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Abstract

In this paper, we are concerned with backward stochastic differential equations (BSDE for short) of the
following type:

T T
Yt=§—/ mqur—f Z, B,
t t

where ¢ is a positive constant and £ is a random variable such that P(§ = +o00) > 0. We study the link
between these BSDE and the associated Cauchy problem with terminal data g, where g = +00 on a set of
positive Lebesgue measure.
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0. Introduction and main results

Backward stochastic differential equations (BSDE for short in the remainder) are equations
of the following type:

T T
Y,=s+f f(r,Yr,Z,)dr—f Z,dB,, 0<t=<T,
t t

where (B;)o<;<r is a standard d-dimensional Brownian motion on a probability space
(Q, F, (Fo<i<r » ]P’), with (F;)o</<7 the standard Brownian filtration. The function f :
[0, T] x R" x R"<d — R" is called the generator, T the terminal time, and the R"-valued
Fr-adapted random variable & a terminal condition.

The unknowns are the processes {Y;},¢[0. 7] and {Z;},¢[0, 7}, Which are required to be adapted
with respect to the filtration of the Brownian motion: this is a crucial point.

Such equations, in the non-linear case, were introduced by Pardoux and Peng in 1990 in [1].
They gave the first existence and uniqueness result for n-dimensional BSDE under the following
assumptions: f is Lipschitz continuous in both variables y and z and the data, £, and the process,
{f,0, O)}ze[o,r]» are square integrable. Since then, BSDE have been studied with great interest.
In particular, many efforts have been made to relax the assumptions on the generator and the
terminal condition. For instance Briand et al. in [2] proved an existence and uniqueness result
under the following assumptions: f is Lipschitz in z, continuous and monotone in y, the data, &,
and the process, {f(z, 0, O)},E[O’T], are in L? for p > 1. The result is still true for p = 1 with
another technical condition.

The results of [2] are the starting point of this work, where we consider a one-dimensional
BSDE with a non-linear generator:

T T
Y; =$—/ Y, |Y, ¢ dr—f Z,dB, withg e RY. (1)
t t

The generator f(y) = —y|y|? satisfies all the assumptions of the Theorems 4.2 and 6.2-6.3
of [2]: f is continuous on R, does not depend on z, and is monotone:

V(y,y) eR% (v = y)(f() — () <0. )
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Therefore there exists a unique solution (Y, Z) for & € LP({2) for p > 1 (we do not make precise
the class of (Y, Z) in which uniqueness holds). The solution of the related ordinary differential
equation, namely y’ = y|y|?, y; = x, is given by the formula:

1

1 q
sien(x) [ ——————
gt <q(T—t)+|)+q>

where sign(x) = —1 if x < 0 and sign(x) = 1 if x > 0. We remark that, even if x is equal to
400 or —o0, y is finite on [0, T'[.

Numerous theorems (see for instance [3,4] and [5]) show the connections between BSDE
associated with some forward classical stochastic differential equation (SDE for short) (or
forward—backward system) and solutions of a large class of semi-linear and quasilinear parabolic
and elliptic partial differential equations. Those results may be seen as a non-linear generalization
of the celebrated Feynman—Kac formula.

The BSDE (1) is connected with the following type of PDE (see [5]):

9
B—L;(t, x)+ Lu(t,x) —u, x)|u@, x)|? =0, (x)el0, T[xR™,; 3)
u(T, x) = g(x), x € R™.
where L is the infinitesimal generator:
£=1% (00" i +3 lTrace( “D?) + bV @)
== 00")jj——— i— = = oo ;
2 4= Yoxiox; 0w 2

where in the rest of the paper, V and D? will always denote respectively the gradient and the
Hessian matrix w.r.t. the space variable.

Indeed Baras and Pierre [6], Marcus and Veron [7] have given existence and uniqueness results
for this PDE. In [7] it is shown that every positive solution of (3) possesses a uniquely determined
final trace g which can be represented by a couple (S, ) where S is a closed subset of R” and
1 a non-negative Radon measure on R = R™ \ S. 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) =00 fANS#D

m
VA C R", A Borel, {v(A)=M(A) ifACR.

The set S is the set of singular final points of u and it corresponds to a “blow-up” set of u. From
the probabilistic point of view Dynkin and Kuznetsov [8] and Le Gall [9] have proved similar
results for the PDE (3) in the case 0 < g < 1: they use the theory of superprocesses.

In this paper we are concerned with a real Fr-measurable random variable such that:

P(¢ = +oo or £ = —00) > 0. ©)

Thus £ is not in L' (£2). We give a new definition of a solution of the BSDE.

Definition 1. Let us have ¢ > 0 and & an Fr-measurable random variable. We say that the
process (Y, Z) is a solution of the BSDE

T T
Y,=s—/ mqur—f Z,dB,
t t
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if (Y, Z) verifies:
(D) forall0<s <t <T: Y, =Y, — [ V,|Y,|9dr — [/ Z,dB,;
(D2) forall 7 € [0, T, E (supofsf, Y2 + [ ||z,||2dr) < oo
(D3) P-a.s. limy7 Y, =&.
The outline of the paper is as follows. Except in Section 5, £ is supposed to be non-negative.
In the first section, without any further assumptions on &, we construct a process (Y, Z) which

satisfies all conditions for being a solution in the sense of the previous definition, except the last
one. More precisely we establish in Section 1 the

Theorem 2. Let & > 0 a.s. There exists a progressively measurable process (Y, Z), with values
in Ry x RY, such that:

(1) (D1) and (D2) are satisfied:
(@) forallt € [0, T[, and all0 <5 <t:

t t
vo=vi- [(aptar- [ zas. ()
() forallt € [0, T[, ’
1 ! 1
0stis—— ad E[ 120z —— (i)
(T — ) 0 (T — )i

(2) Y is continuous on [0, T|, the limit of Y;, when t goes to T, exists and:
limY, >& P—as.; (iii)
t—>T

(3) Z satisfies also:

T 1\¢ .
E (/ (T — r)z/q||Zr||2dr> <8 <—> . (iv)
0 q

Note that this result does not specify whether Y satisfies lim;_, 7 ¥; = &. The existence of this
process (Y, Z) is obtained by approximation. For every integer n, let (Y”, Z") be the solution
of the BSDE (1) with terminal condition § A n € L*°(£2). (Y, Z) is the limit of this sequence
(Y", Z")pen.

In Section 2, we study our process Y in the neighbourhood of 7. In a first part we make precise
the asymptotic behaviour of Y on the “blow-up” set.

Proposition 3. On the set {§ = 400}

1 1/q
lim (T — )1y, = (—) a.s. (6)
t—T q

In the second part we will prove the continuity of ¥ under stronger conditions on &. So far we
only have the inequality:

limY, >&=7Yr.

t—>T

Without additional assumption, we were unable to prove the converse inequality. The first
hypothesis on & is the following:

& =g(Xr), (HL)
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where g is a measurable function defined on R™ with values in R+ such that the set Fpy =
{g = 400} is closed; and where X7 is the value at ¢ = T of a diffusion process or more precisely
the solution of a stochastic differential equation (for short SDE):

t

t
Xt=x+f b(r,X,)dr+/ o(r, X,)dB,, fort e [0, T]. (7
0 0

We will always assume that b and o are defined on [0, 7] x R™, with values respectively in R"
and R™*4  are measurable w.r.t. the Borelian o -algebras, and that there exists a constant K > 0
s.t. for all ¢ € [0, T'] and for all (x, y) € R™ x R™:

(1) Lipschitz condition:

|b(t, x) = b(t, )|+ o, x) —o@, »Il < Klx —yl; L)
(2) Growth condition:
b, x)|+ llo(, )|l < K1+ |x]). (&)

The second hypothesis on £ is: for all compact sets K C R™ \ Fgo
g(X)lc(Xr) € L' (2. Fr.BiR). (H2)

Moreover in the case ¢ < 2 we will add the following conditions:

(1) o and b are bounded: there exists a constant K s.t.

Y(t,x) € [0,T] x R™, b, x)| + o, )| < K; (B)
(2) the second derivatives of oo™ belongs to L*°:
32 *
99 ¢ L®([0, T] x R™). D)
ax,'axj'

(3) oo™ is uniformly elliptic, i.e. there exists A > 0 s.t. for all (z, x) € [0, T] x R™:
Vy e R, ao*(t,x)y.y = Ay (E)
(4) g is continuous from R” to R, and:

VM >0, g is a Lipschitz function on the set Oy = {|g| < M}. (H3)

Theorem 4 (Continuity of Y at T). Under the assumptions (HI1), (H2), (L) and (G), and with
either g > 2 or (H3), (B), (D) and (E), Y is continuous at time T

limY, =& P—a.s.
t—>T
In Section 3, we prove that our solution is the minimal solution.

Theorem S (Minimal Solution). The solution (Y, Z) obtained in Theorems 2 and 4 is minimal:
if (Y, Z) is another non-negative solution in the sense of Definition 1, then for all t € [0, T],
P-a.s.: Y; > Yt.

Moreover we prove that:

~ 1 1/q
Y[ E <—> .
q(T —1)
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The fourth section provides connections between this constructed solution of the BSDE (1)
and viscosity solutions of related semi-linear PDE (3). For all (¢, x) € [0, T] x R™, we denote
by X' the solution of the SDE:

N N
X =x +/ b(r, X0¥) dr +/ o(r,X0*)dB,, forselt,T], 8)
t t

and X;* = x for s € [0, r]. The coefficients b and o verify always the assumptions of the
second section. As a final condition of the BSDE, we take g(X ’T’x), where g is a function defined

from R”™ to RT such that the set Foo = {g = +o0} is closed and such that the condition (H2) is
verified. Moreover g is supposed to be continuous from R™ to R+.

Theorem 6 (Viscosity Solution). The minimal solution of the BSDE (1) with § = g(X'T’X) is
denoted by Y'*. Then Y,”x is a deterministic number and if we set u(t,x) = Y,”x, then u is
lower semi-continuous from [0, T] x R™ to R+ with u(t,.) < 4+oo whenevert < T and u is a
(discontinuous) viscosity solution of the PDE (3).

We prove that the previous solution is minimal among all non-negative viscosity solutions.

Theorem 7 (Minimal Viscosity Solution). If v is a non-negative viscosity solution of the PDE
(3), then for all (t,x) € [0, T] x R™:

u(t, x) <v(t, x).

We give sufficient conditions to have u continuous on [0, T'] x R™.
In Section 5, we extend our results when there is no sign assumption on &.

Theorem 8. Let & be an Fr-measurable random variable, possibly negative, such that:

P =4ocooré = —o0) > 0. 5
Moreover & satisfies

£ =g(Xr), (HD)
with g : R" — R U {—o00, 400} such that:

(1) the two sets {g = +o0} and {g = —oo} are closed;
(2) the condition (H2) is verified: for all compact sets KK C R™ \ {g = +o0}

g(X) 1 (X7) € LY(Q, Fr,P; R);
3) if ¢ <2, (H3) holds.

The coefficients of the SDE (7) satisfy (L), (G) and in the case 0 < g < 2, they also verify (B),
(D) and (E).
There exists a process (Y, Z) which is a solution of the BSDE

T T
Y,=s—f mqur—/ Z,dB,
t t

in the sense of Definition 1.

In the continuation, unimportant constants will be denoted by C.
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1. Approximation and construction of a solution

From now and in Sections 24, & satisfies:
PE>0=1 and P¢ =+o0) > 0.

