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New asymptotic expansion formula via Malliavin calculus and its
application to rough differential equation driven by fractional
Brownian motion

Akihiko Takahashi* and Toshihiro Yamadat

Abstract

This paper presents a novel generic asymptotic expansion formula of expectations of multidi-
mensional Wiener functionals through a Malliavin calculus technique. The uniform estimate of
the asymptotic expansion is shown under a weaker condition on the Malliavin covariance matrix
of the target Wiener functional. In particular, the method provides a tractable expansion for
the expectation of an irregular functional of the solution to a multidimensional rough differen-
tial equation driven by fractional Brownian motion with Hurst index H < 1/2, without using
complicated fractional integral calculus for the singular kernel. In a numerical experiment, our
expansion shows a much better approximation for a probability distribution function than its
normal approximation, which demonstrates the validity of the proposed method.

Keywords: Asymptotic expansion, Wiener functional, Malliavin calculus, Rough differential
equation, Fractional Brownian motion

1 Introduction

In the paper, we derive a new asymptotic expansion formula of the expectations of multidimen-
sional Wiener functionals as an extension of Watanabe (1987) [25], Yoshida (1992) [27], Takahashi
(1999) [19], Kunitomo and Takahashi (2001, 2003) [12, 13], Takahashi and Yoshida (2005) [23],
Malliavin and Thalmaier (2006) [15], Takahashi and Yamada (2012) [21] and Takahashi (2015)
[20]. The general asymptotic expansion through a Malliavin calculus approach provides wide ap-
plications and covers previous expansion schemes. More precisely, a technique with a Malliavin
derivative (annihilation) computation and a Skorohod integral (divergence, creation) computation
is introduced. A fractional order expansion on an abstract Wiener space is considered to apply the
method to general Gaussian processes, particularly, rough differential equations driven by frac-
tional Brownian motion. The asymptotic expansion of E[f(F*)] for a multidimensional Wiener
functional F'° with a small parameter is obtained under a weaker condition in the sense that we
only impose an assumption for the inverse of the Malliavin covariance for F°, the dominant part of
the expansion F© ~ FO+... not for F* itself. The condition is always easily checked in practical
stochastic models. The test function f is assumed to be a bounded measurable function, and the
uniform bound of the expansion is shown.

The method provides a tractable expansion for the expectation of an irregular functional
of the solution to a multidimensional rough differential equation driven by fractional Brownian
motion with Hurst index H < 1/2 without using complicated fractional integral calculus for the
singular kernel. We take an approach substantially different from Baudoin (2015) [3], Inahama
(2016) [10] for the asymptotics for the density of a solution to a rough differential equation.
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To obtain explicit expansion formulas for expectations of irregular functionals of solutions to
rough differential equations, we use the Stratonovich—Skorohod transformation, the Stroock-Taylor
formula and the integration by parts in Malliavin calculus. Then the expansion terms involving
iterated rough integrals are all transformed into polynomials of fractional Brownian motion which
can be easily simulated by Monte Carlo or quasi Monte Carlo methods. A numerical example for
the asymptotic expansion of a probability distribution function is shown to validate the method.
In particular, a comparison result with the normal approximation shows the effectiveness of our
expansion scheme.

The paper is organized as follows. Section 2 provides a new asymptotic expansion for general
Wiener functionals on an abstract Wiener space. Then, Section 3 shows a tractable expansion for
the expectation of an irregular functional of the solution to a multidimensional rough differential
equation driven by fractional Brownian motion of the Hurst index H < 1/2 with a numerical
example. Section 4 concludes.

2 Asymptotic expansion of expectation of Wiener function-
als

We prepare notation and definitions on Malliavin calculus on an abstract Wiener space. For
the details, see Ikeda and Watanabe (1989) [9], Malliavin (1997) [14] and Nualart (2006) [16].

Let (W, H, ) be an abstract Wiener space, where W is a Banach space, H is a separable
Hilbert space which is continuously, densely embedded into W called the Cameron-Martin space.

For p > 1 and a Hilbert space G equipped with a norm || -||g, let LP(W; G) be a Banach space
of all y-measurable functionals F : W — G such that || X[ »ovia) = ([ X (@) [ Zdu(w)) /P < oo
with the identification X =Y if and only if X(w) = Y (w) a.e. If G = R, we may use a notation
L*(W) = L*(W; G).

We denote by j: H — W the embeddlng map. Let W' and H’ be the topological dual spaces

of W and H, respectively. Then, W’ L1 = H <4 W where j* is the dual map of j. The
Gaussian measure p on (W, Z(W)) satisfies

/ ew 1w qpy () = e~ 31" O for all 1 € W, (2.1)
w

Hence {y(l,}y; | € W'} is a family of Gaussian random variables on (W, Z(W),u) with
mean 0 and covariance Elw (Lwhw w (l',whw] = G*(0),5°()), 1,I" € W'. Thus, the map
V) 3 5*(1) ~ w({l,-)w € L*(W) is a linear isometry which can be extend to an isometry
I:H— L2( ) such that I(h) is a Gaussian random variable with mean 0 with the standard
deviation [[1(h)||z2on) = [|h]l% since j*(W) C H is dense.

Let (W) = {F:W = R; F = f(I(h),...,I(hy)), n €N, f € CXR"), hy,... hy, € H}.
For F = f(I(hy),...,1(hy)) € (W), we define the Malliavin derivative DF € H as

=1

The operator D is a closable operator, and for p > 1, we define DY'? = y(W)”.Hl’p where the
norm || - ||y, given by ||F|l1p, = |[F| zeow) + | DF || zrow;2). Similarly, the higher-order Malliavin
derivatives D¥ and the corresponding Sobolev spaces DFP can be defined iteratively. We define
D® = Ngen p>1DF2.

