N
N

N

HAL

open science

Path-dependent Hamilton-Jacobi-Bellman equation:
Uniqueness of Crandall-Lions viscosity solutions

Andrea Cosso, Fausto Gozzi, Mauro Rosestolato, Francesco Russo

» To cite this version:

Andrea Cosso, Fausto Gozzi, Mauro Rosestolato, Francesco Russo. Path-dependent Hamilton-Jacobi-
Bellman equation: Uniqueness of Crandall-Lions viscosity solutions. 2021. hal-03285204v1

HAL Id: hal-03285204
https://hal.science/hal-03285204v1

Preprint submitted on 13 Jul 2021 (v1), last revised 3 Aug 2023 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03285204v1
https://hal.archives-ouvertes.fr
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Abstract

We prove existence and uniqueness of Crandall-Lions viscosity solutions of Hamilton-
Jacobi-Bellman equations in the space of continuous paths, associated to the optimal
control of path-dependent SDEs. This seems the first uniqueness result in such a con-
text. More precisely, similarly to the seminal paper [37], the proof of our core result,
that is the comparison theorem, is based on the fact that the value function is bigger
than any viscosity subsolution and smaller than any viscosity supersolution. Such a
result, coupled with the proof that the value function is a viscosity solution (based
on the dynamic programming principle, which we prove), implies that the value func-
tion is the unique viscosity solution to the Hamilton-Jacobi-Bellman equation. The
proof of the comparison theorem in [37] relies on regularity results which are missing
in the present infinite-dimensional context, as well as on the local compactness of the
finite-dimensional underlying space. We overcome such non-trivial technical difficul-
ties introducing a suitable approximating procedure and a smooth gauge-type function,
which allows to generate maxima and minima through an appropriate version of the
Borwein-Preiss generalization of Ekeland’s variational principle on the space of contin-
uous paths.
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1 Introduction

The optimal control of path-dependent SDEs arises frequently in applications (for instance
in Economics and Finance) where the dynamics are non-Markovian. Such non-Markovianity
makes difficult to apply the dynamic programming approach to those problems. Indeed, the
standard dynamic programming approach is designed when the state equation is Markovian
hence it cannot be applied to such problems as it is.
More precisely, consider the following SDE on a complete probability space (€2, F,P) where
a m-dimensional Brownian motion B = (B;)i>o is defined. Let 7" > 0, t € [0,T], = €
C([0,T]; R?), and consider a progressively measurable process a: [0,T] x Q@ — A (with A
being a Polish space), where z is the initial path and « the control process. Let the state
process X : [0, 7] x Q — R? satisfy the following controlled path-dependent SDE:

dXs = b(s, X, as)ds+ o(s, X, as) dBs, s e (t,7T],

Xs = z(s), s € [0,t].
Here X denotes the whole path, which, under mild assumptions, belongs to C([0,7]; R?).
We assume b: [0, 7] x C([0,T];R?) x A — R? (as well as o) to be non-anticipative, namely,
for all s € [0,T], a € A, b(s,z,a) and o(s,z,a) depend on the path = € C ([0, T]; R?) only
up to time s.
The stochastic optimal control problem consists in maximizing the reward functional

T
J(t,x,a) = IE|:/ f(SaXt’x’a,Oés) dS‘FQ(Xt’x’a) )
t

with f being non-anticipative, as b and ¢ above. The value function is then defined as

v(t,z) = sgp J(t,x, ), Y (t,z) € [0,T] x C([0,T];RY),

where the supremum is taken over all progressively measurable control processes a.

We see that the value function is defined on the infinite-dimensional space of continuous
paths C([0,T];R?), hence it is related to some Hamilton-Jacobi-Bellman equation (HJB
equation for short) in infinite dimension.

The “standard” approach to study such problems consists in changing state space trans-
forming the path-dependent SDE into a Markovian SDE, formulated on an infinite-dimensional
space H, typically C([0,T];RY) or R? x L?(0,T;R?). In this case the associated Hamilton-
Jacobi-Bellman equation is a PDE in infinite dimension (see for instance [17, 29]) which
contains “standard” Fréchet derivatives in the space H. Some results on the viscosity solu-
tion approach are given for instance in [30, 31, 45]; however, uniqueness results seems not
available up to now, see the discussion in |29, Section 3.14, pages 363-364]).

More recently, another approach has been developed after the seminal work of Dupire [21],
which is based on the introduction of a different notion of “finite-dimensional” derivatives
(known as horizontal /vertical derivatives) which allows to write the associated Hamilton-
Jacobi-Bellman equation without using the derivatives in the space H. We call such an
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equation a path-dependent Hamilton-Jacobi-Bellman equation (see equation (3.5) below),
which belongs to the more general class of path-dependent partial differential equations,
that is PDEs where the unknown depends on the paths and the involved derivatives are the
Dupire horizontal and vertical derivatives. The definitions of these derivatives will be re-
called in Appendix A. There are also other approaches, similar to that introduced by Dupire,
but based on slightly different notions of derivatives, see in particular |1, 38, 33].

The theory of path-dependent PDEs is very recent, yet there are already many papers on this
subject, see for instance [19, 20, 46, 39, 8, 40, 23, 24, 25, 32, 41, 12, 13, 44,43 4229, 3 11].
One stream in the literature (starting with [23] and further developed in [24, 25, 41, 44, 43, 9])
looks at such equations using a modified definition of viscosity solution where maxima and
minima are taken in expectation. In this way, roughly speaking, the amount of test functions
increases and, hence, uniqueness is easier to prove.

Another stream in the literature looks at path-dependent PDEs using the “standard” def-
inition of viscosity solution adapted to the new derivatives. We call such a definition the
“Crandall-Lions” one, recalling for instance their papers [15, 16]. In such a context there are
only two papers, namely [11], which only address the path-dependent heat equation, and
[17], even if, unfortunately, the present version of this last paper (v1) seems to contain some
relevant gaps.

In the present paper we look at this last stream proving existence and uniqueness of
Crandall-Lions viscosity solutions of HJB equations associated to the optimal control of
path-dependent SDEs. This seems the first uniqueness result in such a context. The proof
of uniqueness (or, more precisely, of the comparison theorem, from which uniqueness is
derived) is difficult due to the fact that the usual approach adopted in the theory of viscosity
solutions relies on fine properties of functions on RY, as for instance Aleksandrov’s theorem
and Jensen’s lemma (see on this |14, Appendix, pages 56-58|). The extension of those
results to functions defined on the space of continuous paths seems however impracticable
(this is probably the reason why, to circumvent such a problem, other notions of solutions
have been introduced in the literature). The proposed methodology is instead built on
refinements of the original approach developed in [37] and is based on the existence of the
candidate solution v, which is shown to be bigger than any subsolution and smaller than
any supersolution. The latter is traditionally based on regularity results which are missing
in the present context as well as on the local compactness of the underlying space in order
to generate maxima or minima. We overcome those non-trivial technical difficulties firstly
relying on suitable approximating procedures, see Lemmas B.3-B.4-B.5 and Theorem B.6
of Appendix B. Moreover, concerning the existence of maxima or minima, instead of the
missing local compactness of the underlying space, we exploit its completeness relying on a
novel variational principle on [0, T x C([0, T]; RY) proved in [11] (see Theorem 4.4), based on
the existence of a suitable smooth gauge-type function (see Lemma 4.2) and on a variant of
the Borwein-Preiss generalization of Ekeland’s variational principle (see |5, Theorem 2.5.2]).

Once the comparison theorem is proved, we deduce from our existence result (Theo-
rem 3.3) that the value function v is the unique Crandall-Lions viscosity solution of the
path-dependent HJB equation. The existence result is based, as usual, on the dynamic



programming principle, which is proved rigorously in the present paper, see Theorem 2.6.

The rest of the paper is organized as follows. In Section 2 we formulate the stochastic opti-
mal control problem of path-dependent SDEs and prove the dynamic programming principle.
In Section 3 we introduce the notion of Crandall-Lions viscosity solution and prove that the
value function v solves in the viscosity sense the path-dependent Hamilton-Jacobi-Bellman
equation. In Section 4 we state the smooth variational principle on [0, 7] x C([0, T]; R?) and
prove the comparison theorem, from which the uniqueness result follows. In Appendix A we
recall the definitions of horizontal and vertical derivatives together with the functional It6
formula. Finally, in Appendix B we report all the results concerning the approximation of
the value function needed in the proof of the comparison theorem.

2 Path dependent stochastic optimal control problems

2.1 Notations and basic setting

Let (€2, F,P) be a complete probability space on which a m-dimensional Brownian motion
B = (B})s>0 is defined. Let F = (F;):>o denote the P-completion of the filtration generated
by B. Notice that I is right-continuous, so that it satisfies the usual conditions. Furthermore,
let "> 0 and let A be a Polish space, with B(A) being its Borel o-algebra. We denote by A
the family of all F-progressively measurable processes «: [0,7] x @ — A. Finally, for every
p > 1, we denote by S,(F) the set of d-dimensional continuous F-progressively measurable
processes X : [0,7] x  — R? such that

1/p
IXls, = E[ sup |Xt|p] < . (2.1)
0<t<T

The state space of the stochastic optimal control problem is the set C'([0, T]; R?) of continuous
d-dimensional paths on [0,7]. For every x € C([0,T];R?) and ¢ € [0,T], we denote by z(t)
or x; the value of x at time ¢ and we set (- At) := (x(5At))sepo,r) OF Toar := (2(5AL))seo,r)-
Observe that z(t) (or z;) is an element of R, while z(- At) (or z.,;) belongs to C([0, T]; R%).
We endow C([0, T]; R?) with the supremum norm || - ||z defined as

|lzllr = sup |z(s)|,  x€C([0,T];R?),
s€[0,7T]

where |z(s)| denotes the Euclidean norm of x(s) in R?. We remark that (C'([0, T]; RY), || - ||7)
is a Banach space and we denote by % its Borel o-algebra. We also define, for every ¢ € [0, T7,
the seminorm || - ||; as

lzlle = lzacllT, z € C([0,T]; RY).

Finally, on [0,7] x C([0, T]; RY) we define the pseudometric do.: ([0,7] x C([0,T]; R?))? —
[0,00) as
doo ((t, ), (¢, 2")) = [t —t'|+ |Jx(- At) = 2'(- At)]|,.

We refer to |11, Section 2.1| for more details on such a pseudometric.
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2.2 Assumptions and state equation

We consider the coefficients
b, o, f:[0,T] x C([0,T];R) x A — R4 R™™ R, g: C([0,T];RY) — R,
on which we impose the following assumptions.
Assumption (A).
(i) The maps b, 0, f, g are continuous.
(ii) There ezist a constant K > 0 such that
|b(t,z,a) — b(t, o', a)| + |o(t,z,a) — o(t, 2’ a)| + | f(t,z,a) — f(t,2',a)] < K|z — 2|,
l9(x) = g(2)| < K|z — /||,
[6(£,0,a)[ +[o(t,0,a)| + | (£, 2,a)| + |g(2)] < K,

foralla € A, (t,z), (t',2') € [0, T|xC([0, T];RY), with |o(t, z,a)| := (tr(co™)(t, z,a))/?
= (D lois(t, @, a)|*)Y/? denoting the Frobenius norm of o(t,x,a).

