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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.
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1 Introduction and main result

In [}, Coutin and Qian have shown that the rough paths theory of Lyons [[[1]] 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 [fi], Friz and Victoir [§] or Unterberger [[7] 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 singular 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
such, the second point of Theorem [[.9 just below shows, in a sense, that it seems difficult to reach
the case H = 1/4 by using exclusively the tools of the rough paths theory.

Before stating our main result, we need the following definition:

Definition 1.1 Let f : R? — R be a function belonging in €', and fix t > 0. Provided it exists,
we define fg Vf(Bs) - dBs as the limit in probability, as n — oo, of

[nt]—1 ﬂ(B(l) ,B(Q) ) + ﬂ(B(l) ,B(2) )
k=0
[nt] -1 ﬂ(B(l) B®? ) + ﬂ(B(l) B? )
Oy \"k/n’ Tk/n oy \"k/n 7 (k+1)/n (2) (2)
+ kzo 5 (Biois)/m = Bin)- (1.1)
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If we only have that the random couple ((Bs)sejo: In(t)) converges in law in €([0,1]) x R, we

denote the limit by
t
<(BS)86[O,t]=/O Vf(Bs) - d*BS> .

Theorem 1.2 Let f : R? — R be a function belonging in 6® and verifying (Hg), see ([5.14) below.
Let also B = (BM, B®)) denote a 2D fractional Brownian motion of Hurst index H € (0,1), and
let t > 0 be a fized time.

1. If H > 1/4 then fg V f(Bs) - dBs is well-defined, and we have

Our main result is as follows:

t
£(B) = 1O + | VI(B,)-db. (12)
2. If H=1/4 then only fg V f(Bs) - d*Bs is well-defined, and we have
Liw t . 1/4 t 32f
f(By) = f(0) —l—/o Vf(Bs)-d*Bs+ G (%Uay(B s)dWs. (1.3)

Here, 01,4 is the universal constant defined by ([L.3)(see below), while fg 0%f/oxoy( Bs)dW
denotes a classical Wiener integral with respect to a (1D) standard Brownian motion W
independent of B.

3. If H < 1/4 then the integral fg B - d*Bs does not exist. Therefore, it is not possible to
write a change of variable formula for Bt(l)B?) using the integral defined in Definition [

Remark 1.3 1. Due to the definition of fg V f(Bs) - d*Bs, we see that we can freely move
each component in ([.) from the right hand side to the left (or from the left hand side to
the right).

2. When £ denotes a one-dimensional fractional Brownian motion with Hurst index in (0,1/2),

it is easily checked, for any fixed ¢ > 0, that > ,E’:éfl Br/n (ﬂ k1) /n— Bk /n) does not converge
in law. (Indeed, on the one hand, we have

[nt]—1 [nt]—1 [nt]—1
Blnt s = Z (Bfis1ym — Bim) = Z Bren (Bek+1)n — Brom) + Z (Bes1)/n 5k/n)
k=0 k=0

and, on the other hand, it is well-known that
[nt]—1

n?H1 Z (B, 5k/n) £
k=0

n—oo

These two facts imply immediately that

[nt]—1 1 |nt|—1
Z Breyn (Bes1yn — Brm) = 5 BfmJ/t - Z (Be+1)/n ﬁk/n)
k=0 k=0



does not converge in lavv). That is why we need to introduce a “symmetric” part in

our definition of the Riemann sum ([L.1]). Indeed, if H > 1/6, then LTJ ti 3 (f(Bryn) +

f(ﬂ(kﬂ)/n)) (ﬁ(k_u ﬁk/n) converges in L? for any regular enough functlon fR—=R,
see [{] and

3. We stress that it is still an open problem to know if each integral fot %(Bs)d(*)Bgl) and

g g—g(Bs)d(*) BgQ) could be defined separately. Indeed, in the first two points of Theorem

.3, we “only” prove that their sum, that is fot Vf(Bs) -d™ By, is well-defined.

