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Abstract

We study a linear quadratic optimal control problem with stochas-
tic coefficients and a terminal state constraint, which may be in force
merely on a set with positive, but not necessarily full probability.
Under such a partial terminal constraint, the usual approach via a
coupled system of a backward stochastic Riccati equation and a linear
backward equation breaks down. As a remedy, we introduce a fam-
ily of auxiliary problems parametrized by the supersolutions to this
Riccati equation alone. The target functional of these problems dom-
inates the original constrained one and allows for an explicit descrip-
tion of both the optimal control policy and the auxiliary problem’s
value in terms of a suitably constructed optimal signal process. This
suggests that, for the minimal supersolution of the Riccati equation,
the minimizers of the auxiliary problem coincide with those of the
original problem, a conjecture that we see confirmed in all examples
understood so far.
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1 Introduction

Linear quadratic stochastic optimal control problems (stochastic L prob-
lems in short) represent an important class of stochastic control problems
and are very well studied in the literature, cf., e.g., the book by Yong and
Zhou [25], Chapter 6, for an overview. A prototype of a stochastic LQ prob-
lem with linear quadratic cost functional is given by the so-called optimal
follower or optimal tracking problem where one seeks to minimize a cost
criterion of the following form: For a deterministic time horizon 7" > 0, for
a predictable target process (&)o<i<r as well as progressively measurable,
nonnegative processes (14)o<i<r and (ki)o<i<r, for random variables 7 and
=7 known at time T and x € R, find a control u with state process

t
X;L:x+/usds (0<t<T)
0

which minimizes the objective

T T
J"(u) £ E| [/ (X — ft)2utdt + / /{tufdt + (X} — ET)2 ) (1)
0 0

The interpretation of such an LQ problem is the following: The first term
in (1) measures the overall quadratic deviation of the controlled state process
X" from the target process ¢ weighted with a stochastic weight process v.
The second term in (1) measures the incurred tracking effort in terms of run-
ning quadratic costs which are imposed on the control u with stochastic cost
process k. The third term in (1) implements a penalization on the quadratic
deviation of the controlled state X} from the final target position = at
terminal time 7" with nonnegative random penalization parameter 7.

It is well known in the literature that the optimal control to such a
stochastic L(Q problem as well as its optimal value is typically character-
ized by two coupled backward stochastic differential equations (BSDEs): A
backward stochastic Riccati differential equation (BSRDE) of the form

R

2
de; = (C—t — Vt) dt — dN; on [0,T] with er = n (2)
and a linear BSDE of the form

db; = <ﬁbt — ytgt) dt +dM,; on [0,T] with by = n=r, (3)
Ky
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where N and M denote suitable cadlag martingales (cf., e.g., Kohlmann and
Tang [15], Section 5.1).

A number of interesting challenges arise when one allows the terminal
penalization parameter 7 to take the value infinity with positive (not neces-
sarily full) probability. It is then intuitively sensible to interpret the “blow
up” of n as a stochastic terminal state constraint of the form

X} =Z7 ae. on the set {n =400} (4)

on all controlled processes X" that produce a finite value in (1). Mathemat-
ically, it is less obvious how to tackle this delicate “partial” constraint and
how to compute the optimal control as well as the optimal value. Indeed,
note that the involved BS(R)DEs in (2) and (3) will both now exhibit with
positive probability a singularity at final time in this case. The possibly sin-
gular BSRDE in (2) does not pose a serious problem; see Kruse and Popier
[16] and Popier [21]. In contrast, the singularity in the terminal condition
of the linear BSDE in (3) is rather unpleasant because it also involves the
desired target position =7, leaving the terminal condition by = n=r depend
solely on the sign of =1 on the very set { = +o00} where this random variable
has to be matched by the state processes’ terminal value XF.

As a consequence, the classical solution approach cannot be followed di-
rectly. Instead we introduce a family of auxiliary target functionals

J(u) & hstTupE { / (X! — &) vdt + / rpuldt + e (X2 — £9)?
T 0 0

parametrized by supersolutions ¢ of the BSRDE (2) and where éﬁ is an opti-
mal signal process constructed as a judiciously chosen average of future target
positions (&)¢>, and Ep. The target functional J¢ avoids the singularity at
time T" by a “truncation in time” focussing on shorter time horizons 7 < T" at
which we impose a “classical” finite terminal penalization. This penalization
is chosen in such a way that the corresponding optimizers can be extended
consistently to the full interval [0,7) as 7 T T. In fact, the corresponding
auxiliary minimization problems turn out to be solvable in a very satisfactory
way: As already observed in a much simpler setting in Bank et al. [4], we
can give necessary and sufficient conditions for the domain {J¢ < oo} to be
nonempty and we can also describe explicitly the optimal control in feedback
form o N
i = L& - X)) (0<t<T),
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revealing that one should always push the controlled process towards the
optimal signal éc with time-varying urgency given by the ratio ¢;/k;. We can
even show how the regularity and predictability of the targets & and = as
reflected in the signal process éc and its quadratic variation determine the
problem’s value.

We show that for the considered supersolutions ¢ of the BSRDE (2) we
have J¢(u) > J"(u). This leads us to the conjecture that for the minimal
supersolution ¢ = ¢™" (whose existence is guaranteed under mild conditions;
see Kruse and Popier [16]) the minimizers of these functionals are the same.
While we have to leave the proof of this conjecture for future research that
allows one to better control singular BSRDE supersolutions, we do verify the
validity of our conjecture in the examples we found in the literature.

Stochastic control problems, referred to as optimal liquidation problems
in the literature, with almost sure (i.e., n = 400 almost surely) and deter-
ministic terminal state constraint (targeting the terminal position =y = 0),
where the cost functional is allowed to be quadratic in X* and wu (that is,
¢ = 01in (1)) have already been studied in, e.g., Schied [24], Ankirchner
et al. [3] and, in a more general BSPDE framework, in Graewe et al. [12];
allowing the penalization parameter 7 to take the value infinity with positive
probability has been investigated in Kruse and Popier [16]. Ankirchner and
Kruse [2], still within this context of optimal liquidation, allow the objective
functional to be additionally linear in the control u. They also incorporate a
specific nonzero stochastic terminal state constraint where the random target
position Zp is gradually revealed up to terminal time 7. A general class of
stochastic control problems including LQ problems with terminal states be-
ing constrained to a convex set were studied by Ji and Zhou [13]. However, to
the best of our knowledge, stochastic linear quadratic control problems with
& # 0 and possible stochastic terminal state constraint Zp # 0 as considered
in the present paper have not yet been investigated.

The analysis of the stochastic LQ problem in (1) above is especially mo-
tivated by optimal trading and hedging problems in Mathematical Finance.
In this framework the state process X* denotes an agent’s position in some
risky asset that she trades at a turnover rate u. She wants her position to
be as close as possible to a given target strategy & but simultaneously seeks
to minimize the induced quadratic transaction costs which are levied on her
transactions due to, e.g., stochastic price impact as measured by x. The
weight process v captures stochastic volatility, that is, the risk of her open
trading position due to random market fluctuations. Finally, in case of a
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possible but not necessarily almost sure occurrence of specific market condi-
tions, encoded by the event set {n = +00}, she may be required to drive her
position X" imperatively towards a predetermined random value =; at ma-
turity T (e.g., to respect specific requirements of contractual or regulatory
nature concerning her risky asset position). Otherwise, a penalization de-
pending on the deviation of X from the target position = is implemented.
We refer to, e.g., Rogers and Singh [23], Naujokat and Westray [19], Almgren
and Li [1], Frei and Westray [10], Cartea and Jaimungal [8], Cai et al. [7],
Bank et al. [4] and, for asymptotic considerations, to Chan and Sircar [9].
Note, however, that the above cited papers may neither allow for an arbitrary
predictable target strategy & nor for stochastic price impact x and stochastic
volatility v. In particular, none of them consider a stochastic terminal state
constraint like (4) above with general random target position Zr.

