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ABSTRACT. We study statistical inference for small-noise-perturbed multiscale dynamical systems where the
slow motion is driven by fractional Brownian motion. We develop statistical estimators for both the Hurst
index as well as a vector of unknown parameters in the model based on a single time series of observations
from the slow process only. We prove that these estimators are both consistent and asymptotically normal as
the amplitude of the perturbation and the time-scale separation parameter go to zero. Numerical simulations
illustrate the theoretical results.

1. INTRODUCTION

In this work we consider statistical estimation for small-noise perturbations of multiscale dynamical sys-
tems. The main feature of the model is that the random perturbation of the slow motion of the system arises
from a fractional Brownian motion (fBm), thereby making it possible to capture dynamical features that are
out of the scope of the standard Brownian motion. More precisely, we consider (X, Y")r = {(X{,Y,") bo<i<r
evolving in X x ) := R™ x R?~™ according to the stochastic differential equation

AXF = co(XF, Y{)dt + Jeo (V)W /!
1) 4y} = LF(Y)dt + =7 (Y,)dB,
XSZIE()GX, }/Onzy()Ey.

Here, W# is a fractional Brownian motion (fBm) with Hurst index H € (1/2,1) and B is a standard
Brownian motion (Bm) independent of W#. The term dW# is to be understood in the sense of pathwise in-
tegration, although this pathwise integral coincides in our framework with the analogous divergence integral.
e:=(em) € Ri is a pair of small positive parameters. Note that 7 is the time-scale separation parameter
while e dictates the size of the noise.

In this work, we study estimation of the Hurst index H € (1/2,1) and the vector § € ©, where © is an
open, bounded, and convex subset of a Euclidean space, based on a time-series sampled from a realization
of the slow process X¢ in the regime of ¢ := (¢,7) — 0.

It is widely understood that data coming from physical systems can exhibit multiple characteristic scales
in time or space. Stochastic noise is often included to account for uncertainty or as an intrinsic feature of
a given model. It is perhaps most common to model the noise with standard Brownian motion. In this
work we consider instead the choice of fractional Brownian motion with a Hurst index H that may not
be known but that must rather be estimated from empirical observations. It is well known that fBm is a
one-parameter extension of standard Bm, which is recovered when H = 1/2. Multiscale SDE models like (IJ)
with H = 1/2 (i.e., models in which X¢ is perturbed by a standard Bm) have been applied in a wide variety
of fields, including chemistry, biology, neuroscience, meteorology, econometrics, and mathematical finance.
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The reader is encouraged to consult [8 [I5] 26] 27, 37, 61, [62], to offer just a few examples in the applied
literature.
A model like () can be interpreted as perturbation of an underlying deterministic dynamical system, say

X = &(X), by small noise and multiple scales, see for example [I6, [I7, 27, 54, [62]. To be more specific,
consider the situation where &(z) is given as the integral of a given function with respect to a given measure

. In such a situation, the dynamical system X = ¢(X) is in fact a small noise perturbation of a system of
slow and fast motion and the measure p is the invariant measure of the fast motion. See also [24] for further
motivation on models with small noise diffusion. In addition, models like () also arise when one considers
systems with mulitple scale but one is interested in small time asymptotics, see for example [14] [55].

Whereas the standard Bm case has been studied extensively, the mathematical theory of multiscale models
with H # 1/2 is considerably less developed. In our recent work [7], we obtained results on averaging,
homogenization, and fluctuations corrections for models like ([l) considered in the limit as ¢ := (e,n) — 0;
see also [28] [47] for related averaging results.

In the standard Bm case H = 1/2, estimation of 6 has been well studied both in the absence of mutiple
scales, when 1 = 1, as well as the presence of multiple scales, when 1 — 0. For the case of H = 1/2 and n = 1,
we refer the interested reader to [6l 24] 35l [36] (50, 53] [57] for estimation of the unknown vector 6 based on
continuously and discretely observed data. For the case H = 1/2 and i — 0, we refer the interested reader
to [21 B 18], 19} 30, 42l [46], [56] for estimation of € in the presence of multiple scales based on continuously
and discretely-observed data.

In the case of H # 1/2 and n = 1, statistical estimation of the Hurst parameter H has recently been
studied, under various assumptions, in works such as [4, [9] [10] 20, 28| 33} [34].

The focus of this paper is different. We develop the theory of estimation of both H and 6 for multiscale
models like () in the multidimensional case. Our main assumption is that we are given only a discrete-time
sample {z, }?_; from a single observation of the slow process X¢; we assume that no data are available
from the fast process Y. We develop strongly consistent and asymptotically normal statistical estimators
for both H and 6 in the asymptotic regime in which ¢ := (¢,7) — 0. The limiting variance is precisely
calculated in all cases. To the best of our knowledge, this is the first paper on discrete-time estimation of
multidimensional multiscale models perturbed by fractional Brownian motion.

Note that our analysis is focused on the case where H € (1/2,1). This comes from the fact that this
is the only range of values for H where the interpretation of stochastic integrals as pathwise integrals or
as divergence integrals can coexist. We need the pathwise interpretation for justifying the existence of a
solution to our slow-fast system (1) and the divergence interpretation to exploit the tools of the Malliavin
stochastic calculus of variations applied to (transformations) of the solution of (). It is worth mentioning
that a possible approach for the case H € (1/4,1/2) could be the so-called rough paths interpretation of
the stochastic integral with respect to fBm appearing in our system (), but the interactions with Malliavin
calculus that are needed here do not exist. For H € (0,1/4], very little is known in terms of solving (). We
also mention that the assumption of independence of B and W comes from reasons that are technical in
nature. Indeed, some crucial estimates used in the proofs of the theoretical results obtained in our recent
work [7] necessitate that the pathwise and divergence integrals with respect to the fBm W coincide, which
only happens when one assumes independence. As we make use of some of these results here, we need the
same assumptions. The introduction of [7] contains a more detailed and technical discussion of the reasons
leading to the independence assumption, which we refer the reader to.

The rest of the paper is organized as follows. In Section Bl we describe our assumptions and related
preliminary results. In Section Bl we present and analyze two estimators for the Hurst index H, one that
requires knowledge of the magnitude e of the perturbing noise and one that does not require this knowledge.
The trade-off is that the latter has higher limiting variance than the former. Neither estimator for H requires
knowledge of §. In Section[d], we present and analyze a trajectory-fitting estimator (TFE) for the estimation
of 0, which does not require knowledge of H. We then study in Section Bl an estimator for 6 which is
based on the principle of maximum likelihood applied to the fluctuations results of [7]. The advantage of
this alternative estimator over the TFE presented in section [ is that it has smaller limiting theoretical
variance, at least when the Hurst index is known. Ome clear disadvantage is that its implementation is
computationally more challenging in that it involves inversion of matrices which are very large in typical
cases. The estimator is nevertheless of theoretical interest, as well as practical interest in cases in which the
computational challenges can be met. In Section [ we present data from numerical simulations to illustrate
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the theoretical results. For the convenience of the reader we have included in Appendix [A]l and [Blrespectively
a technical lemma and an introduction to fBm and necessary results from the Malliavin calculus.

2. CONDITIONS AND PRELIMINARY RESULTS

In this section we introduce notation, present the conditions that we will assume throughout the paper,
and recall necessary results of [7]. We shall suppress the dependence on 6 for expository purposes.

We will denote by A : B the Frobenius inner product %; j[a, ; - b; ;] of matrices A = (a; ;) and B = (b; ;).
We will use single bars | - | to denote the Frobenius (or Euclidean) norm of a matrix, and double bars || - ||
to denote the operator norm.

Condition [l below imposes conditions of growth and regularity on the drift and diffusion coefficients of
the model.

Condition 1.

Conditions on cy:

-3 (K,q) eRE, r€[0,1); V9 €O, |c(z,y)| < K(1+[z[")(1+ [y|?)

-3 (K,q) €R3; V0 € O, [Voc(z,y)| + [VaVac(z,y)| < K(1+ |y|9)

- ¢, Vge, Vi Ve, and V, Ve are continuous in (0, x,y)

- ¢, Ve, and YV, V¢ are Holder continuous in y uniformly in (0, x)

- ¢ has two locally-bounded derivatives in 6 with at most polynomial growth in x and y
Conditions on o:

-3 (K,q) €RE;o(y)l < K(1+ [y|?)
- 00" is uniformly nondegenerate

Conditions on f and T:

- fand 77T are twice differentiable, and, along with their first and second derivatives, are Holder continuous

- 77T is uniformly bounded and uniformly nondegenerate.

Condition 2l is a basic condition of recurrence type on the fast component, yielding ergodic behavior.

Condition 2.

lim y- f(y) = —oc.

ly[—o00
To derive most of our results we shall in fact assume a stronger recurrence condition.

Condition 3.
For real constants a > 0, 8 > 2, and v > 0, we shall write:

- Condition [B-(a, B): one has

1 -
v fy)+alyl’ + 58 —2+d—m)sup|r(g)]* <0
yey
for |y| sufficiently large
- Condition [3(«, B,7): Condition [3(c, B) holds and, moreover, one has ||Vc(z,y)|| < ~|y|® for |y| suffi-
ciently large.

In Section [f] we present numerical examples for specific systems satisfying Conditions {3l The numerical
results demonstrate that the theoretical results should also hold when the growth of ¢y is linear in z, i.e.,
when r = 1 in Condition [l instead of the sub-linear growth assumption under which we are able to prove
our results.

Remark 1. Clearly, Condition @ is implied by Condition[3-(c, B), which in turn is implied by the stronger
condition
lim y- f(y) +alyl” = —cc.
ly|—o0
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One has the infinitesimal generator

1
E::f-Vy+§(T7'T):V2

Y

for the rescaled fast dynamics. Conditions [[] and Bl are enough to guarantee that one has on ) a unique
invariant measure p corresponding to the operator £, as discussed for example in [51].

