Tanaka formula for symmetric Lévy processes

Paavo Salminen! and Marc Yor?

1 Abo Akademi University, Mathematical Department, FIN-20500 Abo, Finland
phsalmin@abo.fi

2 Université Pierre et Marie Curie, Laboratoire de Probabilités et Modeles
aléatoires, 4, Place Jussieu, Case 188, F-75252 Paris Cedex 05, France

Summary. Starting from the potential theoretic definition of the local times of a
Markov process — when these exist — we obtain a Tanaka formula for the local times
of symmetric Lévy processes. The most interesting case is that of the symmetric
a-stable Lévy process (for a € (1,2]) which is studied in detail. In particular, we
determine which powers of such a process are semimartingales. These results com-
plete, in a sense, the works by K. Yamada [19] and Fitzsimmons and Getoor [8].

Keywords: resolvent, local time, stable Lévy process, additive functional.

AMS Classification: 60J65, 60J60, 60J70.

1 Introduction and main results

It is well known that there are different constructions and definitions of local
times corresponding to different classes of stochastic processes. For a large
panorama of such definitions, see Geman and Horowitz [12].

The most common definition of the local times L = {L} : z € R, t > 0}
of a given process {X; : ¢t > 0} is as the Radon—Nikodym derivative of the
occupation measure of X with respect to the Lebesgue measure in R; precisely
L satisfies

[ rxoas= [ swirzas 1)

for every Borel function f: R — Ry.

There is also the well known stochastic calculus approach developed by
Meyer [16] in which one works with a general semimartingale {X; : ¢ > 0},
and defines A = {Af : = € R, ¢ > 0} with respect to the Lebesgue measure
from the formula

/Ot f(Xs)d <X>,= /O:o f(x)Af dx. (2)
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Of course, in the particular case when d <X°>,= ds, i.e., X¢ is a Brownian
motion, then the definitions of L and A coincide. In other cases, e.g., if X¢ = 0,
they will differ.

In this paper we focus on the potential theoretic approach applicable in
the Markovian case in which the local times are defined as additive function-
als whose p-potentials are equal to p-resolvent kernels of X. Local times can
hereby be interpreted as the increasing processes in the Doob-Meyer decom-
positions of certain submartingales. Considering the p-resolvent kernels and
passing to the limit, in an adequate manner, as p — 0, we obtain a formula (3),
which clearly extends Tanaka’s original formula for the local times of Brow-
nian motion to those of the symmetric a-stable processes, a € (1,2], already
obtained by T. Yamada [20] and further developed in K. Yamada [19]. Our
approach may be simpler and may help to make these results better known
to probabilists working with Lévy processes.

The formula (3) below and its counterparts about decompositions of pow-
ers of symmetric a-stable Lévy processes show at the same time similarities
and differences with the well known formulae for Brownian motion (see, in
particular, Chapter 10 in [23] concerning the principal values of Brownian
local times). We hope that the Tanaka representation of the local times in
(3) may be useful to gain some better understanding for the Ray-Knight the-
orems of the local times of X as presented in Eisenbaum et al. [6], since in
the Brownian case, Tanaka’s formula has been such a powerful tool for this
purpose, see, e.g., Jeulin [15].

We now state the main formulae and results for the symmetric a-stable
Lévy process X = {X;}. To be precise, we take X to satisfy

E (exp(iAX:)) = exp(—t|A]¥), A €R,

in particular, for & = 2, X equals /2 times a standard BM. General criteria
can be applied to verify that X possesses a jointly continuous family of local
times {L7} satisfying (1). The constants ¢; appearing below and later in the
paper will be computed precisely in Section 5; clearly, they depend on the
index o and/or the exponent .

1) Forallt >0 and z € R
|Xe —x|* = |z|*t + NF + 1 L, (3)
where N7 is a martingale such that for 0 < v < a/(a — 1), especially for
v=2,
E (sup |Nf|7> < 00. (4)

s<t

Moreover, the continuous increasing process associated with N% is

¢ ds
<NT>;:= —_— b)
t 62/0 |Xs—x|2_" ()
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2) For @ — 1 < v < « the submartingale {|X; — |7} has the decomposition
Xe —al” = 2" + N + A7, (6)

where N is a martingale and A" is the increasing process given by

t
ds
A(W) = / —_.
! “ 0 |AXS_5E|O[7’Y (7)

3) For 0 < v < a— 1 the process {|X; — z|"} is not a semimartingale but for
(—1)/2 < v < a—1 it is a Dirichlet process with the canonical decomposition

