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Abstract

The main result of this paper is the solution to the optimal stopping problem of maximizing
the variance of a geometric Lévy process. We call this problem the variance problem.
We show that, for some geometric Lévy processes, we achieve higher variances by
allowing randomized stopping. Furthermore, for some geometric Lévy processes, the
problem has a solution only if randomized stopping is allowed. When randomized
stopping is allowed, we give a solution to the variance problem. We identify the Lévy
processes for which the allowance of randomized stopping times increases the maximum
variance. When it does, we also solve the variance problem without randomized stopping.
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1. Introduction

In this paper we solve the optimal stopping problem of maximizing the variance of a
geometric Lévy process. We call this problem the variance problem. It is distinguished from
classical optimal stopping problems in that we maximize the variance and not the expectation.
The nonlinear structure of the variance moves the problem outside the scope of classical optimal
stopping problems, and, thus, we cannot directly rely on results from, e.g. [7] and [9].

As in Markowitz mean-variance analysis [3] we identify the variance of a stock price with a
risk. In the context of risk management, where an investor wishes to sell an asset, the variance
problem provides the worst-case scenario, that is, the value function is an upper bound for the
risk (variance) for any strategy and the optimal strategy is the strategy at highest risk.

The results in this paper extend the results of [6], in which the variance problem is solved
for various diffusions. However, we face different technical issues in working with geometric
Lévy processes. Whereas the optimal stopping times for the diffusions in [6] are hitting times,
this is not the case for all geometric Lévy processes. For some geometric Lévy processes,
the solution is of another kind. Furthermore, for some of these processes, we achieve higher
variances by allowing randomized stopping. For some processes the variance problem has a
solution only if randomized stopping is allowed. This is in contrast to classical optimal stopping
problems and variance problems for diffusions where randomized stopping times do not change
the value function.
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Mathematically, the problem addressed in this paper is the following. Let X be a Lévy
process, let ¥ be the augmented natural filtration satisfying the usual conditions, and let 7
denote the set of stopping times with respect to # (all terms are defined as in [2]). The main
problem we consider is to find a stopping time t* € 7 such that

sup V[eX] = V[eX]. (1)

el

We call this problem the variance problem.

Initially, we identify the Lévy processes for which the variance problem is trivial to solve.
If X is a deterministic process then 7~ contains only almost surely (a.s.) deterministic times
and the variance for any stopping time is 0. Let ¥/ (8) = log(E[e#X1]) denote the Laplace
exponent. If ¥(2) > 0 and the Lévy process is nondeterministic, then {(2) > 2y (1) by
Jensen’s inequality. Therefore, V[eX] = E[e?X1] — E[eX!]¥ = V@ — 2V (D! 5 oo for
t — oo and the variance problem is unbounded.

In the following we consider Lévy processes with ¢ (2) < 0. Lévy processes with ¢/(2) =0
are considered separately (see Theorem 2).

In [6], the variance problem was solved for various diffusions. This was achieved using
a method of embedding the problem into the following classical optimal stopping problem,
which we call the quadratic problem:

sup E[(eX* — ¢)?] = E[(eX™ — ¢)?], c>0. )

el

The solution to the variance problem in this paper is also based on this embedding method,
and the solution to the quadratic problem is presented in Theorem 1 below. As shown in [6], it
holds that if * is optimal for (2) and solves

E[e**] = ¢ (3)

then it is also an optimal stopping time for variance problem (1).

The processes studied in [6] all have a combination of t* € T and ¢ € R that solve both
(2) and (3). But some Lévy processes do not. Let Xo, = sup,~q X;. The problem of finding a
combination of T* and c that solves both (2) and (3) arises from possible discontinuities in the
distribution of X . Discontinuities exist exactly when 0 is irregular for (0, o) (see Lemma 1),
and continuity of the distribution of X, ensures that the variance problem has an excess
boundary time solution. It is sometimes possible to use the embedding method even when
the distribution of X, has discontinuities. We derive two equations that each give sufficient
conditions that the embedding method can be used to find an excess boundary time solution
(see Theorem 2).

When there is no excess boundary time that solves both (2) and (3), we solve the variance
problem by introducing randomized stopping times. The concept is to allow stopping decisions
to depend not only on the Lévy process, but also on a random variable independent of the Lévy
process. As argued in [9], this may be powerful when solving optimal stopping problems with
constraints because it sometimes easily gives a wider class of solutions to the unconstrained
problem. We see in Theorem 4 that the class of randomized optimal stopping times for the
quadratic problem (2) is so wide that one of them also solves (3). Thus, for any Lévy process,
it is possible to solve the variance problem with the embedding method if we maximize over
the randomized stopping times.
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We return to the original variance problem, where randomization is not allowed. In the
case there is no combination of t* and ¢ that solves both (2) and (3), the situation depends
on the jump structure and the drift of the Lévy process. For compound Poisson processes, the
randomized stopping times can be mimicked because the processes stay for a positive time
at 0 before the first jump. This positive time is independent of the rest of the behavior of the
process and in Theorem 6 we show how this is used as the independent random information
needed. The processes which are not compound Poisson processes moves from O right away.
In Theorem 7 we show that, for these processes, it holds that if there is no excess boundary
time solution then the randomized solutions cannot be mimicked and there is no stopping time
in T giving as high a variance as that obtained by the randomized solution. If the jump part
is not a compound Poisson process then the filtration grows sufficiently fast that we may find
a sequence of stopping times from 7~ for which the variance converges to the variance of the
randomized solution. But if the jump part is a compound Poisson process then the filtration
does not generate sufficient information and there is a gap between the value function of the
variance problem with and without randomized stopping times (see Theorem 7).

2. The quadratic optimal stopping problem

In this section we solve the quadratic optimal stopping problem (2) for Lévy processes with
¥ (2) < 0. This problem has some resemblance to the optimal stopping problem presented
in [1] and is solved by a similar method.