In this section we prove Theorem 2. For ¢ > 0, let us consider the function f : R — R,
defined by f(y) = —y|y|?. f is continuous and monotone (inequality (2)). By Theorem 2.2 and
Example 3.9 in [5], for ¢ € L*>(Fr), the BSDE (1) with ¢ as terminal condition has a unique
solution (Y, Z) with values in R x R¢, such that ¥ is continuous on [0, '] and that:

T
E( sup |Y,|2+/ ||Z,||2dz> < 0. 9)
0

0<t<T

Remark that a straightforward application of the Tanaka formula (see [10]) and of the comparison
Theorem 2.4 in [5] shows that:

1 1/q

For every n € N*, we introduce &, = & A n. &, belongs to L% (2, Fr,P;R). We apply the
previous result with &, as the final data, and we build a sequence of random processes (Y, Z")
which satisfy (1) and (9).

From the comparison Theorem 2.4 in [5], if n < m, 0 < &, < &, < m, which implies for all
tin [0, T], a.s.,

1 1
n m 1 ! 1 ;
Prst f@ﬁtﬁ:;) = (yr=n)" (v

We define the progressively measurable R-valued process Y, as the increasing limit of the
sequence (¥/"),>1:

Vie[0,T], Y, = lim Y (12)

n——+o0o
Then we obtain forall0 <¢ < T

1

1 q
o<n= () -

In particular Y is finite on the interval [0, 7[ and bounded on [0, T — §] for all § > 0.
1.1. Proof of (i) and (ii) from Theorem 2

Here we will prove the properties (i) and (ii). Let § > Oand s € [0, T — §]. Forall0 <t <,
1t6’s formula leads to the equality:

s
|Ytn _th|2+/ “Z;,} _Z:n”zdr = |Yvn _Ysm|2
t

—2/ Y"—y"™(z!—Z")dB, + 2/ ' =Y"(fQ — fym) dr
t t
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s
<Y —y"? - 2/ Y =Y\ (Z! — Z!") dB,,
t
from the monotonicity of f (inequality (2)). Thanks to (9):

E (/X(Yr" — Yz - z;")dB,> =0.
t

From the Burkholder-Davis—Gundy inequality, we deduce the existence of a universal constant
C with:

S
E( sup ¥/ — /"2 +/ 1z} — Z;"||2dr) =CE(Iyy - v"P). (14)
0

0<t<s

. 1 1
From the estimate (13), fors < T — 4§, Y < @ and Yy < POICE

a.s., the dominated convergence theorem and the previous inequality (14) imply:

Since Y;' converges to Y

(1) forall § > 0, (Z"),>1 is a Cauchy sequence in L2(!2 x [0, T — 8]; RY), and converges to
Z e L2(2 x [0, T —8]; RY),

(2) (Y")n>1 converges to Y uniformly in mean square on the interval [0, T — §]; in particular ¥
is continuous on [0, T'[,

(3) (Y, Z) satisfies forevery 0 <s < T, forall0 <r < s:

N s
Y, =Y, —/ (Y4 dr —/ Z,dB,. )
t t

The relation (i) is proved. Since Y; is smaller than 1/(g(T — )/ by (13), and since
Z € L2(Q x [0, T — §]; Rd), applying the Itd formula to |Y|2, withs < Tand0 <t <,
we obtain:

s s s
|Y,|2+/ ||zr||2dr:|Ys|2—2f errdB,+z/ Y, f(¥,) dr
t t t

1 N
<— —2/ Y, Z, dB,,
(q(T —s))7 !

again thanks to the monotonicity of f (inequality (2)). From (13), since Z € L2([0, 5] x 2), we
have: E [ Y, Z, dB, = 0. Therefore, we deduce:

Vs € [0, T, IE/ 1Z 1% dr < ;2 (i)
0 (q(T —s5))¢

1.2. Proof of (iii)

From now, the process Y is continuous on [0, T[ and we define Y7 = &. The main difficulty
will be to prove the continuity at time 7. It is easy to show that:

& <liminfY;. (15)
t—T
Indeed, foralln > 1 and all ¢ € [0, T], Y < Y;, therefore:

£ An=liminfY < lilrgi%lfY,. (16)

t—T
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Thus, Y is lower semi-continuous on [0, 7] (this is clear since Y is the supremum of continuous
functions). Without other assumptions on &, we are unable to prove the continuity of Y atz = 7_.
But now we will show that Y has a limit on the left at time 7. We will distinguish the case when

& is greater than a positive constant from the case & non-negative.

1.2.1. The case & bounded away from zero

We can show that Y has a limit on the left at 7', by using It6’s formula applied to the process

1/(Y"™)4. We prove the following result:

Proposition 9. Suppose there exists a real « > 0 such that ¢ > a > 0, P-a.s. Then
_1
(1 ‘
Yt= q(T—t)+Et s—q _ét , Oith,
where @ is a non-negative supermartingale.

Proof. From the comparison result 2.4 of [5], for every n € N*andevery 0 <t < T

1 1/q 1 1/q
”ZY;HZ(—> Z<—) > 0.
q(T —t)+ 1/ad qT + 1/at

By the It6 formula

1 _ SR Y (T S
@ N e
1 1 T Zn 2
(& An)d 2 o (ynye*?

The process:

1 —qZy
¥ (yey!

is the maximal solution in L ([0, T'] x §2) x L? ([0, T x §2; Rd) of the BSDE:

1 T 1 |1Z))? T
Yt=—+/ q——LI+ 121 ds—/ Z; dB;.
& An) t 2g Yyv1/nt t

7)

Indeed, for this BSDE there exists a maximal solution (U, V) (see [11], Theorem 2.3)
and since U > 1/(Y")4, we can apply Itd’s formula to the process U~'/9. We find that
(U4, (1/q)V /U 1/2) satisfies the BSDE (1) with terminal value & A n. Thus U~1/4 = y”

and the conclusion follows.
Letn > m. Since £ An > & Am,weobtainforall0 <t < T:

1 1 F ( 1 1 )
0< — — =E —
e (e EAm)d (& An)

9@+ (g (T2 pm (T AZN°
[, —+2 S — ﬁds .
2 o (vm)? e (v
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Now:
q(q +1)

EE/T|me(h_Eﬁ/*|ﬂdes
2 oy ro(rn)?

=27 (@m ~ nwn) ¥ s~ ]
=1 & nme ~@awe )] Lo~ e

F_ 1 1 o7l
For a fixed ¢ € [0, T], the sequences (E f—@An)q) and <_(Yr")q>nzl converge a.s. and in L

HZ" I

(dominated convergence theorem). Then (E}—f ft % —

ds) converges a.s. and in L! and
>1

we denote by &, the limit:

1 T Zn 2
¢ = 1im 19D )Eff/ 2T as
n—+00 2 P (st)q

‘We can also remark that:

q(qg+1) f,/T (44 . ﬁ( 1 ) P
T2 ey T ) T T T e

with ¥/ < 1/(q(T — 1))'/4, so

T n 2
0<—q(q+1)Ef’f —”Zx I ds < B (—1 < L
- 2 : (YSn)q+2 - EAmi) ~ ad

Therefore,

0<¢,<E}-’<i>.
<¢ =< £4

Forr <,

T yzm? ds > T yzm? d
yn q+2 5= yn q+2 §
r ( s) ! ( S)
:>1Efr/T Az ds >EfrEff/T Nz ds
Py Co ()t
— ¢, >E/" ¢

We deduce that (®;)<, .7 is a non-negative bounded supermartingale. Now for all n € N*,

)_qm+nE5/Tn4W
(& Anyd 2 ro(vn)tt?

Fix t < T. Taking the limit as n — +o00, we deduce:

1
(szqq_”+Eﬁ<§>_Q'
t

From the above expression, (9;)g<; 7 is right-continuous. [

ds.

i~ 9T =0+
t
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& being a right-continuous non-negative supermartingale, the limit of @, as ¢ goes to T exists
PP-a.s. and this limit @7 is finite P-a.s., since it is bounded by 1/a4. The L!-bounded martingale

EZ: (%) converges a.s. to 1/£9, as t goes to T; then the limit of ¥; as t — T exists and is equal

to:

1
t—T (S_‘I — @T) q

If we were able to prove that @7 is zero a.s., we would have shown that Y7 = &.
1.2.2. The case of & non-negative
Now we just assume that £ > 0. We cannot apply the 1t6 formula to 1/(Y")4 because we have

no positive lower bound for Y”. We will approach Y” in the following way. We define for n > 1
and m > 1, £™"™ by:

1
g =EAn) VvV —.
m

This random variable is in L2 and is greater than or equal to 1/m a.s. The BSDE (1), with £

as terminal condition, has a unique solution (Y™, Z"™), It is immediate that if m < m’ and
n < n’ then:

~ ’ ~
Yn,m S Yn ,m.

As for the sequence Y", we can define Y™ as the limit when n grows to +o0o of Y™™ That limit
Y™ is greater than Y = lim,,— 10 Y". But form < m’, forr € [0, T]:

T
~ ~ / ~ ~ N\qgt+l
Ytn,m . Y[n,m grm _ gnm' _ / |:(an,m)q+l . (Y;Lm> :| dr
t

T
_ / [z;”" - z;’*’"] dB,
t
T
< %.n,m _ Sn,m’ _/ I:Z'n,m _ Z'n,m’] dB,
— r r )
t
and taking the conditional expectation given F;:

~ ~ ’ ’ 1
0< Y,n’m . Yln,m < E}-’ (énm _ En,m ) <. (18)

m

Recall that (Y, Z™) is the solution of the BSDE (1) with £” = & A n as terminal data. Thus we
also have:

0< ;’vtn,m’ . Y[n < EF (%-n,m’ . én) < %
Letting m’ — 400 in the last estimate leads to lim,,_, ;oo 17[”""/ = Y/ as. and using the
inequality (18):
1

on,m
o<y """ -Y'"<—.
m
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Therefore P-a.s.:

1

sup |l7,m - Y < —.

t€[0,T] m

Since Y™ has a limit on the left at T,sodoes Y.
1.3. Proof of (iv)
In order to complete the proof of Theorem 2, we need to establish the statement (iv).

