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Abstract

We consider backward stochastic differential equations (BSDEs) with nonlinear generators typically
of quadratic growth in the control variable. A measure solution of such a BSDE will be understood as a
probability measure under which the generator is seen as vanishing, so that the classical solution can be
reconstructed by a combination of the operations of conditioning and using martingale representations.
For the case where the terminal condition is bounded and the generator fulfills the usual continuity and
boundedness conditions, we show that measure solutions with equivalent measures just reinterpret classical
ones. For the case of terminal conditions that have only exponentially bounded moments, we discuss a
series of examples which show that in the case of non-uniqueness, classical solutions that fail to be measure
solutions can coexist with different measure solutions.
© 2009 Elsevier B.V. All rights reserved.
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0. Introduction

The generally accepted natural framework for the most efficient formulation of pricing
and hedging contingent claims on complete financial markets, for instance in the classical
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Merton—Scholes problem, is given by martingale theory, more precisely by the elegant notion of
martingale measures. Martingale measures represent a view of the world in which price dynamics
do not have inherent trends. From the perspective of this world, pricing a claim amounts to taking
expectations, while hedging boils down to pure conditioning and using martingale representation.

At first glance, hedging a claim is, however, a problem calling upon stochastic control: it
consists in choosing strategies to steer the portfolio into a terminal random endowment that the
portfolio holder has to ensure. Solving stochastic backward equations (BSDEs) is a technique
tailor-made for this purpose. This powerful tool has been introduced to stochastic control the-
ory by Bismut [1]. Its mathematical treatment in terms of stochastic analysis was initiated by
Pardoux and Peng [2], and its particular significance for the field of utility maximization in fi-
nancial stochastics clarified in El Karoui, Peng and Quenez [3] (see El Karoui and Barrieu [15]
in the context of risk measures). To fix ideas, we restrict our attention to a Wiener space proba-
bilistic environment. In this framework, a BSDE with terminal variable & at time horizon T and
generator f is solved by a pair of processes (Y, Z) on the interval [0, T'] satisfying

T T
YI = S - / Z‘YdWS‘ +/ f(S, YSa Z.S‘)dsv t e [Oa T] (1)
t t

In the case of vanishing generator, the solution just requires an application of the martingale rep-
resentation theorem in the Wiener filtration, and Z will be given as the stochastic integrand in the
representation, to which we will refer as the control process in the sequel. The classical approach
of existence and uniqueness for BSDEs involves a priori inequalities as a basic ingredient, by
which unique solutions are constructed via fixed point arguments, just as in the case of forward
stochastic differential equations.

In this paper we are looking for a notion in the context of BSDEs that plays the role of the
martingale measure in the context of hedging claims. Our main interest is directed to BSDEs
of the type (1) with generators that are non-Lipschitzian, and depend on the control variable
z quadratically, typically f(s,y,z) = Z2 b(s,z),s € [0,T],z € R, with a bounded function
b. These generators were given a thorough treatment in Kobylanski [4], Briand and Hu [5],
and Lepeltier and San Martin [6]. While [4,6] consider existence and uniqueness questions for
bounded terminal variables &, [S] goes to the limit of possible terminal variables by considering
& for which exp(y|£|) has finite expectation for some y > 2||b||». All these papers employ
different methods of approach following the classical pattern of arguments mentioned above.
In contrast to this, our work will investigate an alternative notion of solution of BSDEs, the
generators of which fulfill similar conditions. Using the analogy with martingale measures in
hedging which effectively eliminate drifts in price dynamics (see for example [17]), we shall
look for probability measures under which the generator of a given BSDE is seen as vanishing.
Given such a measure Q which we call the measure solution of the BSDE and supposing that
Q ~ P, the processes Y and Z are the results of projection and representation respectively,
ie. Y = EQ(SL}") Yo + fo Zg de, where W is a Wiener process under Q. The first main
finding of the paper roughly states that provided the terminal variable £ is bounded, all classical
solutions can be interpreted as measure solutions. More precisely, we show that if the generator
satisfies the usual continuity and quadratic boundedness conditions, classical solutions (Y, Z)
exist if and only if measure solutions with Q ~ P exist. So existence theorems obtained in the
papers quoted are recovered in a more elegant and concise way in terms of measure solutions.
We do not touch uniqueness questions in general. Of course, determining a measure Q under
which the generator vanishes amounts to doing a Girsanov change of probability that eliminates
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it. We therefore have to look at the BSDEs in the form

T
LYo, Z
v, =s—f z, [dws - Mds] ref0.7], @
' Zs
define g(s, y, z) = w and study the measure

