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We discuss the properties of the truncated exponential polynomials and develop the the-
ory of new form of Hermite polynomials, which can be constructed using the truncated
exponential as a generating function. We derive their explicit forms and comment on
their usefulness in applications, with particular reference to the theory of flattened beams,
used in optics.
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1. Introduction

In a previous paper, Dattoli et al. [5] have discussed the properties of families of Hermite
polynomials, defined through the generating function (g.f.)

izﬁ®4&y)=ferwﬂ. (1.1)

The function f(x), called the support function, is assumed to be infinitely differentiable,
to admit the series expansion

fm=2£f (1.2a)
r=0""
and the “semigroup” property
flaty) = f()f (). (1.2b)

The operator function f (y) is defined as

f)= Zﬁryr (1.20)

r=0
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2 Truncated exponential polynomials
with ]?1 acting on f; in such a way that

fifs= foer (1.2d)
Under these assumptions, the polynomials @, (x, y) can explicitly be written as
[n/2]

D,(x,y) = nl Z M (1.3)

(n—2r)!r!

In this paper, we will discuss a particular case of the polynomials (1.3), having as support
the polynomials of the truncated exponential (TEP), namely,

> Cn

n=0

:|”‘

(x,y | m) = en(xt+ yt?), (1.4)

where
m xr
= Z _') (1'5)
r=0 r:

are the PTE, according to the definition of [1]. The reason of the interest for this family of
polynomials stems from the fact that they currently appear in the theory of the so-called
flattened beams, which plays a role of paramount importance in optics and in particular
in the case of super-Gaussian optical resonators (see, e.g., [6]).

A comprehensive theory of the TEP has been developed in [4], where different gener-
alizations have been proposed and we will take some advantages from that general treat-
ment.

The PTE can also be defined by means of the g.f.

= t
D then(x) = %, [t <1, (1.6a)
= 1—t

satisfying the recurrences

%en(x) -

en+1(x) = [1 + T1 (1 - %)]en(x)

which can be combined to obtain the relevant second-order differential equation [1]

(1.6b)

xe, —(n+x)e, +ne, =0. (1.7)

For future convenience, we will write the PTE in the form

en(x) = Mx,’ (1.8)

r=0 T
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where 0(x) denotes the Heaviside step function, defined in such a way that

1, x>0,
O(x) = 1.9
) {0, x<0. (19)

By comparing (1.2) and (1.8), it is evident that in the case of PET f, = 6(n —r). We can
therefore obtain the explicit form of the Hermite polynomials of the truncated exponen-
tial (THP), as it will be shown in the forthcoming section.

2. Hermite polynomials of the truncated exponential
According to the previous discussion, the THP can explicitly be written as
[n/2] 0

H,(x,y | m) = n! Z

r=0

(m _ (f’l _ r))xn—Zryr
(n—2r)!r!

(2.1)

and we can use (1.5) and (1.6) to establish the relevant recurrences. By keeping the deriva-
tives of both sides of (1.5) with respect to x, y, t, we obtain three recurrences, involving
the continuous variables and the discrete indices, namely,

d
aHn(x,y | m) =nH,_1(x,y | m—1),

aayHn(x,y |m)=n(n—1)H, »(x,y | m—1), (2.2)

Hpy1(x,y | m) = xH,(x,y | m—1)+2ynH,_(x, ym — 1).

We can combine the first two recurrences to infer that the HPTE satisfy the “heat” type
equation

iF(x )—fa—2F(x )
ay ,)/ - +ax2 ))} bl

(2.3)
F(x,0) = 0(m —n)x",
where j?+ is an operator, defined in such a way that
fr6(m) =0(m=r). (2.4)

(A kind of ambiguity seems to arise in the definition of the operators f -. Strictly speaking,
according to the definition given in the previous section, we should have f."0(m —n) =
0(m — (n = r)) and the operator should therefore act on the indices where the summa-
tion series is running. We prefer, for practical reasons, the definition given in (2.4), which
induces discrete variations on the index m; it is however evident that f = f+.) We can
handle (2.3) to obtain the following operational definition for the TEP: a proper combi-
nation of the last recurrence in (2.2) with the first yielding the identity

Hyo (%, | m) = My H,(x, y | m),

~ ~ 2.5
Mm:xf_+2y%, (22
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which, together with the first recurrence of (2.2), leads to the following second-order
differential equation (see [5]):

2 ~
xf_ x,ylm)-i—Zyaa2 w(xy Im)—nf_H,(x,y | m)=0. (2.6)

