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Abstract

For an infinite-horizon continuous-time optimal stopping problem under non-exponential
discounting, we look for an optimal equilibrium, which generates larger values than any other
equilibrium does on the entire state space. When the discount function is log sub-additive and
the state process is one-dimensional, an optimal equilibrium is constructed in a specific form,
under appropriate regularity and integrability conditions. While there may exist other optimal
equilibria, we show that they can differ from the constructed one in very limited ways. This
leads to a sufficient condition for the uniqueness of optimal equilibria, up to some closedness
condition. To illustrate our theoretic results, comprehensive analysis is carried out for three
specific stopping problems, concerning asset liquidation and real options valuation. For each
one of them, an optimal equilibrium is characterized through an explicit formula.
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1 Introduction

Consistent planning in Strotz [25] has been a widely-accepted approach for time-inconsistent prob-
lems, when a decision maker (an agent) lacks sufficient control over his future selves’ behavior. It
is a two-phase procedure. First, the agent should find out the strategies that he will actually follow
over time (Phase I). Formulated as subgame perfect Nash equilibira in subsequent literature, these
strategies are constantly called equilibria. Next, the agent needs to, according to [25, p.173], “find
the best plan among those he will actually follow” (Phase II).

In finite-horizon discrete-time models, an equilibrium can be found through straightforward
backward sequential optimization, as detailed in Pollak [21]. It is in fact the unique equilibrium,
as observed in [16] and [1]. Phase I is consequently done, and there is no need of Phase II. By
contrast, once we deviate from either the finite horizon or the discrete-time structure, consistent
planning becomes highly nontrivial. In infinite-horizon discrete-time settings, ad hoc constructions
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are used to prove the existence of a few specific equilibria; see e.g. [20], [19], and [8]. In continuous-
time settings, equilibria are characterized through a system of nonlinear equations, proposed in [7]
and [3]. This has aroused vibrant research in mathematical finance, such as [6], [9], [27], and [4],
among others. Solving this system of equations is, however, difficult; even when it is solved (as in
the special cases in [7] and [3]), we only obtain one particular equilibrium. In other words, as it
currently stands, Phase I is only partially done, with finding all equilibria a remaining challenge.
Phase II, on the other hand, has not been addressed at all. It is worth noting that, as opposed
to finite-horizon discrete-time models, multiple equilibria may exist, as shown in [20], [1], [16], and
[7]. How to select one appropriate equilibrium to use is then a genuine problem.

Huang and Nguyen-Huu [10] recently developed an iterative approach for Phase I of consistent
planning. For stopping problems, [10] constructed a fixed-point iteration that can easily generate a
large class of equilibria. When the state process is one-dimensional, Huang, Nguyen-Huu, and Zhou
[11] further established that every stopping strategy converges to an equilibrium via the fixed-point
iteration, which facilitates the search for all equilibria. This approach has been applied to stopping
problems under non-exponential discounting in [10], and extended to a probability distortion setting
in [11].

In this paper, we take up the framework in [10], and focus on Phase II of consistent planning.
Specifically, we investigate an infinite-horizon continuous-time stopping problem in which an agent
maximizes his expected payoff, under non-exponential discounting, by choosing an appropriate time
to stop a one-dimensional continuous Markov process X, taking values in an interval X C R.

An optimality criterion for equilibria, demanded by Phase II, has hardly been explored in the
literature. Here, we propose that an equilibrium is optimal if it generates a larger value than any
other equilibrium does, at every state z € X; see Definition 2.3. This criterion is rather strong: in
economic terms, it requires a subgame perfect Nash equilibrium to be dominant on the entire state
space, a rare find in game theory. We, nonetheless, establish the existence of an optimal equilibrium
R*, given in the specific form (4.11); see Theorem 4.1, which is the main result of this paper.

Theorem 4.1 hinges on several crucial conditions. First, the discount function is required to
be log sub-additive, i.e. satisfy (2.3) below. This in particular captures decreasing impatience, a
well-documented feature of empirical discounting in Behavioral Economics and Finance; see the
discussion below (2.3) for details. Second, a “diffusive condition”, i.e. Assumption 4.1, is imposed
on the state process X. It serves to ensure that whenever X reaches the boundary of a Borel
subset R of X, it is diffusive enough to enter R immediately. This allows us to restrict our attention
to only closed equilibria (see Section 4.1), with no need to deal with other equilibria of possibly
pathological forms. A large class of diffusion processes are shown to satisfy Assumption 4.1; see
Remark 4.2. Finally, we need (4.2) and (4.3) as the appropriate long-run limiting and integrability
conditions for our stopping problem. When (4.3) is violated, an optimal equilibrium in general may
not exist; see Proposition 6.4 and Remark 6.2 for details.

A natural ensuing question is whether the optimal equilibrium R*, established in Theorem 4.1,
is actually the unique one. This is not true in general: in Example 5.1, we construct explicitly R*
and another optimal equilibrium 7%, with R* properly contained in T%. Despite the possibility of
multiple optimal equilibria, if we impose closedness requirement for equilibria, we observe that each
closed optimal equilibrium can only differ from R* is very limited ways, as detailed in Corollary 5.2.
Moreover, a reasonable sufficient condition is proposed in Theorem 5.1 for R* to be the unique closed
optimal equilibrium. This condition can be verified in many practical stopping problems, including
those studied in Section 6.

To illustrate our theoretic results, comprehensive analysis is carried out in Section 6 for three
specific examples: (i) the stopping of a Bessel process, (ii) the stopping of a geometric Brownian
motion, and (iii) an American put option written on a geometric Brownian motion. Each of these



examples describes a problem of real options valuation or asset liquidation, and the corresponding
optimal equilibrium R* is characterized through an explicit formula. Another contribution of the
analysis here is that it shows how R* can be found and characterized, even when some of the
conditions in Theorem 4.1 actually fail. Indeed, as shown in Section 6.2, one can introduce a
related auxiliary stopping problem for which Theorem 4.1 is applicable.

It is worth noting that in a discrete-time setting, Huang and Zhou [12] also establish the
existence of an optimal equilibrium, for an infinite-horizon stopping problem. Compared with [12],
our current continuous-time setup is much less amenable. For instance, there is no need in [12]
to carefully differentiate closed equilibria from other equilibria, as every equilibrium is closed in
discrete time, under mild continuity assumptions. Moreover, the discrete-time structure leads to
the uniqueness of optimal equilibria, which saves [12] all the endeavor we make in Section 5. For a
detailed comparison between the present paper and [12], see Section 5.1.

The paper is organized as follows. Section 2 introduces the setup of our stopping problem, the
formulation of equilibria, and the optimality criterion for equilibria. Section 3 presents a useful basic
result, relying only on condition (2.3), which readily reveals the form of an optimal equilibrium.
Section 4 establishes the existence of an optimal equilibrium R*. It is shown in Propositions 4.1
and 4.2 that a countable intersection of closed equilibria is again an equilibrium, which is the key
to deriving the main result Theorem 4.1. Section 5 studies how another optimal equilibrium 7™ can
differ from R*, and proposes a sufficient condition, in Theorem 5.1, for R* being the unique closed
optimal equilibrium. Section 6 contains detailed analysis of three specific stopping problems.

2 The Setup and Preliminaries

Consider a probability space (2, F,P) that supports a time-homogeneous continuous strong Markov
process X = (X¢)se[0,00); taking values in some interval X C R. Let B(X) denote the collection of
Borel sets in X. Let F := (F;);>0 be the P-augmentation of the filtration generated by X, and 7 be
the collection of all F-stopping times. For each x € X, we denote by P* (resp. E*) the probability
(resp. expectation) conditioned on Xy = z € X. Also, we write X* for X to emphasize its initial
value Xg = z.

Consider a payoff function f: X — [0, 00), assumed to be continuous. Also consider a discount
function 6 : [0,00) — (0, 1], assumed to be non-increasing, continuous, and satisfy §(0) = 1 and
d(t) — 0 as t — oo. The classical optimal stopping problem is formulated as

sup B [6(7) f(X7)]. (2.1)
TeT
Here, we allow 7 € T to take the value co: we take §(7) f(X¥) := limsup,_, .. d(¢) f(X]) on {7 = c0};
this is in line with Karatzas and Shreve [14, Appendix D]. It is well-known from standard literature
(e.g. [14, Appendix D] and Shiryayev [24]) that under fairly general conditions, for any initial state
x € X, there exists an optimal stopping time 7, € 7 for (2.1). It is then natural to ask whether
optimal stopping times obtained at different moments, such as 7, at time 0 and 7xz at time ¢ > 0,
are consistent with each other. Specifically, (2.1) is said to be time-consistent if for any = € X and
t > 0, we have
Te(w) =t +Txz(w) for ae. we {7 >t} (2.2)

This condition, in general, only holds for §(t) := e~ for some a > 0. When § is a general
non-exponential discount function, Huang and Nguyen-Huu [10, Section 2] analyze in detail the
involved time inconsistency. Intuitively, the failure of (2.2) means that the optimal stopping time
we find today, 7., need not be optimal in the future. Our future self at time ¢t > 0 is tempted to



employ Txz, optimal to him at time ¢, instead of sticking with the previously-determined 7. This

is problematic: although a maximizer 7, of (2.1) can be found, it will not be carried out by our

future selves. In the end, the supremum in (2.1) may not be attained, due to time inconsistency.
Throughout this paper, we will assume that the discount function § satisfies

d(s)o(t) <do(s+1t), Vs, t>0. (2.3)

This particularly captures decreasing impatience, a well-documented feature of empirical discount-
ing in Behavioral Economics and Finance; see e.g. [26], [18], and [17]. As detailed in [22], de-
creasing impatience amounts to steeper discounting for time intervals closer to the present. Note
that (2.3) covers non-exponential discount functions that induce decreasing impatience, such as
§(t) :=1/(1 + Bt) for B > 0 (hyperbolic), 6(t) := 1/(1 + Bt)* for B,k > 0 (generalized hyperbolic),
and 6(t) := Ae " + (1 — N)e "2 for r1,79 > 0 and X\ € (0,1) (pseudo-exponential). For a detailed
exposition, see the discussion below [10, Assumption 3.12].

As mentioned in Introduction, Strotz [25] proposes consistent planning as a way to resolve time
inconsistency: an agent should take into account his future selves’ behavior, and find a stopping
strategy that once being enforced, none of his future selves would want to deviate from. Such
strategies, called equilibria in the literature, will be precisely formulated below.

2.1 Formulation of Equilibria

As observed in [10], under time inconsistency, since one may re-evaluate and change his choice of
stopping times over time, his stopping strategy is not a single stopping time, but a stopping policy
defined below.

Definition 2.1. A Borel measurable 7 : X — {0, 1} is called a stopping policy.

Given any current state x € X, a stopping policy 7 governs when the agent stops: he stops at
the first time 7(X[) yields the value 0. Note that this definition, taken from [10, Definition 3.1],
can be equivalently stated using Borel sets in X. Indeed, by definition,

7:X — {0,1} is a stopping policy <=  7(z) = lge(z) for some R € B(X). (2.4)

Here, 7 and R admit the relation R = {z € X : 7(z) = 0}. Hence, the game-theoretic formulation
in [10, Section 3.1], stated in terms of stopping policies 7, can be recast using Borel sets R.

Specifically, to resolve time inconsistency, the agent needs to take into account his future selves’
behavior, and find the best response to that. Suppose the agent initially planned to take R € B(X)
as his stopping policy. Now, at any state x € X, the agent carries out the game-theoretic reasoning;:
“assuming that all my future selves will follow R € B(X), what is the best stopping strategy today
in response to that?” The agent today has only two possible actions: stopping and continuation.
If he stops, he gets f(z) immediately. If he continues, given that all his future selves will follow
R € B(X), he will eventually stop at the moment

plz,R):=inf{t >0: X/ € R} €T.
This leads to the expected payoff
J (2, R) = E*[0(p(z, R)) f (Xp(a,r))]- (2.5)
By comparing the payoffs f(x) and J(z, R), we obtain the best stopping strategy for today
O(R) :=SgrU(IrNR) € B(X), (2.6)



where
Sp:={reX: f(z) > J(z,R)},
Ip :={zeX: f(zx)=J(z,R)}, (2.7)
Cr:={zeX: f(z) < J(z,R)}.

