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Abstract

We use characteristic functions to construct oi-multistable measures and integrals, where
the measures behave locally like stable measures, but with the stability index ou(x) varying
with x. This enables us to construct oi-multistable processes on R, that is processes whose
scaling limit at time ¢ is an o.()-stable process. We present several examples of such mul-
tistable processes and examine their localisability.

1 Introduction

Stochastic processes where the local regularity varies with a parameter ¢ (usually time) are use-
ful both theoretically and for practical applications. A well-known example is multifractional
Brownian motion, where the Hurst exponent / of fractional Brownian motion is replaced by
a functional parameter h(z), permitting the Holder exponent to vary in a prescribed way, see
[2, 3, 5, 12] and references therein. Close to time ¢, the process behaves like index-A(t) frac-
tional Brownian motion, but, nevertheless, this local form may vary considerably with time.
This variability is suited to modelling phenomena where the volatility is time dependent, for
example in financial or medical data.

However, there are situations where non-Gaussian processes may be more suitable. In par-
ticular, stable processes allow the possibility of divergent moments and discontinuities in sam-
ple paths. For example, linear fractional stable motion, see (4.5), involves both a self-similarity
parameter which relates to the degree of long range dependence of the process and a stability
parameter which reflects the heaviness of the tails of the marginal distributions. Such processes
are used to model, for example, financial data, epileptic episodes in EEG, internet traffic, noise
on telephone lines, signal processing and atomospheric noise, see [14] for many references, but
again the nature of irregularity, including the stability level, may vary. Thus it is natural to set
up o-multistable processes, where o : R — R™, which behave locally like o(z)-stable processes
close to time 7, in the sense that the local scaling limits are o(¢)-stable processes, but where the
stability index o.(z) varies with 7.
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For a fixed o there are several ways of constructing 0y-stable processes, that is stochastic
processes such that the finite-dimensional distributions of the process at any finite set of m
times is an m-dimensional 0-stable vector, see [17]. Similarly, a number of constructions
for multistable processes have been given recently, generalizing the various constructions of
stable processes. One approach is based on Poisson point process [8] and another is based on
sums of random series [11]. Here we first use characteristic functions to construct multistable
integrals and measures. We show that these multistable measures behave locally like stable
measures and may be approximated by sums of many independent 0,y-stable measures defined
on short intervals but with differing constants 0,y. We then define multistable processes in terms
of multistable integrals and give sufficient conditions for such processes to be localisable or
strongly localisable, that is to have a local scaling limit at time ¢ that is an o/(r)-stable process.
It turns out that these multistable processes differ significantly from those of [8, 11] in the nature
of their finite-dimensional distributions. We give a range of examples of these processes.

2 Definition of o.(x)-multistable measure and integral

Throughout this paper, for given 0 < a < b < oo, the function a : R — [a,b] will be a Lebesgue
measurable function that will play the role of a varying stability index. We will work with
various linear spaces of measurable functions on R. For 0 < p < oo let

1/
. {f: f is measurable with Hpr < oo} where Hpr = (/ |f(x)‘pdx) p;

thus || - ||, is a quasinorm (i.e. there is a weak triangle inequality || f + g||, < k(|| f]l, + Ilgllp)
for some k£ > 0) which becomes a norm if 1 < p < oo, It is convenient to write

@) 7= max {| F(x)[%, [ £(x)["}
and to define the space of the functions
Fap = FaN Fp={f : f is measurable with /|f(x)|“’bdx < oo}

We also define variable exponent Lebesgue spaces (special cases of Orlicz spaces, see for ex-
ample [6]) by

“ = 1},

where o : R — [a,b]. Then || - ||¢ is a quasinorm that reduces to || - ||, if o(x) = p is constant,
and is a norm if 1 <a < ox) < b for all x.
Note that with a < a(x) < b we have Fo C F, ), with

£ lloe < eapmax {[1£ ) llas £ (6)lo }

where ¢, ;, depends only on a and b.

Fo :={f : f is measurable with || f||o, < e} where || f||o := {7“ >0: / ‘%




We will define the multistable stochastic integral I(f) of a function f € %y by specifying
the finite-dimensional distributions of / as a stochastic process on the space of functions ¥,
and then using the Kolmogorov Extension Theorem to show that the process is well-defined.

Given f1, f>,..., fa € Fa, the following proposition shows that we can define a probabil-
ity distribution on the vector (I(f1),1(f2),-..,1(f1)) € RY by the characteristic function ¢y,
given by (2.1). The essential point is that a(x) may vary with x.