(According to the formalism of monomiality (see [4]), we can define a multiplicative
operator (in this case provided by Mm) and a derivative operator P = 3/0x; the THPs are
easily seen to satisfy the identity M,,P H,(x, y | m) = nHy,(x,y | m), which yields (2.6).)
Needless to say, all the previous relations reduce to those of the ordinary Hermite for

y=—=, fi=L (2.7)

( Note that H,(x,—1/2) can be identified with the polynomials He,(x), defined by the
generating function exp(xt — t2/2).) Let us now consider the problem of finding a simple
formula yielding the successive derivatives, with respect to ¢, of the right-hand side of
(1.5). Using the previous definitions, we get

pL em(xt+yt?) = IEIP(x+2yt,y | m)en (xt+ yt?), (2.8)

where H (x,y | m) should be understood as an operator, defined as follows:

”/Z]fn Ty n=2r r

H,(x, y | m)=n! Z (n—2r)'r' ) (2.9)

The proof of the previous relations can be achieved in a fairly direct way. By multiplying,
indeed, the right-hand side of (2.8) by £#/p! and then summing over p, we get

SR 2 9 )
Z:: P 50 O m(xt+ yt*) = exp (fat>em(xt+yt ) 210

= em|xt+ yt2 + (x+2y1)E+E2],

and thus, using the semigroup property (1.2b), we easily end up with (2.8). In alternative,
(2.8) can also be written as

or P2 (x+29t)p 2y
wem(xt+yt2) :p!zWem_p_,(xH-ytz). (2.11)
= Ir!

The results obtained in this section provide the backbone of the topics we will discuss in
the forthcoming sections.

3. Some applications of TEP and THP

The flattened beams have been introduced in [6] to study optical systems employing the
so-called super-Gaussian beams, namely, optical beams whose transverse shape is not
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reproduced by a simple Gaussian, but by a function exhibiting a quasi constant flat top
as, for example,

S(x,p) =exp(—Ix|P), p>2. (3.1)

Unlike the ordinary Gaussian beams, the super-Gaussians do not have transparent prop-
agation properties, which can easily be exploited in the design of an optical resonator.
The flattened beams defined as

F(x,m) = e (x*) exp (—x?) (3.2)

provide a good tool of approximation of a super-Gaussian, and their paraxial evolution
can be treated using straightforward analytical tools.

A super-Gaussian can be reproduced according to the relation S(x, p) = F(ax,m), with
a,m conveniently chosen in correspondence of the order p of the super-Gaussian. An ex-
ample is shown in Figure 3.1, where we have made the comparison between F(4.76x,20)
and a super-Gaussian of order p = 10.

In Figure 3.2, we also report a comparison between a flattened beam function (FBF)
and an ordinary Gaussian.

A first useful information characterizing the FBF can be obtained by deriving the dif-
ferential equation they satisfy. By noting indeed that

em(x?) = exp (x*)F(x,m), (3.3)

we find from (1.7) that

T :f(i>2—(m+£)i+m (3.4)
m d{ d{ >
§=x,
which explicitly yield the fairly simple form
xF”(x,m)+2<x2—m—%)F’(x,m)=0. (3.5)

The use of the rules which we have established in Section 2 allows the derivation of a
simple formula yielding the successive derivatives of the FBE. By noting indeed that

s -~ [s/2] s—2r
(%) em(x?) = Hi(2x,1 | m)e, (x?) = lz (5(2_ ;r)'r' emsr () (3.6)

and that

(%)Sexp(—xz) = (=1)*Hy(2x,—1)exp ( — x?) (3.7)
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- Super-Gaussian
—— Flattened beam function

Figure 3.1. Comparison between a super-Gaussian with p = 10 (dotted curve) and a flattened beam
function F(bx,m), b = 4.76, m = 20 (solid curve); the two curves are undistinguishable.

0.5

0
-10 10

- Flattened beam function, m = 8
—— Flattened beam function, m = 4
--- Gaussian

Figure 3.2. Flattened beam (dotted: m = 8, continuous: m = 4) and Gaussian (dashed).

