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Abstract The concept of harmonic numbers has appeared permanently in the
mathematical science since the very early days of differential and integral calcu-
lus. Firsts significant identities concerning the harmonic numbers have been devel-
oped by Euler (see Basu, Ramanujan J, 16:7-24, 2008, [1], Borwein and Bradley,
Int J Number Theory, 2:65-103, 2006, [2], Sofo, Computational techniques for the
summation of series, 2003, [3], Sofo and Cvijovic, Appl Anal Discrete Math, 6:317—
328, 2012, [4]), Goldbach, and next by the whole gallery of the greatest XIX and
XX century mathematicians, like Gauss, Cauchy and Riemann. The research subject
matter dealing with the harmonic numbers is constantly up-to-date, mostly because
of the still unsolved Riemann hypothesis — let us recall that, thanks to J. Lagarias, the
Riemann hypothesis is equivalent to some “elementary” inequality for the harmonic
numbers (see Lagarias, Amer Math Monthly, 109(6):534-543, 2002, [5]). In paper
(Sofo and Cvijovic, Appl Anal Discrete Math, 6:317-328, 2012, [4]) the following
relation for the generalized harmonic numbers is introduced

n
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for positive integers n, . The main goal of our paper is to derive the generalization of
this formula for every » € R, r > 1. It was important to us to get this generalization
in possibly natural way. Thus, we have chosen the approach based on the discussion
of the Weyl integral. In the second part of the paper we present the survey of results
concerning the Wolstenholme’s style congruence for the harmonic numbers. We have
to admit that we tried to define the equivalent of the universal divisor (the polynomial,
some kind of the special function) for the defined here generalized harmonic numbers.
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Did we succeed? We continue our efforts in this matter, we believe that such universal
divisors can be found.

Keywords Harmonic numbers - Weyl integral - Wolstenholme relations

1 New Definition of the Generalized Harmonic Numbers

1.1 The Weyl Integral

One of the possible definition of the fractional derivative is based on the Weyl integral
(see [6]) given by formula

1 oo
W= f(x) = m/ (=) F(©dE, a>0, x > 0. )

Moreover we take WO f(x) := f(x). If f(x) = O(x~") as x — oo, then the
integral is convergent for 0 < o < 3.

Let us present now some properties of the Weyl integral. Assuming the existence
of the appropriate integrals, the following equalities hold

W (Wl )=w" (W fx), a,p >0,
dar o _ o d”f(x)

£ i = (P42
E" (W_"f(x)) =W E"f(x)), a>0, neN,

),a>0,neN,

where Ef (x) := —%.

Definition 1 Let f be a function being integrable in any compact interval I C
[0, 00) and let f(x) = O(x~ ") as x — oo, for some 3 > 0. Then for each a > —f3
there exists the Weyl fractional derivative of function f(x) of order o and

W f(x), a <0,
dWe f(x) =1 f(x), a=0, 3)
weleH(El f(x), o> 0.

Example 1 We determine the Weyl fractional derivative of function e™7*, p > 0:

-, —px __ 1 OO a—1 _—pé& _ g—le/t
W% P __F(a)/x & —x) epd§_|:d€:du]
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for o > 0, p > 0. Hence we obtain

dWe P* — wo—lal (ErzﬂefPX) = wo-lal (pme pX) = pe P
for a > 0.

Example 2 Now, we derive the Weyl fractional derivative of function - P >0

. 1 1 00 (€ —x)* l % (1 —
v (_”) F(Oé)/x &r " T )/ gp—atl dg

. %: . . _ a—1 —a—1
_|:Ez dé = u:|_1"(04) xl’*a/o 1 —uw)"u? du 4)

_ Bla,p—o) 1 I'(p—wo 1
T T xro [(p) xpo

x)ry 1

for p > a > 0, where B(x, y) denotes the beta function. Thus we get

v () = (2(5)
xP xP

— wo-Tlal (F(P'Fﬂﬂ) 1 ) I'(p+a) 1
- I'(p) xplal I'(p) " pta

fora >0, p > 0.

1.2 Poligamma Functions and Their Modifications

Definition 2 The poligamma function of order m is defined as follows

PO (x) :=P(x) = ——mra) P (x) =

eN.
dmw@) m

This function satisfies the recurrence relation (the basic facts concerning the 1
function, including formulas (5)—(7) are presented in monograph [7]):

b

P (1) = " () +

®)

and from this relation we can get the equality (1). The poligamma function possesses
also the integral representation

wm=/(5;— ﬁ,)w WW@=«MW{/Mf:Mx>Q(®
0 0
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and can be presented in the form of series

— (m) — m+1 -
x4 1) = 7+zn(n+ o5 Y@= 'Z <x+n)m+1 (7)
Let us define now the modified poligamma functions
PO =), PPx) =AW @), a>0. ®)

Remark 1 The Weyl integral of function 1 (x) is divergent, whereas for any a €
(0, 1), m € N the integral W~ (w(’")(x)) is convergent, thereby the function

wiﬁ)(x) —dw? W(x)) = wh—I161 (Er@w(x)) - (_1)[/31 wP—151 (w(([ﬂ)(x))
is correctly defined for every 3 > 0.

