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Abstract

We study the behaviour at the terminal time 7T of the minimal solution of a
backward stochastic differential equation when the terminal data can take the value
+oo with positive probability. In a previous paper [15], we have proved existence of
this minimal solution (in a weak sense) in a quite general setting. But two questions
arise in this context and were still open: is the solution right continuous with left
limits on [0,7]7 In other words does the solution have a left limit at time 77 The
second question is: is this limit equal to the terminal condition? In this paper,
under additional conditions on the generator and the terminal condition, we give a
positive answer to these two questions.

AMS class: 60G99, 60H99, 60J15.
Keywords: Backward stochastic differential equations / Jumps / General filtration /
Singularity.

Introduction

Backward stochastic differential equations (BSDE) were introduced in [4] in the linear
case and extended in the non linear case in [18]. Since then a huge literature has been
developed on this topic and on their applications (see for example [6] or [19] and the
references therein). In this paper we consider a filtered probability space (2, F,F,P)
with a complete and right-continuous filtration F = {F;, ¢ > 0}. We assume that this
space supports a Brownian motion W and a Poisson random measure p with intensity
with intensity A(de)dt on a space E. fi denotes the compensated related martingale. We
consider the following BSDE:

W vi=er [ vz [ zav- [ [ v - [ o
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where f is the generator and £ is the terminal condition. The solution is the quadruplet
(Y, Z,U, M). Since no particular assumption is made on the underlying filtration, there is
the additional martingale part M, orthogonal to W and p. It is already established that
such a BSDE has a unique solution when the terminal condition £ belongs to L?(Q, Fr, P),
p > 1 (see among others [3], [6] or [14]).

When the terminal condition £ satisfies

(2) P(¢ = +00) > 0

we called the BSDE singular. This singular case has been studied in [20] when the filtration
is generated by the Brownian motion (no jump, no additional noise, i.e. U = M = 0)
and for the particular generator f(t,y,z,u) = f(y) = —y|y|?. Recently singular BSDE
were used to solve a particular stochastic control problem with application to portfolio
management (see [2] or [8]). In this framework, the intensity A is finite and the generator
does not depend on z and has the following form:

(3) f(t,y,U) = _yq|cyy|qq - B<t7y7u> + Y-

t

where the function B is given by

B u) = u(e — Bile) e
@ Bt = [+ (1 i ﬁt@q)uq)lyﬂ(e)zo A(de)

and where «, 8 and 7 are positive processes. The minimal solution (Y, Z, U, M) (provided
it exists) gives the value function of the following control problem: minimize

5 | ' (b bl + [ oA ) ds +€lxap

7

over all progressively measurable processes X that satisfy the dynamics

X, = :E+/ts77udu+/:/ECu(e)u(de,du)

and the terminal state constraint
XTlgzoo - O

p is the Holder conjugate of 1+ ¢. For the financial point of view, the set {{ = 400}
is a specification of a set of market scenarios where liquidation is mandatory. The value
function is equal to |x|PY; and the optimal state process X* can be computed directly with
Y and U. Note that the martingale part of the solution (Z, M) is not employed in the
computation of the optimal state process. Thus the control problem can be completely
solved provided the BSDE has a minimal solution (see Section 2 and Theorem 4 in [15]
for more details on the control problem).

Lwith the convention 0.co = 0.



In [15], under some technical sufficient assumptions on f (Conditions (A) below), it
is proved that the BSDE (1) with singular terminal condition (2) has a minimal super-
solution (Y, Z, U, M) such that a.s.

o S
(6) llgl%lf}/t_f.

The main requirement is that f decreases w.r.t. y at least as a polynomial function
(almost like —y'™9, ¢ > 0), when y is large. The main difficulty is to obtain some a priori
estimate, which states that Y; is bounded from above for any ¢ < T by a finite process
(Inequality (9)). The construction of (Y, Z, U, M) without Condition (6) can be made if
the filtration I is only complete and right-continuous.

In the classical setting (£ € LP(£2)), Y has a limit as ¢ increases to T since the process
is solution of the BSDE (1) and thus is cadlag?. Moreover this limit is equal to ¢ a.s. if
the filtration I is left-continuous at time 7T'. Indeed we need to avoid a jump at time T of
the orthogonal martingale M (see the later discussion in Section 1). Hence in the singular
case the behaviour (6) of the super-solution Y at time 7" is obtained under this additional
requirement on the filtration F. For the related control problem (5), this weak behaviour
(6) at time 7" of the minimal process Y is sufficient to obtain the optimal control and the
value function. Nevertheless two natural questions arise here:

e Can we expect that the left limit at time 7' of the minimal solution Y exists 7 In
other words is Y cadlag on [0,7] 7

e Can the inequality (6) be an equality if the filtration is quasi left-continuous ?

The aim of this paper is to give an (at least partial) answer to these two questions.

Related literature

As far as we know, there are only two works on this topic: [20] in the Brownian setting
and the third chapter of the PhD thesis of Piozin in the Brownian-Poisson setting, both
for the particular generator f(y) = —y|y|?.

The study of this question in the Brownian setting was firstly made in [20]. The proof
was decomposed into two parts: firstly the existence of the limit, secondly the equality

(7) hﬂglf}/; =¢.

For the existence of the limit no additional assumption was required. But the particular
structure of f was very important. For the second part to prove the equality (7), a
localization procedure was used, working only in the Markovian framework. To be more
precised the terminal condition ¢ is equal to h(Xy) where h is a function from R? to
[0, +00] with a closed non empty singular set S = {h = +00} and X is a forward diffusion
given as the solution of a SDE. For ¢ < 2, Malliavin’s calculus and an integration by parts
were used, in order to transfert the control of Z; = D;Y; to the control of Y;. Since the
density of the process X appears in this integration by parts, additional conditions were

2French acronym for right continuous with left limits.



required on the diffusion X (especially uniform ellipticity). For ¢ > 2, no particular
hypothesis was imposed on X since we had a suitable estimate on Z. In some sense if the
non linearity ¢ is not large enough, it should be compensated by more regularity on X.

In the third chapter of the PhD thesis of Piozin, we have studied the Brownian-Poisson
case, again with the generator f(y) = —y|y|? The existence of the limit is treated exactly
as in [20]. For the proof of the equality (7) we worked in the Markovian setting: £ = h(X7r),
and we assumed that ¢ > 2 since we had an a priori estimate on Z and U. Moreover
the localization procedure involves the infinitesimal generator of X which contains a non
local part due to the jumps in the forward SDE. In order to have suitable estimates on
this part, we needed other technical assumptions on the jumps of the solution X and the
singular set S = {{ = +o0}.

Contributions and decomposition of the paper

In this paper we want to broaden these results in two directions: more general genera-
tor f and no restriction on the filtration. We are not able to give a general result for any
generator f and any final value £. We just have sufficient conditions on the generator f
and the terminal value £ as in [20]. Unfortunately there is still a gap between existence
conditions of the minimal super-solution and “continuity at time 77 assumptions.

e We can prove the existence of this limit only if the generator f has some specific
structure (Theorem 2). Our main requirement is that the growth of f w.r.t. y
could be “controlled” uniformly w.r.t. z and u. The filtration [F satisfies the usual
assumptions: complete and right-continuous.

e The proof of the equality (7) is a different problem. First we will assume that the
filtration FF is such that a martingale cannot have a jump at time 7. This property
holds if F is quasi left-continuous, which is a common assumption (see the discussion
in Section 1.2). The setting will be half Markovian: £ = h(Xr). But the generator
is not supposed to depend only on the forward process X. Hence the setting is not
completely Markovian. As explained before we will assume that ¢ is large enough
(¢ >2if f(y) = —yly|?). The complete result is Theorem 3.

Our method here is very closed to [20]. Nevertheless some added difficulties appear here;
let us briefly explain them. For the existence of the left limit of Y, if the generator f does
not depend on U, the proof is almost the same as in [20]. In other words the presence
of U in the generator is the main trouble and the reason why additional hypotheses are
made on f. To obtain the desired equality (7), as in [20], we will prove a stronger a priori
estimate on Z and U (extension of a known result in the Brownian setting). This point
is rather technical but not surprising. Next we will restrict ourselves to the case where &
depends only on the terminal value of a forward diffusion X: £ = ®(Xr). The complexity
does not come from the filtration or the martingale part. Indeed with a left-continuity
condition at time 7" on the filtration F, the martingale M will not have a jump at time
T and the martingale part of the BSDE will be killed by taking the expectation. But the
novelty is the non local part Z of the infinitesimal generator of X (given by (29)). This
term comes from the jumps of X generated by the Poisson random measure. We will



be able to have a suitable estimate on this term under a technical condition (denoted by
(E)). This assumption connects the jumps of X with the singularity set S = {® = +oo}
and is original and unusual.

