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STRONG-VISCOSITY SOLUTIONS: CLASSICAL AND PATH-DEPENDENT PDEs

ANDREA C0OSSO* FRANCESCO Russof

December 7th 2017

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 eas-
ily 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.

Keywords: strong-viscosity solutions; viscosity solutions; backward stochastic differential
equations; path-dependent partial differential equations.
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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
(BSDEs), 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 differential
equations, motivated by the study of Markovian stochastic control problems with state variable
living in an infinite dimensional space (see [13]) or path-dependent problems, for example, stochastic
control problems with delay, see [21]. The theory of backward stochastic 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
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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 assumptions on the coefficients of the partial differential equation.

Concerning path-dependent problems, it is still not clear what should be the corresponding
analytic characterization in terms of partial differential equations, whose probabilistic counterpart
is represented by the backward stochastic differential equation. A possible solution 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 definition of functional derivatives adopted), the
issue of providing a suitable definition of viscosity 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,
appearing 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 “translation” 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 1t6 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 parabolic partial
differential equations. A strong-viscosity supersolution (resp. subsolution) is defined, in a few
words, as the pointwise limit of classical supersolutions (resp. subsolutions) 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 definition 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 wiscosity 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 solutions
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 [31].

We prove in Section 2, Theorem 2.10, that every strong-viscosity supersolution (resp. subsolu-
tion) 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 comparison principle is probabilis-
tic and easier to extend to different contexts than the corresponding 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 providing 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 possible 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 differential 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 (¢,7) € [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 2.1 in [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 equations. We also
prove an existence result (Theorem 3.12) for strong-viscosity solutions in a more restrictive frame-
work, 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 hav-
ing 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 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-depen-
dent case, for the semilinear parabolic PDE
dyu(t,z) + (b(t, ), Dyu(t,z)) + Str(oo7(t,2)D2u(t, x))
+ f(t,z,u(t,z), 07 (t, ) Deu(t,x)) = 0, Y (t,x) € [0, T[xR% (2.1)
u(T,z) = h(x), Ve RY,

where b: [0,7] x R - R, ¢: [0,T] x R — R4, f:[0,T] x R x R x R - R, and h: R* - R
satisfy the following assumptions.

(AO0) b, o, f, h are Borel measurable functions satisfying, for some positive constants C' and m,

b(t,z) — b(t,2")| + |o(t,z) — o(t,2")] < Clx— 2|,
[f(tz,y,2) = f(t2,y,2)] < Cly—y'[+ 1]z =2]),
[b(t,0)| +[o(t,0)] < C,
|f(t,2,0,0)[ + |h(z)] < C(1+|2|™),
for all t € [0,7], z,2’ € R, 3,9/ € R, and z, 2’ € 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, F,P) on which a d-dimensional Brownian motion W =
(Wi)i>0 is defined. Let F = (F;)¢>0 denote the completion of the natural filtration generated by
W. We introduce the following spaces of stochastic processes.

o SP(t,T), p>1,t <T, the set of real cadlag adapted processes Y = (Ys)i<s<7 such that

IVI%

SP(t, T "

= E{ sup \Yslp} < 00.
<s<T

o HP(¢t,T)% p > 1,t < T, the set of Rl-valued predictable processes Z = (Z);<s<r such that

T :
| Z||P = EK/ |Zs|2ds> } < 0.
HP (¢,T)d f

We simply write HP(¢,7") when d = 1.

o AT2(t,T), t < T, the set of real nondecreasing predictable processes K = (Ks)i<s<T €
S%(t,T) with K; = 0, so that
1K1 E[K7].

S2(¢, T)

o LP(t, T, Rd/), p>1,t<T, the set of R -valued adapted processes © = (ps)t<s<T such that

T
— P
el E[ | e ds] < oo



We also consider, for every (¢,z) € [0,7T] x R?, the stochastic differential equation

dXs = b(s, Xs)dt + o(s, Xs)dWs, s € [t,T],
(2.2)
Xt = X.
It is well-known (see, e.g., Theorem 14.23 in [29]) that, under Assumption (AO), there exists
a unique (up to indistinguishability) F-adapted continuous process X»* = (Xﬁ’m)se[tﬂ strong

solution to equation (2.2).

2.2 First definition of strong-viscosity solution

We begin recalling the standard definition of classical solution.

Definition 2.1 A function u: [0,T] x R? — R is called classical solution to equation (2.1) if
u € CH2([0, T[xR%) N C([0,T] x RY) and solves (2.1).

We state a uniqueness result for classical solutions.

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

u(t,a) < C(L+fl™), V()€ [0.T] x BY, (2.3
for some positive constants C' and m'. Then, the following Feynman-Kac formula holds:
u(t,s) = YU, V(tz) € [0,T] x R, (2.4)

where (Y, Z&%)sepr = (uls, X&), 07 (s, X&) Dyu(s, XE) g 7((9))sepr) € SA(E,T) x HA(¢, T)¢
18 the unique solution to the backward stochastic differential equation: P-a.s.,

T T
Yir = h(Xfp’x)+/ f(r,Xﬁvx,W,Zﬁvx)dr—/ ZHrdW,, t<s<T. (2.5)
S S
In particular, there exists at most one classical solution to equation (2.1) satisfying a polynomial
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 (t,z) € [0, T[xR? and set, for all t < s < T,

YOT = u(s, X0%),  Z0T = Dyuls, X{")lri(s)-

Notice that identity (2.4) holds taking s = t in the first equality. Now, applying It6’s formula to
u(s, X5") between t and any Ty € [t,T[, and using the fact that u solves equation (2.1), we see
that (2.5) holds with 7} in place of T and u(Tp, Xébm) in place of h(X%"). To conclude, it is enough
to pass to the limit as Ty * 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 € CL2([0, T[xR?) N C([0,T] x RY) instead of u € CH2([0,T] x R%). 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 R? — R is called a strong-viscosity solution to equation
(2.1) if there exists a sequence (Un, b, fr,bn,0n)n of Borel measurable functions uy,: [0,T] x R4 —
R, hyp: R = R, £,: [0,T] x REx R xR = R, by,: [0,T] x R = RY, and o,,: [0,T] x RY — RIX4,
such that the following holds.



(i) For some positive constants C' and m,

b (t, ) — bp(t, )| + lon(t, ) — on(t,2")| < Clz — 2|,
[falt, 2,y 2) = faltz, g, 2)] < Clly = o[+ 12 = 2]),
b (t,0)] + |on(t,0)] < C,
|un(t, )| + [P ()| + | fu(t, 2,0,0)] < C(1+]z[™),

for allt € [0,T], z,2' € R%, 4,9/ € R, and 2,2 € RL. Moreover, the functions u,(t,-), hy(-),
fu(ty-+2), n € N, are equicontinuous on compact sets, uniformly with respect to t € [0,T].

(i) wy, is a classical solution to

Opun(t, ) + (bn(t, ), Dyun(t, x)) + $tr(0p0l (¢, ) D2uy(t, )
+ fult, z,un (t, ), 0 (t, ) Dyun (t, ) = 0, YV (t,z) € [0, T[xRY, (2.6)
un(Tyz) = hy(x), Ve RY.

(iil) (wny Py fry by o) 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,-))n
together with its pointwise convergence to u(t, ) is equivalent to requiring the uniform convergence
on compact sets of (uy(t,-))n to u(t,-). The same remark applies to (hy,(+)), and (fn (¢, ))n-
(ii) In Definition 2.3 we do not assume (AO) 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

Theorem 2.5 Let Assumption (A0) hold and let u: [0,T] x R* — R be a strong-viscosity solution
to equation (2.1). Then, the following Feynman-Kac formula holds

u(t,z) = Y, Y(t,x)e0,T] x RY,
where (Ys'", Z5%)sepm) € S*(t,T) x H2(,T)4, with Yo" = u(s, Xo7), is the unique solution to the

backward stochastic differential equation: P-a.s.,

T T
vie = noxty+ [ g ey g [z, 27

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 (t,x) € [0, T[xR?, 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(¢,-) and h(-) are
continuous, uniformly with respect to t € [0,T]. However, we can modify Definition 2.3 as follows
in order to take into account the case where f and h are discontinuous.

Let Assumptions (A0)-(A0)” hold. A function u: [0,T] x R? — R is called a strong-viscosity
solution to equation (2.1) if there exists a sequence (uy,by,0p), of Borel measurable functions
Up: [0, T[xRY — R, by: [0,T[xRY — R?, and o,: [0, T[xR? — R such that the following
holds.

(i) For some positive constants C'" and m

bn(t, ) — b (t, )| + |on(t, ) — on(t,2")] < Clz — 2|,
bn(t,0)] + |on(t,0)] < C,
un(t, )] < C(1+ |2|™),

for all t € [0,T], z,2' € R% Moreover, the function u,(t,-) is equicontinuous on compact
sets, uniformly with respect to t in any compact set of [0,T7.

(ii) w, belongs to CL2([0, T[xR?) and satisfies

8tun(tv$) + <bn(t,$),Dm’LLn(7f,l‘)> + %tr(onag(t,x)Dgun(t,x))
+ f(t,z,un(t, ), 07 (t, ) Dy (t, ) = 0, V(t,x) € [0, T[xR%

(iil) (un,bn,0n) converges pointwise to (u,b,a) on [0, T[xR? as n — occ.
(iv) The set Dy = {x € R: wu(-,-) is discontinuous at (T,x)} has Lebesque measure equal to zero.

(v) For some positive constants C' and m
u(t,z)] < C(1+]z"),
for all (t,z) € [0,T] x R

(vi) w(T,x) = h(z) for almost every x € R,

Notice that under Assumptions (A0)-(AO0)’ 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 (¢,z) € [0, T[xRY, for every Ty € [t, T we apply
Theorem 2.5 on the time interval [t, Tp| instead of [t,T]. Indeed u is a strong solution (in the sense
of Definition 2.3) of (2.1), replacing T with Tp. Then, we get for Y& = u(s, Xo™), s € [t, To],

To To
yi* = u(TO,X;(jC)Jr flr, XE* Y e 785 dr — / ZEHEdW,, t <s<Ty. (2.8)

S S



Now, by item (iv) of and (A0)’ that the event N = {w € Q: X2"(w) € Dz} has probability zero.
Then, up to a null subset of €2, we have
3 t7 — t7 — t7
T{)H_I}TU(TonT(T) = (T, X7") = h(Xp").

We observe that the above limit also holds in L? since u satisfies the polynomial growth condi-
tion (v). This allows to pass to the limit as Ty — T in (2.8) and to prove that (Y, Zﬁ’x)se[mﬂ €
S2(t, T) x H2(¢, T)%, with Y = u(s, Xt™), is the unique solution to the backward stochastic differ-
ential equation (2.7). From the uniqueness of (Y%* Z%%) and in particular of Yf’x, we conclude that
u(t,x) = Ytt’m, t < 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 h to be
continuous. However, exploiting more refined results in the theory of regularity of parabolic equa-
tions (e.g., with f and h 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.

Take d = 1, b =0, 0 =1, f =0, and h(z) = 1} o[(7) for all z € R. Then equation (2.1)
becomes

{@u@xy+§gu@x): 0, V(tz)el0,T[xR, 29)

u(T,r) = 1y o0((2), VzeR.

Notice that Assumptions (A0)-(AO0)’ 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—a
v(t,z) = 1— (I>< T—t>7 V(t,x) € [0, T[xR, o(T,x) = 1y (7), Yz €eR,
where ®(z) = [7_ ﬁe‘éﬁdz. As a matter of fact, u = v fulfills previous items (iv), (v), (vi).

Moreover v is CH2([0, T[xR%), so item (ii) holds with b, = 0 and o, = 1. Ttems (i) and (iii) 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

1 0, <1,
vg(t,x) = 1—<I>< T—:Et>’ V(t,x) € [0, T[xR, vo(Tx) = <a, z =1, VYzelR
1, =z >1,

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 discontinuous viscosity solution.
As a matter of fact, consider the lower and upper semi-continuous envelopes of vg:

(Va)«(t,x) = liminf wv,(s,y), (va)*(t,x) = limsup wvy(s,y),
(5,9) (L) (s.9)—(t.2)
s<T s<T



for every (t,x) € [0,T] x R. Notice that (v,)« = vo and (vy)* = vy, for every a € [0,1]. It is
easy to see that vy is a viscosity subsolution to equation (2.9), since vo(T,-) < h, moreover vy
is C12([0,T[xR9) 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 supersolution. 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) if u € CH2([0, T[xR%) N C([0,T] x R?) and solves
dpu(t,z) + (b(t, ), Dyu(t, x)) + Str(oo (¢, 2)D2u(t, x))
+ f(t,z,u(t,z), 07 (t, ) Deu(t, ) > (resp. <) 0, Y(t,x)€ [0, T[xR%
u(T,z) < (resp. >) h(x), Yz e Re

We state the following probabilistic representation result for classical sub and supersolutions.