Lemma 2.1. Letd € N and fi, fa, ..., f4 € Fo, where 0 < a < a(x) <2 forallx e R. Then

d
¢fl7~--fd(el7 ...,Gd) = ]E(expi Z ejl(fj>>
j=1

— exp{—/‘iejfj(x)‘a(x)dx} 2.1

for (81,05,...,08,) € RY, is the characteristic function of a probability distribution on the ran-
dom vector (I(f1),1(f2),..-,1(fa))-

Proof. First, assume that ou(x) is given by the simple function
m
=Y oyly (%), (2.2)
k=1

where o € (0,2] are constants, and Ay, are disjoint Lebesgue measurable sets with U] ;A = R.
For (81,...,0,) € R¢

exp{—/‘éejfj(x)|a(x)dx} = exp{—é/|Jéﬂjfj(x)1Ak(x)|a"dx}
= fIIeXP{— / |Jéejfj(X)1Ak(X)|akdx}- (2.3)

Now, exp{ — [ | 2?21 0;fi(x)1a,(x) }akdx} is the characteristic function of the oy-stable sym-
metric random vector (I(f114,),...,1(fs14,)), see [17, Equation (3.2.2)]. Hence (2.3) is the
product of the characteristic functions of m o-stable random vectors and so is the characteristic
function of a d-dimensional random vector given by the independent sum of oy-stable random
vectors. Hence (2.1) is a valid characteristic function of a random vector (I(f1),...,I1(f,)) in
the case when a(x) is a simple function (2.2).

Now let 0 < a < au(x) < 2 be measurable. Given fi, ... f; € Fo write A = {x: ¥4 Yo lfi)l <
1}. Take a sequence of simple functions o, : R — (0,2], (p = 1,2....) such that o, (x) — 0i(x)
pointwise almost everywhere; we may assume that o, (x) > ou(x) if x € A and o, (x) < a(x) if
x ¢ A, for all x and p. Then

d d
\Zlejfxx)\%(") < max { max{|0;|,[&:*}} () [£;(x)
= /=1

d
< mfx{max{|ezra,|ezﬁ}}(.lefxx)l)““‘%



an expression that is integrable since f1,... f; € %4. By the dominated convergence theorem,

d oy () d o(x)
J 1 0ty Vs [ 0,0|" V. 4
j=1 j=1
and so .
exp 0ifi(x
{150

as p — oo, forall 0¢,...,0; € R.
For f1,....fs € o,

) “1’(x)dx} s exp { / | ,i“l 0,f;(x) |°‘<’“)dx}, (2.5)

/’ Zejf] dx<maxmax{]9 CH }Z|f] X .0

j=l1
as max;{|0;|} — 0. Thus (2 1) is continuous at 0. Moreover from (2.3)

exp{ il | Z 0;fi( )‘ )dx} is a valid characteristic function of a d-dimensional random
vector for all p. Applymg Lévy’s continuity theorem to (2.5), there is a probability distribution
on the random vector (1(f1),1(f2),...,I(f4)), with characteristic function given by (2.1). O

As with op-stable integrals for constant 0y, see [17], Kolmogorov’s extension theorem al-
lows us to define o(x)-stable integrals consistently on F. (Note that we use the variable ‘x’
here; whilst it might be thought of as a ‘time’ we reserve ‘¢’ for the time variable in processes
defined as integrals with respect to o(x)-stable measures in Section 4.)

Theorem 2.2. Let 0 < a < a(x) < 2. There exists a stochastic process {I(f), f € Fo} with finite-
dimensional distributions given by (2.1), that is with Oyz,) . 1(r,) = Of,,...5, for all fu,... . fa €
Fa.

Proof. For fi,...,fa € Fq it follows from (2.1) that, for any permutation (7(1),7(2),...,7(d))
of (1,2,...,d), we have

Oty ﬁ(d)<en(1)""’en(d)):¢f1>-~~7fd(ela'“7ed)7

and also that, for any n < d,

Ofyrnfn (015 00) =0y p, 1, (01,...,0,,0,...,0).

Thus the probability distributions given by (2.1) satisfy the consistency conditions for Kol-
mogorov’s Extension Theorem, so, applying this theorem to the space of functions ¥y, there
is a stochastic process on ¥y which we denote by {I(f),f € Fu}, whose finite-dimensional
distributions are given by the characteristic functions (2.1). [

We call I(f) the o--multistable integral or o(x)-multistable integral of f. By applying (2.1)
with functions (a1 f1 +ax f2), fi1, f> and variables 8, —a;0, —a0 it follows that the multistable
integral is linear, that is if fi, > € %y and a;,a, € R, then

I(a1f1 —l—a2f2> = all(fl) + azl(fz) a.s. (2.6)
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Let L be Lebesgue measure on R, let £ be the Lebesgue measurable subsets of R and
let Zo = {A € E: L(A) < =} be the sets of finite Lebesgue measure. Let o : R — [a,b] be
measurable where 0 < a < b < 2. Analogously to [17, Section 3.3] for 0-stable measures, we
define the a-multistable random measure My, by

