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Abstract

This paper provides consistency and a distributional result for an esti-
mate of the integrated volatility in different Lévy type stochastic volatility
models based on high frequency data. As an estimator we consider the
p-th power variation, i.e. the sum of the p-th power of the absolute value
of the log-price returns, allowing irregularly spaced data. Furthermore,
we derive conditions on the mean process under which it is negligible.
This allows us more flexibility in modelling, namely to include further
jump components or even to leave the framework of semimartingales by
adding a certain fractional Brownian motion. As a special case our method
includes an estimating procedure for the scale parameter of discretely ob-
served Lévy processes.
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1 Introduction

Recently there have been proposed different Lévy type stochastic volatility mod-
els in the financial literature in an attempt to merge the desirable properties,
such as being able to fit fat tails, skews and smiles, of the pure jump and the
stochastic volatility models. In this paper we will derive estimators of the inte-
grated volatility for both types of stochastic volatility models, one where in the
classical setting of a stochastic volatility model the Brownian motion is replaced
by a purely discontinuous Lévy process (cf. Eberlein et.al (2003)), and another
one where a time changed Lévy process is used (cf. Carr et.al. (2003)). The



integrated volatility is an important quantity for financial applications, since
it is needed for pricing volatility derivatives, such as volatility and variance
swaps and swaptions, cf. Howison et.al. (2003). These financial instruments
became increasingly popular to investors, since they avoid direct exposure to
the underlying asset, but make it possible to hedge volatility risk.

For our analysis we will use the concept of normed power variation, i.e. taking
Yot —tica|7 Xy, — Xy, |P as max; [t; — t;—1| — 0, where X; denotes the log-
price process, which has already been studied in the classical stochastic volatility
setting by Barndorff-Nielsen and Shephard (2002, 2003) and Woerner (2003b),
and also when the Brownian motion is replaced by a stable process by Barndorff-
Nielsen and Shephard (2002).

We will provide consistency and a distributional result for the power varia-
tion estimator of the integrated volatility in the model

t
X, =Y, +/ oodLs. (1)
0

Here Y; is a fairly general mean process, possibly with jumps or even a frac-
tional Brownian motion, L; is a purely discontinuous Lévy process and o; some
stochastic volatility process, e.g. a geometric Brownian motion, an Ornstein-
Uhlenbeck or Ornstein-Uhlenbeck type process.

A key step in the derivation of power variation estimates is to find the
correct exponent vy for the norming sequence to obtain non-trivial limits. It
turns out that in our general setting the important quantity is the Blumenthal-
Getoor index (8 of L;, which measures the activity of the jumps. We obtain
v =1—p/B, which is in line with the existing results, namely for the classical
setting v = 1 — p/2, where the Blumenthal-Getoor index of a Brownian motion
is 2 and 1 — p/a for a-stable processes, where the Blumenthal-Getoor index is
equal to the index of stability.

Furthermore, we will examine what kind of mean process Y; we can add
without affecting the estimate of the integrated volatility. It turns out that we
can add jump components, if the jump activity is not too high, and even specific
fractional Brownian motions, which means that we can leave the framework of
semimartingales. This freedom in the mean process can either be interpreted as
more flexibility in modelling or robustness against additive noise.

In addition as a special case with constant volatility process our method can
be used to estimate the scale parameter of a discretely observed Lévy process. In
the context of finance, especially for the CGMY process, this can be interpreted
as an estimate for the overall activity, cf. Carr et.al. (2002).

The outline of the paper is the following, first we will introduce our models
and notation, then prove consistency and asymptotic normality for the estimate
of the integrated volatility in (1). Next we consider the special case of estimation
the scale parameter and finally look at the stochastic volatility model based on
a time changed Lévy process.



2 Models and Notation

First let us now briefly review the different classes of stochastic processes which
we will need in the following. Lévy processes are stochastic processes with
independent and stationary increments. They are given by the characteristic
function via the Lévy-Khichin formula

o?u?
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Ele¥] = exp{t(ion — 2 + / (€% 1 — juh(z))w(dz))),

or for short by the Lévy triplet (ta,to?, tv)y,, where a denotes the drift, 0% the
Gaussian part, v the Lévy measure and h is a truncation function, behaving like
x around the origin and hence ensuring the existence of the integral. Obviously
0? determines the continuous part and the Lévy measure the frequency and
size of jumps. If [(1 A |z|)v(dz) < oo the process has bounded variation, if
Jv(dzx) < oo the process jumps only finitely many times in any finite time-
interval, called finite activity, it is a compound Poisson process. Furthermore,
the support of v determines the size and direction of jumps. A popular example
in finance are subordinators, where the the support of the Lévy measure is
restricted to the positive half line, hence the process does not have negative
jumps and the process is of bounded variation in addition. For more details see
Sato (1999).

We will look at integrals of the form X; = fot osdLs where L; is a Lévy
process and o; some stochastic process independent of L;. This implies that
conditionally under oy X; is an additive process (i.e. a process with independent
increments) and unconditionally it is a semimartingale.

For an overview over semimartingales both under financial and theoretical
aspects see Shiryaev (1999). In its canonical representation a semimartingale
may be written as

Xi = Xo+B(h) + X+ hx (n—v) + (x = h(z)) * p,

or for short with the predictable characteristic triplet (B(h), (X¢),v)p, where
X¢ denotes the continuous local martingale component, B(h) is predictable of
bounded variation and k is a truncation function. Furthermore, u((0,]x A;w) =
S (Ta(J(Xs)),0 < s <t), where J(X,) = Xy, — Xs— and A € B(R — {0}) is a
random measure, the jump measure, and v denotes its compensator, satisfying
(22 A1) x v € Ajpe, i-e. the process (f(o,t]xm(xQ A 1)dv)>o is locally integrable.

