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1 Introduction

In this paper, we study backward stochastic differential equations (BSDEs) of the
form

T T
Yi=§ +/ [, Ys, Zs, Us)ds _/ ZsdWs — US(X)N(dS,dX),
t t 16, TIx (R\{0})
(H

where W denotes a one-dimensional Brownian motion and N a compensated Poisson
random measure belonging to a given Lévy process with Lévy measure v. In
particular, our focus lies on comparison results and existence and uniqueness of
solutions.

Comparison theorems state that—under certain conditions—if & < &’ and f < f7,
then the process Y of the solution satisfies ¥; < Y/ for all 7 € [0, T']. These types of
theorems in the case of one-dimensional, Brownian BSDEs has been treated by Peng
(1992), El Karoui et al. (1997, 2009), and Cao and Yan (1999).

In (Barles et al. (1997), Remark 2.7) a counterexample was given, which shows
that in the jump case the conditions & < &’ and f < f’ are not sufficient to guarantee
Y < Y'. They propose an additional sufficient condition which has been generalized
by Kruse and Popier (2016), Royer (2006), Yin and Mao (2008), Becherer et al.
(2018) (allowing more general jump processes), and Cohen et al. (2010) (for BSDEs
driven by martingales). The condition of Kruse and Popier (2016) reads (in our L2-
setting) as follows: for each s, y, z, u, u’ € [0, T] x R x R x L?(v) x L?(v) there is
a progressively measurable process y¥¢%* : Q x [0, T] x R\ {0} — R such that

fGyzw) — f(soy.zu) < f () — ' (0) % v (),
R\{0}

v, z,u,u’

Vs e L*(v). 2)

!
S Z,u,u
—1<y (x) and sup
$,0,y,2,u,u’

One of the main results in the present paper is Theorem 3.5 which states that (2)
can be replaced by the simpler condition

flsoy.zou)— f(s,y,z.u') < / (u'(x) —u(x)) v(dx), P®rae.
R\{0}
forall u, u’ € L*(v) withu < u’. (3)

Notice that the r.h.s. is infinite for u’(x) — u(x) ¢ L'(v). Clearly, (3) is a weaker
condition than (2), because one only needs to check the inequality for those u, u’ €
L2(v) for which u < u’ holds. Moreover, we do not need any L2(v) condition for

v ©"" but we choose ¥ """ (x) = —1. Under the constraint —1 < y{" """ (x),
the choice y;"“"" (x) = —1 yields for u’ — u > 0 the largest possible expression on

the r.h.s. of (2), so that (3) can be seen as the weakest possible condition which (2)
could impose on f.

For a finite Lévy measure v, Theorem 3.5 can be shown using only elementary
means.
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Another main result is a method of how to approximate a BSDE driven by a
Lévy process with an infinite measure v, by a sequence of BSDEs where the driving
processes have a finite Lévy measure. We apply this result to show the compari-
son theorem for BSDEs driven by a general Lévy process. The proof relies on the
Jankov—von Neumann theorem on measurable sections/uniformizations (this theorem
is also important for dynamic programming, see El Karoui and Tan (2013). Under
certain conditions on the generator, the approximating solutions can be interpreted
as nonlinear conditional expectations (in the sense of Peng (2010)), conditioned on a
Lévy process whose jumps are not of arbitrarily small size. (See the comments after
Theorem 3.4.)

Studying the existence, uniqueness, and comparison results by Darling and
Pardoux (1997), Pardoux and Zhang (1996), Pardoux (1997), Fan and Jiang (2012),
Royer (2006), Situ (1997), Yin and Mao (2008), Kruse and Popier (2016, 2017),
Yao (2017), and Sow (2014), one notices that one can unify and generalize the
assumptions on f.

Indeed, and this is our third main result, in the case of L2-solutions, for a pro-
gressively measurable generator f with linear growth, it suffices to assume (cf.
Theorems 3.1 and 3.5) the following growth- and monotonicity conditions with
time-dependent, random coefficients:

[ f(w,s,y,z,u)| < F(s, o) + Ki(s, 0)|y| + Ka(s, o)(|z] + |lul),
o (y—Y)(filw,s.y.zou) — fi(w,s, ¥, 2 u))
<a@p (v = ") + 86 0|y = v'[ (2= |+ Ju —u

)s

with @ € L'([0, T]) and F being nonnegative and progressively measurable such
2
that E [(fOT F(w, t)dt) :| < 00. The processes K1, K7, and B are nonnegative and

progressively measurable such that for a constant ¢ > 0,

T
/ (Kl (s) + K2(s)* + ﬂ(s)z) ds <c¢, P-as.
0

The concave function p in the monotonicity condition may grow faster than linear
at zero and satisfies f0+ 1/p(x)dx = oo. This type of function already appeared in
context with BSDEs in Mao (1995) in 1997.

These assumptions also extend the monotonicity condition of Kruse and Popier
(2016, 2017), for the L?-case with linear growth, since the coefficients in our setting
take randomness, the function p and time-dependence into account. BSDEs with
time-dependent coefficients appear, for example, in Gobet and Turkedjiev (2016).

The existence and uniqueness result Theorem 3.1 and the comparison result
Theorem 3.5 are basic tools in the forthcoming paper (Geiss and Steinicke 2018) on
Malliavin differentiability and boundedness of solutions to BSDEs. To compute the
Malliavin derivative for the jump part of the Lévy process, more structure from the
generator is required in its dependency on u, usually via an integral w.r.t. v(dx), for
example,

f(s,u)=nh (s, / u(x)x (s, x)v(dx)) ,
R\ {0}
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where [0, T] xR > (s, v) + h(s, v). One can find % and « such that the assumptions
of Theorem 3.5 are satisfied while conditon (2) does not hold: By the mean value
theorem there exists a ¢ €]0, 1[ and

v = / (cu(x) + (1= u' () k (s, x)v(dx),
R\{0}
such that

f(s,u)— f (s, u/) = Oyh (s, v;)/ (u(x) — u/(x)) k(s, x)v(dx).

R\{0}
Assumption (3) holds if v (x) == yh (s, v¢) k(s,x) = —1forall (s, u,u’,x).
Choosing, for example, a bounded function 4 such that also supy |0yh(s, v)| < o0,

but 9,/ (s, v) # 0 for a.e. s and v, and putting « (s, x) = s_% (Jx] A 1), then (2) does
not hold since

¢ L*(v).

sup
s u,u’

/
u,u
Vs’

However, the Assumptions (A2), (A3) of Section 3 are satisfied for

1
Ka(s) = B(s) = sup [dyh(s, V)] Ik (s, I 120 <572
v

The paper is structured as follows: Section 2 contains preliminaries and basic def-
initions. In Section 3, we present the main theorems of this paper about existence
and uniqueness of solutions, the approximation using BSDEs based on Lévy pro-
cesses with finite Lévy measure, and the comparison result. The latter we also prove
there. Having stated and proved some auxiliary results in Section 4, including an
a-priori estimate for our type of BSDEs, we are able to prove existence and unique-
ness and the approximation result from Section 3. In the appendix, we recall the
Bihari-LaSalle inequality and the Jankov—von Neumann theorem.

2 Setting

Let X = (X/)/e0,7 be a cadlag Lévy process on a complete probability space
(2, F,P) with Lévy measure v. We will denote the augmented natural filtration of
X by (Ft)seo,r7 and assume that 7 = Fr. For 0 < p < oo we use the notation
(Ll’, Il - ||p) = (LP(2, F,P), || - lLr). Equations or inequalities for objects of these
spaces throughout the paper are considered up to P-null sets.

