INFORMATICA, 2020, Vol. 31, No. 4, 659-680 659
© 2020 Vilnius University
DOIL: https://doi.org/10.15388/20-INFOR434

Series with Binomial-Like Coefficients for
Evaluation and 3D Visualization of Zeta Functions

Igoris BELOVAS*, Martynas SABALIAUSKAS

Vilnius University, Institute of Data Science and Digital Technologies, Akademijos 4,
LT-04812 Vilnius, Lithuania
e-mail: igoris.belovas @mif.vu.lt

Received: June 2019; accepted: October 2020

Abstract. In this paper, we continue the study of efficient algorithms for the computation of zeta
functions on the complex plane, extending works of Coffey, SleZevitiené and Vepstas. We prove a
central limit theorem for the coefficients of the series with binomial-like coefficients used for evalu-
ation of the Riemann zeta function and establish the rate of convergence to the limiting distribution.
An asymptotic expression is derived for the coefficients of the series. We discuss the computational
complexity and numerical aspects of the implementation of the algorithm. In the last part of the pa-
per we present our results on 3D visualizations of zeta functions, based on series with binomial-like
coeflicients. 3D visualizations illustrate underlying structures of surfaces and 3D curves associated
with zeta functions.
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1. Introduction

Zeta functions are very important, playing a pivotal role in the analytic number theory.
Properties of zeta functions are essential in the distribution of primes. Prime numbers, in
turn, have a broad spectrum of applications, ranging from quantum mechanics to informa-
tion security (e.g. RSA and the Diffie—Hellman key exchange algorithms or elliptic-curve
cryptography). Investigating zeta functions numerically, one needs an algorithm enabling
to effectively compute numerous values over the complex plane, not only in the critical
strip or on the critical line.

In this paper, we continue the study of efficient algorithms for the computation of
zeta functions, extending works of Borwein (2000), Slezevi¢iene (2004), Vepstas (2008)
and Coffey (2009). These algorithms allow the computation of zeta functions over the
complex plane. The idea of the method comes from the alternating series convergence and
properties of Chebyshev polynomials. The algorithm is nearly optimal in the sense that
there is no sequence of n-term exponential polynomials that can converge to a zeta func-
tion very much faster than those of the algorithm (see, e.g. Theorem 3.1 in Borwein, 2000,
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Theorem 5 in SleZevi¢iené, 2004). The algorithm steps aside for the Riemann—Siegel for-
mula based algorithms (Arias de Reyna, 201 1) for computations concerning zeroes on the
critical line, where multiple low precision evaluations are required. However, it is more ef-
ficient than Euler—-Maclaurin based algorithms for arbitrary precision computations (note
that the Riemann—Siegel formula permits to approximate ¢ (o +it) in the critical strip for
large values of ¢ with a number of terms proportional to /7, while Euler-Maclaurin based
algorithms require a number of terms proportional to ¢, cf. Borwein et al., 2000; Borwein,
2000). Belovas obtained central (Belovas, 2019a) and local (Belovas, 2019b) limit the-
orems, which allowed to introduce an asymptotic approximation for coefficients of the
algorithm, providing a considerable speedup in calculations (Belovas and Sakalauskas,
2018).

In the present study, we develop a modification of a globally convergent series for the
Riemann zeta function and establish a limit theorem for coefficients of the modified series.
We specify the rate of convergence to the limiting distribution, identify the error term and
discuss computational complexity. The algorithm is applied to produce 3D visualizations,
illustrating underlying structures of surfaces and 3D curves associated with zeta functions.

The paper is organized as follows. The first part is the introduction. In the second part,
we introduce a modification of Lerch’s series. In the auxiliary third part, we establish
double ordinary and double semi-exponential generating functions for coefficients of the
modified series. The proof of the validity of the modification is presented in the fourth
section. In the fifth part of the research, we establish analytic expressions of coeflicients
of the series. In the sixth section, we establish a limit theorem for coefficients and specify
the rate of convergence to the limiting distribution. In the seventh section, we prove a
theorem for the error term of the series and consider the computational complexity of the
method. The numerical aspects of the technique are discussed in the eighth part of the
paper. The ninth section of the study is devoted to 3D visualizations of zeta functions and
the Riemann hypothesis.