The paper is organized as follows. In the first part we give the precise mathematical
framework and we recall the known result: existence of the minimal solution of the BSDE
(1). We also discuss the required conditions on the filtration F. Then in Section 2 we
prove existence of a left limit, that is Y is cadlag on [0,7] (Theorem 2 and its proof)
under Condition (B). In the last section we want to prove Equality (7). First we will
show that the generator cannot be singular. We complete the results of [15] with an a
priori estimate of the coefficients Z and U. And finally under other technical assumptions
we prove Equality (7) (Theorem 3). Since the conditions in the second and third sections
are not exactly the same, we gather all conditions in the short last section in order to
obtain the continuity of Y at time T’

(8) lim ¥} = ¢.

Along the paper we will always consider Example 1 (generator f given by (3) and (4)),
with the important particular subcases:

e Example 2: f(y) = —y|y|? (toy example).

e Example 3: f(t,y) = —(T — t)*y|ly|* + —, with real numbers ¢ and .

1
(T—1)

The open questions (¢ small, more general generator f, non Markovian setting, etc.)
are left for further developments.

1 Setting, known results, filtration

We consider a filtered probability space (Q, F,P,F = (F;)t>0). The filtration is as-
sumed to be complete and right continuous. Note that all martingales have right contin-
uous modifications in this setting and we will always assume that we are taking the right
continuous version, without any special mention. We also suppose sometimes that the
filtration is quasi-left continuous (as in [14] and [15]), which means that for every sequence
(7o) of F predictable stopping times such that 7,, /7 for some stopping time 7 we have
Ve Fr. = Fz. This condition is unimportant for the existence and/or uniqueness of the
solution of the BSDE (see [5] for more details on this technical point).

We assume that (Q, F,P,F = (F;);>0) supports a d-dimensional Brownian motion W
and a Poisson random measure u with intensity A(de)dt on the space F C R \ {0}. We
will denote &£ the Borelian o-field of E and f is the compensated measure: for any A € £
such that A\(A) < 400, then u([0,t] x A) = u([0,¢] x A) — tA\(A) is a martingale. The
measure A is o-finite on (F, £) satisfying

/Eu A le2)A(de) < +oc.

In this paper for a given T' > 0, we denote:
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e P: the predictable o-field on Q x [0, 7] and
P=PRE.
e On ) =0x [0, 7] x E, a function that is ﬁ—measurable, is called predictable. Gj,.(1)
is the set of P-measurable functions 1 on {2 such that for any ¢t > 0 a.s.
t
| [0 Aenae) < +oo.
e D (resp. D(0,T)): the set of all predictable processes on R, (resp. on [0,7]).
L? (W) is the subspace of D such that for any ¢ > 0 a.s.
t
/ | Z,|?ds < +oo0.
0
e M, the set of cadlag local martingales orthogonal to W and . If M € M, then

MW, =0,1<i<k  [M,(A.)];=0

for all A € £. In other words, E(AM % u|P) = 0, where the product * denotes the
integral process (see 11.1.5 in [9]). Roughly speaking, the jumps of M and p are
independent.

e M is the subspace of M,,. of martingales.

We refer to [9] for details on random measures and stochastic integrals. On R?, |.| denotes
the Euclidean norm and R**? is identified with the space of real matrices with d rows
and d’ columns. If z € R we have |z|? = trace(zz*).

Now to define the solution of our BSDE; let us introduce the following spaces for p > 1.

e DP(0,7T) is the space of all adapted cadlag processes X such that

E [ sup |XiP | < +o0.
te[0,7

For simplicity, X. = sup;eio 7y [ X¢-

e HP(0,T) is the subspace of all processes X € D(0,T) such that

T p/2
([ )
0

e MP(0,T) is the subspace of M of all martingales such that

E < 400.

E [([M]T)p/ﬂ < oo
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o LE(0,T) =15(Q2 x (0,T) x E): the set of processes 1 € Gioe(t) such that

(/ ) / |¢s<e>|2u<ds,de>)p/2

o LY(E) =LP(E, \;R™): the set of measurable functions ¢ : E' — R™ such that

< +00.

HW’M = /E [ (e)[PA(de) < +o0.

o SP(0,T) = D?(0,T) x HP(0, T) x L(0,T) x MP(0,T).
If M is a Ré-valued martingale in M, the bracket process [M]; is

d

(M, = 3 [0,

i=1

where M? is the i-th component of the vector M.
We consider the BSDE (1)

T
Y, = §+/ stS,ZS,U)ds—/ ZdW, — // i(de, ds) /dMS.
t t

Here, the random variable £ is Fpr-measurable with values in R and the generator f :
QO x[0,7] x R xR x L3(E) — R is a random function, measurable with respect to
Prog x B(R) x B(RY) x B(IL3(E)) where Prog denotes the sigma-field of progressive
subsets of © x [0,7]. The unknowns are (Y, Z, U, M) such that

e Y is progressively measurable and cadlag with values in R;

Zel?

(W), with values in R%

loc

U € Gioe(p) with values in R;
o M € M,;,. with values in R.

For notational convenience we will denote f? = f(¢,0,0,0).

Assumptions

e ¢ and f? are non negative and P(§¢ = +00) > 0. S is the set of singularity:
S ={{ =+o0}.

e The function y — f(t,y, z,u) is continuous and monotone: there exists y € R such
that a.s. and for any ¢t € [0,7], 2 € R* and u € L3(FE)

(A1> (f<t7y7 2 u) - f(tv y/7 2 u))<y - y/) < X(y - y/>2'
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e For every n > 0 the function

(A2) sup | f(t,4,0,0) — f] € L'((0,T) x Q).

ly|<n

e f is Lispchitz in z, uniformly w.r.t. all parameters: there exists L > 0 such that for
any (t,y,u), z and 2": a.s.

(A3> ‘f(tayuz7u)_f<t7y7z/7u)‘ SL‘Z—Z’|.
e There exists a progressively measurable process kK = k¥*"" : Q x Ry x £ — R such
that
(A4) [y, z,u) = f(ty, 2,0) < /(U(e) — v(e))r{™"" (e)A(de)
E

with P ® Leb ® M-a.e. for any (v, z,u,v), —1 < s77""(e) and | (e)| < J(e)
where ¢ € L3(E).

Note that no assumption on f° (expect non negativity) is required. Conditions (A1)-(A4)
will ensure existence and uniqueness of the solution for a version of BSDE (1), where
the terminal condition ¢ is replaced by & A n and where the generator f is replaced by
fo=1Ff—f"+(f"An) for some n > 0 (see BSDE (10) below). We obtain the minimal
supersolution (see Theorem 1) with singular terminal condition & by letting the truncation
n tend to co. To ensure that in the limit (when n goes to 0o) the solution component Y
attains the value oo on § at time T but is finite before time 7', we suppose that

e There exists a constant ¢ > 0 and a positive process a such that for any y > 0
(A5) fty, zu) < —(aylyl* + f(2,0, 2, u).

p=1+ % is the Holder conjugate of 1 + ¢q. Moreover, in order to derive the a priori
estimate, the following assumptions will hold.

e There exists some ¢ > 1 such that

(A6) E /0 '

e There exists k > max(2,¢/(¢ — 1)) such that

1 1/q ¢
(qa ) + (T —s)Pf°| ds < +oo.

(A7) /E|19(e)|k)\(de) < +00.

Definition 1 The generator f satisfies Conditions (A) if all assumptions (Al)—(AT)
hold.

Remark 1 (on Assumptions (A))



1. By wvery classical arguments we can suppose w.l.o.g. that x = 0 in (Al). In the
rest of the paper, we assume that x = 0.

2. Assumptions (A2) and (A5) imply that the process a must be in L'((0,T) x Q).
Indeed from (A5) with z =u =0 and y = 1, we obtain

f(tv 17070) - fto < _(at) = a; < |f(t7 17070) - fto|
Condition (A2) leads to the integrability of a.

3. The fourth condition (A4) implies that f is Lipschitz continuous w.r.t. u uniformly
mw, t,y and z:

[F(t s 2,0) = f(ty, 2,0)] < [[0]lzllu = vllz = Liju = |z

This assumption (A4) is used to compare two solutions of the BSDE (1) with differ-
ent terminal conditions (see Theorem 4.1 and Assumption 4.1 in [22] or Proposition

4 in [14]).

4. The generator f can be also “singular” at time T provided Assumption (A6) holds
(see examples below). Note that BSDEs with singular generator were already studied
in [11] and [12], but the setting is completely different.

5. Moreover if the condition (AG) holds for some ¢ > 1, it remains true for any 1 <
(" < (. But with an additional cost in Condition (AT7).

