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Abstract

We prove a change of variable formula for the 2D fractional Brownian motion of index H bigger or
equal to 1/4. For H strictly bigger than 1/4, our formula coincides with that obtained by using the rough
paths theory. For H = 1/4 (the more interesting case), there is an additional term that is a classical Wiener
integral against an independent standard Brownian motion.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction and main result

In [4], Coutin and Qian have shown that the rough paths theory of Lyons [13] can be applied to
the 2D fractional Brownian motion B = (B, B®) under the condition that its Hurst parameter
H (supposed to be the same for the two components) is strictly bigger than 1/4. Since this
seminal work, several authors have recovered this fact by using different routes (see e.g. Feyel
and de La Pradelle [7], Friz and Victoir [8] or Unterberger [18] to cite but a few). On the other
hand, it is still an open problem to bypass this restriction on H.

Rough paths theory is purely deterministic in essence. Actually, its random aspect comes
only when it is applied to a sample path of a given stochastic process (like a Brownian motion,
a fractional Brownian motion, etc.). In particular, it does not allow to produce a new alea. As
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such, the second point of Theorem 1.2 just below shows, in a sense, that it seems difficult to
reach the case H = 1/4 by using exclusively the tools of rough paths theory.

Before stating our main result, we need some preliminaries. Let W be a standard (1D) Brown-
ian motion, independent of B. We assume that B and W are defined on the same probability space
(2, F, P) with F =o{B} Vv o{W}. Let (X,) be a sequence of o{B}-measurable random vari-

ables, and let X be a # -measurable random variable. In the sequel, we will write X, SOl it
(Z,X,) law, (Z, X) for all bounded and o { B}-measurable random variable Z. In particular, we
see that the stable convergence imply the convergence in law. Moreover, it is easily checked that
the convergence in probability implies the stable convergence. We refer to [11] for an exhaustive
study of this notion.

Now, let us introduce the following object:

Definition 1.1. Let f:R> — R be a continuously differentiable function, and fix a time ¢ > 0.
Provided it exists, we define fé V f(By) - d B to be the limit in probability, as n — oo, of

L ax “Pk/n> Pr/n (k+1)/n° (1) (1)
L) =) > (Bi+1y/n = Biyn)
k=0
lnt]—1 %(B(l) B(2) ) + %(B(l) B(2) )
ay \Pk/n> Pk/n dy \Tk/n* T (k+1)/n () 2
+ Z 5 (B(k+1)/n — By)- (1.1)
k=0

If 1,,(t) defined by (1.1) does not converge in probability but converges stably, we denote the
limit by [y V f(By) - d*B;.

Our main result is as follows:

Theorem 1.2. Let f :R? — R be a function belonging to C® and verifying (Hg), see (3.1) below.
Let also B = (B, B®) denote a 2D fractional Brownian motion of Hurst index H € (0, 1),
and t > 0 be a fixed time.

1. If H > 1/4 then fot V f(By) - d By is well defined, and we have

t

f(Bt):f(O)‘i"/vf(Bs)'st- (1.2)

0

2. If H=1/4 then only fot V f(By) - d* By is well defined, and we have

t
Law

t
2
f(By) = f(O)+ Vf(Bs)-d*Bﬁ-M i (Bs) dW;. (1.3)
V2 ) 9xdy
0 0

Here, 014 is the universal constant defined below by (1.5), and fot 82f/8x8y(Bs) dW; de-
notes a classical Wiener integral with respect to the independent Brownian motion W.
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3. If H < 1/4 then the integral f(; By - d* Bg does not exist. Therefore, it is not possible to write
a change of variable formula for B,(I)Bt(z) using the integral defined in Definition 1.1.

Remark 1.3. 1. Due to the definition of the stable convergence, we can freely move each com-
ponent in (1.3) from the right-hand side to the left (or from the left-hand side to the right).
2. Whenever B denotes a one-dimensional fractional Brownian motion with Hurst index in

