09 Power Series of Riemann Zeta etc by Real & Imaginary Parts

Abstract
In this chapter, the real parts and the imaginary parts of the Dirichlet eta function, Dirichlet beta function,

Riemann zeta function and hlomorphized zeta function are expanded into power series, respectively.

Preliminaries

For the purpose, Theorem 14.1.2 in " [14 Taylor Expansion by Real Part & Imaginary Part I' (Alacarte) is

used. If reprinted, it is as follows.

Theorem 14.1.2 ( Reprint)

Suppose that a complex function f(Z) (Z =X+i y) is expanded around a real number @ into a Taylor

series with real coefficients as follows.
S
& /—a
f(Z) — Z f(s)(a) Q
s=0 S !

Then, when the real and imaginary parts are fr( x,y) , fi(x,y) respectively, the following expressions hold.

Sy -2)s (-1D)'v&'
f(x,y) = ;0 gof(zws)(a) x-a)° -D"y

st @r)!
e —a)S /_1\l,,2r+1
fi (x,y) — r;o sg()]c(2r+s+1) (a) (XS !a) ((21?4-;/-)!

Where, Oo: 1.

Treatment of 0° in Mathematica
In this paper, formula manipulation soft Mathematica is used for drawing and calculation. The following options
are specified prior to calculation .
Unprotect [Power]; Power[0,0]=1;


http://fractional-calculus.com/taylor_expansion_real_imaginary_part.pdf

9.1 Maclaurin series of 77(2)

Dirichlet eta function 77(2) is defined on the half plane Re (Z) >0 as follows.
e 1 1 1 1
— t-1_-zlogt —
Z = _1 e = — - + - +- .. 1.0
n@ = %D T (1.0)

This function can be expanded into Maclaurin series as follows.

Formula 9.1.1
When the Dirichlet eta function is 77(2) ( Z=X+1y ) , the following expressions hold on the half plane

Re(@) >0
n@) = Z Z(—l) log (t+1)( 1)_528 (1.2)

o e w “DSxS (-1 2r
Re(7@) = 3 3 3 (-D'log?(1+1) < ?! X ((22));

r=0 s=0 t=0
) e t prsest (—1)SXS ( )r 2r+1
I{n@} =-X X XD log™ T (t+1) = @r+)!

Where, 00: 1

Proof

According to Formula 26.3.2h in "|26 Higher and Super Calculus of Zeta Function etc|" (Higher Calculus &
Super Calculus), when Re (Z) >0, the higher order derivative of 77(2) was as follows.

-S

)y = 2 s t1log°t —
= ———+(-1 1 =0,1,2, -
@ 1—(1_8) )Z() " s=0,1,2,
Changing the initial value of t from 2 to 1,
-s s
gy — 2L - log®(t+1) _
2) = ———< (-1 D= s=0,1,2, -
1@ = oy FEDT R O
If the possibility of S being a non-integer is not considered,
778 - ( )O |095(0+1) _ 1 for s=0 ( 00:1)
I(1-s) (0+1)? 0 for s=1,2,3,-
So, we can change the initial value of T from 1t O,
+
(S)(Z) -D° 2 ¢Dlog™(t+1) s=0,1,2, where, 0°= 1
t=0 (t+1)*
Substituting Z =0 for this,
7)) = DX EDogs(t+1)  §=0,1,2, - where, 0°= 1 (1)
t=0

Therefore, the Maclaurin series of 77( Z ) is

n@) = Z Z( 1)'log (t+1)( DSZS (1.2)
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Next, from ,
720 = (-1 X (-D'log 2 (1+1) rs=0,1,2, -
t=0

77(2I’+S+1)(O) — (_l)s+1 i(—l)tlog 2]’+S+1(t+1) r’SZO’ l’ 2’
t=0

Applying to these,
DX Dy

— SRS t 2r+s
Re{n@)} = ZO EO t:20(—1) log =™ (t+1) o1 2N (1.1)
_ IR r+s+ (_1)SXS (_1)ry2r+1 )
Im{n@} = - pry szo tgo(_l)tlogz H(t+1) s! Q@r+D1 (-

Both sides of (1.r) and (1.i) are drawn as follows. The left is the real part and the right is the imaginary part.

In both figures, orange is the left side and blue is the right side. The line of convergence is seen at X =0.
K Im{n{x+iy) [l a:ix, ¥, 40}

K Re{nix+iy)) © n{x.y,40)

Since these series converge very slowly, the overlapping state of both sides is not so good. In fact, the

function values of (1.r) and (1.i) at point (3, 5) are calculated as follows.
N[{Im[7n[3+a5]], ni[3, 5, 59]}]

N[{Re[n[3+25]], n:[3, 5, 40]}]
{-0.00976753, -0.00976591 }

[1.13283, 1.13283}

Acceleration form of Formula 9.1.1 (coefficients only)
So we try to accelerate the convergence of (1.r) and (1.i) . Acceleration of the entire triple series is the usual

way, but here, only the coefficient part with the slowest convergence is accelerated by Euler Transform. It is as
follows. In addition, see "[10 Convergence Acceleration & Summation Method|'(A la carte ) for Euler transform.