Remark 2. Therefore, in particular, the process Y, obtained as the solution of an SDE that does not
depend on X¢, does not explode and is well defined for all times. Meanwhile, Condition [l guarantees that
the drift coefficient of X¢ is Lipschilz continuous in the variable x locally in the variable y. Thus one sees
that our assumptions are sufficient to guarantee that X¢ is well defined on [0,T| (compare the situation with,
e.g., [A3, Sections 2 and 4]). For general results on existence and uniqueness of solutions of equations with
standard and fractional Brownian motions, see for instance [23| BT B2 [3§].

Finally, let us recall the main convergence result of [7], which we shall use frequently in this work. By
[44] Theorem 3], the equations

ﬁ‘b(l‘,y) = - (C(,T, y) - E(LL'))
() /y B y)uldy) = O,

where ¢ is the averaged function
o(w) = | clo)utay).

admit a unique solution ® in the class of functions that grow at most polynomially in |y| as y — co.

Theorem 1 (Theorems 1 and 2 in [7]). Assume Conditions [ and [3(«, §,7), where o > 0,8=>22,7v20,

and TBysup,ey||T(y)|[* < 20 For any 0 < p < m, there is a constant K such that for

e := (e,n) sufficiently small,

E sup |X;-X| <K (V& + ),
0<t<T

where X is the (deterministic) solution of the integral equation
— t —
Xy =m0 -|-/ ¢(Xs)ds.
0

Now suppose in addition that n = n(e) and that lime_,o \/Ti =: X € [0,00). Let ® be as in @) and set
Yo = ((V,@71)(V,®7)T)Y/2. The family of processes {55 = \%(XE - )_()} converges in distribution on the

space C([0,T); X) (endowed, as usual, with the topology of uniform convergence) as € — 0 to the law of the
solution & of the mized SDE

t N t B ~ ~
& = / (V.0)(Xy) - Esds + )\/ Yo (Xs)dBs + aWH
0 0
& =0

where & = fy o(y)u(dy), WH is a fractional Brownian motion with Hurst index H, and B is a standard

)

Brownian motion independent of WH .

3. ESTIMATION OF THE HURST PARAMETER H

This section is devoted to introducing and studying two estimators of the Hurst parameter of the fractional
Brownian motion appearing in our slow-fast system (Il). The first estimator (Theorem [2]) that we consider
requires knowledge of the magnitude of the noise € > 0 (which is not necessarily always possible depending
on the framework considered in practice), whereas the second one (Theorem [B]) does not require knowledge
of the magnitude of the noise ¢ > 0. Before stating the main results of this section, we introduce some
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notation as well as a few preliminary lemmas to be used in the proofs of the two main results dealing with
the asymptotic properties of the two estimators.

Foreachn € Nand k € {0,1,--- ,n}, let ¢} := Tk/n. We denote first- and second-order filtered observations
of a stochastic process {z; }o<i<r by

Ap gz i=zp — 2zen_,

ASLZ = th — 2215271 + Zt272.
We first wish to obtain control, as ¢ — 0 and n — oo, over the discrepancy between the behaviour of
%(AS}CXEF and that of 52 (AS;CWH)Q. To this end, we have the following three lemmas.

Lemma 1. Let X¢ and Y be as in ({d). Assume Conditions[dl and[@d For any 1 < p < co and ¢ >0,

NS GV [ / a(yg)dwf} = %o(n%)
0

in LP(Q) as n — 0, uniformly in n € N, uniformly in k € {2,--- ,n}, and uniformly in € € (0,1].

Proof of Lemmalll. We will show that the estimate is valid for the first-order filters, i.e., that one has

’ 1
80X = Ve | [ o] = o),
0 n
uniformly in k € {1,--- ,n}; it is clear that the same estimate may then be used for the second-order filters.
By assumption, there are positive constants K, ¢, r for which |c(z,y)| < K(1 4+ |z]" + |y|?), so that

ti
E / (X5, Y Nds
tn

i t_y Ststy t_y U<ty

KT
g—(l—i—E sup |X;|"+E sup |Ytn|q>a
n

whence by [7, Lemma 2] and Lemma[Gl it follows that for any ¢ > 0, one has

n-App { /O ' o(XE, YS”)dS} =o(n°)

in LY(Q) as 7 — 0, uniformly in n € N, uniformly in k¥ € {1,--- ,n}, and uniformly in € € (0,1]. By Jensen’s
inequality this is easily extended to a statement in LP(€2). As mentioned earlier, the statement is also valid
with second-order filters Agi in place of first-order filters A,, j. O

Lemma 2. Let X© and Y be as in ({d). Assume, for some o > 0 and 8 > 2, Conditions [ and 3 (c, B).
For any2<p<oo, k>0, and 0 < (< (k/2)A(1/p),

’ _ 1
AR [ otvmawit] - A% [ow) = ot
in LP(Q) as n — 0, uniformly in n € N, uniformly in k € {2,--- ,n}, and uniformly in e € (0, 1].
Proof of Lemmal2 That the estimate is valid for the first-order filters, i.e., that one has
’ 1
Ak [/o U(YS")dWSH] — Ak [5WH] = nH_Ho(ng),
uniformly in k € {1,---,n}, follows almost directly from [25] Lemma 4.17], the difference being that in our

setting we do not assume that o is uniformly bounded nor that Y begins at time ¢ = 0 in stationarity.
Nevertheless, as explained in detail in the proof of [7, Lemma 7], the arguments may be carried over. Having
established the estimate for the first-order filters A, 1, it is easy to see that it is also valid with second-order

filters Aff;ﬂ in their stead. O

Lemma 3. Assume Condition[dl and Condition[2 and, if o is nonconstant, assume that for some o > 0 and
B > 2 we also have Condition[F(c, B). Suppose that n — oo and € := (e,n) — 0 in such a way that
(1) there is a p1 > 0 such that n=1 = O((en?~2H)r1);
(2) if o is nonconstant, there is a pa > 0 such that n = O(n=27°2).
5



For any 1 <p < o0,
1
Ve

in LP(Q)). Furthermore, if one has n = O(e), the above can be strengthened to that there is pg > 0 such that

sup

A(Q) XE
2<k<n ok

2 2
- ‘5A5123€WH‘ | = o(n?)

L

\/EA;%;XE

sup
2<k<n

2 2
-t ooy
in LP(9).
Proof of Lemmald. We have for each n > 2 and k € {2,--- ,n},
2 2
- ’6A51273€WH’ - <An,k;Bn,k>7

(3) @ xe

1
—A
5
where

1
Ve
and where the angle brackets denote the usual inner product in R™.

Notice that 2A51273€ [eWH] is O(n=H) in L?P (Q)~ By Holder’s inequality and the triangle inequality it

therefore suffices to show that A, x is o(n™) in L% (Q). Writing

Anye = AP, { X© - JWH] . Bag = Ay + 240 [aWH],

Ang = AL [%X - /0 a(i@")dWﬂ +A2), [ /0 o(Y) AWl — Wi |
it suffices by the triangle inequality to check that each summand is o(n =) in L??(£). For the first summand
this is just Lemma [Tl with p = 2p and { = 1/p;. If o is constant then for each y € ), o(y) = & and one
sees that the second summand is exactly 0. Otherwise, the desired estimate for the second summand follows
from Lemma P with p = 2p, x = p~', and ¢ = (p(2 + p2))~'. This concludes the proof of the first part of
the claim.

The strenghthened estimate may be obtained by observing, firstly, that choosing different conjugate
exponents in Holder’s inequality allows one to increase the value of k in the appeal to Lemma 2] and
secondly, that the additional assumption n = O(e) allows us to reduce the power of n in the assumption
n~t = O((en?*2H)P1), perhaps with a different choice of p;. We omit the details because we do not use the

strengthened estimate.
O

We are now ready to present the results on the estimation of the Hurst parameter H. Theorem 2l presents
the asymptotic behavior of an estimator that requires knowledge of the magnitude of the noise ¢ > 0. On the
other hand, Theorem [ presents the asymptotic behavior of an estimator that does not require knowledge of
the magnitude of the noise ¢ > 0.

Theorem 2. Assume Condition ] and Condition [d and, if o is nonconstant, assume that for some a > 0
and § > 2 we also have Condition [3(a, §). Suppose that n — oo and e := (e,n) — 0 in such a way that
(1) there is a p1 > 0 such that n=1 = O((en?~2H)r1);
(2) if o is nonconstant, there is a pa > 0 such that n = O(n=27°2).

When n € N satisfies n > T, the function ¢, : [0,1] — [0,00) obtained by mapping x (%)21 (4 — 22””) 18
strictly decreasing. Let us write (b;%f :[0,00) — [0, 1] for the left inverse of ¢n 1 that restricts to an inverse

on the actual image ¢, 7([0,1]) = [0, 3] and is uniformly zero on [3,00). Forn > T, given a random sample
{ng Yo, define the estimate
2)

e n - 1 =
(4) Hi({X5 }imo) = 00 (W > [l
k=2
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We have that H{({X&, w}tioo) = H in probability as n — oo and € := (e,n) — 0 and

2v/in () (5 (X5 o) = H) = N0, 62(H))

in distribution as n — oo and ¢ := (e,n) — 0, where the variance is given by
1 m m
GZ(H) =i (H) EL > 60010k Ok |

and m is the dimension of the slow process X, m is the dimension of the noise WH , while

Y 2. e =l = 2P Al = 1P 6P 4 4l 1P ]+ 2P
§1(H) _2J€ZZp (.]aH)v ’LUZthp(j,H) T 2(4_22]{) .

