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LAPLACE APPROXIMATION FOR ROUGH DIFFERENTIAL
EQUATION DRIVEN BY FRACTIONAL BROWNIAN MOTION

BY YUZURU INAHAMA
Nagoya University

We consider a rough differential equation indexed by a small parameter
& > 0. When the rough differential equation is driven by fractional Brownian
motion with Hurst parameter H (1/4 < H < 1/2), we prove the Laplace-type
asymptotics for the solution as the parameter ¢ tends to zero.

1. Introduction. The rough path theory was invented by T. Lyons in [30] and
summarized in a book [29] with Z. Qian. See also [16, 27, 31]. Roughly speak-
ing, a rough path is a path coupled with its iterated integrals. T. Lyons generalized
the line integral of one-form along a path to the one along a rough path. This is
a pathwise integral theory and no probability measure is involved. In a natural
way, an ordinary differential equation (ODE) is generalized. This is called a rough
differential equation (RDE) in this paper. The corresponding It6 map is not only
everywhere defined, but is also locally Lipschitz continuous with respect to the
topology of geometric rough path space (Lyons’ continuity theorem). If a Wiener-
like measure is given on the geometric rough path space or, in other words, if a
Brownian rough path is mapped by the Itd map, then the solution of the corre-
sponding stochastic differential equation (SDE) of Stratonovich-type is recovered
via rough paths. In order to investigate the Brownian motion, one only needs the
double integral (i.e., the second level path) as well as the path itself (i.e., the first
level path). In short, we can obtain the solution of an SDE as the image of a con-
tinuous map. This is basically impossible in the framework of the usual stochas-
tic calculus. Recall that, in the usual stochastic calculus, stochastic integrals and
SDE:s are defined by the martingale integration theory, which is quite probabilistic
by definition. Therefore, those objects have no pathwise meaning.

Brownian motion and Brownian rough path are most important and were studied
extensively. There may be other stochastic processes (i.e., probability measures on
the usual path space), however, which can be lifted to probability measures on the

geometric rough path space. The most typical example is the d-dimensional frac-

tional Brownian motion (fBM) (wt’{)oflfl = (th’l, e th’d)oftfl with Hurst

parameter H € (1/4,1/2] (see Coutin—Qian [10]). Recall that, when H = 1/2, it
is the Brownian motion. It is worth noting that, if H € (1/4, 1/3], the third level
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path plays a role, unlike the Brownian motion case. The Schilder-type large devia-
tion for the lift of scaled fBM was proved by Millet and Sanz-Sole [32]. Combined
with Lyons’ continuity theorem and the contraction principle, this fact implies that
the solution of an RDE driven by the lift of scaled fBM also satisfies large devia-
tion.

According to [8, 9], there are several types of path integrals along fBM, namely,
(1) deterministic or pathwise integral, (2) integral with generalized covariation,
(3) the divergence operator in the sense of the Malliavin calculus, and (4) White
noise approach. Clearly, the rough path approach belongs to the first category.

More precisely, we consider the following RDE: for ¢ > 0,

(1.1) dYf =o(Y)edWH + B(e, YE)dt,  Y{=0.

Here, W is the fractional Brownian rough path (fBRP), that is, the lift of fBM w!
and o € C;°(R", Mat(n,d)) and B € C;°([0, 1] x R",R"). Note that C;° denotes
the set of bounded smooth functions with bounded derivatives.

The main purpose of this paper is to prove the Laplace approximation for (the
first level path of) Y as ¢ \( 0. The precise statement is in Theorem 2.1 below.
Apparently, in none of the integrals (1)—(4) has the Laplace approximation been
proved for the solution of SDE (or RDE) driven by the scaled fBM. Note that it is
the precise asymptotics of the large deviation. In this paper, we will prove it in the
framework of the rough path theory for H € (1/4,1/2). [The case H > 1/2 is not
so interesting from a viewpoint of rough path analysis. Our method does not work
for the case H < 1/4 since the relation for the Young integral 1/p 4+ 1/g > 1 in
equation (4.2) below fails to hold.]

The history of this kind of problem is long. A partial list could be as fol-
lows. First, Azencott [4] showed this kind of asymptotics for finite dimensional
SDEs, which is followed by Ben Arous [7]. There are similar results for in-
finite dimensional SDEs (e.g., Albeverio-Rockle—Steblovskaya [3]) as well as
SPDEs (e.g., Rovira-Tindel [35]). In the framework of the Malliavin calculus,
there are deep results on the asymptotics of the generalized expectation of gener-
alized Wiener functionals (Takanobu—Watanabe [36], Kusuoka—Stroock [25, 26],
Kusuoka—Osajima [24]) which have applications to the asymptotics for the heat
kernels on Riemannian manifolds.

In the framework of the rough path theory, Aida studied this problem for finite
dimensional Brownian rough paths and gave a new proof for the results in [4, 7].
The same problem for infinite dimensional Brownian rough paths was studied in
[18, 20], which has an application to Brownian motion over loop groups.

The organization of this paper is as follows: In Section 2 we give a precise state-
ment of our main result. In Section 3 we review the rough path theory and frac-
tional Brownian rough path. In Section 4 we prove the Hilbert—Schmidt property
of the Hessian of the Itd map restricted on the Cameron—Martin space H of fBM.
For those who understand the proof of Laplace approximation for Brownian rough
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path as in [2, 18, 20], this is the most difficult part, because the Cameron—Martin
space of fBM is not understood very well. However, thanks to Friz—Victoir’s result
(Proposition 3.4), such Cameron—Martin paths are Young integrable and, therefore,
the Hessian is computable. In Section 5 we give a probabilistic representation of
(the stochastic extension of) the Hessian. In Section 6 we give a proof of the main
theorem. In Section 7 we consider the Laplace approximation for an RDE, which
involves a fractional order term of ¢ > 0. This has an application to the short time
asymptotics of integral quantities of the solution of a fixed RDE driven by fBM.
(Similar problems were studied in [5, 34]).

REMARK 1.1. All the results in this paper hold for the case H = 1/2, too,
with trivial modifications. The only reason we do not treat the case H = 1/2 (i.e.,
the usual Brownian case) is because those results are already well known in that
case.

2. Statement of main result.

2.1. Assumption and main result. In this section we state our main results
in this paper. Throughout this paper, the time interval is [0, 1] except otherwise
stated. Let 1/4 < H < 1/2 and let 1! be the Cameron-Martin subspace of the
d-dimensional fBM (le Jo<t<1- By Friz—Victoir’s result, which will be explained
in Proposition 3.4 below, k € H* is of finite g-variation for any (H + 1/2)~! <
g < 2. Hence, the following ODE makes sense in the g-variational setting in the
sense of the Young integration:

dy = o (y:) dk; + B(0, yr) dt, yo=0.

Note that y is again of finite ¢g-variation and we will write y = W (k).

Now we set the following assumptions. In short, we assume that there is only
one point that attains the minimum of F, and the Hessian at the point is nonde-
generate. These are typical assumptions for Laplace’s method of this kind. The
space of continuous paths in R” with finite p’-variation starting at 0 is denoted by

Cg /_Var(R”). Note that the self-adjoint operator A in the fourth assumption turns
out to be Hilbert—Schmidt in Theorem 4.1 below.

(H1): F and G are real-valued bounded continuous functions on C(I)’ /_Var(R”)
for some p’ > 1/H.

(H2): The function Fp := F oW + || - II% » /2 attains its minimum at a unique
point y € HH. We will write ¢° = W (y).

(H3): F and G are m + 3 and m + 1 times Fréchet differentiable on a neighbor-
hood U (¢°) of ¢° e Cg “(R™), respectively. Moreover, there are positive con-
stants M, M», ... such that

IV FD)(z, o ) < Mjllzl e G=1,...,m+3),
IVIG)z, . D < Mjllzllyye  G=1 0 m+1)
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hold for any n € U (¢°) and z € CZ ™™ (R").

(H4): At the point y € H, the bounded self-adjoint operator A on H, which
corresponds to the Hessian V2(F o W) (Y )|t gt > 18 strictly larger than —Idyn
(in the form sense).

Under these assumptions, the following Laplace-type asymptotics hold. Explic-
itly, the constant c = VF (¢O)(91), where 6! will be given in (6.4) below. [Below,
Y&l = (Y8)! denotes the first level path of Y¢.]

THEOREM 2.1. Let the coefficients o :R" — Mat(n,d) and 8:10, 1] x R" —
R" be Cp°. Then, under Assumptions (H1)~(H4), we have the following asymptotic
expansion as € \ 0: there are real constants ¢ and o, o1, . .. such that

E[G(Y® ) exp(—F (Y&l /e?)]
= exp(—Fa(y)/e%) exp(—c/e) - (a0 + a6 + -+ + ame™ + O (™))

for any m > Q.

REMARK 2.2. The only reason for the boundedness assumption for o and b
is for safety. It is an important and difficult problem whether Lyons’ continuity
theorem holds for unbounded coefficients under a mild growth condition. (One of
such attempts can be found in [17]). If we have such an extension of the conti-
nuity theorem, then Theorem 2.1 could easily be generalized because localization
around y is crucially used in the proof (see Section 6 below).

2.2. A heuristic “proof”. Some readers who are not familiar with Laplace-
type asymptotics may find the argument in this paper too complicated. So, in this
subsection, we try to help them get a bird’s eye view of the proof of the main
theorem. The argument in this subsection is very heuristic and has no rigorous
meaning.

In this subsection, we denote a generic (rough) path by w (instead of w? or
WH) and assume for simplicity that G = 1 and B is independent of & so that
Y¢ = W(ew) holds at least formally. As physicists often do, we will write the law
of fBM ! heuristically as ' (dw) = 27! exp(—|w|%H /2)Dw, where Dw is the
nonexistent “Lebesgue measure” and Z is a “normalizing constant.”

In this case, we study the following quantity:

/ exp(—%)ﬂ(dw)

@D FoW(sw)+ |sw|?, /2
=%/exp<— oW(ew |8w|HH/ >Dw

2
€
Note that the functional F in (H2) appears on the right-hand side above. It
achieves the minimum at y. So, as in the calculus for freshmen, one can easily
imagine that (1/2) x Hessian at w = y plays a very important role.



