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LINEAR HYPERFINITE LEVY INTEGRALS

ABsTrACT. This article shows that the nonstandard approach to stochastic
integration with respect to (C? functions of) Lévy processes is consistent with
the classical theory of pathwise stochastic integration with respect to (C? func-
tions of) jump-diffusions with finite-variation jump part.

It is proven that internal stochastic integrals with respect to hyperfinite
Lévy processes possess right standard parts, and that these standard parts co-
incide with the classical pathwise stochastic integrals, provided the integrator’s
jump part is of finite variation. If the integrator’s Lévy measure is bounded
from below, one can obtain a similar result for stochastic integrals with respect
to C? functions of Lévy processes.

As a by-product, this yields a short, direct nonstandard proof of the gen-
eralized It6 formula for stochastic differentials of smooth functions of Lévy
processes.

1. INTRODUCTION

Stochastic analysis with Lévy-process integrators has received much attention in
the past decade, for at least two independent reasons. First, there is the remark-
able elegance and methodological richness of the theory of Lévy processes, due to
celebrated representation results via infinitesimal generators of space-translation in-
variant semigroups or Fourier transforms of infinitely divisible distributions (Lévy-
Khintchine formulae). The second reason lies in the demand of mathematical fi-
nance for an analytic framework to employ jump diffusions in financial modelling
(cf. e.g. Barndorf-Nielsen, Mikosch and Resnick [9], Cont and Tankov [12] or
Schoutens [28]). There are now numerous expository works on Lévy processes in
general (e.g. Bertoin [11] or Sato [27]) and on its relationship with stochastic anal-
ysis in particular (cf. Applebaum [7]). See also Applebaum [6] for a survey article.

Recently, some authors have studied Lévy processes by means of Robinsonian
nonstandard analysis. Most notable therein is Lindstrgm’s theory of hyperfinite
Lévy processes [21] which has inspired some other papers in this area (e.g. Lindstrpm
[22], Albeverio and Herzberg [3], as well as Albeverio, Fan and Herzberg [1]; different
approaches to Lévy processes from the vantage point of nonstandard analysis are
Albeverio and Herzberg [4] as well as Ng [26]). This approach provides a rigorous
framework to treat Lévy processes as if they were random walks; in particular,
it entails a canonical definition of the (internal) stochastic integral with a Lévy
process as integrator, viz. as a hyperfinite—i.e. formally finite—Riemann-Stieltjes
sum.

The classical route to a pathwise definition of the stochastic integral with respect
to a Lévy process with finite-variation jump part addresses the diffusion part and
the jump part separately with different methods. Whilst the It6 theory is employed
for the integral with respect to the diffusion part, an ordinary pathwise Riemann-
Stieltjes integral (or, equivalently, integration with respect to a signed measure)
consitutes the integral with respect to the jump part (cf. Millar [25]).

The present paper establishes a link between this classical pathwise approach to
Lévy stochastic integrals and the aforementioned nonstandard methodology.
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First, we will show that internal stochastic integrals with respect to Lipschitz
functions of hyperfinite Lévy processes Z admit a right standard part (Lemma 3.1).
Then, given a generating triplet of a real-valued Lévy process with finite-variation
jump part (i.e. a triple consisting of the drift coefficient, the diffusion coefficient,
and the Lévy measure v, which is assumed to satisfy fil |z| v(dz) < 4+00), we shall
construct its Lindstrom lifting Z as a slight refinement of Lindstrgm’s representation
theorem [21]. This Z is a particularly simple hyperfinite Lévy process which admits
an internal jump-diffusion decomposition, where the internal jump part J can be
written as a difference of two increasing hyperfinite Lévy processes. This entails an
explicit jump-diffusion decomposition for the standard part °Z of Z as well.

The standard part of the internal stochastic integral with respect to J will be
shown to coincide pathwise with the jump part of the classical pathwise stochastic
integral with respect to °J (a consequence of Theorem 5.1). The diffusion part
of the internal stochastic integral equals, as was shown as early as Anderson’s [5]
seminal paper, a path-continuous modification of the Itd integral with respect to
the standard diffusion part. Combining the results for the drift and diffusion part,
we obtain the right standard part of the internal stochastic integral of Z to be the
the classical pathwise stochastic integral with respect to °Z.

Furthermore, under the assumption that the Lévy measure v is concentrated
on a set that is bounded from below, we will consider the internal integral with
respect to twice continuously differentiable functions of Lindstrgm liftings Z. We
will prove (in Theorem 6.1) that its standard part equals the stochastic integral
with respect to the function of °Z, when defined via the generalized 1t6 formula
for Lévy integrals (cf. Applebaum [7]). As a by-product of this result, we obtain a
short nonstandard proof of this generalized It6 formula (Theorem 6.2).

Hence, the use of Lindstrgm lifings of Lévy processes allows for an intuitive
pathwise definition of the stochastic integral for Lévy processes as integrators.

A different route to the characterization of internal stochastic integrals, even
with respect to general hyperfinite Lévy processes (rather than reduced liftings),
based on SL?-martingales, has been proposed by Lindstrgm [21, 22]. He proved
first that hyperfinite Lévy processes with finite increments can be decomposed into
an internal drift part and a hyperfinite martingale part [21, Corollary 2.5] and
that hyperfinite Lévy processes have finite increment except for a set of arbitrarily
small positive probability. Later, Lindstrgm [22] applies the SL?-martingale theory
of stochastic integration (cf. Lindstrgm [18, 19, 20], Hoover and Perkins [15, 16]
and Albeverio et al. [2]) to the martingale part. This reflects the methodological
choice of important expositions on Lévy stochastic calculus, such as Applebaum’s
[7], which also base their definition of Lévy stochastic integrals on L2%-martingale
theory, since this does not require further restrictions on the Lévy measure. Our
approach is on the one hand more restrictive, but on the other hand much more
intuitive than SL?-martingale analysis. Our proofs do not utilize the internal drift-
martingale decomposition [22, Corollary 1.7], but they depend on a certain lifting
theorem (Theorem 4.5) which assumes that f_ll |z| v(dz) < 4+o00. Of course, the
connection between nonstandard and classical pathwise stochastic integrals is an
interesting question in its own right.

The use of nonstandard methods is often dubbed “non-constructive”’, because it
relies on the ultrafilter existence theorem (which is a consequence of the Axiom of
Choice, albeit not equivalent to it, cf. Banaschewski [8]). Notwithstanding this,
recent research has shown that there do exist definable nonstandard models of the
reals and even definable fully-fledged nonstandard universes, cf. Kanovei and Shelah
[17] as well as Herzberg [14]. (Herein, “definable” means definable over ZFC, i.e.
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Zermelo-Fraenkel set theory with the Axiom of Choice.) The nonstandard world is
hence much more accessible than popular opinion assumed only five years ago.

The present paper is organized as follows. Section 2 reviews hyperfinite Lévy
processes. In Section 3, we define internal stochastic integrals with respect to
Lipschitz continuous functions of hyperfinite Lévy processes and prove that these
internal integrals (when viewed as internal stochastic processes) admit a right stan-
dard part. Section 4 reviews the Lévy-Khintchine formula and proves the existence
of Lindstrgm liftings whenever fil |z| v(dx) < +o00. In Section 5, we show that the
standard part of stochastic integrals whose integrator is a Lindstrgm lifting coin-
cides with a pathwise definition of the stochastic integral for Lévy processes with a
finite-variation jump part. Finally, Section 6 is devoted to stochastic integrals with
respect to smooth functions of hyperfinite Lévy processes and to the generalized
It6 formula for Lévy processes with finite-variation jump part.

