THE LAMPERTI TRANSFORMS OF SELF-SIMILAR GAUSSIAN PROCESSES
AND THEIR EXPONENTIALS

MUNEYA MATSUI AND NARN-RUEIH SHIEH

ABSTRACT. We present results on the second order behavior and the expected maximal increments
of Lamperti transforms of self-similar Gaussian processes and their exponentials. The Ornstein
Uhlenbeck processes driven by fractional Brownian motion (fBM) and its exponentials have been
recently studied in [20] and [21], where we essentially make use of some particular properties, e.g.,
stationary increments of fBM. Here the treated processes are fBM, bi-fBM and sub-fBM; the latter
two are not of stationary increments. We utilize decompositions of self-similar Gaussian processes
and effectively evaluate the maxima and correlations of each decomposed process. We also present
discussion on the usage of the exponential stationary processes for stochastic modelling.

1. INTRODUCTION

In this paper we consider stationary processes constructed from self-similar Gaussian processes,
among which we especially focus on the fractional Brownian motion and its variants, namely the
bi- and the sub- versions . For H € (0, 1), a fractional Brownian motion (fBM) B := { B (t) }scr
is a centered Gaussian process with B (0) = 0 and

1
=5 (|t|2H + [s2H — |t — s|2H) , (t,s) € R?.

It is well known that fBM has both stationary increments and self-similarity with index H, i.e.,

Cov (BH(S), BH(t))

for any ¢ > 0 {BH (ct) }ser 4 {c BH (t)};er, where 2 denotes equality in all finite dimensional
distributions. The fBM has the only stationary increments among self similar Gaussian processes,
of which a considerable number of theoretical studies have been conducted (see e.g. [11, 22]). These
studies include p-variation of its paths with p < H, and the long memory property of the increments
for H € (%, 1), as often observed in real-life data.

For Brownian motion (H = 1/2), we may generate the stationary processes in two ways: one
is by the stochastic integration of exponential function with respect to Brownian motion which
yields the famous Ornstein-Uhlenbeck process, and the other is the Lamperti transform which is
introduced in a seminal paper [13]. These two transforms are well-known to be law equivalent; that
is, both processes have the same finite dimensional distributions deduced from the corresponding
strictly stationary Gaussian process. However, when we replace BM by fBM in the construction, in
[10] the authors proved that these two transforms produce different stationary Gaussian processes.

In general, these two transforms yield different stationary processes, which reflect the different
focus of constructions; the stationarity by Ornstein-Uhlenbeck (OU) transform is based on the
stationary increments property, while the stationarity by Lamperti transform is based on the self-
similarity. The OU processes driven by fBM have recently been studied in [20], and the research
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is continued in [21], where the continuous time autoregressive moving average processes driven by
fBM are intensively studied.

The purpose of this article is to study the Lamperti transform of fBM. As we have mentioned, for
the Lamperti transform to be stationary it is sufficient that the underlying process be self-similar;
thus we may study carefully the Lamperti transform for some more general self-similar Gaussian
processes. We remark that a reason for the focus on stationary processes is that the such property
is inevitable for statistical applications; for example, the statistical treatment of non-stationary
processes requires non-standard asymptotic theory which requires considerable amount of technical
complexity in practice.

We pay attention to the following two processes, which are variants of fBM.

Definition 1.1. Let H € (0,1)NK € (0,2) such that HK € (0,1). A bifractional Brownian motion
(bfBM) is a centered Gaussian process BTX .= {BEK (1) }yep, with BT (0) = 0 and
1 K
Cov (BK(s), BTK (1)) = oK {( e R s|2HK} , (t,s) € RY.
A sub-fractional Brownian motion (sfBM) is a centered Gaussian process SH := {SH (t) }er, with
SH(0) =0 and

Cov(SH(s), SH (1)) s 20 1{(3 +1)?H 4|5 — t\QH}>, (t,s) € R2.

T 221 < 2
Note that we multiply 1/v2 — 22H-1 to the original process so that we equalize all variances
Var(SHE (5)) = s2HK = Var(B"K(s)) = Var(B7X(s)).

The process B#X was introduced in [12], aiming to broaden the modelling related to fBM; it
namely discards the whole stationarity of increments, which as the authors remarked that the fBM
is inadequate for large increments in modelling turbulence. The process is known to be H K self-
similar, Holder continuous of order § for any 6 < HK and B! corresponds to fBM. Notably, B7K
for K # 1 does not have stationary increments; as fBM, B”X is not a semimartingale except for
B/21 Other interesting properties have been investigated, e.g., the variational property [28], the
path properties [31] and relation to the solution of some stochastic partial differential equations [17],
to name just a few. The process S is derived from certain particle systems by [6], which contributes
as an intermediate process between the standard BM and fBM in the sense of the correlation decay
of increments. The process S is H self-similar, Holder continuous and could have long memory
increments such that S/2 corresponds to BM. For H # 1 /2 it is not a semimartingale, nor of
stationary increments. Similarly, as B! some generic properties have been intensively studied,
e.g., in [32]. The reason for our study of these two processes is that, besides the interesting properties
stated above, their structures which one can see in covariance functions are simple and useful for
applications; meanwhile, they retain several important properties of fBM, e.g., both processes are
quasi-helix in the sense of J.P. Kahane [15, 16]. We also mention that our methodology in this
article may work for other extensions of fBM.

Fach self-similar process has the correspondence with a stationary process by the following well-
known transform (see [13]): for H > 0 a stochastic process {X(t)}s>0 is H-self-similar if and only
if for all A > 0, the process

(1.1) X(t) = e MX (et

is stationary. See book [11] devoted to the self-similar processes, in which the significance of
Lamperti transforms is well illustrated.

In this article, we discuss the Lamperti transform of self-similar Gaussian processes; we denote
the Lamperti transform of B, BH¥:X and of S¥ by

B (1) := e M BH (ei),
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~ A
BH,K(t) = e—AtBH,K(eﬁt)

SH(t) = e MSH (e,

respectively. We remark that the Ornstein-Uhlenbeck transform is another prominent way to
produce a stationary process from fBM ; it is by an exponential integration with respect to fBM:

9

(1.2) v () = / t e MW aBH (),

and is known as a fractional Ornstein-Uhlenbeck process. Although for H = % (Brownian motion

case) pH LyH holds, for H # % the finite dimensional distributions of B and Y are different
[10]. In this article, we will study the correlation decay and the expected maximal increments of
BH and the two related processes BHK and SH ; which exhibit quite different behavior from those
of YH.

