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Abstract: The Bernoulli Numbers are a sequence of rational numbers applied
in various mathematics fields and can be written as a limit with ¢ tending toward
zero applied to the nth derivative of the function ¢/ (et — 1). From this result,
the Bernoulli Numbers are written in terms of the FEulerian Numbers. From
sucessives derivatives of the function ¢/ (et - 1) the Eulers Triangle is obtained
and a second triangle which allow to construct a limit to represent Bernoulli
Numbers using Eulerian Numbers.
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1. Introduction

In 1303 the chinese mathematician Zhu Shijie constructed a matrix of numbers,
arranged in the shape of a triangle, from which one can draw several interesting
numerical relations. Three hundred and fifty years after is published Traite
du triangle arithmetique by Blaise Pascal, which again is treated exactly the
same triangle of numbers discovered by Zhu Shijie. This triangle of numbers
nowadays is better knowm as Pascal’s Triangle. The work Katsuyo Sampo, due
to the japanese mathematician Takakazu Seki Kowa, published posthumously
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in the year 1712, presents a sequence of numbers that plays an important role
in several mathematics branches. In 1713 the work Ars Conjectandi, due to the
swiss mathematician Jacob Bernoulli, appears again the sequence of numbers
discovered by Seki Kowa, in Chapter 3 can be find some of these numbers,
written as A =1/6, B=—1/30, C =1/42 and D = —1/30.

The sequence of numbers discovered by Seki Kowa and Jacob Bernoulli
is called Bernoulli Numbers, the first nine numbers are: By = 1, By + 1/2,
BQ = 1/6, B3 = 0, B4 = —1/30, B5 = 0, B6 = 1/42, B7 =0 and Bg = —1/30

The Bernoulli Numbers can be obtained, for example, from Pascal’s Triangle
and one of its main applications refers to one of the greatest mathematical
challenge of the seventeenth century, called “The Problem of Basel which was
to determine the exact value of the infinite series:

LI S R (1)
4 9 25 n? '

Leonhard Euler, presented a more general solution to this problem consid-

[e.e]
ering the case ) n—ék and summarized in the expression
n=1

(_1)k—1 92k—1_2k
(2K)!

Here By, exactly corresponds to the pairs Bernoulli Numbers.

C(2k) = Ba. (2)

ar

2. Analysis of Derivative 7

Definition 2.1. The Bernoulli polynomials comprise a sequence of poly-
nomials {B,, ()}, ,, which have the following properties:

BO (ac) = 1,

d
%Bn () =nBp_1(x),

1
/Bn(:c)d:c:O, for n>1.
0

The numbers obtained for B,, (0), with n = 0,1, 2, ..., are called Bernoulli
Numbers. The generating functions commonly used to describe the the Bernoulli
Numbers and the Bernoulli polynomials are respectively given by

(o0}

t" t
Z B”H T 1 (3)
n=0




A LIMIT TO REPRESENT BERNOULLI NUMBERS... 991

and -
" tel®
> Bn(w) 5 =—— (4)
n=0

To confirm the result (3) we can expand the right side using Taylor series,
which yields:

t y “ Ly d a (t—a)
= lim im || —
et —1 a=0e?—1 a=0|\dae*—1 1!
d a (t —a)?
da? e® — 1 2!
In the case where a is equal to zero we have a MacLaurin series, but if

we make a tend to zero at a/ (e — 1) we have an undetermined limit, which
implies the use of the L’Hopital rule. Thus, we have that:

+ lim

a—0

a
lim
a—0e® — 1

b (2@ Yy _ L
alg%) dae*—1) ’

=1,

With these results and the expression (3) we find:

tO 2 t3 t4
ZBn = +31 -1-32 o+ Bagy + Bagp + (5)
and knowing that
t 1t 12 3 1ttt

:1——— _— _— —
et —1 21'+62'+03! 304‘+ ()

We can then conclude that the Bernoulli Numbers can be expressed using

the following limit:
) art
B":}%(@etq)' Q
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Figure 1 shows the behavior of some derivatives of the function f(t) =
t/ (et - 1) near the Bernoulli Numbers. The first column of Figure 1 shows the
function, the second column have the graphs shown in the interval [—10, 10] and
the third column have been changed to reduced intervals to visualize the behav-
ior of the function next to the B,, corresponding. We can observe the fluctuation
of functions representing those derivatives of t/ (et — 1) near, respectively, to
the three first Bernoulli Numbers By = 1, By = —1/2 and By = 1/6. Con-
sidering some of the derivatives of ¢/ (et — l)and rewriting the numerator such
that we have first the terms containing te' and then the terms containing e,
we have the following results:

d t  —tel4e -1
dtet =1 (et —1)%

ot te +te! — 2 4+ 2¢!
dt2et —1 (et —1)° ’
d® ot —tedt — 4te? — te 4 3e3 — 3¢
dtdet —1 (et —1)* '
d* ot B tett + 11te3t + 11te? + tel — 4et — 1263 + 12e2t + 4¢t
dtiet —1 (et —1)° ’
ot —tedt — 26te* — 66tedt — 26tet — tet 4 5ePt + 50ett — 50e?t — Het

et —1 (et —1)°
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Figure 1: Graphs of derivatives of ¢/ (¢! — 1) at different intervals.

