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Abstract

In this paper we establish a new connection between a class of two-player nonzero-sum
games of optimal stopping and certain two-player nonzero-sum games of singular control.
‘We show that whenever a Nash equilibrium in the game of stopping is attained by hitting
times at two separate boundaries, then such boundaries also trigger a Nash equilibrium
in the game of singular control. Moreover, a differential link between the players’ value
functions holds across the two games.
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1. Introduction

Connections between some problems of singular stochastic control (SSC) and questions of
optimal stopping (OS) are well known in control theory. In 1966, Bather and Chernoff [5] stud-
ied the problem of controlling the motion of a spaceship which must reach a given target within
a fixed period of time, and with minimal fuel consumption. This problem of aerospace eng-
ineering was modelled in [5] as a SSC problem, and an unexpected link with OS was observed.
The value function of the control problem was indeed differentiable in the direction of the
controlled state variable, and its derivative coincided with the value function of an OS problem.

The result of Bather and Chernoff was obtained by using mostly tools from analysis.
Following this, Karatzas [26], [27], and Karatzas and Shreve [29] employed fully probabilistic
methods to perform a systematic study of the connection between SSC and OS for the so-called
‘monotone follower problem’. The latter consists of tracking the motion of a stochastic process
(a Brownian motion in [26]-[29]) by a nondecreasing control process in order to maximise
(minimise) a performance criterion which is concave (convex) in the control variable. Further,
a link to OS was shown to hold also for monotone follower problems of finite-fuel type; i.e.
where the total variation of the control (the fuel available to the controller) stays bounded
(see [18] and [28], and also [4] for dynamic stochastic finite fuel). More recent works provided
extensions of the above results to diffusive settings, [6] and [8], to Brownian two-dimensional
problems with state constraints [11], to It6-Lévy dynamics under partial information [36], and
to non-Markovian processes [3].
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It was soon realised that these kinds of connection could be established in wider generality
with admissible controls which are of bounded variation as functions of time (rather than just
monotone). Indeed, under suitable regularity assumptions (including convexity or concavity of
the objective functional with respect to the control variable), the value function of a bounded
variation control problem is differentiable in the direction of the controlled state variable, and
its derivative equals the value function of a two-player zero-sum game of OS (Dynkin game).
To the best of the authors’ knowledge, this link was first noted in [40] in a problem of controlling
a Brownian motion, and then generalised in [7] and [31], and later on also in [22] via optimal
switching.

It is important to observe that despite their appearance in numerous settings, connections
between SSC and OS are rather ‘delicate’ and should not be taken for granted, even for monotone
follower problems with very simple diffusion processes. Indeed, counterexamples can be found
in [14] and [15] where the connection breaks down even if the cost function is arbitrarily smooth
and the underlying processes are Ornstein—Uhlenbeck or Brownian motion.

The existing theory on the connection between SSC and OS is well established for single-
agent optimisation problems. However, the latter are not suitable for the description of more
complex systems where strategic interactions between several decision makers play a role.
Problems of this kind arise, for instance, in economics and finance when studying productive
capacity expansion in an oligopoly [39], the competition for the market-share control [32], or
the optimal control of an exchange rate by a central bank (see the introduction of [24] for such
an application).

In this paper we establish a new connection between a class of two-player nonzero-sum
games of OS (see [16] and the references therein) and certain two-player nonzero-sum games
of SSC. These games involve two different underlying (one-dimensional) It6 diffusions. The
one featuring in the game of controls will be denoted by X, whereas the one featuring in the
game of stopping will be denoted by X.

In the game of controls, each player may exert a monotone control to adjust the trajectory
of X. The first player can only increase the value of X by exerting his/her control, while the
second player can decrease the value of X only by exerting his/her control. If player 1 uses
a unit of control at time ¢ > 0 then he/she must pay G (X,), while at the same time player 2
receives Ly (X,). A symmetric situation occurs if player 2 exerts control (see Section 2.2). Each
player wants to maximise his/her own total expected reward functional.

In the game of stopping, both players observe the dynamics of X and may decide to end
the game by choosing a stopping time for X. When the game ends, each player pays a cost
according to the following rule: if the ith player stops first, he/she pays Gj;; if instead the ith
player lets the opponent stop first, he/she pays L;. Here G; and L; are the same functions as in
the game of controls and, in general, they depend on the value of X at the random time when
the game is ended.

We show that if a Nash equilibrium in the game of stopping is attained by hitting times of
two separate thresholds, i.e. the process X is stopped as soon as it leaves an interval (a, by)
on the real line, then the couple of controls that keep X inside [ax, bs] with minimal effort (i.e.
according to a Skorokhod reflection policy) realises a Nash equilibrium in the game of singular
controls. Moreover, we also prove that the value functions of the two players in the game
of singular controls can be obtained by suitably integrating their respective ones in the game
of OS. The existence of Nash equilibria of the threshold type for the game of stopping holds
in a large class of examples as demonstrated in [16]. Here the proof of our main theorem (see
Theorem 3.1 below) is based on a verification argument following an educated guess. In order
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to illustrate an application of our results we present a game of pollution control between a social
planner and a firm representative of the productive sector.

Another important result of this paper is a simple explicit construction of Markov-perfect
equilibria (i.e. equilibria in which each player dynamically reacts to his/her opponent’s dec-
isions) for a class of two-player continuous-time stochastic games of singular control. This
is a problem in game theory which has yet to be solved in full generality (see [2, Section 2]
and [39]), and here we contribute to further improve results in that direction. We seek for Nash
equilibria in the class of control strategies M which forbids the players to exert simultaneous
impulsive controls (i.e. simultaneous jumps of their control variables). On the one hand, this is
a convenient choice for technical reasons, but, on the other hand, we also show in Appendix A.1
that it induces no loss of generality in a large class of problems commonly addressed in the
literature on SSC.

It is worth emphasising a key difficulty in handling nonzero-sum games. If, for example,
player 1 deviates unilaterally from an equilibrium strategy then this has two effects: it worsens
player 1’s performance, but it also affects player 2’s payoff. However, it is impossible to
establish a priori whether such a deviation benefits or harms player 2. This issue does not arise
in single-agent problems and in two-player zero-sum games where the optimisation involves a
unique objective functional. From a partial differential equation point of view this is expressed
by the fact that our nonzero-sum game of controls is associated to a system of coupled variational
inequalities, rather than to a single variational inequality. Thus, there is a fundamental difference
between the nature of our results and those already known for certain (single-agent) bounded
variation control problems (see, for example, [7] and [40]).

Our work marks a new step towards a global view on the connection between SSC problems
and questions of OS by extending the existing results to nonzero-sum, multi-agent optimisation
problems. A link between these two classes of optimisation problems is important not only from
apurely theoretical point of view but also from a practical point of view. Indeed, as it was pointed
out in [29, p. 857] one may hope to ‘jump’ from one formulation to the other in order to ‘pose
and solve more favourable problems’. As an example, one may note that questions of existence
and uniqueness of optimisers are more tractable in control problems than in stopping ones; on
the other hand, a characterisation of optimal control strategies is, in general, a more difficult
task than the one of OS rules. Recent contributions to the literature (see, for example, [12],
[13], and [20]) have highlighted how the combined approach of SSC and OS is extremely
useful to deal with investment/consumption problems for a single representative agent. It is
therefore reasonable to expect that our work will increase the mathematical tractability of
investment/consumption problems for multiple interacting agents.

The rest of the paper is organised as follows. In Section 2 we introduce the setting,
the game of singular controls, and the game of OS. In Section 3 we prove our main result and
discuss the assumptions needed. An application to a game of pollution control is considered in
Section 4, whereas some proofs and a discussion regarding admissible strategies are collected
in Appendix A.