For all of this paper, we fix some hyperfinite probability space (2, P). We define
a time line by T := {n At : n < N!}, wherein N € *N\ N and At := - for some
T € Q. It follows that [0,7]NQ C T.

This induces a standard probability space L(2) := (2,0 (2),L (P)), wherein 2
denotes the internal algebra of internal subsets of 2, o (29) denotes the smallest o-
algebra containing 2*?, and L(P), the Loeb probability measure associated with P, is
the Carathéodory measure completion of the finitely-additive measure A — °P(A)
(cf. Loeb [23]).

2. REVIEW OF HYPERFINITE LEVY PROCESSES

Let d € N. Consider an *R%valued internal map X : Q x T. For any such map
X, we define the infinitesimal increment operator A by

vteT \ {T} AXt = Xt+At — Xt~

Next we reproduce Lindstrgm’s definition of a hyperfinite Lévy process [21, Def-
initions 1.1, 1.3]:

2.1. Definition Let d € N and let (Q, P) be a hyperfinite probability space. An
internal map X : Q@ x T — *R? is called a hyperfinite random walk if and only if
there exists a hyperfinite set A C *R% and a hyperfinite set {pa},ca C *R>o such
that Y ,c 4 Pa = 1 and X satisfies all of the following properties:

[ ] XO - O
e The internal random variables AXo, ..., AX1_a¢ are *-independent under
P

o Forallt e T\{T}, P{AX; =a} = p,.
A a hyperfinite random walk X is called hyperfinite Lévy process if
L(P) [Nier {X¢ finite}] = 1.

The two most well-known examples of hyperfinite Lévy processes are Anderson’s
[5] random walk and Loeb’s internal Poisson process [23]. The reduced lifting of any
given Lévy process, constructed by Albeverio and Herzberg [3], is a particularly
simple hyperfinite Lévy process.

Through its right standard part, every hyperfinite Lévy process X gives rise to an
ordinary R%valued stochastic process on the probability space (Q, o (29) ,L (P))
(cf. Lindstrgm [21, Theorem 6.6]). Let us briefly recall how right standard parts
are defined (cf. Albeverio et al. [2, Definitions 4.2.9, 4.2.11], Lindstrgm [21, Defi-
nitions 6.1, 6.2]):

2.2. Definition Consider an internal function F : T — *R. Let r € [0,T] and
a € R. a is the S-right limit (the S-left limit, respectively) of F' at v if and only if
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for all € € Ry there exists some 0 € Rwg such that for all u € *(r,r +§) N'T with
wr (for allu € *(r — 6,r) N'T with u % r, respectively), one has |F(u) — a| < e.
In this case, we denote o by S-limg |, F(s) (by S-limgy, F(s), respectively).

F is said to have S-one-sided limits if and only if it has an S-right limit and an
S-left limit at all r € [0,T).

If F has S-one-sided limits, then the function °F : t — S-limg), F/(s) will be
called the right standard part of F.

Finally, let W : Q x T — *R be an internal stochastic process on an internal
probability space (U, P) and assume that for L(P)-almost all w, the path W (w) :
t — Wi(w) has S-one-sided limits. Then the stochastic process °W : (w,t) —
S-limg ) We(w) (which is well-defined for L(P)-almost all w) will be called the right
standard part of W.

2.3. Remark Suppose F' has S-one-sided limits. For all r € [0,T), there exists
some t € *(r,T]NT such that F(t) ~°F(r).

Proof. Let r € [0,T). The remark is a consequence of “overspill”. For all n € N,
the internal formula

1 1
Im >n ﬂte*(r,r—f—) |F(t) — F(r)] < =
m

n

is true. Therefore, it must be true also for some n € *N\ N. g

Since T was chosen such that [0,7] N Q C T, the definition of a right standard
part and the density of Q in R immediately yield:

2.4. Remark Suppose F has S-one-sided limits. The limit limgss ), © (F(s)) exists
and equals °F(t) for allt € [0,T) N Q.

As noted above, Lindstrgm [21, Theorem 6.6] showed that for L(P)-almost all
w, the path X(w) : t — X;(w) has S-one-sided limits. Hence, the right standard

part °X exists. Moreover, due to Lindstrgm [21, Theorem 6.6], it is an R%valued
Lévy process on the Loeb probability space (Q, o (29) ,L (P)):

2.5. Definition A stochastic process x : T x [0, T] — R? on some probability space
(T',C, Q) is called Lévy process if and only if it has all of the following properties:

o =10
e Form € Nand 0 < ty < --- < t, < T, the random variables x;, —
Ttgy- -5 Tt, — X, _, are independent under Q.

o Forall s <t <T, xy —xs has the same distribution as xi_g
e For Q-almost all w € T, the sample path z(w) : ¢t — x(w) is right-
continuous with left limits (cadlag).

In other words, a Lévy process is a stochastic process, starting in zero, with sta-

tionary and independent increments, almost all of whose paths are right-continuous
with left limits.

3. STOCHASTIC INTEGRATION WITH RESPECT TO HYPERFINITE LEVY PROCESSES

Let m € N. For every pair of internal processes W)Y : Q x T — *R™, one can
define the hyperfinite stochastic integral as an internal Riemann-Stieltjes sum via

(1) YweQ VteT\{T} /0 Y(w) dW(w) := > Yy (w) AW, (w).

u<t

In this section, we will assume that X is a *R%valued hyperfinite Lévy process,
and that W depends on X through W = f(X). We will impose more assumptions
on f and Y, and therefore we review some terminology here.

First, we call f: *R% — *R™ S-continuous if and only if
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e f is internal,
e for all finite z,y € *R? with 2 ~ y, one has f(z) ~ f(y), and
e f(z) is finite for all finite 2 € *R%.

(Some authors drop the last requirement; we use the definition employed by Lind-
strgm [22, discussion preceding Definition 3.1] here.) For instance, the *-image of
a standard continuous function f: R — R™ is S-continuous.

If f:*R? — *R™ is S-continuous, then for all finite a € *R? overspill yields

(2) Vee€Rso IeRsy VoeRY  (z—al<d=|f(x)— fla) <e).

Later on, we will require f to be even S-Lipschitz continuous.

This definition can be generalized by replacing *R4 by some S-dense subset of a
*-interval, for instance by T. Hence, an internal map F : T — *R™ is S-continuous
if and only if F'(t) ~ F(u) for all wu ~ ¢t € T, and F(¢) is finite for all t € T.

We shall assume that the internal stochastic process Y (the integrand) is S-
continuous in the sense that for almost all w € , the path Y(w) : T — Q is
S-continuous . Hence, almost all paths of Y are bounded by a positive real.

The first result gives a criterion for [Y df(X) to have a standard part and hence
to be meaningful as a stochastic process in the standard sense.

3.1. Lemma Consider an S-continuous *R™ -valued internal process Y and an S-
continuous f : *R? — *R™. The internal process (fot Y df(X)) . has S-one sided
te

limits. Thus, it has a right standard part, denoted OfY df(X).