Here, Sg, Ir, and Cg are called the stopping region, the indifference region, and the continuation
region, respectively. In particular, on Ig, the agent is indifferent between stopping and continuation
as they yield the same payoff. There is then no incentive for the agent to deviate from the original
stopping strategy R € B(X). This gives rise to the term Ir N R in (2.6).

Definition 2.2. R € B(X) is called an equilibrium if ©(R) = R. We denote by £ the set of all
equilibria.

Remark 2.1. Under current context where X is time-homogeneous, (2.6) is simply a re-formulation
of (5.6) in [10], using the relation (2.4). Consequently, Definition 2.2 is simply a re-statement of
[10, Definition 3.7], thanks again to (2.4).

Remark 2.2 (Existence of an equilibrium). The entire state space X is an equilibrium. Indeed, for
any x € X, since p(x,X) =0, we have J(x,X) = f(x). This implies Ix = X, and thus O(X) = X.

The general methodology for finding equilibria is the fixed-point iteration introduced in [10]:
one starts with an arbitrary R € B(X), and apply O to it repetitively until an equilibrium is reached.
The next result is a direct consequence of [10, Theorem 3.16] and (2.4).

Proposition 2.1. For any R € B(X) such that R C ©(R), we have O"(R) C ©"TY(R) for all
n € N. Moreover,

Ry := lim ©"(R) = | ] ©"(R)

n—»00
neN

belongs to &.

2.2 Optimality of an Equilibrium

Finding equilibria is only the first phase of consistent planning in Strotz [25]. In the second phase,
the agent should choose the best one among all equilibria. This requires certain optimality criterion
for an equilibrium, which has not been addressed in the literature.

For each R € &, define the associated value function by

V(z,R) := f(x)VJ(z,R), forallzeX
Definition 2.3. R € & is called an optimal equilibrium, if for any R € &,
V(z,R) > V(z,R) VzeX.

This is a strong criterion for optimality, as it requires dominance of R over R at every x € X.
Another way to interpret Definition 2.3 is that, similarly to classical optimal stopping in (2.1), we
aim to solve

sup V(z, R). (2.8)
Re&

What differs from classical optimal stopping is that we are not satisfied with solving (2.8) for
each z € X. Instead, we intend to find one single R € £ that solves (2.8) simultaneously for all
x € X. This uniform dominance on the entire space X is necessary to avoid another level of time
inconsistency.

The main goal of this paper is to show that, while the optimality criterion is rather strong, an
optimal equilibrium does exist.



3 The First Result

We observe that (2.3) already implies that an R € £ generates larger values than any T € B(X)
containing R.

Lemma 3.1. For any Re€ £ and T € B(X) with R C T,
J(x,R) > J(x,T) VxeX (3.1)

Proof. Fix x € X. For simplicity, we will write v = p(x, R) and 7 = p(z,T). With R C T, we have
7 < v. Consider the event A := {w € Q: 7 < v}. Observe that

J(x, R) = E*[6(v) f(Xv)1a] + E* [6(0) f(Xy)1ac]
= E7[E” [6(v) f(Xo) | Fr]1a] +E* [6(7) f(X7)1ac]
= E* [6(T)E" [6(v — 7) f(Xo) | Fr] 1a] + E* [0(7) f(Xr)1ac], (3.2)

where the inequality follows from (2.3) and f being nonnegative. The strong Markov property of
X implies that

E° [6(v —7)f (Xo) | Fr)1a = EX [8(p(X7, R) S (Xp(xe,m)] 1a = J(XT, R)1a. (3.3)
Also note that X* ¢ R on the event A. Since R is an equilibrium, we deduce from (2.6) that
f(X5) < J(XE,R) on A (3.4)
By (3.2), (3.3), and (3.4), we conclude that

I, R) > E” [5(r)J (X, R)La) + E” [3(r) F(X,)Lac)
> EP[5(r)f (X:)La] + E” [5(7) f(X,)Lac] = I (@, ).

Lemma 3.1 leads to the intriguing observation: for equilibria, the smaller the better.
Corollary 3.1. For any R, T € £ with RC T, V(z,R) > V(x,T) for all z € X.

At first glance, it is intuitively puzzling how an equilibrium R can possibly dominate any
larger equilibrium that contains R, on the entire state space. In fact, Corollary 3.1 simply reflects
decreasing impatience in decision making (recall the discussion below (2.3)).

To see this, consider two rewards at time ¢ and time ¢ + s, respectively, with ¢,s > 0. If the
agent at time t prefers the second reward over the first one, note that this time-t preference is kept,
and actually amplified, at time 0, under decreasing impatience. Recall that decreasing impatience
amounts to steeper discounting for time intervals closer to the present. To the agent at time ¢, the
interval under consideration [t,t + s] is essentially [0, s], so he discounts steeply on this imminent
interval when comparing the two rewards. By contrast, to the agent at time 0, the interval [t, ¢+ s]
is further down in the future, so he discounts less steeply on this interval when comparing the two
rewards. Hence, if the second reward is more valuable than the first one under steeper discounting
(i.e. in the eyes of the agent at time t), it must be more valuable than the first one, to a greater
extent, under flatter discounting (i.e. in the view of the agent at time 0).

Now, take two equilibria R and T. If R C T, p(z,T) < p(x,R) for all z € X. For z € R,
since p(z,T) = p(z, R) = 0, we have f(Xg(ij)) = f(XZf(x’R)) = x. The agent at the state v € R



is then indifferent between R and T, as they yield the same immediate payoff. For x ¢ R, the
fact that R is an equilibrium indicates f(X? ) < J(X;”(x ) R) = EY[6(p(y, R)) f(X,(y,r))]; With

p(z,T)
Y= XZ(z )" That is, to the agent at the state y = X? the reward obtained from reaching R

z,T)’
(i.e. the second reward) is more valuable than that obtg(inec)l from reaching T (i.e. the first reward).
As discussed above, decreasing impatience stipulates that the agent at the initial state ¢ R has
the same preference, i.e. R is preferred over T at x ¢ R. Therefore, we conclude that the smaller
equilibrium R is preferred over (or at least no worse than) the larger one T, at every z € X.

A candidate optimal equilibrium can already be deduced from Lemma 3.1.
Proposition 3.1. Ifﬁi = Nges R is an equilibrium, then it is an optimal equilibrium.

Proof. By definition R C Riorall Re&. If Ris an equilibrium, we can conclude from Lemma 3.1
that for any R € &, J(z, R) > J(x, R), and thus V(z, R) > V(z, R), for all z € X. Thus, R is an
optimal equilibrium. ]

For R := Ngee R to be an equilibrium, two technical issues have to be resolved: (i) Is the
intersection of two equilibria again an equilibrium? (ii) If (i) is true, can it be generalized to an
uncountable intersection of equilibria? In particular, how do we ensure that R is Borel, given that
it is an uncountable intersection of Borel sets? Section 4 below is devoted to these questions, and
eventually establishes the existence of an optimal equilibrium.

Before heading to the detailed analysis in Section 4, we point out a straightforward consequence
of Proposition 3.1 that is already useful for some stopping problems.

Corollary 3.2. If () is an equilibrium, then it is an optimal equilibrium.

Example 3.1. Let X be a geometric Brownian motion, given by
dXt = ,U,Xtdt + O'Xtth, (35)

where p € R and o > 0 are constants, and W is a standard Brownian motion. The state space is
X = (0,00). Consider the hyperbolic discount function

1
o(t) == t>0 3.6
where B > 0 is a constant, as well as the payoff function f(x) := x for x > 0. Under current
setting, (2.5) becomes
J(z,R) = E [Xp(”)} forz >0, R e B(X). (3.7)
) 1+ 5p((13,R> ) )
Define
k]
V=g T (3.8)
and recall that for any x > 0,
i Xy PRt oW () oo, v >0 (3.9)
oo 1+ Bt i—roo 1+ At 0, if v <O0.

For v >0, (3.9) implies J(x,0) = 0o > f(x) for all x > 0. This shows that ) € £ and V(x,0) = oo
for all x > 0. Thus, 0 is an optimal equilibrium, which confirms Corollary 3.2.



4 Existence of an Optimal Equilibrium

For each x € X, consider the running maximum X and the running minimum X of the state process
X, ie.

X, := max X” and X} = min X7
s€(0,4] s€[0,4]

t>0.

We impose the following condition on X.

Assumption 4.1. For any x € X, P*[X; > z] =P*[X, < z] =1 for all t > 0.

Remark 4.1. For any x € X, consider T¥ := inf{t > 0 : X7 = x}, the first revisit time to the
initial value x. A direct consequence of Assumption 4.1 is that Ty = 0 P*-a.s.

The purpose of Assumption 4.1, intuitively speaking, is to ensure that “whenever X touches the
boundary of R, for any R € B(X), it will enter R immediately”. This property will play a crucial
role in Section 4.1. Note that Assumption 4.1 is not very restrictive, since it already covers a large
class of diffusion processes, as explained below.

Remark 4.2. A one-dimensional Brownian motion obviously satisfies Assumption 4.1; see e.g.
Problem 7.18 on p. 94 of [13]. This can in fact be generalized to a much broader class of diffusion
processes. Specifically, let X satisfy the dynamics

dXt = /,L(Xt)dt + O'(Xt)dBt,

where B is a standard one-dimensional Brownian motion, and w,o are real-valued deterministic
functions such that o(-) > 0 and fg 0?(X%)ds < oo P?-a.s. for all x € X and t > 0, where

0(-) :=p(-)/o(:). If the process

t 1 t
Zy = exp <—/ 0(Xs)dBs — 2/ 92(Xs)d5), t>0
0

0

is a martingale, [11, Lemma 3.1] shows that X satisfies Assumption 4.1.

4.1 Closed Equilibria

In this subsection, we will show that Assumption 4.1 allows us to restrict our attention to only
closed equilibria. For any R € B(X), R denotes the closure of R.

Lemma 4.1. Suppose Assumption 4.1 holds. For any R € B(X),
p(z,R) = p(x,R) P"-a.s. VreX.
In particular, p(z, R) = p(z, R) = 0 P*-a.s. for all z € R.

Proof. Fix x € X. If x is an interior point of R, by definition p(x, R) = p(x,R) = 0. If x € OR,
there are two cases.

e Case I: There exist {z,, },en in R such that x,, — z. For P*-a.e. w € Q, Assumption 4.1 implies
that {X(w) : s € [0,¢]} must intersect {zp }nen, for all € > 0. This implies p(z, R) = 0 P*-a.s.
Since p(z, R) < p(z, R) by definition, we get p(z, R) = p(x, R) = 0 P*-a.s.

e Cases II: x is an isolated point of R, i.e. z € R and there exists € > 0 such that (j:—s, r4+e)NR =
{z}. By Remark 4.1, ¥ = 0 P*-a.s. It follows that p(z, R) = 0, and thus p(z, R) = 0, P*-a.s.



Finally, if ¢ R, consider the random variable Y := X ;(x )" For any w € 2, since X is a continuous

process, Y (w) € OR. From the analysis above, we have PY©)[p(Y (w), R) = 0] = 1. By the strong
Markov property of X,

P p(X, (0 7 B) = 0 ‘ Foody| @) =P @lp(Y (), R) = 0] =1, for P-ae. w € Q.