This article is organized as follows. In Section 2, we list some preliminaries, including important
decompositions for the bfBM and the sfBM. We present our main results in Section 3. A discussion

on the role of the exponential stationary processes is given in Section 4. All the proofs are given in
the final Section 5.

2. SOME PRELIMINARIES

In this section we present some tools for our purpose. Firstly we describe known results about the
decompositions for BH¥:X and S| which are the key to analyze the expected maximal increments of
the processes. For the decompositions we introduce another centered Gaussian process X (defined

by [17]),

1+K

(2.1) XE@) = /00(1 —e "~ "2 dB(u), K €(0,1)U(1,2),
0

such that the covariance function satisfies
LK) (¢ 4 6K — (t 4 5)K] if K € (0,1),
Cov(X K (t), XX (s)) =

Roe b [+ 9)K =15 — sK] if K € (1,2).

By definition the process X% is self-similar with index K /2, and its paths are shown to be
absolutely-continuous on [0, 00) and infinitely-differentiable on (0,00) in [17] for K € (0,1), which
are also extended to the case K € (1,2) by [3] and [27]. We prepare some normalizing constants
c,1=1,2,...,5 as

NS S T H  [H@EH-1)
ATNTa—K)y @77 ST\ okre—k)y “T\ra—z2H) ® "\ TC-2H)

Now the decompositions are as follows.

O Decompositions of bfBM BH#:X by XX and fBM BH:
(B1, by [17]) For H € (0,1) N K € (0,1) it follows that

(2.2) {er X (#27) + BEE (1)} £ (e, BTE (1)},

where BH-X and B of integrator in the definition of XX are independent.
(B2, by [4]) For H € (0,1) and K € (1,2) with HK € (0,1), bfBM B:X has the decomposition,

(2.3) {BIE (1)} £ {e2BTE (1) + e XK (1211},

where BHX and B of integrator in the definition of X are independent.
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¢ Decomposition of sSfBM S by X and fBM B by [27] (cf. [3]):
(S1) For H € (0, %), SH has a decomposition,

(2.4) {d ST ()} £ {eaX (1) + BY (1)}

where diy = v/2 — 22H-1 and B and B of the integrator in X2/ are independent.
(S2) For H € (3,1), it follows that

(2.5) {es X7 (1) + d ST (8)} £ {B™ (1)}

where S and B of the integrator in X2/ are independent.

Now we characterize the sizes of covariance functions for BY, B®:K and SH and bound the
probability for the maximum of the processes BAX and SH. As a basis process for comparisons,
we consider a Gaussian Markov process B = {EH(t)}te[Oyl], which is a centered Gaussian process
with B (0) = 0 and
—H, | =H

Cov(B" (s),B (t)) = s*H, 0<s<t<l,
such that its increments are independent. This process is found in, e.g., [29, Lemma 5.7] or [24,
Theorem 3.1] where they intensively use the process to investigate properties of fBM. Moreover,
we impose two additional self-similar Gaussian processes to our analysis. The first one 5™ is the

original (non-normalized) sfBM, i.e., S* := dySH, which is a centered Gaussian with covariance
H

(t) = s> 4 ¢2H _ %{(s +1)2H 4 |s — )21}

The other one is the process YH, H € (0,3)UH € (1,1) defined by

Cov(?H(s), S

H r(12gH) e X2 i H € (0,

2H(2H—1) .
T(2—2H) 22;—2 X H e (

);
71)7

D=

X

N[ —

such that its covariance function is

Cov(X(s), X" !

() = 7] (21 2 (¢4 5)21].

The process X" is the standardized version of X2# , hamely Var(YH(s)) = 52,

Firstly, we present the following relations of sizes of covariance with B~ as our standard, and
from which we derive the bounds for the probabilities of maxima for self-similar Gaussian processes.
All covariance functions are easily shown to be positive on s,t € [0, 1] and all variances are equal

except that of 5t
Lemma 2.1. Let H € (0,1), K € (0,1) U (1,2) and HK € (0,1), and we write

Cov(BH(s), BE(t)) = Tul(s,t),
Cov(BTE (s), BEE (1)) = YTpi(s,t),
Cov(B"(s), B (1)) = Tgls,1),
Cov(S"(s), 8" (1)) = Sgls,b),
Cov(SH(s),SH(t)) =: Su(s,t),
Cov(X7(5), X)) = xz(s,1).

Then we have the following relations. (1) bfBM case : for s,t € [0,1],
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HK\ K K e(0,1) K €(1,2)

HK € (Ov%) TH,K(Svt) < Tﬁ(sat) (1)

HK € (%7 1) TH,K('S)t) 2 Tﬁ(sat)

In the above table for the range (i), if H € (2(2]%_1) , %) then Yp g (s,t) > YTip(s,t). IfHK € (%7 1)

OTHG(W_U,%)HKG(L2)

P ( max B7E (1) > a) <2P (EHK(l) > a), a > 0.
0<t<1

(2) sfBM case : for s,t € [0,1],

Yr(s,t)

AV

SH(S,t)

which yields for H € (%, 1) and for a >0,

ANV
)
T
B
N’
ANV
0
S
B
N
=]
=
ANV

P (0121&)(1 SH(t) > a) < 2P (EH(l) > a), a > 0.

(3) XH or X7 case : for s,t € [0,1],
Xﬁ(svt) > Tﬁ(s’t) > TH('S?t) if H e (07 7)7

1
X (8:t) > Y (s, t) > Y5(s,t) if He (5, 1),

which yields

P ( max YH(t) > a) <2P (EH(l) > a), a>0.
0<t<1

We remark that at a = 0 probability inequalities are trivially satisfied. However, since our goal

is the expected maxima of processes, the bounds for tail probabilities (for large a) are significant.

Since EH(I) follows the standard normal distribution, we can explicitly calculate the upper bound

as o
(1) >a) = \/12?/ e da.

