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Abstract

First, we revisit functional It6/path-dependent calculus started by B. Dupire, R.
Cont and D.-A. Fournié, using the formulation of calculus via regularization. Relations
with the corresponding Banach space valued calculus introduced by C. Di Girolami and
the second named author are explored. The second part of the paper is devoted to the
study of the Kolmogorov type equation associated with the so called window Brownian
motion, called path-dependent heat equation, for which well-posedness at the level of
classical solutions is established. Then, a notion of strong approximating solution, called
strong-viscosity solution, is introduced which is supposed to be a substitution tool to
the viscosity solution. For that kind of solution, we also prove existence and uniqueness.
The notion of strong-viscosity solution motivates the last part of the paper which is
devoted to explore this new concept of solution for general semilinear PDEs in the finite
dimensional case. We prove an equivalence result between the classical viscosity solution
and the new one. The definition of strong-viscosity solution for semilinear PDEs is
inspired by the notion of good solution, and it is based again on an approximating
procedure.
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1 Introduction

Recently, a new branch of stochastic calculus has appeared, known as functional Ito calculus,
which results to be an extension of classical Itd calculus to functionals depending on the
all path of a stochastic process and not only on its current value, see Dupire [16], Cont
and Fournié [5, 6, 7]. On the other hand, C. Di Girolami, the second named author and
more recently G. Fabbri, have introduced in a series of papers ([12, 13, 14, 15, 11]), a
stochastic calculus via regularizations for processes taking values in a separable Banach
space B, which includes (when B = C([-T,0]), as applications a path-dependent type
calculus having similar objectives.

In the first part of the present paper, we revisit functional It6 calculus by means of
stochastic calculus via regularization. We recall that developed functional 1t6 calculus
and derived a functional It6’s formula using discretization techniques of Follmer [23] type,
instead of regularization techniques. Let us illustrate another difference with respect to
[5]. One of the main issues of functional It6 calculus is the definition of the functional (or
pathwise) derivatives, i.e., the horizontal derivative (calling in only the past values of the
trajectory) and the vertical derivative (calling in only the present value of the trajectory).
In [5], it is essential to consider functionals defined on the space of cadlag trajectories, since
the definition of functional derivatives necessitates of discontinuous paths. Therefore, if a
functional is defined only on the space of continuous trajectories (because, e.g., it depends
on the paths of a continuous process as Brownian motion), we have to extend it anyway to
the space of cadlag trajectories, even though, in general, there is no unique way to extend
it. In contrast to this approach, we introduce an intermediate space between the space of
continuous trajectories C'([—T,0]) and the space of cadlag trajectories D([—T,0]), denoted
¢ (|-T,0]), which allows us to define functional derivatives. € (|—T,0]) is the space of
bounded trajectories on [T, 0], continuous on [T, 0[ and with possibly a jump at 0. We
endow ¢ ([—T,0]) with a topology such that C([—T,0]) is dense in € ([—T,0]) with respect
to this topology. Therefore, any functional U: [0,7] x C([-T,0]) — R, continuous with
respect to the topology of € ([—T7,0]), admits a unique extension to € ([—7,0]), denoted
u: [0,T] x €([—T,0]) — R. We present some significant functionals for which a continuous
extension exists. Then, we develop the functional It6 calculus for u: [0, T]|x € ([-T,0]) — R.

Notice that we use a slightly different notation with respect to [5]. In particular, in
place of a map U: [0,T] x C([-T,0]) — R, in [5] a family of maps F' = (F})ic[o,7], With
F;: C(]0,t]) — R, is considered. However, we can always move from one formulation to
the other. Indeed, given F' = (F});cjo,r), Where each Fy: C([0,t]) — R, we can define
U:[0,T] x C([-T,0]) — R as follows:

Ut,n) = Fn-+Dlog),  (&n) €[0,T] x C([=T,0]).
Vice-versa, let U: [0,T] x C([-T,0]) — R and define F' = (F})e(o,7) as
Ft(ﬁ) = u(t’n)’ (t’ﬁ) € [O’T] X C([O’t])’ (1'1)

where 7 is the element of C([—T,0]) obtained from 7 firstly translating 7 on the interval
[—t,0], then extending it in a constant way up to —7', namely n(z) := 7z + t)1_4 g (z) +



(=t)1j—1,—y(z), for any x € [-T,0]. Observe that, in principle, the map U contains
more information than F, since in (1.1) we do not take into account the values of U at
(t,n) € [0,T] x C(|—T,0]) with n not constant on the interval [-T, —t]. Despite this, the
equivalence between the two notations is guaranteed by the fact that, as it will be clear later,
when we consider the composition of U with a stochastic process, this extra information
plays no role. Our formulation has two advantages. Firstly, we can work with a single
map instead of a family of maps. In addition, the time variable and the path have two
distinct roles in our setting, as for the time variable and the space variable in the classical
1t6 calculus. This, in particular, allows us to define the horizontal derivative independently
of the time derivative, so that, the horizontal derivative defined in [5] corresponds to the
sum of our horizontal derivative and of the time derivative. We mention that an alternative
approach to functional derivatives was introduced in [1].

We end the first part of the paper showing how our functional It6’s formula is strictly
related to the It6’s formula derived in the framework of Banach space valued stochastic
calculus via regularization, for the case of window processes. This latter and brand new
branch of stochastic calculus and stochastic analysis has been recently conceived, deeply
studied, and developed in many directions in [15, 14, 13], [11] and for more details [12]. For
the particular case of window processes, we also refer to Theorem 6.3 and Section 7.2 in
[11]. In the present paper, we prove formulae which allow to express functional derivatives
in terms of differential operators arising in the Banach space valued stochastic calculus
via regularization, with the aim of identifying the building blocks of our functional Ito’s
formula with the terms appearing in the It6’s formula for window processes.

Dupire [16] introduced also the concept of path-dependent partial differential equation,
to which the second part of the present paper is devoted. Di Girolami and the second
named author, in Chapter 9 of [12], considered a similar equation in the framework of
Banach space valued calculus, for which we refer also to [22]. We focus on path-dependent
nonlinear Kolmogorov equations driven by the path-dependent heat operator, for which
we provide a definition of classical solution. We prove a uniqueness result for this kind of
solution, by means of probabilistic methods based on the theory of backward stochastic
differential equations (BSDEs). More precisely, we show that, if a classical solution exists,
then it can be expressed through the solution of a certain backward stochastic differential
equation. Therefore, from the uniqueness of the BSDE it follows that there exists at most
one classical solution. Then, we prove an existence result for classical solutions. However,
this notion of solution turns out to be unsuitable to deal with all significant examples. As
a matter of fact, if we consider the path-dependent PDE arising in the hedging problem
of lookback contingent claims, we can not expect too much regularity of the solution (this
example is studied in detail in subsection 3.2). Therefore, we are led to consider a weaker
notion of solution to the path-dependent nonlinear Kolmogorov equation. In particular, we
are interested in a viscosity-type solution, namely a solution which is not required to be
differentiable, but only locally uniformly continuous.

The issue of providing a suitable definition of viscosity solutions for path-dependent
PDEs has attracted a great interest. We recall that Ekren, Keller, Touzi, and Zhang [17]
and Ekren, Touzi, and Zhang [19, 20| recently provided a definition of viscosity solution to



path-dependent PDEs, replacing the classical minimum /maximum property, which appears
in the standard definition of viscosity solution, with an optimal stopping problem under
nonlinear expectation [18]. We also recall that other definitions of viscosity solutions for
path-dependent PDEs were given by Peng [33] and Tang and Zhang [42]. In contrast with
the above cited papers, our definition of solution is not inspired by the standard definition
of viscosity solution given in terms of test functions or jets. In fact, our weak solution,
called strong-viscosity solution, to the path-dependent nonlinear Kolmogorov equation is
defined, in a few words, as the pointwise limit of classical solutions to perturbed equations.
We notice that our definition is more similar in spirit to 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], [9], [26], and [27]. It has also some
similarities with the vanishing viscosity method, which represents one of the primitive ideas
leading to the conception of the modern definition of viscosity solution. Our definition is
likewise inspired by the notion of strong solution (which justifies the name of our solution),
as defined for example in [2], [24], and [25], even though strong solutions are required to be
more regular than simply locally uniformly continuous (this regularity is usually required
to prove uniqueness of strong solutions, which for example in [24] and [25] is based on a
Fukushima-Dirichlet decomposition). Instead, our definition of strong-viscosity solution to
the path-dependent nonlinear Kolmogorov equation is only required to be locally uniformly
continuous and with polynomial growth. The term wviscosity in the name of our solution is
also justifies by the fact that in the finite dimensional case we have an equivalence result
between the notion of strong-viscosity solution and that of viscosity solution. We prove a
uniqueness theorem for strong-viscosity solutions using the theory of backward stochastic
differential equations and we provide an existence result.

We conclude the second part of the paper analyzing more in detail the notion of strong-
viscosity solution for semilinear equations, focusing on the more understandable finite di-
mensional case. In particular, we notice that, if from one hand we consider only equations,
as well as perturbed equations, whose classical solutions admit a nonlinear Feynman-Kac
representation formula in terms of BSDEs, on the other hand our definition of strong-
viscosity solution has the advantage that the comparison theorem follows directly from
the comparison theorem for BSDEs. In other words, the comparison theorem for strong-
viscosity solutions can be proved using probabilistic methods, in contrast to real analysis’
tools which characterize comparison theorems for viscosity solutions and revealed to be ar-
duous to extend to the infinite dimensional setting, see, e.g., [21]. We present two definitions
of strong-viscosity solution, one of them is more in the spirit of the standard definition of
viscosity solution, since it is required to be both a strong-viscosity subsolution and a strong-
viscosity supersolution. A strong-viscosity supersolution (resp. subsolution) is defined, in
few words, to be the pointwise limit of classical supersolutions (resp. subsolutions) to per-
turbed semilinear equations. We prove, using the theory of backward stochastic differential
equations, that a comparison theorem for strong-viscosity sub and supersolutions holds,
therefore obtaining a uniqueness result for our strong-viscosity solution. More precisely, we
prove that every strong-viscosity supersolution (resp. subsolution) can be represented by a
supersolution (resp. subsolution) of a BSDE. Indeed, every strong-viscosity supersolution



is the limit of a sequence of classical supersolutions, which admit a representation in terms
of supersolutions of BSDEs. Then, using a limit theorem for BSDEs (partly inspired by the
monotonic limit theorem of Peng [32]), we derive a limit BSDE supersolution, which turns
out to be a probabilistic representation for our strong-viscosity supersolution. Therefore,
as already mentioned, the comparison theorem for strong-viscosity sub and supersolutions
is a consequence of the comparison theorem for BSDEs. We conclude investigating the
equivalence between the notion of strong-viscosity solution and the standard definition of
viscosity solution.

The rest of the paper is organized as follows. In section 2 we develop functional It6 cal-
culus via regularization: after a brief introduction on finite dimensional stochastic calculus
via regularization in subsection 2.1, we introduce and study the space €' ([—7',0]) in subsec-
tion 2.2; then, we define the pathwise derivatives and we prove the functional [t6’s formula
in subsection 2.3; in subsection 2.4, instead, we discuss the relation between functional 1to
calculus via regularization and Banach space valued stochastic calculus via regularization
for window processes. In section 3, on the other hand, we study path-dependent PDEs.
More precisely, in subsection 3.1 we discuss classical solutions to the path-dependent non-
linear Kolmogorov equation; in subsection 3.2 we present a significant hedging example to
motivate the introduction of a weaker notion of solution; in subsection 3.3 we provide the
definition of strong-viscosity solution to the path-dependent nonlinear Kolmogorov equa-
tion; finally, in subsection 3.4 we explore the notion of strong-viscosity solution for more
general PDEs (not only PDEs driven by the heat operator), in the finite dimensional case.

2 Functional It6 calculus: a regularization approach

2.1 Background: finite dimensional calculus via regularization

The theory of stochastic calculus via regularization has been developed in several papers,
starting from [37, 38]. We recall below only the results used in the present paper, and we
refer to [40] for a survey on the subject. We emphasize that integrands are allowed to be
anticipating. Moreover, the integration theory and calculus appears to be close to a pure
pathwise approach even though there is still a probability space behind.

Fix a probability space (Q,F,P) and T €]0,00[. Let F = (F)c[o,7) denote a filtration
satisfying the usual conditions. Let X = (X)o7 (resp. Y = (Yi)iepo,r)) be a real
continuous (resp. P-a.s. integrable) process. Every real continuous process X = (X)ic[0,7]
is naturally extended to all ¢ € R setting X; = Xy, t <0, and X; = X7, t > T. We also
define a C([—T,0])-valued process X = (Xi);ecr, called the window process associated
with X, defined by

Xy = { X4z, x € [-T,0]}, teR.

Definition 2.1 Suppose that, for every t € [0,T], the following limit

t b Xgpe— X
/st_Xs = lim [ Y, oy, (2.1)
0

e—0t Jo 5



exists in probability. If the obtained random function admits a continuous modification,
that process is denoted by fo Yd~ X and called forward integral of Y with respect to
X.

Definition 2.2 A family of processes (Ht(a))te[oﬂ is said to converge to (Hy)ycpor) in the

ucp sense, if SUpg<i<r |Ht(€) — Hy| goes to 0 in probability, as e — 0T.

Proposition 2.1 Suppose that the limit (2.1) exists in the ucp sense. Then, the forward
integral fo Yd=X of Y with respect to X exists.

Let us introduce the concept of covariation, which is a crucial notion in stochastic
calculus via regularization. Let us suppose that X,Y are continuous processes.

Definition 2.3 The covariation of X and Y is defined by

.1t

(X, Y], = [V,X], = lm _/ (Xste = Xs)(Yeue — Yi)ds, t€[0,T],
e—=0t € Jo

if the limit exists in probability for every t € [0,T], provided that the limiting random

function admits a continuous version (this is the case if the limit holds in the ucp sense). If

X =Y, X is said to be a finite quadratic variation process and we set [X] := [X, X].

The forward integral and the covariation generalize the classical It integral and covari-
ation for semimartingales. In particular, we have the following result, for a proof we refer
to, e.g., [40].

Proposition 2.2 The following properties hold:

(i) Let S, 5% be continuous F-semimartingales. Then, [S',S?] is the classical bracket
[S1,8%] = (MY, M?), where M (resp. M?) is the local martingale part of S* (resp.
S2).

(ii) Let V' be a continuous bounded variation process and 'Y be a cadlag process (or vice-

versa); then [V] = [Y,V] = 0. Moreover [Yd V = [/YdV, is the Lebesgue-
Stieltjes integral.

(iii) If W is a Brownian motion and Y is an F-progressively measurable process such that
fOT Y2ds < oo, P-a.s., then fo Yd~W exists and equals the Ité integral fo YdWw.

We end this crash introduction to finite dimensional stochastic calculus via regular-
ization presenting one of its cornerstones: [t6’s formula. It is a well-known result in the
theory of semimartingales, but it also extends to the framework of finite quadratic variation

processes. For a proof we refer to Theorem 2.1 of [39].

Theorem 2.1 Let F : [0,7] x R — R be of class C'? ([0,T] x R) and X = (X;);e0.1]
be a real continuous finite quadratic variation process. Then, the following Ité’s formula
holds, P-a.s.,

t t
F(t,X,) = F(O,X0)+/ atF(s,Xs)ds+/ O F (s, Xs)d™ X,
0 0
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1 t
+ 5/ 02 F(s,X,)d[X]s, 0<t<T. (2.2)
0

2.1.1 The deterministic calculus via regularization

A useful particular case of finite dimensional stochastic calculus via regularization arises
when Q) is a singleton, i.e., when the calculus becomes deterministic. In addition, in this
deterministic framework we will make use of the definite integral on an interval [a, b], where
a < b are two real numbers. Typically, we will consider a = =T or a = —t and b = 0.

We start with two conventions. By default, every bounded variation function f: [a,b] —
R will be considered as cadlag. Moreover, if f: [a,b] — R is a cadlag function, we extend
it naturally to another cadlag function f on the real line as follows:

f(b), x> b,
fl@) = < fa), a<z<b,
0, z < a.

Definition 2.4 Let f: [a,b] — R be a cadlag function and g: [a,b] — R be in L' ([a,b]).
(i) Suppose that the following limit

e—=0t Jq €

/ g(s)d f(s) = lim [ g(s)
[a,b]

exists and it is finite. Then, the obtained quantity is denoted by f[a b] gd~ f and called
(deterministic, definite) forward integral of g with respect to f (on [a,b]).
(ii) Suppose that the following limit

b fe— fe—
[ atse) = am [ gL
[a,b] e—=0t Jq €
exists and it is finite. Then, the obtained quantity is denoted by f[a b gdt f and called
(deterministic, definite) backward integral of g with respect to f (on [a,b]).

Let us now introduce the deterministic covariation.

Definition 2.5 Let f,g: [a,b] — R be continuous functions and suppose that 0 € [a,b].
The (deterministic) covariation of f and g (on [a,b]) is defined by

xT

F0l () = 0. f1@) = tm = [ (F(s+e) = f(s)a(s +2) —g(s))ds, € [ab],

e=0t € Jo

if the limit exists and it is finite for every x € [a,b]. If f = g, we set [f] :==[f, f] and it is
called quadratic variation of f (on [a,b]).

We notice that in Definition 2.5 the quadratic variation [f] is continuous on [a, b, since f
is a continuous function. We conclude this subsection with an integration by parts formula
for the deterministic forward and backward integrals.



Proposition 2.3 Let f: [a,b] — R be a cadlag function and g: [a,b] — R be a bounded
variation function. Then, the following integration by parts formulae hold:

[, o) = g0~ [ st (23)
and, if f is continuous,
/[b]g(S)dJrf(S) = g(b)f(b) — s f(s)dg(s). (2.4)

Proof. Let us prove the integration by parts formula (2.4) relative to the backward integral.
By its definition, we are led to consider the following expression, for £ > 0,

b s) — f(s— b a
[0 = L v aors =1 [ gl +e)ss)is

€ € Jb—e a—e

B /b g(s +2) - gls)

f(s)ds.

€

Since g(s) = g(b), for s > b, we get

b b .
! / g(s+o)f()ds = gb)~ | F(s)ds =% gb)f(b).

€ Jp—e € Jb—e

Moreover, since f(s) =0, for s < a, we obtain

%/aaeg(s—i-s)f(s)ds = 0.