Assumption (B). The maps b, o, f are uniformly continuous in t, uniformly with respect
to the other variables. In particular, there exists a modulus of continuity w: [0, 00) — [0, 00)
such that

‘b(tv Z, a) o b(S,LE‘, CL)| + ‘O-(tu z, a) o U(‘S? Z, a)‘ + ‘f(tu Z, a’) o f(sv Z, a)‘ < w(|t - S|)7
for allt,s € [0,T],z € C([0,T];RY),a € A. The map w is continuous, increasing, subaddi-
tive, and w(0) =
Remark 2.1. By the Lipschitz continuity of b, o, f, we deduce that they satisfy the following
non-anticipativity condition:

b(t,x,a) = b(t,z.pa), o(t,x,a) = o(t,z.n,a), flt,x,a) = f(t,z.p0),
for every (t,z,a) € [0,T] x C([0,T]; R?) x A.

For every t € [0,T], £ € S3(F), a € A, the state process satisfies the following system of
controlled stochastic differential equations:
{dXS = b(s, X, ) ds + o(s, X,a,)dBs, s € (t,T],

X, = &, s € [0,1]. (22)

Proposition 2.2. Suppose that Assumption (A) holds. Then, for every t € [0,T], £ €
Sao(Fi), a € A, there exists a unique solution X% € Sy(F) to equation (2.2). Moreover,
for any & € C([0,T];RY) it holds that

Jxtee — Xt < llgn — €l (2.3
for some constant ¢, independent of t,£,&', . Finally, it holds that

lim supE[ sup | XL5e fs,\t‘z] = 0. (2.4)

r=ttaed  Lo<s<r



Proof. See [10, Proposition 2.8] for the existence and uniqueness result, together with esti-
mate (2.3). Finally, concerning (2.4) we refer to [10, Remark 2.9]. O

2.3 Value function

Given t € [0,T] and x € C([0,T];R?), the stochastic optimal control problem consists in
finding o € A maximizing the following functional:

T
J(t,x,a) = IE|:/v f(SaXt’x’a,Oés) dS‘FQ(Xt’x’a) .
t

Finally, the value function is defined as

v(t,r) = ilelgj(t,x,oz), Y (t,z) € [0,T] x C([0, T]; RY). (2.5)

Proposition 2.3. Suppose that Assumption (A) holds. Then, the value function v is
bounded, jointly continuous on ([0, T] x C([0,T];R?),dy.), and there exists a constant L > 0
(depending only on T, K, ¢ in (2.3)) such that

o(t, z) —v(t,2")] < Liz =2, (2.6)
for allt € [0,T], z,2" € C([0, T]; RY).

Proof. The boundedness of v follows directly from the boundedness of f and g. On the
other hand, the joint continuity of v can be deduced from |10, Proposition 3.3|. Finally, (2.6)
is a consequence of the Lipschitz continuity of f, ¢ and of estimate (2.3). O

2.4 Dynamic programming principle

In Section 3, Theorem 3.3, we prove that the value function v is a viscosity solution of a
suitable path-dependent Hamilton-Jacobi-Bellman equation. The proof of this property is
standard and it is based, as usual, on the dynamic programming principle which is stated
below. We prove it relying on [10, Theorem 3.4] and on the two next technical Lemmata
2.4 and 2.5. For other rigorous proofs of the dynamic programming principle in the path-
dependent case we refer to [26, 27].

We begin introducing some notations. For every t € [0,T], let F* = (F!)scpo,r) be the
P-completion of the filtration generated by (Bg; — By)sepo,r). Let also Prog(F") denote the
o-algebra of [t,T] x Q of all (F!)sep,r-progressive sets. Finally, let A, be the subset of A of
all F'-progressively measurable processes.

Lemma 2.4. Suppose that Assumption (A) holds. Then, the value function defined by (2.5)
satisfies
v(t,x) = sup J(t,z,a), Y (t,z) €[0,T] x C([0,T];RY). (2.7)

acAs



Proof. Fix (t,z) € [0,T]xC([0, T]; R%). Since A; C A, we see that v(t,z) > supyeq, J(t, 7, a).
It remains to prove the reverse inequality
v(t,z) < sup J(t, z, ). (2.8)
acAr

We split the proof of (2.8) into four steps.

STEP 1. Additional notations. We firstly fix some notations. Let (R™)[%¥ be the set of func-
tions from [0, ] to R, endowed with the product o-algebra B(R™)[% generated by the finite-
dimensional cylindrical sets of the form: Cy, . (H) = {y € (R™): (y(t)),...,y(t,)) €

H}, for some t; € [0,t], H = Hy X --- X ﬁtn, H;, € B(R™). Now, consider the map
B': Q — (R™)% defined as follows:

B':w — (Bs(w))o<s<t-

Such a map is measurable with respect to F;, as a matter of fact the counterimage through
B' of a finite-dimensional cylindrical set C, . (H) clearly belongs to F;. In addition, the
o-algebra generated by B! coincides with G; := o(B,,0 < s < t). Notice that

.Ft - gt\/N,

where A is the family of P-null sets.
Finally, let (E?, &") be the measurable space given by E* = [t,T] x Q and &' = Prog(F").
Then, we denote by Z': E' — E* the identity map.

STEP II. Representation of . Given « € A, let us prove that there exists a map a’: [¢, T X
Q x (R™) — A such that:

1) a is measurable with respect to the product o-algebra Prog(F*) @ B(R™)4;

2) the processes o7 (denoting the restriction of a to [¢,T]) and (a'(s,-,B"))scp 1 are
indistinguishable.

In order to prove the existence of such a map a’, we begin noticing that the following holds:
Fe = RVFL = GVF, VseltT),

where the second equality follows from the fact that N, the family of P-null sets, is contained
in both F; and F!. Recalling that « is F-progressively measurable, we have that oy is
progressively measurable with respect to the filtration

U(gt V ‘Ftt\/s)se[t,T]'

In other words, the map oyr: [t,7] x Q@ — A is Prog(F") v ({0, [t,T]} ® G;)-measurable,
with {0, [t,T]} denoting the trivial o-algebra on [t, T7.

Now, recall the definitions of Z! and B! from STEP I, and let denote still by the same
symbol B the canonical extension of Bf to [t,T] x  (or, equivalently, to E*), defined as
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Bt [t,7] x Q — (R™) with (¢,w) + Bf(w). Then, the o-algebra generated by the pair
(7!, BY): [t,T] x Q — E* x (R™)4 coincides with Prog(F*) v ({0, [t, T]} ® G;). Therefore,
by Doob’s measurability theorem (see for instance [34, Lemma 1.13]) it follows that the
restriction of « to [t,T] can be represented as follows: oy = a’(Z*,Bf), for some map
at: [t,T] x Q x (R™)% — A satisfying items 1)-2) above.

STEP II1. The stochastic process X“*B'. Given a € A, let a’ be as in STEP II. For every
y € (R™)O4 let X4™¥ be the unique solution in Sy(F) to the following equation:

(2.9)

dXS - b(S>Xa at(s,-,y)) d8+U(S>Xa at(s,-,y)) dBS’ s € (t>T]>
X, = a(s), s € 0,4].

From the proof (see |10, Proposition 2.8]) of the existence of a solution to equation (2.9),
based on a fixed point argument, we can also deduce that the random field X : [0, 7] x 2 x
(R™)104 — R? is measurable with respect to the product o-algebra Prog(F*) @ B(R™)04.
As a consequence, we can consider the composition of X*¥ and B, denoted X%*B". Using
the independence of G, = o(B') and F&, we deduce that the process X“*B' satisfies the
following equation:

{dxs = b(s, X,al(s,-, BY)) ds + o(s, X, al(s,-,B))dB,, se (t,T],

Recalling from STEP II that oy ) and (a'(s, -, B"))sep, 1) are indistinguishable, and noticing
that the solution to equation (2.10) below depends on « only through its values on [¢,T]
(namely, it depends only on o7]), we conclude that X teB" golves the same equation of
X4 namely

{dXs = b(s, X, ) ds + o(s, X,a,)dBs, s € (t,T], 210)

X, = S), S € [O,t]
From pathwise uniqueness for equation (2.10), we get that X beB" and X559 are also indis-

tinguishable.

STEP IV. The stochastic process X"*B". Given a € A, let a’ be as in STEP II and X%*B’
as in STEP III. Then, we have

T
J(t,x,a) = ]E|:/ f(stt’w’a,Oés) ds_'_g(Xt,m,a):|
t
T
t

Denoting by p! the probability distribution of B on ((R™)# B(R™)I%4) and recalling the



independence of G; = o(B") and F.., by Fubini’s theorem we obtain

T
IE|:/ f(S, Xt7m7Bt7 at(su Y Bt)) ds + Q(Xt’m’Bt)}
t
T
= / E|:/ f(S,Xtm’E,y’ at(s’ 7?/)) ds + g(Xt,x,y):| [,l,t(dy)
@m0 [y

Now, fix some ay € A and, for every y € (R™)[%! denote
ﬁg = Qo 1[070(8) + at(s, ,y) 1[t,T]7 Vs e [0, T]

Notice that Y € A;. Moreover, recalling that X**¥ solves equation (2.9), we see that it
solves the same equation of X%*#”. Then, by pathwise uniqueness, X**¥ and X**%" are
indistinguishable. In conclusion, we obtain

T
[ [ [ (st al(onn ) ds+ g(xt’w’y)} u(dy)
@y L

T
_ / E[ / £ (s, X5 BY) ds+g(XW>}ut(dy>
@y LJe

= / J(t, @, B%) w'(dy) < / sup J(t,x,7) p'(dy) = sup J(t,z,7).
(®™)00-

(Rm)[0.1] vEA, YEA:L

This proves that J(t,z,a) < sup,cy, J(t,7,7), for every a € A. Then, inequality (2.8)
follows from the arbitrariness of «. O

Next lemma expresses in terms of v the value of the optimal control problem formulated
at time ¢, with random initial condition £ € Sy(F). In order to state such a lemma, we
introduce the function V': [0, 7] x Sy(F) — R defined as follows:

V(t,§) = supE[/Tf(s’Xt,g,a’as) dr+g(Xt,§,a) 7 (2.11)

acA
for every t € [0, T], £ € So(F). Clearly, when £ = 2 € C([0, T]; RY) we have V (t,z) = v(t, z).
Lemma 2.5. Suppose that Assumption (A) holds. Lett € [0,T] and & € So(F), then

V(t.€) = E[v(t,¢)]. (2.12)

Proof. We begin noting that for ¢ = 0 it is clear that equality (2.12) holds true, as a matter
fact Fy is the family of P-null sets, therefore ¢ is a.s. equal to a constant and (2.12) follows
from the fact that V (¢, z) = v(t, z), for every x € C ([0, T]; R%). For this reason, in the sequel
we suppose that ¢ > 0. We split the rest of the proof into four steps.

STEP 1. Additional notations. Firstly, we fix some notations. For a fixed ¢t € (0,77, let
G' = ()20 be given by
Gt .= F,VFL,  Vs>0.

9



Moreover, let So(G") (resp. Sa(F;)) be the set of d-dimensional continuous G'-progressively
measurable (resp. B([0,7]) ® Fi-measurable) processes X : [0,7] x Q — R satisfying the
integrability condition (2.1). Notice that Proposition 2.2 extends to the case with initial
condition £ € Sy(F;) rather than £ € Sy(F). In particular, given £ € So(F;) and «a € A,
equation (2.2) admits a unique solution X" € Sy(G'). Then, for £ € Sy(F;) we define
V(t,&) as in (2.11).

