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INFINITE HORIZON AND ERGODIC OPTIMAL QUADRATIC CONTROL
FOR AN AFFINE EQUATION WITH STOCHASTIC COEFFICIENTS

GIUSEPPINA GUATTERI AND FEDERICA MASIERO

ABSTRACT. We study quadratic optimal stochastic control problems with control dependent noise
state equation perturbed by an affine term and with stochastic coefficients. Both infinite horizon
case and ergodic case are treated. To this purpose we introduce a Backward Stochastic Riccati
Equation and a dual backward stochastic equation, both considered in the whole time line. Besides
some stabilizability conditions we prove existence of a solution for the two previous equations
defined as limit of suitable finite horizon approximating problems. This allows to perform the
synthesis of the optimal control.
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horizon, ergodic control, Backward Stochastic Riccati Equation.
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1. INTRODUCTION

Backward Stochastic Riccati Equations (BSREs) are naturally linked with stochastic optimal
control problems with stochastic coefficients. The first existence and uniqueness result for such a
kind of equations has been given by Bismut in [3], but then several works, see [4], [14], [15], [16],
[17], [19] and [20], followed as the problem, in its general formulation, turned out to be difficult to
handle and challenging. Indeed only very recently Tang in [22] solved the general non singular case
corresponding to the linear quadratic problem with random coefficients and control dependent noise.

In his paper the so-called linear quadratic optimal control problem is considered: minimize over
uw € L%(0,T;R™) the following cost functional

T
Jr(0,z, 1) :E/ [(Ss X, X4) + |us)?]ds + E(PXr, X7) (1.1)
0

where X € R™ is solution of the following linear stochastic system:

d
dX, = (A X, + Bouy)ds + Y (CiX, + Diug)dW! s>0

- (1.2)

XO =,
where W is a d dimensional brownian motion and A, B,C, D, S are stochastic processes adapted to

its natural filtration completed {F;};>¢ while P is random variable Fr measurable.
All these results cover the finite horizon case.

In this paper starting from the results of [22], we address the infinite horizon case and the ergodic
case. Since our final goal is to address ergodic control, in the state equation we consider a forcing
term. Namely, the state equation that describe the system under control is the following affine
stochastic equation:

d
dX, = (A X, + Boug)ds + Y (CiX, + Diug) dWi + fuds s >0

- (1.3)

X0:$7

Our main goal is to minimize with respect to u the infinite horizon cost functional,

+oo
(0, 7, 1) :IE/O (s X, X.) + [us 2]ds (1.4)



and the following ergodic cost functional:

lim i(r)lf aJy (0, z,u) (1.5)
where
“+o0
Jo (0, z,u) = E/ e 2% (S X, X)) 4 |us|?]ds, (1.6)
0

In order to carry on this programme we have first to reconsider the finite horizon case since now
the state equation is affine. As it is well known the value function has in the present situation a
quadratic term represented in term of the solution of the Backward Stochastic Riccati Equation
(BSRE) in [0, T:

d d
aP, = = | AP+ PAc+ S+ ((CI) RO+ (C)T Qo+ QuCY) | de+ - Qidwi+, (1.7)
=1 =1
PB+ Y ((C) PO+ QD) | [T+ (D) PD;| | PB o+ Y ((C)) RD}+ QéDl)] dt,
=1 =1 =1
Pr="P,

and a linear term involving the so-called costate equation (dual equation):

d d
dry = —Hjrdt — Pifydt — > (K{) gidt+ gidWj, te€0,T] (1.8)
i=1 1=1

TTZO.

The coefficients H and K are related with the coefficients of the state equation and the solution to
the BSRE in [0,77]. In details, if we denote for ¢ € [0, T

d d
F6PLQ) =—[I+Y (D))" BDj ' [P.B: + > _(QiD} + (C{)" P.D})],*

i=1 i=1

then we have: H; = A; + Byf (¢, P, Q) and K} = C} + D:f (t,P;,Q;). The solution (r,g) of this
equation together with the solution (P, @) of the BSRE equation (1.7) allow to describe the optimal
control and perform the synthesis of the optimal equation. Equation (1.8) is the generalization of
the deterministic equation considered by Bensoussan in [1] and by Da Prato and Ichikawa in [9] and
of the stochastic backward equation introduced in [24] for the case without control dependent noise
and with deterministic coefficients.

The main difference from the equation considered in [24] is that, being the solution to the Riccati
equation a couple of stochastic processes (P, Q) with @ just square integrable, equation (1.8) has sto-
chastic coeflicients that are not uniformly bounded. So the usual technique of resolution does not ap-
ply directly. When r is one dimensional also the non linear case has been studied in [5] using Girsanov
Theorem and properties of BMO martingales. Here being the problem naturally multidimensional
we can not apply the Girsanov transformation to get rid of the term ijl (KZ)* gidt+ Zle gidw.

Nevertheless we can exploit a duality relation between the dual equation (1.8) and the following
equation

d
dX, = H X ds+ Y KiX.dW! seltT)

i=1

(1.9)
Xt =2X.
This equation is indeed the closed loop equation related to the linear quadratic problem and can be

solved following [11] and its control interpretation allows to gain enough regularity to perform the
duality relation with (r, g).



Once we are able to handle the finite horizon case, we can proceed to study the infinite horizon
problem. The BSRE corresponding to this problem is, for ¢ > 0
d
AP, = — dt + > QidWi+ (1.10)

i=1

d
A{P; + P, A + S + Z ((CZ)* P,.C} + (Cf)* Q: + QtCZ)

i=1

—1 *

d
PBi+Y ((C;‘)* P,Di + QiDi)] dt,
=1

d
PB,+Y ((C;‘)* P.Di + QiD;')
=1

d
1+ (D}) PD;
i=1

note that differently from equation (1.7), the final condition has disappeared since the horizon is
infinite. It turns out that, under a suitable finite cost condition, see also [12], there exists a minimal
solution (P, Q) and we can perform the synthesis of the optimal control with f = 0. More precisely
we introduce a sequence (PY, Q™) of solutions of the Riccati equation in [0, N] with PY(N) = 0
and we show that for any ¢ > 0 the sequence of PN pointwise converge, as N tends to 400, to a limit
denoted by P. The sequence of QV instead only converge weakly in L?(2 x [0,7]) to some process
@ and this is not enough to pass to the limit in the fundamental relation and then to conclude that
the limit (P, Q) is the solution for the infinite horizon Riccati equation (1.10). Therefore, as for the
finite horizon case, we have to introduce the stochastic Hamiltonian system to prove the limit (P, Q)
solves the BRSE (1.10), see Corollary 3.7. Indeed studying the stochastic Hamiltonian system we
can prove that the optimal cost for the approximating problem converge to the optimal cost of the
limit problem and this implies that P is the solution of the BSRE.

In order to cope with the affine term f we have to introduce an infinite horizon, this time,
backward equation

d d
dry = —Hirydt — Pifedt — > (K{) gidt + gidWj,  t>0. (1.11)
i=1 i=1
Notice that the typical monotonicity assumptions on the coefficients of this infinite horizon BSDE
are replaced by the finite cost condition and the Theorem of Datko. As a consequence of this new
hypothesis we have that the solution to the closed loop equation considered in the whole positive
time line with the coefficients evaluated in P and @Q, is exponentially stable.

Hence a solution (7, g) to this equation is obtained as limit of the sequence (rr,gr) defined in
(1.8), indeed using duality and the exponential stability property of the solution to (1.9), we can
prove that the sequence of r/.s and its limit # are uniformly bounded. Hence, having both (P, Q)
and (7, g), we can express the optimal control and the value function.

Eventually we come up with the ergodic case: first of all we set X := e~ X, and u$ := e~ “us,
and we notice that the functional J,, (0, z,u) can be written as an infinite horizon functional in terms
of X¢ and u®:

—Qas

+oo
Ju(0,2,u) = E / [(S.X2, X2 + |ug Plds.
0

This allows us to adapt the previous results on the infinite horizon when « > 0 is fixed.

Then, in order to study the limit (1.5), we need to investigate the behaviour of X*, of the solution
P of the Riccati equation corresponding to J* (z) := inf, J%(0,x,u) and the solutions (%, g*) of
the dual equations corresponding to H*, K« and f* = e~ ®!f,. In the general case it turns out that
the ergodic limit has the following form:

+oo
hima_,oaja(z) = liima_@a/ (re, f&)ds.
0

A better characterization holds if we assume all the coefficients (A, B, C, D) and f to be stationary
processes, see definition 6.9. If this is the case we can prove that the stationarity property extends
to both P and 7, and hence the optimal ergodic cost simplify to:

lim o inf Jo(z,u) = E{f(0),7(0))

When the coefficients of the state equation are deterministic similar problems have already been
treated: we cite [2], [24] and bibliography therein. In [2] in the state equation all the coefficients



are deterministic and no control dependent noise is studied, while in [24] only the forcing term f is
allowed to be random.

