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Abstract

In this paper we study an Ergodic Markovian BSDE involving a forward process X that
solves an infinite dimensional forward stochastic evolution equation with multiplicative and
possibly degenerate diffusion coefficient. A concavity assumption on the driver allows us to
avoid the typical quantitative conditions relating the dissipativity of the forward equation and
the Lipschitz constant of the driver. Although the degeneracy of the noise has to be of a suitable
type we can give a stochastic representation of a large class of Ergodic HJB equations; morever
our general results can be applied to get the synthesis of the optimal feedback law in relevant
examples of ergodic control problems for SPDEs.
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1 Introduction

In this paper we study the following BSDE of ergodic type

T _ T T
Ye=Yi+ [ 0OEz 00 - Nds— [ zzawl- [ozawk o0<e<T<wx,
t t t
where the processes (Y, Z%,U") and the constant A\ are the unknowns of the above equation while
the diffusion X is the (mild) solution of the infinite dimensional (forward) SDE:

{ dXT = AXTds + F(X?)ds + QG(XZ)dW! + DAW?,
Xf’x = z.

In the above equation X takes values in an Hilbert space H and W', W? are independent cylindrical
Wiener processes (see (A.1)-(A.6) in Section Bl and (B.1) in Section [ for precise description of
the other terms). We just stress that we will assume that G(x) is invertible for all x € H while @
and D will be general, possibly degenerate, linear operators.

Ergodic BSDEs have been introduced in [§] in relation to optimal stochastic ergodic control
problems and as a tool to study the asymptotic behaviour of parabolic HJB equations and conse-
quently to give a stochastic representation to the limit semilinear elliptic PDEs (see equation (5.1])
below).
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In [8] the same class of BSDEs have been introduced, already in an infinite dimensional frame-
work, but only in the case in which the noise coefficient was constant (@ = 0 in our notation).
Successive works, see [I5] and [6] weakened the assumptions and refined the results in the same
additive noise case. Then in [22], in a finite dimensional framework, the case of ‘multiplicative noise
(Q # 0 and G depending on z in our notation) is treated under quantitative conditions relating
the dissipativity constant of the forward equation to the Lipscitz norm of 1,/[)\ with respect to Z.
Afterwards, in [19], still in finite dimensions, such quantitative assumptions are dropped in the
case of a non degenerate and bounded diffusion coefficient (@ = I and G bounded and invertible
in our notation) by a careful use of smoothing properties of the Kolmogorov semigroup associated
to the non-degenerate underlying diffusion X. Finally in [14] the result is extended to the case
of non degenerate but unbounded (linearly growing) diffusion coefficients (@ = I and G invertible
and linearly growing in our notation). To complete the picture we mention, [2], [3], [4] and [13]
where Ergodic BSDEs are studied in various frameworks different from the present one: namely,
respectively when they are driven by a Markov chain, in the context (see [I7]) of randomized con-
trol problems and BSDEs with constraints on the martingale term both in finite and in infinite
dimensions and finally in the context of G- expectations theory.

In this paper we propose an alternative approach that works well in the infinite dimensional case
and allows to consider degenerate multiplicative noise (@ in general non invertible and G bounded
invertible but depending on z). On the other side we have to assume that T,/Z)\ has the form:

Oz, z,u) = (x, 2G~(z), u)

where 1) is Lipschitz and concave function with respect to (z,u).  Although not standard, our
assumptions allow to give a stochastic representation of a relevant class of Ergodic HJB equations
in Hilbert spaces (see Section [H) and of ergodic stochastic control problems for SPDEs (see Example
[Tl and Example [[.2). Notice that 1 defined above is exactly the function that naturally appears
in the related HJB equation and in the applications to ergodic control.

As in all the literature devoted to the problem the main point is to prove a uniform gradient
estimate (independent on «) for v®(z) := Y% where (Y®% Z%* U*?) is the solution of the
discounted BSDE with infinite horizon:

T T T
Yo =Yt 4 / [Q(XT, 287, USHT) — aY %) ds — / Z&r AW — / U»™dwe, 0<t<T<oo,
t t t

Such estimate can be obtained by a change of probability argument when the noise is additive
(see [8]), by energy type estimates under quantitative assumptions on the exponential decay of the
forward equation (see [22]) or by regularizing properties of the Kolmogorov semigroup when the
noise in multiplicative but non degenerate (see [14] and [19]).

Here we exploit concavity of ¢ to introduce an auxiliary control problem and eventually obtain
the gradient estimate using a decay estimate on the difference between states starting from different
initial conditions, see Assumption (A.6) and, in particular, requirement (3.5]). We stress the fact
that the estimate in ([B.3]) is only in mean and not uniform (with respect to the stochastic parameter)
as in the additive noise case. Moreover, as we show in Proposition B.2] Assumption (A.6) is verified
if we impose a joint dissipativity condition on the coefficients, see Assumption (A.7). As a matter
of fact, in this case, the stronger formulation in which L? replaces L' norm holds. On the other
side (A.6) allows to cover a wider class of interesting examples, see for instance Example [[] in
which Assumption (A.7) does not seem to hold.



The structure of the paper in the following: in Section [2] we introduce the function spaces that
will be used in the following, Section Bl is devoted to the infinite dimensional forward equation;
in particular we state and discuss the key stability assumption (A.6). In Section @l we present
the main contribution of this work introducing the auxiliary control problem, proving the gradient
estimate and the consequent existence of the solution to the ergodic BSDEs. In Section [B] we relate
our ergodic BSDE to a semilinear PDE in infinite dimensional spaces (the ergodic HJB equation).
In Section [ we discute the regularity of the solution of the ergodic BSDE, in particular we state
that under quantitative conditions on the dissipativity of the forward equation similar to the ones
assumed in [22], when all coefficients are differentiable then the solution of the ergodic BSDE is
differentiable with respect to the initial data as well. The proof of such result adapts a similar
argument in [16] and is rather technical, we have postponed it in the Appendix In Section [7 we
use our ergodic BSDE to obtain an optimal ergodic control problem (that is with cost depending
only on the asymptotic behaviour of the state) for an infinite dimensional equation. We close,
see Section [Tl by two examples of controlled SPDEs to which our results can be applied. In
both we consider a stochastic heat equation in one dimension with additive white noise. In the
first, Example [Z] the system is controlled through one Dirichlet boundary condition (on which
multiplicative noise also acts) while, in the second one, Example [[.2] the control enters the system
through a finite dimensional process that affects the coefficients of the SPDE. In this last case we
also give conditions guaranteeing differentiability of the related solution to the Ergodic BSDE.

2 General notation

Let E, H and U be real separable Hilbert spaces. In the sequel, we use the notations |- |z, ||z and
| - |u to denote the norms on Z, H and U respectively; if no confusion arises, we simply write | - |.
We use similar notation for the scalar products. We denote the dual spaces of =, H and U by =%,
H*, and U* respectively. We also denote by L(H, H) the space of bounded linear operators from
H to H, endowed with the operator norm. Moreover, we denote by Lo(Z, H) the space of Hilbert-
Schmidt operators from = to H. Finally, a map f : H — Z is said to belong to the class G'(H, Z) if
it is continuous and Gateaux differentiable with directional derivative V,f(x)h in (z,h) € H x H
and we denote by B(A) the Borel o-algebra of any topological space A.

Given a complete probability space (€2, F,P) together with a filtration (F;);>o (satisfying the
usual conditions of P-completeness and right-continuity) and an arbitrary real separable Hilbert
space V we define the following classes of processes for fixed 0 < ¢ < T and p > 1:

o LI (2 x [t,T]; V) denotes the set of (equivalence classes) of (F;)-predictable processes Y €
LP(Q x [t,T); V) such that the following norm is finite:

T 1/p
Yl = (E / st)
t

o L%IOC(Q X [0,400[; V') denotes the set of processes defined on RT, whose restriction to an
arbitrary time interval [0, 7] belongs to L% (Q x [0,T]; V).

o LI (S C([t,T); V) denotes the set of (Fy)-predictable processes Y on [¢,T] with continuous
paths in V, such that the norm

1Y), = (E sup [vi7)"/”
se(t,T)



is finite. The elements of L7, (Q; C([t,T];V)) are identified up to indistinguishability.

