DEPT. OF MATHEMATICS UNIVERSITY OF OSLO
PURE MATHEMATICS NO 6
ISSN 0806-2439 MAY 2013

AMBIT FIELDS VIA FOURIER METHODS IN THE CONTEXT OF
POWER MARKETS
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ABSTRACT. In their paper Barndorfl-Nielsen, Benth and Veraart [2] employ so called
Ambit fields to model electricity spot-forward dynamics. We briefly introduce and discuss
Ambit fields in the setting of modelling electricity forward markets, and introduce a novel
method for approximating general ambit fields by a linear combination of ambit fields
driven by exponential kernel functions (as has already been done in the null-spatial case
of Lévy semistationary processes by Benth, Eyjolfsson and Veraart [12]) by representing
the deterministic kernel function as an integral over its Fourier domain. Moreover we shall
study examples of ambit fields with ill behaved kernel functions to illustrate the usefulness
of our method for pricing purposes.

1. INTRODUCTION

Recently some effort has been put into studying, and applying so called ambit fields to
model various tempo-spatial phenomena continuously in time and space. Roughly speak-
ing, an ambit field is a tempo-spatial random field which is defined as an integral over
a random measure (a Lévy basis) where the integrand is a deterministic function times
a stochastic volatility /intermittency field. Initially, tempo-spatial ambit fields and their
null-spatial analogues were suggested as tools for modelling turbulence in physics (see
Barndorff-Nielsen and Schmiegel [5, 6]), but have also been successfully applied to model
tumor growth [18].

In the current paper we shall however mostly be concerned with applications coming
from mathematical finance, namely electricity markets. Indeed some very particular fea-
tures of electricity market dynamics such as its non-storability (unless indirectly, e.g. in
water-magazines) and (semi-) heavy tails of logarithmic returns of forward prices call for
the application of non-standard models. Thus effectively traditional buy-and-hold hedg-
ing strategies break down and it is no longer necessary to stay within the semimartingale
framework. In their paper Barndorff-Nielsen, Benth and Veraart [2] suggest using ambit
fields as a general modelling framework for electricity forward contracts. They maintain
that the general structure of ambit fields is very well suited for catching the various id-
iosyncratic features displayed by such markets and illustrate how previously suggested
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modelling frameworks (such as the HIM modelling framework [17]) relate to the ambit
field framework. In particular they show that the very flexible structure of ambit fields
can be employed to model the spot forward dynamics and to price derivatives by means of
evaluating particular expected values over ambit fields.

Since these aforementioned expected values can rarely be evaluated explicitly, a matter
of interest is to develop efficient ways of estimating them. Indeed, supposing that we are
interested in pricing several derivatives depending on a parameter based on some underlying
ambit field spot-forward relationship, it may not be entirely straightforward to do so since
ambit fields can generally not be simulated be means of incremental simulation algorithms.
The reason for this non-applicability of incremental algorithms is that the integrand of a
general ambit field changes with the tempo-spatial parameter, so if one wants to evaluate
a given ambit field on a specific grid one has to perform a complete integration at each
grid point. This contrast the situation where the integrand is the same at each grid point,
since for such integrands it is sufficient to evaluate an incremental integral and add it to
the value at the previous close grid point to obtain the value at each point.

There are however some notable kernel functions that do accommodate incremental
simulation schemes for their corresponding ambit fields despite being dependent on the
tempo-spatial position. The most prominent ones being exponential functions. Indeed,
in their paper Barndorff-Nielsen, Benth and Veraart [2] suggest some ambit field models
with exponential kernel functions, and even outline how such a simulation algorithm can
be obtained for a specific example. In the current paper we shall outline how one can
approximate general ambit fields by means of a sum of finitely many ambit fields driven
by complex-valued exponential functions. This in turn means that we can obtain an
incremental simulation algorithm for general ambit fields.

More specifically, it is our goal is to extend the Fourier approximation methods first
introduced in the setting of power markets by Benth and Eyjolfsson [11] and analysed
further in Benth, Eyjolfsson and Veraart [12] in the setting of null-spatial ambit fields,
called Lévy semistationary processes, to more general ambit fields. Thus we first give a
general introduction to ambit fields and how they are defined, after which we introduce
the Fourier approximation method in the setting of ambit fields. Analogously to the
null-spatial case of Lévy semistationary processes the method consists of representing the
deterministic kernel function as an integral over its Fourier transform and approximating
the integral with a carefully selected finite sum. After which one may commute the sum
with the stochastic integral to obtain an approximation of a general ambit field as a sum
over finitely many ambit fields driven by ambit fields with exponential kernel functions.

As already mentioned, the novelty here is that for a given ambit field one obtains an
approximation of it as a finite sum over ambit fields with exponential kernel functions. Thus
enabling us to consider an iterative simulation scheme which would otherwise have been
impossible due to the tempo-spatial dependency of general kernel functions. Furthermore
we shall consider an example which illustrates the usefulness of our approach.

The paper is structured as follows. We begin with a preliminary section in which we
recount definitions needed to define ambit fields and give appropriate references to more
detailed accounts. This is followed by a section in which we define ambit fields and give
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some results on the L? continuity of ambit fields with respect to kernel functions and
volatility fields, which are results that will be used throughout the rest of the paper. In
section 4 we introduce and analyse the Fourier representation method for ambit fields. In
section 5 we put our methods to work in the electricity forward setting, before drawing
some conclusive remarks in section 6. Finally in the Appendix we give proofs to some
auxiliary results.

2. PRELIMINARIES

In the current section we shall briefly introduce the tools that are needed to define
ambit fields and give references to relevant papers. We begin by listing the tools needed
to define random measures and Lévy bases, followed by a brief analysis of Lévy bases and
the integral we shall work with in this paper. The main reference for the survey in this
section are Rajput and Rosinski [22] and Walsh [25], but in the setting of ambit processes
this theory is also recounted in e.g Barndorff-Nielsen, Benth and Veraart [4].

Throughout the paper let (€2, F,P) denote a probability space. Moreover for a Borel set
S C R™, where n > 1 let (S, S, Leb) denote the Lebesgue-Borel space where S = B(S) and
Leb denotes the Lebesgue measure. Now consider the subset of & which contains Borel
sets of bounded Lebesgue measure, B,(S) = {A € S : Leb(A) < oco}. Clearly it holds that
B,(S) is a d-ring, i.e. it is closed under finite union, relative complementation and countable
intersection. Furthermore, there exists an increasing sequence {S,}n,en C By such that
UnenSn = S. Now, following Rajput and Rosinski [22], by a random measure M on (S,S)
we mean a family {M(A)} sep,(s) of real-valued random variables on (€2, F,P) such that for
any sequence {A,},en of disjoint sets in By(S) we have that M (UpenAyn) = > ,cn M (An)
holds almost surely, where the series converges almost surely. If moreover, for any sequence
{4, }nen of disjoint sets in By(.S) the random variables M(A;), M(As), ... are independent
then we say that M is an independently scattered random measure. Finally if for any
A € By(S) the law of M(A) is infinitely divisible, i.e. if p denotes the law of M (A) then
for each n € N there exists a law p, such that " = p, where p" denotes the n-fold
convolution of u, with itself, then we say that M is an infinitely divisible random measure.

We are now ready to define the objects which are used as integrators in general ambit
fields. By a Lévy basis L on (S,S) we mean an independently scattered, infinitely divisible
random measure. We remark that the concept of a Lévy basis generalizes Lévy processes,
since by taking S = [0, 00), letting L({0}) = 0 and assuming stationarity of increments
one obtains a Lévy process by considering ¢ — L(]0, t]).