Q:exp(M—%(M)) -P

for the martingale M = fo g(s, Yy, Zg)dWs. One of the fundamental problems that took some
effort to solve consists in showing that Q is a probability measure. Here one has to dig essentially
deeper than Novikov’s or Kazamaki’s criteria allow. We successfully employed a criterion which
is based on the explosion properties of the quadratic variation (M), which we learnt from a
conversation with M. Yor, and which has been latent in the literature for a while; see Liptser,
Shiryaev [7], or the more recent paper by Wong, Heyde [8]. This criterion allows a simple
treatment of the problem of existence of measure solutions in the case of bounded terminal
variable, and a still elegant and efficient one in the borderline case of exponentially integrable
terminal variable considered by Briand and Hu [5]. If £ is only exponentially bounded, things
turn essentially more complex immediately. Specializing to a very simple generator, we find a
wealth of different situations looking confusing at first sight. Just to quote three basic scenarios
exhibited in a series of examples of different types: in the first type we obtain one solution which
is a measure solution at the same time; in the second one we find two different solutions both
of which are measure solutions; in the third one we encounter two solutions one of which is a
measure solution, while the other one is not. We even combine these basic examples to develop
a scenario in which there exists a continuum of measure solutions, and another one in which a
continuum of non-measure solutions is given.

Here is an outline of the presentation of our material. Throughout we consider BSDEs
possessing generators with quadratic nonlinearity in z. In a first section we discuss the case
of bounded terminal variable &, and show that if the generator satisfies continuity and quadratic
boundedness conditions, classical solutions (Y, Z) exist if and only if measure solutions with
@Q ~ P exist. Things become essentially more complex in the second section, where we
pass to exponentially integrable terminal variables. Taking the simple generator f(s,z) =
a7l s € [0,¢],z € R, with some o € R, a wealth of different scenarios arises in which in
the case of non-uniqueness in particular solutions can be measure solutions, while different
ones fail to have this property. In the final section we construct measure solutions from first
principles without using strong solutions in our algorithm, for generators which are Lipschitz
continuous with time dependent and random constants. By iterating the successive applications
of martingale representation and Girsanov change of measure with respect to drifts obtained from
the martingale representation density of the previous step we obtain a sequence of probability
measures which can be seen to be tight in the weak topology, and thus have accumulation points
which yield measure solutions.

1. Measure solutions: Definition and first examples

In this section we first recall some basic definitions concerning BSDEs. We then introduce
and exemplify the notion of a measure solution by looking at a special class of BSDEs.
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Throughout let 7 be a non-negative real, ({2, F,P) a probability space, and (W;)o<;<T a
one-dimensional Brownian motion, whose natural filtration, augmented by A/, is denoted by
(F)o<i<r, where

N={AcC2,3GeF,ACGandPG) =0}.

Let & be an Fr-measurable random variable, and let f : {2 x [0, T] xR — R be a measurable
function such that for all z € R the mapping f (-, -, z) is predictable. A classical solution of the
BSDE with terminal condition & and generator f is defined to be a pair of predictable processes
(Y, Z) such that almost surely we have fOT Zfds < 00, fOT | f(s, Y5, Zs)|ds < oo, and for all
t [0, T],

T T
Y, =& — / Z,dW, +/ f(s, Zy)ds. 3)
t t

The solution processes (Y, Z) are often shown to satisfy some integrability properties and to
belong to the following function spaces. For p > 1 let H? denote the set of all R-valued
predictable processes ¢ such that E fol |&:|Pdt < oo, and by S we denote the set of all
essentially bounded R-valued predictable processes.

If £ is square integrable and f satisfies a Lipschitz condition, then it is known that there exists
a unique pair (¥, Z) € H? ® H? solving (3). Recall that the solution process Y; has a nice
representation as a conditional expectation with respect to a new probability measure if f is a
linear function of the form

f(s,2) = byz, )

where b is a predictable and bounded process. More precisely, if D, = exp( fot by dW,; —
% fol b2ds), and Q is the probability measure with density Q = Dr - P, then

Y, = EQ[g| 7. (5)

In the following we will discuss whether Y still can be written as a conditional expectation of
& if f does not have a representation as in (4) with b bounded, but satisfies only a quadratic
growth condition in z. We aim at finding sufficient conditions guaranteeing that the process Y;
of a classical solution of a quadratic BSDE has a representation as a conditional expectation of &
with respect to a new probability measure. For this purpose we consider the class of generators
f: 02 x[0,T] x R — R, satisfying, for some constant ¢ € R,

Assumption (H1):
1) f(s,z) = f(,s,z) is adapted for any z € R,
(i) g(s,z2) = @, z € R, is continuous in z, for all s € [0, T'],
(i) | f(s,2)| < c(1 +z%) forany s € [0, T],z € R,
(iv) there exists ¢ > 0 and a predictable process (s)s>0 such that fo' YsdWs is a BMO-
martingale and for every |z| < ¢, |g(s, 2)| < Vs.

Let £ be an Fr-measurable random variable. We introduce for BSDEs with generators
satisfying (H1) our concept of measure solutions.

