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On some applications of a generalization of
Laguerre polynomials in statistics

Elvira D1 NARDO!

Abstract. We introduce a-generalized Laguerre polynomials, as a suitable general-
ization of (classical) Laguerre polynomials, and give new closed form formulae for their
representation and computation by means of the symbolic method of moments. Applica-
tions to the computation of moments of a real non-central Wishart distribution as well as
some special sub-classes as central and non-central chi-square random variables are pro-
vided. Connections with Hermite polynomials and polynomial processes are also given.

1. INTRODUCTION

Laguerre polynomials were introduced by Edmond Laguerre more than 150 years
ago. Since they are orthogonal polynomials, many applications can be found as
approximation of a smooth function in terms of their series expansion, which is
the basis of spectral methods of solution of differential equations [10]. Laguerre
polynomials L, (x) and generalized Laguerre polynomials L%’j)(m) (see [15], Section
3.1) both are complete orthogonal sets of functions on the semi-infinite interval
[0, 00).

In this paper, we introduce the notion of a-generalized Laguerre polynomial by
inserting one more parameter ¢ € R into the generating function (g.f.) of L%V)(x).
Definition 1.1. a-Generalized Laguerre polynomials {L%a’y)(x)} have g.f.

az

@) = 1
(1.1) ZL" (x)n!7(1faz)”+1eXp{mazfl} , a,veER.

n>0

The sequence {L,g"') ()} gives classical generalized Laguerre polynomials {Lg’) (z)}
and

(1.2) L) (z) = a" L) (z).
The aim of this paper is to use the symbolic method of moments to give a closed

form formula which facilitates the computation of {Lﬁ{l*”)(x)} and provides simple
proofs of some main properties. Some of these properties are already known, as the
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connections between Laguerre polynomials and Hermite polynomials, some others
are new, as an expansion of a-generalized Laguerre polynomials in terms of Hermite
polynomials or their Abel representation.

Although the term “symbolic method” is also used in different context (see for
example [9]), here we refer to a set of manipulation techniques aiming to simplify
calculations. The main idea is to find closed form formulae easily implementable in
any symbolic language, a field usually called “symbolic computation”.

The basic device of the symbolic method of moments is to represent a uni-
tal sequence of numbers by a symbol «, named umbra, i.e., to associate the se-
quence 1, a1, as, - -- to the sequence 1, a, &2, - - - of powers of o through an operator
E that looks like the expectation of r.v.’s. Therefore statements involving r.v.’s
can be proved by using umbrae and then replacing these umbrae with r.v.’s. As
instance in point, we refer to some classical family of r.v.’s as central and non-
central chi-square distributions. More complicated is the computation of moments
of Wishart distributions, which are the matrix analog of chi-squared distributions.
This distribution characterizes the sample variance-covariance matrix of a multi-
variate Gaussian model, and play a fundamental role in multivariate statistics. In
particular, its moments are needed to approximate the distribution of many statis-
tics tests [12]. The symbolic method of moments has provided an efficient tool to
compute moments of complex non-central Wishart distributions by using a special
class of Sheffer polynomial sequences [4]. In this paper we prove that a-generalized
Laguerre polynomials are Sheffer polynomial sequences too and provide a way to
compute moments of real non-central Wishart distributions.

An application involving stochastic processes ends the paper. Indeed Laguerre
polynomials are special time-space-harmonic polynomials, a family of polynomi-
als such that when the indeterminate is replaced by a Lévy process, the resulting
stochastic process is a martingale. These processes are employed together with
the reduction-variance method for the pricing and the hedging of some bounded
measurable European claims [2]. For matrix-valued polynomial processes, the com-
putation of their coefficients requires the computation of a matrix exponential and
efficient algorithms to deal with are not yet available. Some open problems end the

