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The Fermi-Dirac-type or Bose-Einstein-type integrals can be transformed into two convergent real-convolution integrals. The
transformation simplifies the integration process and may ultimately produce a complete analytical solution without recourse to any
mathematical approximations. The real-convolution integrals can either be directly integrated or be transformed into the Laplace
Transform inversion integral in which case the full power of contour integration becomes available. Which method is employed is
dependent upon the complexity of the real-convolution integral. A number of examples are introduced which will illustrate the

efficacy of the analytical approach.

1. Introduction

This article presents an extension to the method developed by
J. A. Selvaggi and J. P. Selvaggi [1] for analytically evaluating
Fermi-Dirac-type and Bose-Einstein-type integrals. The Fermi-
Dirac and Bose-Einstein integrals occupy an important role
in areas such as solid-state physics and statistical mechanics.
There exists numerous approximate analytical methods for
evaluating these integrals, but none of the published methods
give a general technique for analytically evaluating these
integrals valid for the full range of the degeneracy parameter.
This article illustrates a general method for attacking these
integrals using real convolution.

The right-hand side of (1) and (2) will be defined as
Fermi-Dirac-type integral and the Bose-Einstein-type integral,
respectively.

PO =[S w
B(£)=J0 %dx. @)

Analytical evaluation of these integrals yields the functions
F(¢) and B(£). These functions will be defined as the Fermi-
Dirac function and the Bose-Einstein function, respectively.
The parameter, &, is called the degeneracy parameter, a term
encountered in statistical mechanics. However, as far as the
integrals in (1) and (2) are concerned, & represents any real
number. In general, integrals of this type do not allow for
closed-form solutions in terms of elementary functions. This
article introduces a general method for analytically evaluating
the integrals given in (1) and (2) for various functions,
f(x). The denominator of the integrands in (1) or (2) is
exactly that found in the familiar Fermi-Dirac [2-4] or Bose-
Einstein integrals [5, 6]. These integrals are often encountered
in statistical and quantum statistical mechanics [7-9]. The
authors will mainly consider the Fermi-Dirac functions and
Bose-Einstein functions within that domain for which & €
R >0.If¢ € R < 0, (1) and (2) may be solved by elementary
methods.

Numerous techniques have been employed to analytically
approximate and numerically evaluate the half-order Fermi-
Dirac functions [2, 10-18] and half-order Bose-Einstein func-
tions [5,17, 18] (see Appendix). A relatively new representation


http://orcid.org/0000-0002-1969-6234
https://doi.org/10.1155/2018/5941485

for these integrals, for f(x) = x" Vv > -1, is the Poly-
logarithm function [19-22]. This function has been studied
extensively in the literature. In fact, mathematical software
such as Mathematica [23] uses a Polylogarithm algorithm
to numerically compute the Fermi-Dirac and Bose-Einstein
integrals. However, the authors will illustrate that the appli-
cation of real convolution allows for the complete analytical
evaluation of the integrals in (1) and (2) for a wide range
of functions, f(x). The authors have already employed this
technique [1] to analytically evaluate the integral in (1) for
the well-known and important case of the half-order Fermi-
Dirac functions where f(x) = A2 ym e 77 A few
examples will be considered which will help to illustrate
the efficacy of the method. Each solution was numerically
checked by employing Mathematica [23] and other numerical
algorithms.

2. Theoretical Development

Rewrite the integrals given in (1) and (2) in terms of two
convergent real-convolution integrals [24]. The observation
that real convolution can be employed is the main focus of
this article. In fact, once the integrals are transformed into
the proper real-convolution form, the difficulty in analytically
evaluating (1) and (2) may be substantially reduced.

In order to see that (1) and (2) can each be transformed
into two convergent real-convolution integrals requires that
each integral be put into the proper form. To this end, rewrite
(1) and (2) as follows:

& f(x) o f(x) e—(x—E)
FO- | e | et O
14 f (%) © £ (x) e (8
R e e =

valid V&€ € R > 0.