Ma(A) == 1(14) 2.7)
for A € Ey, where 14 is the indicator function of the set A; thus My (A) is a random variable for
each A € F.
It is natural to write
[ f@aa(x) = 1(7), £ € T 2.8)

since there are many analogues to usual integration with respect to a measure. Clearly, linearity
of this integral is a restatement of (2.6), and

/u@w@@:mmy
With this notation the characteristic function (2.1) may be written as
d d o)
Iﬂmm{Z@/ﬁgmmwﬂ):mM}/ﬂZ@ﬁm| w} (2.9)
j=1 j=1

for f; € ¥q. For the random measures, taking f; = lA. with A; € Ey,

d
E(expi{ Z 0;Mu(A; =exp /} Z 0;14;(x dx} (2.10)
j=1

We may estimate the moments of an a-multistable integral in terms of the norm || - ||¢.

Proposition 2.3. Let 0 < a < ox) <b <2andlet g € Fo. Then there is a number c| depending
only on a and b such that for all A > 0

P(\ [ stama() zx) < f

Moreover, if 0 < p < infycg 0t(x) there is a number c; depending only on p and b such that

EO/@@MMd@f)gcﬂgm. (2.12)

Proof. A simple calculation using distribution functions (see [4, p.47]) gives

P(\ /g<x>dMa<x>\zx) < /22/;(1— (exp (10 [ s(x)antax >)))d9

= /2/}L l—exp ( —/|6g(x)|°‘(x)dx))d9

2/

2/x
0]*W|g(x)|*“dx)de

5 [0 (o)
o(x)

Nk

o(x)

gx)

IN

IN



Assuming as we may that ¢; > 1 and writing A9 = ||g||¢ > O for the number such that
I ®g(x)|*® dx = 1, we have

E() / g(x)d%(x))”) 7 mw’—lp(\ / g(x)dMa(x>\zx)dx

< clp/ AP~ 1mm /k |OC dx}d?»

< clp/ kp_ldk—i—clp// AP~ 10 o () | %) gl
< C3>J’+C3x1’/x 2(x)|“®dx

= allglla

O

Note that Ayache [1] has recently pointed out that the right hand side of (2.12) essentially
characterizes the tail behaviour of the multistable integrals, from which it follows that ||g||¢ < oo
is also a necessary condition for [ g(x)dMg/(x) to have a finite pth moment.

Recall that a random measure M on R is independently scattered if M(A1),M(A3),...,M(Ayg)
are independent whenever A1,A»,...,Ay € Fy are pairwise disjoint, and is 6-additive if whenever
A1,Az,...€ Ey are disjoint and U‘;"ZIA j € Ep then almost surely

taking an independent sum.
Theorem 2.4. The o-multistable measure My, is independently scattered and G-additive.

Proof. This is a slight variant of [17, Section 3.3]. Let A1,A3,...,A; € Ey be pairwise disjoint.
Then using (2.10)

E(exp{iéejMa(Aj)D = Iiexp{ - / }Glej(x”OC(X)dx} = IiE(eXp{iGjMa(Aj)}).

s0 My (A1),My(Az),...,Mu(Ag) are independent, and My, is independently scattered.
If A1,A2,...,Ar € Ey is a finite collection of disjoint sets, using (2.7) and (2.6),

k

(U ) ) —1<21A>:il(1Aj):i‘,1Ma(AJ)

For a countable family of disjoint sets Aj,Az,... € Fy with B =7 A; € Fo, so that B =
U?:] A;U (U;f’:k A j) , it follows from above that

Mq(B) = Ma(UA>+Ma< O Aj>:iMa(Aj)+Ma( O A,-). (2.13)
Jj= j

j=1 Jj=k+1



Since limy—.co L(U7_4414;) = 0 and au(x) € [a,b], for each 8 € R

l}gigoE<eXpl{9Ma LleA )—/}glgoexp /\elu e () dX}
Jj=k+

s0 Mo (U7 114)) 4 0ask— o by Lévy’s Continuity Theorem.

By (2.13) we get Mq(B) — X_ Ma(A;) % 0 and so Mo (B) — X5_ Mo(A;) B 0 as k — oo,

Thus limy_,e ZI;-ZIMO((A i) £ My (B), and, since the summands M(A ;) are independent, this
implies convergence almost surely, by a theorem of Kolmogorov, see [10, Theorem 6.1]. Thus
M, is c-additive. OJ

Next we obtain conditions for convergence of a sequence of multistable measures with dif-
ferent multistable indexes.