paper.
2. BACKGROUNDS ON THE SYMBOLIC METHOD OF MOMENTS

In the symbolic method of moments, an alphabet A = {«, 3,7, -} of indeter-
minates, named umbrae, is considered and any umbra is related to a sequence {a, }
of real numbers by a suitable linear functional E. The functional E : R[A] — R is
defined on the polynomial ring R[A], and such that E[a"] = a,, for all non-negative
integers n > 1. We assume E[1] = 1 that means ag = 1. The sequence {a,} is said
to be the sequence of moments of a and we say that {a,} is umbrally represented by
a. Two umbrae can represent the same sequence of moments, that is E[a”] = E[y"]
for all non-negative integers n > 1. In such a case we said that « is similar to 7,
and write @ = . A “weaker” equivalence involves umbral polynomials p, ¢ € R[A].
We say that p is umbrally equivalent to ¢, if E[p] = E[g], in symbols p ~ ¢q. The op-
erator E factorizes on distinct umbrae, that is E[a!3? - - - v*] = E[a!]E[8] - - - E[y*]
(uncorrelation property). Special umbrae are:

a) the unity umbra u whose moments are {1};
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b) the augumentation umbra ¢ whose moments are E[e"] = ¢, for all non-
negative integers n and dg , the Kronecker Delta;

¢) the singleton umbra whose moments are E[x"] = 61,5, for all non-negative
integers n.

An umbra is characterized either by its sequence of moments {a,} either by its
generating function (g.f.), that is the formal power series

fla,z) = Zan% e R[[2]] .

n>0

For example we have f(e,z) = 1, f(x,2) = 1+ z and f(u,z) = e*. Two similar
umbrae have the same g.f., that is « = v & f(«, 2) = f(v,2). Operations among
umbrae correspond to operations among g.f.’s, for example the g.f. of o + « is
flay,2)f(v, z). Formal power series allow us to work with g.f.’s which do not have a
positive radius of convergence or have indeterminate coefficients [18]. For example,
if we consider the geometric series (1—2) ™! = 14-2+22+4- -, we can define an umbra
with g.f. (1—2)~! without paying attention to the question of its convergence. The
umbra having g.f. equals (1 — z)~! is the boolean unity 4, see [7] for more details.
This umbra represents the sequence {k!} and in the following will play a special
role.

Taking a measure to a sequence of numbers is familiar in probability theory,
when the n-th term of a sequence can be considered as the n-th moment of a
r.v., under suitable hypotheses (the so-called Hamburger moment problem [19]).
As Rota underlines in Problem 1: the algebra of probability [16], all of probability
theory could be done in terms of r.v.’s alone by taking an ordered commutative
algebra over the reals, and endowing it with a positive linear functional. This is
why a, is called the n-th moment of the umbra a and a r.v. X is said to be
represented by an umbra « if its sequence of moments {a,, } is umbrally represented
by a. In order to avoid misunderstandings the expectation of a r.v. X will be
denoted by E and its n-th moment by E[X™].

Auxiliary umbrae are introduced as special symbols representing operations
among moments and used as they were symbols of the alphabet A. For example, if
{a,a/,--+ ,a"} is a set of k uncorrelated umbrae, then in place of the summation
a+a + -+ a’, anew symbol k.o is introduced. The symbol k.o is named
dot-product of k and a and referred as auziliary umbra. It is straightforward to
prove that f(k.a, z) = f(a, z)*. The integer k may be replaced by any real a € R
as follows, without going into details, which are not necessary for the content of
the paper. Let us remark that the n-th moment E[(k.«)"] is a polynomial g, (k) of
degree n in k, that is E[(k.«)"] = g, (k) (see [8] for an explicit expression of ¢, (k)).
If we replace k with a € R, then g, (a) € R. We define the auxiliary umbra a.a hav-
ing the n-th moment equals ¢, (a), that is E[g,(a)] = E[(a.a))"] for all non-negative
integers n.

