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The main objective of this paper and the accompanying one [Viscosity
solutions of fully nonlinear parabolic path dependent PDEs: Part II (2012)
Preprint] is to provide a notion of viscosity solutions for fully nonlinear
parabolic path-dependent PDEs. Our definition extends our previous work
[Ann. Probab. (2014) 42 204-236], focused on the semilinear case, and is cru-
cially based on the nonlinear optimal stopping problem analyzed in [Stochas-
tic Process. Appl. (2014) 124 3277-3311]. We prove that our notion of vis-
cosity solutions is consistent with the corresponding notion of classical so-
lutions, and satisfies a stability property and a partial comparison result. The
latter is a key step for the well-posedness results established in [Viscosity
solutions of fully nonlinear parabolic path dependent PDEs: Part II (2012)
Preprint]. We also show that the value processes of path-dependent stochastic
control problems are viscosity solutions of the corresponding path-dependent
dynamic programming equations.

1. Introduction. The objective of this paper is to introduce a notion of vis-
cosity solution of the following fully nonlinear path-dependent partial differential
equation:

—du(t,w) — G(t, w, u(t,w), du(t, w), BZ)wu(l, w)) =0,

(1.1)
O0<t<T,we 2,

where the unknown u is a progressively measurable process on the canonical space
Q:={we C(0,T],R?):wy =0}, and the nonlinearity G : [0, T] x Q x R x RY x
S? — R is progressively measurable, satisfies convenient Lipschitz and continuity
assumptions and is degenerate elliptic.

The above equation attracted our attention after the point raised by Peng in [25]
that this would be an alternative approach to the theory of backward stochastic
differential equations, introduced by the seminal paper of Pardoux and Peng [22].
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The semilinear case, corresponding to the case where G is linear in the 92, u-
variable, was addressed in [9], where existence and uniqueness results are estab-
lished for a new notion of viscosity solution. The main difficulty is related to the
fact that the canonical space fails to be locally compact, so that many tools from
the standard theory of viscosity solutions do not apply to the present context. The
main contribution of [9] is to replace the pointwise extremality in the standard
definition of viscosity solutions by the corresponding extremality in the context of
an optimal stopping problem under a nonlinear expectation £. More precisely, we
introduce a set of smooth test processes ¢ which are tangent from above or from
below to the processes of interest u in the sense of the following nonlinear optimal
stopping problems:

sup E[(p — u)<], infE[(p — u)¢] where € := sup E¥, £ := inf EF,

T T PeP PeP
T ranges over a convenient set of stopping times, and P is a weakly compact
collection of probability measures, motivated by a convenient linearization of the
nonlinearity F. Consequently, in the particular semilinear case of [9], the family
‘P consists of equivalent probability measures.

In this paper, together with the accompanying ones [10, 11], we extend the no-
tion of viscosity solutions to the fully nonlinear case. As in [9], in order to avoid the
local compactness issue of canonical space, we shall still use the optimal stopping
problem to define viscosity solutions. However, in this fully nonlinear context,
the family P of probability measures consists of nondominated mutually singular
measures, so as to cover all the measures induced by certain linearization of the

generator G. The analysis under the corresponding nonlinear expectation &” is the
major difficulty, mainly due to the failure of the dominated convergence theorem

under & . To overcome this difficulty, one needs some strong regularity of the in-
volved processes which requires rather sophisticated estimates. The corresponding
optimal stopping problem is solved in [11], and the major result, the comparison
principle of viscosity solutions, will be proved in [10].

In this paper, we focus on the definition of viscosity solutions and its basic prop-
erties. We first prove that our definition of viscosity solutions is consistent with the
corresponding notion of classical solutions. Next, we show that our viscosity solu-
tion satisfies a stability property similar to the finite-dimensional context. Finally,
we establish the partial comparison result, namely for any pair of viscosity subso-
lution ! and supersolution u? with ulT < uzT on Q, we have u! < u? on [0, T] x 2
whenever either one of them is smooth. This result is crucial for the well-posedness
results established in our accompanying paper [10]. We remark that Peng [26] also
investigated the comparison principle for fully nonlinear PPDEs by using a differ-
ent approach.

We will investigate the connection between our viscosity solution and some
other equations in the literature, which will be very helpful for the applications
of our results. In particular, we show that the value function of path-dependent
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stochastic control problems as well as second-order backward stochastic differ-
ential equations [4, 30] are naturally viscosity solutions of the corresponding
path-dependent partial differential equation. This extends the context of backward
stochastic differential equations of [9]. See also the closely related works [16,
24] in terms of the G-expectation. Our PPDE can go beyond stochastic control;
see Pham—Zhang [29] for an application in stochastic differential games. More-
over, backward stochastic partial differential equations, which can be viewed as
the value function of stochastic control with random coefficients (in contrast with
path dependent coefficients) can also be viewed as a PPDE. See also [18] and [20]
for applications of BSPDEs.

While the well-posedness of semilinear PPDEs has been achieved in [9], the
approach there for the comparison principle does not seem to work in fully nonlin-
ear case. We shall revisit the semilinear case by providing a new approach which,
modulus all the technicality, will be extended to the fully nonlinear case in [10].
Moreover, our context covers first-order path-dependent PDEs, which has been
studied by Lukoyanov [17] by using compactness arguments.

The rest of the paper is organized as follows. In Section 2, we introduce the gen-
eral framework, and define a notion of classical differentiability which is weaker
than that of [8]. In Section 3, we introduce our notion of viscosity solution of
fully nonlinear PPDE, and provide various remarks which highlight the analogy
with the properties of viscosity solutions in finite-dimensional spaces. We prove
the consistency with the notion of classical solution. In Section 4, we provide sev-
eral examples and show that natural ones as the value function of path dependent
stochastic control problems, or solutions of second-order backward stochastic dif-
ferential equations, are viscosity solutions of the corresponding path-dependent
PDEs. Section 5 contains our stability and partial comparison results. Section 6
shows that our framework includes backward stochastic PDE by a convenient aug-
mentation of the canonical space. Section 7 revisits the semilinear case and pro-
vides an alternative and simpler well-posedness argument to that of our previous
paper [9] which will be extended to the fully nonlinear case in our accompanying
paper [10]. Finally, in Section 8 we investigate the first-order PPDEs.

2. Preliminaries.

2.1. The canonical spaces. Let Q :={w € C([0,T], R?): wy = 0}, the set of
continuous paths starting from the origin, B the canonical process, [F the natural
filtration generated by B, Py the Wiener measure, and A := [0, T'] x 2. Here and
in the sequel, for notational simplicity, we use 0 to denote vectors, matrices, or
paths with appropriate dimensions whose components are all equal to 0. Let S¢
denote the set of d x d symmetric matrices, and

d
x-x' :=Zx,~xl( for any x,x eRY,
i=1

vy =tulyy'] for any y, y’ € S.
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We define a seminorm on 2 and a pseudometric on A as follows: for any
(t, ), (1", o) €A,

Q2D ol = sup losl,  doo((t, @), (1, @) == |t = 1'| + |opr = @] -
O<s<t
Then (€2, || - ||7) is a Banach space and (A, do) is a complete pseudometric space.

In fact, the subspace {(¢, w.n¢): (f, w) € A} is a complete metric space under dyo.
We shall denote by LO(Fr) and ILO(A) the collection of all F7-measurable ran-
dom variables and F-progressively measurable processes, respectively. Let CO(A)
[resp., UC(A)] be the subset of LO(A) whose elements are continuous (resp., uni-
formly continuous) in (¢, w) under d,, and Cg(A) [resp., UCp(A)] be the subset
of CO%(A) [resp., U CY(A)] whose elements are bounded. Finally, LOo%(A,RY) de-
note the space of R¢-valued processes with entries in L(A), and we define similar
notations for the spaces C°, Cg, UC,and UCyp.
We next introduce the shifted spaces. Let 0 <t <s <T.

— Let Q" :={w e C([t, T1,R?) : w, = 0} be the shifted canonical space; B’ the
shifted canonical process on Q; F the shifted filtration generated by B, IP{, the
Wiener measure on Qf, and A’ :=[t, T] x Q.

— Define || - || on Q' and d’, on A’ in the spirit of (2.1), and the sets LO(A’)
etc. in an obvious way.

— For w € Q' and o’ € *, define the concatenation path w ®; o’ € Q! by:

(0 ®s &) (r) := w1 5)(r) + (w5 + @ )15, 77(r) forallr e [t, T].

— Let&é e ]LO(}"T), and X € LO(A?). For (s, w) € A?, define £5® LO(}"}) and
X2 e LO(AY) by

E90) =& (0 ® @), X90) =X (0®s @)  forallo e Q’.

It is clear that, for any (f,w) € A and any u € C°(A), we have u"® € CO(A").
The other spaces introduced before enjoy the same property.

We shall use the following type of regularity, which is slightly stronger than the
right continuity of a process u in standard sense (i.e., for any fixed w, the mapping
t — u(t, w) is right continuous).

DEFINITION 2.1. We say a process u € LOA) is right continuous in (¢, w)
under d, if: for any (¢#,w) € A and any ¢ > 0, there exists § > O such that,
for any (¢, 0') € A’ satisfying d._((t', &), (¢,0)) < 8, we have |[u"“({', &) —
u(t,w)| <e.

DEFINITION 2.2. By U, we denote the collection of all processes u € LY(A)
such that:

— u is bounded from above and right continuous in (¢, ®) under do;
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— there exists a modulus of continuity function p such that for any (¢, w), (¢,
/
w') e A:

(22)  u(t,w)—u(t', o) < p(doo((r, w), (', '))) whenever t < t'.

By U, we denote the set of all processes « such that —u € U.

REMARK 2.3. (i) The progressive measurability of # implies that u(¢, w) =
u(t,w.n;), and it is clear that U NU = UCp(A). We also recall from [11] Re-
mark 3.2 that condition (2.2) implies that u has left-limits and u;_ < u; for all
t € (0, T]. Moreover, under (2.2), u is right continuous in (¢, ) under d, if and
only if it is right continuous in ¢ for every w.

(ii) In finite-dimensional case, a continuous function is at least locally uniformly
continuous. This is not true anymore in the infinite-dimensional case, so it is im-
portant to distinguish C°(A) and U C(A) in this paper.

Finally, we denote by T the set of F-stopping times, and H C 7 the subset of
those hitting times H of the form

(2.3) H:=inf{r >0: B, € 0} A 19,

for some 0 < 19 < T, and some open and convex set O C R¢ containing 0 with
0°¢:=R%\ 0. The set H will be important for our optimal stopping problem,
which is crucial for the comparison and the stability results, see Remark 2.7. We
note that H =ty when O = R4, and for any He H,

(24) 0 < H, <H for & small enough, where H, :=inf{t > 0:|B;| =¢} A e.
Moreover,
H:Q2 — [0, T'] is lower semicontinuous, and H; A Hy € H for any H{, Hy € H.

Define 7" and H' in the same spirit. For any T € T (resp., H € H) and any (1, ®) €
A such that t < T(w) [resp., t < H(w)], it is clear that t/:® € T (resp., H® € H?).

2.2. Capacity and nonlinear expectation. For every constant L > 0, we de-
note by P, the collection of all continuous semimartingale measures [P on €2 whose
drift and diffusion characteristics are bounded by L and +/2L, respectively. To be
precise, let Q:= Q3 bean enlarged canonical space, B := (B, A, M) be the canon-
ical processes, and @ = (w, a, m) € Q be the paths. IP € Pp, means that there exists
an extension Q of P on €2 such that

B=A+ M, A is absolutely continuous, M is a martingale,

dAt M, Q-as.