X, — 2| = || + N + AL, 8)

where N(") is a martingale and A", which has zero quadratic variation, is
given by the principal value integral

t
(’Y) — dS R dZ Ttz _ yx—=2
AV =y p.V./O 7|Xs o =y / —|z|°‘—7 (Lt L ) (9)

The paper is organized so that in Section 2 some preliminaries about sym-
metric Lévy processes including their generators and some variants of the 1t6
formula are presented. In Section 3 we derive the Tanaka formula for general
symmetric Lévy processes admitting local times. The above stated results for
symmetric stable Lévy processes are proved and extended in Section 4. In
Section 5 we compute explicitly the constants ¢; featured above and also fur-
ther ones appearing especially in Section 4. This is done by exhibiting some
close relations between these constants and the known expressions of the mo-
ments E(|X1|7) where X7 denotes a standard symmetric a-stable variable. In
Section 6, we consider, instead of | X; — x|, the process {(X; — x)7*}, where

@™ = sgn(a) |af?,

is the symmetric power of order -, and we determine the parameter values
for which these processes are semimartingales or Dirichlet processes, thus
completing results 1), 2) and 3) above.

2 Preliminaries on symmetric Lévy processes
Throughout this paper, we consider a real-valued symmetric Lévy process

X = {X;} and, if nothing else is stated, we assume X = 0. The Lévy exponent
¥ of X is a non-negative symmetric function such that
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E (exp(i{ X;)) = E (cos(§Xy)) = exp (~t¥(€)) - (10)

The Lévy measure v of X satisfies, as is well known, the integrability condition

/DO (1A 2%)v(dz) < oo.

— 00

By symmetry, v(A) = v(—A) for any A € B, the Borel o-field on R; hence,
1 o ,
W(ﬁ):§0252—/ (8162_1—1521{|z|§1}) v(dz)
1 o0
=5 o2 €% + 2/ (1 —cos(£z)) v(dz). (11)
0

Recall also (see, e.g., Ikeda and Watanabe [14] p. 65) that X admits the
Brownian-Poisson representation

X, =0B; +/ / zII(ds,dz) +/ / z (I —m)(ds,dz), (12)
(0,¢] J{]z[>1} (0.¢] J{]z[<1}

where the Brownian motion B and the Poisson random measure II with the
intensity

m(ds,dz) == E(II(ds,dz)) = dsv(dz)

are independent. Due to the symmetry of v, the generator of X can be written
as

Gf(x) =GP f(a) + G" f(x)
1
= 5@+ [ (et = 10 - P @y L) vd)
1
=50’ f"($)+/R(f(33+y) — f(@) = f'(z)y) v(dy). (13)
where G acts on regular functions f in particular those in the Schwartz space
S(R) of rapidly decreasing functions. Given a smooth function f, the pre-

dictable form of the It6 formula (see Ikeda and Watanabe [14] and K. Yamada
[19]) writes

F(X0) = F(Xo) — /0 Gf(X,)ds (14)

=o/0 f(Xs)dBmL/0 /R(f(Xs,jLz)—f(Xs,)) (IT — 7)(ds, dz).

The formula (14) connects with the It6 formula for semimartingales, as devel-
oped by Meyer [16], and displayed as
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f( Xo /f dX +_/ f//
+ Y (X~ F(Xao) — F(Xa0)AXL). (15)

0<s<t

t
The sum of jumps Z (...) may be compensated by / G7 f(X,)ds, and,
0<s<t 0

hence, we have recovered the integrated form of (13):

/ G(X.)ds = / 'GP (X ds + / o7 (x

We record also a more general compensator formula employed later in the
paper. For this, let ¢ : R x R +— R be a Borel measurable function. Then

E Z D(Xs—, Xs)liax, 20}

0<s<t
=E (/0 /R\{O} m(ds,dz)®P(Xs, Xs + z)) . (16)

3 Local times for symmetric Lévy processes

From now on, we assume that

o 1

From standard Fourier arguments (see Bertoin [1] and, e.g., Borodin and
Ibragimov [2] p. 67) one can show the existence of a jointly measurable fam-
ily of local times {L¥ : = € R,t > 0} satisfying for every Borel-measurable
function f : R — R the occupation time formula

/dsf / f(z)L§ dz.