By using definitions (8), (3), (2) and formula (4) we can derive the following
recurrence relation (which is a generalization of formula (5)):

PP+ 1) =dW @(x + 1)) =dW” (w(ﬂ + 1)
Q)
=dW* (Y(x)) +dW* (l) P (x) + (a+ ])-

Some Representations of the 1/Jia) Function

First we present the integral representation of %@ Sfunction. Let m € N, then

oo

Y0 = EMn) = (=1 () = — / T

1 —e?
0

hence we have

¢((1)(x) — Wa—hﬂ (E]'(ﬂz/](x))

/(5 x)lel-a- _/tr‘ﬂeftdt ac
F((oﬂ 1 —e

0

o0 ’_ _l o0 "
t (e} ta —X
_/ —/(g_x)]—(ﬂ a—1 7§td€ d[:—/ e
I'(Ja] 1 —e™! 1 —e!
0

0

where o > 0.
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The series representation of wia) function is of the form

s !
) = BT = (10 = =3 e meEN

wia)(x) — Wa*f(ﬂ (Eflﬂ)

1 i - .
_ _ [al—a=1f{
- F(M_a)/(g x) ( r(ra1+1)§—(§+nw+l)dg

x (5 _ x)[(ﬂ—a—l (10)
“T(fa 1 —o ) “@ e

~I([a]+1) Z

L i T(a+1)
- (x + n)aJrl ’
for every o > 0. From this relation we get also

Y1) = —T(a+ D¢(a+1) (11)

for a > 0, where ((-) denotes the zeta function.

1.3 Harmonic Numbers of Order r > 1

From formula (9) we obtain the following relations

I(a+1)
k(y-H

YO k4 1) — P (k) = : (12)

=1 1
B =3 0 =y W e D =gl ), r= 1 a3)
k=1

The last formula can be considered as the generalization of formula (1) for » > 1.
The numbers H,f’), n €N, r € R, r > 1 will be called the n-th harmonic numbers of
order r.

Moreover, we set

L
HO() =D oo = r( ST 140 -0l @) a4
k=1
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We define also the generalized odd harmonic numbers of order » > 1 in the
following way

- 1 I | |
O = ——— =Hy) = > —— =Hy)) — —H". 15
n — (2k _ l)r 2n = (2k)r 2n 2r n ( )

Let us note that in paper [8] (see also [9]) the following interesting relation is proven

i(_l)kq (0131) 015’11) n) _ ( (1= (=1)") + Z (2k— 1)7r)
k=1

1<2k—1<n

Remark 2 Given here formulas (13)—(15) can be generalized for the complex vari-
able r € C, Rer > 1. To do this we should analyze the performed above discussion
starting with formula (2).

1.4 Selected Identities for the Generalized
Harmonic Numbers

‘We have
(a) (a—1) _ (a— (a—1)
z H Z e C(k+1) M ay e C(k+1) + @) HY
p I'(a)k? p I'(a)kb "
for any a, b > 1. Hence, if n — o0, then we get
H @D
Z Zw B g
k=1 1 (16)
(10)
b - -
C(@)((b) — ;Zé(kﬂﬂwk”

Similarly we can determine the more general sums

ey & (VR D =0T (60w D - T )
Z ke ZZ I'(a)I" (b)k¢

k=1 k=1

<g>iwi“‘”<k+1>wi”‘”(k+1) Ly ek D@
I'(a)T (b)ke I (b)ke

k=1 k=1
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Z”: P8V (k + 1)¢(b)

(c)
rap @@,

for any a, b, c > 1. If n — oo, then we obtain

Z H“Hb Z k4 DYV (k4 1)

P I'(a)T (b)k*

P ”(k+1)¢(a> & bV (k4 1)¢(b)
+ Z I'(b)k¢ + Z I'(a)k¢

+ C(@)C(h)¢(0)

a7)
1

(k+ 1+ j)

(10) S i 3 :
C@CBIC() + ; x ZO k+1+ )

1M

CF@@ s < 1 T s~ 1
rb) ;;kC(k—i—lJrj)“ I'(a) ;; ke(k + 14 j)b

Only when a, b, ¢ € N, then we can give to the right hand sides of formulas (16),
(17) the form using the finite sum, for example (see [4, formula (9)]):

S
CE e ! 2

— - D!
b—2 )

+ (b ” )wm)(x)w(”—m‘”(x)},
m=1

where b e N, b # 1, x e R\{-1, -2, -3, ...}.

2  Wolstenholme’s-Type Relations for the Harmonic
Numbers and the Generalized Harmonic Numbers

Definition 3 Let x, y € Q and m € N. The numbers x and y are congruent modulo
m if their difference can be expressed as a reduced fraction of the form “2, where
ged(q, m) = ged(g, p) = 1. This definition can be written as follows

=

x=y (modm) < 3 p,qeN: ged(g,m) =ged(g, p) =1land |x —y| =m —.

