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We study the dynamics of the exponential utility indifference value
process C(B; «) for a contingent claim B in a semimartingale model with
a general continuous filtration. We prove that C(B; «) is (the first component
of) the unique solution of a backward stochastic differential equation with a
quadratic generator and obtain BMO estimates for the components of this
solution. This allows us to prove several new results about C;(B; ). We
obtain continuity in B and local Lipschitz-continuity in the risk aversion «,
uniformly in #, and we extend earlier results on the asymptotic behavior as
a \(Oora / oo to our general setting. Moreover, we also prove convergence
of the corresponding hedging strategies.

0. Introduction. One of the important problems in mathematical finance is
the valuation of contingent claims in incomplete financial markets. In mathe-
matical terms, this can be formulated as follows. We have a semimartingale S
modeling the discounted prices of the available assets and a random variable B
describing the payoff of a financial instrument at a given time 7'. The gains from
a trading strategy ¢+ with initial capital x are described by the stochastic inte-
gral x + [0 dS = x + G(9). If B admits a representation as B =x + Gr(¢) for
some pair (x, ), the claim B is called attainable, and its value at any time t < T
must equal x + Go;(¥) due to absence-of-arbitrage considerations. Incomplete-
ness means that there are some nonattainable B, and the question is how to value
those.

In this paper we use the utility indifference approach to this problem. For a given
utility function U and an initial capital x; at time ¢, we define the value C;(x;, B)
implicitly by the requirement that

esssup E[U (x; + G 7(9))|F:] = esssup E[U (x; +C;(x¢, B)+ G, 17(%) — B)| F].
9 9

In terms of expected utility, we are thus indifferent between selling or not selling
the claim B for C;(x;, B), provided that we combine each of those alternatives
with optimal trading. Our goal is to study the dynamic behavior of the process
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C = C(B; ) resulting from the exponential utility function U (x) = —e™** with
risk aversion a € (0, 00).

The existing literature on exponential utility indifference valuation can be
roughly divided in two groups. A larger set of papers studies static questions;
they examine Co(B; «), the time 0 value, in models of varying generality. A good
recent overview with many references is given by Becherer [3]; [17] contains a
slightly different approach and additional references. The second set of papers
studies C(B; «) as a process; this is done by Rouge and El Karoui [33] in a
Brownian filtration, by Musiela and Zariphopoulou [29] or Young [35], among
several others, in a Markovian diffusion setting or by Musiela and Zariphopoulou
[30] in a binomial model. In the present paper, we work in a general continuous
filtration and obtain several new results on the dynamic properties of the process
C(B; o) and its asymptotic behavior as the risk aversion o goes to 0 or to co. In
particular, we provide convergence results for hedging strategies.

The paper is structured as follows. Section 1 lays out the model and provides
some auxiliary results mostly known from the literature. We use these to represent
C(B; «) as the dynamic value process of a standard utility maximization problem
with a random endowment and formulated under a suitable measure QF. This
allows us, in Section 2, to extend the static properties known for Co(B; o) very
easily to any C;(B;«). Moreover, we easily obtain the existence of an optimal
strategy for this stochastic control problem. Section 4 shows that C(B; «) is the
unique solution of a backward stochastic differential equation (BSDE) with a
quadratic generator. In contrast to a similar result by Rouge and El Karoui [33],
our derivation directly uses the martingale optimality principle and the existence of
an optimal strategy. Section 3 prepares for these results by providing a comparison
theorem for a more general class of BSDEs driven by a martingale in a continuous
filtration and having quadratic generators. The key step here is Proposition 7,
which shows that the martingale part of any bounded solution of a BSDE with a
generator satisfying a quadratic growth condition belongs to BMO. This underlines
the importance of BMO-martingales when dealing with BSDEs with quadratic
generators. For the particular generator corresponding to the BSDE for C(B; a),
we also obtain estimates on the BMO norms of the components of the solution.

Section 5 exhibits additional properties of the valuation C(B; «). We obtain
time-consistency, continuity in B and local Lipschitz-continuity in «, both of the
latter uniformly in ¢. Finally, Section 6 studies the asymptotics of C(B; ) as
o goes to 0 or to co. For o N\ 0, we prove generally that C,(B; o) decreases
to Eye[B|F:] at a rate of «, uniformly in 7, where QF is the minimal entropy
martingale measure for S; this is a simple extension of a result due to Stricker [34].
With the help of our BSDE description, we are, moreover, able to prove the novel
result that the corresponding hedging strategies ¥ (o) converge to the strategy v ©
which is risk-minimizing under QE in the sense of Follmer and Sondermann [15].
For o /' 0o, C;(B; «) increases generally to the superreplication price C; (B) =
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esssupy Eo[B|¥;], uniformly in ; this generalizes a result due to Rouge and El
Karoui [33] for the case of a Brownian filtration. In addition, again using the
BSDE, we also prove the convergence of the corresponding hedging strategies
¥ (o) to the superreplication strategy ™ from the optional decomposition
of C*(B).

1. Basic concepts and preliminary results. In this section we introduce the
notion of the utility indifference value process for a contingent claim and recall
some basic facts for the case of an exponential utility function.

We start with a probability space (2, ¥, P), a time horizon T € (0, co] and
a filtration F = (¥;)o</<r satisfying the usual conditions of right-continuity and
completeness. Hence, we can and do choose RCLL versions for all semimartin-
gales. Fix an R9-valued semimartingale S = (S;)o</<7 and think of this as the
discounted price process for d risky assets in a financial market containing also a
riskless asset with discounted price constant at 1. A self-financing trading strat-
egy is determined by its initial capital x € R and the numbers @/ of shares of
asseti, i =1,...,d, held at time ¢ € [0, T]. Formally, ¢ is in the space L(S) of
F-predictable S-integrable R¥-valued processes so that the (real-valued) stochastic
integrals G; ,(¥) := ft“ Uy d S, are well defined. They describe the gains or losses
from trading according to ¥ between ¢ and u > t. The wealth at time ¢ of a strat-
egy (x, 1) is x + Go () and we denote by G(¥}) the running stochastic integral
process Go,.(¢). Arbitrage opportunities will be excluded below via the choice of
a suitable space ® of “permitted” trading strategies .

Now let U :R — R be a utility function and B € L°(F7) a contingent claim,
that is, a random payoff at time 7 described by the Fr-measurable random
variable B. In order to assign to B at some date ¢ € [0, T'] a (subjective) value
based on the utility function U, we first fix an ¥;-measurable random variable x;.
Then we define

VB (x;) :=esssup E[U (x, + G,.7(9) — B)|F1],
Ve®
the maximal conditional expected utility we can achieve by starting at time ¢ with
initial capital x;, using some strategy ¥ € ® on (¢, T] and paying out B at time 7.
The utility indifference value C;(x;, B) at time ¢ for B with respect to U and x; is
implicitly defined by

(1.1 VO(x) = VE(x + Ci(x;, B)).

This says that starting with x;, one has the same maximal utility from solely trading
on (¢, T] as from selling B at time ¢ for C;(x;, B), again trading and then paying
out B at the final date 7.

REMARK. Variants of the above notion of utility indifference value have
been known and used for a long time. Its first appearance in a form that also
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accounts for the presence of a financial market is usually attributed to Hodges
and Neuberger [20]. The resulting valuation has been studied extensively in recent
years and we shall provide some more references when giving more specific
results. One good starting point with a long literature list is [3]. However, most
papers only define this value for + = 0 and with % trivial and thus obtain one
mapping from (random payoffs B in) L°(F7) to R. Exceptions are papers set in
Markovian frameworks where the stochastic processes VB(x) and C(x, B) can be
represented via functions of the state variables; see, for instance, [29] or [35] for
recent papers with more references to earlier work. There is also some literature
on dynamic versions of this valuation and their properties; see, notably, [33] or
[3, 4]. But in contrast to our approach, these authors use the definition (1.1) only
for t = 0 and another one for ¢ € (0, T'], and they do not argue (the fact) that their
definitions are equivalent to (1.1) for all 7.

