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Partial regularity of viscosity solutions for a class
of Kolmogorov equations arising from
mathematical finance
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Abstract

We study value functions which are viscosity solutions of certain Kolmogorov
equations. Using PDE techniques we prove that they are C1*% regular on special
finite dimensional subspaces. The problem has origins in hedging derivatives of
risky assets in mathematical finance.
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1 Introduction

In this paper we study partial regularity of viscosity solutions for a class of Kolmogorov
equations. OQur motivation comes from mathematical finance, more precisely from hedg-
ing a derivative of a risky asset whose volatility as well as the claim may depend on
the past history of the asset. Our Kolmogorov equations are thus associated to stochas-
tic delay problems. They are linear second order partial differential equations in an
infinite dimensional Hilbert space with a drift term which contains an unbounded op-
erator and a second order term which only depends on a finite dimensional component
of the Hilbert space. Such equations are typically investigated using the notion of the
so-called B-continuous viscosity solutions (see [11, 14, 23]). We impose conditions under
which our Kolmogorov equations have unique B-continuous viscosity solutions. However
general Hamilton-Jacobi-Bellman equations associated to stochastic delay optimal con-
trol problems which are rewritten as optimal control problems for stochastic differential
equations (SDEs) in an infinite dimensional Hilbert space are difficult, not well studied
yet, and few results are available in the literature.
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We work directly with the value function here since its partial regularity is of inter-
est in the hedging problem and it is well known that under our assumptions the value
function is the unique B-continuous viscosity solution of the Kolmogorov equation (see
e.g. [11, 14]). We thus never use the theory of B-continuous viscosity solutions. Instead
our strategy for proving partial regularity of the value function is the following. We
consider SDEs with smoothed out coefficients and the unbounded operator replaced by
its Yosida approximations and study the corresponding value functions with smoothed
out payoff function. The new value functions are Gateaux differentiable and converge
on compact sets to the original value functions. They also satisfy their associated Kol-
mogorov equations. We then prove that their finite dimensional sections are viscosity
solutions of certain linear finite dimensional parabolic equations for which we establish
C1® estimates. Passing to the limit with the approximations, these estimates are pre-
served giving C1® partial regularity for finite dimensional sections of the original value
function.

Partial regularity results for first order unbounded HJB equations in Hilbert spaces
associated to certain deterministic optimal control problems with delays have been ob-
tained in [12]. The technique of [12] relied on arguments using concavity of the data and
strict convexity of the Hamiltonian and provided C! regularity on one-dimensional sec-
tions corresponding to the so-called “present” variable. Here the equations are of second
order, we rely on approximations and parabolic regularity estimates, and we obtain regu-
larity on m-dimensional sections. The reader can also consult [18] for various global and
partial regularity results for bounded HJB equations in Hilbert spaces (see also [22]).

We refer the reader to [11, 18, 19] for the theory of viscosity solutions for bounded
second order HJB equations in Hilbert spaces and to [11, 14, 23] for the theory of the
so-called B-continuous viscosity solutions for unbounded second order HJB equations
in Hilbert spaces. A fully nonlinear equation with a similar separated structure to our
Kolmogorov equation (3.14) but with a nonlinear unbounded operator A was studied
in [15]. For classical results about Kolmogorov equation in Hilbert spaces we refer the
reader to [8].

The plan of the paper is the following. In the rest of the Introduction we explain
the financial motivation of our problem. Section 2 contains notation and various results
about mild solutions of the SDE, their extensions to a bigger space with a weaker topol-
ogy related to the original unbounded operator A, and various approximation results. In
Section 3 we study viscosity solutions of the approximating equations, investigate finite
dimensional sections of viscosity solutions, and prove their regularity.

1.1 Motivation from finance

One motivation for the present study comes from the classical problem in financial math-
ematics of hedging a derivative of some risky assets.

Let us consider a financial market composed of two assets: a risk free asset P (a bond
price), and a risky asset R (a stock price). We assume that P follows the deterministic
dynamics dP; = rP;ds, where r is the (constant) spot interest reate, and that R follows
the dynamics

{dRs =rRyds +v(s,R)dW,  se(¢,T1, wn

Rt:x,



where (Q, % ,F = {Z}ie10,11,P) is a filtered probability space, T' > 0 is the maturity date,
x € R, t €[0,T), and v satisfies the usual Lipschitz assumptions. Denote by R** the
unique strong solution of SDE (1.1).

Given a function ¢: R — R, the problem of hedging the derivative (p(Rg,’x) consists in

finding a self-financing portfolio strategy replicating (p(Rg:x), i.e. a couple of real-valued

processes {(hL,hE)};c(0.7) such that the portfolio Vi := hE Py + thg’x, composed of hf
shares of P and h¥ shares of R**, satisfies

dV,=hPdP,+ hEdRY* s€l0,T)
(1.2)

Vr = p(RY").

The hedging problem can be solved as follows (see e.g. [1, Ch. 8] for the financial argu-
ment and [8, Ch. 7] for the mathematical details). We begin by introducing the function

u(t, )= e TTOE [RED| V(0 €l0, TIXR (1.3)
Notice that, by Markov property of R, we have

u(t,x)=e""E [u(t + h,Rifh)

O<t,h,t+h=<T. (1.4)

If u(t,x) is Fréchet differentiable up to order 2 with respect to x, with derivatives which
are bounded and continuous jointly in (¢, x), then It6’s formula and (1.4) permit to show
that u is actually C12 and solves to the following Kolmogorov-type partial differential
equation

{ut+rxDxu+%v2(t,x)D32€u—ru:0 (t,x)€(0,T) xR, (1.5)

u(T,x) = p(x) xeR.

By using (1.5) and applying Ito’s formula to u(s,X 2 ), we find the following representa-
tion formula

u(s,R%%) = u(0,x) + f

ru(w,RY)dw + f D.u(w,R%*W(w,RE%)dW,,. (1.6)
0 0

Finally, by recalling the definition of u and considering formula (1.6), we can see that the
portfolio strategy

WP u(s,Rg’x) —Dxu(s,Rg’x)Rg’x

! > and  AF=D.u(s,R¥  vsel0,T), (1.7)

solves the hedging problem. Indeed, we have
Vo i=hP Py + hERY* = u(s,X>%)  Vsel0,T1,

hence in particular Vp = u(T,Xg,’x) = (p(Rg:x). Moreover, by (1.6), we have the self-
financing condition

dVy=hPdP,+ hEdRY*  Vse[0,T).

There are three essential features of the model that allow to implement the program
above:



(1) The Markov property of R, which makes (1.4) possible.
(2) The existence of D, u, which lets the portfolio strategy be defined by (1.7)

(3) The availability of It6’s formula and the fact that u solves to (1.5), in order to derive
(1.6), hence to see that (1.7) is the hedging strategy.

Let us now consider a slightly more general risky asset R, in which the volatility
depends not only on the value R of R at time s, but also on the entire past values of R.
That is, the dynamics of R has the following form

dRs=rRsds+v(s,Rs,(Ris)se(—00,0)dWs se(t,T]
Rt =X0 (18)
Ry =x1(t) t' € (—o0,t),

where xo € R and x1: (—00,0) — R is a given deterministic funtion belonging to L2(R™,R),
expressing the past history of the stock price R up to time . We also would like to face
the case in which the European claim depends itself on the history of R, i.e. it has the
form @p(R7,{Rt}se(-00,T))-

We point out that model (1.8) can also include the case in which the path-dependency
is only relative to a finite past window [—d, 0], i.e. v is defined as a function of the past
history of R only from the past date ¢ —d up to the present ¢. To fit this case into (1.8), it
is sufficient to replace the coefficient v in (1.8) by a v/ defined by

V’(S,Rs, {Rs+s’}s’€(—oo,0)) = V(S,Rs, 1[—d,0)('){Rs+s’}s’€(—oo,0))-

In such a case, it is easily seen that R does not depend on the tail 1(_o, _g)(-)x1 of the
initial datum. Hence a delay model with a finite delay window can be rewritten in the
form (1.8).

A natural question is if we can solve the hedging problem for the delay case by imple-
menting the standard arguments outlined above for the case in which R is given by (1.1).
We now see that this can be done, if we take into account the three features mentioned
above which make the machinery work.

If R%®01) golves (1.8), then in general it is not Markovian. Moreover, since both the
claim ¢ and the function u, now defined by

u(t,xo,x1) :=e "IV [(p(Rélxo’xl, {Rj;xo’xl}t,e(_oo,T))] V(¢,%0,%1) € [0, T1x R x L2(R™,R),
are path-dependent, the analogous PDE (1.5) would now be path-dependent, and it would
be necessary to employ a stochastic calculus for path-dependent functionals of It6 pro-
cesses in order to relate u with the PDE, as done for the non-path-dependent case.

A classical workaround tool to regain Markovianity and avoid the complications of
a path-dependent stochastic calculus consists in rephrasing the model in a functional
space setting. What we lose by doing so is that the dynamics will evolve in an infinite
dimensional space. We briefly recall how the rephrasing works. We refer the reader to
[2] for the case with finite delay. The argument extends without difficulty to the case
with infinite delay.