2. Setting

2.1. The underlying diffusions

Denote by (2, F, IP) a complete probability space equipped with a filtration F = (F),>0
under the usual hypothesesN. Let W = (W;);>0 be a one-dimensional standard Brownian
motionadapted to F, and (X ,v ’5),20 the strong solution (if it exists) to the one-dimensional,
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controlled stochastic differential equation (SDE)
dX)% = X5 dr + o (X5 dW, +dv, —dg,  Xpf =x e, 2.1)

with 7 := (x, X¥) € R and with u, o real-valued functions which we will specify below. Here
(v1)r=0 and (&;);>0 belong to

48 :={n: (n:(w)):>0 left-continuous, adapted, increasing, with no = 0, P-a.s.},
where we abbreviate P-almost surely to P-a.s., and we denote
o7 :=inf{t > 0: X% ¢ 1}

the first time the controlled process leaves 1.
Note that v and £ can be expressed as the sum of their continuous part and pure jump part,

i.e.
v=vf+ Y Av & =8+ A,
s<t s<t
where Avg 1= vgy — vg and A& = &4 — &. Throughout the paper we will consider the

process X "¢ killed at o7, and we make the following assumptions on & and o.
Assumption 2.1. The functions p and o are in C' (1) and o(x) > 0, x € I.

Since p and o are locally Lipschitz, for any given (v, §) € 4 x 4, (2.1) has a unique strong
solution (see [37, Theorem V.7] and the text after its proof).

To account for the dependence of X on its initial position, from now on we will write X*-"-§
where appropriate. In the rest of the paper we use the notation E, [f(f(t”’s)] = E[f(f(f’v’g)]
for f Borel-measurable, since (f( , v, &) is Markovian but the initial value of the controls is
always 0. Here E, is the expectation under the measure P, (-) := P(- | Xo = x) on (Q, F).
As mentioned in the introduction, (2.1) will be the underlying process in the game of control.

To keep the notation simple and to avoid introducing another filtered probability space, we
also assume that the filtered probability space (€2, ¥, F, IP) is sufficiently rich to allow for the
treble (2, F,P), F, (X, W) to be a weak solution to the SDE

dX, = (u(Xy) + o (X))o’ (X)) dt + o (X;) dW,, Xo=x¢€l, (2.2)

where W is another Brownian motion. Note that this requirement does not affect the generality
of our results because X and X never feature at the same time in our optimisation problems.
In particular, X will appear only in the game of stopping.

Assumption 2.1 guarantees that the above SDE admits a weak solution which is unique in
law up to a possible explosion time [30, Chapter 5.5]. Indeed, for every x € I, there exists
&, > 0 such that

X+e&o !
/ L@l +loe@a’ @1, L (2.3)

— o (2)[?
To account explicitly for the initial condition, we denote by X* the solution to (2.2) starting from
x € I at time 0. Due to (2.3), the diffusion X is regularin I, i.e.if r, :=inf{t > 0: X} = z},
we have P(t; < 0o) > 0 for every x and z in I so that the state space cannot be decomposed
into smaller sets from which X cannot exit (see [9, Chapter 2]).
We make the following standing assumption.
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Assumption 2.2. The points x and X are either natural or entrance-not-exit for the diffusion X,
hence unattainable. Moreover, x and X are unattainable for the uncontrolled process X%,

For boundary behaviours of diffusions, we refer the reader to [9, p. 15]. Unattainability of x
and x refers to the fact that, for x € I, the processes X* and X*9.9 cannot leave the interval
(x, X) in finite time, P-a.s. Feller’s test for explosion (see, for example, [30, Theorem 5.5.29])
provides necessary and sufficient conditions under which x and X are unattainable for the dif-
fusions X and X*°. Moreover, specific properties of natural and entrance-not-exit boundaries
may be addressed by using the speed measure m(dx) and the scale function S(x) of the above
diffusions (since we are not going to make use of these concepts we simply refer the interested
reader to [9, pp. 14—15] for details).

In the next remark we show that if ¢’ is sufficiently integrable then unattainable boundary
points of X are also unattainable for the uncontrolled process X0.0,

Remark 2.1. For simplicity, let us assume that o € C 2(I) so that both (2.1) and (2.2) admit a
strong solution. For x € T, let us define a new measure QQ, by the Radon—Nikodym derivative

_dQ,
T dP,

Z

t - - 1 t -
= exp{f o/ (X290 dw, — -/ (a’)2(X?’0)ds}, P,-as.

which is an exponential martingale under suitable integrability conditions on o’. Hence, the
Girsanov theorem implies that the process B; := W;— fé o’ (X?’O) ds is a standard Brownian
motion under Q, and it is not difficult to verifoy that Law(X%0 | Q,) = Law(X | Py).

0

It follows, denoting a? = inf{t > O: f(,’ ¢ I}and tpy = inf{r > 0: X, ¢ I}, that

Law(ag | Qx) = Law(zz | Py). Note also that the measures Q, and P are equivalent on thW
forall 0 <t < +o0, where (F,),>0 is the filtration generated by W (see [30, Chapter 3.5]).
In particular, {a? <t} e ?IW. Therefore, using the fact that x and X are unattainable for X, we
obtain

0=P (7 <) =Qu(o) <1) = Py(o)<1)=0 forallz>O0.

Hence, P, (a? < +o00) = 0, which proves that x and X are unattainable for the process X0.0
under P, forall x € I.

The infinitesimal generator of the uncontrolled diffusion X*-%-0 is denoted by £  and defined
as

(L [)(x) = 36> @) () +n) f'x),  feC*D).xel,
whereas the one for X is denoted by £ x and defined as
(Lx [)(x) = 302 @) f/(x) + (ux) + o (@)’ ) f'(x),  feC* (D). xel.
Letting r > 0 be a fixed constant, we have the following assumption.
Assumption 2.3. Assume that r > p/(x) forx € T.

We denote by ¢ and ¢ the fundamental solutions of the ordinary differential equation (see
[9, Chapter 2, Section 10])

Lxulx) — (r —pw' (x)ulx) =0, xel, 2.4)

and we recall that they are strictly increasing and decreasing, respectively.
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Finally, we denote by S'(x), x € I, the density of the scale function of (X;);>0, and by w

the Wronskian
w e U ()¢ (x) — @' (x)P (x)
o S'(x)

,  xel, (2.5)

which is a positive constant.

Particular attention in this paper is devoted to solutions of (2.1) reflected inside intervals
[a, b] C I, and we recall here the following result on Skorokhod reflection. Its proof can be
found, for example, in [41, Theorem 4.1] (note that ' and ¢’ are bounded on [a, b]). Below
we abbreviate ‘such that’ to s.t. and 14 is the indicator function on the event A.

Lemma 2.1. Let Assumption 2.1 hold. For any a,b € I witha < b and any x € |a, D],
there exists a unique couple (v*, ) € 8 x 8 that solves the Skorokhod reflection problem
SP(a, b; x) defined as:

X e la, b, P-as. for0 <t <oy,

Tnoy
ﬁnd (l), %-) c8x4st /0 1{;(:.1),5>a} dl)[ = 0, P-a.s. fO}" any T > O, (26)
Tnoy
/ l{ix,v,é ) d& =0, P-a.s. forany T > 0.
0 t

It also follows that supp{dv?} N supp{d&’} = @.
For future frequent use we also recall the one-sided version of the above result.

Lemma 2.2. Let Assumption 2.1 hold. Foranya € 1, x > a, and & € &, there exists a unique
v4 € & that solves the Skorokhod reflection problem SPi 1 (x) defined as:

Xf’v'g € [a,X), P-as. for0 <t <oy,

findv € & s.t. T Aoy 2.7
/(; I{X;c,v,e’;’>a} dv, =0, P-a.s. forany T > 0.

Similarly, for any b € I, x < b, and v € &, there exists a unique éb € 4 that solves the
Skorokhod reflection problem SP,_(x) defined as:

f(f’”’s € (x, b], P-a.s. for0 <t <oy,

find & € & s.t. TAor 2.8)
/o 1{)?;;,\;.5<b} d& =0, P-a.s. forany T > 0.

The proof of the above lemma is based on a Picard iteration scheme. Although this derivation
seems to be standard we could not find a precise reference for our particular setting, and as
such we provide a short proof in Appendix A.2.

