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Abstract

We provide an obstacle version of the Geometric Dynamic Programming Principle of Soner and
Touzi [23] for stochastic target problems. This opens the doors to a wide range of applications,
particularly in risk control in finance and insurance, in which a controlled stochastic process has to
be maintained in a given set on a time interval [0,7]. As an example of application, we show how
it can be used to provide a viscosity characterization of the super-heging cost of American options
under portfolio constraints, without appealing to the standard dual formulation from mathematical
finance. In particular, we allow for a degenerate volatility, a case which does not seem to have been

studied so far in this context.
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1 Introduction

A stochastic target problem can be described as follows. Given a set of controls A, a family of d-
dimensional controlled processes Zg . with initial condition Zy ,(0) = z and a Borel subset G of R,
find the set V(0) of initial conditions z for Z§ , such that Zy ,(T) € G P—a.s. for some v € A.

Such a problem appears naturally in mathematical finance. In such applications, Zg , , = (Xé’ﬂw, Yy wy)
typically takes values in R%! x R, Yy ., stands for the wealth process, v corresponds to the financial
strategy, X¢ , stands for the price process of some underlying financial assets, and G is the epigraph £(g)
of some Borel map g : R%~! — R. In this case, V(0) = {(z,y) e R xR : Ive Ast. Yy, (T) >
9(X¢ .(T)) P—a.s.}, which, for fixed values of x, corresponds to the set of initial endowments from
which the European claim of payoff ¢(Xg (7)) paid at time 7' can be super-replicated.

In the mathematical finance literature, this kind of problems has usually been treated via the so-called
dual formulation approach, which allows to reduce this non-standard control problem into a stochastic
control problem in standard form, see e.g. [16] and [18].



However, such a dual formulation is not always available. This is the case when the dynamics of the
underlying financial assets X" depends on the control v in a non-trivial way. This is also the case for
certain kind of models with portfolio constraints, see e.g. [21] for Gamma constraints. Moreover, it
applies only in mathematical finance where the duality between super-hedgeable claims and martingale
measures can be used, see [16]. In particular, it does not apply in most problems coming from the

insurance literature, see e.g. [4] for an example.

In [22] and [23], the authors propose to appeal to a new dynamic programming principle, called geo-

metric, which is directly written on the stochastic target problem:
V(it)={zeR? : 3veAst. Z7,(0) e V() P-as.} forall §€ Ty, (1.1)

where V(6) extends the definition of V/(0) to the non trivial time origin 6 and 7, 7| denotes the set of

stopping times taking values in [t, T7].

Since then, this principle has been widely used in finance and insurance to provide PDE characterizations
to super-hedging type problems, see also [24] for an application to mean curvature flows. Recent results
of [7] also allowed to extend this approach to the case where the condition P [Z{]”Z(T) € G] =1is
replaced by the weaker one P [Z§ . (T) € G] > p, for some fixed p € [0,1]. Similar technologies are used
in [6] to study optimal control problems under stochastic target or moment constraints.

Surprisingly, it seems that no obstacle version of this geometric dynamic programming principle has
been studied so far. By obstacle version, we mean the following problem: find the set V(0) of initial
conditions z for Z§ , such that Zg () € G(t) V t € [0,T] P—as. for some v € A. Here, t — G(t) is now
a set valued map, “obstacle”, taking values in the collection of Borel subsets of R<.

The main aim of this paper is to extend the geometric dynamic programming principle to this setting.

We shall show in Section 2 that the counterpart of (1.1) for obstacle target problems is given by:

7,0
V(it)={z€R*:Ivec Ast Z{ (T NO) € G@V P—asVrTeTyn} forall 0Ty, (1.2)

where

7,0
G@V = G(1) lr<o + V() 1> -

In Section 3, we provide an example of application in mathematical finance. Namely, we study the
problem of super-hedging an American option under portfolio constraints. The problem of super-
hedging financial options under constraints has been widely studied since the seminal works of Cvitanic
and Karatzas [11] and Broadie et al. [9]. From a practical point of view, it is motivated by two
important considerations: 1. constraints may be imposed by a regulator, 2. imposing constraints avoids
the well-know phenomenon of explosion of the hedging strategy near the maturity when the payoff is
discontinuous, see e.g. [20].

Recently, this problem has been further studied by [5] who considered the problem of super-hedging
under constraints for barrier type options in a general Markovian setting, thus extending previous results
of [20]. A similar analysis has been carried out by [14] for American options and by [15] for perpetual
American barrier options both within a Black and Scholes type financial model.

Our analysis can be compared to [25] who considered European type options, and the proofs are actually
very close once the dynamic programming (1.1) is replaced by (1.2). The main difference here comes
from the fact that we do not impose that the volatility matrix is invertible, an assumption which was
also crucial in [5], [9], [11], [14], [15] and [25]. This introduces new technical difficulties which we tackle



in this particular context but could be transported without major difficulties to the cases discussed in
the above quoted papers.

In order to separate the difficulties, we shall restrict to the case where the controls take values in a
given convex compact set. The case of unbounded control sets can be handled by using the technology

developed in [7].
We conclude this introduction with some notations that will be used all over this paper.

Notations. From now on, we let (2, F,P) be a probability space endowed with a filtration F := (F; )<t
for some fixed time horizon 7" > 0. It is assumed to satisfy the usual assumptions.

Given 0 < s <t < T, we denote by 7, the set of [s,t]-valued stopping times. We simply write 7°
for T 7). For any 6 € 7, we let L}(0) be the set of all p-integrable R%valued random variables which
are measurable with respect to Fy. For ease of notations, we set L) := L/(T). We denote by S the
set of (0,£) € T x L% such that £ € L2(#). Observe that S := [0,7] x R? C S. We denote by HY
the set of all R%valued cad-lag progressively measurable processes. Inequalities or inclusion between
random variables or random sets have to be taken P—a.s. In case of processes, they should be considered
Leb x P-a.e., where Leb is the Lebesgue measure on [0,7]. Any element x of R? is identified to a column
vector whose i-th component is denoted by z* and Euclidean norm is |z|, diag [z] is the diagonal matrix
whose i-th diagonal element is %. Transposition is denoted by ’. Given z, p € R we set zp := (2°p");<4,
ef = (e”i)igd and zf = H?Zl(:ri)”i, whenever the operations are well defined. We denote by B,.(z)
the open ball of radius 7 > 0 and center . For a set A C RY, we note int(A) its interior and 9A its
boundary. Given a smooth map ¢ on [0, 7] x R¢, we denote by 0;¢ its partial derivatives with respect to
its first variable, and by Dy and D?¢ is partial gradient and Hessian matrix with respect to its second
variable. For a locally bounded map v on [0, 7] x (0,00)¢, we set

vi(t, x) = lim inf v(s,z) and v*(t,z):= lim sup v(s, 2)

(s,2) — (t, ) (s,2) — (t, )
(s,2) € [0,T) x (0, 00)% (s,2) € 10,T) x (0, 00)?

for (¢,z) € [0,T] x (0,00)%.

2 The obstacle geometric dynamic programming principle

The obstacle stochastic problem consists in describing the set of initial conditions on Z” such that
Z¥(t) € G(r) for all stopping time 7 < T*:

Vt):={z€eR?: JveAst Z/ (1) €G(r) forall T € Ty}, t<T.

Before to state our main result, we now make precise the definitions of the involved quantities. We also
recall the natural assumptions that were used in [23] and introduce a new assumption which will allow

us to extend their result to our framework: the right-continuity assumption on the target G.

2.1 Standing Assumptions

We start with a regularity assumption on the map G which is specific to our obstacle stochastic target

problem.

On the target. The map G is a measurable set-valued map from [0, 7] to the set Bga of Borel sets of
R?. It is assumed to be right-continuous in the following sense:



G. Right-continuity of the target. For all sequence (t,, z,)n of [0,T] x R? such that (t,,2,) — (¢, 2), we
have

tn > tper and 2z, € G(t,)Vn>1 = ze€G(t).

We now turn to assumptions that are similar to the one introduced in [23]. Note however that our
formulation of the assumption Z2 below is slightly different from the corresponding one in [23]. The
reason for this is that the assumption made in [23] is in general not satisfied when the controls are not
of Markovian type. We propose here a weaker version which allows to consider a larger class of control
processes. It is the analog of Assumption A4-a introduced in the context of optimal control problems
in standard form in [8].