Definition 1.1. A triplet (Y, Z, Q) is called measure solution of the BSDE (3) if Q is a
probability measure on ({2, F), (¥, Z) a pair of (F;)-predictable stochastic processes such that



2748 S. Ankirchner et al. / Stochastic Processes and their Applications 119 (2009) 2744-2772

fOT Zszds < 00, Q-a.s., and the following conditions are satisfied:

W=Ww-— / g(s, Zs)ds is a Q-Brownian motion,
0
£el'(2,F, Q,
T
Y, = EQE|F) = & —/ Z,dW,, 1e[0, 7]
t

It is known from the literature that if the terminal condition £ is bounded and the generator
f satisfies Assumption (H1), then the BSDE (3) has a classical solution (Y, Z) (see for example
Kobylanski [4]). We show that in this case there exists a probability measure Q, equivalent to PP,
such that (¥, Z, Q) is a measure solution.

Theorem 1.1. Assume that & is bounded, and that f satisfies Assumption (H1). Then for
every classical solution (Y, Z) there exists a probability measure Q, equivalent to P, such that
Y, Z, Q) is a measure solution of (3).

Proof. Let (Y, Z) be a classical solution of (3). From Kobylanski [4], Y € L*({2 x [0, T]).
Moreover the martingale Z.W is a BMO (IP)-martingale (see for example Barrieu et al. [9]).

We shall prove that under this condition also a measure solution exists. For this purpose, we
define

M= f 2(s, Z,)dW,. ©)
0
It is clear that all we have to establish is that the measure

Q=Vvr-P,

with

V =exp (M — %(M))

leads to a probability measure equivalent to P. Note that due to Assumption (H1)
lg(s, )| < C(s +2]), s€[0,T],z € RY,

for some C > 0.

Therefore M is also a BMO (P)-martingale, and from Kazamaki [10] Q is a probability
equivalent to PP.

Under Q, by definition,

wle=w —/ g(s, Zy) ds
0
is a Brownian motion, and our BSDE may be written as
T
vo=¢- [ zaw =E%7)
t

for t € [0, T]. This shows that (Y, Z, Q) is a measure solution. [
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It is straightforward to see that every measure solution gives rise to a classical solution.
Consequently, under the assumptions of Theorem 1.1, measure solutions exist if and if only
classical solutions exist. More precisely, we obtain the following.

Corollary 1.1. Assume that & is bounded, and that f satisfies Assumption (H1). Then (Y, Z) is
a classical solution if and only if there exists a probability measure Q, equivalent to P, such that
(Y, Z, Q) is a measure solution of (3).

We remark that the previous results can be extended to the case where W is a d-dimensional
Brownian motion. Let f : 2 x [0, T] x RY — R be a generator for which there exists a constant
¢ € Ry such that

If(s. Dl <c+1z*), s€l0,T]zeR, (7

and assume that g : 2 x [0, T'] x R4 — R4 is a function that is continuous in z and satisfies

(z,8(s,2)) = f(s,z), forallzeR%ands € [0, T]. (8)

If & is bounded and Fr-measurable, then one can show with arguments similar to those used
in the preceding proof that, starting from a classical solution (Y, Z), there exists a probability
measure Q such that W — fo g(s, Zy) ds is a Q-Brownian motion, and Y; = EQ| 7).

Notice that the relation (8) may be satisfied by more than one continuous g, and consequently
there may exist more than one measure solution in the multidimensional case. For example,
let d = 2, f(s,z) = z1z2, and observe that |f(z)] < %|z|2. For any a € (0,00) let
8.(2) = (azi, }112). Then, we have (z, g,(s,z)) = f(s,2), and thus there exists more than
one measure solution for a BSDE with generator f and a bounded terminal condition &.

In the following sections we shall discuss quadratic BSDEs with terminal conditions that are
not bounded. As is known from the literature (see for example Briand and Hu [5,11]), this case
is by far more complex. For example, here, even if the generators are smooth, solutions are no
longer unique. We shall exhibit examples below which complement the result shown in Briand
and Hu [11], according to which uniqueness is guaranteed for the case where the generator of the
BSDE possesses additional convexity properties, and the terminal variable possesses exponential
moments of all orders. This fact underlines that also variations in the generator affect questions
of existence and uniqueness of solutions a lot. For this reason, and also to keep better oriented
on a windy track with many bifurcations, in the next section we shall choose a simpler generator,
and assume that our generator is given by

f(s,2) = az’.

2. Measure and non-measure solutions of quadratic BSDEs with unbounded terminal
condition

In this section we will study in more detail the BSDEs with generator of the form
f@) =az’.

We shall further assume without loss of generality that « > 0. This can always be obtained in
our BSDE by changing the signs of &, and the solution pair (Y, Z).

Nonetheless, it turns out that positive and negative terminal variables need a separate
treatment. We will first show (see Section 2.1) the existence of measure solutions for terminal
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conditions & bounded from below. Note that with a linear shift of Y we may assume that £ > 0.
We shall further work under exponential integrability assumptions in the spirit of Briand and
Hu [5]. According to this paper, exponential integrability of the terminal variable of the form

E(exp(y[€])) < o0 &)

for some y > 2« is sufficient for the existence of a solution. Let us first exhibit an example to
show that one cannot go essentially beyond this condition without losing solvability.