The Lévy-It6 decomposition of a Lévy process X can be written as

Xt:at—i—UWt—}-f

<N (ds. dx) + / *N(ds,dx), @)
10,¢]x{lx|<1}

10,2]x{|x|>1}

where a € R, 0 > 0, W is a Brownian motion and N (1(7 ) is the (compensated)
Poisson random measure corresponding to X, see Applebaum (2004) or Sato (1999).
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Notation

Let S? denote the space of all (F;)-progressively measurable and cadlag
processes Y : Q x [0, T] — R such that

2 . 2
||Y||52 =FE sup |¥;|° < o0.
0<t<T

e We define L2(W) as the space of all (F;)-progressively measurable processes
Z: Q2 x [0, T] — R such that

T
”Z”iz(w) = Ef |Z, % ds < .
0

e LetRy := R\{0}. We define L> (]\7) as the space of all random fields U : © x

[0, T] x Ry — R which are measurable with respect to P ® B (Rg) (where P
denotes the predictable o -algebra on Q2 x [0, T'] generated by the left-continuous
(F)-adapted processes) such that

Wui?., . :=]E/ U, (x)|* ds v(dx) < oo.
L2<N) 0.71xRy

L2(v) :== L* Ro, BRo) . v), |- := Il - 2209
LP([0,T]) := LP([0,T], B([0,T]), ) for p > 0, where X is the Lebesgue
measure on [0, T'].

e With a slight abuse of the notation, we define

12 (Q; LY([0, T])) Q)

T

2
:={F e LY Qx[0,T],F® B0, T, PR : ]E[/ |F (o, t)|dt} <oo.}
0

For F € L* (2 L'([0, T])) , put

F(w,s)

Ir(0)

e A solution to a BSDE with terminal condition £ and generator f is a triplet
(Y,Z,U) € 8 x L2 (W) x L? (N) which satisfies for all ¢ € [0, T:

T
Ir(w) ::f F(w,t)dt and Kr(w,s):= (6)
0

T T
Y =§+/ [, Y, Zs, Us)ds_/ stWs_/ Us(x)N(ds,dx). (7)
t t 1t,T1xRy

The BSDE (7) itself will be denoted by (&, f).

3 Main results
We start with a result about existence and uniqueness which is proved in Section 5.

Theorem 3.1 There exists a unique solution to the BSDE (£, f) with & € L? and
generator f : 2 x [0, T] x R x R x L?(v) — R satisfying the properties
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Page 6 of 33 Geiss and Steinicke

(Al) Forall (y,z,u) : (w,s) — f(w,s,y,z,u) is progressively measurable.
(A2) There are nonnegative, progressively measurable processes K1, K>, and F
with

< o0 (8)

o]

T
Cg = Hf (Kl(.,s) + Kz(.,s)2> ds
0

and F € L*? (Q; Lo, T])) (see (5)) such that for all (y, z, u),
[f(s,y,z,w)] < F(s) + Ki(s)|yl + K2(s)(|z| + [[u]), P& Ar-ae.

(A3) For A-almost all s, the mapping (y, z, u) — f(s,y, z, u) is P-a.s. continuous.
Moreover, there is a nonnegative function o € LY[0,T)D, ¢ > 0 and a pro-
gressively measurable process B with fOT B(w, s)%ds < c, P-a.s. such that for
all (y, z,w), (v, 2, u),

(y_y/) (f (57 y,Z,M)—f(S, y/,Z/,M/))
<a@p(ly =Y +B6) |y —y|(z—2|+ |u—u]

where p is a nondecreasing, continuous and concave function from [0, oo to

itself, satisfying p(0) = 0, and [y ﬁdx = oo.

(A4) The function p in (A3) satisfies lim Supy |0 pe) =0.

X

) ,P® A-a.e.,

If f satisfies only (A1)—(A3), then there exists at most one solution.

For p(x) = x, we are in the case of the ordinary monotonicity condition. Another
example for a function p is given by
| )min<x, é)

p(x):l—min(x,z , x=>0.

Remark 3.2

1. Condition (A2) implies that f (s, y, z, u) is integrable for a.e. s € [0, T] since,
by Fubini’s theorem,

T
f E| £ (s, y, 2, w)lds
0

T
< IE/O [F(s) + Ki(s)|y| + K2(s)(|z] + [lul)]ds < oo. (€))

2. If limsup, p(;z) = 0 is satisfied one can derive Lipschitz continuity of
f(s,y, z,u) in z and u from the monotonicity condition in (A3). We require (A4)
since we later want to apply (Yin and Mao (2008), Theorem 2.1), where Lipschitz
continuity in u is used to show uniqueness of solutions. If only (A1)—-(A3) are
satisfied but not (A4), and a Lipschitz condition in z, u holds nevertheless, all
of the article’s theorems remain valid. One can show that (A4) does not follow
from the other conditions imposed on p in (A3): Assume a decreasing sequence

(Xn)peg with xo = 1 and lim,_, o x, = 0. Define
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VX if x=x,,n=0,1,2,...

VX if x> 1orx =0.

and let p be continuous and piecewise linear on 10, 1]. The so defined p is
a concave function with limsup, 10 % = 1. The sequence (xn);’o:0 can be

p(x) = {

constructed such that fO] ﬁdx = o00. For example, choose x| such that

fx] p(lx) dx > 1, and if x,, has been chosen find x4+ such that

Xn 1
[ i = 5 ogts) ~ logGuns) (Vs + i) =
Xn+1

The next result shows how a solution to a BSDE can be approximated by a
sequence of solutions of BSDEs which are driven by Lévy processes with a finite
Lévy measure. We do this by approximating the underlying Lévy process defined
through

Xt:at+0Wt+f

xN(ds, dx) +/ xN(ds, dx)
10,11x{x|>1}

10,¢1x{|x|<1}
forn > 1 by

X!=at+oW;+ /

10,1]x{lx|>1}

The process X" has a finite Lévy measure v,. Furthermore, note that the

compensated Poisson random measure associated with X" can be expressed as
N" = X{1/n<|x|}N Let

xN(ds, dx) +/ xN(ds, dx).
10,z]x{1/n<|x|<1}

T = (Q, 0 VAN,
J" :=0(X”)V./\/, n>1, (10)

where N stands for the null sets of F. Note that (J"),2 forms a filtration. The
notation (J");,2, was chosen to indicate that this filtration describes the inclusion of
smaller and smaller jumps of the Lévy process. We will use

By = B[ |7"]
for the conditional expectation.

The intuitive idea now would be to work with a BSDE driven by X” where one
uses the data (E, &, E, f) . The problem is that the generator f needs to be progres-
sively, and also jointly measurable w.r.t. (w, ¢, y, z, u), but it is not obvious whether
the conditional expectation E, f preserves this property from f. For BSDEs driven
by a Brownian motion, this problem has been solved in (Ylinen (2017), Proposition
7.3), but this proposition does not apply to our situtation. Therefore, we next pro-
pose a method for the construction of a unique progressively measurable and jointly
measurable w.r.t. (w, ¢, y, z, u) version of [E, f.

Definition 3.3 (Definition of f,,) Assume that f satisfies (A1), (A2) and that J :=
(JM)SE[O ool is built using (10), where [-] denotes the floor function. Let *f be the
optional projection of the process

) Springer Open



Page 8 of 33 Geiss and Steinicke

[0, o0o[ x © x [0, T] x R? x L?(v) —> R,
(s, 0,8, 9,z,u) = flw,1,y,z,u)

in the variables (s, w) with respect to J, and with parameters (t, y, z, u). For each
n > 0, assume that the filtration F"* := (]-",")te[o T is given by F}' :== F; N J". Let
[fn be the optional projection of

(w,1,y,2,u) = *If(n,w,t,y,2,u)

with respect to " with parameters (y, z, u).

The reason for using the filtration (7'1) €[0.00[ inStead of the (7")72,, from (10)
is that one can apply known measurability results w.r.t. right continuous filtrations
instead of proving measurability here directly. Indeed, the optional projection %Jf
defined above is jointly measurable in (s, w, t, y, z, u). For this we refer to Meyer
(1979), where optional and predictable projections of random processes depending
on parameters were considered, and their uniqueness up to indistinguishability was
shown.

It follows that for all (¢, y, z, u),

O’Jf(n7t7 y’ s M) ZEnf(t, ya Zau)a P_a's'

Then, since f is (F¢);¢o,r1-progressively measurable, for alln > 0, ¢ € [0, T] and
all (v, z, u), it holds that

falt,y,z,u) =E, f(t,y,z,u), P-as. (11

Hence, f,(t,y, z,u) is a jointly measurable version of E, f(¢, y, z, u) which is
(]-"t”) IE[O’T]—optional, so especially it is progressively measurable.

We comment on the compatibility of the solutions (Y”, Z", U") from the BSDE
corresponding to (E,&, f,,),

T T
yr = Eye +/ fu (5. Y2, 20, UMY ds —/ Zraw,
13 1
— / U"(x)N"(ds, dx)
16, T1xRg
with the space §2 x LE(W) x L? (1\7):
The triplet (Y”, Z", U") € §? x L2(W) x L? (1\7") can be canonically embedded

in the space S x L>(W)x L? (ﬁ > basically by extending U}’ (x) onto Rq by defining

Ul (x) :=0for |x| < % Moreover, recall that N = X{l/ns\xl}l\?7 so that

/ U"(x)N"(ds, dx) = / UM () x(1/n<lx} N (ds, dx).
1t,T1xRy 16, T1xRy

Therefore, (Y", z", UnXR\]—l/n,l/n[) solves (E, &, f,) in S2x L2(W) x L? (1\~/>

) Springer Open
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Theorem 3.4 Let & € L? and let fsatisfy (A1)—(A3). Assume that the BSDE driven
by X" with data (E,&, f,) (where f, is given by Definition 3.3) has a unique solution
denoted by (Y", Z", U") . If the solution (Y, Z, U) to (&, f) exists as well, then,

(Y",z".u")— (Y,Z,U)

in LX(W)x LE(W) x L? (N) on (2, F, P). Moreover, if f additionally satisfies (A4),
then the mentioned solution triplets exist.

