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Introduction

A family of polynomials { P(x,t)};>0 is said to be time-space harmonic with
respect to a stochastic process {X;}¢>0 if

E[P(Xt,1) | §s] = P(Xs, ),

for all s < t, where §s = o (X, : 7 < s) is the natural filtration associ-
ated with {X}}+>0. The usefulness of time-space harmonic polynomials with
respect to Lévy processes is that the stochastic process { P(Xy,t)} is a mar-
tingale, whereas {X;} does not necessarily have this property. Therefore to
find polynomials such that it is a martingale the stochastic process obtained
by replacing the indeterminate x with the Lévy process {X¢}+>0, could be
particularly meaningful in several area and in particular in mathematical
finance.

For random walks { X}, },,>0, the family of time-space harmonic polyno-
mials has been characterized in the literature as the coefficients of the Taylor
expansion

exp{zX,}

Zk
Elexp{zX,}] - Z Br(Xn, n)y

k>0

in some neighborhood of the origin [39]. If {X,,},>0 is replaced by a Lévy
process {X;}+>0, the left-hand side of the previous equality is the so-called
Wald’s exponential martingale [34]. The Wald’s exponential martingale
is well defined only when the process admits moment generating function
Elexp{zX;}] in a suitable neighborhood of the origin. Different authors
have tried to overcome this gap by using other tools. Sengupta [52] uses a
discretization procedure to extend the results proved by Goswami and Sen-
gupta in [32]. Solé and Utzet [54] use Ito’s formula showing that time-space
harmonic polynomials with respect to centred Lévy processes are linked to
exponential complete Bell polynomials [19]. The Wald’s exponential mar-
tingale has been recently reconsidered also in [53], but without this giving
rise to a closed expression for these polynomials. The Teugels martingale

iii



INTRODUCTION iv

[51] has been employed referring to centered Lévy processes, for which the
martingale property holds.

This manuscript introduces a symbolic theory of univariate and multi-
variate Lévy processes with applications to time-space harmonic polynomi-
als, which includes and generalizes the exponential complete Bell polyno-
mials [19]. This symbolic representation of Lévy processes is obtained by
using a moment symbolic calculus, which essentially relies on the so-called
classical umbral calculus introduced in [46].

The term umbral calculus appeared for the first time in the literature in
1861, in a series of papers by Rev. John Blissard [6] + [15], who referred to a
set of mathematical tricks consisting in dealing with sequences of numbers,
indexed by nonnegative integers, where the subscripts were treated as they
were powers. Blissard extensively used these tricks, but he was not able to
give them a rigorous proof. Afterwards, Bell [1] + [5] reviewed the whole
subject in a series of papers, with the intent to give it a rigorous foundation,
but he failed. In the first modern textbook of combinatorics [42], Riordan
employed umbral methods, without giving any formal justification. We have
to wait for 1964, when Rota published The number of partitions of a set
[45], in which he disclosed “the umbral magic art” of lowering and raising
exponents, bringing to the light the underlying linear functional.

The classical umbral calculus, in the version introduced by Rota and
Taylor [46] in 1994 and rigorously completed and formalized by Di Nardo
and Senato in a series of papers starting from 2001 [22, 29, 30], is a syntax
consisting in an alphabet A = {«, 3,7, ...} of symbols, called umbrae, and a
suitable linear functional F, called evaluation. This operator resembles the
expectation operator in probability theory and shares the so-called uncorre-
lation property with respect to the product of different symbols. Such prop-
erty parallels the independence property of random variables with respect
to the expectation. Therefore umbrae look like the framework of random
variables, with no reference to any probability space [29].

The main devices of this method are essentially two. The first key
point is to associate a unital number sequence 1,a1,as,... to a sequence
1,a, 02, ... of powers of o by means of the evaluation functional E. The
sequence {ap }n>o is called the sequence of moments of the umbra o, simi-
larly to the sequence of real numbers, obtained by evaluating the powers of
a random variable X by means of the expectation symbol.

The second key point is that distinct umbrae could represent the same
sequence {ay}, so they are called similar. This is what happens in proba-
bility theory, where random variables with the same sequence of moments
have the same distribution and so they are said to be identically distributed.
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One tool used to manage umbrae is represented by the generating func-
tion, which is a formal power series in the commutative integral domain
R[[z]] under the summation and the product. The usefulness of handling
formal power series is because they can be treated as algebraic objects not
involving questions of convergence [58]. Then operations among generating
functions correspond to operations among umbrae.

The symbolic handling of Lévy processes requires the introduction of a
new symbol representing suitable operations among uncorrelated and similar
umbrae, that is the auziliary umbra. As example, the dot-product n.a of a
nonnegative integer n and an umbra « represents the summation of n umbrae
o,a”, ..., a". Moreover, it is possible to replace the integer n with ¢t € R or
v € A, by obtaining the auxiliary umbrae t.cc and 7.« [22]. In particular, we
prove that a Lévy process is umbrally represented by the family of auxiliary
umbrae {t.a}¢>0 and this is possible by taking into account their infinite
divisibility property [48].

A special dot-product among umbrae, which plays a crucial role in the
symbolic representation, is the cumulant umbra [30] whose sequence of mo-
ments is the sequence of cumulants associated to a random variable [41].
Thanks to the additivity property and the invariance property under trans-
lations, cumulants could be analyzed from an algebraic standpoint. For this
reason, cumulants are introduced also in the boolean context, as well as in
the free one [62].

By using the umbral parametrization of cumulants in terms of moments
and vice versa, a very simple, efficient and fast algorithm is introduced.
This algorithm is based on a unique formula for classical, boolean and free
cumulants. Comparisons with other procedures existing in the literature
show the usefulness of this algorithm, especially in the free context [23].

Cumulant umbrae also enter in the symbolic representation of Lévy pro-
cesses. Hence, a connection between Lévy processes and classical, boolean
and free cumulant umbrae is also studied [24].

The Lévy processes here considered are not necessarily centered and so
they do not share the martingale property, in general. In particular, in the
symbolic version here introduced, this property is related to the role played
by cumulants and highlighted by means of the Lévy-Khintchine formula.
Thanks to this representation, the martingale property is taken back to
the enrollment in the cumulants of a special umbra, the singleton umbra,
although it does not have a probabilistic counterpart.

Cumulants play the same role also in a different class of polynomials,
named the Kailath-Segall polynomials [33] and not necessarily time-space
harmonic, linking the variations of a Lévy process {X;}i>0 to its iterated
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stochastic integrals. In particular the Kailath-Segall formula and its inver-
sion turn out to be a suitable generalization of the well-known formulae
giving elementary symmetric polynomials in terms of power sum symmetric
polynomials [20].

The main tool to deal with time-space harmonic polynomials is the def-
inition of a new operator on the alphabet A that acts like the well-known
conditional expectation of random variables [26]. The family of time-space
harmonic polynomials here introduced is defined in a very simple way as
Qr(z,t) = E[(z — t.a)*] and relies on a very simple closed-form of the cor-
responding coefficients which can be easily implemented in any symbolic
software [23]. As corollaries, many identities are given on the coefficients
of this family of time-space harmonic polynomials with respect to random
walks and Lévy processes.

The new family of polynomials {Qx(z,t)} includes Hermite polynomials,
which are time-space harmonic with respect to Brownian motion, Poisson-
Charlier polynomials, which are linear combinations of the introduced poly-
nomials when they are time-space harmonic with respect to compensated
Poisson processes, the actuarial polynomials and the Laguerre polynomi-
als with respect to Gamma processes, the Meixner polynomials of the first
kind with respect to Pascal processes, the Bernoulli, Euler and Krawtchuk
polynomials with respect to suitable random walks. Also the so-called Lévy-
Sheffer polynomials are linear combinations of the introduced polynomials.
We are able also to define new families of time-space harmonic polynomials
with respect to the Inverse Gaussian processes and the stable processes.

The expression of the family of time space-harmonic polynomials here
introduced has some connections with the so-called moment representation
of various families of multivariate polynomials that recently many authors
have obtained [63, 64, 65]. For the multivariate Hermite polynomials Hy (x),
with v = (v1,...,v4) € N& a multi-index, i.e. a vector of nonnegative in-
tegers, the moment representation is Hy(x) = E[(xX~! + 7Y)Y] [64, 65],
with E the expectation symbol, i the imaginary unit, Y ~ N(0,X~!) and
> a covariance matrix of full rank d. In this manuscript, such a moment
representation has been studied for the first time in connection with the
time-space harmonic property with respect to a suitable symbolic multi-
variate Lévy process. So the multivariate time-space harmonic property has
been introduced by using a suitable multivariate conditional evaluation. For
a multivariate account of the umbral calculus see [20, 21].

Multivariate Hermite polynomials and their properties have been studied
in connection with a symbolic version of the multivariate Brownian motion.
Multivariate Bernoulli and Euler polynomials are represented as powers of
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multivariate polynomials which are time-space harmonic with respect to
suitable multivariate Lévy processes. Many properties of these polynomials
can be straightforwardly recovered thanks to these representations. A very
simple and new relation between these two types of multivariate polynomials
is also provided [27].



Chapter 1

The classical umbral calculus

An umbral calculus is a syntax consisting of the following datas:
(i) aset A= {a,S,7,...} of objects called umbrae;

(i1) a linear functional E : R[x][A] — R[z], called evaluation, such that

e E[1] =1,
o Elz"a' B .- Ak = 2" E[af]| E[#’] - -+ E[y*] for all distinct um-
brae «,f3,...,7 € A and for all nonnegative integers n,,j,...k

(uncorrelation property);

(iii) an element ¢ € A, called augmentation, such that E[e¥] = S0, for
all nonnegative integers k, where dg is the Kronecker symbol with
dor = 1 if k=0 and 0, otherwise;

(iv) an element u € A, called unity umbra, such that E[u*] = 1, for all
nonnegative integers k.

Remark 1.1. The symbol R represents a commutative integral domain,
whose quotient field has characteristic zero. In the following, we will consider
R=R.

A unital sequence of real numbers ag = 1, a1, aq, . .. is said to be umbrally
represented by an umbra « if

Ela*] = ay, for all k> 0.

The k-th element of the sequence is called the k-th moment of the umbra a.
An umbra « is said to be a scalar umbra if its moments are in R, while
it is said to be a polynomial umbra if its moments are in R[x].

1
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Two distinct umbrae « and v are said to be similar if and only if they
have the same sequence of moments, in symbols

a=v & Ela"]=EnR, fork=0,1,2,...
Given an umbra «, its k-th factorial moment is

1, if k=0

EW@M:{Emm_lyHM—k+1» if k> 0.

We set E[(a)x] = a(y), for all nonnegative integers k.

A polynomial p € R[A] is called an umbral polynomial. The support of p
is defined to be the set of all occurring umbrae of A. Two umbral polynomials
p and q are said to be uncorrelated when their supports are disjoint.

Two umbral polynomials p and ¢ are said to be umbrally equivalent if
and only if E[p] = E[q], in symbols p ~ q.

The notion of similarity among umbrae can be expressed in terms of
umbral equivalence in the following way

azy@ak:fyk, for all k£ > 0.

Remark 1.2. There are three equivalence relations among umbrae: equal-
ity, similarity and umbral equivalence. Equality implies similarity, which
implies umbral equivalence, but the converse is false.

1.1 The generating function of an umbra

The formal power series

Zk
u+§:J??EMNk] (1.1)

k>1

is the generating function of the umbra « and it is denoted by e®.
By extending coefficientwise the notion of similarity among umbrae, any
exponential formal power series

Zk
fz) = 1+Z“kg (1.2)

can be umbrally represented by a formal power series of form (1.1) and so,
if the sequence {ay}r>0 is umbrally represented by the umbra a, we have
f(z) = E[e“?]. We denote the formal power series in (1.2) by f(«, 2).
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As example, the generating functions of the augmentation umbra e and
the unity umbra u are

fle,z) =1, flu,z) =¢€*. (1.3)

Generating functions (1.2) are exponential formal power series, to dis-
tinguish from the ordinary formal power series 1 + >, <, ax2".

The degree of a non-zero formal power series f(z), say deg(f(z)) is the
least integer k such that aj # 0.

The set of all formal power series with real coefficients a; forms a com-
mutative integral domain, denoted by R[[z]], under the summation and the
product among generating functions:

k k k
A A ya
k>1 k>1 k>1
k k k
ya Z ya
L agr | (12t | =1+ ey
k>1 k>1 k>1

where ¢ = Zle a;bg_;, for all nonnegative integers k > 1.

Note that these operations obey the ordinary laws of algebra, as asso-
ciativity and commutativity of addition and multiplication, distributivity of
multiplication over addition and cancellation of multiplication.

We could define other operations among generating functions, under
suitable hypothesis. As example, if f(z) = 1+ ) ;5 ak% and g(z) =
14+ bk%’; are elements of R[[z]] such that f(z)g(z) = 1, then we write
f(2) = g(2)" and g(z) " exists if and only if a; # 0.

What is more, if f(2) =14+ > ;5 ak%’;’ the formal derivative f'(z) is
the exponential formal power series such that

, Zkfl
fi(z) = Zakm-

k>1

It is easy to check that all familiar laws of differentiation that are formally
well-defined continue to be valid for formal power series.

We thus have a formal calculus for formal power series, for which we
do not take into account any question of being the radius of convergence
positive or the coefficients undefined. More precisely, we have identities
involving power series which are valid when the power series are regarded
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as functions, so that the variables are sufficiently small real numbers. Then,
these identities continue to remain valid when regarded as identities among
formal power series, provided the operations defined in the formulae are
well-defined for formal power series.

Actually, in spite of generating functions are not interpreted as analytic
objects, we need to put some additional structure on R[[z]], namely, the
notion of convergence [58].

As example, the identity

k>0 ’ k>0

is valid at the function-theoretic level, since it states that e*T1 = ¢ —
e?, but does not make sense as a statement involving formal power series.
There is no formal procedure for writing >~ ((z +1)*)/k! as a member of
R[[2]]. For instance, the constant term of  ;~,((z + DF)/k! is > ko 1/K,
whose interpretation as a member of R[[z]] involves the consideration of
convergence.

Definition 1.3. The infinite series - f;(z) converges if and only if
lim deg(f;(z)) = oo.
j—o00

The most important application of Definition 1.3 is to compositikon of
power series. Given any two formal power series f(z) =1+ Zkzo apzr and
g(z) such that g(0) = 0, define the composition f(g(z)) to be the infinite

sum 14 >, ag (g(]f!))k.

Remark 1.4. The algebraic structure of formal power series is isomorphic
to that of sequences endowed with the convolution product, each series cor-
responding to the sequence of its coefficients. Thus, equality of two formal
power series is interpreted as the equality of their corresponding coefficients.

If the coefficients are defined only up to some finite m, then one works
with sequences of m elements only. This means that formal power series
are replaced by polynomials of degree m and operations like summation and
multiplication among formal power series can be repeated in terms of these
polynomials [59].

The umbral notation allows us to represent operations among generating
functions through symbolic operations among umbrae. For example, given
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two distinct umbrae a and « with generating functions f(a, z) and f(, 2),
respectively, we have

fla,2)f(,2) = BT = f(a+7,2),

that is, the product of exponential generating functions is umbrally repre-
sented by the sum of the corresponding umbrae.

Summation and difference among generating functions are umbrally rep-
resented by the so-called disjoint sum and disjoint difference.

Definition 1.5. Given two distinct umbrae « and +, their disjoint sum a4y
and disjoint difference a—+ are such that

o a itk=0 . . [u it k=0
a+ ~ oa— ~ . (14
() {ak—l—’yk, G DY S R R

By (1.4) and by definition of generating function, we have

a' z i Zk
Bl =14)" E[(odw)k]H
k>1
Zk
—1+Y (E[ak] + E[fyk]) o
E>1 ’
Zk Zk
=1+ ZE[o/v]H + ZEM]H
E>1 T k>1 ’
Zk Zk
=1 +ZE[O‘I€]E + |1+ ZEM]H 1/,
E>1 ) E>1 )
that is,
B[] = f(a,2) + [f(y,2) - 1]. (1.5)

Remark 1.6. The key point of the theory in dealing with the umbral calcu-
lus is the idea to associating a sequence of numbers to a sequence of symbols
by means of the evaluation functional E.

This idea is familiar in probability theory, where the k-th element of a
number sequence is the k-th moment of a random variable, under suitable
hypothesis. From this point of view, the evaluation functional £ plays the
role of the expectation E of a random variable, while an umbra looks like
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the framework of a random variable, with no reference to any probability
space. What is more, uncorrelated umbrae correspond to independent ran-
dom variables and similarity among umbrae is the umbral counterpart of
the identical distribution property among random variables.

The way to recognize the umbra corresponding to a random variable
is to characterize the sequence of moments {aj}r>0. When the sequence
exists, this can be done by comparing the moment generating function of
the random variable with the generating function of the umbra.

As example, the augmentation umbra € is the umbral counterpart of
a random variable X such that P(X = 0) = 1, while the unity umbra u
corresponds to the random variable X such that P(X =1) = 1.

Some special umbrae, very useful in the following, are given in the fol-
lowing.

Singleton umbra. The singleton umbra x is the umbra with moments

1, ifk=1
ENf =47
bl {0, ith>1.

Hence, the generating function of the singleton umbra is

flx,2) =1+ z. (1.6)

Remark 1.7. The singleton umbra is an umbra with no probabilistic coun-
terpart. Indeed, suppose X to be the random variable whose sequence of
moments is umbrally represented by moments of the singleton umbra y. We
have

EX’| = EX"] =1, E[X] = E[x] = 1, E[X"] = E[x*] = 0,

for all k£ > 2.
So, the expected value of X is E[X] = 1. This allows us to compute the
variance of the random variable

Var(X) =E[(X —E[X])?] =E[(X —1)?] = E[X? +1 — 2X]
=E[X?}+1-2E[X]=1-2=—1.

Therefore, the singleton umbra y should be the umbral counterpart of
a random variable X with negative variance, but this is not allowed, by
definition of variance of a random variable.

Nevertheless, the singleton umbra y plays a central role in the umbral
setting, since it will appear in the treatment of cumulants and it will be
fundamental in the symbolic representation of Lévy processes.
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Bell umbra. The umbra £ is said to be the Bell umbra if

Its moments are the Bell numbers, that is the number of partitions of
a finite non-empty set with k& elements or the k-th coefficient in the Taylor
series expansion of the function exp{e® — 1} [19].

Thus, the generating function of the Bell umbra j is

f(B,z) = exp{e® — 1}. (1.7)

Remark 1.8. The Bell umbra can be viewed as a Poisson random variable
with parameter 1, since the generating function in (1.7) is equal to the
moment generating function of the Poisson random variable with parameter
1.

1.2 Auxiliary umbrae

1.2.1 The dot-product n.«

Consider the set {o/,a”,...,a""} of n distinct umbrae, similar to the umbra
a but uncorrelated. Let us introduce the new symbol n.a representing the
summation of these umbrae, that is,

na=ao +a +--+a". (1.8)

We call the umbra n.«a the dot-product of the nonnegative integer n and
the umbra a. Moreover, we assume that 0.0 = e.

Remark 1.9. The umbral calculus obtained by adding auxiliary umbrae to
the set A is said to be saturated [46]. More precisely, a saturated umbral
calculus with base alphabet A is an umbral calculus on an alphabet AU B,
where the symbols in B are auxiliary umbrae.

From now on, we will always deal with a saturated umbral calculus.

Next proposition easily follows from the definition of the dot-product.
Proposition 1.10. We have
(i) n.a = n.y for some integer n # 0 if and only if @ = ;
(ii) if c € R, then n.(ca) = c(n.«), for any nonnegative integer n;

(#ii) n.(m.a)) = (nm).c = m.(n.«x), for any two nonnegative integers n,m;
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(iv) (distributive property of the summation with respect to the dot-product)
(n+m).a = n.a + m.o, for any two nonnegative integers n,m and
for any two similar umbrae o and o’ .

(v) (distributive property of the dot-product with respect to the summation
of umbrae) n.(a + ) = n.a + n.y, for any nonnegative integer n and
for any two distinct umbrae o and 7.

Remark 1.11. Since n.a and m.«a are two different symbols, they repre-
sent two uncorrelated auxiliary umbrae, so it is unnecessary to use the two
distinct symbols a and «o'. The use of two distinct symbols turns to be
fundamental when n = m.

The generating function of the dot-product n.« is

f(n.a, Z) = [f(a7 Z)]nv (1'9)

where f(a, z) is the generating function of the umbra o.
The moments of the dot-product n.a are (see [29] for further details) for
k>1

k
E[(n.a)*] = (n)iBri(ar, as, ..., ar—it1), (1.10)
i=1
where By ;(a1,as,...,a5—;y+1) are the partial exponential Bell polynomials

[19], (n); =n(n—1)---(n—i+ 1) is the lower factorial and a; = E[a7], for
allj=1,...k—i+]l.

Remark 1.12. If we replace a with the Bell umbra f, the resulting umbra
n.3 is the sum of n similar uncorrelated Bell umbrae, likewise in probability
theory where a Poisson random variable with parameter n can be viewed
as the sum of n independent and identically distributed Poisson random
variables with parameter 1.

Remark 1.13. Moments of n.« can be expressed using the notions of integer
partition and dot-power. As regards the former, recall that, given a nonneg-
ative integer k, a partition A of k, in symbols A F k, is a sequence of weakly
decreasing positive integers A = (A1, A2,..., Ap) such that Z;n:l Aj = k.
The integers A\; are named parts of A. The length of A is the number of its
parts and it is indicated by [(A).

A different notation is A = (171,22, ...), where r; is the numbers of parts
of A equal to j and 1 + 72 + -+ = I(N).
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As regards the latter, we introduce the auxiliary umbra o™ denoting the
product o/’ --- o of n umbrae, similar to the umbra « but uncorrelated,
that is,

and we call it the dot-power of n and the umbra «. Moments of o™ can be
easily recovered from its definition. Indeed, if the umbra « represents the
sequence 1, a1, az, ..., then E[(a™)*] = a} for all nonnegative integers k and
n.

By using an umbral version of the well-known multinomial expansion
theorem, we have

(n.a)¥ ~ Z(n)lo\)dkoo\, (1.11)
Ak

for all k& > 0, where the sum is over all partitions A = (1™,2"2 ...) of the
integer k, (n);(x) = 0 for I[(\) > n,

! k!
AT gl (D2

d and ay =[] [a”]T .. (1.12)

1.2.2 The dot-product t.«

Equation (1.10) suggests a way to define new auxiliary umbrae depending
on a real parameter ¢. Indeed, the k-th moment of the dot-product n.a is a
polynomial, say qx(n), of degree k in the variable n. The integer n can be
replaced by any ¢t € R so that, for all £ > 1,

k

ar(t) = > ()iBri(ar,az, ..., ar_it1) (1.13)
=1

still denotes polynomials of degree k in ¢.

We introduce the new symbol t.a and we call it the dot-product of the
real number ¢ and the umbra a as the auxiliary umbra with E[(t.a)*] = qx(t),
for all nonnegative integers k. The generating function of t.«v is

flt.a,z) = [f(a, 2)], (1.14)
where f(q, z) is the generating function of the umbra «.
Proposition 1.10 can be easily generalized to the dot-product t.a.
Proposition 1.14. We have

(i) if t.ao =ty for some t € R with t # 0, then o = ;
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(ii) if c € R, then t.(ca) = c(t.cr), for any t € R;
(iii) t.(s.«) = (ts).a = s.(t.cv), for any two t,s € R,

(iv) (distributive property of the summation with respect to the dot-product)
(t+ s).a = t.a+ s.d, for any two t,s € R and for any two similar
umbrae o and o/ .

(v) (distributive property of the dot-product with respect to the summation
of umbrae) t.(a+~) = t.a+t.y, for any t € R and for any two distinct
umbrae o and 7.

