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We consider zero-sum stochastic differential games with possibly path-
dependent volatility controls. Unlike the previous literature, we allow for
weak solutions of the state equation so that the players’ controls are auto-
matically of feedback type. In particular, we do not require the controls to
be “simple,” which has fundamental importance for the possible existence
of saddle-points. Under some restrictions, needed for the a priori regularity
of the upper and lower value functions of the game, we show that the game
value exists when both the appropriate path-dependent Isaacs condition, and
the uniqueness of viscosity solutions of the corresponding path-dependent
Isaacs-HJB equation hold. We also provide a general verification argument
and a characterisation of saddle-points by means of an appropriate notion of
second-order backward SDE.

1. Introduction. Stochastic differential games have attracted important attention during
the last three decades. Due to the crucial role of the information structure, the corresponding
literature is technically and conceptually more involved than standard stochastic control. It
had been recognised as early as in the 60s, in a series of papers by Varaiya [71], Roxin [60]
and Elliot and Kalton [29], in the context of deterministic differential games, that having both
players play a classical control generally led to ill-posed problems, and that the appropriate
notion was rather that of a strategy, that is to say that a given player uses a nonanticipative
map from the other player’s set of controls to his own set of controls. Earlier definitions of
value functions for games require appropriate approximations procedures, by discrete-time
games in Fleming’s definition [33-35], or by discretising the players’s actions in Friedman’s
definition [38, 39] (see also Varaiya and Lin [70] for an earlier related notion). This makes
the whole approach technically cumbersome.

The connection between the value function of the game and the corresponding Hamilton—
Jacobi-Isaacs partial differential equation was formally established by Isaacs [45, 46] in the
50s. The Elliot—Kalton definition induces an easy argument to prove rigorously this connec-
tion by using the notion of viscosity solutions, see Evans and Souganidis [31], as well as the
generalisation by Evans and Ishii [30].! The Elliot—Kalton strategies have been successfully
generalised to the context of stochastic differential games by Fleming and Souganidis [37],
where the above mentioned strategy map is restricted to adapted controls. Despite the asym-
metry between the two players of the induced game problem formulation, this approach has
been followed by an important strand of the literature in continuous-time stochastic differ-
ential games; see notably the revisits of Buckdahn and Li [10] or Fleming and Herndndez—
Hernandez [36].
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This approach has some important drawbacks, however. Besides some stemming from
practical considerations, see Remark 2.5, the asymmetry between the players makes the prob-
lem of existence of saddle-points much harder in general. This justified the recent emergence
of several alternative formulations of the game. While the corresponding results may look
similar at first sight, these reformulations have very subtle differences. We shall devote Sec-
tion 2 completely to an incremental presentation of the different formulations which appeared
in the literature, with appropriate examples highlighting the main differences. In particular,
when the diffusion coefficient is not controlled by any of the players, the problem is com-
pletely addressed in Hamadéne and Lepeltier [41], see Section 2.5. However, when the diffu-
sion coefficient is also controlled, all the results in the literature require the control/strategy
to be simple in some sense. This constraint makes it essentially impossible to obtain the
existence of saddle-points under those formulations.

The main contribution of this paper is to show that considering stochastic differential
games in weak formulation allows to bypass major difficulties pointed out in the previous
literature. In our setting, introduced in Section 3.1, the controlled state process is a weak
solution of the possibly path-dependent stochastic differential equation

dX¢ = b, (X%, of o) dt + 0y (X%, o e} ) AW,

where W is a Brownian motion with appropriate dimension, b and o are nonanticipating
functions of the path, and o = (, a!) is the pair of controls of Players 0 and 1, respectively.
We consider the largest set of controls ol 1[0, T] x C°0,T]) —> AL, i =0,1, by only
assuming the natural nonanticipativity and measurability properties. In particular, we do not
impose that they are simple in some sense so as to guarantee existence of a strong solution for
the above state equation. Again, our approach is to consider weak solutions, without requiring
uniqueness of such a solution.

Our first main result, reported in Theorem 3.6, states that, under the path-dependent Isaacs
condition, uniqueness of viscosity solutions implies existence of the game value. Section 4
contains the technical arguments to prove this result, following the dynamic programming
arguments as in Pham and Zhang [57]. Our proof relies on the notion of path-dependent
viscosity solutions, introduced by Ekren, Touzi and Zhang [19, 20]. Observe that this result
covers the Markovian setting under the uniqueness condition of viscosity solutions in the
standard sense of Crandall and Lions [15], as our set of test functions includes theirs. As our
technique requires some a priori regularity for the game upper and lower values, Theorem 3.6
is established under restricting conditions on the coefficients b and o which are essentially
summarised in Assumption 3.5, see also Section 5 for a slight weakening of these conditions.
Notice that the remarkable work of Sirbu [62, 63] does not need any such restrictions, as the
Perron-like method this author uses allows to bypass the task of deriving directly the dynamic
programming principle. However, the method is restricted to the Markovian setting, and the
players controls are simple and thus much less general than the ones we consider here.

As a second main result reported in Theorem 3.10, we provide a verification argument,
still under the path-dependent Isaacs condition, including a characterisation of saddle-points.
We emphasise that when the volatility of the diffusion is degenerate, this result is new, even
in the special Markovian setting, as the value function of the game may fail to lie in the
standard Sobolev spaces, due to possible nonexistence of a density of the corresponding state
equation. By further considering a convenient relaxation, we also provide in Theorem 3.20
a characterisation by means of an appropriate notion of second-order backward SDE, which
plays the same role as the Sobolev-type solution for the corresponding Hamilton—Jacobi-
Bellman-Isaacs (HJBI for short) partial differential equation.

Notations: Throughout the paper, for i =0, 1, we assume that the control of Player i takes
values in A; C R%, for some arbitrary integer d;. We define A := A x A», and denote typi-
cally the elements of A as a = (ag, a;). Throughout this paper, for every p-dimensional vec-
tor b with p € N, we denote by b!, ..., b its entries, for 1 <i < p. For a, B € R” we denote
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by « - B the usual inner product, with associated norm | - |. For any (¢, ¢) € N x N, My .(R)
denotes the space of £ x ¢ matrices with real entries. The elements of matrix M € M, . are
denoted (M"/)<;<¢.1<j<c, and the transpose of M is denoted by M T. We identify M, |
with R¢. When £ = ¢, we let My(R) := M o (R). We also denote by S (resp. Sﬁ) the set
of symmetric (resp. symmetric semi-definite positive) matrices in M,(R). The trace of a
matrix M € My(R) will be denoted by Tr[M]. For further reference, we list here all the
filtrations that will be used throughout the paper. For any filtration G := (G;)o<;<T, and for
any probability measure PP on our space (£2, ), we denote by G := (g}” Jo<:<r the usual P-
augmentation” of G, and by G* := (G;")o<;<7 the right-limit of G. Similarly, the right limit
of G* will be denoted by GPt .= (Q,P +)0515T. For technical reasons, we also need to intro-
duce the universal filtration GV := (GV)o<;<r defined by GV := (MPeProb(w) GF tel0,Tl,
where Prob(€2) is the set of all probability measures on (2, F), and we denote by GYH, the
corresponding right-continuous limit. Moreover, for a subset P C Prob(£2), we introduce the
set of P-polar sets N7 :={N C Q: N C A for some A € Fr with suppep P(A) =0}, and we
introduce the PP-completion of G, GP .= (g]’)te[o,n, with g]’ = g}f voWNF), tel0,T],
together with the corresponding right-continuous limit G¥.

2. Stochastic differential game formulations and examples. In this section we intro-
duce the main formulations of zero-sum stochastic differential games from the existing liter-
ature, and explain through several examples why we have chosen to concentrate our attention
on the “weak formulation with control against control.” The section is somewhat lengthy.
However, due to the subtleties involved in the formulations, we think such a detailed intro-
duction will prove helpful for our readers.

2.1. Strong formulation with control against control. Fix some time horizon T > 0. In
the strong formulation paradigm, a filtered probability space (2, F, F := (F;)o</<7T, Po), on
which is defined a d-dimensional Brownian motion W, is fixed. We denote by FW the natural
filtration of W, augmented under Py, and for i = 0, 1, we let Ag denote the set of FW-
progressively measurable A;-valued processes, and Ag := Ag X Aé. Throughout the paper,
we take the notational convention that we write i as subscript for deterministic objects and
as superscript for random objects. Consider then, for i =0, 1 the following n-dimensional
controlled state processes with controls o := @, ') e Ag

t t
(2.1) Xy ::/0 b(s,X‘S",as)ds+/0 o(s, XY, a)dW,, t€[0,T],Po-as.,

where b:[0,T]xR" x A —> R" and o : [0, T] x R” x A —> R"*4 are appropriate Borel
measurable functions so that the above SDE has a unique strong solution for any o € Ag. We
introduce the so-called upper and lower values of the game

2.2) Vg:: inf  sup Js(ao,al), and Z(S):= sup inf Js(ao,otl),
a%eAgglel a'eAé“oEAg

where the criterion of the players Js is defined, for some appropriate functions f : [0, T] x
R" x A—> Rand g: R* — R, by

P T
23) Js(@) :=E o[g(xg)Jr fo f(t,X;x,ozt)dt:|.

It is clear by definition that K(S) < V(S). There are two central problems for the game defined
above:

2The P-augmentation is defined for any ¢ € [0, T] by g}P’ = o0(Gy U ./\/]P), where NT = {ACQ,AC
B, with B € Fr,P[B] =0}.
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(1) Does the game value exists, namely Vg = Kg?
(ii) Is there a saddle-point (also called equilibrium) for the game? That is to say, can we
find some @ := (@°, @') € Ag such that

(2.4) Js@% ') < Js@°, @) < Js(a® @'), foranya®e A3, o' € AL

Notice immediately that the existence of a saddle-point & implies automatically that the game
value exists, and is equal to Jg(@).

Despite the fact that the above formulation is very close to the usual framework of stochas-
tic control, it has never been considered in the literature, since even in seemingly benign
situations, the game value may fail to exist.

EXAMPLE 2.1. This is a simplified version of an example borrowed from R. Buckdahn,
see [57], Appendix E.

Let Ap=A1=[-1,1],d=n=2,and c € R, p € [—1, 1] be two constants. Consider the
following specification:

f:=0, g(x) = |x; — x2)%, b(t,x,a):= (ZO)

1
c 0
1, x, = .
Pxa=

In this case, we have

t t
X :=/O a¥ds 4 cw/, x> :=/0 alds +c[pW! +/1—p2W?],
2
Js(a) :=EPO[| X3 — X2 7].
Then, we claim that
VS <2(1-p)®T and T2 <V,
so that Kg < Vg whenever 2(1 — p)c? < T, and the game does not have a value in this

formulation. To see this, notice that for any ! € A;, if Player O also plays the control o', we
have

Js(a', a') =EP[|c(1 — o)W} —c/1 — p2W2[*] =2(1 — p)?T.

Thus infaOeAg Js@®, o) <2(1 — ,o)czT, so that by arbitrariness of ! € .Aé, we have Zg <
2(1 — p)c*T. On the other hand, for any a® e A, set

T
X0 = EPO |:/(; Otg ds:|, sgn(xo) = l{x()z()} — l{x()<()} € A],

oztl = —sgn(xg), te[0,T].

Then by Jensen’s inequality

2
(@, a') = [EF[X} — x3] P =

T T
EFo [/ a? ds — / ozsl ds]
0 0

= |x0 + T sgn(xo)|* > | T sgn(xo)|* = T2

This implies that SUPg1 ¢ 4L Js(oeo, al) > T2 for any oV € A9, and thus Vg > T2,
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We recall that the zero-sum game (2.1)—(2.3) is closely related to the following HJBI
PDEs:

(2.5) —8,v—H(t,x, D7, D*) =0,  —dv— H(t,x, Dv, D*v) =0,

where the Hamiltonians H, H are defined, for any (¢, x, z, ¥, a) € [0, T] x R xRYxS% x A

1 T
h(t,x,z,y,a):= ETr[(o*o )t x,a)y]+b(t,x,a) 2+ f(t,x,a),

(2.6) ﬁ(t"x’z’ y)= lnf Sup h(t,.x,z, V’ aOaal)a

aOGAOaleAl

H(t,x,z,y):= sup inf h(t,x,z,y,a9,a1).

ajeA; apeAo
Moreover, the following Isaacs condition is crucial for the existence of the game value:
2.7 H=H=:H.

Under the above condition, we say (dg, ;) € A is a saddle-point of the Hamiltonian H at
(t,x,z,y)ifforall ay € Ag, a; € Ay

(2.8) h(t,x,z,y,d0,a1) < H(t,x,z,y) <h(t,x,z,v,a0,a1).

REMARK 2.2. Direct calculation reveals that the Isaacs condition (2.7) holds in the con-
text of Example 2.1, with

2
C
H(z,y)= 3()/11 +yn+20p12) + 22l — lz1l,  (z,y) eR? x S

So the game value does not exist, despite the fact that Isaacs’s condition holds. Notice as well
that when ¢ = 0, this is a deterministic game, and when ¢ > O and |p| < 1, o is nondegenerate.
Thus potential degeneracy of the diffusion coefficient is not the reason for the nonexistence
of the game value.

2.2. Strong formulation with strategy against control. As we have seen above, naively
considering games in a control against control formulation usually leads to nonexistence of
the game value. One way to properly formalise the fact that in continuous-time differential
games the players also observe each other continuously consists in introducing the notion of
nonanticipative strategies. Roughly speaking, in such a framework a strategy for one player
is simply a nonanticipative map from the set of controls of the other player to the set of
controls of this player. Though strategies were introduced in deterministic games by Varaiya
[71], Roxin [60] and Elliot and Kalton [29], the first work to extend this notion in a stochastic
setting is due to Fleming and Souganidis [37]. Let us now give a proper definition.

DEFINITION 2.3. Let S” denote the set of mappings a : -’4}9 — .Ag such that, for any
t €[0,T], and any (a!,&!) € A}g X .A; satisfying ! = @', ds x dPp-a.s. on [0, 7] x £,
we have a(a!) = a%@"), ds x dPy-a.s. on [0, 7] x L. Similarly we define S! as the set of
appropriate mappings a! : .Ag —> Ag.