2.5
(2) 1f| <L, %tr((ﬁp)z) < L, where at = ,BI :

Similarly, for any ¢ € [0, T'), we may define P} on €.
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As in Denis, Hu and Peng [7], the set P} induces the following capacity:

(2.6) CE[A]:= sup P[A]  forall A e Fb.
PeP}

We denote by L (Fr., P! ) the set of £ € LO(F}) satisfying SUPpep! EF[|€]] < o0.
The following nonlinear expectation will play a crucial role:

E/1E1:= sup EF[¢] and EF[€]:= inf EF[g]=—E [£]
PeP! PePy
2.7)
for all £ € LY (F%, Ph).

We remark that EL [£] can be viewed as the solution of a second-order BSDE
(2BSDE, for short) in the sense of [30], or a conditional G-expectation in the
sense of [24]. See Section 4 for more details. The following result will be important
for us.

LEMMA 2.4. Forany H € H and any L > 0, we have QI)‘[H] > 0.

PROOF. By (2.4), we may assume H, < H for some ¢ > 0. For any P € Py, and
0 <é <e, we have
(28) P(H<8) <PH <8) =P(|Blls > &) <e "E'[|BIl] < CL*s~*s".

g2

This implies that, for § := NeTeE]

A€,

EF[H] > §P(H > 8) = §(1 —P(H < 8)) > 8(1 — CL**5%) >

|

Thus, §3[H] > % >0. O

DEFINITION 2.5. Let X € LO(A) satisfy X, e LI(F;,, Pr) forall0 <t < T.
We say that X is an ?L—supermartingale (resp., submartingale, martingale) if, for
any (f,w) € Aandany t € 77, E,L[X?“)] < (resp., >, =) X;(w).

We now state an important result for our subsequent analysis. Given a bounded
process X € L°(A), consider the nonlinear optimal stopping problem

SHIX1(w) == sup E'[X-?] and SE[X](w):= inf EL[X1®],
(2 9) reT! TeT!

(t,w) e A.

By definition, we have EL[X 1> X and 3; [X] = Xr. The following nonlinear
Snell envelope characterization is proved in [11].
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THEOREM 2.6. Let X € U be bounded, H € ‘H, and set X\, =X 1yony +
Xu—1y>ny. Define

Y :=S"[X] and tF:=inf{t>0:Y, = X,).

Then Y+ = X o, Y is an EL-supermartingale on [0, H], and an EL -martingale on
[0, T*]. Consequently, T* is an optimal stopping time.

REMARK 2.7. (i) We emphasize that the maturity of the above nonlinear op-
timal stopping problem is restricted to be a hitting time in . This requirement is
due to technical aspects in the proof of Theorem 2.6 reported in [11]. The difficulty
is related to the regularity of the Snell envelope Y and to some limiting arguments
under nonlinear expectation.

(i1) Y is continuous in [0, H) and has a left limit at H. However, in general Y
may have a negative jump at H.

2.3. The derivatives. We define the path derivatives via the functional It for-
mula, which is initiated by Dupire [8] and plays an important role in our paper.
Denote

Plo=P.. tel0 Tl
L>0

DEFINITION 2.8. We say u € C12(A) if u € CO(A) and there exist d;u €
CO%A), d,u € COUA,RY), 32, u € CO(A,S?) such that, for any P e PY, u is a
P-semimartingale satisfying

(2.10) du=d,udt+dyu-dB, +19% u:d(B),, 0<t<T,P-as.

2 ww™ "

We remark that the above d;u, d,u and afowu, if they exist, are unique. In-
deed, first considering P%-°, the probability measure corresponding toa =0, 8 =0
in (2.5), together with the required regularity 9,u € C%(A) we obtain

1
(2.11) Btu(t,a)):mg%[u(t—l—h,w./\,)—u(t,a))].

Next, considering P such that «” = 1, B = 0 we obtain the uniqueness of d,u.
Finally, considering P = Py we see that aéwu is also unique. Consequently, we
call them the time derivative, first-order and second-order space derivatives of u,
respectively. We define Ccl2(Ah similarly. It is clear that, for any (¢, w) and u €
C2(A), we have u"® € C1"2(A"), and 3, (u"®) = (B,u)"?, 8, (") = (dou)"®,
32, ") = (82,u)"®.
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REMARK 2.9. (i) In Markovian case, namely u(f,w) = v(t,w;), if v €
CL2([0, T1 x R?), then by the standard Itd6 formula we see immediately that
u € C2(A) with

du(t, ) =dv(t,w),  dpult,®)=Dv(t,w), 9, u(t,®) =D, o).

Here, D and D? denote the standard gradient and Hessian of v with respect to x.

(i1) The typical case that the path derivatives exist is that & is smooth in Dupire’s
sense [8] (more precisely, the space (Cll?’2 in Cont and Fournie [5]), and in that case
our time derivative and space derivatives agree with the horizontal and vertical
derivatives introduced therein, respectively, due to their functional It6 formula.
Therefore, any smooth function in the sense of Duprie’s calculus is also smooth in
the sense of Definition 2.8, namely our space C!>(A) is a priori larger than the
space (C,lj’2 in [5]. In particular, Definition 2.8 is different from the corresponding
definition in our previous paper [9], which uses Dupire’s derivatives.

(iii)) The main advantage of our definition is that all derivatives are defined
within the continuous path space €2. In Dupire [8], one has to extend the process u
(and the generator as well as the terminal condition of our PPDE later) to a larger
domain [0, T'] x D([0, T]), where D is the set of cadlag paths. This is not natural
in many situations, and is not necessary for our purpose, as it turns out that what
we need is exactly the functional Itd6 formula, rather than the precise form of the
derivatives.

(iv) Moreover, compared to [8], our definition does not require all the deriva-
tives to be bounded, and we do not need (2.10) to hold true for all semimartinagle
measures . However, under our definition we do not require 32,u = 8, ().
When d,,u is indeed differentiable, typically we should have af,wu = %[aw(awu) +
[8w(8wu)]T]. For the last point, see more details in [3].

(v) As explained in Cont and Fournie [5], when u is smooth enough in both
senses, it holds that d,u (¢, w) = D;u(t, w), where D, denotes the Malliavin deriva-
tive. We emphasize that, unlike the Malliavian derivative D;£ which involves the
perturbation of & over the whole path w, d,u(¢, ) involves the perturbation of u
only at the current time ¢. In particular, d,u is [F-adapted.

REMARK 2.10. We shall also remark that, in our proof of comparison prin-
ciple for PPDEs in our accompanying paper [10], we actually use only piecewise
Markovian test functions, and thus the standard It6 formula is sufficient. So techni-
cally speaking, we can prove both the existence and uniqueness of viscosity solu-
tions without using the path derivatives and the functional It6 formula. However, it
is more natural to consider truly path dependent test functions in this framework.
In particular, it is more natural to define classical solutions for PPDEs by using
path derivatives.

EXAMPLE 2.11. Letd = 1. As highlighted by Cont and Fournie [5], a simple
example of nondifferentiable process is the running maximum process: u(t, w) :=
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;= Mmaxp<s<s Ws, (f, w) € A.Indeed, if it is differentiable, by (2.11) it is obvious
that d,;u(t, w) = 0 for all (¢, w) € A. Then by (2.10) one must have d,u = 0, and
%aiwu dt = d B;, which is impossible under Py. In terms of the Dupire’s vertical
derivatives, we have 9,u(t, w) = 0 whenever w; < @;, and

dfut,w)=1 and 9, u(t,w)=0 whenever o, = oy,

where 9. and 9, denote the right and left space derivatives in the sense of Dupire.
Hence, the process u is not differentiable on {w; = @;}.

3. Fully nonlinear path dependent PDEs. In this paper, we study the follow-
ing fully nonlinear parabolic path-dependent partial differential equation (PPDE,
for short):

Lu(t,w) = {—du — G(-,u, dpu, d2,u)}(t,w) =0,

Y Y ww

(3.1
0<t<T,weQ,

where the generator G: A x R x RY x S? — R satisfies the following standing
assumptions.

ASSUMPTION 3.1. The nonlinearity G satisfies:

(i) For fixed (v,z,y), G(-, y,z,y) € L°(A) and |G(-,0, 0, 0)| < Co.
(i1) G is elliptic, that is, nondecreasing in y .
(iii)) G is uniformly Lipschitz continuous in (y, z, y), with a Lipschitz con-
stant L.
@iv) For any (y,z,y), G(-,y,z, y) is right continuous in (¢, @) under d, in
the sense of Definition 2.1.

REMARK 3.2. In the Markovian case, namely G (¢, w, ) = g(¢, oy, -) and
u(t,w) = v(t, w), the PPDE (3.1) reduces to the following PDE: recalling Re-
mark 2.9(1):

(3.2) Lv(t,x):={-8v—g(, v, Dv, D?v)}(t,x)=0,  t€[0,T),x R’

Namely, u is a solution (classical or viscosity as we will introduce soon) of
PPDE (3.1) corresponds to that v is a solution of PDE (3.2). However, slightly
different from the PDE literature but consistent with (2.11), here we should inter-
pret d;v as the right derivative of the function v in ¢.

3.1. Classical solutions.
DEFINITION 3.3. Let u € CM2(A). We say u is a classical solution (resp.,

subsolution, super-solution) of PPDE (3.1) if Lu(¢, w) = (resp., <,>)0 for all
(t,w)e[0,T) x Q.
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It is clear that, in the Markovian setting as in Remark 3.2 with smooth v, u is a
classical solution (resp., subsolution, supersolution) of PPDE (3.1) if and only if v
is a classical solution (resp., subsolution, supersolution) of PDE (3.2).

EXAMPLE3.4. Letd =landu(t,») :=E,°[[] B, dt)(w) = [} wsds+ (T —
Dy, (t,w) € A. Then u € C12(A), and is a classical solution of the path depen-
dent heat equation

(3.3) —du—192 u=0

2 Yww” T

with terminal condition u (7T, ) = fOT w; dt.

EXAMPLE 3.5. Let d = 1 and u(t,0) := EN[(0®; B)7l, (t,0) € A
with the notation of Example 2.11. Then one can easily check that u(¢, w) =
v(t, s, wr), where v is a deterministic function defined by

v(t,x,y) = EPE’[)’V (x+(B)7)] =x+vT _tw<jT_—_xt>’

(3.4)
¥(2) =ER[zvB 1 =EP[z v B[] =2[20(2) — 1]+ —=e /2,

>0,

and ® denotes the c.d.f. of the standard normal distribution._We note that v 18
smooth for r < T, and Dyv(t, x, x) = 0. Since the support of d B; is in {B; = B},
it follows that Dyv(t, B;, B;) d B; = 0. This implies that

du(t,w) = dv(t, w;, @) = dvdt + Dyvd B, + s D, vd(B),.

By (2.11), it is clear that d;u(t, ®) = d;v(¢, w;, wy). Then by (2.10) we see that
dpu(t, w) = Dyv(t, @y, @;) and 32, u(t, w) = D? v(t, w;, @;). Thus, u € C12(A).

Finally, it is straightforward to check that u is a classical solution to the path
dependent heat equation (3.3) with terminal condition u (T, @) = B7.