STEP II. Preliminary remarks. We begin noting that X%&® = X*&rt2 g0 that it is enough
to prove equality (2.12) with & ,; in place of £&. More generally, we shall prove the validity of
(2.12) in the case when & € So(F).

Now, recall that v is Lipschitz in the variable z (see Proposition 2.3) and observe that,
by the same arguments, V' is also Lipschitz in its second argument. Furthermore, both v and
V' are bounded. Notice also that given £ € So(F;) there exists a sequence {&x}r C Sa(F)
converging to &, with &, taking only a finite number of values. As a consequence, from the
continuity of v and V, it is enough to prove (2.12) with £ € Sy(F;) taking only a finite
number of values. Then, from now on, let us suppose that

£ = le 1g,, (2.13)
=1

-----

STEP III. Proof of the inequality V(t,&) < E[v(t,€)]. Since £ € Sy(F) takes only a finite
number of values, by [10, Lemma B.3| (here we use that ¢ > 0, so in particular F; has the
property required by [10, Lemma B.3|, namely there exists a F;-measurable random variable
having uniform distribution on [0, 1) there exists a F;-measurable random variable U: Q@ —
R, having uniform distribution on [0, 1] and being independent of £. As a consequence, from
[10, Lemma B.2| it follows that, for every a € A, there exists a measurable function

a: ([0,T] x Qx C([0,T;; R?) x [0,1], Prog(F") @ B(C([0, T}; R?)) @ B([0,1])) — (A, B(A))

such that
Bs = aslpy(s) +as(§,U) 1pr(s),  Vse€[0,T]
belongs to A and

G

(& (& UDsetems (Bs = Bisern) (& (@)setum, (Bs = Bi)setem )

where Z means equality in law. Then, by the same arguments as in |29, Proposition 1.137],

we get
%

t,{,a il tvgvﬁ
(XS ’as)se[O,T] - (Xs ’65)56[0,T]‘
Moreover, recalling (2.13), define

Bis = aslpn(s)+as(z;, U) Lim(s), Vsel0,T],i=1,...,n.
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Since X5 and Xb¥10 1 - - 4 X5%0n 1 5 solve the same equation, they are P-indistinguishable.
Hence

T T
EU f(S’Xt’g’a’O‘s)d8+9(Xt’£’a)} - EU f(S,X“’B,Bs)ds+g(Xtvfﬁ)}

n T

i=1

Recalling that both {X%*##i}, and {3;}; are independent of {E;};, we have

n T
E{Z (/t f(s, X550 B, ) ds + g(Xt’”“’ﬁi)) 1Ez}

i=1

n T
= E{ZE{/ f(S’Xt,Z‘iyﬁi’ﬁi’S) d8+g(Xt,xiyﬁi):|1Ei:|
i=1 t
n T
:ZE[E[/ Fs, X0moPi g, ) ds + g(X bR }1,3] ZE[ (t, z;) 1E} = E[v(t,¢)].
i=1 t

Then, the inequality V (¢,€) < E[v(t, &)] follows from the arbitrariness of a.

STEP IV. Proof of the inequality V(t,£) > E[v(t,€)]. Take £ € Sy(F) as in (2.13). Then,
from equality (2.7) of Lemma 2.4, for every € > 0 and i = 1,...,n, there exists 8 € A; such
that

T
o(t,x) < E{/ £ (s, X055 e ) ds—i—g(Xt’%ﬁf)} + €.
t
Let

= Zﬁz‘ 1g;.
i=1
We have 3¢ € A, moreover X% and X4*1F1 1 + ... + X480 15 solve the same equa-
tion, therefore they are P-indistinguishable. Therefore (exploiting the independence of both
{Xt,xi,ﬁf}i and {Bf}l from {Ez}z)

E[v(t,€)] = iﬂz[v(t,xi)l&}

n T
[IE{/ f(s, X050 B ) ds+g(Xt7xi’Bf)}1Ei} +e
t

T
= K ZE[/ f(S’Xt,xiﬁf’ﬁis) ds _‘_g(Xt,ZBiyﬁf)] ]'Ei:| +e
L t
r T
=K Z (/ f(qut’xi’ﬁf7ﬁis) ds _'_g(Xt,wz,ﬁf))lEl:| +e
L, t

rpT
= E / f(s, XP807 52) ds+g(XtvfﬂE)] +e < V(€ +e.
LJt

11



From the arbitrariness of ¢, the inequality E[v(t, §)] < V(¢, &) follows. O

Theorem 2.6. Suppose that Assumption (A) holds. Then the value function v satisfies
the dynamic programming principle: for every t,s € [0,T], with t < s, and every
x € C([0,T];RY) it holds that

o(t,x) = SUPE[/ f(r, X5 a) dr + v(s,Xt’””’o‘)],
acA t

Proof. This follows directly from [10, Theorem 3.4] and Lemma 2.5. As a matter of fact, let
V' be the function given by (2.11). From [10, Theorem 3.4| we get the dynamic programming
principle for V:

V(t,x) = sup {E[/sf(r, Xt’m’a,ozr) dr} + V(stW’O‘)}_

acA

Moreover, by Lemma 2.5 we know that
Vs, Xt) = E[U(S,Xt’m’a)},

from which the claim follows. O

3 Path Dependent HJB equations and viscosity solutions

3.1 Definition of path-dependent viscosity solutions

In the present paper we adopt the standard definitions of pathwise (or functional) deriva-
tives of a map u: [0, 7] x C([0,T]; R?) — R, as they were introduced in the seminal paper
[21], and further developed by [6, 7] and [l1, Section 2|. We report in Appendix A a
coincise presentation of these tools. Just to fix notations, we recall here that the path-
wise derivatives of a map u: [0,T] x C([0,T];R?) — R are given by the horizontal deriva-
tive 0fu: [0,T] x C([0,T];R?) — R and the vertical derivatives of first and second-order
OV u: [0,T] x C([0,T];R?) — R? and 0¥, u: [0,T] x C([0, T]; RY) — R We also refer to
Definition A.4 (resp. Definition A.6) for the definition of the class C2([0, T] x C ([0, T]; R%))
(resp. CY2([0,T] x C([0,T];R%))). Finally, we recall that for a map v € C%2([0,7] x

pol

C([0, T); RY)) the so-called functional Itd’s formula holds, see Theorem A.7.
Now, consider the following second-order path-dependent partial differential equation:
Offu(t,x) = F(t,x,u(t, x), 0Y u(t, z), 0v,u(t, x)), (t,z)€[0,T)x C([0,T];R?), 51)
3.1
u(T,z) = g(x), z € C([0,T];RY),

with F: [0, T] x C([0,T]; R?) x R x R? x §(d) — R, where S(d) is the set of symmetric d x d

matrices.
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Definition 3.1. We say that a function u: [0,T]x C([0,T];R?) — R is a classical solution
of equation (3.1) if it belongs to C2([0,T] x C([0,T); R%)) and satisfies (3.1).

pol
Definition 3.2. We say that an upper semicontinuous function u: [0, T] x C([0, T]; RY) — R
is a (path-dependent) viscosity subsolution of equation (3.1) if:
o u(T,z) < g(x), for all x € C([0,T]; RY);

e for any (t,z) € [0,T) x C([0,T];R?) and p € C'?

pol

(u—gp)(t,x) = sup (U—QO)(t,[L’),
(t',2")€[0,T]x C([0,T];R%)

([0, 7] x C([0,T]; RY)), satisfying

with (u — ¢)(t,x) = 0, we have
— Ol o(t,x) + F(t,z,u(t,x), 8] (t,x), 000t x)) < 0. (3.2)
We say that a lower semicontinuous function u: [0,T] x C([0,T];R?) — R is a (path-
dependent) viscosity supersolution of equation (3.1) if:
o u(T,z) > g(x), for all x € C([0,T]; RY);
o for any (t,z) € [0,T) x C([0,T];RY) and ¢ € 05021([0 T] x C([0,T];RY)), satisfying

u—)(t,r) = inf u— @)t x),
(u—)(t z) (t,@,)G[O’T]XC([QT};M( o), 2)

with (u— ¢)(t,z) = 0, we have
=0/ p(t, @) + F(t,z,u(t,x), 0, ¢(t, x), 0p0(t, 7)) > 0. (3.3)

We say that a continuous map u: [0, T]|xC([0,T]; R?) — R is a (path-dependent) viscosity
solution of equation (3.1) if u is both a (path-dependent) viscosity subsolution and a (path-
dependent) viscosity supersolution of (3.1).

3.2 The value function solves the path-dependent HJB equation

Now, we focus on the path-dependent Hamilton-Jacobi-Bellman equation, namely on equa-
tion (3.1) with

1

F(t,z,r,p, M) = —sup{(b (t,z,a),p) + tr[(aa )(t, x,a)M] —i—f(t,x,a)}. (3.4)
acA

Therefore, equation (3.1) becomes

O u(t, ) + sup,e 4 {<b(t, x,a),0Y u(t, x)>

+ trl(oo)(t, 7, )0 u(t, )] + f(t,x,a)} —0, (ta)e[0,T)x C(0,TRY, ()

L u(T,z) = g(x), z € C([0,T];RY).

We now prove that the value function v is a viscosity solution to equation (3.5).

13



Theorem 3.3. Suppose that Assumptions (A) and (B) hold. The value function v, defined
by (2.5), is a viscosity solution to equation (3.5).

Proof. Recall from Proposition 2.3 that v is continuous, moreover v(7,-) = g(-). Then it
remains to prove both the subsolution and the supersolution property on [0, 7) x C([0, T]; R?).

Subsolution property. Let (t,x) € [0,T) x C([0,T];R?) and ¢ € C’;fl([(),T] x C([0, T]; RY))
be such that

(v=9)t,x) = sup (v—o)(,2") = 0.
(¢, 2")€[0,T]x C([0,T];R9)

From Theorem 2.6 we know that, for every A > 0 sufficiently small,

t+h
0 — sup {E H / £ XP7 ) dr + %(v(t b, Xy v(t,x))] } |
t

acA
Then, there exists a” € A such that

1 t+h 1
_h, S ]E |iﬁ / f(’f‘7 Xt,iv,ah’ OK?) d?” —'— % ('U(t _'_ h7 Xt,w,ah> — ’U(t, LU)):|
t

t+h
< E E / flr, Xt alydr + %(@(t +h, Xt — w(tw))} )
t

where the above inequality follows from the fact that v(t,z) = ¢(t,z) and v < ¢. By the
functional It6 formula (A.1), we obtain

1 t—l—h h 1 t+h n h
0 < hv gy [ Bl X+ g B X o), 0 X
t t

1 t+h 1 , . 1 t+h .
+ E/ iE[tr[(aaT)(r, Xt ooy p(r, X000 Jdr + E/ E[f(r, X"™)]dr.
t ¢

Recalling that b, o, f are uniformly continuous in (¢, x), uniformly with respect to a, using
(2.4), we get

1 o h 1 b h h
E/ E[@tng(T’, X bz )]dT’ + E/ E{Q)(T, Xtoa ,a?),@;{gp(fr’, X oo )>
t ¢

1 h h h
 5nl(o0) X" )L p(r X)) 4 £ X0 )
1 t+h
= ottt + g [ E|00ema) ol ()
t
1
+ gtrl(oon)(t, 7, a)) 5t 2)] + f(t, 2, a?)} dr + p(h),
where p(h) — 0 as h — 0%. Then, we obtain

1 t+h
0<hot o)+ 0fplta) + 5 [ sup { (ot 0), 0 plt,)
t acA

+ %tr[(aaT)(t,x,a)&}c/gc(p(t,x)] + f(t,:c,a)}dr.
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Sending h — 07, we conclude that (3.2) holds (with F' given by (3.4)).
Supersolution property. Let (t,x) € [0,T) x C([0,T]; R?) and ¢ € C’;fl([(),T] x C([0, T); RY))
be such that

— t, — inf . t,, N = 0.
(v—p)(t,x) (t,’x,)e[M}}QC([O’TW)(v o)t ")

From Theorem 2.6 we have, for every h > 0 sufficiently small, and for every constant control
strategy a =a € A,

1 t+h 1
02 B|p [ X @ (ol 1 X))
t

_[1 t+h 1
> By [ A X dr (el X = ),
t

where the above inequality follows from the fact that v(¢,x) = ¢(t,z) and v > ¢. Now, by
the functional It6 formula (A.1), we obtain

1 t+h 1 t+h
02 5 [ EDfee e ar s g [ B[00 X0, 0), 0l XU
t t

1 [tth 1 [tth
+ ﬁ/ iE[tr[(aUT)(r, X4 a)dyp(r, X4 dr + 7 / E[f(r, X" a)]dr.
t t

Letting h — 0T, exploiting the regularity of ¢ and the continuity of b, o, f, we find
1
0 > 0(t, ) + (b(t,x, ), 0 ¢(t,x)) + Str[(00T)(t, 2, )05 0(t )] + f(t, @, a).