To pass from the above formal definitions to rigorous results, we now choose
one particular U and a corresponding ®. Throughout the rest of this paper, we
work with the exponential utility function

U(x) =—exp(—ax)
with risk aversion « € (0, oo). We assume that
S is locally bounded,

denote by P, := {Q ~ P|S is a local Q-martingale} the set of all equivalent local
martingale measures for S and assume that

Pe,p:={Q € P.|H(Q|P) < 00} # &.
Finally, we define the space of our trading strategies as
O := {1 € L(S)|G(?) is a Q-martingale for all Q € P, r}.

For future use, we introduce the terminology “primal” for any problem where
we optimize over ¥ € ® and “dual” for any problem where we optimize over

Qel, .
For the contingent claim B, we assume that

B € L% :=L*(P).

We make this strong assumption because we want results for arbitrary risk aversion
parameters «. It also has the benefit that our setup fits comfortably into the
framework of Delbaen et al. [8]. The measure Pg introduced there via d P :=
const.e*B d P has the same L?” spaces as P, and our space © here is the space ©»
from [8].
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With the above choices, the processes VB (x) and C(x, B) are well defined for
any bounded adapted process x and we get the exponential utility indifference
value process as

1. Vo
C/(B) = —1Io ’0()
' 1
=— 10g<ess sup E[—e_o‘(G’vT(ﬂ)_B”ﬂ]/ess sup E[—e_“G’va”}‘t]),
o V€O ve®

independently of the initial capital x; at time ¢. This yields C(B) in terms of the
solutions of two primal problems, but it will be more useful to rewrite this in terms
of just one optimization problem. To that end, we introduce the process

~ 1 72
(1.3) VB —essmeQ[—log——B’f;}, 0<r<T,
Q€Pe s z2
where Z € denotes the density process of Q with respect to P. For B =0, V0 is the
dynamic value process associated to the problem of finding the minimal entropy
martingale measure
QE :=argmin H(Q|P).
ere,f

In the same way, V8 is the dynamic value process corresponding to the problem
of finding

Q"% := argmin H(Q|Pp).
ere,f

where Pjg is the measure with density const.e*? with respect to P.

PrOPOSITION 1. If ZE := 792" denotes the density process of QF with
respect to P, then

(1.4) ZE = cpexp(Gr(wF))

for some constant cg € (0, 00) and some vE € ®, and

ZE
(1.5) aV? —EQE[log E] ]—loch—l—G,(l‘} ) —log ZE, 0<t<T.

A completely analogous result holds for Z %" na VB,

PROOF. The representation (1.4) is well known from [16] and [19]; see
Theorem 2.1 of [23] who also prove that the integrand 9% is in ®. (1.5) follows
from Proposition 4.1 of [23] and (1.4), and the last assertion is obtained by
rewriting everything under Pp instead of P. [

The next result provides the link between the primal and dual processes
VB and VB. This is a dynamic version of the results in [8].
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PROPOSITION 2. For fixed «, the processes VB(0) (for x =0) and VB are
related by

(1.6) VE(0) = —exp(—aVB).

As a consequence, the utility indifference value can be rewritten as
C,(B)=—-VE 4V

(1.7)

1 Z? N 1 Z? _
=esssup Eg B——log—Q’ft —esssup Eg ——log—Q’ft .
QePe « 7 Q¢€P, @ " Z;

PROOF. For ¢t =0, (1.7) is just Theorem 2.2 in [8] whose assumption (2.13)
has been shown to be superfluous by Kabanov and Stricker [23]. For general
t € [0, T, the argument is completely analogous; it uses Proposition 1 with QF+58
instead of Q. O

The representation in (1.7) gives C(B) in terms of the solutions of two dual
problems. The desired representation via one single primal problem follows via
Proposition 1.

PROPOSITION 3. The exponential utility indifference value process can be
written as

1 ) _ -~
(18)  C(B)=— logegseléleQE[e“(B Gr@)| 7], 0<t<T.
PROOF. If we define the process Z :=cg exp(G(ﬁE)), then (1.6) and (1.5)

tell us that —V9(0) = exp(—aV®) = —Z%/Z, and Zy = Z£ by (1.4). Hence,
(1.2) yields

Zi
eact(B) VtB (0)—
zZy
E 5
= —ess SupE[—e_“(GI,T(ﬁ)—B)Z_Ti‘%]
Ved Zlﬁ Zr
=essinf E E[ea(B_GtﬂT(ﬁ))—G[,T(ﬁE) 7).
veo ¢
Because 9 > ' := & + 9£ /o is a bijection from © onto itself, the assertion

follows. [

REMARK. Proposition 2 shows that our definition via (1.1) of the utility
indifference value process agrees with that used in Rouge and El Karoui [33]; see
the proof of their Theorem 5.1. Proposition 3 is important because it expresses the



DYNAMIC EXPONENTIAL UTILITY INDIFFERENCE VALUATION 2119

utility indifference value process C(B) as the dynamic value process of a standard
problem of utility maximization with a random endowment B, formulated under
the minimal entropy martingale measure Q. This provides in Section 4 below
the link between our dynamic description of C(B) and the recent results of Hu,
Imkeller and Miiller [21].

2. Elementary properties of the indifference value. In this section we list
some properties of the exponential utility indifference valuation. These are static
properties in the sense that we consider C;(B) for some fixed ¢ € [0, T']. Our main
point is that Propositions 1-3 allow us to extend results known for ¢ = 0 very easily
to arbitrary ¢ € [0, T']. To indicate the dependence on the risk aversion parameter o«
as well, we write C;(B; «). Since P is fixed, we write L°°(F;) for L>°(%;, P).

PROPOSITION 4. For fixed t € [0, T] and a € (0, 00), the mapping B +—
C;(B; «) has the following properties:

(PO) It maps L°°(F7) into L°°(F;), and we have —||B|lco < C¢(B; @) < +| Bl -

(P1) Itis increasing in B: If B < B’, then C;(B; a) < C;(B’; a).

(P2) It is F;-measurably convex in B: we have C;(AB + (1 — A)B’;a) <
AC(B; o) + (1 — A)C(B'; @) for any A € LO(F;) with values in [0, 1] and
any B, B’ € L*(F7).

(P3) It is translation-invariant with respect to L°°(F;) in the sense that we have
Ci(B + x;; ) = Ci(B; ) + x; for any x; € L™(F;).

PROOF. Since U(z — B) = U(z)e*B, (P0) is obtained by using the definition
of C;(B; @) via (1.1). (P1)—~(P3) follow from the representation (1.7) in Proposi-
tion 2 because each functional in the definition (1.3) of V.8 has the claimed prop-
erties. [J

REMARK. In view of Proposition 4, we might call B — C;(B; «) a convex
monetary utility functional from L°°(F7) to L°°(¥;), because the mapping
B +— C;(—B; ) satisfies the obvious generalizations of the axioms for a convex
measure of risk as introduced in [13]; see also [5] for such a suggestion.

While we expect to obtain (PO)-(P2) for C(B) with any reasonable utility
function U, the next properties are linked to the exponential case.

PROPOSITION 5. For fixed t € [0, T], the mapping B — C;(B;«) has the
following properties:

(P4) It does not depend on the initial capital x; in the definition (1.1).

(PS) It is volume-scaling in the sense that C;(BB;«) = BC:(B; Ba) for any
B € (0, 00).