Finally we describe the content of each section: in section 2, after recalling some results of [22],
we solve the finite horizon case when the state equation is affine: the key point is the solution of
the dual equation (1.8), which is studied in paragraph 2.2; in section 3 we solve the infinite horizon
case with f = 0, in section 4 we study the infinite horizon equation (1.11), in section 5 we complete
the general infinite horizon case, finally in section 6 we study the ergodic case.

Acknowledgments. The authors wish to thank Philippe Briand for the very useful discussions
on the role of BMO martingales in the theory of Backward Stochastic Differential Equations.

2. LINEAR QUADRATIC OPTIMAL CONTROL IN THE FINITE HORIZON CASE

Let (2, &, (Fi)i>0,P) be a stochastic base verifying the usual conditions. In (€2, £,P) we consider
the following stochastic differential equation for ¢ > 0:
d
dX, = (A X, + Boug)ds + > (CiX, + Diuy) dWi+ fuds s € [t,T)]

- (2.1)

Xt =X
where X is a process with values in R™ and represents the state of the system and is our unknown,
u is a process with values in R* and represents the control, {Wt = (th, . Wtd) , t> 0} is a d-
dimensional standard F;-Brownian motion and the initial data = belongs to R™. To stress dependence
of the state X on u, t and & we will denote the solution of equation (2.1) by X%** when needed.
The norm and the scalar product in any finite dimensional Euclidean space R™, m > 1, will be
denoted respectively by || and (-, -).
Our purpose is to minimize with respect to u the cost functional,

T
J(0,2,u) = E / (S X0, XY o uy[2)ds + B | X250 . (2.2)
0

We also introduce the following random variables, for t € [0, T1:

T
J(t, @ u) = EE/ [(Se X0, XP7) + |ugP)ds + EP | Xp™" |2 (2.3)
t
We make the following assumptions on A, B, C' and D.

Hypothesis 2.1.

Al) A:[0,T] xQ — R™™ B :[0,T] x Q — R"™F C":[0,T] x Q — R™" i =1,...d and
DU [0, T] xQ — Rk i =1, ....d, are uniformly bounded processes adapted to the filtration
{]:t}tZO'

A2) §:00,T] x Q — R™" is uniformly bounded and adapted to the filtration {F;},~, and it is

almost surely and almost everywhere symmetric and nonnegative.
A3) f:[0,T] x @ — R" is adapted to the filtration {Fi},~ and f € L* ([0,T] x Q).

2.1. Preliminary results on the unforced case. Next we recall some results obtained in [22] for
the finite horizon case, with f = 0 in equation 2.1. In that paper a finite horizon control problem
was studied, namely minimize the quadratic cost functional

T
J(0,z,u) = B(PX2"" X0y 4 E/ (S, X P54, X5 + |us[?]ds,
0

where P is a random matrix uniformly bounded and almost surely positive and symmetric, 7" > 0
is fixed and X%®" is the solution to equation (2.1) with f = 0. To this controlled problem, the
following (finite horizon) backward stochastic Riccati differential equation (BSRDE in the following)

is related:
d

—dP; = G (A, By, Cy, Dy; Si; P, Qi) dt + Y _QidW

i=1

(2.4)
Pr=P.



where

d
G(A,B,C,D;S;P,Q):A*p+PA+S+Z((0i)*Pci+(Ci)*Q+Qci)—Gl(B,C,D;P,QL
i=1
and
d d -1
Gy (B,C,D;P,Q) = PB+Z((Ci)*PDi+QiDi)1* I+ (D) PD'| =
i=1 i=1

*

PB+ zd: () Pp+ QiDi)]

Definition 2.2. A pair of adapted processes (P, @) is a solution of equation (2.4) if

T
(1) / 1Q.|* ds < +00, almost surely,
0
(2)
T
/ |G(AsaBs;CsaDs;Ss;Ps,Qs)|dS<+OO,
0
(3) for all t € [0, T

p— P+/ G (Ay, By, Cy, Dy; Ss; Ps, Q) ds—/ ZQZdWZ

Theorem 2.3 ([22], Theorems 3.2 and 5.3). Assume that A, B,C, D and S verify hypothesis 2.1.
Then there exists a unique solution to equation (2.4). Moreover the following fundamental relation
holds true, for all0 <t <s<T, and all u € L% ([O,T] X QR’“):

T
(Pz,x) = BTt (PX{;””’“,X;””’“H]Eﬂ/ [{(Sp Xm0, X0 4 |u,]dr (2.5)
t

T d 1/2
_Eft/ <1+Z(D;)*PSD;’> *
t i=1

2

d -1 d *
* |ug + (1 +Y (DY) PSD§> (PSBS + (Q@D;’, +(ChY psDé)> xteu| | ds
i=1 i=1
Then the value function is given by
T
P f ]E]:t PXt,m,u Xt,m,u E]—'t/ STXt),z,u Xt,z,u . 2 d
(For. 2 = wer2 (0T )x0,8%) (PXF™ X ™) + ' (5 X, X2 o e Pl

and the unique optimal control has the following closed form:
—1 *

(1 n Z PtD1> (PtBt n Z (QtDl ()" P.D; )) X0,

If X is the solution of the state equation corresponding to u (that is the optimal state), then X is
the unique solution to the closed loop equation:

*

dX, = (A X, — B, <I+Z >_ <PtBt+Z(QtDZ (e pp)) X, )ds+
zdj( <I+Z >_ (PtBt zdj(Q;Dz PtD’)> X) | W5,
X, —a

(2.6)



The optimal cost is therefore given in term of the solution of the Riccati matriz

J(0,z,1) = (Pyx, x). (2.7)
and also the following identity holds, for all t € [0,T):
J(t,x,u) = (Px,x). (2.8)

For ¢ € [0,T], we denote by

d —1 d *
J(t, P,Qy) = — (I+Z(Di)*PtD§> <PtBt+Z(QiDz+(Oti)*PtDz)> )
i=1 i—1

Ht :At+Btf(taPtht)v

(2.9)
So the closed loop equation (2.6) can be rewritten as
d
dX, = Hds + Y KX, dW! se€[t,T) (2.10)

i=1

Xt =T
It is well known, see e.g. [11], that equation (2.10) admits a solution.

Remark 2.4. f, H and K defined in (2.9) are related to the feedback operator in the solution of the
finite horizon optimal control problem with f = 0. By the boundedness of P and by the fundamental
relation (2.5), it turns out for every stopping time 0 < 7 < T a.s.,

T
Ef*/ |f (t, P, Qy) [Pdt < C,

where C' is a constant depending on 7" and z. Since A, B, C and D are bounded, this property
holds true also for H and K:

T T
Ef*/ |Ht|2dt+Ef*/ | K |2dt < C,

where now C'is a constant depending on T', z, A, B, C and D. In particular, f, H and K are square
integrable. In the following we denote by

T
Cy = supIEfT/ |H,|?dt,

T

T
Cx =supE”~ / | K, |2dt.

(2.11)
where the supremum is taken over all stopping times 7, 7 € [0,T] a.s..

2.2. Costate equation and finite horizon affine control. In order to solve the optimal control
problem related to the nonlinear controlled equation 2.1, we introduce the so called dual equation,
or costate equation,
d d
dry = —Hjrdt — Py fudt — 2 (K})" gidt + Z;ggdwg, te[0,7] (2.12)
1= 1=
rT = 0.

We look for a solution of (2.12), that is a pair of predictable processes (r, g) s.t. r€ L§2. ([0, T] xQ, R"™)

loc

and g € L2 _([0,T] x Q,R™), fori = i,...,d. LS ([0, T] x £, R") is the space of predictable processes

loc loc

r with values in R™ such that
P| sup |yl <oo ] =1.
t€[0,T]



L2 . ([0,T] x ,R™) is the space of predictable processes g with values in R™ such that

T
P / lgs|?ds < 00 | = 1.
0

Lemma 2.5. The backward equation (2.12) admits a unique solution (r,g) that belongs to the space
Ly ([0,T] x Q,R™) x leoc ([O,T] X Q,R"Xd).
Proof. In order to construct a solution to equation (2.12), we essentially follow [25], chapter 7, where
linear BSDEs with bounded coefficients are solved directly. Besides equation (2.12) we consider the
two following equations with values in R™*":

d d
A, = —H,®uds + Y (KI)" (KI)" ®uds — > (KI)" @.dWi s€[0,7] (2.13)
i=1 =1 .
(DO = Ia
and
d
AV, = U Hids+ Y W, (K" dW! s€0,T] (2.14)
=1 .
W = 1.