On the set admissible controls. Given a Borel subset U of an Euclidean space, we denote by U the
set of all progressively measurable processes v : [0,7] x Q — U.
The set of admissible controls A is defined as a given Borel subset of &/ which satisfies the following two
conditions:
A1. Stability under concatenation at stopping times: For all v, € Aand 0 € T,

1/11[0’9) + V21[9,T] e A

A2. Stability under measurable selection: For any 6§ € T and any measurable map ¢ : (2, F(0)) —
(A, B4), there exists v € A such that

v=c¢onl[0,T]xQ Lebx P —a.e.,
where B 4 is the set of all Borel subsets of A.

Remark 2.1 The previous assumptions are natural in optimal control, see e.g. [17], and already appear
in Soner and Touzi [23]. The assumption A2 holds whenever A is a separable metric space, see Lemma
2.1 in [23].

On the state process. The controlled state process is a map from S x A into a subset Z of Hg
(0, v)eSx A Zy . € Z .

The state process is assumed to satisfy the following conditions, for all (6,£) € S and v € A:
Z1. Initial condition: Zg . =0 on [0,6) and Zj .(0) = &.
Z2. Consistency with deterministic initial data: Fix a bounded Borel function f. Then, for P—a.s.
every w € (2, there exists 7,, € A such that
E[f(sV 6,25 (sV0) | Fo] (w) =E [f(s VW), 252, e (5V o(w)))} for all s € [0,7] .

Z3. Flow property: For 7 € T such that § < 7 P-a.s.:
Zye =27, on[r,T], where pu:= Zy (7).
Z4. Causality: Let 7 be defined as in Z3 and fix v1,v5 € A. If 1 = 15 on [, 7], then
Zy'e=Zy on [0,7] .
75. Measurability: For any u < T, the map
(t,z,v) € S x A Z} (u)

is Borel measurable.



Remark 2.2 It follows from the regularity assumption G and the right-continuity of the paths of Z},
that V' can be alternatively described as:

Vit)={z€R?: Jvecdst Zy (s) € G(s) forall s € [t,T] P-as.} , t <T.

2.2 The Obstacle Geometric Dynamic Programming Principle

We can now state the main result of this section which extends Theorem 3.1. in Soner and Touzi [23].

Theorem 2.1 Suppose that the assumptions Z1 — 725, A1 — A2 and G are satisfied. Fizt < T and
0 € Ty, 7). Then

7,0
V(t)={ze€R*:3Fv e As.t ZZZ(T/\G)GG@V Ve Ty},

where Y
GV = G(r) Lrcy + V(6) 1rsg
The above result states that not only Zy (1) € G(7) for all 7 € T}, 1) but also that Zy,(0) should belong
to V(0), the set of initial data £ such that G(6,¢) # 0, where
G(t,2) ={veA:Z{ ()€ G(r) forall T € Ty 1}, (t,2) €S .

To conclude this section, let us discuss some particular cases. In the discussions below, we assume that
the conditions of Theorem 2.1 hold.

Example 2.1 (One sided constraint) Let Zy, , be of the form (X

values in R?~! and Yy

Yl/

174 17
.y t,z,y) where X

ta,y takes

takes values in R. Assume further that:
o G(t):={(z,y) R xR : y > g(t,x)), for some Borel measurable map g : [0, 7] x R¥~! - R.

e The sets I'(t,z) :={y € R: (z,y) € V(t)} are half spaces, i.e.: y1 > y2 and y2 € T'(t,z) = y1 €
[(t,z), for any (¢,z) € [0,T] x R4~1.

Note that the last condition is satisfied if X does not depend on the initial condition y and when
y — Y}, , is non-decreasing.
In this case, the associated value function

o(t,x) :=inf(¢t,z), (t,z) € [0,T] x RI!

completely characterizes the (interior of the) set V(t) and a version of Theorem 2.1 can be stated in

terms of the value function v:

(DP1) If y > v(t, z), then there exists v € A such that

Y (6) > 0(6, X

t,xzyy

(6)) for all 0 € Ty 7y -

(DP2) If y < v(t,x), then 3 7 € 7p; 7y such that

P [Y;”wy(é’ AT) > v(0,X{ . () lo<r + g(T, th:w)y(r))ngT] <1

t,x,y
for all 0 € 7, 1) and v € A.

Note that, by definition of v we have v > g, which explains why the constraints Y}, (1) > g(7, X{, (7))

needs not to appear in (DP1).



Example 2.2 (Two sided constraint) Let Z;, , be as in Example 2.1. Assume that G satisfies:

e G(t) :={(z,y) e R xR : g(t,x) < g(t,x))}, for some Borel measurable maps g,g :

Sy
[0,T] x R*~! — R satisfying g < g on [0,7] x R4~1.

e The sets I'(t,z) := {y € R: (z,y) € V(t)} are convex, i.e: A € [0,1] and y1,y2 € I'(t,z) =
M1+ (1= Nyz € T(t,2), for any (t,x) € [0,7] x RI~L.

In this case, the associated value functions
v(t,x) :=infD(t,z) and o(t,z):=supD(t,z), (t,z) € [0,T] x RI~1

completely characterize the (interior of the) set V(t) and a version of Theorem 2.1 can be stated in

terms of these value functions:

(DP1) If y € (v(t,x),0(t, x)), then there exists v € A such that

v(0, X7 4 (0)) <Y

t,x,y

(0) <wv(0,X¢,,(0)) for all 0 € Ty py .

t,z,y
(DP2) If y ¢ [v(t,x),0(t, )], then 3 7 € Tp; g} such that
P D/tl,/x,y(e A T) € (Q, 17) (9’ Xél,z,y(e))19<'r + (Q g) (T7 X:,J;,y(T))lng] <1,

for all 0 € 7, 1) and v € A.

2.3 Proof of Theorem 2.1

The proof follows from similar arguments as the ones used in Soner and Touzi [23], which we adapt to

our context.
Given t € [0, T], we have to show that V(¢) = V(¢) where

7,0
V(it):={zcR: e Ast Zy (TNO) € G@V for all 7 € Ty 1y},

for some 6 € 74 7.

We split the proof in several Lemmas. From now on, we assume that the conditions of Theorem 2.1
hold.

Lemma 2.1 V(t) C V(¢).

Proof. Fix z € V(t) and v € G(t,2), i.e. such that Zy (1) € G(7) for all T € T}, 7). In view of Z3, we
have Zy (0 v 0) € G(9V 0) for all J € Tj; 7, where § := Z}_(0). Since Zj . is right-continuous and G
satisfies the right-continuity property G, it follows that Z7 (s V 0) € G(s V 0) for all s € [t,T] P—a.s.
Hence,

1=P[Z;:(sVO) e€G(sV0) | Fy| forallseltT].
We now apply Z2 to deduce that, for P-almost every w € 2, there exists 7, € A such that

1:1@[2%

0(w),&(w) (sVO(w)) e G(sV H(w))} for all s € [t,T] .

Using the right-continuity of ngi;) £(w) and G again, we then deduce that, for P-almost every w € €,

Zg(“’w) £(w)(s V(w)) (@) € G(sV O(w)) for all s € [§(w),T] for P-almost every @ € €. Recalling Remark



2.2, this shows that { = Z}_(0) € V(0) P—a.s. Since we already know that Z,(7) € G(7) for all
7 € T}t 7), this shows that z € V(¢). m|

It remains to prove the opposite inclusion.
Lemma 2.2 V(t) C V(¢).
Proof. We now fix z € V(t) and v € A such that
0
Z{(0nT) eGPV P—as for all 7€ Ty . (2.1)
1. We first work on the event set {# < 7}. On this set, we have Z; () € V() and therefore

0,27 .(0)) € D= {(t,z) € S: 2 € V(t)}.

Let Bp denote the collection of Borel subsets of D. Applying Lemma 2.3 below to the measure induced
by (6,2} ,(0)) on S, we can construct a measurable map ¢ : (D, Bp) — (A, Ba) such that

¢(0,2;.(6))
Z9,Zt”,z(9) (V) € G(V) for all ¥ € Tjg.1y,

ie.

0(0,2;.(0)) € G0, 2/ .(0)) -
In view of A2, we can then find v; € A such that vy = ¢(0, Z; ,(0)) on [0, T] Lebx P-a.e. It then follows
from A1 that

vi=vlpe +rilpr €A.