For the condition (expressed in terms of the function v in (22)) under which
(t,z) — L7 is continuous, see Bertoin [1] p. 148. In particular, the condition
holds for symmetric a-stable Lévy processes; in fact it was shown by Boylan
[3], see also Getoor and Kesten [13], that

L™ = LE| < Kelyl® (18)

for any 6 < (v — 1)/2 and some random constant K.
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Our approach toward a Tanaka formula for these local times is based on
the potential theoretic construction which we now develop. It is well known,
see Bertoin [1] p. 67, that for any p > 0

u® () — 1 *° cos(&x)
D=2 e 1

is a continuous version of the density of the resolvent

U®)(0,dz) = Eq </ e P'rx,cdr) dt) -
0

Moreover, for every x the local time {Lf} can be chosen as a continuous
additive functional such that

uP(y —z) = E, </0°° eptdth) : (20)

From (20) we deduce the Doob-Meyer decomposition given in the next
Proposition 1. For every fized x
¢
u® (X, — ) = u® (Xo — x) + MP +p / uP (X, —x)ds — Li, (21)
0

where M%) s a martingale with respect to the natural filtration {F:} of X.

Moreover, for every fized t, both the martingale {Ms(p’w) i s < t} and the
random variable LY belong to BMO; in particular, LY has some exponential
moments.

Proof. Straightforward computations using the Markov property show that
for y = Xo

E, </ eptdth|}'s) :/ e Pt LT 4+ e PouP (X, — x),
0 0

which together with an integration by parts yields (21). We leave the proofs
of the remaining assertions to the reader.

A variant of the Tanaka formula shall now be obtained by letting p — 0 in
(21). The result is stated in Proposition 2 but first we need an important
ingredient.

Lemma 1. For every x € R

. » » 1 [ 1—cos(éx) ..
lim (u( )(0) — ul )(x)) == /0 —e %= (22)
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Proof. The statement follows from (19) by dominated convergence because

(cf. (11)) X
[e’e} 1 62
/1 Wd€<oo, and /0 W(g)d§<oo.

Notice also that v is continuous.

The formula (23) below generalizes in a sense the Tanaka formula for
Brownian motion to symmetric Lévy processes. In the next section we study
the particular case of symmetric stable processes.

Proposition 2. Let v be the function introduced in (22) and M) the mar-
tingale defined in Proposition 1. Then

v(X; —x) = v(z) + N + L7, (23)
where Nf = —limy, o Mt(p’m) defines a martingale.

Remark 1. Standard results about martingale additive functionals of X yield
the following representations

5= [ vy,
+ /(M /R (W(Xew =24 2) —v(Xe— —x)) (I —7)(ds,dz),
and

t
< N® >,= o2 / (W' (X, —x))*ds
0

v/ t [ 0 =4 2) = o(X, — ) (s, dz),

where v’ is a weak derivative of v.

Proof. Consider the identity (21). Let therein p — 0 and use Lemma 1 to
obtain

t
v( Xy —x) =v(x) — ;ii% <Mt(p’m) —|—p/0 uP (X, — a:)ds) +L7. (24)

From (19) «® (y) < u®(0), and, consequently,
t
0< p/ uP (X, — x)ds < pu®(0)t. (25)
0

Next we show that
th(l)pU,(p)(O) =0. (26)
p;}
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Indeed, using (19) again,

W~ L [T _pdE
p“p(o)‘w/o PR

1 [ pd > d
<z / _pds . p / _57 (27)
T Jo p+¥E) 7w i ¥()
and (26) results by dominated convergence. Hence, (24) yields (23) with N*
as claimed. It remains to prove that N* is a martingale. For this it is enough

to show that R
E (|N§” - pr’”)o —0 asp— 0. (28)

To prove (28) consider

t
N = M| < p/ u? (X = 2)ds + Jo(z) — (wP(0) = uP) ()]
0

+Ho(Xe — ) = @P(0) — u® (X, — ).

From (25) and (26), the integral term goes to 0 as p — 0. Next, by Fubini’s
theorem and (10)

E (‘U(Xt —2) = (WP (0) — u® (X, — x))D

_ l 1 —E(cos(¢(X: — x)))
=7 p/o Vo0 vE)  ©

1% 1= cos(Ex) exp(—tF())

ﬂp/o GG

1 * _1-cos(x) _twE
=zP </0 o0 vE) © +/0 T+ (0) dg) |

Applying the dominated convergence theorem for the first term above and
(27) for the second one give

lim E (‘U(Xt —2) — (WP (0) — u® (X, — x))D —0,

completing the proof.

