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A PROBABILISTIC APPROACH TO LARGE TIME BEHAVIOUR OF MILD
SOLUTIONS OF HJB EQUATIONS IN INFINITE DIMENSION

YING HU*, PIERRE-YVES MADEC!, AND ADRIEN RICHOU*

Abstract. We study the large time behaviour of mild solutions of HJB equations in infinite dimension by a
purely probabilistic approach. For that purpose, we show that the solution of a BSDE in finite horizon T taken at
initial time behaves like a linear term in 7" shifted with the solution of the associated EBSDE taken at initial time.
Moreover we give an explicit rate of convergence, which seems to be new up to our best knowledge.

Key words. Backward stochastic differential equations; Ergodic backward stochastic differential equations;
HJB equations in infinite dimension; Large time behaviour; Mild solutions; Ornstein-Uhlenbeck operator.
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1. Introduction. We are concerned with the large time behaviour of solutions of the Cauchy
problem in an infinite dimensional real Hilbert space H:

{ %ttﬂz) = Zu(t,x) + f(z,Vu(t,x)G), V(t,z) € Ry x H, (1.1)

[5)
u(0,2) = (), Vo € H,

where v : Ry X H — R is the unknown function and .Z is the formal generator of the Kolmogorov
semigroup &, of an H-valued random process solution of the following Ornstein-Uhlenbeck stochas-
tic differential equation:

dX; = (AX, + F(X7))dt + GAW,, t e Ry,
XO:{L'7 er,

with W a Wiener process with values in another real Hilbert space =, assumed to be separable, and
G a linear operator from = to H. We recall that (formally), Vh : H — R,

(Zh) (@) = % TH(GG*V2h(z)) + (Ax + F(z), Vh(z)).

Our method uses only probabilistic arguments and can be described as follows.
First, let (v, A) be the solution of the ergodic PDE:

ZLv+ f(x,Vu(x)G) = A =0, VxeH.
Then we have the following probabilistic representation. Let (Y1:* ZT:#) be solution of the BSDE:

{ AYTE = — [(XE, Z0%)ds + 2T,
Yg)w = g(X%’)v
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and (Y, Z,\) be solution of the EBSDE:
dY, = —(f(XZ, Z%) — Nds + ZZdWs.
Then we get

Y% = (T — 5, X7%),
Y =v(XY).

Finally, due to Girsanov transformations and the use of an important coupling estimate result, we
deduce that there exists a constant L € R such that for all z € H,

Y- AT - YE — L,
T—+o0

i.e.

u(T,z) = NT — v(z) i L.

Our method uses not only purely probabilistic arguments, but also gives a rate of convergence:
|u(T,z) = AT —v(z) — L| < C(1 + |z|*TH)e 7.

The constant p appearing above is the polynomial growth power of g(-) and f(-,0) while 7 is linked
to the dissipative constant of A.

Large time behaviour of solutions has been studied for various types of HJB equations of second
order; see, e.g., [1], [7], [9] and [11]. In [1], a result in finite dimension is stated under periodic
assumptions for f and a periodic and Lipschitz assumption for g. Furthermore, they assume that
f(z, z) is of linear growth in z and bounded in z. In [7], some results are stated in finite dimensionnal
framework, under locally Holder conditions for the coeffcients. More precisely, they assume that
f(x,z) = Hi(2) — Ho(x) with Hy a Lipschitz function and with locally Holder conditions for Hy and
g. They also treat the case of Hy locally Lipschitz but consequently need to assume that Hs and g
are Lipschitz. Furthermore, they only treat the Laplacian case, namely they assume that G = 1.
No result on rate of convergence is given in that paper. In [9], the authors deal with the problem
in finite dimension. They also only treat the Laplacian case and assume that f(z,z) is a convex
function of quadratic growth in z and of polynomial growth in x. No result on rate of convergence
is given in this paper. Up to our best knowledge, the explicit rate of convergence only appears in
Theorem 1.2 of [11] but in finite dimension and under periodic assumptions for f(-,z) and g(-).
Furthermore, they only deal with the Laplacian case and they assume restrictive assumptions on
f (i.e., there exists 0 < m < M such that m < f(z,z) < M (1 + |z]) and boundedness hypotheses
about the partial derivatives of first and second order of f).

In this paper, we will assume that A is a dissipative operator, G : & — H is an invertible and
bounded operator, g : H — R continuous with polynomial growth and f : H x Z* — R continuous,
with polynomial growth in the first variable and Lipschitz in the second variable.

The paper is organised as follows: In section 2, we introduce some notations. In section 3, we
recall some results about existence and uniqueness results for solutions of an Ornstein-Ulhenbeck
SDE, a general BSDE and an EBSDE that will be useful for what follow in the paper. In section
4, we study the behaviour of the solution of the BSDE taken at initial time when the horizon T
of the BSDE increases. More precisely, in a first time we are concerned with the path dependent
framework, where a very general result can be stated. Then in the Markovian framework we obtain
a more precise result for the behaviour of solutions and a rate of convergence is given. In section
5, we apply our result to an optimal control problem.
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2. Notations. We introduce some notations. Let F;, F> and Fj3 be real separable Hilbert
spaces. The norm and the scalar product will be denoted by |- |, (-,-), with subscripts if needed.
L(Ey, E3) is the space of linear bounded operators F; — FEs, with the operator norm, which
is denoted by |- [1(g,,z,) - The domain of a linear (unbounded) operator A is denoted by D(A).
Lo(FE1, E3) denotes the space of Hilbert-Schmidt operators from E; to Es, endowed with the Hilbert-
Schmidt norm, which is denoted by | - |1, (£, ,£,)-

Given ¢ € By(E1), the space of bounded and measurable functions ¢ : E; — R, we denote by
16llo = sup,c s, |6(x)].

