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Mean-field type Quadratic BSDESs

Hélene Hibon* Ying Hu' Shanjian Tang?
April 23, 2017

Abstract

In this paper, we give several new results on solvability of a quadratic BSDE
whose generator depends also on the mean of both variables. First, we consider
such a BSDE using John-Nirenberg’s inequality for BMO martingales to estimate
its contribution to the evolution of the first unknown variable. Then we consider
the BSDE having an additive expected value of a quadratic generator in addition
to the usual quadratic one. In this case, we use a deterministic shift transformation
to the first unknown variable, when the usual quadratic generator depends neither
on the first variable nor its mean, the general case can be treated by a fixed point
argument.

1 Introduction

Let {W, := (W},...,W&)* 0 <t < T} be a d-dimensional standard Brownian motion
defined on some probability space (€2, #,P). Denote by {.%;,0 <t < T} the augmented
natural filtration of the standard Brownian motion W.

In this paper, we study the existence and uniqueness of an adapted solution of the
following BSDE:

T T
Yt=§+/ f(s,Ys,E[Ys],ZS,E[ZS])ds—/ Zs-dW, te€[0,T]. (1.1)

When f does not depend on (g, Z), BSDE (1.1) is the classical one, and it is extensively
studied in the literature, see the pioneer work of Bismut [1, 2] as well as Pardoux and
Peng [16]. When f(t,y,7,z,Z2) is scalar valued and quadratic in z while it does not
depend on (g, z), BSDE (1.1) is the so-called quadratic BSDE and has been studied
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by Kobylanski [13], Briand and Hu [4, 5]. BSDE (1.1) (called mean-field type BSDE)
arises naturally when studying mean-field games, etc. We refer to [6] for the motivation
of its study. When the generator f is uniformly Lipschitz in the last four arguments,
BSDE (1.1) is shown in a straightforward manner to have a unique adapted solution, and
the reader is referred to Buckdahn et al. [6] for more details. For the general generator
f(s,v,79, z, Z) depending quadratically on z, BSDE (1.1) is a quadratic one involving both
E[Y] and E[Z]. The comparison principle (see [13]) is well known to play a crucial role
in the study of quadratic BSDEs (see [13]). Unfortunately, the comparison principle
fails to hold for BSDE (1.1) (see , e.g. [6] for a counter-example for comparison with
Lipschitz generators), the derivation of its solvability is not straightforward. Up to our
best knowledge, no study on quadratic mean-field type BSDEs is available. To tackle the
difficulty of lack of comparison princilpe, we use the John-Nirenberg inequality for BMO
martingales to address the solvability.

Furthermore, we study the following alternative of mean-field type BSDE, which ad-
mits a quadratic growth in the mean of the second unknown variable E[Z]:

i = ¢+ / (s, Yo EYS], Zo E[Z.]) + Elfa(s, Yo EIY.], Zo, E[Z.])] ds

T
—/ Z, - dW,, (1.2)
t

where f5 is allowed to grow quadratically in both Z and E[Z], the function f; also admits
a quadratic growth in the second unknown variable for the scalar case.

To deal with the additive expected value of fy, Cheridito and Nam [8] introduced
Krasnoselskii fixed point theorem to conclude the existence and uniqueness, by observing
that the range of the expected value of fy is (locally) compact. Here we observe the
following fact: the expected value of f5 has no contribution to the second unknown variable
Z if f; depends neither on the first variable Z nor on its mean. Hence we use the shift
transformation to remove the expectation of fs. In the general case, we apply the same
kind of technique and the contraction mapping principle.

Let us close this section by introducing some notations. Denote by S°(R™) the totality
of R"-valued %;-adapted essentially bounded continuous processes, and by ||Y]|« the
essential supremum norm of Y € S®(R"). It can be verified that (S®(R"), || - ||«) is a
Banach space. Let M = (M;, . %;) be a uniformly integrable martingale with M, = 0, and
for p € [1,00) we set

E, [(an)2]’ (13)

”M”BMOP(]P’) := sup

where the supremum is taken over all stopping times 7. The class {M : ||M|| g0, < 00} is
denoted by BMO,,, which is written as BMO,(P) whenever it is necessary to indicate the
underlying probability, and observe that | - || saso, is @ norm on this space and BMO,(PP)
is a Banach space.

Denote by & (M) the stochastic exponential of a one-dimensional local martingale M
and by &(M)% that of My — M,. Denote by 3- M the stochastic integral of a scalar-valued
adapted process [ with respect to a local continuous martingale M.



