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Abstract

Various new identities, recurrence relations, integral representations, connection
and explicit formulas are established for the Bernoulli, Euler numbers and the values
of Riemann’s zeta function ((s). To do this, we explore properties of some Sheffer’s
sequences of polynomials related to the Kontorovich-Lebedev transform.
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1 Introduction and preliminary results

In 2009 the author [1] introduced a family of polynomials of degree n, which belongs to
Sheffer’s sequences (cf. [2]) and related to the Kontorovich-Lebedev transform. Precisely,
it has the form

pn(z) = (—1)"e" A", n € Ny, (1.1)

where i d
=2’ —r—z— 1.2
A= Vae"dw (12)

is the second order differential operator having as an eigenfunction the modified Bessel
function K;,(x), 7 € R, (i is the imaginary unit ), i.e.

A K (1) = 72K, (2). (1.3)
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The modified Bessel function K (x) is, in turn, the kernel of the Kontorovich-Lebedev
transform (see in [3], [4], [5])

@1 = [ Kalo)f @), 7 eR.. (1.4

As it is known, operator (1.4) extends to a bounded invertible map G : Ly (R ;27 dx) —
Lo(Ry; 7sinh wrdr) and this map is isometric, i.e.

00 2 00 d
/ 7sinh 77| (Gf)(r)[2dr = ”-/ ()P (1.5)
0 2 Jo z
Reciprocally, the inversion formula holds
2 oo
flz) = —2/ rsinh 77 K, () (G f)(T)dr, = > 0. (1.6)
™ Jo
The modified Bessel function K, (x) has the asymptotic behavior [4]
T\ 1/2
K, (2) = (2—> eF[1+0(1)2)],  z— oo, (1.7)
z
and near the origin
K,(z)=0 (z_‘Re”‘) , 2 — 0, (1.8)
Ko(z) = —logz+O(1), z— 0. (1.9)
Moreover it can be defined by the following integral representations
K,(z)= / e~ cosh pudu, > 0, (1.10)
0
L ra\y > —t—ﬁ —v—1
K, (1) = = (—) e FTldt, o > 0. (1.11)
2\2/) J,
Returning to the system of polynomials (1.1), we easily observe that all their coefficients
angk, kK =0,1...,n are integers. It can be represented by the integral
2(—1)" *°
pu(z) = (=1) e‘”/ " Ky () dr, (1.12)
n 0
and satisfies the differential recurrence relation of the form
Poy1(z) = 2°p(2) + (1 — 22)p,,(z) — xpp(z), n=10,1,2,... . (1.13)

In particular, we derive

po(x) =1, pi(z) = —2, po(x) = 32* —z, p3(z) = —152° + 152° — .
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The leading coefficient a,,, of these polynomials can be calculated by the formula
np=(—1)"2n -l =(-1)"1-3-5... -(2n—1), n € N. (1.14)

Moreover, recently we found the explicit formula of coefficients a,, ;. (see [6])

amk:i%é;(;Pr<f)§f(;?j(kfr>@-,n%,k:1,.wn (1.15)

—~ J

.

and as a consequence of the definition (1.1) a, € Z, i.e. the right- hand side of (1.15) is
an integer. The generating function ®(z,t) for this sequence of polynomials is given by
the series

) t) = —2z sinh?(¢/2) _ pn(x) th t < Z 1.16
(@t = > Fay e < (1.16)
Letting x = 0 in the latter equation, we find
pa(0)=0, n=1,2,....
A differentiation with respect to x in (1.16) yields the equality
0o h2 > (.CIZ)
(1= ht —2xsinh*(t/2) _ Pn\+/) t2n' 1.17
gy~ mcoshi)e 2~ (2n)) (1.17)

Decomposing the left-hand side of (1.17) as a product of series and equating coefficients

in front of t2" we come up with the following recurrence relation
2 /20
' (z) = — , neN. 1.18
pe) = =3 (et (118)

Putting z = 0 in (1.17) and using values py(0) = 1, px(0) = 0, £ € N we obtain
p,(0) = —1, n € N. Analogously, a differentiation with respect to ¢ in (2.4) leads us to

0P

EE::—wsmhte—%“m%W”::E:-lﬁgi—t”ﬁ% (1.19)

“—~ (2n —1)!