Remark 2.1. The employment of negative real numbers needs to be handled care-
fully. Indeed the inverse umbra of an umbra « is the auxiliary umbra —1.« such
that a+(—1.a) = ¢ = —l.a+a. In particular we have f(—1.a, 2) = [f(«a, 2)] 7! and
f(=k.a,2) = [f(a,2)]7%. The symbol —1.a should not be confused with —(1.cr)
whose g.f. is simply f[—(1.a),2] = f(a,—2). The same holds for —(k.«) having
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gf. fl-(k.a),2] = [f(a, —2)]¥. When no misunderstanding occurs, brackets are
avoided.

The non-negative integer k in k.ao may be replaced by an umbra . From a prob-
abilistic point of view this replacement allows us to work with a suitable generaliza-
tion of random sums, not necessarily indexed by a non-negative r.v. but with a more
general device, as an umbra is. Without going into details, let us underline that
the construction of ~y.« is similar to a.«. Starting from E[(k.a)"] = g, (k), k is re-
placed with the umbra v, the umbral polynomial ¢, () has evaluation E[g,(7)] € R
and we assume Elg, ()] is the n-th moment of the auxiliary umbra v.«, that is
Elgn(7)] = E[(7y.a)™]. The umbra .« represents a symbolic summation ~y times
of the umbra a. Once established the rules, the main strength of the symbolic
method is performing computations on auxiliary umbrae, just using polynomials,
and replacing their indeterminates, as done previously, to simplify formulae and
proofs.

The dot product of v and « has many properties [8], for example u.ac = o = a1
and the dot-product of two umbrae can be iterated as a.(y.d) = (a.y).6. The
reader is referred to the bibliography for more details. Here we just recall some
special dot-products necessary in the following.

The umbra g such that 8.x = u = x.[ is a special umbra, called the Bell umbra.
Indeed its moments are the Bell numbers? and f(8,z) = exp(e* — 1). The dot-
product a.f.y, with 8 the Bell umbra, is said the composition umbra between «
and 7. Indeed the g.f. of a.f8.v is the composition of f(«,z) and f(v,z), that is
f(a'ﬁ"}/vz) = f[av f(’Y,Z) - 1]

Since the composition of formal power series is an invertible function, there is a
way to define an umbra whose g.f. is the compositional inverse of f(«,z). Let us
denote by a<=!> the umbra whose g.f. is f(a<"!>,2) = f<71>(a, 2). Recall that
for the compositional inverse of f(«, z) the following property holds:

f<71>[047f(0‘72) - 1] = f[avf<71>(a,2) — 1} =1 +z.

Moments of umbrae can be polynomials. In this case the functional E is defined
on the polynomial ring R[z][A] taking values on R[z]. The uncorrelation property
is updated as E[z"a!B7 ---+*] = 2"E[/|E[B7] -+ --- E[v*]. Umbrae representing
polynomial sequences are said to be polynomial, those representing sequences of
real numbers are said to be scalar. A special polynomial umbra is the auxiliary
umbra z.c. This umbra z.« represents the sequence of moments {¢x(z)} obtained
from {E[(n.a)*]} replacing n with . A compound Poisson r.v. is represented by
the umbra z.8.ac with g.f. f(z.8.a,2) = exp[z (f(a, z) —1)]. The umbra z.5.«
is the composition umbra between z.u, with g.f. f(x.u,z) = exp(z 2), and a. We
can replace the indeterminate x with a real number ¢ € R. Then f(a.f.q,z) =
exp [a (f(a, z) — 1)] and the following property holds

(2.1) (a+0b)..a=a.p.a+bp.a.
Shifting the auxiliary umbra z.« with an umbra v, we get the so-called Sheffer um-

bra. The name depends from its moments {s;(z)}, that form a Sheffer polynomial

2The n-th Bell number is the number of partitions of a finite nonempty set with n elements.
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sequence. Its generating function is

(2.2) foy+za,2) = f(7, 2) expla[f(a, z) = 1]} .

The sequence of polynomials {p(z)}, represented by the auxiliary umbra z.«, is
said the sequence associated to {sx(z)}. This sequence is of binomial type, that is

n
n

(23 patet0) =3 (1) mlohaslo).

i=0
Sheffer sequences have many properties. A good account of these properties in um-
bral terms are given in [5]. Let us underline that the main advantage of a symbolic
representation of Sheffer polynomial sequences is the plainness of the overall setting
which reduces their numerous properties to few fundamental statements.

