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Abstract

We derive expansion results in order to approximate the law of the average of the marginal
of diffusion processes. The average is computed w.r.t. a general parameter that is involved
in the diffusion dynamics. Our approximation is based on the use of proxys with normal
distribution or log-normal distribution, so that the expansion terms are explicit. We provide
non asymptotic error bounds, which justifies the expansion accuracy as the time or the
diffusion coefficients are small in a suitable sense.

Key words: Asymptotic expansion, Malliavin calculus, arithmetic and geometric means,
small diffusion process
Mathematics Subject Classification 2010. 34E10, 60Hxx.

Introduction. Let T be a positive real number and consider a filtered prob-
ability space (2, (F¢)o<t<r,P), which supports a ¢-dimensional Brownian motion
W = (Wy)o<t<r. Here, (Fi)o<i<r is the usual P-augmented natural filtration of .

To a non empty set of parameters A, we associate a family of scalar diffusion processes
{X*:a e A}: for each o € A, X* solves the stochastic differentiable equation (SDE
in short)

t t
(0.1) xo :X{;ur/ ba(s,Xg)ds+/ 0% (s, X2)AW,.
0 0
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The initial value X§ is finite and non-random. The coefficients b* and ¢ are supposed
to be Lipschitz continuous w.r.t. z, for each @ € A. Thus, for each a € A there is
a unique strong solution on [0,7] to (0.1]), well defined except on a negligible set
Ne We assume that A is a countable set, so that the family of diffusion processes
{X®: a € A} is simultaneously well defined with probability one (namely, on the
set (UaeaN¥)9). For the case of an uncountable set A, see the discussions in Remark
[I.1} Then, we consider a finite positive measure v on A: to have short notation, we
often write an integral w.r.t. v as

v(F) = [, f°v(da)

for any function f defined on A. The purpose of this work is to provide weak approx-
imation and expansion results regarding the arithmetic mean

(0.2) V(X5 = /A X2 v(da)

and the mean of exponentials
(0.3) vP(Xy) = [ exp(Xg) v(da),

as the parameters b* and % or their derivatives are small, or the time 7" is small.
Although we may write v**P(X;.) = v(exp(X})) and that (exp(X®))aea is another
family of SDESs, we reserve to the case (0.3)) a specific analysis because v (X.) takes
positive values. The quantities to approximate have the form

(0.4) Elp(w(X7))]  and  E[®(™P(X7))],

for different test functions ¢ and ® (satisfying various smoothness assumptions). For
the arithmetic mean, normal approximations are provided, while for the mean of ex-
ponentials, we derive log-normal approximations (thus maintaining the positivity).
Non asymptotic results are proved, emphasizing the role of coefficients in the ap-
proximation accuracy. Since the studied quantities are v(X;) and v*P(X7;), up to
a renormalization of v we can assume that v(14) = 1; thus v is a probability mea-
sure. Without further reference we always assume that [, exp(|X§|)v(da) < +oo.

It is a sufficient condition to ensure enough integrability on v(X7.) and v*P(X}), see
Lemma [[.2]

Here are examples where averaged diffusion may be interesting for applications.

Example 0.1 (Time-average of a scalar diffusion process) The discrete time-
average on [0,T] is defined by a set of n times:

A={0<a; <<, <T}CI0,T].

The probability measure v may be the uniform measure on A (coming for instance
from the rectangle rule in numerical integration) or any other discrete measure (from



the trapezoidal rule ... ). The SDE of interest is given by

t t
X, :X0+/ b(s,Xs)der/ o (s, X, )AW,.
0 0

To embed the time-average of this single scalar diffusion process into our framewortk,
we set X = Xapne which coefficients are given

b (s, x) = Ls<ab(s, ), 0%(s,x) = Li<o0(s, ).
Indeed, we observe that [, Xfv(da) = X0 Xaarv(1a,) = Xy Xa,v(1a,)-

The continuous time-average is similarly defined, by taking A = [0,T] and v(da) =
71o7(@)(da) for instance. In that case, A is an uncountable set, but notice that,
nevertheless, the whole family (X)aeca is well defined with probability 1: hence, the
expansion results below apply to this case.

Some applications. In Finance, Asian options are defined as a financial contract
written on the average over a period of time of the price of a financial asset (modeled
by (Xt)o<t<r or (exp(Xi))o<i<r). In 1987, Banker’s Trust Tokyo office (which the
name "Asian" option is originated of ) used them for the first time for pricing average
options on crude oil contracts; see [TW91|] for details. In Random Mechanics [KS80),
X may define the velocity of a system, on which random forces are applied. The
integral fOT X,dt is then related to the (random) position of the system at time T.
Another field of application may be glaciology, where the modeling of ice-core data
can be made through an integrated diffusion process [DDA0Z)/.

Example 0.2 (Mixture of diffusion model) Assume that A is the set of the stocks
entering in the definition of a Stock Index (CACL0 for instance), that the weights
v(1,,) are equal to the capitalization-weights of the related companies and that (X®)aca
represents the price or the log-price of the stocks of the index. Then [, X$v(da) or
Jaexp(X§)v(da) is the value of the index at time T. Thus approzimating the law
of the averages is relevant in financial engineering, for pricing contracts where the
underlying 1s the stock indez.

Background results. The related literature is vast and we only emphasize the
main ideas underlying the approximations/expansions.

In the Gaussian framework (deterministic b and o), the arithmetic mean has an ex-
plicit normal density. Most of the existing approximations focus on the computation
of the law of the mean of exponentials in this Gaussian case. We notice the moment
matching work [TWO91] which approximates this sum of correlated log-normal vari-
ables by a log-normal one which matches its first and second moments. When the
test function ® is convex (e.g. x — z1), tight lower and upper bounds have been
computed explicitly in [RS95] and [CDO05|. In [GY93|, the Laplace transform of the
time-average of the geometric Brownian motion is made explicit and by a numerical



inversion, one may evaluate . When the averaging parameter is the time, com-
puting is related to solving a PDE in dimension two, or one in some cases, see
[RS95)] and [DLO5|. Coupling semi-analytical approximations and PDE is proposed in
[ZhaO1]. Alternatively, evaluating can be performed by Monte Carlo simulations
[LT01]: in the case of the mean of exponentials, it is very efficient to use the geometric
mean as a control variate, see [KV90].

In a more general framework (b and o depending also on z), we notice the Markov
projection techniques: the average has the same law as the marginal law of a SDE
which coefficients can be approximated, for short time, by an explicit expression in-
volving the different coefficients in the space A, see [ABOBF02|. Yoshida derives in
[Y0s92] an asymptotic expansion for the density of the time-average as the diffusion
coefficients are small, using the Watanabe expansion approach; see [KT0I] for appli-
cations in interest rate pricing. Recently in [FPP11], Foschia etal. use the parametrix
method to derive approximations in the case of time-average, as the time is small.

Our contribution. As a comparison with these existing works, our contribution is
threefold. First, we consider averages w.r.t. a general parameter, handling at once the
case of time-average and other averages, and the diffusion family (X%),c4 is general
as well. Second, we choose a different point of view for the expansion (see Subsection
2.1), which makes the approximation exact (at least for v(X¢)) if the coefficients do
not depend on x . Finally, we provide tractable non-asymptotic error estimates, under
various regularity assumptions on ¢ and ®: indeed, it is known (see the discussion
in [BGM11), Section 2|) that an asymptotic analysis w.r.t. a given parameter may be
misleading since one neglects the influence of the other ones while their roles may be
equally important.

