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ABSTRACT. We study a stochastic control problem for continuous multidimensional martingales with fixed
quadratic variation. In a radially symmetric environment, we are able to find an explicit solution to the control
problem and find an optimal strategy. We show that it is optimal to switch between two strategies, depending
only on the radius of the controlled process. The optimal strategies correspond to purely radial and purely
tangential motion. It is notable that the value function exhibits smooth fit even when switching to tangential
motion, where the radius of the optimal process is deterministic. Under sufficient regularity on the cost function,
we prove optimality via viscosity solutions of a Hamilton-Jacobi-Bellman equation. We extend the results to
cost functions that may become infinite at the origin. Extra care is required to solve the control problem in this
case, since it is not clear how to define the optimal strategy with deterministic radius at the origin. Our results

generalise some problems recently considered in Stochastic Portfolio Theory and Martingale Optimal Transport.

1. INTRODUCTION

In this paper we study a stochastic control problem for continuous multidimensional martingales with fixed
quadratic variation. We work in a radially symmetric environment, where we are able to find optimal strategies
and give the value function explicitly. We find that an optimal strategy is to switch between two behaviour
regimes depending only on the current radius of the controlled martingale. Under one of the optimal strategies,
which we will call tangential motion, the controlled martingale has a deterministically increasing radius. This
property leads to two notable features of the control problem. First, we make the observation that the value
function exhibits smooth fit everywhere. When it is optimal to switch into the regime of tangential motion,
continuous fit is sufficient to uniquely specify the value function, since the radius is deterministic here. Therefore
it is surprising that smooth fit holds. Moreover, it is not obvious how to define tangential motion at the origin.
As a result, solving the control problem at the origin requires extra care and we only find approximate optimisers
here. We will see that the value function can remain finite when the cost function is allowed to be infinite at the
origin. Under a particular growth condition on the cost function, approximation arguments break down and it

is necessary to understand how to define tangential motion at the origin.

1.1. Problem statement. Fix a domain D C R¢, for some d > 2. We study the control problem of finding

inf £° UO F(Xy)dt +g(X,)],

where 7 is the first exit time of X from D, and the infimum is taken over a set of probability measures under

which X is a continuous martingale with quadratic variation given by
d(X); = dt.
We specialise to the radially symmetric case, taking D to be a d-dimensional ball, f a function of the form

f(z) = f(|z]), and g constant. This structure allows us to work with the radius of the controlled processes.

1.2. Motivation and literature. In one dimension, it is well known that any continuous martingale is a time-

change of a standard Brownian motion. Martingales with fixed quadratic variation are a natural generalisation
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of Brownian motion to higher dimensions. Imposing this constraint will allow us to study the structure of the
optimal martingales in the control problems that we consider.

Problems of stochastic control for martingales with fixed quadratic variation have appeared recently in the
context of Stochastic Portfolio Theory, in the two papers [7] and [8] of Larsson and Ruf. In [7] the authors
consider the problem of finding the greatest almost sure lower bound on the exit time of a martingale from
some domain. Larsson and Ruf apply this control problem in [8] to find the minimal time horizon over which
relative arbitrage can be achieved for a market with at least two stocks. While the control set in [7] and [8] is
the same as in the problem that we study, we consider a different class of cost functions. One of the strategies
that we find to be optimal here is also studied in [8].

The Hamilton-Jacobi-Bellman (HJB) equation that arises from the control problem in this paper is

L. 2, T
(1.1) — igngTr (D*uoc ') = f,

where U := {o e R Tr(oo") = 1}. We can see this by considering a martingale that is adapted to the
natural filtration of some Brownian motion B and has the representation dX; = o;dB;. Then, under the
quadratic variation constraint d(X); = dt, we have o, € U, for any ¢ > 0. This HJB equation takes a similar
form to the Black-Scholes-Barenblatt (BSB) equation, as studied in [17]. Compared with the PDE (1.1), the
BSB equation has an additional time derivative term, and the infimum can be taken over a more general compact
control set. The BSB equation is an HJB equation corresponding to a time-inhomogeneous control problem of
the type discussed in Section 3.3 of [16]. In [4], the BSB equation is applied to find a super-hedging strategy
for European multi-asset derivatives.

Further motivation for studying the problems in this paper comes from a connection with Martingale Optimal
Transport (MOT), motivated by the paper [15] of Tan and Touzi (see also [9]). In [15], the authors formulated
the martingale optimal transport problem through penalisation. Formally, MOT is the problem of finding a
martingale (Mpy)n=0,1 with marginal laws My ~ A and M; ~ p such that the joint distribution minimises
some given quantity, for example E [|M; — Mp|]. In this setting, they showed that the one-dimensional MOT
problem could be reformulated as an optimal stopping problem for Brownian motion, where the connection to
the Brownian motion is established by requiring By ~ A and B, ~ u for some stopping time 7. The penalisation
arises as a cost function of the form H(B;) appearing in the optimisation criterion, or equivalently, via an Itd
argument, a cost function of the form fOT H"(Bs)ds. Our motivation in this paper comes from considering
MOT in higher dimensions, when the optimisation problem is complicated by the fact that martingales in
higher dimensions are no longer simply time-changed Brownian motion, but can incorporate spatial dependence
as described above. We focus specifically on the challenge of understanding how the optimal martingales might
look when the problems are radially symmetric, and we do not consider the details of how the penalised problems

might arise.

1.3. Optimal behaviour. A key result of this paper is to show that, under sufficient regularity on the cost
function, an optimal strategy can be constructed by switching between the following two behaviours. We say
that a martingale X follows radial motion if it can be written as

T

7Wt7 t 2 07
|

Xy =
for some & € D\ {0} and W a one-dimensional Brownian motion, so that X acts as a one-dimensional Brownian
motion on the line connecting its starting point to the origin, as illustrated in Figure 3. Such a process maximises
the expected time spent close to the origin and is therefore optimal for any cost function whose radial part is
monotonically increasing. On the other hand, we say that X follows tangential motion if it solves the SDE
X

1.2 dX; = —
( ) t |Xt|

th7

where X;- is a vector orthogonal to X;, and W is a one-dimensional Brownian motion. As we discuss below

and illustrate in Figure 3, a solution of this SDE has a deterministically increasing radius. As a result, such a
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process minimises the expected time spent close to the origin and is optimal for cost functions with monotonically
decreasing radial part. In our main results, Proposition 4.6 and Theorem 5.12, we solve the control problem
explicitly and give conditions under which switching between radial and tangential motion is optimal. Our
approach to proving Proposition 4.6 is first to construct a candidate value function by making the ansatz that
a switching strategy of the above form is optimal, and then to verify that this is the correct value function by
using the theory of viscosity solutions for the HJB equation. In Theorem 5.12 we extend Proposition 4.6 by a

series of approximation arguments.

1.4. A switching problem with smooth fit. The most interesting optimal behaviour is so-called tangential
motion, described by the SDE (1.2). This behaviour is studied by Fernholz, Karatzas and Ruf in [2], and by
Larsson and Ruf in [8]. It is observed that, for a solution X of (1.2) with initial condition = € D, the radius of

X is the deterministically increasing process

t | X = o] + ¢

This property implies optimality of tangential motion for cost functions whose radial part is monotonically
decreasing. For more general cost functions, we will show that an optimal strategy can be found by switching
between this behaviour and radial motion, as described above. Due to the radial symmetry of the control
problem, the optimal strategy at any time depends only on the current radial position of the controlled process.
Therefore we have a one-dimensional switching problem between two regimes. It is common in such switching
problems to observe smooth fit criteria on the free boundaries, and indeed, we do observe such behaviour in our
case. Notably, we can only justify smooth fit heuristically in one switching regime. To determine the optimal
radius at which to switch from radial to tangential motion, we only need to impose continuous fit for the value
function. However, interestingly, smooth fit also holds at such a point. We discuss this phenomenon further in
Section 4.4.

1.5. Behaviour at the origin. Another interesting feature of the control problem is the optimal behaviour
at the origin. In the case that the cost function has increasing radial part at the origin, then we can define an
optimal strategy by taking a one-dimensional Brownian motion in any given direction, analogously to radial
motion described above. On the other hand, in the case of a decreasing cost at the origin, it seems that
tangential motion, as defined by the SDE (1.2), should be optimal, since such a process minimises the expected
time spent at the origin. However, it is not immediately clear how to define tangential motion started from the
origin.

In [2], the authors prove that a weak solution of (1.2) exists in dimension d = 2, with initial condition Xy = 0.
Using this result, we can solve the control problem in a weak sense, which we define in Section 2, following [1].
Under sufficient conditions on the cost, El Karoui and Tan show in [1] that this weak formulation is equivalent
to a strong formulation of the control problem. However, we do not always assume that such conditions hold. In
Section 5, we will recover this equivalence result for more general costs, using some approximation arguments,
but we do not identify an optimal control started from the origin. Under the particular growth regime where
the cost f satisfies

/f(s)ds=oo and /sf(s)ds<oo7 for all r >0,
0 0

our approximation schemes diverge, but the weak solution of (1.2) gives rise to a finite expected cost. This leads
us to consider the existence of strong solutions of (1.2) started from the origin. We leave open this question of
existence of strong solutions, and the question of equivalence of weak and strong control problems, and we will

address these issues in a forthcoming paper.

1.6. Outline of the paper. In Section 2, we define the control problems precisely and prove some preliminary

results on properties of the controlled processes and equivalence of the strong and weak control problems.
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In Section 3, we present two motivating examples and introduce radial and tangential motion as candidates
for the optimal behaviour. In the simple examples of step function costs, we prove directly that either radial or
tangential motion is optimal, depending on whether the step function is increasing or decreasing.

In Section 4, we solve the control problem explicitly for radially symmetric cost functions that are sufficiently
regular. We first conjecture that an optimal strategy is to switch between radial and tangential motion, and
we heuristically derive a one-dimensional switching problem in Section 4.1. We then identify optimal switching
points in Section 4.2 and go on to construct a candidate for the value function in Section 4.3. We observe
smooth fit at the points at which the conjectured optimal radius process switches to the deterministic regime
of tangential motion, and we discuss this surprising phenomenon in Section 4.4. In Section 4.5, we prove
Proposition 4.6, which states that the value function is equal to the candidate function that we constructed and
that switching between radial and tangential motion is indeed optimal. To prove this result, we show that the
candidate function satisfies a Hamilton-Jacobi-Bellman equation in the viscosity sense, and use the facts that
the value function is also a viscosity solution of this equation, and that such a solution is unique. The required
results on viscosity solutions are presented without proof in Appendix A.

In Section 5, we relax the regularity conditions on the cost function, allowing for cost functions that are
infinite at the origin. In this case, the theory of viscosity solutions in no longer applicable, and we do not
know a priori that the weak and strong formulations of the control problem are equivalent. Under various
growth conditions on the cost function, we use approximation arguments to show that all formulations of the
control problem are equivalent and that the value function takes the same form as the candidate constructed
in Section 4.3. We also identify the conditions under which the value function remains finite. These results
are summarised in Theorem 5.12. We conclude by discussing one exceptional case under a specific growth
condition in dimension d = 2. Here we find the weak value function, but equivalence with the strong and

Markov formulations of the control problem is left open.

2. PROBLEM FORMULATION

We now give three formulations of the control problem, which will in many cases coincide. Fix d € N. We
introduce the control set
U:={o¢ R4 Tr(oo ") = 1}.
Let D C R% be a domain and define the functions f : D — R and g : 8D — R, which we call the running cost

and boundary cost, respectively. We make the following assumptions.

Assumption 2.1. Suppose that
(1) The domain D is bounded;

(2) The cost functions f and g are upper semicontinuous;
(3) The running cost f is bounded above; i.e. f < M, for some M > 0;
(4)

4) The boundary cost g is bounded above; i.e. g < K for some K > 0.

Note that, in later sections, we will also impose radial symmetry on the problem.

We introduce three variants of the control problem: a strong formulation, a weak formulation, and a Markov
formulation. We will show in Proposition 2.7 that, under Assumption 2.1, the weak and strong formulations
are equivalent. For the radially symmetric problem that we consider in Section 4, we will show that these
formulations are also equivalent to the Markov formulation. In Section 5, we will relax our assumptions, so that
Proposition 2.7 no longer applies. However, we will show that equivalence between the three formulations holds

in all but one exceptional case.

2.1. Strong formulation. The strong formulation of the control problem is to find the strong value function
v® : D — R, which we now define as in [16]. In order to define the value function, we introduce the set of
controls, which will be U-valued processes, and we describe the dynamics of the controlled martingales via the

stochastic integral (2.1) below.
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Let (Qo, F,Py) be a probability space on which a d-dimensional Brownian motion B is defined with natural
filtration F = (‘Ft)tZO-

Control: Define the set of controls U := {U-valued F-progressively measurable processes}.

Dynamics: For any € D and v = (14)>0 € U, define X” by the stochastic integral
(2.1) Xg’::c—l—/tusst, t>0.
0
Example 2.2. Let 0 : D — U be Lipschitz. Then there is a unique strong solution X of the SDE
dX; =0(Xy)dB;, Xo=z.
Define vy = o(X7), for all t > 0. Then v € U and, for any ¢t > 0, X7 = x + fot vs dBs.

