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Abstract

Starting from a few elements, binomial matrices and vectors, without
resorting to the traditional expansion in power series, polynomials and
Bernoulli numbers are defined, proving various theorems on them. Along
the way, the classic problem of the sum of powers of successive integers,
which is generalized to sums of powers having any arithmetic progression
as a basis, is also solved, in various ways, . The itinerary develops through
numerous propositions rigorously linked on the classic model of Euclid’s
Elements. Numerous examples and hypertext references have the didactic
purpose of making reading easier.
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1 Introduction

1.1 Warnings

These will be binomial matrices, i.e. matrices of order m, potentially infinite, which
follow in whole or in part the development of the power of the binomial and therefore
Pascal’s triangle. The integer indices r and ¢ will be used to indicate the number of
rows and columns of the various matrices taken into consideration. The variability of
these from 1 to m will often be implied. In order not to burden the notation, we have
also chosen not to make explicit the order m of the matrices in the formulas, which
can be, from time to time, fixed as desired in the examples. Any vectors present will



be considered as matrices with a single column and m rows.
We will set 0° = 1, this will allow in several cases to generalize without making excep-
tions when the non-negative integer exponent vanishes. Example: Z:;é E=n

2 Definitions
2.1 Three diagonal matrices: N, J, U

Definition 1 (N) Matrice diagonale dei numeri naturali

[Nlpe =7 sec=r, altrimenti0

E’ applicata in: E:1,6; D:9; P:6,7,15,16,17,27,29,30,31,51,53,54,55,56,577,
60,61.

Definition 2 (UJ, gruppo matrici unita e sua radice)
[Ulre=1 sec=r, altrimenti0

[J]re=(=1)""" sec=r, altrimenti0

E’ applicata in: E:1 P:8,21,22,23,24,25,29,30,34,38,51,53,54,55,56,59.

Notes U J N are diagonal matrices ie square matrices of order m with all null elements
except those of the main diagonal. The product rows by columns between matrices
of this type boils down to the multiplication of elements that is, corresponding to
the Hadamard product (XY = X oY). These matrices form a multiplicative group.
The inverse matrix of a diagonal matrix therefore has the elements of the diagonal
corresponding to each other. U and J they are inverses of themselves.

2.2 Three costant Pascal matrices: T, A e Z

By the term binomial matrix we mean matrices of order m constructed using the
binomial coefficients following Pascal’s triangle

Definition 3 (T matrix) Full Pascal triangle

-1
[T]re = <Z - 1) ife<r, otherwise 0
It is applied in: E:3; D:15; P:1,2,3,6,7,8,16,18,19,28,29,30,31,40,54,57.
Definition 4 ( A matrix) Pascal triangle without last element of row
[A]re = ( " 1) ifc<r, otherwise 0
c—
It is applied in: E:2; D:7,9; P:15,16,17,28,32,34,35,36,37,38,40,41,43.

Definition 5 (Z matrix ) Pascal triangle without first element of row

[Z)re = <r> ifc<r, otherwise 0
c

It is applied in: E:3; P:6,7,8,27,28,30,53,55,56.



2.3 Two variable binomial matrices: T(h,d), G(h,d)
Definition 6 T(h,d) Non Abelian group of binomial matrices of order m

[T(h,d)]r,c = <Z : 1) R"¢d" ife <7, otherwise 0 h,d€C

Special cases

T(h,1) = T" group of the powers of T (P:5)

T(1,1) = T' =T full Pascal triangle

T(0,d) = V(d) group of diagonal Vandermonde matrices (P:4)
T(0,—1) = V(=1) = J unit root

T(0,1)=T°=V(1) = U unit

It is applied in: E:5,9; D:7; P:4},5,9,11,12,13,1}.

Definition 7 G(h,d) matrices
G(h,d) = T(h,d)A™"

Special cases:

G(h,1) =TrA™?!

G(0,1) = Go =

G(1,1)=G, =TA™"

It applies: D:4,6 is applied in: D:10; P:29,30,31,40,41,42,43,44,46,47,48,
53,54.

2.4 Three variable vectors: V(x), B(x), S(h,d,x)

Definition 8 Vandermonde vector Let 17(]) be the vectors with m components
defined as follow:

V(@) =V =2""" withr=1,2,3,..m r,meN" zeC
It is applied in: E:6; D:9,10; P:3,4,6,9,13,15,19,20,29,30,31,32,33,34,35,36,
37,38,39,45,46,53,54,55,56,57.

Definition 9 (Bernoulli vector)
B(z)=A"'NV(z) zeC

Special cases:

B = B(0)

Bt = B(1)

It applies: D:1,4,8; Is applied in: E:7; P:15,17,18,19,16,29,30,31,47, 49,50,
51,52,53,54,55,56,57,58,59,60,61,62.

Note In P:15 we will show that the components By (z) of the vector thus defined are
the Bernoulli polynomials and that the sequences By = By (0) and B} = By(1) are
the two variants of the Bernoulli numbers

Definition 10 S(h,d,z) sum powers vector with m components: z,h,d € C
S(h,d,z) = G(h,d)zV (z)

Qpecial cases: .

g(h, 1,2) = G( ,DaV(z) = _2 .

5(0,1,z) = ( )= G(0,1)zV (z) = GozV (z) = A zV ()

S5(1,1,2) = (96) G(1,1)aV () = Gz ( ) =TA 'zV(x)

It applies: D:7,8; 1is applied in: P:33,37,39,44,45,46,53,54,55,56,57.

T eV
V 0T



2.5 Three operators: semi-opposite, tilde and hat

Definition 11 (Semi-opposite operator) From matrices to similar matrices with
alternating signs This operator trasforms a matriz X in another similar one X, called
semi-opposite of X, with elements [X|rc opposite in the position where r + ¢ id odd,
i.e. sach that:

[K]re = (~1)""[X] e
It is applied in: E:2,4; P:21,22,23,24,25,26,36,37,38,40,41,42,48,59.
Note It is easy to see, Si constata facilmente, as better explained in P:21 and E:4,
that

X=JXJ

Definition 12 (Tilde operator) From vector to diagonal matrices
Withy reference to a vector X with components Xo, X1,...Xm—1 gives a diagonal
matriz defined as follows:

[X]'r,c =X, ifc=r otherwise 0

It applies: D:8; 1is applied in: E:1 P:3,4},7,8,11,13,14,17,21,24,25,27, 29,30,
31,34,38,39,53,54,55,56,57,60.

Recall that the Hadamard product (symbol o) between matrices of the same order is
a matrix with elements equal to the product of the corresponding elements.

Definition 13 (Hat operator) From vectors to Toeplitz triangular matrices With
reference to a vector X with components Xo, X1,...Xm—1 it gives a triangular Toeplitz
matriz defined as follows:

[)?]nc =X,_¢ ifc<r otherwise 0

It is applied in: E:8 D:15,16 P:1,2,3,5,6,7,16,18,19,20,27,29,30,
53,54,55,56,57,58,60,61.

2.6 T-composed matrices

Definition 14 (T-composed matrices) We will call T -composed matrices having
structure T o X

Recall that the Hadamard product (symbol o) between matrices of the same order is
a matriz with elements equal to the product of the corresponding elements. Similarly
matrices of the type Z o X will be called Z-composed

It applies: D:3,5,13; is applied in: E:9 P:1,2,3,5,7,16,17,20,27,28,29,30,
31,53,54,55,56,57,60,61.

2.7 links to three other definitions
Further definitions:

D:15 Powers of T

D:16 Powers of Z

D:17 Binomial matrix for Bernoulli numbers



2.8 Collection of examples on the given definitions

=0

Example 1 (Diagonal matrices) m

0
0
0
0
0
32

0
0
0
0
16
0

0 0 0 O

It applies: D: 1,2,8,12.

=0

Example 2 (Example of semi-opposite matrices ) m

SO O oW

o o o<

0
0
0
0
5
15

0
0
0
4
10
15 20

3
4
5
6

It applies: D: 4,11

=5

Example 3 (T, Z matrices) with m

o O

0
0
1

(e ies)

0 O
1 0
3 1 0
6 4 1
10 10 5

1
2
3
4
5

— <t

0 0 0
0

— oM ©

0 0 0 O

1
2

o <t

1
1
1

—

It applies: D: 3,5.

=4

Example 4 (T, J matrices) with m

0 0 0
0
1

[l elells

2

1

JTJ =



Note that the multiplication of J on the left causes the rows to change sign alternately
while on the right the columns alternately
It applies: D: 3,11 P:21;

Example 5 (Binomial matrices) m=5
1 0 0 0 0 1 00 00
h d 0 0 0 1 1.0 0 0
T(h,d) = |h* 2hd  d° 0 0 T(,)=T=|1 2 1 0 0
R® 3h%*d 3hd> d® 0 1 33 10
h* 4h*d 6h%*d*> 4hd® d* 1 4 6 4 1
1 0 0 0 0 1 0 0 0 0
R 1 0 0 0 ) 0d 0 0 0
T(h,1)=T"=|h* 2n 1 0 0 T0,d)=V(d)=[0 0 d* 0 0
R® 3h* 3n 1 O 00 0 d 0
R* 4h® 6R* 4h 1 00 0 0 d*
It applies: D:6 It is applied n: E:12,1/
Example 6 (Vandermonde vectors) with m=6 components
1 Vo 7 1
J Vi j° 0
v =5 =12 va= L] vo=°
J j3 Va VARV j4 0
j4 V4 j5 0
j° Vs j° ] 0
x 1 M 0o 0 0 0 0][1
z? 22 02 00 0 0| |z
d - d |z? 322 ~ 0 03 0 0 0ff2
V@ = e T | TYV® =0 0 0 4 0 o] [o8
x° 5 00 0 0 5 0f |2
z° 62° 0 0 0 0 0 6] |a°
It applies: D: 1,8; is applied in: P: 60.
Example 7 (Bernoulli vectors) m=6 components
Bo(z) 10 0 0 0 0] '[t 0000 0][1
Bi(x) 12 0 0 0 0 02 00 0 0f|=
Ba) = B(x)| |11 3 3 0 0 0 00 3 0 0 0] |z _
T |Bs(z)| " |1 4 6 4 0 0 0 0 0 4 0 0f [2*
Ba() 1 5 10 10 5 0 0 00 0 5 0f]z
Bs(z) 1 6 15 20 15 6 000 0 0 6|2
1 0 0 0 o0 0][1 1
_1% %1 ? 0 0 0 21‘2 1_%—’_1.2
0 % f% % 0 0f |43 f%+x2+x3
—% 0 % —% % 0 5z —%+w2—2w3+w4
0 1—12 0 % —% é 65 %x + §x3 - %m4 +2°



or for the associative property

1 0o 0 0 0 oO0][t 1
-L 1 0o o0 o0 0|]|= -3tz
. % -1 1 0 0 of [z?| _ %—m—i—xQ
(o L -2 1 o0 of|z* —3z— 32° +2°
- 0 1 -2 1 of ]|z’ —a +a° —22° +2*
—% 0 % —% 1] [« —%x+§x3—gx4+x5
Bo 1 BY 1
+
ol ool
2] :_‘: 2 = 6 7] :_>+_ 2 = g
BO)=B=|p : B(1)=B B S
1 + 1
By ~350 By 30
Bs BF 0