Proof. Consider any r € [0,T]. Choose some w such that the internal path X (w)
has S-one sided limits (the set of such w has probability 1 by Lindstrgm [21, Propo-
sition 6.3]). By the definition of an S-right limit (cf. Lindstrgm [21, Definitions 6.1-
6.2]), there exists for all &’ € Ryg some 6 € Ry such that for all u,v € T with
u,v 2 r and u,v € (r,r +6), one has |X,(w) — Xy(w)| < &’. Let us now consider
some € € Ryg. If ¢ € Ry has been chosen small enough, the S-continuity of f
(see Formula (2)) yields that |f (X, (w)) — f (X, (w))| < € and hence

(3) / Y df(X / Y df(X)

for all u,v € T with u,v % r and u,v € (r,r + §). However, maxcr |Y:(w)]
is finite. (For, the path Y(w) : T — *R™ is S-continuous and therefore S-
bounded on T.) Therefore, Estimate (3) already shows that the internal path

< e max | Yy (w)]
teT

t— fo w) df (X(w)) has an S-right limit for L(P)-a.e. w € Q. Analogously,
one can prove that the internal path ¢ — f(f Y (w) df (X(w)) has an S-left limit for
L(P)-a.e. w € Q. d

For the following Lemma, we shall impose additional assumptions:

o m=1.

e The integrand Y is S-bounded, i.e. there exists some My € Ry (referred
to as the S-bound of Y) such that L(P) [N,er {|Y:(w)| < My}] = 1.

o f:*RY; — *Ris S-Lipschitz continuous, i.e. f is internal and there exists
some Cf € Ry (referred to as Lipschitz constant of f), such that for all
finite =,y € *R%, one has |f(z) — f(y)| < Ctlz —y|.

e f(X) is increasing, i.e. P{f(X,) < f(Xy)}=1forallu<teT.

For example, f(X) will be increasing if d = 1 and f : *R — *R is increasing and
P{AXO Z 0} =1 (or A g *Rzo).

3.2. Lemma Suppose Y is an S-bounded S-continuous *R-valued internal stochas-
tic process. Suppose that f : *RY — *R is S-Lipschitz continuous and that f(X) is
increasing. Then
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(1) For all € € Rxq there exists some § € Rxq such that for all u,v € T with
|u —v| < 0 one has

o o] =

o Qt
(2) Forallt €T, one has® (fg Y df(X)) = [, Y df(X) with L(P)-probability
1.
(3) One has

L(P ){Vte[OT]ﬂQ VseT <s~t:/Ydf /Ydf >}

This Lemma generalizes a finding by Lindstrem [21, Lemma 6.4] who proved a
similar result for the special case where [Y df(X) is a hyperfinite Lévy process
(ie. form=d, f=idand Y =1).

Proof of Lemma 3.2. In order to prove the first assertion, let ¢ € Ry be given.

Note that
P{ /OUY df(X)/OuY df(X)’ 25—:}

/uv((Y\/O)+(Y/\O))df(X)’ZE}
LU(YVO) df(X)‘-‘r /uv(YAo) df(X)’ZE}
< p{[[ovoaeo=sher{| [ wro )= 5}

Therefore, we only need to prove the first assertion for nonnegative Y.
Furthermore, we may assume that X has finite increments, since there
exists some hyperfinite Lévy process X with finite increments such that
P [Uer {Xt # Xi}] < & (cf. Lindstrgm [21, Proposition 3.4]). But for hy-
perfinite Lévy processes with finite increments, both px := < FE[AX,] and

ox = A E [|AX0|2] are finite (cf. Lindstrgm [21, Corollary 2.4]). Furthermore,

Il Il
| Y
—

(4) VteT E“Xtﬂ = o2t + x|t (t — At)
(cf. Lindstrgm [21, Lemma 1.2]). On the other hand, when we apply Chebyshev’s

inequality and exploit that Y is nonnegative and that Af(X), > 0 for all u € T
with probability 1, we obtain

|

/Ydf /Ydf ‘ }:P > VAKX

u<t<v
2 2
< ePE|| Y. VAfX)| | <eTE || My ) Af(X
u<t<v u<t<v
< EPMEE[IF(X) - £ (X
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(assuming without loss of generality v < v), wherein My denotes the S-bound of
Y. Denoting the Lipschitz constant of f by Cy, we get

SUAEEECILES

< eMECEE [|Xv — X, } — 2 MECIE [\Xv_uﬂ .

By Equation (4), we arrive at

{/Ydf /Ydf‘ }

e *MyC? (O'X(U —u) + |px|? (v —u) (v —u— At))

< 5_2M)2/C‘)2c (03((5 + |ux|? 52> —0asd |0

IN

Therefore, by choosing 4 sufficiently small, we can ensure that

P{UOYdf LY df(X)| =€} <5
The second assertlon follows from the uniqueness of limits in probability and the
definition of S-right limits: If ¢ € T and {u,},cy € T is such that ¢ < u, for all

n € N and °u,, | °t as n — oo, then ° ( Ou” Y df(X)) converges to ° (fJY df(X
in L(P)-probability by the first assertion of the Lemma. On the other hand,
OfY df(X) being an S-right limit pathwise and hence pathwise right-continuous,
one has ° ([, Y df(X)) — Of(tJY df(X) as n — oo L(P)-almost surely and hence
also in L(P)-probability. Therefore, [5Y df(X) = ° ( Jiya f(X)) with L(P)-
probability 1.

The last statement in the Lemma is an immediate consequence of the second
assertion. U

In particular, when we put m = d and f = id in Lemmas 3.1 and 3.2, we obtain
the following results:

3.3. Lemma Consider an S-continuous *R%-valued internal process Y. The in-
ternal process (fot Y dX) . has S-one sided limits. Thus, it has a right standard
te

part, denoted on dX.

3.4. Lemma Let Y be an S-bounded S-continuous *R-valued internal process, and
assume that X is an *R-valued increasing hyperfinite Lévy process (i.e. A C *Rxg).

(1) Lete € Rsg. There exists some 6 € Ry such that for allu,v € T satisfying
|u —v| <& one has

"
o °t

(2) For allt € T, one has ° (fOtY dX) = [, Y dX with L(P)-probability 1.

(3) One has

/YdX— YdX’Zs}SE.
0 0

s o ft
L(P){Vte[O,T]ﬁQ Vs €T <s~t:>/ YdX/YdX)}l.
0 0

In Section 4, increasing hyperfinite Lévy processes will play an important role.
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4. THE LEVY-KHINTCHINE FORMULA AND LINDSTR@M LIFTINGS

The Lévy-Khintchine formula says that for all one-dimensional Lévy processes
z there exist two real numbers o > 0 and v as well as some Borel measure v on R
with #{0} =0 and | (1 A 2?) v(dz) < 400 such that the Fourier transform of z; is
given by

()
Vu € R Elexp (iuz1)] = exp (i'yu -2 2u + / (exp (iuz) — 1 — iuzy(—1,1)) u(dm)) .

Given v, the parameters -y, o, v are uniquely determined. Any Borel measure v on
R with {0} =0 and [ (1 A 2?) v(dz) < +oo is called Lévy measure.

Conversely, given such v, o, v, there exists a Lévy process z satisfying Equation
(5), and if some Lévy process z’ also satisfies (5), then z and 2z’ have the same
finite-dimensional distributions.

Thus, the Lévy-Khintchine formula yields a one-to-one correspondence, which
motivates the following definition:

4.1. Definition A triple (v,0,v), consisting of a real v, a positive real o and a
Lévy measure v is called the generating triplet of some real-valued Lévy process z
if and only if the Lévy-Khintchine formula (5) holds. In this case, we also say that
the process z corresponds to the generating triplet (v,0,v).

Given a generating triplet (v, o0,v), let z be a corresponding Lévy process. Let
us assume that f_+11 |z] v(dz) < +o00. In this case, after a change of v, the Lévy-
Khintchine formula can be simplified to
o?u?