From the arbitrariness of a, we conclude that (3.3) holds (with F' given by (3.4)). O

4 Uniqueness

4.1 Smooth variational principle

This section is devoted to state a smooth variational principle on [0, 7] x C'([0, T]; R?), which
will be an essential tool in the proof of the comparison theorem (Theorem 4.5). All the
results stated in the present section are proved in |11, Section 3|, to which we refer for more
details. Here we notice that such a smooth variational principle is obtained from |5, Theorem
2.5.2], which is a generalization of the Borwein-Preiss variant ([1|) of Ekeland’s variational
principle ([22]). More precisely, |5, Theorem 2.5.2] extends Ekeland’s principle to the concept
of gauge-type function, that we now introduce.

Definition 4.1. A map ¥: ([0, 7] x C([0,T];R%))? — [0, +00) is called a gauge-type func-
tion if it satisfies the following properties.

a) W is continuous on ([0,T] x C([0, T]; RY))?.
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b) W((t,x),(t,x)) =0, for every (t,z) € [0,T] x C([0,T]; RY).

¢) For every e > 0 there exists n > 0 such that, for all (', 2'), (t",2") € [0, T] x C([0, T]; R%),
the inequality U ((t',z"), (t",2")) < n implies doo ((t', 2'), (t",2")) < €.

In the proof of the comparison theorem we need a gauge-type function ¥ such that (¢, x) —
U((t,z), (to, o)) is smooth, for every fixed (to,xo). Notice that d., is obviously a gauge-type
function, however it is not smooth enough. The following result provide a smooth gauge-type
function and it is due to |11, Section 3| (see Remark 4.3 for some insights on the expression
of pso in (4.1)).

Lemma 4.2. Define the map ps: ([0,T] x C([0,T];R%))?> = R as

poo((t,2), (to, 20)) = [t —to|* (4.1)

oo /@oo(((t%—s) /\T,:z:(-/\t)),(to,ato))
+/0 14 Ce + koo (((t+8) AT, (- At)), (to, 20)) "

for all (t,z), (to, z0) € [0,T] x C([0, T]; RY), where

Foo ((t,2), (to, ) = /Rd |2(- At) = mo(- Ato) — 2 1pmy||  C(2) dz — /Rd 2[C(2) dz, (4.2)

1 e
(&) = (@2m)iz © 1

s

n(s) = se”,

C = [ o) ds = s Ld+1)/2)

T(d/2)

for all (t,x), (to,x0) € [0,T] x C([0,T];R?), 2 € RY, s € R, with T'() being the Gamma
function. Then, the following holds.

1) poo 18 a gauge-type function.
2) There ezists a constant og > 0 (depending only on the dimension d) such that

lo(- A1) — @o(- Ato)IF A lla(- At) — o(- Ato)llr
1+ Ce + llz(- At) — (- Ato) 7
S poo((t,l’), (to, ZL’Q)) S |t — t0|2 + ||£L’( A t) — ZL’Q(' A\ tO)HT A 1.

[t —to]® + g (4.3)

3) For every fived (to,70) € C([0,T];R?), the map (t,z) — poo((t, ), (to, z0)) satisfies the
following properties.

a) the map (t,2) — poo((t, ), (to, x0)) belongs to CH2([0, T)xC ([0, T]; RY)) and is bounded;
b) its horizontal derivative is bounded by 2T + %;
c) its vertical derivatives of first-order are bounded by 1+ C¢;
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d) its vertical derivatives of second-order are bounded by (1 + C¢)(y/2/m + 2).
Proof. The claim follows from Lemma 3.1 and Lemma 3.2 in [11]. O

Remark 4.3. Lemma 4.2 is based on the idea of performing a smoothing of the pseudometric
((t,x), (to, o)) — [t —to| + [|z(- At) — xo(- Ato)||r in order to construct a smooth gauge-
type function. In particular, the objective is to get a reqular map of (t,z) starting from
(t,z) — [t —to| + ||[z(- Nt) — zo(- Ato)||7, for every fized (to, xo). In order to do it, the main
issue is to perform a smoothing of the map (t,z) — ||x(- At) — zo(- N to)]| 7

Firstly, notice that (t,z) — ||[x(-At)—zo(-Ato) || is already smooth in the horizontal direction
(its horizontal derivative is identically equal to zero), while it is not smooth in the vertical
direction. The smoothing of (t,z) — ||x(- At) — zo(- A to)||z is then achieved as in (4.2),
namely through a convolution along the vertical direction (identified by z1y.11). Notice indeed
that ks 1s infinitely continuously differentiable in the vertical direction. Moreover, thanks
to the presence of the term — [, 12¢(2)dz, we have ko ((t, x), (t,x)) = 0, which corresponds
to property b) of Definition 4.1 of gauge-type function. We also remark that the particular
choice of  (and, similarly, of n) is only useful in order to get precise constants in item 3)
of Lemma 4.2, but clearly any other mollifier can be used.

Finally, we observe that unfortunately the map (t, x) — ks ((t, ), (to, o)) is no more smooth
in the horizontal direction (despite (t,x) — ||z(- At) —xo(- Ato)||7 was horizontally smooth),
because of the presence of the term z1y ), which depends on the time variable t. To recover
the horizontal regqularity, we then perform a smoothing with respect to the time wvariable
through a convolution with the mollifier n as in (4.1). The presence of 1 + C¢ + koo in the
denominator of (4.1) is only to get a map po which is bounded with bounded derivatives.
For another example of smooth gauge-type function on [0,T] x C([0, T]; R?), see [/7, Lemma
2.4].

We can finally state the smooth variational principle on [0, 7] x C([0, T]; R?).

Theorem 4.4. Let 6 > 0 and G: [0,T] x C([0,T);R?) — R be an upper semicontinuous
map, bounded from above. For every e > 0, let (ty, 79) € [0,T] x C([0,T]; RY) satisfy

supG —e < G(ty, o).

There exist (t,z) € [0,T] x C([0, T]; R?) and ¢: [0,T] x C([0,T]; R?) — [0, +00) fulfilling the
following properties.

1) poo((t, @), (to, 20)) < 5.

i) Glty, z0) < G(F,7) — 5p(F, 7).

iil) For every (t,2) # (F,7), G(t,x) — 6 p(t, 2) < G(E,7) — § p(F, 7).
In addition, the following holds.

1) ¢ € CY2([0,T] x C([0, T);RY)) and is bounded;
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2) its horizontal derivative is bounded by 2(2T + %),
3) its vertical derivatives of first-order are bounded by 2(1 + C¢);

4) its vertical derivatives of second-order are bounded by 2(1 + C¢)(y/2/m + 2).

Proof. This results follows directly from |11, Theorem 3.2]. Here we simply notice that items
i)-ii)-iii) follow from the variational principle [5, Theorem 2.5.2|, which applies to a generic
gauge-type function W, not only to p,, (just observe that |5, Theorem 2.5.2] is formulated
on a complete metric space, while [0,7] x C([0,T]; R?) is a complete pseudometric space;
however, this does not affect the result). On the other hand, items 1)-2)-3)-4) follow from
the regularity properties of p., stated in Lemma 4.2 and from the definition of ¢, which we
recall from the statement of [11, Theorem 3.2] that is given by

+00
1
(p(t,l‘) = Z ?pm((tvx)v (tk7xk>)7 V(t,x) < [OuT] X C([OuTLRd)v
k=0
for some sequence {(ty,7x)} C [0,T] x C([0,T];R?) converging to (f,Z) and satisfying
Poo((tr, 1), (1, 7)) < €/(2%5), for every k > 1. O

4.2 Comparison theorem and uniqueness

Theorem 4.5. Suppose that Assumptions (A) and (B) hold. Letuy,uq: [0, T]xC([0,T]; R?) —
R be respectively upper and lower semicontinuous bounded functions. Suppose that uy (resp.

ug) s a (path-dependent) viscosity subsolution (resp. supersolution) of equation (3.5). Then
up < up on [0,T] x C([0,T]; RY).

Proof. The proof consists in showing that u; < v and v < uy on [0, T] x C([0, T]; R?), with
v given by (2.5). We only prove the inequality u; < v, as v < uy can be proved proceeding
along the same lines. We split the proof of u; < v into five steps.

STEP I. We proceed by contradiction and assume that sup(u; — v) > 0. Then, there exists
(to, z0) € [0,T] x C([0,T]; R?) such that
(ul — 'U)(to,l’()) > 0. (44)

Notice that tg < T, since uy (T, zo) < g(x¢) = v(T, o). Now, consider the sequences {b,},,
{on}n, {fo}n, {gn}n in (B.16). Moreover, for every n and any ¢ € (0,1), consider the
functions v, . € C’;fl([O, T1xC([0,T);RY)) and v, . € C*2([0, T] x R?) introduced in Theorem
B.6, with v, . classical solution of the following equation:

p

O v, (t,z) + %e%r [0y U (£, y5%) ] + SUpuea {<bn(t, z,a),0Y v, (t, )
+%tr[(ana,g)(t,x,a)@&vw(t,x)] + fn(t,x,a)} =0, (t,z) € [0,T) x C([0, T]; RY),
| Vne(T, ) = gn(2), x € C([0,T]; RY),
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where

Yt = ( o Ona(s)d x(s),. .., G, () d‘x(s)) : (4.5)

[0,2]
STEP II. Given 8§ > 0, we set @y (¢, z) := VoD (¢, ), for all (¢,2) € [0,T] x C([0, T]; RY),
and we define similarly o,., f, f,. We also define g(z) := VTt g(z) and g,(z) =
VT g (z), for all z € C(]0, T); RY). Notice that @ is a (path-dependent) viscosity sub-
solution of the following path-dependent partial differential equation:

(

Oty (t, ) + supgea {f(t, z,a) + (b(t,z,a),0Y @ (t,x))

+ %tr[(aaT)(t,x,a)ag‘ﬂ/m@l(t,x)]} — Vot x), (ta)e[0,T)x C(0,T];RY, “40)

L0 (T, x) = g(z), x € C([0,T]; RY).