Note that if we extend the processes on the unit interval s,t € [0, 1] to the whole real line, their
covariance functions may be negative, e.g., Tg(—s,s) < 0 for H € (%, 1) and s > 0. Therefore,
the study of covariance relations for these extended ones would be a future topic. Moreover, since
results of Lemma 2.1 do not cover all comparisons of the covariances, the complete characterizations
of their sizes would be in itself interesting. It would presumably depend on values of both H and
K.

Next we consider the maximal increments of XX we recall Lemma 2.2 in [20],

p(B"

Lemma 2.2. Let H € [%, 1),a>0,r >0.

H 2 [™ —x2/2
P max By >a ) <4/— e dr.
0<t<1 T Ja

242 [
P <max ‘Bﬁ! > a) < \f/ e*x2/2da:.
0<t<1 NI
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)m:| _ { rHm % (m _ 1)” if m is odd

E [(max ’BtH ‘ <
0<t<r
Finally we give the maximal inequalities for the self-similar Gaussian process X which is use-
ful for the analysis of expected maximal increments. Note that, since X% is not of stationary
increments, we cannot employ the tools used in the previous works.

Lemma 2.3. Let m =1,2,... and (s,t) € R2. Let XX be a Gaussian process defined by (2.1).
Then m-th power of maximal increments satisfy

(2.6) E[ max |XK(t)—XK(s)|m} <pmsBE-D-Tom 1)1 i K € (0,1),

s<t<s+r

rHm 9 (m —1)!! if m is even.

@7 B[ max [X(0) - xS <rmsBEDopmon i K e (1,2),

where Ci is a positive constant depending on K.

It is interesting to observe that, for X* the maximum increments on the interval [s,s 4 7]

for > 0 is a decreasing function in s, which is similar to that of expected squared increments
E[(X®(s+7) - X"(s))?].

3. MAIN RESULTS

3.1. Correlation decay. In this section, we rigorously investigate the autocovariane functions of
our target processes. We begin with the following correlation decay of B which is cited from [10].

Proposition 3.1. Let H € (0,1] and t,s € R.

D D 2H
Cov <BH(t), BH(t + S)) — %eMs\ {1 42Nl <1 _ 6_%\5\) }

_1 —Als = n—1 2H A ZE-1)|s
_2{6 ||+;(_1) <n>e (z-Dlsl |

Thus the leading term of the correlating decay of BH is, for |s| — oo,
o Le=Nsl 40 (e—M%—ms\) it H e (0,1)
Cov(BH(t), BE(t + 5)) =
He M=Vl 4 0 (el if H e [L,1).

In the following, we denote the Lamperti transform of fBM by LfBM, and that for bfBM and
sfBM are denoted by Lbel\/£ and LsfBM respectively. From the lemma below, we see that the
correlation decay of LbfBM B™X and LsfBM S are both different from that of LfBM B
Lemma 3.2. Let H € (0,1) and K € (0,2) such that HK € (0,1) and t,s > 0.

(1) The correlation of BHX has an expansion

Cov(BHX (1), B (145) = el (14e72)" - (1 emmer)™ ]
1 g S (B 2 =, o (2HEN _a,
S (S ()]

Hence as s — oo, the asymptotic behavior is
%exsu—%) L0 (exsu—%) Vv eAs(l—H—lK)) if He(0,1)
Cov(BHE (1), BEE(t + 5)) =
2K M=) 1 O (e,\s(l—%)) it He(31).
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(2) The correlation of SH has an expansion
As
e

COV(§H<t), §H(t + 3)) = m (6_2/\5 + 1—

(e PR P Ed)

€ o (2H 2Xs(1— 1)
- 2—22H1(1_n2_:1<2n>6 H)

67)‘8 2

= 5ot O(eMU=7)), as s — .

Note that for BITK , K =1, the result reduces to that of Proposition 3.1 for BH, Similarly for
SH with H = 1/2, the result reduces to that by BM. However for K # 1 and H # 1/2, this is not
the case as one sees in Remark 3.3. In [31, Proposition 2.1], they also analyze the correlation decay
for the Lamberti transform of B with different parameterizations; our result is consistent with
theirs, if we set A = HK.

Remark 3.3. In view of Proposition 3.1 and Lemma 3.2 , although all of processes exhibit the
short memory property, autocorrelations decay in different ways. For A > 0, the autocorrelation of
s-distant points for BH decreases faster than or the same as e ** as s — 0o, whereas BHEK pas the
more flexible asymptotic, i.e., it decreases as e H.KS where cH,K 15 any positive number adjusted

—As

by H and K. Moreover, the autocorrelation of s-distant points for SH decreases as e only.

We mention that, for a stationary Gaussian process Y, the correlation decay of the power process
Y™ m = 1,2,... and of the exponential process Z := e¥ obey the following relation, which are
straightforward generalizations of Proposition 2.2 in [20] (for (a) in Lemma 3.4) and Lemma 2.2
n [21] (for (b) in Lemma 3.4). In fact Proposition 2.2 in [20] is derived for fractional Ornstein-
Uhlenbeck processes, but the result holds for stationary Gaussian processes in exactly the same
way.

Lemma 3.4. Let m = 1,2,... and let {Y (t)}ier be a stationary Gaussian with variance 0% =
Var(Y(0)).
(a) Assume that Cov(Y (0),Y (s)) = 0 as s — oo, then for s — oo,

Cov (Y (1)), (Y (t +5))™)
m?((m — 2)!1)202Mm=DCov (Y (0), Y (s)) + O ((Cov(Y (0),Y (s)))?) if m is odd,

1 (%)2 02m=2)(Cov(Y (0), Y (5)))2 + O ((Cov(Y(0),Y(s))*) if m is even.
(b) Let Z := €Y be the exponential stationary process determined by Y (t). Then
Cov(Z(0), Z(s)) % 0 if and only if Cov(Y (0),Y(s)) % 0.
Moreover, assume that as s — oo, Cov(Y (0),Y (s)) — 0. Then it follows that
(3.1) Cov(Z(0),Z(s)) = e’ {Cov(Y (0),Y(s)) + o(Cov(Y (0),Y(s)))}.
Since the correlations of the LIBM, LbfBM and LsfBM are all positive-correlated, we thus have

Proposition 3.5. Let H € (0,1]. We denote LfBM by BH and the associated exponential process
by BH .= B" Then for fitedt € R, m =1,3,... and s — oo,
Cov((BH (D)™, (B (t +5)™)
Le bl 0 (eaDk) it B e (0, ),
=m?2((m — 2))?
e M=Vl L oMl it He[L1).
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Then for fitedt € R, m =2,4,... and s — oo,
Cov((B™ (t)™, (B (¢ + 5))™)

L/l — 32 e Nl +0 (eNDH) it 1 e (0,4),
_2(<m—m!>

Moreover, for firedt € R and s — oo,
Cov(B(t), BE(t + 5))
Lel=Nsl 4 0 (e*M%*l)\sl) it He(0,1),

N[ =

e MaDlsl L o(e sy if Hel[l ).