For p € N, let Domé? = {u € L*(W;H); 3C > 0 s.t. [E[(DPF,u)yer]| < C||F| 2w, VF €
DP?}. For u € Domd?, there exists 67 (u) € L?(W) such that

E[(DPF, u)3] = E[F6"(u)], (2.3)
which is called the duality formula. For F' € D°°72 we have the Stroock-Taylor formula:
Fl+ Z 07 (E[D”F]) (2.4)
p>1



For the Stroock-Taylor formula, see Theorem (6) of Stroock (1987) [18], Proposition 2 in Chapter
IV of Ustiinel (1995) [24] and Theorem 4.1 in Section 4, Chapter V1.4 of Malliavin (1997) [14],
for instance.

For F = (F!,... F°) € (D*)®, we define the Malliavin covariance matrix o = [05]1949:
= (DF',DF)y, 1<i,j<e. (2.5)
We say I € (D°°)¢ is nondegenerate if o is invertible a.s. and
| det(c™) " ooy < o0, Vp> 1. (2.6)

Let S(R®) be the Schwartz space or the space of R-valued rapidly decreasing functions on R®.
For a nondegenerate Wiener functional F' € (D*)°, G € D*°, f € S(R®) and a multi-index
a € {1,...,e}*, we have the integration by parts (IBP) formula:

E[0° f(F)G] = E[f(F)Ho(F,G)], (2.7)
where H,(F,G) is recursively defined by Hu(F,G) = H(a,)(F, H(a,.....a\_,)(F, G)) with

Hy(F,G) = Z(S%JDFJG i=1,...,e, (2.8)

with the inverse matrix 4* of the Malliavin covariance of F, i.e. v = ()71

Let S’(R°) be the dual of S(R®), i.e. S'(R®) is the space of Schwartz tempered distributions.
Let D™ be the dual space of D>, i.e. the space of continuous linear forms on D*°. For T' € §’'(R°),
a multi-index o = (o, ..., ax), a nondegenerate F' € (D*°)° and G € D>, we have

- (0T (F), G)peo = p-oo (T'(F'), Ho(F, G))peo, (2.9)

where g/ (-, -)s is the bilinear form on §'(R°) and S(R®), p-«(T(F),G)p=(=: E[T(F)G]) is the
pairing or the generalized expectation of T(F) € D™ and G € D*°, and 0%T = Oy, -+ - 04, T is
understood as the distributional derivative sense.

We now discuss asymptotic expansion of Wiener functionals. For {G:}.c(0,1) C D™, we say
Ge = 0(e") in D™ if ||Gel|kp = O(e") for all k € N and p > 1. Watanabe (1987) [25] shows that
if a family of Wiener functionals {F}.c (1) C (D*)° satisfies

()
Flmn FO' p eFl + 2F) + -+ in D®, i=1,...e, (2.10)
where FO, Fy, Fy, ... € (D), in the sense that for any m > 1,
FU— (F% 4 eF{ + Fy + - +e™FL) = 0@E™) in D™, i=1,...,e,
(b) (the uniformly nondegenerate condition)

lim sup || det(UFe)_lllﬁp(W) <oo forallp>1, (2.11)
el0

then, for all T' € S'(R°), it holds that
E[T(F)] = ap + ca; + %ag + - - (2.12)
where

ao = E[T(F°)], a1 =E[X_,0,T(F°)F{),
ay =E[} 7 0T (FO)F3] + E[§ 325, 1,210, 0, T(FO)FP F?], .. (2.13)



In this paper, we improve the conditions (2.10), (2.11) and the resulting expansion (2.12) with
the coefficients (2.13) in Watanabe’s expansion on the abstract Wiener space, which enables us
to apply our asymptotic expansion in more general mathematical settings including solutions of
rough differential equations and the functionals of fractional Brownian motions of irregular cases
(i-e., the Hurst index H < 1/2). We show a new fractional order expansion formula of E[f(F*)]
for a family of Wiener functionals {F“}.¢(o,1) in the following sense:

1. F€ has a fractional order expansion in (D°)® which is more general than (2.10).
2. Tt works under a weaker condition than the uniformly nondegenerate condition (2.11).

3. An asymptotic expansion is obtained as an extension of (2.12) with a new representation of
expansion coefficients through iterative annihilation (Malliavin derivative) and creation (Sko-
rohod integral) calculation with inner product of tensor products of the Hilbert (Cameron-
Martin) space. Namely, the representation (2.13) of the coefficients of Watanabe’s expansion
is generalized through a computation scheme with the Stroock-Taylor formula, the chain rule
of Malliavin derivative, the duality formula and the IBP formula, which can be applied to
various problems.

For the new expansion, we give the theoretical error including the uniform bound of f.

The first main result is as follows.

