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Abstract

We study a class of stochastic target games where one player tries
to find a strategy such that the state process almost-surely reaches
a given target, no matter which action is chosen by the opponent.
Our main result is a geometric dynamic programming principle which
allows us to characterize the value function as the viscosity solution
of a non-linear partial differential equation. Because abstract mea-
surable selection arguments cannot be used in this context, the main
obstacle is the construction of measurable almost-optimal strategies.
We propose a novel approach where smooth supersolutions are used to
define almost-optimal strategies of Markovian type, similarly as in ver-
ification arguments for classical solutions of Hamilton—Jacobi-Bellman
equations. The smooth supersolutions are constructed by an exten-
sion of Krylov’s method of shaken coefficients. We apply our results
to a problem of option pricing under model uncertainty with different
interest rates for borrowing and lending.
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1 Introduction

We study a stochastic (semi) game where we try to find a strategy u such that the
controlled state process almost-surely reaches a given target at the time horizon
T, no matter which control « is chosen by the adverse player. Here « is any
predictable process with values in the given bounded set A C R?, whereas u is a
non-anticipating strategy which associates to each a a predictable process u[a] with
values in a given set U C R?. More precisely, if A and U denote the collections of
predictable processes with values in A and U, respectively, then u is a map A — U
such that ula]|j,s = ula']|j,s) on the set {alj s = |04}, for all a,a’ € A and
s <T. We denote by i the collection of all such strategies.

Given an initial condition (z,7) € R? x R at time t and (u,a) € U x A, the
(d + 1)-dimensional state process (X{,,V;5%,)(s), t < s < T is defined as the
solution of the stochastic differential equation

dX(s) = px(s,X(s),as)ds+ ox(s, X(s),as)dWs,
dY(s) = py(s,X(s),Y(s),ula]s,as)ds + oy (s, X(s),Y(s), u[a]s, as)dWs,

where W is a Brownian motion and the coefficients satisfy suitable continuity and
growth conditions. Given a measurable function g, the value function of the stochas-
tic target game is then given by

o(t,z) =inf{y e R: Ju el st. V%% (1) > g(X7,(T)) as.Vae A}, (1.1)

t,x,y

That is, v(t,x) is the smallest y from which we can drive the state process into
the epigraph of g by using a strategy u to react to the adverse player. The aim of
this paper is to provide a dynamic programming principle for the stochastic target
game and to characterize v in terms of a Hamilton—Jacobi-Bellman equation.

In the case where A is a singleton and u is a control, the above is a standard
stochastic target problem in the terminology of [24, 25]. In [24], it is shown the value
function of this target problem satisfies a geometric dynamic programming principle
(GDP) and, consequently, is a discontinuous viscosity solution of an associated
Hamilton—Jacobi-Bellman equation. The GDP consists of two parts, called GDP1
and GDP2. Roughly, given a family {6*,u € {4} of stopping times with values in
[t,T], GDP1 states that

if y > v(t,x), then there exists u € 4 such hat Y;";*(6"*) > v(6", X{,.(6")),
and conversely, GDP2 states that
if there exists u € U such that Y;';%(6") > v(0%, X7 ,(6")), then y > v(t,z).

The line of argument for GDP1 can be reproduced in the context of games. How-
ever, all previous proofs of GDP2 crucially rely on the construction of almost op-
timal controls through measurable selections. It is well known that in the context
of games, when u is a strategy as defined above, the possibility of using such a
selection is a completely open problem. The main difficulties come from the lack of
separability in the space il of strategies and the irregular dependence on the adverse
control a.

For zero-sum differential games in standard form, see e.g. [11] and [7], there
are by now several workarounds for this problem; they rely on approximations and



exploit the continuity properties of the cost functions. We also refer to [22] and
[23] for recent developments in different directions, in a setting where both players
use controls. In [5], stochastic target games were analyzed when the target is of
controlled-loss type; that is, of the form E [¢(X;';" (T),Y;5%,(T))] > m, where m is
given and the loss function ¢ has certain continuity properties. Again, the regularity
of ¢ was exploited to circumvent the problem of measurable selection. By contrast,
the almost-sure target of the game under consideration is highly discontinuous,
which has prevented us from arguing similarly as in the mentioned works.

In this paper, we follow a completely different and novel idea. As a starting
point, recall that in the context of standard control problems with a smooth value
function, we can sometimes use a verification argument. Here, an optimal control
of Markovian (i.e. feedback) type is defined explicitly in terms of the derivatives of
the value function. It plays the role of the almost-optimal controls mentioned above
and renders measurable selection arguments unnecessary. Of course, this procedure
requires a smooth value function, which cannot be expected in our context. How-
ever, it will turn out that a smooth supersolution with specific properties can be
used in a similar spirit. The outline of our argument runs as follows.

(a) Show that the value function v satisfies a version of GDP1 above (Theo-
rem 2.2).

(b) Deduce from GDP1 that v is a viscosity supersolution of the associated
Hamilton—Jacobi-Bellman equation (Theorem 2.4).

(¢) Regularize v to find a smooth supersolution w which is close to v is a specific
sense (Lemma 2.5).

(d) Using w, construct a strategy of Markovian type that matches the criterion
in (1.1) when starting slightly above v(¢, ) and use this strategy to prove a
version of GDP2 (Theorem 2.6).

(e) Deduce from GDP2 that v is also a viscosity subsolution of the Hamilton—
Jacobi-Bellman equation (Theorem 2.7).

The arguments for (a) and (b) are along the lines of [24], while at least part of the
proof of (e) follows [5]. The construction of the smooth supersolution in (c) is based
on Krylov’s method of shaking the coefficients from [14, Theorem 2.1] (see also [2]),
which we extend here to semi-linear equations by considering value functions of
controlled forward-backward stochastic differential equations (Theorem 3.3). We
mention that this method imposes a concavity condition on one of the operators.
On the other hand, to the best of our knowledge, our result is the first proof of
dynamic programming for stochastic target games with almost-sure target.

Our results can be compared to the second order backward stochastic differ-
ential equations of [27], where the authors use quasi-sure analysis in the “weak
formulation”. Their setting is more general in the sense that path-dependence is
allowed and concavity is not needed. On the other hand, we allow nonlinear dy-
namics for X, while their setting corresponds to the case where ox(-,a) = a and
pux = 0.

We apply our results to a problem from mathematical finance where an option
is to be super-hedged under model uncertainty. The model uncertainty is addressed
in a worst-case fashion, so that it can be modeled by an adverse player as above.
More precisely, the drift and volatility of the underlying of the option as well as
the two interest rates for borrowing and lending depend on the adverse control a.