We first introduce the Hilbert space H := R x L2(R™,R), the functions

F:[0,T1xH — H, (x0,x1)— (rxo,0)

(1.9)
2:[0,T1xH — H, (xo,x1) — (v(£,x0,%1),0),

and the strongly continuous semigroup of translations on H, i.e. the family S :={S tHrem+
of linear continuous operators defined by

S;: H— H, (x0,x1) — (x0,x1(¢ + N (—oo,—1)() + x01[—£,01()).
The infinitesimal generator A of S is given by
A:DA)— H, (x0,x1)— (O,x’l),

where R
D(A) = {(x0,x1) € H: x1 € W-A(R™) and xo = x1(0)} .

Then we consider the H-valued dynamics

{df(s = (AX,+F (s,X,))ds+2(s,Xs)dW, se(t,TI, (110)

Xt = (xO,xl),

where (xg,x1) € H, t € [0,T). Under usual Lipschitz assumptions on v, it can be shown
that (1.10) has a unique mild solution X*®0-%1) (we refer to [7] for stochastic differential
equations in Hilbert spaces). The link between (1.8) and (1.10) is given by the following
equation:

for all s € [¢, T, X;,(xo,x1) — (Ré,(xo’xl)>{Ri’/(fg’xl)}s’e(—oo’o)) P-a.s., (1.11)
where R%“®0*1) denotes the unique strong solution of (1.8). Observe that X is Markovian
and no path-dependency appears in the coefficients F', . This is the natural rephrasing
of the dynamics of R to get a Markovian setting for which the basic tools of stochastic
calculus in Hilbert spaces (such as It6’s formula) are available.

We need an additional step to let the model studied in the paper apply to the financial
problem we are considering. We rephrase (1.10) as an SDE in the same Hilbert space
H, but with a maximal dissipative unbounded operator. To this goal, we observe that
A=A- % is a maximal dissipative operator generating the semigroup of contractions
S ={S; = e_t/2§t}t€R+. Let us define G(¢,x) := F(¢,x)+ %, (t,x) € [0,T]1x H. Denote by
X402 the unique mild solution of the SDE

{dXs=(AXS+G(s,Xs))ds+Z(s,Xs)dWs se.T], (1.12)

Xt = (x0,%1).

It is not difficult to see that Xt(®0:x1) = xt.(0.x1)  [ndeed, if {A;}151/2 denote the Yosida
approximations of A, then the strong solution of

{dXA,S = (A X2 +F(5,X0s))ds+2(s,X25)dW, se(t,TI, (113)

Xt = (x0,%1),



coincides with the strong solution X ;’(xo’xl) of

L1
X/l,s:((AA_§)X/LS+G(S’X/LS) ds+2(s,Xys)dWs se@T], (1.14)

Xt = (x0,%1),

by the very definition and by uniqueness of strong solutions. Recalling that strong and
mild solutions coincide when the linear operator appearing in the drift is bounded’,
X ;’(xo’xl) solves (1.14) in the mild sense. Now observe that A ; —% generates the semigroup

S, =18, = e 2eAM), e, Since et — S, strongly as A — +oo, we have also S ; — S;
9 t b

strongly. Then the mild solution X;’(xo’xl) converges to the mild solution X*®0*1) ag

A — 400 (see e.g. the argument used to show Proposition 2.10-(i7)). Similarly, Xi,(xo,xﬂ

solves (1.13) in the mild sense and then X;’(xo’xl) — Xt@04) g5 A — +00. We thus con-
clude that Xt(0x1) = xt(0%1) jn g suitable space of processes where the well-posedness
of the SDEs and the convergences above are considered.
It follows that equation (1.11) can be rewritten as:
for all s € [¢, T, X;W0%) = (RY™O™ (REFo*)Y ) P-as.. (1.15)

s'+s

Having (1.15), the function u can be written as
u(t,xo,x1) = e " OE [(Xp0)| v, (eo, 40 €10, TT x H. (1.16)

Thanks to the special structure of X in SDE (1.12), if u has enough regularity to perform
the computations, it turns out that, for s € [0, T1],

S
u(s’Xg’(xO’xl)) =u(0,(x0,%1)) +f ru(w,Xg;(xO’xl))dw
° s 1.17)
_,_f onu(w,Xg’(xo’xl))V(w,XS,’(xO’xl))dWw,
0

and the only derivative of u appearing in the above formula is the directional deriva-
tive D,,u with respect to the variable x(, representing the “present”, according to the
rephrasing R ~» X. Once (1.17) is available, one can verify, as it is done for the case
without delay, that

u(s,Xg’(xO’xl)) —onu(s,Xg’(xO’xl))Xg”ixO’xl)

Kt = - and A% =D, u(s, X)) vse[0,T)
S

solve the hedging problem in the delay case.

The goal of this paper is to show the regularity of the function u, defined by (1.16),
with respect to the component xy, when all the data are assumed to be Lipschitz with
respect to a particular norm associated to the operator A.

Acknowledgments. The authors are grateful to the anonymous referee for valuable
comments.

1 This can be seen by an easy application of Ito’s formula, together with uniqueness of mild solutions.
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2 Preliminaries

2.1 Notation

Let (2,,P) be a complete probability space, let T' > 0, and let F = {F;};c10,1 be a fil-
tration on (Q, %,P) satisfying the usual conditions. Define Qr = Q x[0,T]. Denote by
2 the o-algebra in Q7 generated by the sets A x (s,t], where A; € ¥, 0<s<t=<T,
and Aj x {0}, where Ag € %y. An element of & is called a predictable set. We denote
R~ = (—00,0], R* =[0, +00).

Let (F,|-|r)? be a real separable Banach space. We define the following spaces:

(i) Forp =1, L‘;,(F) = L?],(QT,F) is the Banach space of F-valued predictable processes

X such that
T Up
f X, |5dt ) < +oo0.
0

(ii) #%,(F)is the subspace of elements X of L?,(F) such that

1/p
1X| o0 = sup (E[IX:I5 < +00,
= sup (EIXE])
and, for all ¢' € [0, T,
limE [|X, - XyI5] =0.
t—t!
Jfg,(F), when endowed with the norm |-| FEE(F)> is a Banach space.

We will consider Jfg(F) also with other norms. For y > 0, define

_ 1/
IXl”;(F),Y ::tes[gg (e Vt([E[IXtI;;]) p).

1
The norms || A8 and |- | 768 ),y Are equivalent.
Letn=0,k=0,T >0, and let E, F be real separable Banach spaces.

(iii) ¥1(E,F) denotes the space of continuous functions f: E — F such that the Gateaux
derivative V[ (x) exists for every x € E, the function

Vf.:E — L(E,F)
is strongly continuous and

sup |vf(x)|L(E,F) < +o00.
xeE

When E is a Hilbert space and F = R, we will identify Vf with an element of E
through the Riesz representation E* = E.

2We use the same symbol |-| to denote the norm of a normed space when the space is clear from the
context. If not, we will clarify the space of reference with a subscript.



@iv) (ﬁg ’1([0,T] x E,F) denotes the space of continuous functions f: [0,T]x E — F, such
that the Gateaux derivative in the x variable V,f(¢,x) exists for every x € E, the
function

Vif:[0,T1xE — L(E,F)

is strongly continuous and

sup  |Vyf (¢, %)L&, F) < +oo.
(t 2)e[0,TIxE

(v) Cll)(E ,F') denotes the space of continuous functions f: E — F, continuously Fréchet
differentiable, and such that

sup|Df(x)|L&,F) < +o0,
x€EE

where Df denotes the Fréchet derivative of f.

(vi) C%1([0,T]x E,F) denotes the space of continuous functions f: [0,T]x E — F, con-
tinuously Fréchet differentiable with respect to the second variable.

(vii) Cg’l([O,T] x E,F) denotes the space of functions f € C%1([0, T] x E,F) such that

sup  [D.f(t,%)| &, F) < +oo,
(t,0)€l0,T1xE

where D, f denotes the Fréchet derivative of f with respect to x.

When F =R, we drop R and simply write L”,, Jfg,, Cﬁgl(E), %S’I(E),Cg’l([O,T] x E), and
CYN10,T1 < E).

Though the notation could appear to be misleading, observe that if f € Cg’l([O,T] X
E F)or fe Cé(E,F), then f is not supposed to be bounded.

Let m > 0 be a positive integer, and let U be an open subset of R™. Let a,b be real
numbers such that a < b. Define Q :=[a,b) xU and 0pQ =[a,b]xoU u{b} xU.

(viii) For a €(0,1), C1**(Q) denotes the space of continuous functions f: @ — R such that
D, f(t,x) exists classically for every (¢,x) € @, and such that

|u(S,y)—u(t,JC)—<D f(t7x)7y_x> I
|f|Cl+“(Q) = |floo+1Dxfloc+ sup x = m < +00,
9 +a)/2
(£,0),(5,9)€Q (1t—sl+lxc—ylZ)
(t,2)#(s,y)

where |- |, is the supremum norm, and |-|,, and (-,-),, are the Euclidean norm and
scalar product in R™ respectively.