Remark 3. Note that for any value of H, p(j; H) is symmetric in j and p*>(0; H) = 1, and so one may also
write ¢f(H) = 2 (1 +23°72, 0%(J; H)) as is sometimes done elsewhere in the literature, e.g. [34].

Remark 4. Note that ¢_1T is a one-sided inverse only. Namely, (;57:1T o ¢n.1 1 [0,1] = [0,1] is the identity
map while ¢y, o (bn 7 1 10,00) = [0,00) maps x — min{x,3}. The reason for this choice of domain for gb;lT
is of course to ensure that the estimates are always defined. We will see that with probability approaching 1
in the limit, one in fact lands in the invertible range.

The idea is to use the approximation presented in Lemma Bl Therefore, let us proceed as follows: we will
first verify in Lemma [l a basic convergence statement, then deduce in Lemma [B] consistency and asymptotic
normality for the ideal case in which the data is sampled not from X¢ but rather from /ecW*#, and finally
combine this with Lemma [B] to obtain Theorem

In accordance with the above plan, let us start with the basic convergence statement. Note that there is
no € here and the asymptotic regime of interest is simply n — oo.

Lemma 4. With notation as in the statement of Theorem[3, we have that

n2H—1
W| |2 Z ‘ A(QLWH‘ — 1 in probability as n — co
— ol
and
n2H- 1 &
v <W—— Z ‘6 WH‘ ) — N(0,62(H)) in distribution as n — oc.
|7]

Proof of Lemma[f Recall that m is the dimension of the Euclidean space in which the slow process evolves.
Let us write 7 for the dimension of W# and denote by {W7}"™  the independent components of W*H.
For each pair 1 < j,q¢ < m define

2H-1

g . n (2) 117 H,j 2) H,
VI = T2H(4_22H)ZA AUGEN NS AU
k=2
With this notation we can write
L S o S NS
v f(@ﬁ > [eAIWI] = 1) = Aur+ B,
k=2

where

1 m m B o
A i=+/n —(_7 ZZUW-V;JT -1 and B, r:=+/n |a|2 ZZJWJW nT
i=1j=1 i=1 j#q

Each of these belongs, at least asymptotically, to the second chaos of the isonormal Gaussian process asso-
ciated with W | and so it will be enough to understand their limits separately. Let us start with Ay,.r. By
known results in dimension one (see for example the references [I0, 28] and others in the introduction), for
each j, we have that as n — oo,

(6) VL S,
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and
(7) N (vg;; - 1) 2N (0,63 (H)) .
Independence of {W 3} ", implies independence of {V JT} 71, so that
Var =1 0\ [<t(H)
vn : LN ], -
Y 0 SE(H)

n)

NS

By the Cramér-Wold theorem (see [29, Corollary 4.5]), the known convergence (7)), and the algebraic identity

. 1SS o i L (& j
Avr =i | = SN a2 v o) = e S (e v (vid-1).
i=1 j=1 =1 \i=1
one then obtains

2 m Tﬁ

2 i (H) 2 _2

(8) Anr = N |0, B Z Zgiyjak,j
ik=1j=1

Let us now show that B, 1 also converges to a centered Gaussian distribution as n — oco. It is straightforward
to check that for each 1 < j < m and 2 < k < n, one has in distribution

AZ W = I (),

where IlH 7/ denotes the Wiener integral of order one with respect to the fractional Brownian motion W
(see Appendix [B:4.T] for an introduction and statement of key properties), and the function A} is given by

TH 1o
Ry = Xip_ ) = Xyt ,)» With [[RZ]l = Tﬁ, 27 Now, forany 1 < j # ¢ < 1 and 2 < k < n, we

k k
have that (A;%;CWH’J,A&?CWH’Q) is equal in distribution to (I (h}),I1(g})), where I; denotes a Wiener

integral of order one with respect to a generic fractional Brownian motion with the same Hurst parameter
H as WH  and where g is a function such that (A%, 9i)e = 0and [|g; |y = [[hi]l- This is explained in the
next remark.

Remark 5. As the above equalities are only stated in distribution, we can replace the Wiener integrals of
the same function h} with respect to the two independent fractional Brownian motions WH:J and WH-4 by
Wiener integrals with respect to the same (generic) fractional Brownian motion, but of orthogonal functions
with the same norms, as here orthogonality is a characterization of independence (see for instance [58|

Proposition 1]). Hence, the vectors (Ifl’j (h};),lfl’q(h};)) and (I (hy), I (g3)) are equal in distribution.

Based on this observation, we have that \/ﬁVg:qp has the same law as

n2H71

2H -
T2H (4 — 22H) Zh hi) L (gi) = T2H —92H) ZIQ R®gE) =1z <T2H(4 92H) th®g,’§>,
)io

where the first equality comes from applying the product rule for Wiener integrals given in (I9) together
with the orthogonality in $ of h}} and g;'. Define

n2H-}
§nr = W Z hi®gp.

It is then straightforward to check that
Var (Vv ) = Var (I (€n.1)) = 2|1 [3es — S3(H)

as n — oo. We will show that \/ﬁVj’% converges to a centered Gaussian distribution with variance

given by ¢Z(H). According to [40, Theorem 5.2.7], all we need to prove is that the contraction norm
8



[€n,7 @1 &n,7ll o2 — 0 as n — oo (see Appendix [B.41]for a definition of contractions). We have

PAH-1 n B N
§n,r @1 &1 = W Z (hi, ®gi,) @1 (hi,®gk,)
k1,ka=2
4 _ M 4H-1 n "
T2H 22H D) Z k®gk ®1 (hg@gk) T2H — 22H D) k®gk ®1 (h2+1®97kl+1) )

k=2

where the reduction to only one sum comes from the fact that if k1 and ks are strictly more than one appart,
the resulting functions are orthogonal. Repeating this argument when taking the norm in %2 of &, 7 ®1 &,
yields, with C' > 0 denoting a generic constant,

CnBH-1 ¢
[€n, 7 ®1 §n,TH_2¢J®2 < TSH(4 — 22H)1 Ihk Hf) P 0

as n — oo. Now, note that for any ji,7J2,q1, g2 such that j; # ja, j1 < ¢1 and jo < g2, it holds by the
independence of W17 and W4 for j # q that

J1,q1y/7J2,92 |
E (nViymviye) <o,

so that all of the summands in B,, 7 are uncorrelated, and hence asymptotically independent. We can
therefore conclude that

2
2
(9) B,.1 2N 0, §|17|4 Z(ZO’ZJO’“I>

J<q

Taking together (&), [®), and (@), we conclude that

n2H-1 n @) o H 2
Vi T2H (4 — 22H)[5]2 > ’UAn,kW ’ -1
k=2

converges to a centered Gaussian distribution with variance

2
Z <Z 3i,j0i q> +2 nh_)rrgo Cov (An,1, Bn,1) -

j<q \i=1

The first two summands are precisely <f(H ), and it therefore remains only to show that A, r and B, r
are, at least asymptotically, uncorrelated. To demonstrate this, observe that E(B, r) = 0 (in comparison,
E(A,r)= —\/LR), and as a consequence,

Cov (An,Tv Bn,T) =B (An,TBn,T)

= E ((An1 +vn) Bnr)
n m m B o m
|0|4E ZZUEJVJJT ZZQ i0iqVaT
i=1j=1 i=1 j#q
= ()7

since each summand in the product (recall that the V' terms are themselves sums) includes a filtered obser-
vation of a component of WH that is independent from the others in that summand. This concludes the
proof. O

We now apply Lemma [l to deduce an idealized version of Theorem 2] which we state in Lemma Bl namely,
we imagine that the data is sampled not from X¢ but rather from /ecW¥. Note that the e-dependence
in the estimator and in the ideal data compensate one another and the asymptotic regime of interest is
therefore once again simply n — oc.



Lemma 5. With notation as in the statement of Theorem[d, we have that
flf({\/gﬁWtIg}Zzo) — H in probability as n — oo and
2y/nln (%) (Hf({\/E&Wt’g}ZZO) - H) — N(0,62(H)) in distribution as n — oo.

Note that the value of flf({\/zaWtIg}Z:O) does not depend on € because the dependence in the estimator and
the dependence in the ideal sampled data compensate one another.

Proof of Lemmald Tt suffices to show that
¢H,T(ﬁf({\/E6th}Z:0)) prob.

an,T(H) .
bn(HE({VeaWHIn_y)) 2 )
\/ﬁ< ¢n,T(H) _1> —>N(0,§*(H)),

whence the claim follows by reasoning as in [33, [34].
If gb;’lT were a right inverse of ¢, 7, then this would be precisely the content of Lemma [ for one could
write

onr (A (VoW Yiso)) =

|
/N
<
S
~
o]
<
s
)ﬂ)_‘
N—
7N
s
Sl
S
(]
QI
>
S
?rg
_=
N———

1< 2
(10) - > |eaZiwe ]

k
Of course, one actually has ¢, o qS;}f = min{-,3} (see Remark [@l). However, equation (@) implies in
particular that for each 1 < j < m,
1 n
2 H,j|2 as
S IAZ WIS 0

and hence also

Q|

Z |UA(2 WH 2 < I

n|0|2

(25 s

Thus, one sees that for almost every realization of the random state, it is true that for n sufficiently large
the equality (I0) is valid. Having made this observation the claim of the lemma follows by appeal to Lemma

| 2
Jj=1

O
With the above lemmas and results at hand, we are now ready to present the proof of Theorem
Proof of Theorem[2 Tt suffices to show that
Sn,r (HE({X53120)) prob.