The rest of the paper is organized as follows. In Section 2 we formulate
the general stochastic LQ problem with stochastic terminal state constraint.
Our auxiliary control problem and its solution are presented in Section 3. Its
relation to the original LQ problem is discussed and exemplarily illustrated
in Section 4. The proofs are deferred to Section 5 and an appendix collects
a few BSDE-results which may be of independent interest.

2 A stochastic LQ problem with stochastic

terminal state constraint
We fix a finite deterministic time horizon T" > 0 and a filtered probability
space (2,7, (%)o<i<T, P) satisfying the usual conditions of right continuity

and completeness. We let (k;)o<i<r and (v¢)o<i<r denote two progressively
measurable, nonnegative processes such that

4 1
/ (l/t + —) dt < oo P-as. (5)
0 Kt

Moreover, we are given a predictable target process (&;)o<i<r satisfying

T T
E {/ |§t|1/tdt] < oo and / Eydt < 0o P-as., (6)
0 0

a random terminal target position Zp € L°(P,.Zr_) as well as an Fp_-
measurable penalization parameter n taking values in [0, +00]. We further
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assume that

T
P {nzo,/ Vudu:O‘,% <1 P-as. foralltel0,7T). (7)
t

For such v, k,&, =7 and n, one can formulate the following stochastic lin-
ear quadratic optimal control problem: Find a control u from the class of
processes

T
U = {u progressively measurable s.t./ lue| dt < o0 P—a.s.} (8)
0
such that, for given z € R, the controlled state process
t
Xg“‘é:z+/u5ds 0<t<T) (9)
0

minimizes the objective functional

T T
JU(U) é E |:/ (Xtu — gt)2l/tdt + / Ktu?dt + 7’]1{0S77<00} (X% — ET)2:| (10)
0 0
over the set of all constrained policies
U=~ {u € U satistying X} = Zp P-a.s. on {n = —l—oo}}. (11)

In short, we are interested in the stochastic LQ problem

J"(u) — min, (12)
uEU=
where the controller seeks to keep the controlled process X* close to a given
target process £ in such a way that deviations from the final target position =
are also minimized. On {n = +o0}, the final target position has to be reached
a.s. as incorporated in the set of admissible strategies %= in (11).

Remark 2.1.

1. In case where the random penalization parameter 7 is finite almost
surely, the optimization problem in (12) does not include a terminal
state constraint and boils down to a classical stochastic optimal control
problem which is well studied in the literature; c.f., e.g., Kohlmann and
Tang [15].



2. The dynamic condition (7) is very natural for our optimal tracking
problem in (12). It means that at any time ¢t < T some penalization
for deviating from the targets £ and =7 remains conceivable, even con-
ditionally on .%;, so that the controller has to stay alert all the way
until the end.

3. The mild integrability conditions in (5), (6) and (8) ensure that the
stochastic LQ problem in (12) is well defined along with some processes
to be introduced shortly.

Mathematically, the stochastic terminal state constraint
X} =Z7 ae. on{n=+oo} (13)

in the set of allowed controls %= in (11) entails technical difficulties. For
instance, it is far from obvious under what conditions we have = # @ or
whether J"(u) < oo for some u € % =. Also, as explained in the introduction,
the usual solution approach via BSDEs does not accommodate this partial
constraint.

As a possible remedy, instead of tackling the constrained stochastic LQ
problem posed in (12), we propose to formulate a suitable variant of this
problem. Specifically, we will introduce a family of stochastic control prob-

lems
J(u) — min (14)

ueEY ¢

with set of admissible controls
wU° = {u € U satistying J°(u) < oo} (15)

and target functional .J¢ which are parametrized by supersolutions ¢ 2
(¢t)o<t<T to a certain singular backward stochastic differential equation (BSDE)
to be described below in Section 3.1. These auxiliary problems will dom-
inate the stochastic LQ problem stated in (12) in the sense that, for all
parametrizations ¢, we have

J(u) > JNu) forallue ¢ (16)

and

(1]

WU (17)

\]



(cf. Lemma 4.1 below). We will show in Section 3.3 that our auxiliary
problems in (14) can be solved in a very satisfactory way: In terms of £, =r
and the parameter process ¢, we provide necessary and sufficient conditions
which ensure that ¢ # & and describe explicitly the optimal policy u°¢
for (14) as well as the associated minimal costs J¢(4¢). In view of (16)
and (17), we thus obtain both explicit candidate strategies for the general
constrained stochastic LQ problem formulated in (12) as well as conditions
which guarantee existence of controls entailing finite costs in the latter.

To link these problems to the original problem (12) it is natural to consider
“small” solutions to the BSDE. In fact, we conjecture that for the minimal
supersolution ¢™® of the BSDE we have

arg min J” = arg min J" . (18)
Y= %Cmin

While we cannot prove this conjecture in full generality, we provide in Sec-
tion 4 evidence for its validity in certain settings. These include the case
of bounded coefficients, but also some singular cases where, possibly, P[n =
+o0] > 0.

3 An auxiliary control problem

In this section, we will formulate and solve our auxiliary stochastic LQ prob-
lem (14) for fixed ¢. The process ¢ will be a supersolution to a BSRDE which
we discuss in Section 3.1. In Section 3.2, we will introduce our target func-
tional J¢ whose minimizer 4° is derived in Section 3.3 along with the optimal
costs Je(u°).

3.1 Connection between stochastic L(Q problems and
BSRDEs

It is well known in the literature that the solution to stochastic LQ prob-
lems like (12) is intimately related to backward stochastic Riccati differential
equations (BSRDESs): For (12), the Riccati dynamics take the form

2
de, = <C—t - yt) dt —dN, on [0,T) (19)
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for some cadlag martingale (N;)o<¢<r; cf., e.g., Bismut [5, 6]. Moreover, the
recent papers by, e.g., Ankirchner et al. [3], Kruse and Popier [16], Graewe
et al. [12] or Graewe and Horst [11] have shown that a terminal state con-
straint as (13) in the LQ problem typically leads to a singular terminal con-
dition for the corresponding BSRDE of the form

o S ..
hrg%nfct_n P-a.s (20)

This motivates us to let ¢ = (¢;)o<t<r denote from now on an (F;)o<i<r-
adapted, cadlag semimartingale with BSRDE dynamics (19) and terminal
condition (20). In addition, we will assume that

dlc
/ @ < oo on the set {n = +oo}, (21)
[0,7) Ci—

where [¢] denotes the quadratic variation process of ¢ (cf., e.g., Protter [22],
Chapter 11.6, for the quadratic variation process of cadlag semimartingales).

Remark 3.1. 1. As usual the dynamics in (19) have to be understood in
the sense that the pair (¢, N) satisfies

t 2 t
cszct—/ (C—“—Vu)du+/dNu 0<s<t<T). (22)

Koy

In particular, the dynamics in (19) are only required to hold on [0, 7T'—¢]
for every € > 0, that is, strictly before T'. So, more precisely, we will
say that (¢, N) is a supersolution of the BSRDE (19) with terminal
condition 7 if (22) and (20) hold true.

2. For bounded coefficients v, x, 1/k, n, Kohlmann and Tang [15] prove
within a Brownian framework existence and uniqueness of ¢ with dy-
namics in (19) such that limyr ¢, = n exists P-a.s. For the fully sin-
gular case n = +oo P-a.s. and again within a Brownian framework,
existence of a minimal solution (under suitable integrability conditions
on the processes (14)o<t<r and (k¢)o<i<r) to the above BSRDE in (19)
with singular terminal condition lim inf;4 ¢, = +o00 P-a.s. are provided
in Ankirchner et al. [3]; cf. also Graewe et al. [12]. For the present par-
tially singular setup, Kruse and Popier [16] provide sufficient conditions
(including suitable integrability conditions on (k)o<t<r and (v4)o<t<r)

for the existence of a minimal supersolution (¢}**)o<;<7 to the above
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BSRDE in (19) with terminal condition (20) in the sense that ¢ < ¢
for all t € [0,7") and all processes ¢ satisfying likewise (19) and (20).
Existence of actual solutions ¢ with limyur ¢; = 7 is only known under
additional assumptions on 7; see Popier [21].

