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Abstract

The aim of the present work is the introduction of a viscosity type solution, called strong-
viscosity solution emphasizing also a similarity with the existing notion of strong solution
in the literature. It has the following peculiarities: it is a purely analytic object; it can be
easily adapted to more general equations than classical partial differential equations. First, we
introduce the notion of strong-viscosity solution for semilinear parabolic partial differential
equations, defining it, in a few words, as the pointwise limit of classical solutions to perturbed
semilinear parabolic partial differential equations; we compare it with the standard definition of
viscosity solution. Afterwards, we extend the concept of strong-viscosity solution to the case of
semilinear parabolic path-dependent partial differential equations, providing an existence and
uniqueness result.

1. Introduction

As it is well-known, viscosity solutions represent a cornerstone in the theory of Partial
Differential Equations (PDEs) and their range of application is enormous, see the user’s
guide [10]. Here, we just emphasize the important role they played in the study of semilinear
parabolic partial differential equations. We also emphasize the role of Backward Stochastic
Differential Equations (BSDESs), which constitute a probabilistic counterpart of viscosity
solutions of semilinear parabolic partial differential equation, see the seminal paper [34].

The aim of the present work is the definition of a variant of viscosity type solution, called
strong-viscosity solution to distinguish it from the classical one. Compared to this latter,
for several aspects it seems easier to handle and it can be easily adapted to a large class of
equations.

In recent years, there has been a renewed interest in the study of generalized partial dif-
ferential equations, motivated by the study of Markovian stochastic control problems with
state variable living in an infinite dimensional space (see [13]) or path-dependent problem:s,
for example, stochastic control problems with delay, see [21]. The theory of backward sto-
chastic differential equations is flexible enough to be extended to deal with both problems,
see, e.g., [24], [25], [36]. From an analytic point of view, regarding infinite dimensional
Markovian problems, there exists in general a corresponding partial differential equation in
infinite dimension, and also the notion of viscosity solution has been extended to deal with
this case, see [12], [43], and [21]. However, uniqueness for viscosity solutions revealed
to be arduous to extend to the infinite dimensional setting and requires, in general, strong
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assumptions on the coefficients of the partial differential equation.

Concerning path-dependent problems, it is still not clear what should be the correspond-
ing analytic characterization in terms of partial differential equations, whose probabilistic
counterpart is represented by the backward stochastic differential equation. A possible so-
lution to this problem is represented by the class of equations introduced in Chapter 9 of
[14] within the framework of Banach space valued calculus, for which we refer also to [22].
Alternatively, [15] introduced the concept of Path-dependent Partial Differential Equation
(PPDE), which could do the job. Even if it is still not completely definite in the literature
what a path-dependent partial differential equation is (indeed, it mainly depends on the def-
inition of functional derivatives adopted), the issue of providing a suitable definition of vis-
cosity solution for path-dependent partial differential equations has already attracted a great
interest, see for example [16, 18, 19, 38, 44], motivated by the fact that regular solutions
to path-dependent PDEs in general exist only under strong assumptions, see Remark 3.8.
We drive the attention in particular to the definition of viscosity solution to path-dependent
PDEs provided by [16, 18, 19, 6, 38], where the classical minimum/maximum property, ap-
pearing in the standard definition of viscosity solution, is replaced with an optimal stopping
problem under nonlinear expectation [17]. Notice that probability plays an essential role
in this latter definition, which can, more properly, be interpreted as a probabilistic version
of the standard definition of viscosity solution, rather than a purely analytic object; indeed,
quite interestingly, the proof of the comparison principle turns out to be nearly a “transla-
tion” into probabilistic terms of the classical proof of the comparison principle, see [38]. We
also emphasize that a similar notion of solution, called stochastic weak solution, has been
introduced in the recent paper [32] in the context of variational inequalities for the Snell
envelope associated to a non-Markovian continuous process X. Those authors also revisit
functional It calculus, making use of stopping times. This approach seems very promising.

The paper is organized as follows. First, in Section 2, we develop the theory of strong-
viscosity solutions in the finite dimensional Markovian case, applying it to semilinear par-
abolic partial differential equations. A strong-viscosity supersolution (resp. subsolution) is
defined, in a few words, as the pointwise limit of classical supersolutions (resp. subsolu-
tions) to perturbed semilinear parabolic PDEs. A generalized strong-viscosity solution is
both a strong-viscosity supersolution and a strong-viscosity subsolution. This definition is
more in the spirit of the standard definition of viscosity solution. We also introduce another
definition, simply called strong-viscosity solution, which is defined as the pointwise limit
of classical solutions to perturbed semilinear parabolic PDEs. We notice that the defini-
tion of strong-viscosity solution is similar in spirit to the vanishing viscosity method, which
represents one of the primitive ideas leading to the conception of the modern definition of
viscosity solution and justifies the term viscosity in the name, which is also justified by the
fact that a strong-viscosity solution is not assumed to be differentiable. Our definition is
likewise inspired by the notion of strong solution (which explains the presence of the term
strong in the name), as defined for example in [2], [26], and [27], even though strong so-
lutions are in general required to be more regular than viscosity type solutions. Finally,
we observe that the notion of strong-viscosity solution has also some similarities with the
concept of good solution, which turned out to be equivalent to the definition of LP-viscosity
solution for certain fully nonlinear partial differential equations, see, e.g., [3], [11], [30], and
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[31].

We prove in Section 2, Theorem 2.10, that every strong-viscosity supersolution (resp.
subsolution) can be represented in terms of a supersolution (resp. subsolution) to a backward
stochastic differential equation. This in turn implies that a comparison principle (Corollary
2.11) for strong-viscosity sub and supersolutions holds and follows from the comparison
theorem for backward stochastic differential equations. In particular, the proof of the com-
parison principle is probabilistic and easier to extend to different contexts than the corre-
sponding analytical proof for classical viscosity solutions, which is based on real analysis’
tools as Ishii’s lemma and the doubling of variables technique. We conclude Section 2 pro-
viding two existence results (Theorem 2.13 and Theorem 2.16) for strong-viscosity solutions
under quite general assumptions.

In Section 3 we extend the notion of strong-viscosity solution to the case of semilinear
parabolic path-dependent partial differential equations, leaving to future research other pos-
sible extensions, e.g., the case of partial differential equations in infinite dimension. For
PPDEs, as already said, a viscosity type solution, meant as a purely analytic object, is still
missing, so we try to fill the gap. As previously noticed, the concept of path-dependent
partial differential equation is still not definite in the literature and, in the present paper, we
adopt the setting developed in the companion paper [9]. However, we notice that, if we
had worked with the definition of functional derivatives and path-dependent partial differen-
tial equation used, e.g., in [15, 5], the same results would hold in that context without any
change, but for notational ones, see [9] for some insights on the link between these different
settings. Let us explain the reasons why we adopt the definitions of [9]. First, in [9] the
time and space variables (t,n7) € [0,T] x C([-T,0]) play two distinct roles; moreover the
space variable 7 (i.e., the path) always represents the past trajectory of the process. This is
in complete accordance with the literature on stochastic control problems with delay (see,
e.g., [4] and [21]), which is, for us, one of the main applications of path-dependent partial
differential equations. On the contrary, in [5] the time and space variables are strictly related
to each other; moreover, the path represents the entire trajectory (past, present, and future)
of the process, so that the notion of non-anticipative functional is required, see Definition
2.11in [5].

We prove in Section 3, Theorem 3.10, a uniqueness result for strong-viscosity solutions
to path-dependent PDEs proceeding as in the finite dimensional Markovian case, i.e., by
means of probabilistic methods based on the theory of backward stochastic differential equa-
tions. We also prove an existence result (Theorem 3.12) for strong-viscosity solutions in
a more restrictive framework, which is based on the idea that a candidate solution to the
path-dependent PDE is deduced from the corresponding backward stochastic differential
equation. The existence proof consists in building a sequence of strict solutions (we prefer
to use the term strict in place of classical, because even the notion of smooth solution can
not be considered classical for path-dependent partial differential equations; indeed, all the
theory is very recent) to perturbed path-dependent PDEs converging to our strong-viscosity
solution. This regularization procedure is performed having in mind the following simple
property: when the coefficients of the path-dependent partial differential equation are smooth
enough the solution is smooth as well, i.e., the solution is strict. In the path-dependent case,
smooth coefficients means cylindrical coefficients, i.e., smooth maps of integrals of regular
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functions with respect to the path, as in the statement of Theorem 3.6.

Finally, we defer some technical results to the Appendix. More precisely, we prove some
basic estimates for path-dependent stochastic differential equations in Lemma A.2. Then,
we state a standard (but, to our knowledge, not at disposal in the literature) estimate for
supersolutions to non-Markovian backward stochastic differential equations, see Proposition
B.1. Afterwards, we prove the limit Theorem C.1 for supersolutions to backward stochastic
differential equations. We conclude the Appendix with a technical result, Lemma D.1, of
real analysis.

2. Strong-viscosity solutions in the Markovian case

In the present section we introduce the notion of strong-viscosity solution in the non-
path-dependent case, for the semilinear parabolic PDE

o.u(t, x) + (b(t, x), D.u(t, x)) + %tr(o-o”(t, x)D)zcu(t, X))
2.1 + f(t, x,u(t, x),o"(t, x)Du(t,x)) = 0, V(¢ x) € |0, T[xR4,
u(T,x) = h(x), Vx e RY,

where b: [0,T] xR? - R, 0: [0, T] xR — R4 £:[0,T] xR xR x R — R, and
h: RY — R satisfy the following assumptions.

(A0) b, o, f, h are Borel measurable functions satisfying, for some positive constants C
and m,
|b(t, x) — b(t, xX)| + |ov(t, x) — o(t, X')| < Clx — x|,
lftxy.2) - ft,x,y, ) < Clly -y +z-Z),
Ib(z,0)| + |o(2,0)] < C,
£, x,0,0)[ + |A(x)] < C(1 +[x]"),

A A

IA

forallt € [0,T], x,x €eRY y,y’ € R, and 7,7’ € R%.

2.1. Notations. We denote by R the linear space of real matrices of order d. In the all
paper, | - | denotes the absolute value of a real number or the usual Euclidean norm in R? or
the Frobenius norm in R¥¢,

We fix a complete probability space (€2, ', P) on which a d-dimensional Brownian motion
W = (W0 is defined. Let F = (F;);»0 denote the completion of the natural filtration

generated by W. We introduce the following spaces of stochastic processes.

e SP(t,T), p > 1,t < T, the set of real cadlag adapted processes ¥ = (¥s);<s<r such
that

Y1

SP(,T)

= JE[ sup |Ys|p] < oo,
t<s<T
e HP(1,T)!, p > 1,1t < T, the set of R%-valued predictable processes Z = (Z;);<s<r
such that

P

T 4
IzZlP = E Z,Pds) | < .
HP T p
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We simply write H” (¢, T) when d = 1.
e A"2(t,T), t < T, the set of real nondecreasing predictable processes K = (K);<s<1 €
S2(¢, T) with K, = 0, so that

IKI%, = E[KZ].

s2(,1)

o LP(t,T;RY), p > 1,t < T, the set of R -valued adapted processes ¢ = (@;)<s<r
such that

< 09,

T
p - p
ll"ollu’wﬁdﬂ o E[I il

We also consider, for every (, x) € [0, T] X R, the stochastic differential equation

02 {dXs = b(s, X,)dt + (s, X,)dW,, se [t Tl

X, = x.

It is well-known (see, e.g., Theorem 14.23 in [29]) that, under Assumption (A0), there
exists a unique (up to indistinguishability) F-adapted continuous process X™* = (X;*)serr.71
strong solution to equation (2.2).

2.2. First definition of strong-viscosity solution. We begin recalling the standard defi-
nition of classical solution.

Definition 2.1. A function u: [0,T] X R? — R is called classical solution to equation
(2.1) ifu € CY2([0, T[xRY) N C([0, T] x RY) and solves (2.1).

We state a uniqueness result for classical solutions.

Proposition 2.2. Suppose that Assumption (A0) holds. Let u: [0,T] x RY — R be a
classical solution to equation (2.1), satisfying the polynomial growth condition

(2.3) e, 0l < 1+ ™), V(5,0 €0, TIX R,
for some positive constants C' and m’. Then, the following Feynman-Kac formula holds:
(2.4) ut,x) = Y, Y(t,x)e[0,T] xR,

where (Y™, Z5)sernry = (u(s, X§™), 077 (s, XD (s, X7y ri($))serer) € S22, T) x HA (2, T
is the unique solution to the backward stochastic differential equation: P-a.s.,

rotr o “r

T T
(2.5) Yot = h(X’T’x) + f fr, X245, Y, 25 dr — f ZMaw,, t<s<T.

N N
In particular, there exists at most one classical solution to equation (2.1) satisfying a poly-

nomial growth condition as in (2.3).

Proof. The proof is standard, even if we have not found an exact reference for it in the
literature. We just give the main ideas. Fix (¢, x) € [0, T[xR? and set, forallt < s < T,

Y;’x = u(S,X;’x), Zifx = DXM(S,Xé’x)l[t,T[(S).

Notice that identity (2.4) holds taking s = 7 in the first equality. Now, applying It6’s formula
to u(s, X;*) between t and any T € [t, T[, and using the fact that u solves equation (2.1), we
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see that (2.5) holds with T in place of T and u(7Y, XIT;‘ ) in place of h(X’T’x ). To conclude, it is
enough to pass to the limit as 7y ,” T. This can be done using estimate (B.3) in Proposition
B.1 with K = 0. Finally, we notice that the present result is a slight generalization of
Theorem 3.1 in [34], since u € CH2([0, T[xRY) N C([0, T] x R?) instead of u € C'2([0, T] x
RY). O

We can now present our first definition of strong-viscosity solution to equation (2.1).

Definition 2.3. A function u: [0,T] x RY — R is called a strong-viscosity solution to
equation (2.1) if there exists a sequence (U, hy, fn, by, 0p)n of Borel measurable functions
u,: [0, TIXRY 5 R hy: RT S R, £,: [0, TIXxRIXRXRY - R, b,: [0,T] xRY = RY,
and o,: [0, T] x RY — R4 such that the following holds.

(1) For some positive constants C and m,
|bn(t’ x) _bl’l(t7 x/)l + |0-n(t7 x) _O-n(tv x’)l S Cl'x—x/l’
| fult, %, y,2) = fu(t, x, ', 2) | < Cly = y'| + 1z = Z),
[Dn(2,0) [+ |0(1,0)| < C,
| (2, %) | + | () | + | fu(2, x,0,0)| < C(1 + [x]"),

IA

IA

forallt € [0,T], x,x €R%, y, iy €R, and z,7 € R Moreover, the functions u,(t,-),
h, (), fu(t, -, -, ), n € N, are equicontinuous on compact sets, uniformly with respect
tot€[0,T].

(i1) u, is a classical solution to

Oy (t, X) + (bp(t, x), Dyu,(t, X)) + %tr((rna;(t, X)D2u, (2, x))
(2.6) + fu(t, x, u,(t, x), 0}, (t, x)Du, (2, x)) = 0, Y (t,x) € [0, T[xR?,
I/ln(T, )C) = hn(X), Vxe Rd.

(i1) (uy, hy, fn, by, 0n) converges pointwise to (u, h, f,b,0) as n — oo.

Remark 2.4. (i) Notice that, for all ¢+ € [0,T], asking equicontinuity on compact sets
of (un(t,)), together with its pointwise convergence to u(, -) is equivalent to requiring the
uniform convergence on compact sets of (u,(t,-)), to u(t,-). The same remark applies to
(hn(-))n and (fu(t, -, -5 D
(ii) In Definition 2.3 we do not assume (A0) for the functions b, o, f, h. However, we can
easily see that they satisfy automatically (A0) as a consequence of point (i) of Definition
2.3. See also Section 2.3.

(iii)) We observe that a strong-viscosity solution to equation (2.1) in the sense of Definition
2.3 is a standard viscosity solution; for a definition we refer, e.g., to [10]. Indeed, since
a strong-viscosity solution u to (2.1) is the limit of classical solutions (so, in particular,
viscosity solutions) to perturbed equations, then from stability results for viscosity solutions
(see, e.g., Lemma 6.1 and Remark 6.3 in [10]), it follows that u is a viscosity solution to
equation (2.1). On the other hand, if a strong-viscosity solution exists and a uniqueness result
for viscosity solutions is in force, then a viscosity solution is a strong-viscosity solution, see
also Remark 2.14. O
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Theorem 2.5. Let Assumption (A0) hold and let u: [0, T1xR? — R be a strong-viscosity
solution to equation (2.1). Then, the following Feynman-Kac formula holds

ut,x) = Y, Y (t,x) € [0,T] X RY,

where (Y¢*, Z5 ) sernr) € SH(t, T) X H2(t, T, with Yi¥ = u(s, Xi™), is the unique solution to
the backward stochastic differential equation: P-a.s.,

T T
27 Yo = RXE) + f £l X5 Y, 709 dy — f 7 aw,,
S S

forallt < s < T. In particular, there exists at most one strong-viscosity solution to equation
2.1).

