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Abstract

We reviewed the Euler integral for the factorial, Gauss’ Pi function, Legendre’s gamma
function and beta function, and found that gamma function is defective in T'(0) and I'(—x)
because they are undefined or indefinable. And we came to a conclusion that the definition
of a negative factorial, that covers the domain of the negative space, is needed to the Euler
integral for the factorial, as well as the Euler Y function and the Euler Z function, that
supersede Legendre’s gamma function and beta function.

(Subject Class: 05A10, 11S80)

A. The positive factorial and the Euler Y function

Leonhard Euler (1707-1783) developed a transcendental progression in 1730[1]}, which is read

/xedx(l —x)". (1)

From this, Euler transformed the above by changing e to g for generalization into

/xﬁdm — )" (2)

Whence, Euler set f =1 and g = 0, and got an integral for the factorial ()2,

/dw(—la:)", (3)

where [ represents logarithm. This is called the Euler integral of the second kind?, and the equation
(1) is called the Euler integral of the first kind.* 5

Rewriting the formula (3) as follows with limitation of domain for a positive half space,
1 1 n
/ In (> dx, n>0. (4)
0 X

! “On Transcendental progressions that is, those whose general terms cannot be given algebraically” by Leonhard
Euler p.3

2 ibid. p. 8

3 In the article “Leonhard Euler’s Integral”, p. 855, Philip J. Davis

* ibid.p.855, someone insists fol t*~1(1 — t)V~'dt to be the first kind.
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® Legendre stated this came from Euler’s integral Ii “Exercices de Calcul Intégral, Seconde Partie”,

Adrien-Marie Legendre, p. 221



Euler uses the above formula even in the domain for the negative half integers®[4]. However,
considering that the above formula represents the positive factorial and there is no definition of a
negative factorial, it is not proper to use the above function in the negative domain of the negative
space. For instance, if the above equation (4) is continuous at the negative domain, we may replace

n=—1and In(2) = —u, and we get

[(2) w - [ 5

= undefined.

where e is the base of the natural logarithm. The presumption is not continuous at the negative

domain, because the result remains undefined. Therefore, for now, we limit the domain of the

equation (4) in the positive area for n > 0. Negative factorial shall be further explored below.
Anyway, the formula (4) is well applicable in all positive integers including zero. We can see

the below from one of Euler’s work 7

1\ 0
/85{7 (%) _ (6)
1
/837 (ll> =1
T
2
/8:17 (li) =12
3
/&E(lgln> =1-2-3
1\4
/ax(1x> =1.2-3-4,
and go to the origin
/8x<l;> =1-2-3-4---n

As Euler presented the above without any notation, I'd like to denote this function as a notation of

Y so that we can easily distinguish the Euler integral for the factorial from others such as Gauss’

5 Some samples of using negative half integers are quoted on page 21, “On the true value of the integral formula
J 0z - (log(1/x))™ with the term extended from z = 0 all the way to z = 17, L. Eulero
" Euler Leonhard, ibid. p. 15



pi function (II) and the gamma function (T"). i.e.,

1 1 T
/ In <> dt, x>0, (7)
0 t

= xl

Y(x)

By replacing In (%) by u, we get

Y(z) = /Olln (1>Idt (8)

oo
:/ e “u"du, x>0.
0

This is exactly the same as Gauss’ pi function II(x), but Gauss(1777 — 1855), as a later mathe-
matician than Euler, developed pi function much later. Therefore the Gauss’ pi function[6] shall
be discarded, because Y function was developed in 1730 much earlier than Gauss’.

From here and after, we shall call the function (8) as Euler-Gauss Y function or simply Euler
Y function.

Meanwhile, Adrien-Marie Legendre(1752 — 1833) re-presented a general formula of the above Euler

/0 1 ™ Lz <logi>n. (9)

This integral is integrated by parts for n times as

1 1 n 1 1 n—1
/ ™ dy (log> = 2/ 2™ <log> (10)
0 x m Jo €T

n-n—1-n—-2-n-3---1
mnt1 !

integral (3) in his book [8],

If m = 1, this is identical with the Euler integral (4).

B. The Euler Z function at the positive space

Consider the integral (1), which we denote this integral as the Euler Z function, which would

supersede the beta function,

1
Z(a,y) = /0 #1—t)dt, >0,y >0. (11)

8 Exercices de Calcul Intégral p. 276 Des intégrales Eulériennes de la seconde espece



To derive this relation, we may apply the Euler Y function by multiplying Y (z) by Y (y)[6] of the

o0 o0
/ e “u ”’du/ e "vYdv (12)
/ / Y dudw.

u=0 Jv=0

Substituting variables by u = mn and v = m(1 —n), this provides (Jacobian Matrix[10] is applied.)