The benefit of this approximation becomes clear in the proof of the compari-
son theorem which we state next. There, we only need to prove the comparison
result assuming a finite Lévy measure, since the general case then follows by
approximation.

Another consequence of this approximation result concerns nonlinear expecta-
tions. (For a survey article on nonlinear expectations the reader is referred to Peng
(2010)). In the case of Lévy processes, provided that f(s, y, 0,0) = O for all s and
v, the process Y; has been described by Royer (2006) as a conditional nonlinear

expectation, denoted by E,f '5 := Y,. Hence, our theorem implies that

(B Eq¢)

Theorem 3.5 Let f, f' be two generators satisfying the conditions (A1)—(A3) of
Theorem 3.1 (fand f’ may have different coefficients). We assume § < &', P-a.s. and
for all (y,z,u), f(s,v,z,u) < f'(s,y,z,u), for P® ra.a. (w,s) € Q x [0, T].
Moreover, assume that f or f' satisfy the condition (here formulated for f)

(Ay) f(s,y,z,u)—f(s,y,z,u) < /Ro (W'(x) —u@)vdx), PRirae
forall u,u’ € L>(v) withu <u'.

Let (Y, Z,U)and (Y', Z', U’) be the solutions to (&, f) and (&', f'), respectively.
Then, Y; <Y/, P-a.s.

= (Ef g) inL2(W).

t€[0,T] tel0,T]

Proof The basic idea for this proof was inspired by the one of Theorem 8.3 in
El Karoui et al. (2009).

Step 1:

In this step we assume that the Lévy measure v is finite. We use Tanaka—Meyer’s
formula (cf. Protter (2004), Theorem 70) to see that for 7(s) := 28(s)* + v(Ro),

! 2 r 2
ef() n(s)ds (Y[ _ Yt,)Jr _ ef() n(s)ds (S _ E/)+ + M)
T S
+ / el IO v [2(F = X)), (F 6. ¥ Z6, U
t

—f' (.Y, 2, U)))
— |z = Z) = ns) v, - ¥

_ /]Ro <(Ys — Y[+ Uy () — U) — (% - )

“2(U, ) = UJW) (¥ = ¥)) ) vid) | ds.

) Springer Open



Page 10 of 33 Geiss and Steinicke

Here, M (¢) is a stochastic integral term having zero expectation which follows
from Y, Y’ € S2 (this holds according to Theorem 3.1). Moreover, we used that on
the set {AY, > 0} (where AY :=Y — Y’) we have (Y‘Y — YY/)+ =Y, — YY’| Taking
means and denoting the differences by A§ :=&§—&', AZ :=2Z2-7', AU :=U-U’
and Af := f — f’leads us to

T
Eelo 194 (AY,)2 = Eel 194 (Ag)2

+E {/T oo 1Ty 1y 0y [2(AY)4 (f (s, Yy, Zs, Us)
~f (s,tY;, Z;,U)) = 1AZs)> = n(s) |AY, 2

- /R 0 (A%, +AU0% - A¥)}

=2 (AUs(x)) (AYy) 4 ) v(dx)] ds} ,

(12)
We split up the set Ry into

B(w,s) = B = {AUg(x) > —AYy} andB€.

Taking into account that & < &', we estimate

t T S
Eelo 1945 (AY)2 <E { f eo 19Ty v o) [2(Am+ (f (s, Ys, Zs, Uy)
t
—f (5, Y., Z., U})) = |AZs|* = n(s) | AY,] —/|AU )? v(dx)

+ f ((Ami+2(Aus(x>)(AYs>+)v(dx>} ds}.
B¢

(13)
We focus on the term (AY;)+ (f (s,Ys, Zs, Us) — f/ (s, Y., Z,, US/)), and denot-
ing (¥, 2), (Y, Z")) by (©, ®), we derive from f < f’ that

(AY) 1 (f (5. 05, Ug) — f' (5. 04, UL)) = (AY) 4 (f (5. ©5. Us) — f (5.0}, U})
+f (5. 0. US) = f' (5. 65. U))
< @AY (f (5. 05, U — f (5. 04, UY)) .

We continue with the observation that on {w : AY; > 0} we have
= {AUs(x) < =AY} € {U(x) > Us(0)},
so that

Uxg+Usxpe <U.xp+U.xge on {w:AY,>0}.

) Springer Open
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Therefore, we split (AY)4 (f (s, Oy, Uy) — f (s, ©), U})) into two terms; one
we estimate with (A3) and the first inequality of (14), while for the other we use (Ay):
(AYS) 4 (f (5,05, Us) = f (5, O, Uy)) = (AYs) 4 (f (s, Os, Usxs + Us xpe)
_f (Sa ®g‘a U;XB + UYXBC))
+ (AYs)+ (f (5, O, Uixs + Usxse)
—f (s, ©5. Uixp + Ui xpe))
< a()p ((AY1) + B0 (MY}
|AZ? N IAUs xa*
2 2

— | (AY)4+AUs(x) xpev(dx).
Ro

Thus, by the last two inequalities, (13) evolves to

ot T S
Eeh 1% Ay} <E { j el 1O vz [20)0 ((AYOR) +28()2(AY)E

t

+AZ? + AU x5 — f 2(AYy) (AU (x))v(dx)
BC

—|AZ)? = n(s)|AY,]? —f |AU;(x)|? v(dx)
B

+ /B ((AYS)Z+ +2(AYy), (AUS(x))) v(dx)] ds} .

Because of IIAUS)(BII2 = fB|AUs (x)Izv(dx), we cancel out terms and get

t T N
Relo 1ds (AY)2 <E {/ elo 1Oy ) [206(S),0 ((AYQi) +2B()*(AY))

t

—n(s)|AYy|2+f (AYS)%rv(dx):| ds}.
B¢
Bounding [, (AY,)2v(dx) by v(Rg)(AY;)3, leads us to

T S
Eeli 1% (AY)L < E { / el 1Oy a0y 20D ((AYDD)

t

+B()? + vROIAY)L = n()| A, 2] ds}
It remains, also using the definition of ,
Eeo 1045 (AY)2 < E [T elo 104720 (5)p ((AY,)2) ds.

T
The term /o 7047 js P-as. bounded by a constant C > 0. Thus, by the concavity
of p, we arrive at

E(AY,)? <E [efo’"@)dS(AY,)i] < [T 2Ca(s)p (E(AY,)2) ds.
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Then, the Bihari—LaSalle inequality (Proposition 5.2)—a generalization of Gron-
wall’s inequality—shows that IE(AYI)?|r = 0 for all ¢ € [0, T], which is the desired
result for v(Rg) < oo.

Step 2:

The goal of this step is to extend the result of the first step to general Lévy
measures. We adapt the notation of Theorem 3.4 for Y", Y™, f,, and f,. Now, we
claim that for solutions Y” and Y"' of (E,£, f,) and (E,&', f;), Step 1 granted that
Y" < Y" :1Indeed, f, < f, holds by the monotonicity of E,, and also (Ay) holds
for f, if it did for f. One notes that the process X" which is related to (E,£&, f,,) and
(E,&’, ;) has a finite Lévy measure v, satisfying v,(|x| < %) = 0, while in (Ay)
we still have v. However, the solution processes U" and U™ are zero for |x| < %
(see the comment before Theorem 3.4).

Hence, we need (Ay) only for u and u’ which are zero for |x| < %, and for those
u and u” we may replace v by v, and then apply Step 1. Finally, the convergence of
the sequences to the solutions ¥ and Y’ of (&, f) and (£, f'), respectively, in L>(W)
shows ¥ < Y’, and our theorem is proven. O

4 Auxiliary results

We will frequently use the following basic algebraic inequalities (special cases of
Young’s inequality) which hold for all R > 0:

ab< — +2  and  ab< — + . (14)

The following proposition states, roughly speaking, that for the BSDEs considered
here it is sufficient to find solution processes of a BSDE in the (larger) space L2(W)x
L2(W) x L*(N).