As examples of dot-product, we can choose first of all the Bell umbra
B instead of a. The umbra t.5 is the Bell polynomial umbra, such that
(t.8)r ~t*, for all k > 1, . We have [29]

k

B((t.8)F] =Y S(k,i)t' = ®y(2), (1.15)

1=0

for all k£ > 0, where ®(t) are umbral polynomials with a statistical origin,
known in the literature as exponential polynomials or Touchard polynomaials
[60].

By equations (1.7) and (1.14), the generating function of the Bell poly-
nomial umbra is

f(t.8,z) = exp{tle* —1]}. (1.16)

Remark 1.15. The Bell polynomial umbra .3 can be viewed as a Poisson
random variable with parameter t. Indeed, the generating function of the
Bell polynomial umbra is exp{t(e* — 1)}, so that P(e”) = exp{t(e” — 1)},
where P(x) is the probability generating function, and therefore P(y) =
exp{t(y — 1)}.

Afterwards, we can choose the singleton umbra y instead of a. We obtain
the auxiliary umbra ¢.y, such that

k
E[(tx)"] = s(k,i)t' = (), for all k >0,
=0

where s(k, i) are the Stirling numbers of first kind.
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Remark 1.16. In equivalence (1.11) we can replace the nonnegative integer
n by t € R, so we obtain an alternative way of representing moments of dot-
products very useful in some applications

(t.Oé)k >~ Z(t)l()\)d)\a)\. (1.17)

Ak

The inverse of an umbra. Given an umbra «, the umbra —1.a such
that
—lat+a=e (1.18)
is called the inverse of a.
Let us observe that the inverse of an umbra « is the dot-product ¢t.« with
t = —1. Hence, by equivalence (1.9), if f(«, 2) is the generating function of
the umbra «, the generating function of the inverse umbra —1.« is

f(-l.a,z) = (1.19)

1
fla,2)’

We can generalize the dot-product t.a. by replacing the umbra o with its
inverse —1.a, so we have

t.(—l.a) = —t.a, (1.20)

thanks to Proposition 1.10-(iii).
By equivalence (1.11) moments of —n.a are

(—n.a)* ~ Z( Naray =~ Z !N (n D) dao, (1.21)
-k A=k
for all kK > 0, where (n) i) is the rising factorial of the integer n.
The following examples give an idea of the probabilistic meaning of the
inverse of an umbra.
Gamma random variable. A Gamma random variable X (%¢) with shape
parameter a > 0 and scale parameter ¢ > 0 has moment generating function
1
(1 —cz)e’
The Gamma random variable is related to the inverse of the singleton
umbra Y. Indeed,

M(z) =

1

m ( ) ‘Z_fcz = f(_a-Xv _CZ)
f(—=La.x, —cz) = f(—c(~la.x), 2)
f

(—La.(—cx), 2).
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Bernoulli umbra. The Bernoulli umbra ¢ is the umbra whose moments
are the Bernoulli numbers By, for all k£ > 0 [19]. Its generating function is

z
er —1°

f(b, Z) =

(1.22)

The Bernoulli umbra was first introduced in [44] as the umbra satisfying
the umbral equivalence ¢+ +u = —u.

Remark 1.17. By comparing the generating function (1.22) and the mo-
ment generating function of a uniform random variable on [0, 1], say U([0, 1]),
we have

e —1

M(Z) = :f(LaZ)_l :f(_l'La Z)a

z

thanks to (1.19). Hence, we have obtained that a uniform random variable
on [0,1] is umbrally represented by the inverse of the Bernoulli umbra.

More in general, a uniform random variable on the interval [a,b] has
moment generating function

M(z) = e =% [es -1

2(b—a) 5 ]s:t(b—a).
From an umbral point of view, e** = f(au, z) and

e —1

= f(—=1l.,2(b—a)) = f((b—a)(—1.1),2).

§ s=z(b—a)

Therefore,

M(2) = f(au, 2) f((b = a)(=1.1), 2) = flat + (b= a)(=11), 2),

that is, a uniform random variable on [a,b] is umbrally represented by the
umbra a + (b —a)(—1.0).

Euler umbra. The Euler umbra 7 is the umbra with moments the Euler
numbers &, for all k£ > 0 [19] and generating function

2e*

fn,2) = 5~ 1 (1.23)
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Remark 1.18. From a probabilistic point of view, let us consider the inverse
of the Euler umbra —1.7, whose generating function is

€2Z+1_62z—|—1

f(*1~7772) = %¢7 - 9 _Z
Since f(u,z) = e, then
2z
S = F(-10,2) f(,2) = (L4, 2), (124

If we replace z by z/2 in (1.24), we have

e2#/2) 11 z 1
#_f<_1'77+u7§) —f<2[—1-77+u},2>7

(o= o

which is the moment generating function of a Bernoulli random variable
with parameter 1/2.
Hence, we have proved that a Bernoulli random variable of parameter

that is,

1/2 is umbrally represented by the umbra % [ —1n+ u] , that is, the umbra

—1.n is the umbral counterpart of the random variable Y = 2X — 1, with X
a Bernoulli random variable with parameter 1/2.

Once we have introduced the auxiliary umbra t.c, we can consider the
umbra —t.a.

As done in (1.21), we can consider the auxiliary umbra which is the dot-
product of the real parameter ¢ and the inverse umbra —1.c, in symbols,
t.(—l.a) = —t.«, by virtue of Proposition 1.14-(iii).

From equivalence (1.17), we have

(—t.a)F ~ Z( oy =~ Z iy daan, (1.26)

Ak ARk

where (t) i(») denotes the rising factorial.

1.2.3 The dot-product among umbrae

Similarly to what has been done for the auxiliary umbra t.c, we define a
dot-product among umbrae.
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If the parameter ¢ in (1.13) is replaced by any umbra ~y, then we have

k

0 (7) =Y ()i Brilar, az, ..., ax_iy1). (1.27)
i=1

The umbra ~.a such that E[(y.a)¥] = E[g(v)] is called the dot-product
of the umbrae o and ~.
The generating function of the dot-product .« is [29]

f(y.e,2) = f(v,1og[f(a, 2))). (1.28)
Remark 1.19. From a probabilistic point of view, the dot-product .«
corresponds to a random sum Sy = X1 + -+ + X, where Xq,..., Xy are

independent and identically distributed random variables and NN is a discrete
random variable. Therefore, if o umbrally represents the random variables
X;, forall i =1,..., N and v umbrally represents the random variable NV,
the random sum Sy is umbrally represented by the auxiliary umbra v.a.

In particular, if we replace the umbra « by the Bell umbra 3, then the
auxiliary umbra .3 represents a randomized Poisson random variable with
random parameter Y, umbrally represented by the umbra ~.

Remark 1.20. In equivalence (1.11) we can replace the nonnegative integer
n by v € A, so we obtain an alternative way of representing moments of
dot-products

()" ~ Z(V)l(,\)dxax- (1.29)
Ak

Proposition 1.21. We have
(i) E.a =&y if and only if a = ;
(ii) if c € R, then £.(ca) = c(§.«) for any two distinct umbrae £ and «;

(iii) &.(yv.a) = (£.7).c.

There are some special auxiliary umbrae, which will play a central role
in the following.

a-partition umbra. If we replace, in the dot-product 7., the umbra ~
with the Bell umbra £, we have the so-called a-partition umbra (., that
is, the umbra such that

E[(8-0)"] = Yi(ay,. .., ax), (1.30)
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for k = 1,2,..., where Y;, are the complete exponential Bell polynomials
[19]. By using (1.7) and (1.28), the generating function of the a-partition
umbra is

F(B.,2) = explf (0, 2) — 1}. (131)
Proposition 1.22. For a,v € A, we have

B.a+ .y = ﬁ'(a+7)v
where B is the Bell umbra.

Proof. Via generating function, we have

f(B.a+ By, 2) = f(B.a,2) f(B7,2)
= exp{f(a, 2) — 1} exp{f(7,2) — 1}
=exp{f(a,2) =1+ f(v,2) — 1}
=exp{(f(a,2) + f(v,2) = 1) = 1}
= exp{f(atr,2) — 1}
= f(B.(ad), 2),

where the last two equalities hold by virtue of (1.5) and (1.31), respectively.
O

Remark 1.23. A compound Poisson random variable with parameter 1 is
a random sum Sy = X7+ Xo+---+ Xy where N has a Poisson distribution
with parameter 1 and X; are independent and identically distributed random
variables, for i =1,..., N [31].

The definition of a-partition umbra fits perfectly this probabilistic no-
tion, indeed the parameter N is umbrally represented by the Bell umbra £
and, if we denote by « the umbra representing the random variables X;, for
i =1,..., N, the random sum Sy is umbrally represented by the dot-product
B.a, thanks to definition of dot-product.

The name “partition umbra”has also a probabilistic ground. Indeed the
parameter of a Poisson random variable is usually denoted by At with ¢
representing a time interval, so that when this interval is partitioned into
non-overlapping ones, their contributions are stochastically independent and
add to Sy. This last circumstance is umbrally expressed by the relation

(t+s).0.a=t.p.a+s.p.qa,

that also assures the binomial property for the polynomial sequence umbrally
represented by ¢.8.« [29].
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An interesting example of partition umbra is given by replacing « with
the singleton umbra x. By virtue of (1.31) and (1.6), we have

f(/BXa Z) = exp{(l + Z) - 1} =e = f(uvz)v

so B.x = u.

If we consider now the dot-product .« with the umbrae v and « replaced
by the singleton umbra y and the Bell umbra 3, respectively, we have the
auxiliary umbra y.s.

Via (1.28), we have

f(XB:z) = f(X710g(f(/BaZ>)) =l+e—1=¢€"= f(uvz)

so x.0 = u and the connection between the singleton umbra x and the Bell
umbra 3

Bx=u=x.p (1.32)
is made clear.
Gaussian umbra. Let us introduce the umbra § such that
2

FO,2) =1+ % (1.33)

Hence, the umbra § is such that its only non-zero moment is the second

one, that is
1, ifk=2
Elst) =" 1 (1.34)
0, ifk=#2

Definition 1.24. Given a real parameter m and a nonnegative real pa-
rameter s, the Gaussian umbra is the umbra m + £.(s§) with generating
function

f(m+ B.(sd),z) = exp {mz + 3322:2} : (1.35)

The following proposition gives the expression of the k-th moment of the
Gaussian umbra.

Proposition 1.25. For k=1,2,...we have

NP
B[im+ a0 = 3 <82> b (1.36)

: 2 7!
1=0
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Proof. By using the binomial expansion and (1.29), we have

k k

o+ 560) =3 (M)t oo = 3 (5t St

j=0 §=0 A
(1.37)
Suppose A = (171,272 ...}, then
(8(5))\ = (85/).7“1 [82(5//)2]'T2 = S(r1+r2+---) (5/).7’1 (5//).7"2 R Sj(S)\.

On the other hand, due to the definition of the umbra §, we have E[d)] #
0 if and only if the partition A is of type (272).

The result depends on the parity of the integer j. If j = 2i + 1, that
is, j is odd, then there does not exist any partition of this type and so
[6.(85)]] ~ 0.

If j is even, say j = 2i, there exists a unique partition of type (2"2) which
corresponds to 73 = 4. For this partition, we have dy = (24)!/((2!)%4!) so that

21

N S
D " da(s6)x ~ (2i)! ar (1.38)
AF2i
Hence, we put j = 2i to wit ¢ = j/2, so that, when j ranges over

{0,...,k}, the new variable ¢ ranges over {0,...,|k/2| and replace (1.38)
in (1.37). We have

Lk/2]

- R (208
(m+ B.(s0))" = Z_g @ik —2i" @l
[k/2] E
~ Z k! mk—2z i
(k- 2i)ld! 2
k/2 7
. Lf Y (R o
R =\ 2 i

O]

Remark 1.26. In the Proposition above we have proved by umbral tools
that moments of the Gaussian umbra can be expressed by using a particu-
lar sequence of orthogonal polynomials, the Hermite polynomials. We will
return on this family of polynomials later on.
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Remark 1.27. Let us observe that, by virtue of first equivalence in (1.32),
we have

m + B.(s6) = u.m + B.(s8) = B.x.m + B.(s6) = B.(mx+sd),

where the last equivalence results thanks to Proposition 1.22.
Hence, the Gaussian umbra can be considered as an example of a-
partition umbra, with o = mx-+sd.

Remark 1.28. The Gaussian umbra m+/£.(sd) owes its name to the relation
between its generating function (1.35) and the moment generating function
of a Gaussian random variable N (m, s?) with mean m and variance s2. Since
these two expressions are equal, then the Gaussian umbra is the umbral
counterpart of A'(m, s?).

Composition umbra. The dot-product can be generalized. If in the dot-
product .« we replace v by the polynomial Bell umbra ¢.3, then we have
the polynomial partition umbra

(t.B).a=t.f.a.

The previous equivalence holds thanks to Proposition 1.21 - (iii), with
the umbra ¢ replaced by t.u, so (t.u).(5.a)) = (t.u.3).c. The result follows,
since u.f = f.u = f.

By equivalence (1.31), we have

f(t.p.a, z) = exp{t[f(a, z) — 1]}. (1.39)

Remark 1.29. From a probabilistic point of view, the polynomial partition
umbra corresponds to a compound Poisson random variable of parameter ¢.

If the umbra ~ is replaced by the dot-product ~.3, then we have the
composition umbra of a and ~, represented by v.8.a. Its generating function
is the composition of f(«, z) and f(7, z), that is,

f(v.B.o,z) = f(v, fa, 2) = 1). (1.40)
The moments are, for all k£ > 0, [29]

k

El(y.8.0)"] =Y E[|Bri(ar, az, ..., ak—is1). (1.41)
=1
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Remark 1.30. The umbra 7.5.c generalizes the concept of a random sum of
independent and identically distributed compound Poisson random variables
with parameter 1, indexed by an integer random variable Y, that is, Sy =
X1+ -+ Xy is a randomized compound Poisson random variable with
random parameter Y.

More precisely, let a and v be the umbrae representing the random
variable X;, for all ¢ = 1,..., N and the random variable Y, respectively.
Then, the Poisson random variable N is umbrally represented by the umbra
~.6 and so the random sum Sy is umbrally represented by (7.8).a = ~v.6.cv.

As example of composition umbra, the compositional inverse umbra
a<7*> of an umbra « is such that

a~ Ba=xy=aB.a . (1.42)

In particular, we have f(a~"'>,2) = f<"'"*(a, z), where f<~'> denotes
the compositional inverse of f(«, z), which satisfies

f(a<’1>,f(a,z) - 1) =1l4+z= f(Ct,f(Oé<71>,Z> - 1) (143)
If we choose in particular oo = u, we have

u.Bu~""

X =u~""". L. (1.44)

On the other hand, u.f = 8 = B.u, so we have

B‘u<—1>

X =us"'7.06. (1.45)



Chapter 2

Symbolic representation of
univariate Lévy processes

2.1 Cumulants

Suppose that X is a real random variable with moment generating function

k
z
M(z) =E[e**] =1+ § Ak
k>1

with a; = E[X*] the k-th moment of X, for all nonnegative integers k.

Consider the composition of the moment generating function of X and
the logarithmic function log(z), which has a power series expansion. Re-
calling that the composition of functions with power series expansion is
a function with power series expansion itself [19] and by observing that
M(0) =1 # 0, we have

log(M ch ik (2.1)

We set
K (z) = log(M(z)). (2.2)

The coefficients {ci}r>1 in (2.1) are called the cumulants of the random
variable X and the expansion (2.1) is called the cumulant generating function
of X.

Roughly speaking, just as the moment generating function M (z) of a
random variable X “generates”its moments, the logarithm of M (z) “gener-
ates”its cumulants.

20
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Remark 2.1. We give some examples of cumulants related to the most
known distributions.

First of all, suppose X ~ N(m, s?) is the Gaussian random variable with
mean m and variance s2. Since M (z) = exp{mz + s222/2}, then

K(z):mz—f—ST

and so, by the uniqueness of the coefficients in (2.1),
c1 =m, 62282, c, =0, for all k£ > 3.

Then, suppose X ~ Po(A) is the Poisson random variable with intensity
parameter A\ > 0. Since M (z) = exp{\(e* — 1)}, then

K(z) =Xe*—1) Z)\—
k>1 !

Evidently, by the uniqueness of the coefficients in (2.1), we have

cp = A, forall k> 1.

Finally, suppose X ~ Gamma(1l,r) is the Gamma random variable with
scale parameter 1 and shape parameter r > 0. Since M(z) = (1 — 2)™", we
have

K () =log[(1—2) "] = —rlog(L—2) =r Y = 2 P> (k- 1) '7

k>1 k>1

Hence, by the uniqueness of the coefficients in (2.1), we have
cp, =7r(k—1)!, forall k > 1.

Cumulants share some interesting and useful algebraic properties, which
can be summarized in the following theorem

Theorem 2.2. For all C' € R and for all k > 1, we have
(i) (Homogeneity property) c;(CX) = CFcp(X);

(ii) (Additivity property) if X andY are two independent random variables,
then e, (X +Y) = ci(X) + e (Y);
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(iii) (Semi-invariance property)

feax)+0, ifk=1
(X +0) = {ck(X), ifk> 1.

Remark 2.3. Property (ii) in Theorem 2.2 is also called accumulate cumu-
lants property. This explains the reason for the name cumulants.

It is well-known that there exists a close relationship between moments
and cumulants of a random variable. In particular, for a random variable

having moments a1, ..., a; and cumulants ¢y, ..., c;, we have
Ci = Zd}\a)\ and ap = Zd)\CA, (23)
A=k -k
where the sums are over all partitions A = (1,272 ...) of the integer k

with [((A\) =r1 + 72+ -+ and

an=]la. a=]]e

JEX JEA
dy = dy(-1)'V LI\ - 1)!

and dy defined in (1.12)

2.2 Symbolic treatment of univariate cumulants

Definition 2.4. Given an umbra « with generating function f(«,z), the
a-cumulant umbra k, is defined by

Ko = X.Q,
where x is the singleton umbra.

Remark 2.5. The a-cumulant umbra is another example of auxiliary um-
bra, since it is defined as the dot-product of the singleton umbra x and an
umbra a. By virtue of (1.29), moments of the a-cumulant umbra are

() = 31T = 1)t dy a, (2.4)
Ak

since E[(x)x] = (—1)*(k — 1)!, for all nonnegative integers k > 1.
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Thanks to (1.28) and (1.6), the generating function of the a-cumulant
umbra is

f(Ha7 Z) = f(X710g(f(a7 Z))) =1+ log(f(av Z)) (25)

Remark 2.6. The expression of the generating function of k., agrees with
equation (2.1). This means that if the umbra « is the umbral counterpart
of the random variable X, its cumulants are umbrally represented by x.

Examples of cumulant umbrae If a = ¢, since y.c = ¢, the umbra € is
the cumulant umbra of itself, that is, k. = e.

If a = u, since x.u = x, the umbra x is the cumulant umbra of the unity
umbra u, that is, k, = x.

If a = B, since x.8 = u, the unity umbra u is the cumulant umbra of the
Bell umbra f, that is, kg = u.

If o = x, the cumulant umbra of the singleton umbra x is given by x, =
u="'>, by virtue of the first equivalence in (1.45).

The algebraic properties in Theorem 2.2 can be easily recovered by um-
bral tools

Proposition 2.7. Given two distinct umbrae o,y € A and for any C € R,
we have

(i) (Homogeneity property) keo = CRy;
(ii) (Additivity property) Ko, = Kotky;
(iii) (Semi-invariance property) Koic.. = KatCha,.

Proof. The homogeneity property follows by using Proposition 1.21-(ii),
with the umbra £ replaced by the singleton umbra .
The additivity property follows via generating functions, indeed we have

Flx-(a+7),2) =1+ log(f(a+7,2))
=1+1log(f(e, 2)) +log(f(7,%))
= fx-a,2) + f(x7,2) = 1
= f(x-atx,2).

The semi-invariance property follows from the additivity property, set-
ting v = C.u, for all C' € R. O
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Now we want to show how the umbral calculus simplifies the expression
n (2.3). Definition 2.4 is a closed form of the first equality in (2.3).

The umbral version of the second equality in (2.3) is given by the fol-
lowing Inversion theorem [30].

Theorem 2.8. Let k, be the a-cumulant umbra, then
a = B. K, (2.6)
where B is the Bell umbra.

Proof. We have

O

Remark 2.9. Theorem 2.8 allows us to express moments of an umbra «
according to its cumulants. In fact, equivalence (2.6) simply means that any
umbra « can be written as the partition umbra of its cumulant umbra.

By (1.30), we have

ar = Yi[(ca)1y- -, (Ca)r, (2.7)

where ay, is the k-th moment of the umbra o and (cq)y is the k-th moment
of the umbra «,.

The complete Bell polynomials in (2.7) are a polynomial sequence of
binomial type. So, it is possible to prove a more general result: every poly-
nomial sequence of binomial type is completely determined by its sequence
of formal cumulants. Indeed, in [29] it is proved that any polynomial se-
quence of binomial type represents the moments of a polynomial umbra .«
and vice versa. So from the inversion theorem any polynomial sequence of
binomial type represents the moments of a polynomial umbra t.5.x,.

From Theorem 2.8 and by recalling E[(8)x] = 1 for all nonnegative
integers k and equivalence (1.29) we have

o ~ (B k)P = Y (B)inyda(ka)r = Y da (Ka)a. (2.8)

Ak AFE

Theorem 2.10 (Parametrization). Let k, be the a-cumulant umbra. For
k=1,2,... we have

of ~ ko (ko + k) K~ a(a—1.a)Pt, (2.9)

where —1.a denotes the inverse of the umbra a.
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There are two more families of cumulants: the Boolean and the free
cumulants. Let us describe them from an umbral point of view.

a-boolean cumulant umbra. The notion of boolean cumulants arises
from considering the boolean convolution of probability measures [28].

Let M(z) be the ordinary generating function of a random variable X,
that is

M(z) = 1+Zakzk
k>1

where a, = E[X*]. We have

1

ME) =100

, where H(z)= Z hy 2",
k>1

and hy, are called boolean cumulants of X, [28].

In order to associate a sequence of boolean cumulants to an umbra, it is
necessary to characterize umbrae whose generating functions are of ordinary
type. This is possible by introducing the boolean unity umbra, that is, the
umbra @ such that, for all nonnegative integers k,

Ela*] = k.
Therefore, we can consider the umbra & = @a, such that
E[a"] = K'E[a*] = Klay, for all k > 0.
Finally, we have
fla,z) =1+ Z anzt. (2.10)
Definition 2.11. The a-boolean cumulant umbra 1, is the umbra such that
Mo =0~"'7.0.a, (2.11)

where u~~'> is the compositional inverse of the boolean unity umbra u with
generating function

F@>,2) =1+ log(l + 2). (2.12)

The moments of the a-boolean cumulant umbra are E[n¥] = hy, for all
nonnegative integers k.
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Since the a-boolean cumulant umbra is defined as a composition umbra,
by applying (1.40) we obtain that the generating function of the a-boolean

cumulant umbra 7, is
1
fﬁa,z :2—77 2.13
02 =27 56.5) 219

By equivalence (2.11), we get

—k: ~ Z (M) dy @y. (2.14)

A=k

The previous equivalence allows us to express boolean cumulants in terms
of moments. In order to get the inverted expression, we need the following
equivalence

a = U.0.7q,

that has been proved in the Boolean Inversion Theorem (cfr. [23]). We have

a" ~ ) 1A dy (7a)

AFE

Remark 2.12. Observe the analogy between the similarity 7, = a<~1>.5.a,
and the one characterizing the a-cumulant umbra x, = y.a = <"1~ .8.a.

Similarly to the case of the a- cumulant umbra, additivity property,
homogeneity property and semi-invariance property still hold for a-boolean
cumulant umbrae [28].