174 Y. INAHAMA

Let us continue. By shifting w — w + (y/¢), the right-hand side of (2.1) is
equal to

1 FoW(ew+y)+lew+yl /2
E/CXP<_ ) )Dw

1 1 g’ 5 3
:E‘/exp[——z{FA(y)—i-g-O—i— E(<Aw’w>+|w|7—tﬂ’)+0(8 )”Dw
2.2) ¢

= exp[—w + 0(8)}MH(dw)

A
~ o~ Fa(0)/€? f exp[_%}lfl(dw) as e (0.

Note that what we did is the Taylor expansion of F o W at w = y. Here, the first
order term vanishes, because y is a stationary point. When the Taylor expansion as
above is done, some kind of localization is usually necessary. In this case, however,
we can localize around y, thanks to the large deviation principle.

As we have seen, the Taylor expansion of F' o W plays a central role. Since
we assumed Fréchet differentiability of F around ¢° = W(y), the key point is the
Taylor expansion of the Itd map w — W (w) around y . This part is rather hard, but
was already proved in the author’s previous paper [19]. See Theorem 3.2 below,
which is a special case of the result in [19].

To make this argument rigorous, we also need integrability of exp(—(Ae, )/2)
with respect to 7. If A is Hilbert—-Schmidt and A > —Id in the form sense, this is
integrable and its expectation is written in terms of the Carleman—Fredholm deter-
minant dety(Id + A). See Lemma 5.4 and Remark 5.5. Therefore, it is important
to prove the Hilbert—Schmidt property of A. (Precisely, the quadratic form (Ae, e)
must be replaced by its stochastic extension, i.e., the element of the second order
Wiener chaos corresponding to the Hilbert—Schmidt operator A.)

3. A review of fractional Brownian rough paths. In this section we recall
that d-dimensional fBM (w,H Jo<t<1 with Hurst parameter H € (1/4,1/2) can
be lifted as a random variable on the geometric rough path space G<2, (RY) for
1/H < p <[1/H] + 1 (Coutin—Qian [10] or Section 4.5 of Lyons—Qian [29]).
When H € (1/4, 1/3], not only the first and the second level paths, but also the
third level paths play a role.

3.1. Geometric rough paths, Lyons’ continuity theorem and Taylor expansion of
It6 maps. In this subsection we recall definitions of geometric rough paths, and a
rough differential equation (RDE) and Lyons’ continuity theorem for the It map.
We also review (stochastic) Taylor expansion for Itd maps around a “nice” path,
which was shown in [19]. It plays a crucial role in the proof of the Laplace asymp-
totic expansion. Note that no probability measure is involved in this subsection.
No new results are presented in this subsection.
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Before introducing the rough path space, let us first introduce some path spaces
in the usual sense and the norms on them. Let V be a real Banach space. Through-
out this paper, we assume dim ) < oo and the time interval is [0, 1]. In almost all
applications in later sections, either V = R? or V = Mat(n, d) (the space of n x d
matrices). Let

C=C(0,1],V) ={k:[0, 1] — V|continuous}

be the space of V-valued continuous functions with the usual sup-norm. For p > 1,
CP™ js the set of k € C such that

n 1/p
&1l p-vars = kol + (SHPZ \k; — kg, |p> < 00,
P =1

where P runs over all the finite partition of [0, 1]. If p,g > 1 with 1/p+1/g > 1
and k € CT7V*(L(V, W)) and [ € CP™V¥ (V) with [y = 0, then the Young integral

¢ N
k,dl,:= 1i ki, ;. — 1.
ﬁ uldly Ipllrgog t,,l(z, z,,l)

is well-defined. Here, L(V, W) is the set of linear maps from Vto W and P = {s =
fo <t <--- <ty =t} is a partition of [s, t]. Moreover, f fé k,dl, € R" is of
finite p-variation and || [y ky dl || p-var < const- ||k ||g-var |7 || p-var- More precisely, if
there is a control function w such that |k, — ky| < w(s, )9, |l, — I;| < w(s, 1)'/P,
then

t
/ kydly, — ks(l; — )| < const- (s, 1) /P4,

In particular, if [ € CP™* (V) and k € C9™V* (W) with 1/p+1/q > 1, then [' k, ®
dl, is well-defined.

Next we introduce the Besov space W% ” for p > 1 and 0 < 8 < 1. For a mea-
surable function k: [0, 1] — V, set

k; — kg|P I/p
(3.1) kllws.r = lIkllLr + (f/o T —s|1+5P dsdt) .

The Besov space WP is the totality of k’s such that ||k|| s, <00. When1/p <6,
this Banach space is continuously imbedded in C and basically we only consider
such a case. The subspace of functions which start at 0 (i.e., ko = 0) is denoted
by Co, Cg'hldr, etc. When we need to specify the range of functions, we write
CPVa(Y), Wg "7 (), etc. (The domain is always [0, 1] and, hence, is usually omit-
ted.)

Now we introduce the geometric rough path space. Let p > 1 for a while. (In
later sections, however, only the case 2 < p < 4 will be considered.) Set A =
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{(s,1)|0 <s <t < 1}. The p-variation norm of a continuous map A form A to a
real finite dimensional Banach space V is defined by

n 1/p
”A”p-var == (Sgp Z |Ati_1,t,~ |]€> s

i=1
where P runs over all the finite partition of [0, 1]. A continuous map

X=(,x"x2 .. x"): A5 TPV)=ROV S VE? ... @ VI

is said to be a V-valued rough path of roughness p if it satisfies the following
conditions:

(a): Forany s <u <t, X5 = Xs.u ® X,.1, where ® denotes the tensor opera-
tion in the truncated tensor algebra T'P1(V). In other words, X Sj,t = Z{:O X ;"u ®
X2 forall 1 < j <[p]. This is called Chen’s identity.

(b): Forall 1 < j < [p] IX7 |l p/j-var < 00.

We usually omit the Oth component 1 and simply write X = (X!,..., X7,
The first level path of X is naturally regarded as an element in Cé’ W) by £
p-var

X(l)’t. [We will abuse the notation to write X! € Cy ~(V), e.g.] The set of all
the V-valued rough paths of roughness p is denoted by €2,()). With the distance

dy(X,Y)= Zl[ill X/ —Y/ | p/j-var» it becomes a complete metric space.
A V-valued finite variational path x € Cé‘var (V) is naturally lifted as an element
of €2, (V) by the following iterated Stieltjes integral:

(3.2) X/, = / dx, ®dx, ® - ®dx;,.
S<t)<--<t;<t

We say X is the smooth rough path lying above x. It is well known that the in-
jection x — X € ,(V) is continuous with respect to the 1-variation norm. The
space of geometric rough path G2, (V) is the closure of Cé'var(V) with respect to
dp. Since V is separable, GS2,()) is a complete separable metric space.

Let us recall some properties of the g-variational path for 1 < g < 2. For the
facts presented below, see Section 3.3.2 in Lyons—Qian [29] or Inahama [19], for
example. Since k € C g (V) is Young integrable with respect to itself, the iterated
integral in (3.2) is still well-defined and k can be lifted to an element K € G2, (V)
if p > 2. This injection Cg_var(V) — G, (V) is continuous.

For any m = 1,2, ... and any k € Cyp(V), the mth dyadic piecewise linear ap-
proximation k(m) is defined by

. -1 1
k(m); = k(l—l)/2’" +2m(kl/2m _k(l—l)/Z’”)(t — (- 1)/2m) iftr e [z—m, 2_m:|
If k is of g-variation (¢ > 1), then k(m) converges to k in (g + ¢)-variation norm

for any ¢ > 0. It implies that, if p > 2 and k € Cg_var(V) for 1 < g <?2,then K (m)
converges to K in G, (V).
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Suppose thatif p>2,1<g <2,and 1/p + 1/q > 1, then the shift
(X, k) e GR,WV)x CT" (V) > X +K € GQ,(V)
is well-defined by the Young integral and this map is continuous. Similarly,
(X, k) e GR,WV) x CT" W) > (X, K) € GV O W)

is well-defined and continuous. These facts are well known. (See Section 9-4 in
Friz and Victoir’s book [16], e.g.) Note that the notation “X + K’ above may
be somewhat misleading since the geometric rough path space is not an additive
group.

Let V and W be two finite dimensional real Banach spaces and let o : W —
LV, VW) with some regularity condition, which will be specified later. We con-
sider the following differential equation in the rough path sense (rough differential
equation or RDE):

When there is a unique solution Y for given X, it is denoted by ¥ = ®(X) and the
map ®:GQ, (V) — G2, (W) is called the Itd map.

The following is called Lyons’ continuity theorem (or universal limit theorem)
and is most important in the rough path theory. (See Section 6.3, Lyons—Qian [29].
For a proof of continuity when the coefficient o also varies, see Inahama [19], e.g.)

THEOREM 3.1. (i) Let p > 2 and assume that o € C,EPHI VYV, W). Then, for
given X € GQ,(V) and an initial value yy € W, there is a unique solution Y €
G, (W) of RDE (3.3). Moreover, there is a constant Cpy > 0 for M > 0 such
that, if

[p] . [pl+1 '
lyol <M, D UNX N pyjvar < M, > sup [[Vie(n)) <M,
j=1 j=0 YEW

then ngz]l ”Yj lp/j-var < Cm.
(i1) Keep the same assumption as above. Assume that X; — X in G2,(V) and
y(l) — yo in W as | — oo. Assume further that 07,0 € C }Ep I+l V, W) satisfy that

(pl+1

sup Y sup [[V/oy(n) <M
>1 j=0 yew

for some constant M > 0 and

[p]+1 ) .
lim Y sup [V/oi(y) = Ve ()| =0
I>00 j=0 lylw=N

for each fixed N > 0. Then, Y| — Y in GQ,(V), where Y is the solution of
RDE (3.3) corresponding to (X, y(l), o).
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In this paper we consider the following RDE indexed by small parameter ¢ > 0.
Let o € C;°(R", Mat(n,d)) and B € Cp°([0, 1] x R",R"). For fixed ¢ € [0, 1],
consider

(3.4) dy; =o(Y\)edX; + B(e, Y/)dt, Y5 =0.
[This is the same RDE as in (1.1)]. If we define 6, : R", Mat(n,d + 1) by
G:()x" =0 (¥)x + B(e, Y)Xat1, x' = (x,x441) ER‘ DR,

then Y¢ = (X, ). Here, A, =t and ®,: GQ,(RIT!) — GQ,(R") is the It
map which corresponds to .. Note that 6, converges to 6, in the sense of Theo-
rem 3.1(ii) as ¢ — ¢’.