Various incarnations of the super-hedging problem have been considered in the
recent literature; see [1, 6, 10, 15, 21, 26, 28] and the references therein. The now
standard approach is to use the weak formulation where the uncertainty is modeled
by a non-dominated set P of possible laws on path space. The super-hedging
property is then required to hold almost-surely under each element of P and the
study involves the difficulty of dealing with a non-dominated set of probabilities
(quasi-sure analysis). We adopt here a different point of view, where uncertainty
is modeled as a game under a single probability measure; namely, the adverse
player (“nature”) chooses drift and volatility while we can react by using a suitable
non-anticipating strategy and the superhedging-property is required to hold almost-
surely for any control of the adverse player. Our formulation is thus in the spirit
of [29] and [30] where problems of portfolio management are phrased as stochastic
differential games of standard form in the framework of [11].

The remainder of this paper is organized as follows. In Section 2, we formulate
the stochastic target game in detail and provide the geometric dynamic program-
ming principle together with the Hamilton—Jacobi-Bellman equation for the value
function v. The key part of the dynamic programming principle, GDP2, is based on
the regularization result, which is developed in Section 3 in a slightly more general
setting. In Section 4, we exemplify our results by the application to super-hedging
under model uncertainty.

2 Geometric dynamic programming for stochastic
target games

In this section, we first detail our problem formulation. In the second subsection,
we provide the first part of the geometric dynamic programming principle, GDP1,
and infer the supersolution property of the value function. In the third subsection,
we prove the difficult part, GDP2, together with the subsolution property.

2.1 Problem formulation

Fix a time horizon T' > 0, let Q be the space of continuous functions w : [0, 7] — R?
and let P be the Wiener measure on ). Moreover, let W be the canonical process on
Q, defined by W;(w) = wy. We denote by F = (F;)o<s<r the augmented filtration
generated by W. Furthermore, for 0 < ¢t < T, we denote by F! = (f;)ogng the
augmented filtration generated by (W, — W3)s>¢; by convention, F! is trivial for
s < t. We denote by U* (resp. A?) the collection of all F-predictable processes in
LP(P ® dt) with values in a given Borel subset U (resp. bounded Borel subset A)

of R?, where p > 2 is fixed throughout. Finally, let
D:=[0,T] xRY Dop:=[0,T)xRY Dy :={T} xR

Given (t,z,y) € D x R and (v, a) € U" x A", we let (X{,,Y/20))(s), t <s < T
be the unique strong solution of

{ dX(s) = pux(s,X(s),as)ds+ ox(s, X(s),as)dWs,
)

dY(s) = py(s,X(s),Y(s),vs, as)ds + oy (s, X(s),Y(s), vs, as)dWs (2.1)

with initial data (X (t),Y (t)) = (x,y). The coefficients ux, py, oy and ox are sup-
posed to be continuous in all Varlables and take values in R?, R, R? and M? := R4x¢,



respectively. (Elements of R? as viewed as column vectors). We assume throughout
that there exists K > 0 such that

lux(z,) —px (2’ )| +lox (z,0) —ox (2", )| < Kz — 2],
lux (2, + lox (2, )| < K,
Iy (5y,) = py (58 ) + oy (G y, ) —ov (Y ) < Kly — v,
ey (5 g, w, )| + oy (5 y,u, )| < K (14 [uf + Jyl)

(2.2)

for all (x,9),(2',y’) € RY x R and u € U. In particular, this ensures that the
SDE (2.1) is well-posed. Moreover, we can note that the solution is in fact adapted
not only to IF but also to F.

Remark 2.1. For simplicity, we consider the above dynamics for any initial point
r € R4 The case where Xi*, is restricted to an open domain O C R? will be
discussed in Remark 3.4 below.

For the derivation of the viscosity supersolution property, we shall also impose
a condition on the growth of puy relative to oy:

sup M is locally bounded. (2.3)

uelU 1+ |JY('7ua )|

Let t <T. We say that a map u: A* — U?, a — u[a] is a t-admissible strategy
if it is non-anticipating in the sense that

{weQ:a(w)pg = W)t C{weQ:ula](w)rs = ue](wW)|s} as. (2.4)

for all s € [¢t,T] and a,’ € A", where |, 4 indicates the restriction to the interval
[t,s]. We denote by 4 the collection of all t-admissible strategies; moreover, we

write Y, for Ytuﬁ]/a Finally, let g : R? — R be a measurable function; then we

can introduce the value function of our stochastic target game,

o(t,z) =inf {y e R: Fue U st. V" (T) > g(X/,(T)) as.Vaec A} (2.5)

t,x,y

for (t,x) € D. We shall assume throughout that

g is bounded and Lipschitz continuous, and v is bounded. (2.6)

2.2 First part of the dynamic programming principle and
supersolution property

We first provide one side of the geometric dynamic programming principle, GDP1,
for the value function v of (2.5). We denote by v, the lower-semicontinuous envelope
of v on D.

Theorem 2.2 (GDP1). Let (t,z,y) € D x R and let {6*%, (u,a) € U' x A’} be
a family of Ft-stopping times with values in [t,T]. Assume that y > v(t,x). Then,
there exists u € U such that

Y50, (00%) > 0, (0%, X[, (00) as. Vae A

t,xyy



Proof. The ingredients of the proof are essentially known, so we confine ourselves
to a sketch. As y > v(t,z), the definition of v shows that there exists u € U
satisfying
V50, (T) > g(XP,(T)) as.Vae A (2.7)
Step 1. We first consider the case where 0" = s € [t,T] is a deterministic time
independent of u, . To be able to write processes as functionals of the canonical
process, we pass to the raw filtration. More precisely, F! denotes the raw filtra-
tion generated by (Ws — Wi)i<s<r, extended trivially to [0,7]. By [9, Appendix I,
Lemma 7|, we can find for each o € A" an F'-predictable process ii[a] which is indis-
tinguishable from u[a]. The map a € A" — u[a] still satisfies the non-anticipativity
condition (2.4) and therefore defines an element of $*. Moreover, (2.7) still holds
if we replace u by u:
Ve (T) > g(X7,(T)) as.Vae A (2.8)

t,xyy

We claim that it suffices to show that

V2 (s) > vi(s, X7, (s)) as. foralla € A, (2.9)

t,x,y

where A? is the set of all Ff-predictable processes with values in A. Indeed, if
a € At then by [9, Appendix I, Lemma 7| we can find & € A’ such that a and
@ are indistinguishable. In view of the non-anticipativity condition (2.4), u[a] and
u[a] are also indistinguishable, and then (2.9) implies that the same inequality holds
for a; that is, (2.9) extends from A’ to A’.

