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Preface

In the Riemann zeta function ((s), the non-real zeros or Riemann zeros,
denoted p, play an essential role mainly in number theory, and thereby gen-
erate considerable interest. However, they are very elusive objects. Thus, no
individual zero has an analytically known location; and the Riemann Hy-
pothesis, which states that all those zeros should lie on the critical line, i.e.,
have real part %, has challenged mathematicians since 1859 (exactly 150 years
ago).

For analogous symmetric sets of numbers {vy}, such as the roots of a
polynomial, the eigenvalues of a finite or infinite matrix, etc., it is well known
that symmetric functions of the {vy} tend to have more accessible properties
than the individual elements vg. And, we find the largest wealth of explicit
properties to occur in the (generalized) zeta functions of the generic form

Zeta(s,a) = , (v +a)~®

(with the extra option of replacing vy, here by selected functions f(vy)).

Not surprisingly, then, zeta functions over the Riemann zeros have been
considered, some as early as 1917. What is surprising is how small the litera-
ture on those zeta functions has remained overall. We were able to spot them
in barely a dozen research articles over the whole twentieth century and in
none of the books featuring the Riemann zeta function. So the domain exists,
but it has remained largely confidential and sporadically covered, in spite of
a recent surge of interest.

Could it then be that those zeta functions have few or uninteresting prop-
erties? In actual fact, their study yields an abundance of quite explicit results.
The significance or usefulness of the latter may then be questioned: at this
moment, we can only answer that regarding the Riemann zeros, any explicit
result, even of a collective nature, is of potential value. Hence we may turn
over the idea that zeta functions over the Riemann zeros have stagnated be-
cause they were not so interesting: it could also be that those functions have
lagged behind in their use simply because their properties never came to be
fully displayed.

vii



viii Preface

So, the primary aim of this monograph is to fill that very specific but
definite gap, by offering a coherent and synthetic description of the zeta
functions over the Riemann zeros (and immediate extensions thereof); we
call them “superzeta” functions here for brevity. Modeled on special-function
handbooks (our main reference case being the Hurwitz zeta function ((s, a)),
this book centers on delivering extensive lists of concrete explicit properties
and tables of handy special-value formulae for superzeta functions, grouped
in three core chapters plus Appendix B (for the variant case built over zeros
of Selberg zeta functions). In that core, we mainly wish to provide readers,
assuming they have specific queries about superzeta functions, with a broad
panel of explicit answers. For such a purpose, the key contents of the book
may be just Chap. 5 (for initial orientation) and the final results, including 20
tables of special-value formulae. The rest of the text is rather backstage mate-
rial, showing justifications, perspective, and references for those end results.

For the reasons given above, we grade no individual result or formula as
more or less “useful,” but place them all on an equal footing. Our main
justification to date for tackling those superzeta functions is simply “Because
they’re there” (like a famous mountaineer’s reply).

We now outline the contents.

Two introductory chapters review our main analytical techniques: miscel-
laneous notation and tools, specially the Mellin transformation (Chap. 1), and
zeta-regularized products (Chap. 2). The next two chapters, still introductory,
survey the Riemann zeta function itself (and close kin, the Dirichlet beta and
Hurwitz zeta functions), so as to make the book reasonably self-contained and
tutorial. All review sections are, however, filtered hierarchically: the aspects
most central to us are exposed in detail, others more sketchily (and a few just
get mentioned). We do not try to compete with the many exhaustive trea-
tises on the Riemann zeta function; on the other hand, a shorter tutorial like
ours might suit readers seeking to learn about that function from a purely
analytical, as opposed to number-theoretical, angle.

The next two chapters begin to address the superzeta functions themselves:
Chap. 5 gives an overview, and the following one introduces Explicit Formulae
from number theory, which are then applied to superzeta functions (and
compared to Selberg trace formulae for spectral zeta functions).

Chapters 7-10 form the core of the study: three kinds of superzeta func-
tions are thoroughly described in the first three chapters, then extended to
zeros of more general L- or zeta-functions in Chap. 10; except for Chap.9,
every core chapter (plus Appendix B for the Selberg case) culminates in de-
tailed Tables of special-value formulae.

To close, Chap. 11 shows one application of a superzeta function: a recently
obtained asymptotic criterion for the Riemann Hypothesis (based on the
Keiper-Li coefficients used by Li’s criterion). Finally, four Appendices treat
extra issues (A: some numerical aspects; B: extension to zeta functions over
zeros of Selberg zeta functions; C: on (log|¢])?™+1) (1), etc.; D: an English
translation of Mellin’s seminal 1917 paper in German).



Preface ix

As we aim to throw light on an unpublicized subject on which this is
the very first book as far as we know, our text is kept concrete and ex-
pository through the first half at least, favoring elementary and economical
techniques. Exercises are also proposed in the form of peripheral results left
for the reader to derive. Our wish is to have built a compact reference guide,
a kind of “Everything you always wanted to know about superzeta func-
tions ...” handbook. For the sake of improvement, we gratefully welcome
any error reports from readers (and will post errata as needed).

This text is thus directed at readers interested in analytical aspects of
number theory. It ought to be accessible to mathematicians from the graduate
level; its main assumed background is in analysis (real and complex: series
and integrals, analytic and special functions, asymptotics).

Kok ok Kok Kok ok Kok ko

For this study, I am primarily indebted to Prof. P. Cartier who initiated our
collaboration on trace formulae in the late 80s, ushering me into an area
entirely new to me; I express to him my gratitude for his stimulating help
and encouragement.

This book could never have been born without the moral support, the help,
and guidance from colleagues in the Institut de Physique Théorique (CEA-
Saclay), the Orsay area, and the Chevaleret campus (The Math. Departments
of the Paris 6-7 Universities); I can only thank them collectively here, but
most warmly, for their assistance.

My deepest thanks to my spouse Estelle, for her enduring patience, un-
derstanding, and support at all times but specially during the completion of
the writing which seemed to stretch forever; this strain was also shared from
a greater distance by our daughters Magali and Sandrine: my thanks go to
them too.

Saclay, July 2009 André Voros



Contents

Preface ... .o vii
List of Special Symbols ...........ccooo i XV
1 Introduction ...........c.oiiiiiiiiiiiii e 1
1.1 Symmetric Functions ..........coooiiiiiiii i 1
1.2 Essential Basic Notation ...........c.ocoiiiiiiiiii i 3
1.3 The Poisson Summation Formula................................ 4
1.4  Euler-Maclaurin Summation Formulae ......................... )
1.5 Meromorphic Properties of Mellin Transforms ................. 6
2 Infinite Products and Zeta-Regularization...................... 9
2.1 Informal DiSCUSSION «.\vvnii ittt it e e 9
2.2 A Class of Eligible Sequences {xp} .....oooviiiiiiiiiiiiin.. 12
2.3 Meromorphic Continuation of the Zeta Function............... 12
2.4 The Generalized Zeta Function ................coooiiiiiiiin. .. 14
2.5 The Zeta-Regularized Product.................ooooiii, 15
2.6 Practical Results .......cooiuiiiiii i 18
2.6.1  Zeta-Regularization: a Zeta-Free Recipe ............... 18
2.6.2 A Subclass: “Theta-Eligible” Sequences ............... 19
2.6.3  Explicit Properties of the Generalized Zeta Function. 21
3 The Riemann Zeta Function {(x): a Primer.................... 23
3.1  Definition and Immediate Properties............................ 23
3.2 The Euler Infinite Product ..o, 24
3.3 The Stieltjes and Cumulant Expansions ........................ 24
3.4 The Functional Equation and Completed Zeta
Function Z(2) ..oveeei i 25
3.5 The Dirichlet Beta Function S(2) .....ovvvviiiiiiiiiiiiiin.. 28
3.6 The Hurwitz Zeta Function ((z,w) .......ocovviiiiiaiin.. 28

xi



xii Contents

4 Riemann Zeros and Factorizations of the Zeta Function .... 33

4.1  Growth Properties of ((z) and Z(x) ....ccooviiiiiiiiiia, 33

4.2 The Riemann Zeros (Basic Features)...............co.oooooa. 34

4.3 Hadamard Products for Z(z) ......ocooiiiiiiiniiiiiiiiiiiiinn, 35

4.4 Basic Bounds on //C..ouvviiiiiii i 36

4.5  The (Asymptotic) Riemann—von Mangoldt Formula........... 39

5 Superzeta Functions: an Overview ..................cooviivin.. 41

5.1 First Kind (2) ..oeeiii 42

5.2 Second Kind (Z) cooviuuiiiiiii i 42

5.3 Third Kind (3) eeeeeriimeeii i 44

5.4 Further Generalizations (Lerch, Cramér, ...) .................. 44

5.5 Other Studies on Superzeta Functions .......................... 45

6 Explicit Formulae ......... ... ... ... 49

6.1  The Guinand—Weil Explicit Formula ............................ 49

6.2  Derivation of the Explicit Formula .....................oo. 50

6.3  Pattern-Matching with the Selberg Trace Formula............. 52

6.3.1  The Selberg Trace Formula (Compact

Surface Case).....oouueeeiriii i 52

6.3.2  Comparison with the Explicit Formula ................ 53

6.4  Explicit Formulae for the Superzeta Functions ................. 54

6.4.1  The Family of the First Kind 2 ....................... 54

6.4.2  The Family of the Second Kind Z...................... 56

6.4.3  Concluding Remarks..............cooiiiiiiiiiii i, 58

7 The Family of the First Kind {Z(s|t)} ..........c..ocoiiii. 59

7.1  The Basic Analytical Continuation Formula.................... 59

7.2 Derivations .........ueeuiiiin i e 60

7.2.1  Derivation by Contour Integration ..................... 60

7.2.2  Derivation by Eligibility of the Riemann Zeros........ 62

7.3 Analytic Properties of the Family {27(s|t)} ................... 64

7.4 Special Values of #(s|t) for General ¢ ......................... 65

7.5 Imprints of the Central Symmetry p «— (1 —p) ........oo.... 67

7.5.1 t < (—t) Symmetry at Integer ¢ ..................... 67

7.5.2  Sum Rules at an Arbitrary Fixed ¢.................. .. 68

7.6 Special Values of Z(s|t)att=0and §.............cceennnn. 69
7.6.1  The Function Z4(s) (the Confluent Case

L= 0) e 69

7.6.2  The Function Z.(s) (the Case t =1).................. 70

7.7  Tables of Formulae for the Special Values of 2 ................ 71

7.7.1  Function of First Kind for General ¢ ................... 72

7.7.2  Function of First Kind at ¢t = 0 and % ................ 73



Contents

8 The Family of the Second Kind {Z(o |t)} ...,

10

11

8.1
8.2
8.3
8.4
8.5
8.6

8.7

The Confluent Case Z(cg |t =0)= Z0(0) cevvvviiiiiiie..
Meromorphic Continuation in o for General t..................
Algebraic Results for Z(o|t) at General ¢ .................o....
Transcendental Values of Z(o |t) for General t.................
Imprints of the Central Symmetry p «— (1 —p) ..covvnee...
Results for Z(o|t)att=0andt=1 ..............oooe.
8.6.1  The Function Zy(s) (the Confluent Case

B = 0) e
8.6.2  The Function Z.(s) (the Case t =) ..................
Tables of Formulae for the Special Values of Z.................
8.7.1  Function of Second Kind for General ¢.................
8.7.2  Function of Second Kind at ¢ =0 and % ..............