Example 1 (Main example) The case given by equation (3) has been developed in [2],
[8] and [15]. The process a; is 1/(gay). All previous assumptions are satisfied if S;(e) > 0
for any ¢ and e, 1/a? is in L'((0,T) x Q), a € L*((0,T) x Q) and if the non negative
process v = f0 satisfies Condition (AG6).

o
Example 2 (Toy example) The function f(y) = —yl|y|? satisfies all previous condi-
tions. It corresponds to generator (3) with oy = (1/¢)"/9, B;(e) = +oo and v; = 0.

o

Example 3 (With power singularity) We will also discuss the case:

fty) =—(T=t)yly|" + T—0=

where ¢ and @ are two real numbers. Since a; = (T'—t)* is in L'(0,T'), ¢ must be greater
than —1. Note that this lower bound is necessary to have an optimal control in (5) (see
Example 1.1 in [2]). Condition (A6) imposes that

T
/ (T — )%/ 4 (T — )" dt < 0.
0



This implies the following bounds:
—1<¢<q, w<l+1/q+1/¢.

with 1 < ¢ and ¢ < g/< if ¢ > 0. The singularity ot time 7" of the generator has to be not
too important (upper bound on w) and the coefficient a before y|y|? can degenerate at
time 7', but not too quickly (upper bound on ).

o

1.1 Known results

In [14], we proved that if £ € LP(Q2), for some p > 2, then under Conditions (A) there
exists a unique solution (Y, Z, U, M) in SP(0,7") to the BSDE (1). In [15], the following
result is proved.

Theorem 1 (Theorem 1 in [15]) Under Conditions (A) there exists a process (Y, Z,U, M)
such that

o (Y,Z,U, M) belongs to S*(0,t) for anyt < T.
o A.s. foranyte[0,T],Y,>0.

o forall0<s<t<T:
t t t
Y=Y, +/ [, Y., Z,, U.)dr — / Z,.dW, — / / Us(e)i(ds,de) + My — M.
s s s E

o [f the filtration F is quasi left continuous, (Y,Z,U, M) is a super-solution in the
sense that a.s. (6) holds:
liminf Y; > €.
t—T

Any process (17, Z.U, M) satisfying the previous four items is called super-solution of
the BSDE (1) with singular terminal condition §.

A key point in the construction made in [15] is the following a priori estimate:

4
Ké,L,ﬁ r 1 1 141 0
(9) Y < m E /t a + (T — S) + /(Ifs ds

where Ky 1 ¢ is a non negative constant depending only on ¢, L and ¥/ and this constant is
a non decreasing function of L and ¥ and a non increasing function of ¢. Condition (A6)
implies that a.s. ¥; < 400 on [0,7).

1/¢

Fi

Remark 2

o The constants K; 19 and ¢ > 1 come from the growth condition on f w.r.t. z and
u.

10



o [f we assume that f(t,0,z,u) is uniformly bounded from above by Ky, in (9) we can

take ¢ =1 and Ky 9 =1 and we add %{/(I(T —t) .
Back to the examples.

e Example 2. If f(y) = —yly|?, a; = 1, Ky = 0, and we obtain as in [20]:

)

e Example 3. Recall that —1 < ¢ < ¢ and w < 2+ 1/q. Here again one can take
Ky =0 and

N 4 1 1 1
i<|- + :
a) q—<(T—-t)a 2+1/q—w (T —t)=!

Let us finish this section by the minimality of the solution.

Proposition 1 (Minimal solution) The solution (Y, Z,U, M) obtained by approxima-
tion is minimal. If (Y, Z,U, M) is another non negative super-solution, then for all
t€[0,T], P-a.s. Y; > Y,.

Now we give the main ideas of the proof of the existence result (Theorem 1). It is
important to study the behaviour of Y in the next sections. The approach in [15] is to
approximate our BSDE by considering a terminal condition of the form &" := £ A n and
observe asymptotic behaviour.

In the rest of the paper, (Y, Z™, U™, M™) will be the solution of the truncated BSDE:

T T
(10) o= enns [ narznonds— [ ziaw,
t t

T
- [ [ ureitas.de) - oy - ).
t JE
Here f,(t,y, z,u) is the generator obtained by the truncation on f?:

(11) fn(tayazvu): (f(tayazau)_ft0)+(ft0/\n)'

Existence and uniqueness of (Y, Z" U™ M™) comes from Theorem 2 in [14]. Moreover
using comparison argument (see [14] or [22]) we can obtain for m < n: 0 < Y™ < Y™
And for any n, Y satisfies Estimate (9) (Proposition 2 in [15]). This allows us to define
Y as the increasing limit of the sequence (Y,"),>1:

Vte[0,T], Yi:= lim Y/

n—o0

11



Proposition 3 in [15] shows that there exists a constant C' such that for any 0 < ¢ < T
t /2
sup v =¥ / 2; - 2pas) ]
0<s<t 0
/2
v | ([ [0 - vpieiutas.de )+ g - me]

t
< CE[)Y;" - V"] +CE/ 12NN — O Aml'ds.
0

(12) E

Since Y,” converges to Y; almost surely, with the a priori estimate (9), Condition (A6)
and Inequality (12), thanks to the dominated convergence theorem, we can deduce:

1. For every ¢ > 0, (Y"),>1 converges to Y in D(0,T — ¢).

2. (Z™),>1 is a Cauchy sequence in H*(0,T — ¢), and converges to Z € H*(0,T — ¢).
3. (U")n>1 is a Cauchy sequence in L, (0,T — ¢), and converges to U € LL/,(0,T — ¢).
4. (M™)y>1 is a Cauchy sequence in M‘(0,T —¢), and converges to M € M, (0,7 —¢).

The limit (Y, Z, U, M) satisfies for every 0 <t < T, forall 0 < s <t

(13) Y=Y, + /er,ZT,U)dT—/ZdB // f(dr,de) — M, + M.

and Y satisfies Inequality (9). Note that all these results are obtained without the quasi
left-continuity assumption on the filtration [F. But since the solution (Y, Z, U, M) satisfies
the dynamic (13) only on [0, 7 — €] for any £ > 0, we cannot derive directly the existence
of a left limit at time 7" for Y.

1.2 Condition on the filtration F

In the LP-theory, we assume that the terminal condition £ belongs to LP(Q2) and that
the generator f satisfies f° € LP((0,T) x Q) for some p > 1 (see [5] or [14]). Then if
(Y, Z,U, M) is the solution of the BSDE (1) in SP (called LP-solution), we have

Ysz lim }/;:é—(MT—MTf)Ig—AMT:YT—AMT

t—T, t<T

In other words the orthogonal martingale M could have a jump at time 7" and thus (7)
may not hold. For example, consider the filtration F defined by

={0,Q}, t<1, Fi=oX), t>1, withP(X=1)=P(X =-1)=1/2.

T is called a thin time® (see [1] for the definition). Then for T'=1, f =0 and £ = 1x_,
Yi=1/2forany t <T.

3The author thanks Monique Jeanblanc for her precious information on this topic.
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To ensure that (7) will be true, we need to impose an extra condition on the filtration
F to ensure that a martingale cannot have a jump at time 7. A usual and enough
condition is: the filtration [F is quasi left-continuous. For example if [F is generated by the
Brownian motion and the Poisson random measure, this hypothesis is true. A sufficient
and less strong condition is: the filtration I is left-continuous at time 7" (see the proof of
Proposition 25.19 in [13]). The reader could find examples on non quasi left-continuous
filtrations in Remark 1.9 [1] (see also the references therein, in particular [10]).

If we assume that such kind of assumption holds for [F and thus if a martingale cannot
have a jump at time 7', then we have a.s.

ENAn =liminf V)" <liminf Y},
t—T t—T

and thus immediately the singular minimal solution satisfies (6): a.s.
liminf Y} > €.
mip Y2 &

To summarize, we add a condition on [ to be sure that the previous inequality holds.
This inequality will be used in Section 3 to prove continuity of Y.

2 Existence of a left-limit

In this section Conditions (A) hold and we will prove that the left limit of Y at time
T exists provided we know the precise behaviour of the generator w.r.t. y. In other words
we show that Y is cadlag on [0, 7]. In some sense our generator has to be more specific
to control the behaviour of the supersolution at time 7.
Assumption (B). The generator satisfies

(B) big(y) < [ty z,u) = f(t,0,2,u), Vy =0, V(t, 2 u),
where
e b is positive and b € L'((0,7) x Q);

e g is anegative, decreasing and of class C'! function and concave on R, with g(0) < 0

and ¢'(0) < 0.
Since Conditions (A) should hold, in particular (A5), from (B) we deduce that b,g(y) <
—auy|y|? for any t € [0,T] and y. Thus w.lo.g. g(y) < —yly|? and b, > (—1/9(1))a; = Cay
for some positive constant C'. We can always add to g a linear function like —y — 1 such
that ¢(0) < 0 and ¢'(0) < 0.
In the sequel of this section, we decompose f as follows:
f(t7 y7 27 u) = (b(t’ y’ z? u) + 7T<t7 z? u) _'_ fto
where f{ = f(¢,0,0,0) and
¢(t, Y, z, U) = f(ta Y, =z, U) - f(t7 07 2 U)
7(t,z,u) = f(t,0,z,u)— f(t,0,0,0).
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Theorem 2 Assumptions (A) and (B) hold. Moreover one of the next three cases holds:
e Case 1. f does not depend on w or w(t,0,u) > 0;

e Case 2. ¥ € L)(F) and there exists a constant r, > —1 such that £2%*%(e) > k.
a.e. for any (s,u,e);

e Case 3. )\ is a finite measure on E.