(P6) It is increasing in the risk-aversion a: If a < ', then C;(B; a) < C;(B; d’).
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P7) It satisfies Ci(yB;a) < yCiy(B;a) for y € [0,1] and C;(yB;a) >
yCi(B; ) for y €[1, 00).

PROOF. (P4) is obvious, (P7) follows directly from (P5) and (P6), and these
are proved via the representation (1.8) in Proposition 3; (P5) uses that ® is a cone,
(P6) uses Jensen’s inequality. [

The preceding results are in no way original; they go back to Rouge and
El Karoui [33] and Becherer [3] who formulated and proved them for ¢t = 0. These
authors also gave asymptotic results for large and small risk aversions (o ' oo and
o N\ 0) and we shall prove below versions of those results for arbitrary ¢ € [0, T']
with the help of a description of the process (C;(B;a))o<;<7 via a backward
stochastic differential equation. Before we embark on that aspect, however, we
give two more properties of C;(B). The first says that anything which is attainable
at zero cost by self-financing trading between ¢ and T has zero value and does not
affect the valuation of B; the second says that C;(B) always lies in the interval
of arbitrage-free prices for B. Such results for ¢+ = 0 have already been given by
Rouge and El Karoui [33] and Becherer [3], among others; see also [17].

LEMMA 6. Foranyt €[0,T] and a € (0, 00), we have the following:

(1) Forany v € ©, C; (G, 7 (¥);a) =0and C;(B + G, 7(¥); a) = C;(B; o).
(2) ess il’lerIpe,f Eg[B|F:] < Ci(B; o) <ess SUPpep, Eg[B|%].

PROOF. (1) Since G(¥#) is a Q-martingale for any Q € P, ¢, this is immediate
from (1.7).
(2) We know from (1.7) and (1.3) that

0

1 Z ~

C/(B;a) =ess sup (EQ[B|3~',] — —(EQ[log —TQ‘%] — av}))).
QeP, ¢ (04 Zl‘

By the definition of VO in (1.3), the term in the inner brackets is always

nonnegative, and it equals zero for Q = QF by Proposition 1. The first fact gives

the upper bound in (2), the second one the lower bound. [

3. A comparison theorem and some results for a BSDE. This section
studies a family of backward stochastic differential equations (BSDEs) that play
an important role in a dynamic description of the exponential utility indifference
value. We work on a filtered probability space (2, ¥,F, R) and we assume
throughout this section that

the filtration [F is continuous, that is, all local martingales are continuous.

We fix a (continuous) R¢-valued local R-martingale M null at O and denote by
BMO[M] the space of all R?-valued predictable M-integrable processes 4 such
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that o - M := [hdM is in BMO(R), the usual martingale space BMO for the
measure R. Note that (M) is a (d x d) matrix-valued process.
Let us consider the semimartingale backward equation

t t t
G.1) Y=Y+ / 15 d(M); f (5, Z,) + / g d(L)s + / ZydM, + L,
0 0 0

with the boundary condition
(3.2) Yr =B,

where 1 :=(1... DT e R, f:Qx][0,T]x RY - RYis P x B(R?)-measurable,
g is a real-valued predictable process and B € L°°(F7, R). We call (f, g, B) the
generator of (3.1) and (3.2). A solution of (3.1) and (3.2) is a triple (Y, Z, L),
where Y is a real-valued special R-semimartingale, Z is an R?-valued predictable
M-integrable process and L is a real-valued local R-martingale strongly
R-orthogonal to M. Sometimes we call Y alone the solution of (3.1) and (3.2),
keeping in mind that Z - M + L is the martingale part of Y.

Our first result and its subsequent applications show the importance of
BMO-martingales when dealing with BSDEs with quadratic generators; see also
[21, 28] or [26].

PROPOSITION 7. Suppose there are constants Cy,Cq and a predictable
process K € BMO[M] such that

tr tr _ tr
ay O / 28 d(M), Zs + / K" d(M), K, / 17 d(M)s £ (s, Zy)]

is an increasing process for any R%-valued predictable M-integrable Z,

(3.4) lgr] < Cq, R-a.s., for eacht € [0, T].
Then the martingale part of any bounded solution of (3.1) and (3.2) is in BMO(R).

PROOF. Let Y be a solution of (3.1) and (3.2) and ¢ > 0 a constant such that
3.5 |Y:| <c, R-as., foreachr [0, T].
Applying It6’s formula between a stopping time t and 7 and using (3.5) yields

e\ﬁ|c > eﬂyT _ e,BYt

B* (7
:—/ PV 7 d(M) Zg —|——/ Pl d

(3.6)
+ﬂf 1T d(M), £(s. Z)+/3/ Vg diL),

+,3/ eﬂYstdMs—i—,Bf ePrdLy,
T T
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where B € R is a constant yet to be determined.
If Z- M and L are true R-martingales, taking conditional expectations in (3.6)

gives

B T

—ER[/ P75 d(M) Zy g}
T

> 5;} +%2ERU1T PV d(Ly,

T
< elfle ¢ |,3|ER[/ eﬂY°'|ltrd<M>sf(s’ Zs)|‘jjf}

5&1]

Using the conditions (3.3) and (3.4), we can rewrite this estimate as

g’ '
(7—|ﬂ|cf>ER|:/ e‘BYSZ;rC”M)st ?ril
T
g’ "B
+ (B - ipic ) eal [ b a7 ]
T
T
< elBle + |,3|ER|:/ eﬁYSK;rd(Mh K ?r]
T
For B:=4C :=4max(Cy, Cg) > 0, we obtain from (3.7) that
T gy
};} +ER[/ ! sd(L)JﬂD
T

< e4Cc(1 +4C|IK - M“%}MO(R))’

T
+|ﬂ|ER[/T Vg diL)s

(3.7

<eP(L+ 1B IK - Mlgyocr))-

. T
4C2(ER [ f PV 25 d(M), Z,s
T

4

and if we use (3.5) to write ef¥s > ¢71Plc = ¢~ €. we finally get

T
EU 2 (M), 7, f'-‘,} + E(LYr — (L)<|%]

(3.8) = _
_ U +4CIK - Mzyor)
- 4c” ’
R-a.s. for any stopping time 7. Hence, Z - M and L are in BMO(R).
For general Z - M and L, we stop at 7, and apply the above argument with T
replaced by t, to get (3.8) also with T replaced by t,. Letting n — oo then
completes the proof. [

We are now in a position to give a comparison theorem for the BSDE (3.1).
Although we need this result only for f = 0, we formulate and prove it in general.
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THEOREM 8. Suppose the generators (f',g',B)), i = 1,2, satisfy
the assumptions of Proposition 7, and Y', i = 1,2, are corresponding bounded
solutions of (3.1) and (3.2). (In particular, we assume here the existence of these
solutzons) Suppose also that B' > B? R-as., that the process
[1tr (f (s, Zg) — f (s, Zs)) is decreasing for any Z € BMO[M]; that
gl <g? R ® (L)-a.e.; and that either ' or f? satisfies the following condition:

For any Z', 7% € BMO[ M), there exists some k € BMO[M] such that
3.9) 2 1 2
/1tr s (f(s, 2 - f(s,zs))=//c;rd<M)s (Z; — Z7).
Then Yt1 > Yt2 R-as. forallt €0, T].