Value function: We define the strong value function v° : D — R by

()= inf B | [0 as - o(xz)]

where 7 is the exit time of X from the domain D, and E” denotes expectation with respect to the law of X",

conditioned on X§ = =z.

Remark 2.3. Note that, for any v € U, the quadratic variation of a controlled martingale X" is given by

(X") = /t Tr(vsv. )ds =t,
0
for any t > 0, by the definition of the control set U.
Definition 2.4. We say that a process X has unit quadratic variation if its quadratic variation is given by
(X)e=1t, forall t>0.

A martingale with unit quadratic variation has the property that the expected exit time of the martingale

from a ball is fixed. This gives a bound on the expected exit time from the domain D as follows.

Proposition 2.5. Let X be a continuous martingale with initial condition Xg = x € D, and suppose that X
has unit quadratic variation. Fiz R > 0 and denote by Tr the first exit time from Br(0) := {y € R%: |y| < R}.
Then
E®[rg] = R? — |z|?,
Moreover, defining T to be the first exit time from D, we have the bound
E*[r] < diam(D)? — |z|* < co.
Proof. Applying Itd’s formula to |XTR\2 and taking expectations, we find that
B | Xeal?] = lal* = B [(X)ra] = E*[7a),
since X is a martingale and has unit quadratic variation. Therefore, by continuity of the paths of X, we have
E*[rp] = R* — |a|”.
Now set R = diam(D) so that D C Br(z). Then the inequality 7 < 75 holds pointwise and, in particular,
E”[r] < E®[rg] = diam(D)? — |z|* < oo,
as required. O

2.2. Weak formulation. We now introduce the weak formulation of the control problem, following El Karoui
and Tan in [1]. The problem is to find the weak value function v : D — R, which we define below. In the weak
formulation, the controls will take values in a set of probability measures, and the dynamics of the controlled

martingales will be described as solutions of a local martingale problem.
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Define the space of continuous paths Q := C([0, ), R%) and denote the set of Borel measurable functions
v:Ry — U by B(Ry,U). Then set Q = Q x B(R,,U) and denote an element of Q by @ = (w,u). Define
the canonical process X = (X, v) on Q by X;(w) = wy, for each t > 0, and v(w) = u. We define the canonical
filtration as in [1]. For ¢ € C,(Ry x U), s > 0, define

) :/OS o(r,v)dr

Then define the canonical filtration F = (F;)¢>0 by
Fii=0{(Xs,Ms(¢)): p € Co(Ry xU),s<t}, t>0.
Control: Let M be the set of probability measures on the set ). For each z € D, let
M, ={PeM: P(Xg=2z)=1}.

Dynamics: For x € D, define

t
Poim (PEML: £ 0(X) ~ 6(X0) = 5 [ To (DP0(X ) ds
0

is a (F, P)-local martingale for all ¢ € C*(R%)},
and let 7 = inf {t > 0: X; ¢ D}.

Value function: Define the weak value function vV : D — R by
oW (z) = mf EF {/ f(Xs)ds + g(X )}

where EF denotes expectation with respect to the measure P.

Remark 2.6. A measure P € P, is a solution of a local martingale problem, as defined in Definition 4.5
of [5, Chapter 5]. As shown in Problem 4.3 and Proposition 4.6 of [5, Chapter 5], there is a correspondence
between solutions of a local martingale problem and weak solutions of an SDE. In our set up, a measure P € P,

corresponds to a weak solution of the SDE (2.1) with initial distribution 4.

We will now show that, under Assumption 2.1, the weak and strong value functions are equal, by referring
to Theorem 4.5 of [1].

Proposition 2.7. Suppose that Assumption 2.1 holds. Then the weak and strong formulations of the control

problem are equivalent; i.e. v5 =vW in D.

Proof. We apply Theorem 4.5 of [1], which gives conditions for equality of the weak and strong value functions.
Define a function ® : 2 — R by

7(w)
B(w) = / F(Xa(w)) ds + g(X, ) (@).

and fix z € D. Then, by Theorem 4.5 of [1], it is sufficient to show that ® is upper semicontinuous and bounded
above by some random variable £ that is uniformly integrable under the family of probability measures P,.
Under our assumptions, f : D — R and g : 0D — R are upper semicontinuous and so ¢ is also upper

semicontinuous. Since we have also assumed that f and g are bounded above, we have the bound
O(w) < M7(w) + K =: {(w).

Fix P € P, and let (X,v) have joint law P. Then the process X has unit quadratic variation, and so by
Proposition 2.5, EF[r] < diam(D)? — |z|*. Hence

EF[€] < M diam(D)? — |z]> + K < oo,

independently of the choice of measure P. Therefore £ is uniformly integrable under P,.
We apply Theorem 4.5 of [1] to conclude that v*(z) = vWV (z). O
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W — »% and refer to v as the value function.

With the result of Proposition 2.7 in hand, we will write v = v
We henceforth choose to work with the strong formulation of the control problem, unless we explicitly refer to

the weak formulation. We additionally define the notion of a Markov control in the following section.

2.3. Markov formulation. The Markov formulation is the strongest formulation of the control problem that
we will introduce in this paper. Markov controls are defined similarly in Section 3 of [3, Chapter IV] and Section
3.1 of [16].

Definition 2.8. For each = € D, define the set UM C U of Markov controls as follows. A control v € U is an
element of UM if and only if, for all t > 0, 1, = o(X;""), where X% is a strong solution of the SDE

dXt = O'(Xt) dBt, XO =T,

for some Borel function o : D — U. We then write X¥ = X%,
The Markov formulation of the control problem is to find the Markov value function v™ : D — R, defined
by

vM(z) = inf E® {/ f(X))ds+g(XY)|, ze€D.

veuM
Proposition 2.9. For any xz € D, v™(z) > v
Proof. The result follows immediately from the inclusion UM C U. O

Under mild assumptions, we will show that there is in fact equality between the strong and Markov value
functions on a case by case basis, in the following sections. We also leave open a case in which the Markov and
strong value functions may differ.

In the following section, we consider two simple examples of minimising and maximising the expected time

spent in a ball about the origin.

3. OCCUPATION TIMES

From now on, we specialise to radially symmetric cost functions defined on a ball. Fix d > 2, R > 0 and let
the domain be D = Bg(0) C R?. In this section, we will consider two examples that illustrate the optimality of
the controlled processes that we call radial and tangential motion, which we later show to be optimal for more
general cost functions. Note that, since the cost functions in this section have a discontinuity in D \ {0}, these
examples are not covered the more general results in this paper. However, some of the observations made in
the proofs of optimality for these examples are used in later sections.

We first consider the following example of minimising the expected time spent in a ball about the origin that

is contained in D.
Example 3.1. Let p € (0, R), fix the boundary cost g = 0 and define f : D — R by

0, |z[<p,
» |zl € (p, R).

We seek the value function

v(x) = inf E” [/ f(X3)d } = inf B [/ —Lyixgie(o,ry ds
0

oeUu oceUu

That is, we wish to maximise the expected time that the radius process |X?| spends in the interval (p, R). The

cost function is shown in Figure 1a.

Since the problem is radially symmetric, we expect the value function v to depend only on the radius. In
fact, in this example and the example that follows, it will be convenient to work with the squared radius of any

controlled process. We now derive an SDE for this squared radius process.
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(A) Cost function for Example 3.1 (B) Cost function for Example 3.6

FIGURE 1

Lemma 3.2. Let x € D, 0 € U, and define X° by the stochastic integral
t
X7 :x—l—/ osdBg, t>0.
0

Define the squared radius process Z° by Z7 = |X,f’|2, t > 0. Then Z° satisfies the SDE

(3.1) A4z¢ =2X0,dB, +dt, ZJ =|z|°.

Proof. We apply It6’s formula, along with the constraint that o; € U, to find
477 =2X° "o, dB; + Tr(opo, ) dt
=2X7"0,dB; + dt. O

We conjecture that, on the boundary {x € D: |z| = p}, any optimal control for Example 3.1 must enforce

motion tangential to this internal boundary. We now define a process that exhibits this behaviour.

Definition 3.3 (Tangential motion). For « € D \ {0}, define
1

(3:2) @)= et 0 s 0] €RY

where 2 denotes any z € R\ {0} such that 272+ = 0. Fix z € D \ {0} and suppose that X' is a strong
solution of the SDE
dX; = o%(X,)dB;, Xy ==

For t > 0, define o) := JO(XfO), so that
. t
X7 :x—i—/ oV dB;.
0
We say that the process X o’ follows tangential motion.

Note that ¢°(0) is not defined. In later sections we will need to take care in cases where tangential motion
is optimal close to the origin.
For o defined in Definition 3.3, we can find a formula for the squared radius process Z o’ Via Lemma 3.2, as

follows.

Lemma 3.4. Suppose that X7’ follows tangential motion, as defined in Definition 3.8, with Xg° =x # 0.

Then the radius process is deterministically increasing and, for anyt > 0,

2

77" = ‘Xt = |z| +t.
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Proof. For t > 0, provided that |Xf0| = 0, we see that

() ot = e [ () ()" oo = o o]

Therefore, by Lemma 3.2, 77 satisfies
aze" = dt.

Let £ = |9U|2 # 0, so that Z§ ° = &. Then Z°" is the deterministically increasing process given by
tes 20 = ¢+t O

> 0 for all ¢ > 0.

Therefore the control ¢¥ is well-defined when starting away from the origin. Note that, for d > 3, a control of

As a consequence of the above lemma, supposing that X§ ’ # 0, we have that ‘Xf ’

this form is not unique, since the orthogonal vector in the definition of ¢° can be chosen as any element of a
(d — 1)-dimensional subspace.

The observation that the process X ** has deterministically increasing radius was made by Fernholtz, Karatzas
and Ruf in Section 6.2 of [2] and again by Larsson and Ruf in Section 4.2 of [8], where they consider a problem
of relative arbitrage.

In Figure 3a, we show a simulated trajectory of a process following tangential motion in dimension d = 2.
We note that a similar simulation is produced in Figure 2 of [8].

Having defined tangential motion and proved a key property of this process, we now construct a candidate
for the value function in Example 3.1.

Fix € > p?. Then we conjecture that the control ¢° defined in Definition 3.3 is optimal, and we compute the
expected cost

o [ 1
x:

e(p7R)}ds] — E¢ {/0 7]]'{Z§'06(p2,R2)} ds] = 7/0 1{36(07}32_5)} ds

R%2—¢
z—/ ds =& — R?.
0

Now suppose that ¢ < p?. This includes the case where the process starts at the origin, where the control ¢°

is not well-defined. However, since the cost is zero in the ball {z € R%: |z| < p}, we will see that any strategy

is optimal in this region. For a fixed r € (1/€, p) and an arbitrary o € U, define the control o* by

O¢t, |XtO'*| < r,
ad, ’Xf*| € [r, R).

Then we compute the expected cost

T ! ! r? ’
E |;/0 —]l{ €(p,R)} d8:| = ]E§ {A _]l{Z;.’*e(p27R2)} d8:| =E |:‘/O' _1{Z§0€(927R2)} ds

0o R?
:—/ ]l{se(p2—£,R2—£)}d5:_/ dS=p2—R2.
r2—¢ P

*
I
X7

2

This calculation gives us a conjecture for the value function in Example 3.1. Using the It6-Tanaka formula, we
will show that our candidate function satisfies a dynamic programming principle, as described in Appendix A,

and we can then deduce that this function must be the value function.
Proposition 3.5. Let w: [0, R?) — R be defined by

p27R27 ggpza

w(§) =
f_sz £€(p2,R2),
and define v : D — R by v(z) = w(|z|*), for & € D. Then the value function for Example 3.1 is given by

v=ovM =v% =W =7.
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FIGURE 2. A possible trajectory for an optimal strategy in Example 3.1

Proof. We first show that v satisfies the form of the dynamic programming principle given in Remark A.3.
Define f : [0, R?) — R such that f(z) = f(|z|), for z € D; i.e.

F€) = —Lgee(2m2yy, §€[0,R?).
We seek to prove that w(Z7) + fot f(Z%)ds is a submartingale for all o € U, and that w(Z7") + fg f(z7")ds

is a martingale for an optimal strategy o* € U.
Let o € U. We note that w is not continuously differentiable at & = p2, so we apply the Itd-Tanaka formula
to write down an SDE for w(Z7). We calculate that the left derivative of w is given by

0, for &< p?
1, for ¢e(p? R?),

and the distributional derivative of w’_ is
w” (da) = d,2(da).

Hence, by the It6-Tanaka formula,

t

t ~ t 1 . t
w(Zf)—w(ﬁ)—!— f(Zg)dSZQ/ ]l{Z;r>p2}XsTO'sst+/ ]I{Z;r>p2}d8+§Lt’p —/ ]I{Z;r>p2}d8
0 0 0 0

t
1
N 2/ Lizg>py X[ 04 dBs + §L;”"2.
0
Since local time is always non-negative, we have shown that
t
w(Z7) + / f(z9)ds
0

is a submartingale for any o € U.