(ix) For a €(0,1), CIIOJ;“((O, T) x R™) denotes the space of continuous functions f: (0, T) x

R™ — R such that, for every point (¢,x) € (0,T) x R™, there exists € > 0 and a,b €
(0,T), with a < b, such that f € C1*%*([a,b) x B(x, £))’.

(x) For p =1, W2P(Q) denotes the usual Sobolev space of functions f € LP(Q), whose
weak partial derivatives u;, fx; and fy;x; belong to LP(Q). W12P(Q) is equipped
with the norm

1/p
If lwi2p@) = (lflzp(Q) + |ft|€p(Q) + |Dxf|£p(Q) + |D92cf|€p(Q))

3B(x,¢) denotes the open ball centered at x of radius ¢.
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2.2 Hpg-extensions of mild solutions of SDEs

Let m =1, and let H; be a real separable Hilbert space with scalar product (-,-)g,. Define
H :=R™ x H,. Whenever x is a point of H, we will denote by xy the component of x in R™
and by x; the component of x in H;. We endow H with the natural scalar product

((x0,%1),(¥0,¥1)) == %0, Y0)m + (X1, Y1) H; V(xg,x1),(y0,y1) € H.

Let G:[0,T1xH — H and 0: [0,T] x H — L(R™). We will consider the following as-
sumptions on them.

Assumption 2.1. The functions G and o are continuous, and there exists M > 0 such that

1G(t,x) -G, g +10(E,x) -0, L@ = Mlx—ylg  V(,x),(¢,y)€[0,TTx H.

We associate to o the following function:
>:[0,T1x H — L(R™,H),
defined by

2(t,x)y = (0(¢,x)y,01) (2.1
for (¢,x)€[0,T]x H, y e R™, and where 0; denotes the origin in H;.

The following assumption will be standing for the remaining part of the work.

Assumption 2.2. S is a strongly continuous semigroup of contractions, with A as its
infinitesimal generator.

We remark that Assumption 2.2 implies that A is a linear densely defined maximal
dissipative operator on H. In the rest of the paper A is an abstract operator which may
be different from the operator A introduced in Section 1.1.

Let W be a standard m-dimensional Brownian motion with respect to the filtration F.
For t €[0,T) and x € H, consider the SDE

{dXs =(AX;+G(s,X)ds+2(s,X)dW,  se(t,T] ©.2)

Xt:x.

It is well known (see [7, Ch. 7]) that, under Assumption 2.1, for p = 2, there exists a
unique mild solution in Jfg,(H ) to (2.2), i.e. a unique process X** € Jfg)(H ) such that

X s€[0,¢]
Xé’x — s s
Ss_sx+ f Ss_wGw, X5 dw + f Ss_wZw, X5 dW,, se(t,TI.
t t

Moreover, for every ¢ € [0,T], the map
H— 70H), x—X" (2.3)

is continuous and Lipschitz.

For future reference, we state existence and uniqueness of mild solution in the fol-
lowing proposition, where we also show continuity in ¢, and we introduce tools useful for
later proofs.



Proposition 2.3. For any p = 2, under Assumption 2.1, there exists a unique mild solu-
tion X* € Jfgz,(H) to SDE (2.2), and the map

[0, 7] ><(H,|-|)—>J£§)(H),(t,x)»—>Xt’x (2.4)
is continuous in (t,x), and Lipschitz in x, uniformly in t.

Proof. Since the arguments are standard, we just give a sketch of proof. Let ¢ € [0,T].
Define the map
O(t;-,-): H x F5(H) — 5 (H)

by
x s€[0,¢t)
DO(t;x,2)s = s s
Ss_tx+f Ss_wG(w,Zw)dw+f Se_w2(w,Z,)dW,, selt, Tl
t t
Let y > 0. By Assumption 2.1, we have
“YPIE Z) -G, Z)P | <MP|Z-Z'\P VZ,Z' e 7P (H 2.5
tf[l()l,rj)’]e [lG(t, t) G(t, t)l ]< | |Jf}§(H),Y ’ E‘jﬁy( ) ( )
—Ypt _ P pr7 _ 7l\P / D
Sup e E|l0(t, 20 - 06, ZDIE gy | < MP1Z -2 By VB2 € AHLE.  (2.6)

By (2.5), (2.6), the linearity of ®(¢;x,Z) in x, and [8, Ch. 7, Proposition 7.3.1], there exists
Y >0, depending only on p, T', M, such that

1
sup (42, 2) = P2, 2 o gy o < 12 = 2| VZ,Z' € Z0H).  (2.7)
(t,2)€l0,T1xH HyH)y = 9 A5, (H),y »

This shows that, for every (¢,x) € [0, T1x H, there exists a unique fixed point X** € Jfg,(H )
of ®(¢;x,-). Such a fixed point is the mild solution of (2.2).

The continuity of (2.4) is also standard. We sketch a slightly different argument. Let
{t,}nen be a sequence converging to ¢ in [0,7]. By standard estimates on the integrals
defining ® (for the stochastic integral using Burkholder-Davis-Gundy’s inequality), by
sublinear growth of G(¢,x) and o(¢,x) in x uniformly in #, and by Lebesgue’s dominated
convergence theorem, we have

1_131 D(ty;x,Z)=D(t;x,Z) in Jz?g,(H), V(x,Z)€e H x Jz?g,(H). (2.8)
Then, by (2.8), (2.7), and [8, Theorem 7.1.5], we have

lim X’*=X% in Jfg,(H), VxeH. (2.9)

n—+oo

This shows the continuity in ¢ of X%*. We notice that

sup Iq)(t;x,Z)—CD(t;x',Z)Ipr(H),Y <|lx-«lg Vx,x' €H. (2.10)
(t,2)€10,T1x AL, (H) 7

By applying [13, inequality (* * %) on p. 13], we obtain

sup | X —Xt,x’ljfp (H)y S 2x—x'|lg Vx,x €H. 2.11)
t€[0,T1 2
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By (2.9) and by (2.11) we conclude that the map
[0,T]xH — Jfg,(H), (¢,x)— X
is continuous and Lipschitz continuous in x uniformly in ¢. |

We are going to endow H with a weaker norm, and give conditions such that the
above continuity in (¢, x) of X’* extends to the new norm. We will also make assumptions
which will guarantee the Gateaux differentiability of the mild solution with respect to
the initial datum x in the space with the weaker norm and the strong continuity of the
the Gateaux derivative.

Let R: D(R) — H be a densely defined linear operator such that R: D(R) — H has
inverse R~ € L(H). Then B = (R*)"'!R~! € L(H) is selfadjoint and positive. For x € H,
define

2 -1,.2
|5 = (Bx,x) = |R x| (2.12)

Such norms have been introduced in the context of the so-called B-continuous viscosity
solutions of HJB equations in [5, 6] and used in many later works on HJB equations
in infinite dimensional spaces (see [11, Ch. 3] for more on this). The space H endowed
with the norm |- |g is pre-Hilbert, since |-|g is inherited by the scalar product (x,y)p =
(BY2x,B12y), where B2 is the unique positive self-adjoint continuous linear operator
such that B = BY2B12_ Denote by Hg the completion of the pre-Hilbert space (H,|-|).
With some abuse of notation, we also denote by |-|g the extension of |- |g to Hp.

By definition of |- |g, R: (D(R),|-|g) — (H,]|-|p) is a full-range isometry. This implies
the following facts:

(1) there exists a unique extension R:H — Hgp;
(2) R and B! are isometries;
(38) R1= }?‘/1, where }/?-TI: Hp — H is the unique continuous extension of R7L.

Denote by R the ~operator R considered as an operator Hg > H = D(R) — Hg. The above
facts imply that R is a densely-defined full-range closed linear operator in Hp, and that
D(R) is a core for R.

We will need the following proposition.

Proposition 2.4. Let R: D(R) c H — H be a densely defined linear operator such that
R~Ye L(H). Let Hg be the Hilbert space defined above as the completion of H with respect
to the norm |-|g given by (2.12).

(i) Suppose that
StR CRSt Vt€R+. (213)

Then, for every t € R, there exists a unique continuous extension §t of St to Hp, the
family S :={S};er+ is a strongly continuous semigroup of contractions on Hg, and

S;R<RS; VteR', (2.14)
A=RAR ', (2.15)

where A is the infinitesimal generator of S.

11



(it) Suppose that

AR =RA, (2.16)
D(A)c D(R). (2.17)

Then (2.13) is satisfied and the Yosida approximations {(Antns1 of the infinitesimal
generator A of S are given by the unique continuous extensions to Hg of the Yosida
approximations {A,},>1 of A, i.e.

Zn:An Vn=1.