It applies: D:9

Example 8 (Toeplitz matrices) m = 6 matrices that have in the first column V(h)
or B(h) wvectors

Vo(h) 0 0 0 0 0

Vi(h) Vo(h) 0O 0 0 0

Gy — |V Vi) Vo(m) 0 0 0
M) =1vih) ) Vi(h) Vom) 0 0
Va(h) Va(h) Va(h) Vi(h) Vo(h) O

Vs(h) Va(h) Vi(h) Va(h) Vi(h) Vo(h)

Bo(h) 0 0 0 0 0

Bi(h) Bo(h) 0 0 0 0
B — |B2(h) Bih) Bo(w) 0 0 0
= |Bs(h) Ba(h) Bi(h) Bo(n) 0 0
Bi(h) Bs(h) Ba(h) Bi(h) Bo(h) 0
Bs(h) Bu(h) Bs(h) Ba(h) Bi(h) Bo(h)

It applies: D:9;13

Example 9 (T matrices) T'(h,1) matrices of the péowers of T and of Z. The first
is T(h,1) =T" =:

1 0 0 0 0 0 1 0 0 0 0 0
h 1 0 0 0 0 2h 1 0 0 0 0
_|pro2n 1 0 0 0 h 3h%  3h 1 0 0 0
“[r® 3n?  3n 1 0 0 ~ [4n®  6R®  4h 1 0 0
h* 4R® 6R®  4h 1 O 5p* 10h® 10R2 5h 1 O
h® 5r* 10n® 10R? 5h 1 6h°> 15n* 20h® 15K? 6h 1

Note that the first is a T-composite matrix, the second a Z-composite one
It applies: D:6,14,15,16;

Example 10 (T-composite matrix and Hadamard product) m=6

1Bo(h) 0 0 0 0 0

1B1(h) 1Bo(h) 0 0 0 0

~ |iBa(n) 2Bi(h) 1Boh) 0 0 0
ToB(h) = 115.(h) 3Bs(h) 3Bi(h) 1Bo(h) 0 0
1Bu(h) 4Bs(h) 6Ba(h) 4Bi(h) 1Bo(h) 0

1Bs(h) 5Bi(h) 10Bs(h) 10Ba(h) 5Bi(h) 1Bo(h)



1By (h) 0 0 0 0 0

2B1(h)  1Bo(h) 0 0 0 0

~ . |3Ba(h) 3Bi(h) 1Bo(h) 0 0 0
Zo B(h) = 4Bs(h) 6Ba(h)  4Bi(h)  1Bo(h) 0 0
5Bs(h) 10Bs(h) 10Ba(h) 5Bi(h) 1Bo(h) 0

6Bs(h) 15B4(h) 20Bs(h) 15Ba2(h) 6Bi(h) 1Bo(h)
1Wo(h) 0 0 0 0 0
Wi(h) 1Vo(h) 0 0 0 0
S |1Va(h) 2Vi(h)  1Ve(h) 0 0 0
ToVN = 1van) 3va(h) 3Vi(h) 1Ve(n) 0 0
1Va(h) 4Va(h) 6Va(h) 4Vi(h) 1Vo(h) O

1Vs(h) 5Va(h) 10Vs(h) 10Va(h) 5Vi(h) 1Vo(h)

Note that the first and third are T-composite matrices, while the second is Z-composite
It applies: D: 1

3 From the umbral theorem to the translation of
Bernoulli polynomials

3.1 Umbral theorem and commutativity of T-matrices

Proposition 1 (Umbral theorem) Indices as exponents of powers of binome. Given
two matrices of order m, T-composed by the Hadamard product between T and a tri-
angular Toeplitz matriz, their row times column product turns out such that: *:

J .
(ToX)(ToY)=ToR where R has components R; = Z (i) Xi—xYs
k=0

for j ranging from 0 to m — 1
It applies: D:3,13,14 1is applied: E:11; P:2,3,18

Indeed keeping in mind D:3 and D:13 the components of T o R are:

~ r—1\<—[r—c
r.c = rT—Cc— i < 7 i
[T o R], <c B 1) E ( & )X 1Y if ¢ <7, otherwise 0

k=0

Also starting from the components:

[T o X’]Tk = <]: N i) X, if ¢ <r, otherwise 0

[T o ?}kc = <k - i) Yi—. if ¢ <r, otherwise 0
c—

The row-by-column product of the two matrices excluding the zero summation values
([T oY]k,) =0if k < ¢) due to triangolarity is:

i[T o X]pk[T 0 V]p.o = Z (; - 1) Xoor (’z - i) Vi o=

k=c k=c

N (=) (k= 1)! B
T2 oD - R e DI — g e S

k=c (

Isince the indices act as the exponents in the development of the power of the binomial

the conventions of umbral calculus allow us to write R; = (X + Y)J



_ (r—1)! 4 (r—2o)! [r=1\([r-c _
C(e=D(r—e)l & (r —k)!(k— C)!erkykfc N (c - 1) > (k - c> Xr-iYee =

k=c k=c

1\ < — ~
S

k=0
In fact, as can be verified, the variations in the last summation do not vary the addends.
q.e.d.

Proposition 2 (Commutativity corollary of composite T-matrices)
(ToX)(ToY)=(ToY)(ToX)
It applies: D:3,13,14 P:1 is applied in: E:11; P:16,17,19,28;

Immediate consequence of P:1 and of the commutativity of ordinary multiplication.
q.e.d.

Example 11 (Umbral) with m=4 components

1Xo 0 0 0 1Yo 0 0 0 1Ry 0 0 0

1X;7 1Xo 0 0 17 1Yo 0 0 _|1R1 1R 0 0

1Xs 2X: 1Xo 0 1Y, 27 1Y, 0 " |1R> 2R:1 1Ro 0

1X53 3Xs 3X; 1Xo 15 3Y: 37 1Y) 1R; 3R2: 3R1 1Ry
Ry =1X0Yo

R =1X1Yy 4+ 1XoYs

Ry =1XoY0 +2X1 Y1 + 1XoY>

Rs =1X3Yy + 3X2Y1 +3X1Ys +1X0Y3
It applies: P: 1,2

3.2 Additivity and definition of powers of T
Proposition 3 (Additivity of matrices T composed with V)

(To V()T oV(g)=ToV(h+q)
It applies: D:3,8,13,14; P:1 is applied in: P:7,8; D:15.
For umbral theorem (P:1) the product is T'o R with
J . J .
By=3_ (i) Vi(h)Vi-k(2) = > @ W = (ht ) = Vi(h+q)
=0 3=0

for which B = V (h+q) and therefore the result of the product of the two T-composed
matrices is T o V(h +q) . q.e.d.

Definition 15 (Matrices of powers of T)) T" (T-composed matrices)
T"=ToV(h) heC
Special cases: T =U T'=T

It applies: D:3,8,13; P:3; is applied in: E:9 P:5,8,9,10,11,13,14,17,18,
19,20,26,27,28,29,30,31,39,42,60,61.
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3.3 Two Special cases of T(h,d)
Proposition 4 (First identity for T(0,d))

7(0,d) = V(d)
It applies: D:6,8,12; 1is applied in: P:7,8,13,1/.

Per D:6
r—1
c—1

[T(0, d)]re = <

>0""CdCl if c<r, otherwise 0
For the initial convention of considering 0° = 1 only the terms with r = cr do not they
cancel. So the previous one becomes

[T(0,d)]yc =d™" ifc=r, otherwise 0

which is the definition of a diagonal matrix (1,d,d?..) i.e. (Vo(d), Va(d), Va(d)...) and
therefore precisely with the components of the vector V' (d) as elements of the diagonal.

Proposition 5 (Second identity for T(h,1))
T(h,1) =T"
It applies: D:6,13,14,15; 1is applied in: P:7,8,13,1/.
For D:15 T" = T o V(h) Being [T],.. = (""1) ifc<r, otherwise0e
[V(h)] =h""¢ ifc<r, otherwise0
multiplying element by element we have that [T o V (k)] = (1-])h""°

which coincides with D:6 [T'(h,d)]r. = (1_])h"°d°"' ifc<r, otherwise 0 when
d=1. For the transitivity of equality the thesis follows. q.e.d.

3.4 Addittivity and definition of powers of Z

Proposition 6 (Relations between T-composed and Z-composed matrices)
ZoV(k)=N(ToV(k)N!

It applies: D:1,3,5,8,13,14; is applied in: P:27.

Multiplying on the left by N ! we obtain the equivalent equation which we will prove:
N ZoV(k)=(ToV)N*

Expanding the row-by-column product of the matrices of the first equality and taking
into account the zeros in the matrices we have:

iV il Z 0 VR)ie = 5, 3 () Vime(k) = () Vo-elk)
ST o VR)g N je = 305, (G21) Ve (k) = (20) EVee(k) = 2 (1) Ve (k)

c—1 c
in fact it results:

1fry _1 7! 1 (=1 _(r—=1)1
r\c] rcir—c)! clc—Dllr—c)! \j—1]c

q.e.d.

Proposition 7 (Addittivity of Z-composed matrices with V')
(ZoV(h)(ZoV(g)=ZoV(h+q)
It applies: D:1,2,3,5,13,14; P:3,6; is applied in: P:8; D:16.

11



Substituting according to P:6 we obtain:
N(T o V(R)N'N(ToV(q)N ' =N(ToV(h+q)N!
being N~'N = U we have:
N(T o V(W) T o V()N ' =N(ToV(h+q)N*
So the addition of T (P:3) proves equivalence and thus the thesis. q.e.d.