The denominators in each of the integrals in (3) and (4)
can be expanded in a binomial expansion. Each expansion
results in a convergent integral within its limits of integration.
Employing (3) and expanding the denominator of both
integrals in their appropriate binomial expansion yields

& [e's]
F@= [ fmdxs ) 1y

p=1
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Likewise, (4) can be rewritten as
13
B® =~ fodx

(6)
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Depending upon the complexity of the function, f(x),
direct integration may be possible. However, the authors will
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develop the necessary mathematical machinery employing
the Laplace Transform inversion integral and contour inte-
gration of complex variable theory in order to analytically
evaluate (5) and (6). The two integrals within the summation
in (5), for example, are real-convolution integrals [24] defined
as follows:

13 o 1 o+ico IF(S) efs
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where [F(s) is defined as the Laplace Transform of f(x). Both
expressions are valid for V& € R > 0. One can eventually relax
the restriction on & to include V& € R > 0. Substituting (7)
into (5) yields the following:

&
F@) = L F o dx

(8)

2 1 [ sF(s) e
+2) (-1)P — J ———ds.
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Equation (8) represents an exact alternative expression for
(1). The only restriction put upon f(x) is that it must be a
function which allows the integral in (1) to be convergent.
Of course, f(x) must have a Laplace Transform. The same
procedure illustrated above yields the following expression
for the Bose-Einstein-type integral.

B 5 S 1 (oM F(s) e
B(§) =~ L f(x)dx - Z;ﬁ Liioo md& 9)

The first integral, shown in (8) or (9), may be quite simple
for practical problems if f(x) is an analytically integrable
function. The second integral, shown in (8) or (9), is the
inverse Laplace Transform [24-26] defined as follows:

ol B L o+i00 sF (S) efs
g(&p)=2"[G(s)] = Py J:HOO —(52 — pz)ds, (10a)
where
G(s) = ( j[F_(Zz)' (10b)

The contour defined by the limits of integration in (10a)
is called the Bromwich Contour [24-26]. Of course, there is
no guarantee that the analytical evaluation of the inversion
integral of (10a) will be an easy task. However, for many
practical problems found in the literature, this appears not to
be a problem.

3. Application of Real Convolution

3.1. Example 1. This simple example is used to verify the
method developed in Section 2. Let f(x) = x" Vm € Z*
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and evaluate the expression for the Fermi-Dirac function by
employing (8). The result is as follows:

F,, (&)
B Em+1
T m+1 (E.1.1)
0+ico Es
+2(m|)Z( I)szJ Sm(:_p)

Evaluate the inversion integral in (E.1.1) by applying
the theory of residues of complex variable theory. This is
accomplished by choosing the appropriate contour in the
complex plane. Figure 1 represents just one possible contour
chosen to evaluate the integral in (E.1.1). The contour is
closed in the left-hand plane in order to ensure convergence.

Employing the contour of Figure 1 yields the following:

1 o+ico &s
=0 J e ds
o-ico S (7 = p?)

(E.1.2)
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The integral around path 2 for the contour of Figure 1
contributes zero due to Jordan’s Lemma [25]. We now have
the following expression valid V& € R > 0:

s=0
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(E.1.3)
mle”*P amt &
pm+lemm B mdsm_l <52 - pz ) 5—0:| '
Case1(m = 0).
p &
Z( 1) ln(l +e5), (E.1.3.a)
Case 2 (m = 1).
P ~¢p
R@-T s Z( = (F1:30)
Case 3 (m = 2).
2£ g (1P e
E ()= *3 217:1 = (E.1.3.0)

iy

-

\

»
-
— —1 AN0Ju0)) Y2NMuLoLg

N ——

F1GURE 1: Contour used for Examples 1 and 2.

The Fermi-Dirac function, F,,(£), for any value of m € Z= can
easily be evaluated. Employing (5), instead of (8), for m = 0
yields the following:

Fy (§)

4
:de
0

oy 3
+ Y (-1F “ e P
p=1 0

© px-b)
L ¢ dx] (E.1.4)

=&+ i(_l ’ (1-e7)- OZO: L’
p=1 =1 P
:ln(l +e£).

Alternatively, (5) can be employed to evaluate F,,(§) for any
m € Z*. However, employing contour integration avails
one of all the mathematical machineries of complex variable
theory and allows one to tackle a wide range of integrals
that may otherwise be rather complicated to evaluate by
alternative methods. The same analysis can be employed to
analytically evaluate the Bose-Einstein function, B(£), for
f(x)=x" Vme Z>.

3.2. Example 2. Asasecond example, consider a slightly more
complicated function. Let f(x) = sin(ax) Va € R, and find
the expression for the Fermi-Dirac function. Employing (8)
and using the contour of Figure 1 yield the following:

F (&) = J sin (ax) dx + ZaZ (- l)P
p=1

. J»a+ioo s eEs e
i (1) (2 )
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The same analysis can be used to compute the Bose-Einstein
function by employing (6) or (9).