Proof. (i) Suppose that (2.13) holds true. Observe that (2.13) implies
AR cRA. (2.18)
Since R71S, =S;R~1, we have
1S;xl = IR1S,xlg = ISR x|y < IR ‘x| = |x|p VteR", xe H.

We can then extend each S; to an operator §t € L(Hp) with the operator norm less than
or equal to 1. By density of H in Hp, it is clear that the family {S;};cp+ is a semigroup of
contractions. Moreover, for x € H,

tlir&lgtx—xlgztli%llR Six—x)|g = hm IStR x—R~™ xIH 0.

The above observations imply that the family {S;};cg+ is uniformly bounded and strongly
continuous on a dense subspace of Hg. Thus, by [10, Proposition 5.3], S is a strongly
continuous semigroup on Hp.

We now prove (2.14). Let (x,Rx) € I'(R), where I'(R) is the graph of R. We noticed
that D(R) is a core for R. Then we can choose a sequence {(x;,, Rx;)}nen € I'(R) such that
(x,,Rx,) — (x,Rx) in Hg x Hg. Hence, using (2.13), we can write

SiRx= lim SiRx,= lim S;Rx,= lim RSux,= lim RSux,,

where all the limits are considered in Hg. This means that {R S;xp,}nen is convergent in
Hp. We recall that R is closed in Hp and we observe that S;x,, — S;x in Hg by continuity.
Thus we conclude that ﬁgtxn —R Etx in Hg. This proves (2.14).

Now let A be the generator of the semigroup {S;: Hg — Hp};eg+. Obviously A is an
extension of A, i.e. Ax = Ax for x € D(A). We will show that D(A) = R(D(A)). Using (2.14)
we have for x € Hp,

S;—1 . S;-I— =S, —-I— —S;-I—=

lim x= =(by (2.14)) = hm R—R x =lim R
t—0+ ¢ t—0+ t—0*

Rx.

The last limit exists in Hp if and only if the limit

oS-I
lim
t—0t ¢

B 'x
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exists in H. Therefore we conclude that
DA)=R(DA) and Ax=RAR 'x Vxe D(A), (2.19)

which can be written as (2.15).

(i1) Let {A,},>1 be the Yosida approximations of A. We begin by showing that
(n-A)'RcR(n-A)"' vn=1. (2.20)
By (2.17), it follows that
D((n-A)Y'R)=D@R)cH=D[R(n-A)™1).

By (2.17), we have, for x € D(R),

A(n-A)x=n(n-A)'x—x<D(A)+DR)<DR), (2.21)
hence (n —A) 'x € D(RA). Then, by using (2.16), we can write, for x € D(R),

(n-A)'Rx=(n-A)'R(n-A)n-A) "x=(n-A) ' (n-ARn-A) "« =R(n-A) 'x.

This shows (2.20).

We now claim that
eAnR c RetAr, (2.22)

where e*4» is the semigroup generated by A,,. By (2.20), we have

A,Rx=n?(n-A) 'Rx—nRx=n’?R(n-A) 'x-nRx=RA,x  VxeD(R),

that is
A,R cRA,,. (2.23)
Let x € D(R). By (2.21) and (2.23),
A*Rx=RA*x  vEkeN. (2.24)
For t e R*, define
Ym =) k—!Anx.
k=0

By (2.21), y;m € D(R). Moreover, lim,,_. o0 ym = eA"x and, by (2.24),

lim Ry, = lim Z—

m—+0o m—+oo ;= k!

AﬁRx = eAnRx.

Since R is closed, it follows that e4nx € D(R), and Re'Anx = e!4nRx. Since this holds for
every x € D(R), we conclude e?4"R c Ret4n.

We can now prove that (2.13) is satisfied. Let x € D(R). By (2.22),

lim Re!47x = lim e*4"Rx = S:Rx.
n—oo n—oo
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Since R is closed, we have lim,, .o, et4ry = S,x € D(R) and RS;x = S;Rx. Then (2.13) is
verified.
We can now conclude the proof. By (2.22), arguing as it was done for S, we obtain

that every S, can be uniquely extended to the semigroup e’4» on Hp generated by A,.
Similarly to (2.19), we have

D@A,)=R(D(A,) and A,x=RA,R 'x VxeD(@,). (2.25)

We observe that R(D(A,))=R(H)=Hpg. If x € H, by (2.17), (2.19), (2.20), and (2.25), we
have

A x=RA,R 'x=RnA(n-A'R 'x=RnA(n-A) 'R
=n(RAR DRn-A) 'R Hx=n(RAR HY(n-A) 'x=nA(n-A) 'x,

which can be written as
A x=nA(n-A)  x=A,x VxeH,

where A, is the Yosida approximation of A. Finally, since both A, and A,, are continuous
on Hp, and since H is dense in Hpg, we obtain

An :Zn,

A

and then e?A = etAn_where e!An is the semigroup generated by A ,. [

In the remaining of this section we will assume that (2.16) and (2.17) hold true.

Assumption 2.5. The functions G and Z are Lipschitz with respect to the norm |-|g, with
respect to the second variable and uniformly in the first one, that is there exists M > 0
such that

IG(t,x) = G(t, )| + |Z(¢,x) — Z(¢, )|Lwm Hp) < M|x — ylB (2.26)

for all t €[0,T), x,y € H. Denote by G (resp. %) the unique extension of G (resp. %) to a
function from [0,T]x Hg into Hp (resp. from [0,T] x Hp into L(R™,Hp)).

Remark 2.6. It is obvious that Assumptions 2.1 and 2.5 are satisfied if
IG(t,x)-G(t,y)|g +1o(t,x)— o, YLy < M|x—y|p. (2.27)

It is then easy to see that the functions Gy(t,x) = G(t,Rx) and o¢(t,x) = o(t,Rx) defined on
[0,T] x D(R) satisfy

|Go(t,x)—Go(t,y)a +loo(t,x)—oo(t, y)Lwm) < Mlx—ylg (2.28)

fort€[0,T]and x,y € D(R), and hence they uniquely extend to functions defined on [0, T] x
H satisfying (2.28) for all t € [0, T]and x,y € H. The converse is also true, i.e. (2.28) implies
(2.27). Thus (2.27) is satisfied if and only if G(¢,x) = Go(¢,R %), 0(¢,x) = oo(t,R 'x), for
(t,x) € [0,T1x H, for some Gg, 09 which satisfy (2.28) for all t € [0,T] and x,y € H. We
notice that for o, (2.27) is also necessary for Assumptions 2.1 and 2.5.

14



For instance, focusing on o (which corresponds to v in the financial problem consid-
ered in Section 1.1), this condition is easily seen to be satisfied if

o(t,%) = (£, (%, 5., €, 5™)

for some f:[0,T]xR" — L(R™) Lipschitz continuous in the last n variables (uniformly for
t€[0,T) and ¥,...,5" € D(R*). Indeed, in such a case we can write

o(t,x) = F(t, o, 5, ..., , 7)) = f(t, (R, R* 35, ... (R 1%, R*5)) = 0o(¢t, R %), (2.29)

where oo(t,x) = f(t,(x,R*y1,...,(x,R*¥™)). Since later in (2.59) we take R = A -1, in
applications to our financial problem (Section 1.1) this would mean that

F =G5 eRxWHARY)  i=1,...,n.

Thus a function of the form

0 0
x}(s)jf%(s)ds,...,xgyg,f
(e 0]

—00

ot,x)=f (t,xgyg, f x';(s)yf(s)ds), (2.30)

where f:[0,T]x R2* — L(R™) is continuous in the 2n + 1 variables and Lipschitz con-
tinuous in the last 2n variables, uniformly for t € [0,T], satisfies Assumptions 2.1 and
2.5.

One can also give an equivalent condition which may be easier to check. We can only
require that G(t,x) = Go(t,Kx), o(t,x) = oo(t,Kx), for some Ggo,0¢ satisfying (2.28) for
all t €[0,T] and x,y € H, and a bounded operator K on H such that |[Kx|g < C|IR x|y
for all x € H. The last requirement (see e.g. [7, p. 429, Proposition B.1]) is equivalent to
K*(H)c (R™V)*(H) = D(R*). In particular, if K is the orthogonal projection onto a finite
dimensional subspace Hy of H, then we need Hy c D(R*). By assuming without loss of
generality that y',...,5" in (2.29) are orthonormal, then the previous example is readily
reduced to the present if K is the orthogonal projection onto span{y?,...,7"}.

Though functions like o in (2.30) are of a very special form (they are cylindrical as
functions of x%,...,x'{), it should be noticed that they are in general not smooth, since
f(t,-) is only assumed to be Lipschitz continuous.

Under Assumption 2.5 we can consider the following SDE on Hp

dX,=(AX;+G(s,X,))ds+2(s,X)dWs,  se(t,TI, ©.31)
Ylf =X, .

where x € Hg. By changing the reference Hilbert space from H to Hp, we can apply

Proposition 2.3 and say that SDE (2.31) has a unique mild solution X" in Jf;;(H B), and

[0,T]xHp — Jf;;(HB), (t,x) — Yt’x, is continuous and |- |g-Lipschitz with respect to x,
uniformly in ¢.

