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Abstract

In this paper, we will study some quadratic Backward Stochastic

Differential Equations (BSDEs) in a continuous filtration which arise
naturally in the problem of utility maximization with constraints on
the portfolio.
In the first part, we will show existence and uniqueness for those BS-
DEs. Then we will give an application to the utility maximization
problem for three different cases: the exponential utility function, the
power one and the logarithmic one.
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1 Introduction

1.1 Motivation

In this paper, we will study some quadratic BSDEs: these equations arise naturally in the
utility maximization problem.

There is a long list of papers dealing with the classical problem of utility maximization
and we will mention only a few of them, close to our setting.

The main interest comes from the existence of incomplete markets in which all contingent
claims (or random variables depending on the information available at terminal time T
are not attainable. This explains the interest to introduce a new notion of optimality (and
especially of optimal strategy).

To this aim, we consider a usual probability space (€2, F,(F;), P ) equipped with a contin-
uous and complete filtration (F).e(o,77-

Then, we define the utility maximization problem by setting the value process

V = (V(2¢))efo,r) as follows:

T
V(z;) = esssup E™ (U(X}) = esssup E7* (U (z, —|—/ y;%)) (1)
v v t S
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where z; will be a fix F;-measurable random variable, S is the price process and the pro-
cess: XV =x+ [(v %) stands for the wealth process associated to the strategy v.

The problem (1) is studied extensively in the literature, see [15] for a survey on this
topic. The convex duality method is largely used for this type of problem, but this method
requires the constraint on the portfolio to be convex.

Another method to solve this problem is to apply the BSDE technique see for example [7],
[8] or recently [12]. We mention that in [7] the constraint on the portfolio is a convex cone,
and that in [12], no constraint is imposed on the portfolio, but the authors study the prob-
lem in a general filtration. On the other hand in [8], the authors study the problem (1) in
a Brownian filtration and, in particular, they prove the existence of optimal portfolio with
a closed (but non necessarily convex) constraint on the portfolio. Because those authors
work in a Brownian setting, the results on quadratic BSDEs are available (for this see [10]).

In the present article, we will study the problem (1) using the BSDE technique inspired
by [8] but, since we will work on a continuous (but non Brownian) filtration, no results
on quadratic BSDEs are available. Hence we begin by a study of the problem of existence
and uniqueness for those quadratic BSDEs.

Then, in a second part, we will apply those results to find a construction of the utility
value process (V (z:)):. We will compute for the exponential, power and logarithme utility
functions the expression of this value process.

1.2 Theoretical background

In this part, we are going to introduce the type of the BSDE we will consider in the sequel.
We consider as usual a probability space (2, F, P) equipped with a continuous and com-
plete filtration F = (F;); and with a continuous d-dimensional local martingale M .

In the sequel, all processes will be considered on [0, T] where T is a deterministic time
(T is the horizon or maturity time in finance). Then, all local and R-valued continuous
martingales are supposed to be of the form: K = Z ".M+L, where Z is a process taking its
values in R**! and L is a continuous real valued martingale which is strongly orthogonal
to M.

(that is to say that for each i: < M* L > = 0)

The stochastic integral w.r.t M of the R? -valued process Z will be denoted as: Z' .M.
We have moreover that each component d < M? M7 > (i,7 € [1,d]?) of the quadratic

variation of M is absolutely continuous with respect to dCs = d(}_;d < M® >) .

This is a simple consequence of Kunita-Watanabe’s inequality for all continuous local
martingales. In fact, using the result of Proposition 1.15 (chapter IV in Revuz-Yor, ([14])),
we have the following inequality (for any 4, j):

t
. . - - 1 - .
/ ld < M\, M7 >, | < /< Mi>p /< Mi>, < 5(< M >, + < M7 >y)
0

Since the process C is in general unbounded, we set C' as the bounded, real-valued and

increasing process defined by: C; = arctan(C}).

It entails that: dC; = H%dCt, and as a consequence, each component d < M*, M7 > of
t

the quadratic variation process d < M > is absolutely continuous w.r.t dC;.



For each i, j, we have also existence of a random Radon Nikodym density z*/ such that:
d < M, M3 >,= 244dC,.

Finally thanks to the fact that z =(z"7) is a non negative and symmetric matrix, it implies
that we can write: d < M, M >,= mI'm.dC,, where m is a predictable process taking
its values in R4*? The notation m” stands for the transposed matrix. We will impose
furthermore that the matrix mXmy is invertible (for any s).

We are interested in finding a solution to the following BSDE:

dYy, = —F(s,Ys, Z)dCs — 8.d < L >, +Z..dM, + dL,
(1.1) 2 s
Yr = B.

Moreover and in all the sequel in this paper, we will impose that the terminal condition
B is bounded: we note here that the quadratic BSDEs with unbounded terminal value is
studied by Briand and Hu in [3] and we hope to study this problem in a future publication.
A solution to such a BSDE is a triple of processes (Y, Z, L) with < L, M >= 0 in the
following space:
S5 x L2(d < M > xdP) x M?([0,T)) equipped with the norms:
[Y|soe = esssup( sup [Y]),

0<t<T

(T 1
|Z|L2(d<M>><le’) = E(fo ‘m~Zs|2dCS);’
|L|M2([O,T]) = IE(< L >T)%~

In the sequel, we will impose furthermore that we have the following conditions on F:
T
Ja e LY dCy), a>0 / asdCs < a (a>0)and: b, v > 0, such that:
0

[F(s,9,2)] < as(L+bly]) + 3 [mz ()

We suppose furthermore (without loss of generality) that: v > 8 (8 has been intro-
duced in the expression of the BSDE (1.1)), and v > b .
To obtain the existence, we will, in a first step, impose the restrictive condition on F:

0< F(s,y.2) < o, + 5 |maf (Hy)

We impose here the same assumptions as for (H;) on the parameter a and what import in
this second assumption is that the lower bound is globally Lipschitz in y and z (this entails
the existence of a minimal solution in the Brownian setting studied in [10] and refering to
3)).
In the preceding inequalities, the notation |.| stands for the Euclidean norm on R<.
In the proof of existence, we will introduce a second BSDE of the following type:

(1.2) dU, = —g(s, U, V,).dCy + V., dM, + dN,

UT = eﬁ'B

We will show that we have a one to one correspondence between the solutions of these

two BSDEs when defining U = €Y (exponential change), where (Y, Z, L) is a solution
of (1.1).



2 Results about quadratic BSDEs

In this section, we will begin by giving some a priori estimates on the norms of processes
solving BSDE of the form (1.1) and (1.2): this will be of great interest to prove the results
of existence and uniqueness.

Before giving these proofs, we state here the results we are able to obtain.

We state below the results of existence:

Theorem 1 (i) Suppose that the generator g satisfies the assumption (Hjl), then the
BSDE (1.2) has a solution (U, V, N ) in the space S x L*(d < M > xdP) x M?([0,T]),
with: < M, N >= 0.