Definition 16 (Matrices of powers of Z)
Z"=2ZoV(h)  heC

Special cases: Z°=U Z'=1Z
It applies: D:2,5,8,13; P:7; is applied in: E:9,10 P:8,27,28,30,53

3.5 Abelian groups and no
Proposition 8 (Abelian groups of powers)
T"  additive group of powers of T

Z"  additive group of powers of Z
f/(p) Vandermondian multiplicative group
It applies: D:2,3,5,12,15,16; P:3,7; is applied in: P:9;

The set of matrices T" with respect to the product of matrices forms a abelian group
isomorphic to ordinary numerical sum Indeed, for P:3 and for the associative property
we have:

Tl -7 T}LTfh — TO =U T}LTq — Tth — Th+q

Similarly for P:7 we have:

Z'=z z'zh=2=U Zz'z'=2zZ"=27"1

For p # 0 the product rows by columns between diagonal matrices gives

V) =U V(@V(;)=U V)V = V()

q.e.d.

Proposition 9 Matrices for linear trasformation
T(h,d)V(j) = V(h + dj)
Particular case: (traslation of V (j))
TV (j) = V(h+3)
It applies: D:6,8,15; 1is applied in: E:12; P:10,16,17,19,39.

Carrying out the product rows by columns ;" | [T'(h, D]k V()]k
substituting according to the definitions given and remembering that, for triangularity
of the matrix, 3 5_, (1= ar=kgr=tik=1 = S0 (rhYprR(d)Et = (h+ dj)" T =

k-1 k—1

—

V(h+dj)]r qed.

Example 12 (Binomial matrices) m =6 T(h,d) we have:

1 0 0 0 0 0771 1
h d 0 0 0 0]y h+ dj

h?  2hd d? 0 0 052 | (h+d)?
h3 3h%d  3hd? d3 0 o3~ |(h+d)?
r* 4h*d  6h*d*>  4hd® o4 (h + dj)*
h® 5h*d 10R3d®> 10R%d® 5hd* p°| |j° (h + dj)®

12



expressible as: . .
T(h, )V (j) = V (h + dj)

It applies: P:9

Proposition 10 (Non commutative group) The set of matrices T'(h,d) with re-
spect to the product it forms a non-commutative group isomorphic to that of composi-
tion of linear functions with one variable

It applies: D:6,15; P:9; 1is applied in: P:11.

— —

Per P:9 si ha T'(h,d)V(j) = V(h+dj). T(h,d) matrix induces a linear transformation
on the variable of the Vandermonde vector by which it multiplies. The product of two
matrices of this type, by the associativity of the product rows by columns, corresponds
to the composition of two linear functions q.e.d.

3.6 Properties of T(h,d)

Proposition 11 (Product of linear terasformations)
T(a,b)T(z,y) = T(a + bz, by)

It applies: D:6,15; P:10; 1is applied in: E:13; P:13,14.

In fact, the result is T'(a, b)T (x,y)V (j) = T(a,b)V (z + yj) =

=V(a+b(x+yj) = V(a+bs+byj) = T(a+bz,by)V(j) =
=T(a+ bz, by)V(j) from which, comparing the extremes, the thesis. q.e.d.

Proposition 12 (Inverse of a linear transformation) For b # 0

h 1 h 1
T T(—=,=)=T(—=,=)T =T(0,1) =
(b d)T(~ 5, %) = (=1, )T (hd) = T(0,1) = U
It applies: D:2,6,15; P:11; 1is applied in: P:13,14.
Immediate consequence of the product rule seen previously (P:11) g.e.d.

Example 13 (Inverse binomial matrices) m =4, T(—%, 1)"'T(h,d) = U

1} 0 0 0 1 0 0 0 1 000
P 3 0 0 ho d 0 0o | _fo1 00
e —zg% = 0 h* 2hd d®> 0 | T |0 0 1 0
B L h®  3h*d 3hd® d° 00 0 1

It applies: P:12.
Proposition 13 (Decomposition of T(h,d) into the product of two subgroups)

T(h,d) = T"V(d)
It applies: D:6,8,12,15; P:4,5,11; is applied in: E:14; P:14,29,42.

Recalling that for P:4,5 it result T'(h,1) = T" e T(0,d) = V(d) and calculating the
product T'(1,h)T(0,d) on the basis of P:11 gives the thesis. g.e.d.

Proposition 14 (Decomposed Product Inversion)

als

T"V(d) = V(d)T

It applies: D:6,8,12,15; P:4,5,11,13; 1is applied in: E:14,15; P:29,42.
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For P:11 risulta che T'(0,d)7T(0, %) = T'(h,d). Substituting according to P:4,5,13 you
get the thesis. g.e.d.

Example 14 (Decomposed binomial matrices) m =4 Th‘7(d) =T(h,d):

1 0 0 0 1 0 0 O 1 0 0 0
A 1 0 0 0d 0 0 | A d 0 0
K2 2 1 0 0 0 d& 0 (K2 2nd &2 0
h® 3n? 3h 1 0 0 o0 & h® 3h%d 3hd® &

It applies: P:13.

Example 15 (Decomposed binomial matrices) m =4 ‘N/(d)T% =T(h,d) :

1 0 0 0 L0 0 0 1 0 0 0
0d 0 0 o1 0 0 | n d 0 0
00 & o heogh 1 h* 2rd &2 0
00 0 a& Zg 33; 3% 1 h® 3h%*d 3hd® &

It applies: P:14.

3.7 Inversion and translations in Bernoulli Polynomials

Proposition 15 (Inversion property of Bernoulli polynomials) Provides recur-
stve formulas to express the Bernoulli polynomials in terms of the previous ones.

AB(z) = NV (z)
m-th row for column: 37 (™)) Br-1(z) = ma™ "
Special case: AB =V (0)
m-th row for column: > ;" (™) Br-—1 = L ym=1

Cak=t bV PR T g i > 1
It applies: D:1,4,8,9; is applied in: P:16,62.
the first equation is obtained from the definition B(n) = A"'NV (n) (D:9) by multi-
plying the two sides on the left by A.

Passing to the m-th component we obtain the well-known inversion formula of Bernoulli
polynomials which allows us to obtain them recursively. q.e.d.

The particular case can be explained with the simple observation that NV(O) =
17(0) By varying m this equation, solved with respect to the index Bernoulli number
major, provides a simple recursive formula for calculating these numbers. It was
precisely this formula that in 1842 was chosen to be implemented in that first program
that anticipated the information age by over a century.|[11]

Proposition 16 (A™'N is a T-composite matrix)
AN =T o B(0)
It applies: D:1,4,9,13,14; P:2,9,15 1is applied in: P:17,29.

Multiplying both sides on the right by N~ lgives At =F
with F =T o B(O)N*

[F]'r,c = % <1;_ 1) Brfc(h) -

S =

r .
< >BTC se ¢ <r otherwise 0
c

14



Given the group structure of the product between matrices, the uniqueness of the
neutral element allows us to state that if FA = U then F = A™'.

Given the component of F and of A (D:4), taking into account the null terms due to
the lower triangular matrices and in particular the fact that [A]x,. = 0 for k < ¢, the
product r-th row by c-th column (r = 1..m; ¢=1...m) is

T

Z[F}r,k[A]k,c = Z % <;) Br_k <Ck 1) se r > ¢ otherwise 0

k=1 k=c

Developing the case r > ¢ we have:

li 7! k! B
r e =R (c— DIk —c+ D!

_1 !

" 7!
r kZ:C (c=D!'(r—kN(k—c+1)!

r—k =

7! (r—c+1)! B
c—Dlr—ct+ D) (r—k)k—ct+ 1)l —F~

1 — r r—c+1
r <c—1>< r—k )Br_k
k=c
r - r—c+1
B,_p =
1{ r “ u 0 ifr#c,
= - B,-1= = 0rc

In fact, in the factor resulting from the summation where we set ¢ = r — k 4+ 1 and
u = r—c+ 1 we have obtained the fundamental property of Bernoulli numbers already
seen (P:15) Therefore the matrix produced is composed of all Os except the 1s on the
main diagonal, where r = ¢, which is precisely the neutral element U, q.e.d.

S =

k=c

Example 16 ordre m=4 ToBN'=4""
1 00 0] [Bo 0 0 0 1 0 0 0
1 1.0 0| _[Bi Bo 0 0 0 5 0 0] _
1210 By Bi By 0 0 0 3 0
1 3 3 1 Bs B By By 0O 0 O %
(;)Bo 0 0 0 ]t 0 0 0
_ (g)B1 (;)B0 0 0 3 0 0] _
(B (B (B 0 |0 0 5 0
(0)Bs ()B: ()B1 ()Bo) [0 0 0 g
1(§)Bo 0 0 0 ] 1 0 0 o0
B 3B 00 | =3 4 00
S MgBe z()Br 5()Bo 0 | g~ 5 O
1o)Bs 5()B: 5()B1 ()Bo] L0 3 -3 1

It applies: P:16;
Proposition 17 (Translation Vector B)

T"B(n) = B(h+n)

15



m-th row by column:

S -1
ST T ) Beca(n) = Buoa(h + 1)
k-1
k=1
It applies: D:1,4,9,12,14,15; P:2,9,16; 1is applied in: P:18,19,20,58.
D:9 give us B(n) = A:lN V(n) from which inversely, multiplying the two left-sided
for N™*A, we obtein V(n) = N™'AB(n) by substituting this value in the equation
T"V(n) = V(n + h), obteined from P:9 considering T" = T'(h, 1), we obtein:
T"N™'AB(n) = N"'AB(h +n)

multiplying on the left by A7!N

AT'NT"N"'AB(n) = N""AB(h +n)
Being T-composite and therefore commutative matrices (P:2) both T" = T o V (h)

(D:15) and A™'N (P:16) is A*NT" = T"A~'N. Finally, since A'NN~'4A = U
follows the thesis. q.e.d.

Proposition 18 (Translations for T-composed Bernoulli matrices)
T9T o B(h)) =T o B(q + h)

Special case: R

T9(ToB)=ToB(q)

It applies: D:3,9,13,15; P:1,17; is applied in: P:20,29.

For D:15 it result 7" = T o V(h) and therefore by the umbral theorem (P:1) the
product between T-composed matrices must be a T-composed matrix of the form T

T o R with _ _
R; = Z (i:) Vi(h)Bj-x(q) = Z (i) h*B;_(q) =
k=0 k=0
- Z (k i 1) ¥ 'B;_11(q) = Bijs1(h +q)
=1

in fact the last two summations as k varies differently produce the same effects on
indices, exponents and binomial coefficients and therefore by virtue of the previous
P:17 we herefore have R = B(h + q) and therefore the matrix B(h + ¢) q.e.d.