(0,1/2), it is easily checked, for any fixed ¢ > 0, that ZWJ Bk /n (Bk+1)/n — Bik/n) does not
converge in law. (Indeed, on one hand, we have

lnt|—1 lnt|—1 lnt|—1

Bri= > (Brivym—BEn)=2 D Bin(Batnym—Bem)+ Y. (Bustyn — Bin)’

k=0 k=0 k=0
and, on the other hand, it is well known (see e.g. [12]) that

lnt]—1
_ 2 L?
n?f-1 Z (Bie+1)/n — Bicn) 2t

o0

These two facts imply immediately that

lnt]—1

Lnt]—1
1
Z Bic/n (Bt 1)/n — Biyn) = 7 (ﬂfmm - Z (Bte+1y/n — ,Bk/n)2>

k=0 k=0
does not converge in law). On the other hand, whenever H > 1/6, the quantity

lnt]—1

1
> 5 (FBigm) + f Berryym) B vym = Biyn)

k=0

converges in L? for any regular enough function f:R — R, see [3,9]. This last fact roughly
explains why there is a “symmetric” part in the Riemann sum (1.1).
3. We stress that it is still an open problem to know if each individual integral

t t
0 0

/ —f(BS) d® Bs(l) and f —f(BS) d(*)B§2)
0x ay

0 0

could be defined separately. Indeed, in the first two points of Theorem 1.2, we “only” prove that
their sum, that is [j V f(By) - d* By, is well defined.

4. Let us give a quicker proof of (1.3) in the particular case where f(x,y) =xy. Let 8 be a
one-dimensional fractional Brownian motion of index 1/4. The classical Breuer—Major’s theo-
rem [1] yields:

=1 1
L] Law L~ stably

(ﬁ(ﬁ(k+l)/n_ﬁk/n) —1) = Z (Brr1 — Br)? —1) —>01/4W (1.4)
k=0

4l
§|

k=
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Here, the convergence is stable and holds in the Skorohod space & of cadlag functions on [0, 00).
Moreover, W still denotes a standard Brownian motion independent of § (the independence is a
consequence of the central limit theorem for multiple stochastic integrals proved in [17]) and the
constant oy /4 s given by

1 2
o1 4 1= 5]2(\/|k+1|+\/|k—1|—2 k| ) < o0. (1.5)

Now, let ,g be another fractional Brownian motion of index 1/4, independent of 8. From (1.4),
we get

|nt]—1

[

lnt]—1

1 ~ ~

(ﬁ Y (VrBariyn = Biyn) = 1), (VrBiks1y/n — Bim)* — 1))
k=0

Sl-
S

»A

I

o

stably ~
— o1/4(W, W)
n—oo

for (~ W, VT/) a 2D standard Brownian motion, independent of the 2D fractional Brownian motion
(B, B). In particular, by difference, we have

[n-]-1
1 5 ~ ~ 9y Stably O7/4 ~ Law 01/4
5 kX:(:) (Be+1y/n = Brym)™ = Bortyyn = Biyn)™) =5 =~ (W = W) '= WA

Now, set B = (8 + B)/+/2 and B® = (B — B)/+/2. 1t is easily checked that B") and B®
are two independent fractional Brownian motions of index 1/4. Moreover, we can rewrite the
previous convergence as

ln-|—1

(1) (1) 2) (2) \ stably O71/4
Z (B(k+1)/n - Bk/n)(B(k+1)/n - Bk/n)njgo ﬁW, (1.6)
k=0

with BV, B® and W independent. On the other hand, for any a, b, ¢, d € R:
bd —ac=a(d—c)+cb—a)+ (b —a)(d—-c).

Choosing a = B,E})n, b= B c = B®? and d = B?

(k+1)/n> k/n (Uet-1)/n and summing for k£ over
0,...,|nt] — 1, we obtain

Lnt]—1
(D 2 _ (D 2 (2 2 (D (D
BLmJ/nBLntJ/n - Z Bk/n (B(k+1)/n - Bk/n) + Bk/n (B(k+1)/n - Bk/n)

k=0
lnt]—1

1 2 2
+ Z (B((lgrl)/n o BIE/)n)(B((k—)H)/n - B;E/L)- (1.7)
k=0
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Hence, passing to the limit using (1.6), we get the desired conclusion in (1.3), in the particular
case where f(x, y) = xy. Note that the second term in the right-hand side of (1.7) is the discrete
analogue of the 2-covariation introduced by Errami and Russo in [6].

5. We could prove (1.3) at a functional level (note that it has precisely been done for f(x, y) =
xy in the proof just below). But, in order to keep the length of this paper within limits, we defer
to future analysis this rather technical investigation.

