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Abstract. We study a class of non-linear Backward stochastic differential equations (BSDE) with
a superlinear driver process f adapted to a filtration IF and over a random time interval [0, S] where
S is a stopping time of F. The terminal condition ¢ is allowed to take the value 400, i.e., singular.
We call a stopping time S solvable with respect to a given BSDE and filtration if the BSDE has
a minimal supersolution with terminal value co at terminal time S. Our goal is to show existence
of solutions to the BSDE for a range of singular terminal values under the assumption that S is
solvable. We will do so by proving that the minimal supersolution to the BSDE is a solution, i.e., it
is continuous at time S and attains the terminal value with probability 1. We consider three types
of terminal values: 1) Markovian: i.e., £ is of the form £ = g(Eg) where Z is a continuous Markovian
diffusion process, S is a hitting time of = and g is a deterministic function 2) terminal conditions
of the form §; = oo - 11,<g) and 3) & = 0o - 1,56y where 7 is another stopping time. For general
& we prove that minimal supersolution has a limit at time S provided that I is left continuous at
time S. Finally, we discuss the implications of our results about Markovian terminal conditions to
the solution of non-linear elliptic PDE with singular boundary conditions.

1. Introduction and definitions

A backward stochastic differential equation (BSDE) is a stochastic differential equation (SDE)
with a prescribed terminal condition. They have been intensively studied since the seminal pa-
pers Bismut (1973); Pardoux and Peng (1990); they arise naturally in stochastic optimal control
problems (see among others Yong and Zhou (1999)), they provide a probabilistic representation
of semi-linear partial differential equations (PDE) extending the Feynman-Kac formula (Pardoux
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and Ragcanu (2014)) and they have found numerous applications in finance and insurance (Delong
(2013); El Karoui et al. (1997)).

If the driver term of the BSDE has superlinear growth the solution of the BSDE can blow up
in finite time, this allows one to specify oo as a possible terminal value for such BSDE; when
the terminal value is allowed to take oo it is called “singular”’. In Ahmadi et al. (2021); Kruse and
Popier (2016b); Popier (2006); Sezer et al. (2019), we study non-linear BSDE with singular terminal
condition at a deterministic terminal time 7. Such BSDE generalize parabolic diffusion-reaction
PDE with singular final trace (Graewe et al. (2018); Marcus and Véron (1999); Popier (2017)) and
they can be used to represent value functions of a class of stochastic optimal control problems with
terminal constraints (Ankirchner et al. (2014); Graewe et al. (2018); Kruse and Popier (2016b) and
the references therein).

In this paper, we focus on BSDE with singular terminal conditions over a random time horizon.
We adopt the general framework for BSDE with terminal singular values established in Kruse and
Popier (2016a,b, 2017) and consider BSDE of the following form

dY;: = —f(t7 Yi, Zt, Ut)dt + thWt + / Ut(e)%(de, dt) + th, YS = f, (11)
&

where

e IV is a d-dimensional Brownian motion;
e 7 is a Poisson random measure with intensity p(de)dt on the space &€ C R™ \ {0}. The
measure p is o-finite on £ such that

/5(1 A le*)p(de) < +oo.

The compensated Poisson random measure 7 is defined by: 7(de, dt) = 7 (de, dt) — u(de)dt.

W and 7 are supported by the same probability space (2, F,P) with a filtration F = (F})¢>o0.
Filtration F is supposed to be complete and right continuous. W and 7 are martingales w.r.t. the
filtration F.

The unknown that is sought is the quadruple (Y, Z, U, M); the solution component M is required
to be a local martingale orthogonal to 7. The function f : Q x R x R% x Bi — R is called the
generator (or driver) of the BSDE. Finally S is a stopping time of the filtration F and ¢ is an Fg
measurable random variable, which is singular, i.e., P({{ = oo}) > 0. Precise conditions on all of
these terms are spelled out in subsections 1.2 and 1.3 below. A quadruple (Y, Z, U, M) is said to be
a supersolution of (1.1) if it satisfies the first equation in (1.1) and

liminf Y;rg > &£, almost surely, (1.2)
t——+o00

holds.

In what follows we will indicate the terminal condition £ (and sometimes the terminal time S)
as a superscript of the (super)solution, e.g., Y5k will denote the Y component of the solution with
terminal condition Yg = k; we omit the terminal time from the superscript when an emphasis on
the terminal time is not necessary (see Section 8 for a list of the symbols and notation used in the
paper).

A supersolution (Y€, Z¢ U¢, M¢) is called minimal if Y& < Y for any other supersolution
(Y, Z,U,M). We say (Y€, Z5, US, M¢) solves the BSDE with singular terminal condition & if it
satisfies the first equation in (1.1) and

lim Y5¢=¢ (1.3)

t—+00

INote that singular could also mean that the terminal value does not belong to any integrability space (see
Condition (1.6)).
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i.e., to go from a supersolution to a solution we need to replace the liminf in (1.2) with lim and
> with =. In the rest of this paper whenever we refer to the “solution” of a BSDE with a singular
terminal value, it will be in the sense of (1.3). The condition (1.3) means that the process Y
is continuous at time .S; for this reason we refer to the problem of establishing that a candidate
solution satisfies (1.3) as the “continuity problem.” The present paper is devoted to the study of this
problem for a range of terminal values; we introduce the terminal values we focus on in the next
subsection.

Just as BSDE over deterministic time intervals generalize parabolic PDE, BSDE over random
time intervals are generalizations of elliptic PDE; we provide further comments on this connection,
on the motivation for the study of BSDE over a random time horizon with singular terminal values
and on the implications of continuity results for BSDE theory and for constrained stochastic optimal
control at the end of the next subsection.

We call a terminal condition “Markovian” if it is of the form ¢ = g(Eg) where, g : R? — RU{oc},
= is a Markov diffusion process and S is the first time = hits a smooth boundary 0D of a domain
D C R?. For such exit times, existence of minimal supersolutions for (1.1) is proved in Kruse and
Popier (2016b) for a general singular terminal condition (see subsection 1.3 below). The work Popier
(2007) proves that these minimal supersolutions are in fact solutions for the case F = F" and for
the specific generator f(y) = —yly|9~! and for Markovian terminal conditions. The works Kruse
and Popier (2016a, 2017) develop solutions to (1.1) when £ belongs to some integrability space.
The goal of the present work is to prove that the minimal supersolution of (1.1) satisfies (1.3) (and
therefore is a solution) for several classes of singular terminal conditions and several assumptions
on S. We outline these classes and assumptions in the next subsection.

1.1. Outline of results. In two previous works Sezer et al. (2019) and Ahmadi et al. (2021) that prove
continuity results for deterministic terminal times, two of the main ingredients are the minimal
supersolution Y °° with terminal condition co at terminal time and the a priori upperbounds on
supersolutions; both of these, are readily available in the prior literature for deterministic terminal
times (for the one dimensional Brownian case treated in Sezer et al. (2019), Y°° is deterministic and
has an explicit formula). For random terminal times the existence of Y*° and a priori upperbounds
are known only for exit times of Markov diffusions from smooth domains. One of the main ideas
of the present work is to impose the existence of Y°° as an assumption on the stopping time S
and base most of our arguments on this assumption. We call the terminal stopping time S solvable
with respect to the BSDE (1.1) if there exists a supersolution to the BSDE with terminal value
oo at terminal time S (see Definition 1.8). Deterministic times and exit times of Markov diffusion
processes are solvable for a wide range of BSDE; times that have a strictly positive density around
0 are not solvable (IKruse and Popier (2016b)). Many of our arguments are based on this solvability
concept; some basic consequences of solvability are given in Section 2. In particular, if S is solvable,
the BSDE (1.1) has a minimal supersolution for any singular terminal condition £ > 0 (Lemma 2.1).
In addition to S being solvable, in many arguments we assume F to be left continuous at .S for the
following reason. Because the filtration F is assumed to be general (a priori only completeness and
right-continuity is assumed) there is no way to control the jumps of the additional local martingale
component M of the solution at the terminal time. To avoid such jumps, we suppose that F is
left-continuous at time S.

We now indicate the main results of the present work. In Section 3 we assume S to be solvable
and consider the problem of proving the existence of lim;_, Yf for an arbitrary singular terminal
condition £ > 0. For S deterministic, the work Popier (2016) establishes the existence of this limit
under some additional conditions on the generator f. Here we show that these assumptions are also
sufficient for a random terminal time (Section 3) provided that it is solvable.

The next three sections focus on the continuity problem. Section 4 treats Markovian terminal
conditions. To the best of our knowledge, Popier (2007) is the only paper that proves continuity
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results for a singular terminal condition at a random time S; Popier (2007) assumes f(y) = —yly|97},
¢ to be Markovian and F Brownian. The results in Section 4 generalize the results in Popier (2007)
to a general filtration F and driver f keeping the terminal condition Markovian. An important
step is a bound on the expected value of an integral over the solution processes and dist(Z), where
dist(x) = infyepp |x — y| (see Lemma 4.3). One of the main ingredients in the proof is the a priori
upperbound on Y derived in Kruse and Popier (2016b). When F is Brownian and f is deterministic,
the solution of the BSDE with a Markovian terminal condition can be used to construct a viscosity
solution of an associated elliptic PDE. This is discussed in subsection 4.1.

Sections 5 and 6 focus on the continuity problem for non-Markovian terminal conditions” of the
form § = 00 1{;<gy (Section 5) and & = 00 - 146} (Section 6) where 7 is another stopping time
of F. The results in these sections generalize results from Sezer et al. (2019) (the one dimensional
Brownian case) and Ahmadi et al. (2021) (the general filtration, driver case) treating the same type
of terminal conditions where S is assumed to be deterministic. Events of the form {7 < S} naturally
arise when one modifies constraints on stochastic optimal control problems based on the values the
state process of the problem takes. We refer to Sezer et al. (2019); Ahmadi et al. (2021) for more
comments on why we pay particular attention to these type of non-Markovian terminal conditions.
Solution of the continuity problem for general terminal conditions of the form oo - 14 for arbitrary
A € Fg is an open problem even for the one dimensional Brownian case and S deterministic.

Section 5 provides two arguments to prove

tilgrnoo Y;é\ls - 61' (14)
The first one is an adaptation of the argument given for the same type of terminal condition in
Ahmadi et al. (2021). It involves the construction of an auxiliary linear process that dominates Yt
and that is known to have the desired limit property at the terminal time S. The main assumption
on 7 for the construction of the upperbound in Ahmadi et al. (2021) is that 7 has bounded density
at the terminal time; in the current setting this is replaced with the assumption that the random
variable 14, Y;> has a bounded g-moment for some ¢ > 1 (see (5.2)). The other main ingredient
in the construction of the upperbound process in Ahmadi et al. (2021) is the a priori upperbounds
on the supersolution of BSDE; in the current context this is replaced by the solvability assumption
on S. Subsection 5.2 presents a new argument for the terminal value &; that is completely based
on the original BSDE (i.e., it doesn’t involve the solution of an auxiliary linear BSDE). To simplify
arguments this subsection assumes F to be generated only by the Brownian motion W. The only
assumption on 7 is that it be solvable. Let Y™* be the supersolution of the BSDE with terminal
condition oo at terminal time 7. The main idea of this argument is the use of the process Y as an
upperbound to prove (1.4). Working directly with the original BSDE in constructing upperbounds
can lead to less stringent conditions on model parameters. As an example, we consider in subsection
5.3 the case S = T and 7 = inf{t : |[W;| = L} which was originally studied in Sezer et al. (2019)
using essentially a special case of the argument based on the linear auxiliary process which requires
the g parameter in assumption (B1) to satisfy ¢ > 2. The new proof given in subsection 5.3 based on
the new argument based on solvable stopping times establishes (1.4) for the minimal supersolution
assuming only ¢ > 1.