Then the minimal supersolution Y has a left limit at time T

Remark 3

1. Again this result shows that the process Y is cadlag on [0, T] when the filtration F
is complete and right-continuous. No additional assumption (left-continuity) on the
filtration is needed here.

2. If Inequality (6) holds, then a.s. }HT%E > £
—

3. The second condition on k in Case 2 is quite classical. Indeed a stronger version is
used to prove the comparison principle for BSDE with jumps in [3] or in [23].

Back to the examples. Clearly Conditions of Theorem 2 hold for the three examples
1, 2 and 3.

Indeed for Example 1, A is supposed to be finite. Moreover since 1 defined by (4) is
Lipschitz w.r.t. y we obtain for y > 0:

f(t,y,z,u) - f(t’O,Z,U) = _y‘y‘q - @Z)(t,y,u) + ¢(t707u) > _M - L|y|

qor qay

_ (L v L) (" + ) = hig(y).

q
qay

v

if X
bh=—VL gy =-y"

7 Ty —1.
qey

For the examples 2 and 3, g(y) = —y|y|? — y — 1 also works. Since f does not depend on
u, there is no restriction on A or on k. o

Let us just give the trick of the proof of the previous theorem. If b; is deterministic,
consider the ordinary differential equation y' = —f(t,y) = —b,g(y). To solve it, we can
separate the variables and with ©" = 1/g, we write formally:

ou(T) - e(0) = - [ s~ [T

which gives: .
v =67 (o) + [ bas).

We will follow the same idea: we apply the Ito formula with the function © to the process
Y;. Then we cancel the martingale part with the conditional expectation and we have

14



to control the terms of finite variations. The positive parts will give a non negative
supermartingale, which has always a limit at time 7. The negative parts have to be more
carefully studied to prove that they have a limit at time 7. This is the reason why we
impose these extra conditions on f, Kk or .

Now let us go into details and define the function © on (0, +00) by

(14) @(SL’):/ C>Oﬁyl)dy.

Recall that ¢ is continuous and negative on R,. Thus from the condition g(y) < —yl|y|,
the function © : [0,+00) — (0,0(0)] is well defined, non increasing, of class C'', and
bijective. Let Z : (0,0(0)] — [0,400) be the inverse of ©. Let us give some explicit
examples.

e Ifg(y)=—vy*—2y—1,0(z)=(z+ 1) and =Z(z) = (1/x) — 1.
e If g(y) = —exp(y), for y > 0, O(x) = exp(—x) and =(z) = — In(x).

We proceed as in [20] (see here for more details) and we apply the function © to the
process Y, where (Y, Z", U™, M") is the solution of the truncated BSDE (10).

Lemma 1 Assume that the conditions of Theorem 2 are satisfied. Then the process Y
can be written as follows:

Y, =07 (B [O(9)] + ¢ — )

where YT and ™ are two non negative cadlag supermartingales with a.s. liIT% Y, =0.
t—

Proof. Since Y;" is bounded from below by zero, we can apply It6’s formula:

(15  O(Y) =6(EAn) + /T@'M")fn(s,n",Z:,U:)ds

/ Loy zraw, - / (v / U™ (e)jilde, ds) — /t Lo yar
o

1 T
-5 [ OV ZIPds — / 0" (Y )d[M"];
2 t 2 t

t /E (YL +UIe) —O(Y") = 0" (Y )Ul(e)] ul(ds, de)

Y [0 +AM) - oY) -6/ (Y])AM]]
t<s<T
=E"O(EAn) — 7
where
T 1 T
= B [ OO 2 U s+ 5B [ eIz
t t

T
B[O B S (00 + AMY) - (V) - €Y7 )AM,]
t

2
= B[ [ et + Uz - 007~ 07)Uze)] ulds.de)

15



Since © is non increasing, we estimate now the following difference for m > n:
0<OY") -0;") = E[0(An)—O(EAm)] - (&) — ")
And so we obtain:
U — | SET[O(EAR) — O(EAm)] V [B(Y") — O(Y"™)].

Since the sequences (E”t [O(& An)]),>1 and (O(Y)")),>1 converge a.s. and in L' (by
monotone convergence theorem), we deduce that (¢'),>; converge a.s. and in L' to some
. So by passing to the limit, one can write:

(16) O(Y;) = E[O(8)] — ¢

Our aim now is to prove that the negative part of ;' is bounded with an upper bound
independent of n.
Let us recall the decomposition of the generator f,,:

fn<57y727u> = [f<57y727u>_f<3707'27u)]+[f(svovzvu)_f<8707070)]+(fso/\n)
= o(s,y,2,u) +7(s,z,u) + (fOAn).

Recall that

T
7 o = —EF / (Y™ o(s, YT, 27, UM)ds
t

+ B / /E O +UM(e) — OV ) — /(Y™ YU (e)] ulds, de)

1 T
i / O (¥ (s, 2}, Uy )ds + B / O (V)| 27 ds
t t

T T
- B [ et ands+ 5B [ ey
t

t

+ B> [0 +AMY) - e(Y) - o' (Y )AM!] .

s

t<s<T
Recall that © = 1/g < 0 and ©” = —¢'/g* > 0. Hence © is non decreasing and convex
and
1

T
3B [ @AM B Y [ + AMY) - O(Y) — (¥)AM] 2 0
t

2
t<s<T
and

T
—Eft/ o' (YM)(f2 An)ds > 0.
t

The last three terms in (17) are non negative.
Then we control the first term using Condition (B):

(18) O (Y)(s, Y] Z0.UL) > 6/ (Y)beg(V]') = —b..
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For the remaining terms in (17) we have
O (y)nlt, ) = O ()(m(t, zu) — w(t,0,u)) + O (y)(t,0,u).

Hence the terms containing Z" are:

1
—O'(YV)(w(s, 23, UF) = w(s,0,U7)) + 50" (Y| 2]

1 —g'(Y) 127 |22
Z —L _@/ }/Sn Z;L + _@// Y;n ZgL 2 _ s s s
R I VT e
_ —9'(¥7) < 27| L )2 Lo
2 g(Yy) g (Y 29'(Y) ~ 29/ (V)

We have used Condition (A3) such that:
7T<8, Z;L7 Usn) - 7T(87 0, Ug) > _L‘Zg|
Since g is concave, ¢’ is non increasing. Thus we have ¢'(Y") < ¢’(0) and

L2
2¢'(0)

1
(19) _@/(Ytsn*)(ﬂ-(sv ng U:) - 7T(S, 0, Usn)) + 5@//(}/&\”)|Zg|2 >
Thereby in (17) the last term to control is:
T
B [ [ o + ) - 60 ) - &/ U2 )] ds.de)
t B
—Eft/ O (Y )r(s,0,U)ds.
t

e Case 1: Assume that f does not depend on u or 7(s,0,u) > 0 for any s and u.
From the convexity of ©, the integral w.r.t. p is non negative. Hence using (18)
and (19), the negative part of )" is controlled for any n by:

2

(20) (Y1)~ < — (T —t)+E”™ /T byds.

24'(0) t
Let us deal now with the cases 2 and 3. Up to some localization procedure we have
T
B [ [ (007 +Ur(e) - 02 - 81 Ue)] ulds.do)
t JE
T
55 [ [ (007 + U7 (e) - 807) - &)U Mde)ds,
t JE
With Assumption (A4) we obtain:

_O/(Y )r(s,0,UT) > —©/ (Y1) / KOOUOU ()N (de).

E

17



For simplicity, xK2%Y"9(e) will be denoted by x"(e). The jump part is bounded from below

by the following process
T
B [ [ [o( +U2e) - 6(47) - 6/(¥I (1 + KDL (] Ade)ds.
t JE
From Condition (A4), 1+ x7(e) > 0. Thus for a fixed y > 0, if k7 (e) > —1, the function

u— Oy +u) —O(y) — O'(y) (1 + £ (e))u

has a minimum m on (—y, +00) at the point u* satisfying

O'(y +u”) = ' (y)(1+K{(e)) = gy +u) = %.

In other words:

e ool 9y N a9y
= () - (e
This minimum is equal to
1
m = —(u*)Q/ pO"(y + pu”)dp < 0.
0

If kK7(e) = —1, then u* = 400 and m = —O(y). In any case x”(e)u* < 0.

e Case 2: ¥ € L}(F) and k/"*""(e) is bounded from below by some constant r, > —1
uniformly w.r.t. all parameters.