(ii) If the generator F satisfies the assumption (Hy) , then there exists a solution
(Y, Z, L) in the space S® x L?*(d < M > xdP) x M?*([0,T]) to the BSDE (1.1), with:
< M,L>=0.

Corollary 1 Supposing now that g satisfies the following assumption:

T
Ja e LYdC,), a>0 / asdCs <a(a>0)and: C >0
0

—~Cla + [ul + [m.v) < gls,u.v) < a + 2 |m.vf? (H)

BSDE (1.2) has at least one solution (U, V, N) in S*° x L?(d < M > xdP) x M?([0,T])
and such that: < M, N >=0.

To prove a result of uniqueness, we need another assumption on the increments of the
generator F:

we will impose furthermore the following conditions:

There exists a sequence of positive processes (Ap)p verifying that:

Jup >0, fOT ApdCs < up, a sequence of positive constants (Cp)p and a positive process
0 satisfying: 31 > 0, fOT 62dC, < I, such that:

VzeRY Wyl y? [yl |y? < P
(" —v*).(F(s,y",2) — F(s,9%,2)) < Ap(s)ly" — y*?
vy7 |y‘ §P7 Vzla ZQERd7

[F(s,y,2") = F(s,y,2°)| < Cp(0s + m.2"| + [m.2%]).Im.(2" — 2%)] (Hs)

The second assumption will be useful to justify the uniform integrability of a stochastic
exponential, this will require the use of the notion of martingale BMO:

we recall that M is a BMO martingale if there exists a constant ¢ (¢ > 0) such that, for
all stopping time 7 of F, we have:

Ef (<« M >pr — <M >;)<c



Theorem 2 Under the assumption (Hy) and the condition (Hs) on the generators and
provided the terminal condition is bounded, the BSDEs of the form (1.1) (resp. of the
form (1.2)) defined in the section 1.2 has a unique one solution (Y, Z, L) in S x L?*(d <
M > xdP) x M2([0,T)) (resp. (U, V, N) in S x L2(d < M > xdP) x M2([0,T]) )

2.1 A priori estimates

In this section, we will study under the assumption that the generator F satisfies the con-
dition (H;) or (Hll)

One remark is that it suffices here to consider a BSDE of the form (1.1) with a generator
satisfying (H;) (we obtain a BSDE of the second form when: 5 = 0).

Lemma 1 Keeping the same notations as those mentioned in section 1.2, all triple (Y,
Z, L) of processes solving the BSDE (1.1) with the process Y bounded (P-almost surely and
for all t) satisfies the following assertions : there exists some constants ¢ and C depending
only on the constants ~y, a, b and |Blso (given in (Hy)) and a constant C" depending on
the preceding constants plus the estimates of the norm of Y in S such that:

P — almost surely Vt, c<Y, < C; (2)
V7 (1 Fstopping time)

T
IE’”*(/ |m.Zy|?dCs+ < L >y — < L>,;)<C. (3)

Proof:
One first remark is that the second estimate will give us a bound of the BMO norms of
the square integrable martingales Z .M and L.
We suppose in the sequel that we are given a solution (Y, Z, L) of the BSDE (1.1) with
a generator satisfying (H;) and with the process Y bounded.

To prove the estimates given by (2), we introduce the processes U and V as follows:
U = el V, = KelYe 7,

It can be easily proved, by using It6’s formula, that this process U is solution of the
following BSDE :

{ dU; = —g(t, Uy, Vi)dt + V, dMy; + K.UpdL, — 1 K.U (B — K)d < L >,
UT — €K'B

whose generator g is given by the expression:

In(u) v K v
g(s,u,v) = Ku(F(s, e ,m) - E\m.m|2>.1u>o.

As a simple consequence resulting from the expression of the generator, if we want to give
an upper bound of g independent of |m.v|?, it entails that we have to take: K > v. In the
sequel, we fix: K = « (we recall here that: v > |3]).



Since F satisfies the assumption given by (H;), it entails that we obtain the following
control on g :

g(s,u,v) < y.asu.(l+ %| In(u)|).1y>0- (4)

We proceed hereafter with the same method as the one in Briand and Hu in [3], we
will compare the process U to the solution of a differential equation. To this aim, fixing
w and setting: z = B(w) (z is real), we consider the solution ¢(z) of the following equation:

T
bu(z) = % + / H(s, 62)dCs(w)

where H is given by:
b
H(x) =v.as.x(l+ ; In(z))1y1 + 7.0slp<a-

We recall here that: 2 <1 .
It is also easy to checﬁ:

Vu >0, ’y.asu.(l—kg.\ln(u)\) < H(s,u). (5)

As in [3], we remark that H(s, .) is locally Lipschitz and convex. But, contrary to their
paper, we work here in a non Brownian setting (the random process C' =(C5) (which is of
finite variation) replaces the deterministic process (s)).

To give the expression of the solution ¢, we have to discuss the sign of z, because the
expression of H depends on whether or not the function ¢ is greater than one.

(i) ifz > 0:

It is the simplest case, since we can see easily that: t — ¢; is a decreasing function with
terminal value equal to e7-* (which is greater than one in this case). The expression of ¢
is given by:

eff b.audCu _ q

ou(2) = eap(y. 1
(ii) if z < O (then: ¢r(z) =€7* < 1):

(a) If 7% + fOT v.04,dC,, < 1, then the solution is defined for all t by:

)6:cp('y.z.eftT b.awdClu)

T
¢ =€+ 7./ Q, dCy
t

(b) Otherwise: 30 < S < T, €7 + 7. fST a,dC, =1,

T [5 b, dC,,

elt -1
¢t = (e”/~2 —+ ")// audC’u) l]S,T] (t) + €£L'p(’y.—b )1[075} (t)
t

Then, we introduce the adapted process ® defined by:
vt, &, = E7¢(¢(B)).(E”* stands for the conditional expectation w.r.t ;)
Introducing the following martingale: K, = E”*(¢7(B) + fOT E*:(H(s, ¢5))dCs)
we claim that ® is a semi martingale (whose martingale part is K) which satisfies the
following BSDE:

T
o, =B +/ E7: H(¢s(B))dC, — (K1 — K)
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Thanks to the inequalities (4) and (5) and applying the same method as that in Briand
and Hu in [3], we can conclude that a comparison result holds and that, for all t:

Up = €7 < @y, or equivalently : Yy < Lin(E” (¢4(B))).

To obtain the lower bound of Y, it is enough to apply the same method to the process —Y:
this is justified since the BSDE given by the parameters (F/, -B, -5) (where F' is defined
by: F'(s, y, z) = - F(s, -y, -z)) and whose solution is (-Y,-Z,-L) is such that: the generator
F' satisfies again the assumption H; with the same parameters and so, it implies that we
have: —Y; < %.ln(E}—t (¢e(—=B))) .

