain

of (o3 +as)

<) —00) <

2 [1 o3P (ar3) — g D (erg)
0'120630{4 +2p Ol30[40'12 (g + 3)

Ar(og — a3)

}. (A.11)

By using the inequality on the left-hand side of (A.11) in (A.7), and the inequality on the right-
hand side of (A.11) in (A.8), we find w(x{(y), 2; y) > x{(y) —6(y) and w, (x] (y),2;y) < 1,
respectively.

Step 4. We now show that w(x,2; y) > x — 6(y) for x < xJ(y) (and, therefore, for any
x € R due to the second part of (3.4)).

On x € (=00, x{(y) U (x](y), x5 (¥)), from (3.3) we have

ToFwe (x,2;y) + Aa(w(x, 15 y) — w(x, 2 y)) — pw(x, 2; y) = 0.

Setting w(x,i;y) := wx,i;y) — (x —0(y)), i = 1,2, it follows that on (—o0, x](y)) U
(T ), x3(3)s

Lo3Wex(x, 2 ) + Aa(@(x, 15 y) — B(x, 25 ) — pB(x, 25 ) = p(x —O(y).  (A.12)
We now show that w(x, 2; y) > 0 separately in the two cases:
(i) x € (=00, x7(¥));
(i) x € (x{(»), x5 ().
(i) For x € (=00, x{(y)), we can differentiate (A.12) once more with respect to x so as to
obtain
303 Wexx (X, 2;y) + Ao (@ (x, 11 y) — Wy (x, 21 ) — pide(x,2; y) = p.

Setting 71 := inf{r > 0: (X, &) ¢ D1}, Px,iy-as., where Dy = {(x,i) e Rx {1,2}: x <
x7(»)}, an application of It6’s formula (possibly with a standard localization argument) leads to

71
Wy (x, 25 y) =E(x,i)[e_p”ﬁx(Xn,sr.;y)—/ e_“pds]
0

< Ew,ple” "Wy (X, 7,3 ¥)]
= IE:(x,i) [e "Wy (Xr1 » €113 y)l{grl :1}]
+Eqple ™" Wy (X, & W, =21 foranyx < x; (). (A.13)

Now recall that w, (x{ (), 1; y) = wx(x](y), I; y)—1 = Oand that, by step 3, w, (x{ (y), 2;
y) = wx(xik(y), 2;y) —1 < 0. Then the fact that 7; < +o00, P, ;)-a.s. (by the recurrence
property of (X, €); see [37, Theorem 4.4(i)] with k > 0, o € (0, 1), ¢ = ¢ therein) allows us
to conclude from (A.13) that wy (x, 2; y) < 0 for any x < x{(y). This, in turn, implies that
w(x,2;y) = x —6(y) for any x < x{(y) since w(xj(y), 2; y) > x{(y) — 6(y) again by the
results of step 3.

(ii) Now take x € (x{(y), x3(y)) and define 71 5 := inf{t > 0: (X, ¢) ¢ D12}, Pr,i)-a.s.,
where Dy = {(x,i) € R x {1,2}: x{(y) < x < x3(y)}. By arguments similar to those
employed in (i), but now using Wy (x5 (y),2; y) = 0 and W, (x{(y),2;y) < 0 (see step 3),
and Wy (x5 (y), 15 ¥) = 0 = W, (xF(y), 1; y) by construction, we obtain wy (x, 2; y) < 0 for
any x € (x}(»),x3(y)). Hence, we have w(x,2;y) > 0 for any x € (x](y), x3(y)) since
w(x3(y),2;y) =0.
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By combining (i) and (ii) we have thus proved that w(x,2;y) > x — 6(y) for any x €
(=00, x{(»)) U (x](»), x5 (y)). However, we already know, by step 3, that w(x(y), 2; y) >
x{(y) — 6(y) and, therefore, we can conclude that w(x, 2; y) > x — 6(y) for any x < x3(y).

In steps 2, 3, and 4 we have shown that w(x, i; y) > x—6(y) forx € Randi = 1, 2. We now
turn to prove that we also have %crl.zwxx(x, L y)—pw(x,i; y)+ri(wx,3—i; y)—w(x,i; y)) <
Oforae.x e Randi =1, 2.