Proposition 19 ( Faulhaberian bridge theorem) FEstablishes a new bridge between
V(h) and B(h) after D:9

~

B(h) = (T o B)V(h)

m-th row by column:

—(m—1 k-1
> <k 1>Bm_kn = Bn-1(h)

k=1

It applies: D:3,8,9,12,13,15; P:2,9,17; is applied in: E:17; P:16,20.
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The thesis is true for h=0:

B(0) = (T o B)V/(0)
In fact the vector V(0), first column of U matrix, gives us the first column of matrix
T o B which is the element-by-element product between V(1) first column of T and B
first column of B
From this particular equation, multiplying the two sides on the left by 7" we obtain:

~ =

T"B(0) = T"(T o B)V(0)

By the traslation theorem B (P:17) and being T" = T o V(h) for the commutativity
of T-composed matrices (P:2)

B(h) = (T o BYT"V(0)

finally, 7"V (0) = V (h) by the translation theorem (P:9) then follows the thesis. q.e.d.

Example 17 order m=/4 (T o E)‘?(n) =
1 0 0 O By 0 0 0 1
1 1 O 0 B1 Bo 0 0 n _
1 2 1 0 By Bi By 0 n?|
1 3 3 1] |Bs B B By n’
(§)Bo 0 0 0 1
_ (g)Bl (%)Bo 20 0 n2 _
(8>B2 (%)Bl (g)BO 30 "3
(0)33 (1)B2 (2)31 (3)B0 n
| (S)B? %*1 (k;)Bl*k”
— (O)Bl + (1)Bon _ k=1 (kﬂ)B?*k” _
B (©)B2 + (3) Bin + () B ro1 (u20)B -
(6)Bs + () Ban + (3) Bin” + (3) Bon® et (321)Ba—kn
Bo(n) 1
_ | Bi(n) —5+n
T | Ba(n)| | s-n+n?
Bs(n) in— %nQ +nd

It applies: P:20.
Proposition 20 ( Generalized bridge theorem)
(T'o B(q))V(h) = B(h +q)

m-th row per column:

k=1

It applies: D:8,13,14,15; P:17,18,19; is applied in: E:17; P:60.

Indeed for the P:19 we have:

(T o B(0))V (h) = B(h)
Moreover per P:18 we have:
T9T o B(0)) =T o B(q)
and for P:17 si ha:
TB(h) = B(h + q)
So multiplying the two sides on the left by T'9 the thesis follows. q.e.d.
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Example 18 (Matrix 7 o B(h) and Bernoulli polynomials) (T o B(h))V(n) =
B(n+ h) order m =6 :

1Bo(h) 0 0 0 0 0 1

1B2(h) 2Bi(h) 1Bo(h) 0 0 0 n’| 3
1Bs(h) 3Ba(h) 3Bi(h)  1Bo(h) 0 0 pi| = Bt h)
1B4(h) 4Bs(h) 6B2(h) 4Bi1(h) 1Bo(h) 0 n?

1Bs(h) 5Ba4(h) 10Bs(h) 10B2(h) 5Bi(h) 1Bo(h)| [n®

It applies: P:20.

4 Properties of matrices in semi-opposite rela-
tionship
Proposition 21 (semi-opposed matrices) Double multiplication by J
X=JXJ
It applies: D:2,11; It is applied in: E:}; P:22,23,2},25,26.

In fact, setting [X]r. = @r,. and remembering thet diagonal matrix

[J]re = (=)™ if r=c otherwise 0

multiplying rows by columns JX changes sign to even rows for which [JX],. =
Zro(—1)"T" Subsequent multiplication changes sign to even columns so [JXJ].. =
Tro(—1)"TH(=1)T = 2, (=1)"TT% = 2, (=1)"" So X and JXJ are in semi-
opposition relations for which X = JXJ. q.e.d.

4.1 Properties

Proposition 22 (Double semi-opposition) Double moltiplication by J The semi-
opposite of the semi-opposite of X is X itself:

X=X
It applies: D:2,11; P:21.
Indeed J(JXJ)J =UXU = X q.ed.
Proposition 23 (Simmetric property) Semi-opposition reciprocity
Y =X equals X=Y
It applies: D:2,11; P:21.

Indeed Y = X for P:21 can be written in the form Y = JX.J. Multiplying the two
members on the left by J we obtain the equivalent JY = XJ. Multiplying to the
right, the X is made explicit obtaining JY J = X which corresponds to X =Y q.e.d.

Proposition 24 (Inverse matrices keep the semi-opposite relationship) Given
an invertible matriz X

X=Y <= X '=v-1
It applies: D:2,11; P:21; 1s applied in: P:j1.

For P:21 the double implication is equivalent to Y = JXJ <= Y ' = JX'J
it is now easy to verify, remembering that JJ = U, that also the second members of
the two equalities are inverse JXJJX 'J=JXX"1J=JJ=U qe.d.
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Proposition 25 (The product maintains the semi-opposition)
X, = ?1 and X = ?2 < X1 Xo=1Y>
It applies: D:2,11; P:21; s applied in: P:42.

For P:21 the double implication is equivalent to
Yi=JX1J and Yo =JXoJ <— X1 Xo =JV1YoJ
is now easy, remembering that JJ = U, verify that V1Yo = JY1JJY>J = JY1YoJ
q.e.d.
4.2 Relationship between the power of T and its inverse
Proposition 26 (Power of T and its inverse are semi-opposite) .

T"=T"

It applies: D:6,11,15; is applied in: P:42.

Per la D:15 T" =T o V(h) and T~" =T o V(=h).
For D:11  results:
[V(R)]rc = Ve—e(h) = (A)"— and
[V(=h)lne = Ve —h) = (—h)™—¢ = (~1)7 <A™,
Since 2c is even (—1)2° = 1 then (—1)""¢ = (=1)""°(—=1)?® = (—1)""° therefore when
r + ¢ is even the components of the two Toeplitz matrices V(h) and V(—h) coincide
and when r + ¢ is odd are opposite. So by definition (11) the two matrices are semi-
opposite:

V(=h) =V (h)
Moving on to the composite T-matrices, the Hadamard product must be performed

by multiplying both, element by element, by the same T-matrix. Equal elements
multiplied by the same number remain equal. Thus the opposite elements for which:

ToV(—=h)=ToV(h)

So by D:15 we get the thesis. g.e.d.

5 Notable product
5.1 Relations between matrices A,T and Z
Proposition 27 (Z-T relation)

Z" =NT"N~!
It applies: D:1,5,8,13,14,15,16; P:6; 1is applied in: P:28,30.
Since Z" = Z o V(h) (D:15) It is an immediate consequence of P:6
Proposition 28 (T-A-Z relation)

T"AT =AT 2"

It applies: D:2,3,4,5,15,16; P:2,16,27.
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Explaining A~! in P:16 and substituting we have
T"A™  =T"(To BN =
for the commutativity of T-composite matrices (P:2)
=(ToB)T"N'=
for the relation between the powers of T and of Z (P:27)

=(ToB)N'z"=A"'2"

5.2 New expressions for G(h,d)
Proposition 29 (First alternative expression for G(h,d))

G(h,d) = V(d)(T o B(%))J\F1

Special cases:

G(h,1) = (T o B(h))N~"

G(1,1) = (ToB(1))N~' = (To BT)N*

G(0,1) = (ToB(0))N~' = (ToB)N !

It applies: D:1,2,3,7,8,9,12,13,15; P:13,14,18,16; s applied in: E:19;
P:54,61.

T"V(d) = V(d)T4
AT'NN™! substitut-

By the given definition (D:7) and for the equality T'(h,d)
(P:13,14), being NN~' = U, the result is G(h,d) = V(d)T
ing A"'N on the basis P:16 we obtein:

al= ||

G(h,d) = V(d)T#(T o B)N

Making the argument of B explicit and then applying the translation (P:18) the
result is 7' (ToB(0))=To é(%) substituting finally we have the thesis. q.e.d.

Example 19 order m=6  V(d)(T o E(%))Nfl =

11Bo(%) 0 0 0 0 0
1%231(%) 1%230(%) . 0 0 0 0
Gh.d) = 1%32(%) 2%31(3) 1%330(9 . 0 0 0
’ 19-Ba() 35 Ba(3) 35 Bi(3) 19 Bo(g L0 0
1%534(%) 4%33(3) 6%32(3) 4‘{7531(3) 1%530(@ 0

14 Bs(2) 59 Ba(4) 105 Bs(L) 54 Ba(L) 6L Bi(%) 14 Bo(h)

It applies: P:29.

Proposition 30 (G expressed in Faulhaberian way)

Glh,d) = V(@N " (Z o B()

G(h,1) = N~ (Z o B(h))

G(1,1) = N"Y(Z o B(1) Y(Zo Bh)

G(0,1) = N~Y(Z o B(0) Y(Z o B)

It applies: D:1,2,3,5,7,8,9,12,13,15,16; P:27,29; 1is applied in: E:20 P:53.

)=N
)=N
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We will show that the second member can transform into that of the previous one
P:29. In fact, expressing Z as a function of T by P:27 and applying the properties of
diagonal matrices with the Hadamard product we have:

V(AN (Zo E(g)) — V(dN"Y(NTN o E(g)) _
= VNTNIN " o B() = V) o BN = oy o BN
q.e.d.
Example 20 order m=6 V()N (Zo E(%)) =
1§Bo(§) ) 0 X 0 0 0 0
24B, (1) 14By(2 0 0 0 0
d22 l(dh) d22 O(dh) d? h
’ 4%433(3) 6%432(%) 4%431(%) 1%430(3) 0 0
5%534(3) 10%533(3) 10%532(3) 5%531(3) 1%530(3) 0
64 Bs(h) LB 08Bl BB 6T B(h) 15 B(Y)

It applies: P:30.

5.3 First column of G(h,1)

Proposition 31 (First column of G(h,1) matrices)
G(h,1)V(0) = B(h)

Special cases:

GO, DV(0)=B0)=B e G(1,1)V(0)=B(1)=B"

It applies: D:1,3,7,8,9,13,14,15; P:17,29;
is applied in: P:47,49,50,59.
For P:29 we have G(0,1) = (T o B)N~" then the product (T o BYN~'V/(0), V(0)
being the first column of U, unit vector, gives the first column of G(0,1).
It turn out N~V (0) = V(0), first column of NTY

B‘Z(O) = B, first column of B
TV (0) = V(1), first column of T. So

GO0,1)V(0)=V(1)oB=58
Now multiplying the two members of equality on the left by T" applying D:7 and P:17

we get G(h, 1)V (0) = B(h) i.e. the thesis. q.e.d.

