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Continuity problem for BSDE and IPDE with singular terminal
condition

Dorian Cacitti-Holland *!, Laurent Denis !, and Alexandre Popier*!

1 aboratoire Manceau de Mathématiques, Le Mans Université, Avenue O. Messiaen, 72085 Le Mans cedex 9,
France.

August 31, 2023

Abstract

We study the behavior at the terminal time of the minimal supersolution of backward stochastic
differential equation with singular terminal condition by using the associated integro-partial differen-
tial equation. We prove that if there are jumps (i.e. the operator of the PDE is non local), we observe
a propagation of the singularity, contrary to the continuous case (local operator). We distinguish
different cases of driver and terminal condition. The Riccati case is central because for quadratic
and subquadratic generators the associated solution is not continuous at the terminal time, while
the solutions for stronger non linearity are continuous. Finally we study the consequence for the
numerical scheme.

Keywords. Riccati equation, backward stochastic differential equation, integro partial differential equa-
tion, singular terminal condition, implicit numerical scheme.
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1 Introduction

The notion of backward stochastic differential equations (BSDEs) was first introduced by Bismut in [10]
in the linear setting and by Pardoux & Peng in [34] for non linear equation. One particular interest
for the study of BSDE is the application to partial differential equations (PDEs). Indeed as proved
by Pardoux & Peng in [35], BSDEs can be seen as generalization of the Feynman-Kac formula for non
linear PDEs. Roughly speaking, if we can solve a system of two SDEs with one forward in time and one
backward in time, then the solution is a deterministic function and is a (weak) solution of the related
PDE. This is a method of characteristics to solve parabolic PDE. The converse assertion can be proved
provided the solution of the PDE is enough regular to apply Itd’s formula (see [I5, Chapter 6]). Since
then a large literature has been developped on this topic (see in particular the books [11], [15], [36] and
the references therein). The extension to quasi-linear PDEs or to fully non linear PDEs has been already
developed (see among other [31], [44] or [47]).

Among all semi-linear PDEs, a particular form has been widely studied:

ou _

E(t, z) + Au(t, ) —u(t,z)|u(t,z)|9"! = 0. (1)
Baras & Pierre [§], Marcus & Veron [32] (and many other papers) have given existence and uniqueness
results for this PDE. In [32] it is shown that every positive solution of possesses a uniquely determined
final trace g which can be represented by a couple (S, 1) where S is a closed subset of R and p a non
negative Radon measure on R = R\ S:

lim [ u(t,x)e(x)dr = / p(r)du(x), Vo e C(R).
t—=T Jp R

The final trace can also be represented by a positive, outer regular Borel measure v, and v is not necessary

locally bounded. The two representations are related by:

v(A) = o0 tANS # o

VA C R™, A Borel, { V(A) = w(A) fACTR.

The set S is the set of singular final points of w and it corresponds to a “blow-up” set of u. From the
probabilistic point of view, Dynkin & Kuznetsov [I3] and Le Gall [30] have proved similar results for
the PDE in the case 1 < ¢ < 2 using the theory of superprocesses. Now if we want to represent the
solution w of using a FBSDE, we have to deal with a singular terminal condition £ in the BSDE,
which means that P(§ = 400) > 0. This singular case and the link between the solution of the BSDE
with singular terminal condition and the viscosity solution of the PDE (|1)) have been studied first in [38]
and developed in [40].

Besides PDEs motivation, BSDEs are a powerful tool to solve stochastic optimal control problems
(see e.g. the survey article [16] or the books [37, [46]). In [5] and [28], it is proved that BSDEs with
singular terminal condition provide a purely probabilistic solution of a stochastic control problem with a
terminal constraint on the controlled process, motivated by models of optimal portfolio liquidation under
stochastic price impact. On liquidation models see, e.g. [3] [4, 17, 22, 19, 23] 26], among many others.
The related BSDEs are of the following form

Y|y et

Tt

—dY, = dt + \dt — ZydW, (2)

with tlirr% Y; = 400 on §. Parameter 7 is a measure of the illiquidity of the market, whereas A\ penalizes
—

the size of the remaining position of the portfolio. Here the singular set S corresponds to the scenarios
with mandatory liquidation. The important feature is that the previous BSDE is directly related to a
PDE similar to and this link and PDEs technics have been used in [20, 21} [24], 42] to solve the same
optimal liquidation problem.

In the standard LP setting (see [11 [36]), the solution of the BSDE, with terminal condition &, is
cadlagﬂ on [0,T] and verifies
lim Y; = &. (3)

t—=T

1French acronym for right-continuous with left-limits



When ¢ is not integrable, in particular if P(§ = 400) > 0, the classical notion of solution has to be
adapted. As proved in [28], the minimal solution only satisfies: a.s.

liminfY; > =Y.
t—T

Therefore it is called a super-solution in [28].

We refer to the problem of establishing that a candidate solution satisfies as the “continuity
problem”. In the PDE’s context, if it is quite immediately that under weak conditions, there exists a
minimal (viscosity) solution w such that

liminf w(t,z) > u(T, xg).
(t,x)—(T,x0) ( )_ ( O)

The continuity at time 7' is not obvious.
As explained in details in [T, Section 1.1], solving this problem is crucial to ensure:

e Uniqueness of the solution of the BSDE,
e Tight control for the liquidation problem (no extra liquidation cost or no strict super-hedging).
e Condition in optimal targeting problem [7]

From [39], it is known that the existence of the limit at time T essentially depends on the generator of
the BSDE. The solution is cadlag on [0, T provided we can control the growth of the generator w.r.t. y.
But replacing > by = is more delicate and has been studied in [39] (43 [33] 1].

If some partial results are available for general condition &, the more accurate results are given in the
Markovian case, that is when £ = g(Xr), where X is a diffusion process and g is a function defined on
R? with values in [0, —l—oo]ﬂ In this case, the corresponding trace is S = {g = 400} and the measure p
has a density w.r.t. the Lebesgue measure given by g. In the rest of this paper, we only consider this
Markovian framework.

Let us now distinguish two different cases. In the first one, the forward diffusion process X is
continuous. Then the related PDE is a semi-linear parabolic PDE with only local differential operator,
as for example Equation . Then in [39], it is proved that if the generator is sufficiently non linear
(¢ > 3 for PDE and BSDE ([2])), Condition holds. Otherwise Malliavin’s calculus is a useful tool
to prove that holds under some uniform ellipticity condition on the matrix diffusion of X. It has been
done in [38] for the specific generator related to PDE ; the general case is studied in another paper,
which is in the final stages of writing for upcoming submission. To summarize, with non degenerate
diffusion matrix, for continuous diffusion process X or equivalently for parabolic PDE, the continuity
property holds and this property is coherent with the results obtained in [32] 14} [30] for the PDE .

In the second case, X is also driven by a Poisson process (or more generally by a Poisson random
measure). Then the corresponding integro-partial differential equation (IPDE) (|11) has a non-local
integral operator. This kind of IPDE with terminal singularity has not been studied with analytical
methods and is only considered (to our best knowledge) in [40]. From [39] [40], if the generator is
sufficiently non linear, continuity property again holds. In other words, the behaviors with or without
jumps (or with local or non-local operators) are the same.

The goal of this paper is to provide an explicit example for which continuity property fails. We study
the BSDE (12

T T
Yt:g(NT)—/ Y;|1g|q—1ds—/ UsdN,, 0<t<T, (4)
t t

where N is a Poisson process with intensity A and N is the compensated Poisson process: ]\~/t = N; — At.
We show that:

e The value ¢ = 2 is critical. We construct an example for which § = {g = +o00} = [z9,00) and
the minimal solution of the BSDE or of the related PDE is the function ¢ — 1/(T — t). Hence
the continuity problem does not hold whatever gl,<; is. We also prove that the lack of
continuity is due to the jump part of X ; adding a Brownian part does not change this fact.

2The non-negativity of g is not necessary but it simplifies the presentation of the results.



e For ¢ < 2, the solution of the BSDE (4)) (or of the PDE) explodes at time 7. The solution is
compared with the solution for ¢ = 2 and the first one is greater than the second. Again this
behavior does not depend on the terminal value.

e For 2 < ¢, continuity property holds. Note that for ¢ > 3, the result is already proved in [39].

The main novelty of the paper is the lack of continuity at time T for BSDEs (resp. for PDEs), when
there are jumps (resp. when the operator is non-local). Here the regularity of the terminal condition (or
of the trace in the context of [32]) does not influence the behavior of the solution. Somehow the solution
forgets the terminal constraint. This property has never been observed in the literature.

The paper is organized as follows. In Section [2] we present the setting for BSDEs and PDEs and
the known results. Since our goal is to provide an example of discontinuity, the setting is not the most
general (see [IT], 27, [36], 45] for the wider framework of BSDEs with or without jumps).

Sectionstudies in details the quadratic case (the generator is y — —y|y|) when the forward process is
the Poisson process. The terminal condition is equal to 400 on an interval [zq, +00) for a fixed threshold
x and is finite on the complement of this interval. Our main result is in Theorem [2] and Corollary
any approximating sequence of the solution (of the BSDE or of the PDE) converges to w : t — 1/(T —t)
on [0,T), whatever the value of the terminal condition on (—o0,x¢) is. In other words, for this singular
terminal condition, there is only one solution equal to u on [0,7). As a consequence, the solution of
the BSDE or of the PDE does not depend on the terminal condition. Theorem [3] shows that adding a
diffusion part does not change the result. The discontinuity comes from the jump part and cannot be
overcome by the smoothing effect of the diffusion part.

In Section (), we deduce that the quadratic case is critical. With less non linear generators (g < 2),
the discontinuity holds (Theorem |4, whereas for more non linear generators (¢ > 2), continuity property
holds (Proposition [7)).

The non decreasing Poisson process X has a tendency to go into the singular set S = [z, 00), which
intuitively explains the observed discontinuity. Indeed in Section [5, we show that if S = (—o0, 2], then
continuity again holds. Here the Poisson process tends to exit from S.

To illustrate this final discontinuity, we also study the related numerical scheme in Section [6} In our
setting, we solve an ordinary Ricatti differential equation. The implicit Euler scheme is well posed and
approximates the solution for bounded terminal condition with standard convergence rate. We prove
that the same scheme can be used in the singular case and that it behaves according to the theoretical
analysis, that is it forgets the terminal value and explodes at time T, when the discretization step tends
to zero.

Let us emphasize that most of the results of this paper are true if we work with a compound Poisson
process with positive jumps that are bounded away from zero. Nonetheless the extension to more general
Poisson random measures or to multi-dimensional processes are left for further research.

2 Framework and definitions

We consider a filtered probability space (2, F,P,F = (F;);>0). We assume that this set supports a one-
dimensional Brownian motion W and a Poisson process N with intensity A. The filtration F is generated
by W and N. The compensated process N = (N; — Mt,t > 0) is a martingale w.r.t. F.