By convexity of ©, we obtain
Oy +u") — O(y) — O'(y)(1 + K (e))u” = —O'(y)ry (e)u".

If kK7 (e) > 0,

—ouon = ~ewrar (A0 ) —ewlkol (110 )

T+ s2(0) Tt ()
> el (22 ) = o (2 ) oo

From our assumption on g, the functions y©'(y) = y/g(y) and ﬁg‘l <1g&)*) are

non positive and bounded from above respectively by a constant —K, < 0 depending
on g and by —K,,, < 0 depending only on g and k.. This last estimate and the
inequalities (18) and (19) imply that

18



L2

(21) (W)™ < “3700)

T
110l (5, v Kg,m>] (T — 1) + B / bods.
t

e Case 3: )\ is a finite measure.

Since u* > —y, then

Oy +u") —O(y) — O'(y)(1 + ri(e))u" = —O(y) + O'(y)(1 + ri(e))y

Y
> —0(y) + 7514 9(e))

Since —O is non decreasing and since Y is bounded from below by 0, the inequalities
(18), (19) and the assumption (A7) imply that

2

(22) ()" < Eft/thstHT—t) +AE)O0) + Ky) + [[9][ 3 Ky

29'(0)
In the three cases (20), (21) or (22), the negative part of ¢)" is bounded uniformly w.r.t.
n and since b € L'((0,T) x Q) the right-hand side of the three estimates goes to zero as
t tends to T

Let us now conclude. Recall that ¢ converges to 1) and (16) holds. The estimates
(20), (21) or (22) show that the negative part of ¢™ converges a.s. and in L' to the
non negative cadlag bounded supermartingale )~. Moreover the limit of v, at time T
is equal to zero. The equation (16) shows that the positive part of 1) is cadlag and a
supermartingale by convergence of (¢")". This achieves the proof of the proposition. [

Theorem 2 can be now proved immediately. " being a non negative cadlag super-
martingale, we can deduce the existence of the following limit:

+ . 1i +
Y tl}gwt

And so Y exists and is equal to:

Y7 :—l}lfn%Yt Ch (9(5)—@:)-

Let us remark that in the extreme case where r4(e) = —1, then m = —O(y) for u = +o0
and thus the condition A\(F) < 400 is an almost necessary condition to ensure that the
negative part of 1" is finite.

3 Continuity at time T

The second important result is the proof of Equality (7). Here we deal with a general
filtration F' and two singularities: one due to &, another due to the generator f. As
mentioned in Section 1.2, the filtration satisfies a condition to ensure that (6) holds a.s.

liminfY; > &.
t—=T
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3.1 Singularity of the generator

Recall that the generator f of the BSDE (1) can be singularin the sense that Condition
(A6) implies

T
E / (T — 5)2(£)ds < +oo.
0
Thus f° € L'((0,T —¢) x Q) for any ¢ > 0, but we could have f% = +oo and/or

¢ LY(0,T) x Q). In Example 3 fp = (T — )" with 1 < fand w < 14 1/q+ 1/¢.
Hence for @ > 1, then f° & LY((0,T) x Q). The next result shows that Equality (7)

hgg 11{1f Y, =¢
may be false.

Lemma 2 Assume that the generator is given by: f(t,y,z,u) = f(t,y) = —y|y|? + f°
with fO deterministic and not in L*(0,1). Then a.s. lim ¥, = +o0.
_)

Proof. Recall that (Y™, Z" U™, M™) is solution of BSDE (10)
T T
veo= gan- [veyrpdss [ (s an)ds
T t T t
_ / Zndw, — / / U™ (e)fi(ds, de) — (M2 — MP).
t t E
We define R} = exp (— fot \Yr"|qdr) and by It6 formula:

T
R'Y"=F [R%(f/\n)+/ R! (fIAn)ds
t

7.

T s
Yt"ZE[ / exp (— / |n"|qdr) (0 A n)ds
t t

Since Y <Y for any n,

T S
YtZYt"ZEU exp(—/ mlqdr) (f An)ds
t t

Finally using Fatou lemma and since f° is deterministic, we have

Y, > /tTE {exp (— /:|Yr|qdr) ]—}] flds > E {exp (— /fmwm«) 'E} /tT fods.

From Theorem 2, Y is cadlag on [0, T]. Hence Y, is finite a.s. if and only if lim; ,7 Y; = +o00
a.s. 0]

Again for Example 3 with ¢ = 0 and @w > 1, Equality (7) can not be true whatever
the terminal condition £ is. Hence in the rest of this section, we will assume that

(AS8) Foe LN(0,T) x Q).

Hence we obtain

7.

7.
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3.2 Behaviour of Y

Again we now assume that under suitable assumptions on the filtration F, (6) holds a.s.
and we want to prove that the inequality is an equality. As explained in the introduction,
in [20] we were able to prove this in the Brownian setting:

e When ¢ > 2 without additional conditions since we have a suitable control of Z.

e When ¢ < 2 but with Malliavin calculus: roughly speaking Z is the Malliavin
derivative of Y and we use the integration by parts to remove Z (Lemma 1.2.2 in

[16]).

In our general setting, we deal here only with the first case. Hence we need some estimate
on Z and U, which will be obtained if we strengthen Assumption (A6): for some n < 1

14

(AG*) E/OT(T —5)~ [( ! )Uq + (T - 5)1“/qu] ds < 4o0.

qas

If f satisfies all conditions (A1) to (A7), with (A6*) instead of (A6), we say that f satisfies
Conditions (A*).

Remark 4 (on Assumption (A6%))
e Sincea € L'((0,T) x Q), (A6*) implies that n +{/q > 0.

o If f% and (1/a)"? are in L*((0,T) x Q), then (A6*) holds for any 0 <n < 1. The
case a bounded from below by a positive constant and f° bounded from above is a
particular case (see Example 2).

e For Example 3, a; = (T —t)* and f) = (T — )™ with —1 < ¢ < q, 1 < < q/s
and w < 14 1/q+ 1/¢. Condition (A6*) holds if we take n such that

¢ max (%,—(lJrl/q—w)) <n<l1.

The stronger condition (A6*) implies the next result.

Proposition 2 Under Conditions (A*), there ezists a constant C independent of n such
that the process (Z™,U™) satisfies:

/2

T
B| [y (1ZR+0zi) | <c
0

The constant p is given by:

(23) p=3+2<1—1)+2—”.
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The proof of this proposition is postponed to the next section. In the sequel we will need
this sharper estimate on Z and U but with the technical condition

2 1\ 29
A =Z42(1-2)+2 <1
(A9) p=t ( £)+£<

This condition p < 1 is a balance between the non linearity ¢ and the singularity of the
generator f.

Remark 5 (on Condition (A9))

1. If f° and (1/a)"? are in L*((0,T) x Q), then (A6*) holds for any 0 <n < 1. Then
p<1forl<?2 cmdq>22—_££.

2. In particular if the generator is f(y) = —yly|? (Example 2), then p < 1 if ¢ > 2,
which was supposed in [20].

3. In Example 3, the constant p satisfies:

2max<(1;§),—(1—w)) +2(1—%) <p.

The constant £ > 1 can be chosen close to 1. Thus p < 1 if

2 max (M —(1— w)) < 1.

q

Hence w < 3/2 and q > 2(1 +). In other words f° cannot be too singular at time
T'. Moreover the less degenerate is the process a;, in other words the smaller is g,
the smaller can be the non linearity coefficient q.

Now we work in the half-Markovian setting and we define the function ® on R¢ with
values in R} U {+oo} and with

S={zcR? st &(z)=o0}

the set of singularity points for the terminal condition induced by ®. This set § is
supposed to be closed. We also denoted by 0S the boundary of S.
Our terminal condition ¢ satisfies Conditions (C) if

(C1) £=o(Xr).
and if for all closed set K C R\ S
(C2) (Xr)1c(Xr) € L' (Q, Fr,P).

The process X is the solution of a SDE with jumps:

¢ t t
(24) X = Xo +/ b(s, Xs)ds +/ o(s, Xs)dW; +/ / h(s, Xs_,e)ii(de,ds).
0 0 0o JE

The coefficients b: Q x [0, 7] x R - R?, 0 : Q x [0,T] x R — R and h: Q x [0,T] x
R? x E — R? satisfy Assumptions (D):
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1. b, 0 and h are jointly continuous w.r.t. (¢,z) and Lipschitz continuous w.r.t. =z
uniformly in ¢, e or w, i.e. there exists a constant K;, or K} such that for any
(w,t,e) € Q2 x[0,T] x E, for any z and y in R%: a.s.

(D1) b(t, z) = b(t, y)| + |o(t, ) — o(t,y)| < Kpolz —y|
and
(D2) |h(t,z,e) — h(t,y,e)| < Kplz —y[(1Ale]).