The quadratic problem is a classical optimal stopping problem for a Lévy process with gain
function G(x) = (e* — ¢)%. As G is continuous, and Lévy processes are Feller processes, then
the state space can be divided into a stopping region and a continuation region (see [7]), with an
optimal stopping time being the first time the process reaches the stopping region. To get a first
idea of the stopping region, note that, from Jensen’s inequality, a Lévy process with {(2) < 0
has E[X1] < O and, thus, it converges to —oo when ¢ goes to oo (see [2, Theorem 7.2]).
Hence, when maximizing E[(eX* — ¢)?], it is clear that the value ¢> may be obtained by never
stopping the process. Therefore, it is never optimal to stop the process if (X' — ¢)? < ¢? and
the stopping region has to be above log(2c¢).

We use the following notation for the excess boundary times. For y € R, define

r; =inf{r > 0| X; >y} and rj* =inf{r > 0| X; > y}.
Recall that
X 00 = sup X;.
>0
When we solve the quadratic and the variance problems, we repeatedly need the following
fluctuation identity, which is a minor generalization of [1, Lemma 1]. If x,y, 8 € R and
E[efX>~] < 00, then

Ele’*> 1z oy )
E[efXe]

BX +
Erle’ ™ 1z oyl =™

“)

where the subscript on the expectation refers to the starting value of the process. The proof
follows in the same way as the proof of [1, Lemma 1].

As in [2], we say that we have continuous fit if the value function is continuous at the
boundary of the stopping region, and we say that we have smooth fit if the value function is
differentiable at the boundary of the stopping region.
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Theorem 1. Let X be a Lévy process with ¥ (2) < 0. Then tf and t* are both optimal
stopping times of the quadratic problem (2), where y. = log(ZCIE[eZXOO]/]E[eXw])

(a) If X is spectrally negative then y. = 1og(2c(¢ (0) — 1) /(¢ (0) — 2)), where ¢ is the right
inverse of .

(b) There is always continuous fit at y., and there is smooth fit at y. exactly if the distribution
of X oo is continuous at 0.

Proof. We choose 7* = ‘E;; as a candidate for an optimal stopping time and define the
corresponding function v*(x) = E;[G(X:+)]. By [5, Lemma 1], ¥/(2) < 0 implies that
E[e?X>] < 0o and E[e¥*] < oo, and ve and v*(x) are well deﬁned. Then we use the well-
known sufficient conditions (see [2, Lemma 9.1]) that t* is an optimal stopping time if the
following conditions hold:

(i) Py (there exists lim;_, o G(X;) < 00) =1,
(i) v*(x) > G(x) forall x € R,
(iii) (v*(Xy))r>0 is a right-continuous supermartingale.

We show that each of the three conditions are fulfilled.

(i) Whenever ¥ (2) < 0, the Lévy process converges to —oo when ¢ goes to co and, thus,
the requirement is fulfilled.

(ii) It follows from (4) and the definition of y. that

X
v (x) =B, f(e % — )]
X
= 6‘2 — ZCEx[e Tyt 1 )_( >y~)] + EX[e )C 1 X >)’r)]

2
Bl Lz oy ] L e Rk (C Y

=c? — 2ce” o)
EfeXe] E[e2Xe<]
Xooq 2X00 1 -
— (C _ CX)Z + 2C6x(1 _ E[e I(X_oozycx)]> _ e2x(1 _ E[e I(X_oozyrx)]>
E[eXe] E[e2X]
X0 o 2Xo0 1 -
— G(x) + ex (eyl: ]E[e I(X?o<y‘:'_x)] _ ex E[e l(X_oo<Y('_x)])
E[e?X] E[e?Xo]
E[eX~ 1 ] eV EleX> 1 4]
2 G(.x) +ex (eyc (XOO Ye X) e (Xoo<yc )C) ) (6)
E[e2¥] E[e2Xo]

= G(x).

(iii) Let ¥ be an independent copy of X, and let Xt.00) = SUP;e[r,00) Xs- Note that X[1.00)
is equal in law to X; + Yoo. Then use (5) and the definition of y. to obtain

1
Ele™ 17 >y —@ix) 1X]

E[v*(X; + x)] = E[¢? — 2ce* T a
E[eY~]

2Y50 1 -
2(x+X,) E[e I(Yoozyr(ﬁxz)) 1X]

+e :
E[e2Y]

]
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2¢
— 62 E[exw]E[erﬁ-x-&—X, l(Yoo+x+Xt>}()]
+ m]}z[ 2Yoo+x+Xt l(Yoo+x+X[>‘c)]

—2_ 2c e (B, [e [t,00)—Ye I(X N )] E, [GZ(X,OQ ye) I(X _ )])
]E[CXOO] [1,00) ZYe [t,00)ZYc

<= 2 Bl ] - B0 1 )
E[eX~] o=

= v*(x).

Hence, for s < ¢ it follows that E[v*(X;) | ] = E[v*((X; — Xy) + X,) | F] < v*(Xy).
Thus, v*(X;) is a supermartingale. We then need to prove that v*(X;) is right continuous in ¢.
As X, is right continuous in ¢, it is sufficient to prove that x — v*(x) is continuous. From (5),
it follows that the jump size of v* at x is

_ eYe—x 20e—)
P(Xoo = yo — x) (—ZCGX + e )

E[eX] E[e2Xoo]
Y P— p— (4 2XOO
_ P(Xoo = ye —x)e’ (_2CE[e il N ey">
E[e2Xo] E[eX<]
=0.

Thus, v* is continuous and, hence, ty+ is an optimal stopping time for the quadratic problem
We can prove that ‘[++ is also an optimal stopping time in the same way as for 1: . The
only difference is that we need the following modification of (4): whenever x, y, 8 e R and

E[efX>] < 0o, we have

E e 0 15 1= g B ey ol
(Koo>y) E[ef¥ox]

)

(a) When X is spectrally negative, Xoo ~ Exp(¢ (0)) and it follows that y. = log(2¢c(¢ (0) —
D/(@(0) —2)).

(b) Finally, we present the statements about the continuous fit and the smooth fit. As v* is
continuous, we have continuous fit at y.. It follows from (ii) that there is smooth fit at
ye exactly if h(x) = e*E[eX~ 1 (Foo<yemy] — e E[e2Xe Lz <y,_n] is differentiable
in y.. For ¢ > 0, we have h(y. + 8) h(y:) = 0 and

h(ye) = h(ye — &) = *Ble¥>(1 —e¥) 15 1(+e* — e ") (~E[e*~ 15 _,]).