Moreover, according to Z3 and Z4, we have

2 »(0,2; .(0))
Zy (1) = ZH,ZKZ(G) (r)eG(r)on {8 <T7}.

2. Let ¥ be defined as above and note that, by (2.1), we also have

7,0
Z} (r)=Z{.(r) e GEPV = G(r) on{r<0}.
3. Combining the two above steps shows that 7 € G(¢, z) and therefore z € V(). |
It remains to prove the following result which was used in the previous proof.

Lemma 2.3 For any probability measure i on S, there exists a Borel measurable function ¢ : (D,Bp) —
(A, B4) such that
o(t,z) € G(t,z) for u—a.e. (t,z) €D .

Proof. Set B :={(t,z,v) € Sx A:v € G(t,2)}. It follows from Z5 that the map (¢,s,v) € S x A —
Zy ,(r) is Borel measurable, for any r < 7. Then, for any bounded continuous function f, the map
Yy (ts,v) € S x A — E[f(Z{.(r))] is Borel measurable. Since G(r) is a Borel set, the map 1g() is
the limit of a sequence of bounded continuous functions (f™),>1. Therefore, (s = lim,, oo zb;n isa

Borel function. This implies that B" is a Borel set, where, for 6 € 7, 7y,
B :={(t,s,v) € Sx A:p]_(t,z,v) > 1} ={(t,s,v) € S x A: Zy,(0) € GO)} .

Since B = ﬂaeT[t - BY, appealing to the right-continuous assumption G and the right-continuity of
Zy ,, we deduce that B = [ .p reo B This shows that B is a Borel set and therefore an analytic

subset of S x A, see [3].



Applying the Jankov-von Neumann Theorem (see [3] Proposition 7.49), we then deduce that there exists

an analytically measurable function ¢ : D — A such that
o(t,z) € G(t,z) forall (t,2) € D .

Since an analytically measurable map is also universally measurable, the required result follows from
Lemma 7.27 in [3]. O

3 Application to American option pricing under constraints

In this section, we explain how the obstacle geometric dynamic programming principle of Theorem 2.1
can be used to relate the super-hedging cost of an American option to a suitable class of PDEs, in a

Markovian setting.

More precisely, we shall consider a Brownian diffusion type financial market with portfolio strategies
constrained to take values in a convex compact set. We note that the case of an unbounded set of
controls can also be handled by following the ideas introduced in [7]. Similarly, jumps could be added

to the dynamics without major difficulties, see [4].

On the other hand, we shall allow for a possibly degenerate diffusion coefficient, a case which has not
been studied so far in this literature. We therefore take this opportunity to explain how it can be
treated, which is of own interest and could be transposed to other hedging problems under constraints,

e.g. for plain vanilla European options or for barrier options.

3.1 The financial model

From now on, we assume that the filtration F := (F;)i<r is generated by a standard d-dimensional

Brownian motion W.

We consider a Markovian model of financial market composed of a non-risky asset, which price process
is normalized to unity, and d risky assets X = (X!, ..., X¢) whose dynamics are given by the stochastic

differential equation
dX (s) = diag [X (s)] u(X (s))ds + diag [X (s)] o (X (s))dW . (3.1)

Here p : R — R? and o : R? — MY, the set of d x d-matrices. Time could be introduced in the
coefficients without difficulties, under some additional regularity assumptions. We deliberately choose

a time homogeneous dynamics to alleviate the notations.

Given z € (0,00)¢, we denote by X; . the solution of the above equation on [t, T satisfying X; ,.(t) = =.

In order to garantee the existence and uniqueness of a strong solution to (3.1), we assume that
(1, 0) is bounded and = € R% — (diag [2] o(z), diag [z] u(x)) is Lipschitz continuous. (3.2)

Importantly, we do not assume that o is uniformly elliptic nor invertible, as in e.g. [2], [5] or [25].

A financial strategy is described by a d-dimensional predictable process 7 = (7!, ...,7¢). Each compo-

nent stands for the proportion of the wealth invested in the corresponding risky asset. In this paper,
we restrict to the case where the portfolio strategies are constrained to take values in a given compact
convex set K C R%:

m e K LebxdP—ae, with0e K CR? convex and compact.



We denote by A the set of such strategies.

To an initial capital y € R4 and a financial strategy 7, we associate the induced wealth process ;7 ,
defined as the solution on [t,T] of

dY (s) = Y (s)r’diag [X; »(s)] " dX1 0 (s) = V()7 (X0 (8))ds + Y (s)7i0 (X 0 () dW, (3.3)

with Y (t) = y.

3.2 The super-hedging problem and the dynamic programming principle
The option is described by a locally bounded map g defined on [0,7] x R% and satisfying

g>0 and g is continuous on [0, 7] x (0,00)% . (3.4)
The buyer receives the payoff g (1, X; (7)) when he/she exercises the option at time 7 < T
The super-hedging cost is thus defined as

ot,z):=inf{yeRy: Ime Ast YT,

(1) > g(r, Xy 4(7)) VT € T[t,T]} . (3.5)

Remark 3.1 Note that v(¢,2) coincides with the lower bound of the set {y € Ry : (x,y) € V(¢)}
where
V(t) = {(z,y) € (0,00) x Ry : I € As.t. Z{ (1) €G(T) V7 €Ty 1},

with Z7 . and G defined as

t,x,y

Zy,

Sy

= (X4, Y/,,) and G(t) := {(v,y) € RL xRy 1y > g(t,z)} .

»TyY

Also notice that A satisfies the condition A1 of Section 2.1. Since A is a separable metric space, see
e.g. Section 2.5 in [23], it also satisfies A2, see Remark 2.1 of Section 2.1. The assumptions Z1 and
Z3 — 75 trivially hold for ZT, . Moreover, the continuity assumption (3.4) implies that G(t) satisfies
the right-continuity condition G of Section 2.1. To see that Z2 also holds, we now view (2, F,F,P)
as the d-dimensional canonical filtered space equipped with the Wiener measure. We denote by w or
@ a generic point. The Brownian motion is thus defined as W(w) = (w;);>0. For w € Q and r > 0,
we denote w” := w5, and T, (w) == w1, — w,. For (0,£) € S, 7€ A, s € [0,T] and a bounded Borel

function, we have:

E[f(sV0,Z5c(sV0))| Fo] (w) /f (SV9(“’)»Z;T((;”;,ZST““”‘”)(sv9(w))(@)> iP(2) .

= E[f(sV0w). 2], e (s V)]
where, for fixed w € Q, 7, 1 @ € Q — 7(W®) + Ty(,)(©)) can be identified to an element of A.

It follows from the above Remark that the obstacle geometric dynamic programming principle of The-

orem 2.1 applies to v, compare with Example 2.1.

Corollary 3.1 Fizr (t,z,y) € [0,T] x (0,00)¢ x R
(DP1). Ify > v(t,x), then there exists m € A such that

Y:Ty(ﬁ) > (0, X1 4(0)) for all 0 € Ti1) -
(DP2) Ify <w(t,x), then 3 7 € Tp ) such that
P Y7, ,(OAT) > 0(0, Xt 0y(0)lo<r + (7, Xpoy(7))10>,] <1

for all 0 € Ty 7 and ™ € A.



3.3 PDE characterization of the super-replication cost

In this section, we show how the dynamic programming principle of Corollary 3.1 allows to provide a

PDE characterization of the super-hedging cost v. We start with a formal argument.
The first claim (DP1) of the geometric dynamic programming principle can be formally interpreted as
follow. Set y := v(t,x) and assume that v is smooth. Assuming that (DP1) of Corollary 3.1 holds
for y = v(t, ), we must then have, at least at a formal level, dY;",  (t) > dv(t, X; . (t)), which can be
achieved only if mju(x)v(t,z) — Lo(t,z) > 0 and v(t, x)n’'o(z) = (Dv)'(t, z)diag [z] o(x), where
1
Lo(t,x) = Ow(t,z) + (Dv)'(t, z)diag [z] u(z) + §Trace [diag [z] o(z)0’ (z)diag [z] D*v(t, z)] .

