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In this paper, we are interested in a new type of mean-field, non-
Markovian stochastic control problems with partial observations. More pre-
cisely, we assume that the coefficients of the controlled dynamics depend
not only on the paths of the state, but also on the conditional law of the state,
given the observation to date. Our problem is strongly motivated by the recent
study of the mean field games and the related McKean—Vlasov stochastic con-
trol problem, but with added aspects of path-dependence and partial obser-
vation. We shall first investigate the well-posedness of the state-observation
dynamics, with combined reference probability measure arguments in non-
linear filtering theory and the Schauder fixed-point theorem. We then study
the stochastic control problem with a partially observable system in which
the conditional law appears nonlinearly in both the coefficients of the sys-
tem and cost function. As a consequence, the control problem is intrinsically
“time-inconsistent”, and we prove that the Pontryagin stochastic maximum
principle holds in this case and characterize the adjoint equations, which turn
out to be a new form of mean-field type BSDEs.

1. Introduction. In this paper, we are interested in the following mean-field-
type stochastic control problem, on a given filtered probability space (2, F,P; F =
{Fi}i=0):

dX; = E{b(t» @.ars E[X 1G], M)}|¢:X,u:u, dt
(1.1) +E{o(t, o.n, EIX: 1G], ) lo=X,u=u, d B1,
Xo=1x,
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where B is an F-Brownian motion, » and o are measurable functions satisfying
reasonable conditions, ¢.»; and X.; denote the continuous function and process,

respectively, “stopped” at t; G 2 {G:}i>0 is a given filtration that could involve
the information of X itself, and u = {u; : t > 0} is the “control process”, assumed
to be adapted to a filtration H = {#H,};>0, where H; C ]—"tX VvV G, t > 0. We note
that if G, = {&, @}, for all # > 0 [i.e., the conditional expectation in (1.1) becomes
expectation], H; = ]-"tX , and coefficients are “Markovian” (i.e., ¢.n; = ¢;), then the
problem becomes a stochastic control problem with McKean—Vlasov dynamics
and/or a Mean-field game (see, e.g., [5, 7, 9] in its “forward” form, and [2-4] in
its “backward” form). On the other hand, when G is a given filtration, this is the
so-called conditional mean-field SDE (CMFSDE for short) studied in [8]. We note
that in that case the conditioning is essentially “open-looped”.

The problem that this paper is particularly focusing on is when G; = ]-",Y , >0,
where Y is an “observation process” of the dynamics of X, that is, the case when
the pair (X, Y) forms a “close-looped” or “coupled” CMFSDE. More precisely,
we shall consider the following partially observed controlled dynamics (assuming
b = 0 for notational simplicity):

dX, =Rlo(t, o E[X|FY ], u)}p=x u=u, dB};

(1.2) L
dY,=h(t, X;)dt + 6dB*, ~ Xo=x,Yy=0.

Here, X is the “signal” process that can only be observed through Y, (B!, B?)
is a standard Brownian motion and & is a constant. We should note that in SDEs
(1.2) the conditioning filtration F¥ now depends on X itself, therefore, it is much
more convoluted than the CMFSDE we have seen in the literature. Furthermore,
the path-dependent nature of the coefficients makes the SDE essentially non-
Markovian. Such form of CMFSDEs, to the best of our knowledge, has not been
explored fully in the literature.

Our study of the CMFSDE (1.2) is strongly motivated by the following varia-
tion of the mean-field game in a finance context, which would result in a type of
stochastic control problem involving a controlled dynamics of such a form. Con-
sider a firm whose fundamental value, under the risk neutral measure P° with zero
interest, evolves as the following SDE with “stochastic volatility” o = o (¢, w),
(t,w) €10, 00) x Q:

t
(1.3) X,=x+/ o(s,)dB!,  t>0,
0
where B! is the intrinsic noise from inside the firm. We assume that such funda-
mental value process cannot be observed directly, but can be observed through a

stochastic dynamics (e.g., its stock value) via an SDE:

t
(1.4) Y,:/ h(s, X;)ds + B, t>0,
0
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where B2 is the noise from the market, which we assume is independent of B!
(this is by no means necessary, we can certainly consider the filtering problem
with correlated noises).

Now let us assume that the volatility o in (1.3) is affected by the actions of a
large number of investors, and all can only make decisions based on the informa-
tion from the process Y. Therefore, similar to [7] (or [13]) we begin by considering
N individual investors, and assume that ith investor’s private state dynamics is of
the form:

(1.5) U =o' (t, U, oM, a)dB},  1>=0,1<i<N,

where B!?’s are independent Brownian motions, and N denotes the empirical
conditional distribution of U (U',...,U"), given the (common) observation

={Y; : t > 0}, that is, v}¥ =~ Z IE[Ujl]-'y]’
sure at x. More precisely, the notation in (1.5) means (see, e.g., [7])

where &, denotes the Dirac mea-

ol (6, UL, 0N ) 2 [ & (e, UL, v, o) BN (dy)

—

2 |

N
N .
Z t UlAt’ Ut |]:Y] O‘t)

Here, 6'’s are the functions defined on appropriate (Euclidean) spaces.

We now assume that each investor chooses an individual strategy to minimize
the cost; the cost functional of the ith agent is of the form:

a7 Ji@)E { (UL) +/ ‘e, ul,, N ,a,)dt} 1<i<N.

Following the argument of Lasry and Lions [15] (see also [5-8, 13]), if we assume
that the game is symmetric, that is, 61 =6,L" and &' = ® are independent of i,
and that the number of investors N converges to 400, then under suitable technical
conditions, one could find (approximate) Nash equilibriums through a limiting
dynamics, and assign a representative investor the unified strategy «, determined
by a conditional McKean—Vlasov-type SDE:

(1.8) dX;=o(t, Xppr.0)dB!, >0,

where u is the conditional distribution of X, given .7-",Y, and
A
o(t, XAt s, Ug) = /U(t, Xoae, Y, ur) e (dy)

=E{o (1, 0., B[ X/ | F' ], 1) Homx..

u=uy
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Furthermore, the value function becomes, with similar notation,

A T
(1.9 Vix)= igf](oe) = E{CD(XT) —I—A L(t, X .ars s at)dt}.

We note that (1.8) and (1.9), together with (1.4), form a stochastic control problem
involving CMFSDE dynamics and partial observations, as we are proposing.

The main objective of this paper is two-fold: We shall first study the exact mean-
ing as well as the well-posedness of the dynamics, and then investigate the stochas-
tic maximum principle for the corresponding stochastic control problem. For the
wellposedness of (1.2), we shall use a scheme that combines the idea of [9] and
the techniques of nonlinear filtering, and prove the existence and uniqueness of the
solution to SDE (1.8) via Schauder’s fixed-point theorem on 9%,(2), the space of
probability measures with finite second moment, endowed with the 2-Wasserstein
metric. We note that the important elements in this argument include the so-called
reference probability space that is often seen in the nonlinear filtering theory and
the Kallianpur—Striebel formula (cf., e.g., [1, 21]), which enable us to define the
solution mapping.

Our next task is to prove Pontryagin’s maximum principle for our stochastic
control problem. The main idea is similar to earlier works of the first two authors
[4, 16], with some significant modifications. In particular, since in the present case
the control problem can only be carried out in a weak form, due to the lack of
strong solution of CMFSDE, the existence of the common reference probability
space is essential. Consequently, extra efforts are needed to overcome the com-
plexity caused by the change of probability measures, which, together with the
path-dependent nature of the underlying dynamic system, makes even the first or-
der adjoint equation more complicated than the traditional ones. To the best of our
knowledge, the resulting mean-field backward SDE is new.

The paper is organized as follows. In Section 2, we provide all the necessary
preparations, including some known facts of nonlinear filtering. In Sections 3
and 4, we prove the well-posedness of the partially observable dynamics. In Sec-
tion 5, we introduce the stochastic control problem, and in Section 6 we study the
variational equations and give some important estimates. Finally, in Section 7 we
prove the Pontryagin maximum principle.

2. Preliminaries. Throughout this paper, we consider the canonical space

(Q, F), where © 2 Co([0, 00); R2) = {w € C([0, 00); R2) : wy = 0}, and F be
its topological o-field. Let F = {F;};>¢ be the natural filtration on 2, that is, for

each r > 0, F; is the topological o-field of the space € 2 {w(- A1) :we R}
For simplicity, throughout this paper we assume d = 1, and that all the processes
are 1-dimensional, although the higher dimensional cases can be argued similarly
without substantial difficulties. Furthermore, we let £7(2) denote the space of all
probability measures on ($2, F), and for each P € #(Q2), we assume that F is
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P-augmented so that the filtered probability space (€2, F, P; F) satisfies the usual
hypotheses.

Next, for given T > 0 we denote Cyr = C([0, T]) endowed by the supremum
norm || - ||c;, and let Z(Cr) be its topological o-field. Consider now the space
of all probability measures on (Cr, Z(Cr)), denoted by &(Cr), and for p > 1
we let &7,(Cr) € Z(Cr) be those that have finite pth moment. We recall that
the p-Wasserstein metric on &2,(Cr) is defined as a mapping W), : &2,(Cr) x
Z,(Cr) = Ry such that, for all u, v e £,(Cr),

1
A »
Wy (e, v) =mf{(/@% I = 1, w(dx. )

2.1)
7 € #,(C%) with marginals u and v}.

In this paper, we shall use the 2-Wasserstein metric W, and abbreviate
(P (Cr), Wr) by Z(Cr). Since Cr is a separable Banach space, it is known
that %, (Cr) is a separable and complete metric space. Furthermore, it is known
that (cf., e.g., [19]), for w,, u € Z(Cr)

Jim Wa(pn, ) =0
(2.2) —  pp—puin P25(Cr) and, as N — +o00,
sup [ 19112, 1{1¢llc, = Nlin(dg) 0.
n

Next, for any P € #(2), p,q > 1, any sub-filtration G C F, and any Banach
space X, we denote L”(P; X) to be all X-valued L”-random variables under P.
In particular, we denote by L”(P; R) to be all real valued L”-random variables
under P. Further, we denote by Lé(]P); L9([0, T])) the L?-space of all G-adapted
processes 7, such that

A P T rlay1/p
23) ||n||p,q,P={E [/0 |m|4dz] } <.

If p = g, we simply write LZ (P; [0, T) = LE(®; LP([0, T1)). Finally, we define

LY~ (P[0, TD) 2 Moy LAP: [0, T]) and L2~ (5 Cr) = Moy LAP: Cp),
where L{é(]P’; Cr) is the space of all continuous, [F-adapted, processes & = {&}
such that ||§||c, € L? (P; R). We will often drop “IP”” from the subscript/superscript
when the context is clear.

We now give a more precise description of the SDEs (1.2), in terms of the stan-
dard McKean—Vlasov SDE. Again we consider only the case b = 0, and we assume
further that 6 = 1 in (1.2) for simplicity.

We begin by introducing some notation. Let X be the state process and Y
the observation process, defined on (2, F, P), for some P € £2(£2). We denote
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the “filtered” state process by Utxly =EP[x t|.7-“tY], t > 0. Since (as we show in
Lemma 3.1 below) the process U X1Y is continuous, we denote its law under P on
Cr by uXI¥ =Po [UXIY]71 € 22(Cr). Next, let P;(¢) = ¢(t), p € Cr,t >0, be
the projection mapping, and define X" = XY o P,~!. Then, for any ¢ € Cr,
and u € R, we can write

A
Elo (t, p.n, B[ X, | FY ], u)] =/o(t,<pm,y,u)uf('y(dy) S0t @iy u).