We also obtain the estimates given by (2) by setting:
e 1 1
¢ = essinf 1rt1f ——In(®,(—B)) , and: C' = esssup sup —In(P;(B))
w Y w t 7

One important remark is that it is easy to show that it is possible to give estimates of
the process Y in S°° which are independent of the parameter v: we recall that ¢:(z) is
increasing w.r.t z, and so:

ftT b.odCu _ |

b

€

0u(B) < &u(|Bl) = exp(y. Jewp(v.|Bl.eli b-awdCu)

This entails that: E7¢(¢(B)) < -5 1| Blece® .

Since we have both: B < |B|, and: -B < |B|, we obtain the same upper bound for
E%(6(— B)).

And, consequently, we can claim: Vs, Y| < eb'zfl + | B|s€”?, P— almost surely.

Then, to prove the estimates given by (3), we will apply It6’s formula to the process
Y (Y +mo) (K and mg are constants which will be precised later).

The expression of ¢k is given by: ¥k (z) = JT}%“
The following properties will be useful in the sequel:
{ Yr'(z) >0 x> 0.
_K./(/)K + d}K - ]..

Moreover, we will use the fact that there exists a constant mq such that:

Vs €[0,T], Ys +mo > 0 P- almost surely.

Since Y is a bounded process, it suffices to choose: mg = - |Y|ge (norm of the process in
S°°).

Let 7 be an arbitrary stopping time of (F;);cjo,7). Taking then the conditional expectation
with respect to F., it provides us with:

Vi (Yr +mo)— EF (Y (Yr + mo))
= B ([T (Ve + mo)(—F(s, Y, Z)dCs — B.d < L >s))

B (1 0 (Ys o+ mo) (ZidM, + dLy))
B ([T mo)lm 2P+ d < )

T



Then, remembering the upper bound on the generator F given by the assumption (Hj)
and after simple computations, we obtain:

Vi (Yr 4+ mo) —EX i (Y7 + mo)
<EF [T (Vs + mo)(|as] (14 b]Y |5 )dC,
+ET [T (B — L) (Ys + mo)d < L >,
HEF [T (35 — 145) (Y + mo)m.Z,|2dC,

We have easily that the terms of the left member are bounded (independently of the
stopping time 7) and it is the same for the first term of the right member (thanks to the
integrability assumption on «).

We put in the left member the two last terms of the second member of the preceding
inequality, and then we claim that: fixing K such that: K = v, and remembering that:
v > 3, we have: Vo >0, f1(z) = %.(—7.1/1; + w:;)(x) = % > 0, on the one hand, and:

(=B, +9)) (@) = fi(x) + $(—=B +7)¥.,(x) > 3, on the other hand.

We use those inequalities for x = Yy + mg, quantity which is almost surely non nega-
tive. It implies that there exists a constant C ( depending only on the parameters a,b, ~,
and |B|s ) and which is independent of the stopping time 7) such that:

T
E*~ (/ Im.Zy|?dCs + (< L >p — < L >T)> <c

2.2  Uniqueness for the BSDE (1.1)

Proof of Theorem 2:

We suppose that we are given two solutions (Y!, Z!, L) and (Y2, Z2, L?) to BSDE
(1.1) with Y* and Y2 bounded. Let P be a constant such that, P- almost surely: Y| < P
(respectively |Y?| < P).

Weset: Y2 =Y Y2 Z12 =71 — 72 and: L2 =L' — L.

The existence of such a constant P is justified by the estimates established in the preceding
section under the assumptions (H;) and (Hs) on the generator F.

To achieve it, we begin by applying It6’s formula to the non negative semi martingale
(Y'1:2) defined as follows:

vt, V2 = els 2Ar()dC. |y 122 |

It gives us:

- - s 1 s
d(}/sl,Q) _ Z'AP(S)YSLQdCS + efo 2)q:dCu2')/sl,2d)/sl,2 + 5610 Z.Ap(u)dcu2d < Y1,2 >,

We recall that we have:
AY}? = —(F(s, Y}, Z1) — F(s,Y2,22))dCs — Bd(< L' >4 — < L? >,) + dK,,
where K stands for the martingale part: dK = (Z%2)'dM + dL"2.



Then, taking the integral between t and T, we deduce:

V12—V =~ [T 2.p(s)VM2dC,
+ J,L eld 2Ar S (9 Y12 (P (s, Y], Z1) - F(s, Y2, 22))dC,)
+ftT efJ 2.)\p(u)dcu2.}/sl,2§d(< L1’2,L1 + 12 >
[T eJo 2ArdCag y12((Z1.2) AM + dL12)

T, 1
[ etsrwned gy o,
t

<0
Considering the assumptions given by (H;) and (Hs), we have:

2.Y A (F(s, Y, ZY) — F(s, Y2, Z2)) < 20p(s)|Y2 )2 +2.Y 2 (m.kp)T . (m.Z1?)

when defining the process kp as follows:

{ p(s) = ECYLZD-FEYLINLZNT o 0 710y g

Im.(Z5%)[2
kp(s) =0 otherwise.

Hence, we obtain:

}7;1,2 SftT Q.Y'SI,QefOS 2.2p (u)dCy, (m.np).(m.Zsl’Q)dCs
+ [ 2.y 2l 2AridCu B (g < p12 L4 L2 )
_ ftT 2.l 2.>\p(u)dcu.nl,Q(Z;,Q)/dM _ ftT 2.¢ls 2.Ap(u)dCuYSl,2dL1,2

Considering the following stochastic integrals:

’

on the one hand: N = (2.6-[(; 2')‘P(S)dCSY’1’2Z1’2> .M, and: N = kp.M, and on the other
hand: L = (2.Y1’26f0t2"\P(s)dCSL1’2), and: L = 2.(L' + L?)

We define the new probability measure Q by: dQ = &(kp.M + 5 (L' + L?))dP. From
Girsanov’s theorem, it results that: N+L— < N+L, kp. M+ g(L1 +L?) > is a martingale
under Q.

In fact, the application of Girsanov’s theorem is justified since, from (Hs), we deduce that:

|m.kp(s)| < Cn(0s + |m.Z;| + \mZ82|)

And, also: kp.M + (L' + L?) is a BMO martingale, thanks to the estimate given by (3)
and the assumption on the process 6 given by (Hs). As a direct consequence (we refer
here in particular to the results given by Kazamaki in [9]) : £(kp.M + g(L1 +L?%) is a
uniformly integrable martingale. Besides, we have:

N+L—<N+L,n’P.M+§(L1+L2) >=N—-<N,N>+L-<L,L>



Remarking that the semi martingale Y2 satisfies the following inequality:

T T
fftmg/ (d<N,N>S—dNS)+/ d<L,L>,—dL,
t t

and taking the conditional expectation with respect to F;, we can conclude that :
Y12 < 0 Q - almost surely (and also: P - almost surely, since the two measures are
equivalent).
Finally, thanks to the symmetry of the problem: Y12 = 0.
This achieves the proof of uniqueness.

2.3 Existence

Proof of Theorem 1:
This proof will be achieved in three main steps and following the method given by Koby-
lanski in [10].