For a given T > 0, we denote by P the predictable o-field on Q x [0,7]. On Q x [0,T], a function
that is P-measurable, is called predictable. D (resp. D(0,T)) is the set of all predictable processes on
R4 (resp. on [0,77).

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

e DP(0,T) is the space of all adapted processes X with right-continuous with left limits paths, such
that E (supte[O’T] \Xt|p) < 00.

T w0 \P2] . ..
e HP([0,T]) denotes the subspace of all processes X € D(0,T) such that E (fo | X | dt) is finite.

e Finall
' SP(0,T) =DP(0,T) x HP([0,T]) x HP([0,T)).



We consider the BSDE
T T T _
Yi= £+ / £(5.Ye, 20, Us)ds — / Z.dW, - / ULdN,. (5)
t t t

Here, the random variable ¢ is Fp-measurable with values in R and the generator f : Q x [0, T] x R? — R
is a random function, measurable with respect to Prog x B(R) x B(R?) x B(R) where Prog denotes the
sigma-field of progressive subsets of  x [0, T]. The unknowns are (Y, Z,U) such that Y is progressively

measurable and cadlag with values in R, Z € D(0,T) such that a.s. fOT |Zs|?ds < +00 and U € D(0,T).

2.1 Existence of a solution for the BSDE

The next conditions on f are very standard in the BSDE theory (see for example [I1},[36]). For notational
convenience we will denote f2 = f(¢,0,0,0).

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

(fty,zu) = f(ty zu)(y —y) < uly —y')> (A1)

For every n > 0 the function

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

ly|[<n

f is Lispchitz continuous in z, uniformly w.r.t. all parameters: there exists L > 0 such that for
any (t,y,u), z and 2’: a.s.

[f(ty,z,u) — fty, 2" u)| < Llz = 2. (A3)

There exists a progressively measurable process kK = k¥*%% : Q x Ry — R such that
f(t7 y? Z? u) - f(t7y7z7 U) S (u - v)l{/ty)z’u,v (A4)

with P ® Leb-a.e. for any (y, z,u,v), =1 < x> and |s¥*™"| < 9, where 9 is a constant.

There exists ¢ > 1 such that
T
IE/ | £2]8ds < oo. (A5)
0

In [27) [45], it is proved that under Conditions (Al)-(A5) and if £ € Le(Q2), then the BSDE has a
unique solution (Y, Z,U) in S¢(0,7"). Moreover the comparison principle holds: roughly speaking, if
>¢and f'> f,thenY' > Y.

Now if £ is not integrable or if P(§ = +00) > 0, to ensure the existence of a solution which is finite
before time T', we suppose that there exists a constant ¢ > 1 and a positive constant n such that for any
y=0

fty, z,u) < —nylyl? " + F(1,0, 2,u). (A6)
Definition 1. The generator f satisfies Condition (A) if all assumptions — hold.
Example 1. The function f(t,y,z,u) = —yly|?~! satisfies Condition (A).
In 28], the following result is proved.

Theorem 1 (Theorem 1 in [28]). Under Condition (A) and if & and f° are non negative, then there
exists a process (Y, Z,U) such that

o (Y, Z,U) belongs to S¢(0,t) for anyt < T.
e Y is non negative;

e Forall0<s<t<T:

t t t
YS:Yt+/ f(t,YT,ZT,UT)drf/ ZTder/ U,dNj.



e (Y,Z,U) is a super-solution in the sense that a.s.

imi > £.
h{gl%lfYt_f (6)

Any process (37, Z, U) satisfying the previous four items is called super-solution of the BSDE with
singular terminal condition §. Finally the process (Y, Z, U) is the minimal super-solution, in the sense
that for any other supersolution, a.s. for any t, Y > Y;.

Note that this result holds in the more general framework with Poisson random measure and general
filtration.

As explained in the introduction, Condition @ is too weak to ensure uniqueness of the solution and
is interpreted as an extra cost for liquidation in finance. Instead of @, we want to have ({3)):

fig Yi = ¢

It is proved in [39, Section 3] that the existence of a left-limit at time T for Y only depends on f. A
sufficient condition is the existence of a non increasing, of class C! and concave function h and of a
positive constant 77 such that for any y > 0

ﬁh(y) < f(t,y,z,u) - f(taovz’u)'

In this paper, we only discuss if a.s.
liminfY; = ¢. (7)
t—T

If some partial results have been obtained for the non-Markovian setting ([43, B3] [2]), more complete
results have been obtained in the Markovian setting.

2.2 Markovian setting

For z € R, we consider the forward SDE: for any 0 <¢ <T

¢ ¢ ¢
X,=z+ / b(r, X, )dr + / o(r, X,)dW, + / B(r, X,_)dN,. (8)
0 0 0

The coefficients b: [0,7] x R - R, 0 : [0,7] x R - R and §:[0,7] x R — R satisfy:

1. b, o0 and B are jointly continuous w.r.t. (¢,z) and Lipschitz continuous w.r.t. x uniformly in ¢, i.e.
there exists a constant K such that for any ¢ € [0, 7], for any « and y in R: a.s.

[b(t, ) = b(t,y)| + |o(t,2) — ot y)[ + |B(t,2) = Bt y)| < Klz —y|
2. b and o growth at most linearly:
bt 2)[ + o (t, )] < Cb,o (1 +[x])-
3. B is bounded w.r.t. t and z: there exists a constant C3 such that

1B(t, )| < C.

Under these assumptions, the forward SDE has a unique strong solution X (see [41]).
We assume that

§=9(Xr)
where the function g is defined on R with values in R, U {+o00}. We denote

S={zxeR st gx)=o0}

the set of singularity points for the terminal condition induced by g. We suppose that S is closed and
that for all closed set K C R\ S

g(XT)]-)C(XT) € L' (Q,]:Tv]P))'



In [39] Theorem 4.5, under Condition (A) on f and under this setting for £ = g(Xr), it is proved that
@ holds provided that in (A6) ¢ > 3. There are also some technical conditions between the jumps of
X and the singular set S ; these conditions are discussed in Sections [3|and [f] If F is only generated by
W (in particular 8 = 0 in ), then holds for any ¢ > 1, provided that the diffusion coefficient o is
uniformly elliptic. Indeed in this case, we can use the representation of the process Z as the Malliavin
derivative of Y.

The rest of this paper shows that the presence of jumps can completely destroy @, that is for ¢ < 2,
it is possible to have a.s.

liminf ¥; = +o0,
t—T

even if P(§ = +o00) < 1.

2.3 Related PDEs
A key feature of BSDE is the link with parabolic PDE. Let us now define for (¢,z) € [0,7] x R, the
forward SDE: for any 0 <t <s<T

Xhe :x+/ b(r,Xﬁ7w)dr+/ J(T,Xﬁ’w)dWT—l—/ B(r, X1™)dN,. 9)
¢ ¢ ¢

The coefficients b, o and S still satisfy the previously mentioned conditions: Lipschitz continuity w.r.t.
z and at most linear growth. Then @ has a unique strong solution X*%*. Together with the SDE @[),
we solve the BSDE: for any 0 <t <s<T

T T T
YET = g(X5) 4+ / F(r X57 Y55, 207 U dr — / 20w, — / UL, . (10)
s s t

Now the generator f : [0,7] x R* — R is a deterministic function, such that Condition (A) still holds
uniformly w.r.t. x. Hence we can apply the previous results to ensure the existence of a minimal
super-solution (Y# Zt% UHe).

To make the link with IPDE, we also suppose that the generator f verifies some extra regularity
assumptions (see [9, [40]):

e fis locally Lipschitz continuous w.r.t. y: for all R > 0, there exists Lgr such that for any y and 3’
and any (¢, z, z,u)

ly| <R, |y'| < R=|f(t,x,y,z,u) — f(t,z,y, 2u)| < Lrly —y'|.

e The function u € R +— f(t,2,v,2,u) is non decreasing for all (¢,,y,z) € [0,T] x R3:
vu S u’? O S f(t7 x’ y7 Z? u/) - f(t7 $7 y’ Z7u) S /&(ul - u).
9 is the constant of Condition (A4).

o (t,z) — f(t,z,y,z,u) is continuous and for all R > 0, ¢t € [0,T], |z| < R, |2'| < R, |y| < R,
(2,u) € R?,
|f(t,$,y,2,u) - f(tax/ay7zvu)| < wR(|x - SC/|(1 + ‘Z|))7

where wr(s) — 0 when s N\, 0.
o z+— f(t,x,0,0,0) is of at most polynomial growth.
The generator of Example [1| satisfies these conditions. Now from [9, Proposition 2.5 and Theorem 3.4]:

Proposition 1. If g : R — R is continuous and with polynomial growth, the function u(t,x) = Y;t’w 18
the unique continuous viscosity solution of the IPDE:

@(t,x) + Lu(t,x) + Z(t,z,u) + f(t,x,u,u'o, B(t,z,u)) =0
u(T,z) = g(z)

(among the functions with polynomial growth). Moreover if g is bounded, u is also bounded.



In the previous IPDE, we have:

e [ is the local second-order differential operator, due to the continuous part of the forward SDE:
1
L(t,z,0) = 50°(t,0)¢" (x) + b(t,2)¢/ (@) ;

e 7 is a non local differential operator and comes from the jump part of the forward SDE:
I(t,x, ¢) = ¢(t,x + B(t, x)) — ¢(t,x) — ¢/ (£, 2)B(t, 2) ;
e B is also a non local operator coming from the generator of the BSDE:
B(t,z,9) = ¢(t,x + B(t,x)) — d(t, ).

From [40], we obtain the next statementﬂ

Proposition 2. If g : R — [0,400] is a continuous function such that for any compact set & in R\ S,
9(X7)1g(X71) is integrable, where S = {x € R, g(x) = oo}, then u is the minimal non negative viscosity
solution of , such that:

liminf wu(t,z) > g(x 12
it u(t,z) > g(ao) (12)

holds.

The continuity problem for BSDE can be written here: does the minimal viscosity solution u satisfy

1i ta) = ?
(00 By U6 2) = 9(0)

A natural question concerns the regularity of the solution w. In [40 Section 4.3], it is proved that if
b and o are bounded functions and o is uniformly elliptic, if f is Holder continuous w.r.t. (¢,z), then
u e CH2([0,T) x R) (see 40, Lemmas 5 and 6, Proposition 5]).

3 Quadratic case with right barrier

In this section, we still assume that X = N is the Poisson process (¢ = 0 and 8 = 1), denoted X% if
we want to emphasize that it starts at time ¢ from point x:

S S
Xﬁ’“‘:w—&—/ )\dr—i—/ dN, =z + Ny — N;.
t t

We study the quadratic case: f(s,y,z,u) = —y|y| (Example [I| with ¢ = 2), so the BSDEs and
become

T T
Yt:g(XT)—/ Y;|Ys|ds—/ UydN,, 0<t<T. (13)
t t

We note Y% the solution of the BSDE whose dynamics is that of the BSDE on [t,T] when X = X%*.
Moreover we consider the following function ¢ : for zop € R and ¢ : R — [0, +00

g(x) = (+oo)ﬂ{m2wo} =+ @(x)]l{z<wo}' (14)

For this case, it is obvious that the singularity set S = [z(,00) has a compact and regular boundary
{zo} and if x > g, x + 1 > x¢ and if x = g, then  + 1 > xy. In other words it satisfies the technical
conditions (called (E) in [39]) mentioned in Section But ¢ = 2 is too small to apply some known
result about the continuity at time 7". Let us remark that ¢ plays a role only if X starts below x.