For any real p > 1, SP(R") denotes the set of R"-valued adapted and cadlag processes
(Yy)tepo,m such that
1/p

|Y]|srrny = E [ sup |Y[? < 400,
0<t<T

and MP(R?™) denotes the set of adapted processes (Z;)epo,r] with values in R*" such

that
1/p

T p/2
(/ |ZS\2d5) ] < +00.
0

The rest of our paper is organized as follows. In Section 2, we study BSDE (1.1) when
f(t,y,y, 2, 2) is scalar valued and quadratic in z, and uniformly Lipschitz in (y, ¥, ), and
prove by the contraction mapping principle that BSDE (1.1) has a unique solution. In
Section 3, we study scalar-valued BSDE (1.2) when f5(t,y,7, 2, 2) is both quadratic in
z and z, and f; is quadratic in z. Finally, in Section 4, we study BSDE (1.2) in the
multi-dimentional case, where we suppose that fs(¢,y, 7, z, Z) is both quadratic in z and
Z, and f; is Lipschitz in z and Z.

||Z||Mp(Rd><n) = E

2 Quadratic BSDEs with a mean term involving the
second unknown variable

In this section we consider the following BSDE:
T T
Yi=¢ +/ f(s,Ys, E[Ys], Zs, E[Z,]) ds — / Zg-dWs, te€]0,T]. (2.1)
t t

We first recall the following existence and uniqueness, a priori estimate for one-
dimensional BSDEs.

Lemma 2.1. Assume that (i) the function f: Qx [0,T] x R x R? — R has the following
growth and locally Lipschitz continuity in the last two variables:

Y
1f(s,y,2)| < gs + Bly| + §|z|2, yeR, ze R

|f<87y721) - f<57y722)‘ SCY|y1 - y2| + C<1 + ‘21| + |Z2|)|Z1 - ZQ‘? Y1, Y2 € Ru 21,22 € Rd;
(2.2)

(ii) the process f(-,y,z) is Fi-adapted for each y € R, z € R?; and (iii) g € L'(0,T).
Then for bounded &, the following BSDE

viees | (s, Y 2] ds — / 2w, ten.T] (23)

has a unique solution (Y, Z) such that'Y is (essentially) bounded and Z - W is a BMO
martingale. Furthermore, we have

Ol < R, [evef’”*%ﬂﬁ lg(s)[ePt==1) ds} .

3



The following lemma plays an important role in our subsequent arguments. It indicates
that following the proof of [12, Theorem 3.3, page 57] can give a more precise dependence
of the two constants ¢y, ¢y on - M.

Lemma 2.2. For K > 0, there are constants c; > 0 and co > 0 depending only on K
such that for any BMO martingale M, we have for any one-dimensional BMO martingale
N such that ||N| syo.m) < K,

cllM || prose) < M| paro,@) < c2ll Ml Bro,w) (2.4)
where M := M — (M, N) and dP := &(N)dP.

2.1 Main Results

We make the following three assumptions. Let C' be a positive constant.

(/1) Assume that there are positive constants C' and v and « € [0, 1) such that the
function f : Q x [0,T] x R? x (R%)?> — R has the following linear-quadratic growth and
globally-locally Lipschitz continuity: for V(w, s, ys, ¥, 2i, Zi) € Q x [0, T] x R? x (R%)? with
i=1,2,

— = — =14+« 1 2
[f(w,8,9,9, 2, 2)] < C2+ [y + [yl + [[77) + 57ll%
f (s, 91,01, 21, 21) — [ (5,2, 02, 22, 22) SC{\ZA =yl + g1 — | + (L4 2] 4 [2]") |2 — 2

+u+muvmm—m}
(2.5)

The process f(-,v,7, 2, Z) is F-adapted for each (y, 7, 2, 2).
(72) The terminal condition ¢ is uniformly bounded by C.

We have the following two theorems.
The first one is a result concerning local solutions. For this, let us introduce some
notations. For € > 0, and r. > 0, we define the ball B, by

B, = {(Y,Z): Y eS8, Z-W e BMOyP),
Hw@@&ﬂ+MWWMMMWQsQ}

Theorem 2.3. Let assumptions (/1) and (272) be satisfied with o € [0,1). Then, for
any bounded &, there exist € > 0 and r. > 0 such that the following BSDE

T T
Vime+ [ YLEN) Z.EZ)ds— [ ZodW, te(0T) (26)
t ¢
has a unique local solution (Y, Z) in the time interval [T — e, T) with (Y, Z) € B..
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Example 2.4. The condition on f means that [ is of linear growth with respect to (y, ),
and of |Z|**® growth. For example, For a € (0, 1),

- Ll _(L+a
(59,92, 2) = 1+ [yl + 9] + 121" + 27

The second theorem is a result about global solutions.

Theorem 2.5. Let assumption (2/2) be satisfied. Moreover, assume that there is a posi-
tive constant C' such that the function f:Q x [0,T] x R? x (R%)? — R has the following
linear-quadratic growth and globally-locally Lipschitz continuity: for ¥(w, s, yi, Ui, 2, Zi) €
Q% [0,T] x R? x (RY)? withi=1,2,

|f(w7 S, 07 07 <1, 0) - f(w7 S, 07 07 <2, 0)| < C(]' + |Zl| + |ZZ|)|21 - ZQ|7
|h(s,y1, 91,21, 1) — h(s, Y2, 9, 22, 22)| < C'([y1 — w2| + 41 — Bo| + |21 — 22| + |21 — 22)
(2.7)
where for (w,s,y,7,2,2) € Q x [0,T] x R? x (R%)?,
h($7 y7 g? Z7 2) = f($7 y7 g’ Z? 2) - f(s’ 07 0’ Z? 0)' (2.8)
The process f(-,y, ¥, z,2) is Fi-adapted for each (y,7, z,z) € R? x (R?)2,
Then, the following BSDE
T T
Vimg+ [ FsYoEN) Z.EZ)ds - [ ZodW, te(01) (29)
t t

has a unique adapted solution (Y, Z) on [0,T] such thatY is bounded. Furthermore, Z-W
is a BMO(PP) martingale.