3.3. Example 3. Consider an even more difficult problem.
Substituting f(x) = +/x into (1) and (2) yields the well-
known half-order Fermi-Dirac function, F,/,(§), and the
half-order Bose-Einstein function, B;/,(§), respectively (see
Appendix). The half-order Fermi-Dirac function has already
been analytically evaluated by J. A. Selvaggi and J. P. Selvaggi
[1]. Let us attempt to analytically evaluate the half-order Bose-
Einstein function, V& € R > 0, and use the result to
find an alternative expression for the half-order Fermi-Dirac
function not discussed in J. A. Selvaggi and J. P. Selvaggi [1].
The half-order Bose-Einstein function is given by

Bl/2 ) = L —_1 X_x z

valid V& € R > 0. The Laplace Transform of v/x is v/7/2s>/>.
Employ (9) to evaluate the integral in (E.3.1) as follows:

dx, (E.3.1)
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The analytical evaluation of the inversion integral given
in (E.3.2) is expedited by employing the contour shown
in Figure 2. The authors call this the Fermi-Dirac contour
because of its utility in aiding in the analytical evaluation of
the half-order Fermi-Dirac functions, F_, ,(§) and F,,(&).
Once again, the Fermi-Dirac contour is closed in the left-
hand plane in order to ensure convergence.

Employing contour integration in the complex plane and
applying the theory of residues yield the following:

1 e
— ¢ ———ds
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FIGURE 2: Fermi-Dirac contour.

Only the line integrals along paths 1 (Bromwich Contour), 3,
and 5 in Figure 2 contribute a nonzero quantity to the closed
line integral on the left-hand side of (E.3.3). The closed line
integral on the left-hand side of (E.3.3) encloses only simple
poles since the branch point at the origin has been excluded
from the contour of integration. The mathematical details are
found in J. A. Selvaggi and J. P. Selvaggi [1]. The result is as
follows:

ie P 1 J +ic0 e

S P
2p3/2 2711 Jo—ico \/3(52 _ pz) s
—mi/4 iy
e e
d (E.3.4)
27 L VY [y + P2 4
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After simplifying the algebra, the Inverse Laplace Transform
becomes

o+ic0 &s
1 J : v;(sez- 5y %
e p (E.3.5)

= _2;3/2 [ePEErfc<\/p\£> +eiPEErﬁ<\/%)] .

Once again, the mathematical details used in obtaining
(E.3.5) are given in J. A. Selvaggi and J. P. Selvaggi [1].
Employing (E.3.5) and (E.3.2) yields the following half-order
Bose-Einstein function.

1
B ®= 28"+ V_lepm

[ ) )

2mi

(E.3.6)
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The functions Erfc(e) and Erfi(e) are the Complimentary and
Imaginary Error functions, respectively. The evaluation of
B,,(&) V& € R < 01is solved by elementary methods and will
not be discussed in this article. The half-order Fermi-Dirac
function is found by employing the following duplication
Sformula:

B, (£) - (E.3.7)

F, (&)= Bu (28).
This expression is discussed in Clunie [5] and Dingle [6],
and it links the Bose-Einstein functions to the Fermi-Dirac
functions. When f(x) = x” and v = 1/2, the following

expression is found:

Fyj5 (&) = By, (§) — —=B,, (28). (E.3.8)

\/—

Employing (E.3.8) and (E.3.6) yields the half-order Fermi-
Dirac function as follows:

Fyy (@) = 253/2 + gi# [ePEErfc (\/&)
- %ezPEErfc ( \/27)5) +e PErfi ( \/p\ﬁ)
—%e_ZPEErﬁ(\/Z\pf> .

Equation (E.3.9) can easily be checked by the application of
(8). In doing so, one obtains [1]

(E.3.9)

p
1/2(5)_ 3/2 \/_2( 1)

p=1 P2
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Equations (E.3.9) and (E.3.10) yield different-looking
results but are actually identities. Either (E.3.9) or (E.3.10) can
be used to define the half-order Fermi-Dirac function. Alter-
natively, (5) and (6) could be used to analytically evaluate
the half-order Fermi-Dirac function or the half-order Bose-
Einstein function, respectively, without employing contour
integration.