Example. Let 7 = 1, and let ¢ = % Let us first consider

2
c_ W
5
It is immediately clear from the fact that Wj possesses the standard normal density that
Eexp(2a|&é]) = oo, and hence of course also for y > 2« (9) is not satisfied. To find a solution
(Y, Z) of (3) on any interval [¢#, 1] with # > O define
W

Zg , §s>0,
K

and set for completeness Zyp = 0. Let ¢+ > 0 and use the product formula for It integrals to

deduce
1 21 1 w2
1w, 1 w
[Mzaw = L] LT
t 2 S t 2 t S
w2 o1t
=& - —— 4+ - Z:ds. 10
27 T2 /, s & (10)
This means that, if we set for convenience again Yy = 0, the pair of processes (Y, Z;) =
2
(%% %) s € [0, 1], solves the BSDE (3) on [¢, 1] for any ¢ > 0. Of course, the definition of

Yy is totally inconsistent with the BSDE. Worse than that, Z is not square integrable on [0, 1],
as is well known from the path behavior of Brownian motion. Hence (Y, Z) is not a solution
of (3). To put it more strictly, there is no classical solution of (3) on [0, 1], since, due to local
Lipschitz conditions, any such solution would have to coincide with (Y, Z) on any interval [¢, 1]
with t > 0.

According to Jeulin and Yor [12], transformations of this type are related to a phenomenon
that they call appauvrissement de filtrations. In fact, when % is replaced with a parameter A, they
show that the natural filtration of the transformed process gets poorer than that of the Wiener
process, iff A > % Hence in the case that we are interested in the Wiener filtration is preserved.

Let us now reduce the factor of le in the definition of & a bit, to show that solutions exist in
this setting. For k € N, let
2
2(1+1/k)°

and consider the BSDE (3) with the generator f chosen above, and terminal condition &. In this
setting, we clearly have

&k

Eexp(y&) < oo for2a <y <2a(l+ 1/k).
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This shows that the condition of Briand and Hu [5] is satisfied. It is not hard to construct the
solutions of the corresponding BSDEs explicitly, in the same way as above. In fact, for k € N we
may define fi(¢) = % +t,t € [0, 1], and set

k Wi

zk = ,

Jr(®)
We may then repeat the product formula for the Itd integrals argument used above to obtain for
t>0

t €0, 1]

! 1 w2t o1 w2
/ ZEW, = ——| 4= L(z)ds
t 2061 2/ fkls)
CLwE 1w

T 260 2 /()

1
+%/ (Z5)2ds. (1)
t

Hence we set

1 W?
Yf=-— rel0.1],
2 fi(0)

to identify the pair of processes (YX, Z¥) as a solution of the BSDE

k ! k 1 ! kN2
Y, =& — Z dWs + 3 (Zg)ds, te]0,1]. (12)
t t
We do not know at this moment whether (3) possesses more solutions. [
2.1. Exponentially integrable lower bounded terminal variable

For under the exponential integrability assumption E(exp(2a§)) < oo, we will now derive
measure solutions from given classical solutions. Leaving the difficult question of uniqueness
aside for a moment, we remark that with our simple generator, we obtain an explicit solution
given by the formula

Vo= L, — mmy 7= (13)
= —1In — —In s = ——,
T e T T g Y M T M,
where
t
Mz=E(eXp(2aE)|ft)=Mo+/ HydWs, tel0,T].
0

In the sequel, we shall work with this explicit solution. In the following lemma, we prove
integrability properties for the square norm of Z which will be crucial for stating the martingale
property of M and other related processes later.

Lemma 2.1. For any p > 1 we have

(L)~

In particular, fo Z,dWs is a uniformly integrable martingale.
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Proof. Let ¢ € [0, T']. By It0’s formula, applied to N

1 1 ! H, 1 [/ Hy\? t -
—|[InM; —In My] = — —dW, — —/ — ) ds| = / Z,dW,; — a/ Z:ds.
20 20 0 M; 2 0 MS 0 0

Hence

afot Z?ds:—%[lth—lnMo]—i—/ot Z,dW;. (14)
By concavity of the In and Jensen’s inequality

In M; = InE(exp(2e§)|F;) > EQa&|F;).
Using this in (14), we obtain

t 1 t
a/ Z2ds < —E(él]—',)+—lnMo+/ Z,dW;.
0 2a 0

Taking p-norms in this inequality and using the inequality of Burkholder, Davis and Gundy for
the stochastic integral, we obtain with universal constants cy, 2, 3

’ (Uo Zfds}p) ) [E('E@Wl”) +11n Mo|? + E <|:/0 z?dSD]
&) [E(I€|P)+|1nMo|p+]E<UO’ Zfdsrﬂ.

By a standard argument this entails

' P
E([/ Zszds} )SC3[E(I§|”)+|1HM0|”+1],
0

and finishes the proof. [

IA

IA

We shall now prove that (Y, Z) gives rise to a measure solution.