By applying It6 formula it turns out that &, ¥, = I. By transposing equation (2.14), we obtain the
following equation for W*:

d
AV = +HVids + > KiW:dW! s€[0,7]

i=1

(2.15)
Uy =1

By [11], equations (2.13), (2.14) and (2.15) admit a unique solution. Moreover, since H and K are
related to the feedback operator, see (2.9) where f, H and K are defined, it follows that

E[:[* < C|I]%,t € [0,T), (2.16)

where C is a constant that may depend on T, see also theorem 2.2 in [22], with U;h = ¢g 1h, h € R™.
T

We set 0 := —/ U P fsds. By boundedness of P and f, and by estimate (2.16) on W, it turns
0
out that 6 € L? (). We define

t
r= @t[/ U, P, f.ds 4+ E7 0],
0

and we want to show that it is solution to equation (2.12). Since E**# is a square integrable
martingale, by the representation theorem for martingales, there exists a unique n = (1717 ...nd) €
L? (2% [0,T],R"*%) such that

d t
E7t0 = Ef + Z/ ntdwi.
i=1 70
So

d t t
ry = (I)t <E9 + Z/ ndesl +/ \I/sPsfst> = (I)té.ta
i=170 0



and by this definition we get € L2, ([0,T] x ©,R™). By applying Ito formula to r we obtain

d
dry = {—Ht*q)tft + Z (K7)™ (K{) @& + ‘Dt‘I’tPtft} dt
i=1

d d

d
= (KD ®u&dWi + Y BynpdWi = > (K7)" yidt
=1 i=1 =1
d ) ) d ) _
= —H;®&dt + Y (K]) gidt + Pifydt = gidWy,

i=1 i=1
where
gi = (K}) @& — ®nlyi = 1,...,d.
By this definition it turns out that g = (gl,. g ) eL?, ([O,T] X Q,R”Xd). a

We can prove that the solution (r, ¢) to equation (2.12) is more regular. To prove this regularity,
we need the following duality relation.

Lemma 2.6. Let (r,g) be solution to the equation (2.12), and let X" be solution to the equation

d
dXbon = HXbonds + Y " KIXEP™dWE +n.ds, s € [t, T],

£ (2.17)

t,x,m __
Xt7 M= g,

where x € L? (0, F;), 1 is a predictable process in L? (2 x [0,T],R™). Then the following duality
relation holds true:

T T
E”* (rp, X3"") — (ry,x) = —E”* / (Psfs, Xb™1) ds + E7 / (ns,7s) ds. (2.18)
t ¢
Proof. The proof is an easy application of It6 formula:

<TT; X%1177> - <rt, $>

T T T d ‘
== [ (X [P X s [0 X
t t ,

T

T
/ng XEom qWi 4 /(rs,HX“”’ds—k/ er,KlX”"MWl /<Tsms>ds
t

¢
+/ (gt, KIXL™M) ds
¢
By simplifying and by taking conditional expectation on both sides we obtain the desired relation.

O

We also need to find a relation between the solution (r,g) of the equation (2.12) and the opti-
mal state X corresponding to the optimal control @. This can be achieved, following e.g. [1], by
introducing the so called stochastic Hamiltonian system

d
dX, = [A, X + Bu,)ds + Z[ngs + Diz | dWi + fyds,
d =1 d
dys = —[ALys + Z (C;)* 2+ S X]ds + ZzgdWSi, t<s<T, (2.19)
i=1 =1
Xe=2
yr = PrXr,



where y, 2z € R, for every i = 1,...,d. By the so called stochastic maximum principle, the optimal
control for the finite horizon control problem is given by

d
Us = — (B;*ys + Z (DY) z@) . (2.20)
i=1

By relation (2.20), equations (2.19) become a fully coupled system of forward backward sto-

chastic differential equations (FBSDE in the following), which admits a unique solution (X, y, 2) €
L2 (2 x [0,T],R") x L? (2 x [0, T],R™) x L* ([0,T] x Q,R"*?), see Theorem 2.6 in [21].

Lemma 2.7. Let (r,g) be the unique solution to equation (2.12), and let (X,y,z) be the unique
solution to the FBSDE (2.19). Then the following relation holds true:

ye = P X, + 1y, 0<t<T. (2.21)

Proof. We only give a sketch of the proof. For ¢t = T relation (2.21) holds true. By applying Ito
formula it turns out that y; — P,X; and r; solve the same BSDE, with the same final datum equal
to 0 at the final time 7. By uniqueness of the solution of this BSDE, the lemma is proved. O

Remark 2.8. We note that by theorem 2.6 in [21], y € L? (Q x [0,7],R™). Moreover, by standard
calculations, it is easy to check that y admits a continuous version and y € L? (Q, C([0, T],R™)).
Moreover, if f =0, we get, for every 0 <t < s < T,

E7 | X,|* < Clz|*
This estimate can be easily achieved by applying the Gronwall lemma, and by remembering that
from (2.8), for the optimal control @ the following holds:
T —
IEE/ [us|* < (Pyx,x) < Clxf*
t

As a consequence, if f £ 0, for every 0 <t <s< T,
E7t | X2 < C(1+ |z?).
Since P is bounded, by lemma 2.7, we get that for every 0 <t <s<T

R t<su£)T Ir|? < C, (2.22)

where C' is a constant that can depend on 7. Moreover, since X is continuous an P admits a
continuous version, also r admits a continuous version.

We are now ready to prove the following regularity result on (r, g).

Proposition 2.9. Let (r,g) be the solution to equation (2.12). Then (r,g) € L? (,C ([0,T],R")) x
L2 ([0,T] x Q,R™ ). Moreover r € L (€ x [0,T]).

Proof. Let (r,g) be the solution to equation (2.12) built in lemma 2.5. By the previous remark
we know that r € L% (Q,C ([0,T],R")), and moreover we have deduced estimates (2.22) on r. By
applying It6 formula we get for 0 <t <w < T,

w w w d
re|? = |rw|2+2/ <H§rs,rs>d5+2/ (Psfs,rs)ds+2/ Z<(K§)*gi,rs> ds
t t ¢ ;

w d w d
b2 (O3 (grawion) - [ Y loips
toi=1 toi=1

(2.23)



We introduce a sequence of stopping times (7,),, where 7, = inf {t >0 supg<g<q 75| > n}
Since r € L*([0,T] x Q,R™), 7, AT — T as n — oo. By (2.23) and by estimates involving
Bulkholder-Davis-Gundy inequality and Young inequality, we get

TAT, 4 )
Elrins, 2 +E / S i 2ds
tANTh =1
TATy, TATy, TATy, s
§E|TT/\Tn|2+2n2E/ |HS|2ds+2n]E/ |Psfs|ds+4n2E/ SO (K [2ds
tATh tATn tATH i=1

1 TAT, d T ATy, 1 TAT, @
7|2 2 7|2
+iE [N lePas+E [ CinPas+gE [T gl Pas

NTn i=1 tATn tATn i=1

So
TATR d )
2 [ S lakPds < O o Pl )
t

ATn =1
for the definition of Cy and Ck see (2.11). For every n € N, we consider the process X, s €
[t A Ty, T'], which is solution to the following stochastic differential equation

d
dX? = HXD'ds + Y KiXIdW!, s€[tAT,,T], (2.24)
i=1 '

th/\‘rn = TtAT, -

By remark 2.8, we get for 0 <tA 7, <s<T
EF|X2? < OB |ripq, |2
By applying the duality relation (2.18) to X™ and r we get
TATn
E"|rinr, | = B / (Pofs, X7)ds —E7 (rrar,, Xiar,)
tATn
and so
TNATy,
E7' rinr, |* < B (rras,, Xins, ) | + BT / (P fs, X2) ds|
tATH
m T 1 TATR
< BT (rrny Xpr, )|+ FB [ |PfPds 4 B [ (X0
" 4 0 H tAT,
T
cT
< |E* (ronr Xfae, ) | + gEE / | P fs|?ds + T]Eft|7”tmn|2-
0

cT 1

By choosing p such that — = 3 e get
I
E" 7 inr, * < B (rram,, XEar, ) |+ ClPII 1l
Moreover, by similar estimates,
C
|E}—t <rT/\Tn) X’?‘/\q—n> | S %E]:t |TT/\7'71 |2 + ;E}-t ‘Tt/\‘l'n ‘2~
. c 1

By choosing p such that — = 50 e get

I

EF |rppn |2 < %Eﬂp«mﬂ\? +C. (2.25)

We want to let n — oo in the previous relation. By lemma 2.7 and remark 2.8, estimate (2.22), and
by the dominated convergence theorem on the right hand side we get that

lim Eft|rT/\Tn\2 =0.

n—oo

10



So by taking the limit on both sides in inequality (2.25), and again by dominated convergence
theorem applied on the left hand side, we get

re) <C, ,0<t<T, (2.26)

where C'is a constant that can depend on T'. So r € L>®(§2 x [0,T]). By applying It formula as in
(2.23), we get

TATy, TATn
ETtAmn |Tenr, | + EFinmn Z |gs 2d5 =EFrm [P, \2 + 2ET AT / (Hirs,7s)ds
tATh i=1 tATn
TATy, TAT, 4@ ks
+ IR Ftnrn / <p fo,r, > ds + IOEFtATn Z <(K;) g;, TS> ds
tATH tATH i=1
By estimate (2.26) and by taking ¢ = 0, we get
TAT, 4 )
Y i<
0 i=1
where C is a constant not depending on n. So by monotone convergence,
T d
IE/ Z|g;|2ds§0,
0 =1
and the proof is concluded. O

Remark 2.10. The last part of the proof is inspired by arguments used in [5] to prove that, for a one
dimensional BSDE, if a solution is bounded then its martingale part is a BMO martingale.