We should note that since the dynamics X is nonobservable, the decision of the
controller can only be made based on the information observed from the process Y.
Therefore, it is reasonable to assume that the control process u is FF Y — {]—",Y }=0
adapted (or progressively measurable). We should remark that, for a given such
control, it is by no means clear that the state-observation SDEs will have a strong
solution on a prescribed probability space, as we shall see from our well-posedness
result in the next sections. We therefore consider a “weak formulation” which we
now describe. Consider the pairs (P, u), where P € Z(Q2),u € LIZF(IP’; [0,T]), such
that the following SDEs are well defined:

t
e K=ok [Blolon BIGIEL| B!

t
:X+‘/O /RO’(S’X-ASay?uS)/’LS(dy)stl
4 1
=X +/(; G(S, X~/\Sv /'LS’MS)dBS’
t
(2.5) Y; =/ h(s, X;)ds+ B}, 10,
0

where (B!, B?) is a standard 2-dimensional Brownian motion under P, and ¢, (-) £
PoEP[X, |.7-"IY]_1 (+) is the distribution, under P, of the conditional expectation of
X;, given ]-",Y . We note that we do not require that the solution to (2.4) and (2.5)
(or probability PP for given u) be unique(!). Now let U be a convex subset of R
For simplicity, assume k& = 1.

DEFINITION 2.1. A pair (P, u) € Z(Q2) X L%(]P’; [0, T')) is called an “admis-
sible control” if:

() u; e U, forallt € [0, T], and B = (B!, B?) is a (F, P)-Brownian motion;
(ii) there exist processes (X,Y) € L%F(]P); [0, T']) satisfying SDEs (2.4) and
(2.5); and
(iii) u € L;‘}’ (P; [0, T]).

We shall denote the set of all admissible controls by %4,q. For simplicity, we
often write u € Z,4, and denote the associated probability measure(s) IP by P4, for
ue %ad.
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REMARK 2.1. As we shall see later, under our standing assumptions to every
control u € %,q there is only one probability measure P* associated. We should
note, however, that unlike the traditional filtering problem, the main difficulty of
SDE (2.4)—(2.5) lies in the mutual dependence between the solution pair X“ and Y,
via the law of conditional expectation 1 = P* o EF'[X#|FY ]! in the coefficients.
Moreover, the requirement that u is F¥ -adapted adds an additional seemingly “cir-
cular” nature to the problem. Thus, the well-posedness of the problem is far from
obvious, and will be the main subject of Section 3.

We note that under the weak formulation the state-observation processes
(X",Y) are often defined on different probability spaces. To facilitate our dis-
cussion we shall designate a common space on which all the controlled dynamics
can be evaluated. In light of the nonlinear filtering theory, we make the following
assumption.

ASSUMPTION 2.1. There exists a probability measure Q° on (2, F), such
that under Q°, (B!, Y) is a 2-dimensional Brownian motion, where Y is the obser-
vation process.

We note that the probability measure Q° is commonly known as the “reference
probability measure” in nonlinear filtering theory. The existence of such measure
can be argued once the existence of the weak solution of (2.4)—(2.5) is known.

Indeed, suppose that u € %,q and P* € &7(R2) is the associated probability such
that the SDEs (2.4) and (2.5) have a solution (X%, Y) on (€2, F, P*). Consider the
following SDE:

_ t _ r
(2.6) L,=1—/ h(s,X;‘)LsdB§=1+f LydZ",
0 0

where Z* = — [{ h(s, X*)d B2. We denote its solution by L. Then, under appro-
priate conditions on /, both Z* and L are P*-martingales, and L" is the stochastic
exponential

_ t 1 ¢t
2.7) L :exp{—/ h(s, X"*)d B> — Ef (s, X;')Fds}.
0 0

Thus, the Girsanov theorem suggests that dQ¥ = Z‘; dP" defines a new probabil-
ity measure Q° under which (B!, Y) is a Brownian motion, hence a “reference
measure”.

The essence of Assumption 2.1 is, therefore, to assign a prior distribution on
the observation process Y before the well-posedness of the control system is es-
tablished. In fact, with such an assumption one can begin by assuming that (B!, ¥)
is the canonical process [i.e., (Btl ,Y) (@) =w(1), w € Q] and Q¥ the Wiener mea-
sure on (€2, F), and then proceed to prove the existence of the weak solution of
the system (2.4) and (2.5). This scheme will be carried out in details in Section 3.
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Continuing with our control problem, for any u € %,q4, we define the cost func-
tional by

T
Tt xiu) 2 ]E@O{/t fs, X4, e, us)ds + (X7, ,ub;)}

(2.8) — g / TEP”[ (s EF [ x| FY
. = L @ns EF XU FY ] w)| ds

t o=X" u=us
+EX [0, B (X5 FT ) ]lemxe }
and we denote the value function as

(2.9) V(t,x)2 inf J(t, x;u).
UEWad
We shall make use of the following standing assumptions on the coefficients.

ASSUMPTION 2.2. (i) The mappings (¢, ¢, x, y,z) = o (t, @.rr, ¥, 2), h(Z, X),
ft, oA, y,2), and ®P(x,y) are bounded and continuous, for (¢,¢,x,y,z) €
[0, T]xCr xRxRxU.

(ii) The partial derivatives dy0, 0,0, dy f, 0. f, Oxh, 0x P, 3, P are bounded and
continuous, for (¢, x,y,z) € Cr x R x R x U, uniformly in ¢ € [0, T].

(iii) The mappings ¢ +— o (t, @.Az, ¥, 2), f(t, @.Ar, ¥, 2), as functionals from Cr
to R, are Fréchet differentiable. Furthermore, there exists a family of measures
{€(t, )}iepo.1], satisfying 0 < fOTE(t, ds) < C, for all t € [0, T'], such that both
derivatives, denoted by Dyo = Dyo (t,¢.n¢, ¥,2) and Dy f = Dy f(t, Q.a15 Y, 2),
respectively, satisfy

T
(2.10) |D¢0(t,§0~m,y,1)(1/f)|+}D<pf(t,<p-my,z)(l/f)|S/O [y ()] (, ds),

Y € Cr, uniformly in (¢, ¢, v, 2).

(iv) The mapping y — ydyo (¢, ¢.r¢, ¥, 2) is uniformly bounded, uniformly in
(1,9, 2).

(v) The mapping x — x0d,h(¢, x) is bounded, uniformly in (¢, x) € [0, T] x R.

(vi) The mappings x — xh(t, x), x29,h(t, x) are bounded, uniformly in (¢, x) €
[0,T] x R.

We note that some of the assumptions above are merely technical and can be
improved, but we prefer not to dwell on such technicalities and focus on the main
ideas instead.

REMARK 2.2. Note that if (¢, ¢, y,2) — ¢ (¢, ¢.As, ¥, 2) 1s a function defined
on [0,T] x Cr x R x R satisfying Assumption 2.2(i), (ii), then for any u €
P(Cr), we can define a function on the space [0, T] x Q x C7 x Z,(Cr) x U:

@.11) é@%%mﬂm@éé¢@Wm%0mww,
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where (; = o Pt_1 and P (p) 2 (1), (t,9) € [0, T] x Cr. Then ¢ must satisfy
the following Lipschitz condition:
|¢_)(t’ (p~1/\t’ I’Ltl’ Zl) - (]_B(t, (/’.2,\” /“L[27 Z2)|
<K{o"' —¢*|¢, + Walu', 11?) + " = 22|},

where || - ||c, is the sup-norm on C([0, ¢]) and W (-, -) is the 2-Wasserstein metric.

2.12)

REMARK 2.3. The Fréchet derivatives Dy0 and Dy, f by definition belong to

Cr 2 A0, T], the space of all finite signed Borel measures on [0, T'], endowed
with the total variation norm | - |7y (with a slight abuse of notation, we still denote
it by | - |). Thus, the Assumption 2.2(iii) amounts to saying that, as measures, for

any (¢, ¢,y,2),
(2.13) |Dyo (t, @.ne, ¥, 2)(dS)| 4 | Dy f (1, @.n10 ¥, 2)(ds)| < £(2,ds).
This inequality will be crucial in our discussion in Section 7.
To end this section, we recall some basic facts in nonlinear filtering theory,

adapted to our situation. We begin by considering the inverse Girsanov kernel of
L* defined by (2.7):

A 7yl ! 1t 2
(2.14) LY =[LY] = exp{/ h(s, X¥)dYs — 5/ |h(s, X¥)] ds},
0 0

t€[0,T]. Then L* is a Qo—martingale, dP" = L7 d@o, and L" satisfies the fol-
lowing SDE on (2, F, Q°):
t
(2.15) L,=1 —|—/ h(s, Xy)LsdYy, tel0,T].
0

Let us now denote L = L for simplicity. An important ingredient that we are
going to use frequently is the SDEs known as the Kushner—Stratonovic or Fujisaki—
Kallianpur—Kunita (FKK) equation for the “normalized conditional probability”.
Let us denote

216) S E2EY[LX|F],  SP2EY[LF]. (>0
Since under QO the process (B!, Y) is a Brownian motion, the o-field .7-",Y r and

.EY \% .7-",3 : are independent, where .7-",YT = o{Y, —Y;:t <r <T}. Itis standard to
show that [in light of (2.15)] S and 50 satisfy the following SDEs:

t

2.17) S?=1+/ EQ[h(s, X,)L|FY]dY,,  t>0,
0

and

t
@18 S=x+ [ EY[LXAG XIF Y, =0
0



3210 R. BUCKDAHN, J. LI AND J. MA

Furthermore, let U, 2 IEHM[X ,|]-"tY], t > 0. Then, by the Bayes formula (also
known as the Kallianpur—Striebel formula, see, e.g., [1]) we have

CEYILXJF] S

2.19 U, = = t>0,Q%as.
= TR s T

A simple application of It6’s formula and some direct computation then lead to the
following FKK equation:

dU; = {E¥'[X,h(t, X )| FY ] = EY [X | FYEY [h(e, X )| FY )} ay,
(2.20) +{EP (X AF WER [n(r, X1 FE )
—E¥ [ X h(t, X\ FY B [h(r, X)) | F)Y ]} dt.

In fact, one can easily show that

[ u 1 t u
221) S, =U, exp{/ E¥ [h(s, X FY]dY, — 5/ EX [h(s, XS)|]-"SY]2ds}.
0 0

3. Well-posedness of the state-observation dynamics. In this and next sec-
tions, we investigate the well-posedness of the controlled state-observation system
(2.4) and (2.5). More precisely, we shall argue that the admissible control set %4,
defined by Definition 2.1, is not empty. We first note that, for a fixed P € Z(Q2)
and u € L]g',‘;f (P, [0, T)), if we define

3.1) wmwwwwné@¢mwm»m@mmwx

where ¢ = b, o, then we can write the control-observation system (2.4) and (2.5)
as a slightly more generic form (denoting b = b and o = o for simplicity):

t t
Xt=x+'/0‘ b(s7"X-AS7M§|Y)dS+/; O'(S”’X-/\Saﬂgfly)stl;
t

(3.2)
Yt:/ h(s, Xy)ds + B2, 10,
0

where B = (Bl, BZ) is a P-Brownian motion, and /1,,X|Y =Po [IEP[X, |_7-"tY]]_1. Our

task is to prove the well-posedness of SDE (3.2) in a weak sense [i.e., including the
existence of the probability measure P(!)]. In light of Remark 2.2, we shall assume
that the coefficients b and o in (3.2) satisfy the following assumptions that are
slightly weaker than Assumption 2.2, but sufficient for our purpose in this section.

ASSUMPTION 3.1. The coefficients b, o : [0, T] x Cr x Z(Cr) — R enjoy
the following properties:

(1) For fixed (¢, n) € Cr x %> (Cr), the mapping (¢, w) — (b, 0)(t, w, ¢, L)
is an F-progressively measurable process.
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(i1) For fixed ¢t € [0, T'], and @O—a.e. w € 2, there exists K > 0, independent of
(t, w), such that for all (¢!, u1), (¢, u?) € Cr x P5(Cr), it holds

Bt 0, 0L 110) — Bt 0, 02, 17)]

<K( sup lo — g7+ Wa(u', 1?)),
t€[0,T]

3.3)

for ¢ = b, o, respectively.