3. The additional integrability condition (21) on the “blow up” set {n =
+o00} is implicitly shown to hold true in Popier [20] in a Brownian
framework for constant coefficients v = 0 and x = 1; see Theorem 2 and
Proposition 3 in [20]. We require this integrability condition (21) in our
proof of Lemma 3.3 below whose result crucially feeds into our solution
presented in Section 3.3. We will therefore briefly discuss exemplarily in
the appendix sufficient conditions on (k:)o<t<r, (V4t)o<t<r and n under
which property (21) does hold true in the more generic setting of Kruse
and Popier [16].

As a consequence of (19), (20) and (21), let us first ascertain that c is

strictly positive on [0,7"), a result which is crucial for our approach below
and which follows immediately from Lemma 5.4 in the appendix.

Lemma 3.2. For allt € [0,T) we have ¢; > 0 if (7) holds true. O

Next, the BSRDE supersolution ¢ gives rise to the following auxiliary
process
N A ! Cu
L, = L; = ciexp (—/ K—du) 0<t<T). (23)
0 U
Lemma 3.3. Granted (7) holds true, the process (Li)o<i<T 15 @ strictly pos-
itiwve cadlag supermartingale. In particular,

Ly & ltlTr%l L, >0 ezists P-a.s. (24)

and the extended process (Li)o<i<T is a supermartingale on [0,T]. Moreover,
we have {n >0} C {Lr > 0} up to a P-null set.

Proof. Since ¢; > 0 P-a.s. for all 0 <t < T by Lemma 3.2, it is immediate
from (23) that also L; > 0 P-a.s. for all 0 <¢ < T'. Integration by parts and
using the Riccati dynamics of ¢ in (19) yields that L satisfies the stochastic
differential equation

4

1
L(] = Cp, st = Lt_ < dt — —dNt) on [O,T) (25)

Ct— Cy_
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Since N is a cadlag local martingale on [0,7"), we obtain from (25) that the
process L is a strictly positive cadlag supermartingale on [0,7"). Hence, it
follows by the (super-)martingale convergence theorem (see, e.g., Karatzas
and Shreve [14], Chapter 1.3, Problem 3.16) that the limit Ly = limyy Ly
exists P-a.s. and extends the process L to a cadlag supermartingale on all
of [0,T]. Moreover, appealing to the definiton of L in (23) and the terminal
condition liminfyr ¢, > 1 of the process ¢ in (20), we have {0 < n < oo} C
{Lr > 0}. Concerning the “blow up” set {n = +oo}, observe that we may
write

Ly = coe™ SN TJ(1+ AX e (0<t<T), (26)
s<t
where X, & — (f Lods — fg C%d]\fs and where [X|°¢ denotes the continuous

part of its quadratic variation (cf., e.g., Protter [22], Theorem I1.37). Note
that Ly > 0 P-a.s. for all 0 < s < T implies AX, > —1 forall 0 < s < T.
Moreover, applying Taylor’s formula, it holds for all 0 < ¢ < T that

Z }log ((1 + AXS)e_AXS)

s<t

1 1
< 5/ s—dc]s < +oo
[0,T)

cs_

a.e. on the set {n = +oo} by virtue of condition (21). This implies that
the product of the jumps in (26) will converge to a strictly positive limit as
t 1T on {n = +oco}. Concerning the limiting behaviour of the exponential
exp(X; — 3[X]¢) in (26) for ¢ 1 T, observe that once more condition (21)
prevents the limiting value from becoming 0 on {n = +oc}. Indeed, the
local martingale f(f dNg/cs— cannot explode as t T T for those paths along
which its quadratic variation f(f d[c]s/c?_ remains bounded on [0, T) (cf., e.g.,
Protter [22], Chapter V.2, for more details). O

3.2 Auxiliary target functional

Let us assume that the terminal target position Zr is bounded, or, more
generally, that it satisfies

ErLr € LY Fr_,P), (27)

cu/Kudu

where Ly = LS = limur cre” Jo as in (24). Recalling the integrability
requirement (6) for the running target &, let us now introduce the key object
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for our approach, the optimal signal process é which is given by the cadlag
semimartingale

ﬁ}} 0<t<T). (28

t
The optimal signal process é can be viewed as a weighted average of expected
future targets £ and Zp; see our discussion in Remark 3.5 and the represen-
tation of ¢ in (37) below. Our motivation for introducing € becomes very
apparent when reviewing known results in the literature to the stochastic
LQ problem in (12) with bounded coefficients; see Section 4.1 below. Ob-

serve that £ remains unspecified for ¢ = T. In fact, we can readily deduce
from Lemma 3.3 and the integrability conditions (6) and (27)

= ltlTr%lét =Zr ontheset {Lyr >0} D {n>0}. (29)

On the set {Ly = 0} C {n = 0}, though, this convergence may fail (without
harm as it turns out).

Given the optimal signal process (gt)ong, we are now in a position to
introduce the auxiliary LQ target functional

f(u)éanSTupE[ / (X0 — &) 2dt + / reldt + e (X — €| . (30)

where the limes superior is taken over all sequences of stopping times (7"),,—1 2,
converging to terminal time 7T strictly from below. Introducing the set of ad-
missible controls

U° = {u e % satisfying J°(u) < +o0} (31)
as in (15), we will solve completely the auxiliary optimization problem

J(u) — min (32)

ueY ¢

in the next section.

3.3 Explicit solution to the auxiliary problem

As it turns out, the optimal control to our auxiliary stochastic LQ problem
in (32) and its corresponding optimal value are explicitly computable and
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fully characterized by the processes ¢ and éc. In terms of these, we can
also characterize when the set of admissible controls %/ ¢ defined in (31) is
nonempty. In fact, it follows from our analysis below that ¢ # @ if and
only if

T
E { / (gt—ég)%tdt} <400 and E { / ctd[éC]t] < 400, (33)
0 [0,T)

where [éc] denotes the quadratic variation process of the semimartingale éc
of (28). In particular, (33) is necessary and sufficient for well-posedness of
the LQ problem in (32):

Theorem 3.4. Let (5), (6), and (7) hold true. In addition, suppose that c
follows the Riccati dynamics (19) with terminal condition (20) and satisfies
the integrability conditions (21) and (27).

Then we have % # @ if and only if (33) is satisfied. In this case, the

optimal control i € % ° for the auziliary problem (32) with controlled process
X2 X s given by the feedback law

ce G (fe e
Uy = P <€t Xt) 0<t<T), (34)
and the minimal costs are
T
J(i) = col — € + E [ |- s§>2vtdt] +E [ / ctdmt] %)
0 [0, 1)

The proof of Theorem 3.4 is deferred to Section 5 below. Observe that
the feedback law of the optimal control in (34) prescribes a reversion to-
wards the optimal signal process éf rather than towards the current target
position &. The reversion speed is controlled by the ratio ¢;/k;. In particu-
lar, on the “blow-up” set {n = +oc} the optimizer reverts with stronger and
stronger urgency towards the optimal signal éc and hence to the ultimate
target position =7 due to (29). This result generalizes the insights from the
constant coefficient case with almost sure terminal state constraint which are
presented in Bank et al. [4].