Now we note that, for any o € U,
B(XT) = w(27) = w(B?) =0,

by continuity of the paths of X?. Therefore, we can use the submartingale property and the optional sampling
theorem to find that

B | [ roeas] = w | [T as o)

—Ef [ | zas +w<Z$>} > w(€) = 7(a).
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Now, supposing that £ # 0, consider the control o* = ¢, so that Zf* = ¢+ t, for any t > 0. Then

T p2 Rz’ 56(07p2]7
ES [—/ 1,,.+ ds} = —/ Tisc(p2—enp2 R2—eyy ds =
o {277 €(p?,R?)} o {s€(p?—Enp?,R2=£)} E_RY, £c(pRY).

In the case that £ = 0, fix r € (0, p) and o € UM, and take

o, ’Xf*‘ <r,
o), |X77| €[r,R).

0 T _ 2 ! _ 2 2
]E |:/0 1{Z§*€(p2,R2)}dS:| —]E |:/0 1{Z§*E(p2,32)}d5 =p 7R.

We conclude that, for any x € D,

o(z) :me[/fX” ds]—v() oW (2).

Then

oceu

Hence the conjectured function ¥ is indeed the value function. Note also that, for any z € D, o* € UM, and so

oM =% =W =7. O

We now turn to a second example of maximising the expected time spent in a ball around the origin.

Example 3.6. Fix p € (0, R), define the cost f: D — R by

f(ﬂ?) _ _13 |{E| <p
0, |z[ €lp, R),

and fix the boundary cost g = 0. We seek the value function

v(z) :;ELE [/ f(X2) }:;IGIZEE {/0 —]l{|Xg<p}ds}.

That is, we wish to maximise the expected time that the martingale spends in the ball B,(0). The cost function

is shown in Figure 1b.

We propose that an optimal strategy is to run as a Brownian motion on the radius of the domain. We now

define a process that follows this strategy.
Definition 3.7 (Radial motion). Define a function o' : D — R by

(3.3) ol (z) = \71|[=’C, 0; - O}, x # 0,
{61; 0; -+ 0}7 x =0,

where e; is the unit vector in the first coordinate direction. Fix z € D and define o' to be the constant control
given by o} = o(x), for all t > 0. Define X° by

t
Xfl :z+/ oldB, =z +o'(z)B;, t>0.
0
We say that the process X o' follows radial motion.

A simulated trajectory of a process following radial motion is shown in Figure 3¢, along with the sample path
of its radius in Figure 3d.
Let W be the first component of B, and note that W is a one-dimensional Brownian motion. Then, defining

ol as in Definition 3.7, we see that

P J;—i—fga&l,st:x%—Wt‘i—l, z #0,
o=
Wyeq, z =0.
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() (D)

FIGURE 3. Sample paths of processes (Xfo)tzo following tangential motion and (Xfl)tzo fol-
lowing radial motion are shown in (A) and (C), respectively. The corresponding radius processes
are shown in (B) and (D) respectively.

Hence ’Xt"1| = ||z| + W], and so

T "
E* [[) —1{|X271|<p}:| = E‘M |:_/O ]I{Wte(—p,p)}:| ,

where 7 = inf {t > 0: |W;| = R}.

We can compute this expected cost by using the Green’s function and speed measure for one-dimensional
Brownian motion, as defined in Section 3 of [11, Chapter VII]. The speed measure m is given by [m(dy) =
2 [ dy, and the Green’s function G on the interval [—p, p| is given by

(y+R)(R—r) <
Gy =3 o T
Ty7 y=r,

for r,y € [—p, p]. By Corollary 3.8 of [11, Chapter VII|, we have

TR P |x|2 + P2 —2pR, |z| <p,
o [— / ﬂ{wta-p,m}] — [ Gllal coymiay) -
0 -p 2p || = 2pR, x| = p.

This gives us a candidate for the value function in Example 3.6. Again, we present this function in terms of the
radius squared. We can then apply Itd’s formula, using the SDE for the squared radius process that we derived

in Lemma 3.2.
Proposition 3.8. Let w: [0, R?) — R be defined by

£+ p° —2pR, &<,

wEe =" .
2p§2 —2pR, €€ (p?, %),
and define v : D — R by v(x) = w(\x|2), for x € D. Then the value function for Example 3.6 is given by

v=ovM =95 =W =7.
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Proof of Proposition 3.8. Again we will show that T satisfies the form of the dynamic programming principle
given in Remark A.3.

Note first that w is continuously differentiable and twice piecewise continuously differentiable, with

17 < 27 07 < 2’
we=4" 57 and  w'(€) = o
pET2, L€ (PP R, —3p8" 2, E€(p° R,
Hence we can apply Ito’s formula to w(Z7), for any o € U, recalling that ZZ = |X7|>. Let Zg = ¢ € [0, R2).
Then, for ¢t > 0,

t t
w(Z]) —w(§) =/ 1izo<p2ydZ? +P/ Tizoc(2,r2)}(Z9)" 2477
(3.4) 0

t
14 oy—3 -
—1/ Lizge(er2)y(Z7) 2 d(Z7)s.

Substituting in the SDE (3.1) for Z%, we find that there is a square-integrable martingale M7 such that
t
_1
w( / dM7 + / ]l{Zu‘<p2} dS—‘y—p/ 1{Z§‘;€(p2’32)}(zg) 2 ds
*p/ Lizgeqrmen(2)F Tr (X"X”TJ o )ds
0

t t t
:/ dM"s—/ f(Xg)ds+p/ L ey XM ([|X9P T - X0X0T ] 000 ) as,
0 0 0

where I denotes the identity matrix. Noting that the matrix |$|2 I—za " is positive semi-definite for any 2 € R¢,

we see that the final integral in the above equation is always non-negative, and so

t
WD)+ [ o) ds
0
is a submartingale for any o € U.

Now take o = ol and let W be the first component of the Brownian motion B. Then, from the SDE (3.1)

for the squared radius process, we see that Z := Z°" is a one-dimensional squared Bessel process satisfying
dZ; = 24/ Z; dW, + dt.

Substituting this SDE for Z into our calculation (3.4), and defining X := X"l, we find that there is a square-
integrable martingale M such that, for any ¢ > 0,

t t t 1 t 3
w(Zt) —w({) / dM —‘r/ ]l{Z <p2} dS—I—p/ ]]-{Zse(p2,R2)}ZS 2 dS— g/ ]l{Zse(pQ,Rz)}Zs 2 ~4LZS ds
0

[ [

Hence v(X;) + fo s)ds is a martingale.
From the above submartmgale and martingale properties, we can conclude in a similar manner as in the

proof of Proposition 3.5 that

oceu

T(z) = inf E” UfX” ds]—v() oW (z).

For each 2 € D, the constant control o' is a Markov control, and so we also have v™ (z) = v9(z) =v(z). O

For the step cost functions considered above, optimal controls involve tangential and radial motion, as defined
in Definition 3.3 and Definition 3.7, respectively. A consequence of Proposition 4.6 in the next section will be
that either tangential or radial motion is optimal for any continuous monotone cost function. More generally, we
will show that, for a continuous radially symmetric cost function with sufficient regularity, an optimal control

is to switch between radial and tangential motion.
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4. EXPLICIT SOLUTION FOR RADIALLY SYMMETRIC COSTS

In this section, we consider the control problem for more general radially symmetric cost functions. We make
the ansatz that the optimal strategy is to switch between two extreme behaviours in the control set, namely
the strategies of tangential and radial motion defined in Definition 3.3 and Definition 3.7, respectively. In this
way, we reduce the control problem to a one-dimensional optimal switching problem for the radius process.
We use the principles of smooth and continuous fit to identify the optimal switching points, and we provide
an algorithm to construct a candidate for the value function. We are able to write this function explicitly in
Definition 4.5. We refer to the theory of viscosity solutions, which we summarise in Appendix A, in order to
verify that the candidate function is indeed equal to the value function.

We make the following assumptions.

Assumption 4.1. Suppose that

1) The domain is D = Bg(0) C R?, for some R > 0 and d > 2;

The cost function f is radially symmetric; i.e. f(x) = f(|z|), for some function f : [0, R) — R;
The boundary cost g is constant;

The cost function f is continuous;

)
)
) -
5) There exists 7 > 0 such that the cost function f is monotone on the interval (0, n);
) The one-sided derivative f#(r) exists for all > 0 and changes sign only finitely many times;
)

There exists § > 0 such that f is continuously differentiable on (0,8) and lim,_qrf'(r) = 0.

Remark 4.2. In Section 5, we will relax the fourth condition on continuity and the seventh condition on
differentiability.

We rule out the case that the cost function oscillates at the origin by imposing the fifth condition on
monotonicity. We will see in the following sections that the fifth and sixth conditions allow us to find an
optimal strategy that switches between two regimes finitely many times. We believe that we would still be able
to solve the control problem explicitly if we relax the fifth and sixth conditions, but in this case an optimal

strategy may not exist. To simplify our exposition, we do not treat this case here.

Recall the definitions of the functions o in (3.2) and o' in (3.3), which are associated to tangential and
radial motion, respectively. We conjecture that, in the case that f is increasing at the origin, there exists a

sequence of points 0 = sg < 7ry < 81 < ... < R such that an optimal control is of the form

ol (X¢"), |X7|€o,m),
(4.0 o7 =0 (X7), X € frisi, i1,

ol (X2, |X7| € (sivriqr), 21,
where, for each ¢ > 1, we define the hitting time 7,, := inf {t >0: ’Xt"*| = si}. Note that t — |Xf*‘ is
deterministically increasing when |Xt”*| € [rq,si], for any ¢ > 1, by Lemma 3.2. Therefore, if |X3*‘ > 7y,
|X7"| > 7y for all t > 0.

Similarly, if f is decreasing at the origin, we conjecture that there is a sequence of points 0 =79 < 5o < 11 <

... < R such that an optimal control is of the form
o (X77), |X77| € (0,s0],

(4.2) of =M (X2)), X7 € (sicn,mi), i,
o (X77), |X7|€lris], i>1.

Note that, in this second case, we do not make any claim about the optimal behaviour at the origin. Since
0%(0) is not defined, we will require some approximation at the origin in this case. We explore this further in

Section 5 where we relax Assumption 4.1.
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In either case, we conjecture that, at any time, an optimally controlled process should follow either radial
motion or tangential motion, depending only on the current radial position of the process. We present a
simulated trajectory of such a controlled process for an example with two switching points in Figure 4. In
Proposition 4.6, we will prove that the control o* is optimal.

Note that ¢* does not satisfy the definition of a Markov control given in Definition 2.8. We now demonsrate

how to recover the Markov property.

Remark 4.3. Let the control 6* € U be as defined in (4.1). First note that, if |z| € [0,71), then X7 is a
strong solution of the SDE
dX, =o'(z)dB;, Xo=uz,
up to the first hitting time of radius r1, where the coefficient o!(x) is a constant. When |X2§7*| € [ry, s4], for
some i > 1, we have o} = ¢°(X?"). When ‘X{’*’ € (84,Tit1), for some i > 1, we have o} = Ul(Xg:_), and we
can calculate that X solves the SDE 1
dX; = o'(X;)dB;

in this region. Therefore, fixing z € D, there is a Markov control 5* € UM such that

o [ s e | o

Now fix z € D \ {0} and define the control ¢* as in (4.2). By similar reasoning as above, there exists a
Markov control 6* € UM such that

| [reeyas) < | [ roneasl.

We have shown that it is possible to replace the control o* with a Markov control 6* under which we have
the same expected cost. We will make use of this Markov control in later sections in order to show that the

Markov value function coincides with the strong value function under additional assumptions.

FIGURE 4. A sample path of an optimal controlled process in a case with two switching points

4.1. Reduction to a switching problem. Before beginning to construct a candidate for the value function,
we give the following justification for our conjecture that switching between radial motion and tangential motion
is optimal. We will work with the radius of the controlled process in this section. We now derive an SDE for

the radius process under some simplifying assumptions.

Proposition 4.4. Let 0 € U be of the form oy = [Et; 0; ...; O}, where @y € RY with |5;| = 1, for t > 0.
Let x € D\ {0} and suppose that X solves the SDE

dth = 0¢ dBt :Et th, Xg = 0,
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where W is the first component of B. Set rq := |z|, let € € (0,7), and define 7. := inf {t >0: |R§‘ — 7"0! = 6}.
Then there exists a [0, 1]-valued process A such that | X7 | = R}, where R* solves the SDE

1— X2
th}\:)\tth—‘ng\tdt, te [O,Tg]; RS:T().
Proof. Let t € [0, 7], so that X7 # 0. Then we can apply It6’s formula to find that the radius of X7 satisfies

the SDE

- — 1 o|— o o o — =
(4.3) A7 | = X7 () Ta W + 5 X7 |0 (X7 P T - X7 ()T i) ) dt.
Now let (X7 )* denote the vector with norm |(X7)*| = |X7| that is orthogonal to the vector X{ and satisfies
(4.4) T = X717 (XY + (X))

for some A, uy € R. Using the condition |7;| = 1, we see that
1= +u,

and so \; € [0,1] and py = /1 — A2
Substituting the expression (4.4) for & back into the SDE (4.3) for | X 7|, and repeatedly using the identities
(X2)TXe = |X7|* and (X2)T(X7)L = 0, we have

1 _
dAX7| =N AW + 5 X7 | (1 - A2)dt.
Therefore, writing R} = | X7|, where ), is defined via (4.4), we arrive at the desired form of the SDE. O

Now, suppose further that the process A in the proof of Proposition 4.4 takes the form
A = AMR}), t>0.