6. In the very recent work [15], Réveillac and I proved the following result (see also Burdzy
and Swanson [2] for similar results in the case where g is replaced by the solution of the stochas-
tic heat equation driven by a space/time white noise). If 8 denotes a one-dimensional fractional
Brownian motion of index 1/4 and if g: R — R is regular enough, then

n—1 1 1

1 Sta 1
7 Zg(ﬁk/n)(x/ﬁ(ﬁ(kﬂ)/n — Biyn)? — 1)n%>i ng”(ﬂs)ds + 01/4/g(ﬁs)dWs (1.8)
k=0 0 0

for W a standard Brownian motion independent of S. Compare with Proposition 3.3 below. In
particular, by choosing g identically one in (1.8), it agrees with (1.4).

7. The fractional Brownian motion of index 1/4 has a remarkable physical interpretation
in terms of particle systems. Indeed, if one consider an infinite number of particles, initially
placed on the real line according to a Poisson distribution, performing independent Brownian
motions and undergoing “elastic” collisions, then the trajectory of a fixed particle (after rescaling)
converges to a fractional Brownian motion of index 1/4. See Harris [10] for heuristic arguments,
and Diirr, Goldstein and Lebowitz [5] for precise results.

Now, the rest of the note is entirely devoted to the proof of Theorem 1.2. The Section 2 con-
tains some preliminaries and fix the notation. Some technical results are postponed in Section 3.
Finally, the proof of Theorem 1.2 is done in Section 4.

2. Preliminaries and notation

We shall now provide a short description of the tools of Malliavin calculus that will be needed
in the following sections. The reader is referred to the monographs [14,16] for any unexplained
notion or result.

Let B = (Bt(l), Bt(z)),e[o,T] be a 2D fractional Brownian motion with Hurst parameter be-
longing to (0, 1/2). We denote by ‘H the Hilbert space defined as the closure of the set of step
R2-valued functions on [0, T'], with respect to the scalar product induced by

(0.1 10,620 go,sy1 Ljo.52)))5y = R (11, 51) + R (12, 82),  si,1i €10, T, i = 1,2,

where Ry (t,s) = %(IZH + s2H — |t — 5|2, The mapping (110,71, 1{0,]) = Bt(ll) + Bt(zz) can
be extended to an isometry between H and the Gaussian space associated with B. Also, $ will
denote the Hilbert space defined as the closure of the set of step R-valued functions on [0, 7],
with respect to the scalar product induced by

(Ljo.e1, Ljo.s1) 59 = Ru(t,s), s,t€[0,T].
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The mapping 1j0 ;) — Bt(i) (i equals 1 or 2) can be extended to an isometry between §) and the
Gaussian space associated with B,
Consider the set of all smooth cylindrical random variables, i.e. of the form

F=f(B@1),....B(gr)), @¢ieH, i=1,... Kk, 2.1)

where f € C* is bounded with bounded derivatives. The derivative operator D of a smooth
cylindrical random variable of the above form is defined as the H-valued random variable

k
Z a—f (B(@1), ..., B(gr))gi = (Dgny F, Dy F).

In particular, we have
DB(i>B,(j) =;j1j0,q fori,je{l,2}, and §;; the Kronecker symbol.

By iteration, one can define the mth derivative D™ F (which is a symmetric element of
L2(.{2, H®™Y)) for m > 2. As usual, for any m > 1, the space D™-2 denotes the closure of the
set of smooth random variables with respect to the norm || - ||, 2 defined by the relation

m
IFI2,=EIF?+Y E|D'F|3 e
i=1

The derivative D verifies the chain rule. Precisely, if ¢ : R” — R belongs to @! with bounded
derivatives and if F;,i =1,...,n,arein D2, then o(F1,..., Fy) € D2 and

n

dg
Dy(Fi, ..., Fy) :ZE(FI,...,FH)DFi.
i=1 '

The mth derivative D’g(i) (i equals 1 or 2) verifies the following Leibnitz rule: for any F, G €
D™-2 such that FG € D2, we have

m m-—r
(DB(t) _____ Z (l)F ,,,,, Sy (DB(i) G)u1 ..... Um—r’
tie[O,T], 1:1,...,m, (2.2)
where the sum runs over any subset {s1, ..., s} C {f1, ..., t,} and where we write {t1,...,t,}\
1, ccseh={ur, oo um—r )

The divergence operator § is the adjoint of the derivative operator. If a random variable u €
L*(£2, H) belongs to dom 8, the domain of the divergence operator, then §(«) is defined by the
duality relationship