The uniqueness Theorem 2.5 will be proved in Section 2.4, see Remark 2.12.

2.3. Remarks in the case of discontinuous coefficients. In the present section we will
need the following additional assumption:

(A0)’ For every (¢, x) € [0, T[xRY, X;x has an absolutely continuous law with respect to
the Lebesgue measure.

As noticed in Remark 2.4-(ii), in Definition 2.3 we easily see that the coefficients b, o, f, h
satisfy automatically (A0). It also follows from point (i) of Definition 2.3 that f(z, -) and A(-)
are continuous, uniformly with respect to ¢ € [0, T']. However, we can modify Definition 2.3
as follows in order to take into account the case where f and & are discontinuous.

Let Assumptions (A0)-(A0)’ hold. A function u: [0, T]xR? — R is called a strong-viscosity
solution to equation (2.1) if there exists a sequence (U, b,, 0y), of Borel measurable func-
tions u,: [0, T[XR? — R, b,: [0, T[xR? — R4, and o,: [0, T[xR? — R4, such that the
following holds.

(1) For some positive constants C and m

A

|bu(t, X) = by(t,x') | + [ ou(t, X) — 008, X)) | < Clx =X,
|bu(1,0)| + | on(1,0)| < C,
lun(t, )| < C(1 + [x[™),

IA

forallt € [0,T], x,x' € RZ. Moreover; the function u,(t,-) is equicontinuous on
compact sets, uniformly with respect to t in any compact set of [0, T'[.
(i) u, belongs to C'*([0, T[xR?) and satisfies

O, (t, x) + (b, (t, x), D, u,(t, x)) + %tr(anofq(t, x)Diun(t, X))
+ f(t, X, u,(t, x), (1, X)Duy(t, X)) = 0, Y (t,x) € [0, T[XR?.

(iii) (i, by, o) converges pointwise to (u, b, o) on [0, T[XR? as n — .

@iv) The set Dy = {x € R: u(-,-) is discontinuous at (T, x)} has Lebesgue measure equal
to zero.

(v) For some positive constants C and m

lu(t, x)| < C(1 + |x|™),
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for all (t,x) € [0, T] x RY.
(vi) w(T, x) = h(x) for almost every x € R,

Notice that under Assumptions (A0)-(A0)’ there exists at most one strong-viscosity solution
(in the above sense) to equation (2.1). Let us give an idea on how to prove this result: the
proof is an adaptation of the proofs of Theorems 2.5. Given (1, x) € [0, T[xR, for every
Ty € [t, T[ we apply Theorem 2.5 on the time interval [z, Ty] instead of [z, T']. Indeed u is a
strong solution (in the sense of Definition 2.3) of (2.1), replacing 7" with 7. Then, we get
for Yy* = u(s, Xy, s € [t, Tol,

T() TO
28) ¥ = wTo X+ [ XY 2 dr - f 7 aW,,  1<s<T.
N N

Now, by item (iv) of and (A0)’ that the event N = {w € Q: X’T’x (w) € Dy} has probability
zero. Then, up to a null subset of QQ, we have
Tl()iLnT u(TO,X;;‘) = u(T,X;") = h(X;).

We observe that the above limit also holds in L? since u satisfies the polynomial growth
condition (v). This allows to pass to the limit as 7p — T in (2.8) and to prove that
(Y3, Z Ve € S2(t, T) x HA(1, T)?, with Yi* = u(s, X§¥), is the unique solution to the
backward stochastic differential equation (2.7). From the uniqueness of (Y"*, Z"¥), and in
particular of Y/*, we conclude that u(t, x) = Y;"*,¢ < T, is uniquely determined. Therefore,
there exists at most one strong-viscosity solution (in the above sense) to equation (2.1). This
shows uniqueness for strong-viscosity solutions in the present sense.

Concerning the existence results, namely Theorems 2.13 and 2.16, they need f and & to be
continuous. However, exploiting more refined results in the theory of regularity of parabolic
equations (e.g., with f and % possibly discontinuous, but o such that uniform ellipticity
holds), it is potentially possible to prove an existence result for a strong-viscosity solution
in the sense of the above definition. We provide below a simple example where this can be
done. This example also shows that there might be equations of the form (2.1) for which
we have a unique strong-viscosity solution (in the above sense) but infinitely many viscosity
solutions.

Taked =1,b=0,0 =1, f =0, and h(x) = 1} o[(x) for all x € R. Then equation (2.1)
becomes

Auu(t, x) + 3Du(t,x) = 0, V(t,x) €[0,T[xR,
w(T,x) = lpeop(x), VxeR.

(2.9)

Notice that Assumptions (A0)-(A0)’ hold, therefore there exists at most one strong-viscosity
solution (in the above sense) to equation (2.9). Indeed, the unique strong-viscosity solution
to equation (2.9) is given by the following explicit formula:

1-x

VT -t

u(t,x) = 1- q)( ) Y (t,x) € [0, T[XR, U(T,x) = ljjep(x), VxeR,

where O(z) = f L ¢=37dz. As a matter of fact, u = v fulfills previous items (iv), (v), (vi).

4
—00 21

Moreover v is C"2([0, T[xR?), so item (ii) holds with b, = 0 and o, = 1. Items (i) and (iii)
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are also trivially fulfilled: we do not need to regularize the coefficients, so we take u, = v.
Finally v a strong-viscosity solution in the sense of the present definition.

Let us now prove that there are infinitely many viscosity solutions to equation (2.9).
Firstly, fix a € [0, 1] and define

. 0, x<1,
-X
va(t,x) = 1—<I>( ), VY (t,x) € [0, T[XR, v(T,x) = a, x=1, VxeR.
VT —t 1 ]
s X > kil

Notice that v = vy. Let us prove that each v, is a (discontinuous) viscosity solution to
equation (2.9): we refer for instance to Section 2 in [28] for the definition of discontinu-
ous viscosity solution. As a matter of fact, consider the lower and upper semi-continuous
envelopes of v,:

(Va)«(t, x) = liminf v,(s,y), (0a)"(t, x) = limsup v,(s,y),
(s,y)—(t,x) (5,y)—(t,x)
s<T s<T

for every (¢, x) € [0, T] X R. Notice that (v,). = vy and (v,)* = vy, for every a € [0, 1]. It is
easy to see that vy is a viscosity subsolution to equation (2.9), since vy(7,-) < h, moreover
vy is CH2([0, T[xR?) and solves equation (2.9) on [0, T[xR. Similarly, we see that v; is
a viscosity supersolution to equation (2.9). This implies that each v, is a (discontinuous)
viscosity solution to equation (2.9). We conclude that there is no uniqueness result for
viscosity solutions to equation (2.9).

2.4. Second definition of strong-viscosity solution. Our second definition of strong-
viscosity solution to equation (2.1) is more in the spirit of the standard definition of viscosity
solution, which is usually required to be both a viscosity subsolution and a viscosity super-
solution. Indeed, we introduce the concept of generalized strong-viscosity solution, which
has to be both a strong-viscosity subsolution and a strong-viscosity supersolution. As it will
be clear from the definition, this new notion of solution is more general (in other words,
weaker), than the concept of strong-viscosity solution given earlier in Definition 2.3. For
this reason, we added the adjective generalized to its name.

First, we introduce the standard notions of classical sub and supersolution.
Definition 2.6. A function u: [0,T] x R? — R is called a classical subsolution (resp.
classical supersolution) to equation (2.1) ifu € CH*([0, T[xR?) N C([0, T] x RY) and solves
ou(t, x) + (b(t, x), D.u(t, x)) + %tr(o-o“(t, x)Du(t, x))
+ f(t, x,u(t, x), 07 (t, x)Du(t, x)) > (resp. <) 0, V(t, x) € [0, T[xXR?,
u(T,x) < (resp. =) h(x), vV x e RY.

We state the following probabilistic representation result for classical sub and supersolu-
tions.

Proposition 2.7. Suppose that Assumption (A0) holds.
(i) Let u: [0,T] x RY — R be a classical supersolution to equation (2.1), satisfying the
polynomial growth condition

lu(r, x)) < C'(1+|x"™),  V(1,x) €[0,T] xR,
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for some positive constants C' and m’. Then, we have
ut,x) = Y, Y(t,x)e[0,T] xR,

for some uniquely determined (Yy*, Zv", Ki ) sepnry € S*(t, T) x H2(t, T)Y x A*2(t, T), with
(Ye5, ZY = (u(s, X5, o7 (s, X5 )Du(s, Xi) 1 1((s)), solving the backward stochastic dif-
ferential equation, P-a.s.,

T T
Y = h(X7H)+ f fr X0 Y0, 20 dr + Kp° — K — f (ZF*,aw,y, t<s<T.
N

s Ly s Ly
s

(i) Let u: [0,T] x R — R be a classical subsolution to equation (2.1), satisfying the
polynomial growth condition

ut, )l < C'(1+ ™), V(6,0 €[0,T]xRY,
for some positive constants C' and m’. Then, we have
ut,x) = Y, Y(t,x)€[0,T] xR,

for some uniquely determined (Y™, Zv", Ki)senry € S?(t, T) x H2(t, T)Y x AY2(t, T), with
(Y, 75 = (u(s, X&), o (s, X5 D (s, Xf;x)l[t,T[(s)), solving the backward stochastic dif-
ferential equation, P-a.s.,

T T
Yo' = h(XS) + f FOr, X5, YR 785 dr — (K5 — K — f (Z4*,dW,), 1<s<T.
N s

Proof. The proof can be done proceeding as in the proof of Proposition 2.2, see Theorem
3.61n [7]. ]

We can now provide the definition of generalized strong-viscosity solution.

Definition 2.8. A function u: [0,T] x R? — R is called a strong-viscosity superso-
lution (resp. strong-viscosity subsolution) to equation (2.1) if there exists a sequence
(Uyy By [y by 00)n of Borel measurable functions u,: [0,T] X RY 5 R h,: RY > R,
£ [0,TIXxRIXxRXxR! - R, b,: [0,T] x RY - R4 and o,: [0,T] x RY — R4
such that the following holds.

(i) For some positive constants C and m,
[by(t, x) = bu(t, X') | + | u(t, X) — 0, X)) | < Clx = x|,
| fa(t, %, y,2) = fut,x,y',2) ] < Cly —y'1 + 1z = 2),
[Dn(2,0) | + | 00(2,0)| < C,
| un(t, %) | + [ h(X) | + | fu(t, x,0,0) | < C(1 + |x]™),

A A

IA

forallt € [0,T), x,x" € RY, y,y €R, andz,7 € Re. Moreover; the functions u,(t, -),
h, (), fu(t,-,-,-), n € N, are equicontinuous on compact sets, uniformly with respect
tot€[0,T].

(i1) uy is a classical supersolution (resp. classical subsolution) to
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Osty (2, x) + (b (t, X), Dyt (2, X)) + %tr(anm?(t, x)D2uy(t, X))
+ [ty X, un (8, x), o5 (2, ) Dyt (2, X)) = OV (2, x) € [0, T[XRY,
I/ln(T, X) = hn(x)’ Vx c Rd.

(i) (uy, hy, fr, by, 0y) converges pointwise to (u, h, f,b,0) as n — oo.
A function u: [0, T] x RY — R is called a generalized strong-viscosity solution to equation
(2.1) if it is both a strong-viscosity supersolution and a strong-viscosity subsolution to (2.1).

Remark 2.9. Notice that a strong-viscosity subsolution (resp. supersolution) to equation
(2.1) in the sense of Definition 2.8 is a standard viscosity subsolution (resp. supersolution),
as it follows for instance from Lemma 6.1 and Remark 6.3 in [10]. As a consequence, a
generalized strong-viscosity solution is a standard viscosity solution. O

We can now state the following probabilistic representation result for strong-viscosity sub
and supersolutions, that is one of the main results of this paper, from which the comparison
principle will follow in Corollary 2.11.

Theorem 2.10. (1) Let u: [0, T]XR? — R be a strong-viscosity supersolution to equation
(2.1). Then, we have

u(t,x) = Y7, Y (t,x) € [0,T] xRY,

for some uniquely determined (Yy™*, Zv", Ki¥)senry € S?(t, T) X H2(t, T)Y x AY2(t, T), with
Ye© = u(s, X5Y), solving the backward stochastic differential equation, P-a.s.,

T T
(2.10) Y7* = Y;°+ f fr XY Z ) dr+ Ky - Ky — f (Z,dw,), t<s<T.

N

(2) Let u: [0,T] xR? — R be a strong-viscosity subsolution to equation (2.1). Then, we
have

ut,x) = Y, Y(t,x)e[0,T] xR,
for some uniquely determined (Y:*, Zv", Ki)sepnry € S*(t, T) x H2(t, T)Y x A*2(t, T), with
Y = u(s, X5, solving the backward stochastic differential equation, P-a.s.,

T T
Q.11) Y™ = Yi'y f F(r X5, Y5 70 dr— (K5 = K') - f (Zt*,aw,),  1<s<T.
N N

s Ly &y

Proof. We shall only prove statement (1), since (2) can be established similarly. To prove
(1), consider a sequence (i, hy, f, by, 0y), satisfying conditions (i)-(iii) of Definition 2.8.
For every n € N and any (¢, x) € [0, T'] X R?, consider the stochastic equation, P-a.s.,

S S
Xy, = x+ f b,(r,X,)dr + f o(r, X)) dW,, t<s<T.
t t

It is well-known that there exists a unique solution (X" )sere.7) to the above equation. More-
over, from Proposition 2.7 we know that u,(t, x) = Yl”’t’x, (t,x) € [0,T] x RY, for some
(Y5, Ze5 K sepnry € S, T) x H2(¢, T)Y x A*2(¢, T) solving the backward stochastic
differential equation, P-a.s.,
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T T
Y = YRy f Fulr, XIPE Y5 ZI0) g I R f (ZdW,), t<s<T.
N

A
Notice that, from the uniform polynomial growth condition of (u,), and estimate (A.4) in
Lemma A.2 (for the particular case when b, and o, only depend on the current value of
path, rather than on all its past trajectory) we have, for any p > 1,

sup [|[Y""lsrry < o0.
neN

Then, it follows from Proposition B.1, the polynomial growth condition of (f,), in x, and
the linear growth condition of (f,), in (y, z), that
sup (||Zn’l’x||H2(z,T)d + ||Kn’t’x||82(z,T)) < oo.

Set Yo' = u(s, Xy, for any s € [t, T]. Then, from the polynomial growth condition that u
inherits from the sequence (u,),, and using estimate (A.4) in Lemma A.2 (for the particular
case of non-path-dependent b, and o), we deduce that ||[Y"||sp¢;.7) < oo, for any p > 1. In
particular, Y € S?(¢, T) and it is a continuous process. We also have, using the convergence
result (A.5) in Lemma A.2 (for the particular case of non-path-dependent b, and o,), that
there exists a subsequence of (X""*),, which we still denote (X""*),,, such that

(2.12) sup [X"(w) — XN(w)) = 0,  VweQ\N,

t<s<T
for some null measurable set N C €. Moreover, from estimate (A.4) in Lemma A.2 (for
the particular case of non-path-dependent b, and o) it follows that, possibly enlarging N,
sup,< ;7 (IX5 ()| + 1X5"™ (w)]) < oo, for any n € N and any w € Q\N. Now, fix w € Q\N;
then

V5 @) = Y @) = Jua(s, X0 (w)) = (s, X2 (@)

lit (5, X5 () = (5, X35 ()] + (5, X5 () — u(s, X5* ().

For any € > 0, from point (iii) of Definition 2.8 it follows that there exists n’ € N such that
it (5, X" () — u(s, Xy¥(w))| < g Vn>n'

On the other hand, from the equicontinuity on compact sets of (u,),, we see that there exists
0 > 0, independent of n, such that

lut (5, X" (W) = un(s, Xg" ()] < g if (X7 (w) = X ()] < 6.
Using (2.12), we can find n”” € N, n’” > n’, such that

sup | X" (w) — XH(w)| < 6, Vn>n".

t<s<T

In conclusion, for any w € Q\N and any € > 0 there exists n”” € N such that
Y (w) — Yo' ()] < &, Vn>n".