Organization of the paper. In the next section, we define the notations and
assumptions used throughout our work, and we state some preliminary estimates.
Main results are given in Section [2} we first expose our approximation methodology,
then we state our expansion results (Theorems and , and finally we present
few numerical experiments. The proofs in the case of smooth test functions ¢ and
® are given in Section [3] Weakening the regularity assumptions of the test functions
involves even more technicalities from Malliavin calculus: this is achieved in Sections
and [l Some technical lemmas are given in Appendix.

1 Preliminaries

1.1  Assumptions and notations

e For a vector y € R¥ (k > 1), |y| stands for its Euclidean norm. The scalar product
is denoted by ( , ).



e For a random variable Y € R¥ (k > 1) and for p > 1, Y|, stands for its L,-norm:
Y], = (B[Y[).

e For a family (y*)aca of vectors of R* (k> 1), we set |y|oo = Supuea [y%]-

o If f: R+ Risasmooth function, f™ denotes its n-th derivative, or simply f’, f”
forn =1,2.

Regarding the coefficients b : [0, 7] x R — R and 0% : [0,T] x R — R4 (as a row
vector) entering in the definition of ([0.1)), throughout this work we assume

(R) the coefficients b* and ¢ are measurable in time and four times continuously
differentiable in space. In addition, the coefficients b, c® and their ¢-th spatial
derivatives b*' := 9Lb", 0% := 9l0® (1 < i < 4) are uniformly bounded on
[0,7] x R. We set

M= sup  sup (bt a)| + [0t 7)),
1<i<4 (t,2)€[0,T] xR

Mg = sup  sup  ([b™(t,x)| + [0 (t, 7))
0<i<4 (t,2)€[0,T]xR

To avoid trivial situations, we assume that (M{")ae is not identically 0: v({« :
Mg > 0}) > 0. In addition, we assume that the above constants are uniformly
bounded w.r.t. @ and we set

| Moo = sup Mg, | Moo = sup M.
acA acA

In particular, coefficients are Lipschitz continuous in space and thus, the strong solu-

tions to the family of SDEs (X ®),ec.4 are simultaneously well defined with probability
1.

As previously mentioned, v is a probability measure on A: since A is countable, it is
of the form v(da) = 3,5 pida, (da) (with p; > 0, o € A and Y51 p; = 1). Actually,
the exact form of the set A, of the «;’s or of the p;’s is unimportant, since all our
results are expressed directly in terms of v(da).

Remark 1.1 The assumption that A is countable is not necessary to define {X® :
a € A} with probability 1. One could take uncountable sets, for instance A =R, see
|Kun84)]. But it woud require additional smoothness assumptions on the coefficients
w.r.t. o, in order to define a.s. {X* : o € A}. Regarding the examples we wish to
consider (see Example , these extra smoothness assumptions may be not satisfied,
although one may directly define a.s. {X* : a € A}. That is why we prefer to stick
to countable sets A and then, by a limit argument, to possibly pass to more general
cases: our estimates are ready for this extra step since the results are stated only in
terms of integrals w.r.t. v.

Some of our results rely on a non-degeneracy condition (ellipticity condition):



(E¥) for some constant Cg > 1 (the ellipticity ratio), one has
gy < [ fv(da)Pdt < Tw([M]?
o V(M) < | ] ] oiv(da)Pdt < Tw([Mc]).
E 0 Ja

Observe that under (E¥), [ | [4 ofv(da)|?dt > 0 since (Mg)aea is not identically 0.
We define similarly (E*)where the measure v is introduced later in [2.6]

Miscellaneous.

e The constant from the Burkholder-Davis-Gundy inequality w.r.t. the L,-norm is
denoted c,, without any additional explicit reference to this inequality.

o A test function ¢ : R — R is exponentially bounded if for two constants C, > 0
and p, > 0, we have |p(z)| < C,exp(p,|z|) for any = € R.

e A test function ® : R — R is polynomially bounded if for two constants Cy > 0
and pe > 0, we have |®(z)| < Cp(1 + |z|P*) for any = € R.

e In the derivation of error estimates, we make use of numerous constants that we
simply denote by c¢ as a generic constant (which may change from line to line).
These constants depend in an increasing way on the model parameters | M| and
| M |0, on the ellipticity ratio Cg, on T', on the index p considered for L,-norms, on
the growth parameters C, p,,, Cs, po of the test functions, and on other universal
constants. The constants ¢ remain bounded as these dependence parameters go to
0. The generic constants do not depend on (X§)aea and v.

e For two non-negative real numbers x and y, © <. y means that z < cy for a generic
constant c.

1.2 Preliminary estimates

As a warm up, in order to make the reader familiar with this set-up, we state pre-
liminary estimates (the easy proof is left to the reader).

Lemma 1.1 (Stochastic Fubini-type result) Consider a family (f*: Qx[0,T] —
[ (w) € RY™) 4 of progressively measurable processes. Let p > 2 and assume that
one of the quantities below is finite

/\/ |f|d\ v(da) <TY?  sup

Q€A 0<s<T

)
p

s

T
then/ (/ ff‘dWs)l/(doz) € L, and we can interchange the v-(discrete) integral and
A 0

the Ito integral:
/,4</ fodw,)u(d / /fa (da))



T
Under similar conditions, the usual Fubini theorem yields /A ( / ff‘ds)u(da) =
0

T
/ ( / ff“u(da))ds. The above equalities are repeatedly used in our computations.
0 A

The quantities of interest v(X /) and v***(X ;) have respectively exponential moments
and polynomial moments.

Lemma 1.2 Under (R), for any p > 1, we have

exp (v(X7)| | Sexp (v(X3)) exp (Tw(M) + STV(MG)P),

l/eXp(X'T)’p <v™P(X,) exp (T\Mg|oo + gT|M0|gO).

PROOF. From [,exp(|X§|)v(da) < oo, we easily check that v*P(X;) and v(X;)
are well-defined and finite. Lemmall.1|gives v/(X;) = v(Xg)+ ) ([40%(t, X®)v(da))dt+
JE (L4 0%t X&)v(da))dW;, which implies

E(exp(pr(X7))

2
:E<exp / / b (t, X&) —]/ (t, X{)v(da)| ] dt)
X exp (/ (p/ o (t, X (da))aw; — 2 ]/ (t, XY )\th)>
0 A
2
< exp (pV(X )) exp (pTy(M['J) + %TV(M6>2)7

since the expectation of the exponential term at the third line is equal to 1.
To prove the estimate on v*?(X.), apply the Minkowski inequality to obtain

VP (X5) / ‘exp XT)‘ (da) < /Aexp (XS‘ + TM + gT[M(?‘]Q)V(da)

< V(X exp(T Mol + STIM ).

2 Main results

2.1 Discussion about the approximation methodology: proxy and smart parametriza-
tion

Now let us discuss informally our strategy to approximate the laws of v(X;) and
v®*P(X7). Full justifications are given in the next sections.



Regarding the arithmetic mean, the idea is to use a Gaussian proxy X%’P for X&,
which is obtained by freezing the space variable in the coefficients b*(s, X2) and
o%(s, X&) to its initial value X§. It writes

t t
(2.5) X{*P:X(%/ bo‘(s,Xg‘)ds+/ 0% (s, X)W,
0 0

which defines a Gaussian process. The superscript P refers to the label Proxy. This
choice has the advantage that v(X;") has an explicit Gaussian law (see Proposi-
tion [2.2). The approximations b*(s, X&) ~ b%(s, X§) and 0%(s, X2) ~ 0°(s, X§) are
expected to be accurate in three cases:

(1) if the spatial derivatives of b® and o® are small. In our error estimates, it is
encoded into the constants (M{"),ca.