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

lu(t,z)] < C'(1+z™),  Y(taz)€[0,T] xRY,

for some positive constants C' and m'. Then, we have
u(t,z) = YP*,  V(t,z) € [0,T] x RY,

for some uniquely determined (Y2, Zb", Kﬁ’x)se[t,T] € S2(t,T) x H2(t, T)* x AT2(t,T), with (Y&,
Z0") = (u(s, X5"),07(s, XL Dyu(s, X;’m)l[uT[(S)), solving the backward stochastic differential
equation, P-a.s.,

T T
Yo = R(XL)+ / Fr, X2 Y5 759 dr + K5° — Kb — / (Zbe dW,), t<s<T.

(i) Let u: [0,T] x R* — R be a classical subsolution to equation (2.1), satisfying the polynomial
growth condition
ut,z)] < C'(1+ ™),  V(t,z)€[0,T] xR,

for some positive constants C' and m'. Then, we have

u(t,z) = YP*,  V(t,z) e [0,T] x RY,



for some uniquely determined (Yo", Zo®, Ko%)scipr) € SP(t, T) x H2 (¢, T)? x AT2(t, T), with (Y37,
Zb"y = (u(s,Xﬁ’m),UT(S,Xﬁ’x)Dmu(s,Xﬁ’m)l[mﬂ(s)), solving the backward stochastic differential
equation, P-a.s.,

T T
YET = h(X5T)+ / Flr XE%, Y5, 20 dr — (K55 — K57) — / (ZET AW, t<s<T.

Proof. The proof can be done proceeding as in the proof of Proposition 2.2, see Theorem 3.6 in
[7]. 0

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

Definition 2.8 A function u: [0,T] x RY — R is called a strong-viscosity supersolution (resp.
strong-viscosity subsolution) to equation (2.1) if there exists a sequence (Un, hy, frn,bn, 0n)n of
Borel measurable functions u,: [0,T] x RY = R, hy: RT = R, f,:[0,7] x R* x R x RY — R,
bp: [0,T] x RT = R?, and 0,: [0,T] x R — R, such that the following holds.

(i) For some positive constants C and m,

b (t, ) — b (t, 2| + |on(t, ) — on(t,2")| < Clz — 2|,
[tz y,2) = fult, 2y 2] < Clly =y + |2 = 2]),
bn(¢,0)| + |on(t,0)] < C,
|un(t, )| + [P ()| + | fu(t, 2,0,0)] < C(1+]z[™),

for allt € [0,T], z,2' € R%, 4,9/ € R, and 2,2 € RL. Moreover, the functions w,(t,-), hy(-),
fu(ty-+2), n € N, are equicontinuous on compact sets, uniformly with respect to t € [0,T].

(il) wy, is a classical supersolution (resp. classical subsolution) to
8tun(t7 l‘) + <bn(t7 $)7 Drun(tv $)> + %tr(ana;;(tv :E)D%Un(t, :E))
+ fult,m un(t, @), 08 (t, ) Daun(t, ) = 0,Y(t,x) € [0, T[xR?,
un(T,z) = hp(x), Vz € Re.
(iil) (wny Py fry by 0n) converges pointwise to (u, h, f,b,0) as n — oo.

A function u: [0,T] x R — 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.

|

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.
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Theorem 2.10 (1) Let u: [0,7] x R* — R be a strong-viscosity supersolution to equation (2.1).
Then, we have
u(t,z) = YP¥,  Y(t,z) € [0,T] x RY,

for some uniquely determined (Y;t’x, A Kﬁ’x)se[mﬂ € S2(t, T) x H2(t, T)? x AT2(t, T), with Yt =
u(s,Xﬁ’x), solving the backward stochastic differential equation, P-a.s.,

T T
Yot = Yot / flr, X2 Y50, 20 dr + K" — K0° — / (ZEbe,dW,),  t<s<T. (210)
S S

(2) Let u: [0,T] x RY — R be a strong-viscosity subsolution to equation (2.1). Then, we have
u(t,z) = YP¥,  Y(t,z) € [0,T] x RY,

for some uniquely determined (Y&, Z2", Kﬁ’m)se[uﬂ € S2(t, T)x H2(¢, T)4 x AT2(t,T), with Yi™* =
u(s,Xﬁ’x), solving the backward stochastic differential equation, P-a.s.,

T T
L / Fr X0, Y00, 20 dr — (K" = K§*) - / (Zp7,dWy),  t<s<T.(211)

Proof. We shall only prove statement (1), since (2) can be established similarly. To prove (1),
consider a sequence (Up, hy, fn,bn,0n)n satisfying conditions (i)-(iii) of Definition 2.8. For every
n € N and any (t,z) € [0,T] x R?, consider the stochastic equation, P-a.s.,

X, = :17+/ bn(r,Xr)dr—l—/ on(r, X )dW,, t<s<T.
t t

It is well-known that there exists a unique solution (Xg' ’t’x) se[t,7) to the above equation. Moreover,
from Proposition 2.7 we know that u,(t,x) = Yt"’t’x, (t,z) € [0,T] x R?, for some (Ys"’t’m, A
K3 seper) € S3(t, T)xH2(t, T)4x A*2(¢, T) solving the backward stochastic differential equation,
P-a.s.,

T T
yube =yt / o, Xpbw Yot by dp 4 LD — Kb / (ZphT,dw,), t<s<T.
S S

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™" " |sp ) < oo
neN

Then, it follows from Proposition B.1, the polynomial growth condition of (f,), in z, and the
linear growth condition of (f,), in (y, z), that

sup (1|27 gz rya + 1K™ lls2im)) < oo
n

Set Y = u(s,Xﬁ’x), for any s € [t,T]. Then, from the polynomial growth condition that w
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 |’Yt’xHSp(t7T) < o0, for any p > 1. In particular,
Y € S?(¢,T) and it is a continuous process. We also have, using the convergence result (A.5)

11



in Lemma A.2 (for the particular case of non-path-dependent b, and o,), that there exists a
subsequence of (X™5%), which we still denote (X™%),,, such that

sup | X0 (w) — X5 (w)] =30, Vwe Q\N, (2.12)
t<s<T

for some null measurable set N C Q. Moreover, from estimate (A.4) in Lemma A.2 (for the particu-

lar case of non-path-dependent b,, and ) it follows that, possibly enlarging N, sup;< <7 (| X o (w)]
+ | X2 (w)]) < oo, for any n € N and any w € Q\N. Now, fix w € Q\N; then

YV (w) = YT ()] = Jun(s, X0 (w) — uls, X0 (w))]
= Jun(s, X" (W) = un(s, X3 ()] + un(s, X3 (w)) — uls, X" (w))].

For any € > 0, from point (iii) of Definition 2.8 it follows that there exists n’ € N such that

[un(s, X7 (w)) —uls, X @) < 5, ¥nzn'

On the other hand, from the equicontinuity on compact sets of (uy,)n, we see that there exists
6 > 0, independent of n, such that

[n (5, X7 (W) — un (s, Xo" ()] < if [ X3 (w) = X" (w)] < 0.

€
27
Using (2.12), we can find n” € N, n” > n/, such that

sup | X0 (w) — X (w)] < 6, Vn>n".
t<s<T

In conclusion, for any w € Q\N and any € > 0 there exists n” € N such that
Y08 (w) — Y (W) <& Yn>n

Therefore, V""" (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 f,(s, X ’t’x(w), Y,
z) = f(s,Xﬁ’x(w),y, z), for any (s,w,y,2) € [t,T] x (Q\N') x R x R%. As a consequence, the claim
follows from Theorem C.1. O

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 i: [0, 7] xR? — R (resp. 4: [0,T] xR? — R) be a
strong-viscosity subsolution (resp. strong-viscosity supersolution) to equation (2.1). Then @ < 4 on
[0,T] x R, 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.

(ii) 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].
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Proof. We know that u(T,z) < g(x) < (T, x), for all z € R%. Moreover, from Theorem 2.10 we
have ) X
a(t,z) = Y7, a(t,x) = Y7, for all (t,z) € [0,T] x R%,

for some (Y, Ze", Ko™)sepr), (Yo *, 207 Ko )seppr) € SP(t,T) x H2(¢,T)4 x AT2(¢, T) satisfying
(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 (AO) hold and suppose that b = b(x) and 0 = o(x) do not depend
on t. Suppose also that the functions f and h are continuous. Then, the function u given by

u(t,z) = YU, Y(t,z) € [0,T] x RY, (2.13)

where (Y&, Zﬁ’x)se[mﬂ € S2(t,T) x H2(t,T)? is the unique solution to (2.7), is a strong-viscosity
solution to equation (2.1).

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

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

bu(w) = cexp<, B

7w2_1>1{|w<1}, VU)ERq,

with ¢ > 0 such that [, ¢¢(w)dw = 1. Then, we define ¢, ,(w) = nip,(nw), Vw € R, n € N. Let
us now define, for any n € N,

bp(x) = /]Rd Gan(x)b(x — 2')d2’, on(x) = /]Rd Gan(x)o(z —2")da',

fn(ty z,Y, Z) = /[Rd RxRY ¢2d+l,n(x/7 y/v Z/)f(t, €T — 33‘/, Yy — y/7 = z/)dx/dy/dz/,
X IR X

hn(x) = /]Rd Gan(x)h(x — 2')d,

for all (¢,z,y,2) € [0,T] x R x R x R%, Then, we see that the sequence of continuous functions
(bn, Ony fn, hin)n 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 C3 with partial derivatives from order 1 up to order 3 bounded.
e Forall t € [0,T], fult,-,-,-) € C3(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 polynomial
growth condition uniformly in ¢.

— Dy fn, D.f, are bounded on [0,T] x R? x R x R%, as well as their derivatives of order
one and second with respect to z,y, z.

e h, € C3(R?) and its third order partial derivatives satisfy a polynomial growth condition.
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Therefore, it follows from Theorem 3.2 in [34] that a classical solution to equation (2.6) is given by
un(t,z) = Y V(t,z)e0,T] x R?, (2.14)
where (V75" Z?’t’m)se[mﬂ € S2(t,T) x H2(t, T)? is the unique solution to the backward stochastic

differential equation: P-a.s.,

T T
}/sn,t,m _ hn(X;,t,m) +/ fn('r'a X:L,t,m,y;n,t,x’ Z;L’t’x)d’r' o / Z:L’t’deT, t S s S T,
s

s
with s S
XmhT = g / by (r, X0 i + / on(r, XPE")aw,,  t<s<T.
t t

From (2.14), Proposition B.1, and estimate (A.4), we see that w, satisfies a polynomial growth
condition uniform in n. It remains to prove that the sequence (u,), converges pointwise to u as
n — 0o, and that the functions u,(t,-), n € N, are equicontinuous on compact sets, uniformly with
respect to t € [0,7]. Concerning this latter property, fix t € [0, 7], a compact subset K C R, and
e > 0. We have to prove that there exists 6 = 6(e, K') such that

lun (t, ) — un(t,2')] < e, if [x — 2| <4, 2,2’ € K. (2.15)

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

Jun(t ) — un(t,2) < CE[[hn(XF) = hn (X357 [7]
T
+ C/ E[‘fn(s’X;L,t,x’}/sn,t,x’ Z;L,t,x) o fn(S’ng,t,:c” Y;n,t,:c’ Zgz,t@)‘?] dS,
t
for all t € [0,7] and z,2’ € R% In order to prove (2.15), we also recall the following standard
estimate: for any p > 2 there exists a positive constant C), independent of n, such that
EHX;’L,t,x o X;L,t,f‘j?] S Cp‘x . x/‘pj

for all t € [0,T], s € [t,T], z,2" € 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, for
allt €[0,T), s € [t,T], z,2' € RY, n € N,

X0 — XP < (DR P — o, (2.16)

for some process '™t = (F?’t)se[uﬂ given by

2d Xnvtvy _ Xnvtvy/
It = 0,80 2% <1 + —> / s a3 Layay
a ) Jwy)erze: ylyi<ry Y=

and )
E[T™ < CyCp————RP™® 2.17
[8]— dp(p—d)—a ) ( )
where Cy is a universal constant depending only on d.
Now, let us prove that

E[|hn(Xp5") = ho (X3P < 6, ifJe—a/| <6, 2,0 € K. (2.18)
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Let 2,2’ € K and let m be a strictly positive integer to be chosen later. Then, consider the event
(we omit the dependence on ¢, x)

Q= {weQ: TT (W) <m, | XPH ()] < m}.