4. Let us give a quicker proof of ([.J) in the particular simple case where f(z,y) = zy.
Indeed, let 3 be a one-dimensional fractional Brownian motion of index 1/4. The classical
Breuer-Major’s theorem [l]] yields:

[n-]—1 [n]-1
1 2 Law 1 2 9
7 > (VABryn—Brm) 1) = NG S (Br =B =1) = o1 W. (1.4)
k=0 k=0
Here, W denotes a standard Brownian motion independent of 3 (note that the indepen-
dence’ is an immediate consequence of the central limit theorem for multiple integrals
proved in Peccati and Tudor [[1f]), the constant o/, is defined by

014 = %Z<\/|k+1|+\/|k—1|—2 |k|>2<oo, (1.5)

kEZ

and the convergence in law holds in the Skorohod space & of cadlag functions on [0, c0).
Now, let 8 be another fractional Brownian motion of index 1/4, independent of 3. From
([L.4), we get

1 n—1
(ﬁ ,;;; (VrBiks1y/n = Brym)?* = 1), Z 1B s1y/n — Bryn)? — 1))

92
— o4 (W, W)
n—oo
for (W, W) a 2D standard Brownian motion, independent of the 2D fractional Brownian
motion (3, 6) In particular, by difference, we have

)1
1 - 9 01/4 Law 71/4
2 2 ((Birr1y/m — Bijm)® = Biis1)/n — Brym) )nj(;o 5 (W —-w) 2 /3 w.

Now, set BY = (3+ 3)/v2 and B® = (38— (3)/v/2. It is easily checked that B(") and B®2)
still are two 1ndependent fractional Brownian motions of index 1/4. Moreover, we deduce
from the previous convergence that

[n-]—1

M M)\ p® (), 2, 014
D By = Buyn) Bicinym = Biw) =2, 5 W (1.6)
k=0

tMore precisely, this means that the couple (ﬁ, ﬁ Zkz(fl (\/ﬁ(ﬁ(kﬂ)/n - Bk/n)2 - 1)) converges in
law to (3,01/4W) with § and W independent.



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

Choosing a = (/) b= B((I?H)/n’ c = B](f/)n and d = B((Ii)ﬂ)/ , and suming for k over
, [nt] — 1, we obtain

[nt]—1
1) (2) — (2 (2) (2) (M) (1)
|_ntJ 1
(1) (1) (2) (2)
+ Z (Bi1y/m = Brjm) (Bii1ym — Bijm)- (1.7)

Thus, passing to the limit using ([[.), we get the desired conclusion in ([[.J), in the particular
case where f(z,y) = zy. Note that the second term in the right-hand side of ([.7) is the
discrete analogue of the 2-covariation introduced by Errami and Russo in [f].

5. We could prove ([.3) at a functional level (actually, it has be done for f(z,y) = zy 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 a very recent work, Nourdin and Réveillac [[4] proved the following result (see also
Burdzy and Swanson [ for similar results in the case where 3 is replaced by the solution
of the stochastic heat equation driven by a space/time white noise). If 5 denotes a one-
dimensional fractional Brownian motion of index 1/4 and if g : R — R is regular enough,
then

1
Law 1

n—1 1
%Zg(ﬂk/n)(\/_(ﬁ(kdrl —Brm)?—1) = 9'/(ﬂs)d8+01/4/0 9(Bs)dWs (1.8)
k=0

nﬂooZ 0

for W a standard Brownian motion independent of 3. Compare with Proposition B.3 below.
In particular, for g choosed identically one in ([L.§), note that it agrees with ([L.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 Brow-
nian 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 [[L0]
for heuristic arguments, and Diirr, Goldstein and Lebowitz [[j] for precise results.

Now, the rest of the note is entirely devoted to the proof of Theorem [[.3 The Section 2
contains some preliminaries and fix the notation. Some technical results are postponed in Section
3. Finally, the proof of Theorem 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 [[[J] and [[[f] for any unexplained
notion or result.

Let B = (Bgl),Bgz))tE[O,T] be a 2D fractional Brownian motion with Hurst parameter be-
longing in (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

((Lj0.17: Ljo,t]) 5 (L10,51]5 1[0,32})>H = Ry (t1,s1) + Ru(t2,s2), si,t; €[0,T], i=1,2,

where Rp(t,s) = 1 (1 + 21 — [t — s?H). Also, $ denotes 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

<1[0,t},1[0,s}>5§ :RH(t’ S)a s,t € [OaT]

Consider the set of all smooth cylindrical random variables, i.e. of the form
F=f(B(e1),....Bler), wi€H, i=1,...k, (2.9)

where f € €>°(R¥;R) 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
DF = Z af, (B(#1), - Bler)) @i

By iteration, one can define the mth derivative D™F (which is an element of L?(Q, H®™)) for
m > 2. As usual, for any m > 1, the space D2 denotes the closure of the set of smooth random
variables with respect to the norm || - ||,;,,2 defined by the relation

m
I1F| o = EIFP? + ) E|D'F|3e:.
i=1
In particular, if Dy F' designates the Malliavin derivative with respect to B (@) we have
Dy Bﬁj) = 0ij1ljoy fori,j € {1,2}, and §;; the Kronecker symbol.