Example 2.6. The inequality (2.7) requires that f is bounded with respect to the last
variable Z. The following function

1
f(5,9:9,2,2) = 1+ s+ |yl + |yl + 5l2l* + [sin(2)], (5,9,9,2,2) € [0,T] x R* x (R)?,

satisfies such an inequality.

2.2 Local solution: the proof of Theorem 2.3

We prove Theorem 2.3 (using the contraction mapping principle) in the following three
subsections: in Subsection 2.2.1, we construct a map (which we call quadratic solution
map) in a Banach space; in Subsection 2.2.2; we show that this map is stable in a small
ball; and in Subsection 2.2.3, we prove that this map is a contraction.



2.2.1 Construction of the map

For a pair of bounded adapted process U and BMO martingale V - W, we consider the
following quadratic BSDE:

T T
yt:g+/ f(s,y;,E[Us],Zs,]Em])ds—/ Zo-dW,, te0,T). (2.10)

As
1
£ (s, 4, E[U], Zs, E[Vi])| < C(2 + |E[U]| + [E[VL]|"") + Cly| + §7|Z|2,

in view of Lemma 2.1, it has a unique adapted solution (Y, Z) such that Y is bounded
and Z - W is a BMO martingale. Define the quadratic solution map I' : (U, V) — I'(U, V)
as follows:

T(U,V):=(Y,Z), YUV -W)eS®x BMOy(P).

It is a transformation in the Banach space $* x BMOy(P).
Let us introduce here some constants and a quadratic (algebraic) equation which will
be used in the next two subsections.

Define , e
C5 = Q%VCTGCT‘FI_TO((%’YCECT)E(1;—6@)17_0“11; (211)
1 o
fi= 51~ a)C2s (2(1 + a))15a; (2.12)
1-— 1—a)?
m:(l—o‘)(l+ a)zl_o‘+< 9
(1+a)y (1+a)y (2.13)
L) (1 222 Lty L2 |
== Q@ — | == ! ;
H2 =3 1+tay) 2 2y
_2
= (B + Cur) vy 4 2Cus. (2.14)
Consider the following standard quadratic equation of A:
eCT
SA? — (1 + 4772ev|£|oo5) A+ 47*26’7\5\00 + 4;;05631?“"5'“5 =0.
The discriminant of the quadratic equation reads
CT
A= (1+ 47’26“’|5|°°5)2 — 40 [472675“’ + 4u05631—a”§|°°5}
(2.15)
cT
=(1- 47’26'”5‘“’5)2 - 16,u5056%”5|°°5.
Take
§min2e e ¢ <mind Leor L 20—
8 ’ o 3C ’ 8uCs ’ (2 16)
144y 25 — VA 3-2VA

A

3
< — = -2 'Ylgloo
25 o Sap e



and we have

1+2VA
A>0, 1-0A= +4 >0,
2.17
e—LliiT €] oo 1 1 ( )
2l 4 O———e 4+ —A = ZA.

Throughout this section, we base our discussion on the time interval [T' — e, T].
We shall prove Theorem 2.3 by showing that the quadratic solution map I' is a con-
traction on the closed convex set %. defined by

B, — {(U,V): Ues® V-WeBMOP),
3 eCT
IV Wlikno, < A, sVl < %} (2.18)

(where (U, V) is defined on Q x [T — ¢,T] ) for a positive constant ¢ (to be determined
later).

2.2.2 Estimation of the quadratic solution map
We shall show the following assertion: I'(%.) C 4., that is,

I'U,V) e #., vV (U,V) e A.. (2.19)

Step 1. Fxponential transformation.

Define
o(y) ==~ *lexp (Vyl) = lyl = 1], y€R. (2.20)

Then, we have for y € R,

¢'(y) =~ exp (Ylyl) — Usgn(y), ¢"(y) =exp(Yfyl), ¢"(y) —l¢'(y)| =1. (2.21)

Using Itd’s formula, we have for t € [T — ¢, T],

o [ .
<ollel) + B | [ 16001 @+ ¥+ [EIL] + BVIP) ds].

Since (in view of the definition of notation f in (2.12))

Ol (V)W < ZEIVAI? + 819/ (V)]



we have
o+ 3| [ 1200
< ¢([€lo) + CE, [/ ¢/ (Ys)| (2 + Y] + [E[U]]) ds]
+ BE, [/ § I | + 4 [/ EVIPas) (223)
<oflelo) + O [ [ 16011+ 1Y)+ (1 -+ [BUI)) s

+5Et[/t 8'(Y) 1ads]+iEt{/ IE[Vi][2ds| .

In view of the inequality for x > 0,

1 —« 2(d+a) .
1+ < |1+ ——— ) e a7
v(1 + «)

we have

| [ 16001+ )+ 0+ BT as

<CE {/TW)/(Y” (1 + L-o ) (e“’l g +671+Q‘E[US”> ds]
- t ’ (1 + ) .