The Family of the Third Kind {3(s|7)} ......ccoooiiiiiii.

Extension to Other Zeta- and L-Functions .....................

10.1
10.2
10.3

10.4

10.5
10.6

10.7

Admissible Primary Functions L(z) .......ooooiiiiiiiiiio..
The Three Superzeta Families ...,
The First Family {27} ..c.oooiiiii i
10.3.1 The Zeta Function Z(s|t) over the Trivial Zeros .....
10.3.2 The Basic Analytical Continuation

Formula for & ..o
10.3.3 Special Values of Z°(s|t) for General ¢ ................
10.3.4 Special Values of 2°(s|t)att =0and ...............
The Second Family {Z} ..o
10.4.1 The Confluent Case Z(o [t =0)= Zo(0) ...oovvnnnnnn
10.4.2  Algebraic Results for Z(o|t) at General t.............
10.4.3 Transcendental Values of Z(o |t) at

General & ...
The Third Family {3} ...c.ovoeiiiiiiiii e
Special Concrete Examples............ooiiiiiiiiii ...
10.6.1 L-Functions of Real Primitive Dirichlet Characters...
10.6.2 Dedekind Zeta Functions...............ccooiiiiiii...
Tables of Formulae for the Special Values ......................
10.7.1 For General Primary Functions L(x) at General ¢ ....
10.7.2 Dirichlet-L Cases, Functions of First Kind

at t =0 and % ...........................................
10.7.3 Dedekind-( Cases, Functions of First Kind

at t =0 and % ...........................................

» »

Application: an Asymptotic Criterion for the
Riemann Hypothesis ...

11.1
11.2

Introduction to the Result ...
Asymptotic Alternative for A\, m — 00....ooiiiiiiiiiii



Xiv Contents

11.2.1 The Case [RH False]........ccoooiiiiiiiiiiiiii . 116

11.2.2 The Case [RH True] .....coooviiiiiiiii i, 117

11.2.3 Recapitulation and Discussion ...............c...coo.e. 118

11.3  An Even More Sensitive Sequence ...............coovveieinnn... 119
11.4 More General Cases: a SUMIMATY ...oovvutineeiininneeiennneen. 121

A Numerical Explorations...............coocoiiiiiiiiiiiiii i, 123
A.1  Superzeta Functions of the Second Kind ........................ 123
A.2  Superzeta Functions of the First Kind .......................... 125
A.3  Numerical Tables..... ..o 126

B The Selberg Case........ccoiiiiiiiiiiii e 129
B.1  Superzeta Functions of the First Kind .......................... 130
B.2  Superzeta Functions of the Second Kind ........................ 132
B.3  Tables of Special-Value Formulae (Selberg Cases).............. 134

C On the Logarithmic Derivatives at % .............................. 137
D On the Zeros of the Zeta Function by Hj. Mellin (1917) ..... 139
References. . ... ... 153



List of Special Symbols

Occasional, or inversely universal, symbols are not listed. (For us, sets like N,
Ry include 0, while N*, R , etc., exclude it.) Appendix D is not included.

%)

3

I we

=590
DOk

<
=

Area of a surface S

Parity bit (0 or 1) for a Dirichlet character

(log Z)'(0) for the completed Riemann zeta function =(-)
Bernoulli numbers

Bernoulli polynomials

Zeta-regularized form of trivial factor G(x)
Zeta-regularized form of completed zeta- or L-function = (x)
Zeta-regularized form of Z(1 + v1/2)

Period (“modulus”) of a Dirichlet character
Discriminant of an algebraic number field K

Euler numbers

Finite part of a function f(z) at zo

Genus (for a surface)

Stieltjes constants (in our normalization), see v,—1
Stieltjes cumulants (in our normalization), see ¥p_1
Trivial (entire) factor in a zeta- or L-function
Harmonic numbers

Modified Bessel function

Generic (“primary”) zeta- or L-function

L-function for a Dirichlet character x

Length of a periodic geodesic w

Mellin transform of a function f

Counting function of (e.g., Riemann) zeros’ ordinates
Trivial-factor contribution to N(T')

Asymptotic form of N(T') (mod O(logT))

Degree of an algebraic number field K

Set of prime numbers

Riemann Hypothesis

Residue of Zo(o) at the pole 0 = 3 —m

Residue of Z(o |t) at the pole 0 = 1 —m

XV



{7}

Xdx
¥()
2, (%

List of Special symbols

Contribution of {(z) to the function N(T') for the Riemann zeros
Sequence {p (1 — p) | Im p > 0} over the nontrivial zeros
Cramér’s function

Generic Zeta-type function

Generic generalized zeta function

Derivative of Z(-,+) in the first argument (the exponent)
Generalized zeta function over the trivial zeros of a zeta function
Superzeta function of first kind

F(s|t=0)
Z(s|t=1)
Superzeta function of second kind
Z(o|t=0)
Z(o|t=73)

Superzeta function of third kind

Dirichlet beta-function

Euler Gamma function

Euler’s constant

Stieltjes constants, see our modified notation gj41
Stieltjes “cumulants”, see our modified notation g5,
Generic Hadamard product

Generic Weierstrass product

Generic zeta-regularized product

Discrepancy in #(s|t) at s =1

Kronecker delta

Riemann zeta function

Hurwitz zeta function

Dedekind zeta function for an algebraic number field K
Selberg zeta function for a hyperbolic surface S

Stieltjes “cumulants”, see 7;

Theta-type function

Wavenumbers ([eigenvalues— 1]'/2) for a hyperbolic 2D Laplacian
von Mangoldt function

Keiper—Li coefficients

Order (of a sequence, of an entire function)

Completed zeta- or L-function

Set of primitive oriented periodic geodesics on a surface
Set of nontrivial zeros of a zeta- or L-function (e.g., Riemann)
Sequence {i™!(p — %) | Im p > 0} over the nontrivial zeros
Generic Dirichlet character

Kronecker symbol for the discriminant dx

Digamma function [I"'/I](-)

t-domains for superzeta functions of first, second kind



Chapter 1
Introduction

1.1 Symmetric Functions

The non-real zeros of the Riemann zeta function

[e%
-

)= i k~*  (Res>1), (1.1)

k=1

called the Riemann zeros and usually denoted p, are most elusive quantities.
Thus, no individual Riemann zero is analytically known; and the Riemann
Hypothesis (RH): Re p = 3 (Vp), has stayed unresolved since 1859 [92].

For analogous finite or infinite sets of numbers {vy}, like the roots of a
polynomial, the eigenvalues of a matrix, or the discrete spectrum of a linear
operator, the symmetric functions of {vi} tend to be much more accessible.
Some common types of additive symmetric functions, to be denoted Theta,
Zeta and (log Delta) here, are formally given by

Theta(z) def Yo e,
def —s
Zeta(s) = >z %,
Delta(a) def [T (zk +a) or, if this diverges,
(log Delta)(™(a) def (=)™t (m —1)! >, (zx +a)~™ for some m > 1,

where xp, = vy, or some other function f(vx) (such that no zx = 0 and, e.g.,
Re z — +00). It is useful to allow at least the a-shift in this remapping,
thereby obtaining a two-variable or generalized zeta function, in analogy with

the Hurwitz function (s, a) % Yoo (k+a)=*:

Zeta(s,a) < 3, (xx + a)~. (1.2)

Here we think of s as the main argument, the variable in which analyticity
properties and special values are studied, and of a as an (auxiliary) shift

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 1
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_1,
(© Springer-Verlag Berlin Heidelberg 2010



2 1 Introduction

parameter which adds flexibility; i.e., we view Zeta(s,a) as a parametric

family in the type Zeta(s) (accordingly denoting Zeta'(s, a) def 0sZeta(s,a)).
The gain with Zeta(s, a) is that it encompasses the last three types above:

Zeta(s) = Zeta(s,0),
def /
Delta(a) = exp|—Zeta'(0, a)]

(when Delta is an infinite product, this is zeta-regularization, see Chap. 2),
(log Delta)™ (a) = (—1)™" L (m — 1)! Zeta(m, a);

while the Zeta type is simply a Mellin transform of the Theta type, as

oo
Zeta(s,a) = / Theta(z) e ** 257 1dz.
0

I'(s)

So, formally, all those types of symmetric functions look interchangeable
and their properties convertible from one to the other. However, experience
(especially from spectral theory) tells that zeta functions are those which
display the most explicit properties, reaching to computable special values
(values at integers) as in the case of ((s) itself.

Again from spectral techniques we borrow the idea that, besides the above
shift operation, nonlinear remappings z; = f(vx) may prove suitable before
building the symmetric functions. For instance, if {vi} is the spectrum of a
Laplacian on a manifold, both choices z; = v; and xp = /vx have their own
merits: on the circle, with the spectrum {n?},cz, the resulting Theta-type
functions are, respectively, a Jacobi 6 function and coth z/2, a generating
function for the Poisson summation formula as in (1.13); whereas on a com-
pact hyperbolic surface (normalized to curvature —1), an even better choice
than (/v is 7 = (vx — )2, as the Selberg trace formula shows. (This
formula expresses additive symmetric functions of precisely the latter xj as
dual sums carried by the periodic geodesics of the surface, see Sect.6.3.1.)

It is then very natural to study symmetric functions of the Riemann zeros
in a similar manner, and this has happened. Indeed,

e Some zeta functions built over the Riemann zeros have appeared in a few
works, as early as 1917

e A universal tool exists to evaluate fairly general additive symmetric func-
tions of the Riemann zeros: the Guinand—Weil “Explicit Formulae.”

Still, we feel that our subject (zeta functions over the Riemann zeros) re-
mains far from exhausted. For one thing, the existing studies are surprisingly
few over a long stretch of time; they are neither systematic nor error-free, are
often unaware of one another, and none has made it to the classic textbooks



1.2 Essential Basic Notation 3

on ((s); consequently there is no comprehensive, easily accessible treatment
of zeta functions over the Riemann zeros. Calculations in this field continue
to appear on a case-by-case basis.

Neither do the classic Explicit Formulae settle the issue of these zeta
functions as mere special instances: on the contrary, the most interesting
particular zeta functions over the Riemann zeros lie outside the standard
range of validity (i.e., of convergence) of those formulae.

In contrast, a dedicated study of these zeta functions uncovers a wealth
of explicit results, many of which were not given or even suspected in the
literature. The question of the importance or usefulness of those results will
not be addressed: the answer may lie in an undefined future.

There is no standardized terminology for zeta functions over zeros of zeta
functions. Chakravarty [17] used the name “secondary zeta functions,” but to
denote several Dirichlet series apart from ((x) itself which is the “primary”
zeta function (that which supplies its zeros). Here, to have a short and spe-
cific name, we choose to call “superzeta” functions all second-generation zeta
functions built over zeros of other, “primary”, zeta functions.

We continue this introduction with some essential notation, then we will
recall the most basic tools that will often serve later.

1.2 Essential Basic Notation

As a rule, we refer to [1,33].
Bernoulli polynomials (definition by generating function):

oo

=Y B B =1 B =y-}.) (3
n=0 '

e? —

ze

0 n
Bernoulli numbers: B, =B,(0) or i E B, z
ez —1 o n! (1.4)

(B():l, Blz—%, B2:%,...;B2m+1:0form:1 2,)
1 = z"
Eul bers: = E, —
uler numbers cosh 2 nz::o ol (15)

(E():l, Ezzf]., E4:5,...; E2m+1 :0f0rm:0,1,...).