Under the integrability conditions (33), the optimal costs J¢(4°) in (35)
of the optimizer 4¢ in (34) are obviously finite. Actually, they nicely separate
into three intuitively appealing terms making transparent how the regularity
and predictability of the targets £ and =1 determine the auxiliary problem’s
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optimal value. The first term represents the costs due to a possibly subop-
timal initial position . The second term shows how the regularity of the
target process ¢ feeds into the overall costs: Targets which are poorly ap-
proximated by the optimal signal process éc in the L?(P®v;dt)-sense produce
higher costs. Finally, the third term reveals the importance of the optimal
signal’s quadratic variation process [EC] Referring to the definition of éc in
(28) (cf. also the representation in (37) below), the quadratic variation [£¢]
can be viewed as a measure for the strength of the fluctuations in the assess-
ment of the average future target positions of £, the terminal position Z¢ and
the random variable Ly which involves the outcome of the penalization pa-
rameter 7 at time 7'. In this sense, the second integrability condition in (33)
can be interpreted as encoding a condition on the predictability of the final
stochastic target position = as well as the random penalization parameter
1. Loosely speaking, it ensures that the outcome of the final position = as
well as the “blow-up” event {n = 400} on which Zr has to be matched by
controls in % ¢ are not allowed to come as “too big a surprise” at final time
T'; see also our discussion in Section 4.2 below.

Remark 3.5 (Interpretation of the optimal signal). Let us present a way to
interpret our optimal signal process é defined in (28). For ease of presentation
and to avoid unnecessary technicalities, let us assume here that the conver-
gence in (24) also holds in L*(P), that E[L7] > 0 and that 0 < v € L}(P®dt)
(these assumptions merely simplify the justification of the representation
in (38) below; cf. Lemma 5.3 in Section 5). Then, by defining the weight
process (wy)o<i<r Via

» E[L7|#]
ST

as well as the measure Q < P on (Q2,.Zr) via

O0<t<T) (36)

Wy

we may write
1

T -
& = 7 E {ETLT +/ &e Jo Ed“wdr
¢ ¢

T e~ tT Z—Zdu
§r————vdr
t

(1 —wy)ey

= Wt ]EQ[ETL?}] + (]_ — wt)]E

7w
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for all 0 < t < T. Recall that the process (L;)o<t<r is a strictly positive
supermartingale by virtue of Lemma 3.3. Consequently, the weight process
satisfies

0<w; <1 P-as. forall0 <t<T,

where the strict inequality follows from Lemma 5.3 below because we assumed
v > 0 here for simplicity. Moreover, the same lemma gives the identity

T . I Z—Zdu
— v, dr
t

E
(1 — 'lUt)Ct

ft] =1 dP®dt-a.e. on Q x [0,7). (38)

That is, loosely speaking, the optimal signal process f in (37) is a convex
combination of a weighted average of expected future target positions of £ and
the expected terminal position =7, computed under the auxiliary measure
Q. The weight shifts gradually towards the ultimate target position = as
t 1+ T, provided that Ly > 0. Indeed, by definition of the weight process
in (36), martingale convergence theorem and the convergence of the process
L in Lemma 3.3, we have

Jlimw, =1 on the set {Ly > 0}.
T

4 Discussion and illustration

Let us return to the initial stochastic LQ problem (12) with target func-
tional (10) and stochastic terminal state constraint (13) and discuss how it
relates to our auxiliary LQ problem (32). Observe that, for the latter, we
tackle and resolve the delicate partial terminal state constraint X7} = Zp
on {n = 400} incorporated in the set of admissible policies = in (11)
by performing a truncation in time in the auxiliary objective functional J¢
in (30). Specifically, we replace the original target functional J" of prob-
lem (12) by a properly chosen limit of stochastic LQ target functionals with
strictly shorter time horizon 7 < T at which we impose a finite terminal pe-
nalization term ¢, (X — éﬁ)z. In fact, the optimal signal process £° turns out
to be the proper key ingredient for choosing these penalizations in a time con-
sistent manner; see Remark 5.2 below. Moreover, in light of liminfyr ¢, >
in (20) and limyp & =Zp on {0 < < +oo} in (29), for any 7 < T
the penalty ¢, (X* — £°)? can be viewed as a proxy of the terminal penalty
N1{o<n<too}(XE—Er)? in J7. Indeed, appealing to Fatou’s Lemma, monotone
convergence as well as (20) and (29), we readily obtain the following:
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Lemma 4.1. [t holds that J(u) > J"(u) for all w € % and all processes ¢
satisfying (19), (20) and (27). In particular, we have

X7 =Zr on the set {n = +oo} for allu e %,
that is, %°¢ C U*=. O

In light of this lemma, it appears very natural for our auxiliary LQ prob-
lem in (32) to consider parameter processes ¢ which are minimal supersolu-
tions. In fact, this motivates our conjecture (18) that

arg min J” = arg min J°

Y= g emin
holds true for the minimal supersolution ¢™™ to the BSRDE in (19) with ter-
minal condition (20). In the following paragraphs of this section, we provide
evidence for the validity of this conjecture. Specifically, we will show how
our approach via the auxiliary LQ problem in (32) with ¢™" allows us to
recover existing results in the literature to specific variants of the stochastic
LQ problem with stochastic terminal state constraint posed in (12). We will
also discuss possible approaches to prove the conjecture (18) based on the
insights from Section 3.3; see the end of Section 4.3 and also Remark 5.2 in
Section 5.

4.1 Bounded coefficients

In case where 7 is bounded along with the processes (v;)o<i<r, (Kt)o<t<T
and (€)o<i<7, our conjecture in (18) holds true. Indeed, under this condi-
tions and within a Brownian framework, Kohlmann and Tang [15] provide
existence and uniqueness of a (minimal supersolution) ¢™™ to the stochastic
Riccati equation (19) such that limyr ™ = 5 holds true P-a.s. They show
that the optimal control 4¢™" in (34) from our Theorem 3.4 solves the LQ
problem in (12) with objective functional J” (over the set of unconstrained
policies =, recall Remark 2.1, 1.)); see Kohlmann and Tang [15], Theorem
5.2. Obviously, our necessary and sufficient integrability conditions stated
in (33) are satisfied in this case. Note, though, that in [15], Section 5.1, the
optimal control 4¢"" is characterized in terms of both the process ¢™" and
the solution process b to the linear BSDE

dbt = (Ct bt — Vté-t) dt + th on [O, T] with bT = ’T]ET, (39)

R
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with some cadlag (local) martingale (M;)o<;<7. More precisely, the optimal
control is described by the feedback law

A cmin ]. min vrcmin Cinin bt - cmin
as :——(ct X —bt): X 0<t<T)
min - -
Rt K¢ Cy

That is, in that setting without terminal constraints, our signal process écmin
of (28) coincides with the ratio b/c™® and so the solution b to the linear
BSDE is an equivalent substitute for this signal process. In contrast, in case
where {n = +o00,Er # 0} has positive probability, the terminal condition
br = nZr becomes problematic in the sense that the linear BSDE loses all
information on Zp except its sign. Our signal process éfmln, however, still
makes sense in this rather natural case. Note that ¢™P¢<™" still satisfies the
linear BSDE dynamics in (39) on [0,7") (see equation (61) below) but this
product may not have a sensible terminal value on {n = 0} U {n = +oc}.
Fortunately, as our analysis shows the optimal signal process always makes
sense when needed. In particular its possible lack of a terminal value on
{n = 0} is without harm for our approach to the optimization problem. It
thus can be viewed as a convenient substitute for the no longer operative
linear BSDE above.