Finally, by Fubini’s theorem we have

"g(s+e) —g(s) _ "1
[ s = ([ o)) sy
1 bAT
= - d d .
/}a,bJrs] € </a\/(r€) f(S) S) g(r)
Recalling that g(s) = g(b), for s > b, and f(s) =0, for s < a, we obtain
"g(s+e) —g(s) _ }< o >
[ B s = [ (] s Jag

- /]a’b} é( / _ f(s)ds)dg(r).

Since f is continuous at r €]a, b], it follows that [ _ f(s)ds/e — f(r) ase — 0. Therefore,
by Lebesgue’s dominated convergence theorem, we find

/]a,bé< /f (S)d5>d9(r) =Y ]aﬂf(r)dg(r),

which implies the validity of (2.4). The integration by parts formula relative to the forward
integral is proved analogously. O



2.2 The spaces ¢([-T,0]) and € ([-T,0])

Let C([-T,0]) denote the set of real continuous functions on [T, 0], endowed with supre-
mum norm [[7lec = sup,ep—r,g [7(2)], for any n € C([-1,0]).

Remark 2.1 We shall develop functional It6 calculus via regularization firstly for time-
independent functionals U: C([-7,0]) — R, since we aim at emphasizing that in our
framework the time variable and the path play two distinct roles, as emphasized in the
introduction. This, also, allows us to focus only on the definition of horizontal and vertical
derivatives. Clearly, everything can be extended in an obvious way to the time-dependent
case U: [0,T] x C([-T,0]) — R, as we shall illustrate later. O

Consider a map U: C([-T,0]) — R. Our aim is to derive a functional Itd’s formula
for Y. To do this, we are led to define, in the spirit of [16] and [5], the functional (i.e.,
horizontal and vertical) derivatives for Y. Since the definition of functional derivatives
necessitates of discontinuous paths, in [5] the idea is to consider functionals defined on the
space of cadlag trajectories D([—T',0]). However, we can not, in general, extend in a unique
way a functional U defined on C([-7,0]) to D(]—T,0]). Our idea, instead, is to consider
an intermediate space between C([—7T',0]) and D([—T,0]), denoted €' (|—T',0]), which is the
space of bounded trajectories on [T, 0], continuous on [—T7',0[ and with possibly a jump
at 0. We endow % ([-T,0]) with a (inductive) topology such that C([—T,0]) is dense in
€ ([-T,0]) with respect to this topology. Therefore, if I is continuous with respect to the
topology of € ([—T,0]), then it admits a unique continuous extension u: ¢ ([—T,0]) — R.

Definition 2.6 We denote by € ([—T,0]) the set of bounded functions n: [-T,0] — R such
that n is continuous on [—T,0[, equipped with the topology we now describe.
Convergence. We endow € ([—T,0]) with a topology inducing the following convergence:
(Mn)n converges to n in € ([—T,0]) as n tends to infinity if:

(i) [Mnllee < C, for any n € N, for some positive constant C independent of n;
(ii) supgex |mn(z) —n(z)| = 0 as n tends to infinity, for any compact set K C [=T,0[;
(iii) 7,(0) — n(0) as n tends to infinity.

Topology. For each compact K C [=T,0[ define the seminorm px on € ([-T,0]) by

pr(n) = sup n(@)| + Q). ¥neE(=T,0).
Let M > 0 and € ([—T,0]) be the set of functions in € ([—T,0]) which are bounded by
M. Still denote pg the restriction of px to €y ([—T,0]) and consider the topology on
¢r([—T,0]) induced by the collection of seminorms (px)x. Then, we endow € ([—T,0])
with the smallest topology (inductive topology) turning all the inclusions iy : € ([—T,0]) —
€ ([-T,0]) into continuous maps.



Remark 2.2 (i) Notice that C([-T,0]) is dense in € ([-T,0]), when endowed with the
topology of €' ([—T,0]). As a matter of fact, let n € €([-7,0]) and define, for any n €

N\{0},
1), T<s<-1/n,
on(x) =
n(n(0) —n(=1/n))z +n(0), —1/n <z <0.
Then, we see that ¢, € C([-T7,0]) and ¢, — n in €([-T,0]).
Now, for any a € R define

Cu([=T,0]) = {n e C([=T,0]): n(0)
a([=T,0)) == {neZ(=T,0]): n(0)

a}?
a}.

Then, C,([-T,0]) is dense in %, ([T, 0]) with respect to the topology of € ([T 0]).

(ii) We provide two examples of functionals & : C([—T,0]) — R, continuous with respect to
the topology of € ([—T,0]), and necessarily with respect to the topology of C'([-T,0]) (the
proof is straightforward and not reported):

(a) U(n) = g(n(t1),...,n(tn)), for all n € C([-T,0]), with -7 <¢t; <--- <t, <0 and
g: R" — R continuous.

(b) U(n) = f[—T,O} o(x)d n(z), for all n € C([-T,0]), with ¢: [0,T7] — R a cadlag
bounded variation function. Concerning this example, keep in mind that, using the
integration by parts formula, U(n) admits the representation (2.3).

On the other hand, consider the functional U (n) = sup,c[_1,g (%), for alln € C([-T,0]). It
is obviously continuous, but it is not continuous with respect to the topology of € ([—T,0]).
As a matter of fact, for any n € N consider n,, € C([-T,0]) given by

T
0, -T<z<—5,
_ ontl T T
nn(x) - T 1’+2, _2_n<x§_2n+17
n+1
_2T x, _Qn% <x<0.

Then, U(nn) = supge_1,0 M (z) = 1, for any n. However, n, converges to the zero function
in €([-T,0]), as n tends to infinity. This example will play an important role in Section 3 to
justify a weaker notion of solution to the path-dependent nonlinear Kolmogorov equation.

g

To define the functional derivatives, we shall need to separate the “past” from the
“present” of n € € (|—T,0]). Indeed, roughly speaking, the horizontal derivative calls in
the past values of 7, namely {n(x): = € [-T,0[}, while the vertical derivative calls in the
present value of 7, namely 7(0). To this end, it is useful to introduce the space € ([—T,0]).

Definition 2.7 We denote by €' ([—T,0[) the set of bounded continuous functionsv: [=T,0[—
R, equipped with the topology we now describe.

Convergence. We endow € ([—T,0]) with a topology inducing the following convergence:
(Yn)n converges to v in € ([=T,0[) as n tends to infinity if:
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(i) supzepro[m(2)| < C, for any n € N, for some positive constant C independent of

n;
(ii) supyeg |yn(x) —y(x)] = 0 as n tends to infinity, for any compact set K C [-T,0].

Topology. For each compact K C [-T,0[ define the seminorm qx on € ([—T,0]) by

ak(v) = Sg}g!v(w)h Vy e €([-T,0].

Let M > 0 and € ([—T,0[) be the set of functions in € ([—T,0[) which are bounded by
M. Still denote qr the restriction of qrx to €n([—T,0[) and consider the topology on
v ([—T,0]) induced by the collection of seminorms (qx)rx. Then, we endow € ([-T,0[)
with the smallest topology (inductive topology) turning all the inclusions iy : € ([—T,0]) —

€ ([-T,0]) into continuous maps.

Remark 2.3 (i) Notice that ¢'([—T,0]) is isomorphic to € ([—T,0[) x R. As a matter of
fact, it is enough to consider the map

J: €(=T,0)) - €(-T,0]) x R
n = (=70, n(0))-

Observe that J~': €([~T,0[) x R — €([-T,0]) is given by J~*(v,a) = v1[_1,0[ + al{o}-
(ii) €(]—T,0]) is a space which contains C'([—T',0]) as a subset and it has the property of sep-
arating “past” from “present”. Another space having the same property is L?([—T,0]; dpu)
where p is the sum of the Dirac measure at zero and Lebesgue measure. Similarly as for
item (i), that space is isomorphic to L?([-T,0]) x R, which is a very popular space ap-
pearing in the analysis of functional dependent (as delay) equations, starting from [4].
O

For every u: €([-T,0]) — R, we can now exploit the space € ([—T,0[) to define a map
u: €([-T,0]) x R — R where “past” and “present” are separated.

Definition 2.8 Let u: €([-T,0]) — R and define u: €([-T,0])) x R - R as
a(y,a) = u(yl_po +algy), V(v,a) € €([-T,0[) x R. (2.5)
In particular, we have u(n) = u(n)—7,0[,n(0)), for alln € €([-T,0]).

We conclude this subsection with a characterization of the dual spaces of € ([—T',0])
and % ([-T,0]), which has an independent interest. Firstly, we need to introduce the set
M([-T,0]) of finite signed Borel measures on [—7,0]. We also denote My([—T,0]) C
M([—=T,0]) the set of measures p such that p({0}) = 0.

Proposition 2.4 Let A € €([-T,0])*, the dual space of € (|[—T,0]). Then, there exists a
unique p € M([-T,0]) such that

A= [ n@lde). Yo e @(-T,0),
[-T1,0]
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Proof. Let A € €([-T,0])* and define

Ap = Ao, Ve C([-T,0]).

Notice that A: C([=T,0]) — R is a continuous functional on the Banach space C([—T,0])
endowed with the supremum norm || - ||o. Therefore A € C([=T,0])* and it follows from

Riesz representation theorem (see, e.g., Theorem 6.19 in [36]) that there exists a unique

w € M([—T,0]) such that

hp = [ plaulde), Ve e C(-T.0).
[-T1,0]

Obviously A is also continuous with respect to the topology of € ([—T,0]). Since C([-T,0])
is dense in € ([—T,0]) with respect to the topology of € (|—T,0]), we deduce that there
exists a unique continuous extension of A to €([—T,0]), which is clearly given by

Ay = / n(@)u(de), Ve E(-T,0).
[—T,O}
O

Proposition 2.5 Let A € €([-T,0[)*, the dual space of €(|[—T,0[). Then, there exists a
unique p € Mo([=T,0]) such that

A,Y:/ V@)u(dz), ¥y e E((~T,0)).
[—=T,0]

Proof. Let A € €([-T,0[)* and define
An = Ao, Y0 € C(=T,0]). (2.6)

Notice that A: €([~T,0]) — R is a continuous functional on €([—T,0]). It follows from
Proposition 2.4 that there exists a unique p € M([—T,0]) such that

Ry = / n()p(dr) = / n(@)u(dr) +nOu{0}),  Vne@(-T.0). (27)
[—T,0] [—T,0]

Let n1,m2 € €([-T,0]) be such that mili_qpo = meli_7ro Then, we see from (2.6)
that A = Ang, which in turn implies from (2.7) that p({0}) = 0. In conclusion,
€ Mo([-T,0]) and A is given by

Ay = [ slds), vy e € (-T.0).
[-T1,0

2.3 Functional derivatives and functional Ito’s formula

In the present section we shall prove one of the main result of this section, namely the func-
tional Ito’s formula for ¢/ : C([—T',0]) — R and, more generally, for ¢/ : [0,T] x C([-T,0]) —
R. We begin introducing the functional derivatives in the spirit of Dupire [16], firstly for a
functional u: € ([—T,0]) — R, and then for & : C([-T,0]) — R.

12



Definition 2.9
Consider u: €([-T,0]) = R and n € €([-T,0)).
(i) We say that u admits horizontal derivative at 1 if the following limit exists and it is
finite:
)l_por +n(0)1 — c—&)li_por+n(0)1
DHu(n) — lim u(n(-) [-T,0[ 7(0) {0}) u(n(- —¢) [-T,0] 7(0) {0}). (2.8)

e—0t €

(i)’ Let @ be as in (2.5), then we say that u admits horizontal derivative at (v,a) €
E([-T,0]) x R if the following limit exists and it is finite:

DHZZ(%CL) = lim a(y(), @) —aly( - E)’a). (2.9)

e—0t €

Notice that if D" u(n) exists then DHzl(nH_T,O[,n(O)) exists and they are equal; viceversa,

if DH1i(vy,a) exists then DHu(’yl[,T,o[ +alygy) exists and they are equal.

(ii) We say that u admits first-order vertical derivative at n if the first-order partial
derivative at (1—7,0[, 1(0)) of & with respect to its second argument, denoted by 9,u(n—7,0[, 1(0)),
exists and we set

DVu(n) = dau(n—1,0[,n(0))-

(iii) We say that u admits second-order vertical derivative at n if the second-order
partial derivative at (n)—1,0,1(0)) of @ with respect to its second argument, denoted by
A2, u(n—r,01-n(0)), exists and we set

DYVu(n) = 92,a(n_r,0/,1(0)).
Definition 2.10 We say that u: € ([-T,0]) — R is of class €1*(past x present) if:
(i) w is continuous;
(ii) D u erists everywhere on € (|—T,0]) and for every v € €([~T,0]) the map
(,a) — DHa(y(- —€),a), (g,a) € [0,00[xR
is continuous on [0, co[xR;
(iii) DVu and DVVu exist everywhere on € ([—T,0]) and are continuous.

Remark 2.4 Notice that in Definition 2.10 we still obtain the same class of functions
€12 (past x present) if we substitute point (ii) with:

(i) DHu exists everywhere on € ([—T,0]) and for every v € €([—T,0[) there exists §(y) >
0 such that the map

(e,a) — DHu(y(- —¢),a), (e,a) € [0,00[xR (2.10)

is continuous on [0,(7y)) x R.
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In particular, if (ii’) holds then we can always take §(y) = oo for any v € € ([T, 0[), which
implies (ii). To prove this last statement, let us proceed by contradiction assuming that

6*(y) = sup {d(v) > 0: the map (2.10) is continuous on [0,(7)[xR} < oo.

Notice that §*(v) is in fact a maz, therefore the map (2.10) is continuous on [0, *(y)[xR.
) =

Now, define 7(- ~v(- = 0*(7y)). Then, by condition (ii’) there exists d(75) > 0 such that

the map
(e;a) ¥ DMa(3(- —¢),a) = DMa(y(- — e = 6*(v)), a)

is continuous on [0, §(7)[xR. This shows that the map (2.10) is continuous on [0, 6" (y) +
0(7)[xR, a contradiction with the definition of §* (7). O

We can now provide the definition of functional derivatives for a map U: C([-T,0]) — R.

Definition 2.11 Let U: C([-T,0]) — R and n € C([-T,0]). Suppose that there exists
a unique extension u: €(|]—T1,0]) — R of U (e.g., if U is continuous with respect to the
topology of € (|—T,0])). Then we define:

(i) The horizontal derivative of U at n as:

D"uU(n) = D"u(n).
(ii) The first-order vertical derivative of U at n as:
DYU(n) = DYu(n).
(ii) The second-order vertical derivative of U at n as:
DYVU(n) = D"Vu(n).

Definition 2.12 We say that U: C([-T,0]) — R is C12(past x present) if U admits a
(necessarily unique) extension u: € ([~T,0]) — R of class €?(past x present).

Theorem 2.2 Let U: C([—T,0]) = R be of class C?(past x present) and X = (Xy)iejo1]
be a real continuous finite quadratic variation process. Then, the following functional
Ité’s formula holds, P-a.s.,

UXy) = UXo) + /0 tDHL{(Xs)ds+ /0 tDVU(XS)dXS+% /0 tDVVu(Xs)d[X]S, (2.11)

forall0 <t <T.

Proof. Fix ¢t € [0,7] and consider the quantity

. t+e €
/ U(Xspe) —UX S)d _ 1/ UX,)ds — 1/ U(Xs)ds, e > 0.
t 0

9 9

Since (U(Xs))s>0 is continuous, Io(e,t) converges ucp to U(X;)—U(Xy), i.e., supg<i<r [lo(e, 1) —
(U(Xy) — U(Xp))| converges to zero in probability when e — 0F. On the other hand, we
can write Iy(e,t) in terms of the function @, defined in (2.5), as follows

ds.

I(et) = /t ﬁ(Xs+s|[T,0[7Xs+5€)—u( a0 Xs)
0
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Now we split Iy(e,t) into two terms:

ta X - 7XS —u XS — 7X8
ey = [ ternnd Wraady gy
0
Ea(Xg—ron Xeve) — a(Xg_7 o1, Xs
Iye,t) = / Rsi-rop Xove) = 8Ky Xo) (2.13)
0 3
We begin proving that
t
I(e,t) % /O DHU(X,)ds. (2.14)

Firstly, fix v € €(]—T,0]) and define
¢(€, CL) = ﬂ(ry( - 6)5 CL), (65 CL) € [0’ OO[XR

Then, denoting by 92 ¢ the right partial derivative of ¢ with respect to € and using formula
(2.9), we find

dle+r,a) — d(e,a)

0F¢(e,a) = lim

r—0t r
_ iy W —€),a) —a(y(—e—1),a)
r—0t r

= —Da(y(- — ¢),a), V(e,a) € [0,00[xR.

Since u € €1?(past x present), we see from Definition 2.10(ii), that dF ¢ is continuous on
[0, 0o[xR. It follows from a standard differential calculus’ result (see for example Corollary
1.2, Chapter 2, in [31]) that ¢ is continuously differentiable on [0, co[xR with respect to
its first argument. Then, for every (g,a) € [0,00[xR, from the fundamental theorem of
calculus, we have

(e a) — ¢(0,a) = /05 O-p(r,a)dr,

which in terms of @ reads
€
000 =it =) = [ D= r).ap (215)
Now, we rewrite, by means of a shift in time, the term Iy (e, t) in (2.12) as follows:

ds

g
/”6 (X =700 Xs) — WXy_g|=101 Xs)
t
/5 ZNL(XSHfT,O[’ XS) - ﬂ(XsszfT,O[, Xs)
0 g

t~X — 7X8 _~Xsf — 7X8
Let) = / (X =0 Xs) — UXg_ejj=1,0p Xs)
0

+ ds

ds. (2.16)

Plugging (2.15) into (2.16), setting v = X, a = X, we obtain

t €
Li(e,t) = /O %(/0 DHﬁ(Xsr[T,o[,Xs)dT>dS
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+€
(/ DM a(X_pi—rops )dV“)dS

t
é( /0 DHﬁ(XS_T[_T,O[,XS)dr>ds. (2.17)

+f
-
Observe that

t 1 5 e
/—(/ DHa(Xy o X )dr)ds =5 DH (X,)ds.
0o € 0 ’ e—=0t Jo

Similarly, we see that the other two terms in (2.17) converge ucp to zero. As a consequence,
we get (2.14).