Proposition 2.5. Let 0 < a <b <2 and o,,0.: R — [a,b] be Lebesgue measurable. Let My, , M,
be the associated o.,-multistable and o.-multistable measures characterised by (2.10). Suppose

oy, (x) — oux) for almost all x € R. Then Mg, Y My as n — o, that is for all m € N and
A1,A2, ..., Apn € o,

(Ma, (A1), Mo, (A2), s Mo, (Am)) > (Ma(A1),Ma(A2), ... Ma(Am)).-

Proof. Let Ay, As,...,A;, € Ey. Then for all n and all x € R

yZe 14, (x \ <clA()

where A =J/L1A; € Tpand ¢ = max { ( ) 16,1)%, ( ] |9j|)b}. Since [14(x)dx < o, the
dominated convergence theorem implies that

tim exp ( /\ Y0l “ax) = exp ( /‘ AN ()|“ax),

so from (2.10),

E(expi{ Y. 0,Me,(4))}) — E(expif ). 0,Ma(A))} )

J=1 J=1

fdd
as n — oo. By Lévy’s continuity theorem M, — M. O
To get a feel for ai-mutistable measures, we show that, for a continuous o, the o--multistable
measure M may be approximated by random measures that are the sum of many independent
olp-stable measures defined on short intervals but with differing constants ol.



Assume that o : R — [a,b] C (0,2] is continuous and let My, be the o--multistable measure
on the sets £y. We now use the same procedure but with piecewise constant functions o, : R —
[a,b] to obtain approximating measures My, .

For each n, let o, : R — [a,b] C (0,2) be given by

oy (x) =o(r2 ") ifxe [r27",(r+1)27") forall r € Z

and let M, be the a,-multistable measure obtained from o, as above, so in particular My, has
finite-dimensional distributions given by the characteristic function

E(expi{ i GjMan(Aj)}> :exp{ —/} ielej(x)
j=1 j=1

It follows from Theorem 2.4 that each My, is independently scattered and c-additive.

04},

Theorem 2.6. Let 0 < a <b <2and a.:R — |a,b] be continuous. Let M,, , denote the restriction
of a(r27")-stable symmetric measure to the interval [r2™",(r+1)27")), that is

M (A) = Mgy m (AN P27, (r 4 1)27) = Mo, (AN [27", (r+1)27")),

where M(yp-n) is 0(r27")-stable symmetric measure. Then My, is a random measure given by
the independent sum of random measures

Mg, (A) = Z M, -(A)

reZ

fdd
almost surely for A € ‘Ey. Moreover My, — Mg as n — oo.

Proof. Since M, is independently scattered, we have that for each A € ‘£
Mo, (AN[27",(r+1)27")) =M, (A)

are independent for distinct r.
Let A € ‘Ey. Since M, is c-additive,

M,(A) = Mg, (A)
= Mo, ([ JAN[27" (r+1)27")

reZ
= Y Mg, (AN[27", (r+1)27")
reZ

= ) My (A)

reZ

where the summands are independent.

For each n we have o, (x) = o(r27") for all x € [r27",(r+1)27"). Since o is assumed

continuous, we have lim,_... 0, (x) = a(x) for all x. Thus by Proposition 2.5, My, 99 Mg as

n — oo, ]



One would expect an a-multistable measure to ‘look like” an o(u)-stable measure in a small
interval around u. We now make this idea precise.

Forue R, r>0,let7,,: R — R be the scaling map, T, -(x) = (x —u)/r. This induces a
mapping T, ,ff ~ on random integrals and measures, given by

[ ottt = | (== ((=2))

(T, Ma)(A) = Mal(T,;; (4)) = I(1;, 1))

In particular

for A € Ey by (2.7).
We show that scaling an o-multistable random measure about a point u yields o(u)-stable
measure M.

Theorem 2.7. Let o.: R — [a,b] C (0,2] be continuous with

|o(x+r) —o(x)| =o(1/logr) (2.14)

uniformly on bounded intervals and let u € R. Then for all functions fi,...,fa € Fap with
compact support, the vectors

(rl/a(u)/fl(x)d(TirMa)(x ,...,rl/oc(u)/fd X d T# Moc)(x)>
/ﬁ JaMey /fd x) (2.15)

as r — 0. In particular,
P (T M) (A1), (T, Ma) (Aa)) 5 (Mo (A1), Mo (Aa) — 2.16)

as r — 0, for all bounded sets Ay, ...,Ay € Fy.

Proof. Let fi,f2,..., fm € Fa be functions with compact support, say in [—z9,z0]. Let 0; € R,
j=1,2,...,m, and consider the characteristic functions.

E(“Pij_iej’”_]/a(u) [ 5T M) )

j=1 r
—1/ou xX—u .
- exp(—/}j_Zlejr ot (21 405
= exp(—/} iejril/a(u)f( )| (rz+u) d)
j=1
= exp(—/} f"ejfj(z)‘Oc(erru)rl—()c(rz—b—u)/(x(u)dZ)7 2.17)
=



on writing (x —u)/r =z.