Step 5. (1) We start by showing that

ToFwen(x, 2 ) — pw(x, 2; y) + A(w(x, 1; y) —w(x,2;y)) <0 forae.x eR. (A.14)

This holds with equality for any x < xj(y) by construction. For x > xj(y), we have
wkx,1;y) = x —0(y) = w(x,2;y), so that (A.14) reads —p(x — 6(y)) < 0. But now
the latter inequality holds since p > 0 and x5 (y) > 6(y) by Corollary 3.1.

(i1) We now check that we also have

%ofwxx(x, Ly)—pwx, 1;y)+ A (w(x,2; y) —w(x, 1;¥)) <0 forae.x € R. (A.15)

Again, it suffices to show that the previous holds for x > xj(y), as it is verified with equality
by construction on (—oo, x7(y)).

If x > x3(y) then w(x, 2; y) = x — 6(y) = w(x, 1; y) and (A.15) holds since p > 0 and
x5 (y) > 6(y) by Corollary 3.1.

To complete the proof, we consider the x € (x}(y), x5 (y)) case. On such an interval, we
have again w(x, 1; y) = x — 6(y) and, therefore, (A.15) is verified on (x}(y), x5 (y)) if

P+ A

w(x,2;y) < lw(x, 1; y). (A.16)

In step 4 we have shown that wy (x,2; y) — 1 < 0 for any x € (x](y), x5(»)), from which we
have
w(x,2;y) —wx, 1;y) =wx, 2, y) — (x —0(y)
< w@ (), 25 y) — (7 () = 6()
=wx{ (), 2;y) —wkx(y), 1;y),
where the fact that w(x, 1; y) = x — 6(y) for any x > xi‘(y) has been used. Therefore, on
7 (), x5 (),
w(x,2;y) < wx(y), 2;y) —wky(y), I y) +wix, 1; y). (A.17)

However, by the convexity of w(-, 1; y) proved in step 2, we have

—pw(x, LI; y) + Ar(w(x, 2; y) —w(x, 1; y))
< rolwe(x, 1;y) — pw(x, 1 y) + A (w(x, 25 y) — w(x, 15 y))

=0 foranyx < x{(y),

and this yields
P+ M

w(x,2;y) < w(x, 1; y), x < x{(y). (A.18)
Then, taking limits as x 1 xi‘(y), we obtain from (A.18) and the continuity of w(:, i; y),

P+ Al

wET(),2:y) < w13y, (A.19)
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and we conclude from (A.17) and (A.19) that, for any x € (x](y), x5 (),

o+ A1 o+ A

1
w(x,2;y) < wxi(y), 1 y) —wxi(), L y) +wlx, 1;y) < w(x, 1;y),
where the fact that w(x}(y), 1;y) = xf(y) = 0(y) < (x —6(y)) = w(x,1;y) for any
x > x{(y) implies the last step. Hence, (A.16) holds on (x (y), x5 (y)) and, therefore, (A.15)

is also satisfied on that interval. O

Proof of Theorem 3.2. The proof follows in two steps.

Step 1. Fix (x,i) € R x {1,2}, let T be an arbitrary P, ;)-a.s. finite stopping time, and set
tr :=1inf{t > 0: X; ¢ (=R, R)}, Py ;)-a.s. for R > 0. ThenletO <ny <m < --- <nn) <
T A TR be the random times of jumps of ¢ in the interval [0, T A Tg) (clearly, the number N
of these jumps is random as well) and, given the regularity of w(-,i;y) forany i = 1,2
(see Theorem 3.1), apply It6—Tanaka’s formula (see, e.g. [30, Chapter VI, Proposition 1.5,
Corollary 1.6 and the remarks following]) between consecutive jumps of ¢ from time O up to
time v A tg. Piecing together all the terms as in the proof of [32, Lemma 3, p. 104] (see also
the proof idea of [35, Lemma 2.4]), we obtain

w(x, i3 ) = Eu.ile " ®w(Xopeg, racgs ¥)]
TATR
— E,i) [/ e (g — pw(Xy, & y) ds]
0

= E(x,i)[e_p(fATR)w(Xr/\tRa ETATRS ]

> Eenle TR (X pnre — 0(0)]. (A.20)

In (A.20) we have used the fact that w solves the free-boundary problem (3.3)—(3.5) (see
Theorem 3.1), and the fact that the stochastic integral over the interval [0, T A Tg) vanishes
under expectation since w, is bounded for (x, i, y) € [—-R, R] x {1, 2} x [0, 1].