Taking expectation on both sides yields P*[p(X 7, R) = 0] = 1. It follows that p(z, R)(w) =

p(z, R)(w) + p(X;”(xﬁ), R)(w) = p(x, R)(w) for P*-a.e. w € . O

Lemma 4.1 admits several useful implications.

Remark 4.3. Under Assumption 4.1, for any R € B(X), since p(z, R) = p(x, R) P*-a.5. Vx € X,
by definition J(x, R) = J(x, R), and thus V(z,R) = V(x, R), Vo € X. Moreover, with J(z,R) =
J(z,R) for all z € X, (2.7) shows that Sgp = Sz, Ir = Ig, and Cr = Cg.

Remark 4.4. Under Assumption 4.1, observe that R C O(R), for all R € B(X). Indeed, for any
x € R, since p(x,R) = 0 P*-a.s. (Lemma 4.1), we have J(z,R) = f(x), i.e. x € Ig. It follows
that R C I, and thus

O(R)=SrU({UrNR)=SrUR. (4.1)

This, together with Proposition 2.1, gives a desirable result for finding equilibria: under Assump-
tion 4.1, every R € B(X) converges to an equilibrium via the fived-point iteration. Specifically,

£ = { lim ©"(R): R € B(X)}.

n—o0
Lemma 4.2. Suppose Assumption 4.1 holds.

(i) For any R€ &, Sp=10.

(ii) For any R € B(X), R€ & if and only if R € €.

Proof. (i) Fix R € €. For any = € X, if # € R, then p(z, R) = 0 P*-a.s. (Lemma 4.1), which implies
J(z,R) = f(z),ie. v €Ig. fx ¢ R, thenz ¢ R = O(R) = SgUR, thanks to R € £ and (4.1). It
follows that Sp = 0.

(ii) For any R € &, by Remark 4.3 and (i), Sg = Sg = 0. In view of (4.1), ©(R) = SgUR =R,
i.e. R € &. By switching the roles of R and R, we can prove that R € £ implies R € £. O

Lemma 4.2 (ii) and Remark 4.3 convey an important message: to compare different equilibria
in terms of their associated values, it suffices to restrict our attention to closed equilibria. After all,
the closure of R € £ remains an equilibrium, with the same values. In fact, R and R induce the
same stopping behavior, as Sg, Ir, and Cr in (2.7) stay intact after we take the closure of R.

This additional closedness condition is the key to improving an equilibrium in a systematic
fashion, as we will introduce now.

4.2 Intersections of Equilibria

Under appropriate integrability conditions, we show that the intersection of two closed equilibria
is again an equilibrium, with larger values.



Proposition 4.1. Suppose Assumption 4.1 holds. Assume additionally that for each x € X,

) f(X]) =0 ast— o0 P*-a.s., (4.2)
and
Ex[ sup 5(t)f(Xt)] < 0. (4.3)
te[0,00)

Then, for any R, T € £ that are closed, we have
Jx,RNT)> J(x,R)V J(z,T), VzxeX (4.4)
Hence, RNT also belongs to €.

Proof. Fix x € X. Throughout this proof, for simplicity of notation, we define, for all n =0,1,...,
the following:

1. 70:=0, 7Topt1:=inf{t > 7o, : XF €T}, Tonte:=inf{t>mpt1: XF € R}
2. Ay ={weQ: m(w) <oo, X7 (w) ¢ RNT}.
Let v := p(xz, RNT). By the definition of A;, we have
J(e, ROT) — J(&,T) = B [La, (5(0) (X,) — 6(m)f (X))

=E* [1,41(5(7'1) <§((:_)1))f (Xv) - f(XTl>>:|
> B [14,0(m1) (0(v — 1) f(Xy) — f(Xn))]

=B [14,6(1) (E* [6(v — 1) f (Xo) [Fr ] = f (X7))] (4.5)

where the inequality follows from (2.3) and f being nonnegative. The strong Markov property of
X implies that

E* [5@ ) f (X)

]:7'1] 1A1 = EX% 5(10(X7:?17R0T))f <*XF,0(X3§1 ,RﬂT))} 1Al
= J(XZ ,RNT)14,. (4.6)

71

On the event Ay, note that the closedness of T' entails XZ € T'. Thus, the fact that X? (w) ¢ RNT
implies X ¢ R. Since R is an equilibrium, by (2.6)

f(X2) < J(XI,R) on A (4.7)
With (4.6) and (4.7), (4.5) yields
J(x,RNT)— J(x,T) >E*[14,0(n1) (J(Xs,,RNT) — J(X+,R))]. (4.8)

In the following, we will carry out the above argument recursively. First, repeating the above
argument for J(X* , RNT)— J(XZ,R), instead of J(x, RNT) — J(x,T), we obtain

T1) 717
J(XZ,RNT) — J(XI,R)

> E¥ {1A(X$1>5(0(X$1,R)> (J (Xp(xg, myy BNT) = J(Xp(xg, 7R>’T)>} (49

where

Aly) == {w €N p(y,R)(w) < oo, Xg(y’R)(w) ¢ RN T} , foryeX.

10



Denote the expectation in (4.9) by I. By the strong Markov property of X,
I-14, =E"[14,0(r2 — 1) (J(Xrp, RNT) — J (X7, T)) | Fr| - 1a,.
This, together with (4.8) and (4.9), implies
J(x,RNT)— J(x,T) > E* [14,14,0(11)0(12 — 71) (J(Xry, RNT) — J(X.,,T))].

Continuing this procedure, we can get for alln =1,2,...,

Jx,RNT)—J(x,T) >E*[14,...14,0(11 —70) ... 0(T0s — Tn—1) (J(X,,,RNT) — J(X,,,U))]
where U = R if n is odd and U =T if n is even. Define

op:=inf{t >7,: X € RNT}.
We can rewrite the previous inequality as follows: for alln =1,2,...,
J(x,RNT)— J(z,T)
>E” [1a,...14,0(m1 — 70) ... 8(7 — Tue1) (6(0n — ) f(Xo) = (g1 — ) f(Xrir))] - (4.10)

Denote by H,, the random variable inside the expectation in (4.10). We claim that H,, — 0 P*-a.s.
Let us consider the two distinct cases.

e Case I: lim,,_, 7, = 00. Since 0, > 7,, by definition, lim,,_,~ 0, = c0. By (2.3) and (4.2),
|Hn| < 5(0'n)f(X§n) + 5(7-n+1)f(X7a';n+1) — 0>
and thus H,, — 0.

e Case II: lim,, o, 7, < 00. Set 7 := lim,,_,00 7. Since X is a continuous process, X,, — X,. For
every n even, since R is closed, we have X, € R by the definition of 7,,. This implies X, € R,
again by the closedness of R. Similarly, for every n odd, since T is closed, we have X, € T by
the definition of 7,,. This implies X, € T, again by the closedness of T'. Hence, X, € RNT, and
thus 7, < 0, < 7. It follows that o,, — 7. Thanks to the continuity of  and f,

5((771 - Tn)f(Xan) - 5(7—71—&-1 - Tn)f(XTn+1) — f(XT) - f(XT) =0,
which implies H,, — 0.
Now, by the fact that H,, — 0 P*-a.s. and

|Hp| <2 sup o(8)f (X)),
te[0,00)

we can apply the dominated convergence theorem to (4.10) as n — oo, thanks to (4.3). This yields
J(x,RNT) > J(z,T).

By switching the roles of R and T in the proof above, we can also obtain J(x, RNT) > J(z, R).
Then (4.4) follows.

It remains to show that RN T is an equilibrium. Fix z ¢ RNT. If z ¢ R, by the fact that R is
an equilibrium and (4.4), f(z) < J(z,R) < J(z, RNT). This implies € Irnr U Crar. By (2.6),
x ¢ RNT, and x© € Irny U Cgar, we conclude that z ¢ O(RNT). If x ¢ T, the same argument
gives © ¢ ©(RNT). We therefore conclude that ©(RNT) C RNT. Since RNT C O(RNT) under
Assumption 4.1 (see Remark 4.4), we have © RNT)=RNT,ie. RNT €€&. O
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Remark 4.5. The closedness of R, T' € £ 1is indispensable for Proposition 4.1. Particularly, it is
used to establish X7 ¢ R above (4.7), as well as “H, — 07 in Case II of the proof.

In fact, without the closedness condition, Proposition 4.1 fails in a trivial way. For instance,
suppose Assumption 4.1 holds, and the payoff function f is strictly positive and satisfies (4.2)
and (4.3). We can construct two equilibria, without closedness, whose intersection is no longer
an equilibrium. Take Ri := XN Q and Ry := XNQ°. Since Ri = Ry =X € & (Remark 2.2),
Lemma 4.2 (ii) asserts Ry € € and Re € £. By construction, Ry N Ry = 0. Since (4.2) implies
J(x,0) =0 < f(z) for all x € X, Ry N Ry = is not an equilibrium.

The next step is to investigate if a countable intersection of equilibria is again an equilibrium.
To this end, we need the following technical result.

Lemma 4.3. Let (Sp)nen in B(X) be a non-increasing sequence of closed sets. For any x € X,

lim p(z,S,) = p(z,S«) P*-a.s., with Sy := ﬂ Sh.

n—oo
neN

Proof. Take an arbitrary « € X. The “<” relation holds trivially, as S,, O S, for all n € N.
To prove the “>”" relation, since it holds trivially when lim,,_,~ p(z,S,) = 00, we assume below
that lim, . p(z,S,) < oo. Define 7, := p(x,S,) for all n € N, and set 7 := limy, 00 7. If
T € Soo, p(x,Sy) = p(x,Ss) = 0 for all n € N, and thus the desired result trivially holds. Suppose
r ¢ Se. Fix w € Q. For any m € N, since X is a continuous process, we have X7 (w) —
X¥(w), and thus X7 (w) € [XF(w) — 1/m, XF(w) + 1/m] for n large enough. It follows that
Sp N [XE(w) — 1/m, X*(w) 4+ 1/m] # 0 for n large enough, and thus for all n. Now, since (Sy,)nen
is a non-increasing sequence of closed sets, we can apply Cantor’s intersection theorem and obtain

Soe N X2 (W) = 1/m, X2(w) + 1/m] = () (S0 NXZ@) — 1/m, XE(@) + 1/m]) £0, Ym € N.
neN
By definition, S is closed. We can thus apply Cantor’s intersection theorem again and get
Soo M{XT (@)} = [ (Soo N [XF(w) = 1/m, X (w) +1/m]) # 0.
meN

That is, X*(w) € Seo. It follows that p(z, S)(w) < 7(w), as desired. O

Proposition 4.2. Suppose Assumption 4.1, (4.2), and (4.3) hold. For any sequence (Ry)nen of
closed equilibria, R := (), cy Rn belongs to £. Moreover, for each n € N,

J(z,R) > J(z,Ry,), VzeX
Proof. We can rewrite R as follows:

R=()Tn with Ty:= (] Ri,neN
neN =1,2,...,n

By Proposition 4.1, T;, € € for all n € N, and J(z,T},) is non-decreasing in n, for each z € X.

For any x € R, since x € T, for all n € N, the fact that every T, is an equilibrium implies
f(z) > J(z,T,), Yn € N. By (4.3) and Lemma 4.3, we may apply the dominated convergence
theorem and get f(x) > J(z, R), which shows that z € Sgp U Ig. Thus, R C Sr U Ig, which
implies R C Sp U (Ir N R) = ©(R). On the other hand, for any = ¢ R, there exists N € N such
that © ¢ T,, for n > N. Since T,, € &€ for all n > N, f(z) < J(x,T,) for all n > N. By the
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dominated convergence theorem (thanks again to (4.3) and Lemma 4.3), we obtain f(z) < J(z, R),
i.e. © € Ir UCR. This, together with x ¢ R, implies z ¢ ©(R). We thus obtain (R)¢ C O(R),
and can now conclude that R = O(R), i.e. R € £. Finally, for each z € X, since J(z,T,) is
non-decreasing in n, we have

J(z,R) = lim J(z,T},) > J(x,T,) > J(x,R,) Vn €N,

n—o0

where the last inequality follows from Proposition 4.1. O

4.3 The Main Result
Theorem 4.1. Suppose Assumption 4.1, (4.2), and (4.3) hold. Then,

Rr= () R (4.11)
Re&, R closed

18 an optimal equilibrium.