In the rest of the section, we shall still assume b = 0, as it does not add ex-
tra difficulties. Now assume that (X, Y) satisfies (3.2) under P, and let us denote

U; Xy 2 = EP[x | F; Y1, r > 0. (We note that UX!Y should be understood as the “op-

tional projection” of X onto F¥'!) We first check that UX!Y is indeed a continuous
process.

LEMMA 3.1.  Assume that Assumption 2.2 holds. Then UXY admits a contin-
uous version.

PROOF. First, note that P ~ Q°, and X has continuous paths, P-a.s. By Bayes
xiy _ BV X F s, 0 :

= LA S where S” and § satisfy
(2.17) and (2.18), respectively, and L satisfies (2.15). Clearly, the representations
(2.17) and (2.18) indicate that both S° and S have continuous paths, thus U Xy
must have a continuous version. [

formula (2.19), we can write U

XY XY

We now define uX1¥ () =Po [UXY]71(),and ;" () =Po [U; " 17 (), for
any ¢ > 0. Lemma 3.1 then implies that uX!¥ € 92,(Cr), justifying the definition
of SDE (3.2). In what follows when the context is clear, we shall omit “X|Y” from
the superscript.

We note that the special circular nature of SDE (3.2) between its solution and
its law of the conditional expectation (whence the underlying probability) makes it
necessary to specify the meaning of a solution. We have the following definition.

DEFINITION 3.1 (Weak Solution). An eight-tuple (2, F,P,F, X, Y, B!, B?)
is called a solution to the filtering equation (3.2) if:

(1) (2, F) is the canonical space, P € &(R2), and F is the canonical filtration;

(ii) (B!, B?) is a 2-dimensional F-Brownian motion under PP;

(iii) (X, Y) is an FF-adapted continuous process such that (3.2) holds for all
t € [0, T], P-almost surely.

To prove the well-posedness, we shall use a generalized version of the Schauder
fixed-point theorem (see Cauty [10], or a recent generalization in [11]). To this end,
we consider the following subset of %2, (Cr):

(3.4) &L {ue%«cn{ sup. [ Iy|4m(dy)<00}.
te
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In the above u; = o P, e 25 (R), and P (p) = (1), ¢ € Q, is the projection
mapping. Clearly, & is a convex subset of Z,(Cr).

We now construct a mapping .7 : & — &, whose fixed point, if exists, would
give a solution to the SDE (3.2). We shall begin with the reference probability
space (€2, F, Q), thanks to Assumption 2.1, then (B',Y) is a Q°-Brownian mo-
tion. We may assume without loss of generality that (B!, Y) is the canonical pro-
cess, and QU is the Wiener measure.

For any 1 € &, we consider the SDE on the space (2, F, Q0):

t
(3.5) Xi=x+ [ o Xnsus)dBl, 120
0

Note that as the distribution p is given, (3.5) is an “open-loop” SDE with “func-
tional Lipschitz” coefficient, thanks to Assumption 3.1. Thus, there exists a unique
(strong) solution to (3.5), which we denote by X = X*.

Now, using X* we define the process L* = {L}'},>¢ as in (2.14) on probabil-
ity space (2, F,Q), and then we define the probability dP* 2 L’; dQC. By the
Kallianpur—Striebel formula (2.19) we can define a process

EY Ly X/ A st
ELLAFT s

3.6  U'EEP[XxMFY]= >0,

where S/ 2@ [LfLXﬁ]:}’], St“’0 2 E@O[Lfl]-'}/], t > 0, and then we denote

(3.7) T(w) 2 vt =Pro[Ur] " € 2(Cy).

Our task is to show that the solution mapping 7 : > v* satisfies the desired
assumptions for Schauder’s fixed-point theorem.

THEOREM 3.1. The solution mapping 7 : & — P>(Cr) enjoys the following
properties:

(1) T7(&) cé&.

(2) T (&) is compact under 2-Wasserstein metric.

B3) T (&, Wi(-, ") = (P(Cr), Wa(-, ) is continuous, that is, whenever
w, W € &,n>1, is such that Wi(u", ) — 0, we have that W (7 (1), 7 (11))
— 0.

We remark that an immediate consequence of (3) is that 7 : & — Z(Cr) is
continuous under both the 1- and the 2-Wasserstein metrics. Moreover, the com-
pactness of .7 (&) under the 2-Wasserstein metric stated in (2) implies that in the
1-Wasserstein metric.

PROOF. (1) Given u € &, we need only show that

(3.8) sup [ |y[*vF(dy) < .
te[0,T]/R
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To see this, we note that for ¢ € [0, T'], by Jensen’s inequality,
fR vl (dy) = fR yI*P* o [UH] ™ (dy) = B [[EP X717 ][] < BF[|x7' ).

Since under Q°, B! is also a Brownian motion, it is standard to argue that, as X*
is the solution to the SDE (3.5), it holds that

(3.9) sup EQ X" <C(1+|x>")  forallneN.

0<t<T

Furthermore, noting that the process L* is an L?-martingale under Q°, we have

sup || Ivl*vi'@y) = sup EF[IXY[]= sup EC (L7 x1 (']
0<t<T JR? 0<t<T 0<
< LD s B <00
0<t<T
thanks to (3.9). In other words, v = .7 (u) € &, proving (1).

(2) We shall prove that for any sequence {i}'} € &, there exists a subsequence,
denoted by {u/} itself, such that lim,,—, oo .7 (") = v in 2-Wasserstein metric, for
some v € 7 (&).

In light of the equivalence relation (2.2), we shall first argue that the family
{Z (u")}n>1 is tight. To this end, recall that
St

n,0°’
t

(3.10) ur =E¥[x"FY] =

where 57 2 EQ'[Lr x| 7], 570 £ EQ (L FY], ¢ > 0, and dP" 2 L2 4QP. Tt
then follows from the FKK equatlon (2.20) that
Uy = BV [X7h(e X)) F ] = BF (X7 1 FJEY [(r, X7) | F ]} aY,
Gay  HETXEET [ XIF)
—EX [XPh(e, X7 FYEE [h(e, X))\ FY]) d.
Now denote 32 n2 Y, — fo h(s, X",,)ds. Then (B!, B%") is a 2-dimensional stan-

dard P"-Brownian motion. Since h is bounded, so is EF"[h @, X" DIF; Y. We thus
have the following estimate:

EP'[|u" — u"*] < CEP" [(/IEP"[IX?}ZIFSY]dS)Z]

< CE"'[ sup [EF[|x P11 - s
0<s<T
(3.12)

0<s<T 0<r<

[
= CE[ sup [E7] sup |7 27 i =52
[

< CE”'[ sup |x7| ]lt—s| <Cl|t —s|?.
0<s<T
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Thus, as Uy = x, n > 1, the sequence of continuous processes {U"} is rela-
tively compact (cf., e.g., Ethier—Kurtz [12]). Therefore, the sequence of their laws

{7 (™) 2 P" o [U"]"!,n > 1} € 2(Cr) is tight. Consequently, we can find a
subsequence, we may assume itself, that converges weakly to a limit v € Z2,(Cr).
Furthermore, for each n > 1, we apply the Jensen, Burkholder—Davis-Gundy, and

Holder inequalities to get, with v” 2 T(u"),

n 4 n n 4
[, 1elé, " o) = =7 [JU e, ] = B[ sup |5 (17|

0<t<T

<57 sup B[ sup [x7)177]]

0<t< 0<r<
(3.13) Pnt ' 216112/3 Qol s n 116772/3
=[5 sup 1x3P]] = c[E® Lt sup x7F]]
< C[EX[(Lp) Y [ES[ sup [x7]]"” < +oo.

0<r<T

But noting that / is bounded, one deduces from (3.9) that

(3.14) sup [ llolie, v" (dg) < oo,

n>1JCr

and thus,

sup ||§0||<(23T1{|<P||(CT > Nh"(dg) =0 as N — +o0.

n>1 T

This, together with the fact that v" = .7 (u") il v, implies that W (v",v) — 0,
and v € &, as n — oo, where Wj(-, ) is the 2-Wasserstein metric on % (Cr).
This proves (2).

(3) We now check that the mapping .7 : (&, Wi(-, ) = (Z2(Cr), Wa(-,-)) is
continuous. To this end, for each u € &, we consider the following SDE on the
probability space (2, F, Q0):

dX;=o(t, X nu)dBl,  Xo=x;
(3.15) dB? =dY; — h(t, X,)dt, B2=0;
dL[:h(t,Xt)L[dYt, L():]

Now let {u"} C & be any sequence such that 4" — u, as n — oo, in the
1-Wasserstein metric, and denote by (X", B™2, L") the corresponding solutions
to (3.15). Define

n A n
" (t,w.ar) =0 (t, Wopry 1T, (t,w) €[0,T] x Q.
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Then by Assumption 3.1(ii), the o"’s are functional Lipschitz deterministic func-
tions, with Lipschitz constant independent of n. This and standard SDE arguments
lead to that, as n — oo,

(3.16) EQO{ sup | X} — X;|”+ sup |L} — L,\p] -0, in L”(Q°), p > 1.

0=t=T O0=<t=<T
We deduce that U;' = EP'[x nFY1=S"/S;! o converges in probability under Q
7E§;£L[LXJ'§]Y] — EP[X,|F}], where dP = Ly dQP.
Now for any i € Cp(R), letting n — oo we have
(v, 7 (u"),) =B [w € [X]17 )] =EV (L5 B [x]17])]
G1n — B Loy (E XA )] =EF [y (87X F])]

= (v, Po [EF[X,|F ") as n — oo.

This implies that v, = P o [EF[X,|FY1]7! = 7 (w),, for all ¢ € [0, T]. With the

same argument, one shows that, forany 0 <t; <t <--- < t; < 00,
A P P -1 d

y(ﬂn)tl ..... T Po(E [X;l] |]:t)1/]’ B [XZJ}—t);:]) — Vy

as n — oQ.

That is, the finite dimensional distributions of .7 (u") converge to those of v, and
as {7 (u")}n>1 is tight by part (2), we conclude that .7 (u") S vin P(Cr). This,
together with (3.13), further shows that W (7 (1), 7 (n)) — 0, as n — 00, prov-
ing the continuity of .7, whence (3). The proof is now complete. [J

As a consequence of Theorem 3.1, we have the following existence result for
SDE (3.2).

PROPOSITION 3.1. Let Assumption 3.1 hold. Then SDE (3.2) has at least one
solution in the sense of Definition 3.1.

PROOF. The proof follows from Theorem 3.1 and a generalization of the
Schauder fixed-point theorem by Cauty (see [10], or a recent generalization [11]).
To do this, we must check: (i) & is a convex subset of a Hausdorff topological
linear space, (ii) .7 is continuous and .7 (&) C & and (iii) 7 (&) C K, for some
compact K in Z(Cr).

To imbed & into a Hausdorff topological linear space, we borrow the argument
of Li-Min [17]. Let .#1(Cr) be the space of all bounded signed Borel measures
v(-) on C7 such that |f<CT lollc,v(de)| < 400, endowed with the norm

vl := sup”/ hdv
Cr

5 Lip; (Cr) denotes the set of all real-valued Lipschitz functions over Cy with Lipschitz constant 1.

:h €Lip;(Cp),

h(0)|§1}.5
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Clearly, (.#1(Cr), | - l1) is a normed (hence Hausdorff topological) linear space.
Since 2,(Cr) C¢ #1(Cr) C #,(Cr), and by the Kantorovich—-Rubinstein for-
mula,

Wl(vl, v2) = sup”/ hd(v1 — vz)
Cr

2

€ Lipy(Cr), [h(0)] < 1}

:”‘)1 — Vi

for all v!, v? € P;(Cr), the topology generated by the norm | - ||; on P> (Cr)
coincides with the one generated by the 1-Wasserstein metric on %2, (Cr). Thus,
& C P (Cr) is a convex subset of .#(Cr), proving (i). Further, note that .7 :
& — P (Cr) is continuous under the 1-Wasserstein metric, hence also under the
| - ||1-norm, verifying (ii). Finally, since .7 (&) C &, and & is compact under the
2-Wasserstein metric, hence also under the || - ||{-norm, proving (iii). We can now
apply Cauty’s theorem to conclude the existence of a fixed point v € & C Z»(Cr)
such that .7 (v) = v.