Theorem 1. Let {F}.co1 C (D*)° be a family of Wiener functionals such that F* has an
asymptotic expansion in (D°°)°:

Folm FO peMm il p el oo i D™, i=1,... ¢, (2.14)

where FO,F\, F,,... € (D*°)® and {k;;i € N} satisfies 0 < k1 < ke < ---, in the sense that for
any m>1,
g R oy )

m

)=0(E" ) in D™, i=1,...,e, (2.15)

. . . . 0 . . .
and assume that the Malliavin covariance matriz o* is invertible a.s. and

0, _
(et o™ )|z < o0, (2.16)

for allp > 1. Then, for m > 1, there exists C' > 0 such that

Bl (7)) - {ELE)]
m ) N
+ ; i WZ;’V E [f(FO)Hww <F07 $<DF0,M ® .- @ DF% E[DP 1;[1 F[‘;‘;]>H®p>] }‘
< oo, (2.17)

for any bounded measurable function f : R® — R and ¢ € (0,1], where vy, £ € N are all the
elements of {3_7" kg3 Bis---,Bm € N;m € N} in increasing order, and

(4) 1
> - % > oL Y ew
k.87 B=(B1,...,Bk)EN* keN, a=(a1,...,ar)e{l,....e}*  y€{l,...,e}?,p>0

1 KB, =V;

Here, o %7y represents a v = (Q1,..., 0k, V1,---,7%p) for a = (a1,...,ak) and vy = (Y1, -, Yp)s
and we used the convention: if p =0, 2(DF*" @ ... @ DF%% E[DPG])yer = E[G].

p!



Proof of Theorem 1. We note that for all A € [0, 1],
det o™ AT —det o™ | < (CDES — FO) |3 (IDF° |5, + [ D [5) /)12
for some C > 0, and
det oI > det o — (C|D(FT = FO)[5,(IDF|3, + | DFF|[3,) %~ D/2)1/
by (2.110) of [2]. Let ¢ € C3°(R), 0 < ¢ < 1 be given by
(@) = Tp<rys + exp (1= (1/8)/(1/8)2 = (& = 1/8)) ) L1 jsciegrya, @ €R,
and for € € (0, 1], let

_ CID(F — FO)|3(IDF°[3, + | DF=|[5,) 2~/
(det oF7)2

£

so that
Y(n®) #0 implies det o FOHAF=F?) > (1/2) det o forall A € [0, 1]. (2.19)

For k € N, p > 1, the Wiener functional n° is bounded by ||?75||k)p < Gif[F* = FOHIZH-LT <

Che®™1, for some C4,Cy,7 > 0 depending on k, p, using the estimates: for £ € N, ¢ > 1, there
exist Cs(q), C4(¢,q) and C5(¢,q) such that ||(detoFO)_1||£q(W) < C5(q), |F¥leqg < Ca(f,q) and
| E°|le.q < Cs5(£,q). Thus, we have that for all k € N, p > 1, there is C' > 0 such that ||¢)(n°)||x, <
C'. By the properties of 1, we can see that 1 — ¢ (n°) # 0 implies n° > 1/8. Then we have

11 =) crowy < uln® > 1/8) < 2% E[|n*|"] < C(r)e*™".

for all r > 1.
Let f € S(R®) be a bounded function. Consider the decomposition

E[f(F)] = E[f(F7)(1 = (n°))] + E[f (F)d(n°)]- (2.20)
For the first term of the right-hand side of (2.20), we have
[ELf(F)A =D < 1 Fllochi(e),

where h(e) = O(e") for any r > 0. We next expand the second term of of the right-hand side of
(2.20). For m € N, let N = N(m) € N such that x1(N + 1) > vy,,11. We have

i

N
E[f(F ) ()] = E[f (FO)(n )]+ Y %E[aafwo) [T = FO )] + R

i=1 ae{l,...,e}t (=1
m (9) k
=E[f(FO)]+Y &9 > E*f(F)[[Fs'l+ Ri; + Ry (2.21)
Jj=1 k,o,f i=1

(G _ 1
where Zk,aﬁ - ZB:(Bla-”:Bk)ENJCEN) Za:(al7---7ak)€{1:-~7e}k kD

k
)y Kpy=Vj

(1A N1
- [ s [T - et
ae{l,...,e}N+t1 =1

with FAe = FO 4 MFE - F9, A€ [0,1], € € (0,1], and R5 ; has the form:

2.f = Zae{L...,e}k,ngE[aaf(FO)GZ(l —Y(n°))]



with {G }acq1,... e}k k<n,ec(0,1) C D such that for all £ < N and « € {1,.. Left GeL e e (0,1
satisfies ||G5 |le,, = O(e"™+*) for all £ € N and p > 1. By (2.19), we have

L=V — —_ o
=[S S Rl (P [T - Feeer) i
0 ’ ac{l,...,e}N+1 (=1

with the estimates: for p > 1, there exist C' > 0, p1,p2,q9 > 1 and k € N such that

N+1 N+1

| HaFxe, TT e = FO )| < Clieto™) | IL (= Pt
{=1 =
by p102 of [16], and for p > 1 and k € N, [[[[)Lh (F= — FOee)||).,, = O (NHD) = O(e¥m+1),
1 (n°)|l%,p = O(1). Then, there exists C' > 0 such that

|B7 5| < Cllfllocg™+,

for all € € (0,1]. Also, we have the similar estimate for R , i.e. there exists C' > 0 such that
RS 71 = X acqt. ey ke NEL (FO) Ha (FO, GL (1= d(°))]] < C|l flloce”

for all € € (0, 1], since we have that for all € Nand p > 1, |G |[¢p = O("™ ), |1 —=(1)|lep =
O(1).