3. a-GENERALIZED LAGUERRE POLYNOMIALS

The g.f. (1.1) of a-generalized Laguerre polynomials {lea’y) (x)} fits (2.2). There-
fore {Lg{l’y)(x)} is a Sheffer polynomial sequence umbrally represented by a poly-
nomial umbra v + z.«, for a suitable choice of the scalar umbrae o and . Next
theorem states which the umbrae « and ~ are.

Theorem 3.1. L%a’")(x) ~a" [(v+1).u— (x.ﬂ.ﬂ<*1>)]n.

Proof. From (1.2) we have to prove that LY (z) ~ [(v+1).a— (z.8.a<7)]",
that is equivalent to prove that the g.f. of the umbra (v + 1).a — (z.8.a<"1>) is
the right hand side of (1.1) with a = 1. To this aim, since (1 —¢)~! = f(@,t), note
that 1 142t

s - S<—1> 4y _ LT at
f((l/—'—l)'u’t)*(l,t)wrl and f(a ) = Tt
The result follows since
t 1—-2¢
exp {xm} = exp {x { =7 1} } =7 [—(z.ﬁ.ﬁ<_l>),t] .
|

Note that the sequence of a-generalized Laguerre polynomials LS{I’”)(J:) is of
Sheffer type with a = (—a) (8.a<7'>) and v = (v + 1).(aq).

Remark 3.2. The n-th polynomial associated to {Lg{"”) ()} is
LD (@) = Ly o) =E [(—a)" (e5:057)"] |

obtained for v = —1. The sequence {L, .(z)} is of binomial type and satisfies
property (2.3). The polynomial L, 1(z) = L,(z) is the n-th classical Laguerre
polynomial, such that L, ,(z) = a™L,(z). This equality parallels equation (1.2).

Theorem 3.3 (Abel representation). Ly o(z) ~ (—a)" z (z — (n.x))""".

Proof. From Remark 3.2, we need to prove that Ly (z) ~ (—1)"z (z — (n.x))" .
Let v be an umbra with E[y] = 1. Denote by yp the derivative umbra of v, that
is an umbra with g.f. f(vp,t) = 1+¢f(y,¢t). As E[yp] # 0, the umbra vp admits
compositional inverse and

(3.1) (z.895")" ~z(z —ny)" !
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from the Abel representation theorem of binomial sequences [7]. Assume to replace
v with 4. Then
(3.2) (z.pa5 )" ~a (e —na)" '~ (z+n(—x)""
as & = —1.(—x). Moreover @ = @p and
La(@) = [0.8.(~a<")]" = (=1)"[2. 855" = (1) [z a5 "]

The result follows from (3.2) as n.(—x) = —(n.x).
O

a-Generalized Laguerre polynomials are obtained from L, ,(x) by shifting the
indeterminate x with the singleton umbra x.

Proposition 3.4. LY @) ~ Ly o [x — (v +1).X)].

Proof. We need to prove that Lg{’)(m) ~ L,z — ((v+1).x)] from Remark 3.2.
First observe that @ = (—x).8.(—a<">) as
t 1

F((=x)-B-(=a~717),1) i1 1

Therefore (v+1).4 = (v+1).(—x).3.(—=a<~'>) and the result follows from Theorem
1

3.1 since LY ”)( ) =~ (=)™ {[(v + 1).(—x) + 2].8.a<"1>}", due to the distributive
property of the dot-product.

E117_2:71 =1+

d

A first corollary of Proposition 3.4 is the Abel representation of a-generalized
Laguerre polynomials.

Corollary 3.5. L) () ~ a[(v + 1) — 2] {[(v + 1)ox — 2] + (nx)}" L.

Proof. The Abel representation theorem (3.1) has been generalized [7], replacing
the indeterminate  with an umbra «, that is

(3-3) (@B ) = ala—ny)"t.