We note that the existence of the fixed point © amounts to saying that SDE
(3.15) has a solution on the probability space (€2, F, QY%, with u = uXI¥ =
Po[U]™!, and U, = EP[th]-",Y], t >0, where dP = L7 d@o by construction.
But this in turn defines a solution of (3.2) on the probability space (€2, F,P),
thanks to the Girsanov transformation. However, since under P, (Bl, BQ) con-
structed in (3.15) is a Brownian motion, (2, F, P, X, Y, B!, B?) defines a (weak)
solution of SDE (3.2). O

4. Uniqueness. In this section, we investigate the uniqueness of the solution
to SDE (3.2). We note that the general uniqueness for the weak solution for this
problem is quite difficult, we will content ourselves with a version that is relatively
more amendable.

To begin with, and let Q° be the reference probability measure under which
(B!, Y) is a Brownian motion. For each u € LIOF?,_ (Q°, [0, TY), consider the SDE

on (Q,]-',QO):

dX'=o(t, X" ui " u)dB!, XY =x;
(4.1) dB} =dY, — h(t, X")dt, B2 =0;
dL{ =h(t, X{)L{ dYi, Loy=1,1>0,

u‘

where M,X Ve—puo [EP [Xl”|]-",y]]_1, and dP" := L% dQP. We shall argue that,
under Assumption 2.2, the solution of the SDE (4.1) is pathwisely unique.

REMARK 4.1. It is clear that if u € L35 (Q°, [0, T]), and (X*, B%, L") is
a solution to (4.1) under Q°, then u € L;‘;_ (P*, [0, T]) [since % e LP(2) for

all p > 1, thanks to Assumption 2.2], and the process (X“,Y, B!, B?) is a so-
lution to (2.4) and (2.5) on the probability space (€2, F,P*, F) in the sense of
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Definition 3.1, where [F := IF‘BI’Y. Conversely, if (2, F,P*, T, B, B2, X,Y) is
a weak solution of (2.4)—(2.5), then following the argument of Section 2, we
see that d@o = [L‘}]_l dP" defines a reference measure, where L" is defined by
(2.6) or (2.7), and (X, B%,[L*]™") will be a solution of (4.1) with respect to the
QO-Brownian motion (B!, Y). In what follows, we shall call the solution to (4.1)
the Qo—dynamics of the system (2.4) and (2.5).

Bearing Remark 4.1 in mind, let us first try to establish a result in the spirit
of the Yamada—Watanabe theorem: the pathwise uniqueness of (4.1) implies the
uniqueness in law for the original SDEs (2.4) and (2.5). To do this, we begin by
noting that, given the “regular” nature of the canonical space €2, a process u €
Lﬂi‘}_ (P*, [0, T]) amounts to saying that (cf., e.g., [18, 20]) there exists a progres-
sively measurable functional u : [0, T] X C7 + U such that u; (w) =u(t, Y. As(w)),
dtdP"-a.s., such that u has all the finite moments under P* (hence also true under
Q" ~ P*1). We have the following proposition.

PROPOSITION 4.1. Assume that Assumption 2.2 is in force, and that the path-
wise uniqueness holds for SDE (4.1). Let u: [0, T] x Q + U be a given pro-
gressively measurable functional, and (2, F, P, F, Bl B2i XI, Yi), i=1,2,
be two (weak) solutions of (2.4)—(2.5) corresponding to the controls u' =u(-,Y"),
i =1,2, respectively. Then it holds that

]P)l ° [(Bl’l, BZ,l, Xl, Yl)]_l =P2 o [(BI,Z’ 32,2’ X2’ YZ)]_I

PROOF. Following the argument of Section 2.2, we define dQ% =
[L"T]_1 dP', where L' = [L]7! and L' is the unique solution of the SDE (2.6)
with respect to (Xi, Bl Yi), i =1, 2. Then, as the Qo’i—dynamics, (Xi, B2t Li)
satisfies (4.1), i = 1,2, Q% -a.s. In particular, we recall (3.6) that

0,i IS i
ECY[LIX!|FY

v —EP x| Y] = Q% -as..t [0, T].

ELIA"T
Thus, there exist two progressively measurable functionals O [0, TIxQ—R
such that U,XIIYZ = di(s, Y.i/\z), dtdQ% -as., i = 1,2. We now consider an inter-

mediate SDE on (2, F, Q%2):

v2 v2 1 2 2 1,2 v2 .
4.2) dX;=o(t, X, ®'(t,Y5,),u(t, Y%,))dB; ", Xo=x;
dL? =h(t, X?)L?dY?, Lj=1,1€[0,T].
Clearly, comparing with (4.1) for QO’I—dynamics (X1, B!, LYY, this SDE has the
same coefficient o (¢, w, .A;) := o (t, Q. As, oLz, a)_ZM), u(z, a)_zM)), and h(z, x)¢,
which is jointly measurable, uniformly Lipschitz in ¢ with linear growth (in £),
uniformly in (¢, w, ¢, £), thanks to Assumption 2.2, except that it is driven by
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the QO’Z—Brownian motion (B2, Y?). Thus, by the classical SDE theory (cf.,
e.g., [14]) we know that there exists a (unique) measurable functional ¥ : Cr x
Cr — Cr x Crp such that (X!, L") = w(B"!,¥"), Q% -as., and (X2, L?) =
w(B2,Y%),Q%2-as. Since Q%1 o (BL!, YH=1 = Q%206 (B2, Y2~ = QD the
Wiener measure on (€2, F), we deduce that

(4.3) Q"o (B, ¥ X', LY =20 (B 2, ¥2, X2, 137

We now claim that (55 2 B2, Z2) coincides with the Q%2-dynamics of (2.4)—(2.5).
Indeed, it suffices to argue that in SDE (4.2),

4.4) ol(r,v2) =EF [RYF ] =05, QPlas.,

where dP? := 1.2 a’@o’z. To see this, we note that, for all ¢+ € [0, T] and any
bounded Borel measurable function f : C; — R, it follows from (4.3) and the
definition of UtX|Y that

= EP[F(r2)R2] =EF £ (r2, ) uX T,

proving (4.4), whence the claim.

Now, by pathwise uniqueness of SDE (4.1), we conclude that (X2, L2 =
(X2,L%), Q%2-as. Thus, (4.3) implies that Q%! o [(B"!, ¥!, x!, LH]™! =
@0’20[(B1’2, Y?, X2, Lz)]_l, and consequently, QO’I o[(B!, BZ1 X! Yl)]—1 =
Q%26 [(B"2, B%2, X2, Y?)]~!. This proves the uniqueness in law for the system
2.4)—-2.5). O

We now turn our attention to the main result of this section: the pathwise unique-
ness of (4.1). We shall establish some fundamental estimates which will be useful
in our future discussions. Since all controlled dynamics are constructed via the ref-
erence probability space (€2, F, Q%), we shall consider only their Q°-dynamics,
namely the solution to (4.1). Recall the space L? (Q°% L%([0, TY)), p > 1, and the
norm || - ||, » go defined by (2.3). We have the following important result.

PROPOSITION 4.2. Assume that Assumption 2.2 is in force. Let u, v € %q be
given. Then, for any p > 2, there exists a constant Cj, > 0, such that the following
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estimates hold.:

EY[ sup (IX¥ = xUP+ |1t — L2+ xeLy — xL )]
0<s<T

4.5) 5
=< CHM - v”z’z’(@();

6)  EC[ sup |X¥—X!|"] < Cpllu—vl

p
0-
0<s<T p.2.Q

PROOF. We split the proof into several steps. Throughout this proof, we let
C > 0 be a generic constant, depending only on the bounds and Lipschitz constants
of the coefficients and the time duration 7 > 0, and it is allowed to vary from line
to line.

Step 1 (Estimate for X). First, let us denote, for any u € %,

A
(47) Ou(t9 ("2UNTS IL?) = [I‘QO(I’ Dnts Ys MI)MI:(dy)7 (tv (0) € [Oa T] X (CT,

and p! = pXY o P~ =P o (BP[X¥|FY1)~", t > 0. Then, we have
o (e, X! 1) — 0 (1, XV 1)

=‘/ a(t,X?‘A,,y,uz)u?(dy)—f o(r, X.”M,y,vt)/x})(dy)‘
R R
(4.8)

sc{|u,—vt|+ sup | X" — X"|

0<s<t

+ ‘/Ra(t, XU ¥y o) [y (@y) — Mf(dy)]u-

Next, let us denote S} = EQO[L? X“|F¥] and St”’0 = EQO[L;‘I]-}Y], and define S/,
Stv’o in a similar way. By (2.19) and the fact that dIP"* = L%, dQP, we see

] [ o Xty - u”(dy)]]

— (B0 (1 onr B XVF ] )] = BV o (0 one, BV XY T, )|

EQ[Lex¥|F)
49 :‘EQO{LMG(Z, Ay ——— L u)
“ I TR A
EQ (LY X?|F) ] )}
EQ[LY|F]

‘ =X,
Uu=vy

- L;)G <t’ (2UND

<L+ 1,
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where (noting the definition of %, $*° and the fact that they are both FY -adapted)

Il:EQ() LMO_ tq)/\ S_;/t u _LUO, t(/)/\ Sll‘l u ’
t s WAL Sl’:{’o’ t s WAL S;J’O’ g():XD,M:Ut
u u
. QO u,0 St _ v,0 S_t s
= ‘]E {S[ U(t, (VNS _SZM’O y u) S[ 0<t7 DAt Stv’o’ M) } ‘(p:XUv“:vt ,
and

_ QO v S_ll‘d _ S_tv
12 = ‘]E {Ll‘ |:G <t’ §0~/\[’ Sv’()’ u o t’ QO-/\Z’ SU,O’ u ’q):X”,MZU[

t t

u v
. QO v,0 Sl _ S—t
= ‘E {St [0 (t, DAt —S,”’O,u> o*(t, (ZUND S,”’O’u L}:X”,u:vt

Clearly, we have

QP v,O|S;4_StU| QO 7 uyu v yv
t
St

To estimate Iy, we write 6 (t, @, Q.Ar, ¥, 2) = Yo (T, Q. ar, ;w) , 2). Since

0,6 (t, 0, Qn1, Y, 2)
S (w S*(w S*(w
=0(ta(p-Ats l( )aZ)_ t( )8yo.<t’(p‘/\l‘9gyz)5
y y y

we see that y > 9,6 (¢, ¢.n;, y,2) is uniformly bounded thanks to Assump-
tion 2.2(iv). Thus, we have

(4.12) I < C13,6[100EY| 540 — 520 < CEY’ |1 — LY|.

From (4.1), we have X* — X? = [{[0" (s, X“,, 1) — ¥ (s, X%, n¥)1dB}. Com-
bining (4.8)—(4.12), we see that

IEQO[ sup |X¥ — X;’|P]

0<s<t

4.11)

t
(4.13) 5CE@°{[/ [ sup |X“ — XV + Jus — v
0 “relo,s]

0 2 0 2 p/2
+ @y - )+ @ L - ox)as]
Applying the Gronwall inequality, we obtain that

t
EQO[O?EJX? - X;}}p] = CEQO”[) [lus — vs|2 +EQOHL? - L;')|2]
)
(4.14) o
B Lext L xPlds |
+ [| s s S| ]] § :
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Step 2 (Estimate for L). We first note that, for ¢ € [0, T],
|Lih(t, X7') — Lih(, X7)

LiXx LYXY
L;‘h(t, ’L’>—L;Jh<t, : ’)‘

‘ Ly
LiX" LYXY

(4.15) 5L;’h<z, fM’)—L;’h<t, fuf)
L; Ly

LiX; LiXY

+ L,“h(t, L )—L;’h(t, % )‘
LYXY LYX?
<C|L¥X! —LYX}| + L;‘h(z, tL?t>_th(z, ZL;)I>"

. . A A v v
To estimate the second term above, we still define i (¢, w, x) = xh(t, M).