PROOF. By taking differences, we obtain
A A1 1)

—/ 15 (M), (£ 22) — £, 22)) +/<g¥ g d(LY,
+f1“ L1z — s ZD) +/g5d< = (L))

+f (Z! - Z%dM; + L} — L.
0

Suppose f! satisfies (3.9). According to Proposition 7, Z' - M, Z?>- M, L', L? are
all in BMO(R). Hence, (3.9) and (3.4) imply that

N = —/Ks dM, — /gfd(L‘l +12)

is in BMO(R), and so Q defined by dQ = &§(N)7 dR is a probability measure
equivalent to R; see Theorem 2.3 of [24]. If

N=Z'-72>» M+L' - L?
denotes the R-martingale part of Y'! — Y2, (3.9) yields that

Yoo 0 =) = [ 1Mo (16,28 - 126, 22)
—[(gs1 — gD d(LY);
(3.10) :/ltrdW)S(fl(s, zh — £, zf))+/g§d(<L1>s — (L) +N

N+ [ceamn, @l =25 + [ gaah - 1))

Il
=
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is a local Q-martingale by Girsanov’s theorem and even in BMO(Q) by
Theorem 3.6 of [24], since N is in BMO(R) by Proposition 7.. Thus, we can use the
Q-martingale property and the boundary conditions Y; = B’ to obtain from (3.10)
that

vy —v?

T
(3.11) =EQ[BI —Bz—/ 1d(M)s(f1 (s, Z2) — f2(s, Z2))

t
/ (g — g d (L"), ?f]

REMARKS. (1) The assumption (3.3) is a quadratic condition (in Z). This
becomes more apparent if we use the strong order on increasing processes (where
A < A’ means that A’ — A is increasing) to rewrite (3.3) more compactly as

which implies the assertion. [J

/|1tr Vs f($, Z)|I 2 CH(Z-M)+ (K - M).

(2) For d = 1, the BSDE (3.1) and the above conditions on f take a
simpler and more familiar form since (M) is then a scalar process. The term
[1%d(M)s f (s, Zs) in (3.1) reduces to [ f(s, Zs)d(M)s; the condition on
f!'— f? in Theorem 8 follows if f!(z,z) < f2(t,z); (3.3) boils down to the
quadratic growth condition | f(z, z)| < K,2 +Cy z2; and (3.9) essentially means
that (with 0/0 :=0)

zZl— 72

(3.12) € BMO[M]  forany Z', Z> € BMO[M).

Note that this is fulfilled for functionals of the form f(w,t,z) = D?((u) +
D,1 (w)z+ th (w)z2 with processes D°, D! in BMO[M] and a bounded predictable
process D? > 0. Alternatively, (3.12) holds if f(z, z) satisfies a global Lipschitz
condition in z and M is in BMO(R).

For later use, we consider the special case of the generator (0, —%, B) with
o € (0,00) and B € L°°(R). The BSDE (3.1) then takes the form (with
replacing Z)

Ol

and its solution with final condition Y7 = B is denoted by (Y%, ¥, L%). We now
derive estimates on these quantities as « varies.
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LEMMA 9. For the solutions (Y%, ¥, L*) of (3.13) and (3.2) with generator
(0, =3, B), we have

(3.14) sup || - M| smocry < 00,
ae(0,00)
(3.15) sup e[| L[| By0cr) < 0°-
ae(0,00)

In particular, this yields

(3.16) sup ||L*|lBmor) < oo,
ae(0,00)
(3.17) lim ||IL*| smocr) = 0.
oa—> 00

PROOF. We go back to the proof of Proposition 7 and note that Cy =0, K =0
in (3.3) and C¢ = 5 in (3.4). Hence, we obtain from (3.6) as for (3.7) with g = —1
and ¢ = || B||«o that
1 T
Bl = S | [yt atn, v 7
T
1+

To‘ e 1Bl Ep[(LY) 7 — (L%) ;| %],

where we have used in (3.6) Bg; = % instead of the cruder estimate Bg; >

—|B|Cy = —5. The above estimate yields

1 - MU 3ok + (1 +IL [ Fy0r) < 267181
uniformly for all @ € (0, 00).

Thus, we obtain (3.14) and (3.15), and (3.16) and (3.17) then follow immediately.
O

(3.18)

REMARK. One can also deduce (3.15)—(3.17) by taking conditional expecta-
tions directly in (3.13). We have chosen the above argument since it gives (3.14)
at the same time.

PROPOSITION 10. The solution Y% of (3.13) and (3.2) is locally Lipschitz-
continuous with respect to a, uniformly in t: For any y > 0, there is a constant K,
depending only on y such that

(3.19) sup [Y& —YY|<Kyla—a'|  foralla,a' €(0,y].
0<t<T

PROOF. We go back to the proof of Theorem 8 with the two generators
(0, —%, B) and (0, —%, B). Then (3.11) yields
a—ao

2

(3.20) YY—vY = Eo[{L*)7 — (L*)/| %],
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where Q is now given by

/

dQ:é:(%( « +L°")>

Due to (3.16), we have

!
dR =: 8(“—L(a, o/)) dR =: Zy(a. ) dR.
T 2 T

/
sup a—L(a, o)

a,a'€(0,y]

(3.21) BMOR)

<Y sup (L Iamory + L% | gwocry) < o0
oo’ €(0,00)

By Theorem 3.1 of [24], Z(«, «’) therefore satisfies the reverse Holder inequality
R p(R) for some p € (1, 00), that is,

Zr(a, 0 )\P| »
0oror ER[( Zo(a, o)) ) M = ()

for a constant c; this holds uniformly for all «, «’ € (0, ] since (3.21) is also
uniform in those «, «’. Moreover, the energy inequalities (see [24], page 28) yield

= 2
(3.22) sup ER[((L*) 7 — (L))" |F] < n!| L |3hyory  foralln e N.

So if we choose n with -5 < p, Bayes’ rule and Holder’s inequality give

o o Zr (o, ) o a
sup EQ[(LY)r — (L%),|Fi]1= sup ER[i, (L% — (L ),)’f’,}
0<t<T 0<t<T Zi(a,af)
< cujmoy sup (ERILY)T — (L))" F)".

0<t<T

Combining this with (3.20), (3.22) and (3.21) yields (3.19). [J

A closer look at the proof of Theorem 8 shows that we can also write down a
quasi-explicit expression for Y¢.

PROPOSITION 11. The solution (Y*,¥*,L%) of (3.13) and (3.2) with
generator (0, —%, B) can be represented as follows: If we define the measure Q%
by dQ® :=Z7dR:=E&(5L*)r dR, then

Y¢ = Egu[B|#]
(3.23) & 2)L*
= ER[MB‘TFI}, R-a.s. for eacht € [0, T],
E((a/2) L),

and y* is a predictable density of (Y%, M) with respect to (M), that is,
d(Y*, M) =d{M)y*.
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PROOF. For the two generators (0, —%, B) and (0, —%, 0) with corresponding
solutions (Y%, 4%, L%) and (0, 0, 0), the martingale N in the proof of Theorem 8
reduces to %L"‘. Hence, (3.23) follows from (3.11), and the second assertion then
from the BSDE (3.13). O

Note that the representation (3.23) of Y“ is not as simple as it may appear,
because the measure Q still involves the component L* from the solution triple
(Y%, *, L*). Since this depends on B via the final condition (3.2), (3.23) is, in
particular, not linear in B in general.

4. Dynamic description of the utility indifference value. In this section we
study the dynamic behavior of the exponential utility indifference value over time.
We characterize the process C(B; «) as the unique solution of a BSDE in a general
continuous filtration which need not be generated by a Brownian motion, thus
extending earlier results by Rouge and El Karoui [33]. Given the characterization
of C(B; &) in Proposition 3, we can also view our BSDE as a generalization of the
one obtained independently by Hu, Imkeller and Miiller [21]. Finally, our BSDE is
also a continuous-time analogue of the recursive description in Theorem 5 of [30],
obtained in a particular discrete-time setting.