Since (by Young’s inequality)

(2.24)

lta 2 l+a
16/ (Y,)] <671 alYsl o erita Lo |E[Us]|> <(1—a)|ld (V)| + 5 (61 el 4 oo (ﬂ“E[UsH)’

in view of the definition of the notations p; and ps in (2.13), we have

B[ [ 160010+ + a4 e o)

T T (225)
< O [ [ 6015 ds] + Cpnl [ [ (e 0 ]
t t
In view of inequality (2.23), we have
o(Y;) + Et U Z. \st}
<6(l) + (B+ Cpin) B U (Y. d]
+ CuqsEy |: ei- T |Vl +612W |E Us]| :| / |E |2 ds (2.26)

P(I€]oo) + [C/J2+’Y" ! 54—0#1)] [/t eToal sds]

T 1
+ CusE, U e1- alUsds] +4EU |V\2ds].
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Step 2. Estimate of eVYle

In view of the last inequality of Lemma 2.1, we have

eraMl < B, [emve”(\swoowff@ﬂEwsnﬂEWd“*"’ds)} : (2.27)

Since (by Young’s inequality)

1+«

3e“T o L—a [ 3e°T T+a) 2\ "
v < ( o (457) ) POEVIE (229)

1 l—«
in view of the definition of notation Cjs in (2.11), we have
er el < € [eli et 2Tt [T VP )] (2.20)
and therefore using Jensen’s inequality,

e < 0y (57T (et CelU 1)) [eéff IVSIQdS] . (2.30)

It follows from (2.16) and the definition of B, that ||\/SV-W||QBMOQ(P) < A < 1, applying
the John-Nirenberg inequality to the BMO martingale v/6V - W, we have

Oy i Moot B CrelUle) o o (F Aeloert g CrelU )

eima il < < (2.31)
1_5||V W||BM02 1-0A
Since 3¢“TCe < 1 (see the choice of € in (2.16)) and (U, V) € 4., we have
3T 1
(1 fY]uo)  Coe e MWt Ul
e\I—a
- 1—06A
1
3
e 1 o fy|£|°° e 1 a 7‘5‘
<Cs—— | Cs—F+—
=164 | P 1-04 (2.32)
< 056 1 o 'Ylgloo
- 1—0A ’
which gives a half of the desired result (2.19).
Step 3. Estimate of |Z - W %0,
From inequality (2.26) and the definition of notation x in (2.14), we have
1 T i “/|§|oo 1
_F Z2ds| <y 72l 4 pCs————c 4+ ~A. (2.33)
In view of (2.17), we have
1HZ WA 0, <7 2= + C61 Sl +1A LA (2.34)
—|Z - glblee ——c =— :
2 BMO, = P 54 2

The other half of the desired result (2.19) is then proved.
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2.2.3 Contraction of the quadratic solution map
For (U,V) € A. and (U,V) € ., set
Y, Z):=T(U,V), (Y,Z):=T(U,V).

That is,

T
Y, =€+ sts,E[U]Zs,E[V])dS—/ Z.dW.,.

T (2.35)
Y, = §+/ f(s,Y, E ZS,E[V])ds—/ Z, AW
t
We can define the vector process 8 in an obvious way such that
| < CA+1Z| +1Z4)),
|Bs] < C(1+[Za| + | Z4]) N (2.36)

f(S,}/S,E[US], Zsa E[V;]) - f(87Y97E[US]7 ZsaE[‘/s]) = (Zs - ZS)/BS'

Then Wt =W, — f(f Bs ds is a Brownian motion under the equivalent probability measure

P defined by B
dP = &(B- W)L dP,
and from the above-established a priori estimate, there is & > 0 such that ||5-W|/%,,0, <
K?:=3C*T + 6C2A.
In view of the following equation

K_i+ T(ZS_ZS) dWs
= [ [ B0 2 BV = 16, Vo, BOL 2, BV s,

taking square and then the conditional expectation with respect to P (denoted by Et) on
both sides of the last equation, we have the following standard estimates:

T
Y - Y|+ E, U | Z, — Zs|2ds]
t

—E,

(/tT (f(s, Ye, UL, Zo, E[VA)) = £(s,Ys, E[UL), Z, E[V’s])) d3)2

< C*E,

(/(m-iuﬂmuim+GHMMWHmmMWM—mD@)L

¢ (£.38)

<BCUT — (U — TP, + |V — P12)
+3ﬁ[X1Hmmw+wMwa[|mm—%ww

<BCHT — (U — TP+ v — VL)

T T
+9ﬁ/X1HEmwaHmuww@/|ﬂm—mww
t

t
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We have for t € [T —¢,T],
/t<1+\E[ DR [EVP?) ds
< / (1 + VI + B{TL1) ds

T @ T «
<e+elop [/ |VS\2ds] +el™FE [/ \VslzdS] (2.39)
‘ t
T T _
S elfa <T°‘~|»2+(IE/ |‘/;|2d$+aE/ |‘/;|2d$)
t

t

IN

el (T“ + 2+ al|V - Wllhyo,e +allV - WHQBM@(P))
< eNTY 42 4 20 A).