Vu e R Elexp (iuz)] = exp (i’yu - + / (exp (iuz) — 1) V(dx)) .

Moreover, if fjll |z| v(dz) < 400, the Lévy-Itd decomposition (cf. e.g. Apple-
baum [7, Theorem 2.4.16]) yields the existence of a Lévy process j, as well as a
normalized Wiener process b such that

(6) vt € [0, 7] 2z = oby +yt 4+ j;  almost surely
and
(7) Yu € R Elexp (iuj1)] = exp (/ (exp (iuz) — 1) I/(de)) .

Furthermore, this j, called the jump part of z, has then finite variation (cf. Bertoin
[11, p. 15] or Sato [27, Theorem 21.9(i)]). Conversely, if f:rll || v(dx) = 400, then
z does not, have finite variation (cf. Sato [27, Theorem 21.9(ii)])

In general, we shall refer to any Lévy process j satisfying Equation (7) for some
Lévy measure with fjll |z| v(dz) < 400 as a pure-jump finite-variation Lévy process
with Lévy measure v.

Lindstrgm has shown that for any given generating triplet (v, o, v), there exists
some hyperfinite Lévy process whose standard part corresponds to that triplet.

We shall now slightly refine this result. Herein, we need a couple of definitions.

4.2, Definition By an Andersonian random walk on the internal probability space
(Q, P), we mean a hyperfinite random walk B with increment set {f\/ At, At}
and transition probabilities p /a7 = p_ /a7 = %

As Anderson [5] showed, any such Andersonian random walk is a normalized
Wiener process.
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4.3. Definition A hyperfinite random walk is called increasing if and only if its
increment set A is a subset of *Rx>o.

4.4. Definition Consider a generating triplet (v,o,v). An *R-valued hyperfinite
Lévy process is called a Lindstrem lifting based on (v, o,v) if and only if

e °Z corresponds to that triplet and
e there are two increasing hyperfinite Lévy processes JT and J~ and an An-
dersonian random walk B such that

(8) vteT  Zy=~t+oB +J; —J

A Lindstrom lifting is called pure if and only if °J " and °J~ are pure-jump
finite-variation Lévy processes.

In the definition of a Lindstrgm lifting, J* and J~ are increasing and finite for
almost all paths (as they are hyperfinite Lévy processes). Therefore, their standard
parts are always finite-variation Lévy processes.

4.5. Theorem Consider a generating triplet (v,0,v) and assume f_+11 |z| v(dz) <
~+00. Then there exists a pure Lindstrom lifting based on (v, 0,v).

Proof of Theorem 4.5. Lindstrgm [21, Theorem 9.1] has established the existence
of some hyperfinite Lévy processes Z and J as well as an Andersonian random walk
B such that

VteT th’yt—FO'Bt—FJt,

and such that °Z corresponds to (v, 0,v) and j := °J has Lévy measure v.
We next define
VteT  Jf= ) AJ,

s<t
AJs>0

and
VEeT  J7=— ) Al

s<t
AJs<0

Then, J* and J~ are hyperfinite random walks, and obviously they are increasing.

We shall now prove that J™ and J~ are hyperfinite Lévy proceses, too. Herein,
we shall utilize Lindstrgm’s characterization of hyperfinite Lévy processes [21, The-
orem 4.3]. Let us, for this sake, denote the set of increments of J by A and its set of
transition probabilities by {pa},c 4. Let us put AT := AN*R> and A~ := AN*R<
as the sets of increments for J= and J—, respectively. The corresponding sets of
transition probabilities for J* and J~ are given by

Ya € AT\ {0} p(”: = Pa, pa' =1— Z p:,
a’ € AT\{0}

and
Vae A"\{0}  p;i=pa, pg=1— > pg.
a’€A+\{0}

respectively.  Conditions (ii) and (iii) are obviously satisfied by the pairs
AT {pdtoear and A7 {p; },ca- since they are satisfied by the pair A, {pa},c4
(as J is a hyperfinite Lévy process). In order to check Condition (i) of Lindstrgm’s
characterization of hyperfinite Lévy processes [21, Theorem 4.3], it is enough to
prove that 27 >_la|<k |a| Pa s finite for all finite k. This can be seen as follows.

First, recall from the proof of Lindstrgm’s representation result [21, Proof of
Theorem 9.1] how A and {p.},., were constructed. Partition the set By :=
{x e*R : % <lz| < N} by means of a lattice of infinitesimal spacing, and choose
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simultaneously and internally one element from each partition class. We may as-
sume that this element has been chosen minimally in norm. The resulting set is A.
Denote for any a € A its partition class by [a] and define p, = *v ([a]) At.

Since v is by assumption a Lévy measure satisfying fjll |z| v(dz) < 400, we

have ffk |z| v(dz) < 400 and therefore the finiteness of ffk |z| *v(dz) for all finite
k. This implies that

1 * g *v(dx
5 X = 3 v < [ lalvtas)

a€A a€A
la|<k la|<k

(where we exploit that a is minimal in norm in [a]), wherein the right-hand side
is finite. Hence, z7 > aca, |a| p is finite for all finite k, and therefore, Condition

(i) follows even for the pairs A*, {p}}, .4+ and A7, {p; },c4- of increments and
transition probabilities for J* and J~. Thus, J™ and J~ are indeed hyperfinite
Lévy processes.

Finally, we have to prove that j7 := °J" and j~ := °J~ are pure-jump finite-
variation processes.

From the hyperfinite Lévy-Khintchine formula (cf. Lindstrgm [21, Theorem 8.1]),
we can derive the following approximate identity for E [exp (iyJ;")] for all finite
y € *R:

E [exp (iyJ]")] = exp (i / (e* —1) ﬁ+(da)>

a : la|>n}
wherein

T (B) = é > pa

a€B
a>0

for all internal B C *R. Using basic Loeb measure theory, this leads to

(0) VueR B [exp ()] = exp (i JacEE Vﬁ(dl‘)),

wherein
vi+(C) == leiﬁle (ﬁ+) (st_1 {reC : |z|> 5})

for all Borel-measurable C' C R. Now, if we define 7 : B — < 3. 5 pa, we have
v (B) < v(B) for all internal B C *R and therefore,

(10) vi+(C) <v;(C) := lslff)ll‘(ﬁ) (st {zeC : |z|>¢e})

J

for all Borel-measurable C' C R. However, a comparison between the hyperfinite
Lévy-Khintchine formula (cf. Lindstrgm [21, Theorem 8.1]) and the standard Lévy-
Khintchine formula shows (using basic Loeb measure theory) that v; must be the
Lévy measure of °.J, which is just v. Thus, we have proven that v;+(C) < v(C) for
all Borel-measurable C' C R and conclude that fjll |z|vj+ (dz) < 4o0. In light of
Equation (9), we obtain that j* is indeed a pure-jump finite-variation process.
Symmetrically, one can prove that j~ is a pure-jump finite-variation process,

too. O
Any pure Lindstrgm lifting entails an explicit decomposition of z := °Z as

(11) Ve [0,T]  z =at+ob+j — ;i

wherein b :=°B, j* :=°J~ and j~ := °J~. This is in accordance with Equation

(6), since the j therein is a finite-variation process and hence can be written as the
difference of two increasing processes. These increasing processes can be chosen as
Lévy processes: Just compare Equations (11) and (6), and note that j* := °J~
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and j~ := °J~ are Lévy processes. It follows that they are bounded. Furthermore,
all their paths are right-continuous with left limits—see our definition of a Lévy
process. (In fact, the existence of a cadlag modification follows already from the
continuity of the semigroup of finite-dimensional distributions and hence it is a
property exhibited by all Feller processes, cf. e.g. Sato [27].)