Similarly we derive the relation

—~ (2n+1
Pnii(z) = —x ( ok )pk(a:), n € No. (1.20)
k=0
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Moreover, differentiating through in (1.19), we call (1.17) and using simple relations for
binomial coefficients, we obtain the identity

xz <2n v 1) () = ;: @Zi)pk(l«), (1.21)

Comparing (1.17), (1.19), we find that ®(x,t) satisfies the following first order partial
differential equations

aa—(f + zsinht & =0, (1.22)
0P ot B
-+ 2sinh (5) o =0, (1.23)
0P 0P
T = anh< > 5 (1.24)

Further, returning to representation (1.12) and employing the inversion formula (1.6) of
the Kontorovich-Lebedev transform, we obtain the equality
2n—1 —1)" o'} d

. = (=) / e’xKiT(x)pn(x)—J;, n € N. (1.25)
0 x

sinh 77 T

In particular, it yields
o d
/ e_xKO(x)pn(:v)—x =0,n=23,....
0 xz

Integrating with respect to 7 in (1.25), we call the value of the integral (2.4.3.1) in [7],
Vol. 1

/oo T dr 21 T(a)¢(a), Rea>1, (1.26)
0

sinh7r  go2e-!
where I'(«) is Euler’s gamma function and ((«) is Riemann’s zeta function (cf. [8], Vol. 1)

and relation (2.16.48.1) in [7], Vol. II to obtain the following representations of zeta-values
at even and odd integers, respectively,

i o8 = [T e, (1.27)

(_1)71(2”)! (22n+1 . 1) 2TL + 1 / / TKZT 6 pn( )d’TdZL” neN. (1.28)

27T T (9-\2n

Finally in this section we note that recently in [9] the family of polynomials (1.1) was
generalized on the sequence

po(x; ) = (—1)"e* 2™ *A" "z, n € Ny, (1.29)

involving an arbitrary parameter o, Re o > —1/2.
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2 Identities for the Bernoulli and Euler numbers

In this section we will derive a number of recurrence relations, finite sum, connection and
explicit formulas, series and integral representations, which are related to the Bernoulli
and Euler numbers. The Bernoulli numbers B,, n = 0,1,2,..., can be defined via the
generating function (see in [8], Vol. 1)

xz > X
= ZB"H’ 2| < 27 (2.1)

and Bernoulli polynomials B, (z) by the equality

tezt & tn
= ZBn(I)m, |z| < 2. (2.1)
=0

In particular, we find the values, By =1, B; = —1/2,By, =1/6,B, = —1/30 and B, =0
for all odd n > 3. Furthermore, (—1)""'By, > 0 for all n > 1. We list some important
properties of the Bernoulli numbers and polynomials, which will be employed below. All
details and proofs can be found in [8], Vol. I. The basic identity for Bernoulli numbers is

n—1
(Z) By=0, n>2. (2.3)
k=0

Concerning the Bernoulli polynomials, it has the explicit formula,

B(z) = i (Z) Bra™*. (2.4)

3
Bs(z) = 2° — §x2 + 2, By(z) =a" - 22° + 2% — —. (2.5)

Evidently, B,, = B, (0). The Bernoulli polynomials and their derivative satisfy the follow-
ing important relations

Bu(z +1) — By(z) = na" ™, (2.7)
B,(1—2x)=(-1)"B,(x), (2.8)
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B,(mz) =m"! i B, (x + %) : (2.9)

k=0

The remarkable Euler formula relates the Bernoulli numbers Bs,, and Riemann zeta- values
¢(2n) (see, for instance, in [10] )

(2.10)

The Euler numbers E,, n = 0,1,2,..., can be defined, in turn, by the equality (see in
8], Vol. T)

1 > tm T
= E,—, |t <= 2.11
cosht HZ:O n! i 2 ( )

