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Abstract. We develop a technique based on Malliavin—Bismut calculus ideas, for asymptotic expansion of dual
control problems arising in connection with exponential indifference valuation of claims, and with
minimization of relative entropy, in incomplete markets. The problems involve optimization of a
functional of Brownian paths on Wiener space, with the paths perturbed by a drift involving the
control. In addition there is a penalty term in which the control features quadratically. The drift
perturbation is interpreted as a measure change using the Girsanov theorem, leading to a form of
the integration-by-parts formula in which a directional derivative on Wiener space is computed.
This allows for asymptotic analysis of the control problem. Applications to incomplete It6 process
markets are given, in which indifference prices are approximated in the low risk aversion limit. We
also give an application to identifying the minimal entropy martingale measure as a perturbation to
the minimal martingale measure in stochastic volatility models.
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1. Introduction. In this article we use an approach to Malliavin calculus, pioneered by
Bismut [6], in which perturbations to Brownian paths on Wiener space are interpreted as mea-
sure changes via the Girsanov theorem, to derive asymptotic expansions for certain entropy-
weighted stochastic control problems. These problems typically arise from the dual to invest-
ment and indifference pricing problems under exponential utility.

In the dual approach to investment and hedging problems in incomplete markets, op-
timization problems over trading strategies are converted to optimizations over probability
measures. For example, in exponential indifference pricing of a European claim with payoff
F, the dual control representation of the indifference price is to maximize the expectation of
the payoff subject to an entropic penalty involving the risk aversion « (as we show in Lemma
4.8). In an Itd process setting, the optimization over measures leads to a problem in which
the control is a drift perturbation to a multidimensional Brownian motion. This leads us to
consider control problems of the form (with | - || denoting the Euclidean norm)

. 1 /T
(1.1) supE [F <W—|—E/ s ds) — —/ HcptHth} .
¢ 0 2 Jo

The random variable F(W + ¢ [, ¢, ds) is a functional of the paths of a drift-perturbed mul-
tidimensional Brownian motion W + ¢ fo ps ds, where € is a small parameter and ¢ is some
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adapted control process. Such a dependence typically arises because I’ depends on a state
variable X () which is a perturbed process following

(1.2) AX® = a, dt + by( AW, + ¢y dt),

with a, b adapted processes.

The idea behind our approach is to view the drift ep in (1.1) or (1.2) as a perturbation to
Brownian paths on Wiener space. For ¢ = 0 the optimal control is zero, and we suppose that
the optimal control for small & will be a perturbation around zero. Ideas of Malliavin calculus
arise in differentiating the objective function of the control problem with respect to € at ¢ = 0.
This uses Bismut’s [6] approach to the stochastic calculus of variations, which exploits the
Girsanov theorem to translate a drift adjustment into a measure change, in order to perform
differentiation on path space. Ultimately, this leads to an asymptotic expansion for the value
function, valid for small . In the financial application to indifference pricing, €2 = «, so one
obtains small risk aversion asymptotics. Similar ideas arise in entropy minimization problems,
which are the dual to pure investment problems with exponential utility, and we illustrate an
example of this in a stochastic volatility model, in which the small parameter is 1 — p?, p
being the correlation between the stock and its volatility. The power of this approach is that
we can obtain results in non-Markovian models and for quite general path-dependent payoffs.

Entropy-weighted control problems have been treated using variational principles by Boué
and Dupuis [7] (we thank a referee for pointing out this work to us), with a view to applications
in large deviations theory. The result in [7] is a representation of the form

T :
(1.3) —logEle™9W)] = inf E B/ |vs||>ds + g (W —1—/ Vs d8>:| .
v 0 0

Bierkens and Kappen [5] develop the methods in [7] further and obtain formulae for the
optimal control in (1.3) as a Malliavin derivative of the functional g(1W). These papers are in
a similar spirit to ours in sharing a variational point of view. It would be interesting to see
whether future work could relate the results in [7, 5] to ours.

Utility-based valuation techniques rarely lead to explicit solutions, and this motivates the
interest in approximate solutions. The idea of using Malliavin calculus methods in asymp-
totic indifference pricing is due to Davis [10]. Davis used the approach in a two-dimensional
constant parameter basis risk model, with a traded and a nontraded asset following correlated
geometric Brownian motions, and for a European claim depending only on the final value of
the nontraded asset price. In this model, it turns out that partial differential equation (PDE)
techniques, based on a Cole-Hopf transform applied to the the Hamilton—Jacobi—-Bellman
equation of the underlying utility maximization problem (see Zariphopoulou [42], Henderson
[18], and Monoyios [30]), lead to a closed form nonlinear expectation representation for the
indifference price. The asymptotic expansion obtained by Davis [10] can therefore also be ob-
tained by applying a Taylor expansion to the nonlinear expectation representation, as carried
out in Monoyios [29, 32]. For this reason, perhaps, the technique developed by Davis has not
been further exploited.

In higher-dimensional models, and in almost all models with random parameters, the
aforementioned Cole-Hopf transform does not work. Indifference prices and their risk-aversion
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asymptotics have been analyzed via other methods, notably by backward stochastic differential
equation (BSDE) and bounded-mean-oscillation (BMO) martingale methods (see Mania and
Schweizer [28] and Kallsen and Rheinldnder [23]) for bounded claims. Monoyios [33] derived
small risk aversion valuation and hedging results via PDE techniques in a random parameter
basis risk model generated by incomplete information on asset drifts. Delbaen et al. [11] and
Stricker [40] used arguments based on a Fenchel inequality to derive the zero risk aversion
limit of the indifference price. Recently, Henderson and Liang [19] have used BSDE and PDE
techniques to derive indifference price approximations, of a nature different from ours, in a
multidimensional nontraded asset model.

The techniques in this paper are different. We resurrect the method suggested by Davis
[10]. The first contribution is to show that this technique can be significantly generalized,
to cover multidimensional It6 process markets, with no Markov structure required, and for
claims which can be quite general functionals of the paths of the asset prices. In doing this
we elucidate the precise relation with Malliavin calculus. The second contribution is to derive
a representation (Proposition 3.3) for the optimal control in problems of the form (1.1), using
variational techniques on Wiener space. This is used in verifying the correct structure of our
asymptotic expansion.

The third contribution is to establish a dual stochastic control representation (Lemma
4.8) of the indifference price process in a semimartingale model. This result seems to be
the most compact representation possible. We apply the Malliavin asymptotic method to
this control problem in an It process setting, and derive the general form of the small risk
aversion asymptotic expansion of an exponential indifference price, recovering the well-known
connection between small risk aversion exponential indifference valuation and quadratic risk
minimization. Examples are given of multiasset basis risk models and of stochastic correlation
in basis risk. Finally, we show how the technique can be applied to identify the minimal entropy
martingale measure (MEMM) Q° = Qg as a perturbation to the minimal martingale measure
Qs in a stochastic volatility model, when the stock and volatility are highly correlated.

Other types of asymptotic expansion for marginal utility-based prices, in terms of a small
holding of claims, have been obtained by Kramkov and Sirbu [25] and by Kallsen, Muhle-
Karbe, and Vierthauer [22]. These works use utility functions defined on the positive half-line,
in contrast to the exponential utility function used in this paper. In stochastic volatility mod-
els, Sircar and Zariphopoulou [39] obtain asymptotic expansions for exponential indifference
prices using the fast mean-reversion property of the volatility process. This approach has been
significantly exploited in many scenarios (see Fouque et al. [14]) and is of a nature different
from our approach.

Malliavin calculus has found applications in other areas of mathematical finance, such
as insider trading [20], to computation of sensitivity parameters [15], and to other forms
of asymptotic expansion [3], involving sensitivity with respect to initial conditions, or with
respect to parameters in asset price dynamics, or to parameters appearing in an expectation,
as opposed to a control.

The rest of the paper is organized as follows. In section 2 we prove a version of the Malliavin
integration-by-parts formula on Wiener space (Lemma 2.2), giving a directional derivative of
a Brownian functional. In section 3 this is used to derive our asymptotic expansion (Theorem
3.1). We use variational methods to characterize the optimal control (Proposition 3.3), which
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helps us characterize the error term in the approximation. The interplay between directional
derivatives on Wiener space, the Malliavin derivative, and perturbation analysis is exemplified
in this section. In section 4 we derive, in a locally bounded semimartingale model, the dual
stochastic control representation of the indifference price process (Lemma 4.8) that forms
the basis of the financial control problems we are interested in. In section 5 we apply the
asymptotic analysis of indifference valuation in an Itd process setting. In section 6 we give
examples of approximate indifference valuation in some basis risk models, and we show how the
MEMM can be identified as a perturbation to the minimal martingale measure in a stochastic
volatility model.

2. Directional derivatives of Brownian functionals on Wiener space. In this section
we consider perturbations to Brownian paths, and the ensuing directional derivatives, on
Wiener space. This is Bismut’s approach [6] to Malliavin calculus, and it will be used in
asymptotic analysis of control problems in the next section. In this approach, one deduces
a certain invariance principle (see (2.17)) by using the Girsanov theorem to translate a drift
perturbation to a Brownian motion into a change of probability measure. This approach is
discussed in section IV.41 of Rogers and Williams [36] and Appendix E of Karatzas and Shreve
[24]. Nualart [34] is a general treatise on Malliavin calculus.

