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TUG-OF-WAR, MARKET MANIPULATION
AND OPTION PRICING

K. NYSTROM, M. PARVIAINEN

ABSTRACT. We develop an option pricing model based on a tug-
of-war game involving the the issuer and holder of the option. This
two-player zero-sum stochastic differential game is formulated in a
multi-dimensional financial market and the agents try, respectively,
to manipulate/control the drift and the volatility of the asset pro-
cesses in order to minimize and maximize the expected discounted
pay-off defined at the terminal date T'. We prove that the game has
a value and that the value function is the unique viscosity solution
to a terminal value problem for a partial differential equation in-
volving the non-linear and completely degenerate parabolic infinity
Laplace operator.

1. INTRODUCTION

A feature of illiquid markets is that large transactions move prices.
This is a disadvantage for traders that need to liquidate large portfolios
or keep their stock holdings close to a pre specified target but there are
also situations where investors may benefit from moving prices. For
example, a large trader holding a large number of options may have
an incentive to attempt to impact the dynamics of the underlying and
to move the option value in a favorable direction if the increase in
the option value outweighs the trading costs in the underlying. There
are some empirical evidence, see [GS], [P01], [KS92], that in illiquid
markets option traders are in fact able to increase a derivatives value
by moving the price of the underlying.

In this paper we consider option pricing in the context of a two-player
zero-sum stochastic differential game in a multi-dimensional financial
market where the issuer and holder of the option try, respectively, to
manipulate/control the drift and the volatility of the asset processes in
order to minimize and maximize, respectively, the expected discounted
pay-off defined at the terminal date 7. An important contribution of
this paper is that we are able to establish a connection between option
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2 K. NYSTROM, M. PARVIAINEN

pricing and games referred to as tug-of-wars. While in the prevailing
model for option pricing, the governing partial differential equation,
the Black-Scholes equation, is a linear second order parabolic equa-
tion, in our context the underlying partial differential equation becomes
substantially more involved due to the presence of the non-linear and
completely degenerate infinity and parabolic infinity Laplace operator.

1.1. Price dynamics. We here give a heuristic description of price
formation process underlying our model. We let

S(t) = (Si(t,w), ... Su(t,w))  [0,T] x Q — R™

be the stochastic process which represents the prices of n assets at
time ¢ € [0,7]. To keep mathematical tractability we formulate the
dynamics of S = S(t) as a system of stochastic differential equations
for the vector of log-returns

X(t) = (Xi(t,w),..., Xp(t,w)) : [0, T] x Q@ = R",

Xi(t) = log(Si(t)) for ie{l,..,n}
Let (€2, F,IP) be a probability space satisfying the standard assumptions

and let {&}, for i € {1,...,n,n+ 1}, k € N, be sequences of i.i.d
random variables such that

P(&r=1)=1/2=P(&x = —1).
In particular, {&;}, represent the outcomes of sequences of standard
coin toss. We let Fy; be a filtration of F to which {¢; ;} are adapted.

Let N € N denote our discretization parameter. We let XV denote

the state of the log-returns of asset i after step k. Then, on thls level
the model is
XZ{\,Q — Xﬁgfl = a random walk increment with drift

+ an increment resulting from price manipulation

modeled as a tug-of-war game.

To be more precise, at step k of the game a sample of (&1, ..., Enr1k)
is generated. For component i € {1...,n} contribution from the ran-
dom walk with drift is modeled as

Mk

N \/—O-kgz ks

where p; is a real value giving a drift and o; represents the magnification
of the step 2¢; ;. (volatility can vary from the asset to asset).

To formulate the increment resulting from price rnanipulation mod-
eled as a tug-of-war game we let {077} = {(Gfk, SN 0,)} be Fy-adapted
random variables such that 67 € {z € R* : |z| < 1/v/N}. The

sequences {0, }, {6, }, correspond to the control actions of the max-
imizing and minimizing player in the game to be described. In the
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tug-of-war game the idea is that {6, }, {6, }, represent the displace-
ment exercised by the maximizing and minimizing player, respectively.
In particular, it is assumed that each of the two players can affect the
price process and push it in a favorable direction, but the turns to do so
are taken randomly. As the players are constantly competing against
each other, this game is called a tug-of-war game. In this setting, the
increment of component 4, at step k, based on coin toss &,+1, is

(1+&t1k) _ (1 =&t1)

o (ka 0, G O)

2 fn—l—l,k + 9

Again it is assumed that the actions of the players are magnified by
the factors {o;}.
Put together, the position of the log-returns after j steps is X JN =

(XD, ..., X7Y), where

Z7.j’.
i 2 Y
] x+MN+\/NO-;§7k

1
L/ (04, — 05, 0, +0;
+ 20'i Z(( ik 5 z,k)fn_'_l’k + ( k ,k))

2
k=1
We define {WN(t)}is0, 7 € {1,...,n + 1}, by setting

and using the relations

(2

WG = W - o)+ (1= ) Vi,

whenever t € ((k—1)/N,k/N], k € N. Moreover, we define continuous
time processes by setting

XN(t) = XNy, 05V(1) = VNG,
With this notation, the above dynamics becomes
XN(t)=AY(t)+ BY(t)+ CN(t), ie{l,...,n}, (1.1)

where

t t
0 0
t
BNt = o / 6 () — 07 ()W, (s),
0

CN@t) = O'i/o VNN (s) + 6,7 (s))ds.
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Then by passing to the limit, using Donsker’s invariance principle,
t

t
0 0

BN - o / (07(5) — 07 (5)dWsr (5),

as N — oo where W;, W, ., are standard and independent Brownian
motions. The key difficulty when attempting to understand the contin-
uous time limit of the outlined price dynamics, as N — oo, is to under-
stand the asymptotics of the term CN(¢). A solution due to [AB10] in
the context of time independent equations, is to replace v N with dy-
namically controlled quantities d* and d~. This approach is motivated
by the connection of tug-of-war games to the infinity Laplace operator
in [PSSW09]. Therefore, as described later, the core of the model is
given by

AXi(s) =(pi + o(df () + 7 () (67 (5) + 0; (5)) ) ds
+ 0 dWi(s) + 0:(0 (s) — 0; (5))dW,41(s),

with sufficient assumptions on the controls d*, #*. This is to be con-
sidered as the continuous time limit of (1.1).

(1.2)

1.2. Fair game value of options. Let (2, F, {F;},P) denote a com-
plete filtered probability space with a right-continuous filtration sup-
porting an (n + 1)-dimensional and {F;}-adapted Brownian motion
W = (Wh,...,Wy41). We assume that all components are independent.

There are two competing players, one maximizing and one minimiz-
ing, which both attempt to control and manipulate the log-returns X (¢)
of the underlying assets. Denote by S*~! the unit sphere of R"*. We let

H:=S""1x[0,00),
and
At = AT(t) = (07 (t),dT (1)), AT = A(t) = (0 (t),d (1)),
where
6= (t) € S, d*E(t) € [0,00), t €[0,T],

are {JF; }-adapted stochastic processes representing the control actions
of the maximizing and minimizing player. Heuristically, 6% (t) denotes
the directions and d*(t) the lengths of the steps taken by the players.
We let AC denote the set of all admissible controls.

Each player also chooses a strategy p® which represents a respond
to the actions of the opponent, i.e. the strategies p* are functions from
the space of controls to the space of controls. In particular, given a
control of the opponent, a strategy gives the corresponding control of
the player, and we let § denote the set of all admissible strategies.
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Detailed definitions of (admissible) controls ( AC) and strategies (8)
are given below in Definitions 2.1 and 2.2. Using this notation the
dynamics of the log-returns is given by (1.2).

Note that in (1.2), the time-dependent controls of the players en-
ter in the drift coefficient, and in the diffusion coefficient of the one-
dimensional Brownian motion W, ;. Hence, this part of the dynamics
is degenerate in the sense that it is possible for the players to completely
switch off the one-dimensional Brownian motion W, .