REMARK 3.6. We shall remark that, unlike a standard heat equation which al-
ways has classical solution in [0, T'), a path dependent one may not have a classical
solution in [0, 7). One simple example is equation (3.3) with terminal condition
u(T, w) = B;y(w) for some 0 < 19 < T. Then clearly u(?, w) = B; x4 (w), and thus
0wt (t, w) = 1j0,41(¢) is discontinuous. Following Proposition 4.4 below and our
accompanying paper [10] (or Section 7 below under a slight reformulation), and
weakening the boundedness assumption as pointed out in Remark 3.8 below, one
can easily see u is the unique viscosity solution of the equation (3.3) with termi-
nal condition (7, w) = By (w). We refer to Peng and Wang [27] for sufficient
conditions of existence of classical solutions for more general semilinear PPDEs.
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3.2. Definition of viscosity solutions. We next introduce our notion of vis-
cosity solutions. Recall the nonlinear Snell envelope notation (2.9). For any u €
LO(A), (t,w) €[0,T) x 2, and L > 0, define

Alu(t, w):=[p e C"2(A"): (p — u"®), =0 =S [(¢ — u"?)

for some H € Ht},

-/\H]

(3.5)

.ALu(t, w):={pe CI’Z(A’) o —u"?), =0 =§tL[((p —u"?) 4l

for some H € H'}.

DEFRINITION 3.7. (i) Let L > 0. We say u € U (resp., U)is a viscosity L-
subsolution (resp., L-supersolution) of PPDE (3.1) if, for any (¢, w) € [0, T) x Q2

and any ¢ € ALu(t, w) [resp., ¢ € JTlLu(t, w)]:
L, 0) = [—80 — G"(-, 0, B, 82,0) } (1, 0) < (resp., >)0.

(i) u € U (resp., U) is a viscosity subsolution (resp., supersolution) of
PPDE (3.1) if u is viscosity L-subsolution (resp., L-supersolution) of PPDE (3.1)
for some L > 0.

(iii) u € UCp(A) is viscosity solution of PPDE (3.1) if it is viscosity sub- and
supersolution.

REMARK 3.8. For technical simplification, in this paper and the accompa-
nying one [10], we consider only bounded viscosity solutions. By some more in-
volved estimates one can extend our theory to viscosity solutions satisfying certain
growth conditions. We shall leave this for future research, however, in some exam-
ples below we may consider unbounded viscosity solutions as well.

REMARK 3.9. Since our PPDE is backward, in (3.5) the test functions ¢ are
defined only after ¢. By this nature, both the viscosity solution # and the generator
G are required only to be right continuous in (¢, w) under d,. To prove the com-
parison principle, however, we will assume some stronger regularity of G, see our
accompanying paper [10].

We next provide an intuitive justification of our Definition 3.7 which shows how
the above nonlinear optimal stopping problems S and S appear naturally.

Let u € C12(A) be a classical supersolution of PPDE (3.1), (t*, ™) € [0, T) x
Q, and ¢ € C12(A"). Then

(3.6) 0< Lu(t*, w*) =L (r*, 0) + R(t*,0),

where R(t, ) = 3;(¢ — u'"*")(t,0) + & - Jo(p — u' ") (1, ) + 182192, (¢ —
u'™ ) (1, w) for (1, w) € AT, & 1= G, (t*, *, u(t*, "), 2, 7), and B := G, (1%,
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w*, u(t*, w*), 2, ))'/? are constant drift and diffusion coefficients, and (Z, y) are
some convex combination of (0,,u, Biwu)(t*, w™*) and (0,9, ngw)(t*, 0).

The question is how to choose the test process ¢ so as to deduce from (3.6) that
L9 p(1*,0) > 0. A natural sufficient condition is R(¢*,0) > 0. To achieve that,
our crucial observation is that

d(g —u")(t,w) = R(t, w)dt + 8,(¢ —u' ) (t, w) - BdW,,  P-as.,

where W is a Brownian motion under the probability measure Pe 772*0 defined by
the pair (&, f?), and L is the Lipschitz constant of the nonlinearity G. Therefore,
in order to ensure R(¢*,0) < 0, we have to choose the test process ¢ so that the
difference (¢ —u'"®") has a nonpositive P-drift locally at the right-hand side of r*.
This essentially means that (¢ — u’ ") is a I@’—supermartinggle on some right-
neighborhood [7*, H] of #* and, therefore, (¢ — u'"® ) > EF[(¢ — u'"? )z sul
for any stopping time t. Since the probability measure Pis imposed by the above
calculation, we must choose the test process ¢ so that (¢ — u’*""*)t* > ?,L*[(w —
u™ ") ] for all stopping time t. Finally, since T = ¢* is a legitimate stopping
rule, we arrive at

(0 —u" ) =Sl —u" "))
which corresponds exactly to our definition of ZLu(t*, ®*).

Conversely, if the pair ((r*, w*), ¢) satisfies the last equality, then it follows
from the Snell envelope characterization of Theorem 2.6 that (¢ — ut*,w*)t* >
ELISE o —u" " 11> EX[(@ —u'™ "), au], for all stopping time 7. By the right-
continuity, this implies that R(z*, 0) < 0. Hence, our definition of the set of test

processes ﬂLu(t*, *) is essentially necessary and sufficient for the inequality
R(@*,0) <0.

REMARK 3.10. From the last intuitive justification of our definition, we see
that for a semilinear path-dependent PDE, § is a constant matrix. Then, in agree-
ment with our previous paper [9] (also see Section 7 below) it is not necessary to

vary the coefficient 8 in the definition of the operator gt A
Similarly, in the context of a linear PPDE, both coefficients & and 8 are con-

stant, and we may define the sets ./TlLu and ALu by means of the linear expecta-
tion operator. Finally, for a first-order PPDE, we may take the diffusion coefficient
B = 0; see Section 8.

In the rest of this section, we provide several remarks concerning our definition
of viscosity solutions. In most places, we will comment on the viscosity subsolu-
tion only, but obviously similar properties hold for the viscosity supersolution as
well.
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REMARK 3.11. As standard in the literature on viscosity solutions of PDEs:

(i) The viscosity property is a local property in the following sense. For any
(t,w) €[0,T) x @ and any ¢ > 0, define as in (2.4),

(3.7) H. :=inf{s > ¢:|B!|>¢e} A(r4+¢)  and thus H, = HC.

It is clear that H. € H'. To check the viscosity property of u at (¢, w), it suffices to
know the value of u”*® on [z, H.] for an arbitrarily small & > 0. In particular, since
u and ¢ are locally bounded, there is no integrability issue in (3.5). Moreover, for
any ¢ € Al u(t, w) with corresponding H € H', by (2.4) we have H, < H when ¢
is small enough.

(i) The fact that u is a viscosity solution does not mean that the PPDE must
hold with equality at some (¢, @) and ¢ in some appropriate set. One has to check
viscosity subsolution property and viscosity supersolution property separately.

(iii) In general ALu(t, w) could be empty. In this case automatically u satisfies
the viscosity subsolution property at (¢, w).

REMARK 3.12. (i) Consider the Markovian setting in Remark 3.2. One can
easily check that u is a viscosity subsolution of PPDE (3.1) in the sense of Def-
inition 3.7 implies that v is a viscosity subsolution of PDE (3.2) in the standard
sense; see, for example, [6] or [13]. However, the opposite direction is in general
not true. We shall point out though, when the PDE is well posed, by uniqueness
our definition of viscosity solution of PPDE (3.1) is consistent with the viscosity
solution of PDE (3.2) in the standard sense. Moreover, we emphasize that our def-
inition involves a richer set of test functions which in principle opens the hope for
an easier proof of uniqueness.

(i1) Definition 3.7 does not reduce to the definition introduced in the semilinear
context of [9] (or Section 7 below) either, because we are using a different nonlin-

ear expectation €" here. It is obvious that any viscosity subsolution in the sense
of [9] is also a viscosity subsolution in the sense of this paper, but the opposite
direction is in general not true. However, the definitions of viscosity solutions are
actually equivalent for semilinear PPDEs, in view of the uniqueness result of our
accompanying paper [10]. See also Remark 3.10.

REMARK 3.13. For 0 < L; < Ly, obviously P, C P} , £* < &/, and

Al2u(t, ) ¢ AMu(t, w). Then one can easily check that a viscosity Li-
subsolution must be a viscosity Ls-subsolution. Consequently, u is a viscosity
subsolution if and only if

there exists an L > 1 such that, for all L’ > L, u is a viscosity L’-subsolution.

We next report the following result whose proof follows exactly the lines of
Remark 3.9(i) in [9].
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PROPOSITION 3.14. Let Assumption 3.1 hold true, and let u be a viscosity
subsolution of PPDE (3.1). For ) € R, the process i, := e u; is a viscosity sub-
solution of

(3.8) Lii := —d,ii — G (1, w, i, duit, 2,i) <0,

where G(t,w,y,2,7) = —Ay + €M G(t,w, e My, e Mz e HMy).
REMARK 3.15. Under Assumption 3.1, we are not able to prove a more gen-
eral change of variable formula. However, this will be achieved under stronger as-

sumptions; see Proposition 4.5 and Theorem 4.6 of our accompanying paper [10].
3.3. Consistency with classical solutions.

THEOREM 3.16. Let Assumption 3.1 hold and u € CL2(A)NUCH(A). Then
u is a classical solution (resp., subsolution, supersolution) of PPDE (3.1) if and
only if it is a viscosity solution (resp., subsolution, supersolution).

PROOF. We prove the subsolution property only. Assume u is a viscosity L-
subsolution. For any (¢, w), since u € C12(A), we have u"® € C12(A") and thus
ut® e Alu(t, w) with H := T. By definition of viscosity L-subsolution we see
that Lu(t, w) <0.

On the other hand, assume u is a classical subsolution. If u is not a viscosity
subsolution, then it is not a viscosity Lg-subsolution. Thus there exist (¢, w) €
A and ¢ € AMu(r, w) such that 2¢ := Lo(z, 0) > 0. Without loss of generality,
we set # := 0 and, by Remark 3.11(i), let H = H, € H defined in (2.4) for some
small constant & > 0 be the hitting time used in the definition of ALOM(O, 0). Now
recall (2.5) and let P € P, corresponding to some constants o € R? and B € S¢
which will be determined later. Then

0 < E5°[(@ — ] <EF[(p — w)n]-

Applying functional 1t6’s formula (2.10) and noticing that (¢ — u)g = 0, we have
H 1
(@ == |00 —w)s+ 590,(® —w)s: B> + Bl —u)s - |ds
0 2

H
+f0 8@ — ) - fAWY.

Taking expected values, this leads to
p[ [ 1o 2
0<E| [*(at0 — 0+ 32200~ 0i B2+ Bl — ) ) ds |

= EP[/OH(&D — Zu)sds},
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where Lo, := L5 = G (-, ¢, 809, 33,0)s + 5 (5,9)s 1 B>+ (u)s -a. Since Lo
and Lu are continuous, for & small enough we have | Lo — Loo| +|Lus — Lug| < 5
on [0, H]. Then
(3.9) 0 <E*[(Lgo — Lug + o)H].
Note that Lug <0, Log = 2c, and ¢y = ug. Thus,
Lo — Lug < =2¢+ 502,(9 —w)o: B + du(p — u)g -
—[G (s u, 3@, 320,0) o — G (s u, Do, 3Zu),]-

By Assumption 3.1(iii), there exist & and $ such that P € Pr,, and

Then £~<p0 — Euo < —2c¢, and (3.9) leads to 0 < EP[—cH] < 0, contradiction. [J

4. Some examples with (semi-)explicit solution. In this section, we study
several special PPDEs which have (semi-)explicit viscosity solutions, for example,
via backward SDEs or second-order BSDEs. These solutions provide probabilistic
representations for the PPDEs, and thus can be viewed as path dependent nonlinear
Feynman—Kac formula. More importantly, as value functions of some stochastic
control problems, these examples illustrate how to check the viscosity properties of
processes arising in applied problems. As in the viscosity theory of PDEs, the main
tools are the regularity of the processes in (¢, w) and the dynamic programming
principle.