4.2 Constant coefficients

In case of constant coefficients v, = v € Ry, ks = k € Ry and n € [0, +00] the
stochastic Riccati differential equation in (19) boils down to a deterministic
ordinary Riccati differential equation on [0,T] of the form

)G

a=_-v subject to cp =17

with explicitly available deterministic (minimal super-)solutions

Msinh(w/u/n (T—t))—l—?’]COSh(\/l//li (T—t))

. <

C?m = v nsinh(ﬂu/n (T—t))—i—ﬂcosh(ﬂu/n (T—t)) 0< <400 , (40)
VK coth(v/v(T —t)/\/kK), n = +oo

for all 0 <t < T. As a consequence, the process L given in (23) is also just

deterministic and the optimal signal process fcmin in (28) can be computed
explicitly (up to the conditional expectation). Again, our conjecture in (18)
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holds true. Indeed, our optimal control 4" from (34) provided in Theo-
rem 3.4 coincides with the optimal solution of the stochastic LQ problem
in (12) with objective functional J° and J>, respectively, derived in Bank
et al. [4], Theorems 3.1 and 3.2. Therein, our first integrability condition
in (33) is satisfied as soon as the target process ¢ belongs to L*(P @ dt) and
Er € L*(P, #7_). The second integrability condition in (33) simplifies to a
condition on the terminal position = which is equivalent to

/T E[(=r — E[E7| 7))

T — )2 ds < oo;

see Remark 2.1 and Lemma 5.4 in [4]. It thus reveals that the ultimate
target position Zp has to become known “fast enough” for the optimally
controlled process X" in order to reach it at terminal time 7" with finite
expected costs; c.f. also Ankirchner and Kruse [2] who confine themselves
to stochastic terminal state constraints of the form =y = fOT Adt for some
progressively measurable and suitably integrable process (A)o<i<7r which are
gradually revealed as t T 1. Related results of this nature are also provided
in Lii et al. [18].

For the general case with stochastic coefficients v = (v)o<i<r, K =
(Kt)o<t<r and random n € [0, 00], similar effects are to be expected con-
cerning the final target position Zp and the “blow up” event {n = +o00}. As,
in general, all these coefficients can be rather intricately intertwined among
each other, it seems difficult to give conditions on these that ensure = # @
and are more succinct than our conditions in (33).

4.3 Special case: Vanishing targets

In the special case & = Zp = 0 P-a.s., where obviously é = 0 and the
integrability conditions in (33) hold trivially, our conjecture in (18) holds true
as well. Indeed, Kruse and Popier [16] derive under sufficient integrability
conditions on (k¢)o<i<r and (v4)o<t<r existence of a minimal supersolution
™™ to the Riccati BSDE in (19) with terminal condition liminfyr > n €

[0, +00] (recall (20)). The minimal supersolution ¢™" is constructed via the
monotone limit c™" £ Tim, A" for all t € [0,T), where ¢™ denotes the
unique (minimal super-)solution with Riccati dynamics (19) satisfying the
terminal condition limyp cgfl ) = n A n for some constant n > 0. They show

with state process (9) to the stochastic LQ

CII\]I]

that the optimal control @
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problem in (12) with £ = =7 = 0 is given as in (34) of our Theorem 3.4; see
[16], Theorem 3. That is, since £ = 0, the optimal control with controlled

. .min

process Xt &y is simply given by

min min . cmin L
gt = G e _ T g oy <) (41)

R R

and the corresponding optimal costs in (35) simplify dramatically to
Je (ﬁcmin) = cing?, (42)

In fact, in order to tackle the partial state constraint =7 = 0 on the set {n =
+o00}, Kruse and Popier [16] proceed via a truncation in space. Specifically,
they introduce a family of unconstrained variants of problem (12) (with £ =
=r = 0) with objective functionals

J0 (W) 2 E { /O T(Xt“)%th /0 Tfitufdt—l—(n/\n)(Xfﬁ)z . (43)

where the random penalization parameter 7 is replaced by truncated versions

nAn. Then the corresponding optimal controls 4\ = —c{™ X*™ /k, and the

(

corresponding optimal costs J™ (@) = V2?2 clearly satisfy

JNa") < g (ﬁcmin) = g% = lim c(()"):cg
e (44)
= lim J™(a™) = lim J<" (™) < J(a"),

ntoo ntoo

where 4" denotes the optimizer of problem (12) (with ¢ = Zp = 0). It follows
that equality holds everywhere and, by uniqueness of optimizers, 4" = a°"
as conjectured in (18).

For the general case £ # 0 and =7 # 0, one could likewise introduce
as above in (43) a family of unconstrained variants of problem (12) with

objective functionals

T T
J™W(u) =E [/ (X! — &) vdt + / reurdt + (n An)(X4e —Z7r)?] .
0 0
Recall from the discussion in Section 4.1 that this stochastic LQ problem is
fully characterized by the solution processes ¢ and b satisfying the Riccati

BSDE in (19) and the linear BSDE in (39) with terminal conditions cgfl) =nA
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n and b(T” ) = (n An)Zr, respectively. In addition, under sufficient conditions
(e.g. boundedness as discussed in Section 4.1) which guarantee (33) as well
as the convergence

() " ()
limsup E [cﬁ”) (X* - 50( ))2} =FE [(7) An)(XE - ET)2:| ,

.
T

our Theorem 3.4 applies in this context and it holds that

JO (M) = c(()") (x — A8<”>)2
Lo pen ) g1 zetn (45)
vE| [ B[ d0ag)
0 [0,7)

for the optimal control 4(™. As in Kruse and Popier [16], one could then try
to pass to the limit n T co. However, passing to the limit is not as straightfor-
ward in (45) as it is in (44) where we relied heavily on £ = 0, Zr = 0. Indeed,
for convergence of (45), a suitable convergence of our signal processes éd")
would be required which seems to be out of reach with the current knowl-
edge of singular BSRDEs and so a full proof of our conjecture (18) by this
approach has to be left for future research.

5 Proofs

Throughout this section we work under the assumptions of our main result,
Theorem 3.4. Its verification relies on a completion of squares argument
similar to Kohlmann and Tang [15] (cf. also Yong and Zhou [25] for this
method in solving LQ problems). The following lemma summarizes the key
identity for our verification and illustrates again the usefulness of our signal
process £.

Lemma 5.1. Suppose the assumptions of Theorem 3./ hold true. Then for all
progressively measurable, P-a.s. locally L*([0,T), k¢dt)-integrable processes u,
the cost process

t t
Cy(u) £ / (XY — &) veds +/ reuZds + (X — &) (0<t<T)
0 0
s a nonnegative, cadlag local submartingale. It allows for the decomposition

Cy(u) = colz — &) + A(u) + My(u) (0<t<T), (46)
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where

Ay(u) & / (6 — E)vds + / e.dlé),

+/0t,<5 (us—;—z(és—xs))zds (0<t<T) (47)

15 a right continuous, nondecreasing, adapted process and where
t t . . ~
M) 2 (@ - [ G - xoan @
0 0 Ls—
with

T
M, 2 E {ETLT + / e 0wty ds
0

%} 0<t<T) (49)

is a local martingale on [0,T).

Proof. First, note that by (5) and u € L?([0, T), r;dt) locally P-a.s., the cost
process (Cy(u))o<t<r in (46) is well defined along with X™. Let us expand

a(XE— &) = (X2 —2X &+ &2 (0<t<T)

and then apply Ito’s formula to each of the resulting three terms. This
will be prepared by computing the dynamics of the processes § c£ and c§2
respectively, in the following steps 1, 2 and 3. In step 4 we put everything
together and derive our main identity (46).