We give the representation of the expansion coefficients. While the similar computation in the
error analysis can be applied to the expansion coefficients, we provide more useful representation

for each coefficient for the practical computational purpose. Let G = HleF gf Then we have

E[0° f(F*)G]
=E[0° f(F°)[E[G] + E[0° f(F°) Z iép(E[DpG])] (2.22)
—E[0* f( G] + Z [(DP&* f(F°), E[DPG]) 300 (2.23)
=E[0* f( G) + Z > E[0 f(F°) (DFO’“ ® - ® DF% E[DPG))yer]  (2.24)
= Z@ Z; E[ f(FO)HCM(FO, H<DF°’“ ® -+~ @ DF% E[DPG])3e0)], (2.25)

where we applied the Stroock-Taylor formula (2.4) in (2.22), the duality formula (2.3) in (2.23),
the chain rule of Malliavin derivative in (2.24) and the IBP formula (2.7) in (2.25). In the above,
we used the convention: if p =0, i(DFO’V1 ® - ®@ DF%% E[DPG])yer = E[G].

Therefore, for f € S'(R°), (2.20) and (2.21) hold, and in particular for bounded measurable
function f : R® — R, we have

E[f(F*)) = E[f(F°)]
£y e (ZJ): E[f(FO)HW(FO,%@FO»%@ .® DF*».E DP]E[F% ),0)] + 55

j=1 k,a, By i=1
with the estimate

[R5 < Cllfllocg™,

for some C' > 0 independent of f and e. [J



Remark 1. The form of the factor (DF*" @ -..®@ DF%, E[DpnlengDH@p in the expansion
coefficients in (2.17) in Theorem 1 is crucial in applications as we only need the computation of
Malliavin derivatives with an inner product computation on H®P. In particular, it plays an impor-
tant role in the derivation of the asymptotic expansion of the expectations of irregular functionals
of solutions of rough differential equations in the next section.

Remark 2. Our condition (2.16) weaker than the uniformly nondegenerate condition (2.11) is
useful in various applications, since it can be easily checked without any complicated procedures or
mathematical proofs.

3 Asymptotic expansion formula of expectation of solution
of rough differential equation driven by fractional Brownian
motion with H < 1/2

In the section, we show asymptotic expansion formulas of expectations of a solution of a
multidimensional rough differential equation driven by d-dimensional fractional Brownian motion
with H € (1/3,1/2). Our setting mostly follows Cass and Lim (2019) [4], Decreusefond and
Ustiinel (1999) [6], Alés et al. (2001) [1] and Nualart (2006) [16]. The framework we consider in
the section is a particular case of the Malliavin calculus developed in Section 2 on an abstract
Wiener space.

Let W¢ = Cy([0,T); R?) := {w : [0,T] = R% wis continuous, w(0) = 0} with the supremum
topology, and let Z(W?) be the Borel o-field. Let P = u? be the unique probability measure on
(W4, (W) such that the canonical process B = (B!, ... BH+%) is a d-dimensional fractional
Brownian motion with the Hurst index H € (1/3,1/2), that is, E[B/""BHJ] = R(t,s)1,; for
t,s €10,T],i,5=1,...,d where

1
R(t,s) = §{|S|2H + [t — [t = s (3.1)
We denote by {ej,...,eq} the canonical basis on R?. Let H? be the Cameron-Martin space, the

completion of the linear span of {R(¢,-)e;; t € [0,T],5 = 1,...,d} with respect to the norm
| - [l3a = (s -)pa where

(R(t,-)ei, R(s,-)ej)na = R(t,s)1i—;. (3.2)

Let Ky be the kernel for the singular case given by

Ku(t,s) :((1 - 2H)6(12—HQH, H+ 1/2))1/2 [G)H_m(t -t

— (H —1/2)sY/2H /t w32 (y — s)H_l/Qdu} (3.3)

where §(-,-) denotes the Beta function. The Cameron-Martin space H? is given by
HE={f e W, 3f € L2([0, T];RY) s.t. f(t) /KHts s)ds, t >0} (3.4)

(see Theorem 3.3.1 of Decreusefond and Ustiinel (1999) [6] and Theorem 2.1 of Decreusefond
(2001) [5]). Let H? be the completion of the linear span of {10,49()ej; t € [0,T],5 = 1,...,d}
with respect to the norm || - ||« = (-, -)574 where

(Ljo,9()eis Lio,g)(-)ej) ma = R(t, 8)1izy, (3.5)



and then there exists an isomorphism ® : H% — % obtained from extending the map 1i0.4(-)ej
R(t,-)ej, t € [0,T], j =1,...,d (see Definition 2.15 of Cass and Lim (2019) [4]). Thus, we have
the following relationship:

(L€ Lo s1€5) 70 = R(E,8)Lizj = (R(E, -)ei, R(s, )ej)qa = (Ku(t,)o,0, Ka(s,)1jo,5) 2 (po,7)) Li=j-
(3.6)

On (Wd,’}-_[d, ,ud), we can apply Malliavin calculus for fractional Brownian motion case. Recall
that the map 1j4(-) — B{" extends to a unique linear isometry I from H* — Lo(W?) and I(h)
is a Gaussian random variable with mean 0 and variance ||h]|%.. Let .75 (W?) be the space of the
functionals given by .7z (W?) = {F : W? 5 R ; F = f(I(h1),...,I(hy)), n €N, f € C°(R"™),
hi,....h, € H?}. For F = f(I(h1),...,1(h,)) € .Z(W?), we define the Malliavin derivative
DF € H as

DF =7 (9:)I(h)...., L (hn))h, (3.7)
i=1
Dy F = zn:(aif)(l(hl), L I(h))RE(E), t>0, £=1,...,d. (3.8)

The operator D is a closable operator, and for p > 1, we define ]D)1 = .Yy (Wd)”'Hl’p where the
norm |- |1, given by [[Fl1,, = [|F|l o oway + [ DF| 2o (e Hd Slmllarly, the higher-order Malliavin

derivatives D¥ and the corresponding Sobolev spaces D% 57 can be defined iteratively. We define
D = ﬁkeN,pMD’;I’p and let D> be the dual space of D% .