. L%IOC(Q; C([0,400[;V)) denotes the set of processes defined on RT, whose restriction to an
arbitrary time interval [0, 7] belongs to L% (Q; C([0,T]; V)).

We consider on the probability space (€2, F,P) two independent cylindrical Wiener processes W' =
(WH)>0 with values in Z and W2 = (W2);>0 with values in H. By (F;)¢>0, we denote the natural
filtration of (W1, W?2), augmented with the family A/ of P-null sets of 7. The filtration (F;) satisfies
the usual conditions of right-continuity and P-completeness.

3 Forward equation

Given z € H and a uniformly bounded process g with values in H, we consider the stochastic
differential equation for ¢ > 0

dX;7? = AX[Udt + F(X[P%)dt + QG(X]®)dW} + DAWE +g(t)dt,  X5° = . (3.1)
On the coefficients A, F', G, @, D we impose the following assumptions.

(A.1) A: D(A) C H — H is a linear, possibly unbounded operator generating a Cp semigroup
{e“}izo-

(A.2) F: H— H is continuous and there exists Ly > 0 such that
|F(x) = F(2')ln < Lrlx - 2/|u,
for all z,2" € H.

(A.3) G: H — L(E) is a bounded Lipschitz map. Moreover, for every x € H, G(z) is invertible.
Thus there exists three positive constants L¢g, Mg and M1 such that for all z,2' € H:

CE@lle <Me  |6G@) - C@)le <Lole-ln |67, < Mo
We notice that the above yields Lipschitzianity of G~!, namely :
G @) = G (@) < ME-Lalr —a|u,

(A.4) Q is an Hilbert-Schmidt operator from Z to H.

(A.5) D is a linear and bounded operator from H to H and there exist constants L > 0 and
v €0, 5l:

L = - > = Y :
4D, < L (s A1), Vs>0 (3.2)

Proposition 3.1 Under (A.1 — —A.5), for any x € H and any g bounded and progressive mea-
surable process with values in H, there exists a unique (up to indistinguishability) process X8 =
(X7"%)i>0 that belongs to L%lOC(Q; C([0,+oc[; H)) for allp > 1 and is a mild solution of [B.J), that
is it satisfies for every t>0, P-a.s.:

t t t
Xpo = oy [P s [y ds+ [ etOtQGEn ai!
0 0 0
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Moreover there exists a positive constant kg1 such that
E| X7 < kgr(l+|z?), Vt € [0,7T) and z € H. (3.3)

Our main result will be obtained under the following exponential stability in L' norm requirement.
We stress the fact that such assumption is much weaker in comparison with the uniform decay
holding when noise is addittive (see [§]).

(A.6) There exist positive constants rg, £ and p such that

SupE| X9 < g1+ |a]); (3.4)
>0

E|X;? — th/’g| < ke Mz — 2| (3.5)
for any z, 2’ € H and for all ¢t > 0.

Below we show that hypothesis (A.6) (as a matter of fact the stronger condition obtained replacing
L' norm by L? norm) is verified under the usual joint dissipative condition (A.7) (see [5]). We
have preferred to keep the weaker, but less intrinsic, form (A.6) since it allows to cover a wider

class of examples, see for instance Example [.1]

(A.7) - Joint dissipative conditions

A is dissipative i.e. < Ax,z > < pl|z|?, for all x € D(A), and for some p € R, moreover there

exists p > 0 such that for all z,2’ € D(A):
2(A(x — ) + F(z) — F(«),z —a") g + |QIG(2) — G@")[1,zm) < —mlz—2'}, (3.6)

Notice that, by adding a suitable constant to F' and subtracting it from A we can always
assume that p above is strictly negative.

Indeed we have that following holds

Proposition 3.2 Assume (A.1 — —A.5) and (A.7) then the following estimates hold for the so-
lution X*9 of equation ([B.J):
sup E[X7 0| < rig(1 + |zf*); (3.7)
>0

E|X58 - X2 < e Mg — o % (3.8)
for any x,2' € H and for all t > 0. In particular, hypothesis (A.6) is verified.

Proof.
The proof of these estimates follows rather standard arguments, for the reader’s convenience we
give some details in particular on the way infinite dimensionality of the state space can be handled.

Let V, = / esADAW? +/ e Ag(r)dr and x¥ := X¥ — Vi, then
0 0

dxf = Axidt+ F(X])dt + QG(XP)dW,}!  x§ = u. (3.9)



For any n € N consider J(n, A) := (nI — A)~! and define
X0 = J(n, A)XE, X0 = T, A = J(n, AXE — J(n, AV

It is well known that sup, > [J(n, A)| () < 0o and limy, o0 J(n, A)x = x, Vo € H with the obvious
consequences on the P-a.s and LP(2) convergence of X towards X and x” towards ys.
By easy computations x}' solves:

dxp® = AXPTdt + F (X]P0) dt + QG (X]") dW} + R dt + S dW}, xo = J(n, Az,

where

R = J(n, AF(X]) — F(X"7), S =J(n, A)QG(X]) — QG(X,™).
From hypotheses (A.2) and (A.3) we deduce that:
R g < C(1+ XY |m), 158 | @iy < C(L+ X H).
Moreover, we have that for all £ > 0 and all z € H:
lim |R]* =0, P—a.s., (3.10)
n——+00

and, by a dominated convergence argument on the computation of the Hilbert Schmidt norm, see
also [12, Lemma 5.1], we have that for all ¢ > 0 and all x € H

lim [S], =2 m =0, P—as. (3.11)

n—-+0o00

We apply It6’s formula to e“ﬂx?’xlz, and we add and subtract terms in order to apply the joint
dissipativity condition in (A.7)

[ = Jaf? 4 2 /0 e B A ds
/ B (1 F(X™) — F(J(n, A)VV,))r ds
/ e (X" F(J(n, A)Vs))u d8+2/0t e (X2, QG(X")dW )
v [ e [[G(Xw - G AV)T QTGN - G (I, AWV ds
#2 [ e[GO QTG (I, AVA)] s
_ /0 N (G (T, V)T QQE (J(n. AYV)] ds
42 /0 e (e Ry ds 42 /0 e (e gray /0 et [S7(ST)T] ds
- /0 t etstr [G(XI)T QTS + SIQG(X )] ds
and by (B3):

t t
P < \€€!2+2/ e (" F(J(n, A)Vs)) i d8+2/ e (e, QG (X )AW )
0 0

6



t t t
bz o STaW [ ISty ds 2 [ e R ds
0 0 0

+ / sty [G(X?’m)TQTQG (J(n, AV,) + G (J(n, V)T QTQG(X")| ds
0

+ (X QTST + SPQG(XI ds.
0

By (A.3) and (A.5) the definition of S™ and the estimate ([B8.7]) we have that the stochastic integrals
are martingales, and

u [t t
BN < o+ 5B [ ey ds+ O [ e (1R ds 4 1527 e + 572 +1) s

where C' is a constant independent of ¢ and n.
Limits 3I0), (311 and the Dominated Convergence Theorem imply that for every ¢ > 0,

n— oo

t
Jim E/ PSR, ds = 0
0

and

n— o0

t
lim E /0 eS|SO oy ds =0,

Therefore, letting n tend to oco:
u o[t t
E|x?|? < |z|? + 5/ e MR\ |2, ds + C/ e M=) (5727 4 1) ds,
0 0

and .
sup E[x2|? < |z)? + - sup E|x? 2/ e M=) ds + Oy
s<t 2 s<t 0

where C; depends on g and « but not on t. Thus we can conclude that E|x?|? < Cy(1 + |x|?), for
all s > 0 and that, for all t > 0:

2

t t
/ EIADAW?| + / e Ag(r)dr
0 0

2
E[X7[* <4 (E!x?ﬂQ + ) <O+ |z). (3.12)

where the constant C' is independent from ¢ thanks to the dissipativity assumptions on A.
Estimate (B.8]) follows by the similar (and indeed easier arguments) applying It6 formula to the
difference | X;"" — X;"" |? = |x;"" — x;""|? noticing that:

dxF —x7) = AT — xP)dt + [F(XF) — F(XP))dt + Q[G(XT) — G(XF)]dW}!  x& —x& =0.