The derivative D verifies the chain rule. Precisely, if ¢ : R” — R is in Cﬁbl and if F;,i=1,...,n,
are in D2, then o(Fy,...,F,) € D? and

Do(Fy,..., F) :Zax'(Fl,...,Fn)DFi.
. (2

The mth derivative D™ verifies the Leibnitz rule. That is, for any F,G € D™? such that
FG € D™2, we have

pp  (FG)=>"D/\(mDE NG, tieloT], i=1,...,m, (2.10)



where the sum runs over any subset I of {t1,...,%,}, |I| denoting the cardinality of I.
The divergence operator ¢ is the adjoint of the derivative operator. If a random variable
u € L?(2,H) belongs to domd, the domain of the divergence operator, then §(u) is defined by
the duality relationship
E(Fo(u)) = E(DF,u)y

for every F € D%2,

For every ¢ > 1, let 'H, be the gth Wiener chaos of B, that is, the closed linear subspace of
L% (9, A, P) generated by the random variables {H, (B (h)) h € H,||h||x = 1}, where Hy is the
gth Hermite polynomial given by H,(z) = (—1)%”2/2% (e_xQ/Q). The mapping

I,(h®?) = Hy (B (h)) (2.11)

provides a linear isometry between the symmetric tensor product H®? and H,. The following
duality formula holds

E(qu(f)) = E(<DqF7 f>’}—[®ll) )
for any f € H®? and F € D?%2. In particular, we have

E (FIé”(f)) -y (< ¢ F. f>ﬁ®q> L i=1,2, (2.12)

for any f € $® and F € D%2, where, for simplicity, we write Iq(l)(f) — resp. Iq(Q)(f) — for
I ((f,0)) = resp. 1,((0, f)).

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 € $, ¢ > 1 and i € {1,2}, then

q .
LD (FENIP (%) = ! < > L) o (F577 @ g%177) (£, ). (2.13)

r=0

3 Some technical results

In this section, we collect some crucial results for the proof of ([.3), the only case which is difficult.
Here and in the rest of the paper, we set

@) ._ g (4) — —
ABk/n B(k+1)/n - Bk/n’ 5k/n = 1[k/n,(k+1)/n] and Ey = 1[0714,

for any i € {1,2}, k € {0,...,n— 1} and u € [0, 1].
In the sequel, for g : R? — R belonging to €7, we will need assumption of the type:

8a+bg

(1) p@)

P
(9:6“6@/17(35 , By”) ><oo for any p > 1 and integers a,b > 0s.t. a+b<gq

(Hy) sup E(

s€[0,1]

(3.14)
We begin by the following technical lemma:

Lemma 3.1 Let 8 be a 1D fractional Brownian motion of Hurst index 1/4. We have

6



(l) {E(ﬁr(ﬁt - ﬁs)){ </ |7f — S| for any 0 < r,s,t <1,

(”) Z ‘ el/n’6k/n> O(TL),

k=0

n—oo

n—1
(iii) Z ‘<51/n’6k/n>:§‘ = O(nlfr/Q) for anyr > 1,
k,l1=0

n—1

(i’l)) Z <€k/n55k/n>ﬁ+% njoo 0(1),
k=0
n—1

() > <€k/m5k/n>f~,—ﬁ =_0(1/Vn).
k=0

Proof of Lemma [B.1].

(i) We have

(608~ 6.)) = 5 (Vi~ V&) + 5 (V11 = V7).

Using the classical inequality ‘\/ —/|a| ‘ \/|b — al, the desired result follows.
(ii) Observe that

(Etjns Oy, = \F(\/H ~VE— VT 0+ VE—1]).