We say that a function F' : E; — E3 belongs to the class ¢'(E1, E3) if it is continuous, has a
Gateaux derivative VF (z) € L(E, E3) at any point x € Fy, and for every k € Fy, the mapping
x +— VF(x)k is continuous from E; to F3. Similarly, we say that a function F : Fy x Ey — Ej3
belongs to the class ¥1°(E; x Fy, E3) if it is continuous, Gateaux differentiable with respect to the
first variable on Ey x Ey and V,F : Ey x Ey — L(F4, E3) is strongly continuous. In connection
with stochastic equations, the space 4! has been introduced in [6], to which we refer the reader for
further properties.

Given a real and separable Hilbert space K and a probability space (§2,.%#,P) with a filtration
Z;, we consider the following classes of stochastic processes.

L L%, (Q,%9([0,T];K)), p € [1,00), T > 0, is the space of predictable processes Y with continuous
paths on [0, T] such that

Y|ze eor:x) =E sup [V} < oo
te[0,T

2. L%,(Q,L*([0,T}; K)), p € [1,00), T > 0, is the space of predictable processes Y on [0,7] such
that

T P/2
YLy, @.L2qomik) = E </0 IYtI%dt> < 0.

3. L% 14.(9, L*([0,00); K)) is the space of predictable processes Y on [0, 00) which belong to the
space L2, (2, L*([0,T); K)) for every T' > 0. We define in the same way L 15.(2,€ ([0, 00); K)).

In the following, we consider a complete probability space (€2,.%,P) and a cylindrical Wiener
process denoted by (W;);>0 with values in =, which is a real and separable Hilbert space. (%;);>0
will denote the natural filtration of W augmented with the family of P-null sets of .%#. H denotes
a real and separable Hilbert space in which the SDE will take values.

3. Preliminaries. We will need some results about the solution of the SDE when a pertur-
bation term F'is in the drift.

3.1. The perturbed forward SDE. Let us consider the following mild stochastic differential
equation for an unknown process (X;);>o with values in H:

t t
X, = s +/ D4R (s, X, )ds +/ e =D4GdW,, vVt >0, P—a.s. (3.1)
0 0

Let us introduce the following hypothesis.
HyPOTHESIS 1.
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1. A is an unbounded operator A : D(A) C H — H, with D(A) dense in H. We assume that
A is dissipative and generates a stable Cy-semigroup {etA}t>0. By this we mean that there
exist constants n > 0 and M > 0 such that B

(Az,z) < —n|z|?, Vz € D(A); |etA|L(H7H) < Me ™, Vit >0.

2. For all s > 0, e’ is a Hilbert-Schmidt operator. Moreover |eSA|L2(H7H) < Ms™7 with
v €10,1/2).

F:Ry x H— H 1is bounded and measurable.

G is a bounded linear operator in L(Z, H).

G is invertible. We denote by G=1 its bounded inverse given by Banach’s Theorem.
REMARK 3.1. Note that under the previous set of hypotheses, we immediately get that:

G o

A A
le® G|2L2(E, < |G|2L = |€S |2L2 (H,H)
< |G|L =,H |€2A|L(HH 24 |L2 (H,H)
2y
<are(3)

which shows that for every s > 0 and x € H, e54G € Ly(Z, H), which can be used to control the
stochastic integral over the time.

DEFINITION 3.2. We say that the SDE (3.1) admits a martmgale solution if there exists a new

7 - Wiener process (W””)t>0 with respect to a new probability measure P (absolutely continuous with
Tespect toP), and an F-adapted process X with continuous trajectories for which (3.1) holds with
W replaced by w.

LEMMA 3.3. Assume that Hypothesis 1 (1.)-(4.) holds and that F is bounded and Lipschitz in x.
Then for every p € [2,00), for every T > 0 there exists a unique process X* € L, (Q,€([0,T]; H))
solution of (3.1). Moreover,

sup  E[XF|P < O(1 + |z])P, (3.2)
0<t<+o0
E [ sup |th|p} < COA+T)(1+ |xP), (3.3)
0<t<T

for some constant C' depending only on p,~y, M and sup,~,sup,c g |F(t,x)|.

If F is only bounded and measurable, then the solution to equation (3.1) still evists but in the
martingale sense. Moreover (3.2) and (3.3) still hold (with respect to the new probability). Finally
such a martingale solution is unique in law.

Proof. For the first part of the lemma see [2], Theorem 7.4. For the estimate (3.2) see Appendix
A.11in [3]. The end of the lemma is a simple consequence of the Girsanov Theorem. We will now
show the estimate (3.3). The ideas of this proof are adapted from [6] but under our assumptions,
we obtain an interesting bound depending polynomially on 7. We have

)

t
/ et AGAW,

t P
sup | XFP<C (|x|p +C sup (/ e_"(t_s)d8> + sup
0 0

0<t< 0<t<T 0<t<T
t
/ c
0

)

<C (1 + |z|P + sup
0<t<T
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Let us introduce

ool = /:(t —w)* Y — s)"du

with a €]1/p,1/2 — [: we can assume that p is large enough and then for small p we will just use
Jensen inequality to obtain the result. Then, the classical factorization method gives us

¢ t ot
/ e=9AQAW, = ¢, / / (t —u)* Hu — s) " due'"AGdW,
0 0 Js
t u
= Cq / (t— u)o‘fl/ (u—s)" %= AGAW, du
0 0
¢
= Cq / (t —u)* tet=WAY, du,
0
with

Y., = / (u— s)~ e =AGdW,,.
0

We apply Hélder’s inequality to obtain, with ¢ the conjugate exponent of p (i.e. % + % = 1),

P t r/q t
<C (/ (t— u)(o‘_l)qe_(t_“)"qdu) (/ |Yu|pdu)
0 0
t p/q T
<C (/ S(al)qenqsds) </ |Yu|pdu>
0 0

T
SC/ |Yo|Pdu.
0

t
/ et AGAW,
0

Thus we obtain, thanks to the BDG inequality,

p

¢ T
E [ sup / et=AGaw,| | < C/ E[|Yy|P] du
0 0

0<t<T

< CT sup E[|Y,|"]
0<u<T

u p/
<CT sup (/ (u— 5)20‘276(“5)”615)
0

0<u<T

u ZD/Q
< CT sup (/ v2°‘276””dv>
0

0<u<T
< CT.