The setting uses the canonical basis (Q, F,F = (F;)o<i<7,P), on which we define an
m-dimensional Brownian motion W. So, Q = Cy([0,T];R™), the Banach space of continu-
ous functions w : [0,7] — R™ null at zero, equipped with the supremum norm |w(t)||c =
supyepo,7) [lw(?) |, P is Wiener measure, and (Wi(w) := w(t));e[0,7] is m-dimensional Brownian
motion with natural filtration F. Malliavin calculus is conventionally introduced with refer-
ence to the Hilbert space H = L2([0, 7], B([0,T]), Leb; R™) (we write H = L?([0, T]; R™) for
brevity). An element h € H is a function h : [0, T] — R™, with norm ||h|% = fOT | he]|? dt < oo.
Then the Wiener integral W(h), defined by

m T T
W(h) ::Z/O hf;dwgz/o he - AWy = (h- W),
=1

is an isonormal Gaussian process. That is, the linear isometry W : H — L2[(Q, F,P);R] is
such that W = (W(h))nen is a centered family of Gaussian random variables with E[W(h)] = 0
and

T m_ .7
B ()] = (hg)n = [ e aae=Y [ riglar
i=1
For ¢ € H = L*([0,T];R™), the Cameron-Martin subspace CM C Q = Cy([0,T];R™) is

composed of absolutely continuous functions ® : [0, 7] — R with square-integrable derivative
. That is,

t t
b, ::/ ps ds, / H<,03H2d8<00, 0<t<T.
0 0

One transports the Hilbert space structure of H to CM by defining

T .
b, U = = . V= s )
( ) >CM <(107 ¢>H /0 Pt Q)Z)t dtv /0 1)[) ds
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so CM is isomorphic to H. If F' is Malliavin differentiable, then there exists an H-valued
random variable, and hence a measurable (but not necessarily adapted) process (D¢F)ico0,17
such that for & € CM we have the integration-by-parts formula

E[(DF, h)g] = E[FW(h)],

or

(2.1) E[/OTDtF-gptdt]:E{F/OTgot-th],

and (DF, h) g has properties of a directional derivative. This will be transparent in the Bismut
approach to Malliavin calculus, which we outline below.

2.1. The Bismut approach. Bismut [6] developed an alternative version of the stochastic
calculus of variations, in which the left-hand side of (2.1) is a directional derivative on Wiener
space, and which allows for ¢ to be a previsible process.

We have a square-integrable functional F(W) of the Brownian paths W, that is, an Fp-
measurable map F': {0 — R satisfying

(2.2) E[F?(W)] < oo.

Let ® € Ci([0,T);R™) C Q, with & := Jo psds for some previsible process . We are
interested in defining a directional derivative of F' in the direction ®.

The first variation (or Gateaux variation) 0F(W;®) of F at W € Q in the direction ® is
the limit, if it exists, given by

o1 d
SF(W;®) := il_I)% E[F(W +ed) - F(W)] = e [F(W +e®)]|._, -

(See Luenberger [27, Chapter 7] or Wouk [41, Chapter 12] for more on this and other notions
of differentiation of nonlinear maps in Banach spaces.) The first variation is homogeneous in
the perturbation ®: 0F(W;c®) = cdF(W;®) for ¢ € R. We are interested in the case when
F' is such that the first variation is also linear in ®. To this end, we impose the following
conditions on F', similar to those used in Appendix E of Karatzas and Shreve [24].

Assumption 2.1.

(i) F satisfies square-integrability condition (2.2).

(ii) There exist a nonnegative Brownian functional k satisfying E[k?(W)] < oo and a

function g : [0, 00) — [0, 00) satisfying lim sup,|4(g(¢)/e) < oo such that, for W, ® € Q,

(2.3) [F(W + @) = F(W)| < k(W)g(|| @)

(iii) There exists a kernel 0F (w;-) = 0F(W;-) : Q@ — M, where M is the set of m-
dimensional finite Borel measures on [0, T, such that, for each ® € C} ([0, T];R™) C Q,
we have

T
(2.4)  lim E [F(W 4+¢e®) — F(W)] = / O, - OF (W; dt) for almost all W € Q.
0

e—0 ¢
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Note, in particular, that (2.4) implies
T
(2.5) F(W +e®) = F(W) + a/ By - OF (W dt) + of|<][®]0).
0

Using ¢ = fo s ds on the right-hand side of (2.4), we may integrate by parts to obtain the
equivalent form

(2.6) lim L [F <W te /0 o ds) _ F(W)} _ /0 LR (1)) - ot

e—0¢€

In particular, we then have the analogue of (2.5):

. T
(2.7) F<W+a/0 <,0st> :F(W)Jra/o OF(W: (£, T]) - oy dt + o([e]| ]l o0)-

Rogers and Williams [36, section IV.41] make the observation that the condition (2.4) in
Assumption 2.1 is automatically satisfied if F' is Fréchet differentiable with bounded derivative,
and in that case OF = F’, where the Fréchet derivative F'(W;-) is a bounded linear functional
on 2 (that is, a measure with finite total variation, an element of the dual space Q'). But
there are functionals where differentiability fails but (2.4) holds ([36, section IV.41] has such
examples).
Our particular interest will be in the functional E[F'(W 4e®)] and the associated variation
li 1IEFI/V ) FW—dEFW )
lim “E[F(W +<®) ~ F(W)] = — B[F(W +e®)]|._.
It turns out that one can make sense of this limit, resulting in a version of the integration-
by-parts formula (2.1) which holds regardless of whether F' is Malliavin differentiable. This is
given in Lemma 2.2 below.

2.1.1. The Clark formula. The classical result of Clark [8] relates the kernel OF to the

progressively measurable integrand 1 (satisfying E| fOT l|l4¢]|? dt] < o0) in the martingale rep-
resentation of F(WW):

T
(2.8) F(W) =E[F(W)] + /0 by - AW,

The Clark formula gives 1) as the predictable projection of the measurable (but not necessarily
adapted) process (OF (W5 (t,T1))o<t<7. In other words,

(2.9) G =E[OF(W;(t,T)|F], 0<t<T.

This result is proven in Appendix E of Karatzas and Shreve [24] and in section IV.41 of Rogers
and Williams [36], using methods similar to those that we shall employ in the proof of Lemma
2.2.

Lemma 2.2 (directional derivative on Wiener space). Let F' = F(W) be a functional of the
Brownian paths W on the Banach space Q@ = Cy([0, T]; R™) satisfying Assumption 2.1. Let ¢
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be a bounded previsible process, with ® € CZ([0,T);R™) C Q defined by ® = fo psds. Then
the map € — E[F(W + €®)] is differentiable, with derivative

(210) L BPW + <@)]|,y = E[F(W)(p W)a].

Moreover, if ¢ = cp for some fized p and c € R, then
(2.11) E[F(W +e®) — F(W) —eF(W)(¢ - W)7] ~ O(c*e?).

A form of Lemma 2.2 appears in Davis [10, Lemma 3] in a one-dimensional setup, with a
functional dependent only on the final value of a diffusion. Fournié et al. [15] have results of a
similar nature in the context of perturbations arising from variations in the drift or diffusion
coefficients of Markov SDEs (see, for instance, Proposition 3.1 in [15]).

To prove Lemma 2.2 we will need the following property of exponential martingales.

Lemma 2.3. For a bounded previsible process ¢ and e € R, define the exponential martingale

t t
(2.12) Mt(a) =E&(—ep- W) :=exp (—6/ s - AWy — %62/ llos|I? d8> , 0<t<T.
0 0

Then we have

t
(2.13) lim E [/ (1 — M2 ds] =0, 0<t<T,
e—0 0
and
1
(2.14) (1-— Mt(a)) — (o W), in L2 ase — 0, for every t € [0,T].

€
Proof. Since ¢ is bounded, Novikov’s criterion is satisfied and M(®) is a martingale. Using
the representation
t
(2.15) ME =1- g/ ME g, dW,, 0<t<T,
0
the stochastic integral is a martingale and we have
t
(2.16) E [/ (M§€>)2||%||2ds] <00, 0<t<T
0
Using (2.15) along with the It6 isometry, we have, for any ¢ € [0, T],

t t s
EU (1_M§6>)2ds] ) U / (MO o2 duds| .
0 0 JO

By (2.16), the expectation on the right-hand side is finite for any value of €. Hence, letting
e — 0 we obtain (2.13).
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Using (2.15) and the It6 isometry once again, we compute, for any t € [0, 7],

B [(1 (1) - (w.wh)z] =& [ [0 Pl

which, using (2.13) and the fact that ¢ is bounded, converges to zero as € — 0, and this gives
(2.14). |

Proof of Lemma 2.2. We use a version of arguments found in some proofs of the Clark
representation formula (see, for instance, Appendix E of Karatzas and Shreve [24] or the proof
of Theorem IV.41.9 in Rogers and Williams [36]).