To prove existence and uniqueness of a solution to their BSDEs, Rouge and
El Karoui [33] and Hu, Imkeller and Miiller [21] used results of Kobylanski [25]
on existence and comparison for quadratic BSDEs driven by a Brownian motion.
But for BSDEs with quadratic generators and driven by martingales, there are no
general results similar to those of Kobylanski [25]. Chitashvili [7] and El Karoui
and Huang [11] established the well-posedness of BSDEs driven by martingales
if the generators satisfy global Lipschitz conditions, but this is too restrictive for
our needs. We prove here existence of a solution by directly showing that C(B; «)
satisfies a quadratic BSDE, and we use the comparison theorem from Section 3 to
obtain uniqueness.

We start by recalling from Proposition 3 that the exponential utility indifference
value process C(B; o) can be represented as

1
(1.8)  C/(B;a)=—logessinf Eyu[e* PO 7| F] 0<t<T.
o e®
This shows that ¢*C€(B:®) is the dynamic value process of the stochastic control
problem
4.1) minimize E e [ex(B=Gr()] over all ¥ € ©.

Using similar arguments as in [8], one can show that an optimal strategy 9* € ©
for (4.1) exists. The martingale optimality principle takes here the following form.

PROPOSITION 12.  Suppose that S is locally bounded, P, y # & and B € L*°.
Fixa > 0.
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(1) There exists an RCLL process JB = (JtB)Ofth such that, for each t € [0, T,
4.2) JB = essinf E yr [ea(B_G‘*T(ﬁ))IJ(Ez], P-a.s.
Ve®
J B is the largest RCLL process J with Jp = e¢*B, P-a.s. such that Je=*¢®)

is a QF -submartingale for each v € ©.
(2) The following properties are equivalent:

(a) 9* € O is optimal for (4.1), that is, JE = E pr[e*BE=Cr0)],
(b) 0* € O is optimal for all conditional criteria, that is,

JtB = EQE[@Q(B_Gt’T(ﬂ*))|JQ}], P-a.s., foreacht € [0, T].
(c) The process JBe= GO with 9* € O is a QE-martingale.

(3) Due to (4.2) and (1.8), we can and do choose ilog JB as an RCLL version
for C(B; ). For any stopping times 0 <1 < T, we then have the dynamic
programming equation

1 .
4.3)  Co(B;a) =—logessinf E yp[e* B0~ Cor g1 pgs.
o e

PROOF. This is a standard argument like in [12] or [27] and therefore omitted.
O

Because we have an optimal strategy ©¥* € ®, Proposition 12 yields that
1 1 *
C(B;a)=—logJB = —log(JBe™*CU)) + G(9)
o o

is a QF-supermartingale; see Proposition 6 of [30] for an analogous result in a
particular discrete-time setting. To obtain more structure for C(B; ), we now
assume that

IF is continuous;

this implies, in particular, that S is continuous. The Doob—Meyer decomposition
of C(B; ) is

C(B:a)=Co(B;a) + MB(@)— AB(@)  under QF,

where MB(a) € ,Mo,loc(QE) and AB () is adapted, continuous and increasing.
Using the Galtchouk—Kunita—Watanabe decomposition for M5 («) with respect
to S under QF, we get

(4.4) C(B;a) =Co(B; a) — AB(a) + / 9B (@)dS +m® ()

with m 8 (&) € Mo 10c(QF) satisfying (m® (), S) = 0.
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THEOREM 13.  Suppose that P, r # &, B € L* and F is continuous. Then
the exponential utility indifference value process C(B; &) is the unique bounded
solution of the following semimartingale backward equation under the minimal
entropy martingale measure QF

o t
4.5) V=Yoo S(Lh+ [ vedSi+ L
with the boundary condition
(3.2) Yr = B.

[“Under QE ” means that, in the solution triple (Y, ¥, L), the process L is a local
QF -martingale strongly QF -orthogonal to S.] Moreover, vy - S and L are both in
BMO(QF).

PROOF. (1) We first show that C(B; «) satisfies (4.5) and (3.2). Applying Itd’s
formula for Z®) := ¢2(C(B;0)=G() and omitting the index o, we have from (4.4)

7" = z{»

46)  ta /0 t z§ﬁ>d<—Af +7 /0 (0B = 90T d (S (0F — 00 + %<m3>s)

+ local QF-martingale.

By parts (1) and (2) of Proposition 12, Z®) is a Q-submartingale for any ¥ € ©
and a QF-martingale for the optimal strategy ©*. Since Z() > 0, this implies
by (4.6) that

_AB 4 % /(goB — )T d(S) (@F — ) + %(mB) is increasing
for any ¢ € ® and vanishes for ¢¥*. Hence, it follows that

B _ oA B gnir B @ B
A—egsegf(2/<w 9A(S) (9" —9)+ 5 (m >)

4.7) o o
= S+ Sessin [ — )" als) 0" - 0),
where we can take the ess inf with respect to the strong order. To prove that
B_%, B
(4.8) A" =2 (m7),

we define the stopping times 7, := inf{t > 0||G;(¢®)| > n}. Then 7, /' T
stationarily, P-a.s., and 9" := B0 1,1 is in © for every n. Hence, we get, for
any t < T, that

NP B a ' B B
essint = [ (0F =007 (), @F =0 =5 [(@F — 01 dts), o — 00

a (Vi g B
=5 (p5)" d(S)s o — 0
Tn
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as n — oo, which implies (4.8). Combining this with (4.4) shows that C(B; @)
indeed satisfies (4.5), and it is clear that we also have the boundary condition
Cr(B; o) = B. The BMO property of ¢ - S and L follows from Proposition 7,
applied with the pair (M, R) = (S, 0F)y.

(2) We already know from Proposition 4 that C (B; «) is bounded by || B|| - The
uniqueness of a bounded solution of (4.5) and (3.2) follows from the comparison
in Theorem 8, applied with the pair (M, R) = (S, Qf). O

REMARKS. (1) In comparison to the work of Rouge and El Karoui [33] and
Hu, Imkeller and Miiller [21], our BSDE result in Theorem 13 is at the same time
more and less general. We are able to work in a general continuous filtration, but
we have so far not included any constraints in our strategies. For the case where
dS; = 0; dW; under an equivalent martingale measure Q* and I is generated by
a Brownian motion, our BSDE (4.5) can be rewritten as

dy, = —%m,mzdr +zdWE  under OF,

where I1; denotes the projection on ker (o7) = (range(at“))L. This agrees with the
BSDEs of Rouge and El Karoui [33] and Hu, Imkeller and Miiller [21] in that
particular case.

(2) One advantage of our approach is that even in a Brownian filtration, we need
not invoke general results on quadratic BSDESs. This allows us to avoid restrictive
assumptions (like boundedness) on the coefficients of our model. In fact, our only
requirement is the natural condition that the minimal entropy martingale measure
OF exists.

(3) The proof of Theorem 13 shows, in particular, that the value of the infimum
in (4.7) is obtained by choosing ¥ = ¢ . Because we already know that an optimal
strategy ©* € © exists, we conclude that 9* = ¢, and, in particular, that ¢? is
in ®. Moreover, we also see from (4.4) that the {-component of the solution to
the BSDE (4.5) is given by the optimal strategy ©* for the utility maximization
problem (4.1).