Regarding I»(e,t) in (2.13), it can be written, by means of the following standard
Taylor’s expansion for a function f € C?*(R):

F) = (@) + f@)b—a)+ 37" (@)(b— a)?
1
+ [ a=a)(a+ alb - a) - @) (b - ada,
0
as the sum of the following three terms:

s _Xs
Iy (e,t) = /510 sl-T0p Xs) ———— = ds
S _Xs 2
Io(e,t) = /3 (X —,0p X )( — ) ds

I(et) = /0 ( / (1 — ) (@R, 10 X + 0(Xope — X))

0

Xore — X, 2
— 02, 0(Xg)[—T0[, Xs)) %da) ds.

By similar arguments as in Proposition 1.2 of [39], we have

uep 1 1 [t
Ing(e,t) =B = a (X 70 Xs)d[X]s = /vau(Xs)d[X]s.
e—s0t 2 2 0

Regarding Ia3(e,t), for every w € Q, define v,: [0,T] x [0,1] x [0,1] — R as

s, ,8) = (1= )20 (Ko@), Xs (@) + a(Xepe (@) — Xo(w)),

for all (s,a,e) € [0,T] x [0,1] x [0,1]. Notice that 1, is uniformly continuous. Denote py,,
its continuity modulus, then

T 2
Xs _Xs
swp (0] < [ pe =gy
te[0,T] 0 €

Since X has finite quadratic variation, we deduce that Is3(e,t) — 0 ucp as € — 07. Finally,
because of Iy(e,t), I1(g,t), I2a(e,t), and I23(e,t) converge ucp, it follows that the forward

integral exists:
t
Igl(ef,t) E} Gau( s|[=T,0[> d X / DV
e—=0% Jo

from which the thesis follows. O
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Remark 2.5 Notice that, under the hypotheses of Theorem 2.2, the forward integral
f(f DVU(X,)d™ X, exists as a ucp limit, which is generally not required. O

Remark 2.6 The definition of horizontal derivative. Notice that our definition of horizon-
tal derivative differs from that introduced in [16], since it is based on a limit on the left,
while the definition proposed in [16] would conduct to the following formula:

DH*u(n) = lim a(n(- +e)l—r0;n(0)) —@(77(')1[4,0[777(0)).

e—07T €

(2.18)

To give an insight into the difference between (2.8) and (2.18), let us consider a real continu-
ous finite quadratic variation process X with associated window process X. Then, in the def-
inition (2.18) of D*+Tu(X;) we consider the increment @(Xy_7o((-+¢), X¢ ) —a(Xy 1,0, Xt),
comparing the present value of u(X;) = @(Xy_7,p, X¢) with an hypothetical future value
U(Xyj—r,0[(- +€), X¢), obtained assuming a constant time evolution for X. On the other
hand, in our definition (2.8) we consider the increment @(Xy_7 o, X¢) — @(X_c| 1,01, Xt),
where only the present and past values of X are taken into account, and where we also
extend in a constant way the trajectory of X before time 0. In particular, unlike (2.18),
since we do not call in the future in our formula (2.8), we do not have to specify a future
time evolution for X, but only a past evolution before time 0. This difference between (2.8)
and (2.18) is crucial for the proof of the functional It6’s formula. In particular, the adoption
of (2.18) as definition for the horizontal derivative would require an additional regularity
condition on w in order to prove an It6’s formula for the process t — u(X;). Indeed, as it
can be seen from the proof of Theorem 2.2, to prove Itd’s formula we are led to consider
the following term:

ds.

11(6,75) ==

/t Q(Xs-i—e\[—T,O[a Xs—f—a) — ﬁ(Xs|[—T,O[7 Xs-i—e)
0 9

When adopting definition (2.18) it is convenient to write I1 (e, t) as the sum of two integrals:

tNX - aXss_NXs— : ast-:
In(et) = / (X |[—T0[ Xs+e) :( i=70[(- +€), Xst )ds,

0

b a(Xy) - : aXsa_NXs— 7XS€
I(e.t) = / a(Xg)—70(- + ) +6) (X —0[ Xst )ds.

0

It can be shown quite easily that, under suitable regularity conditions on u (more precisely,
if u is continuous, D*u exists everywhere on € ([—T,0]), and for every v € €([—T,0[)
the map (¢,a) — DT Fa(y(- + €),a) is continuous on [0,00) x R), we have

e—0t

t
La(e,t) =B / DHAy(X,)ds.
0

To conclude the proof of It6’s formula along the same lines as in Theorem 2.2, we should
prove
Li(e,t) =2 0. (2.19)

e—0t
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In order to guarantee (2.19), we need to impose some additional regularity condition on 1,
and hence on u. As an example, (2.19) is satisfied if we assume the following condition on
u: there exists a constant C' > 0 such that, for every ¢ > 0,

[@(y1,a) —a(ye,a)] < Ce s[upo[lw(w)—w(w)l,
T€[—¢,

for all v1,72 € €([-T,0[) and a € R, with v;(x) = y2(x) for any = € [T, —¢]. This last
condition is verified if, for example, @ is uniformly Lipschitz continuous with respect to the
LY([~T,0])-norm on € ([-T,0][), namely: there exists a constant C' > 0 such that

n,0) — i)l < O [ pue) e

for all v1,v2 € €([-T,0[) and a € R. O

We conclude this subsection providing the functional It6’s formula for a map U : [0, T] x
C([-T,0]) — R depending also on the time variable. Firstly, we notice that for a map
U:0,T) x C([-T,0]) = R (resp. u: [0,T] x €([-T,0]) — R) the functional derivatives
DU, DVU, and DVVU (resp. DHu, DVu, and DVVu) are defined in an obvious way as in
Definition 2.11 (resp. Definition 2.9). Moreover, given wu: [0,T] x €([-T,0]) — R we can
define, as in Definition 2.8, a map @: [0,7] x €([—71,0[) x R — R. Then, we can give the
following definitions.

Definition 2.13 Let I be [0,T] or [0,T]. We say that u: I x €(|—T,0]) — R is of class
€12 ((I x past) x present) if the properties below hold.

(i) w is continuous;
(il) Oy ewists everywhere on I x € ([—T,0]) and is continuous;
(iii) DHu exzists everywhere on I x € ([~T,0]) and for every v € €([~T,0[) the map
(t,e,a) — DHa(t,v(- —€),a), (t,e,a) € I x [0,00[xR
is continuous on I x [0, 00[XR;

(iv) DVu and DYV exist everywhere on I x € ([—T,0]) and are continuous.

Definition 2.14 Let I be [0,T[ or [0,T]. We say that U: I x C([-T,0]) — R is C2((I x
past) x present)) if U admits a (necessarily unique) extension u: I x €([-T,0]) — R of
class €Y2((I x past) x present).

We can now state the functional I1t6’s formula, whose proof is not reported, since it can
be done along the same lines as Theorem 2.2.

Theorem 2.3 LetU: [0,T] x C([~T,0]) — R be of class C*2(([0,T] x past) x present) and
X = (Xt)te[o,T] be a real continuous finite quadratic variation process. Then, the following
functional Ité’s formula holds, P-a.s.,

t t
Ut,X,) = u(o,x0)+/ (atu(s,Xs)+DHL{(5,XS))ds+/ DVU(s,X,)d™ X,
0 0
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1 t
+5 / DYVU(s,X,)d[X]s, (2.20)
0
forall0 <t <T.

Remark 2.7 Notice that, as a particular case, choosing U(t,n) = F(t,n(0)), for any
(t,n) € [0,T] x C([-T,0]), with F € C%2([0,7] x R), we retrieve the classical It&’s
formula for finite quadratic variation processes, i.e. (2.2). More precisely, in this case
U admits as unique continuous extension the map u: [0,7] x €([—71,0]) — R given by
u(t,n) = F(t,n(0)), for all (t,n) € [0,T] x €([~T,0]). Moreover, we see that DY/ = 0,
while DVU = 0,F and DVVU = 92, F, where 0,F (resp. 92,F) denotes the first-order
(resp. second-order) partial derivative of F' with respect to its second argument. O

2.4 Comparison with Banach space valued calculus via regularization

In the present subsection our aim is to make a link between functional It6 calculus, as
derived in this paper, and Banach space valued stochastic calculus via regularization for
window processes, which has been conceived in [12], see also [15, 14, 13|, and [11] for more
recent developments. More precisely, our purpose is to identify the building blocks of our
functional It6’s formula (2.11) with the terms appearing in the Itd’s formula derived in
Theorem 6.3 and Section 7.2 in [11]. While it is expected that the vertical derivative DV
can be identified with the term Dg‘;l/{ of the Fréchet derivative, it is more difficult to guess
to which terms the horizontal derivative DU corresponds. To clarify this latter point, in
this subsection we derive two formulae which express DU/ in terms of Fréchet derivatives
of U.

Let us introduce some useful notations. We denote by BV ([-T',0]) the set of cadlag
bounded variation functions on [—T,0], which is a Banach space when equipped with the
norm

Inllav =m0y = MO+ InlNvarq-10, 1€ BV([=T,0]),

where [|9|lvar((—1,0)) = |dn|([=T',0]) and |dn]| is the total variation measure associated to the
measure dn € M([—T,0]) generated by n: dn([-T,—t]) = n(—t) —n(=T), t € [-T,0]. We
recall from subsection 2.1 that we extend n € BV ([-T,0]) to all z € R setting n(z) = 0,
x < =T, and n(z) = n(0), = > 0. Let us now introduce some useful facts about tensor
products of Banach spaces.

Definition 2.15 Let (E,| -||g) and (F,|| - ||r) be two Banach spaces.

(i) We shall denote by E ® F the algebraic tensor product of E and F, defined as the
set of elements of the form v =73 e; ® fi, for some positive integer n, where e € E and
feF. Themap @: EX F — EQ®F is bilinear.

(ii) We endow E @ F with the projective norm r:

m(v) = 1nf{ZH€@HE||f@||F : v:Zei@)fi}, Vve E®F.
i=1 i=1
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(iii) We denote by E@,F the Banach space obtained as the completion of E ® F for the
norm . We shall refer to EQ.F as the tensor product of the Banach spaces E and
F.

(iv) If E and F are Hilbert spaces, we denote E®,F the Hilbert tensor product, which is
still a Hilbert space obtained as the completion of EQ F for the scalar product (¢' @ [, e" ®
Iy =, eplf' ", for any €',¢” € E and f', f" € F.

(v) The symbols E®72T and e®? denote, respectively, the Banach space EQ.E and the ele-
ment e ® e of the algebraic tensor product E ® E.

Remark 2.8 (i) The projective norm 7 belongs to the class of the so-called reasonable
crossnorms o on E ® F| verifying a(e ® f) = |le|| gl f| r-

(ii) We notice, proceeding for example as in [14] (see, in particular, formula (2.1) in [14];
for more information on this subject we refer to [41]), that the dual (E®,F)* of EQ,F
is isomorphic to the space of continuous bilinear forms Bi(F, F'), equipped with the norm

|| - |z, F defined as

||(I)HE,F = sup |(I)(€,f)|, Vo e BZ(E’F)
eeE,feF
llell&:llfllF<1

Moreover, there exists a canonical isomorphism between Bi(E, F') and L(E, F*), the space
of bounded linear operators from F into F*. Hence, we have the following chain of identi-
fications: (E®,F)* = Bi(E,F) = L(E; F*). O

Definition 2.16 Let E be a Banach space. We say that U: E — R is of class C*(E) if
(i) DU, the first Fréchet derivative of U, belongs to C(E; E*) and
(ii) D*U, the second Fréchet derivative of U, belongs to C(E; L(E; E*)).

Remark 2.9 Take E = C([-T,0]) in Definition 2.16.
(i) First Fréchet derivative DU. We have

DU: C(I-T,0)) — (C([-T.0)))" = M([-T.0)).

For every n € C([-T,0]), we shall denote Dg,U(n) the unique measure in M ([T, 0]) such
that

DUGe = [ e@Daltls), o< O(-T,0)

Notice that M([—T,0]) can be represented as the direct sum: M([—T,0]) = M([-T,0]) B
Dy, where we recall that My([—T,0]) is the subset of M([—T,0]) of measures u such that
1({0}) = 0, instead Dy (which is a shorthand for Dy([—T',0])) denotes the one-dimensional
space of measures which are multiples of the Dirac measure §y. For every n € C([-T,0])
we denote by (D.U(n), Dg?ﬁl/{(n)) the unique pair in Mq([—T',0]) & Dy such that

DysU(n) = DgU(n) + DU ().
(ii) Second Fréchet derivative D*U. We have

D*U: C([-T,0)) — L(C([=T,0]); (C([~T.0]))") = Bi(C([~T,0]), C([-T,0)))
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=~ (C([-T,0)®.C([-T,0)))*,

where we used the identifications of Remark 2.8(iii). Let n € C'([—T,0]); a typical situation
arises when there exists D, q,U () € M([—T,0]?) such that D?U(n) € L(C([-T,0)); (C([-T,0]))*)
admits the representation

DUCw) = | @) Daan), Vb € C(-T,0)

Moreover, Dg, a,U(n) is uniquely determined. O

The definition below was given in [12].

Definition 2.17 Let E be a Banach space. A Banach subspace (x, | - |ly) continuously
injected into (E®72T)*, e, |-l >l - H(E®2)*, will be called a Chi-subspace (of (E®,2T)*)

Remark 2.10 Take E = C([-T,0]) in Definition 2.17. As indicated in [12], a typical

example of Chi-subspace of C([-T, O])@?T is M([-T,0]?) equipped with the usual total
variation norm, denoted by || - ||var- Another important Chi-subspace of C([—T, 0])@)72r is

the following, which is also a Chi-subspace of M ([—T,0]?):

Xo = {p€ M([=T,0P): p(de,dy) = g1(z,y)dzdy + Mdo(dz) @ do(dy)

+ g2(z)dz @ X2do(dy) + A3dp(dx) @ g3(y)dy + ga(x)dy(dz) @ dy,

g1 € L*([=T.0P), g2.93 € L*([=T,0)), ga € L=([=T.0]), A1, A2, A3 € R}
Using the notations of Example 3.4 and Remark 3.5 in [14], to which we refer for more details
on this subject, we notice that xq is indeed given by the direct sum yo = L?([-7,0]?) @
(LA([-T,0))®4,Do) @ (Po@nL*([—T,0])) ® Doo([—T,0]*) ® Diag([—T,0]*). In the sequel,
we shall refer to the term g4(z)d,(dz) ® dy as the diagonal component and to gs4(x) as
the diagonal element of . O

We can now state our first representation result for DHi/.

Proposition 2.6 Let U: C([-T,0]) — R be continuously Fréchet differentiable. Suppose
the following.

(i) For any n € C([-T,0]) there exists D3U(n) € BV ([-T,0]) such that
Dg,U(n) = DiU(n)da.
(ii) There exist continuous extensions (necessarily unique):
u: €([-7,0]) = R, Diu: €([-T,0]) — BV([-T,0])
of U and DU, respectively.
Then, for any n € C([-T,0]),

D) = [ DUt ) (221)
[—T,O}

where we recall that previous deterministic integral has been defined in Section 2.1.1. In

particular, the horizontal derivative D™U(n) and the backward integral in (2.21) emist.
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Proof. Let n € C([-T,0]), then starting from the left-hand side of (2.21), using the
definition of DHU(n), we are led to consider the following increment for the function u:

u(n) —u(n(- —&)l_ro +1(0)1f0})
g

: (2.22)

We shall expand (2.22) using a Taylor’s formula. Firstly, notice that, since U is C'' Fréchet
on C([-T,0]), for every n; € C([-T,0]), with n,(0) = n(0), from the fundamental theorem
of calculus we have

1 0
Uln) —Uln) = /0 ( / D;‘ECU(UJrA(m—n))(n(w)—nl(x))d:c>dA.

=T

Recalling from Remark 2.2 the density of C, ) ([~T,0]) in €0 ([-7,0]) with respect to
the topology of € ([—T,0]), we deduce the following Taylor’s formula for u:

1 0
) —utm) = [ ( / D:Cumﬂ(m—n))(n(m)—m(m))dac)dA, (2.23)

-T
for all 1 € €0y ([=7,0]). As a matter of fact, for any ¢ €]0,7'/2] let (similarly to Remark
2.2(i))
m(x), T <z <-4,
me(e) = <
5(m(0) =m(=6))z +m(0), —0<z<0

and 11,0 :=m. Then 5 € C([-T,0]), for any § €]0,7/2], and 11,5 — m in €([-T,0]), as
5 — 0%. Now, define f: [-T,0] x [0,1] x [0,7/2] — R as follows

f(z, A 6) = Difu(n+ Ams —n))(n(x) —ms()),

for all (x,\,d) € [-T,0] x [0,1] x [0,7"/2]. Notice that f is continuous and hence bounded,
since its domain is a compact set. Then, it follows from Lebesgue’s dominated convergence
theorem that

/01 ( / OT DU (0 + A — ) (n(x) — 771,5(56))dm> d\

_ /01 (/_OTf(m,A,a)dm>dA 620F /01 (/_OTf(m,A,O)dm>dA

— /01 (/OT D2u(n + Xm —n))(n(x) — m(m))dx> d),

from which we deduce (2.23), since U(n15) — u(m) as § — 07. Taking m(-) = n(- —
e)1li—7,0; +1(0)1;py, we obtain

u(n) —u(n(- —e)l—pop +7(0)10y)
1 0 ) —nle—e¢

=/ </ D2CU(U+A(77(-—6)—n(-))l[_T,O[)n( ) Z( )dw>dA
0 -T

= Li(n,e) + Ia(n,e) + I3(n,¢),
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where

noee) = [ ([ (Dt A -9 = n0)1ro)

=T

- Diiw(n + )\(77(‘ —€) - 77('))1[—T,0[)>d~’5> dA,

1 0
Bine) = = | ( / n(w)D;ieu(nH(n(-—e)—n(-))l[_T,O[)dx>dA,

€ —€
1 =T
hine) = = [ ( / n(w)Dzieu(nH(n(-—e)—n<->)1[T,O[)dw)dx

€ —T—e¢

Notice that, since n(x) = 0 for x < —T', we see that Iz(n,c) = 0. Moreover, since D2°u(-) =
Dgu(-), for x > 0, and 1+ AX(n(- — ) = n(-)) 1[0 = 1 in €([-T,0]) as ¢ — 0T, it follows
that (using the continuity of D2°u from € ([-T,0]) into BV ([-T,0]), which implies that
Dicu(n + An(- — &) = n(-)l-ro) = Dcu(n) as € — 07)

0
! / n(2) D2 u(n + A(n(- — &) — () 1pof)de

€ —&

1 /0 e—07F
= —/ n(z)dz Dgu(n + A(n(- —e) —n(-)1=ro;) — n(0)Diu(n).