The argument in Section 6 that proves that the minimal supersolution corresponding to &2 is in
fact a solution follows closely the argument given for the same type of terminal condition in Ahmadi
et al. (2021) for the case S = T deterministic. The assumptions in this section are: S is solvable and
P(S = 1) = 0; no solvability is required for 7. To simplify arguments F is assumed to be generated
by the Brownian motion only.

2We define oo - 0 = 0.
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Comments on implications for stochastic optimal control, PDE and BSDE theory. BSDE with
random terminal times are a generalization of elliptic semi-linear PDE (extension of the Feynman-
Kac formula, see Darling and Pardoux (1997); Pardoux (1999); Pardoux and Ragcanu (2014)). The
works Dynkin and Kuznetsov (1998); Le Gall (1997); Marcus and Véron (1998); Marcus and Veron
(1998) show that the solution of some of these PDE can exhibit a singularity of the following form
on the boundary of the domain D

lim u(x) = 4o0.
x—0D

This boundary behavior generalizes to
tilgrnoo }/t/\S =t

for BSDE of the form (1.1) (the clearest connection between the last two condition arises when S
is a first hitting time of a Markov diffusion process, see subsection 4.1). Minimal supersolutions of
BSDE of the type (1.1) with co-valued terminal values at random terminal times can also be used
to express the value function of a class of stochastic optimal control problems over a random time
horizon [0, S] with terminal constraints of the form 1,4 - gs = 0, for some A € Fg, where ¢ is the
controlled process (see Kruse and Popier (2016b)).

Strengthening (1.11) to (1.3) (i.e., going from a supersolution to a solution) has implications both
for BSDE theory and for stochastic optimal control applications. Consider two distinct terminal val-
ues ¢! and €2; with (1.11) it is impossible to tell whether the corresponding minimal supersolutions
are distinct. Whereas (1.3) guarantees that distinct solutions Y! and Y2 correspond to distinct
terminal values ¢! and £2. In stochastic optimal control / finance applications a non-tight optimal
control (corresponding to strict inequality in (1.11)) can be interpreted as a strictly super-hedging
trading strategy. Continuity results overrule such strategies. For more comments on these points
we refer the reader to Ahmadi et al. (2021).

The next two subsections give the definitions, assumptions and results we employ from previous
works (subsection 1.2 concerns integrable terminal conditions and subsection 1.3 concerns singular
terminal values). The only novelty is Definition 1.8, the definition of a solvable stopping time. We
comment on possible future work in the Conclusion (Section 7).

1.2. Integrable data. Let us start with the definition of solution for BSDE (1.1).
Definition 1.1 (Classical solution). A process (Y, Z,U, M) = (Y, Zt, Uy, My)+>0, such that

Y is progressively measurable and cadlag ,

Z is a predictable process with values in R,

M is a local martingale orthogonal to W and T,
U is also predictable and such that for any ¢ > 0

t
/ / (Us()[2 A |Us(e) a(de) < +oo,
0 E

is a solution to the BSDE (1.1) with random terminal time S with data (&; f) if on the set {t > S}
Y;=¢and Zy = Uy = My = 0, P-as., t = f(t,Y:, Zs, Up) i<t belongs to L) (0, 00) for any T > 0,

loc
the stochastic integrals with respect to W and 7 are well-defined and, P-a.s., for all 0 < ¢ < T,
TNAS TAS
Y%/\S = YT/\S + / f(u; Yua Zua Uu>du - / ZydW,,
tAS tAS
TAS TAS
- / Uy(e)7(de, du) — / dM,. (1.5)
tAS & tAS

For precise definitions of the stochastic integral with respect to 7™ and orthogonality, we refer to
Jacod and Shiryaev (2003).
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Theorem 3 of Kruse and Popier (2016a, 2017), ensures the existence and uniqueness of a classical
solution, under some conditions on the terminal value £ and on the generator f. Let us state these
conditions and following them the theorem (Theorem 1.4 below).

Firstly the following integrability condition is assumed: for some r > 1

S
E[ems|§|”+/0 et £(t,0,0,0)["dt| < +oo. (1.6)

The constant p depends on r and on the generator f (see Remark 1.3). We suppose that f :
Qx[0,7T] x R xR™ x %Z — R is a random measurable function, such that for any (y, z,¢) €
R x R™ x ‘Bi, the process f(t,y, z,1) is progressively measurable. For notational convenience we
write fP = f(,0,0,0), where 0 denotes the function mapping € to 0 € R. The space %i is defined”

as follows:
2 _ {Lg if r > 9,

ETLL L2 ifr<2,
where L}, = LP(&, u; R) is the set of measurable functions ¢ : £ — R such that

ity = [ o) < o

The next conditions are adapted from Kruse and Popier (2016b):

(A1) The function y — f(t,y, z,%) is continuous and monotone: there exists x € R such that a.s.
and for any ¢ > 0 and z € R™ andwe%i

(f(tayv 2, w) - f(ta yI7 va))(y - yl) < X(y - y/)Z’
(A2) For every j > 0 and n > 0, the process
Tt(]) = sup |f(t7y707 0) - fz?|
lyl<j
is in L1((0,n) x Q).
(A3) There exists a progressively measurable process £ : Q0 x [0,T] x £ x R x R™ x (B2)* - R
such that for any (y, 2,9, ), with (-, y, 2, ¢,1) = K?*0(),

Ftoy.2,0) — f(t,y,2,¢) < /g (W(e) — d(e))y > (e)u(de),

with P ® Leb ® p-a.e. for any (y,z,v,¢), —1 < H%’Z’w’d)(e) and |nf’w’¢(e)] < 9(e) where ¥
belongs to the dual space of %z, that is ]Lz or L7° N ]LZ.
(A4) There exists a constant L, such that a.s.

|f(tay7 2 ¢) - f(ta Y, Z,’ QzZ})| < LZ|Z - Z/|
for any (t,y, 2,2/, ).
Remark 1.2. We can replace (A3) by the Lipschitz condition: there exists a constant Ly such that

|f(t7y)sz) - f(tayvza ¢)‘ < L19||17Z} - ¢||‘Bﬁ

As explained at the beginning of Kruse and Popier (2016a, Section 5), (A3) implies Lipschitz
regularity of f with respect to 1, with Ly equal to the norm Hﬁ”(%ﬁ)* of ¥ in the dual space of %z.
However (A3) is sufficient to ensure comparison principle for the solution of BSDEs (see Pardoux
and Ragcanu (2014, Proposition 5.34), Delong (2013, Theorem 3.2.1) or Kruse and Popier (20164,
Remark 4)).

3For the definition of the sum of two Banach spaces, see for example Krein et al. (1982). The introduction of %i
is motivated in Kruse and Popier (2017).
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We denote
1
K?= 5(Lﬁ + L?). (1.7)

Remark 1.3. Recall the constants r and p appearing in (1.6). The constant p satisfies

p>v=u(r):= L2 (1.8)

x + K? if r > 2,
K2 :
X'f‘m‘l‘m ifr<2

where the constant 0 < e(Lyg,r) < r — 1 depends only on Ly and r (see Kruse and Popier (2017),
Section 4). The additional term in v disappears if the generator does not depend on the jump part
¥ (that is, if Ly = 0). We have the following bounds on & = £(Ly, r):

_2-r
0<e<(r—1)(2(a(Ly,r)+1)*—1)" 2,
and «a(Ly,r) has to be chosen such that for any x > a(Ly, r),

1

TP 97/2 _ 1 —r(2Ly 4 1)z > 0.

The right side is an increasing function with respect to r € (1,2) and decreasing with respect to
Ly > 0. Hence when r is close to one and Ly is large, € is very small and thus p becomes large.

In Kruse and Popier (2016a, 2017), a second integrability condition is supposed:

S
B| [ ot e e i < o (19)
0
where & = E(e¥*¢|F;) and (1,7, N) are given by the martingale representation:

eS¢ = B(e"S¢) + /OO nsdWs + /00 / vs(e)m(de,ds) + Ng
0 &

0

Ekﬂwwﬁm+ﬁfém@Wﬂ@¢@+kam

We now state Kruse and Popier (2016a, 2017, Theorem 3):

with

< +00.

Theorem 1.4. If (A1) to (A4) hold and & and f° satisfy assumptions (1.6) and (1.9), then the
BSDE (1.1) has a unique solution (Y,Z,U, M) in the sense of Definition 1.1 such that for any
0<t<sT

E

TAS TAS
erp(t/\S)|Y—tAS|r + / epps|}/;|rd8 + / erps|Y's|r72|Zs|21YS¢0d8
0 0

TAS
+E/ &P Yo_ "y, _od[M]°
0

TAS
ros r/2—1
+E /s /ge 75 (|Ys—|? V [Ysz + Us(e)]?) / 1|y5|v|y5+U5(e)¢oUs(€)|27T(d€7d8)]
tA

TPS r/2—1
+E| S EPIAMP (Yo PV Ve + AMR) 1Ys_v|Ys_+AMs|¢01 < +oo.

0<s<TAS
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o e o)

S
< CE [e“’ﬂgu/ erps|f(s,070,0)|rd31.
0

And

The constant C depends only on r, K and x.

In general (1.9) is not easy to check. Nonetheless if £ is bounded, we can take v = 0 in (1.9) and
assume that:

S
E |:/ erpt’f<t7§t777t77t)‘rdt:| < +OO;
0
where & = E(£|F;) and

§=E() + /000 NsdWs + /Ooo/gfys(e)%(de,ds) + Ng.

1.3. Supersolutions for singular terminal conditions. Theorem 1.4 gives sufficient conditions to en-
sure the existence and uniqueness of the classical solution (Y, Z, U, M'). When the terminal condition
is singular, that is, if £ does not belong to any ILP(€Q) for some p > 1, we adopt the following defi-
nition:

Definition 1.5 (Supersolution for singular terminal condition). We say that a quadruple of pro-
cesses (Y, Z,U, M) is a supersolution to the BSDE (1.1) with singular terminal condition Yg =& > 0
if it satisfies:

(1) There exists some ¢ > 1 and an increasing sequence of stopping times S,, converging to S
such that for allm > 0 and all ¢ > 0
tASn £/2
sup |Yyns, [© + </ \ZT|2d7'>
re[0,t] 0

E

tASn €/2 '
+ (/ / \U,«(@)’QW(de,dr)) + [M]tﬁsn < +o00;
0 &
(2) Y is non-negative;
(3) forall0 <t <T and n > 0:
TASn TASn
}/t/\Sn = YT/\Sn + / f(u7 Yu’ Zu; Uu)du - / Zuqu
tASh tASe
TASn TASn
- / U, (e)7 (de, du) — / dM,. (1.10)
tASy & tASH
(4) On theset {t > S}: Vi1 =& Z=U =M =0 a.s. and (1.11) holds:
im i > .S. .
liminfYins > ¢ as (1.11)

We say that (Y, Z, U, M) is a minimal supersolution to the BSDE (1.1) if for any other supersolution
(Y',Z',U", M'") we have ¥; <Y/ a.s. for any t > 0.