The result follows from (3.3) and (3.2), since we have Lgll’y)(x) ~ (=1)"x
x{[z — (v +1).x)] .8.a<~*>}" from Proposition 3.4.
g

From a computational point of view and taking into account the applications
we are going to propose, a more manageable expression for a-generalized Laguerre
polynomials is given by the following theorem.

Theorem 3.6. LY (@) ~ am (=2 + (n+v).x)"

Proof. From Remark 3.2, we need to prove that L") (2) ~ (—z + (n + v).x)™.
From Corollary 3.5 and by using the binomial expansion

L (@) = (v + 1ox — 2] 3 (n 5 1) (—a)" oy + (v 1)l

k=0

M

_ (7%1) —a) zk:<];>(n~x)j[(v+1).x]’w‘+l n

Jj=0
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+§ ("o {Z (%) o + 1)->d’“‘j} ~

Jj=0

(3.4) :(xr/%Sf(xw-kl(”;“> {ﬁé(i)(mxy «

k=1 §=0

st} (D E (5o

J

n—1

(3.5) x[(v + 1).X}k*jH + Z (n ; 1) (nox) (v +1).x

=0

n—j

The summation in (3.5) is such that

(3.6) § (” N 1) (nox)[(v + 1)x]" 7 ~

=0\ J
~[(n—1.x+@+1).x]"=[n+v)x]".

The generic term of the summation starting in (3.4) and ending in (3.5) is

(B o)

@ (S el -

J

n—k .
= (&) {Z e L R (B L

jlin—k —j)!

n—k .
n Z (n—k?)(n —]]'f(;i);c(’fi;i)l)' (n_]+1) [(V—Fl)-)(]nkj:' ~

(k+n—k—5)n—-1)--(n—7+1)x

n—k—1 (n—k)'
jt(n =k —j)!

x [+ D)X " " +(n-1)(n—2) - (k+ 1)k~

=(}) [i ("= v+ 1)-x]”kj] = 1)k

J

38 = ()= Dot 0+ D
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Coupling (3.5), written as (3.6), with (3.7), written as (3.8), we have

L@ = (-0 + 3 () o lln+ mad" ™+ [t 1)
k=1

and the result follows.
a

Theorem 3.6 allows us to give an expansion of a-generalized Laguerre polynomi-
als.

Corollary 3.7. L (z) = a® S oo bk (—2)F with 1, . = (M) nl/kL
Proof. From Remark 3.2, we need to prove that L&”)(x) =0 bk (—2)k

This result follows from Theorem 3.6, since

0@ =3 (1) ot + gt = 30 B e

k=0 k=0 (n

Note that {l,, 1} are the Lah numbers [14].

4. APPLICATIONS

Central chi-squared distribution. As it is well known, the chi-squared distri-
bution with k£ degrees of freedom is the distribution of a sum of k¥ squared standard
normal r.v.’s {Z1, Za, -+, Zr}, with Z; ~ N(0,1) for i = 1,2,--- | k. Let us recall
that the moment generating function (m.g.f.) of a chi-square r.v. ¢ with k degrees
of freedom?® is Mg (t) = (1 - 2t)~%/2, Therefore Mz (t) fits (1.1), with @ = 0,
v==Fk/2—1, a =2 and the 2-generalized Laguerre polynomials L512’k/2_1)(;r)

=0
are the moments of c%. From Theorem 3.6, we recover

R e (G R e e Rt

where I'(z) is the Gamma function [1]. From Theorem 3.1, the following result is
proved.

Theorem 4.1. The r.v. ¢ is umbrally represented by the umbra (k/2).(2a).

Thanks to this representation, the connection between Laguerre polynomials
and Hermite polynomials can be easily recovered, since they both are related to the
moments of c2.