Proposition 4.1 If (Y, Z, U) € L>(W)x L>(W) x L? (1(7) is a triplet of processes
that satisfies the BSDE (&, f) with & € L? and (A1), (A2), then (Y, Z,U) is a
solution to (7), i.e., (Y,Z,U) € 82 x LZ(W) x L? (ﬁ) In particular, there exists a
constant C1 > 0 such that

2 2 2 Ci(14+Ck)? 2 2
||Y||Sz+||Z||L2(W)+||U||L2(N)se1 ) (EIE]> + EI2)

where Cg was defined in (8) and I in (6).
Proof Since (Y, Z, U) satisfies (7), it holds that

|Yt|2 =Yé&+ Y, ftT f(s,Ys, Zs, Ug)ds — Yy ftT Z.dW,
=Y [y 71xRy Us (x)N(ds, dx).
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We apply the first inequality of (14), where Y; takes the role of a, to get for an
arbitrary R > 0:

2 2
i< Y B g

2 - 2
ftT ZdW,| + ‘-[]I,T]X]Ro Uy (x)N (ds, dx)’ )

HY ST G0 Y, Zs, U)lds.

Condition (A2) implies

Y, |? RIE|?
< 9+ 8 g

[T zaw;

2 - 2
+ ‘jit,T]xRO Us(x)N(ds, dx)‘ )

HY| T (F () + K1 )Yl + Kas) (1Zs] + U D) ds.

We estimate with the help of the inequalities (14),

1Y, 2 RI%)

2R 2
K@Y < ki) (L 4 RIGEY
- 2R 2
Ko (s)?|Y,|?
2R

Y[ F(s) < KF(S)(

A

A

Yi1K2(s) (1Z,] + U ) < + R(1Z2 + 10U, I7) .

Hence,

Y12 RIE)?

T
|Yt|2§—( +/ (Kp(s)+K1(s)+K2(s)2)ds)+
'

2R
R T 2
+ R / Z.dW,
2 ‘

R T T TRK v
+31§~/ KF(S)dHR/ (1742 + 1U,12) ds +/ %d&
t t ;

2
+ ‘ / U, ()N (ds, dx)
16.T1xRo

Note that [; Kr(s)ds = 1 and choose R = R := 5+ [ (K1(s) + K2(s)?) ds
so that

2
IT zaw;

+

- 2
|Yt|2 < Ro |:|€|2+Supte[O,T]< f]t,T]xRO Us(x)N(ds, dx)‘ )
HIE 42 fo 1ZP + U IRds + [ Kl(s)mﬁds} :

Since Y is a cadlag process, we may apply (46) from the appendix which leads to

)}

) Springer Open

T
T N o
|Y; 2 <Rgefofo Ki)ds [|s|2+1% +2 / |Zs 1> + |Us |12 ds
0

T
+ sup / ZsdWs
ref0,T1 \|Vz

2
+ ‘f U, (x)N(ds, dx)
16, T1xRy
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The inequality (a + b)> < 2a® + 2b* and then Doob’s martingale inequality

used on
T t 2
sup / Z,dW —/ Z.dW,
re[0,71 \ W0 0
_ _ 2
+ / Us(x)N(ds,dx)—/ Us(x)N(ds, dx)
10, T]xRq 10,¢]1xRg

yield, since a.s. Ry < 5+ Cg and fOT Ki(s)ds < Ckg,
2 2 2 T 2 2
E sup |Y:|” < c1 |El§|" +El; + 12E |Zs|” + 1Usll” ) ds (15)
1€[0,T] 0
with
c1 = (5+ Ck)ePTeRCr, (16)

For a progressively measurable process 1, which we will determine later, Itd’s
formula implies that
T S
Yol> + fy el 14T (n()[¥,* +1Zs > + | Us]1?) ds
T S
= M(0) + el "B g2 4 [Toeh 1Oty f(s ¥y, Z, Upds,  (17)

where

T s
M) = — / 2eo @ty 7 aw,
! (18)
_ / 2elo N7 ((YS_ +U,(x))? — Yf_) N(ds, dx).
16, T1xRo

Provided that HfoT n(r)dr HLOO(P) < 00, one gets EM () = 0 as a consequence

of (15) and the Burkholder—Davis—Gundy inequality (see, for instance, (He et al.

(1992), Theorem 10.36)), where the term ((Y;— + Us(x))? — Y2

_)2 appearing in the
integrand can be estimated by

(1Ys— + Us )] + Y5 D> (Yse + Us ()] — [Ys—D* < 4 sup |V,]? |Us(x)]%.
rel0,T]

By (A2) and (14), we have

YIf 5. Yoo Zeo U < IVITFG) + K1 )Yl + Ka()(Ze] + U )]
Ko (s)?| Y
= F(®)IY;l +K1(s)|YS|2+2R%
NEASA 1A
2R ’
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We use this estimate for R = 2, and taking the expectation in (17), we have

T X T z 2 U 2
E/ efO n(t)dt (ﬂ(s)lyx|2‘st|2+”Ux||2> dste«/OT ’7<S)d5|§|2+E/ er n(t)dt <| s ';H Al >ds
0 0

T s
+ ZIE/ el 104 F(9yds sup |V
0 te(0,T]
T S
+E/6%MWQ(MQHJKAN>ﬁw.
0
(19)
Then, we choose n(s) = 2 (K 1(s) + 2K 2(3)2) and subtract the terms containing
Y, Z, and U from the left hand side of (19). Moreover, we apply the first inequality
of (14) to the term containing the supremum. It follows that

T ) T ) 2
E/ eo N (|Zs|2 + 11Us ||2) ds <2E [efOT n(s)d3|§|2:| + 2RE |:/ elo "(T)dTF(s)ds]
0 0

2
+ —E sup |Yt|2.
R 0,1
(20)
Note that

T T
B[ (1P 1UR)ds <E [ i1 (12,2 4 012 ds.
0 0
Hence, by (20) and fOT n(r)dr < 4Ck a.s., we have

T
2
IE/ (|zs|2 n ||Us||2> ds < 2e*CKE|E]> + 2RSCKEIZ + ZF sup |V, 21)
0 R iei01)

Now, we can plug in (21) into (15) and vice versa which yields for R := 48¢; that

E sup 1Y% < (2c1 +48€1€4CK) Elg)* + (2c1 + (4801)2e8CK) IEI%,
1€[0,T]

and

T
1 1
E/ (1Z6P + 1UIP)ds = (= +4e*% JBIE P+ ( = + 19261655 ) E12.
0 12 12
Using (16) it is easy to see that there exists a constant C; > 0 such that each factor
in front of the expectations on the right side of the previous two inequalities is less
than eC1(1+Cx)?,

O

Our next proposition will be an L? a-priori estimate for BSDEs of our type. For the
Brownian case, L? a-priori estimates are done for p € [1, oo[ in Briand et al. (2003),
and for quadratic BSDEs, for p € [2, oo[ in Geiss and Ylinen (2018). For BSDEs
with jumps, for p €]1, ool, see Kruse and Popier (2016, 2017); while Becherer et al.
(2018) contains an a-priori estimate w.r.t. L°. The following assertion is similar to
(Barles et al. (1997), Proposition 2.2), but fits our extended setting.
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Proposition 4.2 Let £, &' € L? and let f, f' be two generator functions satisfy-
ing (A1)—(A3), where the bounds in (A2) and the coefficients in (A3) may differ for
fand f'. The coefficients of f' in (A3) will be referred to as o' and B'. Moreover

let the triplets (Y, Z, U) and (Y', Z', U’y € LA (W) x L2(W) x L2 (N) satisfy the

BSDEs (&, f) and (&', f'), respectively.
Then,

2 2
1y — Y/”%Z(W) + ”Z - Z/”Lz(W) + ”U - U/”Lz(l\?)