Moreover, we have by definition v > g on [0,7") x (0,00)%. Thus, v should be a supersolution of:

Hep(t, x) := min{ eAS/u% : (7' w(@)p(t, x) — Lo(t,x) , ¢ —g} =0, (3.6)

where, for a smooth function ¢, we set No(t,z) := N(z, p(t, ), Do(t, z)) with
N(z,y,p) == {r € K : yr'o() =p' diag[z] o(2)}, for (z,,p) € (0,00)% x Ry x RY,

and we use the usual convention sup ) = —oo.
Note that the supersolution property implies that Mv # ), in the viscosity sense. We shall show in
Lemma 3.2 below that, for (x,y,p) € (0,00)% x Ry x RY,

N(z,y,p) #0 <= M(z,y,p) >0, (3.7)
where
M(x,y,p) := inf {3,(p)y — p'diag [z] p}
PEK,
with
6z(p) :==sup{i'p, # € K} , K, :={7€R? : #o(z) =7'0(x) for some 7 € K} ,
and

K, = {pGRd clpl=1 and d,(p) < oo} .
Hence, v should be a supersolution of
min{He , My} =0, (3.8)

where Mop(t,z) = M(z,¢(t,x), Do(t,x)), the possible identity M (x,v(t,z), Dv(t,x)) = 0 which is
equivalent to v(t, )~ 'diag [z] Dv(t,z) € 0K, see [19], reflecting the fact that the constraint is binding.

Remark 3.2 Note that
K=K, and 4,(p) =d(p) where §(p) :=sup{n'p : m€ K} , when o(z) is invertible.  (3.9)
Since N¢(t, x) is a singleton, when o is invertible, we then retrieve a formulation similar to [5] and [22].

Moreover, the minimality condition in the definition of v should imply that v actually solves (in some

sense) the partial differential equation (3.8), with the usual convention sup ) = —oc.

We shall first prove that v is actually a viscosity solution of (3.8) in the sense of discontinuous viscosity
solutions. In order to prove the subsolution property, we shall appeal to the additional regularity

assumption:
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Assumption 3.1 Fiz (29, y0,p0) € (0,00)% x (0,00) x R? such that y, 'diag[zo] po € int(K,,). Set
7o € N(x0,v0,p0). Then, for all ¢ > 0, there exists an open neighborhood B of (zo,yo, po) and a locally
Lipschitz map & such that

|7t (20, Yo, o) — mo| < €

and
#(x,y,p) € N(z,y,p) on BN ((0,00)* x (0,00) x RY) .

Remark 3.3 In the case where o is invertible, it corresponds to Assumption 2.1 in [7].

Theorem 3.1 Assume that v is locally bounded. Then, v, is a viscosity supersolution of (3.8) on

[0,T) x (0,00)%. If moreover Assumption 3.1 holds, then v* is a wiscosity subsolution of (3.8) on
[0,T) x (0,00)%.

Not surprisingly, the constraint Mwv > 0 should propagate to the boundary point ¢ = T which implies
that the boundary condition should be written in terms of the solution of the partial differential equation

min {¢(z) — g(T,z) , Mp(x)} =0. (3.10)

Theorem 3.2 Assume that v is locally bounded. Then, v.(T,-) is a viscosity supersolution on (0,00)?
of (3.10). Assume further that Assumption 3.1 holds, then v*(T,-) is a viscosity subsolution on (0, 00)?

of (3.10).

We conclude by establishing a comparison result for (3.8)-(3.10) which implies that v is continuous on
[0,T) x (0,00)%, with a continuous extension to [0,7] x (0,00)%, and is the unique viscosity solution
(3.8)-(3.10) in a suitable class of functions. To this purpose, we shall need the following additional

assumptions:

Assumption 3.2 There exists ¥ € K N[0,00)%, A > 1 and C,cx > 0 such that:

(i) My € K, for all z € (0,00)%,

(i) g(t,z)| < C (14 27) for all (t,z) € [0,T] x (0,00)%,

(iii) 0,(p) > cx for all = € (0,00) and p € K,,

(iv) for allz,y € (0,00)* and p € K., we can find p € K,, satisfying |p—p| < Clz—y| and 5,(p)—d.(p) <
€(x,y), where € is a continuous map satisfying €(z,z) = 0 for all z € (0,00)<.

Moreover,

(v) Either

(v.a.) There exists L > 0 such that, for all (z,Z,y,y,p,p) € (0,00)%? x R2 x R*!: 1 € N(z,y,p) # 0,
N(Z,9,p) #0 and |[v — 7| < L' = 3 7 € N(7,9,D) st

lym' p(x) — g’ w(z)| < Lip'diag [z] p(x) — p'diag [Z] u(Z)] .

or
(v.b.) For all p,q € R? and z € (0,00)%: p'o(x) = ¢'o(z) = p'u(r) = ¢

/

().

Theorem 3.3 Let Assumptions 3.1 and 3.2 hold. Then, v* = v, is continuous on [0,T] x (0,00)¢
and is the unique viscosity solution of (3.8)-(3.10) in the class of non-negative functions satisfying the
growth condition (ii) of Assumption 3.2.
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Remark 3.4 1. The first condition holds whenever Ay € K.
2. The condition (ii) implies that

I3C>0st [vt,z)| <C(1+27) V(t,z)€[0,T] x (0,0)9, (3.11)

which in particular shows that v is locally bounded. Indeed, let m# € A be defined by ny = 7 for all
t < s <T. Since o is bounded, one easily checks from the dynamics of the processes X;, and Y;7, 4
that

d

1+ H(Xf@(u)):f <C (1 + H ) Y, q(uw)  forall uelt,T],
i=1
where C' > 0 depends only on || and the bound on |o|. Then, after possibly changing the value of the
constant C| (ii) of Assumption 3.2 implies

9(u, Xy 2(u) < C(14+27) YT, (u) for all w e [0,T].

Since yY/", 1 = Y7, , for y > 0, we deduce (3.11) from the last inequality.

3. The condition (iii) is implied by 0 € int(K). Indeed, if 0 € int(K), then d, > ¢ where the later is
uniformly strictly positive, see [19].

4. The condition (iv) is trivially satisfied if 6, = & for all z € (0,00)?, which is the case when o is
invertible.

5. The condition (v) is trivially satisfied when o is invertible. The condition (v.b.) is natural in the
case 0 € int(K) as, in this case, it is equivalent to 7'c(z) = 0 = 7'u(x) < 0 for all # € K, which is
intimately related to the minimal no-arbitrage condition: 7 € A and Y; ; 7’0 (X} ) = 0 LebxP-a.e. on
[t, 7] = Yi gy 1w(Xt ) <0 LebxP-a.e. on [t,T].

3.4 The “face-lift” phenomenon

When ¢ is invertible, it can be shown under mild assumptions, see Section 3.5.4 below, that the unique
viscosity solution of (3.10), in a suitable class, is given by (7, -) where

§(t,x) == sup e *Pyg(t, ze) .
pERE

A standard comparison theorem, see Section 3.5.4 below, then implies that the boundary condition of
Theorem 3.2 can actually be written in v, (7,-) = v*(T,-) = §(T,-). This is the so-called “face-lift”
procedure which was already observed by [9] in the context of European option pricing, see also [2], [4],
[5] or [12]. Similarly, one could replace g by § in the definition of He by using (3.7).

In our general context, where o is not assumed to be invertible anymore, the solution of the PDE

min {¢(x) — g(to,x) , Mo(x)} =

has a more complex structure. Standard optimal control arguments actually show that it should be
related to the deterministic control problem

g(to,z) == sup e @I g n (7))
(p,7)ELY (Leb) xRy

where L{(Leb) denotes the set of measurable functions p = (ps)s>0 on Ry satisfying |p;| = 1 for all
t > 0 and, for p € LY(Leb), the process x” is the solution of

w0 = o+ [ diglx(s)pads . 120,
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Note that, in the case where o is invertible, (3.9) implies that it can be rewritten in

sup e I 20 g (1o, x0(7))
(p,7)ELY (Leb) xRy
which value function is easily seen to coincide with §(to,-) by using the fact that J is convex and
homegenous of degree one, and g > 0.

We now make precise the above discussion in the two following Corollaries. The first one actually states
that g can be replaced by ¢ in the definition of H and in the terminal condition.

Corollary 3.2 Let Assumption 3.1 and (i)-(iv) of Assumption 3.2 hold. Assume further that:
(i) For each x € (0,00)%, the map t € [0,T) — §(t,x) is continuous.
(i) The map = € (0,00) = sup{d,(p), p € K.} is locally bounded.
Then, v is a discontinuous viscosity solution on [0,T) x (0,00)? of

min{ Sup )(W’u(fc)w(t,x) = Lo(t,x)) , Mo(t,z), o(t,z) —g(t,z)} =0 (3.12)

and satisfies the boundary condition
v (T, ) =v*(T,-) = g(T,-) . (3.13)

If moreover, (v) of Assumption 3.2 hold, then it is the unique viscosity solution of (3.12)-(3.13), in the
class of non-negative functions satisfying the growth condition (3.11).