We end this section noticing that will be mainly interested in the special case where g = 0:
dX; = AXydt + F(Xy)dt + QG(X,)dW}! + DAW?,  X§ = =, (3.13)

and we will denote by X* its solution through the whole paper.



4 FErgodic BSDEs

In this section we study the following equation:

T T T
Yo=Y+ [ g ze xn.un - Nds— [ zzawl - [ozaw o o<esT<w,
t t t

(4.1)
where, we recall, X\ is a real number and it is part of the unknowns, and the equation has to hold
for every t and every T, see for instance [8], section 4]. On the function ¥ : H x Z* x H* — R we
assume:

(B.1) (z,u) = ¥(x, z,u) is a concave function at every fixed z € H.

Moreover there exist L, L,, L, > 0 such that

[Y(x, z,u)—(a, 2/ )| < Lplz—a' |+ L. z—2 |+ Lyju—'|, z,2' € H, 2,2 € Z*, u,u' € H*.
(4.2)
Moreover (-, 0.0) is bounded. We denote sup,, |¢(x,0.0)| by My.

We associate to v its Legendre transformation (modified according to the fact that we are
dealing with concave functions):

¢*(3§‘,p,Q) = inf {—ZP—Uq—ZZ)(fL"azaU)}a xGH,pGE,(]GH- (43)
zEE* ueH*

Clearly 9™ is concave w.r.t to (p,q).
We collect some other properties of ¢ and ¢* we will use in the future:

Proposition 4.1 Under hypothesis (B.1) we have that

r,z,u) =  inf —zp —uq — Y (x,p,q)}.
U ) (p,q)eD*(:v){ p—uq— " (2,p,q)}

where D*(z) = {(p,q) : ¥*(x,p,q) # —oo} C{(p,q) €EEX H : [p| < Lz, |q| < Lu}.
Moreover D*(x) = D* does not depend on x € H, and there exists a Ly > 0 such that

¥ (@.p,q) =¥ (2, p,q)| < Lolz — 2’|, w,w€H, (p,q) €D". (4.4)

Finally we remark that the above implies that for every x € H,z € 2%, u € H* :

sup {(z, 2,u) + zp +ug + 9" (z,p,q)} = 0.
(p,9)€D
Proof. Since ¢(z, -, -) is concave its double Legendre transform coincides with the function itself

and the first relation follows immediately (see [I]).
Then, by the definition of ¢*:

" (2,p,q) =" (', p,q)| < sup B |—2p —uq — ¥(x, 2,u) + 2p + uqg + (', z,u)| < Lelo — '],
zZEEX ueH*
thus we deduce that D* doesn’t depend on x € H and (£4) holds. O



As in [§] we introduce, for each « > 0, the infinite horizon equation:

T T T
veo =yt [ zpea (. up) - avelds - [ zpeawt - [ uzeaw?, @)
¢ t t
where 0 <t <7T < 0.
The next result was proved in [23] Theorem 2.1] when the W is finite dimensional, the extension
to the infinite dimensional case is straightforward, see also [8, Lemma 4.2]. Notice that the random
function, (¢, z,u) = (X¢, G~1(X¢)2,u), inherits the following properties:

~

9(t,0,0)] = [¥(X,,0,0)| < My, t>0, P-as.. (4.6)

o~ o~

[U(t, z,u) —(t, 2" u)| < LoMg|z — 2|+ Ly|Ju—4'| t>0, 22 €Z* uu € H . (4.7)
therefore it satisfies the assumptions in [8] Lemma 4.2].
Theorem 4.1 Let us assume (A.1——A.5) and (B.1). Then for every o > 0 there exists a unique

solution (Y** Z%* U™ to the BSDE (L5) such that Y*% is a bounded continuous process,
Z% € L%IOC(Q X [0, +o0[; Z*) and U** € L%IOC(Q x [0, 4o0[; H*).

Moreover M
Y, < =¥ P-as., for allt > 0. (4.8)

«

and
o0 o0
E/ |e_"5Z§"’|2ds + E/ |e_°‘8U;”’O‘|2 ds < 00 (4.9)
0 0
We define

v¥(x) = Y (4.10)

The following is the main estimate of the paper.

Proposition 4.2 Under (A.1 — —A.6) and (B.1) one has that for any o > 0:
(e} (. C / /
[v*(z) — v (2")| < —|z — 2, x,x € H. (4.11)
i

where C' depends on the constants in (A.1 — —A.5) and (B.1) but not on o (nor on p).

Proof. Since, instead of the pathwise decay estimate holding for | X7 — X#'| in the additive noise
case (see [8, Theorem 3.2]), only the mean bound (B.5) is true here we cannot proceed as in [8|
Theorem 4.4]. Moreover, being the diffusion X, in general, degenerate, it is not possible to rely
on the smoothing properties of its Kolmogorov semigroup (see [I9]). On the contrary, concavity
assumption (B.1) allows us to use control theoretic arguments.

First we notice that
t t t
R / e P(XT, 220G (XD, UD") ds / LYW / eTIUP AW
0 0 0

Thus we have, taking also into account (£38]) and ([£9), that

—+00

+o0o
Yo = / e Y(XE, ZGTH(XE), U) ds — /
0

+oo
e ZT AW — / e UPY AW,
0 0

(4.12)



Moreover being Y,”® deterministic, the uniqueness in law for the system formed by equations (3.13])
-3 yields that it doesn’t depend on the specific independent Wiener processes.

We fix any stochastic setting (€, &, (F;), P, (th), (Wt2)) where ((th), (Wt2)) are independent
(.7:}) Wiener processes with values in = and H respectively.

Given any (F;) progressively measurable process p := (ps,q;) with values in D* by (X7*) we
denote the unique mild solution of the forward equation:

AXPP = AXPPdt + F(XPP)dt + Dgpdt + QG(XPP)prdt + QG(XPF)dW,) + DAW? X3P =z

(4.13)
Clearly (X;P) is also the unique mild solution of the forward equation:
AXTP = AXPPdt+ F(XPP)dt + QG(XPP)dW P + DAW? X3P = 4. (4.14)
where . .
WP = Vi / Gz s, W=+ [ auds (4.15)
0 0

. 1, .2, .

and we know that under a suitable probability PP the processes ((W; p), (W p)) are independent
Wiener processes with values in = and H respectively.

Let now (Y#®P Z%aP [J%%P) he the solution to:

T
Fror—gper s [poee, 250G (X50),0700) — avyer)ds
t

T T
Awia7 T 17 /\wia7 I 27
—/ 7 "dWs"—/ TP 12
t t

where 0 <t < 7T < 0.
By previous considerations one has, recalling that {¢(z,z) + zp + uqg + ¢*(z,p)} <0,Vx € H,z €
=*.u € H* (p,q) € D*, that for every x € H

Z‘?a — ¥ x7a7p —
Yo=Yy =

o0
= [ [uken, Zeer G (Re0),O0) 4 250G (R p. + DTy, + 7 (K37 ds
0
“+o00 R R 400 R R [e'e] R
_ / e—aSZ?a,P dWsl’p _ / e_asUf’a’p dWE’p _ / w*(X;mJ,ps’ Qs) ds
0 0 0

+00 N R +oo R R 0 N
< - / e—asZ:;c,a,p dWSIp _ / e—ocSU;C,OhP dWSZP _ / ¢* (X:;va’ps, qs) ds.
0 0 0
So:
A oo A~
Yt < —Ep/ e YN (X, ps, gs) ds (4.16)
0

for arbitrary stochastic setting and arbitrary progressively measurable D* valued control p = (p, q).