(4) If we only assume that § is continuous while the filtration is general, we
can still show that C(B; o) satisfies the semimartingale backward equation

p
(4.9) Yt=Yo—l< Z(e“”s—aAYs—n) —%<L>z+/’wsdss+Lt
0

o O<s<t

with boundary condition Y7 = B, where AP denotes the dual predictable
projection of a locally integrable increasing process A. We do not have a
comparison theorem for such equations, but one can prove uniqueness directly
by showing that any bounded solution of (4.9) coincides with the exponential
utility indifference value process C(B; «). The main difficulty with (4.9) is that
the presence of the compensated sum of jumps makes it very hard to derive any
properties of the solution Y.
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Note that both ¥ and L in the BSDE (4.5) depend on the risk aversion
parameter «. We shall indicate this by writing ¥ (), L(«).

5. Dynamic and further properties of the indifference valuation. In this
section we derive further properties of the exponential utility indifference value
process C(B; «). While some hold generally, others rely on the BSDE description
in Theorem 13 and thus need continuity of . This will be specified if necessary
so that the only standing assumptions in this section are that

§ is locally bounded and P, s # <.
We first prove continuity of C(B; «) in B.

PROPOSITION 14. Assume that T is continuous. If (B"),eN is a bounded
sequence in L™ such that (B") converges to B in probability for some B € L,
then for any y > 0,

5.1 sup sup |C;(B";a) — Cy(B;a)|—> 0 in probability as n — o0.
ae(0,y]0<t<T

PROOF. We go back to the proof of Theorem 8 and work there with the pair
(S, OF) instead of (M, R) and the two generators (0, —%,B") and (0, -3, B).
The corresponding solutions are (C(B"; «), ¥"(a), L" (@)) and (C(B; ), ¥ (a),
L(a)) by Theorem 13. From (3.11), we get

Ci(B";a) — Ci(B: a) = Egn[B" — B|#1],
where Q" («) is given by

dQ" (o) = 8(%(L"(a) + L(a)))TdQE =: Z%(a)d QF.

The estimate (3.18) implies that

2
14 B" B 2
< sup(e” lloo e” ||oo) < 00,

5.2) sup sup
BMOR) ~ 2 neN

o n
E(L (o) + L(a))
ae(0,y]neN

and so there exists, by Theorem 3.1 of [24], an exponent p € (1, 0co) such that each
Z™ (o) satisfies the reverse Holder inequality R p(QE ), that is,

Zr(@)\P| - »
o?tlET EQE[(Z?(OC)> ’h] =)

for a constant c;,. Note that because (5.2) is uniform in n € N and « € (0, y], the
same p,c, work for all these n, « simultaneously. Using now Bayes’ rule and
Holder’s inequality, we get

sup sup |Cy(B";a) — Cyi(B;a)|= sup sup
ae(0,y]0<t<T ae(0,y]10<t<T

Z7(@) .
Ege i B - B)I%]

<cp sup (Egel|B" — BI|F:])",
0<t<T
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with g € (1, 00) conjugate to p, and so (5.1) follows from Doob’s maximal
inequality. [J

A natural assumption on a convex monetary utility functional ®; : L*°(¥7) —
L®(#;) is a continuity of the following form: If a bounded sequence (B™),cn
in L® increases (or decreases), P-a.s. to some B € L®, then ®,(B") increases
(or decreases), P-a.s. to ®;(B). This is one possible extension to the dynamic
case of the semicontinuity requirements studied for static risk measures (or utility
functionals); see, for instance, [14] or [10] for a recent conditional version. For the
functional ®¢ := Cy(-; ), the exponential utility indifference value at time 0, this
continuity could be deduced from the recent work of Barrieu and El Karoui [2];
see their Theorem 3.6 and Proposition 5.3. However, Proposition 14 is stronger in
that it provides such a result uniformly in ¢ € [0, T'] (and locally uniformly in « as
well).

The next result holds generally, that is, without continuity of [; see also
Corollary 3.10 of [3].

PROPOSITION 15. For each o € (0,00), C(B; a) is time-consistent in the
sense that, for any B € L*°, we have

Co(Ce(B;a);a) = Co(B; ),

53
©-3) P-a.s. for any stopping times o, Tt witho < T.

PROOF. Because C;(B’; a) = B’ for any F;-measurable B’, we obtain from
the dynamic programming equation (4.3) applied to B’ = C;(B; «) that

1 .
Co(B'; o) = —logessinf E yr [¢* (B0 ~Cor |7 1 = C,(Bia),  P-as.
o Pe® .

The financial interpretation of (5.3) is obvious: If we want to value the time T
payoff B at time o, we can either do this directly or first value B at time T > o
and then value the result C;(B; «) at time o. In both cases, the final valuation is
the same. As emphasized by Musiela and Zariphopoulou [30], such a consistency
property is highly desirable, and it is also known from the work of Rosazza Gianin
[32] that a nice BSDE representation is usually sufficient to derive it. For more
discussion and references on time-consistency aspects, we refer to [1].

As a direct consequence of Theorem 13 and Proposition 10, we also have the
following:

PROPOSITION 16. If F is continuous, the exponential utility indifference
value C;(B; a) is locally Lipschitz-continuous in «, uniformly in t: For any y > 0,
we have

sup |Ci(B;a) — Cy(B; )| < Kyl — o', P-a.s.
0<t<T

foralla,a’ € (0, y], where the constant K, depends only on y and B.
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6. Risk aversion asymptotics. In this section we study the behavior of the
exponential utility indifference value process as the risk aversion parameter « goes
to 0 or oco. Earlier results on some aspects of this have been obtained by Rouge
and El Karoui [33], Becherer [3], Fujiwara and Miyahara [18] and Stricker [34],
among others; see below for more detailed comments. As before, our standing
assumptions in this section are that

S is locally bounded and P, s # &.

6.1. Asymptotics fora (0. A simple adaptation of arguments from [34] gives
the following:

THEOREM 17. For each B € L®, we have
(6.1) lim C;(B; ) = Epe[B|F] uniformly int € [0, T], P-a.s.
a—0

Moreover, we have the estimate

(6.2) sup |C;(B; o) — EQE[BI.?}]| <aconst.(B), P-a.s.
0<t<T

PROOF. With the notation Z; 7 := Z71/Z;, we know from Lemma 6 and the
representations (1.7) and (1.5) that, forany # € [0, T'], « € (0, 00) and Q € P, ,

Eoe[B|F]1 = Ci(B;a)
< EQUBIF| —  (Eqllog 2151 ~ Egellog ZEr |7,
Moreover, the representation (1.4) of Z? implies that
Egllog Z 1|71 = Egellog ZE, |71 forany Q € Py,
and we have
log Z,?T — log ZET = log(ZgT/ZfT) =log Z,QT QE,

where Z2: 2" denotes the density process of Q with respect to Q. Bayes’ rule
and the Fenchel inequality bz < é(e"‘b + zlogz — 1) thus give

.nE
EglB|Fil=E:[BZ2%° 7]
=

.nE .nE
(Egele®B|1F1+ Ege[22;9 1og 220 |7] - 1)

Rl— R |~

(Eoele®|F) + Egllog 22, —log ZEp | %11 - 1),
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and so we get

B — 1
sup |C/(B; @) — Egre[BIF]| < sup EQE[ —B'J“-’,].
0<t<T 0<t<T
Because B is bounded, we have 0 < e‘"l;_—l —B< %||B||gQ + const.a2, P-a.s., and

0 (6.2) and (6.1) both follow. [

REMARK. The convergence limy_.o C:(B; ) = EQE[Blf',] has also been
obtained by Rouge and El Karoui [33] for arbitrary (but fixed) ¢ in a Brownian
filtration, and for t = 0 by Becherer [3] and Stricker [34] in a general setting and
by Fujiwara and Miyahara [18] for geometric Lévy processes. Theorem 17 extends
the argument by Stricker [34], who also gave the convergence rate of order «, to
provide a uniform result for all # € [0, T'].