Theorem 2.1. Assume that (Y, Z) are defined as in (13). Then there exists a probability measure
Q, equivalent to P, such that (Y, Z, Q) is a measure solution of (3).

Proof. Let

S = / Zs dWs.
0

Due to Lemma 2.1, we know that § is a uniformly integrable martingale. We may write
1 ‘ ' ' 1
aS — —a*(S) =« / Z,dW; —a/ Z2ds +/ 7% — —a?7%) ds
2 0 0 0 2
Lo [ 2
=a(Y — Yy + Ea Z.ds. (15)
0

Now define stopping times 7, = T A inf{t > 0 : (S); > n}. For any n € N we have

1
E exp (aSrn — Eoﬁ(sm) =1,
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and consequently Fatou’s lemma implies

1 r 1
Eexp <a[g — Yol + —oz2/ zfds) < liminfE exp <aSrn — —az(S),n) =1. (16)
2 0 ’ n— 00 2

Using this and the positivity of the terminal variable £, we can now obtain the exponential
integrability property

1 1 r
Eexp [Ea(é —Yy) + 50[2/ 72 ds] < oo. (17)
0

We shall now use (15) together with (16) to prove the exponential integrability of %aST. In fact,
we have

1 1 1, (T,
EOISTZEO[(E—YO)-FEO[ 0 Zs ds.

Hence we obtain

1
Eexp (EaST> < 00, (18)

and together with the uniform integrability of the martingale S, proved in Lemma 2.1, this enables
us to apply the criterion of Kazamaki (see Revuz and Yor [13], p. 332). Hence we have proved
the existence of a measure solution to our BSDE (3). [

As a by-product of our main result, we obtain the exponential integrability of the quadratic
variation of S.

Corollary 2.1. Under the conditions of Theorem 2.1 we have

1 T
Eexp (—a2/ 72 ds) < oo.
2 Jo

Proof. This follows immediately from (17) and the lower boundedness of §&. [
2.2. A quadratic BSDE with two solutions

Let us now come back to the question of uniqueness of solutions, and their measure solution
property. Briand and Hu [5] prove the existence of solutions (Y, Z) in the usual sense, given
that (9) is satisfied. In a setting with more general generators, the nonlinear z-part being
bounded by «z?, they provide pathwise upper and lower bounds for ¥, given by the known
explicit solution for this generator (% log E(exp(2a€)|F;)sefo,77) used above, and its negative
counterpart (—ﬁ log E(exp(—2a&)|F;)se0,71)- In a more recent paper, Briand and Hu [11] also
provide a uniqueness result for the same setting, which is satisfied under the stronger integrability
hypothesis

E(exp(y 1)) < o0 (19)

for all y > 0 and a convexity assumption concerning the generator. Let us start our discussion of
uniqueness and the measure solution property by giving some examples.

Forb > 0,let tp, = inf{r > 0 : W, < bt — 1}. We first consider a BSDE with random time
horizon 1;,. Let the generator be further specified by o = % Let & = 2a(b — a)tp — 2a, where
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a > 0. It will become clear along the way why this choice of terminal variable is made. In the
first place, it is motivated by the striking simplicity of the solutions that we shall construct. We
shall in fact give two explicit solutions of the BSDE

T L | 5
Ying, =& — / Z,dW, + / 5 Zids. (20)
t t

Appropriate choices of a and b allow for terminal variables that are bounded below as well as
bounded above. The fact that the time horizon is random is not crucial. Indeed, by using a time
change, any solution of Eq. (20) can be transformed into a solution of a BSDE with the same
generator and with time horizon 1. To this end consider the time change p(t) = ILH, t € [0, oo],
and observe that the inverse of p is given by p_l(t) = ﬁ, t € [0,1]. Let h(z) = ﬁ for all
t € [0, 1]. Then the process defined by

t
VTG=/ R $)dW,1), 1 €0, 1], @n
0

is a Brownian motion on [0, 1]. Note that W; = fo'o ® h(s)dWs (and this is how we have to define
W, if W is given). Moreover, the stopping time

! - ¢
szinf{tzo:/ h(s)dwxf—_l}
0 1—1¢

is equal to p (7). We can now define a time changed analogue of Eq. (20) with time horizon 1.