Then we fix x € H and assume, for the moment, that Ve >0 there exists a stochastic setting

~ 2e.x

(0, 85 (FP7), B, (W), 007))

and a couple of predictable processes p=* = (p=%, ¢>") with values in D* such that (with the
notations introduced above) the following holds P - a.s. for a.e. s > 0:

10



w(X:;Cvp57 Zg,a7pE’IG—1(X‘:;C7ps’z)7 0§7a7p571) + Z§7a7pE,CEG_1(X:;C7pE,I )pi _|_ stvavps’zqgvx
N (XPP T ) 2 e (417)

Proceeding as before we get:
Yoxya :Y0x7a7p6,1' f— (4.18)
[e.e]
:/0 e~ [w(X;ﬂ,p L BT QL (X BT gEeptT)

7P G R T pi  TTeT (XPp g5)] ds

s
+w E,T +(X) E,T o0 E,T
—as 7r,ops i7le,x —asyrx,a,ps 172, * (v x,pS ex €
gzt aiten - [ eesgperaize o [T (0 g g ds
0 0

2_

|
Rlo S—

+OO ks g,T = +OO kot E,T = o0 it g,T
_ / e—aszgvvoc,P ’ dVVsl’a _ / e—asUgc,am ’ de’E’x _ / w*(ch,P ' ,pi,qg’x) ds
0 0 0
Thus by ([£I6) taking into account (AIS) and (44]) we have:
'« T, > —asTpS T |, 1k (v pST e e w0 ya’ poT ex  ex
Yo U Ygt < [ e RN QN (XEP T p0", q0) — N (X P 0", q0) | ds + 2
0
o —as ST | v psT keS (E/ £,T e
< e WEN T XPPTT — XTP | ds + —,
0 (0%

~ 2.8,T

we stress the fact that we keep the stochastic setting (Q5%, £5% (FS), P (W,55"), (W, ™)) and

control p** corresponding to the initial datum = and just replace the initial state x with a different
/

one x’.

Noticing now that both (X##*) and (X*'#*") satisfy (only the initial conditions differ):
dX, = AX,dt + F(X,)dt + Dg;"dt + QG(X,)pS dt + QG(X AW, + DAW ="
and taking into account (B we can conclude that:
Yo _yse <L, /Ooo e~ OFD)s | — 2| ds + 2 < %|x — 2| + 2
Interchanging the role of  with z’ one gets:

T, 7’
Yo -y

<C_wtE (4.19)
i a

where the constant C' is independent of «, p and € and is able to conclude (LII]) being ¢ > 0
arbitrary.

We are left with the construction, for any fixed x € H and € > 0 of a stochastic setting
Qe Eox (F20), P (W), (Wf’e’x)) and control p=* for which (£I7)) holds.

We start from an arbitrary stochastic setting: (Q,&,(F),P, (W), (W;?)). Let (X®) be the
corresponding mild solution of equation (Bl and (Y**, Z%*, U*?) the solution of ([@H). By a
measurable selection argument see [20, Theorem 4] we can find a couple of progressive measurable
process p&* = (p=*, ¢5%), (possibly depending on « as well), such that:

V(XT, Z30GTHXT), UPY) + Z9 G HXDPY® + UDPae® + (X7, 00", 45) 2 —<.
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Then it is enough to set:
. ¢ . ¢
th’e’x =W} —/ G HXT)pS® ds, WE’E’ZE = W2 —/ g ds, (4.20)
0 0

and choose Q5% = Q, £5% = £, (F7'")) = (F;) and as P5* the (unique) probability measure under
which ((th’a’x), (Wf’a’x)) are independent Wiener processes. The claim then follows selecting the
above control p** and noticing that, by construction, (X*#"") = (X*).

Following [8] we can find a function v and a number A such that:
[0 (z) — 0¥ (0)] — v(x), Vo € H, (4.21)

apv®™(0) = A (4.22)

where {a, }men is a suitable subsequence constructed using a diagonal method.
We can then proceed as in [§] to deduce from above the existence of a solution to ([LI]) and the
uniqueness of \.

Theorem 4.2 Assume (A.1)— (A.6) and (B.1), let \ the number defined in [E22) and set Y;* :=
v(X[), where v is defined in (@ZI)). Then there exists Z* in L%lOC(Q x [0,+00[; E*) and U in
L%lOC(Q x [0, +o0o[; H*) such that (Y®, Z%,U%,\) solves equation [@I), P -a.s. for all0 <t <T.
Moreover suppose that another quadruple (Y', Z' U’ \) where Y’ is a progressively measurable
continuous process verifying |Y/| < c(1 + |X¥|), Z' € L%lOC(Q x [0,4+00[;E*) , U € L%IOC(Q X
[0,+0c[; H*) and N € R, satisfies (&1)). Then N = \.
Finally there exists a measurable function ( : H — Z* x H* such that (ZF,UF) = ((X}).

Proof.
Once ([{11)), (@21)) and ([£22]) are obtained, the proof as far the first two statements is concerned
follows exactly as in [8, Theorem 4.4].

To get the existence of a function (, we proceed in the following way. For arbitrary fixed
0<t<Tlet (Y&LT ZztT 24T be the solution to:

dXY" = AXP"ds + F(XE")ds + QG(XE")dW]} + DAW2,

X7 = a,

—dYPP T = (X 2T uPt Ty ds — Z9BT awt — Uit aw? — Ads
vt =a(xg)

(4.23)

Then we clearly have that (Y®, Z% U?), restricted on [0, T, coincide with (Y#%T Z%0.T {7z.0.T) for
all T > 0. By [7, Prop. 3.2] we know that there exists a measurable function ¢7 : [0,7] x H — Z* x
H*, such that (Z&4" UZT) = (T(s, X", s € [t,T). Moreover, see also [7, Remark 3.3], the map
[0,T] > (r,2) — (T (7, ) is characterized in terms of the laws of (fTTJr% Z7"T ds, fTTJr% ur=t ds),
n € N.

The uniqueness in law of the solutions to the system (£23]) together with the fact that its

coefficients are time autonomous, we get:

1 1 1

T 77,2, T " 50,1 " o
270 ds ~ 25T ds ~ Z3 ds
T 0 0

12



and

1 1 1
T rrT,x, T " 70,2, T—7 "
U™ ds ~ U " Tds ~ Uy ds
T 0 0

So far we've proved that ¢7(7,-) does not depend neither from 7" nor from 7, thus we can define
¢"(r,-) =: ¢() and observe that (Z7,UF) = (27, 07%) = (T (6, X7°) = {(X7),

5 Ergodic Hamilton-Jacobi-Bellman

Here we show that whenever © is differentiable then (o, A) solves, in a mild form, the following
Ergodic HIB equation (see [9]):

%(tr[QG(:E)G* (2)QV?5(z)] + tr[DD*(2)QV?5(x)) + (Az + F(z), Vi(z)) =
—(z, Vo(x)Q,Vo(x)D)+ X (5.1)

mmoreover A characterize the ergodic limit of the parabolic solutions.

We start by introducing the transition semigroup (P );>0 corresponding to the diffusion X*, see

equation (BI3):
Po](x) :=Eo(XY), ¢ : H — R measurable and bounded. (5.2)

We give the following definition, see [9, Section 6]:

Definition 5.1 A pair (v,\) is a mild solution to the HJB equation (G1)) if v € GY(H,R) with
bounded derivative and, for all 0 <t <T, x € H it holds:

T
v(z) = Pry[v](z) +/t (Poit[to(-, Vu(-)Q, V() D)](z) — A) ds. (5.3)
We have the following result.

Theorem 5.1 Assume (A.1 — —A.6), (B.1) and that v is of class G'. Then (v,)), defined in
E21) is a mild solution of the HIB equation ([B.1l). On the other hand if (v', ') is a mild solution
of @&J) then setting Y;* := V' (X}), ZF = VV'(XF)QG(X}) and UF = V' (X})D, we obtain that
(Y=, Z% U* \) is a solution to equation (4J).