For € € R and ¢ previsible and bounded, define the probability measure P() by

AP ()
=M.
dP T
where M(®) is the exponential martingale defined in (2.12). By the Girsanov theorem, W +®
is Brownian motion under P, so that with E(©) denoting expectation under P,

(2.17) E[F(W)] = E© [F(W + e®)] = E[MF(W + ).

This invariance principle underlies Bismut’s approach to Malliavin calculus.
Rewrite (2.17) as
(2.18)
F ) - F
E[ (W—I—sg) (W)]:E

F(W +£®) — F(W)
g

1— M)

I p(W) (1— M|

+E|
€

We differentiate E[F (W + e®)] with respect to ¢ at e = 0 by considering what happens when
we let € — 0 in (2.18). To this end, subtract E[F(W)(¢ - W)7] from both sides to compute

E Emw 1<) — F(W)) - F(W)(e- W)ﬂ
F(OW 4 c®) - F(W)

1— M|,
. ( )

+E|

(e)
(219) =E K% — (¢ W)T> F(W)

Now take the limit ¢ — 0 in (2.19). Using conditions (i) and (ii) in Assumption 2.1, the
dominated convergence theorem, and the Cauchy—Schwarz inequality, the last term on the
right-hand side is bounded by

E[k(W)(g([e]|@]loo) /€))L — MiT[) < K(B[(1 — My)*)?  for some constant K,

which converges to zero as ¢ — 0, because of (2.13).
Next consider the first term on the right-hand side of (2.19). Using the square integrability
of F' and the Cauchy—Schwarz inequality, we have

1—M(€) 2 1_M(5) 2
E|l —T <KE|[——L —(p-W)r

9 9

—(p- W)T) F(W)
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for some constant K. This converges to zero as ¢ — 0 when using (2.14). Thus the right-hand
side, and hence the left-hand side, of (2.19) converges to zero as € — 0 and this establishes
(2.10), the first part of the lemma.

To establish (2.11), we apply the same arguments to (2.19) multiplied by €. We have

E[F(W +e®) — F(W) —eF(W)(p - W)1)

We examine how each of the terms on the right-hand side scales for small € and ¢ = ¢p. Using
the representation (2.15), the second term satisfies

and so for ¢ = ¢ this term is of O(c?e?), when invoking the properties of g(-) in Assumption
2.1(ii). For the first term, using the representation (2.15) for ¢ = cp, we have

T
B [(FOV -+ 20) — FOW)1 - )] < <8 kW gllellele) | [ M- aw

1
E [(1 — M (- W)T) F(W)] = %’E [F(W) / E(Mf’ 1) th] ,
0
which is of O(c?c?), when using (2.14). Hence (2.11) is established. [ |

Remark 2.4. The boundedness condition on ¢ in Lemma 2.2 can be relaxed. A Novikov
condition on ey would suffice, so that the stochastic exponential M(®) in (2.12) is a martingale.
This remark also pertains to Lemma 2.3.

2.2. Relation with the Malliavin derivative. We can connect the Malliavin derivative of
F' (when this exists) to the kernel OF in the condition (2.4) and to the directional derivative
in Lemma 2.2.

First, note that the right-hand side of (2.10) has the same structure as the right-hand side
of (2.1), so Lemma 2.2 is a version of the integration-by-parts formula, generalized to Bismut’s
setup, when ® = fo s ds need not be restricted to elements of CM.

Now, with & = fo s ds, take the limit € — 0 in (2.18), using the conditions in Assumption
2.1 and the dominated convergence theorem (a similar procedure is used in [24, 36] in proving
the Clark representation formula), to obtain

(2.20) E UOT o, - OF (W dt)} =E [F(W) /OT o1 - th} .

Using ¢ = fo s ds and integrating by parts on the left-hand side as was done to obtain (2.6),
we convert (2.20) to the equivalent form

(2.21) E [/OT OF(W; (£,T)) - ¢y dt} ~E [F(W) /OT o th} .

Comparing with (2.10), we see that the left-hand side of (2.21) is just another way to write
the directional derivative in Lemma 2.2. Note that if we use the martingale representation
(2.8) of F' on the right-hand side of (2.21), we obtain the Clark formula (2.9).
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In the case that & = fo psds is an element of the Cameron—-Martin space CM, and for
Malliavin-differentiable F', the right-hand side of (2.10) or (2.21) is also the right-hand side of
the integration-by-parts formula (2.1), so in this case the kernel OF is related to the Malliavin
derivative according to

OF(W; (t,T)) = DF(W), 0<t<T,

and (2.21) is the integration-by-parts formula. So when F' is Malliavin differentiable and
¢ € CM C Q, the directional derivative in (2.10) is also given by E| fOT DiF - oy dt]. But
Lemma 2.2 is valid when F' is not necessarily Malliavin differentiable and for previsible ¢,
with & = fo s ds not necessarily in CM.

3. Malliavin asymptotics of a control problem. In this section we describe a control
problem and analyze it via variational principles and Bismut—Malliavin asymptotics. How
this type of problem arises in a financial model will be described in subsequent sections.

We have a canonical basis (Q, F,F = (F;)o<t<7, P), on which is defined an m-dimensional
Brownian motion W. A square-integrable random variable F' is a functional of the paths of
the perturbed Brownian motion W + ¢ fo psds, where € € R is a small parameter and ¢ is
a control process satisfying fOT l¢e]|? dt < oo, and such that £(|g|p - W) is a martingale. (A
Novikov condition Elexp(3e? fOT ll¢e]|? dt)] < oo would suffice.) Denote by A the set of such
controls.

The control problem we are interested in is to maximize an objective functional G(y),
defined by

(3.1) G(p) :=E [F <W+a/0. s ds> — % /OT llell? dt} .

The value function is

(3.2) p:=G(p") = sup G(yp)
peA

for some optimal control ¢*.

As we shall see in section 5, in finance this type of control problem typically arises because
F'is a functional of the Brownian paths through dependence on some perturbed state variable
X =X6E) eRrm, following an Ito process

(3.3) AX® = a, dt + by( AW, + ¢y dt),

for some m-dimensional adapted process a satisfying fOT llat||dt < oo and m x m adapted

matrix process b satisfying fOT bib] dt < co. In this section we shall not require a state process
X,

The idea behind the asymptotic expansion is to treat p as a perturbation to the Brownian
paths. We suppose that, for small e, the optimal control ¢* will be small. We expand the
objective functional in (3.1) about £ = 0 using Lemma 2.2. Naturally, for ¢ = 0 the functional
F(W+e fo s ds) loses all dependence on the control ¢, so in this case optimal control is zero,
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and the leading order term will be E[F'(IW)]. Ultimately, this leads to the main result below,
a perturbative solution to the control problem (3.2).

Theorem 3.1. On the canonical basis (2, F, (Fi)ejo,), P), define an m-dimensional Brow-
nian motion W. Let ® := [i psds € Q be such that fOT llot]|? dt < oo and E(lelp-W) is a mar-
tingale, with ¢ € R a small parameter. Denote the set of such ¢ by A. Let F(W + ¢ fo s ds)
be a functional of the paths of the perturbed Brownian motion W + Efd wsds, and let it sat-
isfy Assumption 2.1. Then the control problem with value function (3.2) has asymptotic value
given by

T
(3.4) p=SF]+ 328 | [l ar] + O,

where 1 is the integrand in the martingale representation (2.8) of F(W).

Remark 3.2 (heuristics). Before proving the theorem, we outline the ideas underlying the
proof in a simple setting where ordinary calculus can replace variational calculus on Wiener
space.

Consider maximizing, over a scalar variable ¢, a smooth function J(g, @) given by

(35 Te,9) = fla+ep) = 56

for some smooth function f, and with £ a small parameter. The optimizer of this problem
satisfies

(3.6) g =cf'(z+ep”),

so it is, of course, zero for € = 0. If we seek a power series approximation for ¢*, writing
o= > 10, ek®) for some coefficients ¢*), then using this in (3.6) along with a Taylor
expansion of f'(x + eyp) gives

p'=ef ()1 +2f"(2) + OE).

In particular, the first two terms in ¢* are linear and cubic in . With the given structure
of the objective function in (3.5), this implies that the maximum has asymptotic expansion
given by

Te.w™) = (&) + 32 (@) + O,

But this is the same value as is obtained by maximizing the linear-in-¢ approximation to
I (e, p):

Ter9) = (@) + epf'(z) — 56 + O(6?),

which is maximized by ¢ = ef’(z), yielding
~ 1
J(e,0) = f(z) + 562(f'(<17))2 +0(e"),

so that J(g, p*) = J(g, §) to order €2, with the remainder being of order £ in both cases.
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We shall see that a similar structure underlies the proof of Theorem 3.1, which we give
further below, after some preparation.

The following result is the analogue of (3.6) for differentiation (in a variational sense) of
the objective functional of the control problem with respect to the control . We will use this
later in establishing the asymptotic expansion of Theorem 3.1.