Let Domdy, = {u € L*W*%HY); 3C > 0s.t. [E(DPF,u)ga]| < C||F|r20nay, YF € D5}
For u = (u',...,u?) € Domdy (= Domd};), there exists 0y (u) = Z:-l:léH,i(ui) € L2(W?) such
that

E[(DF, u)54) = E[Fé5(u)). (3.9)

On the setting, we still use notation on integration by parts (2.7) and generalized expectation in
Section 2.

Let B be the canonical geometric rough path lift and consider the following rough differential
equation:

dXF = Vo(XP)dt + V(XF) 0 dB (3.10)
starting from X¥ = 2 € R®, where Vy € C2°(R%R®) and V = (V4,..., V) € C2°(R% R*?) (see

Friz and Victoir (2009) [8] or/and Friz and Hairer (2014) [7] for more details on rough differential
equations). We assume the following elliptic condition.

Assumption 1. Vi(z),...,Vy(z) linearly span R®.

We introduce the scaling rough differential equation:
dX;® = HV (X7 T )dt + eV (X]T) o dBf, X5 = a. (3.11)

Note that XfH’I and X[ have the same probability law. We introduce |« = #{i;; # 0} +
#{i;a; = 0}/H for a multi-index o = (ay,...,ax) € {0,1,...,d}", and define

ZVJ 83; i=0,1,....d, (3.12)
J



for a smooth function ¢ : R® — R.
Let k1 < ko < --- be all the elements of

A={k+0x1/H; k,teNU{0}, k+¢>1} (3.13)

in increasing order, that is, k1 =1, ko = 2, k3 = 1/H, kg = 3, ... since 1/3 < H < 1/2. Here, the
sequence K1 < ko < --- in A is relevant to the following asymptotic expansion of Xf .

X”—x—i—gzv BH1+ZE'% > Var o Vagay Voo (@)BE (8) + B, (8 2) - (3.14)
i=1 k=2 o=

whose expansion coefficients are obtained by (formal) Taylor expansion, which is justified as the
stochastic Taylor expansion of Lyons-Itd map (see Section 3.6 and Proposition 4.3 with (4.3) of
Inahama (2016) [10]), where BY is the iterated Stratonovich integral with respect to B¥ for a
multi-index a, i.e.

Bf(t):/ odB{"* o 0dB/" ™, a=(ai,..., k) €{0,1,...,d}" (3.15)
O<t; < - <tp<t

and R (ta) = (RS (t,x), ..., R55, (t,2)) is the residual satisfying RS/, (t,2) = O(e™ )
in D for j = 1,...,e. By the equatlon (7) (or Theorem 6.1 and Theorem 6.3) of Cass and
Lim (2019) [4] and the equation (4) in Song and Tindel (2021) [17], we are able to transform
Stratonovich integrals (in rough path sense) into Skorohod integrals in our setting, and thus the

all expansion terms are Malliavin differentiable at all orders.
Let

Fe ::(XE"T —a)/e (3.16)

72‘, BH1+Z€M 1 Z Vo Vaayayy Voo (#)BE (t) + Ry, 1 (8, @), (3.17)

llall=re
Define F? := Zv VB an
Floi= Y Vayo VoV (@BE(@#), t>0,6=1,....e, keN. (3.18)

llell=rr

Under Assumption 1, we easily check that for all p > 1, there exists C' > 0 such that

o _ C
[(det o) ™| 2o ey < 7He (3.19)
Let
d .
X{C=a+eF) =a+e) Vi(@)B{", t>0, £€(0,1]. (3.20)
=1

We have the following new expansion as an application of Theorem 1 by taking X} it emtr
whose expansion coefficients are more simplified (see Remark 4 below) than those in Theorem 1
under the setting.

Theorem 2. For m > 1, there exists C' > 0 such that
()

BLrex)] - {EFET]+ ZtH”J P>

o, t 0 H l H,y1 Hyp P > ))}H
el (.1, (B0 300 o DB D LA

< C|lflloot™mr, (3.21)



for any bounded measurable function f : R® — R and t € (0, 1], where vy, £ € N are all the
elements of A= {32y~ (kg, —1); B1,...,Bm =2, m € N} in increasing order, and

3 - 3 3 % S (3.22)

k’a’ﬂ”y Bz(ﬁl7~~y6k)e(N\{1})k;k€N7 O‘:(O‘la“'vak)e{la“':e}k ' 76{17""d}p7p20
b (s, —1)=y;

Remark 3. Note that the index set A in Theorem 2 is relevant to the asymptotic expansion of
E[6y (F7)] = E[6, (X7 — x)/e)].