A measure for the activity of the jump component of a semimartingale is
the generalized Blumenthal-Getoor index,

B=if{d>0:(|z)° A1) *v € Ao},

where A;,. is the class of locally integrable processes. This index (§ also deter-
mines, that for p > § the sum of the p-th power of jumps will be finite. Note
that if we are in the framework of Lévy processes, being an element of a locally
integrable process reduces to finiteness of the integral with respect to the Lévy
measure, since the jump measure is deterministic.



As mean processes or noise components we will consider seminartingales,
especially with jumps, and outside the framework of semimartingales also frac-
tional Brownian motion. A fractional Brownian motion with Hurst exponent

H € (0,1) is defined by

0 t
_ g H-12 _ (_\H-1/2 _ g)H-1/2
( / (¢~ 5) (—s)12)qw, + / (t— 5)112aw,),

— 00

1
T'(H +1/2)

where (W;, —00 < s < 00) denotes a Wiener process extended to the real line.
Fractional Brownian motion is popular in finance to model clustering and long
range dependence, cf. Shiryaev (1999).

Classical stochastic volatility models can be written in the form

t
X, =Y, +/ 0.dB,,
0

where Y; is the mean process, B; a Brownian motion and o; a volatility process,
e.g. a geometric Brownian motion (cf. Hull and White (1987)), an Ornstein-
Uhlenbeck process (cf. Scott (1987), Stein and Stein (1991)), or an Ornstein-
Uhlenbeck type process (cf. Barndorff-Nielsen and Shephard (2001)). We now
replace the Brownian motion by a purely discontinuous Lévy process and obtain
a stochastic volatility model

t
&:n+/%ﬂy
0

This type of model when L; is a generalized hyperbolic Lévy motion was pro-
posed by Eberlein et.al (2003) in the context of risk management. A slight
modification, namely the representation as a time changed Lévy process

Xt :Y;—'_Lfotosds
was studied in Carr et.al. (2003). With our technique based on power variation
both models can be treated similarly.

Now we have reviewed our models and associated processes and can intro-
duce the method of power variation estimates. The concept of power variation
was introduced in the context of studying the path behaviour of stochastic pro-
cesses in the 1960ties and 1970ties, cf. Berman (1965), Hudson and Mason (1976)
for additive processes or Lepingle (1976) for semimartingales. Assume that we
are given a stochastic process X on some finite time interval [0,¢]. Let n be a
positive integer and denote by S, = {0 = tp.0,tn1, **,tnn = t} a partition of
[0,¢], such that 0 < t,,1 < tp2 < - < tp, and maxi<p<n{tni — tn -1} — 0
as n — oo. Now the p-th power variation is defined to be

Z |th,i - th,i—l ‘p = V;D(X7 Sn)

WEell established are as n — oo for convergence in probability the cases for p = 1,
where finiteness of the limit means that the processes has bounded variation,



and p = 2, called quadratic variation, which is finite for all semimartingale
processes. However, in the classical stochastic volatility setting, i.e. for the
moment assuming that our process has the form fg 0sdBg, only the case p =2
leads to a non-trivial limit. Obviously, for p > 2 the limit is zero and for p < 2
the limit is infinity.

An extension of the concept of power variation is to consider an appropriate
norming sequence, as it was done in Barndorff-Nielsen and Shephard (2003),
which allows to find non-trivial limits even in the cases where the non-normed
power variation limit would be zero or infinity. Let us introduce the following
notation for the normed p-th power variation

Z A;Yz,i|th,i - th,z'71 |p = Vp(Xv Sn, A;YL)’

where v € IR and t,,; — t,i—1 = A,,; denotes the distance between the i-th
and the ¢ — 1-th time-point. When we have equally spaced observations, A,, ;
is independent of ¢ and the normed power variation reduces to A7V (X, S,). It
turns out that the important quantity for determining the appropriate norming
sequence is the Blumenthal-Getoor index. For the classical stochastic volatility
setting Barndorfl-Nielsen and Shephard (2003) derived that v = 1 — p/2, where
2 is the Blumenthal-Getoor index of a Brownian motion. In our framework
with fot 0sdLs the Blumenthal-Getoor index 3 of L will determine the norming
sequence, namely vy =1 —p/f and p < .

In the following we need a measure of regularity for the sequence of parti-
tions. We use the term of e-balanced partitions, € € (0, 1), which was introduced
by Barndorfl-Nielsen and Shephard (2002) and is defined by

max; An i
om0
(minz- An’i)ﬁ ’
as n — oo. This means we compare how fast the minimum distance in the
partition converges to zero compared with the sequence of maxima, e.g. if
max; A, ; = O(1/n) and min; A, ; = O(1/n?), then the partition is e-balanced
for e € (0,1/2). Obviously, an equally spaced partition is e-balanced for all
e € (0,1). If a partition is e-balanced for some e € (0,1), then it is also J-
balanced for § € (0,¢]. Hence the larger e the closer the partition is to an
equally-spaced one. We will denote with € = 1 the equally spaced partition. In
the following we will show how the regularity of the sampling scheme together
with the regularity of the mean process Y will determine the choice of the power
variation exponent p.

3 Estimating the integrated volatility
In this section we will provide an estimate for the integrated volatility when

the underlying driving process is a purely discontinuous Lévy process with
Blumenthal-Getoor index 3 € (0,2), whose Lévy measure possesses a Lebesgue



density. This means that we obtain results for infinite activity processes, includ-
ing most Lévy processes popular in finance, such as generalized hyperbolic Levy
motions, Normal inverse Gaussian processes, stable processes and CGMY pro-
cesses for Y > 0. Note that the limiting case # = 2 is the Brownian motion case
which has been extensively studied by Barndorfl-Nielsen and Shephard (2002,
2003) and Woerner (2003b).

The key step to derive the results for purely discontinuous Lévy processes
is to split them into a stable part and some remainder, which can be done by
considering a Taylor series expansion of the density of the Lévy measure around
the origin. This method indicates why we do not get a result for finite activity
processes or infinite activity processes with § = 0, such as compound Poisson
processes and Gamma processes. Namely their first order term of the density
of the Lévy measure is not the Lévy measure of a stable process.