Then, similar to (4.11), one shows that x +— E)xft(t, w, x) is uniformly bounded,
thanks to Assumption 2.2(v). Consequently, we have

LYXY LYXY »
Lyh(t, fy’)—th(z, ’Lv’>‘§||8xh||oo|L;‘—Lf|.

t t

(4.16)

Now, combining (4.15) and (4.16) we obtain
(4.17) \LYR(t, X[) = Lih(t. X7)| < C(ILY — LY+ Ly X} — LY X[).

Therefore, noting that LY =1 + fé h(s, X¥)L¥dY,, we deduce from (4.17) and
Gronwall’s inequality that

EY[ sup LY — LY[]
0<s<t

(4.18)
Q° ! uyu vyv|2 0
<CE |:'/(‘) |LSXS —LSXS| ds], Q"-as.,0<r<T.

Step 3 (Estimate for L;X;). It is clear from (4.14) and (4.18) that it suffices to
find the estimate of LY X} — L} X? in terms of u — v. To see this, we note that

t
Lix" :x+/0 L“X"h(s, X") dY,
(4.19) ‘
+ [ LYE (05, e BV [XUF ] 0] e 4B

v=ug

Now define @(t, X) 2 xh(t, x). Then it is easily seen that as h satisfies Assump-
tion 2.2(vi), h satisfies Assumption 2.2(v). Thus, similar to (4.17) we have

X h(s, XY) — LYXUh(s, X2)| = | L4 (s, X2) — LYA(s. X7)|

(4.20)
< C(IL§ = Li[ + [Ly X — LX),
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On the other hand, for any u € %,q, recalling (4.7) for the notation o* and u*, we
have

APV 2 LYE [0 (5, @ones EX [XUIFY ] 2)] g

I=Ug

— LYEP [0 (5. 9ns BV [XUIFY ] )l |

= |L?o“(t, Xiaes /“L;l) - L;jov(t’ X5 M;})|
Then, following a similar argument as in Step 1, we have
Al < LY EVLY - L+ EV XLy - XLy
+C(ILY = L}|+ |L¥X} — L} X7|) + CLY |ur — vyl

Squaring both sides above and then taking the expectations, we deduce that

EY(|ar ] = c®L (LY - L1+ BV X Ly — xp L)
4.21) .
+ CEC[(LY)|us — i)
Now, combining (4.19)—(4.21), for p > 2 we can find C}, > 0 such that

EY[ sup |Lyxy —L!x}[]

0<s<t

t
= [ [ Lxents, xt) — Lixents x))P s

t
(4.22) +CcEY / |A%Y|? ds
0

t r/29V2/p t
sc,,{EQOKf |us—vs|2ds) ]} +CE@°/ LY — LY P ds
0 0

t
+ CIEQO/ |L“X" — LVX?|* ds.
0
Hence, applying Gronwall’s inequality we obtain

EY[ sup |Lyxt —L2x}[]
0<s<t

(4.23) -
< Cpllu — v||§,’2@0 + CEY fo IL* — LY ds.

Combining (4.23) with (4.18) and applying the Gronwall inequality again, we
conclude that

0
(4.24) EQ { sup |LY — Lj;|2} <Cpliu—vl?

0<s<t

,2,Q0°
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This, together with (4.14) and (4.23), implies (4.5). (4.6) then follows easily
from (4.5) and (4.13), proving the proposition. [

A direct consequence of Proposition 4.2 is the following uniqueness result.

COROLLARY 4.1. Assume that Assumption 2.2 holds. Then the solution to
SDE (4.1) is pathwisely unique.

PROOF. Setting # = v in Proposition 4.2, we obtain the result. [J

5. A stochastic control problem with partial observation. We are now
ready to study the stochastic control problem with partial observation. We first
note that in theory for each (P*, u) € %,q our state-observation dynamics (X*, Y'*)
lives on probability space (€2, F, P*), which varies with control u. We shall con-
sider their Q°-dynamics so that our analysis can be carried out on a common
probability space, thanks to Assumption 2.1. Therefore, in what follows, for each
(P*, u) € %q we consider only the Q°-dynamics (X*, Y, L*), which satisfies the
following SDE:

dX} =o"(t, X", uf)dB},  X§=x;
(5.1) dBF" =dY, — h(t, X")dt, B =0;

where (B!,Y) is a Q°-Brownian motion, dP* = L%dQ°, and MX Y _ pu

[EF'[X,|FY 11~ For simplicity, we denote E*[-] 2 EP'[-] and E°[] 2 EQ’[].
REMARK 5.1. A convenient and practical way to identify admissible control
is to simply consider the space L (QO [0, T (cf. Definition 2.1), which is in-

dependently well defined, thanks to Assumption 2.1. Itis easy to check that, under
Assumption 2.2, u € L ~(QY% [0, TY) if and only if u € L ~(P*; [0, T]). There-

fore, in what follows by U € %, we mean that u € L (QO [0, T])

We recall that for u € %4 and u € £?;(Cr), the coefficient o* in (5.1) is de-
fined by (4.7). Thus, we can write the cost functional as

(5.2) J(u)éIEO{ il +f (s, X", A)ds}.

An admissible control u™ € %,q is said to be optimal if

5.3 J(u*)= inf J(u).

(5.3) () Jnf JGu)

We remark that the cost functional J(-) involves the law of the conditional ex-

pectation of the solution in a nonlinear way. Therefore, such a control problem
is intrinsically “time-inconsistent”, and thus, the dynamic programming approach
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in general does not apply. For this reason, we shall consider only the necessary
condition of the optimal solution, that is, Pontryagin’s maximum principle.

To this end, we let u* € %q be an optimal control, and consider the convex
variations of u*:

(.4 uVi=u 0 —ul),  1€[0,T1,0<6 <1,v € Za.

Here, we assume that u™*, v € L (QO [0, T)). Since U is convex, ut Ve U, for

all t €[0,T], v € g, and 6 € (0, 1). We denote (X%, ¥, L??) to be the corre-
sponding QV-dynamics that satisfies (5.1), with control u?¥. Applying Proposi-
tion 4.2 [(4.5) and (4.6)] and noting that Y is a Brownian motion under Q°, we
get, for p > 2,

(55  lim EO[OS;ET|X9 P XY = Cp dimfu”t = w5 g0 =00

(5.6)  Jim B sup [L{Y — L] =
=0 lo<i<r

In the rest of the section, we shall derive, heuristically, the “variational equa-
tions” which play a fundamental role in the study of maximum principle. The
complete proof will be given in the next section. For notational simplicity, we shall
denote u = u™, the optimal control, from now on, bearing in mind that all discus-
sions will be carried out for the Q°-dynamics, therefore, on the same probability
space.

Now for u', u? € g, let (X!, L') and (X2, L?) denote the corresponding so-

Lutions of (5.1). We define X = sx12=gsxu' @ 2 xu' _ x and §L =812 =

sputt 2o e , and will often drop the superscript “!:>”

clear. Then § X and § L satisfy the equations

if the context is

oo 2
5% = [ [0 (s X}y 1d) =0 (5. X2y )] 4B

(5.7) '
3L = [ [Lh(s, X)) = L2h(s, X2)]aYs.
0

As before, let U/ 2 gu' [X{|FY] and p! = P o [U/17',t>0,i=1,2. We can
easily check that
2
(t Xl/\z’ ) o (t’X?At’Mzz)
=EO{LtU(tv‘p-1m» Utl’Zl) - Ltza(tv‘p-zm» Utz’ZZ)H I=x142=x2;
ol 2o
—EO{SLl’Zo(t LLul2h
= t NI PR
(5.8) 1
2 2 1 2 1 _1 1 2
+ L |:/O D(pa(t’ ot FM@ar = 00) Up s 2 ) (@ — 00g) A
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! 2 2 1 2 1 1 2
+/0 aya(t, o U +)“(Ut -U; )’ Z )d)‘ : (Ut -U; )

1
+/O 3.0(t, 0%, UF, 22+ (2! —2%))dr- (2! — zz)“\wl_xl,wz_xz;.
2

zl =u,l ,zzzu,

Now let u! = u?V and u? = u* = u, and denote
X@,v _ xu L9,v —Lu
59Xé59X“’”:—, 89Lé89L“’”:—,
0 ]
U@,v —_yv
SoU = SpU™? = —

Combining (5.7) and (5.8), we have

t
S0 X, :/0 B8 Ls -0 (s, 0L, UP, 2 iyorn. 4+ D107 (89 X n5)

Zl=u€‘v
(5.9) 0f po 2 1 | 0 1
+E {B ,u,v(s’ Porss L )89U5}|w2=>("; + CU,u,v(s)(vs - ”S)}st ’
zl=u§’v
where
[Do )" (y)

1
:EO{L?/O Dtpa(t’(p?w +)‘(¢’-1At _(p~2At)’ Utg’vvzl)(w)d)‘}
(5.10) X
Be’u’v(t"p?/\tvzl):l‘tu/o 8y0(t’¢~2/\sztu+)‘(Ute’v - Utu)’zl)d)"

w1=X9'v,(p2=Xu, )

Zl=u?‘v

1
cer =Bt [0 (9%, U2 40 = D) o

2=uy
Here, the integral involving the Fréchet derivative Do is in the sense of Bochner.

. o0 _ EOLYUXIUIF) EO[L! X! F) ]
Noting that U;,"" = — 5 t—= and U} = = L0
gthat U™ = "gozn U = Tl

E°[LY | FY IBOLL] X[ | F) ] — BOLL] | FY IR0y x| F) ]

, we can easily check that

(SQU[ -
OEOLL | FYIEO[LY| Y]
 EO[LY|FVIE 8oL, X[ + LiSo X | FY1— B8 L, | FYIEC[LY X 2| F) ]
S EO[L{"| ) TEOLLY | FY ]

_ E°[8gL X[ + L8y X,|FY ]
- EO[L]"|FY]
E°[8o LI F11,
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Now, sending 6§ — 0, and assuming that
(5.12) Ki=K"“" 2 lim8X""; Ry =R"“"2 lim §9L""
0—0 6—0
both exist in L2(QV), then from (5.7)—(5.11) we have, at least formally,
t
Kt = \/(‘) {EO[RSU(S, D.As s U;l, Z)]l(pZX”,Z:Ms + [DG]?’U(KJ\S)

EO[Ry X! 4+ LY K| FY]
EO[L¥|FY]

(5.13) +E°[B“’”(s, @-Ass z)(

EO[R|F)]
— S U)o + €500 = B,
S S

Z=ug

where
(D1 (¥) = B LY Dyor (t, @.ne Uy's )W) ooz
(514) B (1,00, 2) = LEDyo (1, .00, UF, 2),
Cy* 1) SELYD0 (1. g0, U ) lpmesemu-
Observing also that U¥ is F,' -measurable, we have

EO[Ry XY + LYK|FY1  E°[R,|F)] u)}‘
EO[L|FY ] EO[LU|FY] ™ ) 112y

]EOI:BM’U(S7 @'AS! Z)(

=E" [8ya(s, P-nss UsM’ Z)Eu{(L?)_lRS [X? - Usl'l] + KSlst}N‘Pf_X”;

(5.15)  =E“[(LY) 0,0 (s, 9y, U )[R [XY = UF] + LYK ]l oo

=Ug

= Eo[aya(s, D.As s U;,/t, Z)(RSX;{ + L?Ks)
— Udyo (s, .nss U, 2) Ryl p=xu. .