Step 1: We start with computing the dynamics of our optimal signal
process (&)o<t<r defined in (28). For ease of notation, let us define the
process

Y, £ /fr Jo wvd “vedr (0<t<T).
Observe that Y7 € L*(P) due to (6). Moreover, recall that =Ly € L' (Fr_, P)

by (27) so that (49) defines a cadlag martingale on [0, T']. By the definition
of £ in (28), we can now express £ in terms of Y and M via

35} - S (0n-v)  e0)

é = —E [HTLT+/ 57« J"u VTdT
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for all 0 <t < T. Next, recall the dynamics of L on [0,7) in (25) and note

that
Ly
ALt ——ANt and [L]g =
0

Ci—

2
Ls
C

(VI (51)
where [L]¢ and [N]¢ denote the path-by-path continuous parts of the quadratic
variations of [L] and [N], respectively (cf., e.g., Protter [22], Chapter I1.6, for
more details). Hence, applying It6’s formula as in, e.g., [22], Theorem I1.32,
we obtain

1 1 1

. 4 AL 52
(Ls . 1 ) (52)
Using (51), the summands in the sum in (52) above can be written as

Lo =L, AN, AN,L, =L, (AN)*  (AN,)
LiL,.  Lyc, cs. LsL._ Ly  Lscec,

where we also used Acy = —AN; and thus the identity 1/Ls = ¢s_/(Ls_cs)
in the last equality. Hence, together with the dynamics of L in (25) and [L]°
n (51) we can rewrite (52) as

1 1 by, |
i N,
T.~ Lo +/ Ls_cs_d8+/ I cs_d s

| (AN,)?
+ /0 S +Z Lo (53)

s<t

Now, integrating by parts in (50) and then using the dynamics of 1/L in (53)
gives us

e [ oo [ () [

. X 53_
=4 /(5 ) s_dA+/0 dit,+ [ =,
s5— c 5— ]- "
g+ SN | p ] (54
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where the quadratic covariation can be computed as

L —/t L, N
L', Jo Lees — 7707

AM,AN,  (AN,)?AM,
* Z ( L, c,_ * L, _c,_cg ) ’ (59)
s<t
Collecting all the sums in (54) together with those in (55) yields
AN, - . .
Yoo (CSAMS + ANLAM, + gs_Ls_ANS>
= L, c,_cq
AN, -
= Z I cc. <5sL Cs— — &L, Cs> ; (56)
s<t
where we used the fact that AN, = —Ac, as well as
AMS = Ms - Ms— = ésLs - gs—Ls— (57)

due to the representation of é in (50) and the continuity of Y. Plugging back
(56) into (54) finally gives us

L
dM, + &

f=bo- [le—érZas [ hain [ E=an,

té t 1 _
S d[N]© d{M,N|S
[ Srang+ [ ——an N
AN, - -
— sLs s— S—LS— s) . 58
DD (Ees =& Lo (58)

Step 2: Let us now compute the dynamics of cé . Again, integration by
parts, together with the dynamics of £ in (58), yields

t t
b = cobo + / Co dés + / £ des + [c, gL
= cobo — / Esvsds + / £ Sds+ / 7 —dM,
0 S—

F - t
[N18+ |t

+Z 22 (Eber —éLoe) + [e] (59)
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The quadratic covariation in (59) can be computed as

8], = [ it v - [ S

0 Cs—
B AN AM, & AN)
(AN;)?
> Tee <§8L o — & L cs) . (60)

The sums of the jumps in the quadratic covariation in (60) can be rewritten
(using again the identity in (57) as well as the fact that Acy; = —ANj) as

- LAiN (AM CoCo + E AN, Ly_cs + ANE, Lycs — ANLE,_ Ls_cs)

= —Z A]\S (&L Com — &Ly cs> :

With this observation, plugging back the quadratic covariation in (60) into
(59), we simply get

. . t b2 tegl -
Ctgt = Co&) — / gsl/sds —+ / 55_—Sd8 —+ / dMs (61)
0 0 K o Ls—

Step 3: Next, we compute the dynamics of céz. Application of integration
by parts together with the dynamics of £ in (58) yields

3=%+gf&¢&+@
= _2/58 Sds+2/€5 dM, + 2

+2 / Eg—d[N]g+2 - d[M, N]°

o Ls_cs_

LéL

0 Cs—

d Ny

+ QZ £ (&L Com — fs_Ls_cs) + [

L, _c,_cq
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Consequently, using once more integration by parts, we obtain

€ = ol + / o €+ / & dey + [c. €,

a t
= 2 -2 / £, ( veds + 2 / S 1T, + 2 / €2 4N,
0 L, 0
65— c 53— Y c
+2 ) = d[N]S+2 —d[M, NJ;
0 “s—
gs—AN ! A
£23 N (gsL v —boLocs) + | eodld,

/53— /§ l/sds—/§ dNs + [c ] (62)

The final quadratic covariation in (62) can be computed as

[, = —2 : i d[M N =2 5S‘AMAN
S s<t 8_
t £2 £2
Sy &
—2 (AN,)?

—22 L s (53 o =€ Loc) + /0 Aedd. (63)

Observe that the sum of jumps in (63) can be rewritten as

§S_AN
- QZ T o e (AM CsCo —l—fS_AN cslg_

FANE Loce — g;_Ls_csANs)

D SE 1 (T )

s<t S_CS

where we used once more the identity in (57) and Ac, = —AN,. With this
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observation, plugging back (63) into (62), we finally obtain

‘ ~
Ctgt - C060 _2/ 58 €5V5d8—|—/ fs—Vst_‘_Q/ ngs_dMs

Ss—

—i—/o ész_d]\fs—ir/o csd /5 sds (64)

Step 4: Let us now put together all the computatlons from the preced-
ing steps. Specifically, let u be a progressively measurable, P-a.s. locally
L3([0,T), kydt)-integrable process with corresponding controlled process X*.
Due to our computations in (61) and (64) as well as the fact that X" is
continuous and of finite variation, we get for all 0 <t < T that

cr( X — ét)2 = Ct(Xtu)2 - 2Xtuct€t + Ctgtz

t t t
=co(z — &)* + / csd[€]s — / (X")vds + 2/ Xivs€sds
t . ‘ Ot 2 ) ° t t
— 2/ csus(&s — X)ds + / =X~ &)2ds — 2/ & veds + / £2v,ds
0 0 hs 0 0
t te . ~
s [@ - ooz [ 25 (G- xx)at, (65)
Observe that the last two stochastic integrands sum up to M;(u) defined

n (48). Furthermore, two completions of squares in the third line of (65)
yield

Ct(X;L_ét)z
_ R Y ! Al ! u\2 ' u
= co(x — &) +/0 csd[€]s /O(XS) z/sds+2/0 Xivs€sds

—l—/ot Kg (us — ;—ss (53 X:))zds"‘/ot(gs —és)zVst

¢ ¢
—/ KsuZds —/ E2vyds + My (u)
0 0

= co(x — 50)2 + / csd[é]s — / (XY — &) veds
0 0

+ /Ot s (u — Z— (Es - X;‘))zds + /Ot(& — &) rds

t
—/ Kkeuds + My (u)
0

26



Consequently, we can write
t t R
0 < Cy(u) = / (XY — £)vds +/ rsuZds + ¢y (X — &)?
0 0

= cola — 60 + / cudlé], + / (6 — )wds

—|—/0tl£s (us—z—ss(és—Xg))zdSJth(u)

= colx — &) + A(u) + My(u) (0<t<T) (66)

with (A¢(u))o<t<r as defined in (47). Finally, observe that the process
(Ai(u))o<t<r is a right continuous, nondecreasing, adapted process and that
(My(u))o<t<r is a cadlag local martingale because M and N are local mar-
tingales on [0,7) and all integrands in (48) are left continuous (cf., e.g.,
Protter [22], Theorem II1.33). Consequently, we have that (Cy(u))o<i<r is a
nonnegative, cadlag local submartingale. O

We are now ready to give the proof of our main Theorem 3.4:

Proof of Theorem 3.4: First, let us assume that ¢ # @. For any
u € %° we can consider the corresponding cost process Cy(u) = co(x —
£0)2 + Af(u) + My(u), 0 < t < T, as in (46) of Lemma 5.1 above. Let
(T")n=1,2,... be alocalizing sequence of stopping times for the local martingale
(Mi(u))o<t<r such that 7" T T P-a.s. strictly from below as n — oo and
(Miprn (u))o<t<r is a uniformly integrable martingale for each n (cf., e.g.,
Protter [22], Chapter 1.6, for more details). Then it holds by definition of
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our performance functional J in (30) that

oo > J(u) £ limsup E[C, (u)]
T

> colz — &)? + limsup {E[An (u)] + E[M;n (u)]}

n—oo
= Co(SC - 50)2

T T
_A 2 ¢
+E{/ (6~ &pus+ [,

+/0Tf<as (us - z—z (?fs —Xs“>>2d3]
> o=+ 8 [ [ (6 &puis| 5 [ @] o

where we used monotone convergence and applied Doob’s Optional Sampling
Theorem as, e.g., in Protter [22], Theorem .16, in order to get E[M«(u)] =
0 for all n > 1. In particular, the computations in (67) show that (33)
necessarily holds true if ¢ # @ (as assumed for now). In other words,
setting

T
vEco(r— &)+ E [/ (& — 55)21/8(15} +E [/ csd[E]s| < oo,  (68)
0 [0,7)
we have for all v € % ¢ the lower bound
J(u) > v. (69)

>

Now, let us define the control u with corresponding controlled process X
X% via the feedback law
iy = Z—i(gt ~X) (0<t<T)
Observe that @ is a progressively measurable process and locally dt-integrable
and locally k;dt-square-integrable on [0,7") due to (5). In particular, Xr =
x+ fOT U dt exists P-a.s and we can invoke Lemma 5.1. We denote by Cy(4) =
colx — 0)2 4+ My(@) + Ay(0), 0 < t < T, the corresponding cost process from
this lemma. We will now show that u € ¢ and that 4 attains the lower
bound in (69), i.e.,
J(a)=v
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finishing our verification argument. Indeed, first note that, by choice of u,
we have

t t
Ay(a) = / (& — &) Pvyds + / cd[€l, (0<t<T),
0 0
whence, in particular,
v = co(x — &)? + E[Ar_(@)] < oo.

Next, since M(u) is a local martingale on [0,7") by virtue of Lemma 5.1
above, we can fix a localizing sequence of stopping times (7"),,—1 ... such that
7" 1 T P-a.s. strictly from below for n — oo and such that (Mipzn (0))o<t<r
is a uniformly integrable martingale for each n. Then, for any stopping time
7 < T, applying Fatou’s Lemma and once more Doob’s Optional Sampling
Theorem yields

E[C;(u)] = E[lim inf C;psn (1)) < liminf E[Crasn ()]

n—o0 n— o0

= cole — &)* + liminf {E[A sz ()] + E[Mppen ()]}
= colx — &) + lim inf B[, yzn (@)
= co(r — 50)2 + E[A;(4)] < oz — 50)2 + E[Ar_(a)] = v,

where we also used monotone convergence as well as the fact that (A(4);)o<t<T
is an increasing process. Hence, it holds that

J(u) = listTup E[C,(1)] <v < o0 (70)

and thus u € Z°. In particular, due to (69), we actually have J(i) = v as
desired.

Finally, let us assume that (33) is satisfied. Then, it follows from (68)
and (70) that u € ¢, i.e., %° # @. In other words, condition (33) is not
only necessary but also sufficient for ¢ # . O

Remark 5.2. Let us briefly comment on a few insights offered by the preceding
proof. The argument rests on the key identity (46) of Lemma 5.1. For
bounded coefficients «,1/k,v,n and bounded targets £, =, the theory of
BSRDEs readily allows one to deduce that M (u) of (48) is a true martingale
for any control u with finite expected costs; see, e.g., Kohlmann and Tang
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[15]. From the key identity (46) it then transpires that the control u¢ of (34)
minimizes

E [ / (XP — &)y, dt + / Keuldt + e (X2 — £9)?
0 0

simultaneously for all stopping times 7 < T'. In that sense, the above terminal
penalizations ¢, (X¥ — £¢)? are consistent replacements for n(X% — =7)? for
these problems with shorter time horizons.

When coefficients are unbounded, particularly when P[n = 4o00] > 0, it
is quite possible that M (u) is a strict local martingale and so the preceding
argument breaks down. Still, being bounded from below by an integrable ran-
dom variable under condition (33), M (u) is a supermartingale; its martingale
property thus turns out to hinge on the control in L'(P) of ¢,n (X%, — £¢,)2
along a suitable sequence of stopping times 7" 1+ T'. This control does not
seem to be available in the BSRDE literature at present, leaving our conjec-
ture (18) still open at this point.

Observe, though, that, taking the limsup 47 of the above expectations,
the formulation in our auxiliary target functional J¢(u) of (30) avoids these
issues and thus allows us to solve at least these closely related auxiliary
problems.

The final lemma justifies the interpretation in Remark 3.5:

Lemma 5.3. Let us assume that limyr Ly = Ly in L'(P) and that the local
cadlag martingale (Ny)o<i<r in (19) satisfies E[[N]i/z] < oo forall0 <t <T.
Then we have the representation

T
tﬂd _Tﬂd
¢ =E {LTefO ~u “+/ eI “vpdr

t

ga] O0<t<T). (71

Moreover, on {P[ftT vedr =0 | F] < 1} we have the identity

T - ¢ du
——,dr
¢ (1 —wi)e

and the weight process wy = E[Lr| %] /L of (36) satisfies 0 < w; < 1.

E

%] =1, (72)

Proof. Recall the dynamics of the process (Li)o<i<r in (25), i.e.,
¢ ¢ .
L, =cy— / e~ Jo ey dr — / e~ Jo AN 0<t<T).
0 0
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Hence, for all 0 <t < s < T we may write
Ly— L= — / e do Ry, dr — / e Jo idug N, (73)
t t

Observe that the stochastic integral in (73) is a martingale on [0,7") by our

integrability assumption on [N ]tl/ 2, Thus, taking conditional expectations
in (73) yields

E[L,|.%] — L; = —E U e~ o midty, dr

t

%} 0<t<s<T). (74)

Passing to the limit s T 7" in (74) we obtain, due to monotone convergence and
due to the assumption that L, converges in L!(P) to Ly, the representation

T
L,=F [LT +/ e~ Jo Sduy, qr

t

9}} 0<t<T). (75)

. — [t eug .
In other words, using that L, = ¢e Jo % “ we can write

T
tcfud _Tﬂd
¢ =E [LTefo g / e~ I Kty dr

t

,%} 0<t<T)

as desired for (71). Finally, by definition of the weight process (w:)o<i<r
in (36) together with the identity in (71), we can write

E[L,|.Z, Jo wedu 1
wy = [ T| t] _ (& E[LT ‘ gt] _ C_E |:€ o EduLT ’ gt]
t

Lt Cy
7))

1 T .
= — (Ct — K {/ eIt iy, dr
1 T T cu
—1--F U e i Ry, gy ‘ ,%} forall 0 <t <T, (76)
t

Ct

which yields our claim (72). In particular, representation (76) also reveals
that 0 < w; < 1 P-a.s. on {P[ﬁTVTdr:O | #| <1} forallOo<t<T. O

Appendix
In this appendix, we collect some results on the BSRDE in (19) with terminal
condition (20) which may be of independent interest for the theory of BSDEs.

First, let us provide lower estimates for a minimal supersolution ¢™" to the
Riccati BSDE in (19) with terminal condition (20).
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Lemma 5.4. Let (v;)o<i<T, (Ki)o<i<T satisfy (5) and let ™™ denote a mini-
mal supersolution to (19) with terminal condition (20). Then for allt € [0,T)
we have

1
ftTld—l-

K

cinin >E

5}] >0 P-as. (77)

with strict inequality holding true in the first estimate on {IP| ftT veds =
0| %] < 1} and strict inequality in the second estimate on {P[n = 0|.%] < 1}.
In particular, any supersolution ¢ of (19) and (20) will be strictly positive
throughout [0,T) if (7) holds true.