Concluding the above estimates, we have for t € [T — ¢, T},

T
Y- Vi + B U 7. - Zs|2ds}
t

<3C2(|U - D2, +\Y—}~/\2) (2:40)
+9C (T + 24 204) ™ |(V = V) - WlGas0,.
In view of estimates (2.4), noting that 1 — 3C%¢* > 2, we have for ¢ € [T — ¢, T],
Y = V2 4307 = 2) W sone .

<9C? U — U, +27C% (T% + 2+ 2a4) ||V = V) - W{Bns0,0).

It is then standard to show that there is a very small positive number ¢ such that
the quadratic solution map I' is a contraction on the previously given set %., by noting
that A < 6y~2¢7€l= from (2.16). The proof is completed by choosing a sufficiently small
r. > 0 such that B, C %4..

2.3 Global solution: the proof of Theorem 2.5

Let us first note that there exists a constant C' > 0 such that €12 < C and
[22h(s,y.9..%) + 22£(5,0,0,0,0)| < T+ Claf* + C(ly|* + |a*)

for any (z,v,¥,2,2) € R x R? x (R%)2. Let a(-) be the unique solution of the following
ordinary differential equation:

():5+/T5ds+/tT(25+5)a(s)ds, te[0,7).

It is easy to see that «(-) is a continuous decreasing function and we have

T T
C+/ C[1 + 2a(s ds+C/ a(s)ds, te€]0,T).

t

11



Define
A= sup «a(t) = a(0).

t€[0,T]

As [€]? < C < A, Theorem 2.3 shows that there exists 1), > 0 which only depends on
A, such that BSDE has a local solution (Y, Z) on [T"— n,,T] and it can be constructed
through the Picard iteration.

Consider the Picard iteration:

T
Yto = §+/ ngWs; and for j >0,
. tT .
Y= e [ UF.0.0.27,0) - (5,0.0,0,0) ds
t

T
+/ [£(5,0,0,0,0) + f(s, Y7, E[Y]], Z1, E[Z]]) - f(5,0,0, Z{,0)] ds
tT
—/ ZIt aw,
t

= §+/T[f(s 0,0,0,0) 4 h(s,Y?, E[Y?], Z7, E[Z7])] ds

9 s

T
—/ ZIL AWttt € [T —ny, TY,

t

where

£(5,0,0, 271 0) — £(5,0,0,0,0) = ZI 1 gi+!

and the process
Wit =w, - /0 B gy, i (s)ds

is a Brownian motion under an equivalent probability measure pitt which we denote by
P with loss of generality, and under which the expectation is denoted by F. Using [t0’s
formula, it is straightforward to deduce the following estimate for r € [T' — 1y, t],

B (VPP + Bl 1200
TT'
= BllF)+CE, | 2¥771£(5,0.0,0.0)+ (s, Y3, EIY?1. 22, ELZ2)] ds

< C+C/ Y312 ds+C/ (B [[Y?]] + |E[Y) + 1} ds. (2.42)

In what follows, we show by induction the following inequality:
V7> <a(t), te[lT—n,T). (2.43)

In fact, it is trivial to see that |YV°|> < a(t), and let us suppose |Y/|> < af(t) for
t € [T —ny,T]. Then, from (2.42),

T T
E, Y73 §C+C/ [1+ 2a(s)] ds+C/ E Y7 ds, te [T —n,T).
t t

12



From the comparison theorem, we have
BV <alt), te[l—mT].

Setting r = t, we have ’
/PP <a(t), tell—m,Tl

Therefore, inequality (2.43) holds.
As Y, =lim; Y/ , our constructed local solution (Y, Z) in [T — ny, T| satisfies then the
following estimate:

V|2 <a(t), te[T—n.T], and |Yi|* <a(t), tec[T—nT].

In particular, |Yr_, |> < a(T —ny) < A

Taking T' — 7, as the terminal time and Y7_,, as terminal value, Theorem 2.3 shows
that BSDE has a local solution (Y, Z) on [T' — 2n,, T — n,] through the Picard iteration.
Once again, using the Picard iteration and the fact that |Yr_,|* < (T — 7), we deduce
that |Y;|* < a(t), for t € [T —2ny, T —n,]. Repeating the preceding process, we can extend
the pair (Y, Z) to the whole interval [0, 7] within a finite steps such that Y is uniformly
bounded by A. We now show that Z - W is a BMO(P) martingale.

Identical to the proof of inequality (2.22), we have

o)+ 3| [ 12 a
T
<o) + O | [ 1600 1+ Y2+ BY.]) s 2.4
' T
<o) + CONE | [ 143+ as].
Consequently, we have

T
12 - W(Bao,e = sup E, [ / |zs\2ds]

<26([€]0) +4C¢' (N (1 + N)T.

(2.45)

Finally, we prove the uniqueness. Let (Y, Z) and (Y, Z) be two adapted solutions.
Then, we have (recall that  is defined by (7))

Vi V= [ MY B 2 BIZ) — 1 e BT, 2 BIZ)
e (2.46)
- / (Zy— Z3)dW,, t€[0,T].

Similar to the first two inequalities in (2.38), for any stopping time 7 which takes values

13



in [T —¢,T], we have
~ ~ T ~
Y, =Y, + E, U |Z, — Zs\st}

—F.