(2) if the final time 7" is small (inducing that X¢ ~ X§ for s <T).

(3) if the coefficients b* and o® are small, implying again X¢ ~ X§ for s < T'. This
is encoded into the constants (M§)aca-

This proxy approach has been successfully developed in [BGMO09|[BGM10|[BGM11],
to approximate expectations of the marginal X of a scalar diffusion process.

Actually we do not only replace X¢ by X?’P in v(X}), we also provide correction
terms in order to achieve a higher accuracy (see Theorems and . The choice
of the proxy (and the computation of correction terms) is also related to a suitable

parametrization given by
t t
X2(e) 1= X0 + e(/ b (s, X(e))ds +/ 0° (5, X2 () AW, ),
0 0

so that X = X(€)|c—1, while the proxy X" = X (€)|cmo + 0. X (€)|c—o appears as
the first terms of a Taylor expansion (see Subsection . Note that this parametriza-
tion is different from that of small time asymptotics (see [Wat87]) for which the e-
factor for the drift would be €2. It is also different from that of small noise expansion
(see [FWOS| or [Yos92|[KT01]) for which the e-factor for the drift would be 1. A ma-
jor advantage of our parametrization/expansion is to be exact for space-independent
coefficients b and o.

Regarding the mean of exponentials v™P(X}), one could take as a proxy the exponen-
tial of an arithmetic mean exp(v(Xy;)) (this is the usual arithmetic/geometric mean
approximation), and then approximate the arithmetic mean as before. Let us discuss
a bit on this first possible step. By the Jensen inequality, we have

exp(v(X7)) < v*P(X7);

this proxy systematically underestimates the mean of exponentials. The inequality
becomes an equality if X does not depend on «. Moreover, one expects the ap-
proximation to be accurate if X% does not depend much on a. However, we do not
intend to leverage on this kind of asymptotics, because in practical examples, the



dependence of X& w.r.t. « is not small (due for instance to X§). Thus we choose
another approximation point of view, coherent with the choice of the proxy X;"P, ie.
small fluctuations of X& — X (somehow also meaning a low dependence w.r.t. «).
This justifies the introduction of a new probability measure vy(da) which takes into
account X'

_ exp(X§)
(2.6) vo(da) = VGT(X('))U((M)'

Then, the mean of exponentials writes

vOP(Xi) = vP(X) [ exp(XF — X§)rn(da) = v (X (X - X7),
and the proxy is given by the exponential of the arithmetic mean, that is
(2.7) VPP (Xp) o= v (Xg) exp (mo( Xy — Xp)).-

The connection between this latter quantity and v*®?(X}) is made via the smart
parametrization (e € [0, 1])

28) 10 = (%) [ exp (eoq'f S X§)+ (-0 [ (X5 - X3>uo<da>) o(da),

so that I(1) = v*P(X3) and I(0) = v*PF(X;). Clearly, almost surely € — I(e) is
smooth and a direct computation yields

(2.9) 1) =v=(x;) [

[ (e = X5) 4 (1) [ (X5 - Xl

x ((X;f _XO) - /A (X2 — Xg‘)uo(da)> vo(da).
Observe that 1(V(0) = 0 and I®(¢) > 0. Thus, by a Taylor formula, we obtain
1
(2.10) V(X)) — PP (X)) = (1) — 1(0) = / (1— I (e)de > 0,
0

proving again that our proxy underestimates the mean of exponentials. Moreover,
this parametrization gives a tractable representation of the distance between the two
quantities. We obtain the following result, which states that the exponential mean
approximation yields an error of order two w.r.t. the amplitude of coefficients and

VT.

Proposition 2.1 Under (R), for any p > 1, we have

V(X)) = v (X)| < e (M) T 0o (X;) < e |MoluoVT) 0o ().



PROOF. Starting from (2.10) and applying the Minkowski inequality, we have

1
vR(Xp) =P ()| < [ (1= QP (e

Then, the proof is complete using the estimate (2.11) below. Namely, starting from
(2.9), using the Minkowski, Holder and Jensen inequalities, and similar upper bounds
that those in the proof of Lemma [I.2] we obtain for any n > 1

o
i S [ (Jexptetxs = X0, ¢ [exp (1= [ (X3 = Xg)w(da))],

0)
x| - X = [ (X5 - Xpymlda)f) welda)
< /A (‘ exp(€e(X7 — Xg‘))‘gp X (/A ‘ exp ((1 — ) (X§ — X§)>’3pVo(da))

X (‘X? - Xg“gnp + /A ‘X% - Xg‘gnpl/o(doz))n> vo(dar)

< / <€T|Mo|oo+§pT|Mo|§o o« &TIMoloot-$pTIMo[2,
Ja

P

% ((M§T + ey MGVT) + /A (MST + c3angﬁ)yo(da))n) vo(da)
(211) < 2 Mol BTIMOE (T 4 g /T) 0 ([MG]").

O

Next to this first step, we combine the previous approximation of X%, so that the
final proxy for v***(X}) is given by (instead of (2.7))

(2.12) PP (XGE) = v (X)) exp (m0(X7” = Xp)).

The latter random variable is log-normal, with explicit characteristics, see Proposition
2.3 In the following, we provide correction terms to this approximation, in order to
improve the accuracy.

2.2 Weak approximation results

The expansion coefficients are defined through the drift and diffusion coefficients, and
their derivatives: we denote them by

by = b%(t, X§), o =o%(t, X)),
(2.13) bt = 0Lb(t, X&), ot = 0lo(t, X&), i>1.

We first state two propositions that give a full validity to the terms arising in our
expansion results. The proof is easy and we skip it.

10



Proposition 2.2 Under (E), v(X;") = [, X5+ v(da) is distributed as a non-
T

degenerate normal random variable: its mean is equal to /(Xg‘ +/ by'dt)v(da)
A 0

T
and its variance is equal to / \/ o v(da)|*dt > 0. Then, for any exponentially
0 A
bounded function ¢, the mapping € — E(@(V(Xi,lp) + e)) 1s infinitely smooth.

Proposition 2.3 Under (E®), vo®P(X3) is distributed as a non-degenerate log-
normal random variable: the mean of In(v™®F (X)) is equal to In(v™P(X;)) +

T T
/ / bi'dtvg(da) and its variance is equal to/ \/ o vo(da)|?dt > 0. Then, for
AJO 0 A
any polynomially bounded function ®, the mapping € — ]E(CI)(VeXP(X(')) exp(vo (X5 —
X)) + 6)) is infinitely smooth.
Note that the derivatives exist and are well defined, whatever the smoothness of ¢

and @ is. However, the derivatives may exist also without (E”) or (E*), provided
that ¢ and ® are appropriately smooth.

Theorem 2.1 (Expansion formula for the arithmetic mean)
Under (E) and (R), for any exponentially bounded function ¢, define the approxi-
mation

E (p(v(X7)) =E (p(v(X;")) + Z BLOE (p(w(X;7) + ) | _ + Emor® (g, )
where
gy = /A /O ! /0 "belbeds dt v(da),
3 ::/A/JT/; (e opvda),ort) +437( [ otw(da), o)) ds de v(da)
8 ::/A/OT/Ot</Aat°‘V(da),af’1></40?V(da),a§)ds dt v(da).

Then, the approximation error is estimated as follows.

i) If p is a.e. differentiable with exponentially bounded derivative (satisfying |o(x)|+
' (x)| < Cpexp(py|z|)), then

Error®D (p, 0)] <. exp (polv(X0)]) v(MGIMG]) T2,

i) If o is three times continuously differentiable with exponentially bounded deriva-
tives (satisfying |p® (x)] < C,exp(py|z|) fori=0,...,3), then

[Error®D (o, 1)| <, exp (pg|v(Xg)l) v(M;[M]?) T2,

In this case, (E") is not needed.