4.6. Remark A different Lindstrom lifting based on (,0,v) and hence an alter-
native proof of Theorem 4.5 (which then leads to a decomposition in the form of
Equation (11)) can be obtained as follows. For sufficiently small At, Albeverio
and Herzberg [3] (building on previous work by Lindstrom [21]) proved the existence
of a hyperfinite Lévy process Z whose right standard part corresponds to (v,0,v)
and which can be written the sum of two *-independent hyperfinite Lévy processes,
one being a multiple o B of an Andersonian random walk with some hyperreal drift
v, and the other one being a superposition J of hyperfinitely many Loeb Poisson
processes.
In other words,

(12) Vte T Zy = oBy +’7t+Jt,

wherein B and J are independent and J is the internal superposition of hyperfinitely
many internal Poisson processes. (That is, the distribution of AJ is the convolution
of M € *N independent random wvariables I,,, wherein for each n < M, I, is
distributed according to (1 — A\,) 00 + Anda,, where the x,, are pairwise distinct
elements of *R\ {0} and {\, : n < M} C *Rsq.) Such a hyperfinite Lévy process
Z is called a reduced lifting of its right standard part z := °Z.

J can be written as the difference of two independent hyperfinite Lévy processes
J = J* — J7, such that both J* and J~ are increasing: In order to define J¥,
we let the internal distribution of AJT under P be given by the convolution of
all internal random wvariables I, such that x,, > 0, and in order to define J—,
we let the internal distribution of AJ~ wunder P be given by the convolution of
all internal random variables —1I,, for which x, < 0. Since AJ; = AJ:‘ - AJ;
for all t € T, one obviously has J = J* — J~, and for each w € ), the paths
JH(w) it JH(w) and J”(w) : t — J(w) are increasing. In order to verify
that J* and J~ are indeed hyperfinite Lévy processes (and not merely hyperfinite
random walks), we can proceed as in the proof of Theorem 4.5, by combining the
assumption fjll |z| v(dx) < +oo with Lindstrom’s characterization of hyperfinite
Lévy processes |21, Theorem 4.3].

5. STOCHASTIC INTEGRATION WITH RESPECT TO LINDSTR®M LIFTINGS

Consider a bounded adapted (path-)continuous real-valued process y and a stan-
dard real-valued Lévy process with decomposition as in Equation (11) for two in-
creasing cadlag processes j, 7. (In light of the Lévy-Ito decomposition, it suffices
that the Lévy measure v of z satisfies f_ll |z| v(dz) < 400, cf. Bertoin [11, p. 15].)

The classical pathwise definition of the stochastic integral (cf. e.g. Millar [25])
puts

t

t t t
(13) Vit € 10,7 / y dz ::*yt—&-a/ ydb+/ ydj+—/ ydj~,
0 0 0 0

wherein [y db is the It6 integral of y with respect to b, and for the following, we
will always assume that [y db has been chosen as a path-continuous modification
thereof. The integrals [y djt and [y dj~ can be defined pathwise, because
for L(P)-almost all w € €, the paths t — j;'(w) and ¢t — j; (w) are increasing,
bounded and right-continuous with left limits (see the discussion of Equation (11)
above) and thus may be viewed as measures. Alternatively, one can define the
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Riemann-Stieltjes integral with respect to the paths of j, 5= or j, because all of
these paths have finite variation almost surely.

To be more specific, consider any such path i (either = j*(w) : ¢ — j; (w) or
=j (w) : t j; (w) for some w € ) and note that this i induces a Borel measure
on [0,T] via

Vs € (0,T] i ([0,s]) :==i(s), i({s}) :=1i(s)— li?li(u), i ({0}) =0.
uls
Now, i being a finite Borel measure on [0, T], the integral [ -di is well-defined for
all bounded y. In this way, the integral with respect to j© and j~ can be defined
pathwise almost surely as some Lebesgue integral. Of course, the integral difference
Jydjt — [y dj~ then coincides with the pathwise Riemann-Stieltjes integral of y
with respect to the finite-variation process j = j© — 5.

So far, we have reviewed the definition of the classical pathwise stochastic integral
with respect to z. In light of Theorem 4.5, there is a process which has the same
finite-dimensional distributions as z and furthermore is the standard part of a
Lindstrgm lifting Z. We will from now on assume that z := °Z, and that y
is an adapted, bounded, (path-)continuous process on L(2). Furthermore, the
decomposition of Z in Equation (8) will again be written as

vteT Zy=~t+oBi+J, —J ,
which also yields a decomposition of z (as in Equation (11)):
Vit € [0,T] 2y =yt +ob + 57— §i,

wherein b:=°B, jT :=°J~ and j~ :=°J".

Now we introduce the following important convention:

The stochastic integral with respect to z will always be understood as in Equation
(13) withb:=°B, j* :=°J" and j~ :=°J".

The process y allows for an S-bounded, pathwise S-continuous lifting Y, thus
being also an SL?-lifting in the sense of Albeverio et al. [2] (cf. also Lindstrgm
[20], Hoover and Perkins [15, 16] or Stroyan and Bayod [29]). With this choice of
Y, the right standard part of [Y; dZ; exists due to Lemma 3.3. In view of the
decomposition of Z, we have

14 Y, dZ, =0 | Y, dB, +~ | Y, du+ [ YV, dJ+ — [ Y, dJ.
(14) ¥ " u

Recalling Anderson’s [5] treatment of stochastic integrals with respect to B, we
know that the standard part of o [Y; dB; + [ Ydt exists and equals o [y, dbs +
v J yedt L(P)-almost surely, wherein °B is the (path-continuous) standard part
of the Andersoonian random walk B. Therefore, in order to show that the right
standard part [Y dZ of [Y dZ equals the classical pathwise stochastic integral
of [y dz, we need to show that the right standard parts of the internal stochastic
integrals of Y with respect to the hyperfinite Lévy processes J* and J~ (whose
existence also follows from Lemma 3.3) equal the classical stochastic integrals of y
with respect to j© and j~.

The following theorem accomplishes just that.

5.1. Theorem Let J* be an increasing hyperfinite Lévy process with right standard
part jT =°J", and let Y be an S-bounded S-continuous internal process with right
standard part y. For all t € [0,T],

t o it
/ ys djf = / Y, dJ} L(P)-almost surely.
0 0
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Proof. Recall from Lemma 3.4 (for Y := 1) that for all ¢ € [0,7] and all s € T with
s ~ t, one has J} = °J; with L(P)-probability 1. (For this special case, one can
also refer to Lindstrgm [21, Lemma 6.4].) Hence,

Vie[0,T]NQ VseT (s~tz>J+ °Jt)

holds with L(P)-probability 1. Let this event be denoted €, and consider the event
Q; of all w such that that the path j™(w) is bounded and cadlag. This also has
L(P)-probability 1. Finally, consider the event Qs, consisting of all w such that
the internal path ¢ — Y;(w) has a right standard part. Again, by Lindstrgm [21,
Proposition 6.3], this event has L(P)-probability 1.

Hence L(P)[Qo N2 NQ) = 1. Let us fix some w € Qp NN N Qo and put
K = J"(w) as well as k = j7(w).

K and k can be interpreted as measures: We have already remarked that since
k is bounded, cadlag and increasing, k induces a Borel measure, abusing notation
also called k, defined by

(15) Vse (0,77 k([0.s]) =k(s), k({s})=h(s)—limk(u), k({0})=0.