The upper and lower values in this formulation are then defined as

(2.9) Vo = sup inf Js(a al (@), VES:= inf sup Js(a(a'),al).

0 0,50
alesla“eAS a’eS' aleAg
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We emphasise that in this framework, the upper value is defined as a supinf, rather than an
inf sup. Besides, since the setting is by nature asymmetric, it is not a priori clear that

—FS —FS
VS <vy, or VT <VES.

Nevertheless, this formulation has been very successful in the existing literature because
the game value is well understood, and characterised by the so-called Hamilton—Jacobi—
Bellman—Isaacs PDE. The main result of Fleming and Souganidis [37], Theorem 2.6, is the
following.

THEOREM 2.4. Under appropriate technical conditions on the coefficients b, o, f, g, we

have Vgs =v(0,0), Kgs = v(0,0), where v, v are viscosity solutions of the corresponding
HIBI equations (2.5). In particular, if Isaacs condition (2.7) holds, and the viscosity solution

. . —FS .
to the above PDEs is unique, then V,~ = VES | and the game value exists.

Notice that the approach of Fleming and Souganidis [37] has been substantially improved
and simplified by Buckdahn and Li [10] (see also the works of Bouchard, Moreau and Nutz
[7] and Bouchard and Nutz [8] for a similar approach in stochastic target games), who consid-
ered a similar framework, allowing for controls depending on the full past of the trajectories
of W (implying in particular that their cost functionals become random variables), and also
for more general running cost functionals in the form of backward SDEs. Though their frame-
work remains Markovian, a recent extension to non-Markovian dynamics has been proposed
by Zhang [73, 74], relying on top of the BSDE method of Buckdahn and Li, on an approxi-
mation of the non-Markovian game by sequences of standard Markovian games.

While the above results are beautiful mathematically, it has two major drawbacks, as illus-
trated in the following two remarks.

REMARK 2.5. The strategies are typically difficult to implement in practice.

(i) In the problem Vgs, Player 1 needs to observe the control a of Player 0. But since
this is a zero-sum game, the players typically would not tell their competitors their controls,
due to the so-called moral hazard.

(ii) Notice further that the strategy a' is a function of the whole process «!, rather than
the paths of «!. This imposes further difficulty for the practical implementation of nonantici-
pative strategies. Even in the full information case (without moral hazard), the players do not
actually observe their opponent’s adapted control, but just a realisation of this control in the
actual state of the world.

REMARK 2.6. The study of the existence of saddle-points in this setting also proves very
difficult. Among some of the reasons, we would like to highlight the following.

(i) The information is asymmetric in this setting. As a consequence, it is not possible to
define saddle-points as conveniently as in the spirit of (2.4).

. —FS . . :

(i1) The problem V(,” can be viewed as a zero-sum Stackelberg game, which requires
to solve sequential optimisation problems. Given a', it will in general be difficult to solve
inf o, A9 Js(@?, al (@Y%), since as a general strategy there are not many properties we can

impose on a!. The optimisation over a! can then become even harder.

(iii) Moreover, we emphasise that this formulation is still in a strong setting, namely all
involved processes are required to be " -progressively measurable. In this case, the set Ag of
admissible controls is typically not compact, meaning that saddle-points are even less likely
to exist.
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We illustrate the above points by considering two examples where saddle-points cannot
exist, no matter how one defines them. For this purpose, we borrow a function ¢ from Barlow
[1] which satisfies the following properties:

(1) ¢ :R—[1, 2] and is uniformly Holder continuous.
(2) The following SDE admits a unique (in law) weak solution but no strong solution:

t
(2.10) X,:/O {(Xs)dWs, Pp-as.

EXAMPLE 2.7. Set Ag:=1[1,2], A1 :={0} and d = 1. Consider the following specifica-
tion:

b(t,x,a):=0, o(t,x,a):=lagl,

g =1x%,  f(t,x,a):=|cx)|* —2a0¢ (x).
We then have, Pp-a.s.

t T
Xf‘:/o Q0 dW,,  Js(@) ;=EP0[\xg|2_/0 [2a?§(Xf‘)—|§(Xf‘)|2]dt].

—FS . o . .
Then V" = Kgs, but there is no saddle-point in any appropriate sense. To see this, observe
that .A; consists of only the constant process 0, and thus S' also consists only of the trivial
mapping a! = 0. Then it is clear that

2.11) VoS =VES = inf Js(a,0).

aoeAg
This is a standard optimal control problem, and we know its value is v(0, 0), where v is the
unique viscosity solution to the following HJB equation:

. 1 2q2 2 2
2.12) —dv — inf {5|a0| 32 v — 2apt (x) + £ (x)] }:o, (T, x) = x2.

One can check straightforwardly that v(z, x) = x? is the classical solution to the above PDE.
In particular, uniqueness for the last HIB equation follows from the standard verification
argument, and this implies that

(2.13) VoS =VES = sup Js(a®,0) = v(0,0) =0.

0 0
a’eAg

Now assume the game has a saddle-point in some appropriate sense, which will be associ-
. ~ .S 50
ated to a certain a° € Ag and @' = 0. Then, denoting X := X% 0

T —~
(2.14) O=J5(&0,0)=EP°[/ |6Z?—§(Xt)|2dt].
0
This implies that necessarily a° = {(X ), Po-a.s. In other words, X must satisfy
%= [@law= [ cX)aw. 1el0.T] Poas,
0 0

By Barlow [1], the above SDE has no strong solution, which contradicts with our assumption
that X = X9 is FY -progressively measurable.

The last example may seem very special, since the game problem is actually reduced to a
stochastic control problem. The following example shows that similar concerns appear in a
genuine game problem.
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EXAMPLE 2.8. Set Ap:=[1,2], A :=[0, 1]. Consider the specification

b(t,x,a):=0, ot ,x,a):=lagl,  g&x):=x]%

ft,x,a):=t@)[* =2a0l (x),  T:=y[¢)>—1.

Then Isaacs condition (2.7) holds and
P > (T, 0z = a2
2.15) Js(@) =E ()[}X% - /0 (2692 (X%) — |7 (X% ]dt].

In this case, we still have VES = ZES = v(0,0), where v(t,x) =x2+ T — 1 is the unique
classical solution to the following HIBI equation

- 1o nn =02 1oho 1
dv+ inf {=lao|"9;, v — 2apt (x) + |¢(x)|" ¢ + sup { =|ai|°d; vy =0,
a()EA() 2 GIEAI 2

(2.16)
v(T, x) =x2.

Moreover, the (unique) saddle-point of the Hamiltonian in the sense of (2.8) is

(2.17) do = ¢ (x), ar=1, andthus [a]|=+/|ao)>+ |ai1>=¢.

Consequently, any natural saddle-point for the game should correspond to these feedback
controls. Unfortunately, similar to the previous example, no strong solution exists under these
feedback controls. Since this formulation is in strong setting, all involved processes should be
FY -progressively measurable, so it is very unlikely that a saddle-point under any reasonable
definition will exist for this example.

REMARK 2.9. We emphasise that the feedback controls (2.17) can be obtained naturally
from the Hamiltonian of the PDE (provided the PDE has a classical solution). In weak formu-
lation of the game, which will be introduced soon and will be the main focus of this paper, the
saddle-points of the Hamiltonian indeed lead to the saddle-points of the game. However, in
strategy against control formulation, saddle-points of the Hamiltonian provide no clue on the
possible saddle-points for the game. This is one of the main drawbacks of this formulation.

2.3. Strong formulation with symmetric delayed pathwise strategies. Recall that the set-
ting in the previous subsection is not symmetric, in the sense that in the definitions of the
upper and lower values, a given player is not optimising over the same set (over controls in
one case, and over strategies in the other). Cardaliaguet and Rainer [13] have reformulated
the game problem by using what they call nonanticipative strategies with delay, thus, formal-
ising the fact that the players only observe their opponent’s action in the actual state, as well
as the path of the resulting solution of the stochastic differential equation. Their framework
could thus be coined as “strategy against strategy.”

DEFINITION 2.10. Let SgR be the collection of progressively measurable (deterministic)
maps a¥: CO([0, T1, RY) x L.O([0, T, A1) —> LO([0, T, Ag) satisfying the following delay
condition

(2.18) [a°(w. )] (1) = [a%(@(—s)r nor ¥y L)]@), Ot <T,

for some § > 0 independent of (w, o), and where for a generic set F, LO([0, T, E) is the
set of Borel measurable E-valued maps. We define similarly SéR.
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For delayed strategies, the following simple but crucial result holds.

LEMMA 2.11. For any @°,al) e SgR X SéR, there exists unique (@, al) e A(S) X Aé
such that

(2.19) ) =aw, o' (@), ol =al(w,d W), foralwe.

Then Cardaliaguet and Rainer [13] define upper and lower values of the game as

—CR
VO =

(2.20) VR

inf0 sup Js(ao,al), = sup inf0 JS(OlO,Oll),
eSeg aleSk, aleSl, A€

where (a®, a!) are determined by Lemma 2.11. We emphasise that the mapping from (a°, a)
to (a®, a!) is in pairs, and it does not necessarily induce a mapping from a” to & (or from

al toal). Consequently, the game values (Vg R, ZSR) are different from the values (V(S), Z(S))
in (2.2). We also notice that, unlike in (2.9) the upper value is defined an infsup, since the
setting is symmetric again. The main result of [13] is the following.

THEOREM 2.12. Under appropriate conditions, including the Isaacs condition, we have

VOCR = KOCR =v(0, 0), where v is the unique viscosity solution to the corresponding HIBI
equation.

In particular, under the above conditions the game values in [37] and [13] are equal. No-
tice as well that without Isaacs condition, [13] establishes a partial comparison principle,
implying that v and v are only viscosity semi-solutions, not necessarily viscosity solutions of
the associated HIBI PDE. We remark in addition that this setting is symmetric and one can
naturally define saddle-points (a°,a!). However, the comments in Remark 2.5(i) and Remark
2.6(i1), (iii) remain valid, and no existence result of saddle-points is available in general be-
cause of the delay restriction on the strategies. Notice also that Buckdahn, Cardaliaguet and
Quincampoix [9] have adapted the BSDE method of Buckdahn and Li [10] to the framework
of nonanticipative strategies with delay.

Another way of symmetrising the game problem has been proposed by Fleming and
Hernandez-Hernandez [36]. Building upon the fact that Elliott—Kalton strategies are such
that, for instance for the lower value the minimising player has an advantage in the informa-
tion available to him at each time, they propose to restrict to so-called strictly progressively
measurable strategies which make this advantage disappear. They then define a notion of ap-
proximate e-saddle-points, but cannot obtain the existence of a saddle-point in the sense we
have considered so far.

2.4. Strong formulation with symmetric feedback controls. The works closest to our
present paper are Cardaliaguet and Rainer [12], Pham and Zhang [57], and Sirbu [62, 63].
Consider the following SDE with feedback controls « : [0, T'] x c%[0,T1,RY) — A

t t
2.21) X; =Xo+f ofs, XS,aS(X.))dWs—I-/ b(s, Xy, as(X.))ds, Po-as.
0 0

Let Agp denote the set of certain simple feedback controls (meaning controls which are con-
stant or deterministic in between points of a partition of [0, 7] and/or €2), in particular so
that the above SDE has a unique strong solution for every admissible control o. We remark
that the sets Agp in [12, 57, 62, 63] are not the same, differing mainly on whether some
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mixing is allowed in the strategies or not, and on whether stopping times are allowed in the
time-discretisation. The upper and lower game values are then defined as

Vo= inf sup Js(a®(X),al(X)),
aoeAg)paleAép
(2.22) " . . 1
Vy = sup inf Js(a' (X)), (X)),

0 0
al E.Aslp a e‘Asp

where, for a € Agp, X is determined by (2.21). Then we still have

_ THEOREM 2.13.  Under appropriate conditions, including the Isaacs condition, we have
V(S)p = ZBP =v(0, 0), where v is the unique viscosity solution to the HJBI equation (2.5).

We observe that, in contrast with [12] and [62, 63], the framework of [57] allows for
path-dependent dynamics, and in this case the Isaacs equation becomes a so-called path-
dependent PDE, which will be the main tool in this paper. However, [57] does not allow for
x-dependence in the coefficients b and o, mainly for the purpose of proving the regularity of
the value functions, an issue which becomes very subtle in the present feedback formulation.
In the Markovian setting, this difficulty is remarkably by-passed in [62, 63] by using the
notion of stochastic viscosity solutions of Bayraktar and Sirbu [3, 4].

‘We also remark that for feedback controls, it is a lot more convenient to use the so-called
weak formulation, under which the state process X is fixed and the players control its distri-
bution. We finally note that the restriction to simple feedback controls is a serious obstacle
for obtaining a saddle-point. This is the main drawback that addressed in this paper.

2.5. A complete result in the uncontrolled diffusion setting. 'The case where the diffusion
coefficient o is not controlled by any of the players has received a lot of attention since the
inception of the study of stochastic differential games, as it allowed for a much simpler treat-
ment. Hence, using PDE methods in a Markovian setting with feedback controls (though it
is not clear whether strong or weak formulation is considered, see [40], Another remark, p.
85), Friedman [39, 40] proved existence of an equilibrium for an N-players game, as well
as existence of a value and a saddle-point for two-players zero-sum games. Using the mar-
tingale approach of Davis and Varaiya [17] for stochastic control problems, a version of the
problem in weak formulation was then considered by Elliott [26, 27], and Elliott and Davis
[28], allowing in particular for non-Markovian dynamics. Their approach was subsequently
streamlined and simplified by Hamadene and Lepeltier [41, 43] and Hamadene, Lepeltier and
Peng [42] using BSDEs methods.