As we see, Fo,,1 = 0 and, in particular, £y = 1, Fy = —1, E4 =5, Eg = —61. The basic
relation for Euler numbers is

2n
> (%) Ey =0, n>1. (2.12)

In order to obtain new properties of the Bernoulli and Euler numbers, we will em-
ploy Sheffer’s sequences, which are associated with the Kontorovich-Lebedev transform
(1.4). Indeed, calling identity (1.27), we immediately derive the integral representation
of Bernoulli’s numbers By, in terms of the sequence of polynomials (1.1), namely

n o dx
By, = 2 (1) —. 2.13
e A (213)

For the numbers By,, we have the formula (see in [1])

2n > dx
By, = 22 () — 2.14
e [ (2.14)

which is the result of the equality

/ e_zwpn(x)d—a;:/ e_%pi(x)d—x. (2.15)
0 0

T

But as it is proved in [1], a more general relation takes place

< o dx < o dx
/ e ? Prrm(T)— —/ e ? ()P () —, (2.16)
0 z 0 r
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which holds for any n,m € Ny such that at least one is nonzero. Hence, appealing to
(2.13), we derive the identity

n+m & dzx

B2(n+m) = 1— 22(n_+m) ; e pn—k(x)pm—l-k(x) . (217)

being valid for any £ =0,1,...,n.

Another definition of Euler’s numbers can be given in terms of Sheffer’s sequence of
polynomials g, (z) introduced in [1]

() = € / eUpa()dt, e N, (2.18)

which, in turn, is defined via the generating function F'(z,t) = ®(x,t)/ cosht (see (1.16))

L orsinh?(/2) - 4n(T) m
——e = "t < = 2.19
cosht’ TLZ; (2n)! 7’ g 4 (2.19)

Hence with the use of (2.11) and the integral representation of Euler numbers [1]

By, = / e pu(z)de €7 (2.20)
0
we find
Fon = qu(0), n=0,1,....

Moreover, following [1], the sequence ¢, () has a relationship with p,(x). Indeed,

() =Y pP(x), n €Ny, (2.21)
k=0

() = Eaup) @Z) (), (2.22)

where p,(@k)(a:) is the k -th derivative of p,(z) and relation (2.22) can be obtained employing

(2.18) and the binomial type identity for the sequence p,(x) (cf. [2])

n

RS D] e A ) (229

k=0

For instance,
@) =1, qr)=—(r+1),
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¢@(r) =322 + 52+ 5, q3(x) = —152° — 302 — 61z — 61.
Differentiating through in (2.21), we find

Zp(’““ ) =Y () = gu(x) — pal2).

Thus, p,(x) = ¢.(z) — ¢,,(x) and since p,(0) = 0,n € N, we get
Es, = ¢,(0), n € N.

Moreover,
(@) = ¢, (2) — ¢, ()
and since p, (0) = —1,n =1,2,... (see (1.18)), it yields
¢(0) = By +1, n> 1. (2.24)

Returning to (2.19), we easily derive analogs of the first order partial differential equations
(1.22), (1.23), (1.24) for the generating function F'(z,t), namely

OF

e + [xsinht + tanht] F =0, (2.25)
oF o [t B
£ + 2sinh (2) F =0, (2.26)
oF t\ [OF
T = tanh (5) {E + F'tanh t} . (2.27)

To find the inverse of relation (2.22), we apply the product of series of cosht and (2.19),
equating its coefficients in front of t*® with the corresponding terms of series (1.16). This
is indeed allowed within the interval of the absolute convergence |t| < m/4. As a result,

we deduce .
pu() =) @Z) qk (). (2.28)

k=0
But ¢/, () = g.(z) — pa(z). So, we have

_ :_: @Z) (@), (2.29)

Another source of identities for Bernoulli numbers is a formula related to p/, (z). To derive
it, we call the partial differential equation (1.24) and the Taylor series for the hyperbolic
tangent

— 1) Ba(kt1) opi1

2(k+1))! '