Now we consider the (stochastic) Taylor expansion around y € Cg (RY) with
1/p+1/q > 1. Consider P, (eX + y, L) or, equivalently, the solution of the fol-
lowing RDE:

(3.5) dYf =o(Y))(edX, +dy,) + B(e, YE)dt,  YE=0.

We will write ¢ = (Y¢)! (the first level path). Note that &)0(% A) is lying above
¢ = W(y) € CI™™ (R") which is defined by

(3.6) d¢? =o @) dy, + B0, D) dt,  ¢)=0.

In the following theorem, we consider the asymptotic expansion of ¢®) —¢°. By
formally operating (m)~Yd /de)"™|.—o on both sides of (3.5), we get an RDE for
the mth term ¢™ (see [19] for detail). Note that ¢"* depends on X, y (although y
is basically fixed in this paper), but independent of . (The superscript m does not
denote the level of the path ¢". Here we only consider the usual paths or the first
level paths.)

In what follows, we will use the following notation; for a geometric rough
path X of roughness p,

1/2 1
(3.7) EQO = 1X N pmvar + X1 ey -+ [ XTI
THEOREM 3.2. Letp>2,1<q <2withl/p+1/q > 1 and let the notation

be as above. Then, for anym = 1,2, ..., we have the following expansion:

¢ =9+ o'+ +&"¢" + RI
The maps (X, y) € GQP(Rd) X Cg_var(Rd) > ¢k, R ¢ Cg_var(R”) are con-
tinuous (0 < k < m). Moreover, the following estimates (a), (b) hold:

(a) For any ri > 0, there exists C1 > 0 which depends only on r| such that, if
17 llg-var < 1. then | ¢F || pvar < C1 (1 + E(X))* holds.

(b) For any rp,r3 > 0, there exists Cy > 0 which depends only on ry, r3 such
that, if Y llg-var < r2 and &(eX) < r3, then | R™|| pyar < Ca(e + E(e X)) !
holds.
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3.2. Fractional Brownian rough paths. First we introduce fractional Brownian
motion (fBM for short) of Hurst parameter H. There are several books and surveys
on fBM (see [8, 9, 33], e.g.). In this paper we only consider the case 1/4 < H <
1/2. A real-valued continuous stochastic process (w,H )s>0 starting at O is said to a
fBM of Hurst parameter H if it is a centered Gaussian process with

2H

Elw/wi = 1[+*" —1t=s?"]  (s,£>0).

This process has stationary increments E[(wt — wH) 1=1t— s|2H (s,t >0), and
self-similarity, that is, for any ¢ > 0, (cH W,y )IZO and (th )s>0 have the same law.
Note that (w,1 / z)tzo is the standard Brownian motion. For d > 1, a d-dimensional
fBM is defined by (w,H’l, el u)tH’d)tzo, where wi (i =1,..., d) are indepen-
dent one-dimensional fBM’s. Its law ! is a probability measure on Cy (Rd ). [Ac-
tually, it is a probability measure on Cé’ YR for p > 1/H.]

Let H € (1/4,1/2). We denote by w’ (m) the mth dyadic piecewise linear
approximation of w, that is, piecewise linear approximation associated with
the partition {j27"*|0 < j < 2™}. The existence of a fractional Brownian rough
path (fBRP for short) was shown by Coutin—Qian [10] as an almost sure limit
of WH(m) as m — oo, where W (m) is the smooth rough path lying above
wf (m) e C(l)‘Var (R?). More precisely, they proved

JE[Z W (m + 1)/ — W”(m)fup/j-var} <oo  (1<j<[pD.

m=1

In particular, W (m) converges to W# in the L'-sense, too. When 1/3 < H <
1/2,[p]=2and when 1/4 < H <1/3, [p] =3.

Now we prove a theorem of Fernique-type for fBRP for later use. We give a
direct proof here for readers’ convenience by using a useful estimate in Millet and
Sanz-Sole [32]. (The case H = 1/2 is shown in [18], e.g.) It should be noted,
however, that (i) this proposition is included in Theorems 15.22 and 15.42, [16]
and (ii) Friz and Oberhauser [12] recently showed this kind of integrability for a
wider class of Gaussian rough paths, by using isoperimetric inequality.

PROPOSITION 3.3. Let 1/4 < H < 1/2 and W be a d-dimensional fBRP as
above.

(1) Then, there exists a positive constant ¢ such that

Blexp(es W)= [ explet (X))P" (@) < oo,

where & is given in (3.7) and P denotes the law of WH .

(2) Foranyr >0and1 < j <[p],limpy— oo E[|WH (m)/ —WH-7||" =0.

pli Var
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PROOF. Inthis proof, cy, ¢z, ... are positive constants which may change from
line to line. For a rough path X of roughness p and y > p — 1, set

00 2 _ p ilp
_ J J pli
Djp(X,Y)= (Z n’ Z|X(1—1)/2n,1/2" - Y(l—l)/Z",l/2”| )
I=1

n=1
(I=<j=I[pD.
When Y =0, we write D; ,(X) = D;j »(X, Y) for simplicity. From Section 4.1 in
Lyons—Qian [29], the following estimates hold:
X" =YD o < c1D1p(X, V)P

p-var —

2 2,p/2
1X2 = Y21

< c1[Dap(X. V)P 4 Dy (X, Y)P/2(D1,p(X)P + Dy, (¥)")/?]

3
38) I1X =Y .

<c1[D3. (X, V)P + Dy (X, Y)P/3(Dy ,(X)? + Dy, (Y)P)'/?

+ D1 p(X, V)P (Da p(X)P? + Dy p(¥)P/2) >

+ D1,(X, Y)P3(D1,(X)P + D1, (1)?)].

Proposition 2 in [32] states that there is a sequence {a,,} of positive numbers
converging to O such that, for any > p,

ELD;,,(WH (m), WV < ay,r /2
holds. For simplicity, set F;,, = Dj,p(WH(m), WH)2/i Then, from the above in-
equality,

P(N < Fp) < N"VE[FN1<cNal
for N =4,5,.... Therefore,

o8}
EleF] < 3" VDRV < F <N +1)
N=0

o0
<(e“4-+c*)F e Z eNP(N < F,,)
N=4

o
< (4 +*)Fe Z exp[N (¢ + logcy —logan)].
N=4
For given ¢ > 0, there exists mq such that m > mg implies ¢ +logcy —loga,, <O.
Thus, we obtain
sup E[eCF’"] < sup E[exp(cDj,p(WH(m), WH)Z/j)] < 00.

m=my m=>m
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On the other hand, it is easy to see that, for each fixed mg, there is a constant
¢'(mo) > 0 such that D; ,(WH (mo))'// < ¢ (mo)||lw" || . Hence, the usual Fer-
nique theorem for Gaussian measures applies and D, p(WH (mo)'V is square
exponentially integrable. Using (3.8) and the triangle inequality for D; ,, we
prove (1). In a similar way, we see that

sup E[D; ,(WH (m))"] < o0, sup BR[| WH (m)7||” ,._...] < 00.

m>1

p/j-var
m>1

This implies (2). U

Let H* be the Cameron—Martin subspace of fBM [i.e., k € Co(R?) is an el-
ement of A if and only if u and u (- + k) are mutually absolutely continu-
ous]. When H = 1/2, it is easy to see k € H!/? is of finite 1-variation. But, when
H e (1/4,1,2), does k € H! have a similar nice property in terms of variation
norm? The following theorem answers this question. As a result, H/ is continu-
ously (and compactly) embedded in G2, (R%) for p=>2.

PROPOSITION 3.4 (Friz—Victoir [13]).

(i) LetO<d<land p>1suchthata =56 —1/p > 0and set g =1/6. Then,
we have a continuous embedding

Wé,p C Cq-vaI’ W(S,p C Ca-hldr'
More precisely, for h € WP,

w(s,t) = ||hl —5)%, 0<s<r<l

q
Wa-l’;[s,t](t

becomes a control function in the sense of Lyons—Qian [29], page 16, and h is
controlled by a constant multiple of w [i.e., |h; — hg| < const X w(s, nia.

(ii) Let the Hurst parameter H € (0,1/2). If 1/2 < § < H + 1/2, then
HT e Wg’z (compact embedding). Therefore, for any o € (0, H) and q € ((H +
1/2)71,2),

H a-hldr H g-var
HYeCy ™, HYeC, .

We give a theorem of a Cameron—Martin type for fBRP WH _(For BRP, see [18],
eg)letl/4<H <1/2and 1/H < p <[1/H]+ 1. Then, fBRP W exists on
GQ p(Rd) and its law is a probability measure on G2 ,,(Rd). By Proposition 3.4,
there exists 1 < g < 2 such that H? € C{™™ c GQ,RY) and 1/p + 1/q > 1.
Hence, the shift X — X + K for k € H" is well-defined in G2 p(Rd), where K
is the lift of k as usual.
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PROPOSITION 3.5. Lete > 0 and let ]P’f be the law of eWH . Then, for any k €
HH, Pf and ]P’f (- + K) are mutually absolutely continuous and, for any bounded
Borel function f on GQ,,(Rd),

f FOX + K)PH (dX)
G, (RY)

= f(X)exp(i<k X — g2 )P”(dX)
G2p(RY) g2’ 262" I ) e ’

Here, (k, X 1) is the measurable linear functional associated with k € HH =

(H™Y* for the fBM t — X(l)’t (i.e., the element of the first Wiener chaos of the

fBM X' associated with k).