Our result implies that from the point of view of estimating the integrated
volatility the most important parameter is the Blumenthal-Getoor index. Hence
all processes with the same Blumenthal-Getoor index, i.e. the same level of ac-
tivity lead, up to the scale parameter, to the same result. We can see that the
generalized hyperbolic Lévy motion (including the hyperbolic Lévy motion, the
Normal inverse Gaussian process and the Student-t Lévy motion), the CGMY
process with Y = 1 and the Cauchy process form an equivalence class for esti-
mating the integrated volatility.

Theorem 1 Let
X, =Y, + /t o.dLP, (2)
0
where Y; is some stochastic process satisfying for some p < (3
V(Y. S, ALP/P) B g, (3)

Denote by Ltﬂ a purely discontinuous Lévy process with Blumenthal-Getoor index
2> [ > 0. Assume that the Lévy triplet is given in the following form:

a) if B <1, we take h =0 and the Lévy triplet is (0,0,tg(x))o,

b)if B=1and [ |z|1g>1(x)g(x)dr < oo, we take h(x) = x and the Lévy triplet
is (0,0, tg(x))..,

¢) if B=1 and g(x) is symmetric and even, we take h symmetric and odd and
the Lévy triplet is (0,0,tg(x))p,

d) if B> 1, we can take any h and the Lévy triplet is (0,0,tg(x))p.

Assume furthermore that the density of the Lévy measure is Riemann integrable
and can be expanded in the following Taylor series expansion as xr — 0

"L et 4 kx| |]™
g(z) = Z || TR +0(|5E|1+B) 4
=0

co
= [2[1+F + f(2),

with B —n <0 and kg = 0.



Assume that the process o is locally bounded Riemann integrable, nonnega-
tive and bounded away from zero. Furthermore, assume that o is adapted and
stochastically independent of LP. Then for any t > 0, we obtain for 0 < p < 3,
if Ly is a stable process, or 0 <p < B, p# [ —1

t
VP(X7 Snv A};p/ﬁ) & :upﬁ(%)p/ﬁ/o agds, (5)

as n — oo, where p, 5 = E(|UP) and U ~ SP is a symmetric (3-stable random
variable with Lévy triplet (0,0, B|z|~1=7).

Proof. For the proof we proceed in the following way, first we will prove
(5) assuming that Y is zero and then show that under the condition (3) on Y
the process is actually negligible for (5).

First we have to calculate the characteristic triplet of fot o.dL? conditional
under 0. We can approximate the integral by Riemann-Ito sums Z;nzl Om,j—1 (Lﬁ T
Lfmd*l) as m — 00, where Lfmd —Lfm’jil ~ Pp,, ; with Lévy triplet (0,0, A, j9(x))n
and Ay, j =tm j — tm,j—1. We obtain

E(exp(iuy_ omj-1(LY, =LY, _))lo)

j=1

= exp(}_ A, /(em’"’j’“ — 1 —iuoy j1h(z))g(z)dz)
j=1

- exp(z A /(eiuy -1 iuamd_lh(y/gm’j_l))wdy)
j=1

m,j—1

= eXP(Z Am,jiu/(h(y) *Um,j—lh(y/ffm,j—l))wdy)

j=1 m,j—1
xexp(Y Ay [ (€0~ 1~ tun(y) LT gy
j=1 I

= oxp(Y_ Angin () = omy shlyfom ;) LTy
7j=1 m,j—1

m B

u . C()O'm’ j —
cexp(3 Ay [ (€ =1 = tun(y) L )
j=1

< £/ 1)
xexp(3 Ay [ (e =1 tun(y) I gy
j=1 Om,j—1
Hence letting m — oo and using the conditions on ¢ and g, we can split

fttﬂ,‘z;l osdL? into a part S%B which is conditional under o stable with scale pa-

rameter (co/3) f:"’_il o8ds and characteristic triplet (0, 0, ¢ ftt"'il oBds/|x|* 7)),



and a remainder R; which is conditional under o additive with characteristic
triplet (ftt"(i_l J(h(y) — ash(y/as))%dyds:,O,ftt"{i_1 f(xgi/f“)ds)h. By con-

struction Sf and R; conditional under ¢ are sequences of independent random
variables. Note that the drift of R; vanishes under conditions a)-c).
Now we can proceed with the proof of (5) for p <1

t
_ C
PVX, 80, A7) = (B0 / ovds| > )
t
- |ZA1 ”“l/ ndLZP = (P [ ords] )
tn,i—1 0

S + R; Co ¢
- |ZAM| w)| = g [ o] > )

< |ZAM|S T/f ZAM|Ajﬁ|p|>v/2>
|ZAM| ~ (P / otds| > 7/2)

< |Z 1/5|”|>7/2)
|Z Sy s [ as > <)

’I’LZ

For the second inequality we used that for p < 1 applying |a + b]? < |a|P + |bJ?,

we have
1> ai+bil? =D bilPl <> Jaal.

For the second term in (6) we can apply the LLN conditional under o together
with the scaling relation for stable processes and obtain that in probability

n 3 c b
nh_}rrgo ZAM Al/ﬁ P — ZA:MP/B(EO des)p/5/|y|pd5ﬁ(y)) -0

n,i i=1 tn,i-1

hence

Ii iA S'LB ‘p (CO)p/ﬁ/t pd
im nil—= P = (= oldspiy g.
=] A:L/zﬁ p 0 o

For the first term in (6), we have to look at the different conditions on the
Lévy triplet.

Under condition a)-c) the drift term in R; vanishes and conditionally under
o we can apply Hudson and Mason (1976), which yields lim,, o >, [Ri|P < 00
in probability, since the Blumenthal-Getoor index of R; is max(0,8 — 1) = 0.