€ —&

Finally, concerning I (7, €), from Fubini’s theorem we obtain (denoting 7. ) :=n+ A(n(- —
£) — n('))l[fT,o[)

nee) = [ ([ ) (D) - D cutae))ae )

= [ (L[, P )
/ ( [, H /(O:;V(ye) ode ) Digutne) )y

( )"‘112(777 )7

where
1 1 0Ay
e = = [ ([ @) (Dt - Digu(n) Jax
0 |-Te] € (=T)V(y—e)
1 1 0Ay
fa(ne) = - | ( / —( / n(x)dx>D3§U(n)>d>\
0 |-Te] € (=T)V(y—¢)
1 0Ny
_ —( / —( / n(x)dx>03;u<n>.
|-Te] € (=T)V(y—e)

Recalling that D2%u(-) = D§u(-), for z > 0, we see that in I1;(n,e) and I;2(n,e) the
integrals on | — T, ¢] are equal to the same integrals on | — T',0], i.e

o = - [ /}mg( /(Of)v(ys) ow)ie ) (Duta) ~ Diutn)) )
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= [ 2 e (Pt - Do)
e = = [ ([0 s Dt

=~ [ 2 (] ) pigucn

Now, observe that

e—=0t+

[T(m,8)l < Inllec[D*u(ne) — D u(n)llvar(-10) — 0.

Moreover, since 7 is continuous at y €] — 7T',0], we deduce that fyy,e n(x)dx/e — n(y) as
e — 0%. Therefore, by Lebesgue’s dominated convergence theorem, we get

+
Ban.e) =5 = [ a()Digutn).
]—T70}
In conclusion, we have
DPu(n) = n(0)Diu(n) — /] - n(y)Diu(n),

which gives (2.21) using the integration by parts formula (2.4). O

For our second representation result of D¥I{ we need the following generalization of the
deterministic backward integral when the integrand is a measure.

Definition 2.18 Let f: [-T,0] — R be a cadlag function and g € M([-T,0]). Suppose
that the following limit
f(s) = f(s—¢)

g(ds)d™ f(s) = lim g(ds ,
RO R

exists and it is finite. Then, the obtained quantity is denoted by f[—T 0 gdt f and called
(deterministic, definite) backward integral of g with respect to f (on [a,b]).

Proposition 2.7 Letn € C([-T,0]) be such that the quadratic variation on [—T,0] exists.
LetU: C([-T,0]) = R be twice continuously Fréchet differentiable such that

D?U: C([~T,0]) — xo0 C (C([~T,0))&-C([~T,0]))* continuously with respect to xq.
Let us also suppose the following.

(i) D%’Dmgl/{(n), the diagonal element of the second-order derivative atn, has a set of dis-
continuity which has null measure with respect to [n] (in particular, if it is countable).

(ii) There exist continuous extensions (necessarily unique):
u: €([-T,0]) = R, Dipayu: €([=T,0]) = xo

of U and D?lz dyl/{ , respectively.
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(iii) The horizontal derivative DY U(n) exists at n € C([-T,0]).

Then
1

D = [ ppumata) 5 [ Dbl (29

In particular, the backward integral in (2.24) exists.

Proof. Let n € C([-T,0]), then using the definition of D¥1{(n) we are led to consider the

following increment for the function w:

u(n) —u(n(- —e)l—r,o; +n(0)110y)

- : (2.25)

with & > 0. Our aim is to expand (2.25) using a Taylor’s formula. To this end, we begin
noting that, since U is C? Fréchet, for every n; € C([-T,0]) the following standard Taylor’s

expansion holds:

Uy = U+ [ Dusdla) () =)

+ % /[_T o D3, a,Um) (m(x) —n(z)) (m(y) —n(y))

)

1
e fa=n( ] (Phati 2w
~ D3 () (m (@) = () (m (y) - n(y))>dk-

Now, using the density of C)([=T,0]) into €, ([-T’,0]) with respect to the topology
of €([-T,0]) and proceeding as in the proof of Proposition 2.6, we deduce the following

Taylor’s formula for u:

u(n) —u(n(- - €)i[T,0[ +1(0)140)) (2.26)
B 1, 0@) —nlx—e)
- /[T,O} Dd:vu(n) c

B - [—T,0[x [7T,0[(x7 Y)

1 / D2, ()= 1z = 2D w) ~nly =€),
[-T.,0]2
1
B /0 1= < /[m2 <D§xdyU(?7 +A(n(- =€) = n(-))1ro])

UBELEEE TUTESITEE IR

— Dj, dyu(n))

Recalling the definition of yo given in Remark 2.10, we notice that (due to the presence of

the indicator function 1|_7 g« [—7,0[)

/ D3, () (n(z) —nlz —e))(nly) —nly — <)) 1oz )
[*T,O]Q g
_ / D2FU(n) (n(z) —n(z —€))(nly) —nly —¢)) dy

[7T,0]2 g
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+ / D%Diagu(n) (77(95) — n(x — 8))2(156,
[=T.0] <

where, by hypothesis, the maps n € ¢([-T,0]) — D%’fu(n) € L*([-T,0?) and n €
€([~T,0)) — D>P"y(n) € L>([~T,0]) are continuous. In particular, (2.26) becomes

u(n) —u(n(- — &)Lrof + 1(0)lo})

= Li(e) + Ix(e) + I3(e) + Lu(e) + Is(e),  (2.27)

where

he) = _}/ DL u(n)(n(x)—n(w—é‘))(n(y)—n(y— ))dxd%
2 Jierge Y €
; r) —n(x —¢))?
13(8) — _%/[TO D%Dmgu(n)(n( ) 778( )) dm,

I
1
1e = - [a-n( [ (P A -9 -

B Dg,pu(n)) (n(z) —n(x —€))ny) —nly —2)) dy> dx,

€
B = = [a-n( [ (A -2 -
2
D2 Dzagu ) 77(95 8)) dm)d)\
Firstly, we shall prove that
Le) =% o. (2.28)

To this end, for every e > 0, define the operator T.: L?([~T,0]?) — R as follows:

ng _ / g(x,y) (77(1.) B 77(95 - 5))(77(2/) - n(y B 8))d$ dy, Vg e LQ([—T, 0]2)
[=T.0] <

Then 7. € L*([-T,0)])*. Indeed, from Cauchy-Schwarz inequality,

Togl < lglleeqrom \/ /{W (1) = (e =) Ploly) =y = )2,

g2

2
X) — xTr — €&
HQHL?([T,O}?)/ (n(x) —n( ) s
[—T,O}

e

and this last quantity is bounded with respect to e since the quadratic variation of 1 on
[T, 0] exists. In particular, we have proved that for every g € L?([~T,0]?) there exists a
constant M, > 0 such that

sup |1 g| < M,.
0<e<1

It follows from Banach-Steinhaus theorem that there exists a constant M > 0 such that

sup HTEHL?([—T,O})* < M. (2.29)
O<e<1
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Now, let us consider the set S := {g € L?([-T,0%): g(z,y) = e(z)f(y), with e, f €
CY([~T,0])}, which is dense in L?([-T,0]?). Let us show that

e—0

T.g 2% 0, Vvges. (2.30)

Fix g € S, with g(z,y) = e(x)f(y) for any (x,y) € [-T,0], then

T.g -1 /{m () (n(@) - n(z — ©))do /[T,O]f(y)(n(y)—n(y—e))dy- (2.31)

We have

'/ e(:c)(n( n(m—e '/ —ex—l—e)) (x)dz

[—7,0] T,0]
—/ e(r+¢e)n d:c+/ e(r +e)n(x)dx
[-T—e,—T) €,0]
<o [ telas+ 2l ) il
[—T,O]

Similarly,

‘/[_Tvo}f(y)(n(y)—n(y—a))dy‘ < €</[—TO]

)

\f<y>rdy+2ufuoo)unuoo.

Therefore, from (2.31) we find

. ¢ 2
ool < o [ e 2el ) ([ 15+ 2l Il

) )

which converges to zero as € goes to zero and therefore (2.30) is established. This in turn

implies that
e—0F

T.g == 0, VgeL*[-T,0). (2.32)
Indeed, fix g € L*([-T,0]?) and let (g,), C S be such that g, — g in L?>([-T,0]?). Then
To 9] < |Te(g — gn)| + | Te gnl < 1 Tell2(=102)< 19 = gnllz2(—1,012) + |TE gnl-

From (2.29) it follows that

Te 9| < Mllg = gnll2(-1,02) + 1= gnl:

which implies limsup,._,+ [1- 9| < M|lg — gnllr2(j-1,02)- Sending n to infinity, we deduce
(2.32) and finally (2.28).

Let us now consider the term I3(¢) in (2.27). Since the quadratic variation [n] exists, it
follows from Portmanteau’s theorem and hypothesis (i) that

B = | e Y10 k| ) S PN D2y ()l ().
[-T,0] £ e—0t [—T,0]

Regarding the term I4() in (2.27), let ¢, : [0,1]> — L?([-T',0]?) be given by
bole. M) () = D2Puln+ A &) = n()1-ro)-
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By hypothesis, ¢, is a continuous map, and hence it is uniformly continuous, since [0, 1]?
is a compact set. Let pg, denote the continuity modulus of ¢,, then

1D u(n + An(- — &) = ) ro) = D2 UMD ooy
= lion(e, ) = &n(0, M)l L2 (=m02) < P, (€)-
This implies, by Cauchy-Schwarz inequality,
1 2
[an( [, (O - = i)
0 [—T,0]2

B Difum)) (n(x) —nz = ))(ny) —nly —e)) , dy> dA'

g

1
= /(1—A)HD.Z.’LQU(?HA(??(-—@—77(-))1[—10})
0

— D2PUC | e \/ /[ (n(z) —nlw = 2)2nly) —nly =) 0o

2
—T,0)2 €

/0 1(1 — N)ps, (€) ( /[T,O} (n(z) — Z(w —¢))? dm) dA

o @@=, e
= 2p¢n( )%_T70] B d — 0.

IN

Finally, we consider the term I5(¢) in (2.27). Define v,: [0,1]2 — L>([-T,0]) as follows:
Uy(e, A)() = D29 (n + (- — ) = n(-)1-r0))-
We see that ¢, is uniformly continuous. Let py, denote the continuity modulus of v, then
1225 (0 + A(n(- = &) = 1)1 =r0) = D2 UM| oo g
= [[ty(e, A) = (0, Ml poo =0y < Py, (€)-

Therefore, we have

[a- ( . (PP 2 =€) =)o)

_ Di,Diagu(n)) (n(z) —n(x — 8))2(1:6) d)\'

€

/0 1(1 ) ( /[ g P (e) (n() - Z(x — 6))2dgc> d\

o @@= e
= 2[)1[’77( )/[T,O] - d — 0.

IN

In conclusion, we have proved that all the integral terms in the right-hand side of (2.27),
unless 1 (), admit a limit when ¢ goes to zero. Since the left-hand side admits a limit,
namely DY(n), we deduce that the backward integral
n(x) —n(r —¢ ot
0@ = [ ppumPI=IIZD 28 [ byt
[—T,O} [—T,O]

e

exists and it is finite, which concludes the proof. O
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3 Strong-viscosity solutions to path-dependent PDEs

In the present section, we study the path-dependent nonlinear Kolmogorov equation:

{8tu+DHU+%DVVU = F(t,n,U,DVU), Y (t,n) € [0,T[xC([~T,0]), 51)

U,n) = Gn), Vn e C([-T,0]),

where G: C([-T,0]) — R and F: [0,7] x C([-T,0]) x R x R — R are Borel measurable
functions. Firstly, we provide a definition of classical solution to equation (3.1). Then, mo-
tivated by a significant hedging example, we introduce a concept of weak (strong-viscosity)
solution.

3.1 Path-dependent Kolmogorov equation: classical solutions

In this subsection, we give the definition of classical solution to the path-dependent nonlin-
ear Kolmogorov equation (3.1) and provide a uniqueness result using BSDE methods. We
conclude proving existence in the case F' = 0, arising for example in hedging problems of
path-dependent contingent claims.

Definition 3.1 A function U: [0,T] x C([-T,0]) — R in C*2(([0,T[x past) x present) N
C([0,T] x C([-T,0])), which solves equation (3.1), is called a classical solution to the
path-dependent nonlinear Kolmogorov equation (3.1).

To prove uniqueness we need to introduce some additional notations. Let (2, F,P) be a
complete probability space on which a real Brownian motion W = (W})¢>0 is defined. Let
F = (F;)i>0 denote the completion of the natural filtration generated by W.

o SP(t,T),p>1,0 <t <T,theset of real cadlag F-predictable processes Y = (Y;)i<s<1
such that
P — P
Y12y, 3= B[ pup [VGP] < oo,

o HP(t, T)¢, p>1,0<t<T, the set of R-valued predictable processes Z = (Z,)i<s<r

such that o
T
Iz = E[</ |Zs|2d5> } < 00.
HP (¢,T)d t

We simply write HP(¢,7") when d = 1.

e AT2(t,T), 0 < t < T, the set of real nondecreasing predictable processes K =
(Ks)i<s<T € S?(t, T) with K; = 0, so that

K12, ,, = E[E2[].

s2(¢,1)

o LP(t,T;R™), p>1,0 <t <T, the set of R"™-valued F-predictable processes ¢ =
(¢s)t<s<T such that

T
||¢H€P(t,T;Rm) = E[/ |¢S|pd5} < 00.
t
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Definition 3.2 Lett € [0,7] and n € C([-T,0]). Then, we define the stochastic flow:

nx+s—1t), “T<xz<t-—s,
W) = 47t
’I’](O)-{—Wers—Wt, t—8<$§0,

foranyt <s<T.

Theorem 3.1 Let G: C([-T,0]) — R and F: [0,T] x C(]-T,0]) x R x R — R be Borel
measurable functions satisfying, for some positive constants C' and m,

|F(t?77’y’ Z) - F(tanayl,z/” < C(|y - y/| + |Z - Z/|)a
[G)| + [F(t,1,0,0)] < C(1+[nl),
for all (t,n) € [0,T] x C([-T,0]), y,v' € R, and z,2" € R. Let U: [0,T] x C([-T,0]) = R
be a classical solution to equation (3.1), satisfying the polynomial growth condition:
Ut < CA+Inl%), Yt €[0,T]x C([-T,0). (3.2)
Then, we have
Utn) = Y, V() €[0,7] x C([-T,0)),

where (Y;t’n7Z£’n)s€[t,T] = (U(S7W?n)7Dvu(saW?n)l[t,T[(s))SE[t,T] € SQ(taT) X H2(t7T) is
the solution to the backward stochastic differential equation, P-a.s.,

T T
Vi = G+ [ Ry znae - [ zaw, v<s<r
S

s

In particular, there exists at most one classical solution to the path-dependent nonlinear
Kolmogorov equation (3.1).

Proof. Fix (t,n) € [0,T[xC([-T,0]) and set, for all t < s < T,

YA = U(s, W), ztn = DVU(S,W’;’”)l[nT[(s).
Then, for any T € [t, T[, applying It6’s formula (2.20) to U(s, W) and using the fact that
U solves equation (3.1), we find, P-a.s.,

To To
Y = vpl+ / Fr, W, Y0 Zbm) dr — / ZEaw,,  t<s<Tp. (3.3)
S S

The thesis would follow if we could pass to the limit in (3.3) as Tp — 7. To do this, we
notice that it follows from Proposition A.1 that there exists a positive constant ¢, depending
only on 7" and the constants C' and m appearing in the statement of the present Theorem
3.1, such that

To T
E/ |Zt1)2ds < cHYt’”H;Q(tT)JrcE/ |F(r, Wi 0,0)%dr, VT € [t,T]
t ’ t

We recall that, for any ¢ > 1,

IE{ sup HW?"HZO} < 0. (3.4)
t<s<T
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Notice that from (3.2) and (3.4) we have ||Y"7||g2(, 1) < 00, so that Y € S%(¢,T). Then,
from monotone convergence theorem we find

T T
B[ 120Pds < ey By + B [ PG00 dr
t ’ t

Therefore, it follows from the polynomial growth condition of F and (3.4) that Z € H2(¢,T).
This implies, using the Lipschitz character of F in (y, 2), that E ftT \F(r, Wo Y21 ZEM) [2dr <
00, so that we can pass to the limit in (3.3) and we get the thesis. O

We conclude this subsection with an existence result for the path-dependent heat equa-
tion, namely for the path-dependent nonlinear Kolmogorov equation (3.1) with F' = 0.

Theorem 3.2 Let F =0 and G: C(|-T,0]) — R be given by, for all n € C([-T,0])
6 = o [ et Danw [ e nan@). 63
[—T,0] [—T,0]

for some functions g € C’S (RN) (g and its first and second derivatives are continuous and
have polynomial growth) and ¢1,...,pn € C([0,T)), with N € N\{0} and ¢;(x) =0 for
any © € R\[0,T]. Then, there exists a unique classical solution U to the path-dependent
heat equation (3.1), which is given by

Utt,n) = E[GWD], () €0,T] x C(I-T.0]).

Proof. Let us consider the function U: [0,7] x C([-T,0]) — R given by, for all (¢,n) €
[07 T] x C([_T7 O])a

Ut,n) = E[GWEN]

where

T T
\I](t’xl""’xN) = E[g<x1+/ @1(S)dWS"",xN+/ @N(S)dWS>:|a
t t

for any (t,x1,...,zn) € [0,7] x RN, Notice that, for any 4,5 = 1,..., N,
T T
D, ¥(t,xy,...,oN) = E[Dxig<x1—|—/ gpl(s)dWs,...,xN+/ goN(s)dWs>},
t t

T T
D7, ¥(t ... aN) = E[D?cixjg(xl + / p1(s)dWs, ..., xN +/ @N(s)dWs>:|7
t t
so that W and its first and second spatial derivatives are continuous on [0, 7] x RY. Let us
focus on the time derivative ;¥ of ¥. We have, for any h > 0 such that ¢t + h € [0, 77,

\Il(t—i—h,ml,...,xN)—\I/(t,xl,...,xN)
h

31



_ %E[g<x1+/tjhgpl(s)dWs,...> —g<x1+/tT901(s)dWs,...>}

Then, using a standard Taylor’s formula, we find

\I/(t—l-h XT1,y...,T N)—\I/(t,l'l,...,I'N)

(3.6)

— ——E[/ ZDm <x1—i—/ 1(s)dWS—a/tt+h <p1(s)dws,...> /tHhcpi(s)dWsda].