PROOF. Since W (m) — W# in GQ,(R?) and k(m) — k in g-variation
norm as m — 00, respectively, wH 4+ K= limm_>oo[WH(m) + K (m)]. On the
other hand, W (m) + K (m) is the lift of w* (m) + k(m) = (wf + k)(m). Hence,
the problem reduces to the usual Cameron-Martin theorem for fBM wf’. [

In the end of this subsection we give a Schilder-type large deviation principle
for the law of eWH as & \ 0. This was shown by Millet and Sanz-Sole [32] (and
by Friz—Victoir [13, 14]).

PROPOSITION 3.6. Let IP)SH be the law of eWH as above (1/4 < H < 1/2).
As before, 1|/H < p <[1/H]+ 1 and GQP(Rd) is equipped with the p-variation
metric. Then, as € \( 0, {Pf tes0 satisfies a large deviation principle with a good
rate function I, which is given by

1(X) = { %IIkII%H (if X is lying above k € H'),
00

(otherwise).

4. Hilbert-Schmidt property of Hessian. In this section we consider the Itd
map restricted on the Cameron—Martin space ! of the fBM with Hurst parameter
H € (1/4,1/2) and prove that its Hessian is a symmetric Hilbert—Schmidt bilinear
form.

Throughout this section we set So(y) = B(0, y) for simplicity. Consider the
following RDE:

.1 dY, =o(Y,)dX, + Bo(Y,)dt,  Yy=0.

The It6 map X € GQP(Rd) > CfDO(X, L) =Y € GQp(R") restricted on the
Cameron—Martin space H of fBM is denoted by W, that is, W (k) = CiDO(K ,A)
for k € HM . Here, K is a geometric rough path lying above k and A, = ¢. (Since k
is of finite g-variation for some g < 2, as we will see below, this is well-defined.
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Regularity of k € H*! in a p-variational setting is studied by Friz—Victoir [13]. For-
tunately, 4 is of finite g-variation for some g < 2 and, hence, the Young integral is
possible.)

The aim of this section is to prove the following theorem. Let F and p’ be as in
Assumption (H1).

THEOREM 4.1. V2(F o W) (y){:, ) is a symmetric Hilbert—Schmidt bilinear
form on HY for any y € HH.

REMARK 4.2. The reader may find arguments in this section a little bit messy.
So, we give a brief summary here. The most difficult part in proving the above
theorem is to show that the bilinear functional

umoeHHx?#ﬂ»1;m®d@ec$“WRd®R%

is “Hilbert-Schmidt.” To compute the Hilbert—Schmidt norm, we need a simple
orthonormal basis. However, we do not know a good basis of HH . Therefore, we
first imbed A into a larger Hilbert space Lfe’il, since it has a very simple or-
thonormal basis of cosine functions, and then prove the Hilbert—Schmidt property

for the norm of Lfe’fﬂ. [See (4.2) below for the definition of p and § = 1/g4.]

Note that

VZ(F o W) (y)(f, k) = VE(W () (VU () (], k))
+ VEEE () (VY (W)(f), V() k).

ODE:s for VW (y) (k) and VZ\IJ(y)(f, k) will be given in (4.5)—(4.7) below.
Now we set conditions on parameters. First we have the Hurst parameter H €
(1/4,1/2). Then, we can choose p and ¢ = 8~! such that

1 1 1 301 1
—V—--—<—<H, —-<—-<H+ =,
p [1/H]+1 p 4 ¢ 2
(4.2)
1 1 1 1 1
— 4= >1, s
P q qg p 2

For example, 1/p = H —2¢ and 1/q = H + 1/2 — ¢ for sufficiently small ¢ > 0
satisfy (4.2). Indeed,

1 1 1 1 1 1

—+—=1+2<H——>—38, ———=z+e
P q 4 g p 2

For this p and ¢ = 87!, the fBM with the Hurst parameter H can be lifted to

G, (R?) and its Cameron—Martin space H* satisfies Proposition 3.4 above. In

particular, the Young integral of k € H! with respect to itself is possible since
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g < 2. The shift and the pairing of X € GQ2 p(Rd ) by k € H* can be defined since
1/p 4+ 1/q > 1. In what follows we always assume (4.2).

The Banach space W% 7 is defined by (3.1). In Adams [1], its original definition
is given by a kind of real interpolation (precisely, the trace space of J. L. Lions,
see paragraph 7.35, [1]) of W7 and W%? = LP?. Those are equivalent Banach
spaces (paragraph 7.48, [1]). On the other hand, L%7 is defined by the complex
interpolation of (the complexification of) W7 and WP = L7, that is, L7 =
[(WLr [Py _s. If p=2, L%2 and (the complexification of) W2 are equivalent

Hilbert spaces (not unitarily equivalent, see paragraph 7.59, [1]). As a result, Lféfﬂ
and W%? are equivalent real Hilbert spaces, where Lfe’il is the subspace of R?-

valued functions in L%2.

THEOREM 4.3. The following functions of t € [0, 1] form an orthonormal ba-
sis of Lfe’il and of L%? = Lféfﬂ ® C:

J2

cos(ntt)e;in>1,1<i < d}.
Here, {eq, ..., eg} is the canonical orthonormal basis ofRd.

PRrROOF. Itis sufficient to prove the case d = 1. Note that

o0 o0
wh2 = {f =co+ Z cnv2cos(nmt)|c, € C, Z(l +n)|enl? < 00}
n=1

n=0

and || £112,1, = Y52 0(1 +n?)|c,|?. Similarly,

o o
L? = {f =co+ chﬁcos(nm) n€C, Y lenl? < oo}

n=1 n=0

and || f ||i2 =Y"0 |ca|?. Therefore, W'2 and L? are unitarily isometric to lél)

and léo) = [, respectively, where

o0
1 = {c = (cwn=0.12,.. € C®|llc| % = D (1 + n2>“|cn|2} b €R).
2 n=0

Thus, the problem is reduced to the complex interpolation of two Hilbert spaces of
sequences. A simple calculation shows that [l;l), bli—s = lé‘s). This implies

o0 o
152 — [f =co+ Z cuv/2 cos(nmx)|c, € C, Z(l +n2)le, | < OO]

n=1 n=0

with ||f||i(;$2 =301+ n?)%|c,|?, which ends the proof. [
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We compute the p-variation norm of cosine functions. The following lemma
is taken from Nate Eldredge’s unpublished manuscripts [11]. Before stating it,
we introduce some definitions. Let x be a one-dimensional continuous path with
xo = 0. We say that s € [0, 1] is a forward maximum (or forward minimum) if x; =
max x|[s, 1] (or x; = minx|[s,1], resp.). Suppose x is piecewise monotone with local
extrema {0 = sg <51 < $2 < --- < s, = 1}. (For simplicity, we assume sg, 52, . ..
are local minima and sy, s3, ... are local maxima. The reverse case is easily dealt
with by just replacing x with —x.) If s, 54, ... are not only local minima but
also forward minima, and s7, 53, ... are not only local maxima but also forward
maxima, then we say x is jog-free. (Note that xq is not required to be a forward
extremum.)

PROPOSITION 4.4.  Let p > 1. (i) If a one-dimensional continuous path x with
xo = 0 is jog-free with extrema {0 =s¢ < 51 < sy <--- <, = 1}, then

n 1/p
||x||p-var = (Z |xs,- — Xs;_1 |p> .

i=1

(i1) In particular, the p-variation norm of c,(t) = cos(nmt) — 1 is given by
llcn ”p-var =2n!/P,

PROOF. (ii) is immediate from (i). We show (i). For a continuous path y and
apartition P={0=1<ti <tr <--- <ty =1}, weset V, p(y) = Q7 lvy —
Vi |P)!/P . Then, Y1l p-var = supp Vj, p(y). First, note that if y is monotone in-
creasing (or decreasing) on [f; 1, #;41], then it is easy to see that V), p\(;,)(y) >
Vp,2(y). In other words, intermediate points in monotone intervals should not be
included.

Let x be jog-free with extrema Q ={0 =159 < s; <s$p <--- <s, = 1} as in the
statement of (i) and let P ={0 =1y <t <fp <--- <t, = 1} be a partition which
does not include all the s;’s. We will show below that there exists an s; such that
Vp,PU{Sj}(x) > Vpp(x).

Let 5; be the first extremum not contained in P. (For simplicity, we assume
it is local and forward maximum.) Let #; be the last element of P less than s;.
Then, s;_1 <t; <sj <t;11.Since x is increasing on [s;_1, s;] and Xs; is forward
maximum,

Xsj =Xt Z Xy — Xy Xsj = Xtipy Z Xtp = Xiyyys

which yields that |x;; — x;|” + [x5; — x4, 1" =[xy, — x4|7. Therefore,
Vp,PU{Sj}(x) = Vp,’P(x)-

For any ¢ > 0, there exists P such that V), p(x) > [|x|| p-var — €. First by adding
all the s;’s, then by removing all the intermediate points (i.e., #;’s which are not
one of 5;°s), we get V), o(x) > ||x|| p-var — €. Letting & N\ 0, we complete the proof
of (). O
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Now we calculate the Hessian of W, which is defined in (4.1). For ¢ < 2, ODE
like (4.1) is well-defined in the g-variation sense, thanks to the Young integral.
The continuity of W is well known. Smoothness of the It6 map in the g(< 2)-
variation setting is studied in Li-Lyons [28]. The explicit form of the derivatives
are obtained in a similar way to the case of (stochastic) Taylor expansion.

Let g € [1,2) for a while and fix y € Cg_var. Then ¢° = W(y) is also of finite
g-variation, which takes values in R". Set

A = Vo (¢0) (-, dyi) + VBo(@D)(-) dt.