2.3.1 Proof of Existence

In a first step, we will show that to solve BSDE (1.1) under (Hy), it suffices to consider the
simple assumption (Hy) (in the following sense that the problem of existence of a solution
is equivalent under this new assumption).

Then, in a second step, we introduce by doing a formal computation an intermediate
BSDE of the form (1.2). We intend to establish a correspondence between the existence
of a respective solution to BDSE (1.1) and to BSDE (1.2), this under the assumption that
the generators associated with these two BSDEs satisfy (Hy). Finally, we will be able to
justify the formal change of variable and express a solution to BSDE (1.1) in terms of a
solution to BSDE (1.2) (provided it exists).

The third and last step consists simply in constructing a solution to BSDE (1.2) when its
generator g satisfies (Hy).

Step 1: Truncation in y

We aim at using the a priori estimates we have proved in Section 2.1 so that we can
relax the assumption on the generator and then obtain precise estimates for an interme-
diate BSDE.

In this step, we will show that it is possible to restrict ourselves to the assumption (Hy),
instead of (Hj), on our generator F :

T
da >0 / asdCs < a (a > 0), such that: |F(s,y,2)| < as + %|m.z|2 (Hy)
0

Suppose now that we can construct the solution to BSDE (1.1) under (Hy) and let us
explain how to construct the solution to BSDE (1.1) under (H;). Defining:
K = |¢| 4+ |C|, where ¢ and C are the constants given in (2) for a BSDE (1.1) under the
assumption (H;), we introduce the following BSDE:

{ dYK = —FK(s, Y/, ZK)dC, — 8d < LK >, +(ZK) dM, + dLE,
Y& = B.

10



where F is supposed to satisfy (H;) and: F&(s,y,2) = F(s,px(y),z). The truncation
function pg is defined as follows:

-K iffz<-K
pr(z) =< = if: |z < K
K iftz > K

This entails that we have:

Vy ER, 2 € R, [F(s,9,2)] < an(L+ bpx)]) + glm.z”

It is clear that, since: |px ()| < |z|, F¥ satisfies again (H;) with the same parameters as
F and, consequently, it implies that, for all solutions (Y, Z% LK) to the BSDE charac-
terized by the parameters (FX, B, 3), we have: |[YX| < K. On the other hand, we have:
FX satisfies (Hg) with: Vs, as = as(1+ b.K).

Due to our assumption, there exists a solution (Y%, ZX LX) to the BSDE charac-
terized by (FX, B, 3). Besides, since it is a solution of a BSDE whose generator satisfies
(Hy): |[Y¥| < K, which implies that:

FE(s, Y, ZE) = F(s,YX, ZE), and also:
(YE ZK LK) is a solution to the BSDE characterized by (F, B, ).

Step 2: an intermediate BSDE
To solve BSDE (1.1), we begin by setting formally: U = €Y and by supposing that we
have a solution (Y, Z, L) to (1.1) .
Using It6’s formula, we show that this new process U is solution of a BSDE of the following
form:

Ur = eﬁ'B
where we have defined the following processes: Vi = [.Us.Zs, and: dNg = (.Us.dLs,
so that the martingale part of U can be written: V'.M + N. The finite variation
term is independent of d< N > and its expression (in the differentiate form) is sim-
ply _9(87 U87 ‘/S)dCS
This BSDE is characterized by its generator g:

(1.2) { AU, = —g(s,Us, Va)dCs + (Vi) .dM; + dN;

In(u) v 1 5
5 ,m)——|m.v|

2u
We are willing to prove that if we can solve BSDE (1.2) given by (g, €2 ), then we obtain
a solution to BSDE (1.1) when setting:

.— In(U) N . . dN

g(s,u,v) = fu.F(s,

To this aim, we are eager to give precise estimates of the norm of the process U in
S for all solutions (U, V, N ) to the BSDE characterized by (g, ¢?#) . This is not
achievable directly because of the singularity of this generator (in the variable u), and also
we proceed hereafter by constructing a generator G (this by performing a truncation in
u). Provided the generator F of BSDE (1.1) satisfies (Hy) and thanks to this truncation
argument, it will lead us to a BSDE satisfying the assumption (H;), for which we will be
able to establish precise estimates and conclude that all solution to this new BSDE will

11



be solution to the BSDE given by (g, e?F) .
We define then G as follows (where c!, ¢? are positive constants which will be precised

later):
In(u V ct) v 1 9
G(s,u,v) = B.pe2(u).F(s — m.u

( s Uy ) /chz( ) (7 6 ’ﬁ.(u\/cl)) 2(“\/01)‘ ‘ )
the definition of the truncation function p.2 is given in the first step.
As a consequence, remembering that F satisfies (H4), we obtain:

o ydmal mal s
(Gls,w,0)| < Bl + 37555) + g o < Bt g maal

where we have set: § = wmiizlp +4, G = |B|a. sign(u),.
Finally, we have proved that G satisfies, in particular, the assumption (H;) with parame-
ters: a: = a = \B|L1(dcs), b: =1, and: v:=4.
Thanks to the estimates established in Section 2.1, we have that for all solutions (U ey ‘32,
vel Cz, Nebs C2) with the process U< <* bounded:
ue e < e — 1+ |e%B| e, P - almost surely.(this upper bound is independent of the
parameter v and, as a consequence, independent of ¢! and c¢?)
We define then: c? = @ — 1+ [e%- B ea.

It remains to see why for all solutions (UCI’ 02, yeh Cz, N¢h C2) the process U< has
a strictly positive lower bound.
Let (U, V, N) be a solution of the BSDE characterized by (G, ¢?#). Then, we defined
the adapted process ¥(U) as follows:
Vt, U(Uy) = e~ Jo BsdCs 7,
(Remembering that: 3 = |B|a. sign(Us), this expression is well defined since 3 is in
LY(dCy)).
Then, applying It formula to ¥(U) and integrating between t and T , we claim that:

(U(U) — ©(U) = [, (e 15 54O (g(s, Uy, Vi) + f.Us) ) dCs
— [T e 15 BdCu (v dM, + dN,).

Using that: G(s,u,v) > —(3.u+ 2Im.v|?) , we can finally claim: :

T ~
AR TUSES A s

t

T 2 ’
m.Vs|2dC, — / (e [0 PaCu (V" .dM + dNy))
t

We then introduce the following change of probability measure by defining:
% = E(fg.V'.M), the Girsanov’s transform: M = M+ < %.V'.M,M > is justified
thanks to the fact that, thanks to the a priori estimates (3), the process V'.M is a BMO
martingale.
We can so rewrite the preceding inequality:

T 'S 2 ’ ~
U(U;) - ¥(Ur) > —/ (e~ 1o A€ (V" .M + dNy))
t

12



Hence, taking under this new equivalent probability measure the expectation w.r.t F;, we
obtain:
].'
U(Ut) > Ey' (¥(Ur))

Consequently, we have: U; > Egt ((inf UT)_.e* Ir Bsdcs),

so: Uy > e‘ﬁ"B‘O‘J.e—’i, and we set: ¢! = e F-1Bleo =,

For these choices of ¢!, ¢?, the generator G satisfies (H;) and, consequently, if there
exists a solution (U, V, N), this solution satisfies:

P—a.s ,clgUSCQ.