2.2. The game of controls

We introduce a two-player nonzero-sum game of singular control, where player 1 (respec-
tively, player 2) can influence the dynamics (2.1) by exerting the control v (respectively, &).
The game has the following structure: if player 1 uses a unit of control at time ¢ > 0, he/she
must pay a cost G (X ; ’s), while player 2 receives a reward Ly(X ; ’E). A symmetric situation
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occurs if player 2 exerts control. Both players want to maximise their own expected discounted
reward functional ¥; defined by

or ~ o1 ~
Wy (x; v, &) = E[ f e LK )e dg — / e”GﬂX?"”f)eadv,], (2.9)
0 0

or B or B
Wo(x; v, £) 1= E[/ e Ly(X Ve dy, —/ e”Gz(Xf’U’E)edE,}, (2.10)
0 0

where r > 0 is the discount rate and the integrals are defined below.
To avoid dealing with controls producing infinite payoffs, we restrict our attention to the
couples (v, &) € 4 x 4 for which

or - o1 ~
E[/ e |L1(X] ") e dg +f e—”|Gl<Xf’“’5)|eadvt} < 400,
0 0 2.11)

oy - or ~
E[/ e |Lay(X;") | dy +/ e_”IGz(Xf’v’g)ledSt] < +o00.
0 0

We denote the space of such couples by 4° x §°.

A definition of the integrals with respect to the controls in the presence of state-dependent
costs requires some attention because simultaneous jumps of & and v may be difficult to handle.
An extended discussion on this matter is provided in Appendix A.1. Here we consider the class
of admissible strategies (see Remark 2.2 below)

M= {(v,E) € 8° x 8°: Py (Av, - A& > 0) =O0forallt > 0and x € I}. (2.12)

Following [43] (see also [32] and [33] among others), we define the discounted costs of
controls by

T 5 T 5 A& 5
/ e g (X e dg =/ e—”g(xf'”f)dgthe—”f (X" —2)dz, (2.13)
0 0 0

t<T

T T Av
f e (X edy = / e Tg(XF ) dvf + ) e / g(X" +2)dz (2.14)
0 0 0

t<T

forT > 0, (v, &) € M, and for any function g such that the integrals are well defined.
Throughout the paper we take functions G; and L; satisfying the following assumption.

Assumption 2.4. Assume that G;, L;: 7> RU {00} with L; < G; on I and with G; €
CY(I)and L; € C(I). Moreover, the following asymptotic behaviours hold:
G;

i

lim sup
X—>X

(x) =0 and limsup

X—=>X

(x) = 0.

Nash equilibria for the game are defined in the following way.
Definition 2.1. For x € I, we say that a couple (v*, £*) € M is a Nash equilibrium if and
only if
Wi (x; v, 6] < +o0,  i=1,2,

and
Wy (x; v, %) > W(x; v, &) foranyv € §s.t. (v,E") € M,

Wy (x; v*, &%) > Wy(x; v*, &) forany & € $s.t. (V5,8) € M.

We also say that V;(x) := ¥; (x; v*, £*) is the value of the game for the ith player relative to
the equilibrium.

(2.15)
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Remark 2.2. In several problems of interest for applications, the functionals (2.9) and (2.10)
may be rewritten as the sum of three terms: an integral in time of a state-dependent running
profit, plus two integrals with respect to the controls, with constant instantaneous costs (see,
for example, [13], [21], and [35] for similar functionals in the case of single-agent optimisation
problems). In such cases, the condition in (2.12) relative to jumps of the admissible strategies
is not needed. In fact, we show in Appendix A.1 that if at least one player picks a control that
reflects the process at a fixed boundary (i.e. solving one of the problems in Lemma 2.2) then
the other player has no incentives in picking strategies outside the class M.

Remark 2.3. It is worth noting that, given a,b € 1 with a < b, the couple of controls
(v?, ) which solves SP(a, b; x) (see (2.6)) belongs to M. In fact, one can easily check that
(v*, £b) satisfies (2.11), for example by looking at the proof of [38, Lemma 2.1]. Moreover,
by construction, we have P, (Avf - Aétb > 0) =0forallt > 0.

Remark 2.4. Nash equilibria could, in principle, exist in broader sets than M. However, this
fact does not per se add useful information. In fact, unless some additional optimality criterion
is introduced (for example, maximisation of the total profit of the two players), it is often
impossible to rank multiple equilibria according to the players’ individual preferences. In this
paper we content ourselves with equilibria in M as these lead to explicit solutions and to the
desired connection between OS and SSC.

2.3. The game of stopping

In this section we introduce a two-player nonzero-sum game of stopping where the underlying
process is X* as in (2.2). This is the game which we show is linked to the game of controls
introduced in the previous section.

Denote by 7 the set of F-stopping times. The ith player chooses 7; € 7 with the aim
of minimising an expected cost functional §; (71, 72; x), and the game ends at t; A 2. This
game has payoffs of immediate stopping given by the functions G; and L; appearing in the
functionals (2.9) and (2.10) of the game of control. More precisely, we set

T1
F1(t1, 125 x) == E[GXP(—/O (r — M/(Xf))dS>G1(X’,‘1)1{f1<fz}

+ eXp(—A (r — ;,L/(X;C)) d5>Ll(Xf2)1{r1>r2} , (2.16)
) B
Io(t1, 703 x) := E[exp(—fo (r— ' (X})) ds) G2(X7) iy <0y}
71 -
+ exp(—/ (r — ,LL/(X?)) ds) LQ(X)TC] )1{7:2>7:]} . 2.17)
0 J

Here, as in the case of the game of controls, we also introduce the notion of Nash equilibrium.
Definition 2.2. Forx € I, we say that a couple (z{, 7;) € 7 x T is a Nash equilibrium if and
only if

|Fi(ef' 135 0] <400,  i=12,

and
F1(z{, o5 x) < Fi(z1, 55 x) forallty € T,
T

Fo(t], 155 x) < Fa(rf, 125 x) forallm € T.

We also say that v; (x) := ¢;(z}, T;; x) is the value of the game for the ith player relative to
the equilibrium.
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Our choice for the game of stopping is motivated by a heuristic argument which is well
known in the economic literature on irreversible (partially reversible) investment problems.
We briefly illustrate the main ideas below.

In our game of controls, both players are faced with the question of Zow to use their control in
order to maximise an expected payoff. This might be interpreted as the problem of two investors
who must decide how to invest a unit of capital in order to maximise their future expected profits.
In the mathematical economics literature (see, for example, [17]), the question is known to be
equivalent to the one of fiming the investment of one unit of capital. The equivalence can be
formally explained via an analysis of marginal costs and benefits for each investor.

Here we take the point of view of player 1, but symmetric arguments can be applied to
player 2. Given an investment strategy v, player 1 pays a marginal cost equal to G per unit
of investment. However, the upward shift in the controlled dynamics (due to v) modifies the
current level of the state variable, and, therefore, also the player’s expected future profit. Such
a change in the expected future payoffs, per unit of invested capital, represents the marginal
benefit for player 1. As long as the marginal benefit is smaller than the marginal cost, then
player 1 should wait and do nothing. On the contrary, at times when the marginal benefit equals
or exceeds the marginal cost, it is clear that player 1 should invest (at the optimum the marginal
benefit is never strictly larger than the marginal cost). In this sense, player 1 is timing the
decision to incur a (marginal) cost G in exchange for expected future profits. This explains
the (random) payoff G1(X<,) in (2.16) and (2.17), while the indicator 1{;, <, is due to the
fact that the previous argument holds until the second player decides to invest. In particular,
while player 1 waits for his/her optimal time t; to invest, it may happen that player 2 decides
to invest first. This situation produces a marginal cost for player 1 equal to L (which here may
be negative or positive), and explains the role of the (random) payoff L (X, )1{z;>r,) in (2.16)
and (2.17).

Since investors try to minimise costs, we are naturally led to consider minimisation of the
players’ expected discounted marginal costs in (2.16) and (2.17). The specific discount factor
adopted here is due to the nature of the underlying controlled diffusion, and it is a technical
point which will become clear in the analysis below.