Proof. By construction, R* is closed and thus belongs to B(X). Set £ := {R € £ : R is closed}.
Since the indicator function 1g is upper semicontinuous on X for all R € &', Proposition 4.1 in [2]
asserts the existence of a countable subset (Rj,)nen of £ such that
1g« = inf 1p = inf 1p . 4.12
re = inf 1p = inf 1p, (4.12)
It follows that R* = (,cx Rn. By Proposition 4.2, R* is an equilibrium, and it remains to show

that it is optimal as well. For any R € &, recall from Lemma 4.2 (ii) that R € £. The definition of
R* then implies R* C R. It follows that

V(z, R*) = f(x)VJ(z,R*) > f(z)VJ(2,R) = f(x)VJ(z,R) =V (z,R) VzeX,

where the inequality follows from Lemma 3.1 and the second equality is due to Remark 4.3. This
readily shows that R* is an optimal equilibrium. ]

Remark 4.6. Condition (4.3) is necessary for Theorem 4.1, and more generally for the existence of
an optimal equilibrium. In Section 6, we will show that if (4.3) is violated, an optimal equilibrium
may fail to exist; see particularly Proposition 6.4 and Remark 6.2.

5 Characterization of Closed Optimal Equilibria

Theorem 4.1 shows that there exists an optimal equilibrium R*, which is by construction closed.
Whether it is the unique optimal equilibrium has not yet been addressed. In fact, if we do not
impose any closedness condition on optimal equilibria, it is easy to see that uniqueness fails. Indeed,
under Assumption 4.1, any subset R of R* with R = R* is again an equilibrium (Lemma 4.2 (ii)),
with V(z, R) = V(x, R*) for all z € X (Remark 4.3). Thus, R is also an optimal equilibrium.

This section investigates whether R* in (4.11) is the unique closed optimal equilibrium. The
eventual conclusion is that R* in general is not the unique one, but other closed optimal equilibria
can only differ from R* in very limited ways. In addition, we propose a useful sufficient condition,
satisfied by many practical stopping problems, for R* to be the unique closed optimal equilibrium.

As the first step, we study the relation between an equilibrium and an optimal equilibrium.

Lemma 5.1. Let T* € £ be an optimal equilibrium. For any R € £, we have T* \ R C Ij.
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Proof. Fix x € T* \ R. Since T* is an equilibrium, x € T* implies f(x) > J(x,T%), and thus
V(x,T*) = f(x). Similarly, since R is an equilibrium, x ¢ R implies f(z) < J(z, R), and thus
V(z,R) = J(z, R). It follows that

V(z,T*) = f(z) < J(z,R) = V(z, R). (5.1)

With T* being an optimal equilibrium, the above relation must hold with equality, which implies
x € Ig. We therefore conclude 7%\ R C Ip. O

When R* in (4.11) belongs to &, by the definition of an equilibrium (Definition 2.2), we have
(R*)¢ C Cpg+ U Ip~.
If it happens that the indifference region Iz« does not exist outside of R*, i.e.
(R*)¢ = Chg-, (5.2)
then Lemma 5.1 already implies the uniqueness of closed optimal equilibria.

Theorem 5.1. If R* in (4.11) is an optimal equilibrium satisfying (5.2), then R* is the unique
closed optimal equilibrium.

Proof. By the closedness of R*, (5.2) implies Igr- C R* = R*. Let T* € & be a closed optimal
equilibrium. In view of (4.11), R* C T*. On the other hand, Lemma 5.1 implies T*\ R* C Ir« C R*,
which entails 7% \ R* = (). We therefore conclude that 7% = R*. O

Theorems 4.1 and 5.1 together yield the useful result.

Corollary 5.1. Suppose Assumption 4.1, (4.2), and (4.3) hold. If R* in (4.11) satisfies (5.2), then
R* is the unique closed optimal equilibrium.

Remark 5.1. The condition (5.2) for uniqueness is satisfied by many practical stopping problems,
including those studied in Section 6.1 and Section 6.3.

In general, R* in (4.11) may not always satisfy (5.2), and there can be multiple closed optimal
equilibria. This is demonstrated in the next example.

Example 5.1. Let X be a one-dimensional Bessel process, i.e. Xy := |Wy|, where W is a one-
dimensional Brownian motion. Consider the hyperbolic discount function in (3.6). Let a* > 0 be
specified as in Lemma 6.1 below, and pick b* > a*. Define the payoff function f :[0,00) — R4 by

Fo) T if 0 <x <b*,
T) = . , .
E* [5(T%)b"] = E* [ﬁ} if > b*

where Ty is defined as in (5.6). Note specifically that f is continuous, with f(b*) = b*. Under
current setting, one may conclude from Theorem 4.1 that R* in (4.11) is an optimal equilibrium.
Observe that for any x € [0,a*), J(x,[a*,b*]) = J(x,[a*,00)) > x = f(z), where the inequality
follows from Lemma 6.1; for any x > b*, J(x, [a*,b*]) = E* [%] = f(x). This implies [0,a*) U
b*
(b%,00) € Igx yo) U Clgr p+), and thus [a*,b*] € £.
We claim that R* = [a*,b*]. By (4.11), R* C [a*,b*]. If R* is not a connected set, one may
arque as in [10, Lemma 4.3] to reach a contradiction. Thus, R* = [a,b] for some a* < a < b < b*.

14



If a* < a, then for any x € [0,a), J(x,[a,00)) = J(x, R*) > z, where the inequality follows from
R* € €. This implies [a,00) € &, which contradicts Lemma 6.1 as a > a*. If b < b*, then

] = J(x,R*), Vx € (bb").

This contradicts R* € £. We therefore conclude that R* = [a*, b*].
Now, note that (b*,00) C Ig=, and thus (5.2) fails to hold. Moreover, T* := [a*,00) is also a
closed optimal equilibrium, as

b /(%)
Vi, T") = =E|——+ | = | —— | = J(2,R") =V (2, R" N b*. 5.3
In view of Example 5.1, it is of interest to investigate, when (5.2) is not guaranteed, how an

arbitrary closed optimal equilibrium 7™ can differ from R* in (4.11).
To this end, take R € £ that is closed. For any x ¢ R, define

lp(z):=sup{ly € R:y <z} and rgr(z):=inf{ye R:y > z}. (5.4)

If there is no y € R with y < z, we take {r(x) = inf X (which can be —oc0). Similarly, if there is no
y € R with y > z, we take rr(xz) = sup X (which can be o0). Note that fr(x) < z and rr(z) > =z,
thanks to the closedness of R.

Let T* € &€ be a closed optimal equilibrium that contains R. We intend to study exactly how
T* can differ from R. Since T™* contains R, we must have

T\ R C | J (Ur(a).rr(a)).

z¢R

Proposition 5.1 below then investigates the relation between 7%\ R and each interval (¢/r(z),rr(z)).
Interestingly, under fairly general conditions on X and f, Proposition 5.1 indicates that 7% \ R
must either ezclude or contain the entire interval (¢r(x),rg(z)), for any = ¢ R; moreover, the
containment can happen only when (¢r(x),rgr(z)) lies completely in the indifference region Ig.
That is, T* can be strictly larger than R, but only in very specific ways; see Remark 5.3 below for
how this can be very useful in finding all closed optimal equilibria.

To establish Proposition 5.1, we require the state process X to be regular in the following sense:

for any r € int(X), P*(T; <o0) >0 VyeX, (5.5)
where T3/ is the first hitting time of X to y from z, i.e.

T, = inf{t > 0: Xi’ = y}. (5.6)

This is in line with the setup in Karlin and Taylor [15, Chapter 15]. Note that (5.5) is not very
restrictive: every weak solution to a one-dimensional stochastic differential equation is regular; see
Rogers and Williams [23, Chapter V.44-45].

Proposition 5.1. Suppose that (4.2) holds, X is reqular in the sense of (5.5), and (2.3) holds with
strict inequality. Let T* € £ be a closed optimal equilibrium, and R € £ be closed and contained in
T*. Then, for any v ¢ R,

(i) if Ug(z),rr(z)) NCr #0, then T* N ((r(x),rr(x)) = 0;
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(it) if Ur(z),rr(x))NCr =0 and f #0 on ((r(x),rr(x)), then
N(Ur(z),rr(x)) =0 or (lr(x),rgr(z)) CT%

(111) if (bgp(x),rr(x))NCgr = 0 and f = 0 on (Lg(x),rr(x)), then for any Borel subset A of
(lr(z),rr(x)), RUAEE and V(y,RUA) =V (y,T*) =0 for ally € ({r(x),rr(x)).

Proof. (i) By contradiction, suppose T* N ({g(x),rg(x)) # 0. Take z € (bgr(x),rr(x)) N Cr. B

Lemma 5.1, z ¢ T*, and we can thus define

Uz):=sup{ly e T":y <z} and r(z):=inf{lyeT":y> z}. (5.7)

We must have either £(z) > ¢r(x) or r(z) < rr(x), otherwise T* N (¢r(x),rr(z)) # O would be
violated. Also, by the closedness of 7%, we have £(z) < z and r(z) > z. Note that ({r(z),rr(z))N
Cr # 0 already excludes the following cases:

(a) (r(z) =infX ¢ X, and rg(z) = supX ¢ X;

(b) lr(x) =inf X € X (or lg(x) > inf X), rr(x) =supX ¢ X, and f(¢r(z)) = 0;

(¢) lr(z) =infX ¢ X, rr(z) =supX € X (or rg(x) < supX), and f(rr(x)) =0;

(d) ((x)( :>1an € X (or bgr(x) > infX), rr(z) =supX € X (or rr(z) < supX), and f(¢r(z)) =
rr(x

Indeed, in each of these cases, J(y, R) =0 < f(y) for all y € (¢r(z),rr(z)), thanks to (4.2). This
implies (¢r(z),rr(x)) N Cr = 0, a contradiction.
Let us focus on the remaining cases:

(e) Lr(x) =infX € X (or lr(z) > infX), rgr(z) =supX ¢ X, and f(¢r(x)) > 0;

(f) lr(z) =infX ¢ X, rp(z) =supX € X (or rr(z) < supX), and f(rgr(z)) > 0;

(g) lr(z) = infX € X (or lr(z) > infX), rg(x) = supX € X (or rr(z) < supX), and either
flr( (Assume without loss of generality that f(¢r(x)) > 0).

x)) >0 or f(rr(z)) >
p(z,

>0
Define 7 := T*) and v := p(z, R). By definition, 7 < v. We consider the set

A={weQ: 7 <0},

and claim that P*(A) > 0. If P*(A) = 0, we have either “/(z) = lg(z) and r(z) < rr(z)” or
“Uz) > lr(z) and r(z) = rgr(x)”. Assume the former, without loss of generality. Note that

P*(A) = 0 entails TZ @) < TTZ(Z) P?*-a.s. This, together with X being a strong Markov process,

implies that X, when starting from z, can never reach the region [r(z), 00), P*-a.s. This, however,
contradicts X being regular in the sense of (5.5). With P#(A) > 0, X being a regular process then
implies P* (X7 = (g(z) | A) > 0 in cases (e) and (g), and P*(XZ = rp(z) | A) > 0 in case (f). We
therefore conclude that in all these three cases,

P* (f (X,) >0 | A) > 0. (5.8)

Now, we carry out the same calculation in (3.2), with = and T replaced by z and T*. In this
calculation, note that we now have a strict inequality

E*[E°[6(0) f(Xo) | Fr]1a] > EZ [6(7)E” [6(v — 7) f(Xo) | Fr]1a].
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We get “>”, instead of merely “>”, because of P(A) > 0, (5.8),0 < 7 < von A, and (2.3) with strict
inequality. Then, the same argument in Lemma 3.1, below (3.2), can be applied here, which yields
the strict inequality J(z, R) > J(z,T*). Since z ¢ T and T™ is an equilibrium, J(z,7%) > f(z2).
Thus, we get V(z,R) > J(z,R) > J(2,T*) = V(z,T*), which contradicts the fact that T™* is an

optimal equilibrium.