E(F3(u))=E(DF,u)y

for every F € D12,
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For every g > 1, let H, be the gth Wiener chaos of B, that is, the closed linear subspace of
L%(£2, A, P) generated by the random variables {Hy;(B(h)),h € H, ||h|l = 1}, where H, is the

gth Hermite polynomial given by H, (x) = (—1)4 exz/ 2 % (e_xz/ 2). The mapping
1;(h®7) = Hy(B(h)) (2.3)

provides a linear isometry between the symmetric tensor product H®? (equipped with the modi-
fied norm ﬁ | - l¢®¢) and H,. The following duality formula holds

E(Fl,(f))=E((DF, f)18q) (2.4)
for any f € H®? and F e D2, In particular, we have

E(FI{7(9) = E((Dy F. 8)geq)s i=1.2, 2.5)

for any g € H©7 and F € D?2, where, for simplicity, we write Ié’) (g) whenever the correspond-
ing ¢th multiple integral is only with respect to B,

Finally, we mention the following particular case (actually, the only one we will need in the
sequel) of the classical multiplication formula: if f, g € $,qg > 1 andi € {1, 2}, then

q
10 (£ 17 (s%9) Zr()lé’q) 2 (F27 @ g®T7) (£, 8- (2.6)

r=0
3. Some technical results

In this section, we collect some crucial results for the proof of (1.3), the only case which is
difficult.
Here and in the rest of the paper, we set

AB) =BQ =B S = limernym and  exsn = 1ok/m).

foranyi e{l,2}andk €{0,...,n —1}.
In the sequel, for g: R?> — R belonging to €7, we will need assumption of the type:

a+b

09t%g p
H sup F|—— B(l), B® <0
( q) se[Opl] axaayb( s s )

for all p > 1 and all integers a, b > 0 such thata + b < q. 3.1)

We begin by the following technical lemma:

Lemma 3.1. Let B8 be a 1D fractional Brownian motion of Hurst index 1/4. We have

1) |E(,Bii(,3t — B < VIt —s|forany0<r, 5,1 <1,
(i) D % 7—o [(€1/ns Sk/n) ] = 0m),

(i) Y20 1St/ Stm) s |” = O(n'=""2) forany r > 1,
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(V) Y320 Hewsns Srn)s + 5751 = 0D,
V) ko Her/n, Sk/n) — ﬁ|H=OO 0 (1//n).

Proof. (i) We have

E(B-(Bi — Bs)) = (f Vs) + (Jls—r|—¢|r—r|)-

Using the classical inequality |/|b] — «/la|| < +/|b — a], the desired result follows.
(i1) Observe that

(&1/ns Sk/n) sy = f(¢k+ —Vk=lk+ 1 =1+ 1k =1)).

Consequently, for any fixed [ € {0, ...,n — 1}, we have
n—1 1 1 -1 n—1
s Ok /n <-4+ —= l—k—~Nl—k—1+1 k—I1+1—~k—1
> et 8sm) 5] 2+2\/ﬁ<2\/ Vv +1+ > Vhk—l+1-+ )
k=0 k=0 k=I+1
1
_5 \/—(\/»—'_ ~n_)

from which we deduce that supy<;<,,_1 ZZ;(I) {&1/n> Sk/m) 5] = O(1). It follows that
NUS n—o00

n—1 n—1

, 0 < , 0 = O0(n).
k;::o“el/n k/n) 6| %g?g 1I§|8l/n k/n)$ ‘_mo (n)

(iii) We have, by noting p(x) = %(\/|x + 1]+ Ix — 1] = 2/]x]):

n—1 n—1
Y s Srgmda | =0T " |p" A= <n' TN 0" (k).
k,1=0 k,1=0 keZ

Since ) .z Ip" (k)| < 0o if r > 1, the desired conclusion follows.
(iv) is a consequence of the following identity combined with a telescopic sum argument:

(VEFT-A).

)
{ek/n k/nsa+2f 2[

(v) We have

(6k/ns Sk/n) G — i‘ = ﬁ(vlﬂr 1= VE)|Vk+1-Vk-2|.