3. The main result

Here we prove the key result of the paper (Theorem 3.1), i.e. a differential link between the
value functions v;, i = 1, 2, relative to Nash equilibria in the game of stopping and the value
functions V;, i = 1, 2, relative to Nash equilibria in the game of control. The result holds when
the equilibrium stopping times for X are hitting times to suitable thresholds so that the related
optimally controlled X is reflected at such thresholds.

Theorem 3.1 relies on assumptions regarding the existence of a Nash equilibrium in the game
of stopping and suitable properties of the associated values v and v,. It was shown in [16] that
such requirements hold in a broad class of examples, and we will summarise the results of [16]
in Proposition 3.1 below for completeness.

For a given connected set @ C I, in the theorem below we will make use of the Sobolev
space Wl%)’coo (O). This is the space of functions which are twice differentiable in the weak sense
on @, and whose weak derivatives up to order 2 are functions in L% (0). We will also use

the fact that if u € Wlf)’coo (0) then u € C'(®) by Sobolev embedding; see [10, Chapter 9,
Corollary 9.15].
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Theorem 3.1. Suppose that there exist ay, by with x < a, < by < X such that the following
conditions hold:

(i) the stopping times
7 i=inf{t > 0: X < a.}, ) :=inf{r > 0: X7 > by}
form a Nash equilibrium for the game of stopping as in Definition 2.2;

(ii) the value functions v;(x) := 3;(t{, 15 x), i = 1,2, are such thatv; € C(1), i =1,2,
with v € W]%)’COO(L by) and vy € Wlf)’coo (as, x);

(iii) vi = Gy in (x, axl, vi = Ly in [by,X), v2 = Gy in [by,X), and vo = Ly in (x, ay].
Moreover, they solve the boundary-value problem

(Lxv; — (r — puHv)(x) =0, Ay <x <by,i=1,2, 3.1)
(Lxv) — (r — pHv))(x) =0, X < x < ay, (3.2)
(Lxva — (r — uHv)(x) >0, by <x <X, (3.3)

vi <Gi,  xel, i=12. 3.4)

Then the strategy profile that prescribes to reflect X at the two barriers a* and b* (up to a
possible initial jump) forms a Nash equilibrium for the game of control (see Definition 2.1).
In particular, for x € T andt > 0, such an equilibrium is realised by the couple of controls

i = Lpsgpllax =0T +0" L & = 1oyl = b T + &7, (3.5

where (V% éb*) uniquely solves problem SP(ay, by; (x Vay) Aby); see (2.6). Finally, the value
functions V;(x) = W;(x; v*, &%), i = 1,2, are given by

X by
Vilx) = ki +/ v1(z) dz, Va(x) =Ky +/ v2(z) dz, xel,
ay X

with
o

1/o% 1/o%
k1= —| =G+ uGy )(as), k= —=| =G, + uGy |(by). (3.6)
r\ 2 r\ 2

Proof. The proof is by direct check and it is performed in two steps.
Step 1. The functions

X
ul(x)zfq—i—/ v1(z) dz, xel,
ax

by
uz(x) = K2 +/ v2(z) dz, xel, 3.7

with 1 and k> asin (3.6), are C' on I (by the continuity of G; and L; on I) withu; € CZ(J_C, by)
since v; € Cl(g, by),and u, € Cz(a*, %) since vz € Cl(ay, ¥). We now show that u1, u, and
the boundaries a,, b, solve the system of coupled variational problems

(°C)?ul _rul)(x)z()’ xe(a*vb*)’

(Lyur —rup)(x) <0, x € (x,bs),

uy(x) < G (x), x € (x, by), (3.8)
uy(x) = G1(x), X € (X, ayx),
uy(x) = Li(x), x € (b, X),
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and
(Lyguz —ruz)(x) =0, x € (ax, by),
(Lyzuz —ruz)(x) <0, x € (ax, X),
uy(x) = —=Ga(x), x € (ax, X), (3.9
up(x) = —G2(x), x € (b, X),
uy(x) = —La(x), X € (X, ay).

We will give details only about the derivation of (3.9) as the ones for (3.8) are analogous.
The last three properties in (3.9) follow by observing that u/, = —v5, and by using v; = G3 in
[b«, X), v2 = Ly in (x, a.], and (3.4) (see (iii) in the statement of the theorem). To prove the
first equation in (3.9), we use the definition of u» (see (3.7)) and explicit calculations to obtain

o2(x) , bs
(Lguz —rup)(x) = — > Uy (x) — pu(x)v2(x) —res — / rva(z) dz. (3.10)

Then we also use (3.1) to obtain, for x € (ay, by),

by by
/ rva(z)dz = (Lxv2(z) + 1 (2)v2(2)) dz. (3.11)

Integrating by parts the right-hand side of (3.11), using v (b)) = G2(b,) and v} (by) = G} (bs),
and substituting the result back into (3.10), the right-hand side of (3.10) is equal to 0 upon
recalling the definition of 7 (see (3.6)). Finally, to prove the second equation in (3.9), it is
enough to note that, for x € [b,, X),

by by
/ rp(z)dz > | (Lxv2(2) + 1 (D)v2(2) dz,
X X
by (3.3) and then argue as before.

Step 2. We now proceed to a verification argument to show that u; = V;, i = 1, 2, and that
the strategy profile (3.5) forms a Nash equilibrium. We again provide full details for only u>
as the proof follows in the same way for u.

Recall the dynamics for XV¢ from (2.1), and note that by definition (3.5), the couple of
controls (v*, £*) solves the Skorokhod reflection problem in [ay, b4], up to an initial jump.
Moreover, Remark 2.3 guarantees that (v*, £*) € M.

First we show that up > Wy (x; v*, &) for any admissible £&. Take & € 4° such that
(v*, &) € M. Tt is important to note that v* in (3.5) involves the control v9" that solves
SPE* +(x V a,) of Lemma 2.2 (see (2.6)) for an arbitrary &. Recalling that up € C 2(ay, X),
we can apply the Ito—Meyer formula, up to a localising sequence of stopping times, to the
process ur (X*V"8) (in particular, we use the fact that P, (Av; - A& > 0) = 0 for all + > 0).
The integral with respect to the continuous part of the bounded variation process v* — £ is the
difference of the integrals with respect to dv™¢ and d&¢. For x € I, we obtain

~ * 05' ~ *
ux(x) = e_reyuz(Xg;v ’S) — / e "’ (Ly — r)uz(Xf"’ ’é) ds — M@y
0

0,

9); ~ * 7 ~ *
_/0 e Uy (X dup + fﬂ e Uy (X3 ) dgg

= Y e &) — &), (3.12)

s<0y
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where M is ,
M, :=/ e_”a()?f’v*’g)u’z()?f’v*’g)dWs,
0

and 6, is the stopping time
0y :=inf{u > 0: X520 >y} fory > b,.

Note that, for any ¢ € (0, 6], we have a, < X;" 5 < XY ‘0 <y hence, the continuity of &
and u’2 imply that (Mt)tsey is a martingale.
Since (v*, §) € M, the process X*¥ £ is left-continuous and we have

Yo e X —ua (X))

5<0y

= e X)) — (X)) Mave0 + Liag, o).

s<0y

where

N - Av¥ -
Y e (X)X ) a0y = Y e / uy (X2 + 2)dz,
0

s<0y §<0y
CxvtE - A&
_ x,v¥, * —rs ~ *
Z e ua (XY %) —ua (XS ) {ag =0y = — Z e ”/ uh(XEV5 — 7)dz.
s<0y s<y 0

Hence, (3.12) may be written in a more compact form as (see (2.13) and (2.14))

~ * (9y ~ *
a0 = a6 [T ey = R as -
’ 0

Oy B . Oy 5 .
—/0 e "Sub (X1 ’E)eadv;“+/(; e S ub (X1 5)e dé;.

Now, we note that the third and fifth formulae in (3.9) imply that uy > —Ga on I and that
ub (X3 %) = —Lo(X¥""%) for all s in the support of dv} (i.e. foralls > 0s.t. X3 < ay).

Moreover, employing the second expression in (3.9) jointly with the fact that X; " 4 > a, for
s > 0, we obtain

~ * 9}’ ~ %
uz(x) > e""Yuz(X;‘;,” £y — M, +/ e Ly(XE e dv}
Yo

0y L.