Digamma function ¥ (x) and Euler’s constant ~:

O(@) Y[/ (2); v =—(1) ~ 0.5772156649 . (1.6)



4 1 Introduction
The finite part of a meromorphic function z — f(z) at a pole a is

FP,._.f(2) 4" the constant term in the Laurent series of fata. (L.7)

S

For the complex functions z — z7%, we use the principal determination

LS def |Z|_S e—is argz (7’/T <argz < +’/T) (18)

in the cut plane C\ (—o0,0].
In any generalized zeta function,

Zeta/(s,a) < 0,Zeta(s, a). (1.9)

1.3 The Poisson Summation Formula

We mention this formula here only for later reference and comparison pur-
poses. In its simplest form, it involves a dual pair of functions (h, h) : R +— C
which are Fourier transforms of each other:

_ % /Z h(T) e~ iU dr, h(T) — /O:O ﬁ(u) elTu du. (110)

Under rather mild conditions, they satisfy the Poisson summation formula,

> h(k) =21y h(27r). (1.11)

kEZ reZ

Sufficient conditions for (1.11) are, e.g., that for some 4, € > 0,
(i) h(u) = O(Ju|~*=?) for u — +oo

(ii) h(7) = O(|7|717¢) for T — +o0

(i) (Without loss of generality) the function h (hence h) is even.

def

Proof. (Sketched). The function H (1) > h(r + k) is periodic of pe-

kEZ

riod 1, and has the Fourier series H(7) = . h,e* "7 where h, =
reZ

fol H(r)e 2mrTdr = 27 h(27r); both series above converge uniformly by
(ii), resp. (i), hence both their sums H(7) and H(7) are continuous func-
tions, implying H(r) = H(7) pointwise [89, Appendix 1]. Then (1.11) just
says H(0) = H(0) (while (iii) simply endorses the even symmetry of the
summations in (1.11)). O
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A basic function pair (in which z is an implied parameter) is

def 2 r - _ 1 z
h(t) = %e | ‘7 h(u) =5 m (Re z > 0). (1.12)

In this case, the summation formula (1.11) expresses the partial fraction
decomposition

11 1 el 1
— =)= 1 _ 1.1
13 ( 2tanh z/2> erfmr_z_:R z + 2mir (1.13)

Conversely, (1.13) gives back the general Poisson summation formula (1.11)
simply through integration against suitable test functions [16, Sect. 1].

1.4 Euler—Maclaurin Summation Formulae

These formulae serve to approximate sums by integrals. We will use a very
basic version but in several specific forms, which we then sketch.

For a differentiable function f of a real variable u, integration by parts
against the first Bernoulli polynomial By (u) = u — 3 yields 3 [f(0)+ f(1)] =
[y fu)du + [ Bi(u)f'(u) du. Now let K € N and K’ € N U {+oc} with

K’ > K, and just here, {u} 41 the fractional part of w. Then a simple

summation of the preceding formula over successive unit intervals gives

S 7 — L[F(K) + £ - /K F(w) du = /K By ({uu}) £/ () du % R,
(1.14)

only assuming f and f’ to be integrable over the interval under use. If more-
over f is a monotonic function, then the difference or remainder R is easily
bounded, resulting in

D fk) = 5 [FE) + f(K')] = /K fwydu+R,  |R| < 3|f(K) - f(K).

+oo +oo

> fk) :/ f(u)du+O(f(K))  for K — +o0. (1.15)
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1.5 Meromorphic Properties of Mellin Transforms

The representation of meromorphic functions as Mellin transforms, the result-
ing control over their principal parts and effective meromorphic continuation,
constitute the technical tool we will constantly invoke throughout. Therefore,
although the subject is classic [36, Chap. VIL.6] [58] [112, Chap.III], we give
a detailed review of the results we will use.

For a locally integrable function f(x), x € (0,+0c0), its Mellin transform
can be formally defined as a function of s € C, as

Mf(s) = /000 f(z)z™*"tda. (1.16)

We list some increasingly detailed analytic features in s for this transform.

Stage 1 (root). If for some —oco < p < v < 400,
flx)=0(@=") (z—07) and f(z) =0(*) (z— +o00), (1.17)

then Mf is defined and holomorphic in the strip {4 < Re s < v} (sim-
ply by the convergence properties of the integral (1.16) in that strip). Note:
Mf(s) — 0 for s — oo in the strip, by the Riemann—Lebesgue lemma.

Stage 2. If moreover, for some strictly descending sequence pg > p >
-+ > pn with gy < v and some sequence of polynomials {p,,(y)}, the function
f obeys a large-x asymptotic estimate

N
flz) ~ an(logl‘) z'm + O(a"') for z — +oo  with 4/ < pn,
n=0

then Mf continues to a meromorphic function of s in the wider strip {g' <
Re s < v}, where its only singularities are poles at s = u,, with principal

parts pn(f%) s—l,un forn=0,1,...,N.

N
Proof. Let gn(z) = f(z) — Y. pn(logz) zHn ’{x>1}. Then gy satisfies all as-
n=0

sumptions of Stage 1 with y’ in place of p, hence Mgy is holomorphic in
the wider strip; while floo [pn(log x) x”] x5~ 1dx precisely yields the stated
principal part at s = u,, by direct evaluation. a

Stage 2’. If moreover the above sequences are infinite, u,, | —oo, and the
function f admits a complete large-z asymptotic expansion

flx) ~ an(log x) zhn for  — 400, (1.18)
n=0
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then all results of Stage 2 extend to N = oo (simply by letting ' — —oo in
the above): Mf is then meromorphic in the half-plane {Re s < v}, and its
only singularities are

1
S — fbn

d
poles at s = u,, with principal parts p, (—d—> for n € N. (1.19)
s

In particular, in the absence of logarithmic terms (p,, constant), the corre-
sponding pole at p,, is simple, with residue p,,.

Stage 3’. Independently of Stages 2, 2’, if now for some strictly ascending
sequence vy < v1 < --- with vy > p and v, T 400, the function f admits a
complete small-z asymptotic expansion (here without logarithmic terms for
simplicity)

flx) ~ Z fnax™ for x — 07, (1.20)
n=0

then M continues to a meromorphic function in the half-plane {Re s > u},
where its only singularities are

simple poles at s = vy, with residues (— f,) forneN (1.21)

(arguing just as above, but with the bounds z = 0 and 400 interchanged
under s — —s; hence the residues change sign).

Note that we could more generally have allowed, e.g., suitable complex
exponents pi,, and v, logarithmic terms also in the expansion (1.20) at x = 0,
etc. Here we aim at economy, and refer to [58,76] for more general settings.

Effective continuation formulae. In Stages 2-3, now assuming all asy-
mptotic conditions to be differentiable, the Mellin representations can be
explicitly modified to perform an effective meromorphic continuation. The
trick consists of successive integrations by parts, watching the growth condi-
tions at the integration bound where divergence sets in.

We illustrate the idea in the case of Stage 2 (or 2’) assuming a simple pole
at s = pg (i.e., po = const.). We then have, in principle for py < Re s < v,

1
S — Mo

Mf(s) = /0 [f(l') -T_HO} o7 dy = /0 [f(l‘) x—ﬂo]/ Mo~ dg,

(1.22)

but the latter integral satisfies all conditions of Stage 1 with u; in place of
i, so it defines an analytic function in the wider strip {u; < Re s < v}; the
right-hand side thus continues M f meromorphically in this strip (note how
the pole at s = pp and its residue [f(x) x7"°]3° = pg become explicit).
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Now in the newly accessed strip {u1 < Re s < po}, the integration by
parts can be reversed, but the growth conditions produce a new result,

Mf(s) = /Ooo[f(l') gTHo —po} pho=s— 1y = /Ooo[f(x) — Do xuo] l'_s_ldx,
(1.23)

upon which the whole process can then be restarted to pass the next pole ;.

A multiple pole can likewise be passed by further iterated integrations by
parts; as we will not explicitly need to do this, we simply refer to [58] [106,
Appendix A].



Chapter 2
Infinite Products and Zeta-Regularization

Our purpose here is to review some symmetric-function techniques suitable
for certain divergent sequences {y}g=1,2,. .., i.e., infinite (real or complex)
sequences with |zx| T co. (The z, are counted with multiplicities if any.) We
specifically wish to control their symmetric functions of the Zeta and Delta
types as sketched in Sect.1.1. We will elaborate on a scheme initiated for
positive eigenvalue spectra in [104], where Theta-type functions provided a
natural and most convenient base. For sequences such as the Riemann ze-
ros, however, Theta-type functions exhibit less accessible and rather intricate
properties, whereas Delta-type functions are openly present (as the “trivial”
Gamma factors) and thus provide a privileged gateway; at the same time, a
setting which requires positive sequences is inadequate. We must then adapt
[104] to a broader perspective better adjusted to the idiosyncrasies of se-
quences like the Riemann zeros, and favoring conditions placed on Delta-type
functions. The latter option, however, lengthens some intermediate calcula-
tions, so we emphasize that these are totally elementary (nineteenth-century
mathematics!), all the more that a parameter pg, the order of the Delta func-
tion, remains low; and only pg = 1 and % will serve for the Riemann zeros.

Our goal here is to output a toolbox of basic special-value formulae that are
general enough and systematic yet economical, being tailored to our current
final needs. Alternatively, we refer to [32,53,60,61,90] for very powerful and
general, but more elaborate, frameworks. For greater convenience, Sect. 2.6
groups the main practical results to be exported for later use. Thus, the bulk
of this chapter may be skipped on first reading. (Inversely, it can serve as a
tutorial for zeta-regularization alone.)

2.1 Informal Discussion

We begin with a heuristic description of our basic targets for symmetric

functions of infinite sequences {xy} when |z| T co.

First, we want such a sequence to admit a zeta function Z(s|{x}) def

> x %" (shortened to Z(s) except when the sequence may vary). We will need

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 9
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_2,
(© Springer-Verlag Berlin Heidelberg 2010
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this function Z(s) to be analytic in a complex neighborhood of s = 0, but its
defining series ), ,® will converge at best in some half-plane {Re s > po}
with 0 < po < +00; we then ask Z(s) to admit a meromorphic extension to
the whole s-plane, with computable poles (to make way for some explicit an-
alytical continuation methods). We at once assume that ), |zi| "0 diverges
because it will always be the case for us, and otherwise extra subtleties arise.

Next, we want to have a Delta-type function: formally, A(z|{zr}) =
A(z) = ][, (z + x1) like a characteristic polynomial, but this nice intrin-
sic product is well defined as it stands for finite sequences only. In the case
of a diverging sequence as above, only a modified infinite product converges
(everywhere), the Weierstrass product

with the usual notation [u] 4 the integer part of pu. Thus Ag is an entire
function, having {—xx} as its set of zeros; but conversely, the latter features
are too general to select A(z) = Ao(x) uniquely.

To narrow the ambiguity on A we note that Ag(z) is an entire function of
finite order po [10, Theorem 2.6.5]. This discussion will then largely borrow
from the theory of such functions and their parametrization [10, Chap. 2]

[26, Sect. 11] [89, Appendix 5]. We recall that in full generality, the order of

an entire function f(x) is pg def inf{u € R| f(z) = O(el*")}, with pg > 0

for all but polynomial f; thus here for Ag(x), 0 < po < occ.
A central result is that any entire function of order ¢ with this prescribed
set of zeros {—x} has the Hadamard product form:

o0 [10] m
Alz) = eP@) 11 (1 + b%) exp{mzzl % (—%) } VzeC) (2.2

where P(z) is some polynomial P of degree < [uo]. From now on, A(x) will
then be the general function (2.2) of order ug, with prescribed zeros {—xy}
but P unspecified.