([ s ve B 20 )~ i B B 20 12D ) ]

T 2
<C’E, (/ [\Ys — Y| +|E[Y, - Yi]| + |E[Z; — Zs]l} dS) (247)
_ _ T _ T ~
<6C2’)Y — Y% + 3C%E, U Zs — Z,J ds} +3C%*E U Z — Z,|* ds}
r T—e
<6C?|Y =V 2 4 3C%((Z = 2) - W30, +3C°N(Z = Z) - W a0,
<6C%Y — VIA +3C%(1+ A)ell(Z = Z) - Whasoye)
Therefore, we have (on the interval [T'— e, T])
~ |2 ~ 2
’Y—Y’ va|z-2wl
00 BMO>(P
2 , (2.48)

<6022y — 57[0 +30° 1+ Qe |z -2y w

BMOs(P)

Note that since _
Bl <C+|Z]+|Z]),

the two generic constants ¢; and ¢, only depend on the sum

[ I Broe) + BMOs(P)

Then when ¢ is sufficiently small, we conclude that ¥ = Y and Z = Z on [T —e,T).
Repeating iteratively with a finite of times, we have the uniqueness on the given interval

0, 7).

3 The expected term is additive and has a quadratic
growth in the second unknown variable

Let us first consider the following quadratic BSDE with mean term:

T T
Y, = £+/ [f1(s, Zs) + E|f2(s, Zs, B[ Z,])] ds —/ ZsdBs, te€l[0,T] (3.1)

t t
where fi : Qx [0,T] x R? x RY — R satisfies: fi(+, 2) is an adapted process for any z, and

110 <O, At 2) = fit, ) S CA+ 2]+ |Z)]z = 2Dz = 2]),  (32)

and fo : Q@ x [0, 7] x R x R? — R satisfies: f5(-, z, ) is an adapted process for any z and
Z, and
oty 2,2)] < C(L+ |27 + '), (3.3)

14



Proposition 3.1. Let us suppose that fi and fy be two generators satisfying the above
conditions and & be a bounded random wvariable. Then (3.1) admits a unique solution
(Y, Z) such that'Y is bounded and Z - W is a BMO martingale.

Proof. Let us first prove the existence. We solve this equation in two steps:
Step one. First solve the following BSDE:

T T
Vi—et [ fils.Zo)ds - / Z. - dw.. (3.4)
t t

It is well known that this BSDE admits a unique solution (Y, Z) such that Y is bounded
and Z - W is a BMO martingale.
Step two. Define

n=2+[TMMaaEmM@. (35)

Then
T T
Y, = §+/ [f1(s, Zs) + E|f2(s, Zs, B[ Z,])] ds —/ Zs-dWs, t€][0,T]. (3.6)

The uniqueness can be proved in a similar way: Let (Y!, Z!) and (Y2, Z?) be two
solutions. Then set

W=W—[ Elfa(s, 21, E(Z)])) ds, Wzﬁ—[ Elfa(s, 22, E[Z2)) ds.

(Y, Z") and (Y2, Z?) being solution of the same BSDE (4.4), from the uniqueness of
solution to this BSDE,
5}1 — 5}2 Zl — Z2

Hence Y! =Y?2 and Z' = Z2. O

Now we consider a more general form of BSDE with a mean term:
T
Vi = 6+ [ A Yo BIY), ZWBIZ) + Elf(s, Y. EY), 2, BIZ)] ds
t

T
—/ Z, - dW,. (3.7)
t

Here for i = 1,2, f; : Q@ x [0,7] x R x R x R? x RY — R satisfies: for any (y,, z, 2),
fi(t,y, 9y, 2, Z) is an adapted process, and

\fl(t,y,gj,O,Z)\ + |f2<t70707070)‘ < C?

ity 2,9,2) = Aty 20, 20 < Clly =y |+ |5 = 5[+ 2= 2+ L+ 2] +]2])]z = 2)),
2t y, 2,9, 2) = f2(t,y, 20, 2] < Clly=y/ [+ 1591+ (I 2]+ + 21+ 2] (2= |+ 2=2))).
We have the following result.
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Theorem 3.2. Assume that fi and fy satisfy the above conditions, and & is a bounded
random variable. BSDE (3.7) has a unique solution (Y, Z) such thatY € §* and Z-W €
BMO,(P).

Example 3.3. The condition on f; means that this function should be bounded with
respect to (y,y,z). For example,

. o] o
(9,92, 2) = 1+ [ sin(y)| + [ sin(@)] + 5|21 + | sin(2)],

1
Fols,y,9,2,2) = L+ Iyl + 19| + 5 (121 + [2])*

Proof. We prove the theorem by a fixed point argument. Let U € &, and V - W €
BMO,(P), we define (Y, Z - W) € 8 x BMOy(P) as the unique solution to BSDE with

mean:

Vi — ¢+ / (s, Us E[U), Zo EVA]) + Elfas, Us B[U.), Zo, E[Z.))] ds

T
—/ @dm. (3.9)
t

And we define the map I' : (U, V) — (U, V) = (Y, Z) on §% x BMO(P). Set

ievi | " Blh(s, Us BlU), Z0, BIZ,)] ds,

then (17, Z) is the solution to
- T T
Y;:g+ fl(S,US,E[US],ZS,E[VS])ds—/ Z4dBs.
¢ ¢
AS |f1<t7y7y7075)| S C, we have
C
ity 9, 2,2)] < C+ Il

Applying Tto’s formula to ¢c(|Y]),

1 "
o(IYil) / Soc([Ya)|Zo|Pds < 6(6)+ / |¢c(|Y|)|(C+—|Z| ds—/ ¢ (|Ya)) ZodW,
t
(3.9)
we can prove that there exists a constant K > 0 such that

| Z]|Byo < K.