(i) Since R is an equilibrium, (/r(x),rr(x)) N Cr = 0 implies (¢g(z),rr(z)) C Ir. By con-
tradiction, suppose T* N (¢r(x),rgr(z)) # 0, but ((gr(x),rr(z)) is not contained in T*. Take
z € (lr(z),rr(z)) \ T%, and define ¢(z) and r(z) as in (5.7). Note that cases (a)-(d) speci-
fied above are again excluded under current setting. Indeed, in these cases J(y,R) = 0 for
all y € (r(z),rr(x)). With ((r(x),rr(z)) C Ir, we conclude f(y) = J(y,R) = 0 for all

€ (lr(x),rr(x)), which contradicts the choice of f. For the remaining cases (e)-(g) specified
above the same argument as in (i) shows that V(z, R) > V(z,T*), which contradicts the fact that
T* is an optimal equilibrium.

(iii) For any Borel subset A of (¢r(x),rr(x)), thanks to f = 0 on (¢r(z),rr(z)) and (4.2),
J(y, RUA) =0= f(y) for all y € (¢r(x),rr(z)). That is, ((r(x),rr(x)) C Irua, which already
implies RU A € €. Recall from (ii) that R being an equilibrium and (¢g(z), rg(z)) N Cr = 0 imply
(lr(z),rr(x)) C Ig. Thus, we have V(y, RUA) = f(y) =0 for ally € ({gr(x),rr(x)). In particular,
if we take A* := T*N(¢r(z),rr(x)), then for ally € (¢r(z),rr(x)), V(y,T*) = V(y, RUA*) =0. O

Remark 5.2. The condition “(2.3) holds with strict inequality” for Proposition 5.1 is not restric-
tive in practice. Most commonly-seen non-exponential discount functions, including those specified
under (2.3), satisfy this condition.

Recall R* in (4.11). For each = ¢ R*, we define /,(x) and r.(z) as in (5.4), with R replaced by
R*. Any closed optimal equilibrium 7™ can differ from R* in very limit ways, as stated below.

Corollary 5.2. Suppose that (4.2) holds, X is regular in the sense of (5.5), and (2.3) holds
with strict inequality. Let T € £ be a closed optimal equilibrium. If R* in (4.11) is an optimal
equilibrium, then for any x ¢ R*,

(i) if (be(x),74(2)) N Cr+ # 0, then T* N (Ly(x), 74 (x)) = 0;
(i1) if (bu(z), ()N Cre =0 and f £ 0 on (bu(z),7:(x)), then
T 0 (C@)ra@) =0 or (fale),rae)) C T

(111) if (bi(x),74(z)) N Crx = 0 and f = 0 on (bi(x),r«(z)), then for any Borel subset A of
(bu(x), (), R* U A is an optimal equilibrium.

Proof. By definition, R* is closed and R* C T™*. The result then follows directly from Proposition 5.1
and R* being an optimal equilibrium. O

Remark 5.3. Let f # 0 on any sub-interval of X. By Corollary 5.2, for any v ¢ R*, a closed
optimal equilibrium T™ must either exclude or contain the entire interval ({x(x),r.(x)). This can
be very useful in finding all closed optimal equilibria.

For instance, in Example 5.1, f # 0 on any sub-interval of X and R* = [a*,b*]. Note that
(lu(x), () = (0,a*) for x < a*, and (Li(x),r:(x)) = (b*,00) for = > b*. By the calculations
in Example 5.1, (0,a*) C Cpg« and (b*,00) C Ip«. Thus, Corollary 5.2 and (5.3) imply that
T* = [a*,00) is the only closed optimal equilibrium other than R*.
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Remark 5.4. One may wonder if Corollary 5.2 (ii) can be strengthened so that the possibility
(bu(x), () CT* can be excluded. If this could be done, Corollary 5.2 (i) and (ii) together would
imply that R* is the unique closed equilibrium, whenever f Z 0 on any sub-interval of X.

This, however, cannot be done in general. Indeed, in Example 5.1, T* \ R* = (b*,00) C Ip~,
which shows that excluding “(4«(z),r«(x)) CT*” in Corollary 5.2 (ii) is not possible in general.

5.1 Comparison with the Discrete-Time Setting in [12]

In a discrete-time setting, Huang and Zhou [12] also establish the existence of an optimal equi-
librium, for an infinite-horizon stopping problem under non-exponential discounting. There is,
nonetheless, a key difference between the present paper and [12]. When defining the fixed-point
operator © in (2.6), we consider the indifference region, consistent with the iterative approach
originally proposed in [10]. By contrast, the indifference region does not play a role in [12]: it is
simply taken as a part of the stopping region. This simplification allows [12] to establish strong,
desirable results in discrete time, including (i) every equilibrium is closed, and (ii) there exists a
unique optimal equilibrium, under mild continuity assumptions.

While it is tempting to make the same simplification in continuous time, such a simplification is
legitimate only in discrete time. Specifically, if we ignore the indifference region in (2.7) by including
it in the stopping region, it will be questionable whether fixed-point iterations can converge to
equilibria (i.e. Proposition 2.1 may no longer hold). This goes back to the proof of the convergence
result [10, Theorem 3.16], which requires the use of the indifference region. In the discrete-time
setting of [12], the absence of the indifference region is salvaged by [12, Lemma 3.1], which allows
a fixed-point iteration to converge to an equilibrium ([12, Theorem 3.1]), without the need of the
indifference region. Such a result, however, requires ©(R) C R for R € B(X). In continuous time,
this relation does not hold (see Remark 4.4), unless R is already an equilibrium.

6 Examples

To illustrate our theoretic results, we study three distinct stopping problems in this section. The
first one is the stopping of a Bessel process, investigated in detail in [10, Section 4]. We will briefly
present it, as it perfectly confirms Theorem 4.1. The second example is the stopping of a geometric
Brownian motion, while the third is an American put option written on a geometric Brownian
motion. These two examples demand a careful comprehensive analysis, which will enhance our
understanding, particularly, of the role of the integrability condition (4.3). In each of these three
examples, we will characterize an optimal equilibrium through an explicit formula.

6.1 Stopping of a Bessel Process

Consider a one-dimensional Bessel process X, given by X; := |W;|, where W is a one-dimensional
Brownian motion. The state space is then X = [0, 00). Let the payoff function be f(z) =z on X,
and the discount function be of the hyperbolic type as in (3.6). The expected payoff J(z, R) in
(2.5) then takes the form (3.7). Also, from standard properties of the Brownian motion W, one
can verify that Assumption 4.1, (4.2), and (4.3) are all satisfied.

As detailed in [10, p.82], the current setting relates to a real options problem in which the
management of a large non-profitable insurance company intends to liquidate or sell the company,
and would like to decide when to do so.

The next result presents a precise characterization of all closed equilibria, which is a direct
consequence of [10, Proposition 4.5 and Lemma 4.4].
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Lemma 6.1. R € B(X) is a closed equilibrium if and only if R = |a,00) for some a € [0, a*|, where
a* > 0 is characterized by a* fooo e *v/2fBstanh(a*\/28s)ds = 1. Moreover, for any a € (0,a*],
J(z,[a,00)) > x for all x € [0,a).

Proposition 6.1. R* = [a*,00), with a* > 0 as in Lemma 6.1, is the unique closed optimal
equilibrium.

Proof. In view of (4.11) and Lemma 6.1, R* = (,¢[4+)[a;00) = [a*,00). By Theorem 4.1, R* =
[a*,00) is an optimal equilibrium. Thanks to Lemma 6.1 again, J(z,[a*, 00)) > z for all z € [0,a*),
which implies (R*)¢ = [0,a*) = Cr~. Theorem 5.1 then asserts that R* is the unique closed optimal
equilibrium. O

Since the payoff function f(z) = x is strictly increasing, it is reasonable to focus on threshold-
type stopping policies [a,o0), as indicated in Lemma 6.1. The challenge here is how large a > 0
should be, so that the resulting policy can be an equilibrium. Intuitively, if a > 0 is too large,
the discounting involved m may outweigh the payoff a obtained at stopping, reducing
the expected payoff J(z,[a,0)) = Em[m] Thus, anticipating that future selves will
follow too large a threshold a > 0, the current self may decide to stop immediately — such that
[a, 00) cannot be an equilibrium. The main contribution of Lemma 6.1 is to provide a sharp upper
bound a* for the threshold a > 0 such that [a,00) is an equilibrium. Now, since the discount
function (3.6) induces decreasing impatience, the agent prefers smaller equilibria over larger ones;
see Corollary 3.1 and the detailed discussion below it. This readily shows, at least at the intuitive
level, that the smallest possible equilibrium [a*, 00) is optimal, which is rigorously established in
Proposition 6.1.

That [a*, 00) is an optimal equilibrium can in fact be derived from [10, Proposition 4.10], which
was based on a direct calculation specifically for the current stopping problem. Here, we see that
our general theoretic results recover the same conclusion.

6.2 Stopping of a Geometric Brownian Motion

Consider a geometric Brownian motion X given by (3.5), with state space X = (0, c0), as well as the
payoff function f(z) = x on X and the hyperbolic discount function specified in (3.6). The expected
payoff J(x, R) in (2.5) then takes the form (3.7). The current setting describes the problem where
an agent, who discounts hyperbolically, wants to find a suitable time to liquidate the asset X.

Note that X satisfies Assumption 4.1, thanks to Remark 4.2. The conditions (4.2) and (4.3),
however, do not always hold. Recall the constant v € R defined in (3.8).

Remark 6.1. In view of (3.9), (4.2) is satisfied only when v < 0. On the other hand, (4.3) is
violated whenever v > —1/2. Indeed, since v > —1/2 is equivalent to u > 0, for any x > 0,

et
E* ) X;| = lim E* o)X, | > lim E*[§(TYX+| = Ui _— =
L:[;{I;O)U ] Hm L:gg%;]ﬁ ]—330 O(T) Xr] = fim g——pm = o0

The fact that (4.2) and (4.3) need not always hold poses a challenge to finding optimal equilibria.
First, R* in (4.11) is no longer a guaranteed optimal equilibrium, as Theorem 4.1 may not be
applicable. Even the fundamental result that the intersection of equilibria remains an equilibrium
is now in question, as Propositions 4.1 and 4.2 require (4.2) and (4.3) both. In the following, we
will deal with the cases v > 0, v € (—1/2,0], and v < —1/2 separately. We will see that results in
Section 4 can still be applied, after we modify our current stopping problem appropriately.

For v > 0, an optimal equilibrium readily exists, thanks to Example 3.1.
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Proposition 6.2. Let v > 0. Then R* =0 is an optimal equilibrium.

Proof. From Example 3.1, we already know that () is an optimal equilibrium. Then R* = (), simply
from its definition in (4.11). O

For v < —1/2, we first observe that any closed equilibrium has to take a specific form.

Lemma 6.2. Let v < —1/2. For any R € & that is closed, R = (0,00) or R = [a,00) for some
a>0.