(note that H,(2x,—1) = H,(x) = n!Z£1/§]((—1)’(2x)”’2'/(n — 2r)!r!) are the ordinary
Hermite defined by the g.f. exp(2xt — t2)), we obtain

d p P p ~
(5;) Fem =3 (r)(—anpr(zx,l | m)H,(2x5,~DEGom).  (3.8)

d'x r=0

Let us now discuss how the above formalism can be exploited to treat problems asso-
ciated with the propagation of an FBE
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We therefore consider the following heat-type equation:

0 0>
g () = 5o Yot (3.9)
Y(x,0) = F(x,m),

whose formal solution can be written as
a 2
Y(x,1) = exp (t(£> )F(x,m). (3.10)

To get an explicit solution, we should recall some rules of operational nature.
The use of the well-known identity

eXP( aa22>[x g(x)] = [exp< 8322)x eXP( baa—:z)}exp< 8822) (x)

2\” 02
= (x+2ba> exp <b@)g(x)

(3.11)

yields

exp (t(%f) i exp (t(a—iy) exp (—x%); (3.12)

making therefore a combined use of the modified Burchnall formula (see, e.g., [3])

(x+2b ) ; <:>Hw(x,b)(%)r (3.13)

of the identity (some times referred to as the Gleisher operational rule (see [8]))

ex l‘(i)2 exp(—x%) = L ex (— v ) (3.14)
P\Nox) )P T Tra P\ T 1w '

and of the following properties of the Hermite polynomials:

<x+ (2t)8/ax) !

a"H,(x,y) = H,(ax,a’y),
Z( )H (x5, y)Hs(x',y") = Ho(x+x",y+y), (3.15)
(% exp (ax?) = H,(2ax,a) exp (ax?),

we end up with

1 X t x2
Y(xt) = \/1+4t0m<1+4t’ 144t | 2) eXp(_ 1+4t>’ (3.16)
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1

0.5 —

20

- t=2
=0
- t=8

Figure 3.3. FBF evolution m = 8 at different times (continuous: t = 0; dotted: t = 2; dashed: t = 8).

where we have defined

mHI’ >
Qm(x,ylp)=2#

r=0

(3.17)

which is a Hermite-based polynomial of the truncated exponential, whose properties have
been studied in [4]. An example of evolution at different times of the Y (x,¢) function is
given in Figure 3.3.

Analogous results can be obtained for the case of the free paraxial (Schrodinger) equa-
tion

2
i—Y(x,t) = _%Y(x,t), (3.18)

Y(x,0) = F(x,m)

whose solution is omitted for the sake of conciseness.

4. Concluding remarks

Before closing the paper, let us add some comments aimed at better framing the obtained
results.

We therefore go back to the definition of FBF and consider the evaluation of average
quantities like

[

(xP) = lexPF(x,m)dx. (4.1)

To perform such a calculation, we consider the following integral:

[

Zpm(a,b,c) = J xP Hy(ax,by)exp ( — cx?*)dx. (4.2)
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The explicit evaluation of this integral can be done using the generating function method
(1.7), thus we get

2
T a*+4bc 1 a
Zp)m(a,b,c) = \/?Hm,p (0) Ty;o) 4C | Z_C) (43)

where

el e H,, L (x, ) Hy o (2, W)
ri(n—r)l(m—r)!

Hpypu(x, y32,w | {) = mln! (4.4)

r=0

are two index Hermite polynomials (see [2, 3]). It is easily checked that in the case of (4.3)
the odd indices are zero. It is therefore evident that the FBF root mean square at different
times can be written as

Hy, 5 (0, (x +41)/4(1+ 41);0, (1 +41)/4 | x/2)
(r)!

=r Z (4.5)

which can be exploited to study the behavior of transverse section of a flattened beam.
The function

glx,m) = ey (—x%) (4.6)

can be considered a kind of truncated Gaussian and can be exploited in the theory of
approximation; it shares interesting properties with the ordinary Gaussian and indeed
we get

(17 () en( %) = H(2x -1 | mien () (47)
and also the Gleisher type formula

2
exp (t(aax) )em( —x?) = gen (= x%1), (4.8)

where

=

(4.9)

nen(—x%,y) =

We have stressed that the use of FBF simplifies the problems associated with the evalu-
ation of beam transport, which in the case of super-Gaussian beams should be evaluated
numerically. We have shown that analytical solutions can be obtained using operational
methods and the properties of the TEP. Different methods can however be adopted. As
also indicated in [6], the use of the expansion of the TEP in terms of Laguerre polynomi-
als allows the use of the properties of Laguerre-Gauss optical beams, whose propagation
properties are well documented in the literature (see [7]) and the method we have pro-
posed is just an alternative to this early suggestion.
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The properties of the THPE and of their applications go far beyond the topics we have

discussed in this paper. In forthcoming investigations, we will extend the present analysis
and discuss the importance of THPE in combinatorics.
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