Therefore, Yi""*(w) converges to Y>*(w), as n tends to infinity, for any (s, w) € [t, T]X(Q\N).
In a similar way, we can prove that there exists a null measurable set N’ C Q such that
Ju(s, X (W), y, 2) = f(5, X" (w), 9, 2), for any (s, w,y,2) € [1, T] X (Q\N') X R X R?. As a
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consequence, the claim follows from Theorem C.1. m|

We can finally state a comparison principle for strong-viscosity sub and supersolutions,
which follows directly from the comparison theorem for BSDEs, for which we refer for
instance to Theorem 1.3 in [35].

Corollary 2.11 (Comparison principle). Let it: [0, T] xRY — R (resp. @t: [0, T] xRY —
R) be a strong-viscosity subsolution (resp. strong-viscosity supersolution) to equation (2.1).
Then it < it on [0, TIxRY. In particular, there exists at most one generalized strong-viscosity
solution to equation (2.1).

RemARk 2.12. (i) Notice that Theorem 2.5 follows from Corollary 2.11, since a strong-
viscosity solution (Definition 2.3) is in particular a generalized strong-viscosity solution.

(i1) There is no universal result concerning uniqueness for (classical) viscosity solutions.
There are only partial results, which impose several assumptions on the coefficients, for
instance Theorem 7.4 in [28]. m]

Proof. We know that ii(T, x) < g(x) < (T, x), for all x € R?. Moreover, from Theorem
2.10 we have

ut,x) = Y, i, x) = v, for all (7, x) € [0, T] x RY,

for some (Y, Z0*, K sepry, (Y05, 255, K5 ) sernry € S2(t, T) x H2(¢, T) x A*2(¢, T) satisfy-
ing (2.11) and (2.10), respectively. Then, the result follows from a direct application of the
comparison theorem for backward stochastic differential equations, see, e.g., Theorem 1.3
in [35]. O

Now, we present two existence (and uniqueness) results for strong-viscosity solutions to
equation (2.1).

Theorem 2.13. Let Assumption (A0) hold and suppose that b = b(x) and o = o(x) do
not depend on t. Suppose also that the functions f and h are continuous. Then, the function
u given by

(2.13) ut,x) = Y, Y (t,x) € [0,T] X RY,

where (Y0¥, 28y € SX(t,T) x H2(t, T)? is the unique solution to (2.7), is a strong-
viscosity solution to equation (2.1).

RemMark 2.14. Since the seminal paper [34], we know that the function defined in (2.13)
is a viscosity solution. |

Proof (of Theorem 2.13). Let us fix some notations. Let ¢ € N\{0} and consider the
function ¢, € C*(R?) given by

1
Pg(w) = CeXP(W—_l) Lijwi<1ys VweRY,

with ¢ > 0 such that qu ¢4(w)dw = 1. Then, we define ¢, ,(w) = nl¢p,(nw), Vw € R, n € N.
Let us now define, for any n € N,
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bu(x) = f Gan(x") b(x — x")dx’, op(x) = f Gan(X')o(x — x")dx',
R4 R
fn(t’ X, y,Z) = f ¢2d+l,n(-x,a l/,, Z,)f(t’x_x,’y_y,’z_z,) dx,dy,dz,’
RIXRXRA
ha(x) = Gan(x) h(x = x") dx/,

R4

for all (¢, x,y,z) € [0,T] X R? x R x R%. Then, we see that the sequence of continuous
functions (b, oy, f, h,), satisfies assumptions (i) and (iii) of Definition 2.3. Moreover, for
any n € N we have the following.
e b, and o, are of class C* with partial derivatives from order 1 up to order 3 bounded.
e Forallt € [0,T], f(t,-,-,-) € C}3(R? x R x R?) and the two properties below.
— fu(t,-,0,0) belongs to C* and its third order partial derivatives satisfy a polyno-
mial growth condition uniformly in ¢.
— Dyf,, D.f, are bounded on [0, T] x R? x R x RY, as well as their derivatives of
order one and second with respect to x, y, z.
e h, € C3(RY) and its third order partial derivatives satisfy a polynomial growth con-
dition.
Therefore, it follows from Theorem 3.2 in [34] that a classical solution to equation (2.6) is
given by

(2.14) us(t,x) = Y, Y(t,x)€[0,T] xR,
where (Yi"™", Z8")sepnry € S2(t, T) X H(2, T)? is the unique solution to the backward sto-

chastic differential equation: P-a.s.,

T T
YR = (X + f Fulr, X5 Y 20 iy — f M dw,,  t<s<T,
with
S S
X = x+f b,,(r,Xf””‘)dr+f o n(r, XY dW,, r<s<T.
t t

From (2.14), Proposition B.1, and estimate (A.4), we see that u, satisfies a polynomial
growth condition uniform in n. It remains to prove that the sequence (u,), converges point-
wise to 1 as n — oo, and that the functions u,(¢, ), n € N, are equicontinuous on compact
sets, uniformly with respect to ¢ € [0, T]. Concerning this latter property, fix t € [0,7T], a
compact subset K ¢ R, and & > 0. We have to prove that there exists 6 = 6(g, K) such that

(2.15) |, (2, X) — u, (1, x)| < &, if[x=x|<6, x,x €K

To this end, we begin noting that from estimate (B.3) we have that there exists a constant C,
independent of 7, such that

’ n,t,x ntx's|2
lua(t, x) = ua(t, X)) < CE[|ha(X3") = by (X3
T
+C f E[|f, (5, X205, Y0, Z000) = fi(s, X000 Y00, 72000 dis,
t

for all + € [0,7] and x,x € R%. In order to prove (2.15), we also recall the following
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standard estimate: for any p > 2 there exists a positive constant C,, independent of n, such
that

E[|x2™ =X |"] < Cplx— X1,

forallt € [0,T], s € [t,T], x,x € R, n € N. Now, choose p > d, R > 0, and a €]0, p — d[.
Then, it follows from Garsia-Rodemich-Rumsey lemma (see, in particular, formula (3a.2)
in [1]) that, forallr € [0,T], s € [, T], x, X’ € R4, n e N,

W, X N1 ’
(2.16) X0 — X < (TP — X TP,
for some process I = (I'y") 1.7 given by
2d X”*tay _ Xn,t,y’
F?,t = Cd 8[7 20(1 + —)f % dydy,
@/ Jiyyrer: yisry 1Y =Yl

and

1
2.17 E[I"'] < ¢,C,———RP™,
( ) [s]— d p(p_d)_a

where C, is a universal constant depending only on d.
Now, let us prove that

(2.18) E[[h (X5 = (X < 8, iflx-¥] <6, x, ¥ €K

Let x, x’ € K and let m be a strictly positive integer to be chosen later. Then, consider the
event (we omit the dependence on ¢, x)

Qi = {we Q: T (w) <m, X3 (w)| < m}.

From (2.16) we see that, on Q,, ,;, X;’[ ~ is also uniformly bounded by a constant independent
of n,t,x,x’, since x,x" € K. In particular, from the equicontinuity on compact sets of the
sequence (h,),, it follows that there exists a continuity modulus p (depending on K, but
independent of n) such that

E[ |, (X" — hn(X;””")Iz] < E[p*(XE - X0 g, ]
2
+ El|n(X™) = ha (X7 e, .
By (2.16) and Cauchy-Schwarz inequality

n,t,x n,1,x |2 na
E[|hn (X3 = ha(Xp")[] < p*(m"P)x = X' |*/P)

+ \/E[|hn(X;”’x) - h,,(X;”’x')|4]\/P(F’}” > m) + P > m).

From the standard inequalities |a — b|* < 8(a* + b*), Va,b € R, and Ve +d < +c + Vd,
Ve,d > 0, we see that

VLG = O[] < ySELR o[ + 8B [ ]

Now, using this estimate, the polynomial growth condition of 4, (uniform in n), estimate
(A.4), estimate (2.17), and Chebyshev’s inequality, we obtain
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n,t,x ntx |4
VEL () = x| < Cx
Ern,l C
P > m) < LR £,
m m
E Xn,t,x C
P(XE > m) < BIX L =X,
m m

for some positive constant Cg, possibly depending on K (in particular, on x and x’), but
independent of n, t. Therefore, we see that we can find m = m(e, K) large enough such that

Bl (X5 = X O] < 2Pl = 710 4 2.
Then, there exists 6 = d(g, K) > 0 such that (2.18) holds. In a similar way we can prove that,
possibly taking a smaller 6 = é(e, K) > 0, we have

(2.19) B[ fus, XI5, Y205, 2005 = (s, X0 Y0, 2] < g,

if[x—x|<d,x,x € K,Vsel[t,T]. By (2.18) and (2.19) we deduce the validity of (2.15).
Finally, let us prove the pointwise convergence of the sequence (u,), to u. Using again
estimate (B.3), we find

(2.20)  |un(t, x) — u(t, x)P* < CE[|hn(X;””‘)—h(X;X)|2]

T
e f El| (s, X140, Y55, Z0%) = f(s, X, Y10, 209 ds,
t
Y (t,x) € [0,T] x R4, n € N, for some constant C, independent of n and depending only on
the (uniform in ) Lipschitz constant of f, with respect to (y, z). By the uniform convergence
on compact sets of (h,(:), fu(t,,y,2)n to (h(-), f(¢,-,y,2)), we have, P-a.s.,

n—o0

(2.21) B "S5 RO,
(2.22) fn(s,X;l”’x, Yﬁ,’x,Z?x) — f(s,X;’x, Yj,’x,Zi.’x),

forall s € [z, T]. By Assumption (A0) and the polynomial growth condition of 4,,, f,,, u, (uni-
form in n), estimates (A.2) and (A.4), Proposition B.1, we can prove the uniform integrabil-
ity of the sequences (|h,(X;")=h(X;)?), and (| fu(s, X3, Y35, Z0) = £, X5 YES, ZE P,
Vs € [t, T]. This, together with (2.21)-(2.22), implies that

n—oo

n,1,xX X 2
E[ |, (X3 = hX5H[T] — 0,

n—oo

Bl (s, X0, VI, Z0%) = (s, X052, 209 5 0,

s 2S00

for all s € [¢, T]. From the second convergence, the polynomial growth condition of f and
f, (uniform in n), estimates (A.2) and (A.4), it follows that

T
lim f Bl (s, XI5, VI, Z0%) — f(s, X05, V%, 29 ds = 0.
n—oo t

In conclusion, we can pass to the limit in (2.20) as n — oo, and we obtain the pointwise
convergence of (u,), to u. ]
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Remark 2.15. Notice that Theorem 2.13 gives an existence result for strong-viscosity
solutions (see Definition 2.3) to equation (2.1), which implies an existence result for gen-
eralized strong-viscosity solutions (see Definition 2.8). In Section 3 we will consider only
Definition 2.3 and extend it to the path-dependent case. |

We conclude this section providing another existence result for strong-viscosity solutions
to equation (2.1) under a different set of assumptions with respect to Theorem 2.13. In
particular, f = f(t, x) does not depend on (y, z), while b and o can depend on ¢.

Theorem 2.16. Let Assumption (A0) hold and suppose that f = f(t, x) does not depend
on (Y, z). Suppose also that the functions f and h are continuous. Then, the function u given

by
ut,x) = Y, Y (t,x) € [0,T] X RY,

where (Y05, 28y € SX(t,T) x H2(t, T)? is the unique solution to (2.7), is a strong-
viscosity solution to equation (2.1).

Proof. The proof can be done proceeding as in the proof of Theorem 2.13, by smoothing
the coeflicients, but using Theorem 6.1, Chapter 5, in [23] instead of Theorem 3.2 in [34].
O

3. Strong-viscosity solutions in the path-dependent case

One of the goals of the present section is to show that the notion of strong-viscosity so-
lution is very flexible and easy to extend, with respect to the standard notion of viscosity
solution, to more general settings than the Markovian one. In particular, we focus on semi-
linear parabolic path-dependent PDEs.

3.1. Semilinear parabolic path-dependent PDEs. Let us denote by C([-7,0]) the Ba-
nach space of all continuous paths n: [-7,0] — R endowed with the supremum norm
7l = sup,e_r¢; In(@)|. Let us consider the following semilinear parabolic path-dependent

PDE (for simplicity of notation, we consider the unidimensional case, with  taking values
in R):
U + D"V + b(t,n)D" U + o (t,n)* DV U
(3.1 +F(t,n,V,o(t,mD"V) = 0, v (t,n) € [0, T[XC([-T,0]),
U(T,n) = H(), Vn e C(-T,0D,
where DU, DVU, DVV U are the functional derivatives introduced in [9], whose definition
is recalled below. Concerning the coefficients b: [0,T] x C([-T,0]) — R, o: [0,T] X

C([-T,0]) > R, F: [0, T] X C([-T,0]) x RxR — R, and H: C([-T,0]) — R of equation
(3.1), we shall impose the following assumptions.

(A1) b, o, F, H are Borel measurable functions satisfying, for some positive constants C
and m,

IA

Ib(t,m) = b(t, 7)) + lo(t,n) — o, n)| < Clip—1'll,
|F(t,n,y,2) = F(t,n,y',2) < Clly—y'| +1z—=Z|),

A
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b(z,0)] + |o(z,0)] < C,
|F(2,7,0,0) + [Hpl < C(1 +[Inll),

forallt € [0,T],n,n € C([-T,0]),y,y",2,7 € R.

3.2. Recall on functional It6 calculus. In the present subsection we recall the results of
functional Itd calculus needed later, without pausing on the technicalities and focusing on
the intuition. For all technical details and rigorous definitions, we refer to [9].

We begin introducing the functional derivatives. To this end, it is useful to think of
U =U(tn as U = Ut,n()l—ro + n(0)1p), in order to emphasize the past n(-)1;_rof
and present 77(0) of the path . Then, we can give, at least formally, the following definitions,
see Definition 2.23 in [9].

e Horizontal derivative. We look at the sensibility of U with respect to a constant extension
of the past 17(-)1;_ro;, keeping fixed the present value at r(0):

DUy = lim U(t,n()1ror + n(0) 1)) — U (t, (- — &)1 —r0o1 + n(0)1(0))
’ o -0 E ’

e First vertical derivative. We look at the first variation with respect to the present, with the
past fixed:

DU tn) = lim V' (t,nO) =00 + (0) + &)110) = V1, n() L 1—101 + 1(0)110))
’ o e—0 & ’

e Second vertical derivative. We look at the second variation with respect to the present,
with the past fixed:
DU (t,n() =10 + (7(0) + &)110)) = D'V (t, n(:)1 =101 + 1(0) 101

D"VU(t,n) := lim .
&e—0 E

Given I = [0,T[ or I = [0,T], we say that U": I x C([-T,0]) — R is of class C1?((I x
past)xpresent)) if, roughly speaking, ,1°, D1/, DY1/, and DVV U exist and are continuous
together with U, for a rigorous definition we refer to [9], Definition 2.28.

We can finally state the functional Ito6 formula. Firstly, we fix some notation. As in Sec-
tion 2, we consider a complete probability space (Q, F,P). Given a real-valued continuous
process X = (X;)wo,r) on (2, F,P), we extend it to all # € R in a canonical way as follows:
X; := Xp, t <0, and X; := Xr, t > T then, we associate to X the so-called window process
X = (X))er, which is a C([-T, 0])-valued process given by

Xl = {XI+S7 s € [_Ta O]}a teR.

Theorem 3.1. Let U': [0, T] x C([-T,0]) — R be of class C*(([0, T] x past) X present)
and X = (Xy)se0,11 be a real continuous finite quadratic variation process. Then, the follow-
ing functional It6 formula holds, P-a.s.,

t f
Ut,X,) = U(0,X) + f OV (s, X,) + DU (5, X)) ds + f DYU (s, X,)d™ X,
0 0

1 !
) f DV (s, X,) d[X];,
0

Jorall0 <t <T.
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RemMark 3.2. (i) The term fol DYU (s, X,)d™ X, denotes the forward integral of DVU'(-,X.)
with respect to X defined by regularization (see, e.g., [39, 40, 42]), which coincides with the
classical stochastic integral whenever X is a semimartingale.

(i1) In the non-path-dependent case U'(t,n) = F(t,n(0)), for any (¢,n) € [0, T] x C([-T, 0]),
with F € CY%([0, T] x R), we retrieve the finite-dimensional Ito formula, see Theorem 2.1
of [41]. |

3.3. Recall on strict solutions. We recall the concept of strict solution to equation (3.1)
from Section 3 in [9].

Definition 3.3. A map U': [0,T] x C([-T,0]) — R in C"?(([0, T[xpast) X present) N
C([0, T]x C([-T,0))), satisfying equation (3.1), is called a strict solution to equation (3.1).