Consequently, for any fixed [ € {0,...,n — 1}, we have

—_

IN

1 -1
§+m<kzzox/Z—k—W—

n—1
+14+ > \/k:—l+1—\/k—l>

:g: (<€z/n’ Ope/n) ﬁ(

k=141
11
= 3 +m(ﬂ+m)

from which we deduce that sup ‘ €1/ms Ok /n
Og@_lkZZO (Et/ns Ok /m)

= O(1). It follows that

n—1 n—1
Z ‘<€l/n’6k/n>f)‘ <n sup Z ‘<€l/n,6k/n>ﬁ‘ D O(n

k,1=0 Osisn—1;7,



(iii) We have, by noting p(z) = 1 (\/]z + 1| + /]2 — 1| — 2y/]z|):

n—1
S [ty = o S - i<t E Y
k,1=0 k,1=0 kezZ

Since D ez [P (k)] < oo if 7 > 1, the desired conclusion follows.

(iv) is a consequence of the following identity combined with a telescopic sum argument:

<€k/n75k/n 2\/—‘ VE 41— \/—)

(v) We have
Ceupmsdim)h— | = 2 (VBT VE) VEFT- VB -3,

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

‘\/ﬁ—\/é—ﬂ:‘md‘w

Also the following lemma will be useful in the sequel:

Lemma 3.2 Let o > 0 and q > 2 be two positive integers, let g : R> — R be any function

belonging to €%4 and vemfymg (Haq) defined by ([B-14), and let B = (BM, B?)) be a 2D fractional
Brownian motion of Hurst index 1/4. Set

n="n ‘”429 k/n ’Bl(f/n (AB/(gl/)n) a(n 1/4ABI(§/)n)

where H, denotes the qth Hermite polynomial defined by H,(x) = (—1)%"”2/2%(6*”32/2). Then,
we have the following bound:

E (|Va]?) = O(n'~427%/2) 45 n — oo. (3.15)



Proof of Lemma [B.3. We can write

n—1
E(Val) = a7 37 Ela(B),. By )a(B. B (AB))" (AB))"

l/n> " l/n
k,1=0

x Hy(n'/*AB) ) Hy(n/ ' ABJT) )]

) p?2) 1) p2)

U BUDABL) ) (MBI (5

&
k/n I/n) “q k/”)Iy)(él/Z)]
q q 2 n—1 (1) @) (1) (2)
= ZT!< > E[g(Bk/n’Bk/n)g(Bl/n’Bl/”)

C(ABU) I 0 (558 @ 55 s Gy

X
—
>
Ap;-\q?r
~_ O

n

)g(B(l) B(Q)

E <D2q72r (g(B(l) B(z) 0. l/n)

B®2) k/n’ “k/n

=

—
I
o

i
[]-
=
TN
=R
— S~—
no
7
—

>
o)
T~
~. =
et

) (ABz(/lr)L)a> O © 5ﬁi_r>ﬁ®2q_2r (O /> Oyn)e

q 2 n—1 a b
q d*g n(1) p@ LTI H1) B
o X)Xy (sl B R )
m' 0 " a+b=2q—2r k,l=0 dy / / dy / /
(1) o 1)\ a 5 _®b s®q-—T ®q—r r
(ABy )" (AB),) >(2q_27")! <€?/n®€§n’5k/qn ® 6y >ﬁ®2q_2r (O /ms Oum ) s
(3.16)

X

Now, observe that, uniformly in &, € {0,...,n —1}:

<6§/an®6®b 52T @ 5®q77’> = O ), see Lemma B (i),

l/n’ k/n l/n 57)®2q72'r n—oo

d°g 1) @ P9, o1 L@ (1) e (A p(ya

dy® = O(”iaﬁ)a use (H2q),

n—oo

and, also:

n—1
Z (Ok fr> O1ym)s = O(n'~"/2)  for any fixed r > 1, see Lemma B.] (iii).
k,1=0

Therefore, the desired conclusion is obtained by combining these three observations with (B.1€).
O

The independent Brownian motion appearing in ([[.3) will come from the following proposition.