Theorem 2.13 (Parametrization). Letn, be the a-boolean cumulant umbra.
For k=1,2,..., we have

P (fle +2.0.6.7.)F 1 7 ~a(a—2.a)k (2.15)
a-free cumulant umbra. Free probability theory is a non-commutative
probability theory introduced by Voiculescu [62]. A new kind of indepen-
dence is defined by replacing tensor product with free products.

The combinatorics underling this subject is based on the notion of non-
crossing partition [28].

Let us consider a non-commutative random variable X, that is, an el-
ement of a unital non-commutative algebra A. Suppose ¢ : A — C is a
unital linear functional. The k-th moment of X is the complex number
mi = ¢(X k) while its generating function is the formal power series

—l—i—kaz
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The non-crossing (or free) cumulants of X are the coefficients 7 of the
ordinary power series

R(z) =14 Y rp2" such that M(z) = R[zM(z)]. (2.16)
k>1

The umbral theory of free cumulants has been introduced in [23].
In order to give the definition of free cumulant umbrae, we have to
introduce a new umbra, called the derivative umbra of an umbra a [28].
Given an umbra «, the derivative umbra o is the umbra whose moments
are, for all £ > 1,
(ap)F ~ O (a¥) ~ kar L. (2.17)

The generating function of the derivative umbra is
flap,z) =1+ zf(a, 2). (2.18)

Definition 2.14. Given an umbra «, the a-free cumulant umbra K, is the
umbra such that
(—1.8.)p = a5 1>, (2.19)

where o is the derivative umbra.

The a-free cumulant £, has been characterized so that E[RF] = k!ry.
The moments of K, are the free cumulants of the umbra «. This state-
ment is justified by the fact that one can prove that

a=R,.0.ap

and so, if we choose M (z) = f(&, z) and R(2) = f(R., z), we obtain equation
(2.16).

Remark 2.15. It is quite obvious to observe the difference between the
previous equivalence and the ones characterizing both the a-classical and the
a-boolean cumulant umbrae. This is why the computation of free cumulants
is quite difficult compared with the classical and boolean ones.

Theorem 2.16 (Parametrization). Let K, be the a-free cumulant umbra.
Fork=1,2,... we have

At~ (R +ER)TY /& ~a(a—ka)l (2.20)

@

Also in the free setting, one can prove that homogeneity property, addi-
tivity property and semi-invariance property still hold [28].
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2.2.1 The umbral algorithm for classical, boolean and free
cumulants

Theorems 2.10, 2.13 and 2.16 give parametrization formulae, expressing mo-
ments in terms of classical, boolean and free cumulants and vice versa.
The umbral polynomials appearing in these theorems can be viewed as
special cases of a more general umbral polynomial, with a structure very
similar to Abel polynomials.
Recall that the umbral Abel polynomials are [28]

u, ifk=0

2.21
r(x— ko)t ifk>1 (2:21)

Ag(z, o) ~ {

If the umbra «v in (2.21) is replaced by a.u, where a € R, then E[A(z,a.u)] =
Ay (z,a), where Ap(z,a) = z(x — ka)*~! are the Abel polynomials.

Proposition 2.17. If£,0 € A, then

(0 + €.0) 1 = " (©)iny—1dr O, (2.22)
Nk

where the sum ranges over all the integer partitions A = (1™,2"2,...) of
the integer k, I(\) is the length of X, Oy = 07(03)"2--- | with 01,0, ...
uncorrelated umbrae, similar to 0 and dy is the number of set partitions of
type X, given in (1.12).

Proof. By using the binomial expansion and equivalence (1.11), we have

k
00+ 01~ <k - 1) 0 S (Endrdi. (2.23)

s—1
s=1 AFk—s

Suppose we consider the partition p of the integer k, obtained by adding the
integer s to the partition A. Then we have 66y = 6, and [(\) = I(p) — 1.

If ¢s denotes the multiplicity of s in A and mgs denotes the multiplicity
of s in u, then mg = ¢s + 1. Therefore, we have

s—1) 7 & (1)er - (shes T el e ST

where the last equality comes by multiplying numerator and denominator
for ms > 0. Recalling that > sms = k, equivalence (2.22) follows. O
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We propose an algorithm which relies on the efficient expansion of the
umbral polynomial 6(# + £.0)*~! given in Proposition 2.17.

In order to evaluate (6 + £.0)*~1 via (2.22), we need the factorial mo-
ments of the umbra £ and the moments of the umbra 6. Recall that, if we just
have information on moments F[¢¥], the factorial moments can be recovered
by using the well-known change of bases:

Ok = s(k,i)é, (2.24)
i=1
where {s(k,7)} are the Stirling numbers of the first kind.
In particular, equivalence (2.22) allows us to give any expression of clas-
sical, boolean and free cumulants in terms of moments and vice versa.

i) For classical cumulants in terms of moments, due to the latter of (2.9),
we set { = —1.u and 0 = a. By using (2.24), we find E[(—1.u)g] = (1) =
(—1)*K!.

i1) For moments in terms of classical cumulants, due to the first of (2.9), we
set £ = B and 0 = k,. We already know that E[(5)x] = 1.

iti) For boolean cumulants in terms of moments, due to the latter of (2.15),
we set £ = —2.u and 0 = &. Here we find FE[(—2.u)] = (—1)*(k + 1)L.
iv) For moments in terms of boolean cumulants, due to the first of (2.15),
we set £ = 2.4.8 and 6§ = 7,. Here we have E[(2.4.8);] = E[(2.4.5.X)"] =
E[(2.u)*] = E[(u + @)*] = (k + 1)..
v) For free cumulants in terms of moments, due to the latter of (2.20), we
set £ = —n.u and § = &. Here we have E[(—n.u)g] = (—n)g.
vi) Finally, for moments in terms of free cumulants, due to the first of (2.20),
we set £ = n.u and = K;. Here we have E[(n.u);] = (n).

The umbral algorithm in MAPLE is the following:

y:=combinat [’partition’] (i):
umbralg := proc(i,fm,y)
il % add(fm[j] *
mul (((glx[11]1/x[11 ") ~x[2])/x[2]!,
x=convert (y[j] ,multiset)),
j=1..nops(y));
end:

Remark 2.18. In the MAPLE procedure, the factorial moments E[(£);—1]
are referred by the vector fm[j] and the moments E[6*] are referred by the
vector g[k].
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Remark 2.19. We can compare the MAPLE algorithm with other procedures
given in literature, see e.g. Bryc in [17].

However, such procedures are based on different approaches.

Table 1 refers to computational times (in seconds) reached by using the
umbral algorithm and the Bryc’s procedure [17], both implemented in MAPLE,
release 7, when we need free cumulants in terms of moments .

k  MAPLE (umbral) MAPLE (Bryc)

15 0.015 0.016
18 0.031 0.062
21 0.078 0.141
24 0.172 0.266
27 0.375 0.703

Table 2.1: Comparisons of computational times needed to compute free
cumulants in terms of moments. Tasks performed on Intel (R) Pentium

(R),CPU 3.00 GHz, 512 MB RAM.

Comparisons confirm the competitiveness of the umbral algorithm.

2.2.2 Computing cumulants of some known laws through the
umbral algorithm

We take up some examples of the most known probability distributions,
showing how they can be recovered through the umbral algorithm by a
suitable characterization of the involved umbrae.

Poisson distribution. We have already showed in Remark 1.15 that a
Poisson random variable of parameter A\ is umbrally represented by the
Bell polynomial umbra A., whose moments are, thanks to equation (1.15)
E[(\.B)F] = Zle S(k,i)A\*, where S(i, k) are the Stirling numbers of second
kind.

Then, cumulants of a Poisson random variable can be computed via the
umbral algorithm, taking as input the sequence of moments E[(X.3)].

If the input is the sequence of factorial moments {(—1)*k!}, we get classi-
cal cumulants; if the input is the sequence of factorial moments {(—1)*(k +
1)!}, we get boolean cumulants; if the input is the sequence of factorial
moments {(—n);} we get free cumulants (cfr. Tables 3 and 4 in [17]).

Exponential distribution. Given a nonnegative real parameter A, the

IThe output is in the same form of the one given by Bryc’s procedure.
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umbral counterpart of an exponential random variable is the umbra

z
A

which is the moment generating function of an exponential random variable
with parameter A > 0. Moments are

u\*] k!
E (7) -
-3
In order to obtain the second column of Table 3 in [17], choose in (2.22)
A=1and {(—n)i} as factorial moments.

Uniform distribution. Let ¢ be the Bernoulli umbra. Recalling that
E[(=1..)¥] = 1/(k + 1), for all nonnegative integers k, we get

k .
E\ ._.(b—a)
—a)(— kL _ k=g 2 20
E{[a+(b a)(—1.0)] } j}o: <j>a 1
In order to obtain the last column of Table 3 in [17], choose in (2.22) a =
—1,b=1 and {(—n)x} as factorial moments.

Binomial distribution. A Bernoulli random variable of parameter p €
(0,1) has moment generating function

M(z) = q+pe” =1+p(e* —1).

The umbra with generating function M(z) is x.p.8 whose moments are all
equal to p. A binomial random variable of parameters n, a positive integer,
and p € (0, 1) is a sum of n independent and identically distributed Bernoulli
random variables.

A binomial random variable is umbrally represented by n.(x.p.3). Due
to equivalence (1.11) with « replaced by x.p.3, we have

E{[n.(x-p-8)"} = > _(n)ipydap'™

A=k

In order to obtain the second column of Table 4 in [17], choose {(—n)x}
as factorial moments in (2.22).
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Gaussian distribution. A Gaussian random variable A'(m, s?) with mean
m and variance s? is umbrally represented by m + 3.(sd). Its moments are
The Hermite polynomials, as we have already proved in Proposition 1.25.

The first column Table 3 in [17] can be recovered from the umbral algo-
rithm by using {(—n)} as factorial moments in (2.22).

Wigner semicircle distribution. In free probability, the Wigner semicir-
cle distribution is analogous to the Gaussian random variable in the classical
probability. Indeed, free cumulants of degree higher than 2 of the Wigner
semicircle random variable are zero. The first column in Table 2 shows mo-
ments of the Wigner semicircle random variable X, computed by the umbral
algorithm. They are compared with Catalan numbers C, (second column),
since it is well-known that E[X?¥] = Cy and E[X?*1] = 0. By using equiv-
alence (1.41) it is straightforward to prove that the umbra corresponding
to the Wigner semicircle distribution is ¢.3.6, where < is the umbra whose
moments are the Catalan numbers [28] and § is an umbra appearing in the
expression of the Gaussian umbra.

Marchenko-Pastur distribution. In free probability, the Marchenko-
Pastur distribution is analogous to the Poisson random variable in the clas-
sical probability. Indeed, the free cumulants are all equal to a parameter
A. The last column in Table 2 shows moments of the Marchenko-Pastur
distribution computed by the umbral algorithm.

k Wigner Catalan Marchenko-Pastur
random variable numbers random variable
2 1 2 PP
3 0 5 A 432+ A
4 2 14 M 63+ 602+ A
6 5 132 A% 4 15A% 4 50A1 + 5023 4 15A% + A
8 14 1430 A+ 28X\ + 196A° + 4905 + 490\

+196A3 + 2822 + )\

Table 2.2: Moments of some special free distributions.

2.3 Symbolic representation of Lévy processes

2.3.1 Probabilistic background

In this section we give basic definitions and main results on stochastic pro-
cesses and, in particular, on Lévy processes. We skip any proof. See [48] for
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further details.

Definition 2.20. A probability space (2, F,P) is a triplet of a set Q, a
family F of subset of 2 and a mapping P from F into R satisfying the
following conditions:

i) Qe F,0eF;
i) if A, € Fforn=1,2,..., then ;2 A, and ()~ A, are in F;

(

(

(iii) if A € F, then A€ € F;

(iv) 0< P(A) <1, P(2) =1 and P(0) =0;
(

v) if A, € Fforn=1,2,...and A;NA; # 0, for i # j, then P(U,~, 4,) =
> ne1 P(An).

Remark 2.21. Recall that F satisfying properties (i), (ii) and (iii) is said
to be a o-algebra on ). A mapping P from F into () satisfying properties
(iv) and (v) is a probability measure.

Definition 2.22. Let (€2, F, P) be a probability space. A mapping X from
Q) into R is a real-valued random wvariable if it is F-measurable, that is,

forall Ac F, X 1(A)={weQ|X(w)e A} e F. (2.25)

We denote by P(X ~1(A)) = PX(A) the distribution of the random variable
X.

Definition 2.23. A family {X;};>0 of random variables on R, defined on a
common probability space and depending on a parameter ¢t € RT, is called
a stochastic process on R.

Definition 2.24. A stochastic process X = {X;};>0 on R is a Lévy process
if

(i) Xo=0as.

(ii) For all » > 1 and for all 0 < ¢t; < t3 < ... < ¢, < 00, the random
variables Xy, — Xy, X4y — X4y, ..., Xy, — X, are independent.

(iii) For all s < ¢, Xyis — Xs = X,.

(iv) For all € > 0, limp_,o P(| X¢4n — X¢| > €) = 0.
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(v) t = Xy(w) are cadlag 2, for all w € (2.

Remark 2.25. Let us better explain Definition 2.24.

Properties (i) and (ii) are obvious.

In property (iii) the symbol 2 means equal in distribution, that is, the
distribution of the increment X;, — X does not depend on s.

Property (iv) states the so-called stochastic continuity or continuity in
probability.

Recall that a stochastic process on (2, F, P)isamap X : [0,T]xQ — R
such that (t,w) — X(t,w) = X¢(w). If we fix t € [0,7T], the map w — Xy(w)
is a random variable, according to Definition 2.22. If we fix w € €, the map
t — Xy(w) is a deterministic function, called a trajectory of the process.
Therefore, Property (v) means that the trajectories of a Lévy process are
right-continuous functions and have left limits in ¢ > 0.

Let us recall a very important property shared by Lévy processes, the
infinite divisibility property.

Definition 2.26. A random variable X is said to be having the infinite
divisibility property if, for any n > 1, there exist a sequence of independent
and identically distributed random variables X1 ,,..., X, , such that

XL X104+ Xnn,

where the symbol 2 means equal in distribution.
The following definition is equivalent to the previous one.

Definition 2.27. A probability measure p on R is infinitely divisible if, for
any positive integer n, there exists a probability measure pu,, such that

[ = o XX
—_—
n

that is, u is the n-fold convolution of the probability measure p, with itself.

The following theorem proves that the collection of all infinitely divisible
distributions is in one-to-one correspondence with the collection of all Lévy
processes. The proof is in [48].

*Recall that a c4dlag function is a function defined on the real numbers (or a subset of
them) that is everywhere right-continuous and has left limits everywhere, see next Remark
for further details.
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Theorem 2.28. A stochastic process {Xi}i>0 with distribution P*t is a
Lévy process if and only if the distribution P>t is infinitely divisible and
PXt — (le)t.

In the theorem above, P*1 is said to be the infinitely divisible distribu-
tion corresponding to the Lévy process {X;}>0. Conversely, {X;}i>0 is said
to be the Lévy process corresponding to the infinitely distribution P*1.

We introduce now a tool very useful in identifying the distribution of
random variables.

Definition 2.29. The moment generating function of a random variable X
is the function
ox : R = R, ¢x(z) =E[eX?],

where E is the expectation functional.

The moment generating functions of infinitely divisible distributions are
completely characterized by the following result, known in the literature as
the Lévy-Khintchine formula, [48].

Theorem 2.30. X = {X;};>0 is a Lévy process if and only if there exists
m € R, s > 0 and a measure v on R with

V({0}) = 0 and /quP A)(dz) < o
such that
©x(2) = exp {t (zm + %s% + /R(e” —1- zw1|x<1)1/(da:)> } . (2.26)

What is more, the representation of px(z) in (2.26) by m, s and v is unique.

Remark 2.31. We call (m, s%,v) in Theorem 2.30 the Lévy triplet or the
characteristic triplet, where m is the drift of the process, s is its Gaussian
variance and v is the Lévy measure.

2.3.2 Lévy processes via umbral calculus

Now we focus our attention on the family of auxiliary umbrae {t.a}i>0
introduced in Section 1.2. If the moments of the umbra « are all finite,
this family is the umbral counterpart of a stochastic process {X;}+>o such
that E[X}] = E[(t.a)*] given in (1.13), for all nonnegative integers k. This
stochastic process is a Lévy process.
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Theorem 2.32. Let {X;}i>0 be a Lévy process and let o be the umbra
such that f(a,z) = E[e*X1]. Then, the Lévy process {Xi}i>0 is umbrally
represented by the family of auziliary umbrae {t.a}i>0.

Proof. We have to show that the random variables X;, with ¢ > 0, which
form the process, have the same moment generating function of the auxiliary
umbra t.q.

Let {X;}+>0 be a Lévy process with moment generating function E[e**t]
and let E[e**1] be the moment generating function of Xj.

Theorem 2.28 guarantees that {X;}:>0 has infinitely divisible distribu-
tions, that is,

Ele”X] = (B[eX1)".

On the other hand, by definition, « is an umbra such that f(a,z) =
E[e*X1], so the result follows, since

B[] = (f(a,2)) = f(t.0,2),
where the last equality holds by virtue of (1.14). O

Remark 2.33. In [45], Rota wrote that the classical umbral calculus can be
systematically interpreted as a calculus of measures on Poisson algebras, gen-
eralizing compound Poisson processes. This statement is proved in the Inver-
sion Theorem 2.8, which states that & = .k, and f(«, z) = exp{ f(a, z)—1}.
Therefore, the auxiliary umbra S.k, is the umbral counterpart of a com-
pound Poisson random variable with parameter 1.

More in general, compound Poisson random variables of parameter ¢ are
represented by the auxiliary umbrae t.8.x, with generating function

f(t.8.Rq, 2) = exp{t[f(Ka,2) — 1]}. (2.27)

The umbra t.ao = t.8.x, corresponds to a Lévy process. Indeed, if we
denote by ¢(z,t), ¥(z) and k(z) the moment generating function of the
increment X;;; — Xy of the process, the moment generating function of X3
and the cumulant generating function of X7, respectively, Theorem 2.32
guarantees that

ft.a,z) = ¢(z,1) = exp{log(v(2))} = exp{tk(2)}, (2.28)

with k£(0) = 0.

Comparing exp{tk(z)} and exp{t[f(ka, z) — 1]}, the correspondence be-
tween t.ao and the Lévy process is immediate. This is why we call t.a. the
Lévy umbra associated to the umbra a.
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Remark 2.34. The umbral representation of Lévy processes given in The-
orem 2.32 allows us to recover their classical properties.

Indeed, the homogeneity property t.(Ca) = C(t.«r) is proved by virtue
of Proposition 1.14 -(ii), the nesting property ¢.(s.a) = s.(t.a) = ts.a is
proved by virtue of Proposition 1.14-(iii), the binomial property (¢ + s).ac =
t.a + s.a is proved by virtue of Proposition 1.14-(iv) and the additivity
property t.(a + ) = t.ac + t.y is proved by virtue of Proposition 1.14 - (v).

From the Lévy-Khintchine formula (2.26), we obtain the moment gener-
ating function of the process {X¢}+>0 of form

1
Ele*Xt] = exp {t [zm + 552732 + / (e —1— z$1|m|§1)u(dx)] } . (2.29)
R
If v is a measure admitting all moments and if we set
co=m +/ zv(dr) < oo,
{lz>1}
then the moment generating function (2.29) becomes

1
E[e*Xt] = exp {t [zm + 55222 + /R(ezgE —1—zal)y<1)v(dz)

- /R sav(dz) + /R zxu(dw)} }
~ exp {t [z <m + /R xu(dx)) 4 35222 + /R (e —1— zx)u(dm)] }
= exp {t [zco + %,9222 + /R(e” —-1- zx)y(dm)} } .
Finally, we have
E[e™X] = exp {t [zco + 25%2] } exp {t /]R (e —1— zx)u(dm)} . (2.30)

Now we are able to give the umbral version of a Lévy process, according
to the Lévy-Khintchine formula (2.30).

Definition 2.35. The umbra v whose moments mj;, = E[y¥], for all k > 0,
are such that

mo=1, mi1 =0, mp= / 2*v(dzx), for all k> 2
R

is called the umbra associated to the Lévy measure v.
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We can construct the generating function of the umbra ~. Indeed, by
definition of generating function, we have

P P & P
f(v,2) = kaﬁ = 1+kaﬁ = 1—1—2 (/Rx V(dx)) ik
k>0 k>2 k>2

By exchanging the series and the integral, we have

Zk
f(’}/’ Z) =1 +/R kag V(dx)
k>2
rz)"
=1 +/R ; ( k!) v(dz)
zz)"
:14—/]R kgo(k!) —1—2zz | v(dz).

So, we obtain that the generating function of the umbra + associated to
the Lévy measure is

flv,2) =1+ /(e“ — 1 —zz)v(dz). (2.31)
R

Remark 2.36. By definition, the umbra ~ has first moment equal to 0.

This means that the corresponding generating function f(v,z) does not

admit compositional inverse.

Theorem 2.37. A Lévy process {X;}i>0 is umbrally represented by the
family of auziliary umbrae

{t.B.[cox+s0+7]}e>o0, (2.32)

where cg = m + f{|$|>1} zv(dr) < oo, X is the singleton umbra, s € RT, §
s the umbral counterpart of a standard Gaussian random variable and ~y s
the umbra associated to the Lévy measure.

Proof. Let {X;}i>0 be a Lévy process with moment generating function
(2.30) and consider its two terms separately. As regards the first one, recall
that the singleton umbra x is such that f(x,z) =1+ z, so we have

L+ oz = fxsenz) = Ble) = B[e%) = flaox, 2).
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so that
coz = f(eox,z) — 1. (2.33)

On the other hand, the umbra § is such that f(d,z) = 1 + 22/2, hence
1
1+ 55222 = f(6,s2) = B[] = E[e(*)?] = f(s6, 2)

so that

%(9222 = f(sd,z) — 1. (2.34)

By adding (2.33) together with (2.34), we have

1
coz + 55°2% = flcox,z) — 1+ f(s6,2) — 1

2
= (f(cox,2) + f(s6,2) = 1) =1
= f(cox+sd,z) — 1,

where the last equality holds by virtue of definition of disjoint sum of the
umbrae cgx and sd.
Finally, thanks to equality (1.39), we have

1 . .
exp {t [zco + 28222] } = exp{t[f(cox+s9,z) — 1]} = f(t.B.(cox+s9), 2).
(2.35)
As regards the second term in (2.30), we have

exp {t/R(ew - za:u(d:c))} — exp {t [1 + /R(ezw 1= a)u(de) 1] }

= exp{t[f(7,2) — 1]} = f(t.8.7,2), (2.36)

by virtue of equalities (1.39) and (2.31).
Now, we compare (2.30), (2.35) and (2.36) and apply Proposition 1.22,
so that

E[e*!] = f(t.B.(cox+s0), z) f(t.B.7,2)
f(t.B.(cox+8d) +t.B.7,2)
f(t.B.(cox+s5+7), 2).



Chapter 3

Time-space harmonic
polynomials

3.1 Umbral time-space harmonic polynomials

It is well-known that there exists a correspondence between stochastic pro-
cesses and some classes of polynomials [50]. In this Chapter we deal with
a family of polynomials, called time-space harmonic polynomials, related to
Lévy processes, which take advantage of the umbral notation.

In [39], Neveu characterizes the family of time-space harmonic polynomi-
als with respect to a random walk {X,, },,>0 as the coefficients of the Taylor
expansion

exp{zX,} " f
BloxpleXnl] ;()R“X"’ )5 (3:1)

in some neighborhood of the origin.
If we replace the random walk {X,,},>0 with a Lévy process {X;}i>0,
then (3.1) is the so-called Wald’s exponential martingale.

Remark 3.1. Let us recall that a martingale is a stochastic process { M; }+>0
on a filtered probability space (2, F, F;, P) such that

E[My] Fs] = Mg,
forall 0 <s <t.