<h <a, b EIE — &'+ 2B [T 1Y, — Y/|| £t Y0, Z0, U — £, Y, Zo, Uy dt),
where a = fOT o' (s)ds, b = HfOT B'(s)%ds Hoo, and
h :]0, oo[x]0, co[ x[0, oo[— [0, oo
is a function such that h(a, b, x) - 0 = h(a, b, 0) if x — 0.
Proof We start with the following observation gained by Itd’s formula for the dif-
ference of the BSDEs (&, f) and (¢/, f). We denote differences of expressions by

A.If n = 48'(s)?, we have analogously to (17)

e 1OBIAY, 2 4 [T elo 109 ()| AY, P+ |AZ 2 + [ AUSIP) ds
= el 1S AE R 4 M (1)
+ [ 26l MO AY (f (s, Yy, Zo Uy) — f1(5,.Y{, Z, UD)ds, (22)

where

T 'S
M(t) = —/ 2edo "OATNY A Z AW,
t

- f i 2elo 10 ((Ays, + AU (x))? — AYE,) N(ds, dx).
16.T1xRo

By the same reasoning as for (18), we have EM (#) = 0. We now proceed with
the (standard) arguments similar to those used for (17)—(19). By (A3) and the first
inequality from (14),

AY(f'(s, Ys, Zs, Us) — f'(s, Y{, Z5, U))) < & (s)p (IAYslz) + B/ ()IAY(|AZ]

+ AU o' @)p (147 12)

N B (5)?|AY)? +R (IAZ)? + | AU
R 2 )

(23)
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Taking the expectation in (22) and then using (23) with R = 1 (such that we can
cancel out the terms with Z and U on the left side), leads to

T S
Eelo 1945 |AY, |2 + E / el 14T ()| AY, Pds < Eelo 1645 a5 2

t

T )
+E / 26l 1O A (AF)(s, Yy, Z,, Uy)ds
t

T s
+E / 10 (20 (1AY ) + /(51 AT, ) ds.
t
The choice 7(s) = 48’ (s)? and the fact that fOT B'(s)%ds < b a.s. leads to

T
E|AY, > < €% <E|As|2 + E/ 2|AY(AS) (s, Yy, Zs, Ux)|ds)

t

T
e [ 20 (BIALE) ds,
t

since p is a concave function.
By Proposition 5.2, a backward version of the Bihari—LaSalle inequality, shows

sup E|AY,|* <
1€[0,T]
T T
G! {G[e‘”’ <E|As|2+ﬂz / AV I(AF)Gs, Yo, Zs. Us>|ds)}+2e‘”’ / a’<s>ds} ,
0 0
(24)

where G(x) = [ ﬁdk.
If we take the expectation in (22) but choose this time (23) with R = % and omit

Eelo n()ds| AY,|2, then
T S

E/ efo n(adr (n(s)mm2 +|1AZs > + IIAUSIIZ) ds
t

T
T s
< Eelo 194 Ae2 L E / 2el0 1O NY L (AFYGs, Yy, Zs, Uy)ds
t
T, AZ % + | AU |?
+E{/ elo "<f>df<2a’(s)p <|AYS|2)+4;3’(5)2|AYS|2+| 5| J;” 5| )ds}.
t

We subtract the quadratic terms with AY, AZ, and AU which appear on the right

hand side. This results in the inequality
E [T elo 100 (|AZ|2 + | AUS|I) ds
< 2 (Bl 1B AEP + B [ 265 100 AY, | |(AF) 6. Yo, Zs, UIds

+E [T el 104720/ (5), (|AYS|2))ds> .
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We continue our estimate by
E [ elo 1047 (|AZ 2 + | AU |1?) ds

<26 (BIAEP + B [T 21AY, 1[N, Vs, Z, Up)lds (25)
+2 ftT o' (s)ds p ( sup E|AYS|2)) ,
s€[0,T]
since n(s) = 48'(s)%. We put
H:=G! {G [e4b (E|A$|2 +E [T 21AY 1(Af)Gs, Yy, Zs, US)|ds>]
+ 2% fOT oz’(s)ds}

so that (24) reads now as sup, (o 71 E|AY; |2 < H.If we add this inequality to (25)
and note that p (sup,cjo 7 E|AY,|?) < p(H), we have

sup E|AY, > +E [ |AZiPds + E J)| AU |2ds
s€[0,T]

< 26" (EIAE2 +E [ 21AY] - [(AN)s, Yo, Zy, Uy)lds )
+ (26 [ o/ ()ds + 1) - (d + p) (H).

Note that the integral condition on p implies that, if the argument of G approaches
zero, then the right hand side vanishes. O

The following Lemma will be used to estimate the expectation of integrals which
contain |Y;|?.

Lemma 4.3 Let &€ € L? and assume that (A1) and (A2) hold. If (Y, Z,U) is a
solution to (&, f) and H is a nonnegative, progressively measurable process with

”fOT H(s)ds Hoo < 00, then

T T
IE/ H(s)|Ys|%ds §e2CKEf H(s)ds|€|?
0 0 (26)

T
+ 2¢°Ck / H(s)ds - Ir
0

1Yl s2-
2

Proof From the relations (17), (18) and integration by parts applied to the term
T
fOT H(s)ds - eJo s |y 12 we get

T T . T / ps
/ H(s)ds - 0 "0 |y 2 = f H(s)elo 10y, 2q5 — / (/ H(r)fff)dM(s)
0 0 0 0

T s s
([ o) e (s + 1z + o
0 0

—2st(S, Ys, Zg, Us))ds-
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We take expectations and rearrange the equation so that

T T
E/ H(s)elo 104ty 245 < | [/ H(s)ds - oo '7(5>d5|g|2]
0 0
T K "
+E [ / ( / H(r)dr) 1D Y, 15, Y, 74, Uy)
0 0

—n@YP =17 = U1 ds} :

By Assumption (A2) and (14), we have

2Y, £ (s, Ys, Zs, Us) < 2|¥|F(s) + 2K (s)|Ys|?
+ 2K ()| Y5 (1 Zs| + 1UIl) < 2|Ys|F(s)
+ 2K (5)|Ys > + 2K2()21 Y52 4 1 Zs | + | Us1%,

so that for n(s) = 2K (s) + 2K»(s)? it follows

T T T
E/ H(s)|Ys|2ds < EU H(s)ds - elo W”’ﬂsﬁ}
0 0

T K s
+2F U (/ H(r)dr) eo ”(’)dTF(s)IYX|ds:|
0 0

T (27)
< ¢*°KE U H(s)ds - |§|2}
0

+ 2¢%Ck 1Y g2

2

T
/ H(s)ds - Ip
0

5 Proofs of Theorems 3.1 and 3.4
5.1 Proof of Theorem 3.1

Step 1: Uniqueness
Uniqueness of the solution is a consequence of Proposition 4.2, since the terms |§ —
g'|and | f (s, Y, Zs, Us) — f'(s, Y5, Zs, Uy)| are zero.

The proof of existence will be split up in further steps.

Step 2:
In this step, we construct an approximating sequence of generators f for f
and show several estimates for the solution processes (Y", Z", U") to the BSDEs
(& ™).

For n > 1, define c,(z) := min(max(—n, z), n) and &,(u) € L*(v) to be the
projection of u onto {v € L2(v) : |lv|| < n}. Let (Y", Z", U™) be the unique solution
of the BSDE (£, f™), with the definitions

Fw, 5, y,z,u) = fw,s,y,ca(2), Enw)),
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and

f(”)(a), S, y,2,u) = sign (f(")(w, s, Y, 2z, u))
x[F(w,s) An+ (Ki(w,s) An)|y| + (Ka(w, ) An)(|lca ()] + 18 w)1)]

if |f(")(a), s, v,z2,u)| > F(w,s) An+ (Ki(w,s) An)|y]
+(Ka(w, ) An)(len ()| + [IEa () 1D,
and
P, s, y,z,u) = f(w,s,y,z,u) else.

Note that f M) satisfies (A1)-(A4), with the same coefficients as f. Moreover,
by (A4), f satisfies a Lipschitz condition with respect to u (see Remark 3.2).
Thus, thanks to (Yin and Mao (2008), Theorem 2.1), (5  f (”)) has a unique solution
(Y™, Z", U"). Moreover, by Proposition 4.1, we get that

2 2 2
1Y 1%+ 12" [ 2y + 10" |2y < €10 (]E|5|2 +E112v) < oo, (28)
uniformly in n. This implies that the families
sup |Y/'l,n>0], (|Y"|,n > O) and (|1Z"|+ |U"|l,n > O)
tel0,T]

are uniformly integrable with respect to P, P ® A and P ® A, respectively.