Proposition 10. Suppose there exists a constant o« > 0 such that P-a.s. £ > «. In this case:

T 1 2/q
J@/(T—w”mzm%hss<—) : (iv)
0 q

Proof. If £ > «, by comparison, for all integers n and all ¢ € [0, T']:

1 l/q
YVi>| ——— > 0.
t =
(qT—l—l/aq)

Letd >0and 6 : R — R, 6, : R — R defined by:

{H(x)=«/¥ on[s, oo, . 6,(x) = x% on [8, +ool,
0(x) =0  on]—o0,0], 0y(x) =0 on ]—o0, 0],

and such that 0 and 0, are non-negative, non-decreasing and in respectively C 2(R) and C'(R).
We apply the It6 formula on [0, T —§] to the process 6, (T —1)0(Y/"), with§ < (qT + 1/a?)~1/a:

T-6
0,(8)0(Yp_5) — 6,(THO(YY) = l/ (T —s)!24(ym)=12 72" dBy
0

2
L ytmt (e : d
— — q 2 -
+2A ( S)(f)<(” ﬂT—ﬂ>s
1 T-6 Zn 2
——/ (T —5)'/% 1% ds
8 Jo (Y32
SO:
1 T-6 ||Zn||2 1 T-6 (T — S)I/Zq
- T —s)1/20 5 ds < TYV29(y) —/ ~————7"dB
8/0 ( S) (st)3/2 S = ( 0)+2 0 (st)l/Z K s
T-§
+lf (T —s)!2aqym\2 (e — ——— ) ds
2 Jo : * q(T —s)

and since Y' < 1/(q(T — sNY4 and TV Yy < gV, taking the expectation we obtain:

Lp [ — sy B o macry < (/g
8 Jo AN |

that is for all » and all § > O:

E T_S(T _ sﬂ/%ﬂ ds < 8(1/ )1/2q
0 (a2 & = S
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Now, since 1/Y" > (¢(T —s)N"/4, & [ (T — )¥4) 27> ds < 8(1/¢)*/4, and letting § — 0
and with the Fatou lemma, we deduce that

T
E / (T — 204012, 2 ds < 8(1/q)>".
0

This achieves the proof of the proposition. [

Now we come back to the case £ > 0. We cannot apply the It6 formula because we do not have
any positive lower bound for Y". But we can approximate the process (Y", Z") by a sequence of
processes (Y™™ L Zm ") as in the proof of the ex1stence of a limit for Y at time 7. Let us recall
that we solve the BSDE (1) with & = (£ An) Vv % as terminal condition. For all § > 0, the

1t6 formula, applied to the process (T — .)2/4 | Y™™ — y" ’2, leads to the inequality:
T—5
E/ (T —ma | Zem — z2 |7 dr < OYE |72 — vp |
0

2 T-6 - 5
+ EE/O (T —s)HD=1|yrm —yI'|” ds.

Let § go to 0 in the previous inequality. We can do that because forall € [0, T], 0 < Y" m_yn,
which implies |Yt” e Yt”|2 < n?, and because (T .)@/9=1 i5 integrable on the interval [0, T'].
Finally, using the inequality: 0 < Y — ¥ < -, we have:

T - 2/q
E/ (T —re | Zmm — z0 |7 dr < ELZ/ (T — )ty = L7
0 qm= Jo
Therefore, for all £ > 0:
T 2 r = 2
E/ (T —r)|zr||" dr < E/ (T — || Zem||” dr
0 0
T e 1 )
—HE/O (T =4 |z =z dr

T
+2E / (T — e | Zem| | Zem — 20| ar
0

T
<+ S)E/ (T —r)? | zf’””Z dr

<1+ ) /(T PP |2 — 22 ar
T2/4 1
< 8(1+e)(1/q)*4 + — (1 + —) :
m &

We have applied the previous result to Zmm Now we let first m go to +oo and then ¢ go to 0,
we have:

T
E/ (T — )| zr ||2 dr < 8(1/¢)%1. 19)
0

The result follows by letting finally » go to co.
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2. Continuity of Y at T
In this section, £ is still supposed non-negative. We make precise the behaviour of Y in
a neighbourhood of T (Proposition 3) and we show the continuity of Y at 7 under stronger
assumptions (Theorem 4).
2.1. Lower bound and asymptotic behaviour in a neighbourhood of T

Now we construct an adapted process which is smaller than Y.

Lemma 11. For 0 <t < T, P-a.s.

1/q
PR Ol f (—
q(T —t)+ I

Remark 12. The right hand side is obtained through the following operation: first, we solve
the ordinary differential equation y’ = y!*¢ with £ as terminal condition; then we project this
solution on the o-algebra F;.

Proof. Let n € N* and consider for0 <t < T

1 1/q
Ftn :]Ej'—t 7
q(T —1)+ EAnT

I'" is well defined because the term in the conditional expectation is bounded by n. We have:

1+q

1 1/q T 1
T =0 : :é/\n—/ ; dr.
— 1)+ iy 7
q EAmyT ! (q(T -+ W) !

So I'" verifies:

14¢

(q(T —r)+ —@A‘n)q) ‘

T T
=]Ef’(§/\n—/ (Fr”)qur—/ der),
t t

with U" the adapted and bounded (by n!*9) process:

r 1
rm=g% g/\n—/ dr
t

1

U;l :]E]:’ _(F;’l)lJrq;

I+g
q

(q(T —r)+ W)

the Jensen inequality (1 4+ ¢ > 1) showing that U > 0, for 0 < r < T. Then, the comparison
Theorem 2.4 in [5] allows us to conclude that, for all t € [0, T], a.s.

IT <Y'<Y.
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We then deduce from the monotone convergence theorem:

1 1/q
lim 17" =E% <—1> =I,. O
n+o0 T -0+ 2

We now establish the:

Proposition 13. On the set {§ = +00},

1 1/q
im(T — )1y, = (—) , a.s. (6)
T q

Proof. Indeed,

N VO 16 R N DA B
heE [(1+q(T—t)§q> @y =)

Al E N\ 1 g
=" |:<1+qT§q) +(q(T—t))1/qE (Te=oc) -

Then,

a1 1/q 1\ 4
T —oVar = (1 — nVagF (M) (_) B (1o_s) .
(T -0/ = (T —1) [ 14 qT&9 Ty (Le=c0)

The first term, in the right hand side, converges to 0 on the set {§ = +oo} and the second
converges to (1/¢)'/4. Indeed, we have:
&1 1

o< — <
“ 1+qT&1 — qT

and we can apply the martingale convergence theorem. Since Y is bounded from above by
1/(g(T — 1))'/4, this achieves the proof. [

2.2. Continuity at time T : The first step

We now want to prove Theorem 4, i.e. £ > limsup,_, r Y;. Recall that we already know that
the limit of ¥; as + — T exists a.s. From the inequality (15), we just have to show that on the set
{§ < +ool,

&> lim Y; = liminf Y;.
t—T t—T
The main difficulty here is to find a “good” upper bound of Y;. We shall use a method widely
inspired by the article of Marcus and Véron [7] and more precisely by the proof of Lemma 2.2
page 1450. We try to adapt this method to our case.
We make stronger assumptions on &. From now and for the rest of this paper, we suppose that
the conditions (H1), (H2), (L) and (G) hold.
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Let ¢ be a function in the class C2? (R™) with a compact support. Let (Y, Z) be the solution
of the BSDE (1) with the final condition ¢ € L?({2). For any ¢ € [0, T]:

t

t
Yip(X,) = Yop(Xo) + /0 o(X) [V,1Y, 1 dr + Z,.dB,] + /0 Y, d(p(X,))

t
+/ Z, No(X;)o(r, X,)dr
0
t t
= Yo(p(Xo)~|—/ o(X,)Y, Y, dr—i—/ Z, No(X)o(r, X,)dr
0 0
t t
T f Y, Lo(X,) dr + / (¥, V(X))o (. X,) + 9(X)Z,) . dB,
0 0

where L is the operator defined by (4). Taking the expectation:

t

EYio(X:)) = E(Yop(Xo)) +E/(; (XY, Y| dr

t

t
+E/ Z, Vo(X,)o (r, x,)dr+]E/ Y, Lo(X,)dr. (20)
0 0

The idea is to use the relation (20) with a suitable function ¢. The set F5, = {g < 400} is
open in R™. Let U be a bounded open set with a regular boundary and such that the compact
set U is included in F&,. We denote by ¢ = 9y a function which is supposed to belong to
C?(R™; R,) and such that & is equal to zero on R™ \ U, is positive on U. Let « be a real number
such that

oa>2(1+1/q).

Forn € N, let (Y", Z") be the solution of the BSDE (1) with the final condition (g An)(X7).
The equality (20) becomes for0 <t < T:

T
E(Yy 6% (X7)) = E(Y]'$%(X,) +E / 20V (8°) (X))o (r, X,) dr
1
T T
—HE/ @“(X,)(Y,”)Hq dr—i—E/ Y'L(P¥)(X,)dr. (21)
t t
Using (21), we will first prove that for every real @ > 2(1 4+ 1/¢q) and for every n:
T
E/ (YMm*4e¥(x,)dr < C < oo,
0

where the constant C is independent of n. In particular, we will have to find a bound for the term
containing Z in the right hand side of the equation (21). We know how to control this term in the
two cases of Theorem 4: we suppose that either g > 2 or (H3), (B), (D) and (E) are satisfied.
Thanks to the Fatou lemma, Y179 $%(X) will belong to L!(£2 x [0, T']). Then, we will deduce
that the limit as ¢ goes to T of Y; is less than or equal to £ a.s. on the set {§ < +o00}.
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2.3. Continuity when q > 2
In this section, we will suppose that g > 2. In that case, we can easily control the term
T
E/ Z! V(D)X )o(r, X, dr.
0
Using the Cauchy—Schwarz inequality, we obtain:

t
‘IE/ ZI N (PN (X )o (r, X)) dr
0

t i t o 2 3
0 0 (T —r)?4

From the inequality (19) of the first section:

T 1\ 7
E/O 1 ZM12(T —r)*/9dr <8 (5) .

And the second term

E /T IV(®)(X,)o (r, X))
0

(T — )24 ar

is finite if ¢ > 2. Indeed, recall that & is compactly supported and o« > 2. Hence the numerator
is bounded for all (¢, x) € [0, T] x R™:

V() (x)o (1, )| < &> P>~V () |VE) 2 (K (1 + |x])* < C.

Therefore, there exists a constant C = C(q, ¢, o, o) such that forall € [0, T] and n € N:
t
‘E/ ZEN(P*) (X )o(r, Xr)dr| < C. (22)
0
The term
T
E/ Y'L(P¥)(X,)dr
0
can be bounded using the Holder inequality. Let p be such that 1/p + 1/(1 +¢g) = 1 or

p=1+1/gand p/(1+q)=p—1.
We will prove that

o= |£(9%)|" € L®([0, T] x R™).
Using the growth condition (G) on o, we have:

=) [Trace(DX(#)0* 1, )| = Co~w=V | p2(@9) | (1 + 1xPy7,

and
D*(9%) = ad* 'D?*® + a(a — NP VI Q VP
g—a(p=D) H p2(o)|” <201 (aP pep H D%H" + (ol — 1))P @“—2P|V¢|2p) .
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Hence:

P=ep=D ‘Trace(Dz(@“)cro*(t, W <cow

where V¥ is the continuous function on R"™:
v — [a” &P H DZQSHP + (o — 1))1’|vq5|21’] [1 n |x|2!’] .
Since « > 2(1 + 1/g) = 2p and since @ has a compact support,
= [Trace(DX(@%)50* (¢, )| € L0, T] x R™). (23)
For the second term ¢~*P~D |V ($%).b(z, .)|P, we have:
V(%) =ad* 'V = 2PV |V(3%)|" = a? $* P |[VP|P.
Since o« > 2p and |b(t, x)| < K(1 + |x]),

=PV IV ()b, )" < 277 KP 67D V(6| (1 + |x|P)
= 2" (Ka)? ¢*7P |V S|P (1 + |x|P).