4.1. First-order PPDEs.

EXAMPLE 4.1. Suppose that u(t,w) = v(w;) for all (¢,w) € A, where
v:R? — R is bounded and continuous. Then by (2.11) we should have d;u = 0.
We now verify that u is a viscosity solution of the equation —d;u = 0.

Indeed, for ¢ € ./TlLu (t, w), it follows from our definition that, for some H € H!:
(p—u"?),=0> EPO’O[((p — ") isynnl for all § > 0,

where P9 is again the probability measure corresponding to o = 0, 8 = 0 in (2.5).
Notice that under P%?, the canonical process w is frozen to its value at time 7. Then
H=T,P"0% as. and thus, for § < T — ¢,

0,0 W
(p(t’ 0) - U(Cl)t) = ((p - ut’a))t 2 E]P [((p - ut’ )(I‘-HS)AH] = go(t + 8’ 0) - U(CL)[).

This implies that d;¢ (¢, 0) < 0. A similar argument shows that d;¢ (¢, 0) > 0 for all
@€ ALu(t, w).
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EXAMPLE 4.2. Let d =1 and use the notation in Example 2.11. We check
that u (¢, ) := 2B; — By is a viscosity solution of the first-order equation:

4.1 —ou — |0,u| +1=0.

By Example 2.11, u is not smooth, so it is a viscosity solution but not a classical
solution.

When w; < wy, it is clear that u is smooth with d;u(f, w) = 0, d,u(t, w) = —1,
and thus satisfies (4.1). So it suffices to check the viscosity property when w; = @;.
Without loss of generality, we check it at (¢, w) = (0, 0).

(i) We first check that A%u (0, 0) is empty for L > 1, and thus u is a viscosity
subsolution. Indeed, assume ¢ € A" u(0,0) with corresponding H € H. By Re-
mark 3.11(i), without loss of generality we may assume H = H, for some small
& > 0, and thus 0;¢, aiwgo are bounded on [0, H]. Note that Py € Pr. By definition
of AL we have, for any 0 < § < ¢,

SAH —
0= E[(p — wsmn] =B [ @+ 2,0) 1. 0) ds — 2B |

< CE™[8 A 1] — 2BEP[Bsay] < C8 — 2EFO[Bs] + 2EM0[Bs1yy<s)]
<C8— V54 CyPy(H <3) < C[5 +&725] — e/,

where ¢ ;= 2EFo [B1] > 0 and the last inequality thanks to (2.8). This leads to a
contradiction when § is small enough. Therefore, AXu(0, 0) is empty.

(i) We next check the viscosity supersolution property. Assume to the con-
trary that —c := —0;¢(0,0) — |9,¢(0,0)] + 1 < O for some ¢ € 71Lu(0, 0) and
L > 1. Let o := sgn(d,¢(0,0)) (with the convention sgn(0) := 1), 8 := 0, and
P € Pr be determined by (2.5). When o = 1, we have B; = t,B; =t, P-as.
When o = —1, we have B; = —t, B; = 0, P-a.s. In both cases, it holds that
u(t,w)=t, H, = ¢, P-a.s. By choosing H = H, and ¢ small enough, we may as-
sume [9;¢(t, B) — 0:¢(0,0)| + |0,9(t, B) — 3,9(0,0)| < 5 for t < H,. By the

definition of 71Lu(0, 0), we get

0>E"[(¢p —uwu]= EP[/OE(M + adyp) dt — s]

£
> Eﬂ”[/ (atgoo + B0 — 5) dt] e
0 2
el [ c € c 1
=E / 0o + |0ppo| — = | dt —s=f l+c—=)dt —e=—=ce>0.
0 2 0 2 2

This is the required contradiction, and thus « is a viscosity supersolution of (4.1).
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4.2. Semi-linear PPDEs and BSDEs. We now consider the following semilin-
ear PPDE:

—du — %az(t, ) : Bf)wu — F(t,w,u,o(t,w)d,u) =0,
u(T, w) =§(w),

where o € LO(F, %), P LO(F7), and F is F-progressively measurable in all
variables. We note that [9] studied the case o = I; for simplicity. We shall assume:

(4.2)

ASSUMPTION 4.3. (i) o, F(t,w,0,0) and & are bounded by Cp, and o > 0.

(ii) o is uniformly Lipschitz continuous in w and F is uniformly Lipschitz con-
tin. in (y, z).

(iii) F and & are uniformly continuous in w, with a common modulus of conti-
nuity function py.

(iv) o and F (-, y, z) are right continuous in (¢, ®) under d, for any (y, z), in
the sense of Definition 2.1.

The boundedness in Assumption 4.3(i) is just for simplification, and can be
weakened to some growth condition. The assumption ¢ > 0 and that F' depends
on the gradient term through the special form o (¢, w)d,u are mainly needed for
the subsequent BSDE representation. Moreover, by (iii) one can easily check that
€ (@) — E(@)| < po(1)[1 + ||w — @||7], and similarly for F. Then without loss of
generality we may assume

(4.3) po(R) < C[1+ R], namely pg has linear growth.
For any (¢, w) € A, consider the following decoupled FBSDE on [¢, T']:

N
X, =/ a"®(r, X)dB.,
t

4.4) IP’6—a.s.

T T
V=g @)+ [P0 X 2)dr— [ 2 aB),

Under Assumption 4.3, clearly FBSDE (4.4) has a unique solution (X*®, Y\,
Z"@) . Alternatively, we may consider the BSDE in weak formulation:

T
Y;’“’zgl""(B’)—i-/ F'®(r, B, Y}, Z1?) dr
(4.5) .
- / 71 (6" (r, B') " dB!,  P"“as.

N

where P :=P{ o (X" @)~ denotes the distribution of X>¢. Then, for any fixed
(1, ),

V{*® = Y/"” and is a constant due to the Blumenthal zero-one law.
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PROPOSITION 4.4. Under Assumption 4.3, u(t,w) := Y = V' is a vis-
cosity solution of PPDE (4.2).

PROOF. We proceed in two steps.

Step 1. In Step 2 below, we will show that u € UCp(A) and satisfies the dy-
namic programming principle: for any (¢, w) € A and 7 € T,

T
Y} =u"“(z, B') +/ F"“(r, B, Y)?, Z0?) dr

(4.6) . '
- / 709 (0"(r, B')) ' dB!,  P'“as.

N

Let L be a Lipschitz constant of F in z satisfying |o| < +/2L. We now show
that u is an L-viscosity solution. Without loss of generality, we prove only the
viscosity subsolution property at (¢, @) = (0, 0). For notational simplicity we omit
the superscript %° in the rest of this proof. Assume to the contrary that

ci=—{dp+10%:02,0 + F(-,u,09,9)}(0,0) >0
for some ¢ € ALu(0, 0).

Let H € H be the hitting time corresponding to ¢ in (3.5), and by Remark 3.11(1),
without loss of generality we may assume H = H, for some small ¢ > 0. Since
@ € CY2(A) and u € UCy(A), by Assumption 4.3(iv) and the uniform Lipschitz
property of F in (y, z), we may assume ¢ is small enough such that

1
—{EW + 502 02,0+ F(,u, oawfp)}(t, ) > g >0, t € [0, H].

Notice that d(B); = o%(t, B.) dt, P-a.s. Using the dynamic programming princi-
ple (4.6), and applying It6’s formula on ¢, we have

(¢ —wn = (¢ —w — (¢ —u)o

- /OH(awq) —o71Z)(s, B.) - dB,

H 1
-1—/0 <8t§0+ Eaztaiww—i-F(-,u,Z))(s, B)ds

<[ ! -
< [ (@bup—2)(s,B) -0~ (s, B)dB,
0

_ /H<E 4 PG, 0909) — FCu, Z))(s, B.)ds
0 \2

= /H(Gawgo — Z)(s, B.) -0~ \(s, B.) d By
0



1230 I. EKREN, N. TOUZI AND J. ZHANG

_ /H[E + (03pp — Z)-aj|(s, B.)ds
0o L2

H
= / (0009 — Z)(s, B.) - (o_l(s, B.)dBs — asds) — %H, P-as.,
0

where || < L. Notice that 0 "' dB; is a [P-Brownian motion. Applying the Gir-
sanov theorem, one sees immediately that there exists I’ € P, equivalent to [P such
that o~ 'dB; — a;dt is a P-Brownian motion. Then the above inequality holds
PP-a.s., and by the definition of AL u:

0 <EP[(p — )] < —%E@’[H] <0,

which is the required contradiction.

Step 2. We now show the dynamic programming principle together with the
following regularity of u: there exists a modulus of continuity function p, such
that

lut,w)| <C and |u@t,w)—u(t',o')| < Cpy(deo((t, w), (', w))),
4.7)

t<t,w, o €.

Indeed, by standard arguments it is clear that, for any p > 1,

E]P”O|:”Xz,w”l?+”yt,a)HP+<fT|Zz,w|2dS)p/2} <C.-
T T : s — ¥p

Pt t|p tow|P T t,w N\1—1~t,w|2 P/ .
ESCL B 7 + 1Yl +( ] [lo™(s. B)] 22 ds <Cp;

BR[| — x| 7] < Coo(Jo — of|,)*:

and, since pg has linear growth,
IP)[ / 2 T / 2
B 11 =3I + [ 1200 - 200 Pas
t

2 / 2 2
< Cpo(lo —o'[,)* + CER[Cpo(| 2 = X' )] < Cor (o — o] ).
for some modulus of continuity function p;. In particular, this implies that
(4.3) lu(t,w)| <C and |u(r,w) —u(t, o) < Coi(|o—o'|,).
Given the above regularity, by standard arguments in BSDE theory, we have the
following dynamic programming principle: for any r <¢' < T,
t/
Voo =ut (' BY) + [P BL YR 20 dr
(4.9) / ’
t
- / 719 (6"(r, B') "' dB!,  P"“-as.
S



VISCOSITY SOLUTIONS OF FULLY NONLINEAR PDES I 1231

In particular, Y/ = u"“(s, B") for all t <s < T, P"*®-as. That is, Y/* =
u(s,w ®; B = Yss’w®’Br, Ph@_as.
Denote 8 :=do ((z, w), (', w)). Then
luy — up|(w)

= |Epr'w[Yt”w — Y[,"” +ub(t', B") —u(t', »)]|

(4.10) /
w t
_ ‘EP” [ [ Fe B 2 dr e BY) —u(ﬂ,w)”
t

YN} t/
<E7| [ 1P B v 2 dr+ Coi 6+ 8],
t
Notice that

t/
EP [ [ 1o By, 2 dr}
t

w t/
< CE™ [/t (L+ Y2+ |Z£""|)dr}

172

r,w t/
fc«/§<ﬂzﬂ” [/ (1+|Yr’*“’|2+|Z§""|)2er < CV5s.
t

As for the second term, since pg has linear growth, one can easily see that we
may assume without loss of generality that p; also has linear growth. Note that
t" —t < 8. Then it is clear that there exists a modulus of continuity function o
such that

EX[p1(8 + [ B'|,)] < 7o)

Without loss of generality, we assume py(8) > V/8. Then, plugging the last esti-
mates into (4.10) and combining with (4.8), we obtain (4.7).