In the case where ¢ is invertible, the above discussion already shows that ¢ = §. If moreover p and o are
constant, we can actually interpret the super-hedging cost as the hedging price of an American option
with payoff §, without taking the portfolio constraints into account. This phenomenon was already
observed for plain vanilla or barrier european options, see e.g. [5] and [9]. It follows from the fact
that, when the parameters are constant, the gradient constraint imposed at T by the terminal condition
v(T,-) = g propagates into the domain. It is therefore automatically satisfied and we retrieve the result
of Corollary 1 in [9].

Corollary 3.3 Let the conditions of Theorem 8.8 hold. Assume further that i and o are constant and
that o is invertible. Then, § = § and

v(t,z) = sup E° [G(1, Xy 2(7))] (3.14)
TE€T [, 1)
where Q ~ P is defined by
AQ o P Ty W
dp

Remark 3.5 Since o is constant and invertible, the condition that p is constant could be relaxed,

under mild assumptions, by performing a suitable initial change of measure.

3.5 Proof of the PDE characterization

From now on, we assume that v is locally bounded.
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3.5.1 The supersolution property

We start with the supersolution property of Theorem 3.1 and Theorem 3.2.
Lemma 3.1 The map v, is a viscosity supersolution of Hyp =0 on [0,T) x (0,00)%.

Proof. Note that v > g by definition. Since g is continuous, this implies that v, > g. It thus suffices

to show that v, is a supersolution of

sup (7' p(x)e(t, @) — Lop(t, ) =0
reNp(t,z)

The proof follows from similar arguments as in [22], the main difference comes from the fact that o is
not assumed to be non-degenate which only modifies the terminal argument of the above paper. We
therefore only sketch the proof and focus on the main difference. Fix (tg,z¢) € [0,7) x (0,00)% and
let ¢ be a smooth function such that (to, () achieves a strict minimum of v, — ¢ on [0,7") x (0, 00)¢
satisfying (v. —)(to, z0) = 0. Let (t,, 7, )n>1 be a sequence in [0,T) x (0, 00)? that converges to (tg, o)
and such that

V(tn, Tn) — v(to, Zo) as n — o0.

‘We have

Yo := @(to, o) = vs(to, o) = lm v(tyn, ) .

n—oo

Set
1
Yn = V(tn, Tn) + — .
n

Since y, > v(tn,Zn), it follows from (DP1) of Corollary 3.1 that we can fin m, € A such that, for any
stopping time 7,, € 7}, 717, we have
Y™ (Tn) > (70, Xt 2, (Tn)) -

tn,Tn,Yn

Since v > v, > ¢, it follows that

}/t:T:In,yn (Tn) 2 ,U(TT“Xt'rnwn (Tn)) Z SO(T"’th;a:n (Tn)) .

Set Y, =Y ™" X, =Xy, 5,. It follows from the previous inequality and Ito’s Lemma that

tn Tn,Yn?

o
IN

v + / V() ()0 (X ()W + / V() (5)a(Xon(5)) s

n n

~pltnn) - [ " Lo(s, Xo(s))ds — / " (D) (5, Xn(3))ding (X, ()] 0 (X, (5)) WV

n

which can be written as

0< B+ /tm Yo (s)m, (8)u(Xn(5)) — Lop(s, Xn(s))ds + /tTn P(s, Xn(s), Ya(s), mn(s))dWs,  (3.15)

n

where 5, =y, — p(tn, z,) and
Y (s,m,y,m) = (yr' — (Dy)'(s,x)diag [])o(z) .

By choosing a suitable sequence of stopping times (7, ), introducing a well-chose sequence of change of
measures as in Section 4.1 of [22] and using the Lipschitz continuity assumption (3.2) and the fact that
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K is convex and compact, we deduce from the previous inequality and exactly the same arguments as
in [22] that, for all k > 0,

0< SUE(W(toJo)W/M(JJO) — Lo(to, z0) + K|1(to, To, Yo, ) [%) -
S

Recalling that K is compact and v is continuous, we obtain by sending s to co that
o(to, xo)m (o) — Lp(to, x0) > 0 and |1 (tg, zo, Yo, T)|* =0 for some 7€ K .
Noting that
0 = % (to, zo, Yo, ) = (Yo7’ — (D)’ (to, x0) diag[zo])a(z0) = 7 € Np(to, o) ,
we finally obtain

sup  (p(to, o)’ p(z0) — Lo(to, x0)) > 0.
TeNp(to,zo)

As explained in Section 3.3, we now use the fact that Np(t, z) # 0 if and only if Mp(t,x) > 0.

Lemma 3.2 Fir (z,y,p) € (0,00)% x Ry x R?. Then, N(x,y,p) # 0 if and only if M(x,y,p) > 0. If
moreover y > 0, then y~'diag [z] p € int(K,) if and only if M(x,y,p) > 0.

Proof. Fory > 0, N(x,y,p) # 0 < y~diag[z]p € K, <& M(z,y,p) > 0since K, is a closed convex set,
see [19], and similarly, for y > 0, y~'diag [2] p € int(K,) if and only if M (z,y,p) > 0. We now consider
the case y = 0. Since 0 € K C K, we have d, > 0. Hence, N(z,0,p) # 0 < 0 o(x) = p'diag[z] o(z) &
e~1p/diag[x] € K, for each ¢ > 0 & M (x,e,p) > 0 for each € > 0 < M(z,0,p) > 0. O

As a corollary of Lemma 3.1 and the previous Lemma, we obtain:
Corollary 3.4 The map v, is a viscosity supersolution of Mo =0 on [0,T) x (0, 00).

We now turn to the boundary condition at ¢t =T

Lemma 3.3 The map v.(T,) is a viscosity supersolution of min{v, (T, )—g(T,-) , Mo} =0 on (0, 00)<.

Proof. The fact that v.(T,-) > g(T,-) follows from the continuity of g and the fact that v > ¢ on
[0,T) x (0,00)% by definition. Let ¢ be a smooth function and xq € (0,00)% be such that zo achieves a
strict minimum of v, (7, -) — ¢ and v. (T, x¢) — ¢(z¢) = 0. Let (s,,,&,)n be a sequence in [0,7) x (0, c0)?
satisfying :

($n,én) — (Tyxzo), $n <T and vi(sn,&n) — ve(T,xo) .

For all n € N and k > 0, we define :

T—1t
T—s5s,

k
@Z(tw) = ox) — §|a: — 330|2 +k

Notice that 0 < (T'— t)(T — s,,)~! < 1 for t € [s,,T], and therefore :
lim limsup sup lh (t,z) — p(x)] = 0, (3.16)

k=0 n—oo (t,z)€[sn,T]xBy(z0)
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where 7 > 0 is such that B,(z9) C (0,00)%. Next, let (t* 2¥) be a sequence of local minimizers of
v. — ok on [s,,, T] x B,(z0) and set X := (v, — k) (%, 2F). Following line by line the arguments of the

proof of Lemma 20 in [4], one easily checks that, after possibly passing to a subsequence :

forall k>0, (tf zF) — (T, z0), (3.17)
forall k>0, tF < T for sufficiently large n , (3.18)
v (tF 2k) — 0, (T, 20) = p(20) as n— oo and k — 0 . (3.19)

Notice that (3.17) and a standard diagonalization argument implies that we may assume that z% €
(B,(w0)) for all n > 1 and k > 0. It then follows from (3.18) that, for all & > 0, (%, %) is a sequence

of local minimizers of v, — ¢ on [s,,T) x B,(zo). Also, notice that (3.16), (3.17) and (3.19) imply

for all k>0, DRtk 2%y = De(ak) — k(2 — 20) — Dé(x) , (3.20)

and lim lim €& = 0 . (3.21)

k—0 n—oo n

It then follows from Theorem 3.1, recall the convention sup ) = —oc, (3.18) and the fact that (t&,z%)

n»’n

is a local minimizer for v, — ©* that, for sufficiently large n, we can find 7% € K such that
vilty, @) (my) o (ar) = Dy (th, o) diag [ ] o (7,) -

Since K is compact, we can assume that 772 — m € K asn — oo and then k — 0. Taking the limit as
n — oo and then as k — 0 in the previous inequality, and using (3.17), (3.19), (3.20), as well as the

continuity of x +— diag [z] o(x) thus implies that
Vi (T, zo)m' 0 (29) = D(10) diag [xo] o(z0) -

Appealing to Lemma 3.2 then implies the required result. O

3.5.2 The subsolution property

We now turn to the subsolution property of Theorem 3.1 and Theorem 3.2.