Spaces of entire functions have a basic symmetry, translations in C. Now,
finite products A¢(x | {zx}) = Hf{(x + 1) are manifestly covariant:

Ae(z [{zr +y}) = Az +y[{z}) (Vg €C),

but not the Weierstrass product inside (2.2). Indeed, Ag(z) as in (2.1) is also
specified by a particular Taylor series at x = 0 for its logarithm,

—log Ao(z) = Z Z(m)

m=mg

o (—z)™  (convergent for |z| < ir};f lzk]), (2.3)
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where mo [to] + 1 (= the least integer > pg); i.e., (2.4)
(log Ag)™(0) = (=)™ *(m —1)!Z(m)  for m > po (2.5)
0 form=0,1,...,[po]- (2.6)

More generally, the polynomial P in (2.2) identifies with the Taylor expansion
to order [uo] of log A at = 0. The vanishing conditions (2.6) mean P = 0,
thus specifying Ag in particular, but they are distinguishing one base point
in C, here x = 0, and this breaks translation invariance. It is thus important
to recover this symmetry in (2.2).

Thus, the following related formula regains convergence and covariance:

(log A)™) () = (=1)™ " (mo — D! (w + ) ™" (2.7)
k

inversely, (log A)(mo) can be seen as the basic intrinsic function, yielding
log A as its general mg-th primitive (only a function mod P); whereas the
particular primitive

tog 20)e) = [ [] " tog 2y, (28)

cannot be fully covariant since it depends on a lower bound at each integration
step. Still, if Ag(z) continues here to mean Ag(x | {x}), then (2.7) implies

(log A0) " (z | {zx +y}) = (log Ag) "™ (& +y),
ie, Aoz {zn +y}) = ¥ Aoz +y) (2.9)
with P,(z) = a polynomial in z of degree < [uo].

Translation covariance is thus achieved, but through a multiplier efv; the
conditions (2.6) then fix the polynomial P,(x), as

mo

= B5) =~ Y —-(og 2)™(y)a".  (2.10)

m=0

Aoz |[{zk +y})
log Aoz +y)

Thus, not only P, # 0, but its coefficients look like (and turn out to be)
transcendental functions in the shift parameter y.

Further conditions are now required to gain some effective control over the
meromorphic properties of Z(s). At this level, details may have to be fine-
tuned to each context. While there exist very powerful general formalisms as
already mentioned, here we choose to stay fairly close to the setting of the
Riemann zeros, so as to quickly reach our final applications.
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2.2 A Class of Eligible Sequences {x;}

So, we consider infinite complex sequences {zy }x=1,2,... such that x # 0 (Vk),
|zk| T oo, and |argzy| < m — ¢ for some ¢g > 0. We now deem such a
sequence eligible of order pg for some pg € (0, +00) if it satisfies two (non-
independent) conditions.

(1) As in Sect. 2.1, the series

o0

Z |z,| =% converges if (and only if) Re s > puo, (2.11)
k=1

allowing us to define the zeta function of the sequence, by the Dirichlet series

Z(s[{zr}) = § Z for Re s > pg. (2.12)
k=1

(2) Moreover, for some real sequence po > g > -+ > p, | —oo (with uo as
above) and some angle ¢1 € (0, ¢), the function log Ag(z) defined through
(2.1) obeys a complete large-x asymptotic expansion of the form [106]

o0

log Ag(x) ~ Z(&#" logz + ay,, ) z*", r — o0, largz| < ¢1, (2.13)

n=0

uniformly in argz (to make (2.13) repeatedly differentiable [35, Sect. 1.6]).

Equation (2.13) can be called a (generalized) Stirling expansion: in the
prototypical case of the integer sequence {x) = k} of order po = 1, (2.13)
amounts to the classic Stirling formula for —log I'(1 + z), as reviewed in
Sect. 3.6. (Higher powers of logx could be allowed, as in Sect. 1.5, but they
would unnecessarily complicate both the treatment and the results.)

We will systematically extend the range of all coefficients like a,,, a,,
having general (real-valued) indices by the convention

Qpy Gy L0 for arbitrary p € (=00, o) \ {n }- (2.14)

2.3 Meromorphic Continuation of the Zeta Function

We can now begin to use the results of Sect. 1.5.
At the root, the estimates (2.6) and (2.13) together make the following

Mellin transform of the type (1.16) well defined: for mq o [wo]+1 asin (2.4),

I(s) d=ef/ log Ao(y) y ™ 'dy (1o < Re 5 < my). (2.15)
0
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Then on the one hand, exploiting Sect. 1.5 thoroughly, I(s) continues to a
meromorphic function in all of C where its only singularities are:

e Due to (2.13), at most double poles at s = p,,, with the principal parts
I(pin +€) =y, e 2 +au, et +0(1)—0 (2.16)

e And due to (2.3), at most simple poles at the integers s = m > mg, with
residues (—1)™Z(m)/m.

On the other hand, repeated integrations by parts upon (2.15) lead to

I(s) = (}18:;”;)8) /ooo(log 20)"™(y)y™ Ty (w0 < Re s < mo);
(2.17)

and if here we substitute (2.7) for (log Ag)(™)(y) and integrate term by term
relying on [;°(1 4 y)~GTWy*~1dy = I'(z)I"(w) /I (z + w), we find

F(_S)F(mO) > — —s—1 T
I(s) = ———F"F"77 Moymo=S=dy = ... = Z(s).
() I'(mg — s) zk: /0 (y+ )™y Y s sinms ()
But since I(s) is meromorphic in all of C, the reverse formula
Z(s) = 5 51;171'5 I(s) (1o < Re s < my) (2.18)

actually extends to the whole plane; it then continues Z(s) from the half-
plane {Re s > o} as in (2.12) to a meromorphic function in all of C, with
singularities explicitly induced by those of I(s) which we just described.

As the main qualitative consequence, the zeros of the prefactor (s sinms)
counteract all the poles of I(s) located at integers, implying that:

e At any integer u, = m, by (2.16), Z(s) has

at most a simple pole, of residue (—1)"m ayy, , (2.19)
with FPs—p, Z(s) = (—1)™(@m + mam) (2.20)

(and likewise for arbitrary integers m < pio, under the convention (2.14))
e At integers s > po, since all the poles of I(s) are simple, Z(s) is devoid of
poles (indeed, we know it is analytic for Re s > pg)
e Last but not least, s = 0 is a regular point for Z(s) thanks to the double
zero of the prefactor (s sinws)/m there, with (2.16) implying

Z(e) = o +ape +O(e*)eso = Z(0)=ag, Z'(0)=ag (2.21)

(again with the convention (2.14) if 0 & {pn}).
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Summary

All the poles of Z(s) lie in the single descending sequence {u, }; they are at
most double in general, simple at integers, and definitely absent at s = 0
(a regular point); the values Z(m) for integer m < pg, and Z’(0) have closed
expressions in terms of the generalized Stirling expansion coefficients.

2.4 The Generalized Zeta Function

All previous considerations about Z(s) transfer to shifted sequences
{zr +x} up to reasonable limitations on the shift parameter z (e.g.,
(x+xr)¢ R_ (VE)).
Thus, for an eligible sequence {z}} as in Sect.2.2, the generalized zeta
function
Z(s,x) def Z(xk +xz)7° (Re s > po) (2.22)
k

satisfies:

e The first eligibility condition (2.11), with po unchanged
e The obvious but essential functional relation

0:Z(s,2) = —sZ(s+ 1,x); (2.23)

e Explicit covariance, since the identity Z(s, X|{zy + z}) = Z(s, X+
x| {zk}), obviously obeyed for Re s > g, then extends to all s by mero-
morphic continuation.

The other eligibility condition (2.13) asks for a large-X expansion like

log Ao(X [{z +2}) ~ Y _[au(x)log X + a,(z)] X", (2.24)

but thanks to the covariance identity (2.10) with P,(X) polynomial in X,
log Ao(X [{zr + x}) = Pp(X) +1og Ao(X + x| {z}); (2.25)

then this last term can have its large-(X + x) expansion (2.13) reordered
in powers of X, and the form (2.24) is obtained; this operation, which may
output a modified sequence {u} # {un} (but po is invariant), is algebraic at
any order, therefore:

au(x) for p ¢ N, and all @,(x) are polynomial in x;

2.26
but ap(z) for m=0,1,...,[uo] are transcendental in x (2.26)
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as the polynomial P, (X) adds a transcendental dependence on z, by (2.10).
This dichotomy will visibly affect all concrete outputs, see Sect. 2.6.3.

Then, all previous results about Z(s) = Z(s,0) such as (2.19)—(2.21) ex-
tend to Z(s,z), just by replacing @, am by @m(z), am(z) respectively.

In Sect.2.3, Z(s) was derived from the function Ag; it is now desirable
to express Z(s,x) likewise, since Delta-type functions will provide our main
input data in applications.

At integer s, just by inspection, (2.7) and its higher derivatives yield

_1)m
Z(m,z) = (—)'(— log A)™ (2) for integer m > my (2.27)

~ (m—1)!

valid for general A, which includes Ag (cf. (2.5) for z = 0).
For more general s, we combine (2.18) not with the integral formula (2.15),
but with (2.17) which uses the intrinsic covariant function log Aém"); S0, we

may simply shift the whole formula by x, with the result:

Z(s,x) = (—1)mo )/000( logAO)(mo)(ery) ymofsfldy

I'(s)I'(mo—s (o < Re s <my), (2.28)

again also valid with general A in place of Ag. (Remark. Symbolically, this
amounts to extending (2.27) to derivatives of non-integer order, as Z(s, x) =
I'(s)~H(—d/dz)*(—log Ao)().)

2.5 The Zeta-Regularized Product

One can now define ], (z 4 ) for an infinite eligible sequence, as

Aoo(®) € exp[-2/(0,2)] (' =0/0s, as in (1.9)). (2.29)

Indeed this straightforwardly works for a finite sequence {zy}, and it pre-
scribes a finite value in any case since we forced Z(s,z) to be regular at
s =0: Axo(x) is called the zeta-regularized form for the products A(z).

However, the prescription (2.29) is an impractical one as it needs analytical
continuation (from Re s > po > 0 to s = 0), which is not a constructive
operation. Eligibility conditions, like here or in [104], are precisely tools to
pin down A () quite concretely.

First and foremost, although this does not obviously show on its definition,
Ao () indeed belongs to the family (2.2), i.e., it satisfies

Aoo(z) = e =@ Ag(2)  for a polynomial Ps(z) of degree < pg. (2.30)
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Proof. The definition (2.29) and functional relation (2.23) imply, for m € N,
(=108 Awo) ™ (x) = (=1)™Bs 5(s +1) ... (s +m —1)Z(s +m, x)|s=0. (2.31)

Now, 05 5f(8)|s=0 = FPs—o f for a function f(s) having at most a simple
pole at s = 0, and the functions Z(s+ m, x) are precisely like that, by (2.19).
So, the previous formula reduces for m > 0 to

(—log Aso)™(z) = (=1)"FP,_,, [(s=m+1)...(s—=1)Z(s,x)], (2.32)
and at the regular point s = mg (= [ug] + 1), this boils down to

(—1og Aoo) ™) () = (—1)™° (mg — 1)! Z(mo, z) (2.33)
= (—log A)™)(z) by identification with (2.27). O

In other words, A (x) is a particular A function; but one which has also
inherited manifest covariance (under translations) from Z(s,z) itself, by
its very definition (2.29). A serious limitation, however, is that this zeta-
regularization prescription will be stable under no other change of xz-variable
than a pure translation (not even x — Az).