FEzample 1. For standard Brownian motion B we have

1
(p) — —/2p|z|
uf’ (x e
( ) V2p

Consequently,
v(z) = lim (u(”)(()) - u(p)(x)) = |z|.

p—0

and the formula (23) takes the familiar form
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|Bt — x| = |z| + N + LY
where

t
N} = lir% e ~V2PIB—al gon(B, — 1) dB
p— 0

¢
= / sgn(Bs — x) dBs.
0

4 Symmetric a-stable Lévy processes

Let X = {X.}, Xo = 0, denote the symmetric a-stable process with the Lévy
exponent
v(§) =1¢1% ae(1,2).

We remark that the condition (17) is satisfied, and also that the local time of
X has a jointly continuous version, as is discussed in Section 3. For clarity,
we have excluded the Brownian motion from our study. However, the corre-
sponding results for Brownian motion may be recovered by letting o — 2.
Recall also that E(|X:|7) < oo for v < «, and that the Lévy measure is

v(dz) = cs() 2|7 tdz, a€(1,2). (29)
The function v introduced in Lemma 1 is in the present case given by
v(z) = co(a) 2] (30)

The results announced in the Introduction are now presented again and
proven in a more complete form through the following three propositions. The
first one treats the claim 1) in the Introduction.

Proposition 3. a) For fized =
co() (1Xe — 2|t —[a|*7") = Nf + Lf (31)

where {Nf} is a square integrable martingale. In fact, for all0 <y < a/(a —
1), especially for v =2,

E (sup |Nf|7> < 0. (32)
s<t
Moreover, the continuous increasing process associated with N* s
t
<Ny er(a) /0 p(_d# (33)
b) For every t and x the variable LT belongs to BMO; in fact, for all s <t
E(Ly — LY | Fs) < Koy (34)

for some constant Ko+ which does not depend on s.
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Proof. The fact that N* is a martingale is clear from Proposition 2. Because
L7 has some exponential moments (cf. Proposition 1), it is seen easily from(31)
that for v > 0 R
E(|N{|") < o0
if
E <|Xt = x|7(0‘*1)) < 00,

which is true for y(a — 1) < a. Consequently, an extension of the Doob-
Kolmogorov inequality, gives (32). The martingale N* has no continuous mar-
tingale part. Hence, letting

[N7]s o= 3 (AN = (eo(@)? Y (1X, = 2| 7" = | X —a]*")’

s<t s<t

it holds that { (N7)? — [N*]; } is a martingale. Consequently, <N*> can be
obtained as the dual predictable projection of [N*], and from the Lévy system
of X, e.g., (16), we get

t
- d

<N®>;= (cs())? c5(a) / ds/ y+1 (| Xse —2z+y|* " — | X — x|a_1)2.
0 R [y

Putting 2 = Xs_ — x and introducing y = zu the latter integral takes the
form

dy a—1 a—1\2 1 du a—1 2
/R yle+T (|z+y| — |2 ) = 22 Jg Julo+? (|1—|—u| - 1) .

Consequently, <N*> is as claimed. To prove the second part of the proposi-
tion, notice that by the martingale property

E (L} — L | Fs) = co(a) E (| Xy — 27" = | X — 2|71 F)
< Cﬁ(a) E (|Xf - Xs|a_1 |]:9)
< ¢s(a) E (|Xt_s|°‘_1)
< K(’l t(a—l)/a7
where also the scaling property and the inequality
|xp_yp|§|x_y|p7 0<p§]—7
are used.

The following corollary plays the same role for X as the classical Ito-
Tanaka formula plays for Brownian motion. In fact, a large part of this paper
discusses for which functions the identity (35), or some variant of it is valid.
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Corollary 1. Let f be a bounded Borel function with compact support and
define

F(y) = [ dofa)ly — ol
Then .
F(X,) = F(0) + / dxf () N? + 2 (@) / ds f(X.) (35)

expresses the canonical semimartingale decomposition of {F(X:)} with
{[dxf(z) NF} a martingale.

Proof. Tt suffices to integrate both sides of (31) (or rather (3)) with respect
to the measure f(z)dz.