Similarly, 0, . € C’;fl([O, T]xC(]0, T]; RY)) and is a classical solution of the following equation:

;

1 ~
atH'an,a(ta ZIZ’) + 552eﬁ(t+1)tr [ayy@n,E(t> ?/Z’w)} + SUPgea {fn(ta z, a) + <bn(t> xz, CI,), a;;/{}n75(ta ZIZ’)>

+ %tr[(ana;)(t,x,a)ﬁ;/x@n,e(t,x)]} =0 Upc(t,x), (t,x) €[0,T) x C([0,T]; RY), (4.7)

| One(T, ) = gn(z), x € C([0,T]; RY).

Now, recall from the definition of f,, and g, in Theorem B.6 that f,, and g, are bounded by
the same constant K appearing in Assumption (A). As a consequence, v, . is bounded by
a constant independent of n,e. So, in particular, there exists a constant A > 0, independent
of n, e, such that

sup(ﬁl - ’l~1n75) S (’&1 — f)ma)(to, ZL’()) + A (48)

STEP III. Notice that @; — ¥, is upper semicontinuous and bounded. Then, by (4.8) and
the smooth variational principle (Theorem 4.4) with G = @; — 0, ., we deduce that for every
§ > 0 there exist (£,7) € [0,7] x C([0,T];R?) and o: [0,T] x C([0,T] x RY) — R (with £, Z, ¢
possibly depending on n,e,4), such that the following holds.

1) poo((t,Z), (to, o)) < %, where po is the smooth gauge-type function defined by (4.1).
ii) (41 — Ope)(to, 20) < (U1 — (Une + 690)) (T, T).
iii) It holds that

(@ — (One +09)) (L, Z) = sup (@1 — (e + 69)) (L, ). (4.9)
(t,x)€[0,T] xC([0,T];R%)
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We also recall from Theorem 4.4 that ¢ € C’;ﬁ([o, T] x C(0,T};R?)), it is bounded and it
has bounded derivatives.
By item i), we get

VolE—t) < A, V6>0, (4.10)
Moreover, by (4.3), we obtain
A3+ C 3+C
7 AD —a( Ato) |3 < S Ve Z AT (.11)
0 aq Qg

with oy and C¢ being the same constants appearing in Lemma 4.2. As a matter of fact, let
hy, he: [0,00) — [0,00) be given by

P A i1
R h = qg———— > 0.
Oéd1+C<+ra 2(r) ad1+C¢+r rZz
Observe that hi(r) = ha(r), whenever r < 1. Now, by (4.3) and item i), we have
_ A
I ([2(- A D) = @o(- Ao)llz) < poo((to, o), (7)) < <.
Notice that h; is non-decreasing and hy(1) = ag/(2 4+ C¢). It § > )\%, or equivalently

A0 < ag/(3+ C¢) < hy(1), then ||Z(- At) — xo(- Ato)||l7 < 1. Recalling that hy(r) = ha(r),
Vr <1, we obtain

hl (7") =

)

ST

ha([lZ(- A #) = 2o (- Ato)[|lr) <

which can be rewritten as

A2+ Ce+ |lz(- AE) —xo(- Ato)llr

0 Qq )

Since ||Z(- At) — zo(- Ato)|lr < 1, we end up with (4.11).

STEP IV. Let us prove that ¢ < T, whenever ¢ is large enough. As a matter of fact, letting

§ — +00, it follows from item i) of STEP III and (4.3) that d..((¢,Z), (to, z0)) — 0. Then,
the claim follows from the fact that tg < T

STEP V. By (4.9) and the definition of viscosity subsolution of (4.6) applied to @; at the
point (¢,z) with test function o, . + d¢, we obtain

1Z(- A ) = zo(- Ato) 7

IN

— O (e + 5) (L, T) — sup {<b(f, Z,a),0) (Un- + 60) (L, 7))

a€A

+ %tr[(aaT)(t, Z,a)00, (Une + 09)(t, Z)] + f(t,z, a)} +Vou(tz) < 0.

This implies that

Vo (t, ) < 607 (L, )+ dsup {<b(t, z,a),0) o(t,7)) + %tr[(gaT)(t, z,a)0y,o(t, 7)) }

a€A

+ O, (T, ) + sup {<b(‘, Z,a),0) Uy (1, 7)) + %tr[(aaT)(ﬂ z,a)0y, 0, (t,2)] + f(t, 2, a)}.
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Recalling that @, is a classical solution of equation (4.7), we find
Vo (it — ) (F, 7)
_ 1 _ _
< 00f!o(E,7) + dsup {<b ), ol6,7)) + §tr[<ao—T><t, r )ik |

acA

where y4” is given by (4.5) with ¢ and « replaced respectively by  and Z. By item ii) of STEP
I11, subtracting 6*/?¢(, Z) from both sides of the above inequality and using that ¢ > 0, we

obtain
Vo eVt (yy — v, Vo, o) = V(i — Tne)(to, 20) < V(i — (G + 69)) (L, )

< 80 p(t,T) + §sup {<b(f, z,a),0y o(t,7)) + %tr[(ao”)(f, z,a)0y,o(t, 7)) }

acA

+Sup{<b(t,i’,a> — bo(t,7,a),0Y 0o (1,2)) + f(T, 7,0) — fu(f,7, )

acA
1 T T I = aV ~ I = 1 2 \/S(£+1) a — N f,i‘
+ §tr[(aa — 0,00 )(t, T, a) mvn,a(t,at)} - 55 e tr[ yyUne (T, Yy )}

By Theorem 4.4 we know that ¢ has bounded derivatives, moreover b and o have linear
growth, hence the quantity

Of o(t, ) + sup {<b(f,f,a),8vgo (t,z)) + 1tr[(aa ), Z,a)0Y, ot :Z’)]}

acA

is bounded by M (1 + ||Z||¢), for some constant M > 0, independent of n, e,d. Therefore, we
get

V3 eVt (uy — v, ) (to, o) < 6 M (1+]|]l,)

+ sup {(b(t,j,a) — b, (t,2,a),0) (1, Z)) + f(L,Z,a) — [o(t,2,q)

acA
1 e ovF = avs 7oL L e vaEn) 5 (T
+ 2t r[(o0™ — 0,07) (L, %, a)0y, 0n (1, T)] 5 e tr[Dyy U (T, y5") .
From estimates (B.25) and (B.31), we obtain
VeVt () — v, (to,z0) < 6 M (1+||z],)

+eVAEDo (1 Hth)qsug{‘b(t_,j, a) = by(t,Z,a)| + |(o0™ — 0,07 (1, , )\}
ac

+ VoD gup {|f(t,z,a) = fu(t.2,0)|} - 1626\/5(54-1) dd, C, eI (1+ }yif‘)g

acA 2

21



From the linear growth condition of b, b,,, o, 0,, and the boundedness of f, f,,, we get (possibly
enlarging C,, )

V6 Voot () — Une)(to, m0) < 0 M (14 [|Z]];) + e\/g(ﬂl)cn,e(l + [zl

1 £ ~  Cn(T— £,z
- 5626\/3(t+1)ddn Cn eCn(T t) (1 + ‘yf{ ‘)3

Hence

1 _
(ug — vne)(to, Tg) < ﬁe-”“o*”M(H||x||t>+75e”“—t°>0n,a<1+||x||t>q
1

= 2—\/5»3%“3“‘—%) dd,, G,y S0 (14 [y57)°.
Recalling the bounds (4.10) and (4.11), we get, letting 6 — +o0,
(uy — vne)(to, o) < 0.
By items 4) and 5) of Theorem B.6, sending ¢ — 0% and then n — +o00, we obtain
(ur —v)(to, xo) < 0,
which gives a contradiction to (4.4). O

Finally, we can state the following uniqueness result.

Corollary 4.6. Suppose that Assumptions (A) and (B) hold. Then, the value function v in

(2.5) is the unique bounded and continuous (path-dependent) viscosity solution of equation
(3.5).

Proof. If u is another bounded and continuous (path-dependent) viscosity solution of equa-
tion (3.5), then, by Theorem 4.5, we get the two following inequalities:

u < v, v <,

from which the claim follows. O

Appendix A Pathwise derivatives and functional It6’s
formula

In the present appendix, we briefly recall the definitions of pathwise (or functional) deriva-
tives following [11, Section 2|, for which we refer for more details.
As we follow the standard approach (as it was introduced in the seminal paper [21]), in order
to introduce the pathwise derivatives for a map u: [0, 7] x C([0, T]; RY) — R, we firstly define
them for a map @: [0,7]x D([0, T]; R?Y) — R, with D([0, T]; R?) being the set of cadlag paths,
endowed with the supremum norm ||Z[|7 = sup,ep 1 |2(s)], for every & € D([0, T]; R?). We
also define on [0,T] x D([0,T]; R%) the pseudometric da: ([0, 7] x D([0,T];R%))2 — [0, c0)
as

doo ((t,2), (', ) = |t —1|+

(- At =3 (- A,
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Definition A.1. Consider a map a: [0,7] x D([0,T]; R?) — R.

(i) For every (t,2) € [0,T] x D([0,T];RY), with t < T, the horizontal derivative of @ at
(t,2) is defined as (if the limit exists)
Wt +6,z(-At)) —a(t,z(- At))

ofu(t,z) = Jim,

Att =T, it is defined as

of (T, z) = [lim ofa(t,z).

(ii) For every (t,2) € [0, T] x D([0, T]; RY), the vertical derivatives of first and second-order
of i at (t, ) are defined as (if the limits exist)

ﬂ(t, T+ heil[t,T]) - ﬂ(t, .fi’)

oV a(t,z) = li
xzu( ’x) hl—>n% h )
Vo s(r AN . AV aVa A
Opia, Uty &) = 0, (0,,4) (L, 2),
where ey, ..., eq is the standard orthonormal basis of RY. We also denote OY 1 =
(8;/121, e ,0;221) and 0;;21 = (0X$jﬁ)i,j:1 _____ d-

Definition A.2. C"*([0,T] x D([0,T};R?)) is the set of continuous real-valued maps G
defined on ([0, T]x D([0,TT; R%), dy), such that 04, 8Y 4, OV 4 exist everywhere on ([0, T] x
D([0,T);RY), do) and are continuous.

We can now define the pathwise derivatives for a map u: [0, 7] x C([0, T]; R?) — R. To this
end, the following consistency property plays a crucial role.

Lemma A.3. If 4y, 1, € CY2([0,T] x D([0,T);R?)) coincide on continuous paths, namely
a1 (t,r) = Gt ), VY (t,z) € [0,T] x C([0, T]; R%),

then the same holds for their pathwise derivatives: for every (t,z) € [0,T] x C([0,T]; R?),

0{1121@, ZL’) = 0f{ﬁ2(t, ZL’),
8;/121(15,:6) = a;/f@(t?x)v
8&@1&,1’) = 8;;112( ,LU).
Proof. See |11, Lemma 2.1]. O

We can now given the following definition.
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Definition A.4. C12([0,T] x C([0,T];R%)) is the set of continuous real-valued maps u de-
fined on ([0,T] x C([0,T];R?),dy.), for which there exists . € CY2([0,T] x D([0,T];R?))
such that

u(t,x) = a(t,x), Y (t,z) €[0,T] x C([0,T]; R?).