6 Sums of powers with arithmetic progression bases

6.1 GO for successive integers starting from 0
6.1.1 GO identity
Proposition 32 GO identity

AV(k) = 1+ K)V(1 +k) — kV (k)
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It applies: D:4,8; is applied in: E:21; P:33,35.
Taking into account that for the triangularity of the matrix the result is [A],; =
0 if 7 >r , multiplying row by column, we have:

m ™ r+1
_Z[A]r,j VE) = ( " 1) K=k + Z (j " 1) F'=(k+1) -k =

=\

= [(k+1)V(k+ 1], —[kV(K)], qed

Example 21 (Identity GO) order m=6 (1+k)V(1+k) —kV (k) =

(1+k) -k (1+k) k 1
(14 k)? — k2 (14 k)? K2 1+ 2k
|+ ERP-F |1+ k)? K| 1+ 3k + 3k* B
Tla+Rr =k T [ +R)Y R T 1+ 4k + 6k* + 4Kk -
(14 k)® — k° (14 k)° K® 1+ 5k + 10k* 4+ 10k® 4 5k*
(14 k)% — &S (1+k)° K® 1+ 6k + 15k% + 20k® + 15k* + 6K°
1 0 0 0 0 0][1
1 2 0 0 0 oflk
1 3 3 0 0 of [k -
=i 4 6 4 o of|w=AH®
1 5 10 10 5 0| [k
1 6 15 20 15 6] [K°

It applies: P:32.

6.1.2 GO theorem

Proposition 33 (GO theorem) Solves the problem of adding powers of successive
integers starting at 0.

|
—

Stn) =3 V(k)
0
It applies: D:8,10; P:32; 1is applied in: E:22; P:39,4.

>
I

Then adding, member by member, starting from 0, the first n Special cases of P:32
we obtain: S 7, AV (k) = s ((1+k)‘7(1+k) —kV (k) ) Expanding the sum to the

second member, almost all the terms are simplified (telescopic effect). Then collecting
the matrix of the first member as a common factor and considering that 0V (0) = 0 we
obtain: Ay}, V (k) = nV(n) from which by multiplying the two members on the
left by the inverse of A (possible because the determinant is m! # 0), we obtain:

i V(k) = A" 'nV(n)
k=0

for D:7 we have Go = A~ for D:10 we have S(n) = GonV (n) from which, from which,
for the transitivity of equality, the thesis follows. g.e.d.

Example 22 (GO theorem) Having chosen the case m="7 components and perform-
ing the product rows by columns: S(n) = A™'nV (n)
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So(n)] [Xrhek®] 1 0 0 0 0 0 0] '[n]
S (n) Skt 12 0 0 0 0 0 n?
. Sa(n) Sok? 13 3 0 0 0 0 n?
Sn)=[Ss(n)| = | ck* =1 4 6 4 0 0 0 nt| =
Sa(n) Srok? 1 510 10 5 0 0 n’
Ss(n) SOk 1 6 15 20 15 6 0 n®
[Se(n)]  [p=tke] 17 21 35 35 21 7] |07
[ 1 0O 0 0 0 0 0][n] T n 1
F IR I A AT
= -5 5 n Zn — 5N + 3N
= 8 12 —31 L 0 0 o |n*| = fnz — 21713 —|—3ln4
- 1 4 % 41 1 5 N 1 4 1 % 1 3 1,5
- 30 01 3 _55 g1 (1) 0 n6 _13701;’ + gsn 4_ EIL 5+ EIL 6
1 2 01 12 _15 g1 (1) n7 1_ﬁn1 tﬁ? 5_5711 ;_67 7
Lz 0 =5 0 5 —3 gl 0] Llgn—gn +an’—gn’+gn

It applies: P:33

6.1.3 GO* theorem Similar to GO but in factored form.
Proposition 34 (GO*, factored polynomials) Similar to GO but in factored form.

n—1
> kV(k) = (U+A) " (n—1)nV(n)
k=0

It applies: D:2,4,8; E:23; P:32.

In fact, remembering that AV (k) = (1 + k)V (1 + k) — kV (k) we have:

n—1

|
i

n

U+A)> kV(k)=> (U+ ARV (k) =
-y (W(k) + kAV(k:)) - Ti (W(k) + k((l F RV +E) - W(k)) -
k=0 k=0
e (kV(k:)—f—k(k—&—l)V(k—H)—kQV(k)) = ni: (k(k+1)\7(k+1)—k(k—1)x7(k)) =
k=0 k=0

= (n—1)nV(n) In fact, after the substitution (P:32) all the terms of the summation
due to the telescopic effect are simplified two by two except the first and the last.
Considering the equality between the first and the last term of the identity chain and
multiplying on the left the two members of the equality obtained by the inverse of (U +
A) with determinant (m + 1)! # 0 we obtein "}, kV(k) = (U+A)" (n—1)nV (n)
q.e.d.

Example 23 (GO, factored polynomials) order m=7

SrekT 20 000 0 0 0] '[am-1)]

S k? 13 0 0 0 0 0 n*(n—1)

n—1 Sok? 1 3 4 0 0 0 0 n3(n —1)
kV(k)= |Si k' =1 4 6 5 0 0 0 ntn—1)| =

k=0 Sro K 15 10 10 6 0 0 [n’(n—1)

ST kS 1 6 15 20 15 7 0 n’(n—1)

SrleT] b7 o210 35 35 21 8) [nT(n—1))




1 0 0 0 0 0 0] [n(n—1)]

-3 3 0 0 0 0 0] |n?*(n—1)

o -1 2 0 0 0 0] |n*(n—1)

TR S S KO

I A T S B O

L —i3 ~iz 20 2 —s sl [p'(n=1)]
- n(n — 1)% - 'ZZQ& RS
n(n—1)(=g + zn) >hq K2
n(n—1)(—gn+n’) Sho K
= n(n —1)(z5 + 351 — 0’ + §n°) = | i ¥
n(n—1)(5n+ & 2 %n3 + §n4) Zz;é kS
n(n=1)(= = e o dn = oy 4oy | S
n(n—1)(—5n— 50 + 2n® + 2Zn — 2n° + Lnf) ] LS r o k7

It applies:P:3/.

6.2 Pascal’s identity
Proposition 35 (historical identity)

(n+1Vmn+1)-V(1)=A Y V (k)

k=1
The previous one expressed by the m-th component is equivalent to:
m m\ < 0 m\ < 1 m\ < 2 m - m—1
H"—-1= k k k e k
wevr = () S (1) B (3) S e+ () &

It applies: D:4,8; P:32; is applied in: S:10.

Vectorial equivalence is easily explained:

n

ASi(n) = Azn: V(k) = zn: AV (k) = ((1 + RV +k) — W(k)) =
k=1 k=1 k

=1
=(n+1)V(n+1)—V(1) In fact, after the substitution (P:32) all the terms of the

summation with effect telescopic simplify two by two except the first and last. g.e.d.

6.3 G1 per interi successivi inizianti da 1
6.3.1 G1 identity
Proposition 36 (G1 identity)

AV (k) = kV (k) — (k — 1)V (k —1)
It applies: D:4,8,11; 1is applied in: E:24; P:37,38.

For the proof, we consider the product AV (k) For triangularity of the matrix we get
[A]r; =0 if j>r therefore, multiplying row by column, we have:

m T r+1
Z[Z]T7][‘7(k):|.7 = Z (] i 1> (_1)r+jkj*1 — k" + Z <J i 1) kj*l(_l)vq»j _

Jj=1 j=1
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r+1 r
— kT Z <J i 1) k)j_l(—l)r+j_1 — k" — Z <2> kq(_l)r—q —

j=1 q=0
(j has been replaced with ¢ + 1 and equivalently subtracted the equal 2¢ from the
exponent of —1 )
=k"—(k-1)"=[kV(K)]—-[(k—1)V(k—-1)]- q.e.d.

Example 24 (G1 identity) order m=6

kE—(k—-1) 1
k2 — (k—1)? —142k

E— (k=17 _ 1— 3k + 3k2

B —(k—1)* — —1+ 4k — 6k* + 4K*

k> — (k—1)° 1 — 5k + 10k* — 10k® + 5k*
ES— (k—1)° —1 4+ 6k — 15k* 4 20k — 15k* + 6K°

Using vectors and matrices and developing the product rows by columns, the above
becomes:

(k k-1 1 0 0 0 (O
(k)? (k—1)? -1 2 0 0 0 0| |k
k32| k=13 _ |1 -3 3 0 0 0| |k
(k)* k-D* " |-1 4 -6 4 0 0| |&*
(k)® (k—1)° 1 -5 10 -10 5 o0 |k*
(k)® (k—1)° -1 6 15 20 —15 6] [k°

which with the notation introduced simply corresponds to
kV (k) — (k— 1)V (k—1) = AV (k)
It applies: P:36.

6.3.2 future G1 theorem
Proposition 37 (Future G1) Solves the problem of the sum of powers of successive
integers starting from 1 (even if D:7 still does not allow to deduce that G1 = A and
D:10 that ST(n) = 372 V(L +k)).

Z ‘7 1+k) 1n17(n)

k=0
It applies: D:4,8,10,11; P:36; is applied in: E:25; P:40,41.
Adding member by member, starting from 1, the first n Special cases of IG1 (P:36)
we have:

ZAV Z <kx7(k) —(k=1DV(k— 1))
k=1

Expanding the sum to the second member almost all the terms, except the first and

the last, are simplified two by two with the opposites (telescopic effect). Taking into
account that —0V(0) = 0 and then collecting the matrix with the first member as a

common factor, we obtain:
AN " V(k)=nV(n)
k=1

finally, to make the summation explicit, both sides of the equation on the left are
multiplied by the inverse of the matrix A (existing because the triangular matrix has
a determinant other than zero being the product of the diagonal equal to m!) obtaining

STV =A"nV(n) =
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taking into account the equivalence of the two summation expressions which both
indicate the n addends V (1), V(2),...V(n) defining a vector whose components are the
sums of the powers of successive integers starting from 1, the thesis follows. q.e.d

Example 25 (Future G1 theorem) order m=11 S(1,1,n) = Zian(n) =
[ 1 0 0 0 0 0 0 0 0 0 0][nT
3 0 0 0 0 0 0 0 0 Of]|n
z 1 % 0 0 0 0 0 0 0 Of]|n
0 i 2 1 0 0 0 0 0 0 oOf]n
- 0 3 é % 0 0 00 0 0 nz
= (1) -1 01 15 p 7 (1) 0 0 O 0 n7 =
A S A A OO B
- I S - T O SO N
30 03 2 (1) I 07 331 (1) 0 nlO
O S S L S-S B
L 55 0 -3 0 1 0 10 5 35 7l 1o
performing the product rows by columns:
1 n1 2 Zgzl k(l)
1 §n1+2§n 1,3 Z’ffl kz
gn+an’ +3n D1k
in®+ érﬁ + %n‘l Sl K
_1?’%2 M %5” 4+ %1n 5+ éfﬁe Zgzl k:
) TR ar s P P Bl P>
1Egli§n4+ 51n ;rg? 7+7T1L 8 Zﬁzl k7
13T~ g+ pn’ +ant +gn 21k
;%n 1+3§n 5 En? Jr5Zn9 +1§n10+ Wn 11 Z#ZI klO
Lggn —an” 1 —n'Hgno +an T+ gns ] ik

It applies: P:37.