Next, the yet unknown polynomial P,, can be characterized in two inde-
pendent ways, where the harmonic numbers H,, will appear:

(n+1)—1(1) (neN) (Hp = 0). (2.34)

@|>—t

e Taking successive logarithmic derivatives of (2.30) at = 0 and enforcing
(2.6), we get
[110]

Pa() = Y (~10g A)™(0) T (2.35)

m=0

If, in analogy with (2.5) for log Ao, we pose

def (_1)m
- 1)!

m (—log Aso)™(0) for m € N*, (2.36)
(Zoo(m) = Z(m) if m > my),

then Py () = Pao(0)+ [ﬁ] Zss(m)

(—x)™ gets specified via (2.31)—(2.32):
P (0) = Z'(0) (2.37)
I'(s)
(m—1)! FPamm [F(s -—m+1)
= FPamn Z(s) + (—1)™m Hyp_1 i (2.38)

Zso(m) = Z(s)| (m>0)
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= Z(m) if Z(s) is regular at m (<= a,, =0). (2.39)
E.g., Zoo(1l) =FP,1Z(s) (because Hy = 0). (2.40)

Note that P (z) nicely completes the Taylor series (2.3), to give

~log Ase() = 2(0) + 30 2y (2| < inf ).

(2.41)

e A more tangible specification of Py, involves the large-z (generalized Stir-
ling) expansion of log Ao ().
By substitution into (2.37) and (2.38) of the respective values (2.21) for
Z'(0) and (2.20) for FPs—,,Z(s), the previous results become

(0]
As(z)=e 0 Ag(@),  Puol() = (Hplim + am)2™.  (242)

m=0

In turn, this and (2.13) imply that the large-z expansion assumes a special
(“canonical”) form in the case of log Ao (2):

[110]
log Aco(x) ~ Z am(logx — Hyy) 2™ + Z (Gp, logz + ay,, ) zh",
m=0 pn &N
(2.43)

in which powers 2™ for m € N are banned in free form (i.e., when
not paired with 2™ logx exactly as shown). Inversely, given an eligible
sequence {xzy}, enforcing this restriction fixes the polynomial P, and
thereby Ao (z) itself.

This result can be understood in two other ways.

e By brute force: The initial asymptotic information (2.13) about log Ag(x),
put into the integral representation (2.28) of Z (s, x), can generate a large-x
expansion for the latter (exercise!):

—S

Z(s,x) ~ 7% Z

I _
{(% 8, + aun) % x"] . (2.44)
n=0 H=Hn

1)

on which the formal evaluation of —Z’(0, ) precisely restores (2.43) (here,
the free powers x# get killed by the pole of I'(—pu) when u € N).

e By symbolic integration [104]: In order to continue Z(s, z) toward s = 0,
one idea is to integrate Z(mg,x) mo times using (2.23) backwards; the
integration bound is then found by reference to m > mg, as

xT

(log A)™V(z) = /+ (log A)™ (2') da’. (2.45)
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This integral naturally diverges as soon as m — 1 < pg, but it can
nevertheless be defined on the asymptotic terms of (log A)™)(z) by, e.g.,
Jioa' M da’ = a#~1/(u — 1), followed by analytical continuation and/or
differentiation in u, plus finite-part extraction if needed. It is then easily
verified that in degrees n € N, only canonical (allowed) terms z"(logz —
H,) emerge, e.g., fjfoo 2’ ~1da’ = logz, ffoo logz'dx’ = x (logx — 1), etc.
Consequently, the canonical nature of the series (2.43) symbolically means
[104]

xT mo

log Ave() = U } (log )™, (2.46)
+o00

a covariant formula, to be compared to (2.8) for the Weierstrass product.

Warning: such a symbolic integration does not follow the usual change-of-

variable rules!

2.6 Practical Results

Our strategy is to harvest explicit properties of the zeta function Z(s, z) from
our assumed knowledge of a Delta function A(x) and its properties. Here we
recapitulate the facts gathered in this chapter that serve that purpose.

2.6.1 Zeta-Regularization: a Zeta-Free Recipe

The definition (2.29) of the zeta-regularized form, Ao () e exp[—2'(0, )],

goes in the wrong direction for us: it precisely uses a zeta function that we
aim at understanding (plus analytical continuation in totally abstract form).

Fortunately, given an eligible sequence {xj} of order uo in the sense of
Sect. 2.2, and an infinite Hadamard product A(z|{zx}) as in (2.2), with a
known (generalized) Stirling expansion (2.13), we now basically have a me-
chanical zeta-regularization rule. It suffices to reexpand any terms of (2.13)
having 4, = m € N (in finite number since m < [uo]) over the basis
{z™(logx — Hp,), ™}, as

(o]
log A(x) ~ Z(&m(logx—Hm)—i—bm)xm—i— Z (ap, logz+ay,)z"" (2.47)
m=0 1o &N

(recalling that H,,, = Z;n=1 1/j are the harmonic numbers). Now (2.43)
demonstrates that in the zeta-regularized form, terms which remain in (2.47)
with coefficients denoted a,,, a, are allowed: namely, all terms with p, ¢ N,

and, for pu, € N,
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<, asa?(logz — 2), ajaz(logz —1), aologz; (2.48)

while all terms with b, are banned, namely
by 2™  for all m € N, including additive constants (bg). (2.49)
Consequently, the zeta-regularized form has to be, simply (cf. (2.42)),

[110]
Asxo(z) = exp[ Z bmxm} Alx), b, = Hpy, G, + .- (2.50)

m=0

With Ay () thus determined, a shifted large-x expansion of log A yields

[ro]
log Aco(x 4+ y) ~ Z am(y) (logz — Hyy) 2™ + Z [a,(y)logz + a,(y)] =*,
m=0 nEN
(2.51)
in which all coefficients are now algebraically computable polynomials of y.
Such a covariant shift performed on all the above results (2.37)—(2.41)
yields our final special-value formulae in their most general and useful form:

—log Ao (y) = Z(0,y) (2.52)
% (108 Aoo)™ () = Zoo(m, 1) (m=1,2,...), (2.53)

with
Zoo(l,y) = FPs1Z(s,y), (2.54)
Zoo(myy) = FPoen Z(s,y) + (=1)"m Hpp—1 am (y) (m >1) (2.55)
= Z(m,y) if Z(s,y) is regular at s = m. (2.56)

Our main application, concerning the Riemann zeros, only uses po < 1,
in which case the fully general formula (2.55) can be skipped as this makes
no difference. However, Appendix B (devoted to the zeros of Selberg zeta
functions) makes a brief incursion into po = 2 territory, where that omission
would cause fatal errors.

2.6.2 A Subclass: “Theta-Eligible” Sequences

Some auxiliary sequences to be needed alongside the Riemann zeros are
specially simple (and positive) eligible sequences {zy} (called “admissible”
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sequences in [104]): they allow easier direct control through their Theta
functions ©(z), under the following two assumptions:

(1) O(z) def Ze_zx’f converges for Re z > 0; (2.57)
(2) a complete small-z asymptotic expansion can be written for ©(z),
O(z) ~ Z Cup 2t for z — 01, |argz| < 6; (2.58)
n=0

the sequence {pu,} is as in Sect. 2.2, and 0 < 6 < %71'. In linear spectral prob-
lems of physics, ©(z) is the trace of the heat operator (“partition function”).
Certain complex sequences {zj} can qualify as well [53,60,61,90]. For the
Riemann zeros themselves, however, the simplest ©(z) would be V(iz) where
V is Cramér’s function (5.14). Now we will see in Sect. 5.4 that the singular
structure of V(z) about the origin is only partially and indirectly available,
and much less simple than (2.58). This makes us unwilling to choose V(z) as
principal symmetric function over the Riemann zeros.

Sequences that are theta-eligible as above gain simpler formulae.

The zeta function is more readily accessed than in Sect. 2.3, as

1 > s—1
(5)/0 O(z)2°7dz (Re s > o). (2.59)

Z(s) = T

By Sect. 1.5 Stage 3’ (but with s — —s), Z(s) is meromorphic in C, and
its singularities are at most simple poles at the p,,, with residues c,,,, /I"(tin);
this implies that all the negative integers including 0 are regular points which
give the special values

Z(—n)=(-1)"nlc_,, (VneN) (with the convention (2.14)). (2.60)
Likewise,

1 o0
Z(s,x) = m/o O(z)e "% 25 1dz (Re s > po, |argz| < im+6),

(2.61)
from which a direct calculation of the large-z expansion of —Z'(0,x)
yields [104]

em(logx — Hy) 2™ — Z I'(—pn) ¢y,
m=0 : IL"¢N
(x — oo, |argz| < im+6).(2.62)
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Thus, not only our previous eligibility conditions hold, but the generalized
Stirling expansion of log Ao () fully stems from the small-z expansion (2.58)

of O(z).

2.6.3 Explicit Properties of the Generalized
Zeta Function

Here we sum up the explicit properties of the function Z(s,x) which can be
gathered from the assumed knowledge of an eligible Delta function A(x) with
its properties. They concern two facets of the (generalized) zeta function: its
principal parts, and its values at integers.

o The singular structure: All s-plane poles of Z(s,z) have computable lo-
cations (namely, the exponents p in the large-X expansion (2.24)), and
their principal parts involve coefficients @, and a, by (2.16), excepting
a;, at integer points m by (2.19): such coefficients precisely give rise to
polynomials in x by (2.26), so the principal parts at the poles of Z(s,x)
are rational objects (algebraically computable).

o Explicit-value formulae: They will concern all the values (or finite parts)
of Z(s,x) at integer points s € Z, plus Z'(0,z) all by itself: we dub the
totality of them “special values.” Here an essential splitting is seen between
negative and positive integer points s [106, Sect. 4].

— The values (or finite parts) at s = —m € —N are given by (2.20),
using the coefficients a_,, and a_,, except ag, that again extend to
polynomials in x; hence those Z(—m,x), beginning with Z(0,x), are
rational objects as well (algebraically computable).

— The values (or finite parts) at s = +m € N are given: for m > pg, by
(2.53) and (2.56); and for m < ug, by (2.20) which involves a,, when
m > 0, whose parametric extension a,,(z) is transcendental by (2.26).
At m = 0, as an exception, (2.52)—(2.53) show that a natural companion
to the values {Z(m,x)}m>o is Z’(0,2) = ao(x) rather than Z(0,z)
(already put in the set {Z(—m, )} of rational values). We then declare
our set of special values for +m € N to be not {Z(m,x)}men, but
{Z'(0,2)} U {Z(m, )} men- instead. Manifestly, all the values of this
set show a transcendental nature (e.g., as functions of x).