Given A* = (6*,d*) and a pay-off function g at T, we set

JEO(AY, A7) = Efe T 0g(X (T
= Bl g(X(T) (13)

where the superscript (z,t) indicates that the game starts at position
x at time ¢t. The expectation E[] is taken with respect to the measure
P.

Definition 1.1. The upper and lower values of the stochastic dynamic
game are denoted by U™ (x,t) and U~ (x,t), and defined as

Ut(z,t) = inf JED(pT (A7), A”
(x,1) sup it (p7(A7), A7),
U (x,t) = inf sup J@Y(AT, p=(41)).

p=E8 Atene
The game is said to have a value at (z,t) if Ut (z,t) = U™ (x,t). If
Ut(x,t) = U (x,t) = U(x,t), then we say that U(x,t) is the fair
game value of the option.

1.3. Statement of main results. Our fair game value of the option
is related to the degenerate partial differential operator F

2 n
F(u, Du, D2u) ::W< Z uwﬂjuxiu%aiaj)
=t (1.4)

i=1 =1

where Du := (Ug,,...., Uz, ), and D?*u is the matrix consisting of the

second order derivatives. We consider the terminal value problem

u(x,T) = g(x), on R". (1.5)

{@u + F(u, Du, D*u) =0, in R™ x (0,7),
Solutions to (1.5) has to be understood in the sense of viscosity so-
lutions as defined in the bulk of the paper. Concerning the pay-off
g, we adopt the following convention: throughout the paper it is our
standing assumption that the function ¢ is a positive bounded Lipschitz
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function, i.e.

sup g(x) +  sup M

<1, (1.6)
TER™ z,yER" Aty |l’ - y|

for some L < oo. The assumptions concerning boundedness and posi-
tivity of g are only imposed to minimize additional technical difficulties.
The main result of the paper is the following.

Theorem 1.2. Let g be as in (1.6) and let U* be the upper and lower
values of the stochastic dynamic game as in Definition 1.1. Then

Ut=U" on R"x|[0,T]

and U := Ut = U~ is the unique viscosity solution to (1.5). In partic-
ular, U(x,t) is the fair game value of the option.

Theorem 1.2 can be compared to the well known fact that, after
changing to log-returns, the arbitrage free price of a simple European
contract in the original Black-Scholes model is the unique solution to
the Cauchy problem for a second order uniformly parabolic equation
(heat equation). We emphasize that our fair value makes no reference
to, and is different from, classical concepts of arbitrage free pricing.
It is an interesting area of future research to understand, for example,
notions of arbitrage free pricing in the context of the stochastic dynamic
games considered in this paper. Furthermore, while this paper mainly
is of theoretical nature, an interesting future project is to study (1.5)
from a numerical point of view.

Example 1.3. Consider g : R™ — R defined by
g(x1, ..., xy) = max{K — wie™ — ... —w,e™, 0} (1.7)

where wy + .... +w, = 1, w; > 0, and where K, the strike, is a positive
real number. Then g represents the pay-off of a put option written on
the index w1 S1(T) +.... + w,Sp(T) = wie™ + ... +w,e™ with strike K.
Obviously g satisfies (1.6) for some L < co. We note that in general
the Lipschitz reqularity is a feature of many commonly traded financial
derivatives.

1.4. Brief outline of the proof of Theorem 1.2. The complexity
in proving Theorem 1.2 stems from the unboundedness of controls and
strategies as well as from the potential degeneracy of the underlying
dynamics. To overcome the unboundedness of the action sets we first
approximate the original stochastic differential game by a sequence of
games with bounded controls AC,, and bounded strategies §,, where
the bounds tend to oo as m — oo. The upper and lower values of the
associated stochastic dynamic games are defined analogously as for the
unbounded controls game above, i.e.
Ut(z,t)= sup inf J@Y(pH(A7), A7),

p+ ESm A—€AC,
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U-(z,t)= inf sup J@Y(AF p=(A1)),
P ESm A+eAC,
where J@? is given in (1.3). The upper and lower values are unique.
An important step is to connect the value functions to viscosity solu-
tions to the following terminal value problems involving Bellman-Isaacs
type equations:

O — Hf (u, Du,D*u) = 0 in R" x (0,7),
u(z, T) = g(xr) onR" (1.8)
)

O — H, (u, Du,D*u) = 0 in R" x (0,7),
u(z, T) = g¢g(xr) onR" (1.9)

The operators HZ are introduced later and we here simply note that
the equations in (1.8), (1.9), are non-linear parabolic equations and
these equations are the relevant Bellman-Isaacs equations associated
to our problem in the case of bounded controls. In Section 2 we briefly
discuss comparison principles, existence and uniqueness of viscosity
solutions to (1.8), (1.9). The comparison and uniqueness follows along
the lines of Giga, Goto, Ishii and Sato, see [GGIS91], by using doubling
of variables as well as the theorem of sums. Existence is established
by the construction of appropriate barriers and by the use of Perron’s
method.

In Lemma 3.1, we prove that the unique solutions to (1.8), (1.9), ut,
satisfy

uwh =Ur u, =U,.. (1.10)

In other words, the unique solutions to stated terminal value problems
produce the upper and lower values of the associated stochastic games.
The proof uses Ito’s formula and estimates for stochastic differential
equations.

To continue, we prove in Lemma 5.1 that

H* - —F as  m — 00.

To complete the proof of Theorem 1.2, a key step is to prove that there
exists mg € {1,2,...} such that the families

{uf : m >mg}

are equicontinuous (Lemma 5.2). The proof of this fact is based on a
barrier argument. These results enable us to conclude by the Arzela-
Ascoli theorem, see Lemma 5.3, that there exists a continuous function
u such that

uE (z,t) — u(x,t), (1.11)

m

and that the limit u is the unique solution to (1.5).
Finally, at the end of Section 5 we prove Theorem 1.2 by showing
that when the bounds on the controls increase, then a subsequence of
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corresponding value functions converge to a value function for the game
with unbounded controls. This together with (1.10) and (1.11) yields
the result.

Our approach is influenced by the works of Swiech [Swi96] as well as
Atar and Budhiraja [AB10]. A different approach to stochastic games is
due to Fleming and Souganidis [FS89], see also [BLO8|. Indeed, the ap-
proach in [FS89] is based on establishing a dynamic programming prin-
ciple based on careful approximation arguments working directly with
the value functions. Then using this the authors prove that the value
functions also solve the associated Bellman-Isaacs equations. However,
our model contains degenerate diffusion and unbounded controls and
our approach relies on viscosity theory for non-linear and degenerate
partial differential equations already from the beginning. In particu-
lar, instead of establishing a dynamic programming principle for the
value function, we show, as explained above, that the unique viscosity
solution to the corresponding partial differential equation satisfies a
dynamic programming principle.

Our work is developed based on the recently established connections
between discrete in time tug-of-war games and infinity harmonic func-
tions [PSSW09], and tug-of-war with noise in the context of p-harmonic
functions [PS08]. We here also mention the approach based on nonlin-
ear mean value formulas developed in [MPR10] and [MPR12]. Contin-
uous in time stochastic differential games and infinity harmonic func-
tions were considered in [AB10], and [AB11]. The equation consider in
this paper, modulo the presence of the model related constants and a
change of the time direction, coincides with normalized p-Laplace oper-
ator considered in [MPR10] in connection with normalized p-parabolic
equations and tug-of-war games, see also [BG| and [Doell]. The par-
abolic equation involving a normalized infinity Laplacian is studied

in [JKO06].

2. PRELIMINARIES

Recall that (Q,F,{F,},P) denotes a complete filtered probability
space with a right-continuous filtration supporting an (n+1)-dimensional
and {JF,}-adapted Brownian motion W = (W, ..., W,,;1). We assume
that all components are standard and independent Brownian motions.