¢n,T(H) :
bn,r (HE({XF 1 0s0)) 2 2
\/ﬁ < ¢n,T(H) - 1) —_>N(07§*(Hna

and the claim follows by the same arguments as in [33, B4]. To do so, we use Lemmas [B] and Indeed,
combining the approximation of Lemma [3] with the reasoning of the proof of Lemma [l one sees that

bnr (H{X5 Vi) = (900 07 ) (neﬂﬂz > [agxe )
k=2

n

2
_ A2 H _oH
UA;)LW ’ +o(n 2 ),

k=2
10



where the little-o is understood in probability as n — oo and ¢ := (e,77) — 0. Therefore,

Snr(H{({X5)10)  dnr(HI({Vee Wi} i_)) o))
¢n,T( ) B ¢n,T(H) ’

whence the claim follows by appeal to Lemma O

Whenever one does not have knowledge of the magnitude of the noise € > 0, which is required for using
the estimator Hf and applying Theorem [2] we introduce a second estimator of H for which knowledge of
the magnitude of the noise € > 0 is not required. This is the objcet of Theorem Bl below.

Theorem 3. Assume Condition [0 and Condition [d and, if o is nonconstant, assume that for some a > 0
and § > 2 we also have Condition [3(a, §). Suppose that n — oo and e := (e,n) — 0 in such a way that
(1) there is a py > 0 such that n=1 = O((en®>~2H)P1) and
(2) if o is nonconstant, there is a pa > 0 such that n = O(n=27°2).

n

Forn > T, given a random sample {XEZ” 2, define the estimate

2
2n (2) €
(1) ﬁ2({Xf;g 2 ) 1 1 k=2 ’A2n,)kX ]
n 2
S [ATLX

— n
2 2In2
Note that the filtered increments in the denominator are taken with double the spacing relative to those in
the numerator.
We have that

({X ) — H in probability as n — oo and € := (e,n) = 0

and
2In2y/n (Hg({X an ) — H) — N(0,62, (H)) in distribution as n — oo and ¢ := (e,n) — 0,

where the variance is given by

3 1 m m B
2= (Gt~ 230m) DI TLILY

where m is the dimension of the slow process X, m is the dimension of the noise WH | ¢2(H) is as in Theorem

@ and
=Y 7°(j; H)
JEZ
with
() = — 3P 27 2P 4 | - 1P AP [+ 1P 205 4 2 [+ 3P

2(4 — 22H)2H

Proof of Theorem[3 The proof is very similar to that already given for the first estimator and so we only
indicate the direction of it.

By the approximation of Lemma [B] and with the notation of the proof of Lemma Ml the behavior of the
estimator is asymptotically equivalent in probability to

H— 1 lo <Ez IZ]q IUZ;JUZ;Q%nT>
2In2 Zz 1 Z] q=1 UZ;]UZ;an,T

and so one is led to consider the limiting behavior of this quantity.
One calculates that




(the same of course for 2n in place of n) and that moreover
A S S Gi 0 VIR 1Y o 0\ [(2(H) &(H) 1 & &
Vo | PP &=t ga=1 P00 e T SN ( ) , < 5 2 ) — 0i,j0i,q0k,j Ok,
# D i1 D jg=1 00 jOigVanly — 1 0 G2(H) <*(H)/2 EiE Z Z 3%i,q%k,jOk,q
The result follows from this by the delta method. O

4. TRAJECTORY FITTING ESTIMATOR FOR DRIFT ESTIMATION

Suppose that the drift coefficient ¢ in (IJ) depends upon an unknown parameter 6 that lies in some bounded,
convex, open subset © of some Euclidean space. We write
X7 = eo(XPOH, Y dt + Veo (v )aw !
dvy" = Lf(Y)dt + =7 (Y,")dB,
X —ppex, Y=y el

Definition 1. For 0 € © and 0 < s <t <T, let Ze(t, s) denote the matriz-valued solution to the equation

dZ%(t, s)
dt

where 1,, denotes the m x m identity matriz. By [22l Proposition 2.14], the continuity of t — (V.cg)(X?)
on (0,T] guarantees the semigroup relations Z%(t,s)Z%(s,r) = Z%(t,r) and the invertibility of Z%(t,s).

= (Vmég)(Xf)ZG(t,S), Ze(svs) = 1m,

A very simple approach to estimating € is to choose a value § € © that brings the vector {sz}zzl

into nearest possible agreement with the vector {X Z’be’H}Z:l of observations. We impose an identifiability

condition to guarantee that the choice is unique. Let us take as our contrast function the squared Euclidean
distance

2
U(6; {It;;}Z:l) =X

e
Itz Xt;‘

Remark 6. There are many other reasonable contrast functions that one could choose to use here. For
example, with Z% as in Definition [, recalling that t§ = 0, one can define the alternative contrast function

U'(0; {$t2}2:1) =X (xt}j - ng) - Z"(tﬁ, tZﬂ)(xt}Z,

_ 2
L Xeﬁ,l)’ . It is then easy to derive results anal-

2
ogous to the ones derived in this section for U(0;{zp }1_)) = X5_, ‘xtz - sz‘ , although it should be noted
that a stronger identifiability condition may be required. We have chosen to work with the particular choice
U(6; {ﬂft;; }_1) because the resulting estimator is perhaps among the simplest to analyze, implement, and
compute, while exhibiting at the same time general stability in numerical behavior (see Section[).

Remark 7. Tuking the L* distance requires that T3y sup,cy ||7(y)||* < o so that one may take p = 2 in
[7, Theorem 1], but makes it easier to deduce asymptotic normality of the resulting estimates by studying the

Hessian of the contrast function.
Finally, we define the mean-square Trajectory-Fitting Estimator

(12) Orrp({ag i) = argmin U(9: {ary Hiy)

4.1. Finite sample calculations. In this section, we assume that we have a fixed number of observations,
n, of the slow process, say {z};_; observed at given discrete times {¢}};_, C [0,7]. We impose an
identifiability condition to guarantee that for each 6y € ©, U(#; {X 90}}3:1) is uniquely minimized over § € ©
at 0 = 90.

Condition 4. (First Identifiability Condition) For a given choice of n € N we shall write Condition [} (n)
to mean that for any (01,0) € 62, {Xfi o= {ng}zzl if and only if 61 = 65.

We are going to show that this estimator is consistent and asymptotically normal. Let us start with the
consistency, which follows from a modulus-of-continuity argument.
12



Theorem 4. (Consistency of the Trajectory-Fitting Estimator) Let n € N be given. Assume Conditions [,
3o, 8,7) and[GF(n). Assume also that TSysup,ecy ||7(y)||* < o so that one may take p =2 in [7, Theorem
1]. For any 6y € ©, Hy € (1/2,1), and ¢ > 0,

. N ,00,Ho\n

tim P (|6rr5({X5""V20) = b0l > ¢) = 0.
Proof of Theorem[j] Consider the modulus of continuity

w(d; {zip bioy) = sup |U(Or; {zep Y1) — U025 {zep ey
(01,02)€02;101—02|<p

defined for ¢ > 0. It is clear from [7, Theorem 1] that as ¢ — 0, w(¢; {Xf}ég’H}Z:l) converges in probability
uniformly in € © and ¢ > 0 to w(e; {ng te_y). It is also clear by continuity of 6 {Xf?}gzl and the
triangle inquality that limg_.o supycg w(¢; {ng }r_1) = 0. The claim of the theorem follows by [11, Theorem
3.2.8]. O

The next result establishes the asymptotic normality of our estimator.

Theorem 5. (Asymptotic Normality of the Trajectory-Fitting Estimator) Let n € N be given. Assume
Conditions [, [3(«v, 3,7) and[@(n). Assume also that TSysup,cy ||T(y)[|* < o so that one may take p = 2

in [7, Theorem 1]. For any 6y € ©, Hy € (1/2,1), we have that ﬁ (éTFE({XféOO’HO}Zzl) - 90) converges

in distribution as € := (e,n) — 0 to the normal distribution N'(0, M (6o, Ho;n)), where the variance is given
by

M(0,H;n) = ( k=1 {(Ve‘ Xig)TveleXig})_l x

0
_ T _
(E;%k_l [(w]ext';) B ¢l €™ (w]exg;;)D x
_ _ -1
(e [0, i) 7] X ])
Before presenting the proof of this theorem, let us make some related remarks.

Remark 8. For the limit as n — oo of the limiting variance, one may write explicitly

nh_)H;OM(e,H;n) - </:0 {(VO‘OXQTVO‘GXJ dt) :
(/tT_O /tT_O [(ve}eXgl>TE [gf;H(gng)T} (VG}BX;Q)] dtgdt1> "
T —1
([l o))

Remark 9. Fort € [0,T], one may write explicitly
¢
VG}QX,; :/ Z°(t, s)(Vee.)(X?)ds.
0
Remark 10. For (t1,t2) € [0,T]?, one may write explicitly

t1A\to
E ¢l ™) = / (2°(t1, NS4 (XD)) (2°(t2,5)A85(XD)) " ds
s=0
t1 to
+H(2H— 1) / (Zg(tl,sl)ﬁ) (Ze(tg,sz)(f)Tle —82|2H72d52d81.
52:0

51:0

Proof of Theorem Bl Let us suppress the data {X 57050 +e_,. By Taylor’s theorem,

i
0= v U= v, v+l —9)Tv2‘ U
— = 990 \/E TFE 0 901_ )

Ve lores Ve
13




where 61 is an appropriately-chosen point on the line segment connecting Orpp with 6. Assuming the
1

inverse exists, we may reexpress this as
L@ 0 v u)" vl v)
Zelorre —00) = ( #,0) ( NN )

Thus, it suffices to establish a limit in distribution of —\%V(;’ U and an invertible limit in probability of
0o