KR
i=Us

Consequently, if we define

A
(5'16) \Ij(tv ¢~At7 X, yv Z) = G(t’ go'/\[’ yv Z) + ayo(t7 (p'Al‘v y7 Z)(x - )7),

then we can rewrite (5.13) as

t
K; =f {E°[W (s, @.ns, X, UY, 2) Ry + 8,0 (5, @.ns, U;‘,z)L?KS]WiXu;
(5.17) 1 o
+[Doly " (K.ps) + Co () (vs — ug)} dBg.

Similarly, we can formally write down the SDE for R:

t
(5.18) Rt=/[Rsh(s,X?)+L?8xh(s,X;‘)Ks]dYs, £>0.
0
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The following theorem is regarding the well-posedness of the SDEs (5.17)
and (5.18).

THEOREM 5.1. Assume that Assumption 2.2 is in force, and let u,v €
Ly (Q% [0, T1) be given. Then there is a unique solution (K, R) € £g°~ (Q;
C2) to SDEs (5.17) and (5.18).

PROOF. Let u,v € Loy (Q%[0,T]) be given. We define F!(K,R) and
F,z(K, R), t €10, T], to be the right-hand side of (5.17) and (5.18), respectively.

We first observe that F,'(0,0) = [j C%V(s)(vs — uys)dB/, and F2(0,0) =0,
t € [0, T]. Then, for any p > 2, it holds that

t p/2
(5.19) E“[sup\FSI(O,O)yP]gc,,E“K/ |vs—us|2ds) } t€[0,T].
0

0<s<t
Now let (K7, R) € £°7(Q; Cr), i = 1,2. We define K £ F(K', R)), R £
Fi(K',R),i=12and K2 K' —KL, RER' —RL, K2 K'— K% and R 2
R' — R?. Then, noting that o, dyo, ydyo, and 9,0 are all bounded, thanks to
Assumption 2.2, we see that

(W (t, ., X, ¥, 2)| < C(14|x]), (t.x.y.2)€[0,T] x R?, ¢ € Cr,

where, and in what follows, C > 0 is some generic constant which is allowed to
vary from line to line. It then follows that
(5.20) [ELW (1, @ nes X U )Ry + 830 (1, 9o, U 2) LYK

< CE[(1+ |X)IR, |+ [Li Ki] < CIEQI K, + | R P])2.

Since Dyo is also bounded, we have |[Do ;" ()| < C supg<<; | (5)], for ¥ €

Cr. Then from the definition of K and (5.20) we have, for any p > 2 and t €
[0, 7],

. t _ -
B[ sup [R,P7] = [ (BRI + 1R, 1) ds
0<s<t 0

(5.21) )
+ Cp/ E[ sup IR, PP]ds.
0 0<r<s
On the qther hand, the boundedness of 4 and d, /& implies that, recalling the defini-
tion of R, for p>2and ¢ € [0, T],

(B[ 2. 71) "EOT R P12 "EOT e R 1P
sup|R,|”])" < C, BRI ds +Cp | EOILKS|T ds

sS<t

(5.22) o o
= Cpfo (E°[|Ry|])* ds —i—C,,/O EO[| K, |27 ] ds.
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Combining (5.21) and (5.22) we have, for ¢t € [0, T'],

B sup 1Rs"] + (E°[ sup 1&17])°

O<s=<t 0<s<t

gcp/Ot(EO[ sup |1€,|2P]+(E0[ sup |1§,|f’]2)ds

0<r<s 0<r<s
This, together with (5.19), enables us to apply standard SDE arguments to deduce
that there is a unique solution (K, R) € ZFOO_(IP; Cr) of (5.17) and (5.18), such
that for all p > 2, it holds that

2 2
(5.23) E°LIK I ]+ ETIRIE] < Cpllos — usl? 5 go-

We leave it to the interested reader, and this completes the proof. [

6. Variational equations. In this section, we validate the heuristic arguments
in the previous section and derive the variational equation of the optimal trajectory
rigorously. Recall the processes §p X = dg X*'V, Sg L = §p L™, and (K, R) defined
in the previous section. Denote

A ~0 A
6.1) n’ = 80X, — K, 7’ =8¢L; — Ry, t€[0,T].

Our main purpose of this section is to prove the following result.

PROPOSITION 6.1. Let (P, u) = (P*",u*) € Uq be an optimal control,
(X", L") be the corresponding solution of (5.1) and let U}' = E"[ X} |.7-",Y], t>0.
For any v € %y, let (K, R) = (K"?, R""V) be the solution of the linear equations
(5.17) and (5.18). Then, for all p > 1, it holds that

x0.v _ xu P
(62)  lim EO[Hn 1%, ] = lim IEO[ sup | —=—"5 K, ]:0;
5€[0,T] 0
LY — LY P
(6.3) l1m EO[Hn I¢, 1= hm EO[ sup |[=—% — Ry :|:O.
5€[0,T] 6

The proof of Proposition 6.1 is quite lengthy, and we shall split it into two parts.
PROOF OF (6.3). This part is relatively easy. We note that with a direct cal-

culation using the equations (5.7) and (5.18) it is readily seen that ﬁe satisfies the
following SDE:

/ (r, X0V)dy,

+ /0 L /O Oxh(r, X! + 20 (nf + K,))nf ddY, + 10 + 177,

(6.4)
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where

t
1= [ R X0~ (e X0) v,
0
t 1
12 :f Lf/ duh(r, Xy +20(n] + K,))K, dr.dY,
0 0

t
—/ L¥3:h(r, X")K, dY,.
0
We claim that, for all p > 1,

lim B4| sup [1}9]P =0,
6—0 [te[O,pT]’ a ]
(6.5)

lim E*| sup 7] =o.

-0 I:te[O,T]| - ]

Indeed, note that dY, = de2 — h(t, X})dt, and B2 is a P“-Brownian motion.
Proposition 4.2, together with the bounded and continuity of /# and 9,4, leads
to that, for all p > 2,

]E”{ sup |I,]’9}p]

te[0,T]
t p
:EO{U; sup | [* R[s. X2) — h(s, X2)] %, }
te[0,T11V0
t p
521[«:“{ sup | [* R[5, X0) — h(s, x4)] a8 }
tel0,7]1/0

+ ZEO{L’% sup
1€[0,T]

/Oz Ry[h(s, XO¥) — h(s, X")]h(s, X") ds

|

T
< c,,EO{U;/ RP(IX%? = X¥|” A l)ds}
0

< Cp{EO[(U%f]}%{EO[S:[gPT] &P} {EO[‘Y:[I(J)PT]GXSG’” -xiPan])
2
3

2
<clfs,

< Cplu—i], oo <

where we used the following estimate for any function f € L°°(R) bounded by
Co>1:

£ ) = F()PP < Co(| f(x) — F(x)| A1))P

<QC)(f@) — f() A1), Vpz2.



3230 R. BUCKDAHN, J. LI AND J. MA

Similarly, we have

E”{ sup |I,2’9|p}:1EO{L’} sup

t 1
[ ek [ (o x4 200 + &)
t€[0,T] te[0,71170 0

|

T 1
< [l ] [ fount Xt 4+ 2008 + K,)

— auh(r X)) dk] av,

— Oh(r, Xf)\d)»rdr}

< CpEo{foT[/olﬂf)xh(r, X" +20(n + K,))

1/3
—axh(r,Xf)}z/\l]d)»}dr} .

Here, in the above the second inequality follows from (6.6) applied to d./, the
Holder inequality, and the fact that L”, K € ZF"O ~(Q% C7) (see Theorem 5.1),
and the last inequality follows from the L?-estimate (5.23). Now, from (4.5), (5.17)
and (5.18) we see that

B sup (jnf*+1KD)} <c,  0e.
tel0,7T]

Hence, since 0[||17%[|c; + || K [lc;] — 0, in probability Q°, as @ — 0, the continuity
of d, 4 and the bounded convergence theorem then imply (6.5), proving the claim.
Recalling (6.4), we see that (6.3) follows from (6.5), provided (6.2) holds, which
we now substantiate. [J

PROOF OF (6.2). This part is more involved. We first rewrite (5.9) as follows:

t
59X, = [0 (EY{(7 + Ry)o (5. 9onss U, )}y yow,

0,v
z=lg

(6.7) +[Da 1% (0P, + K.as) +E{ BV (s, @.0s, 2)80 UsHl o=

+ COV () (v — ug)} dB..
Here, [Do1%%?, B%*V and C%*V are defined by (5.10). Furthermore, in light

of (5.11), we can also write
EOLGH, + R)X["" + Ly of + KDIF1_ EOLG + ROIF
EO[LY Y| FY ] EOLL)U\ Y

89U[ -
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Plugging this into (6.7), we have

t
8o X, = /O {Eo{ﬁfd(s,w-As,Uf’”,z)}l xow + D312 (0%, )

91)
z=ug

Ol x 0 + Lunf | FI
EO[LSY | FY]

+ ]EO{BQ’M’U(S’ P.-As > Z)|:

Orz6| Y
S ]

- «. tdB]
EO[L?’UUTSY] K p=X"; } N

Gv
z=ug

t
+ /O {EO{Rsa(s, @nss U )Y yyor, + D10V (K ops)

_ 0w
=ug

EO[Ry X0V + LUK | FY ]
EO[LSY | FY ]
EO[RS|‘FtY] u 0,u,v 1
_ WUS }})‘”:XZ'? + COY (5) (vg — ux)} dB!.
N z=uyg’
Now, recalling (5.17) [or more conveniently, (5.13)] we have
9 =& X: — K;

+E°{Be’“’“(s, . z)[

—/ {EO (s, (ﬂ/\S,U,eyv,Z)}l(p:XG,u’ —i—[Dcr]f’”’”(n.eM)

A
EO[7¢ X0V 4+ Luyf | FY]
EO[LY"|FY]

6.8) +E°{BQ’"’”<s, . z)[

_ EUIE Uuw
EO[LY | FY]
+ 13 0,1 + 113,9,2
where, for t € [0, T'],

A
P2 R (5, s UF2) = 0 U Y g e B

p_— }stl
_ 0w
=ug

13,0,3

3,0,4
+ 1; I

+ 1

’

@2=X" 2 2=ug

"2 A/ EN{[Do 1] (K.ns) — [Do 14" (K ps)} d By

EO[R, X0V + LUK, |FY
It303A {EO{BQMU(S (ﬂAv,Z)( LR, Y 9+v . 2 S]
0 EO[Ly "1 FY]

p=X!;

0 Y
w0 - BRI )
O[Ls "1 FY]
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EO[R X" + L“K|FY]
EO[L#|FY]

_Eo[Rs|ff]Uu ’ JB.
EO[Lu|FY] s e )

- ]EO{BMJJ(S’ @'AS! Z)(

A ! u u
342 /0 EO[COY (5) (v — ug) — C™ () (vs — u5)] B -

We have the following lemma.

LEMMA 6.1. Suppose that Assumption 2.2 holds. Then, for all p > 1,

S 3.0, p| _ .
(6.10) lim B { sup |17 ]_0, i=1,....4

0<t<T

PROOF.  We first recall that U%* £ E9-*[X®¥| F¥]and U* 2 E*[X*|FY]. Us-
ing the Kallianpur—Strieble formula, we have

T
B [ ot - )P as
0
0 T
<C Ef
- p{ 0
IEO/T
0

2 Cpd) + I3).

EOL XSV FY ] EOLEXe | F|P
EO[LSY|FY] EOLLSY|FY]

EOLLy X171 EULYXYIFL)P }
S

EO[L%V|FY]  EO[LY|F]
We now estimate 191 and 192 , respectively. First, note that, for any p > 1, we can
find a constant C, > 0 such that for any 6 € (0, 1) and u € %aq,

E[(LS) T+ EOL(LSY) ]+ EO(L) ] < Cp.

