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We deal with the series
— (5)"! f((an —b)x)

R+
(an —b)? R

n=1

and express it as a power series in terms of Riemann’s ¢ or Catalan’s B function or Dirichlet functions n
and A. Also, closed form cases as well as those when it is necessary to take limit have been thoroughly
analyzed. Some applications such as convergence acceleration are considered too.

Keywords: Riemann’s ¢ and Catalan’s 8 function; Dirichlet  and A functions
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1. Introduction and preliminaries

There have been many particular cases (see, for example, [2] and [7]) of the trigonometric series
of the type

o0

3 ()" f((an — b)x)
(an — b)*

, aeRt, (D

n=1
where s is 1 or —1, f =sinor f = cos and a = {}}b = {{}. We first derive a general formula
for finding the sum of Equation (1), meaning that we consider « to be a positive real parameter
with the exclusion of positive integers. Afterwards we regard « as a positive integer, whereupon
there appears a necessity to distinguish between the cases when infinite series (1) reduces to a
finite sum, and those when limiting value must be taken. Apart from all known particular cases,
the general formula yields new ones. We start with the following

LEMMA 1 Series (1) is uniformly convergent for a > 0. Convergence regions are given in
Table 1, where ¢ is Riemann’s zeta function £ (z) = Y o, k%, n and A are Dirichlet functions
1) = Yo (=D = (1= 21792 (2), Mz) = Y3202k + 1) 75 = (1 = 279)¢(2), and B is
Catalan’s beta function B(z) = Z,fio(—l)k 2k +1)~=.
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Table 1. Parameters and convergence region

a b s c F f 8 r o€ Convergence region
1 0 1 1 ¢ sin 1 2m — 1 RT\ 2N 0<x<2m
cos 0 2m RT\2N -1
-1 0 n sin 1 2m — 1 R*\ 2N —T<x<Tmw
cos 0 2m RT\2N -1
21 1 12 A sin 1 2m—1 R* \ 2N O<x<m
cos 0 2m RT\2N -1
—1 0 B sin 1 2m RT\2N -1 —n/2<x<m/2
cos 0 2m — 1 R\ 2N

Remark 1 We note that ¢, n, A are analytic in the whole complex plane except for z = 1, where
they have a pole, whereas Catalan’s beta function B(z) = Z,fio(—l)k (2k 4+ 1)~% satisfies the
functional equation B(z) = (7r/2)*"'T"(1 — z) cos(z/2) B(1 — z) extending the beta function to
the left side of the complex plane Rez < 1.

Proof We shall make use of Dirichlet’s test saying that (see [3]) the series Z:o:o a, (x)b,(x) is
uniformly convergent in D, if the partial sums of Y- a,(x) are uniformly bounded in D, and
the sequence b, (x), being monotonic for every fixed x, uniformly converges to 0.

Let us suppose first thata = 1, b = 0. If s = 1, then there holds

. 1 1
;f(kx)'fmfa

for 0 < x < 2m, because sin(x/2) > sine > 0 for each & > 0 satisfying ¢ <x/2 <m —¢,
meaning that the partial sums are uniformly bounded with respect to x € (0, 2r). Similarly,
if s = —1, we would have

1

<— <
~ cos(x/2) ~ sine

D (=D f k)

k=1

for —m < x < m,becausecos(x/2) > sine > Qforeache > Osatisfying —(7/2) + ¢ < (x/2) <
(r/2) — . Here the partial sums are uniformly bounded with respect to x € (—m, 7).
We now suppose a = 2,b = 1. If s = 1, then
1 1
<
sinx ~ sine

> F(@k = Dx)

k=1

=<

for 0 < x < m, because sinx > sine > 0 for each ¢ > 0 satisfying ¢ < x < m — ¢. The partial
sums are uniformly bounded with respect to x € (0, 7). Finally if s = —1, then

1 1
E_

= :
cosx ~ sing

D (=D Rk =)

k=1

for —(7/2) < x < (7w/2), because cosx > sine > 0 for each ¢ > 0 satisfying —(7/2) + ¢ <
x < (w/2) — ¢, and the partial sums are uniformly bounded with respect to x € (—(r/2), (7/2)).
Since in each of the particular cases the sequence 1/(an — b)“ tends to O for ¢ > 0, by virtue of
Dirichlet’s test all the series in question uniformly converge, whereby the proof is complete. W
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2. The general formula