Proposition 3.3. Assume the same setting as in Theorem 3.1. The optimal control ©* for
the problem with value function (3.2) satisfies

(3.7) o =€k [8F <W+E/ s ds; (t,T])‘}"t], 0<t<T,
0

where OF (W + ¢ [ i ds;-) is the kernel in (2.4), evaluated at W + ¢ [; o5 ds € Q.

Proof. Recall the conditions (2.3) and (2.4) in Assumption 2.1. We shall use these to
differentiate, in a variational manner akin to our development of Lemma 2.2, the objective
functional (3.1) of the control problem with respect to the control ¢.

Consider varying ¢ in (3.1). To this end, for v € R a small parameter and = = fo &sds € Q)
consider the variation

3G (¢56) = lim = [Glip+ 7€) = G(¢)].

Using (2.3) and (2.4) applied at W +¢ [ s ds along with the dominated convergence theorem,

we obtain
T . T
5G(<,0,£):E|:/ €EtaF<W—|‘€/ C,Dst;dt>—/ (,Dt'ftdt:|.
0 0 0

Using = = fo &5 ds and integrating by parts in the first term on the right-hand side converts

e 6G(p;: &) =E [/OT (s@F <W + 6/0. ps ds; (t,T]> - <Pt> & dt] '

The first order condition for the optimal control, §G(¢*;&) = 0, gives that

T : T
E[/O eOF <W+6/0 gpﬁds;(t,T])-&dt] :E[/o @?'&dt]

must hold for every adapted process &, so (3.7) follows. Note that this is the analogue of (3.6)
when performing variational differentiation on Wiener space. |

Remark 3.4. If F' were Fréchet differentiable (respectively, Malliavin differentiable with
controls ¢ such that fo s ds € CM), then the optimizer would be given by ¢} = cE [F ! (W +
e [yt ds; (¢,T))|F] (vespectively, of = eE[DF (W + € [, ¢k ds) | F]).

Proof of Theorem 3.1. There are two parts to the proof. First, following the method of
Davis [10], we use Lemma 2.2 to approximate G(¢p) for small ¢ and maximize the approxima-
tion with respect to ¢. We then show that if one were able to solve the problem exactly and
then approximate the value function G(¢*) for small e, the same result would ensue. This
will use variational arguments and Proposition 3.3.
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Using Lemma 2.2 and the martingale representation (2.8) of F(W), the objective func-
tional G(p) in (3.1) is approximated as

6to) =& [F)+ [ (et Hlel?) al] + ol lliel)

This is maximized over ¢ by choosing ¢ = @ := g1, to give

T
6(@) =EIFW)+ 328 | [ IwilPa| + 0,

with the remainder term of O(e*) due to (2.11). Thus, (3.4) is indeed obtained by optimizing
the approximation to G(y).

For the second part of the proof, using (2.7) along with (2.3) and the dominated conver-
gence theorem, we write the value function G(¢*) as

T T
B8 G =B [FW) +e [ orwi 1) wide— g [ 1ot dt] + ol

From (3.7), it is evident that (under the mild condition that OF possesses a well-defined first
variation)
(3.9) ¢r = eROF(W; (t, T)[F] + ollellle™[loc) = et + o([e] [l loo)
the last equality following from the Clark formula (2.9). Observe that, to first order in &,
P =

We now show what would happen if we were to impose a perturbative structure on the
optimal control, that is, if we were to write

(3.10) of = ey + 207 + 3P + O(e)

for some coefficients p(2), p(®). Supposing such an expansion were possible, and using this in
(3.9), we would have

ebe+ %0l + 0 + O() = et + oW | oo).
This would imply, in particular, that 4,0(2) = 0, and then (3.10) converts to
e} = 2 + O(e").
Using this in (3.8) we obtain

T T
G(p*)=E [F(W)+52/0 OF (W; (t,T])-wtdt—%EQ/o Hzptszt] +0(eh).

One can use iterated expectations and (2.9) to convert this to the statement (3.4) of the
theorem. |

Remark 3.5. For F' sufficiently Fréchet differentiable (respectively, Malliavin differentiable
with fo psds € CM), the proof of the asymptotic expansion and the quantification of the
error term would be more straightforward, using a Taylor expansion of F(W +¢ fo s ds) and
of the optimal control ¢j = E[F'(W + ¢ [, ¢} ds; (¢, T])|Fi] (vespectively, ¢f = E[D,F(W +
e [; o1 ds; (¢, T)IF).
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4. Dynamic dual representations of indifference price processes. In this section we
derive a dynamic dual stochastic control representation for the exponential indifference price
process of a European claim in a locally bounded semimartingale market. This will form the
basis for our asymptotic expansion of the indifference price. Our representation is a slight
deviation from the usual way of expressing the indifference price in terms of relative entropy.
Although the material in this section is mainly classical, we want a unified treatment that
gives dynamic results for unbounded claims, and this is not readily available in one compact
account.

Our approach is to begin with the seminal representation of Grandits and Rheinlander
[17] and Kabanov and Stricker [21] for an entropy-minimizing measure, to establish a dynamic
version of this (Corollary 4.4), and to use this to establish a dynamic version (Theorem 4.5)
of the duality result of Delbaen et al. [11]. This result has been obtained for a bounded claim
by Mania and Schweizer [28]. We carry out this program for a claim satisfying exponential
moment conditions akin to those in Becherer [2]. Once we establish duality for the invest-
ment problem with random endowment, we obtain a dynamic version of the classical dual
indifference price representation (Corollary 4.6). Then we derive a dynamic result on the
entropic distance between measures (Proposition 4.7) using the results of [17, 21] once more,
and this allows us to convert the classical indifference price representation to our required
representation in Lemma 4.8.

The setting is a probability space (2, F,P) equipped with a filtration F = (F;)o<i<r
satisfying the usual conditions of right-continuity and completeness, where T' € (0,00) is a
fixed time horizon. We assume that F is trivial and that 7 = Fp. The discounted prices
of d stocks are modeled by a positive locally bounded semimartingale S. Since we work with
discounted assets, our formulae are unencumbered by any interest rate adjustments. The class
M of equivalent local martingale measures (ELMMs) @ is, of course, defined by

M := {Q ~ P|S is a Q-local martingale}

and is assumed nonempty. This assumption is a classical one, consistent with the absence of
arbitrage opportunities, in accordance with Delbaen and Schachermayer [12].

Denote by Z9 the density process with respect to P of any Q € M. We write Z@M for the
density process of Q € M with respect to any measure M other than the physical measure P,
EM for expectation with respect to M, and E for EF.

For 0 <t < T, we write Z;@T = Zg / ZP, with a similar convention for any positive process.
The conditional relative entroé)y between Q € M and PP is the process defined by

L(QIP) := E9log Z%|F), 0<t<T,
provided this is almost surely finite. Define the subset of M given by
M; = {Q € M|[H(Q|P) < oo},

and we assume throughout that this set of ELMMs with finite relative entropy is nonempty:
M/ # (). By Theorem 2.1 of Frittelli [16], this implies that there exists a unique Q° € My,
the minimal entropy martingale measure (MEMM), that minimizes Io(Q|P) over all Q € M.
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It is well known (see, for example, Proposition 4.1 of Kabanov and Stricker [21]) that the
density process 79 also minimizes the conditional relative entropy process I(Q|P) between
Qe My and P.

The density process of one martingale measure with respect to another is simply the ratio
of their density processes with respect to P, as shown in the following lemma.

Lemma 4.1. Let Q1,Q2 € My have density processes ZQ 72 with respect to P. Then the
density process of Q1 with respect to Qy is ZQ /72,

Proof. Denote by ZQQ2 the density process of Q; with respect to Qz. We have

S0 _ A0 dQu (dQe\ 7'z
T dQ,  dP \ dP 7%

Hence, the Qy-martingale Z21:Q2 is given by

7
ZPI’QQ — E@ [Zgl@ﬂﬂ] — E@ Z§2 B]
1 7@
— Q1 _ %t
= ZPQE[ZT |F:] = 2927 0<t<T,

the penultimate equality following from the Bayes rule applied between Qo and P and the
final equality from the fact that Z?! is a P-martingale. |
A financial agent trades S and has risk preferences represented by the exponential utility
function
U(x) = —exp(—azx), a>0, zeR,

with risk aversion coefficient . A FEuropean contingent claim has Fp-measurable payoff F'.
Following Becherer [2] and others, we assume that F' satisfies suitable exponential moment
conditions:

(4.1) Elexp((ov + ¢)F)] < 00, Elexp(—¢F')] < oo for some € > 0.

Condition (4.1) is sufficient to guarantee that F' is Q-integrable for any Q € My (see, for
example, Lemma A.1 in Becherer [2]).

4.1. The dynamic primal and dual problems. The set © of admissible trading strategies
is defined as the set of S-integrable processes 6 such that the stochastic integral 6 - S is a
Q-martingale for every Q € My, where 0 is a d-dimensional vector representing the number
of shares of each stock in the vector S. It is well known [2, 11, 21, 37, 38| that there are
a number of possible choices for a feasible set of permitted strategies, which all lead to the
same value for the dual problem, defined further below, and it is on this latter problem that
our analysis will be centered. For any ¢ € [0,T], fix an F;-measurable random variable x,
representing initial capital. Let ©; denote admissible strategies beginning at t.