We are ready to prove the main result of this section

Theorem 2.11. Assume A, B, C, D and f satisfy hypothesis 2.1. Fixz x € R", then:
(1) there exists a unique optimal control w € L? (Q x [0, T] ,Rk) such that for every 0 <t < T,

J(0,z,w) = inf J(0,z,u)
weL2(Qx[0,T],R*)

(2) If X is the mild solution of the state equation corresponding to u (that is the optimal state),
then X is the unique mild solution to the closed loop equation:

d
dX, = |AX: — Bi(f(t. P, Qe) X1 + I+Z )" P.DY) TN (Bire+ ) (Di)" i) | dit
=1 =1
d - d ! d . .
> |CiX - Di(f(t, Pt,Qt)Xt+<I+Z( PtDl> (Bire+ Y _ (D) gi)) | dW},
=1 =1 =1
YQ =T

(2.27)
(3) The following feedback law holds P-a.s. for almost every 0 <t <T.

*

d -1 d d
m= - (u S (D)’ anz‘) (ptBt L3 (@i () ap:)) Xt Bin+ S (D)o
i=1 i=1 i=1
(2.28)
(4) The optimal cost is given by

T
J(Oamaﬂ) = <P033,$> + 2<7‘0,SC> - ]E<PTYT7YT> + 2E/ <rsa fs>d5
0

—E/ I+Z B*rt—i—z (D})" gi*)ds
=1

11



Proof. By computing d{P;, X;) + 2(r:, X), we get the so called fundamental relation

T
E]:t / [<SSX§),m,u7X2,m,u> + |ug|2}d5
t

T
= (Px,x) + 2(ry, x) — EF‘(PTXT7XT> + 2Ef*/ (rs, fs)ds
t

:]Eft/T<I+§d: PD1>

K2

*

1 d d
(PSBS +> (@ipi+ ()’ PSD;')> Xo+ Birs+ Y (Di) Pds
i=1

i=1
[ 3D (D)) DY (B Y (DY) g,
t i=1 i=1
The theorem now easily follows. O

3. PRELIMINARY RESULTS FOR THE INFINITE HORIZON CASE

The next step is to study the optimal control problem in the infinite horizon case and with f # 0.
To this aim we have to study solvability and regularity of the solution of a BSRDE with infinite
horizon, in particular we study P. At first we consider the case when f = 0. Namely, in this section
we consider the following stochastic differential equation where X% represents the state:

d
dXLm0 = (A X5™% + Boug)ds + Y (CIXE®% 4 Diug) dW! s>t

- (3.1)

Xtt’w’“ =z

As a by product of the preliminaries studies, we are able to solve the following stochastic optimal
control problem: minimize with respect to every admissible control w the cost functional,

+oo
Joo (0, 7, ) :E/ [(Ss X P54, XP5) + |us|?]ds. (3.2)
0
We define the set of admissible control
—+oo
U= {u € L*([0, +0)) : E/ (S Xmu XP™U)  Ju,|*ds < +oo} . (3.3)
0

We also introduce the following random variables, for ¢ € [0, +00]:

+oo
Joo(t, 2, u) = BT / (S Xm0, XE00Y 4 (o, 2]ds
t

We will work under the following general assumptions on A, B, C' and D that will hold from now
on:

Hypothesis 3.1.

Al) A:[0,+00) x Q — R™™ B :[0,+00) x Q — R™@F (C%:[0,4+00) x Q — R j=1,...d
and D' : [0,4+00) x Q — R"™* =1, ....d, are uniformly bounded process adapted to the
filtration {Fi},~,-

A2) S :[0,400) x Q — R™™ is uniformly bounded and adapted to the filtration {F;},~, and it
s almost surely and almost everywhere symmetric and nonnegative.

In order to study this control problem in infinite horizon, we consider the following backward
stochastic Riccati equation on [0, +00):
d
AP, = — dt + > QidWi+ (3.4)

=1

d
AP+ PA+ S+ Y ((C)RCE+(C) Qi+ th;')

i=1

*

I+ Z )" BDi|  |PiB:+ Z ((ch) PO} + QtDZ)]

d
PB+ Y ((C})" PD; +Q'D;)
i=1

12



where we stress that the final condition has disappeared but we ask that the solution can be extended
to the whole positive real half-axis.

Definition 3.2. We say that a pair of processes (P, Q) is a solution to equation (3.4) if for every
T >0 (P,Q) is a solution to equation (2.4) in the interval time [0,T], with Pr = P(T).

Definition 3.3. We say that (A, B, C, D) is stabilizable relatively to the observations v/S (or v/S-
stabilizable) if there exists a control u € L3 ([0, 4+00) x ; U) such that for all ¢ > 0 and all z € R™

+oo
E]:t/ [<SSX£’;E’U7X£’$’U> + |U5|2]d8 < Mt,;x/u (35)
t

for some positive constant M; ,.

This kind of stabilizability condition has been introduced in [12].
In the following, we consider BSRDEs on the time interval [0, N], with final condition Py = 0.
For each integer N > 0, let (PN, QN) be the solution of the Riccati equation

d
_dPtN =G (Ata Bt7 Ct7 Dta Sta PtN7 Q;ZV) dt + ZQiNﬂlde
i=1

PY =0.

PN can be defined in the whole [0, +00) setting P = 0 for all t > N. We prove the following
lemma.

Lemma 3.4. Assume hypothesis 3.1 and that (A, B,C, D) is stabilizable relatively to the obser-
vations \/S. There exists a random matriz E uniformly bounded and almost surely positive and
symmetric such that P {limy_, o PV (t)z = P(t)z, Vo € R"} = 1.

Proof. The proof essentially follows the first part of the proof of proposition 3.2 in [12]. For each
t > 0 fixed the sequence P}V is increasing. Indeed by definition

N+1
PN ) = inf E” / VS X
(F ) ueLg,([t,lzlx[/l+1]xQ;U) ] ( r

N
> inf E7 / (|v/ Sy X Lo
t

we L ([t,N+1]xQ;U)

N
> inf E7 / (|3/ S, X Lo
t

uwe L ([t,N]xQ;U)

2+ Jurl?) dr

2+ Jurl?) dr

2+ Ju?) dr = (PN, ).

The above implies that for all ¢ > 0:
]P’{(PNH(t)ac,x) > (PN(t)z,z) VYN €N, Vz € R"} =1 (3.6)

Moreover for each t let @ be the ‘stabilizing’ control that exists thank to definition 3.3 then

N

PNy x) =/ PNz|? = inf / VS yhE ()2 + |u?) dr

(i) = PYaP = ot [V 0 + )
N

[t,N

g/ (VS X012 4 |, |?) dr (3.7)
t

+oo
</ (VS XL52 1 |, 2 dr < M., P—as.
t

for a suitable constant M; .. If we consider the operator y/P}¥ as a linear operator from R" to
L>(Q, F;,P,R™) by the Banach-Steinhaus theorem there exists M; such that

|\/§|L(R",L°‘J(Q,E,RR“)) < M.

Again since PN € Mat(n x n)- P-a.s. the above implies that
P{(PNz,z) < My|z|*, VN eN,vzeR"} =1 (3.8)
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or equivalently
P{IPY |matnxn) < My, VN €N} =1 (3.9)

We finally notice that by construction Pz is, for all € R™, predictable. We claim that for each
T > 0 there exists a positive constant C, eventually depending on 7" and on known parameters,
such that:

|Ft|Mat(an) <Cr VO<t<T.

In order to prove this property for P we fix N > T and we write the fundamental relation for PV
corresponding to the control u = 0:

T 2
(PNz, 1) g]Eﬂ/ ‘\/SSX?‘”’O‘ ds (3.10)
t

where X% is solution to equation (3.1) corresponding to the control u = 0. By standard estimates
and by Gronwall lemma, there exists a positive constant Kr such that sup,cp p EF ’Xﬁ’w’0|2 <

Krp |:1:|2 , and so, since S is bounded, we get that
(PNz,z) < Crlz|”, P-a.s.
Again the exceptional set does not depend on z, so for all ¢t € [0,7T],
P ((PtNx,x> < Crlz)?,YN € N,Vz € R") =1,

and
P ((Fﬂ‘,x) < Crlz)* Vo € R") =1.
O

Remark 3.5. Tt is clear from the above proof that condition (3.5) is equivalent to the following one:
+oo
Eft/ [(SeXLmH, X05"Y + Jug|lds < M|z|?. (3.11)
t

where the constant M may depend on t.