Moreover if (v',\') is another solution with v' Gateauz differentiable with linear growth then
A=\,

FEventually, let for everyT > 0, ’UT(', -) be the unique mild solution of the parabolic HJB equation:

ol (t,z) + %[tT[QG(:E)G* (2)QV3T (t,z)] + tr[DD*(2)QV*vT (t,z)) + (Ax + F(z), Vol (t,z)) =
—p(z, Vol (t,2)Q, Vol (t, ) D), oI (T,2) = 0. (5.4)
Then

T
lim %) (t,2)

Jim o = (5.5)
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Proof. The existence part follows from [I1, Theorem 6.2], while the uniqueness of A in the class of
solutions that are Gateaux differentiable with linear growth follows as [9, Theorem 4.6]. The only
thing to prove is (.3]).

We prove ([B.5]) in the case t = 0. The general case follows in the same way just by replacing
the initial time 0 with ¢ in the forward equation (B.).

We have that setting Vs = o7 (s, X%) — \(T — s), s € [0, T], then YT solves:

{ —dYT = (X, G XD 25 Ul Y ds — 25T awl — Ul aw? — M ds (5:6)

V=0
Set f/tT’m =Y® - YtT’w, for all ¢t € [0, 77, then Y7 verifies:

—dY = [p(XP, GTHXE) 22, 07) — (X, GHX2) 257, UL ds — (28 — 217y dw]
UL™y dw?2 — xds

o1z T
T =0(X7
(5.7)
We rewrite (7)) as
—dY" = (28 - Z57) ds + A (UF — US) ds — (25 = Z5°7) dW}
—(U% —US™ydw? — \ds (5.8)
1T,x — T
T =9(X7)
where
(XE,GTNX2)Z2U2)—p(X2,G~NXE) 2 208) (72 _ Taye w0 7w T
,7; _ |Zz— zTe 2* (Zs Zs ) if Zs 7é Zs ’ (59)
0 elsewhere.
and
YXEGTHX 2T U —(XE,GTHXEZEUST) (e pTays i gz £ g1
Vs = Or-Ur T o (5.10)
0 elsewhere.
Hence, by a Girsanov argument, we get that
~T 1 102,
Yot =B (0(XF)) (5.11)

where the probability measure P77 is the one under which Wﬁ’ 7= = (W} fo yLds, W7 fo 72 ds)
is a cylindrical Wiener process in Z x H in [0,7]. Therefore by (BZI) and having v Lipschitz, we
get that
Yo" =BV (0(XF) < iy (14 Ja]) (5.12)
for some constant ., ,, independent of 7. Thus, noticing that ?OT’:C = v(x) —vT(0,2) + AT we get
that: - -
fm 00 g, 2@y (5.13)

T—o00 T T—oo T
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6 Differentiability with respect to initial data

In this section we wish to present sufficient conditions under which the function v defined in the
section above is differentiable.
Throughout the section we assume the following;:

(C.1) Fis of class G'(H, H) and G is of class G'(H, L(Z, H))

We start from a straightforward result in the non-degenerate case.
Proposition 6.1 Beside (A.1 — —A.6), (B.1) and (C.1) assume that the operator Q := (Q, D) :
ZEx H — H admits a right inverse Q™' then © belongs to class G'(H).

Proof. We fix ' > 0 and notice that (Y, Z,U, \) satisfies (see [I)) and the definition of Y; in
Theorem [£.2)):

T T T
Y?zux%+/’wmzzzwv—ﬂw—/‘ﬁwwﬁ—/zﬁw@, 0<t<T < oo,
t t t

where, we recall z/b\(x,z,u) = (z,2G~(z),u) is lipschitz with respect to z and u. Moreover the
forward equation ([BI3]) solved by X* can be rewritten as
AXF = AXPdt+ F(XT)dt + Q(XT)dW, X = .
Wl
here W, := ¢
where W <Wt2

Under the present assumptions O(z) turns out to be invertible with bounded right inverse:

N1 G Yz) 0 _
[qm1—< I)Ql

> is a 2 x H valued Wiener process and Q(z) = (QG(x), D).

0
It is then straight forward to verify that all the assumptions in [10, Theorem 3.10] are satisfied and
consequently o (that coincides with the map = — Y,) is in class G* O

When the noise in the diffusion can be degenerate the situation is less simple and we will need
quantitative conditions on the coefficients (see, for instance, [22]).
We will now work under the joint dissipative condition (A.T) that, taking into account differentia-
bility of F' and G becomes:

2(Ay + Vo F(2)y. y)u + 1QVeG@)yllE e m < —ulyll, Yy € D(A), Vo € H. (6.1)

Under the above assumptions the following well known differentiability result for the forward
equation (BI]) holds:

Lemma 6.1 Under (A.1 — —A.5), (A.7) and (C.1) the map x — X* is Gateauz differentiable.
Moreover, for every h € H, the directional derivative process VX" h, solves, P— a.s., the equation

t t
V. XEh = eh+ / e=IAY  F(XT)V, X hds + / IOV . G(XT)V XThdW,,  t>0,

0 0
(6.2)
Moreover
E|V, X h|* < e #|h? (6.3)
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Proof. Our hypotheses imply the Hypotheses 3.1 of [I1], therefore we can apply [11I, Prop 3.3].
The estimate ([6.3) follows applying the Ito formula to |V, XFh|? and arguing as in Proposition B.11

We will need the following additional assumption to state the last result
(C.2) G and G~ are of class G'(H, L(Z)) and v is of class G'(H x Z*,R)

We eventually have:

Theorem 6.1 Assume that (A.1——A.5), (A7) and (B.1) hold with p > 2(LZMZ_, + L3),
moreover we assume (C.1) and (C.2). Then the function v defined in [@Z1) is of class G'(H,R).

Proof.The proof is detailed in the Appendix.

7 Application to optimal control

Let I' be a separable metric space, an admissible control v is any F; - progressively measurable
I"-valued process. The cost corresponding to a given control is defined as follows. Let Ry : ' — Z,
Ry :T' - H and L : H x I' = R measurable functions such that, for some constant ¢ > 0, for all
z,2' € H and v € T:

(E.1) R <e [Re(Y)|<c Ll <e  [Llx,y) - L@, y)| < cla—2|.

Let for every z € H be X* the solution to ([B.I3]), then for every 7" > 0 and every control v we
consider the Girsanov density:

T T T
g = ([ OO0+ [ Rt aw? - 3 [16 RO + Ralre) ] o5

and we introduce the following ergodic cost corresponding to x and ~:

1 T
J(x,7v) = limsup — EV’T/ L(X7,7s)ds,
0

t—o00

where E*7T is the expectation with respect to PY := p}]P’. Notice that with respect to P? the
processes

t t
Wit im =[G Ria)ds + dWl WET = = [ Rar)ds + aw?
0 0

are independent cylindrical Wiener processes and with respect to them X% verifies:

{ dX} = AX7Pdt + F(X7)dt + QR1(vs)ds + DRa(vs)ds + QG(Xlg”)dVth’V + Dde’”, t>0,
X§ = =,

and this justifies the above (weak) formulation of the control problem.
We introduce the usual Hamiltonian:

¥z, z,u) = nf{L(z,7) + 2R1(7) +uRe(7)},  w€H,ze€=uel” (7.1)
g
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that by construction is a concave function and, under (E.1), fullfils assumption (B.1). The forward
backward system associated to this problem, is the following:

dX¥ = AXFdt + F(XF)dt + QG(XF)dW} + DAW2, t>0,
X5 = =, (7.2)
—dY[ = [W(XF, ZFGY(XE), UF) — N dt — ZF dW} — UF dW2.

By Theorem 2] under (A.1 — —A.6) and (E.1) for every = € H there exists a solution:
(Yx’Zm’Um’)\) = (@(Xm)vc_l(Xw)agE(Xx)’)‘)’ (73)

where Y is a progressive measurable continuous process, Z € L%lOC(Q x [0, +00[;Z*), U € L%lOC(Q X
[0, +00[; H*), A € R, ¥ is Lipschitz and (i, (s are measurable.

Once we have solved the above ergodic BSDE the proof of the following result containing the
synthesis of the optimal control for the ergodic cost is identical to the one of [8, Theorem 7.1].

Theorem 7.1 Assume (A.1 — —A.6) and (E.1) Then the following holds:

(i) For arbitrary control v we have J(x,~v) > A, and equality holds if and only if the following
holds P- a.s. for a.e. t > 0:

L(XT, %) + Q(XP)GHXP)Ri(n) + G(XF)Ra () = 0(XF, Q(X)GHXT), G(XT)).