Proposition 3.3 Let (6,5) be a 2D fractional Brownian motion of Hurst index 1/4. Assume
that g, : R? — R are two functions belonging in €* and verifying (Hy) defined by ([B.14). Then

(Gna én) = <i i g(ﬁk/na BI@/?@)(\/E(AﬁIc/n)2 - 1)7 L i g(ﬁk/m Bk/n)(\/ﬁ(ABk/n)Q - 1))
Vs Vg

1 1 92 1 1 92~
stabl ~ 1 0 qg ~ ~ =~ T 1 0 qg ~
nﬂoz <01/4/0 g(ﬁ&ﬁs)dWs + Z 0 Ox2 (ﬁs=ﬁs)d370'1/4/0 g(ﬁ&ﬁs)dWs + Z 0 6y2 (ﬁs=ﬁs)d3> )

9



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

()

Remark. In the particular case where g(z,y) = g(z) and g(x,y) = g(y), the conclusion of the
lemma follows directly from ([L.§).

Proof. Our proof uses the tools developed in Nourdin and Nualart [[3], and is actually a literal

extension of the proof of ([.g) contained in [[[4].
First, following step by step the computations made in (4, see more precisely (3.1) and (3.2)
therein, and taking into account that 5 and 3 are independent, we get

1 ~ L g2y 2
lim E(Gi) = U%/4A E<92(ﬂ&ﬂs)> ds + 16E< ; (ﬁ&ﬂs) >

n—oo

i #(G2) = b [ B (60 s poe ([ 2 oy 0 5 i) (3.17

n—oo

Since the sequences (Gp,) and (G,,) are bounded in L2(€2), the sequence (Gn, G, (8, Bt)te[o 1])
is tight in R? x %([0,1]?). Assume that <GOO,GOO, (Bt,ﬂt) ) denotes the limit in law of a

certain subsequence of <Gn, én, (G, fﬁvt)te[()’l}), denoted again by <Gn, G, (B, 5t)te[0,1})-
We have to prove that

B 1 2
(GOOaGoo) e <01/4/ (B&ﬁs)dw + 1 8 (B&ﬁs) )
0 0

1 ~ —_— ~
01/4/0 5(687ﬁ8)dW8 + ZA 8—y‘g(ﬁ87/38)d8> )

or more precisely that

E < MGOOH)\GOO‘ (Bt ﬁt)te 0 1})

)\2 2 1 _
- exp{ / 55 (B, Bo)ds +i5 / o C9 (5., Buyds 21/4/0 6" (Bs. Bo)ds

for any A, A € R. This will be done by showing that, for any r.v. ¢ of the form (B-9) and A, XER,
we have

0 < 9% ! ~
Jim 5%(%,& = E{ ”GWAG%Q i 558, B)ds = Aoty /O 92<ﬂs,ﬁs)ds>}
lim Lg,(\ %) = B{eA0ntiddng 62 (ﬁ Be)ds — Ao? / 1~2(ﬁ By)ds
nﬂooaf)\v n 4 0 sy Ms 1/4 0 g sy Ps

(3.19)

10



where

%(A’X) —F (eiAGn+iX€:n§> o>l

Let us make precise this argument. Since (Gy,), (én) are bounded in L? and (Goo, Goo, (B, Et)te[0,1]>
is the limit in law of (Gn, G, (B, gt)te[0,1]>, we have that

E (Googei,\cooﬂiéw) _ nlggoE <Gn£6i,\Gn+z‘Xén) nlggo (%QS (AN,
E (éoogei,\coﬁﬁéw) _ ,}LIEOE <én§ei,\an+z&én) _ nlg]go 5%0"})’

for all )\,X € R, and for every & of the form (B.9). Furthermore, because we will prove that
the convergence (B-19) holds for every ¢ of the form (£.9), the conditional characteristic function
(A, X) — F <ei>‘G°°+iXé°° |(Bt, Et)te[o,l]) satisfies the following linear system of ordinary differential
equations:

0

ﬁE (BZAGOOH/\GOO (Bt Bt)te 0 1})
1

. 82 " 1 .
_ E( MGDOH)\GOOKBtaﬂt)teOl}) % [i i a—:;;(ﬂs,ﬁs)ds—)\a%/4/0 gQ(ﬂsaﬂs)ds]

and

2 MG’OO-H)\GOO
(ﬁE( |(ﬁt,ﬁt)teo1})
82

= K (GZAGOOJFZAGOO’(ﬁtaﬁt)te[o,l}) X |:Z 0 (B&ﬁs) )\0'%/4/0 52(65765)d3] .

By solving it, we obtain (B.1§), which yields the desired conclusion.