Now, it follows from the integration by parts formula of Malliavin calculus, see, e.g., formula
(1.42) in [29] (taking into account that It6 integrals are Skorohod integrals), that, for any
i=1,...,N,

E[Dxig<x1 + /tT @1(s) (1 — alyppp(s))dW, .. > [+h cpi(s)dWs} (3.7)
= (1-0) [ZDWJ (m + /tT e1(8) (1 = alj oy (5))dWs, .. > /tHh @i(s)@j(s)ds} .

Then, plugging (3.7) into (3.6) and letting h — 07, we get (recalling that D?Eiwjg has
polynomial growth, for any i, j)

OF Uz, an) = ——E[Z p2, g(ml+/tTgpl(s)dWs,...)gpl-(t)goj(t)], (3.9)

i,7=1

for any (t,71,...,2x) € [0, T[xRY, where 9, ¥ denotes the right-time derivative of .
Since ¥ and 9;' ¥ are continuous, we deduce that 9;¥ exists and is continuous on [0, 7|
(see for example Corollary 1.2, Chapter 2, in [31]). Moreover, from the representation
formula (3.8) we see that 9, ¥ exists and is continuous up to time 7. Furthermore, from
the expression of D%ixj\I’, we see that

N
1
atllf(t,xl,...,xN) = —5 E SDi(t)SDj(t)Dimj\I](t,xly---,xN)-
ij=1

Therefore, ¥ € C12([0,T] x RY) and is a classical solution to the Cauchy problem:

{Bt\ll(t, x)+ 3 YN @ilt)e;(t) D2, W(t,x) =0, Y (t,x) € [0, T[xRY, 59)

U(t,x) = g(x), Vx € RV,

Now we express the derivatives of U in terms of W. We begin noting that, taking into
account Proposition 2.3, for each ¢ and t € [0, T, the linear functional T;;: C'([-T7,0]) = R
is given by

0
Tiun = / pi(z +t)d n(z) = n(O)soi(t)—/ n(@)@i(x +t)de, Ve C([-T,0]).
[7t70]

—t
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This shows easily that T;; is continuous with respect to the topology of ¢([—T,0]). This
in turn implies that ¢/ is continuous with respect to the topology of €' (|[—T,0]). Therefore,
U admits a unique extension u: € ([-T,0]) — R, which is given by

) = ¥(1 [ eterniam, [ ontenae)

for all (t,n) € [0,T] x €([-T,0]). We also define the map u: [0,7] x €([-T,0)) x R - R
as in (2.5):

0
u(t,y,a) = ult,ylro[ +algy) = ‘I’<t,---,a%’(t)—/

—t

V@)l + ), )

for all (¢,7,a) € [0,T] x €([-T,0[) x R. Let us evaluate the time derivative d(t,n), for
a given (t,n) € [0,T[xC([-T,0]):

OU(t, ) = Bt\II<t, /[—tm or(z+)d @), ..., /

[_tvo]
N
—l—ZDxi\I/(t,...,/
i=1 [~

o +t>dn<m>)

oi(z -+ B)dn(z), . . )at ( /MO] oz + t)dn(m)>.

t70]

Notice that

o [, etee i) = (0o - [ ot o)

g O
= 0(0)p(t) — n(—t)pi (0F) — / n(2)3s(x + £)da.

—t
Let us proceed with the horizontal derivative. We have

D"u(t,n) = D"u(t,n) = D"a(t, m_ropn(0))

— im a(t, n—ror(-),n(0)) — @(t, m—r0[(- —€),1(0))

e—07* €

~ lim (1\1/ (t,...,n(o)goi(t)—/_in(:c)gbi(x+t)dx,...>

e—0t \ €

_ éq; (t, . n(0)pi(t) — /0 n(x —e)pi(z +t)dz, .. > >

—t

From the fundamental theorem of calculus, we obtain

—t

%qf (t, o, n(0)g;(t) — /0 n(x)gi(z + t)dx, . . >

Lot - [ e - ate+ va,...)
) é/of;D‘I’ (u - Ol )_/in(x_y)(pi(x—i—t)dx,...) 8y<77(0)cpi(t)
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Notice that

%(mm%@>—/EMw—ywxx+nMQ =~4%(/;:n@wa+y+w¢Q
= (w0 -t -z + [

W)i(o e,
Therefore

DMu(t,n)

e—0t €

= — lim 1 /:ENID%\PG’ —n(0)pi(t) — /_i n(x —y)i(x + t)de, .. ) (n(—y)api(t)

—n(=t —y)@i(07) + /y

- _iilei\II<t”"’n(0)SDi(t) - /

—t

n(x)@i(z +y + t)dw> dy

0
MM%QH¢M%~><M®ﬂ®—nF®@®ﬂ

- /0 n(z)gi(x + t)d;c>.

—t

Finally, concerning the vertical derivative we have

DYU(t,n) = DYu(t,n) = dau(t,nl_ro +n(0)1y)

= iilei\I]G’/[ gpl(a:+t)d77(:6),--->90i(t)

£,0]
and

DYVU(t,n) = DYVu(t,n) = Oz a(t,nli_1o+n(0)10})

N
— Z Dgixj\IJ <t, /[—t,O] o1(z+t)d n(x),... >Lpi(t)<pj(t).

ij=1

From the regularity of ¥ it follows that ¢ € C%?(([0,7] x past) x present)). Moreover,
since W satisfies the Cauchy problem (3.9), we conclude that 9U(t,n) + DTU(t,n) +
IDVVU(t,m) =0, for all (t,n) € [0,T[xC([-T,0]), therefore U is a classical solution to the
path-dependent heat equation (3.1). O

3.2 Towards a weaker notion of solution: a significant hedging example

In the present subsection, we consider the path-dependent nonlinear Kolmogorov equation
(3.1) in the case F' = 0. This situation is particularly interesting, since it arises, for example,
in hedging problems of path-dependent contingent claims. More precisely, consider a real
continuous finite quadratic variation process X on (2, F,[P) and denote X the window
process associated to X. Let us assume that [X]|; = ¢, for any ¢t € [0,7]. the hedging
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problem that we have in mind is the following: given a contingent claim’s payoff G(Xr), is
it possible to have

T
G(Xp) = Go+ / Zid- X, (3.10)
0

for some Gy € R and some F-adapted process Z = (Zi),c(o,r) such that Z; = v(t,X;), with
v: [0,T] x C([-T,0]) - R? When X is a Brownian motion W and fOT |Z|?dt < o0, P-a.s.,
the previous forward integral is an [t6 integral. If G is regular enough and it is cylindrical
in the sense of (3.5), we know from Theorem 3.2 that there exists a unique classical solution
U:[0,T] x C([-T,0]) = R to equation (3.1).

Then, we see from It&’s formula (2.20) that U satisfies, P-a.s.,

t

U, X)) = U0,Xp) + / DVU(s,Xs)d™ X, 0<t<T. (3.11)
0

In particular, (3.10) holds with Z; = DVU(t,X;), for any t € [0,T], Go = U(0,X;).

However, a significant hedging example is the lookback-type payoff

G(n) = sup n(x),  VneC(=T,0]).
z€[-T,0]
We look again for U: [0,T] x C(]—T,0]) — R which verifies (3.11), at least for X being
a Brownian motion W. Since U(t,W;) has to be a martingale, a candidate for U it is
U(t,n) = E[G(W5M)], for all (t,1) € [0, T] x C([~T,0]). However, this latter ¢ can be shown
not to be regular to be a classical solution to equation (3.1), even if it is “virtually” a solution
to the path-dependent nonlinear Kolmogorov equation (3.1). This will lead us to introduce
a weaker notion of solution to equation (3.1). To characterize the map U, we notice that it
admits the probabilistic representation formula, for all (¢,n) € [0,T] x C([-T,0)]),

U(t,n) = E[G(WtT")] :E[,;)ES@W;W(@“)}

= E[( sup n(:v))v( sup (Wx_Wt+77(0)))] = f(t, sup ?7(1'),77(0)),

—t<x<0 t<a<T —t<x<0

where the function f: [0,7] x R x R — R is given by
ft,m,z) = E[mV (Sr— + )], V(t,m,z) € [0,T] x R x R, (3.12)

with S; = supg<s<; Wy, for all ¢ € [0, T]. Recalling Remark 2.2, it follows from the presence
of sup_,<,<o7n(z) among the arguments of f, that ¢ is not continuous with respect to
the topology of ¢ (|-T,0]), therefore it can not be a classical solution to equation (3.1).
However, we notice that sup_,«,<n(z) is Lipschitz on (C([-T,0]), || - ||), therefore it will
follow from Theorem 3.4 that I is a strong-viscosity solution to equation (3.1) in the sense
of Definition 3.4. Nevertheless, in this particular case, even if U is not a classical solution,
we shall prove that it is associated to the classical solution of a certain finite dimensional
PDE. To this end, we begin computing an explicit form for f, for which it is useful to recall
the following standard result.
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Lemma 3.1 (Reflection principle) For every a >0 andt >0,
P(S; > a) = P(|B¢] > a).

In particular, for each t, the random variables Sy and |By| have the same law, whose density

is given by:
2 2
wi(z) = —e 27 119,00)(2), vz eR.
Proof. See Proposition 3.7, Chapter III, in [35]. |

From Lemma 3.1 it follows that, for all (¢,m,z) € [0,T[xR x R,

ft,m,z) = /()Oomv(z+x)<pT_t(z)dz = /Ooom\/(z+x)\/T2_tap(\/TZ_t)dz,

where p(2) = exp(2%/2)/v27w, z € R, is the standard Gaussian density.

Lemma 3.2 The function f defined in (3.12) is given by, for all (t,m,z) € [0, T[xR x R,

- 1 - 2(T —t) _(m=2)®
flt,m,x) = 2m(<1><m x)——>+2x<1—®<m x))+ ue 2AT-1) |
T—1 2 T—1 T

for x <m, and
2(T —t)

t = -
fltom) = @43/ =—=,

for © > m, where ®(y) = ffoo o(z)dz, y € R, is the standard Gaussian cumulative distri-
bution function.

Proof. First case: © < m. We have

ft,m,z) = /Omxm\/j?_tap(\/Tz_t)dz—i-/w (z+x)\/T2_tap(\/Tz_t)dz. (3.13)

m—x

The first integral on the right-hand side of (3.13) becomes

/Ommm\/TQ_tgo(\/Tz_t)dz = Qm/om p(z)dz = 2m(<1><mT__xt) —%),

where ®(y) = [Y__¢(2)dz, y € R, is the standard Gaussian cumulative distribution func-

tion. Concerning the second integral in (3.13), we have

/moox(z + ) \/T2— t(p<\/TZ— t>dz = 2VT —1t :)z zp(z)dz + 2x /OO o(z)dz

T —

m—z)2 —
T 5 (s a(2))

™

}ﬂ
L

Second case: x > m. We have

fit,m,x) = /Ooo(z—i—x) T2—t80( Z_t)dz
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= 2VT — t/ooo zp(2)dz + 2z /000 p(z)dz = AT + x.

™

We also have the following regularity result regarding the function f.

Lemma 3.3 The function f defined in (3.12) is continuous on [0,T] x R x R, moreover it
is once (resp. twice) continuously differentiable in (t,m) (resp. in x) on [0, T[xQ, where
Q is the closure of the set Q := {(m,x) € R x R: m > z}. In addition, the following It6’s
formula holds:

t
1
f(t7 Sta Bt) - f(0707 0) + / (8tf(s7 SS7BS) + §a§xf(sa SSa BS))dS (314)
0
t t
4 [ Onf(s.50 84S, + [ 0:f(5.50 BB, 0<t<T Pas
0 0

Proof. The regularity properties of f are deduced from its explicit form derived in
Lemma 3.2, after straightforward calculations. Concerning Itd’s formula (3.14), the proof
can be done along the same lines as the standard It6’s formula. We simply notice that, in
the present case, only the restriction of f to @ is smooth. However, the process ((Sy, Bt))s
is Q-valued. It is well-known that if @ would be an open set, then Itd’s formula would
hold. In our case, @ is the closure of its interior (). This latter property is enough for the
validity of It6’s formula. In particular, the basic tools for the proof of Itd’s formula are the
following Taylor’s expansions for the function f:

ft',m,x) = f(t,m,x)+ 0 f(t,m,x)(t —t)
+ /1 Of(t+ At —t),m,z)(t' — t)dX,
0
ft,m' x) = f(t,m,x) + O f(t,m,z)(m —m)
+ /1 Omf(t,m + X(m' —m),z)(m —m)dX,
0

f(t’m’x,) = f(t’m,x) + &Bf(t,m,:c)(x/ - x) + %aa%xf(t’m’x)(x/ - x)Q

1
+ /0 (1-— A)(@gxf(t, m,x + N2’ —x)) — 02, f(t,m, z)) (2’ — z)2d),

for all (t,m,z) € [0,T] x Q. To prove the above Taylor’s formulae, note that they hold on
the open set @, using the regularity of f. Then, we can extend them to the closure of Q,
since f and its derivatives are continuous on Q. Consequently, It6’s formula can be proved
in the usual way. |

Even though, as already observed, & does not belong to C12(([0, T[xpast) x present) N
C([0,T] x C(]-T,0])), so that it can not be a classical solution to equation (3.1), the
function f is a solution to a certain Cauchy problem, as stated in the following proposition.
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Proposition 3.1 The function f defined in (3.12) solves the backward heat equation:

Of(t,m,x)+ 302, f(t,m,z) = 0, Y (t,m,z) € [0,T[xQ,
f(T,m,x) = m, V(m,x)ea
Proof. We provide two distinct proofs.

Direct proof. Since we know the explicit expression of f, we can derive the form of d;f and
92, f by direct calculations:

O f(t,m,x) = _\/Tl—ttp(:;lT_—xt)’ o2 f(t,m,x) = \/T2—t(p<\77T_—xt>’

for all (t,m,x) € [0, T[xQ, from which the thesis follows.
Probabilistic proof. By definition, the process (f(t, St, Bt)):c(o,7) 18 given by:
f(t, 8, By) = E[Sp|F],

so that it is a uniformly integrable F-martingale. Then, it follows from It6’s formula (3.14)
that

t 1 t
| (0uf 5.8+ 50215808 )ds + [ 00f (.50, B)dS, = 0,
0 0

for all 0 <t < T, P-almost surely. As a consequence, the thesis follows if we prove that

t
/8mf(s,SS,BS)dSS = 0. (3.15)
0

By direct calculation, we have

Omf(t,m,z) = 2c1>( mT__xt) —1,  VY(t,m,z) € [0, T[xQ.

/Ot (2@(%%) - 1>dSs = 0. (3.16)

Now we observe that the local time of Sg — B; is equal to 2S;, see Exercise 2.14 in [35].
It follows that the measure dSs is carried by {s: Ss — Bs = 0}. This in turn implies the
validity of (3.16), since the integrand in (3.16) is zero on the set {s: S; — By = 0}. 0

Therefore, (3.15) becomes

3.3 Path-dependent Kolmogorov equation: strong-viscosity solutions

Motivated by previous subsection, we now introduce a notion of weak solution for the
path-dependent nonlinear Kolmogorov equation (3.1), which we refer to as strong-viscosity
solution. Firstly, we need the following definition.

Definition 3.3 Let.Z be a collection of R -valued functions on [0, T]x X, where (X, ||-||) is
a normed space. We say that % is locally equicontinuous if to any R,e > 0 corresponds
a 0 such that |f(t,z) — f(s,y)| < e for every f € F and for all pair of points (t,z),(s,y)
with [t — s|, ||z —y|| < § and ||z, ||y]| < R.
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Definition 3.4 A function U: [0,T] x C(]—T,0]) — R is called strong-viscosity solu-
tion to the path-dependent nonlinear Kolmogorov equation (3.1) if there exists a sequence
(Up,, G,y F)p satisfying:

(i) Uy: [0, T] x C([-T,0]) = R, G,: C([-T,0]) = R, and F,: [0,T] x C([-T,0]) x R x
R — R are locally equicontinuous functions such that, for some positive constants C
and m, independent of n,

|Fu(t,m,y,2) — Fu(t,n, 9, 2)] < Cly —y'[ + |2 = 2')),
Un (t,0)| + |G ()] + | Fu(t,1,0,0)] < C(1+[n]%),

for all (t,n) € [0,T] x C([-T,0]), y,¥' € R, and z,2" € R.
(ii) U, is a classical solution to

{atun + DUy, + 5DV Uy, = Fo(t,n,Un, DYUy), ¥ (t,) € [0,T) x C([-T,0]),
Un(T,m) = Gn(n), vn e C([-T,0]).

(il) Un(t:n),Gn(n), Fn(tin,y,2)) — UEn),Gn), F(t,n.y,2)), as n tends to infinity,
for any (t,n,y,z) € [0,T] x C([-T,0]) x R x R.

The following uniqueness result for strong-viscosity solution holds.

Theorem 3.3 Let U: [0,T] x C([-T,0]) — R be a strong-viscosity solution to the path-
dependent nonlinear Kolmogorov equation (3.1). Then, we have

Ult,n) = Y Y(tn) €[0,T] x C([-T,0)),

where (Yo", Ze")seppr) € S2(t,T) x H2(t, T), with Y& = U(s, W), solves the backward
stochastic differential equation, P-a.s.,

T T
Vi = G+ [ ey znae - [ ziaw, v<s<r
S S
In particular, there exists at most one strong-viscosity solution to the path-dependent non-

linear Kolmogorov equation (3.1).