Similarly, the internal, S-bounded and increasing path K = J*(w) induces an
internal measure on the hyperfinite power-set 2T via

(16) VteT K (*[0,4NT)=K(t)

(in particular, Equation (16) holds for ¢ € [0,7]N Q). Below, we will show that the
composition of the corresponding Loeb measure L(K) with the inverse standard-
part operator, equals the measure k defined in Equation (15): L(K) (st™!(-)NT) =
k.

Next, observe that it the Theorem is established as soon as we have shown that
ﬁf ys(w) dk fo w) dJ; (w) holds at least for all rational t € [0,T]: Since the
path k : ¢ — Jt H(w) is cadlag, so must be integrals of bounded continuous functions
with respect to the measure k defined in Equation (15). In particular, the function
t fo ys(w) dks (which equals ¢ — fo ys(w) djf (w )) will be cadlag. However, as

a pathwise right standard part, the function ¢ — j o ) dJT(w) also is cadlag
whereever it is defined (viz. L(P ) almost surely because of Lemma 3.3). Thus,

both sides of the equation fg ys(w) fo w) dJF (w) are cadlag, whence it
is sufficient to prove it for all t € [O T] ﬂ Q. (The 1dent1ty will then follow for all
te0,7T].)

Next, note that

vt e [0,T]N / Yi(w) dJF (w (/ Yo (w) dJ( )) for L(P)-ae. w € Q
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due to Lemma 3.4. On the other hand,

/0 Vo) dIf (@) = Y Valw) (JFan@) = JF (@) = 3 Va(w) K ({u+ At})

u<t u<t

> Veade) K(@uh) = [ Vooaulo) K (@)

o<u<t (0,t]NT

/ ° (Ve ae(w)) LK) (du)
*(0,¢]"T

12

/ ° (Ya(w)) L(K) (du) = / ° (Yu(w)) L(K) (du)
+(0,)NT *[0,6)NT

_ /[O t] ° (Y (w))(s) LK) (st™() N'T) (ds)
(17) - /[Ot]ys«u) L(K) (st™() N'T) (ds)

wherein we have used the S-continuity of the internal path v — Y, (w) (which
ensures that its standard part is constant on each monad st™!{s}) as well as the
fact that K{0} = 0 and therefore L(K){0} = 0.

We must now prove that the right-hand side of this last Equation (17) equals
fot ys(w)dk(s). In order to accomplish this, we will show that L(K) (st™'(-) NT) = k
(viewing K and k as measures).

Using the identity st=" ([0,s]) N'T = Ng5s, “[0,#] N'T and the choice of w € Qy,
we obtain

L(K) (st™'[0,s] NT) L(K)( ﬂ *0,4)NT | = lim L(K) (*[0,#]NT)

Q>3t>s Q3tls

= Jdm *(K() = fim k() = k(s) =k ([0,5]).

for all s € [0,7] N Q. In a similar fashion, the identity st™'{s} N T =
Necg., (s —&,5+¢e] N T enables us to derive that

L(K) (st™*{s} NT) LE)| () “(s—es+eNT

e€Qxo
= lim L(K)(*(s— NT
dm LK) (s —es+elnT)
= lim °(K — lim °(K(s—
m (K(s+¢)) S (K(s—¢))

= Qlérsriok(s +¢) @grﬁok(s €)= k(s) Qgrtr%s k(t) = k{s}
for all s € QN (0,7) and w € Qg

Therefore, we obtain both L(K)(st™![0,s]NT) = k([0,s]) and
L(K) (st™{s} NT) = k{s} for all s € [0,T] N Q. However, both L(K) (st~*(-) N T)
and k are finite Borel measures on [0, 7] and therefore regular (both from the inside
and from the outside, cf. e.g. Bauer [10, Lemma 26.2]). So, L(K) (st™*(-)NT) = .

This readily yields
(18) | @ Um0 @) = [ ) k).
(0,t] [0,¢]
Therefore, by Equation (17) and the definition of %, we f{inally obtain

tYuw dJf(w) ~ s(w) k(ds) = s(w) djf (w) for L(P)-a.e. w € Q.
/0 (w) dJF (@) /[o,ﬂy”” /[O,ﬂyuly()o (P)ae. we
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Based on Theorem 5.1, we deduce the following:

5.2. Theorem Let Z be a Lindstrgm lifting with right standard part z, and let Y
be S-bounded and S-continuous with right standard part y. For all t € [0,T)],

t o ft
/ ys dzg = / Y, dZ, L(P)-almost surely.
0 J o
Proof. Anderson [5] has proven that the standard part of [Y, dBjy exists and equals

J ys dbs (recall that b := °B). Inserting this, together with Theorem 5.1 (applied
to both J* and J~ en liev of JT), into Equation (1) yields

Ot Ot Ot Ot
/stzs = vt—i—o/stBs-F/stJj—/stJ;
0 0 0 0

t t t t
= t+ U/ Ys dbs +/ Ys dj: _/ Ys djs_ :/ Ys dzs.
0 0 0 0

For R?-valued Lévy processes z as integrators and R%valued bounded adapted
and continuous integrands, we can now simply note that the components
2 2@ of 2 are Lévy processes, too, and thus define

d
/y Qs — Z/yu) o)
=1

If ZMW, ..., Z@ are Lindstrom liftings with standard parts 21, ..., 2(? respec-
tively, then

O

t ot _
Vi e [0, T] Vie{l,...,d} / Y dz() = / Y dz®  L(P)-almost surely
0 0

by our previous result about one-dimensional Lévy stochastic integrals (Theo-
rem 5.2, applied for each i € {1,...,d}). Defining [Y dZ = Z;j:l JY®D dZO | we
finally obtain

t ot
vt € 10,T] / ys dzs = / Y, dZ; L(P)-almost surely.
0 0

6. THE ITO FORMULA

In this section, we shall establish a link between the right standard parts of
internal Riemann-Stieltjes sums with respect to smooth functions of hyperfinite
Lévy processes (as in Equation (1)) and standard stochastic integrals with respect
to functions of (standard) Lévy processes, wherein the stochastic differential of
a smooth function of a (standard) Lévy process is given by the generalized It6
formula for (standard) Lévy processes (cf. e.g. Applebaum [7, Theorem 4.4.10]).
En passant, we obtain a short, direct nonstandard proof of this generalized Ito6
formula.

We use the abbreviation z;— = limgy 25 for all ¢ € (0,7, with the convention
zo— = 2. Also, we will call a subset B C R bounded from below if and only if there
exists some 1 € Ry such that B C R\ [-7, 7).

For all d € N, for all *R%-valued hyperfinite Lévy processes Z and any n € *R<,
we shall denote by Z=" the hyperfinite Lévy process given by

VEET YweQ  ZF'w)= Y AZ(w),

s<t
|AZs(@)|<n
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and by Z>" the hyperfinite Lévy process given by
VEeET YweQ  Z7Mw)= Y AZ(w)
18Z4 (@) >0

The results of this section continue to depend on the existence of Lindstrgm
liftings as established in Theorem 4.5. In addition, we shall impose an even
stronger assumptions on the generating triplet under consideration, by requiring
its Lévy measure v to be concentrated on a bounded-below set. Since anyway
J@ A |z]?)r(dz) < +o0 (by virtue of the regularity properties of Lévy measures),

this already implies that f | |lz] v(dz) < 400 whence Theorem 4.5 may be applied.