The primal problem is to maximize the expected utility of terminal wealth generated from
trading S and paying the claim payoff at 7. The maximal expected utility process is

(4.2) ul (x4) := esssupE [—e_a(wﬁff eu-dSu—F)‘ ]:t] , 0<t<T,
0€O;
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with [ 6, - ds, =9, [T 6. dsi.

We shall use the notational convention whereby setting F' = 0 in (4.2) signifies the corre-
sponding quantity in the problem without the claim. Hence, the classical investment problem
without the claim has maximal expected utility process u’. We denote the optimizer in (4.2)
by 6, so 6° is the optimizer in the problem without the claim.

The utility indifference price process for the claim, p(«), is defined by

ul (zy + pe(a)) = ud(z), 0<t<T.

It is well known (see, for instance, Becherer [2] or Mania and Schweizer [28]) that, with
exponential utility, p(«) has no dependence on the starting capital (this follows from (4.2),
where the initial capital factors out of the optimization). The hedging strategy associated
with this pricing mechanism is 0(«), defined by

() := 6" — 9",
The dual problem to (4.2) is defined by

F— essi —aRQ <t<
(4.3) I = essint [It(@]]P’) aF [Fm]], 0<t<T.

We denote the optimizer in (4.3) by QF, so the optimizer without the claim is Q°, the MEMM.

It is well known (at least in a static context) that if we define the measure Pr ~ P by
(4.4) df; :: IEexp(aF) ’

[exp(aF)]
then we can use Pp instead of P as our reference measure, and this removes the claim from
the primal and dual problems. In the dual picture, therefore, Qf is the martingale measure
which minimizes the relative entropy between any Q € My and Pr. These properties of Pp
are well known in a static context from Delbaen et al. [11]. The dynamic analogue of these
arguments is given below.

Note that if we use Pp instead of P as our reference measure, one could (in principle)
define a set M¢(Pr) of ELMMs with finite relative entropy with respect to Pg, but it is well
known that M¢(Pr) = M(PP) (see the statement and proof of Lemma A.1 in Becherer [2],
for example), so we simply write M.

Define the P-martingale M ¥ as the density process of Pr with respect to P:

dPr| _ o[ dPr E[e“F | F;]
dP dP E[eoF]

MtF =

= }‘t} = 0<t<T,
Fi
which satisfies, for any integrable Fr-measurable random variable V,

1
(4.5) EFFV|F] = WE[MJEW}}], 0<t<T.
t

We “remove the claim” from the primal problem using the measure Py as follows. Using (4.5)
we convert (4.2) to

T
uf(ﬂft) = E[e"FIE] eSéSS@UpEPF [_e_a(mf+ft 0u-dSu)
€Oy

]:t:|7 0§t§T7
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from which it is apparent that one may optimize over strategies in a problem without the

claim and with Pr as our reference measure. The same approach also works, of course, for

the dual problem, as we show below. We shall need the following simple result relating the

density process of any Q € M, with respect to P to its counterpart with respect to Pp.
Lemma 4.2. For any Q € My, the density processes ZQ and ZOFr gre related by

Z2 = MFzE'r 0<t<T.

Proof. For Q € My, we have

277 e[ 29| 5] _gor [ 42 /B o]
1
o[y )
MFE[ ‘ft]
]\ij’ 0<t<T,
t

where we have used (4.5). [ |
Applying Lemma 4.2 in turn at ¢t <I" and at T, we obtain

Zir Rl |F

orr  4tr  Ele“|FR] o

(4.6) 3 = oL = SRy 0<i<T
T

We use this to “remove the claim” from the dual problem (4.3): compute, for any Q € My,

L(Q[Pp) = EVlog Z,%5 ¥ | 7]
= I,(QIP) — aEQ[F|F,] + log(E[e“T|F]), 0<t<T.

Using this in (4.3), we obtain

(4.7) IF = essinf[I(Q|Pr)] — log(E[e*f|F]), 0<t<T.
QGMf

Since the last term on the right-hand side does not depend on @, we see that we can reduce
the dual problem to the problem

I,(QPr) — min!,

so that QF minimizes I(Q|Pr), and, when F' = 0, Q° is the MEMM.
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4.2. The fundamental duality. The duality results we need follow from the representation
below for ZQ"Fr , originally proven independently (to the best of our knowledge) by Grandits
and Rheinléinder [17] and Kabanov and Stricker [21] for F = 0 (and hence for Z2"), but which
applies equally well to QF if we use P as reference measure. Both [17] and [21] prove the
result for a market involving a locally bounded semimartingale .S. This has been generalized
to a general semimartingale by Biagini and Frittelli [4].

Property 4.3 (see [17, 21]). The density of the dual minimizer QY in (4.3) with respect to
the measure Pp defined in (4.4) is given by

ag’

= ZgF’PF = crexp(—a(' - S)r), cr €Ry,
dPr

(4.8)

where 0F € © is the optimal strategy in the primal problem (4.2) and the stochastic integral
(07 - S) is a Q-martingale for any Q € M.

We convert this to the dynamic result below, in which we also restore P as our reference
measure.

Corollary 4.4. The density process ZQ" of the dual minimizer QF in (4.3) satisfies, for
te[0,T7],

T
(19 287 = exp | 1(Q" ) ~a (B IFIA] + [0 a5~ F )]

where OF € © is the optimal strategy in the primal problem (4.2).
Proof. First, we obtain a dynamic version of (4.8). Using (4.8) and the QF-martingale
property of (6F - S), we have
F
1(Q"Pr) = E®” [log 2% 7" | R
— Q" [log cr — a8 - 8)7|F] — log Z;@F’PF
=logcr — a0 - 8); — logZ;@FPF, 0<t<T.

Using this in turn at ¢ < T and 7', we obtain

T
Z?;’PF = clexp <—a/ or . dSu> , ol = exp(L(QY|PR), 0<t<T,
t
which is a dynamic version of (4.8). Using this along with (4.6) and (4.7), we obtain

T
ZS; = exp <If—a/ o . dSu—iraF), 0<t<T.
t
Finally, using the definition (4.3) of I gives the result. |

Corollary 4.4 is nothing more than a dynamic version of the classical result of Grandits and
Rheinléander [17] and Kabanov and Stricker [21] for the MEMM, with the added generalization
of allowing for Py as our reference measure. It leads immediately to the duality result below,
a dynamic version of the duality in Delbaen et al. [11]. This result is stated in Mania and
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Schweizer [28] for a bounded claim. We give a proof to highlight that the boundedness
condition on the claim is not needed.

Theorem 4.5 (see [11, 2, 21, 28]). Suppose the claim payoff F satisfies the exponential mo-
ment conditions (4.1). Then the maximal expected utility process in (4.2) and the optimal dual
process in (4.3) are related by

(4.10) uf (v4) = —exp (—amy — I]'), 0<t<T.

Proof. We compute the primal optimal expected utility process and use Corollary 4.4 to
substitute for the stochastic integral (6 - S):

uf(l't) - [_e—a(:ct-i-ftT Bf.dSu—F) ‘ ft]
= —e_o‘“E[ZS; exp(—I[)|F] (using Corollary 4.4)
:—exp(—axt—ItF), 0<t<T. |

Using this theorem and the definition of the indifference price we obtain the following dual
representation of the indifference price process, a dynamic version of the classical representa-
tion.

Corollary 4.6. The indifference price process has the dual representation

1
(4.11) pile) = ——=(If = 1)), 0<t<T.
a
Written out explicitly, (4.11) can be recast into the more familiar form

(4.12) pi(a) = esssup |[EQF|F] — — (L(@QIP) — L(QB)|, 0<t<T.
QeM; «Q

The two conditional entropy terms in (4.12) can in fact be condensed into one, using the
following proposition.

Proposition 4.7. The conditional entropy process I satisfies the property that, for any
ELMM Q € My,

(4.13) L(QIP) — I,(Q"IP) = I,(QIQ°), 0<t<T.
Proof. For any Q € My, the conditional entropy process I(Q|Q°) is given by
1(QIQ°) = E%log 24" | ]
= E%log 2% — log Z 4| F]
(4.14) = L(QIP) - E%log Z4 |7, 0<t<T.
We have the dynamic version of the Grandits—Rheinlénder representation [17] of the MEMM,

given by (4.9) for F' = 0:

T
2 = e (1@B) o [ 90 45,), o<,
t
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where the optimal investment strategy 6° € ©, and hence (#° - S) is a Q-martingale, for any
Q € My. Using this in (4.14) we obtain (4.13). [ |

Using Proposition 4.7 in the classical dual stochastic control representation (4.11) of the
indifference price process, we immediately obtain the following form for p(«), which will form
the basis for our asymptotic expansion of the indifference price process.