Hence we obtain in probability

n

ZA 5|R|p<maxAnZ Z|R|p—>0
=1

asn — oo and p < 5.

Under condition d) we can apply Woerner (2003a, Thm. 1) for 1 < p < 3,
which yields lim,, . > ; |R;i|P < oo in probability, since the Blumenthal-Getoor
index of R; is § — 1 < 1. Hence we obtain in probability

n

ZA ﬂ|R|p<maXA Z|R|pHO

asn —ooand 1 <p< 8. For —1 < p < 1 we have to split R; in the pure jump
part R;, with Blumenthal-Getoor index 3— 1, and the drift u; = f:"("’_l J(h(y)—

ash(y/as))g(%i/js)dyds = O(A,,;). Hence we can again, conditionally under o,
apply Hudson and Mason (1976) and obtain in probability

noip
Z An,i ’ |R’L|p
i=1

< max(A,, ") S IR + max(AL >ZA:HPW|?
i=1 =1
— 0

asn —ooand —1 < p < 1. For0<p<ﬂ—lwehavetosphtR in
a conditionally stable component Sﬁ , the drift y; and a new remainder R;
which has Blumenthal-Getoor index zero. No we can proceed as for the pervious
case and for the second part of (6). This competes the proof of (6).

Next we have to show (5) for p > 1. This can be done with the same tech-
nique using Minkowski’s inequality instead of the triangular inequality, namely

t
_ Ci
P(|(Vy(X, Sy ALPIONWYP (g, (2 )2/5 / obds)'/?| > )
0

3
n Ri

< P Al 3751") 71> /2
i=1 n,i

- sP c K
+P(|(Z Ap; All/ﬁ ‘p)l/p — ((Eo)p/ﬁﬂp’ﬁ/o Jé’ds)l/p| >7/2) < €

i=1 n,s

This implies the desired result as for p < 1, noting that P is continuous.

Hence we have completed the first part of the proof and it remains to show
that under condition (3) Y is negligible. For simplicity denote Z; = fot o.dL?
Now for p < 1 we obtain

t
_ C
PV X, S0 A7) = iy (S / o?ds| > )



< P(IVp(X, Sy ALP0) = Vi (Z, 8, ALP0) > 7/2)
t
PV, (Z, S, ALP/BY — 1y (NI [ 5P| > ~ /2
D n p,B 3 s
0
< P(Vp(Y,Sn, ALPP) > 5/2)

t
PV 2. S0 A7) = (772 / oPds| > 1/2) < e,

since V,(Y, Sy, A;L_p/ﬁ) %, 0 by assumption (3) and
1— t
Vio(Z, S A0 P10) B, (Y778 [ 07(s)ds by (6).
For p > 1 we again use Minkowski’s inequality together with the same tech-
nique, which yields

t
_ C
PV (X S0, AL P27 — (1 ()72 / o?ds)\/?| > )

< P((Vp(Y, S, ATPIO)VP > v /2)

t
PV (Z. S0 A7) (157 / o2ds)\/P| > 4/2) < .
0

This implies the desired result since z? is continuous. O

Now we discuss the condition on the process Y. Condition (3) provides lots
of flexibility in choosing Y. This can be interpreted as for what kind of mean
process our estimate is still valid or how robust our estimate is against misspec-
ification of the model, i.e. what type of noise we can add without affecting the
estimate.

e Condition (3) is satisfied when Y is locally Holder-continuous of the order
a, 1 > a > 1/, since this implies that (Y3, ; — Y3, ; ,)/A7 ; < Cj < o0

and hence
/8y N~ Altap—p/8) Yog = Yajo1
VP(Y’ Sy Ay v/ ) - ZAn,J’ | Ag ‘p
Jj=1 J
< (mjax Cj)(m]ax A‘:f{p/ﬁ)t -0

since ap — p/ > 0 for a > 1/3. Clearly it only makes sense to take a < 1,
since a > 1 would imply that Y is constant. We can see that we can even
leave the framework of semimartingales and include models or noise where
Y is a fractional Brownian motion with Hurst exponent H € (1/8,1].

Furthermore, we can see that for § < 1 the possible range of a is empty,
hence in these cases we cannot have a continuous mean process. However,
from a practical point of view this does not matter too much, since nor-
mally the time series are treated anyway before, in a way to get rid of the
drift component

10



e Condition (3) is also satisfied if we have finite p-th power variation of YV’
and take p < 8 < 2, which means that the norming sequence tends to
Zero.

For jump processes this is also very interesting since we can easily deter-
mine for which r we have finite r-th power variation and can then take
p € [r, ). From Woerner (2003a) we know that assuming a general semi-
martingale setting, the r-th power variation is finite if either 1 < fy <
r<2and (Y°);=0or By <r<1,(Y% =0, Blh)+(x—h)xv =20
and the jump times of Y; are previsible. Here By denotes the generalized
Blumenthal-Getoor index of Y. Note that for subordinators, i.e. Lévy pro-
cesses with only positive jumps, or Lévy processes of bounded variation in
their usual representation with h(z) = x, the condition B(h)+(x—h)*v =
0 reduces to no drift and the condition of predictable jump times can be
dropped for additive processes.

Hence we can see that we need Sy < ( and the jumps are negligible for
Py <p<p.

e Even less restrictive than the previous condition is to assume that
VoY, Sn, A)) = C < o0,

where v > 0 and 1 — (p/B) — v > 0 which implies (3). One example in
which this holds is to take

t
nz/ﬂﬂﬁ
0

where L is a Lévy process with Blumenthal-Getoor index Oy < [ and
satisfies the conditions of Theorem 1, f is independent of L and locally
Riemann integrable. Then by Theorem 1, for p < By, p # OBy — 1

t
_ oy
VY50 A5 = g oG [ g

Here 1 — (p/8) — (1 — p/By) > 0 is obviously satisfied since By < (.

Together with the previous consideration we can see that this type of jump
process is negligible for 0 < p < § and p # Gy — 1.

e Using the same method as in the proof we can see that Y obviously also
satisfies (3), if it is the sum of processes, each of which satisfies (3).