4n
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Thus, the desired bound is immediately checked by combining a telescoping sum argument with
the fact that

1

Vk+1-vk=2|=|——— —2|<
| | VEk+1+Vk

Also the following lemma will be useful in the sequel:

Lemma 3.2. Let o > 0 and g > 2 be two positive integers, g : R*> — R be any function belonging
to C%4 and verifying (Hyy) defined by (3.1), and B = (B M BD@Y be a 2D fractional Brownian
motion of Hurst index 1/4. Set

n—1
V=S (8L B2 (380 082
k=0

where H, denotes the qth Hermite polynomial defined by H,(x) = (—l)qexz/Z%(e_xz/z).
Then, the following bound is in order:

E(1Vul*)=0(n'"*7%) asn — co. 3.2)

Proof. We can write
E(|Val?)
=n"1/2 f E[s(Biyn- Bip)g (Bl Bij) (ABg),)* (ABy)°
k,1=0
x Hg (”1/4ABIE%)H61 (”1/4ABZ(/2;)1)]
= f E[2(Bin Bipn)8 (Bija: Bii) (ABgj) (ABy) 12 (35) 17 (3777)]

2.3
( )k,l:0

q 2 n—1
q
= n(7) X Ele(s B5)e (5 )
) (MBI Iy, (8 @808 )| (ksms 81/,
(I 22 (e R (e R
—)Zr' E<DB<2> (g(Bk/n’Bk/n)g(Bl/n’Bl/n)

X (ABIS)n)a(ABz(/lr);)a)’ 5/%_r ® 5§Z_r>55®2q—2r (8k/ns S1/n),
n—1

q 2 b

q (a +b)! d'g¢ . 1) 2 \4°8 ) L2

A E(LE(BM p@YLE gD p

(2.2)2_:” (r> _z: a'b! 2_: dya( k/n k/n) dyb( l/n l/n)
r=0 a+b=2q—2r k,1=0
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(D (D ®b ®q—r ®q—r
(ABk/n) (ABl/n) )(261 2r)! <8k/n €l/n> (Sk/n ® 31/;1 >5®2q72r {8k /n 5l/n>fﬁ
(3.3)
Now, observe that, uniformly in k,/ € {0, ..., n — 1}:

Qb ®q—r ®q—r . (o — .
<8k/n®gl/n’5k/n ®5[/n >ﬁ®2q72rn:oo0(n (g r))’ see Lemma 3.1(1),

d’g d’g B
‘E(W(B/SL,B,E%)@ (B, B2)(AB))" (ABI(/IQ)) _ o), use (Hay).

n—>oo

and, also:
n—1
Z (Bk/n»1/n)s = O(nl_r/z) for any fixed r > 1, see Lemma 3.1(iii).
k,1=0

Finally, the desired conclusion is obtained by plugging these three bounds into (3.3), after having
separated the casesr =0and r =1. O

The independent Brownian motion appearing in (1.3) comes from the following proposition.
Proposition 3.3. Let (8, E) be a 2D fractional Brownian motion of Hurst index 1/4. Consider

two functions g, 3 :R> — R belonging in C*, and assume that they both verify (Hy) defined by
(3.1). Then

n—1
(Gn,Gp) = (—Z (Bi/ns Biyn) (/1 ABksn)* — 1),
it
TZ Z(Bi/ns Breyn) (V1 (ABrsn)? —1))
: 1 [ l
stabl ~ 3 1 8. W
ntjo{ (61/4/g(/3s,ﬁs)dWs+1/ﬁi(ﬂs’ﬁs)ds’al/4/g(/3s,/3s)dws
0 0 0

1 1a2~
*4/3 % (B, Bds ),

where (W, W/) is a 2D standard Brownian motion independent of (B, E), and 01,4 is defined by
(1.5).

In the particular case where g(x, y) = g(x) and g(x, y) = 2(y), the conclusion of the propo-
sition follows directly from (1.8). In the general case, the proof only consists to extend literaly
the proof of (1.8) contained in [15]. Details are left to the reader.
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4. Proof of Theorem 1.2
We are now in position to prove our main result, that is Theorem 1.2.

Proof of the third point (case H < 1/4). Firstly, observe that (1.4) is actually a particular
case of the following result, which is valid for any fractional Brownian g with Hurst index H
belonging to (0, 3/4):

ln-]—1
stably
—= > (0 (AByw)® —1) — onW
n k=0
with W an independent Brownian motion and oy > 0 an (explicit) constant. By mimicking the
proof contained in the fourth point of Remark 1.3, we get, here, for any H € (0, 3/4),

ln-]—1
bl

k/"n—>oo \/_

But, see (1.7), the existence of fo B - d* B would imply in particular that ZL"J : AB,SLAB,E?”
converges in law as n — oo, which is in contradiction with (4.1) for H < 1/4. The proof of the
third point is done.