Proposition 2.7. For any p = 2, under Assumptions 2.1 and 2.5, there exists a unique
mild solution X " € Jf;;(H B) of SDE (2.31), and the map

[0,T]x Hg — A5 (Hp), (t,2) — X (2.32)

is continuous in (t,x), and Lipschitz in x, uniformly in t. If x € H, Yt’x € Jfg,(H ) and
X"t =x ¥, where X'* € 70, (H) is the unique mild solution of SDE (2.2).
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Proof. The first part follows from Proposition 2.3. It remains to comment on the fact that
Xt* =X"" if x € H. The space #,,(H) is continuously embedded in .#7%,(Hp). Thus, if G
and X satisfy Assumptions 2.1 and 2.5, and if the initial value x belongs to H, the mild
solution X%* of (2.2) is also a mild solution of (2.31), and then, by uniqueness of mild

solutions, X% = X" in Jfg,(H B). [ |

In order to obtain an a-priori estimate giving the regularity in which we are inter-
ested, we will need to approximate mild solutions with other mild solutions of SDEs with
smoother coefficients.

Proposition 2.8. Let G and o satisfy Assumptions 2.1 and 2.5. There exist sequences
{Gnlnen © Cp ([0, TIX H, H), {Zp}neny © Cp (10, TIxH, LR™, H), with Zy(t,2)y = (04 (t,2)y,01)
for some 0, € Cg’l([O, T1x H,L(R™)), satisfying:

(i) For every n € N, G, and X, have extensions En € Cg’l([O,T] x Hg,Hp) and %, €
CyN(0,T1 x Hp, L(R™, Hp)).

(it) For all (t,x),(t,y)€[0,T]x Hp,

sup |G, (¢,x)— G,(t,y)lp < M|x—ylp (2.33)
neN
sup | Z,(¢,%) — 2, (t, Y)L@m ) < Mlx — ylB. (2.34)
neN

(iii) For every compact set K c Hp,

lim sup |G(t,x)—Gu(t,x)g=0 (2.35)
=0 x)e[0,T1xK
lim  sup  [Z(t,%) - Z,(¢,%)|L@n fp) = 0. (2.36)

=0 (¢ x)e[0,T1xK

Remark 2.9. We remark that, due to the fact that the range of Z is finite-dimensional
(see (2.1)), once the above continuity/differentiability [approximation conditions for X,
are satisfied with respect to Hp, they automatically hold for Z, with respect to H.

Proof of Proposition 2.8. The proof uses approximations similar to those in [20]. Let
{entnen be an orthonormal basis of Hg contained in H. For n € N, let us define the
functions

n
I,:R"—Hpg, y— Y yrer
k=1

and
P,:Hg —R", x— ({(x,e1)B,...,{x,en)B).

It is clear that |I,| e Hz) =1 and |I,P,|L@,) = 1. We observe also that, for every n €N,
the linear operator

n
Hpg—H, x—I,P,x=) (x,ex)Be;
k=1

is well defined and continuous. Denote ¢, := I, Py |15, H)-
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1
e =2 ifre(-1,1)
@(r):= _
otherwise,

and, for every n € N,
-1
Co={ [ ottty

where ||, denotes the Euclidean norm in R”. Define
gn:[0,TIxR* - H

by standard mollification

n—1

gn(tyy) = Cn (G(t71n) * (P(n| : |n)) (y) = Cn o G (t> Z Zkek) (P(nly _Zln)dz,
" k=0

for all (¢,y) € [0,T] x R". We observe that g, is well-defined, because G is H-valued and
continuous, and ¢ has compact support. By Lebesgue’s dominated convergence theorem,
g5 1s continuous.

Since the map R" — R, z — ¢(n|z|), is continuously differentiable and has compact
support and since G is continuous, by a standard argument we can differentiate under
the integral sign to obtain g, is differentiable with respect to y and

(y—2,U)n
|y_z|n

D, gn(t,y)v = nCn f Gt 1,2)¢' (nly - 21) dz.
Rn

By Lebesgue’s dominated convergence theorem, the map
[0,T1xR" xR" — H, (t,y,v)— D ,gu(t,y)v
is continuous. Thus g, € C%1 ([0, T1 x R”, H). Define
G,:[0,T1xHg — Hpg
by

an(t,x) =g, Pux)=C, G(t,I,Py,x—1,2)p(nlzl,)dz VY(t,x)el0,T]xHp.
[Rn

Since G,([0,T]x Hg) c H, we can also define G,,: [0,T]x H — H by Gp(t,x) = G, (t,x)
for every (t,x) € [0,T]1x H. Then G, € C%%([0,T]1x H,H) and G, € C%X([0,T]x Hg,Hp).
Moreover, by Assumption 2.1,

|G (t,)=Gn(t,2") i = gn(t,Prx) = gn(t, Prx)lg
< Cnf[Rn |G(t,1,Pnx—1,2)—G(t,1,Pyx' —1,2)|z p(nlzl,)dz (2.87)
<M|1,Ppx—I,Ppx|;; < Mcylx—x'|g < Mcy R panle— |1,
for every ¢t € [0,T] and x,x’ € H. Similarly, by Assumption 2.5,

Ian(t,x) _an(t7x,)|B =|gn(t,Pyx) _gn(t,an/)lB

2.38
5M|Inan—Inan’|BSMlx_x,|B’ ( !
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for every t € [0,T] and x,x' € Hg. Thus G, € Cg’l([O,T] x H,H) and G, € Cg’l([O,T] x
Hp,Hp).
To prove (2.35) for every compact K c Hg, we first notice that

sup|l,Pp,x—xlp=€,—0 asn— +oco.
xeK

Thus by (2.26),

lim sup |G(t,I,Pyx)—-G(t,x)g< lim Me, =0. (2.39)
n—’+00(t,x)€[0,T]xK n—+oo

Moreover, for (¢,x) € [0,T]x Hp,
IG(t,1,P,x)—Gy(t,x)lp < Ch f |G (¢,1,Ppx—1,2)—G(t,1,P,x)gp(nlzl,)dz
Rn
M
<McC, f L2lpp(nlzl,)dz < MC, f eln@(nlzly)dz < —.
R~ R~ n

This, together with (2.39), gives (2.35).
We have thus proved that {Gylnen © Cy ([0, T1x H, H), that {Gylnen < Cy'([0, T x
Hp,Hp), and that (2.33) and (2.35) hold true.
The other half of the proof, regarding X, is similar. We only make a few comments.
For n € N, define
(n: R — L(R™)

by

(n(t,y) = Cr(0@t, 1) @l 1)) =C, s (t, > Zkek) ¢p(nly —zlp)dz,
" k=1

for all (¢,y) € [0,T]1xR", and 7,:[0,T]1x Hg — L(R™) by 0,(t,x) = {,(t,I,P,x) for all
(¢,y) €[0,T1xR*, and n € N. Arguing as it was done done for g,, we have that (, €
C%([0,T1x R*,L(R™)), and then &, € C%1([0,T] x Hp,L(R™)). Moreover,

G5(t,%) =0 n(t,2)|p < M |x ', (2.40)

and hence 0, € Cg’l([O, T1x Hg,L(R™)). The proof of (2.36) is done in the same way as for
G,. Finally we define

Z,(t,0)y = @n(t,0)y,01) V(t,x)€[0,T1x Hp, VyeR", YneN

and
Ta(t,x)y =2, x)y V(t,x)e[0,TIxH, VyeR", YneN.

This concludes the proof. |

Unless specified otherwise, Assumptions 2.1 and 2.5 will be standing for the remain-
ing part of the manuscript, and {G,}ren, (Zntnen, {Grlnen, {Zrnlnon Will denote the se-
quences introduced in Proposition 2.8.

Let {A;}n>1 be the Yosida approximation of A. We recall that for every n = 1, by
Proposition 2.4, A, has a unique continuous extension A, to Hg, and A, = A,,, where
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{A,}n>1 is the Yosida approximation of the infinitesimal generator A of S. We remind
that we denote by e?4» the semigroup generated by A,,. For ¢ € [0, T) and n = 1, we denote
by X ,t;x, Y;’x respectively the unique mild solutions to

AXns = (AnXns +Gn (8, Xns))ds +Zn (5, Xns)dWs  s€(t,T1

’ ’ ’ ’ (2.41)
Xn,t =X€ H,
dfn,s = (anns +G, (s,fn,s))ds +X, (s,fn,s)dWs se(t,T] 2.42)
Yn,t =XE€ HB. .

For any p = 2, existence and uniqueness of mild solution are provided by Propositions
2.3 and 2.7, together with the continuity of the maps

[0, T x H — AE(H), (t,x) — X5*  [0,T]x Hg — #L(Hp), (t,x)— X, (2.43)
Proposition 2.10. Let Assumptions 2.1 and 2.5 hold and let p = 2. Then:
(i) For every neNand x€ H, Xi* =X, (in #%(Hp)).
(i) lim,_ o Y;x =X in Jfg,(HB) uniformly for (t,x) on compact sets of [0,T] x Hp.
(iii) For every n € N the map
[0,T]x Hp — A5 (Hp), (t,x) — X" (2.44)
belongs to 4 ([0, T x Hp, 75 (Hp)).
(iv) The set {foi’x}ne;\j is bounded in L(HB,%g;(HB)), uniformly for (¢t,x)€[0,T]x Hp.