6.3.3 G1* theorem for factored polynomials

Proposition 38 (G1%*, factored polynomials) Similar to G1 but in factored form.

an kV (k) = (U + A) "' (n+ 1)nV(n)

It applies: D:2,4,8,11; P:36; s applied in: E:26.

(U + A) im?(k) = i(u + AkV (k) =
-y (W(k) + kZV(k)) = i (W(k) + k(W(k) — (k- 1D)V(k - 1))) -
-y (W(k)+k2\7(k)—k(k—1)x7(k—1)> = zn: (k(1+k)x7(k)—k(k—1)x7(k—1)) =
k=1 k=1

= (n4+1)nV(n) In fact, after the substitution (P:36) all the terms of the summation
due to the telescopic effect are simplified two by two except the first and the last. The
thesis is obtained by considering the equality between the first and the last term of
the identity chain and multiplying on the left the two members of the equality by the
inverse of (U + A) existing being the determinant (m + 1)! # 0 q.e.d.
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Example 26 (G1%*, factored polynomials ) order m=7

r k7 [2 0 0 0 0 0 0 (n+1)n
Sl K -1 3 0 0 0 0 0 (n + 1)n?
noo Sho K 1 -3 4 0 0 0 0 (n+1)n?
EV(k)= |, k'|=|-1 4 -6 5 0 0 0 (n+1)n?
k=1 Sr_ K 1 -5 10 -10 6 0 0 (n+ 1)n°
Sh k® -1 6 =15 20 -15 7 0 (n+1)n®
Sr okl Lt -7 21 =35 35 -21 8] |[(n+1)n7
1 0 0 0 0 0 0] [nn+1)
: : 0 0 0 0 0f|n*(n+1)
0 2 2 0 0 0 0f|nn+1)
A T S T G B A
A S A S| B KA
L0 5~ —a2 2 s sl n(nt1)]
I n(n +11)% ) 1 _Zgzl k;
n(n+1)(5 + 3n) D=1k
n(n+1)(3n+ 3n®) Sho K
= n(n+1)(—55 + 550 ;&— 2n®+ %n‘l = |>p k!
n(n+1)(—3n + f—%n +§n3—|— %n ) 1 k5
(n+1)(—74—12n7%n +in 4+ Ent+ 1In° Soh_ KC
[n(n+ D(fn = n® = gy’ + gt + 30”4+ 5n) | [ K

It applies: P:38.

6.4 Generalization to any arithmetic progression

6.5 Theorem G: for any arithmetic progression

Proposition 39 G theorem It solves the general problem of finding the sum of pow-
ers of bases in arithmetic progression of which the traditional problem of the sum of
powers of successive integers is a particular case.

S

k=0

S(h,d,n) (h + dk)

It applies: D:8,10; P:9,33; tis applied in: P:40,53,54,61.

The statement of this proposition is obtained from S(n) s V(k) (P:33 GO
theorem) by multiplying the two members on the left by the matrix T'(h,d) .

In fact, for D:10 and D:7 the result is S(n) = GonV (n) = A~'nV(n) and Gh,d) =
T(h,d)A™" so the first member of the equation to be multiplied becomes:

T(h,d)S(n) = T(h,d)A"*nV (n) = G(h,d)nV (n) = S(h,d, n)
the second member by applying the distributive property and the linear transformation

P:9:

n—1

T(h,d) Y V

=0

n—1

= > V(h+dk)

k=0

(k) = S (a7
k=0

N

q.e.d.
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Example 27 (On the sums of Vandermonde vectors) in arithmetic progression
(with m=6 components)

n—170
Zn 1k1 Ek 1k(1)
Zlfb % k2 n—1 n Zgzl k2
S:(O, Ln)= V(k) = %n 1 Z3 1a 1, n = Z 1+k V(k) = 251:1 K
E’fb 1k4 k=0
2 k=0 e S K
It applies: D: 10; P:39.

]
L

>
Il
=}

Example 28 G theorem : sums of powers of 3k + 1 progression.

We now use the theorem G to compute sums of powers of integers which, when divided
by three, give a remainder of 1. The result is h =1, d = 3. We choose m = 4 limiting
ourselves to the first 4 polynomials. To apply the theorem G we have to consider:

-1

1 0 0 O 1 00 0 1 0 0 0
|13 0 o0 1t 20 0 _ -2 1 0 o0
TA=11 6 9 o 4 =|1 33 0f = i -1 1 o0
19 27 27 1 4 6 4 0 i -3 3

Having obtained the matriz G(1,3) = T(1,3)A™!, performing the row-by-column
product, we have:

So(1,3,n) “o(143k)°
= _1S1(1,3,n)| _ (+3k)1 _
S(L,3,m) = S2(1,3,n)| (1+3k) -
S3(1,3,n) o1+ 3k)°
1 0 0 0 n n
-3 3 o0 of|n’| _ —ln 4 2p?
Il T T S P Bl QU Pl Mg
1 —% _% % n n—%nQ 9,3 4 27,4

It applies: P:39.

6.5.1 G1 theorem

Proposition 40 (G1 corollary) It allows to express P:37 in the form g"’(n) =
GinV(n)

Gi=A4"
It applies: D:3,4,7,11; P:37,39.
From the definition D:7 it results Go = A™' for G theorem (P:39) as a special case
h=1,d=1 we have
SH( ) S V(14k) = GinV(n) con G; = TA~! from P:37 we have SEevV(a+
k)y=A 1nV( ) the comparison implies the thesis.

Proposition 41 (G0 and G1 are in semi-opposition relation)
Go =Gy
It applies: D:4,7,11; P:23,24,40; is applied in: 42,47,48.

From definition D:7 it results Go 24471 from P:40 itiesults G = Z_l therefore
Gy' = A is semi-opposite of Gg' = A. Since A and A are in ‘a_semi-opposition
relationship for P:24 so are Gy and G1. So it will result in G1 = Gy and vice versa

(P:23). g.e.d.
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6.6 Semi-opposite pairs of matrices G

Proposition 42 (Semi-opposite pairs of G matrices)
G(h,d) = G(d — h,d)
It applies: D:7,11,15; P:13,14,25,26,41; is applied in: P:59.

P:41 establishes that G(0,1) and G(1,1) which for brevity we denote by Go and
G are semi-opposite. For P:26 so are T" and T~ ". Like all diagonal matrices V (d)
having all elements with odd row-column sum null, it is semi-opposite of itself. So for
P:25 the products TV (d) and T~"V(d) are also semi-opposite. For the same reason,
the products must be semi-opposite:

T"V(d) Go e T "V(d) &
The first product for P:13 and D:7 gives:
T(h,d)Go = G(h,d)
The second, given that G1 = T'Gy for D:7, is:
T"V(d) TGy
thus replacing V (d) T with TV (d) based on P:14 we have:
T "1V (d) TGy = T* "V (d) = G(d — h,d)

q.e.d.

7 Bernoulli numbers

Proposition 43 (Coefficients of the highest degree monomials) Go = G(0,1) =

A—l

1

vm € Nt [Golmm = —
m

It applies: D:4,7; is applied in: P:4/

Bearing in mind the method of algebraic complements for calculating the inverse ma-
trix:

q.ed

Proposition 44 (Polynomials of degree r) A triangular matriz Go of order m
contains, in each row v (r = 1l..m) the coefficients of polynomials of degree r cal-
culating sums of powers of successive integers starting from 0:

n—1

[Golran + [Golran® + ... + [Golrpn” = > k™
k=0
It applies: D:7,10; P:33,43; 1is applied in: 46.

Indeed for GO theorem (P:33) we have

-

5(0,1,n) = GonV(n) = >  V(k)
k

=0
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taking into account that for the triangularity of the matrix [Go]r; = 0 per j > r,the

—

product of the row r for the vector nV (n) gives:

n—1

[Golran + [Golr2n® + ... + [Golrrn” = Z kTt

k=0

From P:43 we know that [Go]r» = % # 0 so the degree of each polynomial is r.
q.e.d.

Proposition 45 (Differences between sums of n addends) The result is a vec-
tor whose components contain monomials of degree r — 1 and coefficients 1.

S(1,1,n) — 5(0,1,n) = V(n) — V(0)
It applies: D:8,10; 1is applied in: P:46.

This is obtained by telescopic simplification from P:39. The result is therefore a

vector with components: 0,n,n%...,n™~! | ie. a vector of monomials of degree r-1

and coefficients 1 q.e.d.
Proposition 46 (Differenza tra le matrici gemelle)

1 difr=c—-1

0 otherwise

[Gl - GO]T,C = {

It applies: D:7,10; P:44,45; is applied in P:47,48.

For D:10 we have S(0,1,n) = GonV (n) = e S(1,1,n) = GinV(n) passing to the r-th
component:
Sr-1(0,1,n) = [Go]ran + [Golr2n® + ... + [Golrrn”
Sr—1(1,1,n) = [G1]ran + [Gi]r2n® + ... + [G1]ren”
As demonstrated (P:45) the difference between the two polynomial vectors is the
vector 0,n,n2...,n™ "1 . So for r > 1 it results:

S,—1(1,1,n) — Sr—_1(0,1,n) =n""!

therefore the differences cancel all the monomials of the two polynomials except one
having degree r — 1, i.e. the second having degree (P:44). This proves that the two
vectors considered with their polynomials, after the first identical component, differ
only in the second monomials in degree. These are placed, in G; and in Gy, in the
diagonal immediately below the main one which instead contains the prime coefficients.
q.e.d.

7.1 Second Bernoulli numbers

Proposition 47 (Differences between the B and BY variants of Bernoulli numbers )
First and second Bernoulli numbers. *

1
B | = Br_1 if r # 2 otherwise B = —B; = 3

It applies: D:7,9; P:31,41,46; 1is applied in: P:55,56; S:10.

20EIS integer sequences A027641/A027642 (first variant) and A164555/A027642 (second

variant)
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For P:46 the only difference between the first column of G; and the corresponding one
in Gy is in the second element which also belongs to the diagonal differentiating the
two matrices.