Definition 3.2. A family of polynomials {P(x,t)}+>0 is said to be time-
space harmonic with respect to a stochastic process {X;}¢>o if

E[P(Xy,t) | §s] = P(Xs, s), for all s <t, (3.2)

40
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where §s = 0 (X; : 7 < s) is the natural filtration associated with {X;}>0.

Roughly speaking, the time-space harmonic polynomials are polynomials
in the variable x, depending on a nonnegative real parameter ¢, such that,
when we replace the variable x with the stochastic process Xy, we obtain a
martingale [54].

In order to define a new family of time-space harmonic polynomials with
respect to a Lévy process by using umbral tools, we have to introduce a
new linear functional, which recalls the conditional expectation appearing
in Definition 3.2.

Denote by X the set X = {a}.

Definition 3.3. The linear operator E( - |a) : R[z][A] — R[X] such
that

i) BE(1]a)=1,
i) E(xma™yi6) | a) = ama"E[y¥|E[67]--- for uncorrelated umbrae
a,7,9,... and for nonnegative integers m,n,i,7j,...

is called conditional evaluation with respect to the umbra .

In other words, Definition 3.3 says that the conditional evaluation with
respect to « handles the umbra « as it was an indeterminate.

Proposition 3.4. If « € A and p € R[z|[A] is an umbral polynomial with
a ¢ supp(p), then E(p|a) = E[p).

Proof. Let p be an umbral monomial whose support does not contain the
umbra «. For the sake of simplicity, suppose p = xlf{gg -..&h for all non-
negative integers i, j, k, ..., h. Thanks to Definition 3.3, we have

E(p|o) = B(x'§es - & | a) = 2'BE)B(E) - B&) = E(p)-
The proof for umbral polynomials follows by linearity. O

The proof of the following Corollary is straightforward taking into ac-
count Definition 3.3 and Proposition 3.4.

Corollary 3.5. If « € A and p € R[z][A], then E[E(p|a)] = E[p].

This last corollary brings to light the parallelism between the condi-
tional evaluation E( - | «) and the well-known conditional expectation in
probability theory [31]. As it happens in probability theory, the conditional
evaluation is an element of R[z][A] and, if we take the overall evaluation of
E(p| «), this gives E[p].
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Definition 3.6. Let {P(x,t)} € R[z] be a family of polynomials indexed by
t > 0. P(z,t) is said to be a time-space harmonic polynomial with respect
to the family of umbral polynomials {q(t)}+>0 if and only if

E(P(q(t),t)] q(s)) = P(q(s),s), forall s<t. (3.3)

Since the property of being time-space harmonic is given with respect to
a Lévy process and since we have thoroughly explained in Chapter 2 that
a Lévy process is umbrally represented by a family of auxiliary umbrae, it
is natural to consider the case of auxiliary umbrae in Definition 3.6. In
particular, for the conditional evaluation with respect to the dot-product
n.o, we assume

E[(n+1).a|n.a] = En.a+d |n.al,

so that = E[(n+ 1).a | n.a] = n.a + E[d/].
More in general, for all n,m € Z and for all nonnegative integer k, we
will assume

E[{(n+m).a}*|n.a] = E[{n.a + m.o/}* | n.al,
so that

E [{(n +m).a} ‘n.a} =F Z <];> (n.o)? (m.a’)*7 | n.a

k
=0

I

<
I
o

<k>E [(n.a)j (m.a/)E=I \ n.a]

J

|

Il
o

] <";> (n.a) E[(m.o/)¥=9]. (3.4)

On the other hand, Corollary 3.5 gives
E[E[{(n+m).a}}|n.a]] = E[{(n +m).a}"],

hence, we recover the binomial property
k

E[{(n+m).a}"] =) <';> E[(n.2)’E[(m.a/)*],

Jj=0

By analogy with (3.4), for ¢ > 0, we set

E [(t.oz)k \ s.a} - zk: (k> (s.a) E[{(t — 5).a/ Y. (3.5)

=0
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Theorem 3.7. For all nonnegative integers k, the family of polynomials
Qr(z,t) = E[(x — t.0)¥] € R[z] (3.6)
is time-space harmonic' with respect to {t.a}i>o.

Proof. We have to prove that equality (3.3) holds, with the umbral polyno-
mials given by the family of auxiliary umbrae {t.a}+>0.
From (3.6), by applying the linearity property of the evaluation E, we

have
k

Qr(z,t)=>_ <’;> * I E[(—t.a)] (3.7)

=0
for all nonnegative integers k. If we replace x with t.ao in (3.7) and we take
the conditional evaluation E| - | s.a, we have

k

E[Qu(t.ast) [s.0] = B EZ:O <’;> (t.a)* T E[(—t.0)] | s.0

_ ]Z: (’;)E [(ta)* T E[(~t.0)] | s.0]

_ 2; <];>E [(t.0)"~7 | 5.0] B(~t.0

_ gi: (5) Bttty {kizj ("7 ) ey (e - 977 } ,

where the last equality hold by virtue of (3.5). We claim that

JZ: <I;)E[(—t-a)j] {kz_é <k ;‘7) (s.0) B ([t - 5).0/]kji>}
_ jko <§> (5.2)7 {I:_(: <k ij>E ({(t - s).a}kfj—i) E[(_t'a)i]} (38)
so that

"When no confusion occurs, we will use the notation x — t.a to denote the polynomial
umbra —t.a+z =z + (—t).c.
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zi:(’;) (s.0) {ki (’“ - ) 2 ({(t — 9).a)*5) E[(—t.a)i]}

=0
k
:JZO(>SONE[{ ta+ (t—s).a}f J}
k .
ZZBOO‘E s.0)" 7],

that is,
EQi(t.a,t) | s.a] = Qr(s.a, s),

again by virtue of Proposition 3.5.
Remain to prove equality (3.8). We have

k

> (%)t ZO ("7 ) ey (e - 9ar7)
- Zk%ko () (* ) armt-tarimie - sy
= (s a>°j§; () (57 ) Bl-rayleqe - 510

¥ (s0) ko () (* 77 ) Bi-rapteqe - a1
FoaP S () (77 Btrayizde - o2
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On the other hand, we have

G =G0

therefore,

=0 i=0 J
) jZ;(s » kzo (l;> (k ;j> E[(—t.a)1B([(t - s)./]*)

Definition 3.8. The polynomial umbra =z — t.« is called the time-space
harmonic polynomial umbra with respect to the family of auxiliary umbrae
{t.Oé}tZ().

It is straightforward to verify that the generating function of x — t.«v is

k
flo—ta,z) = W =Y Qula, t)%. (3.9)
k>0
Remark 3.9. By replacing = with t.« in (3.9), we recover the Wald’s expo-
nential martingale (3.1). Equality of two formal power series is interpreted
as the equality of their coefficients, so that E[Ri(X¢,t)] = E[Qk(t.a,t)].
Also the Wald’s identity Y, E[Rk(X¢, t)]2*/k! = 1 follows from (3.1).
Therefore, the sequence {E[Ry(Xt,t)]}k>0 € R is umbrally represented by
the augmentation umbra e, since f(e, z) = 1, for all ¢ > 0. But this is exactly
what it happens when in the polynomial umbra x — .o we replace x with
t.a.

The following corollary specifies the dependence of the coefficients of
Qr(x,t) in (3.6) on the auxiliary umbra {t.a}:>o.

Corollary 3.10. If we set

k
Qula.t) =" (1) a7, (3.10)
j=0

then
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(i) q] () = ) El(—t.)*9), for all j =0,... . k;

(ii) qjk (0) =0, forall j =0,...,k—1.

Proof. (i) We apply the binomial theorem and the linearity of the evalua-
tion functional F, so that

Mw

Qu(z,t) = E[(xz — t.a)k ]0< > o)k~ (3.11)

The result follows by comparing (3.10) and (3.11).

(ii) From (i), we have .
0 = (£) pl0.0 1

When we have introduced the auxiliary umbrae, we said that we set
0.a = ¢, so that E[(0.a)*=7] = 0, when j # k, that is, q](-k)(O) =0, for
all 7 < k.

O

The following corollary specifies the dependence of the coefficients of
Qk(z,t) in (3.6) on the umbra «.

Corollary 3.11. If Qy(z,t) = Y5, fj ti a9 then

_< ) D daan(=1)PIT 5(1(N), 4) (3.12)
Ark—j
where s(I(X\),1) are the Stirling numbers of the first kind.
Proof. Corollary 3.10 - (i) states

(z,t) ~ i( > i (3.13)

J=

On the other hand, equivalence (1.21) guarantees that

(—t.) T = > axda (1) (1)
Ak—j
1)
~ Y andy Y (1) Vs(N), i)t (3.14)

Ark—j i=0
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since we have

iy = D'Vt = (=)' ' s(I(A), ) (=)’

I\
= (—1)'™ 3 (1), D) (1)t
1=0

1A

=D (Vs it

=0

where s(I()), ) is the i-th Stirling number of the first kind.
By replacing (3.14) in (3.13), we have

1IN

k
Qp(z,t) ~ Z <§> Z axdy Z(—l)”lo‘)s(l(}\),i)tia:j. (3.15)
=0

j Ark—j i=0

Observe that s(I(A),i) = 0, for all I[(\) < i < k, then we can take the
summation in (3.15) ranging over the set {0,...,k} instead of over the set
{0,...,1(N\)}, hence we have

Qr(z,t) = > (j) > axdy D (1)), iyt

=0 Ark—j i=0
k I ‘
~ Z < > Z axdx(—1) N s(1(N), i) | 27
i,5=0 J Ark—j
and the result follows. O

Remark 3.12. Since Qg(z,t) is of degree k, for any k, every linear com-
bination of time-space harmonic polynomials {Qy(x,t)}r>1 is a time-space
harmonic polynomial with respect to {¢t.a}+>o.

Theorem 3.13. A polynomial P(z,t) = Z?:opj(t) 27, of degree k for all
t > 0 is a time-space harmonic polynomial with respect to {t.a}i>o if and
only if

p;(t) = Z <Z> pi(0) E[(=t.0)"™], forj=0,... k. (3.16)
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Proof. Assume P(x,t) = Z?:o pj(t) 27 a polynomial whose coefficients sat-
isfy equivalence (3.16). Then we have

1=2
* iil (k; i 1) pi(0) (—t.a) R High=t +§ <;) pi(0) (—t.) kg

+-- (k: ﬁ 1)( o)zt 4 <k>( t a)oxk]
k J . k
=3 5O (1) -tay e = Y p(0)e - ta)
7=0 =0 j=0

Since P(x,t) results to be a linear combination of {Qg(x,t)}r>1, then
P(z,t) is a time-space harmonic polynomial with respect to {t.a};>¢, thanks
to Remark 3.12.

Vice versa, if P(z,t) = Z?:o pj(t) 27 is a time-space harmonic polyno-
mial with respect to {t.a}+>0, then we can think of it as a linear combination
of suitable time-space harmonic polynomials, that is,

k
chE z —t.a)l,

=0

with {¢;} € R. Therefore, by retracing the steps above, for j = 0,...,k we
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have

k 1
+ 4o <O> (—t.oz)k] +x [cl <1> (—t.0)? + ¢ <1> (—t.c)
+ ook (T) (t.a)k_l] + 2P, <k‘>( t.a)?
u i i
~ 0 PR il
~ §CZ<O)( t.a) —i—m;cz(l)( t.a)
k i kK k
k.0 k—i 4 Ni—j .
+-- 42z Zcz<k)(—ta) _ZZc,<j>( t.a) o,
k j=0 i=j
Hence, for all j = 0,...,k, we take the evaluation of both sides and we
have
MOEDINE (j)E[(—t.ay—J].
i=j

To complete the proof, we have to verify that ¢; = p;(0), for all i < k.
To this aim, set ¢t = 0, then

4(0) = i () e lc-o.01 - i () et

Since €77 ~ 0i5, where ¢;; is the Kronecker symbol, we obtain that all
the terms with j # 1 vanish, then

q;(0) = <j> ¢j = ¢j-
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O]

Corollary 3.14. If P(z,t) = Z?:o pj(t) 2’ is a polynomial of degree k for
all t > 0, then there exists an umbra o such that P(z,t) is a time-space
harmonic polynomial with respect to {t.a}t>o.

Proof. By Theorem 3.13, the polynomial P(x,t) is time-space harmonic with
respect to the Lévy process {t.a}:>o if and only if equation (3.16) holds, for
all j =0,...,k. This is equivalent to consider the following system

po(t) = X0 (§) pi(0) E[(—t.)’]

pi(t) = Y0, (1) pi0) E[(—t.a)iY

;

(3.17)

Pre1(t) = Sy (1) pi0) El(—t.a) 7]
L pe(t) = Sy (1) i(0) E[(—t.) =]

We solve the system (3.17) starting from the bottom and we obtain

) = () pe(0) Bl(-1.0)%) = a0

We replace this last result in the (k — 1)-th equation of the system, then

pe-1(t) = (Z _ }) pi-1(0) Bl(—t.) 7171 4 (k 4§ 1) pi(0) E[(—t.a)F++1]

_ pr—1(t) — pr(0)

= E|(—t.a
=)
By repeating this trick for the whole system, we have the expression of the
moments of the umbra t.c. O

Remark 3.15. Up to now, we have considered polynomials of form E[(z —
t.a)*] and we have seen that they are time-space harmonic with respect
to Lévy processes, umbrally represented by the family of auxiliary umbrae
{t.a}t>0. Now, we could ask what happens if we consider polynomials of
form E[(z + t.c)¥].

By using the same tools, one can prove that polynomials of form E[(x +
t.a)*] are time-space harmonic with respect to the family of auxiliary umbrae
{—t.a}+>0, since we have

r+ta=z+(—1).(-1)t.a=z— (-t.a).
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On the other hand, in Chapter 1 we have already introduced the auxiliary
umbra —t.«c and we have shown in equivalence (1.20) that —t.a = t.(—1.a),
so that the family of umbrae {—t.a}>¢ is still the umbral counterpart of a
Lévy process.

3.2 Connection with classical, boolean and free
cumulants

Proposition 3.16. For the sequence of polynomials {Qy(x,t)} umbrally
represented by the time-space harmonic polynomial umbra x — t.c,, we have

Qr(z,t) = Yi(hy, ..., hi), (3.18)

with Yy the complete exponential Bell polynomials and {h,} the sequence of
cumulants of the umbra —t.q.

Proof. By equation (1.30), we have

E[(BO* = Yi(gr,-- . 9),

with g, = E[¢"], for all nonnegative integers n. Therefore, we will prove
equation (3.18) if we show that = + t.(—1.a) = $.£, for some umbra &.
Choose as umbra & the umbra lﬁ:xAu—i-/ﬁ}(_tAa), where k, , is the cumulant
umbra of x.u and K(_; . is the cumulant umbra of —t.a.
Thanks to the first equivalence in (1.4), we have

x4+ hy, ifk=1

E[(Kautrcm)’] =
( o)) {hk, ifk>1.

The result follows by applying Proposition 1.22, since
T+ t(_la) = B"k‘lcau + 5"{"’(—7&&) = ﬁ'("im.u—i—ﬁ:(—t.a))'
O

In Chapter 1 we have proved that every umbra « is the partition umbra
of its cumulant umbra, that is, & = B.k,. The following theorem explicitly
states the connection between time-space harmonic polynomials with respect
to the Lévy process {X;}+>0 and the sequence of cumulants of X;.
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Theorem 3.17. For all nonnegative integers k, the family of polynomials
Qe ) = El(x — t.3.5,)¥] € R[] (3.19)

is time-space harmonic with respect to {t.a}i>0, where k,, is the a- cumulant
umbra.

Proof. The result follows since in (3.7) E[(—t.a)/] = E[(—t.3.k,)’], for all
nonnegative integers j. O

Remark 3.18. Again in this case, every linear combination of time-space
harmonic polynomials with respect to the Lévy process {t.0.k.}i>0 is a
time-space harmonic polynomial with respect to {t.a}:>o.

Sheffer umbra and Appell umbra. Given two distinct umbrae « and
~v with E[y] # 0, we say that a polynomial umbra o, is a Sheffer umbra for
(av,7y) if and only if

oy = (—l.a+z.u).y", (3.20)

where v* = f.y<7'> is the adjoint umbra of v [22].
The generating function of a Sheffer umbra is [22]

_ 1 2(f<71> (@,2)-1)
floz,2) = R : (3.21)

If v = x in equivalence (3.20), the umbra
—l.a+z.u (3.22)

is the Appell umbra of «, with generating function

1
f(—l.a+zu,z2) = ev”. 3.23
( )= Fas) 329
Theorem 3.19 (The Appell identity). The polynomial umbra o, is an Ap-
pell umbra for some umbra « if and only if

Oty =0z + Y-

Corollary 3.20. The polynomial umbra o, is an Appell umbra for some
umbra o if and only if

Ui—m.u ~ ok 4 kok—L, (3.24)
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Corollary 3.20 says that, when we replace & with x 4+ x.» in the Appell
umbra, the singleton umbra x acts as a derivative operator, that is, [22]

d

%(:c—ka)k ~ (x4 x+ ) — (2 + ) ~k(z+a)f . (3.25)
Proposition 3.21. The umbra x + t.« is the Appell umbra of —t.c.

Proof. The result follows by applying (3.25) with the umbra « replaced
by the auxiliary umbra —t.oc and the derivative operator replaced by the

partial derivative operator. Indeed, if we set Qy(z,t) = E[(x + t.a)¥] for all
nonnegative integers k, we have

ox ox
=FE[(z+x+ t.oz)k] — E[(x + t-o‘)k]
k

=E ) (;’C) (z +t.a) kI

Jj=0
k

> (5) E[(z + t.a)!] E[x* ]

Jj=0

_ <k F 1) El(x + t.a)* 1],

where the last equality holds, due to the moments of the singleton umbra.
Hence, by taking the evaluation of both sides, we have

;;Qk(:c,t) = 2E[(CC +ta)]=E [8(33 T t'o‘)k}

)
S-Qule,t) = kQioi(a, 1), (3.26)
O

Thanks to (3.26), the sequence of polynomials {Q(z,t)} is an Appell
sequence with respect to x.

By virtue of Remark 3.15, we can also consider polynomials of form
Qr(z,t) = E[(z + t.B.5,)¥], which are time-space harmonic with respect to
{—t.ﬁ.l{a}fzg.

For the sake of simplicity, in the following results we will refer to this
last family of time-space harmonic polynomials.

Proposition 3.22. If Q(z,t) = E[(x + t.5.k.)] for all nonnegative inte-
gers k, then
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(i) (Sheffer property)

k
Qa9 =3 () o (3:27)

=0
where Pj(s) = Q;(0,s), for all j =0,...,k;
(ii) (Uniqueness property)
Qk(w,0) = z*; (3.28)

(iii) (Homogeneity property) for all ¢ € R, if we denote by Q,(Ca)(m,t) =
E[(x 4 t.8.k.)¥], then

(@, et) = Qi (1), (3.29)

Proof. (i) Thanks to the distributive property given in Proposition 1.14-
(iv), we have

Qr(x,t+5) = E[(x + (t + 5).0.52)"] = E[(x + t.8.K0 + 5..54)"]
k

> <§> (s.8-Ka) (x + t.ﬁ.ma)kj]

Jj=0

=5b

> <§> E[(s.B-ka) | E[(z + t.B.5.)"].

k
j=0
Let us observe that
(s.ﬁ.ma)j ~ (04 sﬂ.ﬁa)j ~ Q;(0,s) = Pj(s),
so that, by taking the evaluation of both sides, equation (3.27) follows.
(i) We have
Qi(x,0) = E[(z 4 0.8.5.)%] = E[(x + €)"]
=F [zk: (lg.)xjekj] = zk: (k) TE[" ] = a2t
i=0 =0 M

where the last equality holds since E[¢*~7] = 1 if j = k and it is 0,
otherwise.



CHAPTER 3. TIME-SPACE HARMONIC POLYNOMIALS 55

(iii) Via generating functions, we have

f((ct).B Ko, 2) = exp{(ct)[1 + log(f(a, 2)) — 1]}
= exp{(ct) log(f(a, 2))}
= exp{log(f(a, 2)™)} = f(a, 2)"". (3.30)

On the other hand, t.8.k., = t.8.(ck,), thanks to Proposition 2.7-(i),
so that

J(t-B-Keay 2) = exp{t[l + clog(f(a, 2)) = 1]}

= exp{(ct) log(f(a, 2))}
= exp{log(f(e, 2))"} = f(a, 2)". (3.31)

By comparing (3.30) and (3.31), we obtain (ct).5.k, = t.f.Kea, by
which (3.29) follows.
[

Remark 3.23. Let us consider polynomials of the form

Qr(z,t) = E[m(z + t.0.5.)], (3.32)

with m € R. Since Qi(x,t) = mQy(x,t), by applying equation (3.26), we
have

D et t) = -2 mQu(a 1) = m- (@u(r.1)
= kmQu—_1(z,t) = mQy(x,1),

Hence, the Appel property holds.
On the other hand, Sheffer property does not hold, since
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As regards to the homogeneity property, we have

~,(€a) (z,ct) = E[m(x + ct.B.5,)"]
= E[m(z + t.8.5.0)" = Q1 (2, 1),
thanks to Proposition 3.22-(iii).
Let us consider now polynomials of the form
Qi(x,t) = E[m*(x + t.8.5.)F], (3.33)

with m € R. We have Qi (x,t) = m*Qy(z,t), so that

ox
= km* T Qp_1 (2, ) = kmm" 1 Qp1 (2, 1)

= kmQp—1(z,t),

which is different from kQy(x,t), therefore the Appell property does not
hold.

The Sheffer property holds, in fact, by applying Proposition 3.22-(i), we
have

Qe t) = L Qutar 1) = m R Qi 1)

Qulast+ ) = Elm* (@ + £.8.5,)"] = mFQu(a, t + )

kZ() $)Qr—j(z,1)

("f) KT Py (5)Qkj (1)

M

<k>m]P MIQp—j(x,t)

> (

k
a;,t.
*) P

Qz(ga) (z,ct) = ka;(ca) (z,ct) = Elm*(z + t.B.k..)"] = Ql(cca) (z,t)

<.
I
o

I
M;r

<.
Il
o

Finally, let us observe that

by using Proposition 3.22-(iii), so the homogeneity property holds.

Summarizing, we have:
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e Appell property and homogeneity property hold for families of poly-
nomials of form {Qx(x,t)} in (3.32).

e Sheffer property and homogeneity property hold for families of poly-
nomials of form {Qx(x,t)} in (3.33).

Let us observe that Qp(z,t) and Qu(x,t) are more general families of
time-space harmonic polynomials than the basis {Qx(x,t)}.

Corollary 3.24. For the coefficients {qj(-k)(t)} of the sequence of time-space
harmonic polynomials Qy(x,t) = E[(x + t.3.k,)*], we have

(i) forallj=0,...,k—1, qj('k)(o) =0;

(i) for all j = 0,....k, jgi (t) = k¢! 1" (0);
(iii) for all 7 =0,...,k,

where {h;} is the sequence of cumulants of the umbra «.
Proof. (i) By applying the binomial theorem, we have
"k
Qr(x,t) ~ Z ( > (t.8.k0) " 2d
: J
J=0

and so q](k)(O) ~ (];)(Oﬂ.ma)k_j ~ (];Y)ek_j ~ 0, for all j < k.

The result follows by taking the evaluation of both sides.
(ii) For all j =0,...,k, we have

YL o Ve o K(k—1)!
R O N e

2’“(5 )(w DEDZ0 g (1)

(t.Bk0)"

and the result follows by taking the evaluation E of both sides.
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(ii) For all j =0,...,k, we have

g0 =5 () esr]

Hence, by setting F[x'] = h; and by applying the evaluation functional

E, we have
k—j
d k), _ kY, i)
aq]' (t) = ; (i)hij (t)
O

Connection with boolean and free cumulants. Let us consider the a-
boolean cumulant umbra 7,, given by equivalence (2.11). Thanks to Theorem
3.7, the polynomials

Qr(x,t) = E[(x — t.u.5.7,)"]

are time-space harmonic polynomials with respect to the family {¢t.a}:>o.
Consider now the a-free cumulant umbra K, given by equivalence (2.19).