Let us recall that if {H,({U)(x)} denotes the sequence of Hermite polynomials,
then their compositional inverses {H\ ") (z)} are called Hermite polynomials with
negative variance [15]. Hermite polynomials with negative variance give moments of
anormal r.v. X ~ N (m,s?). In [6] the umbral counterpart of Z ~ A/(0,1) has been
proved to be 3.5, where § is the umbra with generating function f(d,t) = 1+t2. Any

3Since the singleton umbra is denoted by the greek letter x, we denote the chi-square r.v. with
c,% instead of the usual X%
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other normal r.v. is represented by an umbra obtained by a linear transformation
of .9, that is m + s(8.6) = m + 5.(s9),
(4.2) E[X"] = H ) (m) =~ (m + B.(s8))".
The following result is the umbral version of ¢? L2422 4.4 ZZ.
Proposition 4.1. k.(8.0)2 = (k/2). (2a).

Proof. From (4.1) with k = 1 we have

(4.3) E (2" [(n - %) xr) =2" (n - ;)n =(@2n -1 = fgi’ = E[(8.6)*"],

for the last equality see [6]. From (4.1) and Theorem 4.1, we have

1

(4.4) (B.0) = 3 (2a).

If a,v € A and o = 7, then k.o = k. for all non-negative integers k, so the result
follows.

O

For k = 1, 2-generalized Laguerre polynomials L&Y (2) are moments of

2. From (4.4), (4.1) and (4.2) we get HS,Y(0) = L "/?(0). In dealing with
non-central chi-squared distribution, this equality may be generalized replacing 0
with a suitable indeterminate, as shown in the next paragraph.

Non-central chi-squared distribution. The non-central chi-squared distribu-
tion appears in many applications, for example, in radar communications when
computing the detection of signals in noise using a square-law detector [13]. Dif-
ferent algorithms have been proposed for computing their moments by using series
expansion or recurrence relations. In the following, we show how to use the umbral
representation of generalized Laguerre polynomials to simplify their computation.

If k independent r.v.’s {Xy,--- , Xj} are considered, having normal distribution
X; ~ N(0,s;) for i = 1,--- , k, the distribution of Zle(Xi +m;)?/s? is said a
non-central chi-squared distribution with & degrees of freedom and non-centrality
parameter {2 = Zle 12 with I; = m;/s; for i = 1,--- k. Let us recall that
the m.g.f. of a non-central chi-square r.v. cf’k is the power series given in (1.1)
with * = —12/2, v = k/2 — 1, a = 2 and the 2-generalized Laguerre polynomials
Lff’k/%l) (—12/2) are the moments of cl2_k. From Theorem 3.6 and Corollary 3.7,
we have l

(4.5) E [(C?,k)”} =2"E Kl; + (n 14 g) -x) n} -
_ kz”:o (n —n17+kk/2) %: 222_: .

Theorem 4.3. The r.v. sz,k is umbrally represented by [(k/2) + (12/2).58] .(24).

Proof. The result follows from Proposition 3.4, by observing —(z.8.a<"!>) =
—z.5.% and by replacing x with —/2/2 and v with k/2 — 1.
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Comparing Theorem 4.3 with Theorem 4.1, the umbral counterpart of cik is
obtained from the umbral counterpart of ¢ by a suitable shifting with I. As ob-
served at the end of the last paragraph, there is a deeper connection between the
2-generalized Laguerre polynomials and the Hermite polynomials. First assume

k =1, so that ¢, 4 (X 4+ m)?/s? with X ~ N(0,s?) and I = m?/s®>. The
following proposition holds.

Theorem 4.4. L2 (—1%/2) = 7D().
Proof. From the right hand side of (4.5) we have

,2-1/2) _E ZQni (n—1/2)! 77;' ﬁ:
" 2 Pt (n—k)t(k —1/2)! k! 2k

on " (n\ (n—1/2)! 2k
-3 () i 7

k=0

n n
(2n)! 12k 2n k12 (e
4. = = E[(8. (n—k)
(46) Z (n — k)12n=F (2k)! 2k [(5-0)71t
k=0 k=0
where the first equality in (4.6) follows as (k — 1/2)! = (2k)!/(k!4F) for k& =
1,2,---,n and the latter equality follows from (4.3). Since E[(8.6)%¢*!] = 0 for
all non-negative integers k, the result follows by comparing (4.6) with (4.2).
g

From (4.2) and Theorem 4.3, next Corollary gives the umbral version of Theorem
4.4.