Throughout this paper, we denote by @ (x) the cumulative distribution function of the
standard normal distribution, and by ®(x) we denote the corresponding tail distribution
D(x) = 1 — & (x). E(X) stands for the expected value of a random variable X. I'(s)
denotes the gamma function. C ,’j are the binomial coefficients. | x| and [x] stand for the
floor function and the ceiling functions respectively. A x B stands for the Cartesian product
of two sets A and B. All limits, unless specified, are taken as n — oo.

2. Series with Binomial-Like Coefficients

Let s = o + it be a complex variable. The Riemann zeta function is defined by

:(s)—fjl = H(l—i>_l
— ns ps ’

peP
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Table 1
Numbers a,; (3) form a triangular array.
0 1 2 3 4 5
0 1 0 0 0 0 0
1 3 1 0 0 0 0
2 7 4 1 0 0 0
3 15 11 5 1 0 0
4 31 26 16 6 1 0
5 63 57 42 22 7 1

for o > 1, and by analytic continuation elsewhere except for a simple pole at s = 1. Let
us consider a globally convergent series with binomial-like coefficients for the Riemann
zeta function.

Theorem 1. Fors # 1+ 2inm/log2, m € Z,

(s) L Z Cb* (1)
= ——— lim ————nk;
¢(s 1 —ol=s n_)ook:O (k + 1) dnk
here
Ank
Gnk = Zp7 )

Coefficients ani satisfy a class of triangular arrays and are defined by the following re-
current expression: forn, k € N,

Ank = An—1,k—1 + An—1.k> 3
where apo = 1, apk = 0ifn < k, and ano = 2a,—10 + 1 if n > 0 (cf. Table 1).

It is significant to note that though the partial difference equation (3) bears a close
resemblance to the partial difference equation of the binomial coefficients, coefficients
ank are not symmetric, because of different boundary conditions. Indeed, the coefficients
are decreasing by k for any fixed n. In order to investigate the underlying structure of these
numbers, we introduce the double ordinary and the double semi-exponential generating
functions (this aspect will be dealt in detail in Section 3).

The series (1) is a modification of the globally convergent series for the Riemann zeta
function, first given by Lerch (1897),

1 1 (—Dkck
é'(s) - 1 =21-s g on+l kX: k+1)° . (4)

n
=0

Borwein studied a similar series with binomial-like coefficients, rapidly convergent
and well-suited for high precision numerical calculations (Borwein, 2000; Belovas
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and Sakalauskas, 2018) introduced an improved version of his algorithm. Vepstas
(2008) and Coffey (2009) developed efficient algorithms for Hurwitz zeta function,
while SleZevi¢iené (2004) adapted Borwein’s result for Dirichlet L-functions. These al-
gorithms, using series with binomial-like coefficients, are nearly optimal in the sense that
there is no sequence of n-term exponential polynomials that can converge to the Riemann
zeta function on an interval much faster that those of the algorithms (cf. Theorem 3.1
in Borwein, 2000 and Theorem 5 in SleZevitiené, 2004). In present paper we extend the
study of this class of algorithms. We begin by examining the generating functions of the
coefficients of the series (1).

3. Generating Functions of the Coefficients of the Series

In this section we establish the double ordinary generating function
X 0 o n
G, y) =Y > amx"y* =" aux"y* )
n=0 k=0 n=0 k=0
and the double semi-exponential generating function
[l " . 0 n o .
FOoy) =3 ) au—y =3 % an"y (6)
n=0 k=0 n=0 k=0

for the coefficients (3). First we will prove an auxiliary lemma for the boundary generating
functions.