Proof. (i) Let (¢,x) € [0,T1x H. Since A, = A,, on H, we have e54» = ¢54n on H for all
s € R*. Recalling that Jfg,(H ) is continuously embedded in Jfg,(H B), we then have that
the mild solution Xflx is also a mild solution of (2.42) in JK;;(H B). By uniqueness we
conclude that X5* =X in F (Hp).

(it) For t €[0,T],x € Hg, n = 1, similarly to what was done in the proof of Proposition
2.3, we define the maps

@(t;-,-): Hp x F€5,(Hp) — A5, (Hp)
by
X s€[0,?)

O(t;x,Z)s =14 — s_ s _
Ss_tx+f Ss_wG(w,Zw)dw+f Se_wZ(w,Z,)dW,, selt,T]
¢ ¢

and .
D, (¢;-,): Hp x A5,(Hp) — 75, (Hp)
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by

x s€[0,¢)

D, (t;x,2)s = — s — _ s — _
{e(St)A”x+ f e WANG (W, Z,,)dw + f WA (w.Z,)dW,, selt, Tl
t t

The mild solutions Yt’x and Y;’x are the fixed points of D(¢;x,-) and D, (¢;x, ) respectively.
Since the operators A,, n = 1, are the Yosida approximations of A, they generate semi-
groups of contractions on Hg. Recalling (2.33) and (2.34), and arguing for ® and @, as
in the proof of Proposition 2.3 for ®, we find y > 0, depending only on p, T', M, such that

D = 1
sup  |O(t;x,2) = D(;%, 2 st 1y, < 12 = 2| VZ,Z' € 75 (Hp) (2.45)
(t,x)el0,T1xH 5 HB)y = o F5 (Hp),y e

and

D = 1

sup [Py (52, 2) = Pu(6, 20 gt 11y, < 512 =2 e VZ,Z' € 765(Hp). (2.46)

tElOTIXH " H5Hp)y = 9 75 (Hp),y P
neN

Let {t,},>1 be a sequence converging to ¢ in [0,7"]. We claim that
lim @, (ty;x,2) = ®(¢;x,Z) in H5,(Hp), ¥(x,Z) € Hp x F5,(Hp). (2.47)
n—+oo
Once (2.47) is proved, we can conclude, again invoking [8, Theorem 7.1.5], that

lim X, =X in #L(Hp), Vx < Hp. (2.48)

n—+oo

But (2.47) is easily obtained by combining strong convergence of e*4" to S; uniformly
for t € [0,T], sublinear growth of G,(t,x) and X,(£,x) in x uniformly on ¢ € [0,7T'] and
n =1 (obtained by (2.33), (2.34), (2.35), (2.36), and by continuity of 6(-,0) and of 2(-,0)),
Burkholder-Davis-Gundy’s inequality, Lebesgue’s dominated convergence theorem, and
pointwise convergence of {En}neN to G and of (=, nen to 2.

By linearity of ®(¢;x,Z) and @, (¢;x,Z) in x, we have

sup |D(t;x,Z) = Ot;5", Z)| v 1, < 6= 2|, Vx,2" € Hp, (2.49)
(t,2)€10,T1x. 7L, (Hp) 7
and
sup Ian(t;x,Z)—an(t;x',Z)Iﬁp(HB)’Y < Ix—x'IHB Vx,x' € Hp. (2.50)
(t,2)€l0,T1x 75, (Hp) 7
neN

Thus, using (2.45), (2.46), and [13, inequality (* * *) on p. 13], we have

—tx <t
sup [X =X " | b gy < 20—l Va2’ € Hp. (2.51)
t€[0,T1 z
and
—tx <t
sup X, =X, | b g1y < 20— &'l Va2’ € Hp. (2.52)
t€[0,T] z
neN
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Now (2.48), (2.51), (2.52), and the continuity of X in ¢ (Proposition 2.7), yield the con-
vergence of Y;’x to Yt’x in Jfg)(H B) as n — +oo, uniformly for (¢,x) on compact subsets of
[0,T]x Hpg.

(ii1) Let n = 1. By [7, p. 243, Th. 9.8], for every ¢ € [0,T], the map (2.44) is Gateaux
differentiable and, for every x,y € Hp, the directional derivate foi’x y is the unique
fixed point of W, (¢,x;y,-), where ¥, (¢, ;) is defined by

\Pn(t?xa '?'): HB X %g(HB) - %;(HB),

y s€l0,2)

Wo(t,59,2) = { — o = s
Ss_ty+ Ss_waGn(w,Xn,w)dew+ Ss_waZn(w,Xn,w)deWw selt,T].
t t

To show strong continuity and uniform boundedness of V,X,, we argue similarly as in
the proof of Proposition 2.3. By (2.33) and (2.34),

IV.Gn(t,%)ylp < Mlylg (2.53)
IV Zn(t,2)y|L@m 1y < MylB, (2.54)

for all (¢,x,y)€[0,T]1x Hg x Hg. Then, by linearity of ¥,(¢,x;-,-) and by [8, Ch. 7, Propo-
sition 7.3.1], there exists y > 0, depending only on p, T', M, b, such that

sup |VY,(t,x;y,2) - ‘I’n(t,x;y,Z')Ipr H)y = sup |W¥,(¢,x;0,Z —Z')Id—,fp (H)y
(¢,%)€[0,T1xH 2770 (4,2)e[0,T1xH P

1 ! ! P
< ElZ -7 |Jf£$(H),Y VZ,Z' € ny(H). (2.55)
We also have

sup W (t, 259, 2) =Vt 2,5, 2)| g2 1y, < |9 =¥ |Hp (2.56)
(t,%,2)€[0,T1x Hp x. 7%, (Hzp) z

for all y,y’ € Hg. By (2.55), (2.56), and [13, inequality (* * %) on p. 13], we thus obtain

—=t,x
(¢,2)e[0,T1xHp z

Hence foi’x is bounded in L (Hp, #,(Hp)), uniformly for (,x) € [0,T]1x Hp and n > 1.
Let now {(¢z,x%)}zen < [0, T] x Hp be a sequence converging to (¢,x) € [0,T] x Hg. We
claim that
—+00
Once (2.58) is proved, using (2.55) and applying [8, Theorem 7.1.5], we obtain
lim foik’xky = foi’xy Vye Hp,
k—+o00

—tiE,XE —t,x

which provides the strong continuity of fofl’x. Recalling that lim;_., X, " =X,

in Jfgj(H B), we can consider a subsequence, again denoted by {(¢z,xz)}ren, such that
ks Xk

lim, . 00X, = f;’x P®dt-a.e. on Q7. Then (2.58) is obtained by applying Lebesgue’s
dominated convergence theorem, together with Burkholder-Davis-Gundy’s inequality,
for the stochastic integral.

(iv) This follows immediately from (2.57). n
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We will make a particular choice of R and thus B. Recall that (0, +o0) is contained in
the resolvent set of A (and hence of A*). For 1 >0,let Ay :=A-1, A} =A"-1=(A-1)".
If R = Ay, then (2.13), (2.16), and (2.17), are satisfied. We can then apply all of the above
arguments with

B=Ba,=(A)tAL

Notice that
XIB, , < (1+12=2| IAZ1 lLan) xlB,, VA, €(0,+00),x € H,

hence the norms |- |g A and |- |p L,y are equivalent. We will thus pick A =1 and from now
on we set
B:=Bai1=(A)1ATL (2.59)

We observe that with this choice of B we have
lxlg = (A —I)"lx|gz for allx € Hp,
and _ _
@, p=(A-D"'x,(A-I)"ty) forallx,yeHg.

In particular .
(x,y)p=(A* =Y A-I)"tx,y) ifxeHp,yecH.

3 Viscosity solutions of Kolmogorov PDEs in Hilbert
spaces with finite-dimensional second-order term

We remind that throughout the rest of the paper B is defined by (2.59). For this B, As-
sumptions 2.1 and 2.5 will be standing for the remaining part of the manuscript, {G,}nen,
{(Zntnen, {Grlnen, {Zn)nn denote the sequences introduced in Proposition 2.8, the opera-

tors A,,n = 1 are the Yosida approximations of A, and X.*, Y;’x are respectively the
mild solutions of (2.41), (2.42), with B =B4 1, n = 1. We recall that, by Proposition 2.10,

Xtx — Yt’x and Xflx = Y;’x for every (¢,x)€[0,T1xH, n = 1.

3.1 Existence and uniqueness of solution

The following assumption will be standing for the remaining part of the work.