IA

Therefore,

S~ |v(8) b(t, )|" € L®([0, T] x R™). 24)
Since

@] <277 V(@) b | +27 [Trace(D*(#)00° ¢ )|

we apply the Holder inequality:
1 1/
[E (2" ™a) |77 [ (27D xo e o)) ]
1

C [E (Q;a(X[)(Ytn)Hq):I T+g 7

and the constant C depends only on ¢, b, o, @ and «, not on n, or on ¢. Finally, we have:

E Y] L(*) (X))

IA

IA

E/OT Y7 L) (X,)| dr < C/OT [JE(qﬁ"f(x,)()f,”)1+‘1)]ﬁ dr

1
I+q

T
<C []E/ PY(X,)(YMIHa dr:| . (25)
0

We come back to the Eq. (21) for = 0:
T
E(Yy 2%(X71)) = E(Y) 9% (X0)) +E/ ZEN(P*) (X )o (r, Xr) dr
0

T T
—HE/ (X, ) (Y dr —HE/ Y'L(PY)(X,) dr.
0 0

Recall that Y7 ¢%(X7) < g(X7) ®*(X7); since @ is equal to zero outside a compact set included
in FS, = {g < +o00}, using the condition (H2) the left hand side of the previous equality is
bounded by a constant independent of 7.
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In the right hand side, using the inequality (22), we deduce that the first two terms are also
bounded. Thus, we have:

T T
E/ (X, ) (Y™ dr +E/ Y'L(DY)(X,)dr < C,
0 0

which implies with the inequality (25):

1
I+q

T T
E/ % (X, ) (Y dr — C [E/ (X, )(Ymta dr] <C. (26)
0 0

1

The set Hx eRy, x —Cx™ < C} is bounded. Therefore, we deduce that:

T
E/ P (X)(YHI T dr < C.
0
Hence, we have proved:

Lemma 14. The sequence $%(X)(Y™)'*4 is a bounded sequence in L' (2 x [0, T1) and with
the Fatou lemma, Y4 *(X) belongs to L' (22 x [0, T1).

This inequality allows us to show that
liminfY; < &.
t—>T
Indeed, let & be a function of class C2(R™; R*) with a compact support strictly included in
F5, = {g < +oo}. There exists an open set U s.t. the support of ¢ is included in U and
U C F,.Let ¢ = &y be the previously used function. Let us recall that « is strictly greater than

2(1 + 1/q) > 2. Thanks to a result in the proof of the lemma 2.2 of [7], there exists a constant
C = C(0, a) such that:

6] <Co*, |VO| <C*' and HDZOH < CP* 2,

We write again the Eq. (21) for0,n e N*and0 <t < T:

T
E(Y6(X1)) = E(Y/'6(X,)) +]E/ 0(X,)(Y")' T dr
t
T T
+E / Y'LO(X,)dr +E / Z'VO(X,)o (r, X,) dr. Q7
t t

In the left hand side, we use the assumption (H2) to pass to the limit as n tends to co. We
just have to control the right hand side as n tends to infinity. For the first term, there is no
problem: we use the dominated convergence theorem. For the second, we apply the monotone
convergence theorem. For the third one, we can do the same calculations using the previously
given estimations on 6, VO and D26 in terms of power of ¢* and Holder’s inequality:

d~P=D 1 £9|P € L*®([0, T] x R™). (28)
Now we can write:

Y'LO(X,) = (Y," @“/“ﬂ)) (@‘“/<1+4>£9(X,)) .
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The sequence Y” $*/(1+0) = y7g*(1-1/p) j5 a bounded sequence in L'17(2 x [0, T]) (see
Lemma 14). With (28), using a weak convergence result and extracting a subsequence if
necessary, we can pass to the limit in the term E ftT Y L6(X,)dr. Moreover:

T
Vn €N, ]E/ |Y7'Lo(Xx,)| dr < C. (29)
0
For the remaining term
T
Ef Z!NVO(X;)o(r, X,)dr
t
recall that from Section 1.3, there exists a constant C = C(q) for alln € N:
T 2
E/ 1 ZM*(T —r)adr <C.
0
Hence, there exists a subsequence, which we still denote as Z" (T — r)l/ 9, and which converges
weakly in the space L? (2 x (0, T), dP x dt; R?) to a limit, and the limit is Z(T — r)!/9,
because we already know that Z" converges to Z in L2 (2 x (0,T —8)) for all § > 0.
VO(X)o (., X)(T — )~ V4 is L2 (2 x (0, T)), because 6 is compactly supported and g > 2.
Therefore,
T T
liT IE/ Z'VO(X)o(r, X,)dr =]E[ Z, NO(X,)o(r, X,)dr
n—+00 t t

and
T
Vn e N, E/ |Z!.Vo(X,)o(r, X,)dr| dr < C. (30)
0
Passing to the limit as n — +o00 in (27):
T T
E@E0(XT)) = E(Y;0(X,)) + ]E_/ 0(X)(Y,)' T dr +E/ Y, LO(X,) dr
t 1
T
—i—E/ Z,.NO(X,)o(r, X;)dr.
t
We let ¢ go to T and we apply Lemma 14, inequalities (29) and (30), and Fatou’s lemma:

E[50(X7)] = }LH}E [Y;0(X)] = E [(li[rgiprt> 9(XT)]

:E[(lim Y,) G(XT):|. 3D
t—T

But recall that we already know (iii): lim;—, 7 ¥; > g(X7). Hence, the inequality in (31) is in fact
a equality, i.e.

Elg(Xn0(Xp)] =E [e(xn ( lim Y)] :
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And using again (iii), we conclude that:

lim Y; =g(Xr), P-as.on {g(X7) < o0}.
t——+00
Therefore, we have proved the continuity of Y on [0, T] in the case g > 2.

Remark 15. A little modification in the previous arguments shows that the sequences
Y"L(PY)(X) and Y"LO(X) are bounded in L" (2 x [0,T]) for 1 < r < 1+ g. Therefore
the sequence Y" L6 (X) is uniformly integrable and the passage to the limit and the estimate (29)
follow.

2.4. When assumptions (H3), (B), (D) and (E) are satisfied

If we just assume g > 0, our previous control on the term containing Z in (21) fails. But with
the assumptions (H3), (B), (D) and (E), we are able to prove that there exists a function i such
thatforO <t < T:

T T
E/ Z!VO(X)o(r, X,)dr = IE/ Yy (r, X,)dr,
t t

and then, we apply again the Holder inequality in order to control

T T
E/ Yy (r, X,)dr byE/ (Ym*a o (x,) dr.
t t

We need the existence of a regular density for the process X solution of the SDE (7).
According to the article of Aronson [12], Theorems 7 and 10, there exists a density (Green’s
function) for X, p(x;.,.) € L? (8, T; Hz) forall § > O.

Moreover, from the Theorem 7 of [12] and the Theorem I1.3.8 of [13], the density is Holder
continuous in x and satisfies the following inequality for s €]0, T']:

exp (—C—ly_sxlz) C exp (— —lygi,”z)
W < plx;s,y) < T, (32)

C depending only on 7', on the bounds K and A in (B) and (E), and C is independent of the
regularity of these functions.
From now on, we omit the variable x in p(x; ., .).

2.4.1. A preliminary result
We now prove the following result for the solution (Y, Z) of the BSDE:

T T
Y :h(XT)+/ f(¥r)dr —/ Z,dB;,
1 t
where i : R™ — R is a bounded and Lipschitz function.

Proposition 16. Under the assumptions (B), (D) and (E), for each function ¢ in the class
C? (R™) with a compact support, there exists a real Borel function  defined on 10, T] x R™ s.1.
forallt > 0, E(|Y;y(t, X;)|) < 400 and

E[Z; Vo(X)o(t, X)) = -E[Y; ¥, X)].
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The function r is given by the following formula:

d : i
Vit x) = ;(cha)i(x)% + Trace (Dz(p(x)oa*(t, x))

d
+ > Vo@).[(Vo' o' I, x); (33)
i=I

where o' is the i-th column of the matrix o and p is the density of the process X.
Proof. To find this function v, we use the following result:

Proposition 17. Forall 1 <i <d, {D'Y,,0 <s < T} is a version of (Z);.
(Z2)i = {(Zy)i, 0 <s < T} denotes the i-th component pf Z. This result comes from the
Proposition 5.3 in the article of El Karoui et al. [14]. Here, D'Y, has the following sense:
D}Y, = lim D;Y;.

From the conditions (L) and (G) and the Theorem 2.2.1 of [15], we know that X7 belongs
to D1, and since & is Lipschitz, with the Proposition 1.2.3 of [15], £ = h(X7) € D2,
Moreover, since 4 is bounded (by M), Y is also bounded (by M) and f is a C'-function. Hence,
the conclusion of the Proposition 5.3 of [14] holds.

We must calculate:

d
E[Z,.Ve(X)o 1. X)] = E[D;Y;.Vgo (X)] = Y E [ D}¥:.(Veo) (X))
i=1

where Voo (X;) = (Vo)(Xp)o (¢, X;) and (Vgo); (X;) denotes the i-th component of Vpo (X;).
Let v’/., J € N*, be the following function:

Vi) = jlp-1yj.n (e,

with r € [0, T'] and with (eq, ..., e4) the canonical basis of R“. Here, we need t > 0. We define

Duj_Yt = (DY, V})H,

H being the Hilbert space L2([0, T']; R?). The integration by parts formula for the Malliavin
derivative is the following:

T .
E[D, ¥i(Voo) (X | = E [waw,-(x,) /O v}(r»d&}

~E[Y,D,; (Vgo)i(X)). (34)

Now we calculate the first term of the right hand side.

T . ,
E [Yt(vw,»(xt) /0 V(). dBr} = J E[Y:(Voo) (X (B = B, |

‘ Md} , (35)

=—jE| YV (X
J |:t( 90)i (Xy) 1 P, Xo)

where p is the density of X and o' is the i-th column of the matrix o.
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The last equality is justified by the Lemmas 3.1 and 4.1 of the article of Pardoux [16]. We
must show that the assumptions of these lemmas are satisfied. First, ¥ is a function of X: there
exists a continuous function u : [0, T] x R™ — R such that Y; = u(¢, X;). Hence, we can write:

E[Y,(Vpo)i(X)(B] = Bl_y;,) | = E [v(t. X (8] = B[, ).

with v(¢, x) = u(¢, x)(Veo);(x). Since ¢ has a compact support, so does v. And v is measurable
and bounded. So the conditions of the Lemma 4.1 are verified, the time dependence of g
playing no role in the demonstration. (L), (B), (E) are not exactly the assumptions of the
Lemmas 3.1 and 4.1, but with these conditions, the conclusions are the same. In fact, the
main problem is to give a sense to the fraction div(po')/p. From the lower bound in (32),
the set {(s, y) €]0, T] x R™; p(s,y) =0} is empty. Thus the conclusion of the Lemma 3.1
holds. Moreover the property p € L? (8, T; H 2) ,¥8 > 0, implies that div(po’) belongs to
L2([8, T] x R™) forall § > 0 (Lemma 2.1 in [16] with m = 0 and § instead of 0). Since r > 0
is fixed here, the proof of the Theorem 2.2 in [16] (see page 53) gives us the equality (35).

We have an additional regularity property on div p. This property is given by the Theorem
12.1, Section 3, page 223 of [17]. Since p(., .) is solution of the PDE:

atp = £*pv

and since the coefficients of £ are bounded and Lipschitz in x, the first derivatives of o o * belong
to L>([0, T] x R™). Therefore L* is uniformly elliptic and can be written in divergence form.
From (B) and (L), » and Vb are bounded. From (B), (L) and (D), all coefficients of £* are
bounded. Hence the conclusions of the Theorem III.12.1 are valid: dp/dx; satisfies a Holder
condition in x.