Lemma 1. Coefficients a,i have the boundary ordinary generating function Go(x) and
the boundary exponential generating function Fy(x) as follows:

(i) Go(x) :=G(x,0) = ((1-2x)( —x))_l, @)
() Fo(x) :=F(x,0) = 2> —¢*. ®)

Proof. Let us consider the formal series (5) of the double ordinary generating function
(note that a,; = 0 forn < k),

o]

n oo (0.¢] n
G, y) =) Y amx"y* = i(&+’;anox" + )0 amx"yr.
=1 =

n=0 k=0 n=1 k=1
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Hence, the boundary ordinary generating function equals

o0 o0
Go(x) = G(x,0) = 1+ ) anox" = 1+ Qan1,0+ Da"

n=1 n=1

o o0 o0
=2 Zan—l,oxn + an =2x Zanox” +1—
n=1 n=0 =0 N

—_———
=Go(x)

Thereby, statement (i) of the lemma follows.
Next, take a look at the formal series (6) of the double semi-exponential generating
function,

F(x,y) = Z Zank_y = 4o + Zano— + Z Zank_y
n=0 k=0 n=1 k=1
Thus, the boundary exponential generating function equals

Fo(x) = F(x, 0>—1+Zano— —1+Z<2an 10+1)—

n=1
B x" x" _ xi *
=1 +2’;an_1,om +nX—;H —2;“”*°(n+ nre

Differentiating, we receive
00 o
Fy(0) =23 Jano— +e,
n=0

and, as a result, the linear differential equation

Fy(x) —2Fp(x) = €*
with the initial condition F(0) = 1. Indeed,

0o n n
Fo(0) = apo + Z Zank );—!ykl(o,()) =1
n=1 k=1

Solving the ordinary differential equation, we obtain statement (ii) of the lemma. |

Lemma 2. Coefficients ani, have the double ordinary generating function G(x, y) and
the semi-exponential generating function F (x, y) as follows:

i) G,y =(0-2x)(1—-x(+ l)))fl, )
(i) F(x,y) = (2" — 1+ y)e ™)1 -yt (10)
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Proof. Let us take the double ordinary generating function (5). Substituting the expres-
sion (3) into the generating function, we get

Guwﬂ+ZWw+ZZMmy

n=1 k=1

[e )
= Go(x) + Z Zan—l,k—lxnyk + Z D ax"y*

n=1 k=1 n=1 k=1
= Go(x) + xyG(x,y) + x(G(x, y) — Go(x)).

Thus,
G(x,y) = Go)(1 —0)((1 —x(y + 1))~ (11)

By substituting (7) into (11) we obtain statement (i) of the lemma.
Next, turn to the double semi-exponential generating function (6). Substituting the
recurrent expression (3) into the generating function, we have that

F(x,y)= Zzan 1,k— l_y "‘ZZan lk_y +Zan0

n=1 k=1 n=1 k=1
DI S B
= Aank + nk
V l
n=0 k=0 (+1) n=0 k=0 (+1)
=y [y Fdt =y Fdt
n+1
_Z nO( +1)'+Z nO
\__v__y
:(/S’F()dt =Fy

Therefore, by statement (ii) of Lemma 1, we obtain that

X X x
F:(y—i—l)/ Fdl—/ Fodt+ Fy =(y_|_1)/ Fdt + ¢**.
0 0 ~—— 0

—_—

=2e2% _¢X
—e2% _eX

Calculating the partial derivative by x, we get the first-order linear partial differential
equation,

—(y+ DF =2¢*,

with the initial condition F|,—o = 1. Indeed, by (6), we get

F(0,y) = =1.

x=0

n=1 k=1
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Solving the partial differential equation (note that we can solve it as an ordinary one), we
obtain statement (ii) of the lemma. O

4. Analytic Expressions of the Coefficients of the Series

The recurrent formula (3) is often inconvenient in practical computations, thus it is pur-
poseful to seek an analytic expression or an asymptotic expansion. We may view (3) as
a partial difference equation with constant coefficients. In this section we will establish
analytic expressions for the coefficients a,, using the double ordinary and the semi-
exponential generating functions from (see Lemma 2). The coefficients a,; can be ex-
pressed by linear combinations of binomial coefficients or by the incomplete beta func-
tion.

Lemma 3. The following analytic expressions are equivalent:

n
M awe =) 2"7Ch,
j=k
n+1
i) am= Y Cl.,. (12)

Jj=k+1
(i) an =2"" Lk 4+ 1,0 —k+1).