- / e Gy (XTT ) o dt,. (3.13)
0

By taking expectations we end up with
~ )k 9." ~ % 9," ~ %
U (x) zEx[e_’gyuz(X;y’E)—{—/ e S Ly(XY »f)@dv;—/ e S Gy(XY f)edgrs]
0 0
(3.14)

We aim at taking limits as y — X in (3.14), and we preliminarily note that 6, 1 o7 as
y — X, Py-a.s.
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(i) By (3.7) it is easy to see that

"u*,é
. by b*vXey

luz(Xy )| <2 + [v2(2)]dz + |G2(2)dz

Ax

s«

biv Xy
§C2+f " 1Ga(2)] dz
b

y
< c2+/ 1G(2)] dz
by

for some C, > 0, where we have used v) = G, on [by, X) and X ot < 5(;:,0 <y,
P,-a.s. Hence, we have

~ % y
Exle™ua(Xy )] = —Ex[e-")y](CH / IGz(Z)IdZ)- (3.15)

by

Using Assumption 2.2, Lemma A.2 guarantees

y
lim sup Ex[e_rg"]<C2 + f 1G2(2)] dZ) =0
1% by
so that (3.15) yields
lim inf By [e~" % up (X )] > 0.
vz g

(i) Recall the integrability conditions (2.11) in the definition of M. Then, using the fact that
6y 1 o7 as'y 1 00, and applying the dominated convergence theorem, we obtain

Oy ~ % Oy ~ %
lim E, |:/ e S Ly(XY H)edv? —/ e Gr(X e dé{|
0 0

y—x
or - or ~ %
=F, U e S Ly(X e dv? —/ e Gy (X! ’S)edss}.
0 0

Finally, we combine items (i) and (ii) and take limits in (3.14) as y — X to obtain

or - or ) ~ s
12 (x) zEx[/ e Ly(XY f)eadu;*—f e Gy(X) f)edgs].
0 0

Hence, u(x) > Wy (x; v*, &) for any & € 4 such that (v*, &) € M.

Now, repeating the steps above w1th$ &*, theinequalitiesin (3.13) and (3.14) become strlct
equalities due to the factthatX e [asx, b*] forallz > 0and uz(XX v ) =-G (Xx Ve )
onsupp{d&;*}. Moreover, the process u2 (XV"§") is bounded so that passing to the limitasy — X
yields

lim B, [e " us (X $)1=0
y1x b

by dominated convergence and Assumption 2.2. Hence, uz(x) = W(x; v*, %) = Vp(x). O

Remark 3.1. From the game-theoretic point of view, Nash equilibria of Theorem 3.1 above
are Markov perfect [34] (also called Nash equilibria in closed-loop strategies), i.e. equilibria
in which players’ actions depend only on the ‘payoff-relevant’ state variable X. Our result
provides a simple construction of closed-loop Nash equilibria for specific continuous-time
stochastic games of singular control. Since this problem has yet to be solved in game theory
in its full generality (see the discussion in [2, Section 2] and [39]), our work contributes to fill
this gap.
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3.1. On the assumptions in Theorem 3.1

In this section we give sufficient conditions under which a, and b, as in Theorem 3.1 exist.
Moreover, in Remark 3.2 we provide algebraic equations for a, and b, which can be solved at
least numerically. Recall ¢ and ¢, i.e. the fundamental decreasing and increasing solutions to
(2.4), and recall that r > p/(x) for x € T by Assumption 2.3. We need the following set of
functions.

Definition 3.1. Let 4 be the class of real-valued functions H € C2(I) such that

. H . H
limsup |—|(x) =0, lim sup | — (x) =0, (3.16)
617 t
E, |:/ exp(—/ r — ' (Xy)) ds>|h(X,)| dt:| < o0 (3.17)
0 0

for all x € I, and with h(x) := (LxH — (r — u')H)(x). We denote by A (respectively, #42)
the setof all H € + such that 4 is strictly positive (respectively, negative) on (x, xj) and strictly
negative (respectively, positive) on (x, X) for some x; € I withliminf,_,, h(x) > O (respec-
tively, lim sup, _, , £(x) < 0) and lim sup, _, ; h(x) < O (respectively, liminf,_,x h(x) > 0).

We also need the following assumption, which will hold in the rest of this section.

Assumption 3.1. Fori = 1,2, it holds that G; € A; and

lim sup | — Zi(x) < +oo0. (3.18)

X—>Xx

(x) < +o0, lim sup
X=X

Moreover, letting X1 and X in I be such that

{x: (L£xG1 — (r —u)G(x) > 0} = (x, X1),

{x: (LxGr— (r — u)Gr)(x) > 0} = (X2, %), (3.19)
we assume that X1 < Xa.

The above condition X; < X, implies that, for any value of the process X, at least one player
has a running benefit from waiting (see [16, Section 1]).
The proof of the next proposition can be found in Appendix A.2. In its statement, we denote

_ Gix)p(x) — Gi(x)¢' (x)
- w8’ (x)

% (x) : , i=1,2,

with w > 0 as in (2.5). We also remark that the proposition holds under all the standing
assumptions made so far in the paper (i.e. Assumptions 2.1-3.1). For the convenience of the
reader, we also recall that x and X are natural for X if the process cannot start from x and X
and, moreover, when started in (x, X) cannot reach x or X in finite time. On the other hand, x
is entrance-not-exit if the process can be started from x, but if started from x > x it cannot
reach x in finite time. We refer the reader to [9, pp. 14—15] for further details.

Proposition 3.1. Either of the following conditions are sufficient for the existence of a, and b
fulfilling (i)—(iii) of Theorem 3.1:

(1) x and X are natural boundaries for (X;):>o0;
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(i1) x is an entrance-not-exit boundary and X is a natural boundary for (X;);>0; moreover,
the following hold:

o D(x+) = limy, 91(x) < (L1/¥)(x5°), where x5° uniquely solves 9,(x) =
(G2/Y)(x) in (X2, %);

o supx > x : L1(x) = 91DV (1)} < £
o lim(L1/)(x) > —oo.

Remark 3.2. An important byproduct of our connection between nonzero-sum games of con-
trol and nonzero-sum games of stopping is that the equilibrium thresholds a, and b, of
Theorem 3.1 are a solution to a system of algebraic equations which can be computed at
least numerically. In the terminology of singular-control theory, these equations correspond
to the smooth-fit conditions V|’ (asx+) = G (as) and V' (by—) = —G (by), and were obtained
via a geometric constructive approach in [16] (see Theorem 3.2 therein). We recall the system
here for completeness:

ﬂ(Cl>«<) - %(b*) - (%J(%(a*) - ﬂ@*)) =0,

¢ 0]
G2 L v v
—Z(bs) — —(ax) — V1 (by)| —(bs) — —(ax) ) =0, 3.20
¢( ) ¢(a) 1( )<¢( ) ¢(a)> (3.20)

where a, < x1 and b, > X.
Uniqueness of the solution to (3.20) was discussed in [16, Theorem 3.8].

4. A game of pollution control

In order to understand the nature of our Assumptions 2.4 and 3.1, and illustrate an application
of our results, we present here a game version of a pollution control problem.

A social planner wants to keep the level of pollution low while the productive sector of the
economy (modelled as a single representative firm) wants to increase the production capacity.
If we assume that the pollution level is proportional to the firm’s production capacity (see,
for example, [25] and [42]), then the problem translates into a game of capacity expansion.
Indeed, the representative firm aims at maximising profits by investing to increase the production
level, whereas the social planner aims at keeping the pollution level under control through
environmental regulations which effectively cap the maximum production rate.