2

d
We define the Kolmogorov semigroup associated to Eq. (3.1) as follows: V¢ : H — R measurable
with polynomial growth

Z[¢l(z) = Eo(XY).
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LEMMA 3.4 (Basic Coupling Estimates). Assume that Hypothesis 1 holds true and that F is
a bounded and Lipschitz function. Then there exist ¢ > 0 and 1) > 0 such that for all ¢ : H - R
measurable with polynomial growth (i.e. 3C,p > 0 such that Yo € H, |¢p(z)| < C(1 + |z|*)),
Ve,y € H,

|2 (@) — Pl ()] < (L + |+ [y| e ™™, (3.4)

We stress the fact that ¢ and 1) depend on I only through sup;sqsup,ey [F(t,2)|.
Proof. In the same manner as in the proof of Theorem 2.4 in [3], we obtain, for every =,y € H,

P(X] # X)) < e(1+ [z]* + [y|*)e ™.

Hence we obtain, for every x,y € H and ¢ : H — R measurable and such that Vo € H, |¢(z)| <
C A+ [z["),

u81(E) - PAW) < R0 — oD BT £ XD)
< O+ [al? + [yl)(L -+ o] + [gl)e /2"
< C A+ |z TH 4 |yt TH)e .

d

COROLLARY 3.5. Relation (3.4) can be extended to the case in which F is only bounded
measurable and for all t > 0, there exists a uniformly bounded sequence of Lipschitz functions
inx (Fn(t,))n>1 (i.e. ¥t >0,Yn € N, F,(t,-) is Lipschitz and sup,, sup, sup,, |Fy, (¢, z)| < 400 )
such that

lim F,,(t,x) = F(t, ), YVt > 0,Vz € H.

Clearly in this case in the definition of P[¢] the mean value is taken with respect to the new
probability P.

Proof. 1t is enough to show that if 2™ is the Kolmogorov semigroup corresponding to equation
(3.1) but with F replaced by F,,, then Vo € H and Vt > 0,

Zrol=) 2 Pil().
See the proof of Corollary 2.5 in [3] for more details. O
REMARK 3.6. Similarly, if for every t > 0, there exists a uniformly bounded sequence of
Lipschitz functions (Fumn(t, )mennen (i.e. V& >0, Vn € N, Vm € N, F,, ,,(t,-) is Lipschitz and
Sup,,, SUp,, Sup, sup,, | F, . (z)| < +00) such that
limlim F), (¢, 2) = F(t,xz), Vt>0,Vre H,

then, if 22™" is the Kolmogorov semigroup corresponding to equation (3.1) but with F replaced by
Ern, we have Vo € H and ¥Vt > 0,

lim lim 27" [6](z) = 24[6]().
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We will need to apply the lemma above to some functions with particular form.

LEMMA 3.7. Let f : H X =% — R be continuous in the first variable and Lipschitz in the second
one and (,¢" : Ry x H — Z* be such that for all s >0, ((s,-) and {'(s,-) are weakly™ continuous.
We define

0, if (s,x) =('(s,x).

There exists a uniformly bounded sequence of Lipschitz functions (Y m n(S,))meN+ nen+ (i.e. ¥Ym €
N*,Vn € N*, T, .(s,-) is Lipschitz and sup,, sup,, sup, sup, |Lm.n(s, )| < 00) such that

lmlimY,, ,(s,z) = T(s,z), Vs>0,Vze H.

T(s,x)—{ Hadlsa) SeClo)) (¢(5,0) — ('(s,2))", if ((s,2) # C'(s,2),

Proof. See the proof of Lemma 3.5 in [3]. O

3.2. The BSDE. Let us fix T' > 0 and let us consider the following BSDE in finite horizon
for an unknown process (Y0, ZT40%) o\, 7 with values in R x E*:

T T
yhbr =t +/ f(X}f’m,Z;:F’t’””)dr—/ zhtraw,, Vs € [t, 7], (3.5)
where (X!%)s>0 is the mild solution of (3.1) starting from z at time ¢ > 0. If ¢ = 0, we use the
following standard notations Y.1»* := Y.I:0: and ZI'* .= 710,
We will assume the following assumptions.
HypoTHESIS 2 (Path dependent case). There exist I > 0, u > 0 such that the function
f:HxZ* =R and T satisfy:
1. F: H — H is a Lipschitz bounded function and belongs to the class 4",
2. ¢T is an H wvalued random variable Fr measurable and there exists u > 0 such that || <
C(1 + sup;< o | XTH),
3. Ve e H,Vz,2 € B%, |f(x,2) — f(x,2))| <]z — 2|,
4. f(-,2) is continuous and Vx € H, |f(z,0)] < C(1 + |z|*).
LeEMMA 3.8. Assume that Hypotheses 1 and 2 hold true then there exists a unique solution
(YTt zTtwy e IV (Q, € ([t, T);R)) x L, (2, L2([t, T);E*)) for all p > 2 to the BSDE (3.5).
Proof. See [6], Proposition 4.3. O
We recall here the link between solutions of such BSDEs and PDEs which will justify our
probabilistic approach. For this purpose we will consider the following set of Markovian hypotheses.
Note that this set of hypotheses is a particular case of Hypothesis 2.
HypoTHESIS 3 (Markovian case). There exist [ > 0, > 0 such that the function f: HxZ* —
R and €7 satisfy:
1. F: H — H is a Lipschitz bounded function that belongs to the class 4",
2. (T = g(X%x), where g : H — R is continuous and have polynomial growth: for all x € H,
lg(z)] < C(L+ Jz|*),
3. Ve e H,Vz,2 € 2%, |f(x,2) — f(z,2)] <l]z— 7|,
4. f(-, z) is continuous and Yz € H, |f(x,0)] < C(1 + |z|*).
We recall the concept of mild solution. We consider the HJB equation

au((;t,z) + Lu(t,z) + f(x, Vu(t,z)G) =0, VY(t,z) € Ry x H,
U(T, I) = g(x)v Yz € H,
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where Zu(t, z) = § Te(GG*V2u(t, x))+(Az+F(z), Vu(t, )). We can define the semigroup (2);>0
corresponding to X by the formula 2% [¢|(z) = E¢(X[) for all measurable functions ¢ : H — R
having polynomial growth, and we notice that .Z is the formal generator of &%;.. We give the
definition of a mild solution of equation (3.6):
DEFINITION 3.9. We say that a continuous function w : [0,T] x H — R is a mild solution of
the HJB equation (5.6) if the following conditions hold:
1. we 9%1([0,T] x H,R);