Proof of the second point (case H = 1/4). For the simplicity of the exposition, we assume
from now that ¢ = 1, the general case being of course similar up to cumbersome notation. For
any a, b, c,d € R, by the classical Taylor formula, we can expand f(b,d) as (compare with

(1.7)):

1 1
fla,0)+d1f(@,0)b—a)+df(a,0)d =)+ 501 f(a, )b - a)’* + S fla od - ¢)?
1 1
+ g fa, - a)® + s [(a,0)(d - ¢)?

1 1
+ ﬂamlf(a )b —a)* + ﬁazzzzf(a o)(d —c)*

1 1
tof@.ob—a)d—c+ 50 fla.c)b- a)’(d —c) + s fla, o) —a)d- c)?

1
+ 2 f(a, o0 —a)*(d —¢)

1 1
+ i f(a,e)b - a)*(d —c)* + s fla,ob-a)d- ¢)? (4.2)

plus a remainder term. Here, as usual, the notation 91,12, 2 f (where the index 1 is repeated k
times and the index 2 is repeated / times) means that f is differentiated k& times with respect
to the first component and / times with respect to the second one. By combining (4.2) with the
following identity, available for any & : R — R belonging to C*:
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h/ b 1h// b 2 lh/// b 3 1 h//// b 4
(a)( —a)+§ (a)(b—a) te (a)(b—a) by (a)(b—a)

_ h' (a) 4+ K’ (b)

1 1
> (b—a) — Eh’”(a)(b —a)’ - ﬂh””(a)(b — a)* + some remainder

we get that f (b, d) can also be expanded as

1
fla, o)+ E(alf(a, ¢) + 01 f (b, 0)) (b —a)

13 b—a)’ la b—a)*
13 1 fa,c)b—a) by 1 fa,c)b—a)

1(32f(6l )+ f(a,d)d—c)— i3222]”(61 o)(d —c)® — i32222]”(61 o)d—o)*
12 24

1 1
+f(a,¢)(b—a)d =) + S f(a, )b - a)’(d — o) + S fa,e)(b—a)d - ¢)?

1 3 1 2 2
+ —dnn2fla,c)(b—a)’(d—c)+ Zallzzf(a, c)(b—a)(d—oc)

6
1

+ o f@ b —ad-c)’ (4.3)
plus a remainder term.

. 1 1 2 2 . :

B‘y setting a = B,E/L, b= B((kzrl)/n’ c= BIE/L and d = B((kll)/n in (4.3), apd by summing .the
obtained expression for k over O, . — 1, we deduce that the conclusion in Theorem 1.2 is a
consequence of the following convergences:

n— 2 3 1
0= Yo £ (80, BB 2 - [onns (0. 5)as. @
n—00
= 0
— 1 2 1)\4 L2 1
7 =D o f (B Bun) (AB)” - /amlf BV, B®)ds, (4.5)
_ 3 1
3) . 1 @) @3 L 1 2
S =D 92 f (Byjys Buyn) (ABy)” = ——famzf B, B?) ds, (4.6)
= 0
_ 1
4 L?
S\ = f (Byy Biyy) (AB)" =3 f b f (B, BY) ds. (4.7)
. 1
5. g p®@ (1) A @ stably O1/4 ) pQ
S =) 812f By Bipn) AByju AByjy, — 7 d12f (BY, B?)dw,
0
. 1
4y [ (8. 80) as (4.8)
0
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n—1 1
1 2 1)\2 2y 2 1
S\ =Y 012 f (Bip By (AByj)” AB, — —5/311221”(35”»352))‘1& (4.9)
k=0

kin 50
0

n—1 1
7. 1) Q@) 1) @y2 2 1 ) @
Sr(l )= z :alzzf(Bk/n’ Bk/n)ABk/n(ABk/n) njgo_i/-allzzf(Bs( )’ B.g )) ds, (4.10)

n—1 ) 1
5= Y o s (8, B (3B (885)° 25 [ a1ms (B0, B®) s, @11
0

k=0
— 3 Prob
9 ._ 1) RO ) ) Pro
S =" 01112f (B Biyn) (ABy) AB, — 0, (4.12)
k=0
n—1 3 Prob
10) ._ D) @\ A D) (A p@13 Pro
SU = " 0122 f (Byyy» Biyn) ABy (ABy ) — 0. (4.13)

k=0

Note that the term corresponding to the remainder in (4.3) converges in probability to zero due
to the fact that B has a finite quartic variation.