Then we can write down the infinitesimal generator £* for the process R* as
1 1—M2(r)
,C)‘ _ _ )\2 " A S ,
ulr) = = X" (r) = =l (7)
for r € (rg — &,79 + ¢) and any smooth function u € C%((ro — &,70 + €), R).
Consider the following simplification of the control problem. Restrict the control set to contain only those
controls that give rise to a process A of the form specified above. Let v : D — R be the value function of this

simplified problem. By radial symmetry, we can write
v (z) = 0% (|a)),

for some o7 : [0, R) — R. Supposing that #% is twice continuously differentiable, we expect 7% to be a classical

solution of a Hamilton-Jacobi-Bellman equation. By the results of Section 3.3 of [16], 7% solves
inf L7 = f,

in the interval (rg — &, 79 + €), where the infimum is taken over functions X : (rg — e,79 +¢) — [0, 1].

Note that we can rewrite the generator as

1

AeR(N
LA (r) = 5

/
(0() ~ 32200 | 16 0]
Hence, at points r such that [%(ﬁR)’(r)]/ > 0, the infimum is attained for A(r) = 1, while at points r such that
[%(ﬁR)’(r)]/ < 0, the infimum is attained for A(r) = 0. At a point r such that [%(f)R)’(T)]/ = 0, the infimum is
attained for any value A(r) € [0, 1].
Returning to the expression (4.4) for & in terms of A\, we see that setting \; = 1 gives 7; = %, with
generator £! given by

]‘ 12
(4.5) Llu(r) = —5u (r).
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Note that, away from the origin, a controlled process following this control has the same behaviour as radial
motion, as defined in Definition 3.7. On the other hand, A = 0 corresponds to tangential motion, as defined in
Definition 3.3, with generator

(4.6) LO(r) = —%u’(r).

Therefore the above calculations support our claim that the optimal strategy should be to switch between these
two behaviour regimes.

We note that, in the above discussion, we restricted the control set and made the strong assumption that
the value function is twice continuously differentiable. In order to prove that the behaviour described above is
optimal without these restrictions, we will need to refer to the theory of viscosity solutions for HJB equations
that we summarise in Appendix A.

We now identify the conjectured optimal switching points and construct a candidate for the value function,

before proving optimality in Proposition 4.6.

4.2. Optimal switching points. With the justification of the previous section, we make the ansatz that there
exists an optimal strategy of the form described in either (4.1) or (4.2). We now seek the optimal switching
points r; and s;.

We will find that we require continuous fit and a condition on the first derivative to fix the points r;, and we
will need to impose smooth fit and a condition on the second derivative to fix the points s;. It is interesting to
note that smooth fit also holds at the points r;, although we do not enforce it.

Under the conjectured optimal behaviour, the value function is of the form
v(z) =0(|z]), =x€ D,

for some ¥ : [0, R) — R. To identify the optimal switching points, we will assume that @ is differentiable in the

interval (0, R) and satisfies the boundary condition 9(R) = g. Then, for any r € (0, R), we have

(r)=g— /TR ?'(s) ds.

When we verify our candidate for the value function in Proposition 4.6, we will show that v is in fact continuously
differentiable in D and attains the boundary condition v = g on 9D.

By definition of the value function, the expected cost associated to any admissible control at some radius
r € (0, R) is greater than the value ©(r). Therefore the derivative of such an expected cost at some r € (0, R)
must be less than the derivative of the value function ¢'(r). We will use this observation to determine the
optimal switching points.

Let V : [0, R] — R and define a candidate value function V : D — R by V(z) = V(|z|) for € D. The first
step in constructing this function V' is to find the optimal switching points, as follows.

Suppose that there exists some 7 > 1 such that 0 < s;_; < r; < R. Then we expect that the optimal control
switches from tangential motion to radial motion at the point s;_;. In some interval (s, s;_1), we set V =w;_1,
where w;_1 solves the ODE

LOw;_1(r) = =2rf(r),
and L° is the generator associated to tangential motion that is defined in (4.6). This ODE is equivalent to the
first order ODE
wi_y(r) = =2rf(r).

In the interval (s;_1,7;), we set V = u;, where u; solves the ODE
»Clui(/r) = f(r)v
and L! is the generator associated to radial motion that is defined in (4.5). We can write this ODE as

ui (r) = =2f(r).
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We fix the boundary conditions
ui(si—1) = wi—1(si—1), and ) (si—1) =w) 4 (si—1) = —2s;_1f(si—1),

to define w; uniquely.
Now, in the interval (r;, s; A R), we suppose that tangential motion is optimal and set V = w;, where w;
solves the first order ODE
wi(r) = =2rf(r).
We then have the following free boundary problem:

V”(T) = —2f(r), r € (8i—1,74),
(4.7) V'(r)=—=2rf(r), re(risiAR),

V(ri+) = V(ri-),

where the point 7; is to be found. Note that we require the continuous fit condition at r; in order to solve the
first order ODE in (7, s; A R).

As noted above, we determine the switching point by comparing the derivatives of u; and w;. The point r;
should be the first point at which w/(r) = —2r f(r) is greater than the first derivative of u;. Therefore we define
r; by

T = inf{r > 81 si_lf(si_l) +/T f(s)ds > rf(r)}

That is the first point after s;_; at which the running average of the cost function becomes greater than its
current value. Note that this point cannot be in a region where f is increasing and so r; is greater than or equal
to the first point of decrease of f after s;_1.

In Figure 5b, we show an example of choosing the switching point r; by comparing derivatives. We see in
Figure ba that, for this example, the switching point r; is strictly greater than the turning point at which the
cost function starts to decrease. Also note that, although we have only imposed continuous fit at the point rq,
we can see in Figure 5b that the derivatives are equal at r1. For any continuous cost function, this smooth fit
property arises in the same way; we will discuss this in detail in Section 4.4.

Let us now suppose that s; < R. We suppose that, in the interval (s;,r;11 A R), radial motion is once again

optimal, and we set V = Ui+1, Where u;11 solves the second order ODE

uy (r) = =2f(r).
Then we have a second free boundary problem

V) = <20f(0), 1€ ()
f/”(?‘) — —Qf(T), re (SZ',’I"z'+1 A R),

V(sit) = V(si—),
V—&/-(Si) = Vi(sz’%

(4.8)

where the point s; is to be found. Here we require both smooth fit and continuous fit at the point s; in order
to solve the second order ODE in the interval (s;, 741 A R).

Having imposed the smooth fit condition VI (s;) = V(s;), the first derivatives of solutions of w/(r) = —2rf(r)
and uj,,(r) = =2 f(r) are equal for any choice of s;. In order to fix the point s;, we require a second order
condition. Recall from Assumption 4.1 that we assume that the right derivative of f exists everywhere. This
allows us to define s; to be the first point at which ] ,(r) = —2 f(r) is greater than the one-sided second
derivative from the right of the solution of w}(r) = —2rf(r). Thus there is an interval of positive length on
which the first derivatives are in this same order.

We can calculate the one-sided second derivative from the right of w; as

wy (1) = =2f(r) = 2rf (r).
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FIGURE 5. The first two switching points 71, s1 are shown for the cost function f(x) = sin |z|.
The switching point r; is the first point at which w}(r) = —2rf(r) exceeds u}, where u; solves
uf(r) = =2f(r), with u1/, (0) = 0, as shown in (B). The switching point s; is the first point

after 71 at which u = —2f exceeds w/, as shown in (c). Fixing u(s1) = w)(s1), we see in (B)
that s; is chosen such that u), remains greater than w) over an interval of positive length.

This leads us to define s; by
s; := inf {s > fl(s) > 0}.

In this case, the switching point is exactly the turning point at which f starts to increase. For the example
in Figure 5, we can see that the switching point s; does indeed coincide with this turning point. Figure 5c
shows how this switching point is chosen by comparing second derivatives, and Figure 5b shows that the first
derivatives at this point have the desired properties.

Note that the sixth condition of Assumption 4.1 implies that there are finitely many switching points s; and
thus finitely many points r;. Taking the above definitions of r; and s; for all values of 7, j such that r;,s; < R,

we now solve the ODEs in (4.7) and (4.8) to construct a candidate for the value function.

4.3. Construction of the value function. In this section we construct the candidate function V', which we
will go on to prove is equal to the value function. We break the construction down into two cases depending on
the behaviour of the cost function at the origin, and then into two further sub-cases depending on the behaviour

of the cost function at the boundary of the domain.

4.3.1. Case I: Increasing cost at the origin. Suppose first that f is increasing on the interval (0,7). We sum-
marise the construction of the candidate value function in this case in Algorithm 1.
Fix s = 0. Since we expect the optimal control to enforce radial motion in the ball B,(0), we solve the
second order ODE
u(r)==2f(r), 7€ (0,R).
We require two boundary conditions in order to uniquely define the solution u;. We impose the boundary

condition wu,’, (0) = 0 for the following reasons.
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Algorithm 1 Construction of the value function in Case I

Define so =0.
Solve u/ (1) = —2f(r), with ulg_(O) =0, u1(0) = «, for some o € R.

Define r; := 1nf{r>0 Jo f( s)ds > rf(r )}

Set V =w; on (0,71 A R].
if r1 < R then
for i >1do ~
Solve wj(r) = —=2r f(r), with w;(r;) = u;(r;).
Define s; := inf {7‘ >y f_’k(s) > O}.

Set V = w; on (ri, 8i \ R).
if 5, > R then
break
end if
Solve uj, (1) = —2f(r), with ujq(sit+) = —2s;f(s;) and
i1 (i) = wi(s;).
Define 741 := inf {r > st sif(si) + fsr f(s)ds > rf(r)}
Set V = wu;y1 on (si, 741 A R].
if Ti+1 Z R then
break
end if
end for
end if
Fix « such that V(R) = g.

First, from the discussion in the previous section, we recall that we will define the first switching point to be
r1 = inf {r > 0:uj(r) < —2rf(r)},

since we are seeking to maximise the derivative of the candidate value function. Therefore, for r € (0,r1), we

must have u) (r) > —2rf(r) and, in particular

ur’,(0) = limu (r) > ~2limr f(r) = 0.

To get the opposite inequality, fix § € (0,1) and r € (0,4) and apply 1td’s formula to u(d) = (|X" |) to see

that
@ - ) = | [Tz as| = | [T 7xe e

Then, applying dominated convergence to take the limit as r | 0, and using the fact that f is increasing, we

have that
o[ Fxas]
0

FO)E [rs] = —6£(0).

1
lim 5 (u1(8) = w1 (1) =

< -

e
5
1
o

Hence
0 < T 0) < — 'm(SfNU =
“ ( ) 161¢0 ( )

As well as imposing the above condition on the first derivative, we also fix an arbitrary value u;(0) = « € R.
Having constructed the candidate value function, up to this arbitrary constant, on the whole domain, we will

use the external boundary condition V(R) = g to determine the value of a. We now have

r):a—Q/Or/Osf(t)dtds.
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Define .
ry = inf{r > 0: / f(s)ds > rf(r)} )
0

and set V(r) = uy (r) for r € (0,71 A R].

If 11 < R, we then expect the optimal control to switch to enforcing tangential motion. Therefore we solve
the first order ODE

wh(r) = =2rf(r), 7€ (r,R).

In order to uniquely define the solution w;, we impose the continuous fit condition wy(r;) = V(r1). Then we
have

wy(r) = f/'(rl) — 2/T5f(s) ds

T

:oz—Z/rrsfzs)ds—2/Orl /Osf(t)dtds.

1 := inf {r >y flL(r) > 0} ,
and set V(r) = wi(r) for 7 € (11,51 A R].
If s; < R, then we expect the optimal control to switch back to enforcing radial motion, and so we solve the
second order ODE

Now define

ul(r) = =2f(r), 1€ (s1,R).

At this point, we impose both the continuous fit condition ua(sy) = f/(sl) and the smooth fit condition

ug’, (s1) = V'(s1) in order to uniquely define uo. We then find that

() = V(s -2 [ " Fls)ds,

and so
g (r) :f/(sl)—i—(r—sl)f/’(sl)—2/T/Sf(t)dtds
:a—z/r/gf(t)dtds—Q/h /Sf(t)dtds—2/81 sf(s)ds — 2(r1 — s1)r1 (1),
s1 Js1 0 0 1
Defining

ro 1= inf{r > 51 Slf(51)+/T]g(s)ds >7"f(r)},

we set V(r) = ug(r) for € (s1,72 A R).
We continue in this way until reaching the boundary of the domain, setting
() = ui(r), € (si—1,m AR,
wi(r), 1€ (ri,s; AR,
for each 7 > 1.