We also define, for every (t,z) € [0,T] x C([0, T]; R?),

ofu(t,x) = offu(t,x),
Nu(t,z) = Yul(t,x),
OV u(t,x) = OV a(t,x).

Remark A.5. Thanks to the consistency property stated in Lemma A.3, the definition of
pathwise derivatives of u does not depend on the map u appearing in Definition A.J.

In the present paper we also need to consider the following subset of C12([0, T|x C([0, T]; R?)).

Definition A.6. We denote by C.3([0,T] x C([0,T];RY) the set of u € CH([0,T] x
C([0,T);RY)) such that u, OFu, 8Vu Y w satisfy a polynomial growth condition: there
exist constants M > 0 and g > 0 such that

0/ u(t, z)| + |0y ult,x)| + |Opult, )| < M (1+ |z,
for all (t,) € [0,T) x C([0, T}; RY).
Finally, we state the so-called functional It6 formula.

Theorem A.7 (Functional 1t6’s formula). Let u € CY2([0,T] x C([0,T];R?)). Let also
(Q,F, (Fo)icpo, P) be a filtered probability space, with (F;)icio,r satisfying the usual condi-
tions, on which a d-dimensional continuous semimartingale X = (Xy)ico,r) is defined, with
X = (X', ..., X%). Then, it holds that

u(t,X) = u(0,X) / O u(s, X) ds+ / M ) d[ X", X7, (A1)
2] 1
—I—Z/@V (5, X)dX!, forall 0 <t <T, P-a.s.
Proof. See |11, Theorem 2.2|. O

Appendix B Cylindrical approximations

B.1 The deterministic calculus via regularization

In the present appendix, we need to consider “cylindrical” maps defined on C([0, T]; R%),
namely maps depending on a path = € C([0, T]; RY) only through a finite number of integrals
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with respect to . An integral with respect to x can be formally written as “f[o,T} o(s)dx(s)”.
In order to give a meaning to the latter notation, it is useful to notice that we look for
a deterministic integral which coincides with the It6 integral when x is replaced by an It6
process (such a property will be exploited in the sequel). This is the case if we interpret
“ f[o,T] ©(s)dx(s)” as the deterministic version of the forward integral, which we now introduce
and denote by f[o,T} ©(s)d~x(s). For more details on such an integral and, more generally, on
the deterministic calculus via regularization we refer to [18, Section 3.2] and |12, Section 2.2|.
The only difference with respect to [18] and [12] being that here we consider d-dimensional
paths (with d possibly greater than 1), even though, as usual, we work component by com-
ponent, therefore relying on the one-dimensional theory.

We fix some notations. For every path z: [0, T] — R? we consider the following extensions
from [0, 7] to R:

z(0), s<0, 0, s <0,
x(QT}(S) = ZZ'(S), s € [OaT]a I[O,T}(S) = ZZ'(S), ERS [OaT]a
0, s>T, z(T), s>T.

Definition B.1. Let z: [0,7] — R? and ¢: [0,T] — R be cadlag functions. When the
following limat
“+oo

/[(]T]gp(s)d_z(s) = lim ©0,1](5)

e=01 J_ €

ro,7)(s +€) — 2p0,77(5) s

exists and it is finite, we denote it by f[o 1 o(s)d~x(s) and call it forward integral of ¢
with respect to x.

When ¢ is of bounded variation, an integration by parts formula provides an explicit
representation of the forward integral of ¢ with respect to x. Its simple proof is omitted.

Proposition B.2. Let z: [0,T] — R% and ¢: [0,T] — R be cadlag functions, with ¢ being
of bounded variation. The following integration by parts formula holds:

/ o(s)da(s) = o(T)x(T) - / £(s) d(s), (B.1)
(0,7

(0,7]

where f(o 7] x(s) dp(s) is a Lebesgue-Stieltjes integral on (0,T7].

B.2 Cylindrical approximations

Lemma B.3. Let h: [0,T] x C([0,T];RY) x A — R be continuous and satisfying, for some
constant K >0, items a)-b)-d) or, alternatively, items a)-c)-d):

a) |h(t,x,a) — h(t,2',a)| < K ||z —2'||s, for allt € [0,T), x,2' € C([0,T|;RY), a € A;
b) |h(t,0,a)| < K, for all (t,a) € [0,T] x A;
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¢) |h(t,x,a)| < K, for all (t,z,a) € [0,T] x C([0, T];R?) x A;

d) h is uniformly continuous in t, uniformly with respect to the other variables, namely there
exists a modulus of continuity w: [0,00) — [0, 00) such that

|h(t,x,a) — h(s,z,a)| < w(|t—s|), (B.2)

for all t,s € [0,T),x € C([0,T|;R%),a € A. The map w 1is continuous, increasing,
subadditive, and w(0) = 0.

Then, there exists a sequence {hy}n with hy,: [0,T] x C([0,T};R?) x A — R continuous and
satisfying the following.

1) h, converges pointwise to h uniformly with respect to a, namely: for every (t,x) € [0,T] x
C([0,T); RY), it holds that

lim sup }hn(t,:c,a) — h(t,x,a)} = 0.

n—-+o0o a€A

2) If h satisfies items a) and b) (resp. a) and c¢)) then h, also satisfies the same items. In
particular, h, satisfies item a) with constant 2K and item b) with a constant K; > 0,
depending only on K and d (resp. item c) with the same constant K).

3) For every n, there exist d, € N, a continuous function h,: [0,T] x R¥" x A — R, and
some continuously differentiable functions ¢n1, ..., ¢na,: [0,T] — R such that

ho(t,z,a) = hy (t, Ona(s)d x(s),. .., Gna,(s) d”z(s), a),
[0,t] ]

[07t

for every (t,x,a) € [0,T] x C([0,T];RY) x A. Moreover, d,, and ¢pn1,...,¢na, do not
depend on h.

4) If h satisfies items a) and b) (resp. a) and c)) then h,, satisfies items i) and ii) (resp. i)
and iii)) below:

) |hn(t,y,a) — ho(t, Y, a)| < K|y — 9|, for allt € [0,T), y,y' € R¥ q € A;
|h.

i
i) |h,(t,0,a)| < Kgy, for all (t,a) € [0,T] x A, for some constant K; > 0, depending
only on K and d;

i) |ha(t,y,a)| < K, for all (t,y,a) € [0,T] x Ré x A.

5) For every n and any a € A, the function h, (-, -, a) is C2([0,T] x R%). Moreover, there
exist constants K, > 0 and q € {0,1} such that

|0ihn (L, y, a)| + [0y (t,y, @) + |02, ha(t,y, )| < K, (14 Jyl)", (B.3)

for all (t,y,a) € [0,T] x R¥" x A. The constant q is equal to 1 if h satisfies item b),
while it is equal to 0 if h satisfies item c).
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Proof. We split the proof into six steps.

Step I. Definitions of :EEL"; and P!, For every n € N, consider the n-th dyadic mesh of

the time interval [0, 77, that is

0 =ty <t} < ... <ty =T, with ¢ = ;—nT, for every j =0,...,2".
For every y = (yo,...,y2n) € R¥@"+1) we consider the corresponding n-th polygonal, de-
noted 28, which is an element of C([0,T]; R?) and is characterized by the following prop-
erties:

o 2B (1) =y, for every j =0,...,2%;

e P9 is linear on every interval [t} ,, 7], for any j =1,...,2".

Jl’J

So, in particular, SL’pOl is given by the following formula:

pol () — YimYi1g Yy — Y
" & =t & =t

n

for every s € [t7_,t}] and any j =1,...,2".
Now, given ¢ € [0,T] and z € C([0,T]; R?), we denote

t,pol .__ , .pol
R znyfﬁ’

with
gut = (a(tg At), ..zt AE)) = (/ Lo, (s) d™x(s), ... ,/ Lio,n,1(8) d‘x(s)),
[0,¢] [0,4]

where the second inequality follows from the integration by parts formula (B.1).
It is easy to see that (in the following formulae we use the same symbol, that is | -|, to denote
the Euclidean norms on R? and R%2"+1)

pol pol

a2l < maxlyl < Jol. ek —allle < maxly —g;] < ly—dl. (B4

for every y = (yo,..., %2 ), 9 = (o, - - ., Jor) € R+ Similarly, we have

i e < Nlalle, Nl =alle < sup Ja(rAt)—a(sAt)] < sup  |a(r)—a(s)]. (B.5)
[r—s|<2—n [r—s|<2—n

Step II. Definitions of ¢, ; and y.*. Let x: R — R be given by

0, r <0,
1
= —, O<r<l1
X(T> 1_'_ 617(11/ T)
1, r>1.
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Notice that x belongs to C>°(R) and is strictly increasing on [0, 1]. Then, for every n € N,

we define the functions ¢, ..., ¢pon: [0,7] = R as follows:
1, 0<r<tm
o) = {1 SX@R(r-),  #<r<T B0
for 7 =0,...,2" so, in particular,
no(r) = 1—x(2"7), 0<r<T.

Moreover, for every (t,z) € [0,T] x C([0,T];RY), let y4* € R*(2"+1) be defined as

Y, = ( o Ono(s)d z(s),. .., Gn.an(5) d‘x(s)). (B.7)

[0¢]

In the rest of this step we prove that the following estimate holds:

5% =], < 2 sup a(rAt)—a(sAt)] < 2 sup |a(r) —a(s).  (BS)

hyn |r—s|<2—2n |r—s|<2—m
We begin noting that

pol t,pol . ‘.
HI"J/Z’I - x"po Ht T maXQn }(ynx)] - Zlf(t? A t)‘

where y5® = ((45%)o, . .., (y57%)2n) € REC"+ . By the integration by parts formula (B.1), we
have

(") — =] NE) = o Pnj(s) d"x(s) — x(t] A1)

= / Gnj(s)d"x(s) — z(t] A1)
[0,(£7+22")Ad]

(t}L+2—2n)/\t
= Ony((t] + 272" A L) o((t] + 27 A t) — z(t] At) — /0 x(s) gb;w-(s) ds.
Notice that ¢, ;(s) = 1 and ¢/, ;(s) = 0, for 0 < s < t}. Now, we distinguish two cases.

L. If ¢ < {7, we have
(yh™); — x(ty At) = 0. (B.9)

2. It t > t7, we have

(0h); — 2 A L) = Gns (87 +272) AL (L) +27) A L) — (1)
(t;.’+2’2”)/\t
_/ z(s) qb;w.(s) ds.

n
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(tF+272")At

Observe that ft hi(8)ds = dn (7 +272") At) — 1, then

(yn"); — 2(t] Nt) = @((t] +27) At) — a(t])

(t7+272m)
+ /t (:c((t;‘ + 27 A L) — x(s)) ¢;zg(5) ds

n

(tp+272m)At
< sup J|z(rAt) —x(s/\t)|(1—|—/ ‘gb'n,j(s)‘ds)
t

|r—s|<272n n

(7 +272" )AL
< sup J|z(rAt) —:5(3/\t)|<1+/t }gb;m(s)}ds).

|r—s|<2—" n
. @+272)AL |, (272t L
Since [’ |91,.5(s)| ds = — [pn’ nj(s)ds =1 — ¢ ((t) +272") At) and
J ’ j )
1 — ¢ (7 + 27y A L) < 1, we get

}(yf;x)j—x(t?At)} < 2 sup J|z(rAt)—z(sAt)] < 2 sup  |z(r)—=z(s)]. (B.10)

[r—s|<2—n [r—s|<2—n

From (B.9) and (B.10) we conclude that (B.8) holds.