Then, 2 is an End(R")-valued path of finite ¢-variation. Next, consider the fol-
lowing End(R")-valued ODE in the g-variation sense:

4.3) dM, =d<; - M;, My =1d,.
Its inverse satisfies a similar ODE:
(4.4) dM7 = —M'd@, My =1d,,

although the coefficients of these ODEs are not bounded, thanks to their special
forms, to a unique solution [For this kind of equation with unbounded coefficients,
existence of a local solution and uniqueness are easier. The problem is existence
of a global solution. If M is a local solution of (4.3) and a € GL(n, R), then Ma
is a local solution to (4.3) with a initial condition My = a. This fact, combined
with existence of a local solution, implies existence of a global solution.] The map
y — M in the g-variational setting is locally Lipschitz continuous. (In this paper,
however, y is always fixed and, hence, so are 2 and M.) If y is controlled by a
control function w, then M and M ~! are controlled by &(s,t) = C(w(s,t) + (t —
s)), where C > 0 is a constant which depends on ¢ and w (0, 1). A rigorous proof
for this paragraph can be found in [19], for instance.

Set x (k) = (VW)(y)(k) for simplicity. This is a continuous path of finite g-
variation, if k is of finite g-variation. Then, it satisfies an R”-valued ODE:

4.5) dx; — Vo @) xi,dye) — VB (x:)dt = o (9D dks,  x0=0.

From this, we can obtain an explicit expression as follows:

t
(4.6) x (k) = (VW) () (k) = M; fo M o (¢Y) dks.

Note that the right-hand side is a Young integral and k +— y (k) extends to a con-
tinuous map from CJ™*' (R?) to CJ ™™ (R").

In a similar way, ¥; = Vz\ll(y) (k, k); satisfies the following ODE:
dy; — Vo (o)) (Wr, dyr) — Vo)) (Yr) dt
4.7) =2Vo (@) (x k)1, dk;) + V20 () (x k)1, x (K)r, dyr)

+ V2Bo@)) (x (K)e, x (k)i dt, Yo =0.



LAPLACE APPROXIMATION FOR RDE DRIVEN BY FBM 187

From this and by polarization, we see that

VAU () (f, k)

t
— M, fo MZYVo @) (x (s, dks) + Vo @) (x ()s. dfy))

t
(4.8) + M, fo M7YUV20 (D) (X (F)ss x (K)s, dys)

+ V2B (x (s, x (K)s) ds)
= VI(f. k) + Va(f. k).

It is obvious that
(f, k) € CITRY) x CIY R > V2W(y) (f, k) € CT (R

is a symmetric bounded bilinear functional.

Note that x (k) and ¥ (k,k)/2 are similar to ¢! and ¢, respectively, when
X = k. Indeed, they are the first and the second term in the Taylor expan-
sion for Cﬁo(eX + y,A). [See (6.3) and (6.5) below and compare.] Therefore,
k> x(k), ¥ (k, k) extend to continuous maps from G2 p(Rd) to C(f A(R™). We
will write x (X), ¥ (X, X) for X € GQP(Rd).

LEMMA 4.5. Let 1/4 < H < 1/2 and choose p and q as in (4.2) Then, for
any bounded linear functional o« € Cg YERM*, the symmetric bounded bilinear
form a o Va(-, -} on the Cameron—Martin space H" is of trace class. In particu-

lar, if p' > p, VF(@°) o Vs is of trace class for a Fréchet differentiable function

F: Cg /_VaI(R”) — R. Moreover, a o V5 extends to a bounded bilinear form on
Cy™™ RY). A similar fact holds for V2 F (¢°)(x (-), x (-)), too.

PROOF. Since t +— M; and t — M,_la(¢?) are of finite g-variation, the map
h > x (h) extends to a bounded linear map from CJ™"* (R¢) to C{™"* (R"), thanks
to the Young integral. By using the Young integral again, we see that (h, k) —
Vo (h, k) extends to a bounded bilinear map from Cé’ R x Cg VR to
Ci " (R") C Co(RY).

On the other hand, u (the law of the fBM with the Hurst parameter H) is sup-
ported in Cg (R4, In other words, (X, H", wf) is an abstract Wiener space,
where X is the closure of H with respect to the p-variation norm. [According
to Jain and Monrad [21], pages 4748, C(’; (R?) is not separable and, conse-
quently, H¥ cannot be dense in Cé) (RY). So, we use X instead of Cé’ VAR,
because an abstract Wiener space must be separable by definition. ]

Therefore, o o V> is a bounded bilinear form on an abstract Wiener space. By
Goodman’s theorem (Theorem 4.6, Kuo [23]), its restriction on the Cameron—

Martin space is of trace class. [
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Now we compute V7.

LEMMA 4.6. Let 1/4 < H < 1/2 and choose p and q as in (4.2). Then, for
any bounded linear functional a € C(’; YARM*, the symmetric bounded bilinear
form o o Vi (-,-) on the Cameron—-Martin space H" is Hilbert—Schmidt. In par-
ticular, if p' > p, VF(@°) o V| is Hilbert—Schmidt for a Fréchet differentiable
function F : Cg/_var(R”) — R. Moreover, if ) is weak™® convergent to « as | — oo
in Cé’ YERMY*, then oy o V) converges to o o Vi as | — oo in the Hilbert—Schmidt

norm.

The rest of this section is devoted to proving this lemma. An integration by parts
yields that
Vi{f, k) = Ri(f. k) + Rilk, f) — (Ro(f, k) + Ra(k, [)),
where, from (4.6),

t
RIS k) = M, /0 M1Vo @90 @) fi. dks),
t 0 s 0
Ry =M, | M‘:le(qs‘g)(Ms [ d[M,:lo<¢u>]fu,dks>.
0 0

LEMMA 4.7. Let Ry be as above and a € Cg_var(R")*. Then, as a bilinear

orm on , @ o Ry is of trace class. Moreover, if a; is weak™ convergent to o
HH R t lass. M k* gent t

as | — oo in C(I;_var(R”)*, then oy o Ry converges to o o Ry as | — oo in the

Hilbert—Schmidt norm.

PROOF. We use the Young integral. Since u > M 'a(¢?) is of finite g-
variation, we see that

—1 0
<cillM""o(¢: )”q-var”f”p—var = CZ”f”p—var'
q-var

H | an o @iy,

Similarly, since s — M Vo (qb?), M are of finite g-variation,

HM. [ M1 ve@d( [ a0 s, dk.)
0 0

p-var

4.9)

§C3||f||p-var||k”p—var'
Thus, (f, k) > Ra(f, k) is a bounded bilinear map from C} " (R?) x C/™ (R%)
to Cé’ VHRY) ¢ Co(R). In particular, ¢ o Ry is a bounded bilinear form on

Cg VAR, Again, by Goodman’s theorem (Theorem 4.6, [23]), its restriction on
the Cameron—Martin space is of trace class.
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Now we prove the convergence. Note that (4.9) still holds even when f or k do
not start at 0. Consider the following continuous inclusions (see Proposition 3.4.
Below, all the function space is R?-valued):

H 8,2~ 78,2 8,2
HY — WO - LO,real — L

2 e CaVar ., cpvar

where § = 1/¢g and = denotes isomorphism (but not unitary) of Hilbert spaces.
Let us first consider Raf, 52 ,s2. We will show that, for an ONB { fi}k=1,2

reaIXLreal
8.2 . .
of L7, it holds that Zlf?jzl | R2{ fi, fj>||%—var < 00. As in Theorem 4.3, we

set fo.i(t)=1-¢; and f,,;(t) = (1 +m?)~%2\/2cos(mnt)e; (m =1,2,...). By
Proposition 4.4,

sere

1 1/q=1/p
”fm,i”p—varf(1+m2)_6/2\/§(1+2m1/p)§C<1+ )
m

for some constant ¢ > 0. From this and (4.9),

d 00
> > IR fmis Fri) ey

i,i’=1m,m'=0

d o0
2 2
S Cc Z Z ”fm,i”p—var”fm/,i/”p—va_r

i,i'’=1m,m'=0

o ;1 N2/g=1/p) o, 1 \20/g=1/p)
<3 (52 > () <o
m=0 m’'=0

because 1/g — 1/p > 1/2. Here, the constant ¢ > 0 may change from line to line.
By the Banach—Steinhaus theorem, ||o; — || cr-varx < ¢ for some constant ¢ > 0.
Hence,

IA

(s — @) 0 Ro( fonsis fo i)1> < IR finsis Fonr i) oo

By the dominated convergence theorem, |lax o Ry — oo Ryl g ;52 —> Oask —
real

o0. (The norm denotes the Hilbert—Schmidt norm.) This implies that

lles o Ry — a0 Rallygs — 3t < lltllopllt™lloplles 0 Ra — @ 0 Rallyq 27 0
real

as | — oo, where ¢ : H” — Liﬁl denotes the inclusion. [

LEMMA 4.8. Let Ry be as above and a € Cg_var(R”)*. Then, as a bilinear

form on HY, a o Ry is Hilbert—Schmidt. Moreover, if o is weak™ convergent to o
as | — oo in Cg_var(R")*, then o o Ry converges to oo o Ry as | — oo in the

Hilbert—Schmidt norm.
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PROOF. The proof is similar to the one for Lemma 4.7. It is sufficient to show
that

d o0
(4.10) Y MR S fri e < 00
i,i’=1m,m'=0

In this proof, ¢ > 0 is a constant which may change from line to line.
It is easy to see that, if m # m’,

«/Ecos(mm)d[\/z cos(m'nt)] = —2m’'w cos(mmt) sin(m'nt) dt
= —m'7{sin((m' + m)7t) + sin((m" — m)xt)} ds

cos((m' +m)mt) cos((m' —m)mt)
m' +m + m —m }’

:m/d[

and that, if m =m’, 200s(m7rt)d[\/§cos(mm)] =d[cos(2mmt)]/2.
In the following, fix i, i’. First, we consider the case m = m':

Rl (fm,i s fm,z”)t

_ ro 0 O o cos(mms) V2 cos(mms)
_M,/O My Vo @) o @er eV o |:(1+m2)1/2‘1:|
2
T (L+mla !