Proof. Consider a sequence (U, Gy, Fy,), satisfying conditions (i)-(iii) of Definition 3.4.
For every n € N and any (t,n7) € [0,7] x C([-T,0]), we know from Theorem 3.1 that
(Y Z85 ) o) = Un(s, W), DV UL (s, W) seipmy € SH(E,T) x H2(t,T) is the solu-
tion to the backward stochastic differential equation, P-a.s.,

T T
Yyt = G, (WH) + / o (r, WEN Yt |zt gy — / Zrnaw,,  t<s<T.
S

s

From the polynomial growth condition of (U,,), and estimate (3.4), we see that

Sup ||Yn’t’n||sp(t,T) < 00, for any p > 1.
n
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This implies, using Proposition A.1 and the polynomial growth condition of (F},),, that

sup [| 2™ [z iy < 0.
n

Let Y2 = U(s, W5"), for any s € [t,T]. Then, we see that all the hypotheses of Proposition
C.1 follow by assumptions and estimate (3.4) (notice that, in this case, K™ = 0 for any n,
therefore the proof of Proposition C.1 simplifies drastically), so the thesis follows. O

We now prove an existence result for strong-viscosity solutions to the path-dependent
heat equation, namely to equation (3.1) in the case F' = 0. To this end, we need the
following stability result for strong-viscosity solutions.

Lemma 3.4 Consider (U, Gy, Fy)n and (Un i, Gres Frk)n,ke satisfying:

(i) Upx:[0,T] x C([-T,0]) = R, Gpi: C([-T,0]) = R, and F, ;: [0,T] x C([-T,0]) x
R xR — R are locally equicontinuous functions such that, for some positive constants
C and m, independent of n and k,

Clly—y'|+1z—2)),
C(1+1nl%),

Bk (tn,9,2) = Fog(tn,y', 2] <
(U 1o (8 )| + |Gk ()] + [Fn (8,1, 0,0)] <
for all (t,n) € [0,T] x C([-T,0]), v,y € R, and z,2" € R.
(i) Up is a classical solution to
{atun,k + DUy, + ADVVUy, = Fp (6,1, U ey DVU 1), Y (1) € [0,T) x C([-T,0]),
Un i (Tsm) = Gnk(n), Vi € C([=T,0)).

(ili) Unk(t,n), Gni(m), Fur(t,n,y,2)) = Un(t,n), Gn(n), Fn(t,n,y, 2)), as k tends to in-
finity, for any n € N and (t,n,y,2) € [0,T] x C([-T,0]) x R x R.

IffOT every (ta mY, Z) S [Oa T] XC([_Ta 0]) XRXR; (un(t, 77)5 Gn(n)a Fn (t, mY, Z))n converges,
we define

(U(t, 77)’ G(ﬁ), F(ta Y, Z)) = m (un(t’ n)a Gn ("7)’ Fn(t’ Y, Z))

li
n—oo
Then, there exists a subsequence (Unvk(n),Gn,k(n),ka(n))n which converges pointwisely to
(U,G, F), as n tends to infinity, so that U is a strong solution to

{atu + DHU+ LDVVU = F(t,n,U,DVU), Y (t,n) €[0,T) x C(|-T,0]),
U,y = G, Vn € C([-T,0]).
Proof. The thesis follows from Lemma D.1. O

Theorem 3.4 Let F = 0 and G: C([-T,0]) — R be locally uniformly continuous and
satisfying the polynomial growth condition

G| < C(A+(nl%),  VneC(-T,0)),
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for some positive constants C' and m. Then, there exists a unique strong solution U to the
path-dependent heat equation (3.1), which is given by

Ut,n) = E[GWL], Y (t,n) € [0,T] x C([-T,0]).

Proof. Let (e;);>0 be the orthonormal basis of L?([-T,0]) composed by C*([-T,0]),
periodic, and uniformly bounded functions:

1 2 . (2w . 2 27 . .
ey = JT e2i—1 = 1/ 7 sin <?(90 +T)2>, €2 = \| 7 COS <?(9C —i—T)z), i € N\{0}.

Let us define the linear operator A: C([-T,0]) — C([-T,0]) by

() = MDD, e Lnome e,

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 € N and n € C([-T,0]), consider the Fourier partial sum

n

sn(n—An) = > (i — (An))ei,  ¥ne C([-T,0), (3.17)
=0

where (denoting é;(x) = ffT ei(y)dy, for any = € [-T,0]), by Proposition 2.3,

0
. / n(@)ei(z)dz = n(0)(0) - / i(x)d n(z)

T

_ / (6(0) — &())d n(a). (3.18)
[~T7,0]

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

T

ani = [ @i = 1 [ e L., Coe)-a-1)). @19)

Define
Sot+81+ -+ 8y

n—+1

n =
Then, by (3.17),

n

on(n—An) = >

1=0

n+1—1

ol (ni — (An)i)ei, Vne C([-T,0]).

We know from Fejér’s theorem on Fourier series (see, e.g., Theorem 3.4, Chapter III, in
[43]) that, for any n € C([-T,0]), on(n — An) — n— An uniformly on [T, 0], as n tends to
infinity, and ||oy, (1—An)||co < ||n—An||s- Let us define the linear operator 7,,: C([-T,0]) —
C([-T,0]) by (denoting e_;(x) = z, for any x € [-T,0])

n

Tun = on(n—An)+An =
i=0

%(m ~ (Am)e + 1O =D
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n+1—1

= ;T_‘_lxiei—{—xlel, (320)
where, using (3.18) and (3.19),
1 1
T = —d n(x) — =n(=T),
L= L ) = e
10 1 /0
T, = / <é,~(0)—éi(aﬂ)——/ xei(x)dx>d_n(x)+—/ zei(x)dzn(=T),
[~T,0] T o T J.r

for i =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 < Mlnllos, — Vn €N, Vne C([-T,0]). (3.21)

In particular, the family of linear operators (T,), is equicontinuous. Now, let us define
Gpn: C([-T,0]) — R as follows

Gn(n) = G(Tnn)a V€ C([_T7 0])

We see from (3.21) that the family (G),), is locally equicontinuous. Moreover, from the
polynomial growth condition of G and (3.21) we have

[Gu(n)] < CA A+ [ Tanlle) < COA+M™nl),  YneN,VneO([-T,0]).

Now, we observe that since {e_1,ep,e1,...,e,} are linearly independent, then we see from
(3.20) that T},n is completely characterized by the coefficients of e_1, eq, €1, ..., e,. There-
fore, the function g,: R"*? — R given by

n .

n+1—1

gn(x_l,...,xn) = Gn(n) = G< E ﬁ$i€i+x—1e—l>7 V(m_l,...,xn) eRn+27
=0

completely characterizes G,,. Since the family (G),), is locally equicontinuous, it follows
that the family (gy), is locally equicontinuous, as well. Moreover, fix n € C([-T,0])
and consider the corresponding coefficients z_1, ..., z, with respect to {e_1,...,e,} in the
expression (3.20) of T,,n. Set

0
o1(z) = % oi(z) = éi(O)—éi(x—T)—%/Txei(x)dx, 2 €0,T),

a; = — xe;(z)dz.

1
a—1 = _Ta

Notice that ¢_1,...,¢, € C*([0,T]). Then, we have
Gt =an( [ | T @) ron(-), . [

[7T70]

42



Let ¢(z) = cexp(1/((x + T)* — D)l_r_ry1((z), © € [-T,0], with ¢ > 0 such that
f_OT ¢(x)dx = 1. Define, for any ¢ > 0, ¢-(x) = ¢(z/e)/e, x € [-T,0]. Notice that
gb& S COO([_Ta 0]) and (denOting QEE(:C) = ffT ¢€(_T - y)dy’ for any r € [_Ta 0])

0 — 7 7 —
[, @ = w30~ [ G = [ (60 gela) )

-T

Therefore
B B 0
lim (¢(0) — ¢e(x))d™n(x) = lim n(@)ge (=T — z)dx = n(-T).
e—0t [—T,0] e—=0t J_r

For this reason, we introduce the function Gy, .: C([-T,0]) — R given by

Gocl) = on(oo [ ole e D) o [ (340) <)), .. )

[—T,O}
Now, for any n € N, let (gnx)ren be a locally equicontinuous sequence of C?(R"2;R)
functions, uniformly polynomially bounded, such that g, , converges pointwise to g,, as k
tends to infinity. Define G, . ;: C([-T,0]) — R as follows:

Guestn) = sux(- [ e D0 [ (@0 = @) o), )

T,0]
Then, we know from Theorem 3.2 that the function U, . : [0,T] x C([-T,0]) — R given
by

un,e,k(t, 77) = E[Gn,a,k(wgﬁ)]a v (t, 77) € [Oa T] X C([_T’ O])

is a classical solution to the path-dependent heat equation (3.1). Moreover, the family
(Un.e k)nek is locally equicontinuous and uniformly polynomially bounded. Then, using
the stability result Lemma 3.4, it follows that U is a strong-viscosity solution to the path-
dependent heat equation (3.1). O

3.4 Strong-viscosity solutions: finite dimensional case

In the previous subsection we provided the definition of strong-viscosity solution for a
particular path-dependent nonlinear Kolmogorov equation, driven by the path-dependent
heat operator. The definition of strong-viscosity solution can be adapted to more general
semilinear path-dependent PDEs and, in the present subsection, we want to give an idea
on how this definition can be generalized, focusing on the more understandable finite di-
mensional case. In particular, our aim is to emphasize how uniqueness for strong-viscosity
solutions can be proved using probabilistic methods, in contrast with real analysis’ tools
which characterize comparison theorem for viscosity solutions. We provide two definitions
of strong-viscosity solution, presented in order of increasing generality, and we prove the
comparison theorem. We conclude discussing the relation with the standard notion of
viscosity solution.
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Let b: [0,7] x R* = R, o: [0,T] x R* — R4 f:[0,7] x R x R x R? — R, and
g: RY — R be Borel measurable functions. Consider the nonlinear Kolmogorov equation
(we denote AT the transpose of a matrix A € R*?)

—Ouu(t,z) — (b(t,z), Dyu(t,z)) — str(co(t,z)D2u(t, z))
— f(t,z,u(t,x),07(t,x)Dau(t,x)) = 0, V(t,z)e[0,T) xR, (3.22)
wT,z) = g(z), VreR?
3.4.1 First definition of strong-viscosity solution

We begin providing the standard definition of classical solution.

Definition 3.5 A function u: [0, T]xR? — R, with u € C12([0, T[xR)NC([0, T] xRY), is
called a classical solution to the nonlinear Kolmogorov equation (3.22) if u solves (3.22).

We have the following uniqueness result for classical solutions.

Proposition 3.2 Suppose that the functions b, o, f, and g, appearing in the nonlinear
Kolmogorov equation (3.22), satisfy, for some positive constants C' and m,

Ib(t,z) — b(t,a")| + |o(t,z) — o(t,a")] < Clz — 2|,
[f(tz,y,2) = f(t.z,y,2)] < Clly—y|+12 =),
b(t,0)| + |o(t,0)] < C,
|f(t,2,0,0)] + |g(x)] < C(1+]z[™),

for all t € [0,T), z,2' € RY, y,y/ € R, and 2,2’ € RL Let u: [0,7] x RY — R be a
classical solution to the nonlinear Kolmogorov equation (3.22), satisfying the polynomial
growth condition

lu(t,z)] < C(1+|z[™), Y (t,z) € [0,T] x RY.

Then, we have
u(t,z) = Y, Y(t,x)€[0,T] x RY,
where (Y3, Z5%)seer) = (u(s, X&%),07(s, Xo¥) Dyu(s, X&%))seppr) € SHt,T) x HA(t, T)

is the solution to the backward stochastic differential equation, P-a.s.,

T T
ver = g+ [ s iz [ zimaw, t<s<r
S

S

In particular, there exists at most one classical solution to the nonlinear Kolmogorov equa-
tion (3.22).

Proof. The proof can be done along the lines of Theorem 3.1. O

We can now present our first definition of strong-viscosity solution to equation (3.22).
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Definition 3.6 A function u: [0,T] x R — R is called a strong-viscosity solution
to the nonlinear Kolmogorov equation (3.22) if there exists a sequence (Un, Gn, frn,bny On)n
satisfying:

(i) un: [0,T] xR =R, g,: R = R, f,: [0,T] xR x RxR? = R, b,: [0,T] x R = R,
(md o [0,T] x R — R4 are locally equicontinuous functions such that, for some
positive constants C' and m, independent of n,

bn(t, 2) = bu(t, )| + |on(t, ) — on(t,2")| < Clz -],
[fu(t, 2y, 2) = fult,z, ', 2) < Cly =o' + |2 = 7)),
[bn (t,0)] + [on(t,0)] < C,
Jun(t, 2)| + |gn(2)| + | fu(t,2,0,0)] < C(1+]z™),

for allt € [0,T], z,2' € R%, y,y/ € R, and z,2' € R,
(il) wy, is a classical solution to
—Opun(t, ) — (by(t, ), Dyun(t, x)) — str(onof (t, ) D2u, (t, x))

— falt, 2, un(t, ), 08 (t, ) Dyun (t,x)) = 0, V(t,x) €[0,T) x RY,
un(T’x) = gn(:c), Ve R

(i) (un(t, 2), 90 (2), Falts 2,9, 2), bl 2), 0n (1,2)) = (ults ), 9(2), (1, 2,5, 2), b{t, 2), 0(1,2)),
as n tends to infinity, for any (t,z,y,2) € [0,T] x R x R x R%,

Theorem 3.5 Let u: [0,7] x R? — R be a strong-viscosity solution to the nonlinear Kol-
mogorov equation (3.22). Then, we have

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

where (Y3, Z5%)seipm) € S*(,T) x H2(t,T)?, with Yo" = u(s, Xo¥), is the solution to the
backward stochastic differential equation

T T

vie = o)+ [ s vz - [ zimaw,

S S
for all t < s < T, P-almost surely. In particular, there exists at most one strong solution
to the nonlinear Kolmogorov equation (3.22).
Proof. Since a strong-viscosity solution is in particular a generalized strong-viscosity
solution (see Definition 3.8 below), the thesis follows from Corollary 3.1. O
3.4.2 Second definition of strong-viscosity solution

Our second definition of strong-viscosity solution to equation (3.22) 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
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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 3.6. For this reason, we added the adjective generalized to its name.

Firstly, we need to introduce the standard concepts of classical sub and supersolution.

Definition 3.7 A function u: [0,T] x R — R, with u € CH2([0,T[xR%) N C([0,T] x
R%), is called a classical supersolution (resp. classical subsolution) to the nonlinear
Kolmogorov equation (3.22) if u solves

—Opu(t,x) — (b(t,z), Dyu(t,z)) — Str(co™(t, z) D2u(t, z))
— f(t,z,u(t,x), 07 (t,x)Dyu(t,)) > (resp. <) 0, VY (t,x)c[0,T)xRY,
uw(T,z) > (resp. <) g(x), Vz e RY

The following probabilistic representation result for classical sub and supersolutions holds.

Proposition 3.3 Suppose that the functions b, o, f, and g, appearing in the nonlinear
Kolmogorov equation (3.22), satisfy, for some positive constants C' and m,

|b(t,z) — b(t,a")| + |o(t,z) — o(t,2")] < Clz -2,
[f(t.z,y,2) = f(t.z,y',2)] < Clly—y|+12 =),
b(t,0)| + |o(t,0)] < C,
|f(t,2,0,0)] + |g(x)] < C(1+]z[™),

for allt € [0,T], z,2’ € R, y,y/ €R, and z, 7' € R%,
(i) Let u: [0,T] x R? — R be a classical supersolution to the nonlinear Kolmogorov equation
(3.22), satisfying the polynomial growth condition:

lut,z)| < C(1+z[™),  V(t,x)€[0,T] x R™
Then, we have
u(t,r) = Y VY (t,2) € [0,T] x RY,

for some uniquely determined (Y&*, 20" Kb x)se[t 71 € S3(t, T) x HA(t, T) x AT2(t,T), with
(VP Z5%) = (u(s, X0"), 07 (s ,X;m)Dmu(s,X “VNpri(s)), solving the backward stochastic
differential equation, P-a.s.,

T T
Yot = it 4 / Flr, XP2 Y0, 207 ) dr + K" — KU — / (ZbedW,), t<s<T.
S

s

(ii) Let u: [0,T] x RY — R be a classical subsolution to the nonlinear Kolmogorov equation
(3.22), satisfying the polynomial growth condition:

ut,z)| < C(1+[z™),  V(t,z)€[0,T] x RY.

Then, we have
u(t,z) = Y, Y (t,x) € [0,T] x RY,
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or some uniquely determined Yst’m, Z;’m,Kﬁ’x € S2(t, T)xH2(t, T) x AH2(¢, T), with
s€t,T)

(Y&*, Z8") = (u(s,Xﬁ’m),JT(s,X;’m)Dgcu(s,X;’m)l[th[(s)), solving the backward stochastic

differential equation, P-a.s.,

T T
Yor = YT+ / Flr, X0, Y00, 200 ) dr — (K" = KJ*) — / (Zp,dW,), t<s<T.
S S

Proof. The proof can be done along the lines of Theorem 3.1, using Proposition A.1 in
the full general case with the presence of the process K. O

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

Definition 3.8 A function u: [0, T]xR? — R is called a strong-viscosity supersolution
(resp. strong-viscosity subsolution) to the nonlinear Kolmogorov equation (3.22) if there

exists a sequence (Un, Gn, fr, bn, On)n Salisfying:

(1) un: [0,T] xR =R, g,: R = R, f,: [0,T] xRIx R xR = R, b,: [0,T] x R - R,
and oy,: [0,T] x RT — R gre locally equicontinuous functions such that, for some
positive constants C' and m, independent of n,

|br (t, ) — by (t, 2")| + |on(t, ) — on(t,2")| < Clz — 2],
[fult,x,y,2) = fult, 2,9, 2)| < Cly—9'| + |2 = 2),
by (t,0)] + [0 (t,0)] < C,
tn (t, )| + gn ()] + | fo(t, 2,0,0)] < C(1+ |z™),

for allt € [0,T), z,2' € R%, y,y/ €R, and z,2' € R?,
(i) wy, is a classical supersolution (resp. classical subsolution) to

—Opun(t,x) — (by(t, ), Dyun(t,x)) — $tr(0000 (¢, ) D2y (t, )
— falt,z,un(t, ), 08 (t, ) Dyun(t,x)) = 0, Y(t,z)€[0,T) x RY,
un(T,x) - gn(m)7 Va GRd.