Proof. For any R € £ that is closed, observe that R # (). Indeed, if R = 0, (3.9) implies J(x, R) =
0 < x for all x > 0, which contradicts R being an equilibrium. Assume R # (), and take a :=
inf R > 0. By contradiction, suppose there exists x € (a, 00) such that x ¢ R. Define

C:=sup{y € R:y<z} and r:=inf{y € R:y >z}, (6.1)

where the infimum is taken to be oo if there exists no y € R with y > z. By the closedness of R,
we have ¢ < z and r > z, and thus p(z, R) > 0 P*-a.s. For v < —1/2, or equivalently u <0, X is a
supermartingale. It follows that J(z, R) < E* [X o(z, R)] < x, where the first inequality follows from
p(x, R) > 0 and the second the supermartingale property. This implies € Sg, which contradicts
the fact that R is an equilibrium. O

To understand the behavior of J(x, R), given in (3.7), we need the next technical lemma.
Lemma 6.3. For any a > 0, define

a

K/(ZL',(Z) =E* [w

] for 0 <x <a, (6.2)

where TY is defined as in (5.6). Then,
(i) x — k(x,a) is strictly increasing on (0,a), with limy_o k(z,a) =0 and k(a,a) = a.
(i) If v < —1/2, x — k(x,a) is strictly convex on (0,a).

(111) If v > —1/2, then lim,_y0 ke (z,a) = 00, and x — k(x,a) is either strictly concave on (0, a),
or strictly concave on (0,x*) and strictly convex on (z*,a) for some z* € (0,a).

Proof. By definition, k(a,a) = a. Let p(t) denote the density function of 7,7. Observe that

k(z,a) = a/o 1p4(_t/)8tdt = a/o /0 e~ B3 dsdt

o0 " o /V2+2ﬁ5 —v
= a/ e E” [e*BSTa} ds = a/ e’ (f) o ds,
0 0

a

where the last equality follows from [5, Formula 2.0.1 on p. 628]. This particularly shows that
lim, 0 k(x,a) = 0. Consider

g(s,v) := V2 +2Bs/0? — v. (6.3)
By definition, g(s,v) > 0 for all s > 0. Observe that

X

S (s,v)—1
Kz(x,a) —/0 e %g(s,v) (g)g ’ ds >0 Vz € (0,a), (6.4)

20



and thus z — k(z,a) is strictly increasing on (0, a).

If v < —1/2, then g(s,v) > |v| —v > 1 for all s > 0. It follows that = — kz(x,a) is strictly
increasing on (0, a), i.e. z — k(z,a) is strictly convex on (0, a).

If v > —1/2, there must exist s* > 0 such that g(s,v) — 1 < 0 if and only if s < s*. Then
kz(x,a) can be re-written as

*

s s a\1-9(s,v) > s x\ 9(s,v)—1
ﬁz(x,a):/o e %g(s,v) <5> ds—l—/s e °g(s,v) (a) ds. (6.5)

*

Observe that lim,_,q k. (x,a) = 0o, as the first term on the right hand side above explodes, while
the second term vanishes. Moreover, from (6.4),

) =+ [ e gtsnlatsn) 1) (£)" as = L), (6.6)

a a

where

*

o) = [ atlotnn) =0 (5 |

We claim that ¢ is strictly convex on (0, a). Indeed, a direct calculation yields

(0= [ "ot 1) (2) 7 as

xT

+ /:O e *g*(s,v)(g(s,v) — 1) (g)g(s’y)_l ds].

* a

o0

e *g(s,v)(g(s,v) — 1) (Z)g(sw ds.

*

Since g(s,v) —1 < 0 if and only if s < s*, each of the two terms on the right hand side above
is strictly increasing in x; specifically, the first term becomes less negative, while the second term
becomes more positive, as x increases. Thus, ¢ is strictly convex on (0, a). By definition, ¢(0) = 0.
The strict convexity of ¢ then entails either of the two cases: (i) ¢(z) > 0 on (0,a), or (ii) ¢g(z) <0
on (0,z*) and ¢(z) > 0 on (z*, a), with

¥ :=inf{z > 0:¢(x) =0} Aa.

If Case (i) holds, then x — r(x,a) is strictly convex on (0,a), in view of (6.6). This, however,
contradicts lim,_,0 £, (z,a) = co. Thus, we must be in Case (ii). Thanks to (6.6) again, if * = a,
then = — k(x,a) is strictly concave on (0,a); if 2* < a, then z — rk(x,a) is strictly concave on
(0, z*), and strictly convex on (z*,a). O

Proposition 6.3. Let v < —1/2. Then (0,00) is the only closed equilibrium. Hence, R* = (0, c0)
1s the unique closed optimal equilibrium.

Proof. For any a > 0, by Lemma 6.3 (i) and (ii), = > &(x,a) = J(z,[a,o0)) for all € (0,a),
and thus (0,a) C S|4 o). This implies [a,00) ¢ &, for all @ > 0. In view of Lemma 6.2, the only
closed equilibrium is (0,00). Then R* = (0, 00), simply by the definition in (4.11). Since X satisfies
Assumption 4.1, we deduce from Lemma 4.2 (ii) that any R € £ must satisfy R = (0,00). This,
together with Remark 4.3, yields V(z,R) = V(z,(0,00)) for all z > 0, for any R € £. Thus,
R* = (0,00) is the unique closed optimal equilibrium. O

For v € (—1/2,0], a clear-cut characterization for closed equilibria as in Lemma 6.2 cannot
be obtained. Instead, we derive the following relation between different forms of closed equilibria,
which will prove instrumental in finding optimal equilibria.
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Lemma 6.4. Let v € (—1/2,0]. If there exist 0 < £ < r < oo such that (0,¢] U [r,00) € &, then
[r,00) € £.

Proof. For any 0 < ¢ < r < oo such that (0,¢] U [r,oc0) € £, we must have
J(y,R) >y, forallye (). (6.7)

For any y € (¢,r), define 7 := inf{t > 0: X/ ¢ (¢,7)}, and let p : (0,00) x {¢,r} — [0,00) denote
the joint density function of (7, X¥). Then,

X > p(t,f) /°° p(t,T)
Jy,R)=FEY|——| =¥ dt dt
(v, ) = [1—1—67’] /0 TR N 7
=/ / / ~(+B)3 (¢, 0)dsdt + 7 / / ~(+BDs (¢, r)dsdt
- z/ —spY [ BT v g}] ds +r/0 —SY [ —fsr 1{ngr}} ds. (6.8)

Thanks to the formulas of EY [e‘ﬁSTl{Xg:Z}] and EY [e_BSTl{Xg:T}] in [5, Formula 3.0.5 on p. 633]
and v < 0, the above equation becomes

J(y,R) = 5/ e *hi(s,y,l,r) ds+r/ e *ha(s,y,l,r) ds, (6.9)
0 0
where
VIR S
s, tr) = (1) () -
1595 ' 14 (E)\/V2+2BS/O'2 _ (ﬁ)\/uz+2ﬁs/o'2’
0 T
y\\VV2+28s/0? ) Vv2+2ps/0?
ho(s,y, £,r) = (y)‘”' (® -(5)
2(8, Y, %, . r (E) %}24»2/83/0-2 B (ﬁ) V2+2ﬁ5/0'2 .
l T
Note that, by definition,
hi(s,ay,al,ar) = hi(s,y,l,r) and ha(s,ay,al,ar) = ha(s,y,l,r), Yo >0. (6.10)

For any o > 0, take R(«a) := (0, af]U[ar, 00). Observe that, by (6.10), the same calculation leading
to (6.9) yields

J(ay, R(ar)) = aé/ e *hi(s,y,0,r) ds + ar/ e *ha(s,y, 0, r) ds =aJ(y,R), Yye (lr).
0 0

This, together with (6.7), gives J(ay, R(a)) > ay for all y € (¢,r), which implies (a/,ar) C
IR(a) U CR(q)- It follows that

R(a) = (0, ] U [ar,00) € £, Va > 0. (6.11)

Now, consider an auxiliary stopping problem with the current payoff function f () := x replaced
by f(x):=x A (r+1), for all z > 0. For any = > 0 and R € B(X), the expected discounted payoff

is then
Xp(:r;,R) A (7“ + 1)

J(z, R) := E* [§(p(x, R)) f(Xy(a,r))] = E 1+ Bp(z, R)




We will denote by & the collection of all equilibria for this new stopping problem. The main purpose
of introducing this new problem is that since f is bounded, (4.2) and (4.3) are trivially satisfied
(with f replaced by f), and thus Proposition 4.2 and Theorem 4.1 can be applied to the new
problem. For any 0 < o < 1, observe that

J(y, R(a)) = J(y, R(a)) >y = f(y) Vy € (al,ar),

where the inequality is due to (6.11). This implies R(a) € € for all 0 < o < 1. By taking

= @'—TT < 1, we may conclude from Proposition 4.2 that

[r,00) = ﬂ R(a™) € &.
neNU{0}

It follows that J(y,[r,o0)) = J(y, [r,00)) > f(y) = y for all y € (0,7), which in turn shows that
[r,00) € E. O

Proposition 6.4. Let v € (—1/2,0]. There are three distinct cases.

e Case 1: /fm/20% > 1. Then (0,00) is the only closed equilibrium, for all v € (—1/2,0].
Hence, R* = (0,00) is the unique closed optimal equilibrium, for all v € (—1/2,0].

e Case 2: /fOr/202% = 1.

(1) if v =0, then [a,00) € € for all a € (0,00). Hence, there exists no optimal equilibrium.
(i7) if v € (—1/2,0), then (0,00) is the only closed equilibrium. Hence, R* = (0,00) is the

unique closed optimal equilibrium.

e Case 3: /87/20% < 1. There exists v* € (—1/2,0) such that

/000 e’ <\/(1/*)2 +2Bs/0? — 1/*) ds = 1. (6.12)

(i) if v € [v*,0], then [a,00) € &€ for all a € (0,00). Hence, there exists no optimal equilib-
TIUM.

(ii) if v € (—1/2,v*), then (0,00) is the only closed equilibrium. Hence, R* = (0,00) is the
unique closed optimal equilibrium.

Proof. For each a > 0, recall the functions x(x,a) in (6.2) and g(s,v) in (6.3). A direct calculation
shows that v — g¢(s, v) is strictly decreasing. Now, for any v < 0, by (6.4) and ¢(s, v) being strictly
decreasing in v,

limmx(x,a)—/ e %g(s,v)ds
0

zta
2/0 esg(s,O)dsz/O e*sw/gds:,/;fr(sm):,/%. (6.13)

Note that in the above relation we have strict inequality for v < 0, and equality for v = 0.

e Case 1: /f7/20% > 1. For each a > 0, by (6.13), limyq (2, a) > 1 for all v < 0. This,
together with k(a,a) = a (Lemma 6.3 (i)), implies that there exists z* € (0,a) such that = >
k(z,a) = J(x,[a,00)) for all x € (2%, a), and thus (z*,a) C S|4). Hence, we conclude that
[a,00) ¢ &, for all @ > 0. This, together with Lemma 6.4, shows that (0,¢] U [r,00) ¢ &£ for all
0 </l <r <oo. It follows that (0,00) is the only closed equilibrium. We can then argue as in
Proposition 6.3 to show that R* = (0, 00) is the unique closed optimal equilibrium.
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e Case 2: /fm/202 = 1. For v < 0, (6.13) gives lim,4, ke (2,a) > 1, for any a > 0. The same
argument as in Case 1 shows that (0,00) is the only closed equilibrium, and R* = (0,00) is the
unique closed optimal equilibrium.

For v = 0, (6.13) gives limgq rz(2,a) = 1, for any a > 0. This, together with Lemma 6.3,
already implies that J(x,[a,0)) = k(z,a) > x for all z € (0,a). Indeed, if k(2',a) < 2’ for
some z’' € (0,a), then limy_,oKkyz(x,a) = oo (Lemma 6.3 (iii)), k(a,a) = a (Lemma 6.3 (i)),
and limgy, kz(2,a) = 1 would force & +— Kyz(x,a) to change sign at least twice on (0, a), which
contradicts Lemma 6.3 (iii). Hence, we have (0,a) C (4 ), and thus [a,00) € &, for all a > 0.