THEOREM 1  For the values of o and the other relevant parameters from Table 1, there holds

o )" f(an—b)x) _ cmx®” E(—DFF (@ = 2k = 8) s
; (an — b)® 2F(a)f(na/2) ZO okt~ @

Proof We make use of the polylogarithm Li,(z) defined by the series (see [4]), and with the
following integral representation

n

Li. 2 i z 1 /OO 1o 0
1o = — = )
¢ e T@)y e/z—1

n=1

where the right-hand side integral converges for z € C\ {z | z € R, z > 1}, and it is referred to
as Bose’s integral. So for @ > 0, we have

Zosinnx i e=e —e ) ix ix
; = ; pr E(Ll(e ) — Lig(e™)),
3)
i —= li—ew e L e ™) L)
Z =3 Z e =3 1, (e 14 (€
and
o0 _ n—1 .:
> E I L (L)~ Lig(—e ).
n=1
)
> )" 1cosn)c | _ . ;
Z = =5 (Lia(=e™) + Lia(=e™)).
Also, we have
i 51n(2n - l)x _ L ( 71X) _ iL ( 721)6) _ L ( iX) _ iL ( ZiX)
£ Qn -1y _2 lol® lal® laf€) T e ele ’
(%)
~cosQn—Dx 1/ 1 iy _ L o
Z Gl "3 <<Lla(e ) — z—aLla(e )) + (Lla(e ) — 2—aL1a(e )))
n=1
and
> (=D"'sin@n—Dx 1, . . L o .
- = - (L1,X(—ze”f) — Li,(—ie™*) — Liy(ie"*) + Li,(ie ”‘)) ,
; 2n—1) 4 ©

- qyn—1 _ ;
Z( D™ cos@n = Dx _ i (Lig(=ie™) + Lig(—ie ™) — Lig (ie') — Liy(ie ™)) .

(2n — 1)« T4

Here, we note that in order to obtain the right-hand sides of Equation (4) and (6), we have taken
advantage of the representation (—1)" = cos nz, and then, by means of elementary trigonometric
identities, we split up the product into the sum of two trigonometric functions.
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We shall now consider the Mellin transform of the polylogarithm in the form of Bose’s integral.
The Mellin transform of a function f and the inverse transform of a function ¢ are (see [6])

e} 1 c+ioo
M(f(x) = / @l M ) = o / M o(u)du.
0 Tl Je—ico

This integral transform is closely connected to the theory of Dirichlet series and is often used in
number theory and the theory of asymptotic expansions. Also, it is closely related to the Laplace
and Fourier transform as well as to the theory of the gamma function and allied special functions.
So we find

00 gu— 1 u—1
: —Xx _ u—1 X _
M(Liy(pe™)) = /0 Liy(pe™)dx = F(a) / / ey 1dtd)c.
The change of variables x = ab, t = a(1 — b) allows the integrals to be separated
1 1 00 aa+u—l
MLia(pe™) = s [ 6771 =0 b [ S —da = Pl (p). - )
(@) Jo o e/p—1

For p = 1, because Liy+, (1) = ¢(a + u), through the inverse Mellin transform, we have

1 c+ioo
Li,(e™) = %/ A C'(w)e(a + u)x"du,
cC—100

where c is a constant to the right of the poles of the integrand. The path of integration may
be converted into a closed contour, and the poles of the integrand are those of I'(u) at u =
0,—1,-2,..., and of { (o + u) at u = 1 — . Summing the residues yields a representation of
the polylogarithm as a power series

Lia(eﬂ)=(—M)w*1r(1—a)+2§(ak—|_k)uk, ul <27, a#1,2,3,... (8)
k=0 !

about u = 0. Further, following Equation (3), we have

[ e e _ o {(@—2k—1) 241

2(L10,(e ®y — Lig (")) = 2(M (=" ) —a) — l; 2k + 1)! ’

1 1 o~ £lo = 2K) Y
. R a— a— fla—

5 Lio@) +Liy(@™) = ()" 4+ P ) + 30 S

k=l

where we replace u with ix, 0 < x < 2. For a positive real non-integer «, the gamma function
is finite, and so in view of