Since their approach is close in spirit to the one we wish to follow, we dedicate this section
to describing it. Consider the following drift-less SDE

t
(2.23) X,:/ os(X.)dWs, Pp-as.,
0

where o : [0, T] x C°([0, T], R?) — S is progressively measurable, bounded, nondegen-
erate, and uniformly Lipschitz in x. Hence, the above SDE has a unique strong solution, and
X and W generate the same filtration. We next introduce a progressively measurable bounded
map A : [0, T] x C°([0, T], RY) x A — R, together with the equivalent probability mea-
sures

dpP

. T 1 T 2
dTPO = CXP(A )\.[(X.,(Xt(X.)) . th — 5/0 |)\.t(X,Ol[(X))| d[),
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for all « € Ayr, where Ay is the set of admissible controls, for which the above probability
measure is well defined. By Girsanov’s theorem, the process W* := W — [ A;(X., o; (X)) dt
is an P*-Brownian motion, and (¥, X) is a weak solution of the drift-controlled SDE

t t
(2.24) X; =/ bs(X., as(X.))ds —|—/ os(X.)dWY, P%as., where b:=0A.
0 0
The upper and lower values of the game are then defined by
VgL = inf  sup Jw(ao,al), KOHL = sup inf Jw(ao,al),
oAy oleAl, alealy @OeAY

where
T
Jy(a) = JEP“[Hf fz(,at)dt],
0

for some appropriate functions f : [0, T] X CO([O, T], ]Rd) x A—> R and ¢ : CO([O, T],
R?) — R. We finally introduce

Fi(x,z):= inf sup {b/(x,a) -2+ fi(x,a)},

ap€Ap ajeA,

F,(x,z):= sup inf {b/(x,a) z+ fi(x,a)},

ajeA; 90E€A0

where as usual a = (ag, a;). Notice that, by extending the Hamiltonians (2.6) to the path
dependent case in the obvious way, we have the correspondence

— 1 1
H:F+5Tr[o2y], and §:£+§Tr[azy].
The main result of [41] is the following.

THEOREM 2.14. Under appropriate conditions, including Isaacs’s condition F = F =:
F, we have VEL = ZSIL = Yy, where (Y, Z) is the unique solution to the backward SDE
(2.25) dY,=—-F(X.,Z)dt + Z; -dX;, and Yr=%&(X.), Po-a.s.

Moreover, any saddle-point of F induces a saddle-point of the game.

The following example shows that the framework of [41] allows to obtain a saddle-point
of a game in typical situations where all the previous frameworks of this section fail.

EXAMPLE 2.15. Consider the setting in Example 2.1 with ¢ =1, p = 0, except that
X = (X', X?) should be viewed as weak solution of the following SDE

t t
X! = / O(x! x?)ds+wle, x2= / al (X!, X?)ds + W
0 0
Note that, unlike in Example 2.1, here X I'and X2 depend on both oY and !, In this case, we
have

Fi(z)=F,(2)=Fi(2) = ‘air‘lil{aom} + sup {a122} = —|z1] + |z2l,
01=

laj|<1

and the unique saddle-point of F is given by

ap(z) = —sgn(z1), a1 (z) :=sgn(z2).
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Notice that since o is the identity matrix here, we have X = W and the BSDE (2.25) becomes
5 T T
Y, =|X}— X7 +/ (122 - |zl]) ds — / Zy-dXg, Po-as.
t t
In fact, one may verify straightforwardly that the solution to the above BSDE is
2
Yoo= X =X} +2T -0,  zl:=20x!-Xx?), z2=2(x?-x).
Consequently, the game value is Yo = 27 and the saddle-point of the game is given by

a) = —sgn(Z)) = —sgn(X; = X7). @ =sgn(Z}) =sgn(X] - X;).

Our objective of this paper is to extend Theorem 2.14 to a controlled (possibly degenerate)
diffusion framework. Again we shall use weak formulation and our main tool will be path de-
pendent PDEs, whose semi-linear counterpart is exactly the backward SDE. In particular, our
results will provide a complete characterisations of Examples 2.7 and 2.8, once reformulated
in the setting of weak solutions, as well as the degenerate situation of Example 2.15 (namely
|p| = 1). As will become clearer later, the assumptions on the coefficients we will require are
slightly stronger than in the recent work of Zhang [73, 74], but the latter considers the strong
formulation with strategy against control and thus cannot obtain any positive results towards
existence of saddle-points. The weak formulation allows to do so, but at the price of more
stringent assumptions on the coefficients.

3. Main results.

3.1. Path dependent game in weak formulation. The canonical space Q2 = {w €
CI0, TI;RY) : wo = 0} is endowed with the .°°-norm. The corresponding canonical pro-
cess X induces the natural filtration IF. The time space set ® := [0, T'] x 2 is equipped with
the pseudo-distance doo (1, @), (t', @) := |t = '] + o — &, /]l co-

The set of control processes A := A" x A" consists of all F-progressively measurable A-
valued processes, for some subset A := Ay x A of a finite dimensional space. For all @ € A,
we denote by P () the set of weak solutions of the following path-dependent SDE

(3.1) X,:/Ot bs(x.,as(x.))ds+f0tas(x.,as(x.))dws, 1[0, T,

where b : ©® x A — R?, o : ©® x A —> S? satisfies the conditions in Assumption 3.1 below.
Here, for simplicity, we assume that X and W have the same dimension d and o is symmetric,
but the extension to the more general situation is straightforward. Equivalently, any P € P(«)
is a probability measure on the canonical space 2 which solves the following martingale
problem, for any 0 <t < T, P-a.s.

t t
(3.2) MY =X, — / bs(as)ds  is a P-martingale, with (M), = / o2 (ay) ds.
0 0
Here we take the notational convention that, by putting the time variable s as subscript, we

mean by, oy, oy depend on X, but we often omit X itself for notational simplicity. Notice
that in general, the set P(«) for an arbitrary o € A may be empty. We thus introduce the
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following subset A := A% x A', where?

(3.3) A= {oti eA :P(ai) # @}, where P(ai) = U P(ao,al), i=0,1.
al-ieA™

For an Fr-measurable random variable & and an [F-progressively measurable f : ® x A —

R, we now define

hwﬁm=Eﬂs+ATﬁwQM}

3.4 _
Jola) ;== sup Jo(o,P), and Jy(a):= inf Jo(a,P),
PeP(a) PeP (@)
with the convention that sup @ := —o0 and inf & := oo. The upper and lower values of the
game are then
(3.5) Vo:= inf sup Jo(a), and V,:= sup inf J(a).
a%e A0 g g1 aleAl @¥eAl

Notice that the inequality co > V¢ > V; > —o0 always holds.

ASSUMPTION 3.1. (i) b, 0, and f are bounded, F-progressively measurable in all vari-
ables, and uniformly continuous in (¢, ®) under dso, uniformly ina € A.
(ii) £ is bounded and uniformly continuous in w.

We remark that we allow o to be degenerate. Under the assumptions on b and o, the sets
Al and A? are not empty, as they contain constant and even piecewise constant controls.
The remaining conditions on f and & guarantee that Jy is finite. We emphasise that the
boundedness assumption may be relaxed to linear growth.

DEFINITION 3.2. The game value exists if Vo = V,,. A control @ = @, ahYeAdisa
saddle-point of the game if for all («*, a!) € A

(3.6) To@%, ") <To@) =Vo=Vy=Jy@) < Jy(a’,a').

We remark that, if @ is a saddle-point, then P(@) # @ and Jo(@,P) = Vo = Vyforall Pe
‘P(@). We conclude this subsection with a generic result concerning saddle-points. Denote

(3.7) To(@%) := sup Jo(@®,a'), and Jy(a'):= inf J,(a®, al).

aleAl ale A0
Then the game problems in (3.5) can be rewritten

(3.8) Vo= inf 70(010) and V,= sup io(ozl).

ale A0 aleAl

PROPOSITION 3.3.  Assume the game value exists. Then @ € A is a saddle-point of the
game if and only if @° and @' are optimal controls of V and Vo in (3.8), respectively.

3The idea here is that if there existed o%* € 710 such that P(a?*, o) = & for any al e 711, then obviously
in the upper value Player O will play o%* since then whatever the choice of Player 1 afterwards will lead to a

value of —oo. Similarly, if there existed al* € A" such that P, a!*) = & forany o® € A%, in the lower value
Player 1 will play o!*, since then whatever the choice of Player 0 afterwards will lead to a value of +00. Our
restriction is here merely to prevent this obvious degeneracy.
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The proof is omitted as it follows directly from Definition 3.2. We shall see that the ex-
istence of the game value will typically follow from the uniqueness of the viscosity solu-
tion to the corresponding HIBI equation. By Proposition 3.3, it seems that the existence of
saddle-points is then reduced to two standard optimisation problems. However, we emphasise
that, due to the weak formulation or more specifically our choice of feedback controls, the
mappings o € A% — Jo(a®) and a! € A — J, 0(0:1) are typically not continuous. Even
worse, it is not clear what is the appropriate topology for the sets .A” and .A!, and whether
they do have the appropriate topological requirements. Therefore, the optimisation problems
in (3.8) are actually real challenges.

3.2. Path-dependent HIBI characterisation. Similar to the Markovian case, we shall use
path-dependent PDEs as a powerful tool to study the present path-dependent differential
games. For a = (ag, a1) € A, similar to (2.6) we define

1
hi(w,z,y,a):= —Tr[atz(w, a)y|+bi(w,a) z+ fi(w,a),
(3.9) 2
H;:= inf sup h(-,ag,ay), H,:= sup inf A;(-, a9, a1).
a0€A0 a1 €Ay ajeA; @€A0
Our main result requires the standard Isaacs condition
(3.10) H=H=:H.

To prove existence of the game value, we shall use the viscosity theory of path-dependent
PDEs (PPDE hereafter). Let C°(®,R) denote the set of functions u : ® —> R continuous
under do, C,?(@, R) the subset of bounded functions, and UC;(®, R) the subset of uniformly
continuous functions. For any L > 0, Py, denotes the set of semimartingale measures on 2
such that the drift and diffusion of X are bounded by L and v/2L, respectively, and Py :=
Uz=0Pr. For any ¢ € [0, T], let 7; denote the set of F-stopping times smaller than ¢. For a
generic measurable set E, we also denote by LY(®, E) the set of F-progressively measurable
E-valued functions. For any subset P of P, we say that a property holds P-q.s. if it holds
P-a.s. for any P € P.

For 0 = (t,w) € ® and o’ € 2, define

(@& o) =5l + (@ + o) —op)leri(s), (@)= (0 o),

(@) == nigs(@® @), s€l0,T —1],

for an Fr-measurable random variable ¢, and an F-measurable process {7s, s € [0, T]}. We
observe in particular that ¢% is Fr_;-measurable, and the process 1’ is F-adapted. Finally,
for € > 0, we introduce the stopping time H¢ (w) := inf{t : doo ((t, ®), (0,0)) > €} A T.
For u € C°(®, R) and 6 := (¢, w) € O, the super and sub-jets are defined by the subsets of

R x R4 x S¢:

jLu(Q) = {(K, z,v):3de > 0,u(d) :PiergL fieI’lTEE ]EP[u(z —KT — qZ’V(Xz)]}v
(3.11)

lLu(G) = {(K, Z,7):3e >0,u(f) = sup sup Ep[uf — KT — q“’(X,)]},

PePr t€Tu,

where we used the notation g*V (x) :=z-x + %Tr[yxxT], forall (x,z,y) € RY x RY x §4.
Now consider the following PPDE with generator G : ©® x R x R? x S — R

(3.12) —du(w) — Gy(w, u, dyu, 32,u) =0.

? Yww
The appropriate notion of path-derivatives in the above equation has been proposed first by
Dupire [18], and consists essentially in a directional derivative with respect to perturbations
of the last value taken by the path. Since we are only interested in viscosity solutions, we do
not need to detail this any further.
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DEFINITION 3.4. Letu € C°(®,R).

(i) Forany L > 0, we say u is a P -viscosity super-solution (resp. sub-solution) of PPDE
(3.12) if, for any 8 € ® and any (x, z,y) € 7Lu(9) (resp. in lLu(Q)), it holds that

—K — G[(C(), Mt((,()), <, V) = (resp' S)O

(i1) u is a ‘Pr-viscosity solution of PPDE (3.12) if it is both a P -viscosity super and
sub-solution of (3.12). Moreover, u is a Pxo-viscosity solution of PPDE (3.12) if it is a Pp -
viscosity solution for some L > 0.

We remark that in our weak formulation setting (or more precisely due to the feedback
type of controls), the regularity of the game value is a very subtle question. As will be ex-
plained later on in the paper, our main need for a priori regularity is linked to our proof of the
dynamic programming principle. This is in stark contrast with the usual control theory, for
which proving dynamic programming in weak formulation requires merely to assume proper
measurability of the coefficients, see for instance the recent papers by El Karoui and Tan [24,
25]. Proving regularity in a strong formulation framework, either in the strategy against con-
trol setting or the delayed strategies one of Section 2, does not pose any specific difficulty.
Indeed, in these settings the control remains the same when one perturbs the initial value of
the state process, thus the regularity simply follows appropriate uniform estimates on the mo-
ments of the controlled diffusion. However in weak formulation, the fact that the players are
controlling the distribution of X makes matters much worse. For example, in (2.21) one can
hardly expect that the law of X would have desired regularity in X¢ for an arbitrary control
«. Once again, this is the price to pay if one wishes to obtain general existence results for
saddle-points, as shown in our previous examples.

In order to bypass this difficulty and for the sake of clarity, we consider in this subsection
a special case which is easier to deal with. A more general case will be studied in Section 5
below.

ASSUMPTION 3.5. b=0>(t,a) and 0 = o (t, a) are independent of w.
Our first main result is the following. The proof is postponed to the next section.

THEOREM 3.6. Let Assumptions 3.1, 3.5, and Isaacs’s condition (3.10) hold. Then
(1) The following path dependent Isaacs equation has a viscosity solution u € UCy(0®, R)
(3.13) —3u — Hy(w, dpu, 32,u) =0, t <T,ur =¢&.

o (i) Assume also that this PPDE has a unique viscosity solution in UCy(®,R). Then
Vo=Vy=uo(0).

REMARK 3.7. (i) The uniqueness of viscosity solution is a highly nontrivial issue. In
Ekren, Touzi and Zhang [20] and Pham and Zhang [57], uniqueness was proved only in the
case where o is uniformly nondegenerate and the dimension d is either 1 or 2.