We check easily that: Vs, G(s,Us, V) = g(s,Us, Vi) P — aus.

This implies that: (U, V, N) is a solution of the BSDE characterized by (g, e®-5).

Since the process U is non negative and bounded, the formal computations are justified
and we can set :

Y = ln(ﬁU), Z = B.LU’ et: dL := g%,
This provides us with a solution to BSDE (1.1).

Step 3: Approximation

In this step, we will prove the existence of a solution to (1.1) this under (Hy). The above
two steps show that it is sufficient to prove the existence of a solution to (1.2) under (Hy).
To achieve this, we aim at building a sequence of processes (U™, V™, N™) which are so-
lutions to BSDEs characterized by (g", B) and such that (U™) is monotone. This will
require the construction of a monotone sequence of Lipschitz functions (g") which will
converge (locally uniformly) to g. Then, analogously to Kobylanski, we will establish the
strong convergence of the sequences (V") .M) and (N™).

In the sequel, || is an arbitrary norm (on R or R%).

To solve a BSDE of the form (1.2) characterized by the parameters (g, B), we first
suppose that g satisfies (H;) and in particular that: g > 0.
For each integer n, let us consider then the function:

9" (s,u,v) = inf (g(s,u,,vl) +nlu—u|+n|m.(v— v/)|)

u v

To ensure the measurability, we take the infimum over Q x Q%.
Then g™ is well defined and globally Lipschitz continuous in the following sense:

9" (s,u",01) = g"(s,u®, 0%)] < mufu' — |+ nfm.(v! 0] (6)

Besides, since the sequence (g") is increasing and converges pointwise to g, Dini’s theorem
implies that the convergence is uniform over compact sets.

Moreover the fact that: 0 < g™ < g , implies that:

sup |g”(s,0,0)] < d (7)
n

From those conditions (6) and (7) on the generators, we can show the existence, unique-
ness and comparison theorems by classical arguments (see Pardoux and Peng [13] and El
Karoui and Huang in [5]).

13



Thus, there exists a unique solution (U™, V", N™) to the BSDEs characterized by

(g™, B), and moreover the sequence (U™ ) is increasing (this property results directly from
the usual comparison theorem).

What is more is that thanks to the assumption (7) and the boundedness of the terminal
condition and refering to classical results (see for example [2]), we can conclude that the
sequence (U™) is uniformly bounded in S°°.

Then, it suffices to conclude the proof of Theorem 1 in the case when g > 0, by applying
the stability theorem we will state below in the following subsection.

To justify Corollary 1, it suffices to see as in [3] that under the assumption on the generator
g the same construction of the sequence (g™) holds.

In the general case (g is no longer supposed to be non negative), g satisfies (Hy), we
proceed as in [3] by introducing the functions (g™ ?) as follows:

9" (s,u,v) =ess inf (g% (s, w0+ nlu— |+ nlm.(v—v))|)
u' v

—ess inf (g_(s,ul,v/) + plu — ul| + plm.(v — v/)|)

To obtain one solution to the BSDE we are interested in, it will be necessary to pro-
ceed with two successive passages to the limit: the solution U to the BSDE characterized
by (g, B) will be equal to: U = lim,, ,/ (lim, \, U™P) .

It is the same justification that holds true for these two passages to the limit, so, without
any restriction, we will suppose in all the sequel that g satisfies the assumption given by

(H,)-

_ Firstly, thanks to the fact that (U") is an increasing sequence, then we can define:
U=lim 7 (U").

n
Besides, since for all n the generator g" satisfies (Hy), and remembering the a priori esti-
mates (3), we have that:

T
3¢ >0, sup (E(/ Im.V"|2dCy) +E(|N;|2)> <c
0

n>0

w

Hence, there exists a subsequence such that: V" 5 V (in L2(d < M > xdP)) and:

w

N7 2 Ny in L2(Fr). This implies also that: N;* — N;, which is defined as follows:
N, = E7¢(Nyp).

However it is not sufficient to justify the passage to the limit in the BSDE characterized
by (g", B): in fact, we need to have the strong convergence eventually along a subsequence
to (U,V,N ).

We postpone the proof of this result linked to a lemma intitled "monotone stability” to
the following subsection.

To achieve the proof of existence, it remains to justify the passage to the limit in the
equation:

T T
Ur =Up+ [ 9" U2 VNG + [ (VY M, + N - N
t t

14



It is necessary to check the following assertions :
i) fOt(VS") dM, = fo )’ dM, P-almost surely and for all t .

() NP 222 N (P-almost surely and for all t).
(iii fo (s, U, VM)dC, m’fo s, U;,V )dCy

Assumptions (i) and (ii) are easily obtain from the strong convergence in L? of the
sequences((V™) .M) and (N™), since we can suppose that the convergence is achieved P-
almost surely (taking a subsequence if necessary) .

Finally, the assumption (iii) is a consequence of Lebesgue’s theorem and using the same
method as Kobylanski, we can claim that: sup,, (V™) and sup,,(N™) are square integrable,
this justifies the domination.

As a consequence, this passage to the limit allows us to state that the triple of pro-
cesses (U, V,N) is a solution of (1.2).

By setting: ¥ = l"(U) , 2 = BU’
we obtain a solutlon to BSDE (1.1). O

2.3.2 Monotone stability

Lemma 2 Considering the BSDE (1.2) and using the same notations as in the preceding
section, if the sequence (g™), is such that:

-For all s, the sequence of functions ((u,v) — g"(s,u,v)) converges locally uniformly on
R x R? to g ((u, v) — g(s, u, v)) .

- For all n, g™ satisfies the assumption (Hy):

Ja e LY(dC,), &> 0
19" (s, u,0)| < @ + Flmo[?

- the sequence (U™) is increasing.

If, besides, we have existence of solutions (U™, V*, N™) to those BSDEs given by the
parameters (¢*, B), B being a bounded Fr- measurable random variable, then:

The sequence (U” V™, N™) converges in the product space S x L2(d < M > xdP) x
M([0,T)) to the triple (U,V,N ), which is solution to BSDE (1.2).

Proof:

Following the same method as the one used by Kobylanski in [10], we will prove the
strong convergence of the sequences (V™) .M), and (N™), to V.M and N (this will
require the a priori estimates established in the section 2.1).

We write Ito’s formula for the non negative semi martingale: ®x (U™ — UP)
(n > p), where ® is given by:

eKr _Ka—1
Qg (r) = k.