2. There exist some constant C' > 0 and some real function k satisfying fOT k(t)dt < 400 such
that for allx € H, h € H, t € [0,T) we have

u(t, o)) < C(L+2|9),  [Vu(t,2)h| < Clhlk()(1 + |2|);

3. the following equality holds:

T
u(t,x) = Pr_ilg](x) —I—/t P i[f(-,Vu(t, )G@))(x)ds, Vtel[0,T], VaecH.

LEMMA 3.10. Assume that Hypotheses 1 and 3 hold true, then there exists a unique mild
solution u of the HJB equation (3.6) given by the formula

up(t,z) =Y,""".

Proof. See Theorem 4.2 in [5]. O

REMARK 3.11. By the following change of time: up(t,z) := up(T — t,x), we remark that
urp(t,x) is the unique mild solution of (1.1). Now, remark that up(T,z) = ur(0,2) = YOT’O’I =
YOT’z, therefore the large time behaviour of YOT’I s the same as that of the solution of equation

(1.1).

3.3. The EBSDE. Let us consider the following ergodic BSDE for an unknown process
(Y, ZF, X)i>0 with values in R x Z* x R:

T T
th:Yff—l—/ (f(X;,Z;)—A)dS—/ ZFAW,, Y0<t<T < +o00. (3.7)
t t

HyPOTHESIS 4. There existl > 0, pp > 0 such that the functions F': H — H and f : HXE* — R
satisfy:
1. F: H — H is a Lipschitz bounded function and belongs to the class 4",
2.¥r e H,Vz, 2 € 2%, |f(x,2) — f(z,2)| <l|z— 7|,
3. f(-,2) is continuous and Vx € H, |f(z,0)| < C(1 + |=|*).
LEMMA 3.12 (Existence). Assume that Hypotheses 1 and 4 hold true then there exists a
solution (Y*, Z*,X) € L% 1,(Q,€/([0,00[; R)) x L ,,.(Q, L*([0,00[; %)) X R, to the EBSDE (3.7).
Moreover there exists v: H — R of class 4' such that, for all z,2' € H, for all t > 0:

Y =v(X)) and Z7 = Vu(X])G,
v(0) =0,

[o(2) = v(@")] < O+ |2 + [/ |7F1),
[Vo(z)| < C(1 + |z|"HH).
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Proof. This can be proved in the same way as in [3], the only difference coming from the
polynomial growth of f(z,0). O

REMARK 3.13. We stress the fact that the method used for the construction of a solution
to the EBSDE requires the generator f to have the following invariance property: ¥(x,y,z) €
HxRxZ* Ve € R, f(z,y+c,2) = f(,y, 2) as well as to have Y, y1, y2, 2 € HxR2xZE*, (f(z,y1,2)—
f(z,y2,2),y1 —y2) < 0. The first condition is equivalent to the fact that f does not depend on y
which implies the second one.

LEMMA 3.14 (Uniqueness). The solution (Y, Z*,\) of previous lemma is unique in the class
of solutions (Y, Z,\) such that Y = v(X?), |v(z)| < C(1 + |z|P) for some p > 0, v(0) = 0,
Z € L% 1,.(Q, L*([0,00);E%)), and Z = ((X*) where ¢ : H — =* is continuous for the weak*
topology.

Proof. We give a simpler proof than that in [3]. Indeed, let us consider two solutions (Y =
vH(X®), Z1 = H(X?®),A!) and (V2 = 0?(X7), Z% = (?(X®),\?). From Theorem 3.10 in [3], we get
Al = A2, Then, we have

T T
oM () — *(x) = o} (XE) — v?(XE) + / (F(X7.20) — f(X?, Z22))ds - / (2} — Z2)aw,
0 t

(f(X2,2]) — (X2, 22))(Z; — Z2)

71— 222 as

T
= (X%) —UQ(X%)Jr/O VARAY

T
—/ (Z} — Z3Haw,.
0

Now we define

[CH(@)—C2 ()2 ’
0, otherwise.

(f (@, (@) = f(,¢ (2))) (¢ () =3 (2))* L) — 2
M:{ i (! (2) = () £ 0

As B(X?7) is measurable and bounded, one can apply Girsanov’s theorem to deduce the existence
of a new probability QT under which W, = W; — fot Bsds, 0 < s < T is a Wiener process. Then

T
vl(z) = v*(2) = E® ' (XF) — v*(X7)]
= Pr[vt — ¥ (x)
where Z; is the Kolmogorov semigroup associated to the following SDE

{ dUf = AUFdt + F(UF)dt + GB(UF)dt + GAW,,  t > 0,
Uy = .

Now, remark that [ satisfies hypotheses of Lemma 3.7, therefore by Remark 3.6,

(v = 0%)(@) = (0" = *)(O)| = | Zrlo" —v°)(z) — Pr[v" = 7)(0)
< C(1 4+ |zPt)e T,

Then, letting T — +oc and noting that (v! — v2)(0) = 0 leads us to

vl(z) =v*(x), Vo€ H.
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An Itd’s formula applied to |Y;! — Y;2|? is enough to show that for all 7> 0
T
E/ |z} — Z22ds = 0,
0

which concludes the proof of uniqueness. O
Similarly to the case of BSDE, we recall the link between solutions of such EBSDEs and ergodic
HJB equations. We consider the following ergodic HIB equation for an unknown pair (v(-), A),

ZLv(z) + f(x,Vo(z)G) = A =0, VzeH. (3.8)

Since we are dealing with an elliptic equation it is natural to consider (v, A) as mild solution of
equation (3.8) if and only if, for arbitrary time T" > 0, v(z) coincides with the mild solution u(t, z)
of the corresponding parabolic equation having v as a terminal condition:

w + Lu(t,z) + f(z,Vu(t,2)G) = A =0, Vtel0,T], VaecH,
u(T,z) =v(x), VaeH.