11



Theorem 2.2 (Expansion formula for the mean of exponentials)
Under (EY) and (R), for any polynomially bounded function ®, define the approxi-
mation

E((v77(X7))) =E( (v () exp((X;” — X;))) )
G WOE(® (4 (X) expl0(X;” = X) +¢)) ) mo
+ Error®2 (¢, v)

where (5;°)1<i<s are defined in Theorem (replacing v by vy) and

1 o N 2 1 T o o 2
v = QA(A (bt _/Abt I/o(dOé))dt) Vo(dOé) + 2/,4/0 ‘O't _/Aat VO(da>‘ dt Vo(dOé>7
T T
wi= [ ([ ormtda),or = [ orm(aanar) ([ o5 = [ biv(da))dt)u(da)
g = 2/,4(/0 (/Aat vo(da), o —/Aat vo(da))dt) vo(da).
Then, the approximation error is estimated as follows.

i) If @ is a.e. differentiable with polynomially bounded derivative (satisfying |P(z)|
Co(1+ |zP?) and |®'(x)| < Ca(1 + |z|P*~1) for some py > 1), then

IN

Error® (@, )] <. exp(palvo(Xp)l) (M) T

ii) If @ is three times continuously differentiable with polynomially bounded deriva-
tives (satisfying |0 (z)| < Co(1 + |x[P*~7) fori = 0,...,3 for some pp > 3),
then

EnorE2 (@, )] <, exp(polvo(Xp)]) (M) T2,

In this case, (E*°) is not needed.

These results state that for a large class of test functions ¢ and ®, the approximation
error is of order three w.r.t. the coefficients and /7' (suitably averaged w.r.t. v or
1p). Observe that the expansion involves only scalar normal or log-normal random
variables: it allows simplified numerical evaluations (sometimes in closed forms).

It is a useful property that the expansion coefficients (5}, 7;)1<i<3 do not depend on
the functions ¢ and ®. It allows more efficient computations, when several functions
¢ and ® have to be considered at the same time. Besides, it is possible to derive
iterative formulas for computing the coefficients for several times 7', similarly to
[IBGMO09, Proposition 4.1], which may be an additional gain in numerical efficiency.

Theorems and are proved in Section (3| for the smooth case. The case i) is
more technical and requires intricate Malliavin calculus estimates; it is postponed to

Section [] for Theorem [2.1] and Section [Bl for Theorem 2.21 For test functions with less
regularity, see Remark [4.1]
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2.3  Computation of coefficients in some examples

For the convenience of the reader, we provide the expressions of the expansion coef-
ficients in some specific cases.

(1) Time-independent coefficients. Assume that b*(s,z) = b*(z) and o%(s,z) =

o%(z) and set 7 = v(0(X;)), 7° = vo(o’ (X)) and b = vy(b'(X;)). Then, the
time-integrals simplify much and we obtain

5= [ o (X (Xg)w(da),

55—1: (0 (X§)4", 0307 (X)) + 030 (X§)(0", 0 (X5)) ) v(da),
5 =T [ (0", o (X§) 0%, " (g )v(da),
71:7; (5°(X;) — ) 2w (da) + /\a X&) — 5" vy(da),
=T /A<“ 0% (X§) = o) (0°(X5) — B)o(da),
T2

=5 [ (@0 (xX5) = ) wo(da).

(2) Time-average. Here, we consider the case A = [0,T], b*(s,x) = b(x)1s<, and

0°(s,x) = 0(x)1s<a, v being the uniform measure on A; see Example [0.1] Then,
we get:

51 = L) 2b(X0)
5 = Tib<xo> (X)L (X0) + o (X0)(Xo).

g = 30 3(X,) 00 (Xy),

E
T T

M *bQ(Xo) + 150 ?(Xo),
T2

o= T (Xo(Xo),
T2

=507 4(Xo).

2.4  Numerical experiments

We test two examples in order to illustrate the good accuracy of our approximations.
We consider the case of time-averaged diffusion.

In the first test, we take A = [0,7], T = 1, v(da) = da and X7 = X, where

13



X, = Xo — 30°t + oW, with exp(Xy) = 100. The mean of exponentials v*P(X;) =
Ji exp(X,)dt is considered and we approximate E( [y exp(X;)dt — K)*: this example
is related to the pricing of Asian option. The exact value is unknown and as a bench-
mark, we use the semi-analytical method by Zhang [ZhaOl| which is known to be
very accurate. In Table [I| we choose various and realistic o and K. From Theorem
2.2] we expect that the smaller the parameter o, the higher the accuracy. Actually,
we observe a 3-digits accuracy, which is very satisfying.

o =0.05 oc=0.1 o=20.2

K PDE Theorem ’5‘ PDE  Theorem ’5‘ PDE  Theorem ’5‘
95 | 8.80884 8.80883 | 8.91185 8.91176 | 9.99565 9.99453 |
100 | 4.30823 4.30822 4.91512 4.91497 6.77735 6.77612

105 | 0.95838 0.95820 2.07006 2.06973 4.29646 4.29496
Table 1
Approximation of E(fol exp(Xy)dt — K)T.

In the second test, we let the SDE coefficients be non constant and we set o(t,z) =
0.2 exp(—0.2In(2/100)) and b(t,x) = —30%(t, x); (exp(Xy))o<i<r is known as the
CEV model. Although the coefficients and their derivatives are not bounded ((R) is
not satisfied), we expect that our expansions can be generalized to that model as well.
For A and v, we take a discrete-time average with 27 equally-spaced dates and v is
the uniform measure. As a benchmark, we use a Monte Carlo method, with 5000000
simulations (the 95%-confidence interval width is indicated in parentheses in Table
2). Here again, the accuracy is very good. Additional comparative tests are left for
further works.

Table 2

K 90 95 100 105 110

Theorem [2.2[  10.0206 5.3266 1.8848 0.3773 0.0395

Monte Carlo  10.0201 5.3269 1.8859 0.3790 0.0402
(£0.0057)  (40.0051) (£0.0045) (£0.0042) (£0.0033)
3 Proofs when ¢ and ¢ are smooth
8.1  Proof of Theorem[2.1], case ii)

It is divided into several steps: 1) smart parametrization and distance to a Gaussian
proxy; 2) application to the expansion of E (¢(v(X7))); 3) transformation of the

14



correction terms into sensitivities; 4) error estimates.

Step 1. Smart parametrization. We recall the parametrization used in [BGMO9]
and [BGM10]

(3.14) X2(e) :X3+e(/ b (s, X2 (€) ds+/ (5, X2(€)dW, ),

so that X?(€)|c=; = X?. Under (R), the map € — X®(e) is C? almost surely (see
[Kun&4]). Thus, we can define

X(e) = OXP(e), X = OXP()]emo = X7 (0).

Taking advantage of the notation (2.13)), we easily obtain

X0 =X,
dX! = bdt 4 o&dW, Xet =0,
AX? = 22X (oAt + o dW), X§* = 0.