Therefore, all special-value tables for zeta functions will reflect this alge-
braic vs transcendental splitting. A prototype for these tables follows; it is
set with redundancies on purpose, to display a gamut of cases. In the s = 0
line of Table 2.1 we expanded the polynomial coefficient ag(z) explicitly;
the reader is invited to do the same for the remaining polynomials a4,
and a_,, (exercise!).
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Table 2.1 Special values of the generalized zeta function Z(s,z) for a general el-
igible sequence of order o, in terms of the zeta-regularized product A (z) given
by (2.50) and its expansion polynomials @, (x), am(x) given by (2.51) (upper part:
rational values, lower part: transcendental values). Notation: see (1.7), (2.29), (2.34);
m is an integer

s Z(s,x) = > (wp +2)7*
&
Regul -
“m<o ~(-)"mam(z)
—m<0 —
(ﬁnitme part) | FPommZ(s,2) = (1) [a—m(z) — ma_m(z)] |
(ko] _
0 do(z) = Y. ajad
j=0
0
(s-derivative) | Z'(0, z) = —log Aoo () |
1
(ﬁnthre part) | FPs=12(s,z) = (log Aco)'(x) |
1<m< o - i
Jr(ﬁn_it;npgr#)O FPo—mZ(s,) = (-1)" ! {m (log Ace) "™ (@) + m Hp—1m (@)
_1\ym—1
Regular (-1) (log Au)™ ()

+m > 1 (m —1)!




Chapter 3
The Riemann Zeta Function {(x):
a Primer

This chapter and the next one recall basic properties of the Riemann zeta
function ¢(x) in very elementary terms. We do not try to compete with the
many exhaustive texts on ((z) to which we refer the reader, e.g., [14, 26,
31,48,55,57,63,84,89,101]. We mainly survey the basic facts, arguments,
and formulae to the extent that they will serve later, to make this book
reasonably self-contained. We also highlight the analytical, as opposed to the
purely arithmetical, features because those play a major role throughout.
This part can then be a tutorial to {(x) from an analytical angle. The end of
this chapter also reviews the Dirichlet beta and Hurwitz zeta functions.

3.1 Definition and Immediate Properties

((z) =) k™" (Re z > 1) (3.1)
k=1
— — 1 > —kz zfld _ 1 ~ —kz mfld
;F(x)/o eks o1, F(x)/o ,; 2 1ds
1 <1 .
= m/0 pr— 2"l dz (Re z > 1). (3.2)

It then follows from Sect. 1.5 Stage 3’ (applied with (1.4) and x = —s), that
¢(x) is a meromorphic function in all of C having the single pole x = 1 which
is simple and of residue 1, and that the special values at x = —n, n € N are
computable, and rational:

nB +
¢(—n) = (-1) ni 1 forn e N (e.g., C(0) =—3), (3.3)
= ((—2k)=0 (k=1,2,...): the trivial zeros. (3.4)
A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 23

of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_3,
(© Springer-Verlag Berlin Heidelberg 2010
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3.2 The Euler Infinite Product

The Euler factorization over the set of prime integers (this set to be denoted
{p} throughout) is the fundamental arithmetical property of {(s):

() =T -p=) Rez>1);  (35)
{r}
and it translates to Dirichlet series for log ((z) and [¢'/(](z):

logC(x)—Zszm—z;Z%nz (Rex>1), (3.6)

{p} r=1

C—/(x) =— Z Z(logp) pE=— Z An)n™* (Rex>1), (3.7)

C {p} r=1 n>2

A(n) def {logp :)ft}?er:w]ij sé p prime (the von Mangoldt function). (3.8)

3.3 The Stieltjes and Cumulant Expansions

Two Laurent expansions related to ¢(x) about 2 = 1 will have some relevance.
The first and more customary one introduces the Stieltjes constants v,
(their notation fluctuates in the literature, here we follow [1, Sect. 23.2]):

¢(z) = L . > (=1" An(z — 1), (3.9)

n!

z—1 —
. X (log k)n (log K)n+1

For instance, the 7, are surveyed in [18,21], numerically tabulated in [18,64].

However, the truly useful expansion here will be [56, Sect. 5] [9]

¢ 1 o n
c0 =gy~ Lnla -1, (3.11)
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but the 4, (also called 7,,) are much less studied or computed — we only saw
one table for them [56] until quite recently [77] [21, Appendix D].

Remark. There also exists a direct arithmetical specification [9, p. 286] [46],

S = T = ( lim {ZA logk; (log K)n-H }’ (3.12)

generalizing an earlier result for 49 = —v [102, p. 251].

As none of those constants is fully standardized anyway, here we advocate
a newer notation which matches the relevant degrees of the coefficients:

In = N Yn_1, and go = (—1)"(n— D)!'n_1; (3.13)

this way, we obtain one Taylor series vs its cumulant series,

(@—1)¢x)=1-Y_ (L gn(z —1)", (3.14)

— gn(z—1)" (3.15)

Ounly the ¢ (which we dub “Stieltjes cumulants”) will effectively enter this
work, in some special-value formulae. They relate to the Stieltjes constants
rewritten as g, by the canonical link between a sequence and its cumulant
sequence: if both g, and g¢ are assigned the degree n, then the g5 are standard
(up to signs) homogeneous polynomials of global degree n in the g,,, m <n
(and vice-versa):

9% =g =1, 95 = g2 + g7, 95 = g3 + 39201 + 297, ... (3.16)
(~ 0.577215665) (=~ 0.187546233) (= 0.103377264).

3.4 The Functional Equation and Completed Zeta
Function = (x)

We now recall the basic Riemann’s Functional Equation for ((s) (capitaliz-
ing its name, to distinguish it from generic functional equations). Textbooks
on Riemann’s zeta function are keen to give more than one derivation of
this Functional Equation, and sometimes quite many. In contrast here, one
complex-analytic proof by Riemann [31, Sect. 1.6] is definitely more relevant
to our analytical approach, and we give just that one.
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A

Fig. 3.1 Integration contour yielding Riemann’s functional equation

First, the integral specification (3.2) is easily transformed to a Hankel loop
integral,

C(y = L1=2) / 2", (z & N*), (3.17)

2im

where C’ is an infinite path encircling the half-axis R clockwise at a distance
0 < e <« 1 (Fig. 3.1); the right-hand side of (3.17) then analytically continues
¢(z) to all of C\ N*.

Next, for R > 1, let C; be the truncation of C’ at the radius (2R+1)w, C'%;
be the positively oriented great circular arc of that same radius connecting
the endpoints of C, and Cr = Cp + C% (a closed contour). Then

((x) = ——= lim ﬂdz

(3.18)

I
~
’:
5 \
H
P
+E
8
Q\
oyl
\\
|
l\l

where R is now restricted to integers, which ensures that (e* —1)~! stays
bounded on C7%. Then, for Re z < 0, [, = O(R®**) — 0 as R — 400,
R

hence we are left with the contour integral [, Cn alone,
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I'l—=x)

((z) = ————= lim ﬂ

d R 0 3.19
2T R—too Jo, €7 —1 = (Re z <0) (3-19)

which is easy to evaluate by the residue calculus: specifically, the partial frac-
tion decomposition (1.13) of (e* —1)~! (i.e., the Poisson summation formula
(1.11) as explained in Sect. 1.3), entails

/ CA" 4~ i 3 (2ir)n !
on € -1 ’

0<|r|<R

hence (3.19) yields ¢(z) = I'(1 —z) 3. (27ir)*~!, or
rez*

((z) = %(2 sin %) C(1— ), (3.20)

which is Riemann’s Functional Equation; obtained here for Re x < 0, this
identity extends everywhere by meromorphic continuation. a

The Functional Equation implies further special values, now transcenden-
tal, at nonnegative integers (mainly by transfer from (3.3)):

¢'(0) = —5 log 2T, (3.21)
FP,_1((x) =7, (3.22)
¢(2m) = %Bm (m=1,2,...). (3.23)

Then, the completed zeta function

=y def ~_
Z(2) E G Y x) (z — 1)¢(2), (3.24)
def 71'3:/2
with: G(z) = ——=——5— (an explicit entire factor),  (3.25)
2I'(1 + 5%)

is an entire function with the same zeros as {(z) except the trivial ones (3.4),
and on which the Functional Equation (3.20) simplifies to

Z(3+t)=Z2(3 —t) (an even function) (3.26)

i.e., the point x = % is a center of symmetry for =. (Note: the traditional

completed function is £(z) = £ Z(z), but Z(0) = 1 is a nicer normalization.)

3=
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3.5 The Dirichlet Beta Function 3(x)
Our study of ¢(z) will specifically need another Dirichlet series: the L-function

for the odd Dirichlet character mod 4 (see Chap. 10), variously denoted L, _,
or Dirichlet S-function [33, Sect. 1.12 (end)] [1, Sect. 23.2] [14, Sect. 1.7]

Blz) = i(—l)k(% +1)7" (Re x> 1) (3.27)
k=0
= F(lx) /0 QColshz 2 dz (Re z > 1). (3.28)

Its analytical treatment fully parallels that of {(x) except that B(x) comes
out as an entire function. It has the rational special values

B(—n)=3E, forneN (e.g., B(0) = 1), (3.29)

in particular its trivial zeros are the odd negative integers. It admits a com-
pleted beta function =Z3(x) and a functional equation, according to

Zp(x) € (4/m)EV2P (L@ +1))B(z) = Zp(1 — x). (3.30)

Further transcendental special values at nonnegative integers follow:

B'(0) = —3log2 — logm + 2log I'(1), (3.31)
2m—+1
B2m+1) = %E%n (m=0,1,...). (3.32)

3.6 The Hurwitz Zeta Function {(x,w)

It is a generalized zeta function [33, Sect. 1.10] [14, Sect. 1.6], defined by

¢(z,w) def i(k +w)™* (Rexz >1, Rew >0) (3.33)

1 00 e(lfw)z
= ) / 2*~tdz (Re z > 1, Rew > 0), (3.34)
0

with the obvious functional equations

C(zyw+1) =((z,w) —w™®, (3.35)
OuwC(z,w) = —z(z+ 1,w). (3.36)
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Its analytical treatment initially parallels that of {(x) = ((z,1), simply
replacing the expansion (1.4) by (1.3) with y = 1 — w. Thus for fixed w,
((x,w) is meromorphic in the whole z-plane, with a single pole at x = 1,
simple and of residue 1, and it has the rational special values

C(—nw) = f—lej(j” )

(e.g, ¢(0,w) =3 —w).

(n € N) (3.37)

Transcendental special-value formulae also arise for x = +n € N, see below.

The contour integration argument used to get the Functional Equation
for ¢(z) (Sect.3.4) extends to ((x,w) as long as 0 < Re w < 1 (in order for
e(1=w)z(e* —1)~1 to remain bounded on the arc C;). The outcome is still
a functional relation; however, it pairs the Hurwitz function no longer with
itself, but with another generalization of the Riemann zeta function,

F(u,x) = Z

n=1

3

=R
By

(a Lerch function or polylogarithm), (3.38)

%5

according to the Jonquiére relation [33, 1.11(16)][101, Sect. 2.17],

I'l—2x) ; : ;
(251_)1_33)1 [elﬂ'z/2 F(6217rw, 1— 1,) o 67171'1/2 F(67217rw, 1— .T)]
(3.39)
for Re x < 0, 0 < Re w <1 (a relation mentioned only for later reference).
For a general w-value, {(z,w) loses not only the central symmetry, but
also the arithmetical properties, of {(x).
We now turn to the special-value formulae for x = +n € N; they involve

the Digamma function ¢(w) as in (1.6), which is transcendental:

((z,w) =

¢'(0,w) = log [I"(w)/V2r ] (3.40)
FP,—1 ((z,w) = —¢(w) (3.41)
C(nyw) = (1) D(w)/(n—1)!  forn=2,3,.... (3.42)

These formulae are classic [33, Sect.1.10] [14, Sect.1.6] ((3.40) is known as
Lerch’s formula); nevertheless, we rederive them here as a first and major
illustration of the zeta-regularization formalism of Chap.2 [104, Sect.6c)]
[90, Ex. 3].