Thus we are led to the following definition:
DEFINITION 3.15. A pair (v,\), (v: H— R and A € R) is a mild solution of the HJB equation
(3.8) if the following are satisfied:
1. ve 9 (H,R);
2. there exists C > 0 such that |Vv(z)| < C(1 + |z|9) for every x € H;
8. forall0<t<T andzx € H,

o(x) = Pr_ o)) + / (P 1 [f(- Vo ()G)](x) — N)ds.

We recall the following result.

LEMMA 3.16. Assume that Hypotheses 1 and 4 hold true. Then equation (3.8) admits a unique
mild solution which is the pair (v, \) defined in Lemma 3.12.

Proof. See Theorem 4.1 in [3]. O

4. Large time behaviour. We recall that (Y,*®, ZI'*) 5, denotes the solution of the finite
horizon BSDE (3.5) with ¢t = 0 and that (Y*, ZZ, X) denotes the solution of the EBSDE (3.7).

4.1. First behaviour: path dependent framework and Markovian framework. THE-
OREM 4.1. Assume that Hypotheses 1 and 2 hold true (path dependent case). Then, VT > 0,
Vn € N*:

Yo Co(1+TY™)(1 + [a] )
- < . 4.1
In particular,
YE)T)I
T T—>—+>oo )\7

uniformly in any bounded set of H.
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Assume that Hypotheses 1 and 3 hold true (Markovian case). Then, VT > 0:

Yo C(1+ [a|"**)
S N - L — 4.2
TR et L 42)
i.e.
ua) [ OO+ o
T - T ’ ’
where u is the mild solution of (1.1). In particular,
uw(T,z) Yo"
T T Tt

uniformly in any bounded set of H.
Proof. First we treat the path dependent case, that is, when Hypotheses 1 and 2 hold true. For
alz e H, T > 0:

}/OT,z _ }/Oz AT

Yy
T .

T

We have:

T T
YT Y AT = €7 —o(XE) + / (F(XT, Z7%) — f(X, Z7))ds — / (2 — Z7)aw,
0 0

T T
=T —u(X2) +/ (z= — 7,)pTds — / (zI® — Z,)dw,,
0 0

where for all s € [0, 7]

|23~z ’

(f(XsmZsTm)*f(vazf))(Z;FI*Z:)* if ZSTz _ Zsz 75 0
0, otherwise.

The process 37 is progressively measurable and bounded by [ therefore we can apply Girsanov’s

Theorem to obtain that there exists a probability measure Q7 under which WtT =— fg BTds + Wy,
0 <t < T is a Wiener process. We recall that if we define

T 1 T
Mrp = exp / BSTdWS——/ 18T 2ds | ,
0 2 0

the following formula holds: dQT = MpdP.
Taking the expectation with respect to Q7 we get

Ve —vg - AT =B (€7 — v(XE)). (4.4)
Hence we have

Y, Y = AT
T

T
1+ B foupoceer X7 | 1+ B (X5])
T T '
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The process (X7);>o is the mild solution of

{ AX7 = AXFdt + F(XP)dt + GATdt + GAWT, ¢ [0,T),
X5 ==

Thus, by Jensen’s inequality and the estimate (3.3), there exists a constant C,, which does not
depend on time such that

EQ [ sup [X7|"] < (BQ [ sup [XF["M)Y™ < Cu(1+TY™)(1 + [af?),
0<t<T 0<t<T

and by Lemma 3.3,
EY" (IXE[1) < C(1 + Ja|' ),
which allows us to obtain

Yy = Y§E = AT
T

2 G+ TV A Ja] )
- T

Finally we note that

OO+ o)

— T 3

}/OI
T

which gives the result for the path dependent case.
Now we treat the Markovian case: by equality (4.4), we obtain

Yo" =Yg = AT = EY (g(X§) — v(XF)). (4.5)
Therefore, since |g(x) — v(z)| < C(1 + |z|tTH),

Yot =Yg AT | LHEY (G 1 e
T = T = T

which gives the result. O

REMARK 4.2. If G is possibly degenerate, Theorem 4.1 remains true under additional assump-
tions that [ s locally Lipschitz in x (i.e. 3u > 0, Vo,o' € H, Vz € Z*, |f(x,2) — f(2',2)| <
C(1+|z|*+ |2 |")|x — 2’| ) and that A+ F is dissipative. In this case, we have existence of solution
to the EBSDE and X is unique from [}].

4.2. Second behaviour and third behaviour: Markovian framework. In this section,
we introduce a new set of hypothesis without loss of generality. Note that it is the same as Hy-
pothesis 3 but with F' = 0. However we write it again for reader’s convenience.

HypoTHESIS 5 (Markovian case, F' = 0). There exist | > 0, u > 0 such that the function
fiHxZ* =R and T satisfy:

1. F =0,
2. &7 = g(X%), where g : H — R is continuous and have polynomial growth: for all x € H,
lg(x)] < C(1+ [al#),
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3. Ve e H,Vz, 2 € 2%, |f(x,2) — f(z,2)] <]z = 7|,
4. f(+,2) is continuous and of polynomial growth, i.e. Vo € H, |f(x,0)] < C(1 + |x|*).
REMARK 4.3. Note that setting F' = 0 is not restrictive. Indeed let us recall that the purpose
of this paper is to study the large time behaviour of the mild solution of

w = Zu(t,x) + f(z, Vu(t,x)G), V(t,z) € Ry x H,
u(0,2) = g(x), Ve € H.

Now remark that

(Az + F(x), Vu(t,z)) + f(z, Vu(t,2)G) = (Az, Vu(t, z)) + f(z, Vu(t, z)G),

where f(x,2) = f(x,2) + (F(x),2G~1) is a continuous function in x with polynomial growth in x
and Lipschitz in z. Therefore, under our assumptions, we can always consider the case F' =0 by
replacing f by [ if necessary.