From the lower bound in (32), 1/p is a continuous function. Moreover, div(po’) is also
continuous. Let j goes to +o0 in the identity (34):

div(pai)(t, Xf)}
p(t, X;)
—E[¥,D] (Vgo) (X))

E[D;‘ Yt(V(pU),-(X,)] - _E |:Y,(V(po),-(X,)

To find D; ((Vgo)i(X})), recall the following result (see Proposition 1.2.3 and The(_)rem 2.2.1
in [15]): since the process X has a density, if p is a Lipschitz function, then: Diu(X,) =
Vu(X)D;(X;) = Vu(X;)o' (X;). Applying this result with u = (Vgo);, we obtain:

D! (Vpo)i (X)) = (0*D*¢0)ii (X)) + Ve.[Va' .o 1(X)).

Finally,

d
E[Z; Vo(X)o(t, X)] = ZE [D;Yt.(Vgoa)i(Xt)] =-E[Y:y(, X,)]
i=lI

d div(pai)(t, X;)
=-E [Y, (;Wwo)i(xow

d
-E |:Yt (Trace(D2¢aa*)(X,) +> V(p.[(Voi)oi](Xt))] . O

i=1
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The hypothesis (H3) implies that g A n is a Lipschitz function on R"”. Indeed if we define

K, = sup { 180 — g1,
lx =yl
then the assumption (H3) implies that (K,) is a non-decreasing sequence of real positive

numbers. Moreover, if x and y satisfy g(x) vV g(y) <nor g(x) A g(y) > n, then |(g An)(x) —
(g An)(y)| < Kplx —y]. And if g(y) < n < g(x), then the continuity of g leads to:

gx)vely) = n} )

(g Am(x) — (g An)(W| =n—g() < Kypidist(y, {z € R"™; g(z) = n})
=< Kn+1|y _x|-

Finally g A n has a Lipschitz norm smaller than K, 1.
We can apply Proposition 16 with Y”, Z", ¢. Coming back to the Eq. (21) for ¢t > 0:

T
E(Y7o(X1)) = E(Y/'¢(X))) +IE/ e(X) (¥ dr
t
T T
—IE/ Yy (r, X,)dr+]E/ Y'Vo(X)b(r, X,) dr
t t

1 T
+ EIEJ / Y"Trace(D*¢(X,)oo*(r, X,)) dr (36)
t
where v is given by the formula (33) in Proposition 16.

2.4.2. Continuity with (H3), (B), (E) and (D)

Recall that U is a bounded open set such that U C F, = {g <oo},that & = Py isa
function which is supposed to belong to C2(R™; R.) and such that @ is equal to zero on R”\ U,
is strictly positive on U. « is a real such that « > 2(1 4+ 1/g). Forn € N, let (Y", Z") be the
solution of the BSDE (1) with the final condition (g A n)(X7). For 0 < ¢t < T, the relation (36)
is:

T
1ﬂﬁ@%Xﬂ»=WW@%&»+E/‘@%nXﬁfﬂmﬂ
t

T
+E/ Y Uy (r, X,)dr, (37)
t
with ¥, the following function: fort € 10, T] and x € R™

Wy (t, x) = V(I)(x).b(t, x) — %Trace(Dz(Q“)(x)aU*(t, X))

div(p(t, x)o' (¢, x))>

d
—ZQW@WMMW o

i=1
d

- Z (V(gp“)(x).[w"(z, o', x)]) .

i=1
Our goal now is to prove that fora fixede > Oand p =1+ 1/g:
=P g, |P e L®([e, T] x R™).
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If it is true, then the last term in (37) satisfies:

1

T T I+q
E/ Y Wy (r, X,)| dr < C <]E/ T (X,)(¥!H)' T dr)
t t

and the end of the proof will be the same as in the case g > 2.
From the case ¢ > 2 (see (23) and (24)), we already know that

p

1
=D |v(d*) b(t, )|” and F P ETrace(Dz(di“)aa*(t,.))

are in L°°([0, T] x R™). The next term is:

p

d
¢~ =D 13" v (8. [Vo' (1, ) (1, )]

i=1

o satisfies the conditions (L) and (B). We use again the calculation done for the gradient of ®“
(see the proof of (24)) to deduce that if &« > 2p this term is in L*°([0, T] x R™). Now, we come
to the last term which involves the density of X:

d div(pa)t, )|”
g—op=h V(o (t,.)); ———=
; ()0 (1,0 — 2
d div(pai)(t, ) ?
— P 2P Vo S )i TN
o ;( ot Ni ==

We split this term into two parts:

d

p
Z ((v o (t,.)); ((diva") + a"?) (t, ))'

i=1

QrP

d
< Q)Y @ ‘(V@a(r, ;i (div o), .)‘p
i=1
P |(Vp)(, )P

d
—1 o— P
+(2d)? l;@ P|(vao, o', )| RO

For the first part, there is no problem because &« — p > 0, so $*~7 is continuous and compactly

supported and (V @o); (div o) is bounded because of conditions (L) and (B). For the second

part, we use the inequality (32) and the fact that the support of @7 is a compact set K. So

the minimum of p(.,.) exists on the set [¢, T] x K and is positive. Therefore, we control the

denominator. For the numerator, we already know that dp/dx; satisfies a Holder condition in x.

We can now conclude that the second part is bounded by a constant K independent of n and ¢.
Finally, we have:

P | g, 1P e L®([e, T] x R™),

and thus, for ¢t > &:

IE[¥! ¥, (. X)]| < CE [@"‘(X,)(Y,")Hq]m , (38)
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where C is a constant independent of ¢ and n. The Eq. (37) is:
T
E(Y} % (X7)) — E(Y] 0°(X,)) = E / [ ar
&

T
+E/ [an W, (r, X,)] dr.
&€

We have: Y7 &% (X7) < g(X7)®*(X1); since @ is equal to zero outside a compact set included
in FS, = {g < 400}, using the condition (H2) the left hand side of the previous equality is
bounded by a constant independent of n. Therefore, we obtain:

1

I+q

E/T |2 xnp*e] ar - ¢ [IE/T (2 xoarm'+e) dt] <c.

Since the set {x € R4, x —Cx ﬁ < C}is bounded, we immediately deduce that ¢“(X)(Y myl+q
is a bounded sequence in L! ({2 x [g, T]). With the Fatou lemma, for0 < & < T, yl+a po (X)
belongs to L' (2 x [g, T]).

As Y is bounded on the interval [0, €], ¢ < T, by 1/(q(T — 8))]/‘1, we have proved:

T
E / Y3 (X,) dr < +oo0. (39)
0

As in the case ¢ > 2, this inequality allows us to show that: liminf,_, 7 ¥; < £. Indeed, let 6
be a function of class C*(R?; R*) with a compact support strictly included in FS = {g < +oo}.
We write again the Eq. (36) for0,n € N*, ¢ > Oand ¢t > &:

E(¢ Am0(X7)) = EY70(X7)) = E(¥/'0(X)))

T T
+E/ 6(X,)(Y™)'+ dr —|—E/ Y'O(r, X,) dr, (40)
13 t

with

d : i
(1, x) = VO(X).b(t,x) — 3 <(V9(x)a(t,x)),- div(p(t, x)o" , x”)
i=1 p(tv -x)
d
- %Trace(DZQ(x)aa*(t, eSS (ve(x).[v(;"(t, X).ol x)]) .

i=1
With the same arguments as in the case ¢ > 2, we can prove that

&= lin} Y;, P-as.on {§ < +o0}.
11—

3. Minimal solution

In this section we prove Theorem 5: the solution constructed in Sections 1 and 2 is the minimal
one. Before we obtain the following estimate:

Proposition 18. With the assumptions of Theorem 5, we prove:
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- 1 q
Vi e[0,T], ¥; < <m> .

Proof. Forevery 0 < h < T, we define on [0, T — k]

1
1 q
0= (i)

Ay, is the solution of the ordinary differential equation: A} () = (Ap(1))' T4, with final condition
Ap(T — h) = 4o00. But on the interval [0, T — k], (Y, Z) is a solution of the BSDE (1) with
final condition Y7_,. From the assumptions Yr_, isin LZ(Q), so is finite a.s. Now we take the
difference between Y and Apforall0<r<s <T —h:

M(0) = ¥y = A(s) = ¥y — / (4! = (7)) ar - / 7, dB,
13 t

S S
= Ap(s) = Y, —/ ar (Ap(r) — Y) dr —/ Z.dB,
t t

with
(Ap () — (v,)1Ha

- for Y, # A
w =1 M)-T, ortr 7 )
0

if Y, = Ap(r).

So « is a non-negative progressively measurable process. Then we deduce:

Ay@t) — Y, =EF [(Ah(s) — Y,)exp (/Y —a dr>i| .
t

Moreover we know that: Ys < EFs (l?r,h). Therefore

M) — ¥, > BT |:(/1h(s) _EFs (YT_h)) exp (/s —ay, dr)]
t

= E” [(Ah (s) — Y7_p) exp ([ —ay dr)i| .

Now Fatou’s lemma leads, as s goes to T — h, to: A, (t) — Y, > 0. This inequality is true for all
t€[0,T —h]andforall0 < h < T. So it is clear that for every ¢ € [0, T']:

_ 1o\e
Vi<|——] .
q(T —1)
This achieves the proof of the proposition.

In the case where £ = 400 a.s. this inequality and Lemma 11 give the uniqueness of the
solution. If £ = +o0, there is a unique solution, namely

1

. 1
y, = <_) and 7, =0,
q(T —1)
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Proof of Theorem 5. We will prove that Y is greater than Y” for all n € N, which implies that
Y is the minimal solution.

Let (Y™, Z") be the solution of the BSDE (1) with £ An as terminal condition. By comparison
with the solution of the same BSDE with the deterministic terminal data n:

1 1/q
Yi<|——M < n.
r — =
(q(T-—t)4—1/nq>

Between the instants 0 <t <s < T:

Y=Y = (Y, —Y") — /I.S ((Yr)l+q _ (Yr")1+q) dr — /IS (z, — z}') dB,

K v \1+g _ ny1+ K
=Q1—mg_/ C”)f (n)cv(ﬁ—Yﬂdw—f (2, — 7") dB,
t t

Y, — Y
- s - s -
:(n—mﬁ—/aﬂn—nﬁm—/(a—zﬂd& (41)
t t
with
Y)l+e — (ymyl+e _
) ) ™ — (¥ for 7, # ¥"
= Y, =Ty _
0 if Y, =Y/

The process «” is well defined, progressively measurable and verifies:
0<a <(1+q)(¥vYH.
We deduce that:

N
Y-y =E [(?s —¥{) exp <_/ o drﬂ
1

using the linearity of the BSDE (41) and the fact that the generator of this BSDE is monotone.
Then with Fatou’s lemma:

N
Y, - Y = liminf{]E]:’ I:()?s —Y!')exp (—f o) dr)“
s—>T t
s
> EF {limi;lfl:(fs _ Y;l) exp <—f al dr)i” .
§—> t

It is legal to apply Fatou’s lemma because what is inside the conditional expectation has a lower

bound equal to —n: Y > 0 (this belongs to the hypothesis) and —Y{" > —n and

N
lzexp(—/ afdr).
1

Finally Y, — Y] > 0. As it is true for every n € N* and every ¢ € [0, T'], we have Y, >Y. O
4. Parabolic PDE, viscosity solutions

In the introduction, we have said that there is a connection between BSDE whose terminal
data is a function of the value at time T of a solution of a SDE (or forward-backward system),
and solutions of a large class of semi-linear parabolic PDE. Let us make this connection precise
in our case.
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To begin with, we modify the Eq. (7). For all (r, x) € [0, T] x R™, we denote by X"* the
solution of the following SDE:

N s
X =x+/ b(r, Xﬁ’x)dr—}—/ o(r,X0*)dB,, forsel[t,T], 8)
t

t

and Xé’x = x for s € [0, t]. b and o satisfy the assumptions (L) and (G), and we add that b and
o are jointly continuous in (¢, x). We consider the following BSDE fort <s < T:

T T
yix =h(x’;‘)—/ yiE |y dr—/ Z!"* dB,, (42)
N

N

where £ is a function defined on R with values in R such that 4 is continuous and bounded.
The two Eqgs. (8) and (42) are called a forward—backward system. This system is connected with
the PDE (3) with terminal condition /. This result is proved in the Theorem 3.2 of the article [5]:

Theorem 19 (Theorem 3.2 of [5]). If we solve the Egs. (8) and (42) and if we define u(t, x)
for (t,x) € [0, T] x R™ by u(t, x) = Y,”x, then u is a continuous function and it is a viscosity
solution of the PDE (3).