Here I, (a, b) stands for the regularized incomplete beta function:

Jo a7t = bt
fy =11 = nb=ldr’

Ix(av b) =

Proof. Formal Taylor series in two variables for generating functions G(x,y) and
F(x,y), defined by formulas (5) and (6), are equal to

xnyk

Gx,y) = ZZ( ForgyE O )

n=0 k=0

and

k

Fx,y) = ZZ( FerayE F y)‘( O))n,k,,

n=0 k=0
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respectively. Statements (i) and (ii) of the lemma are obtained by partial differentiation of
the generating functions at (0, 0). By proposition (i) of Lemma 2, we have that

1 9tk G, y) 1 1 klxk
ank = —— X, = —
Tk axmayE Y o) T mlk axt 1= 2x (1—x(y + DT | g0
1 . . 1 (n—j)
— - N/ (xk)(J) ( )
! Z n _ _ k+1
n! i 1-2x)1—x(y+1)) ©0.0)
1 n—k 1 ) 1 (n—k—j)
o imm) )
— | n— — —
(n =k = 1—2x 1—x(y+1) 00
n—k 1 n—k
_ I ¥ i J
_Z,|(n_k_j)!1.2 k+Dk+2)...(n—j) = Zz Cr_.
Next, using proposition (ii) of Lemma 2, we get
8n+k 1 Bk 2n+le2x _ (1 + y)n+le(y+1)x
ik = gk L gk =
s 0xToy (0,0) -0y y ©0.0)
QLI Y k=i 1
= — chg —.2n+162x - (1 + y)n+le(y+l)x T—
ke © oy ©.0) Y 1 =yl00
d o' +1 0" +1
il n 2 LOtDx ntl _
=-> ‘Zc]a -(1+ ) 3y ¢ 00, 2 1
j=1 i=0 (0,0)
k n+1
(n+ 1! 1 1
+2"t 1 =2"t N el = c’ 13
R 2N Z = 2 G @9

The third statement of the lemma follows from the formula for the distribution of the
probabilities in the Bernoulli scheme (see (19) on page 27 in Bolshev and Smirnov, 1983),

n
Yokt —p Tt =1,0mn—m+1).

k=m
Substituting p = 1/2,n =r + 1 and m = j + 1, we have that

r+1

hpG+Lr—j+h)=27"" Z ct .
k=j+1
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Thus (cf. (13)),

n+1 )
Yo ¢l =2 hpk+Ln—k+ 1),
j=k+1
| —
=dnk
concluding the proof. O

Remark 1. The first and the second statements of Lemma 3 also can be proved by the
direct application of the definition (3) (or by induction). However, these approaches do
not reveal the underlying nature of the numbers a.

Now we can proceed with the proof of Theorem 1.

5. Proof of Theorem 1

Proof. Consider Lerch’s series (4) for the Riemann zeta function

1 (=Drcy DHkck
(s) 21 -5 ZZ on+l (k + 1)¥ '

Changing the order of the summation in the double sum and applying the first statement
of Lemma 3 (12), we obtain that

0= Y m
¢(s _1_21 s on+1 (k+1)v
N kN ook
1 . (=D G
= 1 —=2l-s ngnooz k+ 1) Zznﬂ
N N
1 . D"y N—n ok
=—"1 2 287"
=L D e 2 "
k=0 n=k
[ —
=AaNk
yielding us the statement of the theorem. 4

6. Limit Theorem for the Coefficients of the Series and the Rate of Convergence to
the Limiting Distribution

We will use Hwang’s result on convergence rates in central limit theorems for combinato-
rial structures (see Theorem 7 and Corollary 2 in Section 4 in Hwang, 1998) to establish
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the limit theorem for g, coefficients and specify the rate of convergence to the limiting
distribution.

Theorem 2. (See Hwang, 1998.) Let P, (z) be a probability generating function of the
random variable 2, taking only non-negative integral values, with mean (,, and variance

Suppose that, for each fixed n > 1, P,(z) is a Hurwitz polynomial. If o, — 00, then
Qn satisfies

P<M<x):cb(x)+0(i>, xeR. (14)
on On

Let us formulate a central limit theorem.