We can observe that the nth derivative of the function ¢/ (et - 1) can be
represented as follows:

Z”: citen—(i-Dt 4 Z”: dyen—(i-1)t
i=1 i=1

mn
& - )
dtn et — 1 (et —1)"t?
Thus, we have the sum of the terms containing the product te"~(—D given
by:
n
> cite D8 — ¢ e 4 cote(=DE 4 o=t L 46 tet (9)
i=1

in the case that we have only exponential portions e~ (=1t the sum may be
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represented as:

n
S dien I = dye o doe TV 4 dge™ I Lt dye (10)
i=1
From the results obtained, can be seen that in the case of ¢; coefficients, we
have the following relations:

le1] =leal =1,
|ca| =len—1l,

|es| =len—2l,

Here —c¢;— describes the absolute value of the coefficient c¢;.

In the first derivative of ¢/ (et — 1) the numerator is equal to —te! + el — 1
and is the only case in which we have a constant, in this case —1, which is not
multiplied by e®~ =Dt or te"~(=Dt where n — (i — 1) # 0. This symmetry of
values can also be observed in the case of coefficients d;, allowing writing when
n > 3, that:

|di] =[dn| = n,
|d2| =[dn1l,
|d3| =|dn—a|,

Here —d;— describes the absolute value of the coefficient d;.

When the order n of the derivative is odd and n > 3 we can verify that
dnt1 = 0. Another feature that can also be extract is the fact that d; is multiple
of ?n

From the derivatives of of ¢/ (et - 1) we can construct a matrix containing
only the signals, obtained from each of the portions of the numerators, shown
in Table 1.

In Table 1, the first columns shows the order of the derivative of t/ (et — 1),
lines contain only the signals of the numerators, for example, the fourth-order
derivative is:

(te4t + 11te3 + 11te® + te! — 4e* — 12638 + 122 + 4et) / (et — 1)5
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Table 1: Matrix of signals of the numerator coefficients in the derivatives
of t/ (e — 1)

such that the signals of the coefficients ¢; and d;, are given by +, +, +, +, —, —, +
and +. On the line that corresponds to the first derivative, the last signal
belongs to the constant —1. The signals from the numerators of the coefficients
obtained from derivatives of the function ¢/ (et - 1), can be obtained for n > 2
using the expression:

il (—1)" [t + sgn (”TH - z)] et (11)

being sgn (x) the sign function given by:

1, x>0
sgn (x) = 0, =0
-1, =z <0.

Using the steps above and knowing that the sequence of signals for the
coefficients cgn) and dgn) can be obtained from the expression (11), with results
presented in Tables 2 and 3. The numbers presented in Table 2 are called
Fulerian Numbers and the matrix formed by these numbers is called Euler’s
Triangle. A numeric matrix presented in Table 3 is built from the Euler’s
Triangle.

In Tables 2 and 3 we have that ‘cgn) and

absolute value of the coefficient ¢; and d; from the nth derivative of the function

t/ (et —1).

dg")‘ represents, respectively, the
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n _n _nu _nm _n.,_ _nu_ Fa_ _n: _ _nn _ _nm_ _nx_
1 1
2 1 1
3 1 4 1
4 1 11 11 1
5 1 26 66 26 1
6 1 57 302 302 57 1
7 1 120 1191 2416 119t 120 i
8 1 247 4293 15619 15619 4293 247 1
9 1 502 14608 88234 156150 88234 14608 502 1
10 1 1013 47840 455192 1310354 1310354 455192 47840 1013 1
11 1 2036 152637 2203488 9738114 15724248 9738114 2203488 152637 2036 1
12 1 4083 478271 10187685 66318474 162512286 162512286 66318474 10187685 478271 4083 1
13 1 8178 1479726 45533450 423281535 1505621508 2275172004 1505621508 423281535 45533450 1479726 8178 1
14 1 16369 4537314 198410786 2571742175 12843262863 27971176092 27971176092 12843262863 2571742175 198410786 4537314 16369 1

Table 2: Coeflicients m?v

7
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3. Limit Representation of B,, using E,, ,,,

Definition 3.1. The numbers E,, ,, of orderings (1,2,3,...,n) with in-
creasing m sequences are called Eulerian Numbers and obtained by the expre-
sion:

- m—Fk n+1
— . - n —
_&m_g¥1) (m_k>km11&&”. (12)

Proposition 3.1. Let B, a Bernoulli Number and E, ,, a Eulerian Num-
ber, we have that B,, can be represented from E, ,, through the following limit:

B, = lim 2 iy (D" [tEni + 0 (Bp_1i — Ep_1,-1)] "
n t—0 (et o 1)n+1

n>1.  (13)

Proof. From the results obtained in the previous section we can write the
nth derivative of the function ¢/ (¢! — 1) as follows:

ar ot Y (=D [eit + disgn (2L — )] e
dtnet —1 (et — 1)1

(14)

knowing that in expression (12) when m is zero we have E, o = 0 and in (14)
making the substitutions

)

and

n+1
d;sgn ( 5~ ’L> =n(Ep_1;— En_1,-1), (16)

enables the construction of the following expression for the nth derivative of
the function ¢/ (e' — 1):

d" 13 o Z?:l (_1)71 [tEn,i +n (En—l,i - En—l,i—l)] €it

- = 1 17
dim et — 1 (et o 1)n+1 n> ( )

from where the result (13) follows.

Example. Consider the Bernoulli number Bj4 which is equal to 7/6, using
the expression (13) we have the following result:

Bii — lim Z}il ()™ [tE14; +n (Fia—1; — Eu—1,-1)] e
14 = Jim (et — 1)1

Syt e (e (
= lim

=0 (et o 1)14+1
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14 (zg;l (—1)mk ( 14-1+1 ) Jl-1y

m—k
(et - 1)14+1
Cxm o qgym=l—k (1A =T14+1 N\ g\ |
k=1 ( 1) ( m—1— k k €
(et - 1)14+1 .
yielding Byy = L.
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