2.1. Rajput and Rosinski’s integration theory. The following notation is useful in
the setting of Rajput and Rosinski’s integration theory. For a given random variable X we
shall throughout the paper employ the notation

C{C1 X} := log(Elexp(i¢ X)])

to denote the cumulant (i.e. log-characteristic) function of X, where ( € R. Here and in
the sequel C{( I X'} denotes the unique real solution of exp(C{( I X}) = Elexp(i(X)].
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Due to infinite divisibility a general Lévy basis has the Lévy-Khinchin representation

(2.1) C{CtL(A)} =ila*(A) — %Czb*(A) + /R (" — 1 — izl yy(2)) n(dz, A),

where a* is a signed measure on B,(S), b* is a measure on B,(S) and n(dz, A) is a Lévy
measure on R for fixed A € B(S5) and a measure on By(S) for fixed dz (see Rajput and
Rosinski [22]). Another important object is the control measure associated to a given Lévy
basis L with Lévy-Kinchin representation (2.1), which for a given A € By(S) is defined by

(2.2) c(A) = |a*|(A) + b (A) + /Rmin(l,xQ)n(dx,A),

where | -| denotes total variation. Now again, by Rajput and Rosinski [22] it holds that the
Lévy measure n factorises as n(dz, dz) = v(dz, z)c(dz) where v(dzx, A) is a Lévy measure
on R for fixed A € B,(S) and a measure on B,(.S) for fixed dz and ¢ is the control measure
(2.2), and that a* and b* are absolutely continuous with respect to ¢, so that we may
write a*(dz) = a(z)c(dz) and b*(dz) = b(z)c(dz). It is moreover possible to employ the
Lévy-Kinchin formula in differential form to find that

C{Ct L(dz)} =iCa*(dz) — %CQb*(dz) + /R (" — 1 — izl 1)(2)) n(dz, dz)

. (iga(z) = %CQb(z) + /R (€ — 1 —i¢al_y 4(x)) V(dx,z)) c(dz)

= C{C1 L'(2)}e(dz),

where ( € R and L'(z) denotes the Lévy seed of L at z, which is defined as the infinitely
divisible random variable having Lévy-Kinchin representation

(2.3) C{C1L(2)} =ila(z) — %ng(z) + /R (e — 1 — i€zl () v(dz, 2).

Having introduced the control measure, Rajput and Rosinski [22] proceed to introduce a
general integration theory for deterministic integrands integrated with respect to random
measures. For a given Lévy basis L on (5, S) this is achieved by first defining the integral
for simple integrands of the type f = > x;14;, where A; € By(S) for j = 1,...,n are

disjoint as
A st

for any A € §. Next consider the class of L-measurable functions, which are defined as
measurable functions f : (5,8) — (R, B(R)) such that there exists a sequence {f,} of
simple functions such that f, — f c-a.e. (where ¢ is the control measure of L) and for
every A € S the sequence { [ 4 JndL} converges in probability as n — oco. Now for the class
of L-measurable functions, define

/ fdL =P — lim fndL

n—oo
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for any A € S. It can be shown that the integral is well defined in the sense that it does not
depend on the approximating sequence { f,,}. Moreover, necessary and sufficient conditions
for the existence of the integral for a given integrand f : (S,S) — (R, B(R)) and Lévy basis
L with control measure (2.2) and Lévy seed (2.3) are as follows (see Rajput and Rosinski
[22], Theorem 2.7):

(2.4) /|V1 c(dz) < oo, /|f )|Pe(dz) < oo, /|V2 )e(dz) < oo,

where for o(x) := x1_y 1)(z),

Vi(u, z) = ua(z) + /R(Q(xu) —up(x))v(dx, z), Va(u,z):= /Rmin(l, lzul*)v(de, 2).

Finally (by Proposition 2.6 in Rajput and Rosinski [22]) if f is L-measurable and A € S
then

c {< Hf de} - [ ettt )

From which it follows that

(2.5) [ / de} / H)EL(2)]e(dz)
(/Ade)] (/e ) + [ ) Var(E(2)eldz),

where A € §. Thus in the case when the Lévy seed has zero-mean, E[L'(z)] = 0 for all
z € S, the second moment (2.6) equation resembles an It6 isometry. Although we highlight
that here we are only dealing with deterministic f.

(2.6)

2.2. Walsh’s integration theory. Now let us summarize the integration theory of Walsh
[25], which as opposed to the integration theory of Rajput and Rosinski [22] is more liberal
in the sense that it allows stochastic integrands, but more restrictive in the sense that it
imposes a square integrability condition on the Lévy basis.

First of all, time and space are treated separately and we restrict the domain of the Lévy
basis to a bounded Borel set. Thus, suppose that L is a Lévy basis on (S x [0,T], B(S x
[0, T])) where S is a bounded Borel subset in R, where d > 1 denotes the space dimension,
and T" > 0 is the finite time horizon. Then, we introduce a natural ordering induced by
time, by defining

L(A) = L(A,t) = L(A x (0,¢]),

for any A € By(S) and 0 < t < T. Now in order to employ the measure valued process
L;(+) as an integrator analogously to standard stochastic integrals we impose that L;(-) is
square integrable with zero mean. That is

Assumption 1. L;(A) € L?(Q, F,P) and E[L(A)] = 0 for all A € By(S).
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Note that the zero mean part of the assumption can easily be circumvented by considering
the Lévy basis L;(-) := L;(-) — E[L(-)] in case Ly(-) has non-zero mean. Next, consider the
right-continuous filtration {F}cjo,r) which is given by

Fi = ﬂ ft()+1/n, where F? = o{L,(A): A€ By(S),0<s<t}VN
n=1

and N denotes the P-null sets of . Now by adding the assumption Ly(A4) = 0 a.s. it
holds that {L(A)}i>0,4e8,(s) is a so-called martingale measure with respect to the filtra-
tion {F:}o<t<r (see Walsh [25]). Furthermore for ¢t € [0,7] and disjoint A, B € B,(S)
the random variables L;(A) and L;(B) are independent. Thus in the setting of Walsh
25] {L¢(A)}i>0,4e8,(s) is an orthogonal martingale measure, and thus worthy, which is a
property that makes them suitable as integrators. Under Assumption 1 this implies that
for each A € By(S), t — L;(A) is a square integrable martingale with respect to the filtra-
tion {F;}iepo,m and that L,(A) and Li(B) are independent whenever AN B = {) for any
0 <t <T. Finally we need to define the covariance measure ) which is given by the
quadratic covariation

(2.7) Q(A % [0,T]) = (L(A)),,
for t € [0,T] and A € By(S).

Now Walsh [25] defines stochastic integration in the L? sense as follows. For an elemen-
tary random field
(€, 5) = X1ap(s)1a(8),
where 0 < a < t, a < b, X is bounded and F,-measurable and A € B,(S) the stochastic
integral with respect to L is defined as

/ / (&, $)L(d€, ds) = X(Lony(AN B) — Lipa(AN B)),

for every B € B,(S). Letting 7 denote the set of simple random fields, i.e. finite linear
combinations of elementary random fields, we extend the definition of the integral to 7" by
defining the integral of elements in 7 as the corresponding linear combination of integrals
of elementary random fields. Now denote by P the o-algebra generated by 7', we say that
a random field is predictable if it is P-measurable. Then given the predictable random
fields consider the Hilbert space Pr := L?(Q x [0,T] x S, P, Q) of predictable random fields
which fulfill ||¢]|2 < oo, where

Iz =E { / <2<£,s>62<ds,ds>} |
[0,T)xS

For simple integrands ( € 7 the following [t6 isometry holds:

(/[O,T]XS 08, s)L(dg, ds))2] = |I¢I[Z-

Walsh [25] shows that 7 is dense in Pr. Thus for for ( € P there exists a Cauchy
sequence {(, }neny C 7 such that ||¢ — (|| — 0 as n — oco. But due to the isometry (2.8)

(2.8) E
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the sequence {f[oyt]XACn(ﬁ,s)L(dﬁ,ds)}neN is a Cauchy sequence in L?(Q, F,P) for any
0<t<Tand A € By(S). Thus we define the stochastic integral of ¢ as the L*(Q2, F,P)
limit of the corresponding approximating sequence of integrals of simple functions. Finally
Walsh [25] proves that the It6 isometry (2.8) also holds for predictable integrands ¢ € Py,
and moreover it holds that the integral is a martingale measure.

Now consider weakening Assumption 1 to assume that L;(A) € L?(Q2, F,P) is not neces-
sarily zero-mean and denote by L;(+) := Ly(-) — E[L(+)] the centered process which fulfills
Assumption 1 and let @ be defined as before with L. Then, since the integral with respect
to L is a zero mean martingale for each B € B,(9) it holds that

2.9 B { /[O LG s)L(ds,dsﬂ _E { /[0 & Bl ds)]}

( /[ e s)L(dz,ds>)2 ( /[ 7T]XS<<£,S>E[L<ds,ds>])2

(2.10) LR { /[0 . CE Bl ) /

[0,T)xS

and

E =E +1¢IIL

c<s,s>f<de,ds>] .

Notice in particular that when the integrand ¢ is deterministic, the martingale condition
of the stochastic integral implies that

(/m]xs C(ﬁ,S)L(ds,ds))Ql = (/[(JI]XSC(&,S)E[L(dg,ds)])2 +[CI2.

In the setting of deterministic integrands it is particularly interesting to compare the
moments (2.9) and (2.11) to the moments (2.5) and (2.6) we obtained before in the setting
of Rajput and Rosinski [22].

(2.11) E

2.3. Comparison of integration concepts. Now let us briefly study the similarities
and differences of the two proposed integration concepts, in particular the second moment
structure of the stochastic integrals.