In order to determine the value of V(O) = «a, we use the boundary condition on 0D. Let K € N be such
that R € (sx_1,8k]. Suppose first that R € (sx_1,7x]. Then we expect radial motion to be optimal close to
the boundary of the domain, and we have V(r) = ux_1(r) for r € (sk, R]. Imposing the boundary condition
V(z) = g for x € 9D, we have ug(R) = g. Now suppose that R € (rk, sk], so that we expect tangential
motion to be optimal close to the boundary of the domain. Then we have V(1) = wg (r) for r € (rg, R]. Now
imposing the boundary condition V(z) = g for z € 0D gives us wg(R) = g. In either case, the value of « is
then specified uniquely.

We state the candidate value function explicitly in Definition 4.5 below.

4.3.2. Case II: Decreasing cost at the origin. We now turn to the second case where f is decreasing on the

interval (0,7). We summarise the construction of the candidate value function in this case in Algorithm 2.



22 ALEXANDER M. G. COX AND BENJAMIN A. ROBINSON

Algorithm 2 Construction of the value function in Case 11

Define rq = 0. ~
Solve w{(r) = =2rf(r), with wo(r) = «, for some a € R.
Define sg := inf {T >0: fi(r) > O}.
Set V = wyg on (0, s0 A R).
if so < R then
for i > 0do ~
Solve wj, | (r) = =2f(r), with wj ,(s;+) = —2s;f(s;) and
ui—i—l(si) = wl(sz)
Define ;41 := inf {T > 80 8. f(s;) + f; f(s)ds > rf(r)}.
Set V = w1 on (83,741 A RJ.
if Tit+1 > R then
break
end if R
Solve wj (r) = =2rf(r), with w1 (ri41) = wip1(rig1)-
Define s;41 := inf {T > rip1t f_"_(r) > O}.
Set V(R) =g on (ri11,8i+1 A R].
if Si+1 Z R then
break
end if
end for
end if R
Fix « such that V(R) = g.

We expect the optimal control to enforce tangential motion in B, (0) \ B(0), for any ¢ € (0,1). As we will
see in Section 5, it will be possible to define a control at the origin whose cost approximates the cost associated

to tangential motion. Without further justification here, we fix rp = 0 and seek the solution wq to the first
order ODE
wh(r) = =2rf(r), re(0,R).

Note that this ODE fixes the first derivative and, in particular, w,’ (0) = 0. In order to uniquely define
w1, we need to impose one boundary condition. As in the previous section, we will fix an arbitrary value
w1(0) = & € R, and we will determine the value of a from the external boundary condition V(R) = g, once we
have constructed the candidate value function on the whole domain.

The construction of the value function proceeds in the same way as in Case I, and we omit the details here.

We state the candidate value function in both cases in the following Definition 4.5.

Definition 4.5 (Candidate value function). Let the cost functions f and g be as in Assumption 4.1. For k € N
and 1 =0,... ,k, define the constant

_QZl —sj_1)85-1f(s5_1) / / f(t dtds+/ sf(s)ds].

Jj=i+1
Then we define the candidate value function V : D — R as follows.
Case I. If f is increasing in (0,7), then set s = 0 and let K € N be such that R € (sx_1,Sk]. For z € D,
define
SK s ~
V(a:)zg—?/ sf( Yds — 2(rg — RATK)SK— 1f(sK 1) —2 / f(t)dtds
RVrK RATK K—1

Siq

K T s
. — . . r r ~ K
+2;1{<si71,5i}}(lxl) [(rz xIAm)sz_lf(sl_l)ﬂL/lei / 1f(t) dtds+/ sf(s)ds + 5

z|Vr;
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Case II. If f is decreasing in (0,m), then set ro = 0 and let L € N be such that R € (rp,rp+1]. For € D,
define

SL RVsp, s
V(z) :g—2/ sf(s)ds+2(RV sg —sL)st(sL)+2/ / f(t)dtds

RAsT,

L Si |z|Vs; s
F _ Ve Fla) F L
+2) Ty (l2) [/l sf(s)ds — (x| V 5 — si)si f(si) / / f(t)dtds +§;

i—0 z|As;

Before turning to the rigorous proof of optimality in Section 4.5, we make a digression to discuss the smooth

fit property that the candidate value function exhibits.

4.4. The principle of smooth fit. In the preceding construction, the smooth fit condition is required to fix
the switching points s;. It is notable, however, that we do not need to impose smooth fit to uniquely identify the
points r;, and it is thus surprising to us that the smooth fit condition is nevertheless satisfied at these switching
points.

A heuristic argument for the smooth fit condition in diffusion problems typically comes from two competing
criteria. The heuristic we look to exploit is that we expect 0(|X}7]|) + fot f(IX¥])ds to be a submartingale for
all admissible strategies, and a martingale for the optimal strategy. Now suppose that the function v displays
a discontinuity in its first derivative at the boundary of two types of behaviour, at | X| = r say. Then, applying
the Ito-Tanaka formula, we expect a local time term of the form (o', (r) — ¢/ (7)) dL} to appear in do(|Xy]).
Since there is no cancelling term in the time integral component, it follows immediately that if o/ (r) < o’ (r),
then the process will be a supermartingale for any strategy which has positive local time at r. Consequently,
we expect 0/, (r) > ©_(r) for all r € (0, R). Moreover, if the optimal strategy accrues local time at r, then a
similar argument forces v/, () = ¢/, (r), and we deduce the smooth fit condition.

However, this justification breaks down at the switching points r; described above. Under the conjectured
optimal strategy, there is no local time accrued at such switching points, and therefore the heuristic justification
for smooth fit fails. However, from our construction of the value function, we see that the smooth fit condition
still holds!

In general, we have no heuristic justification for such a condition. We note that, in optimal stopping problems
for Lévy processes, or more generally jump diffusions, it is common to observe continuous fit conditions where
there is no diffusive boundary behaviour [6]. This is comparable to the behaviour that we observe under the
optimal strategy at points r;, which arises from the notable fact that our control process can produce both
diffusive and non-diffusive behaviour at boundary points. We are unaware of similar behaviour occurring in a

diffusive setting, and we leave further study of this behaviour for future work.

4.5. Proof of optimality. We now turn to the proof that the candidate function that we have constructed is

indeed the value function.

Proposition 4.6. Under Assumption 4.1, the value function v is continuously differentiable and takes the form
v =V, where V is defined in Definition 4.5.

Moreover, there exists an optimal control o* € U in the following cases. If f is increasing in (0,m), then the
control o* defined in (4.1) is optimal. If f is decreasing in (0,n) and the initial condition is x € D\ {0}, then
the control o* defined in (4.2) is optimal. In each of these cases, the Markov value function v also coincides

with the value function v.

In order to prove this result, we refer to the theory of viscosity solutions for HJB equations that we summarise

in Appendix A. The main result that we require is the following theorem, which we restate here for reference.

Theorem A.5. Suppose that Assumption A.1 holds, and suppose further that the domain D is uniformly

convex, the running cost f is continuous in D, and the boundary cost g is uniformly continuous on 0D.
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Then the value function v : D — R defined in Section 2 extends continuously to D and is the unique viscosity

solution of the HJB equation
L. 2, T
—igngTr(D voo )—sz
i D, with boundary condition

v=g on OJD.

In this section, we will prove that the candidate function V is a viscosity solution of the HJB equation

(4.9) - % 125”& (D*V(2)o0") = f(z), ze€D,

with boundary condition V' = g on dD. We then appeal to Theorem A.5, as stated above, to see that the value

function v is a viscosity solution of the same boundary value problem and, moreover, such a solution is unique.

From this, we conclude that the function V is equal to the value function v.

We first show that V is a classical solution of (4.9) in the regions where we expect radial motion to be optimal.

Lemma 4.7. For each i > 1, define u; : (s;—1,7 A R] = R by
wi(r) = 2/Ti /S ft)dtds +2(r; —r)si1f(si—1) + C*, € (si—1,7: AR,
r Jsiy
for an arbitrary constant C}*, and define the set
D;:={xeD: |z| € (si—1,7 AN R)}.
Then U; : D; — R, defined by U;(z) = u;(|x]), is a classical solution of the PDE (4.9) in the region D;.
Proof. Fix ¢ > 1 and let € D;. Observe that, by definition of r;,
(4.10) uj(|e]) = =2 2| f(Jz)).
We have that U; is twice continuously differentiable at x and
D*Uj(w) = |a| 7 o] uf (J2]) — wi(l))] 22" + |2| " wi(|2]).
Substituting in u/(|z|) = —2f(|z|) and rearranging gives
D2U;(w) = ~lal = [2]al f(Jal) + wi(lal)| w2 + o]~ wi(la))]
= —2f(ja) + ol ™ [2lal F(al) +wi(|a])] [J2f 1 - 22T .
Hence, for any o € U,
Tr (D2Us(z)oo ") = —2f(|a]) Tr(oo ") + |2 [2 2| F(|z]) + u;(|x|)} Tr ([W I- mT] UUT) .
Noting that |z|° I — zz T is positive semi-definite, and using (4.10), we have
Tr (D*Us(z)oo ") > —2f(|z|) Tr(oo ") = —=2f(x),

for any o € U.
Taking o = o!(x), where 0! : D — R is the function defined in Definition 3.7, we see that

Tr ([|x|2 I- mcq Jl(x)al(ac)T> =0,
and so

Tr (DQUi(:v)al(x)al(x)T> — —2f(x).
Hence U; is a classical solution of the PDE (4.9) in the the region D;.

O

We next show that V' is a viscosity solution of (4.9) in the regions where we expect tangential motion to be

optimal.
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Lemma 4.8. For each i >0, define w; : (ri;s; N R] = R by
wi(r) = 2/ / sf(s)ds+CP, re (ri,s AR],

for an arbitrary constant C}*, and define the set

D;:={xeD: |z| € (r;,s; \R)}.
Then W; : D; — R, defined by W;(x) = w;(|x|), is a viscosity solution of the PDE (4.9) in the region D;.

Note that w; is twice continuously differentiable if and only if f is continuously differentiable. We first

suppose that this is the case and prove the following lemma.

Lemma 4.9. Fiz ¢ > 0 and suppose that f is continuously differentiable in the interval (r;,s; AN R). Then W;
defined in Lemma 4.8 is a classical solution of the PDE (4.9) in the region D;.

Proof. Let x € D; and observe that, by definition of s;,

(4.11) wipy (|2]) = =2 (|-
Since f is assumed to be continuously differentiable, we have that w; and W; are both twice continuously
differentiable, and
D*Wi() = |2| 7 [J| w} (2]) — wi(a])] w2 + |2| = wi(|e|)T.
Substituting in w/(|z]) = =2 |z| f(|z|), we have
DWi(x) = |al > [w] (|a]) + 2/ (Je])] 22T - 27(|a|)1.
Hence, for any o € U,
Te (D*Wi()oo ™) = ol [w] (jal) + 2/ (|e)] Te(wzT 00 T) = 2f(|a]) Tr(ooT)
> —2f(j]) Tr(o0 7) = —2f(),
using the inequality (4.11).
Taking o = 0(x), where 0° : D — R is the function defined in Definition 3.3, we see that
Tr (xxToo(x)ao(x)T) =0,
and so
Tr (DQWi(JJ)UO(a:)JO(x)T> — —2f(x).
Hence W is a classical solution of the PDE (4.9) in the region D;. (]
We can now prove Lemma 4.8, by using smooth approximations to the continuous function f and applying a

standard stability result for viscosity solutions, which can be found, for example, in Lemma 6.2 of [3, Chapter
11].

Proof of Lemma 4.8. Fix i > 1. Since f is continuous on [ri,s; A R], we can approximate f uniformly by
polynomials (f*)ren (see e.g. Theorem 7.26 of [13]). Let k € N and define W : D; — R by
|z

I
W (x) == —2 fF(s)sds +Cp.

Ti

Define f*: D; — R by f*(x) = f*(|z|), and define F* : D; x R*? — R by

FF(z,X) = —%UHGIBTF(XUUT) — f* ).

Then, since fk is continuously differentiable, we can apply Lemma 4.9 to see that W} is a classical solution,

and therefore a viscosity solution, of

F*(z, D*WF(z)) =0 for z€D;.
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We now show that F* converges uniformly to F : D; x R»¢ — R, defined by

F(z,X) = —lging Tr(Xoo ') — f(z),

and that W} converges uniformly to W;.
Let e > 0. Then, by uniform convergence of (f¥)ien, there exists N € N such that

‘f(r)—fk(r)‘<€, forall re€ro,R] and k> N.

Let k> N,z € D; and X € R4, Then |x| € [r;, s; A R], and so

|F(2,X) — F*(2,X)| = |f(z) - f*(2)] = ‘f(lﬂ?l) — fr ()| <e.
Therefore F* — F uniformly on D; x R%4,

Now choose M € N such that

) = 7+

- £
2si(s; —r;)’

Let k > M and x € D;. Then |z| € [r;, s; A R], and so

/ VI' (F(s) - F¥(s)) sas

i

for all r€[ry,s;] and k> M.