Lemma 4. Suppose that F,, (x) is the cumulative distribution function of the random vari-
able A, with the probability mass function

k

C
P(An=k)=2n++<k_11, k=0,...,n, (15)
mean
e Lo (16)
Hn =73 n n

and variance

2_ " !
crn—4(1+ +0(2n>> (a7

Then it holds

Fy(onx + ) = O(x) + O(L x eR. (18)

Vn ) ’
Proof. Let us consider the moment generating function of the random variable A,
sA ks CkJrl e

M, (s) = E(e"M) = Z P(A, = k)& = Z T T

k=0
n+1 st D) (es + ])n+l _ es(n+])
2n+l —1 ch-i-le - = on+l _ 1 :

Calculating the derivatives of M, (s), we obtain that

1
M, (s) = anfij—_ 1((es +1)%e — D),
n+1

m(n(es + l)ll—le2s + (es + l)nes —(n+ ])gs(”'H))'

M)/ (s) =
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Hence,
, m+DHQ"=1) n+1 X1
o =M (0) = —5——=——(1-3 (55
k=1
= o(2)) =21+ Ly o2
T2 o)) 2 n n
and
2 2 n+l 2 —1
o, = M;(0) — (M,(0)) —m(zn—z" (n+2))
n+1 Z kn+k—1 n 1 n
- (R ) -i(e(3)

k=1

granting us with estimates for the mean and the variance (cf. (16) and (17)). Note that
oy — 00,
Next, let us examine the probability generating function of the random variable A,

i C;Iz:+1zk B (Z 4 1)n+l _ Zn+1
on+l _ 1 on+l _ 1
k=0

P = E(z") =) P(Ay =kt = . (19)
k

Hurwitz polynomial is a polynomial whose zeros are located in the left half-plane of the
complex plane or on the imaginary axis. Let us locate the roots of the polynomial (19).
Since z # 0, we have that

741 n+l
=1.
()

Calculating an nth root of unity, we obtain that

Thus, the roots of (19) are equal to

1 i . wk
=———=co .
SO T T

The real part of every root is negative. Hence, the probability generating function P,(z)
is a Hurwitz polynomial. By Theorem 2, we have that

() meee() <o)

yielding us the statement of the lemma. O
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Now we can formulate the central limit theorem for the coefficients g;.

Theorem 3. Under conditions of Lemma 4, the coefficients g,y satisfy

—3( ) Lo L 20
wo{t52) ol ) o

Proof. Note that the cumulative distribution function of the random variable A, equals

Cj
1
Faonx +u) = D S
JLonx+itn

Denoting k = |o,x + 1, ] and taking into account Lemma 4 and the equality (cf. (13))

k J
ank 1 — Z Cn+1
1 ontl

Jj=0

we obtain that

k J
on+1 Z Cii _ on+1 - ank '\ _ ® k— g, 4o L .
P | on+l o+l 2n+l on Jn

j=0

Thus,

ol k- 1
ankl 1 : q)< un>+0<_>’
on+ on+ on ﬁ
=qnk

=o(* ) +0(1)

and the statement of the theorem follows. O

7. Error Term of the Series and the Computational Complexity
Let us investigate the error term of the series (1).

Theorem 4. Foro > 0ands # 1+ 2irm/log2, m € Z,

=Ly D © N
Cs _1_21_S16220(k+1)3an+5n+1s. )

Here

(1 + |r]/o)em 112

2n+1|1 _ 21—s| : (22)

En1(s)] <
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Proof. By (2.3) of Algorithm 1 in Borwein (2000), the error term of the series equals

1 1 1 pug1(0)| logx[*~!

Prs1(=D(1 =21=5)T(s) Jo 1+x

Enri1(s) = (23)

By the definition of the coefficients of the series and the expression of the generating
function of the binomial coefficients, the polynomial p,(x) equals

n+1
Pr1(x) = Z( DFCp it = (=0

Thus, py1(—1) = 27+1 and, for 0 < x < 1, we have 0 < Pn+1(x) < 1. It follows

1 1 I (—logx)~!
< dx. 24
i1 ) 2,,“'1_21_5”%'/0 RO 24)

For the integral factor, we have that

o— ] 1
/ - li’gfi </0 (—logx)’~'dx = (o). (25)

The product representation of the gamma function equals

1+ o
111+ 7> 26)
ol (o +n)?