(E.3.10)

3.4. Example 4. As a final example, and the most difficult of
the four examples discussed in this article, the authors will
analytically evaluate the incomplete half-order Fermi-Dirac
function [27] defined as follows:

Fyj, Gu) = J-u Vx

o ——dx, (E.4.1)
0

valid V€ € R and Yu € R > 0. Rewrite (E.4.1) as follows:

Fip & u) = L PREE: dx - L T dx (E.4.2)
=Fi () -Gy (§u). (E4.3)

To evaluate G, ,(&, u), let y = x — u in the second integral of
(E.4.2). The result is as follows:

_yFE

E4.4
1+er-Gw ( )

Gl/z &u) = L

Some care must be taken when considering (E.4.4). There are
three cases which need to be considered. These cases are as
follows.

Casel. Find G,,(§,u) VE€ R >0, Vu e R <&
Case 2. Find G ,(§,u) VE€ R >0, Vu e R > &.
Case 3. Find G, ,(§,u) VE € R <0, Yu e R > 0.

The authors will only analyze Case 1 since the other
cases follow the same procedure. One can rewrite (E.4.2),
employing (E.4.4), as follows:

\ytu dy.

e (E4.5)

Fy, & u) = Fyp & - L

An expression for the half-order Fermi-Dirac function is
given by (E.3.10). Evaluate G, ;,(§, u) using (8) with [F(s) given
by

2+/su + \/_eS”Erfc(\/a)

253/2

F(s) = (E4.6)

Employing (E.4.5), (E.4.6), and (8) yields the following
expression for G, , (&, u):

Gy (§u) = % (53/2 B u3/2)

0 (E.4.7)
+VEY (D I(up),
=1
where
I(up)
1 J‘”’O" 2+/su/m + e“Erfc (+/su) s g (E.4.8)
271 Josico Vs (s2 - p?)

Take note that £ in (8) has been replaced by & — u in the
evaluation of G, (&, u). This is true because the effective
degeneracy parameter in (E.4.5) is & — u. Evaluate I(u, p)
by employing the Fermi-Dirac contour and substituting the
result in (E.4.7). This yields the following:

Gia (G = 3 (872

TS O )
[ -]

u3/2) +Vuln [1 + e_(g_u)]

(E.4.9)



Finally, employing (E.3.10), (E.4.3), and (E.4.9) yields the
analytical solution for the incomplete half-order Fermi-Dirac
function valid V€ € R > 0 and Vu € R < &.
2 (k=
Fyp (§u) = 5143/2 -~ Vuln [1 +e ¢ “)]
(E.4.10)

T ()P _
- %_Z(p3/)2 e PErfi (\up).
p=1
The result given by (E.4.10) is easily checked numerically
by employing Mathematica [23]. Also, it is in complete
numerical agreement with that published by Keller and
Fenwick [27]. The authors believe that (E.4.10) exists nowhere
else in the published literature. It is a simple matter to repeat
the process to analytically evaluate the incomplete half-order
Bose-Einstein function.

We leave it to the interested reader to verify that the
incomplete half-order Fermi-Dirac functions for Cases 2 and
3, respectively, are as follows:

Fyjp Gu) = %53/2 —Vuln [1 + e"(“‘E)] — \/TE
0 (_1)P
> OO oot [t (iap) - B (Vip)] @)
=1 P
e (5]
F1/2 & u) = —+uln [1 + ef(””lgl)] _ \/TE
(E.4.12)

w (-1f
'2(1)7/)28 PlflErf(\/u_p).
p=1

4. Remarks and Conclusion

This article illustrates the utility of real convolution for ana-
Iytically evaluating the Fermi-Dirac-type and Bose-Einstein-
type functions. These functions occupy a very important
role in statistical mechanics, quantum statistical mechanics,
solid-state physics, and others. The chosen technique is a
generalization of the method developed by the authors [1].
A few examples are used to illustrate the efficacy of the
method. In particular, the authors chose to look at the well-
known half-order Fermi-Dirac and half-order Bose-Einstein
functions because of their importance in a number of areas
of physics and engineering. However, the method developed
in this paper is quite general and may be employed to
analytically evaluate integrals given by (1) or (2) with an
arbitrary f(x). Of course, the functional form of f(x) may
be such that the integrals in (1) or (2) will be very difficult for
analytical evaluation.

It is emphasized that one may choose to directly integrate
the Fermi-Dirac-type or the Bose-Einstein-type functions by
employing a direct method as exhibited by (5) or (6), or by
contour integration as exhibited by (8) or (9). The method
that is chosen lies with the discretion of the practitioner.
However, the application of real convolution and contour
integration was the main focus of the article because the

Journal of Complex Analysis

Fermi-Dirac-type functions and Bose-Einstein-type func-
tions perfectly fit the form of real-convolution integrals.