Thus, it remains to show (B.19). We will only prove the first limit, the second being obviously
completely similar. Exactly as in [[4] (and by taking into account of the independence between
[ and f3), see more precisely the proof of (3.12) therein, here we can write:

9 = i iNG
5%()\ A) = —2) Z ﬁk/n,ﬁk/n) (Byjns Buyn )T E) (81 61 )
k,1=0
n—1 azg _ ‘ s n—1
+iZE <@(ﬁk/mﬁk/n)ezwnﬂwnf) (Ek/n> Ok /n) e +izrk,n, (3.20)
k=0 k=0

. . n—1
with limy, oo Y j_g 7k = 0.
Moreover, using once again the same argument allowing to prove (3.14)-(3.15) in [14], we
have, on the one hand

lim —2A Z E Bk/naﬁk/n) (Bl/n’gl/n)eMGn—H)\Gng) <5k/na51/n>?’)

n—oo k=0
1 ~ . S
= =074\ /0 E(g°(Bs, Bs)e o tiAC= ) ds
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and, on the other hand:

nh—{go ZZE <a B} ﬁk/rwﬁk/n) MGn—H)\GnS) <5k/n75k/n>2ﬁ

i 1 329 . ) ~
— El =2 IANG oo +iAG oo )
L [ E(Ga0. e ¢) ds

Combined with (B.20), this shows the first limit in (B.19), so that the proof of Proposition B.J is
done. 0

4 Proof of Theorem

We are now in position to prove Theorem [[.2.

Proof of the third point (case H < 1/4). Using exactly the same proof as that contained
in the fourth point of Remark [.3, we have that, for any H € (0,3/4):

k;/ n—oo

n—1
nQH*I/QZAB,(:/)nAB(Q) ﬂﬂ(o,a?{), (4.21)
=0

with oy # 0. But, see ([.7), the existence of fg B, - dB*Bg would imply in particular that

S AB(I/ AB](CQ/)n converges in law as n — oo, which is in contradiction with ([.21)) for H < 1/4.
Therefore the proof of the third point is done.

Proof of the second point (case H = 1/4). For the simplicity of the exposition, we as-
sume that ¢ = 1, the general case being of course similar up to cumbersome notations. For any
a,b,c,d € R, by the classical Taylor formula, we can expand f(b,d) as (compare with ([.7)):

fla,¢)+ 01 f(a,c)(b—a)+ Oaf(a,c)(d—c)+ %Bllf(a, c)(b—a)® + %ngf(a, ¢)(d — c)?
+ %8111.]0(0,, C)(b — a)3 + %8222.]0(0,, C)(d — 0)3 + %31111]0(0,, C)(b — a)4 + %82222](.(@, C)(d — 0)4

+ Ouafla,e)b—a)(d—c)+ %amf(a, )b —a)2(d—c)+ %8122]’(@, &) (b— a)(d — c)?

+ é&nuf(a, )b —a)}(d—c) + ialmf(a, )b —a)(d— )+ éamzf(a, o)(b— a)(d—c)?

(4.22)

plus a remainder term. Here, as usual, the notation 0; 12 2f (where the index 1 is repeated
k times and the index 2 is repeated [ times) means that f is differentiated k times w.r.t. the
first component and [ times w.r.t. the second one. Combining ({.29) with the following identity,
available for any h : R — R belonging in €*:

W(a)b— a) + 5" (@) (b~ a)? + Sh"(@)(b— a)® + 5 B (a)(b o)

B R (b 1 1
= M(b —a)— Eh'"(a)(b —a)® - ﬂh"”(a)(b —a)* + some remainder

12



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

Fla,e) + %(&f(a, &)+ 01 £(b,)) (b —a) %amf(a, )b —a) — 21—461111]0(@, )b — a)t

+ %(02 Flaye) +0uf(a,d))(d—c) — 1—120222 Fla,e)(d—c) — %am Fla,e)(d — )

b Ouaf(a,e)(b—a)(d—c)+ %8112f(a, o) (b— a)’(d— ¢) + %6122f(a, &)(b— a)(d — ¢)’

+ éanmf(a, C)(b — a)3(d — C) + 331122f(a, C)(b — a)2(d — 0)2 + éamggf(a, C)(b — a)(d — 0)3
(4.23)

plus a remainder term.