(i) If one can prove the existence of viscosity solution in a smaller class € C C(®, R) (or
more precisely show that the dynamic upper and lower value processes of the game are in €),
then it is actually enough to prove the uniqueness of viscosity solution in the class €. Hence,
Ren, Touzi and Zhang [59] proved the existence and uniqueness in a subclass of UCp(®, R),
under slightly stronger regularity assumptions on & and f in terms of w. Using their result
provides us with the existence of the game value, even when o is degenerate or d > 3.
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(iii)) Notice however that [59] requires that b and o are independent of w. On the
other hand, Ekren and Zhang [21] have introduced a different type of viscosity solution
called pseudo-Markovian viscosity solutions, and proved the corresponding uniqueness un-
der weaker conditions. This will be interesting for us when we extend our game problem to
path dependent (b, o) in Section 5 below.

(iv) Finally, in the Markovian case, we can replace our uniqueness assumption with the
uniqueness in the standard Crandall-Lions notion of viscosity solutions. However, notice
that our uniqueness assumption is always weaker, since the set of test functions in the non-
Markovian setting is strictly larger than the usual one.

3.3. A verification result. In this subsection we establish the existence of a saddle-point
under the stronger condition that the Isaacs equation (3.13) has additional regularity inspired
from the W'-2-Sobolev solutions in the PDE literature. We emphasise that in this subsection
we do not require Assumption 3.5 to hold. This is to be expected as already in standard
stochastic control problems, verification-type arguments do not require to prove beforehand
the dynamic programming principle, which, once more, is the only result which requires
regularity of the value function. Note that

(3.14) d(X), =:62dr, holds Peo-q.s.,

for an appropriate symmetric matrix &, and can be defined without reference to a specific
measure in Py, by classical results of Bichteler [6].

DEFINITION 3.8. Letu € L%(®, R) and P C Puo. We say that u € W22 (P) if

(i) u is a uniformly integrable semimartinagle under any P € P;
(i) for some measurable processes o;u, 0,u, Bf)wu valued in R, R?, and S?, u has the
decomposition

1

(3.15) du; = dyuy dt + du; - dX; + 5 Te[82,u, d(X),], P-q.s.,
. T 1 2 . =2 2

with [ (10;u; + 5 Tr[9;,, 1,0, 1| + |01 17) df < 00, P-q.s.

REMARK 3.9. (i) By definition, any u € ng’cz(P) is continuous in ¢, P-q.s. However,
unlike in Dupire [18] or in Ekren, Touzi and Zhang [19, 20], we do not require pointwise
continuity in w. In particular, this relaxation will allow us to cover BSDEs and 2BSDEs with
measurable coefficients.

(i1) Clearly, (3.15) is closely related to the functional Itd formula in [18-20]. However,
our requirements here are weaker. In particular, we do not require the uniqueness of d;u and
2, u.

(iii) One can easily see that d,u is unique d(X); x dP-a.s., and o;u; + %Tr[&}zaiwu,]
is unique dr x dP-a.s., for all P € P. If we set P = Pr for some L > 0, and require 0;u;
and agwu, to be Pr-q.s. continuous, then it follows from Song [66] that d;u and aiwu are
unique in the Ppr-q.s. sense. This additional quasi-sure continuity requirement leads to the
G-Sobolev space W(l;’2 introduced by Peng and Song [55].

THEOREM 3.10. Let Assumption 3.1 and Isaacs’s condition (3.10) hold. Assume further
that

(i) The PPDE (3.13) has a WIL’CQ (P)-solution u, where P :=Jyec 4 P(a). In other words,

there exist, not necessarily unique, (0:u, dyU, Biwu) satisfying (3.15) and

(3.16) —0u — Hy(dpu 92 u)=0, P-gq.s.

’ Yow
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(i1) The Hamiltonian H;(w, d,u, 802)(014) has a measurable saddle-point &;(w), such that
P-q.s., foralla e A

BA7) by (dpu, 32,4, @0, a1) < hy (Bpu, 32,u,@°, @) < hy(dpu, 32,u, ap, &@,).
(iii) The set P(Q) is not empty.

Then Vo =uo =V, and @ is a saddle-point of the game.

PROOF. For any a® € A, and P € P(a®,@"), it follows from (3.15) and (3.16) that,
P-a.s.

1
du, = <bt (a?, 52,1) Oplt + = Tr[ol (at , )82 u] — Hy(dou, 83)wu)> dr
(3.18) 2

+ pu - M > — £, &) dr + pu - AU

where we recall that M*"¢' has been defined in (3.2).
Recall the integrability condition in Definition 3.8(ii), and denote 7, := T A inf{t :
[0’(|8tus + 3 Tr[02,us 62| + 19us[*) ds > n}, so that lim, oo Plt, = T]1 = 1. As 6% =
(oz, , ) P-a.s. we see by integrating and taking expectations above that ug < EP[urn +
T” f,(oz, , tl) dr]. Send now n — oo, since u is continuous in ¢ and uniformly integrable
under P, we obtain from the dominated convergence theorem under PP that

T
Jo(ao,&l,P):EP[S+/ f,(oz,o,(i,l)dt} > ug.
0

Following similar arguments, for any Ve A ol e AL, PO e P, @), P! e P@°, o)),
P € P(@), we obtain

Jo(ao, O(l, Pl) <ug= Jy(@, @) < J()(O{O,al, PO).

This implies immediately that Vo = ug = V, and @ is a saddle-point of the game. [J

REMARK 3.11. Notice that in Theorem 3.10(iii), we do not require P (&) to be a single-
ton. When it consists of several measures P, the value Jo (&, IP) is actually independent of the
choice of P.

REMARK 3.12. The key to Theorem 3.10 is the (functional) It6 formula (3.15). In the
Markovian case, assume that the PDE has a Sobolev solution u in the standard W !-2-space.
When o is uniformly elliptic, the generalised Itd formula of Krylov [49], Theorem 2.10.1,
allows to conclude as usual, by replacing (3.17) with its Markovian counterpart: for an ap-
propriate set N with Lebesgue measure 0 on [0, 7] x R¢, for (t,x) ¢ N

h(t,x, Du, D?u, @%@, x), ai) < H(t,x, Du, Dzu)
(3.19)
<h(t,x, Du, D?u,ay, @' (t, x)).

However, in the degenerate case, an W1-2_Sobolev solution u is not enough for the verifica-
tion. Indeed, in this case u (¢, X;) may violate the Itd formula under certain P and (3.19) may
not imply that, P-a.s.

h(t, X;, Du(t, X,), D2u(t, X,),@°(t, X;), a1) < H(t, X;, Du(t, X,), D*u(t, X,)).

Then the arguments for (3.18) cannot go through. To be precise, consider the following simple
SDE with degenerate diffusion coefficient (skipping the controls for simplicity):

t
(3.20) X =Xo —1—/0 10,00)(X5)dBs, Po-as.
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Clearly this SDE has a strong solution X; = 5(,“, where f(; = Xo + B; and t := inf{r >
0: )~(t = 0}. Then for any ¢ > 0, X; has an atom 0 as long as Py(Xo > 0) > 0 (even if X
has a density). So, if u is not differentiable at 0, the whole arguments collapse under IP :=
Poo X! In other words, even in the Markovian setting, with degenerate diffusion, our quasi-
sure characterisation of the Sobolev solution and the saddle-points of the Hamiltonian seems
necessary for the verification arguments.

A saddle-point exists under our formulation in the following examples. We emphasise
that none of the formulations in the existing literature allows to handle these examples, see
Section 2.

EXAMPLE 3.13. Co_mpare to ExEmple 2.8.Set Ag:=[1,2],A; :=[0,1],d :=1,b:=0,
oi(a) :=lagl, fi(a) ;= ¢(wy) — 2ap¢ (wy), &(w) = |wr|?. That is, P(«) consists of weak
solutions of

t
X, =/ |2 (X)| dWs,
3.21) 0

T _ _
Jo(a, P) = EP[|XT|2 - [ 2aficx - |;<X,>|2]dz].

We remark that f and & here violate the boundedness assumption in Assumption 3.1. How-
ever, this condition is mainly for the convenience of the general path dependent PDEs, and
in this particular example, it is not needed. Nevertheless, in this case, we have Vo= Vo=
v(0, 0), where v(r,x) = x2 4+ T —t is the classical solution to the HJBI equation (3.13).
Again, the (unique) saddle-point of the Hamiltonian in the sense of (3.17) is provided by
(2.17). Define @;(w) := a;(w;). Then |&;(w)| = ¢ (w;) and thus (3.21) becomes (2.10). By
Barlow [1], P(&) is a singleton. This implies easily that @ is indeed a saddle-point of the
game.

The next example extends Example 2.15 to the degenerate case, namely c =0 or |p| = 1.
We remark that the result of Hamadene and Lepeltier [41] does not apply in this case.

EXAMPLE 3.14. Consider the setting of Example 2.15, but with c =0 or |p| = 1.
(1) Let p =1 and ¢ > 0; the case p = —1 can be treated similarly. The HIBI equation
reduces to
1
_al‘v - Ecz(axlxl v+ 8}62)621) + 2ax1xzv) + |a)C1 U| - |8X2U| = Oa
o(T, x1,x2) = |x1 — 2l

which has a classical solution v(¢, x1, x2) = |x1 — x2|2. The saddle-points for the Hamiltonian
are then given by

ap(t, x) = —sgn(x; — x2) — B1(t, X)1{x; =),
a(t, x) :=sgn(xz — x1) + B2(t, )1y =),

for any arbitrary measurable functions f;, B, taking values in [—1, 1]. Denote DX :=
X2 — X!, In order to prove that the two-dimensional SDE Xi = fé (sgn(DXs) — Bi(s, X) x
1ipx,=0)) ds +cW;,i =0, 1, has a weak solution, we observe that the difference satisfies the
ODE DX, = fé (B1 + B2) (s, Xs)1ipx,—0) ds, which has a solution if and only if 81 + B> =0.
In this case, the unique solution is DX; = 0, that is, X I'— X0 and we are reduced to the SDE
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X? = fé Bi(s, X?, Xg) ds + c¢W;, which also has a unique weak solution since ¢ > 0 and B
is bounded by definition. Therefore, the saddle-points of the game are

&? = (’x‘tl = sgn(X,1 - X?) + B(, X?)I{X9=X}}’

for an arbitrary measurable §: [0, T] x R — [—1, 1].
(i1)) When ¢ = 0, the last characterisation of the saddle-point still holds true provided that
the ODE X" = [j B(s, X?)ds has a solution.

In the rest of this section, we investigate the question of existence of weak solutions
for path-dependent SDEs, thus providing sufficient conditions for Theorem 3.10(iii). In the
Markovian setting, we refer to Krylov [49], Section 2.6, for existence of weak solutions of
SDEs with measurable coefficients. We emphasise again that uniqueness is not required in
our approach.

DEFINITION 3.15. An F-progressively mesurable process ¢, with values in an Euclidean
space, is called P-q.s. continuous if, for any € > 0, there exist closed subsets {2 }o<;<7 C R
such that

(1) 1ge is F-progressively measurable with supp.p EP[ fOT lgoedr] <e.
(ii) Foreacht, ¢(t, -) is continuous in 5.

The following existence result looks standard and its proof is postponed to the Appendix.

THEOREM 3.16. Assume b: ® — R? and o : © — S? are bounded by a certain
constant L, are F-measurable, and ‘Pr-q.s. continuous. Then there is a weak solution to the

SDE X, = [y b(s, X.)ds + [§ o' (s, X.) dW,.

We finally discuss the desired regularity for saddle-points of the Hamiltonian, for which
we define W12(P) as the subset of WIL’CZ(P) consisting of processes u# such that d;u, d,u,
and 92,,u are P-q.s. continuous.

THEOREM 3.17. Let Assumption 3.1 holds, b, o be continuous in a, and assume that
the Isaacs condition (3.10) holds with saddle-point &; (w, z, y), that is, for all a € A, P-q.s.

hl‘(a)9 Y, &?7 al) = hl‘(a)7 Y, &?’ &1‘1) = HI(C(), <, V) =< hl(a)v Z, Y, 4o, &1‘1)9

such that @ is continuous in (z, v ), and uniformly P-continuous in (t, w), that is, @(-, z, y) is
P-continuous for all (z, y), with a common {Q }o<;<T for all (z,y).

Let u be a Wh2(P)-solution of the PPDE (3.13) with P := Ugea P(a). Then Vo =ug =
Vo and o () := 0 (w, d,u(t, w), Béwu(z‘, w)) is a saddle-point of the game.

PROOF. By our regularity assumptions on u and &, we see that o/ (w) := @ (@, dpu(t, ®),
83)wu(t, w)) is P-q.s. continuous. Together with the continuity of » and ¢ in a, this implies
that b(z, w) := b, (w, o/ (w)) and 7 (¢, w) := 0;(w, o) (w)) are also P-q.s. continuous. Now
it follows from Theorem 3.16 that P(a*) # @. Therefore, we can apply Theorem 3.10 to
conclude. [

3.4. Second order backward SDE characterisation. For a® € Ay fixed, the stochastic
control problem J(a), defined in (3.7), can be characterized by the corresponding second
order BSDEs, as introduced by Cheridito, Soner, Touzi and Victoir [14], and further devel-
oped by Soner, Touzi and Zhang [65] and Possamai, Tan and Zhou [58].
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3.4.1. The general case. We emphasise that in this subsection, we do not require As-
sumption 3.5 to hold.

ASSUMPTION 3.18. (i) b =0 for some A : ©® x A — R? progressively measurable and
bounded.

(ii) For every (¢, w) € ® and a = (ag, a1) € A, the following two sets are convex

{(b,o, )t w,a),a1): aj € Ao}, {(b,o, H(t,w,a0,a)): a) € Ar}.

Assumption 3.18(i) is made in order to focus on the main arguments, and can be relaxed at
the price of more technical developments. We used it in order to highlight more our core ideas.
Assumption 3.18(ii) is mainly technical, and will be explained in the proof of Lemma 6.1
below. For now, let us only mention that it is linked to our use of the relaxed formulation
for stochastic control problems, and that it is a classical assumption to recover weak optimal
controls from relaxed ones (see for instance Bene$ [5], which uses a version of Filippov’s
lemma on implicit functions [32]).