Let us evoke some properties for this BSDE and the truncated BSDE: for any K > 0 and for 0 <t < T

T T
VE =g A K = [ YE s [ UK. (15)

3Note that continuity of the minimal solution is not guaranteed in this proposition.



From Sectionand [28], there exists a unique solution (Y%, UX) for and a minimal solution (Y, U)
for such that Y is the increasing limit of Y% and since ¢ is non-negative: a.s.

vte[0,T], 0<Yf <Y< ——.

Note that these estimates don’t depend on g. Moreover a.s.

lim Y; > & = g(X7).

t—T

The existence of the limit follows from [39, Theorem 3.1].
Finally the related IPDE is: for any (t,x) € [0,T] xR

ou
a(t,x) —u(t,z) — u(t, z)|u(t,z)| = —Au(t,x + 1)

u(Ta r) = g(v),

(16)

and the truncated PDE:

outt
W(tvx) - AuK(tax) - uK(tvx”uK(tax)‘ = 7>‘UK(ta z+1)
(17)

uf(T,z) = g(z) N K.

If g : R — [0,400] is continuous, then there exists a unique continuous viscosity solution u® for
and a minimal viscosity solution w for such that u is the increasing limit of 4® and for any (¢, )

1
0 <uf(t,z) <ult,r) < —.
<uR () < ulty o) <
Recall that u (¢, ) = Y,"" and u(t,z) = Y.
We are going to show that we have
limY; >¢6=Yp, Y= Vi e [0, 7.
t—T

Tt

In other words we show that there exist cases for which the solutiopn is non continuous at time 7.
Contrary to [39, [40], the main changements are the quadratic driver (corresponding to ¢ = 2 in )
and simple jumps associated to a Poisson process (without jumps, for uniformly elliptic diffusions, we
have continuity whatever the power q).

3.1 Solving the PDE and behavior at time T

Here we are going to resolve the PDEs and , without the help of BSDE’s theory. Let us state
some results concerning the ODE:

y'(t) = Ay(t) —y@)ly(t)[ + Ap(t) =0, 0<t<T,
(18)
y(T)=x €eR.
Lemma 1. If ¢ € C°([0,T)), then there exists a unique bounded solution y. Moreover if x > 0 and if
for any t ¥(t) > 0, then y(t) > 0 for any t. The solution satisfies:

VE<T, y(t) < T[A T —5)*+1] e *70q
0= g [ T = s 1] e

As a consequence, if ¥(t) < 1/(T —t), then the same estimate holds for y.

Proof. The function (¢,y) — Ay + yly| — Ap(¢) is continuous w.r.t. ¢ and is locally Lipschitz continuous
w.r.t. y. Hence there exists a unique solution of the ODE, defined on an interval |7, T|. We also have

y'(t) = A+ lyODy () — A ().



Soforr<t<T

y(t) = xexp (— / T y<s>|>ds) af " () exp (— [ ox |y<u>|>du) ds.

Thus: -

T
()] < x|+ A / o(s)lds < lyo| + A / [o(s)]ds.

As ¢ € C°([0,T7), the function y is bounded on |7, T], independently of 7. Hence there exists a global
solution defined on [0,T]. And if x and ) are non negative, the function y is also non negative.

Now we prove the a priori estimate on y (adaptation of [28]). Let us solve the following linear ODE
on the interval [0,T — €] for € € 10, T7,

1
ye +

(ys)l_)‘yE_QTft (T —t)

5 tAO(), Y (T—¢e)=y(T —e).

The solution y° is given by

5 T—e¢ 1 T—¢ s 1
y*(t) =y(T —e)exp (—/t ()x + 2“) ds) + )\/t ¥(s)exp (—/t ()\ + 2Tu> du) ds

+/T€1 [ (A2 ) du)a

t e exp t T g ) du)ds

T—¢ T—e s
=y(T —e)e TV exp —2/ ! ds +)\/ Y(s)e 2 exp —2/ ! du | ds
+ T—s + : T'—u
T—¢ s
L G-t / 1
: —92
—I—/t (T—s)Qe exp t T—udu ds
1 T-s\>
exp(—Q/t T—udu)_<T—t> .
1 1

20(T — 2)eMT—=—1) 1 e 5 M0 (T _ 91245,
Tz v ) v ) [W( ) <Ts>2} (T~ s)d

But

ye(t) =

Using the inequality y? > 2cy — ¢? with ¢ = 1/(T — t), we have the inequality between the two
generators

1 1
N P Mp(t) < Ny + 42 — Mp(t).

Thus, with the comparison result for backward ODE, we deduce that for any t € [0,T — €]

T—¢

Letting € go to zero, since the function y is bounded, we deduce that for any ¢ < T'

Ay +2

Y —

1 2 A\ (T—e—t)
sey(T —¢)e Y4

y(t) <y (t) = (=D

T
y(t) < ﬁ/t {Aw(s) + (T_ls)z} e MTIN(T — 5)%ds

T
- ﬁ/t (€M (8)(T = 5)? + 1] e 2D ds.

If (t) < T 1_ i computation shows that the same estimate holds for y:
1 T
y(t) < (T_t)2/t IMT = s) + 1] e 267 ds
1 e M=) NT—t)+1 et 1
:(Tt)2(_ T ) LY _/\):Tt'
This achieves the proof of the lemma. O
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Remark 1. Let us emphasize that the mapping (yo,v) — y is non decreasing : if X > x > 0 and

~

B(t) > (1) > 0 for any t, then G(t) > y(t) > 0

Indeed we have
T o~
yit) —yt) =x—x— /t (AY(s) + y(s)[y(s)| — A(s) — Ay(s) — y(s)|y(s)| + Ap(s))ds

T T __
=£—x—/’uﬂ@—AM@+a@@wn—Mﬂw@mm+A/ B(s) — b(s)ds
t —_— Y t

=7(s)? =y(s)?
=y—x—[ Q+M@Nﬂ®—y@ﬁk+kl B(s) — pl(s)ds,

with

| (s)]
) = y(5) Lg(s)<y(s) = 0.
Thus

+AAT@@>—ww»ap(—lix+aw»modszo

We begin with the case © > xy. We rewrite the PDEs

@(t,x) —u(t, z) —u(t, z)|u(t,z)| = =Au(t,z + 1),
u(T,x) = o0,

and

X K K K K

7(1"’1“) - A\u (tax) —u (t’x)|u (t,$)| =—Au (t,.’II + 1)7

ot (20)

u(T,z) = K.

Lemma 2. On [0,T] X [z, 0), for any K > 0, the solutions are
1 1
u(t,x):ﬁ, 'U,K(t,l')zil
- T—-t+ —
+ K
1
Proof. For the equation (20)), we notice that the function t —— — satisfies the PDE and is
T—t+
continuous and bounded. By uniqueness of the viscosity solution ([9, Theorem 3.5]), we have
1
uf(t,z) = —
T—t+—
+ K
Then the minimal solution is the increasing limit of u”:
u(t,r) = lim u™(t,z) = b
’ K—+oco ’ T — t ’

Clearly, it satisfies PDE on [0,T) X [xg, +00). O

11



We consider now the case x € [zg — 1,29). So z + 1 > zy and we rewrite the PDE for uf

ouX 1

——(t,x) — M (t, ) — B (t, )|t 2)| = A,
ot T4~
K

K(T,2) = gp(2) A K.
Note that it is an ODE with parameter x.
Lemma 3. On [0,T] X [xg — 1,20), for any K > 0, the solution is

1 1,
(t,x) = - PR (21)

1 )
T B } S R S N

and
u(t,z) = KEIEOO uf (@) = 7L<y + o(@) =1}
Proof. Here z is a fixed parameter in [zg — 1,29). We begin with the equation in u*. We recognize a
Riccati equation whose a particular solution of the dynamic is ¢t — # We make the variable
T—-t+—
changement K
K(t,z) = ;1 +wi(t, z).
T—t+ 4
So the function w’ (-, z) satisfies the ODE
%(t,x) — | A+ #1 wk (t, ) —w™(t,2)* = 0.

T—-t+ —
+K

We recognize a Bernoulli equation. We make the variable changement, under reserve of non cancellation,

y™(t,x)

- 1
wK(tz)’

So the function y* (-, z) satisfies a first order linear differential equation. Solving this ODE and going
back to u, we obtain that if p(z) < K

1
K — _
(t’x)_T t+1 o e~ NT—s)
-+ = AT —t _
K € (K(T —t)+ 1) Ko@) A K / T 1) s
and for ¢p(z) = K

1
K(t,x)zil.
T—-t+—=
+K

Let us pass to the limit on K for ¢ < T. Since ¢(z) < +00, we have
1
li K(T—-t)+1)?— =
K—1>I-Ii-loo( ( )+ 1) K—px)NK oo

whereas

T (T—s) T _
e 1 Tt
0< T ds < 5ds = .
. (K(T—s)+1) . (K(T—3s)+1) K(T-t)+1
Therefore we obtain for any ¢ < T'.

u(t,z) = KLHEOO uf(t,2) = T3

12



This function u satisfies the PDE

ou 1
a(t,x) —du(t,x) — u(t, x)|u(t, z)| = _/\ﬁ’ o)
u(T, z) = ().

1
Again it is an ODE with parameter x. Since ¢ = T ¢ C9([0,T)]), we cannot apply Lemma

Nonetheless we have :

Lemma 4. This function u(-, x)

=7 is the unique non-negative solution of defined on [0,T).

Proof. Again x is fixed and we assume there exists a non-negative solution (-, z) defined on [0,7T"). So

the function u(-, x) satisfies the forward PDE

ou 2 = !
o ) = dut2) —ut2)’ = -Am— (23)

u(0,x) = a,

with a > 0 defined by a = u(0,z). According to the Cauchy-Lipschitz theorem, this ODE has a unique

1
solution u(-,z) defined on [0, 7% (7 also depends on x, but we don’t write this dependence). If a = T

1
then the function t — T

; is solution and well defined on [0, 7. In that case

1
We are going to show it is the only possibility. We suppose by absurd a # T We also have a Riccati

1
equation whose a particular solution is t — T So, by applying the previous method, we obtain an

explicit solution

1 1
t,a) = + , 24
uhe) = (T-1)? T?/teAs d (>
2 ¢ \° y (T—s2"
1\ " 1\ 1 b
withc = (a — T) = (u(O,a:) — T) . Nowifa > T then by divergence of the integral/o mds

in 7T, there exists 7 € [0, 7] such that

T As
e c 1
& _ds=S =_ " _€R}.
/0 T -2 T2 " Tq—T -+
So the function u(-,x) is defined only on [0, 7] with 7* < T, what contradicts our assumption on wu.