Definition 2.1 (Controls). Let
A= A(s) := (0(s),d(s))

be a progressively measurable stochastic process on (2, F, {F}, P) tak-
ing values in H = S"! x [0, 00). We set

A :=A(A) :=sup sup d(s,w) € [0, 00].

w€eR s€[0,T]
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The control is said to be admissible provided that A < oo, and we
denote the set of all admissible controls by AC.

Definition 2.2 (Strategies). A mapping
p: AC— AC
is said to be a strategy if, for all A, A € AC, with the notation
A= plA), A= (A,

and for every 7 € [0, T, the following holds. If

P(A(s) = A(s) for a.e. s €[0,7]) =1 and A(A) = A(A)
then
P(A'(s) = A'(s) for a.e. s €[0,7]) =1 and A(A) = A(A").
Given p € 8, we set

Alp) = ESEGW(A)) € [0, 00].

The strategy is said to be admissible provided that A(p) < oo, and we
denote the set of all admissible strategies by §.

In general, and to this end, we in the following by controls and strate-
gies mean admissible controls and strategies in the sense of Definition
2.1 and Definition 2.2.

In the following we will approximate unbounded controls by bounded
ones.

Definition 2.3. For m € {1,2,...}, we define

AC,, = {A€AC: A(A) < m},
Sm = {pe8: Alp) <m}. (2.1)

For convenience, we record the definitions of the game values already
described in the previous section.

Definition 2.4. The upper and lower values of the underlying sto-
chastic dynamic game, with controls in AC,, and strategies in §,,, are
defined as

Fa,t) = inf  JED(pt (A7), A”
Up(2,1) ,ﬁﬁ?mﬁéheﬂ (p™ (A7), A7),

U-(z,t)= inf sup J@V(AY p=(A1)).

PTESm A+cAC,
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2.1. Bellman-Isaacs equations with bounded action sets: vis-
cosity solutions. Let ¥ = diag(oy,...,0,) and let M(n) denote the
set of all symmetric n x n-dimensional matrices. Given a matrix,
or vector M, we let M’ denote the transpose of M. We define P :
S x ST x Ry x Ry x R™ x M(n) — R through
OO, 07,d",d",p, M)
1

= — 50 —07YSME(T - 0)

1
- itrace(EQM) —(dt+d)OT+07) - p—p-p.

In the following we denote by LSC(R"™ x [0, 1) the set of lower semi-
continuous functions, i.e. all functions
f:(R"x[0,T]) = RU{oo}

such that
liminf f(y,s) > f(x,1).

(y,8)—(z:t)
Likewise, we denote by USC(R"x [0, T']) the set of upper semi-continuous
functions, i.e. all functions
f:(R"x[0,T]) - RU{—o0}
such that

limsup f(y,s) < f(z,1).
(5,5)>(a:t)

We define LSC;(R™ x [0, T']) to consist of functions h € LSC(R™ x [0, T'])
which satisfy the (linear) growth condition
|h(z,t)] < c(1+ |x|) (2.2)
and for some ¢ € [1,00). The space USC;(R"™ x [0,77]) is defined anal-
ogously. Furthermore,
Ci(R"™ x [0,T]) = USC(R"™ x [0, T]) N LSC,(R™ x [0, T7]).

In addition, ignoring ¢ we define C;(R") by analogy. Finally, C1?(R"™ x
[0,77) denotes the space of functions that are once continuously differ-
entiable in time and twice continuously differentiable in space.

Given m € {1,2,...}, we also introduce the notation

Hp =4{0,d) € H : d <m},
and we define A}, H : R x M(n) — R through

H(p,M)= su inf  ®OF,07,d",d,p, M),
m(p ) (Of,df)P;f}{m (9+ad+)ej{7n ( p )
H,.(p,M) = inf sup B0, 07,dt, d,p, M).

O dT)eHm  (6-,d)eHm
Also we define H, H~ : R x R" x M(n) — R through
Hy(&p, M) = Hy(p, M) + ¢,
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H,(&p,M) = H,(p,M)+r. (2.3)

Next we introduce terminal value problems involving Bellman-Isaacs
type equations associated to the game with bounded controls.

O — Hf (u, Du, D*u) = 0 in R" x (0,7),

u(z, T) = g(xr) onR" (2.4)
O — H, (u, Du,D*u) = 0 in R" x (0,7),

u(z, T) = g¢g(xr) onR" (2.5)

A suitable concept of solution to the above equations is the viscosity
solution. Also recall our standing assumption (1.6) for g.

Definition 2.5. (a) A function @ € LSCZ( x [0,T7) is a viscosity
supersolution to (2.4) if @ (x T) > g(x) for all z € R™ and if
the following holds. If (zg,tp) € R" x (0,7) and we have ¢ €
C12(R™ x [0,T]) such that

(Z) a;rn(xﬂato) = ¢($0>t0)a
(71) al(z,t) > é(x,t) for (x,t) # (w0, to),

then
0rd(xo, to) < H,f (), (w0, t0), DP(0, to), D*¢(0, to)).
(b) A function u € USC;(R™ x [0,7]) is a viscosity subsolution to

(2.4) if uf (z,T) < g(x) for all x € R™ and if the following holds. If
(zo,t0) € R™ x (0,T) and we have ¢ € C?(R" x [0,T1]) such that

(1) un(zo,to) = B(wo, to),
(it)  ut(x, ) < ¢(x,t) for (z,t) # (xo,to),
then

Oed(o, to) > Ht(u) (z0, to), DP(x0, to), D*¢(x0, to)).

(c) If u,, is both a viscosity supersolution and a viscosity subsolution
0 (2.4), then w,, is a viscosity solution to (2.4).

(d) The definitions for the equation (2.5) are analogous with H . a
u’ replaced by H, 4, u,

m*

Remark 2.6. Note that H (u, p, X) is continuous with respect to u, p, X
also when p = 0. In addition, H is degenerate elliptic in the sense
that

Hy(u,p, X) < Hy(u,p,Y) (2.6)

for any X > Y. The analogous statements hold for H_ (u,p, X).
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2.2. Bellman-Isaacs equation with bounded action sets: exis-
tence and uniqueness of viscosity solutions.

Lemma 2.7. Let u, uf € C(R"x[0,T]) and u,,, u,, € C(R"x[0,T]),

be wiscosity sub- and supersolutions to (2.4) and (2.5), respectively.

Then

For the proof of the above comparison principle, see [GGIS91], in
particular, the argument starting from page 27. Similarly it follows
by a comparison with a large enough constant that solutions not only
satisfy the linear growth conditions but are bounded.

Lemma 2.8. Let y € R" and let L be the Lipschitz constant of g.
Consider 0 < e < 1, and let

A
@(w,t) = g(y) + (T =) + 2Lz = yI* + )%,

w(e 1) = g(o) — (T~ 1) = 2L(r P + )"

Then we can choose A, independent of y, € and m, so that w and w
are viscosity super- and subsolutions to (2.4) as well as to (2.5).

Proof. We will only prove the result for (2.4) since the proof for (2.5)
is analogous. First we immediately see that

w(z,T) < g(x) <w(z,T)

whenever x € R". To prove that w is a viscosity supersolution to (2.4)
we verify that

Oyw(z,t)—H (w(x,t), Dw(x,t), D*w(z,t)) <0
whenever (z,t) € R" x [0,T]. In the following, we split
®:=®0",0,d",d", Dw, D*w)
into
d = PO + Dy, (2.7)

where

By = —%(m _OYSD*ER(0" — 07)

1
~ 3 trace(X2D*w) — p - Dw,
Py = —(d* +d7)(0" +67) - Dw.
Then, by a straightforward calculation we see that

@1 < eL(lz =y + )71 (2.8)
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for all (6=,d7) € H,,, (07,d") € H,,, and for some ¢ independent of
y, L, m and . Next, we focus on estimating

sup inf o,
(0—,d)eH,, (BT,dT)eHn

_9r inf (— 44 d )6 4 6) . — =) )
(ef,i?i}cm O+ dH)es (@ +d)0" + )(Irr—y|2+€)1/2

We can without loss of generality assume that z # y. We then let
0~ = —(x —y)/|r — y| and note that
@+ d) O )Yy
AT oy ey 2
Hence, combining this estimate and (2.8) with (2.7) we see that
(s 1) H (0(, £), Di(, 1), D2 (. )

A _
< =2 +cL(|lz —y|* +¢)71/?