(Wi(x) — WE(@)| =2 F(s) = f*(s)||s| ds

Si
<2
T4

<2(s; — 1) c

28i(8i — ’I"i> ST
Hence I/Vi’C — W; uniformly on D;.
We can now apply the stability result given in Lemma 6.2 of [3, Chapter II], to conclude that W; is a viscosity
solution of
F(x,D*W;(z)) =0 for z€ Dy

i.e. W; is a viscosity solution of the PDE (4.9) in the region D;. O
We now combine the above lemmas to prove that V' is the value function.

Proof of Proposition 4.6. We divide the domain D into disjoint regions and prove first that V is a viscosity

solution of (4.9) in the interior of each region.

Step 1: Fix i > 1 such that s;—; < R, if such a point exists. In the region D; = {x € D: |z| € (s;—1,7: A R)},
we have V' = U, for a particular choice of constant C}. So by Lemma 4.7, V is a viscosity solution of (4.9) in
this region.

Now fix ¢ > 0 such that r; < R, if such a point exists. In the region D; = {x € D: |z| € (15,5 A R)}, we
have V' = W; for a particular choice of constant C?, and so V is a viscosity solution of (4.9) in this region, by

Lemma 4.8.

Step 2: We next prove that V' is a viscosity solution of (4.9) on each of the internal boundaries between the
regions.
Let ¢ > 0 be such that r; < R, if such a point exists. Consider z; € D such that |z;| = r;. Note that
lim D?V(z)= lim D?U;(x)

|z|—r;— |z|—ri—

(4.12)

== Jim 27T+ Jol ™ (21l F(lal) + wi(lal)) [laf T — 22T || = 2o,
T|—r;—
since 2r; f (ri) +w;”_(r;) =0, by definition of r; and continuity of f )
To show that V is a viscosity subsolution at x;, let z; € argmin(¢ — V'), for some ¢ € C°(D). Since
V € CY(D), it must be the case that D¢(z;) = DV (z;), and that the Hessian of ¢ satisfies

D%*¢(x;) > lim D?*V(z) = —2f(ry)I,

|z|—=ri—
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as calculated in (4.12). Hence, for any o € U,
Tr (D2¢(a:i)aoT) > —Qf(ri) TI“(UO'T) = —2f(x;),

and so

_ %GuelfUTr (D*¢(z)o0 ) < f(zs),

as required.
To show the supersolution property, let z; € argmax(y) — V), for some ¢ € C*°(D). Then by a similar
argument to the one above, we have
D*p(w;) < =2f(ri)1,
and so

Tr (D*Y(2;)00 ") < —2f(2;),
for any o € U, which implies that
L. 2 T
- iauelfUTr (D*¢(zi)o0 ") > f(x).
Now let i > 0 be such that s; < R, if such a point exists, and consider z; € D such that |z;| = s;. Here, note

that
lim D?V(z) = lim D?U; ()

|| —s+ |z|—s;+

== im (27T + 2™ (2] F(lel) + ufyy (J2)) [Jal* T - 22T ]] = =27(s0)1,

|z|—si+

(4.13)

using the fact that QSif(Si) + i1’ (s;) = 0, by definition of s; and the smooth fit property.
To show that V' is a viscosity solution at points of radius s;, we follow the same reasoning as we did for points
of radius r;. For z; € argmin(¢ — V) and ¢ € C°°(D), we have that

D2¢(x;) > lim D?*V(x) = —2f(s;)1,

|| —si+

using (4.13). So, for any o € U,

Tr (D*¢(xi)o0 ") > —2f(z;),
which implies that the subsolution property holds.

Similarly, for x; € argmax(y) — V') and ¢ € C*°(D), we have
D*y(;) < =2f(si)1,

and so, for any o € U,

Tr (DQz/J(:ci)JUT) < —2f(x;),

which implies the supersolution property.

Step 3: We have shown that V' is a viscosity solution of (4.9) in D\ {0}. We now consider the behaviour at the
origin. Recall from Assumption 4.1 that we have assumed that f is monotone on some interval (0, 7).

Case I:. Suppose that f is strictly increasing on (0,7). Then V' = U; in some neighbourhood of the origin. We
see that 7 > 1, and so V = U; in B,(0)(0). Let « € B,(0) and consider

D2V (2) = =2f(ja)T + ||~ (2]l f(|al) + ui(a])) [l T 22T].

Since |x| < r1, we have
2z f(|z]) + uy(Jz]) > 0.



28 ALEXANDER M. G. COX AND BENJAMIN A. ROBINSON

Substituting in the value of u} and considering a first order Taylor expansion around 0, we find that there exists
C > 0 such that

||

2[el F(Jel) +w(fel) = =2 | f(s)ds = 2[al (7(1e]) ~ F(0)) + o)

Hence, for j, k € {1,... ,d},

0 < al ™ (2o f(la]) +ui(la]))

ERE mTLk' < Jol ™ (21l F(la) + ui(le))
<2 (f(l)) - f(0)) C'la].

Taking the limit as |x| — 0+, by continuity of f, we have
. 2 _ _of
:lli%D V(z) =—-2f(0)I.

It is then easy to see that V' is a viscosity solution of (4.9) at the origin.

Case II:. On the other hand, if f is decreasing in (0,7m), we have that V = Wi in B, (0). Recall from Assump-
tion 4.1 that f is continuously differentiable on some interval (0,d), and consider 2 € D such that |z| < § A 7.
Then

D2V () = |a| * [w] (|al) + 27 (lo])| 22T - 27(|a])1
=207 [~ |o] F(Jl) = (o)) + F(lz])] 22T = 2f (21
= ~2[a| ™" FJz)axT ~ 2f(|a|)1.
Since f(]z|) < 0, we get the following bound. For j,k € {1,...,d},
0< 22l F'(Jol) |osael < 2 o] () = 0, as o] 0+,

where the limit is given by the fifth statement of Assumption 4.1.
Therefore lim,_,o D2V (z) = —2f(0)1, as in Case I, and so V is a viscosity solution of (4.9) at the origin.

Step 4: By construction of the function V', the boundary condition V' = g on 9D is satisfied. We conclude, by
Theorem A.5, that the function V is equal to the value function v. Also, by the construction of V', we have that

the value function v is continuously differentiable in D.

Step 5: Finally, we turn to the proof that the control ¢* is optimal and that there also exists a Markov control

o* that attains the value function. For the proof of optimality of o*, it is sufficient to show that
t
te V(X)) + / (X7 )ds
0

2,fort20. We

is a martingale. We will work with the squared radius of the process X, writing VA4 T = ’Xf :
also let V : [0, R2) — R be such that V(z) = V(|z|?) for all z € D.

Suppose that f is increasing on the interval (0,7). Then o* is given by (4.1). Letting W be the first
component of the Brownian motion B, Lemma 3.2 tells us that Z°" satisfies the SDE

dze" =dt +2 (Z Ligere(s2z, are)) T 1{zg*e[o,r§mz)}> V27 AW,

where the index ¢ runs from 1 to the first ¢ such that r; 11 > R.

In each interval [r2, s?], there is a constant C such that

Vi(z) =2 /f sf(s)ds+ C.
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Therefore, since dZ¢" = dt when Z¢~ € [r?,s?], we can make a change of variables to find that

17

(4.14) L gov cpz.s) dv(z]) = —]I{Zg*e[rg,sf]}f(\ [Zg7) dt.
Now, in each interval (s?,77, ), there is a constant C' such that
— ikl s .
Vi(z) = 2/ / ft)ydtds + 2(riv1 — V2)sif(s:) + C.
vz s

We see that V is twice continuously differentiable in such an interval, and so we can apply It6’s formula to
V(Z°"). We calculate the derivatives

—/ 1 vz 1~
Vi(z)=—2"2 / f(s)ds — 27 2s;f(s;),
and "
V'(z) = %z* / F(s)ds — %Z*lf(ﬁ) + %z*%slf(si).

Then, by It6’s formula, we find that
Y7/ 70%\ s o* (ot o*
]l{Zf’*E(s?,rerl)} dV(Zt ) - _]]'{Zf*e(s?,T?Jrl)}f( V Zt )dt + QH{Zf*E(s?,T?+1)}V (Zt ) Zt th

We have a similar expression for the interval [0,7%), and so combining this with (4.14), we have

t t
V(X7 ) -V(X§ ) = —/0 f(X? )ds—|—2/0 <Z11{Z§,*E(S%7T$H)}+]1{Zg*€[om}> VZg dw,

for any ¢ > 0. This shows that the required martingale property holds, and so o* is an optimal control. Setting

X§ " =z, for any z € D, we see by Remark 4.3 that there exists a Markov control 5* € UM such that
E® U f(Xg*)ds] +g=E" [/ f(X;;*)ds] +g=v(z).
0 0

Since vM(z) > v(x) by Proposition 2.9, we conclude that v (z) = v(z).
Now suppose that f is decreasing on the interval (0,7), and let Xg* =z, for some z € D\ {0}. In this case
o* is given by (4.2), and Z  satisfies

dz7" =dt+2 Z Ligpr ez, nmy [7e aw,

where now the index ¢ runs from 0 to the first ¢ such that r; 11 > R. We see that Z7" never hits the origin.

We can make the same calculations as above to find that, for any ¢ > 0,
t t
V(X)) - V(XS = —/0 f(xg )ds—|—2/0 D Az e )}V 2T AW,

and so the required martingale property holds once again. We conclude that ¢* is optimal.

Once again, by Remark 4.3, there exists a control 6* € UM such that

g | [ roxgyas] = mr | [ as).

and so vM(z) = v(z), as required. O

We required the smoothness conditions on the running cost f in Assumption 4.1 in order to show that the
candidate value function is a viscosity solution at the origin. In Section 5, we will relax these assumptions and
extend the above result to include cost functions that have an infinite discontinuity at the origin. In this case,
we cannot define a viscosity solution of the HIB equation (4.9) at the origin, and so Theorem A.5 will no longer

be applicable.
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5. INFINITE COST AT THE ORIGIN

We now extend Proposition 4.6 by considering the case where the cost function is continuous on the whole
domain, except at the origin where it may become infinite. We will show that the value function takes the same
form as we saw in Proposition 4.6. We will also find growth conditions on the cost function under which the
value function becomes infinite. We note that, in allowing the cost function to become infinite at the origin, we
must take care to check that we still have equality between the strong value function v° and the weak value

W " as we showed in Proposition 2.7 for the case of continuous cost functions. In a particular growth

function v
regime, we do not prove that v¥(0) = v (0) in dimension d = 2. This result will be treated in a forthcoming
paper, using the theory of Brownian filtrations.

We relax the regularity conditions on the cost function f from Assumption 4.1, as follows.

Assumption 5.1. We assume that

1) The domain is D = Bg(0) C R?, for some R > 0 and d > 2;
2) The cost function f is radially symmetric; i.e. f(z) = f(|z|), for some function f : [0, R) — R;
3) The boundary cost g is constant;
4) The cost function f is continuous on D \ {0};
)
)

5) There exists ) > 0 such that the cost function f is monotone on the interval (0,m);

(
(
(
(
( ~
(6) The one-sided derivative f! (r) exists for all > 0 and changes sign only finitely many times.

Note that we retain the fifth statement in this assumption to ensure that the cost function does not oscillate
as it approaches the origin, and we retain the sixth statement so that there are finitely many switching points
and these are well-defined.

Having relaxed the conditions on the cost function f, we can no longer use the theory of viscosity solutions.
To prove the following results, we once again treat the cases of increasing and decreasing costs separately, and
we distinguish between regimes of slow and fast growth at the origin. The different growth regimes will be

determined by the convergence of the integrals

/Orf(s)ds and /OTsf(s)ds.

In each of the proofs in this section, we make the simplifying assumption that the boundary cost is g = 0.

However, the results still hold for any constant boundary cost g.

5.1. Cost functions increasing at the origin. We first consider cost functions that are increasing in some
neighbourhood around the origin. In this case, we will find that radial motion, as defined in Definition 3.7, is

optimal close to the origin.

Proposition 5.2. Suppose that Assumption 5.1 holds and there exists n > 0 such that f is negative and
increasing on the interval (0,m). Then the strong, weak and Markov value functions defined in Section 2 are

equal, and we can write v = v° = vW = oM. Moreover, for the candidate value V defined in Definition 4.5,

Ve (-o0,00), if [ f(s)ds > —o0, forany >0,
—00, if [y f(s)ds = —c0, for any 1> 0.

v =

Remark 5.3. Note that, since f is increasing on (0,7), the function V' is defined in Case I of Definition 4.5,
with sg = 0 and r; = inf {7" >0: [0 f(s)ds > rf(r)} When [; f(s)ds > —oo for any r > 0, the switching

point ry is well-defined.