K will be determined later.
This is a C? function which satisfies on the one hand, ®x > 0, ®x(0) = 0, and on the
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other hand, <I>/K(x) >0, if x > 0, and: <I>/Il( - K.(IDlK =1
Taking the integral between 0 and T and then, the expectation:
E®x (U) — U§) — E@k (UR — UY) =
E Jg (R5(U — UD)(g" (s, UL Vi) = (97(s, UL, V),
]EfO TK — UP)|m.(V* — VP)|?dC;
IEfO TK n—UP)d < N™ — NP >,
We now aim at controlling the increments /of the generators, so that we make appear
the norm of the stochastic integral (V™ — VP) .M before putting it in the left-hand side

and passing to the liminf when p — oc.
Using the fact that the generators g and g? satisfy the assumption (Hy), we deduce:

|gn(5a U;la ‘/;n) _gp(sv Uéna ‘/;p)|

< 2.6, + 3. m (V)P + 3. |m. (V)2

< 2.8, +352. (Im. (V2 = VP2 + [m.(VP = V)2 + [m.V,?)
+7.(Im. (VP = Vo) 2 + [m.V,[?)
< 2+ 5 (I (VE — VD)) + 5 (. (VE — V)2 + [m Vi)

The two last inequalities result simply from the convexity of z — z2.

Putting in the left-hand side all the terms containing (V™ —V?), we obtain the following
inequality (**):

Ed(Uy — UD)HE [ % P (U — UP)d < N — NP >,

FE [T (25 — 32,0 (U — UP)m. (V2 — VP)[2dC,)

SE i 04U = UP) (24, + Fm.(V2 = V1P + m.Ve?) dCy - (x4)

Then, we fix a value for the parameter K such that:

—((5+3).7)Pk > 1 (8)

Consequently, fixing : K = 8.7, this condition is trivially satisfied.
This last inequality (8) entails the strict positivity of the last term of the left-hand side.
Besides, thanks to the weak convergence of a subsequence of (V™) to V' (and similarly of
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(N™) to N), we have on the one hand:

T 1"
P . /
tmint B [ (5 - 5182~ U (V7 — V) P)C = 9)
n—oo 0

T
B [ (2~ 20 a0, - U7, V2 Pyac)

And, on the other hand:

T "
P
limianEl/ (TK.(US" —UPYd < N" — NP >, > (10)
n—oo 0

1"

T (b - -
E/ (TK.(US —UPYd < N — NP >,)
0

The passage to the limit when n — oo in the right-hand side results from an applica-
tion of Lebesgue’s theorem.
On the one hand, we have almost sure convergence of (U") to the process U.
On the other hand, the following quantity:
o (UP — UPY(Im.(Vy — V)2 + |m. V4|2 + C,) is integrable with respect to dCy, because
it is the product of a bounded process and a sum of integrable processes .

Passing to the limit in (**) when n goes to co and using the inequalities (9) and (10), it
gives us:

E® s (Uo — U§) )+ E [T 25(0, - UP)d < N — N7 >,

+E fy ( 7**‘1>K)(U UP)|m.(Vs = VP)|2dC)
<Ef, <I>KU U5 m.(Vs = V) P)dCy)
+E [ (@, (T, — UP) (2.0 + 22 [m.V,|? )d(]s)

To justify the passage to the limit when p — oo, it remains to put in the left-hand
side the terms containing the following quantity (|m.(V — V?)[?) .
Remembering the properties of ®x and the condition (8) on K, the limit of the left-hand
side is strictly larger than:

T
E </ Am.(Vs = VP)PdCs+ < Ny — NP >T>
0

Concerning the right-hand side, it results from a simple the application of Lebesgue’s
theorem.
Finally we can conclude:

T
lim inf E (/ |m.(Vy — VP)[?dCy+ < N, — NP >T> <0
P 0

This can be expressed under the form:
VP.M converges to V.M in L?(d < M > xdP).
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NP converges to N in M2([0,T7]) .

3 Applications to finance

3.1 The case of the exponential utility

One important interest of this theoretical work is the link between the solution of BSDEs
with quadratic growth and some problems arising from Mathematical Finance: we will
in this section focus our attention on one particular problem dealing with the notion of
utility value process as regards to the exponential utility of a portfolio.

We begin here by summing up the main assumptions about the model in our case of a
general continuous filtration (we refer here to Mania et Schweizer in [12]).

As before, we are given a probability space and a continuous filtration I .

We set: S= (S?) the semi martingale which takes its values in R? and which represents the
discounted prices of d risky assets. The evolution of the price process S in our continuous
setting is given by the following equation:

dSs
5 =dMs + dAs, with:dA=d< M > .\
S
(this expression is justified for example in [4] and in the particular context in the recent

article [1]).

We recall here that M is a local continuous martingale of the filtration whose quadratic
variation d < M > can be written as explained in section 1.2 under the following form:

d < M >,=mT.mdC,.

A is a continuous process with bounded variation : we will suppose in the sequel that A is
a Re-valued process which is besides almost surely bounded and which satisfies:

T T
Ja > 0, / Md<M> )\ = / |m.\2dCs < a (H3)
0 0

Furthermore, this expression for S provides a justification for the no arbitrage condi-
tion.
We define then the notion of a portfolio associated to a strategy v:

Definition 1 A R%-valued process v which is predictable with respect to the filtration F
is called trading strategy if the following stochastic integral: [ 1/,% =/>, g—:dSi 1s well
defined .

Each component v; of the trading strategy corresponds to the amount of money invested
in the it asset.

The process XV given below is called wealth process of an agent having the strategy v and
x represents the initial wealth:

t
vt € [0, 7], Xt”:x+/ y;% (11)
0 s
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We suppose besides that we have an incomplete financial market, that is to say that all
contingent claims (i.e. square integrable variables with respect to Fr ) are not attainable.
A contingent claim B is attainable provided it exists a strategy v (and also a process X")
such that: B = X%, where T represents the horizon (or maturity time) which will be a
deterministic time in this work.

We then introduce the utility value process at time t, V,2(z;): it is an F; random variable
defined by:

Vi (2) = esssup B (Un (X4 — B)
veA

where U, is given by: U,(z) = —exp(—a.z), it stands for the utility function, .4 stands
for the set of admissible strategies (in this expression of V;, the strategy v is viewed as
a process), and the set C represents the set of constraints: it is a subset of R where all
strategies take their values (i.e. for all t and P almost surely, v;(w) is in C, C C R?). We
impose besides that: 0 is in C.

Then, before explaining how to solve this problem, let us introduce the notion of admissible
strategy in our context:

Definition 2 Let C be a closed (and non necessarily convex set) in R? . The set A of
admissible strategies consists of all d-dimensional predictable processes v = (V¢)efo,] sat-

isfying: E(fOT |m.v|2dCy) < oo, as well as the uniform integrability of the family:

{exp(—a.XY), T stopping time with values in [0,T]}

We aim here at giving an expression of the value process by a dynamical method:
this approach will require the theoretical study we have made on quadratic BSDEs. The
method applied here is the same as the one used in [8].