To lighten the presentation, in the present paper we assume ¢ and f° to be non-negative. Under
the conditions of Theorem 1.4 and this sign assumption on ¢ and f°, the comparison principle
(Kruse and Popier (2016a, Proposition 4)) implies Y; > 0 for ¢t > 0.
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Remark 1.6. The non-negativity condition can be replaced in general by: Y is bounded from below
by a process Y such that Esup,sq|Yias|® < 400 (see Kruse and Popier (2016, Definition 1)).

The most basic and common way of constructing a candidate supersolution for a given singular
terminal condition Yg = & > 0 is by approximation from below. Let Y¢'¥ be the classical solution
of the BSDE for the bounded terminal condition Yg = & A k; then a candidate supersolution” for
the terminal condition is Y& = limy, see Y (cf. (1.17)) where the existence of the limit follows
from the comparison principle; as noted in Popier (2006), this technique always gives a process that
satisfies (1.11):

Lemma 1.7. Let Y'* and Y€ be as above. If the filtration F is left-continuous at time S, then Y'¢
satisfies (1.11). In particular,

hm Yt/\S =<
over the event {£ = oo}.

Proof: The left-continuity of the filtration F at time S implies that the martingale part of the
BSDE, M and the stochastic integral w.r.t. 7, has no jump at time .S. Thus

liminf Y5 g > liminf Y;{(s' = € Ak (1.12)
for all k. Letting k& oo implies
hmlan;/\S €. (1.13)

Over the event {£ = oo} we have:

> hmlant/\S E=o

oo > lim sup Y;f/\S
t—o0

which gives (1.13). O

We next introduce a concept that we think provides a general and natural framework for the
study of BSDE (1.1) with singular terminal conditions when the terminal time is a stopping time.

Definition 1.8. A stopping time S will be called solvable with respect to the BSDE (1.1) if the
filtration T is left-continuous at time S and if the BSDE (1.1) has a supersolution on the time
interval [0, S] with terminal condition Ys = oo that is defined as the limit of the solution of the
same BSDE with terminal condition equal to the constant k, as k tends to oco.

Most of our arguments will be based on solvable stopping times. From Kruse and Popier (2016Dh),
we know that every deterministic time S is solvable provided Conditions (A) (given above), and
(B1), (B2) (given below) hold. Exit times of diffusions from smooth domains provide another
example of a solvable stopping time, see Theorem 1.10 below (a restatement of Kruse and Popier
(2016b, Theorem 2) in terms of solvable times). Kruse and Popier (2016b, Example 1) shows that
any stopping time that has a strictly positive density around 0 is non-solvable. Section 2 lists some
immediate consequences of the definition above that will be useful in the rest of this article.

1.3.1. Additional conditions on f. For a singular non-negative terminal value £, the conditions (1.6)
and (1.9) are false. Hence following Kruse and Popier (2016b), we add some hypotheses concerning
the generator f and the terminal random time S.

(B1) There exists a constant ¢ > 1 and a positive and bounded process 7 such that for any y > 0
Yy _
f(ty:zaq/})g_aly‘q 1+f(t,0,2,'¢)-

More precisely, the Y component of a candidate supersolution; we will often refer to the Y component as a
solution /supersolution to keep the discussion shorter.
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(B2) The process f° is non-negative and bounded”’.

(B3) There exists § > §* such that E [e’] < +o00. The threshold 6* only depends on y, L. and
Ly (see Remark 1.9 below).

(B4) There exists m > m* such that for any j

S
IE/ T4 (j)|™dt < +oc.
0

Process Yy(j) is defined in Assumption (A2). The value of m* depends on x, L., Ly and
5%, as well as on the choice of § in (B3) (see Remark 1.9 below).

We further suppose that the generator (t,y) — —y|y|?~! /n; satisfies the (A) and (B) assumptions,
which means that 7 satisfies:

1
0o M

Remark 1.9. The values of 6* and m* are given in Kruse and Popier (2016b) in the case Ly = 0
and in Popier (2021, Section 9.1) for the general case. Since Conditions (B) have to hold also
for the generator defined by the upper bound in (B1), x should be replaced by max(x,0) in the
formulas for §* and m*. In other words we provide formulas only for x > 0. When Ly is positive,
the thresholds are not explicit and have to be numerically computed. Some tables for these values
are given in Popier (2021). Nonetheless if f does not depend on U (as in Section 4.1), then

2(x + K?) if y < K?
5*: K 2
% 1+) if x > K?
< VX

and
20

x 5_2(I§2+X)+(\/SI2K)216>4K2

X
Vo+Xx—K V5—V5
In particular if y — f(¢,y, z,%) is non-increasing, that is for y = 0, then we have:
20
& =2K7? e
VS

Furthermore if f depends only on y, i.e. x = K2 =0, 6* =0 and m* = 1.

if x < K2,

if x > K2.

1.3.2. Known results for exit times. Let (Y&NF, Z&NE TENE MEARY be the unique solution” of the
BSDE: for any t < T

TAS
VEE = vENE + /t . Fu, YN ZEN U du
A

TNAS TNAS TNS
- / Z5Neaw, — / Uk () (de, du) — / dMSMF, (1.15)
tAS tAS & tAS

with the truncated terminal condition:
P —a.s., on the set {t > S}, Y =¢ Ak, 22" = U = M = o, (1.16)
°In this paper ¢ is non-negative; in general we should assume that £~ and ( fo)f are integrable (see Kruse and

Popier (2016b)).
6In this part, S and £ are fixed; we remove the superscripts S and ¢ in the notations of the solutions.
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From Kruse and Popier (2016b, Proposition 5), under (A), (B2), (B3) and (B4), there exists
a unique solution (Y& ZEAKk &Nk LIEARY to the BSDE (1.15) and (1.16). By the comparison
principle for BSDEs, the sequence Y4"* is non-decreasing and converges to some process

Ye= lim YNk (1.17)

As in the case of deterministic terminal times, the key step in Kruse and Popier (2016b) in estab-
lishing that Y¢ is a minimal supersolution to the BSDE (1.1) is to obtain an a priori estimate on
Y % independent of the constant k. In terms of the concept of solvable stopping times introduced
above in Definition 1.8, the role of the apriori estimate is to ensure that the stopping time S is
solvable. To have such an estimate, Kruse and Popier (2016b) restricts attention to the case where
S is the first hitting time of a diffusion, namely

S=Sp=inf{t >0, E;¢ D}, (1.18)
where the forward process = in R is the strong solution to the stochastic differential equation
d=; = b(Et)dt + O'(Et)th (119)

with some initial value Zg € R?. The functions b : R* = R% and o : R — R%*? satisfy a global
Lipschitz condition: there exists some C > 0 such that

o,y € R lo(z) = a(y)ll + [|b(x) = b(y)|| < Cllz = yl. (1.20)

The domain D is an open bounded subset of RY, whose boundary is at least of class C? (see for
example Gilbarg and Trudinger (2001, Section 6.2) for the definition of a regular boundary); =y is
assumed to be fixed and in D.

Note that the condition (B3) imposes some implicit hypotheses between the generator f, the
set D and the coefficients of the SDE (1.19). Kruse and Popier (2016b, Lemma 2) details some
sufficient conditions on the coefficients b and o.

For B C R? let distp denote the signed distance function to B:

inf — B
“infyep o —yl, @ ¢B.

For D = B we simply write dist. Kruse and Popier (2016b, Proposition 6) is a Keller-Osserman
type inequality (see Keller (1957); Osserman (1957)): there exists a constant C' such that:

Nk _ g c
< < < . .
0 = }/;,/\S — }/;/\S — diSt(Et/\S)Q(p_l) (1 22)
Constant p > 1 is the Holder conjugate of q.
For n > 1 define
1
Sy = inf {t > 0,dist(E;) < } , (1.23)
n

where dist(Z;) denotes the distance between the position of = at time ¢ and the boundary of D. The
main result Kruse and Popier (2016b, Theorem 2) (expressed in terms of solvable stopping times)
is:

Theorem 1.10. If S is the exit time given by (1.18), and if F is left-continuous at time S, under
Assumptions (A) and (B), S is a solvable stopping time (Definition 1.8). Moreover there exists a
minimal supersolution (Y€, Z¢,US, M€) to the BSDE (1.1) with singular terminal condition Yg = &
(Definition 1.5).
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2. Solvable stopping times and minimal supersolutions

The next lemmas are useful consequences of the notion of solvable stopping times. First, note
that the left-continuity assumption of ' at time .S is true for example if .S is predictable and if [ is
a quasi-left continuous filtration (that is for any predictable stopping time 7, we have F._ = F;).
This property of the filtration rules out the possibility that any of the involved processes has jumps
at predictable, and a fortiori deterministic times. An important example is the filtration generated
by the Brownian motion W and the orthogonal Poisson random measure m and S given by (1.18).

Lemma 2.1 (Minimality). Assume that S is solvable and suppose that the generator f satisfies
Conditions (A). Then the BSDE (1.1) has a minimal supersolution (Y°°,Z>° U, M>) on the
time interval [0, S] with terminal condition Ys = oco.

Proof: The arguments of minimality can be found in Kruse and Popier (2016b, Propositions 4
and 7). The adaptation is straightforward in our setting since the arguments are not based on a
particular form of the stopping time .S. Only left-continuity of the filtration is important. O

Note that we haven’t used Assumptions (B) in the above result, since solvability implies the
existence of a supersolution.

Lemma 2.2. Assume that S is solvable and suppose that generator f satisfies Conditions (A),
(B2), (B3) and (B4). Then the BSDE (1.1) with a singular terminal value & at time S, has a
minimal supersolution (Yg, Z8,U¢, Mg) on the time interval [0, S| with terminal condition Yg = €.

Proof: Let us denote by Y* the first component of the solution of the BSDE (1.1) with terminal

condition k. Since S is solvable, and with (A), Y* is an increasing sequence converging to Y.
Again from Kruse and Popier (2016b, Proposition 5), under (A), (B2), (B3) and (B4), there

exists a unique solution (YR, ZENK AR NEARY 6 the BSDE (1.15) and (1.16). By the comparison

principle, a.s for any ¢t > 0

Hence we obtain an upper estimate on Y4"* independent of k, which replaces the upper bound

(1.22). Arguing now as in Kruse and Popier (2016b), we obtain the desired minimal supersolution

(Y€, Z8, US, M¥). O

This lemma allows us to give an alternative proof of Theorem 1.10. To wit, following the ar-
guments of Kruse and Popier (2016b), under Assumptions (A) and (B), first prove that the exit
time S defined by (1.18) is solvable. The arguments are simplified since we only have to work with
the deterministic terminal conditions k£ at time S. Then from the previous lemma, solvability of S
implies that for any terminal condition &, there exists a minimal supersolution (Y€, Z&, U, M¥¢).