Step 3:

The goal of this step is to use Proposition 4.2 to get convergence of (Y”", Z", U"),
in L2(W)x L*(W)x L*>(N) for a subsequence ny 1 o0 if 8., — Ofork > 1 — oo,
where

T
Spm = IE/ \Y: =YY (s, Y0, 22Uy — fO (s, Y2, Z2, UL |ds.
0

We observe that the difference of the generators is zero if two conditions are sat-
isfied at the same time: First, if |Z"|, [|U]'|| < n, and additionally, by the cut-off
procedure for F, K1, K», if

n > max (F(w,s), Ki(w,s), Ky(w, s)) =: k(w, s).
Thus, putting
Xn($) 1= X{1Zn|>n}U(lUn | >n}Ulk(s)>n} (29)

we have

T
Sum =E / Y2 =Y f (s, Y0, Z2, U8 — £ (s, Y2, Z2, UL) [ xn(s)ds
0

T
= E{/o 207 =¥ )% (F&) + K1 1+ Ka) (1771 + nUS"n))dS},
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due to the linear growth condition (A2). We estimate this further by

T
S <E [ a0 FG)s  sup %71+ sup |17
0 rel0,T] rel0,T]

T
+E/0 Xn(8) Ka(s) (1Y 1+ 1Y) (1251 + UL 1) ds (30)

T
+E/ YT — Y| Y7 | (s) K1 (5)dls
0
=84 00 + 80

For 8,(112,1 we use the Cauchy—Schwarz inequality,

T
s <2 (E ‘ / Xn(s) F(s)ds
0

2\ 2
) (7" ls2 + 1Y s2) -

Since sup,, [|Y"|ls2 < oo according to (28), it remains to show that the integral
term converges to 0 for a subsequence.

Since |Z?| and ||U}|| are uniformly integrable w.r.t. P ® A, we imply from (29)
that x, — 0in L' (P ® A). Hence, there exists a subsequence (ni)k>1 such that

X, > 0 k— o0, P®A-ae. (31

2
By dominated convergence, we have E ‘ fOT X S F (s)ds‘ — 0 for k — o0
since F € L? (Q; L1([0, T])) .
For 8,(32,1, we start with the Cauchy—Schwarz inequality and get

Lzm)}
1

T 2
x [E/ X (5) Ka(5)? (|Y;’|2+ |Y;"|2) ds}
0

() k k
o2 = 2500 |2 1, + [0

By Lemma 4.3,
T
B[ o0 Ka? (19 + 177 R) ds
T
< 2K / 1 (5) Ka(5)?dsle (32)
0

4 262Ck (7" lls2 + 17" ll52) -

T
f xn(s) K2(s)?ds - Ir
0 2

Hence, (31) implies 8,(,2,,, — 0 for k — oo.
Finally,

T
50 <28 [ (2P + 17P) 50 ) K51,
0
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so that we can argue like in (32) to get that 8,&:),” — Ofork — oo.

Thus (Y™, Z", U");>1 converges to an object (¥, Z, U) in L?>(W) x L* (W) x
L2 (N)

Step 4:

In the final step, we want to show that (Y, Z, U) solves (&, f). For the approximat-
ing sequence (Y"k, Z"k, U"*), |, the stochastic integrals and the left hand side of
the BSDEs (E, f (”k)) obviously converge in L to the corresponding terms of (£, f).

o0
Therefore, this subsequence of ( ftT F@ (s, ¥, zr,um) ds)
n

] converges to a ran-
dom variable V;. We need to show that V; = ftT f(s,Ys, Zs, Us)ds. To achieve this,
consider

8o i=E [T 1f® (s, Y2, 20 UN) — f (s, Y], Z2, U} Ids
FE [T If (s, Y2, 20, U2) — f (5, Yy, Z, Uy) |ds. (33)

We start with the first integrand where, by the definition of f,, and (29), and the
growth condition (A2),

IF (s ¥ 25, 07) = f (5. Y7 23, U7 |
= 1" (1 20 U7) = f (5. Y0 20 U0F) L
<2(F($)xn(s) + K1Y X (8) + Ka()xa (8) (1271 + 11U 1))
=:2 (K,gl)(s) + K,Ez)(s) + K,(,3)(S)) .

The estimates are similar as in the previous step. Thanks to (31), we have
E ftT K,(,,lc) (s)ds — 0. For the next term, the Cauchy—Schwarz inequality yields

T
E /t KD (s)ds <

so that by (31) the first factor converges to zero along the subsequence (ny). The last
term we estimate using the Cauchy—Schwarz inequality w.r.t. P ® A,

T T 5
E [ K,S)(s)dss[ﬂz /O Kz(S)ZXn(S)dS] st;p[\)zl Lz(ﬁ)]

and again by (31), we have convergence to zero along the subsequence (ny).

We continue showing the convergence of the second term in (33). We extract a
sub-subsequence of (ny)r>1, which we call—slightly abusing the notation—again
(ni)k>1 such that (Y, Z"™ U"), regarded as a triplet of measurable functions with
values in R x R x L%(v), converges to (Y, Z, U) for P® r-a.a. (w, s) . Then, for an
arbitrary K > 0, we have

T
fo xn(s) Kq1(s)ds

!
sup [|Y" [l s2,
2 1

|
L2(W)

E/;T |f (S’ Y;lka Z;lk’ U.Ynk) - f(S, YSa ZS’ US)|dS
<E{f]1f (5 0% 2 U8) = £, ¥, 25, U] (34)

x (X{|Y.fksl<,2?k|+||u?" 1=} T Xk ) Xz o ||>1<}> ds} '
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By dominated convergence and the continuity of f,

T
E/ |f (S, Yfk’ Z?k’ U;”) - f(s’ YS, ZS? Us)|X{ }ds —> O,
t

V1<K ZK U <K
since by (A2) we can bound the integrand by

2F(s) + Ki(s)(K + |Ys]) + Ka(s) (2K + | Zs| + [|Us D
which is integrable. We let

e [N R [P

Then, the remaining terms of (34) are bounded by

T
E fo QF(s) + Ki9)|Ys| + Ka()(1 Zs] + 1Us D) xk (1, $)dls
T
+E / Ky Y™ | xk (ng )ds
0

T
+E/ K(s) (127 + U™ ) xx (np. )ds
0
. 1 2 3
=80+ 5% +50.

If we choose a K large enough, then 6,%) can be made arbitrarily small since
the families (|Y?'|,n > 0) and (|Z?| + |U?|l, n = 0) are uniformly integrable with
respect to P ® A. The same holds for
2

T
(62)" < E| [ Ki@ e ds| sup v
B W/ ’ I s

T
/ Ki(s)ds
0

=<

T
E [ / K1) xk (ng, s)ds} sup | Y™ |3,
oo 0 )
and
2 T 5 T 2 2
(8,&2) <2E |:/ K> (s) )(K(nk,s)ds:| sup]E/ (|Z§”| + ||US'” || )ds.
0 I 0
Hence, for §, defined in (33), we have that limy_, « §,, = 0, which implies

T T
/ £ (s, Yfk,zgk,Ufk)ds—/ f (s, Ys, Zg, Us)ds| = 0.
t t

lim E
k—o00
We infer that for a sub-subsequence (ny,, [ > 0) we get the a.s. convergence

T T
/ £ ) (S’ stkz’ Zf"’, Uf”) ds — / f(s, Yy, Zs, Ug)ds.
t t

Thus, for the original sequence, a.s.

T T
/ f(”k) (Syy;lkazgk’ U:lk)ds_) VIZ/ f(sv Y.SWZS’US)dsﬂ
t t

and therefore the triplet (Y, Z, U) satisfies the BSDE (&, f).
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5.2 Proof of Theorem 3.4
We start with a preparatory lemma:

Lemma 5.1 If f satisfies (A1)—(A4), then for all n > 0, f, constructed in
Definition 3.3 also satisfies (A1)—(A4) (with different coefficients).

Proof By definition, (w, t) — f,(t,y,z,u) is progressively measurable for all
(v, z,u), thus (Al) is satisfied. The inequalities in (A2) and (A3) are a.s. satis-
fied, with coefficients E, F,E, K, E,K;, E,B. To ensure that these coefficients
have a (.7-',”) re[0.T ]—progressively measurable version, one applies the procedure from
Definition 3.3 to the inequalities in (A2) and (A3) and notes that an equation
analogous to (11) holds true.

It remains to show a.s. continuity of f;, in the (y, z, u)-variables required in (A3)
for a.e. 7. In (Ylinen (2017), Proposition 7.3), this was shown by the fact that the
approximation of the generators appearing there can be done using spaces of contin-
uous functions. However, since our situation involves Lz(v), a non-locally compact
space, we can not easily adapt the proof from Ylinen (2017) and therefore we will
use different means.