1@ =515 35 (4] () | B

— = D! NS S 1\ y2r
Re{n@} = X X { > (IE) ) |ogzr+s(t+1)} ¢ ?! X ((2;;

2k+l

o . Azt _INSyS f£_1\l,,2r+1
Im{ 7@} { > (iz ) (2k—];_)1|0g2r+s+1(t+l)} ( i)' X ((21?+)1)!

I
|
g
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Both sides of Re and Im are drawn as follows.

Unprotect[Power] ; Power[0, 0] = 1; Cm[nn , = ] := Binomial[n, r]

m m m k {_1)1'- (=115 x5 (_11‘|ry2r
nelx v, m] = [ZZCm[k, t] {Log[t+11:“+5]

r=05=0 \k=01t=0 2+l st (2r)!

m m m k {_1]t {_1)sxs (_1)ry2r+1

nilx v, m] = - >3 e[k, 1] {Log[t+1n“+s+l]

T=05=0 \k=0t=0 2%l st (2r+1)!

K Re{nix+iy)) @ nelx,y, 20} K Imindx+ @ y)) B nidx, y, 20}

=5

The left is the real part and the right is the imaginary part. In both figures, orange is the left side and blue is the
right side. Both sides overlap exactly and look like spots. Further, we can see that the convergence area is
analytically continued from the half plane to the entire plane.



9.2 Maclaurin series of ﬂ(z)
Dirichlet beta function (Z) is a kind of Dirichlet L-function and is defined on the half plane Re (Z) >0

as follows.
5 (D! 1 1 1
=) — < =] - — 4+ — = — +— - )
O =2, Qt+1)* ¥ 57 @0

This function can be expanded into Maclaurin series as follows.

Formula 9.2.1
When the Dirichlet beta function is ,B(Z) ( Z=X+1y ) , the following expressions hold on the half plane

Re(@) >0

pQ@) = io tg.;(—l)‘logs(2t+l)%!szs (2.2)
0 0 o s S 1 r.,2r

Re{ @)} = ;O Sgo tgo(—l)tloger'S(Z'Hl) S! ((22)! @.1)
o o o . -1 SyS _1 r., 2r+l

mlp@) =3 3 Setoo™ M2 S B e

Where, 00: 1

Proof
According to Formula 26.4.2h in "[26 Higher and Super Calculus of Zeta Function etc|" (Higher Calculus &

Super Calculus), when Re (Z) >0, the higher order derivative of ﬂ(Z) was as follows.
S
w1 log” (2t-1)

p2) = +(- 1)‘52( D 5=0,1,2, -
111 s) (2t-1)*
Changing the initial value of t from 2 to 1,
log® (2t+1
ﬂ(s)(z) — +( 1)-82( 1)M 3:011’2,...
111 s) (2t+1)?
If the possibility of S being a non-integer is not considered,
77 D)° log®(0+1) _ 1 for s=0 (- 0%°=1)
I (1-s) (0+1)* O for s=1,2,3,
So, we can change the initial value of t from 1 to O,
o log® (2t+1
B(2) =D (-1)‘M $=0,1,2,~  where, 0°=1
t=0 (2t+1)*
Substituting Z =0 for this,
B0 = (-1 (-Dllog® (2t+1)  $=0,1,2,~  where, 0°= 1 2.5)
t=0

Therefore, the Maclaurin series of ﬂ( Z ) is

s =% g(—l)tlogS(Ztﬂ)%:zs 22
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Next, from,

ﬂ(2r+5)(0) — (_1)—5 i (_1)'[|0g 2r+s (2t+1) r,s 20’1,21

t=0
AV = ()Y (Dog X (2t41)  r$=0,1,2, -
t=0
Applying [Theorem 14.1.2]to these,
2r
— QN D 1zt 2r+s (_1)SXS (_1)ry
Re{f@} = X X ;0( D'log~™(2t+1) <1 an! (21)

r=0 s=0
o o o _1)sXS (_1)ry2r+1
_ _ t 2r+s+1 2 +1 ( |
2 X (Dilog (2t+1) = GreD)] (2.)

r=0 -

Im{ 8@}

Both sides of (2.r) and (2.i) are drawn as follows. The left is the real part and the right is the imaginary part.

In both figures, orange is the left side and blue is the right side. The line of convergence is seen at X=0.

K Re{B{x+1y)) H B(x. y 40) K Imig{x+iy) E §ix, v, 40}

Since these series converge very slowly, the overlapping state of both sides is not so good. In fact, the

function values of (2.r) and (2.i) at point (3,5) are calculated as follows.
N[{Re[B[3+15]], B-[3, 5, 51]}] N[{Im[B[3+a5]], Bi[3, 5, 44]}]
{ 0.9748363 , 0.974837 } { -0.03407 , -0.034072}

Acceleration form of Formula 9.2.1 (coefficients only)
So we try to accelerate the convergence of (2.r) and (2.i) . Acceleration of the entire triple series is the usual

way, but here, only the coefficient part with the slowest convergence is accelerated by Euler Transform. It is as

follows.

p@) = 2{ 53 (K

_1y't _1\S S
) B og* (2t | B

g I . -Dt D% (-1 v
Rel f(@)} = { D (|: ) (ZT{)llogzm(ZHl)} ( ?I X ((22)3;

]

|
(NgE
g

Im{,B(z)} 3 { 3 i (k) (_1)t|ogzr+5+l(2t+1)} (—1)5)(5 (_1)ry2r+1

s! QCr+!