1
Now if a < T then the function u(-, ) is defined on [0, 7] and

1 1
u(t,z) = +

13



Integrating by parts leads to

1 1

u(t,x) = 1+ ;
-t (T — t)e=> (aT“_ L HAN(T) 4+ X2 /0 e In(T — s)ds> —1-XNT —t)In(T — 1)

t
Y’ a 2 As _ —
e (1 —7 An(T) — A /0 e In(T s)ds) +AIn(T —1t)

a

(T —t)e= (1 T Aln(T) — A2 /Ot e In(T — s)ds) +1+MT —t)In(T — t).

Therefore we obtain for any x

u(t,x) ~ ANln(T —t). (25)
t—T
In particular, u(-, ) becomes negative when ¢ tends to T, what contradicts our assumption on uw. Thus
1
= — and
= an 1
ta) = ——
ult7) =
is the only non negative solution defined on [0, 7). O

We suppose now z € [xg — 2,29 — 1[. Then 2 + 1 € [xg — 1, 20[ and we rewrite the PDE
du’ K K 2 K
—(t,z) — " (tz) —u” (t,2)" = =™ (t,x + 1),
ot (26)
F(T, ) = p(x) N K,
where v’ (t,z 4 1) is given by with ¢(x 4 1) instead of ¢(x) :

1 B lo@in<k

1 T —\(T—s) 1 ’
T—-t+ — MT-) (K(T — 1)2 / €
K ¢ (K(T-1)+1) KT+ T Ko@)

Existence of u’, solution of ., is given by Lemma (z is a parameter) since u (-, x + 1) is a bounded
function. Moreover since u* (-, 2 + 1) is bounded from above by 1/(T — -) and is non decreasing w.r.t.
K, and with Remark |1 I, we have the estimate : for K < K

Kt +1) =

% 1
0 <uf(t,x) <uf(t,x) < ——.
<ut(t,z) <u't(t,z) T3

Nonetheless we cannot derive the explicit expression of uX, but we prove that u® still converges to
t — 1/(T —t). And from our previous result (Lemma [, this function is the unique non-negative
solution of on [xg — 2,29 — 1[.

Lemma 5. For any x € [xg — 2,20 — 1], the solution v’ (-, x) of . converges:

1
—_—r .
K—+oco T—t

Kt x)

Proof. Since uf (-, x) is a non-decreasing sequence of functions, it converges to some limit function u(-, )

such that for any ¢t < T

1
0<uf(t,z) ~ wt,r) < ——.
K—+oco Tt

For any t <T

t
K(t,z) = uf(0,2) +/ \u® (s, 2) + u" (s, 2) [u (s, 2)] — M (5,2 + 1)] ds.
0
Using dominated convergence theorem and Lemma [3] we can pass to the limit:

1

ds.
T—s y

u(t,x) = u(0, ) —l—/o [)\u(s,x) +ul(s, z)|u(s,z)| — A

14



Thus u solves the PDE (22): on [0,7)

ou 1
E(t’ x) — du(t,x) — u(t,z)|u(t, z)| = _)\ﬁ'

If we assume

1
u(O,z):a<?fs

for some € € R%, then, according to the performed reasoning in the proof of Lemma@ the solution u is

equal to zero in a time 7 € [0, T[ what it can’t be. Thus u(0,z) = T and

1
K JR—
u (0, ) Kjoo T
Now we consider the difference function
1
X (t,x) = uf(t,z) — T uB () —u>(t), 0<t<T.

By performing the difference between the two PDEs

Oe’

W(tvx) - )\eK(t7x) - (UK(tvx)2 - uoo(t)Q) = _A(UK(ta T+ 1) - uoo(t))’

i.e., according to the identity a® — b2 = (a — b)(a + b),

oK
%(t, z) — (A +uf(t2) +u(t) e (t,2) = =N (t,z + 1) —u™(t)).

If we denote 1
a®(t,x) = A+ uB(t,x) +u>X(t), cx =e5(0,2) =u®(0,z) — T

K

the difference function e is given by

X (t,z) = <CK - /\/Ot(uK(s,x +1) — u™(s)) exp (_ /O a’ (r, :c)dr) ds) exp (/Ot aK(s,;v)ds> .

We are going to study the behavior of each term when K — +o0o. We already know that

1
_ K _ K _ 1
cx =€ (0,2) = u™(0,2) T Koo
The term
a(t,x) = XN+ (t, ) + u>(t) € [0, X + 2u™(t))]
¢

is bounded w.r.t. K, so exp < a (s, x)ds) also. Finally for the last, apply the dominated convergence

0
theorem: Thus

/Ot(uK(s,x—l—l)—uDQ(s))eXp (—/OsaK(r,x)dr> ds —s 0.

K—+o0o
Therefore we obtain
eK(t,x) — 0,
K—+oco
ie.

K o0
t — t) = ——.
u(,a:)K u™(t) ;

Theorem 2. The solution u™ of converges to the solution u of , which is given by
1
U(t,l’) = ﬁﬂ{t<T} + g(x)]l{t:T}, 0<t<T, xeR.

This solution u is the unique non negative solution defined on [0,T].
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Proof. For x > x, it results from Lemma Then we argue by recursion on the intervals [zg—k—1, xo—k[,
with k& € N. The initialization step comes from Lemma [3| We suppose the result for the z € [xg — k —
1, o — k[, then, by applying the proof of Lemma [5| we obtain the result for the z € [xg—k—2,20—k—1].
The recurrence principle allows to conclude. Uniqueness comes from Lemma [4} O

Remark 2. Of course the same study can be done for f(t,x,y,u) = —nyly| with some constant n > 0.

Then the solution becomes u(t,x) = ———.
n(T —1)

The next result is used below to control the martingale part of the BSDE.

Proposition 3. For any K > 0, the difference u (t,z +1) —u (¢, z) is the sum of a non negative term
and a bounded term controlled for x < xo by

lzo — x| sup |o(y+1) — p(y)l.
yElz,wo

Proof. For > xo— 1, we have: u(¢t,z+1) —u®(¢,2) > 0; it is an immediate consequence of Lemmata
and [3| and the formulas therein. Now for x < zg — 1, the difference A(t,z) = u® (t,z + 1) — u® (¢, )
satisfies: for any ¢ € [0,T]

At z) — N+ uf x4+ 1)+ u® (¢t z) At z) + \A(t,z+1) = 0.

Hence for any =z < x¢ — 1:
T
At z) = (p(z +1) — p(x)) exp (— /t A+ (s, 2 +1) +u"(s, fﬂ))d8>

+ /tT MA(r,x + 1) exp (— /tT(A +uf(s,z+ 1)+ uK(S,x))d8> dr.

Since u¥ is non negative, the first term is bounded by |p(x + 1) — ¢(z)].

Now for @ € [xg — 2,29 — 1[, x + 1 € [zo — 1,20[, thus A(r,x 4+ 1) > 0. Thus the claim is true on
[0 — 2,20 — 1[:
At,z) = AT (t,z) + T(t,2)

where AT (t,z) > 0 and |T(¢,z)| < |o(z + 1) — p(x)].
For z € [zg — 3,20 — 2],

/tT AA(r, 2 + 1) exp (— [(A b uf s,z 4 1) + uK(s,x))ds) dr
_ /tT AAT (ry a4+ 1) exp (— /:(AMK(&H 1) —f—uK(s,:c))ds) dr
+/tT AL(r,z 4 1) exp <— /tT(A+uK(s,x+ 1) +uK(s,x))ds> dr.
And
/tT)\|F(r,a: +1)] exp (_ [(A uK (s, e+ 1)+ uK(s,x))ds) dr

T
< / Nz +2) — ol + D] exp (<A(r — £)) dr < |p(z +2) — o(z + 1)].

Thus again for 2 < xg —x < 3
At,z) = AT (t,z) + T(t,x)

where AT (t,z) > 0 and [D(t,2)| < 25upycpy 4y lo(y + 1) — ()]
We conclude by recursion. O
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3.2 Consequence for the BSDE (|13
Here we still consider the terminal condition £ = g(Xr), with g given by and the BSDE is:

T T
Yi=g(Xr) - [ Vivds— [ VN, 0<i<T,
t t
We denote by (Y, UX) the solution of the same BSDE with terminal condition g(X7) A K. The
first immediate consequence is the next result:

Corollary 1. A.s. for any t € [0,T]

1
i VE — - K _
K£+m T KL1+OO v =0

The solution Y of the BSDE is given by

1

Moreover the process UK is the sum of a non negative term and of a term controlled by ®(X,_) where
(2) = |zo — 2| SUPyc[p 0 l9(Y + 1) — @(y)]-

Proof. We can apply Ito’s formula to u” (t, X;) (only regularity w.r.t. ¢ is required) to obtain the solution
Y.

T K
YA =uf(t, X)) = g(Xr) NK — / %(S,Xs)ds - Z [ (s, Xs) — u (s, X,-)]
t t<s<T

T
=g(Xr)ANK — / Nu® (s, Xoo +1) — u (s, X)) + u (s, X, )?]ds
- /T [ (s, Xo— + 1) — u® (s, X,s_)] dN,
=g(Xp)NK — /T(YSK)%S - /T [ (s, Xs— + 1) —u (s, X,_)] (dNg — Mds).

Hence UX = u® (s, X,_ +1) —u¥ (s, X,_). The conclusion follows from Proposition [3|and when we pass
to the limit when K tends to co. [

Therefore we don’t have the continuity of the process Y at the terminal time 7": a.s.
lim Y; = 400 > € = Y7
t—T
This property does not depend on a particular choice of ¢ on (—o0,zg). The singularity is propagated

by the jumps of the forward process.
Note that Remark [2 still holds for the BSDE.

3.3 When we add a diffusion term

As mentioned in the introduction, if there is no jump and if the diffusion is uniformly elliptic, continuity
at time T holds. Here we study the BSDE

T T T B
Y, = g(Xz) _/ Y, |Valds —/ Z.dW, —/ UL N (ds),
t t t
with g given by :
9(x) = (+00) L {zo<ay + 0(2) L {zcup

and now we add a diffusion part in X, namely:

t t
Xt:erNtJr/ b(Xs)der/ o (X, )dWs,
0 0
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So the associated PDE becomes

%(t,m) + Lu(t,x) — du(t, ) — u(t, z)|u(t, )| = —Au(t,z + 1)
(27)
u(T,z) = g(x),
with )
Lu(t,z) = b(z)%(t, x) + %U(x)z%(t, x).