Lemma 4.8. The indifference price process is given by the dual stochastic control represen-
tation

pi() = esssup [EQFIF] - TL@QQY)|. 0<t<T.
QeMy «

Proof. Use (4.13) in (4.11). [ |

Remark 4.9. A version of Lemma 4.8 for American claims was given in Leung, Sircar, and
Zariphopoulou [26] in a stochastic volatility scenario (see their Proposition 7).

Remark 4.10. The optimizer in Lemma 4.8 is also the optimizer in (4.12), that is, QF.

5. Indifference valuation in an incomplete 1t6 process market. In this section we apply
the indifference pricing formula from Lemma 4.8 in an It6 process setting, and we show how
it leads to a control problem of a structure similar to that analyzed in section 3.

We have a probability space (£, F,P) equipped with the standard augmented filtration
F := (Ft)o<t<T associated with an m-dimensional Brownian motion W. On this space we
have a financial market with (for simplicity) zero interest rate. The price processes of d < m
stocks are given by the vector S = (S1,..., 59T where S = (S;)o<i<7 follows the Ité process

(5.1) dS; = diag,(S,)[uf dt + oy dWi],

with diag,(-) denoting the (d x d) matrix with zero entries off the main diagonal. The d-

dimensional appreciation rate vector x¥ and the (d xm) volatility matrix o are F-progressively
measurable processes satisfying fOT ||| dt < oo and fOT oo dt < oo, almost surely. The
volatility matrix oy has full rank for every ¢ € [0,7], so that the matrix (040, )~! is well

defined, as is the m-dimensional relative risk process given by
(5.2) Ao=o0/ (o0 ), 0<t<T.

For d < m, this market is incomplete. We also have a vector Y = (Y1 ... Y™=4)T of
(m — d) nontraded factors. These could be the prices of nontraded assets, or of factors such as
stochastic volatilities and correlations. This framework is general enough to encompass mul-
tidimensional versions of basis risk models as well as multifactor stochastic volatility models,
with no Markovian structure needed. We assume that Y follows the It0 process

dY; = diag,,,_,(Y:)[u) dt + B; dW]

for an (m — d)-dimensional progressively measurable vector p¥ satisfying fOT |y || dt < oo,
almost surely, and an (m — d) x m-dimensional progressively measurable matrix [ satisfying
fOT ﬁfﬂtT dt < oo, almost surely.

A European contingent claim has Fr-measurable payoff F' depending on the evolution of
(S,Y). We assume F satisfies Assumption 2.1, and hence, in particular, F' € L?(Q), for any
ELMM Q € My.
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Measures Q ~ IP have density processes with respect to P of the form
(5.3) ZE=E(~q¢- W), 0<t<T,

for some m-dimensional process ¢ satisfying fOT llg:||? dt < oo, almost surely. For Z? to be the
density of an ELMM, it must be a P-martingale (a Novikov condition on ¢ would guarantee
this) and in addition ¢ must satisfy

(5.4) ,uf -0 =04, 0<t<T,

where 04 denotes the d-dimensional zero vector, so that S is a local Q-martingale.

As the market is incomplete, there will be an infinite number of solutions ¢ to the equations
(5.4), and the ELMMs Q are in one-to-one correspondence with processes ¢ satisfying (5.4)
and such that £(—¢ - W) is a P-martingale.

By the Girsanov theorem, the process W< defined by

t
(5.5) WtQ =W + / Gudu, 0<t<T,
0

is an m-dimensional Q-Brownian motion. The dynamics of the stocks and nontraded factors
under Q are then

(5.6) 45, = diagy(Sy)or AW 2,
(5.7) Y = diag,,_q(Y) (1 — Brar) dt + B AW,

If we choose g = A, given by (5.2), we obtain the minimal martingale measure Qp;, while the

density process of the MEMM Q° is Z ¥ =¢ (—q° - W), for some integrand ¢".

Denote H?(Q) to be the space of L?-bounded continuous Q-martingales M (so that
SUPye(o,7) EQ[M?] < oo). By Proposition IV.1.23 and Corollary TV.1.25 in Revuz and Yor [35],
H?(Q) is also the space of martingales M such that EQ[[M]7] < co. Denoting A? := (¢-WQ),
and then using (5.3) and (5.5), log Z@ = —AQ + [AQ]/2, so the relative entropy between
Q € My and P is given by

1
0 < 1o(@F) =B | -A3+ (A% | <o
the last inequality true by assumption. The finiteness and nonnegativity of this relative

entropy yield that both expectations above are finite. Precisely, we have E? [Ag] > —o0 and,
in particular, EQ[[AQ]7] < oo, the latter condition implying that A? € H?(Q). Therefore,

(5.8) AC:=(¢-W9) isa Q-martingale for all Q € M;.

This will be useful in computing the conditional relative entropy I(Q|Q0).
Using (5.5) in turn for Q and Q°, we have

t
0
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where W@ is a QP-Brownian motion.
Note that since both ¢ and ¢ satisfy (5.4), we have

(5.10) or(qr —q)) =04, 0<t<T,

which we shall use later.
Using (5.9), we can write the Q-dynamics of Y in (5.7) as

dY; = diag,, 4(Y)[(1d — Bial) dt + Bu( AW — (q; — qf) dt)].

The point of this representation is that the Q-dynamics of Y may be interpreted as a per-
turbation of the Q°-dynamics, since setting ¢ = ¢° gives the dynamics under the MEMM Q©,
with the Brownian motion W also being modulated by the choice of g.

Using (5.5) and (5.9), the density process of Q with respect to QU is

Z2 E(—q-W), 0
ZQ7@O _ =E(—(qg — 0y . V‘/Q , 0<t<T.
CT e TR, T e DS

Using this, along with (5.9) and the martingale condition (5.8), we compute

5.11 I 0 — g2 | ' 9112d
(.11) (@@ =52 |5 [l o2l

}}}, 0<t<T.

Now we explicitly consider Q as a perturbation around Q. Introduce, for some small param-
eter €, a parametrized family of measures {Q(g)}.cr, such that

(5.12) Q=0Q(s), Q°=Q),
and also write

(5.13) q—q" = —ep,

for some process ¢. Then (5.10) becomes

(5.14) oo = 0.

Denote. by A(Mjy) the set of such ¢ which correspond to Q € My, and also define the process
D= [ s ds.

The Q(e)-dynamics of the state variables S,Y in this notation are then
(5.15) dS, = diag,(Sy)oy AW,
(5.16) AY; = diag,,_o(D)[() — Bra?) dt + G AW + ey )],
Observe that if we define the state variable X := (S,Y)T, then we have recovered dynamics
of the general form (3.3).

The Q(e)-dynamics (5.15) of S, along with the constraint (5.14), lead to the following
orthogonality result between trading strategies and dual controls. Consider integrands 6(), ¢
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such that (). S) is a Q(e)-martingale and ¢ satisfies (5.14). Then a straightforward compu-
tation using (5.15) and (5.14) shows that the stochastic integrals (8 - S) and (¢ - W) are
orthogonal Q(e)-martingales. That is, E2E)[(0E) . §)p(p - WeE)) ] = 0. In particular, this
will hold for € = 0.

A similar orthogonality result is reflected in the following decomposition of the claim
payoff F. When the dynamics of the state variables are given as in (5.15) and (5.16), we
write F = F(WE) +®). Write the Galtchouk-Kunita-Watanabe decomposition of F' under
Q(0) =Q° as

(5.17) F(WO) = ERO[pWeO)] 4+ (9©) . §)p + (@ . w20y,

for some integrands 6(°), £ such that the stochastic integrals in (5.17) are orthogonal Q(0)-
martingales, so that we have

ECO[0® . §)7 (@ . wQO))] = 0.

Using (5.11) and (5.13), the indifference price process, as given by Lemma 4.8, has the
stochastic control representation

2 T
pi(a) =  sup EQE) F(WQ(E) +ed) — 8—/ H<pu|]2 du
PEA(My) 20 Jy

.Ft} 0<t<T.

If we choose
(5.18) 2 =aq,

then we get a control problem of the form

. T
pi(a) = sup EQ) [F (WQ(a) + 6/ Ou du> - 1/ \|<pu\|2du
pEAM,) ¢ 2 J

]:t], 0<t<T,

subject to Q(g)-dynamics of S,Y given by (5.15), (5.16), and with Q(0) corresponding to the
MEMM Q. We have now formulated the indifference pricing control problem in the form of
a control problem akin to that described in section 3. We then have the following result.