He G0l 0 (e72sl) if H e [L,1).

Proposition 3.6. Let H € (0,1) and K € (0,2) such that HK € (0,1). Denote LbfBM by BH-K
BH.K

and its exponential by BHEK .— ¢ . Then form =1,3,5,... and t € R, the covariance decay as

s — 00 is given by
Cov((BHX (1))™, (B* X (1 + 5))™),
e MR 4 0 (220-R) v NOHR)) i H e (0,),
= m?2((m — 2)1)?
25{71( Ms(0-7r) 4 0 <e’\s(1_%) v €2>\s(1_H71K)) if H e (%, 1),
and that for m = 2,4,6,... is
Cov((B" X (1))™, (B X (1 + ))™)

K2 2)xs(1-2 3As(1-2 As(2— 2 — L : 1

1<m!(m_3)!!>2 i 2R 10 (M0 v MO R ) it < (0,2)
2\ (m-2) (2HK)? axs(1—1) As2—2— 1) (o)) 1

T HEK _|_O<e K HK’ Ve HK) lfHE(§,1).

Moreover, for firedt € R and s — oo,

KeeMU=R) 4o (M0-R))  if He(0,3),
Cov(BTE (1), BEK (1 + 5)) =
%e,\s(l—ﬁ) To (e)\s(l—ﬁ)> if He (1)

Proposition 3.7. Let H € (0,1) and denote LsfBM by SH jts exponential by SH = eS". Then
fort e R and m =1,3,5,..., the correlation decay by s — o0 is

e—)\s

2 22H71

2

Cov((§H (1))™, (S5 (t + 5))™) = m2((m — 2)1)* O

and form = 2,4,6,...,

e~ 2As _2Xs

+O0(e~ 7 Ve ™).

Cov((SH ()™, (§H (¢ + 5))™) = }(m!(m - 3)n>2(2

2\ (m—2)! — 92H-1)2

Moreover, fort € R and s — oo
61—)\5
92 _ 92H-1

2

Cov(SH(t), 5 (t + 5)) = + O(eM0-7)).
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3.2. Expected maximal increments. We present maximal inequalities for the Lamperti pro-
cesses L{BM BH , LbfBM BHK and LsfBM S treated in this article and their exponentials BH ,
BHK and SH. The idea is to make use of the stationarity of Lamperti processes and decompositions
of self-similar processes. As far as exponentials of stationary processes generated by self-similar
Gaussian processes are concerned, expect for that by BM, only a few results are known, e.g., that
of fractional Ornstein-Uhlenbeck process or CARMA processes; see [20] or [21].

We start with L{BM B and its exponential.

Proposition 3.8. Let H € [%, 1) and m =1,2,... and denote LfBM by BH and its exponential by
BH .= ¢B" . Then for s € R and r € (0,1),

B [max,cicosr |BY (£) = B (s)|"] ™
(3.2) — <comi—,
and
' DH o\ DH < ' H
(3.3) EL;’%T‘B ()~ B <s>r] e

where C and C' are positive constants which are taken uniformly in m.

Next we analyze LbfBM B#-K and its exponential BZ-X | using of decompositions (2.2) and (2.3).
Proposition 3.9. Let H € (0,1), K € (0,2) such that HK € (%,1) and m = 1,2,... denote
LbfBM by BHK and its exponential by BHE .— eBH’K, then for s € R and r € (0,1),

E [maxsgtgw |BHK (1) — EH:K(s)ym] HEm
3.4 <cm
and
(3.5) E[ max |BTK(t) —EHﬁK(s)} < C'rHE,
s<t<s+r

where C' and C' are positive constants and we take these constants uniformly in m.

Finally, we present results for LsfBM SH and its exponential SH ; similarly as before we utilize
decompositions (2.5).

Proposition 3.10. Let H € (%, 1) and m = 1,2,... denote LsfBM by SH and its exponential by
SH .= 5" then for s € R and r € (0,1),

B [maxcicer |70 = S7"] _ pitm
. < m
(3.6) m)! - vm!’
and
SH(y\ _ GH ;i
(3.7) E Lgr?ggir |SH(t) - S (s)q < C'rt,

where C' and C' are positive constants and we take these constant uniformly in m.

Remark 3.11. 1. All Lamperti transforms and their exponentials have analogous bounds for their
expected maxima of small increments. The results are naturally understandable, since they are de-
rived from the self-similar Gaussian processes and each bound reflects the corresponding self-similar
parameter of the underlying process.

2. There is literature to discuss the maximum distribution and inequality of fBM; one can see such
results in [23], in the monographs [11, 22]), and in a recent overview [26]. Most of them combine
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a Gaussian-Markov process B with the Slepian’s lemma or combine martingale inequalities with
a Gaussian martingale process M(t) such that its variance is ct>=2H for some constant ¢ > 0. All
the derived bounds have relations with the self-similar parameter H. Our results on maximal incre-
ments for fBM are comparable with these existing literature, since fBM is of stationary increments
with B (0) = 0. However, our results on mazimal increments for other two processes, bfBM and
sfBM, are different, since they are not stationary increments, and have not been studied so far. In
view of Propositions 3.9, our results for mazximal increments have similar relations with self-similar
parameters as in that for fBM; in this sense the results are nearly optimal.