To prove (2.9), fix @ € A*. For given w € Q, we define

U, (0,a) € A x A® = tfa(w) Bs &) (w Bs (0 — @5 + ws)),
where we use the notation
Y@y =g + L)Y -

We observe that u,, € $4°. Using (2.8) and the flow property of the SDE (2.1), we
can find a nullset N (depending on @) such that for all w ¢ N and all & € A%,

Ysl,l;;&),y/(w)(T) > g(Xsofm,(w)(T)) a.s.,

where 2/(w) 1= X{,(s)(w) and y/'(w) := ¥};7, (s)(w). By the definition of v, this
means that y'(w) > v(s, 2’ (w)) or

—

Since V', (s) = V}',% (s) a.s. and v > v,, this shows that (2.9) holds.

Step 2. To deduce the case of a general family {0"%, (u,a) € U x A'} from
Step 1, we approximate each 0" from the right by stopping times with finitely
many values and use the lower-semicontinuity of v, and the right-continuity of the
paths of the state process. See e.g. [5, Section 2.3, Step 4] for a very similar argu-

ment. O



We shall prove the supersolution property under the two subsequent conditions.
A more general framework could be considered here (see e.g. [4] or [5]), but we shall
anyway need these conditions for the second part of the dynamic programming
principle below. Given (t,2,y,2,a) € D x R x R% x A, define the set

N(t,z,y,z,a) :={u U :oy(t,z,y,u,a) = z}.
The first condition is that u +— oy (¢, z,y,u, a) is invertible, and more precisely:

Assumption (A). There exists a measurable map @ : D x R x R x A — U such
that N = {@}. Moreover, the map (-, a) is continuous for each a € A.

The second assumption is for the boundary condition at time 7.

Assumption (B). Fix a € A and (z,y) € R? x R. If there exist a sequence
(tn, Tn,Yn) € Do x R such that (t,,zn,yn) — (T, 7,y) and a sequence u,, € Ui
such that Y'"*  (T) > g(X{ , (T)) as. for all n > 1, then y > g(x).

tnsTn,Yn

Remark 2.3. It follows from (2.2) and (2.6) that g(X{ , (T)) — g(x) a.s. for

n — oo. If U is bounded, then similarly }/tl:lnmiyn (T) — y and we infer that

Assumption (B) holds. In the applications we have in mind, the assumption is
satisfied even when U is unbounded; see the proof of Corollary 4.1 below.

To state the supersolution property, let us define for (¢, z,y,q,p, M) € D x R x
R x R% x M? the operators

La(tawayaqap7M) = uﬂy(taxayaUX(taxaa)paa)_q_:u’X(taxaa’)Tp

1
—5[0)(0;(15,90,@)]\4]

and
L :=min L°,
acA

where A
u)u/(taxayazaa) = MY(taxayaa(tax7yazaa’)’a)a Z € Rd'

Theorem 2.4. Let Assumptions (A) and (B) hold. Then, the function v, is a
bounded viscosity supersolution of

L(-,(p,@t(p,Dgo,DQ@) =0 on D<T

(2.10)
p—g=0 on Dr.

Proof. Now that GDP1 has already been established, the argument is similar to
[4, Section 5.1] and [5, Theorem 3.4, Step 1]. We sketch the proof for completeness.

Step 1. We start with the boundary condition, which is in fact an immediate
consequence of Assumption (B). Let (¢,,2,) — (T, ) be such that v.(t,,x,) —
v.(T, z), for some x € R Set y,, := v(t,,xz,) +n"'. Then, we can find u, € U
such that Y;'"  (T) > g(X{ , (T))as. foralla € A. Sending n — oo and using
Assumption (B) yields v.(T,x) > g(x) as desired.

Step 2. We now prove that v, is a viscosity supersolution of (2.10) on D.r.
Let ¢ be a smooth function and let (¢,,z,) € D<r be such that

min (strict) (ve — @) = (v« — ©)(to, To) = 0; (2.11)

Dot



we have to show that L(-, ¢, 0y, Do, D?¢)(t,, x,) > 0. Suppose to the contrary
that we can find a, € A such that

[ Yoo (., ©, 5154,0, DQD, DQ(,D)(toa 'TO) < 0’

where u, := (-, 0, 0x (-, a0) Dy, ao)(to, x,) and

1
L%t x,y,q,p, M) == py (t,z,y,u,a) — q — px(t,z,a) 'p— §[Uxa;r((t,x,a)M].

The continuity of 4, cf. Assumption (A), implies that for all € > 0, we can find
d > 0 such that |u — u,| < & whenever u € U is such that

|O—Y(t5zay7uaa0) - O—X(tazaaO)Dw(tv'r” < d

for some (t,z,y) € D x R satisfying |(¢,z,y) — (to, Zo, p(to, o)) < J. Recalling the
regularity assumptions (2.2) imposed on the coefficients of our controlled dynamics,
this implies that we can find 6 > 0 and an open neighborhood B C Dt of (t,,z,)
such that

Lwao (- y, 0p, Do, D%0)(t,x) <0 V (t,z) € B and (y,u) ER x U s.t.

2.12
|y - @(t7$)| S § and |Uy(t,:c,y,u,ao) - Ux(t,x,ao)DQO(t,l'” S J. ( )

We now fix 0 < & < 4. It follows from (2.11) that we can find (¢,z,y) € B x R
satisfying
o(t,x) +e>y >t ). (2.13)
Then, Theorem 2.2 implies that there exists u € 4 such that
Y(sAO)>v.(sNO,X(sNO)) as. Vs>t (2.14)
where we abbreviate (X,Y) := (X}'3, Y% ) and 6 is the stopping time
0 := 0" A6,

6! is the first exit time of (-, X) from B and 6? is the first time |Y — (-, X)| reaches
the level 0. Using (2.11) again, we observe that v, —¢ > 0 on B and (v, — @) > ¢
on OB, for some ¢ > 0. Then, (2.14) and the definition of § imply that

A(s):==Y(sANO) —p(s N0, X(sNO)) > (CAI)Le,rp(s) as. Vs>t (2.15)
We now use (2.12) to obtain a contradiction to (2.15). To this end, set
A = oyv(, X, Y ula,],a,) —ox (-, X, a,)De(-, X),
B = (LMede (Y, 0, Do, D%0) (5 X)) N T2AL 13261

It follows from the definition of # and our regularity and relative growth condi-
tions (2.2) and (2.3)' that § is uniformly bounded on [t,#]. This ensures that
the (positive) exponential local martingale M defined by the stochastic differential
equation

M()=1- /tMM(s)B;rdWs

!This last condition is missing in [4].



is a true martingale. Recalling (2.12), an application of Itd’s formula shows that
M A is a local super-martingale. By the definition of # < #2, this process is bounded
by the martingale MJ, and is therefore a super-martingale. In particular, (2.15)
implies that

y—(t.x) = Alt) > E[M(O)A®)] > E[M(B)(C A5 = C AS.