If A = 0, we have a standard parabolic PDE which is studied in [32]. We want to prove that the minimal
solution is again u(t,z) = %_t Compared to Theorem |2} the differential operator £ does not change
the behavior of the solution.
First note that ¢ — T3
truncated version of the PDE:

%(t, x) + LuB (t,x) — M (t,2) — uf (¢, 2)[uf (¢, )| = - 2B (t,z + 1)
ot (28)

uf (T, x) = g(x) N K.

solves the PDE on [z, 00) where g(x) = +00. We also consider the

An auxiliary function. Let us consider the following PDE on [0,7] x R

o’ _K _K _K _K 1

W(tam) + Lu (t,.]?) —\u (t7 Z‘) —u (t,a:)|u (t,$)| = _)‘717 (29)

T—-1t4+—

+ K

with w® (T, z) = g(z) A K. This PDE is related with the BSDE without jumps
T T T T

_ ko _ d _

Yf(:g(.’{t)/\K—/ Yf\Yf|ds—>\/ des—&-)\/ 7‘9—/ ZXaw,,  (30)
¢ ¢ ¢ ¢

T_— =
s+ K
where

t t
xt::H/ b(%s)der/ o (X,)dW,.
0 0

Lemma 6. There exists a unique solution (YK,iK) to the BSDE such that a.s. for any t,

_ 1
0<Y,

IN

—
T—-t+ —
+K

This sequence converges to (Y, Z) in SP(0,T —¢) for any p > 1 and e > 0 and for any 0 <t <s<T

- - s s 54 s
Yt:Ys—/ Yidr—)\/ Yrdr+)\/ ! —/ Z,.dW,.
t t ¢ T—r t

Proof. The driver is given by

A
fr(s,9) = —ylyl = Ay + T
T—54+—
TK
It is continuous and monotone w.r.t. y and bounded w.r.t. s. The terminal condition is bounded. Thus
the solution (?K, ZK) exists and is unique in S$¢(0,T) for any ¢ > 1. Comparison principle implies that
a.s. for any ¢,
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1

since fx(s,y) > —yly| — Ay and — 0 | is the solution with terminal value K. Moreover for
T—t+ —
! + K
K <K' as. ?f{ §?f<. Hence
Y,= lim Y,
K—o0

exists and satisfies 0 <Y, < 1/(T —t). The rest of the Lemma can be deduced with the same arguments
as in |28, Proposition 3|. O

— 1
Proposition 4. Foranyt <T,Y; = T In particular
lim Y, = +o0.
t—T

Proof. The BSDE can be considered as a linear BSDE and thus

_ T _ T As—t) s
VX B [ (g(x) A K)e T exp _/ v |dr +)\/ L e (—/ |Yf|dr> ds|F,
t t T —s+— t
K
T —A(s—t) s
> \E / - exp (—/ Yf|dr) ds|F,
t T — — t
I T
T —A(s—t) T
> AE / e (-/ |Yf|dr> ds|F,
t T — - t
I TR

T T
1 _
> )\e—)\T/ ———dsE lexp (—/ |Y,I,(|d7“> ’]—‘t]
t _ - t
T—-5s5+ K
T
exp <—/ |Yf|dr> ’}}] )
t

Since v converges to Y and Y is finite on [0,T), we deduce that for any t < T

exp (— /tT Yf.<|dr> ‘ft] —0,
E lexp ( /tT |Yr|dr> ‘ft] =0. (31)

=Xe M In(K(T —t) +1)E

lim E
K—oo

in particular by Fatou’s lemma,

Now consider the difference

1 —K T 1 —K 1 =K
V(K- g(Xr)AK) - A 4V ) [———— — V1 )ds (32
o = W@ AR - [ (v o7 (e ) i

T
+/ ZXaw,
t
K-gXr) K N (T— T Kk
o el PRALLE S ) —/ YE|d . 33
KT -t)+1 ¢ exp | = | Y, |dr | | F: (33)
Since for t < T,
K —(9(Xr) NK) 1 . K —(9(X7) NK) 1
< < d 1 = 1
O For—n+1 “7-¢ ™ M TRT 1 T <
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we deduce )
lim (1 -7y ) =0
and that Y; = 1/(T — t), which achieves the proof. O
According to [9, [40], we have the following link between the BSDE and the PDE:

Lemma 7. If the function g A K is continuous, then there exists a unique bounded and continuous
viscosity solution u’ to (@ Moreover for any t,  and K

1

<u —_—.
0 <af (tx)_T—t—i—%

Finally if b is bounded and o is uniformly elliptic, that is, there exists v > 0 such that for any (t,x)

v < o(t,x)2 <

then for any ¢, ©% belongs to C*2([0,T — €] x R).

Proof. The regularity of @’ is proved in [40, Section 4.3] and follows from classical results for PDEs, see

among others [I8] 29]. O
Now evoke that for any (¢, z)
K(tz) =Y, "7
From this proposition and this lemma, we deduce that for x € R and t < T
. _K . K t,x o ].

Back to the PDEs and (27). On [z, +0), g(z) A K = K and the solution is u”(¢,z) =

1
7+ Therefore we can deduce that for z € [zo — 1, o[ the PDE (28) is
T—-1t+ —
+ K
K 1
W(t,x) + Lu® (t, ) — M (t2) — u (4, 2) | (t,2)| = A
T—t+

with u®(T,2) = g(x) A K and thus on [0,T] x [zo — 1,20[, u®(t,2) = u’(t,x). Hence the minimal
solution of satisfies for « € [zg — 1, zp[ and ¢t < T u(t,x) = ¢ In particular

lin% u(t,z) = +oo > g(z) = u(T, x).

s
Now to handle the case x € [xg — 2,29 — 1], let us introduce a second auxiliary PDE: on [0,7] x R
S K
W(t, x) + Laf (t,x) — Naf(t,x) — a®(t,z)|aX (t,2)| = — " (t,z + 1)

K(T,2) = g(z) A K.

The associated BSDE is
R T T T T
YA =g(Xr) /\K—/ YE|YE|ds — )\/ YSde—F)\/ (s, X, +1)ds —/ zEdw,. (34)
t t t t
Lemma 8. There exists a unique solution (?K, ZK) to the BSDE such that a.s. for anyt,
~ 1
T—t+ —
+ K
This sequence converges to Y Z in SP(0,T —¢) for anyp>1 ande >0 and for any 0 <t <s<T

/ /Yerr)\/ dr —/ Z.dW,.
¢ T—r t
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Proof. This proof can be deduced with the same arguments as in Lemma [6] O

Now we state the same result as in Proposition [4}

~ 1
Proposition 5. For anyt <T, a.s. Yy = T In particular
lim ﬁ = +o0.
t—=T

Proof. The proof is rather similar as the proof of Proposition However since the BSDE (34)) contains a
stochastic term @ (s, X, +1) (instead of the deterministic and explicit 1/(T —s+1/K)), new arguments
have to be used.

We notice that (Y, ZK) is solution of a linear BSDE:

T
ﬁK =F l(exp (—/ |}~/SK|ds> e_)‘(T_t)g(XT) A K)‘]—}
t

T s
/ exp (—/ |)7TK|dr> e_/\(s_t)ﬂK(s,.’fs + 1)ds ]-'t]
t t

T T
exp (—/ Y;K|dr> / (s, %, + 1)ds Ft] ,
¢ ¢

with for t < ¢, VX < 1/(T —t) < +o0,

T T
/ uf (s, %, +1)ds +% / ds = +0o0,
. K—o4oo Jy T —s

+ AE

> e ME

and

T ~ a.s. T ~

exp (—/ |YTK|dr> N, exp <—/ Yrdr> .

t K—+o00 t

Thus:
T ~ a.s.
exp ( / |Y,,K|dr> N, 0. (35)
t K—+oo
Then with Y/SK >0, forany t <T
1 -
0 ——+ - \
T—1t+ 3%

T 1
=K — ———d
/t (Tfer%)QS

T T T T
fg(}CT)/\KJr/ YfSKmKusH/ YSdef)\/ UK(S,%S+1)+/ Z.dw,
t t t t
K—g(Xr)ANK /T A+ ! +YK ! YE)d
= — — - - _ S
g ¢ T-s++ ° T-s++ °°

T 1 T
+)\/ <1uK(5,.’{S+1)ds> +/ ZydWs.
t \I'—s+ % t
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Using the explicit formula for the solution of a linear BSDE leads to:

1 ~
0< —— -V~
T—t+ L
A % ’
—\(T—t K K

+ A\E

T T — L L 1
/ e*)‘(sft)si—i_f exp (—/ YrKdr) (1 —af (s, X, —|—1)> ds
t T-t"‘f t T—S—‘-?
1
:ef)\(Tft)il]E
T—-t+

ft]
T 9(Xr) NK
exp 7/ YEds (1) ‘]—‘t
X t K
FSVENE /T T— st L) e 2D —/SYKd ;—*K( X, +1))d
T—t++ |/, "TK)C TP )\ T 2T g
T
SLTIE exp —/ fszds
T 1 S”K 1 Kk
+ ; T—S—i—E exp | — \ Y; d?” @—U (S,xs—f-l) dS]:t 5

with, according to ,
1 —\T Ti
0<—— X+ )< ——E [exp <—/ Yffdr> ’}'] :

7T—s—|—% T—s—|—%

:

Thus:
1 -
<o - Y
T—t++

Cor T T s T
< ——"5FE|exp —/ YEds —|—/ exp (—/ YT.Kdr>E exp —/ Y, dr ‘.7-"3 ds
T —t + N7d L t t t S
CA,T [ T - T s - T—K
= —""=FE|exp| - Y. ds | + exp|— [ Y. dr)exp| — Y, dr | ds|F;
T—t+ i t t t s
I T T T
< L:FlE exp —/ 175de +/ exp —/ der ds|Fi| .
T—t+% | t ¢ s

.

From and , we deduce the statement of the proposition. O
Therefore for any ¢t < T and any = € R,
~ 1
lim af(t,z) = lim VM =_—.
A o) =t Y=
And for such z € [zg — 2,29 — 1] and for all ¢ € [0, T7,
uf(t, ) = a" (¢, z).
We deduce for z € [z — 2,29 — 1]
1
li Kt,z) = —.
Jm ut () =
Then, by recurrence, for all z € R:
1
t,r) = 1 Kt x) = ——.
u(t,z) = lim u” (o) = 7—;

Theorem 3. The minimal super-solution (Y, Z,U) verifies: a.s.

lim Y; = +o0 > & = g(X7).
t—T

Proof. From Lemma 7} the solutions 4 are smooth. Thus Y,* = v (¢, X;). Passing through the limit
on K, we deduce that Y; = 1/(T — t) a.s. The conclusion follows immediately. O
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4 Other generators

We now use the results of the previous section, to show that the quadratic case is pivotal. We consider
the BSDE and we assume that the generator f satisfies Condition (A), such that existence of a
solution is guaranteed.

We suppose that X is the Poisson process and that the terminal condition is still given by .
We denote by (YK 72K @)Ky — (YK o, 7R)K) the solution of BSDE with terminal
condition g(X1) A K.