6.1. Theorem Consider a generating triplet (v,o,v), and assume that v is
concentrated on a set that is bounded from below.  There exists a Lind-
strom  lifting Z = (715 +oB+ J — J{)teﬂ, based on (vy,o0,v) such that
P [{O <AJf < n} U {O <AJ§ < 77}} = 0. For any such Z, for all twice contin-
wously differentiable f : R — R, for all S-continuous S-bounded adapted processes
Y with right standard part y and for all t € [0,T], we have

ot t t o2
/ Y. (z) = / yof (2o dz, + / ol () s

= >y () (e — 2 )+ > ya (f(28) = f (25))

s€[0,t] s€[0,t]
L(P)-almost surely.

Note that, in view of the (standard) generalized It6 formula, the right-hand side
of the equation in Theorem 6.1 is commonly defined as fg ys Af (2s).

Proof. By assumption, there exists some 1 € Rs( such that v is concentrated on
R\ [—7,n]. As we have remarked already, combining this concentration of v with the
regularity properties of v as a Lévy measure (in particular [(1A|z|*)r(dz) < +00)
yields that v has finite mass. Therefore, f_ll |z| v(dz) < 400, and we are entitled
to apply Theorem 4.5.

By virtue of Theorem 4.5, we can find some Z (the Lindstrgm lifting) whose right
standard part corresponds to (v, o, v) and such that Z = (vt + 0B, + J; — J{)teT,
wherein J* and J~ are increasing hyperfinite Lévy processes with

VueT  AJS,AJ; € *Rs, U{0}
for all u € T (since the increment set A of J is derived from *v, which is concentrated
on "R\ *[—n,n)).

We define an increasing *Ny-sequence {T’n}ne*No of internal stopping times 7, :
Q0 — T by means of the following recursion on *Ng:

0 = 0
Vn € *N T, = min {u eT : u>m1_1, AJJ‘ At VAT, A > 17} AT
= min{ueT US> Tpo1, |A At|\/|AJ At|7ré0}/\T.
(Herein, we adopt the convention min ) = *oo.)
Let us choose some w € 2 such that Z, J* and J~ have a right standard part;
since Z, J* and J~ are hyperfinite Lévy processes, the set of such w has L(P)-
probability 1 (cf. Lindstrgm [21, Proposition 6.3] and see Lemma 3.3). It follows

that already for some finite N, one has 7y (w) = T'. Since Z,, = ¢ B, +yu+J —J;
for all u € T, we obtain that

(19) YueT\{n(w)—At,...,7n(w) — At} AZ,(w) = 0 AB,(w) + v At,
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o)

Yn <N VYué€ [r(w),Tht1(w))NT Zu(w) = oBy(w) +yu+ J-

n(w) — .,

Tn (w)"

Since B(w) : u — By(w) is S-continuous by choice of w, we have that Z(w)
is S-continuous on [, (w), Th+1(w)) NT for all n < N. Furthermore, since z(w)
is the right standard part of Z(w), we must have z;(w) # 2z (w) if and only if
there exists some u € st™1{t} N'T such that AJ; (w) > 0 or AJ, (w) > 0 (which
is equivalent to AJ(w) > n or AJ, (w) > n). Hence, z(w) # z—(w) if and
only if °7,(w) =t for some n < N. However, due to the finiteness of N, the set
T(t) := st~ {t} N {mn(w)}, .y is finite and hence internal for all ¢ € [0,7], and
non-empty only for finitely many 1, ..., t,.

Let us now fix some ¢t € [0,7] N Q. Using the notation

Vie{l,...,m} ugi—1 ;= minT (;) At, w9 :=maxT (t;) At,

combined with ug := tp := 0 and ugm+1 := tym41 1= t, we first observe that Equation
(20) implies, from now on oppressing the argument w,

(21) Vi€ {0,...,m} Vu € (uai,uzit1) ZuzoBu—nyu—&—Jj;i —Ju_zi.

Therefore, the nonstandard version of It6’s formula (cf. Albeverio et al. [2, Propo-
sition 4.4.13]) yields that for all i € {0,...,m},

Z Yu—AtAf (Zu—At)

w€ (u2i,u2i+1)

ja Z Yqutf/ (Zqut) (U ABqut + ’YAt)
w€ (u2i,u2i41)
2

g
+ Z Yu—Atf” (Zu—At) ?At

u€ (U2, u2i41)
On the other hand, by the properties of a right standard part (see Remark 2.3),
(22) Vie{l,...,m} Dy ™ 24, YU € [Ugi,Ugiv1) Ly 2 Zoy_.

Therefore, since Y and Z are S-continuous on (ug;, ug2i+1), the nonstandard Itd
formula (in combination with lifting theorems about the stochastic integral, cf. e.g.
Albeverio et al. [2, Theorem 4.4.17]) actually yields

Z YqutAf (Zqut)

w€ (U2, u2i41)

tit1
[t G odb s+ [ g ) G
t t

1R

i i

tit1 tit1 0-2
J R L e O e D MR AT ICEE

Note that for i € {1,...,m}, the S-continuity of ¥ yields

(23) Z YqutAf (Zqut) = Y, (f (ZuzL) - f (ZUQi—I*At))

u€ug;—1,u2;]
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(To see this, consider a hyperfinite U and ¢, : U — *R, wherein sto ¢ is constant.
Then

> dwp(u) = > dwi(w)

min ¢ Z¢(u)>o P(u)<-<max¢ Z¢(u)>o P(u)
+ > dw)i(u)
w(uu)<o
—_———
max ¢ Z¢(u,)<o Y (u)<-<min ¢ Z¢(7‘,)<o p(u)

~ stog Y Y(u)tstod Y v(u)=stop > (u).

u u
P(u)>0 P(u)<0

Applying this result to U := [ug;—1,u2], ¢ : u— Yy_ar and ¢ 1 u — Af (Zy_at)
leads, via

Z Af (Zqut) =f (Zuzl) - f (Zuzif1fﬁt) )

u€lug;—1,u2;]

to Equation (23).)
However, by Equation (22), Z,,, ,—at =~ z,— whilst Z,,, ~ z;,. Exploiting the
continuity of f, Equation (23) can therefore be written as

Z Yu—AtAf (Zu—At) =Yty (f (th) - f (Zti_)) .

u€lug;—1,u2:]

We now calculate as follows: For every ¢ € [0,7] N Q, one has

t
[yu@= ¥ varz) = ¥ vesds (Zes)
0 0<v<t 0<u<t

m

Z Z YieatAf (Zu—nat) + Z Z Yu—atAf (Zu—nt)

1=0 u€(uzi,u2iq1) =1 u€lug;_1,u2:)

m tit1 tit1 o2
S [ s ot [ g o) s
i=0 i

ti

— Z Ysf' (25— ) (25 — 2s—)

SE(tistit1]

+Zyti (f (th) - f (zti*))

1

‘ / ! 11 o’ /
= /Oysf (Zs—)dzs+/0 Ysf (Zs—) 7d5— Z Ysf (Zs—)(zs_zs—)

s€[0,t]

+ Z Ys (f (25) = f(25-))

s€[0,t]

Note that the right-hand side is right-continuous in t. This implies
o (f(fy df (Z)) — limgs, © (f Y df (2)) for all t € [0,T) N Q, and therefore

o t

° (fot Y df (Z)) =Y df (Z) for all t € [0,T) NQ by Remark 2.4.
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Thus, we have established that
Lot t t 2
/ Y df(z) = / yof' (2e) dzs +/ Yo f” (20) Tds
0 0 0 2
- Z ysf/ (25—) (zs — 25-) + Z ys (f (ZS) — f(zs-))

s€[0,t] s€[0,t]

holds for all ¢t € [0,7) N Q. Since both sides of this equation are right-continuous
with left limits, the equation even holds for all ¢ € [0, 7. O

6.2. Theorem Consider a generating triplet (v,o0,v), and assume that v is con-
centrated on a set that is bounded from below. Let z be a Lévy processes that
corresponds to (v,0,v). Then we have for all twice continuously differentiable f
and for all t € [0,T],

@) fe 1) = [ e+ T [
+Y (f () = f(2sm) —

s<t

[ (25-) ds
(zs = 25-) f' (25-))

L(P)-almost surely.