The required contradiction is obtained by choosing € := (¢ A §)/2 in (2.13). O

2.3 Second part of the dynamic programming principle and
subsolution property

We now turn to the second part of the geometric dynamic programming, GDP2,
and thus to the main contribution of this paper. As already mentioned in the
Introduction, we cannot rely on an abstract measurable selection argument as in
[24]. Instead, we construct an almost optimal Markovian strategy that will play
the role of a measurable selector in the proof of Theorem 2.6 below. This strategy
is defined in (2.16) in terms of a smooth supersolution w of (2.10) having spe-
cific properties. The existence of w will be proved in Section 3 by considering a
family of controlled forward-backward stochastic differential equations and using
the regularization technique of [14]. The arguments in Section 3 require existence
and stability properties for the forward-backward stochastic differential equations,
which hold under the following condition.

Assumption (C). The map (y,z) € R x R? s pi (¢, 2,9, 2, a) is Lipschitz contin-
uous and has linear growth, uniformly in (¢,z,a) € D x A.

We also assume that the comparison principle holds for (2.10); see e.g. [8] for
sufficient conditions.

Assumption (D). Let w (resp. @) be a lower-semicontinuous (resp. upper-semi-
continuous) bounded viscosity supersolution (resp. subsolution) of (2.10). Then,
w > w on D.

As in [14], the regularization procedure also requires a concavity property for
the operator L%.

Assumption (E). For all (t,z,a) € D x A, (y,p) € R x R = L(t,z,y,0,p,0) is
concave.

We denote by Cp°(D) the set of bounded functions on D which have bounded
derivatives of all orders. The following lemma summarizes the result of Section 3
in the present context.

Lemma 2.5. Let Assumptions (A) to (E) hold. Let B C D be a compact set and
let ¢ be a continuous function such that ¢ > v, +n on B, for some n > 0. Then,
there exists w € Cg°(D) such that

(i) w is a classical supersolution of (2.10),

(i) w < ¢ on B.



Proof. By Theorem 2.4 and Assumption (D), v, dominates any bounded subso-
lution of (2.10). Thus, the lemma is a special case of Theorem 3.3 below, applied
with w = v,. O

We can now state the main result of this section, the second part of the geo-
metric dynamic programming principle.

Theorem 2.6 (GDP2). Let Assumptions (A) to (E) hold. Fiz (t,z,y) in D xR,
let B C D be a compact set containing (t,z) and let 0% be the first exit time of
(~,Xf7‘z) from B, for a € At. Let ¢ be a continuous function such that ¢ > v, +1n
on OB\ Dt for somen > 0 and suppose that there exists u, € Ut such that

YA (07) 2 (0%, X0 (0") g <ry + g(X7L(T)1(pecry 8.V o € A

t,xyy

Then, there exists u € Ut such that

Ve (T) > g(XP,(T)) as.Vae A,

t,x,y
and in particular y > v(t, ).

Proof. Note that the lower-semicontinuity of v, ensures that ¢ > v, + 1 on the
closure of the bounded set 9B\ Dr. It then follows from Lemma 2.5 (applied to the
closure of OB \ Dr) that we can find a function w € Cg° which is a supersolution
of (2.10) and satisfies w < ¢ on OB \ Dr. Next, we introduce u € 4 satisfying

u[a] = uo[a]l[[tyga[[ + 1“0&7Tﬂ'&(', ijm, Y;ljg’fy, (O’X (-, a)Dw)(-, ng)’ a) (2.16)
for o € A*. To this end, let Y be the unique strong solution of the equation
0%V

Y = }/)stl;:;t(ea)+/ u)ﬁ/('ay(s)ao—x('vO‘S)DwvaS)(Sngx(s))ds

0*V-
+/ UX(S,X,?,‘I(s),ozS)Dw(s,Xt‘i‘gc(s))dI/VS

which is Lipschitz by Assumption (C). Then, if we define u by
ula] = up[a] 1 gap + Lpge rpa(-, Xi0, Y, (0x (@) Dw) (-, Xi7,), @),
it follows via the definition of @ in Assumption (A) that
ox (s, X{',(s), as) Dw(s, X, (s)) = oy (s, X{7,(s), Y (s), u[a]s, o)

for s > 0<; that is, (2.16) is satisfied. Note that u indeed belongs to the set £* of non-
anticipating strategies, due to the fact that 6% = 6% on {alp,s = |, {0 < s}
for all s € [t,T] and o, o’ € A’.

Let us now fix a € A*. Since ¢ > w on B\ Dr, the definition of the first exit
time 6% implies that

V50, (0%) = w0, X7, (07)Lipe <1y + 9(X70(T))1gazry acs.

Applying It6’s formula to the smooth function w and using that it is a supersolution
of (2.10) then leads to

V() = w(T, X7 (T)) oo cry + 9(X70 (1)) Lipo—1y > 9(X7,(T)) as.

10



as claimed. Since o € A* was arbitrary, this implies that y > v(t, ). O

As a consequence of Theorem 2.6, we can now prove that the upper-semi-
continuous envelope v* of v is a viscosity subsolution of (2.10).

Theorem 2.7. Let Assumptions (A) to (E) hold. Then, the function v* is a
bounded viscosity subsolution of (2.10).

Proof. We remark that due to the present (game) context, the proof in [4] cannot
be reproduced per se; see Remark 2.8 for details. Instead, we first consider a case
where /ﬂ;‘, is non-decreasing in y and then treat the general case by reduction.

Step 1. Let /ﬂ;‘, be non-decreasing in its third variable y. We only prove the
subsolution property on Dr; the subsolution property on D follows from similar
arguments based on Theorem 2.6; see [5, Section 3] and [4, Section 5]. Let z, € R¢
be such that

max (strict)(v* — @) = (V" — p)(T,x,) =0 (2.17)
for some smooth function ¢, and suppose for contradiction that
(T, x0) — g(0) =: 26 > 0. (2.18)

Define ¢(t,z) := ¢(t,xz) + VT —t for (t,z) € D; then (2.18) implies that there
exists 6 > 0 such that

©—g>k on Bs:={(t,x) e D:|(t,x) — (T,z,)| < d}. (2.19)

Moreover, the fact that 0;p(t, ) — —oo ast — T and the monotonicity assumption
on py- imply that, after possibly changing 6 > 0,

ingL“(-,y,6t<,5,D<,5,D2<,5)(t,:I:) >0, v (t,:z:,y) € By xR s.t. Y2 (ﬁ(t,.’L‘) — 0.
ac

(2.20)
Let

—(:= sup (v"—¢) <0, (2.21)
9B;s;\Dr

where the strict inequality follows from the fact that (T, z,) achieves a strict max-
imum of v* — ¢. Fix 0 < e < A( Ak and let (t,2) € Bs and y € R be such
that