4.1 For g<?2
Let us start with the particular case: f(t,z,y,u) = —yly|9~* for ¢ € ]1,2[.

Proposition 6. The minimal super-solution (Y,U) of the BSDE with generator y — —yly|?=t for
1 < q < 2 satisfies: a.s. foranyt € [(T —1)V0,T]|

1
Y, > — .
b=7

In particular a.s. lim;_,7Y; = +00.

Proof. (Y@K 7(0):K) denotes the solution of the BSDE with terminal condition g(X7) A K. Then
T
AR / (Y@K |y (0K |am1 4y @K |y 21K )q
t
T
_ / <U§q>,K _ U§2),K) dn,
t
T T
:/ o (v 0K _y8(2)7K)+/ (Y@K [y @K a1 |y @K |y @K ) g
t t

- / ' (VK — oK) an,
t

with, by decrease of the function y — —yly|?71,

K _ 7YS(Q)7K|YS(Q)1K|q71 + Y*S(2)7K|Y*S(2)1K|q71

1

® Ys(q),K - Y:S(2),K (Y DK 2y (D)Ky <0.

a

The formula for linear BSDE implies that

T
Yt(q)’K o Yt(2),K —-F / (_YS(Q),K‘YS(Q),KVI—l + Ys@)’K\Ys@)’KD Ffsds
t

.

with I'f, = exp </ affdu) € [0,1]. In other words
t

T
Yt(q)’K _ K(Q)’K >E l/ Fffs (_YS(Q),K|YS(2)«,K‘q—1 + YS(2)>K|YS(2)7K‘) 1) (YS(2),K)dS
t

.

since for y > 1, y|y|?~! = y? < y? = yly|. By the dominated convergence theorem, we deduce that for
any I'—1<t<T
Y;(‘I) _ Y't(Q) = lim Y;(‘I)vK _ }/t(Q),K > 0

that is: a.s. for (T —1)v0O<t<T

This achieves the proof. O

Our proof shows that more general generators can be considered.
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Theorem 4. If Condition (A) holds, if fO is non negative, if u — f(t,y,2,u) is non decreasing and if
for ¢ <2 and some R >0

vy>R7 f(ta%Z’U)_f(tyOaZ’U) Z _yq’
then the minimal super-solution of the BSDE verifies: a.s.
lim Y; = +o0.
t—T

Proof. If (YE ZK UX) denotes the solution of the BSDE ([]) with terminal condition g(Xr) A K, then
using a standard linearization method :

T T
VY [ (16 Y ZE U 4 YOO s - [ 2w,
t t

T ~
—/t (vF @) an,

T T T
(V0K _y @ Kygg 4 / vEZK ds — / zKaw,

t t t

T T
+ / S5, Y 0,UK) = f(5, Y ,0,U25) ) ds - / (v —v@*) an,
t t

!
T
+ / (/(5,Y.2%,0,0) = [(5,0,0,0) + Y2 K|y DK]) ds
t
(£, Y25, 0,U@5) — (5,725, 0,0)) ds

with
w _ f(s, Y ZEK UF) — (s, YK 2K UK)

YE - YS(2)’K

y _ LY 28 U8 — f(s, v 0,08

s = 7K —Lizi20}-

S

Liyxepy @5y,

The process b is bounded and the process a® is bounded from above. Solving this linear BSDE leads

to
T
YK _y@K _g V (f(5,0,0,0) + AX + BE) £f.ds ]-"t]
t

where £ is non negative and belongs to any L2([0,T] x ),
B = f(s, Y2, 0,UPM) — f(5, Y, 0,0),
and
AL = f(5,YP5,0,0) = f(5,0,0,0) + YKy K]

> (5, Y25,0,0) = £(5,0,0,0) + YRV KN 1y
(YRR YO 1 o gy
> (5, Y5,0,0) = 7(5,0,0,0) + YY) 14, gy
if R > 1. 1From our assumptions, with the dominated convergence theorem, we obtain that for every
te {T — R’T}

liminf E
K—oo

T
/ AKER ds
t

7|0
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Moreover 5

|BE| < ClUPE| = Clu® (s, Xo— +1) —uf(s, X,_)| < Cm—r
— S

Thus for any € > 0

T—¢
Jim E Vt BEe K ds|Fi| =0
Let us decompose US(Z)’K = ﬁs(z)’K + 173(2)’1(, with (73(2)’K > 0. Then

BE = f(s, YK 0,UDE) — f(5, Y DK 0,UDK) 4 f(5, Y DK 0,UDHK) — f(5, YK, 0,0).

Since u — f(¢,y,2,u) is non decreasing, the first term is non-negative, whereas the second is bounded
by C’|U§2)’K| < CP(X,_) (see Corollary . Hence for any € > 0
ft] |

T
]E/ BEFEL ds
T *
/ |P(Xs-)|¢ ds

T
7| > —CE / B(X, )| ds

T—e

Evoke that f(s,0,0,0) is also non negative. Hence

T T—¢
>y LR / AKeR ds|F,| +E / BEeK ds|F,| — CE
t t

T—e
Fi
T—¢

ft] |

ft} on [T — £, T]. Note

Then passing to the limit on K gives : a.s. Y; > Yt(Q) —CE {f;_s |B(X,_)|¢ ds
that

P(X,_) < |Xeo —mo| sup  Jp(y+1) — o)l
y€[Xo,zo|

Letting € go to zero, we obtain that a.s. Y; > Yt(2) on [T — %,T], which achieves the proof of the
proposition. O

4.2 The case ¢ > 2

From [39, Section 4] we already know that for ¢ > 3, continuity holds: a.s. lim; 7 Y; = ¢g(Xr). From
the previous section, we also know that continuity fails for ¢ < 2. In this part, we prove that continuity
remains true for 2 < ¢ < 3.

We still consider the terminal condition g(X7) with g given by and the truncated BSDE is : for
0<t<T

T T
ytK:g(XT)AK—/ YSK\YsKers—/ UKaN,. (36)
t t

Again from [28], there exists a unique solution (Y%, UX) for and a minimal solution (Y, U) for
such that Y is the increasing limit of Y and since g is non-negative: a.s.

p—1\""
vt € (0,77, othKgytg(Tt> .

Here p is the Holder conjugate of q. Note that these estimates don’t depend on g. Moreover a.s.
lim Y} > £ = g(Xr).
t—T

Finally the related IPDE is: for any (¢,z) € [0,T] x R

O (1) — Nalt, ) — ult, @)lu(t, ) = —Nu(t,z + 1)
u(T,z) = g(z),
and the truncated PDE:
ou’ K K K -1 K
——(t,x) = Au” () — u™ (¢, z)|u™ (¢ )T = =D’ (¢, 2+ 1)

uf (T, x) = g(x) N K.
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With the same arguments as for Lemma [2} on [0, 7] X [z, 00), the solutions are

—1 p—1
p—1\" p—1
u(t, ) = <Tt> ;o) = (Tt+K1q> :

Thus on [0,T] X [xg — 1,x0), the PDE becomes

ouk

— p—l
W(t’ z) — M (tx) —uf (8 x) [ u (4 2)| 97 = —dB (e 1) = -\ (pl) )

T—t+ Kl-a

The statement of Lemma [1] remains valid, that is u® is well-defined, is non decreasing w.r.t. K and

converges to u as K tends to oco. Moreover for any ¢t < T

T T _ 1 p—1
WK (t, ) :uK(T,x)—/t D (s, 2) + uf (s, ) [u (s, 2)| ] ds—|—)\/t (T—I.;—Kl—q) ds

=g(z) NK — /t (A" (s, ) + uf (s, 2)|[u (s,2)|7"] ds

+ /\(p 2_1);1 ((T n Klfq)zfp (T —t+ Klfq)pr) )

It is equivalent to
T
u(t, a:)+/ M (s,2) +u" (s, 2)[u” (s,2)|97 ] ds = g(z) N K
t

(p—1)P!

A
+ 2 p

(T+ K" 9> P — (T —t+ K'"9)>7P).

Here is the key point : ¢ > 2 implies that p < 2 or 2 — p > 0. Hence we can pass to the limit w.r.t. K
and the right-hand side is finite and equal to

g(z) + =D 2__1); (T27P — (T —t)*7P).

By the monotone convergence theorem, the left-hand side converges to
T
u(t, x) +/ [Mu(s, ) + u(s,z)|u(s,z)|9"] ds
t
and is larger than u(t,z). We deduce that
T
u(t.o)t [ Dhus,2) + uls,)lu(s. )] ds = (o) + A
¢

(p—1)r*
2—p

and that ¢t — wu(t,z) is bounded by g(z) + A T?~P. Therefore

T
lim [u(s,z) + u(s, z)|u(s,z)[9 '] ds = 0
t=T J,
and for z € [xg — 1, z0)
lim u(t, z) = g(z).

t—T

We can iterate these arguments on [zg — 2,29 — 1[ since u® (t,2 + 1) < u(t,z + 1) and t > u(t,z + 1) is
a bounded function. Then by recursion we prove that:

_1\r!
Proposition 7. If ¢ > 2, the PDE has a unique solution u, which is equal to t — <§1t> for

x > xg, such that t — u(t,z) is bounded for any x < xo and that lim,_,7 u(t, ) = g(z).

In other words continuity holds for ¢ > 2. For the BSDE, from the representation Y;X = uf (¢, X3),
we immediately deduce that a.s.
lim Y; = g(X7).
t—T
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Remark 3. Note that the same result holds if the generator is of the form (s,y) — —yl|y|9= + fO where
f9 is a deterministic and integrable function.

We replace the explicit expression of the solution on [xg, +00), by the solution of the ODE
y =yl = £ y(T) = +oo

which is bounded by

ﬁ / [(p— 1P+ (T — 57 9] ds

(see [28]) and is still integrable on (0,T) if ¢ > 2.

As a consequence, under condition (A) with ¢ > 2, and if f° is deterministic and integrable (or
bounded from above by a deterministic and integrable function), then the solution of the BSDE ()
satisfies a.s.

lim Y; = g(X7).
t—T

The proof is based on a comparison principle between the solution of and the solution of the BSDE
with generator (s,y) — —y|y|?~t + f0.

5 Poisson case with left barrier

As mentioned in Section continuity property is proved in [40] under a sufficient condition, which link
the set S to the jumps of X. This assumption is verified for the terminal value given by .

Let us show here that this condition is unnecessary. We again consider that X is a Poisson process.
Now the function g is defined with 2o € R and ¢ : R — [0, 00) a continuous function with polynomial
growth:

g($) = (+Oo)ﬂ{m§xo} + So(x)]l{m>wo}' (39)

Note that & = (—o0, x| has a compact boundary, but € S does not imply that 2 + 1 € S. Moreover
in general, the truncated function g A K is not continuous at the point x.