From (2.16) we see that, on €, p,, X;’t’x/ is also uniformly bounded by a constant independent of
n,t,x, ', since z,2’ € K. In particular, from the equicontinuity on compact sets of the sequence
(hp)n, it follows that there exists a continuity modulus p (depending on K, but independent of n)
such that

Hh ntm) o hn(X;’t’x/)f] < E[ 2(|X”,t,:c _ X;,t,x’plﬂnm]
+]E|:|h ntm) - hn(ant’w ‘ 1Qn m:|

By (2.16) and Cauchy-Schwarz inequality

Hh ntm)_hn(X;,t,x’)F] < P2( 1/p‘x_ /‘a/P)

+\/E [|7on (X757 X \/]P’F > m) +P(XPH > m).

From the standard inequalities |a — b[* < 8(a* 4 b*), Va,b € R, and Ve +d < /e + Vd, Ve, d > 0,
we see that

VE[ha (X5 = ha ()] < /SB[ (3| '] + /SB[ a5

Now, using this estimate, the polynomial growth condition of h, (uniform in n), estimate (A.4),
estimate (2.17), and Chebyshev’s inequality, we obtain

\/ Hh n,t,x) _hn(X;,t,m’)rl] < OK,

E Fn,t C
P >m) < ]  Cx
m m
E Xn,t,x C
PO > m) < BT o Or

for some positive constant C, possibly depending on K (in particular, on 2 and z’), but indepen-
dent of n,t. Therefore, we see that we can find m = m(e, K) large enough such that

| (X7") — (X T < 02 (m Pl = 2'1°0P) 4 5.

Then, there exists § = d(e, K) > 0 such that (2.18) holds. In a similar way we can prove that,
possibly taking a smaller 6 = §(e, K) > 0, we have

E[| fuls, X0, Y00, Z007) — fo(s, X0 Y0, Z000)|7] < e, (2.19)
if |o —a'| <4, x,2' € K, Vs € [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 (uy,), to u. Using again estimate

(B.3), we find

lun (t,2) — u(t,2)? < CE[|hn (X)) — B(XE")[?] (2.20)
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T
e / E[| fuls, X0ob%, Y2, 760)  f(s, X6% Y0, 76) %) ds,
t

V(t,z) € [0,T] x R% n € N, for some constant C, independent of n and depending only on the
(uniform in n) Lipschitz constant of f, with respect to (y,z). By the uniform convergence on
compact sets of (hy, (), fn(t,-,y,2))n to (h(:), f(t,-,y,2)), we have, P-a.s.,

ho (X07) ™25 (XY, (2.21)
Fuls, XPWEYEE Z60) "2 (s, XOU YT, Z5), (2.22)

for all s € [t,T]. By Assumption (A0) and the polynomial growth condition of h,,, f,, u, (uniform
in n), estimates (A.2) and (A.4), Proposition B.1, we can prove the uniform integrability of the
sequences (b, (X5") — R(X5E5)2), and (| fa(s, XoWF, YT, Z07) — f(s, X0, V8", Z6") ), Vs €
[t,T]. This, together with (2.21)-(2.22), implies that

E[|hn (X55) — h(XE5)|P] =5 0,
E[| fuls, X207, Y25, 20%) — f(s, X207, Y07, 207)|]
for all s € [t,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 [ E[|fa(s, X200, Y0, Z6%) — (s, X0, Y50, Z6%)*]ds = 0.
t

n—oo

In conclusion, we can pass to the limit in (2.20) as n — oo, and we obtain the pointwise convergence
of (up)n to u. O

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 generalized 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. O

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 t.

Theorem 2.16 Let Assumption (AO) 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
u(t,z) = YP¥,  Y(t,z) € [0,T] x RY,

where (Y&, Zﬁ’x)se[tﬂ € S2(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
coefficients, 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 solution
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 semilinear parabolic
path-dependent PDEs.
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3.1 Semilinear parabolic path-dependent PDEs

Let us denote by C([—T,0]) the Banach space of all continuous paths n: [-T,0] — R endowed
with the supremum norm ||n|| = sup,c_7,q) [7(¢)|. Let us consider the following semilinear parabolic
path-dependent PDE (for simplicity of notation, we consider the unidimensional case, with 7 taking
values in R):

U + DU+ b(t,n)DVU + So(t,n)?DVVU
+ F(t,n,U,o(t,n)DYU) = 0, Y (t,n) € [0,T[xC([-T,0)), (3.1)
UT,n) = Hn), Vn e C([-T,0]),

where DH4, DVU, DVVU are the functional derivatives introduced in [9], whose definition is
recalled below. Concerning the coefficients b: [0,7] x C'([-T,0]) = R, ¢: [0,T] x C([-T,0]) — R,
F:[0,T]xC([-T,0)) x RxR — R, and H: C(]-T,0]) — R of equation (3.1), we shall impose the
following assumptions.

(A1) b, 0, F, H are Borel measurable functions satisfying, for some positive constants C' and
m,

lb(t, 1) = b(t,n)| +|o(t,n) —o(t,n)] < Cln—1|,
|F(t,n,y,2) — F(t,n,y,2")| < C(ly—y'[+ |2 —2]),
b(t,0)] + |o(t,0)] < C,
[F(t,7,0,0)[ + [H(n)] < C(1+ [nlI™),

for all t € [0,T], n,n € C([-T,0)]), y,9/, 2,2 € R.

3.2 Recall on functional Ito calculus

In the present subsection we recall the results of functional It6 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(t, n)
as U = U(t,n(-)1—7,0[ + 1(0)1{0}), in order to emphasize the past 7(-)1j_7,; and present 7(0) of
the path n. 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 ¢ with respect to a constant extension of the
past 1(-)1_7,[, keeping fixed the present value at 7(0):

DUt i LN+ O L0y) Ut~ Do+ 0(O)Lg0y)

e—0t 15

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

DUt tim AETOT + (00) +91i0) = U O o+ 1(O10p)

e—0 IS

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

DVVZ/[(t 77) — lim DVZ/[(t,U(-)l[—T,o[ + (77(0) + 5)1{0}) — Dvu(tv’r}(')l[—T,O[ + 77(0)1{0})

e—0 e
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Given I = [0,T[ or I = [0,T], we say that U: I x C([-T,0]) — R is of class C12?((I x past) x
present)) if, roughly speaking, o/, D/, DV, and DVVU exist and are continuous together with
U, for a rigorous definition we refer to [9], Definition 2.28.

We can finally state the functional Ito formula. Firstly, we fix some notation. As in Section
2, we consider a complete probability space (£, F,P). Given a real-valued continuous process
X = (Xt)iep,r) on (2, F,P), we extend it to all # € R in a canonical way as follows: X; := X,
t <0, and X; := Xp, 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

Xy = {Xt+5, s € [—T, O]}, t e R.

Theorem 3.1 Let U: [0,7] x C([-T,0]) — R be of class C12(([0,T] x past) x present) and X =
(Xt)telo,1) be a real continuous finite quadratic variation process. Then, the following functional
Ité formula holds, P-a.s.,

t t
Ut,Xy) = u<o,x0)+/ ((‘M/l(s,Xs)+DHL{(3,XS))ds+/ DVU(s,X,)d™ X,
0 0
1 t
+§/ DVVU(s,X,)d[X]s,
0

forall0 <t <T.

Remark 3.2 (i) The term fg DVU(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.

(ii) In the non-path-dependent case U(t,n) = F(t,n(0)), for any (t,n) € [0,T] x C([-T,0]), with
F € CY2([0,T] x R), we retrieve the finite-dimensional It6 formula, see Theorem 2.1 of [41]. O
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 CT2(([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 notations as
in Section 2.1, with dimension d = 1. First, we recall some preliminary results. More precisely, for
any (t,n) € [0,T] x C([-T,0]), we consider the path-dependent SDE

(3.2)

dX, = b(s,X,)dt + o (s, X;)dW,, se [t ),
Xs = n(s—1), s e [-T+t,t].

Proposition 3.4 Under Assumption (A1), for any (t,n) € [0, T]xC([-T,0]) there exists a unique
(up to indistinguishability) F-adapted continuous process Xt = (Xﬁ’") se[-T+,1) Strong solution to
equation (3.2). Moreover, for any p > 1 there exists a positive constant Cp, such that

E[ sup |X§ﬂv\p] < C,(1+ 7). (3.3)
se[=T+t,T)

Proof. See Lemma A.1. O
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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

Ut < S+ nl™),  V(tn) €0,T] x C([=T,0)), (3-4)
for some positive constants C' and m’. Then, the following Feynman-Kac formula holds
Ult,n) = Y Y (tn) €0,T] x C([-T,0]),
where (Y3, Z5) sy = U(s,X5™), (5, X" DVU(5, X" 1 0())seper) € S8, T) x HA(1,T) is
the unique solution to the backward stochastic differential equation: P-a.s.,

T T
vin = H(XE) + / F(r, XN Y,E0 750 dr — / ZEdW,, t<s<T.
S 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]. O

We state the following existence result.

Theorem 3.6 Suppose that there exists N € N\{0} such that, for all (t,n,y,z) € [0,T|xC([-T,0])
xR x R

btn) = b< /[—tm e /[—tm @N($+t)d_n(x)>,
otin) = 5< /{_tm or(z+ H)d (), .. /[—tm @N($+t)d_n(x)>,

Fltn.y,2) = F<t,/{_tm @1(x+t)d—n($),...,/

on(x+t)d n(r),y, z> ,
[_t70]

1o = i1 [ oD@ [ ene D),
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 (AQ).
(ii) b and & are of class C® with partial derivatives from order 1 up to order 3 bounded.

(iii) Forallt € [0,T], F(t,-,-,-) € C3(RN*2) and moreover we assume the validity of the properties
below.

(a) F(t,-,0,0) belongs to C3 and its third order partial derivatives satisfy a polynomial
growth condition uniformly in t.

(b) DyF, D,F are bounded on [0,T] x RN xR x R, as well as their derivatives of order one
and second with respect to x1,...,TN,Y, 2.

(iv) H € C3(RYN) and its third order partial derivatives satisfy a polynomial growth condition.

(V) ¢1,....on € C*([0,T)).
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Then, the map U given by
Uit,n) = Y, Y(tn) €[0,T] x C([-T,0]),

where (Y3, Zﬁ’n)se[tﬂ € 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]. O

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). O

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, 0 = 1, F' = 0 and consider the lookback-type payoff

H(n) = suwp n(z),  VneC(-T,0]).
x€[-T,0]

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

{atu + DHY + %vau = 0, V(W?) S [O’T[XC([_T’ 0])7 (3 5)

U,n) = H(n), v 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

Uitn) = E[HW] =E| s W], V(6 € 0,7]x O(-T,0))

where, for any t < s < T,

Wii(z) — {77(:13+s—t), —T<zx<t-—s,

n(0) + Wyys — Wy, t—s<ax<O.
If U € CH2(([0, T[xpast) x present) N C([0,T] x C([-T,0])), then U 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). O

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 (Uy, Hy, Fpy, by, 0p)n of Borel mea-
surable functions U, : [0,T] x C([-T,0]) = R, H,: C([-T,0]) = R, F,: [0,T] x C([-T,0]) x R x
R =R, b,: [0,T] x C([-T,0]) = R, 0,: [0,T] x C([-T,0]) = R, such that the following holds.
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(i) For some positive constants C' and m,

[bn (£, 1) + lon(t, )] < C(1+Inl),
(b (t, 1) = ba (8, 0)| + ow(t, ) — on(t, )] < Clln =],
|En(t,n.y,2) — Fu(t,n g, 2)] < C(ly —y| + 2 = 2]),
| Hy ()| + | Fn(t,0,0,0)] + Un(t, )] < C(1+ [Inl™),
for allt € 10,T], n,n € C([-T,0]), y,v/, 2,2 € R. Moreover, the functions U,(t,-), Hy(-),
F,(t,-,-,-), n € N, are equicontinuous on compact sets, uniformly with respect to t € [0,T].

(ii) U, is a strict solution to

Oy, + DHU, + by, (t,m) DV Uy, + 20, (t, )2 DVVU,
+Fn(t7777un70-n(t777)Dvun) = 07 V(t777) € [O,T[XC([—T, 0])7
U (T,n) = Hy(n), Vn e C([-T,0]).