2. b and o growth at most linearly:
(D3) [b(t, 2)| + |o(t, 2)| < Coo(1 + [x]).

3. his bounded w.r.t. ¢t and x and there exists a constant C}, such that a.s.

(D4) |h(t, z,e)| < Ch(1 A le]).

Under Assumptions (D), the forward SDE (24) has a unique strong solution X (see [17]
or [21]). To lighten the notation, the dimensions of X and of the Brownian motion are the
same. But this condition does not matter and we can also work with different dimensions.

In order to prove that ligg ijpf Y; = &, we proceed as in [20]. But there is an extra term

due to the covariance between the jumps of the SDE (24) and the jumps of the BSDE
(1). To control this additional part, we make a link between the singularity set S and the
jumps of the forward process X. More precisely we assume

Conditions (E).
(E1). The boundary dS is compact and of class C?.
(E2). For any x € S, any s € [0,T] and A-a.s.

x4+ PB(s,z,e) €S.

Furthermore there exists a constant v > 0 such that if x € 0S8, then for any
s € [0,T], d(x+ B(s,x,€),05) > v, Mas.

These assumptions mean in particular that if X,- € S, then X, € § a.s. Moreover if X, -
belongs to the boundary of S, and if there is a jump at time s, then X, is in the interior
of §. Let us now state our first main result.

Theorem 3 Under Conditions (A*)-(C)-(D)-(E), with (A8) and (A9), the minimal
supersolution Y satisfies a.s.
liminf Y, = €.
t—=T
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3.3 An estimate on Z and U: proof of Proposition 2

We have shown that the sequences Z" and U™ converge in a suitable integrability
space on [0, T — ¢] for any € > 0. Here we want to obtain an estimate on the limits Z and
U on the whole time interval [0, 7.

In the sequel let us denote by I' the process

¢
K9 T 1\
I,=_——""F T —s)tVafll d
t T—t /t (qas) +< S) fs S

thus Estimate (9) becomes:

Fi

1 1/¢
(25) 0 S }/;f S (T — t)1+1/q_1/grt .

T
Lemma 3 Under (A6%), E/ (T — 5)"""Tyds < +o0.
0

A
( ) +(T—u)1+1/qf3] du
qay

= KﬁLﬁ 2+77/ (9 1u>sdu

Proof. Note that

(T —s)"""ET,) = KzLﬁ 2+n/

with

1 1/q ¢
Hu —F (_) + (T . U)1+1/qf3 .

qay

Hence by Fubini’s theorem

T T T
E / (T —s)"""Tyds = Kip, / (T — s)~ 2t ( / Guluzsdu> ds
0 0 0
T u
= KﬁLﬂ/ 0. (/ (T — s)_2+"ds) du
0 0

K;L ¥ T 1 1
= — / (T — )"0, (1 — (1 —w/T)"") du
L=mnJo
KfLﬁ T 1
< o / (T — u)™""0,du < +o0.
L—=nJo
This achieves the proof of the lemma. O

Now let us prove the sharper estimates on Z and U given by Proposition 2: there
exists a constant C' independent of n such that the process (2", U™) satisfies:

02

T
Bl [@-or(zpeeoy)al <c
0 A
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where the constant p is given by (23).
Proof. For the constant 7 > 0 of (A6*), let us define

l l
d=L—-14+-+n=-p>0.
q 2

We define ¢(f) = w, & = |z '21, .0 and we want to apply Itd’s formula to (T —
)°|Y;"]¢ (see [14], Corollary 1 and Remark 1). We fix € > 0 and 7 = T' — ¢ in the sequel.
Hence we have for 0 < ¢ < 7:

20) (TP < YL [ o - sy s
t

[ Y6, Y2 22U s
t

[ sz, — ¢ [ - Y
t t

[ spveye [ o ds
t

[ @ [V Uz — v - e R U2e)] ude,ds
t E

= > (T =) [l 4+ AMI = Y =YY AMY

|
|
»

—el0) [ (T =PI 2P Lygods = e0) [T = P Py sad M
¢ ¢
The monotonicity Condition (A1) implies that
[ @ zi s < [ = NI (5,0, 22, U s
¢ t
and we use the regularity Conditions (A3) and (A4) to obtain:

/ (T — s) (Y2 Y7 (5,0, 20, UM)ds < L / (T — )’ |7 || 22 ds
t t

L [ I s+ [ (=PI s
t t

Young’s inequality leads to:

’ ) nil—1 n L2£2 i ) n|l
L[z < g [ - s
t
L9 / (T — s |V 2120 P Lyn pods,
t

T L2€2
L[ @y s < / — Iyl
t

g / VIV 207 g Ly ods



and
[ < - [ syrpass @ - s s
t t t

Finally all local martingales involved above in (26) are true martingales. Hence taking
the expectation and using the convexity of x — |z|* we have:

c(l T
@n) s B[ =171 + Wi [ = sy 12: 1y s
te|0,7 t

<Yy '+ E / 5(T — s) Y7 ds
t

L2f2 T 5 '
+4 (220(6) +(€—1)>E/t (T — s5)°|Y | ds
+(E / (T — s)* YD £9)4s

t

E / (T — s)f / Y7+ UM — [YR [ — (YR [ YR U (e)] ulde, ds)
t E

c(l T .
+%E/ (T = s)°[Y[2(|U; ||]i§1YSn¢ods.
t

From Lemma 9 in [14],
/ (T — ) / (Y2 4+ U (@)l — [V — (Y2 (Y2 U™ 6)] ulde, ds)
t E
T n n n n Z 271
> c(t) [0 =9 [ U (V2P YV 4 UOP) ™ Sy v soscoppan(de, ds).
t E

By a localization argument the two following exceptations are the same (see proof of
Proposition 3 in [14]):

! n n n n g -
B[ (7= s [ UROP (¥2P VYR + UZOR) ™ Ly e opiosonlde, ds)
t E

B [ (7= s 27 L.
t

Finally we have:

c(l i
@) s [ =071 + SR8 [0 bz
tel0,7 0
c(f)

OB [ = O Ly sads
0

<OWELIHE [ o - sy
0

202 T T
e (2” +(£—1))E [ syt [ -
2¢(0) 0 0
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Using (25), the first term on the right-hand side can be controlled as follows:

T T 1
N1yl AT
A N =t

T
= E/ (T — 5)"""Tyds < +o0.
0
The second one satisfies the same estimate:
T T
IE/ (T — 5)°|Y"| ds < E/ (T — 5)'Tyds < +o0.
0 0

And the last term is bounded by Condition (A6). Therefore we can let ¢ go to zero in
(28) and we can replace every T by T. To finish the proof, we use the same tricks as in
the proof of Proposition 3 in [14]. First we can control the quantity

E | sup (T —t)°Y,"["

t€[0,T]

by the same right-hand side (up to some multiplicative constant). Then if £ > 2, we use
(26) with ¢ = 2 and the result follows immediately. If 1 < ¢ < 2, the conclusion is more

tricky. Let us define ¢ = sup (T — t)*/*Y;" and:
te[0,7]

T T
B[ @-srzias) —e( [ @9 1z
0 0

T €/2
. ) (/ (T o S)Z(S/ﬁ (Y;n)2fé (Y;n)ZfQ 1ysn7g0|Z§|2d8)
0

T £/2
g0 ([ = o () 22l ) ]
0

/2 /2

<E

02

<Rl B [ -0 00 typalzipas)

2/ 0 (" _
< E [¢] + 51@/ (T — 5)° (Y 7 Lynso| 27| ds < +oc.
0

where we have used Holder’s and Young’s inequality with 274 + é = 1. The same holds

for U™. Therefore since . 5 9
n
200 =21 — - -+ —
/ ( 6) T

we obtain the same desired result. 0
Note that from the proof we also could derive an estimate on M. But we will not need
it in the rest of the paper.

Remark 6 If f(y) = —yl|y|?, we can take ¢ =1 and n = 0, in other words o = 2/q. The

2/q
constant C' is explicitely given by: C' = 16 (%) . The proof is a direct modification of
the proof of Proposition 10 in [20].
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3.4 Proof of Theorem 3

In order to prove this theorem we follow the same procedure as in [20]. We consider
(Y Z" U™ M™) the solution of the BSDE (10) with terminal condition £ An and gener-
ator f,. Let ¢ be a non negative function in CZ(R), the set of bounded smooth functions
of class C?, with bounded derivatives. We compute 1t6’s formula to the process Y"¢(X)
between 0 and ¢.