Lemma 2.2. Let (Y;, Z;) be a solution of the BSDE (20), and let é =2a(b—a) lfbfb —2a. Then
ey 20) = (Y10, () Z -1 (1)) is a solution of the BSDE

1 1
. N 1
yi=§ —/ zdeS—i-/ Ezfds. (22)
t t

Proof. Since stochastic integration and continuous time changes can be interchanged (see
Proposition 1.5, Chapter V in [13]), we have

pt0) 1o
YVt = Yp_l(t) :/(; ZSdWS - E/(; ZSdS
t 1 t
= / prl(s)dwpfl(s) - —/ ZZ_|(S)d,O_1(S)
0 2Jo *

t - 1 t ) )
= /0 Zp*l(g)h(s)dWS - E /(; Z,Dfl(S)h (S)dS,
and hence the result. [

Let us first assess exponential integrability properties of &. For this, let y > 0 be arbitrary.
Then we have

Revlél — Eer2atb—ayn—2al _ J2ay er2alb—al,

Define the auxiliary stopping time

op =inf{t >0: W, <t —b)}.
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It is well known and proved by the scaling properties of Brownian motion that the laws of 7, and
Z—’; are identical (see Revuz and Yor [13]). Moreover, the Laplace transform of o}, is equally well
known. According to Revuz and Yor [13] we therefore have for A > 0

A 2\
E(exp(—Atp)) = E (exp (—ﬁab>> =exp (—b |:,/ 1+ 7 l:|> . (23)

Moreover, it is seen by analytic continuation arguments that this formula is even valid for
2 . .
A > —}’7. Now choose A = —2a|b — a|y. Then the inequality

1 2
—2alb —aly > —=b
2
amounts to

b2

< 24
Y= 4alb—a @9

This in turn means that we have exponential integrability of orders bounded by Wiul; in
particular we may reach arbitrarily high orders by choosing a and b sufficiently close. But no
combination of a and b allows exponential integrability of all orders. In the light of Briand and
Hu [11] this means that the entire field of pairs of positive a and b promises multiple solutions,
and this is precisely what we will exhibit.

2.2.1. The first solution

It is clear from the definition that the pair (Y;, Z;), defined by ¥; = 2aW; s, — 2a2(rb AL)
and Z = 2aljg,,), is a solution of (20). To answer the question of whether this defines a measure
solution, we have to investigate

Eexp |:/rb %ZSdWS — é/tb Zszds:| = Eexp |:aWTb — a—;tb]
0 0
= ]E(exp(a(b—%)tb—a».
Due to (23) we have
(e (0 (- 2 —a)) = exp(_b Nl_biza (-~ 1} _a)
(12| 1]-0).

and the latter equals 1 in the case b > a and exp(2(b — a)) < 1 in the case a > b. This simply
means that our first solution is a measure solution of (22) provided » > a, and it fails to be one
in the case @ > b. We will show that this first solution does not necessarily correspond to the
particular solution discussed at the beginning of the section.

2.2.2. The second solution

We show now that the BSDE (20) with the same terminal variable as above possesses a second
solution. By Lemma 2.2 there exists a second solution of (22) as well. Once this is shown, for any
possible degree y of exponential integrability we will have exhibited a negative random variable
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satisfying E(exp(y|€])) < oo for which (20) possesses at least two solutions. This in turn will
underline that the Briand and Hu [11] uniqueness result, valid under (19), cannot be improved by
much. Note that the solution that we will exhibit is again of the explicit form (13) encountered
earlier. Let M, = E[ef|F;] for all + > 0. Due to the martingale representation property there

exists a process H such that M; = Mo+ fé HgdW,. We know that (In M, A;, ZLA”) is a solution
THA
of (20). We will show below that

InMypr =2b—4a+2(b —a)Wyn —2(b — a)z(Tb At), if2a > b, (25)
In My, =2aWy,r — 2a%t, A1, if 2a < b. (26)

This implies that the solution (In M, xr, %

'[b/\f
t), 2a) obtained above in the case 2a > b. Hence by Lemma 2.2 we obtain a second solution of
(22) in this case.

First note that

) is different from the solution (2a Wy, o; — 2a? (tp A

Mt _ e—ZaE[eZa(b—a)rblf-t]
— o (62a(bfa)rbl{rb§t} + eZa(bfa)zE[eM(bfa)[rbft]|J_—t]l{rb>t}) ' 27)

Let op(x,t) = inf{s > 0: Wsy; — W; < b(s +1t) — 1 — x} and observe that on the set {t;, > ¢}
we have 1, —t = 05,(W;, t). Therefore, by using again our knowledge on the Laplace transforms
of o(x, t) (see [13]), we get

E[e> G0l F111,, oy = E[e?*C~D@D 11,20

—b(14+W,—b)[/1- U0 ]
e b

— o bU+W—bD[[1=3|-1]

1{1.'b>t}
1{'[;,>t}-
Consequently,

M, =2 (CZa(bfa)rhl{bet} + eZa(bfa)zefb(W,+lfbt)[|17%"\71]1{Tb>t})

_ eZa((l—a)(r;,/\t)—l)l{rbft} +e—2(b—a)(W,+l—bt)l{rb>t}_

Hence in the case 2a > b
InMyanr =2a((b—a)(tpy At) —1) —2(a —D)(Wynr +1 — (15 A 1))
= —da+2b+[-2b+4a — 2a*1(tp A 1) — 2(a — bYWy, r
=2b—4a+2(b — a)Wyn —2[b — al*(tp A D).
This confirms the first Eq. (25). Let finally 2a < b. Then we have
M, =2 (CZa(b—a)rbl{qu} + eZa(b—a)ICZa(W,+l—bt)l{rb>t})
e2a((b—a)(Tb/\t))+2a(W1—bM+1—bTb/\Z)
_ eZaWr,,m—szb/\l'
Hence in this case

In My, p, = 2aWy, np — 2a°T, AT
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Note that in the case 2a < b we recover the solution already obtained as the first solution.
Let us finally show that this second solution is in fact a measure solution for any possible
combination of parameters.
Hy, .
Lemma 2.3. (In My, A, ﬁ) can be extended to a measure solution of (20), and hence
b

provides a measure solution of (22).