Corollary 4.5. [1/2+12/2.8] .(2u) = (I + B.6)%.
For | = 0 equivalence (4.4) is recovered. From Corollary 4.5 and Theorem 4.3,

the generalization to k& > 1 is given in the following theorem.

Theorem 4.6. If {01, - ,d} are k uncorrelated umbrae similar to &, then
[(k/2) + (12/2).8] .(2a) = X5, (l; + B.6:)%.

From the well-known multinomial theorem and Theorem 4.6, the expansion of
2-generalized Laguerre polynomials in terms of Hermite polynomials follows.

2,k/2—1 k -1
Corollary 4.7. Lt (=22/2) =20, e (7" 00 Tl Héij )(lj)~
i1+ Fig=n

Remark 4.8. A different way to write ¢, is Tr[(Z + 1) (Z + )] where Z =
(Zy,-++,Zy) ~ N(0,I;),l = (I3, -+ ,lg). If Il = 0, then the central chi-squared
distribution with k degrees of freedom is recovered. These representation opens
the way to deal with the more general Wishart distribution, as shown in the next
paragraph.

Non-central Wishart distribution. Let X, ---, X, be row random vectors
independently drawn from a k-variate normal distribution with 0 mean and full
rank covariance matrix X. Let mq,---,m, be real row vectors of dimension k.

The non-central Wishart random matrix of order & is
n

Wi(n, 3, M) = Wi(n) =Y (Xi+m:)"(Xi+m;) with M= m]m,.

=1 i=1
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The matrix = 7'M is called the non centrality matrix.

Since Tr(Q2) = Y1, m; ¥~ 'm7, the name parallels the non-centrality parameter

of ¢/ . The m.g.f. of Tr[Wy(n)] is
1
4. M = ———

Assume 61, -- ,0, are the eigenvalues of ¥, and @Q the eigenvector matrix such
that ¥ = QAQT with A = diag(fy,--- ,0;). Then the following theorem states the
umbral counterpart of Tr[W(n)].
Theorem 4.9. Set v; = ijfl/QQT forji=1,2,---,n and I? = Z?Zl v?j for
i =1,2,--  k with vi; the i-th component of the vector v;. Then Tr[Wy(n)] is
umbrally represented by the umbra

k n lf _
(4.8) ; { {5 + 5.5} .(29iui)} .

Proof. We will prove that the m.g.f. (4.7) is the g.f. of (4.8). First, let us
observe that if 0y, -- , 0 are the eigenvalues of ¥, then det(] —2t3)~! = Hle(l -
20;t)~!. Moreover Tr[(I — 2tX)"1Mt] = Tx[(I — 2t%)" ' M QT Qt] = Tr[(I —
20A)7PQMQTH] = Te[(I — 2t A)"H(A) QETP MR QT = YU Tr[(I -
2t A) (A ) ’UT v;] with v; = m;712QT and

exp (Tr[(I —2t) "' Mt)) .

v2.0;t k 0,t

ZTr I —2tA)" (At)v] vj] = Zzl_ggt_iilllzl—i%‘it'

Then the m.g.f. (4.7) may be rewritten as

k
1 0;t
(4.9) Mre(w () (1) = E {7(1 “o0, 072 P {l T 20,1 tH

and therefore My, (ny) () = Hle M (6;t). The result follows from Theorem

4.3.
g

Remark 4.10. Note that if n = 1 and ¥ = I the non-central chi-square r.v. is
recovered as follows by comparing (4.8) with the result of Theorem 4.1, taking into
account property (2.1).