Recall A, P(«), and (3.3) from Section 3.1. We introduce the corresponding terms when
b=0

Pola) := {P (X = ‘/'GS(X,,a(X.))dWs,]P’—a.s.}, P U Pola),
’ aVeA
Pe@®) = | Pol@),  A)={a’eA’:P}(") £ 2},
aled

Aé::{alejll Pl(ah) # @), Ap =AY x Al

For every pair (a, P) € Ag x Po(a), let W be an P-Brownian motion corresponding to the
driftless SDE in the definition of Py(«). For A satisfying Assumption 3.18(i), we denote A% :=
A(X.,2(X.)), and we introduce an equivalent measure P*, together with the corresponding
Brownian motion (by Girsanov theorem):

dPe . T o P,a 1T a2 P, P« L a
dTP.ZeXp 0 )\‘S'dWS —E 0 |)\’Y| ds , w =W - OA.SdS,

so that the dynamics of the canonical process under P* are given by:
dXy = bs(X., ag(X))ds + oy (X, (X)) dWE",  P*-ass.
The upper and lower values of the game can then be rewritten as

78 = 1nf sup Jo(), and Zg = sup inf Jy(@),

@A yleal aleal a’eA]

where

Jo(@):= sup EP [§+/OT fs(oes)ds], Jo(@):= inf E¥ [§+/OT fs(ozs)ds]

PePo(e) PePo ()
We next introduce the nonlinear generators

ft(CU,Zaao) = Sup Fl‘(a)7 Z,Cl(),al),
aj€A(t,w,ap)

(3.22)

Et(wvzaal):: lnf F[(Q),Z,ao,al),
ap€A(r,w,ar)
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where, for the & defined in (3.14),
Fiw,z,a) :=bi(w,a) z+ fi(w,a),
Ait,w,a1-;):={a; € A; : (otot )(w, ag, a1) =0, (a))} i=0,1.

The second order backward SDEs (2BSDE, hereafter) which will serve to represent the upper
and lower values is defined by the following representation of the r.v. §, which must hold P-

a.s. for all P belonging respectively to 738 (a') and 7?(} CON

ol T ol 1 T o! T o!
623 v'—s+ [ E(zea)as— [z axo- [ aks
(3.24) —E—l—/ Z, ,a ds—/ Z -dX; —|—f dK

DEFINITION 3.19. We say that (Zo‘l , Z"I ) is a solution of the 2BSDE (3.23) if, for some
p>1,

i Y o isa cadlag and FPo (“1)+—opti0nal process, with

||X°’l||§)0 = sup Ep[sup|zf’l|p] < 00.
P pPeP@ly  1=T

(i1) Z“l isan ¥ 70 (“1)—predictable process, with
r

alyp . P T "\ T <2 5ol 2
|2 15y = sup E /o(zf ) 5224 dr)” | < o0,

PePy (o)

(iii) Forall P e 738 (a1, the process
ol P ol o! ! al 1 ! ol
625 KTy oy [ Rz alas— [ zeax., e,
is P-optional, nondecreasing, and satisfies the minimality condition:

1
(3.26) K7 P essinff EF[K (K7 al P/ |.7-"P+], 0<t<T,P-as.,
P'eP)(al;t,PF+)

where PJ(a!; t, P, FT) := {P' e PJ(e!) : P[E] =P'[E] forall E € F;"}, 1 € [0, T].

0 0
The solution (Y “zZ" ) of the 2BSDE (3.24) is defined similarly.

We are now ready for the main result of this subsection, the proof is postponed to Section 6
below.

4We remark that 2BSDEs (3.23) and (3.24) do not include an orthogonal martingale term, even though the
involved probabilities P may not satisfy the predictable martingale representation property. This is linked to the
fact that we are considering so-called “saturated” solutions for 2BSDEs, as in [58], Definitions 5.1 and 5.2. In a

nutshell, during the construction of the solution of a 2BSDE, the nondecreasing processes K' o' and f“o appear
through the application of the Doob—Meyer decomposition. In this case, the martingale part in the decomposition
can then be written as a stochastic integral with respect to X, plus an orthogonal martingale (because the under-
lying filtration is general). However, since the sets of probabilities considered here are saturated (in the sense that
any measure Q equivalent to a measure in the set and making X in a local martingale still belongs to the set),
we can use the optional decomposition [23, 48] instead of the Doob—Meyer one, in which case the nondecreasing
processes are optional instead of predictable, but there is no longer any need for orthogonal martingales.
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THEOREM 3.20. (i) Under Assumptions 3.1 and 3.18, the 2BSDEs (3.23) and (3.24)
have unique solutions, with

Vo= mf sup EF'[Y; ], and Vy:= sup inf EF [YO ];
aleA] PP} () aled) PeP)(al)

(i) If in addition, for some @ = (@°,@') € Ay, and P e Py(@),
_ 20 - __~0 _ -
(327 F (2% .a)=F,Z%.,a%, ds@dP-ae., and Ky =K% =0, P-as.

then the game value exists, that is, Vo =V, and @ is a saddle-point of the game.

We notice that Theorem 3.20 does not require Assumption 3.5. Moreover, Theorem 3.20
(i1) does not require (3.10) directly. However, the conditions in (3.27) are rather strong, and
essentially imply (3.10), see Remark 6.2 below for more details.

3.4.2. A simpler case: Volatility controlled by one player only. In this subsection we
improve Theorem 3.20 when only one player, say Player 0, controls the volatility, that is,

oi(w, a) = o,(w, ag).> Then, (3.9) reduces to

_ . 1 _
H:(z,y)= Elg)f: {ETr[E)/] + Gy(z, E)},
t

1
HiGy) = sup inf {STHZy )+ g, B .

ajeA, Yeyx,
where
% (ao) == (0v0," ) (ao), %, :={%(ao), ao € Ao},
Ag(t, X) = {ao €Ap: (O’,Gl )(a()) }
G/(z,X):= inf _ sup Fi(z,ap,a),
(3.28) ao€Ao(t,2) g e A,
) = inf F;
gl‘(z’ ,Cll) aoeir(}(t,z) t(Z,aO,al),
G(z, %) := sup g (z, X, ar).
a1€A1

Moreover, it is clear that Py(a) = 770 (@®) =: Po(a®) depends only on «. Denote Py :=

U WO Po(a®). We now introduce the following 2BSDEs with solutions defined similarly to
Deﬁnmon 3.19, which must hold for any P € Py

T
(3.29) z,=g+/ Qs(gs,af)ds—/ Z, -dX; —/ dK,, P-as.,

(3.30) Y, = S—i—/ Z;,a ds—/ Z, - dX; —/ dK,, P-as.
t

THEOREM 3.21. Under Assumptions 3.1 and 3.18, the 2BSDEs (3.29) and (3.30) have
unique solutions with

Vo= inf EP[Y,], d V.= inf EP[Y,].
0= pop, Yol, and Vs PP, ol

If moreover the Isaac’s-like condition G = G holds, then the game has a value.

5See Mastrolia and Possamai [52], Hernandez Santibafiez and Mastrolia [44], and Sung [68] for a similar setting
in the context of moral hazard problems under uncertainty.
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REMARK 3.22. The conditions G = G and H = H are equivalent in the uncontrolled
volatility setting of Section 2.5. However they are not comparable in general. It can be readily
checked that when a saddle-point exists, the condition G = G actually implies that H =
H when evaluated at this saddle-point, which is exactly what is needed to conclude to the
existence of a game value. Unlike the general case of Theorem 3.20(ii), we can conclude
here the existence of a game value, without having to assume existence of a saddle-point.

4. Dynamic programming principle and viscosity property. In this section we prove
Theorem 3.6 under the additional Assumption 3.5. As usual, the main tool is the dynamic pro-
gramming principle. We shall focus on the upper value, and the lower value can be analysed
similarly. For any ¢ € [0, T'], denote

b'(s,a) :=b((t+s)AT,a),

@.1) t
o'(s,a):=0(t+s)AT,a), (s,a)el0,T]xA.

We define P(t,«), A, ..., in an obvious way, by replacing (b, o) with (b, 0"). For each
P e P(t, a), define

T—1 _
Ji(w,a,P) = EP[S”‘” +/ fst"”(as)ds}, Jii= sup J(-,P),
42) 0 PeP(t,a)

Vi(w):= inf sup J,(w,a’ o).

0 0
aVeAl yle Al

As we will explain in Remark 4.4 below, we are not able to establish the DPP for Vv directly.
To get around of this difficulty, as an intermediate step we shall modify the upper value
slightly. Following the idea of Pham and Zhang [57], we restrict a” to a class of appropriately
defined simple processes. We note that in [57] both players are restricted to such simple
controls, while here we only need this restriction for the one playing first.

Let A?’pc denote the subset of .A? whose elements take the following form

n—1 m;

(4.3) o) (@)=Y a)lg,; @)y 06), 0<s<T—1,0eQ,
i=0 j=1

where 0 =19 <--- <t, =T —t, {Ejj}i<j<m; C Fy is a partition of €2, and a?j € Ag are
constants. Define

(4.4) V¥w):= inf sup J;(w,a’ al).

a0e AP 41 cAl
It is clear that
4.5) V, < V"
Moreover, the uniform continuity and the boundedness in Assumption 3.1, induce the follow-

ing regularity immediately.

LEMMA 4.1. Under Assumptions 3.1 and 3.5, J is uniformly continuous in w, uniformly
in (t,a, P). Consequently, V and VP are uniformly continuous in w, uniformly in t.

We emphasise that the maps b and o, and hence the probability measure [P, do not depend
on . When b or o depends on w, the class P(¢, o) will depend on w, and thus one cannot
fix an arbitrary P to discuss the regularly of J in terms of w. Indeed, in this general case, the
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regularity of V™ is the major difficulty in our approach, and we shall investigate it further in
Section 5 below.

The following result is crucial for the dynamic programming principle which will be es-
tablished next, and is an immediate consequence of [25], Remark 3.8 and Theorem 3.4.

LEMMA 4.2. (i) Let o = (@, a') € A)™ x AL, 1 € [0, T1, and P € P(a). Then o ¢
A?’pc X Atl and the regular conditional probability distribution P*® € P(t, a"?) for P-a.e.
w € Q.

(i) Lett € [0, T, neN, o € Ag’pC, a) e AP 1 <i <n, {Eihi<i<a C Fi a finite par-
tition of Q, and define the control @°(w ®; ') 1= 1j9. (@) + 1.7 X, a?(a)’)lEi (w).
Then &@° € Ag’pc.

We now prove the dynamic programming principle (DPP) for v
THEOREM 4.3. Under Assumptions 3.1 and 3.5, Ve UC,(®), and
_ . T
V¥w)= inf sup sup EP[(VPC)(Z + / 18 (ay) ds},
@O AP gle Al PEP(t.a) 0
for any 0 € ©, and F-stopping time t <T —t.
PROOF. We proceed in three steps.

Step 1. We first establish the DPP for deterministic . Without loss of generality we will
just prove the following

V= inf sup sup Jo(a,P),
(xoeAg’pC al E.Aé PeP(a)

(4.6) .
Jo(a, P) := E“’[V§’°+/ fs(as)ds],te [0, T].
0
Step 1.1. We first prove <. By Lemma 4.1, J is uniformly continuous in w. Since
is separable, for any € > 0, there exist a partition {E;};>1 C F; and ' € E; such that
|Ji(w,a,P) — Jy (o', a,P)| <eforall we E;,i > 1, and all « € A and P € P(¢, ). For
each i, let a? € A?’pc be an e-optimiser for Vfc ('), namely

4.7) Si(o',a)) <Vi'(0') +€, where S (w,af):= sup sup  Ji(w, a0, al,P).
aleAl PeP(z,a?,a')

Notice that ole does not depend on w. Then it is clear that
“5) 1S/ (w, ) — S, (0, a?)| <€, and
VP (w) = V(o) <€, forallwe E;,i> 1.

Now for any a = (o, ') € Ag’pc X A(l) and P € P (), define @° € AY as in Lemma 4.2(ii).
Note that (@°)"® = &) for » € E;. By Lemma 4.2(i), we obtain

T (~0 1 P| @Phe| ot P N PR I !
To(@, o', P) = E [IE [g ’w+f0 F1(@0), (@) )ds]+f0 fs(as)ds]

< EP[Z Sile, @)1 (@) + fot fs(as)dS]

i>1
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<E" ZS,a) o lE(w)+/ fs(oes)ds}—i—e

-i>1

<EF[ S 7w 1E,(w)+/ fs(as)ds}—i-Ze

—i>1

< B[ V@)1, (@) + / fs<oes>ds} + 3¢

-i>1

=FF Vfc(w) + /Ot fs(as)ds} +3e = Jo(a, P) + 3e.

By the arbitrariness of a0, o! Pand e, we prove the “<” part of (4.6).