(iii) Uy, Hp, Fpyy by, 0p)n converges pointwise to (U, H, F,b,0) as n — oo.

We present a Feynman-Kac type representation for a generic strong-viscosity solution to equa-
tion (3.1), which, as a consequence, yields a uniqueness result.

Theorem 3.10 Let Assumption (A1) hold and letU: [0,T]x C([-T,0]) — R be a strong-viscosity
solution to equation (3.1). Then, the following Feynman-Kac formula holds

u(t’n) = }/tt’n’ V(tyﬁ) € [OvT] X C([_Tv 0])’ (3'6)

where (Y;t’",Zﬁ’")Se[uT} € S%(t,T) x H2(t,T), with Y = U(s, X5, is the unique solution in
S2(t,T) x H2(t,T) to the backward stochastic differential equation: P-a.s.

T T
vin = HXE) + / F(r, XN YEN 750 dyr — / ZEN AW, t<s<T. (3.7)
S

s

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

Proof. Let (U, Hy, Fy, by, 04)n be as in Definition 3.9 and, for any (¢,7) € [0,7] x C([-T,0]),
denote by X™ = (X ’t’")se[tﬂ the unique solution to equation (A.3). Then, from Theorem
3.5, (Y& Z8 ) sepum) = Un(s,X007), 00 (5, X5 DY U (5, X5 1 71(8))sefer) I8 the unique
solution to the backward stochastic differential equation: P-a.s.,

T T
Y;n7t7n — Hn(X;L_:t’n) _I_ / Fn(r’ X;:ht’n’ an7t7n’ Z:ﬂtﬂ/])dr _ / Z;’:L’t’ndWrr, t S S S T.
S S

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 U4,
together with estimate (A.4), there exists, for every p > 1, a constant C},, > 0 such that

Hyn,thf” < ép(l + ”nup), Vn e N. (3.8)

SP(t,T)

Now, from Proposition B.1, it follows that there exists a constant ¢ > 0 (depending only on 7" and
on the Lipschitz constant C' of F,, with respect to (y, z) appearing in Definition 3.9(i)) such that

2o

H2(¢,T)

< oy

S2(t,T)

T
+ E/ |F (s, X201 0, 0)y2ds>.
t
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Therefore, from (3.8), the polynomial growth condition of F),, and estimate (A.4), we find that

suanZ"’t’"Hiz(t’T) < o0. Moreover, from (A.5) we see that, for any s € [t,T], ||X2""(w) —

X5 (w)|| — 0, as n — oo, for P-a.e. w € Q. Fix such an w and consider the set K, ¢ C([-T,0])
given by
Ky = (Unen {X0"(w)}) U{XE"(w) ]}

Then, K, is a compact subset of C([—T,0]). Since the sequence (Fy,(s,-,-,)), is equicontinuous
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

|F(s, X500 (w),0,0) — F(s,X5"(w),0,0)]
< sup |Fu(s,1,0,0) — F(s,7,0,0)| + |F(s,X>"(w),0,0) — F(s,X5"(w),0,0)] =3 0
UEKW

Similarly, we have

|t (5, X2 (w)) — U (s, XET ()]
< S (o) = Uls, )] + (s, X3(w) =~ Uls K@) =30

Let us now define Y& := U(s,X5"), for all s € [t,T7]. 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%7 € H?(t,T) such that
the pair (Y®7, Z4") solves equation (3.7). From Theorem 3.1 in [33] we have that (Y7, Z57) is
the unique pair in S?(¢,T) x H?(¢,T) satisfying equation (3.7). This concludes the proof. 0

By Theorem 3.10 we deduce Lemma 3.11 below, which says that in Definition 3.9 the conver-
gence of (Uy, )y is indeed a consequence of the convergence of the coefficients (H,,, Fy,, by, 01 )pn- 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, Hy, Fy, by, 0n)n be as in Defini-
tion 3.9, except that we do not assume the convergence of (Uy)n. Then, there exists U: [0,T] x
C([-T,0]) — R such that (Uy,), 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, )nen 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

Un(t,m) = Y™ Y (t,n) €[0,T] x C([-T,0)),

where (Y751, Zm00) = (U (-, X™01), 0 (-, X0 DV U, (-, X0 1 ) € S22, T) x H2(¢,T) is the
unique solution to the backward stochastic differential equation: P-a.s.,

T T
Y's"ytﬂ? f— Hn(X;:t?n) _|_ / Fn(r7 X;htﬂ?’ Y;ﬂnvtvn7 Zﬁ?tvn)dr _ / Z;%t’ndWr, t S S S CZ—'7
S S

with

tVs tVs
X0 = p(OA (s —t)) + / by (7, X0 dyr 4 / o (r, XN dW,, —T +t<s<T.
t t

22



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

! C/ EHF n(s, X000 VI Z80) — F(s, X0, Y10, 2867 |%) ds,
t

for all t € [0,T] and n € C([—T,0]). Now we recall the following.
(i) (Hyp, Fy, by, 0n)nen converges pointwise to (H, F,b,0) as n — oo.

(ii) The functions Hy (), Fy,(t,, -, ), bu(t,"),on(t,), n € N, are equicontinuous on compact sets,
uniformly with respect to ¢ € [0,7].

We notice that (i) and (ii) imply the following property:

(i) (Hpn(mn), Fn(t,nn,y, 2), bu(t,mn), on(t,my)) converges to (H(n), F(t,n,y,z),b(t,n),o(t,n)) as
n— 00, V(t,y,z) € [0,T] x R xR,V (nn)nen C C([-T,0]) with n, = n € C([-T,0]).

Let us now remind that, for any r € [t,T], we have
X;L,t,n($) _ U(i:t+$), T e [_Tvt_s]v Xi’"(x) _ U(f—t+$), S [—T,t—s],
Xs-;-;cn7 $€]t—8,0], Xsﬁ:c? $€]t—8,0].

Therefore, for every p > 1,

E| sup X2 —XU7 | = E| sup | X2t — xLp] 25 o, (3.9)
t<s<T t<s<T

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

|[HL (X5 - HE[P = 0, (3.10)
| F (s, Xt Y1, ZEm) — F(s, X0, Y10, ztm) |2 % 0, (3.11)

for all s € [t,T]. Concerning (3.10), we begin noting that it is enough to prove that, for every

subsequence (|H,,, (X3"") — H (X5")[?)men there exists a subsubsequence which converges to tzero.
Nmp,Ts7

From (3.9) and property (iii) above, it follows that there exists a subsubsequence (|H,,,, (X7 )—

m

H (Xg’ﬁ)ﬁ) sen 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 (|H,,(X7:"") —
H(Xt:r’n)‘2)neN and (|Fp(s, X2 v z0my — F(s, X5 YT ZEM) ) en, for every s € [t,T)], we
deduce that

lim E[|H,(XE") - HEXEP] = o,

n—oo

lim E[|F, (s, X5, Y00, Z01) — (S7X?777y;t,7772§777)|2] = 0.

n—oo

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

T
lim [ E[| B (s, XPM, VI, Z8) — F(s, X5, Y0, 207 ]ds = 0.

n—oo t
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As a consequence, we have |U,(t,n) —U(t,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 (Ny)nen C N\{0} such that, for alln € N and (t,n,y,z) €
[0,7] x C([-T,0]) x R x R,

bt = ([ et [ e i@ ),
witn) = ol [ o, [ o 0dm),
Fo(t,n,y,2) = Fn<t,/[_t70} cpl(a:+t)d_n(x),...,/

oo+ O ()2,
[_tvo]
where the following holds.

(i) bn, G, Fy are continuous and satisfy Assumption (A0) with constants C' and m independent
of n.

(ii) For everyn € N, by, &n, F, satisfy items (ii) and (iii) of Theorem 3.6.

(iii) The functions by(t,-), on(t,-), Fu(t,-,-,+), n € N, are equicontinuous on compact sets, uni-
formly with respect to t € [0,T].

(iv) ¢1,...,0nN, € C*([0,T]) are uniformly bounded with respect to n € N, and their first deriva-
tive are bounded in L' ([0,T)]) uniformly with respect to n € N.

(v) (bn,on, Fy)n converges pointwise to (b,o, F) as n — oo.
Then, the map U given by
Utt.n) = vy, VY (tn) €[0,T) x C([=T,0)), (3.12)

where (}@t’",Zé’")se[t,T] € S%(t,T) x H2(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 approximating
sequence of smooth functions for H. We conclude the proof in the fourth step.

Step I. Approxzimation of n € C([—t,0]), t €]0,T|, with Fourier partial sums. Consider the
sequence (e;);en of C°°([—T,0]) functions:

ey = %, ezi—1(x) = \/gsin <2%(a: + T)z'), eoi(w) = \/gcos <2%(x + T)i>,

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

(A = MO, s e onone o(-n.0).
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Notice that (n — An)(=T) = (n — An)(0), therefore n — An can be extended to the entire real line
in a periodic way with period T, so that we can expand it in Fourier series. In particular, for each
n € Nand n € C([-T,0]), consider the Fourier partial sum

n

Sn(n - An) - Z(nl - (An)z)ew VTI S C([_T7 O])v (313)
1=0

where (denoting é;(x) = ffT ei(y)dy, for any = € [—T,0]), by the integration by parts formula
(2.4) of [9],

0
mo= [ n@e@ds = 000 - /[_T’O] éi(x)d () = /[_T70]<ez~<o>—ez~<x>>d n(z), (3.14)

=T

since n(0) = f[—T,O] d~n(z). Moreover we have

i = [ (@ = - / 0 (ot /[_T,O] T -n-1)). 319

=T =T

Define o, = %ﬂﬂ” Then, by (3.13),

n

on(n—An) = Z

1=0

n+1—1

o i (Anes, V€ 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 n € C([-T,0]), on(n — An) — n — An uniformly on [-7,0], as n tends to infinity, and
lon(n — An)|leo < ||n — Anllec. Let us define the linear operator T,,: C([-T,0]) — C([-T,0]) by
(denoting e_q(x) = x, for any x € [-T,0])

n

T = ouln—An)+ Ay = Y- (e + LU
1=0
inﬂ_iyeﬂ/ e
= — Vi€ —1€-1,
s n+1

where, using (3.14) and (3.15),

1 1
Y- =/ =d n(x) — =n(=T),
1 Crg T (2) T (=T)

w= [, (0-aw - g [ s v g [ e,

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

[Tanllse < Mlnlles, — Vn €N, Vne C([-T,0]). (3.16)

Then, we define .
Hn(n) = H(Twn),  V(t,n)€[0,T] x C([-T,0]).

Notice that H,, 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)
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we see that (ﬁn)n is equicontinuous on compact sets. Now, we define the function H,,: R"*? — R
as follows
_ " n+1—34
Hy(y 1, syn) = H ————yiei Fy_1e_ ClyeeesYn) € RTTE
(Y=15---,Yn) (ZZ:; 1 Ve Tyae 1>, V(Yy-1,---5Yn) €
Then, we have
Hn(n) = ﬁn< Y1(x+T)d n(x) +aan(=T),..., Un(z +T)d 1(x) +ann(—T)>,
[—T,0] [=T,0]
for all n € C([-T,0]), n € N, where
1 B} 3 I
vo1(z) = =, Yi(x) = €(0)—éi(z—T)— = ze;(x)dz, xz e [-T,0],
T T J_ 7
a1 = —= a; = = zei(z)dz.

Step II. Smoothing of n(—T') through mollifiers. Consider the function ¢ € C°°(]0,o0[) given by

1
¢(3§) = cexp <m>1[071~[($), Vo> 07

with ¢ > 0 such that [~ ¢(z)dz = 1. Then, we define ¢p,(z) = me¢(mz), Vo > 0, m € N. Notice
that

0
/ @)@+ T)dz = p(0)d(T) — / G+ T)d ()
[—T,O}

-T

= [ (D) = bl + T))d (),
[_T70]
where ¢, () = Iy #m(2)dz, x € [0,T]. In particular, we have
0
lim (@n(T) = dm(z +T))d n(z) = lim [ n(z)pn(e+T)de = n(-T).

m—r 00 [—T,O} m—ro0 -T

Then, we define

i) = (o [ e D) o [ (@) = duta+ D)), )

[=T,0]
- H<Tnn + (ZZ:; %aiei + a_1e_1> /_OT (n(z) —n(=T))dn(z + T)dx)
= H<Tnn + <Tn’y + ﬁ6_1> /_OT (n(@) = n(=T))dn(x + T)da:), (3.17)

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

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 my, independent of n € N, such that

‘Hn< . ’/[—T,O} Yi(z 4+ T)d m(z) + a; /[—T,o] (6n(T) — bn(x + T))d mi(z) + &, .. >
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— Hn< 7/[—T,0] Yi(x +T)d na(x) + ai/ (QNSn(T) — ol +T))d no(z) + &, ... >'

[_T70]
< mr(|lm — m2lle) (3.18)

for all 72 E'K7 n e N7 é. = (6—17’”7671) S EN+27 where En+2 = {é. = (6—17"'7671) S
R™2: & < 270+H) = —1,... ,n}. Indeed, set

where

0
K= {neC([—T,O]):n = T+ (anﬁe_l) / (m(@) = m(-1))én(e + D)z

1—
=+ Zz:% %&ei +& q1e_q, forsomen € K,neN, £ e En+2}.