The product representation of the hyperbolic sine equals

o0 t2
sinht = 7t H(l + —2). 27)
n

n=1

‘r(o) 2
I'(s)

Combining (26) and (27), we get

B 1+t2 l°—°[ - 12 _ 1+t2 sinh 77| 28)
U U ) S U0

Next, combining (24), (25) and (28), we obtain that

1 2\ Y2 (sinh|t]\/?
[Ent1()] < 2 — 215 (1 + ;) (W) ; (29)

S+t fo)emlil/2

I'(o)|?
I'(s)

yielding us the statement of the theorem. O
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ReEMARK 2. Foro > Oand s # 1+ 2inm/log2, m € 7Z, the inequality

st ()] < R O
21— 215 |0(s)]

(30)

holds. Hence, to compute the Riemann zeta function with d decimal digits of accuracy,
the approach requires a number n of terms in the sum (21),

log' (o) — log [T (s)| 4+ dlog 10 — log |1 — 2! |
n —=
log?2

log ' (o) — log |T'(s)| + d log 10 — log /1 — 227 cos(r log 2) + 22-20
L log2 J
log (o) —log |l (o +it)| +dlog 10 — log |1 — 2177

log2 J

< (3D

Noticing that (cf. 8.328.1, Gradshteyn and Ryzhik, 2014),
lim |F(o + N3 = V2x,
—00

we obtain, for fixed d and o, that

wt 140 logt (32)
n —= — .
2log?2 t

For numerical purposes (if ¢ is large enough, e.g. r > 0.2), we can choose n by the fol-
lowing approximate formula

(L log! ¢, +c (33)
=|— ——0|— .
" 210g2 " \2 log2 7T

Here

_logT'(0) —log|1 —2!77|
N log?2

log 10 log2
_ logl0 , _ log2r

C . Ca= - .
o 47 Tog2 " " 2log2

8. Numerical Aspects

Apart from a certain theoretical interest, the representation (20) of g, is pivotal in nu-
merical applications of the series (1), providing a considerable speedup in calculations.
It relieves the computer memory, circumvents the computation of the binomial coefficients
(i.e. time-consuming calculations of factorials). It allows us to cut the tails of the series.
We do not to calculate g,x while k — 0 and g,x — 1, and do not include corresponding
terms into the sum, while k — n and g,z — 0. The process is controlled by choosing
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Table 2
Time required to achieve six decimal digits of accuracy, [sec].
Alg. mod. H=10%and (0,1) € £; x T} H=103and (0,1) € ; x T,
¥ x T Xy xT Yy x T Yo x T Y1 xT Yy x T
RE 0.38 0.36 0.31 293.55 298.09 290.84
BF 0.14 0.14 0.13 12.20 12.47 11.58
NA 0.05 0.05 0.05 4.16 4.41 4.07
REn; 0.18 0.18 0.16 90.20 97.51 87.74
BFn 0.10 0.10 0.09 6.63 6.96 6.57
NAn 0.04 0.04 0.04 2.37 2.53 2.38

the accuracy level ¢. For the right tail, we have ®((k — u,)/0,) > 1 — ¢. Solving the
inequality we obtain that

ny = [p +21-¢0y1. (34)

For the left tail, we have no = |, — z1-¢0,]. Here z,, is the quantile function of the
standard normal distribution.

The algorithm requires a number of terms n (32) to compute ¢(s) with d decimal
digits. However, the use of the asymptotic, proposed in Theorem 3, or analytic expression
(iii) of Lemma 3, allows us to select n adaptively, depending on accuracy required and ¢
given. This implies that there is no need to recalculate coefficients with every new s.

Naturally, a direct application of the recurrent equation (3) (if values are stored)
is faster, compared to straightforward repeated recalculations. However, this storage-
intensive approach is unattractive (note order of n? storage).