Nonetheless since the forward process is a Poisson process, if the process is greater than xg at some
time 7, it remains greater than xq after. Let us consider the unique solution of the BSDE:

T T
VE = o(Xr) AN K + / F(s, V5 UK ds — / UK AN,
t t

where f still verifies Condition (A).

Let us fix 7 < T and consider the F,-measurable set A, = {X, > xzp}. Then on A,, for any
T<t<T, X; > X, >z and g(Xr) = ¢(Xr). Multiplying the two BSDEs by 14_, we deduce that for
any 7 <t < T, VE =YX on A,. Letting K go to +oco leads to: Y; = )); on the set A,, where (V,U)
solves the BSDE:

T T
Vi = p(X7) +/ (s, Vs,Us)ds — / UdN,.
¢ ¢

Note that the existence and uniqueness of (), U) is ensured by the growth assumption on ¢. In particular
a.s. on the set A,

lim Y; = o(X7).

t—=T

Now we take a increasing sequence of 7, converging to T'. Since the family A, is a non-decreasing
family of sets, a.s.

UJ{Xr. > 0} = {Xr_ > 20} = {Xr > 20}
neN

since T cannot be a jump time of X. According to the Theorem [I} we deduce that a.s.
lim Y; = g(X7).
fim Yo = 9(Xr)

We proved that

Proposition 8. The minimal super-solution (Y,U) of the BSDE with terminal condition & = g(Xr)
for g given by , satisfies (3)).
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With our choice of X, the PDE becomes:
@
ot

Here the function f satisfies Condition (A) (uniformly in z) and the regularity conditions mentioned
just before Proposition [I]

(t,z) + Au(t,x + 1) — Au(t, z) + f(t, x, u(t, z), A(u(t,z + 1) —u(t,x))) = 0. (40)

Proposition 9. The minimal viscosity solution u of the PDE , with terminal condition g given by
is continuous on [0, T] x R\ {zo}.
Proof. For a starting point > o at time ¢, we have : for any t < s < T, X/* > z,. Hence a.s.
g(X5") = o(X%¥). We can apply Proposition [1| to deduce that the quantity @(t, ) = V" solves the
PDE with terminal condition ¢, and that on {x > ¢}, & = u. In other words, the solution u* of
the PDE (40)), with terminal condition g(z) A K, converges to @ on (g, +00). And we know that u =@
is continuous on [0, T] X (20, 00).

Now for x € (zg — 1, 0], to solve the PDE , let us consider the ordinary differential equation
with parameter x:

(™) (1) + Na(t, @ + 1) = My™ () + f(t, 2, 5™ (), Ma(t, @ +1) — y™ (1) = 0

with terminal condition y®(T) = K. It is equivalent to

T
Y = K / F(s, 2,y (s))ds.
t

The generator F' satisfies Conditions (A1) to (AF]), hence the solution y% exists and is unique. Since
U =u for x > z0, it is immediate that u (¢, 2) = y*(¢) is the solution of with terminal condition
VK —
ut (T,z) = K.

Moreover F is continuous w.r.t. x. Hence standard stability estimate on BSDE (see [35, Theorem
2.9] or [25] for the Lipschitz case or [36, Theorem 5.10]) implies that z — y®* is also continuous w.r.t.
z, uniformly in K. Roughly speaking for (x,z’)

T
(W (t) — " (1) = Q/t (W™ (s) = ™ () (F (5,2, 4™ (5)) = F(s,2', ™" (s)))ds
< C,Mg/t (v (s) — yK””/ (5))2ds + )\2/75 (a(s,z +1) — (s, 2’ +1))%ds

T
+ /t (F(s,z,y™%(s)) — F(s,2',y™%(s)))%ds.

Using regularity condition on f w.r.t.  and Gronwall’s lemma, we deduce the regularity of z — y%®
uniformly w.r.t. K. Hence passing to the limit on K for @, (¢,z) — wu(t,z) is also continuous on
[0,T] x (xg — 1, z0]. Iterating this procedure, we deduce that w is continuous on [0,7] x (—oo0,zo]. O

At the point g, g is not continuous. But if lim,_,,, ¢(z) = 400, then u is also continuous at z.

Remark 4. Note that the arguments can be generalized to any non-decreasing forward process X. For
example X can be a Lévy subordinator and the BSDE is driven by the Poisson random measure associated
to X.

6 Associated Euler scheme

We are interesting here in the convergence of the numerical scheme for the ODE: for t € [0,T)

/ 3 1
/(6) = Nult) ~ u(®)ult) = A

u(T) = x € [0, +00).

This ODE is the same as the ODE , but with a terminal condition, and has been used to solve the
PDE and in Lemma [4] we prove that the unique non negative solution u is given by:

1
ult) = ——, Vt<T,
t



Backward Euler Numerical Method for T =1, A = 10 and x = 10 Backward Euler Numerical Method for T=1,A = 10 and N = 1000

120 4 — Limit Solution
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Figure 1: Backward Euler Numerical Method for 7'= 1 and A = 10. On the left, x = 10; on the right
N = 1000.

whatever x is. Our aim is to illustrate this behavior for the numerical scheme and to show that the
approximating sequence generated to the scheme converges to u for any x.

T
We consider a regular subdivision 0 = ¢y < ... < ty = T of the interval [0,7T] with a step hy = N
We use here the implicit Euler method to define the scheme uy (t) by

un(tn) = x

and by the implicit descending recurrence relation

un (tkt1) = un (k) — h f(te, un (te)),

with
tiu) = Au+u® — A :
Fltu) = Xk — A
We have the convergence on all closed intervals of [0, 77 :
Theorem 5. For all a € 10,1[, we have
ockZtin [N~ T | WS

We implemented the scheme. On Figure [1] on the left graph, the terminal value x = 10 is fixed and
N increases. On the interval [0, 0.8], the curves are overlaid on each other. On the right, N is equal to
1000 and x increases; again on [0,0.93], the curves are overlaid.

To proof this theorem, firstly we are going to study the behavior of the scheme at the time ¢ty = 0
thanks to the inferior and superior limits. Secondly we are using the results of convergence of forward
schemes. To study the behavior of the scheme, we can explicit its expression.

Lemma 9. The implicit backward Euler scheme can be written explicit : for all k € [0, N — 1], we have

1
\/(1 +hnA)2+4hy (uN(tkH) +hNAT ; ) —(1+hnyA)
—lk

2h N

Proof. We prove by recurrence the non negativity of uy (tx). For k = N, we have un(ty) = x > 0. Then
if we assume upy (t;11) > 0 for k € [0, N — 1], thus

uN(tk) = Z 0

0 < un(tis1) + Ay

T = ) + by Oy (t) + ux (60 () = Flun (t),

with F(z) = hy(Ax 4+ z|z|). F is non decreasing with F(0) = 0. Thus uy(tx) > 0.
Then we have that uy(tx) is a non negative root of the polynome

1
P = hNX2 + (1 + /\]’LN)X — (UN(tk+1) + )\hNT 7 ) R
— Uk
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of discriminant

A=(1+ )\h]\/)2 + 4hyn (UN(tk+l) + Ay

1
>0
T—tk> ’

so the root are

—(1+Mh VA —(1+hy)—VA
p= QXM FVA o Z0hy) <0.
2hN 2hN
Therefore we obtain the expression of the lemma. O

With this lemma, we have the following inequalities which will be useful to obtain contradictions if
we assume the inferior and superior limits are different from the wished limit.

Lemma 10. For all k € [0, N],
N

1
0 < un(t) SXJFAZ{'

i=1
Proof. We show by descending recurrence on k € [0, N] the property

N-ky
te) < A —.
un (ty) < x + ;z

For k = N, we directly have
’U,N(tk) = ’U,N(tN) =X.

Then we suppose the result at rank k + 1 for k € [0, N — 1]. Then, we have the expression of uy(t;) in
function of uy(tx11) according to the lemma [9)]

\/(1 + hnA)2+4hy (UN(tk+1) + hN)\T ; ) —(I+hnA)
— 1
un () = 2
1
2 (UN(tk+1) + hN/\T — tk>
\/(1 + hyA)2 +4hy (UN(tk+1) + hN)\T ; ) + (1+hyA)
— 1
< un(tes1) + A !
< upn(tet1 NAT T
N—k—1 1
< - - -
SxXHA D - +hN)\NhN_khN

i=1
N—ky

=1
The recurrence principle allows to conclude and to obtain the inequality of this lemma.

From this lemma, we deduce the rough estimate that for any 0 < k < N: un(tx) < x + A(1 +7) +
Aln(N), with the Euler’s constant .

Lemma 11. The inferior limit in to = 0 satisfies

1
im i > .
Nminf un (to) 2 7

1
Proof. We assume by contradiction that liminfx_, 4 un(to) < T Then, for all ¢ € RY, there exists a

subsequence of (uy(tp))nen which we note (Un)nen, and Ny € N such that

1 1
N1—1>I-r&-looUN ! < T 2e, VN > Ngy, 0< Uy < T 5
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1
For all a € [0, T~ €:| the solution v® of the ODE with initial condition a is given by :

1 1
v (1) = 1— . telo, Tl
() T—1t T —¢t e_)‘t—l—(T_t)e—M/t eNs I [ [
T(1—aT) o (T —s)?
AT
So, for € < ,
1 1 1
v(t) <vTTE(E) < 1-—
V= ()_T_t T_te_/\t—l-(T—t)/tl ds
eT? o (T —s)?
B e M —eT 1
(T —t)e M 4etT = (T —t)e T +&tT
1 1 1

= < = —
Te AT + (T —e M)t = Te AT + (eT — e )T T2’

According to , we have
VT () ~ Aln(T —t) < 0.

t—T

So, for n € R, there exists 7¢ € (0,T) such that: vT (7€) < —n. Moreover

1 1
As

> =

B T—t T—t —\t be

—_— Tt —d
T e +( Je /O(T—s)2 s

t e/\s
)\e_)‘t/ ds
o I'—s

As

t .
L MT—te M [ £ 4
(T~ t)e /OT s

— S

By continuity on the interval [0,7¢], the function v° is bounded from below by a constant K. < 0. So,
1
on this interval, each solution v is bounded between K. and oz Then we can consider the ODE (123))
€

starting at time 0 from Uy, with a driver f which is bounded, of class C'! with bounded derivative, such
that the bounds for f do not depend on a or N. Thus the associated Euler scheme

wN(to) = UN

wx(trst) = wy (t) + hy (AwN(tk) () ()] — Azt tk)

satisfies the standard conistency and stability results for Euler’s scheme (see [6, Theorem 2.4] or [12]
Chapter VIII|): there exists a constant C' € R which depends on the driver f, such that

C
_ < — — *
ngrésziTNj |wn (tg) — v (t)| < Clwn(to) — €| + N’ CeRi.