In Sections 5 and 6 it will be convenient to choose the stopping times S,, approximating S in
Definition 1.5 in such a way that the minimal supersolution Y¢ for a given singular terminal value
¢ > 0 remains bounded up to time S,. The next lemma asserts that S, can always be chosen in
this way:

Lemma 2.3. Suppose a stopping time S is solvable. Let (Y5, Z8, U8, Mg) be the minimal superso-
lution of (1.1) with singular terminal condition Yp = & constructed as the limit of solutions with
terminal condition & A k. Then the sequence Sy, in Definition 1.5 can be chosen so that

Y, <n fort <S,. (2.1)

Proof: Let Y°° denote the first component of the (minimal) supersolution for terminal condition co
at time S and let S;° be the sequence of S,, in Definition 1.5 for the same terminal condition oco. It
follows from (1.10) and (1.11) that Y*° has cadlag sample paths on [0, S] and lim;_, Y3 = oo.
This implies that the hitting times

o0 =inf{t: Y, g > n} (2.2)
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satisfy: o7° < S and it is a non-decreasing sequence. From the first property of a supersolution,
this sequence converges almost surely to S. Now suppose that o = S for some N (and thus for
any n > N). It would mean that Y°° has a jump at time S. In other words, the martingale parts
have a jump at time S. But this is not possible since the filtration is assumed left continuous at S
(Definition 1.8). Thus

o /S Sasn S oo. (2.3)

Then if we replace the stopping times S;° in Definition 1.5 with SJ° = S;°A0p° all of the conditions
of the definition remain valid; furthermore

Y, <nfort<S§;°, (2.4)

holds. This proves the lemma, for the terminal condition oco.
Let Y* denote the solution of (1.1) with terminal condition Yg = k. Then by definition Y[ 4 ~
Y, %. This and (2.4) imply

Y <Y <nfort <SP (2.5)

Let Y¢ be the minimal supersolution of (1.1) with terminal condition Yg = ¢ and let Y'*¥ be the
solution of (1.1) with terminal condition Ys = £ A k. By the assumption of the lemma

k
Y Y (2.6)

as k  oo. By comparison principle for the solution of BSDE we have }Qé\/gk < Yt’f\s This, (2.5),

(2.6), the definition (2.2) of 02° and letting k * oo imply
YESYt‘X’gnfort<S%°. (2.7)

Let S5 be the sequence of stopping time appearing in Definition 1.5 of the supersolution Y. Define
5= S5 A So°. From (2.1) and from the assumption that S5 S we infer 5 S, This implies
that if we replace SS with TS all of the conditions appearing in the definition of the supersolution
Y¢ continue to hold; by (2.7) this sequence of stopping times also satisfy

Y <Y™ <nfort<7i (2.8)
This proves the lemma for the terminal condition &. ([l

If we work with the filtration F"V generated by the Brownian motion W, then BSDE (1.1) reduces
to the following:

aY, = —f(t,Ys, Zy)dt + ZidWy. (2.9)

Corollary 2.4. In the Brownian filtration FW | if S is solvable, then (2.1) becomes:
Y: <n fort <S,. (2.10)
Proof: Since the trajectories of Y are now continuous, (2.1) can be strengthened to (2.10). O

Remark 2.5. The estimate (1.22) implies that Y¢ of (1.17) satisfies Yf < Cn*P=1) almost surely if
t < S, where S, is as in (1.23). Therefore, the above lemma can be seen, up to a reparametrization
of the upper bound (the above lemma uses n as an upper bound on the minimal supersolution up
to time S, instead of Cn?(P—Y), as a generalization of the way S,, is chosen in (1.23).
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3. On the existence of a limit

We suppose that S is a solvable stopping time and that Conditions (A) and (B) hold. Hence,
from Lemma 2.2, for any &, we can consider the minimal supersolution (Y, Z¢ US, M¢) of the
BSDE (1.1) with terminal condition £ at time S, which is obtained as the increasing limit of the
solution with terminal condition & A k. Definition 1.5 of a supersolution requires

lim inf Y5

> £ almost surel
t—4o00 2] _§ y

(see (1.11)). If the terminal condition & = 400 almost surely then we immediately obtain that
it ¥ =l iR = 420

Therefore, for £ = oo, Y°° is continuous at time S and equals the terminal condition almost surely.
In this section, we focus on the existence of the limit for an arbitrary terminal singular condition &;
that is, we will study whether

holds almost surely for a singular terminal condition & > 0. This question was answered in the
positive in Popier (2016) for deterministic terminal times; the goal of this section is to extend these
results to solvable terminal times.

Roughly speaking, the main idea in Popier (2016) is the following: the limit of Yi g exists provided
we know the precise behavior of the generator f with respect to y. The full argument can be found
in Popier (2016); in what follows we will provide an outline and emphasize the necessary changes
to treat the random terminal time S. We break the generator f into four parts:

f(s.y,2,9) = [f(s,9,2,4) — f(5,0,2,9)] + [f(s,0,2,4) — f(5,0,0,9)]
+[£(5,0,0,9) = £(5,0,0,0)] + f¢
= ¢(s,9, 2,u) + @ (s, 2,9) +0(s,0) + f5. (3.1)
We adopt the following further assumptions on f from Popier (2016):
(C1) The generator f satisfies

;ltf(y) S f(t’y7sz)_f(t707zaw)7 vyZOa V(tha@b)a

where

S
1

e ¢ is positive and E/ —ds < +o0;

0 Ss
e f is a negative, decreasing and of class C! function and concave on Ry with f(0) < 0

and §(0) < 0.
(C2) One of the next three cases holds:

e Case 1. f does not depend on ¢ or 0(t,1) > 0;

e Case 2. The value ¢ of (A3) belongs to ]L}L(E) and there exists a constant k, > —1

such that k9"%%(e) > £, a.e. for any (s,1, e);

e Case 3. p is a finite measure on &.

1 1
Since Conditions (B) should hold, in particular (B1), we deduce that —f(y) < ——y|y|?~! for any
St Tt

t >0 and y. Thus w.lo.g. f(y) < —yly|? and ¢ < —f(1)n; = Cn; for some positive constant C. We
can always add to f a linear function like —y — 1 such that §(0) < 0 and /(0) < 0. Let us define the
function © on (0, +00) by

too _q
O(x) :/x @dy. (3.2)
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Recall that f is continuous and negative on Ry. Thus from the condition f(y) < —yl|y|?, the function
O : [0, +00) — (0,0(0)] is well defined, decreasing, of class C!, and bijective. Let @1 : (0,0(0)] —
[0, +00) be the inverse of ©.

The next theorem shows that process Y¢ is cadlag on R, when filtration F is complete and
right-continuous. No additional assumption (left-continuity) on the filtration is needed here.

Theorem 3.1. Assumptions (A), (B) and (C) hold. Then the minimal supersolution Y& is equal
to: a.s. for anyt >0
7).

The processes ®T and ®~ are two non-negative cadlag supermartingales with a.s. lim &, ¢ =0.
t—4o00

Yig=0"" (E [@(5) —Of g+ P s

Now ®* being a non-negative cadlag supermartingale, we can deduce the existence of the following
limit:

lim ®f o := &L .
t——+00 tAS -

Therefore, the limit of Y exists
lim Vi =0""(0() - o) 2¢

t——+o0
In other words, Y¢ is a cadlag process.

Proof: We follow the arguments developed in the proof of Popier (2016, Lemma 2.3). We only

have to handle the stopping time S. Since YfAk is bounded from below by zero, we can apply It6’s
formula: for 0 <t <T

TAS
OV =) + [ @I (s I 28 U s
tAS

s— s—

TAS TAS
- / O (Y 28k aw, — o' (Y / UM (e)7(de, ds)
tAS tAS I

TN

TAS 1 TAS 1 S
_ / @I(Yf/\k:)dMﬁ/\k _ 7/ @II(Yﬁ/\k”Z&/\leds _ 7/ @//(Yf/\k)d[Mﬁ/\k]c
] s— s 2 s— s 2 s— s

NS tAS tAS

/T/\S/ {@(Yf_/\k + U;EAk(e)) — @(Yf_/\k) B @/(}gﬁ_/\k)UsgAk(e)} 7(ds, de)
t E

NS
— Z [@(Yf_/\k + AMsg/\k) _ @(Ysé_/\k) o @’()ff_Ak)AMﬁAk}
tAS<s<TAS
=EMO(Y705) — ®il5 ras (3.3)
where
ENk _
PinsTAs =
TAS & 1 TAS 5
_ ]E]:t /t/\s @,(Yf_/\ )f(s, Ysﬁ/\k, Zsﬁ/\k, Usf/\k)ds + *]E]:t /t/\s @//(Yf_/\ )|ZS§/\k|2ds
1 TAS i
B [ e
2 tAS
+ ETt Z [@(Y;E_/\k + AMSEAk) _ @(sz{_/\k) . @/(Ys&_/\k:)AMsg/\k}

IAS<s<TAS

TAS
tAS E
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We use the decomposition (3.1) of the generator f. Since © is non-increasing and convex, the next
terms are non-negative:

E]—'t Z [@(Yf_/\k + AM§Ak) _ @(}/SE_/\k’) . @l(}/sf_/\k‘)AMsf/\k
tAS<s<TAS

1 TAS &
I LRt TEL
2 AS

_EF /T/\S ( E/\k)f()
t

NS

and we can use monotone convergence theorem to pass to the limit as T tends to +oo.
Since w(s, z,v9) > —L,|z| (see (3.1) and (A4)) and using the concavity of f, we obtain that

L? L2
> Z_
of (V&) — 2f'(0)

1
~0' (VM) (s, ZE U) + S0 (V)| ZEM P >

And

_el(}/sﬁ_/\k)(ﬁ(s?yfsé/\k7 Zsﬁ/\k7 U§Ak) >,
Ss

Since Efos(gs)*lds < 400 and from (B3), we deduce that the negative part of
1
—O(VEF) [ f(s, YER, ZEK UE) — £(5,0,0,U8%)| + S0 (V) ZEH2
is bounded in L', uniformly with respect to (7, k). The remaining term is

TAS
_E” / O/ (V) [£(5,0,0,U8%) — 10] ds

TAS
-+ E]:t / / @(Y;{Ak —+ U§A/€(e)) — @()/'Sgl\k) . 6/(}/857/%)[]5/\16(6) W(ds,de).
tA

Assume that f does not depend on v or that 6(s,1)) > 0 (Case 1). Again from the convexity of
O, this last term is non-negative. Our previous arguments show that we can pass to the limit when
T goes to o0 in (3.3):

O(YSE) =ETO(E k) — B5\k .

Then by the monotone convergence theorem, we obtain the convergence (in L) of @f//\\g g to some
process ®; and:

O(Yins) = E7[O(E)] — Pins. (3-4)
We can decompose the process P:

Pips = D) g — P, 6

such that T and ®~ are non-negative cadlag supermartlngales with:

S 2
1 L
o < E / < z )ds
t/\S tAS \Ss 2f’(0)

In particular a.s.

lim &, o =0.
t—+o00
For the Case 2 and the Case 3, we can exactly use the same arguments as in Popier (2016). We
skip them here. This achieves the proof of the theorem. O

Remark 3.2. A careful reading shows that (B1) is not needed in the above argument; we only need
that the function © is well-defined.
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In this section, we gave sufficient conditions on the generator f to ensure that Y?¢ is a cadlag
process, that is (1.11) becomes: a.s.

= >
tlgrnooY S hmlnf /\S £.

In the next three sections we study whether this relatlon can be strengthened further to

lim Y/\S =&,

t——+o0

i.e., whether the minimal supersolution (Y¢, Z&, U¢, M¢) for the singular terminal condition ¢ is in
fact a solution, for three classes of terminal conditions.

4. Markovian terminal conditions

The aim of this section is to prove that equality holds in (1.11) when £ is a deterministic function
of the value at time S of a forward diffusion. We assume that Conditions (A) and (B) hold and
that S is given by (1.18); in particular, S is a solvable stopping time (Theorem 1.10). The process
Eis as in (1.19) with initial condition =y € D°. We further suppose that

(D1) The terminal data & satisfies
o §=9(5s),
where g : RY — Ry is a function such that Fl,, = {g = +00} N D is a closed set.
(D2) On R?\ Fy,, g is locally bounded, that is, for all compact set I C R\ Fi,
gl € L®(RY).
(D3) The boundary dD belongs to C3.