Proof. Basically, ((z,1 + y) is just the generalized zeta function for the se-
quence of integers {xy = 1,2,...}, which is theta-eligible (Sect. 2.6.2) of order
to = 1, having the Theta function (cf. (1.4))

oo

0(z) = ie"” - > But1 (3.43)
_k=1 _ez—l_n:71n+1 ’ ’
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Then, by definition of the corresponding zeta-regularized product A (y),
¢'(0,1+y) = —log Ao (y), (3.44)

and here, the general special-value formulae (2.53)—(2.56) further yield

FP,—1¢(z,1 +y) = (log Axo)'(y) (3.45)
_1)"

((n,1+y) = (fz _)1>| (—log Acc)™(y)  forn=2,3,... (3.46)

If we pose D(y ) [ log Ao (y)] —log I'(1 +y), it is then only a question

of proving that this difference D(y) = —3log2r. The argument for this

proceeds from n > 2 to n = 1, and finally n = 0.
The last displayed formula (which is intrinsic) turns explicit first: for n = 2,

(—log As)(y) = C(2,14y) = ik+y 2 =y'(1+y) (3.47)

by a basic formula giving ¢’ [1, (6.4.10)], hence (—logA)"(y) =
(log I')’"(1 4+ y) and likewise for higher derivatives: this proves (3.42), and
amounts to

D(y) = b1y + bg. (348)

(And by (2.26), constants such as b; and by ought to be transcendental.)

Then, by applying 9, at = 0 to the functional relation (3.35) and using
(3.44), we find —log A (y) = —log As(y — 1) + logy, which is the same
functional equation as obeyed by log I'(1 + y): consequently, the above differ-
ence D(y) is 1-periodic, and this symmetry result forces by = 0 in (3.48), or
(—log Ax) (y) = ¥(14y). With this, (3.45) becomes (3.41), which is thereby
proved.

Last, we can identify the constant by in (3.48) by setting y = 0 therein:

bo = D(0) = ¢'(0,1) = log I'(1) = ¢(0) (3.49)

= —3log 27 by (3.21), hence A (y) = V27/I'(1 + y), establishing the last
pending special-value formula (3.40).

As an extra bonus, we can invoke the fully explicit (and rational) large-y
expansion of —log A (y) yielded by (2.62) for the case (3.43):

Bom,
—log A (y) ~ Boy(logy —1) — Bllogy+z 2m —2)! (2;

I Yyt (3.50)
m=1 :

(largy| < 7); hence the previous results also imply
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Bzm 1-2m
omem—1)"7

(y — o0, |argy| < ), (3.51)

oo
log I'(1 +y) ~y(logy — 1) + 3 logy + 3 log 27 + Z
m=1

i.e., the complete Stirling expansion for log I'(1 4+ y) in one shot. a

We find this joint proof of the transcendental special-value formulae for
¢(s,w) and of the Stirling expansion for log I" to have a condensed and com-
pelling character, and it highlights an important connection between (3.51)
and (3.40). We finally display the derivative of (3.51), to be often invoked:

oo
_ Bom _om
P(1+y) ~logy + Syt = Y 2y (3.52)

The Hurwitz zeta function, and particularly its set of special values (3.37),
(3.40)—(3.42), constitute a kind of a prototype for the methods and results
that will later arise for the superzeta functions. We therefore recapitulate the
special-value formulae of {(z,w) in Table 3.1 below, to serve as a template
to forthcoming Tables and for later reference.

Table 3.1 Special values of {(z,w) (upper part:
rational, lower part: transcendental, cf. Sect. 2.6.3
and Table 2.1). Notation: see (1.3), (1.6), (1.7); n
is an integer

@ Cew) = 3 (k+w)~
k=0
—n<o0 _Bn+1(w)
N n+1
0 % —w
(x—denovative) ¢’'(0,w) = log [F(w)/\/m |
(ﬁni_{—elpart) | FPo=1((z,w) = —¢(w) |
+n>1 n" P =D ()

(n—1)!




Chapter 4
Riemann Zeros and Factorizations
of the Zeta Function

This is the second half of our review on the basic properties of {(x).

4.1 Growth Properties of {(x) and = (x)

The theory of entire functions of finite order (cf. Sect.2.1) applies to
Riemann’s = function in a classic way [26, Sect. 12] [89, Appendix 5].

We first bound ((z) and the trivial factor G~!(z) (z — 1) separately in the
half-plane {Re z > 1}.

Applying the Euler—-Maclaurin formula (1.14) to f(u) = v~ * withRe > 1

and K =1, K’ = 400, yields (with {u} 4 the fractional part of u here)

((x) = L +i- x/loo By ({u}) u™* " 'du; (4.1)

rx—1

but as the right-hand side converges and defines an analytic function for
Re z > 0, it analytically continues ((x) to this half-plane. The integral is
bounded by floo %u_ Reo—ldy = (2Re z)"! < 1ifRe x > %, hence as x — oo
in the latter half-plane, the bound ¢((z) = O(|x|) holds.

On the other hand, exponentiating Stirling’s formula (3.51), we see that
|G~ (2) (x — 1)| < eClelloglz] for any C' > 1.

Hence in the half-plane {Re = > 1},

|2(x)| < Clelloglzl  (yo > 1); (4.2)

but this final bound, which concerns =, therefore extends to the whole z-plane
thanks to the Functional Equation (3.26). At the same time,

log =(z) ~ sz logz  for x — 400 (4.3)

(using Stirling’s formula again, plus ((z) ~ 1 for x — 4o00). All that fixes
the order of the entire function = () to be precisely 1o = 1 in the variable x.

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 33
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_4,
(© Springer-Verlag Berlin Heidelberg 2010
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By the Functional Equation, = is also an entire function in the variable
u = z(z — 1); its order (relative to this new variable) is then 1, and this
seemingly trivial rephrasing proves quite useful for certain issues.

4.2 The Riemann Zeros (Basic Features)

By the general theory of entire functions of finite order [10, Chap. 2], a func-
tion like = which has a non-integer order (3, in the variable u = z(z — 1))
must have infinitely many zeros (a statement invariant under this change of
variables « < u). The zeros of =(x) are then nontrivial zeros for {(x) (besides
the trivial set {—2k}): they are the Riemann zeros, usually labeled p.

The Euler product (3.5), convergent for Re « > 1, implies {(x) # 0 there.
This plus the central symmetry restrict the p to lie in the strip 0 < Re = < 1.

In fact, ¢(z) does not vanish on the line Re = 1 either. While this is a
key step toward the prime number theorem, a major arithmetical result, both
the fact itself and its derivation seem to lie off our main analytical track; so,
we merely quote the result (proved in all books). This further restricts the
Riemann zeros to the open critical strip 0 < Re z < 1.

No zeros can lie on the real segment (0,1) either: indeed,

oo
(1—2"")¢(z) = Z(—l)k71k71 converges for Re z > 0,
k=1

and for all x > 0 this series is alternating and shows a strictly positive sum.
By central symmetry, the Riemann zeros occur in pairs (p, 1 — p). To make
this symmetry explicit, we will rather enumerate them in pairs as

{p= % +imbh=12, ., Re 7 > 0 and non-decreasing, (4.4)

and also parametrize each such pair by the single number

The Riemann Hypothesis (1859, still open) states that [92]

(RH) Rep=1 (Vp) < (Vk) 7 €R;y < u,— 1 €Ry; (4.6)
all our arguments will be unconditional (independent of RH) up to Chap. 11.

Another unproved conjecture is that all zeros are simple, but we adopt the
standard convention of counting all objects with their multiplicities if any.

The first zeros’ approximate ordinates are numerically found as

{7 & 14.1347251, 21.0220396, 25.0108576, 30.4248761, 32.9350616, ...}
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4.3 Hadamard Products for =(x)

By the general theory of entire functions of finite order as referred to in
Sect. 2.1, in the case of Z(z) of order 1, the zeros p satisfy }_ lp|717¢ < >
if e > 0, and = (z) admits the Hadamard factorization

S(x) = Z(0) el = @+ ] (1 - f) e?/P  (Yz € C).
p
P

Were 3 |p|~! to converge, this and the general bound |1 — z| < el*l would
imply Z(z) = O(e“!#l) for some C and all z, which is contradicted by (4.3).
Hence
Z lp|7*7¢  converges for € > 0, diverges for € = 0. (4.7
p

This growth estimate for the zeros (note: >~ |p|~! = oo is a tangible proof of
their infinite number) will be refined to the Riemann-von Mangoldt formula
soon (Sect.4.5), but it is needed meanwhile.

Here, using (3.24) and the special values Z(0) = 1 and (3.21), the above
Hadamard formula boils down to

E(z) = eB* H(l - f) /e, B logayr—1- 1y (4.8)
0
P
1 e(log2m—1—v/2)x T
_ G(2)E(z) = 1—=)e™P. (4.9
or ()= GWEW = o T 1) ’ ( p) e (49)

The logarithmic derivative of the latter will also serve,

%( ) = (log2m — 1 — 7)%%w(1+§x)+;[xi +ﬂ. (4.10)

Those are the classic forms given everywhere, for which the ordering of the

factors is immaterial (they converge absolutely for all z € C). However,

we will critically need more symmetrical forms, which require the zeros to

be taken in pairs (p,1 — p). So from now on, all symbols [], for products or

> o for summations crucially imply this grouping of zeros in pairs.
Thereupon, following, e.g., [31, Sects. 1.10 and 2.8]: first,

Z Z{ +imy ——17-k] Zl+Tk Zu_k (411)

k

(the grouping restores absolute convergence). This at once motivates the
introduction of two kinds of zeta functions over the Riemann zeros; an-

ticipating our future notation (Chap.5), we set Z5i(s) def >.,p % and
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Z(0) def > pUp *, which translates (4.11) to 25(1) = Z.(1). Then, this
other pair evaluation:

(1—%)(1—11"[))51—%, (4.12)

substituted into the initial Hadamard product (4.8) for =(z), turns it into

E(x) = o B+Z, 1o 1:[<1 - f) — Btz = H [1 — x(l—kx)] . (4.13)

p - u

Now, the symmetry of the Functional Equation = (z) = Z(1 — ) requires the
exponents in (4.13) to vanish, or 25 (1) = —B. All that yields the identities

Z(1)=Z(1)=-B=—[log=)'(0) =1+ 3y — Llogdr (4.14)
( ~ 0.0230957090).

This result appears in some textbooks [26, Sect.12, (10)—(11)][31, 3.8(4)]
[89, Sect.3.1], but in isolation; we will see that it actually initiates two in-
finite sequences of such formulae for all the special values % (k) and Z.(k)
(k=1,2,...), which admit parametric generalizations as well (Chaps. 7-8).

Finally, (4.13) reduces to two manifestly symmetric product forms, less
common than (4.8) [31, Sect. 2.8] [89, Sect. 3.1] but more useful for us later,

E(x) = H(l — f) with zeros grouped in pairs (4.15)
p

_;f:[l {HU—“J, 0w 2z - 1) (4.16)

(the latter is just a Hadamard product for = as a function of u of order %)

4.4 Basic Bounds on (/¢

An important class of results to come, like the Riemann—von Mangoldt
formula (Sect. 4.5) and the Explicit Formulae (Sect. 6.2) (plus our basic an-
alytical continuation formula for a zeta function over the Riemann zeros in
Chap. 7), require some control over the growth of ¢’/¢ in the complex plane.
The problematic region is clearly about the critical strip, where the unknown
Riemann zeros lie; if Re x > z¢ for some z¢y > 1 then ¢’/ will be triv-
ially bounded (and the symmetrical half-plane {Re 2 < 1 — z¢} is thereupon
controlled by applying the Functional Equation to ¢’/¢: we will skip this).
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Without loss of generality, we may now fix o = 2 (the customary choice),
and only consider the upper half-plane (by conjugation symmetry).