THEOREM 4.4. Assume that Hypotheses 1 and 5 hold true. Then there exists L € R such that,

Vee H, Y"—MN-Y§ — L,
T—+o0

i.€e.

Vee H, u(T,z)—\T —v(zx) T—+> L,
—+00

where u is the mild solution of (1.1).
Furthermore the following rate of convergence holds

Y8 = AT = Y — L] < C(1+ [a**#)e T,
1.€.
(T, ) = AT — v(@) — L] < C(1 + |2|*#)e 7,

where u is the mild solution of (1.1).
Proof. Let us start by defining

up(t,z) = Y,oh"

wr(t,x) :=ur(t,z) = MT —t) — v(x).

We recall that Y.1'0% = up(s, X1*) and that Y* = v(X?), where v is defined in Lemma 3.7. We
recall that for all T,S > 0, ur is the unique mild solution of

QD) | Lup(t,x) + f(z, Vur(t,2)G) =0, ¥(t,z) € [0,T] x H,
up(T, z) = g(x), Vo € H,
and that urig is the unique mild solution of

Qurest) | Pup, g(t,x) + f(x, Vurys(t,)G) =0, Y(t,x) € [0,T + 5] x H,
urys(T+ S, x) = g(x), Vo e H.
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This implies that ur(0,2) = urys(S, x), for all z € H, and then,
’LUT(O,.I) = wTJrS(Sa I) (46)

We will need some estimates on wp given in the following lemma.
LEMMA 4.5. Under the hypotheses of Theorem 4.4, 3C >0, Vr,y € H,VT >0, VO<T' < T,
ACr > 0,

[wr(0,2)] < C(1 + o]+,
Vawr(0,2)] < L1+ [af14),

T
lwr(0,2) — wr(0,y)] < C(L+ |2[PF# + Jy[*T#)e™".
We stress the fact that C' depends only on n, M, v, G, [, SUP,c %, SUP,ch Jiﬁiﬁ and l and
C”. depends on same parameters as C' and T".
Proof. |Proof of Lemma 4.5 | The first inequality of the lemma is a direct application of estimate
in Theorem 4.1. Indeed, Vo € H,VT > 0,

lwr(0,2)] = [ur(0,2) = AT — v(z)]
= Yy =Yg = AT
< C(1+ |z, (4.7)

Now, let us establish the gradient estimate. The process (wr(s, X*))i<s<7 satisfies the fol-
lowing equation, for all t < s < T,

T
wr(s, X1*) = wr(T, X37) +/ (fF(XE®, ZP05) — f(XE*, Z07))dr
’ T
—/ (zhbe — Z6o)dw,.
Now remark that for all t < T and t < s < T’ < T we have
T/
u)T(S,X;’E) - wT(T/vX’;“’/I) + / (f(Xf‘7I7 Z;T,t,l‘) - f(Xf‘7I7 Ziyx))d’r
T/
- [t zimaw,
T/
= wr_7/(0, X77) + / (F(XP®, 2007 — Z0% 4 Z07) — f(XPT, Z07))dr
T/
- [ @ zimaw,
t

where we have used equality (4.6) for the second equality.
We also recall that (see [5] Theorem 4.2 and [3] Theorem 3.8), Vo € H,Vs € [t, T,

ZD0 = Vaur(s, XE")G,  and  ZL* = V,u(X0)G.
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Then we easily obtain that
zhbe — 78" = o (r, X57)G.

Thus, applying the Bismut-Elworthy formula (see [5], Theorem 4.2), we get Va,h € H, Vt < T,
T/
Vowr(t,z)h = E / 1 (X057, Vpwr (s, XI¥)G + Z6%) — f (X%, Z0) UM (s, t, 2)ds
t

FE [for_r (0. XU, 8, 0)]
where, VO < s < T, Vx € H,

UM (s, t,2) = — t/ (G XETh, AW,).
t

s —
Let us recall that
Vo XD7h = el D4h,
then,
C Ihl2

E|U" (s, t,z)* = / |GV, X7 h2du <

t|2

where C' is independent of ¢, s and x.
Thus we get,Va,h € H, Vt < T , using inequality (4.7),

' JE(|Vawr(s, X07)[2) |k 144
IV pwp(t, z)h| < c/ \/ (Vawr Ul |d8+c(1+|w| )Ihl
t Vvs—t VT — ¢

We define
|Vwr(t, z)|
t)==s -_
U A TEEED

and we remark that o(t) is well defined for all ¢ < T'. Indeed V,wr(t, ) = Vyur(t, z) —Vyo(z) and
we have |V, ur(t, )| < Op(T—t)~"/2(14|z|*) (see Theorem 4.2 in [6]) and |V, v(z)| < C(14|z|*H#)
(by Lemma 3.12). Then we obtain

(L + [a|H)|n]
T —t

T/
|Vewr(t, x)h| < C/ (1 + | XE"1+1)2)|n|ds + C
t

p(s
Vs—t
which leads to

[Vawr(t, )h| 1
(1t oy =W (/ e +\/—T’_t>'

Taking the supremum over h such that |h| = 1 and = € H, we have

T p(s) C
t)gC/t \/S—td8+\/Tl—
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Now remark that we can rewrite the above inequality as follows:

gp(T’—t)gc/O %ds—i—%,

then by Lemma 7.1.1 in [8] we get

/ C i ! 1
(T —t) < i + 09/0 E'(0(t - s))%ds,
where
0 Zn/Q
0= (Cr(1/2)?% and E(z)=)» — .
; T'(n/2+1)

Therefore, taking ¢t = T” leads us to

C ' 1
0) < Cco E'(0(T" — 5))—=d
o0 < <= +00 [ B0 - )z
which implies
14+ VT
Vewr (0, x < Cpr(1 + |zt ——2—.