Moreover, given the regularity in ¢, we may extend the dynamic programming
principle (4.9) to stopping times, proving (4.6). [

REMARK 4.5. For FBSDE (4.4) with (¢, w) = (0, 0), we have )V :=u(s, X))
Pg-a.s. This extends the nonlinear Feynman—Kac formula of [21] to the path-
dependent case.

4.3. Path dependent HIB equations and 2BSDEs. Let K be a Polish space.
We now consider the following path dependent HIB equation:

* Yww

—0iu — G(t, @, u, dpu, d2,u) =0, u(T, w) = £(w);
(4.11)

1
where G(t,w, y,z,y) = sup[ioz(t, w,k):y +F(t,0,y,0(t, 0,k)z, k)}
keK
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where o € S? and F are F-progressively measurable in all variables, and & is Fr-
measurable. We shall assume the following.

ASSUMPTION 4.6. (i) o, F(t,w,0,0, k) and £ are bounded by Cyp, and o > 0.

(ii) o is uniformly Lipschitz continuous in w, and F is uniformly Lipschitz
contin. in (y, z).

(iii) F and & are uniformly continuous in w, with a common modulus of conti-
nuity function py.

iv) o (-, k), F(-,y,z,k), and G(-, y, z) are right continuous in (¢, w) under do
for any (y, z, k), in the sense of Definition 2.1.

For each 1, let K" denote the set of F’-progressively measurable K-valued pro-
cesses on A’. For any (7, w) € A and k € K, let X>“-* denote the solution to the
following SDE:

S
X =/ o ®(r, X, k) dB., 1 <s <T,Pjas.
t

Denote PH@* .= Py o (X' @ky=1 The Polish space assumption on K combined
with the Doob—Dynkin lemma gives the existence of a progressively measurable
mapping « : A’ — K such that k,(w) = «(r, B!, (w)) for all (r,w) € A’. Since
o > 0, as discussed in [31] X"“* and B! induce the same IP” -augmented filtra-
tion, and thus there exists ¥ a F’ Fo progressively measurable mapplng such that
R(r, X50K) = By, PL-as. Thus, k, = (r, €(- A r, X500)) = k(r, X505), Pl-as.
Let (Yh@k 7@Ky denote the solution to the following BSDE on [f, T']:

T ~
Y=g B+ [ F B 2 ) ar
N

T ~ —
- / Z,-(0"(r. B'.&)) " dBl, Pk
N
We now consider the stochastic control problem:

u(t, ) := sup YK (t,0) € A.
keK!
We observe that this process u was considered by Nutz [19], in the stochastic
control context, and shown to be the solution of a second-order BSDE. The next
result shows that our notion of viscosity solution is also suitable for this stochastic
control problem.

PROPOSITION 4.7. Under Assumption 4.6, u is a viscosity solution of
PPDE (4.11).
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PROOF. By Proposition 3.14, without loss of generality we assume
4.12) G, hence F, is increasing in y.
Following similar arguments as in Proposition 4.4, we may prove that
lu(t,w)| < C, lu(t,w) —u(t', o) < Cpp(deo((t, ®), (', ®)))
for any (1, w), (t', ') € A.

This regularity, together with the standard arguments (see, e.g., [31] or [23]) im-
plies further the following dynamic programming principle:

(4.13) u(t,w) = sup Y *(r,u"*(z,-))  forany (r,w) e A, T €T,
keK!

where, for any ]-Z—measurable random variable n, (), 2) = ()}”“”k(r, n),
Ztok(g, n)) solves the following BSDE on [¢, T]:

Vs = +/ F'(r, B', Yy, Z,, ky) dr
/ Z,-(a"(r, B'  k ))_ldBﬁ, Ph@koas

We now prove the viscosity property, for the same L as in Proposition 4.4. Again
we shall only prove it at (r, w) = (0, 0) and we will omit the superscript *?. How-
ever, since in this case u is defined through a supremum, we need to prove the
viscosity subsolution property and supersolution property differently.

Viscosity L-subsolution property. Assume to the contrary that
—{00+ G(-, u, 3, ajww)}(o, 0)>0 for some ¢ € ALu(0,0).

As in Proposition 4.4, let H = He € ‘H be the hitting time corresponding to ¢
in (3.5). Since ¢ € C12(A), u € UC,(A), and by Assumption 4.6(iv) G is right
continuous in (¢, w) under d,, we may assume ¢ is small enough such that

c
1890 + G (-, u, e, 82,0) (1, 0) > 5>0, r€0H].
By the definition of G, this implies that, for any ¢ € [0, H] and k € K,
I, 2 c
—10,0 + 50 (t,w,k): 0,0+ F(t,w,u,0(, k)dup, k) { (1, ) > 3 > 0.
Now for any k € K, notice that d(B); = o2(t, B.,Izt)dt, Pk-a.s. Denote ()*,

ZKy .= Yk, u(H, ), Z¥H, u(H, -))). One can easily see that u(s, B) > yf,
0 <s < H, P*-a.s. For any § > 0, applying functional Itd’s formula on ¢ we see
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that
(‘P - yk)o — (¢ —wWnns
=z ((p_yk)o_ ((p_yk)HmS

HAS 1 )
:—‘/(; |:a[(p+Eaz'aiw(p—i-F(’yk’Zk)}(s’ B,,ks)ds
HAS _
_/0 (3a)<ﬁ—0—le)(s, B., k) - d B

HAST ¢ ~
>/ |:§+F(,M,an(p)_F(’yk’ Zk)}(S’B"kS)ds
0

HAS ~
—/ (dop — o' ZY(s, B, K,)-dB,,  Ph-as.
0

Note again that yf <u(s, B.). Then by (4.12) we have
(’" - yk)o — (¢ —wnns

= (‘P - yk)o — (¢ —wnns

HAST ¢ ~
>/ [E_i_F(.’u’o'awgD)—F(-,u,Zk)}(S,B.,ks)ds
0

HAS ~
—/ (39 — o125 (s, B., ky) - d By
0
HAST ¢ ~
2/ [E—I—(aaa,(p—Zk) -a](s,B.,ks)ds
0

HAS -
—/O (09 — 0 "1 Z)(s, B., ky) - d By

HAS ~ _
=ino) - / (0000 — Z)(s, B, Ky) - (0~ (5. B., ky) d By — aty ds),
0

Pk—a.s.,

where || < L and A is bounded. As in Proposition 4.4, we may define Pk e Pr
equivalent to P such that o _~1 (t,B.,k;)dB; —o;dtis a Pk_Brownian motion. Then
the above inequality holds P¥-a.s., and by the definition of A" u, we have

ok C _mk C ~
uo =Yg = uo = Vo — BT [(9 —whnns] = SE [HA8] = S5[1 - Pl < 8]
By (2.8), for § small enough we have
8
o — Yk > %5[1 —Ce4%) > % > 0.

This implies that 1o — supy¢xc y{; > % > 0, which is in contradiction with (4.13).
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Viscosity L-supersolution property. Assume to the contrary that

¢ =[8i¢+ G (- u, dop, 02,9)](0,0) >0 for some ¢ € A" u(0,0).
By the definition of F, there exists ko € K such that

I, 5 c
0,0 + 20 (ko) : 95,9 + F(-,u,0(, ko)dwe, ko) { (0, 0) > > > 0.

Again, let H = H, € H be the hitting time corresponding to ¢ in (3.5), and by
the right continuity of o and F in Assumption 4.6(iv) we may assume ¢ is small
enough so that

1 c
{atgo+562(-,ko>:aiwso+F(-, 1,0 (-, ko), ko)}(l,w) =S50, e

Consider the constant process k := ko € K. It is clear that the corresponding
k = ko. Follow similar arguments as in the subsolution property, we arrive at the

following contradiction: ug — y(’)‘ < —%EW [H] <0. O

EXAMPLE 4.8. Assume K := {k € S?:0 <k <&}, where 0 <o < & are
constant matrices. Set o (t, w, k) := k. Then Y;(w) = u(t, w) is the solution to the
following second-order BSDE, as introduced by [30]:

T
Y,:g(B.)+/ F(s,B.,Ys, Zy,al/%) ds
(4.14) . !
—/ Zs - (a5)"Y?dBy — dK;, P-q.s.,
t

where P = {P € Pgo :a? =0, 8% € K}, a is the universal process such that
d(B); = a,dt, P-q.s. and K is an increasing process satisfying certain minimum
condition.

REMARK 4.9. By using the zero-sum game, we may also obtain a represen-
tation formula for the viscosity solution of the following path dependent Bellman-
Isaacs equation:

(4.15) —0u — G(t,w,u, dpu, 92,u) =0,  u(T,»)=E(w),
where
Gt,w,y,2,7)

1
= sup inf [Eaz(f,kl,kz)i)/+F(t,w,y,G(t,kl,kz)Z,khkz)}

ki ek, koeKyp

1
= inf sup [—az(t, ki,ka):y + F(t, o, y,a(t,kl,kz)z,kl,kg)]
szszleKl 2

See Pham and Zhang [29].
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5. Stability and partial comparison.

5.1. Stability. The main result of this section is the following extension of
Theorem 4.1 in [9], with a proof following the same line of argument. However,
the present fully nonlinear context makes a crucial use of Theorem 2.6. Denote,
forany (¢, y,z,y) €[0,T) x R xRY x S? and § > 0,

Os(t,y.2.y) ={(s.® 7,2 7) e A x Rx R? x §7:
A’ ((s,@), (1,0)) + |3 — y| + 12—zl + 17 — v < ).
THEOREM 5.1. Let L > 0, G satisfy Assumption 3.1, and u € U (resp.,
uell). Assume

() for any & > 0, there exist G* and u® € U (resp., u® € U) such that G¢ satis-
fies Assumption 3.1 and u?® is a viscosity L-subsolution (resp., L-supersolution) of
PPDE (3.1) with generator G¥,

(ii) as € — 0, (G?%, u®) converge to (G, u) locally uniformly in the following
sense: forany (t,w,y,z,¥) € A X R x R x S4. there exists § > 0 such that

lim sup [|(G* — G)t’w(s, @, 3,2, 7)|
20 (5.0.5.2.7)€05t.y.2.7)
(5.1)
+ |(u® —u)"“(s, @)|] =0.
Then u is a viscosity L-subsolution (resp., L-supersol.) of PPDE (3.1) with gener-
ator G.