(ii) If the infimum is attained in (1)) and p : 2 x H* — is any measurable function realizing
the minimum (that always exists by Filippov selection theorem, see [20)]) then the control

Y= p(XF, CU(XT), G(XT)) is optimal, that is J(x,7) = X,
(iii) Finally if © is in class G' then it is a mild solution of equation (BI) and (; = ViQG and
52 =ViuD .

7.1 Examples

Example 7.1 We consider an ergodic control problem for a stochastic heat equation controlled
through the boundary

dy(t,€) = gz (t,€) dt + d(E)W(t,€) dt, t>0, £€(0,m),

x(t,0) = y(t), z(t,m) =0,

‘T(Ov 6) = xO(S)? 6 € (07 7T) (74)
dy(t) = b(y(t)) dt + o(y(t))p(v(t))dt + o(y(t)) dB:, t >0,

y(0) =z € R.

where W is the space-time white noise on [0, +00) x [0, 7] and B is a brownian motion. An admissible
control v is a predictable process 7 : Q x [0,+00) — R. The cost functional is

J(zo,7) = hmlnf / / (x(t,§),~(t))dE dt. (7.5)

T—+o00

We assume that
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1. b: R — R is a measurable function such that
[b(y) = b(y')| < Loly — ¥/,
for a suitable positive constant Ly, for every y,y € R.
2. 0 : R — R is a measurable and bounded function, such that
lo(y) — o)l < Loly —yl,
for suitable positive constants L, and there exists a suitable positive § such that:
lo(y))l =6 >0,
for every y € R.

3. there exists u > 0 such that for all y,y’ € R:
2(b(y) = b(y)y =) +lo(y) — o) < —uly -y (7.6)
4. d:[0,7] = R, p: R — R are bounded and measurable functions.
5. £:R x R — R is a measurable and bounded function such that
|6(z,y) = £(a',7)] < Llz — 2|,
for a suitable positive constant L, for every z,z’,v € R.

Under these hypotheses, see [18], the above equation can be reformulated in an infinite dimen-
sional space as:

di X, = AX, dt — Avy(t)dt + DAW; t>0, £€l0,7],

Xo = 2o("), &€ (0,m) (7.7)
dy(t) = b(y(t)) dt + o(y(t))p(u(t))dt + o(y(t)) dB(t), t=>0, ’
y(0) = yo € R.

where X; := x(-) is in L?(0,7), W is a cylindrical Wiener process in L?(0,7), D is the bounded
operator in L?(0,7) corresponding to multiplication by a bounded function d, A is the realisation
of the Laplace operator with Dirichlet boundary conditions in L?(0,7), that is (denoting by D(A)
the domain of the operator)

p(a) = B0, M HO),  Af=T0 vrepa)
Finally v(¢) =1 — %, ¢ € [0, 7] is the solution to
9%t
_2(6) :07 56 (077T)7
0¢
{ t(0) = 1, t(7) = 0. (7.8)

It is well known that A generates an analytic semigroup of contractions (of negative type —1)
moreover, for any § > 0, t € D((—A)/?79) (where (—A)® denotes the fractional power). Standard
results on analitic semigroups then yield:

18



(—A)e ™t paom < e "G ¢ >0, (7.9)

We are now in a position to rephrase the problem according to our general framework. Indeed
setting H = L?(0,7) x R, Z =R and X; = (Xt,y(t)) equation (Z1) becomes

(7.10)

{ dX} = AXPdt + F(X7)dt + QG(XF)p(ye)dt + QG(th)thl + Dde, t>0,
X5 = =z

where:

1. A= <_0A _§R> where R : R — D((—A)%_é), is defined as Ry =¢(-)y, y € R

It is easy to verify that A generates a Cy-semigroup in H.

2. I': H— H, is defined as: F + = 0 )
y b(y)

Q : = — H is defined as: Qy = <0),
Y
G :E — E, is defined as: G(y) = o(y)

D : H— H is defined as: D <X> = <D0X> .
)

3. Wl(t) = B(t) and (W?) is a cylindrycal Wiener process in H.

Hypotheses (A.1 — —A.5) are immediately verified, we have to check (A.6). We come back to
the formulation (7.7)) and start with the second component y (that only depends on yg). By (7.6,
Proposition gives:

Ely* (1) — y*0()* < e |yo — o|*. (7.11)

Coming now to the first component we have that it fullfills in L2(0, ) the following mild formulation:

t t
X0V — By — /0 [Ae(t_smt] y¥°(s) ds —I—/O et =9)AD aw,

Thus considering two different initial data

/

! ! t
27 20— oy ) [ A () v (s)) .
0
By (79) and (ZII)) choosing 1o € (0,1 A )
/ / t
| — X0%] < e™lag — ap| + /0 e (¢ — 5) "y — yp | ds

t
< e7'fwo — wp| + et [ / eI — )~ ds | Jyo — .
0
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That implies that (B.5) holds. In the same way one gets the proof of (34]).

We notice that it is not at all obvious that the stronger versions ([3.7)), (8.8) holds in this case.

As far as the control functional is concerned it is enough to set L(X,v) = [ (&, X(£),~)d¢
and to verify in a straightforward way that (E.1) holds (in this case R; = p, Ry =0, I' = R).

Thus all the hypotheses of Theorem [7.I] hold and points (i) and (ii) in its thesis give the optimal
ergodic cost and strategy in terms of the solution to the ergodic BSDE in (7.2]).

Example 7.2 We consider an ergodic control problem for a stochastic heat equation with Dirichlet
boundary conditions with nonlinearity controlled through a one dimensional process y.

dy(t,€) = gEa(t,€) dt + f(x(t,€),y(1) + d(E)W(t, &) dt, t>0, €€ (0,1),

x(t,0) = x(t,1) =0,

2(0,£) = zo(§), ¢e(0,1) (7.12)
dy(t) = b(y(t)) dt + o(y(t))y(t)dt + o(y(t)) dBt, t>0,

y(0) = yo € [~1,1].

where W is the space-time white noise on [0, +00) x [0, 1] and B is a brownian motion. An admissible
control v is a predictable process v : Q x [0, +00) — [—1,1]. The cost functional is

) 1 T 1
minf /0 [ /0 ((z(t, &), y(t))de +~%(t)]| dt. (7.13)

J(x0,7) = lim inf
We assume:
1. f:R? = R is a Lipschitz map. We fix two constants Ly >0 and puy € R such that
[f(zy) = f@' )l < Lp(lz = 2| + [y = '), (f(zy) = flay) e —a') < —pple =2’
for every x,2',y,y € R.
2. b: R — R is Lipschitz. We fix a constant u; € R such that:
bly) =0()y —y) < —mly =y, Vyy' €R
3. 0 :R? = R is a Lipschitz and bounded. We fix L, such that
lo(y) o) < Loly =¥/, Vy.y' €R,
We also assume that there exists a suitable positive § such that:
lo(y))| =6 >0, Yy € R.
4. d:[0,1] — R is a bounded and measurable function.

5. £:R? = R is bounded and Lipschitz

As in the previous example the above equation can be reformulated in an infinite dimensional

space as:
di X, = AX, dt + f(X,y(t))dt + DAW; t>0, £€0,1],
Xo = z0(), §€[0,1]
dy(t) = b(y(t)) dt + o (y(t))v(t)dt + o(y(t)) dB(t), =0,
y(0) =yo € R.
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where X; := z(-) is in L?(0,1), W is a cylindrical Wiener process in L?(0,1), A is the realisation of
the Laplace operator with Dirichlet boundary conditions in L?(0, 1), D is the bounded operator in
L?(0,1) corresponding to multiplication by a bounded function d.

Finally setting H = L?(0,1) xR, 2 = R, I' = [~1,1] and X; = (Xt, y(t)) equation (7.4])
becomes

(7.14)

{ AX? = AXPdt + F(XP)dt + QG(XF)ydt + QG(XF)dW,L + DAW2, ¢ >0,
X§ = =z

and the cost takes our general form:

NI R
J(wo,7) = lim inf fE/o L(X(t),~(t)) dt.