0o 22(k+1

tanh( ) 22

k=0



Bernoulli, Euler numbers and Riemann zeta - values

Hence, substituting it in (1.24), making the product of series and equating the coefficients
in front of t?, we obtain

n

2n 2%k _ 1
zp(x) =) <2k B 1) “—— Bax pr1i(2). (2.30)
k=1

In particular, dividing (2.30) by z and passing z to zero, we take into account the value
p,(0) = —1, n > 1 to derive the identity

i (2;{2? 1)@ Bo = 1. (2.31)

k=1

Further, employing (1.21), we get from (2.30)

2 E ()R ) e

k=1 r=1

Thus, multiplying both sides of the latter equality by e™ and integrating over R, we
use (2.20) to find the identity

Es, B nor (2% _ 1) Bat Esr_pa)
Z 2r —D!I2(n—r+1) QZZ 2RI -1+ D)IR( — k) + ) (2.32)

r=1 r=1 k=1

Returning to (2.17) and letting m = 0, we make a summation in the right-hand side
of (2.17) by k from zero to n

n

n 2n < dz
1 — 92n Z (2/{:) /0 e pn—k(x)pk(x)?

k=0

and employ the binomial type identity (2.23) to deduce
"2\ [ L, dx < dx
S (o) [ e rmaton@ T = [Temm

Therefore, we obtain the identity

" /on n & dx
B g = — - —. 2.
an <2k:> 1 — 22 /0 ¢ "pal@) x (2.33)

k=0

An interesting question is to express the finite sum in the left-hand side of (2.33) in terms
of the values p/(0). In fact, differentiating two times in (2.28) with respect to z, we let
x =0 and use (2.12), (2.24) to obtain

o =3 (a0 -3 (5) -2

k=0
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or,
" /2
Z <2Z> =p’(0)+2, n>1. (2.34)
k=0

Moreover, differentiating two times in (2.30) and letting then x = 0, we get the following
recurrence relation for the values p!/(0)

n—1
1 on O\ 22(n—k+1) _ 1
"(0) = = By (0 > 1 2 2.35
H(0) 2_n;(2k_1) S By 0, n2 L2, 25)

and p3(0) = 6.

Nevertheless, we are able to calculate explicitly the left-hand side of (2.34) due to
trigonometric and exponential series technique developed in [11] and where one can find
a great collection of many such formulas. Precisely, employing relation (3.7) in Vol. 6,

formula (3.7), it gives
"\ /2n
> = 21 2.
<2k> ,neN (2.36)

k=0

and therefore, p/(0) = 2 (22"=1) — 1). Consequently, identity (2.33) becomes

2n <, dx
BQn:m/O € pn(l‘)? (2.37)

Substituting the value of p”(0) in (2.35), we obtain a possibly new identity

n—1 (22(n—k+1) _ 1) (22(k71) — 1) B
2 (% B 1) R 2(n—k+1)

= (22" Y —1)(2-n), n>1 (2.38)

Meanwhile,
n
r) = Zan,kxk, n>1,
k=1

where ay,  is defined by (1.15). Thus, substituting it into (2.13) and (2.36), after calcula-
tion of the elementary Euler integral and the use of (2.36), we find the following explicit
formulas for the Bernoulli numbers, respectively,

Bop = +— 22n Z 2k 2 Z o ! <f) j; (_Q?j (k j_ T) (r=4)™, (2.39)
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and the equality of integrals

> d > d
/ e_xpn(:v)—x = 22”_1/ e_%pn(as)—x, n>1. (2.41)
0 xr 0 x

Concerning other identities and explicit formulas for Bernoulli’s numbers see, for instance,
a survey article [12] and in [13], [14]. Further, substituting the right-hand side of (2.41)
into (1.26), it becomes

¢((2n) = 2(2%(:11))71(2;_ 0 /0°° e_wpn(x)ci—x, n € N. (2.42)

An explicit formula for the Euler numbers can be deduced similarly to (2.39), (2.40) with
the use of the integral (2.20). Hence, due to (1.15), we obtain for all n € N

n k k—r ; .
(=1)" (=17 (r —j)*
Ey, = k! - .
? ; 2027"7"!.2023]'!(1{;—7’—]')!