\% TU; the interested reader is referred to [11, Section 3.3.4] for a rigorous justification of this now-classical
0

approach.
For the rescaled gradient of the contrast function, we have
1 1 60, H, 00\T -
13 — v, U=2xr | == (xEfeHo _ X0 v‘ X,
(13) e 0 % k=1 [\/E( &7 tk) 990 38

which converges in distribution to 2X7_, {( fE’HO)TV9‘ X":Z] by [7, Theorem 2], where ¢%# the limit of
0o

the fluctuations, is given for ¢ € [0, T] by the mixed stochastic integral (recall Theorem [I)

t t
e — )\/ Z0(t,5)%8 (X,)dBs +/ Z0(t, s)gdw i,
0 0
where WH is a fractional Brownian motion with Hurst parameter H and B is a standard Brownian motion
independent from W¥,
Meanwhile, for the Hessian of the contrast function, we have

(14) V3| U=25i, [(Ve] Xi) Ve

v n €,00,Ho FOT\T s\
ot itk Xtd B 22kzlve‘m ((th —Xg) ve’extz) ’

‘GT

which converges in probability to 2X7_, [(V@ ) )_(t'Z)TVG‘G th]; to see this, recall that brrg converges in
0 0

probability to 6y by Theorem @ that X; Bo-Ho converges in probability to X/ uniformly in ¢ € [0,T], and
that Vg‘e)_(i is bounded uniformly in § € © and ¢ € [0, 7.
Putting these together,

—1 T
v n 0o, Ho\T v
: ) (e, )

which is to say that %(éTFE({Xféeo’HO}Z:l) —0o) converges in distribution as ¢ — 0 to N(0, M (6o, Ho; n)).
This completes the proof of the theorem. O

L €,00,Ho\n n v
Telbre (XY — 00) 2 (S (%], X7V

4.2. High-frequency regime for the trajectory fitting estimator. Here, in contrast with Subsection
[T where we assume that the number of observations n is fixed, we consider the case where n grows to
infinity at the same time as €, 7 are taken to zero. For notational convenience, let us write A := T'/n for the
sampling interval.

Theorem 6. (Consistency of the Trajectory-Fitting Estimator as (e +n+ A) — 0) Assume Conditions [,
3 e, B,7) and[fF(n). Assume also that TSysup,cy ||7(y)||* < o so that one may take p =2 in [7, Theorem

1]. Assume that €, n, and A all go to zero in such a way that W — 0. For any 6y € ©, Hy € (1/2,1),
and ¢ > 0,

ol P (s (KGN ~ 6ol > €) = 0.

Proof of Theorem [ The proof of this result is very similar to that of Theorem dl The main difference is
that we would like to show that the assumed relationship among €, 1, and A is sufficient to conclude that,
for any ¢ > 0,

li Pl s U(f; {XE ) = U0 {X V)| > ¢ | = 0.
e <91)91£@| (02; { X3, Him1) — U025 { X( Hea))| > €

14



To this end, we have that

U(02;{ Xy, rflorn ) —U(a; {X 1)) = Z (XEQOI’HO - Xf,:) (Xte,éehHO - QXtH,f + Xte,f)
k=1

€,01,Ho v 01
Xgoto _ g0

Xt —2Xfe 4 Xf2).
\/_ + \/ﬁ ( tk tk tk

(f+f)Z
k=1

From this we conclude that this term vanishes in L' by Theorem [ together with the assumption that
‘/_+‘/_ — 0. The rest of the proof follows the proof of Theorem [4] O

Let us now consider the asymptotic normality statement in the high-frequency regime. Recall that we
stated in Remark [§] the limit, as n — oo, of the limiting variance for a fixed number n of observed data. The
same expression is obtained as the variance of a joint limit provided that €, 7, A satisfy the same asymptotic
relationship as in Theorem

Theorem 7. (Asymptotic Normality of the Trajectory-Fitting Estimator as (e +n + A) — 0) Assume
Conditions [0, [3(av, 3,7) and[@(n). Assume also that T Bysup,cy ||T(y)[|*> < « so that one may take p = 2
in [T, Theorem 1]. Assume that €, n, and A all go to zero in such a way that M — 0. For any 0y € O,
Hy € (1/2,1), we have that \/ (HTFE({aneo Ho}k 1) - 90) converges in dzstmbutwn as €,n1,A — 0 to the
normal distribution N'(0, M (6, Hy)), where the variance is given by

-1
e (Lt
(/tTO /tTO [(WLX;I)TE[gf;H(ng,H)T} (ve‘e)_(t'z)} dtgdt1> «
T

Proof of Theorem[7 The proof of this theorem follows closely that of Theorem [l with the additional element
of accounting for the limit as A — 0. Below, we only comment on the differences. In particular, by ([I3]) we
have that

A 1
VAL NG

(X570 = XE)TV,

0o

U =2A%]_, [ X;E} ,

which converges in distribution to 2f0T {( f“’HO)TVgL Xt'] dt by [, Theorem 2], where, as before, ¢%H is
0
the limit of the fluctuations, given for ¢ € [0, T] by the mixed stochastic integral
t o t R
e =\ / Z%(t, s)2% (X,)dBs + / Z0(t, s)adWw i
0 0

By ([I4) we have that

T
2 _ n - \T v ] n &,00,H T
AV3| U =283, [(vg‘mxﬁg) vg‘mxtd 2AE’“:1V9‘9T ((th oo _ g01) Ve‘ th) 7

which converges in probability to 2f0T |:(V9} X,;)TV(;’ X,;} dt. To see that the second term vanishes, we
0o 0o

used the fact that 07 pp converges in probability to g by Theorem [ that X[ ,80,Ho converges in probability
to X{° uniformly in ¢ € [0, 7], and that Vg’ X; is bounded uniformly in 6§ € © and ¢t € [0,7]. The rest of
0

the proof follows that of Theorem O
15



5. A CONTRAST ESTIMATOR BASED ON THE LIKELIHOOD OF AN APPROXIMATE MODEL

In this section we present an alternative estimator for the unknown parameter # which is based on the
principle of maximum likelihood applied to an approximate model motivated by the fluctuations approx-
imation given precisely in Theorem [[I The advantage of this estimator is that it has smaller asymptotic
variance than the one presented in Section [, at least when the Hurst index is known, as we demonstrate in
the proof of Theorem [[0l One disadvantage, however, which is clear from the formulation ([I3)), is that it is
computationally challenging to implment, in that one must invert a matrix which is quite large in typical
cases. Nevertheless this estimator is of theoretical interest as well as practical interest when the computa-
tional challenges can be met. Also, note that the construction of this estimator involves a parameter which
is ideally chosen to coincide with the Hurst index. However, it turns out that one has consistency and
asymptotic normality even when the chosen parameter and the Hurst index do not coincide.

Recall that [7, Theorem 2] states that the fluctuations process ﬁ (X s0.H _ X ‘9) converges in distribution

to £9H  where for ¢ € [0, 7],

t t
O.H _ )\/ Z%(t, 5)2%d1§5+/ Z0(t,s)adWH
0 0

where Z% is as in Definition I W is a fractional Brownian motion with Hurst parameter H, and Bis a
standard Brownian motion independent from W#.
Let @ denote the vector concatenation sum and ® the vector outer product. For each n € N, 5(07’5{ =
0.H . . . . . —0,H 0,H _ +0,.H
@gzlgtz is a centered Gaussian vector with covariance matrix Em) = E [g(n) ® §(n) }
The convergence in distribution of the fluctuations in [7, Theorem 2] may be understood to mean that, in

an appropriate sense, the vector of observations @Zlefée’H is asymptotically Gaussian with mean @Zle 9?

. . —8.H
and covariance matrix E:‘(n)

The form of the likelihood for this approximation suggests that it is reasonable to estimate § by minimizing
the contrast function

~ _ T —1 _
U“(6; H, {wy Y1) = clogdet(Z01) + (@Zzl(ztz - sz)) (Ef;fj ) (@Zzl(xtz - sz))

or more simply

7 n n v 0 T —=0,H -1 n v 0
U(0; H, {zip =) = (@kzl(xtg - X ;g)) (:‘(n) ) (@kzl(xtg - Xt;;)) :
We define the Minimum Contrast Estimator with parameter H

(15) 0% o ({zep hiey) == arg géig U(0;H, {mep br_y)-

The estimator turns out to be consistent and asymptotically normal even if H # Hy, i.e., even if the Hurst
index is not correctly specified.

Theorem 8. (Consistency of the Minimum Contrast Estimator) Let n € N be given. Assume Conditions [,
3o, 8,7), and[(n). Assume also that T3~y sup,cy [|7(y)||* < a so that one may take p = 2 in [7, Theorem
1]. For any 6y € ©, (Ho,H) € (1/2,1)%, and ¢ > 0,

. ) 100, Hoyn
;g%P (|0]?\-[/ICE({Xt€g O k=1) — bol > C) =0.
Proof. Consider the modulus of continuity

w(e; H, {fct}; Frot) == sup |U(91;H7 {iﬂt;g}zzl) —U(02;H, {wt;;}Z:l)l
(61,02)€02;01—02|<¢
defined for ¢ > 0. Tt is clear from [7, Theorem 1] that as e — 0, w(¢; H, {Xfée’HO}Zzl) converges in probability
uniformly in § € © and ¢ > 0 to w(¢;H, {sz}}::l). It is also clear by continuity of 6 — {)_(fz . and
the triangle inquality that limg_.o supgeg W(0; H, {sz}}::l) = 0. The claim of the theorem follows by [II]

Theorem 3.2.8].
O
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Theorem 9. (Asymptotic Normality of the Minimum-Contrast Estimator)
Letn € N be given. Assume Conditions[, (., 8,7), and[}(n). Assume also that TSy sup,cy | 7(y)||* <
« so that one may take p = 2 in [0, Theorem 1]. For any 6y € ©, Hy € (1/2,1), and H € (1/2,1), we

have that ﬁ (éﬁcp;({xtg M) — 90) converges in distribution as € := (e,m) — 0 to the normal distribution
N(0, M (6o, Ho;n)), where the variance is given by

M™(0,H;n) = ((@Z_1V9 .