2k+l



Both sides of Re and Im are drawn as follows. The left is the real part and the right is the imaginary part.
In both figures, orange is the left side and blue is the right side. Both sides overlap exactly and look like spots.

Further, we can see that the convergence area is analytically continued from the half plane to the entire plane.

K Re(Bix+ iy @ B{x,y 20) K Im{B(x+iy)) @ 8ix,y, 20}




9.3 Laurent series of 4(2)

Riemann zeta function é’(Z) is defined on the half plane Re (Z) >0 by the following called P — series.
& 1 1 1 1

@ = Nezloot = — 4+ — 4+ — 4+ — 4+ .. (3.0)
=1 12 1 3z 4?2

This function can be expanded into Laurent series around 1 as follows.

Formula 9.3.1
When the Riemann zeta functionis {(z) ( Z=X+iy ) and Stieltjes constansts are 5 $=0,1,2,,

the following expressions hold on the whole complex plane except Z =1 .

S D@D’

1
c@ = ) o1 (3.2)
x-1 2 & CD-D)° Dy*
= 4+ + .
Re{{@} D1y? 2 X Pores = DY @
_ y R CD-1)° DTy .
Im{é/(z)} - (X_1)2+y2 r s=072r+s+1 S ! (2r+1) ! (3|)
Where, 002 1
Proof
It is known that the following expression holds on the complex plane except Z =1.
1 c -D@E-1)°
c@ = 1t ;O 2 ( )s(' ) 3.2)

Separating the first term into the real and imaginary parts and applying |Theorem 14.1.2|to the second term,
we obtain the desired expressions.

Both sides of (3.r) and (3.i) are drawn as follows. The left is the real part and the right is the imaginary part.

In both figures, orange is the left side and blue is the right side. Both sides overlap exactly and look like spots.

Further, we can see that the convergence area is analytically continued from Re (Z) >1 to the whole plane.

K Re{Z{x+iy)) H &rix, y, 15) K midix+iyn @ {ix. ¥ 15




9.4 Taylor series of (z-1)¢(2)

As seen injthe previous section} Riemann zeta function ((Z) has a singular point at Z =1 . Therefore,

let us make a function (z-1) ((Z) by multiplying this by (Z—1) . Then, the function is holomorphic on

the whole complex plane. This holomophized function can be expanded into Taylo series around 1 as follows.

Formula 9.4.1
When the Riemann zeta function is é’(Z) ( Z=X+iy ) and Stieltjes constansts are %, $=0,1,2, -,

the following expressions hold on the whole complex plane.

o -1D)°@Z-D°
Z- zZ) = - S)s-1 (4.2)
D@ =1 - s T2ED
c D (x-1)°
Rel @ DX@) = 1- Es57 2 GD
S CD'&-D° D'y
- ] S;()(Zr-i-s)7/2|’-+-S—]_ S ! (Zr)! (4r)
0 00 (_1)S(X_1)S (_1)ry2l’+1
-1 = 2r+s+1 + i
IM{@-DS@} = X 3 (2rts+1)jons =y riDi (@)
Where, 00= 1
Proof
It is known that the following expression holds on the complex plane except Z =1.
1 @ -1)°@-1)°
c@ = PR ;075 GO NG, (3.2)

sl

From this,

D@ =1~ $op, EEED

Here, let f(Z) be

o _1 S Z_l S
(@ = @@ =1 - s 2 g
Then,
1 s=0
)1y =
f ( ) _(_1)8575_1 S:l, 2’3’
From this,
(2r+s) 1 - _ _1 S 2 + . {r:1,2,3,
f ( ) ( ) ( r S)72r s-1 8:0,1,2,
f(2r+s+1)(1) = —(_1)S+1(2r+s+1)72r+s { =Lz
S=O, 1’2’

Applying | Theorem 14.1.2 |to these,



© _1 S _1 S
W) = 1- Sspa 20D

) -1 (-1 v2'
r=1 sgo(_l)s(zr+s)72r+s—1 (XS !1) ((;2)>;

o . -D° (-1 2r+1
fix,y) = - rgo sgo(—l)s 1(2r+s+1)72r+s (XS I ) ((;?_,_;/_)!

Rewriting f.(X,y), fi(x,y) in Re{(z-1)Az)},Im{(z2-1)&(z)} respectively, we obtain

00

the desired expressions.

Both sides of|(4.r) and (4.i)] are drawn as follows. The left is the real part and the right is the imaginary part.
In both figures, orange is the left side and blue is the right side. Both sides overlap exactly and look like spots.

Further, it is also clear that these hold on the whole complex plane.

D Refix+iy=-1)7{x+iy) K fix. v, 30) B Im{(x+iy-1(x+iy) K fix, vy, 30)
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