6.11)

Thus, applying the Holder and Jensen inequalities as well as Proposition 4.2, we
have, for any p > 1, and 6 € (0, 1),

RO /T EOLLY VXY | Y] — BOLLYXY|F)]
0 EO[LY"|FX]

0, 0,
</TE0{|LS "Xy ”—L;‘X;ﬂp}ds
~Jo EO[LY| FY1p

p
ds

T
< [ et - oxep)
0
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(6.12) % {EOPL?’UXSG,U _ L?X?|2p—2:|}1/2}ds
| EO[LY V| FY 2P

t
= [ (ELd e — ix Py

2p—2 -2 1/2
xABC[ILY XY — LY XY PPIRO[L] T F 1) P ds
<CpOllu— v||2,2,(@0'
Similarly, one can also argue that, for any p > 1, the following estimates hold:

0 T 1 1 p
_/ or7 0.V, -y _EO[Lu]:Y]

0 IEO[Ly"|FY] § 17

< CpBllu —vll22,qo 0e(,1).

Clearly, (6.12) and (6.13) imply that Je1 + 192 < Cpbllu —vllp 5 go, for some con-
stant C,, > 0, depending only on p, the Lipschitz constant of the coefficients,
and T . Therefore, we have

ds

(6.13)

T
(6.14) IEO/O (U — UL P ds < Cpbllu — vlly0.00 — O, as 6 — 0.

We can now prove (6.10) for i = 1,...,4. First, by the Burkholder—Davis—
Gundy inequality, we have

IEO[ sup |I3912 <C/ EOE{Ry[o (s, oL, UPY, 21)
0<t<T

(S (p AS? Uu )]}|¢l:)(9,vyzl=u?¢v }st

(/)2=X",Zz=us
Since o is bounded and Lipschitz continuous in (¢, y, z), it follows from Propo-
sition 4.2 and (6.14) that limg_, o E° [supo<;<r |I3 0.1 |2] = (. By the similar argu-
ments using the continuity of Dyo and that of 9,0, respectively, it is not hard to
show that, for all p > 1,
hmEO[ sup [102|F ]_0; hmEo[ sup |104F ]_O.
0 0<t<T 0<t<T

It remains to prove the convergence of 73?3, To this end, we note that, for any
p>1,

(6.15) EO[ s[l(l)pT](lR sIP + 1Ky I”)] Cp,
sell,

and by (6.14) we have, for p > 1,

T
lim EOf [EO{[ B2 (s, 9.p5.2) = B (5, 9nss )P H gy |7 ds
6—0 0 -

klzug

(6.16)
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This, together with (6.13), (6.14), an estimate similar to (6.12), and Proposi-
tion 4.2, yields that limg_, o E° [supg<;<r |I3 % 3| ] =0, proving the lemma. [J

We now continue the proof of (6.2). First, we rewrite (6.8) as

t
ol = [ {6 00 UL ot + DO

Eo[ﬁ9X9 U+ Lyng |7 ]
EO[L¥|F)]
4
- }stl +1t3’9’0+21r3’9’l’
i—1

_ B
z=Ug

(6.17) +EO{BQ’“’”(S,§0.M,Z)|:

E%[#7¢|FY] U“
EO[L”U-“Y]

where

t OX0v 4+ Linf | FY
113’9’0é/ EO{BO’”’”(&(AAS,Z)[ iU 0, 1)
0 EO[LS vlfsy]

_ EUIFE UM}

EO[LY" | FY]

B9 X9 + Linf | F) ]
EO[L¥|FY]

- BG’M’U(Sv (p'/\S’ Z)|:

E%[771 71 |
— —— 3 Sy || ,—xu. tdB..
EO[L¥|FY] } } s

With the same argument as before one shows that limg_, ¢ E° [supg<; <7 |1} 3.9, 0| 1=

0. On the other hand, similar to (5.15) one can argue that

EO[BQ,M,U(S o Z)(EO[ﬁQX“ Lind\F1 B\ R ) )}‘
R EO[LY|FY] EO[LY|F]

p=XU,;
0,v
I=Ug

1
= ]EOUO Ay (s, pns, UL + 2 (ULY — UY), z) d

x (X0 4 L = U)o
Z:us’v

Consequently, we have

—/ EO w/\s7g0/\ssz)ns}| Xe*v,q)2=X”,

0,v
7=ug

+E0{ ((p/\s’z)nsH X”,}st1

0,v
=g

+/ (BB (0 Yoy + D10 (0 ) B+ 1,

,U
z=ug’
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where 17 = Yo 1% and
1
1,0/ 1 2 A 2 1 2 6,v 1 2 .
o (¢~/\s’ Donso Z) - /0 DSDU(S’ D As + )‘((p~As - <p~/\s)’ Us ’ Z) ((pA/\s - ¢~/\s) d)"
2,0/ 2 A 2 b
o (¢-As’ Z) = U(Sv Pas Ys ™ Z)

1
[ 0,005, B UL+ MUET = U2),2) AU~ U
0

1
B (92, 7) = L?/O 3yo (s, @2, UL + 2 (UP" = UY), 2) d.
Notice that
o (@l 025 D)+ |05 (020, 2) | < C(1+ |l | + @2 |+ (US| + U

18 (@.n5, 2)| < CLY.

Now by the Burkholder and Cauchy—Schwarz inequalities we have, for all p > 2,
tel0,T],
2
EO[ sup |n?| p]
5€[0,1]

<cp{nr e[ [ (0l + 1+ s o) as] ],

rel0,s]

).

and from Gronwall’s inequality one has

(6.18) ,
<G BRI+ [ @07) as). rerom

On the other hand, setting 119 2 Itw + Itz,g, t € [0, T'], we have from (6.4) that, for
p>2,t€l0,T],

t t

B sup [717] < ¢, (B8, 1+ [ ORI Nds + [ @1l )" s},
s€[0,] 0 0

Then Gronwall’s inequality leads to that

(] suw [31])°

t
< | @18 + [ E 7 as). eeto.T)

Combining (6.18), (6.19), applying (6.5) and Lemma 6.1 as well as the Gronwall
inequality, we can easily deduce (6.2) by sending & — 0. Consequently, (6.3) holds
as well.

(6.19)
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From Proposition 6.1, (5.11) and the above development we also obtain the
following corollary.

COROLLARY 6.1. We assume that Assumption 2.2 holds. Then, for all p > 1,
U@,v —_yv _p
i S V i| =0,

0
- U/, te[0,T].
EO[LY|F] EOLLY|IF T o1

0 U 1= fim WO
glgl%)E [II86U V||(CT] eh_r)r})E [ sup

0<s<T

where
= A EO[R X" + LYK, | FY1 E°[R/|F)]

=

7. Stochastic maximum principle. We are now ready to study the stochastic
maximum principle. The main task will be to determine the appropriate adjoint
equation, which we expect to be a backward stochastic differential equation of
mean-field type. We begin with a simple analysis. Suppose that u = u™ is an opti-
mal control, and for any v € %4, we define u?? by (5.4). Then we have

0,vy _

oo WD =T

- 0

1 0 0 . .
- 5E0{EO[LT,vq>(x, U3 l—ye, — EOLS @ (v, US)llaexy

(7.1) ,
0 0,1) 971}

+‘/(‘) [E [LS f(s’ (/)~/\s" UY 7Z)]|¢:X9,U,

_ O
z=ug

—EO[LY (s, @.nss UL, )]l omxe.] ds}.

z=uUg

Now, repeating the same analysis as that in Proposition 4.2, then sending 6 — O,
it follows from Propositions 4.2, 6.1 and the continuity of the functions ® and f
that

T
0 <E[K7&]+E°[R7O] + EO{ fo [E[Rs £ (5, @-ns» UY, 2) ]l pmxt 2=u,

B0y (5. 9.n5. UL 2) (XY = U Ry + LUK Jlgmxe o,

o +EO[LYDy f (5, 9.n5 U, 2) (Wons) [l p= Xt zmuy =K
+EO[L 0, £ (5, @onss U, 2)]lpmxu 2mu, (Vs — 11s)) ds},

where

03 & S EO[LY0:D(x, Uf)]lemxs + LEE[3,® (X4, ¥)]ly— o,

A
© = E°[®(XT. y)]ly—uy + (X7 — UD)E [, @ (XT. y)]ly—uy-
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We now consider the adjoint equations that take the following form of backward
SDEs on the reference space (€2, F, QO):
(74) dp,z—ottdt—}—drt—i—qtdB,l—}—'c],dYt, pPr :f,

' dQ,=—pdt +d%, + M,dB + M, dY,, Or =0.

Here, the coefficients «, § as well as the two bounded variation processes I" and
3 are to be determined. Applying It6’s formula and recalling the variational equa-
tions (5.17) and (5.18), we can easily derive (denote U} = E“[ X} |]-“tY], tel0,T)

ElsK 7] +E°[OR7]

T
= /0 [—EO[K 5] — EO[R,Bs] + E[¢s EO[ Rya (5, @.ns, U, )] p=xr. ]

7=Ug

@5 A EGE 3,0 (5. @uns. UL (XY = UY)Ry + LKl yore ]

7=y

+E0[gs[Do 14V (K ns) + qsCo" () (vs — ug) + My Ryh(s, XY)
~ T
+HLK L0, h(s X0 s + B [ (& ars + Rz,
0

where [Do ]V and C* 'V are defined by (5.14).
By Fubini’s theorem, we see that

E°[qsE°[Ryo (s, 0 As, U, )]l pexu. ]

I=us

=EO[RE"[q50 (5, Xonss ¥, ts)]ly=v]:
E%[qsE°[8y0 (5, 9zns, Uy, D) [(X§ = US) Ry + Ly Kl g=xe. ]
=EO[E%2[q0y0 (s, Xons, ¥, t4s)]ly=vs [(XY — U¥)Ry + LYKS]].
Furthermore, in light of definition of [Do]*V (5.14), if we denote, for fixed
(t,9,2),
A
(77 gt @ 2)() =E°[LEDyo (t, 9.0 UL, 2)]() € 410, T],
where .Z [0, T'] denotes all the Borel measures on [0, 7'], then we can write

[Do 14" (K.pr) =E°[LYDyo (t, @.nr, U, 2) ()] ] p=xt o,

V=K.At

(7.6)

(7.8) ;
= / Kr,ug (r, X"\, ur)(dr).
0

Let us now argue that a similar Fubini theorem argument holds for the random
measure ug (t, X",  us)(-). First, for a given process g € L%(QO; [0, T]), consider
the following finite variation (FV) process [in fact, under Assumption 2.2, inte-

grable variation (IV) process]:

A [T pins 0
(7.9) AY :/0 /0 gsito (s, X" s us)(dr)ds, 1[0, T].
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It is easy to check, as a (randomized) signed measure on [0, T'], it holds Qo—almost
surely that dAY = ftT qsil (s, X", us)(dt)ds. We note that being a “raw FV”
process, the process A° is not F-adapted. We now consider its dual predictable
projection:

T A
(7.10) p(/ qsug(s, X" 5o us)(dt) ds) = d[PA7], tel0,T].
t

We remark that d[”A;] is a predicable random measure that can be formally un-
derstood as

d[PA7] = B[4 AT |Fi]

T
=Eo[/{ qSMS (s, X" ., us)(dt)ds‘]-}_], te[0,T].

Using the definition of dual predicable projection and (7.8), we see that, for the
continuous process K € L%(QO; Cr),

T 0 u,v T 0 s 0 u
/(; E°[¢s[ Do (K./\s)]dSZ/O E [qsfo Ky (r, X_/\r,ur)(dr)} ds
T T
7.11 :EO[ K,dA"} :Eo[ K, d[PA° }
.1 | Kedaz | =B [ K drag]

:EOUOT K{’(/rquug(s, Xf‘m,us)(dr)dsﬂ.