Assumption 3.1. The function h: Hg — R is such that there is a constant M = 0 such
that
|h(x)—h(y)|<M|x—y|lp Vx,yeH. 3.1

The function % extends uniquely to h : Hg — R which also satisfies (3.1). Taking
the inf-sup convolutions of 2 in Hpg (see [11, 17]) we can obtain a sequence of functions
{hplnen < Cll)(H B) (and even more regular) such that

sup |Dh,(x)lg <+oco  and lim sup |h(x)—hA,(x)| = 0. (3.2)
n€}l>| n—>+oox€HB
X€Ep
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The restriction of En to H will be denoted by 4 ,,.
We define the functions

w: [0, TT1x H — R, (t,2)— | h(X)

’ (3.3)
un:10,T1xH =R, (t,x)—E [hn(Xt’fT)

n

. n>1. (3.4)

By sublinear growth of A and h,, u and u, are well defined. Each of the above func-
tions has an associated Kolmogorov equation in (0,7] x H. However we will only need to
consider the equation satisfied by u,. We also define

@1 [0,T1x Hp — R, (t,0)—~ E[hy (X p)|, n=1.

We observe that u, = u,0,71xH-
Proposition 3.2. Let p = 2. Then:

(i) uy isuniformly continuous on bounded sets of [0, T1x(H,|-|g) and, for every t €[0,T1,
un(t,-) is | -|g-Lipschitz continuous, with a Lipschitz constant uniform in t € [0,T]
and n=1.

(it) The sequence {uy,},>1 converges to u uniformly on compact sets of [0,T] x H.
(iii) Foreveryn=1, u,€ (gg’l([O,T] x H), and

sup  |Vyiun(t,x)|g < +oo, (3.5)
(t,2)€[0,T1xH
n=1

sup  |A;Vu,(t,x)|g < +oo. (3.6)

(¢,x)el0,T1xH
n=1

Proof. (i) From (3.2) and Proposition 2.10-(1),(ii1),(iv), it follows that u, is continuous and
|- |p-Lipschitz continuous in x with a Lipschitz constant uniform in ¢ € [0,7'] and n = 1.
The uniform continuity of u, on bounded sets is standard since we are dealing with
bounded evolution and can be deduced from a more general result, see e.g. [7, Theo-
rem 9.1], however we present a short argument. We first notice that it follows from
Proposition 2.10-(ii1),(iv) that, for any r» >0 and n = 1, there exists K > 0 such that

—t.x
X0 |2y <K VE€l0,T], Vxe Hp, |xlp <.

Secondly, we recall that, for ¢ € [0,T] and x € Hp, Y;’x is a strong solution to (2.42),
because A, is bounded (see footnote 1 on p. 6). Then if 0<¢ < t'<TandxeHp, |x|p=<T,
for some constants C1, Cg depending only on T', K, |A,|LHjz), and on the Lipschitz and

the linear-growth constants of En and X,, by standard estimates we have

2 s

2
sCl(t’—t)+sz E
t/

E

‘—t,x —t'x

X X

!/
—ix —=t',x
n,s n,s

X X

nw  “nw B

dw Vselt,TI.

B

By Gronwall’s lemma, the inequality above provides
—=tx —=t'x 2 CoT st
E ‘Xn,T_Xn,T‘B <Cie™?" (t' -1). (3.7
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The uniform continuity of u, on [0,7] x {x € H: |x|g <r} is then obtained by (3.2), (3.7),
and by the |- |g-Lipschitz continuity of f;’x in x with a Lipschitz constant uniform in
tel0,T].

(i) Part (i1) is a consequence of Proposition 2.10-(7),(i7) and (3.2).

(i11) Let n = 1. By [8, Ch. 7, Proposition 7.3.3], the map

Ep : AL (Hp) — H5(Hp), Z — hn(Z)
belongs to 9, (2, (Hp), 7€5,(Hp)), and
(VzEA(Z2)Y), =Dhn(Z,)Y, Vtel0,T], VZ,Y € F5(Hp). (3.8)

By Proposition 2.10-(ii7), linearity and continuity of the expected valued E on L‘;}(H B),
linearity and continuity of the T-evaluation map Jfg,(H B) — LP(Hp), Z — Zp, formula
(3.8), composition of strongly continuously Gateaux differentiable functions, we obtain
@, € 921([0,T]x Hp) and

_ — —t, —t,
(V. Tn(t,%),y)p = E [Dhn(an“T) (van" y)T] V(t,x,y)€[0,T]x Hg x Hg. (3.9)
By Proposition 2.10-(iv), (3.2), (3.9),
sup IViun(t,x)|lp < +oo. (3.10)
(t,x)el0,T1xHp
n=1

By continuous embedding H — Hp and by (3.10) we have also
u, € 4921([0,T]x H), sup  |Viun(t,0)lg < +0o, (3.11)

(¢,x)el0,T1xH
n=1

which shows (3.5). Moreover, since
Vetn(t,x) = (A% = DA - 1)V, 22, (t,%),
we obtain from (3.10) that
suIIJ [A*V,u,(t,x)|g < +oo. (3.12)
n=
(t,x)e[0,T1xH
Therefore, recalling that S is a semigroup of contractions, we have
A Vaun(t, 0l < In(n — A) pa A" Vet (t,0) 5 < |A*Voun(t, 0l
for all (¢,x) € [0,T] x H which, together with (3.12), shows (3.6). [

We now define for n > 1
1
L,:[0,T1xHxHxS,, =R, (t,x,p,P)— {(p,Gp(t,x)) + ETr(an(t,x)U;‘L(t,x)P)
where S,, is the set of m x m symmetric matrices.
We consider the following terminal value problems
~v—(Apx,D0) — Ly(t,%,D,0,D2  v)=0  (t,x)€(0,T)xH 3.13)
u(T,x) = hp(x) xeH. '

Since the operator A, is bounded we will use the definition of viscosity solution from
[19].
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Definition 3.3. A locally bounded” upper semi-continuous function v on (0,T]1x H is a
viscosity subsolution of (3.13) if v(T,x) < h,(x) for all x € H, and whenever v — ¢ has a
local maximum at a point (£,%) € (0,T) x H, for some ¢ € C12((0,T) x H), then

~pi(#,%) — (Ap#,D(t, %)) — Ln(f,2,Dp(,2), D3 9(F,2)) < 0.

A locally bounded lower semi-continuous function v on (0,T] x H is a viscosity supersolu-
tion of (3.13) if v(T,x) = h,(x) for all x € H, and whenever v — ¢ has a local minimum at
a point (£,%) € (0,T) x H, for some ¢ € CH%((0,T) x H), then

—pi(£,8) = (AnR, D (,%)) —Ln(f,fc,Dx(p(f,fc),D?CO(p(f,fc)) =>0.

A viscosity solution of (3.13) is a function which is both a viscosity subsolution and a
viscosity supersolution of (3.13).

Theorem 3.4. For n = 1, the function u,, is the unique (within the class of, say locally uni-
formly continuous functions with at most polynomial growth) viscosity solution of (3.13).

Proof. Since A, is a bounded operator this is a standard result, see e.g. [11, 14, 19].
Notice that Proposition 3.2-(1) guarantees that the function u, is locally uniformly con-
tinuous on [0,7T'] x H and is Lipschitz continuous in x. |

Remark 3.5. This is not needed here however it is worth noticing that the function u is the
unique so called B4 1-continuous viscosity solution (unique within the class of, say Ba 1-
continuous functions with at most polynomial growth which attain the terminal condition
locally uniformly), of the equation
—u;—(Ax,Du) - L(t,x,Du,D2 . w)=0  (t,x)€(0,T)xH 514
u(T,x) = h(x) x€H, '

where
1
L:[0,TIxHxHxS,, — R, (t,x,p,P)— (p,G(t,x)) + ETr(a(t,x)U*(t,x)P).

For the proof of this we refer the reader to [11, Theorem 3.64].

3.2 Space sections of viscosity solutions

We skip the proof of the following basic lemma (for a very similar version, see [3, Propo-
sition 3.7].

Lemma 3.6. Let D be a set, and f,g: D — R be functions, with g =0. Let
Z={yeD: g(y)=0}

be the set of zeros of g. Suppose that Z # @. Let {h;: D — R},cn be a sequence of functions
converging uniformly to 0 in D as i — +oo. Let {€;}jen be a sequence of positive numbers
decreasing to 0. Define

g()

12

vi(y):=f(y)— +hi(y) VieN, VyeD.

4By “locally bounded” we mean “bounded on bounded subsets of the domain”, and by “locally uniformly
continuous” we mean “uniformly continuous on bounded subsets of the domain”.
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Suppose that {y;}ien €D is a sequence such that

lim =0.

1—00

supy;i(y) —vi(yi)
yeD

Then 1im &% .

i—oo &;

Fix x1 € Hy. Let ¢ € C12((0,T) x R™) and let (£,%) € (0,T) x R™ be a maximum point
of u,(-,(-,x1)) —@(-,-) over [0,T] x R™. Without loss of generality we can assume that
peC L2([0, T1 x R™) and that the maximum is strict and global.