—e+@(t,z) <y <v(t,x);

see (2.17). Next, consider the strategy defined in a Markovian way by

Q€ At = 11[0[] = ﬁ‘(v ng5 }/tl,lé?‘yv (UX('5 Q>D¢)(7 Xgac>a Oé).
Without loss of generality, we can assume that D¢ is bounded on [t, 7] x R? and
then the same arguments as in the proof of Theorem 2.6 show that 1 is well-defined
as an element of 4’
Given a € A’ let 6% be the first exit time of (-, X{*,) from Bs. Then, by the

definition of @ and (2.20), the process Y, — &(-, X?,) is non-decreasing until it

tx,y y Nt

11



reaches —J or time reaches . But since this process starts above —e > —4¢, it is
in fact non-decreasing until #* and hence

VA2 0%) > @0, XP,(0%) — <.

t,xyy

Set p:=(—e > 0. Then, ¢ := ¢ —e > v, +n on the closure of 9Bs\ Dr; see (2.21).
Moreover, it follows from (2.19) that ¢ —e > g++x—e > g on BsNDr; in particular,

YR (0%) > o(0%, X (0°)Ligacry + 9(X7L (1)) L ggacry.

Since a € A! was arbitrary, Theorem 2.6 yields a contradiction to the fact that
y < w(t,x).

Step 2. We now turn to the general case. Fix p > 0 and define f/t“fy as the
strong solution of

dY (s) = iy (s, Xz‘m(s), Y(s),u[a]s, as)ds + &y(s,Xffz(s), ?(s),u[a]s, ag)dW
with initial data Y'(¢) = y, where

by (t,x,y,u,a) = py+eluy(t,x, ey, u,a),

oy (t,r,y,u,a) = eloy(t,z,e Py, u,a).
Set §:= e’ g and define

o(t,z) ==inf{y e R: Ju et st. V5% (T) > §(X(T)) as. Va € A"}
Since /ﬂ;‘, has linear growth in its second argument y, see Assumption (C), one can
choose p > 0 so that

iy (ta,y, z,a) = py + e py(z, ey, ez, a)

is non-decreasing in its y-variable. This means that these dynamics satisfy the
monotonicity assumption used in Step 1 above; moreover, Assumptions (A) to (E)
are also satisfied. Hence, the upper-semicontinuous envelope v* of v is a viscosity
subsolution of -
L(-, 0,010, Do, D?*0) =0 on D-r
p—g=0 on Dr,

where L is defined like L but with iy and oy instead of uy and oy; that is,

L := inf L®
acA
and
Lotz y.q,p, M) = py+eul(t,z,e "y, e Pox(t,,a)p,a)

1
—q— ,LLX(ta xz, a)Tp - E[O—XU;—((ta xz, a)M]a

where @ is defined like @ but now in terms of gy. Since 0(t,z) = e”*v(t, x), this is
equivalent to saying that v* is a viscosity subsolution of (2.10). 0

12



Remark 2.8. In the proofs of [4, Section 5|, the condition |y — @(t,z)| < § was
used instead of y > ¢(t, ) — § as in (2.20). Correspondingly, §* would then be the
minimum of the first time when (-, X", ) reaches the boundary of B; and the first
time when [Y;,%, — @(-, X{%,)| reaches §. In this case, similar arguments as above
imply that

YR (07) > (0%, X2 (09)) L ggacry + 9(X{0(T)) L gacry

and in the context of [4], this was enough to obtain a contradiction. However, it is
not the case in our situation: this stopping time 0 is not an exit time of (-, X{*,),
which is a key condition in our Theorem 2.6.

Remark 2.9. It follows from Assumption (D), Theorem 2.4 and Theorem 2.7 that
v is continuous and that v is the unique bounded (discontinuous) viscosity solution
of (2.10), whenever Assumptions (A) to (E) hold.

3 On the regularization of concave non-linear PDEs

In this section, we prove Lemma 2.5 above. We consider a more general setting
in order to isolate the result from the particular context of the preceding section;
the general version of Lemma 2.5 is stated in Theorem 3.3 below. Our result is
very much in the spirit of [14, Theorem 2.1] (see also [2]), which we extend to our
setting. Consider the parabolic equation

H(-,¢,000,D0,D*p) =0 on Doy and ¢ =g on Dr, (3.1)

where, for (y,q,p, M) € R x R x R x M4,
. 1
HCowtop M) = int (Foox o) = = () p = 3 Tiloxok ()

for some continuous function f: D x R x RY x A — R such that

(y,z) = f(t,x,y,z,a) is concave for all (t,z,a) € D x A

and Lipschitz continuous with linear growth uniformly in (¢,2,a) € D x A. (3.2)

We continue to assume that the continuity and growth conditions (2.2) hold for pux
and ox, and that g is bounded and Lipschitz continuous.

Our aim is to provide a smooth supersolution of (3.1) which is controlled by
a given viscosity supersolution of the same equation, in the sense of Theorem 3.3
below. To this end, we first introduce a family of supersolutions of perturbations
of (3.1). Namely, they correspond to the shaken coefficients in the terminology of
[14]; i.e. to the operators H. defined for (t,z,y,q,p, M) € D x R x R x R? x M4 by

H.(t,z,y,q,p, M) := beglf(O)H((t,w) +b,y,q,p, M), >0,

where B.(0) C R?*! denotes the closed ball of radius ¢ around the origin. This is
also the first step in the analysis of [14, Theorem 2.1], where f does not depend
on y and z and the result is obtained by considering a family of standard opti-
mal control problems in the so-called Bolza form. We shall obtain the extension
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to our framework by considering instead controlled forward-backward stochastic
differential equations.

As in the previous section, we impose that the comparison principle holds
for (3.1); this will ensure that the family of supersolutions associated to H. is
controlled from above by the supersolutions of (3.1):

Assumption (F). Let w (resp. W) be a lower-semicontinuous (resp. upper-semi-
continuous) bounded viscosity supersolution (resp. subsolution) of (3.1). Then,
w > won D.

Proposition 3.1. Let Assumption (F) hold. For all € € [0,1], there exists a
bounded and continuous viscosity solution w. of

Hs('a%at%D%DQSﬁ) =0 on D<T (33)

with the following properties:
(i) There exists ¢ € [0,T') such that

we>g4eon|[T—c T xR and ¢ >0 ife > 0. (3.4)
(ii) For any compact set B C D, there exists cB satisfying cZ — 0 as e — 0 and
we — cB < wy on B. (3.5)

Proof. We shall construct the functions w, as value functions associated to con-
trolled forward-backward stochastic differential equations. Some of the subsequent
technical arguments are known and will only be sketched; we focus on the points
specific to our problem.