Thus, the Gaussian proxy for X* is obtained by the first order expansion of X®(¢)
at e = 0O:

t t
XpP = X0 4 X = X+ [ oeds+ [ otaw.
0 0

The Taylor formula allows to represent the distance to the proxy:

XO[2
(3.15) X - xF = / (1— ) X*2(e)d

043( )d

Step 2. Consequently, for smooth and exponentially bounded functions ¢ as in
Theorem ii), a Taylor formula applied to ¢ at v(X;7) gives

E (p(v(X7)) = E (p((X;"))) + E (¢ (v(X:7)w (X7 — X7))
+ /0 (1 - NE (go” (VX" + A = X57)) [r(Xr — X;P)f) d

=E (@(V(Xfp))) +E ((p/(V(XfP)) (X2T )) + Error®2 (¢, 1)

with

Brror @) = [ 15 L (00 ) 32(0) e

(3.16) + (1= NE (w (VX" + AX = X37) [p(xs - X%P)}Z) dA.
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Step 3. Correction terms. One has
E (v 00 (C0)) = [ E (v 006 ) via)
¥ T 9 " ¥ T 9
Notice that

V(P = /A (X2 + /0 Cedt)(da) + /0 N /A oo (da))dW,,
X5
>

T t
= [ s oraw )0 ar + o ),

Hence, by applying Lemma [A.2] one gets

E(# 0 (A1) = 3 80B(p0(X) + ) o

=1

where the coefficients (3!)1<;<3 are defined in the statement of Theorem [2.1} Ob-
serve that the above derivatives on the right hand side are well defined under the
smoothness assumptions on ¢, without (E¥).

Step 4. Error estimates. The following estimates hold for any p > 1:

|X;1’1<6>|p <e¢ Ma\/Ta
(3.17) X7y <c [MPVT[MgVT),

(X7 (€)]p <c [MPVT)[MgVTP,
uniformly in ¢ € [0,7] and € € [0, 1], where the generic constant ¢ does not depend
on «. These estimates are proved in [BGMO09, p.578-579] when the driving Brownian

motion is one-dimensional (¢ = 1) and the extension to g > 1 is straightforward.
Thus, using this and (3.15)), it readily follows that (for any p > 1)

| [ X eviaall, < [ 1@ (da) <. TV vOLDGP)
|/ X2 — X2Pu(da)|, / / (1— )| X22(e)|,dev(da) <. T v(M;M).
Then, from the error representation we easily deduce
Error®(p,0)| <. exp (pal (X)) x (T2v(GIMGE) + T2 (M; M;) ).

Applying the Cauchy-Schwarz inequality at the last term, we complete the proof.
Note that the assumption (E¥) has not been used in this case of smooth . 0
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3.2 Proof of Theorem [2.3, case ii)

We split the proof into several steps: 1) smart parametrization between the arith-
metic and geometric means and application to the expansion of E (®(v*P(X1))); 2)
transformation of the correction terms into sensitivities; 3) error estimates.

Step 1. Apply a second order Taylor expansion to ® at v (X.): it writes
E (®(v?(X7))) =E (&(v**F(X7)))
(3.18) +E (@ (v (X7)) (v2P(X7) = v2PP(X7))) + E0(®)

where & (®) denotes the expansion error that should be neglected (see later):
1 2
E1(D) = / (1= NE(®" (A= (Xp)+(1= NP (X5)) (15 (X7) =P (X7) ) ) dA.
0

In view of (2.12), the first term at the r.h.s. of the equality (3.18)) can be approximated
using the previous results on arithmetic means, applied to the probability measure
vy and to the function

(3.19) () = (VP (X) expla — mo(Xp))).-

It is a smooth function, exponentially bounded and its derivatives as well. Let us
relate the growth parameters C,,p,, Co,ps and their dependence w.r.t. (X§)aca
and v. By the Jensen inequality, we obtain

(3.20) 0 < ¢p:=v™P(X}) exp(—1o(Xy)) < v™P(Xy) Aexp(—Xg)l/o(da) = 1.

It enables us to write |¢p(x)] < Co(1 + ch®eP*®) < 2CgzePel*l. Similarly, we have
P0(@)] < ce™Ca(l + [eoet 1) < 2Caershl, [p2)(z)] < ACzeel and ¢ (z)] <
10CgpeP*!*!. Thus, one can take P, = po and C, = 10Cs: note that both parameters p,,
and C, do not depend on (X§)aea and v (which is expected when generic constants
come into play). In view of and Theorem in the smooth case, we have

E((v"""(X7))) = E(p(nl(X7)))

= E(o(m(xz")) + Zj BPOE(p(mo(X7") + €))

o + Error®2 <<p, u()),

where
G21)  [Bror® (e, u0)] < exp (palno(X0)]) (M) T,

Notice that ¢ is a new generic constant (that does not depend on v and (X§)aca)-
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We now handle the second term at the r.h.s. of the equality (3.18). Using the
parametrization (2.8) as in (2.10)), we have

(2) 1(1—¢)2
(3.22) VP (X7) — PP (X5 = 1—2(0) —1—/0 (12)[(3)(6)(216.

From the explicit form of 1) (0) given in (2.9)), we write that @’(VeXp’P(X'TDI@)(O)
is equal to

® (17 (X) exp (vo( X — X)) ) v™P(Xp) exp (vo( X7 — X))
< [ (08 = X9 = [ (X3 = X§)w(da)] wo(da)
= ¢ ((X) [ (x5 = X5) = [ (X7 = X§)m(da)]” wo(da).
Bringing together these equalities readily leads to
E (@' (v2PF(X7)) (v™P(X7) = v2PP(X7)))
:;E@(%(XT)) J [z = xp) - / (X5 — Xg)wo(da)]” Vo(da)>
n E<®/ (vor () /0 (1—e? ) ®)(e)d )

:;E@(VO(X;’)) / (g — Xg) / (X5 — Xg)vo(da)]” uo(da)) + &5(D)
where the error term & (®) is given by:
(D) = ]E(@’(VQXP’P(XT)) /0 i 3 6)2](3)(6)d6)
+5E(¢ (m0x0) [ [0 - x5 - [ (
—5B( (n0") [ [ = X8) — [ (X" = Xgywolda)]” wolda)).

To summarize, we have proved that

E(@(v(X7))
(4 (i) + 3 OB (X + )],

+58(o () [ [0 = X5) — [ (X7 = X hn(da)] wlda)
+ Error®2 (,v)

3 X — XS‘)I/O(da)] Vo(da)>

where Error(CI), v)= Error(gp, 1) + E1(P) + E(P).

Step 2. In view of the previous decomposition, since the 3;°-weights are given
explicitly in Theorem [2.1] it only remains to compute the additional correction term
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(with the 3-factor) coming from the arithmetic/geometric mean approximation. No-
tice that

/()T(U?—Aafuo(da))dwt+(b?—/Ab?yo(da))dtr
/Ot(U?_/AO'?VO(da»dWs-f-(b?—/Abgyo(da))ds}
X [(Uta—/Aatauo(doz))dWH—(b?—/Abf‘yo(da))dt}

1 (T
+§/0 <0§‘—/Aaf‘l/0(doz),crf‘—/Aato‘yo(doz»dt.

Il
o
—

Hence, using Lemma [A.2] we obtain
1 . (6% (0% «, fe% 2
SE[¢ () [ (i = xg) = [ (X" = X§)w(da)]” w(da)]

= ;via:E(so(vO(Xf) +6))

e=0

I /, oim(da).of = [ oim(da))
</AU§V0(dOé),U?—Aa?uo(da)>dsdtuo(da).

Some easy symmetry-based arguments in the time-integrals give simplifications and
lead to the announced expressions of (7;);.