From condition (2.14) it is easy to see that lim,_r'~*tw)/®#) — | ypiformly for z €
[—20,20], and also lim,_,o 0t(rz+u) = ot(«) uniformly for all z € [—z0,zo| since o is continuous.
Noting that there is a constant ¢ such that for r sufficiently small,

‘Ze]fj | (rz+u) 1(xrz+u/0t <CZ|f |ab

for z € [—z0,20] and f; € F4p, the dominated convergence theorem gives

11mexp /{ Z ejfj orz+u) e —o(rz+u)/ou )dz> = exp /’ Z ejfj | )dx)

r—0

so by (2.17)
hmE<expzZG /o /f My)(x )) :E(expizGj/fj(x)dMa(u)(x)>.
j=1
Lévy’s continuity theorem now implies (2.15) and (2.16). ]

3 Multistable processes and localisability

In this section we introduce processes defined by multistable integrals, and in particular consider
their local form, with the aim of constructing ‘multistable’ processes with a prescribed local
form. Thus, given o : R — [a,b] C (0,2], we write

_ / F(t,%)dMe(x), 3.1

forr € R and f € ¥y, where the integrals are with respect to an o-multistable measure M, as
in (2.8). By (2.9), for each (t1,t2,...,t5) € R4, the characteristic function of the random vector

(Y (1), Y (12),....Y(ta)) is
d d
E(expi Z 0;Y(t;))) = E(expi ;/f(tj,x)dMa(x))

Jj=1
d
ox)
= exp| — 0;f(t, d (3.2)
(- 1L orrtr0f )

for all (81,05,...,08,) € RY.
We first give conditions for Y in (3.1) to have a continuous version.

Proposition 3.1. Ler o : R — [a,b] C (1,2] be measurable and suppose f(t,-) € Fo, for all
t € R. Let Y be given by (3.1). Suppose that there exists 1/a < < 1, such that for each
bounded interval J we can find ¢ > 0 such that

Hf(ta')_f(uf)HOC§C|t_u’n (t,uEJ). (33)

10



ThenY has a continuous version satisfying an a.s. B-Holder condition on each bounded interval
forall 0 < B < (ma—1)/a. In particular, (3.3) holds if

/|f(t,x) — f,x) " Vdx < et —u™  (t,ued), (3.4)

a form that may be easier to check in practice.

Proof. Take p such that 1/ < p < a. By Proposition 2.3

p
E(Y ()Y (w)]") =E(\ [ (Fle.0) = £la0)) dMa ) )Sczufo,-)—f(u,ouéSczcv—u\‘"’.
The conclusion follows from Kolmogorov’s continuity theorem, see [16, Theorem 25.2]. U

Localisability has been considered by a number of authors, particularly in the context of
Gaussian processes and fractional Brownian motion, see for example [3, 12] where it is termed
local asymptotic self-similarity. Note that ‘stable-like’ processes were defined and studied in
[13]. These processes are ‘localizable’ in a different sense, in that they are solutions of an o.(x)-
fractional stochastic differential equation. In [13, Theorem 2.1] the local form of sample paths
is considered, rather than the limiting process. Moreover, stable-like processes are Markov
whereas, in general, the multistable processes considered here are not.

Here we say that a stochastic process Y is localisable at a point if it has a unique non-trivial
scaling limit, formally Y = {Y () : t € R} is h-localisable at u with local form or tangent process
Y, ={Y!(r) :t e R} if

Y (u+ ri')f — Y (u) fag Y/ (1) (3.5)

as r — 0. If Y and Y, have versions in C(R) (the space of continuous functions on R) and
convergence in (3.5) occurs in distribution with respect to the metric of uniform convergence
on bounded intervals we say that Y is strongly localisable. For the simplest example, a self-
similar process with stationary increments Y is localisable at all # with local form ¥, =Y and is
strongly localisable if it has a version in C(R). In general there are considerable restrictions on
the possible local forms, see [7].

We call a stochastic process {Y (), t € R} multistable if for almost all u, Y is localisable at
u with ¥, an a-stable process for some o = ot(«), where 0 < o(u) < 2. Various constructions
of multistable processes are given in [8, 9, 11].

For a stochastic process Y, it is natural to ask under what conditions Y is localisable. The
following theorem, which is a multistable analogue of [9, Proposition 2.1], gives a sufficient
condition.