We present now a probabilistic representation result, for which we adopt the same nota-
tions as in Section 2.1, with dimension d = 1. First, we recall some preliminary results.
More precisely, for any (¢,17) € [0, T] X C([-T, 0]), we consider the path-dependent SDE

32) {dXs = b(s,X,)dt + o (5, X,) dW,, se [t Tl

Xy = n(s—1), s€[-T +t1].
Proposition 3.4. Under Assumption (A1), for any (t,n) € [0,T] x C([-T, 0]) there exists
a unique (up to indistinguishability) F-adapted continuous process X" = (X;’")Se[_TH,T]

strong solution to equation (3.2). Moreover, for any p > 1 there exists a positive constant
C, such that

(3.3) B sup [X] < Cp(1+ lImll).
se[-T+t,T]

Proof. See Lemma A.1. m|
Theorem 3.5. Suppose that Assumption (A1) holds. Let U [0,T] x C([-T,0]) — R be
a strict solution to equation (3.1) satisfying the polynomial growth condition
(3.4) U@l < CU+Inl™), ¥ () €0.T1x C([=T. 0],
for some positive constants C' and m’. Then, the following Feynman-Kac formula holds
Uy = Y, Y(ne[0,T1x C(-T.0]),
where (Yy",ZMenr) = (U (s, XM, 0 (s, XiNDYU (5, XM pri()serer) € S*(t,T) X

H2(t, T) is the unique solution to the backward stochastic differential equation: P-a.s.,

T T

vy = HEX) + f F(r, X0 ye" 70y dr — f Z" dw,, t<s<T.
N s

In particular, there exists at most one strict solution to equation (3.1) satisfying a polynomial

growth condition as in (3.4).

Proof. See Theorem 3.4 in [9]. m]

We state the following existence result.
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Theorem 3.6. Suppose that there exists N € N\{0} such that, for all (t,n,y,z) € [0,T] X
C([-T,0]) xR xR

e = B f o1k + DN, .., f (e + 0 ()
[-£,0] [-1,0]

o) = -(‘f‘ wlcx+z)d—nco,.“,b[' ex(x+ 0 d (o),
[-1,0] [-2,0]

Fﬁmm&)=ﬁ@fﬂ wu+ndwuxuxf (e + 0 d(0,3,2),

[-2,0] [-2,0]

mm=H&f wu+nfanﬁf ex(x+ T d (o),
[-T.0] [-T.,0]

where (we refer to Definition 2.4(i) in the companion paper [9] for a definition of the forward
integral with respect to n) the following assumptions are made.
(i) b, &, F, H are continuous and satisfy Assumption (A0).
(ii) b and & are of class C* with partial derivatives from order 1 up to order 3 bounded.
(iii) Forallt€[0,T), E(t,-,-,-) € C}3(RN*?) and moreover we assume the validity of the
properties below.
(@) F(t,-,0,0) belongs to C* and its third order partial derivatives satisfy a poly-
nomial growth condition uniformly in t.
(b) D,F, D.F are bounded on [0,T] X RN x R X R, as well as their derivatives of

order one and second with respect to x1, ..., XN, Y, 2.
(iv) H € C3(RN) and its third order partial derivatives satisfy a polynomial growth
condition.

(V) @1,-..,¢n € CX([0,T).
Then, the map U given by

vy =Y, Y el0,T]x C(-T,0),

where (Yy", Z{") seirr) € S*(t, T) X H2(t, T) is the unique solution to (3.7), is a strict solution
to equation (3.1).

Proof. See Theorem 3.6 in [9]. m]

REmARk 3.7. Notice that in Theorem 3.6 the functions b and & do not depend on time.
For the case where b and & are time-dependent, we refer to Theorem 3.5 in [9]. Notice that,
in this case, F' = F(t,n) does not depend on (y, z). ]

3.4. Strong-viscosity solutions. In the present section, we introduce the notion of (path-
dependent) strong-viscosity solution to equation (3.1). To do it, we extend in a natural way
Definition 2.3 to the present path-dependent case, see also Remark 2.15.

Remark 3.8. As a motivation for the introduction of a viscosity type solution for path-
dependent PDEs, let us consider the following hedging example in mathematical finance,
taken from Section 3.2 in the survey paper [8]. Let b = 0, o0 = 1, F = 0 and consider the
lookback-type payoft
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H(n) = sup n(x), Vn e C([-T,0)).
xe[-T,0]

Then, we look for a solution to the following linear parabolic path-dependent PDE:

35) {8,1/ + DU + 1DV = 0, V(1) € [0, T[XC([-T,0)),

U(T,n) = H(, Vn e C([-T,0)).
We refer to (3.5) as path-dependent heat equation. Notice that, however, (3.5) does not have

the smoothing effect characterizing the classical heat equation, in spite of some regularity
properties illustrated in Section 3.2 of [8]. Indeed, let us consider the functional
Ut,n) = E[H(W’T’”)] = ]E[ sup W’T’”(x)], V(t,n) €[0,T] x C([-T,0]),
-T<x<0

where, forany r < s < T,

nx+s-—1), T <x<t-s,

W) =
n0) + Wy — Wi, r—s<x<0.

If U € C"2(([0, T[xpast) X present) N C([0, T] x C([-T,0])), then V" could be proved to
solve equation (3.5). However, as claimed in [8], U is not a strict solution to (3.5). On the
other hand, since H is continuous and has linear growth, it follows from Theorems 3.10 and
3.12 that U is the unique strong-viscosity solution to equation (3.5). |

Definition 3.9. A function U: [0,T] X C([-T,0]) — R is called a (path-dependent)
strong-viscosity solution to equation (3.1) if there exists a sequence (U, H,, F,, b,, 0,), of
Borel measurable functions U,,: [0,T|xC([-T,0]) - R, H,: C([-T,0]) - R, F,: [0,T]x
C([-T,0DXRXR - R, b,: [0, T] x C([-T,0]) = R, 0,: [0,T] X C([-T,0]) = R, such
that the following holds.

(i) For some positive constants C and m,

(2, I + lou(z,m)l < C(1 + [InlD),
|bu(t, ) = bu(t, )] + lou(t, 1) — o) < Clin —7'll,
|Fu(t,m,y,2) = Falt.n.y', 2 < Cly —y'1 + 1z = 2),
|H, (| + [F(2,1,0,0)] + [Un(t,p)l < C(1 + [Ill™),
forallt €[0,T], n,n" € C([-T,0]), y,y’, 2,7 € R. Moreover, the functions U,(t, -),
H,(), Fu(t,-,-,-), n €N, are equicontinuous on compact sets, uniformly with respect
tot€[0,T].
(i1) U, is a strict solution to

ININ A

IA

OV, + D'V, + by(t, DYV, + 30,(t,n)* DYV,
+ Fo(t,1, Uy, (1, DY) = 0, V(#,m) € [0, T[XC([-T,0]),
Uu(T,n) = Hu(1n), Vn e C([-T, 0.
(iii) (Uy, Hy, Fo, by, 07), converges pointwise to (U, H, F, b, o) as n — oo.

We present a Feynman-Kac type representation for a generic strong-viscosity solution to
equation (3.1), which, as a consequence, yields a uniqueness result.
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Theorem 3.10. Let Assumption (A1) hold and let U": [0,T] x C([-T,0]) — R be a
strong-viscosity solution to equation (3.1). Then, the following Feynman-Kac formula holds

(3.6) U =Y, Vnel0,T]IxC(-T,0),

where (YY", Z5)sernr € S2(t, T) x H2(t, T), with Y = U'(s, X", is the unique solution in
S2(t, T) x H*(t, T) to the backward stochastic differential equation: P-a.s.

T T
(3.7) Yo" = HEGT + f F(r, X5 Yo" 75 dr — f ZM aw,, t<s<T.
N

S

In particular, there exists at most one strong-viscosity solution to equation (3.1).

Proof. Let (U, H,, F,, b,,0,), be as in Definition 3.9 and, for any (t,n) € [0,T] X
C([-T,0]), denote by X" = (XH se[.7] the unique solution to equation (A.3). Then, from
Theorem 3.5, (Y™, Z) ey = (Un(s, 0", 000, K NDV U (5, K0 ) L 1r(8))sepnr i
the unique solution to the backward stochastic differential equation: P-a.s.,

T T
Yo = H,GGM) + f Fo(r, X2, Y2, 205 dr — f ZP"dw,,  1<s<T.
s N

We wish now to take the limit when n goes to infinity in the above equation. We make use of
Theorem C.1, for which we check the assumptions. From the polynomial growth condition
of U, together with estimate (A.4), there exists, for every p > 1, a constant c » 2 0 such that

(3.8) ly™=” < (L +1mlP),  VneN.

SP(1,T)

Now, from Proposition B.1, it follows that there exists a constant ¢ > 0 (depending only on
T and on the Lipschitz constant C of F,, with respect to (y, z) appearing in Definition 3.9(i))
such that

jzf

H2(1,T)

T
S=(t,T) t

Therefore, from (3.8), the polynomial growth condition of F,, and estimate (A.4), we find

that sup, ||Z”””7||§2( ,, <o Moreover, from (A.5) we see that, for any s € [z, T], [|X3"(w) —
1,

X?"(w)ll — 0, as n — oo, for P-a.e. w € Q. Fix such an w and consider the set K, C
C([-T,0]) given by

Ky = (Unen (X7 () U (XS ().

Then, K, is a compact subset of C([-7,0]). Since the sequence (F,(s,,-, ")), 1S equicon-
tinuous on compact sets and converges pointwise to F(s, -, -, -), it follows that (F,(s, -, -, ),
converges to F(s, -, -, -) uniformly on compact sets. In particular, we have

|Fu(s, X5 (), 0,0) = F(s5, X" (), 0,0)|

< sup |F,(5.17,0,0) = F(5.17,0,0)| + [F(s, X" (w),0,0) = F(s, X" (),0,0)| = 0.
neke,

Similarly, we have

[Un(s, X5 (w)) = U (s, X5 ()|
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< sup [Un(s,m) = U'(s, )| + [V (5, X0 () = U'(s, X5 (w))| = 0.
nek,
Let us now define Y2 := U (s, X5, for all s € [1,T]. We can then apply Theorem C.1
(notice that, in this case, for every n € N, the process K" appearing in Theorem C.1 is
identically zero, so that K is also identically zero), from which it follows that there exists
Z" € H2(t, T) such that the pair (Y7, Z"") solves equation (3.7). From Theorem 3.1 in [33]
we have that (Y7, Z*7) is the unique pair in S?(¢, T) x H?(¢, T') satisfying equation (3.7). This
concludes the proof. m|

By Theorem 3.10 we deduce Lemma 3.11 below, which says that in Definition 3.9 the
convergence of (U}), is indeed a consequence of the convergence of the coefficients
(Hy, Fn,by,0p),. This result is particularly useful to establish the existence of strong-
viscosity solutions, as in the proof of Theorem 3.12.

Lemma 3.11. Suppose that Assumption (A1) holds and let (U, H,, F,, b, 0,), be as in
Definition 3.9, except that we do not assume the convergence of (U,),. Then, there exists
U: [0, T] x C([-T,0]) = R such that (U;,), converges pointwise to U. In particular, U" is
a strong-viscosity solution to equation (3.1) and is given by formula (3.6).

Proof. Let us prove the pointwise convergence of the sequence (U},),e to the function U°
given by formula (3.6). To this end, we notice that, from Theorem 3.5, for every n € N, U},
is given by

Ut = Y V() €[0,T] x C([-T,0]),

where (Y"1, ZM1) = (U, (., XP7), 07, KM NDY U, (KN ) € S22, T) x B2, T) s
the unique solution to the backward stochastic differential equation: P-a.s.,

T T
W= G [ Rz dr - [z, s s <
with
Vs Vs
XM= pOA (s —1) + f b(r, X"y dr + f ou(r, XY AW, -T +1<s<T.
t t

Consider the function U” given by formula (3.6). From estimate (B.3), there exists a constant
C, independent of n € N, such that

2
V) - VP < CE[|H,GG) - HEG|']
T
+C f E[|F, (s, 30, Y0, 27 = F(s, X5, Y0 20| ds,
t

for all t € [0,T] and € C([-T,0]). Now we recall the following.
(1) (Hy, Fy, by, 0,)nen converges pointwise to (H, F,b,0) asn — oo.
(i) The functions H,(:), F,(t,-,-, ), by(t,-),0,(t,-), n € N, are equicontinuous on com-
pact sets, uniformly with respect to ¢ € [0, T'].
We notice that (i) and (ii) imply the following property:
(il) (Hy(n), Fu(t, 005y, 2), bu(t, M), 070(2,17,)) - converges to  (H(n), F(#,m,y,2),b(t,n),
o(t,n)asn — oo, V(t,y,z) € [0,T] X RXR, V(,)nenw € C([-T,0]) with n,, —
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n € C([-T,0).
Let us now remind that, for any r € [t, T'], we have

X?’[’"(x) _ n(nst— t+x), xel[-T,t—ys], Xf;n(x) _ n(ts —t+x), xel[-T,t-s],
X5y x€]t—s,0], X0, xelt-s,0]
Therefore, for every p > 1,
(3.9) B[ sup X3 - XIL] = B[ sup X0 - X0 =0,

t<s<T t<s<T

where the convergence follows from (A.5). Then, we claim that the following convergences
in probability hold:

n.t, N
(3.10) |H, G = HESGD[ — 0,
3.11) |, 1, Y27, 780 — F(s, X0, Y2, 2P s o,

n—o0

for all s € [¢#, T]. Concerning (3.10), we begin noting that it is enough to prove that, for every
subsequence (|Hnm(X';“’t’") - H(X’T’n)lz)meN there exists a subsubsequence which converges
to zero. From (3.9) and property (iii) above, it follows that there exists a subsubsequence
(|Hnm€ (X;l’”’ ’t’n) - H (Xg’ﬁ)lz)[eN which converges P-a.s., and therefore in probability, to zero.
This concludes the proof of (3.10). In a similar way we can prove (3.11).

From (3.10) and (3.11), together with the uniform integrability of the sequences
(HA(X7"") = HOGDPners and (1Fy (s, X0, YT Z0T) = F(s, X7, Y7, 20 P)en, for every
s € [t, T], we deduce that

. o, 2
lim E[|H,(X}"") - HE[] = 0,
lim E[|F, (s, X0, V7, 237 = F(s, X7, Y, 2] ] = 0.

From the second convergence, the polynomial growth condition of F and F, (uniform in
n), and standard moment estimates for ||[X""|| < sup,.,.p IX;”’"I (see estimate (A.4)), it
follows that

T
lim | E[|F.(s, X5, Y07, 23" - F(s, XY, Yj:”,z;’”)|2] ds = 0.
t

n—oo

As a consequence, we have |U},(t,n) — U'(¢, n)|> = 0 as n — oo, which concludes the proof.
O

We can now state an existence result. Notice that it holds under quite general conditions
on the terminal condition H of equation (3.1).

Theorem 3.12. Let Assumption (A1) hold and suppose that H is continuous. Suppose
also that there exists a nondecreasing sequence (N,)en C N\{0} such that, for all n € N and
(t,n,y,2) € [0, T] X C([-T,0]) xR X R,

bu(t,m) = Bn(f 901(X+t)d‘n(X),--.,f ¢N,,(X+t)d‘n(X)),
[-1,0] [-1,0]
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ou(t,n) = O-n(f 901(X+t)d‘n(X),---,f ‘PN,Z(X"‘[)d_T](X)),
[-1,0] [-1,0]

Fu(t,n,y,2) Fn(t,f 901(X+t)d’n(x),---,f sDN,,(XH)d‘n(x),y,z),
[-1,0] [-1,0]

where the following holds.
(i) by, G, F, are continuous and satisfy Assumption (A0) with constants C and m
independent of n.
(ii) Foreveryn €N, b, &,, F, satisfy items (ii) and (iii) of Theorem 3.6.
(i) The functions b,(t,-), o,(t,-), Fy(t,-,-, ), n € N, are equicontinuous on compact sets,
uniformly with respect to t € [0, T1].
@iv) @1,....¢n, € C2([0, T) are uniformly bounded with respect to n € N, and their first
derivative are bounded in L' ([0, T1) uniformly with respect to n € N.
) (by, oy, Fy), converges pointwise to (b, o, F) as n — oo.

Then, the map U given by
(3.12) v =Y, V(t,m €0, T]x C([-T,0]),

where (Y5, Z{ ey € S2(t,T) x HA(t,T) is the unique solution to (3.7), is a (path-
dependent) strong-viscosity solution to equation (3.1).