Step 1. In this step, we introduce a family of controlled forward-backward
equations indexed by e. To this end, let 7 denote the set of stopping times and
D3, the collection of pairs (7, ) such that 7 € T and & € L?(F; R?). Moreover, we
denote by Sy the set of predictable processes 1 such that sup,. |¢;| € L? and by
H, the set of P@dt-square-integrable predictable processes. Finally, we let B, (resp.
A) denote the set of predictable processes with values in the ball B.(0) ¢ R4+t
(resp. A). For each ¢ € [0,1], given a control v := (a,8) € A x B. =: T'. and an
initial condition ¢ := (7,{) € D2, we now consider the decoupled forward-backward
stochastic differential equation

X = e / (5, XE) + Boy s )ds + / o3 (5, X7) + Bay cvg) AW,
T T

Felr = g (XS7) - / FS(5, V26, Z65)ds — / 2547w,
T VT

where g. := g + 2¢ and
IS (s,y,2) = f((, X$7) + Be,y, 2, a) for (s,y,2) € [0,T] x R x R
Note that the forward equation does not depend on €. Moreover, (3.2) implies that

(y,2) € R x R? fg(s, Yy, z) is Lipschitz continuous with linear growth

uniformly in (s,(,7v) € [0,7] x Dg x T';. (3.6)
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Existence and uniqueness of the solution ()_(CW, Yo, ZE’C’”) € So x Sy x Hy are
standard; see e.g. [17]. For v € T'c, ( = (1,€) € Dy and 0 € T such that § > 7 a.s.,
we now define

V57 i=ess sup Y77 where v @4 =161 + Ljo.777 - (3.7)
v el

By a Girsanov change of measure argument as in |7, Proposition 3.3] (which is
in turn an extension of [20]), it follows that

(t,x) € D we(t,z) = yf’(t“)” (3.8)

is a deterministic function on D, independent of v € I'y. In the remainder of the
proof, we show that w, satisfies the requirements of the proposition.

Step 2. We provide some estimates that will be used later on. We first observe
that (3.6), [17, Theorem 1.5], (2.2) and the Lipschitz continuity of ¢ imply that we
can find ¢, ¢’ > 0, independent of €, such that

E |:|}7T€17<11'Y€Bﬂ—1’7 B YTEQ,Cz:v@Tz'r |2}
v Y- ! v YD~ !
< B [|g: (X579 = g (XN E 4 — ol

<E [|§1 — &P+ - 7‘2” (3.9)

forall ¢; = (7:,&) € Do, i =1,2and v,+" € T'.. As the family {Yé’qlﬂ@fﬂ byer. is
directed upward, it follows from [16, Proposition VI-1-1] that we can find a sequence

(v/)n C T such that 577-81’@’7@” Tnog Y17 as.; see e.g. [5, Lemma 2.4] for a similar
argument. Then

yg(m — yf;cm < limninf (yévﬁlav@n Yo _ Y;ffmﬂ%ﬂn) _
Similarly, we can find (v,/),, C T’z such that
yf_;(zﬂ — Jiil"Cm < liminf (}77‘2’(2’7@*2'% _ Yéaglﬂ@n 'Yn) ]
n

Moreover, as g is bounded and f satisfies (3.6), we deduce from [19, Theorem 2.2]
that

ess sup (|}7T<22"V,| + |}7TC11"V,|) €L
7€l

Then, combining the above with the dominated convergence theorem and the a-
priori estimate (3.9) yields that

E[|[V57 = Yu= P < B [l6 — & + In — 7] (3.10)

Applying the first inequality in (3.9) to ¢ = (t,2) € D and (» = (T, z) and using
that pux,ox are bounded, we see that there exists a constant ¢’/ > 0 independent
of & such that

|}7t5,(t@)7’y — ge(z)| = |}7t€,(t@)77 7 Y;,(T@)N| < T —¢ v erl..

As a result,

|yt g ()| < VT —t Y (t,2,7) € D x I.. (3.11)
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Step 8. The fact that w.(z) = Y77 for all 2 = (t,x) € D ensures that
we(¢) = Y= for simple random variables ¢ = (7,¢) € Dy. The estimate (3.10)
shows that ¢ = (7,€) € Dy — Y27 € L? is continuous, and therefore that
the function w. is continuous. This readily implies that w.(¢) = Y%7 for all
¢ =(1,§) € Dy and v € I'.. In particular, for z = (¢t,z) € D,

we (1, X27) = Y& for all 7 € T, (3.12)

and Y%7 admits a modification with continuous paths.

Step 4. We now sketch the proof of the dynamic programming principle for )=,
and thus for w.. Fix z = (t,2) € D,y €. and let t <7 <0 < T be two stopping
times. Let v, € I'. be such that Y;*7 < Y,*7%™ 4 n=1_ Then, by the stability
result [17, Theorem 1.5], one can find ¢ > 0 and a sequence (0,),>1 of random
variables converging to 0 a.s. such that

€,2,Y VEZ YDV I3 ez ®ovn I3 ez
yT > Y‘r ! _5770[5/0 ] 28779[3}0 ] _C(S’m

where Ef}) [x] denotes the value at time 7 of the first component of the solution to
the backward stochastic differential equation with driver f5 and terminal condition
X € L?(Fy) at time 6. By sending n — oo, this implies that

VP2 £y

Conversely, it follows from the comparison principle [17, Theorem 1.6] that

_ ’ fz , ’
yi,z,v = ess sup YfaZaV@TV < ess sup (C/‘T.‘YGEBT’Y D;;,z,v@w ],
v'ere y'er:

which, combined with the above, implies

Vo7 = ess sup Ef})@”/ [yg’z’”@”/]. (3.13)
v'er.

Step 5. We already know from Step 3 that w. is continuous. Then, standard
arguments based on the identification (3.12) and the dynamic programming prin-
ciple (3.13) show that w, is a continuous viscosity solution of (3.3); see [18] and [7]
for details.

Step 6. We conclude with the remaining estimates. The bound (3.11) and
the fact that g is bounded imply that (we).e[o,1) is uniformly bounded. Moreover,
the estimate (3.11) implies (3.4); it remains to prove (3.5). We first observe that
the family (w:)-¢[,1] is non-decreasing by the comparison principle for backward
stochastic differential equations and therefore admits a limit wy > wg as e — 0. The
stability of viscosity solutions, see e.g. [3], combined with Assumption (F') ensures
that @y is a continuous bounded viscosity solution of (3.1). Since wy is a bounded
continuous viscosity solution of the same equation, Assumption (F) implies that
lim. o we = Wp = wy. By Dini’s theorem, the convergence is uniform on compact
sets, which is (3.5). O

Remark 3.2. Consider again the setting of Section 2 with Assumptions (A) to (E).
For f := pu¥, the equations (3.1) and (2.10) coincide and hence v = wq by unique-
ness, where wy is defined in (3.8). Thus, the controlled forward-backward stochastic
differential equation (3.7) with € = 0 is a dual problem for the stochastic target
game.