< 4 + cLe1/?
-2
whenever (z,t) € R" x [0,7]. Hence, if we let A = 2cL > cLe%/?
then —Ae=2 + ¢cLe Y2 < 0 and hence we can conclude that @ is a
supersolution to (2.4). The proof that w is a viscosity subsolution to
(2.4) is analogous. O

From now on we fix A so that w and w are viscosity super- and
subsolutions, as stated in Lemma 2.8, to (2.4) as well as to (2.5).

Lemma 2.9. If u} and u,, are viscosity solutions to (2.4) and (2.5),
respectively, then

w < u,, <.

Proof. The lemma is an immediate consequence of Lemma 2.8 and
Lemma 2.7. O

Lemma 2.10. There exist unique viscosity solutions w} and u_ to
(2.4) and (2.5), respectively.

The proof of this result can be found in [Gig06] and it is based on the
Perron’s method where one constructs the so called upper and lower
Perron solution by taking inf / sup over the suitable super/subsolutions.
That the constructed solutions assume the correct terminal data can
then be proved by using the above barriers.

3. SOLVING THE STOCHASTIC DYNAMIC GAME
WITH BOUNDED ACTION SETS

The purpose of the section is to prove the following theorem.
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Lemma 3.1. Let u;}, and u,, be the unique solutions to (2.4) and (2.5),
respectively, ensured by Lemma 2.10. Then
uh(x,t) = Uf(x,t) == sup inf J@I(pH(A7), A7),

otESm A—€EACH,

U (,8) = Uy (x,8) == inf  sup  J@I(AT, p~ (A1),
pPTESm A+eAC,

whenever (z,t) € R™ x [0, T].
-

3.1. Proof of Lemma 3.1 assuming additional regularity on u..,.
We here prove Lemma 3.1 assuming smoothness on u., and u,,.

Lemma 3.2. Let w} and u, be the unique solutions to (2.4) and
(2.5), respectively, ensured by Lemma 2.10. Assume, in addition, that
ut O, Dut, D*u are Lipschitz continuous in R™ x [0,T). Then
Lemma 3.1 holds.

Proof. The proof is based on the connection between solutions and
value functions provided by the Ito formula, in connection with suitable
discretized controls chosen based on the solution. The discretization er-
ror can then be estimated by utilizing the smoothness assumptions. At
the end, we pass to a limit with the discretization parameter. We only
supply the proof in the case of u,, the proof for u; being analogous.
Given k € {1,2,...} and (z,t) € R" x [0,T], we can choose, since
u, is a solution to (2.5), a control (07, dJ) € H,, such that
sup {006,077, D ), D .0+ v .0}
(0—,d=)EHm
< Oy, (z,t) + k1.
Based on (07 ,dg) = (63, ..., 05, dg ) and an arbitrary, but fixed, con-
trol (=,d”) € AC,,, we let X°(s) := X%®!(s) be defined as in (1.2)
assuming also the initial condition X°(#) = z. In the following we let
Oy (s) = @(0y,07(5),dg, d™(5), Dupy, (X°(5), ), D*up (X (), 9)),
O (s) 1 = (05,07 (5), df , d™(s), Dug,(w, 5), D*up (2, 5)).
Since u., dyu,, , Du., D*u, are Lipschitz continuous in R™ x [0,T) we
can apply the Ito formula to u_ (X(s), ) and we see that

(3.1)

du; (X°(s), s) = Opu, (X° ds+z L (X0(s), s)dX0(s)

+ % Z 8:01':63‘“;1()(0(3)7 S) dXZO(S) dXJO(S)

ij=1

=(Ort, (X (s), 5) — @5 (s))ds

Z Ot (XO(), 8)(0dWi(5) + 05(6, — 67 (5))dWisa (5)).
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Using this we have
d(e”"u,, (X (s), 5))
=e " (O, (XO(s), 8) — @ (s) — ru,, (X (s), s))ds

7D 0 (X0(5),8)(0:dWi(s) + 005, — 07 (5))dWania (5)).

Hence, if we let At = (T'—t)/k, then
Ele™" 80, (X0t + At),t + At)) — e, (XO(1),1)]

=1 T e B (X0(s), 8) — B (5) — ru (XO(s), s

and
u, (z,t) = Eleu (Xt 4 At),t + At)] (3.2)
t+At
— e (D (XO0(s), ) — DX (s) — ru, (XO(s), 5))ds]|.
E| [ (O (X°(9).9) = ()~ P (X°(5). )
We let

t+At
I =-E / e (Qur (XO0(s), s) — atu;b(m,t))ds},
¢

IL=-E / o e (B2 (1) — BX (s))ds] , (3.3)

I = —E /t D (4= (XO(1), 1)) — s (XO(s), s))ds}.

Then, using this notation we observe that
Uy (2, 2)

= Ele " u, (XO(t 4+ At), t + A + I, + I + I

(3.4)
t+At
-E [/ e sl <6tu;n(x,t) — O3 (t) — ru;(z,t))ds].
¢
Next, using (3.1) we see that
t+AL ( )
—E T (Qu (1) — BE(E) — ru (x,t) )d
[ e e - w0 - r)as|

< kAt
Furthermore, by Lipschitz continuity of u.,du,, , Du, , D*u, we can

conclude that

t+At
|| + |L2] + |I3] < cE [/ (1X%(s) — | + At)ds}
t
i (3.6)
< C(At)2+C]E{/ 1X%(s) —x\ds}
t
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for some generic constant c¢. To estimate the expectation in the previous
estimate we will have to use the equation satisfied by X°(s). Indeed,
recall that

X06) == [ (ot (@ ()05, + 07 (7)) e

+ /ts o dWi(T) + /ts 0:(05, — 07 (7)) d Wy (7).

Hence, simply using the Holder inequality and the Ito isometry we see

that
EMHN X0(s) — x]ds} _ [/tHAt]EHXO(s) _ x|]ds}

<[/ " Ex0(s) - o) s

< c(At)2,

and where c is allowed to depend on m defining the class AC,,. Com-
bining the above estimates, we conclude that

1L + | L] + | T3] < c((At)? + (A1)*2) < e(AL)P2,
Hence returning to (3.2), also recalling (3.3) and (3.4), we see that
u, (z,t) < Ele ™ (XO@O(t + At), t + At))]
(AP + kAL, (3.7)
where At = (T —t)/k.

We will now use (3.7) in an iterative construction. Indeed, we let
t; =t+jAt for j =0,...,k — 1 and we first note, using (3.7), that for
7 =0 we have

U (,t0) < Ele™ g, (XH00(t), 1))
+e(At)*? 4+ kLA
We next consider j = 1. Then, using that u,, is a solution to (2.5),
that H,, is a separable metric space, and uniform continuity, it fol-

lows that there exist a sequence {(0},,d},)}2, C H,, and a covering
{B(y11,m11)}2, of R such that

sup {é(ew‘,dﬁ,d‘,Du;L(y,tmD%;l(y,tl))+ru;(y,t1)}
(0—,d7)eHm
< O, (y,ty) + k! whenever y € B(yy, ).
We let ¢ : R — H,, be defined as
iy) = W (y), v () == (63, d3)) if y € Blyw, ru) \ UZ1 By, 7).