The condition on ¢ is quite mild, e.g. it is implied by the Cox-Ingersoll-
Ross process and it is also satisfied by the jump process model, where o is
an Ornstein-Uhlenbeck type process, as it is shown in Barndorff-Nielsen and
Shephard (2003).

Concerning condition (4) we look at some examples which show that it is
satisfied for most popular models.

11



Example: Stable process
For [-stable processes (4) is clearly satisfies with ¢ = 8 and f(z) = 0. Hence
we obtain for p < 3

t
Vo (X, S, ALP/BY By s / oPds,
0

For the special case Y = 0 Barndorff-Nielsen and Shephard (2002) have already
obtained this result using a different method based on a time change argument.

Example: Generalized hyperbolic Lévy motion
The generalized hyperbolic Lévy motion includes many processes used in fi-
nance. The density at t =1 is given by

dGH()\,a,ﬁ,é,u)(x) = a()‘a Qa, ﬂ’ 57 ﬂ’)((sz + (iL’ - M)2)(A71/2)/2€B(z7/1)

X Kx_1/2(\/0% + (. — p)?),

where

(a2 — B2)N?
V21aA 1263 Ky (64/a? — 32)
and K, denotes the modified Bessel function of the third kind with index .
We have the following parameter dependence, « > 0 determines the sharp,
0 < |B| < « the skewness, p € IR is a location parameter and § > 0 determines

the scaling. Unfortunately in general the density of the process is only known
for t = 1, however we can give a formula for the Lévy triplet

0 e - e Vel d 0. \le—@lzl
(0.5 ([ oy -0 ) )

where Jy denotes the Bessel function of the first order with index A, Y) the Bessel
function of the second order with index A. Furthermore, we have a,§ > 0, and
0 < |8] < a. For A = 1 we obtain the hyperbolic Lévy motion, for A = —1/2
the normal inverse Gaussian distribution and for « = 3 = 0 the Student-t
distribution. For a discussion of all possible limiting cases see Eberlein and von
Hammerstein (2003).

From Raible (2000) we know that the density of the Lévy measure can be
expanded in the form

a()‘v a, 57 67 ,LL) =

é A+1/2 001
ARl 08 ey

T2 2 2 T T 2

g(z) =

as ¢ — 0. Furthermore, the first moment exists which is equivalent to

J 1211|351 (2)g(x) < oo. Hence (4) and b) are satisfied and for p < 1 we obtain
(5) with 8 =1 and ¢g = /7. We see that we can consider all possible limiting
cases for the parameters, except of & — 0 which would mean to change the

12



Blumenthal-Getoor index to zero.

Example: CGMY process
CGMY processes form a flexible class for modelling in finance, see e.g. Carr
et.at. (2000). the density of the Lévy measure is given by

exp(—G|x exp(—M|x
A co(o) + O o),

C
where C' > 0 describes the overall level of activity, G, M > 0 control the rate
of exponential decay on the right and the left tail and Y < 2 characterizes the
fine structure of the process. Clearly for 2 > Y > 0 condition (4) is satisfied by
using Taylor expansion for the exponential term. For G, M > 0 b) is satisfied,
whereas for G = M = 0 we are back to a stable process. Hence we obtain (5)
with =Y and ¢y = C.

4 Distributional Theory

In the previous section we have proved consistency for the power variation es-
timate of the integrated volatility when the number of observations tends to
infinity. To get some idea how this estimate performs in practice, when our
sample of observations is finite we need a distributional theory, which enables
us to calculate confidence intervals. Unfortunately the distributional theory does
not hold in the same generality as the consistency, but we need some stronger
conditions on the mean process Y, the volatility process o and the regularity of
the partition e.

Theorem 2 Let
t
X, =Y, +/ osdL?, (7)
0

where Yy is some stochastic process satisfying for some p < 3/2

Vap(Y, Sn, ALT2P/P) 2 g (8)
V, (Y, S, An 77

0 9

\/min,; An,i ( )
2—-2p/B

Vap(Ys S, B 777 0. (10)

min; Ay, ;

Assume the same conditions on L and o as in Theorem 1. Furthermore, assume
that o has the property that for v =p and 2p as n — oo

> A 107 () — 07 (X)) 2 0 (11)

1
\/ ML A"J j=1
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for any xn,; and n, ; such that
0 S Xn,1 S Mn,1 § tn,l S Xn,2 S Mn,2 S tn,2 e S Xn,n S Tn,n S t.

Then for any t > 0, for any sequence of e-balanced partitions Sy, € € [2/3,1] and
0<p<B—B/(2), if Ly is B-stable, or 0 < p < 3—B/(2€), p # B—1,(3—1)/2

otherwise, we obtain
V, X,Sn,A}l—P/ﬂ _ co\p/ B toﬁ,’ds
»( ) Npﬂ(ﬂi . /fg LA N(0,1), (12)
\/M;plaﬁypvl?V?p(X, A

as n — oo, where p, 3 = E(|U|P) and v, 5 = Var(|UP) with U ~ SP is a
symmetric 3-stable random variable.