Step 1.2. We next prove >. Fix ¥ = Y/~ 1[,l fit1) Zj 1a ” Eij € Ag’pc as in (4.3). By
otherwise adding the point 7 in (4.6) into the partition points in the definition of «’, we may
assume without loss of generality that 1 = #; for a certain i. We claim that, again denoting
o= ab), foralli =0,...,n—1

lit1
@9 sw sup B[V M feoas] < s s 57V 4 [ eoas]
aled) PeP(@) ol e Al PEP(a) 0

so that, sincevzlc =&, foralli =0,...,n—1
t T
sup sup IEE]P)|:Vp —i—/ fs(as)ds] < sup sup EP[S +/ fs(as)ds],
0 0

a eA' PeP(a) a‘eA(') PeP(x)

thus implying the “> part of (4.6) by the arbitrariness of a.
To see that (4.9) holds, fix i, al € A(l), and P € P(ao, o). For any € > 0, by Pham and
Zhang [57], Lemma 4.3, one may choose the partition { E}x>1 C F;, such that

sup sup IP[ U Ek} <e€, forsome N large enough.
acAPeP(e) Lipon

Denote EN = Uk~ Exs Eijk :=EjjNE for j=1,...,m;, k=1,...,N, and E[j =

EijN EN, for j=1,...,m;.Fixan Wk e E;ji for each j, k, whenever E;j; # &. Recalling
that {E;;}1<j<m, is a partition of €2, we have

PrysP¢
]E [Vt,' ]

=E°| Y Vi (o)1g, (a)):|
Lj=1

i N
<E"| )" ZVﬁC(w)lEijk@)] +Ce

Lj=1k=1

rm; N
<EF szgc(wljk)lajk(a))} + Ce
Lji=1k=1

rmi N 5[ —per s wiik Si ik

<E"|>° ) sup  sup EP[(VP A A A (- )}IE”(“’) +ee
Lj=1k=1a'€ A} PeP(;,a);.a") l 0 j
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where §; := t;j;1 — t;, the first inequality is due to the boundedness of Vp and the last
inequality used Step 1.1. For each j, k, there exist &"/* e Al and P]k e P(t,a’ a;;, aliky
such that

~ . 5 y

B| (ypoyii* "otk 00 o1
p sup | (VP [ e o )
aleAl PeP(;.a).a") 0

<IEPJk[(VpC)t’ +/ flie (Oj,&i’jk)}ré-

~ 0
Fix an arbitrary a; € Ay and P“/*"' € P(t;, ale, ayp). Define

mi

~ ~1,jk

al = 1[O,ti)(X1 + 1[&‘]](2 ZO[ _J[l lEijk +a11§N> € ./4(1),
j=lk=1

m; N
~ ~ ~_0 A
P:=P®, (Z Piilg,, + P 1gij> e P’ a').
j=1 \k=1
Then, by the regularity of V™ and finow,
PrysP¢
E [Vt,' ]
- m;

SEP ZZEP]k[ VPC t, Y +/ ft, l]’ ljk)dS:|1E,jk(w)]+CE

Lj=1k=1

SIEJP’ ZZEP;k[ VPc t, +/ f” u’ ‘1 Jk)dSi|1E,,k(60)]+C€

Lj=1k=1

_ EIP Z ZEPI w[ VPC l‘, +/ Al);i,a)) ds:|1E,‘jk(a))i| + Ce

Lji=1k=1

=EF ZZEP"”[ Vpct, +/ fiee al)i )ds}lEl.jk(w)]JrCe

Li=1k=1
[ Bt o[ ~— C W 8i ) RONNEN
BB 7P [ (@) @) ds 1 )]+ ce

[ Stwl — . 8 . X
<E[EP [(v"‘?);:r“ [ e, @)y as] |+ ce

—~ tiv
=FF Vﬁil+/t fs(@,@h)d ]+Ce

i

This implies that
— li li+1
EP[VgcJFfO £« )ds:| <EP[V§’C+1 +/O fs(a?,ozsl)ds} + Ce.

Since a! € A(l) and P € P(a®, a') are arbitrary, the above inequality leads to (4.9) immedi-

ately.
Step 2. We next show that V> s uniformly continuous in (¢, ). Let p denote the
modulus of continuity function of V' with respect to w. For t < ¢’ and w € €2, denote
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8 :=duwo((t, w), (t', w)). By Step 1, we have

VP — VP |(w)

< sup sup sup
aoeAO P aled PeP(r,a0al)

— l/_t JR—
EP[Vf,C(w@t X+ | ff"“(ag,oeg)ds}—vf,c(w))

Ry T

3
< sup sup  sup Ep[p(S—i-llX.AgHoo)—l—f]f;""(oz?,asl)|ds]
a0 A0 aled! PeP(t,a0,al) 0

< sup sup sup EF [,0(” (@ @ X).pp — Wopp

aVed P ale A PeP(t,aal)

< sup E¥[p(8 + [ X.nsllo0)] + €8,
PePy,
for some L large enough. Under our conditions, this clearly implies the uniform continuity
of V¥ in (¢, w).
Step 3. Following standard approximation arguments, we may extend Theorem 4.3 to stop-
ping times. [J

REMARK 4.4. (i) Following similar arguments as in Step 1.1 above, one may prove the
partial DPP for V:

— - t
Vo < 1nf sup sup EP[Vt +/ fs (o) ds:|.
aV€A ole Al PeP(@.al) 0

However, to prove the opposite inequality, we encountered some serious difficulties that we
would like to highlight. Let f = 0 for simplicity of presentation. Then we want to prove, for
fixed «® € A9, that

(4.10) sup  sup EF[E]> sup  sup EF| sup sup Ep[ét""]],
ale Al PeP@0.al) aleAl PeP@.a!)  “@leA] PeP(r, (@) &)

which is the partial DPP for a control problem (instead of a game problem). However, we
insist on the fact that we are using weak formulation, which implies in particular that the
control o' depends on X, and the fixed control  has typically absolutely no regularity with
respect to X. The DPP for this problem is not available in the literature, and there are indeed
serious obstacles to overcome in order to establish it. Several authors managed to obtain such
DPP but either in strong formulation (see Nisio [53], Fleming and Souganidis [37], éwicch
[69], Buckdahn and Li [10], Bouchard, Moreau and Nutz [7], Bouchard and Nutz [8], Krylov
[50, 51]), or with the use of simple strategies for both players (see Pham and Zhang [57] or
Sirbu [62, 631).°

(ii) As we saw in Example 2.1, in the strong formulation setting of Section 2.1, the game
value typically does not exist. The main reason is that in this setting the DPP fails for the

dynamic upper (and lower) value of the game. In fact, in this case the dynamic version of Vg
in (2.2) is the following deterministic function (assuming b = f = 0 for simplicity),

u(t,x):= inf sup EFO[g(X7"%)],

0
4 eAS o E.Al

6A slight exception would be Kovats [47], which considers games written somehow in a weak formulation, but
with strategies against control, and relies on approximation techniques similar to [37].
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where
N
Xb5e =y +/ o' (r, X05% a,)dW,, 0<s<T —1,Ppas.
0

Under mild conditions, one can easily show that %(z, -) is uniformly continuous in x. Fol-
lowing similar arguments as in Step 1.2 (actually much easier because we have the desired
regularity under the strong formulation), one can prove the following partial DPP (stated for
t1 =0, tp =t and x = 0 for simplicity),

#(0,0)> inf sup EFo[a(r, X¥)].

a0 A o1 cAL
However, the opposite direction of the DPP will not hold, since the game value does not exist.
Let us explain why the arguments in Step 1.1 fail in this setting.
By the uniform regularity of % in x, there exists a partition {O;};>; of R? such that
|u(t, x) —u(t, x;)| <eforall x € O;, where x; € O; is fixed. Now for each i, let a? € .Ag be
an e-optimiser of u (¢, x;). Then we will have, for any o € Ag

0 ~1
EPo[(z, X¥)] = EFo [Z sup B0 [0 ¢y [F% A (Xf‘)] —€
i>1aleAs
> sup E[g(X7)] —e,

~1 1
aeAg

where, denoting W! := W, — W,

~ S‘ ~
4.11) XS=X?+/ a(r,Xr,Zot?(r—t,W,t)loi(Xf‘),&l(r—t,W’))dr, Py-a.s.
t

i>1
In other words, to prove the opposite direction of the DPP, essentially we want to prove

(4.12) inf  sup EFo[g(X4)] < inf ~sup sup EFo[g(X71)].

0 ~
a’eAgalel aeAsaledl aleAl

Fix an o € .Ag. Note that the right side above involves only a°|( ;. The idea is to construct
@% € AY such that

sup EP[g(X2")] < sup sup EP[g(Xp)].

aleAl aleAldledl
By (4.11), the most natural construction of & is to set

&%, W) i= 110, ()a (s, W) + 1.1y Y el (s — 1, W1, (X).
i>1
This construction does work well in weak formulation, as we saw in Lemma 4.2(ii). However,
in the strong formulation considered here, the above construction relies on X7, thus in turn
on a! l[0,71- In other words, the o in the left side of (4.12) will depend on «!. This is exactly
the idea of the notion of strategy against control introduced in Section 2.2, which is however

not allowed in the current setting of strong formulation with control against control.

We now derive the viscosity property of V™. Once the DPP and the regularity of V™ have
been established, it is a rather straightforward verification.

PROPOSITION 4.5. Under Assumptions 3.1 and 3.5, V*isa viscosity solution of the
PPDE
(4.13) —0, V™ —H,(3,V"™, 82, V™) =0.

’ Yow
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PROOF. Without loss of generality, we shall only verify the L-viscosity property at (0, 0)
for some L large enough.

Step 1. We first verify the viscosity sub-solution property. Assume by contradiction
that there exists (k,z,y) € J LVPC(O, 0) with corresponding hitting time He such that
—c:=k + Hoy(z,y) < 0. By the definition of H, there exists ai € A such that ¥ +
SUP, ea, ho(z, v, a(’)“, ay) < —% < 0. By choosing € > 0 small enough, it follows from the
uniform regularity of b, o and f that

(4.14) K+ sup h(w,z, y,a(’)“,al)f—% <0, 0<t<Hc().

ajeAq

Now fix the above € > 0. For an arbitrary § > 0, denote 7 := H A § < Hc. By (3.11) we have

— 1 —
(4.15) ~Vy < inf EP[K‘L’ +z- X+ Te[yX. X, ] - Vﬁ"]
PePy 2

On the other hand, by setting o as the constant process ag in the right side of DPP (4.6), we
have

— _ T
Vi< sup  sup EP[Vgc +/ fslag, al) ds:|.
al e A} PeP(ag.al) 0

Choose ! € .A(l) and P € P(a, o) such that
. . T
(4.16) vy < EP[V‘QC +f0 fs(ag, oesl)ds} +8°.

Note that (J,c 4 P(e) C Py, for L large enough, and in particular the above IP is also in Pp..
Then, we derive from (4.15) and (4.16) that

T
—8% < EP[K‘E +z-X; —i—Tr[ngX;r] +f0 fs(a(’)*,asl)ds}

T
:EIP’[/ (K+hs(z,y,ag,asl)+Tr[yb(s,aé,a;)x;r])ds]
0
Now by (4.14) we have
T
—52 < EP[—% + f Telyb(s. i, o)) X ]dS} < — 56 + CPIHe < 8]+ CE7[IX 1505
0

Clearly EF[[| X rsloo] < C1+/8. Moroever, for § < §,

€ C
PlHe <81 < P[5 + [ Xnsloo = €] < P[nxmsnoo > 5] < SEFLIX L] < Cor s

Then 0 < — %3 +CC, 1824+ CC1.8%% 4 8%, which leads to the desired contradiction for small
6> 0.

Step 2. We next verify the viscosity super-solution property. Assume by contradiction that
there exists (k,z,y) € 7Lu(0, 0) with corresponding hitting time H¢ such that ¢ := x +
Ho(z,y) > 0. Then

Kk + sup ho(z,y,ap,a1) >c>0, forallage Ao,
ajeA
and there exists a mapping  : Ag —> Aj such that « + ho(z, y, ag, ¥ (ap)) > % > 0, for all

ao € Ag. By choosing € > 0 small enough, it follows from the uniform regularity of b, o and
f that

4.17) K+ hi(w, z, ¥, ao, ¥(ap)) > g >0, forallage Ag,0<t <Hc(w).
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Now fix the above € > 0. For an arbitrary é§ > 0, denote 7 := He A § < He. By (3.11) we have

— 1 —
(4.18) —V > sup EP[KT +z2-Xe 4+ -Ti[yX. X]] - VEC].
PeP, 2

On the other hand, by the DPP (4.6), there exists a® € .A” such that

_ . T
V> sup  sup EP[Vl;C —i—/ fs (ag,asl)ds] — 8%
ale A PeP(@®,al) 0

Since UaleA(l) P, ') c Py, the above estimate together with (4.18) implies

1 T
82> sup  sup EP[KT—FZ-Xf—l——Tr[VXrXTT]*l-/ fs(a?,as])ds:|
ale AL PeP(.al) 2 0

T
= sup  sup ]EP[/ (k + hs(z, v, a2, al) + Tr[yb(s, a0, )XT])ds]
aleA)PeP@at) L0

Choose ! := (). By the structure of o, we see ! is also piecewise constant and thus
P, al) ;é @.SetPeP@? al)cP;. Then

22 B [l oo v.of. y (o) + Telybls. o v o) X)) s |
=B [[§+ Tlvblo. ot el x]T) as |

thanks to (4.17). Now following the same arguments as in Step I, we obtain 0 > 56 —

Ce.1.8> — C83/2, which leads to the desired contradiction by choosing § > 0 small enough.
O

Finally, we can prove our main result of this section.

PROOF OF THEOREM 3.6.  Following similar arguments, one may define V¥ by restrict-
ing a! to piecewise constant processes in the problem V,, and show that VP¢ € UC,(®, R)
is a viscosity solution of the PPDE
(4.19) —8, VP — H,(3,VP, 82, V) =0.

? Yow

Clearly v = &= KI}C. Then it follows from Isaacs’s condition (3.10) and the uniqueness

assumption for viscosity solutions of the PPDEs, that VP = VP Moreover, recalling (4.5),
we deduce VP <V <V < Vpc, and therefore V=V. O

5. An extension. In this section we shall relax Assumption 3.5, and replace the expec-
tation Jo(c, P) in (3.4) with the solution to a nonlinear BSDE, as in the seminal paper of
Buckdahn and Li [10].

For « € A and P € P(«), consider the solution (Y%, Z%P N®F) of the BSDE

IP)=$(X)—|-/va(X. YOP oy(X., o) Z%F ) ds
(51) . S r Ly » VS s LS Ky LS

— Z;’"P ~dMY + de"P, P-a.s.,

where M is defined in (3.2), and N is an P-martingale orthogonal to X (or equivalently to
M) under P, namely (N“’P, X) =0, P-a.s. Recall (3.2), so that BSDE (5.1) can be rewritten,
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P-a.s.

T
v = e(x) + f (X, Y2F o0(X., a) 29T a5) + 29T by (X, ag)] ds
t
(5.2) . .
- / z9PdXx; + / dN&E,
t t

In this section we shall assume

ASSUMPTION 5.1. (i) b, o and & satisfy the conditions in Assumption 3.1.

(i1) f is F-progressively measurable in all variables, and the function f;(w,0,0,a) is
bounded.

(iii) f is locally uniformly continuous in (¢, w, a), locally uniformly in (y, z). That is, for
any R > 0, there exists a modulus of continuity function pg such that

|fiw,y,z,0) — fr(&,y,z,a)| < pr(ds(0,0')) forall§,0" € ®, |yl |zl <R,a € A.