Digression. K 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

0

K= {neC-o)in = Tun+ (T + gp—per) [ le) = m(-D)ona + T

for some n; € K, n € N},

Ky = {n e C([-T,0]):n = Z &e;, for some n €N, £ € En+2}.

i=—1

Then K C K; + Ky, where K, + K5 denotes the sum of the sets Ky and Ko, ie., K + Ky =
{n e C([-T,0]): n = n + g, for some n; € K1, gy € Ky}. In order to prove that K is relatively
compact, it is enough to show that both K; and Ky are relatively compact sets.

Firstly, let us prove that K; is relatively compact. Take a sequence (1ny)pen in Kj. Our aim
is to prove that (7y)seny admits a convergent subsequence. We begin noting that, for every ¢ € N,
there exist 7y o € C([-7T,0]) and ny € N such that

1 0
ne = Tpme+ (Tne’y + me_1> /_T (me(x) = me(=T)) b, (@ + T)dz.

Let us suppose that (ng)eny admits a subsequence diverging to infinity (the other cases can be
treated even simpler), still denoted by (n¢)een. Then T),,v — v in C([-T,0]). Since (71,¢)ren C K
and K is compact, there exists a subsequence, still denoted by (71,¢)¢en, which converges to some
Moo € K. Then, Ty,,m1 ¢ — M 00 as £ — oco. Indeed

||Tnz771,€ - 77LOO||OO < ||Tnz771,é - Tnznl,ooHoo + ||Tnz771,oo - 771,00||oo-
Then, the claim follows since T},,71 .00 — M1,00 in C([—T,0]) and

by (3.16) '
ITayme — Tomollo < Mme—nsolle — 0.

Proceeding in a similar way, we see that

0 0
/ (m(2) — 1 p(~T)) by (2 + T)dzr = / 10.6(2)ny (@ + T)dz — 71.4(~T)
-T =T
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— nl,oo(_T)_Tll,oo(_T) = 0.

In conclusion, we get 7¢ — 71 o0, from which the claim follows.

Let us now prove that K is relatively compact. Let (ny)seny be a sequence in Ko and let us
prove that (1y)seny admits a convergent subsequence in C([—T,0]). We first notice that, for every
¢ € N, there exists ng € Nand § = (§-1¢,...,&n, ) € En 42 such that

ng
e =Y &ier

1=—1

As we already did in the proof for K7, we suppose that the sequence (ny)sen diverges to co. Notice
that, for every i € {—1,0,1,2,...}, there exists a subsequence of (§;¢); which converges to some
&i oo satisfying |&; o] < 2-(+1) By a diagonalisation argument we construct a subsequence of
(ne)een, still denoted by (n¢)sen, such that for every i the sequence (;¢)ren converges to &; . As
a consequence, 7y converges to 7. = Z;’i_l &i0o€; as £ — oo. This proves the claim.
Step IIT (Continued). Since K 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 continuous
on /.

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 by, o,, F},)

i) = o [ oD, [ o D) )

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

‘ﬁ"</[_T,O] cpl(a:+T)d_n1(x)+§1,...> _ﬁ"</[_T,O] cpl(a:—i—T)d_ng(x)—i—{l,...)‘

< mi(lm —n2ll),  (3.19)

forallny,m e K,neN, £ =(&,...,&n,) € En,, where we recall that Ey, = {£ = (&1,...,¢énN,) €
RNo: (&l <20 i =1,...,N,}.
Now, for any n consider the function p, € C*°(R"") given by

N,

i 1

pn(§) = CHGXP <m>1{5i<2i1}, VE=(&,...,EN,) € R, (3.20)
i=1 i

with ¢ > 0 such that [y, pn(§)dé = 1. Set p, i (§) := ENep,(k€), VE € RN k€ N. Let us now
define, for any n,k € N,

Hoale) = [ pus@Balo =5 = [ pus©alo— ).

for all (t,x,y,z) € [0,T] x RY x R x R%. Notice that, for any n € N, the sequence (Hp () ken
is equicontinuous on compact subsets of I_RN", satisfies a polynomial growth condition (uniform in
both n and k), converges pointwise to Hy(-), and satisfies item (iv) of Theorem 3.6. Then, we
define
Hoxln) = o [, e niaw.. [
~T,0

o (@ +T>d-n<x>>,
[—T,O]
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for all n € C([-T,0]) and n,k € N. Notice that the functions H, , n,k € N, are equicontinuous
on compact subsets of C'([-T,0]). Indeed, let K be a compact subset of C([—T7,0]) and 11,12 € K,
then (using property (3.19) and the fact that fEN Pnk(£)dE = 1)

|Hp . (m) — Hy g (12)]

H, < /[—T,O] o1(x +T)d ni(x),... > — Hp < /[_T’O] o1(z + T)d (), ... > ‘
/KNn prl)| Hn < /[-m pr(+T)d ™ m(x) + &, >

—ﬁn< / ¢1<x+T>d—n2<x>+sl,...)'ds < muc(lm = mallo).
[—T,0]

IN

This proves the equicontinuity on compact sets of H,, , n,k € N. Set G := H, G,, := H,, and
G = Hpp, for all n,k € N. Then, a direct application of Lemma D.1 yields the existence of
a subsequence (H,, i, Jneny which converges pointwise to H. For simplicity of notation, we denote
(Hn,kn)nEN simply by (Hn)nEN-

Step IV. Conclusion. Let us consider, for any n € N and (¢,7) € [0,T] x C([-T,0]), the following
forward-backward system of stochastic differential equations:

t t

XEH = (O A (5 = 00) [ b, X+ [ (X)W, s €=
st,t,n _ Hn(x%tm) + fsT Fy(r, X?,tm’YTn,tm’ZTn,tm)dr _ fsT Z;L’t’ndWra s € [t,T].

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 Theo-
rem 4.1 in [33] it follows that, under the assumptions on F,, and H,,, there exists a unique solution
(ymtn zntn) ¢ §2(t,T) x H2(t,T) to the backward equation in (3.21).

Then, it follows from Theorem 3.6 that, for any n € N, the function

T
t

V(t,n) € [0,T] x C([—T,0]), is a strict solution to equation (3.1) with coefficients H,, F,, by,
and o,. From estimates (A.4) and (B.3) together with the polynomial growth condition of F,,, Hy,
(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, Hy,, Fyy, by, 0 )nen, from which we deduce:
first, the convergence of the sequence (U, )nen to the map U given by (3.12); secondly, that U 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 Markovian
structure. More precisely, suppose that there exist b, &, f satisfying Assumption (AO0), with f
continuous, such that

b(t,n) = b(n(0)),  al(t,n) = am(0),  Flt,ny.z) = ft,n0),y,2),

for all (t,n,y,z) € [0,T] x C([-T,0]) x R x R. Recalling from the integration by parts formula
(2.4) in [9] that n(0) = f[_t o 1 d~n(x), we see that b, o, F' have automatically a cylindrical form,

as a matter of fact
s = o [ 1)
[—t70}
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and similarly for ¢ 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).

(ii) 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 my, independent of n € N, such that

Fn<t,/[ o1(x +t)d m(z) +£1,...,y,z>—Fn<t,/[ o1(x +t)d ne(x) + &,. ..y, z>

t,0] t,0]

([ e am@ v )b [ oo
wl [ pernrn@ b )l [ a6,

< mK(Hnl - 772“00)7

+

+

for allm € N, m,m € K, y,z € R, t € [0,T], £ € En,, where En, = {& = (&1,...,&n,) €
RNn: &) <2170 i =1,..., Ny}

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, o0 = 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 assumptions
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 (Ny)neny € N\{0}
such that, for alln € N and (t,n) € [0,T] x C([-T,0]),

bt = (0 [ et nda [ e 00 ),

/[_tvo}
/[_tvo}

We suppose that items (i), (iii), (iv), (v) of Theorem 3.12 hold, while item (ii) is replaced by the
following:

O'n(ty 77) = Oy <t7

@+ d (), .. ,/H ot t)d_n(x)>,
Fn(t777) = Fn<t7 (

‘2
e1(z+t)d n(x),..., /[—t,O] ©on, (x + t)d‘n(x)) )

(i)’ For everyn € N, by, 5y, 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 F' 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). O

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. O

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) for everyt € [0,T], the map F(t,-) is continuous uniformly with respect to t € [0,T];
(d) b, o, F satisfy the following property:
b(t,n) = b(t,), a(t,n) = o(t,7), F(t,n) = F(t,7), (3.22)
for every t € [0,T], n,v € C(|—T,0]), with n(x) = ~(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. 0

Proof. By Theorem 3.14, it is enough to prove that there exists a nondecreasing sequence
(Np)nen € N\{0} such that, for all n € N and (¢,7n) € [0,T] x C([-T,0]),

bt = (0 [ e nam, [ o ae)
o) = on(e [ e i@, [ o).

Fyt.n) = F, <t, /[—tm or(z+ H)d (), ... /[—t,m @Nn($+t)d_n(x)>,

where (b, 0, Fp)n and (by, G, Fr ), 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 solution to equation
(3.1) follows directly from Theorem 3.14. We divide the proof of the construction of the sequences
(b, 0y F)p and (by,, &y, ), into five steps.

Step 1. Polygonal approzimation of n € C([—T,0]). For every n € N, we consider the n-th dyadic
subdivision of [0, 7], namely

0=t < <...<th =T, where N, = 2" and ¢! := 2‘7—nT, Vi=0,...,2"
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For every fixed n € N, t € [0,T], n € C(|-T,0]), we consider the n-th polygonal approximation
it € C([-T,0]) of path n at time ¢, defined as

e 7 is constant on [T, —t] and equal to n(—t);

e 7}, is linear on [(t7_; At) —t, (] At) —t], for every j =1,..., Ny;

o ML ((th At) —1) =n((t] At) —1t), for every j =0,..., N,

Notice that —t = (tf At) —t < (T At) —t <--- < (t}, At) —t =0, so that the finite sequence
((t7 Nt) —t); is a subdivision of [¢,0]. Then, on the interval [—t,0] we see that the continuous
function 7%, is given by

n((#f At) =) —n((tf_ A E) — 1)

~t
n(z) = n n o
@A) — (0 1/\t)
N (7 AE) =)ty At) —1) = ([t A ) =) ([t At) = 1)
(EFAE) — (t7_ At
for every x € [(t7_; At)—t, (t"/\t)—t] whenever ¢7_; <, so that (t]_; At)—t < (t] At)—t. Notice
that, for any 7, ’y e C(-T ]) with n(z) = v(x) for any z € [—t,0], we have it = AL. Moreover,

for any n € C(]-T,0)), et nt € C([-T,0]) denote the continuous path satisfying: n' = n(—t) on
[~T,—t] and n* = n on [—t,0]. Then, from the uniform continuity of 7, and hence of 1!, we deduce
that ||7% — n'|lec — 0 as n — +oc.

Define the maps by, : [0, T]xC([=T,0]) = R, 5,: [0, T]xC([-T,0]) = R, F,: [0, T]xC([-T,0]) —
R as

Bn(t,’l’}) = b(t,’f};), 5-n(t777) = U(t’ﬁ;)’ Fn(t,’l’}) = F(t,’f};), (3'23)

for every (t,n) € [0,T] x C([-T,0]). Since ||, — n'[|cc — 0 and b, o, F satisfy property (3.22), we
deduce that the sequence (Bn, On,s Fn)n converges pointwise to (b, o, F') as n — +o0.