For € > 0, define the function

1 _
Pelt, 20, %1) = (t,20) + 10,21 ~x)I%, (3.15)

where t €(0,T), (xo,x1) € H. Observe that ®, € C12([0,T] x H), and
D ®.(¢,x) = p(t,x0)
D.@(t,0)= (Dayiplt, 0),0) + > (0,21 ~ ) (3.16)
D2 ®.(t,x) = D2 ¢(t,x0).

Xi

Lemma 3.7. For each n = 1, there exist real sequences {a;}ien, {€i}ien converging to 0, and
a sequence {p;}ien converging to the origin in H, such that the function

(0, T)xH —R, (t,x)— u,(t,x) =P, (t,x)—{p;,x) —a;t (3.17)
has a strict global maximum at (t;,x;) and the sequence {(t;,x;)};cn converges to (£,(Xg,%1)).

Proof. Let R > |(X9,x1)lg and Br :={x € H: |x|g < R}. Let {€;};en be a sequence con-
verging to 0. Applying the classical result of Ekeland and Lebourg [9, 21], there exist
sequences {a;}ien € R and {p;}ieny € H such that |a;| < 1/i, |p;|lg < 1/i, and such that the
function
[0,T]1xBgr — R, u,(t,x)— D, (¢t,x)—(p;,x) —a;t

has a strict global maximum at some point (¢;,x;) € [0,T] x Bg. By applying Lemma 3.6
with D =[0,T1xBg, f(t,x) = u,(t,x)—@(t,x0), g(t,x) = I(O,xl—il)llzq, hi(t,x)=—(pi,x)—ait,
y; =(t;,x;), we obtain

1im |(0,xi,1 _E1)|H =0. (3.18)

1—00
To conclude the proof it is then sufficient to show that (¢;,x;0) — (£,%). Indeed, sup-
pose that this does not hold. Up to a subsequence, we can suppose that (¢;,x; o) — (£,%¢) #
(,%0). Since, by assumption, (Z,%) is a strict global maximum point of u,(-,(-,x1))— (-, "),
there exists n > 0 such that, for i sufficiently large, we have

un(t,(R0,x1)) — @&, 20) =0+ wn (¢4, (x;,0,%1)) — P(t, % 0)
21+ u,(t;,(xi0,x1)) — O, (t;,x;)
=0+ (un(ti, (xi0,%1)) — un(ti, ) + wn(ti,x:) — Pe, (ti,2)  (3.19)
>0+ (wnlti, (xi0,%1)) — un(ti, ;) + un(,(Zo,x1)) — (£, %0)
+(pi,x; — (R0, x1)) +a;(t; — D).
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By (3.18), lim(x; 0,x; 1) = (X9,x1). Thus by continuity of u,, for i sufficiently large, we
1—00

have

=

lun(t;,(xi0,%1)) —un(t;,x) < =

(\}

and then if follows from 3.19 that
un(t,(£0,%1)) — @(t,%0) = g +uy,(t,(R0,%1)) — (£, 20) + {pi,xi — (R0, x1)) + ai(t; — ?).

This produces a contradiction by letting i — +o0, recalling that p; — 0 and a; — 0. Thus

we must have lim (¢;,x; ) = (£,%0). [ |
1—00

For any x;1 € H1 and n € N, we define the following functions

Vgt [0, TTxR™ =R, (¢,%0) — Up 3, (£, %0) := un(?, (x0,%1)), (3.20)

anz [0, TIxR™ =S, (¢,x0) — 0,(t,(x0,%1))0,(¢,(x0,%1)) (3.21)

and
Bnz, : [0, T1xR™ — R, (t,x0) — (An(x0,%1) + Gr(t,(x0,%1)), Verun(t,(x0,%1))). (3.22)

We associate to (3.13) the following terminal value problem

1
—v4(t,%0) — 5Tr(an,zl(t,xo)Diov(t,xo)) — Bz (t,20) =0 (t,x0) €(0,T) x R™ (3.93)

v(T,x0) = hn(xo,x1) xp € R™.

We recall that it follows from Proposition 3.2-(ii7) that for every x; € H; the function
Bz, is continuous and for every compact set K < R™,

sup |Bn 7, (¢, %0)| < +00. (3.24)
>1
(£,20)€10,TI<K

In the following proposition we show that the section functions v, 3, are the viscosity
solutions of (3.23). For the definition of viscosity solution in finite dimensions, we refer
to [3].

Proposition 3.8. For every x1 € Hy and n =1, v, 3, is a viscosity solution of (3.23).

Proof. We prove that v, 3, is a subsolution. The supersolution case is similar. The conti-
nuity of u, implies the continuity of v, x,. Let 9 € C L2((0, T) x R™) be such that Unz, — @
has a local maximum at (,%¢) € (0,T) x R™. Without loss of generality, we can assume
that the maximum is strict and global and that ¢ € C12([0,T] x R™). By Lemma 3.7,
there exist real sequences {€;};en,{ai}ien converging to 0, and a sequence {p;}ien in H
converging to 0, such that the functions

[0, T]xR™ =R, (£,x) — un(t,x) — P, (t,x) — (pi,x) —a;t
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have local maxima at (¢;,x;) and the sequence {(¢;,x;)};en converges to (£,(£9,%1)). Since
u, is a viscosity solution of (3.13), we have

D, (t;,x;) —a; — (Apxi, Dy P (¢, x;) + pi)

— L (ti,%i, D@, (t1,%:) + p, D2 @, (¢1,%,)) < 0. (3.25)
Since u,, € ‘ﬁf’l([O,T] x H,R), we must have
Vaun(ti,2i) = Da®e,(ti, xi) + Pi. (3.26)

Thus, by recalling (3.16), we have
-D D, (t;,x;)—a; — (Apx;, Viun(t;,x;))—Ly, (ti,xi,qun(ti,xi),D?co(P(ti,xi,O)) <0. (3.27)

We now pass to the limit i — +o00 and, by (3.16) and the strong continuity of V,u,, we
obtain

which can be written, by using the definition of §, 3,

A A 1 N ~ A —_ BN A — 7 A
—p(t,%0) — 2 Tr((D?CO(P(t,xo)) on(t, (&0, x1))0(E,(20,%1))) = Brz, (£,%0) < 0.

Thus v, z, is a viscosity subsolution of (3.23). [

3.3 Regularity with respect to the finite dimensional component

In this section we show that, if ¢ is non-degenerate, then the function u defined by (3.3)
is differentiable with respect to xo and D,u enjoys some Holder continuity.

Theorem 3.9. Suppose that, for every (t,x)€[0,T]1x H and y € R™, a(t,x)y # 0. Then, for
every x1 € Hy, the function vy, defined by vz, (¢,x0) == u(t,(xo,%1)) belongs to C;"(fcl((O,T) X
R™), for every a € (0,1).

Proof. Let (t,x0) € (0,T) x R™. Let @ = [c,d) x B(xg,€) be a neighborhood of (¢,x¢) in
(0,T) x R™ such that, for some M >0 and § >0, § <az,(s,y) = 0(s,(y,x1))o(s,(y,%1)) <
M for all (s,y) € Q. Since X,(s,(y,x1))z = (o,(s,(v,%1))z,01) and {0,},en converges to o
uniformly on compact sets (Remark 2.9), we can suppose that § <a,x,(s,y) <M for all
n €N and (s,y) € @ and that the family {a, z,}»en is equi-uniformly continuous.

By Proposition 3.8, for n > 1, v, 3, is a viscosity solution of (3.23), in particular it is a
viscosity solution of the terminal boundary value problem

1
{—vt(s,y)— 5 Trl@n 5, (6, D305, ) = Pry(5,9) =0 (5,9€Q 398

v(s,y) = un(s,(y,%1)) (s,y)€0pQ

Thus, for instance by [4, Lemma 2.9, Proposition 2.10, and Theorem 9.1], v, %, is the
unique viscosity solution (in particular also a unique LP-viscosity solution®) of (3.28),
and

|Un,§1|W1,2,p(Q!)SC( sup |un(s,(y,x1)+ sup |Bn(s,(y,x1))l (3.29)
(s,)eQ (s,)€Q

5See [4] for the definition of LP-viscosity solution.
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for all m+1 < p < +oo and for all @' = [c’,d) x B(x,€), with c < ¢’ <d' <d and 0 <
¢’ < ¢, and where C depends only on m, p, §, M, @, @', and the uniform modulus of
continuity of the functions a, z,. Thus, by Proposition 3.2 and (3.24), the set {v, z,}n>1
is uniformly bounded in W12P(Q’). Therefore applying an embedding theorem, see e.g.
[16, Lemma 3.3, p. 80], we obtain that for every a € (0,1)

|Un,§1 ICH“(Q’) < Ca

for some constant C, independent of n. Since the sequence {v,, 7, },>1 converges uniformly
on compact sets to the function vz, as n — +oo, it follows that the function vz, satisfies
the above estimate too. This completes the proof. |
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