Proof. We will adopt the same idea as in the proof of Lemma 11 in Popier
[20] in the case k =1 (and v = 0). For all n > 1 we define the processes

-
[FLds + L

Ks nAn

I} =E

%] (0<t<T).

Note that I' is well defined because the term in the conditional expectation
is bounded by n. Moreover, we have pathwise the identity

2
1 1 1
T _17/\n—/ — T ds (OStST)
[0 Eds+ 0 Rs \ f) dut o

Ks nAn nAn

Thus, the process I'™ verifies

T 1 ’
I''=E 7]/\n—/ — | =7 ds | %
t HRs f 1d —I——

nAn

T
=FE nAn—/ %((F2)2+Uf)ds‘ﬁ}} 0<t<T)
L t s

with adapted process U™ given by

2
UsnéE < T1 ! )
f du+n/\—n

Observe that

F | —@IM?2 (0<s<T).

s

F?’L U?’L
dl“?:<( 0 )+th", I =nAn,
K¢ K¢
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for some cadlag local martingale (M}*)o<i<7. Moreover, since Uj* > 0 for all
0 <t < T due to Jensen’s inequality, we have
2 n 2 2
Lott< b <L 4y (yeR)

Kt Kt Kt Kt
Thus, classical comparison results as in Kruse and Popier [17], Proposition 4,
together with the construction of the minimal supersolution (¢{"™)o<i<7 via
a truncation procedure in [16], finally yields that for all ¢ € [0,7") we have

1

T 1 1
/, —ds + P

Cinin Z E

ﬂt] >0 P-as.

In fact on {PP| ftT vsds = 0.%;] < 1} comparison is strict in the first of these
estimates. Moreover, letting n — oo we conclude (77) where “> 0” holds on
{P[n =0|#] < 1}. O

Finally, let us briefly discuss the integrability condition in (21) for the
minimal supersolution (¢j"™)y<;.7r with Riccati dynamics (19) satisfying the
terminal condition (20). This condition is not regularly discussed in the
BSRDE literature and thus calls for a verification in some sufficiently generic
setting. So let us place ourselves in the context of Kruse and Popier [16]
and therein restrict ourselves to a Brownian framework. It follows from
Proposition 3 and Remark 4 as well as Corollary 1 in [16] with p = 2 that

for any t € [0,7) we have the upper estimates

ﬁﬂz [ / (e + (T = sPm)ds

In addition to that, observe that also the lower estimates derived in Lemma 5.4
hold true.

For simplicity, let us further confine ourselves to the following additional
assumptions on (v)o<i<r, (Kt)o<t<r and n: We assume that the process
(Kt)o<t<r is bounded from below and above, i.e., it holds that

Cinin S

ﬁ4 P-a.s. (78)

O0<k<r<K<oo (0<t<T) (79)

for some constants k, K € R. Moreover, we assume that v € L'(P ® dt) with

LIE /T(T — 5)%vds
T_t t s
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for some constant C' < oco. Finally, we assume that there exists a constant
€ > 0 such that
Ple <n < +oo] = 1. (81)

Observe that condition (81) implies in particular that ¢, > 0 P-a.s. for all
t € [0,7T] by virtue of Lemma 5.4.

Lemma 5.5. Under the conditions (79), (80), and (81) the minimal su-
persolution ¢ = (c™™)oc;er to the BSRDE in (19) on [0,T) with terminal
condition (20) satisfies

T
d<C>t o
/0 2 < oo on the set {n = +oo},

i.e., condition (21) holds true.

Proof. We extend the proof of Proposition 10 in Popier [20] done for the
specific case kK = 1 and v = 0 to our more general setting by using the upper
and lower bounds of the process (¢;)o<i<r in (78) and (77). First, note that
conditions (79) and (81) imply for the lower bound in (77) that

ke

> —F—— (0<t<T). 82
@2 perr O0St<T) (82)
Concerning the upper bound in (78), we obtain due to (79) and (80)
K t
ct_%ot“s 0<t<T) (83)

Since the process ¢ is bounded from below on [0,7], we can apply Itd’s
formula on [0, 7 — §] for some 0 < § < T to the process /(T —t)¢;. Using
the BSRDE dynamics of ¢ in (19), we obtain

0 S (T—t)ct
t T o 2
= Tco—l-/( ! S<$—I/s)—£)ds
o \ 2\, T —s
1 ["VT— 1 ["VT -
B R —/ ®dN,
8Jo ? 2Jo Ve

1 ¢ S stvs S
= Tco+§/\/T—s\/c_<cs—Vﬂ - )ds
0

Kg Cs T—s

t t /T
—1/ vI—s 8d<c>8—1/ T=sn.
8 0 C§/2 2 0 \/a
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and hence

1 T_5\/T—sd<> +1 T=0 /T —s
— — C s —
8 A2 2 Jo V/Cs

0
1 T=0 V ~s stvs S
< Tco+§/ VT —s ¢ (CS—VH B )ds (84)
0 ]

dNg

K Cs T—s

for all 0 < § < T'. Observe that due to the bounds on ¢ in (82) and (83) and
Kk in (79) as well as the integrability assumption on v, i.e., v € LY (P ® dt), it
holds for all 0 < ¢ < T that

T—6
E[/ \/T—s\/Z cs—ysl%s— s ds}
0 K Cq T—s
T—6
< const E [/ Co — Uslis __Ts ds]
0 Cs T—5s

-5 -5, . -5
Sconst(E{/ csds]th{/ : sd8]+E[/ u ds])<oo.
0 0 Cs 0 T—s

Hence, by using the upper bound on ¢ in (78) and Fubini’s Theorem, we can
compute

A O e L Bl A CSF = I
p UOT-a (ﬁﬂz {/ST(HU + (T — u)?vy)du ,%] - TH_S 8) ds]
<e[[ e ([ mar) s [ ]

+E l /0 o ﬁ ( / Y- u)2yudu) ds} | (85)

Using once more Fubini’s Theorem and the fact that k; < K forall0 <t < T,
we get for the first expectation in (85) the estimate

T—5 1 T T .
E - _ S
U T =y (/ ““d“) is- [ 7 sds]
T—5 T T T—§
Ky Koy, 1 KRs
= {/0 T—udu+/T_5qu_f/o nudu—/o T_sds}

< K. (86)
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Concerning the second expectation in (85), application of Fubini’s Theorem

vields
[ (o)

<E [ /0 T wdu b 5 / ' Vudu} | (87)

T—6

Consequently, taking expectation in (84) and using that the stochastic inte-
gral with respect to NV in (84) is a true martingale on [0, 7 — 4] due to (82)
and (80), we obtain together with the estimates in (86) and (87) the upper
bound

gE{ OT 6 T <C>s]

-5 T
< /T'cy + const (K +E {/ (T — w)v,du + 5/ Vudu}> :
0 5

T—

Passing to the limit ¢ | 0 we get with monotone convergence

e[ o]

3/2
<8 <\/TTO+ const <K +E UOT(T - u)yuduD) <oo,  (88)

due to v € L'(P®dt). Now, using (77), observe that we can further estimate
the process (¢;)o<t<r from below by

S | )
28| |7 28 e 2]
S Ku ] s Ru n
I :
=k fTLdul{":J”’o} 7 ZT_SE[l{n=+OO}‘§S}'

Plugging back this lower bound into the left hand side of (88) and using
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optional projection, we get

3/2

oo>E{ \/st()}
>\FE{/ 01 (1= W}M} ()}:\/EEUOT%M:W}CZ(C)S

— VEE [1{,7:%0} </OT 012 d(c)s )} :

which yields the desired result. O
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