Step III. Definitions of h,,h, and proof of item 3). For every n € N, let ,: R — R
be given by
2n 7L2 2
n(s) = e 2%, VseR.
n(s) on
Notice that fo nn(s)ds = 1. Moreover, for every n € N, let (,,: R*?"+1) — R be the prob-
ability density functlon of the multivariate normal distribution N (0, (d(2" + 1))™2 Lyoni1)),

where Iyony1) denotes the identity matrix of order d(2" + 1):

Vz e RV,

. (d(2n+1))d(2"+l) _(d(2n+1))2lzl2
Cn(z) - (27T)d(2"+1)/2 ¢ ’ )

Now, define h,,: [0, T] x R*"*+) x A — R as follows:

a(ty,a) / / Ca(2) h((t+s) AT, :zny+z, a) dsdz,
Rd- (2n+1)

for all (¢,7,a) € [0, T] x REC"+1) x A, Finally, let h,: [0,T] x C([0,T]; R%) x A — R be given
by

tltca) = Bt [ buo)d (0 [ ume)dalo)a),
[0,t]

[0,2]

with ¢, ; as in (B.6). From the continuity of h, we see that both h,, and h,, are continuous.
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Step IV. Proof of item 1). For every (t,z) € [0,T] x C([0, T]; R?), let y4* € R*"+D he
given by (B.7). Then, we have (using also the equality h(t,z,a) = h(t,x.A, a))

|h(t,x,a) — h(t,x,a)l
< / / ‘h(t—l—s)/\Ta: e ,a)—h(t,xm,a)‘dsdz
Rd- (2n+1) nYn+2
< / / N (8) Cu(2) ‘h((t—l—s)/\T,xPOIt,x ya) = h((t+s) AT, z.p0,0) | ds dz
0 RA-(27+1) nyn +z
+/ () |h((t+ 8) AT, 200, 0) = h(t, .p0, 0)| ds
0

~ ol
K/O /Rd-(an) () Cn(2) sz,yf{”—kz a x'/\tH(t—ks)/\T ds dz
s [T ) (649 AT p0) = i) ds.
0

IN

Since both paths ZEZO;%%FZ and x.,; are constant after time ¢, moreover recalling (B.4), (B.5)

and the linearity of the map y — 172";, we obtain

pol

—r H pol
nyi+z M Er)AT

pol

ol
|= = |23 TR —wnll, < [l — |, + 12

1
< Hxi?y;w — 22|, + [la2! = ¢ + |2

Then, by (B.5) and (B.8), we get

ha(t,z,a) — h(t,z,a)] < 3K sup |o(r) —a(s)| + K Co(2)|2|dz  (B.11)

|r—s|<2—n R4 (2™ +1)

+ /Ooo () |h((t+ 8) AT, 200, a) — h(t, .pp, a)| ds.

Now, by (B.2) we have
/ () |h((t + 8) AT, 200, 0) — h(t, .0, )| ds
0

< /Ooonn(s)w((t—i-s)/\T—t) ds = /0 : () w(s)ds +w(T —t) /Tinn(s)ds
n(T—t) 2

= e_é’"zwrnderwT—t/
Y Al Py =

Finally, consider the integral [,, ni1) Cu(2) 2| dz. Since the integrand is a radial function,
it is more convenient to rewrite it in terms of spherical coordinates (see for instance [28,
Appendix C.3]). In particular, denoting by Sjoni1)-1(R) the surface area of the sphere
{|z| = R}, which is equal to 272" +1/2 RI"+1)=1 /T(d(2"4-1) /2), with I'(-) being the Gamma

< 2
=2 dr. (B.12)
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function, we get

. (@2 + D) e
/Rd-(2”+1) Gnl2) |2l d2 = /Rd.<zn+1> (2m)dE +D)/2 ¢ : |2| dz

— #/ ;e—%\ylz ly| dy
d(2n + 1) Rd (2n+1) (27’(’) (2n+1)/2
1
d(2n + 1) (2m) d<2"+1 / \/_
1 22" +1)/2 1 > ]
o d(2n 4 1) (2m)d@HD-D/2 D (d(27 + 1) /2) /0 V2r
1 7.‘.d(2”—i-1)/2 1 2d(2"+1)/2
= D((d(2"+ 1)+ 1)/2
I+ 1) @ R T 13 e LD+ D/2)
_ 3 L@ +1)+1)/2)  (@d2"+1)-1)!
- d2n +1)T(d(2"+1)/2)  (d@2"+ 1)

1

E R Sd 27L+1 (R) dR

e_§R2 Rd(2”+1) dR

(B.13)

In conclusion, plugging (B.12) and (B.13) into (B.11), we obtain

|hy(t,,a) — h(t,z,a)] < 3K sup |x(r)_x(s)|+K(d(2”+1)_1)u

fr—sl<2n d2" + 1)) (B.14)

+/ Y2 “2” w(r/n) dr + w(T t)/w 2 iy
—€ wlr/n)ar w — € T.
0 V27T n(T—t) V 27T

By Stirling’s formula, we see that % =0(1/4/d(2" 4+ 1)) as n — co. Then, letting

n — oo in (B.14), using Lebesgue’s dominated convergence theorem together with the fact
that w has linear growth (see [29, Remark D.4]), we deduce that item 1) holds.

Step V. Proof of items 2) and 4). It is clear that h,, (resp. h,) satisfies item c) (resp.
4)-iii)) with the same constant K. If h satisfies item b) then |h(t,x,a)] < K(1 + ||z|];),
therefore, by (B.4),

hnlt,y,0)| < K G(2) (14 Jobesl,) a2
R4 (2 +1)
< KO+)+K [ )|z d
d- (2n+1)
(d(2" + 1) — N
= K(1 2K
where the last equality follows from (B.13). Recall that, by Stirling’s formula, 7Cl(gzjfi)l)),? =

O(1/4/d(2" + 1)) as n — 0. So, in particular, the sequence {%} is bounded, as
a consequence there exists a constant Cy; > 0 such that

ha(t,y,a)] < K(1+|y|)+2KCy,
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which proves item 4)-ii). Concerning h,,, we have
ha(t,z,a)] < K (14 ||y5*]],) +2 K Cq
< (1  llya” = 2, + [l + 2 K
By (B.8) and (B.5), we obtain

ha(t, 2, 0)| < K<1+2 sup |x(r/\t)—x(s/\t)|+]|x||t>+2KC’d

jr—s|<2-n

< K(1+3|zl}) + 2K Cy,

which proves that h,, satisfies item b) with a constant Ky, depending only on K and d.
Let us now prove that h,, and h,, satisfy respectively item a) and item 4)-i). We have

|hn(t,y, @) — hn(t, 5, @)

01 Ol
S/ /Rmm)nn ) Ca(2) [R((t+8) AT, b5 a) — h((t+s) AT, 2b5 . a)| ds dz
<

K/ /Rd - () Cal2) [|28%y 4 — xﬁ?$+z}}(t+s)AT ds dz
= K[ o) ot~ M

where the last equality follows from the linearity of the map y — xg?;. Hence, recalling
(B.4), we obtain

which proves that h,, satisfies item 4)-i). Let us now prove that h,, satisfies item a). From
(B.15) we have )
|hn(tax>a) _hn(ta‘%aa’” < ijax}(yf;x)] - (yz’x)]}

By the integration by parts formula (B.1), we get

Wh™); — W)y = Pnj(s)d z(s) — Pnj(s)d"2(s)

[0,] [0,]

Hence

t
|Wn®); = (")s| < Ja(t) = 2(O)] + [l — jHt/o |6,(5)| ds.
Since |, |91, () ds = — Jo #l () ds =1~ ¢, ;(t) and 1 — ¢, ;(t) < 1, we conclude that
|hn(t,x,a) — hy(t,7,a)] < 2K|jz — 7|,
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which proves that h,, satisfies item a) with constant 2K.
Step VI. Proof of item 5). Recall that

hy(t,y,a) = / / M(8) Gu(2) R ((E+s) AT, xny+z, a) dsdz
0o Jreerty

= [T s =06 = ) b A Tt a) d
¢ Rd-(27+1)

for all (t,y,a) € [0,T] x R*Z"*1) x A. Then, it is clear that, for every a € A, the function
ho(-, - a) € CH2([0, T] x R%"). Moreover, by direct calculation, we have

atﬁn(t>y>a) = / / n )Cn(Z— ) (S/\T, :L,rplozl’ )dsdz
Rd-(27+1)
[ OG- R AT ) d
Rd: (2n+1)

Ot = = [ [ (=006 =9 h(sn Tl a) ds i
Rd-(27+1)

02 h(t,y,a) = / / (s —1) 05, Cu(z —y) h(s AT, 2 a) ds dz.

R (2n+1)

By item b) or, alternatively, item c), we conclude that (B.3) holds. O

Under Assumptions (A) and (B), we can apply Lemma B.3 to b, o f, g, from which we get
sequences {b, }n, {on}n, {fu}n, {gn}n, with

bn, Ons fn: [0, T]xC([0, T]; R xA — R4 R>™ R, g,: C([0,T];RY) — R, (B.16)

satisfying items 1)-2)-3)-4)-5) of Lemma B.3. We also recall from Lemma B.3 that d,, and
Onis- -, Ona, are the same for b, o, f, g.
Finally, let

ve: [0,T] x C([0, T];RY) — R (B.17)

denote the value function of the optimal control problem with coefficients b,,, o,, f., gn-

Lemma B.4. Let Assumptions (A) and (B) hold. Consider the sequences {b,}n, {on}n
{fitn, {gn}tn, {vn}n in (B.16)-(B.17). Then, v, converges pointwise to v in (2.5) as n —
+00.

Proof. For every n € N, t € [0,T], z € C([0,T];RY), o € A, let X"%% € Sy(FF) be the
unique solution to the following system of controlled stochastic differential equations:

dXs = by(s, X, as)ds + 0,(s, X, o) dBg, s e (t,T],
X, = z(s), s €[0,¢].
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Then
[un(t, ) — v(t, )|

T
< supIE{ / | fo (5, X85 ag) — f (s, X5 a) | ds + [ g, (X™05) — g(Xt’w)\}

acA t

T
< sup {K (T + 1) HXn,t,x,a . Xt,x,aHS2 _'_E|:/ }fn(S,Xt’m’a,Oés) o f(S,Xt’m’a,Oés) ‘ dS:|
acA t

 EfJan (x#°) = g(x )] .