Proof. We us the same notation as in Theorem 1, namely Z; = fot crdef. The
idea of the proof is to show (12) for Z first, by using characteristic functions
and then extend it to the general X by applying Slutzki’s Lemma. First of all
we wish to show

Vi(Z,S ,A}l—p/ﬁ — <o \p/B tO’EdS
P( n ) :u;vﬁ(ﬁ)g - ‘//;;) BN(O,l), (13)
\/'ugpl’ﬁyp»ﬁ%P(Za S’ruAn P )

Since we assume that o is independent of L, we will in the following always
work conditionally under o. The first step is to prove

Vo(Z, Sy A0 P/P) — ,upﬁ(%’)p/ﬁ fg obds

— = N(0,1), (14)
\/VPUB(%)zp/ﬁ Z]:l An’] tnﬁjijfl Uspds
which is equivalent to show that
_ n B
Vo(Z, Sy A7) = S0y Al S P
20 (15)

tn"
s (9200 S0 Ay [ o2ds
S8 t
Z:‘L:l Anil All/f’ P — Upﬂ(%))p/ﬁ fo ofds
tn,j; 2
Va8 Ay [ o3

For the proof of (15), we can use the same technique as in Theorem 1, namely
for p < 1 the triangular inequality and for p > 1 Minkowski’s inequality. For

simplicity we only show the first part
SP+R; s?
P Z?:l Apil AL/B P

n
Zz‘:l Anyi AL/B

| n,i

c0)\2p/B S . tnd S2p

\/Vp,ﬁ( 3 ) > =18 tn 178 ds

< (maxi A, )P (maxi Ay i)'V EITPE TR |R:]?
- \/min An i \/VP,B(CFD)ZP/L; fot a'fpds

2 N(0,1). (16)
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The first term tends to zero since we have an e-balanced partition. The second
term tends to zero using the same arguments for the convergence of the sum as
in Theorem 1. Besides 1 —1/(2¢) —p/ > 0 is equivalent to our condition on p,
namely p < 8 — (3/(2¢). Note that for the equally spaced setting, we take € = 1.
Of course the first term is then equal to 1 but the second still tends to zero.

We establish (16) by using the conditional characteristic function together
with Taylor expansion and the scaling relation for stable processes as in Theorem
1, we obtain

Kid t
> An,i|rl/§|p - ﬂp,ﬂ(%’)p/ﬁ Jo otds

\/Vp-ﬂ(%o)zp/ﬁ Zn:l An,j ;:Jil ngds
t
S Ani (BP0 TSP — o (9)P18 [ ards

tn,‘
\/Vp#?(c*U)Zp/ﬂ Z j=1 An:] J;fn,]‘]_l ngds
Zz L A i (%), (1og §y5010) (0) — pp (5)P/8 [ ods

log(E(exp(iu )o))

log(E(exp(iu )o))

- \/ypﬁ(@)zp/ﬁz,_ Aoy J17 o%ds (17)
o 202 (%)%/P0) 20 )
2= vpﬁ(g”)?”/ﬁz VA i aPds
/ (1 (1) log by s A””(%})p/ﬁ(’”ﬁt A )ds)
0 \/ (Eo)zp/ﬁ S0 Ay J;f:;j_l o2 ds
(19)

where ¢gs|» denotes the characteristic function of [S”|P and hence (log ¢|gs»)(0) =
E|SAP. Furthermore, we have used the notation ftt:;i,l oBds = An’ia:’i and
denoted by S? a f-stable random variable. ,

Now we have to show that as n — oo the first summand (17) tends to zero.
Applying condition (11) and using the notation fttn"l_l obds = A, ;07 ; it tends
to zero, since

Y i1 Anj(0)f; = o) ps($)P7 |Z? 1 An (000 = a7 s ()77

.
wp,ﬁ(%)%/ﬁz;;l Do [0 ofds—/ming B [vpa(5)20/8 g o2 ds

For the second summand (18) we can show similarly that the argument of
¢" tends to zero as n — oo. Using —(log ¢|ss)»)”(0) = Var|SPP and

> oy
Jj=1 "J Tnj

2 =2p
Z] 1A Jn,j

— 1, (20)
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we obtain the desired result. (20) holds applying condition (11) and that the
partitioning is at least 1/2-balanced:

, 2 -2 2 -2
22:1 A2 T =a.t) max; A, ; Z;L 1A (0,7 —a.b)

n 2 2P | < / 2p
Zj 1 An Jjon,g mlnﬂ n,j vV mln] n,j fO ds

—

This yields that (18/19) tends to —u?/2 and hence provides (16).
It remains to show that we can repace the denominator in (14) by

\/ﬂgplﬁyp’QVQP(Z, Sy, A2-20/8) hence it is sufficient to show that

S5 +R
Z; A% 4 JAl/ﬁ -, j/@p,ﬁ(%)%/ﬁ) v
| n,Jg | = O'
Z?:l A?I \J n,]:uQP 5(630 )217/[3

As before we have to distinguish the case for 2p < 1 and 2p > 1. We restrict
ourselves to show 2p < 1:

sP +R
21 A% (1% 52|22 — 677 oy (%) 2P/ )
| Bl 5 |
Zj:l A?Lj npj:u’ pﬁ(%’)%m
2-2 2
< Z] 1A p/ﬁ|Rj‘2p +Z] 1 nj :7;7(|Sﬁ|2p_u2 ,5)
- Zj—lA ,j nj“%ﬂ(c*o)%’/ﬁ > Am%,jmp,ﬂ
*2 2
Z ( nf—a ")

_2
Z] 1 nJ ﬂzjj

The first term tends to zero as shown for (15), the third as for (20). For the
second term we can use the same method as in Barndorff-Nielsen and Shephard
(2002), namely that the convergence of this term holds if, conditional under o,
the standard deviation of the numerator is of smaller order than the denomina-
tor, as n — oo:

1 1
Vop,8 Z] 1 fw :L]p < (max; An7j)3/2\/m

2 *2p - in . *2p
H2p.p ZJ 1A n,5%n,j mim; An’J E] 1A J%n,j

where the first term tends to zero since the partition is at least 2/3-balanced
and the second tends to a constant. This completes the proof of (13).