YRO(X) = YPo(Xo) + / Y do(X / B )Y + (Y™ $(X))s

t
— Yre(X / (X o ) fuls, Y, 20, UMY ds + / Y7 Lo(s, X.)ds

0

" / /E Y2 (8X) — 6(X,.) — VX, )B(s, X,.,)) lds, do)
+/tY"V¢( Do(s, X, dW+/gb Z"dW+/¢> )dM®

/ [ vz @n(de. ds) + / / Y2 V(X )B(s, X, e)filde, ds)
/ V(X )o(s, X.)Z2ds + / / (X.)UZ (e)pu(ds, de).
The operators £ and Z are defined on C2(R) by
Lot ) = V(x)b(t,z) + %Trace(Dng(x)(cro*)(t, 2))
and
@) T(ad) = [ 6+ Blta,) - ol) = (V) (@)Bltz, )

Since (Y™, Z™, U™ M™") belongs to S?(0,T'), since X is in H?(0,7T), and since ¢ and the
derivatives of ¢ are supposed to be bounded, we can take the expectation of these terms:

(30) BIYo(X0)] = E[Y§ o(Xo)] - E | / X ) ol V2 22,0

+E {/tY"£¢(sX)ds]+E{/ Y Z(s, Xy, ¢)d ]

+E U Vo (X Z"ds] +EU/ ))Ug(e)A(de)ds].

Recall the main idea of [20]. First we prove that we can pass to the limit on n in (30)
and that the limits have suitable integrability conditions on [0, T] x Q. Secondly we write
(30) between t and T and we pass to the limit when ¢ goes to 7T

Now we choose ¢ such that the support of ¢ is included in R = S§° From the
Assumptions (C1) and (C2) on £ = ®(X7), we have for any n:

E(Y7o(X7)) <E(®(X7)d(Xr)) < +00.
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Moreover from the a priori estimate (25), Assumption (A6) and from the boundedness of
¢, forany t <T

E(Y"o(X,)) <

(T - t)l/q+1—1eE(Ff¢(Xt)) < +o00.

Now we decompose the quantity with the generator f,, as follows:

(31) [ / O(Xo)fuls, V7', 22, UL)ds ]

:E[/O H(X, ) (f(s5, Y™ 0,0) — fods}+E[/¢ V(P An)d }

+E[/Ot¢<xs> F(s.Y2 Z80) — f(s, Y70, o>>d]

E { / CO(Xo ) (s, Y7, 20U f(s,n",zs,o»ds}

:E{/tngs f(s, Y™ 0,0) — fods]+E{/¢ V(P An)d }
+E [ / (X gnznds] +E[ / (X Z/I"ds]

where (! is a k-dimensional random vector defined by:

(f(s, Y, Z 0) — f(s, Y], 0, 0))1

)78 )8 )8 )

Zz n Zﬁ’n7£0

gi,n _
S =

and
= f(s, Y], Z2, U — f(s, Y], Z2,0).

y+ sy s s )-8 ) S

From Condition (A3), |¢?| < K. Now we can write (30) as follows:
3 BN~ ENpeC)] + | [ 600 A
-E -/t §Z5(X57) S’YS"’O 0) fg)ds}
g t
+E / YS"EQS(S,XS)ds} +E {/ YS"I(S,XS,QS)ds}
/o 0

v | [ (Volxots, X - 60x67) Z7as]

v | [ | [ o) - o) uzione) - otx | as].
Since ¢ is bounded and f° € L*((0,7T) x ) (Condition (AS8)):
33) B [ oI Amis <€
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We use Holder’s and Young’s inequalities to obtain:
T
| 1Toxas, X0 + o050 221ds
0

= { /0 - s>ﬂ|zm2ds} - { /0 ! lW(XJa((sT,)isl )+ H(X)C? ds} v

1 T — $)°|Z7"2ds 5 {—1 T |V¢(XS)O(5,XS)+¢(XS)§;L|2 S}[;—;
SE[/O(T )|Z3|d}+ ¢ [/0 (T — s)r d -

Taking the expectation and thanks to Proposition 2, the first term on the right-hand side
is bounded. For the second term, by assumption, ¢ and V¢ are supposed to be bounded,
(™ is also bounded, o grows linearly and X € H?(0,T). Hence if p < 1 (condition (A9)),
there exists a constant C' such that for any n

(34) B[ 1(V0(X.)a(s, X.)+ 6(X.)62) Z31ds < C.
The same estimate holds for U™. Indeed from (A4):
- [z < [ vz
<< [ UM < [ DolrE )
if k'(e) = kY Z"U"0(e) and AM(e) = k!Z"0U" (e). Hence
B [ | [ 110605 - o0x)] U2e)| o) + fotx s
<B [ [ 11005 = 60X, ) + 90X I U e) Ade)ds
<75 | [ @)

[—1 g (|¢(Xs— +B(37Xs_>e)) _¢(X87)| +Q9(6)|¢(X57)|)2 *
+TE [/0 /E )\(de)ds]
<C.

(T =)

thus

(35) E/O (/E |6(Xs) — d(X)IIUS (e)[A(de) + |¢(XS)IIU§‘I) ds < C.

Now we treat the three terms in (32) containing ¥ and X:
t t t
-E {/ gb(XS)f(s,YS",O,O)ds] +E {/ YS"Egb(S,XS)ds} +E {/ YI'T(s, Xe-, ¢)ds| .
0 0 0
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By condition (Ab), the first integral is bounded from below by:

(36) —E U (X, )f(s, Y0 O)ds] >E U B(X (as)\Y”P*qu} :

Now we deal with the terms containing the operators £ and Z. With Hoélder’s inequality
we obtain:

5| [ " vz o), x| <[5 ' o(X 07

T
X [E/O as—l/ng—l/q(XsHE(gb)(s’XS)|(q+1)/qd$:|

To control the second quantity, we will be more specific about the test-function ¢. We will
assume that ¢ = 97 where 1 belongs to Cg°(R?) with support in R and v > 2(q + 1)/q.
Under this setting, there exists a constant C' depending only on v, v, ¢ and b such that

1L(¢)] = |L(M)] < Cv

1/(g+1)

q/(g+1)

Thus for v > 2(¢+1)/q
(b*l/q(Xs)‘L((b)(S’XS)‘(qul)/q < Oy~ v/ar=2) e/ (X,) = Cw'yf2(q+1)/q<Xs)
which is bounded. By condition (A6), a='/? is in L*($2). Therefore

T
E/ a;l/‘]gbil/q(XS)LC(gb)(svXs)|(q+1)/qd5 < C
0

for some constant C'. Then

(37) o[ [ e x| <[5 [ aoexgoa

The previous steps were very similar to [20]. Therefore the main difference comes from
the term

s oe|f t [ ¥ (000 — X, ) — Fo(X.)3(s, X)) Nde)is|

In order to control this term, assumptions (D) on the jumps of X and S will be used.
Remember that R = §¢ is open and for any £ > 0 we define

Le):={zreR: d(z,05) > c}.
['(g/2)c and I'(g) are two disjoint closed sets of R?. By the C* Urysohn lemma, there
exists a C'* function ¢ such that ¢ € [0,1], v» = 1 on I'(¢) and ¢ = 0 on I'(¢/2)".

In particular the support of ¢ is included in R and since 9§ is compact, ¥ belongs to
Ce(RY). We take v > 2(q + 1)/q and we define

(39) =17
Note that ¢ also takes its values in [0,1], » =1 on I'(¢) and ¢ = 0 on I'(¢/2)°.
Since OS is compact and of class C!, then there exists a constant £y > 0 such that for

every y € RNI'(gp), there exists a unique z € dS such that d(y,0S) = ||y — z|| (see [7],
section 14.6).

1/(g+1)
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Lemma 4 Under the above assumptions, let us choose €1 < g such that (1 + Kg)e1 < v
(K3 is the Lipschitz constant of B w.r.t. x, condition (D2)). We have for any 0 < e < &;:

B(X, ) = 0= $(X,) = 0.

Moreover

(X,

(X-)
Proof. We consider the case where X, ¢ supp(v), that is (X, ) = 0. Thus X,- is in
S or X,- isin R but d(X,-,0S) < e.

= w(Xsﬂ-F(a) (Xs_)'

1. If X,_ €8, then X € S, hence ¢(X) = 0.

2. Let z € R with d(z,05) < € and x € 0§ such that d(z,S) = ||z — z||. Let us prove
that 2+ (s, z,e) € S by contradiction. Assume that z+ (s, z,¢) ¢ S and consider
the following convex combination:

Rt = (1 - t)(z + ﬁ(sa 2, 6)) + t(.ﬁlf + 6(87 z, 6))
Now since [ is Lipschitz continuous w.r.t. x:

|zt = (z + B(s,z,e))| = (L=1)l[z+B(s,2,e) =z = P(s,z,€)|
< (=01 + Kg)|lz =2z <A =1)(1+ Kp)e
S (1+K5)€<I/.