Lemma 3.4 Under Assumption 3.1, the map v* is a viscosity subsolution of min{He , My} =0 on
[0,T) x (0,00)".

Proof. Fix (tg, 7o) € [0,T) x (0,00)¢ and let ¢ be a smooth function such that (to, o) achieves a strict
maximum of v* — ¢ on [0,T) x (0,00)¢ satisfying (v* — ©)(to,z0) = 0. We assume that

mln{ sup (@(to’xo)ﬂ'lﬂ(ﬁfo) - ’Cw(t07x0)) ) QO(th IO) - g(to,.’ﬁo) ) M@(thxO)} =2>0 ’
TEN@(to,xo)

and work towards a contradiction. Note that v*(tg, o) = ¢(tg, 2g) > 0 since g > 0. In view of Lemma
3.2, this implies that ¢(tg, o) 'diag o] D¢(to, z¢) € int(K,,). It then follows from Assumption 3.1
that we can find » > 0 and a Lipschitz continuous map 7 such that

min {y#(z,y, Do(t,x)) ' wx) — Lo(t, ), y —g(t, )} > €
and #(z,y, Dp(t,z)) € N(z,y, Dp(t,x)) for (t,z,y) € B.(to, o) X Br(p(t,x)) . (3.22)

Let (tn,7n)n be a sequence in B, (tg, zo) such that v(t,,z,) — v*(to, 7o) and set y, := v(t,, ;) —n 1

so that y, > 0 for n large enough. Without loss of generality, we can assume that y,, € B, (p(tn, s))
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for each n. Let (X™,Y™) denote the solution of (3.1) and (3.3) associated to the Markovian control
(X", Y™, Dp(-, X™)) and the initial conditions (X™(¢,,), Y™ (ts)) = (zn, yn). Note that these processes

are well defined on [t,,, 7,,] where
Tni=1nf {t >t ¢ (¢, X"(1)) ¢ By(to, zo) or [Y(t) — @(t, X"(t))| = 1} .
Moreover, it follows from the definition of (tg,z) as a strict maximum point of v* — ¢ that
(V" = @) (7, X (7)) < =C or [Y"™(75) = (7, X" (m0))| 2 7 (3.23)

for some ¢ > 0. Since v* < ¢, applying Itd’s Lemma to Y™ — (-, X™), recalling (3.22) and using a

standard comparison Theorem for stochastic differential equations shows that
Y™ (1) = v(7, X™ (1)) 2 Y™ (1) = @(70, X" (1)) 2 7 on {[Y" (1) — (70, X" ()| Z 7} .
The same arguments combined with (3.23) also implies that
Y™ (7n) = (70, X™ () 2 yn — @(tn; 2n) + ¢ on {YV"(70) — @(70, X" (1)) <7} -

Since yn, — @(tn, Tn) — 0, combining the two last assertions shows that Y™ (7,) — v(7,, X™(,,)) > 0 for
n large enough. Moreover, it follows from (3.22) that Y™ > g(-, X™) on [t,, Tn]. Since y, < v(tn, Tn),
this contradicts (DP2) of Corollary 3.1. O

Lemma 3.5 Let Assumption 3.1 hold. Fiz x¢ € (0,00)% and assume that there exists a smooth function
¢ such that M@(xzg) > 0 and g achieves a strict local mazimum of v*(T,-) — ¢. Then, v*(T,xo) <
g(Ta .130)-

Proof. Without loss of generality, we may assume that v*(T, z) — ¢(z¢) = 0. Assume that v*(T,zg) >
9(T, zp). Note that this implies that ¢(zg) > 0. Since g is continuous and M¢(xg) > 0, it follows from
Lemma 3.2 and Assumption 3.1 that we can find r,7 > 0 and a Lipschitz continuous map 7 such that

(x,y, Dp(t,x)) € N(z,y, Do(t, x)) , o(t,x)—g(t,x) = n for (t,2,y) € [T—r,T|xBy(x0) X By ((t, 7))
(3.24)
where ¢(t,z) := ¢(z) + |z — zo|* + VT —t for (t,x) € [0,T] x (0,00)%. Since d;p — —o0 as t — T and

K is compact, we also have, after possibly changing r > 0,
yr(z,y, De(t, ) u(z) — Lo(t,x) = n for (t,x,y) € [T —r,T] x By(x0) x By(p(t,z)) . (3.25)

Let (t,, ), be a sequence in [0, 7] x (0, 00)% such that v(t,, z,,) — v*(tn, x,) and let (£,,2,) be a strict
maximum point of v* — ¢ on [t, —n~!, T] x (0,00)%. Arguing as in Section 5.2 of [4], one easily checks
that ¢, < T and that (f,,%,) — (to,70). Let (X™,Y™) denote the solution of (3.1) and (3.3) associated
to the Markovian control #(X™, Y™, Dp(-, X™)) and the initial conditions (X" (£,), Y™ (£,)) = (Zn,Un)-
Note that these processes are well defined on [t,,,7,] where

Too=1inf{t >4, : (£, X"(t)) & B.(to,x0) or [Y"(t) — p(t, X" ()| > 1} .

Applying It6’s Lemma to Y™ — (-, X™) and arguing as in the proof of Lemma 3.4, we then deduce that
(3.24) and (3.25) lead to a contradiction to (DP2) of Corollary 3.1. O
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3.5.3 A comparison result

We now prove Theorem 3.3. This is a consequence of the following comparison result and the growth

property for v which was derived in Remark 3.4.

Proposition 3.1 Let Assumption 3.2 hold. Let V (resp. U) be a non-negative lower-semicontinuous
(resp. upper-semicontinuous) locally bounded map on [0,T] x (0,00)¢ satisfying (3.11). Assume that
V (resp. U) is a supersolution (resp. subsolution) of (3.8) on [0,T) x (0,00)? such that V(T,-) (resp.
U(T,-)) is a supersolution (resp. subsolution) of (3.10) on (0,00)¢. Then, V. > U on [0,T] x (0,00)%.

Proof. 1. As usual, we first fix £ > 0 and introduce the functions U(t, ) := e®*U(t, ), V(t,x) ==
"V (t,x) and §(t,x) := e"g(t,x), so that the function V (resp. U) is a viscosity supersolution (resp.
subsolution) of He = 0, where for a smooth function ¢

Ho(t,x) := min{ eﬁ/u;()t )(ﬂ’u(x)go(t,x) + ro(t,x) — Lo(t,x)) , pt,z) —glt,x)}. (3.26)

Let A > 1 and ¥ € (0,00)? be as in Assumption 3.2. Let 8 be defined by B(t,z) = eV (14 2V7),
for some 7 > 0 to be chosen below, and observe that the fact that d, > 0 and Ay € K, for all z € (0, c0)?
implies that

MB(t,x) = inf (62(p) + & [02(p) — ') €7T7D > 0 ¥ (t,2) € 0,T] x (0,00)% . (3.27)

Moreover, one easily checks, by using the fact that ; and o are bounded, and K is compact, that we

can choose 7 large enough so that, on [0, 7] x (0,00)%,

min {—2L|Dﬂ(t,x)’diag [z] p(2)| + &B(t, ) — LO(t, z), kOB(t, x) — OB(t, x) — %Tr [a(z)D?B(t, z)] } >0

(3.28)
where a(z) := diag[z] o0(z)o(z)'diag[z], and L is as in (v.a) of Assumption 3.2 if it holds and L = 0
otherwise.