Step 3. We now provide error estimates on Error((b, v) = Error(gp, V) +
E1(P) + E(P). The first error contribution has been estimated in (3.21). To handle
E1(D), we write

£1(@)] < smp [ "W (X5) + (1= N (X s [0 (0X) = 007 (X )

Since ®” is polynomially bounded, we obtain |®"(Av™P(X7) + (1 = A\)v=PF(X5))|y <
Co(1 + ||voP(X5)[P2 2|y + ||[v™PP (X)) [P*72|5). Since pg > 3 and thanks to Propo-
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sition [2.1] and Lemma we derive that |[v®P(X;)[P*~2|y + |[voPF (X)) P22y <.
-2
(z/eXp(X('))yq) . On the other hand, owing to Proposition we have [v®P(X;) —

e P (X, <. I/g([MO]Q)T v*P(X;). Finally, combining these estimates with ((3.20)),
we have proved

2 2

E(®)] <. (1+ (7P (X0)Pe2) (17 () (no([M)T)” <. el (v (M) T)

Now we handle & /(®). Its first term is analysed similarly and after some computations
(using in particular (2.11])) we obtain

Njw

(@ (07 (7)) <o (14 070X e O (V)T
<, Pl ol (V) T2

It remains to upper bound the difference

52 (¢ () [ [0 = X5) — [ (X3 = X)) m(da)
=SB (06" [ [0 = X8) - [ (X3 = Xgylda)] wo(da) ) |
< POy (M My ) ([Mg]) T2 + e P00 g (M Mg o (M) T,

using similar arguments as before. We skip details. Gathering the previous estimates
gives the announced error bound.
Notice that (E*) is not required in this error analysis. 0

4 Proof of Theorem for a differentiable function ¢ (case 1))
4.1  Malliavin calculus estimates

To compensate the lack of smoothness of ¢, we take advantage of some smoothness
results of the SDEs under non-degeneracy condition, using Malliavin calculus tech-
niques. For the related theory and notations for the k-th Malliavin derivatives D¥
and the spaces D*P we refer to the book of Nualart [Nua06].

First, we extend (3.17) to Malliavin derivatives. Under (R), for any € € [0,1], t €
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[0, 7], we have X2(e) € D%, X{'(e) € D>, X{*(e) € D> and for any p > 1

D X2 (6)]p <e 0700 DX ()l <e 1000,

D2 X7 (€)]p <e |0 M, D2, X2 (0)]p <e lo®]oo (M),
(4.23) DX (6] <e Mg, D2 X{ ()], <e MgME,

D, X7 (el <e MPMgVT, D2 X7 ()], <e Mg My,

D, X7 (e)]p <e MP(MgVT)?,

uniformly in (r,s,t,u) € [0,T]* and € € [0,1]. The constant ¢ does not depend on
a. These estimates are proved in [BGM09, p.581-582| when W is a one-dimensional
Brownian motion but the extension to our case ¢ > 1 is straightforward.

In addition, #(X;") and v(X;) belong to D** (apply [Nua06, Lemma 1.5.3]); fur-
thermore, owing to Minkowski inequalities, for 1 < k£ < 4 and p > 1 we have
W (X3) I pkr < Crp Ja | XEprov(da) and similarly for v(X75).

4.2 Function regularization by adding a small noise

We introduce a small noise perturbation, which role is to smooth the function ¢ and
to allow the Malliavin calculus integration by parts formula. For this, we consider an
extra independent scalar Brownian motion W and we set

(4.24) § = v(M;[My]*T.
Assume w.l.o.g. 0 # 0 and define

(4.25) ps(x) == B(p(x + 6War)) = E(ps/y5( + 6Wr)),

which is a C*°-function. The two next lemmas quantify the error induced by taking
s instead of ¢ in the computation of expectations and related sensitivities.

Lemma 4.1 We have
[E(2s(v(X7))) = E(p (X)) | + [E(0s(v(X5"))) = E(p(v(X;7)))]

<. 0VT exp (py|v(X;)])
<o V(MG MG T exp (p,|v (X))

PROOF. Observe that E(os(v(X;)) = E(e(v(X;)+0War)): then, the first inequal-
ity follows by using the differentiability property of ¢ and usual moment estimates,
such as those of Lemma [[.2l O
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Lemma 4.2 For any i > 1, we have

OE(ps(v(X7") + €))lemo — OE(p(v(X2") + €) )=o)

oNT
<¢ 7 + exp (py|V(X()|).
= (fo |fA0§‘y(da)\2dt)2 e p(p | ( 0)‘)

PROQOF. In view of Proposition 2.2, we have

(—E@(X3"))—e)?
eXp(_ 2Var(u(§(fp)) ) p

V2 Var(v(X;7))

E(ps(v(X3") + €)) = [ E(ply+War)

and

OE (05 (v(X7") + €))emo — TE(0(v(X77) + €))lemo
(y—E@(X2")—e)?

7 P o2Var(v(X ;¥
= [ Ble(y -+ War) — ()0l 52 o) ))|€:ody.

Then, we easily complete the proof using the regularity property of ¢ and standard
upper bounds for the derivatives of the Gaussian density. 0

As a consequence of Lemmas[f.1|and [4.2)and taking into account the magnitude of the
coefficients (3¥)1<i<3 and the ellipticity condition (E"), observe that i) of Theorem
is proved if we establish

[Error® (g5, 1) <. exp (polv(Xp)]) v(M;[M)*) T2,

4.3 Upper bound on the error expansion for s

From ({3.16)), recall that Error(gp(;, v) is equal to

/01 (1 - 6)2E (@%(V(Xfp))V(in3(e))) de

2
. /01(1 _ME (ch (X" + MG — X57)) (X — XfP)]2> A,

The first term can be handled as in the smooth case (we mainly need |@j(z)| =
|E(¢'(z + 0War))| <. exp(py|z|)) and it gives the announced upper bound. Now, we
estimate the second contribution: thanks to (4.25)), the absolute value of the second
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term is equal to
! : _ . — . P\]2
| /O (1 - \E (gpg/\/i(l/(XT’P A = X5) + 007 [ — X57)] ) a\
— v(Xy — X70))?
<. ! XoP + MXp — X7) + oW ‘ D2/
> )\Sel[g?l] ‘@5/\/50/( T ( T T )) T)‘2(f0T | fA U?V(dOé)Pdt)l/Q

(falx8 = X2 |p, (da))”
(Tu([M2)) 72

T < oo (b)) a5 0 72

<coxp (polv(X;)])

<cexp (polv(Xp))

where at the first inequality we have applied Lemma [4.3] at the second inequality we
have used Holder/Minkowski inequalities and (E¥), and the third inequality follows
from (3.17) and (4.23)). To complete the proof, it remains to establish the following

lemma.

Lemma 4.3 For any Z € DY and any X € [0, 1], there exists a random variable
Z* in any L, (p > 1) such that

E (&} 5(v(XG" + MXp = X37)) + 0Wr) 2)
= E (¢, 5(v(Xi" + MX7 = X37)) + 0Wr) 27)

where | Z*], <. |Z]D1,p+%(fg | [ otv(da)|?dt) =2, uniformly in \.

PROOF. We follow a standard Malliavin calculus routine. The difficulty comes from
the possible degeneracy of v(X;" + AMXG — X%ID) in spite of (E¥), and actually, this
is the raison d’étre of the small perturbation 6Wr.