Proof of (4.4), (4.6), (4.9) and (4.10). By Lemma 3.2 with ¢ = 3 and o = 0, and by using the
basic fact that

(23 —3/4 1/4 A p(2 2)
(ABy,) =n""*Hs(n" ABk/n)—|—ﬁABk/n, (4.14)
we immediately see that (4.6) is a consequence of the following convergence:
1 n—1 12 1 1
. 1 p@ 2 _ () p@
7 I;amf(Bk/n, Bin) ABy = =3 f 900 f(BY, BP) ds. (4.15)
= 0
So, let us prove (4.15). We have, on one hand:
n—1 2
) p@ 2
E Jn kZ_:O 8222f(Bk/n’ Bk/n)ABk/n
1 n—1
) p@ () p@) 2 2)
= ; E(azzzf(Bk/n’ Bk/n)azzzf(Bl/n’ Bl/n)ABk/nABl/n)

k,1=0

1 n—1

1 2 1 2)\ (2
= E(azzzf(Blg/L, B,E/),,)azzzf(Bl(/,za Bz(/r),)lz( )(3k/n ® 81/n))
k,1=0
n—1

1 e ) L2
+ ; E(8222f(31§/31a B/E/L)8222f(Bl(/,1, Bl(/,),)) <5k/na 8l/n)f)
k,1=0
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1
= Z E(azzzzzf(B,%, B,E%)azzzf(Bl(/]z, B,(/ZZ))(Sk/n, 8k/n) 5 (Ek/ns Oi/n) $

1 1 2 D L
+ o Z E(azzzzf(B,f/L, B,E/),,)azzzzf(Bl(/,i, Bl(/,i))<8k/n, Sk/n) 9 (€1/ns S1/n) 5
k,1=0

n—1

1 1 2 e
+ - Z E(azzzzf(Blg/),,, B,E/L)azzzzf(Bl(/,)l, B,(/,i))<81/n, Sk/n) 5 €k/n> O1/n) 5
k=0

—

n—

Z E(azzzf(B,SL, Bg)n)azzzzzf(Bl(/li, Bl(/z,z))@l/na 8k/n) 5 (El/ns S1/n) %
k=0

S| =

+
1«
= > E(00f (B By )dma f (Bjo. Bija)) en. d1yn)s
k,1=0

=a™ +b" + ™ +a™ 4",

Using Lemma 3.1(i) and (ii), we have that ™, ¢™ and d™ tends to zero as n — oco. Using
Lemma 3.1(iii), we have that ¢ tends to zero as n — oo. Finally, observe that

p™

3
|

1

1
=03 2 E(02f (Bijy, Bijy) 92 f (B, BJ,))
k.l

Il
o

n—1 1

kgoE(azzzzf(B’S)’” 3’227)82222][(31(/131’ Bl(/zli))<<gl/n, Si/n)s + m)

p—

Q‘

_2n n

3
|
—_

+

S| =

1
E(32222f(31521, B,S),,)azzzzf(Bl(/l,), Bl(/z,i))(@k/n’ Sk/n) s + —) (€1/n>81/n) 5

2Jn

k.l

Il
o

Therefore, using Lemma 3.1(i) and (iv), we have

2
=F

2

E +o(1). (4.16)

1 n—1 1 n—1
1O @ ) 1 R?
ﬁ Z 3222f(Bk/n’ Bk/n)ABk/n m Z 32222f(Bk/n’ Bk/n)
k=0 k=0

On the other hand, we have

1 n—1 (_1) n—1
(1 (2 (2 1 p®@
E(ﬁ Z 8222f(Bk/n’ Bk/n)ABk/n "o Z 82222f(Bl/n’ Bl/n)
k=0 1=0

n—1

1
=~ kJZZO E (9222 (Bgjy» Biyn) 922221 (Bl B1n) ABi)
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1 n—1
NG Z E(32222f(31521, B,%)azzzzf(Bl(/l,i, Bl(/z,z))@k/n, Sk/n) 6
k,1=0