Let (U', V') and (U?,V?), and (Y!, Z') and (Y2, Z?) be the corresponding solution,
and

—§+/ fi(s,ULE[UY, ZL E [v;])ds—/ngst,

t
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—§+/ fi(s, U2 E UQ],ZS?,E[vf])ds—/ngst.
There exists a bounded adapted process 8 such that t
hils, U E[ULL, 20, BIV]) = fuls, Us BIUG 25, BIV]) = Bu(Zs — Z2).
Then Wt =W, - fot Byds is a Brown motion under the equivalent probability measure P

defined by
dP = EL(B-W)TdP.

We have
AY, + / TAZS AW, (3.10)
_ / [fi(s, UL EUY, 22 E[VY]) — fi(s, U2, E[U2], 22, E[V2)] ds, t e [0,T].

For any stopping time 7 which takes values in [T — ¢ T] taking square and then the
conditional expectation with respect to P (denoted by E +), we have

T
\A?T\2+ET/ |AZ|%ds

:E(/t [f1(s, UL B[UY, Z2,BIV})) — fuls, U2, [Us]’Zs’E[VSDMS) (3.11)

T 2
<C’E, ({/ (IAU| + [E[AU]| + |E[A‘/;]|)d8] )
< C*(|AUIS, + AV - W Ep0,m))-
Therefore, we have (on the interval [T'— ¢, T1)
2
AY| +ENAZ) Wihioue < C(AUE + AV - Wihyo,p).  (3.12)

Note that since
1Bl < C(1+ |Z1] + | Z2),

the generic constant ¢; and ¢y only depend on C' and K.
As
3 T
MY, = AT+ [ B [fuls ULE(UY). 24 B(Z2) - fuls, U BV, 22, BIZ2)] ds,

t

then
B T

IAY,| < |AY,|+CE {/ (|AU,| + |EAU,)) ds
t

T
+CFE l/ (14 |ZY + | 22| + |EZL| + |[EZ2]) (|AZ,| + |[EAZ,]) ds
t
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we deduce that

T 2
AP < (16T 4 B| [ (AU + [BAU] ds
t
2

B[ [ 121+ 1220+ 8122 + 21D (22 + 1B0Z ) as] ).

which implies that
AV, < CYIAY[% +e|AU + [(AZ) - W ko)
< Ck (AU + V- WHQBMPQ(P)) :

Then when ¢ is sufficiently small, we conclude that the application is contracting
on [T — ,T]. Repeating iteratively with a finite of times, we have the existence and
uniqueness on the given interval [0, 7. O

4 Multi-dimensional Case

In this section, we will study the multi-dimensional case of (3.7), where f; is Lipschitz.
Our result generalizes the corresponding one of Cheridito and Nam [8].
We first consider the following BSDE with mean term:

Y;f = §+/t [fl(sa ZsaE[Zs]) + E[fQ(Sa ZsaE[Zs])] ds — /t Zs : dWsa te [077-(]41)

where f; @ Q x [0,T] x R>*™ x R™*" — R" satisfies: for any z and z, fi(t,z,2) is an
adapted process, and

‘fi<t7070)‘ SC? |f1<t7z75)_fi<t7z,72/>| SC(‘Z—Z"—I—‘E—Z,D, (4'2)

and fy : Q x [0,T] x R>"™ x R>" — R" satisfies: for any 2,2, fo(t,2,2) is an adapted
process, and

[f2(£,0,0)| < C, | falt, 2,2) = f2(t, 2, 2)] < C(L+ 2] + 2| + |2 + 2] (12 — 2| + |Z—(Z'|))-
4.3

Proposition 4.1. Let us suppose that fi and fs be two generators satisfying the above
conditions and & € L*(Fr). Then (4.1) admits a unique solution (Y, Z) such thatY € S*
and Z € M?2.

Proof. Let us first prove the existence. Our proof is divided into the following two steps.
Step one. First consider the following BSDE

~ T T
Y; :§+/ fl(s,Zs,E[Zs])ds—/ Zs-dWs, te€]0,T]. (4.4)

It admits a unique solution (Y, Z) such that ¥ € 8% and Z € M?, see Buckdahn et al.
[6].
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Step two. Define

K=2+/@HM@4EM$M&tENII (45)

Then, we have for ¢ € [0, 77,

Y;ﬁ = §+/t [f1<37237E[Zs]>+E[f2(57237E[Zs])] dS—[ Zs'dWs- (46>

The uniqueness can be proved in a similar way: Let (Y, Z1) and (Y2, Z?) be two
solutions. Then set

ﬁ=ﬁ—[ Elfa(s, 7} E[Z1])] ds. Wzﬁ—[ Elfa(s, 22, B[Z2))] ds.