2. In order to show that U < V', we argue by contradiction. We therefore assume that

sup  (U—-V) >0 (3.29)
[0,T]%x(0,00)¢

and work towards a contradiction.
2.1. Using the growth condition on U and V, and (3.29), we deduce that

0 < 2m:= sup (U—-V—-2ap) <o (3.30)
(0,77 (0,00)

for a > 0 small enough. Fix ¢ > 0 and let f be defined on (0, 00)¢ by

@)= (=7 (3.31)

Arguing as in the proof of Proposition 6.9 in [5], see also below for similar arguments, we obtain that
O :=U -V —2(af +<f)
admits a maximum (¢.,z.) on [0,7] x (0,00)¢, which, for € > 0 small enough, satisfies

O (te,xe) > m>0, (3.32)
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as well as

limsup e (|f(w2)| + [diag [z Df (w.)| + [Lf(z))) = 0. (3.33)

e—0

2.2. Forn > 1 and ¢ € (0,1), we then define the function W7, . on [0,77] x (0, 00)%4 by

U5 c(tw,y) = Ot a,y) —e(f(2) + f () = C(lw — zel* + [t — t]*) — 0o —y|?,

where
G(taxay) = U(t,l‘) 7‘7(t7y) 7Q(ﬂ(t7l’)+ﬁ(t,y)) :

It follows from the growth condition on U and V that W7 ¢ attains its maximum at some (2, 25, y)
€ [0,T] x (0,00)%¢. Moreover, the inequality e (.25, y5) > V5 (e, e, zc) implies that

G(ti,xi,yi) > @(tmxmxs) - 2€f($6)
+onlaf, = yn P (e — P e = tel?) e () + Flyn) -

Using the growth property of U and V again, we deduce that the term on the second line is bounded
in n so that, up to a subsequence,
25, ys —— 7° € (0,00)% and t5 —— t* € (0,7 .
n—oo n—oo

Sending n — oo in the previous inequality and using the maximum property of (t.,x.), we also get

0

%

q)s(fsaiﬁ) - (I)E(tsaxe)
limsup (n*[af, — 7| + ¢ (J2f, — @f* + £, — 7)) ,

n—oo

v

which shows that

() nlag —yal? + ¢ (Jaf — ae? + It —t2) —= 0,

() Ut a5) = Vithus) —— (0= V) (teywe) = m+208(t, ) + 25f(2:) > 0,

where we used (3.32) for the last assertion.

3.1. Assume that, after possibly passing to a subsequence, t§, = T, for all n > 1. Then, Ishii’s Lemma,

see e.g. [1], and the viscosity property of U(T,-) and V(T,-) imply that

min { M (25, 0(T,25).95 ) U(T,25) = §(Ta5)} < 0
min {M (y2, V(T.95). ;) - V(L) —3(Ty) ) = 0,
where
P = 2n(af, — yl) + 2 (a5, — x.) + aDA(L;, a5) + eDf(a5)
g = 2n%(a, —y;) — DB, y7) —eDf(y7) -

Assuming that, after possibly passing to a subsequence, U(T7 x25) < g(T,25) for all n > 1, we get a
contradiction to (b) since V(T,y2) > G(T, <) so that passing to the limit, recall (a) and the fact that
g is continuous, implies U (T, z.) < §(T,z.) < V(T,z.).

We can therefore assume that U (T, z%) > §(T,z5) for all n. Using the two above inequalities, we then
deduce that
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which implies that we can find p,: € Rmi such that for all pf, € Rye we have

0

v
&

i (Pas ) [0 w5, 2) = 2 (5) + FWi)] + (8uz (Paz) — b2, (05)) (V(To0) + aBlys) + e/ (43))
(25, B(z5), DB(t5, 25)) + M (w5, f(25), £(25))
o B, DA 42) eM(ynw 2 S (5))
2 )'diag o] (27, — xe) — 2n? ((pos)'diag [25] — (p},)'diag [y7]) (25, — v7)

In view of (iv) of Assumption 3.2 and (a) above, we can choose pf, such that, for some C > 0,

- -

aM +
aM +
20 (P

|Peg, — pul < Clas, =yl and dae (Pag) — 0y (p7) > —€(27,,4,) — 0.

Using (a), (b), (iii) of Assumption 3.2, the fact that V', 8, f > 0, (3.27) and (3.33), the previous inequality
applied to € > 0 small enough and n large enough leads to

0 > cx(m/2)

which contradicts (3.32).
3.2. In view of the above point, we can now assume, after possibly passing to a subsequence, that
ts < T for all n > 1. From Ishii’s Lemma, see Theorem 8.3 in [10], we deduce that, for each n > 0,

there are real coefficients b7 ,,, b5 ,, and symmetric matrices X7 and V" such that
(Vi b, X57) € PEU(t,a7)  and (05,05, V57) € PgV(th,ur)
see [10] for the standard notations PJ and 755, where
ph = 20%(x, —yp) +20(a, — we) + aDB(t;, 27) +eDf (x7)
¢, = (2}, —yp) —aDB(th,v;) — EDf(yn) »

and b5 ,, b5 ,,, X" and V" satisfy

b, +05, = 20(t; —tc) —ar (B(t5, 27) + Bt v5))
Xen 0 (3.34)
( 0 _yen | S At Bl (AL + B
with
s 202y +2¢1y; —2n%ly, B aD?B(t5, x5) + eD? f(x5) 0
R R PR = RN I 0 aD?B(t;,yr) +eD*f(y;) )

and I stands for the d x d identity matrix.

3.2.a. Assume that, after possibly passing to a subsequence, either N(z5 U(t6 z),p5) = 0 or

n’ n

M (xn U(ts, ), pr) < 0. Tt then follows from Lemma 3.2 that, in both cases, M (a:n Ut 25), p;) <

0. Since the supersolution property of V ensures that M (yfl, V(ts,ye), fL) > 0, arguing as in Step 2.2.
above leads to a contradiction. Similarly, we can not have U(t5,z5) < g(t5,,v5) along a subsequence
since V' > g and g is continuous, recall (a) and (b).

We can then assume that N (x5, U(t5, z5), pS) # 0, M (wn, U(ts,x5),p ) > 0and U(t5, x5) > g(t5, x5)
for all n > 1, after possibly passing to a subsequence. It then follows from the super- and subsolution
properties of V and U, see Step 1., the fact that K is compact and Lemma 3.2 that there exists

m(xs), m(y5) € K such that

m(25) € N(af, Uty 25),p,) and w(ys) € N(ys, V(t5,y5), 45) (3.35)
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and, recall (3.34),

w (005 5) = V(t,00)) < — Ot a8)m(wh) wlah) + V(t5, 43 m(ys) (i) + b5, + 05,

bR — AR a5 T o) X — (i) V3]

< U, an)m(as) plas,) + V(s yi)m(yn) w(ys)

+ 2, — xe) — a7 (B8, 27,) + B(t5, 47,)) (3.36)

+ )P — B(yn) 6 + %Tr [E(t5, 25, v5) (A5 + By + (A5 + B)?)]
where 7(z) := diag[z] o(z), i(z) = diag[z] u(z) and the positive semi-definite matrix Z(¢5, 25, y5) is

defined by

ST

Qi

= ENA/( rE N/ (1€
S(ah.yp) = (2T ool )
o(27)a'(vr)  a(yn)a" (v7)
3.2.b. We now assume that (v.a) of Assumption 3.2 holds. Then, for n large enough, we can choose
m(x5,) such that

AL AT ARR U CREALICAIES
It then follows from (3.35) and (3.36) that
p (02— Vit 0) < Lie:) diag )] myz) - <pz>’diag Ll
1
AU AL [E(w;,ym (45 + By + (A5 + B)Y)] -

Using (a)-(b), (3.28) and (3.33), we deduce that we can find C > 0 independent of (7, ) such that for
e small and n large enough

< Li(gy,) diag [yp] u(yy,) — (p5,) diag [x7,] ()| -

m

wy < w(00625) = V(.0 — 8+ ef)(th.23) = (0B + <)t u7)

1
< O+ QB m) + T [S5,97) (457 + (45 + B)?)]
where (e, n) is independent of (7, () and satisfies

limsuplimsup |6(e,n)] = 0. (3.38)

e—0 n— o0

Sending 17 — 0 in the previous inequality provides

1
K % < C(+Q0(en) + 5 Tr 2, v7) A7)
so that

m
K —
2

< C(L+Q)8(e,n) + CTr [o(a7,)0 (27,)] + n® |diag [25] o (25,) — diag [y;] o(y,) [

Finally, using (a) and the Lipschitz continuity of the coefficients, we obtain by sending n to co and then

¢ to 0 in the last inequality that xm < 0, which is the required contradiction and concludes the proof.