Other explicit formulas for Euler numbers see, for instance, in [15]. The latter equality
can give another characteristic of the Euler numbers. In fact, we have

P I (=) [k S (=1 (k-7 .
_ z(r—j)
B X () (M)

k=1 r=0 Jj= z=0
d2n n N
=T Z(l — cosh z)
k=1 z=0
Therefore, we find the formula
B d* (1 —coshz)(1 — (1 — coshz)") a1

dz2n cosh z

Analogously, coefficients (1.15) of the polynomial sequence p,(x) take the form

L k=1,2,....n.
2=0

B (_1)k2k: d2n ' on [ 2
i R C)

11
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In the meantime, equality (2.41) is quite important to derive connection formulas for
the Bernoulli and Euler numbers. In fact, the integral in the left-hand side of (2.40) is
calculated in [1] and we have

n—1
0 2n — 1
/ e “pu(w Z(n )Ezk,TLEl-
0 0

k=
Consequently, combining with (2.13) and (2.37), we established the connection formula

between the Bernoulli and Euler numbers.
Theorem 1. The following identity holds valid

2n Lo —1
By = ———— Eoy, e N.
2 22n(22n—1)kz_0( 2% ) 2 T

Calling (2.42), we get an immediate
Corollary 1. For alln € N one has

(_1)n+1,ﬂ.2n n—1 EQk

@) = Sy 220 2m -k -1 " C N

Calling again (2.22), we differentiate through two times and let x = 0. Hence with
the use of (2.12) and (2.24) we derive a curious recurrence relation for the Euler numbers.
Indeed, it has

Theorem 2. The following identity holds

Zzﬂn k>l( )Ek neN.

As an application, we announce at the end of this section an interesting result about
the structure of the Bernoulli numbers By, and the rational values ¢(2n)/7?" (see (2.10),
(2.42)), which is a immediate consequence of the Von Staudt- Clausen theorem [16] about
the fractional part of Bernoulli numbers and Fermat’s Little theorem.

Precisely, it has

Theorem 3. The Bernoulli numbers Bsy, and Riemann zeta-values ((2n) satisfy the
following properties, respectively,

2(2*" —1)By, €Z, mn €N, (2.43)
2n)(2n — 1)!
g (g — 1y SRl g e (2.44)
s

Meanwhile identity (2.13) leads to
Corollary 2. For alln € N

> d
Qn/ e’Zmpn(a:)—x €Z.
0 T
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3 Riemann’s zeta-values

Our main goal here is to establish certain identities, integral and series representations for
the Riemann zeta function of positive argument. Concerning zeta-values at integers, as
we could see in the previous section, the Euler formula (2.10) gives a direct relationship
of ((2n), n € N with the Bernoulli numbers. However, similar formula for the values of
zeta function at odd integers is unknown and probably does not exist. Our attempts to
find a finite relation between ((2n + 1) are still unsuccessful. Nevertheless, we will derive
several integral and series representations, related to these numbers and general positive
numbers greater than one, involving our Sheffer’s sequences of polynomials. Some rapidly
convergent series for ((2n + 1) see, for instance, in [17].

In fact, returning to (1.28) and substituting the modified Bessel function by its repre-
sentation (1.10), we employ the definition of the improper integral, integration by parts,
the absolute and uniform convergence and the Riemann- Lebesgue lemma to make the
change of the order of integration and motivate the following equalities

2 1
C(@nt ‘th/ P ey o) costra) T
7'(‘ n —00

I e 2 1— N
= lim / / e~ 2weosh™(w/2) ginh o pn(x)ﬂdudx
u

N—o0

h 1 o)
/ / —2z cosh?(u/2) ( )Sln ududx:/ / Kt(x)efzpn(l’)dl’dt.
0 0

Consequently, we derived the identity for all n € N

(=1)"(2n)! (221 —1)