Proof of Theorem 2. Let f € S(R®) be a bounded function. Note that we have

Ef (X)) = | f(@+ey)p. = (0y(FT), 1>D§;d2/‘ . (3.23)
Re e=t
By applying the proof of Theorem 1, it holds that

D> <5y(F16)7 1>1D>?§ R <5y(F16)7¢(776)>D?§ + D> <5y(F18)7 (1- w(ns)»l@?}’

m () k
=p= (0 (FY), Dogg + > € ) ng<aa5y(1ff), 11 Ffffgi>Doo + Ros,(€) + R, (€) + Rays, (e),
j=1 k,a,B i=1 H
(3.24)
@) _
where 3507 5= Y5_ (5, sem\1)F heN, Laz(ar, arn)ell, e}t B
S (kg,—1)=v;
P(x) =1jgj<1ys +exp(l = (1/8)2/((1/8)* — (z — 1/8)*) 11 /s<|e|<1/4, T € R,
. CID(Ff — F)) |5 (IDFY |3, + || DFf||%,,) 2~ D/2 01
B (det o7 )2 » €€ (0,1},
Ro,5,(€) = p- (0, (F7), (1 =¥ (1°)))mgz,
DA 5 e T 0
€ € £, ,
Rl,(sy (E) = / N' Z ]D;IOC <6y(F1 )7Ha <F1 5 H (F1 L Fl Z>w(n€))>mwd)\
0 ’ ae{l,...,e}N+1 =1 H

with a natural number N such that r; (N + 1) > v,41 and F;o° = FO 4+ \(Ff — F?), X € [0, 1],
e € (0,1], and

Ry, (€) = > n {0y (FY), Ho (FY, G5(1 = ¥(1°))))myy
a€e{l,....e}k k<N

with {Gg }acq1,... e}k k<nee0,1] C D37 such that for any £ < N and multi-index a € {1,.. ek
G5, € € (0,1] satisfies ||G5||ep = O(e”™*!) for all £ € N and p > 1. Note that we have

11 =) lcrony = O,
for all » > 1, and for all k € N, p > 1, [|9)(1°)[|r,p = O(1). By (3.23) and (3.24), it holds that
ELf(XP)] =LA )+ > e S B (X Ha (P2 T 5, )]
j=1 i=1

ko, B8

+ Ros(t") + Ry s (") + Ra s (1), (3.25)
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where R, ¢(¢) = E[f(z + eFf)(1 — v (n°))],

- ! (]' - >\)N /7,/6 /7,/5 N+1 g,0p O,ae £
Rige)= [ “=7— > E[fe+eR ) HL (7 [T = FPo)w(n)) [ax
0 ’ ae{l,...,e}N+1 (=1
and
Rope)= > Elf(x+eF)Ha(F.Co1 =0 ()]
ae{l,....e}rk k<N
satisfy that there exists C' > 0 independent of f such that
2 —
|3 Ris(@)] < Cll o™, (3.26)
k=0

for all € € (0,1]. Note that one has
E[f(X1°)Ho(F), G)] =E[f(X]°)e!* Ho (X7, Q)] = " E[0” f(X7 )G

=clol [ 9% f(x + eV (2)y) D5 (64(B{"), G)pe dy, (3.27)
Re

for any f € S(R®), € € (0,1], G € DY and multi-index «. Since we have
D> <5y(BiH)7 G>qu°

1
= T (i (Bl (0B o0 DB B L))o
ve{l,...,d}r,p=0 P e
(3.28)

by the similar argument in (2.22)—-(2.25), it holds that
E[f (X1 Ha(FY, G)]

—clol S E[oep(xpm, (BL Z%<DBffm 9 ® DB{JWPJE[D,,GDW)@ZJ”
~e{l,...,d}? ,p=0 !

:We{l..%p pZOE {f(Xf)E)Ha (FIO, H’Y (BIH7 %<DB{L% wee DBlH”YP’E[DpG]>(’Hd)®p))] '
(3.29)

Then, by (3.25), (3.29) and the error estimate (3.26), we have

m (])/
B - {EFEP e Y

k,o,B,y

E[f(X7" ) Ha (FY, 1, (BE %@3{% ®---® DB E[DP ﬁF{’,;‘aJ>(Hd)®pm H
i=1

< Ol st e, (3.30)

for any bounded measurable function f: R®* — R and ¢t € (0,1]. O

Remark 4. The weight

H, (F{), o, (Bff, %<D3{1m ®-.-® DB E[DP ﬁ Fff;gi]>(ﬁd)®p)) (3.31)

i=1

11



in (3.21) in Theorem 2 is simpler than the weight:

Henr (F —.<DFO’“ ® - ® DY ]E[DpﬁFl ﬁJ>(gd)®p)-
=1

This is due to the difference between the forms of Malliavin derivatives and the Malliavin covari-
ance matrices of F° and BY | respectively, i.e.

= [Ch Vi@V (@)h<ijee and 0Bt =[5 jli<i j<a-

Through the asymptotic expansion formulas given in Theorem 2, we can reduce the |y|-times
inverse Malliavin covariance matriz computation of Fy in

0 0 0
Ha*»y (Fl s G) = H((a*’y)k) (Fl 7H((a*'y)1,...,(o¢*'y)k71) (Fl ) G))

with
H(i)(Fl,) Z5H( 1DF1G> i=1,...e

We will see the effect in Theorem 8 below.

Theorem 2 enables us to give more explicit form of the expansion in each specific order of
approximation without using complicated fractional calculus, which cannot be obtained by the
previous approaches in the literature. We only need an inner product computation on (’Hd)®p

with IBP formula after we compute the Malliavin derivatives of HleFlaﬁ in the derivation of
the asymptotic expansion in Theorem 2. As a consequence, all expansion terms are obtained
as polynomials of fractional Brownian motion for multidimensional system of rough differential
equations.