(iv) f is uniformly Lipschitz continuous in (y, z).

Under Assumption 5.1, the BSDE (5.1) is well-posed with F-progressively measurable
solutions. By abusing the notations, we redefine (3.4) as

(5.3) Jo(e, Py := Y&F,

and still define Jo(a), Jo() by (3.4), the upper and lower values (V, V) by (3.5), and a
saddle-point & of the game by (3.6), but using the newly defined Jy(«, P).

It is quite straightforward to extend the results in Section 3.3 to this setting. In this section,
we shall focus on extending Theorem 3.6 to this general case. We remark that the nonlinear
extension to BSDE does not cause significant difficulty, and as we explained, the main dif-
ficulty is the regularity of the value functions due to the dependence of b and o on w. As
mentioned in Section 2.4, in the Markovian case this difficulty can be circumvented by using
the idea of Sirbu [62, 63]. In this section we shall provide a sufficient condition, in addition to
Assumption 5.1, under which we are able to extend Theorem 3.6 for path-dependent games.

We first notice that in this case the Hamiltonians become (again abusing notations)

1
hi(w,y,2,v,a) == —Tr[oot—r(a), a)y|+bi(w,a) z+ fi(w,y, z01(w, a), a),

2
(5.4) H/(w,y,z,y):= inf sup hi(w,y,z,y,a),
aoGAoaleAl

H,(w,y,z,y):= sup inf h/(w,y,z,v,a).

ajeA, apg€Ag

5.1. Drift reduction by Girsanov transformation. In this subsection we illustrate that
there is flexibility on the drift b, through the Girsanov transformation. Forany A : ® x A —
R4, denote

o' =0, b :=b—oh, fli=f+z-x, £ =E,
(55) / 1 n2 / /
hy(w,y,z,y,a) = ETr[(cr ); (@, a)y]+by(w,a) -2+ f/(w,y,z01(w,a), a),

and define P/ (), Y'*F, 76(01), ..., in an obvious manner. It is clear that 4’ = h, and thus
the corresponding Isaacs equation will remain the same. We show that the game values are
invariant under this transformation.
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PROPOSITION 5.2. Let b, o, f, & satisfy Assumption 5.1. Assume A is bounded, F-
progressively measurable in all variables, uniformly continuous in (¢, w) under dso, uniformly
ina € A, and is locally uniformly continuous in a, in the sense of Assumption 5.1(iii). Then
76(0{) = Jo(a) and Jy(a) = Jy(a) for any a € A.

PROOF. First, it is clear that ', o/, f’, & also satisfy Assumption 5.1. We proceed in
two steps.

Step 1. Let Q := Q x Q with canonical process (X, W). For any o € A, denote by P(w)
the set of probability measures P on € such that W is a P-Brownian motion and (3.1) holds
P-a.s. Then clearly P(a) = {P:=Po X~ : P e P(«)}. Now for each P € P(«), define

tha:dW[-l‘)\.t(X,(Xt(X))dt,
dP’ T 1 (T 5
— =exp| — M(X., o (X. -dW——/ M(X., o (X. dt).
= =mep(— [ a0 00) - aw = 3 [ (e 0)
Then W< is an PP -Brownian motion and

dX; =b/(X., (X)) dr +0](X., s (X)) dW?, P-as.,

that is to say P € P (). Similarly one may construct P € P(«) from P’ € P («), which
implies that there is a one-to-one correspondence between P(«) and P () through Girsanov
transformations.

Step 2. We now turn to the backward problem. Since the solution of (5.1) is FX-
measurable, then, by embedding them into the enlarged canonical space 2, we have

T
P —a,P
e =e0+ [ ALY ZET e (0) as
t
T _ _
— / Z?’P -dW, + N%’P — N,“’P, P-as.,
1t

where Z*" = 6,(X., 0;(X.))Z®F . This implies

T _
- f Zo" awe + N2 — N*P Paas.
t

Notice that P is equivalent to PP, so that the last decomposition also holds P-a.s. Denote
P=Poxl By the uniqueness of the solution to the BSDE, we see that Y*F = yel,
Since P'(a) = {P :=P o X! : P € P'(«)} and recalling from Step 1 that P(c) and P (c)
are in a one-to-one correspondence, we see that 76 () = Jo(o) and J. 6 () =Jp(ar). O

REMARK 5.3. (i) While very natural, the above result relies heavily on our formulation
that @ (and A) depends on X only. When « (or A) depends on W, the one to one correspon-
dence in Step 1 above fails, and (W) # a(W%), thus the game values may not be equal
under the Girsanov transformation, even though the Hamiltonians remain the same. See Sec-
tion 2.1 where the upper and lower values of the corresponding game are not related to the
solutions to the corresponding Isaacs equations.

(i1) Notice that the transformation in (5.5) changes the map f as well. Given Assump-
tion 3.18 (i), if we apply the above transformation, then the convex sets in Assumption 3.18
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(i1) reduces to
{(0¢(x, ao, a), fi(x,a0,a) +z- A(x,a0,a)):a €A},
{(or(x,a,a1), fi(x,a,a1) +z-A(x,a,a1)) :a € Ap}.
Hence, Proposition 5.2 does not help simplifying Assumption 3.18(ii).

5.2. State independent range of controls. In this subsection, we relax Assumption 3.5,
and assume the following.

ASSUMPTION 5.4. (i) b = bo(t,w,a) + o(t,w,a)A(t, w,a), where A is bounded, -
progressively measurable, uniformly continuous in (¢, ) under ds, uniformly in a € A, in
the sense of Assumption 5.1(iii).

(ii) Player 1 has state independent range of controls with respect to (bg, o) in the sense
that for any ¢ € [0, T'], ap € Ao, the range R;(ag) := {(bo, 0) (¢, w, ap,a1) : a; € A1} is inde-
pendent of w.

(iii) Player O has state independent range of controls with respect to (bg, o) in a similar
sense.

Notice that Assumption 3.5 obviously implies Assumption 5.4. We next provide a nontriv-
ial example satisfying Assumption 5.4. For simplicity, we shall only focus on ¢ and verify

(i1).

EXAMPLE 5.5. Letd=1,A0=A1=R,neUC(®),ando,0o : R — (0, 1) satisfy o <
o, limy_ _so(x) =limy_ o (x) =0, limy_ o (x) =limy_ o (x) =1 (for instance,
we could take o to be the cdf of the standard normal distribution, and o (x) := o (x + 1)).
Define

(5.6) or(w, a) = (a(ap) +a(a)) vV (n(w) +ao + ar) A (@ (ao) + 5 (ar)).
For any ¢, w, ag, one may check straightforwardly that
inf oy(w, ap, a1) = a(ap), sup or(w, ap, a1) =0 (ap) + 1.
ar€A aj€A;

That is, R; (ag) = (o (ag), o (ap) + 1) (the o part only) is independent of w.
Moreover, we verify that

inf sup o;(w,a) = inf [5(610) + 1] =1, sup inf or(w,a)= sup o(a;)=1.
a0€A0 g A, ap€Ao ajeA, 9E€Ao aj€A

Then the Isaacs’s condition infg e, SUp, g, ol (w,a)y = SUP,, e, INfagea, ol (w,a)y is
immediately checked for y > 0. One can similarly verify the Isaacs’s condition for y < 0.

Our main result which generalises Theorem 3.6 is given below.

THEOREM 5.6. Let Assumptions 3.1, 5.4, and Isaacs condition (3.10) hold. Then

(1) The following path-dependent Isaacs equation has a viscosity solution u € UCy (0,
R)

(5.7) —0uu — Hy(w, u, dpu, 82,u) =0, t<T,ur=E&.

Y Y ww

(i1) Assume further that uniqueness of viscosity solution for the above PPDE holds in the
class UC,(®,R). Then Vo =V =up(0).
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PROOF. First, by Proposition 5.2, it suffices to prove the theorem in the case A = 0. Thus
in this proof we assume the two players have state independent range of controls with respect
to (b, o). We shall focus on the upper value process V,(w) and follow the arguments in
Section 4.

Fix (¢, w) € ©. In this case (4.1) becomes:

b (s, @,a) :=b(t +s)AT,0® @,a),
(5.8)
o (s,a) =0 (t+HAT, 0@ d,a), (s,0,a)€® x A.

For a € A, let P(t, w, o) denote the set of weak solutions to the SDE
N N
X, = / b (r, X., ar (X)) dr +/ o (r, X., 0, (X.)) dW,..
0 0

We emphasise that in this case 7 depends on w. Define A, (w) in an obvious way. Then (4.2)
becomes

59 Viw) = inf S(w.a, S(w.a:= sup sup  yleetel P

aVe A (@) ol €Al (w) PeP(t,0,00,")

where
P = P P
Yl =$”""+/ (fEe(X, YEOeE ol (X, ap) Z0 %, ay)
S
+Z0 TR (X . o)) dr

T—t P T—t P
- / ZLetdx, — / dNDLO*E ] Poas.
N S

Notice that, for fixed («, P), by BSDE arguments one can easily show that & — Yé"”’“’P is

uniformly continuous. However, the sets P (¢, w, &) and A, (w) may depend on w, and thus in
general we cannot fix («, P) for different w. This causes the main difficulty for obtaining the
desired regularity of V and S.

We shall use Assumption 5.4(ii) to get around this difficulty. As in Section 4, we restrict
o to .A?’pc. We emphasise that A?’pc does not depend on w and .A?’pc C A%(w) for all w. We
then modify (4.4) as

(5.10) V¥w):= inf S;(w,a).

aoeA?'pC
Fix o € A?’pc, define
Al@®) :={(b,6) e L2(©) x LY(O) : (bs(@), 65(@)) € Ry (a2 (@)), (5, @) € O}.

We emphasise that, by Assumption 5.4(ii), At' («®) does not depend on w. For each (b,5) €
A,l (ao), let 77(1;, o) denote the set of weak solutions of the SDE

XS:/ b,(X.)dr—l—/ 5.(X.)dw,.
0 0

One can check straightforwardly that U(E 5)eAl @0 Pb, &)= UaleAtl @) P(t, w, o o) for
all w € Q. Moreover, denote A (s, b,&, ag) :={a1 €A : (15, o) € Ry(ag, ay)}, and

f:‘ft’w’b’o’(d)’y’z’a()) = Sup fst,a)(&)’ y,ZaaO’al)'

a1 €A1 (t+s,by(@),65(@),a0)
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Then, by the comparison principle for BSDEs, it is immediate to verify that

(511) Sl (a)’ ao) = Sup Sup ?6,60,[7,&,1?’
(b.6)e Al (@) PeP(b,5)

where

o T—t - PG
probéP _groy f (Fhe(x., ybebo P 5 (x)zbeb P 60X )
+ Z0o P 5 Fp (X)) dr
T—l‘ ~ T—t ~
_ f Z?“”b’g’P dx, — / dNSt,w,b,cr,P’ P-a.s.
s K

Now for each (b,5) € .Atl (@) and P € P(b, &), which do not depend on w, by standard

BSDE arguments one can show that w — Yé"‘)’b’”’P is uniformly continuous. Then as in

Lemma 4.1 we see that S and V™ are uniformly continuous in w. The rest of the proof
follows then from the arguments in Section 4, combined with standard BSDE arguments. We
leave the details to interested readers. [

As mentioned in Remark 3.7(iii), the approach in Ekren and Zhang [21] can be used in
this context to identify sufficient conditions for (ii) to hold in Theorem 5.6. However, we note
that the definition of viscosity solution is slightly different in [21]. Rigorously speaking, if
we want to apply the results of [21] to conclude the existence of game value in Theorem 5.6,
we need to verify that VP¢ and VP are viscosity solutions in the sense of [21]. This is done in
[21], but using the formulation of strategy against control as in Section 2.2, exactly due to the
regularity issue. As we saw, Assumption 5.4 enables us to overcome the regularity difficulty,
and thus we can apply the arguments in [21] to our context. We leave the details to interested
readers.

6. Proof of Theorems 3.20 and 3.21. Throughout this section Assumptions 3.1 and 3.18
are in force.

6.1. A relaxed formulation. To establish the wellposedness of 2BSDEs, we shall apply
the results of Possamai, Tan and Zhou [58], which rely on the dynamic programming prin-
ciple in El Karoui and Tan [24, 25] (see also Nutz and van Handel [54]). However, we shall
note that the weak formulation considered in [24, 25] is different from the feedback controls
in this paper. So our first goal is to establish the equivalence between these two formulations.’

We now fix a® € A%, and denote ?,(w,a1) := ¢ (w, oz,o(w), ay) for ¢ = b, 0, f. The weak
formulation in [25], Section 1.2, pages 7-9, consists in working on a fixed canonical space
for both the controlled process and the associated controls. Let C([0, T1, R?) be the canonical
space of continuous functions on [0, 7] with values in R4, and let A be the collection of all
finite and positive Borel measures on [0, '] x A1, whose projection on [0, 7'] is the Lebesgue
measure. In other words, every g € A can be disintegrated as g(ds, da) = g;(da) ds, for an
appropriate kernel ¢g;. The weak formulation requires to consider a subset of A, namely the
set Ag of all g € A such that the kernel g; is of the form 84, (da) for some Borel function ¢.
We then define the canonical space 2 := C([0, T], R9) x A, with canonical process (X, A),
where

Xi(w,q) :=w(t), Aw,q)=q, (t,w,q)el0,T]x Q.

"Most of the arguments here are from discussions with Xiaolu Tan, who we thank warmly.
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The associated canonical filtration is defined by I := (F;);¢[0,1] where
]:l‘ = G((XS7 AS((/)))’ (Sa (/7) € [Os t] X Cb([07 T] X Al))’ re [0, T]’

where Cp,([0,T] x Ap) is the set of bounded continuous functions on [0, T] x A, and
As(@) == [ [4 @(r,a)A(dr,da), for all (s, ¢) € [0, T] x Cp([0,T] x Ay). We next define
the following set of measures on (€2, F7):

P:={P: M(gp) is an (P, F)-martingale for all ¢ € C,%(Rd), and P[Xo = xo, A € Ag] =1},

where C,f (R?) is the set of bounded twice continuously differentiable functions with bounded
derivatives, and

M;(9) = p(X,) — /0 ' fA (Er(x., a)- Dy(X,)

+ %Tr[(ﬁT)r(X., a)chp(X,)])A(dr, da).