For the third inequality of Lemma 4.5, we have in the same way as for equation (4.5), Vo € H,
VT > 0,
Q7T T T
wr(0,z) =E* (9(X7) — v(X7))
= Prlg —vl(x),

where Z; is the Kolmogorov semigroup associated to the following SDE
AU = [AUF + GAY (t,UF)|dt + GAW,, U§ ==z, t>0,

and where g7 (t,x) =

(f (z,Vur (t,2)G)— f(x,Vu(z)G)) (Vur(t,2) G—Vv(z)G)* 1
(Vur (t,2)—Vo(z))G[? t<T*
+(f(m,VUT(T,m)G?(—vfx,(?xz@gg;;gg,w)c:—w(z)c:) Ti>r  if Vurp(t,z) — Vo(x) # 0,
0, otherwise.

Therefore, Vo € H, VT > 0 we can write
lwr(0, ) —wr(0,y)| = [Prlg —v](z) — Prlg —vl(y)l.

Then, as 47 is uniformly bounded in ¢ and x, by Lemma 3.7, and thanks to Remark 3.6 we obtain,
since (g(-) — v(+)) has polynomial growth of order 1 + pu:

wr(0,2) —wr(0,y)] < C(L+ [z + [y[FFH)e T, (4.8)
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which conclude the proof of the lemma. O Now, let us come back to the proof of the theorem. The
first estimate of Lemma 4.5 allows us to construct, by a diagonal procedure, a sequence (T3); /* +00
such that for a function w : D — R defined on a countable dense subset D of H, the following holds

Ve e D, lim wr (0,2) = w(x).

11— 400

Then we fix T’ > 0 and, by second estimate of Lemma 4.5, we obtain that for every z,y € H, for
every T > T,

CT/

VT’

By using this last inequality it is possible to extend w to the whole H. Indeed if ¢ D then there
exists (zp)pen € DY such that z, — 2. Thus if we set w(z) := lim,_, 1o w(x,), it is easy to check
that wr (0, ) T w(x) for any x € H.

—+0o0

jwr (0, 2) —wr(0,y)] < (1 + [+ [y ) |z = yl.

Now, let us show that w : H — R is a constant function. We have, by the third inequality of
Lemma 4.5, for all x,y € H and T > 0,

wr(0,2) — wr(0,)] < C(1+ [T + [y[*FH)e ™.

Applying the previous inequality with 7= T; and taking the limit in ¢ shows us that x — w(x)
is a constant function, namely there exists L; € R (independent of z) such that: Va € H,

lim wy, (0,2) = L.

We remark that for any compact subset K of H, {wT(O, -)‘ ;T > 1} is a relatively com-
pact subspace of the space of continuous functions K — R for the uniform distance (denoted by
(€ (K,R), || || x,00) thanks to the two first inequalities of Lemma 4.5. Note now that L; is an accu-
mulation point of {wr(0,-)x;T > 1} since wr, (-) converges uniformly toward L; on any compact
subset of H by the second inequality of Lemma 4.5.

Therefore, if we show that for every compact subset K of H, {wr(0,);x;T > 1} admits only
one accumulation point (independently of K'), it will imply that for all K compact subset of H, for
allx € K

TEIEOO wr(0,z) = Ly,

or, in other words, for all x € H,

lim wy(0,2) = L.
T— 400

Now we claim that the accumulation point is unique. Let us assume that there exists another
subsequence (T7)ien ,/* +00 and weo k (+) € € (K, R)such that

| wrs(0,) = woe i (-) | Kioe. — 0.
i—+00

Then, by the third inequality of Lemma 4.5, there exists Lo i such that Va € K, weo ik (x) = L2 k.
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Let us write, Vo € H, VT, S > 0:
wris(0,2) = Y5 T - AT+ 9) - Yy’

S
— YIS AT v 4 / (F(XT, ZTH52)  f(X2, Z7))dr

S
- [z - znaw,
0

S o~
= YJ T AT —YE + / (zT+S= _ zzyaw s,
0
with
t
WIS / BT (s, XT)ds + Wi, Vit e [0,5]
0

and where 875 (t,x) =

(f (@, Vurs(t,2)G) —f(2,Vo(2)G) (Vur+ s (t,2) = Vo(@))G)" ¢

JICAY S|(V5T+fs(t,%)—vgm))%|2 5,2)-V Gt*SS’
4+ U@ Vurys( @)|()Vu;i;(gfig—gi((z)%g+|5( ) —=Vu(z))G) Liss  if Vurss(t,z) — Vo(z) #0
0, otherwise.

Taking the expectation with respect to the probability Q7>® under which W% is a Brownian
motion we get (using equality (4.6) for the third equality):

wrys(0,2) = BT (YIS _ \p —vE)
=E¥ (wry.5(5.X3))
=E¥" (wr (0, X9))
= Ps[wr(0,-)(2), (4.9)
where Z; is the Kolmogorov semigroup of the following SDE defined V¢ € R.:
AU = [AUF + GBS (t,Uf)]dt + GAW,,  UF = z.

This implies, substituting 7" by T/ and S by T; — T/, (up to a subsequence for (7;);en such that
T, >T)), for all x € H,

wr, (0, ) = Pr,—1;[wr; (0, )]().

We recall that lim; wr, (0,2) = Ly and we will show that the second term converges toward Lo g
when = € K. We have, for all x € K,

| P71 [wr: (0, )](2) — Lo, k| < [P, 7 [wry (0, ))(2) — wr (0, 2)] + [wrs (0, 2) — Lo k|
We recall that [wr/(0,2) — L2, k| — 0. Furthermore, if we denote by U™ " the mild solution of

1——+o00

AUS™" = [AUS™ ™ 4+ GBLS (U™ M+ GAWy, U™ =z,
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where ( g’,i)meN*,neN* is the sequence of functions obtained by Lemma 3.7, then we have
| P~ [wr; (0, )](%) — wry (0, 2)| = [lim lim E(wry (0, Uz, "7)) — wry (0, )]

< limlim [E(wry (0, U3"77)) — wry (0, )|

< limlim Ejwyy (0, UR"70) — wrs (0, )]

< HmHmE[C(1 + U552 4 | H)e 7]

< O(1 + |a>T#)e= T
where the third line is obtained thanks to the third inequality of Lemma 4.5. Therefore, letting
1 — 400 shows us that for all x € K,

f@Ti_TI{ [wTi/ (0, )](.’L‘) — L27K.