By setting a = Blil/) , b= ((121)/ , C= B(/) and d = B((zzrl)/ in (f.23), and by suming the
obtained expression for k over 0,...,n — 1, we deduce that the conclusion in Theorem [[.9 is a
consequence of the following convergences:

St = Zalllf B,gl/n, ,f/n)( B,gl/n — ——/ O f(BM, BP)ds (4.24)
SP = 231111f k/)n’BlE;Q/n)(AB o) 4nL /31111f ), B?)ds (4.25)
S8 = 23222f k/n, k/n)( B,(f/n — ——/ O222f (B, B{?)ds (4.26)
Sy = 232222f By BiW)(ABE)) — / Oaza f (B, B )ds (4.27)
5P = Zalzf (Bl B ABY, AB, " =8 / Ol (B, BE)aw.

l/ 31122f(B§1),B§2))d5 (4.28)

S = Zanzf k/n’ k/n)(ABlEcl/)n) ABIEZ/L ni—i:o ——/ Oniaa f(BY, BP)ds  (4.29)
S0 = Zamf B,gl/n, )AB“/) (AB(/))2 L, _z / O1122f(BY, BP)ds  (4.30)
S = Zalmf by Bign) (ABL)” (AB)* - / Oz (B, BP)ds (431)
SO = Zanlzf (B B (ABL)) ABE) =2 0 (4.32)
510 . Zalmf By BOABL) (ABF))* =2 0. (4.33)
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Note that the term corresponding to the remainder term in (f.2J) converges in probability to

zero due to the fact that B has a finite quartic variation.

Proof of [¢-29), {-28), {-29) and ([-30). By Lemma B.3 with ¢ = 3 and o = 0, and by using

the basic fact that

) - 2) 3 )
(AB))" =n~¥* Hy(n/*ABY) )+%A3k/n,

we immediately see that ([l.24) is a consequence of the following convergence:

2
\/—23222f B;il/m ki)n)AB;(f/)n L, / o222 f(BY, BP)ds.

n—oo

So, let us prove ([.35). We have, on one hand:

2

(2) (2)
E ﬁZaﬂ?f k/n’Bk/n)ABk/n

n—1
1 2 2 2
- - Z E (3222f( k/n’ é/n) 32 Qf( l/n’ l(/)) ABIE)/) ABI(/,D

n
k,[=0
n—1
! 1) p© 1) @y 72
= E : l_OE 6222f(Bk/n7 k/n) 32 f(Bl/TL’Bl/n) (519/71 X 51/71))
1 n—1
1
t > E 3222]0(312/)117 I(c/n)6222f( e l(/,)l)) (Ok /s O1/n) 9

1 (2) (1)
= E Z E 322222f( k/n’Bk/n)8222f Bl/n’ l/n> Ek/nafsk/n 5k/n75l/n>57)

n—1
+ %Z E 32222f(B,(€1/)n,Bl(€/)n)02222f l/n, l/n> (€ jn> Ok n) (€L 1 /m) s
1 k,;l_zlo
+ - Z E 32222f(Bk/)7L,Bl(€/)n)02222f l/n, l/n> (€1/ns Ok n)5(Ek/m> Ot /n) 5
k,1=0
+ 1 n_lE D295 f (BY) B ) 00 f (B' > €1/ns 0 (E1/ns Ot /m) &
nkJ:O k/n’ k/n l/n’ l/n /n k/n 1/n>Ol/n)$
+ L 5 E(3222f( BE) ) 022 f (B ))) (81 /s 01 /m) 5
n a2 k/n k/n l/n’ l/n /n0l/n)H
C o™ ) ) gl ).
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Using Lemma B.]] (i) and (ii), we have that a(™, ¢ and d™ tends to zero as n — co. Using
Lemma B (iii), we have that e(™ tends to zero as n — co. Finally, observe that

b = 4n? Z (52222f Bk/)n’BlEc/)n)anQf( l/,)sz(/,)@)>
=0

n—1
— 2711\/5 MZ:OE<52222JC k/m ,(g/)n)32222f( l/n’Bl(/T)L)) <<51/m5l/n>f)+ 2\/—>
S 2 & 1
+ = k’l:OE <32222f( k/naBk/n)52222f( l/n’Bl/n)) <<€k/na5k/n>s§ + m) (€1/ns01/n) &
Therefore, using Lemma B.1] (i) and (iv), we have
2 2
Zam F(BUL BODABE), 252222 FBULBID| +0(1). (4.36)