For P:46 it is [G1]2,1 — [Gol2,1 = 1 while for P:41 it results in [G1]2,1 = —[Go]2,1. From
this we get [G0]271 = —% and [G1]2,1 = %

For P:31 and for D:9 we have [Go]r,1 = Br—1(0) = Br_1 while [G1],1 = Br—1(1) =
B}, So the first column of the matrix G contains the Bernoulli numbers B(0) = B
with the second component B; = —% while the first column of G; contains the variant

B(1) = B* with Bf = % q.e.d.
7.2 Zero Bernoulli numbers
Proposition 48 (Zeros) in twin matrices (of order m)
if [Golr,e = [Gi]re =2 and v+ c is odd then x =0
It applies: D:7,11; P:41,46; s applied in: P:49.

In fact, being Gy and G1 in an alternation relation (P:41) all the elements such that
the number of the row plus that of the column is odd must be opposite. On the other
hand it is known that, apart from the diagonal of the second degree coefficients, the
elements of the two matrices coincide (P:46) so that there remains only the possibility
that they are null, g.e.d.

Proposition 49 (Zero bernoulli number)
B;j =0 foroddj>1
It applies: D:9; P:31,48; 1is applied in: P:55.

For P:31 we have B,_1 = [Go]m the sum of the indices r + 1, when the condition
is satisfied, is odd and for P :48 the elements corresponding to these indices are null.
q.e.d.

7.3 Bernoulli numbers from Pascal’s triangle

7.4 H, a binomial Hessemberg matrix and its variants

Definition 17 (Hessemberg matrix) From Pascal’s triangle

1
[H]c = <C+71n> ifc<1+r otherwise 0

1s applied in: E:29; P:50,51,52.
Proposition 50 (For the Bernoulli numbers)

||

+
myiy MEN

B,, = (-1)™

It applies: D:9,17; P:31; is applied in: E:30; P:31,51.
This formula (discovered by the author in 2007 [8]), directly relates the Bernoulli
numbers to Pascal’s triangle. We have seen that the matrix A which this time is

assumed to have order m + 1 has an inverse matrix A~! which has in the first column
the first degree coefficients of the polynomials coinciding with the Bernoulli numbers
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P:31. Bearing in mind the method of algebraic complements for calculating the inverse
matrix, we have:

[A™ 411 = B = (—1)m+2|Al|7:11]+1| = (—l)m%
where is it:
[A™ 41,1 indicates the corresponding element of [A],41,1 in the inverse matrix
|A| = (m + 1)! is the determinant of the triangular matrix of order m-+1

‘Al,mﬂ‘ = |H| is the algebraic complement of order m (obtained by deleting
the first row and the last column) relative to the element [A]1 ;41 corresponding
to [A]lm+1,1 in the transposition for calculating the inverse.

So the formula gives the Bernoulli numbers qg.e.d.

Note This formula gives the most commonly used Bernoulli numbers with By = f%.
By omitting the factor (—1)™ the sign of all numbers with odd index is changed, i.e.
only B; given that, as demonstrated, the others are all null. It is therefore convenient
1

to simplify the formula by considering the variant with By = 5

Example 29 (H matrix) order m=10 components

1 2 0 0 0 0 0 0 0 0
1 3 3 0 0 0 0 0 0 0
1 4 6 4 0 0 0 0 0 0
1 5 10 10 5 0 0 0 0 0
1 6 15 20 15 6 0 0 0 0
= 1 7 21 3 35 21 7 0 0 0| 3024000
1 8 28 56 70 56 28 8 0 0
1 9 36 84 126 126 84 36 9 0
1 10 45 120 210 252 210 120 45 10
1 11 55 165 330 462 462 330 165 55
It applies: D:17; It is applied in: E:30.
Example 30 (Bernoulli numbers ) from Pascal’s triangle
B _ H _ 3024000 _ 5
7111 T 39916800 66
It applies: E:29; P:50.
Proposition 51 (Only matrix) Variant X = (N +U)"'H
0 ] 1
Bn = |X| forn>0 with [X].= a1y 1 ?fc> tr
(c—l) r+1 chS 1+T

It applies: D:1,2,9,17; P:50; is applied in: P:52.

By the properties of determinants, dividing the rows by » +1 with r = 1...n divides
the determinant of H by (n + 1)! q.e.d.

Proposition 52 (Numerator and denominator) Variant with matriz C of order
n to obtain numerator and denominator, reduced to lowest terms, of Bernoulli numbers
from Pascal’s triangle

[ef 0 ife>1+r
Bpn = =i—=— with [Cly.= (Zﬂ) if r+ 1 is prime and r divides n
Hk:l[C]k,2 SR ‘
(C,l) 1 Otherwise

It applies: D:9,17; P:51; is applied in: E:31.
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It is obtained from the previous variant by conditioning the multiplication of ﬁ to
the condition of the Von Staudt-Clausen theorem. By the same theorem the obtained
numerator and denominator are reduced to their minima

Example 31 (Numerator and denominator) reduced to lowest terms in Bernoulli
numbers extracted from Pascal’s triangle

1 2 0 0 0O 0 O 0 0 O

1 3 3 0 0 0 0 0 0 0

i 1 2 1 o0 0 0 0 0 O

% 12 2 1 0 0 0 0 0

s L 5 3 3 1 0 0 0 05

mum(Bo) =14 3§ 5 3 1 o o o|°

L+ 01 I o7 B 7 I 1 0 0

% 1 4 2 14 14 2 4 1 0

5 1 2 12 21 &£ 21 12 5§ 1

1 11 55 165 330 462 462 330 165 55

den(Big) = 2'3'11 = 66
It applies: P:52.

8 So-called Faulhaber’s formula

Proposition 53 (Numerator and denominator) reduced to lowest terms in Bernoulli
numbers extracted from Pascal’s triangle

S(h, d,n) = G(h,d) nV (n) G(h,d) = V(d)oN"LoZo é(g)
m-order matrices, product rows by column:
n—1 m—1 m
Sm-1(h,d,n) = (h+dk)" ™" = dm > (7:) B’”(g)”
k=0 k=1

It applies: D:1,5,7,8,9,10,12,13,14; P:30,39; 1is applied in: P:55,56,58.

The modification of the statement of the G theorem (P:39) is based on P:30 The
following formula is obtained by passing to the m-th component of the vector of sums
of powers q.e.d.

Proposition 54 (G theorem third formulation) Complete binomial coefficients

S(h,dn) = G(h,d) nV(n)  Glh,d) = V(d)(To B3)N"!
m-order matrices, product rows by column:
n—1 m
m—1 _ ym—1 1 m—1 ﬁ k
kzzo(h—s—dk:) =d ;k<k_1>3mk<d)n

It applies: D:1,3,8,9,10,12,13,14; P:29,39,57,61.

The modification of the statement of theorem G (P:39) is based on P:29 The following
formula is obtained by passing to the m-th component of the vector of sums of powers
q.e.d.
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Proposition 55 (So-called Faulhaber formulas) Particular case of the second for-
mulation of the theorem G. Generally with "Faulhaber formula" we indicate the poly-
nomial formulas resolving sums of n powers of successive integers starting from 1.

5(1,1,n) = N1 (Z o B")nV (n)

m-~th component:

n—1 n m
Smoa(L,n)=> (1+k)" =) k"= iZ ( > _nt
k=0 k=1 m k=1

Sometimes it is preferred to avoid the use of the variant Bt of the Bernoulli numbers
(P:47 different from this one only for the second element B1 = 5. However, this forces
us to artificially complicate the formula by changing the sign of all Bernoulli numbers
of odd index, given that all the others are zero(P:49)

1 & k
Sm-1(1,1,n) = — g B
1 n m < ) N

It applies: D:1,5,8,9,10,12,13,14; P:47,49,53.

(SIS

Proposition 56 (So-called Faulhaber formulas) Particular case of the second for-
mulation of the theorem G. Sometimes it is preferable to give formulas resolving sums

of n powers of successive integers starting from 0. These too are called Faulhaber

formulas.

5(0,1,n) = N~Y(Z o B)nV(n)

m-th component:

n—1 n m
Snaa (0.1,m) = Y (14 )™ = > ( ) "
k=0 k=1 m k=1

It applies: D:1,5,8,9,10,12,13,14; P:29,,7,53;
is applied in: E:32.

Example 32 m=/4 5(0,1,n)=N"Y(Zo é)n‘?(n) =

1.0 0 0 (i)B0 0 0 0 n

0 2 0 o] |()B1 ()Bo O 0 n’

o 0 4ol | Ge @B o ] |

00 0 3] Ll()B: ()B: (B ()Bo] L'
1(1)Bo 0 0 0 n

QB i@B 00 | |n

B T TV I i
i(l)BS %(2)32 i(3)Bl i(i)BD n'

1(1)Bon
_ L) Bint 4 () By’

1 () Bsn+ 1 () Ban” + 5 (5) Bin” + 1 (3) Bon
SO(Oz 17 n) % Ilc:1 (llg)Blfknk n
_ S51(0,1,n) _ % i:l (;ZC)BQ—knk _ 7%n+%n2
5.0 m| = (ES0 Bt = { 0 Tt
s IS0 Gmne] L

It applies: D:4,6; P:39.
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Proposition 57 (So-called Faulhaber’s formulas) Special case of the third for-
mulation of G theorem.

—

5(0,1,n) = (T o B)YN"'nV (n)

m-th component:

n—1 n m
m— m— 1 -1
Sm-1(0,1,0) =3 (1+R)" =Sk = :k<’;_1>3m_kn’“
k=0 k=1 k=1

It applies: D:1,3,8,9,10,12,13,14; P: 54.

Example 33 m=/4 5(0,1,n) = (T o BYN 'nV(n) =

((?))Bo 0 0 0 10 0 0][n
(S)B1 (;)Bo 0 0 0 3 0 of [n?| _
(g)B2 ()B1 (3)Bo 0 0 0 % of|n®
(0)Bs (1)B2 (3)Bi ()Bo) [0 0 0 4] [n"
%(g)Bo 0 0 0 n
I T T S T
Bz (B 5B 0 | 07
1B 3B 5()B1 3(3)Bo] '
1 (o) Bon
1(0)Bin+ 3(;) Bon’ _

3
1/(3 3 13 37,1 4
T(O)B3n 5(1)8271 + §(2)Bln + 4(3)BO”
S0(0,1,n) %71 %(k;) Bi_gn” n
— Sl(Ovlan) _ Ek*l %(k—l)BQ*knk — 7%7’L+ %nQ
S2(0,1,n) 211 %(kfl)B;,»,knk l%ng— %17123—1— %1”34
S3(O7 17 n) k=1 %(kil)B47knk Zn - in + Zn

9 Various properties of Bernoulli polynomials

9.1 Sums of powers with bases in arithmetic progression

)

Finally, it is possible to intervene on the generalized Faulhaber formula (P:53) by
applying the translation property (P:17) to obtain a simpler form, but which does not
explicitly provide the coefficients of the polynomials in the canonical form .