PROOF. Without loss of generality, we shall only prove the viscosity subsolu-
tion property at (0, 0). Let ¢ € ZLu(O, 0) with corresponding H € H, 6o > 0 be a
constant such that Hs, < H and lim,_.¢ p (¢, 69) = 0, where

p(898) = sup [‘Gg—G‘(t,a),j},Z,);)—i-‘MS—M‘([,(,())]
(t.0,5,2,7)€05(0, 0,20, Y0)

and
(30, 20, ¥0) = (90, 8900, Doy, 90).-
For 0 < § < §p, denote ¢5(t, ) := ¢(t, w) + 6t. By (3.5) and Lemma 2.4, we have
(ps —wo = (¢ =)o =0 = E;[(p — wn,] < EF[(ps — -
By (5.1), there exists ¢5 > 0 small enough such that, for any ¢ < g5,

(5.2) (o5 — u%)g < E5[(0s — u%)y, ]
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Denote X := X% := u® — @5 € U. Define X := X10,u5) + Xuz—1p5,77, ¥ =

EL[)A(], and t* :=inf{r > 0:Y;, = )A(,}, as in Theorem 2.6. Then all the results
in Theorem 2.6 hold. Noticing that Xy, < Xy, by (5.2) we have

ol Xy < Eg[Xu,) = —E5[(05 — u®)y,,]

—L —L ~

< —(ps — Mg)o =Xo<Yo=E Y] =Eg[ X o],
Then there exists o* such that t* := t*(0*) < Hs(w*), and thus Hf;’w* eH". We
shall remark though that here Y, t*, *, r* all depend on ¢, §. Now define

@5 (t, w) := wé*,w* (1, w) — @s (1, %) + u’ (t*, 0¥), (t,w) e A",

It is straightforward to check that ¢§ € ALuf (1%, 0*) with corresponding hitting

* %
time HfS *“"_ Since u? is a viscosity L-subsolution of PPDE (3.1) with generator G¢,
we have

0> [—dig5 — (G°)" (- 05, dutss 02,05) 1%, 0)
=[~dp — 8 — G* (-, uf, 3,0, 32,0)](t*, ©*).
Note that t* < Hs(w*), then |u® — u|(t*, *) < p(e,§) < p(e, ). By (5.1)

and Definition 2.1, we may set § small enough and then ¢ small enough so that
(-, 4%, B, 35,9) (1%, %) € 05,(0, 0, 20, Y0)- Thus, (5.3) leads to

0= [=819 =8 = G* (- u, dup, 95,9 |(1*, )
> [=8,p — G(-,uf, 89, 82,0)](t*, ©*) — 8 — p(e, 8o)
> =80 — G (- u, 3@, 82,0)](t*, 0*) — 8 — p(e, 80) — Cp(e, )
>Lpo—C  sup  [|ut,®) —uo| + |[0ue(t, ®) — duepo

(t,w): t<Hg(w)

(5.3)

+ 105,01, @) = 32,00]]
- Sup }G(ta w’yo’ ZOvVO)_G(Ov 05 yOv Z05V0)| _8

(t,w): t<Hgs(w)

- p(S, 80) - Cp(sa 8)5
where we used the fact that G satisfies Assumption 3.1. Notice that the right-
continuity of G in (¢, w) under do allows us to control the last line. Now by

first sending € — 0 and then 6 — 0 we obtain L¢g < 0. Since ¢ € ZLM(O, 0) is
arbitrary, we see that u is a viscosity subsolution of PPDE (3.1) with generator G
at (0, 0), and thus completes the proof. [

REMARK 5.2. Similar to Theorem 4.1 in [9], we need the same L in the proof
of Theorem 5.1. If u® is only a viscosity subsolution of PPDE (3.1) with generator
G?, but with possibly different L., we are not able to show that u is a viscosity
subsolution of PPDE (3.1) with generator G.
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5.2. Partial comparison of viscosity solutions. In this section, we prove a par-
tial comparison principle, that is, a comparison result of a viscosity super- (resp.,
sub-) solution and a classical sub- (resp., super-)solution. The proof is also cru-
cially based on Theorem 2.6. Moreover, this result is a first key step for our com-
parison principle in the accompanying paper [10].

PROPOSITION 5.3.  Let Assumption 3.1 hold true. Let u' € U be a viscosity
subsolution and u® € U a viscosity supersolution of PPDE (3.1). If u'(T,-) <
u*(T, -) and either u' or u? is in C12(A), then u' <u? on A.

PROOF. We shall only prove u(l) < u(%. The inequality for general ¢ can be
proved similarly. Without loss of generality, we assume u! is a viscosity L-
subsolution and u?> € C1:2(A) is a classical L-supersolution. By Proposition 3.14,
we may assume that

5.4) G is nonincreasing in y.
Assume to the contrary that ¢ := ﬁ[u(l) — u(z)] > 0. Denote
(1 2+ T . .
Xf - (u —u )t +Ct7 Xl — Xll{t<T}+XT71{l‘=T}’

=L~
Yi(w) == sup &, [XL*].
TeT!

Since u! € U is bounded from above and u? € If is bounded from below, it follows

that X is a bounded process inYf. Let t* :=inf{r > 0:Y; = )?t}. Note that ulT < uZT

and X € U has positive jumps. Then it follows from Theorem 2.6 that
ENIXr] < EgIX7] =T < 2cT = Xo = Xo < Yo = Ey [Yre] = Eg [Xoe].
This implies that t* := t*(w*) < T for some w* € Q. Note that
1 2\t % % * v * * =L t*, w*
(" —u)" (1%, 0%) +ct* = Xpe (") = Vi (0*) = E[ X7 | = T > 0.

Then (u! — u?)(t*, w*) > 0. Since (u! — u?)" " e Y"", there exists H € H'" such
that H < 7 and (u' — uz)f’“’* > 0 for all t € [t*, H], and thus )A(';*’w* = Xg*’“’* =
(' — uz)i*’w* + ct for all ¢ € [t*, H].

Now observe that ¢(z, w) := (u2)""*" (1, w) — ¢t + X+ (0*) € C12(A""), a con-
sequence of our assumption u> € C'*2(A). Moreover, for any 7 € 77, it follows
from the EL—supermartingale property of the nonlinear Snell envelope Y that

(O

— 0)p = 0= Yy (%) = Xpr (") 2 EL[YI8"] = Xpe(e?)

TAH

—L % % —L ® K
> En XL ] = X (@) = Ex (1) = 9)ppul.
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By the arbitrariness of T € T *, and the fact that EL[-] = —EL [—-], this proves that
¢ € ALul(t*, w*), and by the viscosity L-subsolution property of u':
0= (=3¢ — G(-u', dup, 95,0} (%, %)
=c— {8+ G(-,u', d,u?, 82,u)} (", w¥)
>c— {Btuz +G(, u?, du’, Bf)wu2)}, (*, w*),

where the last inequality follows from (5.4). Since ¢ > 0, this is in contradiction
with the supersolution property of u?. [

As a direct consequence of the above partial comparison, we have the following.

PROPOSITION 5.4. Let Assumption 3.1 hold true. If PPDE (3.1) has a clas-
sical solution u € CY2(A) N UCy(A), then u is the unique viscosity solution of
PPDE (3.1) with terminal condition u(T, -).

In our accompanying paper [10], we shall prove the uniqueness of viscosity
solutions without assuming the existence of classical solutions.

6. Viscosity solutions of backward stochastic PDEs. In this section, we
show that our PPDEs includes backward SPDEs as a special case. We remark that
such BSPDE:s arise naturally in many applications; see, for example, [18] and [20].
Consider the following BSPDE with [F-progressively measurable solution (u, g):

T
u(t,w,x) =&, x) +/ F(s,w,x,u, Du, D%u.q, Dq)ds
t
(6.1)

T
—/ q(s,w,x)-dBs, Py-a.s.,
t

where x € R?, and D, D? denote the gradient and Hessian with respect to the

x-variable. Assume u € C1’2(A X Rd,), namely o;u, d,u, Du, ngu, Do,u, D%u

exist and are continuous, where the derivatives in x are in standard sense and the
smoothness in (¢, w) is in the sense of Definition 2.8. Fix x and apply functional
1t6’s formula, we have

du(t,w, x) = (du + 3 tr(2,u))(t, 0, x) dt + du(t, w,x) - d By, Pp-a.s.
Comparing this with (6.1), we obtain
q(t,w,x) = 0,u(t,w, x),
(Ou + %tr(af)wu))(t, w,x)+ F(t,w,x,u, Du, D%u,q, Dq) =0.
This leads to a mixed PPDE:
6.2) Lu(t,w,x)=0, u(T,w,x)=Ew,x), xeR?,
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where, for ¢ € C12(A x RY),
63)  Lo:=—0p—5t(35,0) = F(-. ¢, Dp, D*¢, 0up, Diyp).

To incorporate the mixed PPDE (6.2) into our framework, we enlarge the space
of paths to Q2 := Q x {0 € c(o, 771, Rd,) :a)6 = 0}. Denote A :=[0, T] x 2, and

G (1,0, y,2,y) = 2yn+ Ft,w,x + @, y, 21, y11, 22, Y12),
EX (@) :=E(w, x + ),

for all x € RY and (1,8, y,z,7) € A x R x RITd x §4+d" Note that G* (¢, -) and
£* depend on & = (w, ') only through the pair (», @;) and (w, w},), respectively.

DEFINITION 6.1. We say u is a viscosity solution (resp., supersolution, subso-
lution) of BSPDE (6.1) if, for any fixed x, the process i* (t, ®) := u(t, w, x + a);),
te[0,T], ® =(w, o) € Q, is a viscosity solution (resp., supersolution, subsolu-
tion) of the PPDE:

— 8,0 (1, &) — G (1, &, 1%, 00", 0ppi*) =0 on A and @*(T,d) = E*(®).

REMARK 6.2. When & and F do not depend on w, one can easily see that
g =0 and u = u(t, x) is deterministic. Then BSPDE (6.1) reduces to a standard
PDE. In this case, our Definition 6.1 is not the same as the standard viscosity
solution of PDEs, but in the sense of Remark 3.12(1).

REMARK 6.3. In the same manner, we may also transform the following (for-
ward) Stochastic PDE into a (forward) PPDE:

t
u(t,CU,x)ZMO(x)+/ F(S,a)7x,u,ux,uxx)ds
0
(6.4) .
+/ o(s,w,x,u,uy)dBs.
0

Due to its forward nature, the definition of viscosity solutions will be quite differ-
ent. However, the approach which will be specified in next section and in [10] still
works in this case. See Buckdahn, Ma and Zhang [2].

7. A revisit of semilinear PPDEs. In [9], we proved the comparison princi-
ple for semilinear PPDE (4.2), in the case o = I;. One important argument was
the Bank—Baum approximation in [1], which unfortunately does not seem to be
extendable to the fully nonlinear case. In this section, we provide an alternative
proof of the comparison principle for semilinear PPDE (4.2). This approach works
in fully nonlinear case as well, but with much more involved technicalities; see our
accompanying paper [10]. It has also been applied by Henry-Labordere, Tan, and
Touzi [15] to study a new type of numerical methods for BSDEs.
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In order to focus on the main idea and simplify the presentation, we restrict to
the case o = I;. That is, we shall consider the following PPDE:
(7.1) Lu(t,w) :=—0ou — %Id : Bf)wu — F(t,w,u,d,u) =0.

We first give an alternative definition for viscosity solutions of semilinear
PPDE (7.1). We remark that the key point in (3.5) and Definition 3.7 is that the
class P covers all the probability measures induced by the linearization of the
generator G. In the semilinear case, since the diffusion term o is already fixed,
we shall only consider the drift uncertainty induced by the linearization of gener-
ator F', as we did in [9]. To be precise, define

t T 1 T
Mz = exp([ oy -dBl — 5/ |as|2ds>;
t t

Pl = {IP(.) = /M%“ dPl:a e LO(A’, R?) such that |a| < L};
E/1&):= sup EF[§],  &F[g] = inf EF[g)
IP’EPZ PeP;
and

Alu(t, ) :={p e CM?(A"): (p—u"), =0= inf E[(p—u"?)

TeT! '/\H]

for some H € HT},

ZLu(t, w) = {(p e CM2(A"):(p —u"®), =0= sup gtL[(go —uh®)
TeT!

an
for some H € ’HT}.

DEFINITION 7.1. (i) Let L > 0. We say u € U (resp., U) is a viscosity L-
subsolution (resp., L-supersolution) of semilinear PPDE (7.1) if, for any (¢, w) €

[0, T) x € and any ¢ € ALu(t, w) [resp., ¢ € ./TlLu(t, )]:
{—0i9 = 51a:00,0 — (.0, 0,9) }(t, 0) < (resp., >)0.

(ii) u € U (resp., U) is a viscosity subsolution (resp., supersolution) of
PPDE (7.1) if u is viscosity L-subsolution (resp., L-supersolution) of PPDE (7.1)
for some L > 0.