1 1
where we have chosen a =/ < T~ 2e < T e. But we have

So, for N big enough,
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Furthermore .
v (%) ST (7)) < -,

EN| T
the function v* is continuous on [0,7¢] and tV = r J — — 7°. So, for N big enough,
T N N—+oo
3n
0N
t —
v (tY) < 1
Thus
Ny _ N 0N 0N ¢ cLoNy M 3
wy(EY) =wn@EY) — v (") + 0 () < max  |wy(tr) — v (tr)] + 0" (¢ )<§_Z__Z<O'

0<k<| 7 |

But, after extraction, the sequence wy (¢x) satisfies the same Euler scheme than up (t), so, after extrac-
tion,

UN (tN) = wpn (tN) < 0.
However the scheme wuy(tx) can’t be negative according to the lemma @ We obtain a contradiction,

therefore .
lim inf to) > —.
el 2 7

Lemma 12. The superior limit in to = 0 satisfies

1
limsup un(to) < =.
N —4o00 T

Proof. We again prove this result by contradiction. We assume

. 1
limsup un(to) > =.
N—+oo T

Then, for all € € RY, there exists a subsequence of (uy(to))nen, which we note (Uy)nen, and Ny € N
such that 1 )
lim Uy=4>—=+42s, VN>Ny, Uy>—=+e¢.
N—+o0 T T
1
But, for a > T the differential equation doesn’t admit solution on [0, 7] (Lemma . More precisely,
the solution is defined on [0, 7[ with 7 defined like the first time in [0, 7] such that

1 T 6)\5
=T ——ds.
Ta—1 /0 (T —s5)? 3

1
Ifa> T + ¢, then we have

So
T<

14T’

In other words, each solution v® of the differential equation which satisfies v*(0) = a > —= + ¢,

1
T

explodes before the time . Now we consider the Euler scheme

14T

1
wN(tO):aZf+€

wn (tg+1) = wn (te) + hn ()\wN(tk) + wy (te)|wy (t)] — /\T i tk) ;
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T N
for 0 <t < 5 eT ile. k€ |[O7 L n ETH] . On this interval we have

o< b Lte
T —t, — €12

< 400

Let us now prove by recursion that for N larger than some constant depending on T and ¢, and for
any k

wn (tr) >

g.
T—tk—’_

This property holds for k£ = 0. If the property is satisfied for k£ then

wy (tgs1) = wy(tx) + by <)\wN(tk) + wN(tk)Z - )\T i tk>

> wy(tg) + thN(tk)2 + hyde > wn(tr) + thN(tk)2-

But
b 1 _ 1 _ 1 n hn
T—thy1r T—tpi—hy T—tpy (T—tp)(T—tp—hy)
So
1 1 1
t - > ty) — h tr)? —
wn (bes) T—tkH—wN(’“) Tt N(“’N(’“) (T—tk)(T—tk—hN))
2 1 1
> h 2 -
=&t N<€ T T T =) (T—tk)(T—tk—hN)>
2¢e hN
=ec+hy (e —
=t N<€ M (T—tk)2(T—tk—hN)>’
with
1 1 1 <(1+5)21+g_(1+5)3

(T —t)2(T —th —hy) (T —ta)2T — tgpr —  €2T% T2 376
So, for N larger than e>T°/(1 + ¢)?

W (tet1) —

3
25+hN(62+ 2 (1+€)>25

—h
T — tk+1 T— tk N ESTG

Hence the property is proved for any k£ and the recurrence formula can be rewritten

Wy (ts1) = wn(ty) + hywy (t)? + hn (wN(tk) - > > wy(ty) + hvwn (tr)?.

T —ty

If we define wy (tx) the sequence defined by

+¢€

Nl

UN(to) =

WN (ths1) = Wn (tr) + hvwn (te) [ (k)]

this sequence is well-defined, non negative and non decreasing. From the previous property of wy (t), a
direct comparison for the schemes leads to:

Wy (tr) < wn(t).

We consider the sequence

yn(tr) = !
U/N(tk)
So
(b)) = — 1 _ 1 _ _ 1 _ yn (tr) ’
wN(tk_H) wN(tk)+thN(tk)2 1 hn 14 hn
yn(te)  yn(tr)? yn (tr)
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and

(t0) = T 1 T
ynito ~ wn(to) 1 C1+4eT”
- T
T
A that for the biggest k : k N
m r i c k=
ssume that for the bigges T T |
yn(t;) > 2T/ hn.

So, since the sequence yx (tx) is non increasing in k, we have
yn(to) > ... 2 yn(tr) = yn(try1) > ... 2 yn(t) > 2VT\/hy.

1
Thus, from the inequality —— < 1 — u + u?2,
14w

1 hn h3,
t = tp) —— < t 1-—
yn(trs1) = yn( k)1 B S yn (tx) < un (tn) + N (tr)?
yn (tr)
te) —h N te) —h L
= — < I )
yn (tr) N+ ) yn(tr) N+2\/T N
So, by successive iterations,
(te) < yn (to) — kb + k——h1
< —khy +h——=
yn(tr) < yn(to N T N
T T T 1
=—— —k—4+k——=+hn.
A VR W, A
But, for k > — 1, we have
+ T
T T T T T T
< —_

1+6T_kﬁ_ 1+5T_1+5T+N_N'

Hence with k < N

T T 1 T T VT VT
t; —tk——=Vhn < =+ —Vhn=Vhy | —= <2vVT+/h
R s A A N(ﬁ+2>_ )
what contradicts the assumption. Therefore
1
0< t;) <2VT+/hy =2T——.
< yn( k) > N N
Thus 1 )
t:) > wn(ty) = > —+/N.
ot =) = = oY
. . 1 1 )
Now if we consider a = £ > T + 2 > T + ¢, we can deduce, after extraction,
1
t:) > —VN
UN( k) = 2T ’

what can’t be according to the lemma[J] Therefore we have

. 1
limsupupy(to) < =.
N—+oo T

As a consequence of the two previous lemmata, we state
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Proposition 10. We have the limit in to =0 :

. 1
NLHEOO UN(tO) B T

Finally we obtain Theorem [5] by using the convergence results about the forward Euler scheme.

Proof of theorem[5 We consider the forward numerical scheme

wN(tkH) = wN(tk) + hy <)\wN(tk) + wN(tk)|wN(tk)| — )\T i tk>

wn (to) = un(to)
associated to the differential equation

w'(t) = Aw(t) + w(t)|w(t)| — )\% = f(t,w(t)), 0<t<T

w(0) = un (o).

1 1 1
To obtain the exact solution, we have to distinguish if upn(ty) < T7uN(t0) > — or un(to) = =. The

T T
last case is direct because, in that case, the exact solution is w” (t) = T3 0<t<T. In a first time,
if
1
’LLN(to) < T’

then the solution is given by :

1 1
N
t) = 1-—
w (¢) T—-1 T—t ers

Y e M ! s
T’  +TT=Y /O(T—s)2d

Let us prove that for N large enough (depending on the convergence proved in the previous proposition),

w® is non negative and bounded from above on [0,aT]. Indeed with an integration by part, we obtain

1 1
N
w™ (t) = 1-
T—t T —¢ T — $)e— M T _As
e - T e [
T(l —UN(to)T) T 0 T—s
Therefore the function w' is positive until the first time ¢ = ¢(N) such that
T—t e (T —t)e _xt /t et
L U k) LN & ds=0
T — un(t)T)© T (T=the™ | 7—5ds=0,
which is equivalent to
1 boehs
17 — / ds.
T o I'—s
un (to)
Thus N .
1 s d T
17:/ c ds<e’\T/ S:eATln<>,
T o I'—s o I'—s Tt
un (to)
and we deduce that
o~ AT
HN)>T |1—exp | ——1—— T
_T N—+oo
un (to)



1
because uy(tg) — T Therefore for N large enough, the time t(V) is greater that oT, that w" is

N—+oco
positive on [0, aT]. Furthermore the function w! is bounded from above on [0, T by

because
/ it7 !

N

1
Now if un(tg) > —, then the exact solution w™ is still given by , is non decreasing, but is only

defined on [0, 7) with 7 defined by

un(to) — T
1 1
But un(tp) — =, so — +o00, thus, for N big enough, we have 7 > oT. So the
No+oco T u (t) 1 N —+4o00
N(to) — &

T
function w? is defined and continuous on [0, a7 and bounded from above by, for ¢ € R% and N large

1
enough such that uy(tp) < = + 1

T
CoN = wN(aT)

1, 1

- T—al T —aT AaT ,\T/aT et
e " 4 (T —aTl)e ™ ———ds
e ) M R

1 1
< 1-— - =: C,.
Tool —(1 —a)e T (T - aT)e_)‘aT/ ’ Lds
o (T'—s)?

Therefore, in each case, the solution is non negative and bounded from above by some constant C, on
[0, aT.
We can consider the function 1 defined by

Aw si w<O0
Y(w) = Aw + w? si 0<w<C(C,
A+2C,)w—C2 si w>C,.

1 is of class Ql on R and Lipschitz continuous with a Lipschitz constant equal to A 4+ 2C,. We consider
the function f defined by

. 1

f(t,w):w(w)f)\Ti_t, weR, 0<t<T.

This function is equal to f on [0,T) x [0,C — & and inherits the regularity property of ¢ w.r.t. w.
Therefore, with the previous inequalities, the function w” satisfies the differential equation

w'(t) = f(t,w(t), 0<t<T
w(0) = un(to)
with driver f. So, according to [6] or [12], there exists a constant C' such that

—w < —wl Thy) = CThy.
ogzﬁ%ﬁm'wl\](m w™ (ty)| < Clwn (to) —w (to) [ + Thy) = CThy

=un (to)
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This constant C' depends on 7', A and «, but not on N. A direct computation shows that C' can be
chosen equal to

1 1
A+2C, )\ A2
¢ i-a? " Tl-a

9 1
)—I- ()\ +2/\7T(1—a)

which shows the dependence w.r.t. a. Therefore, since uy(t;) = wy(t;) by definition of the numerical
schemes satisfied by these two sequences,

) Co + 3002 +2)\C2 | |

N
_ - |
0<hS aN] lun (ti) — w™ (tg)] < CThy .

Therefore all that remains is to study the second term in the inequality

max  |un(tp) —u(ty)] <  max  |un(tp) —wN(t)| + max |w (tg) — u(ty),

0<k<|aN]| ~ 0<k<|aN| 0<k<|aN]|
with .
t) = —— <t<T.
We have
N 1
[w™ (tx) — u(tr)| = T
I el e Mk 4 (T — tk)e_M”“ / e ds
T(1—un(to)T) o (T'—s)?
< 1 ~ T(1—un(tg)T)e
- T —t oM T —ty
T —un(to)T)
T(1 — un (to)T)e e
- T— tlanN| '
” (1~ un(to)T)e
T(1—un(to)T)e *laN]
N ~ (Lo
tr) — u(t < 0
oglggﬁm o™ () = ulti)l < T —tan| N—+oo
because ) T
un(to) NoToo T and t|oN| = LaNJN Nt ol <T.
Finally we have shown
o<ty v ) —ultol 22, 0
which achieves the proof of Theorem [f| O
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