Next we want to prove that P built in the previous lemma is the solution to the BSRDE (3.4).
This is achieved through the control meaning of the solution of the Riccati equation. For T' > 0 fixed
and for each N > T, we consider the following finite horizon stochastic optimal control problem:
minimize the cost, over all admissible controls,

T
J(0,2,u) = E(PN X0, X0 + IE/ [((SsX2mu, X2m) + |ug|?]ds,
0
where X% is solution to equation (3.1). Let u’¥ be the optimal control, and X*¥ the corresponding
optimal state. Let w be the optimal control, and X the corresponding optimal state for the following
finite horizon optimal control problem: minimize the cost, over all admissible controls,

T
J(0,z,u) = B(PrX%™", X%%™) +E/ (S X0mm, X0m) 4 |ug|?)ds,
0

Let us consider the so called stochastic Hamiltonian system

d d d
dXs = [AsXs — Bs(BJys + Z (D;)* z)lds + Z[C;Xs + Di(Bzys + Z(Df)*zf)]dW;,
i=1 i=1 k=1
d d
dys = —[Aty, + 3 (C1)7 20 + S, X, Jds + > =dW, t<s<T,
i=1 i=1
Xt :z,
yr = PrXr,

(3.12)
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where y, 2z € R, for every i = 1,...,d. By the so called stochastic maximum principle, the optimal
control of the finite horizon control problem is given by

d
Ug = — (B:ys +) (DY) z;> .
i=1
Let us consider the stochastic Hamiltonian systems relative to the optimal control «” and to

the optimal control uw, and let us denote by (XN,yN,zN) and by ()?,gj, E) the solutions of the
corresponding stochastic Hamiltonian systems.

T - 2 o .
Lemma 3.6. E / [‘\/SS(XS - X;V)‘ +|B:(§Sfyﬁv)+z (DL)" (ZL =24 ?)ds — 0 as N — oc.
¢ i=1
Proof. The proof is based on the application of It6 formula to (§; — ¥, X, — XN,
T
]E]:t<37T_y7]Y7XT_X7N>:E}—t/ d<§s_y£V7Xs_Xév>
t
T ~ T _
57 [ - o) K- X2 [ - (R X))
t
d . .
+Ef,/ Z (i X XN) —Dr (B;‘ @ —y)+> (D) F - zﬁ“’“)) , 20— 2Ni)ds

d

> (DY) (7 - =1)

i=1

T
=7 [ B @)+

d T N 2
—EFtZ/ ‘\/E(XS—X;V)‘ ds
i=17?

d L 2
B (7~ ) + 30 (D) (2 - ) EftZ/ (%o - x¥)[as
=1

d T
_ _E]:tz /
i=1"t

Since yr = PrXr and yN = PN XN we finally get

£ <FT)?T ~PNXYN Xy - X§V>

d T
= _EftZ/
i=17t

By adding and subtracting E7 <P:JFV)~(T, Xr— XCIFV> ,

d
B (s —y') + ) _ (DY) (3 — =)

i=1

EffZ/ X XN)‘st.

B <P}V ()?TfXJTV) ,XT7X§V>+]EE <(PT7P%V))~(T,)~(T7X§V>

T d T ~
— - [ B @ o) + () G- )| s -7y [ VS (R xY)] as
t i=17t

Since <P7]~V ()Z’T - Xg) , X — X§V> > 0, and by definition E* <<]3T - PIJY> Xp, Xp — X§V> -0
for N sufficiently large, also

T
E7 /
t

T
. . ~ 2
as N — oo. In particular this means that E” |uS — uév‘ ds — 0 as N — oo. D

2

ds—l—IEft/T‘\/Sis()?S—X;V)rdSﬁO
t

d

B (@ —y) + 2 (DY) (B ==

i=1

t
As a consequence of the previous results we deduce the following:
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Corollaﬁry 3.7. Assume hypothesis 3.1 and that (A, B,C, D) is stabilizable relatively to VS. The
process P is the minimal solution of the Riccati equation in the sense of definition 3.2.

Proof. Fix T' < N and on [0,T] consider the Riccati equation

d
—dPN = G (A4, B, Cy, Dy; Sy PN, QYY) dt + ZQ%’Nthi

i=1

(3.13)
PN = PN(T).
Then
T
(PNz,z) =E7 (PN X, XI) + E” / (S XN, XN+ [ul |*)dr (3.14)
t
By lemma 3.6 we deduce that
E” <P%V ()?T—X%[) ,)?T—XJTV> 0 as N — +oo.
So EFt (PN XN, XN) — E” <?T)~(T,)~(T> as N — 400, since
E7 (PN XY, XY) = BT <P%V ()?T - X§V> Xr— X§V> 2PN Xp, XY — (PN X, Xp).
By the construction of P and by lemma 3.6, we have that, letting N — +o0 in (3.14)
T
(P, ) = E* <?TXT,XT> +ET / [<STXT,XT> + || 2)dr
t
So P is the minimal solution of the Riccati equation in the sense of definition 3.2. |

Remark 3.8. Thanks to its construction it is easy to prove that (P, @) is the minimal solution, in the
sense that if another couple (P, @) is a solution to the Riccati equation then P — P is a non-negative
matrix, see also Corollary 3.3 in [12].

By the previous calculations, we can now solve the optimal control problem with infinite horizon,
when f =0.

Theorem 3.9. If Al)— A2) hold true and if (A, B, C, D) is stabilizable relatively to S, given x € R™,
then:
(1) there ezists a unique optimal controlw € L* (2 x [0, +00) ,R¥) such that

Joo (0,z,1) = inf Joo (0
s (0,2,) werzonl o T (0,2, u)
(2) The process P defined in lemma 3.4 is the minimal solution of the Riccati equation.
(3) If X is the mild solution of the state equation corresponding to U (that is the optimal state),
then X is the unique mild solution to the closed loop equation:

d —1 d *
dX, = |AX, - B, (I +y (Dg)*PtD;) (PtBt +y (Q;‘D;‘ + (c;‘)*mpg)) X, | dt+

=1 =1
—1

M=

d d :
0%, 0f (14 (0 Pnt) - (Puns Y (aint (@) i) )
1 i=1 i=1

< i

0o=x.
(3.15)
(4) The following feedback law holds P-a.s. for almost every t:

*

d -t d
T = — (I +3 (Df;)*PtD§> (PtBt +> (@i + (CZ)*PtD§>> X,  (3.16)
=1

i=1

(5) The optimal cost is given by Joo(0,2,%) = (Pox, x).
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The proof of this theorem is similar, and more immediate, to the proof of theorem 5.1, which is
given in detail in section 5. In particular we deduce that

Pz, z) = BF / (5, Xt Ko 4 . (3.17)
t

4. THE INFINITE HORIZON DUAL EQUATION

We first introduce some definitions. We say that a solution P of equation 3.4 is bounded, if there
exists a constant M > 0 such that for every ¢t > 0

|P| <M P—a.s.

Whenever the constant M, , that appears in definition 3.3 can be chosen independently of ¢, then
the minimal solution P is automatically bounded.

Definition 4.1. Let P be a solution to 3.4. We say that P stabilizes (A, B, C, D) relatively to the
identity I if for every t > 0 and = € R"™ there exists a positive constant M, independent of ¢, such
that

—+oo
R / X5 ()2 dr <M P—a.s., (4.1)
t
where X*® is the mild solution to:
dX, = |AX, - B, (I +> (D))" Pth) (PtBt +y (Q;jD;j +(c)” ng‘)) X, | dt+

=1 =1
—1

M=

d d *
CiX, - Di (1 +3 (D))" Pp;‘) <PtBt +3 (Q@Dg +(ciy” Ppg‘)) X, | dws,
1 =1 1=1

0=

<

(4.2)

From now on we assume that the process P is bounded and stabilizes (A, B, C, D) with respect
to the identity I.

Remark 4.2. Tt is possible to verify in some concrete situations that (A, B,C, D) is stabilizable
relatively to the observations v/S and that P stabilizes (A, B,C, D) relatively to the identity I.
Here we present the case when, for some a > 0, A and C satisfy

1
(Arx,x) + §<Ctx, Ciz) < —alz)?, (4.3)

for every t > 0 and = € R", then (A4, B,C, D) is stabilizable relatively to the observations v/S
uniformly in time. Indeed, by taking the control v = 0, applying the It6 formula to the state
equation we get, for 0 <t <'s,

S s
EF | X501 < Jaf® + 2B7 / (A X0 XE70)dr + BT / (C.X™0,CL X "0 dr
t t

< |z|? = 2aR7 / | X, |%dr.
t
By the Gronwall lemma we get
]E}'t |X;,m,0|2 < |x‘2€72a(sft).
So for every 0 <t < T

—+o0
Eft/ VSXET02dr < M,
t

where M, is a constant dependent on the initial condition z, but independent on the initial time
t. So, according to definition 3.3, (A, B,C, D) is stabilizable relatively to the observations v/S,
uniformly in time. Moreover, assuming that S > eI, for some ¢ > 0, by (4.3), we also get that P
stabilizes (4, B, C, D) relatively to the identity I. Indeed, by the previous calculations, denoting
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by X and % respectively the optimal state and the optimal control for the infinite horizon control
problem with f = 0, it follows that

+oo +oo
E* / [1X > + |a|?)dr < BT / | X5=012dr < M,,
t t

which immediately implies (4.1).