To obtain the continuity, we start with a technical result. We already know that estimate (1.22)

holds: o
0 <Y<Y :
ths = dist(Z¢pg)2—1)
The constant C' depends on ¢, D and the bound on b and o. Here we construct another estimate
which depends also on the function g.

Lemma 4.1. If O is an open set such that ONFy, = ) and ONOD # 0, then there exists a constant
C=0(0,g,q,b,0,D) and an open set Do such that O N D and D are included in Do and

C
(distpy, (Eeng))*P~1

P—as VkeN, vt>0, V"<

(4.1)

Recall that S is always the first exit time from D.

The proof is a straightforward adaptation of Popier (2007, Proposition 7) and Kruse and Popier
(2016h, Proposition 6). The second technical result concerns (Z%,U%), and it is the extension of
Popier (2007, Propositions 4 and 8) (a similar result was not proven in Kruse and Popier (2016b)).
Before the statement of our result, let us recall the following property of the distance:

Lemma 4.2. For any ¢ > 0, if D, = {x € RY, |dist(z)| < €}, then there exists a positive constant
€1 such that dist € C%(Dy,).

Proof: See Gilbarg and Trudinger (2001, Lemma 14.16). (]
Lemma 4.3. Under assumptions (A) and (B), for any o > 4(p — 1) + 1, there ezists a constant C

such that s
B [ (rrzfrﬁ -/
0 £

This inequality holds if we replace Z& and US by Z&F and USNF. If Condition (D) holds, then we
can replace dist by distp,,, with a modification of the value of the constant C'.

; (e)‘2 u(de)) dist(Z,)%dr < C.
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In the proof we will use the following definition:
Dy = {z € RY, [dist(z)| < A} (4.2)

for A > 0.

Proof: The beginning of the proof is similar to Kruse and Popier (2016b, Proposition 6). Since D
is bounded there exists a constant R > 0 such that 0 < dist(z) < R for all z € D. Using Lemma
4.2, let ¢ € C®(R%,[0,1]) with ¢ = 1 on RY\ D,, and ¢ = 0 on D, j. We define a function
¢ € C?(R%,R,) such that ¢ = (1 — p)dist + Ry on D. Since ¢ > dist > 0 on D, z — |((x)[*P~1+e
is not in C?(R%), but this function belongs to C%(D \ D,,) and we can define this function on the
rest of (R?\ D) U D, in order to have the required regularity. For n > 1/e;, define

S, = inf{t >0, Z; € Dl/n}

Take n sufficiently large such that Zg € D\ D, /n- In the following, V denotes the gradient and &
the Hessiaen matrix. The [t6 formula leads to:

enk )2 % NS ety
(v5) cEms = () c@o + [ 1z e E ) ar
tASh tASh
" 2/ VEEG(E,) dYET + / ¢(E)° /
0 0 £

tASy — e Akl =\« ENEN2
+ /0 CENAMME+ ST (BN AME)

0<s<tASH

UEMe (e) (2 7(de, dr)

tASn
va [ ENRUENTIVAE) (E e + o))
0

o [thSn enir2 o2l = (|12
e 8 [0 o= 10 e )
+((E)* M (00 (E1)VEC(E))] dr

tASy
+2a/ YENRC(E,) L2V C(E, ) o (B, ) dr. (4.3)
0

Taking the expectation removes all martingale terms. From (1.22), since a@ > 4(p — 1), we know
that there exists a constant such that for any k£ and all ¢ > 0,

2
(VE) ¢Ens)t < C

Thereby the terms
tASn,

a (Y )2((En)* I VC(E)b(E, )dr
0

_|_

| Q

tASh
/0 (V)2 [(a = 1D¢EN* 2 lo(E) VE(E) |
+¢(E)* r (00*(E,)VEC(E,))] dr

are bounded by
S S
c (E / o= l= )dr + E / ga‘*(?l)?(a)dr) :
0 0
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Since a — 4(p — 1) > 1, the arguments developed in the proof of Popier (2007, Proposition 4) show
that these integrals are finite. The Cauchy—Schwarz inequality leads to

tASh
‘E / YENRC(E,) T2V C(E ) o (2, )dr
0

tASy
< (E / uzf“fu?g(a)adr)
0

tASh
Y (E / (n%?c(a)a—?uvc<ar>a(5r>||2dr>

But since V( and ¢ are bounded,

1/2

1/2

tASn S
E / (VEMRY20(Z,) 2|V C(E)o(S,) |2dr < CE / O 1P-D-2(Z Y dr < 400,
0 0

Compared to Popier (2007), the novelties are the generator f and the terms US"* and M*. First
using (3.1):

tASh
_ 2/ VENk f(r, YN ZENR [TEAR) (2, Y gy
0
tASn tASh
——2 [y E -z [ Y U NC(E)
0 0

tASn tASh
- / Yoo (r, ZEN UENYC(E, ) dr — 2 / Yk (r, 28K USMWYC(E, ) dr.
0 0

We know that |Y;"*f0¢(2,)%| < C. From (A4)

w(r, ZfAk7 US/\k’) — wg/\szl\k‘

with |w§/\k\ < L,. Again by the Cauchy-Schwarz inequality and the previous arguments:

tASh
'E / Y o (r, Z8F, U (Er ) dr
0

tASy
<c (E / uzf“fn?«a)adr)
0

From (A3) and similar arguments, we also have:

1/2

tASh
[ v e
0

<c (E / o / <U$Ak<e>>2u<de><<ar>adr)1/2.

Note that with (B1)

t/\Sn t/\Sn 1
2R / YN G(r, YR ZEN U dr < —2R / —
0 0 Tr

q

YR dr < 0.

Up to some localization procedure we have

E [ e /
=3 "y /

2
Uf/\k(e)’ w(de, dr)

U (e)

2
‘ w(de)dr.
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Coming back to (4.3) and taking the expectation, we obtain:
erk )2 s ha k)2 o v
E(Yins, ) CEms)* —E(Y5™) (o)

tASn
_oE / (YER2C(Z,)° 1V (E)b(E, )dr
0

Q

tNSn s P =2
-2 [0 0 00E o)
+C(E) (UJ*(ET)V2C(51~))] dr

tASh
w28 [V E ) ar

tASh tASn 1/2
> [ HZEA’“HZC(Er)adr—C@ / HZSA’“u?c@)adr)
0 0
tASh 1/2
- (E [ <U§A’“<e>>2u<de><<ar>adr)
0 £

+E [ RERT /

The left-hand side of the inequality is bounded, uniformly with respect to k, t and n. Hence for all

k, t and n,
tASH
e [ <|Zf““||2+/
0 E
S
B [ <HZ§|2+/
0 E

Since ¢ > dist on D, we obtain the announced result. If (D) holds, we modify the above arguments
so that (4.1) is used instead of (1.22). O

UEM (e) )2 u(de)dr.

USAk(e)r ,u(de)) C(E,)%dr < C.

By Fatou’s lemma,

U§<e>\2u<de>) ((E)dr < C.

Theorem 4.4. Assume that (A), (B) and (D) hold. Then a.s.

lminf Vs = ¢
Proof: The proof is based on the arguments developed in Popier (2007, Theorem 2) and Popier
(2016, Theorem 3.5). Below we only provide an outline and emphasize the modifications needed to
handle the solvable time S.

Recall that Fi,y = {g =400} N ID is a closed set, that O is an bounded open set such that
ONFyx =0and ONAID # (). Now we take a function ¢ : R — R, of class C? and with a compact
support included in O. For g > 0 we apply the Itd formula to the process e_BthgAkgo(Et):

E [e#5(g A )(Es)0(Es)] = E [ POOYEEo(Ens)|

S S
— BE / e Y p(Es)ds — B / e p(20) f (5, YN, 25 U ds
tAS tAS
S

S
+E / e YN Lo(E,)ds + E / e PV p(E,)0(Zs) 28 ds. (4.4)
tAS tAS
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B > 0 is here only to avoid time integrability trouble. Again we decompose f using (3.1).

S
El?jﬂ%ﬂEQﬂ&K?ﬁZﬁﬁU?h%
A\

S
_E / () [0ds
t

NS

S
B [ IE) [F VR 2 U = 150,284 U ds
A\

S S
+E / e P () 28 ds + / e P5p(2,)0(s, UM )ds.
tAS tAS

Using the previous lemma and the Cauchy-Schwarz inequality, arguing as in Popier (2007), we
deduce the existence of some constant C', independent of k£ and ¢, such that

S
IE/ e 7% | p(Zs) (wg/\ka/\k +0(3,U§/\k)) + V(Bs)o(Zs) 25| ds < C.
tAS
The key argument is the choice of Do such that on this set distp, remains bounded away from
zero by some positive constant. From Lemma 4.1,

S
B[ VI pE) + LoE ) ds < C.
tAS
Hence all terms in (4.4), except maybe

S
B [ e P(E) [ YR ZE U - (5,0, 28, US) s,
t

S
AS
are uniformly bounded. Thus this remaining term is also bounded and, thanks to (B1), is greater
than

E /ts e o(2,) (VEW)ids,

NS
The dominated convergence theorem and again Lemma 4.3 imply that, up to a suitable subsequence,
we can pass to the limit on % in (4.4) to obtain for any ¢ > 0:

B e Pg(E)p(Es)| = B [ I go(Ens)

S S
BB [ VERE)s B [ e elE) (5, VE 2, Uds
tAS tAS

S S
—HE/ e_’Bszﬁgo(Es)ds—l—E/ e PV p(E,)0(2,s) Z8ds.
tAS tAS

Using Fatou’s lemma and letting ¢ go to +o00, we deduce that

t—+00

E [67559(55)90(55)} >E [e o(= )hmlan;/\S

The conclusion follows since a.s.
hm 1nf Yt/\S > g(Zg).

We emphasize again that the technical detalls are in Popier (2007, 2016) and are skipped above.
Since = is continuous, several technical issues of Popier (2016) are avoided here. [l

Combining the last result with Theorem 3.1 we get our continuity result for Markovian terminal
conditions:
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Corollary 4.5. Assume that (A), (B), (C), (D) hold. Then a.s.

lim Y&, =
t—:—lgloo tAS §’

i.e., the minimal supersolution Y< of the BSDE (1.1) with terminal condition ¢ = g(Zg) is a
solution.

4.1. Related elliptic PDE. Since Darling and Pardoux (1997); Pardoux (1999), it is well known
that BSDEs with random terminal time and elliptic PDE are strongly related. Inspired by Le Gall
(1997); Marcus and Véron (1998); Marcus and Veron (1998), Popier (2007) extended such result to
singular boundary value for the elliptic PDE, when the generator f is of the form —y|y|?~!, ¢ > 1.
Let us now assume that S is given by (1.18), that f is a deterministic function’, and that the
terminal condition is given by (D1), namely £ = g(Zg). In the rest of this section, to emphasize
the role of the initial position x, we indicate it as a subscript of the minimal supersolution Y¢. We
consider the system: for any x € D and t > 0

t t
IR / b(Za, )dr + / (20 AW, (4.5)
0 0

S S
Yy, = g(Zas) + / f(Cap YE,, 25, )dr — / Z& . dW,. (4.6)
t t
Of course, Equation (4.6) of this forward-backward SDE has to be understood in the sense of
Definition 1.5.
We consider the elliptic PDE
—Lv — f(z,v,Vvo*) =0 on D,
{ v=g ondD, (4.7)

where the operator £ is the infinitesimal generator of Z.
The following definition can be found in Barles (1993), Barles (1994) (or Pardoux (1999), Crandall

et al. (1992) for v continuous). If v is a function defined on D, we denote by v* (respectively vy)
the upper- (respectively lower-) semicontinuous envelope of v: for all x € D

v*(z) = limsup v(2’) and w.(z)= liminf wv(a2).
' —x, '€D ' —x, ©'€D

The next definition holds for bounded boundary condition g.