For the production capacity, we consider a controlled geometric Brownian motion (as, for
example, in [12], [13], and [21])

d)?lv’g:/:Lf(;’gdt—i-&f(:’sdﬁ/t—}-dvt—d&‘l, XS’§:x€R+’

for some i € R and &6 > 0. The firm has a running operating profit 7 (x), which is C!
and strictly concave, and a positive cost per unit of investment o1 (x). The social planner has
an instantaneous utility function u(x), which is C L decreasing, and strictly concave. Notice
indeed that the social planner’s utility decreases with increasing pollution levels. Moreover, if
the pollution is high, the marginal benefit from decreasing it is large, whereas if the pollution
is low, a further contraction of the economy has very little or no benefit. Since imposing a
reduction of production might also have some negative impact on social welfare (for example,
it might cause an increase in the level of unemployment), we introduce a positive ‘cost’ (in
terms of the expected total utility) associated to the social planner’s policies and we denote it

https://doi.org/10.1017/apr.2018.17 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2018.17

362 T. DE ANGELIS AND G. FERRARI

by a2 (x). For simplicity here, we assume that ¢;(x) = «; > 0, i = 1,2, and the objective
functionals for the firm, denoted by W, and the social planner, denoted by W5, are given by

or -
Wi(x; v,&) = ]Ex|:/ e_”n(X,V’S)dt—alf
0 0

or - or
Wy (x; v, &) 1= Ex[/ e u(X)%) dr —Olz/ e "’ dét:|.
0 0

oy
e ! dvt],
@.1)

Both players want to maximise their respective functional by picking admissible strategies
from M. As explained in Lemma A.1 below, in this context there is no loss of generality for
our scope in considering M rather than 8° x £°.

The game with functionals (4.1) will be tackled directly with the same methods developed
in the previous sections. Indeed, the additional running cost terms require only a minor tweak
to our method. Motivated by the analysis of the previous sections, we look at the game of
stopping where two players want to minimise the cost functionals

— . TINT R
F1(z1, 725 x) = Ex [e(’“)"all{nm} +/ e(r“”ﬂ’(Xz)dt],
0
R A AT A 4.2)
Fo(t1, 12 x) ==Ky [e(’“)uazl{nsn} —/ e(r“)t”/(xt)dt}
0
where the underlying process solves
dX, = (A + 63X, dt +6X,dW, fort >0,  Xo=x > 0.

Theorem 3.1 holds in this setting and links the game of control (4.1) to the game of
stopping (4.2). In particular, in the statement of Theorem 3.1 we should now refer to the
games in (4.1) and (4.2) and replace (3.1)—(3.4) by

(Lxvi = (r = W) (x) = =7 (x), ay <x <by, i=12,

(Lxv2 — (r — D) (x) = u'(x), ay <x <by, i=1,2,
(Lxvr — (r— D)) > —7'(x),  x <x <a,
(Lxv2 — (r — D) (x) > u'(x), by < x <X,

vi(x) <oy, xel,i=1,2.

Moreover, the constants k; are adjusted as follows:

1. 1.
o= (e + ) (ax), ey i = ——(fory — u) (by).

Everything else remains the same, including the proof of the theorem, which can be repeated
by following the exact same steps.

We now discuss sufficient conditions under which the game of stopping (4.2) admits a Nash
equilibrium. In order to refer directly to the results for the stopping game from Section 3.1, it
is convenient to rewrite (4.2) in the form of (2.16) and (2.17).

Here I = R, since X is a geometric Brownian motion. For r > [i, we define functions IT’
and U’ via the ordinary differential equations

(Lx = (r =T (x) = =7 (x), (Lx — (r = U (x) = u'(x), (4.3)
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and by imposing growth conditions at 0 and oco. In particular, letting 7, := inf{r > 0: X; ¢
(1/n, n)}, we require that

lim E [e” AT (X,)] = lim E,J[e” """y’ (X, )] = 0. (4.4)
n—oo

n—oo

A specific choice for w and u is discussed below, but for now we observe that, by the Dynkin
formula and (4.3), we obtain

TAT, R R
E, [ /O e M (X)) dr} = I'(x) — Ex[e” PN (X, 0001,

TAT, . .
E, [ / e TN (X)) dr} =By [e™ "YU (X pg,)] = U'(x).
0

Letting n — oo in the above expressions, using (4.4), and substituting the result back into
(4.2), we obtain the original formulation for ¢; and ¢ (see (2.16) and (2.17)) by setting

Gi(x) =a1 —'(x), Ga(x) =02 —U'(x), Li(x) = -T'(x), La(x) =-U"(x).

It remains only to verify that it is possible to choose 7 and u such that Assumption 3.1 and
condition (4.4) hold. Hence, we can apply Proposition 3.1.
We now set
G1(x) == (LxG1 — (r = MHGK) = 7' (x) = (r — D,
0(x) == (LxGr— (r — MHG)(x) = —u'(x) — (r — Loz

and we note that ¢; is decreasing by concavity of & whereas ¢ is increasing by concavity of u.
For instance, assuming the Inada conditions

lim 7'(x) =0, lim 7'(x) = 400, lim u'(x) = —o0, lim u'(x) =0,
x—00 x—0 X—>00 x—0

it follows that (3.19) holds for some x;, i = 1,2, which depend on the specific choice of
and u.

Let us now consider the case of 7(x) = x* and u(x) = —x?, where A € (0, 1) and
8 > 1. For sufficiently large » > i, we can guarantee (3.17) and (4.4). Moreover, denoting
by y (respectively, y») the positive (respectively, negative) root of the second-order equation
%&zy(y — D+ (1 +6%)y — @ — 1) =0, conditions (3.16) on G| and G, are satisfied if
A > max{0, »»+1}and 1 < § < 14 y;. Clearly, (3.18) holds by the same arguments. Finally,

we have
R ray —1/(1=1) R roy 1/(6-1)
f1=|— . =
A )

so that a suitable choice of oy and a, ensures that x| < X5.

Appendix A.

A.1. Cost integrals and the set of strategies M

It is well known in the SSC literature that state-dependent instantaneous costs of control
give rise to questions concerning the definition of integrals representing the cumulative cost of
exercising control.

In [43], Zhu provided a definition consistent with the classical verification argument used
in SSC for the solution to a Hamilton—Jacobi—Bellman equation derived by the dynamic
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programming principle. This definition has been adopted in several other papers concerning
explicit solutions of SSC problems (see, for example, [32] and [33]), and this is also the one
that we use in our (2.13) and (2.14). Another, perhaps more natural, possibility is instead to
define the integral as a Riemann—Stieltjes integral as, for example, in Alvarez [1].

Despite this formal difference, it is remarkable that the two definitions for the cost of
exercising control lead essentially to the same optimal strategies for problems of the monotone
follower type. In particular, it is possible to obtain Zhu’s integral from the Riemann—Stieltjes
integral by taking the limit as n — oo of a sequence of controls that, at a given time ¢, make n
instantaneous jumps of length #/n for a fixed & > 0. The optimality of this behaviour is
illustrated, for example, by Alvarez [1, Corollary 1], and it is often referred to as a ‘chattering
policy’. The inconvenience with this approach is that the control obtained in the limit is not
admissible in our 4, and, therefore, optimisers can be obtained only in a larger class.

Zhu’s integral has proved to work very well in problems with monotone controls (represent-
ing, for instance, irreversible investments) or with controls of bounded variation (representing,
for instance, partially reversible investment policies). In particular, the latter are often chosen in
such a way that the controller’s decision to invest/disinvest reflects the minimal decomposition
of the control process (see, for example, [13], [19], and [23]). In other words, investment and
disinvestment do not occur at the same time, and this assumption is often justified by conditions
on the absence of arbitrage opportunities.

Here instead we have agents who use their controls independently, and it is unclear why
a priori they should decide not to contrast each other’s moves by acting simultaneously.
To elaborate more on this point and understand our choice of the set M, it is convenient to
look at particular cases of our problem.

In some instances, it is interesting to include in our functionals (2.9) and (2.10) a state-
dependent running cost 7; and use constant marginal costs/rewards of control «;, f; (see our
example in Section 4 or the problems studied in [13], [21], or [35]). The corresponding
functionals are

e or - or or
Wi(x; v, &) ;:EU e’”m(Xf’”’E)dt—i—/ e Tay dg —/ e "By dv,],
0 0 0

R oy . or or
W (x; v, &) 1= IE|:/ e_”nz(Xf’V’é) dr +/ e "oy dy, — / e "B dé‘,i|.
0 0 0

In these cases, the integrals with respect to the controls are simply understood as Riemann—
Stieltjes integrals. For o; < B;, we prove that, if one of the two players opts for a control that
reflects the process at a threshold then the other player’s best response avoids simultaneous
jumps of the controls. The condition «; < B; is the analogue in this context of the absence of
arbitrage in, for example, [13], [21], and [35]. The result is illustrated in the next lemma.