This umbra allows us a different parametrization of Qx(x,t) = E[(x —t.@)¥].
Indeed, the polynomials

Qu(z,t) = E[(z + t.(—1.R8.).8.(—1.8.) 5 )"

are time-space harmonic polynomials with respect to the family {¢t.a}:>.

Let us remark that the computations of the coefficients of these polyno-
mials could be easily performed by using the algorithms proposed in Sub-
section 2.2.1.
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3.2.1 Discrete case

In the following, assume Qg (z,t) as in (3.10) and denote by {a,} the se-
quence of moments umbrally represented by the umbra « in (3.6).

We start to consider the case in which the parameter ¢ is replaced by
a nonnegative integer n, so the coefficients qj(k) (n) of time-space harmonic
polynomials satisfy further properties thanks to the umbral representation
(3.6). Some of these properties have been used in [32] in order to prove the
existence of time-space harmonic polynomials. Differently from [32], our
proofs do not rely on induction and result to be simplified.

Note that all these results here are recovered as corollaries, whereas in
[32] are necessary to build the whole theory.

Proposition 3.25. Forall j=1,...,k, we have

B 1) =S (D) o® (s
g (n—-1)=>" i) (n)a;_;. (3.34)

i=j

Proof. The result follows from Corollary 3.10-(i), indeed
k . k .
q§k) (n—1) ~ <j) [—(n—1).a]f 7 ~ <]) (—n.a+ o)k
k—j o
ECer

—Jj
~ k—j—s s
~ EO A —s) T(—n.a) a’.

We make a change of variable, by setting j + s = 4, so that s = ¢ — j
and j = ¢ — s. Furthermore,when the “old” variable s ranges over the set
{0,...,k—j}, the “new” variable ¢ ranges over the set {j,...,k}. Then, we
have

12

TTM
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k .
=3 (;)a " m
i=j J

so we have
k .

-0 =3 (1o o)

=7 J

The result follows by taking the evaluation of both sides in the previous
equivalence. ]

Corollary 3.26. We have
k — k
k
argy” (n) = ¢5”(n = 1) = > 4, ().
§=0

Proof. By using Proposition 3.25, we have

k . k k—1
1
-1 =3 (y)a 0 = Y P ma = a0 o e
1=0 1=0 1=0
The result follows because
k il k k il k
0" (n—1) =3 a;g"(n) = "V (n) + " a;q\ (n)
j=0 j=0
k—1 . N
— ajqj(. )(t) = akq/,(€ )(n)
j=0

Proposition 3.27. We have

Proof. We have

o

ajqj(-k) (n) ~

H
-
L7
Q
<
N
<
"
|
3
L
-
d
gk
Q
<.
Yo
S
—
|
3
2
E
<
|
Q
-

<.
Il
o
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From Corollary 3.10, we have q(()k) (n—1)~ (g)(—(n —1).a)*, therefore

(k) SR k k By ok o
% (n—l)—Za q; (t) ~ (0> (—(n—1).a)" = (—(n—1).a)"+a" ~«
=0

an the result follows by taking the evaluation of both sides in the previous
equivalence. ]

Proposition 3.28. We have
k » & k
@ () + 3> aja (1) = 0.
=1 j=1

Proof. From Corollary 3.10, we have

lﬁ;goﬂqgk)@) ~ i:laj (f)( L)k + ]zi:la]< >(_2 o)t
+e zk: o’ <k> (—n.a)k
= \J

By expanding the powers, we have

f — (1) 4+ (-1.a)f — (=2.0)F + (-2.0)*
+oF (—(n=2).a) = (=(n—1).a)f + (=(n = 1).a)f = (=n.a)F

~ ¥ — (—n.a)f ~ —(—n.a)k.

Therefore,

n k
C](()k) (n) + Z Zajqj(»k)(l) ~ (g) (—n.a)* — (—n.a)k

~ (—n.a)f = (—n.a)* ~0

and the result follows by taking the evaluation of both sides. O
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Proposition 3.29. For all j =0,...,k — 2, we have
k A k)
P+ > () S aisa 1) = 0.
i1 M/ 13

Proof. From Corollary 3.10, we have

In (3.35) we have

i=j+1
k
7! k!
~ Z — - oI (=1 a)k_l
_ — )
rj+1‘7'(z Dil(k —1)
k
k! 1
=~ Z T e Oélf](—l a)kil
— 7\ —\!
2 G D

We make a change of variable, by setting ¢ — j = s, so that ¢ = s + j.
Furthermore,when the “old ”variable i ranges over the set {j+1,...,k}, the
“new ”variable s ranges over the set {1,...,k — j}. Then, we have
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where the last equivalence holds by virtue of Corollary 3.10-(i).
Now, we can sum over [ = 1,...,n and we have

S (670 -1)-=dW) =P ©0) = ¢ 1)+ + ¢ - 1) + P ().
=1

On the other hand, Corollary 3.10-(ii) guarantees that qj(-k)(O) ~ 0, for all
j < k. Finally, we have

¢\ (n) + Z ()Zaz a0 =)~ ¢V () ~0

i=j+1
and the result follows by taking the evaluation of both sides in the previous
equivalences. O
Next Proposition follows from Theorem 3.13, after replacing ¢ by n.

Proposition 3.30. For all j =0,...,k, we have

k i n
gj(n) — ;(0)+ Y <j> > aijai(l)
=1

i=j+1
Proof. Let us observe that

gj;l(]) 2_all) = 2: <;> i%‘(“ - iqj(l)

~ ]<')zn:qz —q;(n qu

1=

then we have

g;(n) —¢;(0) +1§k;r1 <]> En:o/ J

IZ
|
QQ
M
T
N
Dagh
QS
K)
|
S
M
QQ
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where the last equivalence holds by virtue of Theorem 3.13 and Corollary
3.10-(i).

We make a change of variable in the second term, by setting h = + 1,
so that I = h — 1. Furthermore,when the “old ”variable | ranges over the
set {0,...,n — 1}, the “new ”variable h ranges over the set {1,...,n}. For
convenience, we rename the new variable h with . We have

qj(n) — ;(0) + Z < >Zo/ Ig;(1

i=j+1
N§:§:<> z1§:q E:}:% I —1)
=1 i=j =1 s=j
N;;<> z'j;q(s)(o) lz;z;q Z;(j) o ig (),

(3.36)

thanks to Proposition 3.25.
Look at the second term in the previous summation and consider its
general term. We have

qu Z(j) a™ig (1) |

~ qjmé (§)ar e+ qm(oé (})aa 00
2, j+3 .

=45120 3 (a0 + a0 Y ()0

=7 =7

k-1 ,. k .
+ o+ g1 (0) <;>twi_jqfkl)ﬂ)+Qk(0):£: <;><1i_jq§k)ﬂ)
=] i=j

~ (a0 + (7)o 3w

5= s=j+1
j+2 : j+3 k
+< : >02 > qs(o)qgi)z(lﬁ( ' )a3 > a:(0)g 0
9 s=j12 J s=73+3

k k
+ (k . 1)&’”1 S a@a?, () + (f)akqus(o)%i)(l)

J s=k—1
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-3 (jfm)aj S a0,

m=0 J s=j+m
If we set j +m =14, we have m = ¢ — j, with ¢ = j,..., k, hence
k SN LN
> 003 (a0 =3 (})a X a0
s=j i=j i=j s=i

The result follows by replacing this last equivalence in (3.36) and by taking
the evaluation of both sides. O

Remark 3.31. Let us observe that the family of umbrae {n.a},>o corre-
sponds to a discrete martingale {X,, },,>0 with X¢ = 0 and independent and
identically distributed difference sequence with zero mean. Recall that the
difference sequence associated to { Xy, },>0 is a sequence of random variables
{M,,} >0 such that My = X¢ =0 and M,, = X,, — X,,_1, for all nonnegative
integers n. The umbra n.« generalizes X,, = M1+ My + ...+ M,.

Suppose to remove the identical distribution hypothesis on {My,}n>0 :
in umbral terms, the martingale {X,,},>0 corresponds to the umbra a; +
@3 + - - - + ay,. The time-space harmonic polynomials E[(z — n.a)¥] need to
be replaced by E[(x —1.(a1 +ag+ - - -+ ay))*¥]. The previous properties can
be recovered by similar arguments.

3.3 Examples of time-space harmonic polynomials

In the following we will introduce some families of time-space harmonic
polynomials with respect to some special Lévy processes.

3.3.1 Hermite polynomials

A standard Brownian motion {W;};>¢, also known as Wiener process with
0 drift, is a Lévy process whose increments are distributed according to the
standard Gaussian distribution [49].

Thanks to the Lévy-Khintchine formula, the Lévy triplet is such that
co=0,s=1and v =0, so E[y'] = §;, which means that v = e.

By applying (2.32) and Theorem 2.37, a standard Brownian motion re-
sults to be umbrally represented by the family of auxiliary umbrae

{t.8.0} >0, (3.37)
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with 8 the Bell umbra and § the umbral counterpart of a standard Gaussian
random variable.

A Brownian motion {B:}:>0 is a Lévy process whose increments are
distributed as a Gaussian random variable with zero mean and variance

2
7 # 1.
The Lévy triplet in this case is (0,52, 0), then, again by virtue of (2.32)
in Theorem 2.37, a Brownian motion is umbrally represented by

{t.6.(58) }izo. (3.38)
Thanks to Theorem 3.17, we have that
Qk(a,t) = El(z — t.5.(s6))"] (3.39)

are time-space harmonic polynomials with respect to the Brownian motion
umbrally represented by the family of umbrae in (3.38).

Proposition 3.32. For all nonnegative integers k > 1, we have
Qula,t) = B (@),
where {H,gszt) (x)} are the generalized Hermite polynomials.

Proof. let {ngs2)(37)} be the family of generalized Hermite polynomials,
whose generated function id given by [43]

2y o 5252
ZH,E )(x)ﬁ = exp {xz — 3 } . (3.40)
k>0 '

On the other hand, equation (3.40) can be seen as the generating function
of a suitable polynomial umbra, indeed

5222 5222
eXp | L2 — —5— = eXp {zz}exp (>

where e** = f(u, z) whereas

exp {32;2} = exp { [1 + 82;2 - 1] } = exp {— [f(J, s2) — 1]}
= exp{—[f(sd,2) — 1]} = f(=1.8.(s0), 2).
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Hence,
5222
exp {m - 2} — f( — LA.(6), 2),
that is,
52
HE ) (2) = E[(z — 1.8.(s6))"). (3.41)
If we replace s? with st in (3.41), we obtain
82
HE (@) = Bl(z — 1.8.(V1s6))"]. (3.42)
Finally, let us observe that, via generating functions, we have
1 1

f(=1.8.(Vtsd),2) = F(B.(Vsd),2)  exp{f(Visd,z) — 1}

1 { ts222}
g :exp N
exp{l—k#—l} 2

— exp {—t [1 + 52222 - 1] } = exp{—t[f(sd,2) — 1]}
— f(~t.8.(s8), 2),

that is,
—1.8.(v/ts0) = —t.5.(s6).
The result follows by replacing this last equivalence in (3.42). O

Here we present an umbral version of the recurrence formula for the
Hermite polynomials.

Theorem 3.33. We have
HY (2) = 2H (2) — thH" | (2). (3.43)

Proof. Recall that kH ,gt_)l(x) = D,H ,gt) (x). Then the recurrence formula
(3.43) becomes

(x4 —t.3.0) ~ x(x + —t.8.0)F —tD,[(x + —t.8.0)],
which is equivalent to prove that

O

j=0 7=0

-2 <k> i (—t.8.6) 7, (3.44)
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by applying the binomial theorem.
Look at the left-hand side of (3.44). We have

k+1

5 (k ;r 1>xj(_t_,3,5)k+1—a' ~ Rt (k Z 1) b (—t.8.6)

=0
+ Z (k i ) —t.8.8)kH1I. (3.45)

As regards the right-hand side of (3.44), we make a change of variable in
the second summation, by setting s = ¢ — 1 so that i = s + 1, hence, when i
ranges in {1,...,k}, s ranges in {0,...,k — 1}. We have

> (5)7 st - > (5w te-epar

=0 i=1

’“0 <I;)xj+l( £.6.8)" §<si1>(5+1> t(—t.8.5)F1

j= s=

a4 Z < ):cJ“ —t.8.0)* sz <S ) s+ 1)zst(—t.5.0)F L

s=

k—2
o~ ghth 4 (k ) —t.8.0) + Z <k> 2Tt (—t.B.6)F

Replace equivalences (3.45) and (3.46) in (3.44) and compare the two
sides. The result follows if we prove that

St s B (s

]: =
k—1

. Z <j —Ii 1> (j + D)alt(—t.8.6)F771
~D

:1< ) §)k-itt _ k- 1< ) G+ Dadt(—t.8.6)1,

7=0
(3.47)

.

12

<.



CHAPTER 3. TIME-SPACE HARMONIC POLYNOMIALS 69

after a change of variable in the first summation. In particular, we have to
prove that

(—t.5.0)F ~ <];>t(—t./8.6)k1 for j = 0;

<k j 1)(—tﬂ.5)k+1_j ~ <j f 1)(—t.6.5)k_j+1 forj=1,...,k—1.

We apply the transfer formula [22]

M~ ey (e 4 X)) (3.48)

6 <—
3) f

or j = 0 gives

(z.9%)

with x =t and v = ¢, so that v* =
Hence, the recurrence formula ( 3.43

(—t.8. )’f+1 ~ —td[(—t + x).B.0]F ~ —t6[—t.5.6 + 6]F
o~ Z < >5ﬂ+1 —t.8.0)F I ~ (’f) — t(t.8.0)F 1,

where the last equivalence holds by equality (1.34) on the moments of the
umbra J.
When j =1,...,k — 1, recalling that [19]

(57)=G2)+6)

and by applying the transfer formula (3.48) again, we have

(15~ = (s

~ (;“) (=t)8[(—t + x).8.0]F 9 ~ <’;> (—t)5[—t.5.0 + 6]~

k—j

(e (s

~ 0 (’;) (k ij ) ST (—t) (—t.3.6)k

~ 5) (k Ij> (—t)(—t.8.6)71,

12
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where the last equivalence holds by equality (1.34) on the moments of the

umbra 9.
k
)+ 1

On the other hand,
k k—j+1 k . . . k—i—1
(j)(tﬂ-é) I~ (j+1>(g+1)( t)(—t.8.0)FI—L,

G)CY)

thus

Yolddddddddddddddddddddddddddded

3.3.2 Poisson-Charlier polynomials

A Poisson process {N;}+>0 is a pure jumps Lévy process, whose increments
follow a Poisson distribution with intensity parameter A > 0. The moment
generating function of a Poisson process is [50]

Ble*] = exp{t[A(e* — 1)]}.

If we compare this formula with (2.30), we have ¢g = 0, s = 0 and
v = (1), that is, the Delta measure concentrated in 1, so that E[y!] =
Jg #6(1) = 1, by definition of Delta measure. Then we have v = u.

Hence, by applying (2.32) in Theorem 2.37, the umbral version of the
Poisson process is

{(At).B.u}e=0 = {(At).Blez0. (3.49)

Remark 3.34. The result in (3.49) is in agreement with those in Chapter
2, where we have described the auxiliary umbrae {t.a};>0 as the umbral
counterpart of Poisson random variables.

By virtue of Theorem 3.17, the polynomials
Qr(z, \t) = E[(z — t.\.5)F]

are time-space harmonic with respect to the Poisson process umbrally rep-
resented by (3.49).

Let us consider now the Poisson-Charlier polynomials {Cy(z, \t)}, whose
moment generating function is [43]

_ k
3" Gz, )\t)% — e M (1 4 2)”, (3.50)
k>0 ’
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Next proposition states that the Poisson-Charlier polynomials are time-
space harmonic with respect to the Poisson process {N;}+>o.

Proposition 3.35. For all nonnegative integers k > 1, we have

k

CN’k:(x’ )‘t) = Zs(k,j)Qj(-T, At)a

j=1
where {s(k,j)} are the Stirling numbers of the first kind.

Proof. From (3.50), we have
Cr(x, Mt) ~ (z.x — (M).w)k ~ (z.x — Atu)*.

Observe that, by applying the second equivalence in (1.32) and the dis-
tributive property of the summation of umbrae with respect to the dot-
product, we have

X — Atu=x.x — ANt.B.x = (z — At.B).x, (3.51)

then
(z.x — Mtu)® ~ [(z — \t.8).x]~.

Note that the umbra in (3.51) is of the form a.y, with o = = — A.t.3,
i.e., it is the a- factorial umbra [30], for which we have E[(c.x)*] = (a),
where (a)y is the k-th factorial moment of the umbra « introduced at the
beginning of Chapter 1.

Hence, in this case we have

k
(z.x — Mtuw)k ~ (2 — A\t.f)p ~ Z s(k, j)(z — At.B),
=0

thanks to the properties of Stirling numbers of the first kind s(k, 7) [19], by
which the result follows. O

The Poisson-Charlier polynomials are linear combination of the time-
space harmonic polynomials with respect to the Poisson process {\.t.8}i>0,
hence they are time-space harmonic with respect to the same stochastic
process, in turn, thanks to Remark 3.12.
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3.3.3 Lévy-Sheffer systems

A sequence of polynomials {Vi(x,t)}+>0 is a Lévy-Sheffer system if it is
defined by the following generating function [51]

Zk t
> Vil t) 75 = (9(2))" explau(2)}, (3.52)

k>0

where ¢g(z) and u(z) are analytic in a neighborhood of z = 0, u(0) = 0,
g(0) =1, ¥/(0) # 0 and 1/g(7(z)) is a moment generating function associ-
ated to an infinitely divisible distribution, with 7(z) such that 7(u(z)) = 2.
Schoutens in [51] states that the basic link between these polynomials and
Lévy processes is a martingale equality (cf. page. 337 eq. (6)), which is
equivalent to ask that these polynomials are time-space harmonic with re-
spect to Lévy processes.

In the following, we show that Vj(z,t) is a linear combination of suitable
time-space harmonic polynomials Q(x, t) and therefore, they share the same

property.
Theorem 3.36. We have

k
Vi(z,t) = Y E[(x +t.8.6)|Bri(g1,- -, Go—is1), (3.53)
=0
where g; = E[y7], for all nonnegative j and k is the cumulant umbra of

.= with y<7*> the compositional inverse of the umbra .

Proof. Let a and v be two umbrae such that f(a,z) = g(z) and f(v,z2) =
1+ u(z), with E[y] = 4/(0) # 0. Hence, u(z) = f(vy,2) — 1.

Due to the form of the generating function in (3.52), we have

(9(2))" exp{zu(2)} = (f(a, 2)) exp{z[f(7,2) — 1]}
Hence, by applying (1.14) and (1.39), the polynomials {Vi(z,t)}r>0 are
umbrally represented by the polynomial umbra t.ao + x.3., in symbols
Vi(z,t) = E[(t.a+ z.89)k,] forall k> 1. (3.54)

What is more, thanks to (1.32), (1.42) and the distributive property, we
have
..y +ta.fx =x.fy+ta.ByT By
(x+ta.fy~"17).0.9. (3.55)

x.fy+t.au
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The result follows thanks to (1.41), by replacing (3.55) in (3.54), that is,

Vi(z,t) = E[((z + t.a.f4<").6.9)"]
k

= Z El(z +t.a.B)]Bri(g1, - Grit1)-
1=0

O]

Corollary 3.37. The Lévy-Sheffer polynomials {Vi(x,t)}+>0 are time-space
harmonic with respect to Lévy processes umbrally represented by the family
of auziliary umbrae {—t.a.B.7<"'> }1>0.

Proof. By Theorem 3.7, the time-space harmonic polynomials with respect
to {—t.c.B.y<""" }i>0 are

Qr(z,t) = E[(z — t.aﬂ.fy<‘1>)k],

for all £ > 1.

Thus, Theorem 3.36 states that every Lévy-Sheffer system is a linear
combination of time-space harmonic polynomials with respect to the Lévy
process umbrally represented by {—t.a.B.7<7"> }i>o.

The result follows, thanks to Remark 3.12. O

3.3.4 Laguerre polynomials and actuarial polynomials

A Gamma process {G¢(\,b)}i>0 with scale parameter A > 0 and shape
parameter b > 0 is a Lévy process with stationary, independent and Gamma-
distributed increments.

If we set b = 1, then the moment generating function of the Gamma

process is [50]
E[ezGt(A,l)] _ [(1 - Z)_)\]t.

The Lévy triplet of the Gamma process is (0,0, v), [50] where the 1évy mea-
sure is given by v = Ae %z~ 11,5(x)dx, hence

. . 3 +m ;
Ely] = /Rxly(da:) = )\/Rxllexlgpo(x)dx = )\/O e % .

By iteration of integration by parts, we have, for i =0,1,...,

+o0 +o0 )
— / (i — 1)z 2e %da
0

E[] = -\ [xi_ie_x
0
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“+o0o
= — i— 1Dz (—e ) dx
.Y /0 (i — Dai=2(—e*)d

+oo +00 )
- / (i —2)x' e %dx
0

=—Ai—1) |zt 2%®
0

:...:A(i_1)(@'_2)...(2'—i+1)/0+oo(—e—x)dx

+oo
=Ai—1le™® =A@ —1)!
0
Therefore, since
I 4log (—— ) =1-10 (1— )—1+Zf—1+2(k—1)'ik
S\1-2) ~ ST ko ik
k>1 E>1

we have, by virtue of (2.5),

P 1\
f(y,2) =1+ /\Z(k — 1)!H =1+log (() > = f(x.\4, z),

1—2z
E>1

where u is the boolean unity umbra.
Hence, by virtue of Theorem 2.37 and by recalling that 5.x = u, the
umbral version of the Gamma process is

{t.)\.ﬂ}tz(). (3.56)

Due to Theorem 3.7, the time-space harmonic polynomials with respect
to the Gamma process {G¢(A, 1)} are

Qu(z,t) = E[(z —t.Aa)¥], forall k> 1. (3.57)

There are two families of polynomials which are time-space harmonic
with respect to Gamma processes, according to the value of the scale pa-
rameter A.

If we set A = 1, we have the Laguerre polynomials {ng_k) ()}, with
generating function [43]

S0k @)k = (1 - 2)te
£>0
Since we work with exponential generating functions, set

k
S (-1)fkic (ac)% = (1— 2)te", (3.58)
k>0 )
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Hence, the umbral expression of Laguerre polynomials is given by ob-
serving that

(1 —2)'e™ = f(t.(=x), 2) f(w.u, 2) = f(a + t.(=x), 2),

by using (1.14) and by recalling that f(x,z) =1+ z.
Therefore, we have

(~DFRILE (@) = Bl(x + t.(—x)*],  k=1,2,... (3.59)

Theorem 3.38. The Laguerre polynomials {L’Z_k(m)}tzg are time-space
harmonic with respect to the Gamma process {G¢(1,1)}4>0.

Proof. We want to bring us back to equation (3.57) with A = 1. Via gen-
erating functions, we have —1.u = —x, so that —t.u = t.(—1.a) = t.(—x),
then

r—tu=x+t.(—x).