Definition 4.6 (Viscosity solution).

e v: D — Ris called a viscosity subsolution of (4.7) if v* < 400 on D and if for all
¢ € C?(R?), whenever z € D is a point of local maximum of v* — ¢,

—Lo(z) — f(z,v"(z), Vo(z)o™(x)) <0 if z e D;
min (—L¢(x) — f(x,v*(x), Vo(z)o™ (z)),v"(x) —g(x)) <0 if z€dD.
e v: D — Ris called a viscosity supersolution of (4.7) if v, > —oo on D and if for all
¢ € C%(R?), whenever = € D is a point of local minimum of v, — ¢,
—Lo(z) — f(z,v*(z), Vo(z)o™(x)) >0 if =€ D;
max (—Lo(x) — f(z,v*(x), Vo(x)o™(x)),v(z) —g(x)) >0 if x€dD.

e v: D — Ris called a viscosity solution of (4.7) if it is both a viscosity sub- and superso-
lution.

If the boundary condition is singular, we adapt the preceding definition.

If the terminal time and the terminal values are deterministic functions of =g, then the solution of the BSDE
(1.1) satisfies U = M = 0. Hence we can assume w.l.o.g. that f does not depend on U here.
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Definition 4.7 (Unbounded viscosity solution). We say that v is a viscosity solution of the PDE
(4.7) with unbounded terminal data ¢ if v is a viscosity solution on D in the sense of Definition 4.6
and if

g(z) < lim  w((2) < lim v*(2) < g(a).
z’ef)jfeaD z’ef)jzzeaD

Remark that this definition implies that v* < +o00 and v, > —o0 on D. Define
Nk
u® (z) = ng,o .

Let us further assume:

e g:9D - R, is continuous,

e f is continuous on D x R x R%,
Then under Conditions (A), (B) and (D) Pardoux and Riscanu (2014, Theorem 5.74), implies
that «(*) is continuous on D and is a viscosity solution of the elliptic PDE (4.7) with boundary data
g A k. Recall that the sequence ng/\k converges to Ygf' . If we define

u(z) = Y,

then u is the supremum of the continuous functions u(¥), is non-negative and lower-semicontinuous
on D and satisfies:

— C
VeeD, ulx)<————.
(=) dist?P=1 ()

Following the arguments of Popier (2007) with some modifications, we have:

Proposition 4.8. If Conditions (A), (B) and (D) hold, and if f and g are continuous functions,
then the function u defined by u(x) = on 18 a viscosity solution of the elliptic PDE in the sense of
Definition /.7. 7

Moreover suppose that the matrix oo™ is uniformly elliptic: there exists a constant o > 0 such
that

Ve e RY,  oo*(x) > ald. (4.8)

If the map (z,y,2) = (b(z),0(x), f(z,y,2)) is of class C1, then u belongs to CO(D,[0,+])) N
C*(D, [0, +00)).

5. Terminal condition &

In this section we study terminal conditions of the form

§1= 00 L{r<s) (5.1)

where 7 is another stopping time. We know from Ahmadi et al. (2021, Section 2) that when S =T
is deterministic and 7 has a bounded density around the terminal time 7', the minimal supersolution
Y& of the BSDE (1.1) with terminal condition &; satisfies

lim Y& = &.

s T &

Our goal is to prove similar continuity results when S is a stopping time. For this we will consider
two approaches: the first is an extension of the approach taken in Ahmadi et al. (2021, Section 2),
the first subsection focuses on this. We present a new approach in the second subsection.
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5.1. First approach. The approach of Ahmadi et al. (2021, Section 2), treating the case S = T,
where T' > 0 is a fixed deterministic time, can be summarized as follows:

(1) Assume that 7 has a bounded density around the terminal time 7.
(2) Let YY" be the minimal supersolution of (1.1) on the interval [0, 7] with terminal condition
Y7 = 00; define the auxiliary terminal condition

€§T) = 1{T§T} YTTyoo .

(3) Use the bounded density assumption and a priori upperbounds on Y7>* to prove
)\ @
E ()] <o (5.2)

for some p > 1; in particular, 557) is not a singular terminal condition.
(4) Let Y be the solution of a linear BSDE with terminal condition 557) whose driver term is

chosen to guarantee Yé < Y.
(5) Derive the continuity of Y& at time 7" from that of Y.

This argument requires a modification when the terminal time S is random because 1) a priori
upperbounds on supersolutions with explicit expressions are not in general available and 2) even if
such bounds were available, assumptions only on the distribution of 7 (such as the bounded density
assumption in the first item of the list above) would not be sufficient because, when S is random, the
expectation in (5.2) depends on the joint distribution of 7 and S. In the light of these observations,
we take (5.2) as our starting point for the next theorem. Proposition 5.2 gives an example of a case
where (5.2) is satisfied.
Note that (5.2) implies that P(7 = S) = 0. Indeed, if P(7 = S) > 0, then

E [(ﬁy))q > E [1—g) (YS°)?] = +oo.

Theorem 5.1. Assume that the stopping time S is solvable and Conditions (A) and (B) hold. Let
T be a stopping time such that there exists o > 0* so that (5.2) holds (where the threshold o* depends
on & and §* in (B3) ). Then Y& satisfies

lim Y =&, (5.3)

t——+o0

i.e., the minimal supersolution Y is in fact a solution.

Proof: We adopt the argument in Ahmadi et al. (2021) given for deterministic terminal times (see
the list above) to solvable terminal times as follows. Since S is solvable, there exists a minimal
supersolution (Y, Z°°, U, M) to the BSDE (1.1) with terminal condition +oo at time S.
Define the generator
g(tv Y, %, ¢) =Xyt f(tv 0,2, lb),

g is linear in y and satisfies (A). We would like to solve the BSDE defined by ¢ with terminal
condition Yg = EY) = 1<) Y77 §£T) is Fras-measurable and therefore Fg-measurable. Let us
check that (1.6) holds, namely for some r > 1 and p > v(r)

S
E [ewsléﬂlr + / e"g(t,0,0, O)ITdt} < +oo.
0
Note that g(t,0,0,0) = f? and (B2) holds. From the proof of Kruse and Popier (2016b, Proposition
5), using (B3), there exists r > 1 and p > v(r) such that rv(r) < §. Hence we can find v > 1 such

that E(e"”"%) < +o00. Holder’s inequality gives:

E [erpswp,r} < (BemS) (E|g§”|”)w.
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If p > ry =" > 1, then we deduce that IE|§§T)|W < 400 and (1.6) is satisfied.

Then we have to verify that (1.9) holds for 5%7). This can be done by linearizing g and using the
same arguments as for (l 6). Applying Theorem 1.4 leads to the existence and the uniqueness of
the solution (Y, Z,U, M)

We next prove that Y does serve as an upper bound on Y& the solution of the BSDE (1.1)
with terminal condition {1 Ak = kli;<g) at time S: a.s. for any t > 0

Ak
}/;5\17-/\5’ S Yt/\T/\S'

Indeed by the comparison principle, Y$* < ¥ Hence a.s.

VI = v g < Ve =€)

Since f(t,y,z,%) < g(t,y, z,%) by Condition (A1), we deduce the desired result.
We conclude using a linearization procedure (see Ahmadi et al. (2021, Lemma 3)) that a.s. on
the Fg-measurable set {7 > S}, that lim;_, ;o Y;ns = 0. Therefore, a.s. on the same set
0 < lim Y S< hm Yt,\S—O—fl (5.4)

t——+o00 -

That (5.3) holds over the event {¢; = oo} = {7 < S} follows from the fact that Y541 is constructed
by approximation from below (see Lemma 1.7). This and (5.4) imply (5.3). O

Comments on the choice of ¢* appearing in the above theorem: if f depends only on y and is
non-increasing (y = K? = 0), we have §* = 0 from Remark 1.9. Since § can be chosen arbitrarily
small we can set ¢* = 1. Then it is sufficient to have ¢ > 3 to satisfy the constraints on o in
Theorem 5.1 and in Proposition 5.2 below.

One of the key assumptions of the previous theorem is the bound (5.2); let us develop an example
for which this assumption holds. We assume that S is the first exit time of = given by (1.18),
S = Sp =inf{t >0, = ¢ D}; we assume enough regularity on D so that (1.22) holds:

C
0<Y® ,
ths S dist(Z4p5)2(P—1)

for some constant C' > 0. We also suppose that ¢ is uniformly elliptic (Equation (4.8)), so that by
Friedman (1964), for 29 = = € D, Z; has a density ¢(t,x,-). Under these assumptions, to prove
(5.2) it suffices to prove

1

1{T<S}m < 09, (5.5)

for some p > 1. Theorem 5.1 above gives:

lim Vg =&,
assuming (5.5).

The expectation in (5.5) depends on the joint distribution of (7, S, Eg). We are not aware of results
available in the current literature that would imply (5.5) under broad and general assumptions on
these variables. A basic case that can be treated with techniques that we know of is when 7 is
independent of Z (and therefore of S). The next proposition proves (5.5) in this setting.

Proposition 5.2. Suppose that S is the first exit time of E given by (1.18), that o is uniformly
elliptic, and that 7 is independent of =. If ¢ > 1 4 20, then

1

1{T<S}m < o9, (5.6)
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Proof: The equality 1/p+1/q =1 and ¢ > 1420 imply 2(p—1)o < 1. Let us denote the distribution
of 7 by Fr. The expectation (5.5) can then be written as

1 & 1
E [1{T§S}dist(ET)92(P—1)] :/0 E [1{t§5}dist(5t)92(l’—1)} dF.(t).

Since S is the exit time of = from a smooth domain with uniformly elliptic diffusion matrix, we
have:

1 & 1
E |:1{TSS}dist(ET)Q2(P—1)] :/0 E {1{t<s} dist(Et)Q?(P—l):| dF.(t)

that {Z; € D} D {t < S} implies

& 1
S/O E [1{EteD}diSt(Et)Q2(p_1)] dF-(t). (5.7)

We next bound

1
E |:1{Et€D} dist(Et)QZ(pl)] :
For Zg =z € D, let ¢(t,x,-) be the density of =Z;. The expectation above then can be written as

1 1
E {1{EtED}<iist(Et)92(P—1)] = /D(b(t’x’y)dlist(y)ﬂ(l’—l)dy' (5.8)

Let D, and €; be as in Lemma 4.2, where we choose €; small enough so that ¢ D,,. The continuity
of dist implies that D, is closed; D, is therefore compact since D C D and D is bounded. This,
the continuity of dist and = ¢ D, imply
C1 = inf |z—y|>0. 5.9
1= |z —y| (5.9)
Since b and o are Lipschitz continuous and since o is uniformly elliptic, from Friedman (1964,
page 16) we have the following Aronson’s estimate on ¢(¢,z,y) :

CQ 7A()Iyﬂv\2
¢>(t7w,y) < We .