Thus, (1/&)(h(yc) — h(yc — €)) — e YP(Xs = 0), and, hence, we have smooth fit at y,
exactly if the distribution of X is continuous at 0. This completes the proof.

Remark 1. Recall that 0 is regular for (0, co) if r(;r T =0as., and 0 is irregular for (0, co)
if T(T * > 0 as. By [2, Theorem 6.5], the latter is a subclass of Lévy processes with bounded
variation, and it contains compound Poisson processes and processes with strictly negative
drift. Finally, by [8, Lemma 49.6] we obtain ry“' = ‘L';'_ T a.s. fory > 0, if X is not a compound
Poisson process.
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Lemma 1. Let X be a Lévy process with ¥ (2) < 0.
(a) If0 is regular for (0, 00) then the distribution of X » is continuous.

(b) If 0 is irregular for (0, 00) then the distribution of X has discontinuity points that
includes 0. If, additionally, X is not a compound Poisson process then 0 is the only
discontinuity point for the distribution of X s

Proof. (a) Assume that 0 is regular for (0, co). Clearly, P(Xo = 0) = 0. From Remark 1,
it follows that 1: * a.s. for y > 0 and, thus, for y > 0,

]P(Xoo =y) =P(z] <00) —P(r;" <00) =0.

Recall that ¥(2) < 0 implies that X converges to —oo. Thus, X, < 00, and it follows that
the distribution of X is continuous.

(b) Assume that 0 is irregular for (0, c0). We prove the statement by contradiction and,
thus, assume that P(Xoo = 0) = 0. Then 7 ¥ < co as. Let ¥y = X, ++ and XM = X, and,
forn € {2,3,...},letY, = X @) vy and X, ("()) =X ('Lrljt X ('Lrl) It follows from induction,
the strong Markov property, andl the fact that r < o al that, for all n € N, the Lévy
processes X ™) are identically distributed and a.s. well defined. Let r++(X ™y = inf{t >
0: X, m o 0}. Then the sequences (¥;)nen and (7, (x (”))),,EN are both independent and
1ndent1cally distributed(i.i.d.) For all N € N,

XN bt (xan)y = Z Yy

From the law of large numbers, it follows that anl I(T+(X(”)) — 00 a.s. when N — o0.
Since Y, > 0 for n € N, then, for X, there will a.s. exist arbitrarily large t € (0, oo) with
X; > 0. But this is in contradiction to X; — —oo a.s. when t — 0.

Lemma 2. Let X be a Lévy process with Y (2) < 0 which is not a compound Poisson process.
If yo = 0 from Theorem 1 and t is an optimal stopping time for the quadratic problem such
that P(t > 0) > 0, then t > r(;H'.

Proof. 1f 0 is irregular for (0, 0o), the statement follows easily. If O is irregular for (0, c0),
we prove the statement by contradiction and assume that P(r < T(;r *) > 0. First note, by
Blumenthal’s O—1 law, that T > O a.s. It ho_lds that v*(x) = Ex[G(X,(;r+)] and, by (6), it follows
that G(x) < v*(x) for x < 0 because P(Xo, = 0) > 0. By [8, Exercise 50.4], the assumption
that P(t < th_) > 0 implies that P(X; < 0) > 0. Hence, P(v*(X;) > G(X;)) > 0 and it
follows that E[G(X;)] < E[v*(X;)] < v*(x) since v*(X;) is a supermartingale, leading to a
contradiction with the fact that t is optimal.

Example 1. Let X be a Lévy process such that —X is given by the Cramér—Lundberg model
with exponential jumps, that is, X; = —dt + ij‘:] Z,, where d > 0, N is a Poisson process
with parameter A > 0, and (Z,),cN is an i.i.d. sequence of random variables independent
of N with Z; ~ Exp(«) for some « > 0. From [4, Chapter 4.2], it follows that P(Xoo =0) =
1—1/ad and, for (0, 0o), the density of X0 is f(x) = (A/ad)(a—r/d)e” @ /DX Therefore,
¥ (2) < 0 corresponds to @ > 2 4+ A/d. When this condition is fulfilled, we find that, for

B=a—r/d,
]E[CXDO] _ _<2,3 > and E[eziw] _ i(Zﬁ —2).
A\ B—1 W\ B2

https://doi.org/10.1239/aap/1427814584 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1427814584

134 K. S. T. GAD AND J. L. PEDERSEN

From Theorem 1 we find that the optimal stopping point is y. = log(4c(8 —1)2/((8 —2)(28 —
1))). By Remark 1, it follows that ry‘t = ty‘t+.

Example 2. Let X be a compound Poisson process given by X; = Zflv’zl Z,, where N is a
Poisson process with parameter A > 0, and (Z,,),¢N is an i.i.d. sequence of random variables
which is independent of N and for which P(Z] = @) = 1 — P(Z; = —«) = p for some
p € (0,1). When p < 1, the distribution of Xo/a is geometric with P(Xoo > ko) =
(p/(1 — p))* and, when p > %, then X, = 0o a.s. Therefore, assume that p < %, and we
then obtain E[eX~] = (1 —2p)/(1 — p —e*p) and E[e?¥=] = (1 —2p)/(1 — p — ¥ p).
By Theorem 1, it follows that the optimal stopping point is y. = log(2c(1 — p —e“p)/(1 —
p —e**p)). Both 7,5 and ¢ are solutions.

3. The variance optimal stopping problem

In this section we solve variance problem (1) for those processes where the method of
embedding can be applied. Recall that if there exists some stopping time t* and some constant
¢ such that both (2) and (3) are fulfilled, then 7* solves the variance problem. Indeed, for all t,
we have

V[e¥r] < B[ — )’ = Ele¥] - ) ®)

= Ve~ ] — (E[e**] — E[eX+*])%. 9)

The existence of a combination of 7* and c that fulfills both of the two requirements is not
certain. We show that it depends on whether at least one of the following equations has a

solution: i
E[eXio] o ]E[exoc lsxmzy)] (10)
2E[e2Xoo] E[eXe]
% Xoo 1 -
Ele™] B Iy (1)
2E[e2Xec] E[eX«]

We call these the embedding equations.