Theorem 3.2. Let
V) = [ Fle0dMa(), (3.6)

where My, is an o-multistable measure for continuous o : R — [a,b] C (0,2]. Assume that

f(t,.) € Fap forallt and

flutrt,u+rz)— fluu+rz) ab
/ ‘ rh*l/(x(qurz) - l’l(t,Z) dZ =0 (37)

lim
r—0
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for a jointly measurable function h(t,z) with h(t,.) € F,p for all t. ThenY is h-localisable at u
with local form

Y/ = {/h(m)dMa(u) (2):1¢€ R} (3.8)

where M, is O(u)-stable measure.
If, in addition, there exists M| > 1/a such that for each bounded interval J we can find ¢ > 0
such that

flutrt,)— flu+ry,-
| 7

for all sufficiently small r > 0, then Y is strongly localisable at u. Condition (3.9) is implied by

)H <cli—v (el (3.9)
o

dz <cilt—v|™ (t,ve€J) (3.10)

flu+trt,u+rz) — fu+rvyu+rz) |outrz)
/ ‘ rh—1/o(u+rz) ’

which can be more convenient to use in practice.
To prove Theorem 3.2, we need some convergence estimates.

Lemma 3.3. Let 0 < a < b. There is a constant c that depends only on a and b such that, for
all measurable o.: R — [a,b] and g,k € F4,

| [lgtordx— [ k(x)* s
x{0,a— a x{0,b—
<c(llg = KlallkZ0 M g — kg + g —Klallkl;™ " + lg—kl). 3D
Proof. 10 <a<a(x) <b <1 forallx € R, then
| [ 18I~ [ k)| < [ 1g) —k()|“dx < llg — klls+ llg — kI

On the other hand, if 1 <a < a(x) < b for all x € R, then by the mean value theorem there
exists 0 < A(x) < 1 such that

ox)—1
8(6) ) — k()| |

= a(x)|Jg0x) = @I | [ I +20) (1g)| — K (x)1)
a—1

blg0)l = k(|| 1K) + g(x) — k()

B[ [g(0)| = )| |1k(x) |+ g x) — k()

Integrating and using Holder’s inequality gives

[l [ orean

which gives (3.11) in this case.
In general, for 0 < a < a(x) < b, letting A = {x: a < o(x) < 1}, inequality (3.11) holds for

g1 and k14 and also for glg\ 4 and k1R, 4, and combining these cases we get (3.11) for g and k
for an appropriate c. O

IN

‘bl

Sc(ng—kna

a—1 b—1
-+1g=1" + gkl -+le ], ).
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We require the following Corollary.

Corollary 3.4. Let0 <a<band g: Rt xR — Rwith g(r,.) € Fup forall r > 0. Letk € Fy,
and let B : R — |a,b] be continuous at 0. If

lir%/ lg(r,2) —k(z)|“Pdz = 0, (3.12)

then
lim / 12(r,2)|P)dz — / 1k(2)[BO) 2. (3.13)

Proof. By (3.12) and Lemma 3.3

tim| [ 19052) Pz~ [ k() Pde| =0,

Since k € ¥, 5, the dominated convergence theorem gives

lim| / k(2) [P0z — / k()P Vdz| =0,
and (3.13) follows on combining these two limits. 0

We can now complete the proof of Theorem 3.2.

Proof of Theorem 3.2  Fix u € R. We consider the characteristic function of the finite-
dimensional distributions of r (Y (u+rt) —Y(u)). Let8; € R and t; € R for j = 1,2,...,m.
Then, using (3.6) and (2.9),

E(expiiejr_h(Y(u—l-rtj) —Y(u))) (3.14)
o
= ]E(expijilﬂjrh/(f(u+rtj,x)—f(u,x))dMa(x)>
= exp{ —/‘ i Gjr_h(f(u—I—rtj,x) —f(u,x))‘a(x)dx}
=1

— exp{ = [| Y 0 VS (e rtyrzt ) — flre )|z,
j=1
(3.15)

after setting x = rz+ u.
Defining

2(0) = [ r.2)dMog) 2).

where My, is ou(u)-stable symmetric measure, its finite-dimensional distributions are given by
the characteristic function

E(expij_i%Z(U)) :exp{—/|j_iejh(tj,z)|q(u)dz}. (3.16)

13



We now use Corollary 3.4, taking

o flutrti,rz+u)— f(u,rz+u)
g(r,z) = Zle] ’ ph—1/a(rz+u) ’

J

k(z) = iejh(zj,z),
L

and

Bx) = o(u+x).
Then
a’bdZ N 0,

[ 18—k

as r — 0, using (3.7) and the quasi norm properties of || - ||, and || - ||. Thus by Corollary 3.4

J 1Y 05 V=0 oty ) = S rea)) [z = [ Y 05l 2)[ Ve
Jj=1 =

asr — 0.

Since the exponential function is continuous, (3.15), and hence (3.14), is convergent to

(3.16) as r — O for all (1,...,0,,). By Lévy’s Continuity Theorem, r—"(Y (u+rt) — Y (u)) fag

Z(t) as r — 0, noting that (3.16) is a characteristic function. Thus Y is A-localisable with local
form Y, given by (3.8).
Finally, if (3.9) holds then by Proposition 2.3, for 0 < p < a,

EG/f(u+rt,x)r—hf(u—rv,x)dMa(x)’p)
Czuf(u%—rt,-)—f(u—rv,-)Hp

rh

E(|Y,(1) =Y, (v)[”)

IA

o
< cilt—v|p.