Remark 4.3. Here and in the following sections we need to adapt the Dakto Theorem to this case,
see for instance the proof of Proposition 4.6 in [12] and also [10] and [13], in order to prove an
exponential bound for the process X which solves the following equation
d
dX, = —H;X.ds — > (K!)" X.dWi, s>t
Xt =Xx =

Indeed, for every s > t, we get

s s d
E7|X,? < C[ja)> + E*| / Hy X, dr|? + E| / (KD X dWidr]?]
t t _

=1

s s d
§C[\x|2+Ef*/ |H:X,.|2dr+IEff/ SO|(K )X, 2]
t toi=1
gC[\x|2+1Eft/ |A:XT|2+\BT@|2dr+EFf/ | X, |2dr

t t

s d d
S DB HCARATE
toi=1 i=1
where @ is the optimal control defined in (3.16), and so, by (3.17), for every ¢ > 0,
57 [ [ fdr < (Praz) < Claf
t

where the last inequality follows since we are assuming that P is bounded. Since C' and D are
bounded, by applying the Gronwall lemma we get

EJ-',,‘XS|2 < MeM(S_t)|$|2
for some positive constant M. By adapting the Datko Theorem , there exist K,a > 0 such that for
every s > t:
E7t | X, < Ke G D|z]2  P-—as. (4.4)
In order to study the optimal control problem with infinite horizon and with f # 0, we need to
study the BSDE on [0, c0),
d d
dry = —Hirydt — Pifydt — > (Kj) gidt+ Y gidW},  t>0 (4.5)
i=1 i=1
where the final condition has disappeared but we ask that the solution can be extended to the whole
positive real axis. We make the following assumption on f:

Hypothesis 4.4. f is a process in L*(Q x [0, +00), R™) N L>(Q x [0, +00), R™).

Proposition 4.5. Let hypotheses 3.1 and 4.4 hold true and assume that P is bounded and stabilizes
(A, B,C, D) with respect to the identity I. Then equation (4.5) admits a solution (¥,g) € L*(Q x
[0, +00), R™) x L2(2 x [0, T],R"*%), for every T > 0.
Proof. For integer N > 0, we consider the BSDEs
d d
dry = —HirNdt — P fedt = (Kj) grNdt +> gr™dWi, te€[0,T]
i=1

i=1

(4.6)
7"]1\\; =0.
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By proposition 2.9, we know that equation (4.6) admits a unique solution (r', that belongs
to L2 (2, C ([0, N],R™)) x L% ([0, N] x Q,R"*?), for every N € N. The aim is to write a duality
relation, see lemma 2.6, between r" and the process XV, solution of the following equation

N N)

d
dXY = —H;XNds+ >  (K})" XNdwi, se€[t,N]
i=1
XN =rN
By duality between V¥V and the process XV, and by estimate (4.4) we get

N
]Eff|rfv|2:Eff/t (Pyfs, XNVds
N _— a 1
= C/ [Palloe @l fsll Lo (e~ 2D ET )N [?) 2 ds

<—/ OByl syl + BT P,

2 1
where we can take p > 0 such that u— = ok So we get
a
' ? < C,

where now C is a constant depending on a, P, f, but C' does not depend on N.
So also sup;>oE[r{'|* < C. By computing d|r{¥|?, see e.g. relation (2.23) and by the previous
estimate we get for every fixed T' > 0,

/ Z|91N2ds<C

where C' > 0 does not depend on N. Then we can conclude that for every fixed T' > 0 there exists 7
and g such that v — 7 in L2(Q x [0,7],R") and g~ — g in L2(Q x [0, T],R"*4). Moreover, (¥, g)
satisfy

T T T d S T d ‘
F = 7 +/ H*Fods +/ P.fuds +/ S (ki) gids —/ AR
t t [ toi—1
So the pair (7, g) is a solution to the elliptic dual equation (4.5). Since T' > 0 is arbitrarily, (7, g) is

defined on the whole [0, +00). It remains to prove that ¥ € L*(Q x [0, +o0), R™). We set

N_ | 0Zt<N,
=Y 0 t>N.

So nN € L3(Q x [0, +00),R™). We write a duality relation, see (2.18) between 7 and X" solution
of the following stochastic differential equation

d

dX?" = H X7 ds + 3 KIXT dW! + s,
=1

x7" =o.

By duality we get
N N N N
E/ |FS|2ds:IE/ (Psfs, X7 Yds +E(rn, X7 ).
0 0

Letting N — oo on both sides we get on the left hand side

N N “+o00o
hﬁmNHmE/ |7s[?ds = lim JE/ |FS|2ds:]E/ |7 |2ds,
0 N—oo Jo 0
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by monotone convergence. On the right hand side, also by remark 4.3, we get
N Y .
limy B [ (Pufe X2 )ds 4 By, XY
0
. 1 N 1 N N 1 1 N
<limy o5 P m@ntosoon | [fifPds+ 5B [ X2 s+ GBI+ GBI P

<

N | —

: LY, CaNTe
”PH%OO(QX[O,—&-OO))”fH%?(Qx[O,—i-oc))ds+hﬂN—>oo§/O e 2N 1N 2ds + C + e VE|rn |2

1 1 bl
51~ soen /1o socy + 5B | s+

Putting together these inequalities we get

R 1
B [ 17ulds < 51PI (@t roon | I et roon + €

and this concludes the proof. O

Remark 4.6. As a consequence of the previous proof, we get
E|rr|?> — 0 as T — oc. (4.7)

Remark 4.7. Equation (4.5) has non Lipschitz coefficients and is multidimensional BSDE thus we
can not use the Girsanov Theorem, as done in [6], to get rid of the terms involving K. Moreover
the typical monotonicity assumptions on the coefficients of this infinite horizon BSDE, see [7], are
replaced by the finite cost condition and by the requirement that the minimal solution (P, Q) of
(1.10) stabilize the coefficients relatively the identity, see definition 4.1.

5. SYNTHESIS OF THE OPTIMAL CONTROL IN THE INFINITE HORIZON CASE

We consider the following stochastic differential equation for ¢ > 0:

d
dX, = (AsX, 4 Bous)ds + Z (CiXy + Diug) dWi + fuds s>t (5.1)
X ==, =
Our purpose is to minimize with respect to u the cost functional,
+o0
Jo(0,7,u) = E /O (S, X0, X000 1 [y, ]ds (5.2)

We also introduce the following random variables, for ¢ € [0, +00):

—+oo
Joo(t, 2, u) = B / (S X0 X020 1 fu, P]ds
t

Theorem 5.1. Let hypotheses 3.1 and 4.4 hold true, let (A, B,C, D) be stabilizable relatively to S,
given x € R™ and assume that the process P is bounded and stabilizes (A, B, C, D) with respect to
the identity I, then:

(1) there exists a unique optimal controlw € L* (Q x [0,400) ,R*) such that

Jo (0,2,1) = Joo (0,2, u)

inf
u€L2(Qx[0,+00),RF)
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(2) If X is the mild solution of the state equation corresponding to u (that is the optimal state),
then X is the unique mild solution to the closed loop equation for:

dX; = dt+

d d
Atyt — Bt (f(t;Pth)Xt =+ (I + Z (D;)*ﬁtD%’)_l(Bz’l"t + Z (D%)* g;))
1= =1
[ ANt e Ty o
> |CIXy - Di(f(t, P, @)X, +<I+Z (Dz)*PtDz> (Bire+ Y _ (D) gi)) | dWi, t>0
=1 =1 =1
YO =T

(5.3)
(3) The following feedback law holds P-a.s. for almost every t > 0.

* d
X+ Bir+Y_ (D) a) -
=1
(5.4)

d -1 d )
w13 0Pt (P Y (@0t ) 2unt)
i=1 i=1

(4) The optimal cost is given by

J(O,I,ﬂ) = <P0§C,LE> + 2<T071‘> + 2E /Oo<rsafs>d5
0

0o d d
E / I+ (D)) PuDi) (Brre+ 3 (Di) gb)Pds.
0

=1 i=1

Proof. By computing d(s X, Xs) + 2(7s, Xs) we get, for every T' > 0,

T T
E: / [(Ss X, Xs) + |us|?|ds = E(Pyz, z) — BT (Pr X, Xp) + 2(7;, ) — 2B / (T, fs)ds
t t

- d 1/2 d
ew [ (00 0 Pt) (w30 P00
t =

i=1

d _ * d
. (PSBS +3 (@LD;’ +(Ch) PSD;‘)> Xo+ Birs+ ) Di(gi)*) |*ds

i=1 i=1

_ g /T | (1 + zd: (D;‘)*png>

i=1

1 d
(Bits+ Y _ (D) gh)ds. (5.5)
i=1
and so

T T
Eft/ [(SSXS,X5>+|uS\2}dsg]E(?tx7x>+2<ﬂ7x>—ZEF‘/ (Fs, fs)ds
t t

T d -1 d
—E* / <I +y (DY)’ PSD§> |Biro + > (DL)" gil*ds.
t i=1 i=1
Since P is bounded, and by L? estimates on 7 we get for every T > 0

T
Ef‘/ [(Ss X5, Xs) + |us|*ds < C,
t

and so also

i=1

T d -1 d
E / | (I +> (Dg;)*pspg> (Birs+ Y (D) gh)%ds < C,
t i=1
where C' is a constant independent of T and on . So

+oo
Eft/ [(S.X,, Xo) + |us|2]ds < C,
t
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and