The result follows by comparing this last result with (3.59). O

When A # 1, Roman [43] defines the class of the actuarial polynomials
as the sequence of polynomials with generating function

Zk
Zg;c(a:, )\t)a = exp{ Mz + (1 — €*)} = exp{Atz} exp{z(1 —e*)}. (3.60)
k>0

To get the umbral expression of gi(z, At) we use the umbral Lévy-Sheffer
systems introduced in Section 3.3.3. By comparing (3.60) and (3.52), we
have

f(z) = e, so that a = (\t).u

u(z) =g(z) —1=1—¢€7, so that g(z) =2 —¢€*

We want to obtain an explicit expression of the umbra . Since its gen-
erating function is not referable to any known umbra, we can suppose that
g(z) is the generating function of the compositional inverse of some umbra
we want to determine. Let ¢ be such umbra. By definition of compositional
inverse, we have

fO f(0,2)—1)=1+2 = 2—¢" =1+2
z=f(9,z)—1
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2-ef0A1 14, o SO 1,
f(0,2) —1=log(l—=2) = f(V,2) =1+log(l—z)
= 1+1log(f(=x,2)) = f(x-(=x), 2)

Then, ¥ = x.(—x) and so v = 9= = (x.(—x))~"'>. Hence, the um-
bra having (3.60) as generating function is At + z.5.(x.(—x))~""> and its
moments are

ge(z, M) = B{{M + z.8.(x.(—x))<""]F},  for all k> 0. (3.61)
Theorem 3.39. The actuarial polynomials {gx(x, A\t) }1>0 are time-space
harmonic with respect to the Gamma process {G¢(\, 1) }+>0.

Proof. We have

Atz B.(x-(—=x))"77 = 2.8.0¢(=x) 7 + (A)u
= (@ + tAufx(=x))-B-(x-(=x))"
= (¢ +tAu(=x))-B-Oc(=x) "

Therefore, thanks to equation (3.61),

gu(, At) = E{[(z + tA.(=x)).8-0¢ (=) 1)
k

=> Bl + tAu.(=x)"Brj(m,. .., me_j_1), (3.62)
7=0

where m; = E[(x.(=x)){], foralli = 1,... k.
Let us observe that
x+tAu.(—x) =x+ (tN).u.(—x) =z + (tN).(-1).(-1).(—x)
=z — (tA).(-1.(=x)) =z — (\t).qu.
Finally, by using (3.57) and (3.62), we have

k
ge(, M) =Y El(x — ()0 By (ma, ..., me_j_1)

<.
Il
-

Qr(x, ) By j(ma, ..., mp—j-1).

<
Il
—_

I

So, we have proved that the actuarial polynomials {gi(z, At)} are a lin-
ear combination of time-space harmonic polynomials with respect to the
Gamma process and so they are time-space harmonic with respect to the
same process, in turn, thanks to Remark 3.12. O
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3.3.5 Meixner polynomials of first kind

Let {Pa(t,p)}+>0 be a Pascal process, that is, a Lévy process whose incre-
ments have binomial distribution with parameter p. The moment generating
function of the Pascal process is

1 — t
E[ezPa(t,p)] _ ( p > )

1 — pe?

If we put 1 +p = ¢ and d = p/q, we have
((55) = Gaie) = (a=a)
1 — pe? p+q— pe? q+p(l—e?)
t t
q B 1
gl+2(1—e)] ) \1+2(1—¢)

(

= (f(du,e* — 1))

z=e*—1

= (f(@.d.B,2)) = f(t.u.d.B,z).

Hence, by applying (2.32) in Theorem 2.37, the umbral version of the
Pascal process is

{t.ﬁ.d.ﬁ}tzo. (363)

Consider the family of Meixner polynomials of the first kind { M (z,¢,p)}
such that [49]

Zk p T
kzzo(—l)k(t)kMk(x,t,p)m = (1 + p) (14 2)7=" (3.64)

The umbral expression of the Meixner polynomials of the first kind is

(—1)* () My(x,t,p) = E { {x <—1.X + Z) - t.x] k} . (3.65)

Indeed we have

z

(1+2) awa= (142) e

p p
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1+§ : 1 —t 1 1+§ : 1 —t

il (14 2)"" =exp{ log T (1+2)
_ 1+5 L
_exp{x 1+10g<1+ >—1]}(1+z)

z

1+= 1 \!

= 1+1 Pl -1 .

eXp{w +Og<1+z> ”(1+z>

Let us observe that
142
- 'p X X
= =,z -1x,2)=f(-1lx+=,z2
=1 () e = fetxe Koo

15 X
= 1+ log =flx|-1lx+=],2]).
1+=2 D
Then, equality (3.65) holds, since
z ’ —x—t X
(1 + ) (1+2) =f (t.(—l.x) + x.6.x. <—1.x + >>
p p
=f (—t.x + x. (—1.)( + ;)) .

Theorem 3.40. The Meixner polynomials of the first kind are time-space
harmonic with respect to the Pascal process {Pa(p,t)}i>0.

Proof. The Meixner polynomials of the first kind form a Lévy-Sheffer sys-
tem, so they are represented by the polynomial umbra z.53.(x.(—1.x+x/p))+
t.(—1.x). First of all, we have to prove that the first moment of the umbra

X- <_1-X + %) is non-zero. In fact,

f(X- <—1.X+X> ,z) =1+log <X- <—1.X—|—X>> —1+log<1+;>,
p P 142

By developing in formal power series and by setting v = x. (—I.X + %),

we have
f(%Z):1+10g<1+Z>—log(1+z)=1+Z(— e Z/p Zk
p k>1 k>1
1)k+1 (ke ' k | Lk
—1+Z —!(z/p) LN R

k! k k!
k>1
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! k!
k>1 k>1
_ (—1)F+t = 2
_1+Z[(k—1)!< Tl H_HZEMH.
k>1 E>1

Then, E[y] = % + 1 # 0, so we are sure that the umbra y<='> does exist.
Now we write

v (Fir 2) mtam e (v (e X)) o
= (e e-10 (v (-1a+ ;;)) ) 5 (v (1))

<—1>
We are looking for an explicit expression of v<~!> = y. (—1. X + %) .
By recalling that f(vy, f(7y~"'>,2) — 1) = 1 4 z, we have

1+ log L+2/p =14z
A P O

1+ (f(0" "=/
=>log< 1—|—f(7<_1>,z)—1 )—z

L+ (6" " -Yp_ .

-1
p+f(’7< >,Z)—1 — &7

) T i 2)
= p-1+f(7" ) =pff(rT L2 = f(0T 2L —pef) =1—p
N f(’y<_1>,z): 1—p ‘

On the other hand, taking into account that p + ¢ = 1 and g = d, we
have

1-p g q q

l—pe*  1-pe* ptqg—ple—1+1)  q—p(e*—1)
1 3 1 _ 1
1—B(e2—1) 1-d(e*—1) 1-dzf,_. 4

= f(du,e® — 1) = f(du, f(u,z) — 1) = f(du.B.u, z).

Thus,
N = du.fou = u.d.f. (3.66)
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Equivalence (3.66) gives

z. (-1.X + ;f) —tx = (x +t(=1x).B.a.d.5).5. (X. <—1.X + ;f)) .

The Meixner polynomials of the first kind can be written in the following
way

k

(—D* )My (z,t,p) =Y E[(x — t.0.d.8)| By j(ma, ..., mp_j_1),
j=1

p
3.12. O

where m; = FE [(X (—1.)( + X))Z} . The result follows by recalling Remark

3.3.6 Random walks

The results in the literature involving the polynomials we are going to intro-
duce refer to an integer parameter n. In order to highlight their time-space
harmonic property, we can consider the discrete version of a Lévy process,
that is a random walk S, = X7 + Xo+ -+ X,,, with {X;} independent and
identically distributed random variables.

Recall that a random walk is the discrete counterpart of a Lévy process.
On the other hand, random walks are not infinitely divisible, whereas one can
prove that a stochastic process is a Lévy process if and only if its distribution
shares the infinite divisibility property (see Lemma 7?7 [48]).

Nevertheless, for the symbolic representation of a Lévy process we have
dealt with, a random walk is umbrally represented by n.a, where n is a
nonnegative integer.

This is a further confirmation that the umbral tools result to be a more
general approach to the theory of Lévy processes.

The generality of the symbolic approach shows that if the parameter n
is replaced by ¢, that is if the random walk is replaced by a Lévy process,
more general classes of polynomials can be recovered for which many of the
properties here introduced still hold.

Bernoulli polynomials. The Bernoulli polynomials { By (z,n)} are defined
by the generating function [43]

ZBk(x,n)z;j - (6"’_ 1)nezx. (3.67)

k>0
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By recalling the Bernoulli umbra defined in (1.22), the umbra whose
generating function is given by (3.67) is x + n... Therefore, the Bernoulli
polynomials are

Bi(z,n) = E[(x +n..)¥], (3.68)

for all nonnegative integers k > 1.

Theorem 3.41. The Bernoulli polynomials { Bx(xz,n)} are time-space har-
monic with respect to the random walk {n.(—1.c)}n>o0.

Proof. Let us consider the random walk S, = X; + Xo + --- + X, such
that X1, Xo,...,X,, are n independent and identically distributed random
variables with uniform distribution on the interval [0, 1].

Since X; is umbrally represented by the umbra —1.¢, for allt =1,...,n,
as we have already seen in Remark 1.17, the random walk S, is umbrally
represented by the family of auxiliary umbrae {n.(—1.t)}n>o0.

Theorem 3.7 ensures that the polynomials

On(z,n) = E [(x _n. (—u))’f] (3.69)

are time-space harmonic with respect to .S, for all k£ > 0.
On the other hand, n.(—1.t) = —n.s, hence E[(z —n.(—1.0))¥] = E[(x +
n.1)¥], that is,
By(z,n) = Qk(z,n).

O

Euler polynomials. The Euler polynomials {&(x,n)} are defined by the
generating function [43]

2k 2 -
Zek(x,n)k!:<ez+1> e (3.70)

From (3.70) and (1.25), we have

< 2 >nezz:f(u.x,z)f<n.;[n+(1.u)],z>

e#+1

_ <x+n.;[7]+ (—m)},z)

Therefore we have & (z,n) = E[(z 4+ n. [§ (-1u+ n)])k] for all nonneg-
ative integers k.
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Theorem 3.42. The Euler polynomials {Ex(x,n)} are time-space harmonic
with respect to the random walk {n. [§ (—1.n + u)] }n>0.

Proof. Let us consider the random walk S, = X7 + X9 + --- + X,, such
that X3, Xo, ..., X,, are n independent and identically distributed Bernoulli
random variables with parameter 1/2. Since X; is umbrally represented by
the umbra %(—1.77 +u), for all i = 1,...,n, as we have already seen in
Remark 1.18, the random walk S,, is umbrally represented by the family of
auxiliary umbrae {n. [+ (—=1.n + u)] }n>o.

Theorem 3.7 ensures that the polynomials

<x—n. B (—1.n+u)]>k] (3.71)

are time-space harmonic with respect to .S, for all k£ > 0.
Hence,

Qr(z,n)=FE

Ek(x,n) = Qr(x,n).
O

Krawtchouk polynomials. The Krawtchouk polynomials {ICx(x,p,n)}
are defined by the generating function [43]

2 (Z)’C’f(f‘/’vpvn)zk = (1 . ppz)x (142)"7"

k>0

We can rewrite this generating function in such a way it becomes of
exponential type, that is

k

;0 (Z) Ki(z,p,n)2" = k! (Z) Ki(w,p.n)

k>0

- (1 1 ;pz>x (14 2)"2. (3.72)

Observe that, if we set p+ ¢ =1 and p/q = d, we have

(St o= e

thus, the umbra with generating function (3.72) is

x. (—%) +(n—x).x == (—%) +n.x —x.X =n.x+ . (—1.)( — g) )
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Then, for all nonnegative integers k we have

n!

k) = E{[n.x+x. (~1x- j;)}k}. (3.73)

Theorem 3.43. The Krawtchouk polynomials are time-space harmonic with
respect to the random walk {n.(—1.u)}n>0, where —1.u is the umbral coun-
terpart of a Bernoulli random variable with parameter p.

Proof. For i = 1,...,n, let X; be a random variable with Bernoulli distri-
bution of parameter p. Let u = —1.x.p.5 be the umbra such that f(u,z) =
1/(pe* + (1 —p)), so the random walk S,, = X} + X5+ - - - + X, is umbrally
represented by the family of auxiliary umbrae {n.(—1.u)},»>0.

From Theorem 3.7, the polynomials Qx(z,n) = E[(z — n.(—1.u))*] =
E[(x+n.u)¥] are time-space harmonic with respect to S, for all nonnegative
integers k. In order to obtain a Lévy-Sheffer system, we have

n.y + . <_1,X — %) =n.x +x.0. (X- (—1-X - g))

= (et (o (1= 2)) 7Y 8 (e (1= 2))
= (et (e (1= ) ) (e (1 ).

By applying (3.73), we have
(nﬁ!k)!ICk(x,p, n)=FE [(nx + z. <—1.X — ;())k}
<-1> k
- {[(es o (- 9) ) 2 (e (-2

Ak E [{:1: + n. [X- (—l.x — g)} <1>}j] By j(ma,...,mg_ji1),

(3.74)

7j=1

where m; = E|[(x.(=1.x — x/d))"].
Let us consider now E [{a: + n. [X- (—l.x — %)]Gb}j} . We have

T+ n. [X- (—1.)( - %)} g +n.(—1).(-1). [X- (—1.)( - %)} o

— o n (Lo (- Y)Y
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We want to prove that this last umbra is similar to x —n.u. In particular,
it will suffice to prove that p = —1. [X- (—l.x — %)]G1> via generating
functions.

First of all, observe that

f(—lix(—lwf—x/db<DUZ)==f(X(1%j;/d»<n3zy

On the other hand, if for the sake of simplicity we set ¢ = x.(—1.x —
x/d))<"'>, we have

1- z/d> ’
Ltz /i< -1

1 _ f(ﬁ<71>7z)_1 1 _ f(ﬁ<71>7z)_1
= log ( d ) =z = d = %

=1+z

fOO, f(0s77,2) = 1) =142 = 1+log (

f(ﬁ<_1>7z) -1 f(19<_1>7 z) -1

d— f(9<7%,2) + 1 - -
? — 7 d 1 _ 19< 1> — d z 19< 1>
o1 ¢ T AT 0T =de 0T 2)

= [ 2) Fdeff(9 ) =d+1 = f(O5,2) (1 +de”) =d+ 1

d+1  E+1 1
= ) = S = f(—Lp2).
JO™72) = e 112 g+ per J(= L)

Hence,
=L (=1x = x/d)=7,2) = f(=1.0°77, 2) f(u, 2),
that is, p = —1.(x.(—=1.x — x/d))<"'>. Therefore,
B [{a+n.0c(—1x = x/d) V] = El(@ + nwy) = Q. n).

By replacing this result in (3.74), we have

k
n!
mlck(xJ% n) = J; Qj(% n)Bk,j(mh e 7mk—j+1);
and the result follows, thanks to Remark 3.12. ]

Pseudo-Narumi polynomials. The family of pseudo-Narumi polynomials
{Ni(z,an)}, a € N, is the sequence of the coefficients with the following
power series [43]
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k an
ZNk(x,cm)zk = Zk!Nk(x,an)z— = <log(1—|—z)> (1+2)*. (3.75)

k! z
k>0 k>0

In order to give the umbral representation of pseudo-narumi polynomials,
we have to introduce the a-primitive umbra «ap, that is the umbra whose
moments are, for all k£ > 1,

(ap)F ~ o (3.76)
k+1
Observe that
E+1 Lk
o z z
flar2) =) =g =2 0"
= k+ 1k = (k+1)
:a—i—ZakH i f:a—kZaka_l
(k+1)! k!
E>1 k>2
- kzk_l - 1 k’Z
- Za Kl 2z k!
E>1 >
1 Zakii (f(a,2) = 1)
- !
*\i= k! z
Thus, the generating function of the primitive umbra is
-1
flap,z) = M. (3.77)
z

From (3.75), the pseudo-Narumi polynomials result to be the moments
of the umbra z.x + (an).us~'”, where uz~'~ is the primitive umbra of the

compositional inverse u<~'>. For all nonnegative integers k, we have
E!Ny(z,an) = E{[(an).us™" + z.x]*}. (3.78)

Theorem 3.44. The pseudo-Narumi polynomials are time-space harmonic
with respect to the random walk {(an).(—1.t) }n>o0.

Proof. Consider the random walk S, = X1 + X9 4+ --- + X,,, where, for
1=1,...,n, X;isasum of a € N random variables with uniform distribution
on the interval [0, 1]. Therefore, for i = 1,...,n, X; is umbrally represented
by a.(—1..) and S,, is umbrally represented by {n.a.(—1.t)},>0.
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By applying Theorem 3.7, it is straightforward to prove that Qx(z,n) =
E[(z — (an).(—1.1))] are time-space harmonic with respect to S,.
On the other hand,
z.x + (an).up™” = 2.6.(x.x) + (an).up ™"
=z.fu~"" + (an)us™"” = (x + (an).us™'7.fau).Bu~""
and then, from (3.78),
KINk(w, an) =E[((z + (an) 4z ™ Bou). Bu=")"]

k
Z =By ]Blw(mb o ME—jt1),

where m; = E[( <‘1>) |. To prove the result, it is sufficient to show that
E[(xz+ (an).up~">.B)7] is the j-th time-space harmonic polynomial Q;(z,n).
Via generatmg function, we have

fup™2.8,2) = f(up™",e" = 1)

flus=t>2z) =1 B log(1+e€* —1)
1 a ez —1

which gives

k'Nk x an ZQJ I n Bk](ml,...,mk_j+1),
7j=1
and the result follows, thanks to Remark 3.12. O

3.3.7 Further examples

Sum of two independent Lévy processes Let us consider two inde-
pendent Lévy processes W = {Wi}i>0 and Z = {Z;}4>0, umbrally rep-
resented by {t.a}i>0 and {t.7}i>0, respectively. Due to the distributive
property (1.14)-(v), the process X = W + Z is umbrally represented by
t.(a+7v) = t.a + ty. If we replace R[z] with Rz, w, z] [20], and denote
by {Qr(x,t)} k>0, {Q)(2,1)} x>0 and {Q}(x,t) }r>0 the time-space harmonic
polynomials with respect to {X;}i>0, {Wi >0 and {Z; }+>0, respectively, we
have if x = w + z,

k
Qula.t) =Y <’j) Qlw,HQL(=11).

J=0
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Inverse Gaussian process An Inverse Gaussian process { X' };>0 is a
Lévy process with independent, stationary and Inverse Gaussian distributed
increments, that is, X\'” ~ IG(a,b).

The moment generating function of this kind of process is [18]

E {ezxtuc)} = exp {Z [1 — < 1-— 2ab2t>] } . (3.79)

The name inverse Gaussian depends on the fact that, as Tweedie ob-
served in [61], there exists an inverse relationship between the cumulant
generating functions of this distribution of probability and the cumulant
generating function of gaussian random variables. More precisely, if X is an
inverse gaussian random variable and Y is a Gaussian random variable, we
have

log(Ele="X]) = (log(E[e=™]))<">. (3.80)

We use this property to introduce the inverse Gaussian umbra.
Definition 3.45. An umbra « is said to be the inverse Gaussian umbra if
—a = B.(—mx+ss) <. (3.81)

The generating function of the inverse Gaussian umbra is given in (3.79).
In fact, we have

X-(—a) = [x.(=m + B.(s6))]< 7

= —a=B.x.(-m+B.(s0))]~
= —a = B.[x.(8.(—mx+sd))]~"">
= —a=pf

By recalling (1.31), we have

fl=a,2) = f(B.(—=mx+s0)=7", 2) = exp{f((=mx+s0)~"7,2) — 1}.

On the other hand, thanks to (1.43)7and (1.5) and by setting, for the
sake of simplicity, f<~*>(—mx+sd, z) = f,

f=mx+sd, f—1)=1+2

1
= 1—mz+§s2z2—1

1
= —mz + 58222
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7 Loz 2
= —m(f -1+ 5s°(f-1)" ==

_ 1 _
j—mf+m+552(f2+1—2f):z

_ 1 1 _
:>—mf+m+§SQF+582—52f—z:O
= —2mf+2m+ 2 f2 +5% —25°Ff —22=0
= 22 —2f(m+s*)+2m+s*—22=0

We solve the previous quadratic equation:

F=

m
=1+ —
52

m+ 2+ vVm2 + s* + 2ms?2 — 2ms2 — st + 2252

2
S
m+ s2 +vVm? + 2252
2

S

22
1+4/1+ ZS].
m

88

We choose the smaller solution of the quadratic equation, since we are
considering a generating function, which has to start from 1. Therefore, we

have

F(=mxFs0)< 12, 2) = 14 55

= f(B.(—mx+s5)~""7,2) = exp {1 + SLZ

2252
-y 2]
m

2 2
—exp{:; [1— 1—1—;;]}.

If we set g

= 73, we obtain the generating function (3.79).

1— )1+
m
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Remark 3.46. Thanks to Theorem 2.37, the umbral version of an Inverse
Gaussian process is
{t.B.(—mx+s0)~"" }i>o0. (3.82)

By virtue of Theorem 3.7, it is straightforward to prove that polynomials
of form

Qr(z,t) = E[(z — t.8.(—mx+s6)<")¥]
are time-space harmonic with respect to the Inverse Gaussian process um-
brally represented by the family of auxiliary umbrae given in (3.82).

Stable process

Definition 3.47. An umbra o« € A is said to be stable with stability pa-
rameter m € [0,2) if there exist by, ¢, € R such that

n.o = cpa + by, (3.83)

een[L (e, -

Remark 3.48. The definition of stable umbrae parallels the definition of
stable random variables given in probability theory [35, 36].

As it happens in probability theory, one can prove that ¢, = n!/™ (see
[36] for further details).

or, equivalently,

We characterize stable umbrae through their moments. By definition,
we have, for all nonnegative integers k > 1,

E[(n.c)*] = E[(cpa + bp)*]. (3.85)
If £ =1, we have
E[n.a] = Elcpa + by = cnE[a] + by, = chaq + by,

where we set E[a*] = ay, for all k > 1.
On the other hand, the expression of the moments of the auxiliary umbra
n.a given in (1.10) guarantees that

E[(n.a)] = na;.

By comparing these last two results and by recalling the second part of
Remark 3.48, we have

nay = cra1 + b1 = a1(n—¢,) = by
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br, bn
= = = 3.86
- ¢n  n—mnl/m (3.86)

If kK = 2, we have, thanks to equation (1.10),

2

E[(n.a)’] =) (n);Baj(a1,a2) = nBy(a1) +n(n — 1)Baa(ar, az)
j=1

= nag + n’a} — nal. (3.87)

On the other hand, (3.85) implies that E[(n.a)?] = c2ag + b2 + 2cpbra;.
By comparing with (3.87), we have

nas + nga% — na% = c,%ag + bZL + 2¢,bpa1

= (n—c2)agy = b2 + 2cpbpar — (n? —n)al.

Therefore, by replacing (3.86),

b2 + 2cp,bpar — (n? —n)a?
as = (

n—c2)

1/m p2 2
2 n 2 b
bn + 2n_n1/77flL - (7’L - TL) (n—nq/m>

N (n — n2/m)
nl/m n—n2
_ b% |:1 + 2n,n1/m + (n(,n1/nz)2:|
(n — n2/m)
B b2 (n —nt/™)2 4 2p1/m(n — pl/™) 4 n — n?
T — n2/m (n — nl/m)2

B b2 (n? — opltl/m o p2/m 4 opltl/m _op2/m 4 n?)
o (n _ nZ/m)(n _ nl/m)?

b2 (n — n2/m) b2

B (n — n2/m)(n — nl/m)2 o (n —nl/m)2’

Finally, we obtain

b2
_ n
az = 7(?2 Ty (3.88)
With similar arguments, the k-th moment of a stable umbra is
b
a = for all k > 1. (3.89)

(n _ nl/m)k ’
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A stable process is a Lévy process whose increments are independent,
stationary and stable-distributed [36]. From an umbral point of view, a
stable process in umbrally represented by the family of auxiliary umbrae
{t.a}>0, where « is a stable umbra.

By applying Theorem 3.7, it is straightforward to prove that the time-
space harmonic polynomials with respect to stable processes are

Qu(x,t) = Bl(z — t.a)"],

with « stable umbra.