(iil) (un(t, ), gn(z), fu(t,z,y,2),bn(t,x),0n(t,z)) = (u(t,z),g(z), f(t,z,y,2),b(t, z),0(t,x)),

as n tends to infinity, for any (t,z,y,2) € [0,T] x R x R x R%,

A function u: [0,T] x R — R is called a generalized strong-viscosity solution to the
nonlinear Kolmogorov equation (3.22) if it is both a strong-viscosity supersolution and a
strong-viscosity subsolution to (3.22).

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 theorem will follow as corollary.

Theorem 3.6 (1) Let u: [0,T] x R? = R be a strong-viscosity supersolution to the nonlin-
ear Kolmogorov equation (3.22). Then, we have

u(t,z) = Y, Y (t,x) € [0,T] x RY,
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for some uniquely determined (Y2, Zb", Kﬁ’x)se[t;p] € S2(t, T) xH2(t, T)% x AT2(t, T), with
YE® = u(s,Xﬁ’m), solving the backward stochastic differential equation, P-a.s.,

T
yir — yie oy / Flr, X55 Y5 707y (3.23)
S
T
+ K" = K0T~ / (27, dW,y), tss<T
S

(2) Let u: [0,T] x RY — R be a strong-viscosity subsolution to the nonlinear Kolmogorov
equation (3.22). Then, we have

u(t,z) = Y, VY (t,2) € [0,T] x RY,
for some uniquely determined (Y&, Z0", Kg’x)se[t,T] € S2(t, T) xH2(t, T)% x AT2(t, T), with
Yt = u(s,Xﬁ’JC), solving the backward stochastic differential equation, P-a.s.,
T
YhT = YT / Flr, X5, Y5%, 20 dr (3.24)
S

T
— (K" - K2°) - / (ZE® dW,), t<s<T.
S

Proof. We shall prove statement (1), since (2) can be proved similarly. To prove (1),
consider a sequence (, gn, fn,bn, on)n satisfying conditions (i)-(iii) of Definition 3.8. For
every n € N and any (t,2) € [0,T] x R?, consider the stochastic equation, P-a.s.,

X, = x—i—/ bn(r,Xr)dr—i—/ on(r, X, )dW,, t<s<T.
t t

It is well known that there exists a unique solution (Xsn’t’m) se[t,7] to the above equation.
Moreover, from Proposition 3.3 we know that u,(t,z) = Y;""*, (t,2) € [0,T] x R%, for
some (Y;"’t’x,Z?’t’x,Kg’t’x)se[uT} € S?(t,T) x H2(t,T)* x AT2(¢,T) solving the backward

stochastic differential equation, P-a.s.,
T
v =yt [ xpte v 22t ar
S
T
+ Kbt - Kb / (Z5 AW, t<s<T.
S

Notice that, from the uniform polynomial growth condition of (u,), and estimate (B.3) we
have, for any p > 1,

sup [[Y™""||sp ) < .
neN

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

sup (1 2™l ¢, zy0 + 1K™ lls2(i,m)) < oo
n

Set Y& = u(s, X ém), for any s € [t,T]. Then, from the polynomial growth condition that u
inherits from the sequence (uy,),, and using estimate (B.3), we deduce that |[Y"*|[gp 1y <
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oo, for any p > 1. In particular, Y € S?(¢,T) and it is continuous process. We also have,
using the convergence result (B.4), that there exists a subsequence of (X™%%), which we
still denote (X™%%),,, such that

sup X1 (w) = X0 (w)]
t<s<T

0, VweQ\N, (3.25)

for some null measurable set N C Q. Moreover, from estimate (B.3) it follows that, possibly
enlarging N, SuptSsST(|X§L’t’m(w)|—|—|X§’x(w)|) < 00, for any n € N and any w € Q\N. Now,
fix w € Q\N, then

V(W) = Yo W) = Jun(s, X0 (W) = uls, X" ()]
= [un(s, X{H (W) = un(s, Xg" (@))] + [un(s, X3" (W) — u(s, Xo* ()]
For any € > 0, from point (iii) of Definition 3.8 it follows that there exists n’ € N such that

[un(s, X7 (@)) —uls, XE* @) < 5, Vnzn'

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

Jun (s, X307 (W) = un(s, X7 (W))] < %, if [ X5 (W) = X7 (w)] < 4.
Using (3.25), we can find n” € N, n” > n/, such that

sup | XM (w) — XEP(w)| < 6, Vn>n'".
t<s<T

In conclusion, for any w € Q\N and any ¢ > 0 there exists n” € N such that
VP W) - VW) < e Va3l

Therefore, Y:""*(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 €2 such
that f,(s, X0 (w),y, 2) = f(s, X" (w),y, 2), for any (s,w,y,z) € [t,T] x (Q\N') x R x RY
As a consequence, the thesis follows from Proposition C.1. |

We can finally state a comparison theorem for strong-viscosity sub and supersolutions,
which follows directly from the comparison theorem for BSDEs.

Corollary 3.1 (Comparison Theorem) Let @: [0,T] x R — R (resp. 4: [0,T] x R? —
R) be a strong-viscosity subsolution (resp. strong-viscosity supersolution) to the nonlinear
Kolmogorov equation (3.1). Then @ < @ on [0,T] x R, In particular, there exists at most
one generalized strong-viscosity solution to the nonlinear Kolmogorov equation (3.22).

Proof. We know that @(T,z) < g(z) < @(T, ), for all 2 € R% Moreover, from Theorem
3.6 we have

a(t,z) = Y, a(t,z) = YT, forall (t,2) € [0,T] x R,
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for some (V%, 0%, K1) e (V2% 25 RI™) e € S2(6.T) x B2(1, T) x AV2(1,T)
satisfying (3.24) and (3.23), respectively. Let us denote Y := Y% — ybe 7 .= Zte _ 7t
K := Kt + Kt and f, := f(s, X0",YI", Z07) — f(s, XL", VP, Z6). Then, P-as.,

T T
Y, = Vot / fodr + Kp — Ty~ / Z,dW,,  t<s<T.  (3.26)
S S

Now we introduce the real predictable process a given by, P-a.s.,

Fls, X3 Y% 257) — f(s, X3" Ya", 257)

a — ~ = 1 ot,x vyt 5 tSSST
s Y;t,x _ Y;t’x {Ys Y #£0}
and the R%valued predictable process b defined componentwise by, P-a.s.,
tx rtr o (k—1) tax rtr (k)
k o f(S,XS ;Y:S ;ZS )_f(SaXS aY:S aZS )
bs = ‘/sk' 1{Vsk7£0}7 t<s< T,
for all &k = 1,...,d, where Z(*) is the R%valued process whose k first components are

those of Zb% and whose (d — k) lasts are those of Z5% and V* is the k-th component of
zW®=1) — z(¥)  Notice that, since f is uniformly Lipschitz in (y,z), the processes a and b
are bounded.

Equation (3.26) can be rewritten as

T T
Y, = Yr +/ (Y, + (br, Zy))dr + Kp — Kg — / Z AW,
S S
Consider now the process I' = (I's)i<s<7 satisfying, P-a.s.,
S S
Iy, =1 +/ L,a.dr +/ (b, dW,), t<s<T.
t t

Notice that I' € S?(t,T), since a and b are bounded. Moreover, I is strictly positive. An
application of It0’s formula yields, P-a.s.,

S S
Iy, = Vi - / r,dK, + / 0 (Voby + Zy,dW,),  t<s<T. (3.27)
t t
From Burkholder-Davis-Gundy inequality it follows that there exists a positive constant C
such that
s o o T o . %
E[ sup / LY by + Zp, dW,.) } < CE[(/ %Y by + ZS|2ds> ]
t<s<T | Jt t

C T < "
< —E[ sup F§+2bc2>o/ |YS|2dS—|—2/ |Zs|2d5}
t t

t<s<T
< o0,
where by, is an upper-bound for b. Therefore, the local martingale ( fts Do (Y bop+ 2, AW, )t<s<t

is indeed a martingale. Hence, we see from (3.27) that the process (FSVS)tgng is a super-
martingale, which implies (recalling that (T, x) — @(T,z) > 0, for all € R%)

a(t,z) —a(t,z) = Y, > E[l'7Yr] > 0.



3.4.3 Relation with the standard definition of viscosity solution

We now conclude this brief digression concerning strong-viscosity solutions, investigating
the equivalence between the concept of strong-viscosity solution and the standard notion
of viscosity solution, for which we refer, e.g., to [8]. Let us begin recalling the definition of
viscosity solution for equation (3.22).

Definition 3.9 (i) A lower (resp. upper) semicontinuous function u: [0,T] x R? — R is
called a viscosity supersolution (resp. wviscosity subsolution) to the nonlinear Kol-
mogorov equation (3.1) if

uw(T,x) > (resp. <) g(x), Vo e R?
and
—Op(t,x) — (b(t,x), Dyp(t,x)) — %tr(aaT(t,x)Dgap(t,x))
—f(t,x,u(t,x),aT(t,x)Dxap(t,x)) > (resp. <) 0,

for any (t,z) € [0,T) x R? and any ¢ € CV2([0,T] x RY) such that uw — ¢ has a local
minimum (resp. maximum) at (t,z).
(ii) A continuous function u: [0, T]xR% — R is called a viscosity solution to the nonlinear

Kolmogorov equation (3.1) if it is both a viscosity supersolution and a viscosity subsolution
to (3.1).

Theorem 3.7 Suppose that the functions b, o, f, and g, appearing in the nonlinear Kol-
mogorov equation (3.22), are bounded and satisfy, for some positive constant C and conti-
nuity modulus p,

b(t,2) — b(t',a)| + |o(t,2) — o(t',a)| < p(|t —¢]) + Cle — 2],
Ftia,y,2) = J(a' oy )] < pllt =)+ e —2/l) + Clly — /| + |2 — 2)),
l9(@) - g(a)| < pllz —2')),

for all (t,z,y,2), (', 2",y 2") €[0,T] x RE x R x R%. Suppose, moreover, that o(t,x) is a
positive semidefinite matriz, for all (t,z) € [0,T] x R%. Let u: [0,T] x R* = R be bounded
and uniformly continuous with a continuity modulus p. Then u is a viscosity solution to

the nonlinear Kolmogorov equation (3.22) if and only if u is a strong-viscosity solution to
(3.22).

Proof. The if part follows from the method of half-relaxed limits of Barles and Perthame
(see, e.g., Lemma 6.1 and Remark 6.3 in [8]). Let us focus on the only if part.

It is well-known that, under the present assumptions, a uniqueness result for viscosity
solutions to equation (3.22) holds, see, e.g., Theorem 5.1 in [30] for the case b and o
independent of t. Let ¢(z) = cexp(1/(|z* — 1))1{z)<13(2), = € RY, with ¢ > 0 such that
Jga ¢(z)dz = 1. Define, for any n € N\{0}, ¢, (z) = n¢(nz), z € R%. Now, define (denoting
by I the d x d identity matrix)

1
bp(t,z) = 9 bn(x — 2')b(t, 2')da’, on(t,x) == y n(x — 2 )o(t,2")dz' + EI,
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gn(z) = bn(x —2')g(2)d'.
R4

Similarly, let ¢(z,y, 2) = cexp(1/(|(x,y, 2)|* = ) 1{j@y.2)1<13 (2,9, 2), (2,9,2) € R x R x
R? with ¢ > 0 such that Jraxrxga (@, y, 2)dxdydz = 1. Define, for any n € N\{0},
Un(z,y, 2) = np(nz, ny,nz), (z,y,z) € R? x R x R%. Now, define

fn(ta €, Y, Z) = / ¢n(m - 'I/a Yy— y,a z = Z/)f(t, x,’ y,a z/)dx/dy'dz'.
R xRxR4

Notice that by, 0, € C%([0,T] x R%), g, € C®(R?), and f, € C%><([0,T] x R¥+1) with

n—oo

(bn(t,2), 00 (t; ), gn(2), fult, 2y, 2)) — (b(t,2),0(t, %), 9(2), [(t,2,y, 2)),

for all (t,x,y,2) € [0,T] x R x R x R%. Moreover, by, oy, gn, and f, are bounded and
satisfy

[bn(t,2) = bn (¥, 2")| + |on (t, ) — on(t' )] < p(t —#]) + Clz — 2],

Falt .y 2) = fult 2!y )] < pllt =]+ & —2/]) + Clly — /| + |2 — /).
90(@) = gu(a)] < pllz — 2],

<
<

for all (t,2,y,2),(t',2',y',2") € [0,T] xR xR xR?, with the same constant C' and continuity
modulus p as in the statement of the theorem. Let us now consider, for each n € N\{0},
the nonlinear Kolmogorov equation:

—Opun(t,z) — (by(t, ), Dyun(t, ) — 3t1(0000 (¢, ) D2y (t, )
— fult,z un(t, @), 0% (t, ®) Dyug(t,2)) = 0, VY (t,z)€[0,T) xR, (3.28)
un(Tyx) = gn(x), V€ RY

Since o(t,z) is a positive semidefinite matrix, we see that o,(¢,x) is a positive definite
matrix and equation (3.28) is uniformly elliptic. Then, it follows from classical results on
regularity theory for parabolic equations (see, e.g., Theorem 8.1 in [28]) that there exists a
unique classical solution u,, € CY2([0,T] x R?) to equation (3.28), with SUp[o, 7] xRe [Un| <
M for some positive constant M, independent of n, as it can be seen using the uniform
boundedness of by, oy, gn, and f,,. Clearly, u, is also a viscosity solution to equation (3.28).
Then, using the notations of Section 6 in [§8], set

u(t,z) = liyrln_)solép* un(t, ), u(t,z) = hnnigéf* Un(t, ).
Notice that [@|,|u] < M. From Remark 6.3 in [8], we know that w (resp. w) is a viscosity
subsolution (resp. supersolution) to equation (3.22). From the comparison theorem for
viscosity solutions, this implies that © < u. Since u < by definition, we get w and w are
equal and are both viscosity solutions to equation (3.22). From uniqueness, we must have
u = U = u. Moreover, it follows from Remark 6.4 in [8] that u, converges to u uniformly
on compact sets. In conclusion, u is a strong-viscosity solution to equation (3.22). O
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Appendix

In the present appendix we fix a complete probability space (2, F,P) on which a d-
dimensional Brownian motion W = (W});>¢ is defined. We denote F = (F;);>0 the com-
pletion of the natural filtration generated by W.

A. Estimates for supersolutions to BSDEs

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,T] x Q x R x R? — R satisfying the usual
assumptions:

(A.a) F(-,y,z) is F-predictable for every (y,z) € R x R
(A.b) There exists a positive constant C'r such that
|F(s,y,2) = F(s,9/,2") < Cr(ly—y'l+1]z =),
for all y,y' € R, 2,2 € R, ds ® dP-a.e.

(A.c) Integrability condition:

T
E[ / \F(s,o,owds] < My
t

for some positive constant Mpg.

Proposition A.1 For any t,T € Ry, t <T, consider (Ys, Zs, Ks)scp,1) satisfying:
(i) Y € S%(t,T) and it is continuous.
(i) Z is an R%-valued F-predictable process such that P(ftT |Zs|?ds < o0) = 1.

(iii) K is a real nondecreasing (resp. nonincreasing) continuous F-predictable process such
that Kt =0.

Suppose that (Ys, Zs, Ks)sep, ) solves the BSDE, P-a.s.,
T T
Y, = Yr +/ F(r,Y,, Z,)dr + Kr — Ky — / (Zp,dW,), t<s<T, (A1)
S S

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

T
12y + KTy < CO+T)(IV By + [ 1F(50.0Pds).

for some positive constant C depending only on Cr, the Lipschitz constant of F.

93



Proof. Let us consider the case where K is nondecreasing. For every k € N, define the

stopping time
S
7, = inf {s > t: / | Z, [2dr > k‘} NT.
¢

Then, the local martingale ([, Y,(1 1,1 (r) Zy, W) sepr, 1) satisfies, using Burkholder-Davis-
Gundy inequality,

E [ sup
t<s<T

[tttz aw|| < o
t

therefore it is a martingale. As a consequence, an application of Itd’s formula to |Y|?

between ¢ and 75 yields
Tk Tk Tk
EUYHQ] _|_E/ | Z,[2dr = E[]Ym]?] +2E/ Y, F(r, YT,ZT)dr—i—QE/ Y, dK,. (A.2)
t t t

In the sequel ¢ and ¢ will be two strictly positive constants depending only on Cp, the
Lipschitz constant of F. Using (A.b) and recalling the standard inequality ab < a? + b%/4,
for any a,b € R, we see that

Tk
QE/ Y, F(r,Y,, Z,)dr
t
1 Tk T
< TNy + 72 [ 2P +E [ PG00 (A3
t t

Regarding the last term on the right-hand side in (A.2), for every € > 0 we have (recalling
the standard inequality 2ab < ea® + b?/e, for any a,b € R)

Tk 1
QIE/ Y, dK, < g||Y\|g2(m+eﬂ-z[|KTk|2]. (A.4)
t
Now, from (A.1) we get
Tk Tk
K, = Yt—YTk—/ F(r,}/r,ZT)dr+/ (Zp, dW,.).
t t

Therefore (recalling that (w1 + -+ + 24) < 4(2? + - + 23), for any x1,...,74 € R)

Tk Tk 2
BKnP] < 81V Iy +47E [ 1Y 2Pl + 48] [z 0w
t t
From Itd’s isometry and (A.b), we obtain
Tk
E[Knl] < {0+ T Iy +<(0+TE [ 12, Par
t
T
+ C/TE/ |F(r,0,0)|*dr. (A.5)
t

Then, taking ¢ = 1/(4¢'(1+ 7)) in (A.4) we get

Tk
2E/ Y, dK,
t
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6d(1+T)2+1+T7% 1™ T T )
< Y ~E ZJ2dr + ———=FE [ |F(r,0,0)|?d
= 4(1—|—T) H HSQ(t,T) + 4 /t | 7"| T+ 4(1—|—T) /t | (T’ ) )| r
1 Tk T
< (14T |27y + ZE/ \Zr!2d7“+cTE/ |F(r,0,0)[*dr. (A.6)
t t

Plugging (A.3) and (A.6) into (A.2), we end up with

21, L & 2 2 2 g 2

E[IVol]+ 3B [ 1Z:Pdr < cQ+T)Y sy +c(1+T)E [ [F(r,0,0)]dr.
t t
Then, from monotone convergence theorem,
T T
E/ ZPdr < (1 + TH|Y 2 + e + T)E/ |F(r,0,0)[*dr. (A7)
t t

Plugging (A.7) into (A.5), and using again monotone convergence theorem, we finally obtain

T
1K) = E[IErP] < C(1+T3)||Y\|§z(t,n+C(1+T2)E/t |[E(r, 0,0)*dr.