Thus, for any compact subset K of H, L1 = Lo g, which as mentioned before, implies that for all

reH,

lim wr(0,2) = L.
T—4oc0

Finally we prove that this convergence holds with an explicit rate of convergence. Let us write,
Ve € H VT > 0,

lwr(0,z) — L = lim _|wp(0,2) — wy (0, )]
V—+oc0

= VETOO lwr (0, 2) — Pv_7wr(0,-)](z)]

thanks to equality (4.9), where & is Kolmogorov semigroup associated to the following SDE defined
Vt S ]RJ,_Z

AU = [AUF + gTV=T(+, U®)|dt + GAW;, U = .
Now, if we denote by U*"™™ the mild solution of the following SDE, V¢ > 0,
AUy ™" = [AUS™" + GBLY T (4, UD)dE + GAW,,  Ug™" =,

where (ﬂﬁ%’T)meN*,neN* is the sequence of functions obtained by lemma 3.7, then we have,

|wr(0,2) — L| = VlirEm lwr(0,2) — lim  lim E(wr(0,U3"%"))]

n—-+oo0 m—r-+oo

< lim lim hrﬂ CE(1 + x>t + UG P T)e 1T
—+00

V—+4+ocon—+ocom
< C(1 4+ |z>TH)e T

thanks to the third estimate in Lemma 4.5. 0
REMARK 4.6. By the third inequality of Lemma 4.5, we have

Yo = Y0 — (Y — YD) < C(1 + | )e T,
7.€.
(T, ) — u(T,0) — (v(x) — v(0))] < C(1 + [a|*H)e T,

which provides possibly an efficient approzimation for Yi¥ and v(x).
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5. Application to an ergodic control problem. In this section, we show how we can apply
our results to an ergodic control problem. In this section we will still assume that Hypothesis 1
hold true and that F is Lipschitz and bounded and belong to the class ¥'. Let U be a separable
metric space. We define a control a as an (%;)-predictable U-valued process. We will assume the
following
HypoTHESIS 6. The functions R: U — H, L : HxU — R and g9 : H — R are measurable
and satisfy, for some constants ¢ >0, C > 0 and p,
1. |R(a)| < ¢, for alla € U;
2. L(-,a) is continuous in x uniformly with respect to a € U; furthermore |L(x,a)| < C(1 +
|z|*) for allx € H and all a € U;
3. go() is continuous and |go(x)| < C(1 + |z|*) for all x € H.

We denote by (X7)i>0 the solution of (3.1). Given an arbitrary control a and 7" > 0, we
introduce the Girsanov density

T T
pp® = exp (/ G~ R(as)dW, — %/ |G_1R(as)|25ds>
0 0

and the probability P = p$P on #r. We introduce two costs. The first one is the cost in finite
horizon:

T
T (o) = BT [ DX al)ds + BT go(X7),
0

where E*7 denotes the expectation with respect to P%. The associated optimal control problem is
to minimize the cost J7 (x,a) over all controls a’ : Q x [0,T] — U, progressively measurable.
The second one is called the ergodic cost and is the time averaged finite horizon cost:

1 T
J(x,a) := limsup —Ea’T/ L(X7,as)ds.
T—+o00 0

The associated optimal control problem is to minimize the cost J(z,a) over all controls a : © x
[0, 4+00[— U, progressively measurable.
We notice that W = W, — fg G~ 'R(as)ds is a Wiener process on [0,7] under P% and that

AX? = (AXF + F(XF) + R(ay))dt + GAWS,  t€[0,7],

and this justifies our formulation of the control problem.

We want to show how our results can be applied to such an optimisation problem to get an
asymptotic expansion of the finite horizon cost involving the ergodic cost.

To apply our results, we first define the Hamiltonian in the usual way

fo(z, z) = allélg {L(z,a) + 2G'R(a)}, (5.1)

and we remark that, if for all x, z, the infimum is atttained in (5.1) then by the Filippov Theorem,
see [10], there exists a measurable function v : H x Z* — U such that

folx,2) = L(w,v(x, 2)) + 2G7 R(y(x, 2)).
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LEMMA 5.1. Under the above assumptions, the Hamiltonian fo satisfies assumptions on [ in
hypotheses 2, 3, 4 or 5.

Proof. See Lemma 5.2 in [6]. O

We recall the following results about finite horizon cost:

LEMMA 5.2. Assume that Hypotheses 1 and 6 hold true and that F' is Lipschitz bounded and
belong to the class 4", then for arbitrary control a,

JT(z,a) > u(T, x),
where u(t,x) is the mild solution of
{ % = ZLu(t,z) + folz, Vu(t,z)G), Y(t,z)€ Ry x H,
u(0,z) = go(x), Vo € H.
Furthermore, if for all x, z the infimum is attained in (5.1) then we have the equality:

JV (2, @) = uw(T, z),

where @; = W(Xf’ET, Vu(t, Xf’ET)G).

Proof. See Theorem 5.3 in [5]. O

Similarly, for the ergodic cost we have the following result.

LEMMA 5.3. Assume that Hypotheses 1 and 6 hold true and that F is Lipschitz bounded and
belong to the class 4, then for arbitrary control a,

J(z,a) =2 A,
where (v, A) is the mild solution of
ZLv(z) + fo(z,Vo(z)G) —A=0, VzeH.
Furthermore, if for all x, z the infimum is attained in (5.1) then we have the equality:
J(x, @) = A,

where @ = (X7, Vo(X[")G).

Finally, we apply our result to obtain the following theorem.

THEOREM 5.4. Assume that Hypotheses 1 and 6 hold true and that F is Lipschitz bounded and
belong to the class 4*. For any control a we have
T
lim inf (z,0)
T—+o00

>\

Furthermore, if the infimum is attained in (5.1) then

JE(x,a")  «~  J(x,@)T +v(z) + L.
T—4oc0

Proof. The proof is a straightforward consequence of the two previous lemmas above and of

Theorem 4.4. O
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