Let us recall the definition of a viscosity solution (see [18,19] pages 80 and 99 or [20] for v
continuous). For v : [0, T] x R™ — R, we define the upper and lower semi-continuous envelope
of v, namely:

v, x) = limsup v(t’,x") and wv.(t,x) = liminf v(,x’).
', x")—(t,x) ', x")—(t,x)

Definition 20. In this definition, % is continuous and bounded on R™.

1. We say that v is a subsolution of (3) on [0, T] x R™ if v* < 400, if v*(T, x9) < h(xp), and
if, for every function ¢ € C12([0, T] x R™) and local maximum (fg, xo) of v* — ¢,

dg

ot

2. We say that v is a supersolution of (3) on [0, 7] x R™ if v, > —o0, if v« (T, x¢9) > h(xp), and
if, for every function ¢ € Cl’z([O, T1 x R™) and local minimum (fy, xg) of vx — ¢,

dp

ot

3. A function v is a viscosity solution if it is both a viscosity subsolution and supersolution.

(10, x0) — Lo(t0, x0) + v*(to, x0) [v* (0, x0)|? < 0.

(10, x0) — Lo (10, x0) + v« (10, X0) v« (20, x0)|? > 0.

Now, in our case, the function 4 is replaced by the function g : R" — R which is supposed
to be continuous from R” to R+ and such that the set Fox = {g = +00} is closed and non-empty.
We cannot apply the Theorem 3.2 in [5], or the previous definition, because g is unbounded on
R™.

Definition 21 (Viscosity Solution with Unbounded Data). We say that v is a viscosity solution of
the PDE (3) with terminal data g if v is a viscosity solution on [0, T[xR"™ and satisfies:

lim v(t, x) = g(xp).
(t,x)—(T,xp)
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We take the notation of the construction of the minimal solution. For all n € N and
(¢, x) € [0, T] x R™, we obtain a sequence of random variables (Y"*"  Z:*") gatisfying (1):

T T
YO = (g(X7) An) — / yLhomyh g dr — / Z* " dB,,
N N
and (9). We know now that this sequence converges to (Y**, Z"*), which is the minimal solution
verifying the conclusions of Theorems 2 and 4. In particular, this means that either g > 2 or else
(H3), (B), (D) and (E) are satisfied by o and b. We want to prove Theorem 6.

If we define the function u, by u,(t,x) = Y,t’x’", then from Theorem 3.2 in [5], we know
that u,, is jointly continuous in (¢, x) and is a viscosity solution of the parabolic PDE (3) with
terminal value g A n. The fact that g is supposed to be continuous implies that g A n is bounded
and continuous on R™.

By the comparison theorem for BSDE, (Y,”x’" = uy,(t, x)),eN 1S a non-decreasing sequence,
and hence it converges to Ytl’x = u(t,x) when n tends to infinity. Some remarks about the
function u. It is a non-negative function satisfying the following bound:

V(t,x) €[0,TIxR", 0<u(t,x) < ——. (43)
(q(T — 1)1

Moreover, u(T, x) = g(x) for all x € R™. At least, u is lower semi-continuous on [0, T'] x R™
as the supremum of continuous functions (the sequence (u,) is a non-decreasing sequence), and
for all xg € R™:

liminf u(¢, x) > g(xp).

(t,x)—(T,xq)
Proof of Theorem 6. The main tool is the half-relaxed upper and lower limit of the sequence of
functions {u,}, i.e.

u(t,x) = limsup u,(t',x") and u(t,x) = lierinf u,(t', x).

(/ﬁv?:?t},x) (" x")—>(t,x)
In our case, u = u < u = u* because the sequence {u,} is non-decreasing and u,, is continuous
for all n € N*,
First, u is a supersolution of the PDE (3) on [0, T[xR™. u = u, = u is lower semi-continuous

on [0, T[xR™. From the estimate (43), forall § > 0,n € N* and all (¢, x) € [0, T — 8] x R",

1 1/q
u(t,x) <u(t,x) < (—) .
qé

Since u, is a supersolution of the PDE (3), passing to the limit with the Lemma 6.1, page 33,
of [20], we obtain that u is a supersolution of (3) on [0, T[xR™.

The same argument shows that u™* is a subsolution on [0, T[xR™. As in the case of the BSDE
(1), the main difficulty is in showing that

limsup u(t,x) < g(xo) = u(T, xp).
(#,x)—(T,x0)
We will prove that u* is locally bounded on a neighbourhood of T on the set {g < 400}.
Then, we deduce u* is a subsolution and we apply this to demonstrate that u*(T, x) < g(x)
if x € {g < 400}, which shows the wanted inequality on u.
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We make the same calculation as in the proof of the continuity of Y at T'. Let 6 be a function
of class C2(R™; R*) with a compact support included in {g < +00}. We will prove that u,,0 is
uniformly bounded on [0, 7] x R™. On [0, T — §] x R™ the bound (43) gives immediately the
result. It remains to treat the problem on a neighbourhood of T'.

First case: ¢ > 2: We write the equality (20) between ¢ and 7', for x € R"™;
T
(1, )0 (x) = E(YE"0(X5)) — E/ [e(xj’X)(Y;’x’”)”q] dr
t

T T
~-E / YOO Lo(Xh ) dr — E / Z05" VO(X o (r, X5Y) dr.
t

1
The last term is controlled by:
T 1/2
‘]E/ ZEmNO(X o (r, X0Y) dr

t

T
< (E / IZE5m 12T =) dr)
t

e fT VO X o o, X H)I1?
t (T —r)*a

/
dr) <C=C(q.6,0).
Here, we use the fact that g > 2, 6 is compactly supported, and the condition (G). Thus, we have:
T T
E/ O(XL) (YoMt dr +E / Yo (XY dr
! t

T
<Ey;""oX7)) —E / ZIE V(X o (r, XY dr.
t

The right hand side is bounded by the supremum of g6 and C. In the left hand side, the second
term is controlled by the first one raised to a power strictly smaller than 1 using Holder’s
inequality (see (25) and (28)). Therefore, there exists a constant C independent of n, ¢, x:

T
E/ O(XLo) (Y mitadr < C.
t

We deduce that: u, (¢, x)0(x) <C=C(T, g,0,q).

Second case: the assumptions (H3), (B), (D) and (E) are satisfied: For n € N*, (z,x) €
[0, T] x R™, ¢t > 0, the Eq. (40) becomes:

T
un(t, x)0(x) = EQYz5"0(X7")) —E/ O(X"x)(yxmyHd gr

t
T
_E / YRR O(r, X5 dr, (44)
t

From Proposition 16 (or formula (36)), the function @ is defined by:
d

O(t,x) = VO(x).b(t,x) — Z ((Ve(x)a(t, x))i

i=1

div(p(r, x)o' (¢, x)))
p(t, x)
d

— %Trace(D29(x)aa*(t, DY (ve(x>.[w"(t, x)ol (s, x)]) .

i=1
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As u, and 6 are two non-negative functions,
T | T . .
E/ O(X)(yhemyita gr +IE/ YOO, XY dr < E(YFU"0(XT)).
t t

The right hand side in the previous inequality is bounded by the supremum of g8; this supremum
is well defined because g0 is continuous with compact support. And from the calculations made
on the BSDE, we know that the absolute value of the second term in the left hand side is
controlled by the first term (which is non-negative) raised to a power strictly smaller than 1.
Thus, we deduce:

T
E/ O(BLY)(YM!Tdr < C = C(T. 8.0, 9).
0

It is important to note that this constant is independent of n, ¢, x. If we come back to the inequality
(44), we deduce that for all (¢, x) € [0, T] x R™:

u,(t,x)0(x) <C=CT,g,0,q).

Let U be an open subset s.t. U C FS, = {g < +o0o}. Thus, u, is uniformly bounded on
[0, T] x U w.r.t. to n. Therefore, u* is bounded on [0, T'] x U. We know that u,, is a subsolution
of the PDE (3) restricted to [0, T] x U, i.e.

at

{—a”" (1, x) = Lun(t, x) + un(t, X)|un(t, x)|2 =0, (r,x)€[0,T[xU;
un(T, x) = (g An)(x), x e U.

We can apply Theorem 4.1 in [19] (see also Section 4.4.5 in [19]). Since g is continuous,

gx) =gk) = limEUP(g An)(x).
(x")—(x)

Thus «* is a subsolution of the PDE:
ou*
ot
min | — o — Lu* +utu*|u*—g| <0, in{T}xU.

— Lu* +u*u*|? =0, in [0, T[xU;

Now the Theorem 4.7 (with straightforward modifications) shows that u* < gin{T} x U. O

This achieves the proof of Theorem 6. The next proposition makes precise the behaviour of
the solution # on a neighbourhood of T'.

Proposition 22. The previously defined solution u satisfies for all x in the interior of {g = +00}:

lim [q (T — OV ut, x) = 1.
t—

Proof. We take the notation of Lemma 11. For all (¢, x) € [0, T[ x R™,

1 1/q
yhon > gf .
S (q(T —0+1/E Anw)
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Thus, for all integers n:
[q(T — 1" u(t, x) > [q(T — 1" u,(t, x)
g -1 \"_, X
= (i)t i)

£ [ a(T =& An)1 Va
e L+qa—n@Amf@mJ

Therefore,
1

q(T = 1)(E An) ]q
T+ q(T —0)E Anyd &=

M(T—tnéuaJozﬂ#*a@:mmX?ﬁy+Eﬁ[
The last term is bounded by

Eﬁ[ (T =) An)
[+ q(T — & An)

1/q 1 1/q
anJ E[MT—ﬁﬂm[;f} : (45)

Hence:
lim inf [¢ (7 — D1 u(t, x) > lim, E7 (1gmoop (X5Y)) ;
t— —
this limit is equal to 1 for x in the interior of {g = +o00}. We conclude using the bound (43). O

4.1. Minimal solution

The goal of this paragraph is to demonstrate that the viscosity solution obtained with the
BSDE is minimal among all non-negative viscosity solutions (Theorem 7). We compare a
viscosity solution v (in the sense of Definition 21) with u,, for all integer n: for all (¢, x) €
[0, T] x R™, u,(t, x) < vi(t, x). We deduce that u < v, < v. Remark that the only used
assumptions in the proof will be (L) and (G). Recall that g : R™ — RT is continuous, which
implies that g A n : R™ — R™ is continuous.