When K is nonincreasing, the proof can be done along the same lines. O

B. Estimates for stochastic differential equations

We shall report here a result about stochastic differential equations, whose proof is standard.

Proposition B.1 For any n € N, let b,: [0,T] x R? = R and o,,: [0,T] x R? — R*? pe
Borel measurable functions, satisfying, for some positive constant C, independent of n,
|br(t, ) — bp(t,2")| + |on(t,x) — on(t,2")] < Clz — 2|,
|6 (t,0)] + |on(t,0)] < C,

for all t € [0,T], 2" € RY. Then, for any n € N and (t,x) € [0,T] x R? there exists a
unique solution (X3"")sep.1) to the equation

X, = x—l—/ bn(r,Xr)dr—i—/ on(r, X, ) dW,, t<s<T,P-a.s. (B.1)
t t

Moreover, suppose that, for every (t,x) € [0,T] x R%, the sequence {(by(t, ), 0n(t,2))}n
converges as n goes to infinity and define

(b(t,x),o(t,x)) = le (bn(t, ), 0n(t, x)).
Then, for any (t,z) € [0,T] x R? there exists a unique solution (X;’m)se[t’T] to the equation
Xs =z +/ b(r, X, )dr +/ o(r, X, )dW,, t<s<T,P-a.s. (B.2)
t t

Furthermore, for any p > 1 there exists a positive constant C,, independent of n and (t,x),
such that

E[ sup (X2 4+ XEP)| < Cyp(1+ [af?). (B.3)
t<s<T

Finally, for any p > 1 we have

lim E| sup |X™0% — XL*P

Tlim. Lgng } = 0. (B.4)
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Proof. It is well known that, under the assumptions of Proposition B.1, for any n € N
and (t,r) € [0,T] x R? there exists a unique solution (Xg"t’:”)se[t,T] to equation (B.1),
satisfying estimate (B.3). Notice that the constant C), in (B.3) depends only on 7', p, and
the Lipschitz constants of b,, and o, which are uniformly bounded in n, so that C}, does
not depend on n. Now, we see that b and o are Borel measurable and satisfy:

|b(7f,$) - b(t’x/)| + |O'(t,£l?) - O-(t’x/)| < C|£C - $/|,
6, 0)] +o(t,0)] < C,

for all t € [0,T], 2,2’ € R% As a consequence, for any (t,z) € [0,T] x R?, there exists
a unique solution (Xﬁ’”)se[m to equation (B.2), satisfying estimate (B.3). It remains to
prove (B.4). Observe that

et xt = [T (ot X009 <000, X0+ [ oulr X4 — 0t X0,
n t

Then, taking the p-th power, we get (recalling the standard inequality (a +b)P < 2P~ (aP +
b?), for any a,b € R)

p

/S (bn(r, Xﬁ’t’x) — b(r, Xﬁ’x))dr
t

p

+271

/ (0n(r, XP) — o (r, XI7)) AW,
t

Taking the supremum over the time variable s, and applying Hoélder’s inequality to the
drift term, we get (in the sequel we shall denote ¢, a generic positive constant, indepen-
dent of n, depending only on 7', p, and on the constant C' appearing in the statement of
Proposition B.1)

T

sup \ngtvx—Xgﬂp < cp/ |bn(7",X]f’t’x)—b(r,Xﬁ’$)|pdr

t<s<T t

s p

+ 2771 sup /(an(r,Xf’t’”C)—U(T,Xﬁ’gﬁ))dWr . (B.)5)
t<s<T | Jt

Notice that

T
/ |by (7, X207) = b(r, X27) [Pdr
t

T T
< or—1 / by (7, X707 ) — by (r, XE)|Pdr + 207 / |by (7, X27) = b(r, XE)|Pdr
t t

IN

T T
cp/ sup |XM6T — XLEPdpr 4 Pt / |bn(r, XY — b(r, Xf,’x)|pdr. (B.6)
t t

t<s<r

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

T
< cpE[ / [tr (o (r, XPH7) — o (r, X5%)) (0 (r, XPHT) — o7 (r, XE7))) |2
t

IE[ sup

t<s<T

/ (O'n(’l“, Xf’t’m) —o(r, Xf’m))dWr
t
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P

CpE[/tT [tr (o (r, X707) = 0 (r, X72)) (0, (1, X77) — o (1, Xﬁ’m)))PdT]

IN

+ cpE[/tT |tr (0 (r, X17) — o (r, XE)) (07 (r, X7) — 07 (1, X17))) \%dr]

IN

T

n,t,x t,x|p

cp/ sup |X0* — X% |Pdr
t t<s<r

T P
+ cpE[/t {tr((an(r, X = o(r, X07) (o (r, XE7) — o7 (r, X17))) ‘Edr] . (B.7)

We remind that [|A|, := \/tr(AAT), with A € R¥?  defines a norm on the space of d x d
matrices, which is indeed the Frobenius norm. Taking the expectation in (B.5), and using

(B.6) and (B.7), we find

E[ sup |XThT — Xg’x\p]
t<s<T

T T
< ¢ / E[ sup \ngt@—xgﬂp}dwcp / E[[ba(r, X57) = b(r, X1 ] dr
t t

+¢p /tTEUtI“((Un(?“, X5 — o (r, X5")) (o7 (r, X5%) — o7 (r, Xﬁ’x)))‘g}dr-

Then, applying Gronwall’s lemma to the map 7 + E[sup;< <, |Xsn’t’m - Xﬁ’x|p], we get

T
E sup (X207 - XIP] < g / E[[ba(r, X5%) — b(r, X17)|"]dr
t<s<T t

T /tTEU“(W?% XE") = o (r XE))(03(r, X17) = 7(r, XE7) | | .

In conclusion, (B.4) follows from Lebesgue’s dominated convergence theorem. O

C. Limit theorem for BSDEs

We prove a limit theorem for BSDEs designed for our purposes, which is inspired by the
monotonic limit theorem of Peng [32], even if it is formulated under a different set of
hypotheses. 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(¢,7T") for some
p > 2, instead of p = 2 as in [32]. Furthermore, unlike [32], the terminal condition and the
generator function of the BSDE solved by Y™ are allowed to vary with n.

Proposition C.1 Let (F,), be a sequence of generator functions satisfying assumption
(Aa)-(Ac), with the same constants Cr and Mg for all n. For any n, let (Y™, Z" K") €
S2(t,T) x H2(t,T)* x AT2(t,T), with Y™ and K™ continuous, satisfying, P-a.s.,
T T
Y = Y] +/ F,(r,Y,", Z")dr + K} — K — / (Z7', dW,.), t<s<T
S S

and
”Yn”§2(t,T) + 12 g2ty + 1K Is2 ey < O, Vn €N,
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for some positive constant C, independent of n. Suppose that there exist a generator func-
tion F satisfying conditions (Aa)-(Ac) and a continuous process Y € S%(t,T), in addition
supy, [|[Y"|lset,7) < 00 for some p > 2, and, for some null measurable sets Nr C [t,T] x §
and Ny C €,

Ey(s,w,y,2) =3 F(s,w,y,2), 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 A™2(t,T) such that, P-a.s.,
T T
Y, = Yo +/ F(r,Y,, Z,)dr + K7 — K, —/ (Z,,dW,), t<s<T.  (C.1)
S S

In addition, Z"™ converges strongly (resp. weakly) to Z in LI(t, T;RY) (resp. H2(t,T)%),
for any q € [1,2], and K" converges weakly to K, in L*(Q, F,,P), for any stopping time T
valued in [t,T).

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

E|liminf sup |Y)" p] < hmmf y" < 00. C.2
B|lmint sup Y7 1Y " W (C2)
Moreover, since Y is continuous, there exists a null measurable set Ny C € such that
s > Ys(w) is continuous on [t,T] for every w € Q\Ny.. Then, for any w € Q\(Ny U NY,),
there exists 7(w) € [t,T] such that

sup |Ys(w)[” = Vo))’ = lim [Y,(w)[" < liminf sup [V (w)[". (C.3)
t<s<T n—o0 n—oo t<s<T
Therefore, combining (C.2) with (C.3), we end up with [|Y||sp ) < oc. O

Proof. We begin proving the uniqueness of (Z, K). Let (Z,K),(Z',K') € H?(t,T)?
AT2(t,T) be two pairs satisfying (C.1). Taking the difference and rearranging the terms,
we obtain

T T
/(ZT—Z,’,,dWr> :/ (F(r,Yr,Zr)—F(r,Yr,Z;))dr—i—KT—KS—(K’T—K;).

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

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

T
IE/ |Fn(r, Y, ZM)2dr < ¢,  VYneN.
t
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It follows that the sequence (Z7, Fy,(-, 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) € H?(t,T)? x L2(¢,T;R). This implies that, for any stopping time
7 € [t, T], the following weak convergences hold in L?(2, F,,P) as k — co:

/ Fo (1, Y%, 2% dr — / Gr)dr, / (7 dW,) / (Z,,dW,).
t t t t

Since

K = ytn_yT"_/ Fn(r,n",Zf)dr+/ (Z",dW,)
t t

and, by hypothesis, Y. — Y, strongly in L?(§2, F,,P), we also have the weak convergence,
as k — oo,
K" —~ K, = K, (C.4)

where

R’t,s = Y}—YS—/ G(T)d?“—i—/ (Zy, dW,.), t<s<T.
t t

Notice that (f(t,s)tgng is adapted and continuous, so that it is a predictable process. We
have that E[|K7|?] < co. Moreover, K™ converges weakly to K in the Hilbert space
L2(¢,T;R). Indeed, let ¢ € (¢, T;R); then, by Fubini’s theorem,

o] [ et - xgas| = [ Bl - s

Since &, € L%(Q, Fs, P), for a.e. s € [t,T], we conclude, from Lebesgue’s dominated conver-
gence theorem,

T
/ E[¢ (KM — Ky)]ds =3 0.
t

This implies that K is a predictable process. Since the process on the right-hand side of
(C.4) is also predictable and they are equal for all stopping times valued in [t, T (it would
be enough to consider the predictable ones), it follows from the predictable section theorem
(see, e.g., Theorem 86, Chapter IV, in [10]) that they are indistinguishable. In particular,
K is a continuous process.

Let us prove that K is a nondecreasing process. For any pair r,s with t <r < s < T,
we have K, < K, P-almost surely. Indeed, let & € L?(f2, Fs,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 n such that

§ = C+/:77uqu-

Therefore

0 < Ble(K? - K7 = Bleky) - Blck] — £ ||k [ naw,

7]

= E[¢K] - E[CK"] =% E[¢K,] - E[CK,] = E[¢(K, — K,)],
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which shows that K, < K, P-almost surely. As a consequence, there exists a null mea-
surable set N C Q such that K, (w) < Kg(w), for all w € Q\N, with r,s € QN [0,T],
r < s. Then, from the continuity of K it follows that it is a nondecreasing process, so that
K € AT2(t,T).

Finally, we notice that the process Z in expression (C.4) is uniquely determined, as it
can be seen identifying the Brownian parts and the finite variation parts in (C.4). Thus,
not only the subsequence (Z™t), but all the sequence (Z"), converges weakly to Z in
H2(t, T)?. It remains to show that G(r) in (C.4) is actually F(r,Y;, Z,).

Step 2. Strong convergence of (Z"),. Let o € (0,1) and consider the function hq(y) =

|min(y — «,0)|?, y € R. By applying Meyer-It6’s formula combined with the occupation

times formula (see, e.g., Theorem 70 and Corollary 1, Chapter IV, in [34]) to h, (Y] — Y5)
between t 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
lj—s0,a((*), We obtain

T
E[|min(Y* - Y; — @, 0)*] + E/ Lyyr—v,<atlZg — Z,|*ds
t
T
= E[|min(Yy* — Yr — o, 0)°] + 2E/ min(Yy" — Y — o, 0)(Fu(s, Y, Z) — G(s))ds
t
T T
+ QE/ min(Y]' = Ys — o, 0)dK] — QE/ min(Y,' = Y; — «,0)dKs.
¢ ¢
Since min(Yy" — Ys — a,0)dK? <0, we get
T
E/ Liynoyv,<a}|Z8 — Zo|?ds < E[|min(Y7 — Y7 — a,0)]] (C.5)
t
T T
+ 2E/ min(Yy" — Y, — o, 0)(Fu(s, Y, Z) — G(s))ds — 2E/ min(Y)" — Ys — «,0)d K.
¢ ¢
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} - Yr — ,0))] =5 o2 (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; R), we have

T 1
sup (E[/ |Fn(s,Ys”,Z;1)—G(s)|2ds]>2 = ¢ < o0
t

neN

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

T 3
< c(E[/ | min(Y" — Y, —a,O)desD AT —ta (C.7)
t
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Concerning the last term on the right-hand side of (C.5), we notice that, by hypothesis and
Remark C.1, there exists some p > 2 such that, from Cauchy-Schwarz inequality,

T
supE[/ | min(Yy" — Y — a,O)]%dKS}
neN t

=

< sup <E[ sup ]min(Y;"—K—a,O)\ﬂ)E(EUKﬂZ]) < 0.

neN t<s<T

It follows that (min(Y" — Y. — «,0)), is a uniformly integrable sequence on ([t,T] X
O, B([t,T]) ® F,dKs; ® dP). Moreover, by assumption, there exists a null measurable set
Ny C Q 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 pointwisely a.e. with respect to
dKs ® dP. This implies that

T
E[/ |min(Y" — Y, — o, 0)|dK, | ™= aE[K7]. (C.8)
t
From the convergence results (C.6), (C.7), and (C.8), we end up with
T
lim supE/ Lyyn_y,<a}| 28 — Zs?ds < o +2eVT — ta + 20E[K7]. (C.9)
t

n—o0

From Egoroff’s theorem, for any § > 0 there exists a measurable set A C [t,T] x €, with
ds ® dP(A) < 4, such that (Y™),, converges uniformly to Y on ([¢t,T] x 2)\A. In particular,
for any « €]0, 1] we have |Y]"(w) — Ys(w)| < «, for all (s,w) € ([t,T] x 2)\ A, whenever n is
large enough. Therefore, from (C.9) we get

T T
1imsupE/ LerixanalZ — Zs[ds = 1imSUPE/ Lrxanaliyr—vi<a}l 28 — Zs*ds
t t

n—o0 n—oo

T
< lim supIE/ Lyrn—v,<a}lZs — Zs%ds < o* +26VT — ta + 20E[K7).
t

n— oo

Sending o — 0T, we obtain
’ 2
JLI&EK 1([t,T}XQ)\A’Zg - Z8’ ds = 0. (ClO)
Now, let ¢ € [1,2[; by Holder’s inequality,

T T T
E/ |Zg — Zs|qd5 = E/ 1([t,T]><Q)\A|Z;L — Zs|qd8 + E/ 1A|Z§ - Zs|qd8
t t t

q q

T 5 2 g T 2 9,
< (B[ vwmeonalzz - zPas) (-0 4 (B [ 127 - 2Pas) 55
t t

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

T
supE/ |Z — Z2ds =: ¢ < oo,
neN t
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Therefore
q

T T 5 _
E/ |2 — Z|%ds < (E/ L mxanalZs — Zs\2d8> (T )" +¢
t t

ke
Sl
M|

which implies, by (C.10),

T
limsupE/ |Z0 — Zs|%ds < esstat,
t

n—oo

Sending § — 0% we deduce the strong convergence of Z" towards Z in LI(t, T; R?), for any
q€[1,2].

Notice that, for any ¢ € [1,2[, we have (recalling the standard inequality (z + y)? <
20~ 1 (29 4 y9), for any z,y € R})

T T
E[/ |Fn(s,Y8",Z§)—F(S,Y'S,Zs)|qu} < 2‘1_1E[/ |Fn(s,YS",Zg)—Fn(s,Yg,Zs)|qu}
t t
T
+2‘1_1E[/ |F(s,Ys, Z) —F(s,Ys,Zs)|qu}
t

Therefore, by the uniform Lipschitz condition on F,, with respect to (y, z), and the conver-
gence of F,, towards F', we deduce the strong convergence of (F, (-, Y, Z")), to F(-,Y., Z.)
in LI(¢,T;R), ¢ € [1,2][. Since G(-) is the weak limit of (F,(-, Y, Z")), in L2(t,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 (fnk)nken, (fn)nen, and f be Ri-valued functions on [0,T) x X, where
(X, - 1]) is @ normed space which contains a countable dense subset E, and

Fortiz) =2 fotx),  fatx) 2 f(ta),  V(ta)€[0,T] x X.

Suppose that the double sequence (fy k)n ken s locally equicontinuous. Then, there exists a
subsequence (fy, jn))n that converges pointwisely to f on [0,T] x X.

Proof. Let (t1,x1), (t2,x2), (t3,23),... be an enumeration of the points of (QN[0,7]) x E.
For any n and j, it follows from the convergence f, i(t;,x;) = fu(tj,z;), as k — oo, that
there exists a positive integer K, ; such that

1 .
| frp(ti, x5) = fulty, ;)] < o itk 2> Kay

Let k(n) = k(n — 1) VK1V -V Ky, n € N, with k(—1) = 0. Then, for each j,
frgm) (i) = f(t5,25), as n — oo.

Now, take (¢,x) € [0,7]x X and € > 0. Consider R > 0 such that ||z|| < R. By the local
equicontinuity, there exists 6 > 0, depending only on ¢ and R, so that |t — s|, ||z — y|| < 4,
llyll < R, implies |f(t,x) — f(s,y)| < &/3 and |fnm(t,2) — fam(s,y)| < /3, for all n,m.
Let (tj,z;) € (QN[0,T]) x E be such that |t — t;], ||z — z;|| < ¢ and [|z;|| < R. We know
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that there exists a positive integer N for which |f,, jm(tj, 25) — f(t),7;)| < /3, for any
n > N. Therefore

|fn,k(n)(t’x) - f(t,$)|
< fuk) & 2) = Fapem) G )| + [frpm) Es x5) — F@E5, 2| + | f @G, 25) — f(t2)] < e,

for all n > N. O
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