We have the following concrete asymptotic expansions as a main result of the paper.

Theorem 3. We have

P(X7 <y) = P(XP <y)

+tHE[ {X’ < } Z Z V“ngl ij( )Ajl%Jz( )

J1,J2=1141,i2,13=1

1 i i i i i _
g{BfI’ BBt - B, o — BIE 211-221-3#0}] +O(t' 1) (3.32)

d
where A(x) = Z Vi(xz) @ Vi(x). Moreover, we have

i=1

ST H
P(X? <y)=P(X7" <y)

(&

B[y XS V@A

J1,J2=111,12,13=1

1 , , A , A
*{B{{’“B{{’MB{“S — B 1y 0 — B{_Iﬂal’ig:ig;é[)}]

l- H]E[ [ <) Z Zvﬂ Wi (2) AT (@ )Bf’“} Lo, (3.33)

J1,J2=1i1=1
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Remark 5. The weight in Theorem 3 is given by the polynomial of Brownian motions but do not
have Hermite polynomial structure due to the property of the geometric rough path integral.

Remark 6. The expansion in Theorem 3 is implemented by a simple numerical scheme. We will
see it in the end of this section.

Remark 7. When e = d, the formula is obtained in a simple way using the inverse matrix of
V().

t
Proof of Theorem 3. Hereafter, we use a notation / uldBH = 5H,i(ui1[o7t](~)), 1=1,...,d for
0

u = (u',...,u?) € Domdy. In order to obtain more explicit form of the O(t'~)-expansion, we

trace the derivation in Theorem 2 and compute the following term:

tHELf (X7 H gy (FO, Vi, Vi (2)BE 4, (1))
= TR HG (X VL VE (@B, ) (1))

11 Vg

= TR F(XP Vi Vi (@)B, 1) (1)

1 Vg

= 2H /]Rd 0 f(xz +t7V(2)y )Vquz( z)E[5, (BH)IB%@1 iy (D]dy,
for j=1,...,eand i1,i3 = 1,...,d. We analyze E[(Sy(BtH)thi (t)] for t > 0. By the equation

)
(7) (or Theorem 6.1 and Theorem 6.3) of Cass and Lim (2019) T4] and the equation (4) in Song
and Tindel (2021) [17], it holds that

t t
(“712) // OdBH“ dBtIZzz — /OBf,ilé‘Bf,iz +H/0 52H71d51z‘1:i2

t
. . 1
/0 BHhspHiz 4 57:21111-122»2. (3.34)

Then we have

E[6, (BB}, ;,) ()] = E[0,(B{") / t BHusple] L B, (B = Loy, (3.35)

s s i1=1%2"
0 2

t

We compute the Malliavin derivatives of / BHigBHiz to obtain each term constituting the
0
Stroock-Taylor formula. We note that

t t
]E[DO/ Bf’“éBf’”]:E[/ BIigpHiz) — (3.36)
0 0

t t t
First we compute ]E[D/ Bf’“(SBf’i"‘] = (E[DL_/ Bf’“(SBf’i"‘],...,E[Dd,./ BSH,il(;BSH,iz])_
0 0 0
For ¢ =1,...,d, we have

t t
Dy, / BHugpHi: — pHiug, 4 / Dy, BfispH-
0
= Bf,h 1£:i2 + (BH ,i2 BH ”)1@ i“ for r < t (337)
and then
t . .
]E[De,r/ BAasBHE =0 for r > t, (3.38)
0

13



t t t
) ) ) ) 1 ) )
ie. E[Dl/ Biingpiiz) :IE[D/ BigpHiz) — 0. Next, we compute 5]E[D2/ BHispHiz),
0 0 0

t
The second Malliavin derivative D? / Bf ’iléBf A2 g given as follows: for ¢1,ts <,
0

t

H,iy s pH,i

‘DelatlDEQ,tZ/ Bs Z15‘85 *
0

D£17t1 (Btlj’il 15221'2 + (Bi{{,ig - Bg’h)lh:il)
= lo<i <to<tde=is Log=io + Lo<ty ta<tLoy=is Log—=iy — o<t <to<tdey—inle=iy, f1,02=1,...,d,
(3.39)

t
from (3.37). Then, for 41,02 = 1,...,d, the map (¢t1,t2) — E[Dy, ¢, Do, 1, / B spHiz] has the
0

representation:

t
(tlatQ) = E[Dél,tlsz,tz/ 357“635712]
0
= 10,1 (t1) 110, (t2) Loy =i, Ley=in + (1[0, (t1) — Lj0,0] (E1)) L0,6 (B2) Loy =ip Loy=sy, (3.40)

and for 1jg e, Lo g€r, € H?, we have

t
2 H,i H,i
<1[07t]€el®1[0,t]662,E[D /O B 6B 2]>(ﬁ4)®2

=/ / KH(t7tl)l[o,t](tl)KH(t»t2)1[0,t](t2){KH(t%tl)l[O,tQ](tl)KH(tut2)1[0,t](t2)141:i114211'2
0 0

+{Ku(t,t1)ljoy(t1) — Ku(ta,t1)L0,,)(t1) } K (t, t2) 10,4 (t2) Loy =in Loy =i, }dtldt%