But now {e’p(’”R)Xm,R, R > 0} is a P(, ;y-uniformly integrable family by Lemma A.3,
hence observing that if R 1 oo then 7 A tg 1 T a.s. by the regularity of (X, ¢) (see [37,
Section 3.1]), we can then take limits as R 1 oo in (A.20) and invoke Vitali’s convergence
theorem to obtain

w(x,i;y) = Eqple™” (X: —0(y)].

Since T was arbitrary, w(x, i; ¥) > sup,~o Ex,»le™"" (X — 0(y)] = u(x, i; y).

Step 2. To prove the reverse inequal_ity, ie. w(x,i;y) < u(x,i;y), take T = t* in the
previous arguments and note that (§ — p)w(x, i; y) = 0 on C. Then taking limits as R 1 oo,
we obtain

w(x,i;y) =Enle ™" w(Xer, g0 y)] = Erile ™7 (Xox — ()],

where the last equality follows from the fact that T* < +o0, P(, ;)-a.s. by the recurrence
of (X, ¢); see [37, Theorem 4.4]. Therefore, w(x,i;y) < u(x,i;y), whence w(x,i;y) =
u(x, i; y) and optimality of 7*. O

A.2. Some auxiliary results

LemmaA.l. Fori = 1,2anda € R, let ®;(a) := —%aizaz + o+ A;. Then there exist unique
o] < ar <0 < a3 < aq satisfying the fourth-order equation

D1 (a)Pr(ax) — A1A2 = 0. (A21)
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Proof. We provide a proof of this claim in our setting for the sake of completeness; see also
[16, Remark 2.1] and [33, Lemma 3.1] for related results. Using the definition of ®;,i = 1, 2,

we can express (A.21) as

jotozat — [0t (p+22) + 303 (p + AD]e + (o + A (p + A2) = hiha =0,

and letting

B

a, =
we can check that

2
by —4aoco = [3(07(p + 12) — 03 (p + 21)]” + hiraoios > 0.

ofoy.  boi=300(p+A) + 3050+, o= (p+A)(p+A) —hida,

Hence, there exist two solutions 81 and B; to the second-order equation a, ,32 —boB+co =0,

and they are such that 0 < f, < B since a,c, > 0. Thus, it follows that

—aq :=\/E=:a4 and —ozz::\/ﬂ_z::ozg

solve (A.21) and satisfy o] < op < 0 < 3 < 4.

O

LemmaA.2. Let a;,i = 1,2,3,4, be defined as in (3.13a)—(3.13d). Then we have a; < 0,

ar» > 0,a3 <0,andayg > 0.

Proof. Noting that ®; (x) = —%Giz(lz + p 4+ A, i = 1,2, 1s a strictly decreasing function

of «, the fact that o3 < a4 implies a; > 0 and a3 < 0.
As for ap, from (3.13a) recall that

_ g Pi(a3) — a3 Py(s) A2
Aoy — a3) p+Arr

a) =

By using the explicit expression of ®;(«), i = 1, 2, direct calculations lead to
a1 @i (a3) — a3 Pi(oy) = (%0120130!4 +p 4 A1) (s — a3),
which substituted into (A.22) yields

0’120{30l4/2 +p+ A Ao 0120[30[4/2 +p
- + < — <
Al o+ i Al

0.