Theorem 2. Let X be a Lévy process with ¥ (2) < 0. If the embedding equation (10) has a
solution ¥ then v is an optimal stopping time for variance problem (1). If embedding equation
(11) has a solution y then ryj' * is an optimal stopping time for variance problem (1).

(a) Assume that 0 is regular for (0, 0c0). Then the embedding equations coincide and there
exists a solution y. If, additionally, X is spectrally negative then

1
8 ¢(0)—1
Y= 50 log(2¢<°>—2)‘

(b) Assume that O is irregular for (0, 00). Then if

E[e¥>1? > 2E[e*X~|E[e¥~ 13 _, . (12)

the embedding equations have no solutions. Assume, additionally, that X is not a
compound Poisson process and that (12) is not satisfied, then at least one of the embedding
equations has a solution.

(c) Assume that ¥ (2) = 0. Then, for all t € T, we have V[eX] < 1, but V[eX'] — 1 as
tr — oQ.
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Proof. From Theorem 1, both Tji and 7" are solutions to the quadratic problem with
parameter ¢ = (E[eX>~] / 2E[e?*X=])e’. Thus, the left-hand side of the embedding equations

give the parameter value of ¢ needed for r; andt y+ * to solve the quadratic problem. From (4) we
X +
deduce that the right-hand side of the embedding equations give the respective values E[e 7 ]
X _++
and E[e 7 ]. This proves that, when $ solves as least one of the embedding equations, then

t‘i and r;r * respectively solve the variance problem.

" Next, we investigate the existence of a solution to the embedding equation (10). First, note
that E[eX>] < E[e?X~] and, thus, for y = 0, the left-hand side is less than or equal to %,
whereas the right-hand side is 1. For y — o0, the left-hand side increases continuously to co,
whereas the right-hand side converges to 0.

(a) As 0 is regular for (0, 0co), then, by Lemma 1, the distribution of X oo is continuous.
Hence, the right-hand side of (10) is also continuous and, hence, the embedding equation (10)
has a solution. As the distribution of X, is continuous, the embedding equations coincide
and, thus, they both have a solution. In the special case where X is a spectrally negative Lévy
process, we recall that X is exponentially distributed with parameter ¢ (0) and, hence, the
result is straightforward.

(b) The left-hand side of the embedding equations are equal. As a function of y, the right-
hand side of (10) is left continuous, and the right-hand side of (11) is the right-continuous
version. Thus, if the right-hand side of (11) is smaller than the left-hand side of (11) fory =0
then the embedding equations have no solutions. This corresponds to (12). The right-hand
sides of (10) and (11) have discontinuities only at points where the distribution of X oo has
discontinuities. If X is not a compound Poisson process then 0 is the only discontinuity point
for the distribution of X+, and, thus, if (12) does not hold then the embedding equations must
have a solution.

(c) Considerat € 7. If t = oo a.s. then V[eX*] = 0. If P(r < 0o) > 0 then E[eX*] > 0
and, thus,

Vie* ] < E[e?* ] < B[’ 1reog)] < lim E[e?] = 1.

Next, recall that 1/ (2) = 0 implies that e>X" is a martingale and recall that X is not deterministic.
Thus, V[eX!] > 0 and we obtain v (1) = log E[eX!] < 0. Therefore, V[eX1] = e¥ " — ¥ (D
— last — oo.

Remark 2. Let Y; = X; + x be a Lévy process starting at x. Then, for any stopping time t,
V[e'*] = V[eX*™] = e V[e*].

Therefore, a stopping time is optimal for the variance problem of process Y, if it is optimal for
the variance problem of process X. Whenever the variance problem for X is solved by a hitting
time, then so is the variance problem for Y. However, the stopping region will be shifted by
the starting value x.

Remark 3. When X is a spectrally negative process, it is usually possible to calculate ¢ (0)
and, therefore, we may determine the optimal stopping time for the quadratic problem given in
Theorem 1. Furthermore, as the distribution of X is Exp(¢(0)), we can solve the embedding
equations and find a solution in order to determine the optimal stopping time for the variance
given in Theorem 2. However, if X is not spectrally negative, we need to determine E[eX>]
and E[e2X>] in order to apply Theorem 1, and to solve the embedding equations in order to
apply Theorem 2. These are, in most cases, impossible to calculate as the distribution of X«
is often not known.
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FIGURE 1: The dotted lines indicate the (y, ¢) values for which tj solves the quadratic problem with
parameter ¢, and the solid lines indicate the (y, ¢) values for which ¢ = E[exp(X, +)] When the two
lines intersect, the y-value of the intersection gives a value for which 7.7 solves the variance problem.
Left: the Cramér—Lundberg process of Example 3 with o = 3, d = 4, and A = 2. Right: The compound

Poisson process of Example 4 with p = ﬁ and a = log(2).

Example 3. Consider the negative Cramér—Lundberg Lévy process given in Example 1. Again,
assume that « > 2 + A/d and recall the distribution of X, given in Example 1. For
y > 0, we compute E[eX> Lz o] = (@/Ad)((B/(B — 1))e~ =Dy and write embedding
equation (10) as

py_ @B DXB-2)

4(B —1)?

This equation has a solution, and it follows from Theorem 2 that the variance problem has
solutions ry and 7T with v solving (13). For example, if « = 3, A = 2, and d = 4, then
y=75 log( ) ~ 0.413 630. See Figure 1.

13)

Example 4. Consider the compound Poisson process given in Example 2 with p = ﬁ and
= log(2). Recall from Section 2 that X, has a geometric distribution with P(Xo, >
k log(2)) =( 1O)k Thus, the left-hand side of (12) equals 1, Whereas the right-hand side equals
% As E < 24, it follows that the embedding equations have no solution and, therefore,
Theorem 2 does not give a solution for the variance problem of this process. See Figure 1.