By standard calculations (as for instance in [35, Theorem 2.5.9]), we find
T
HXn,t,m,a _ Xt,m,aHéQ < CKTeCKTE[[ ‘bn (s,Xt’m’o‘7 as) — b(S,Xt’m’a, Oés) }2 ds
T
b [ ol X5, 02) — o (s, X152 ) s
t

for some constant C'x, depending only on the constant K. It remains to prove that

T
sup {E{/ b, (5, X5 ar,) — b(s,Xt’w’o‘,as)fds]
t

acA

T
+E{/ }Un(s,Xt’x’a,aS) —U(S,Xt’x’o‘,as)}zds]
t

T
HE{/ [ fa(s, X270 ) —f(SaXt’m’a,as)\dS] +E[]gn (X" —Q(Xt,m,a)ﬂ} "R 0.
t

Let us address the term with f and f,, the other three terms can be treated in a similar
way. From the proof of Lemma B.3, and in particular from estimate (B.14) with A and h,,
replaced respectively by f and f,, we get

T
E[/t ‘fn(s,Xt’x’a,as) — f(s,Xt’x’a,as)}ds}

d(2" +1) — U
< 3KTE xteo _ xtoo|] 4 g
=7 [r—ssus%n = ’ }] " (d(27 + 1))

+ /T ( e 2 o2 (r/n)d )ds + /T (T s)(/oo 2 e 37 d )ds
w(r r w(d — r g
t 0 V 27T t n(T—s) V 271'

where we recall that w is the modulus of continuity of f with respect to the time variable.
By Lebesgue’s dominated convergence theorem, we see that the last two integrals in (B.18)
go to zero as n — +o00. Moreover, we recall that from the proof of Lemma B.3 that by

Stirling’s formula we get % = O(1/4/d(2" + 1)) as n — oo, therefore the second

(B.18)
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term on the right-hand side of (B.18) also goes to zero. Finally, by standard calculations,
we get

E| swp |xpoe - xtee!) < Crer27 (14 o),

[r—s|<2—n

for some constant C'x 7 > 0, depending only on K and 7'. This allows to prove that right-
hand side of (B.18) goes to zero as n — +o00 and concludes the proof. O

Lemma B.5. Let Assumptions (A) and (B) hold. Suppose also that there exist d € N and
functions

b, o, f: [U,T]X]RdczxA — R R>™ R, ngddA LR
satisfying the following conditions.

i) There exist some continuously differentiable functions ¢1,...,¢;: [0,T] = R such that:

b(t,r,a) = b(t, o1(s)d™x(s),. .. ,/ bi(s)d™x(s), a),
[0,¢] [0,t]

o(t,x,a) = 5(15, o1(s)d z(s), .. .,/ b4(5) d‘x(s),a),
[0,] [0,¢]

flt,x,a) = f(t, o1(s)d z(s),. .. ,/ b4(s)d x(s), a),
[0,] [0,]

o(x) = g( bu(s) da(s), .., / 64(s) d‘x(s)),

[0,7] [0,7]

for every (t,x,a) € [0,T] x C([0,T]; R?) x A.
ii) The functions b,a, f,§ are continuous.

iii) There exist a constant K > 0 such that

|B(t7y7 a) - l_)(tvylv a)‘ + ‘5(t7 Y, CL) - 5(t7 y/7 CL)| +
~ + |f(t>y>a) - .f(t>y/>a)_| + |§(y) - g(y/)|
6(£,0,a)| + |0 (2,0, a)| + [f(£,y,a)| + [9(y)]

K|y - y,|>
K

VANVAN

for all (t,a) € [0,T] x A, y,y' € R,

iv) For every a € A, the functions b(-,-,a),5(-,-,a), f(-,-,a),g(-) are C**([0,T] x Ré).
Moreover, there exist constants K > 0 and q > 0 such that

0:b(t,y,a)| + [0,5(t,y,a)| + [0, f(t,y,a)] < K(Hlyl)?,
0,0ty )| + 0,0 (t,y, @)| + [0, (1, y, )| + [9,9(w)] < K (1+1]y])",
|02,b(t,y,a)| + 0,0t y,a)| + |02, f(t,y,a)| +|0,5(y)| < K (1+y])",

for all (t,y,a) € [0,T] x R x A,
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Then, for every e € (0,1), there exist v.: [0, T] x C([0,T];RY) — R and v.: [0, T x Rdd R,

with
o1(s)dz(s),. .., ®4(9) d‘x(s)) ,
] ]

[0,t

ve(t, ) = 17€<t,

for all (t,x) € [0,T] x C([0,T]; R?), such that the following holds.

[0,t

1) v. € C3([0,7] x C([0,T];RY) and 5. € CV2([0,T] x R%).
2) v, is a classical solution of the following equation:

;

Ofv(t, z) + %a%r [0, 0= (t, y™*)] + Supge 4 {(b(t, z,a), 0 v.(t, x))
+ %tr[(mﬁ)(t,x,a)ag‘ﬂ/mvg(t,x)} + f(t,x,a)} —0, (t,2)€0,T) x C([0, T];RY), (B-19)
(T, 2) = g(a), x € O([0, T;RY),
where, for every (t,z) € [0,T] x C([0,T]; RY), y'* € R is defined as
= [ owaa [ o) ra(s)). (B.20)

3) There exist constants C = C’([_(, q,d, e) >0 and ¢ = q(q) > 0, with C' depending on
K,q,d,e and q depending on q, such that

0¥ vc(t, 2)| + |0t 2)| < C(1+ ), (B.21)

for every (t,x) € [0,T] x C([0, T]; RY).

4) Finally, v. converges pointwise to v in (2.5) as e — 0F.
Proof. Let ¢: [0,T] — R@D*d e given by

¢1(t)1a
o(t) = s
¢q(t) 1
for all ¢ € 0,77, where I; denotes the d x d identity matrix. Let by [0,T] x R x A — R
and G4: [0,T] x R¥ x A — RE@Xm he given by

by(t,y,a) = ¢(t)b(t.y,a), G4(ty,a) = @(t)a(t,y,a),
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for all (t,y,a) € [0,T] x R x A, with b(t,y,a) being a column vector of dimension d. For
every ¢ € (0,1), consider the following Hamilton-Jacobi-Bellman equation on [0, 7] x R%:

(&m(t, Y) + SUDgea {<B¢(t, y,a),0,u(t,y)) + %5%1" [8§yﬂ(t, v)]
+ %tr[(%a;))(t,y,a)@jyu(t,y)} + f(t,y,a)} =0, (t,y) € [0,T) x R, (B.22)
\?_L(T, y) = g(y)v Yy e Rdd.

Proof of item 3). From the assumptions on b, 7, f, g, it follows that there exists a unique
classical solution v. € C*?([0,T] x ]RCZ) of equation (B.22) (see for instance |36, Theorem
14.15] and, in particular, the comments after Theorem 14.15 concerning the case when the
operators “L,” are linear). Moreover, by [35, Theorems 4.1.1 and 4.7.4] we have that there

exist constants constants C; = ( Z> 0 and Cy = Cy(K,q) > 0, with C; depending only
on K and C, depending only on K, K, g, such that
0,0 ( y)| < G, (B.23)
()] < Coe® T (14 Jy))™, (B.24)
= Co(T— 3g _ 15 ¢ 3G+2

_02 eCZ(T t) (1+ |y|) a;zyj ( y) S 5_202 eCZ(T t (1_|_| |) q+ (B25)
for all (¢,y) € [0,T] x R4 and every i, j = . dd. Furthermore, by [35, Theorem 4.6.2]

there exists some constant C' = C' (K) >0, dependlng only on K, such that
[0:(t,9) = o(t,y)| < €O, (B.26)

for every (#,y) € [0,T] x R*, where 9: 0, 7] x R* — R is defined as
T
o(t,y) = supE[/ Fs, YEve ag)ds + g(ver™) |,
acA t

with Y% = (Y¥)cp ) solving the following system of controlled stochastic differential
equations:

{dY;W = by(s, Y0 o) ds + 54(s, YEU o,)dB,, s € (t,T),
Y =y,

Proof of item 1). For every (t,z) € [0,T] x C([0, T): R?), consider y"* € R% given by (B.20).
Then, proceeding as in the proof of [12, Theorem 3.15] (see, in particular, equalities (3.16)),
we obtain

Yt,yt’z,a _ d- " dXt,x,a d dXt 0
e ([ aaat s [omaxie [ owaae+ [ omaxi)

= ( , ]gbl(s) d- X0 ®4(9) d_Xg’x’o‘), (B.27)

[0,7]
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for all r € [t, T], P-a.s., where, for each i = 1,...,d, f[Or ¢i(s) d- X" is intended P-a.s. as
a deterministic forward integral. From (B.27) we get

v(t, o P1(s)dx(s),. .., tqsd( s)d~ ) —SupE[/ Fls, yiv' S)ds+g(Y%,yt,x7a)]

[0,t] acA

= SHPE[/ fs, X559 ag)ds + Q(Xt’x’a)} =v(t, z),
acA t

where v is the value function defined in (2.5).
Now, let v.: [0, 7] x C([0,T];R?Y) — R be defined as

wlt,x) = (t o1(s) d-x(s), ...
[0,t]

for every (t,x) € [0,7] x C([0,T];R?). Then, by direct calculations (proceeding as in the
proof of |11, Lemma D.1]), we deduce that v, 05021([0 T] x C([0,T];RY)) and that the
following equalities hold:

ofv.(t,r) = 8t17€<t, o1(9) / o4(s) d™x( ) (B.28)
[0,4]

645 d-x<s>),

[0,¢]

ot tt.o) = (o0 e, bl ol9). 60). (B2

[0,¢]
Opve(t,x) = @'(t) 05,0 < [ }qbl(s) d-xz(s), ..., [ }qﬁcz(s) d‘x(s)) o(t), (B.30)
0,t 0,t
for every i = 1,...,d, where ¢,(t) denotes the i-th column of the matrix ¢(t).

Proof of items 2) and 3). Since v. is a classical solution of equation (B.22), it follows
from equalities (B.28)-(B.29)-(B.30) that v. is a classical solution of equation (B.19). In
addition, from equalities (B.28)-(B.29)-(B.30) and estimates (B.23)-(B.24)-(B.25) we deduce
that (B.21) holds.

Proof of item 4). From (B.26), we have

et 2) = v(t,2)| = [o:(ty"") = Bt y"7)] < eC eI,
for every (t,z) € [0, T] x C([0, T]; RY). This shows the validity of item 4). 0O
We can now state the following result, which plays a crucial role in the proof the comparison

theorem (Theorem 4.5), in order to show that u; < v.

Theorem B.6. Let Assumptions (A) and (B) hold. Consider the sequences {b,}n, {on}n,
{fi}n, {gn}tn, {vntn in (B.16)-(B.17) (recall from Lemma B.3 that d,, and ¢, ..., ¢na, are

the same for b, o, f, g). Then, for every n and any ¢ € (0,1), there exist v, : [0,T] x
C([0,T);RY) — R and v,.: [0,T] x R¥ — R, with

bnalty7) = @M(t, Bur(s) da(s), . . ¢n,dn<s>d—x<s>),

[0,t] [0,t]

for all (t,z) € [0,T] x C([0,T]; RY), such that the following holds.
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Une € Coi([0,T] x C([0,T);RY)) and 0, € CV3([0,T] x R¥).

Une 18 a classical solution of equation (B.19) with b, o, f, g, .,y replaced respectively by
s Ony [y Gy Uney YT, where yL* is given by (B.7).

There exist constants Cp, . > 0 and ¢ > 0, with C,, . depending on n,c, K,d, T, such that

‘8;/@”75(15,:6)} + }8;;11”75(15,:6)} < Cne (14 []]e)?, (B.31)

for every (t,x) € [0,T] x C([0, T]; RY).

)
5)

For every n, v, . converges pointwise to v, in (B.17) as e — 07.

v, converges pointwise to v in (2.5) as n — +0o0.

Proof. Ttems 1)-2)-3)-4) follow directly from Lemma B.5 with b, o, f, g replaced respectively
by by, 0n, [, gn- In particular, concerning the constant C,, . appearing in items 3), it can also
depend on d as a consequence of the fact that b,, 0y, b,, 7, satisfy a linear growth condition
with a constant K,, depending on K and also on d. Finally, item 5) follows from Lemma

B.4. [
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