3.2.c. In the case where (v.b) of Assumption 3.2 holds. Then, (3.35) and (3.36) imply that
r (O, 20) = Vth,05)) < 2t — ) — ar (Bt 25) + Bt v3)
1
+ 5T [E, 25 v0) (A% + B (AL + B)Y)]

and the proof is concluded as in 3.2.b. above by using the fact that the right hand-side in the min in
of (3.28) is non-negative (instead of the left hand-side as above). |
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3.5.4 Proof of the “face-lifted” representation

In this Section, we prove Corollary 3.2 and Corollary 3.3. We start with some preliminary results.

Lemma 3.6 Let (i)-(iv) of Assumption 3.2 hold. Fix ty € [0,T] and let V (resp. U) be a lower-

semicontinuous (resp. upper-semicontinuous) viscosity supersolution (resp. subsolution) on (0,00)¢

of
min {M¢ , ¢ —g(to,-)} =0. (3.39)

Assume that U and V' are non-negative and satisfy the growth condition (3.11). Then, U < V on
(0, 00)7.

Proof. This follows from the same line of arguments as in Steps 1., 2. and 3.1. of the proof of

Proposition 3.1. O

Lemma 3.7 Let (i)-(iv) of Assumption 3.2 hold. Then,
(i) There exists C > 0 such that

g(t,x)| < CA+27) for all (t,x) € [0,T] x (0,00)% . (3.40)

(ii) Assume further that the assumptions of Corollary 3.2 hold. Then, for each to € [0,T], g(to,")
is continuous on (0,00)¢ and is the unique viscosity solution of (3.39) satisfying the growth condition
(3.40).

Proof. 1. Fix p € LY(Leb) and 7 > 0. It follows from Assumption 3.2 that we can find C' > 0 such
that

d
e I5 0PIt g4 xo(r)) < € (1 + [ el d) eI eIt < 0 (14 47)
=1

where we used the fact §,» > 0 since 0 € K for all z € (0,00), and the fact that 5'p— 4, (p) < 0 since
YEK CKyp.

2. We now prove that g(to, -) is a (discontinuous) viscosity solution of (3.39). Let g. (o, -) (resp. §*(to,-))
be the lower-semicontinuous (resp. upper-semicontinuous) envelope of x — §(to, ).

Note that g(to, -) satisfies the dynamic programming principle

TAh
)= mwp e U (gt XM Lrn + 3t (W) Do) L R >0 (341
p,T)eLi(Leb) xRy

2.a. We start with the supersolution property. Note that § > g by construction (take p =0 and 7 =0
in the definition of § or in (3.41)). Let ¢ be a non-negative smooth function and let zg € (0,00)% be
a strict minimum point of g.(tg, ) — ¢ such that §.(to,xo) — ¢(xzg) = 0. Let (x,), be a sequence in

(0,00)4 such that §(to, z,) — G«(to, To). Assume that

peif}(f (0 (p)B(20) — p'diag [xo] De(x0)) < 0.

It then follows from (iv) of Assumption 3.2 that we can find r,m > 0 and a Lipschitz continuous map

p such that, for some n > 0,

5.(p()) < and 8,(p(2))é(x) — pla) diag[2] D(x) < —m ¥z € B,(zp). (3.42)
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This implies that X, defined as x# for the Markovian control p = p(x,) satisfies
(b(xn) <e” Jo'™ Oxn () (PR (s))ds ((b(f(n(hn)) - mhn)

where
hy, :=inf{s >0 : X,(s) € Br(x0)} AR

for some h > 0. Since zg is a strict minimum point of g, (o, ) — ¢, we can then find ¢ > 0 such that
O(n) < ™ Io™ Pxno RN (1, + G(to, K (hn)) = M)
Using the left-hand side of (3.42), we then obtain
Blan) < e” I O CR M4, 3 () — e (CLn, <+ mhdn,—n)

Since §(to, xn) — ¢(x,) — 0, this leads to a contradiction to (3.41) for n large enough.

2.b. We now turn to the subsolution property. Let ¢ be a non-negative smooth function and let
zg € (0,00)? be a strict maximum point of §*(to,-) — ¢ such that §*(tg,z¢) — ¢(wg) = 0. Let (x,,), be
a sequence in (0, 00)? such that §(tp, z,) — §*(to, o). Assume that

pPEK

min{ inf 0z, (p)d(x0) — p'diag [vo] De(w0)) , P(xo) —g(toaxo)} >0. (3.43)

Since g > 0, this implies that ¢ > 0 on B, (zg), for some r > 0. Moreover, the fact that I~(g;0 is compact
implies that, after possibly changing r > 0, we can find € > 0 such that ¢(x) — e > 0 on B,.(z¢) and
M (z9, ¢(x0) — €, Dd(wg)) > 0. In view of Lemma 3.2, this implies that (¢(xg) — €) " Ldiag [z¢] Dé(z0) €
int (K, ). It the follows from Assumption 3.1 that, after possibly changing r > 0, N (x, ¢(x)—e, Dp(x)) #
§ on B,(zg), which, by Lemma 3.2 again, implies that M (z,¢(z) — &, Dp(z)) > 0 on B,(zg). Since
0z > cx > 0, recall (iil) of Assumption 3.2, we deduce that M (z, ¢(z), Dp(x)) > ecx on B,.(xp). Using
Lemma 3.2, the continuity of g and (3.43), we finally obtain

min{pgg (0.(p)(x) — p'diag z] Do(x)) . as(a:)—g(to,m)} >m  on B, () (3.44)

for some m > 0. Moreover, it follows from Assumption (ii) of Corollary 3.2 that
sup{d,(p), p € K,} <n on B,(x) (3.45)

for some n > 0.

We now consider a sequence (z,,), in (0,00)? such that §(to,x,) — §*(to, o). Given p € LY(Leb), we
set h, :=inf{s > 0 : x% (s) & By(x0)} A h for some h > 0. Then, (3.44) and the fact that x¢ is a
strict maximum point of §*(tg, ) — ¢ implies that we can find ¢ > 0 such that, for all 7 > 0,

_ [hnAT
o [

Blan) U (G0, (hn A 7)) + (b A7)

v

— [hnrTs s)ds /.
2 e fo X”:"(S)(p ) (g(t07 Xﬁn (hn))]-h">‘r + g(th Xgn (T))]'TShn + C AmA (mh)) :

Since ¢(xy,) — g(to, xn) — 0, the above inequality combined with (3.45) leads to a contradiction to (3.41)

for n large enough, by arbitrariness of 7 and p. O

We can now conclude the proof of Corollary 3.2.
Proof of Corollary 3.2 The subsolution property follows from Theorem 3.1 and Theorem 3.2 since
g > g. As for the supersolution property, we note that Theorem 3.1 and Theorem 3.2 imply that, for
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fixed to € [0, T], v«(to, ) is a supersolution of (3.39). It thus follows from Lemma 3.6 that v, > . The
supersolution property then follows. To conclude, we note that the comparison result of Proposition
3.1 obviously still holds if we replace g by ¢ since ¢ is continuous with respect to its first variable by

assumption, and with respect to its second one by Lemma 3.7. O

Proof of Corollary 3.3. The fact that § = § follows from the discussion at the beginning of Section
3.4. Note that the continuity of g implies that § is continuous too. Also observe that the fact that o is

invertible implies that, for a smooth function ¢,

1
sup  (m'u(x)o(t,x) — Lo(t,x)) = —0pp — §Trace [diag [z] oo’ diag [z] D] . (3.46)
TeNp(t,z)

Let us now observe that the map w defined on [0, 7] x (0,00)% by

w(t,z) := sup EQ [6(7, Xy 5 (7))]
TET[t,T]

is a viscosity solution on [0,T) x (0, 00)? of
1
min {—@@ - §Trace [diag [z] oo’ diag [2] D2cp] , P — g} = 0. (3.47)

In particular, it is a subsolution of (3.12), recall (3.46). We next deduce from the definition of g that,
for all p € RY,

w(t,ze?) = sup EC[(r, Xen(r)er)] < sup EC [X05(r, X, 0(r)] = ¢*Puo(t,z) .
7€T(, 1) T€T, 1)

It follows that w(t,z) > e~ %P w(t, ze?) for all p € R? which implies that w is a viscosity supersolution
of My = 0. Hence, w is a supersolution of (3.12), recall (3.46). Finally, (3.40) and standard estimates
show that w satisfy the growth condition (3.11). It thus follows from Corollary 3.2 that v, = v* = w.
0O
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