Recall that the first and second moments of the Rajput and Rosinkski’s integral are
given by (2.5) and (2.6). By the Lévy-Kinchin representation (2.3) of the Lévy seed it
moreover holds that

E[L'(2)] = a(z) + /

|z|>1

zv(dr,z) and Var(L'(z)) :b(z)—i-/szu(dx,z).

So by separating the time and space variables and integrating f = 1 over [0, 7] x S where
S is a bounded Borel set it follows that

(2.12) E[L(dg,ds)] = (a(ﬁ,s) + /||>1 :m/(dx,ﬁ,s)) c(dg, ds)
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and
(2.13) QUi ds) = (b(& )+ [ wtvldeg, s)) c(d, ds)

on [0,7] x S. Thus, we reiterate what has already been pointed out by Barndorff-Nielsen
et al [1], namely that due to the above measure equivalence the weak integration concept of
Rajput and Rosinski is a generalisation of that of Walsh as long as deterministic integrands
are considered. On the other hand the integral due to Walsh is more suitable for studying
dynamic properties, such as martingale properties, since it is derived in the spirit of the
[t6 integral as a tool to study stochastic partial differential equations (see Walsh [25]).

3. AMBIT FIELDS

In the current section we shall employ the integration concepts discussed in the previous
section to define ambit fields. Here we follow the definition of Barndorff-Nielsen et al
[1, 4]. As mentioned in Barndorff-Nielsen et al [4] ambit fields were initially defined using
the integration concept of Rajput and Rosinski [22]. We review how this can be achieved
before we discuss how one may employ Walsh’s [25] integration concept to define ambit
fields. Having done this, we shall give an overview of the similarities and differences of
the two respective approaches. We shall see that the integration concept of Walsh has the
advantage of allowing more general stochastic integrands as well as being more suitable
for studying dynamic properties, such as martingale properties, as already mentioned.
Whereas the integration concept due to Rajput and Rosinski is more flexible in the sense
that it does not impose any conditions on the Lévy basis. Finally we finish the section with
a result which is important in our setting, in which we employ the second order structure of
the integrals to prove a result on the L2-proximity of two different ambit processes driven
by the same integrator. A result which is formulated generally, so that it may be employed
for ambit fields defined by means of either Rajput and Rosinski’s theory, using the control
measure, or Walsh’s theory, using the quadratic covariation (see Lemma 3.1). We shall use
this result repeatedly throughout this paper.

Now let us state what we mean by an ambit field, before we discuss in what way we
define an ambit fields rigorously. Fix a spatial dimension d > 1. An ambit field is a
tempo-spatial random field on the form

(3.1) Y (@.1) = / 0@ 56 5106 (8, )

where (x,t) € RExR, A(x,t) C RYxR is the so-called ambit set over which the integration
is performed for each (x,t) € R x R, g: R? x R x R x R — R is a deterministic kernel
function, ¢ is a non-negative stochastic space-time volatility field and L is a Lévy basis
defined on a suitable Borel subset of R x R. For a given curve w(f) = (x(6),t(f)) € R xR
we call

X, = / 9((0),1(0); €, 5)o (£, 5)L(dE, ds),
A(8)

where A(6) = A(x(0),t(0)), the corresponding ambit process.
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In many applications it is natural to assume that the ambit process is stationary in
time and nonanticipative and homogeneous in space. These effects can be achieved by
considering ambit fields of the type

(3.2) Y (@, 1) = / 0@ &L= 90(E 9L )

where (z,t) € R? x R, ¢ is a non-negative stochastic volatility field and L is a Lévy basis
and the ambit set is on the form A(x,t) = A+ (x,t) where A only involves negative time
coordinates.

For our analysis later it will moreover be convenient to extend the definition (3.1) of
ambit processes to allow complex kernel functions. Thus for a complex kernel function g a
Lévy basis L, volatility field o and an ambit set A(x,t) we simply define a complex ambit
field Y(,t) as the sum
(3.3)

Y(x,t) :/ Reg(x,t; &, s)0(&, s)L(dE, ds) +i/ Img(x,t; €, s)0(€, s)L(dE, ds),
A(x,t) A(x,t)

as long as the real-part (x,t) fA Reg x, ;€ s)0(€, s)L(d€, ds) and imaginary-part
(x,t) — [ Ay I g(x,t;€,5)0(&,s)L (d£ ds) ambit fields are well defined as real valued
ambit fields. For such a complex ambit field, we shall employ the notation (3.1), as before.

3.1. Ambit fields via Rajput and Rosinski. Recall from the previous section that
in the setting of Rajput and Rosinski the integrand is deterministic. Therefore we can
not directly apply the theory of Rajput and Rosinski to give meaning to ambit fields. If
however we assume that the stochastic volatility field and the Lévy basis are independent,
we may employ conditioning to define the ambit field. We shall therefore need the following
assumption.

Assumption 2. The stochastic volatility field o is independent of the Lévy basis L.

Now consider the o-algebra

Fi(x) :=o{o(§,s): (§s) € Al 1)}

which is generated by the history of ¢ in the ambit set A(x,t). Then, for a given a Lévy
basis L on (S,S) with control measure ¢, we may extend the integration theory of the
previous section to measurable integrands of the type f: (2 x S, F7(x) ® S) — (R, B(R))
by conditioning on the o-algebra F7(x). Thus under Assumption 2 we give meaning to
the ambit field concept for any fixed (x,t) € R? x R.

3.2. Ambit fields via Walsh. In the setting of Walsh, by contrast, we have restricted
ourselves to Lévy bases on bounded domains, i.e. Sx[0,T] where S C R? is a bounded Borel
set. However, extensions to unbounded S and infinite time intervals follow by standard
arguments (see Walsh [25], p. 289). Moreover, following Barndorff-Nielsen et al [4] we
need the following assumption.
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Assumption 3. For a Lévy basis L on (—oo, T]x S, where S € B(R?) consider the centered
Lévy basis L := L — E[L]. We eatend the definition of the covariation measure (2.7) of L
to an unbounded domain and define a Hilbert space Py as before with norm || - ||; extended
to an unbounded domain and an Ité isometry of the type (2.8). For fived (x,t) € R? x R
it holds that

C(gv S) = 1A(m,t) (57 S)Q(mv t; 57 5)0(57 S)

is integrable, ¢ € Pr, where

|2 =E { / (€, 5)QUdE, ds)
RIxR

< oo and /R 16(€. ) BIL(dE. )] < .

Given the above assumption we may employ the integration theory of Walsh to define
ambit fields (for more details see Barndorff-Nielsen et al [4]).

3.3. Comparison and L?-proximity. At this point we have given two different defini-
tions of the ambit field concept. In this subsection we shall investigate to what extent they
are compatible and introduce L?-approximation results. In order to ease the notation, let
us first introduce the following function spaces.

For a given Lévy basis L, with Lévy seed L’ and control measure ¢, and an ambit set

Az, t) let

L= LYe, L' A, 1)) = LR x R, B(R? X R), Laga) (&, 5)[E[L' (€, 5)]|c(d€, ds))
and

L£?=L%c, L, A(z,t)) == L*(R? x R, B(R? x R), 14(21)(&, 5) Var[L'(&, s)|c(d€, ds))

denote weighted L' and L? spaces in space-time and denote their norms by || - ||;1 and
|| - || c2 respectively.

Now let us briefly study the ambit field concept, which we have just defined via two dif-
ferent approaches. First of all in the case of deterministic integrands and square integrable
Lévy bases the integrals coincide, since L2-convergence implies convergence in probability.
Moreover, when dealing with deterministic integrands, the Rajput and Rosinski integral
can be viewed as an extension of the Walsh integral, in the sense that it allows more gen-
eral Lévy bases as integrators, i.e. Lévy bases which are not necessarily square integrable.
For stochastic integrands which are independent to the Lévy basis, i.e. in the case when
Assumption 2 is fulfilled, it moreover holds that the resulting integrals have the same first
moment. To see this notice first that the first integral moment by means of Rajput and
Rosinski obtained by using (2.5) to conclude that for given real-valued ambit field Y (x, t)
given by (3.1) it holds that

E[Y(x,t)] = E[E[Y(z,)|F]]
=E(llg(z.t: - )|z,

which due to the measure equivalence (2.12) is equal to the moment (2.9) obtained by
means of Walsh. As for the second moment, in the setting of Rajput and Rosinski notice
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that we may employ conditioning and (2.6) to obtain
E [Y*(x,t)] =E [E [Y?(z,1)] | 7]

(3.4) =E [[lg(,t;-,)ol[2] +E[llg(x. t: -, )ol|z] -
However, this second moment may not be equal to the corresponding second moment
obtained by means of Walsh. Indeed unless the cross term (2.10) of the second moment
as obtained by Walsh is equal to zero, the second moments are not equal. The cross term
in turn is equal to zero whenever the corresponding Lévy basis L is centered, i.e. as zero
mean, or if the integrands are deterministic, as we have already mentioned. Finally note
that the Walsh integral is more general in the sense that it is well defined regardless of the
dependence structure between the stochastic volatility field and the Lévy basis.