(3.41)
We note
1 t ) .
—'IE[DP/ BHugspHiz) =0 p>3. (3.42)
p: 0
Thus, we only need to compute the following term:
d 1 t ) )
" El0,0,,0,(BI)(DB{ © DB, S E[D? / BISBI ) el (343)
Y1,72=1 ’ 0
Since Dg,.BtH’i = 1j0,4(-)1¢=; for i,£ =1,...,d, we have
d 1 t ,
> E0,,0,,0,(BI)(DB/"" © DB{"*, ZE[D? / BESBI) 50y2]
", ’Yz*l ’ 0
_ S E,0,5,5) o 5 / / Kt 11) 0,0 (41) Ly, K (F 1) Loy (F2) Ly
Y1,72=1 £1,£2=1

Kg(t t2)lj,q(t){Km(t2, t1) 10,0, (E1) Loy =i, Loy=i,
+{Ku(t, t1)lj4(t1) — Ku(ta, t1)10,4,)(t1) }le,=ip Ley=i, Jdt1dts]

=E[0;,0;,6,(B{"))] / / Ky (t,t)Kp(tt2)* Ky (ta,t1) 10,4, (t1)dt1dts

E[0,0:,6,(B)] //KHttl)KH(t 02 (K (t,11) — Kt (fo, 1) Lo,y (01) Yt .
(3.44)
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Here, we note that
]E[ahawéy(Bg{)] = E[alzalléy(Bg{)]
=E[0,(B{")H i, in)(B{', D] (= E[y(Bf ) Hiy i) (Bf, 1)])

1 i i
=El5, (B ) i (B B — 271, 21,)). (3.45)
Therefore, we obtain
d 1 t A
> El0,, 0,0, (B ) (DB © DB", SE[D* / BHE#6BI2]) 50)0:]
Y1,72=1 ’ 0

=E[0;,0,,6,(B{)] / / Ky (t,t) Kt to)? Ky (t,t1)dtydty
:E[éy(B{I)#%H{Bf’“Bf“ —t2H1i1:i2}]§/0 Ky (t,t1)2dty /Ot Ky (t,ts)2dty
=E[5, (BI) g (BI" BY™ — 2111, )], (3.46)
since Ry (t,t) = /Ot Ky (t,s)%ds = t>1. Then (3.35) becomes

t to ) .
805,(Bf) [ [ oant o anlt®)
0 0

1 4 .
E[éy(Bzfl-A,)g{BtHﬂleJZ _t2H1i1:i2}] +E[ (BH)]QtZHlll_lz

— E[5,(B)=

H,i1 pH,i
S BB, (3.47)

and for f € S8'(R°), we have
1E[, (X )V Vi, (@)B, iy (V)]

2HE9, f(X ) Vi, V2 (2)BIF B 2] for j=1,... . (3.48)

11 Vg

Finally, we have the following by the integratlon by parts:

PRI, X SV, Vi () B BI) = PRI () iy (X7, DV, Vi ) B B

11 Vg 1 Vg

—HE[f(X7) Z Zmlxgjl

as=11i3=1

Ve ()AL, (@) tzH{BH“BH”BH” By Liymiyz0 — By 15,4 20}]

1,002

—tHE[f(X) Z ZV“V;“

as=113=1

o _ 1 i i i i i
Vo @A o) LB BB B B el (340

1,02

Since the formula holds for all f € S’(R®), we have the expansion of the probability distribution
function with the error order O(t'~#). Moreover, since we have the following integration by parts:
for f € SR®) and oy =1,...,¢,

o t? a1 x, ozl « — 1 7
tE[aalf(Xl ! )VO ($)} :ﬂE[ Xl t Z Z V tHV 2( )Aal,az( )tQHBfI 1]

as=1171=1

=t =HE[F(X5) Z Z )V ()AL, (@) B, (3.50)

as=1171=1

15



the desired O(t?H)-expansion is obtained. [J

We finally show a numerical example for the expansion of Theorem 3 in order to validate the
result. Consider the following rough differential equation driven by fractional Brownian motion:

dX* =V(X*) odBH, X¥=1z€eR, (3.51)

where V : ¢ — V(z) = oz with ¢ > 0. We compute the probability distribution function
2z P(XT < z) using the O(t*")-asymptotic expansion of Theorem 3. We set the parameters

as H

=04,t=0.25 0=03, x =10, z € [5,15]. We compare the asymptotic expansion with

the normal approximation P(X} < z) ~ P(XY A < z), and the exact solution. The asymptotic
expansion and the normal approximation are implemented by quasi-Monte Carlo method with
10%-paths.

The following figure shows the effectiveness of our asymptotic expansion as its accuracy over-
comes that of normal approximation.

Figure 1:

4
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Normal Approximation Asymptotic Expansion

Accuracy of asymptotic expansion for probability distribution function of solution to rough differ-
ential equation driven by fractional differential equation with Hurst index H = 0.4

Concluding remarks

In the paper, we have provided a new asymptotic expansion formula of expectation of general
multidimensional Wiener functionals. The uniform estimate of the asymptotic expansion has
been obtained under a weaker condition on the Malliavin covariance matrix of the target Wiener
functional. Then we have shown a tractable expansion for the expectation of an irregular functional
of the solution to a multidimensional RDE driven by fractional Brownian motion with Hurst index
H < 1/2. The result has been justified by a numerical example for the asymptotic expansion of
a probability distribution function through a comparison with the normal approximation.
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It is interesting to see whether the proposed asymptotic expansion approach can be applied
to numerical methods such as Monte-Carlo methods or discretization methods for RDEs as in
Takahashi and Yoshida (2005) [23], Takahashi and Yamada (2016) [22] and Yamada (2019) [26]
for standard SDEs, which will be studied as future works.
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