Let D[O, T'] be the space of cadlag functions endowed by the Skorohod metric
(which makes this space a Polish space). The Borel o-algebra B(D[0, T']) is gener-
ated by the coordinate projections p;: D[0, T] — R, x — x(s) (see Theorem 12.5
of Billingsley (1968), for instance). On this o -algebra, let Py be the image measure
induced by the Lévy process X: 2 — D[0, T], w — X(w). We denote by G the
completion with respect to Px. For ¢ € [0, T], the notation

x'(s) :=x(t A s), foralls € [0, T]
induces the natural identification
D[0,7] = {x € D[0, T] : x" = x}.
By this identification, we define a filtration on this space through
G =0 (BDIO, 1D UNX[0,T]), 0=<t<T,

where Nx[0, T'] denotes the null sets of B (D[0, T']) with respect to the image mea-
sure Py of the Lévy process X. The same procedure applied to the Lévy process X"
yields a filtration (G");c[o,77 defined in the same way.

According to (Steinicke (2016), Theorem 3.4), which is a generalization of Doob’s
factorization lemma to random variables depending on parameters, there is a G; ®
B([0, t] x R? x L?(v))-measurable functional

g7:DI0,7] x [0,1] x R? x L*(v) - R
and a G ® B([0, ] x R? x L2%(v))-measurable functional
gs,: DIO0, 1] x [0, 1] x R* x L*(v) — R
such that P-a.s.,
gfX(®),) = f(w,)) and g (X"(@),) = falw,"). (35)
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Note also, that if Px(M) = 0 for M € G, then also P(X~!(M)) = 0. Thus,
without loss of generality, we may assume that (2, 7, P) = (D[0, T], G, Px) and
(2, F',P) = (D([0, t]), G', Px), which are standard Borel spaces. For more details
on D[0, T], see Billingsley (1968) and (Delzeith (2004), Section 4).

Now, fix N € N and let cg := {(a,), € (R? x Lz(v))N :a, — 0}. Fora € co,
let lalle, = sup,enUan (D] + la, (2)| + lla,(3)|), where a(k), k = 1,2, 3 are the
components of @ in R, R and L%(v). The space co is a Polish space. Let By be the
ball with radius N € N in ¢ and let Bl/v be the ball of radius N in R2 x L%(v). The
balls By, B}, are again Polish spaces.

We consider a Borel set M7 of t € [0, T] for which f is continuous in (y, z, u)
and for which it holds that f has an integrable bound:

Elf@ y,z,u)] <EF (@) + EKi(0)|yl + EK2()(|z] + [lul)) < oo. (36)

From (A3) and (9) it follows that one can choose M7 such that A\(M7) = T.
For a fixed t € Mt we define the function

Hp : Q2 x By x By > R, (w,a,¢) = folw,t,an + @),

where ¢ denotes a triplet (y, z, u) € R? x Lz(v). This function is measurable since
fa(, t,-) is measurable, 7, : By X B;\, — R2 x L (v), (a, ) — (am + @) is
continuous and id x 7,, : @ X By x By — Q X R? x L%(v) is measurable.

Next, we consider the map

lim,, 00 fn(w, t,a, + @),  if it exists

H:Qx By x By > R, (0,a,9) > else

The set, where the limit exists is measurable, since it can be written as
1
AU {1 = Hul < 21
k>1 M>0my,my>M

Therefore, H can be written as the pointwise limit of measurable functions and is
thus measurable.
We now know that, for a fixed pair (a, ¢) € By x B},

fat,am + @) =E, f(t, ayn + ), P-as.
Thus, by (36)
[ fu(t, am +@)| <E,F(t) +2NE, K () +4NE, K> (1) < 0.

By the continuity of f and the dominated convergence theorem for conditional
expectations, we infer that up to a null set M (a, ¢) € F/', we have the relation
limy, 00 fu(t, am + @) = limy, 00 By, f (2, am + @) = Ky limyy 0 [, am + @)
=E,f(t,¢0) = fu(t, 9).

In other words, on the complement of M(a,¢), we have H(w,a,p) =
fa(w, t, ). This means that H and f;,(-, t, -) are "versions” of each other. What we
need is “indistinguishability” of the processes.
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For this purpose, let (A, ®) : Q@ — By X B;\, be an arbitrary F/'-measurable func-
tion. Like above, by the definition of the optional projection, (A2), and the continuity
of f, we get the equation

limy, 00 fru(t, A + ®) = fu(t, P),
which is also satisfied P-a.s. This equality means, that
H(w, A(w), () = fulw,t, P(w), a.s.

All F' were complete o-algebras (in fact they contain all null sets of F) and
the spaces By, Bj, were Polish. Thus we may use a generalized version of the
section theorem, the Jankov—von Neumann theorem (Theorem 5.3), by choosing a

uniformizing function (A, <i>> for the set

P ={(w,a,9): Hw,a,¢) # fulw,1,¢)}.

Note that P is a Borel set and therefore especially analytic, since H and f, (-, t, -)
(interpreted as a constant map w.r.t. @) are measurable functions in (w, a, ¢). Since

for this choice of (A, dAD) it holds, as seen above, that

H(w, A(w), ®(0)) = fu(w, t, D), as.

it follows that the projection of P to 2 is a null set. Therefore, H and f;, are indistin-
guishable. Hence, we find a null set My € F, such that for w outside this set and
for all (a, ) € By x Bj:

hm fn(w7 t’ am + (p) = fl’l(wa t’ (p)
m—o0

But this means continuity in all points of B}, a.s. It remains to unite the sets My
for all N € N, to obtain a set such that on its complement the function is continuous
in all points of RZ x L2(v). O]

Proof Step 1:

If f satisfies (A1)-(A4), by Lemma 5.1 all f,, do so as well. In this case, for all
n > 0, the equations (E, &, f,) have unique solutions by Theorem 3.1. In general, the
coefficients in (A2) and 8 differ dependent on n since F, K1, K>, 8 will be replaced
by the coefficients E, F, E, K, E, K>, E, B.

Let us compare the solutions (Y", Z", U") and (Y, Z, U). We start comparing
X", z",U" and (E,Y,E,Z,E,U). Here, for instance, the process ((E,Y);)e[0.7]
is defined as an optional projection with respect to the filtration (.7-',”) 1€[0.T]° sim-
ilar to Definition 3.3. The so defined processes are versions of the processes
(EnYh EnZ;, Ey Ut)te[O,T]-

Using the BSDE for (Y, Z, U), we get P-a.s.

E.Y = Bué + [ Buf(s, Yy, Zy, Uds — [ B, Zd W,
—f]t,T]X{l/nSlxl}EnUs(x)N(ds,dx), (37)

since

E, / U;(x)N(ds,dx) = 0.
16, T1x{1/n>|x|}
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Now, to estimate |[Y" — E, Y|l 2w + 12" — Eo Zll 2w + 1U" — EnUHLz(N),
we apply It6’s formula to the difference of the BSDE (E, &, f,,) and (37). Similar to
the proof of Proposition 4.2, we get, denoting differences by A” and 1 := 45(s)?,

E {e/()t "(S)dslA"Y,|2 + ftT gj(; n(r)dr (7’](5)|AHYS|2 + |Anzs|2 + ||AnUs||2) dS}
_ EftT 2kt 1T (AnY,) (fu (s, Y2, Z0,U") —E, f (s, Y5, Zs, Uy)) ds.
By the measurability of (Y, Z", U™), the equality
fu (5. Y( 23, US) = B f (5. Y, Z§, UY)
holds P-a.s. for all s. We now estimate
E[(A"Y) (fu (s, Y2, Z2,UT) = By f (5, Y5, Zs, Uy))]
= E[(A"Y)) (Euf (s, Y, Z2,UM) —Eu f (s, Yy, Zs, Uy)) ]
= E[A"Y) (f (s, ¥ 28, UF) = £ (5, Ys, Zs, Uy))]
= E[(A"Yy) (f (s, Y, Z2,UP) = f (s, EnYs, By Zs, B, Uy)) |
+E [(A”Yx) (f (s, En Y5, EnZs, By Ug) — f (5, Y5, Zs, Us))]
E [a(s)p (|A"Ys]?) + B(s)| A" Y| (A" Zs| + | A" Us )]
FE[[AY]|1(f (5, BnYs, EnZs, BaUs) — f (s, Y5, Zs, Us)|] -

IA

Now, we can conduct exactly the same steps as in the standard procedure used
in the proof of Proposition 4.2. This means that ||A”Y||L2(W) + ||A”Z||L2(W)
+|A"U ||L2(1§,) converges to zero if

T
E/ |AY;1||(f(S7EnY.S‘aEnZSaEnUS)_f(sa Yy, Zg, Us)lds (38)
0

does, which we will show in the following steps.
Step 2:
In this step, we show that the solution processes (Y”, Z", U") satisfy the estimate

sup (1"l + 2" 32, + 10" i) < o (9
nz

This, as in the proof of Theorem 3.1, leads to the uniform integrability of the
processes (|Y"|,n > 0) and (|Z"| + |U"||, n > 0) with respect to P & A.
By Proposition 4.1, we get that

2
”Yn”?gz + ”Zn”?}(W) + ”UnHiZ(N) < eC1(+Ck n) (E|En§|2 +E(IIE,,F)2) ,

where Cx n = H ST (BaK () + (B Ka()2) ds
Jensen’s inequality, we get that

. By the monotonicity of [E,, and
o

T T
/ (EaK 1) + EnKa(5)?)ds < E, / (K1) + K2(9)?) ds < Cx. P-as.
0 0
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Doob’s martingale inequality applied to n +— E,& and n — Ig,r =
E, [, F(s)ds yields that

2
1Y "% + 1271720, + 10" 1525, < €TI0 (BIER + EUF)?).