Proposition 23. u, < v, where v is a non-negative viscosity solution of the PDE (3).

Proof. This result seems to be a direct consequence of a well-known maximum principle for
viscosity solutions (see [21,19] or [20]). But to the best of our knowledge, this principle was not
proved for solutions which can take the value +oco. Thus, following the proof of the Theorem 8.2
in [20], we just give here the main points.

Recall that u,, is the bounded (by n) and continuous viscosity solution associated with the
terminal condition f = g A n. For ¢ > 0, we define u, (t, x) = u,(t, x) — f Up.¢ 1s bounded
by u, and is a subsolution of the PDE (3) (see [20], proof of Theorem 8.2):

_% — Lup e + Uneltinel? < _%- (46)
Moreover, at T, uy o (T, x) = u,(T,x) —e/T < (g An)(x) and at 0, u, , tends uniformly in x
to —oo. We will prove that u, . < v, for every ¢; hence we deduce u, < v,.

From now on, n and ¢ are fixed. We suppose that there exists (s, z) € [0, T] x R™ such that
Une(s,2) — vx(s,2) > 8 > 0 and we will find a contradiction. First of all, it is clear that s is not
equal to 0 or 7', because v, (T, z) = g(2).
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un,e and —v, are bounded from above on [0, T] x R™ respectively by »n and 0. Thus, for
(a, B) € (R*)?, if we define:

o
M., 3) = o0, 3) = velt.) = SIx =3P = B (I + ).

m has a supremum on [0, 7] x R”™ x R™. Moreover, the penalization terms assure that the
supremum is attained at a point (7, X, §) = (ta, 8 Xa,B, Ya,p). Denote by g g this maximum.
Since

8 = 2B1z” < tne(5,2) = vi(5,2) = 2B2° = m(s, 2, 2) < Ha,p.
choosing B sufficiently small in order to have §/2 < § — 28|z|%, we obtain

8/2 < Jta,p- @7)
From this inequality and since u, . < n and v, > 0, we have:

0= tap = m(i, 2, 5) = o (. 2) = v, ) = 518 = 512 = B (1512 +1512)

O ADNEN A A
n—S1E =3P —p (17 +1512)

A

A S S 2
and hence |X|? + [§|*> < & and |3 — 1> <2
Now, we will prove that 7 cannot be equal to zero, or to T'. Recall that u, ¢ (0, .) = —oo, thus
f cannot be equal to zero. Assume that 7 is equal to 7. We have:

Hap = (8 AW = = — () = S1& = 512 = B (1512 +151%)
=< (g AnE) — (g Am().
Let y# be a modulus of continuity of g A n defined by:
V=0, yP(p) =supll(g An)(x) — (@ A5 [x =yl <n, (x,y) € (Bp)*},
where By is the closed ball with radius equal to /n/p. Therefore, we obtain:

2
8/2 < pap < (@AMR) —(gAmP) <y? (12 -31) <vP (ﬁ) :

o

Since we have supposed that g An is continuous, g An is uniformly continuous on Bg and thereby
the limit of y# (1) is equal to zero as 1 goes to 0. Hence, the previous inequality is false when «
is sufficiently large. We deduce that 7 < T'.

We now use the Theorem 8.3 of [20] with the u, . subsolution and v, supersolution. For all
v > 0 there exist two symmetric matrices X and Y of size m x m and two reals a and b such that

X 0 ) . _ 1 -1 I 0
<0 _Y>§A+VA, w1thA_(x(_I 1>+2,8(0 I)’ 48)

a — b = 0 and satisfying:

A A ~ N ~ ~ &
—a— F(t,%, upe(t, %), a(X — ) +28%, X) < —72

—b — F(f,9,v4(t,9), a(® — §) —285,Y) > 0.
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We subtract the two previous inequalities:

& A A A N N A A N N N N
ﬁ =< F(t,x, Mn,s(l,x)aa(x—y)+2,3x7X)—F(fs ) U*(t’ )’)sOl(X—)’)—zﬁ)’v Y)

%Trace (oo™, 2)X) — %Trace (oo™, $)Y)

+ (b, %) = b(7, ) .a(X = 9) + 2B (b(7, £).X + b(, ).9)

—tn e (£, )" 4 0., §)1T

Since b is Lipschitz and grows at most linearly, there exists a constant K such that
(b(f, %) — b(t, ﬁ)) a(x —y)+28 (b(f, £).% + b(7, )3).)7)

< oK% =7+ 28K 1+ [ +[3P).

Using again the lower bound (47) of 11y, We have:
8/2 < pap < une(d, ) — vi(0, §) = 0 S 0,(1, §) < up (1, X)

and thus —u, ¢ (7, £)'79 + v, (7, $)!77 < 0. One term remains to be controlled:
Trace (00 ™(f, £)X) — Trace (00 *(7, $)Y).

From the upper bound (48), we deduce that there exists a constant x = 1 4+ 2av + 28v such that

1/X 0 I -1 I 0
;(0 —Y>§a<—l 1)+2’3<0 1)'

If we choose v = 1/, then the constant « is bounded: 3 < k < 3 + 28/«. We multiply this
inequality by the following non-negative matrix:

< oo (t, X) o(f, %)o*(t, ﬁ))
o (i, y)o*(d, %) oo*(@,3) )’
and we take the trace:
Trace (00*(?, X)X) — Trace (acr*(f, j})Y) < 2B [acr*(f, ) +oo*(, )7)]
+xka o, %) —o(t, )] [c*(F %) — o™, P)].
Using the fact that o satisfies (L) and (G), we obtain the existence of a constant K such that
Trace (00" (7, X)X) — Trace (00 ™ (7, )Y) < Ka|% — 512+ KB + X7 + 191).
Finally we have:
=5 = C (et =3P+ BA+ 1R+ 15P) (49)
72 = y ),
where C is a constant independent of « and S. This inequality is not exactly the same as in

the proof of the Theorem 8.2 in [20], because the solutions are defined on R” and not on some
bounded open set. Thus there is this additional term with . Since

. N P (Az A2>_
aEI}}ooginOZ'x VEFBIXIT+I1y7) =0,

the inequality (49) leads to a contradiction taking g sufficiently small and « sufficiently large.
Hence u, . < v, and it is true for every & > 0, so the result is proved. [
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4.2. Regularity of the minimal solution

The function u is the minimal non-negative viscosity solution of the PDE (3). We know that
u is finite on [0, T[xR™ (see (43)). For 6 > 0, u is bounded on [0, T — §] x R™ by a constant
which depends only on 4.

Proposition 24. If the coefficients of the operator L satisfy (L), (B) and (E), and are Holder
continuous in time, then u is continuous on [0, T] x R™, and for all 5§ > 0:

ueCh2(0, T — 8] x R™; R™). (50)

Proof. The proof of Proposition 23 shows that there is a unique bounded and continuous
viscosity solution of the Cauchy problem:

_ q _ _ m
{atv—f—ﬁv v|v] 0, on[0,7T —48] x R™, 51)

(T —8,x) =¢(x) on R™

where ¢ is supposed bounded and continuous on R™.

Moreover, the Cauchy problem (51) has a classical solution for every bounded and continuous
function ¢ (see Lemma 25 below).

Recall that u, is jointly continuous in (¢, x) and on [0, T — 8] x R™, u,, is bounded by:

1\ /4
OSun(tv-x)§<_) .
qé

Thus, the problem (51) with condition ¢ = u,(T — 4, .) has a bounded classical solution. Since
every classical solution is a viscosity solution and since u,, is the unique bounded and continuous
viscosity solution of (51), we deduce that:

V8 >0, u,eC-2(0,T —8[xR"; RY).

From the construction of the classical solution u,, we also know that the sequence {u,} is
locally bounded in C% ([0, T —§/2] x R™). The bound is given by the L> norm of u,, which
is smaller than (T — 8/4)~ /4. Therefore u is continuous on [T — §/2] x R™ and if we consider
the problem (51) with continuous terminal data u(T — 4§, .), with the same argument as for u,,
we obtain that u is a classical solution, i.e. u € C12([0, T — §] x R™; R™T).

In particular, « is continuous on [0, T[xR™. And the terminal condition in Theorem 6 shows
that u is continuous at time 7. [

Lemma 25. For every bounded and continuous function ¢, the Cauchy problem (51) has a
classical solution v.

Proof. If £ can be written in divergence form, the conclusion is given by the Theorem 8.1
and Remark 8.1, Section V, in [17]. More precisely, there exists a unique continuous and
bounded solution v such that, for all 8 > §, v belongs to H'TA/22+E([0, T — §'] x R™).
H'HB/22HB ([0, T — '] x R™) is the set of functions which are (1 4+ /2)-Holder continuous in
time and (2 + B)-Holder continuous in space. Remark that if the assumption (D) holds, then £
can be written in divergence form.

In general, we use a “bootstrap” method. If v denotes the unique bounded and continuous
viscosity solution of (51), if f = v|v|? € L, from the theorem 3.1 of [22], the linear Cauchy
problem:
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ohw+ Lw = f, on[0, T —§] x R™, (52)
w(T —68,x) =¢(x) onR™.
has a unique solution w in the class C([0, T — §] x R*; R*) N ﬂp>1 W;;foc([o, T — §[xR™).

Now we define two processes:

—t,x

Vs>t Y =ws, X0Y, and Z)" = Vuw(s, X0 (s, X0Y).

We can apply the It6 formula to the function w (see [23], Section 2.10). We have for
alls > ¢:

—tx  otx r=s ; =5 _, «
Y =Yr_; —l—/ flr, X5 dr —/ Z, dB,
N N

1,x

T-46 T-6
ST — 8, X5 ) + f @Il XYY dr — / Z," dB,.
N s

Let (Y"*, Z""*) be the unique solution of the BSDE (1) with final time T — § and terminal
condition ¢ (X ’Tf 5). From the uniqueness of the viscosity solution, we have Yf’x = v(t, x). And

also for all s > ¢, YI™" = v(s, X1") (see [14], Section 4). Therefore for all s > 7:

T-$ T8
Yor = ypty +/ Yor |y dr —/ Z;* dB,
s N

T—6 T—6
— o0+ [ ehmexer - [z s,
S S

From the uniqueness of the solution of the BSDE, we obtain that v = w. Since w €
ﬂp>1 W[l:lzoc([O, T — §[xR™), v belongs to the space HBIP for all B < 1, and the Holder

norm of v depends just on the L bound of v. Thus f is also Holder continuous, and from the
existence result of [17] (see section IV, Theorems 5.1 and 10.1), v is a classical solution. [

5. Sign assumption on the terminal condition &

In the previous sections, we have chosen & non-negative with the generator f(y) = —y|y|9.
But of course, we can prove the same results when & < 0. In fact, if £ € L°°({2) is non-positive
and if (Y, Z) is the solution of the BSDE (1), it is obvious that (U, V) = (=Y, —Z) is the solution
of

T T
Ur = (=§) +/ fWUp)dr —/ VrdB,.
t t

Thus if £ is non-positive and satisfies (H1): &€ = g(X7), where g : R™ — [—o00, 0] is such
that {g = —oo} is closed and that the assumptions (H2), (L) and (G) are verified, and with either
q > 2 or (B), (D), (E) and (H3), there exists a maximal solution of the BSDE (1), among all
negative solutions. We can also work without sign assumption and prove Theorem 8.