This and (5.9) imply
Oy _AOC%
¢(t,:v,y) < We i,
for y € De,. The right side of this inequality is continuous and bounded for ¢ € [0, 00]. Therefore

. Cy _ ACt
C3 = sup o(t,z,y) < sup e <oo (5.10)
t€[0,00],y€ D¢, t€[0,00],y€ D¢, t

We now decompose (5.8) into two integrals over D, and D \ D;:

1 1
E [1{EteD}diSt(Et)@2(p_1)} = /qu(t’x’y)dist(y)@?(l”—l)dy

1 1
= o(t, z,y .dy.+/ ot x,y) —————dy
/D\De1 | )dlst(y)QQ(p‘l) D., ( )dlst<y)l’2(p—1)

1 1
< - +/ o(t,z,y)————dy. 5.11
E%Q(P—l) D, ( ) dist(y)e2(r—1) ( )

the last inequality coming from: dist(y) > €; for y € D\ D,.
It remains to bound the last integral. For this, recall that dist is C? over D, (Lemma 4.2).
Furthermore, 0D is the O-level curve of dist, in particular, for y € 9D, the gradient Vdist(y) is
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normal to dD. 8D is a C' surface, with non-vanishing normal at every point. It follows from these
and the definition of dist that Vdist satisfies |Vdist(y)| = 1 for y € 0D. Now define

E.={ye D:dist(y) > e} =D\ D,.
That dist is C?(D,,) implies that dD,, is a C? bounded surface and that the function
A(e) = Area(0E)
is C'! over the interval [0, ¢1]. In particular, it is continuous and satisfies

Cs= sup Ae) < 0. (5.12)
e€[0,e1]

This and the definition of dist imply |Vdist(y)| = 1 for y € 9D, for € < €¢;. We are now in a setting
where we can apply the co-area formula Evans (2010, Theorem 5, page 713), which gives

1 = 1
t ————dy = t dS ) ———d
De, i 7w7y)dis’5(y)g2(p_1) Y /0 ( OE. b 2,9) ) -1 %

OFE. C D, and (5.10) imply
€1 1
< - -
—/0 ( oE. CSdS) 692(pfl)al6

€1 1
g@@/
0

692(?’*1) de.

This and (5.12) give

Recall that p2(p — 1) < 1. This and the last line imply

o(t, ,y)

1
iy <Cs, 5.13
b, Y Gt < o1

where 0
C5 = 03C4/0 GQZ(Tl)de < 00.

The bound (5.13) we have just derived and (5.11) imply

1 1
E [L{EteD} dist(Et)92(p_1)] < 6§,2(1>—1) + C5.

This and (5.7) imply (5.6). O

5.2. A new argument for &£ . In the rest of the paper, to clearly state the ideas and for a less
technical presentation, we will restrict our attention to the Brownian framework, i.e., we assume
that F = F" is the filtration generated by the d-dimensional Brownian motion W. Therefore (1.1)
reduces to (2.9), that is:

Yy = —f(t,Y, Zy)dt + Z dW;. (5.14)

The continuity arguments in Section 5.1 above and in Ahmadi et al. (2021, Section 2) use the
solution of a linear auxiliary BSDE as an upper bound to the minimal supersolution. In this section
we would like to explore a new upper bound that is based directly on the original nonlinear BSDE.
As will be seen, whenever applicable, this is more natural and leads to less strict conditions on the
parameter ¢ of Condition (B1). We assume 7 and S to be solvable in the sense of Definition 1.8.
Let Y% and Y7 denote the oo-supersolutions® corresponding to 7 and S. The main idea of

8When we refer to Y as the solution, we mean the first component Y of a solution (Y, Z).
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the present section as compared to that of Section 5.1 and Ahmadi et al. (2021, Section 2) is the
following: we replace the upper bound process Y of the proof of Theorem 5.1 with Y™,

Theorem 5.3. Suppose 7 and S are solvable in the sense of Definition 1.5. Then the minimal
supersolution Y€ of (2.9) with terminal condition Yg = & = 400 - 1,<gy satisfies

. s,
tlggo Y;fAél = &1 (5.15)

Proof: As before, that (5.15) holds over the event {7 < S} = {{; = oo} follows from the fact
that Y€1 is constructed by approximation from below (Lemma 1.7). Therefore, it suffices to prove
(5.15) over the event {S < 7}.

For L > 0, & A L is a bounded random variable; let Y€1/ be the continuous classical solution
of the BSDE (5.14) with terminal value Yg = & A L. By definition Y% = limy, s, Y55 L. For

ease of notation set

- Sv{l/\L
61 = YT/\S ’

which is a F,Ag measurable random variable. By the definition of YS8AL we have YSS SNl AL

and in particular Yg S1AL — 0 over the event {S < 7}. This implies
- S,&1NL
& =Y 0N =ySar . (5.16)

For Ly > 0, let Y™ be the classical solution of the BSDE (5.14) with terminal condition Y; = L;.
Note that YTTA’I:gl =Lil{coy + YST’L11{5<T}. This, Y% > 0 and (5.16) imply

AL =YSSMN AL < YR (5.17)

Let YTASEALL he the classical solution of the BSDE (5.14) with terminal condition Y;pg = &ALy
Y7Lt is the classical solution of (5.14) with terminal condition Y; = Ly; therefore, its restriction to
the time interval [0, 7 A S] is again a classical solution of the same BSDE with terminal condition
Yirng = YTTA’%I. The inequality (5.17) and the comparison principle (applied to Y71 and the
restriction of Y7/ to the time interval [0,7 A S]) gives

}/tT/\S,fl/\Ll < Y;T’Ll, t<TAS. (518)

Y &AL s the classical solution of the BSDE (5.14) with terminal condition Yg = & AL. Therefore, its

restriction to the time interval [0, 7 A S] is again a classical solution of the same BSDE with terminal
condition & = YTSX%AL. By the comparison principle and the continuity of classical solutions of

BSDE with respect to the terminal value (applied to the processes YTASEALL and the restriction
of YS1AL to the interval [0,7 A S]) we have:

Lh;n Y;T/\S,&/\Ll _ Y;Sfl/\L’ t<71AS.
1,00

That 7 is solvable means that Y71 A Y7 as L; 7 0o where the last process is the Y component
of the minimal supersolution of (5.14) with terminal condition Y; = oco. This, (5.18) and the last
display imply
YS,£1AL < YT,OO
f <Y, t<TAS.
Let 7, /* 7 be the sequence of increasing stopping times in Definition 1.5 associated with Y°°. By
Corollary 2.4, Y™ is bounded by n in the interval [0, 7,,]. This and the last display imply

YtS’&AL <n, t<T1,AS.

Letting L " oo we get
Yts’£1 <n, t<T,AS,
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and in particular the restriction of Y% to the time interval [0, 7, A S] is the continuous classical
solution of the BSDE (5.14) with terminal value YS g < n; therefore

S61 S, _vS& S,E1NL
tllfgo Yiig = hrn YtAT:L/\S Y /\15 = h/HOlO anAls =0

over the event {S < 7,}. 7, /7 and P(1 = 5) = 0 imply {S < 7} = U2 {S < 7,,} almost surely.
This and the last display imply (5.15) over the event {S < 7}. This completes the proof of this
theorem. (]

5.3. An example in one space dimension. In this subsection we go back to the setup studied in Sezer
et al. (2019, Section 2): the driver is deterministic and only a function of y:

fly) = —yly|" ",
the terminal time S is deterministic T' and the terminal condition is
YT =00 1{T§T} (5.19)

where 7 is the first exit time of W from the interval (0, L). Since f is deterministic and the terminal
condition depends only on W, the solution (Y, Z,U, M) of the BSDE (1.1) reduces to (Y, Z,0,0)
and the BSDE becomes:

t t
Yo=Y+ [ f(Yu)du+ / Zud W, (5.20)
S
Theorem 2.1 of Sezer et al. (2019) states that for ¢ > 2 the minimal supersolution of the BSDE (5.20)
with terminal condition (5.19) is continuous at time 7'. Let y; denote the solution of d—%{ =—f(y)
on the interval [0, 7] with terminal value yp = oo, i.e.,
ye=((@—D)(T—1)'7F, t<T, 1/p+1/g=1. (5.21)

The proof of Sezer et al. (2019, Theorem 2.1) is based on the following integrability result:
E[y71{7—<T}] = E[yTl{T<T}] < Q. (5.22)

As in the proof of Theorem 5.1, Sezer et al. (2019) constructs a linear process that is continuous at
time T to find a continuous upperbound on the minimal supersolution (which implies the continuity
of the minimal supersolution); the bound (5.22) ensures that the upper bound linear process is well
defined. The bound (5.22) requires g > 2 and that is the reason why this was assumed in Sezer et al.
(2019) in its treatment of the terminal condition (5.19). We will now derive the same continuity
result under the assumption ¢ > 1 using Theorem 5.3 above.

To apply Theorem 5.3 to the present setup we need 7" and 7 to be solvable. This essentially
means that the BSDE has supersolutions with terminal value co at these terminal times. The
supersolution for terminal time T is the deterministic process t — y;. That 7 is solvable can be
derived from (1.22). Instead of invoking this general result, in the following lemma we will make
use of the simple nature of f and W to explicitly construct the supersolution Y™ with terminal
condition Y; = oo. Following Polyanin and Zaitsev (2003, page 307) we will use

_at1 1\ Y2 pv/v _
x(v,v) = v 2 (‘i) / (ut = 1) du. (5.23)
1

to construct solutions to the ODE
ldzl _ Vq =0 (5 24)
2 dx? - '

The function x is strictly increasing in v, furthermore, ¢ > 1 implies x(o00, v;) < oo. Define

L(v;) = x(o0, v).
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Let x (-, v;) denote the inverse of x(-,v;). Now define
vz, ) =x"Y|z - L/2],v).

Lemma 5.4. On the interval [L/2 — L(v;), L/2 + L(v)], v(-,v) satisfies (5.24) with boundary
conditions oo on both sides.

Proof: Direct calculation using the definition (5.23) of x. O

To construct a supersolution of (5.20), we want to solve (5.24) in the interval [0, L] with oo
boundary condition. Note that L(0) = co and L(co) = 0 and L is a decreasing smooth function. It
follows that there is a unique v* such that L(v*) = L/2. Then for v; = v*, v(z,v*) solves (5.24) in
the interval [0, L] with oo on the boundary. For our argument we also need solutions to (5.24) in
the time interval [0, L] with boundary condition n on both sides. For this purpose, the next lemma
constructs a sequence 0 < v, * v* such that x(n,v,) = L/2.

Lemma 5.5. There exists a sequence 0 < vy, / v* such that x(n,v,) = L/2.

Proof: Recall that v* is the unique solution of x(co,v*) = L/2, i.e.,

1/2 oo
()" (qz 1) / (urt — 1) du = L/2.
1

This implies in particular

/2 p1/v*
x(1,0%) = (v*)1~ %" (T) / (™ — 1) du < L)2.
1

Furthermore, the function v; — x(1,v;) is continuous on (0, v*] and increases to co as v; \, 0. This
implies that there exists v; < v* satisfying x(1,v;) = L/2. Now note x(2,v1) > L/2 and x(2,v*) <
L/2. Applying the same argument gives ve € (v1,v*) satisfying x(2,v9) = L/2. Repeating the same
argument inductively gives us an increasing sequence v, bounded by v* solving x(n,v,) = L/2. The
limit v** of this sequence satisfies x(oco,v**) = L/2. Recall that v* is the unique solution of this
equation. This yields v, A v*. O

We can now state and prove the generalization of Sezer et al. (2019, Theorem 4) to ¢ > 1:

Theorem 5.6. For ¢ > 1 the minimal supersolution of (5.20) with terminal condition Yr = oo -
li7<7y is continuous at time T'.