By contradiction, suppose there exists an optimal equilibrium R € £. By Lemma 4.2 and
Remark 4.3, its closure R is again an optimal equilibrium. Observe that R cannot be either ()

or (0,00). Indeed, (3.9) yields J(z,0) = 0 < « for all > 0, which implies () is not even an
equilibrium. Also, for any a > 0, J(z,(0,00)) = z < J(z,[a,00)) for all z € (0,a); that is,
[a,00) € £ generates larger values than (0,00) on (0,a), and thus (0,00) cannot be an optimal
equilibrium. With R # (0,00), we can take z > 0 such that z ¢ R. Define £ and r as in (6.1),
with R replaced by R. By the closedness of R, we have £ < x and r > x. We claim that r < oo
and ¢ = 0. If r = oo, then ¢ > 0 must hold, otherwise R = (). It follows that sup R = ¢ and
J(x,R) = J(z,(0,4]) < £ < z for all > ¢, where the first inequality is deduced from (3.7).
This, however, shows that R is not an equilibrium, a contradiction. Thus, we must have r < oo.
Now, if £ > 0, then £ € R, and thus V(¢,R) = ¢ < J({,[r,00)), where the equality follows from
Lemma 4.1. This contradicts R being an optimal equilibrium. Therefore, the claim that r < oo
and ¢ = 0 follows, and we in particular have inf R = r > 0. If there exists 2’ > r such that 2’ ¢ R,
the same argument above shows that inf{y < 2’ : y € R} = 0, which contradicts inf R = r > 0.
Hence, we conclude that R = [r, 00). However, for any ¢ > 0, J(z,[r,00)) = 2 < J(z, [r + &,00))
on (r,r +¢). That is, [r +&,00) € & generates larger values than R = [r,00) on (r,r + ¢), a
contradiction to R being an optimal equilibrium.

e Case 3: /fm/202 < 1. Since v — g(s,v) is strictly decreasing,

/00 e °g(s,—1/2)ds > /OO e %g(s,0)ds. (6.14)
0 0

Note that the left hand side of (6.14) is strictly larger than 1, while the right hand side is strictly

less than 1. Indeed, by definition, g(s,—1/2) > 1/2+1/2 =1 for all s > 0. It follows that

Jo e %g(s,—1/2)ds > [; e~ ds = 1. On the other hand, as shown in (6.13), [;° e *g(s,0)ds =

\/ﬁw/202 < 1. Since v — g(s,v) is continuous, we conclude from (6.14) that there exists
€ (—1/2,0) such that [;° e *g(s,v*)ds =1, i.e. (6.12) holds.

For v € [v*,0], since v — g(s,v) is strictly decreasing, limgq rz(2,a) = [;° e 5g(s,v)ds < 1,
for any @ > 0. This entails J(x,[a,00)) = k(z,a) > x for all x € (0,a). If not, one may
argue as in Case 2 that limg 0 kz(x,a) = oo (Lemma 6.3 (iii)), ~(a,a) = a (Lemma 6.3 (i)),
and limgy, £z (2, a) < 1 would force & +— Kgq(x,a) to change sign at least twice on (0, a), which
contradicts Lemma 6.3 (iii). Hence, we conclude (0,a) C Cl, o), and thus [a,00) € &, for all

a > 0. This implies, as shown in Case 2, that there exists no optimal equilibrium.

For v € (—1/2,v*), since v — g(s,v) is strictly decreasing, limgyq k2 (2,a) = [§° e 5g(s,v)ds > 1,
for any a > 0. One may then argue as in Case 1 to show that (0, c0) is the only closed equilibrium,
and R* = (0, 00) is the unique closed optimal equilibrium.

O
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Remark 6.2. For v € (—1/2,0], note from Remark 6.1 that while (4.2) is satisfied, (4.3) is not.
Hence, Proposition 6.4 in particular shows that an optimal equilibrium may fail to exist when (4.3) is
violated. One can also view this from R* in (4.11). In Case 2 (i) and Case 3 (i) in Proposition 6.4,

R* C ﬂ[a,oo):Q),

a>0

and thus R* = (). However, R* is not even an equilibrium, as J(z,0) =0 < x for all z > 0, thanks
0 (4.2). In other words, the validity of Theorem 4.1 hinges on (4.3).

In this subsection, we show that optimal equilibria vary in forms and may fail to exist, depending
on the upward potential of the geometric Brownian motion X. Recall that v in (3.8) measures the
upward potential of X. For v > 0, X admits strongest upward potential (recall (3.9)). Anticipating
that all future selves will choose to continue (i.e. follow the stopping policy @), which leads to the
payoff J(x,}) = oo, the current self is more than happy to continue, too. This makes ) (i.e. “never
stop”) an optimal equilibrium, as shown in Proposition 6.2. For v < —1/2, X admits strongest
downward potential, such that the expected payoff from any slight continuation is lower than the
immediate payoff from stopping. The stopping policy (0,00) (i.e. “never start”) is then the only
(closed) equilibrium, as established in Proposition 6.3.

The most intriguing case is v € (—1/2,0], where one needs to compare closely the mediocre
upward potential of X with the magnitude of discounting, measured by 5 > 0. If discounting
is severe enough relative to the volatility of X (i.e. /fm/202 > 1), discounting outweighs the
upward potential of X, such that the expected payoff from any slight continuation is lower than
the immediate payoff from stopping (similar to the case v < —1/2). The stopping policy (0, c0)
(i.e. “never start”) is then the only (closed) equilibrium, as shown in Case 1 of Proposition 6.4. On
the other hand, if discounting is not so severe relative to the volatility of X (i.e. \/87/20% < 1),
a critical level v* € (—1/2,0] comes into play, as shown in Cases 2 and 3 of Proposition 6.4. For
v < v*, the upward potential of X is not strong enough to outweigh discounting (a similar situation
as above), and (0,00) (i.e. “never start”) is the only (closed) equilibrium. For v > v*, the upward
potential of X outweighs discounting, to the extent that continuation until any threshold a > 0
is better than immediate stopping — such that [a,c0) is an equilibrium for all @ > 0. Since the
discount function (3.6) induces decreasing impatience, the agent prefers smaller equilibria over
larger ones; see Corollary 3.1 and the detailed discussion below it. This means [a’,00) is preferred
over [a,00), for all 0 < a < a'. Interestingly, despite this well-defined “order relation” among
equilibria, there exists no optimal equilibrium. Indeed, any equilibrium [a, c0) is outperformed by
another equilibrium [a’, 00) with @’ > a, and the only hopeful candidate (). 4[a, 00) = 0 is not even
an equilibrium, as pointed out in Remark 6.2.

a>0[

6.3 An American Put Option on a Geometric Brownian Motion

Consider a geometric Brownian motion X given by (3.5), with state space X = (0, 00), as well as
the payoff function f(x):= (K — )" on X, for some K > 0, and the hyperbolic discount function
specified in (3.6). The expected payoff J(z, R) in (2.5) then takes the form

(K - Xp(x,R))+:|
1+ Bp(z, R)

J(z,R) = E° [ (6.15)

The current setting relates to pricing of a perpetual American put option, under hyperbolic dis-
counting. Alternatively, it can be viewed as a real options problem where the management of a
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company considers an investment plan, which has constant payoff K and stochastic cost evolving
as X, and would like to decide when to carry it out.

As mentioned in Section 6.2, X satisfies Assumption 4.1, thanks to Remark 4.2. Also, since f
is bounded, (4.2) and (4.3) trivially holds. Thus, Proposition 4.1, Theorem 4.1, and Theorem 5.1
can all be applied to this stopping problem.

For p > 0, a clear-cut characterization of closed equilibria can be obtained.

Lemma 6.5. Let 1 > 0. For any R € & that is closed and contained in (0, K], R = (0, a] for some
a € (0,K].

Proof. For any R € £ that is closed and contained in (0, K], set a := sup R < K. By contradiction,
suppose there exists € (0,a) such that z ¢ R. Define ¢ and r as in (6.1), with ¢ taken to be 0
if there exists no y € R with y < x. By the closedness of R, we have ¢ < x and r > «, and thus
p(x, R) > 0 P*-a.s. This implies

J(IE,R) < E* [(K — Xp(%R))Jr] =E* [K — XP(%R)] =K — Em[Xp(LR)].

With x4 > 0, X is a submartingale and thus E*[X o(z, R)] > x. The previous inequality then yields
J(z,R) < K —z = f(x), i.e. x € Sg. This contradicts the fact that R is an equilibrium. O

To understand the behavior of J(z, R), given in (6.15), we need the next technical lemma.
Recall the constant v € R in (3.8), and define

A= / e’ ( V2 +2Bs/02 + 1/) ds > 0. (6.16)
0

Lemma 6.6. For any a € (0, K), define

K—a

n(m,a) = ]EI []w

] for a <z < o0,

where T is defined as in (5.6). Then,

(i) © — n(z,a) is strictly decreasing and strictly convex on (a,o0), with n(a,a) = K — a and
limg 00 p(2,a) = 0.

(ii) If a < (H%\)K, with X > 0 as in (6.16), then x — n(z,a) and x — (K — z)* intersect
exactly once on (a,00), and the intersection takes place at some x* € (a,K). Moreover,
n(x,a) < (K —2)% on (a,2*) and n(z,a) > (K —x)* on (x*,00).

(iii) If a > (1_‘%\)]{, with A > 0 as in (6.16), then n(z,a) > (K —x)" on (a,c0).

Proof. By definition, n(a,a) = K — a. Let p(t) denote the density function of 7. Observe that

n(z,a) = (K —a) /000 p(t) dt = (K —a) /OOO /000 e (B3 (1) dsdt

1+ Bt

= (K —a) /O T eEr [e—ﬁsva] ds = (K —a) /0 e’ (%) S ds, V> a.
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where the last equality follows from [5, Formula 2.0.1 on p. 628]. This particularly shows that
lim, 00 n(2z,a) = 0. Moreover, for any x > a,

K — 00 2 [v24 285,
Ne(z,a) = — a/ e’ ( V2 + 2ps + V) (%) < ds <0,
0

x o2

K—a [® [ 2 2 N
Nez(T,0) = xza/ es< *B—i—V)( V2+f:+l/+1> (%) < ds > 0.
0

Thus, = — n(z,a) is strictly decreasing and strictly convex on (a,00). This already implies that
x +— n(z,a) and z — (K —2)7 intersect at most once on (a, ), and the intersection, if exists, must
happen on (a, K). Observe that the intersection z* € (a, K) exists if and only if limg |4 1. (z,a) <

—1. Since
K — ee 2 K —
i, (,0) =~ [T (wmﬂfw) ds = =",
zla a 0 o a

limg o 2(2, a) < —1if and only if a < ( Y 5 ) K. Thus, for a < ( TEY 1) K, the intersection z* € (a, K)
exists, and we have n(z,a) < (K — z)* on (a,z*) and n(z,a) > (K — x)" on (2*,00). For
a> ( )K, n(z,a) is always above (K — z)* on (a, 00). O

1+A

The above lemma immediately enhances the characterization in Lemma 6.5.

Corollary 6.1. For any a € (0,K|, R = (0,a] € & if and only if a > (1+A)K with A > 0 defined
n (6.16).

Proof. For any a € (0,K], R = (0,a] € £ if and only if J(z,(0,a]) = n(z,a) > (K — a)* for all

x > a. By Lemma 6.6, this holds if and only if a > (1+>\)K O

For u < 0, specific forms of closed equilibria as in Lemma 6.5 cannot be obtained. Instead, we
show that every closed equilibrium must contain a common subset.