Since x € S, x + ((s,x,e) € S. But z+ (s, 2,e) ¢ S. Thus by continuity there
exists ty € (0, 1) such that

o = (L= 1) (2 + B(s, 2 €)) + lol + (s, )) € BS.
Thus we have obtained x € 9§ and z;,, € OS such that
200 = (2 + B(s, 2, ¢))[| < v = d(z + Sz, 5,¢),05) <.

This leads to a contradiction. So we deduce z + 3(s, z,¢e) € S.
Hence if X, € R with d(X,-,0S) < ¢, X, € S and (X,) = 0.

Now consider the quotient

G(X) (X
$(Xo) T UK

The first part of the proof shows that for any ¢ < e, we have:

(Xs)
P(Xs-)

Indeed if X,- is in supp(¢)) NT'()¢, then X, € S, and thus the quotient is null. O

) 1supp(¢) (XS‘)'

= ¢(Xs)1F(a)(Xs_)
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Now we can deal with the term given by (38). By Hoélder’s inequality we obtain:

1
+1

t " Z(s, X s ta - Mt gg ’
B[ [ ez X o] < [ [ aoxoorma

q+1

E/t as_l/q/ }gb(Xs) B ¢(X57) B v¢(X57)6(8,X87,6)‘ !

x o(X, )4

Since ¢ = 17, the last integral is controlled by:

q+1

G(X )T (X)) — (X)) — V)(X,0)B(s, Xs_e)] @

v/q
<o) (S5 ) Gt

FOHT DX ) Vp(X-)Bs, X e)].

But with Lemma 4 we obtain:

B(Xe ) (X — 7 (Xe ) — V)X )B(s X, e)| T
~(g+1)

< Gy [¥7F (X)L (X)) + 97 (X)) + 077 F (X0 V (X, )B(s, X )]

From the assumption on ¢ and since v > 2(q + 1)/q¢, with condition (A6) there exists a
constant C' independent on n such that:

1
q+1

a [ [ vrgexeos] <oe [ ascoom)

Let us summarize what we obtained. For any € small enough, any function ¢ = 7 with
v >2(q+1)/q, from (32) and using (33), (34), (35), (37), (40) we deduce that there exists
a constant C' independent of n such that

T T
41)  0< E/ asp(X oo ) [V 9ds < —E/ S(X,-)f(s,Y",0,0)ds < C < +oo.
0 0

Moreover all these estimates show that we can pass to the limit in (32) (see details in
[20]) and we have:

(12) B () = Eio(x) + & [ [ o0x s
E / LX) (. Va0, 0>ds}

+E / YS_Eqb(s,Xs)ds] +E l / ' n_z@,xs_,qs)ds]

+8| | <v¢<Xs>a<s,Xs>+¢<Xs>5s>zsds]

=1 ) [0 - (X UG + tho(x. )| ds].
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Estimate (41) also holds with Y, and once again from (33), (34), (35), (37) and(40), we
can let t go to T in (42) in order to have:

E [ (lim inf Y,)6(Xr)| < lim E[Yo(X,)] = E[€0(Xr)].

Recall that the function ¢ is equal to one on I'(¢), and € can be as small as we want, and
we already know that liminf, ,7Y; > ¢ a.s. This last inequality shows that in fact a.s.

liminf Y, = &.
t—T

This achieves the proof of Theorem 3.
The proof of Theorem 3 shows that the limit of Y; exists in mean in the following
sense: for smooth function ¢

: E(¢¢(Xr)) if supp(¢) NS =10,
lim B(Y,¢(Xy)) = { o0 if E(I;IEXT)ls) > 0.

Conclusion

To finish this paper, we gather together the theorems 2 and 3: under the conditions
(A*)-(B)-(C)-(D)-(E), with the assumptions (A8) and (A9), if the filtration F is left-
continuous at time 7" and if one of the next three cases holds:

e f does not depend on u or 7(¢,0,u) = f(¢,0,0,u) — f(£,0,0,0) > 0 a.s. for any ¢
and u;

e ¥ € L}(F) and there exists a constant s, > —1 such that k%%“%(e) > k, a.e. for
any (s,u, e);

e )\ is a finite measure on E;
then a.s.

limY; = €.

t—=T

Note that (C), (D), (E) depend only on the terminal condition £ and the forward process
X. The assumptions (A*), (B), (A8) and (A9) are conditions on the generator f. They
are satisfied in

e Example 1 with \ finite, o € L*((0,T) x Q) for £ < 2, ¢ > 2¢/(2 — ¢) and ~ belongs
to L*((0,T) x Q) ;

e Example 2 with ¢ > 2 ;

e Example 3 with —1 <¢ < ¢, 2(1+4¢) < ¢and w < 1.

Acknowledgements. We would like to thank the anonymous referee for helpful com-
ments and suggestions.

34



References

1]

2]

[12]

[13]
[14]

A. Aksamit, T. Choulli, and M. Jeanblanc. Classification of random times and
applications. ArXiw e-prints, May 2016.

S. Ankirchner, M. Jeanblanc, and T. Kruse. BSDEs with Singular Terminal Condition
and a Control Problem with Constraints. SIAM J. Control Optim., 52(2):893-913,
2014.

G. Barles, R. Buckdahn, and E. Pardoux. Backward stochastic differential equations
and integral-partial differential equations. Stochastics Stochastics Rep., 60(1-2):57—
83, 1997.

J.-M. Bismut. Conjugate convex functions in optimal stochastic control. J. Math.
Anal. Appl., 44:384-404, 1973.

B. Bouchard, D. Possamai, X. Tan, and C. Zhou. A unified approach to a priori
estimates for supersolutions of BSDEs in general filtrations. ArXiv e-prints, July
2015.

L. Delong. Backward stochastic differential equations with jumps and their actuarial
and financial applications. FEuropean Actuarial Academy (EAA) Series. Springer,
London, 2013. BSDEs with jumps.

D. Gilbarg and N. S. Trudinger. Elliptic partial differential equations of second order.
Classics in Mathematics. Springer-Verlag, Berlin, 2001. Reprint of the 1998 edition.

P. Graewe, U. Horst, and J. Qiu. A Non-Markovian Liquidation Problem and Back-
ward SPDEs with Singular Terminal Conditions. ArXiv e-prints, 2013.

J. Jacod and A. N. Shiryaev. Limit theorems for stochastic processes, volume 288 of
Grundlehren der Mathematischen Wissenschaften [Fundamental Principles of Math-
ematical Sciences]. Springer-Verlag, Berlin, second edition, 2003.

J. Jacod and A. V. Skorohod. Jumping filtrations and martingales with finite varia-
tion. In Séminaire de Probabilités, XX VIII, volume 1583 of Lecture Notes in Math.,
pages 21-35. Springer, Berlin, 1994.

M. Jeanblanc, T. Mastrolia, D. Possamai, and A. Réveillac. Utility maximization with
random horizon: a BSDE approach. Int. J. Theor. Appl. Finance, 18(7):1550045, 43,
2015.

M. Jeanblanc and A. Réveillac. A note on BSDEs with singular driver coefficients.
In Arbitrage, credit and informational risks, volume 5 of Peking Univ. Ser. Math.,
pages 207-224. World Sci. Publ., Hackensack, NJ, 2014.

O. Kallenberg. Foundations of modern probability. Springer: Berlin, 2002.

T. Kruse and A. Popier. BSDEs with monotone generator driven by Brownian and
Poisson noises in a general filtration. Stochastics, 88(4):491-539, 2016.

35



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

T. Kruse and A. Popier. Minimal supersolutions for BSDEs with singular terminal
condition and application to optimal position targeting. Stochastic Process. Appl.,
126(9):2554-2592, 2016.

D. Nualart. The Malliavin calculus and related topics. Probability and its Applica-
tions (New York). Springer-Verlag, Berlin, second edition, 2006.

B. Oksendal and A. Sulem. Applied stochastic control of jump diffusions. Universi-
text. Springer, Berlin, second edition, 2007.

E. Pardoux and S. G. Peng. Adapted solution of a backward stochastic differential
equation. Systems Control Lett., 14(1):55-61, 1990.

E. Pardoux and A. Rascanu. Stochastic Differential Equations, Backward SDFEs, Par-
tial Differential Equations, volume 69 of Stochastic Modelling and Applied Probability.
Springer-Verlag, 2014.

A. Popier. Backward stochastic differential equations with singular terminal condi-
tion. Stochastic Process. Appl., 116(12):2014-2056, 2006.

Philip E. Protter. Stochastic integration and differential equations, volume 21 of
Applications of Mathematics (New York). Springer-Verlag, Berlin, second edition,
2004. Stochastic Modelling and Applied Probability.

M.-C. Quenez and A. Sulem. BSDEs with jumps, optimization and applications to
dynamic risk measures. Stochastic Process. Appl., 123(8):3328-3357, 2013.

M. Royer. Backward stochastic differential equations with jumps and related non-
linear expectations. Stochastic Process. Appl., 116(10):1358-1376, 2006.

36