. d -1 d
E7 / | <I +Y (DY) PSD;> (Birs + > (D) gh)lPds < C. (5.6)
t

i=1 i=1

d
Since 0 < Z (D;)* FsDi < C, where C'is a constant independent of s, also
i=1

0o d
E” / |Bire+ Y (D) gil*ds < C.
t i=1
Moreover we obtain, letting 7' — +o0o and choosing t = 0,

+oo +oo
]E/ (s X, X,) + us|2]ds < E(Pyz, 7) + 2E(F ) — 2]E/ (7, f2)ds
0 t

too d -1 d
f]E/ <I+Z (D?;)*PSD?;> By + Y (DL)" gil*ds.
0

i=1 =1

Now we need to prove the opposite inequality. We compute d(PN X, X,) + 2(7s, X,):

N N
D / [(SsXs, Xs) + |us[*)ds = E(PYx, z) + 2(7¢, v) — 2E7* / (s, fs)ds
t t

N d 1/2 d
+1Eff/ | <I+Z (Dg)*P;VDg> (u +(I+> (DY) PND) !«
t

i=1 i=1

d * d
% (PSNBS +>° (QQNDQ +(Ci)” PSNDg)) X, + B, + ZD;@;’)*) [2ds

i=1 i=1

1 d
(Birs+ Y _ (D) g)ds. (5.7)
=1

N d
—Eft/ | <I+Z (Dg)*PSND;)
t

i=1
We observe that,

N d -1 d
o [T e ) w3 e
t

=1 i=1

-1
400 d d
R / <I +Y (DY) PSD;> |B:iTs + > (DL)" gil7ds,
t i=1 i=1
indeed, by dominated convergence that we can apply thanks to estimate (5.6),

400 d
EF / | <I +> (DY) PSND;) (BiFs+ Y _ (DY) gh)ds
t

i=1 i=1

too d -1 d
~ E% / | (I +> (DY) PSD§> (Bims+ Y (D) gh)Pds
t

i=1 =1

too d -1 d
EF / | <I +> (DY) P;VD;'> (BiFs + > (DL) gh)[Pds — 0
N

i=1 i=1
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So, by (5.7) we get for every admissible control u

+oo +o0
IE/ (S5 X, Xo) + JusPds > E(Pyz, o) + 2E(F 2) — 2]E/ (7, £2)ds
0 t

Lo d -1 d
_11«:/ <I+Z (D;)*PSD§> |Bi7s + > (DL)" gil>ds.
0 i=1 i=1
The theorem now easily follows. O

6. ERGODIC CONTROL

In this section we consider cost functional depending only on the asymptotic behaviour of the
state (ergodic control). To do it we first consider discounted cost functional that fit the assumptions
of section 5 and then we compute a suitable limit of the discounted cost. Namely, we consider the
discounted cost functional

+oo
Jo (0,2, u) :E/ e 2o [(S D™, XDy 4 |ugl?]ds, (6.1)
0

where X is solution to equation (5.1), with A, B, C and D satisfying hypothesis 3.1 and f €
L>®(Q2x [0,4+00)). When the coefficients are deterministic the problem has been extensively studied,
see e.g. [2] and [24].

Throughout this section we assume that

Hypothesis 6.1. We will make the following assumptions:

e S>el, for some e > 0.
e (A, B,C,D) is stabilizable relatively to S. B
o The first component of the minimal solution P is bounded in time.

Notice that these conditions implies that (P, Q) stabilize (4, B, C, D) relatively the identity.
Our purpose is to minimize the discounted cost functional with respect to every admissible control
u. We define the set of admissible controls as

+oo
U, = {u € L*(Q x [0, 4+00)) : IE/ e 2 (S, X DT, XY 4 ugl?]ds < —1—00} .
0

Fixed oo > 0, we define X% = e™* X, and u? = e”**us: we note that if u € U,, then u* € U.
Moreover we set A = Ay — al and f& = e~ f,, and f* € L*(Q x [0,+00)) N L>(2 x [0, +00)).
X¢' is solution to equation
d
dX2 = (ASXS + Ba®)ds + Y (CIXS + Div®) dWi + feds s >0

i=1

(6.2)
X5 ==z,

By the definition of X®, we note that if (A, B,C, D) is stabilizable with respect to the identity,
then (A%, B,C, D) also is. We also denote by (P%, Q%) the solution of the infinite horizon Riccati
equation (3.4), with A% in the place of A. Since, for 0 < o < 1, A% is uniformly bounded in «, also
P¢ is uniformly bounded in . Now we apply theorem 5.1 to the control problem for the discounted
cost J,. Let us denote by (r<, g%) the solution of the BSDE obtained by equation (4.5), where f is
replaced with f¢, and H and K are replaced respectively by H* and K*. H* and K are defined
as in (2.9), with A* and P respectively in the place of A and P.

Theorem 6.2. Let hypotheses 3.1 and 4.4 hold true; assume that f € L*°(Q2 x [0,+00)) and that ,
given x € R", then:

(1) there exists a unique optimal control ™ € L* (2 x [0, +00) ,R¥) such that

J(0,2,0%) = ulenbi J*(0,z,u)
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(2) The following feedback law holds P-a.s. for almost every t > 0:

b d * d
to (e ment) (s 3 (0 €0 red) )T B Y Dl
i=1 i=1
(6.3)
where X is the optimal state.
(3) The optimal cost J*(0,2,u*) := J" (x) is given by

—Q

T"(a) = (P ) + 245 ) + 28 | e, fovds
0

_IE/OOO|(I+Z(D)P“‘ +Z Di)* g )2ds. (6.4)

The optimal cost J= () — +00 as a — 0. We want to compute

lim aJ” (z).

a—0

In order to do this, we need some convergence results, the first concerning the Riccati equation. To
prove this convergence, we note that, by applying the Datko theorem, we are able to prove estimates
independent on a.

Remark 6.3. By the Dakto Theorem, see also remark 4.3, we can prove an exponential bound for
the process X< which solves the following equation

d
AX¢ = —(He)*Xgds =Y (K&') X3dW?, s>t
i=1
Xr=x
We can conclude that there exist K, a > 0, independent on « such that for every s > ¢:

E7t | X2 < Ke G922 P—as. (6.5)

Lemma 6.4. Assume that hypothesis 3.1 holds true, that f € L>(Qx[0,+00)). Then Pa(t) — P(t)
as a — 0 for all t > 0, where P is the minimal solution of the BRSE.

Proof. We can consider the case t = 0 without loss of generality.

Since (Pyz, x), respectively (P§'z, ), is the optimal cost of the linear quadratic control problem
with state equation given by (5.1), respectively by (6.2), in the particular case of f = 0, and cost
functional given by (5.2), respectively by (6.1), we immediately get that

P*<P for all o > 0.

Moreover we get that

where
1

d d *
0= — <I+ > (D) Pt‘“Di> (Pf“Bt +> (@rpi+ (€)' PﬁD;’)) Xe,
i=1

i=1

and X is the state corresponding to the control @®. So the pair (X, @) is bounded in L2(€ x
[0, +00)) x L?(2x [0, +00)), so there exists a sequence a; — 0 as j — +oo and a pair (X, @) such that
(X%, u%) — (X,u) in L?(2 x [0,+00)) x L?(Q x [0,4+00)). As a consequence of this convergence,
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the process X is solution to equation (5.1), with control @. So we get

J— +OO o~ o~
(Pr,z) <E / (S, X (s), X(s)) + [a(s)P]

0

+oo R N
<lim, .. / [(5.X (5), X (s)) + 3% (5)]?]

- him.]4>+oo<Pajx7x>'

a

We remark that we can exploit a sort of separation principle, typical of the linear quadratic case,
that allow to estimate separately the quadratic part from the linear part. Next we want to prove

that, as a — 0, the optimal pair for the discounted control problem, that we denote by ()? «

in the previous proof, converges to the optimal pair (X,u), defined in theorem 5.1.

u®) as

Lemma 6.5. Assume that hypothesis 3.1 holds true, that f € L>°(Q x [0,400)). Then, for every

T>0, XX and @™ —u in L2(Q x [0,T]) as a — 0.

Proof. We consider the stochastic Hamiltonian system (3.12) and the stochastic Hamiltonian sys-

tem for the discounted problem

d d
AXQ = [ASXE—By(Blya(sHY (D) 220)]ds + Y _[CIXe + Di(By2 +Z (Dh)y*
d i=1 p i=1
dye = —[(A2)"ye > (C1)" 207 + S, X)ds + Y _221dW, t<s<T,
i i=1
X} ==z,
y% = PTX’_%v

Proceeding as in lemma 3.6, we get

T
B7(yf — yr, X7 — Xr) =B [ a(y, X.) - afy, X2)ds
t

d

~E” / V/Sa(XE - X,)[2ds — EF / [BI(XE — X))+ D (DY) (20 — 20)[Pds.

i=1

that is

T
7 (PR(X§ — Xr), X§ — Xr) + EU(P§ — Pr) Xy, X3 — Xp)=E% / aly? — s, XO)ds
t

T T d
_EF / a{y?, X2 — X,)ds — EZ / BI(X0 = X,) + S (DY) (00 — 21) s,
¢ t i=1

—Eff/ IV Ss(X& — X,)|2ds

It follows that
d

/\\/ (X — |ds+Eff/ B (X& = Xo) + > (D)* (257" = 21)|Pds — 0

i=1

as a — 0.