Now let us state and prove a result on the L2-continuity of ambit fields with respect
to kernel functions and volatility fields. We shall need the following square integrability

assumption on the volatility field of a given complex ambit field (3.3). There exist a
constant sy > 0 such that

(3.5) Eo(€,5)0(§,3)] < #s
holds for all (&, s), (€, 5) € A(z,t). We have the following result.
Lemma 3.1. Consider a complex ambit field Y (x,t) given by (3.3) and let

Z(m‘)z/ hx,t; €, s)o (€, 5)L(d€, ds) and Z(w,t)zf g(x, t; €, s)p(&, s)L(d€, ds)
A(z,t) A(z,t)

denote complex ambit fields with a different kernel and volatility field respectively. Then
(1) if the condition (3.5) is fulfilled it holds that

E[lY (z,t) = Z(z, )"] < 2622l g(, ;) = b, b, )|[20 + [lg(@. £, ) — bl -, [[22),
(2)

E UY(w,t) — (=, 1)

2
(&:5)EA(,t)

Proof. Let us first prove (1). To that end first assume that the ambit fields Y (x,t) and
Z(x,t) are real valued. Then in the case of Rajput and Rosinski we apply (3.4) and in the
case of Walsh the elementary inequality (z + y)* < 2(2? + y?), z,y € R applied to

Y (@, 1) = ( / 9l € )€, EILE, ) + / g(m,t;s,s>a<s,s>L<de,ds>) |

)
together with the isometry (2.8) and (3.5) to conclude that
E[lY (z.t) — Z(2,1)|]
< 2E [ll(g(x,t: ) = hi@. 8-, ))ollz] + E[[[(g(@. 5, ) = (@, 1, ))ollz2])
< 2ks(|lg(m.t;,) = h(@. b Iz + g, 1) = hl@, ) [[Z22).
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Now for a complex ambit fields, notice that it holds that
E[lY (x,t) — Z(z,t)]*] = E[|Re Y (2, 1) — Re Z(z,)|*] + E[| Im Y (z, t) — Im Z(x, t)|’]

So (1) follows by observing that | Re f|, | Im f| < |f| holds for any complex valued function
f. Similarly (2) follows by observing that for real-valued ambit fields it holds that

E[|Y (z,t) — Z(z,t)[]
<2E [|lg(z,t;-, ) (0 = p)l|21] +E[llg(, ;) (o = p)|[Z2])

S 2<||g(w7t77)||%1 + ||g(l’,t,,)||%2> sup E[|O’(€,S) _IO(E’S>|2}
(&,8)EA(=,t)

and extending the argument to complex ambit fields. U

Now let us explore what the Lemma implies in the case of ambit fields (3.2) that are
stationary in time and nonanticipative.

Corollary 3.2. Suppose that the kernel functions g and h in Lemma 3.1 are on the form

g(wataéu S) = g(a: - Eut - S) and h(m7ta€7 S) = h(w - €7t - 8)7
and that the ambit set is on the form A(x,t) = A+ (x,t) where A C R? x R is a bounded

set, and furthermore that the control measure c is absolutely continuous with respect to the
Lebesgue measure with Radon-Nikodym deriwative f. such that

E[L'(§, s)] v Var(L'(§,5)) V fe(§,5) < K

holds for all (€, s) € A(x,t) where K >0 is a constant. Then

(1) if the condition (3.5) is furthermore fulfilled it holds that

E[[Y (z,t) — Z(2,1)|] < 2k2(2K" Leb(—A) + K*)|lg — hl[72_)
(2)
- 2
B |[Y (@) - Ziao] | < 2K Lb(-) + Kl s E[lon(E) - (@]
(&,5)€A(,t)

where the integration in L'(—A) and L?(—A) is with respect to the Lebesque measure.
Proof. We prove the first part of the Corollary, the second part is similar. By applying the

translational change of variables ¢ : R x R — R x R, (y,u) — (& —y,t —u), Lemma 3.1
and the Cauchy-Schwarz inequality:

E[|Y (2, t) = Z(2, t)]"] < 2r2(2K"|lg — b7 _ay + K?|lg = hll72_a))
< 26 (2K Leb(—A) + K?)||g — hl[72_a).
U

We end this section by introducing a particular regularity condition on Lévy bases, under
which it follows that the corresponding control measure becomes absolutely continuous with
respect to the Lebesgue measure. Thus, obtaining a Corollary to our Lemma 3.1 under
the regularity condition.
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More specifically, for a given spatial dimension d > 1 assume that S is a bounded Borel
set and that 7" > 0 is the finite time horizon such that the Hilbert space

H := L*(S x [0,T],B(S x [0,T]), Leb),

is separable. By separability the Hilbert space H has a countable orthonormal basis, which
we denote by {e,}> ;. Now, as in the theory of Walsh, consider a Lévy basis L on the
space-time product space (S x [0, 7], B(S x [0,T])). Assume moreover that the Lévy basis
L has nuclear covariance, meaning that

(3.6) i:lE (Ax[o,T] en(g,s)L(dg,ds))2] < .

Here the integrals over the basis functions are understood in the sense of Rajput and
Rosinski. We have the following Proposition which restates and reformulates results from
section 2.3.3 in Barndorff-Nielsen et al [1] for our setting, for the sake of completeness we
also give the proof.

Proposition 3.3. Suppose that L is a Lévy basis which has nuclear covariance (3.6). Then
for every A € B(S) and t € [0,T] it holds that L(A,t) € L*(Q,F,P) and that that L is
absolutely continuous with respect to Leb with Radon-Nikodym derivative L € H.

Proof. For A € B(S) and ¢t € [0, 7] it holds that 140 € H, so 1axjoq has the represen-
tation

1Ax[0,t] (57 3) = Z(le[o,ﬂ, en)H€n<€7 5)7
n=1
from which it follows that
L<A7t) = / 1A><[0,t](€75)L(d€7dS) = Z(lAX[O,t]yen)H/ en(ﬁ,S)L(dﬁ,dS)-
Sx1[0,T] n—1 Sx1[0,T]

Now by the Cauchy-Schwarz inequality for sums and Parseval’s identity, it holds that

2
L2 A t Z’ 1A><[Ot]7€n H‘ ZE (/S o] €n<£,S)L(d£,dS)) ]
| 2
- ||1A><[Ot]||HZE </5'><0T] en(g,S)L(dg,dS)) ] < 0.

Now consider the linear functional in the dual space, I € H*, which is defined by
¢ — ¢(&, s)L(dE, ds).
Sx[0,T

Then [ is bounded, since for a ¢ € H with representation ¢ = > >° (¢, e,)me, it holds
that

o0

10)=> (.l [ ealg o)Ll ds),

n=1 Sx [O,T}
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so again, by the Cauchy-Schwarz inequality for sums and Parseval’s identity it follows that

E [|1(6)] ﬂWMZE(lMﬂ%&ﬂwm%01<w

Thus the integral is finite a.s. and I is a bounded linear functional on H. By a property of
Hilbert spaces it follows that there exists a unique function L € H such that I(¢) = (¢, L)y
holds for all ¢ € H. In particular, since S x [0, 7] is bounded in R? x R this implies that

0= [ i sdeds
Ax]0,t]
for A€ B(S) and t € [0,T]. O

Given the above Proposition and Lemma 3.1 we also have the following Corollary.

Corollary 3.4. Suppose that L is a Lévy basis on a bounded domain (S x[0,T], B(Sx[0,T])
which has nuclear covariance (3.6). Suppose that Y (x,t) is a complex ambit field given by

(3.3) and let
Z(x, 1) —/ h(@,t; €, s)o (&, s)L(d€, ds) and Z(w,t)—/ 9@, ;€ 5)p(&, s) L(dE, ds)
A(,t) A(z,t)

denote complex ambit fields with a different kernel and volatility field respectively. Then
E [|Y(a:,t) - Z($7t)|2] < K |:||1A x,t)0 ( )LHH] ‘|1A(w7t)<g(m7t; E ) - h(.’l}, t; ) ))H?J

and

~ 2 .
B ||V@.) - Z@.0)] | < Ilanate.t IR [Ianlo - L]
Proof. Follows from the Cauchy-Schwarz inequality. O

4. FOURIER REPRESENTATION

In this section we shall put to work the results which we have derived on ambit fields so
far. More specifically, we shall for a given ambit field approximate its kernel function by
a finite sum which in turn allows us to approximate general ambit fields as a finite sum of
complex ambit fields with exponential kernel functions. Thus representing the ambit field
as a finite sum of ambit fields which demonstrate an incremental property (see Proposition
4.6).