Now, given y = (vo,...,yn,) € RVt and t € [0, 7], we define the polygonal ﬁfl,y e C([-T,0])
associated with y, defined as follows:

o it

T,y 18 constant on [—T', —t] and equal to yo;
o 7,y i linear on [(t7 | At) —t, (t] At) —t], for every j =1,..., Ny;

o 7 ((th At) —1t) =y, for every j =0,..., Ny

More precisely, on the interval [—¢,0] the continuous function ﬁf%y is given by

() = Yi—Yi-t (7 At) =) yj—1 — ((Ef_y AE) — 1) 2y
Y (7 At) — (7  At) (7 At) = (t_ AT
for every x € [(t7_; At) — ¢, (t] At) — ], whenever t]_; <, so that (t]_; At) —t < (t] At) — 1.

Define the maps by,: [0,7] x RN*t1 5 R, 6, [0, T] x RNntL 5 ROEL:[0,T] x RV»+ 5 R as
Bn(tay()a"'uyNn) = b(uﬁz,y)a a'Tl(t7y07"'7y]\fn) = U(uﬁ;,y% Fn(tay()a"'ayNn) = F(uﬁ;,y)?

for every t € [0,7], y = (yo,---,YN,) € RN»*+1 " Notice that there exists the following relation
between the maps b,,,7,, F,, and b, 6, Fp,:

bu(t,n) = balt.n((t5 At) 1), (R, At) — 1),
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&n(tvn) = &n(tvn((tg /\t) - t)? s 777((t7]</n A t) - t))a
n(t777) = Fn(tan((tg A t) - t)v s 777(( an A t) - t))a

T

for every (t,n) € [0,T] x C([ T,0]). Recalling from the integration by parts formula (2.4) in [9]
that n((th At) —t) = f[ +0 110, tn](x + t)d n(x), we can rewrite the above equalities as follows:

~

bu(t, ) = bn(@/ 1[0,tg}(33+t)d_77(95)=-~7/ Lig,en, }(33+t)d_77(95)>7
[_t70] [_t70] "

an(t,n) = &n<t7/ 1[07,56L](x+t)d_n(x),...,/ Lio,en, ](x—l—t)d_n(a:)),
[_tvo} [_tvo} "

Fo(t,n) = Fn(@/{ O]1[0,tg](x+t)d_77(37)7---a/[ O]l[o,t}(,7l}(x+t)d_77(33)>:
—t, —t,

for every (t,n) € [0,T] x C’([ T,0]).
Step II. The maps l; 60, F, satisfy item (i) of Theorem 3.14. We begin noting that, given
y= o yn,), ¥y = (yo, . y,) € RV we have

17 yllso < mjaX!yJ! < lyl, 17y = Ty lloo < mjaX!yj—yQ-! < |ly-y|  (324)

where |y| = (4 + -+ 93 )"/? denotes the Euclidean norm of y. Then, denoting by C' and m the

constants appearing in assumption (A1), it follows that Bn, On, F, satisfy the following conditions
(with the same constants C' and m):

|bn (£,0)] + |6m (t,0)] < C,
[Falt,y)] < C(1+|y[™),

for all t € [0,T], y,y' € R¥+1 Now, fix n € N, y = (yo,...,yn,) € RN st € [0,T], with
s < t. Notice that

o m. v € [T, -T+ (1))
Ty (@) {ﬁﬁhy(a:—(t—s)), ze[-T+(t—s),0].

This proves the continuity of the map ¢t — 7}, from [0,7] to C([-T,0]). From this latter
property, together with (3.24) and the continuity of b, o, F, we deduce that the maps bn, On, F,
are continuous in both arguments. In conclusion, by, 6,,, F), satisfy item (i) of Theorem 3.14.
Step IIL. The maps by, Gn, 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:

K o= {,Y € O([-T,0)): y=1q!, forsomen € N, t € [0,T], n € K} (3.25)

To this end, take a sequence (Vx)reny C K. Then, for every k € N, there exist ny € N, ¢, € [0,7],
Nk € C([-T,0]) such that v = ﬁZ"nk Since K is compact, there exists n € K such that, up to a
subsequence, (ny)ken converges to n in C'([—7,0]). Similarly, there exists ¢ € [0, 7] such that, up
to a subsequence, (tx)gen converges to t. Finally, concerning the sequence (ng)ren we distinguish
two cases: (ng)ren goes, up to a subsequence, to +00; (ng)ken is identically equal to some ng € N,
up to a subsequence. This latter case is easier to be treated, therefore we do not report the proof
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for this case, and in the sequel we suppose that ny — 4+00. Let us then prove that the sequence
(ﬁzlfnk)kEN converges to n' in C([-T,0]), where we recall from Step I that the continuous path
nt € C([-T,0]) is equal to the constant n(—t) on [~T,—t] and coincides with  on [—¢,0]. From
the triangular inequality, we have

~ t ~1 t t
177, = 1 lloo < i, = i Nloo + (175, — 1l oo
where we recall that ﬁﬁfk denotes the ng-th polygonal approximation of n relative to time ¢, while

ﬁ,i’“nk denotes the ng-th polygonal approximation of 7 relative to time ;. Then, from (3.24), we
obtain

1, = i floo < mjaX\n (7% At) = te) = (7 Atr) = te)| < 1n = Mil|oo-

On the other hand, we notice that the term [|7/; — 77 !|loo goes to zero as k — +00, as a consequence
of the uniform continuity of 17 and of the fact that nnk is a polygonal approximation of  on [—t, 0].
In conclusion, we deduce that an e T n'|leo goes to zero as k — +oo. This proves that the set K
is relatively compact.

From the definition (3.23) of by, 6y, F},, it follows that they satisfy item (iii) of Theorem 3.14.
As a matter of fact, fix a compact set K C 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 [0,7] x K.
Therefore, by (3.23), we see that there exists a continuity modulus my (depending only on b, o,
F'; and the compact set K') such that

b (8, 0) = bu(t )| + 150(tn) = Gult, 1) + | Fu(t,n) — Eu(t,n)| < muc(n—nlloc),  (3.26)

for all t € [0,T], n,7 € K.
Step IV. Smooth approrimation of x +— 1[0,% (z). Our aim is to find, for every n € N and

j=0,..., Ny, a sequence of functions (¢, jx)ken C C%([0,7]), bounded uniformly with respect to
n, j, k, with first derivatives bounded in L'([0, T]) uniformly with respect to n, j, k, such that

WA= = [ em@ridne = tm [ e nd ),
[—t,0] 7 k—4o00 [—t,0]
We begin approximating the term f[ £o Lo tn](az+t)d_77( z) =n((tjAt)—t), forany j=1,... Ny.
Let ®(x) \ﬁ J* . exp( —52 2)dz, for any = € R, be the cumulative distribution function of the
standard Gaussian distribution. Then, we notice that, for any ¢, with j > 1, and for any t € [0, 7],

(At — 1) = /[_t0}1[07t?](x+t)d—n(x) = Jm [ e ),

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

tes[lol,l?r] </[ 0 [1— ®(k(x+t—t]))]d n(x) —n((t] At) — t))
= (12 athte =)0 + [ ate)—

k(t—t7)

= s <[1 — D(k(t —t7))]n(0) + /_kt? n(% + 17— t) \/12_7Te_%z2dz — (1 A t) - t)>

e~k @Ht=t))? g0 n((t; A t) — t)>




= sup <[1 = ®(k(t —17))] [n(0) = n((t] A t) = )] = (=kt])n((t] At) — 1)

te[0,T
k(t—t7) z 1 1.2 k——+o00
+/ =+t —t)—n((tF ANt)—t e_2zdz> - 0.
—kt;.‘ [ (/ﬁ J > (( J ) )] \ 21

It remains to consider the term corresponding to j = 0, namely f[_ 0] Lio,em1 (x+t)d n(x) =n(-t).
We notice that we have (using the integration by parts formula (2.4) in [9])

s ([T Gkt 1)) - n(n)

te[0,T
k(t=1/Vk) z 1 1 _ 1,2
= s ([1 — B(k(t — 1/VE))]n(0) + /_@ ”(E v t) = dz — n(—t)>

= sup ([1 = ®(k(t = 1/VR)] [0(0) = n(=t)] = S(—Vk)n(~1)

te[0,7

RE=1/VE) - 1 1 kst
+ 4 ——t)—n(-t)|—=—=e"2"d mareyi}
[ G- -nen] e tes)

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

sup [l;n (t, /[—t,O] [1—®(k(x+t— 1/\/E))]d_77(x),/

[1—®(k(z+t—1t7))]d n(2),... >
t€[0,7] [—,0]

o _ _ k 00
_bn<t,/[ |l +)d 77(:17),...,/[ |l 1 0 n(x)ﬂ marc
—t, —t,

for every n € C([—T,0]). Now, define

b i(t,n) = by <t, /[_to} [1—c1>(k(:c+t—1/x/E))]d—n(x),/

(1= ®(k(x+t—t)]d n), ... >
4.0

for all n,k € N, t € [0,T], n € C([~T,0]). In a similar way, we define &, ; and F}, ;. 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))

’Bn,k(tﬂ]) - Bn,k(tun/)’ + ‘&n,k(tan) - &n,k(t7n/)‘ + ’Fn,k(tan) - Fn,k(t7n/)‘ S mK(HT, - 77/”00)7

for all t € [0,T], n,n € K. In other words, the functions l;n,k(t, ), Onk(t, ), Fn,k(t, ), n,k € N, are
equicontinuous on compact sets, uniformly with respect to ¢t € [0,7]. Then, it follows from Lemma
D.1 that there exists a subsequence (Bnkn, Tk s Fn,kn)neN 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 (Bn,kn7&n,kn7ﬁ1n,kn)n6N
simply by (by,, 6y, Fr)nen, with

balt.n) — 6n<t, /{_m oz + ) dn(z), ., /{_m @Nn(x+t)d_n(:n)>,
Galtin) = G <t, /HO] or(x+ A (@), ... /[—tm goNn(:E—I—t)d_n(:z:)),
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E,(t,n) = F, <t, /[—w} 901(:13+t)d_17(x),...,/

o (@ +t>d—n<x>>,
[_t70]

for every (t,m) € [0,T] x C([—T,0]), for some sequence of functions (¢;)jeny C C2([0,7]), bounded
uniformly with respect to j, with first derivatives bounded in L!([0, T]) uniformly with respect to
7.

Step V. Conclusion. In order to conclude the proof, it remains to perform a smooth approximation
of lA)n, On,s 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, 1 (z) := ENvp,(kz), Vz € RV k€ N, and we
define

bn,k(t7 Y) = / Pn,k(z)i)n(t, y — Z)dZ,
RNn

for all (t,y) € [0,T] x RN». In a similar way, we define &, ; and F}, ;. We denote

bos(ti) = 6n7k<t, /[ i), /
—t,0

o (@ +t)d_77(:v)>,
[—t,O}

for all n,k € N, t € [0,T], n € C([-T,0]). We define similarly &, and F}, ;. By Lemma D.1,
we deduce that there exists a subsequence (by, k,,n k> Fnk, Jnen Which converges pointwise to

(b,0, F). Then, we define b, := Bn,km On = Op ky> Fn = Amkﬂ, and also by, = Bn,kn, On = Op o
F, := F, 1,. We see that the sequences (by,,0n, Fy)nen and (by, 0y, Fy)nen satisfy items (i), (ii)’,
(iii), (iv), (v) of Theorem 3.14. This concludes the proof. O

3.5 The Markovian case revisited

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

du(t,z) + (b(t,z), Dyu(t,z)) + Str(oo™(t,z)D2u(t, x))
+ f(t,z,u(t,x), o7 (t,x)Dyu(t,x)) = 0, V(t,z)€[0,T) xR, (3.27)
uw(T,z) = h(z), VzeR,

with b, o, f, h satisfying Assumption (A0). Then, equation (3.27) can be rewritten as the following
semilinear parabolic path-dependent PDE
U + DU +b(t,n)DVU + 15(t,m)?DVVU
+F(tn,Uo(t,n)DYU) = 0, V(t,n) € [0,T[xC([~T,0]), (3.28)
U, n) = H(n), v e C([-T,0)),

where b: [0,T] x C([-T,0]) = R, : [0,T] x C([-T,0]) = R, F: [0,T] x C([-T,0]) x R x R — R,
H: C([-T,0]) — R are defined as

b(t’n) = b(t’n(o))’ 5(75’77) = 0(t777(0))’ F(tvnvyvz) = f(t’n(o)vyvz)’ f{(’r/) = h(n(o)%

for every (t,n,y,2) € [0,T] x C([-T,0]) x R x R. Since b, o, f, h satisfy Assumption (A0), it
follows that b, &, F', H satisfy Assumption (A1). Moreover, we have the following result.
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Proposition 3.18 Suppose that Assumption (A0Q) holds.