- T A %
. —=bo, n
eoXti‘) (H(n) ) (@k_1V9 )
,00,

Proof. Let us suppress the data {sz Ho ti_, and the parameter H in the estimator. The argument is
nearly identical to that of the proof of Theorem [B] and so we provide a sketch only.

1
-—V
e 0

T
T L €,00,Ho 0 —00.H\ n a
LU=2 (\7 or_, (th . Xtif) (H(n) ) St Vo, Xip ) + R,

00, Ho\ T (=00, 1\
where the first term converges in distribution to 2 ({ bt 0) (: o ) (@Z_1V9

(n) Em) th) and R converges

)
in probability to 0.

2

- n v T .—GT.’H -1 n v
v2 Uzz(@kzlve‘mxtg) (:@ ) V|,

‘HT

_\7T -1 _
where the first term converges in probability to 2 < Z:1V9‘9 Xt'n> (:90,7{) <@2_1 Ve‘e X,;z) and Ry
0 0

k —(n)
converges in probability to 0.
The claim follows as in the proof of Theorem

In the next theorem we compare the limiting variance of the TFE studied in Section ] with that of the
estimator studied in this section. As we shall see, the estimator studied in this section has smaller limiting
variance, at least when the Hurst index is known. However, as we have mentioned, it is considerably more
computationally challenging to implement than is the TFE.

Theorem 10. (Comparing the Asymptotic Variances) For any0 € ©, H € (1/2,1), andn € N, M (0, H;n)—
M*H (0, H;n) is positive semidefinite, or what is equivalent, (M (0, H;n))™! — (M (0, H;n))™! is negative
semidefinite.

Proof. We will show that the difference of inverses is negative semidefinite. Let us begin by writing A for

Vo )_(t'z and B for a symmetric square root of E(Z;SI.
0o

In this notation, for any vector v in the domain,
(v, (M(0, H;n)) 'v)? = (v, ATA(ATB>A) 1 AT Av)?
Bt Av, BA(AT B2A) =t AT Av)?
B 'Av, B~'Av)(BA(ATB?A) "' AT Av, BA(AT B2 A) ' AT Av)
v, (MHA(0, H;n)) ") (v, (M (0, H;n)) " v).

<

o~ o~~~

The claim follows immediately.
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6. NUMERICAL EXAMPLES

We now present data from numerical simulations to illustrate the theory. In Subsection [6.1] we consider
a model in which ¢ =1, i.e., the diffusion coefficient of the slow component is constant, while in Subsection
[6.21 we consider a model with multiplicative noise in the slow component, i.e., o is nonconstant. We have
constructed the models so as to exhibit the same behavior in the slow component, to two asymptotic orders,
as € := (e,n) — 0. In addition, the diffusion coefficient o and fast component Y in the second model are
such that the averaged diffusion coefficient is precisely ¢ = 1, in agreement with the constant value of ¢ in
the first example. This design perhaps facilitates a comparative analysis of the two examples.

Before presenting the models and their statistical analysis, let us collect here some of the more high-level
conclusions.

e Estimation of 6 is stable across all values of n (even for small values). Moreover, as one would expect,
data corresponding to smaller values of € result in more accurate estimates of 6.

e When o is constant, both estimators for the Hurst parameter H, H i and ﬁ; , work equally well as
far as the point estimates are concerned, but as expected H i has smaller variance than fl;

e If o is variable, then flﬁ is in general more reliable than H . A likely reason for this behavior lies in
the fact that the construction of H{ uses the the averaged & whereas the actual data are of course
generated with the prelimit 0. Note that the estimator ﬁ; does not require knowledge of . In
connection with this, it is also worth pointing out that both Theorems 2] for flf , and [3] for flg,
make assumptions about the relationships among €, 7, n. It turns out that in practice there is some
tension between asking for 7 to be small (so that the fast dynamics behave ergodically) and at the
same time hoping to observe convergence of the estimators (one must ensure that the number of
samples n is commensurately large).

Let us now proceed with our two examples.
6.1. Constant-c Model. We begin by considering the constant-o system
{dxg = o XYY, dt + JedW o

Ay = 1Y/ + —2=dB,

(16)

for t € [0,T = 1] with (X§,Y,") = (1,0) € R2.

The limit X of the slow process X¢ in ([0) is given by X; = e and, of course, = 1.

We fix 0p = 1 and Hy = 0.85 and consider the estimators éTFE, flf, and Hoy defined in equations (I2)),
@), and (II) respectively. For each estimator, for e = 0.1 and e = 0.01, and for selected values of 7 and
n (or 2n in the case of ﬂg), we perform 10,000 simulations. The slow and fast trajectories are simulated
according to an Euler-Maruyama scheme with 10 evenly-spaced discrete time steps.

Tables present the empirical means and standard deviations.

Let us start with the estimator for 6.

[ F [n=0°]n=10°[n=10"[n=10°[n=10"]
7 =0.01 [0.93566] 0.9368 | 0.9223 | 0.939 | 0.9309
1 = 0.001 || 0.93834 | 0.93437 | 0.93605 | 0.94778 | 0.94202

17 = 0.0001 || 0.94638 | 0.94862 | 0.94215 | 0.94506 | 0.94895

TABLE 1. Means of éTFE for constant-c model with e = 0.1

| * ||n:106|n:105|n:104|n:103|n:102|

n=0.01 | 0.58072 | 0.58527 | 0.59206 | 0.58791 | 0.59172
7 =0.001 || 0.57269 | 0.57432 | 0.56904 | 0.56154 | 0.56128
n = 0.0001 || 0.56523 | 0.56427 | 0.56397 | 0.56596 | 0.56001

TABLE 2. Standard deviations of éTFE for constant-o model with e = 0.1
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| *

||n:106|n:105|n:104|n:103|n:102|

n=0.01 | 0.98719 | 0.98777 | 0.98919 | 0.98619 | 0.9852
17 =10.001 || 0.99307 | 0.99424 | 0.99702 | 0.99042 | 0.9954
n = 0.0001 || 1.00236 | 0.99737 | 1.00063 | 1.00136 | 0.99745

TABLE 3. Means of éTFE for constant-o model with e = 0.01

| *

||n:106|n:105|n:104|n:103|n:102|

n=0.01 | 0.22959 | 0.23078 | 0.23264 | 0.23139 | 0.2322
n = 0.001 0.1795 | 0.17761 | 0.17749 | 0.18082 | 0.17798
n = 0.0001 || 0.17353 | 0.17266 | 0.17173 | 0.17366 | 0.17349

TABLE 4. Standard deviations of éTFE for constant-c model with ¢ = 0.01

Comparing Tables [[] and Bl we see that when € is smaller the estimates of 6 are more accurate. Note also
that the TFE is stable across all of the different values of n. In addition, we compute using the theoretical
limiting standard deviation of Theorem [B] an approximate standard deviation of 0.54037 for ¢ = 0.1 and
0.17088 for € = 0.01, both of which are very close to their empirical estimates presented in Tables 2] and [4]
respectively.

Now we proceed with the two Hurst-index estimators.

[ F [n=0[n=10°

n:104|n:103|n:102|

n=0.01 0.85 0.84997 | 0.84921 | 0.83503 | 0.7698
7 =10.001 | 0.84998 | 0.84967 | 0.84356 | 0.81115 | 0.82201
17 = 0.0001 || 0.84978 | 0.84711 | 0.83132 | 0.83769 | 0.84763

TABLE 5. Means of ﬁf for constant-o model with € = 0.1

| *

||n:106|n:105|n:104|n:103|n:102|

n=0.01 5e-05 | 0.00017 | 0.00071 | 0.0059 | 0.02968
n = 0.001 5e-05 0.0002 | 0.00204 | 0.01014 | 0.0145
n = 0.0001 8e-05 | 0.00089 | 0.00486 | 0.00437 | 0.01058

TABLE 6. Standard deviations of H¢ for constant-c model with e = 0.1

*

||n:106|n:105

n:104|n:103|n:102|

n=0.01 0.84998 | 0.84966 | 0.84283 | 0.77158 | 0.60576
17 =10.001 || 0.84978 | 0.84684 | 0.80863 | 0.71165 | 0.71418
7 =0.0001 || 0.84789 | 0.82844 | 0.76846 | 0.78014 | 0.8205

TABLE 7. Means of H{ for constant-o model with ¢ = 0.01

* ||n:106|n:105 n:104|n:103|n:102|
n=0.01 5e-05 | 0.00019 | 0.00177 | 0.01209 | 0.0391
n = 0.001 5e-05 0.00041 | 0.00357 | 0.00974 | 0.02063
7 = 0.0001 || 0.00022 | 0.00171 | 0.00428 | 0.00575 | 0.01197

19

TABLE 8. Standard deviations of Hf for constant-o model with ¢ = 0.01




|| 2n:106|2n:105|2n:104|2n:103|2n:102|

*
n=0.01 0.85005 0.851 0.86961 1.0264 0.83383
n = 0.001 0.85046 | 0.85998 | 0.95922 | 0.85727 0.7368
n =0.0001 || 0.85441 | 0.91253 | 0.85565 | 0.79103 | 0.81603

TABLE 9. Means of ﬁQ for constant-o model with e = 0.1

|| 2n:106|2n:105|2n:104|2n:103|2n:102|

| *
n=0.01 0.00145 | 0.00462 0.016 0.06725 | 0.17248
n = 0.001 0.00145 | 0.00557 | 0.03151 | 0.05317 | 0.15745
n = 0.0001 || 0.00197 | 0.01776 | 0.01581 | 0.04978 0.1502

TABLE 10. Standard deviations of ﬁQ for constant-c model with ¢ = 0.1

|| 2n:106|2n:105|2n:104|2n:103|2n:102|

*
n=0.01 0.85045 | 0.86004 | 0.99699 1.2951 0.82796
n = 0.001 0.8544 0.93419 | 1.23565 0.8622 0.57189
n =0.0001 || 0.88917 | 1.15074 | 0.86317 | 0.63009 | 0.72459

TABLE 11. Means of Hs for constant-o model with € = 0.01

|| 2n:106|2n:105|2n:104|2n:103|2n:102|

| *
n=0.01 0.00146 | 0.00523 | 0.03152 | 0.05684 | 0.19151
n = 0.001 0.00154 | 0.01011 | 0.02237 | 0.06417 | 0.17704
n =0.0001 || 0.00394 | 0.01501 | 0.01985 | 0.05434 | 0.15789

TABLE 12. Standard deviations of flg for constant-c model with ¢ = 0.01

As the Tables above show, both estimators do reasonably well in this case, becoming more accurate as
n increases. The theoretical limiting standard deviations for the two Hurst-index estimators are given by

Tables [[BUT4] below and are reasonably close to the empirical ones, especially when € = 0.1.