3.4 The Kailath-Segall polynomials

Let {X;}+>0 be a centered Lévy process with moments of all orders and let
{Xt(n)}tzo be the variations

XV =X, xP =1x, X XM =Y (AX)F, k>3, (3.90)

s>t

of the process. The iterated stochastic integrals

t
P =1, P =X, P = / P*Vax, k=2 (391)
0

are related to the variations {Xt(k) }>0 by the Kailath-Segall formula [33]

1 _ _
P = (PEUX — PEOXE ok ()M ROX) L (392)
Then, P*) = P, (Xt(l), . ,Xt(k)) is a polynomial in XV, x® ..., x®),
called the k-th Kailath-Segall polynomial.

Let us introduce the families of umbrae {Y;}+>0 and {ot}+>0 such that

E[YF] = k'E [Pt(k)} and E[of] = E [Xt(k)]7 respectively, for all nonnegative
integers k. The following theorem states the umbral version of the Kailath-
Segall formula and its inversion.

Theorem 3.49. We have

T, = B.l(x-x)ot] and (x-x)or = x. Tt (3.93)
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Proof. Assume 1y = (x.x)o¢ where E[(x.x)*] = (=1)*"1(k — 1)! [30]. The
recurrence relation (3.92) is equivalent to E[YF] = E[1: (s +1;)*~1], for all
k > 1. Indeed, by definition of umbrae ; and Y;, we have

EYFY ERy]  E|YF?| B[] k
B =k [(k:}l)! * [(k:}Q)! +__.+(b];[¢1}!
-3 (55 )t e ] = s ]

j=0

By using the first equivalence of Theorem 2.10 given in Chapter 2, we
have the inversion of the Kailath-Segall formula

Y = (x-x)or = x. Yt

The second equivalence follows by observing that ¥, = x. Ty & Sy =
B.x. T and B.x = u. O

By recalling that the moments of 8.« are the (exponential) complete Bell
polynomials [19] in the moments of «, then the Kailath-Segall polynomials

are complete Bell exponential polynomials in {(—1)*~1(n — 1)!E[X (k)}}

Corollary 3.50. Ifc; = j!E [ } forj=1,...,k, then

k .
k)] (—1)F7
b [Xt } B jz_;(k_l)k_jBk,j(ChC%---,cij).

Proof. From the latter of (3.93), we have

Mw

((XX)Ut) X Tt Bk’.] Cly... ,Ck,j+1),

]:1

where the last equivalence holds by virtue of equality (1.27), with v and «
replaced by x and Y, respectively.

Furthermore, let us recall that (x); ~ (—=1)7}(j—1)!, forall j = 1,...,k
and E[((x-)o0)"] = El(x-x) k] = (—1)*~1(k — DIE[oH], so that
k
(—1)F 1 ~ 3 (=177 = DB jlers - o).

Jj=1
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By definition, Uf ~ Xt(k), then
k b i
(DR k= 1 = S (17— DB (ens o nmji)
j=1

k .
k gy U= D!
= Xt( ) ~ E (—1) ket E/{Z — 1))!Bk,j(clw . '7ck—j+1)

Jj=1
k

= Z(—l)k_j(k_(i)ijk’j(Cl, ce e >Ck—j+1>-

7j=1
The result follows by taking the evaluation of both sides. O

Remark 3.51. The inversion of the Kailath-Segall formula in Theorem
3.49 is a generalization of formula (3.2) in [20] which gives the elementary
symmetric polynomials in terms of power sum symmetric polynomials. That
is, if we replace the jumps {A X} in Xt(n) with suitable indeterminates {xs},
then the Kailath-Segall polynomials reduce to the polynomials given in [59].



Chapter 4

Multivariate time-space
harmonic polynomials

4.1 Multivariate umbral calculus

In the univariate classical umbral calculus, the main device is to replace a,
with o' via the linear evaluation E. Similarly, in the multivariate case, the
main device is to replace sequences like {g;, i,....i, } with a product of powers

uill,ug" . .,uild, where {1, po2, . . ., g} are umbral monomials and i1, . .., iq are
nonnegative integers. Note that the supports of the umbral monomials in
{1, p2, ..., g} are not necessarily disjoint.

In order to manage a product like /ﬁf /ﬂf . ,ufid as a power of an umbra,
we will use a multi-index notation. Let us recall that a d-dimensional multi-
index is a d-tuple v = (vy,...,v4) of nonnegative integers, such that the
following properties hold

Componentwise sum and difference: v +w = (v £ wi,...,0q = wy)
Partial order: v<w < v; <w;, foralli=1,...,d

Sum of components: |v| =v1 + -+ v4

Factorial: v! = v!---vg!

Binomial coefficient: (v) = (Ul) s

w w1

(i)

Power: x¥ = ' ---a?, for all x = (z1,...,24) € R,

94
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Definition 4.1. A partition A of a multi-index v, in symbols A F v, is
a matrix A = (\;;) of nonnegative integers and with no zero columns in
lexicographic order such that A, + A, +---+A,, = v, forr =1,2,...,d. The
number of columns of A is denoted by I(X). The notation A = (A}*, A2, ...)
means that in the matrix A there are r; columns equal to Aj, ro columns
equal to A2 and so on, with A\ < Ao < .... We set m(A) = (rq,72,...),
m()\)' = 7’1!?"2! ...and Al = Al!)\g! e

A multivariate version of the classical umbral calculus has been given for
the first time in [21].

A sequence {gv}veNg with gv = gu,,... v, and go = 1 is umbrally repre-
sented by the d-tuple p if
E[/“l’v] = Ov,
for all v € Ng. Then gy is called the multivariate moment of p.

Two d-tuples g and v of umbral monomials are said to be similar if they
represent the same sequence of multivariate moments, in symbols

E[u’] = E[vY], for all v € N¢.

We introduce the notion of generating function of the d-tuple p. The
exponential multivariate formal power series

ohz’ _ u+z Z u,"i—‘!’ (4.1)

k>1veNgd
[v|=Ek

is said to be the generating function of the d-tuple p. Now, assume
{ gv}veNg is umbrally represented by the d-tuple p. If the sequence { gv}veNg
has exponential multivariate generating function

Flz) =143 3 02,

k>1 VENg
|v|=k

by suitably extending the action of F coefficientwise to generating function
(4.1), we have E [e“ZT} = f(p,z). Henceforth, when no confusion occurs, we
refer to f(u,2z) as the generating function of the d-tuple p.

Some examples of umbral d-tuples are
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Multivariate augmentation umbra. The multivariate augmentation um-
bra is the umbral d-tuple € = (e, . .., €) such that

fle,z) =1. (4.2)
Then E[e¥] =1, when v = 0, and 0 otherwise.

Multivariate unity umbra. The multivariate unity umbra is the umbral
d-tuple u = (u,...,u) such that

f(u,z) = exp{z1 + - + 24} (4.3)

Multivariate disjoint sum and difference. The multivariate disjoint
sum and difference are the auxiliary umbrae p+v and p—v with generating
functions respectively

f(li"FVaZ) :f(li,z)-i'f(’/az)—l f(p,iu,z) :f(N,Z)—f(V,Z)+1. (4'4)

In the univariate case we have defined the auxiliary umbra n.a and the
composition umbra 7.5.c.. We follow the same steps in the multivariate case.

Let {p/,p”,..., "'} be a set of m uncorrelated d-tuples similar to p.
Define the dot-product of m and p and the m-th dot-power of p as the
auxiliary umbrae

n m 1,1 "

mp=p +p”" +. " =y oy (4.5)

One can prove that [21]

Voo v! I(A)

where p, = (u’,\Al)'”uf\’AQ)“ ..., with g/, ", ... uncorrelated d-tuple simi-

lar to p (see [21]).
As it happens in the univariate case, we can replace m with ¢t € R, so we
can consider t.u as an umbra such that
v!
tp)V 2y ——— (1) Ny,
(t.42) ;vm(k)kl( ORI

The generating function of ¢t.u is

f(tp,2) = [f(p,2)]". (4.6)
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Remark 4.2. The distributive property of the dot-product over the sum-
mation can be easily generalized to the multivariate case, so we have

t.(p+v)=tu+tuv. (4.7)

We define the auxiliary umbrae ¢.5.u and +v.5.p as respectively

v! v!
NONTAMESS — ()N t.B.p)Y ~ ) 4.8
ARV ARV
where p, = (uf‘l)'”uf\/h)“ ..., with g/, ", ... uncorrelated d-tuple simi-

lar to p.

Proposition 4.3. Let p be a d-tuple of umbral monomials with generat-
ing function f(w,z). The auxiliary umbrae v.8.u and t.5.u have generating
function respectively

f(V-ﬂ'M7Z) - f<77 f(l'l’a Z) - 1) f(t'/BJJ‘v Z) - f(tv f(“u Z) - 1)

In Proposition 4.3 we can replace the umbra v with the umbra x.x with
generating function f(x.x,z) = 1+log(1+ z) and, since x.f = u, as we have
already proved in Chapter 1 we obtain

fOxx-B-m,2) = f(x-m,2) =1+ log(f (1, 2)). (4.9)

The moments of the auxiliary umbra x.u with generating function (4.9)
are called multivariate cumulants of p.

The equations giving multivariate cumulants in terms of multivariate
moments and vice versa, corresponding to Theorems 2.9, 2.15 and 2.20, are
considered in [38].

4.2 Symbolic representation of multidimensional
Lévy processes

Definition 4.4. A stochastic process X = {X¢}+>0 on RY is a multidimen-
stonal Lévy process if

(i) Xp =0 a.s.

(ii) For all » > 1 and for all 0 < ¢; <ty < ... < ¢, < o0, the random
variables X, — X¢,, X4, — X4, ... are independent.
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(iii) For all s < t, Xyps — Xy £ X,
(iv) For all € > 0, limp_,o P(|X¢yp — X¢| > €) = 0.
(v) t+— Xy(w) are cadldg, for all w € (2.

Remark 4.5. Definition 4.4 says that, since we have X; = (Xft), ces ,Xg(lt)) ,
the random variables which form the stochastic process are d-dimensional
(t)

vectors, whose components X ; are random variable in turn, for all j =
1,...,d. In particular, we have X; = (Xfl), .. ,Xc(ll)) , 80 the corresponding

moment generating function is
px,(z) = B [ezxﬂ : (4.10)

with z = (21,...,2q) € R%

The whole theory of Lévy processes discussed in Chapter 2 can be gen-
eralized to the multidimensional case. In particular, in Chapter 2 we have
proved that every Lévy process X = {X;};>0 on R is umbrally represented
by the family of auxiliary umbrae {t.a}¢>o such that E[(t.a)*] = E[X}], for
all nonnegative integers k. Now, we generalize this theorem to the multivari-
ate case.

Theorem 4.6. A Lévy process X = {X;}i>0 in R? is umbrally represented
by {t.p}ti>0, where p = (p1,. .., p1aq) is a d-tuple of umbral monomials such

that E[u¥] = E [{X@}vl - {Xflt)}vd] , for all v € N¢.

Proof. Denote by ¢x(z) the moment generating function of {X;};>o and
by ¢x,(z) the moment generating function of X;. Thanks to the infinite
divisibility property given in Definition 2.27, we have px(z) = [¢x, (z)], for
all t > 0.

Let p be the umbral d-tuple such that f(u,z) = ¢x,(z). Then

px(2) = [px, (2)]" = exp{tlog(f(u,2))} = exp{t[f(x.p,2) — 1]},
due to equation (4.9). Thanks to Proposition 4.3, we have

ox(z) = f(t.B.x-1,2) = f(t.p,2),

as f(B.x,z) = e*, by which the result follows. O
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As example, recall that a Gamma process {G¢}+>0 on R with both shape
parameter and scale parameter equal to 1 is umbrally represented by the
family of auxiliary umbrae {¢t.u}:>0, where @ is the boolean unity umbra.

If we consider the multivariate boolean unity @ = (u,u, ..., u) with gen-

erating function
1

11— (214421

the family {t.@};>0 is an example of Lévy process, having generating func-
tion

f(a,z) = (4.11)

1
L= (a1t + 2]

f(t.a,z) = (4.12)

The moment generating function of a Lévy process in R? is given by the
Lévy-Khintchine formula [48].

Theorem 4.7. A stochastic process X = {X;}+>0 is a Lévy process if and
only if there exists m; € R, a symmetric, positive defined, d x d matriz
¥ > 0 and a measure v on R with

=0 an x|? v(dx 00
v({0}) =0 and /(! I“A1)v(dx) <
such that

1
ox(z) = exp {t [2ZZZT +myz’ + /d(esz -1- szl{x|S1}(x))V(dx)} }
R
(4.13)
and the representation of ox(z) in (4.13) by my, ¥ and v is unique.

Remark 4.8. We can rewrite (4.13) in the following way:
1
ox(z) = exp { |:2ZEZT +myz" + /Rd(esz —1- szl{x|S1}(x))V(dx)] }
1
= exp {t [2ZEZT +myz" + /Rd(esz — 1 —2x" 1 {jx<1} (%)) (dx)

+/Rd 72X {51} (X)1/(dx) _/

R4

"Ly (0()| |

1
= exp {t [QZEZT +myz" + /Rd 2X" 1> 13 (X)v(dx)

+ /Rd(esz . sz)V(dx)] }
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If we put mpz” = [pq 2x" 1551} (x)v(dx) and m = m; + my, we have

ox(2) = exp {t BZEZT +mz” + /R d(esz —1- sz)u(dx)} }

that is,

ox(z) = exp {t [;ZZZT + sz} } exp {t[/Rd(esz -1- ZXT)I/(dX):| }
(4.14)

Definition 4.9. Consider the umbral d-tuple § = (01, ...,04), with d1,...,dq4
uncorrelated umbrae similar to the umbra §, with generating function

1, 9 zz”
f(5,z):1+§(z1—|—...+zd):1—|—7. (4.15)

The umbral d-tuple m+5.(6C") is the multivariate gaussian umbra with
generating function

f(m+ B.(6C"),z) = exp {sz + ;ZEZT} , (4.16)

where C' is the square root of ¥, that is, ¥ = CC7.

Remark 4.10. The umbral d-tuple m+ 5.(6C7) is the umbral counterpart
of a multivariate gaussian random variable X ~ N(m, X)), whose generating
function is exp {mz" + z¥z"/ 2}.

Obviously, a multivariate standard random variable X ~ N(0, [) is um-
brally represented by (3.(61), while the auxiliary umbra £.(6C7") is the um-
bral counterpart of the gaussian random variable X ~ N(0, ).

Proposition 4.11. If we choose two d-tuple p and v of umbral monomials,
we have

B.(utv) = B.u+ B (4.17)
Proof. Via generating function, we have
f(B-(utv),z) = exp{f(ntv,z) — 1} = exp{f(p,2) + f(v,2) — 2}

= exp{f(u,z) -1+ f(VaZ) - 1} = exp{f(u,z) - 1}exp{f(u,z) - 1}
= f(ﬁp'a z)f(ﬁ.u,z) = f(5H+BV»Z)
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By applying Proposition 4.11, we have
m + 3.(6C") = B.x.m + B.(6C") = B.(x.m+(6CT)).

Hence, also in the multivariate case the gaussian umbra preserves the
structure of dot-product with the Bell umbra g.

Definition 4.12. The umbral d-tuple v = (71, ...,74), with 71, ..., 74 um-
brae similar to the umbra v associated to the Lévy measure, introduced in
Definition 2.35, such that

Elyl] = Jpax'v(dx) i>2
7= 0, otherwise

is said to be associated to the Lévy measure.

Thanks to Definition 4.12, the generating function of ~ is

z>—1+zthi1+zz/ ()%

k21 iend k>2 iend

|i[=Fk lij= %
_1+/
R4

(dx) =1+ /Rd(esz — 1 — zx")u(dx).

E>2 eNd
=k
Therefore,
exp { [ —1- sz)u(dx>} — }(Bv.2)
Rd
and then

f(t.B,2) = exp {t/Rd(esz —1- sz)y(dx)} :

Remark 4.13. The exchange order of integration and summation, given in
the third equality in the previous passages, is correct, thanks to the Fubini’s
theorem, if we take into account that a sum is a particular case of an integral,
with respect to the counting measure.

Now, we are able to get the symbolic version of a multivariate Lévy
process.
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Theorem 4.14. Every Lévy process {X¢}i>0 on R? is umbrally represented
by the family of auxiliary umbrae

{t.6.(x m4+86CT ) }s>0, (4.18)

where B is the Bell umbra, m € R?, § is the multivariate umbral counter-
part of a standard gaussian random variable, C' is the square root of the
covariance matriz X and ~y is the multivariate umbra associated to the Lévy
measure.

Proof. Thanks to Proposition 4.3, we have
flt-8.(x. m+86CT ), 2] = exp{t[f(6CT+x.mi~,z) — 1]}, (4.19)
where
om0 1y, 2) = 1+ [f(xm, ) — 1] + [F(6CT,2) — 1] + [f(v,2) — 1]
On the other hand,

f(xm,z) =1+log(f(m,z)) =1+ mz"
w zCC%z zYz”
5 -

f(6CT z) =1+ =1+ 14

2 2
by virtue of (4.9) and (4.15), respectively. Hence,

zXzT

f(xm+6CT+~,2) =1+ mz” +

n /R (1= X (dx).

The result follows by replacing this last equation in (4.19) and by com-
paring with (4.14). O

Remark 4.15. Every auxiliary umbra ¢.5.v is a symbolic version of a multi-
variate compound Poisson random variable of parameter ¢, that is a random
sum Sy = Y1+ -4+ Yy of independent and identically distributed random
vectors {Y;}, whose index N is a Poisson random variable of parameter ¢,
see [21]. Therefore, by the symbolic method, we have proved that a multi-
variate Lévy process is a multivariate compound Poisson random variable
of parameter ¢t and (50T4'—X.m4'—'y) represents any of the random vectors
{Y;}. We observe that x.m has not a probabilistic counterpart. If m is not
equal to the zero vector, this parallels the well-known difficulty to interpret
the Lévy measure as a probability measure.
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Remark 4.16. At a first glance, the results of Theorems 4.6 and 4.14 seem
to be different by a symbolic point of view. But by using definition of multi-
variate cumulants and by applying equivalence (1.32), it is straightforward
to prove that, for all umbral d-tuple p, there exists an umbral d-tuple v
such that

f(u'vz> = f(B'V7Z)'

This equality represents a generalization to the multivariate case of the
Inversion Theorem 2.8, if we denote by v the umbral d-tuple whose moments
are the multivariate cumulants of w.

Thus, the relation between Theorems 4.6 and 4.14 specifies the d-tuple
v associated to the umbral d-tuple p, when instead of t.u we write ¢.5.v.

Corollary 4.17. If X = {X;};>0 is Lévy process in R? then

v v! . .
EX}] = ; mtl(A)E[(dCT—Fx.m—Py))\] for all v € Ng (4.20)

where the sum is over all partitions A = (AT*, A5%,...) of the multi-index v
and for p = §CTFxy.m+~ we have E[u,] = (E[;f‘l])rl (E[[J,AQ])TQ e

Proof. Thanks to Theorem 4.14, the moments of a multivariate Lévy process
are

E[XY] = E[{t.8.(6CT +x.m+y)}V],
for all multi-index v € Ng.
On the other hand, thanks to equivalence (4.8), we have

|

m(A)A!

(t.B.(6CT +x.m+~))Y ~ Z (6CT Fx.mi)a.

AFv

The result follows by taking the evaluation of both sides. O

Corollary 4.18. Fvery multivariate Brownian motion with covariance ma-
tric CCT and mean m is umbrally represented by the family of auziliary
umbrae {t.B.(x-m+6CT)};>0.

Proof. Let us consider X = {X;};>0 such that X; = mt¢ + CBy, where
m € R C is a d x d matrix, whose determinant is not zero, and {By};> is
the multivariate standard brownian motion in R?. The moment generating
function of X is

ox(z) = exp {t <sz + ;zzzT> } : (4.21)
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The result follows from Theorem 4.14, by comparing equation (4.21)
with equation (4.14). O

Corollary 4.19. Every multivariate compound Poisson process with inten-
sity parameter A > 0 is umbrally represented by the family of auxiliary um-
brae {(At).B.7v} >0 where v is the d-tuple associated with the Lévy measure.

Proof. A stochastic process X = {X;};>0 in R? is a multivariate compound
Poisson process with intensity parameter A > 0 if Xy = Z; +--- + Zy, for
all t > 0, with {Z;} independent and identically distributed random vectors
and NV; a Poisson process of intensity parameter A. As proved in [48], these
processes are actually Lévy processes, with moment generating function

ox(2) = exp {()\t) /R (@ - 1)y(dx)} . (4.22)

The result follows from Theorem 4.14, by comparing equation (4.22) with
equation (4.14). O

4.3 Multivariate time-space harmonic polynomi-
als

Definition 4.20. Let X' = {1, pa, ..., pq}- The linear operator

E(-|p): Rz, ...,24)[4] — R[]

such that
i) EA|p) =1
for uncorrelated d-tuples p,v,~ ..., for all m,i,j,... € Ng and k;
nonnegative integers, for i = 1,...,d.

is called multivariate conditional evaluation with respect to the umbral d-
tuple p.

For the sake of brevity we will still use x™ to denote the product

k1,.k2 kq
oyt wy? eyt
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Definition 4.21. Let {P(x,t)} € R[z1,...,z4] be a family of polynomials
indexed by ¢t > 0. P(x,t) is said to be a multivariate time-space harmonic
polynomial with respect to the family of auxiliary umbrae {¢t.p}>0 if and
only if

E (P(t.p,t)|s.u) = P(s.p,s), forall s <t (4.23)

For all n,m € Z and for all multi-index v € Ng, we will assume

E[{(n+m).u}Y [n.p] = E[{n.pp +m.p'} [n.pl,

so that
B+ m)y* I = £ 3 (1) sty
-3 () o ety @
By analogy with (4.24), for ¢ > 0, we set
Bl sl = X (§ ) BUC 901X, @)

k<v

Next theorem allows us to introduce the class of multivariate time-space
harmonic polynomials with respect to a d-dimensional Lévy process.

Theorem 4.22. For all multi-index v, the family of polynomials
Quix,t) = El(x — t.)*] € Rz, ..,z (4.26)
is time-space harmonic with respect to {t.p}>0.

Proof. We have to prove that equality (4.23) holds. Observe that

utxt) = | X () | = 3 (§ ) kel

k<v k<v

Thus,
Qutnt) =3 () Bt (4.27)

k<v
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By applying (4.25) and (4.27), we have

Bt sl = 3 (1) B[ <Lt s

k<v

v s Bl

[
MM

(V ; k) (s B — )y b B

-
A

v j<v—k

-2 ()7l
(.2
()

I
M|

s E{(t —s).p' + (—t.p)}’ 75

=~
A
<

I
M|

() Bl = Qulos)

-
IN
<

where the last third equality is justified by the fact that, since the multi-
index notation is used, the summation is actually a product of summations
of univariate terms, for which the proof of Theorem 3.7 in Chapter 3 and a
suitable rearrangement of terms has been used. O

Corollary 4.23. If we set

=3 mln) = (4.28)

k<v
then
(i) a(t) = Q) E[(—t.u)¥75], for allk < v
(ii) ¢(0) =0, for allk < v.

Proof. (i) From Theorem 4.22 and by applying the multinomial theorem,
we have

Qv(x,t)=E Z(D(_Wv ek ZE[( ) Y k:| X

k<v k<v
(4.29)

The result follows by comparing (4.28) and (4.29).
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(ii) If ¢ =0, then —t.pu = €, so that

1 fk=v

0, otherwise.

)

Bl(—t.p)" ™ = Ble X = {

In the following, set gy = E[u"], for all v € Nd.