By the Young integral and Proposition 4.4, we see that

f[ Ms_lva (‘P?)(U (¢?)e,-, e;) d[cosmms)].
0

c
IRy o i pmvar < oz 108@mat) = 1ar

cm?/P c
< < .
T (1 4+m*»?1 = 1+ m)¥a=2/p

Since 4/g —2/p > 1,
o0
4.11) S IR S i) omyar < 00.
m=0

Next we consider the case m # m’:

Rl(fm,i, fm/,i/>t

_ ro 0 Oy cos(mms) V2 cos(m'ms)
=My [ M Voo e eV 2 a| SR

m/

= (1+m2)1/2q(1+m/2)1/2q(m/+m)

x M, /0 t M7'Vao (@) (o (@)e;, eir) d[cos((m' +m)rs)]
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m/

+ (1 +m2)V2a(1 +m?)V/24(m’ — m)

x M, /0 t M7'Vo @) (o (@2)e;, eir) d[cos((m’ —m)ms)]

_. phi’ ’ pii’ ’
= Rl (ms m )Z + R2 (m,m )[.
By using the estimate for the Young integral again, we see that
A~?-/ 2
”Rll ' (fm,ia fm,ﬂ) ||p—va_r
2

cm

2
<
T A +mHVeQ +mHVam' +m

p-var

B [cos((m" +m)m-) — 1]

- cm”?\m’ + m|?*/P
A +mHVad +mHVam’ + m|?
clm’ +m) —m|?4-10
(1 +|m)4|\m’ +m|*A-1/p)
c

= A+ mD2a (Ut - m 20a=177)

c

T AT ) D+ + m) 2

Itiseasy toseethat2/q > 1 and 2(1 —1/p) > 1 hold. From (4.2), 2(1/g —1/p) >
land 4(1/q — 1/2) > 1. (The condition 1/q > 3/4 is used here.) Therefore,

Ri,i/ 2
> IRY" fomis SV 5 mvar

0<m,m’<oo,m##m’

By [ E—
g (L m D2/ (1 + |/ + m[)2/a=1/p)
(4.12) + (1+|m|)4(1/q_1/2)(11+|m/—|—m|)2(1—1/p)>
B cn;zmQ;d (14 |m’ —|—n11|)2(1/q—1/p)>
+CY§Z(1+ImI)£(1/q1/2) (mZG:Z(l +|m’+1m|)2(11/p)> < 00.

In the same way as above,

4.13) S IR i fni) oy < 00

0<m,m’ <oco,m#m’

From (4.11), (4.12) and (4.13), we have (4.10), which completes the proof. [
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5. A probabilistic representation of Hessian. Throughout this section we
assume (4.2). Let (X, H", u™) be the abstract Wiener space for the fBM as in
the previous section. Here, X is the closure of the Cameron—Martin space H in

p Var(Rd) A generic element of X is denoted by wh . Under ,uH, (th)OSISI is
the canonical realization of d-dimensional fBM.

Any (k,-) € (H")* extends to a measurable linear functional on X', which is
denoted by (k, w') with a slight abuse of notation. It satisfies

/ oV Tkw!)  H (g Hy = oK1 /2
X

For a cylinder function F(wf) = f({ky, wiy, o ke, wH)), where f:R" =R
is a bounded smooth function with bounded derivatives, we set

DeF(w™y =" 0; F((k1,b), ..., Gk, DK, K)gg, ke HI,
j:l

and

DF ™)y =Y"0; f((k1, w™), ..., (k. w)k;.
j=1

Note that DF is an H -valued function.

Let C, = C,(nf)(n =0, 1,2, ...) be the nth Wiener chaos of w’. It is well
known that C, are mutually orthogonal and L2(u') = D52 Cy. For example,
Co = {constants} and C; = {(k, -)|k € H}. The second Wiener chaos C, is unitar-
ily isometric with the space of symmetric Hilbert—Schmidt operators (or symmet-
ric Hilbert—Schmidt bilinear forms) H Qsym H™ in a natural way.

LEMMA 5.1. Let V| be as in (4.8) and consider V; (wH(m) wh (m));, where
wH (m) denotes the mth dyadic polygonal approximation of wf . Then, for k, k e

HH
3DV (m), w' (m))e = Vitk(m), w* m)),.
1D D Vi(w! (m), w (m)), = Vi (k(m), k(m));.
Moreover, as m — 00, the right-hand sides of the above equations converge to
Vitk, w'y, and  Vi(k, k),

almost surely and in L*>(u™). [Note that the above quantities are well-defined
since w! is of finite p-variation and k, k is of finite q-variation with 1/ p + l/q >
1. Since k, k are of finite (q — €)-variation for sufficiently small ¢ > 0, k(m), k(m)
converge to k, k in q-variation norm, resp.]



LAPLACE APPROXIMATION FOR RDE DRIVEN BY FBM 193

PROOF.  On [(I —1)/2",1/2"], dw" (m); = 2" (w{],n —w{{_}) on) dt. There-
fore,

Dkde(m), =2" Dk(wl[}lzm — w(Il{_l)/zm) dt =2" (kl/zm — k(l—l)/2m) dt =dk(m);.

From this, we see that

t
Dix (w!! (m)), = M, fo Mo (¢%) D dw! (m),

t
— M, /0 Mo (@0) dk(m)s = x (k(m)),.

Since [k(m) — kllg-var as m — o0 and k — x (k) is bounded linear from
CIM R to T RY), |Ix (k(m)) — x (k)| g-var as m — oc. [Note that, for

sufficiently small € > 0, k € Céq_e) “ still holds.] In a similar way,

1
EDk Vi (wH(m), wH(m))t

t
— M, fo M1 (Vo @O Dex ! (m))s. dw™ (m)s)
+ Vo () (x w! (m))s, Dk dw™ (m)s)}
t
— M, /0 M1V 60) (x (k(m))s., dw™ (m),)

+ Vo @) (x " (m))s, dk(m)s))
= Vik(m), w" (m));.
Since |wf (m) — wH | p-var — 0 as m — oo almost surely and in L” for any r > 0

(see [32]), (1/2) Dy Vo(wt (m), wH (m)); — Vi(k, w™), almost surely and in L?.
Finally,

(1/2) Dy Dy Vo (w* (m), w (m)), = Vi (k(m), k(m));,

which is nonrandom and clearly converges to Vj (k, k) asm — co. O

PROPOSITION 5.2. Let Vi be as in (4.8) and consider Vi (w™ (m), wH(m))i.
Here, i stands for the ith component (1 < i < n). Then, for each fixed t,
Vi(wf (m), wH(m))i converges almost surely and in L*>(u™) as m — oo. More
precisely,

lim Vi(wf(m), w" (m)) =0 + Al
m— 00
Here, @i is an element in Cy which corresponds to the symmetric Hilbert—Schmidt

bilinear form Vi (e, ®)! and t = Al :=limy—00 E[Vi(w! (m), w (m))!] is of fi-
nite p-variation.
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PROOF. First note that V(x, x) has a rough path representation. Recall the
(stochastic) Taylor expansion of the Itd map (4.1) around y. Then, Vi(x, x) was
essentially calculated in computation for the second Taylor term. There is a con-
tinuous map V':GR,(R?Y) — GQ,(R") such that Vi(x,x) = V'(X)! for all
xeC IV (R?). Here, the superscrlpt means the first level path and X € GQ2 (Rd)
is the l1ft of x. Moreover, since the integral that defines V| or V’ in (4.8) is of sec-
ond order, V/ has the following property: there exists a constant ¢ > 0 such that,
forall X,Y € GQ,(RY),

IV XM povar < (14 £(X)?),

[p]
V'O = V'O povar < c(1+EX)) D NXT =Y pjjvar.
j=1
Here, £(X) = 251;11 ||Xj||;//§_var. From this, a.s.-convergence of Vi(wH (m),

wf (m)) = V' (wf (m)))! to V/(WH))! is obvious.

It is shown in [10] that E[|W (m)/ — WH-J|,/j-var] = 0 as m — oo. From
Proposition 3.3, sup,, E[||WH(m)f ||p/j var) <00 forany r >0and 1 < j <[p].
Then, we easily see from these and Holder’s inequality that

E[IVWE@m) = v/ (w2 150  asm— oo.

p-var

This implies the L2-convergence. Since V/(WH) = lim,,— o0 Vi(wf (m), wH (m))
isa C (’; 4 (R")-valued random variable,

IEIV (W pyar < ELNV (W pevar] < 00,

which shows that A is of finite p-variation.
By Lemma 5.1 and the closability of the derivative operator D in L?(u'),

LDV (W =ik, wt], DDV (W = ik, B,
where the superscript i denotes the ith component of R". These equality imply
that V/(WH)!' — E[V/(WH)}]is in C», which corresponds to V; (e, oi. O

LEMMA 5.3. Letp'>pand F: Cp (R be a Fréchet differentiable func-
tion. Let

;= lim Vi(w" (m), w m), — E| tim_vi(w" (m), w! m)),]
m— 00 m— 00
be as in Proposition 5.2. Then, VF(¢°)(®) € Co(u™) which corresponds to

the symmetric Hilbert—Schmidt bilinear form VF(¢%) o Vi = VF(¢°) (V] (e, e))
on HY.

PROOF. Denote by gx the element of Co(1+") which corresponds to a sym-
metric Hilbert—Schmidt bilinear form (or, equivalently, operator) K and set

= {o e Cf RN (O (W) = gaov; (w) aa. w (u)).
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Obviously, M is a linear subspace. Moreover, from Lemma 4.6, M is closed under
weak*-limit. By Lemma 5.2, the evaluation map ev§ (t€[0,1],1 <i <n) defined
by evi(y) = y! is in M. Denote by 7, : ™" (R") — CJ™ (R") the projection
defined by 7 (m)y = y(m), where y(m) is the mth dyadic piecewise linear approx-
imation of y € Cg (R™M). Note that VF (¢0)(n(m) y) can be written as a linear
combination of y,’;/zm (1 <k=<2™ 1<i<n).Hence, VF(¢O) om(m) € M. Since
p' > p, y(m) — y in p/-variation norm. This implies that VF (¢°) o 7 (m) —
V F(¢°) in the weak*-topology. Hence, VF (¢?) e M. [

Let A be a self-adjoint Hilbert—Schmidt operator on H* which corresponds to
VF@°)(Vi(e, @)).