Proof. We divide the proof into four steps. In the first three steps we construct an approx-
imating sequence of smooth functions for H. We conclude the proof in the fourth step.

Step L. Approximation of n € C([-t,0)]), t €]0, T, with Fourier partial sums. Consider the
sequence (e;);en of C*([-T, 0]) functions:

ey = %, er_1(x) = \/gsin (2?”(x + T)i), er(x) = \/gcos (Zg(x + T)i),

for all i € N\{0}. Then (e;);cw is an orthonormal basis of L>([-T, 0]). Let us define the linear
operator A: C([-T,0]) —» C([-T,0]) by

(Ao = TOIED
Notice that (7 — An)(—=T) = (n — An)(0), therefore n — An can be extended to the entire real
line in a periodic way with period 7', so that we can expand it in Fourier series. In particular,
for each n € N and n € C([-T, 0]), consider the Fourier partial sum

x €[-T,0], n € C([-T,0]).

(3.13) su(1 = An) = Z(ni —(Amppei,  Vne C([-T,0]),
i=0

where (denoting &;(x) = L XT e;(y) dy, for any x € [T, 0]), by the integration by parts formula
(2.4) of [9],

(3.14)
0
ni = f n(xei(x)dx = n(0)e;(0) - f ei(x)d n(x) = f (€i(0) — &i(x)) d"n(x),
-T [-T.,0] [-T.0]

since n(0) = f[_T’O] d™n(x). Moreover we have
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0 1 0
G19 @ = [ cpweawar = 7 [ vea( [ anw-nen)
-T - [-T,0]

T

Define o, = 2% Then, by (3.13),

n+1 .

n

T =Am) = )

i=0

n+1-i
n+1

(i = (Ami)e;, Vn e C([-T,0).

We know from Fejér’s theorem on Fourier series (see, e.g., Theorem 3.4, Chapter III, in
[45]) that, for any € C([-T,0)), o,(n — An) = n — An uniformly on [T, 0], as n tends to
infinity, and [|o,(7 — An)|le < |l — Anll. Let us define the linear operator 7),: C([-T,0]) —
C([-T,0)]) by (denoting e_;(x) = x, for any x € [-T,0])

n

n+1l-i n(0) —n(=T)
Tym = onln—An)+An = (i — (An)pe; + ————e_4
; n+1 T
B i n+1-i e
- - n+1 yie; y-1€—,

where, using (3.14) and (3.15),

1 1
Y-1 f[ —d‘n(x)—Tn(—T),

-T,0] T

0 0
[ (a0-aw-g [ vedx)dnw s g [ sedne.
[-T,0] T -T T -T

fori =0,...,n. Then, for any n € C([-T,0]), T,n — n uniformly on [-T, 0], as n tends to
infinity. Furthermore, there exists a positive constant M such that

Yi

(3.16) ITmlle < MlInlle, VneN, Vne C(-T,0).
Then, we define
H,(n) = H(T,n), V(t,n) €[0,T]x C([-T,0]).

Notice that A, satisfies a polynomial growth condition as in Assumption (A1) with constants
C and m independent of n. Moreover, since H is uniformly continuous on compact sets, from
(3.16) we see that (H,), is equicontinuous on compact sets. Now, we define the function
H,: R"*? - R as follows

_ Sn+1—i .
H,(y-1,...,yn) = H(Z ﬁyiei"‘y%e*l)’ Y(1,...,y,) € R™2,
i=0

Then, we have

H,(n) = Hn(f Yoa(x+T)yd nx) +aan(=T),..., Yn(x + T)d n(x) + ann(—T)),
[-T,0] [-T,0]

for all n € C([-T,0]), n € N, where

0
VAW = 2 W = a0 -a-T) -1 f vedy,  xel[T,0],

-T
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1 I
a = —— a;, = — xe;(x) dx.
T Jr
Step II. Smoothing of n(—T) through mollifiers. Consider the function ¢ € C*([0, oo[) given
by
B 1
¢(X) = CCXP(W) I[O’T[()C), Vx> 0,

with ¢ > 0 such that fooo ¢(x)dx = 1. Then, we define ¢,,(x) = mp(mx), Vx > 0, m € N.
Notice that

U(O)ésm(T) - ‘im(x + T) d_n(x)
[-T.0]

0
f n(X)¢m(x + T)dx
-T

f (Bu(T) = Gl + T d (),
[-T,0]

where @,,(x) = fox bm(2)dz, x € [0, T]. In particular, we have

0
lim (@n(T) = Gpu(x+T))d n(x) = n%g‘lgo fT N(X)¢n(x + T)dx = n(=T).

m—00 [—T,O]

Then, we define

vix+T)d n(x) + a; f

[-T.0]

Ho(p) = Hn( . (B(T) = Bulx + ) d (). .. )

[-T.0]

H(Tnn+(Z”“"ae,+a1e1 f(n(x) I-T))n(r + T) dx)

pary n+1

(3.17)

H(Tun + Ty + T(T e f (206) = (=T Cx-+ T) )

for all n € C([-T,0]) and n € N, where y(x) := —x/(T — 1), Vx € [-T,0]. Then, the
sequence (H,), is equicontinuous on compact sets and converges pointwise to H as n — oo.

Step III. Smoothing of H,(-). From (3.17) it follows that for any compact subset K C
C([-T,0]) there exists a continuity modulus m, independent of n € N, such that

H,,(..., wi(x+T)d_n1(x)+a,~f
[-T,0]

[-T.0]

(&n(T) - &n(x + T)) d_nl (xX)+&,... )

_ Hn( o Vilx + T)d n(x) + a; f (u(T) = Gp(x + T))d n2(x) + & ... )‘
[-7.0] (=T.0]
(3.18)
< mi(lm = m2lle),
for a]l nl’nZ S K, n e N, f = (f—l,---’fn) € En+2’ Where En+2 = {g = (f_l"”’gn) €

R™2: | < 270D i = —1,...,n}. Indeed, set
K = KUK,

where

K= {UGC([—T,O]): n=Tap +(Tay + f (110 = m(=T)u(x + T) dx

T(T
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n + 1 _

+ Z ug,-ei + & ey, forsomen € K, neN, ¢ € E,,+2}.
— n+ 1

Digression. I is a relatively compact subset of C([—T, 0]). Since K is compact, it is enough
to prove that K is relatively compact. To this end, define

1 0
) [ =m=T e 1 dx

K := {n € CA-T.00: 0 = Ty + Ty + s

for some n; € K, n € N},

K> = {77 e C([-T,0D: n = Z &ie;, forsome n €N, & € E,,+2}.
i=—1

Then K c K; + K,, where K; + K, denotes the sum of the sets K; and K>, i.e., K| + K> = {ne
C([-T,0D: n = n +n, for some n; € Ky, 7y € K»}. In order to prove that K is relatively
compact, it is enough to show that both K; and K are relatively compact sets.

Firstly, let us prove that K| is relatively compact. Take a sequence (17¢)¢en in K. Our aim
is to prove that (17;),cy admits a convergent subsequence. We begin noting that, for every
¢ € N, there exist n; , € C([-T,0]) and ny, € N such that

| 0
ne = Tome+ (Tnﬁ’ + me—l) fT (1,6(0) = 11,6(=T))py, (x + T) dx.

Let us suppose that (n,),en admits a subsequence diverging to infinity (the other cases can
be treated even simpler), still denoted by (n¢)¢eny. Then 7T,y — vy in C([-T,0]). Since
(m1.0)een € K and K is compact, there exists a subsequence, still denoted by (771 ¢)sex, which
converges to some 7.« € K. Then, T,,,11¢ — 11,0 as £ — oo. Indeed

”Tn[nl,f - 771,00||oo < ||Tn[771,€ - Tngnl,oouoo + ”Tn(nl,oo - 771,00||oo-

Then, the claim follows since 77,1710 = 71,00 in C([-T,0]) and

by (3.16) N
T = TuMielle < Mlnie—Nielle — 0.

Proceeding in a similar way, we see that

0 0
f o) = =T e+ T = f M (34 )= m1=T)

{—o0
— 771,00(_T) - nl,w(_T) = 0.
In conclusion, we get 17; — 171 «, from which the claim follows.
Let us now prove that K> is relatively compact. Let (17,)¢ei be a sequence in K5 and let us
prove that (17,),eny admits a convergent subsequence in C([—T7,0]). We first notice that, for
every ¢ € N, there exists n; € Nand & = (-1, ..., &n,.¢) € Ep,+2 such that

ne
ne = Z'fi,zei-
=1

As we already did in the proof for K|, we suppose that the sequence (n;),cy diverges to
co. Notice that, for every i € {-1,0,1,2,...}, there exists a subsequence of (&;,), which
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converges to some &; ., satisfying |&; .| < 271D, By a diagonalisation argument we construct
a subsequence of (77¢)¢en, still denoted by (17¢)en, such that for every i the sequence (& ¢)cen
converges to & . As a consequence, 7; CONVerges to ne = Y,o_; &iwe; as { — oco. This
proves the claim.
Step III (Continued). Since £ is a relatively compact subset of C([-T, 0]), property (3.18)
follows from the fact that H is continuous on C([-T, 0]), and consequently uniformly con-
tinuous on K.

To alleviate the presentation, we suppose, without loss of generality, that H, has the
following form (with the same functions ¢; as in the expression of b,, o, F,)

H,(p) = Hn( f o1(x+ TYd (), ... f ¢N,l(x+T)d*n(x>).
[-T,0] [-T,0]

So that H,: R¥ — R. Then, property (3.18) can be written as follows: for any compact
subset K ¢ C([-T,0]) there exists a continuity modulus pg, independent of n € N, such that

(3.19) ‘HH(LT’O]%(XWLT)d_m(x)+§1,...)

Nl f P+ T m@ + €1, )| < mili = il
[-T,0]

forall p,m € K,n e N, & = (&1,...,¢n,) € Ey,, where we recall that

Ey ={=(&,....6y) eRM g1 <2 i=1,...,N,).

Now, for any n consider the function p, € C*(R"") given by

N
- 1
(3.20) (&) = ¢ l:[ exp(m) Lygi<2i-1y VE=(&,....én,) € R,
with ¢ > 0 such that fRN” pn(E)dé = 1. Set pi(é) := KNip,(ké),VE € RV, k € N. Let us
now define, for any n,k € N,

I:In,k(x) = \[RN pnk(f)ﬁn(x_f)dg = f; ,On,k(f)l‘_ln(x—f)df,

for all (1, x,y, 2) € [0, T]xRYxRxR?. Notice that, for any n € N, the sequence (H,, x(-))en 18
equicontinuous on compact subsets of RV, satisfies a polynomial growth condition (uniform
in both n and k), converges pointwise to H,(-), and satisfies item (iv) of Theorem 3.6. Then,
we define

Hy () = Hn,k( f er(x+T)d nx),..., f e, (x + T)d’n(X)),
[-T,0] [-7.,0]

for all n € C([-T,0]) and n, k € N. Notice that the functions H,x, n, k € N, are equicontinu-
ous on compact subsets of C([—-T,0]). Indeed, let K be a compact subset of C([-7,0]) and
n1,12 € K, then (using property (3.19) and the fact that fEN Pni(E)dé = 1)

| Hy (1) — Hux(172) |

= ‘Fln’k(f o1(x + T)d_m(x),...)—ﬁn,k(f o1(x + T)d_nz(x),...)‘
[~T7,0] [~T.,0]



352 A. Cosso anp F. Russo

< f Pn.k (f)
Ky,

Nl f o1(x + T)d () +§1,..-)‘d§ < m(lm = mlle).
[-T,0]

H(f o1(x + T)d 1y (x) +§1,...)
[-7,0]

This proves the equicontinuity on compact sets of H,;, n,k € N. Set G := H, G,, := H,,, and
G,k := Hyy, for all n,k € N. Then, a direct application of Lemma D.1 yields the existence
of a subsequence (H,, x, )ney Which converges pointwise to H. For simplicity of notation, we
denote (H, x, Jnenv simply by (H),)sen.
Step IV. Conclusion. Let us consider, for any n € N and (¢,1) € [0,T] x C([-T,0]), the
following forward-backward system of stochastic differential equations:
(3.21)
XP = O A s =0)+ [ bu(n Xy dr + [ 0 (X dW,, s € 1= T, T,
YR = HGO 4 [TF K Y ZE Y dr — [T ZE AW, s €[4T,

Under the assumptions on b, and o, it follows from Proposition 3.4 that there exists a

unique continuous process X" strong solution to the forward equation in (3.21). Moreover,

from Theorem 4.1 in [33] it follows that, under the assumptions on F, and H,, there exists

a unique solution (Y"1, Z"1) € S2(t, T) x H?(t, T) to the backward equation in (3.21).
Then, it follows from Theorem 3.6 that, for any n € N, the function

T
Uty = ¥ = E[ f Fuls, XM Y0, Z0M ds + Ha (K7 |,
t

V(t,n) € [0,T] x C([-T,0]), is a strict solution to equation (3.1) with coefficients H,, F,,
b,, and o,. From estimates (A.4) and (B.3) together with the polynomial growth condition
of F,, H, (uniform in n), we see that U}, satisfies a polynomial growth condition uniform in
n.

We can now apply Lemma 3.11 to the sequence (U, H,,, F,,, by, 0)neny, from which we
deduce: first, the convergence of the sequence (U},),en to the map U given by (3.12); sec-
ondly, that V" is a strong-viscosity solution to equation (3.1). This concludes the proof. O

Remark 3.13. (i) Here we notice that Theorem 3.12 applies when b, o, F have a Markov-
ian structure. More precisely, suppose that there exist b, &, f satisfying Assumption (A0),
with f continuous, such that

b(t,n) = b(n(0)), o(t,n) = dn0)), F(t,n,y.2) = f(t,n(0),y,2),

for all (t,n,y,z) € [0, T]xC([-T,0])xRxR. Recalling from the integration by parts formula
(2.4) in [9] that n(0) = f[_t ol 1 d n(x), we see that b, o, F have automatically a cylindrical
form, as a matter of fact

b(t,n) = 13( f[_ . d—n(x))

and similarly for o~ and F. Therefore, taking b, o, F' of this form, and H continuous (as in
the statement of Theorem 3.12), we deduce from Theorem 3.12 that the map U" given by
(3.12) is a strong-viscosity solution to equation (3.1).
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(i1) The result of Theorem 3.12 can be improved as follows. Items (ii) and (iii) in Theorem
3.12 can be replaced by the following weaker assumption: for every compact subset K C
C([-T,0)), there exists a continuity modulus mg, independent of n € N, such that

F,,(t,f cpl(x+t)d_m(x)+{-‘1,...,y,z)—[7’,,(t,f (pl(x+t)d_ng(x)+§1,...,y,z)
[- [-

£,0] £,0]

+

b(f so1<x+z)d‘m(x>+fl,...)—13n(f sol(x+r>d‘nz(x>+§1,...)
[-1,0] [-1,0]

+

a(f sol(x+r)d‘m(x)+§1,...)—&n(f sol(x+r>d‘nz(x>+§1,...)
[-1,0] [-1,0]

< mg(lln = n2lle),

foralln e N, n,m € K, y,z € R t € [0,T], € € Ey,, where En, = {§ = (£1,...,éN,) €
RV g <2 i=1,...,N,).

In this case, we perform a smoothing of (b,, &,, F,,) by means of convolutions as we did
for H, in Step III of the proof of Theorem 3.12, in order to end up with a sequence of
regular coefficients satisfying items (ii) and (iii) in Theorem 3.12. Then, we conclude the
proof proceeding as in Step IV of the proof of Theorem 3.12.

(iii) The particular case b = 0, o = 1, and F = 0 was addressed in Theorem 3.4 of [8].
Concerning the case with general coefficients b, o, F', we refer to Theorem 3.16 below. O

We also state the following existence result, which holds under slightly different assump-
tions than Theorem 3.12.