3. As for the distribution of mazximum of stationary Gaussian processes, a large number of stud-
ies have been conducted: the tail probability of mazimum, ([14], [19], and [7]), the inequality for
distributions of mazimum of two different Gaussian processes ([30]). Variations of these are found
in the monograph for general Gaussian processes [1], and also in [2]. In [8] and [9] the authors
evaluate the supremum distribution of Gaussian processes with the stationary increments based on
extreme value theory and apply the result to queueing analysis. However, these are not applicable
to our purpose. Note that our target processes (Lamperti transforms and their exponentials) are
based on self-similar processes and every bound for mazximal increments is as a whole controlled by
the self-similar parameter.

4. DISCUSSION

This section discusses the role of the exponential stationary processes in stochastic modelling.
Consider the exponential processes B, BH:X SH (1) and denote each of them by a common Z(t),
then by the results presented in Section 3, Z(t) has features: (1) strictly stationary in t; (2) positive
valued; (3) positive correlated in any two time instants s,t ; (4) the correlation decay in the time lag
[t,t+ s] is fast in s, indeed it is of exponential decay; and (5) for an arbitrarily fived s, the expected
mazximum increments can form a summable sequence,

E| max |Z({t)—Z(s)|| <Cb " k=1,2,...
s<t<s+b—Fk

where we may choose any suitable b > 1, uniformly over all s.

Therefore, the mean 1 process,

Z(t)
E[Z(t)]

can be used as a mother process to generate a certain multifractal stochastic infinite-product
process, which is related to the burst phenomenon of Internet communications; see Section 3 of [20]
(this paper studied the exponential OU transform of fBM), and an earlier paper [18] (this paper
studied the general schemes to generate infinite-product processes).

Moreover, positive stationary processes are often required in applications since many real life
data are non-negative. For instance, in the continuous time stochastic volatility models ([5]), the
log-price of risky asset P(t) is represented as

dP(t) = (u+ Bo(t))dt + /o (t—)dW (1),

where o(t) is a positive stationary process and W is BM. The simplest one for ¢ is the exponential
of the ordinary OU process. More complex alternatives include OU by non-negative Lévy processes
and their variations. The solutions of different SDEs involving W are also considered (e.g., Hull-
White model or Vasicek model). In financial time-series, both stationarity and positivity (sometimes
long memory or jumps) are essential for the volatility processes o(t). Then noticing that the OU
process is the Lamperti transform of BM, the exponential of other transformed processes Z (t) could
be good candidates. They are simply defined and model correlation decay more flexibly than that
by OU; in addition we could theoretically characterize the sign of auto-correlation functions.
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5. PROOFS
Proof of Lemma 2.1. (1) Without loss of generality we let ¢ > s. We observe a function
filt;s) = Yux(st)—Tgr(st)

— 2LK{(?/QH +32H)K _ (282H)K _ (t— 3>2HK}

and its partial derivative with ¢,
2HK
Filts5) = =5 BTN (/02K — (1= /a2,

such that fi(¢;s) is a function of ¢t with parameter s. Then noticing the sign in the brace of
fi(t;s), for K € (1,2) N HK € (3,1) we have f{(t;s) > 0 which yields fi(t;s) > fi(s;s) = 0.
On the contrary for K € (0,1) N HK € (0,3), it follows that f{(t;s) < 0, which concludes
filtss) < fi(s;s) = 0.
In order to obtain results for (i) K € (0,1) N HK € (3,1) and (i) K € (1,2)NHK € (0,1), we
further analyze the sign of fi(¢; s); namely we analyze
g(x) = (1 + )K= (1 — )2HE=L 4 e ]0,1]
with g(0) = 0 and g(1) = 2571, (i) Noticing H € (3, 1) and the derivative
g (z) = 2H(K —1)(1 + 2H)K=22H-1 L 9K — 1)(1 — 2)*1K=2
we have ¢'(z) > 0 for 2H(1 — K) > 2HK — 1, which implies f](s,t) > 0. Hence we obtain the
result (i). (ii) Noticing H € (1,1), we observe that
J'(x) = 2H(K —1)(K —2)(1 4 22H)K 32 (221 1)2

+2H(K —1)(2H — 1)(1 4 221K -2,2H -2

—(2HK — 1)(2HK —2)(1 — z)?HE=3 <0,
Now the concavity of g(x) implies g(z) > 0.

Finally the last inequality follows from Slepian’s lemma,

P( max BTE (1) > a) < P( max EHK(t) > a)
0<t<1 0<t<1

and the symmetric property and the reflection principle of a Gaussian Markov process as in the

proof of Lemma 2.3 in [20]. Notice that B is a deterministic time change of B.
(2) Without loss of generality we let ¢ > s. The inequality of the right hand side is implied by

1
Si(s,t) = Ty(s,t) = 27 — S+ s+ (t—s)yS0 it HZ

Regarding the inequality of the center, we let
fg(t; S) = SH(S, t) - Tﬁ(s, t)

— gl = (s 0 - 5P (1 )]

which we regard as a function of ¢ given s. Since the differential with ¢ yields

Yes N2H-1 | (4 _ o\2H-1
fi(tis) = 5 {211~ (s +¢) ;‘( s) 120 if H

noticing fa(s; s) = 0 we conclude that

N | —

AV
S

N

SH(s,t)

NIV
~
!

7(s:t) if H

AV



12 M. MATSUI AND N.-R. SHIEH

In order to analyze

SH(S’ t) - TH(Sa t)
22H—1 2H +t2H

_ {s _(t+5)2H+(t—s>2H_(t—s)zH}
- 2-—22H-1 2 2 2 2 ’
we define a function of a with parameter b as

2H 2H 2H
a +(;L+b) _(2@2—|—b> 430,530,

f3(a;b) =

such that its derivative satisfies
2H—1 p)2H-1 92 by 2H—-1

fé(a;b)zzﬂ(“ ”;” ) _(“; ) )<

from which we know that f3 is non-increasing (resp. non-decreasing) for H € (3,1) (resp. H €

(0,3)) as a function of a. Now putting b =t — s, we observe that

22H—1 < - 1

The probability of maximal increments is bounded in the same manner as before.
(3) For H € (0, ), the result is implied by

(s, 8) = T, 1) = 5o [P = 27— (14 57 — (26))] > 0.