Furthermore, this time we let

®Y(s) == (¢ (), 07, v{(y),d ", Du,,(y, t1), D?ur, (y,t1)).
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Then
sup {@l{(s) + ru, (y, tl)} < Oy, (y,tr) + k71
(6‘,d‘)€9fm

whenever y € R". We now let
(61 (s),d{ (s)) = (65 . dy ),
for s € [to,t1) = [t,t + At), and

(07 (5), d7 (5)) = (WI(X°(t2)), U1 ((X°(12))) (3-8)
for s € [t1,t2) = [t + At, t+2At). In this way we have now constructed
a new control (0),d{") € AC,,. Next, with this (6],d]) € AC,, and
an arbitrary, but fixed, control (~,d~) € AC,, we construct X'(s) =
X1@N (s) for s € [ty,t,) satisfying the initial condition X'(¢) = x and
the dynamics in (1.2). By construction it follows that X!(s) = X(s)

for s € [to,t1). We can now repeat the argument above to conclude
that

U (XO(t), 1) < Bl g, (X' (t2), 2)]
(AP + kAL
In particular, we see that
Ele "% u, (XO(t), t)] < Ele™™u, (X' (t),t2)]  (3.9)
(AP + kAL
Combining this with (3.7) we conclude
U (2,t) < Elem g, (X (t2), )]
+c2(At)*? 4 2k At
By carefully iterating the above argument we get a sequence of controls

(07,d)) € AC,,, for j € {0,1,....,k — 1}, and a sequence of processes

Xi(s) = X7=1)(s) based on the controls (#},d}) and an arbitrary, but
fixed, (f~,d™) € AC,,. In particular, we have

U (,1) < E[e 7 (X (t)), 1))
+cj (A2 + jEAL,

for all j € {1,...,k}. Now, applying this inequality with j = k we
conclude that

us (z,t) < Ele Ty (XHT), T))] + (T — t)(At)V? + At

R T g(XH(T))] 4+ T — £)(ADY? + A, (3.10)
)

where we also used u, (x,T) = g(x) in the last line.

Summing up, given k € {1,2,...} and (x,t) € R" x [0,7] we have
constructed controls (6}, d;) such that for an arbitrary, but fixed,
(0=,d7) € AC,,, (3.10) holds with X* defined as in (1.2) based on
OF2dF), (0°,d"), and X*(t) = 2
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Next, consider p~ € §,,. Based on the above argument we now
construct (61, d) and (6=,d7)|; j=20,1,...k =1, using p—.

7%y t]',tj+1)7

Indeed, given (z,t) € R™ x [0,T] we first let (6] ,dJ) be as above and
set

(977 di)l[to,h) = :07(937 dar)|[to,t1)'
Then having defined (07, d™)|j.4,), we may define (07, di) on [to, t2) as
in (3.8). Then repeating the above argument, we set

(9_7 d_)l[t1,t2) = p_ (Qf_v di‘_)“tl,tz)'
In particular, proceeding inductively, we can based on p~ € §,, con-
struct the controls (6,7, d;}) and (§~,d™) such that

up(et) < Bl T 0g(XHT))] 4 T — 1) (A2 + At

< sup JEO(AT pm(AY)
AtEAC,

+c(T — t) (A2 + At,
for all k, At = (T —t)/k, and for all p~ € 8,,. In particular, letting
k — oo we end up with

u, (z,t) < inf  sup J@Y(AT p(AT)). (3.11)
PTESm AteAe,,

To prove the opposite inequality, we note, by analogy that given
ke {1,2,...} and (z,t) € R" x [0,T], we can choose, again since u,,
is a solution to (2.5), a control (0, ,dy) € H,, such that

‘ + o= It I Da— 2, — -
(0+’C}£1)f€g{m{<l>(9 0y ,d",dy, Du,, (x,t), D*u,, (x,t)) +Tum(:v,t)}
> O (z,t) — kL.

Then, by arguing similarly as above, we deduce that we can construct
controls (6, d; ) such that for an arbitrary but fixed (6%,d*) € AC,,,

U (z,t) > Ele ™" D (XHT),T))] — o(T — t)(A1)/? — At
= Ele T g(X*(T))] — (T — t)(A)Y? — At,  (3.12)
with X* defined as in (1.2) based on (0, ,d, ), (67,d"), and X*(¢) = =.
Next we define a strategy p, € 8,, as follows. Given At = (6*,d") €
AGC,, we construct (6, ,d, ) as above and then simply let
o (AY) = i (67, ") = (6, d;).
Then, using (3.12) we see that
u, (v, t) > JEV(AY po(AY)) — (T — t)(AH)Y? — At,
and, hence
u, (x,t) > inf JED(AT p=(4))

P E8m

—c(T —t)(At)Y? — At,
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for all k, At = (T —t)/k, and for all A* € AC,,. In particular, letting
k — oo we can conclude that

up(z,t) > inf  sup JEI(AT pm(AT)).
P~ E8m AteAe,,

Combining this with (3.11) we see that the proof of Lemma 3.2 for u,,
is complete. O

3.2. Proof of Lemma 3.1. In the following we only supply the proof
in the case of u,, in R™ x [0,T], the proof for u being analogous.
Given a large non-negative integer j we let T} = T — % and R} :=
R™ x [%, T;]. Given j fixed we in the following use, for € > 0 small, the

sup-convolution

to — t)? _ )2
ug(iCo,tO) = sup {U;@(:C,t) . ( 0 ) —2i_ (xo I)
(axt)GR;? I

}

whenever (zg, tg) € R}. Then u,, (7o,t0) < u.(wo,to) whenever (zo,ty) €
RY and u, is a semi-convex function, i.e. there exists a constant ¢ > 0
such that u.(z,t) + c(|z|* + t?) is convex. Furthermore, provided ¢ is
small enough,

H(x,t, Du., D*u.) < Oyuc(w,t) 4+ w(e)

for a.e. (x,t) € R} and where w(e) is a bounded modulus which depends
on the continuity of u,. For details and properties of sup-convolutions,
see for example [CIL92], [Ish95] and [Lin12].

Next, using the standing assumptions on g, see (1.6), and the com-
parison principle we see that 0 < u, (z,t) < L for all (z,t) € R"x|[0,T].
Furthermore, using the boundedness of u,, it follows that the supremum
used in the definition of u.(xg, o) is obtained at some point (z*,¢*). In
particular,

(to — t*)% + (wg — %)?
2e

0 <wu, (xo,tg) < us(xo,to) =u,, (", %) —

(to — t*)? + (g — x*)?
2e

<L-

and hence

V(to — )2 + (w0 — 2*)? < V2Le,

where we deduce a condition v2Le < 1/j for e.

Given 0 > 0 and small we in the following let 75 denote a standard
mollifier in R"*. Restricting § < ((j — 1)™' — j71)/2 we see that
ul(x,t) = u. * ns(x,t), the convolution of u. and ns, is well-defined
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whenever (z,t) € R}_;. Then, in particular

5

u; — ue, uniformly on R},

Dug — Du,, ae. in R},

§ : n
Oyu. — Owu., a.e.in ijl,

2,0 2 : n
D ug — D%ue, a.e. in RY_ ;.