Remark 2. a) In K. Yamada [19] the representation (31) of the local time (or
Tanaka’s formula for symmetric a-stable processes) is derived using the so
called “mollifier” approach as in Ikeda and Watanabe [14] in the Brownian
motion case. In this case the martingale is given by

Nf = co(a) / / (IXse — 2+ 2271 = [Xoo — 2|7 (I — m)(ds, dz),
(0,t] JR

where II and 7 are the Poisson random measure and the corresponding in-
tensity measure, respectively, associated with X.

b) The inequality (34) holds for all symmetric Lévy processes having local
times. Indeed, it is proved in Bertoin [1] p. 147 Corollary 14 that the function
v defined in (22), Lemma 1, induces a metric on R, and, in particular, the
triangle inequality holds. Consequently,

E(Li = LT[ Fs) < BE(v(X; = X)) = E(v(Xi-5)) < E(v(X3)) < o0

because

1 _ exp(—t(&)
/0 v *

<l <t+/°°—d§ )<oo
oo 1 P(8) .
c) We leave it to the reader to establish a version of Corollary 1 for general

symmetric Lévy processes.

Proposition 4. For a given x and o« — 1 < v < « the submartingale {|X; —
z|? = t > 0} has the decomposition

X, — 2 = |z]" + N + AP, (36)

where N is a martingale and A" is the increasing process given by
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S

() ' d
A = es(a,y /
' (@) 0 | Xs—

Pt (37)
Moreover, when oo — 1 < v < a/2 the increasing process <N > is of the
form

<N~ — ( )/tL (38)
t= C8 &, 7Y 0 |Xs_x|oz—2’y'

Proof. Formula (36) is obtained by integrating both sides of equation (31)
(or (3) taken at level z with respect to the measure dz/|z — x|*~7. The form
of the left hand side is obtained from the scaling argument. Because A(Y)
is continuous the computation for finding < N > is very similar to the
computation of <N%> in the proof of Proposition 3. We have

t
<Nm>f:/ ds/ v(dy) (Xo —z 4y — |Xoo —a[)?,  (39)
0 R

which easily yields (38).

For the next proposition, we recall the notion of Dirichlet process, that is
a process which can decomposed uniquely as the sum of a local martingale
and a continuous process with zero quadratic variation (see, e.g., Follmer [10],
Fukushima [11]).

Proposition 5. a) For 0 < v < o — 1 the process | X — z|7 is not a semi-
martingale.

b) For (o« —1)/2 <y < a—1 the process | X — x|" is a Dirichlet process with
the canonical decomposition

X, — 2 = |z]" + N + AD, (40)

where N is a martingale and A" is given by the principal value integral
AT = ci(ay) pv. /
0

¢ ds
| X5 — x|
dz

=c(a " .zc+z_ f—z ]
= (,7)/R e (L L777) (41)

Moreover, the increasing process <N> is as given in (38).

Proof. a) We take x = 0 and adapt the argument in Yor [21] applied therein
for continuous martingales. Assume that Y; := |X;|7, v < o — 1, defines a
semimartingale. Then

|Xt|a71 _ Y;O

with 6 = v/(ov — 1) > 1, and It6’s formula for semimartingales (notice that
Y°¢=0) gives
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t
vy = / oYi-tdy, + %, (42)
0
where
X, = Z (Yse —y? - HY,fleYg) .
0<s<t

The argument of the proof is that under the above assumption the local time

t
Lg = / 1{X3,:O} d|Xs|a_1 (43)
0

would be equal to zero. To derive this contradiction notice from (42) and (43)
that

t t
L? = / 1{Ys_:0} de = / 1{Ys—:0} dxs.
0 0

But because X is a purely discontinuous increasing process and L° is contin-
uous this is possible only if L? = 0, which cannot be the case; thus proving
that Y is not a semimartingale.

b) To prove (40) we consider formula (3) at levels z + z and = — z and write

/ (X, — (@t o)~ (X — (- 2" (44)
R

2]
. dz rdz r—2z dz T+z T—z
_/Rlzlw (Ng+ - N )+cl(a)/R|z|H (L84 - 1777).

The integral on the left hand side is well defined since by scaling

/R X, @t ) (X — (o= D)"Y = X — 2] (o)

2]
with p
z
o) i= [ o (L= = ),
R |2[*77 ( )
which is an absolutely convergent integral. Next notice that the principal value
integral on the right hand side of (44) is well defined by the Holder continuity
in x of the local times (cf. (18)). It also follows that the first integral on

the right hand side of (44) is meaningful and, by Fubini’s theorem, it is a
martingale. In Fitzsimmons and Getoor [8] it is proved that

g .
HE::/O = (L7 -LY).