Proof. For the first solution in the case a < b, which is identical to the one considered in the
case 2a < b, we have already established the measure solution property. Let us therefore consider
the case 2a > b. Note that for all , M,,,, = e*’~4 + fomr” HydW;. 1t6’s formula applied to

b= Wy =2b=aP (@A) yie]ds

Hyngy = 2(b — a)e2 b= Wayn—2b—aP(mnn),

As a consequence, we have

H
Zsnn, = Ms—”b =2(b — a)1{0,5,)(5),

SATph

and therefore
g(l / ZdW) _ bWy~ L b-a)n,
2 7

— - bn—D—5(b-a)w
— ola=b) g3 —a)bta)T,

Again the explicit representation of the Laplace transform in (23) gives
a2
Eg(l / ZdW) = @ DEe- - bra _ e(“_b)eib(v U 1.
2 T

.. . . . H, . .
This implies the claimed result that our second solution (In My, A;, ﬁ) is a measure solution
b
of 20). O

Remark. 1. We can summarize the findings of our investigations of the examples by stating that
there are three basic scenarios: (a) for b > 2a we obtained one solution which is a measure
solution at the same time; (b) in the range 2a > b > a we found two different solutions both of
which are measure solutions; (c) if ¢ > b we finally encountered two solutions one of which is a
measure solution, while the other one is not.

2. Note that our examples exhibiting solutions of (20) that are not measure solutions are all
for negative terminal variables &. Positive terminal variables arise in scenarios (a) or (b), and
therefore only produce multiple measure solutions.

2.2.3. A continuum of solutions

Let us now combine the first and second solutions to obtain a continuum of solutions of our
BSDE (20). To do this, we have to consider a still somewhat more general class of stopping
times. For ¢ € R, let

pe=inf{t >0: W, <t —c}.
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We investigate the terminal variables
§=2a(a—Dp.+d

with further constants a # 0,d € R. Note first that the integrability properties of & are the
same as those obtained before for b = 1. According to the preceding paragraphs, our BSDE (20)
possesses the following two solutions:

Z' =2aljo 1, Y'=di +2aWy A —2a%pe A -, (28)
72 =2(1—a)lp,), Y =dr+2(1 =)Wy —2(1 —a)’pe A -, (29)
with di = —2ac and dy = —2(a — 1)c respectively. Let us now take ¢ = 1 and combine the two

solutions to obtain a continuum of new ones. To do this, we start with the equation
P1 = Pc+ p1—c 0 0p,,

where 6, is the shift on Wiener space defined by
O (@) = Wit.(0) — Wi (),

and ¢ €]0, 1[. It describes the first time for reaching the line with slope 1 that cuts the vertical at
level —1, by decomposition with the intermediate time for reaching the line with slope 1 cutting
the vertical at —c. We mix the two solutions on the two resulting stochastic intervals; more
precisely we put for ¢ €]0, 1[,/ € R,

Z¢ =2aljg p) +2(1 —a)ljp. py)s
YC = [+2aWyn —2a%pc A-+2(1 —a)[Wpn — Wpnl (30)
=201 =a)*[p1 A+ = pe Al
Since we have
YS =1+2aW, —2d’p +2(1 — a)[W,, — W, 1 —2(1 — a)*[p1 — pc]
=14+2a(1 —a)p; —2ac —2(1 —a)(1 —¢),
we have to set
|l —2ac—2(1—-a)(1 —c)=d

in order to obtain a solution of (20) with ¢ = 1. According to the treatment of the first and second
solutions, the constructed mixture is a measure solution if and only if both components of the
mixture are. This is the case for 2a(1 —a) > 0, whereas for 2a(1 —a) < 0 we obtain a continuum
of solutions that are not measure solutions.

Remark. 1. This time, we may summarize our results by saying that there are two scenarios:
(a) for 2a(1 — a) > 0 there is a continuum of measure solutions of (20), while for 2a(1 —a) < 0
a continuum of non-measure solutions is obtained.

2. Note that the initial conditions of our solutions continuum vary in a convex way between
—2a and —2(1 — a) as c varies in ]0, 1[, spanning the whole interval.

We shall now point out that the measure solution property of the second solution in the case
a > b exhibited in the example above is not a coincidence. In fact, it will turn out that also for
negative exponentially integrable &, solutions given by (13) provide measure solutions. To prove
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this, we will reverse the sign of £ by looking at our BSDE from the perspective of an equivalent
measure.