=109 | n = 10° | n = 10% | n =103 | n = 102 |
6e-05 | 0.00022 | 0.00085 | 0.00358 | 0.017 |

[
|

TABLE 13. Theoretical limiting standard deviations of H i for all combinations of ¢, 7.

|n:106 | n = 10° | n = 10% | n =103 | n = 102 |
| 0.00145 | 0.00459 | 0.0145 | 0.04585 | 0.14499 |

TABLE 14. Theoretical limiting standard deviations of H, for all combinations of e, 7.
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6.2. Variable-c Model. We now consider the variable-o system
%eothdt-i- \/E%esin(yt")Jrcos(Yt")thHo

dXE =
dy;! = %(sin(Yt") —cos(Y;"))dt + %dBt

for t € [0,T = 1], where L := 0277 e~ (sin()teos(y)) gy = fozﬂ esin()+eosw) gy - For the purposes of averaging
we regard the fast component as taking values in the circle S obtained as a quotient of R upon identifying
points whose distance from one another is an integral multiple of 27. Permitting a slight abuse of notation,
let (X§,Y)) =(1,0) e R x S.

The scaling is chosen so that once again the limit X of the slow process X¢ in (I7) is given by X; = e
and & = 1, facilitating comparison of the experimental results between the two models.

We again fix g = 1 and Hy = 0.85 and consider the estimators éTFE and ﬁg defined in equations (I2]),
@), and (1) respectively. For each estimator, for e = 0.1 and e = 0.01, and for selected values of 7 and
n (or 2n in the case of ﬂg), we perform 10,000 simulations. The slow and fast trajectories are simulated
according to an Euler-Maruyama scheme with 10 evenly-spaced discrete time steps.

Tables[IHI206] present the empirical means and standard deviations. We start with the TFE éT FE estimator.

(17)

[ F [n=0°]n=10°[n=10"[n=10°[n=10"]

n=0.01 | 0.92498 | 0.9297 | 0.91818 | 0.92298 | 0.91503
7 =0.001 || 0.94111 | 0.94252 | 0.93942 | 0.93276 | 0.93712
17 =0.0001 || 0.9289 | 0.93416 | 0.94348 | 0.93748 | 0.94499

TABLE 15. Means of éTFE for variable-o model with ¢ = 0.1

*

||n:106|n:105

n:104|n:103|n:102|

n=0.01 0.63444 | 0.64771 | 0.65125 | 0.6456 | 0.65453
n =0.001 | 0.57226 | 0.579 | 0.58357 | 0.58011 | 0.5778
n = 0.0001 || 0.56799 | 0.57611 | 0.56143 | 0.57273 | 0.56516

TABLE 16. Standard deviations of éTF g for variable-o model with e = 0.1

*

||n:106|n:105

n:104|n:103|n:102|

n=0.01 0.98835 | 0.99125 | 0.99326 | 0.99246 | 0.99009
7 =10.001 | 0.99302 | 0.99112 | 0.99112 | 0.99488 | 0.99388
7 = 0.0001 || 0.99503 | 0.99587 | 0.99252 | 0.99287 | 0.99446

TABLE 17. Means of éTFE for variable-oc model with ¢ = 0.01

*

||n:106|n:105|n:104|n:103|n:102|

n=0.01 0.20009 | 0.19998 | 0.19965 | 0.19787 | 0.1979
n=0.001 || 0.17634 | 0.17853 | 0.17669 | 0.17456 | 0.17539
7 =0.0001 || 0.17297 | 0.17298 | 0.17149 | 0.1724 | 0.17242

TABLE 18. Standard deviations of éT rE for variable-o model with ¢ = 0.01

Our conclusions here are the same as those for the TFE in the constant-o example of Subsection
Note that because we have constructed the two examples so that certain limiting quantities coincide, the
theoretical standard deviation values for the TFE 6rpp are the same as those given in
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Let us now proceed with the Hurst-index estimators.

| *

||n:106|n:105

n:104|n:103|n:102|

n=0.01 0.82242 | 0.81812 | 0.8117 | 0.80079 | 0.77864
n=10.001 || 0.82287 | 0.81827 | 0.81088 | 0.79324 | 0.79413
1 =0.0001 || 0.82255 | 0.81711 | 0.8041 | 0.80577 | 0.83329

TABLE 19. Means of H{ for variable-o model with ¢ = 0.1

| * ||n:106|n:105|n:104|n:103|n:102|

n=0.01 0.01364 | 0.01615 | 0.01941 | 0.02536 | 0.04578
n =0.001 || 0.00446 | 0.00527 | 0.0066 | 0.0114 | 0.0261
1 = 0.0001 || 0.00143 | 0.00172 | 0.00303 | 0.00693 | 0.01275

TABLE 20. Standard deviations of Hf for variable-o model with € = 0.1

[ F [n=0[n=10°

n:104|n:103|n:102|

n=0.01 | 0.82251 | 0.81802 | 0.81142 | 0.80042 | 0.77952
n =0.001 || 0.82286 | 0.81826 | 0.81072 | 0.79297 | 0.79494
n = 0.0001 || 0.82254 | 0.81707 | 0.80411 | 0.80571 | 0.83334

TABLE 21. Means of H{ for variable-o model with ¢ = 0.01

| * ||n:106|n:105

n=10"[n=10° [ n=10"|

n=0.01 0.01377 | 0.01605 | 0.01918 | 0.02555 | 0.04554
n =0.001 || 0.00447 | 0.00522 | 0.00657 | 0.01132 | 0.02596
7 = 0.0001 || 0.00142 | 0.00171 | 0.00309 | 0.00695 | 0.01272

TABLE 22. Standard deviations of H{ for variable-o model with e = 0.01

[ F [2n=10°[2n=10°[20n=10" 20 =10° | 2n = 107 |

n=0.01 0.85002 | 0.85028 | 0.85186 | 0.86408 | 0.81163
n = 0.001 0.85015 | 0.85219 | 0.86907 | 0.86401 | 0.68595
n =0.0001 || 0.85134 | 0.87005 | 0.87218 | 0.69986 | 0.76573

TABLE 23. Means of ﬁg for variable-o model with ¢ = 0.1

[ F J2n=10°[20n=10° [ 20 =10"[2n=10° | 2n = 10” |

n=0.01 0.00418 | 0.01341 | 0.04129 | 0.12186 | 0.26647
n = 0.001 0.00436 | 0.01365 | 0.04039 | 0.09693 | 0.16591
n =0.0001 || 0.00424 | 0.01309 | 0.03379 | 0.05615 | 0.15515

TABLE 24. Standard deviations of ﬁQ for variable-oc model with € = 0.1
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[ % [2n=10°[2n=10°[20n=10" 20 =10° | 2n = 107 |
7 =001 ]| 0.84999 [ 0.85019 | 0.85115 | 0.86087 | 0.81679
1 =0.001 || 0.85015 | 0.85238 | 0.86952 | 0.86334 | 0.68816

1 =0.0001 | 0.8513 | 0.86992 | 0.87149 | 0.69979 | 0.76835

TABLE 25. Means of ﬁg for variable-oc model with ¢ = 0.01

| * ||2n:106|2n:105|2n:104|2n:103|2n:102|

n=0.01 0.00413 0.0131 0.04173 0.12224 0.26606
n = 0.001 0.00428 | 0.01344 0.0406 0.09806 | 0.16667
n = 0.0001 || 0.00426 0.01309 0.03325 0.05559 0.15577

TABLE 26. Standard deviations of flg for variable-oc model with ¢ = 0.01

We notice that H does a better job of correctly estimating H than H;. This can be explained by noting
that A, depends on knowledge of the limiting coefficient & whereas the actual data come from the prelimit
model. It is therefore not surprising that the convergence here is slow. On the other hand H, is based only
on the variation in the sample, which may allow it to converge more quickly in such cases. Note that as for
the TFE the theoretical standard deviation values are the same as those given in Subsection

APPENDIX A. AUXILIARY RESULTS

The following lemma bounds the moments of the maximum process of |Y'| with respect to 7.
Lemma 6. Assume Conditions [l and[2 For any 0 < p < oo and any ¢ > 0,

E( sup |Y"P) =0 (n"°)
0<t<T

asn — 0.