Here the Malliavin calculus computations are made w.r.t. the full Brownian motion
(W, W) and the Malliavin derivatives associated to the W-component are denoted
with a ~ First, F* := v(X;" + MX, — X727)) + 6Wr € D**® (hence in D).
Second, its Malliavin covariance matrix vps = fi |Dy(X737 + M X5 — X20)) Pdt 4 02T
is obviously invertible (§ # 0). Hence, the existence of Z* follows from [Nua06),
Proposition 2.1.4] and by [Nua06l, Proposition 1.5.6], we obtain

(4.26) 172, <c [Yrlprzscsen | (DFY DF) |praseen | Z]

DLZH»% :

It remains to estimate the two first D'?P*U_norms related to F*. First, we have
DtF)‘ = 51t§T and

D, = /A (ADX2 + (1 — MDD XS )w(da)
= Lier [ (AVXR(VAL) 0% (X7 + (1= Aot )v(da)

(427) = Loer( /A o°u(da)) + Lier /A AV XS(VX) Lot X2) — 0®)v(da)
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where VX{* = Oxs X7 is the first derivative process (see [Nua06, Section 2.2]). This
easily implies

(4.28) (DF DFM)|pre <. v(M)VT

for any p > 1, we skip details. Furthermore, from (4.27) it directly follows sup, | D F’ A
Lier ([ ofv(da))], < v(M;M;)V/T for any p > 1, which implies

T T
\/O |DtFA|2dt—/0 |/Ao—3y(da)y2dt\p <. T*u(M; M)v(Mj).

Thus, for any given p > 1 and ¢ > 1, we deduce

T -1
-1 ~1 a 2
|’7F>\|p S h/F)\lfoT \’DtF’\|2dt<% f0T|fA a?y(da)Pdt|p + 2(/0 | /Ao-t V(da)| dt)

< ((52T)1{]P></0T ’DtFA‘th < ;/OT | /Aafl/(da)!Zdt)r/p N 2(/0T | /Aafl/(doz)]th)_l
27\ —1 ’ fOT Dy FA*dt — foT | 4 Utau(d@)Pdt‘q a/p T ) -
=0 l LI | Ly ofv(da) 2t ] +2( /0 | /Afft v(da)[?dt)

312 (M; M) w (M) a/p T -1
< G e+ () 1 fporvara)

where we have used the Markov inequality at the third line. Then, taking ¢ = 4p and
owing to (E¥), we conclude

(7320 (M; My (M)
To(MP)P

Yalp <o (/OT \ Aafu(da”?dt)_l [(V(Mi[M(')]Q)T?’/?)?

< (['1 [ otvtdayrar)™

Similar computations yield |Dyp|, <. v(M;M;)v(M;)T?? and it leads to
- Tl a 1 u(M M) v (M)T3?
Vrr|pre <c (/0 ]/Aot I/(da)|2dt> + <T 1Mg)v (M) :
(S 1 [aosv(da)|?dt)
T i ;)
<c a ¢
- (/0 |/A"t”< @)ldt)

for any p > 1. Plugging this upper bound and in [4.26} and using (E”) completes
the proof of the upper bound for |Z*|,. O

8

Remark 4.1 The error analysis for Error(gp,y) can be performed very analo-
gously if @ is locally Hélder continuous. Here are the main arguments. The estimates

of Lemmas and can be easily extended. Because 5 is no more an exponen-
tially bounded function, Lemma[{.3 should be restated with two integration by parts
formulas (instead of one). To maintain an appropriate accuracy, 0 should be chosen
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according to the Holder exponent of p. Finally, as in [BGMO0Y, Theorem 5.4/, the ap-
prozimation formula of Theorem[2.1] is expected to be less accurate if @ is less smooth.
The extension to arbitrary function @ without assuming any a priori reqularity would
require, in particular, a generalization of Lemma (regarding v(X7;)) to this set-
ting and it is not clear to us how to achieve it under (E"). However, for functions
of bounded variations (such as indicator functions of an interval), a generalization
of Lemma 4.1 is possible thanks to [Avi09, Theorem 2.4/, but under the additional
assumption that the law of v(X;) admits a bounded density (it seems that (E”)does
not imply neither the existence of density nor its boundedness).

5 Proof of Theorem for a differentiable function ¢ (case 1))

The analysis follows the lines of Subsection [3.2] and Section [4] We only give the main
arguments and we skip details. Let us introduce a regularized function

Os(w) = E(D(x + 6War)) = E(Py) 5(z + 6Wr)),
where W is an extra independent scalar Brownian motion and where
§ = VP (Xo)o([Mo]*)T # 0.

Let us also define
() 1= 05 (V7P(X) exp(a — 19(Xy))),

which satisfies ps(7)| + |@5(x)] <. CgpereloXollepelz=r0(Xo)l We now state natural
extensions of Lemma[4.1] [4.2] and [£.3} their proofs are very similar and we leave them
to the reader.

Lemma 5.1 We have
[E(@s(v2(X7))) = (@@ (X)) | + [E(@s (022 (X77))) = E(@@™P" (X))
<o vo([Mg)T*? exp (polvo(X5)])-

Lemma 5.2 For any i > 1, we have

OLE (@5 (v (X) explo0(Xi” = X3) + ) ) o

OB (@ (v () exp((X;” — X5) + 6)) )i

WG
< T Laorvampant o (Pelo (o)

Lemma 5.3 For any Z € D and any X € [0, 1], there exist random variables 7%
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and Z** in any L, (p > 1) such that

B (] (W™ (X5) + (L= W™ (X;) + W) 2)
= E(@5 (W (X5) 4+ (L= N () + 8W) 212,
B (0] (WF (Xp) + (1 = NP (X;7) + 67 2)
= E( S/ﬁ(AVeXp’P(X'T) + (1 = NP (X0 + 5WT) Z“),

where |Z', + 2%y <o |Z] 1y 0OP(X) T (Jo | [ ofvo(da)2dt) =12, uniformly
m A.

Then, write

(5.29) E(Q(v**(X7))) = E(2(v™*(X7))) — E(s(v(X7)))
+E@s( (X))
+E (@, 5V (Xp) + 0Wr) (v2P(X7) — 2P (X7))

/0 1(1 — ME(@}, 5 (WP (Xp) + (1= NP (X7) + 6Wr) (v(Xq) — VBXP’P(X'T)f)dA'

The first term at the r.h.s. of (5.29)) can be neglected since thanks to Lemma , it
is smaller than cvg([M;]*)T3/2 exp(ps|vo(X;))).

The second term at the r.h.s. of (5.29) can be expanded using Theorem : we obtain

E (®s(v"*F(X7))) = E<q>5 (v (X5) exp (o (X7 — X(']))))
3
+3 ﬁ;foazE(% (v2(X) exp(mo (X7 — Xg) + e>)) oo + Error®2 (5, 1)
i=1
with |Error (905, V0)| < vo(M;[M]?)T3? exp(ps|vo(X;)]). In addition, in the above
decomposition, we can replace ®5 by ® (to obtain the main term and the §*°-terms

in Theorem [2.2)): it yields an extra error smaller than cvy([M]?)T%/2 exp(pa|vo( X))
(apply Lemma [5.1] and Lemma [5.2| combined with (E*)).

The fourth term at the r.h.s. of (5.29)) is estimated by applying Lemma : after
some computations, we obtain the upper bound

A T
el V0 (12 (X o (MGI)T)? x (X)) ([ | [ () Pat) 2
<e mo([M]*) T exp(palvo(X;)|)
using (E*°) and v*®(X;) < exp(vo(Xy))-
Finally, it remains to show that the third term at the r.h.s. of ([5.29) gives the v-terms

of Theoremplus a negligible error (upper bounded by cvy([M;]?)T%/2 exp(ps |vo (X))
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Decompose this third term as follows:

B (8 07 50057 )
—E (@} (v (Xi") + 0Wr) (v (X) = v (X))
FB( [ @ 5w () (1= NP () + 8 )
x (PP (X)) — PP (G (P (X7) — PP (X)) ).