Theorem 5.1. Let the payoff of the claim, F, be a functional of the paths of S,Y, satisfying
Assumption 2.1. Let the Q(e)-dynamics of S,Y be given by (5.15), (5.16), with Q(e) given
by (5.12), and with the parameter ¢ given by (5.18). Then for small risk aversion «, the
indifference price process of the claim has the asymptotic expansion

1 T
(5.19) pi(a) = EY[FIF] + SoEY [ / €21 du
t

ft] +0(a?), 0<t<T,

where Q° is the MEMM, and £©) is the process in the Kunita—Watanabe decomposition (5.17)
of the claim, under Q(0) = QV.
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Proof. In the state dynamics (5.15), (5.16) each choice of the perturbation e¢ gives rise
to a different measure Q(¢). To apply Theorem 3.1, we fix a measure M and instead consider
the perturbed state process X (€) = (S (@), Y(E))T, with dynamics under M given by

ds}?) = diagy(S\)or AW,
dY, = dingy, a(Y () — Braf) dt + Bo( AW} + 2oy )],

for some m-dimensional M-Brownian motion W™. The dynamics of the state variable X ()
under M match those of (S,Y)T under Q(¢), and are of the required form (3.3), with € = 0
corresponding to the MEMM Q. We can now apply Theorem 3.1 directly, with the Kunita—
Watanabe decomposition (5.17) of the claim under Q(0) = QU taking the place of the mar-
tingale representation result (2.8), and the result duly follows. |

The underlying message of Theorem 5.1 is that for small risk aversion, the lowest order
contribution to the indifference price process is the marginal utility-based price process p; :=
EQ"[F|F,], corresponding to the valuation methodology developed by Davis [9]. The first order
correction is a mean-variance correction, since the Kunita-Watanabe decomposition (5.17) for
e = 0 is the Follmer-Schweizer-Sondermann decomposition of the claim under Q°, and the
integrand 6 in (5.17) is a risk-minimizing strategy in the sense of Follmer and Sondermann
[13] under Q. Similar results have been obtained for bounded claims by Mania and Schweizer
[28] and Kallsen and Rheinldnder [23]. The contribution here is to show a new methodology
for obtaining this result, for a square-integrable claim. The strategy () is, in general, the
zero risk aversion limit of the optimal hedging strategy 6(a) (see, for example, [28, 23] for
a bounded claim) and hence can also be interpreted as the marginal utility-based hedging
strategy.

Note that using (5.17) for e = 0, we can write (5.19) as

T
(5200 pi(a) =EL[F|FR] + %a <var@° [F|F] - EY [ /t 165712 d[S].

ftD +0(a?),

for t € [0,T], which highlights the mean-variance structure of the asymptotic representation.

6. Applications. Here we show some examples where Theorem 5.1 would apply. In these
examples we assume that the functional F satisfies Assumption 2.1. This is a relatively mild
assumption and would apply in a wide range of models, but, of course, would need to be
checked on a case-by-case basis in specific models, and would depend on the model and also
on the specific form of the functional F'. We give a concrete case in Example 6.2 of a lookback
put option on a nontraded asset, where we check that Assumption 2.1 is satisfied.

Example 6.1 (multidimensional random parameter basis risk model). This is the model of sec-
tion 5, with d traded stocks S and (m — d) nontraded assets Y, and with the volatility process
o in (5.1) given by

or=(0f Ogm-gy ), 0<t<T,

where 0° is a d x d invertible matrix process, and where 04 (m—d) denotes the zero d x (m —d)

matrix. Write the m-dimensional Brownian motion W as W = (W3 W5 T where W9
denotes the first d components of W. Then the d traded stocks are driven by d Brownian
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motions, and the nontraded assets are imperfectly correlated with S. The claim payoff F
is typically dependent on the evolution of Y only, though our results are valid without this
restriction.

In this case, the process A in (5.2) and the integrand ¢ in (5.3) are given by

AP pV
At:< ¢ >7 qt:<t>7 0§t§T7
Om—d Ve

where \¥ is the stocks’ d-dimensional market price of risk process, given by A% := (o I
and « is an (m — d)-dimensional adapted process. Each choice of v leads to a different
ELMM Q, with v = 0,,,_4 corresponding to the minimal martingale measure Q,;, and v = ~°
corresponding to the MEMM Q° = Qg, for some (m — d)-dimensional process 7°. The density
process of any ELMM Q € M is then given by

S)—l S’

(6.1) ZE = (=N WS —y W), 0<t<T

The indifference price expansion of the claim with payoff F' is then of the form (5.19) or,
equivalently, (5.20).

A special feature of these models arises when the process \° is either deterministic or does
not depend on the nontraded asset prices Y. In this case it is not hard to see that the MEMM
Q" = Q. This is because the relative entropy process between Q € M 7 and P is given by

T
(62 (@) =2 |5 [ ISP + Il

E} 0<t<T.

The problem of finding the MEMM is then to minimize this functional subject to the Q-
dynamics of S, Y given by (5.6), (5.7), with the process v playing the role of a control. In the
current notation, the Q-dynamics of Y are

S
4Y; = diag,,_y(¥;) [(uf 5 @t )) dt + 6, dWé@} -
t

From this it is clear that if ¥ does not depend on Y, then it is unaffected by the control, and
then the relative entropy process in (6.2) is minimized by choosing v = 0,,_4, so Qg = Q% =
Quas. In this case, the Kunita—Watanabe decomposition of the claim under Qp; will be of the
form

F=EM™[F] + (0™ 8)p + (M- W),

for integrands M, ¢M | such that the Qp-martingales (6™ -S) and (€M -W@) are orthogonal,
and W@ is a Qj/-Brownian motion. An example where this pertains is given in Monoyios
[33], in a two-dimensional model of basis risk with partial information. The indifference price
process expansion is given by the analogue of (5.20) as

(6.3)

T
pe(a) = EQM[F|F] + %a (VarQM [F|F;] — EQ™ [/ 022 d[S]J) +0(a?), 0<t<T.
t
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When the model is Markovian, the integrand 8™ can sometimes be expressed in terms of
the partial derivatives with respect to S and Y of the marginal price process p(t, S¢, Y:) =
EQM[F|S;,Y;]. An example where this is carried out can be found in Monoyios [33].

Example 6.2 (two-dimensional random parameter basis risk model). This is a random param-
eter version of the classical example first considered by Davis [10] and hence a two-dimensional
case of Example 6.1. We show how the asymptotic expansion for the indifference price simpli-
fies in this case, and so we extend the results of Davis and others [10, 18, 29] to general (and
hence possibly path-dependent) payoffs dependent on the nontraded asset price in a random
parameter scenario. We also illustrate how the conditions in Assumption 2.1 are satisfied in
the case of a lookback put option in the constant parameter (lognormal) case.

Set d =1, m = 2 in Example 6.1, and set

Br=af (o VI=p7 ), me(-11), 0<t<T,

for adapted processes 0¥, p. Then the stock and nontraded asset are imperfectly correlated
with the cross-variation process given by

t
[S,Y]t:/pua o, YS.Yydu, 0<t<T.
0

The P-dynamics of the assets are
dS; = o2 S;(\Y dt + dW),  dY; =Y (p) dt + o) dW)Y), =u oy, 0<t<T,

where WY = pW?S 4+ /1 — p2WSL,

The density process of any ELMM Q € My is once again given by (6.1), with N =i /oy,
and in this case the processes in the Doléans exponential are one-dimensional. For the MEMM
Q" = Qp, the integrand « in (6.1) is given by some process 7. We may write the Q-dynamics
of Y as a perturbation to the Q°-dynamics in the same manner as in section 5. This gives the
Q-dynamics of the asset prices in the form

(6.4) dS; = 7S, aw Yy, =V, [ut dt + o) (thY’@ /1= pZepy dtﬂ :

for Q-Brownian motions W WY:Q with instantaneous correlation p, so that

(6.5) wYQ = pwSQ 4 /1 - p2wSLQ
with W@ 175-LQ independent Q-Brownian motions, v := ¥ — o (pA% 4+ /1 — p24°) and
gp := —(y — %), for a small parameter ¢ and control process ¢. For ep = 0 we have the

dynamics under the MEMM Q. Once again, the perturbation expansion for the indifference
price of a claim with payoff F' depending on the evolution of S, Y over [0,7] will be of the
form (5.19) or, equivalently, (5.20). In the case that A has no dependence on Y, then 4° =0
and Q% = Qyy.

Another special case arises when p is deterministic (say, constant), A%, u¥, ¢ are adapted
to the filtration generated by WY, and hence depend on the evolution of the nontraded asset

Y
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price only, and the claim is written on the nontraded asset, so that its payoff F' also depends
only on the evolution of Y. (This would also apply in a stochastic volatility model where Y
is the process driving the volatility, and then F' would be a volatility derivative.) In this case
the Kunita-Watanabe decomposition of F' under Q" will be of the special form

(6.6) F=EY[F] + O WY,

for some process ¥(©), such that (w(o) . WY’QO) is a Q"-martingale. But we also have the
general form (5.17) of this decomposition, which in this case reads as

(6.7) F=E¥[F]+ (0 - S)r + (- WS- L)y,

for integrands (), £(0) (here, 0 would be the marginal utility-based hedging strategy for
the claim).

Equating the representations in (6.6) and (6.7) and in view of (6.4) and (6.5) for the case
Q = QY, it is easy to see that (9, £ are both linearly related to the process ¥(9), through

00558 = pyp© €O = /1 — p2yp(0).

It is then straightforward to compute that

var®[F] = %EQO [ /0 " 602 d[S]t} .