Lemma 6.7. Let p < 0. For any R € & that is closed and contained in (0, K], we have
(0, (l—i—)\) K| C R, with A\ > 0 defined in (6.16).

Proof. Fix R € &£ that is closed and contained in (0, K]. By contradiction, suppose there exists
z € (0, (HL/\)K] such that x ¢ R. Define ¢ and r as in (6.1), with ¢ taken to be 0 if there exists no
y € R with y < z. By the closedness of R, we have £ < x and r > x. Since R is an equilibrium,

J(y,R) > f(y) forallye (¢,r). (6.17)

First, we deal with the case r > (HL/\)K Note that R := (0, €] U [r,c0) and (0, (H%)K] both
belong to &, thanks to (6.17) and Corollary 6.1, respectively. It then follows from Proposition 4.1
that R’ N (0 (ﬁ;/\)K] = (0,/] again belongs to £. This, however, contradicts Corollary 6.1, as

€<x<(1+)\)K

Next, we deal with the case r < (1+>\)K For any y € (¢,7), define 7 := inf{t > 0: X} & ({,r)},
and let p : (0,00) x {¢,r} denote the joint density function of (7, X¥). A calculation similar to (6.8)
and (6.9) yields

J(y,R) = (K — 6)/ e * hi(s,y,l,r) ds+ (K — r)/ e ha(s,y,0,r) ds, (6.18)
0 0
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where the functions h; and hy are specified below (6.9). Observe from (6.15) and (6.18) that
fooo e *hi(s,y,0,r) ds < PY[X, = (] and fooo e *ha(s,y,l,r) ds < PY[X; = r|. This implies

/ e *hi(s,y,l,r) ds —i—/ e *ha(s,y, 0, 1) ds < 1. (6.19)
0 0

Now, pick a > 1 such that af < (1+>\)K < ar < K. Define R” := (0,a/] U [ar,0). For any
€ (¢,r), thanks to (6.10), the same calculation leading to (6.18), through arguments in (6.8) and
(6.9), now gives

J(ay, R") = (K — ozf)/ e *hi(s,y,l,r) ds+ (K — ar)/ e *ha(s,y,0,r) ds.
0 0

This, together with (6.18), shows that

J(ay, R") —aJ(y,R) = —(a — 1)K [/OO e *hi(s,y,b,r) ds+ /OO e *ha(s,y,l,r) ds
> —(a— 1)K, 0 0
where the second line follows from (6.19) and o > 1. As a result,
J(oy, R") > aJ(y,R) — (a = 1)K > af(y) — (a = 1)K = K — ay = f(ay),

where the second inequality follows from (6.17). Since the above relation holds for all y € (¢,r),
we conclude that (af, ar) C Irs U Cpge. This implies R” € €. Recalling that (0, (H%)K} € & by
Corollary 6.1, we conclude from Proposition 4.1 that R” N ( , (I%\)K ] = (0, af] also belongs to &.
This, however, contradicts Corollary 6.1, as ol < (1 = /\)K O

Now, we are ready to present one single explicit formula for an optimal equilibrium, for any
value of p € R.

Proposition 6.5. R* = (0, (H—/\)K], with A > 0 as in (6.16), is the unique closed optimal equi-

librium.

Proof. First, observe that (0, K] € £. Indeed, since f = 0 on [K, 00), one trivially gets J(z, (0, K]) =
0 = f(z), for all x € (K, 00). This implies (K, 00) € I g}, and thus (0, K] € £. In view of (4.11)
and Proposition 4.1,

RF= (] RN(0,K]= N R. (6.20)

Reé€, R closed Re€, R closed, RC(0,K]
If 4 >0, by (6.20), Lemma 6.5, and Corollary 6.1, we have

R* = N (0.ad= (0, <1i)\>K]

(125 K <osh

If p < 0, then (6.20), Lemma 6.7, and ( ( )K] € & (by Corollary 6.1) again gives R* =
(O, (IJ%\)K} Hence, by Theorem 4.1, R* = ( (%) ] is an optimal equilibrium. Finally,
from Lemma 6.6 (iii), J(z, R*) = n(x, (H—)\)K) > (K — )" for all z > (1+)\)K which implies

(R*)¢ = CRg+. Theorem 5.1 thus ensures that R* is the unique closed optimal equilibrium. O
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In view of the payoff function f(z) = (K —z)™", one would like the geometric Brownian motion
X to drift below K > 0, generating strictly positive payoff. It is then reasonable to focus on
threshold-type stopping policies (0, a], with 0 < a < K. The challenge here is how small a > 0
should be, so that the resulting policy can be an equilibrium. Intuitively, if a > 0 is too small, the

discounting involved m may outweigh the payoff (K —a)™ obtained at stopping, reducing
(K—a)*

the expected payoff J(z, (0,a]) = E* [W
too small a threshold a > 0, the current self may decide to stop immediately — such that (0, a]
cannot be an equilibrium. The main contribution of this subsection is finding the smallest possible
threshold, i.e. a = (H%)K , such that (0, a] is an equilibrium, as shown in Lemma 6.5, Corollary 6.1,
and Lemma 6.7. Now, since the discount function (3.6) induces decreasing impatience, the agent
prefers smaller equilibria over larger ones; see Corollary 3.1 and the detailed discussion below it.
This readily shows, at least at the intuitive level, that the smallest possible equilibrium (0, ( 1J%\)K ]
is optimal, which is rigorously established in Proposition 6.5.

The threshold (I%\)K responds desirably to the downward potential of X. Similarly to Sub-
section 6.2, v in (3.8) measures the downward potential of X: the smaller v, the stronger the
downward potential. It can be checked that A > 0 in (6.16) is strictly increasing in v, so the down-
ward potential of X can also be measured by how small A is. Observe that 1%\ is strictly increasing
in A, with limy o HA/\ = 0 and limy oo 1%\ = 1. When A\ is very small (i.e. X has strong downward
potential), one should take a stopping threshold close to 0, to fully exploit the downward potential

that can generate strictly positive payoff. This is captured by (1%\)[( , decreasing to 0 as A | 0.
As X increases (i.e. the downward potential of X weakens), (1%\)[( also increases, reflecting an
inclination to stop earlier. When A is very large (i.e. X has little downward potential), one should
stop once X drifts only slightly below K > 0. This is again captured by (L)K , increasing to K

1+A
as \ T oo.

} . Thus, anticipating that future selves will follow

References

[1] G. AsHEIM, Individual and collective time-consistency, Review of Economic Studies, 64 (1997),
pp. 427443,

[2] E. BAYRAKTAR AND M. SIRBU, Stochastic Perron’s method and verification without smooth-
ness using viscosity comparison: the linear case, Proc. Amer. Math. Soc., 140 (2012), pp. 3645—
3654.

[3] T. BJORK, M. KHAPKO, AND A. MURGOCI, On time-inconsistent stochastic control in con-
tinuous time, Finance and Stochastics, 21 (2017), pp. 331-360.

[4] T. BJORK, A. MURGOCI, AND X. Y. ZHOU, Mean-variance portfolio optimization with state-
dependent risk aversion, Math. Finance, 24 (2014), pp. 1-24.

[5] A. N. BORODIN AND P. SALMINEN, Handbook of Brownian motion—facts and formulae,
Probability and its Applications, Birkhduser Verlag, Basel, second ed., 2002.

[6] I. EKELAND, O. MBODJI, AND T. A. PIRvU, Time-consistent portfolio management, STAM
J. Financial Math., 3 (2012), pp. 1-32.

[7] I. EKELAND AND T. A. Pirvu, Investment and consumption without commitment, Math.
Financ. Econ., 2 (2008), pp. 57-86.

29



8]

[9]

[10]

[11]

[12]

[13]

S. R. GRENADIER AND N. WANG, Investment under uncertainty and time-inconsistent pref-
erences, Journal of Financial Economics, 84 (2007), pp. 2-39.

Y. Hu, H. JiN, AND X. Y. ZHOU, Time-inconsistent stochastic linear-quadratic control, STAM
J. Control Optim., 50 (2012), pp. 1548-1572.

Y.-J. HuANG AND A. NGUYEN-HUU, Time-consistent stopping under decreasing impatience,
Finance and Stochastics, 22 (2018), pp. 69-95.

Y.-J. HuanNGg, A. NGUYEN-Huu, AND X. Y. ZHOU, General stopping behaviors of naive
and non-committed sophisticated agents, with application to probability distortion, tech. rep.,
University of Colorado, University of Montpellier, and Columbia University, 2017. Available
at https://arxiv.org/abs/1709.03535.

Y.-J. HUANG AND Z. ZHOU, Optimal equilibrium for time-inconsistent stopping problems — the
discrete-time case, to appear in STAM Journal on Control and Optimization, (2019). Available
at https://arxiv.org/abs/1707.04981.

I. KARATZAS AND S. E. SHREVE, Brownian motion and stochastic calculus, vol. 113 of Grad-
uate Texts in Mathematics, Springer-Verlag, New York, second ed., 1991.

[14] ——, Methods of mathematical finance, vol. 39 of Applications of Mathematics (New York),

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Springer-Verlag, New York, 1998.

S. KARLIN AND H. M. TAYLOR, A second course in stochastic processes, Academic Press, Inc.
[Harcourt Brace Jovanovich, Publishers|, New York-London, 1981.

N. KOCHERLAKOTA, Reconsideration-proofness: A refinement for infinite horizon time incon-
sistency, Games and Economic Behavior, 15 (1996), pp. 33-54.

G. LOEWENSTEIN AND D. PRELEC, Anomalies in intertemporal choice: evidence and an
interpretation, Q. J. Econ., 57 (1992), pp. 573-598.

G. LOEWENSTEIN AND R. THALER, Anomalies: Intertemporal choice, Journal of Economic
Perspectives, 3 (1989), pp. 181-193.

B. PELEG AND M. E. YAARI, On the existence of a consistent course of action when tastes
are changing, Review of Economic Studies, 40 (1973), pp. 391-401.

E. PHELPS AND R. A. POLLAK, On second-best national saving and game-equilibrium growth,
Review of Economic Studies, 35 (1968), pp. 185-199.

R. A. PoLLAK, Consistent planning, The Review of Economic Studies, (1968), pp. 201-208.

D. PRELEC, Decreasing impatience: A criterion for non-stationary time preference and “hy-
perbolic” discounting, The Scandinavian Journal of Economics, 106 (2004), pp. 511-532.

L. C. G. ROGERS AND D. WILLIAMS, Diffusions, Markov processes, and martingales. Vol. 2,
Cambridge Mathematical Library, Cambridge University Press, Cambridge, 2000. It6 calculus,
Reprint of the second (1994) edition.

A. N. SHIRYAYEV, Optimal stopping rules, Springer-Verlag, New York-Heidelberg, 1978.
Translated from the Russian by A. B. Aries, Applications of Mathematics, Vol. 8.

30



[25] R. H. STROTZ, Myopia and inconsistency in dynamic utility mazimization, The Review of
Economic Studies, 23 (1955), pp. 165-180.

[26] R. THALER, Some empirical evidence on dynamic inconsistency, Econ. Lett., 8 (1981), pp. 201—
207.

[27] J. YONG, Time-inconsistent optimal control problems and the equilibrium HJB equation,
Mathematical Control and Related Fields, 3 (2012), pp. 271-329.

31



	Introduction
	The Setup and Preliminaries
	Formulation of Equilibria
	Optimality of an Equilibrium

	The First Result
	Existence of an Optimal Equilibrium
	Closed Equilibria
	Intersections of Equilibria
	The Main Result

	Characterization of Closed Optimal Equilibria
	Comparison with the Discrete-Time Setting in HZ17-discrete

	Examples
	Stopping of a Bessel Process
	Stopping of a Geometric Brownian Motion
	An American Put Option on a Geometric Brownian Motion