Furthermore,

sup (uEnYnsz +IEnZI1 72y, + ||1EnU||jz(N)) <00 (40)

n>0

follows from martingale convergence and Jensen’s inequality and implies uniform
integrability of the processes (|E,Y|,n > 0) and (|E,Z| + |E,U||,n > 0) with
respectto P ® A.

Step 3:

In this step, we show the convergence (38). From martingale convergence, we get
that forallr € [0, T], E,Y; — Y;,E,Z; - Z; and E,U; — Uy, P-a.s. This implies
that f (s, E,Y;, E, Zs, E,Us) — f(s,Ys, Zs, Us) in P ® A. Therefore,

. T
lim IEf() Yy — Eu Yl f (s, EnYs, EnZs, B Us) — f(s, Y5, Zs, Uy)|

n—oo

X X{|¥2 |+, Ys|<k}ds =0

since the integrals form a uniformly integrable sequence with respect to P® . Indeed,
we have, using (A2) for f and the first equation of (14), the estimate

Yy — En Yl f (s, En Yy, Ky Zs, K Us) — f (s, Yy, Zs, Us) |X{|Y§‘|+\E;1YS|SK}
<4K(F(s) + Ki(s))
+2K (K2(5)%) + 1Zs | + 1Us 1> + [En Zs|* + 1B Us 1),

where n — E, Z;, n — E, U converge since they are closable martingales.
Next, we will show that

8n(K) =E{/0T 1Y — B, Y| £ (5. By Yy, B Zs, By Uy) — £ (5. Yy, Zs, Us)|
X X{|Y;|+|Enxr\>l<}d3} (41)

can be made arbitrarily small by the choice of K > 0, uniformly in n. Again by (A2)
and using the notation x (s) := X{jy»|+|E,¥,|>K}, We estimate like in (30)

|st - Ean“f (S» ]E}’IYD Enzm EnUs) - f(sv Ysa Zsa Us)|X{\YS”|+|EnYY|>K}
<Y = En Y| QF (s) + Ki(s)([Ys| + |En Ys])
+K2()(Zs| + [En Zs| + 1Us | + 1En Us1D) xx (s)
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and get
T
80 <281 [ Fos ( sup 19714 sup (B
0 rel0,T] rel0,7]

T
+E {/0 xx () Ko () (Y| + [En YN Zs| + [En Zs| + 1Us || + IIEnUsII)dS}

T
+]E/ 1Yy — B Y| (1Y + B, Ys) xg (5) Ki(s)ds
0
. (D 2 3)
=: 5n,l< + 8,1,,( + 8,1’,(.
42)
For 8,(11}(, we estimate

T
5y <2 Hfo X (5)F(s)ds

sup (1Y lls2 + IE:Ys 52
21>0

which tends to zero as K — 00, since we have x ,”( — 0in P ® A, uniformly in n, as
K — oo. The latter is implied by the uniform integrability of the families (|Y"]),>¢
and (|E, Y|),>0 with respect to P ® A. We continue with the next summands,

1
8% =8 (B i (V0P + BV P) i (5) Ka(s)%ds )

X <||Z||L2(W) + ”U”LZ(N)) (43)
and

8% <E [ (112 + Y21? + 2IE, Y, [?) x(s) K1(s)ds, (44)

where, for JE/OT X (s) (1¥1* + 1Y7?) K1 (s)ds and EfOT Xr ()Y 2Ka(s)?ds, we
will apply the estimate (27) from the proof of Lemma 4.3. For example (the other
terms can be treated similarly), we get

T T
X (s) Ka(s)?ds - elo 4|, g2

T
E/ XY Ka(s)2ds < E/
0 0
T ps .
+2E/ fx;’é(S)Kz(f)zdrefO AR, F(5)|Y" |ds
0 0
T
< kR /O X (5) Ka(5)2ds |[Ent 2

T
+2¢%Ck / X (s) Ka(s)?ds - I, p
0

17"l s2
2
(45)
with fOT N (s)ds = fOT E,K1(s) + (E,K2(s))%ds < Ck a.s. Now, one gets that

T
/ XL () Ka(s)?ds > 0, K — oo.
0
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Furthermore, using sup,.oE, fOT F(s)ds < oo, P-a.s. (which follows from
martingale convergence),

T T
f X;(S)Kz(s)zds/ E,F(s)ds — 0, K — oo,
0 0
independently of n. Since, by Doob’s maximal inequality,

2
E[sup,=q fy K2(9)%ds [y EaF()ds]
2
<E [supnZO CkE, f F(s)ds] <4C2EI2 < oo,

dominated convergence is applicable to the last expression in (45). The first summand
containing & can be treated in the same way.

The terms containing |E, Y| in the inequalities (43) and (44), e.g., the expression
E fOT X (s)|E, Y5> K1 (s)ds, can be estimated by

T

2
Xx ($)K1(s) (supIIEzYsl) ds

T
]E/ X ()| E,Ys K1 (s)ds < IE/
0 0 >0

2
T
<E / xx )K1(s)ds [ sup supE|Y|
0 t€l0,T] >0

< 2Ck Y 1%,

where we used Doob’s maximal inequality again. Since fOT Xr($)Ki(s)ds — 0in P
as K — oo, all the terms in (43) and (44) become small, uniformly in n, if K is large.

So the expressions 8,(12}( and 8,(!3)1( can be made arbitrarily small by the choice of K,
which gives us the desired convergence

T
E] |st —E. Yl f (s, B Y, B Zg, B Us) — f(s, Yy, Zg, Ug)lds — 0.
0

Step 5:
Since, by the last step,

IY" = Ea¥ 2wy 412" = EnZll2gw) + 10" = EaUl 5 gy = 0

and also, by martingale convergence,

1Y —En Yl 2wy + 1 Z = EnZll 20wy + 1U — E”U||L2(N) — 0

we get

IY" = ¥ll2gn) 12" = Zlzzgwy + 10" = Ul ) = O
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Appendix

The Bihari-LaSalle inequality. For the Bihari—LaSalle inequality we refer to (Mao
(1997), pp. 45-46). Here, we formulate a backward version of it which has been
applied in Yin and Mao (2008). The proof is analogous to that in Mao (1997).

Proposition 5.2 Let ¢ > 0. Assume that p : [0, oo[— [0, oo[ is a continuous and
non-decreasing function such that p(x) > 0 for all x > 0. Let K be a non-negative,
integrable Borel function on [0, T, and y a non-negative, bounded Borel function on
[0, T'], such that

y0) <c+ [T K©)p(ys))ds.
Then, it holds that

T
y(1) < G™! <G(c)+/ K(s)ds)
t

forallt € [0, T such that G(c) + ftT K(s)ds € dom (G‘l) . Here

X dr
G = _
0 /1 p(r)

and G~ is the inverse function of G.
Especially, if p(r) = r forr € [0, oo, it holds that

¥(0) < celi KO, (46)

The Jankov-von Neumann theorem. If X and Y are sets and P C X x Y, then
P* C P is called a uniformization of P if and only if P* is the graph of a function
f i projy(P) — Y, ie., P* = {(x, f(x)) : x € projy(P)}. Such a function f is
called a uniformizing function for P. Let Ef (X) denote the class of analytic subsets
of X. The following theorem can be found, for example, in (Kechris (1994), Theorem
18.1).

Theorem 5.3 (Jankov—von Neumann theorem) Assume that X and Y are standard
Borel spaces and P C X x Y is an analytic set. Then, P has a uniformizing function
that is o (E]I (X))- measurable.
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