4.1. Series representation of kernel functions. Let Y (zx,t) denote a general ambit
field (3.1). In this subsection our goal is to identify conditions which allow us to rep-
resent the kernel function g as a convergent series and to analyse the proximity of the
corresponding ambit fields as we truncate the series.

To that end consider the ambit field (x,t) — Y (x,t) on some bounded domain D C
R? x R in space time. Associated to the ambit field is the corresponding sequence of ambit
sets {A(x,t)}(znep over which we integrate at each point (x,t) € D in space time. In
general there are no restrictions on the structure of the ambit sets A(x,t) where (x,t) € D.
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For our purposes we shall however require that the union U(gepA(z,t) is bounded in
space time R? x R. If this is not true, then we may approximate Y (z,t) arbitrarily well in
each (x,t) € D by ambit fields that have bounded ambit sets {A(x,t) N A}z ep, Where
A C R? x R is bounded, by employing the approximation Lemma 3.1. Thus we have
reduced the domain of the kernel function g : R? x R x R x R — R to a bounded set
D X UgpnepA(z,t) CR? x R x R x R.

Moreover we need to impose some constraints on the kernel function g. Since it is
our intention to represent the kernel function as an integral over a Fourier transform, the
kernel function must comply with the conditions that are required for this to be possible. In
particular we shall require that the kernel function is continuous, since indeed the Fourier
inversion theorem states that for an integrable function f which has an integrable Fourier
transform, the function f agrees almost everywhere with a continuous function given by
inverting the Fourier transform.

Therefore we shall henceforth assume that ¢ is a continuous function. If this is not the
case then we assume that one may approximate g arbitrarily well in the £! and £? norms
presented in the previous section by a function that is continuous. We remark that this
assumption is quite reasonable in light of the fact that the space of continuous functions
on a Euclidean space with compact support is dense in any LP(u) space where 1 < p < 00
and p is a Radon measure (see Proposition 7.9 in Folland [15]), and thus in particular any
Borel measure p that is finite on compact sets.

As a final remark on the structure of general kernel functions g, consider the following.
In the previous section we introduced a class ambit fields (3.2) having kernel functions of
the type (x,t,&,s) — g(x — &,t —s). Thus effectively reducing the dimension of the kernel
function domain from 2d + 2 to d + 1. To represent this dimension reduction we shall
therefore assume that a given kernel function g on a bounded domain can be represented
as

(4.1) g=hop

where for some 1 <n <2d+2,p:R¢xR xR xR — R" is a linear map and h : R” — R
is a continuous function such that for a given 0 < 79 < 7 where

(4.2) p (D X UpepA(z,t)) C [0, 7],
(4.3) hlee\(rim = 0 and h(ur, ... Uk, ..o, Un) = h(Ur, ..., — Uk, ..., Up)
holds for all 1 < k < n where u = (uy,...,u,) € R". In particular when no dimension

reduction occurs one can take n = 2d 4+ 2 and let p be the identity map, whereas in the
case where the ambit field in question is given by (3.2) one could take n = d + 1 and

p(x,t,€,s) = (x — & t—5).
We summarize our hypothesis on general ambit fields (3.1) as follows.

Assumption 4. Let Y(x,t) be a given ambit field on a bounded domain D. We assume
that the kernel function g has the form (4.1) where (4.2) and (4.3) hold. It moreover holds
that the Lévy seed, L', in question has bounded first and second moments

E[L'(&,s)] vV Var(L'(€,s)) < K
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for all (§,5) € UgpepA(x,t) where K >0 is a constant and (3.5) holds.
Now for a given A € R", under Assumption 4, such that A > 0 assume that
ha(w) == h(u)eNwh-uah ¢ LR B(R™), Leb),

where for any w,v € R”, u - v = wyv; + - -+ + u,v, denotes the dot product in R". Then
by construction hy is also symmetric around 0 in each coordinate, i.e.

Pa(ur, ooy Uy ooy tn) = ha(ug, ooy —Ug, ..., Uy)
holds for all 1 < k < n where u = (uq,...,u,) € R”. Assume that
(4.4) ha € L*(R", B(R™), Leb).

Then the Fourier transform of hy is well defined (see Folland [15]) and is given by
hx(v) = / ha(u)e ™ du.

If we furthermore suppose that hy € LY(R"™, B(R"™), Leb) then the inverse Fourier transform
exists and we have that

efA'(‘u1|7~"7|u”D

h(u) = @ /nﬁx(v)ei"”dv.

Thus, under our conditions, we have obtained a representation of A as an integral in the
Fourier transform domain.

Given the above integral representation of h let us consider approximating it. To that
end we employ the integral approximation

efA'(‘u1|7~-"|u”D

(4.5) hw) ~ 55

Zﬁk(va)ei”“’”Avl oo Ay,

ael

where {v,}aezn is a grid in R™ which is equidistant in each coordinate with positive step
sizes Avy,...,Av, and Z is a finite subset in Z". In our ambit field setting we aim to
employ approximations of the type (4.5) to approximate ambit field kernel functions ¢ in
(3.1) by means of Lemma 3.1 and Assumption 4. By introducing hy notice that we obtain
an approximation which is an exponential function times a finite sum over exponential
functions. Thus enabling us to exploit a nice property of the exponential function, which

is that e*t* = e%e holds for all z,w € C. In particular for u € [0,79]" the above
approximation (4.5) implies that
1 ~ :
~ (=Ativa)u .
(4.6) hu) ~ (QW)naZghA(va)e Avy -+ Av,.

Now let us identify the parameters which minimize the distance of the approximation (4.6)
for a given finite parameter set Z C Z". To that end we need to define exactly what it is
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we want to minimize. Suppose that we denote the right hand side of (4.6) with h(w) and
let

Vo) = [ gleti& 9o OL.ds) and Viwt)= [ Glati& s)o€)Lde. ds)
A(,t) A(z,t)

denote ambit fields driven by the different kernel functions g = hop and g := ho p with

the same Lévy bases, volatility fields and ambit sets. Then, it follows by Lemma 3.1 and

the Cauchy-Schwarz inequality that

B[V (@0) - V)| < 20aCllate. ) = Glanti I+l ) = Fle e, )

(4.7) < 212K c(A(w, 1)) + K) /A( ) lg(z. :€,5) — gz, ; €, 5)[*c(dE, ds).

So, for a given finite subset Z € Z", our task at this stage is to attempt to identify the
parameters {v,}aer and Avyq, ..., Av, that minimize the integral

(4.8) Z(x,1) = /A( ) l9(z. t:€,5) — gz, t: €, 5)*c(dE, ds),

for all (x,t) € D. To that end consider the following.

Let i denote a Borel measure that is absolutely continuous with respect to the Lebesgue
measure, with a Radon-Nikodym derivative f,, which is symmetric around 0 in each coor-
dinate. That is, we assume that

fulwr, oot o ooyuyn) = fulun, ooy =g, oo, Uy

holds for all 1 < k < n where w = (uy,...,u,) € R" It is essential to our approach that
we restrict ourselves to finite sums over orthogonal families. By which we mean that the
family {e'V*®},c7 is such that

o w o 0 ifa#p
4.9 Watlelvguy (du) = n -
4 [ et ={ o, el
for all a, 3 € Z. Given 7 > 0 the orthogonality condition is satisfied if
(4.10) Vo = (@,...,anw> for all « € Z.
T T

Under the orthogonality condition (4.9) consider choosing parameters {v, }4ez to minimize
the integral

/[ . (wu)—ane%'“) ()

a€cl
in the least squares sense. For a given 8 € 7 differentiation with respect to cg together
with the orthogonality relation (4.9) implies that taking

ha(va)

(4.11) Ca = ([0, 7))
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where v,, is given by (4.10) for all @ € 7 is optimal in the least squares sense. Together
with (4.5) this suggests that taking

(4.12) Avy, = T fork=1,...,n,

T
p([0,7]")!
and letting {v,}acze be given by (4.10) yields an optimal approximation in the mean
square sense. So for a given finite set Z C Z" and u € [0, 75]" the mean square optimal
approximation (4.6) is