AW,

(6.6)

a

Finally we need to investigate the convergence of r® to r, where (r, g) is the solution of equation

(4.5).
Lemma 6.6. For all fited T > 0, r* | 71— 7 |jo,7] in L*(Q x [0,T7]).
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Proof. First we note that f* is uniformly bounded in o and

T T
Ef*/ |Hf‘|2dt+Ef*/ |K&|2dt < C, (6.7)

T

where C is a constant depending on T, z, A, B, C and D, but not on a. So, see proposition 4.5,
equation (4.5), where f is replaced by f¢, and H and K are replaced respectively by H* and K¢
admits a solution (r®, g®) € L?(Q x [0, 4+00),R") x L2(Q x [0,T],R"*4), for every T > 0. Now let
us consider v, € L?(Q x [0,7]). 7,1 can be defined on [0, +00): we set v, 1, = 0 for t > T. Let
Xt%71 be the solution of equation (2.17) and let X %7 be the solution of an equation obtained
by equation (2.17) by replacing H with H* and K with K. By relation (2.18), we get

T
]E/ 3775 ng ,773
0

T +oo @,0,0,

a pa «,0,0 a pa a, T, X3

]E/ (PO fo, X0, W>ds+1[«:/ (PO f, X ¢ \ds. (6.8)
0 T

and also

T
E/ T‘Sa’ys ng)ns
0
T “+o0 TXOO o
E/ <Psf37X£’0’7’n> ds —|—]E/ <P fs, X >ds. (6.9)
0

T

Take in (6.8) and in (6.9) n = 0. By remark 4.3 and by lemmas 6.4 and 6.5 the right hand side in
(6.8) converges to the right hand side of (6.9). So we get that r* |jg 71— r |o.7] in L*(Q % [0,7T7]). In
order to get that r* [jo. 71— r |[o,7) in L*(Q x [0,T7), it suffices to prove that |[r* | 7] || L2(ax[0,7] —
17 0,77 22 (x 0,77 We take in (6.8) 74 = rf for 0 < ¢ < T, and n = 0. We get

T T o +oo a X% ,0,0,7%,0
IE/ [re|ds = IE/ (P, X300 0Yds + IE/ (POfEX )ds.
0 0 0
By remark 4.3 and by lemmas 6.4 and 6.5 the right hand side converges to
T _ +oo T XO ,0,7,0
E/ (P fs, X20T0Vds + IE/ (Psfs, X )ds,
0 0
and this concludes the proof. O

Remark 6.7. Following the proof of proposition 4.5, it is easy to check that there exists a constant
C > 0, independent on « such that for every ¢t > 0, |r*| < C.

We can now study the convergence of ad”.

Theorem 6.8. Assume that hypothesis 3.1 holds true, that f € L(Q x [0,4+00)). Then

+oo
lim, 07" () =l oo [ (5. 2. (6.10)
0
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Proof. For every fixed T' > 0 we get

T
B / [(SrSXJ, XT) + |ugP)ds = E7* (Pfw, o) + 2B7 (rf', ) — B (PRXE, X3) — 2B7 (rf, X7)
t

T T
+2Eft/ <rg,fg>ds—ﬂ<:ft/ I+Z (DY) PeDY)~ B*ra+z (DY) g2 |ds
t t

=1

T d d 71
+Eft/ (T4 (Di)" PRSDLY2(ug + <I+Z (D;’)*ng@) *
t i=1

i=1

d *
* (Png +y (Qg"iDi +(ci) PgD;‘)> +BIrS + Z (Di(g
i=1

So for every T' > 0 we get

T d
Eff«/ (I+> (DY) PeDi) (Bird + Z (DY)" g2 [?ds
t i=1
< ]E}-t <Ptaz7$> + 2]E}-t <T§éa £E> - 2E]:t <T%a X%>a

so by remark 6.7 and by the Datko Theorem, see remark 6.3, we get that
T
Eff/ I+Z (D) P2DY)~ B*ra+z (Di)" g2 ?ds
t i=1

is uniformly bounded in T" and «. So, see also relation (6.4),

—+oo
lim, 07 (z) = lim, oo (PSe,7) + 2im, _oa(r$, o) + lim, o / o fods
O
+00 d
—liimoﬁoa/ (I+) (DY) PeDi)  (Bire + Z (Di)" g2 ?ds
0 i=1

+oo
i, oo [ (12, g2)ds
0

a

6.1. Stationary case. In this paragraph we set a stationary framework, see [8]. (2, &, (Fi)i>0,P) is
a stochastic base verifying the usual conditions. Moreover {W; : t > 0} is a E-valued, (F;)¢>0-Wiener
process and we assume that {W, : ¢ > 0} is independent of Fy and that F, = o{Fo; Wy, s € [0,¢]}.
Finally we introduce the semigroup (6;);>0 of measurable mappings 0; : (Q2,&) — (2, &) verifying

(1) 6p =1d, 6, 005 = 014, for all t,s >0

(2) 6, is measurable: (2, F) — (Q,Fp) and {{6; € A}: Ae Fo} =F

(3) P{0; € A} =P(A) for all A € Fy

(4) Wio 95 = Wt+s - W

According to this framework we introduce the definition of stationary stochastic process.
Definition 6.9. We say that a stochastic process X : [0, 00[x{) — R™, is stationary if for all s > 0
X005 =Xy P-a.s. for a.e. t >0

We consider a particular case in which we assume all the coefficients of hypotheses (3.1) and (4.4)
to be stationary stochastic processes. In this case a direct comparison of the integral for equation
(6.11) and (6.12) below immediately gives:
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Lemma 6.10. Fiz T > 0. Let (P, Q) be the solution of the finite horizon BSRE
d
—dP; = G (Ay, By, C1, Dy; Sy P, Qo) dt + Y QidWi,  t€[0,T]

- (6.11)

Pr = Pr.

For fized s > 0 we define P(t+ s) = P(t)8,, Q(t+ s) = Q(t)0, then (P, Q) is the unique solution in
[s,T + s] of the equation

d
_dﬁt =G (At7 Bt; Ct, Dt, St, ﬁt, @t) dt + ZQ%thi’ t e [S, T + S}

— (6.12)

ﬁTZPTOQS.

Proposition 6.11. Assume Hypothesis 5.1, hypothesis 6.1 and stationarity of the coefficients, then
the minimal solution (P, Q) of the infinite horizon stochastic Riccati equation (3.4) is stationary.

Proof. Extending the notation introduced before Lemma 3.4 for all p > 0 we denote by P? the
solution of equation (6.11) in [0, p] with final condition P?(p) = 0. Denoting by |p] the integer part
of p, we have, following Lemma 3.4, that for all N for all ¢ € [0, [N + s]], PLN*sl(t) < PN+3(1) <
PLN+sl41(4) P-a.s.. Thus we can conclude noticing that by the previous Lemma

PNTs(t 4 5) = PN(t) 0 6.
Thus letting N — +o0o we obtain that for all ¢t > 0, and s > 0:
P{P(t+s)=P(t)obs} = 1.
Now Pris = Prof, = Prp so_ if one consider (6.11) in the intervall [s,T + s] with final data
Pris and (6.12) with final data Pr o 65, by the uniqueness of the solution it follows that Q(r) =
Q(r), P— as. and for all r € [s,T + s]. O

Notice that, thanks to the stationarity assumptions the stabilizability condition can be simplified,
see Remark 5.7 of [12]. Hence all the coefficients that appear in equation (2.12) are stationary so
exactly as before we deduce that for the solution (rr,gr) the following holds:

Lemma 6.12. Fiz T >0 and rp € L™ (Q, Fp;R™). Let (r,g) a solution to equation
d d
dry = —H;rdt — Pofydt = Y (K}) gidt + > gidW}, t€[0,7]

i=1 i=1

(6.13)
rr =Tr.
For fized s > 0 we define 7(t + s) = r(t)8s, g(t + s) = g(t)0s then (7,g) is the unique solution in
[s,T + s] of the equation
d d
iy = —Hi7ydt — Pofydt — > (K}) Gidt + Y gidWi, te€[s,T + s
i=1

— (6.14)

?T:TTOQS.

Hence arguing as for the first component P, we get that the first component of the infinite horizon
equation 7 has to be stationary:

Proposition 6.13. Beside Hypothesis 3.1 and stationarity of coefficients assume that (A, B,C, D)
is VS stabilizable, we have that first component of the solution of

d d
dry = —Hfrdt — Pofedt — > (K})" gidt + > gidWy, te0,T] (6.15)
=1 i=1

obtained as the pointwise limit of rr is stationary.

This is enough to characterize the ergodic limit, since the value function is unique. Indeed we
have that:
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Theorem 6.14. Assuming that all the coefficients are stationary processes we get the following
characterization of the optimal cost:

lim o inf Ja (@, u) = E(f(0), 7(0))

a—0 ue
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