Proof. There exists a Lindstrom lifting Z = (vt + 0B, + J;* = J; ), based on
(v,0,v) such that P [{0 <AJf < n} U {0 <AJ, < 77}] = 0. Let z be its right
standard part (which corresponds to (v, o,v)).

First, since f is continuous, the right standard part of f(Z) is f(z), and hence
the right standard part of f(Z) — f(Zo) is f(2) — f(20). Since fg df (Zy) =
F(Z)) — f(Zo) for all t € T, this implies that

vt € [0,7] °/Odf (2) = () —  (0).

Now we can already apply Theorem 6.1 (with Y := 1) to deduce Equation (24).

However, in order to make the proof more self-contained, we shall give, in ad-
dition, a direct derivation of Equation (24) under the more restrictive assumption
of a thrice continuously differentiable f with compact support. Let t1,...,t,, and
UQ, - . ., U2m+1 as in the proof of Theorem 6.1. Oppressing the argument w, we recall
from Equation (21) that

Vi€ {0,...,m} Vu € (ug,uzit1) Zy =0By, +yu+ Ju+2i - J7:2
Therefore, for all i € {0,...,m},
Vu € (uzi, uziv1) Af (Zu—nt) = [ (Zu_nt) (0 ABy_ar +vAL)
7 (Zu5d) 510 ABu s+ Al

FEF(€) (0 ABy s+ A

for some &. Note that (0 AB,_at +7At)3 is of order At/? (since
|oc ABy—at + v At] is of order VAt), and that |0 ABy,_at —I—’yAt|2 = oAt +
terms of order At*/2. Since (u2i, ui+1) N'T has cardinality < %, we conclude
that

(25) > Af(Zuar) > (Zu—ar) (0 ABy_ar + 7 AY)
wE(u2i,U2i41) UE (U2i,U2i+1)
" 0-2
D [ (Zua) S A

u€ (U2, U2i41)
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for all i € {0,...,m}.
Recall from Equation (22) that
Vi € {1, ey m} Zu2i ™ 2t Yu € [u2i7u2i+1) oy 2 Zoy_

Inserting this into Equation (25) yields, in combination with lifting theorems for
stochastic integrals (cf. Albeverio et al. [2, Theorem 4.4.17]):

> Af(Zu-ar)

w€ (U2, uU2i41)

tit1 tit1 0.2
/ I (zs—) (odbs + 7 ds) + / 7 (z52) Eds
t t

R

i i

tit1 tiv1 2
/f I (zs—)dzs + /f 1" (zs—) %ds — Z I (zs—) (25 — 25—) .

i o SE(ti,tit1]

On the other hand, by Equation (22), Z,,, ,—at =~ zt,— and Z,,, ~ z;,, whence
the continuity of f ensures that

Z Af( u— AI‘) f(Zum) - f (ZUrQi,—l_At) = f(zfz) - f(zti—)'
u€[uzi—1,u2i]

Combining our equations for Zue(u%uzl_ﬂ) Af(Zy—nat) and for
Zue[u%’_b’u%] Af(Zy—at), we obtain

F(Z) = f(Zo) =Y Af (Zu-ar)

u<t
= > > AfZuad) Y, D Af(Zu-n)
=0 u€(u2s,u2i4+1) =1 u€lug;—1,u2;)
m 1+1 41 0,2
~ Z/ (25— )dzs + / " (zs2) ?ds - Z F(ze) (26 — 25-)

ti SE(tsi,tit1]

+Z?Jt f(zt,-))

= /f 2 )dzs + /f” Zs_ —ds— Z I (zs=) (25 — 2s—)
s€[0,t]
+ Z ys s - ( 57))

s€[0,t]

for all t € [0,7]NQ. On the other hand, Lemma 3.4 (applied to Y := 1) yields that
for all t € [0, T] N Q, one has ° (Z;) = z; with L(P)-probability 1. (For this special
case, one can also refer to Lindstrpm [21, Lemma 6.4].) Since f is continuous, we
may deduce

(26) Vte[0,T1NQ F(Z) = f(Zo) = f(2) — [ (20) L(P)-almost surely.

Combining this Equation (26) with our previous calculations in this proof, one
arrives at Equation (24) for all ¢t € [0,7] N Q. As both sides of the equation are
right-continuous with left limits, the equation follows for arbitrary ¢ € [0, 7.

Finally, recall that hyperfinite adapted probability spaces are universal in the
model-theoretic sense, based on the language of adapted probability logic (cf. e.g.
Fajardo and Keisler [13]). Therefore, Equation (24) does not only hold when z is the
standard part of Z, but for every Lévy process z corresponding to the generating
triplet (v, 0,v). O
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6.3. Remark Nonstandard methods can be used to prove a generalization of the
Ité formula even for local L?-martingales (cf. Lindstrom [20, pp. 327-330, in par-
ticular Theorem 15|, which corresponds to a slightly earlier result by Métiviér [24]),
based on a corresponding formula for internal SL?-martingales (cf. Lindstrom [19,
Theorem 22]). An alternative nonstandard proof of Theorem 6.2 could therefore be
based on the SL?-martingale theory and an internal drift-martingale decomposition
(¢f. Lindstrgm [21, Corollary 2.5]). Our proof, however, makes no use whatsoever
of either of these results, but instead utilizes our refinement (Theorem 4.5) of Lind-
strom’s representation theorem [21, Theorem 9.1] and is therefore technically more
accessible.

7. CONCLUSION

For any generating triplet of a Lévy process with finite-variation jump part,
there is a particularly simple hyperfinite Lévy process, whose internal jump part
can be decomposed into two increasing hyperfinite Lévy processes (Theorem 4.5).
Hyperfinite stochastic integration with respect to this hyperfinite Lévy process is
consistent with classical pathwise stochastic integration with respect to its stan-
dard part (Theorem 5.2). If the Lévy measure is even concentrated on a set that
is bounded from below, we can show that stochastic integration with respect to
smooth functions of this hyperfinite Lévy process is consistent with classical path-
wise stochastic integration based on the generalized It6 formula (Theorem 6.1). In
particular, this reasoning leads to a short, direct nonstandard proof of the general-
ized It6 formula for Lévy processes with Lévy measures that are concentrated on
bounded-below sets (Theorem 6.2).

Hence, the theory of hyperfinite Lévy processes leads to a simple pathwise def-
inition of the stochastic integral with respect to functions of Lévy processes with
finite-variation jump part. What is more, the cadlag property of the paths of these
stochastic integrals follows without further argument from the existence of a right
standard part (Lemma 3.1).

By the model-theoretic universality and saturation of hyperfinite adapted prob-
ability spaces (cf. e.g. Fajardo and Keisler [13]), most probabilistic results about
the standard parts of hyperfinite Lévy processes can be generalized to arbitrary
Lévy processes.
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