(&) ! = eRi@DT/2 — cog %(a — 1)+ isin %(a — 1), (10)
we calculate
T G T L. Py ) | PR
2 M H = 2l () sinra = 2T () sin(n/2)a’
a—1 a—1

L TQ ) g U L S
2 TH H ¥ = M@snna " T M (@) cos(n/2)a
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which, in conjunction with Equation (9) gives the sums of the series in Equation (3), i.e.

o sinnx wx! o (=Df @ —2k—1)
; n* 2T (o) sin(r/2) kz 2k + 1)! * ’
icosnx B x®! i (—D*¢ (o — 2Kk) 2

n% _2F(a)cos(n/2)o: (2k)!

1 =0

3
I

We now consider Equation (4). Because of Equation (7), we find M (Liy(—e ™)) =
—I'(u)n(e + u), since Liyy,(—1) = —n(o + u). Through the inverse Mellin transform and
conversion of path of integration into a closed contour, after summing the residues at u =
0,—1,-2,...and u = 1 — « (which is 0), we have

o n(a — k)
Lia(—e“)z—ZnTMk, Il <27, a#£1,2,3,...,

whence we find

ne—2k—1) 5,
2k + 1!

k]

i . >
5 Lia(—e™) = Lia(=¢") = ;
- (11)

[ee]

1. . : _ n(e — 2k) 2
—— et —_eo )y —
5 (Lia (=€) + Lia (=e™)) —kE ENCTSTRREE

and for u = ix (—7w < x < ), we obtain the sums of the series in Equation (4), i.e.

i (=1)"'sinnx i (D@ =2k =1 54

nl ne k)

oo
- 1cos D¥n(a — 2k
Z( ) HX_Z( ) n( )x2k.
= (2k)!
As regards Equation (5), judging by its structure, we have to repeat the procedure as that for
obtaining Equation (8), i.e. once for Li, (e**) (|| < 27), and once again for Li, (e*?*) (|| < ),
so that we have

i '—u_i'—ZxL_-u_i-zu
2<<Lla(e ) 2aLla(e )) (Lla(e) 2aLla(e )))

_L -l —o) — Ma=2k= 1 o
= ;W = whra —e) zZ o o P
l((Li (™) — LR (e2“)> + (Li (e") — LN (e2“)>>
2 o Za o o 2a o
| . Mo — 2k)
= W+ () 1)F<1—a>+2(2—k)! ooqul<m, @ # 1,23,

12)
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where we have taken into account A(z) = (1 —27%)¢(z). Thus, for u =ix (0 < x <), we
obtain the sums of the series in Equation (5), i.e.

o~ sin(2n — Dx mxe! 2\ (= Dfa(a — 2k — 1) 2wt
; 2n — 1)~ 4F(a) sin(w/2)«a + g 2k + 1)! *
i cos(2n — x mxe! i (—DfA(a — 2k) o

~ (Qn—1)®  4T(a)cos(r/Qa (2k)! g

Finally, in the case of Equation (6), we first calculate Liq, (£i) = 2@ (o 4+ u) £ if(a +
u) and find M (Li, (£ie ™)) = I'(u) (2’(““)77(0( +u)tif(a+ u)). Applying again the inverse
Mellin transform and converting the path of integration into closed contour, we evaluate the
residues at u =0, —1, -2, ... and u = 1 — « (which is 0), so that after their summation, a
rearrangement and simplification, we obtain

%(Lla( ie") — Lig(—ie™") — Liy(ie") 4 Lig(ie ™)) = %%ﬂ“,

- (13)
i e B _ o Bla —2k) 4
4(L1D[( ie") + Lig(—ie ™) — Lig(ie") — Lig(ie ™)) = 2ol U —"

where |[u| < 7/2, a0 #1,2,3,....Foru =ix(—m/2 < x < w/2), we find the sums of the series
in Equation (6), i.e.

i (=" 'sin@n — Dx i (=D*B(a — 2k — D 241

— Qn — 1) 2k + 1)! ’

k=0
o (—D"Tcos@n — Dx o~ (=D*Bla —2k) 5,
2:: Qn — e - kzzo: Qo

Gathering all these results, we conclude that Equation (2) holds. ]

3. Closed form cases

We shall express now, for certain values of parameters, series (1) as polynomials, saying then that
we have brought the infinite series in closed form.