4. Randomized stopping

Theorem 2 only offers a solution to the variance problem if one of the embedding equations
has a solution. In this section we introduce randomized stopping in order to overcome this
problem. When the embedding equations have no solution, an immediate complication arises
because it is not easy to find a constant ¢ and stopping time t* such that both (2) and (3) are
solved, and so the embedding method cannot be applied. By taking the supremum over a wider
class of stopping times we overcome this problem.

We introduce randomized stopping times for an optimal stopping problem by expanding the
filtration without removing the Markov property of the process. We create this expansion by
introducing a random variable U, which is defined on the same probability space as X, and
which is uniformly distributed on [0, 1] and independent of X. We note that this may require
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that we augment the probability space on which X is defined. We then define the new filtration
(f})tzo by .?A', =oU) Vv F;. We let 7 be the set of stopping times with respect to the new
filtration %;, and we refer to these as randomized stopping times. Randomized stopping times
are discussed in a discrete-time setup in [9], where it was shown that the value function of
a classical optimal stopping problem does not change when randomized stopping times are
introduced. This result carries over to the quadratic problem, but it does not carry over to
the variance problem. The verification theorem in the proof of Theorem 1 is based on the
optional sampling theorem, and, hence, it also holds for a classical optimal stopping problem
with randomized stopping. This is due to the fact that the Lévy process remains a Markov
process with the augmented filtration. In particular, the stopping times of Theorem 1 also solve
the quadratic problem with randomized stopping.

Theorem 3. Let X be a Lévy process with ¥ (2) < 0, and consider the quadratic optimal
stopping problem with randomized stopping. Let U be a random variable uniformly distributed
on [0, 1] and independent of X. Let y. = log(2cE[62X°°]/IE[eX°°]), p el0,1],and Y =
Lw<p). Then t* = Yr;; + (1 - Y)T;;+ is also an optimal stopping time.

Proof. The result follows from the facts that t* is a stopping time with respect to the
augmented filtration, and the expected gain at t* equals the expected gain at 'C;; and Tyt +,

By Remark 1, we see that, for some Lévy processes, 7,” = 7,/ * for all y > 0 and the
stopping times 7* in Theorem 3 do not introduce a new class of optimal stopping times for the
quadratic problem. However, if 0 is irregular for (0, co) then, for some discontinuity points
y of the distribution of X, we have r;r < ry+ *. In this case the introduction of randomized
stopping times creates a new family of optimal stopping times for the quadratic problem such
that ry‘t <t*< ry‘t *. With the wider family of stopping times we can solve the variance

problem in all cases.
Theorem 4. Let X be a Lévy process with ¥ (2) < 0.

(a) If at least one of the embedding equations (10) and (11) has a solution, then the optimal
stopping times given in Theorem 2 are also optimal for the variance problem with
randomized stopping.

(b) If the embedding equations (10) and (11) have no solutions, let

E[e?_(oo] o o E[e)_(oo 1()_(002)’)]} (14)

y =inf{y > 0: = =
Y {y T 2FE[e?Xex] E[eX«]

Let U be uniformly distributed on [0, 1] and independent of X, and let Y = 1y<p),

where
X ++

T

b (E[e¥~]/2E[e**~])e’ —E[e |

X+ Xo++ (15)
Ele 7]—E[le 7 ]
Then t* =Yt + (1 — Y)II,H' is optimal for the variance problem with randomized

stopping. Moreover, the distribution of X oo has a discontinuity in y, and if O is irregular
for (0, 00) and X is not a compound Poisson process, then y = 0.

Proof. (a) The optimal stopping times given in Theorem 2 solve the corresponding problems
with randomized stopping. This result follows in the same way as in the proof of Theorem 2.
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(b) From the proof of Theorem 2(b), it follows that if the embedding equations (10) and (11)
have no solution, then the distribution of X, has a discontinuity in the value y, defined in (14).
The inequality in (14) holds for every y > y. Thus, from (7), it follows that

E[eXe X
I o T
2[E[e2X ]
for every y > . As both sides are right-continuous in y and as the embedding equations have

no solution, then the same holds for y = y. On the other hand, the inequality in (14) does not
hold for any y < . As E[exp(X,+)] is the left-continuous version of E[exp(X,++)] then
y y

EleX~]
2E[e2X]
Hence, p € [0, 1] and it follows from Theorem 3 that t* is an optimal stopping time for the

quadratlc problem with parameter ¢ = (IE[eXoo 1/ ZIE[eZXOO])eV Then we need only to prove
that E[eX*] = ¢:

. X +
e’ <E[e 7]

X X+ X ++
Ele*™] = pEle 7]+ (1 —p)Ele 7 ]

(Efe¥=]/2E[eX =]l — e ¥ 1\ X
= ( + X _++ )]E[e .

$]—-Ele 7 ]

Ele
X + - S ~
Ele ¥ ]— (E[eX~]/2E[e* >])e’ X+
+< Xr+ Xr++ )E[e '
Ele "1—Ele ¥ ]

]

_ Ele*]
 2E[e2Xx]

=cC.

If the Lévy process is not a compound Poisson process then, by Lemma 1, the distribution
of X hasa discontinuity point only at 0. Therefore, § = 0 and the optimal stopping time is a

combination of 1:0 = 0 and ‘L’++.

Example 5. Let X denote the compound Poisson process considered in Example 4 with p = ﬁ
and o = log(2). Recall that we cannot solve the variance problem for this process by Theorem 2.
From (15) we calculate p = 372 Let Y be a random variable independent of X and With
P = 1) =1—P(Y =0) = p. By Theorem 4, it follows that 7* = Yro + (- Y)
1-Y ) * is an optimal stopping time for the variance problem with randomized stopplng
See Figure 2. The variance for this stopping time is

2X 2X X X
V[eX*] = pEle © ]+ (1 — p)Ele o |- (pE[e © ]+ (1 — p)E[e 0 1) = 0.390625.

We determine the best stopping time of the form ry and ‘L'++ fory > 0. Itis sufficient to consider
stopping times of the form Tklog(z) for k € N. For these Vlexp(X, g )] = 0.4 — 0.04~.