For (n, m) € (N*)2, we define El by &) =& AnV (—m). As &) is in L*°({2), there exists a
unique solution (Y™™, Z"") for the BSDE (1) with terminal condition &;}. With the comparison
Theorem 2.4 in [5], we have for 0 <n <n’and 0 <m < m’, and forall t € [0, T]:

q !’ !’ 5
_ 1 : < Ytn,m < Ytn,m < Ytn m oo 1 — . (53)
(T = 1) + Gz q(T =) + Gz

Q=
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We define the following process: for (n, m) € (N*)2 and for all 7 € [0, T

Y= lim Y™ and Y"'= lim Y™™

n—+o0 m——+00

Therefore with the inequalities (53) we have:

1 1
(o) =)
q(T —1) q(T —1)

As in the first section we can easily prove that:

(1) the limit ZT™ of (Z™™),cx as n goes to 4-00, exists in L2(02 x [0,¢]; RY) forall t < T;
(2) (D1) and (D2) are satisfied (see Definition 1): forallt < T

E( sup |v,™? +/ | Z1m% dr (—)q; (54)
s€[0,1] (T -1

and P-p.s., forall0 <s <,

t t
ylm =y - / AR AR / z}"™ dBy; (55)
S N
(3) P-p.s.
EV(—m) < limi%1fo’m. (56)
t—

The same results are still true for the sequence (Y™™, Z™™), ., i.e. the limit Z™V of
(Z™"™),,eN as m goes to +00, exists in L2(02x]0,t]; RY) forall < T, and the limit (Y"-}, Z"V)
satisfies (54) and (55) and P-p.s.

lim sup Y,n’l <& An.
t—>T

Suppose now we have proved the following proposition:
Proposition 26.
lim ¥,/ =&V (=m) and limY"'=&An P-as. (57)
t—>T t—>T
Recall that (Y”V),,cny and (Y 1™),,cy are respectively a non-decreasing and a non-increasing
sequence. Let us define:

YY= lim Y™ and Y'= lim Y™™

n—+o00 m——+00

We have:

( 1 )é Lo ( 1 >;
(=) =¥ =V = (——
q(T —1) q(T —1)

and for all (n, m) € N2, &EAn <liminf;_ 7 Yi, and lim sup,_, 7 Y,T < & Vv (—m). Then it is easy
to prove that (Y, Z) = (Y¥, Z¥) or (Y, Z) = (Y1, Z1) satisfy (54) and (55) and

P-a.s. lim Y, =&.
t—T

This achieves the proof of Theorem 8.
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In order to prove Proposition 26, we define x* = x V0, x~ = —(x A0). We need the following
lemma:

Lemma 27. If ¢ is a real-valued random variable, with ¢ € L2(9), if (Y,Z)and ()7, 5) denote
the solution of the BSDE:

T T - T~ - T~
Y; :;—/ Y,|Y,|‘1dr—/ Z,dB, and Y, =;+—/ Y,|Y,|"dr—/ Z,dB,,
t t t t

then P-a.s. forall t € [0, T], ;" < ¥,.
Proof of the lemma. The process Y is a continuous semi-martingale, i.e. we write Y as follows
Y[ = YO + Al + M[

with M a continuous martingale and A a process of bounded variations. Therefore there exists a
semi-martingale local time for Y (see [10], Theorem 7.1, page 218), i.e. a non-negative process
A ={A;(w);t € [0, T], w € 2} such that

T T
V=gt - [ (e () YY1 dr — / (e () Z, dB, + (A, = A7)

T T
= §+ - / Yr+|Yr+|q dr — / (le_ (Yr)) Z,dB, + (A; — A7).
1 1

Moreover ¢t — A, is non-decreasing a.s. Thus applying the comparison theorem 2.4 in [5], we
obtain the announced result and this achieves the proof of the lemma.
Remark that by the same arguments Y~ satisfies:

T T
Y[_ =¢ +/ (I]R’i (Yr)) leyrlq dr +/ 1R’j (Y;)Z,dB, + (A; — A7)
t t

T T
= —/ |y, | dr+/ L (Y2, dB, + (A = Ap).
t

t

Proof of Proposition 26. Remark that it is enough to show the first limit in (57). Indeed for all
(n, m), (=Y™™ —Z"™"™) is the solution of the BSDE (1) with terminal condition (—&) A m Vv
(—n). Hence, if the result concerning the first limit holds, then

lim —¥;"" = (—£) v (—n):;
t—T

which proves the result about the second limit.
Now for the rest of this proof, we fix an integer m. We can give the same proof as in Sections 1

and 2: we show that the limit, when 7 goes to T, of Y,T’m exists and then that this limit is £ V (—m),
by multiplying Y with some test process ¢(X) and passing through the limit when n goes to
+o00. Let us explain the main parts.

From the previous lemma, we have for alln € N, for all ¢ € [0, T']

¥t <ul <U, and (Y, <U;

with

T T
ur=¢t /\n—f U,”|U,"|"dr—/ V!'dB,,
t t
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and (U, V) is the minimal solution of:
T T
U =¢" —/ U, |U, |1 dr —/ V, dB,.
13 t

Since we already know (Section 2) that lim, .7 U, = £T, we have lim sup,_>T(Yf’m)+ < gt
Moreover from (56), we obtain

EV (—m) < limi%1f(Y,T’m)+ and 0 < limi?f(YtT’m)J’.
- t—
Therefore
lim Mt =gt (58)

For the negative part, recall that for alln € Nand all € [0, T]:

1 q
e - ——) =-m. (59)
q(T -1+ ma

Let us prove that the limit, when ¢ goes to 7', of (Y,T’m)_ exists. We have:

T
YT = (EV(-m)An)T — / YTy T |4 ds
t

T
— (AF" = A7) +/ Z3™ ™ dBy,
t

where:

Ylﬂ,m,— — (Ytn,m)* , Z;’L,m,f — 1]_00’0[(Ytn,m)ztn,m
and A™"™ is the local time of Y™™ (see the proof of the previous lemma). We apply Itd’s formula
to the process (Y™ )% and because of the monotonicity of f we obtain:

1

T 5 5 T )
SE / |zzm=|? ar <E(ypmo) - 2E / v adr < B (vpm) < ml
0 0

We deduce that the sequence (Z™"™ ),y converges weakly in L2(£2 x [0, T]; RY) to Z, and
thus that the stochastic integral | T znm= 4B, also converges weakly to | T'Z,. dB, (see [5],
Proposition 2.4). Moreover a straightforward calculation proves that for all § > 0, (Z™""™7),eN
converges in L2(2 x [0, T — 8]; RY) to Z1"™~ = 1j_oo 0 (Y ™) Z" ™ Hence Z is a.s. equal to
Z1" = Now:

t t
AP =y =yt — /0 yrmo |y T4 ds —1—/0 Zy"™ ™ dBs. (60)
With (59) and the Burkholder—Davis—Gundy inequality, it emerges easily that:
T
E/ | P ar < c.
0

Therefore the sequence (A™™),cn converges weakly in LZ(£2 x [0, T]; RY) to A. Now taking
the weak limit in (60) we obtain:

t t
A=yt —ypm +/0 ym=ymesia ds +/0 zZlm = dB. (61)
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With (55) and (61), we deduce that on the interval [0, T — &] for § > 0, the process A is the local
time of the semi-martingale ¥ 1. Hence it is a non-decreasing process and the limit as ¢ goes
to T of Z; exists. We deduce that the limit as ¢ goes to T of Y,T’mﬁ exists, and with (58), we
conclude that there exists a limit as ¢ goes to T for YtT’m.

Moreover with (59) we can prove that Lemma 14 holds, i.e. if @ is a non-negative function of
class C2, with compact support included in R™ \ {|g| = +o0}, and if « > 2(1 + 1/g), then there
exists a constant C such that

T
Vn €N, E/ |y e (x,) dr < C.
0

Then as in Section 2.3 or 2.4.2, we have lim,_, 7 Y,T’m =& Vv (—m) and thus (57). O

If £ is either non-negative or non-positive, it is obvious that (¥ zhy = 1, zh is
respectively either the minimal non-negative solution or the maximal non-positive solution. But
in general we are unable to prove the uniqueness of the solution.

For the related PDE recall that for (¢, x) € [0, T] x R™ X" is the solution of the SDE (8).
For every (n,m) € N2Y™™.* g the solution of the BSDE (1) with g(X"*) A n Vv (—m) as
terminal condition. As in Section 4, if the function u,,, is defined by u,, (£, x) = Y""", up
is a viscosity solution of the PDE (3) with final condition g A n Vv (—m). We can give the same
demonstration as in Section 4 to show that

ul(t,x) = lim  Lim u,,,(t,x) and w'(r,x)= Lm  lim (1, x)
m——+00 n—+00 n—+4o00 m—-+00
are two viscosity solutions of the PDE (3) with g as terminal condition. In fact we just have to
bound u,_, on the complementary of {g = 400 or g = —oo}. We use the following lemma:

Lemma 28. Assume that v is a viscosity solution of the PDE (3) s.t. v(T, .) = h. The function h
is bounded and continuous on R™. Then |v| is a subsolution of the same PDE with |v|(T, x) =
lh(x)].

Proof. The definition of a subsolution was given in the Section 4, Definition 20. Since v is
continuous, |v| is also continuous. Let ¢ : [0, T'] x R” — R be a C!-? function such that [v] — ¢
has a local maximum at (¢, x). Moreover we can always suppose that |v(¢, x)| = ¢ (¢, x).

If t = T we already know that |v(T, x)| = |h(x)|. If t < T then there exists a neighbourhood
U=t —e,t+e[x{y, |y—x|=<n}of (¢, x),suchthatfor (s,y) €eU,0 < |v(s, y)| < (s, y).
If v(r,x) = 0, ¢ is a non-negative function on U and attains its minimum at (¢, x). Therefore
Vo (t,x) =0, 8¢ (t, x) = 0and D%¢(z, x) > 0. We deduce:

—8p(t,x) — Lo, x) + |v(t, )T = —%Trace(cm*(t, x)D%v(t, x)) < 0.
If v(¢, x) > 0O, then we can suppose that v is positive on U/:
Vis,y)eU, 0<uv(s,y)=Ivis, I <¢(s,y) and v, x) =¢(, x).
We apply the definition of a subsolution to v and deduce:
—p(t,x) — L1, x) +v(t, x)|v(r, )9 = —d;¢(t, x) — LP (1, x) + vz, x)|' T4 < 0.

In the last case v(t, x) < 0, we suppose that on U, v is negative. Thus v — (—¢) has a local
minimum at (¢, x) and we apply the definition of a supersolution:

=0 (=) (1, x) = L(=@) (1, x) + v(t, ) v, )| = 0;
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= %@, x) — Lo, x) + (—v(t, x))|v(t, x)|¢
== (t.x) — Lo(t, x) + [v(t, 0)['T < 0.

Finally |v] is a subsolution and this achieves the proof of the lemma. O

By a standard comparison argument (see [20], theorem 8.2 page 48), the solution u, , is
bounded by the viscosity solution & of the PDE (3) with terminal argument |g| A n A m and we
can use our previous results on # (Theorem 4, Section 4).
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