THEOREM 2  For the values of v and the other relevant parameters from Table 1, there holds

[r/2]

i ()" flan —b)x) (=D egx!

— (an — b)" 2(r — D! P

(=D¥F(r =2k = 98) 2wt (14
2k + 8)!

Proof Firstof all, by setting z = 2n + 1 in the functional equation for the Riemann zeta function
(see [1])
20@()  zw
——————co8s —,

(2m)? 2
we find ¢ (—2n) = 0, n € N. Taking into account the relations of the Riemann zeta functions to
Dirichlet functions 1 and A (see Lemma 1), we easily notice that they also vanish at even negative

t(1—-2)=
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integers. Moreover, A(0) = 0. It is the other way round with the Catalan function 8, i.e. it vanishes
at odd negative integers. In order to prove this, we need the Hurwitz zeta function ¢ (z, @) initially
defined for 0 > 1 (z = o + it) by the series

+00 1

§(z,a) = ot
;(k+a)v

where a is a fixed real number, 0 < a < 1. The function B(z) can now be represented as follows

400 k
_ =T Iy 3
p0= L=+ (e (23) ¢ (+3)):
whence we have

B(—(2n — 1)) = 42! (; (—(Zn -1, %) .y (—(Zn -1, 2)) , neNl.

Considering that for a non-negative integer n, there holds (see [1]) { (—n, a) = —B,+1(a)/(n + 1),
where B, (x) are Bernoulli polynomials defined by relations

te! +00 "
=2 B B =1,
n=0 '

we first replace x with 1 — x, and have

e(1 —x)t ( t)e( t)x +0o

ZB(I—X)—: — =0 —ZB()( l)ntn

n=0

whence we obtain B, (1 — x) = (—1)" B, (x) implying B, (3/4) = B,(1/4), so that we calculate

Bu(1/4) an(3/4)> o

_pA2n—1{( _
B(—(2n — 1) = 4 ( - >

It is known that for r € N, the value ['(1 — r) of the gamma function becomes infinite, and
we cannot place « = r immediately in Equation (9). In order to get a finite value we take, on the
right-hand side sum in Equation (9), the first m — 1 terms if » = 2m — 1, and the first m terms if
r = 2m. Then we take limits

. m—1
H l_ a—1 _  ,a—1 _ _ C(Oé —2k—1) 2k+1
PR (2 (W — Tl ) ’g ek+1nr " )

log(— 1 2 2k —2
_log(=p) —logp u2m2 Z §@m — )M2k+1’
22m —2)! 2k + 1)!

1 . . " (o — 2k)
lim (5 (=) "+ I)F(l_“HEW“%)

_log(—u) log u 2m1 Zg(zm 2k) 2k
22m — 1)! (2k)! '
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By virtue of {(—2n) = 0 (n € N), the remainders of the series in Equation (9) vanish, so placing
n=1ix,0 < x < 2m, we obtain

i sinnx (=" a2 (= DRE@m = 2k —2) o,
= X s
— n2m=1 2(2m — 2)! = 2k + 1!
- B (15)
— 1) x2m—1 " (=D*e2m — 2k
Zcosnx _ (—D)"mx (=D*¢c(2m )x2k (m €N,
- n2m 22m — 1)! = (2k)!

which is formula (14) fors = lL,a = 1,b=0,c =1, F = ¢, f = {3}, r = {21}
When dealing with Equation (11), we do not have a problem with the singularity of the gamma
function any more, so that we may replace there @ with » € N, and considering that n(—2n) = 0

(n € N), we obtain

i (=" 'sinnx _ ”il (=D*n(2m — 2k — 2) s

— n2m—1 — 2k + 1)! ’

"= - 16
(=D eosnx e (=D n@m —2k) 4, (1o
n=1 k=0

which is formula (14) for the choice of parameters s = —1,a =1,b=0,c=0,F =1n, f =
sin 2m—1
{cos} = 2m

In the case of Equation (12), there appears again the singularity of I'(1 — r) atr € N, so quite
similarly as above we take limits, and after placing © = ix, 0 < x < mw, because A(—2n) =0
(n € N), we obtain

m—1

i sin2n — Dx  (— 1y~ lgx2n-2 5 (—DFA@m — 2k —2) 5.,
Qn—1)1 . 42m—2)! Ck + 1)! o

n=1

. A7)