Inspection of this function reveals that the maximal value is obtained for k = 1 with V[e “log(2) 1=
0.36. This is a smaller variance than that obtained from our solution t* from Theorem 4.
However, the stopping time 7* is not a stopping time with respect to the filtration generated
from X.
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FIGURE 2: An illustration of Example 5, with p = 11—1 and @ = log(2). The dotted line indicates the (y, c)
values for which r;* and ry+ * solve the quadratic problem with parameter ¢, and the solid line indicates
the (v, ¢) values for ¢ = E[exp(X TV+)]. The dashed line and the cross illustrate how, by randomizing

between r0+ and r0+ *, we may obtain a (, ¢) such that both requirements are fulfilled.

5. The variance problem without randomized stopping revisited

As demonstrated in Example 2, the embedding equations do not always have a solution.
In this section we want to solve the variance problem without randomized stopping when the
embedding equations have no solution. At first, one may hope that some new approach reveals
an excess boundary solution for the variance problem when the embedding equations have no
solution. However, Theorem 5 below reveals that this is not possible.

Theorem 5. Let X be a Lévy process with yr(2) < 0. Assume that the embedding equations
have no solution. Then the variance problem with randomized stopping does not have an

optimal stopping time of the form T\ or Tt for any y € R.

Proof. Let T be an optimal stopping time for the variance problem given in Theorem 4,
and let y be as given by (14). It follows from (9) that for some t to solve the variance problem,
we need E[eX7] = E[eX+*]. However, from the proof of Theorem 4, it follows that

EleX>] 5 o X

EfeX~]
Xorp — Sle7] e’ >Ele 7 ]

X +
Ele**]= ———¢’ and Ele 7]> ———
2E[e2Xoc] 2E[e2Xox]
The inequalities are strict because the embedding equations have no solution. From (4) and (7),
o

- X Xt X X
it follows that E[e*+*] £ E[e ™ ] and E[e“**] # E[e

any solutions of the form ¢\ or ;' for y € R.

+] for all y. Thus, there will not be

5.1. Compound Poisson processes

Let X be a compound Poisson process with jump intensity A. That is, the Poisson process N
that counts the number of jumps has parameter 1. Assume that the embedding equations have
no solution, and consider the optimal stopping time of the variance problem with randomized
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stopping, given in Theorem 4. From Theorem 6 below, it follows that one may mimic t* by a
stopping time in 7. The idea of the proofis based on the observation that # contains information
about the process N, and N is independent of both X _+ and X, ++ Hence, we may use
the process N to choose between the two stopping tlmes ‘L' and r * instead of using the
random variable Y.

Theorem 6. Let X be a compound Poisson process with ¥ (2) < 0 and jump intensity A > 0.
Let T be the first jump time of X. Assume that the embedding equations have no solution, and
let y and p be given as in Theorem 4. Then

_pst _ yy,tt
—Yry+(l Y)ry

is an optimal stopping time of the variance problem without randomized stopping where
=tyV rA o = (—1/0) log(p), and Y = 1(y<7)-

Proof. Flrst note that t* is a stopping time of 7. For every ¢ < fy, we have
== <t V=NU{rf =0, Y =0={rj =0, Y =0 = (5] " =1} e 7,
and, for t > 1y,

<= vo=nn¥ =1hpUdy " =nn{f =0ph e 7.

Thus, t* € 7.
Recall that, on the event {Y = 1}, X + and X + have the same distribution. Let t* be the

optimal randomized stopping time glven in Theorem 4(b). Then, for B = 1, 2, we have

Lt

¥ BX.+ BX ++ .
E[efX*]1=pEle 5 | Y =11+ —pEle 5 |¥=0]

T T

BX + . BX ++
=pEle 7 [Y=1]+d-pE}e ¥ |Y=0]

BX + BX _++
=pEle 7]+ d-pEe 7 ]
= E[efX™].

Hence, we see that V[e*#*] = V[e*X+*] and we conclude that * is an optimal stopping time of
the variance problem without randomized stopping.

Example 6. Let X denote the compound Poisson process considered in Example 4, with
p = ﬁ and ¢ = log(2). Recall that, for this process, we cannot use Theorem 2 to solve
the variance problem. Using Theorem 4, we obtain a randomized solution, t*, and we have
seen that no stopping time of the form ry"’ or 7,7 gives as high a variance as 7*. However,
by the use of Theorem 6, we may actually ﬁnd a stopping time of 7~ giving the same
varlancg as the randomized solution 7*. Let ¥ = 1 Nto —oy and 1y = log(sz) and define

*=Yn+(A-Y )‘CS— *. Then it follows that 7% € 7 and T* solve the variance problem
without randomized stopping with as high a variance as that obtained by using t*.

5.2. Lévy processes which are not compound Poisson processes

In this section we consider Lévy processes of bounded variation with ¥ (2) < 0 which are
not compound Poisson processes.
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Theorem 7. Let X be a Lévy process of bounded variation with y(2) < 0 which is not a
compound Poisson process, and let d denote the drift of X. Assume that the embedding equations
have no solution. Let T € T be the randomized optimal stopping time given in Theorem 4.
Then V[eX*] < V[exf*]for allteT

(a) If X; — dt is not a compound Poisson process then sup, .4 VieXt] = V[eX].

(b) If X; — dt is a compound Poisson process then sup, . VieXr] < V[eX].

Proof. For t = 0, we have the inequality V[eXr] < V[eX], and, by Blumenthal’s 01 law,
itis enough to consider r > 0in 7. Assume that V[e**] = V[eX+*]. It follows from Theorem 4
that § = 0, and from (8) and (9) that 7 solves the quadratic problem with parameter E[eX+*] and
E[eXr] = E[e*+*]. By Lemma 2 we obtain > 7,"" and, hence, E[e**] < E[exp(X )]s as

eX is a supermartingale. However, from the proof ofTheoremS itfollows that E[exp(X, ++)] <
E[eX*]. Therefore E[eX] < E[eX*] and we cannot have V[eXt] = V[eX*].