The associated weak formulation of the control problem is then defined by

T
Vw :=sup J,,(P) where J,(P) := Ep[g(X.) —i—f / 7,(X., a)A(dr, da)]
Pep 0 JA,

0
LEMMA 6.1. P =P((&°) and Vi = suppp) o0, E™ [V 1.

PROOF. By the requirement A € Ag, P € P amounts to say there exist a process ¢°,
possibly in an enlarged space, and a Brownian motion W, such that

t_ t
X, = xo+ / by(X.,¢%)ds + / 7s(X., ¢T)dWE, P-as., and
0 0

Ty (P) := Ep[g(X.) + /OT F(X,65) dz]

On the other hand, the set 738 (a®) corresponds to those PP such that ¢ is FX-progressively
measurable. Then clearly 738 (@®) c P. Now fix P € P. Apply the classical results of Wong
[72], Theorem 4.2, we obtain the existence of another P-Brownian motion W¥ such that

t t ~
X = xo—i—/ bF ds +/ 5YdWE, P-as., and
0 0

T
Jy(P) := ]EP|:g(X.) +/ f?dz],
0

where bF = EF[by(X., ¢7)|FX1, 6F := EF[a,(X., ¢7)|FX], and fF := EF[F,(X., ¢D)|
.7-"SX ]. Using the fact that range of (0,7, 7) is assumed to be convex, there exists an FX-
progressively measurable process &' such that l?f’ = ES(X.,&ED), ESP = ES(X.,&?), and
fF=F,(X.,aF). This implies that P € PY(«®) and J,,(P) = J(«®, &"), thus inducing the
required result. [J

6.2. Proof of Theorem 3.20. We will only prove the result for the 2BSDE (3.23), the
remaining proof is similar. We first address the well-posedness by verifying the conditions
of Possamai, Tan and Zhou [58]. We introduce the dynamic version 738 (aM)(t, w) of the set

778 (o), by considering the same SDE on [z, T] starting at time ¢ from the path w € Q.
We first verify that the family {Pg(al)(t, w), (t,w) € [0, T x 2} is saturated, in the termi-
nology of [58], Definition 5.1, that is, for all P! € PJ(a!)(#, ), and P> ~ P! under which X
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is an Pz—martingale, we must have P2 € 738 (V) (2, ). To see this, notice that the equivalence
between P! and P? implies that the quadratic variation of X is not changed by passing from
P! to P2. Hence the required result.

Since o and b are bounded, it follows from the definition of admissible controls that
F satisfies the integrability and Lipschitz continuity assumptions required in [58]. We
also directly check from the fact that f is bounded, together with [64], Lemma 6.2, that
SUPpepO (o) Ep[essupgng(]EP[foT | F (0, 832)|" ds|F,"1)P/¥] < oo, for some p > k > 1.

Then, the dynamic programming requirements of [58], Assumption 2.1, follow from the
more general results given in El Karoui and Tan [24, 25] (see also Nutz and van Handel
[54]), thanks to Lemma 6.1. Finally, since & is bounded, the required well-posedness result
is a direct consequence of [64], Lemma 6.2, together with [58], Theorems 4.1 and 5.1.

Now, the representation for V, is immediate, see for instance the similar proof in [16],
Proposition 4.6.

REMARK 6.2. Let us investigate the 2BSDEs further under additional regularity of the
solution. In particular, this will provide a formal justification of the fact that (3.27) implies
(3.10). For this purpose, we extend and abuse slightly our earlier notations. Omitting w as
usual, we define

Si(a) = (00, )(@), X (ao) :={Zi(ap,ar), a1 € A},
%) (a1) := {Zi (a0, a1), ag € Ao},
{
{

Ao(t, T, a1) := [ag € Ao : (010," ) (ap, ar) = £},

(6.1) Al(t, 2, a0) := [a1 € Ay : (0v0," ) (ap, ar) = =},
fl(za E’ aO) = Sup F[(Z, aOa al)v
a1eA(t,X,aq)
F.(z,2,a)):= inf Fi(z,a9,ay).
F,(z 1) el 1(z, ap, ay)

Then one can check straightforwardly that

_ _ 1 _
HI(Z? V)= lnf Sup {_TT[EV]'FFI(Z,E,GO)},
0EA0 5 e 3] (ap)

(6.2)

1

H,(z,y)= sup inf { Tr[Z2y]+ F,(z, E,al)}.
areA; 2ex0%a) | 2

Assume that the processes K in the definition of the 2BSDEs are absolutely continuous with

respect to the Lebesgue measure (see the formal discussion in [58], pp. 21-22, as well as

rigorous arguments in the simpler setting of G-expectations in [56]), and can be written as

dK? 1 ol al =2 1 . 1 ol ol 1
= STy |+ F (27 .67 0)) — _inf {-T[ELY ]+ F (2] . 2.))
dr 2 exf(al)
d&* 0

1 _ 0 0 1 0 .
= sup {—Tr[zrf 1+ F.(Z; ,E,a?)} —~ 5Tr[alzrf‘ 1= F,.(Z" 52,9,

t
dr sex! (@)

for some predictable processes E"‘l and F . Now glven (3 27) (3.23) and (3.24) reduce to

A()

the same BSDE under P. Then Y' @7 = Y, Z"‘ -7 =: Z, P-a.s. This would imply
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1 -5 o~
further that E‘)‘l =T" =:T. Then by (3.27) again we have

SN , I a SN B et S
H.(Z.T)> inf {-T2L,1+F,(Z.%.a)}=-T[6’T]+F,(Z,.6%a))
zexl@h 2 2

1 o~ E— ~ 1 -~ —_ o~
=5 Te[67T, ] + F:(Z:,67,@)) = sup {— TI[=T )+ Fi(Z:, 2, &?)}
Tex! @0

zﬁt(ztaﬁt)-

This implies (3.10) at (Z, f‘,), and we see that (@°, @!) is a saddle point of the Hamiltonian.

REMARK 6.3. In the spirit of relaxed controls, we may reformulate our game problem
by using the notion of mixed strategies, exactly as in Sirbu [61]. Fori =0, 1, let P(A;) denote
the set of probability measures on A;, and m; : ® — P(A;) be F-measurable, i =0, 1. Let
P be a weak solution of the SDE

(6.3) X, = /Ot[mb]s(X.)ds + /Ot [m(oo )] 2(X.) dW,,

where [mel; (o, 1) = [, ¢:(w, A, a)mo(t, ®, dag)m(t, w, day), for any function ¢; (w, A, a)
with A € R?. Denote

T
Jo(m,P) := EP[S(X.) +/0 (mf1:(X.) dz}.

Then we can introduce the zero-sum game in the setting in an obvious manner. The advantage
of this formulation is that Isaacs’s condition always holds F; (w,z,y)=H ; (w, z,y), where

H)(w,z,y):= inf  sup [mhl(®,z, ),
mOeP(AO)mle'P(Al)

/ L .
Hi(w,z,y) = ml:g&l)moelgao)[mh]z(w, z,7),

are the randomised versions of the upper and lower Hamiltonians. It would be interesting
to extend our results to this formulation which does not require Isaacs’s condition to hold.
See also the contribution of Buckdahn, Li and Quincampoix [11], who considered a setting
similar to Buckdahn and Li [10], but where the players see each other’s actions with a delay
relative to a fixed time grid, and both play mixed delayed strategies. Notice that we always
have H < H' = H < H, so that when the standard Isaacs’s condition (3.10) holds, they are
all equal.

6.3. Proof of Theorem 3.21. The well-posedness and the representation for V are
proved as in the previous section. For a! € ﬁl, the 2BSDE

T T T
ve' —¢ +/ g (2,52, al)ds —/ 7o' ax, —f dK®', P-as.forall P e P,
r t t
induces the following representation

. Prvo! .

[nf EV[Y ]—a(}giglo(a)-
Then, the comparison theorem for 2BSDEs, see [58], Theorem 4.3, implies that Z‘,xl <Y;.
By an obvious extension of the argument of El Karoui, Peng and Quenez [22], Corollary 3.1,

to 2BSDEs, we deduce the desired result. Finally, the existence of a value is now immediate
when G = G.
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APPENDIX: PROOF OF THEOREM 3.16

We start with the continuous coefficients setting, where the result looks standard. We nev-
ertheless provide a detailed proof for completeness.

LEMMA A.l. Assume b:©® — RY and o : ® — S¢ are bounded, F-progressively
measurable, and for each t, b(t, -) and o (t, -) are continuous. Then the SDE of Theorem 3.16
has a weak solution

PROOF. Assume W is an Py-Brownian motion. For n > 1, denote t; := %T’ i=0,...,n,
and define fori =0, ..., n — 1
t t
Xy =0, X{:=X{ 4+ | b(s, X", )ds+ | ofs, X7, )dW, 1€t tiv1].
ti t
Define P, := Py o (X")~!. Then P, C Py, for L large enough, and P, is a weak solution
to the SDE of Theorem 3.16 with the coefficients b, (¢, ) := b(¢, a)tinA.), and 0, (t, w) :=
o(t, a)tinA,), telt,tiz1],i =0,...,n—1.Note that b,, 0,, are uniformly bounded. By Zheng
[76], {P,},>1 has a weakly convergent subsequence, and for notational simplicity we assume
P, — P weakly. Now it suffices to verify that IP is a weak solution to the SDE of Theorem
3.16. For this purpose, we first recall that by Zhang [75], Lemmata 9.2.4 (i) and (9.2.18),

HEp}m=1 CFr st Ey iscompactand sup E[EL ] <27,
(Al) PePr
and for each m and each w € E,;,, we have w;.. € E,,, forall t € [0, T'].

Denote
t t

(A.2) M, = X,—/ b(s,X.)ds,  N;:= MtMtT—f o(s, X.)ds,
0 0

and define M", N" by replacing (b, o) above with (b,, 0;,). Then it is equivalent to prove that
P is a weak solution to the SDE of Theorem 3.16, and that M and N are P-martingales. First,
forany s <t and any n € Cg(}}), by the definition of P, we have EPn (M} — M!)ns]1=0.
Note that M, — M, = X; — X, — fS’ b(r, X.)dr. Since b(r, -) is continuous for each r, by
the weak convergence of IP,, together with the bounded convergence theorem (under the
Lebesgue measure), we have

t t
lim Epﬂ[ns / b(r, X.)dr} :Ep[ns f b(r, X.)dr]
n—oo s s

Moreover, for any R > 0, denote by /g (x) the truncation of x by R and X ; := X, — X, we
have

lim E™ [1p(X;,0n5] = EX[Ir (Xs,0ms],

/ 1 /
sup EX [|(Xs.) — Ir(Xs.0)] < — sup EF[1X,.1%] <
PePr PePr

> | O

Denoting similarly My ; := M; — M and M{, :== M' — M, wee see that

EP[M, il = lim B*[M, )= lim EP[(M;, — M} ,)n,]

(A3) = lim E™ |:77s fé t[b(r, X.) — by (r, X.)]dr}

n—oo

(A4) = Jim_ [ "EP [0y (b(r, X.) — b X.))] dr.
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Now for each r € [s, t] and m > 1, since b(r, -) is continuous and E,, is compact, b(r, -) is
uniformly continuous on E,, with a certain modulus of continuity function p; ;. Then, by the
definition of b,, and (A.1)

|EE" s (b(r, X.) = bu(r, X))]| < CE®[|b(r, X.) — by (r, X)|1£, ] + CP,[ES,]
< CE™[0,,m(0SCy-(X))] + C27"
< CEP"[p,n (0SCy-4 (X)) ] 4+ C27™,

for any k < n, where OSCs(X) :=sup;, ;i1 —n,|<s | X1y — Xp,|. Fix m, k and send n — oo,
we deduce
lim sup|E™ [ (b(r, X.) — bu(r, X.))]| < CEF[07.n (0OSCy—t (X))] + C27™".
n—o0

By first sending kK — oo and then m —> oo, we have limnﬁooEP" [ns(b(r, X)) —
b,(r, X.))] = 0, and by the bounded convergence theorem, it follows from (A.3) that
EP[Msy,ns] = 0, that is, M is an P-martingale. Similarly one can show that N is an P-
martingale. Therefore, P is a weak solution to the SDE of Theorem 3.16. [J

PROOF OF THEOREM 3.16. For € > 0, let Qf be a common set for (b, o) as in Defini-
tion 3.15. By Zhang [75], Problem 10.5.3, there exists (b¢, o¢) such that (b, o¢)(t, -) agree
with (b, 0)(¢, -) on f and are continuous for each ¢. Moreover, by the construction in [75],
Problem 10.5.3, it follows from the progressive measurability in Definition 3.15(i), that b,
o are [F-progressively measurable. By Lemma A.1, let P be a weak solution to the SDE of
Theorem 3.16 with coefficients (b, o¢). Similarly to Lemma A.1, there exists €, —> 0 such
that P, converges to some P € P weakly. Recall (A.2) and define M€ and N€ by replacing
(b, o) above with (b, o¢). Then, for any s < ¢ and 7, € Cg (F;), following similar arguments
as in Lemma A.1 we have, for any m > 1,

E[M3%ns] = lim E"r[Mn]

= lim Efer[(M7 — M{)ns]

n— 00 $

t
= lim Efe [ns f [be,, — be,1(r, X.)dr]
s

n—oo
Thus
|EP[MS,I77S]|

= ‘EP[M;"; 77S]| + |EP[77s(Ms,t - an;)”
t t
< Cl;lrgiorcl)fEan [/ |[b€m — be, 1(r, X.)| dr] + CEP[/ {[bem — b](r, X.)| dr]

t t
imi Pey € € P €mn e
< CliminfE [ / (1 geonye + 1(Qrm)c]dr] +CE [ / 1igeme dr} < Cép.

Since m is arbitrary, we have EP[Ms,tns] =0 for all n5 € Cg(]—"s). That is, M is an P-
martingale. Similarly, N is an [P-martingale, so that P> is a weak solution to the SDE of
Theorem 3.16. [
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