To achieve this, we introduce for all strategies v the process R” by setting :
Vs, RY = U(,(Xé' - Ys)

We search to construct Y such that R satisfies:
(i) R4 = -exp(-a(X¥ — F)), for all strategies v .
(ii) RY = Ry = Uy(zy — Y:) (where x4 is a fix F; random variable and such that:
for all strategy v, X} = ).
(iii) R is a supermartingale for any strategies and there exists v* such that R” is a
martingale.

Besides, this method allows us to give a positive answer to the existence of an optimal
strategy.

3.2 A dynamical way to solve the problem:

In this section, we will show that the process Y = (Y;) is solution of a BSDE with quadratic
growth of the same type as (1.1), whose parameters are 5 and the generator: F = F(s, z)

dY, = —F(s,Z,)dCs — 8.d < L >,

+Z..dM, + dL,
Yr =B
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Lemma 3 Keeping the same notations, the process Y ( such that the family of processes
(R”) satisfies the assumptions (i), (ii) and (i) introduced when describing the problem
in the exponential case) is solution of a BSDE with quadratic growth of the form (1.1)
with the following parameters: [ is given by: B = « (corresponding to the risk aversion
parameter), and the expression of F is:

F(s,2) = inf (Sl — (2 + 2)P)

1
—(m.2)T.(m.\g) — %|m.)\s|2, P—a.s (12)

The expression of the value process at time t is a consequence of the dynamical principle
and it is given by:

V2 (1) = esssup EZ (Ua (X4 — B)) = Ua(a; — Y2)

v
Besides, there exists an optimal strategy v* which is defined almost surely for all s by:

A
Y e in|m.(v — (Zs + =2))?
v; € argmin|m.(v — (Zs + )|

There exists at least a measurable way to construct v* (but a priori it is not necessarily
unique).

Before justifying how we can find the expression of the generator, we can remark that the
expression of F given in Proposition 3 satisfies the assumption (H;) with: b = 0 (F is
independent of y).

In fact, we have the following lower bound for F:

1 1
> —(m.2)T.(mXy) — =—|mA|? > —|m.z|.|mA| — —|m.A|?
F(s,2z) > —(m.z)" .(m.Xs) 2'O(|m Asl® > —|m.z].Jm.Ag| 2.a|m)\|

and, we obtain:
1
F(s,z) > —(%.|m.z|2 + =~ |mA?) (13)

Then, if we set: Vs, oy = 2|m.\|? , we can claim: « is in L' (dC), and:

fOT asdCs < a, with: @ > 0 thanks to the assumption (Hz) made on the process A.
The upper bound is obtained by remarking that: 0 is in C, this entails that:

F(s,z) < |m 2|2

We now aim to check that the condition for uniqueness given by (Hj) is satisfied.
For all z', z? in R?, we have:

+[ = (m. Zl)T(m A) + (m.2)T (m.A)

)|\ (m. (1] + 4] + 2. 13)

|F(s,2') — F(s,2%)] < [4(dist*(m.(z" + 2),m.C) — dist*(m.(z> + 2),m.C) |
>\ .
(6, + m.="| + |m.22])

1

S m.(z' = )+ |m.(zt = 2%)|.|m.A|

22
S m. (2! = 2?)

INIA
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[0}

Consequently, the assumption (Hg) is satisfied with: Cp = § and: 0 = m.%‘ (the as-
sumption holds true for this process thanks to (Hs)).

According to the preceding section, this entails that we have existence and uniqueness for
the BSDE characterized by its terminal condition B and its generator F.

Proof of Lemma 3
We recall first the two following expressions:

t t
X =t / V.M, + / (m.vs)T.(m.As)dC,s
0 0

and: . .
Y, :YO—/ F(s, Zy)dCy — g < L> +/ Z.dM, + L,
0 0

So it entails that:

XV —Y, = (x—Y0+f(fus— L) dM, — L,
—|—f0 (s, Zs dC’+ <L>t—|—f0m1/& T(m.)\s)dC,

Using then the following two simple equalities ( by remembering the definition of the
stochastic exponential £(M) of a continuous martingale M):

exp(—a( [, (vs ) dM,)) =
5(—04-(f0'(V 2,) dMy)).exp(% [5 m.(vs — Z,)2dCs)

and: exp(a.L) = S(Q.L).el‘p(%g < L>),
we deduce that the process R¥ can be written as follows:

R’ = —eap(—a.(z — Yo))E(—a(v — Z) .M)E(a.L).e?

S

Besides, since M and L are strongly orthogonal, it implies that:
E(—a(v—2) M)é(a.L)=E(—a(lv—2Z) .M+ a.L).
Writing that: A” = [, dA”, we have that:

dAY = (= a.F(s,Z) — a.(m)T.(m.\) + & |m.(v — Z)[?)dC,
H(E2 g < L >,

It appears then that R” is the product of a local martingale and a finite variation
process which has to be a non decreasing process:
A sufficient condition for R” to be a super martingale is: A” > 0 (it is a martingale for
v* such that: A" >0 ).
Consequently, since the stochastic exponential is a positive local martingale, there exists
a sequence of stopping time (7,,) such that: (Ry,, ) is a super martingale (for each v).As
a consequence:

VAEJ: E (Rt/\T ) SRS/\Tn,']-A
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Passing to the limit, we deduce that: E”* (Rt.lA) < R;.14 , from the uniform integrabil-
ity of (R¢ar, ) which is a direct consequence of both the definition of admissibility and the
boundedness of the process Y.

Reformulating the condition: eA” > 1, we obtain:

—a.ld < L >, +%2d<L>S:O:>ﬂ=a
—.(F(s, Zs) + (mavs) Tmads) + % Ima(vs — Zo)|2 > 0

So we obtain the expression given by (12) for the generator F and the relation given in
Proposition 3 for the optimal strategy v* .
It remains to see why v* is again in A: from the choice of v*, we deduce:

A A
(v —=(Z, s < (Z, s
(s = (Zo+ 22| < lm(Zs + 2]

And, hence: |m.(v* — 2)| < |m.(Zs + %) + |m.
It results then that: R = —e~@=Y0) £(—a.(v* — Z) .M + .L) is a true martingale.

Ao
o

3.3 Power and logarithmic utilities

Similarly as in [8], we introduce two other utility functions and we study for each the
corresponding utility maximization problem: in our special case of a general (and, in par-
ticular, non Brownian) continuous filtration, we will use the same dynamical method as in
the exponential case by introducing a family of random processes and give an expression
of both the value function and the optimal strategy.

The main difference with the exponential case is that for those type of utility functions
we have to impose furthermore that the wealth process is non negative.

Denoting by U the utility function, the problem we are interested in is to compute V' (z;)
defined as in [12]:

V(x¢) = esssup E7* (U, (X£))
o

where x; is a fixed F;-measurable random variable such that for all strategies p: Xf = x;.

In the two cases we will study here, we define another notion of strategy by introducing
a d-dimensional process p: each component p; stands for the part of the wealth invested
in stock i. This will imply we will obtain a very specific expression for the wealth process.
Keeping here the same conventions for the price process S as in Section 3.1, we define X”
by setting:

t t t
!’ d s ’
Xf:x+/ Xfps.5 :x+/ Xfps.dMer/ XPpT.d< M >4\,
0 B 0 0

The link between the process v defined in the exponential case and p is given by: v = X.p
( where X is the wealth process).