In Table 2 we compare the performance of six modifications of the algorithm for the
computation of the Riemann zeta function, based on the series with binomial-like coeffi-
cients. Namely,

e Recurrent Expression (RE). The coefficients of the series (21) are calculated using
the recurrent expression (3). The number of terms 7 in the sum is obtained by applying
the approximation (33).

e Beta function (BF). The coefficients of the series (21) are calculated using the regu-
larized incomplete beta function (see (iii) of Lemma 3). The number of terms 7 in the
sum is obtained by applying the approximation (33).

e Normal approximation (NA). The coeflicients of the series (21) are calculated us-
ing the asymptotic (20). The standard normal cumulative distribution function is ap-
proximated with a 16-digit precision using the fast computation algorithm proposed
by (West, 2005). The number of terms » in the sum is obtained by applying the approx-
imation (33).

e Recurrent Expression with n; (REn;). The coeflicients of the series (21) are calcu-
lated using the recurrent expression (3) and the number of terms n; (34) in the sum.

e Beta function with n| (BFn ). Coefficients of the series (21) are calculated using the
regularized incomplete beta function (see (iii) of Lemma 3) and the number of terms
nq (34) in the sum.
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e Normal approximation with n; (NAn). Coefficients of the series (21) are calculated
using the normal approximation (20) and the number of terms n; (34) in the sum.

Let us denote the sets for o: X9 = (0.7), ¥1 = (1/2, 1), ¥ = (1, 10) and forz: T} =
(10',10%), T» = (10%, 10%). We generate uniformly distributed samples of arguments
s = (o, 1) of the Riemann zeta function from the sets X; x T;. Here x stands for the
Cartesian product. Number H in Table 2 stands for the length of a sample. All calculations
were performed with i7-2600 CPU, 8 GB RAM (Python 3.6.3).

We can see that asymptotic-based modifications are 2-3 times faster than beta-based
modifications, while recurrence-based modifications have proved too computationally de-
manding for intensive practical use. Note that C++ version of the program would bring
more substantial benefits in speedup (cf. Belovas and Sakalauskas, 2018). Numerical ex-
periments have shown that processing 3D visualizations of surfaces and curves, associated
with zeta functions, the performance comparable with Zetafast algorithm (Fischer, 2017),
while the specified accuracy level does not exceed six decimal digits of accuracy and the
coefficients g,; for a mesh are precalculated.

9. 3D visualizations of Zeta Functios

Visualizing a complex function of a complex variable fc : C — C we have to bear in
mind that actually we are faced with a mapping of a 2D subspace to another 2D subspace —
an essentially four-dimensional problem fr : R*> — RZ. There are a lot of ways of us-
ing three dimensions to handle a 4D-structure. We can colour a complex function of a
complex variable according to the argument of the function, with the height representing
the modulus of the function. We have tried this approach and have found the visualiza-
tions unappealing. Our goal is to provide a clear visualization of underlying structures
of surfaces and 3D curves associated with zeta functions. Hence, we emphasize on the
visualization of 3D intersection lines between the real .‘R(E) and the imaginary ;“s(f) sur-
faces of a zeta function, along with 2D lines of intersection between the real ER(E) and the
imaginary 3(¢) surfaces of a zeta function with the complex plane. We apply the afore-
mentioned algorithms to obtain illustrations, disclosing the placement of zeroes of a zeta
function under consideration, and as a result, enabling us to probe a hypothesis concerning
the distribution of zeroes visually. All graphs of zeta functions presented in this work are
generated using the normal approximation (NAkp) of the coefficients g,x. This algorithm
is chosen as the fastest.

The first two figures present two examples of 3D visualizations of the pattern of the
allocation of non-trivial zeros of the Riemann zeta function. Figure 1 illustrates the ini-
tial allocation (for (o,1) € (—1/2,3/2) x (10, 35)). The first five non-trivial zeros are
indicated by cyan globes at the points of intersections of the real surface of the Riemann
zeta function (yellow surface), the imaginary surface of the Riemann zeta function (red
surface) and the critical line o = 1/2.

Figure 2 visualizes a segment of the pattern, containing 91-100th non-trivial zeroes
of the Riemann zeta function (for (o,?) € (—1/2,3/2) x (10, 35). The height is cut
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Fig. 1. Zeroes, R¢ (s) and ¢ (s) surfaces for (o, 1) € (—1/2,3/2) x (10, 35).

Fig. 2. Zeroes, ¢ (s) and J¢ (s) surfaces for (o, t) € (—1/2,3/2) x (10, 35).