-A 0
1. A= < 0) generates a Cy-semigroup in H. We also have that

(AX, X) i = (AX, X)120,1) < —pal X [72(0.),

for some pua > 0.

2. F: H— H,is defined as: F <j/(> = (f(X,)y)>’

O
(1]

@
[I]

— H is defined as: Qy = < >
o(y)

=, is defined as: G(y

D : H — H is defined as: D < ) <D0X> .
)

3. Wl(t) = B(t) and (W?) is a cylindrycal Wiener process in H.
1
LLiHXT SR LGy = [ (X@)de+ P
0

We also notice that in this case the Hamiltonian defined as in (ZI]) becomes:

2
(0 <<;(> ,Z> = —ZI[—2,2]( z) + (1 = [2[)][—2,2)c / ox (7.15)

We also assume that there exists i > 0 such that

1
—HA — g 3Ly <
< —fiIpe 7.16
< %Lf — + %L0> R ( )

Hypotheses (A.1 — —A.5) are immediately verified. Moreover relation ([.I6]) ensures that (A.7)
holds as well. Finally (E.1) is straight forward (in this case R; = id, Re = 0). Thus the hypotheses
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of Theorem [T.T]hold and points (i) and (ii) in its thesis give the optimal ergodic cost and strategy
in terms of the solution to the ergodic BSDE in (7.2)).

We finally wish to apply the differentiability result in Theorem to this specific example.
We notice that by (ZI5]) the Hamiltonian v is concave and differentiable with respect to z with
V.1 < 1. Thus (B.1) holds and we can choose L, =1 in (£2]). If we assume that f b o and ¢ are
of class C'! in all their variables then (C.1) and (C.2) hold, moreover if we impose that i > 202
(here, comparing with Theorem 6.1, L, = 0, Mg-1 = 6 ') then all the assumptions of Theorem
are verified and we can conclude that function @ in Theorem [7.1]is differentiable. Consequently
point (iii) in Theorem [T.1] as well applies here and we obtain that v is a mild solution of equation
(EI) and that the optimal feedback law can be characterized in terms of the gradient of o.

A Proof of Theorem

We will need to use some results from [21, Theorem 5.21 and Section 5.6]. The first concerns finite
horizon BSDEs and the estimate of their solution, while the second concerns the infinite horizon
case. We restate them in our setting as follows:

Lemma A.1 Let us consider the following equation:
—dY; = (6(t, Zy, Uy) dt — aYy) dt — Zy AW} — Uy dW2, Yr =1, te0,T], «>0. (A1)
assume that:

1o |p(t, z,u) — ot 2 )| < Lt)(|z— 2P+ |lu—u'|2)V?, V2,2 € 2%, u,u' € H*, P—a.s. for some
¢ e L*([0, T));

t
2. for ::/ ?%(s)ds, one has
0

T 2
E (62VT_2QT‘7]’2) < o0, E </ eus—asw(syo, 0)‘ ds) < Q. (A.Q)
0

Then there exists a unique solution (Y, Z,U) € L%(Q;C([0,T];R)) x L3 (Q x [0,T];E*) x L3 (Q x
[0,T]; H*) and it verifies for all0 <t <T:

T T
E]-'t( sup e2(us—as)|}/s|2) —I—E]:t (/ e2(us—o¢s)|Zs|2 d8> —I—E]:t (/ e2(us—o¢s)|Us|2 ds) <
seft, T t t
2

T
E7* (e21720T|n2) + E7 </ V=7 (s,0,0)| ds> , P—a.s., te]0,T] (A.3)
0

Lemma A.2 Let us consider the following equation for o > 0:
—dY; = (¢(t, Zy, Uy) dt — oYy) dt — Zy AW} — Uy dWE, t>0, . (A.4)
Assume that:

1. |@(t, z,u) — o(t, 2/ u)| < L) (|2 — 2|2 + Ju—u'|?)V/?, V2,2 € Z* u, o/ € H*, P—a.s. for some
e L, ([0, +o0]);

loc
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t
2. for ::/ ?*(s)ds, one has
0

E (/Ooo e”*1(s,0,0)| ds>2 < 0. (A5)

Then there exists a unique triple of processes (Y,Z,U) with Y € L%lOC(Q;C([O,—Foo[; R)), Z €
L % [0, +00[; E%), U € LE(Q x [0, +oof; H*), such that

E( sup e**|Y;|?) < 400, VT >0, lim E(e*7|Y7|?) = 0. (A.6)
te[0,7] T—o0

Moreover

00 oo 2
E7t (sup 22 |Y,|?)+E* (/ e (|1 Z)* + |Us|2)d8> < CE” </ e”s|¢(8,0,0)|ds> , P—a.s.
s>t t t
(A.7)
for some positive constant C.

Proof of Theorem The proof is split into two parts. The first deals with approximating
functions v® defined in (£10)

Part I - Differentiability of v
We first have to come back to the elliptic approximations:

T T T
YO = v / W(XZ, 220G (XT), US®) — aY =) ds — / 700 W) — / Ue a2, (A.8)

and for those equations we prove that:

Proposition A.1 Under the same assumptions of Theorem [6.1] we have that, for each « > 0, the
map © — Yy'“ belongs to G1(H,R).

Proof. We fix n € N and introduce the following finite horizon approximations where 0 < ¢t < n:
veor= [Mwees zeene e, usen) — avienyds - [ zzenawt - [Tuzeraw?
t t t

For such equations [16l Prop. 3.2] holds true, moreover we have from [II], Propositions 5.6 and

5.7] that  — Y™ := v*"(x) belongs to G (H,R) and Z;"" = V,0*"(XF)G(X]) and U " =

V0" (XE)D.

Hence, arguing as in Proposition 12, we deduce that |Z;"""| < |V, 0*"™(X})G(X})| < C/u and
C

| < V™™ (XF)D| < —, with C independent of n and a.

Moreover, see [11], Prop 5.2], the map x — (V;"*", Z,>“", U"*") is Gateaux differentiable and the
equation for the derivative in the direction h € H, |h| = 1, is the following:

VoY h = / (61 (5, Vo Z2O"h, VoUBO h) — aV, Y2 h] ds — / Vo 25 h AW}
t t

— / V. USSh dW2, 0<t<n.
t
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where

oM (s, 2,u) = Vo (X7, Z0O"GTHXT), UDS MV XTh + Vo (XT, Z80"GTHXT), US ™" uh
+ Vo (X7, 280 GTHXD), UP ™) [Z8 Vo G XD Ve XEh + 2 hGTH(XT))

Notice that ¢™%(t, z,u) is affine in 2z and v and :
697 (5,2,0) = (5, 0,0)| < Luful+ L Mgrs|2| < (E2MZ1 4 L2)M2(P 4 1uf) 2, Pas.

where here and in the following the constant C' may change from line to line but always indepen-
dently from n, ¢ and from a.
We can apply Lemma AT with v, = (L2MZ_, + L2)s =: Ks, indeed for e = $(u — 2K), we

have, recalling also that Us"®" and Z5'®" are bounded uniformly in s, o and n
" h K ? c [ 20+2K 2 C
E [/ o 7a,n(37070)‘e(—a+ )s dt] < _/ ple—20+ )SE‘vagch‘ < —— (A.9)
0 € Jo uw—2K

Therefore the following estimate holds, arguing as before in [A.9)), for all 0 < ¢ < n:

E sup eQ(—OH-K)S‘VxYSx,aJLh’Z +]E/ eQ(—OH-K)S [‘szg:,a,nh’2+’VxU;C,a,nh’Q] dt
t

s€(t,n]
Ce(—2o¢—%u+K)t
w—2K

n 2
<CE [/ elmatK)s|gham (s 0 0) ds] < t<s<n. (A.10)
t

In particular, we have for all ¢t > 0:
E(ethWwa’a’"hP) < O3t (A.11)

From estimate (A.I0) we deduce that (V,Y**"h V,Z%%"h, ¥V, U%*"h) weakly converges in the
Hilbert space L*(Q x (0,T);R x Z* x H*) to some (R®»®", V&ah ek for every T > 0. From
(AII) we also have that V,Yy"®"h converge in R to £5".