A

has zero p-variation for p > p, := (a — 1)/ (notice 1 + 7 in [8] corresponds
ours o — 7). Since p, < 2 it is now easily seen that also {Aﬁ”)} has zero
quadratic variation and the claimed Dirichlet process decomposition follows
with

ca(a,y) = er(@)/r(a,7). (45)
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5 Explicit values of the constants

An important ingredient in the computation of the explicit values of the con-
stants is the formula for absolute moments of symmetric a-stable, a € (1,2),
random variables due to Shanbhag and Sreehari [18] (see also Sato [17] p. 163,
Chaumont and Yor [4] p. 110). To discuss this briefly let

Z be an exponentially distributed r.v. with mean 1,

U a normally distributed r.v. with mean 0 and variance 1,

X (@) a symmetric a-stable r.v. with characteristic function exp(—|¢|%),
Y (@/2) a positive a/2-stable r.v. with Laplace transform exp(—£/2).

O O O O

Assume also that these variables are independent. Then it is easily checked
that

(Z/Y(a/2))a/2 4 7 (46)

and >
x@ £ 2y (YW?)) . (47)

From (46) we obtain for v < a/2

B((r®)) = =y

and, further, from (47) for —1 <y < «

1 — 2 —
mo =B (XO1) =2 r N 0 (irdEh) .
The constants with the associated reference numbers of the formulae where

they appear in the paper are summarized in the following table.
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Constant Value Ref.
e1(a) (0= 1) mmas) /T(1fa) | (3),(56). (57)
(@) | (20— 1)mya-n)/(@ma-) (5)

s(e7) (yma) /(o) (7). (37)

ca(er7) er(@)/r(@,7) (41), (45)
es(a) a/(21(1 — a) cos(am/2)) (29)
(@) | (@) = @nes(a— 1) (30)
er(a) e2(0) (co(a))? (33)

cs(e7) 30, 27) - 2e3(a,7) (38)

15

We consider first the constant ¢3(«, v) and, for clarity, recall formula (36):

X, — 2 = |z]" + N 4+ AP,

with « — 1 < v < a and

t ds
A(’Y) — / — .
t 03(047 7) 0 |Xg — Z‘|O‘_’y

Notice that letting v | a — 1 yields, in a sense,

ALY = ¢y(a) LY,

(49)

(50)

although, using the value in the table, c3(c,y) — 0. From (49) it is seen that
f(y) = |y — z|” belongs to the domain of the extended generator G, and, by

scaling we obtain the following integral representation

63(0477)=/RV(dy)(|1+yl”—1—7y)~

On the other hand, taking x = 0 in (49), and using scaling again together

with (48), we get
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E (| X]") = es(a,7) /0' dsE (|XS|’Y—a) 7

which is equivalent with

atV/o

v

% m., = c3(a, ) My—a

hence,
c3(@,7) = ymy/amy_q.

A similar argument leads to an expression for ¢;(a). From (50) we get
E (|X:*7") = ci(@) E (LY) . (51)
We derive from (51) the existence of a constant co(«) such that
E (d;LY) = co(a)dtt=/,
and it follows from (50) that
Ma—1 = ac1(a) co(a)/(a —1). (52)

We now compute co(c) to obtain ¢q («) from (52). For this consider the identity

(20) forz =y =0
uP(0) = Eg (/ e—PSdng)) ,
0

which in terms of ¢o(a) reads

1 [ d °
—/ ¢ _ co(a) / e PssT/a s,
mJo p+E” 0

An elementary computation reveals that

eo() = ~ (o + 1)/a),

hence,
er(@) = (@ — 1) mma_r) /T(1/0).
Next we find from formula (31) that
ce(a) =1/c1(a). (53)

To compute cg(a,7y) for a — 1 < v < /2 and the limiting case ca2(a) =
cs(a, @ — 1) notice from (39) that

s, ) = /R v(dy) (|1 + " — 1)2.
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Comparing the integral representations of ¢3 and cg it is seen that
2¢s3(a, ) + s, v) = e3(@, 29) (54)

which can also be deduced from the following formulae

t
(7) E (|Xt|27) =2E (/ | Xs|” dsAg"Y)) +E (<N(7)>t)
0

= (2c3(c,7) + cs(, 7)) (/ | X 2”>

@)  E(X) =l 2)E (/ X, 27)

The first one of these is an easy application of the It6 formula for semimartin-
gales and the second one follows (49) because v < a/2. From equation (54)
we get

08(a7 ’7) =C3 (Oé, 27) - 263(0&, IY)
_2
«@ may—a My—a .
The constant co is now obtained by letting here v — o — 1 and using m_; =
+00. Consequently

2(a = 1) ma(a—1)
a Ma—2

co(a) =

To find the constant ¢5(«), we use the relationship (11) between ¥ and v
which yields after substitution y = £z

0o —1
1 —cosy
o= (2 [ ta)

Integrating by parts and using the formulae 2.3.(1) p. 68 in Erdelyi et al. [7]
lead us to the explicit value of the integral

/ 1~ cosy dy = Gl cos(am/2).
0 «

ya+1

The constant cg(a) can also clearly be expressed in terms of c¢s

co(a) = (2mes(a— 1)) = 1 /000 1—cosé& de

T £a
= %711;2__104) cos((a — 1)m/2).