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

Ut,n) = ult,n(0)),  V(t,n) €[0,T] x C([=T0),

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(tﬂ?) = u(tvn(o))v V(t’n) € [OvT] X C([_Tv 0])7

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). Let u: [0,T] x R — R be a strong-viscosity solution to equation
(3.27) in the sense of Definition 2.3, so that there exists a sequence (uy,,hn, fn,bn,0pn)n of Borel
measurable functions u,: [0, T]|xR = R, hy,: R =5 R, f,: [0, T]XxRXxRxR = R, b,: [0,T]xR — R,
on: [0, T] xR — 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,
Gn: [0,T] x C([-T,0]) = R, F: [0,T] x C([-T,0]) x Rx R = R, H,: C([-T,0]) = R as

bn(tvn) = bn(tan(o))v &n(tvn) = Un(tvn(o))v Fn(tvnayaz) = fn(tvn(o)vyaz)v ﬁn(n) = hn(ﬁ@))v

for every (t,n,y,z) € [0,T] x C([-T,0]) x R x R. Moreover, let U,,: [0,T] x C([-T,0]) — R be
given by Uy (t,n) = un(t,1(0)). Then, the sequence Uy, Hy, Fyy, b, 6,)r satisfies points (i)-(ii)-(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

Ut,n) = Y, Y(tn) €0,T] x C([=T,0)), (3.29)

where (Y, Zﬁ’")se[tﬂ € S2(t,T) x H?(t,T) is the unique solution to the equation

T T
ven — B + [ By zmar - [ Ziaw, se n1)
S S
with X7 window process of X7 = (X1™) se[=T+t,1)> solution of the equation
dX" = b(s,XE")dt + (s, XgMdWs, set,T],
X0 = n(s—t), s € [T +t,t].

From the definition of X"", we see that X?"(O) = X" for every r € [t,T]. Therefore, the equation
solved by X" can be written as follows:

dX" = b(s, XE")dt + o (s, X2 AW, s €[t 7],
Xt = n(s — 1), se [T +t,t].
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We see that (Xﬁ’")se[mﬂ solves the same equation of the process X410 = (Xﬁ’"(o))se[uﬂ, namely

equation (2.2) with x = n(0). As a consequence, the processes (Xﬁ’")se[tﬂ and X410 = (Xﬁ’"(o))se[t,:p]
are P-indistinguishable. From this result we deduce that the equation solved by (Yst’", Zé’") se[t,T]

can be written as

T T
Y = n(XE) 4 / £, XE10O) [y tn zbny gy — / ZLdw,,  t<s<T.

S

We notice that (Y5, Z¢") (s 1) solves the same equation of (Ym0 Ztn(0)y
tion (2.5) with # = 7(0). By uniqueness, it follows that ||[Y%" — Yt’”(O)H

ztn

se[t,7], namely equa-
= tn _
2 — 0 and | Z

O] = 0. Therefore, we deduce Y;"" = v 0, Now, define the map u: [0,7] x R — R as
H2(¢,T) t t

u(t,z) = YP*,  V(t,z) €[0,T] x R. (3.30)
Then, the following relation between the map U in (3.29) and the function w in (3.30) holds:
Ut,n) = ult,n(0),  V(tn) €[0,7] x C([-T,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 (€2, F,P) on which a d-dimensional
Brownian motion W = (W});>0 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 n: [~7,0] — R? endowed with
the supremum norm |[7|| = sup,cpo 7y [n(t)|. Notice that, when d = 1, we simply write C([-T',0])
instead of C'([—T,0];R). In the present section we consider the d-dimensional path-dependent SDE:

{dXs = b(s,X,)dt + o(s,X,)dWs, s € [t,T), (A1)

Xs = n(s—1), se[-T+t,t,

where on b: [0,7] x C([~T,0];R?) — R? and o: [0,T] x C([-T,0];R%) — R? we shall impose the
following assumptions.

(Ap,) band o are Borel measurable functions satisfying, for some positive constant C,

C||77_77/||7
C,

|b(t7 77) - b(tv 77/)| + |J(t7 77) - 0(t7 77/)| <
[b(£,0)[ + [o(¢,0)] <
for all t € [0,T] and 0,7 € C([-T,0];R%).

Notice that equation (A.1) on [t,T] becomes equation (2.2) when b = b(t,n) and o0 = o(t,n) are
non-path-dependent, so that they depend only on n(t) at time ¢. On the other hand, when d = 1
equation (A.1) reduces to equation (3.2).
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Lemma A.1 Under Assumption (Ay,), for any (t,n) € [0,T] x C([=T,0;R?) there exists a
unique (up to indistinguishability) F-adapted continuous process X" = (Xﬁ’”)se[_T+t7T} strong
solution to equation (2.2). Moreover, for any p > 1 there exists a positive constant C, such that

E| s [XUP] < 61+ i) (A:2)
se[—=T+t,T|

Proof. Existence and uniqueness follow from Theorem 14.23 in [29]. Concerning estimate (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 (Ap,) holds and let (bn,on)n be a sequence satisfying
Assumption (Ap,) with a positive constant C' independent of n. Moreover, (by,o,) converges
pointwise to (b,o) as n — oo. For any n € N and (t,n) € [0,T] x C([-T,0];R%), denote by
Xt = (X?’t’")se[_TH,T] the unique solution to the path-dependent SDE

(A.3)

AXPMT = by (s, XE)dt + o (5, X0 AW, t<s<T,

Then, for every p > 1, we have

E[ sup [XPP] < Gt lnllY),  V(tm) € 0.T) < C-T0LRY), ¥neN,  (A4)

for some positive constant C,, and

lim E[ sup yX;W—Xgmp] =0, Y(tn) €0,T] x C(|-T,0];RY). (A.5)

n—o0 tSSST

Proof. For any n € N and (t,n) € [0,T] x C([-T,0];R?), the existence and uniqueness of
(X;”’")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

Xmbn _ xtn / (b (r, X201) — b(r, XE7)) dr +/ (o0 (r, XMy — o (1, XLT)) dW,.
¢ t

Then, taking the p-th power, we get (recalling the standard inequality (a+ b)? < 2P~1(aP +bP), for
any a,b € R) that | X" — X2"|P is less than or equal to

s p s p
271 [ 200 = b i) ar |+ 27 [ o 2600 — (i) aw, |
t t

In the sequel we shall denote ¢, a generic positive constant which may change from line to line,
independent of n, depending only on T, p, and the Lipschitz constant of b,,o0,. Taking the
supremum over s € [t,T], and applying Holder’s inequality to the drift term, we get

5T =K< [ foalr ) o )
t

u p
+ 2771 sup / (on(r, XMy — o (r, XET))dW, | (A.6)
t<u<s t
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Notice that
/t ) |by (7, XP5T) — b (r, XET) |Pdr
< ¢! /t ) | b (r, XPET) — by, (7, XET) [P + 2P~ /t ) |bp (r, XET) — b(r, XET) [Pdr
< o /t ) | Xt X Py 4- 2P /t ) (b (7, XET) — b(r, XET) [Pdr. (A7)

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

E{ sup

t<u<s

/ (o0 (r,X]V51) — o (1, XLT)) AW,
t

P s /2
< o] [ i
t

S S
< CPE[/ ‘O‘n(T‘, XY — g, (r, Xi’”)‘pﬂdr} + cpE[/ ‘O‘n(T‘, XM — o (r, Xi’”)‘p/zdr}
t t

s

< cp/ E[[|Xp1 — XE|P]dr + cp/ E[|on(r,XE1) — o (r, Xi’”)‘pp]dr. (A.8)
¢ t

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

B2 - Xi17] < e [ B[R~ X0 PTar + 6 [ B[ Xi) — b(r 4P

¢ t
T 2
tp [ Bllon(r X — o) ")
t

Then, applying Gronwall’s lemma to the map r — E[||X/""" — X0"||P], we get

T
E[tSHET ’X?vtﬂ? — X;’n’p} < Cp/t Ean(r7 X?n) _ b(T, Xfﬂ])‘p] dr
T
by [ Ellonln X — olrX0n|"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 differential equations, in terms of the norm of the Y 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 © 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 Cr such that
|F(87y7 Z) - F(Svyla Z/)| < CF(|y - y/| + |Z - Z/Dv

for all y,y/ € R, 2,2 € RY, ds @ dP-a.e.
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(A.c) Integrability condition:
E[/T \F(s,o,O)Pds] < Mp,
for some positive constant Mp. t
Proposition B.1 For anyt,T € Ry, t <T, consider (Ys, Zs, Ks)see,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’(ftT |Zs|?ds < ) = 1.

(iii) K s a real nondecreasing (or nonincreasing) continuous F-predictable process such that Ky =
0.

Suppose that (Ys, Zs, Ks)sepe ) solves the BSDE, P-a.s.,
T T
Y, = YT—I—/ F(T,Yr,Zr)dT‘—I—KT—KS—/ (Zp, dW,.), t<s<T, (B.1)
S S

for some generator function F satisfying conditions (A.b)-(A.c). Then (Z,K) € H2(t,T)? x
AT2(t,T) and

T
12y + 1K By < C(IV By +E [ 1F(0.0/Pds). (B.2)

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

T
1V 122z + 12032z < o’(E[|YT|2]+E / |F<s,o,o>|2ds), (B3)

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

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{szt: / \Z,,Fdrzk}/\T.
t

Then, the local martingale ([’ Yo (Li,r) (1) 2y, AW:) ) sepe ) satisfies, using Burkholder-Davis-Gundy
inequality,

E{ sup
t<s<T

/ K‘(l[tﬂ'k] (T)Zra dWr>
t

| <

therefore it is a martingale. As a consequence, an application of Ito’s formula to |Y;|? between ¢
and 7y yields

Tk Tk Tk
E[|Y:)?] +IE/ Z,2dr = E[|Y,|?] +2E/ EF(T,K,ZT)dr+2E/ Y, dK,. (B.4)
t t t

In the sequel ¢ and ¢ will be two strictly positive constants depending only on C'r, 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

Tk 1 Tk T
QE/ Yo F(r,Ye, Zp)dr < ¢T|Y |32 p + ZE/ ]Zr\zdr—kE/ |F(r,0,0)*dr. (B.5)
t t t
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Regarding the last term on the right-hand side in (B.4), for every ¢ > 0, recalling the standard
inequality 2ab < ea? 4 b% /e, for any a,b € R, we have

Tk 1
2 [ VK, < JIV ) + B[IK ) (B.6)
Now, from (B.1) we get
Tk Tk
K, = Yt—YTk—/ F(T,Y},Zr)dr—k/ (Z,,dW).
t t

Therefore, recalling that (z1 + -+ + 24) < 4(2? + -+ + 23), for any z1,...,24 € R
2

Tk
E[Kn ] < 81V B +4TE [ [F(rYr, Z,)Pdr + 4E
t

Tk
/ (7, dW))
t

From It6’s isometry and (A.b), we obtain

Tk T
E[|Knl2] < ¢+ TV + (1 +TE / 2, Pdr + ¢ TE / IF(r,0,0)2dr.  (B.7)
t t

Then, taking ¢ = 1/(4¢ (1 +T)) in (B.6) we get

T 16¢/(1+T)2 +1+ T2 1 (™ T T
QE/ v,dk, < 20 4(1)+T) ||Y\|§2(t,T)+ZE/ |ZT|2dr+mE/ P (r,0,0)2dr
t t t
1 Tk T
< (U +THNY 22 —|—ZE/t |ZT|2dr—|—cTIE/t |F(r,0,0)*dr. (B.8)

Plugging (B.5) and (B.8) into (B.4), we end up with
2 1 ™ 2 2 2 g 2
E[|Y;, ] + 5E / Z,Pdr < o1+ TV (2 + 1+ T)E / IF(r,0,0)[dr.
t ¢
Then, from monotone convergence theorem,
T T
E/t Z,Pdr < (1 +TH)|Y |22 +c(1—|—T)IE/t |F'(r,0,0)|*dr. (B.9)
Plugging (B.9) into (B.7), and using again monotone convergence theorem, we finally obtain
T
1K 82y = E[IETIY] < e+ T?)Y [32(e.1) + (1 +T2)E/t |F(r,0,0)|dr.