(4.13) h(u) =) cael A,
a€l
where the ¢, coefficients are given by (4.11) and {v, }aez is given by (4.10).
Now before applying the above observations in the ambit field setting, let us make a few
additional observations. For a given Borel measure p, consider the Hilbert space
(414> H(M) = L2([_T7 T]n7B([—T7 T]n>7ﬂ)‘

By amending Theorem 8.20 from Folland [15] (and its proof) it follows that the family

e ol = {5 o

where {v,}aezn is given by (4.10) constitutes an orthonormal basis for H(u). Given a
finite subset Z C Z", denote by
(4.16) M =sp{eq(u) :a eI}

the closed linear subspace of H(u) which contains all linear combinations of the finite
family {e,(w)}aez, where each e, is given by (4.15). Then it holds that

H(p) = M@ M+,

i.e. that for given f € H(u), f can be expressed uniquely as f = ¢ + 1, where ¢ € M and
Y € M*. Moreover it holds that ¢ and v are the unique elements of M and M+ whose
distance to h is minimal (see Folland [15], Theorem 5.24). For our purposes this implies
that for a given hy € H, the linear combination

(417) ¢A(u> - Z hA(Ua>ea(u)v

a€l
where {e,(u) }aer is given by (4.15), is the unique element of M which best approximates
hx. In fact ¢y is a partial sum of the Fourier series which converges to hy in H. Let us
summarize our observations in the following Proposition.

Proposition 4.1. Given a function hy € H(u), the function (4.17) is the unique element
of M which best approzimates hy in H(uw). If moreover {I}32, is an increasing sequence
of subsets of Z" in the sense that Ty C Iy C -+ and Up2 Ty = Z" and { M}, is the
corresponding increasing sequence of linear subspaces of H(u) defined by (4.16) then it
holds that

Jim {63 = Palln = 0,
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where ¢% is given by (4.17) with T =Ty, for all k > 1.

Now let us employ these observations in the ambit field setting. Consider the control
measure ¢ (2.2) associated to the Lévy basis L. We shall henceforth work under the
following assumption.

Assumption 5. There exists a Borel measure p : B(R™) — Ry which is absolutely con-
tinuous with respect to the Lebesque measure, with a Radon-Nikodym derivative f, which
1s symmetric around 0 in each coordinate, i.e. such that

fulwr, oo, oo ywy) = fulug, ooy =g, oo, up)
holds for all 1 < k <mn.
The above Assumption is really an assumption on the structure of the control measure
c. For example in the case when the ambit field in question is given by (3.2), Assumption
5 is fulfilled if ¢ << Leb with a Radon-Nikodym derivative which is symmetric in each
coordinate, by taking 1 = ¢. While in the case when n > d + 1, Assumption 5 is fulfilled
if ¢ << Leb with a Radon-Nikodym derivative which is symmetric in each coordinate by

taking u = ¢ x Leb, or = ¢ X v where v is such that ¢ x v fulfills Assumption 5.
Now let us reconsider the integral (4.8). Suppose that

(4.18) g(@, t:€,5) = e AP@EEI g (p(, 1€, 5)),
where ¢y is given by (4.17). Then for a given (x,t) € D it follows that

Z(','Bv t) S / e—2)\~p(w,t;§,s) |h>\(w7 ta Ev S) - QSA(ma ta sa S)|2C(d€7 dS),
[—7,7]d+1

and moreover for the measure p introduced in Assumption 5 it follows by the elementary in-
equality [z+y[* < 2(|z|*+]y|?), Proposition 4.1 and the inequality | Y, fol> <23, [fal)?
where f is a complex valued function that

e (ha — da) |34

<2 { [le(ha = Y ha(va)ea)lfigy + 1677 Y ha(va)ealliy

aEZn a€Z"\T
2
(4.19) < 177115, 7x(va)]
. ~ — n A Vq
P |, 2

We summarize the consequences of this in the case of general ambit fields of the type (3.1)
as follows.

Proposition 4.2. Suppose that Y (x,t) = fA(mt)g(m,t;ﬁ,s)a(E,S)L(df,ds) is a general
ambit field which fulfills Assumptions 4 and 5. Then if

Y@Jwaé(ﬂaaua@da@Lwawx
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where g is given by (4.18) and pu in Assumption 5 is given by u = ¢ X v, it holds that

(1)
2
~ Ko (2K SUP (z,t)eD c(A(z,t)) + K)Hef}"pH%{( xv) -~
Y —Y|]? < ’ R ha(va
|| ||L2(]P’><u) = 2"_3|(C < V)([O,T]n)| Z | A(/U )| )

where the integration in || - ||L2px.) 95 over Q2 x D.
(2) If the ambit field has a kernel function on the form (3.2) it moreover holds that
2

Y hava)

a€Z™\T

ko (2K2c(A(z, 1)) + K)|[e™7] |'?—{(c)
27=3e([0, 7]™)]

E “Y(m,t) _ Y(:L',t)ﬂ <

Proof. Follows by the inequalities (4.7) and (4.19). O

Thus at this point it is of interest to study the convergence rate of the series
(4.20) > [ha(va)l.
a€Z™\T

To that end consider the following. Suppose that h is C? in each coordinate. Then if
Ojhxa(w)|y;=r = 0 for a particular 1 < j < n and v,, # 0 we may employ integration by
parts to obtain that

107

/ ha(w)e i du; = 0 + . Diha(w)e™ " du;

-7 -7

2 T
T —iuivq
= (o) (o= [ omtweroan, ).

This can be employed together with the following representation result to obtain more
precise error estimates in particular cases.

Lemma 4.3. Let n > 1 and consider a sequence {74 taczn which is such that v, > 0 and

7(041 ..... QyeesOn) ’7(041 ..... —QfyeeeyQin)
foralla = (aq,...,ap) € Z" and k = 1,...,n, assume furthermore that
D Yo < .
aeZm

Then it holds that

no ()
Z Ya = Yo + Z sz Z ’yp?’m(a)a
m=1

a€EZ™ j=1 aeN™
where N = {1,2,...} denotes the natural numbers and p;™ : N™ — N" is the function that
embeds N™ to the coordinates determined by the jth m-combination of N™ and is 0 in the
other coordinates.
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Remark 4.4. That s, for the j =1,..., (Z) possible ways of selecting m elements from a
set with n_elements we associate the functions {p;™ }; which embed N™ in the coordinates
determined by the jth m-combination with 0 in the other coordinates. Thus for instance if

n =2, we can take p7'(a) = (a1,0), p3'(a) = (0, a3) and p>*(a) = a, for a € N2.
Example 4.5. In the case when n =2 we can for a given N > 1 set

(o0 if |kl ko] < N
V(1 k2) |h>\( (k1,k2)) | otherwise

and employ the above Lemma to conclude that

> D \hx< k17k2))’

ot | >N [kz|>N
—QZVM( )|+|h>\< ) +4ZZ|h>\< k17/€2))|‘

If furthermore it holds that hy is C™""™2 where my, mo > 2 and that Ok’“hA(u)|uk:T =0 for
l,=1,....mp—1 and k = 1,2, then

(IBx (Z06,0)) [+ [Bx (2(0.8)) |

WK

k=N
< > ( )ml H8 hAHLl([ 77]2) < )m2 H@m hAHLl[ 7,7]2)
T\ kma s k2 ’
and
S matma [|0" 05" hal |1 (=rrp2
ZZW( ’ﬁa’f2>\<22( > 1 kalkm([ 1)
=N ko= =N ky=N L2
So

> ) \hx( kl,k2)>|

|k1|>N |k2|>N

. my . oo 1 T mo m 0 1
g((;) 07 hallusgriy D o+ (2) "82%”L1<M2>ka>
k=N

T

mi1+ma mi ams > 1 > 1
() Al ey D D

k=N k=N

4.2. Incremental approximation. By employing the grid (4.10) for a given Z with the
step sizes (4.12), we have the following integral representation and approximation of the
kernel function ¢ in (3.1)

efA'p(a%t;gvs)

g(wv tu €7 3) - W / /hj)\(fv)eiv'p(mut;ﬁ,s)dv
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1 ~ .
(421) ~ —m—m—m—m— h)\(va)e(_A—i_lva)’p(wvt;gvs)’
2rp([0, 7]7) ;

for p(x,t; €, s) € [0,79]". Thus for a general ambit field of the type (3.1), by (4.21) it holds
that

e_A'p(m’t;gas) o~ .
Y(x,t) = / — / ha(v)e?P@E89) 4y | o (€)L(dE, ds)
Ay (2m)" n
1 ~ ~
(4.22) o> ha(va)Ya(,t,va),
2 M([O7T] ]CVGI
where
(4.23) ?A(%tm) :/A( )e(—A+iv)~p(m,t;€,S)o-s(§)L(d£7ds)'
x,t

The field (4.23) has an important incremental property.