It can be verified by the duplication formula for the Gamma function that
this agrees with (53). It holds also that cg(a) — 1/2 as o T 2.
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The constant c7 is obtained by simply comparing the definitions of N* in
(3) and N¥ in Proposition 3. We have

implying

6 Symmetric principal values of local times

Our previous results may be summarized as follows

1. for « =1 < 4 < « the process {|X; — z|7} is a submartingale whose
Doob-Meyer decomposition is given by (36),

2. for (¢ —1)/2 < v < o — 1 the process {|X; — 2|7} is a Dirichlet process
whose canonical decomposition is given by (40).

These results do not discuss whether {(X; — z)7*}, the symmetric power of

order v, i.e.,
(Xp — )" i=sgn(X; —x) | X; — 2|, (55)

is or is not a semimartingale or a Dirichlet process. In the present section it
is seen that this question can be answered completely relying on some results
in Fitzsimmons and Getoor [8] and [9], see also K. Yamada [19]. Let = 0 in
(55) and introduce the principal value integral (cf. (9))

b ds /°° dz
V. — = — (L - L;%),
p ) X0 ) z"( t )

where by the Holder continuity (18) the integral is well defined for 6 < (o —

1)/2.

Proposition 6. a) For a—1 < v < « the process { X"} is a semimartingale.
b) For (a —1)/2 < v < o — 1 the process {X;""} is a Dirichlet process and
not a semimartingale.

c) In both cases the unique canonical decomposition of the process can be

written as
ds

X;x—%*’

t
X7t (0,7) = NP + 1 (@) pov. / (56)
0

where

* dx
rHa _ —:L'a_l— l,a—l
(a,7) / (11— 27! = (1 +2)Y)

Ty

and

N]’*:/O (g N
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In particular, for vy =a —1

tds

X 1) = N ) o [ o
0 s

Proof. Because {X;} is a martingale, it follows from the Ito formula for semi-
martingales (15) that for 1 < v < « the process {X;"*} is a semimartingale.
The other statements in a) and b) are derived from the decomposition (56)
which we now verify similarly as (40) in Proposition 5. Hence, we start again
from the identity (3) considered at  and —z, and write, informally

T

> dx a > dx N a
:/0 (Ntw_Nt )""Cl(a)/o (Lt_Lt )a

xre—" T

© g
/ O O ) (58)
0

To analyze the integral on the left hand side notice that

* dx . .
Raia) = [ (la -2 — o+ a]*").

>
is absolutely convergent and
R(a;,7) = a1 (a, ).

Now the rest of the proof is very similar to that of Proposition 5 b), and is
therefore omitted.

Remark 3. a) The increasing process associated with N7* is given by
K 2
NP = 0 e)? [ ds [ vt (64 20 - X
0 R

t ds 2
= (rt(a.~))2 S v(dz 2)dTTr — .
= (r* (7)) /0 |XS|HW/R (dz) (1 +2) 1)

We also have by scaling

¢ ds t (2 )/ 2
E / 7) = / s@rv=a)/e g B (1 X127~
( 0 |;<S|a_27 0 (| 1| )

o « —
=5 R (1X, P

b) Since
X[ = (X)) + (X))

and
| X% = (X)) — (X))
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it is straightforward to derive the decomposition formulae for {(X;")7} and
{(X;)7}, and we leave this to the reader.

c) Note how different (57) is in the Brownian case a = 2, for which on one
hand {B;} is a martingale, and on the other hand

t
1
B;) = [ log|B.|dB, + = p.v.
©(By) /Oogl(l s+2pvoBS

with ¢(x) = xlog|z| — x. For principal values of Brownian motion and exten-
sions of It6’s formula, see Yor [22], [23] and Cherny [5].

References

1.
2.

10.

11.

12.
13.

14.