Theorem 3.14. Let Assumption (A1) hold. Suppose also that H is continuous and F
does not depend on (y,z). In addition, suppose that there exists a nondecreasing sequence

(Np)new € N\{O} such that, for alln € N and (t,n) € [0,T] x C([-T, 0]),

bum) = B f o5+ DN, .., f o, D A0,
[—,0] [-1,0]

aum) = i f o1+ DA, .. f on, (x4 D d ),
[-1,0] [-1,0]

Folt,) = Fn(r, f o+ D d ), f m(xﬂ)d‘n(x)).
[-1,0] [-1,0]

We suppose that items (1), (iii), (iv), (v) of Theorem 3.12 hold, while item (ii) is replaced by
the following:
(i) For every n € N, by, 0, F, satisfy:
(ii)’-(a) b, and &, are continuous functions, with first and second spatial derivatives
continuous and satisfying a polynomial growth condition.
(ii)’-(b) F, is continuous and, for all t € [0, T, the function F,(t,-) belongs to C*(RN")
and its second order spatial derivatives satisfy a polynomial growth condition
uniformly in t.
Then, the map U given by (3.12) is a (path-dependent) strong-viscosity solution to equation
(3.1.
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Remark 3.15. Notice that the requirement that ' does not depend on (y, z) imposed in
Theorem 3.14 is used only at a specific point in the proof of Theorem 3.14, namely when
it is used Theorem 3.5 in [9], which relies on Theorem 6.1, Chapter 5, in [23], that is a
regularity result for linear (rather than semilinear) parabolic partial differential equations.
However, if one would have at disposal a more general regularity result than Theorem 6.1,
Chapter 5, in [23], which applies to semilinear parabolic partial differential equations, then
we would be able to extend Theorem 3.14 (as well as Theorem 3.5 in [9]) to the case where
F also depends on (y, z). ]

Proof. The proof can be done proceeding along the same lines as in the proof of Theorem
3.12, the only difference being that in Step IV we rely on Theorem 3.5 in [9] rather than on
Theorem 3.6 of this paper. m|

We finally state the following existence result, which relies on the previous Theorem 3.14.

Theorem 3.16. Let Assumption (A1) hold. We also suppose the following.

(a) b, o, F, H are continuous;

(b) F does not depend on (y, z);

(c) foreveryt e [0,T], the map F(t,-) is continuous uniformly with respect to t € [0, T];
(d) b, o, F satisfy the following property:

(3.22) bt,m) = b(t.y), o(t,n) = oy, F@t,n) = F(,7y),

foreveryte[0,T], n,y € C(I-T,0]), with n(x) = y(x) for any x € [—t,0].

Then, the map U given by (3.12) is a (path-dependent) strong-viscosity solution to equation
3.1).

Remark 3.17. Notice that the requirement that F* does not depend on (y, z) is needed only
because in the proof of Theorem 3.16 we use Theorem 3.14 above, for which in turn we
refer to Remark 3.15. o

Proof. By Theorem 3.14, it is enough to prove that there exists a nondecreasing sequence
(N)new € N\{0} such that, for all n € N and (¢,77) € [0, T] x C([-T,0)),

bu(t,n) = Bn(t, f p1(x+0d n(x),..., f ©N,(x + 1) d_n(x)),
[-1,0] [-,0]

Talts) = &n(r, f or(x+ 0 d (... f soN,,<x+z>d—n<x>),
[-1,0] [-1,0]

F,.(t,n) F,,(t, f pi(x+tdnx,..., f on,(x+1) d_n(x)),
[~£,0] [~£,0]

where (b,,, oy, F,,), and (b, 6, F,), satisfy items (i), (ii)’, (iii), (iv), (v) of Theorem 3.14.
Then, the fact that the map U given by (3.12) is a (path-dependent) strong-viscosity so-
lution to equation (3.1) follows directly from Theorem 3.14. We divide the proof of the
construction of the sequences (b,, 0, F,,), and (b,, &, F,), into five steps.

Step 1. Polygonal approximation of n € C([-T,0]). For every n € N, we consider the n-th
dyadic subdivision of [0, T'], namely
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0= < <..<ty =T, where N, = 2"and 7! := zinT, ¥j=0,...,2"
For every fixedn € N, ¢ € [0,T], n € C([-T,0]), we consider the n-th polygonal approxi-
mation 77, € C([-T, 0]) of path n at time ¢, defined as

e i), is constant on [T, —¢] and equal to n(—1);

e i\, is linear on [(t;?_l ANL)—t, (t;? At)—t], forevery j=1,...,Ny;

° ﬁ;((t;f At)—t) = n((t;f At)—1), forevery j=0,...,N,.
Notice that =t = (g A D) -t < ((f A —1 < - < (fy, A1) —t =0, so that the finite
sequence ((t;? A 1) — 1) 18 a subdivision of [~7,0]. Then, on the interval [-7,0] we see that
the continuous function 7/, is given by

n((@; A1) =1) =, A) = 1)
(A= (L A D)
((AEAD) =@ A =0 = (£ AD =D} AD) = 1)
@A) = (7 A D) ’

() =

+

for every x € [(t;f_l AT —t, (t? A t) — t], whenever t;’_l < t, so that (t;?_l A —t< (t? AL)—t.
Notice that, for any n,y € C([-T,0]) with n(x) = y(x) for any x € [—t, 0], we have 77, = ¥/
Moreover, for any n € C([-T,0]), let ' € C([-T,0]) denote the continuous path satisfying:
n' = n(=t) on [-T,—t] and ' = n on [—1,0]. Then, from the uniform continuity of 7, and
hence of 7, we deduce that ||/}, — 17|l = 0 as n — +oo.

Define the maps b,: [0,T]1x C([-T,0]) > R, &,: [0,T] x C([-T,0]) = R, F,: [0,T] x
C([-T,0]) - Ras

(3.23)  bu(t,m) = b(t,7,), aalt,m) = o(t,1,), Fo(t,n) = F(t,17,),

forevery (¢,1) € [0, T]xC([-T,0]). Since ||7',—1'|l — 0 and b, o, F satisfy property (3.22),
we deduce that the sequence (B Gy o) converges pointwise to (b, o, F)) as n — +oo.
Now, given'y = (yo,...,yn,) € RV and t € [0,T], we define the polygonal f]ﬁl’y €

C([-T,0]) associated with y, defined as follows:

° ﬁfl’y is constant on [—7, —¢] and equal to y;

° ﬁfz,y is linear on [(t;?_l AL —t, (t;? At)—t],forevery j=1,...,Ny;

° ﬁ;((tf]? ANt)—1t)=y;, forevery j=0,...,N,.
More precisely, on the interval [, 0] the continuous function 7,  is given by

Yi—Yj-1 (EAD =D yj =} AD =Dy,
A= (] A1) A = (B AD) ’

ﬁﬁ,’y(x) =

for every x € [(t;?_] AL)—t, (t’j? At) — t], whenever t?_l < t, so that (t;.’_1 A —t< (t’j’. AL)—t.
Define the maps b, : [0, T]xRM*! — R, 6,: [0, TIxRM*! > R, F,: [0, TIxRV*! - R
as
bu(t,yo. .. yn,) = b7y, Gult. Yo, ... yn,) = O(L, 7)),
Fut,yo. ... yn,) i= F(t, 7)),

foreveryt € [0,T],y = (yo,...,yn,) € RM*+1 Notice that there exists the following relation
between the maps b,, &, F, and l?,,, i o
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bu(t,m) = ba(t,n((tg A1) = 1),y A )= 1)),
Fa(t.n) = Gultn(@G AL = D,..on((Ly, A )= 1)),
Fot,m) = Fut,n(@G A D) = 1), .oty AD = 1),

for every (t,n7) € [0,T] x C([-T,0]). Recalling from the integration by parts formula (2.4)
in [9] that n((t’]“. At)—1) = JE_t ol 1[0,,»;](x + 1) d™n(x), we can rewrite the above equalities as
follows: ’

butt.) = s, f Ho (e + D d (), .., f o 103 + 0 d (),
[-2,0] [-2,0]

aut,n) = &n(t, f 1[0,,3]()6 +1d nx,..., f l[o,,nN”](x +1) d_n(x)),
[~£,0] [~£,0]

F‘n(t, 7]) Fn(l, f 1[0’[8]()6 + I) d_n(x), ey f 1[0,[1;/”]()6 + t) d_n(x)),
[-1,0] [-1,0]

for every (¢,n) € [0, T] X C([-T,0]).
Step I1. The maps by, 6 F, satisfy item (1) of Theorem 3.14. We begin noting that, given
Y=Wo,---sun). Y =g yy) € RN+ we have

(24 Wyl < maxlyl < Iyl 7,y = Tyl < maxly; =y)] < ly =l
where |y| = (y(z) +e 4 yjzvn)'/ 2 denotes the Euclidean norm of y. Then, denoting by C and m

the constants appearing in assumption (A1), it follows that by, 6n, F satisfy the following
conditions (with the same constants C and m):

IA

1bu(t,y) = bu(t, Y| +16u(t,y) — 6a(t,¥)| < Cly —¥l,
1bu(2,0)] + 164(2,0)] < C,
IF.t,y)| < C(1+[yl™),

IA

forallt € [0,T],y,y € RN+l Now, fix n € N, Yy =Wo,....yn,) € RN+l g t € [0, T], with
s < t. Notice that

=) Yo, x€[-T,-T+ (-9,
xX) =
ny iy(x—(t=25), xe[-T+(-s5),0]

This proves the continuity of the map ¢ +— ﬁny, from [0, T'] to C([-T,0]). From this latter
property, together with (3.24) and the continuity of b, o, F, we deduce that the maps b,, 6,

F are continuous in both arguments. In conclusion, bn, &, Fy satisfy item (i) of Theorem
3.14.

Step III. The maps b,, &, F, satisfy item (iii) of Theorem 3.14. Fix a compact set K C
C([-T,0]). Our aim is to prove that the following subset of C([-T, 0]) is relatively compact:

(3.25) K := {y e C(-T,0]): y =1, forsomeneN, r€[0,T], n € K}.

To this end, take a sequence (yi)reny C K. Then, for every k € N, there exist n, € N,
t € [0,T], nr € C(I-T,0]) such that y;, = ﬁ;c",nk. Since K is compact, there exists n € K
such that, up to a subsequence, (17x)rery converges to 7 in C([—T,0]). Similarly, there exists
t € [0,T] such that, up to a subsequence, (f;)ren converges to t. Finally, concerning the
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sequence (1 )xen We distinguish two cases: (1) gO€s, up to a subsequence, to +00; (71 )ren
is identically equal to some ny € N, up to a subsequence. This latter case is easier to be
treated, therefore we do not report the proof for this case, and in the sequel we suppose that
n; — +oo. Let us then prove that the sequence (ﬁ;énk)keN converges to 7' in C([-T, 0]), where
we recall from Step I that the continuous path 1* € C([-T, 0]) is equal to the constant 7(—t)
on [T, —¢] and coincides with 17 on [—#, 0]. From the triangular inequality, we have

~1 ~1 ~ ~
177 = 1 lleo < Mg, = i lleo + W7, = 7'l

where we recall that ﬁffk denotes the n;-th polygonal approximation of 7 relative to time #,
while ﬁ;{"nk denotes the n;-th polygonal approximation of 7; relative to time #;. Then, from
(3.24), we obtain

17, = illoo < max (@ A 1) = 1) =@ A1) = 1] < I = el

On the other hand, we notice that the term IIﬁﬁ,"k — 17|l gOes to zero as k — +o0, as a conse-

quence of the uniform continuity of 7 and of the fact that 7+ is a polygonal approximation
of n on [—#,0]. In conclusion, we deduce that || — 1'll goes to zero as k — +oo. This
proves that the set K is relatively compact.

From the definition (3.23) of b, &, F,, it follows that they satisfy item (iii) of Theorem
3.14. As a matter of fact, fix a compact set K ¢ C([-T,0]) and define the set K as in (3.25).
Since b, o, F are continuous, they are uniformly continuous on the relatively compact set
[0, T]1x K. Therefore, by (3.23), we see that there exists a continuity modulus mg (depending
only on b, o, F, and the compact set K) such that

(3.26) |bu(t, 1) = Dut, )| +160(t, ) — Fu(t. ) + | En(t,m) = Fu(t, ) < mi(ln = 1 lloo),
forallt € [0,T],n,17 € K.

Step IV. Smooth approximation of x l[o’ﬁ](x). Our aim is to find, for every n € N and

~ti
nk,l’lk

J = 0,...,N,, asequence of functions (¢, ji)en C C?([0, T]), bounded uniformly with
respect to n, j, k, with first derivatives bounded in L' ([0, 7]) uniformly with respect to n, j,
k, such that

nnn-n = [

l[o’rj_](x +16)d n(x) = lim f @n,ji(x + 1) d n(x).
[—t,O] k—+o0 [—I,O]

We begin approximating the term f[-z,m l[o,g](x +1dnx) = n((t;f At)—1t), for any j =
1,...,N,. Let ®(x) = \/% f_ xoo exp(—%zz)dz, for any x € R, be the cumulative distribution
function of the standard Gaussian distribution. Then, we notice that, for any t?, with j > 1,
and for any ¢ € [0, T],

n((tj?/\t)—t)=f

l[o,ﬁ](x +0d nx) = klim [1 - Dk(x+1-— t?))] d n(x).
[-2.0] '

—+00 [_t70]

More precisely, we have (using the integration by parts formula (2.4) in [9])

sup f[ 1= @k 1= 010 = 0 =)

t€[0,T]
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0
= ts;gg]([l — D(k(t — £7)]n(0) + f l U(X)\/%e_%kz(x”_tpzdx—n((t;’/\t)—t))
I " NI R o
= tes[lég]([ —q>(k(z—tj))]n(0)+Lt? n(%uj—z)\Ee dz—n((j/\t)—t))
= sup ({1 = @k = ENI[O) = 17} A D) = D] = —KE((E} A D) =1
te[0,T]

k—+00

[ bz Lot
+ S ) (@A) — D) e dz) 2%
G N TG Var

It remains to consider the term corresponding to j = 0, namely f[—m] Liom(x + ) d n(x) =
n(—t). We notice that we have (using the integration by parts formula (2.4) in [9])

sup f[ =00 = B - 1)

1€[0,T]

KG=1/vb 1 1 i
= sup ([1 — O(k(t = 1/Vk)]n(0) + f 03+ —= — 1) ——e ¥ dz - n(—t))
Vk k

€l0.7) N
= sup ([1 — Ok(t — 1/VID][1(0) = n(=1)] = D(~V)n(~1)
ki=1/Vk) Z 1 1 12 k—+00
+ IW} [77(% + % - f) - n(—t)]Ee 2 dZ) — 0.

In conclusion, we obtain (the same property holds for the coefficients &, and F,)

sup [zs,,(z, f [1 = Ok(x + 1 1/VE)]d (),
[-1,0]

1€[0,T]

[1-Dk(x+1-1)]d nx),... )
[-1,0]

k—+00

—[;n([, f 1[(),%]()6 +1) d_n(x), ey f 1[0,%’1](X +1) d_n(x))] — 0,
[-,0] [-,0]

for every n € C([-T,0]). Now, define

bus(t,n) = lAJn(t,f[ N [1=D(k(x+1—=1/Vk)] d (), [1-Dk(x+1-1]))] d‘n(X),...),

[-2.0]
for all n,k € N, t € [0,T], n € C([-T,0]). In a similar way, we define &, and Fn,k.
Proceeding along the same lines as in the previous Step III, we see that, for every compact
set K € C([-T,0]), we have (with the same continuity modulus as in (3.26))

1By i(t, 1) = Brs(t, ) + |50kt 1) = G, | + | Fni(ts ) = Eopt, 1)1 < mg(llng = 17 lloo)s

forallt € [0,T],n, 7 € K. In other words, the functions En,k(t, ), Oni(t, ), Fn,k(t, I, n,k €N,
are equicontinuous on compact sets, uniformly with respect to r € [0,7]. Then, it fol-
lows from Lemma D.1 that there exists a subsequence (i’n,kn’ T nk,» F nk, Jnett Which converges
pointwise to (b, o, F)) on [0, T'] X C([-T,0]).

From now on, to alleviate the notation, we denote the subsequence (En,kn, Tnk,» F .k IneN
simply by (b, G, Ep)per, With

ba(t, n = Bn(t, f p1(x+0d n(x),..., f ©N,(x + 1) d_n(x)),
[-£,0] [~£,0]
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an(t,m) Frn(t, f er(x+0d nx),..., f ‘PN,Z(X"‘t)d_T](X)),
[-1,0] [-1,0]

Fo(t,m) Fn(t, f o(x+0d nx),..., f ¢Nn(x+t)d_n(x)),
[-1,0] [-1,0]

for every (z,m) € [0,T] x C([-T,0]), for some sequence of functions (¢;) jen C C%([0,T]),
bounded uniformly with respect to j, with first derivatives bounded in L'([0, T']) uniformly
with respect to j.