2.3. Exponentially integrable upper bounded terminal variable

Sticking with the positivity of « in the generator
f(s,2) =az?, s€[0,Tl,zeR

we shall now consider terminal variables £ that fulfill the exponential integrability condition (9),
but are bounded above by a constant. Again, by a constant shift of the solution component Y,
we can assume that the upper bound is 0, i.e. £ < 0. So fix a non-positive terminal variable
& satisfying (9) for some y > 2, and denote by (Y, Z) the pair of processes given by the
explicit representation of (13) solving our BSDE according to Briand and Hu [5]. With respect
to the following probability measure, £ will effectively change its sign, so we can hook up to the
previous discussion. Recall § = fo Z,dWs.

Lemma 2.4. Let V = exp(RaS—2a>(S)). Then V is a martingale of class (D), and consequently
R=Vy-P

is a probability measure equivalent to P. Moreover,

WR:W—Za/ Zds
0

is a Brownian motion under R.
Proof. By (3), we may write
2a[Y — Yo] = 2aS — 2a2(S),
and hence also
2a[€ — Yol = 2aST — 202(S) 7.
According to Briand and Hu [5], Theorem 2, there exists § > 2« such that

E( sup exp(8]Y;])) < oo, €19
te[0,T]

and therefore 8 > 1 with the property

E( sup Vtﬁ) < 00. (32)
1€[0,T]

This clearly implies that V is a martingale of class (D), and consequently R is a probability
measure. Finally, Girsanov’s theorem implies that W is a Brownian motion under R. [

Now consider our BSDE under the perspective of the measure R with respect to the Brownian
motion WX, We may write

T T T T
Y =¢& —/ Z AW, +af Z2ds = ¢ —/ Z dwl — a/ Z2ds. (33)
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But this just means that by switching signs in (Y, Z), we may return, under the new measure R, to
our old BSDE with & replaced with —&. So our measure change puts us back into the framework
of the previous subsection, and we may resume our arguments there by setting

SR = —/0 Z, dwk,

We need an analogue of Lemma 2.1 to guarantee that R is a uniformly integrable martingale.

Lemma 2.5. For any p > 1 we have

ER ([/OT Zfdsr> < 0.

In particular, S® is a uniformly integrable martingale under R.

Proof. By definition of R, we have for any p > 1

T p T p
ER ([ / Zfds} ) =E (exp(za[g —YoD [ / ngs} ) .
0 0

Now since & < 0, the density exp(2a[§ — Yp]) is bounded above. Therefore the asserted moment
finiteness follows from Lemma 2.1. [

We are in a position to prove the main result of this subsection.

Theorem 2.2. Assume that f satisfies f(s,z) = az>,z € R, s € [0, T, and that £ is bounded
above and satisfies (9). Then there is a measure solution of (3) with a measure Q that is
equivalent to IP.

Proof. We may assume & < 0. Let us first show that, in analogy to the proof of Theorem 2.1,
1
yR = exp <thR - E(X2<SR>>
is a uniformly integrable martingale under R, using Kazamaki’s criterion. For this purpose, let

rf:inf{tzO:(SR),Zn}/\T, n e N.

Then, due to (S) = (S%), we deduce for all n € N that 7, = tX. Since TR — T asn — oo,

even with t,f = T for all but finitely many », Fatou’s lemma allows us to deduce
ER(Vr) < liminfER(VR) < 1. (34)
n— 00 Tn

Moreover, by the form of the BSDE translated to WX under R,
1 : 1 )
aS® — —a?(SR) = « —/ Zdwk — —a/ Z2ds
2 0 2 Jo

: : 1.
=« [—/ Z,dwR —a/ Z?ds] + Eo‘zf Z2ds
0 0 0

L o[ 2
=«a[-Y 4+ Yol + E(x Z.ds.
0
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Using the negativity of £ and the identity just derived, we get the integrability property
R 1 1, ’ 2
E” exp Ea(—é + Yo) + Ea Z:ds | < oco. 35)
0

Using this and the positivity of the terminal variable £, we can now obtain the exponential
integrability property

1 1 r
Eexp |:§a($ —Yy) + 50:2/ 72 ds] < o0. (36)
0

Again, we may now use (35) together with (34) to prove the exponential integrability of %aS# .
In fact, from the BSDE viewed with W& under R we have

2

Hence we obtain

1 1 1 T
—ask = (= +Yo) + 50[2/ 72 ds.
0

1
ER exp (50(57’3) < 0. (37)

Now appeal to the uniform integrability of the martingale S® under R, proved in Lemma 2.5, to
see that the criterion of Kazamaki (see Revuz and Yor [13], p. 332) may be applied. Hence Vi is
a uniformly integrable martingale under R.

We have to show that this implies uniform integrability of

15
V=explaS— Ea (S)
under P. To see this, note that
1, 2 35
explaS 