/m - /n O m(1 — n))¥mdndm (13)

/ e m ‘“‘y"‘ldm/ (1 —=n)Ydn
0

Y(+y+1) Z(z,y).

equation (8), then we have

Y (2)Y (y)

Y (2)Y (y)

Dividing both sides by Y (z +y + 1),” this results the equation (11),

Y (2)Y(y) b y
Yaigin A= /0 £7(1 — t)Vdt. (14)

Another way to prove the Z function (11) is integrating directly from beginning to end, i.e.,

1
Z(w,y) = /0 £7(1 — )Vt (15)
B y(y — 1)y —2) - (3)(2)(1) Loy
BRCES) R (+Z/—1)($+Z/)/ot a
1

yly— 1)y —2)---(3)(2)(1)
(z4+D(z+2)--(z+y—Dx+y)(z+y+1)
(

multiplying both sides by (1)(2)(3) - (x — 1)(x),
_ yy—Dy—2)---3)R)1) - 1ER)E)--- (= —1)(z)
MER)B) - (z-D@)- e+ D@ +2)--(z+y-DE+y)lr+y+1)
_ _Y(@)Y(y)
= Yaigin  QFD

Particularly, in case = , we may obtain the following by substituting ¢ with sin?(#)

us

Z(x,x) = 2% /0 ? (sin(26))21do. (16)

¥ Legendre mentioned this equation as an integral of a second member

= (o — )Py = Fla+ DIB+1)
Zﬁ/x (1 =2)"d C(a+B+ DI (a+B+1)

Exercices de Calcul Intégral Troisieme partie, Exemple II. p. 348-351



If the Euler Y function is continuous in negative space beyond the positive domain, one may

substitute y with —z of the above equation (14), and get

Z(x, ) = /O 1 £7(1 — ) "dt. (17)

In case x = 1, this provides

1
Z(1,-1) = /O %dt (18)

This tells us that the above presumption is false because it is not continuous but divergent at the
negative domain. The Euler Y function, as it is now, cannot be applied beyond the positive to
the negative domain. Here, we already see at the equation (5) that Y(—1) is undefined, and this
is because we have defined the use of the above equation to the positive domain. And we do not
know what value Y (—1) has without knowing the negative factorial that covers properly for the
negative domain. In the below section, we would like to further draw a definition of a negative

factorial.

C. The Definition of a negative factorial

Now let’s explore a negative factorial, (-n)! [11] 1°. The Euler Y function is apparently located
at the positive half space. As we don’t know about a negative factorial, we need to define a negative
factorial that covers the negative half space.

Therefore we hereby present a negative factorial at the negative space as follows. The factorial

of a positive integer n, expressed as n!, is a product of all positive integers from 1 to n, i.e.,
nl=n-(n—-1)-n—-2)-(n—3)----- 3-2-1. (19)

We can consider about (—n)!. If we put —n in the place of n, we may obtain (—n)!.

Lemma 1

Y (-n) = (-1)"Y (n). (20)

10 Refer to “Factorials of real negative and imaginary numbers - A new perspective”, Ashwani K. Thukral, 2014 Nov
6.
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By the use of the Euler Y function, it can be defined as

Y(—s) = (=1) /0 t=sletar

= (—1)8/ tSetdt
0

= (-1)°Y(s), s> 0.

(=3) (=) (-1)

(21)

(22)

We adopt an absolute value symbol || for a negative variable so that it may follow the rule of the

equation (21), and then we omit it for further use since it can be distinguished easily from the

accompanied minus symbol as per Y (—s).

D. The Euler Z function at the negative space

With this, the Euler Z function of (11) provides

1
Z(w, —y) = (—1)y/0 £(1 — t)Vdt.

To derive this relation, we get as per Z(z,y) of the above (13)

/ e “urdu - (— 1)y/ e “v¥dv
0
= / / e "TPutvYdudu.
u=0 Jv=0

Substituting variables by u = mn and v = m(1 — n), we have

/m O/n . m(1 —n))Ymdndm

= (=1)¥ / e mm Y dm - / (1 —n)¥dn
0
Y(z+y+1) Z(z,—y).

Y(2)Y (-y)

Y(2)Y (—y)

(25)



Finally, we get

Y (2)Y(—y)

1
Yoty 2@ = (—1)y/0 t(1 — t)Ydt. (26)

We can obtain Y (—z) from the above, by replacing ¢t = sin?(f)

Y (2z +1)

Y(-z) = (*1)xm

/ : (sin(26))** 1 dt. (27)
0

Now, we have a negative Euler Z function as well as a negative factorial that works at the negative

domain.