X cos(n — Dx (=1 a2 (—D*A(2m — 2k)
2. Cn—12 ~  42m — 1)! 2 (2k)!

x* (m e N),
=1

which is formula (14) for the choice of s =1,a=2,b=1,c=1/2, F=A, f = {;:)‘;} r=
2m—1
{ 2m }
Finally, in Equation (13), similarly as for Equation (11), we do not have to deal with the
singularity of the gamma function and replacing « with r € N, considering that 8(—2n + 1) =0
(n € N), we obtain

S

i (=)' 'sin(2n — Dx _ i (=1*B@2m — 2k — 1)x2k+1

= (2n — 1)z = 2k + 1! ’

N 1 o . (18)

Z (=1)""eos@n —Dx _ §~ (=DB@m — 2k) 2 (m e N)

— 1y2m—1 ’

— -1 —~ 2!
which is formula (14) for the choice of parameters s = —1,a =2,b=1,c=0,F =8, f =
(b = | 231'1 .}, wherby we complete the proof. u

We note that because of A(0) = 0 the upper bounds in Equation (17) are actually m — 2 and
m — 1 and m — 1 for the first sum in Equation (18) since 8(—1) = 0, but purely for the sake of
fitting them into a general formula (14), we retain m — 1 and m in Equation (17), and m for the
first sum in Equation (18), without formally changing values.
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3.1. Some applications

Now we are going to present significant and important applications of our closed form
formula (14).

3.1.1. Integral transforms

Applying some of the integral transforms, one can obtain various series in closed form. For
instance, if we take f = cos, § = 0 in Equation (14), then apply the Laplace transform, we have

S o mer RenEe-2
;(an—b)r(p2+(an_b)2) =1 2p” +; p 2t .

Further, if we sets = 1,a = 1,b = 0, then F = ¢, ¢ = 1 must be taken, and we obtain

o0 [r/2]
p /21 (=1)'¢(r —2i)
e e T D e 19)

Now we apply the inverse Mellin transform to this series, knowing that (see [6, p. 166, 2.16 and
p. 167, 2.25])

(log(1/x))"!

1 e/l
. ( z ) cos(nlogx) x <1 . ( ) T x <1
72 +n? 0 x>1, g 0

x> 1,

coming to the sum of a trigonometric series

X, cos(nlogx)  (—=DI"x 1V e —20) 1\%
L 20— 1)! (k’g}) +Z 20)! (log?c)

n=1

=
A
—_

However, if we want to apply the Bessel instead of Mellin transform to series (19), we first refer
to (see [5, p. 36, 4.23 and p. 33, 4.6])

xv+1/2 av—;H—l yu—l/z
((a2 +x2)ﬂ> ST

Kv—p.-H (ay)

and

22 T((v/2) + (1/2) + (3/4))

B = YT ((0/2) = (1/2) + (1/4)

where K, is Hankel’s function. Thus we obtain the sum of one of the Schlémilch series

i Kipmy) — (=D"Play=CR1( - (r/2) n [rf:] (=D¢(r =20)T((1/2) = i) YA,

=12 = 2r+l/21"((r+1)/2) i122i+1/2

n=1 i=0
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3.1.2. Convergence acceleration

On the basis of Equation (14), the convergence acceleration of trigonometric series is obtained.
As an example, we consider the series

n .
T = Z g sinn. (20)

For each natural number M we prove, by the method of mathematical induction, that there holds

no_n 1 _l ! 1 n 1
n2+1 n2 14+A/n% n n?  n*
21
_i(—l)m-' G
- n2m—1 nZM—l(n2_|_1)'

m=1

Replacing Equation (21) in Equation (20), we have

M
1 esin (=DM sinnx
P S 3 G

(nz l)nZM 1’

where Tzsri,f_l denotes first of the closed form formulas (15), i.e.

oo . m— m— m—1
= Z 51;1 n)lc _ =D Lrx2m=2 n Z (—D*c@2m — 2k — 2)x2k+1_
— - 2(2m — 2)! 2k + 1)!
So, the greater M, the faster convergence of the remaining series, and accordingly we have the
faster convergence of the series 7. Here is shown how many terms of the remaining series ought
to be taken for the given M and accuracy ¢