(Y1, Z") and (Y2, Z?) being solution of the same BSDE (4.4), from the uniqueness of
solution to this BSDE,
Vi=y? Z7'=27°

Hence Y! = Y2 and Z1 = 72, O

Now we consider the following more general form of BSDE with a mean term:
T
Vi = ¢+ [ 1A Yo B, ZuBIZ) + Elfa(s, Y. BV, 2, BIZ)] ds
t
T
—/ Zs - dWs,t € [0,T). (4.7)
t
Here fori = 1,2, f; : Qx [0, T] x R® x R™ x R¥>*" x R — R" satisfies: for any (y, 7, 2, 2),
fi(t,y, 9, z, z) is an adapted process, and
|f1(t,y,5,0,0)[ + | f2(2,0,0,0,0)| < C, (4.8)

1f1(ty,2,9,2) = L6y, 20, ) < Clly = |+ g =¥+ 2 =2+ 2= 7)), (4.9)

ot y, 2,9, 2)=fo(t,y', 2 0, 2)| < Clly=y |+ 1g=7' [+ A+l + 2+ 21+ 2D (=2 [+ [2=21).
(4.10)
We have the following result.

Theorem 4.2. Assume that fi and fy satisfy the inequalities (4.8)-(4.10), and & €
L?*(Fr). Then BSDE (4.7) has a unique solution (Y, Z) such that Y € 8 and Z € M?.

Example 4.3. The condition (4.8) requires that both functions fi and fo should be
bounded with respect to (y,y). For example,

fi(s,9,9,2,2) = 1+ [ sin(y)| + [sin(g)] + |2] + |2,

1
Fols,y,9,2,2) = L+ Iyl + 19| + 5 (121 + [2])*
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Proof. We prove the theorem by a fixed point argument. Let U € 8%, and V € M2, we
define (Y, Z - W) € §? x M? as the unique solution to BSDE with mean:

T
Vi = e+ [ o EIUL 20 BI2) + Blh(s. U BIUJL 20 EIZ)] ds
7
—/ Z, - dW.. (4.11)
t
We define the map I' : (U, V) — I(U,V) = (Y, Z) on 82 x M2 Set
3 T
Y~ v, _/ Elfols, Us B[U.], Zo B[Z])] ds, t€[0,T].
t
Then (Y, Z) is the solution to
. T T
Y, =¢+ f1(s, U, E[Uy], Zs, E[V]) ds — / Zg-dW,, t € [0, 7).
t t

As |f1(t>?/>?j,0,0)| S C, we have
|filt,y,9,2,2)] < C(A+ |2 + |2]).

Applying Ito’s formula to [Y|2, we have
B T T T
T+ [ |ZPs <[4 20 [ TICHIZ) + BZ))ds —2 [ (V2 dW). (412)
t t t

Further, using standard techniques, we can prove that there exists a constant K > 0 such
that
1Z]|me < K.

For (U, V') € 8% x M?, define (Y*, Z%) = T(U*, V") with ¢ = 1,2. Further, set for
t € [0,7T],

T
—§+/ fi(s, UL E[UY), 22, E[V;])ds—/ Zl - aw;,

_g+/ fils, UL E[U?], 22, E [vj])ds_/ng.dWS_

t

We have
. T
AY; +/ AZ, dW, (4.13)
t

-/ " (s, UL E[UY), 21, EIZY]) — fi(s, U2, E[UY, 22, E[Z2)] ds, t € [0.T]
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For any t € [T — ¢,T], taking square and then expectations on both sides of the last
equality, we have

T
E[|AY;|?] + E [/ |AZS\2ds]
t

ZET(/t [f1(s, U BIUL), 24, BIZ,]) — fiu(s, UL EU], 27, EZ7))] d8)2

(4.14)
T 2
<C°E <[/ (IAU] + [E[AU]| + |AZ| + |E[AZS]|)d8} )
S 02€(|AU|32 —+ |AZ|3\42)
Therefore, we have (on the interval [T — ¢, T]) for a sufficiently small € > 0,
2
‘AY‘SQ +HAZ]% e < C2(|AU)Z). (4.15)
As
) T
MY, = AT+ [ B [fuls ULEUY), 24 B(Z1) - fuls, U U2, 22, BIZ2)] ds,
t
we have

T
A¥l < (A%l +op | [ AU+ [BAU. ) ds)
. t
+CE {/ (1+ |Zsl‘ + ‘Z§| + ‘EZ&H + ‘EZ?D (|AZ| + [EAZ)) ds} .
t

Moreover, we deduce that

2

T
IAY]? < c2<|Am2+EU (\AUS\+|EAUS\)dS]
T ' 2
+E U (1+|Zsl|+|Z§|+|EZ51|+|EZ§|)(|AZS|+|EAZS|)ds} )
t

In view of (4.15)

12
AV +1aZIhe < % (AUR).

Then when ¢ is sufficiently small, we conclude that the application is contracting
on [T — ¢, T]. Repeating iteratively with a finite of times, we have the existence and

uniqueness on the given interval [0, 7.
U
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