Then, A — Ay is a self-adjoint Hilbert—Schmidt operator on H which corresponds
to

VF @) (Va(e, 8)) + VZF (@) (x (o), x (o).

Obviously, this bilinear form extends to one on Cg _Var(Rd ) and, hence, is of trace

class by Goodman’s theorem. See (4.8) for the definition of Vi, V. Combining
these all, we see that

ke H o (Ak, k)yn = VF (@) (k, k) + V2F (@°) (x (k). x (k)
extends to a continuous map on G2, (R?) and we denote it by (AX, X) for X €
GQpRY).

LEMMA 5.4. Leta > 1 be such that 1dy n + a A is strictly positive in the form
sense. Then,

[ ew(= 5 awt wih )t @
X 2
- exp(—g(AX, X))IPH(dX) < 0.
GQp(RY) 2

In particular, e—(A%9)/2 g in Lr(GQp(Rd), IP’H)for some r > 1.

PROOF. As a functional of w, (A — A)WH, WH) is a sum of Tr(A — A})
and the second order Wiener chaos corresponding to A — A1. From Proposition 5.2
and Lemma 5.3, (AW, WH) is a sum of a constant Tr(A — A;) + VF(¢°)(A)

and the second order Wiener chaos corresponding to A (which is denoted by E 4
below). It is well known (see Remark 5.5 below) that

E[e™*84/2] = det(Idynr + aA)12,

where det, stands for the Carleman—Fredholm determinant. [
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REMARK 5.5. Let (2? . H ;'&) be any abstract Wiener space. For a symmetric
Hilbert—Schmidt operator A: H — H, we denote by E the corresponding element
in the second Wiener chaos C,. If A > —Id in the form sense, then

R o
(5.1)  Ele /2] =det(Id + A)~1/2 (;: [Tta+ xj)e—%‘}—l/z).
2 izl
Here, {A;}j=1,2,... are eigenvalues of A.

This fact is well known. For the reader’s convenience, however, we give a simple
(and somewhat heuristic) proof below. Suppose X=H=R and /i (4 s the standard
normal distribution. Let A be such that (Aé n) le 1AjEimj. E.n e RY). We
assume that A; > —1 for all j. In this case, E is given by the following Hermite
polynomial: é(u) = lezl Aj (u% —1) (u e RY). This clearly corresponds to A be-
cause (1/2)Dg D, @(u) = (Aé ,n). (Recall that this is the way we identified sym-
metric Hilbert—Schmidt operators with elements of second Wiener chaos in the
previous argument.) A simple calculation shows that

I

2 2 1 2
Rle—&/2 =/ e EWRTT L2 gy
[ ] R/ 1:[ V2 /

1 2 l
1 Aj— (1 +Axj)u; -
=11 5 foo(F 7wy =TTt 2077
j=1

j=1

We can easily do a similar computation in the case of (R*, [, u>°), where u>
denotes the countable product of the one-dimensional standard normal distribution.
The general case reduces to the case of R, after Ais diagonalized.

Another method to verify (5.1) is to use an explicit formula for the characteristic
function of the quadratic Wiener functional, which has been studied extensively.
Let B:H — H be any symmetric Hilbert—-Schmidt operator and let Ep be the
corresponding element in the second Wiener chaos C». Then, we have

/A exp((¢/2)Ep)dfL = dzet(Id —¢B)™Y?  forany ¢ € C with [¢] < 1/]|Blop-
X

For example, see Janson [22], page 78, or Taniguchi [37], page 13. The for-
mula (5.1) immediately follows from this.

6. Proof of Laplace approximation.

6.1. Large deviation for the law of Y® as ¢ \( 0. In this section we prove
the main theorem (Theorem 2.1). Let Y¢ be a solution of RDE (3.4). The law of
(Y®)! = y#! is the probability measure on Co PVA(R™M) for any p > 1/H. Then, by
Theorem 3.1 and Proposition 3.6 we can use the contraction principle to see that
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the law of {Y®!},. ¢ satisfies large deviation as & \, 0. The good rate function is
given as follows:

_ |inf{llkl2 /2]y = ok, '} (f y = Dok, 1)! for some k € HH),
o0 (otherwise).

I(y)

Here, CiDS is the It6 map corresponding to RDE (3.4) and A; = ¢. For a bounded
continuous function F on Cé7 (RM), it holds that

12%82 log E[exp(—F(Y®')/e?)] = —inf{F (y) + I (y)|y € CJ " (R™)}.

Now, let us consider Laplace’s method, that is, the precise asymptotic behavior
of the following integral:

E[exp(—F(Y*")/e?)] = f - exp(—F (P, (e X, 1)")/e*)PH (d X)

= exp(—F (DX, 1)")/e*)P (dX)
GQ,H(RY)
as € \y 0 under Assumptions (H1)—(H4). .
Let y € HH GQp(Rd) be the unique element at which F(®g(-, 1)) +
II - ||${ x /2 attains minimum (Fx (y) =: a) as in (H2). By a well-known argument,

for any neighborhood of O C G2 p(Rd ) of y, there exist positive constants §, C
such that

/ exp(—F (Do (X, )1 /e2)PH (dX) < Ce @/ g e(0,1].
oc
This decays very fast and does not contribute to the asymptotic expansion.

6.2. Computation of ag. In this subsection we compute the first term ¢ in the
asymptotic expansion when G = 1 (constant) and show o > 0. To do so, we need
the (stochastic) Taylor expansion (Theorem 3.2) up to order m = 2. Once this is
done, expansion up to higher order terms can be obtained rather easily.

Forp >0,setU, ={X € GQP(Rd)lé(X) < p}, where £ is given in (3.7). Then,
taking O =y + U, we see from the theorem of the Cameron—Martin type (Propo-
sition 3.5) that

f exp(—F (e (X, M) /e?)PH (dX)
y+Up
=/ exp(—F(CiJg(X + y,k)l)/sz)

Up

(6.1)
X €Xp ——1 % xh - —1 ||J/||2 Py (dX)
g2’ 262 HH e

F®) 1 1
= exp(— S G ||y||${H)P”<dX>.
{E(X)<p) € 2¢e

g2
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As we will see, (y, -) extends to a continuous linear functional on Cé’ _Var(Rd ) and,
in particular, everywhere defined.

For sufficiently small p (i.e., p < po for some pp), ¢'® is in the neighborhood
of ¢ as in Assumption (H3). So, from the Taylor expansion for F,

F(¢') =F@") + VF(¢")¢" — ¢°)+ %VZF«bO)(qs(” —¢%.0" —¢")
+ é /01 dOVIF (09 + (1= 0)¢")(p — 97,6 — 97,6 — ")
= F(¢") + VF@")(eg! + 797 + %V2F<¢°><e¢1, e¢') + 01

Here, the remainder term Q7 satisfies the following estimates: there exists a posi-
tive constant C = C(pg) such that

(6.2) 103 <C(s+£(X))>  on the set {£(eX) < po).

Note that C is independent of the choice of p (p < pp).
Now we compute the shoulder of exp on the right-hand side of (6.1). Terms of
order —2 are computed as follows:

1 0 1 5 a
2 F(¢ )+§||V||HH =T 2

Since k € H > F(®o(k, 1)) + ||k||${H/2 takes its minimum at k = y, we see
that

(k, y )y + VE @) (x (k) =0,

where x (k) is given by (4.5) or (4.6). By (4.6) and the Young integral, k —
VF(¢%) (x (k)) extends to a continuous linear map from Cg (R?) and so does
(v, -)yn . Hence, the measurable linear functional (i.e., the first Wiener chaos) as-
sociated with y is this continuous extension.

An ODE for ¢! = ¢! (k) = ¢! (k, y) is as follows [k € CI™ (R9)]:

de! — Vo (@), dy)) — VyBO, $) (e} ) dt
= (¢ dk; + Ve p(0,90)dr,  ¢§ =0.

Note that both ¢! and x extend to a continuous map from G p(Rd). The dif-
ference Qtl = ¢t1 (X) — x+(X) is independent of X (i.e., nonrandom), of finite g-
variation, and satisfies

(6.3)

64 do} — Vo ()6}, dy) — Vy B0, p2)(6,) dt
' =V.50,¢"dt, 6, =0.
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Or, equivalently, 9} = M, fé M lVE/B(O, qb?) ds. Consequently, terms of order —1
are computed as follows:

1 VF (%) (o!
(VE@") (") + (v, X1) = VPO

& &

Now we compute terms of order 0. The second term ¢* = ¢2(k) = ¢>(k, y) in
the expansion in Theorem 3.2 satisfies the following ODE (see [19], e.g.):

de7 — Vo (@) (7. dye) — VyBO, ¢0) (¢7) di
= Vo (¢) (¢, . dk) + 5V0 ($)(B . ¢ . dvi)
+3VIB@)) 9 B/ dt
+V, Ve B@D) (@) dr + FVEBO. o0 dr, ¢G5 =0.

(6.5)

Let x and i be as in (4.5) and (4.7), respectively. By the same argument for
(stochastic) Taylor expansion (Theorem 3.2), those extend to continuous maps
from GQp(Rd) and we write x(X) and ¥ (X) = ¥ (X, X). If we set 62(k) :=
¢2(k) —r(k)/2, then 0?2 satisfies the following ODE:

do} — Vo ()07 dyi) — Vy B0, ¢7)(67) dt
= Vo ()0, . dk;) + 3V ()0, . 6! dyi) + Vo ()0, xi. dvi)
+3VIBe0! .0y dt + VRO, xi) dt
+ VyVeB@) (O] + xi)dt + 5VEBO, ¢))dt, 65 =0.

(6.6)

Or, equivalently,
t 1
62 =M, /O M;! (Vcr(cb?)w; dks) + 5 V20 @)(05, 6/, dys)
+ V20 (@)6; . Xsr dys)

+ %V§ﬁ(¢8><e£, 07)ds + V;B@N0) . xi) ds
0 1 1 2 0
VB! + 1) ds + V20,90 ds ).