ap =

We conclude by showing that a4 > 0. It is matter of simple algebra to show that
a3P1(a3) — aa®@i(as) = (4 — a3)[ 307 (@3 + a5 + i) — (p+ )],

which used in the expression for a4 of (3.13d) allows us to write

ofasas ta3 +a)/2—(p+h) 2

a4 = .
A o+ A

Since a3 and o4 solve @1 () Py (o) = A1)2, by Vieta’s formulae we deduce that

2, 2 208 (p+2) +205(p + M)
o3 oy = 55 .
010,
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Noting that 34 > 0, and using (A.27) in (A.26), we obtain

ol@3+a)/2—(p+r) 1 [oloi(p+ A1)
Py -
1 1

—(p+ )»1)] =
22
0102

thus completing the proof. ]
LemmaA.3. Fix (x,i) € R x {1,2}, let T be an arbitrary P ;)-a.s. finite stopping time,
and for R > 0 set tg := inf{t > 0: X; ¢ (=R, R)}, P(x,iy-a.s. Then the family of random
variables {e’p(”\’R)XMTR, R > 0} is Py jy-uniformly integrable.

Proof. By an integration by parts, we have, due to (2.1),

e_p(f/\TR)Xr/\TR = x _/

TATR TATR
pe P X ds + / e Mo, dW;.
0 0

On the one hand, by Holder’s inequality and It6’s isometry, we obtain

0 0o s 24172
Ex,i [/ pe_ples|dsi| < |x| +f pe_psE(x,,-)H/ og, AW, i| ds
0 0 0
o0
< |x|+ (0’12 \ 0’22)1/2/ p+/se P ds
0
< 0. (A.28)

Hence, [;° pe "% X,|ds € L' (Q, Py ).
On the other hand, the continuous martingale { fo e o, dW,, t > 0} is bounded in

L(Q, P,i)) since
2 00
i| < (012 \/022)/ e 7275 ds
0

t
]E(x’i)H/ e_pso&dWS
0

and, therefore, (see [30, Chapter IV, Proposition 1.23]) for any R > 0,

TATR 2 TATR
E(x,n”/ e oy, dWs ] = E(x,i)[/ e g ds] < (of v%)/ o205 .
0 0

Hence, the family {| fMtR e Po. dW,|, R > 0} is bounded in L3(Q, P(.iy) as well, and thus
uniformly integrable. This fact, together with (A.28), in turn implies uniform integrability of
the family {e * ™R X 7., R > 0}. O

LemmaAd4. Let (x,y,i) € O and denote by T the set of F-stopping times. Then for any
v € sy, the families of random variables

T T
{/ e "Xy —co)dv,, T € ‘T} and {/ e P f(Y))du, T € ‘T}
0 0

are IP(y y 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?(£2, P(x,y,i)). Let T be any given and fixed stopping time
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of ¥, take any v € +y, and note that an integration by parts leads to
T
/ e P“(X, —c)dy,
0
T T
=e ""(X; — o)y +/ pe (X, — o)y, du —/ e u,0,, AWy, (A.29)
0 0
where (2.1) has been employed. However, we also have
T T
e PT(X; —c)vy = vy |:x —ce T —/ pe P"X, du —i—/ e Plog, qui|. (A.30)
0 0

Denoting by K > 0 a suitable constant possibly depending on x and y, but not on 7, which
may change from line to line, we obtain, from (A.29) and (A.30),

2

T
/ e " (X, —c)dy,
0

) T 2 T 2
< K|:1 +/ pe P X, du + / e Plog, dW,| + / e Pvyop, AW, i|
0 0 0
) u 2 T 2
< K|:1 + / pe P! [ e Moy dWs| du + f e o, dW,
0 0 0
T 2
+ / e Py, 0p, AW, ], (A.31)
0

where we exploit the boundedness of v € #Ay. In (A.31), Jensen’s inequality was used in
the first step for the integrals with respect to pe™”" du, whereas the last step employs (2.1).
Taking expectations in (A.31), using It6’s isometry, noting that ‘752, < (712 \Y 022 a.s., and that any

admissible control is bounded by 1, we obtain

2 00
]5 K[1+(012VU22)f pe_p”(l+u)du], (A.32)
0

T
E(x’y’i)H / e "“(X, —c)dy,
0

which, in turn, proves the first claim.
Uniform integrability of the second family follows by noting that for any [F-stopping time t
and any v € #4,, we have

0< /Te—f’“ﬂY;)du < /me—P“f(l)du < ID
0 0 1%

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