The time-zero indifference price expansion in this case then simplifies to
1
po(a) = E?’ [F] + 504(1 — pz)var(@o [F] + O(a?),

which is an extension of the form found in [10, 18, 29] to European payoffs F' satisfying
Assumption 2.1, in models with random parameters dependent on Y. If, in addition, \¥ is
deterministic, then Q° = Q.

It is instructive to see how Assumption 2.1 would be checked in a simple case of this
example. Suppose the parameters of the model are constants, so that Y is a geometric
Brownian motion. Let the claim be a European floating strike lookback put option on the
nontraded asset, so that F' is a functional of a one-dimensional Brownian motion given by

F = o%% Y, — Yp.
To ease notation, write W = WY@ for the Brownian motion driving ¥ under any ELMM.
When the perturbation ey is zero, Y satisfies

dY; = Yy(vdt + ndW;), Yo=yeR*t

for constants v and 1 > 0. For concreteness, let us suppose that v — %7]2 > 0. The functional
F = F(W) is given by

F(W) = yexp Ku — %n2> T] <eXp (77 max Wt> — eXp(nWT)> .

0<t<T
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Consider the two functionals Fy (W) := exp(nWr) and F5(W) := exp (n maxo<t<7 W;) in turn.
For F, it is straightforward to see square integrability and that Assumption 2.1(ii) is
satisfied with k = F} and g(e) = exp(ne) — 1. It is also easy to compute

e—0¢€

1 . T T
lim ~ [Fl <W+s/ ©s ds> — Fl(W):| = nYT/ o dt =/ nEL (W )y dt.
0 0 0

Therefore, OF (W (¢, T]) = nFy(W).
For Fy, the maximum of the Brownian motion over [0, T is achieved at some random time
T(w) = 7(W), so in this case we have

1
Ey(W) =yexp [<1/ — 57]2) T+ nWT(W):| .

The first two conditions in Assumption 2.1 are satisfied in a manner similar to that for Fy.
For the last condition, with ¢ = fo s ds we obtain

1 T
lim = [F (W +e®) — Fo(W)] = 02 (W) 8rqw) = /0 (W)L w)>e e dt.

Therefore, 0F2(W; (t,T]) = nF2(W )1 (w)>¢y- This shows how Assumption 2.1 is compatible
with path-dependent payoffs. Similar reasoning can work with random parameter models.
Example 6.3 (basis risk with stochastic correlation). This model was considered by Ankirch-
ner and Heyne [1], who examined local risk minimization methods for hedging basis risk.
A traded asset S and nontraded asset Y follow correlated geometric Brownian motions,
as in Example 6.2, but the correlation p = (pt)o<i<7 is now stochastic. In this case, we
have m = 3, d = 1. With W a three-dimensional Brownian motion, let W° = W1,

WY = pW! + ﬂw% and WP = 6W! 4+ nW?2 + mw?’ for constants §,7
such that 62 + 7% < 1. The state variable dynamics are then

dS; = 0°S,(\° dt + dW}),

v, = v, [MY dt + oY <pt aw; /1 p? de)] ,

dp; = g¢ dt + he(§ AW} + ndW2 + /1 — 62 — n2dWP).

Here, g, h are adapted processes such that p; € [—1, 1] almost surely. Ankirchner and Heyne
[1] give some specific examples of such models.

In this example we also have QY = Qy, with Z@ = £(-ASW?'), and the Féllmer—
Schweizer—-Sondermann decomposition of the claim is of the form

(6.8) F=EMF]+ (0% S)r+ (6 - W2B)g 4 (@M - W)y,
for some integrands M &M $M  where

W — (V[/'l,QM7 WZQM’ W&QM)T
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is a three-dimensional Qp;-Brownian motion, the first of which drives the stock, so that the
stochastic integrals in (6.8) are orthogonal Qj/-martingales. The time-zero indifference price
expansion is again of the form (6.3).

Many examples are covered by the framework of Theorem 5.1, including classical stochastic
volatility models, basis risk models with stochastic volatility (and hence m = 3, d = 1) with
a traded and a nontraded asset both driven by a common stochastic volatility process (and
stochastic correlation can be added to this framework), or basis risk models with unknown
asset drifts, extending [33] (which modeled the drifts as unknown constants) to model the
drifts as linear diffusions.

6.1. Entropy minimization in stochastic volatility models. We end with another ap-
plication of the asymptotic methods developed in the paper. This time, we are interested
in finding the MEMM Q° = Qp in a stochastic volatility model. A traded asset S and a
nontraded stochastic factor Y follow, under the physical measure PP,

(6.9) dS; = o(Y2) Sy (M(Yz) dt + dW?),
(6.10) dY; = a(Y;) dt + b(Y;) AW,
for suitable functions o, A, a,b, such that there are unique strong solutions to (6.9), (6.10).

The Brownian motions W, WY have constant correlation p € [~1,1]. We write W} =
pWE + /1 — pQWts’L. The density process of any ELMM Q is

Z2=E(-N- WS =4 - WS, 0<t<T,

for some square-integrable process v, such that Z? is a P-martingale.
The entropy minimization problem is the stochastic control problem of minimizing

1 (7
0(@IP) =59 |5 [ 020 +7) e
0
over control processes v, where we assume that Ip(Q|P) < oo, and where, under Q, S, Y follow

48, = o(Y;) S dW Y,
(6.11) dY; = (a(V;) — b(Yi)pA(V2)) dt + b(Yy) (dW,)" = /T = p2, dt),
for Q-Brownian motions W2 WY:Q with correlation p, such that setting v = 0 yields the
minimal martingale measure Q.

The idea here is to consider the drift adjustment y/1 — p27; in (6.11) as a perturbation
to the Brownian paths, and hence to convert the entropy minimization problem to the type
of control problem we have considered in section 3, in the limit that the absolute value of the
correlation is close to 1, so that 1 — p? is small. To this end, we define a parameter ¢ and a
control process ¢ such that

e =1-p" ep=—y1-py,

and we define a parametrized family of measures {Q(g)}.cr such that

Q=0Q(), Q) =Qu.
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The state variable dynamics for Y are then given by
(6.12) dY; = (a(¥;) — b(Y)pA(Y)) dt + b(¥,) (AW, 4O + egy dt).

With ® := [ @sds, we define a square-integrable functional F' = F(WQE) + e®) of the
Brownian paths by

Pl /TA2(Y)dt—~ L
= 2 0 t - 2 T,
where, for brevity of notation, we have defined the so-called mean-variance trade-off process
K by

t
(6.13) K; = / MN(Y,)du, 0<t<T.
0

We assume that the model is such that K defines a functional satisfying Assumption 2.1.
In this notation, the relative entropy between the minimal martingale measure and P is

(6.14) Io(Qu|P) = E® EKT} = EUO[pw Q).

The control problem of minimizing Io(Q|P) over ELMMs Q € M/ then has value function

: T
(6.15) Lh(Qp[P) := inf E® {F <W@<€> +e / ©s ds> 41 / ©? dt] ,
peAMy) 0 2 Jo
where A(My) denotes the set of controls ¢ such that Io(Q|P) is finite.

We have now formulated the entropy minimization problem in the form we need to be
able to apply the Malliavin asymptotic method, and this gives the theorem below.

Theorem 6.4. In the stochastic volatility model defined by (6.9), (6.10), suppose the termi-
nal value K of the mean-variance trade-off process in (6.13) defines a Brownian functional
satisfying Assumption 2.1. Then the relative entropy between the MEMM Qg and P, in the
limit that 1 — p? is close to 1, is given as
Iy(Qg[P) = Io(Qum|P) — %

where Qs is the minimal martingale measure.
Proof. This is along the same lines as previous results, so we only sketch the details. One
appeals to the decomposition of F' under Q(0), which is of the form

(6.16) FWQ0)y = ERO[p(w O] 4 (£© . @0y,

(1= p*)var® [K7] + O((1 - p*)?),

for some integrand £(©). Such a decomposition exists uniquely, given that F depends only on
Y and the dynamics in (6.12). We expand the objective function (6.15) about £ = 0 and use
the representation (6.16). This gives

: T
EQ() [F (WQ@) + 6/ Ps d8> + % / 07 dt]
0 0

T
_ gQO) [F(W@m)) 4 / <55§0>% 1 %ﬁ) dt] +o(e).
0
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We minimize the right-hand side over ¢ by choosing ¢ = —e£(). Using (6.16) again and
recalling (6.14), the result follows. [ |

Remark 6.5. In [31, 30], Esscher transform relations between Qg and Qs are derived, and
it is an exercise in asymptotic analysis to see that those results are consistent with Theorem
6.4.

7. Conclusions. It is quite natural to apply Malliavin calculus ideas in stochastic control
problems where the control turns out to be a drift which is considered as a perturbation to a
Brownian motion, and this is the path taken in this paper. We have shown how the method
can yield small risk aversion asymptotic expansions for exponential indifference prices in It6
process models, and how one can identify the minimal entropy measure as a perturbation to
the minimal martingale measure in stochastic volatility models. It would be interesting to
extend the method to models with jumps in the underlying state process.
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