This is just a Young integral and k > 6%(k) extends to a continuous map from
Cy™ (R?) or from GQ,RY) to C5™™ (R™). Moreover, 6% is of first order,
that is, for some constant C > 0, ||92(X)||p—var < C({ + &(X)) holds for any

X e GR p(Rd). In particular, by the Fernique-type theorem (Proposition 3.3),
(a constant multiple of) 6 is exponentially integrable.
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Hence, terms of order O on the shoulder of exp on the right-hand side of (6.1)
are as follows:

VF(¢%) (%) + 1V2F(9%) (0", o)
(6.7) = HVF @) (W) + VEF (@) (x, x)1+ VF(¢*)(6?)
+IVIF(@9%)0', 0" + VEF (90", x).

Note that the last three terms on the right-hand side are dominated by C (1 +£(X))
and that the first term is (AX, X)/2 as in Lemma 5.4. By Proposition 3.3 and
Lemma 5.4,

exp(=VF(¢")(¢?) — 1VZF (9" (¢!, ¢")) € L"(GR,RY), PH)
for some r > 1.

If p > 0 is chosen sufficiently small, then exp[2Cp (1 + £(X))*] € L” (G2,(RY),
PH) for the conjugate exponent 7/, thatis, 1/r +1/r' = 1. (We determine p, here.)

We easily see that, if ¢ < p,
63 Ligex)<p) exp(=VF (¢°) () — s VZF (¢*) (9", ¢")) exp(—e 2 0})
' <exp(—VF(¢") (%) — 1V2F (@) (', ¢")) exp[2Cp (1 + £(X))*]-

The right-hand side is integrable and independent of €. So, we may use the domi-
nated convergence theorem to obtain that

lim exp(—VF(¢°><¢2> _ 12 rg0 et ¢ - iQZ’)IP’H(d)o
e\O0 J(E(eX)<p) 2 &2

1
= exp(—VF(¢°><¢2> — §v2F<¢°)<¢‘,¢>‘>)PH(dX>.

GQ,(RY)
By Lemma 5.4, the right-hand side exists. Thus, we have computed (the asymp-
totics of) (6.1) up to «p.

6.3. Asymptotic expansion up to any order. In this subsection we obtain the
Laplace asymptotic expansion up to any order. Since this is routine once «q is
obtained, we only give a sketch of the proof.

By combining the (stochastic) Taylor expansions for F, G and ¢®), we get

F(¢(8))—F(¢0)"“87}1+"'+8n77n+QZ+1 as e \( 0,
G(¢(€))—G(¢0)N8ﬁ1+"‘+5nﬁn+ég+l as e \( 0.

Here, the remainder terms Q7*!, 0”1 satisfy similar estimates to (6.2).
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From this we see that
/ 1 GO D exp(~F(de(x. 1))/ BL (@X)
yTUp

— /€% = VF@))(0") /e
(6.9) 1
© - Oy 2y o2 Oyl ]
X /{s@xkp}G(‘P )eXP< VF(®")(¢7) 2V F@") (o', ¢ >)
x exp(—Q3/e")PH (dX)

can easily be expanded. Note that

un—l e|u||u|n

(n—1)! n!

(with u = —Q3/&?)

e”—(l—i—l—i-----l—
1!

and that QS =P+ + Qg“ . Thus, we have shown the main theorem
(Theorem 2.1).

7. Fractional order case: with an application to short time expansion. In
this section we consider an RDE, which involves a fractional order term of . As
a result, a fractional order term of ¢ appears in the asymptotic expansion. By time
change, this has an application to the short time problems for the solutions of the
RDE driven by fBRP.

First we see the scale invariance of fBRP. It is well known that, for 0 < ¢ < 1,
(cH wg )o<t<1 and w? have the same law. A similar fact holds for the law of
fBRP WH = (Wft)ofsftf 1. This is not so obvious from the scale invariance of
fBM w’, since fBRP W# is constructed via the dyadic partition of [0, 1].

PROPOSITION 7.1. Let H € (1/4,1/2) and 0 < ¢ < 1. Then, (C*H X
Wclzﬁct)ofsfzfl and WH have the same law.

PROOF. (i) Baudoin and Coutin showed this statement in [6].

(i1) Friz and Victoir [15] showed the following: If a sequence of partitions of
[0, 1] whose mesh tending to zero satisfies a condition called “nested,” then the lift
of w via this sequence gives the same W# again. Combining this result with the
scaling property of w!!, we can easily see the Proposition holds at least for ¢ € Q.
For ¢ ¢ Q, just take a limit. [J

Let H € (1/4,1/3) U (1/3,1/2). For simplicity, we consider the following
RDE:

(7.1) dYf =o(YS)edX, +VHAY ) dr,  YE=0.
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Here, o is as in Theorem 2.1, but we assume that a Cgo-function ﬁ :R" — R" and

the drift term is of this special form in this case. Set B(e, y) = gl/H ,3 (). We also
consider the following RDE, which is independent of ¢:

(7.2) dVi =o(Vy)dX, + B(V;) dt, Vo =0.

Basically, when we introduce randomness, we always set X = W# in (7.1)
and (7.2). Then, by the scale invariance of WH (see Proposition 7.1 below),
(Ve g1/m)o<s<r<1 and (Y7 )o<s<r<1 have the same law. In particular, for each

fixed T € (0, 1], the R"-valued random variables VOI’ rand (Y TH)(I)’1 have the same
law. Therefore, the short time asymptotics for VOIJ is related to the small asymp-
totics of (Y)!.

Let us fix some notation for fractional order expansions. For

M—{n + 2 nny=0.1,2 }
- 1 H 1, 2= L s>

let 0 =Ko < k1 < k2 < --- be all elements of M in increasing order. More con-
cretely, leading terms are as follows:

(K0, K1, K2, )
<012 Lo Lo s 2 ) it He(1/3,1/2)
= sy Ly &y T Y Ty ) R 1 ) s
H H H H

(7.3)
(ko, K1,K2,...)

1 1
=(0,1,2,3, —.,4, 14+ —,5,... if H e (1/4,1/3).
<01 b ’37H7 ’ +H$57 ’) 1 e(/ ’ /3)

As in the previous sections, we write Y* = dADS(sX), YE = @g(eX + y), and
¢ = (Y®)! for the solution of (7.1). By slightly modifying Theorem 3.2, we can
prove the (stochastic) Taylor expansion (around y) for

¢ =0 + 619" + 2P - 4 gt 4 REMHL,
In this case, ¢ satisfies the following ODE (in g-variation sense):
(74) d¢)=o(@)dy.  ¢3=0.
REMARK 7.2. Although (d/de)™|.—¢ does not operate on the right-hand side
of the following (formal) ODE,
(15 do =o(¢)deXi+y) + M P(@)dr,  T§ =0,

the proof of expansion in [19], which is similar to Azencott’s argument in [4], does
not use the e-derivative and can be easily modified to our case.
Roughly and formally speaking, the proof goes as follows. First, combine

¢(8) —¢0=8K1¢K1 4o ghmphm
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and the Taylor expansion of o and B around ¢;0 . Next, pick up the terms of order
am(m =1,2,...). Then, we obtain a very simple ODE of first order for ¢*» re-
cursively. This, in turn, can be used to rigorously define ¢“m. In the end, we prove
growth of the remainder term is of an expected order. (This part is nontrivial and
requires much computation.) Note that this method can be used both in integer
order and in fractional order cases.

In the same way as in the previous sections, we have the following modification
of the main theorem (Theorem 2.1).

THEOREM 7.3. Let the coefficients o :R" — Mat(n,d) and ,é:R” — R”
be Cp° and consider the RDE (7.1) with X = WH where H € (1/4,1/3) U
(1/3,1/2). For simplicity, assume (H1)-(H4) for any order m. Then, we have
the following asymptotic expansion as € \ 0: there are real constants ¢ and
Oy (= 00), ey, Ay, - . . SUCh that

E[G(Y*")exp(—F(¥®")/e?)]
= exp(—Fa(y)/%) exp(—c/e) - (e + iy 1 -+ + a0, €7 + O (£41))

for any m > 0.

REMARK 7.4. It is important to note that, in (7.3), indices up to degree two
(i.e., ko, K1, k2) are the same as in the previous sections. The most difficult part
of the proof of Theorem 2.1 is obtaining «g [or checking that «g € (0, o0) when
G = 1], in which the (stochastic) Taylor expansion of ¢ up to ¢? is used (see
Section 6.2). Therefore, the proof in Section 6.2 holds true without modification
in this case, too. Higher order terms are different in the fractional order case. But,
the argument in Section 6.3 is simple anyway and can easily be modified. Thus,
we can prove Theorem 7.3 without much difficulty.

As a corollary, we have the following short time expansion. In the following,
ev] denotes the evaluation map at time 1, that is, evy(x) = x; for an R"-valued
path x.

COROLLARY 7.5. Let the coefficients o :R" — Mat(n, d) and B:R” — R”
be Cp° and consider the RDE (1.2) above with X = WH  where H € (1/4,1/3)U
(1/3,1/2). Let f and g be real-valued C;°-functions on R" such that F :=
foevy and G := g o evy satisfy Assumptions (H1)-(H4). Then, we have the
following asymptotic expansion as t \ 0: there are real constants ¢ and G,(=
&0), O, s Cey, - - . SUCh that

E[g(Vy ) exp(—f (Vg ) /t*")]
= exp(—FA(y)/1*") exp(—c/t")

x (&Ko + &KltKlH 4+t &K"lthH + O(Z‘K’"“H))
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forany m > Q.

REMARK 7.6. Very roughly speaking, in [5, 34], they studied the sort time
asymptotics of the following quantity under mild assumptions:

E[g(Vy ).

If f is identically zero in Corollary 7.5, then it is the same short time problems
studied in [5, 34], at least formally. (It does not seem to the author that either [5,
34] or the Corollary 7.5 implies the other.)
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