Proof. By Proposition 2 of [43], one has for the time-rescaled fast process, for any 0 < ¢ < oo, the relation

E( sup [Y,1[7) = o(V1)

0<s<t
as t — oo. This yields

B( sup [V'[%) = o(—=)

0<t<T N4

as n — 0, whence the statement is immediate for ¢ > 1/2. For 0 < ¢ < 1/2, apply Jensen’s inequality and
substitute ¢ = p/2¢:

2¢
E( sup V7)< (E< sup |Y;7|p/2<>)
0<t<T 0<t<T

—o((y2¢
= ((\/ﬁ) )-
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APPENDIX B. PRELIMINARIES

B.1. Fractional Brownian motion. A fractional Brownian motion (fBm) is a centered Gaussian process
WH = {(WH},>o C L?(Q2), characterized by its covariance function

1
Ryt s) == BOVIWI) = (52H F2H g s|2H) .

It is straightforward to verify that increments of fBm are stationary. The parameter H € (0, 1) is usually
referred to as the Hurst exponent, Hurst parameter, or Hurst index.

By Kolmogorov’s continuity criterion, such a process admits a modification with continuous sample paths,
and we always choose to work with such. In this case one may show in fact that almost every sample path
is locally Holder continuous of any order strictly less than H. It is this sense in which it is often said that
the value of H determines the regularity of the sample paths.

Note that when H = %, the covariance function is R% (t,s) = t As. Thus, one sees that W2 is a standard
Brownian motion, and in particular that its disjoint increments are independent. In contrast to this, when
H +# %, nontrivial increments are not independent. In particular, when H > %, the process exhibits long-
range dependence.

Note moreover that when H # %, the fractional Brownian motion is not a semimartingale, and the usual
1t6 calculus therefore does not apply.

Another noteworthy property of fractional Brownian motion is that it is self-similar in the sense that, for
any constant a > 0, the processes {WtH}t>0 and {a*HWaIf}DO have the same distribution.

For more details about fractional Brownian motion, we refer the reader to the monographs [5l 39, 4T].

The self-similarity and long-memory properties of the fractional Brownian motion make it an interesting
and suitable input noise in many models in various fields such as analysis of financial time series, hydrology,
and telecommunications. However, in order to develop interesting models based on fractional Brownian
motion, one needs a stochastic calculus with respect to the fBm, which will make use of the stochastic
calculus of variations, or Malliavin calculus, introduced in the next subsection.

B.2. Elements of Malliavin calculus. We outline here the main tools of Malliavin calculus needed in this
paper. For a complete treatment of this topic, we refer the reader to [41].

Let WH = {WtH}t>0 C L?(9) be a fractional Brownian motion with Hurst index H € (%, 1) and let us
fix a time interval [0, T], where T € R .

The formula

<X[O,s]7X[O,t]>ﬁ = Ry (s,t)

induces an inner product on the set £ of step functions on [0, T]. We denote by $) the Hilbert space obtained
as the completion of the resulting inner product space.

It can be shown that the formula

T T
(18) () = o / / () [ — w2 dudr,

with ay := H(2H — 1), extends the above inner product from € to the superset L2([0,77]), and that it is
equivalent to define $) as the completion of this extended inner product space (see e.g. [12]).

Now, the map X[, — W/H extends to a linear isometry of Hilbert spaces $ — L?(Q). We will denote
this map also by WH.

Recall that we are in the setting in which H > % While one may interpret $) as a space of distributions,
it has been shown in [49] 48] that when H > 1, the elements may not be ordinary functions but distributions
of negative order. Adapting the inner product (I8]), one can introduce the space |9| of equivalence classes
of measurable functions ¢ on [0, 7] for which

T T
2 2H—2
Il = an / / lo()] ()] |r — =2 dudr < oo,

which is in fact a Banach space equipped with this square norm.
It can be shown that one has the following chain of continuous inclusions:

L*([0,T]) € L7 ([0,T]) C 9] € .
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Let us now denote by S the set of smooth cylindrical random variables of the form F' = f (WH (p1),- ,WH (cpn)) ,
where n > 1, {¢;}; C $, and f € Cp° (R™) (f and all of its partial derivatives of all orders are bounded
functions).

The Malliavin derivative of such a smooth cylindrical random variable F' is defined as the $)-valued random
variable given by

of
8$i

DF =Y =L (W (p1),-- W (pn) v

i=1
The derivative operator D is a closable operator from L?(Q) into L?(£2;§), and we continue to denote by D
the closure of the derivative operator, the domain of which we denote by D'2, and which is a Hilbert space
in the Sobolev-type norm

2 2
IFIS 5 == E(F?) + B (IDFII ) -

Similarly one obtains a derivative operator D : D2(§)) — L?(Q; 9 ® §) as the closure of D : L?(Q; ) —
L?(2; 9 ® $), and so on.

Note that more generally with p > 1 one can analogously obtain D'? as Banach spaces of Sobolev type
by working with LP(Q).

We can now introduce the divergence operator § as the adjoint of the derivative operator D. By defini-
tion, an $-valued random variable u € L?(£); ) is in the domain of &, which we denote by dom 6, if there is
a constant ¢, for which, for all F € D2,

|E ((DF,u)g)| < culFlp2 -
For such an element u, §(u) is defined by duality as the unique element of L2(£2) such that, for each F' € D2,
E(Fé(u)) = E ((DF,u)g) .

It can be shown that D'2(§)) C domd, and that for any u € D*?($),

E (5)?) = E (Jul}y) + B ((Du, (Du)*)50) -

where (Du)* is the adjoint of Du in the Hilbert space $ ® 9.

B.3. Multiple Wiener integrals of deterministic functions with respect to fractional Brownian
motion.

B.4. Stochastic integration with respect to fractional Brownian motion.

In this subsection we state useful properties of multiple Wiener integrals of elements of §) with respect the
fractional Brownian motion and introduce two main methods used to define stochastic integrals with respect
to the fractional Brownian motion. These and other available approaches are collected and discussed in
detail in the monograph [5].

The first method, introduced in [12], is based on the stochastic calculus of variations, or Malliavin calculus.
Owing to the central role played by the divergence operator introduced in Subsection[B.2] stochastic integrals
of this type are commonly referred to as divergence integrals.

The second approach uses the fact that the Holder regularity of the paths of fBm with H > % is sufficient
to allow integration in the sense of Zahle [60] or [52] (see also the classic paper [59]). Stochastic integrals of
this type are often called pathwise integrals.

Remark 11. The divergence integral can be formulated for fractional Brownian motion with any H € (0,1)
whereas the pathwise integral exists only for H > % One reason that we restrict attention to the case H > %
in this work is so that we may make use of known results for both.
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B.4.1. Multiple Wiener integrals. For ¢ € N and f € %4, we denote by I,(f) the multiple Wiener integral of
order ¢ with respect to the fractional Brownian motion W# introduced in the preceding subsections (when
several different fractional Brownian motions are being used, a superscript will be added to the multiple
integral notation to avoid ambiguities as to which fractional Brownian motion is the integrator). We refer
the reader to [41, Chapter 1] for a definition and construction of these objects. We limit ourselves here to
recalling the main properties of multiple Wiener integrals needed in this paper, the first of which is that
multiple Wiener integrals of different orders are orthogonal in L?(2). The multiple Wiener integrals form
an algebra with the following product rule: for ¢,p € N, f € H%? and g € H®?,

(19) 1040 =37 (D)t 000,

r=0
where f ®q g := f ® g and for each 1 <r < g A p, the contraction f ®, g is given by

o0
f@rgi= Y (fea ®@...®ei)ner @ (9,6, @ ... Qe ) g0
where {e;}72, is any complete orthonormal system in §.

B.4.2. Divergence integration. The definition of the divergence operator as the adjoint of the Malliavin
derivative operator suggests interpretation as an integral. Indeed, in the standard Brownian motion case
(H = %), the divergence of an adapted, Ito-integrable process coincides with its familiar It6 integral. In
general one defines, for u € domd§ and 0 <t < T,

t
/ u dWH = d(uxo,9)
0

which we call the divergence integral of u. Note that the divergence integral is always centered in the sense
that its expected value is zero.

We shall make use of a maximal inequality for the divergence integral, which we now state. The inter-
ested reader is referred to [1] for more details.
Denote by L};” the set of elements u € D'?($) for which

E (|u|p1 + |Dul® ) < 0.
LH ([0,T]) LH ([0,7]?)

There is a constant C' depending only on H and T such that for any p with pH > 1 and any u € L}t}p ,
pH

t P T T T .
E | sup / udWH| | <O / |E (us)|” ds + / E / |Dgu,| 7 ds dr
o<t<T |Jo 0 0 0

Here, Du, is being interpreted as a stochastic process and the subscript s in the notation Dsu, refers to its
parameter. Note that if we denote by A the Lebesgue measure on [0, T], by P the probability measure on €2,
and by w € Q the random state, then Dgu, is defined for A x P-almost-every pair (s,w).

B.4.3. Pathwise integration. We present a version of pathwise integration that appears by the name of
symmetric stochastic integration in [52].
Let u = {us}y<, <7 be a stochastic process in D'?(§). If one has that

2 2
B (Il + 1 Dulye) < o

and
T T
/ / |Doug| |t — 5?2 dsdt < oo a.s.,
o Jo

T
/ u dWH
0
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defined as the limit in probability as e tends to zero of
I H H
% . Us (L¢15+f)A7“"L}s—a)vo) ds

exists and for each ¢ € [0, 77,

t t t T
(20) / us dWH = / u dWH + aH/ / Dyug |s —r)*" 2 drds.
0 0 0 Jo

Thus one sees how the pathwise and divergence integrals are related to one another. Note in particular that
whereas the divergence integral is centered, the pathwise integral generally speaking is not. In the setting
of the model in this paper, however, the two integrals coincide.

Remark 12. Note that whenever one has Du = 0, as is the case for instance when the integrand u and the
fractional Brownian motion WH are independent stochastic processes, the relation Q) says

t t
/ u dWH = / usd6WH,
0 0

which is to say that the two approaches lead to the same integral and in particular that both are centered.
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