(=)™ (2n)! (221 —1) «(227;—;7}_// Ki(x)e “p,(x)dxdt. (3.1)

In the meantime, integrals (1.28), (3.1) have relationships with integrals, involving the
Bernoulli polynomials owing to the following representations proved in [1]

1—1¢ 2n+1 .
Boniq (T) =~ anri, sin 7t / Ki(x)e *py(x)de, |t] <1, (3.2)
1—r 2n +1 °
Bay, _ . sinh K (x)e~®p,(z)de, T € R. 3.3
9 +1( 5 ) Santl o ShaT i (x)e "pp(z)dz, T (3.3)

Hence, integrating in (3.2) with respect to ¢t € (0,1) and taking into account (3.1) we
derive the identity

(=)™ @2n+1)! (2—-277") w:/l Boyi1 (ﬁ> ,dt n>1.  (3.4)

(2m)2nt1 2 ) sinnt’
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Moreover, using (2.6), (2.7), (2.8), after integration by parts with elementary substitutions
in (3.4) and elimination of the integrated terms, we write it in the form

. Comy C(2n+ 1) 1/2
One can find a similar identity, for instance, in [18]. The integral in (3.4) can be reduced
via properties for the Bernoulli polynomials to certain integrals considered recently in

[19]. Furthermore, appealing to the addition formula for the Bernoulli polynomials [8],
Vol. 1

Bu(a+y) = Z (1) Bt (3.

the integral (3.4) can be represented as a linear combination of the moment integrals of
1/sint, which we denote by I,, following [19]

7T/2 t’n,
I, = / —dt, n € N.
0

sint

Hence,

1 1/2 1/2
1—t\ dt 1—t\ dt t dt
By, — = By, — | = By, = | =
/0 2t ( 2 ) sin 7t /0 2t ( 2 ) sin 7t +/0 2t (2) sin Tt

1 < omem—1 (20 + 1 1 2n + 1
= ; Z(Qﬂ-) ( ) ( 2m, ) |:BQm — By, (5):| IQ(nfm)+1 - ngn

1
Bun (5) (=2 By

Consequently, taking this value into account, we substitute the previous sum into (3.4)
and after simplifications arrive at the Ramanujan- type identity (cf. [19]) for zeta -values
at odd integers (n € N)

()" @+ 1)1 (1 —27"""1)¢2n+ 1) + (n + %) Ly,

2n+1 2n—m)—1 (92(n—m)
= @2 (2200 Y 3.7
Z <2m+1> 2(n—m)T ( ) 2m+1 (3.7)

In particular, lettlng n = 1,2 and using the well-known formula I; = 2G, where G is the
Catalan constant, we get, respectively,

;C(g) + IQ = 27TG,
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93
]4 - 7C<5) = 271'([3 - 7T2G).
Remark 1. We note, that the latter identities can be also obtained from corresponding
equalities in Example I in [19].
In the same manner one can obtain a finite sum representation of the zeta-values at

odd integers in terms of the moment integrals of 1/sin?¢. In this case our starting point
will be Ito’s identity [18]

(-1)%(2@!% /O Bay (1) log (sinwt) dt, n > 1. (3.9)

Indeed, with the use of (2.8) we have,

1 1/2
/ Boy (1) log (sin t) dt — / Bay (1) log (sin t) dt
0 0

1/2 1/2
+/ By, (1 —t)log (sinmt) dt = 2/ By, (t) log (sin mt) dt.
0 0

Hence, appealing to (2.4) in the right-hand side of the latter equality and integrating
twice by parts in the obtained integral, we find

/0 By, (t)log (sin7t) dt = QmX::O (2:;> BQm/O 2=m) 1og (sin rt) dt

Y2 72 M "\ /21 By, 720 m=L M
_9 tgnfll . D dt — 2n+1 m 2(n+1—m)
"/0 og (sint) o + 1 7;] om (2(n—m)+1)(n—m+1)’
where
M, / n > 2.
sin? t
Thus combining with (3.8), we derived the identity (compare with (3.7))
(=)™ 2+ 1) 2771 ¢(2n + 1) + (0 + 1) Mant
— TL + ]' 2(n—m)—1

Appealing to relations (2 5.4.7) in [7], Vol. I, we have the values

3

9
M, = mlog2, M, = %logZ - fc(?)).

15
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Therefore, letting n = 1 in (3.9), we get, for instance,

2

21 3
$0B) + My = %log 2.