On the other hand, we have
( 3 a5, 888 ¢ 51 S 05,5

- v ,”ZO (0222 (B, B, )0 f (B, B AB() )

_ 1) p© B®
= 2n\/_ Z (D2222.f ( (By > k/n)52222f( l/n, l/n))<5k/na5k/n>5§

1 n—1

1)
T nm (3222f(B;(€/n7 ](g/)n)822222f(Bl/n7Bl(/gl))<€l/n75k/n>f)
ke, 1=0
1« 5
- 4—nzz (82222f( k/n’ I(c/n)aQQZQf( I/n’ z(/i))
k,lzo
- ) E (Do f(By) BEL) 0w f(BY), BID) ( (et Opsm)e + 5=
k/n> Pkn) Y2222 l/n"l/n k/n>%k/n/H 2\/_
k

3

1) p© (2)
— 2n\/_ Z: (D222 f ( (By k/n)822222f(Bl/n7Bl/n))<€l/n75k/n>f)

We immediately have that the second (see Lemma B.1] (iv)) and the third (see Lemma B.1 (ii))
terms in the previous expression tends to zero as n — oo. That is

1) p@) 2) B@
(f Z a2 f ( Bk/n’ k/n)ABk/n v Z o222 f (B l/n’ l/n)>
2
252222f k/)n,B,j)n) +o(1). (4.37)
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We have proved, see ([.36) and ([.37), that

2

Z D222 f ( B,ﬁl/n,B,(f/)n)AB,i/nJr —232222f k/naB](f/)n) 2.0
k
This implies ({£.39).
The proof of ([.24) follows directly from ([£26) by interverting the roles played by B(M) and
B® . On the other hand, by combining Lemma B.3 with the following basic identity:

@y2_ L g 1aap®y . L

we see that ([.30) is also a direct consequence of ([.3§). Finally, ([L.29) is obtained from ([£.30)
by interverting the roles played by BM) and B®.
Proof of [#.23), #.2%) and ({{.31). By combining Lemma B.3 with the identity

1) 1 1) 1 3
(AB{))" = ~ Hy(n VIABU)) + = Ha(n 1/4AB£/),1)+5,

we see that ({.27) is easily obtained through a Riemann sum argument. We can use the same
arguments in order to prove ([L2). Finally, to obtain (f3]), it suffices to combine Lemma .9
with the identity

1 2 1 1 1 2 1
(AB) ) (AB))? :E+%(AB( ) 2(n1/4AB,§/>n)+ Hy(n'*ABY)).

Proof of ({.33) and ({.33). We only prove ([.33), the proof of (f£33) being obtained from
(E:33) by interverting the roles played by BW and B®. By combining (E39) with Lemma B3,
it suffices to prove that

Prob
—

2) 1) (2
Z O1222f (B k/n’ Bk/n) ABk/n ABk/n oo 0.

But this last convergence follows directly from Lemma B.3. Therefore, the proof of (f33) is done.

Proof of (.2§). We combine Proposition B.d with the idea developed in the third comment
that we have addressed just after the statement of Theorem [.. Indeed, we have

(1) (2) (1) (2)
Zauf By s k/n)ABk/nABk/n

V2 \/5
2\/—2 iz f( i \/ik ) . \/Ek )(\/E(Aﬂk/n) —1)

16



for 8 = (BW + B@)/\/2 and 3 = (BY — B®)/\/2. Note that (83, 7) is also a 2D fractional
Brownian motion of Hurst index 1 /4. Thus7 using Proposition B.d with g(z,y) = g(x,y) =

Tty xT—y :
f ( NRRVA > we obtain that

(2) (1) (2)

2(912f k/n’Bk/n) Blg/nABk/n
Z%Z 01/4/ Ao f (B )B(Q))d(W W /61122f s s)
Law 01/4/ Do f( B(l )dW + - / Onzef(B ’ ))ds,

for (W, W) a 2D standard Brownian motion independent of (3, B) The proof of ({.29) is done.

Proof of the first point (case H > 1/4). This 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 B.3
together with computations similar to that allowing to obtain ([L.3F), the limits in (f.24)—([.31)
are, here, all equal to zero (for the sake of simplicity, the technical details are left to the reader).

Therefore, we deduce ([L.9) by using (£.23). -
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