Step V. Conclusion. In order to conclude the proof, it remains to perform a smooth approxi-
mation of b,, 6, F,. To this end, we proceed along the same lines as in Step III of the proof
of Theorem 3.12. More precisely, for every n € N, we consider the function p, € C®(R)
given by (3.20). As in Step III of the proof of Theorem 3.12, we set p,x(z) := kNip,(kz),
Vz € RV, k €N, and we define

bui(t.y) = f  Pri@ba(ty ~2) da,
RNn
for all (¢,y) € [0, T] X R":. In a similar way, we define 6, and E nk- We denote
buatt) = bualt. [ aicrndn. [ anoernd )
[-1,0] [-£,0]

foralln,k e N,t € [0,T],n € C([-T,0]). We define similarly &, 4 and F,,,k. By LemmaD.1,
we deduce that there exists a subsequence (lv),,,k”, Tnk,» F wk, Jnel Which converges pointwise

to (b, o, F). Then, we define b, := lA)n’kn, Oy = Opi,» Iy 1= An’kn, and also b, := lv),,,kn,
oy = Ok, Fuoi= Fn,k”. We see that the sequences (b, 0y, Fy)nen and (b, Gy F)pent
satisfy items (i), (ii)’, (iii), (iv), (v) of Theorem 3.14. This concludes the proof. ]

3.5. The Markovian case revisited. In the present section we show that, in the Mar-
kovian case, Definition 3.9 of (path-dependent) strong-viscosity solution is coherent with
Definition 2.3. In particular, consider the semilinear parabolic PDE

Owu(t, x) + (b(t, x), Dyu(t, x)) + %tr(o-o”(t, x)D?u(t, x))
(3.27) + f(t, x,u(t, x),o(t, x)Du(t,x)) = 0, V(t,x)e€[0,T)XR,
M(T7 x) = h(X), Vxe R,
with b, o, f, h satisfying Assumption (A0). Then, equation (3.27) can be rewritten as the
following semilinear parabolic path-dependent PDE
OV + D"V + b(t,n)D" U + 36(t,m)* DV U
(3.28) +F(t,n, V', o(t,mD"V") = 0, V(t,n) € [0, T[xC([-T,0]),
U(T.n) = H(), Vn e C([-T,0)]),
where b: [0, T]xC([-T,0]) - R, 5: [0, T1xC([-T,0]) =» R, F: [0, T1xC([-T,0]) xR x
R — R, H: C([-T,0]) — R are defined as
b(t,n) = b(t,n0)), &(t,n) = o@t,n0), Ft,ny.2) = f(t,n0),y,2),
H(n) := hn(0)),
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for every (t,1,y,z) € [0, T] X C([-T,0]) Xx R X R. Since b, o, f, h satisty Assumption (A0),
it follows that b, &, F, H satisfy Assumption (A1). Moreover, we have the following result.

Proposition 3.18. Suppose that Assumption (A0) holds.

(1) Every strong-viscosity solution u: [0, T] xR — R to equation (3.27), in the sense of
Definition 2.3, is such that the map U": [0,T] X C([-T,0]) — R, defined by

U'(t,n) = ut,n0)), V(t,m) €[0,T]x C([-T, 0D,

is a (path-dependent) strong-viscosity solution to equation (3.28) in the sense of
Definition 3.9.

(2) Viceversa, every (path-dependent) strong-viscosity solution U : [0,T] x C([-T,0])
— R to equation (3.28), in the sense of Definition 3.9, can be represented as

U(t,m) = u(t,n(0)), V(t,m) €[0,T]1x C([-T,0)),

for some function u: [0,T] X R — R. Moreover, under the assumptions of either
Theorem 2.13 or Theorem 2.16, u is a strong-viscosity solution to equation (3.27)
in the sense of Definition 2.3.

Proof. Proof of point (1). Letu: [0, T]XR — R be a strong-viscosity solution to equation
(3.27) in the sense of Definition 2.3, so that there exists a sequence (uy, hy,, fu, by, 0y), Of
Borel measurable functions u,,: [0,T]XR - R, h,: R > R, £,: [0,T] X RXRXR — R,
b,: [0, T] xR — R, 0,: [0,T] x R — R, satisfying points (i)-(ii)-(iii) of Definition 2.3.
Define U: [0, T] X C([-T,0]) — R as U'(t,n) := u(t,n(0)). Let us prove that U is a (path-
dependent) strong-viscosity solution to equation (3.28) in the sense of Definition 3.9. For
every n, define b,: [0,T] x C(-T,0]) =» R, ,: [0,T] x C([-T,0]) = R, F,: [0,T] x
C([-T.0DxRxR - R, H,: C([-T,0]) = R as

Bn(t’ 77) = by(t, 77(0))’ 0u(t, 77) = o,(t, 77(0))’ F,,(l, .Y, 7) = fn(ta 77(0)’ Y, 2),

for every (t,n,y,z) € [0, T] X C([-T,0]) x RxR. Moreover, let V},: [0,T]xC([-T,0]) - R
be given by U, (t,n) = u,(t,n(0)). Then, the sequence (U, H,, F,, b,,5,), satisfies points
(1)-(i1)-(iii) of Definition 3.9, from which it follows that U is a (path-dependent) strong-
viscosity solution to equation (3.28) in the sense of Definition 3.9.

Proof of point (2). We begin recalling that, since Assumption (A1) holds, by Theorem 3.10
we have that U is given by
(3.29) Uty =Y, V(t,n) € [0, T]x C([-T,0]),
where (Y, Z;)serrr) € S2(t, T) x H2(¢, T) is the unique solution to the equation
T T
v = fe s [ Fex e ztar- [ Ztaw, e,
N N

with X"7 window process of X" = (Xg’")se[_n,]], solution of the equation

dxt" = b(s, X"y dt + 6(s, X5 AW, setT],

X5 = nis - 1), se[-T +t,1].
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From the definition of X", we see that X."(0) = X", for every r € [t,T]. Therefore, the
equation solved by X"" can be written as follows:

dXt" = b(s, X5 dt + o (s, X5 dW,, setT],
X5 = (s 1), se[-T +t,1].

We see that (X),¢1.71 solves the same equation of the process X = (X%"?) ., 71, namely

equation (2.2) with x = 7(0). As a consequence, the processes (X;")c(;7) and X1 =
(X?”(O)) sef.7) are P-indistinguishable. From this result we deduce that the equation solved by
(Y5, ZMser.7) can be written as

T T
Yo = hX"0) + f Fo X0, v 70 dr - f Z"dW,,  t1<s<T.
N N

We notice that (Yy", Z;")scr.71 Solves the same equation of (YO, Z?r](O))se[t,T], namely equa-
tion (2.5) with x = 7(0). By uniqueness, it follows that ||[Y*" — Y"1O)|| = 0 and ||Z"" —

s2(4,1)

Z””(O)IIHZUT} = 0. Therefore, we deduce ¥’ = Y Now, define the map u: [0, T] xR — R
as
(3.30) u(t,x) = Y, V(t,x) €[0,T]xXR.

Then, the following relation between the map U in (3.29) and the function « in (3.30) holds:
U(t$ T]) = M(t, 77(0))9 v (t’ 77) € [0’ T] X C([_T9 0])'

Finally, under the assumptions of either Theorem 2.13 or Theorem 2.16, we deduce that u is
a strong-viscosity solution to equation (3.27) in the sense of Definition 2.3. O

Appendix

In the present appendix we fix a complete probability space (Q, F,P) on which a d-
dimensional Brownian motion W = (W;)» is defined. We denote F = (F),>0 the completion
of the natural filtration generated by W.

A. Estimates for path-dependent stochastic differential equations. Let C([-T,0]; R%)
denote the Banach space of all continuous paths 1: [-T,0] — R? endowed with the supre-
mum norm |7l = sup, 7 In()|. Notice that, when d = 1, we simply write C([-T,0]) in-
stead of C([-T,0]; R). In the present section we consider the d-dimensional path-dependent
SDE:

(A dX, = b(s,X,)dt + o(s,X,)dW;, s€t,T],
' X, = n(s—1), se =T +1,1],
where on b: [0,T] x C([-T,0];RY) — R? and o : [0,T] x C([-T,0];RY) — R we shall

impose the following assumptions.

(Ap») b and o are Borel measurable functions satisfying, for some positive constant C,

|b(t,m) = b, )| +o(t,n) —o@t.n)| < Clin=1n'll,
16@,0)| +]0(1,0)] < C,

IA
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forallr € [0,T] and 5,77 € C([-T,0]; RY).

Notice that equation (A.1) on [#, T] becomes equation (2.2) when b = b(t,n) and o =
o(t,n) are non-path-dependent, so that they depend only on 7(¢) at time ¢. On the other
hand, when d = 1 equation (A.1) reduces to equation (3.2).

Lemma A.1. Under Assumption (Ap ), for any (t,n) € [0, T]xC([-T, 0]; RY) there exists
a unique (up to indistinguishability) F-adapted continuous process X" = (X;")sel-r+1.7]
strong solution to equation (2.2). Moreover, for any p > 1 there exists a positive constant
C, such that
(A.2) El sup |xi"] < Cp(1+ i),

se[-T+1,T]

Proof. Existence and uniqueness follow from Theorem 14.23 in [29]. Concerning esti-

mate (3.3) we refer to Proposition 3.1 in [9] (notice that in [9], estimate (3.3) is proved for

the case d = 1; however, proceeding along the same lines, we can prove (3.3) for a generic
d € N\{0}). O

Lemma A.2. Suppose that Assumption (A ) holds and let (b,, 0y,), be a sequence sat-
isfying Assumption (Ayp) with a positive constant C independent of n. Moreover, (by, o)
converges pointwise to (b, ) as n — co. For any n € N and (t,n) € [0, T] x C([-T,0]; R%),
denote by X" = (X?’t’")se[_TH,T] the unique solution to the path-dependent SDE

A3 dX?P = bo(s, X dt + oy(s, XY AW, t<s<T,
' XM = (s - 1), ~T+t<s<t.
Then, for every p > 1, we have

(A4) B[ sup IX\P] < Cp(1+1llP), Y (t.m) €[0,T]x C([-T, 01 RY), ¥n € N,

t<s<T

for some positive constant C,, and

(A.5) lim E[ sup X3 —X';”l”] = 0, Y (t,n) € [0, T] x C([-T,0];RY).

1<s<T

Proof. For any n € N and (¢,77) € [0, T] x C([-T,0]; RY), the existence and uniqueness
of (X?’t’") se[-T+:,T]» as well as estimate (A.4), can be proved proceeding as in Lemma A.1. It
remains to prove (A.5). Observe that

) S
X Xt = f (by(r, X1 = b(r, XEM)) dr + f (o n(r, X5y = o (r, XET)) AW,
t t

Then, taking the p-th power, we get (recalling the standard inequality (a+b)” < 2P~ !(a”+b"),
for any a, b € R) that | X7 — X;"|P is less than or equal to

p
277! + 20!

f (bn(r7 X:L’t’n) - b(r’ X;J])) dr
t

S p
f (0(r, X2 = o (1, X)) AW |
t

In the sequel we shall denote ¢, a generic positive constant which may change from line to
line, independent of n, depending only on 7', p, and the Lipschitz constant of b,, o,,. Taking
the supremum over s € [¢, T'], and applying Holder’s inequality to the drift term, we get
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S
=X < ¢ [ o - b
t
p
(A.6) +277 sup .

1<u<s

U
f (Tn(r, X7 = o(r, X)) dW,
t
Notice that

f |a(r, 32 = b(r, X dr
t

IA

2! f [Bu(r, 3 = by(r, X dr + 277! f Joutr %5 - b0 7 dr
t t

IA

(A7) ¢ f R - KT + 20! f (B X = b, X dr.
t t

In addition, from Burkholder-Davis-Gundy inequality we have

p

f (o, X = o (r, X)) AW,
t

S
E[ sup < c,,E[ f |an(r,X’ﬁ”’”)—a(r,Xi”’)|p/2dr]
t

t<u<s

: C”E[f o K7 = e Xtr’")|p/2d”] * CPE[ f |, XET) = o (r, X?”)Ip/zdr]
! t
(A.8)
= f E[I" =X dr + ¢, f E[|ora(r, X1 = o (r, X2 ar.
t

t

Taking the expectation in (A.6), and using (A.7) and (A.8), we find

S S
Bl - X1 < ¢ f BlI% - X dr + f B |ba(r, 37 = b, XM dr

t t

T
T f E[|ora(r, X27) = o (r, X2 dr.
t
Then, applying Gronwall’s lemma to the map r > E[||3X"" — XJ7||P], we get

T
E| sup X0 - X] < ¢, f E[|(r, X0 - b(r, 3| | dr
t

1<s<T
T
te, f E[|ora(r, XET) = o (r, X2 dr.
t

In conclusion, (A.5) follows from estimate (A.2) and Lebesgue’s dominated convergence
theorem. o

B. Estimates for backward stochastic differential equations. We derive estimates for
the norm of the Z and K components for supersolutions to backward stochastic differen-
tial equations, in terms of the norm of the ¥ component. These results are standard, but
seemingly not at disposal in the following form in the literature. Firstly, let us introduce a
generator function F: [0, 7] x Q X R x R — R satisfying the usual assumptions:

(A.a) F(-,y,z) is F-predictable for every (y,z) € R x R%.
(A.b) There exists a positive constant Cg such that

|F(s,y,2) = F(s,y', ) < Cr(ly—y'| + 1z = 2'),
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forally,y’ €R,z,7 € R, ds ® dP-a.e.
(A.c) Integrability condition:

T
E f |F(s,0,0)ds| < Mp,
t

for some positive constant M.

Proposition B.1. For any t,T € R, t < T, consider (Ys,Zs, K;)se(r 1) satisfying the
following.
(i) Y € S*(t,T) and it is continuous.
(ii) Z is an R -valued F-predictable process such that P( ft ! |Z,>ds < c0) = 1.
(iii) K is a real nondecreasing (or nonincreasing) continuous F-predictable process such
that K, = 0.

Suppose that (Ys, Z, K;)sei 1) Solves the BSDE, P-a.s.,
T T
(B.1) Yo = Yr+ f F(r,Y,,Z,)dr + Kr — K, — f (Z,,dW,), t<s<T,
S S

for some generator function F satisfying conditions (A.b)-(A.c). Then (Z,K) € H>(t, T)? x
A*Y2(t,T) and

T
(B2) 120+ WKy < (112, + 2 f IF(5,0,0)Fds),
t

for some positive constant C depending only on T and Cp, the Lipschitz constant of F. If in
addition K = 0, we have the standard estimate

T
(B.3) Y1z 7y + 12 g e < C’(E[lYT|2]+E f |F (s, 0,0)|2ds),
t

for some positive constant C' depending only on T and Cr.