16



We now apply the smoothing technique used in [14, Section 2] to the functions
we obtained in Proposition 3.1 to construct a suitable smooth supersolution of (3.1).
The stability results (3.4) and (3.5) play an important role in ensuring that the
correct boundary condition at time 7' is satisfied and that the upper bound in (ii)
below holds true.

Theorem 3.3. Let Assumption (F) hold and let w be a function on D which
dominates any bounded viscosity subsolution of (3.1). Moreover, let B C D be a
compact set and ¢ be a continuous function such that ¢ > w +n on B, for some
1> 0. Then, there exists w € C5° (D) such that

(i) w is a classical supersolution of (3.1),
(i) w< ¢ on B.

Proof. The proof is provided for the sake of completeness; we follow closely [14]
and [12]. Throughout, any function w on D is extended to R x R? by w(t,z) =
w(0,z) for t <0 and w(t,z) = w(T,x) for t > T.

Step 1. We first construct a semi-concave function which is a.e. a supersolution
of (3.1) in the interior of the parabolic domain. Let w. be as in Proposition 3.1.
For k > 1, consider the quadratic inf-convolution

wh(z) == Zl/relfp(wg(z’) +klz—2%), z€D.
Since w, is continuous and bounded, the infimum is achieved at some point Zx(z).
Note that w. > w¥ > —|w. |, where | - |» denotes the sup-norm on D. Hence,
klz — 2(2)|? = wE(2) — we(2(2)) < 2Jweloo =t 1.
It follows that
|z — 2k(2)|? <1k =: (pr)* (3.14)

In particular, 2,(z) — z as k — oo and thus, using again w. > w’ and the
continuity of we,

we(z) < liminf(we (2x(2)) + k|2 — 2x(2)[%) < limsup w”(2.(2)) < we(2).

k— o0 k— o0 n

Let ¢ be a smooth function on D and let z € Do be such that
. k _ k —
H%n(wa - (P) - (wa - (p)(z) =0.
Then, for any 2’ € D,

we(21(2) + 2" — 2) + kl2k(2) — 2|* — o(2') w’“(Z’) —¢(2)

F(2) — o(z)
= we(2(2)) + Kl2(2) — 2I* — 0(2).
(

Hence, the minimum of 2’ € D +— w(2x(2) + 2" —2) — ¢
and therefore

(VAN

z') is achieved by 2/ = z

(Orp, Do, D*p)(2) € P~we(k(2)),
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where P~ w.(21(2)) denotes the closed parabolic subjet of w. at 2;(2); see e.g. [8].
In view of Proposition 3.1, this shows that w” is a viscosity supersolution of

H.(21(-), 0,00, Dp, D*¢) > 0 on [p, T — pi] x R%.
Take k large enough so that p, < e/2. Then, (3.14) yields that
{Zk(2) +b, be B-(0)} D {2+, b e B.,»(0)}.
This implies that wf is a viscosity supersolution of

min H(- +b,,dyp, Dy, D*p) > 0 on [pg, T — pi] x R™.
be Ba/z (O)

Step 2. We now argue as in [12] to construct from the previous step a smooth su-
persolution in the interior of the parabolic domain. Since wf is semi-concave, there
exist D§**wk € L1(D) and a Lebesgue-singular negative Radon measure Dj""w"
on D such that

D*w"(dz) = D?

2, wFdz 4+ D2, wk in the distribution sense

sing

and
(Opw®, DwkF, D%, wk) € P~wk ae. on [p, T — pi] x RY;

abs %e

see [13, Section 3|. Hence, Step 1 implies that

min  H(- + b,w®, 0;wk, Dw®, D2, w®) > 0 a.e. on [pr, T — pr] x RL.  (3.15)
be B, /2(0)

Next, we mollify w*. Let ¢ € Cp° be a non-negative function with support

[—1,0] x [~1,1]? such that [p.., ¥(2)dz = 1, and set ¥s(z) = 6~ 1¢p(z/d) for
z € R¥! and § > 0. For any bounded measurable function w on D and (t,z) €
[6,T] x RY, let

wxs(t,x) = / w(t', 2 st —t, 2" — z)dt' dx’
RxR4

- / wt+t',x+ 2" s (', 2")dt' dx'.
RxR4

Using (3.15) and the fact that (y,q,p, M) € R x R x R x M? s H(-,y,q,p, M) is
concave due to (3.2), we obtain for § < /2 that

Ho (-, wk x5, 0pw? * s, (Dwk) *bs, (D2ywh) x s) (20) > 0
for all z, € [pr. +6,T — pi] X R%. Note that, since nggwf < 0 and ¥s > 0,

/]R R wlsD?zbswfdz 2 /]R Rd ’L/J(SD?le’LdeZ + / wéDizngwf (dz)
X X

RxR4
/ wangdz
RxR4

by integration-by-parts. Since L is parabolic, this shows that, on [py+d, T'—pg] xR,

Ho (-, wE % b5, 0p(wk * bs), D(wk x s), D*(w x 15)) > 0.
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By sending k£ — oo, we obtain that w.s := w. x ¥s is a supersolution of (3.1)
on (6,T). Moreover, w. s € Cp°(D) since ¥ € C;°(D) and w. is bounded by
Proposition 3.1.

Step 3. We now choose ¢ and § so that the supersolution property holds at T’
and (ii) of the theorem is satisfied for w = w.s. We first use that ¢ > w + 7
and that w dominates bounded subsolutions of (3.1); in particular, w > wy by
Proposition 3.1. Choose ¢ such that the constant ¢Z in (3.5) satisfies ¢Z < /2,
then

we <wo+cf <gp—n+cf <p—n/2

As w, is continuous, we have w, s — w. uniformly on the compact set B. Thus,
for § > 0 small enough with respect to 7,

we,s < ¢ on B,

which is assertion (ii). For the supersolution property at 7', we first appeal to (3.4)
and choose ¢ € (0,¢®) such that we also have w. 5 > g * ¢s + & on Dp. Since g is
uniformly continuous, we can choose § > 0 small enough so that g x¢s > g —e on
Dr, and therefore w. ;s > g on the parabolic time boundary.

Step 4. The fact that w. s is only a supersolution of (3.1) on (d,7] and not
on [0, 7] is not restrictive; we can follow the same arguments on [—1, 7] instead of
[0,T] and obtain that w. s is a supersolution of (3.1) on (=1 + 4,7 D [0,T] for
0<d<1. O

Remark 3.4. In some applications, one might want to restrict the spatial domain
to an open set O C R?, for instance if the process X of Section 2 is defined
as a stochastic exponential. Then, the equation (3.1) should be naturally set on
D :=[0,T] x O. In this more general context, the arguments of Proposition 3.1
can be reproduced without modification whenever the comparison principle of As-
sumption (F) holds for D = [0,T] x O. Moreover, the proof of Theorem 3.3 can be
generalized to this context under the following additional assumption: there exist
§o >0 and Yo € C°(R? x R% Ry) such that, for all z € R?,

(i) o+ 62’ € O for all § € (0,50) and 2’ € R? such that ¢ (x,z') # 0,
(ii) [pa Yo(z,2")da’ =1,
(iii) the support of 1o (x,-) is contained in [—1,1]%.