(a) Let oz be the g-fractile of X;. That is, oe, inflo € R: P(X; < o) > ¢g}. It follows
from [8, Theorem 27.4] that the distribution of X, is continuous and, hence, for every ¢ > 0
and g € (0, 1), we have P(X; < ozt) =P(X; < at) =gq.

Next, we choose a sequence of stopping times, (t,),eN C T, in the following way:

1 1
7, =infyr > - | X; >0 1
n { n‘ t } Kime@7 P2, o772 T X172 a0

That is, if the process at time 1/7 is not between the fractiles o /np )2 and oz(}er /2 , then the

process is stopped. On the other hand, if the process at time 1/n is between the two fractiles
then the process is stopped at the first time after 1/n when it gets above 0. We show that the
variance at the stopping time 7, approximates the variance at the randomized stopping time
given in Theorem 4.

It holds that

E[eX™ 1 - = E[eX/"] — E[eX/" 1 -
[ (X]/ngé(ag;np>/2’a}1/:p>/z))] [ ] [ (Xu/ne(a}l/np’/z,afﬁ")/z))]

is bounded from below by

(14+p)/2 2 1 2 +p)/2
EfeX1/n] — e®n P(Xym € (ay), " ) i P"%) = EleX1m] - ein””
and from above by
Ximy _ ol P42 Ximy _ ooy’
Ele ]—e ]P(Xl/n € (al/n X1/n ) =E[e 1= p-

As E[eX1/7] converges to 1 as n tends to oo and as Xl converges to 0 in probability as ¢

converges to 0, it follows that both alin P2 and o ii:p /2 converge to 0 as n tends to co. Hence,
L | , nver 1- n 0.
EfeX (Xr/ﬁ(aﬁ},,’)ﬂ, <1+p>/2))] converges to p as n tends to

Next, let H(x) = E, [e 0 ] Then

E[eX= 1 (1717)/2’a§>+p)/2))] =E[H(X1/s) l(X

- . 16
(Xijnetal): a p)/z,awm/z))] (16)

I/"E(O[l/n

We claim that, for every g € (0, 1), there exists some ¢ > 0 such that, for t < 7, we have
a;’ < 0. We prove the statement by contradiction. Thus, assume that there exists a g € (0, 1)
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and a sequence f, — 0 such that, for every n, a;i > 0. Then

o
P(limsup X;, > 0) = lim ]P’(U{th > O}) >lim(—-¢g)=1—gq
n— o0 n— o0
k=n

n—oo

However, this is in contradiction to 0 being irregular for (0, 0o). As H is nondecreasing, we
conclude that (16) is bounded from below by

1-p)/2 1-p)/2
EUH @) e, o gy ) = H " p,

and from above by

14p)/2 14p)/2
E[H(a%”)/ )1(X1/1 a=p)/2. (1+p>/2))] H(Olg/:p)/ )p.

G(al/n

Both terms converge to H (0) p as n tends to co. Since it follows from (4) that H is continuous
and increasing on (—oo, 0], and since there exist some ¢ > 0 such that, for t < 19, we

have o/ < 0. Therefore, E[eX= I(X ne@=P, (l+1))/2))] converges to H (0) p as n tends to 0o.
n€(ey, 1/n

Taken together, these results imply that, when n tends to oo,

E[eXw] — (1— p)+ HO)p = (1 — p)Ele’ © ]+ pE[e"© ] = E[eX+].

Similarly, it follows that E[e**= ] — E[e?X+*], and hence, V[eX=] — V[eXr*].

(b) We prove the statement by contradiction. Assume that there exists a sequence, (7,),eN C
7 such that lim,,— o V[eX= ] = V[eX+*]. The proof is quite lengthy and, therefore, is broken
into parts to clarify the structure.

Part (i). It follows from (9) that lim,_, oo E[eX® ] = E[eX**] = ¢. Lett € 7 and y < 0be
given. Then

]E[eXr] = E[exf 1(r<10++) 1(X,>y)] + E[ 1(t<r++) 1(X,<y)] + E[e (T>r6r+)]

<Pt <75" Xe > y) +e’ +Ele 1))
, X
<P <1t Xe>y) +e +Ee 0 1.

Thus, to obtain lim,_, o, E[eX™] = ¢, then, for any ¢ > 0 and y < 0, we need, for large
enough n, P(7, < l'(;H—, X, >y)+e¥—(c— E[exp(XToJr+)]) > —e. As X is not a compound
Poisson process, it follows from Theorem 4 that y = 0. Thus, E[exp(X to++)] < ¢, and we may
choose ¢ and y small enough that (¢ — E[exp(X T0++)]) — & — ¢ > 0. We conclude that there
exists p > 0,y <0, and N € N such that foralln > N,

P(t, <74 ", Xz, > ) = p. (17)

Part (ii ) Let T denote the first jump time of the process. Assume that P(t < T) > 0 for
some T € 7. With ¢* as in Lemma 3(a) below, it follows that

E[e¥X*] = E[e* 1r<)] + Ele*™ L72m] = E[eX" 1zl + e P(T > 1%) = e @+

Now, for each n, where P(t, < T) > 0, let £} be as in Lemma 3. If there are infinitely
many such n then to have lim,_, E[eX=] = ¢, it must hold that, for any ¢ > 0 then for
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large enough n, E[ean] < ¢ + ¢ and, thus, e~ @My 4 g Hence, we need, from a certain
step, t¥ > —log(c +¢€)/(d + 1). By Lemma 3(b), it follows that if P(z, < T) > 0 then
P(t, < T, 1y <t)) = 0. Therefore, for large enough n, it must hold that

1 d 1
B(o <7, x,, > BCHN _p( o losete)
d+ X d+ A

<P(t, <T, 1ty <t))
=0.