If F is continuous, an alternative proof of Theorem 17 goes via the BSDE
description of C(B; «) in Theorem 13. In fact, taking conditional expectations
between ¢ and T in (4.5) and using (3.2) and the fact that [ () dS and L(«) are
QF -martingales yields

Ci(B;a) = Ege[B|F1] + %EQEHL(O[))T — (L(@))1| F1].

Hence, (6.2) follows from the estimate (3.15) in Lemma 9. We now prove that we
also have convergence of the strategies ¥ (c).

THEOREM 18. Suppose that ¥ is continuous and write the Galtchouk—Kunita—
Watanabe decomposition of B € L™ under QF as

(6.3) vE.= EQE[B|F]:VOE+/¢EdS+LE.
Then we have

. _ E . E
(6.4) Jim / V() dS = [ vEdS  in BMO(QFE),
(6.5) limOL(a) =LE in BMO(QF)

and, more precisely, we even have

wa(a)dS—/wEdS

< aconst.(B).

2
+|IL(a) — LE)?
(6.6) BMO(QF) BMO(Q*)
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PROOF. Since F is continuous, all processes below are continuous. Using (6.3)
and Theorem 13, we obtain from Itd’s formula, omitting the arguments B and «
for the moment, that

T
(Cr —VEY =(C, —VEY - 2/ (Cs — VSE)gd<L>s
p 2

T
+/t W — W EY d(S)u (s — W)
(6.7) r
+ /t d(L — L),

T
+2/ (Cy — VuE)d(/(w —wE)dS—FL—LE) :
t u
Since VE is a bounded QF-martingale, [ *dS and LF are in BMO(QF)
and thus QF -martingales. Hence, the last term in (6.7) is like its integrator a
QF -martingale because the integrand is bounded. Taking conditional expectations
and using Cr(B) =B = VTE yields

Eor [ftT(wu(oo = )" d{S)hu(ule) — wf)\%]

+EQE[/IT d(L(a) — LE), 2

%] +(Ci(Bi ) — V)
d

<2||Blloc sup ||L(a)||§MO(QE) uniformly in 7.
a€(0,00)

Hence, (6.4)-(6.6) all follow from (3.16), and we also again recover (6.1).

T E
—wEyr [ / (Cs(B: ) — VE) (L)),

<2||Blloc @ Ege[(L(a))1 — (L(0t));|F7]

Loosely speaking, the interpretation of Theorem 18 is that, in the small risk
aversion limit, exponential indifference hedging converges to risk-minimization
under the minimal entropy martingale measure Q. To see this, note that the in-
tegrand ¥ £ in the decomposition (6.3) of B is (the risky asset component of ) the
strategy which is risk-minimizing in the sense of Follmer and Sondermann [15]
with respect to QF. Hence, Theorem 18 says that, for vanishing risk aversion «,
the gains process [ ¥ («) dS from the o-optimal strategy for exponential utility in-
difference valuation converges to the gains process from the QF -risk-minimizing
strategy. As in Theorem 17, we even obtain a convergence rate.

REMARK. The convergence in (6.4) was conjectured by D. Becherer in private
discussions with one of the authors. Theorem 18 also explains the observation
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made after Corollary 4.3 of Young [35] that, in a particular model for valuing
catastrophe bonds by exponential utility indifference, formally setting o = 0
reproduces an earlier alternative approach.

6.2. Asymptotics for o /' co. Qur last contribution is a study of the large risk
aversion asymptotics of C(B; ). To that end, we recall the superreplication price
process

C/(B):=esssup Eg[B|F;], 0<1<T,
QeP,
where we can and do choose an RCLL version. By the optional decomposition
theorem (see [12] or [27]), C*(B) is the smallest RCLL process with final
value B at time 7 which is a Q-supermartingale for all O € IP,, and it admits
a decomposition

(6.8) C*(B):CS(B)—i—/w*dS—K*,

where ¥* is an R?-valued predictable S-integrable process and K * is an optional

increasing process null at 0. In general, K* is neither unique nor continuous; see

Example 1 of [12]. But if the filtration is continuous, K* is actually predictable,

hence, unique by the Doob—Meyer decomposition theorem, and because C*(B) is

bounded, that result then also implies that K* is QF-integrable and y* is in ©.
From part (2) of Lemma 6, we know that

(6.9) Ci(B;a) <C/(B), P-as. foreachr € [0, T].

Moreover, we also have

(6.10) C/(B) =esssup Eg[B| %], P-as. foreacht € [0, T].
QEPe,f

In fact, Bayes’ rule gives
EolB|F:1=Ep[Z2B|F1/Ep1Z2|F:]  for Q €P,,

and by Theorem 1.1 and Corollary 1.3 of [22], the set {ZTQ|Q eP,}JNL>®(P)C
{Z2|0 € P, s} is dense in {Z2|Q € P,} for the L' (P)-norm. Since B € L®(P),
(6.10) readily follows.

For the next result, we need some notation. Let D = (D;)o<;<r be an increasing
predictable RCLL process null at O such that (Si, Sk) < Dforalli,k=1,...,d.
We choose D strictly increasing and bounded (uniformly in ¢, w); for instance,
D; =1t + tanh(Zle(Si),) will do. If S is continuous, we can and do choose
D continuous as well. We define the (d x d) matrix-valued predictable process
X =(X,)o<i<T by d(S); = X,dD; and the finite measure p on Q:=Qx[0,T]
by 1 := QF ® D. Then we have

</z9dS,/z9’dS>:/19tr§0/dD for 9, 9" € L(S)
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T 2
[ 05 =l 048
0 L2(QF) T

if [ dS is square-integrable under Q¥ . For d = 1, we do not need all this notation
since we can take D = (§) and X = 1, the measure u is then the Doléans measure
of (S) under QF.

and

6.11)

L'(QF) = 192D L1

THEOREM 19. Assume that F is continuous. Fix B € L* and any stopping
time t. Then:

(1) Pllimyg— oo Ci(B; ) = CS(B) forallt € [0,T]] = 1. (This is true even
without continuity of F or S.)

(2) limy— o0 Cz(B; a) = C7(B) strongly in L™ (QF) for every r € [1, 00).

(3) limg—oo fy Vu(@)dS, = J§ ¥} dS, weakly in L™ (QF) for every r € [1, 00).

(4) limy 00 5{L()); = K} weakly in L"(QF) for every r €1, 00).

(5) limy oo (Y (@) — Y*)"Z (W (@) — ¥*))/2 = 0 strongly in LP (i) for every
p el 2).

PROOF. (a) The first part of the argument is almost as in [33]. From (6.9),
(1.7) and (1.5), we have, for any Q € P, 7, that

0 E

x ! Z7 i
CH(B) > C/(B;a) > Eg[B|F;] — &<EQ[log ?]37,} — Egr [1ogﬁ‘3~‘,D.

t t

Letting @ — oo and using (6.10) yields limy— oo C;(B; @) = C;(B), P-a.s. for
each t € [0, T]. Then (1) follows because C(B;«) and C*(B) are both right-
continuous, and (2) then follows because all these processes are uniformly
bounded by || B||. Clearly, this argument does not use the continuity of IF or S.

(b) We already know that C*(B) and each C(B;«) are RCLL oF -super-
martingales; see the remark following Proposition 12. Because we also have
the convergence in (2) and a uniform bound |B| . on all these processes,
Theorem VIL18 of [9] implies that at each stopping time, the Q% -compensators
converge weakly in L'(QF) as @ — oo. This still does not need continuity
of ¥ or S, but it also does not lead us very far because we cannot identify the
compensators in general.