The last statement is based on Alexandrov’s theorem, see for example
Section 6 of [EG92] or [JJ12]. Furthermore,

H(2,t, Du’, D*u®) < 0l (2,t) + w(e) + s(x, t),

a.e. in R}, where vs5(z,t) — 0 as 6 — 0, and ; is uniformly contin-
uous (since it is a result of the standard convolution; the modulus of
continuity is not claimed to be uniform in §) and bounded uniformly in
§ (recall uniform semiconvexity and uniform Lipschitz continuity of u?
with respect to §). Now, using that u®, dyu, Dul, D*u? are Lipschitz
continuous in R} ; we can argue as in the proof of Lemma 3.2 and
conclude that

Tj—l
wl(z,t) < inf  sup E[/ eTEIR(X (s),5) ds
PTESm At+EACy, t

(3.13)
e (0. T3

whenever (z,t) € R?_; and where h? := w(e) 4+ 75. Indeed, (3.1) now
reads as

sup {@(93,0,dm,Duim,t),D?ui(x,t))+rui<x,t>}
(0—,d7)EHm

< 8tug(x, t) + hg(x, t)+ kL

for (z,t) € R} ;, and thus we may estimate the second term on the
right hand side of (3.2) by using h%(z,t). In particular, in (3.5), the
expression dyu, (x,t) — ®E(t) — ru,, (z,t) may be replaced by hé(z,t).
Using these observations and arguing as in the proof of Lemma 3.2 we
see that (3.9) now reads

Ele™ " uj(X°(t), )] < Ele™ > ug(X (t2), t2)]

to
- ]E[/ eTETIRS(X Y (s), 5) ds] + c(At)*? + kTEAL + cAtp(At),
t1
where At = (11 —t)/k, the modulus of continuity p in the last error
term depends on the modulus of continuity of h?, and results from the
calculations similar to those following (3.6) except using p instead of
||. Next, iterating the above reasoning in time, along the lines of the
proof of Lemma 3.2, completes the argument. In particular, the last
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error term yields ¢(7T;_1 —t)p((Tj—1 —t)/k). Then, letting k — oo gives
(3.13).

Next we want, for j fixed, to let § — 0 and ¢ — 0 in (3.13). To do
this, recall that the underlying dynamics X is defined through the sto-
chastic differential equation in (1.2) and based on (uniformly) bounded
controls encoded through §,,, and AC,,. In particular, X solves an sde
with (uniformly) bounded coefficients. Using this we first observe, us-
ing a standard martingale argument, that given § > 0, there exists

R = Ry such that
P( sup |X(s)|>R) <¥6. (3.14)

t<s<T;_1

Furthermore, given § > 0 and R as above we choose 0y C Bg := Br(0)
such that || < 6 and such that

75 — 0 uniformly in (Bg(0)\ Q) x [(j —1)7', Tj_1] as § — 0.(3.15)

Given E' C R™ we in the following let x g denote the indicator function
of E. Then, first using (3.14) we see that

/ B Ele™" (X (s), 5)] ds

< /t jE[hg(X(S),S)XBR(X(S>)] +/t jE[hg(X(S)’S)XBa(X(S))] ds
< I7°(0) + I5°(0) + ¢(Tj_1 — t)f

for some harmless constant independent of j, €, §, and §. Here

B0 = [ B, 50 (X)L
0) = [ BB, ) xaa, (X)) ds
Now
B0 <o [ Ba (X)ds < (T~ (316)

and consequently
I7°(9) < (T — )0

for some constant ¢ independent of ¢,4,0. Note that the estimate in
(3.16) is far from straightforward. Indeed, (3.16) is a fundamental es-
timate by Krylov and stated as Theorem 4 on p.66 in [Kry09]. It is
interesting to note that there is, at the core of Krylov’s proof of this
estimate, a Alexandrov-Bakelman-Pucci-type estimate for uniformly
parabolic equation, see Krylov [Kry76]. In particular, a short calcula-
tion shows that our dynamics satisfies the sufficient assumptions stated
in [Kry09] for the validity of the estimate in (3.16).
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Next we note that
I5°(0) — 0 when we first let § — 0, and then & — 0,

as we see from the fact that h? = w(e) + 75, (3.15), and that w(e) — 0
as € — 0.

Taking the limits § — 0 and € — 0 in (3.13), we see by the above
that

u(z,t) < inf  sup E[e B u(X(T; ), T )],
PTESm A+cAC,

whenever (x,t) € R ;. Finally, using the barriers given by Lemma
2.9, and by arguing as at the end of the proof of Lemma 5.2 stated
below, we can then conclude by letting 7 — oo that

u(z,t) < inf  sup Ele T Yg(X(T)))],
P~ ESm A+EACy,

and this completes the proof of Lemma 3.1. O

4. THE LIMIT EQUATION Oy + F(u, Du, D*u) = 0

We here start by introducing the relevant notion of viscosity super-
and subsolutions to (1.5).

Definition 4.1. (a) A function u € LSC;(R™ x [0,77]) is a viscosity
supersolution to (1.5) if @(xz,T) > g(x) for all z € R™ and if the
following holds. If (zg,ty) € R" x (0,T) and we have ¢ € C?(R" x
[0,77]) such that
(1) a(xo,to) = ¢(xo, to),
(i1)  u(x,t) > ¢(x,t) for (z,t) # (xo,to),
then
0 Z (‘3tgz§(x0, to) + F(’L_L(ZE(), to), D¢($0, t(]), D2¢<CL’0, to)), (41)
whenever D¢(zo,t) # 0, and
0 2 at¢($0, to) + lim lglf F(a(l'o, to),p, D2¢(1’0, to)) (42)
p—

0

€ USC(R™ x [0,7]) is a viscosity subsolution to
g(z) for all x € R™ and if the following holds. If
T) and we have ¢ € C**(R™ x [0,T]) such that

whenever Do(xg, to)
(b) A function u
(1
(

5) if u(z,T) <
l’o,to) € R” x (O,

:U
x)

(1) ulzo,to) = ¢(xo, to),
(17)  w(x,t) < P(x,t) for (x,t) # (zo,to),
then
0 < 9yé(x0, to) + F(u(zo, to), Dp(wo, to), D*¢(wo, o)) (4.3)
whenever D¢(xg,tg) # 0, and
0 < 0yé(w0,to) + limsup F(u(xg, o), p, D*¢(w0, o)), (4.4)

p—0
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whenever Do(zo,ty) = 0.
(c) If w is both a viscosity supersolution and a viscosity subsolution to
(1.5), then w is a viscosity solution to (1.5).

We let
F* :=limsup F' and F, := liminf F.
p—0

p—0
Using this notation we see that (4.1) and (4.2) can be written at once
as

0 > dyp(wo, to) + Fu(a(wo, to), Dé(x0, t0), D*¢ (20, to)),
and (4.3) and (4.4) as

0 < (w0, o) + F*(u(xo, to), Dp(xo, to), D* (0, to)).
Similarly to Lemma 2.7 the following lemma also follows from [GGIS91].

Lemma 4.2. Let u,u € C(R™ x [0,T]) be viscosity sub- and superso-
lutions to (1.5) in the sense of Definition 4.1. Then
u(z,t) < a(x,t),
whenever (z,t) € R™ x [0,T].
Furthermore, arguing as in Lemma 2.8 and Lemma 2.9 we see that

we can construct barriers to (1.5), use them for comparison, and prove
the following lemma.

Lemma 4.3. Let y € R" and let L be the Lipschitz constant of g.
Consider 0 < e < 1, and let

A
w@¢y:mw+gﬂT—w+2uu—yF+@V{

w(e 1) = g(o) — (T — 1) = 2L(r P + )"

Then we can choose A, independent of y, € and m, so that w and w
are viscosity super- and subsolutions to (1.5). Consequently, for such
A, and if u is a viscosity solution to (1.5), we have

w < u<w.

Below we always choose, when applying w and w, A so that Lemma
4.3 holds.

Theorem 4.4. There exists a unique viscosity solution u to (1.5).

The uniqueness part of Theorem 4.4 follows from Lemma 4.2. The
existence part of Theorem 4.4 again follows from Perron’s method also
using Lemma 4.3 as discussed after Lemma 2.10.

Next, using a modification of the techniques [CGGI1], [ES91], see
also [JKO06] and [KMP12], we prove the following lemma which states
that the set of test functions used in Definition 4.1 can be reduced. We
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consider continuous sub-/supersolutions since later we only need this
result for solutions.