By choosing p such that 1/n < p < a, Kolmogorov’s continuity theorem, see [16, Theorem
25.2], implies that, for each 0 < B < (Ma — 1)/a and each bounded interval J, the process Y,
satisfies an a.s. Holder condition

% (0) =YW <Cli v (tv e,

where the random constants behave uniformly in r, i.e, supy_,<,,P(C; > m) — 0 as m — oo.
Thus for all €,T > 0 there exists & > 0 such that

hmsup]P’( sup  |Y(t) =Y (v)| > ’c) <E.
r—0 [t—v|<d, t,ved
In other words, the Y, are strongly stochastically equicontinuous on J which, along with con-
vergence of the finite-dimensional distributions, implies that Y, converges to Y’ in distribution

on the space of continuous functions with the metric of convergence on bounded intervals, see
[4, Theorem 8.2] or[15, Theorem 10.2] . O
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4 Examples

We give a number of examples to illustrate Theorem 3.2. Some of these are considered in
[8, 9, 11] using alternative definitions of multistable processes.
It is convenient to make the convention that

l[u,v] - _1[\1,14]7
if v < u in the following examples.

Example 4.1. Weighted multistable Lévy motion.
Let

V() = [ w0, (x)dMal),

where o.: R — [a,2] is continuous and a > 0, and w : R — R is continuous. Let u € R be such
that w(u) # 0 and suppose that as v — u,

ou(u) —ou(v)| = o(1/|loglu—v|]). 4.1

ThenY is 1/ol(u)-localisable at u with local form

Y, = { / w(u)Ljo 1(2)dMau)(z), 1€ R} = w(u)Lou),

where My, is 0(u)-stable measure and Ly, is a o.(u)-stable Lévy motion

Proof. Take f(t,x) = w(x)1j,(x) and h(t,z) = w(u)1j,(z). Condition (4.1) ensures that
pl/ew)=1/a{utrs) 1 a5 r — 0 uniformly for z € [0,7] which is needed to ensure that (3.7)
holds. Then Theorem 3.2 gives the conclusion. [

Next we consider multistable reverse Ornstein-Uhlenbeck motion. Notice that in the multi-
stable case, we get a curious restriction on the range of .

Example 4.2. Multistable reverse Ornstein-Uhlenbeck motion.
Let

Y () = /t " exp(—A(x —1))dMe(x), 4.2)

where o: R — [a,b] C (1,2] is continuous with 1 < /b < a < b < 2. Let u € R and suppose
that as v — u,

|ou(u) —ou(v)| = o(1/|loglu—v|]). 4.3)
ThenY is 1/a(u)-localisable at u with local form

Y, = {/_1(071)(Z)dMoc(u) (2), t€ R}, (4.4)

where My, is ou(u)-stable measure.
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Proof. We take f(t,x) = exp(—A(x —1))1| «)(x) and h(t,z) = —1j9)(z) in Theorem 3.2. After
a little simplification,

flu+rt, u+rz) flu,u+rz) ab
/ @ e —h(t,2)| dz
|| _exp( )\,rz)l[07[)(z) a,b i exp(—krz)(exp(?»rt)—1)1[,’w)(z) ab
/_|z| e tauers 00| de 1 rl/a(w=1/a(utrs) &

The first integral converges to 0, noting that !/ —1/xu+r2) _ 1 45  — 0, uniformly on z €
[—1,t]. The second integral is bounded by

/T ‘r_]/“H/b exp(—Arz)(exp(Art) — 1)|a’bdz
t

< plbla /T}exp(—krz)(exp(krt) —1) “bdz
t

< e Pl exp(hrr) — 1) / T |exp(—Aarz)|dz
t

< cor' PO |t)) exp(—Aart|) (Ara) !

< ceyrthle,

for fixed ¢, where ¢, ¢, and c3 are independent of r < 1. Since a — b/a > 0 the second integral
converges to 0, so the conclusion follows from Theorem 3.2. 0

The next example is linear fractional multistable motion. Recall from [17] that asymmetric
linear fractional oty-stable motion, o € (0,2], is given by

Lagni )= | Paa(b™ b 1,3)dMoq ) 4.5)
where t,b",b~ € R, and
— h—1 h—1 — h—1 h—1
poco7h(b+7b ,t,x):b+((t—x)+ /OCO_(_X)+ /Go)+b ((t—x)_ /Oto_(_x)_ /060)7
and My, is 0p-stable random measure (0 < o < 2). By convention, if 2 —1/0 = 0, we take

pao7h(b+7b_7tax) = (b+ _b_)l[O,t] (x)

if t > 0, and
pao,h(b+7b_7t7x> = _(b+ _b_)l[t,()] (X)
if t < 0. Then (4.5) is an 0-stable process.