For H € (3,1), it suffices to observe

2_22H—1
Xg(s,t) = Th(s,t) := m(TH(s,t) —Su(s,t)) > 0.

Hence the maxima of the process is bounded by that of B for H e (0,2)UH € (3,1) similarly as
in the proof for (1). O

Proof of Lemma 2.3. In the proof, constants C,L-K, 1 =1,2,... will denote positive constants depend-
ing on K € (0,2) for which the exact values are irrelevant and may vary from line to line.

(1) The law of the iterated logarithm for B at 0 and oo assures the existence of the pathwise integral
and the integral by parts for X*, K € (0,1), which yields

K _ vK g) = > e—us_e—ut
XE (1) - XK (s) A( Ju
:/ (se™ " —te "y~ %B(u)du

1 K
+ / _us)u_¥B(u)du, t>s>0.

1+K

2 dB(u)

By applying the inequality 1 — e™® < z, x > 0 and the triangle inequality several times we obtain

K K o —Uus —ut _ K
|X<®—X<ﬂ</“we 5 | B(w)|du
1 K
: /|ﬂ“ e~ Bl du

< (t—s)/o ey~ 5 | B(u )|du+s/0 e =) — 1|eusy =5 | B(u)|du

1+ K [
+ +T / e (=) _ 1]e=usy= 5" | B(u)|du
0
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K
<(t- s)/ (3% s JumH e Bu)|du,
0
which yields via Holder’s inequality,
max X7 (1) = X" ()™

s<t<s+r

< max (t— s)m</ (3+T —i—us) u*%e*wdu)
0

s<t<s+r

oo m
X (/ e_usu_%|B(u)\2du> ’
0

m e m m
<rm (cf(s 21)2/ e 2%y T 0| B(w) ™ du,
0

m
2

where in the last step we directly bound the fisrt integral by

o0 K\? K\? k- 1-K - 5- K
FRCF) rewfemtana () e (58 raen (355
0

In the middle term of inequalities, the first deterministic integral exists with K € (0,1). Noticing
E[|B(t)|™] <tz (m — 1)!! (see p. 605 of [20]), we take expectation to obtain
K-1.m

B[ max [X¥() - X5 ()] <57 (cff 5"5) / e 7y B B(u)| ™ du
s s+r 0

m > m m
<rm (c{( ST_l)?(m - 1)!!/ e~ 27Uy T K gy,
0

im m(K—1)—1 [ B
<7 (el s 21)2(m—1)!!<§)4 / e T du
0

where in the third step we use a change of variables formula and the fact e Uy <1 forv > 0.
Hence the result is concluded.

(2) In case K € (1,2), another representation for X (refer to [17, Theorem 2] or [27, Remark
3.1]),

t o)
K1) = / YE(u)du  where  YE(t) = / w' T e dB(u)
0 0

yields

(/ vV (u )]mdu>i(/t1w:n1du)m7;1

< (t—s)m /|YK ]mdu ,

IN

X5 () - X" (s)]

where we use the Holder’s inequality. Accordingly

s+r
B[ max X5 — XK(s)™] < rm—l/ E[[YE (u)[™)du

s<t<s+r -
m s+r m
< (T2 - k)2K-2)% (m — 1)1y / wEE=2) g,
S
< (st T )M (m - DL,

m
2

where we use E[|Y (u)|™] = (['(2 — K)2K72)2 (m — 1)!lu2 T(K-2) 0
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Proof of Lemma 3.2. Let X be a centered Gaussian process and then the covariance of Lamperti
-~ A
transform X (u) = e X (e#") for s,t > 0 has the expression

Cov (f((t),)?(t + 5)) et oy ( XA, X(e%<t+s>)> .

Substituting B#X and S¥ into X respectively and using expressions in Definition 1.1, we obtain
the first expressions of covariances for B#* and S which do not depend on t > 0 by the
stationarity. To obtain asymptotic behavior, it suffices to apply the binomial expansions before
taking s — oc. O

Proof of Proposition 3.8. Throughout the proof, d;, ¢ = 1,2, ... will denote positive constants for
which the exact values are irrelevant and may vary from line to line. We start to see the distribution
of increments for s <t <s+7:

BH(t) — BY(s) £ B"(t — s) - B™(0)
— e—A(t—s)BH(e%(t—s)) _ BH(l)
_ (efA(tfs) - 1)BH(€%(tfs)) + BH(e%(tfs)) o BH(l),
where we use the stationarity of BH . Then we have

B|( max |B" (1)~ B"(s)))"]

< B|( max |0 =B er( )+ max [B(e#Y) - BY())"]
- i ()2l g (1 D B e
< (e [B() - BT
<3 (1) (el g 7o)
(5.1) x (E[(Sgr%ﬁr BH (3 1) _ 1)|)2<mfk)]>1/2.

From Lemma 2.2, the calculation proceeds as

B g 187NN = B (o 1B (63
< (enm) 2 (2% — 1)1
< (M) P2k k!

and

7|
_ E[( max |BH(t)y)2(m"“)}
0<t<(ef"~1)
< (em™ — 1)y (2(m — k) — 1!
< (e%T — 1)2(m_k)H2m7k (m — k),
where we use relations
2n)l =2"n! and (2n — 1)!! = (2n)!/(2"n!).
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Put these two bounds in (5.1) to obtain

B[(maxaciasr |B (1) = BY(5)))"]

m)!
< 1”. > (C’;) k!(mmT ulk {(1 = e )V2e M {(Vo(enm — 1)}
* k=0
Sin'{(l e )\r)\@e)\r_'_\@(eHr_l)H}m
eAr m m
_ (\[\2/%) {(1 e—/\r) + (1 —e Hr)H}
< \C/i%()\r—i-()\/H ryH)ym
< dgl T}hn
= )

where in the last step we use r € (0,1) and H € [5,1). Now we obtain the first result (3.2).
Next we show the maxima for B, i.e., (3.3). The stationarity of B gives

max |BE(t) - BH(s)] = max |80 B
s<t<s+r s<t<s+r
2 max |6§H(t*5) — GEH(0)|
s<t<s+r
— B0 max ]eéH(t)ng(o) —1].