Similarly, we denote A,f 2 fOT Oms /,L(}(S,X,”M,us)(dr)ds, t € [0,T]; and de-

note its dual predicable projection by 7( ftT ,u(}(s, X" . ug)dt)ds) =d [pAtf 1,
tel0,T].
We now plug (7.6) and (7.11) into (7.5) to get

E°[eK7] +E°[ORT]
T
= EO{/O {Ks[—as + LYE%[qydyo (s, X", v. )] ly=u
+ MLY3ch(s, X)) + Ry[—Bs + E°[g50 (5, X.ng ¥ us)]ly=u

+ Mgh(s, X")] + g5 C"" (vg — uy)
(7.12)

T
T
+EO{/ [KdTs + deEs]}
0
0 d A
=K {/(; [_Ksé\ls — R;Bs + CISCZ’U(S)(US — l,ts)] ds + K, d[pA?']

+ [KsdTs + deﬁs]},
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where
.~ A _
A = — L?Eo[qtaya(t, X"y u,)]|y:U[u — M,LY0h(t, X}');
~ A ~
(713) IBI = /31‘ - Eo[qta(tv X~/\tv Y, Ml‘):“y:UI“ - Mlh(ta Xll‘/t)
— E%qidyo (1, X%, v, )] ly=pp (X} = U}).

Combining (7.2) and (7.12) and using the processes d A, dA' and their dual
predicable projections, we have

T A T
0 sEO{fO [— K@ — Ryfs + s C(5) (05 — uy)] ds +f0 st[f’A;’]}

0 T 0
+E {/(\) [RS[]E [f(S’X~AS’y’uS)]|y=U§‘

(7.14)  +E%[3y f (s, X'l v, us) |ly=uu (X§ = UY)]
+ LYKEO[9y f (5, X" g0 v, us) | ly=uz + C't" () (vs — us)] ds

T T
+/ st[pA{]}—i-EO{/ [strs+dezs]},
0 0

where C'}’v(s) E EO[LYD, £ (5, @.ns, U, 2)]| p=xu, . Now, if we set &, =0, and

I=Ug

Q= L?Eo[ayf(t’ X0 v un)]ly=vzs
B =E°[f(t, Xonsr yo )]l y—up
+E°[By f (1, X'y voue) ly=up (XY = U
dT, = —d[PA?] — d[PA]],

(7.15)

then (7.14) becomes

(7.16) 0< EO{/(;T[qscg’“(s) +CP()] vy — us)ds}, v € Yag.

From this, we should be able to derive the maximum principle, provided that the
adjoint equation (7.4) with coefficients «, 8, and I" determined by (7.13) and (7.15)
is well defined.

REMARK 7.1. (1) We remark that the process I" in (7.15) should be consid-
ered as a mapping from the space L%([O, T] x Q) x L%(Q; Cr) x L%([O, T] x
Q; U) to #F([0, T]), the space of all the random measures on [0, 7], such that:

(1) (¢, w) — u(t, w, A) is F-progressively measurable, for all A € A([0, T]);

(i) u(t, w, ) € # ([0, T]) is a finite Borel measure on [0, T'].
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(2) Assumption 2.2(iii) implies that the random measure Dy [q, X*, u](z, dt)
satisfies the following estimate: for any g € L%([O, T] x Q) and u € Y,

T T \|p T
EOUO \dPA;fy]=E0/O (/t qs,ug(s,Xf’AS,us)(dt)ds>}

T K
sEOfO fo |qs|ru2(s,X?‘M,us)wr)!ds]

T Ky T
<m! [ |qs|/6(s,dz)ds}scE°{/ |qs|ds}
0 0 0

< Cliqll2,2,qo-

The same estimate holds for D ([ X", u](z, dt) as well.

(3) Clearly, the processes A° and A/ are originated from the Fréchet derivatives
of o and f, respectively, with respect to the path ¢.»;. If o and f are of Markovian
type, then they will be absolutely continuous with respect to the Lebesgue measure.

(7.17)

We shall now validate all the arguments presented above. To begin with, we
note that the choice of «, 8, and I via by (7.13) and (7.15), together with the
terminal condition (£, ®) by (7.3), amounts to saying that the processes (p, ¢, §)
and (Q, M, M) solve the BSDE

dp; = _LtM{EO[ayf(t’ Xfl/\z’ Y, ”t)]|y=U,”
+ Eo[qtaya(t, Xl voud) |ly=uyp
+ Mo,h(t, X")) dt —dP A7 —dP A} +q,dB! + G, dY,.
dQ, =—{E[qio (t, X"\ v, ur)lly—vs — Mih(t, X})
(7.18) + Eo[qtaya(t, XY youe)ly=un (Xf = UYf)
+ B[t Xonrs yo un)]ly=up
+ Eo[ayf(t’ X0y ”t)]|y=U,” (X7 = U)}de
+ M;dB} + M, dy;,
pr =§, Or=0.

Now if we denote n = (p, O)T, W=(B', )T, 2= [Z/[ ;]:4], then we can rewrite
(7.18) in a more abstract (vector) form:

dn; = _{At +EO[G,Etg(t, }’)]|y=U,” + HtEtht}df
(7.19) —T'(E)(t,dt) —To(t,dt) + E; dWy,
nr="1,

where T € L%W (R; QO); A, G, H and h are bounded, vector or matrix-valued
T

FY-adapted processes with appropriate dimensions, g is an R2-valued progres-
sively measurable random field and U is an Y -adapted process. Moreover, the
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R2-valued finite variation processes ['(E) (¢, dt) and I'g(z, dt) take the form

T
r@Edn="([ Suldnar).
(7.20) '

Co(r,dt) = P(/ZT w2 (dr) dr),

where r — /J,i(-), i =1,2,are .#[0, T]-valued measurable random processes sat-
isfying, as measures with respect to the total variation norm,

(7.21) lul@n| +|u?@n| < e, dr),  rel0,71,Q"as.

We note that I'(E)(dt) and I'g(dt) are representing d[PA7 ] and [PAtf] in (7.18),
respectively, and can be substantiated by (7.9) and (7.10). Furthermore, by As-
sumption 2.2, they both satisfy (7.21). To the best of our knowledge, BSDE (7.19)
is beyond all the existing frameworks of BSDEs, and we shall give a brief proof
for its well-posedness.

THEOREM 1. Assume that the Assumption 2.2 is in force. Then the BSDE
(7.19) has a unique solution (n, E).

PROOF. The proof is more or less standard, we shall only point out a key
estimate. For any given E' € L]ZFW ([0, T] x €2; R*), obviously we have a unique
solution (ni , B of (7.19),i =1, 2, respectively, that is,

dni = —{A, + E°[G, Elg(t, y)]ly=ux + H,E!h, ) dt
—T(E")(t,dr) —To(t,dt) + E, dW;,
niT =7.

We define §= gl —g2 gl =y B, i=1,2, respectively. E—&_ EZ. Noting
the linearity of BSDE (7.19), we see that 7 satisfies

T
ﬁt=ft (E9[G

T o
—|—/; 'E)(s,ds) —

I] 2)

s B8 (s, 0)]ly=us + Hy Byhs ) ds
(7.22)

where M/ ra t E; dW;. Therefore,

T - 2
|/r]\t+MtT|2§2H/; {]E Gy Esg(s, y)]|y U“+Hsushs}ds

1

r s
+‘/t '(E)(s,ds)
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Taking expectation on both sides above and noting that E°[7; MtT] =0 and
2
| }

T T =
/t‘ {EO[GS Esg(s, )’)]|y:Ug4 + Hj Eshs}ds

T o
<o —t)EO[/t |Es|2ds],

we have

TA
B+ B[ [ 18P as]
(7.23) ! .
§C(T—z)E°U |§S|2ds]+E0{
t

]
To estimate the term involving F(E), we note that [recall (7.20)] if a square-
integrable process V is increasing and continuous, then so is its dual predictable
projection V. Thus, by the definition of V we have

£ a2 o]

T
28| [ (v = W) av,| < 2B ve = PV Ve = V)
t

o] [ o))" [ )"
[far )= [ v}

Applying this to V; 2 [ [i" B, ||l (ds)| dr, t € [0, T], we have

o) v [ ([ st

t
ropT T o 2
< 4K ’/t / 1B/l (ds)| dr }
L S

T T o 2
/ f |E,|€(r,ds)dr }
tJs

2 T o
} <C(T —t)EO[f |Es|2ds}
0

T o
/z C'(E)(s,ds)

That is,

(7.24) EO[

T L
/t () (s, ds)

< 4E°

T o
§CE0H/ |E,|dr
t

and, therefore, (7.23) becomes

T _ T o
(7.25) E°[7 %] + EO[/ |ES|2ds] <C(T - t)EO[/ |Es|2ds]
t t




A MEAN-FIELD STOCHASTIC CONTROL PROBLEM 3243

With this estimate, and following the standard argument one shows that BSDE
(7.18) is well-posed on [T — &, T'] for some (uniform) & > 0. Iterating the argu-
ment, one can then obtain the well-posedness on [0, T']. We leave the details to the
interested reader. [

We are now ready to prove the main result of this paper. Let us define the
Hamiltonian: for (¢, u) € Cr x #(Cr), and k : [0, T] x Q — R adapted pro-
cess, (t,w,z)€[0,T] x xR,

A
(726) %(I’ , 90-/\17 /“L’ Z; k) - kf(a)) : G(ta (p~/\l‘a M’ Z) + f(tv (p~/\l’ M9 Z)
We have the following theorem.

THEOREM 2 (Stochastic Maximum Principle). Assume that the Assumptions
2.2 and 3.1 hold. Assume further the mapping z +— J(t, p.nr, W, Z) IS convex. Let
u = u* € U be an optimal control and X" the corresponding trajectory. Then,
for dt x dQP-a.e. (t, w) € [0, T x Q it holds that
(7.27) HO(t, o, X", 1t us qr) = inlfj,%”(t, w, X", 1t v q),
ve

where (p,q,q) and (Q, M, M) are the unique solution of the BSDE (77.18).

PROOF. We first recall from (5.14) that
C(6) =EO[LYOf (1, .nt Uf's ) lpmxu cmuy = 02 (8, X% il 101);
Co'0) =E{L{d.0(t, a1, U ) p=xv:z=u, = 0:0 (8, X'y, il us).-
Then (7.16) implies that
T
0<E° [/ [q:CL (1) + C;‘c’"(t)](v, — u,)dt]
(7.28) OT
=]E0|:/ azﬁ(t,a),X."N,//,t”,u,;q,)(v;—u,)dl‘].
0
Therefore, for dt x d@o—a.e. (t,w) €[0,T] x 2, and any v € U, it holds that
(729) 82%(%6’)’)(?/\1’ M[M’ut;ql)(v_ul) ZO
Now, for any v € U, one has, df x d(@o—a.e. on [0, T] x 2,
%(L w, Xf/t/\[v M;‘ds v; ql‘) - %(L w, de/\tv l’l’?v Ut Qt)

1
='/0\ azﬁ(tawaxfl/\t’,u/’;’ul+)"(v_ut);qf)(v_ul)d)\'

1
:A [azjf(t,w’ X?‘/\[’M[u’ut—i_)\'(v_ut);ql)

— 0. (t, 0, X"\ ¥ ur; qr) | (v — uy) di
+ 0,5 (t, 0, XY, 1t urs q) (v —uy) > 0.
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Here the first integral on the right-hand side above is nonnegative due to the con-
vexity of .77 in variable z, and the last term is nonnegative because of (7.29). The
identity (7.27) now follows immediately. [

REMARK 7.2. In stochastic control literature, inequality (7.28) is sometimes
referred to as the stochastic maximum principle in integral form, which in many
applications is useful, as it does not require the convexity assumption on the Hamil-
tonian 7.
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