(A1)

Lemma A.1. Consider the game with functionals (A.1). Let a,b € I, recall Lemma 2.2, and
assume that o; < B;, i = 1,2. If player I (respectively, player 2) chooses

7= 1g=qyl(@ — x)T +vf] (A2)

(respectively, éh =10 [(x — bt + Sth]), where v? solves SPfH_(x V a) (respectively, Eb
solves SPZ, (x A b)), then the best reply

éa = arg max @z(x; 4, §)

is such that (9, £,) € M (respectively, (Dp, E2) € M with Dp, := arg max al(x; v, EP)).
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Proof. Let x,a € I and & € 4° (recall (2.11)) and consider v* solving SP§+(x Va)
(see (2.7)). We want to perform a pathwise comparison of the cost functional for player 2 under
two different controls. In particular, we fix @ € 2 and assume that there exists (a stopping
time) fyp = 1o (a)) > 0 such that (Avy - Aéy)(w) > 0. With no loss of generality, we may
assume that X (a)) > a and that the downward jump A&, is trying to push the process
below a, i.e.

Agy(@) > (X" — al(@). (A3)

0]
This push causes the immediate reaction of athe control v and, therefore, a simultaneous jump
of the two controls. The case in which X % (a)) < a can be dealt with in the same way up to
trivial changes.
We denote by £° a control in 4° such that

&1 (@), 1 < 1o,

&) = _—
§(@) — [A&, — (X" —@)l@). 1> 1.

In particular, & O(w) is the same as & (w) but the jump size at #y(w) is reduced so that the process
is not pushed below a. For v* solving SPi 4 (x V a), the jump at 7 is not triggered. Therefore,

;;4‘; £ (w) = a due only to the downward push given by £°. Now we observe that the
(random) Borel measure dv?, induced by v in response to &, differs from the measure dv¢,
induced by V¢ in response to E 0 only for a mass at #y (which is needed to compensate for the

jump of £). Moreover, since v¢ solves SP® o4 (x V a) for any £ then X;" Y () = X" v.g0 ()
forall # > 0, since X " + S(a)) z)i £ (w) = a and nothing else has changed fort # 1.

It is now easy to see that the couple (V¢, &) requires an additional cost for player 2 compared
to the couple (74, £°) and, therefore, cannot be optimal. For the sake of clarity here, we denote

by v% ¢ the solution to SP® ot (x V a) and by v £ the solution to SPS ot (x V a), and also we set

70§ and 74£° as in (A.2).
So we obtain

or - ﬁaf f;—' oy 4 %‘ or
/ e (XY ) de + f e aydvt — / e "B, d&;
0 0 0

oy - ~a,§0 0 or 0 or
- / e (XY dr + / ey dit — / e By dE?
0 0 0

+e (0 — Bl AE, — (XETTE gy,

and the last term is negative as ap < 2 and by (A.3). Since the above argument can be repeated
for any simultaneous jump of v and &, and any w € 2, the proof is complete. ]

The point of the above lemma is that if the costs of control are constant then a simple
condition for the absence of arbitrage opportunities implies that if one player picks a reflecting
strategy then the other one will pick a control such that (v, §) € M. Therefore, under such
assumptions, the equilibria constructed in Theorem 3.1 are also equilibria in the larger class
8° x 4°.

A.2. Auxiliary results

We recall here the fundamental solutions ¢ and  of (2.4), and recall also that x and X are
unattainable for X of (2.2) and for the uncontrolled diffusion X% of (2.1) (see Assumption 2.2).
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Lemma A.2. Let a, € I be arbitrary but fixed. Set
vF = Lol (@x — )T 4+ 1]

with v solvmg the Skorokhod reﬂectzon problem SPO .+ (x Vay) of Lemma 2.2. Fory €
(ax, x), set By :=inf{t > 0: X”* > vy} and

qx,y) i=E,[e7®], xel.

Then, fori = 1, 2, we have

y
lim g (x, y)<1 —i—/ |Gi(2)] dz) =0. (A.4)
yIx ay
Similarly, let b, € I be arbitrary but fixed. Set

St* = 1{t>()}[()C - b*)+ +& 7]

with &% the solution to the Skorokhod reflection problem SP0 _(x A by) of Lemma 2.2. For
y € (x, by), set ny :=inf{t > 0: XO * < y}and

p(x,y) :=E[e™"], xel.

Then, fori = 1, 2, we have

y
ﬁmP(X,y)(l +/ IG,-(Z)Idz) =0.
yix by

Proof. We provide a full proof only for the first claim as the one for the second claim
follows by similar arguments. The existence of a solution to SPg* 4 (x Vay) can be found in
[41, Theorem 4.1] for coefficients i, o in (2.1) which are uniformly Lipschitz-continuous. The
relaxation to locally Lipschitz-continuous coefficients (Assumption 2.1) follows by standard
arguments as the ones used in the proof of Lemma 2.2 below.

‘We note that

X;c,v*,() _ XicVa*,v“*,O’ t>0,
and, therefore, 6, is equal to 9~y = inf{r > 0: X;{\/a*,v“*,O > y}and g(x,y) = g(ay, y) for
x < ay. Functionals involving éy have well-known analytical properties, and from now on we
will make no distinction between 6, and 8.

For x > y, we have ¢g(x, y) = 1, whereas in Lemma 2.1 and Corollary 2.2 of [38], it was
shown that the function ¢(-, y) solves

(Lg —r)glx,y) =0, X € (ax, y), (A5)
with boundary conditions

qg(y—,y) =limq(x,y) =1, gx(as+,y) = lim gy (x, y) = 0.
x1y xlay

In particular, we refer to the condition at a, as the reflecting boundary condition.
Since g (-, y) solves (A.5), it may then be written as

qx,y) = AP @) + BOS(K),  x € (ay y),
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where ¢ and ¢ denote the fundamental increasing and decreasing solutions, respectively, of
(Lg —r)u=0on I. By imposing the reflecting boundary condition, we obtain

V' (@)
¢'(ax)’

which substituting back into the expression for ¢ yields

B(y) = -A(y)=

q(x,y) = A(y)(l/f( ) — Z:(( *))¢( )) (A.6)

Now, imposing the boundary condition at y, we also obtain

A(y)z(&(y) Z,( 24y )) : A7)

Note that — xp (a*)/¢ (ay) > O thus implying A(y), B(y) > 0 and ¢ (x, y) > 0, as expected.

Since the sample paths of X" are continuous for all # > 0 then Yy = q(x, y) must be strictly
decreasing. Hence,

%)

which implies A’(y) < O since the term in brackets is positive. From (A.7) and direct
computation, we obtain

gy(x,y) = A (y)<w( ) — Z(( *)¢>< ))

/ 1 7 1// (ax) ~
A = - —
» A0))2 <1ﬁ () 7 (an) ¢'(y ))

and A’(y) < 0 implies that

L @) -, ) N
8)
(w 0 = = e F ) (

The latter inequality is important in order to prove (A.4).

The assumed regularity of 1 and o (see Assumption 2.1) implies that 1 solves &£ xu(x) —
(r — ' (x)u(x) = 0in I (see (2.4)), and it can therefore be written as a linear combination of
the fundamental increasing and decreasing functions ¥ and ¢, i.e.

V'(x) = ey (x) + Bp(x) for some a, B € R. (A.9)
Analogously, ~
¢'(x) = y¥(x) + 8¢ (x). (A.10)

Moreover, since ' > 0 and ¢’ < 0in I, and x and X are unattainable for X, then it must
be that o, B > 0 and y,8 < O (since ¥ (x)/¢p(x) — oo as x — X and ¥ (x)/¢p(x) — O as
x — x). Noting that y > a, was arbitrary, inequality (A.8) becomes

J/(a*)) < w( *>)
— V= + 0, o, A1l
(a Y 5w v+ (8- 5o () > y>a (A.11)
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We aim to show that « > 0 and we can do it by considering two cases separately.