Proposition 4.6. Let Ax > 0 and At > 0 denote increments in space and time respec-
tively, then

}A/A(a: + Az, t + At,v) = Cx(Az, At,v) <}Af>\(:c, t,v) + ex(x, Az, t, At, v))

holds where
Ox(Ax, At,v) = o(=A+iv)-p(Az,At;0,0)

and

ex(x, Az, t, At,v) = / (T P@LES) 5 (€)L(dE, ds).
Al+Aw,t+A1)\A(w,t)

Proof. This follows by

—A+Hiv)-p(e+Azt+AtE,s) — e(—A—l—i'v)-p(Am,At;0,0) —A+iv)-p(x,t;€,s)

el el

and the linearity of the integral. O

Given the above Proposition it is of interest to consider the increment fields
ex(xz, Az, t, At,v)

on a given domain. Indeed given a space time grid {(z;,¢;)}/_, C R* xR let (Axm;, At;) :=
(xj —xj_1,t; —tj—1) where j = 1,...,J denote the increments in the space time domain,
where we assume that (Az;, At;) > (0,0) forall j =1,...,J. Suppose that ?A(a:o, to,v) =
0 for all v. Then we find by iteration that
R J
Ya(zs, t;,v) = Z COx(xy—xj_j ty—ti_j,v)ex(®s_j, Axypi_j, ty_j, Aty v).
j=1
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Thus we have obtained an approximation of a general ambit field as a finite sum of the €y
fields, which are in turn complex ambit fields driven by an exponential function. Consider
further approximating the €y field by

ex(x, Ax, t, At, v) = AV PEEE) 5 (g VAL (x, 1),

where (x*,t*) € A(x+ Az, t+ At)\ A(x,t) and AL(xz,t) = L(A(x + Az, t + At) \
A(z,t)). In particular in the case when when p(x,t;€,s) = (x — €,t — s) and (x,t) €
Alx + Az, t + At) \ A(x,t) one can take (z*,t*) = (x,t) which yields the approximation

ex(z, Az, t, At,v) =~ o(x,t)AL(x, t),

which is independent of ! Now given our space time grid and the corresponding (7, ;) €

A(xji1,tj41) \ A(z;,t5), to ease the notation we introduce
w](v) = e(_>\+1'v)'p(mJatJ§mJ_j7tJ_j)7
and
Aj =A@y tr—j) N A, ts—;)
for y=1,...,J. Now let

J
(4.24) Ay = |J A = A, t))\ Ao, to)
and let
(4.25) f/J(U> — / e(*)\+iv)‘p(mJ,tJ§€,s)o-s<£)L(d£’ ds)
Ay

denote a truncated approximation of the field ?A(a: J,t7,v). Now observe that by employing
our approximation we get that

/,4 ZlA v)o(ah_;, t5_;) L(dE, ds)
/A ZlA )o (€, 5)L(dE, ds)
/,4 ZlA (&,5)¢i(v)(o (a:*J_j,tj_j)_g(gs))L(d&ds)‘

By Lemma 3.1 it follows that

/ ( (=A+iv)-p(a,tr;€,s) ZlA 57 w] > U(é,S)L(d€7d$)
Ay

2

E
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J
/ < (=A+iv)-p(xs,t;;€,9) Z ( Ativ)p(eg,tr2h 3’ - J)> 0’(5, S)L(df, dS)
Ay j=1

J
< 21, <2He<”w>'p<m“’ =3, (el AT ) 2,

2
=E

J
+ ||e( A+Hiw)p(x,ty;, ZlAJ (=Ativ)p(eytrzy_ bt ||£2)

S 4/412E[L2(./4])] max ’e( A+Z’U) (:l:‘],t‘],wj',l,tjfl) _e(*A+’iv)-p(:l:‘],t‘];wj,tj)’2.
1<5<J

At this point we apply the following result.

Lemma 4.7. Suppose that n > 1 and consider the function f : R" — C, & — e*® where
z € C" is such that Rez < 0. Then

(@) = f(y)]* < 4llz[]P|lz -yl

holds for all ®,y € R™, where ||w||* := Y_,_, |wi|* denotes the Euclidean norm for all
w e C".

Thus we may conclude by the above Lemma and the preceding calculations that

J
/ (e(—A-i-iv)'p(a:J,tJ;ﬁ»S) =3 14, s)%(v)) o(&,s)L(d€, ds)
Aj 7j=1

< 16mE[L*(Ay)]]| = A+ iv|[* max ||(Az;, At))|[*.
1<j<7

2

E

Furthermore by Lemma 3.1 it holds that

2

B[ 3106 ot ) - o )L a9
A5 55

< 4B[L*(As)) max E [Jo(@;-1,1;-1) — o(ay,1)[]

1<5<

Thus by employing the notation

(4.26) /A S L (€. sy )o@ 15 L. ds).

J =1
we have the following results.

Lemma 4.8. It holds that

BIF:(0) ~ ns(o)"] < 4BLLHAD] (el — A+ ol o [y, A0,
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1<5<J

+2 max E [|o(x;_1,tj-1) — (wj7tj)|2}> ,

where Yy is given by (4.25) and n is given by (4.26).

Proposition 4.9. Let {(x;,t;)}/_y C R*XR be a space time grid and denote by (Ax;, At;) =
(xj —xj_1,t; —tj_1) where j = 1,...,J the increments in the space time domain, where
(Axj, At;) > (0,0) holds for all j =1,...,J. For gr given by (4.18) for a given T C Z"
and A given by (4.24), it holds that

2
E / gr(@s,t55€,5)0(&, 5)L(dE, ds) anm Va)
Ag o€l
2 , 2

< 2 2 <Z) , IR

< 24E[L7(Ay)] § 4r2 [ Al (Z\Cd) +(= > lealll] max ||(Axz;, Aty
acl acl
2
(Z w) max E [lofe;1,t5-1) — oy, t)F] ¢
acl

where the ¢, coefficients are given by (4.11) and || - || is the Fuclidian norm on C".

Proof. By Minkowski’s inequality and Lemma 4.8 it follows that

5T\ 1/2
E /AJ gr(xs,t5; €, 8)o(&, s)L(dE, ds) ;CQW Vo)
o7\ 1/2
= |E an (?}(’Ua)—m(va)>
o€l
R 57\ 1/2

<Y el <IE UYJ(UQ) —ns(va) D

acl

<2 (BIIAAN) Y Jeal (8%2H At s 1A, A1)

a€cl

1/2
2
+2 lrgjag]E UJ(:BJ Ltjo1) —o(x),t))] }) :

Furthermore using that /x2 + y? < x4y holds for non-negative x,y > 0, and the triangle
inequality it follows that

1/2

. 2 2 2
(8rall = A+ 0l g 1Ay AP+ 2 o B [lo(ey-1,11-0) - (e )
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1/2

1/2
SQH—AHvaH(Zﬁzlrgj%ll(ﬁwj,mj)W) +V2 (magEUa(wJ e <wj,tj>|2})

1/2

1/2
2(H>\H+Hva|!)(2ffvzlrg]a<>§]|\(ﬁwjamj)\l2> +V2 (maxEUa(a:J e mx»ﬂ)

From which by applying the elementary inequality (z + vy + 2)? < 3(2? 4+ y* + 2?) that

2

E (| [ Grles i€ s)o(6 ) Ld6 d5) = 3 cans(on)
Ay

acl

1/2
2 A N2
< AB[L2(A))] {2Z|ca| N+ Tl (262 o 1 A1)

acl

# VIS el (s B lotayo1vty-0) - W)‘QDW}Q

acl

2 2
< A4E[L*(Aj)] § 452 | [IA]* (Zlcal) +<Zlcalllvall> max ||(Az;, Aty)|”

ael o€l

' (Z'%O i B [lo(@;1.1,-1) — o(a;. ;)]

o€l

5. APPLICATION TO FORWARD PRICING

In the current section we shall demonstrate the usefulness of the approximation method
described in this paper by means of constructing an example.
To that end consider the problem of simulating the ambit field

(5.1) Vi = [ t [t - s+ ap@m@ntie ),

In the setting of a general ambit field (3.1) this translates into d = 1 with an ambit set on
the form

Alx,t) ={(&,s) eR*: £ > 0,5 < t},
fort € R, x > 0. We remark that this particular choice of ambit set is the same Barndorft-
Nielsen et al. [2] make for their electricity forward modelling framework. Moreover the
above specification of the kernel function is motivated by their paper, since they specify
two possible factorisations of kernel functions

9(x, 48, 5) = Y(t = s)p(§,x) and g(x, &, 5) = Y(t — s, 2)0(S),

for suitable functions ¢ and ¢, and analyse ambit fields having the respective factorisations.
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Suppose that we are interested in simulating a field {Y'(z,t)}nep where D C R? is
a bounded domain. We assume that we may discretise the domain D to the finite set
{(.:Ej,tk)}j’:lakzo where 0 =29 < x; < --- < axyand tyg < t; < --- < tx for some constants
J,K > 1. If 0 < 19 < 7 are constants such that tx + x; < 7y and h defined by (4.3), then
for Y given by (5.1) and a given A > 0 and N > 1 we employ the approximation (4.22)

with T = {n € Z : |n| < N} and employ that h, is symmetric around 0 to write

N

Y(z,t) =~ 5017 (x,t,0) + Rech?,\(a:,t,nw/T),

n=1

where ¢, = h,\(mr/T)/T forn =0,.