Although this article focused on analytical solutions, a
few comments should be made concerning numerical anal-
ysis. For example, a recent article written by Mohankumar
and Natarajan [28] gives a very accurate method for numeri-
cally computing the Generalized Fermi-Dirac integrals. Also,
recent articles by Changshi [29] and Fukushima [30] give
excellent methods for numerically computing Fermi-Dirac-
type integrals. There are many other published methods that
work very well for numerically computing the Fermi-Dirac-
type and Bose-Einstein-type integrals. The authors of this
article employed the method developed by Chevillard and
Revol [31, 32] and achieved promising numerical results.
However, there will always be new and improved methods
of numerical computation and the authors simply cannot
predict with any certainty if the analytical solutions devel-
oped in this paper will be of greater or lesser utility than
any other method when it comes to its use in numerical
analysis. However, what the authors can state with certainty
is that a very simple procedure has been developed for
analytically evaluating Fermi-Dirac-type and Bose-Einstein-
type integrals for a wide range of functions, f(x). The
technique employed for doing this may lead to new ideas for
numerical formulations as well as asymptotic formulations
and may provide new computational insight.

Analytical expressions can help aid in the development of
approximate solutions [33, 34] as well as in the development
of asymptotic solutions [35] which are used extensively for
numerical computation. Often, a complete analytical solution
can help to aid in the development of numerical algorithms as
well as to give the researcher insight into how the parameters
of an integral fit within the form of the solution. The authors
believe that when an analytical solution can be found, even
if mathematically complex, it can be of great utility. In fact,
the analytical solutions developed in this article coupled with
the methods developed by Chevillard and Revol [31, 32] have
aided the authors in the development of various algorithms
for numerically computing the half-order Fermi-Dirac and
half-order Bose-Einstein functions. Chevillard’s method is
based upon a set of algorithms for numerically computing
error functions with great accuracy. The results, as stated
earlier, appear to be quite promising. Further research is
ongoing.

One must be cognizant, however, that analytical solutions
are not necessarily used for high-precision numerical compu-
tations especially if the analytical solution is in the form of an
infinite series. Often the series may be slower to converge for
various values of its parameters, and this requires one to find
a more efficient numerical or asymptotic solution. As stated
earlier, many such algorithms currently exist in the literature.

One final point should be stressed. The method developed
in this paper has recently been employed for analytically
evaluating the Gauss-Fermi integral [36]. This integral was
previously known to not have a complete analytical solu-
tion [37]. This is one more indication of the efficacy of
the method for analytically evaluating Fermi-Dirac-type or
Bose-Einstein-type integrals for a variety of functions, f(x),
illustrated in (1) and (2).
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Appendix

Any one of the half-order Fermi-Dirac or half-order Bose-
Einstein functions enables any other half-order Fermi-Dirac
or half-order Bose-Einstein functions to be evaluated Vm ¢
7> This is illustrated in Dingle [3, 6] as follows:

Sy (6) = l"(m-lk 72 ro lx_’r;/zsdx

- mFm_m @), .
Bin© = o7y |, o

_ mfam_m @.

Employing (A.1), and the known recurrence relationships [3,
6] given by

%m—l/z (6) 8m+1/2 (6)

d
5 (A2)

m 1/2 (‘5) dE m+1/2 (E) >
yields all the half-order Fermi-Dirac functions or half-order

Bose-Einstein functions. For example, evaluate §_, ,(§) and
&3/2(8) as follows:

S @) = dg%”z 3

e

= \/T[ (A.3)
- Z( SE [ PEErfc(&) —e_P'EErﬁ<\/p\§>] ,

8o = | Sua O

B n\/_ 82

BT \] (A4)
N EDPT e

PZ:; P5/2 [ep Erfc<\/p\5> e PErﬁ(@)].
Likewise, evaluate B_, ,(§) and B;,(&) as follows:

B_i, (&)= dE B/, (6)

e

= 2\jn (A.5)

+ gﬁ [ePEErfc<\/p\E> - e_p'sErﬁ<\/p\E>] >

7
%3/2 (E) = J §B1/2 (f)
B 2mnmE  8E2 E
=T 3 E\j_ (A.6)

+§p:/2 [ ngrfc<\/p\£> —eiPEErﬁ<\&>] .

All half-order Fermi-Dirac and half-order Bose-Einstein
functions are easily evaluated using (A.1) and (A.2).
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