Lemma 4.5. Letu € C(R"x[0,T]). Then to test whether or notu is a
viscosity super- or subsolution at (xo,to) in the sense of Definition 4.1,
it is enough to consider test functions ¢ € C12(R"™ x [0,T]) such that
esther

(1)  Do(xo,tg) #0 or

(i) D¢(xo,to) = 0 and D*¢(xo,ty) = 0.
Proof. We here only prove the lemma in the context of subsolutions.
The proof is by contradiction. Indeed, assume that there exists a func-
tion v € C;(R™ x [0,T]), which fails to be a subsolution at (xo,to)
in the sense of Definition 4.1 even though the following holds. If
(zo,tp) € R" x (0,T) and ¢ € CH*(R™ x [0,T7]) are such that

(Z) U(ﬂ?o,to) = QS(IOvtO)a

(i7)  u(x,t) < ¢(x,t) for (z,t) # (xo,to),
then

0 < 8y9(xo, to) + F*(u(x0, t0), Do (20, t0), D* (20, t0)), (4.5)

whenever

(1)  Do(xp,to) # 0 or

(i) D¢(xo,to) = 0 and D*¢(z,to) = 0.

Now, since u is assumed to fail to be a subsolution we see that there
must also exist a test function ¢ touching from above, and ¢ > 0, such
that

0 > Owp(xo, to) + F*(u(o, to), Dp(xg, o), D*0(x0,t0)) +¢  (4.6)
and such that
Dy(z0,t0) = 0 and D*p(x,t9) # 0.
In addition, we may assume that u — ¢ has a strict global maximum
at (xo,tp). Let
w(x, t,y,s) =wj(x,t,y,s) =u(z,t) —ey,s) — V;(z,t,y,s), (47)

where

J J
\Ij(xata:% S) = \Ijj(x7tay>s) = Z’x - y|4 + é(t - 8)2‘

By comparison and the structure of the barriers in Lemma 4.3, we see
that there exists (z;,t;,y;,5;) € R" x (0,7) x R™ x (0,T) such that

w(zj, tj,yj,8;) = sup w(z,t,y,s). (4.8)
(z,t,y,8)€ER™ % [0,T]xR™ x[0,T]

Furthermore,

(xjatjaijsj) — ($0,t0,l'o,t()) as j — O0.
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We now consider two cases.
Case 1: there exists an infinite sequence of j:s such that z; = y; for
each such j.
Case 2: there exists an jo € {1,2,...} such that x; # y; for all j,
J > Jo

We first analyze Case 1 and we let x; = y;. Then, by construction,

u(x, t) < u<xj7 tj) + (10(?/7 3) - 90<yj7 Sj)
‘HI’(%tay,S) - \Il(xjatjayj7sj)v

whenever (z,t,y,s) € R" x [0,T] x R" x [0, T]. In particular,

U(J}, t) < u(xja tj) + ‘I]<x7 i Yjs Sj) - ‘I/<xjv tj? Yjs Sj) (49)
whenever (z,t) € R" x (0,7'). Moreover, since z; = y;, we observe
that D,V (x;,t;,y;,8;) = 0, D2 ¥(x;,t;,y;,8;) = 0, and thus we can
conclude that the function on the right in (4.9) is an admissible test
function at (x;,t;) for the conclusion in (4.5). For brevity, we drop the

arguments (z;,t;,y;,s;) in ¥ and its derivatives in the displays below.

We have
0< \Dt + F*<U(x]>t])7Dx\Ij7D92m\Ij)

Then observe that 0 = —D? ¥ < D%*p(y;,s;), 0 = =D,V = Do(y;, s;)
and —U; = Opp(y;, s;), since (y, s) — p(y, s)+¥(z;,t;,y, s) has a local
minimum at (y;, s;) by (4.8). By these facts, ellipticity of F™*, and (4.6)
it follows that

* 9
v, = _atgp(y% 8j) > I (u(yj7 Sj)v _Dy‘lja _D;y\I/) + 5

Combining the previous two displays, we obtain

r(u(z;,t;) —uly;, s;)) < (1 = 55) ; (=) g — _g

which is a a contradiction for large enough j since wu is continuous.
We next analyze Case 2. In this case, using the Theorem of sums,

see [CIL92], we see that there exist (U, DV, X) € ?2’+u(x,t) and
(-VU,,—D,V,-Y) € ?2’_90(%15) such that X < —Y. In particular,
since D,V # 0 it follows that

€ 4.10
0> -V, + F*(u(y;,s;), —D,V,-Y) + 3 (4.10)

where the second inequality follows from (4.6) by continuity. Thus
€
Wi+ Wy > —F(uey, 1), Do X) 4+ B (u(ys,s), =Dy =Y) + 5

> o+ r(u(y;, s5) — ulw, t5)).

DO ™
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Finally, observing that ¥, = —W, we see that the last display implies
that

g
02 o +r(uly,s5) — ulz),t;).

and this now produces a contradiction for j large enough. The proof
for a supersolution is similar. O

5. GOING TO THE LIMIT: GENERAL ACTION SETS AS m — o0
In the following we will use the following lemma.

Lemma 5.1. Let &, & € R, p,p € R*\ {0}, M,,, M € M(n), be such
that
Em =& Pm—p, and My — M,

as m — oco. Then
Hri(fmapvam) — —F(f,p, M)

Proof. We here only prove the statement for H,, the proof for H," being
analogous. Furthermore, to prove that H_ ({, pm, M) — —F(&,p, M)
it is sufficient to consider those terms in H, which are affected by
inf(p+ g+)es,, SUD(p- a-)en,,- In particular, we focus on

OOF, 07, d,d" pp, Myy) = _%(m — 07 )YSM, S0 —07)

—(dt+d )0 +07) pp.
Setting

®,, = inf sup P,
(0. dH)eHm  (9- d-)eHm

we observe that

1 _ -
bo< sup (= 30w/ Ionl = Y EMS Il — 67)
(ef,di)eg{m

— P/l +67) - P ).

and that (pn/|pm| +07) - pm > 0 whenever §~ € S"~!. In particular,
we conclude that <i>m is bounded from above as m — oo.

Using that the set {(67,d") € H,,} is compact, we see that there
exists a (6, d;") realizing the infimum in the definition of ®,, and we
next prove that there exists, given € > 0, a my = my(e) such that

1P| — € < 0L - pr < i whenever m > my. (5.1)

Obviously we only have to establish the lower bound and to do this we
assume, on the contrary, that there exists ¢ > 0 and m; — oo, such
that

O Py < [Py | — € as j — 0. (5.2)
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If this is the case then

~ 1
d,,, = sup (——(Q;;, —07)SM,,, 50} —07)
T mdyesta, N 20 ’

(O ) ) 69

v

—C— (dr-:,j + mj)(gr—;] - pmj/|pmj|) * Pm;
> —c+ (df, +my)e

since (—pm, /|Pm, |, m;) € Hym, and for some harmless constant c. How-

ever, (5.3) contradicts the boundedness of i)mj as m; — oo, hence (5.2)
must be false and (5.1) must hold.
Using (5.1) we see that

0F — p/|p| as m — oo. (5.4)

Furthermore, using that

B > = (0] + D/ ol EM (0, + /1)
= (dy, + m)(0, = P/ [Pm]) - P
> = 565+ Dl EM (0], + )
in combination with (5.4), we have that
lim inf &, > —2(p/|p|)'SMEp/|p. (5.5)
This yields, recalling the rest of the terms in the definition of H,,, that
lim inf H,,,(§m, pms M) = = F(&,p, M).