Further, returning to (3.3), we multiply its both sides by 7/sinh 77 and integrate over
R, . Hence

o0 1—ir dr 2n+1 [ [
Ba, = Kir - n dxd
/0 TP ( 2 ) sinh7r 220+l m'/o /0 7Kir(w)e™ pu()dwdr

) 1 1 o0
L/ / Ki(x)e “p,(z) zdxdt, n € No. (3.10)
0

22n+1 m

On the other hand, calling relation (1.20), we deduce from (3.1) and (3.10)

i o2n 4+ 1Y) 2%+ /OOiTB 1—ar dr
ok )2k+1 J, 1\ 2 ) sinhnr

k=0

:_Z<2”+1)// Ky(x)e pp(e) wdrdt
2n + 3)

:—%/0 /ooonx)e-xan(a:)dxdt:<—1>n<2<n+1>>! (2270 C(w—

or

i 22k /°° B 1—ir dr
£ (2k+1)!2(n — k) + 1)! Jo #H\ 2 ) sinhar

= (-1)"(n+1) (2—272tD) % (3.11)

Hence, recalling (3.6), the integral in (3.11) can be rewritten as follows

k

o 1—ir 2k +1
22k i B k m+1 22m—1 ~ 1B -
/0 Eiatas ( 2 > sinh 77 Z 2m ( ) ?

=0

o0 _9(k—m+1) dr _ i (220=m) — 2) (220"F2) — 2) By
X —_— = (2k+1)! D™ (m +1) “
/ ' 2=

sinh 71

¢(2m + 3)
(2m)2m+3
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Substituting the right-hand side of the latter equality in (3.11), we find the identity

n k

(—1)"(n+1) (2-27200) fj;if Z ZO T )1!)
2(k—m) __ _ 9—2(m+1) ke - 1 —2(m+1
C(2m+3) [ (2°% — 2) By,
XW (RZ:O (2k)!(2(n—m—k)+1)!> ' (3:12)

It would be a great achievement to have here a finite recurrence relation for zeta- values
at odd integers. However, unfortunately, this is not the case. In fact, (3.12) yields for all
n>1

n—1 n—m 2k
¢(2m + 3) 2 — 2) By,
_1 m+1 1 2 - 272(m+1) § _
Z( )" m o+ 1) ( Copmas (2K)!(2(n —m — k) + 1)! 0

m=0 k=0
(3.13)

Theorem 4. For all n € N the following identity holds for Bernoulli numbers

~ (2n+1
S (" i (2271 — 1) By, = 0. (3.14)
2k
k=0

Proof. In fact, recalling (2.3), we see that (3.14) is equivalent to the equality

" on+1
Z( o )22k32k:2n+1,

k=0

2n+1
2 1
Z ( nk:i- )zk—Qn—lBk =0.

k=0

which yields

But this is true, because the left-hand side is equal (see (2.4), (2.8)) to Ba,+1(1/2) = 0. O

Theorem 4 says that all coefficients in front of zeta-values ((2m+3) in (3.14) are equal
to zero. Hence such kind of equalities can be a source to obtain possibly new identities
for Bernoulli numbers.

Finally, we will get an integral representation of zeta-values at positive numbers, which
is a direct consequence of the formulas (1.3), (1.25), (1.26). Precisely, it has
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Theorem 5. Let o > 1, [a] be its mteger part and {a} be its fractional part. Then

the following identities take place, when [a] is even or odd, respectively,

90 _ 1 d
et D)@ aw/ / T K () € " ppayja(a );

204_1 00 o) d.ﬁ(}
“ ' — (1 <[a11>/2/ / WK () e |
@met L@l@) =(=1) T e @) e ey ()2
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