Proof: By the previous lemma there exists v,  v* that solves x(n,v,) = L/2. It follows from
this and Lemma 5.4 that v(-,v,) solves (5.24) on [0, L] with terminal condition 7 on both sides
and that v(-,v,) — v(:,v*). The comparison principle for the equation (5.24) implies that in fact
v(-,vn) /v(-,v*). Now define the processes

Y, = v(Wi,v,), Y, = v(Wg, v").

[t6’s formula implies that ¥, solves (5.20) with terminal condition Y; = n. Define 7, be the first
time W hits [1/n, L — 1/n]. Itd’s formula implies Y™ satisfies (1.10) (with /3, = 7,,) and the defi-
nition of v(-,v*) and the continuity of the sample paths of W imply (1.11) with £ = co. Therefore,
Y™ is a supersolution of (5.20) with terminal condition Y; = co. Furthermore, v(-,v,)  v(-,v*)
implies Y,”" ' Y;”>°. These imply that 7 satisfies all of the conditions of being solvable. T is
also solvable because it is deterministic. Theorem 5.3 now implies the statement of the present
theorem. 0
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6. Terminal condition &

Let’s assume S solvable and 7 a stopping time for which P(S = 7) = 0. Define

{2 =00 15 gy (6.1)

Our goal now is to prove that the minimal supersolution corresponding to this type of terminal
condition is in fact a solution, i.e., it satisfies lim;_, Ysgf\t = &. Our proof involves pasting processes
at stopping times to obtain candidate solutions; to simplify arguments that this procedure results
in solutions we assume that F is generated only by W. Here is the main result of this section:

Theorem 6.1. Suppose S is solvable and T is an arbitrary stopping time such that P(S = 1) = 0.
Then the BSDE (2.9) has a minimal supersolution Y5 in the time interval [0, S] with terminal
condition Yg = §3 = 00 - 1(r~.5y. Furthermore this supersolution is in fact a solution:

lim Y58 = &. (6.2)
This generalizes Ahmadi et al. (2021, Theorem 2) which treats deterministic terminal times, to
random terminal times. The main idea of the proof of Ahmadi et al. (2021, Theorem 2) generalized
to the current setup is as follows: we construct a sequence of supersolutions to (2.9) with terminal
conditions Yg = 00 - 1(,~5,) where S, is the sequence of stopping times approximating S. Note
that these processes are all defined over the time interval [0, S]; S, < S allows one to prove that
they are all continuous at time S. This, oo - 1,551 > 00 - 1(,~g) and the comparison principle
for BSDE allow one to argue that Y€ converges to its terminal condition at time S, which is the
result we seek.
Let us define several processes that will be useful in the proof of Theorem 6.1; they are all defined
as solutions of the BSDE (2.9) over the time interval [0, S] with different terminal conditions at
time S:

e YL corresponds to the terminal condition L,
e Y59 to the terminal condition 0,
o YSLUHT>Sn} t6 the terminal condition L - 1ir55,1-

These terminal conditions are Fg-measurable and bounded. Hence from Theorem 1.4 and the
conditions (B), the corresponding solutions are well defined and unique (in the sense of Definition
1.1).

Let Y57¢2 be the solution of (2.9) in the time interval [0, S,,] with terminal condition

~ S.L 5,0
Yo, =8 =Ys" 155,y +Ys - 1<, )i

22 depends on L and n. The estimates on Y% and Y¥9 in Theorem 1.4 imply the existence and

uniqueness of ySnéz We begin our argument with the following lemma.
Lemma 6.2. The process Y 3L HT>5n} has the following structure:

A{T>5n gy - SnvA S, S,L
ySEUTS = 3, = VP S ey Y70 Liss,y Lpesy + Y0 Liss,y  1pss,ye (623)

Proof: First, S, < S implies that ) is an adapted and continuous process with bounded terminal
value L-1(;-, 1; in particular, Y satisfies the terminal condition Yg = L-1(,~ 5, ) that Yy SL{r>5n}
satisfies. Let us show that ) satisfies also (2.9). Parallel to the definition of ), define

Sy 5,0 S,L
Zy =2 521{tgsn} + 27 Yss,y Yr<sy T 2877 Lss,y - Lrss,)-
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For any 0 <t < T, there are three cases to consider.
Case 1: 0 <t <T < S, < S. Since Y5€ solves (2.9) on [0, .S,]:

~ ~ T ~ ~ T ~
Ving = Ytsn@ _ Yi?n,& + / f(u, Yu5n7§2’ ZE"’&)du _ / Zgn7§2qu
t t

TANAS TANAS
— Vrns + / F 1ty Vs Za)du / Z,dW,.
tAS tAS
Case 2: S5, <t<T:
Virs = Y30 Lr<s, + Y306 - 1rss,
= YVTAS
Tns S,0 S,0 S,L S,L
+/ S [f(u’ Y’u7 7Zu7 ) : 1{T§Sn} + f(U, Yvu7 7Zu7 ) ' 1{T>Sn}] du
tA

TNAS g S
_/S (220 1gas,y + 200 Lirss,y] AW
tA

TAS
:yTAS+/ F Y, 250 Lpegy + 257 1ipag,y) du
tAS

TAS g0 S.L

—/ (Z7°  Lregy + 20" - Lpss,y] AWy

NS
TAS

TAS
— Vrns + / Fs Ve, Zu)du — / Z,dW,
t

AS tAS
since both sets {7 < S,,} and {7 > S, } are Fg, -measurable.

Case 3: 0<t< S, <T:

Vins = YtSn,ﬁz =Ys, + Fu, Vo, Z5E2) du — / Z5n& 4w,
tAS NS
= Ys‘io . 1T§Sn + Y;;L i 17->Sn
Sh N s, ~
+ f(u, yu’ Zf’mEQ)du _ / Z§7L7£2 qu
tAS tAS

TAS
- yT/\S +/ f(uayua Z{?’O . 1T§Sn + Z{?’L . 1T>Sn)du
Sn

TAS
- / (250 1<, + Z3F 1,55, AW,

Sn -~ STL ~
+ £ (u, Y, Zf"’&)du _ / Z{fn’&qu
tAS tAS
TNAS TNS
Vst [ fwdeZ)du- [ Zdi,
tAS tAS
Hence we have verified that (), Z) solves the BSDE (2.9). The statement of the lemma follows from
the uniqueness of such a solution (Theorem 1.4). O

We now give

Proof of Theorem 6.1: Let Y5/l he the solution of (2.9) with bounded terminal condition Yy =
§2AL = L-1(;~ ;. As usual, we define Y542 via approximation from below: Y%¢ = limy, 700 Yy Si&nl,
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That S is solvable and Lemma 2.2 imply that Y2 is the minimal supersolution we seek. It remains
to prove (6.2), i.e., limy_,o0 Ytigz = £5. Once again, this holds over the event {7 > S} = {{2 = oo}
by construction (approximation from below, Lemma 1.7). Therefore, we only focus on the proof of
(6.2) over the event {r < S}. Recall the process Y31 1751} of (6.3) that is the solution of (2.9)
over the interval [0, ST with terminal condition Y5 = L - 1(;~g,3. That S, < S implies

L1755y <L-1s50

This and the comparison principle imply
yS@rL ¢ ySLUrSY gy o g

Lemma 6.2 implies
Y M < v S0 for ¢ €]S,, 5]

over the event {7 < S, }. Combining the last two displays we get
YN < v for t €]S,, 5]

over the event {7 < S, }. The right side of the last inequality doesn’t depend on L. Letting L oo
on the left gives

Y52 < v20 for t €]S,, ]
over the event {7 < S,,}. The right side of the above inequality is a classical solution of the BSDE
(2.9) with 0 terminal condition. Therefore, taking limits of both sides above give

lim sup Yt*/g\é? < hm Y;ig 0.
t—o00

By its construction, Y542 > 0. This and the last display imply

] S’E —
tli>nolo Yins' =0,
over the event {7 < S,}. Finally, S,, /S and P(t = S) = 0 imply ,_ {7 < Sn} = {7 < S}. This
and the last display imply

hm th\? =0=¢&

over the event {7 < S}. This completes the proof of the theorem. O

7. Conclusion

The present work develops solutions to the BSDE (1.1) with random terminal time S for a range
of singular terminal values. We do this by proving that the minimal supersolution is continuous
at S and attains the terminal value by constructing upperbound processes that force the desired
continuity at .S on the minimal supersolution. A key ingredient of our arguments is the concept of
a solvable stopping time with respect to the given BSDE and filtration, introduced in the present
work. Solvability means that the BSDE has a supersolution with value oo at the given stopping
time. In our arguments we assume the terminal time S to be solvable. We note that a stopping
time that has a positive density around 0 is not solvable. We also note that deterministic times as
well as exit times of continuous diffusion processes from smooth domains are solvable. A natural
direction for future work is to further understand the concept of solvability and identify other classes
of solvable /non-solvable stopping times.
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8. Symbols and notation

(1) (22, F,P) is the probability space on which all of the random variables are defined; F is a
complete, right continuous filtration of F supporting a d-dimensional standard Brownian
motion W and a Poisson random measure m on &€ C R™ \ {0} with intensity p (see 1.1).

(2) (Y,Z,U, M) are the components of a (super)solution to the BSDE (1.1), which is defined
by the driver f, the terminal condition £ and terminal time S, a stopping time (Definitions
1.1 and 1.5).

(3) Constants and functions appearing in assumptions (A1)-(A4): x, Yy, f2, &, 9,L., Ly.

(4) Constants appearing in other assumptions of Theorem 1.4 (Kruse and Popier (2016a, 2017,
Theorem 3)) guaranteeing the existence of a unique classical solution to the BSDE (1.1):
r>1,p, K (see (1.7)), v (see (1.8)).

(5) Constants appearing in assumptions (B1)-(B4): ¢ > 1, § > 6*, m > m*.

(6) Constants appearing in Definition 1.5 of a supersolution: ¢ > 1.

(7) (Y°°,Z°°,U>, M) is the minimal supersolution with terminal condition +oo a.s. at the
solvable stopping time S.

(8) More generally, superscripts to (Y, Z, U, M) are used to denote terminal times and conditions
for (super)solutions; an example: Y7"€F denotes the Y component of the solution of the
BSDE (1.1) with terminal condition Y;rs = & A k. We omit the terminal time from the
superscript when an emphasis on the terminal time is not necessary.

(9) Ito’s diffusion Z, its drift b and diffusion coefficient o (1.19).

(10) L: infitesimal generator of Z (4.7).

11) D: open bounded subset of R? with C? boundary,

12) For a set B C R? distp : R? — R,distp(z) = infygp ||z — y|| for y € B, distp(z) =

—infyep ||z — yll,z ¢ B; if B = D we write dist.

) Dy = {z € R?, |dist(z)| < A} (4.2).

) For aset U C R U denotes its closure.

) Decomposition of f into four parts: f = ¢ +w + 60+ O (3.1).

) Constants and functions appearing in assumptions (C1)-(C2): ¢ > 0, f, kK« > —1; © of

(3.2) is defined in terms of .

(17) C, C1, Co, etc. are used throughout the text to denote a positive real constant that is
independent of (¢,z,w); the dependence of a constant on model parameters is indicated
wherever it is used.

(18) Constants and functions appearing in assumptions (D1)-(D3): g, Fw.

(19) & = 14;<gy, 7 is a stopping time of F, (5.1).

(20) &2 = 14755y, 7 is a stopping time of F, (6.1).
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