€ 107! 102 1073 108
M=1 3 8 224 7072
M =3 2 2 6 16
M =10 1 2 2 3

4. Limiting values

THEOREM 3 For the values of o complementary to those in Table 1, there holds

= (s)m! —b = ~DfF(a—2k—6

A L JN S G v ) o

n=1 (an —b) k=[(a—1)/2]+1 (2k +9)!
where

a— [(@=1)/2] a—1)/2]—k
(=Dle=br2l . . (= D@=D21=k 2k 4+ 1) it
q)oz = — 1 @ a
()= Ty W@y Sloeox Ty PR

andifc =1,then F = ¢ orifc = 1/2, then F = A.
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Proof We have seen that if we let « tend to 2m — 1 and to 2m, respectively, in Equation (9), the
right-hand side sums truncate because the zeta function vanish at even negative integers, and as
limiting values, we obtain polynomials (see Equation (15)). However, if we let « tend to 2m and
to 2m — 1, respectively in Equation (9), we find

m—1
: l_ a—1 _ a—1 _ o C(Ol - 2k - 1) 2k+1
Jm (2 e L lg Qk+nr M
_ Clog(—p) +logp i N L@KHD
T 2m—1) <¢(2m) tv 2 ) l Z m — 2k — 1)!

: 1 a—1 a—1
 Jm (5 (=) +p I —a) +

- 1;(a—2k) 2k)

k=0 @

1 log(—p) +logu\ 5, = {2k +1) 2m—2k—2
2m —2)! @’(m )ty 2 H +;(2m—2k—2)!“ ’

where ¥ is the digamma function. Setting © = ix, 0 < x < 27, we obtain

2 sinnx (="t .
> = Gy (V@ Fy —logx)

n=1

m—1

n Z ()" *e 2k + 1) o2kl i (—=Dfe@m —2k—1) (2
k=m

3

2m — 2k — 1)! 2k + 1)!
(23)

>\ COS X (=1 -
Z 2=l — 2m —2)! (¥@2m—1)+y —logx) x

n=1

m—1 00
(=D ke Rk 4+ 1) 5 as (—fe@m —2k—1) ,,
+k2_1: Qm—2%k—2)1 +,§ 20! "

which is Equation (22) fors = 1,a =1,b=0,c=1,F =¢, f = {zg;} o= {2m 1} § = { }

In the case of Equation (12), bearing in mind A(z) = (1 — 27%)¢(z), and applying the same
procedure as above yields

i sin2n — Dx (="

_ 2m—1
G~ 2am 1y @y —logx) x

n=1

Z l)m 1- k)h(2k+1) x2m ok l+§: (—l)k)\(2m—2k— 1)x2k+1
m — 2k — 1)! P Qk + 1)!

’

k=

i cos2n—Dx (="'

—— = W @2m—1)+y —logx) x>"2
—~ 2n— 1)1 7 22m —2)!

m—1 m—1—
Z (=" 1=k p @2k 4+ 1) R2mk=2 i (=D*r@2m — 2k — 1) e
k=m

— (2m—2k-2)! (2k)! ’

which is Equation (22) fors = l,a =2,b=1,c=1/2, F = A, f = {“"} = { m }6:{1}.

Ccos
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Remark 2 We note that formulas (23) can be obtained by letting in Equation (2) « tend to 2m if
f =sinorto2m — 1if f = cos (m € N), since we encounter division by zero. Apart from this,
the left-hand side series are known as Clausen functions defined by (see [4])

>, sinnx >, cosnx
Cly,(x) = Z 2 Clyy_1(x) = Z an—_l, veN,
n=1 n=1

and, as a by-product, we have managed to express each of them as the sum of a polynomial and
a power series in terms of Riemann’s ¢ function, that is

= et e (CDTREQR )
0=, Zy WOy Zloen ™t 2 o Ty
o~ (=Dfc@v—2k—1) 4,
+k§ Qk+ 1)1 ovelh
Ly (x) = ﬁ(l//(%} D4y —logx) a2 4 vl ik 2k 4 1) e
2= 0y Z ) voos £ v — 2k~ )]
L (=DFe@u =2k —1)
+ ; 20! x*, veN.
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