(5.2) Py, t,0) = / / (A =542) o ) (€) L(de, ds),

and (z,t) = (z;,t;) for some 0 < j < J and 0 < k < K. Thus we obtain the discrete field
{Y(x;, tk)}}]ﬁ,k:o be means of a finite linear combination of the complex ambit fields (5.2)
which can easily be simulated by means of an iterative algorithm based on Proposition 4.6.
In the setting of Proposition 4.6 we regard L, := [ ¢(£)L(d€, ds) as the driving Lévy basis,
and furthermore assume that the discretised domam is equldlstant in time and space Wlth
step sizes Az = z; —xj_1 > 0and At =t —tp_y >0for j=1,...,Jand k=1,...,J.
Thus obtaining the incremental identities

ff,\(xj,tk,v) _ e(—>\+iv)At (Y)\ x]7tk} L / / (=A+iv) (tg—1— s+$]) (g)L@(d§7dS))

forall j =0,...,Jand k=1,..., K, and
(5.3) }A/,\(xj, ty,v) = e(_’\+i”)Az§Af,\(xj_1, t,v)
forall j=1,...,Jand k= 0,..., K. Using these identities and the approximation

[ / M0, ()L (d ds) & [ o (€L b~ )
0

for all k =1,..., K we may for given vy, ..., vy obtain the fields {lA/,\(xj, ti, vn)}jﬁ)’],:;o =0
by means of the approximation recursion relation

}/})\(07 tk) Un) ~ e(_A_an)At (?)\<07 tk‘—l; Un) + / O-tkfl(g)[/tp(dga tk - tk—l)) )
0

which holds for all k = 1,..., K and n = 0,..., N and employ (5.3) to obtain the incre-
ments in the space direction.
Now let us consider a specific example suppose that

(5.4) glu) =u""te ™™ pu) =e" and o =1

for constants 1/2 < v < 1 and «,8 > 0 and L is a Gaussian Lévy basis such that
L(A) ~ N(0,Leb(A)) for all A € B(R?). Here the choice of the gamma kernel g in
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Time to Maturity

Time:

FIGURE 1. A simulated ambit field (5.1) with integrals truncated at ¢t = 0
and x = 15, where (5.4) holds with v = 0.75, « = 0.2 and § = 0.1, with a
Gaussian ambit field L(A) ~ N(0,Leb(A)), for all A € B(R?). Here A = 0.3
and N = 50, with step sizes At = Az = 0.05.

(5.4) is intended to demonstrate that our method can handle ill behaved kernel functions
having a singularity at the origin. In Figure 1 we have simulated the ambit field (5.1)
with integrals truncated at ¢ = 0 and x = 15 by means of the method described in this
section, where (5.4) holds with v = 0.75, @ = 0.2 and # = 0.1, with a Gaussian ambit field
L(A) ~ N(0,Leb(A)), for all A € B(R?). Here we have chosen A = 0.3 and N = 50, and
step sizes are given by At = Ax = 0.05. Moreover we have truncated the kernel function in
its singularity point at the origin and in its tail by means of replacing it with the function

¢o(z) if x €10,€]
h(z) =< g(x) ifx € (e )
o1(x) if x € |79, 7]

where ¢ = 0.01, 79 = 25, 7 = 26 and ¢y, ¢; are 5th degree interpolating polynomials
with coefficients determined by ¢%(0) = ¢@(e) and ¢{'(e) = g\ (e) for j = 0,1,2 and
gbgj)(m) = ¢Y) (1) and ¢§j) (1) =0 for j =0, 1,2 respectively. We remark that our method
tends to be quite sensitive to the choice of A, Z and the function hA. So one should always
attempt to choose the parameters which makes the approximation (4.21) as accurate as
possible before starting the simulation algorithm.

Figure 1 is obtained by simulating in Matlab, and in Figure 2 we compare the method
described in the current section to obtain the field (5.1) to the more straightforward ap-
proach of employing numerical integration. By which we mean that for each (z;,t)) where
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Time to Maturity

FIGURE 2. The difference Yrourier — YNumInt Detween the simulated ambit
field in Figure 1 as obtained by the described method versus numerical inte-
gration.

j=0,...,J and k=0,..., K we approximate Y (z;, ) by

J k
Y(ZL'], tk) ~ Z Z g(tk — tk’ —+ $])Qp<l’j/)0tk,(I'J/)L((l‘]/, ZL‘j/+1), (tkl’ tk’—i—l))'

j'=0k'=0

In Figure 2 we can see that the two methods give reasonably similar fields, but that for
values of x close to 0 the difference increases, which is caused by the singularity of the
kernel function. Moreover we report that obtaining the field in Matlab by means of the
Fourier method took 0.2587 seconds, whereas obtaining the field by means of the numerical
integration approach took 17.2070 seconds. We remark that the computational time may be
reduced even further, since in our calculations we used a for loop in the Fourier computation
and a double for loop in the numerical integration computation. However by employing a 2
dimensional convolution in the Fourier case and a convolution for each z; in the numerical
integration case we could write a routine with no for loop in the Fourier case and one for
loop (over the space dimension) in the numerical integration case. Even so it is apparent
that computationally the Fourier method is more time efficient. Another advantage of the
Fourier method is that at a given point in space time it is easy to compute an increment in
a space and/or time direction by simply just computing the corresponding increments of
1/},\ and numerically integrate over the Fourier domain. Whereas a complete re-integration
is required in the numerical integration case.
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6. CONCLUSION

After giving a brief introduction to ambit fields, we have presented a general method
for approximating ambit fields by means of a linear combination of ambit fields driven
by complex exponential functions. Thus, by the factorisation property of the exponential
function we can obtain a incremental simulation algorithm for general ambit fields by
means of considering a Fourier transform of the kernel function of the original ambit field.
Finally, as we demonstrated by an example, the existence of such a simulation algorithm
makes the simulation of ambit fields more efficient, which in turn can be applied to get
more efficient algorithms to simulate price of derivatives where the underlying is modelled
using ambit fields.

APPENDIX A. PROOFS OF AUXILIARY RESULTS

Proof of Lemma 4.3. We proceed by induction on n. In the case when n = 1, the Lemma

holds, since
Y Ha=1+2) Ya

a€Z aeN

Now suppose that the Lemma holds for a particular n > 1. Then

Z Yo = Z Z Vewa)

acZn+l o' €7 aeLn

=2 | 0 +Z2’”ZZv

o' €L j=1 aeN™

=% +2 Z V0,01) + 2 Z Z Y7 (2),0)

o/€N j=1 aeN

n+1

+22m227 <a>0>+22 Z D DV

j=1 aeNm j=1 aeNm—1a’eN

il n+1)

0t 2 Y g

j=1 aeNm
which completes the proof. Il
Proof of Lemma 4.7. Given x,y € R" let ¢ : [0,1] — R, t — Re f(tx + (1 — t)y) and

¥ :10,1] = R, t — Im f(tx + (1 — t)y). Then by applying the mean value theorem to the
functions ¢ and v there exist constants ¢, ¢ € (0, 1) such that

fl®) = f(y) = (VRe f(az + (1 —c)y) +iVIm f(cxz + (1 - c2)y)) - (x — y).
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Let 7, := cgx + (1 — i)y, for k = 1,2. By applying the Cauchy-Schwarz inequality and
noticing that | Re f|, |Im f| < 1 it follows that

[f(@) = f(y)I? < |IVRe farz + (1 - a)y) +iVIn fez + (1 - c2)y)|[*l|= — yl[*

- Z ((Re 2 Re f(v1) — Im 2 Im f(~,))?

k=1
+(Re zi Im f () + Tm 2, Re f(7,))?) ||z — yl|*
< 4f|z]]*[|= — ylI*.
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