Proof of estimate (B.3). The proof of this estimate is standard, see, e.g., Remark (b) immediately
after Proposition 2.1 in [20]. We just recall that it can be done in the following two steps: first, we
apply Itd’s formula to |Ys|?, afterwards we take the expectation, then we use the Lipschitz property
of ' 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
sup E[|Ys?] + [ Z|IGezye < C‘(EUYT\?] +E/ yF(s,o,O)Fds), (B.10)
selt,T) t

for some positive constant C' depending only on 7" and Cr. In the second step of the proof
we estimate ||Y[|2, 1) = Elsup;< <7 |Ys|?] proceeding as follows: we take the square in relation
(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
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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 (Y"),, 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 Cp and Mg for alln. For anyn, let (Y™, Z", K") € S*(t,T) x H2(t,T)? x
AT2(t,T), with Y™ and K™ continuous, satisfying, P-a.s.,

s

T T
Yr = v +/ Fo(r, Y, Z")dr + K — K" — / (Z0,dW,),  t<s<T
and
”Yn”éza,cr) + 12" le2 ey + 1K ls2ery < O, Vn €N,

for some positive constant C, independent of n. Suppose that there exist a generator function I’ sat-
isfying conditions (Aa)-(Ac) and a continuous process Y € S*(t,T), in addition sup,, ||Y"||sp) <
oo for some p > 2, and, for some null measurable sets Np C [t,T] x Q and Ny C €,

Eo(s,w,y,2) =3 F(s,w,y,z2), Y (s,w,y,2) € (([t,T] x Q\Nr) x R x R?,
Y w) =3 Yi(w), VY (s,w) € [t,T] x (Q\Ny).

Then, there exists a unique pair (Z, K) € H2(t, T) x AY2(t, T) such that, P-a.s.,
T T
Y, = Yr +/ F(r,Y,, Z,)dr + K1 — K, —/ (Z,,dW,), t<s<T. (C.1)
S S

In addition, Z™ converges strongly (resp. weakly) to Z in LI(t, T;R?) (resp. H2(t,T)%), for any
q € [1,2], and K converges weakly to K in L*(Q, Fs,P), for any s € [t,T].

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

[hmlnf sup |Y”|p] < 11m1nf||Y"
N0 t<s<T

||SptT < o0. (C.2)

Moreover, since Y is continuous, there exists a null measurable set Ny C Q such that s — Y (w) is
continuous on [t, T for every w € Q\Ny,. Then, for any w € Q\(Ny UNy,), there exists 7(w) € [t, T
such that

sup Vo)l = [Vo @) = lim [V, @) < lminf sup V@), (C.3)
t<s<T n—00 N0 4<s<T
Therefore, combining (C.2) with (C.3), we end up with [|Y||sp(;,7) < 0. O
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Proof. We begin proving the uniqueness of (Z, K). Let (Z,K),(Z',K') € H2(t,T)% x AT2(¢,T)
be two pairs satisfying (C.1). Taking the difference and rearranging the terms, we obtain

T T
/ (Zp — 7)., dW,) = / (F(r,Yy, Zy) = F(r,Y,, Z)))dr + Kr — Ky — (K7 — KJ).

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 ¢, inde-
pendent of n, such that

T
IE/ |E(r, Y, ZM)2dr < ¢,  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 (Z™, F,, (-, Y."*, Z"*)); which converges weakly
to some (Z,G) € H2(t, T)? x L2(t,T;R). This implies that, for any s € [t, T], the following weak
convergences hold in L?(Q, F,,P) as k — oo:

/ Fo (r, Y%, Z0%)dr — / G(r)dr, / (7 dW,) / (7o, dW,).
t t t t

Since X s
K = ytn_ysn_/ Fn(r,YT”,ZT”)dr—k/ (7, W)
t t

and, by assumption, Y — Y; strongly in L?(Q,F,P), we also have the weak convergence, as
k — oo,
KI* — K, (C.4)

where

K, = Yt—Y;—/ G(T)dr—l—/ (Zy, dW,.), t<s<T.
t t

Notice that (Ks)i<s<7 is adapted and continuous, so that it is a predictable process. We have
that E[|Kr|?] < oo. Let us prove that K is a nondecreasing process. For any pair r,s with
t <r<s<T,wehave K, < K, P-a.s.. Indeed, let £ € L?(2, 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 7 such that

§ = (+ / NudWy.
Therefore

0 < Ble(K? - K7 = BleRy] - Bk - E[g| K7 [ na,

vl 7]

= E[EKY] - E[CK)] — E[(K ] —E[(K,] = E[{(Ks — K;)],

which shows that K, < K, P-a.s.. As a consequence, there exists a null measurable set N C 2
such that K, (w) < Ks(w), for all w € Q\N, with r,s € QN [0,T], » < s. Then, from the continuity
of K it follows that it is a nondecreasing process, so that K € At2(¢,T).
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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™)g, but all the sequence (Z"),, converges weakly to Z in H?(¢, T)%. It 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 h,(y) = |min(y —
@,0)|2, y € R. By applying Meyer-Ito’s formula combined with the occupation times formula (see,
e.g., Theorem 70 and Corollary 1, Chapter IV, in [37]) to ha(Y]" —Y5) between ¢ and T, observing
that the second derivative of h, in the sense of distributions is a o-finite Borel measure on R
absolutely continuous to the Lebesgue measure with density 2 - 1}_0070[(-), we obtain

T
Bl min(Y" - Y; - . 0)P] 4 E [ 1pypovica|22 - ZiPds
t
T
= E[|min(Yy* — Yr — o, 0)*] + ZE/ min(Y]" — Y, — o, 0)(Fu(s, Y, Z) — G(s))ds
t
T T
+ 2E/ min(Y]' = Ys — o, 0)dK] — 2E/ min(Y," = Y; — a,0)dKs.
t t
Since min(Yy" — Ys — o, 0)dK] <0, we get
T
IE/ Lyyn-yi<a}| 28 — Zs|*ds < E[|min(Y7 — Y7 — o, 0)[] (C.5)
t
T T
+ 215:/ min(Yy" — Yy — o, 0)(F, (s, Y, Z') — G(s))ds — ZE/ min(Y?" — Yy — «,0)dKs.
t t

Let us study the behavior of the right-hand side of (C.5) as n goes to infinity. We begin noting
that
E[|min(Y} — Y7 — «,0)|?] s (C.6)

Regarding the second-term on the right-hand side of (C.5), since the sequence (F,(-,Y", Z") —
G(-))n is bounded in L2(t, T;R), we have

1

_—- <E[/tT]Fn(s,YS",Z;‘)—G(s)\2ds]>2 — ¢ < oo

neN

Therefore, by Cauchy-Schwarz inequality we find
T
B [ |min(¥ = Y, - 0, 0)|[Fa(s, Y7, 22) - G(o)lds
t

r :
< c(E[/ | min(Y;" — Y — a,O)]2d3]> T —ta (C.7)
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[/ | min(Y;" — Y — a,O)]%dKS}
neN t
3 )
< sup <E[ sup |min(Y]" — Y — a,O)H) (E[|Kr|*])? < ococ.
neN t<s<T
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It follows that (min(Y"” —Y. — «,0)),, is a uniformly integrable sequence on ([¢t,T] x Q,B([t,T]) ®
F,dKs ® dP). Moreover, by assumption, there exists a null measurable set Ny C  such that
Y (w) converges to Ys(w), for any (s,w) ¢ [t,T] x Ny. Notice that dKs; ® dP([t,T] x Ny) = 0,
therefore Y converges to Y pointwise a.e. with respect to dKs ® dP. This implies that

T
E[/ |min(Y" — Yy — o, 0)|dK, | =3 aE[K7]. (C.8)
t
By the convergence results (C.6), (C.7), and (C.8), (C.5) gives

T
limsupE/ Liyn_yv,ca}lZ8 = Zs?ds < o +26V/T — ta + 20E[K7). (C.9)
t

n— oo

From Egoroff’s theorem, for any § > 0 there exists a measurable set A C [t, T]x £, with ds@dP(A) <
J, such that (Y™),, converges uniformly to Y on ([t,7] x Q)\A. In particular, for any o €]0, 1[ we
have |Y"(w) — Y5(w)| < a, for all (s,w) € ([t,T] x 2)\A, whenever n is large enough. Therefore,
from (C.9) we get

T T
1imSUPE/ Lryxanal 28 — Zods = 1imSUPE/ Lerxonalyr—vi<a}l 28 — Zs|?ds
t t

n— oo n—oo

T
< lim SupE/ Liynov,cap| 28 — Zo|Pds < o +2eV/T — ta + 20E[K7).
t

n— oo

Sending oo — 0T, we obtain

T
lim E/ 1([t,T}><Q)\A|Z;L —Zs|2d8 = 0. (ClO)
t

n— o0

Now, let ¢ € [1,2]; by Holder’s inequality,
T T T
E/ Zn — Z,|%ds = E/ 1([t,T]XQ\A\Zg—ZS\qu+E/ 1|27 — Z,|%ds
t t t

)
T g - T 3 oy
< (B[ vwmeonalzs - zPas) (-0 4 (B [ 127 - 2Pas) 55
t t

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

T
supE/ |Z0 — Z|?ds =: ¢ < oo.
neN t

Therefore

T T 5
E/ |28 — Zg|%ds < (E/ 1([t,T]><Q)\A’Z;L — ZS‘2dS> (T — t)zT +¢é26 2,
t t

which implies, by (C.10),

T —
limsupE/ 20— Z|9ds < é367e"
t

n—oo

Sending § — 07 we deduce the strong convergence of Z" towards Z in L4(t, T; R%), for any q € [1,2].
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Notice that, for any ¢ € [1,2[, we have (recalling the standard inequality (z+y)9 < 2971 (294+y9),
for any =,y € Ry)

T T
E[/ \Fn(s,Ys",Z;L)—F(S,YS,ZS)\qu] < 2‘1_1E[/ \Fn(s,YS",Z;L)—Fn(s,Y's,ZS)]qu}
t t
T
+2‘1‘1E[/ |F(s,Ys, Zs) —F(s,YS,ZS)st}
t

Therefore, by the uniform Lipschitz condition on F), with respect to (y, z), and the convergence 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 L2(¢,T;R), we deduce that G(-) =
F(-,Y.,Z.). In conclusion, the triple (Y, Z, K) solves the backward stochastic differential equation
(C.1). O

D. An additional result in real analysis

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

Gort,x) "= Gu(t,z),  Gult,z) =3 G(t,x), V(tz)e0,T]x X.

Moreover, G, ;(t,z) = Gp(t,x) as k — oo, for all x € X, uniformly with respect to t € [0,T].
Suppose also that the functions G i(t,-), n,k € N, are equicontinuous on compact sets, uniformly
with respect to t € [0,T]. Then, there exists a subsequence (G, )nen 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,-), Gn(t,-), and G, k(t,-), for all n,k € N, are equicontinuous on compact sets,
uniformly with respect to ¢t € [0, 7.

Let D = {x1,%2,...,2j,...} be a countable dense subset of X. Fix n € N\{0}. Then, for any
J € N there exists k,, ; € N such that

. Yk >k, Ve [0,T).

S

|Gnk(t,x5) — Go(t, x))] <

Set ky :=kp_1Vkp1V---Vkpp, Vn €N, where k_y := 0. Then, we have

for all ¢ € [0, T]. It remains to prove that the convergence holds for all (¢,x) € [0,7] x X. To this
end, fix x € X and consider a subsequence (x},, )men C D which converges to x. Then, the set K
defined by

K = (2, )men U {z}

is a compact subset of X. Recall that the functions G(t,-) and G, ,(t,-), for all n € N, are
equicontinuous on K, uniformly with respect to ¢t € [0,7]. Then, for every € > 0, there exists 6 > 0
such that, for all n € N,

|Gk, (B, 21) — Gk, (E,22)] < |G(t,21) — G(t,x2)| <

)

Wl M

<
37

47



whenever |21 —z2|| <6, 71,22 € K, for all t € [0,7]. Fix t € [0,7] and x;,, € (2}, )men such that
|z — 2j,, || < d. Then, we can find ng € N (possibly depending on t) for which |G, k, (¢, %j,,,) —
G(t,j,, )| < ¢e/3 for any n > ng. Therefore, given n > ng we obtain

Gk, (t2) = Gt @) < |Gk, (8, 2) = Gty (8 T )| 4 |G (8T ) — G 2 )|
+|G(t, z5,,) — G(t,2)| < e

This implies that Gy, j, converges to G at (t,z), and the claim follows from the arbitrariness of
(t,a:). 0
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