Proof. Proof of estimate (B.2). Let us consider the case where K is nondecreasing. For
every k € N, define the stopping time

T = inf{s >1: f \Z,|>dr > k} AT.
t

Then, the local martingale ( ft * Y (1y2(NZr, dW,))serr. ) satisfies, using Burkholder-Davis-
Gundy inequality,

f Yr< 1 [t,‘rk](r)er dWr>
t

E[ sup ] < ©9,
t<s<T
therefore it is a martingale. As a consequence, an application of It6’s formula to |Y;|* be-

tween ¢ and 7 yields
Tk Tk Ty

(B4) E[lY,]+E f 1Z,*dr = E[|Y,|*] +2E f Y. F(r,Y.,Z,)dr +2E f Y, dK,.
t t t

In the sequel ¢ and ¢’ will be two strictly positive constants depending only on Cp, the
Lipschitz constant of F. Using (A.b) and recalling the standard inequality ab < a® + b?/4,
for any a, b € R, we see that
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Tk 1 Ty T
(B.5) 2E f Y, F(r,Y,,Z,)dr < cT||Y||§2(Z’T)+ZE f \Z,dr + E f |F(r,0,0)*dr.
1 13 t

Regarding the last term on the right-hand side in (B.4), for every & > 0, recalling the standard
inequality 2ab < ea® + b* /e, for any a, b € R, we have
Tk 1
(B.6) 2E f Y, dK, < gllYllé%T) + E[|K+, .
t
Now, from (B.1) we get

Tk Tk
K‘rk =Y - Y‘rk - f F(r,Y,Z) dr + f <Zr7 dWr>
t t

Therefore, recalling that (x; + - -+ + x4) < 4(xf +00 4 xi), for any xq,...,x4 € R

2

Tk Tk
E[IK P < SIVIE, p, +47E [ FuY,Z0fdr + 48] [ 2dw)
13 t

From It0’s isometry and (A.b), we obtain
T T
(B.7) E[IK "] < /(1 + TR, 7 +¢'(1+T)E f \Z,/*dr + ¢'TE f |F(r,0,0)]dr.
t t

Then, taking € = 1/(4¢’(1 + T)) in (B.6) we get

16¢A+TY? +1+T?
41+T)

1 Tk T r
—E | 1Zdr+ ———E | |F(r,0,0)"d
+3 ft| Pdr+ f,'(r Pdr

1 Tk T
< c(1+ T2)||Y||§2(I’T) + ZEf 1Z,Pdr + cTEf |F(r,0,0)%dr.
t t

Tk
(B.8) 2E f, Y,dK, < Y120, 7,

Plugging (B.5) and (B.8) into (B.4), we end up with
1 Tk T
E[|Y,,[*] + SE f, Z,Pdr < c(1+ TRy, ) + (1 + TE ft |F(r,0,0)dr.
Then, from monotone convergence theorem,
T T
(B.9) E f ZPdr < e+ THIY IRy, 7y + c(1 + T)E f |F(r,0,0)]dr.
t t

Plugging (B.9) into (B.7), and using again monotone convergence theorem, we finally obtain

T
IK G2y = EIKrP] < el + THIYIE 7+ c(1 + T?E f |F(r,0,0)/dr.
t

Proof of estimate (B.3). The proof of this estimate is standard, see, e.g., Remark (b) imme-
diately after Proposition 2.1 in [20]. We just recall that it can be done in the following two
steps: first, we apply Ito’s formula to |Y,|?, afterwards we take the expectation, then we use
the Lipschitz property of F' with respect to (y, z), and finally we apply Gronwall’s lemma to
the map v(s) := E[|Y,[*], s € [t, T]. Then, we end up with the estimate

T
(B.10) sup E[IYsP]+1ZI2s 70 < C‘(E[|YT|2J+E f |F<s,0,0>|2ds),
!

s€(t,T]
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for some positive constant C depending only on 7 and Cr. In the second step of the proof
we estimate ||Y |I§2 on = E[sup,<,<r 1Y% proceeding as follows: we take the square in rela-
tion (B.1), followed by the sup over s and then the expectation. Finally, the claim follows
exploiting the Lipschitz property of F with respect to (y, z), estimate (B.10), and Burkholder-
Davis-Gundy inequality. O

C. Limit theorem for backward stochastic differential equations. We prove a limit
theorem for backward stochastic differential equations designed for our purposes, which is
inspired by the monotonic limit theorem in [35], even if it is formulated under a different set
of assumptions. In particular, the monotonicity of the sequence (¥"), is not assumed. On the
other hand, we impose a uniform boundedness for the sequence (Y"), in SP(¢,T) for some
p > 2, instead of p = 2 as in [35]. Furthermore, unlike [35], the terminal condition and the
generator function of the BSDE solved by Y" are allowed to vary with n.

Theorem C.1. Let (F,), be a sequence of generator functions satisfying assumption (Aa)-
(Ac), with the same constants Cr and My for all n. For any n, let (Y",Z",K") € S*(t,T) X
H2(r, T)! x A™%(t, T), with Y" and K" continuous, satisfying, P-a.s.,

T T
Y' = Yi+ f Fo(r,Y', Z"dr + K. = K" — f Z8,dW,),  t<s<T
N s

and

2
||Y"||§z(,,r) + 12"z rye + IK 2y < C, VneN,

for some positive constant C, independent of n. Suppose that there exist a generator func-
tion F satisfying conditions (Aa)-(Ac) and a continuous process Y € S*(t,T), in addition
sup,, [Y"|lsr¢.,7) < oo for some p > 2, and, for some null measurable sets N C [t,T]x Q and
Ny C Q,

F.(s,0,y,2) =S F(s,w,y,2), V(s,w,y,2) € ([t, T] X Q)\Np) X R X R‘l,
Y'(w) =5 Yy(w), YV (s, w) € [t, T] X (Q\Ny).

Then, there exists a unique pair (Z, K) € H*(t, T)? x A*2(t, T) such that, P-a.s.,
T T
(C.1) Y, = YT+f F(r,Yr,Zr)dr+KT—Ks—f (Z,,dW,), t<s<T.

In addition, Z"" converges strongly (resp. weakly) to Z in L4(¢t, T; RY) (resp. H2(zr, T)Y), for
any q € [1,2[, and K converges weakly to K; in L*(Q, F,,P), forany s € [t,T].

Remark C.2. Notice that, under the assumptions of Theorem C.1 (more precisely, given
that Y is continuous, sup, [|Y"||sr¢,7) < oo for some p > 2, Yi(w) — Y (w) as n tends to
infinity for all (s, w) € [t, T] X (Q\Ny)), it follows that ||Y||sr 1y < co. Indeed, from Fatou’s
lemma we have

< 00,

(C.2) E[liminf sup IYZ'IP] < liminf ||Y"|

p
P
N=00 4<<T SPeT)

Moreover, since Y is continuous, there exists a null measurable set Nj, C Q such that s
Yy(w) is continuous on [z, T'] for every w € Q\N},. Then, for any w € Q\(Ny U Ny), there
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exists 7(w) € [t, T] such that

(C3) sup [Y,(@) = [Ye (@) = lim [Y2, (@)’ < liminf sup [Y/(w)l’.
1<s<T n—eo =00 1<s<T
Therefore, combining (C.2) with (C.3), we end up with ||Y]|sr¢.1) < c0. |

Proof. We begin proving the uniqueness of (Z,K). Let (Z,K),(Z',K’) € H(t,T)¢ x
A*2(¢,T) be two pairs satisfying (C.1). Taking the difference and rearranging the terms, we
obtain

T T
f 2, ~Z,dW,) = f (F(n Y, Z,) = F(r.Y,.Z))dr + Ky - K, = (Kj - K)).

Now, the right-hand side has finite variation, while the left-hand side has not finite variation,
unless Z = Z’. This implies Z = Z’, from which we deduce K = K.

The rest of the proof is devoted to the existence of (Z, K) and it is divided in different
steps.
Step 1. Limit BSDE. From the assumptions, we see that there exists a positive constant c,
independent of 7, such that

s Lyos &y

T
E f |F,(r, Y, ZMdr < ¢, VneN.
t

It follows that the sequence (Z", F,(-, Y",Z")), is bounded in the Hilbert space H(t, T)? x
L2(t,T;R). Therefore, there exists a subsequence (ZM, Fp (-, Y™, Z™)); which converges
weakly to some (Z,G) € H*(t, T)? x L*(¢t, T;R). This implies that, for any s € [t,T], the
following weak convergences hold in L*(Q, Fy, P) as k — oo:

f Fo(r, Y™, 2% dr — f G(rdr, f (Z",dW,)y — f (Z,,dW,).
t t t t

Since
A S
K = Y,”—Yf—f F,,(r,Y;’,Z;’)dr+f<Z;’,dW,>
t t

and, by assumption, Y” — Y, strongly in L*(Q, F,, P), we also have the weak convergence,

s
as k — oo,

(C4) K — K,

where
S S
K, = Y,—Ys—f G(r)dr+f<Z,,dWr>, t<s<T.
t t

Notice that (Ky),<s<r is adapted and continuous, so that it is a predictable process. We have
that E[|K7|?] < co. Let us prove that K is a nondecreasing process. For any pair 7, s with
t <r<s <T,wehave K, < K, P-a.s.. Indeed, let & € L*(Q, F,,P) be nonnegative,
then, from the martingale representation theorem, we see that there exist a random variable
{ € L*(Q, F,,P) and an F-predictable square integrable process 5 such that

£ = §+fsnudwu.
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Therefore

o
A

< E[&K! - KD)] = E[fK’J]—EMKf]—E[E[Kf f N dW,

&l

E[¢K!] - E[(K!] = EI4K,] - E[ZK,] = BI&K, - K,

which shows that K, < K, P-a.s.. As a consequence, there exists a null measurable set
N c Q such that K, (w) < K (w), for all w € Q\N, with r,s € QN [0,T], r < s. Then, from
the continuity of K it follows that it is a nondecreasing process, so that K € A*2(¢,T).
Finally, we notice that the process Z in expression (C.4) is uniquely determined, as it can
be seen identifying the Brownian parts and the finite variation parts in (C.4). Thus, not only
the subsequence (Z™),, but all the sequence (Z"), converges weakly to Z in H2(t, T)Y. Tt
remains to show that G(r) in (C.4) is actually F(r, Y,, Z,).
Step 2. Strong convergence of (Z"),. Let a € (0,1) and consider the function A,(y) =
|min(y — @,0)]>, y € R. By applying Meyer-Itd’s formula combined with the occupation
times formula (see, e.g., Theorem 70 and Corollary 1, Chapter IV, in [37]) to A (Y} — Y)
between ¢ and 7', observing that the second derivative of /4, in the sense of distributions is
a o-finite Borel measure on R absolutely continuous to the Lebesgue measure with density
2 - 1}—c,e((+), we obtain

T
E[|min(Y" - Y, — a,0)*] + E f Lyr_y,<a)Z8 — Z,[*ds
t
T
= E[|min(Y?. — Y7 — @, 0)*] + 2E f min(Y" — Y, — a, 0)(F,(s, Y", Z") — G(s)) ds
t

T T
+ 2Ef min(Y} - Y, — a,0)dK} — 2Ef min(Y} — Y, — @,0) dK;.
t t
Since min(Y? - Y, — @, 0) dK} < 0, we get
(C5)

T
E f Liyr_y,<a)lZ = Zs[*ds < E[|min(Y} - Y7 — a, 0)]%]
t

T T
+2E f min(Y" — Y, — , 0)(F, (s, Y, Z) = G(s)) ds — 2E f min(Y" - Y, - ,0) dK,.
t t

Let us study the behavior of the right-hand side of (C.5) as n goes to infinity. We begin
noting that

(C.6) E[|min(Y}. - Y7 - a,0)] = 2.

Regarding the second-term on the right-hand side of (C.5), since the sequence (F,(-, Y",Z")—
G(+)), is bounded in L%(z, T; R), we have

T 1
sup(E[ f IF (s, Y?,Z?)—G(s)lzds])z = & < oo,
neN t

Therefore, by Cauchy-Schwarz inequality we find

T
E [ Iminy? - ¥, - 0, 0)IF (5. V1. ZD) - Glo) ds
t
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T % n—oo
(C.7) < E(E[ f Imin(Y" - Y, - a, 0)|2ds]) S eNT =1 a.
t

Concerning the last term on the right-hand side of (C.5), we notice that, by assumption and
Remark C.2, there exists some p > 2 such that, from Cauchy-Schwarz inequality,

T
supE[ f I min(Y” - Y, — ,0)|" sz]
t

neN
1
< Sup (E[ sup [min(Yy - Y, - a, 0>|P])2(E[|KT|2])% < 0.
neN t<s<T

It follows that (min(¥Y”-Y.—a, 0)), is a uniformly integrable sequence on ([z, T1xQ, B([t, T'])
®F, dK;®dP). Moreover, by assumption, there exists a null measurable set Ny C Q such that
Y (w) converges to Y (w), for any (s, w) ¢ [t, T] X Ny. Notice that dK; @ dP([t, T] X Ny) = 0,
therefore Y” converges to Y pointwise a.e. with respect to dK; ® dP. This implies that

T

(C.8) E[ f |min(Y” - Y, — a, 0)|dK,| — aE[K7].
13

By the convergence results (C.6), (C.7), and (C.8), (C.5) gives

T
(C.9) limsup E f Ly y<a)lZ8 = ZPds < o® +2eNT —t a + 20 E[K7].
t

n—oo

From Egoroft’s theorem, for any ¢ > 0 there exists a measurable set A C [t, 7] X Q, with
ds @ dP(A) < ¢, such that (Y"), converges uniformly to Y on ([z, 7] X Q)\A. In particular,
for any @ €]0, 1[ we have |Y}(w) — Y(w)| < a, for all (s, w) € ([t, T] x Q)\A, whenever n is
large enough. Therefore, from (C.9) we get

T T
limsupE f LrxanalZt — Z*ds = limsupE f Lrxanalyr—y<alZ = Zy* ds
t t

n—o0 n—oo

T
< limsupE f Lyl = Zs* ds < o* +2eVT — ta + 20 E[K7].
t

n—oo

Sending @ — 0%, we obtain

n—o00

T
(C]O) lim Ef 1([1,T]><Q)\A|Z;l —Zslzds = 0.
t

Now, let g € [1, 2[; by Holder’s inequality,
T T T
Ef |Z’; — Zs|qu = Ef 1([[,T]XQ)\A|Z? — Zslqu + Ef 1A|Z? — Zslqu
t t t

T 4 T q

n 2 : e n 2 2 2

< (Ef 1([t’T]XQ)\A|ZS _Zsl dS) (T - Z) 2+ (]Ef |ZA —Zs| dS) 072 .
t t

Since the sequence (Z"), is bounded in H?(z, T)4, we have

T
supEf |Z§‘—Zs|2ds =: ¢ < o0,
neN t

Therefore
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T T [
Ef |erz — leq ds < (Ef 1([1’T]><Q)\A|Z:,l - lezdS)Z(T — t)qu + 6‘%(57’
t t

which implies, by (C.10),

T
limsupEf |Z¢ — Z|"ds < o35t
n—oo t
Sending 6 — 0% we deduce the strong convergence of Z" towards Z in L(z, T; R%), for any
q € [1,2[.

Notice that, for any ¢ € [1,2[, we have (recalling the standard inequality (x + y)? <
2971 (x4 + y9), for any x,y € R,)

T T
E[ f \Fo(s, Y™, Z") - F(s, Ys,zaws] < zq—lE[ f IF (s, Y", Z") = F,(s. Ys,zs)ﬂds]
t t

T
+ 2q_lE[f |Fu(s, Y, Zs) — F(s, Y, Zy)| ds]
t

Therefore, by the uniform Lipschitz condition on F,, with respect to (y, z), and the conver-
gence of F, towards F, we deduce the strong convergence of (F,(-, Y",Z")), to F(-,Y.,Z) in
Li(t,T;R), q € [1,2[. Since G(-) is the weak limit of (F,(-, Y",Z")), in L*(¢, T;R), we de-
duce that G(-) = F(-, Y., Z.). In conclusion, the triple (¥, Z, K) solves the backward stochastic
differential equation (C.1). m]

D. An additional result in real analysis.

Lemma D.1. Let (G, )nken, (Gnnen, and G be Ri-valued continuous functions on [0, T]X
X, where (X, d) is a separable metric space, and

Gt 1) =5 Gt ), Gut.x) =5 G(tx), V(1) e[0,T]xX.

Moreover, G, x(t,x) = G,(t,x) as k — oo, for all x € X, uniformly with respect to t € [0, T].
Suppose also that the functions G,x(t,-), n,k € N, are equicontinuous on compact sets,
uniformly with respect to t € [0,T]. Then, there exists a subsequence (G, )nert Which
converges pointwise to G on [0,T] X X.

Proof. We begin noting that, as a direct consequence of the assumptions of the lemma,
the functions G(t, -), G,(t,-), and G,x(t, -), for all n,k € N, are equicontinuous on compact
sets, uniformly with respect to r € [0, T'].

Let D = {x1,x2,...,xj,...} be a countable dense subset of X. Fix n € N\{0}. Then, for
any j € N there exists k, ; € N such that

1
IGn,k(t’ x]) - Gn(t9 xj)l < ) Vk > kn,j’ Vt € [Oa T]
: n
Setky, :=ky—1 Vky1 V- Vk,,, Vo eN, where k_; := 0. Then, we have
|G, (t.5) = G(t,x))] = 0,  VjeN,

for all ¢ € [0, T']. It remains to prove that the convergence holds for all (¢, x) € [0, T] x X. To
this end, fix x € X and consider a subsequence (x;, )nenw C D which converges to x. Then,
the set K defined by
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K = (xj,)men U {x}

is a compact subset of X. Recall that the functions G(¢,-) and G, (¢, ), for all n € N, are
equicontinuous on K, uniformly with respect to t € [0, T]. Then, for every € > 0, there
exists 0 > 0 such that, for all n € N,
& &
|Gn,kn(ta xl) - Gn,k”(t’ x2) | < 59 |G(ta xl) - G(t’ xz) I < 5’
<0, x1,x € K, forall t € [0,T]. Fix t € [0,T] and Xj,o € (X}, Jmen
such that ||x — xjmoll < 0. Then, we can find ny € N (possibly depending on ¢) for which
|G, (t, x j'"o) -G(t,x jmo) | < &/3 for any n > ngy. Therefore, given n > ny we obtain

whenever ||x; — x|

|G, (1, ) = G(t, )| < |G, (t,%) = G, (8, x), )| + | G, (1, x5, ) = G2, x5, ) |
+ | G(t’ 'xjmo) - G(t’ -x) | < &

This implies that G, ;, converges to G at (¢, x), and the claim follows from the arbitrariness
of (¢, x). ]
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