To complete the proof it only remains to prove that

thUpHn;(émapm>Mm) S _F<£7p> M) (56)

m—0oQ
To do this we first note, again using the definition of (6} d*), that

¢, = sup DO 0. d" d pn, M,,)

(6=, d~)EHm T
< sup  Ppw/|pml, 07, m,d7, P, My).
(0=, d~)EHm

Furthermore, again using compactness we see that we can choose (6., d. ")
realizing the supremum in the last display. Hence,

- 1 _
Cn < =5/ lpml ~ 0,) XM X (D) 1P| — 6;)
_(m + d;)(pm/|pm| + 9;1) *Pm-
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Using this we deduce that 6, — —p/|p|, since otherwise the above
estimate would imply liminf,, . ®,, = —oo contradicting (5.5). Fur-
thermore,

ci)m < = 2 (Pm/|Pm| — ‘9;1)/2Mm2(pm/|pm’ —0,.)
m + d,) (Pm/|pm| + 0,,) - P
(pm/|pm| - 9;1)/2Mm2(pm/|pm| - 0;1)7

and taking limsup,, ., we see that (5.6) holds. This completes the
proof of the lemma. O

N | —

—~

S_

N | —

Lemma 5.2. Let u), and u,, be the unique solutions to (2.4) and (2.5),
respectively, ensured by Lemma 2.10. Then there exists mg € {1,2,...}
such that the families

{u : m>mg}

are equicontinuous on R™ x [0, T].

Proof. We here only prove that {u} : m > mg} is equicontinuous on
R™ x [0, T}, the proof for {u, : m > my} being analogous. Using
Lemma 3.1 we have that
ut (x,t) = Ub(z,t) == sup inf J@D(pT(A7), A7),
pt €Sy ATEACH

whenever (z,t) € R" x [0,7] and an observation is that we can use
both a stochastic as well as a pde point of view to prove the lemma.
Furthermore, the processes underlying the stochastic formulation, see
(1.2), all end at T'. Suppose that we consider two games, one starting
from (x1,t;) and one starting from (zq,t2) with ¢, < t5. We want
to show, uniformly in m, that |u} (z1,t1) — w} (22,t2)| can be made
arbitrary small by considering (x1,t;) and (z2,ts) sufficiently close.
Since the controls and strategies can always be ’copied’ for the processes
starting from (xy,t;), (xq,t2), cf. p. 105 [PS08], and by considering
same samples, this is possible since we use space and time independent
Brownian motions, we see that it is enough to consider a situation
(z1,t1) and (z9,T) with t; < T. In particular, we now want to prove

that given 6 > 0 there exists 7 > 0 such that
[t (1, 11) = 1y (22, T)| = Juy (21, £1) — g(2)] <6

m

whenever |z; — x5| + T — t; < 1. Recall the barriers
A
@(w,t) = g(w2) + S (T = 1) + 2M (jo — o) + €)'/,
A
w(z,t) = g(zg) — ?(T —t) = 2M(|z — x5|* 4 €)V/2

Using Lemma 2.9 we have

w<uf, <w.
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In particular,
A

(T —t) 4+ 2M (Jay — 2| + )2,

[t (21,1) = g(22)] <

)

Let |71 — x| + T —t; < %2, Then, for € < 1
lut (1, 1) — g(z2)] < Ae'? 4 4MEY? < (A+ 4M)51/2,

and we conclude, by choosing ¢ small enough. This completes the
proof. O

Lemma 5.3. Let v}, and u,, be the unique solutions to (2.4) and (2.5),
respectively. Then

ut(z,t) — u(z,t),
for all (z,t) € R™ x [0,T], where u is the continuous, unique viscosity
solution to (1.5).

Proof. We again only prove the result for w, the proof for w,, being
similar. We first recall that the existence of w; is ensured by Lemma
2.10. Furthermore, by comparison with a supersolution L, we see that
the sequence {u;’ } is uniformly bounded in R" x [0, T]. Using this and
Lemma 5.2, we can first conclude, using the Arzela-Ascoli theorem,
that there exists u, continuous on R™ x [0, T], such that

uwl (z,t) = u(x,t)  asm — oo. (5.7)

We next prove that w is a viscosity subsolution in R™ x [0, T") to (1.5).
To do this, let ¢ € C? touch u strictly from above at (x¢,t). Then,
using the uniform convergence it follows that there exists (z,, ) —
(xo,to) such that

Uy, = &
has a strict max at (x,,,t,,). Hence

0 (T, tm) = H (h (T, tn), DO(@im, t), D* (@, ta)). (5.8)

Note that, as m — 00, 0p(Tm,tm) — Od(zo,t0), wl (Tm,tm) —
w(xo,to), DO(Tmstm) — Dd(xg,t0), D*d(m, tm) — D?¢(x0, 1), and
we want to pass to the limit in (5.8). Suppose first that D(xg, to) # 0.
Then, using Lemma 5.1 we see that

H+( (Tt ), DA (T, ), D2¢(xm, tm))
— —F(u(xo, ), D(x0,t0), D*d(x0,t0))

as m — o0o. Next, suppose that D¢(zg, 1) = 0. In this case we can, by
Lemma 4.5, also assume, without loss of generality, that D?¢(xq,ty) =
0. But in this case

H (ul (2, tm), D¢($m, tm), D*O(2p, t))
(U,(.To, to), O, 0)
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In particular, in either case we can conclude that

Od(o, to) > —F*(u(wo, to), Do(x0, to), D*¢(0, to)). (5.9)

and hence u is a continuous viscosity subsolution to (1.5). The proof
of the result that u is also a supersolution to (1.5) is similar. We omit
further details. O]

We are in position to prove the main result of the paper, Theorem
1.2, which states that the game with unbounded controls has the value
and that the value function

u=U"(z,t) = sup inf J&D(p*(47), A7)

ptes AT€AC
= inf sup J@O(AT, p (AY) =U (z,1)
PES Ateae
is the unique solution u to (1.5).
Proof of Theorem 1.2. We will here only prove that w = U~ since the

proof is analogously in the other case. Recall that Lemma 3.1 states
that

Up(,8) = Up(z,8) = inf  sup  JOD(AT, p=(AT)).
PTESm AteAC,,

Furthermore, using Lemma 5.3 we have

u,. (z,t) = u(x,t),
where w is the solution to (1.5). Thus it suffices to prove that

U, (x,t) = U (x,t) as m — oc. (5.10)
To prove (5.10) we first note that
U (x,t) = inf sup J@V(AT p= (A1)
P~ES AteAe
> inf sup J@D(AT, pT(AT)).

P~ ES AtcACm
In particular, given € > 0, using that U~ (x,t) is finite by our assump-
tions on ¢ and that 8§ = U,,8,,, we see that there exists mg = mg(e)
such that

U (x,t) > inf sup J@V(AT p=(AT)) > U, (2,t) —¢
PTES AteAlnm,
whenever m > mg. We can therefore conclude that
U™ (x,t) > limsup U, (z,1).
m—o0

To complete the proof of (5.10) it hence only remains to prove that
U™ (z,t) < liminf U, (z,1). (5.11)
m—r00
To prove (5.11), we first fix a strategy which estimates the infimum

when the supremum is taken over the controls AC;. Then by choosing
k large enough, we can closely estimate the original supremum taken
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over AC by a supremum taken over AC;. To write down the details,
we recall that

AC, :={Ac AC: A(A) <k},
Smi={pe8: Alp) <m},

for k=1,2,.... Fix e > 0. For each k, we choose p,, € §,, such that

sup JED(AY p (A1)
ATEAC

< inf sup JEV(AY p7 (A1) +e. (5.12)
PTESm AteACy,

Next we define
pm(AT) :=pi (AT) whenever AT € ACy \ ACj_1,

and we set ACy = ) in order to get started. Now, using that AC =
UrAC, we have, for k > k. sufficiently large, that

U (z,t) < sup JEI(AT, p (A7)
AtTeAC
< sup JEO(AT, pr(AY)) +e
ATEAC

< inf sup JED(AY pT(AY)) + 2¢
PTESm AteAC,

where we on the last line have used (5.12). Assuming m > k., we may
choose k = m in the last display and hence we can conclude that given
e > 0 there exists my = mg(e) such that if m > my, then

U (z,t) < inf sup J@V(AT p=(AT)) + 2
P~ ESm A+eAC,

= U, (x,t) 4 2e,
and this proves (5.11). O
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