An application of Lemma (with similar computations as before) ensures that the
contribution with the d\-integral yields a negligible error. The remaining term, which
is equal to

E(@5 (" (X77)) (770 (X7) = 7P (X7))),

can be expanded as in the proof for smooth & (starting from (3.22))): the end of the
proof is now straightforward, we skip details. O

A Appendix

We derive integration by parts formulas, that are useful for the explicit calculus of
the corrections terms. In the following, the process ¢; : [0, 7] - R™? (resp. ay, fi, hy
[0,T] - R™4 ¢, g, : [0,T] - R) is square integrable and predictable (resp. square
integrable and deterministic) and [ is a smooth function, exponentially bounded and
its derivatives as well.

The one-dimensional version of the above Lemma is proved in [BGM09, Lemma A.2]|.

Lemma A.1 We have
T T T T
E[I( / adW,) / AWy = E[I0)( / aydW,) / (ag, c)d].
0 0 0 0

In the case of deterministic c, it is equal to (f§ (ay,c.)dt)O'E[I(fy a;dW; + €)]|=o-

PROOF. We invoke arguments from Malliavin calculus, following the notation of
Nualart [Nua06]. The process a being deterministic, the Malliavin derivative of [ a,dW,
is equal to Dt(fOT a;dW;) = a;1<7. Owing to the growth conditions on [, l(fOT a, dW,) €
D' and D, [I(f] a;dW;)] = ID(f a;dW;)as1<p. In addition, [i ¢,dW; can be iden-
tified with the Skorohod operator applied to ¢ |[NuaO6, Proposition 1.3.11]: thus,
applying the duality relationship of Malliavin calculus [Nua0O6, Definition 1.3.1], we
obtain the first equality. The next statement is clear. ([l
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Lemma A.2 We have
T T ot 2 ] T
E[l( /0 a dW,)( /0 [ /O guds + hydW,](edt + £dIW})] = S MR /0 4, AW, + €)]]eo,
1=0

where

Tt T ot

Ao = /0 /O ergsdsdt, A = /O /0 (gslas, ) + exlas, hy))dsdt,
T rt

A2 :/ / (ag, fi){as, hs)dsdt.
0 0

PROOF. The quantity on the left hand side is the summation of the four following
quantities:

Ay = IE[Z(/OT a W) /OT et(/ot gds)dt], Ay = IE[Z(/OT aydW,) /OT(/Ot g.ds) fd W],

As = E[l(/OT a, W) /OT et(/ot hodW,)dt], Ay = E[l(/OT a, dW;) /OT(/Ot hodW,) f,d W]

Since e and ¢ are deterministic, the first term is equal to A; = ME[I(f; a;dW;+¢€)]|co-
Using Lemma one gets

Ao = ([ e [ 90900020 itV + Ol

First, write As = [ e,E[I(f] a,dW,)( [} hydW,)]dt and then, apply Lemma to
obtain

A= ([ e [[ (o n)As)a0)ED( [ W+ ]l

Analogously, we show that A, = MO?E[I(f; a,dW; + €)]]c=o. We are done. O

References

[ABOBF02| M. Avellaneda, D. Boyer-Olson, J. Busca, and P. Friz. Reconstruction of
volatility: Pricing index options using the steepest-descent approximation.
RISK, October 2002.

[Avi09] R. Avikainen. On irregular functionals of SDEs and the Euler scheme. Finance
and Stochastics, 13:381-401, 2009.

[BGM09] E. Benhamou, E. Gobet, and M. Miri. Smart expansion and fast calibration
for jump diffusion. Finance and Stochastics, 13(4):563-589, 2009.

28



[BGM10]

[BGML1]

[CDO5|

[DDA02]

[DLO5]

[FPP11]

[FWO8]

[GY93]

[KSS6]

[KTO1]

[Kun84|

[KV90]

[LTO1]

[Nua06|

[RS95]

E. Benhamou, E. Gobet, and M. Miri. Expansion formulas for European options
in a local volatility model. International Journal of Theoretical and Applied
Finance, 13(4):603-634, 2010.

E. Benhamou, E. Gobet, and M. Miri. Analytical formulas for local volatility
model with stochastic rates. To appear in Quantitative Finance, 2011.

R. Carmona and V. Durrleman. Generalizing the Black-Scholes formula to
multivariate contingent claims. Journal of computational finance, 9(2):43-67,
2005.

P.D. Ditlevsen, S. Ditlevsen, and K.K. Andersen. The fast climate fluctuations
during the stadial and interstadial climate states. Ann. Glaciology, 35:457-462,
2002.

F. Dubois and T. Leliévre. Efficient pricing of Asian options by the PDE
approach. Journal of Computational Finance, 8(2):55-63, 2005.

P. Foschi, S. Pagliarani, and A. Pascucci. Black-Scholes formulae for
Asian options in local volatility models.  SSRN eLibrary, available at
http://ssrn.com/paper—1898992, 2011.

M. I. Freidlin and A. D. Wentzell. Random perturbations of dynamical systems.
Second ed., Springer-Verlag, New York, 1998.

H. Geman and M. Yor. Bessel processes, Asian options, and perpetuities.
Mathematical Finance, 3:349-375, 1993.

P. Krée and C. Soize. Mathematics of random phenomena, volume 32 of
Mathematics and its Applications. D. Reidel Publishing Co., Dordrecht, 1986.
Random vibrations of mechanical structures, Translated from the French by
Andrei lacob, With a preface by Paul Germain.

N. Kunitomo and A. Takahashi. The asymptotic expansion approach to the
valuation of interest rate contingent claims. Mathematical Finance, 11(1):117—
151, 2001.

H. Kunita. Stochastic flows of diffeomorphisms. Ecole d’été de Probabilités de
St-Flour XII. Lecture notes., 1097, 1984.

A. G. Z. Kemna and A. C. F. Vorst. A pricing method for options based on
average asset values. Journal of Banking and Finance, 14:113-129, 1990.

B. Lapeyre and E. Temam. Competitive Monte Carlo methods for the pricing
of Asian options. Journal of Computational Finance, 5(1):39-59, 2001.

D. Nualart. Malliavin calculus and related topics. Springer-Verlag, Berlin,
second edition, 2006.

L. Rogers and Z. Shi. The value of an Asian option. Journal of Applied
Probability, 32:1077-1088, 1995.

29



[TWO1]

[Wat87]

[Yos92]

[ZhaO1]

S. M. Turnbull and L. M. Wakeman. A quick algorithm for pricing European
average options. Journal of Financial and Quantitative Finance, 26:377-389,
1991.

S. Watanabe. Analysis of Wiener functionals (Malliavin calculus) and its
applications to heat kernels. Annals of Probability, 15(1):1-39, 1987.

N. Yoshida. Asymptotic expansion for statistics related to small diffusions. J.
Japan Statistical Society, 22(2):139-159, 1992.

J.E. Zhang. A semi-analytical method for pricing and hedging continuously
sampled arithmetic average rate options. Journal of Computational Finance,
5(1):59-79, 2001.

30



	Preliminaries
	Assumptions and notations
	Preliminary estimates

	Main results
	Discussion about the approximation methodology: proxy and smart parametrization
	Weak approximation results
	Computation of coefficients in some examples
	Numerical experiments

	Proofs when  and  are smooth
	Proof of Theorem 2.1, case ii)
	Proof of Theorem 2.2, case ii)

	Proof of Theorem 2.1 for a differentiable function  (case i))
	Malliavin calculus estimates
	Function regularization by adding a small noise
	Upper bound on the error expansion for 

	Proof of Theorem 2.2 for a differentiable function  (case i))
	Appendix
	References