Indeed, it then suffices to replace the mollifier ¥s introduced in Step 2 of the proof
of Theorem 3.3 by

Ys(t',a'sx) = 07 (t [0 o (z,2'/8), (t,2',z) € R x RY x RY,

for some smooth function ¢ > 0 with support [—1,0] such that [, ¢(t)dt = 1, and
to define the convolution operation by

wxs(t,x) = / w(t', 2 st —t, 2" — x;2)dt' da’
RxR4

— / wt+t,x+ 2" )Ws(t' 2" x)dt' da’.
RxR4

For § < dp, the condition (i) above ensures that 2’ = z+06(z —2’)/6 € O whenever
x € O and Ys(t' —t,a’ —x;x) £ 0.
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Similarly, the proofs of Theorems 2.2 and 2.4 do not change if we replace [0, T'] x
R? by [0,7] x O. Under the additional assumption introduced above, Lemma 2.5
also extends to this case, and so do the proofs of Theorems 2.6 and 2.7, whenever
the comparison principle of Assumption (D) holds for D = [0,T] x O.

4 Super-hedging under model uncertainty

In this section, we apply the above results to a super-hedging problem under model
uncertainty, where the dynamics of the underlying stocks and the interest rates
depend on a process « which is only known to take values in the given set A. We
consider an investor who wants to hedge an option written on some underlying
stocks whose log-prices evolve according to

Xp, =a ot / (s, X5 (5), cve)ds + / o5, X§',(5), e AW,
t t

for some unknown process a € A!. Thus, there can be uncertainty both about the
drift and the volatility. Moreover, the range of possible coefficients may be state-
dependent. The investor also has a money market account at his disposal; however,
the interest rates (r°(¢, oy))i<r and (r'(t,ou))i<r for borrowing and lending are
different and also depend on the process a.

A trading policy for the investor is a process v € U* taking values in U = R%.
Recall that U consists of processes which are in LP(IP x dt) for some p > 2. In this
section, we choose p > 2. Each component v* corresponds to the monetary amount
invested in the i-th stock. Given some initial capital y € R at time ¢, the wealth

process Y;;", then evolves according to

}/tl,j:fty = y+/ V;r{ngx =+ %V(Sngx(S%aS)dS}‘FL‘ p(sa}/tl;afy(s)vysvaS)ds
t

= y+/ (V;r{,uﬁL%7}(5anm(5)vQS)er(Sthl,/a’co,éy(S)vVSvQS)) ds
t

+ / I/STJ(S, Xto,‘m(s), ag)dW,
t

where ~ is the vector containing the elements of the diagonal of the matrix oo "

and, with 1 := (1,...,1)T,
p(ty,usa) =y —u 14! (ta) — [y —u"1]7r(t,a)

for (t,y,u,a) € [0,T] x R x R x A.

The process o may be interpreted as a directly observable risk factor such
as the federal funds rate or an indicator for the state of the economy. In this
case it clearly makes sense that the investor’s actions may depend on « in a non-
anticipative way. Alternatively, as the stocks X", are observable, so are the volatil-
ities o (s, X{,(s), o). Therefore, if a = o(s,z,a) is invertible, the process «a is
automatically observable. We thus allow the investor to choose a non-anticipative
strategy u € 4. As a result, the super-hedging price is defined by

o(t,z) :==inf{y e R: Jued st. V5% (T) > g(X7,(T)) as.Vae A}

t,x,y
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or the smallest price which allows to super-hedge for all a € A",
We henceforth assume that g is bounded and Lipschitz continuous, that u and o
are continuous functions, that

(t,r,a) € [0,T] x RY x A (u(t,z,a),0(t,z,a)) is bounded,
Lipschitz continuous in x uniformly in (¢, a), (4.1)
and that o(t,z,a) is invertible for all (t,z,a) € R? x A.

We also assume that (¢,a) € [0,T] x A ~ (r®,7!)(¢,a) is continuous and bounded,
that
b >l

and that
Ni=o"t(u+iy—r") and AN :=o0"'(u+iy—7r!) arebounded.  (4.2)

We observe that the latter assumptions are in fact no-arbitrage conditions. In this
setting, we have the following characterization of the super-hedging price.

Corollary 4.1. The function v is continuous and the unique bounded viscosity
solution of

imjf4 [o(-, 0. Dp,a) + 1y(-,a)Do — L%| =0  on [0,T) x R?
ac
p(T,)=g on R%

where 1
LY%(t,x) := Orp(t, x) + §Tr[aaT (t,x,a)D*p(t, x)].

Proof. The present model satisfies the conditions (2.2) and (2.3) of Section 2.
Moreover, Assumption (A) holds with

a(t,z,y,2,0) = (0~ 1) (t,x,a)z.

To verify Assumption (B), consider a € A and u € 4. Then Itd’s formula, our choice
p > 2 and (4.2) imply that the process (e~ Ji 7'(s:)ds V") is a super-martingale
under the probability measure Qf , defined via the Doléans-Dade exponential

dQf. N
F Er </t A (S,Xt,m(s),a)dWS>.

In particular, if Dep X R 3 (ty, 20, yn) = (T, 2,y) € Dr X R and (u,),>1 are such
that u, € U and Y;\72"  (T) > g(X¢, , (T))as., theny, > Eqe  [9(X{ . (T))]
for all n > 1, while (4.1) and the continuity of the bounded function g ensure that
Egg . [9(XE ., (T))] = g(x) as n — oo. Since y,, — y, this shows that y > g(z),
so Assumption (B) holds.

As g is bounded, the same super-martingale property implies that v is bounded
from below. Moreover, as r' is bounded, v is also bounded from above, so we
have (2.6). To verify Assumption (C), we use the definitions of % and p to obtain
that

M%(taxayazaa) = p(taxayaa(taxayazaa)aa) + ﬂ(t,x,y,z,a)T{u(t,x,a) + %W(taxaa)}
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satisfies
sty z,a)| < Jyl(r°) VP ) a) + |2 (A V APD (2, a)

and

s (t 2,y 2,0) = py (t2,y' 25 a)l < Jy =y (r°] VI )(t @)
+Hz = 21NV N (E 2, a)

for all (t,z,a) € [0,T] x R x A and (y,2), (v/,2') € R x R%. Assumption (E) is
satisfied? due to r! < r. Finally, Assumption (D) follows from standard arguments
under our Lipschitz continuity conditions; cf. [8]. O
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