0<tlr

By Schwartz inequality and stationarity

SH o\ _ pH Var(BH (0)) BH@)—-BH((0) _ 12
02 B[ g, 50~ B01] < O (s )

1/2

Since B has a continuous version, it is bounded on 0 < s < r and we can use the expansion
k = .
e =3 po o g7 on Bf. Then elementary calculations show that

BH (5)-BH(0) T 1}2

max ‘6
0<s<r
— Imax ‘eQ(EH(s)_BH(O)) _ 26§H(5)—§H(0) _|_ 1}
0<s<r
_ — {2(B(s) = BH(0)}™ N (B (s) - BT ()™
e | 2 i 23 |
_ i by N {2BH(s)— BHO))Y &N (BH(s) — BH(0)™
T oeesy B (s) = B7(0)) +7§:3 m! 27;:3 m!
~ 0 9 lgf[ __i§f{ m
< max (B (s) — BH(0))? + max {21B"(s) )}
Oss<r £ 0<s<r m!

N i maxo<s<, |BH (s) — BH(0)|™
m! '

m=3

Due to the first result (3.2), it follows that
E[ max |6§H(5)_§H(0) - 1\2] < E[ max (B (s) — BH(O))Q]

0<s<r 0<s<r
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. i E[maxo<s<, 2™|BH (s) — BH(0)|™]
m!

i Z maXOgsgr |§H(5) — EH(O)V”]

m!

dm2m Hm dm Hm

— 2d2H Z Z

dl om,. H(m 3)

*\fd22H+T3HZT BHZ r H(m—3)

(d2 + d37‘ )

for all r € (0,1), where in the last step, we use Stirling’s formula for the convergence of infinite
sums. Substitute this into (5.2) and observe that

E[ max |BH (s) — BY(0)|] < dee¥™*B"O)\/dy 1 dy - rH.

0<s<r

Now putting

C" = dgeV™ B O /dy + ds,

we obtain the result. O
Proof of Proposition 3.9. For the proof we rely on the following lemma.

Lemma 5.1. Let H € (0,1), K € (0,2) and HK € (3,1). Then for r € (0,1) we have

(5.3) E[( max |BH’K(t)])m} < (1 + r)HEm(m — 1)1
and
(5.4) E[( (max [BR() - BH»K(1)1)’”} < pAEmpm. /ol

where D1 is a bounded positive constant which we can take uniformly in m.
Proof of Lemma 5.1. We observe from Lemma 2.1 that for a > 0,

P( max |BHE(t)] > a) = P< max |BEE@#)| > a(1 +r)_HK>
1<t<1+r (1+r)~1<t<1

< P( max [BEE (1) > a(1 + r)*HK)
0<t<1

< HE () > —-HK
< P(org%xlB (t)>a(l+r) )

+P< min BPK(t) < —a(1 +r)—HK)
0<t<1

- 2P( max BEK(t) > a(1 + r)—HK)
0<t<1

< 4P(§HK(1) > a1+ r)_HK),
where in the third step we use the symmetry of a Gaussian process. This together with Lemma 2.2
yields

IN

E [( max |BH’K(t)|)m]

oo
m—1 HK
P( B ()] > )d
Joax /0 my max | ) >y)dy

1<t<1+r

4/ mymflp(EHK(l) > (1 —{—T)fHKy)dy
0

IN
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\/>/ mym 1dy/ —x2/2dx
(14r)~HEKy
= 1+rHKm2\f/ M2y

S (1_|_T)HKm2

IN

Hence we prove (5.3).
Next we show (5.4) for K € (0,1) with the triangular inequality

(5.5) IBTE(t) — BT R (s)] < o XR(*T) — XK (s*))
FIBHK (1) — BEK () 4 e (XK (12H) — XK (2H))|
and the relation

Lmax (BN (0) — BIR(1) 4o (X () - X)) L max (BT - BTFL)),

which follows from the decomposition (2.2) and the continuity of the processes BHK BHK and
XK From these facts the expected maximal increments satisfy

B|(, max [BN(0) ~ B ()))"]

= @) L 2 1 = s

XC’I"“’“\/E[( max | XK (£2H) — XK(l)])Q(m_k)}

1<t<1+r

- m 2k| m— 2(m—k)
< ; <k>05\/E[(oT?§r | BHE (1)) ]61 k\/E[(lgtg(lffr)w XK (1) — XK (1))) }
< i (C’;) e JrHik (2 — I Cae((1+ 27 = DY (2(m — k) — 1)

k=0
= i (ZZ) cgc’f“erKk{CK((l + 1")2H — 1)}m_k 2kE1y J2m—k(m — k)!

k=0
<v2"y° <7:> (carEVe {1 Cre (1 4 1) = 1)} Vil

= \/im{cy“ K4 aCr((1+ T‘)QH - 1)}mm,

where in the third step we used inequalities in Lemma 2.2 for B#X and Lemma 2.3 for X% with
K € (0,1). Note that in the first step we can not use the independence of BTKE and XK since we
take the power of (5.5). Now putting v/2c2 + v2¢1Ck (1 + )27 — 1) /rHK = Dy | we obtain the
first result.

Finally we show (5.4) for K € (1,2) by using

BHK (4) _ gpHK m 4 BHK (1) _ gpHK (1 XE(2HYy _ xK (1))
| Jax [BE () W™ = max e (B (1) (1)) + ea (X7 () SN

which follows from the decomposition (2.3). Noticing the independence of B and X¥ we have

E[ max \BH’K(t)—BH’K(l)W}
1<t<li+r
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m
M\ k m—k HE HK 1\ [k K (2H K 4\ im—k

< - p—
= kz_:o <k>CQC3 B[ max (B0 = B B| max (x5 - X*0)"H]
— mm k m—k HEK [\ [k Koy Ky m—k
- kZ_O <k>c2c3 Bl s |BTOF|B|| max X0 - X0
< Z <7:> Cgcgn*k . THKkQ(k: _ 1)” . ((1 + T)2H _ 1)m—k0?{17k(m _k_ 1)!!