Letu; = log(c + €)d/(d + X). Note that d < 0, as 0 would be regular for (0, co) otherwise.
Hence, there exist u; < 0 and N € N, such that foralln > N,

P(t, < T, X;, > u1) =0. (18)

Part (iii). Let Y = sup{X; | t € [T, 1, ) 1(T<T++) We want to show that ¥ < 0 a.s. Let
T, = inf{r > T: X, > —1/n}. Note that this is an increasing sequence of stopping times
bounded by T++ Hence, the sequence of stopping times will a.s. converge to some random
time 7', with T < r(f * a.s. From the qua51 left-continuity we obtain X; = lim, o X7,
lim,,_, oo (—1/n) = 0 and, hence, T = 00 It then follows that

P(Y =0) =P(T, <) " foralln € N)
=P(X7, < 0forall n)

<P(X; =0)
=P(X,+ =0)
=0.

Hence, there exist some 1y < 0 suchthat P(Y > up) < % p, and this implies that, for all p > 0,
there exist up < O and N € N such that foralln > N,

P(ty € [T, 70 "), Xr, > u2) < 5p. (19)
Part (iv). Combining (18) and (19) we obtain, with u = max{u, us},
P(t, < ro , Xo, > u) =P(r, € [T, rd““), X, >u)+P(r, < T, X¢, >u)) < %p.

Combining this with (17) it follow that, for all p > 0, there exist y,u < 0 and N € N such
that foralln > N,

Pty < 7"\ Xo, € (voul) > 3p. (20)

Part (v). First, we recall from the proof of Theorem 1 that

2x
R o i
G(x) = v*(x) — m(e “Ele¥® 1z o] —Ele** ™15 __ .
Define
erl _ %
D(x1, x2) = m(e—xzmem Lgeoey] =B 13 D,
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and note that when x1, x € (y, u],

D(x1,x2) = D(y, ) > ———(e™ — P(Xoo = 0) > 0. 1)
E[e2X]

Therefore, it follows that, for every T € T,

E[(eX" — ¢)? Locot* xcerun]
=E[G(Xo) 1 o+ x, ey
=E[(v*(X;) — D(X:, X7)) 1(f<r(jr+,x,e(y,u])]
< E[(*(X:) = D(y, )1

(<1 Xee(yul]

= E[v"(X0) Lo 2o+ x, e(rup) = PO 0P < 17", Xo € (v, ul)

< EIG(X ) 1 it x,e(yup] = DO u)%p.
Hence, we obtain

V[eX ] = B[ — 0)2] — (¢ — B[e¥])?
= E[(exr — C)2 1(r<T0++,Xr€(Ysu])]

X 2 X:1\2
T EC™ =" Lzt yupx, g(yuap] — (€ = Ele™7])

++
K

X
<Elle 0 — Lo i+ x,e(up) = PO D3P

+E[X — ) L s it yopx, gy ] — (€ — Ele*TD)?
=E[e* — o)) - DO, wip — (c — E[e*7])?
X
<V[e'© 1-D(y,u)ip,

A ++
where 7 =1 1(r<t6r+,XT€(y,u]) +15 1 HU(Xe ¢(y,ul))” ‘We conclude that

(=7

X
sup V[eX*] < V[e" @ ] — D(y, M)%P,

TeT*

where y and u are as given in (17) and (20). From (21) we have D(y, u) > 0; thus, the statement
of the theorem follows. This completes the proof of Theorem 7.

The following lemma, used in the proof of Theorem 7, is intuitive. Before the first jump of a
compound Poison process, the process has not created any other information than the fact that
there have been no jumps. Hence, if a stopping time with respect to ¥ has a positive probability
of stopping before the first jump then, given that the stopping time occurs before the first jump,
it is deterministic.

The lemma is the key reason why there is a gap between the variances at the stopping times
of the solutions to the variance problem with and without randomized stopping, and that is the
reason we have included a proof of it.

Lemma 3. Let X be a compound Poisson process with negative drift. Let T denote the first jump
time of the process, let T be a stopping time with respect to ¥ , and assume that P(t < T) > 0.
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Then there exists some t* > 0 such that
(@) {T >t*}N{t=t*}={T > t*} as,
®) (T >t}Nn{t =1t*}={T > t}as.

Proof. (a) Let £* = o(X; | s € [0,¢]). Then all sets in #,* will either contain {T" > t}
or be contained in {7 > r}. As 7 is a stopping time with respect to &, then, for every
t > 0, {r <t} is as equal to some set which is measurable with respect to #;*. Thus, for all
t > 0, it follows that {T" > t} N{t <t} ={T > t}as.or {T > t}N{rt <t} = T as. As
P(t < T) > 0, we cannot have {T > t} N {t <t} = @ a.s. for all t > 0. Hence, we define
t* =inf{t > 0: {T > t}N{t <t} = {T > t}a.s.} and there exists a sequence t,, | ¢t* such that
{T > t,}N{t <t,} ={T > t,} a.s. for every n. Hence, it follows that {T > r*} N {r < t*} D
Mie(r < 5} N AT > tx}) = {T > t*} a.s Thus, we obtain {T > t*} N {r < t*} = (T > 1*}
a.s. Besides, {T > t*} N{r < t*} C o2 (T > r*}N{r <t* — 1/n}) = @ a.s. and part (a)
follows.

(b) Define a new process ¥y = X;4; — X¢, and let TY denote the time of the first jump
of Y. Thus,if T > t then T = TY + 7. Note that P(TY > ¢*) > 0 because Y has the same
distribution as X. As 77 is independent of #; and using part (a), we find that

Pr <T, 1 #tP(TY > ) =Pt < T, t #t*, TY > %)
=Pt <T, T4t T>t"+1)
=Pr<T,t#t*T>t"+1, 1=t
=0.

It must therefore hold that P(t < T, t # t*) = 0 and, thus, part (b) follows.

Example 7. In this example we show that there exist compound Poisson processes with
negative drift and ¥ (2) < O for which the embedding equations have no solution. Let X
be the compound Poisson process of Example 4 with p = ﬁ and o = log(2). For this process,
we have ¥ (2) < 0 and the embedding equations have no solution. We define compound Poisson
processes with negative drift by Y; = X, — dt, where d > 0 is a constant. Then Y also has
¥ (2) < 0. When d converges to 0, then Y converges a.s. to X dominated by X. Therefore, by
choosing sufficiently small d, the embedding equations for Y also have no solution.
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