Proposition 4.24. For all k < v we have

wit-1= 3 (1)t
Proof. We have
(t=1)= () Bl (¢ - D™ - (k)E[( PR

|
N\
= <
N———
~
—
<
—. |
b
N——
]
~+
J
<
w
&

The result follows by applying Corollary 4.23-(i).
Corollary 4.25. We have

gv G(t) = qo(t — 1) — ZQJQk
ji<v—-1

Proof. Thanks to Proposition 4.24, we have

qo(t—l):2<) =Y gt g=abo+ > g

j<v ji<v ji<v—-1

107

(4.30)
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Proposition 4.26. We have
v=aqt—1)— > o) g
k<v-1
Proof. We have

Y ala= 3 (E)E[(—t.mvk]gk

k<v-1 k<v-1

= <E>E[(—t.u)v_k] 9 — v

k<v

= Bl(—t+ )] — gv = E[(—(t — 1).11)*] — gv.

Hence, thanks to Corollary 4.23-(i), we obtain

got—1)— > al)o = gv-

k<v-1

Theorem 4.27. A polynomial

P(x,t) =Y p(t)x*

k<v

108

(4.31)

is a time-space harmonic polynomial with respect to {t.pu}i>0 if and only if

)= Y () mO Bl ™, forksv.

k<i<v

(4.32)

Proof. Suppose P(x,t) of form (4.31) such that its coefficients satisfy equa-
tion (4.32). By suitably rearranging the terms in the summations, we have

P =3 | X (1)l Bl )

k<v \k<i<v

= 3 () Bt e

k<v i<k

=3 (O E[(x — )] = 3 p(0)Qu(x, 1)

k<v k<v
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The result follows, since Qk(x,t) is time-space harmonic, by virtue of
Theorem 4.22 and taking into account that a linear combination of time-
space harmonic polynomials is time-space harmonic in turn.

Vice versa, suppose P(x,t) = > -, Pi(?) x¥ time-space harmonic with
respect to the family of auxiliary umbrae {t.ut};>0, then

P(x,t) = Z acE[(x — t.p)K] = Z N Z C{) E[(—t.p)¥ 9]

k<v k<v i<k

-y (> <ij{>ckE[(—t.u)j_k] XK,

k<v \k<j<v

We have .
)= X (1) ne0) Bl-tpp L

k<j<v

If t = 0, then E[(0.u} %] = E[é7%] = 1, when j = k and 0, otherwise,
so that

p(0) = ) (f{) p(0) E[é75] = ..

k<j<v

Thus, we have

P = X (1) w0 Eltwi) ».

k<j<v
O

4.4 Multivariate Bernoulli, Euler, Hermite poly-
nomials

4.4.1 Multivariate Bernoulli numbers

Definition 4.28. The multivariate Bernoulli umbra ¢ is the d-tuple (¢, ..., ¢)
with all elements equal to the Bernoulli umbra .
The generating function of the multivariate Bernoulli umbra is

z21+--+ 24

fle,2) = Ble™ 5] = flo, a0+t 2a) =

(4.33)
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Lemma 4.29. We have
(u+1t)—t = x.u.

Proof. We prove this result via generating functions. By recalling (4.3) and
by applying the latter of (4.4) and (4.33), we have

flu+o)+e,z) = flu+e,2z) — fe,z)+1
— () f(12) ~ f1,2) +1
— feB)(f(uz) — 1) +1
=z1+--+2z4+ 1L (4.34)

On the other hand, equation (4.9) guarantees that

f(x-u,z) =1+log(f(u,z)) =1+log(exp{z1+ - +z4}) =1+214+ -+ 24
(4.35)
By comparing (4.34) and (4.35), we have

fl(u+e)Fe,2) = f(xu,2).
O

Corollary 4.30. For all multi-index v = (v1,...,vq) € N& such that |v| > 1,
we have
(u+e)¥ >~V

Proof. Lemma 4.29 implies that, for all multi-index v = (vq,...,vq) € N4,
(xu)¥ ~(u+t)—t~(u+e)" —1v.

Since f(x.u,2z) = 1+ 21 + 22 + -+ + 24 then for all |[v| > 1, we have
(x.u)¥ ~0. O

Definition 4.31. The first-order multivariate Bernoulli numbers {B‘(,l)}veNg
are the coefficients of the generating function (4.33), that is

B = B[] = ElM.

Definition 4.31 generalizes the definition of multivariate Bernoulli num-
bers given in [37]. In particular, we have B(()O) = E[(0..)%] = 1 and BY =
E[(0..)Y] =0, if |v| > 0.

Proposition 4.32. B{") = D k<v (E)Bl({l) for all v € N& such that |v| > 1.
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Proof. From Definition 4.31, we have

2 @ Bl= X (DE =2 @E{L“]E[uvk]

k<v k<v k<v
=E 1; <E> FuV K| = El(u+0)Y] = B[],
<v

where the last equality holds by taking the evaluation of both sides of the
equivalence in Corollary 4.30. 0

Z1+"‘+Zd)t

Proposition 4.33. f(t..,z) = <21++2d1
e J—

Proof. The result follows by applying equation (4.6), with p replaced by the
multivariate Bernoulli umbra ¢. O

If we set t = —1 in Proposition 4.33, we get the inverse —1.¢ of the
d-tuple ¢, such that

1 ! et 1 4.36
—1l.,2) = = . .
A ) fle,z) 214 +24 (4.36)

Proposition 4.34. The inverse —1.¢ of the multivariate Bernoulli umbra
is the umbral counterpart of a d-tuple identically distributed to (U,...,U),
where U is a uniform random variable on the interval (0,1).

Proof. The result follows by comparing the generating function (4.36) with
the moments generating function of a multivariate uniform random variable
on the interval (0,1). O

Definition 4.35. The t-th-order multivariate Bernoulli numbers {B‘(,t) }veNg
(t)

are the moments of the multivariate umbra ¢.¢, that is By’ = E[(t.t)V].

Proposition 4.36. BV = k<v ( )B(S)B(t 5), for all s,t € R and v € Ng.

Proof. The proof is straightforward if s = ¢. For all s,¢ € R such that s # ¢,
the result follows from the linearity of F, in fact
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In Proposition 4.36, set t = 0. The following corollary follows.

Corollary 4.37. For all s € R we have ) ) ., (K)BIES)B‘(I__SI{) =1ifv=0
otherwise being 0. -

4.4.2 Multivariate Euler numbers

Definition 4.38. The multivariate Euler umbra 1 is the d-tuple (n,...,n)
with all elements equal to the Euler umbra 7.
The generating function of the multivariate Euler umbra is

2e#1t+2d

f(n,2) = E[e"™ T = f(n, 214+ + 24) = (4.37)

e2(z1t+za) 1 1°

Definition 4.39. The multivariate Euler numbers {@E,l)}veNg are the coef-
ficients of the generating function (4.37), that is, el = E[nY] = E[nV].

Definition 4.40. The t-th-order multivariate Euler numbers 03@ are the
moments of the multivariate umbra ¢.n, that is el = E[(t.n)Y].

9 1t otz ¢
e2(z1++za) 4 1>

Proposition 4.41. f(t.n,z) = <

Proof. The result follows by applying equation (4.6), with p replaced by the
multivariate Euler umbra 7. O

Proposition 4.42. The inverse —1.m of the multivariate FEuler umbra is the
umbral counterpart of a d-tuple, identically distributed to (X, ..., X), where
X =Y — 1 withY a Bernoulli random variable with parameter 1/2.

Proof. The result follows by comparing the generating function in Proposi-
tion 4.41 with the moment generating function of a multivariate Bernoulli
random variable.

O

Proposition 4.43. For all s,t € R and v € Ng, we have

t v 8) i(t—s
V-3 (3)erey

k<v
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Proof. The proof is straightforward if s = ¢. For all s,¢ € R such that s # ¢,
the result follows from the linearity of F, that is

el —

(tm)Y] = E[((t — s).m+ s.n)"]
=;(")E (¢ — )" ¥ B[(s.1)"]
- Z (D@t Je.

In Proposition 4.43 set t = 0. We have the following corollary.

Corollary 4.44. For all s € R, we have >, . (}) Gli)@E, Sll 1ifv=0
otherwise being 0. N

4.4.3 Generalized multivariate Bernoulli and Euler polyno-
mials

Definition 4.45. The {¢-th-order d-variable Bernoulli Bg)(zc) and Euler

5‘(,1‘/)(93) polynomials are respectively the coefficients of the following formal
power series expansions:

t
() i xt Attt 2
IR (2t (4.38)
ZVUve
‘V‘:%
t
) i  xlT 2
]go %dgv (X)o7 = e <621+m+2d+1> : (4.39)
ZVYVv
[vi=k

Theorem 4.46. For all v € N¢, we have
1 v
BY () = Bl(x+t0)"]  EP(x) = F KX *atn- 1'“’”) ] |

Proof. First of all, observe that exz’ = f(x,z). The former equation follows
from (4.38) and from Proposition 4.33.
As regards the latter equation, from (4.39) we have

2 9e(z1t+2a)/2 1
exit+za 4 1 - e2(z1++2z4)/2+1 o(21++24)/2
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(n2) s ()= r(o-ru)
=f (;(n - 1.u),z> .

The result follows by replacing this last result in (4.39). O

Corollary 4.47. For allt e R and v € Ng we have

1 t
5060 = 3 ()= el (e 1) = 3 ()= el
k<v ksv
(4.40)

where 1 is the d-tuple with all elements equal to 1 and Bl({t),éfl(f) are the
t-th-order multivariate Bernoulli and Fuler numbers, respectively.

Proof. From the moment representation of multivariate Bernoulli polynomi-
als (Proposition 4.46) we have BY (%) = D key (1)x¥"%E[(t..)¥], by which
the former equality in (4.40) follows immediately.

Bl(x+tn)¥"]

For the latter equality, observe that
k
t 1
-1 - —(¢t
{3130}

Since E [{%1 - %(tu)}k} = 0 for all k, except when k = 0 which gives

1, we have

v 1 t v v\ o
9l |5$t)<2x+ 21) = El(x+tn)¥] =Y <k>x k),

k<v

E [(;x+ %1 + %[t.(n— u)])} =y (DE

k<v

2|v7k|

O

Next Corollary states the relationship Bernoulli numbers-Bernoulli poly-
nomials and Euler numbers-Euler polynomials.

Corollary 4.48. If we set 0,1 the d-tuples with all elements equal to 0 and
1, respectively, then

BY =8P (0) e =2l <;1) .
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Proof. If we set x = 0 in the moment representation of multivariate Bernoulli
polynomials, then we obtain

BY(0 = E[(t.e)"] = BY,

due to Definition 4.35.
In the same way, we set x = % — 1 in the moment representation of
multivariate Euler polynomials, then

eV =E Kx + %(t.n - t.u))v]

_E Kx ol + ;(t.u)ﬂ

= 2VIE[(2x — tu+t.n)Y]

=2ME [} <K> (2x — tw)¥ K (ty)k

k<v
_oM Y (DE[@X — ) N E(tn)4)
k<v
If x = L1, then £V (x) = 2vlel. -

Remark 4.49. The definition of multivariate Euler polynomial is given ac-
cording to the terminology first introduced by Nérlund [40]. This definition
does not allow us a connection between multivariate Kuler numbers and
multivariate Euler polynomials as simple as the same between multivariate
Bernoulli numbers and multivariate Bernoulli polynomials. This explains
why the moment representation of multivariate Euler polynomials is less
simple than the one given for multivariate Bernoulli polynomials.

Corollary 4.50. For all s,t € R and v € Ng we have

B xty) =Y (D B (B (v)

k<v
S v S
) = X (1)l 0elo)
k<v

Proof. We replace R[x1, ..., x4] with R[zy,...,24,y1,...,y4] and repeat the
same remarks made in the proof of Theorem 4.46, setting x = (x1,...,2q)
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and y = (y1,...,yq). Therefore the former result follows since B\(,SH)(X +
y) = Elx+st+y+te)] =2, (DEIx+ s.)X]E[(y + t..)V 7K. The
latter result can be proved following the same arguments. O

Corollary 4.51. For allt € R and v € N&, we have

2 @ 87800 =3 (ﬁ) BY (B, () = 2.

k<v k<v

Proof. In Corollary 4.50, set s = —t. The result follows by observing that

£ 2x) = BV (2x) = E[(2x)¥] = 2Ix. 0
Proposition 4.52. Forallv € Ng, setv; = (v1,...,0j-1,05—1,0j11,...,vq).
We have
8 t t 8 t t
g &0 =0l 00 GBI 60 =y (o).
Proof. We have
9 (t) _ 9 V] _ 9 vy v
oz, By’ (x) = &ch[(x +t)V] = aij[(xl +t) (g + )Y

=E |(z1 + t.L)vli(xj )% (g A+ t)
8$j

= E[(z1 +t.0)" .. vj(z; +t0)% 7 (zg 4 )]
= v E[(z1 + )" (g + )T (g 4 )]
= vag) (x).

Similarly, we have
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<zd+ . 1.u>>)vd]
_ vjE[ (1:1 4 % (. (y — 1.u))>vl <xj 4 % (t. (g — 1.u))>vj_1 »
(a4 3 0tr- 1)) | = 060 00

Proposition 4.53. For allv € N4, set v; = (vy, . .. ,Vj—1,05—1,0j11,...,0q).
We have

B (x+1) - B (x Z v;B

EPx+1)+ &P (x) = 253 Y(x)
Proof. By definition, we have BY (x) = E[(x +t.0)Y],

=BY 1 +x) - BY(x) = E[(1 +x +t.0)'] — E[(x + t.L)"]
=E[(u+x+({t—1+1).)Y]—El(x+ (t—1+1).t)Y]
—E[(u+x+ (t—1)e+0)¥] - E[(x+ (t — 1)t + )]

> (;) (x+ (t—1).0)%(u + L)Vk]

k<v

k;, <K> (x+ (t— 1)-L)k(L)Vk]

=5

- F

~E Y (;) (4 (¢ = 1)) {(u+ )V K = ()77

k<v

If k = v, thatis, v—k = 0, then (u+¢)V"X¥— ()" K ~ (u+¢)° - (1)° ~
1-1~0.

If |v — k| > 1, then, by virtue of Corollary 4.30, we have (u + ¢)¥7K —
(L)V "k ~0.

If [v —k| = 1, then by virtue of Corollary 4.30, we have (u+¢) —(¢) >~ u.
Note that |v — k| = 1 is equivalent to (v1 — k1) + -+ + (vg — kq) = 1 and
this is possible if and only if there exists an index j, 7 = 1,...,d, such that
vj —kj = 1 and vy, — kj, = 0, for all h # j, that is, there exists an index
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<

;= (v1,...,vj-1,v5 — 1,041,...,vq), we have

> (E) (e (= DM {(u+ o) - wk}]
k<v

E
= Bloi(x+ (t = 1)) + - +vg(x + (t = 1).)"]
d d
=FE | vi(x+(t-1) ] D 0E[(x + (t—1).0)"]
j=1 J=1

- (t-1)
t—1
=Y viBy,
=1

Similarly, we have

EN(x+1)+ &P (x) = E[<x+1+;( (n —1.u))>v}

o[ jin-)
| (x+us 5 t—l—l—l)(n—l.u)))v]

# 8| (x+ 5= 140 _1.u>>ﬂ

l\D

=FE <x+u+ ((t—1). —1.u)+;(n—1.u))v]

o]l

(;) (x + ;((t 1) — L))o (u + %.(n - 1.u))"k]

—_
~—

(1))

l\D
N | =

=F

(D (x+ (¢ — 1).%.(77 _ l.u))k(%.(n - 1.u))"k]

118

i=1,..., d, such that k; = v; — 1 and vy, = ky, for all h # j. If we put

3 (K) (x+ (t — 1).%.(77 L) {(u + %.(n L)) R
k<v
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Since

2, ifv—k=0
0, if|v—k|>0,

k

+(z.(p—1u)V k~ {

NN

(ut 5. (m— 1))~

then £ (1+x) + € (x) = 2B[(x + (t = 1).2.(n— L))V = 268 V(x). O
Proposition 4.54. For all v € Ng, we have
BY(11 - x) = (-)MBY () &7 (11 - x) = (-1)Me ().
Proof. The former equality follows by observing that
B (11 — x) = E[(tu — x +t.0)"] = (~DME[(t.(—u) + x + t.(—2))"]

= (-D)VE[(x+t.(—(u+1))].

Since E[(t + w)k] = (~1 k] for all nonnegative integers k, then

FEL
E[(—=(t +uw)V] = (=DM +uw)V] = E[V] = E[¢¥]. Then we have
—(t+u)=t t(—(t+u))=tu,

by which the result follows.
Similarly, we have

ePt1-x) = E Kﬂ —x+ t.g - ;1)v] — (—)VE Kx + t.%" +t.;>v} .

Since f (—%,2z) = f (%,2) , the latter result follows. O

Up to now, it is clear that multivariate Bernoulli and Euler polynomials
share many properties. Undoubtedly, this is due to the similar moment rep-
resentation they have, but it is also reasonable to ask for a deeper connection
between these two families of polynomials, that is a connection between the
multivariate umbrae they are related to.

Lemma 4.55. If ¢ is the multivariate Bernoulli umbra and n is the multi-
variate Euler umbra, then

2t=—-(n—1lu)+e.
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Proof. Via generating function, we have

o _2(Z1+~-+Zd)_ 1
f(2L>Z) - f(lfa 2Z) - 62(2’1+"'+2’d) -1 - f(na Z)f(l,,Z) f(u,z)’
by using equations (4.3) (4.33) and (4.37). O

Theorem 4.56. For allt € R and v € N4 we have
|v]12(t) E — (t)
olviR! (2> D (x + ta).

Proof. From Lemma 4.55, we have

2lvigd (g) = B[(x+t.(2)] = E [<x et %t.(n - 1.u)>v] .

O
A more complex relation between multivariate Bernoulli and Euler poly-

nomials is given in [37]. For completeness, we add its generalization and
umbral proof.

Proposition 4.57. For allv € N4, set v, = (vy, . .. ,Vj—1,05—1,vj41,...,0q).
We have
d
t v ) (x+1 t) (X 1-t
Soueleo = 3 ()24 80 (557 -8 ()]
j=1 k<v

for allt € R with {B\(,t)} the multivariate Bernoulli numbers.

Proof. From Theorem 4.56, we have

1 1
olkl B! <X;> =D (x+u+te)=E[(x+u+te+ -(t(n—Lu))¥

2
— E(x+te+ %(t.n) 4 (1%).u)k}.
Then,
3 <K> 2lkl g" <X;1> B =% (;)E[(X ot %(t.n)
k<v k<v
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= Bl(ocg (1) +u— g () + (1~ 1))
= Bllxtut ot g (t(n— 1))

Similarly, we have

Vgl (XY g0 _ 5~ (V) g (1-1)
Z<k>2 B (3) B = (k)gk (x+ t.o) B

k<v k<v

-3 G)E[(x o+ %t.(n — L)Y E[((1 — t).0)V K]

k<v

— El(x+ %(t.(n L))+ (1= D)),

By expanding the powers, we have

B3 (1) oottt 0" - 0V R

k<v
by which the result follows, thanks to Corollary 4.30. O

Theorem 4.58. The generalized multivariate Bernoulli and Euler polyno-
mials are time-space harmonic with respect to the Lévy processes umbrally
represented by {t.(—1.¢) }1>0 and {t.(—1.n)}+>0, respectively.

Proof. The result follows by comparing the moment representation of mul-
tivariate Bernoulli and Euler polynomials (Theorem 4.46) with Theorem
4.22. O]

The property of being time-space harmonic polynomials, shared by Ber-
noulli and Euler polynomials, is also confirmed by the next Corollary, which
states that their overall evaluation is zero.

Corollary 4.59. E[BY (~t.1)] = E[BY (t.(~1.0))] = 0 and EIEP (L]t.(u —
Ln)))] =0.

Proof. The result follows by replacing x with —¢.¢ and %t(u —1.m) in The-
orem 4.46. O
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4.4.4 Multivariate Hermite polynomials

Recall that a multivariate Brownian motion is umbrally represented by the
family of auxiliary umbrae {t.5.(x.m+8C7)};>0.

In [64], Withers gives the following moment representation of multivari-
ate Hermite polynomials

Hy(x,%) = E[(xE" +iY)"]

Hy(x,%) = E[(x+12)"]

where Y ~ N(0,%) and Z ~ N(0,%)". .

We will consider the family of polynomials {Hy(x,X)}, since they are
monic and orthogonal with respect to the multivariate gaussian density func-
tion.

Theorem 4.60. The family {I:I\(,t) (x,X) hi>0 of generalized multivariate Her-
mite polynomials is time-space harmonic with respect to the multivariate
Brownian motion without drift {t..(6C™")}.

Proof. The moment generating function of {PNI‘(,t) (x,2)}e>0 1s

1+ Z Z il (x, E)X— = exp {XZT - ;ZEZT} : (4.41)

v!
k>1|v|=k
Equation (4.41) can be written in the following way
T t T T t T
exp{ Xz’ — izZz =exp{xz'} exp —izZz .
Thanks to equation (4.3), we have

exp{xz"} = f(x,z).

Since ¥ = CC7T, we have
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N <e><p { [1 + %{z(tmcn[(t”?@zf B 1} }> 71
= (exp { £(8,2(1%C)) - 1})

Observe that, for all umbral d-tuple g and for all d x d matrix A, we
have

f(m,zA) = FE [e“(ZA)T} =F {e“ATZT}
= E |:6(MAT)ZTi| = f(I,LAT,Z),
then, setting g = 8 and A = tY/2C, we have
f(8,2(8'20)) = f(8(1'2C)",2) = f(8(t'/*C"), 2).

Therefore,

exp {—;ZZZT} = (exp {f(é,z(tl/QC)) - 1}

Thus,

exp {sz - ;ZZZT} — f(x,2) f(—1.3.[6(/2C")], )
= f(x— 1L.B.[6(t%C7)), ).
On the other hand, we have
f(=t.8.(6CT),2) = [f(8.(6C7),2)] " = [exp{f(6C",2) — 1}]7"
— exp{—t[f(5C",2) — 1]} = exp {—t [;ZEZT] }

||}

that is, via generating function we have proved that

—£.8.(6CT) = —1.8[86(t/2C™)).
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Hence,
t
exp {XZT - 2zEzT} = f(x—t.5.(6C"),2)

and
1Y(x,%) = E[(x — t.3.(6C7))"].



Conclusions

In this manuscript a symbolic representation of a specific family of stochastic
processes, known as Lévy processes, is presented.

Throughout the research time, we came upon two classes of polynomials
related to Lévy processes: the Kailath-Segall polynomials and the time-
space harmonic polynomials. In particular, the latter have shown to share
several properties which well fit in the umbral syntax, in the sense that the
symbolic techniques described and applied in the manuscript allow us to
streamline their proofs.

However, it is not a case of making a pure rewriting of known tools,
already dealt in the literature, by means of a new language. This is rather a
different approach, which proceeds in an opposite direction to that described
in the literature by several authors. As a matter of facts, all the main
properties of time-space harmonic polynomials and their coefficients, which
are the building blocks of the theory in the classical case, are obtained in this
manuscript as quite simple consequence of a unique closed-form formula.

What is more, we have generalized such expressions to the multivariate
case, this allowing us to create a theory of multivariate time-space harmonic
polynomials which is general, complete, rigorous and original. All these
symbolic representations could be quickly implemented by means of suitable
symbolic software, as it happens with the parametrization formulae between
moments and cumulants.

A future direction of research would be the combinatorial interpretation
of stochastic integrals, whose differential involves Lévy processes. Indeed in
1997, Rota and Wallstrom conceived a combinatorial definition of stochastic
integration in the setting of random measures. The starting point was the
Kailath-Segall formula interpreted in combinatorial terms and applied to
derive recursion relations for some classes of orthogonal polynomials. Such
approach was a real revolution, since, up to that moment, advanced tech-
niques of functional analysis were the only tools used to handle stochastic
integrals. We believe that the symbolic theory of Lévy processes could help
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in approaching stochastic integration by allowing us also new algorithms for
their computations.
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