k=0
<2y (ZZ) (cor™ ) {eaCc (14 7)2T = 1)} (m — 1)1

k=0

<2(m — 1)!!{CQTHK + e3Ck (1 +7)%H — 1},
where in the third step the inequality and constant Cx in Lemmas 2.2 and 2.3 are used. The result

is obtained by setting 2%{024—030;(((1 +7)2H —1)/rfK} = Dy and the fact {(m—1)11}> <ml. O

(Proof of Proposition 3.9). First we prove the former result (3.4) with an application of (5.3) and
(5.4) in Lemma 5.1. Similarly as in the proof of Proposition 3.8, it follows that

DHK (N _ DHK/_\|m
B[ max |B™H(t) - B ()"

_ —A(t—s) H,K (t—s) H,K (t—s)\y _ pHK m
= B| _max |(e 1BE (e7R 7)) 4 BIK (7 (7)) — B (1))

~ (m _ Ak HK 2%
Skzo<k>'1 ey [ o [9R e

<\ Bl gz 17t = B )

<

< >|1 - e—AT|k\/(eﬁr)2HKk2(2k - 1)!!\/((3%;# — 1)2HK(m=k) D) [ (m — )

( )]1 — e Ry Qkk!{Dl(eﬁ’” — 1)HEYm=k, Jom—k(m — k)!

<7§> (V2 = 1) (V2D (err” — )Y (m k)]

IN

IA
iMsiMsiMs

< Vmlv/a" {eAr_1+D1(eHKT_1>HK}m

< V2 P HEm (A )/THK+D1(€HK 1)HE pHE ym
< R HEm N\ I=HE Dy A\ HE

<r Km\/???dm,

where d is some bounded positive constant. In the third step we use inequalities
22n — DI < 2" and  (2n)! = 2"n!(2n — 1)!! < 227(n!)2,
Now dividing both sides with m!, we obtain the result.

Next we prove (3.5) in the same way as the proof of BH in Proposition 3.8 and we replace BH
with BH-X in the proof to obtain

(56) B[ max [BTK(t) ~ B (s)]] < PO (B[ max |e§H’K<t>—§H'K<0>—112})1/2.
s<t<s+r B 0<i<r
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Again we follow the proof of BH in Proposition 3.8 and obtain

BH.K (g)_BH, 2 - 5 2
E[ggj‘g (eBHK() BH.K (0) _1) } < E[OrgggT (BH’K(S)—BH’K(O)) }

> B[ maxo<s<, [2(BTE (s) — BE(0))]
+ o
m=3

maxg<s<, | BT (s) — BT (0)]

o0
E
ey -
m=3

o0 m
Ly SHEK HE(m—3)
mZ::?) vm!

S ’I”QHK(dl—i-dQ’I"HK)

for all » € (0,1), where d;, i = 1,2 are positive constants and we use (3.4) in the second step. In
the last step, we use the Stirling formula for the convergence of infinite sums. Substitute this into
(5.6) and observe that

E[ max B (s) = B (0)[] < dye¥ B O)/ay 4 dy - 1K

0<s<r

where ds > 0 is a constant. Then putting
C' = daeVer(B"E(0) Vi + da,
we obtain the result. O
Proof of Proposition 3.10. Again we start with the related lemma.
Lemma 5.2. Let H € (%, 1) and m = 1,2,..., then forr € (0,1)

H m] Hm — 1N
(5.7) E[OSI?SalX—i-r ST < (1 +7r)""2(m - 1)
and

H _QH m Hm ym |
(5.8) E[lgglgﬁr 1S (t) = S (1)[™] < r'™DVml,

where D1 > 0 is a constant which we can take uniformly in m.

Proof of Lemma 5.2. We omit the proof of (5.7) since it is the same as that of (5.3) in Lemma 5.1
if we replace B by SH. Next we prove (5.8). The triangular inequality yields

H/pn _ oH 2H ()N yv2H
L [dn(S7() = STV £ max (X (0) = X2 (1)

+ max [es(X27(8) = X2H(1) + du (S7(8) - ST(1)].

Due to the decomposition (2.5) with the continuity of concerning processes, we have

B[, max 1du($™(t) = S*(W)I"]

< B[( s Jes(X2 () — X2 (1)

 max[es(X37 () = X3 (1)) + dp (57 (8) — 8 (L))"
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: kzzo (TZ> \/E[(KI?%XJFT |BH(t) — BH(l)DQk]

e~ [B[( e 130%(0) = 28 1)

1<t<1+r

NE

(’Z) cgbf’f\/rwkz(zk - 1)!!\/ r20m=k) G2 (9 — k) — )11

() ™9 VIR (exCrery™ yfom—btm —

B
Il

0

NE

k=0
< \/im\/m!(rH + c5Crr)™
= 12"V mld™,
where d is a positive constant and in the third step we use Lemma 2.2 and (2.7) of Lemma 2.3 with
stationary increments of B¥. Now dividing both sides with d%;, we obtain the result. U

(Proof of Proposition 8.10). In a similar manner as before, we proceed the proof by using the
stationarity and the results of Lemma 5.2. It follows that

B[(_max |87(t) - §7(s))"]

s<t<s+r

IN
S

[(max [(e707%) — 1)SH(em()) 4 58 (o7 (=) — 57 (1)))"]

s<t<s+r

NE

()= e Bl s 157eh o]y o] smed9) - smqpon-v]

k=0

_ i <m> 0 e*”)k\/(l L ey — 1),,\/(6%7« _ 1)2m—ky p2mR) 5

< k . 1 .
k=0

NE

(7:) {(1 + €%T)H(1 — e_Ar)}k\/QTk‘!{(e%T — 1)HD1}m_k 2m—k(m — k)|

k=0
< VinlV2" (14 eF7) (1 e+ Dy (eF” — 1)H}m
< erm\/im{(l + e%T)(l —e Myt 4 Dl(e%T - 1)H/7‘H}m
< rHm/mIV2" dy,

where d; > 0 is a constant and in the 4th step we apply (5.7) and (5.8) of Lemma 5.2. Hence we
obtain the first result (3.6).

The proof of (3.7) is almost the same as that of BH in Proposition 3.8 if we replace Lemma 5.1
with Lemma 5.2, and we omit it. ]
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