R

k=0

Proposition 58 (Translative form)

SHES

n—1 dm71 h
m—1 _ i _
kEZO:(h + k)"t = S (Bm(d 1) — Bun

It applies: D:9; P:17,53.

m h h h
<k>Bm_k(d)nk = Bm(g +n)— Bm(g)
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9.2 Symmetric property

Proposition 59 (Symmetries in Bernoulli polynomials) Relationship between E(%+
y) and B(% —vy). We will prove that

B(z) = JB(1 —x)

and then also: _
Bj(z) = (1) B;(1 - z)
It applies: D:2,9,11; P:31,42.

For P:41 there are semi-oppositions G(z,1) and G(1 — z,1) and it results G(z,1) =
JG(1—z,1)J Multiplying the two members on the right by the vector V(0) to extract
the first column we have G(z, 1)V (0) = JG(1 — 2,1)JV(0). Since JV(0) = V(0) we
have:
G(z,1)V(0) = JG(1 — z,1)V(0)

For P:31 the first column corresponds to the Bernoulli polynomials for which the vector
form of the thesis is proved. Moving on to the components B,_;(z) = (=1)""* B,_; (1—
z) Having established that » + 1 and r — 1 are both even or both odd, therefore
(=)™ = (=1)""" and set j = r — 1 you get the thesis. q.e.d.

9.3 Derivatives of the vector S(h,d,x)
Proposition 60 (Derivatives of the vector S(h,d,x) with respect to x)

—

95(h, d,z) (g’x L) _ B+ vd)
Special cases:

Perd=1:250lo) _ By 4 p)
Perh=0ed=1": %zé(w)
It applies: D:1,2,9,12,13,14,15; E:6; P:20,29.

Per P:29
G(h,d) = V(d)(T o B(o)N
therefore for D:7
S(h,d,z) = V(d)(T o B(%))N*N(x)
So by differentiating we have:
08(dia) _ OV BEINTV() _ g,y 10 e _

As also shown in the example E:6, the derivative of (z, 2%, 23,...) is (1, 2z, 322, 323...)
i.e. NV (z) then also applying P:20

=V(d)(To E(g))N’lNV(m) = f/(d)é(g +z) = B(h + zd)

Having considered N™!N = U and having finally multiplied the diagonal matrix by
the vector B. q.e.d.

Proposition 61 (Deriving the vector S with respect to h)

B (z)

Br71 (l’) = -

It applies: D:1,9,12,13,14,15; P:29,39,54.
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For P:29 N
G(h,1) = (T o B(h))N "

therefore for P:39 and for D:7

|
-

n

Sh,1,2) =S V(h+k)=(ToB(h)N 'aV(z) =

™
I

Considering the m-th component as in P:54 but with d = 1 we have Sy,—1(h,1,n) =

n—1

Sthrrm =3 % (Z“f) Bo—i(h)n*
k=0 k=1

deriving the two members of the identity with respect to h:
n—1 m 1{m 1
-1 h+k)™ 2=~ "Bl _x(h)n*

Taking into account the fact that for & = m the coefficient of the higher degree
monomial is Bgy(h) = 0 given that Bo(h) = 1 we have:

3
|

(m-) YR =Y }ﬁ(’:_‘f) Bl _x(hn'

0 k=1

£
Il

Assuming m > 1, multiply the two sides by the reciprocal of m — 1 and taking into

: 1 m—1\ __ 1 (m—1)! 1 (m—2)! 1
account that it results -=gy; (o) = (m—Dk b—DI(m—F) — & G-—Dlm—k—1) m—Fk
l(m*?) L_ we have:

E\k—1)m—Fk

= 1({m-2\B.

m—2 + - m—k k

Sh+k)" =" k<k1>mk(h)n
k=0 k=1

on the other hand for P:39 and for D:7 it must also be:

i(m k)™ = 2 ;(Z:f) Bum—k—1(h)n"

k=0 k=1

therefore the coefficients of the two polynomials must coincide and, setting r = m — k
it must therefore be B,_1 = % with r =1..m — 1 q.e.d.

9.4 Generator function theorem

Proposition 62 (Generator function)

ha oo k
Special cases h=0 e h=1:
T :inﬁ xe” :iB+£k
er —1 £kl et —1 =7F K

It applies: D:9; P:15.
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Expansion in infinite series:

oo
hkk 3 4

hz __ z 2T 3T 4
=" z 71+hx+h—+h§+h TR
k=0
>© & 2 3 4
- ¥ x z° T
=) gEltat gyt
k=0
substituting we have:
1+ ha 4+ h2E 4 h320 4 ptes 4 > k
( X 1 31 4! ):ZBk(h)%
R A TR k=0 :
collecting and simplifying
3.3 4 4
142 L+ 22,+h33,+2—4%+... 0 o
z2 a3 :ZBk(h)F
1+§+§+j+... =0

Multiplying the two sides of this equation by the denominator of the first expression
we obtain the first side

L b e h3 h4 zt
and to the second member:
X £E2 .'173 > II:k
(L+ 5+ 57 + 57 T D Br(h) o7
k=0
that gives:
Bo(h) o, Bi(h) 1 | B2(h) 2  Bs(h) 3 Ba(h) 4
ol C T F T T T g &t
Bo(h) 1 Bi(h) 2, Ba(h) s Bs(h) 4  Ba(h) 5
oir T o T T o © g & T g
Bo(h) 2 Bi(h) 5 Ba(h) 4 Bs(h) s Ba(h) s
siof © T T T i T T g P ey T

Bo(h) 3 Bi(h) 4, Ba2(h) 5 | Bs(h) ¢  Ba(h) 7

aor C T T T T e B g T T
Bo(h) « Bi(h) 5  Ba(h) ¢ Bs(h) 7 Ba(h) s
siof © T e T e © T s © T T &t

Arranging the monomials in increasing order of degree along the diagonals we obtain
the infinite polynomial:

Bo(h)+(1+11)!23j(h)<1?1> . <2+1>x2+

=0

SR 341 441\ 4
+(3+1)!ZBj(h)< j )x 4+1'Z ( >m te=
k+1 1 k+1)\z*
Z k+1'z ( )xk:kz_;)(kﬂ);]gj(h)( j )k'

Comparmg thls second member with the first previously mentioned we have:

0o k k oo k

1 k+1\x LT
5 E:Bj(h)( , )— [
= (k+1) = J k! = k!
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from which the identity of the coefficients of %c

- (k}r1)ZBj(h)<k+.1> =n*

multiplying the two sides by m = k + 1 and changing the order of the factors:

Finally expressing the same sum through the index j shifted by one unit

j; <j - 1) Bj_1(h) = mh™ !

we can easily recognize the definition given for Bernoulli polynomials (P:15). g.e.d.

m—1

Jj=0

10 A little of history

Faulhaber’s formula solves the problem of the sum of powers of successive integers
[1] in a direct and general way. A classic problem that has captured the interest of
mathematicians for millennia. Pascal, for example, in 1634 had identified an identity
for the recursive resolution of the problem (P:35). In P:55 we proved Faulhaber’s
formula also in the form that today seems to be more commonly adopted.

However, the choice of expressing it through the (first) Bernoulli numbers appears
artificial due to that negative factor raised to the power which multiplies many times
uselessly for the sole purpose of changing the sign of B;. More natural, as shown,
to choose the second Bernoulli numbers, the almost identical variant but with the
opposite By (P:47).

Indeed, the numbers considered by Bernoulli were neither the first nor the second
sequence as they began, and continued to start for over a century, from Bz imme-
diately after the controversial Bi. This numerical sequence was published by the
Bernoulli family in Ars Conjectandi [2] in 1713 eight years after the death of Jacob,
author of the work. In the chapter Summae potestatum also appeared the formula for
constructing the polynomials calculating the sums of powers of successive integers as
a function of that particular unpublished and mysterious numerical sequence. Here,
albeit with modern symbols, is that formula that is only apparently different from the
most common. (P:55):

n k-1 A
— 1
B nnL —+
| k

1 1 " m
2 :k"L _ m—+1 -,m 2 :
m+ 1" + 2" + k!
k=1 k=2

The underlined exponent indicates the number of factors in the decreasing factorial.
A few years later De Moivre and Euler began calling these numbers by their current
name. Whereas the formula was named after Faulhaber, who in his life had shown
an extraordinary interest and exceptional virtuosity in solving particular cases of this
problem up to the seventeenth degree of the exponents. Even Bernoulli had given
Faulhaber part of the credit for the formula found but not yet proven. After over a
century it was Carl Jacobi (1804-1851) [3] who succeeded. The proof was based on
developments in mathematical analysis which had revealed that:

T > z"
eﬁ—IZZBnH (1)

n=0
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imilarly, the Bernoulli numbers were also defined analytically. In 1842, in an age
prior to that of computers, Ada Lovelace devised a program, the first in history,
which was supposed to calculate the Bernoulli numbers with the future analytical
engine designed by Charles Baggage. For this purpose you essentially used the same
recursive algorithm seen in P: 17 [10] This, however, was explained by resorting to the
generating function (note G [5]). The so-called Bernoulli polynomials were taken into
consideration by Leonardo Euler (1707-1783) even if the first to call them by this name
was J.L. Raabe in 1851 [16] Also these polynomials are traditionally defined through
the related generating function.

In 1982 A.W.F. Edwards published an article [6] in which, starting from an identity
used by Pascal in 1654 [7] to recursively solve the problem of the sum of the powers
of successive integers, he shows that the coefficients of the polynomials solving the
problem can be found by inverting a matrix easily obtainable from Pascal’s triangle
Around 1990 the author accidentally discovered the same relationship while preparing
a matrix exercise for his [8] high school students. About fifteen years later, retired and
still unable to find the topic in any publication, he tried to prove what he discovered.
He succeeded and published demonstrations and history of the discovery on the web [8].
In 2017, after about a decade without significant developments, the author renewed
his interest in the problem by deciding to take an alternative path to the analytic
one historically traced by Carl Jacobi. So he began to prove formulas for powers
of successive integers and properties of Bernoulli numbers using matrices instead of
the usual mathematical analysis. The same year he became aware of the works of
Edwards [7] and published some results of the path undertaken on the web in English
[9] capturing the interest of researchers [15]. The author organizes the numerous
results of his research in the form of a treatise which he will rewrite several times for
new discoveries and for the continuous search for more suitable symbols and better
organization. In 2021 a small part of the work done is published in Archimede [13]
and the following year in MatematicaMente. [14].

Some fruits of the research undertaken are proposed in this article.
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