Fig. 3. M¢(s) and ¢ (s) surfaces for (o, 1) € (—40, 10) x (=20, 100).

at the level of |M¢(s)] < 5 and [I¢(s)| < 5). Note close pairs of zeroes, resembling
Lehmer’s phenomenon (a set of pairs of zeros of the Riemann zeta function, that are close
to each other) (Stopple, 2017). It is an unsolved problem, whether there exist infinitely
many Lehmer pairs.

Figure 3 shows numerous ridges shaped by the real (yellow) and the imaginary (red)
surfaces of the Riemann zeta function (for (o, t) € (—40, 10) x (=20, 100)). The height
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Fig. 4. 2D curves corresponding the intersections of N (s) and J¢ (s) surfaces with the complex plane, (o, t) €

(=40, 10) x (=20, 100).
/ I

Fig. 5. %¢(s) and ¢ (s) surfaces for (o, 1) € (—40, 10) x (—20, 100).

is cut at the level of [N¢(s)] < 5 and |J¢(s)| < 5. Note the peak at the point of a simple
pole s = 1. Non-trivial zeros are indicated by small cyan balls. Trivial zeros are indicated
by green ones.

Figure 4 extends the visualization of the previous illustration, demonstrating a 2D pat-
tern of intersections of the real and the imaginary surfaces of the Riemann zeta function
with the complex plane. Non-trivial zeros are indicated by small cyan balls. Trivial zeros
are indicated by green ones.

Figure 5 shows a pattern of intersections of the real (yellow) and the imaginary (red)
surfaces of the Riemann zeta function (for (o, ) € (—40, 10) x (=20, 100)). The height
was cut at the level of |R¢(s)] < 50 and |I¢(s)| < 50. 3D intersection lines between the
real and the imaginary surfaces of the Riemann zeta function are highlighted (bold black).

Figure 6 extends the visualization of the previous illustration, revealing a knot of 3D
curves corresponding the intersections of the surfaces, while the surfaces themselves are
not shown.

Figure 7 presents a visualization of the Riemann hypothesis. We can see ribs, formed
by the intersections of the real and the imaginary surfaces of the Riemann zeta function,
going through the critical line (red) in the critical strip 0 < ¢ < 1 (green) at non-trivial
zero points (cyan balls).
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/

Fig. 6. 3D curves corresponding the intersections of 3¢ (s) and J¢(s) surfaces for (o,7) € (—40,10) x
(=20, 100).

Fig. 7. 3D curves corresponding the intersections of N¢ (s) and J¢ (s) surfaces in the critical strip.

The next visualizations present a counterexample to a “generalized Riemann hypothe-
sis”. Let us consider the linear combination of the Riemann zeta function and the Dirichlet
L-function (cf. Garunkstis and Siménas, 201 5),

fG,1)=(1-— r)(l + g)g'(s) +tL(s, X), (35)

where t € [0, 1] and L(s, x) is the Dirichlet L-function (x mod 5, x (2) = —1). Hence,

RSO L S !
L(S’X)_,; ns _,;<(5n—4)s Gn =3 (Sn—z)s+(5n—1)s>'

By the joint universality theorem for Dirichlet L-functions, it follows that for any 0 <
T < 1 there are infinitely many zeros of f (s, 7) in the strip 1/2 < ¢ < 1 (see Theorem 2
by Kaczorowski and Kulas, 2007).

Let us go with = = 3/4. The 3D visualization in Fig. 8 shows the pattern of intersec-
tions of the real (yellow) and the imaginary (red) surfaces of the linear combination (35)
(for (o, 1) € (—1,2) x (1.65, 1.95)).
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L

Fig. 8. M f (s, 3/4) and I f (s, 3/4) surfaces for (o, t) € (—1,2) x (1.65,1.95).

Fig. 9. 3D curves corresponding the intersections of N (s, 3/4) and J f (s, 3/4) surfaces in the critical strip.

Figure 9 demonstrates the intersections of 3D curves (corresponding the intersections
of the real and the imaginary surfaces of the linear combination (35)) with the complex
plane in the critical strip 0 < o < 1 (while the surfaces themselves are not shown). We
can see two pairs of intersections in the critical strip (green) not belonging to the critical
line (blue).
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