For a multistable version, let o : R — [a,b] C (0,2) be continuous. We define linear frac-
tional o-multistable motion by

Lonp+ b (1) :/_ Pan (bt b7, t,x)dMg(x) (4.6)
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wheret € R, b™,b~ € R, and
Pan(b b7 tx) = b (¢ =) — () b () (),

where M, is oi-multistable random measure.

It may be checked directly thatift e Rand 1 /a—1/b<h<1+1/b—1/athenpg,(b™,b™,t,.) €
Fap so that (4.6) is well-defined.

We show that linear fractional multistable motion has linear stable motion as its local form.
We consider the case when b™ = 1 and b~ = 0, the argument is similar for other b* and b™.

Proposition 4.3. Linear fractional multistable motion.

Let
) = [0V~ (o ama(
= [ pan(1.0.,x)dMa(x)
= Lon1,0(1),
where a.: R — [a,b] C (0,2) is continuous. If
la—1/b<h<1+1/b—1/a, 4.7)

then'Y is h-localisable at each u € R with local form

v = { [ (=2 = () by ), rer)
= Lou)ni1,0(),
where M, is o(u)-stable measure. Furthermore, if 1/a <h < 1+41/b—1/a, then Y has a
continuous version and is strongly localisable at each u € R.
Proof. We take f(t,x) = (¢ —x)lj:l/a(x) —(—x )h Holx) ¢ Fap» given (4.7), and h(t,z) = (1t —
z)fl:l/a(”) — (—z)i_]/a(”) in Theorem 3.2. Then

flutrt,utrz)— flu,u+rz) ab
/ ph—1/o(u+rz) - h(t7Z) dz

a,b

/ ‘ h 1/0u(u+rz) (—Z)Tl Ja(utrz) (t
This integral converges to 0 as r — 0. This may be established by breaking the range of inte-
gration in the parts: |z| < 8,|z—1| < &,|z| >M and A ={z:8 < |zl <M and d < |z—1¢|}. By
choosing sufficiently small d and large M, the integral over the first three parts can be made arbi-
trarily small, uniformly as r — 0. The integrand converges to 0 pointwise on A and the bounded
convergence theorem gives the integral over A convergent to 0. The conclusion follows from
Theorem 3.2.
Finally, if 1 /a < h < 1 itis easily checked by a routine integral estimate (if 7 > u splitting the
resulting integral at u) that (3.4) holds so Y has a continuous version, and similarly that (3.10)
if 1/a<mn < h,soY is strongly localisable by Theorem 3.2. U
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5 Further remarks

In the classical theory of stable distributions and processes, see [17], stable integrals may be
defined in several ways. In particular, by first setting up the theory of stable random vari-
ables and random vectors, stable integrals may be defined as stochastic processes whose finite-
dimensional distributions are jointly stable, with the properties of integrals following from the
theory of stable distributions. Here, multistable integrals are set up in Lemma 2.1 in terms of
the finite-dimensional distributions of integrals of a set of functions, rather than based on any
notion of ‘joint multistable distribution’ of random vectors.

In this light, we may compare the definition of the multistable processes of Section 3 with the
other definitions of multistable processes given in [8, 11] which depend on defining a random
field in terms of a suitable function f(z,v,x) and taking a diagonal section by setting v = 7.
It is shown in [11, Proposition 6.13] that the finite-dimensional distributions of the processes
obtained by both the Poisson point representation [8] and the random series representation [11]
are given by

d 0o poo m
E(expi Z 0,Y(t)) =exp (— 2/ / sin’ < Z Gjb(tj)C:x{ggtj)Zy*l/a(tf)f(tj,tj,x)>dydx)
=1 0 JO j=1 !

J

where b(¢) is an amplitude factor and C; ! = [5°x~*sinxdx. Note that this form is intrinsically
different from the finite-dimensional distributions (3.2) of our processes, in that they depend
only on the values of o at the #; whereas in (3.2) they depend on the values of o at all x; thus the
multistable processes obtained here differ from the other constructions.

The multistable measures and integrals that we have considered in this paper are a general-
ization of stable symmetric processes. We could extend our definition to permit asymmetry by
taking the characteristic function in Lemma 2.1 to be

0p..1(01,...,04) :exp{—/| iejfj(x)\“(” (1-Bx)sien( iejf,-(x)) tan (4mau(x) ) |
J= j=

where B : R — [—1, 1] is a skewness function, with a logarithmic variant when o(x) = 1; com-
pare [17, Equation (3.2.2)]. Provided o(x) # 1 a similar argument shows that this process exists
and similar properties should hold, albeit with more awkward algebra. However, if o(x) passes
through the value 1 then convergence difficulties arise.
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