(iii) u € UCp(A) is viscosity solution of PPDE (7.1) if it is viscosity sub and
supersolution.

Under Assumption 4.3, following almost the same arguments and after obvi-
ous modifications when necessary, one can easily check that Theorems 3.16, 5.1
and Proposition 4.4 still hold. Moreover, we may improve the partial comparison
principle of Proposition 5.3 as follows. First, we extend the space C12(A):
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DEFINITION 7.2. Letr €[0,T), u € LO(A’). We say u € fl’Z(At) if there
exist random times t = Hy < H; --- < T (not necessarily hitting times) such that:

(i) H; < H;y1 whenever H; < T, and for all w € @', the set {i : H; (w) < T} is
finite.
(ii) For each i, w € ', and s € [H; (w), H;+1(w)), there exist H € H* and
i*® e C12(A%) such that H < H;}} and u*® = > on [s, H].
(ii1) u is bounded and continuous in 7.

. —=1,2 . . . .
Roughly speaking, C “(A) consists of processes u which are piecewise
CI’Z(A), in the sense that u is smooth on [H;, H; 1) mentioned above.
—=1,2 o
Foru € C"(A") and (s, ) € [t, T) x ', we may define the derivatives of u at
(s, w) as the derivatives of u%“ at (s, 0), where #%® is defined in Definition 7.2(ii).
Clearly, these derivatives are independent of the choices of ii. We remark that the
=12 . . .
processes in C "~ (A") are in general not continuous in w. We also note that the

space 61’2(A’) here is slightly different from that in [9], and in [10] we shall
modify it slightly further for technical reasons.

We first extend the partial comparison principle Proposition 5.3 to the case that
either u! or u? is only in fl’z(A), instead of C1"2(A). Our proof relies heavily
on the theory of reflected BSDEs, for which we refer to El Karoui et al. [12],
Hamadene [14] and Peng and Xu [28] for details. We note that Remark 3.11 in our
earlier paper [9] on this issue is heuristic. The precise statements are given below.

REMARK 7.3. Let X € L%(A) be bounded and cadlag with positive jumps.
Fix L > 0.

(1) Let (17, Z, K ) denote the unique F-measurable solution to the following
RBSDE:

3 T T . L
Y,:XT—i—f L]Zs|ds—/ Zs-dBs + Kr — Ky;
t t

(7.2) Py-a.s.

Yt > Xy, [?t—_Xt—]dlgt:();
Then Y and K are continuous in t, Pg-a.s. Moreover, there exists T* € T such that
(7.3) ™ =inf{t > 0:Y, = X,}, Pp-a.s.

We remark that, since we require Y to be [F-measurable, we cannot claim Y is

continuous for all w. Consequently, the right-hand side of (7.3) may not be an

F-stopping time, but a stopping time adapted to the Py-augmented filtration of FF.
(i) Define

Yi(w) = sup E-[X1],  (1.w) € A.
TeT!
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Then Yy = Yy. Moreover, for any 7 € T, following standard arguments one may
easily show that for Pyp-a.e. w, (YT©, 700 KT gatisfies the following RBSDE
on[t(w), T]:

~ T .
pro i [ 1z
t

T T(®)
_/ Z;E,w -dBf(“’) +1€}’w— Izzf,w; Py -a.s.

t
Yo X0, [V = XPC1dKPC =0;

Then Y7 () (@) = f’;(a“))) = Y,(w) (w). Thatis, Y; = ff, Py-a.s. for all T € 7. In other

words, Y and Y are Py-modifications.

(iii) However, since X is not required to be continuous in w, we are not able
to prove the desired regularity of Y. In particular, we are not able to prove that Y
and Y are Po-indistinguishable. Consequently, we cannot verify rigorously that ¥
solves RBSDE (7.2).

(iv) In Theorem 2.6, although X is also not continuous in w, due to its special
structure we proved in [11] that the Snell envelope Y has certain regularity in w,
which is crucial for proving the optimality of 7* in Theorem 2.6.

We now establish the partial comparison principle.

PROPOSITION 7.4. Let Assumption 4.3 hold and o = I;. Let u' € U be a
viscosity subsolution of PPDE (3.1) and u’ e EI’Z(A) satisfying Lu*(t,w) >0
forall (t,w) €[0,T) x Q. Ifu(T,) <u*(T,-), then u' <u® on A.

The result also holds if we assume instead that ul € EI’Z(A) satisfies Lul(t,
w) <0 for all (t,w) €[0,T) x Q and u®> € U is a viscosity supersolution of
PPDE (3.1).

PROOF. As in Proposition 5.3, we shall only prove u(l) < u(z) under the addi-

. - —1,2 . . .
tional condition (5.4). Let u?> € C "“(A) with corresponding H;, i > 0. Assume to
the contrary that ¢ := %[ué — u%] > 0, and denote

X = () —u?)" +ocr.

By Definition 7.2(iii), X satisfies the requirements in Remark 7.3. Let ~(I7 LZ, K )
and t* be defined as in Remark 7.3(i). Then one can easily see that K; = 0 for
t < 1™, and thus

20T = Xo < Yo = Ep [Vee] = Eg [ Xoe].
This implies that

EN[X7]=cT <2cT < E5[Xe],
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and thus Po[t* < T'] > 0. On the other hand, apply Remark 7.3(ii) to T, then there
exists w* € Q such that t* := t*(0*) < T and Y+ (0™) = Y+ (w™). Thus,

Xl‘* (a)*) = Yl* (a)*) = Yt* (a)*) = Sup EIL* [Xi*’w*]
TeTt*
In particular, this implies that

(! = )" (%, ") + er* = X (%) = Ep[ X7 ] =T,

and thus (u' — u?)(t*, w*) > 0. Assume without loss of generality that t* €
[H; (0*), H;+1(®*)), and we may choose the H € H' " in Definition 7.2(ii) small
enough so that (u! — u?)"" > 0 on [r*, H). Now following the arguments in
Proposition 5.3, in particular by replacing the (u%)"®" there with the " " €
cl2(at *) in Definition 7.2(ii), we can easily obtain the desired contradiction. [J

We now turn to comparison and uniqueness. First, define
u(t, w) :=inf{y(t,0): ¢ € D(t, w)},
u(t, ) := sup{y (¢, 0): ¢ € D(t, w)},

where, for the £ in (7.1) and denoting by £"“ the corresponding operator on the
shifted space with coefficient F"%,

(7.4)

Dt w):={y € C H(A): L% > 0on [t, T) x ' and yp > £},
(1.5)
D(t, w):={ € C 2(A"): L% <0 on [, T) x ' and yp <&},

Following the arguments in the consistency Theorem 3.16, one can easily show
that

(7.6) u<1u.
A crucial step for our proof is to show that equality holds in the last inequality.

PROPOSITION 7.5. Let Assumption 4.3 hold with o = 14, and F is uniformly
continuous in (t, w) under dog. Then have u = u.

We then have the following well-posedness result.

THEOREM 7.6. Assume all the conditions in Proposition 1.5 hold true.

(i) Let u' € U be a viscosity subsolution and u* € U a viscosity supersolution
of semilinear PPDE (77.1), in the sense of Definition 7.1, with ulT <&< uzT Then
u! < u? on A.

(i1) The semilinear PPDE (7.1) with terminal condition § has a unique viscosity
solution u € UCp(A), in the sense of Definition 7.1.
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PROOF. First, by the partial comparison principle Proposition 7.4, we have

u! <7 and u < u?. Then Proposition 7.5 implies ul <u? immediately, which

implies further the uniqueness of viscosity solution. Finally, by Proposition 4.4 we
have the existence. [

PROOF OF PROPOSITION 7.5. Without loss of generality, we shall only prove
u(0,0) <u(0,0). In light of Proposition 3.14, we may also assume without loss of
generality that

.7 F is nonincreasing in y.
For any ¢ > 0, we denote
O::={xeR%:|x| <e}, O =[x eR?:|x|<e},
00, :={x € RY: |x| =¢};
Qf:=[1,T)x O;, O, :=[t,T] x O,
00; :=([1,T1x 30:) U ({T} x Op).
Moreover, we introduce the following space of discrete sequences:
5 = {m, = (t;, xi)o<i<n 0 =0,x0 =0, 1; < ti41 AT and |x;| < ¢ for all i}.

Now for any 7, € I}, and any (7, x) € Q7 , define

Htlxb‘._TAinf{SZ[:}B§+x|:8}’
Hy i =T Ainfls > 079 Bl = Blwe| =), iz
i

We denote by B®™!¥(w) the linear interpolation (z;, Zi 0Xj)o<i<n and
= (), YioXj+x+ B! ,“(a))),>1, namely, abbreviating H; := H,"™*,

BTl = Zx, —— Xy, 0<i<n-—1,selttipq];
liv1 — 1
ge,nn,t,x _ < . B! Sl B! Bt 1 > 1 i, H;
K —Zx]+x+ Hi+ﬁ( Hitl ) i>1,s €[H;, Hit1].
j=0 i+1 4

Define
9 (nn, (t x)) fﬂn,tyx’

t,x,e

where, denoting Hy &l X

:=t and omitting the superscripts
R R T
ys =€-'(B) +K F(F, ZB~/\H§’X’€l[H[{’x’g,Hg’jiS)(r)’yr’Zr> dr — ‘/; Zr -dBr,
i>0

Pj-a.s.
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We remark that

F(r, Z B-/\H?’“’EI[HE”"E,Hlfﬁf)(’"), Yr, Zr)

i>0
=Y F(r, é_Ang,x,g, Veo 2y e (1)
i>0
is well defined and F-adapted. One can easily prove that the deterministic function
0y =0 (my; ) € Cl’z(an) and that 6 is continuous on the boundary ((¢,, T) X
00,) U ({T} x O,). Indeed, it satisfies the following standard PDE in Q‘f”:

(1.8)  —,6f — $15: D*0F — F(s,0™ "V 02 DOE) =0  in Q°,

s Vo

with boundary conditions
On (T, x) =E(@™ ), |x|<s;
0 (1, x) =05 (7n, (1,X);1,0), te(t,, T),x€dO,,

where ™ (T-%) denotes the linear interpolation of (fi,zazoxj)oggn, (T,
Z’;‘:o xj + x), and is deterministic.