J. Bertoin. Lévy Processes. Cambridge University Press, Cambridge, UK, 1996.
A.N. Borodin and I.A. Ibragimov. Limit theorems for functionals of random
walks. Proc. Steklov Inst. Math., 195(2):576-590, 1994. English transl. AMS
1995.

E.S. Boylan. Local times for a class of Markov processes. Illinois J. Math.,
8:19-39, 1964.

L. Chaumont and M. Yor. FEzercises in probability; a guided tour from measure
theory to random processes via conditioning. Cambridge Univ. Press, Cam-
bridge, 2003.

A.S. Cherny. Principal values of the integral functionals of Brownian motion:
existence, continuity, and an extension of It6’s formula. In J. Azéma, M Emery,
M. Ledoux, and M. Yor, editors, Séminaire de Probabilités XXXV, number 1755
in Springer Lecture Notes in Mathematics, pages 348-370, Berlin, Heidelberg,
New York, 2001.

N. Eisenbaum, H. Kaspi, M.B. Marcus, J. Rosen, and Z. Shi. A Ray-Knight
theorem for symmetric Markov processes. Ann. Probab., 28:1781-1796, 2000.
A. Erdélyi, W. Magnus, F. Oberhettinger, and F.G. Tricomi. Tables of Integral
Transforms. McGraw-Hill, New York, 1954.

P. Fitzsimmons and R.K. Getoor. Limit theorems and variation properties for
fractional derivatives of the local time of a stable process. Annales de I’I. H.P.,
28:311-333, 1992.

P. Fitzsimmons and R.K. Getoor. On the distribution of the Hilbert transform
of the local time of a symmetric Lévy process. Ann. Probab., 20:1484-1497,
1992.

H. Follmer. Dirichlet processes. In D. Williams, editor, Stochastic Integrals,
volume 851 of Springer Lecture Notes in Mathematics, pages 476-478, Berlin,
Heidelberg, 1981. Springer Verlag.

M. Fukushima. Dirichlet forms and Markov processes. North-Holland and Ko-
dansha LTD, Amsterdam, Tokyo, 1980.

D. Geman and J. Horowitz. Occupation densities. Ann. Probab., 8:1-67, 1980.
R.K. Getoor and H. Kesten. Continuity of local times for Markov processes.
Compositio Math., 24:277-303, 1972.

N. Tkeda and S. Watanabe. Stochastic Differential Equations and Diffusion
Processes, 2nd edition. North-Holland and Kodansha, Amsterdam, Tokyo, 1989.



15.

16.

17.

18.

19.

20.

21.

22.

23.

Tanaka formula for symmetric Lévy processes 21

T. Jeulin. Ray-Knight’s theorem on Brownian local times and Tanaka’s formula.
In E. Cinlar, K.L. Chung, and R.K. Getoor, editors, Seminar on Stochastic
Processes, 1983, Boston, Basel, 1984. Birkhauser Verlag.

P.A. Meyer. Un Cours sur les Intégrales Stochastiques. In C. Dellacherie and
P.A. Meyer, editors, Séminaire de Probabilités X, number 511 in Springer Lec-
ture Notes in Mathematics, Berlin, Heidelberg, New York, 1976.

K. Sato. Lévy processes and infinitely divisible distributions. Cambridge Press,
Cambridge, 1999.

D.N. Shanbhag and M. Sreehari. On certain self-decomposable distributions. Z.
Wahrscheinlichkeitstheorie verw. Gebiete, 38:217-222, 1977.

K. Yamada. Fractional derivatives of local times of a-stable Levy processes as
the limits of occupation time problems. In I. Berkes, E Csdki and M. Csorgo,
editors, Limit Theorems in Probability and Statistics II, J. Bolyai Society Pub-
lications, pages 553-573, Budapest, 2002.

T. Yamada. Tanaka formula for symmetric stable processes of index a, 1 < a <
2. Unpublished manuscript, 1997.

M. Yor. Un exemple de processus qui n’est pas une semimartingale. Astérisque;
Temps locaur, 52-53:219-222, 1978.

M. Yor. Sur la transformée de Hilbert des temps locaux browniens et une
extemsion de la formule d’It6. In J. Azéma and M. Yor, editors, Séminaire de
Probabilités X VI, number 920 in Springer Lecture Notes in Mathematics, pages
238-247, Berlin, Heidelberg, New York, 1982.

M. Yor. Some Aspects of Brownian Motion. Part II: Some Recent Martingale
Problems. Birkh&auser Verlag, Basel, 1997.