S

We will use also the notation x =,, y, which is equivalentto x =y (mod m).
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For example, note that2-4=1, 3.3=2, 6-6=1 (mod7), so we get

2 1
2, —=3, —=6 (mod7).
3 6

Bl

4,

| =

Joseph Wolstenholme in [10] (see also [11, 12]) proved that for p € P (where P
denotes the set of all prime numbers), p > 5, the following congruences hold true

H, ;=0 (mod p?), (18)
H? =0 (mod p). (19)

We will apply many times this result in the proofs of congruence relations given in
the following subsection.

2.1 Our Results — Congruence Relations for the Harmonic
Numbers and the Generalized Harmonic Numbers

The following relations hold true

p—1
H,
1. ForpeP, p>5, WehaveZTk =0 (mod p).
k=1

Proof Let us note that

=1 =1 =1 =1
2 r!
since Hy — 1 = Hy_ and H;jl = > . Thus we have
=1
p—2 p—1 p—1 H
2 2 2 _ Hk
S-S u =25
k=1 o =1

Hence we get

2 2
H, \+H,”, =2

From relations (18) and (19) we conclude the thesis.

p—1
2. For p € P, p > 3, it holds that ZHk =1 (mod p).
k=1
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Proof We compute

p—1 p—1 1 p—1 p—1 1 p—n »
k=1 k=1 n=1 n n=1 k=n n n=1 n n=1 n
p—1
p
n
n=1

p—1
3. ForpeP,p >3, wehaveZsz =p—2 (mod p).
k=1

Proof We execute the following transformations

n mn
k=1 k=1 n=1 n=1 k=1 1<n<m=<k
p—1 p—1 p—1 k p—1 p—1 p—1 k
1 p—n 2
=22 Gt 22 2 = T T2 2
n mn n mn
n=1 k=n k=1 n=1 m=n+1 n=1 n=1 k=n m=n+1
p—1 p—1 p—1 p—1 p—1
-1 2(p —m) as) -2
=p —+ =p —
n mn n
n= n=1 m=n+1 n=1 m=n+1

as)
=,2H, 1 +2(p—-1)=,-2=,p—2.

Corollary 1 Let {p,}.en be a sequence of the successive prime numbers and let
pn—l
Sy €{0,1,...., p, — 1} be the remainder of dividing the number sz by p, in

the sense of Definition 3. Then we have

Sy — S = Pn — Pn—1
forn e N, n>3.

p—1

4. For p € P, p > 5 we have ZH,E =2(p—1) (mod p?).
k=1
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Proof Proceeding in the same manner as in the proof of item 3 we obtain

p—1 p—1 _n p—1 p—1 2( _m)
IS WL

k=1 n=1 n=1 m=n+1 mn
p—1 p—1 ) p—1 p—1 )
=pH,2 — Hy1 +p — - =
n=1 m=n+1 mn n=1 m=n+1 n
p—1
(18),(19) 1 2(p—1—n)
=, 2p > —(Hpy—Hy)— Y
n=1 n=1 n
L H, 1, (18) (19
=2 2pH}_ l—ZpZ——ZpHp L+ 2H,  +2(p— 1) 2(p —1).
n=1

p—1
1 d for p € {3, 5},
5. Forp € P, p = 3, itholds > H} = (mod p)for p € {3, 5)
s 6 (mod p) forp >T7.
In this case the proof runs analogically like in items 3 and 4 and it is omitted
here.
The following results are just the outcomes of the numerical experiment executed
within the range of the initial two hundred prime numbers:
p=1 12
H,
6. For p € P, p > 7, it holds Z —§ =0 (mod p).
k=1
—1
7. For p € P, p > 5, it holds Z =0 (mod p).

8. For p € P, p > 7, it holds Z—f =0 (mod p).

9. For p € P, p > 3, it holds Z k(k + 5= =0 (mod p).

10. For p € P, p > 5, it holds Z =0 (mod p).
- k(k+ 1)

11. For p € P, p > 7, it holds

=l H, — Hk(z) B p—1 Hk(z) B p=2 H,
— = =" . :z(k+1)2 (mod p).
k=1 k=1 k=1

At the end let as also present the Maclaurin series expansion of the sum involving
the harmonic numbers, in which we are interested in this paper. This expansion reveals
the connection between the values of the zeta function for odd positive integers and
the harmonic numbers (each coefficient of this expansion possesses this property
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which we confirmed numerically for the first twenty coefficients — we present only
the first eight coefficients, see also [13]):

— H, (—=D*(k+ DH, ,
S+ 2C(3)+;; IR
o3y "X 203) +9¢(5 2((3)2
= C()—¥+(——WC()+ ¢( ))x +(—§+ C())X+

1 4 5 2 4 8
+ (_EW (3) = Zm¢) + 20((7)) x* (_ﬁ + 6C(3)C(5))

+ (_%w (27*¢3) + 2177¢(5) + 315¢(7)) + 35<(9)) x4

27T10
+ ( 3503 +4¢(5) + SC(3)C(7))

Let us recall that it remains an open problem whether all the numbers ((2n — 1), n €
N are irrational.

Final remark 1 Some other generalizations of the harmonic numbers are also dis-
cussed in literature, for example in papers [14, 15] there are defined and investigated
the so called Hyperharmonic numbers. Moreover, see the papers: [16-20].
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