We keep the notation C for the constraint set. Here we impose that the process p takes
its values in C.

Finally, the wealth process has the following expression:
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XP = z.exp (fot podMy =L [ pTd < M >, py+ [LpT.d < M >, )\s)
= x.E(p/.M)escp(fg pld < M >4 M)

In the sequel, we will study the two following utility functions:
The first one is the power utility:
For all real v €]0, 1], we will consider: U, (x) = %.x”.
We will fix v and set: U, = U™.
The second one is the logarithmic utility whose definition is: U?(z) = In(z).
We state hereafter the main results we are able to obtain:

Theorem 3 Keeping the introduced notation, let V' be the value function of the utility
mazimization problem related to U'. Its expression is given by:

1 w?
Vi(ay) = T.exp(Y})

and: Y is defined as the unique solution (Y, Z) of a BSDE of the following form:

T Tl T ,
yt:o—/ (s, Zs)dCS+/ Fd <L > —/ Z,dMg — (Lt — Ly)
t t t

where: L is a R-valued martingale strongly orthogonal to M, and f' is given by:

P = ing P (imo - GE2)

peC 17’)/

e —7)|m (z—i-)\s
1

1
- I = Sz

The optimal strategy py is defined for all s (P- a.s) by: (p7)(s) € argmig |m.(p — (
pe

Theorem 4 The expression of the value function V2 of the utility mazimization problem
related to U? is given by: V?(x;) = In(xy) + Y,

and: Y'is again defined as the solution of the following BSDE (with the terminal con-

dition: Yr = 0):
T T , T
1@:0—/ f2(s,Zs)dCs—/ ZSdMS—/ dLs,
t t t

, where f2 is given by:

1 1
2 et . 2 1 2
f7(s,2) —;ggZ\m(p M) = glmAs[~.

(15)

The optimal strategy ps is defined P-a.s. by: (p3)(s) € argmiél|m.(p — )2
pe
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Before giving the proofs of these results, we briefly explain the reason why we can
claim existence and uniqueness to the BSDEs characterized by (f!, 0) (resp. by (f2, 0)).
Remark:

Analogously to the exponential case and before giving the expression of the value function
in the two cases, we can show that the two generators (f! and f2) satisfy the estimates
given by (Hy) or (H)):

On the one hand, the generator f! satisfies:

7-(1=7) Z4+As 2 1 2 1 1 2
. — —|m. < < —=m.
5 |m(17’y)| 2|mz| < fi(s,2) < 2\mz|

which entails that the generator f! satisfies the assumption (Hy).
2
On the other hand, we claim that: —% < f2(s) <0,

So f? satisfies (Hy).
We check easily here that we have:

Im. (24 = 23)|(m.|2.M] + |m.2t| 4+ [m.22|)

[f1(s,21) = f(s,2%)] <

"
(1-7)

Hence, the condition (Hz) is also satisfied by the generator f! which entails that the
uniqueness result holds true for the BSDE characterized by (f!, 0). This condition is
again trivially satisfied by f? (whose expression does not depend on z).

To prove these theorems, we have to distinguish the two type of utilities because in
each case we are going to precise a specific notion of admissible strategies.

3.3.1 Power utility: Proof of Theorem 3

We state below the notion of admissible strategies for the power utility function (this is
less restrictive than in the exponential case):

Definition 3 The set of admissible strategies A consists of all d-dimensional predictable
processes p = (p) which satisfy: p takes its values in C, and:

fOT pld < M >, ps = fOT |m.ps|2dCy < oo, P— almost surely.

This condition entails that the stochastic exponential &( fo p.dM), which is a positive
local martingale, is well defined and we write here its expression:

£( / M) = el pedMa=} J; o A<M 0.
0

We recall the definition of the process X*:

t .
XP = ac—‘,—/ X?p.dM, +/ (m.ps) " (m.Ag)dC,
0 0
Equivalently we obtain the following expression

XP = &(p .M)els(mp)T (mA)dc
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Using the simple computation:
(€[ panny = ([ vpar).e= fomortac:
0 0
it implies that (X*)7 can be written as:
(X0 = £( [ 7/ ah) T2 P g i
0
Remembering here the expression of the BSDE that the process Y satisfies, we have:

¢

¥ =¥ elo fl(s’ZS)dcsg(/ Z'dM + L)eéfot Im.Z,*dC.
0

where we have used: &( [, Z'dM + L) = E(fy Z'dM).E(L).

We check easily:

&( / (yp+2) dM) = &( / .0 dM).E( / 7 dM).e~ Ji - (me) " (m.2)dC
0 0 0

From these equalities, we derive the following expression for:
R = %(Xf)'y.eyt :
1., [* : i
R = ;5(/ (v.p+ Z) dM + L;)e’.
0

where the process Ar is given by the formula :

-1

in Lo 1 2, 7 2 T
Al :/0 (f (s,Z5)+§|m.Zs| + 5 im.p|® +~.(m.p)" (m.(Zs + X)))dC

Thanks to the assumptions of admissibility of p and provided we obtain a BSDE with
quadratic growth (we will have controls of the BMO norms of the process Z .M and L),
we can claim that: S(f(f('y.p + Z)' dM + L) is a positive local martingale.

The choice of f! such that: A? < 0, implies that there exists a family of F-stopping
time (73) such that, for each k, (R{,,, ) is a super martingale.
Since R’ is bounded from below by 0, passing to the limit when k — oo in the following
inequality:

VAeF, E" (R, 1a) < Ronrpla

we obtain that R is a super martingale, for all admissible strategies p.
In the same way that in the proof in the exponential case, we can show that R” is a
martingale and p* is admissible.

3.3.2 Logarithmic utility: Proof of Theorem 4

Definition 4 The set of admissible strategies A consists of all d-dimensional predictable
processes p = (p) which satisfy: p takes its values in C, and:

E( [ pTd < M >, p,) < oo.
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Since we keep the same expression for the wealth process, we have:

t 1 gt t
In(X?) = In(x) —|—/ psdM; — 5/ |m.ps|?dC +/ (m.ps)T (m.As)dC,
0 0 0

In this case, Y is solution of a BSDE of the following type:
T T T
Y, =0— / f2(s, Zs)dCy — / Z,dM, — / dL,

t t t

Writing the process (In(X?) +Y) under the following form:
t

In(X)+ Y, =In(z)+ Yy + / ((p+ 2Z) dM, + dL,) + A*(t)
0
The process A? is given by:
i 1
A2(t) = / (F2(5. 20) = 5-lm.paf? + (m.p,) T (m.2)dC
0

We conclude easily that In(X?) + Y is a super martingale for any p € A and In(X?") +
Y is a martingale, thanks to the choice of f2, whose expression is given by (15) .
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