Proof of Proposition 5.2. First suppose that, for any r > 0,

/OT f(s)ds > —o0.
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For N € N, define an approximating sequence of functions fy : [0,R) — R by
. f&) v
fu(r)=4%

fr), r>

and define fy : D — R by fn(z) = fa(|z|) for z € D. Then fy is continuous and bounded. Moreover, fixing
N > %, we have the bound fy > f. Now define v§, : D — R by

IN

2z~ 2|

)

)

vi(a) = inf B [ / fN<X;’>ds] . zeD,

using the same notation as in the definition of the strong value function v¥ in Section 2. Note that v% > v°.
Let Vv denote the candidate value function defined in Case I of Definition 4.5 with the function f replaced
by fN. Since Assumption 4.1 is satisfied for the value function v%, we can apply Proposition 4.6 to see that
vy = Viy. We can also see that, for any x € D, limy_,o0 Viv(2) = V() and V() is finite, since [ f(s)ds > —o0
for any 7 > 0. We will show that limy_,.. v3 (%) = v¥(2) and conclude that v°(x) = V(z).
Fix 0 € Y and x € D. We have

(5.1) E* [/OT fN(XngS} = E* [/OT f(|XgD1{\Xg\e(%,R)} ds} +f(]i/‘> £ {/OTIL{X?'“H} )

Define K :=sup{f(x): z € D} and note that K < oo by continuity of f in D\ {0}. Then the sequence

</OT fﬂXg')]l{\Xg\e(%,R)} ds)

is decreasing for N > % and bounded above by 7K. Since 7 has finite expectation by Proposition 2.5, we can

NeN

apply monotone convergence (see e.g. Theorem 1 of [14, Chapter II, §6]) to show that

Nli_fflooE {/0 J(X3 D]l{\Xg\e(%,R)} ds} =E [A}gnoo/o JX3 |)]l{|Xg|e(%,R)} ds] =E [/0 FAXZD ds} :
We will show that the second term of (5.1) vanishes as N — oo by referring to Proposition 3.8 on the
control problem for a step cost function. Note that f(%) < 0. For x # 0, we can choose N > ﬁ, so that, by

0> f(]if) B [/OT]I{IXQSSV}] =~/ (]1[) E [/OT _I{ngzb}}

N—oc0

> —fvf(}v) (R [o)) 22,

Proposition 3.8,

using the condition that [ f(s)ds > —oo to find the limit.

For x = 0, Proposition 3.8 gives us

0> ()2 [ sy ¥ = (5) 2 [ [ sy

~(1 2R 1 N =00
27 (5) (5 -e) 220

i & | [ fexzhas| =57 | [ foxznas).

N—o0

Hence

for any c € U, x € D.

Now fix x € D and € > 0 and choose 0° to be an e-optimal strategy for the cost function f; i.e.
E® [/ f(X;’E)ds} <v¥(x) +e.
0
Then

v (x) 4 > E” {/Tf(Xg’E)ds] = lim E® [ TfN(X;’E)ds] > lim vy (z) > 0% (x).
0 N 0
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Taking the limit as ¢ | 0, we see that
*(

09 (x) = lim vy (z),

and by uniqueness of the limit, we have that v°(z) = V (z).

As in Proposition 2.7, we can apply Theorem 4.5 of [1] to see that v® = v". Since f is continuous in
D\ {0}, upper semicontinuous at 0, and bounded above by a constant, we can deduce that the conditions of
Theorem 4.5 of [1] are met in the same way as in the proof of Proposition 2.7. Moreover, for any « € D, we can
repeat the above argument, replacing the set of strong controls ¢ with the Markov controls 4, to find that

vM(2) = V(). Hence vV = 0¥ =M = V.
[ oras=-
0

Now suppose that, for any r > 0,
We will show that radial motion is an optimal strategy and that this strategy gives a negative infinite cost. Let
the control ¢! be as defined in Definition 3.7, and define X ol by
t
x¢' :m+/ oldB,, t>0.
0
Let W be the first component of the Brownian motion B. First suppose that x # 0. Then, for any ¢t > 0,

€T
+ — Wi,
]

E® [/ F(xg |)ds] El"! [/ fow, ]1{W>O}ds}+]E|“ U F=W)lLiw, <oy ds| .

We can now use the Green’s function G for the one-dimensional Brownian motion W on the interval (—R, R),
as calculated in Example 3.6. By Corollary 3.8 of [11, Chapter VII], we see that

E? [ /0 ' f(X;‘fUds} —2 /0 " el ) fw)ay + 2 / OR G2l y)f(—y) dy

_ |zl + R R — ||
R R

1
X ==z

and so

R ~
(R—y)f(y)dy +

||

| N gl (O )
/O (y+R)f(y)dy+RR| |/ (y + R)f(~y)dy.

—-R

Making a change of variables y — —y in the last integral gives

) e l)ds} —2 [ m-wita 2w [ Fa

x| 0

Since f is bounded above and f ‘ml y)dy = —o0o, we have

g | [ Foxsyas| = -

Now let x = 0. Then, Xt"1 = e Wy, for t > 0. Using the symmetry of the Green’s function G for W about

zero, together with the growth condition on f, we have

E° UOT f(|Xgl\) ds} = 20 UT FW)Liw, >0y ds}

(5.2) - )
—4/ G(0,y)f dy—2/0 (R—y)f(y)dy = —cc.

For any = € D, note that o' € UM . Therefore we can conclude that
vW(x) <08(z) < oM(z) <E” U F(xah ds] = —o0. O
0

We have shown that for cost functions increasing at the origin, there is a dichotomy depending on the
convergence of fo s)ds. When [; f(s)ds > —oo for any r > 0, the value function is finite and equal to V,

and when fo s)ds = —oo for any r > 0, the value is identically equal to negative infinity.
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5.2. Cost functions decreasing at the origin. We now consider cost functions that are decreasing in some
neighbourhood around the origin. Excluding the origin from this neighbourhood, an optimal strategy is tan-
gential motion, as defined in Definition 3.3. We will first show that, away from the origin, the form of the value

function is unchanged from the value function in Proposition 4.6.
Proposition 5.4. Suppose that Assumption 5.1 holds and there exists n > 0 such that f is positive and
decreasing on the interval (0,m). Then, for x € D\ {0}, v(z) = v3(x) = v (z) = v™(z) = V(x) € (—00, 0),
where V' is the candidate value function defined in Definition 4.5.

Remark 5.5. In this case, since f is decreasing on (0,m), V is defined in Case II of Definition 4.5.

Proof of Proposition 5.4. For N € N, define fy, fn and vy as in the proof of Proposition 5.2. Now, for N > %,
we have fN < f7 fv < f, and ’U}% < vy. Recall that, by Proposition 4.6, v}% = Vi, where Vi is the candidate
value function defined in Case II of Definition 4.5 with the cost function f replaced by fy. Fix z € D \ {0} and
N > ‘71| Y % Then we can see that Vy(z) = V(z) € (—o0,00). We will show that v (z) = v(z) and conclude
that v¥(z) = V().

Let o* be the control defined in (4.2). Since fN is decreasing in the interval (0,7), Proposition 4.6 shows

[/ In(|X)) }
@ ] [ o]

When |Xt" | (0,7), the radius process t — |X 7 | is deterministically increasing, by Lemma 3.2. Therefore,

that ¢* is optimal, and so

(5.3)

]1{|X§,*|§%} 0, for all t > 0, since |#| > 3. Hence, by (5.3) and the definition of v¥, we have

@) 2 i) =57 | [ F(xe ) as] 2 %00

and so v°(x) = vy (z) = Vy(x) = V(z).

We can repeat the above argument, replacing the strong value functions with Markov value functions, and
replacing the optimal control ¢* with the optimal Markov control 6* defined in Remark 4.3. Note that the
process t +—» |X &*‘ is still deterministically increasing on the interval (0,7), and so the above argument holds
for the Markov value function. Therefore v (z) = V(z), for any z € D \ {0}.

Finally, for N € N, define v} : D — R by

o () = 1anEP{/ (X ], reD,

PeP,

using the same notation as in the definition of the weak value function v" in Section 2. By Proposition 2.7,
vy = vy . Once again, fix 2 € D\ {0} and N > 5+ V ., so that vy < v". Then we have

vy (z) = vy (2) < 0" (2) < 0¥(2) = V(2) = v} (),
and we conclude that "V (z) = v¥(z) = v (2) = V(). O

At the origin, we have not shown that there exists an optimal control. The function ¢° introduced in
Definition 3.3 is not defined at the origin, and so we require an approximation to tangential motion. We

consider different growth rates separately, as we did for increasing costs.

Proposition 5.6. Suppose that Assumption 5.1 holds and there exists n > 0 such that f s positive and
decreasing on the interval (0,m). Suppose further that, for any r > 0,

/f )ds < c0.

Then v(0) = v°(0) = v (0) = vM(0) = € (—o0,00), where V' is the candidate value defined in Defini-
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Proof. For N € N, define fy, fn and vy as in the proof of Proposition 5.2. Letting Vv be the candidate value
function in Case IT of Definition 4.5 with f replaced by fx, we have v5(0) = Vi (0), by Proposition 4.6. We
also see that limy_,oo Va(0) = V(0), and the value V/(0) is finite due to the growth condition on f. We will
show that v°(0) = limy_, v¥ (0) and conclude that v¥(0) = V(0).

Fix § € (0,n) and N > %. Denote by e; the unit vector in the first coordinate direction. Let o™ € U be an

5| [ (i as].

Since fy is constant on (0, +) and decreasing on (37,7), by Proposition 4.6 we can choose o such that

optimal control for the cost fy, so that

N [el; 0; ... 0} , for X4 < 5,
N =
a%(Xy), for |Xi| € [%717).

Also define a control o that coincides with o except that we set U,‘f = [61; 0;

)

3 O], for | X;| € [+, 9).

Under either control oV or ¢, the process t + | Xy| is deterministically increasing on the interval (§,7), by

Lemma 3.4. Therefore, writing 7° for the exit time from the ball Bs(0), the error between the value v% (0) and

the expected cost of choosing the control ¢® with the cost f is

0 Bx(0) =8 | ["F(x7"as] - o0

—e [ [ (s as| e [ [T w as].

In the ball Bs(0), the process X o s equal to a one-dimensional Brownian motion in the direction e; and so,

making a calculation with the Green’s function similar to (5.2) in the proof of Proposition 5.2, we find that

E° [/075 f(|X;’6])ds] =2/06 (6 —y) fly)dy

We now compute the expected cost under the control o%. When |Xt" N| € (%,5), the process X o™ follows

tangential motion, and so we can calculate

E* UO fN(‘X;’N'E])ds] - /052_N2 VN1 ds:2/63f(s) ds

L
N

In the ball B E (0), the process X o™ is a one-dimensional Brownian motion and so, making another calculation

with the Green’s function, we can write

B | [ el \>ds}— [/Nf(\xar ]+Ew[/ffzv<rxs”\>ds}
Py)+2 [ vima

By(o)=2 [ G- it ay -2 /5 v - 5 (5

Since fo s)ds < oo, for any r > 0, we can take the limit as N — oo to get

/\
s

Therefore the error is

6 ~
E(5) = lim EN(d):Q/O (6 — 29) F(y) dy,

and then taking the limit as § — 0 gives

(5-4) OSE(5)—2/6(5—2y)f()dyM—0>0
0
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Returning to the definition of Ey(6), for fixed 6 € (0,n) and N > 4, we recall that
(5.5) vy (0) + Ex(0) = E° { f(1x2°))d } .
Since fN < f, we have
05 (0) + En(8) > v¥(0) + En(9),
and, by the definition of v,
o U f~(|X;’6|)ds} > 45(0).
0
Combining these inequalities with (5.5), we see that
v5(0) + En(6) > v3(0) + Ex(8) > v5(0).

Since the sequence (v3(0)) vy is monotone, we can take the limit as N — oo and find that

v9(0) + E(5) > hm vy (0) + E(6) > v5(0).
Having calculated that lims_,q £(4) = 0 in (5.4), we have
v9(0) = lim vy (0) = V(0).
Defining v¥ as in the proof of Proposition 5.4, we have vy.(0) = v} (0) < v (0) for any N € N, and so
v9(0) = v (0) = V(0). We can also replace 0¥ with an optimal Markov control &V € U} that satisfies the

same properties as 0. Following the same arguments as above we can then conclude that v (0) = V(0). O

Remark 5.7. Note that, if the growth rate of f is such that, for any r > 0, fo s)ds = oo, then the error
E(§) in the proof of Proposition 5.6 is infinite for all §. Therefore the above argument does not generalise to

costs with faster growth at the origin.
We now consider decreasing costs with faster growth at the origin.

Proposition 5.8. Suppose that Assumption 5.1 holds and that there exists n > 0 such that f is positive and
decreasing on the interval (0,m). If, for any r > 0,

/Tsf(s)ds = o0,
0

Proof. Once again define fy, fy and vy as in the proof of Proposition 5.2. Let N > % and define the control

o™ as in the proof of Proposition 5.6, so that o is optimal for the cost fy. Using the calculations of the

then v9(0) = v (0) = vM(0) = +o0.

expected cost under the control ¢V from the proof of Proposition 5.6, we find that

vy (0) =E° UO fr(|xe ])ds] =E° UO fn(xe |)ds]+]E0 [/O f(|xe \)1{|XUN|€(UVR)}ds]
> i () +2 [ v v+ (@ =i () r € 1)}
= N2 N % yrly y 7)) min ). T m, .
By the growth condition on f , we have

lim yf( ) dy = +o0.

N—o0
Also, since f is continuous on (0, R), we have min {f(r) r e (n, R)} > —o00, and so
500y —
1\}51100 v (0) = +o0.