Now we have to add the process Y to prove the general form of (12). We
use the following reformulation

V(X S An"%) = i, (P17 [ s

— 2—2
Vi 5 Van (X, S, A2727)
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V(X Sy A7) = Vi (2, S A1)
\/ugp{ﬁypﬁ‘@p(Xa Sy ART0)
: - 2-2p/8
Vu(Z, Sn;A}L P/B) _ Mp,ﬁ(%))p/ﬁ fot oPds \/sz{ng,ﬁ‘/'zp(Z, S, A2 o/ :
2 2-2 - 2-2 ’
\/M2p1ﬁypﬁv2p(za S, AR2/0) \/szl,ﬁypﬁvm)(X7 Sy AR 2P1P)

which leads to the desired result if we can show

Vo(X, S, An"7) = V(Z, S0, A1)
\/”;p{ﬁyp,ﬁ%p(X7 S, Ai—%/ﬁ)
\/ugp{ﬁyp,ﬂ‘@p(Z, S, Ai—%/ﬁ) )
N

\/ugp{ﬁyp,ﬁ‘@p(X, Sy, A%—%/ﬁ)

For the proof of (21) we can use the same technique as in Theorem 1, noting
that for p <1

V(X S A7) = Vi (2, 8, A7) _ V, (Y. S, A4 77
—_ — - - _ 1— )
Vi o8 Van (X, S AZ270) i B Vo (X, S, A7)
where

Vp (K S’n.a A}l_p/ﬂ)

t
o 1-2 co
\/MQP{ﬁypxﬂVYQP(Xa Sna An p/ﬁ) & \/Vpﬁ(ﬂ)l)/ﬁ/o O'gpds

0,

as n — oo by the assumptions together with Theorem 1.
Finally, it remains to prove (22). Equivalently, we can show that

- 2—2 _ _
2050.8Ver (2, S S077) — iz v Ve (X, S, AT
/”L;pl Vpﬁvép(Xv Sn» A%—2p/,{3)

Now we can proceed similarly as for (21)

mgpl’ﬁyp’ﬁv%(z7 Sns AEL_QP/B) - “2_1717[37/1)5‘/21)()(7 Shns Ai_QP/B)‘
MQ_pl,BVpﬁVQp(X, Sy, Af;?p/ﬂ)
_ .
|'u2plaﬁyp7ﬁ‘/2p(}/, Sn7 An p/ﬁ)l
MEP{BVP,B‘/QP(X7 S, Af;%/ﬁ)
_ b
|”2p175Vp,,6V2p(Y, Sh, An p/ﬁ)|

min; A ity 5Vp,6V2p(X, Sn, ALTPIE

IN

IN
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Piecing together (13), (21) and (22) leads to the desired result. O
Let us discuss the conditions on Y first. The conditions are stronger than for
Theorem 1, especially since we need that (8) is satisfied for 2p.

In addition, we have two parameters which determine how to choose p,
namely the balance coefficient €, describing the regularity of the sampling scheme,
and the Holder coefficient or Blumenthal-Getoor index describing the regularity
of the sample paths of Y. It turns out the more regular the sampling scheme
the less regularity we need in the sample paths and vice versa.

e Similarly as for condition (3), condition (8) is satisfied if ¥ is Holder
continuous with exponent a, 1 > a > 1/4.

Condition (9) is satisfied, if max; Ap o 1/ﬁ)/mln Al/j — 0, hence if S, is
B/(2p(af — 1))-balanced. Hence we st satisfy at least 1 > 3/(2p(af —
1)), which is however only for the equally spaced case. Taking into account
the range of a, we see that p > §/(2(8 — 1)), hence at most p > 1. If
we have an e-balanced partition € € [2/3,1), we need € > 8/(2p(af — 1)),
hence

p = B/(2e(af - 1)) (23)

The relation (23) allows us to compute the possible range p, when we know
the regularity of the paths and the regularity of the partition.

Finally (10) holds if (9) is satisfied.

e Similarly to the discussion for Theorem 1, for (8) to hold, we need 2p <
B < 2 hence p < /2. Furthermore, (9) is satisfied if we have finite p-th
power variation and max; Al L /8 / min; Al/ 2 0, hence if the partition

is 5/(2(8 — p))-balanced. This leads to the range /2 > p in an equally

spaced settlng, or 3 — [/(2¢) > p for an e-balanced partition. Hence
knowing the regularity of our partitioning we can calculate the possible

range of p, e.g. in the most irregular spaces case we have to take §/4 > p.

Obviously conditions (8) and (9) imply (10).

Our considerations for continuous mean processes and mean processes with
jumps show that for the distributional theory we do not get a result when
the mean process is a mixture of both since the range of possible values of p is
disjoint. However, in practice this does not seem to be very restrictive since the
data is normally treated to get rid of the drift term anyway. Condition (12) en-
sures that >, Al P/B) Li”_l osds|P converges fast enough to [ o?ds as required
for (16) to hold. In Barndorff-Nielsen and Shephard (2003) it is shown that
(12) is satisfied for Ornstein-Uhlenbeck type processes. Unfortunately, for con-
tinuous processes o it is only clear that condition (12) holds if we have Holder
continuity with exponent > 1/2, hence more regularity than for a Brownian
motion or a diffusion process, normally used as volatility process.

Example:(Ornstein-Uhlenbeck-type model including leverage)

18



We can modify the model by Barndorff-Nielsen and Shephard (2001)

dXt = O'tst + de)\t
do? = —\oidt+dZy,

where 7, = Z,—F (Z;) and it is assumed that the subordinator Z with Blumenthal-
Getoor index -~y is independent of the purely discontinuous Lévy process L with
Blumenthal-Getoor index 3. For the equally spaced setting we obtain the dis-
tributional theory for v < p < 1/8, or v < p < 8 — 3/(2¢) for the e-balanced
setting. This implies that we have to choose a Lévy process Z with sufficiently
small Blumenthal-Getoor index -, e.g. a compound Poisson process or a Gamma
process.

5 Estimating the scale parameter

Leaving the framework of stochastic volatility models by setting the volatility
process o equal to one, we obtain a Lévy process and with the p-th power vari-
ation we can estimate the first order coefficient of the Taylor series expansion
of the density of the Lévy measure c¢g. This coefficient ¢ is obviously equal to
some constant times the scale parameter which enters the Lévy triplet as a con-
stant multiplicative term of the Lévy measure and hence changes the time scale.
Rammeh (1997) and Woerner (2003c) provided local asymptotical normality for
the special case of the scale parameter of stable processes, but unfortunately it
turns out that our power variation estimates are not efficient in this sense.