As corollary and by using the well-known multinomial theorem, moments of
Tr[Wg(n)] can be computed by using 26;-generalized Laguerre polynomials

o)=Y (] )HL@wz 1>( 12)

i1, ik €[7]
1t tie=T

Gamma processes. The employment of moments of Sheffer umbrae covers dif-
ferent fields. Among them, one of the most attractive is mathematical finance
in connection with a special class of stochastic processes, that is Lévy processes.
These processes well fit the main dynamics of a market being continuous processes
interspersed with jump discontinuities of random size and at random times. In [3],
the symbolic representation of a Lévy process has been proven to be t.y, where
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represents the increment of order 1 of {X;};>0, that is X;. In order to include the
risk neutrality, a martingale pricing is required in dealing with options. But Lévy
processes do not necessarily share the martingale property unless they are centred.

A different approach consist in using the so-called polynomial processes
{P(z,t)}s>0 built by considering a suitable family of polynomials and by replacing
the indeterminate z with a stochastic process {X;};>o.

Definition 4.11. The polynomial sequence {P(z,t)}i>0 is called time-space har-
monic (TSH) with respect to a stochastic process {X;};>o if

E[P(X,t) | 8] = P(Xs,8)

for all 0 < s <t, where §s = o (X, : 0 <7 < s) is the natural filtration* associated
Wlth {Xt}t20~

Lévy-Sheffer polynomials [3] are a special class of TSH polynomials umbrally
represented by z.8.a + t.y. These polynomials are TSH with respect to Lévy
processes umbrally represented by {—t.a.8.7<71>}. Here the employment of the
minus sign permits to simplify some algebraic manipulations. The following result
generalizes the applications of Laguerre-type polynomials given in [17].

Theorem 4.12. The a-generalized Laguerre polynomials are TSH polynomials with
respect to a Gamma process of parameters (a=1,b).

Proof. a-Generalized Laguerre polynomials are TSH polynomials taking into ac-
count Theorem 3.1, choosing as umbra « the umbra —au<~!>, as umbra 7 the um-
bra au, and replacing v+1 with ¢. To prove that the corresponding Lévy process is a
Gamma process, let us observe that the g.f. of —t.a.3.y<"> = (—a@).5.(aw) <>
is

1—2za

1—za 142za
1+za

=1—az.

Then we have (—a@).B.(at)<"1> = —ay and the g.f. of the corresponding Lévy
process is (1—az)~* which corresponds to a Gamma process of parameters (a~!,1).
The generalization to (a=1,b) follows by replacing ¢ with bt.

O

5. CONCLUSIONS

In this paper, we have provided a very simple closed formula to represent a-
generalized Laguerre polynomials. We have proved a few fundamental properties,
but more can be given as Sheffer polynomial sequences. Two kind of applications
have been proposed.

The first involves distribution theory and can be further developed within ran-
dom matrices. As example, a-generalized Laguerre polynomials can be employed
to characterize more general class of moments of real non-central Wishart distribu-
tions,

E{Te[Wi(n)Hi )" Te[Wi(n) Ha]™ - - Te[Wi(n)Hp) ™}, Hy,--, Hy € REXF

4A natural filtration §; is the o-algebra generated by the pre-images x;! (B) for Borel subsets
B of R and times s with 0 < s < t.
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similarly to what has been done in [4]. To reach this goal, the multivariate version of
the symbolic moment method needs to be introduced, which is beyond the purposes
and possibilities of this paper and so will be developed in a future work.

The second application is strictly related to stochastic processes, since Lévy-
Sheffer polynomials provide a tool to define a more general class of polynomial
processes useful in mathematical finance. A different in-depth analysis deserves
TSH polynomials when one deals with matrix-valued stochastic processes. A first
attempt in this direction involving Laguerre polynomials and Hermite polynomials
can be found in [11]. In umbral terms, this means to replace g.f.’s with hypergeo-
metric functions, which up to now has not yet been developed. Such a theory will
have interesting applications within random matrices too, providing a symbolic rep-
resentation for different matrix-valued polynomials whose computational handling
is still an open problem, as for example zonal polynomials [3].
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