As the Euler Y function is available for a half integer, we may have Y(%) as follows from (16)

2
YeYd (@)« o
Y(i+3+1) 2 8
Therefore, we get Y (3) = @
Similar to the above, we may have Y (—1) for a negative half integer from (26),
YLy (-3 !
LISt e -t (20
Y(G+5+1) 0
_ir
=3
As Y(%) = @, so we get Y(—%) = i\f, where 7 is the imaginary unit.
In general, a half integer of Z(z — %, z— %) may be given as follows;
1 1 ! 1
Zi-t .1 / (H(1— )" bdt,  2=1,2,3,- (30)
2'7 7 2 0
! . dt
- [ea-op .
0 (t(1—1))2
If we replace t by sin?(6), we obtain
1 1 1 3 B
Z<275727§):F o (1*(305(49)) de. (31)

And for a negative half integer, we have

Z(s - %% )= (_2;%;2 /02 (1 cos(46))* dé. (32)



Some of positive and negative half integers are given as below

vl =T v(-5) =i (33)
v(3)= 15T v(-0)=il8T
2 8 2 8

E. Defectiveness of the gamma function

Now we need to find out the relationship between the Euler Y function and the Legendre gamma
function[8]. Strictly speaking, the Legendre gamma function is only a part of the Euler Y function,
and cannot be stood independently as shown as below. As the equation (8) is an improper integral,

we may integrate it by part as follows, and come across gamma function,
oo
Y(z) = / e “utdu (34)
0

oo (e'e]
= [—e“u“’} —i—x/ ety
0 0

oo
= :c/ e Uy du
0

2l'(x), x>1.

[ee)
By using I’Hopital’s rule, we can identify that {—e“ui vanishes in case > 1. Here I' !

represents the gamma function denoted as I'(x) = (z — 1)!.

The above equation is not continuous at zero because, while Y (0) represents 0! which is defined
to be 1, the equation (34) generates zero at © = 0. Therefore we limit the domain = > 1. Taking
a look at the above equation, we can identify that gamma function I'(x) itself cannot fully replace

the positive factorial as a whole, but a coupling variable x is multiplied to T'(x) so that it may

" Euler denoted this formula as A[12] as

/ 2" Or e = Al
0

Euler, Leonhard, “De valoribus integralium a termino variabilis z = 0 usque ad & = oo extensorum” (1794) p.
340.



represent a real factorial. Now, consider Y (z) = 2T'(z) in cases, z = 1 and = = 0,

V(1) = 1-T(1)=1-0=1, (35)

r0) = (0—1)! = (~1)L.

The second term I'(0) = (—1)! is not defined, and negative gamma I'(—x), neither. Lack of

definition of T'(0) is a deadly obstacle to the path of the negative factorial.

F. Conclusion

The Euler integral of the second kind (3), derived from the Euler transcendental progression,
is denoted as the Euler Y function in this paper, which works well in positive domain and at zero.
The Euler Z function (1) can be derived from the product of Y (z)Y (y), and vice versa.

The Euler integral of the second kind is integrable in negative domain only if the variable z
is a half of an integer. Considering in other part of the negative domain, the Euler integral of
the second kind is not complete and this is proved by Y (—1) which is undefined. But Euler’s half
integer is still selectively used in specific cases without a clear definition of what a negative factorial
is.

In order to solve this problem, it was necessary to clearly define a negative factorial. Using the
Euler Y function, we defined the negative factorial as Y (—z) = (—1)*Y (x) for x > 0. We have
proved above that this newly defined Y (—z) works well in all parts of the negative domain, also
including the negative half integers.

As above, without using Legendre’s gamma function, Euler Y function, Euler Z function and the
definition of the negative factorial work well to each other, whereas Legendre’s gamma function
can be derived from Euler Y function, and I'(0) = (—1)! is undefined or indefinable, so I'(—z)
cannot be defined either. The same goes for the beta function.

So, although Legendre’s gamma function and beta function are derived from the functions used

by Euler, they are incomplete and should be discarded!?, as the Euler Y function, Euler Z function

12 Philip J. Davis[5] wrote ¢ Legendre’s notation shifts the argument. Gauss introduced a notation 7(z) free of this
defect. Legendre’s notation won out, but continues to plague many people. The notations I', 7, and ! can all
be found today”. Leonhard Euler’s Integral: A historical Profile of the Gamma Function in memoriam: Milton
Abramowitz, Philip J. Davis 1959 p.855
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and

[10]
[11]

negative factorial can take their places entirely.
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