Corollary 1 Assume we have a purely discontinuous Lévy process Ltﬂ with
Blumenthal-Getoor index 2 > 3 > 0. Assume that the Lévy triplet is given in
the same form as in Theorem 1. Then for any t > 0, we obtain for 0 < p < f3,
if Lf is a B-stable process, or 0 <p < B, p# [ —1

€0

Vi(Ly Sy ATP/P) 2oy, 5(5)P/ 78, (24)

and for any sequence of e-balanced partitions Sy, € € [2/3,1] and 0 < p <
B — B/(2¢), if Ltﬁ is B-stable, or 0 < p < B —p5/(2¢), p # 6 —-1,(8-1)/2

otherwise, we obtain
Vo (L, Sy ALPIPY — 1y, 5(52)P/ By
o ) /‘pﬁz( 52)/,6 D N0, 1), (25)
Vi 55V (L, S, 622017

asn — oo, where p, = E(|U|P) and v, = Var(|UP) with U ~ SP is a symmetric
(-stable random variable.

Example:
With the power variation method we can estimate the scale parameter « of a -
stable process, where ¢y = 3. For generalized hyperbolic Lévy motions we can
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infer the scale parameter ¢, since in this case ¢g = §/7. Raible (2000) proposed a
different type of estimator for the scale parameter of the generalized hyperbolic
Lévy motion based on counting the number of jumps. For the CGMY process
we can infer the parameter C, which is a measure for the overall level of activity
of the process.

6 Stochastic volatility based on time changed
Lévy processes

Carr et.al. (2003) proposed a different construction of a Lévy type stochastic
volatility model using a time changed Lévy process. From the perspective of
fitting data to the model, their construction seems to be more tractable since
the characteristic function is straightforward to calculate.

In our framework of estimating the integrated volatility the two models do
not behave very differently, only that for the time changed Lévy process we
estimate the p/S-th integrated volatility with the p-th power variation instead
of the p-th integrated volatility as for the other model. However, since many
commonly used Lévy processes like the generalized hyperbolic Lévy motion have
B =1 it does not lead to a different result.

Theorem 3 Let

X, =Y, + L?Dt . (26)

ds’
Denote by L? a purely discontinuous Lévy process with Blumenthal-Getoor index
2 > (8 > 0. Assume that the Lévy triplet is given by (0,0,tg(z))n. Assume
furthermore that the density of the Lévy measure is Riemann integrable and can
be expanded in the following Taylor series expansion as xr — 0

n

B cixt + ki|z|? ||
glx) = Z |z[1+5 +o(|$|1+5)
=0

co
= [2[1T8 + f(@),

with B —n <0 and kg = 0.
Assume that o and Y satisfy the conditions as in Theorem 1, then for any
t > 0, we obtain for 0 < p < B, if L; is stable, or 0 < p < B, p# 3 —1,

t
V(X S0, ML) By s (D07 [ s, 0
0

asn — Q.

Proof. The proof is similar as for Theorem 1. The calculation of the conditional
characteristic function is even easier

E(exp(iu(LfOt,- ouds — Lfoti,l Usds))|0)
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- / s / (€% — 1 — juh(z))g(x)dz)

ti—1

t;
= exp(/ Usds/(ei”x -1- iuh(x))mf%ﬁdx)

ti—1

« exp( / s / (€% — 1 — juh(x)) f(z)dz).

ti—1

Hence we can split L I into a part SZ-B which is conditional

Oti osds Lfotifl osds
under o stable with scale parameter (co/03) ftt"’,"'_l osds and characteristic triplet
(0,0,co ftt"(i_l osds/|z|1t#), and a remainder R; which is conditional under o

additive with characteristic triplet (0,0, |, ti?j,l osdsf(x))n. By construction Sf
and R; conditional under ¢ are sequenceé of independent random variables.
Note that the difference to Theorem 1 is, that in the scale parameter of the
stable random variable we only have o, which results in the appropriate change
in the limit distribution due to the scaling relation for stable processes. Since
we do not have a drift term in R; we do not need the conditions a) to d) on the
Lévy measure. The remaining part of the proof goes along the same lines as for
Theorem 1. O

Theorem 4 Let

_ B
Xe=Yo+ L, .

where Yy and o satisfy the same conditions as in Theorem 2 and L satisfies the
same conditions as in Theorem 3. Then for any t > 0, for any sequence of
e-balanced partitions Sy, € € [2/3,1] and 0 < p < B — B/(2¢), if Ly is B-stable,
or0<p<pf—03/2€),p#pB—1,(8-1)/2 otherwise, we obtain

V, (X, Sn7A}1_p/ﬁ — (% p/B taﬁ;/ﬁds
p( ) = bp.a( B )2 2f;)ﬂ CA N(0,1), (28)
\/NEP{[;VP,ﬁVQp(X, Sy AP

as n — oQ.

Proof. Taking into account the remarks in the proof of Theorem 3, the proof
is analogously as for Theorem 2. O

Example: (Time change with Ornstein-Uhlenbeck-type process)

We can modify the model by Carr et.al. (2003)

— 7 8
Xy = Zi+ Lfcf ouds
do? = —\oidt+dZy,

where Z, = Z,—F (Z;) and it is assumed that the subordinator Z with Blumenthal-
Getoor index «y is independent of the purely discontinuous Lévy process L with
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Blumenthal-Getoor index 8. For the equally spaced setting we obtain the dis-
tributional theory for v < p < 1/3, or v < p < 8 — 3/(2¢) for the e-balanced
setting. This implies that we have to choose a Lévy process Z with sufficiently
small Blumenthal-Getoor index -, e.g. a compound Poisson process or a Gamma
process.
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