Defining v} as in the proof of Proposition 5.4 for any N € N, we conclude that

oM (0) > v%(0) > v (0) > lim vl (0) = lim v%(0) = +o0. O

- N—oco N—oco
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We have now fully characterised the value function for any radially symmetric cost, except for the value at

the origin when the cost function is decreasing at the origin and grows at such a rate that, for any r» > 0,

/Tf(s)ds:oo and /Tsf(s)ds<oo.
0 0

This remaining growth regime has many interesting features, which we will study in detail in a forthcoming

paper and can be found in Chapter 3 of the thesis [12]. Here we present the following partial result.

Proposition 5.9. Suppose that Assumption 5.1 holds and that there exists n > 0 such that f is positive and
decreasing on the interval (0,m). If, for any r > 0,

/Orf(s)ds:oo and /Orsf(s)ds<oo,
then, for V' equal to the candidate value function defined in Definition 4.5,
vV (0) = V(0) € (—o0,0).

Moreover, if d > 3, then v(0) = v5(0) = vV (0) = v™(0) = V(0).

Note that we do not make any claim about the strong or Markov value functions in dimension d = 2.

We split the proof of Proposition 5.9 into the two lemmas, first proving the result for dimensions d > 3.
Lemma 5.10. Under the conditions of Proposition 5.9 with d > 3, we have

v(0) = v°(0) = " (0) = v™(0) = V(0) € (—o0, ).

Proof. In this case, we can follow the same argument as in the proof of Proposition 5.6 except that we replace the

constant control [61; 05

)

. O} with é] , where [ is the d-dimensional identity matrix. Instead of following
a one-dimensional Brownian motion at the origin, the controlled processes under oV and ¢ follow a scaled
d-dimensional Brownian motion, as do the processes under the Markov controls 6%V and 5°. We now verify that
the approximation arguments in Proposition 5.6 hold with this change.

We will use the Green’s function for the d-dimensional Brownian motion B, as defined in Section 3.3 of the
book [10] of Morters and Peres. By Theorem 3.32 and 3.33 of [10] and the radial symmetry of f, there are
constants C, C’ > 0 such that, for any § € (0,n),

Ts 5
EO |;/O f(Bs)d5:| :C/B |y|2*df(y) dy:O/A rf(’f‘) dr i_Lo_)O’

where the limit follows from the assumption that for S f (s)ds < oo for any r > 0. Hence, following the same

arguments as in the proof of Proposition 5.6, we deduce the desired result. ([l

Now suppose that d = 2. Note that, from the form of the Green’s function for 2-dimensional Brownian
motion given in Theorem 3.34 of [10], we can see that the argument used for d > 3 is no longer valid. In the

following lemma, we treat the weak control problem in dimension d = 2.
Lemma 5.11. Under the conditions of Proposition 5.9 with d = 2, the weak value function is given by
v (0) = V(0) € (=00, 0).

Proof. Retaining the notation of the proof of Proposition 5.8, we have that, for any y € D with |y| =7,

N—o00

(5.6) 2Y(0) > lim w§(0) = V(0) =2 /0 " ef(y) de + V),

by Proposition 4.6 and the definition of V' in Definition 4.5.
In Theorem 4.3 of [8], Larsson and Ruf prove that, for d = 2, there exists a weak solution X o of the SDE

(5.7) dX; = o%(X;)dB;; Xy =0.
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The process X o follows tangential motion starting from the origin, as defined in Definition 3.3. By Lemma 3.4,
0
we have | X7 | = V1, for any t > 0, and so

o[ sarrad - [ s e

Note that Assumption A.1 holds, and so we can apply the dynamic programming principle from Proposi-
tion A.2 to see that, for any y € D with |y| =7,

o (0) < v5(0) < E { / Ry ds oS (X2 >] 2 [ " i) de + Vi),

using the result of Proposition 5.4 that v® = V away from the origin.

Combining the above inequality with (5.6), we have vV (0) = V/(0), as required. O

FIGURE 6. Figure showing the distinct growth reglmes for the cost function in Theorem 5.12,
highlighting the case where, for any » > 0, fo s)ds = oo and for sf(s)ds < oo, as in
Proposition 5.9.

We summarise the preceding results in the following extension of Proposition 4.6.

Theorem 5.12. Suppose that Assumption 5.1 is satisfied, and let V : D — R be the candidate value function
defined in Definition 4.5. Let x € D and suppose, moreover, that one of the following conditions holds:

(i) [ is increasing on the interval (0,n);

(i) f is decreasing on the interval (0,n) and x € D\ {0};
), x =0 and, for anyr >0, [/ (s)< 00;
)
)

b

0,7
(iv) f is decreasing on the interval (0,7), z = 0 and, for any r > 0, fo f(s
0,7

o,
(iii) f is decreasing on the interval
(
( and d > 3.

(v) f is decreasing on the interval

)

Then the value function is given by
v(z) = v¥(z) = v (z) = oM (z) = V(z).
Furthermore, we can determine when the value function is finite. Iff is increasing on the interval (0,7m), then

v>—oo, if [/ f(s)ds > —co  for any >0,

v=—o0, if [y f(s)ds = —co  for any > 0.

If f is decreasing on the interval (0,7), then v(z) < co for x € D\ {0}, and

v(0) =00, if [y sf(s)ds=oc for any r >0,
v(0) <oo, if d>3 and for Sf ds < oo forany r >0,
v(0) <oo, if d=2 and fo s)ds < oo forany r>0.
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We now discuss what remains to find the strong and Markov value functions under the assumptions of

Proposition 5.9 in the case d = 2.

Remark 5.13. Recall that, in Proposition 2.7, we appealed to Theorem 4.5 of El Karoui and Tan’s paper [1]
to show equality between weak and strong value functions, under the assumption that the cost function f is
upper semicontinuous and bounded above by a constant.

Under the assumptions of Proposition 5.9, we cannot apply Theorem 4.5 of [1], since one of the conditions
of that theorem is no longer satisfied. Namely, in our setup, Theorem 4.5 of [1] is only applicable if the random
variable F := fOT f(Xs)ds is bounded above by some random variable that is uniformly integrable under the
family of probability measures Py defined in Section 2. We show that this condition is not satisfied as follows.

Let e; be the unit vector in the first coordinate direction and define X! by th = e1 By, for t > 0. Then let
PX' be the law of the process X! and define the product measure P := PX "t x de, € Po. Following the same

Green’s function calculation as in (5.2) in the proof of Proposition 5.2, we compute that

E? [ / ' f(Xs)dS] - / (R () dr = too.

due to the growth condition on f at the origin. Hence there does not exist any uniformly integrable upper

bound on F, and Theorem 4.5 of [1] does not apply.

In Lemma 5.11, we found the weak value function at the origin by using the fact that there exists a weak
solution of the SDE (5.7) describing tangential motion started from the origin. However, the SDE (5.7) has no
strong solution. The proof of this fact will appear in a forthcoming paper and can also be found in Chapter 3
of the thesis [12]. Since there exists no strong solution, we cannot follow the same argument as in the proof of
Lemma 5.11 to find the strong value function. Nevertheless, we will show in our forthcoming paper that the
strong and weak value functions are in fact equal, using the theory of Brownian filtrations. Again the details
can be found in Chapter 3 of the thesis [12].

Another consequence of the lack of strong solutions of the SDE (5.7) is that the optimal strong control
that we will construct cannot depend only on the current position of the controlled process. This leads us to
conjecture there is a gap between the Markov value function and the strong and weak value functions at the

origin.

APPENDIX A. DYNAMIC PROGRAMMING AND COMPARISON PRINCIPLES

In this appendix, we state the main results from the theory of dynamic programming and viscosity solutions
that we use in the paper. The proofs of these results are fairly standard, but we have been unable to find
versions of these results in the literature that completely cover the conditions required here. Full details can be

found in the doctoral thesis [12]. We require the following strengthening of Assumption 2.1.

Assumption A.1. Suppose that Assumption 2.1 holds and, moreover, the domain D is strictly convex and

the value function v satisfies v(x) > —oo, for any x € D.

Proposition A.2. Suppose that Assumption A.1 is satisfied. Then v is continuous and the following dynamic

programming principle holds. For any x € D and any stopping time 0 with 8 € [0, 7] almost surely, v satisfies

(A1) v(z) = l}rellf/{]E

0
/O f(Xs”)d5+v(Xe”)] .

Remark A.3. If there exists an optimal control o* € U, then (A.1) is equivalent to stating that

t ] a submartingale, for all o €U,
U(Xt”)—i-/ f(X)ds is
0

a martingale, for o=o0".
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Proposition A.4. Suppose that Assumption 2.1 holds and that f : D — R is continuous. Then we have the

fo

llowing comparison principle for the HJB equation

1.
(A.2) ~3 ;ggT‘r (D*voo™) — f=0.

Suppose that u € USC(D) is a viscosity subsolution of (A.2), v € LSC(D) is a viscosity supersolution of (A.2),
and u <v on dD. Thenu <wv on D.

Theorem A.5. Suppose that Assumption A.1 holds, and suppose further that the domain D is uniformly

convez, the running cost [ is continuous in D, and the boundary cost g is uniformly continuous on 0D.

Then the value function v : D — R defined in Section 2 extends continuously to D and is the unique viscosity

solution of the HIB equation (A.2) in D, with boundary condition v =g on dD.

REFERENCES

. N. El Karoui and X. Tan. Capacities, Measurable Selection and Dynamic Programming Part II: Application in Stochastic
Control Problems. arXiv:1810.3864 [math], Oct. 2013.
E. R. Fernholz, I. Karatzas, and J. Ruf. Volatility and arbitrage. The Annals of Applied Probability, 28(1):378-417, Feb. 2018.

3. W. H. Fleming and H. M. Soner. Controlled Markov Processes and Viscosity Solutions, volume 25. Springer Science & Business

Media, 2006.

. F. Gozzi and T. Vargiolu. Superreplication of European multiasset derivatives with bounded stochastic volatility. Mathematical
Methods of Operations Research (ZOR), 55(1):69-91, Mar. 2002.

. I. Karatzas and S. E. Shreve. Brownian Motion and Stochastic Calculus, volume 113 of Graduate Texts in Mathematics.
Springer New York, New York, NY, 1998.

. A. E. Kyprianou and B. A. Surya. Principles of smooth and continuous fit in the determination of endogenous bankruptcy
levels. Finance and Stochastics, 11(1):131-152, 2007.

7. M. Larsson and J. Ruf. Minimum curvature flow and martingale exit times. arXiv:2003.13611 [math], Mar. 2020.
8. M. Larsson and J. Ruf. Relative Arbitrage: Sharp Time Horizons and Motion by Curvature. arXiw:2003.18601 [math, g-fin],

10.
11.

12.

13.

14.

15.

16.

17.

Mar. 2020.
. T. Lim. Optimal martingale transport between radially symmetric marginals in general dimensions. Stochastic Processes and
their Applications, 130(4):1897-1912, Apr. 2020.
P. Morters and Y. Peres. Brownian Motion, volume 30. Cambridge University Press, 2010.
D. Revuz and M. Yor. Continuous Martingales and Brownian Motion, volume 293 of Grundlehren Der Mathematischen
Wissenschaften. Springer Berlin Heidelberg, Berlin, Heidelberg, 1999.
B. A. Robinson. Stochastic Control Problems for Multidimensional Martingales. PhD Thesis, University of Bath, 2020.
W. Rudin. Principles of Mathematical Analysis. McGraw-Hill, third edition, 1976.
A. N. Shiryaev. Probability, volume 95 of Graduate Texts in Mathematics. Springer Science & Business Media, second edition,
1996.
X. Tan and N. Touzi. Optimal Transportation Under Controlled Stochastic Dynamics. The Annals of Probability, 41(5):3201—
3240, 2013.
N. Touzi. Optimal Stochastic Control, Stochastic Target Problems, and Backward SDE, volume 29 of Fields Institute Mono-
graphs. Springer New York, New York, NY, 2013.
T. Vargiolu. Existence, uniqueness and smoothness for the Black-Scholes-Barenblatt equation. Technical report, Universita di
Padova, 2001.

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF BATH, BaTH, U.K.

E-mail address: a.m.g.cox@bath.ac.uk

UNIVERSITAT WIEN, VIENNA, AUSTRIA

E-mail address: ben.robinson@univie.ac.at



	1. Introduction
	1.1. Problem statement
	1.2. Motivation and literature
	1.3. Optimal behaviour
	1.4. A switching problem with smooth fit
	1.5. Behaviour at the origin
	1.6. Outline of the paper

	2. Problem formulation
	2.1. Strong formulation
	2.2. Weak formulation
	2.3. Markov formulation

	3. Occupation times
	4. Explicit solution for radially symmetric costs
	4.1. Reduction to a switching problem
	4.2. Optimal switching points
	4.3. Construction of the value function
	4.4. The principle of smooth fit
	4.5. Proof of optimality

	5. Infinite cost at the origin
	5.1. Cost functions increasing at the origin
	5.2. Cost functions decreasing at the origin

	Appendix A. Dynamic programming and comparison principles
	References