(c) Now assume that IF is continuous. Then C(B; ) can be written as

(6.12) C(B;oe):CO(B;oz)+fw(a)dS+L(a) - %(L(oz))

by Theorem 13. From (6.12) and (6.8), we can therefore identify the
QF -compensators as 5(L(er)) and K*, respectively, so that (b) gives

(6.13) lim g<L<oz)> =K*  weaklyin L'(QF)
’ a—00 T y ’
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Due to (3.17) in Lemma 9, L(c) converges to 0 in BMO(QF) as a — oo, and this
implies

(6.14) all)ngo L:(x)=0 strongly in LZ(QE).

By combining (6.14) and (6.13) with (2) and (6.12) and (6.8), we obtain
T T
(6.15) lim / Vu(@)dS, = / vrds, weakly in L' (QF).
oa—> 00 0 0

Hence, (3) follows from (6.15) if the family {fof Y, (a)dSy,|a € (0, 00)} is bounded
in L"(QF) for every r € [1, 00). In view of (2) and (6.12), each of the families
{%(L(a))rla € (0,00)} and {L;(@)|a € (0, 00)} is then bounded in L (QF) if
and only if the other one is, and so (4) follows from (6.13) if {L,(«)|a € (0, 00)}
is bounded in L"(QF) for every r € [1, 00).
(d) For N* € {[ ¢ (a)dS, L(@)}, the energy inequalities give, for each n € N,
sup Ege[((N*)r — (N*))"1F1] < nlIN® W00

0zi=r 2 S BMO(Q®)
see [24], page 28. Using the Burkholder-Davis—Gundy inequalities and the
estimates (3.14) and (3.16) in Lemma 9, applied with (M, R) = (S, 0F), thus
yields

2n
sup EQE|:< sup |N,°‘|> i|§ sup const.(n)EQE[((N“)T)"]

a€(0,00) 0<t<T a€(0,00)

2n
Sconst.(n)n!( sup ||N°’||BM0(QE)> < 00.
a€(0,00)

Hence, {NZ|a € (0, 00)} is bounded in L"(QF) for every r € [1, 00), as desired
in (c).

(e) To prove (5), we set n(«) := ¥ (o) — ¥ * and note from (3) that {fOT Nu(a)dS,|
« € (0,00)} is bounded in L (QF) for every r € [1, 00). In view of (6.11), this
means, for r = 2, that

2

<0

T
sup ||77(05)tr§77(05)||L1(M)= sup H/ Nu(e) d S,
0 L2(QF)

ae(0,00) a€(0,00)

so that the family {(n(2)*Zn(a))!/?|a € (0, 00)} is bounded in L?(1). Hence,
(5) follows as soon as we prove that

(6.16) Jim n@)"Zn(e)=0  in p-measure.

(f) The proof of (6.16) is a slight variation of an argument due to Peng [31]. We
first apply It6’s formula and use (6.12) and (6.8), suppressing for the moment all
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arguments « and B, to obtain, for any stopping times o < p,

2
(C:—Cp)

_ * 2 P * E _ *
= (C —Cy,) +2/G (o Cs_)<2d(L)s sz>

(6.17) Lo s tr * * *
+/a W — ) d{S) (U — W) + (L) — (LYo + [K*1) — [K*]o

+2/0p(c*_ - cu_)d</(¢* - w)dS—L>M.

The last term is a QF-martingale because the integrand is bounded and the
integrator is a Qf-martingale due to ¥/* € ® and Lemma 9. Moreover, C =
C(B; «) is continuous by Theorem 13, and (6.8) gives AK* = —AC* because
S is continuous. Hence, [K*] = Z(AKS*)2 = — [ AC*dK* and, therefore,

j(Cf — CJ(%d(L) —dK*) +[K*] = /(C* — C)(%d(L) —dK*).
Adding and subtracting [K*], — [K*], in (6.17) and taking expectations therefore
yields
P
Ee [ [ = poraisi w; - x/m}

+ Egel(L)y — (L)) + Egel(CE — Co)?]

* P * * o
= Eoel(Ch— Cp)* 1+ 2E ok [fa (o= cs)(sz -5 d(L)Sﬂ

+ Eoe[[K*], — [K*o]
T
< Egel[(Ch— Cp)?1+2E o [/0 (Cc*— cs)sz*] + Ege[[K*1, — [K*1o]

because C* — C > 0 by (6.9). On the left-hand side, the middle term goes to O as
a — 0o by (3.17), and the last term goes to 0 as well, due to (1). On the right-hand
side, the first term goes to 0 as &« — oo due to (1) and the second by using (1)
and dominated convergence, because K7 € L'(QF). Since n(a) = ¥ (a) — ¥*,
we thus obtain that

P
limsupEQE[/ n(a)trzn(oz)dD}
6.18) —timsup Ege | [ (e d(S)umi(@)|

= EQE [[K*]p - [K*](r]

for all stopping times o < p.
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Now we use Lemma 20 below (with A = K* and 8 = D) to obtain, for any
3, & > 0, finitely many pairwise disjoint intervals [Joy, 7¢]], k =0, 1,..., N, such
that 0 <o <7 < T and

(D)= 10,0,

k=0 k=0
(6.19)

& — &
= EQE[DT] ) = u(2) — 5

N de
(6.20) ZEQ{ > (M{j)z}g7
k=0

o) <t<Tj

Note that Eye[(K ;)2] < oo follows from (4). Applying the estimate (6.18) for
each o = oy, p = 7¢ and taking the sum from k = 0 to N, we have from (6.20) that

N Tk N de
limsup )" EQE[ / n(oz)“zn(a)dD] =53 EQE[ > <AK,*>2] <=
k=0 k=0 2

a—>00 O Ok <t<Tj

Thus, there exists some (8, €) such that, for all & > a (8, €), we have

N Tk de
> Egr| [ @ En@an] <%,
k=0 Ok 2

which implies by Markov’s inequality that

N
u(( UNox. m]]) N{n@)"Zn(@) > 5}) <

k=0

| ™

Combining this with (6.19) implies that
n({n@"Zn@) =68}) <e  foralla > an(s, &)

so that (o))" n(a) converges to 0 in p-measure. This completes the proof. [

REMARKS. (1) The pointwise convergence in (1) of Theorem 19 has also been
given by Rouge and El Karoui [33], although it is not quite clear from their proof
how (6.10) comes in. In addition to a uniform result in #, we also provide here in
(3) and (5) the convergence of the strategies and in (4) of the residual terms in the
BSDE for C(B; ).

(2) To the best of our knowledge, Theorem 19 is the first result in continuous
time on the convergence of strategies in utility indifference valuation. For related
work in a one-period model, see [6].

In the proof of Theorem 19, we have used the following technical result
originally due to Peng [31] for the case B; =t.
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LEMMA 20. Suppose that the filtration F is continuous. Let A = (Ay)o<t<T be
an increasing RCLL process with Ag = 0 and E[AZT] < 00, and let B = (Br)o<i<T
be a continuous increasing process with By = 0 and E[Br] < o0o. Then for any

8,& > 0, there exist finitely many stopping times oy, ., k =0,1,..., N, with
0 <o <t <T and such that
() Hoi, illNllox, wll=92  fori #k,
N
(i) E[Z(ﬁrk _ﬂok):| > E[Br]—e,
k=0

N
(iii) > E[ > (AAI)Q} <.
k=0

o <t=<T

PROOF. This is done almost exactly as in [31]. Continuity of [F ensures that
all stopping times are predictable, hence, foretellable, so that Lemma A.2 of [31]
still holds. Continuity of 8 guarantees that we can obtain (ii) as in [31]. [

Acknowledgments. M. Schweizer thanks Dirk Becherer and Susanne
Kloppel for helpful discussions, and Christian Bender for suggesting to use the
result by Peng [31].
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