We define for every ¢t > 0

t t t
ch,a,h _ gw,a,h +/ |:(Z§h’a(8, V*sgv,oz,h7 Msm,a,h) . aR?,a,h:| ds — / ‘/sw,a,h dWSI . / Msx,a,h dWs2
0 0 0

Now we compare the above with the forward equation fulfilled by (VY **"h, V,Z%%"h V¥V, U"*"h),
namely:

t
Vw}/;%a,nh :nyvor,a,nh +/ [th,oc,n(s’VxZ:;c,a,n’va;c,a,n) _ avw}/sx,a,nh] ds
0
t t
— / Vo Z5%hdW 'k — / V USShdW2, P —a.s..
0 0
Since every term in the R.H.S., passing to a subsequence if necessary, weakly converges in

L3(Q2 x (0,7);R), see also [16, Theo. 3.1], we have that Rf’a’h = Rf’a’h, P—a.s. for a.e. t > 0.
Thus the triplet processes (Rx’a’h, yrah M”ﬁ’a’h) verifies for all ¢ > 0, P-a.s.:

t t t
Rf’a’h _ R(:;:,a,h+/0 |:¢h,a(87v;x,a,h7M;c,a,h) N aR?,a,h} ds _/0 V;:c,a,h dVVsl _/0 M;'c,oe,h dWS2
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where

O (s, 2,u) = Vo(XT, 220G HXE), US)V o XEh + Vo (X2, Z5GTH(XT), US* Juh
+ Vop(XE, Z5GHXE), UP) 25OV ,G (XE) Vo XEh + 2 hG™H(XT)]

Moreover, thanks to ([A.I0) and (A1) we have that

E sup e2K5|RTM2 < 400  and R RDON2 < Cel-1+2K)s, (A.12)
s€[0,7T

therefore, (vao"h, yoash preeh) is the unique solution of equation:
dsRs = [¢"%(s, Vs, M) — aRg)ds — Vo dW} — M,dW? (A.13)
in the class of processes with the regularity imposed in Lemma [A.2] veryfying:

E sup |RO“"? < 400 and lim E 2T RGP = o, VT > 0. (A.14)
tE[O,T} t T—+00 T

We then closely follow the proof of [16, Prop 3.2], indeed we get that lim,_, . V,Yy"""h =
R*®"(0), defines a linear and bounded operator R“*(0) from H to H, by (AII), such that
R**(0)h = R®*"(0), moreover for every fixed h € H, x — R“*(0)h is continuous in z, we will
sketch the argument by the the end of the proof in a similar point. Therefore, by dominated
convergence, we get that:

Yx—l—(h,oe _yme ch—i—@h,a,n _ymen 1
lim ~C 0 —lim lim -0 0 =lim lim / VY5 ey dg
210 / £10 n—o0 / €10 n—oo J
1
= %1 R*H0ha(0)hdh = R®*(0)h. (A.15)
0

Thus v® is differentiable and since Y;"* = v*(X}) we have V,Y,""h = v*( X[} )V, X} h.

Fixing T' > 0 we can see the equation satisfied by (Y**, Z%* U*?) as a BSDE on [0,T] with
final condition v*(X7) and we can apply standard results on the differentiability of markovian,
finite horizon BSDEs (see, for instance, [I1]) to deduce that the map x — Y* is of class G' from
H to L%(Q,;C([0,T];R)) and z — Z%% is of class G! from L%([0,T] x Q; E*). Moreover for every
h € H, for every 0 <t < T it holds that:

T
VY5 = VY 4 / (6" (5, Vo 259N, V,UTOR) — aV, Y] ds
t
T T
- / Vo Z2%hdW} — / VU hdW?2, — 0<t<n. (A.16)
t t

Comparing the above with (A.13)) and noticing that for all T > 0:
Ee* T |V, Y7 h|? = B T |V 0™ (XF) Vo XFh|? < CePRmT

the uniqueness part of Lemma [A2] tells us that (V,Y."%h,V,Z"%h, V,U""h) coincides with
(R®he ymhe prehe) and is the unique solution of equation (A.I3)) in the sense of Lemma [A2l

Part II - Differentiability of v
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We also introduce the following infinite horizon BSDE:
dRY" = ¢l (s, VIR MPMds — VI awt — MPMaw? > 0. (A.17)
with
" (s, z,u) =[Va(XT, ZEGHXD), UF) + VA (XT, ZEGHXE), U ZEV oG HXT) ]V XEh
+ V(X5 Z5GTHXY), s)quVz"t/J(X?,ZfG HXD),U09)z

By Lemma [A2] has a unique solution in the class of processes R*" ¢ L%IOC(Q; C([0,+oo[;R)),
Vol e LE°(Q x [0, +o00[; %), M € L3'°( x [0, +oof; H*) verifying:

lim 2XTE(RIP =0, VT >0. (A.18)
T—+oco

As in [8, Theorem 5.1] we claim that, along the sequence (a;,) introduced in (£21]), it holds:
Voo (2)h = Vo Y™ h = Ry — RY™, (A.19)

as m — oo.
Let us introduce again some parabolic approximations: for:

{ —d R:’cha?nvh: ¢h,a(s7 Vgx,a,n,hj Mm,a,n,h)ds _ aR?’a’n’h ds — ‘/’vaavnvh dWsl _ M;c,am,h dWs2 = [07 nL
h
Rivavnv — O

and
{ dRZ‘nh o (Zsh( xhn M:Bnh)d o ‘/SSCJL,ndWsl _M;C7des2 s € [O,n],
Rihn -0

Since along the sequence («,;,) selected in Section [ we have

E sup |[VZ - Y5om|? +E/ [|1Zs — Z5om|? +|UF — UZ*m 2] ds — 0
s€[0,n] 0

and consequently
n
E/ |pMm (5,0,0) — ¢(s5,0,0)|%ds — 0 as m — oo
0

standard estimates on finite horizon BSDEs give:

E sup |R®™M — RBemmhZ (00 as m — oo. (A.20)
s€[0,n]

Moreover if we compare with the solution (R%®", V®eh M=y of equation (A1)

—d (REMh_ REahy — ghia(g ymomh _ymeh pranh oty g o [REemh L REeh) g
— [yt _ymeshy gt — et — MR aw2,
Rp©™ — Ryt = —V 0% (X2)V,XEh
(A.21)
Thus Lemma [AJ] estimate (A3) yields:

|R§’a’"’h - Rg’a’h|2 <E <e2k"|vao‘(Xﬁ)VxXﬁh|2> < CePE=n 50, asn — +o0. (A.22)
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Notice that the right hand side does not depend on « . Finally

—d (R?n,h N R;E,h) _ ¢h(37 ‘/sm,n,h N ‘/;x’h, Msx,n,h B M;E,h)ds
—[yEmh @ awl - s - @ aw?, (A.23)
R;vl,n,h o R;vl,h _ _R;vl,h

and taking into account (AIS]), one has, again by Lemma [A] relation (A3):

Ry™" — Ry <E(HUREME) < CePETMN 0, as N oo (A24)
Therefore summing up (A.22), (A.24)) and (A.20) we have that:
Rg’am’h — Rg’h, as m — —400.

Finally the continuity with respect to x of Rg’h descends immediately from ([A.24])) and from the
continuity of the map z — R{ ok proved in [I1 Prop. 4.3].

We can now conclude as above (and ass in [I6, Prop 3.2]); R®"(0), defines a linear and bounded
operator R*(0) from H to H, such that R*(0)h = R™"(0), and we have:

z+th,am T,
Yy ey

T h -~ Y{E—l—th o Yx
lim o(@ + th) — v(x) =lim-2— "0 —im lim -2 =

t}0 t tJ0 t tJ0 m—0 t

1 1
—lim lim [ VYm0 — lim lim [ REHORemh(0)h do =

1
=lim [ R*T%"(0)hdf = R*(0)h.
tl0 0
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