0,0,¢

We now let Hf =H;

fine

, and B¢ the linear interpolation of {(H;, BHf)izO}- De-

o0
wg(tv (l)) = Z 9}/&1‘((07 0)’ (va BHf - BHffl)lflfn’ z, Bl - BHfl)]~[H"€1,H‘g )(t)

nt1
n=0
One can easily check that H? satisfies Definition 7.2(i) and ¥ satisfies Defini-
tion 7.2(iii). Moreover, for each n > 0, w € ©, and H),(w) <1t < HZ+1(‘0)’ we
have (7, o; — wue (w)) € Qiz(w). Set (t9, x0) :=(0,0), (t;,x;) := (Hj.(a)), Dy, (@) —
ij"fl(w))’ j=1,...,n,and let § > 0 be small enough such that (t, v, — w;,) €
an’a = [t,, T — 8) x Og—s. One may modify 6, outside of Q,en"s to obtain
0 ((t,x)0<j<n; ) € C12([ty, T] x RY). Now by setting H := inf{s > ¢: (s, B +
o — o) ¢ 05} < (5, )" and (%) (s, BY) := (1), x))oj=ns 5, BL +
w; — wy,), it is clear that ¢° satisfies Definition 7.2(ii). That is, ¥® € fl’z(A)
with corresponding hitting times H;,.
One may easily check further that v¢ (T, w) = E(ée ), and

1 .
(79) _al‘ws - Eld : 83)0)‘/[6 - F<S’ Z B.S/\Hfl[Hf,Hf_'_l)’ 1//8’ aa)’(//8> = 0

i>0
Notice that | B — B||7 < 2e. Then

|€(B?) — £(B)| < po(2e),
(7.10)

o0

F sazé.{;‘/\H’?I[Hf,Hf+l)7 y»Z> —F(S,B, va) 5100(28)
i=0
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Set

Y=y o0l +T — 1], Y=y — poQe)[l + T —1].
Then
vyt Y eC ),
U (T, 0) = ¥* (T, ) + po(2e) = £ (B®) + po(2¢) = £(B),
and, by (7.7), (7.10) and (7.9)

_ 1 _ _ _
—3,9° — Sla 02 U — F(s, B, Y’ 8,9")
1
> —0° + po(2e) = S la 32 W — F(s, B, ¥®, 3,0°)

1 N
> —8,1#8 — Eld N 83)ww8 — F(S, ZBsAHfl[Hls’Hf+1)’ wa’ awv/g) =0.

i>0

Thatis, ¥ € D(0, 0). Then (0, 0) < ¥ (0, 0). Similarly, one can prove u (0, 0) >
¥ (0, 0). Thus,

4(0,0) —u(0,0) <9 (0,0) — (0, 0) =2p0(26) (1 + 7).

Send ¢ — 0, we obtain u#(0, 0) < u(0, 0). This, together with (7.6), implies that
u(0,0)=u(0,0). O

We shall remark that the regularity of 6, is quite subtle. In fact, in general 67
may be discontinuous on {#,} x d O.. However, we do not need the continuity at
those points in above proof.

REMARK 7.7. The above proof of Proposition 7.5 takes advantage of the fol-
lowing three facts in the semilinear case, which do not hold anymore in the fully
nonlinear case in [10].

(1) The proof of partial comparison principle Proposition 7.4 uses the RBSDE
theory, which applies implicitly the dominated convergence theorem. In the fully
nonlinear case, in order to avoid the application of the dominated convergence

theorem, we shall modify the space fl’Z(A) slightly.

(ii) The functions 6, can be defined via BSDE:s. In the fully nonlinear case, in
particular when there is no representation formula, we shall prove the existence of
0, satisfying (7.8) in an abstract way in [10].

(iii) The functions 6, are already in Cl’z(an). In the fully nonlinear case, this
is typically not true, and then we shall approximate 6, by smooth functions.
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8. First-order PPDEs. In this section, we study the following first-order
PPDE:

8.1 {—0u — G(,u, d,u)}(t,w) =0, (t,w) € A,

where G : A x R x R? — R verifies the following counterpart of Assumption 3.1.

ASSUMPTION 8.1. (i) G(-,y,z) € LY°(A) for any fixed (y,z), and |G(-,
0,0)| < Co.

(i1) G is uniformly Lipschitz continuous in (y, z) with a Lipschitz constant Ly,
and locally uniformly continuous in (¢, w) under d,, namely for any (¢, w), there
exists oy, such that

sup|G(7, @, y,2) — G(t, 0, ¥, 2)| < pr.0(doo((t, W), (7, ®))).
V.2

We note that here we require G to be locally uniformly continuous in (¢, w),
which is stronger than Assumption 3.1(iv), but weaker than the uniform continuity
required in Theorem 7.6 or in [10]. The uniform regularity is used mainly for
the proof of comparison principle. However, in this case we will employ some
compactness arguments, and then continuity implies locally uniform continuity.

This PPDE was studied by Lukoyanov [17] by using the compactness of the set
QY defined below. In this section, we explain briefly how to reduce our general
formulation to this case so as to adapt to Lukoyanov’s arguments. However, we
emphasize again that this type of compactness argument encounters a fundamen-
tal difficulty in the second-order case; see Remark 8.2 below. We shall establish
the well-posedness of second-order equations in our accompanying paper [10] by
using the optimal stopping result Theorem 2.6.

As is well known, a first-order HIB equation corresponds to deterministic con-
trol. Similar to Section 7, in this case we may restrict our probability measures to
degenerate ones with 8 = 0; see Remark 3.10. We then define for any L > 0:

82) P ={P*:a:[t,T]— RY, o] < L} where dB! = a;ds, P*-as.

and the corresponding nonlinear expectations EIL, E tL , and nonlinear optimal stop-
. =L L . .

ping problems S,’, §;°, etc. in an obvious way. Denote

(8.3) Qf :={w e Q":wis Lipschitz continuous with Lipschitz constant L},

and A} = [1, T1 x Q, P :=Ur-oPL. Q% = U097, AL :=Ur-0 AL
As in [17], one can easily check that

P(Q})=1forall P e P;, Q] is compact and
(8.4) QL C Qisdense under | - ||7;fors <t,w e Q},d € QY

we have w ®; @ € Q.
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REMARK 8.2. All the above properties are important in Lukoyanov’s ap-
proach for first-order PPDEs, especially for proving the comparison principle. In
the second-order case, for example, for the semilinear PPDEs considered in Sec-
tion 7, since P{(Q2L,) = 0, the set QL is not appropriate. One may consider to
enlarge the space: for 0 <o < 1 and L > 0, let

QL :={we Q" :wis Holder-a continuous with Holder constant L},

t o t
Qoo =J 21
L>0

Then for o < % we have

PH(24.00) = 1. [, ; is compact and [, ., C Q is dense under || - ||7.
However, the last property in (8.4) fails in this case:
fors <t,weQ ;&€ Q. ingeneral v ® & ¢ 2, ;.
This is the main reason why we were unable to extend this approach to second-

order case.

Notice that PPDE (8.1) involves only derivatives d;u and d,,u, we thus introduce
the following definitions.

DEFINITION 8.3. We say a process u € CY(A") is in C1-1(AY) if there exist
d:u € CO(A") and d,u € CO(A", RY) such that
(8.5) duy=0:ugds + 0,uy - dBSt, t<s<T,P-as.forallPe Péo.

It is obvious that d;u and d,u, if they exist, are unique on Af)o. Then, since

Q! C Qis dense and d;u, d,u are continuous, we see that they are unique in A’.
For all u e LO%(A), (,w) € A with7 < T, and L > 0, define

Alu(t, w):={p e C"N (A (p —u"?), =0 =S [(¢ — u"?)

for some H € ’Ht},

~/\H]

6 .
A ut,w):={peC 1 (A):(p—u"?), =0=5,(p —u"?)

for some H € Ht}.

-l

We then define viscosity solutions exactly as in Definition 3.7. We may easily
check that all the results in this paper, when reduced to first-order PPDEs, still
hold under this new definition. In particular, the examples in Section 4.1 are still
valid, and the value function of the deterministic control problem is a viscosity
solution to the corresponding first-order path dependent HJB equation.

We remark that our Definition 8.3 of derivatives is equivalent to Lukoyanov’s
notion of derivatives, which is defined via Taylor expansion. Moreover, instead
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of using nonlinear expectation as in (8.6), Lukoyanov uses test functions ¢ such
that ¢ — u attains pathwise local maximum (or minimum) at (¢, ). So, modulus
some minor technical difference, in spirit a viscosity solution (resp., subsolution,
supersolution) in our sense is equivalent to a viscosity solution (resp., subsolution,
supersolution) in Lukoyanov’s sense. Indeed, our following comparison principle
and uniqueness result for first-order PPDEs follows from almost the same argu-
ments as that of [17]. We nevertheless sketch a proof for completeness.

THEOREM 8.4. Let Assumption 8.1 hold true. Let u' € U (resp., u> € U) be
a viscosity subsolution (resp., supersolution) of PPDE (8.1), in the sense of Defi-
nition 3.7 and modified in the context of this section. If u' (T, -) < u?*(T,-) on L,
then u' < u? on A.

PROOF. Let u! (resp., u?) be a viscosity L-subsolution (resp., L-super-
solution) for some L > L. Assume by contradiction that cg := u(l) — u% > 0. For
& > 0, define

. . L1 s
D, (1, 0.7, @) = u(t, ) — u>F, &) — :—;[ZT =] = (1, 0. T, @)
&€
» » T
where W, (1, w; 7, ®) := |t — 1|* + | — 7| + / lwinr — @7, dr.
0

Then c; 1= SUP(; ,7.aye(a,)? Pelt, wi 1, D) = @:(0,0;0,0) = 3 > 0. By com-
pactness of the space, there exists (f;, w°; f, @°) € (A1)? such that & (z,, 0°; 7,
&%) = c,. Note that ' is bounded from above and u? is bounded from below, then
one can easily see that

W, (te, 0% 1, @°) < Ce which implies lin})doo(tg, °; 1, @°) =0.
E—>

Moreover, assuming without loss of generality that 7, < 7, and since ®.(t,, ®®; I,
@f) > O, (1., @°; tp, ®°), it follows from (2.2) that

1 - . . . co .~
0< ~We(te, @3 72, ) <t (10, 0°) — ' (o, @) — ~2[Fe — 1] — 0.
3 4T
Now, if 7, = T, then u?(s, @°) > u' (f,, @°), and thus
¢ - .
30 = q)g(tgad)s;ts» &)8)
1 € 17 ~ €0 - 1 :
=u (te,w )_M (te, @) — ﬁ[ts —t] = =V (t,w; 1, 0) — 0.
€

This is a contradiction. Thus, we have t, <f, < T (ort, <t, < T) when ¢ is small
enough.
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We now define test functions:
o1(t, ) = uP(fe, ) + :—;[ZT —t—T]+ %\ps(z, w; 1o, 0°) — co.
oo, @) == u' (e, 0°) — :—;[ZT —te— 1] — élllg(tg, o1, @) + ce.
It is straightforward to check that ¢ € ALul (te, %), @o € Apu®(f,, &°), and

1 (te, ) = _E + - [te I,

2 . T .
o) =210, =351+ [ el = o |

- c 2 .
8Z(P2(t6a ) ﬁ - g[ e — Lel,
- g 2
860(,02(1‘5,60 )= - — +/ a)~ 6()t /\r dl"

Note that 0 < &, (7, @°; fg,a)‘e) < ul(ty, ) — u?(f;, ®). As standard, we may
assume without loss of generality that G is decreasing in y. Then it follows from
the viscosity property of u!, u? that

o
7 = 02 (fe, @°) — 011 (t, ©°)

S G(7 u27 8(/)()02)(;8’ 6)8) - G(a ula 8w§01)(t87 wg)
< G(lg, @, uy(te, ®°), 02 (te, @°)) — G(te, @°, ui(te, ©°), I (te, ©°))
< sup|G( e @°,9,2) — G(te, ®°, y,2)| + Lo|0wp2(le, @°) — 001 (te, ©°)|.
By the compactness of Q;, {(f, w®), & > 0} has a limit point (*, *) € A, and
we may assume without loss of generality that 1iII(1) doo (£, @), (%, ™)) = 0.
e—>

Then it follows from the locally uniform continuity of G that lirr(l) sup |G (te, &°
E—> v,z

v,2) — G(ts, ®°, y, z)| = 0. Moreover,
|92 (le, @) = dup1 (e, ©F) |
2| fleVie
\/t\ ~ [wisAr - t /\r] dr

A

&

[ltg t8||a) - a)S | +/ |a)tg/\r wta| + {wt vava B Cb?audr]

C 3 N
< —[Itg — fe* + |of — &t REX

This implies 5% < 0, contradiction. [J
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