2n

E(azzzf(B,SL, B,E%)azzzzzf(Bl(/l,)l, Bl(/z,),))(el/n, Sk/n)$

= E(d00 f (31521 B/E%)aZZZZf (Bl(/lr)z’ Bz(/zzb)

1 n—1 1
1 p@ 1 pQ
2ny/n k;oE(azzzzf(Bk/"’ Bin) 02221 (B Bl/n))<<8k/”’ 8i/n) g + 2ﬁ)

1 n—1
s 3 i (5 B o 0B s

We immediately have that the second (see Lemma 3.1(iv)) and the third (see Lemma 3.1(i1))
terms in the previous expression tends to zero as n — oo. That is

—1 n—1
13 ) @ =D N
E\—= Za222f(3k/n’ Bk/n)ABk/n "o, 232222f(31/n’ Bl/n)
v k=0 e
2

1 n—1
1) p@)
—E %];azzzzf(Bk/n,Bk/n) +o(1). (4.17)

We have proved, see (4.16) and (4.17), that

2

E — 0.

n—oo

1 n—1 1 n—1
1 p@® (2) 1 pQ)
ﬁ Z 8222f(Bk/n’ Bk/n)ABk/n + % Z 82222f(Bk/n’ Bk/n)
k=0 k=0

This implies (4.15).
The proof of (4.4) follows directly from (4.6) by exchanging the roles played by B and
B On the other hand, by combining Lemma 3.2 with the following basic identity:

(ABS)

1
k/n)z _ —nHz(n]/4AB(2)

1
Jn k/n) + N

we see that (4.10) is also a direct consequence of (4.15). Finally, (4.9) is obtained from (4.10) by
exchanging the roles played by B and B®.

Proof of (4.5), (4.7) and (4.11). By combining Lemma 3.2 with the identity

4 1 6 3
(AB,)" = —Ha(n " ABg, )+~ Hy(n'*ABL) + -
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we see that (4.7) is easily obtained through a Riemann sum argument. We can use the same
arguments in order to prove (4.5). Finally, to obtain (4.11), it suffices to combine Lemma 3.2
with the identity

(1 @) o1 () an p@y , L 174 A p(D
(ABk/n) (ABk/n) =T Jn (ABk/n) Hy(n'/ AB,) + ;HZ( / AB )
Proof of (4.12) and (4.13). We only prove (4.13), the proof of (4.12) being obtained from (4.13)

by exchanging the roles played by B()) and B®. By combining (4.14) with Lemma 3.2, it
suffices to prove that

(2) Prob

1) p@ (1)
Zalzzzf By jn> Biyn) ABijn ABiy — 0.

n—oo

But this last convergence follows directly from Lemma 3.3. Therefore, the proof of (4.13) is
done.

Proof of (4.8). We combine Proposition 3.3 with the idea developed in the third comment that
we have addressed just after the statement of Theorem 1.2. Indeed, we have

(D (@) (D 2
ZaIZf Bk/n’Bk/n) By ABy,

n—1

1 n B n n_~ n
—nzanf(ﬁk/ + Bryn Brin = Bry )(\/H(A,Bk/n)z—l)

RN V2 V2
1 2 Ben + Beyn Bijn — Ek/n) 7\
N_Za f( N A A

for B = (BM + B(z))/ﬁ and E: (B — B(z))/\/i. Note that (8, E) is also a 2D fractional
Brownian motion of Hurst index 1/4. Hence, using Proposition 3.3 with g(x, y) = 2(x, y) =
f(”y = y) we get

(D ) (D 2)
Zauf Bk/n’Bk/n) By AB,

1 1
tably 1
s 7/ f d12f (B, BR)Yd(W — W), + 7 f iz f(BY, BP)ds

n—o0
0

1

0
1
Law O1/4 1
éW—/‘/312]”(195(1),Bs(z))dWs+4/81122f( B, B?)ds,
0 0

for (W, VT/) a 2D standard Brownian motion independent of (g, E)_ The proof of (4.8) is done.
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Proof of the first point (case H > 1/4). The proof can be done by following exactly the same
strategy than in the step above. The only difference is that, using a version of Lemma 3.2 together
with computations similar to that allowing to obtain (4.15), the limits in (4.4)—(4.11) are, here,
all equal to zero (for the sake of simplicity, the technical details are left to the reader). Therefore,
we can deduce (1.2) by using (4.3).
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