Case 1. Assume that y < 0. Since the second term in (A.11) can be made arbitrarily small
by letting y — X then it must be & > ¥’ (a,) /¢’ (as) > 0.

Case 2. Assume that y = 0. If o = 0 then the first term on the left-hand side of (A.11) is 0
and by using (A.9) and (A.10), we obtain from (A.11),

V' (as) B (ax)
0 — 8= = ) =0,
< (p - Yo = (528002

hence a contradiction. So it must be o > 0.
Finally, for fixed x € (x, y), there exists a constant C = C(ay, x) > 0 such that (A.6) and

(A.7) lead to
y C y
ofqum(1+/|a@na>sr—(l+/|@@M@) A.12)
Ay w ()’) Ay

Now letting y — X, we have V¥ (y) — oo as ¥ is unattainable for X%0. We have two
possibilities:

° f;: |Gi(z)|dz < 400 and, therefore, (A.4) holds trivially from (A.12);

° fai |Gi(z)|dz = +o0 so that by using L’Hopital’s rule in (A.12), (A.9), and Assump-
tion 2.4, we obtain

1 y G;
im —— [ 1Gi@)de = tim 1S g
o5 ) Jas Vo (y)

This completes the proof. O

Proof of Lemma 2.2. We provide a short proof of the existence of a unique solution to the
Skorokhod reflection problem SPi L (x).

Note that the drift and diffusion coefficients in (2.1) are locally Lipschitz-continuous due to
Assumption 2.1. So we first prove the result for Lipschitz coefficients, and then extend it to
locally Lipschitz ones. Note that here we are not assuming sublinear growth of © and o but we
rely on the nonattainability of x and X for the uncontrolled process X0, Existence of a unique
solution to problem SP; _ (x) can be shown by analogous arguments. For simplicity, from now
on we just write SP;, | and omit the dependence on x.

Step 1: Lipschitz coefficients. Here we assume that i, o € Lip(1) with a constant smaller
than L > 0. Leta € I, x > a, § € 4, and consider the sequence of processes defined
recursively by X ,[O] =x, vt[o] =0, and

t t
X+ = +/ n(xt) du +/ o (xIydw, + v — g, (A.13)
0 0
1 * '
v,[kJr I sup |:a —x — / (X du — / o(XFydw, + fs] (A.14)
O<s<t 0 0

for any k > 0 and r > 0. Note that at any step the process X¥*11 is kept above the level a

by the process v/¥*1] with minimal effort, i.e. according to a Skorokhod reflection at a. The
Lipschitz continuity of i and o allows us to obtain, from (A.13), the estimate

t
Ex[ sup | X1 — XE"”Z] < CE, UO X xgk—”|2ds] (A.15)

0<s<t
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fork > 1and forsome positive C := C(x, a, L). Since, fork = 0, we have E, [supy, <, |xiH—
x| ] < Rt for some R := R(x,a, L) > 0, then an induction argument together with (A.15)
yield

Rot k+1
Ex[ sup | XK+ — |2] <Ry, (A.16)
0<s<t k+ D!’

for some other positive Ry := Ro(x, a, L). Analogously,

Rit k+1
Ex[ sup vk — “‘]|2] SBOT (A.17)
0<s<t k+1)°

with Ry := Ry(x,a, L) > 0.

Thanks to (A.16) and (A.17) we can now proceed with an argument often used in SDE theory
for the proof of the existence of strong solutions (see, for example, the proof of [30, Chapter 5,
Theorem 2.9]), i.e. we use the Chebyshev inequality and the Borel-Cantelli lemma to find that
(x W1l 1y, o converges a.s., locally uniformly in time, as k 1 co. We denote this limit
by (X" E ,v9). By the L1psch1tz contmulty of wand o, and the same arguments as above, we
also find that the sequences (fo (X ) du)i>0 and (fo O'(X ) dW,,)r>0 converge a.s., locally
uniformly in time. Then we have a.s. (up to a possible subsequence)

v = lim v[k+1]
k1 oo
N N

= lim sup [a —X —/ M(Xb[tk]) du —/ O'(Xb[,k]) dw, +Es:|

ktoop<s<t 0 0
§ ~ a § ~ a

= sup |:a —x —f w(X, ) du —/ o(X, $)dw, +§s].

0<s<t 0 0

It thus follows that (f( Vg v%) solve SPi - Finally, uniqueness can be proved as, for example,
in the proof of [41, Theorem 4.1].

Step 2: locally Lipschitz coefficients. Here we assume that ¢ and o are as in Assumption 2.1.
Let x,, 1 X and define

Mn(x) = ) x<n,) + &)L xsx,) on(x) = 0 () lx<x,} + 0 () Lx>x,)-
For each n, we denote by SPS(") the Skorokhod problem SPi . but for the dynamics
dX; = up(Xy) dt + 0, (X)) AW, + dv, — d&;
rather than for (2.1).
Since, foreach n, we have u, and o, umformly L1 schitzon[a, X), thenstep 1 guarantees that

there exists a unique (X, v™) that solves SP . We denote 1, := inf{t > 0: X(" > X}
and, for all ¥ < t,, we have

t t
X" =x+ / s (X(7) du + f o (XY AW, + 0" — &
0 0

t t
=x+ / (X ™) du + / o (XMydw, + v — g
0 0
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and

N N
™ = sup |:a —x —/O (X)) du —/0 on (XM dw, +§s}

0<s<t

N N
= sup |:a —x —f M(X,S”)) du —/ G(X,S")) dw, —I—E{|.
0 0

0<s<t

Since the coefﬁcwnts above do not depend on 7, by constructlon the process (X () ")) also
solves SPa 4 fort < 7,. Uniqueness of the solution for SPa T unphes that (X (")) is also
the solution to SPESr ) for t < 1, for each m < n, and, therefore, the unique solutlon to SP
up to the stopping time t,.

Fix an arb1trary T > 0. For all JORS {tn > T}and allt < T, we can define (X s Vi) =
(X; (") ) so that the couple (X E v{") is the unique solution to SPi pfore <T. Tt remains
to show that lim,, ., P(1, > T) = 1 so that we have constructed a unique solution to SPE 4
for almost every @ € Q2 up to time 7.

Let us consider first the £ = 0 case From Lemma A.2, it follows that E,[e %] — 0 as
n — oo with 6, = inf{t > 0: X > Xp}, and, therefore, 6,, — oo Py-a.s. Hence,

lim P(t, > T) = lim P(6,, > T) = 1,
n—0oo n— 00

since t, = 6y,, P-a.s. To conclude, it suffices to note that X S O forall t > 0 and
arbitrary £ € 4. Then X is also unattainable for XVE, (|

Proof of Proposition 3.1. The proofs can be found in [16]; here we provide precise refer-
ences to the relevant results in each case. In particular, we must note that Appendix A.3 of [16]
addresses the specific setting of the state-dependent discount factor r — u’(x) that appears in
our stopping functionals (2.16) and (2.17).

(i) This follows from Theorem 3.2 (and Appendix A.3) of [16].

(i) This follows from Proposition 3.12 (and Appendix A.3) of [16]. For the sake of
completeness, we note that in order to prove that x5° uniquely solves ¥2(x) = (G2/v)(x)
in (X2, X) it is useful to change variables. Defining y = (¥//¢)(x) =: F(x), where F is strictly
increasing, and introducing Gz(y) = [(G2/p) o F~(y), y > 0, it follows from s1mple
algebra (see [16, Appendix A.1]) that ¥2(x) = (G2/¥)(x) is equivalent to G 2y = Gz(y)
It was shown in [16, Lemma 3.6] that the latter equation has a unique root y3° in the interval
(92, 00) with 35 := F(X2) and 0o = lim4x F(x). Therefore, x{° = F -1 (¥5°) solves the initial
problem in (X3, X). O
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