We follow the standard exposition, as condensed in [57, Sect.1.4] for
instance; usually, however, the bounds for [¢’/¢](z) are intended to hold ev-
erywhere, whereas we focus on Im = > 1, which simplifies some equations.
The logic goes as follows: (1) bound ¢’/¢ for Re x > 2, and specially at the
edge; (2) using this, bound the fluctuations in the distribution of the zeros’
ordinates {Im p}; (3) in turn, use the latter results to bound [¢'/{](x) when
—1 < Re z < 2. We then develop those successive points in (partial) detail.

(1) The Dirichlet series (3.7) for [¢’/¢](x) immediately implies
I /¢I(z) < [¢"/¢l(2) = O(1) for all z with Re z > 2. (4.17)

(2) This in turn constrains the distribution of the zeros’ ordinates to obey
the following two bounds:

T —Im p)
#{p||Imp—-T| <1} < CilogT for some C7 > 0. (4.19)

Proof. Select xp = 2 41T (with T > 1). These inequalities obeyed by every
zero p : Re % > 0 (due to |arg p| < i7), and
1 2—Rep 1

R = >
efop (2—Rep)?+ (T —Im p)? = 4+ (T —Im p)?

(due to 0 < Re p < 1), entail

1 1 1
%:4+(T71mp)2 <Rezp:[pr+;};

but if we combine the former bound (4.17) and the Stirling formula (3.52)
for ¢ within the series expansion (4.10) for [('/{](xT), we can extract

1 1 .
zp:[l‘T—er;} =0(ogT)  for xp =2+iT,

and (4.18) follows.
Now this bound secretly means that the ordinates of zeros cannot cluster
too much: indeed, in conjunction with the obvious inequality

1 1

) D ——r YT NP S
_ 2

i pr\<14+(T Im p) 5
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it furnishes the more concrete bound (4.19) (the argument can more generally
vield #{p | |Im p —T| < h} < CplogT for any fixed h > 0: the density of
the zeros’ ordinates gets bounded on any fixed scale). a

(3) Then the following two bounds hold uniformly for # on the segment
[—1+iT,2 + iT):
(a) Provided T > 1 is not the ordinate of a zero,

%l(x)z > %erO(logT); (4.20)

[Im p—T|<1

(b) Within unit distance from any 7" > 1 there exist “good” ordinates T
that are “far enough” from all zeros’ ordinates, in the sense that for some
absolute constant ¢ > 0,

¢

|T —Im p| > Tog T/ for all zeros p, (4.21)

and then, for some absolute constant C,

/

R () < Clog?T uniformly for x € [—1 +iT, 2 + iT). (4.22)

Proof. (a) Here we may slightly streamline the usual argument by making it
intrinsic (in the sense of Sect. 2.1). We write, for zp = 2 41T as in (2),

Ca-[ wart Sen,

where the second term is O(1) by (4.17), so it will not count here. Now (4.10),
differentiated once more, refers to the intrinsic function [¢’/¢]’, implying

¢, L 1 1y
_{C (y)_%:(yp)ﬁo(T), (4.23)
but, uniformly in y on the line {Im y = T'},

Z;

< <
_ 2
m ozt Y P)

1 5
- Z (T — Im p)? Z 44 (T —Im p)?

[Im p—T|>1 [Im p—T|>1

which is O(logT') by (4.18). All that implies

_ [C_/} W= > 1 O(logT). (4.24)

_ 2
¢ Im o<1 (y—p)
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Then, upon integration over the segment [z, z7] of bounded length,

Cwrotes) = Y —— - Y L1 0uee),

xr — Trr —
C |Im p—T|<1 P [Im p—T|<1 T=P

and the second sum has O(logT) terms by (4.19), all bounded by 1: it can
be absorbed into the O(logT') remainder, resulting in the estimate (4.20).

(b) The nonexistence of T satisfying (4.21) would immediately violate the
bound (4.19) written for 7’. Then, for such “good” T and with = on the
segment [—1 + iT,2 + iT], each summand in (4.20) is uniformly O(logT"),
while the number of summands is O(logT) by (4.19). This (plus 77 ~ T)
yields the final bound (4.22). O

The proof of the Explicit Formula (Sect. 6.2) will actually need a sequence
{T,} — 400 of “good” ordinates fulfilling (4.22): for this, it suffices to apply
(b) with T = n.

4.5 The (Asymptotic) Riemann—von Mangoldt Formula

The previous results actually allow us to describe the growth of the Riemann
zeros’ ordinates more finely.
The classic counting function for the zeros’ ordinates can be defined by

N(T) Y #{r | Re 7, < T}, (4.25)

and it obeys the fundamental estimate (the Riemann-von Mangoldt formula):

N(T) = No(T) + 0(0g T)r—400, ~ No(T) = % (1og % - 1) (4.26)

(thus the asymptotic density of zeros at the ordinate T is ~(27) ! log(T'/ 27)).

Proof. (As in all books, simply we focus here on T' > 1.)

Let Rr be the positively oriented closed rectangular path with vertices
% + % +iT', where T is not the ordinate of any zero, and R/ be its restriction
to the first quadrant of vertex z = % Then by the general Rouché theo-
rem, N(T) = (4ni)~! $r,[Z'/Z](x) dz; but the symmetries (reality and the
Functional Equation) at once reduce the integration to the quarter path R/

=/
=

N(T)=n""Im {—} (z)dz = 7~ Im [log =(z)] 3+HT
,

2 I

(4.27)

—
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where log means the complex logarithm followed continuously along the path
R/, starting from x = 2. We then invoke the factorization (3.24) of Z(z) to
separate the contributions from {(z) and the remaining trivial factor:
N(T) N( )+ S(T), (4.28)
N(T) € 771 Im log[(iT — )G (L +iT)] (4.29)

S(T) & 771 Im . [C—} (z) dz. (4.30)

| e

—

¢

Now, N(T) lends itself to an estimation by the Stirling formula (3.51):

=

T 7 1

(1) = 5 (log = 1) +<+0(%). (4.31)
In contrast, the other term S(7T) proves very irregular (fluctuating), but

can be bounded by O(logT') — this is the key argument. Indeed, on the long

segment [2, 2+iT] of R/, the Dirichlet series (3.6) holds everywhere, implying

|log ¢(2 4 iT)| < log¢(2) = O(1). All the action then takes place on the other

segment [£ + iT, 2+ iT, of fixed length, where the use of (4.20) entails

2+iT / '
Im / [C ] dz = Z [arg(w — p)]zt:g +O(log T);

+T {|Im p—T|<1}

but since the variation of each arg(x — p) is less than n and the number
of summands is O(logT) by (4.19), it follows that the left-hand side and
therefore S(T') are themselves O(logT'), and the proof is complete. O



Chapter 5
Superzeta Functions: an Overview

In view of the central symmetry of the set of Riemann zeros, p < 1 — p,
which crucially reflects the functional equation (3.26), there is no clear rea-
son to pick either the p themselves (with p = £ +ir,, Re 7, > 0) or the
p(1 — p) = 1 + 7,2 as the basic set upon which to build zeta functions over
the Riemann zeros. This is a nonlinear remapping freedom as discussed in
Sect. 1.1, which leads to generalized zeta functions of several kinds. This chap-
ter gives an introductory overview of the various possibilities. In decreasing
order of analytical tractability, and in our older notation to be soon discarded,

we may define:

e Functions of first kind: Si(x—p)e, Re s > 1;
0

e Functions of second kind: S (r2+v)77, Re o > 1;
k=1
o0

e Functions of third kind: (e +7)7%, Re s > 1.
k=1

In all three kinds the argument (in exponent) is the principal variable,
the other one a shift parameter. Each parametric family starts as an analytic
function of its argument in its indicated half-plane of convergence, due to (4.7)
or (4.26), but it will extend to a meromorphic function in the entire complex
plane (of its argument), with a computable singular part. The domain of each
shift parameter is left as large as possible: simply, none of the quantities to
be raised to a power should lie on the cut R_; this will hardly matter with
the fairly small parameter values that we will emphasize.

The first two families will moreover display computable special values,
i.e., values at integer arguments, with explicit relationships between the two
families at those arguments. The third family forcibly selects the zeros in
only one half-plane, thus breaking the central symmetry for any parameter
7 # 0; then it will show a more singular analytic structure than the other
two, and no known special values; it will be discussed more briefly.

We now define each superzeta family more precisely with its immediate
properties, introducing new notation henceforth for greater coherence.

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 41
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_5,
(© Springer-Verlag Berlin Heidelberg 2010
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5.1 First Kind (%)

Z(s|t)=Y (3+t—p) =) (p+t—1)7  Res>1 (5.1

p p

is the simplest generalized zeta function over the Riemann zeros: the sum
runs over all zeros symmetrically, and ¢ is just a shift parameter varying in
the complex plane of the function ¢ — C(% + t). With the function z +— z7°
defined in the cut plane z € C\ R_, the ¢t-domain for (5.1) is then (Fig.5.1)

0y ={teC|t+in ¢ R_ (Vk)}. (5.2)

The equality between the two sums in (5.1) expresses the central symmetry
(of Riemann’s Functional Equation). Were the function z +— z~* single-valued
in the uncut z-plane, then that equality would translate into the functional
equation “Z(s|t) = (—1)® Z(s|—t),” and this works indeed at (positive)
integers s, see Table 7.2. For non-integer s, on the other hand, when the choice
of a branch for z — 2z7° breaks the central symmetry, our closest related
identity will be (5.11) which needs a new function 3 (of third kind). We then
see no finite closed functional relation between %(s|t) and % (s | —t), nor any
other full translation of Riemann’s Functional Equation. We will only find
some curious further signs of the central symmetry: e.g., countably many sum
rules like (7.46) below will constrain the special values 2°(2n + 1|t), n € N,
now all at the same t. So in brief, for this first family 2:

To see or not to see (the central symmetry fully), that is the question.

As the parameter t “lives” in the complex plane of ( (% +t), we expect
privileged locations to be ¢ = 0 (the center of symmetry), and ¢t = % (the
pole); thus, the simple sum Zp p"is F(n|t= %) Indeed, the special values
reduce further at those parameter values. We then add two shorter names for

convenience: ot ot
20(s) = Z(s10),  Z(s) = Z(s|3) (5.3)

(As for t = f%, its special values can easily be drawn from the case t = +%
by using the central symmetry, see later Table 7.2.)
The family of first kind % is covered in detail in Chap. 7.

5.2 Second Kind (2)

(o)
Z(o]|t) = z:(m2 + 377, Re o > 3, (5.4)
k=1

is now defined in the natural t-domain (Fig.5.1)
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Fig. 5.1 Domains of
definition in the t-plane
(schematic views) for
% (left) and Z (right
(1oft) and Z (right) o, 0,
Qs ={teC|t+in ¢ +iR_ (VE)). (5.5)

In view of the factorization 73,2 + ¢t = (t + i7)(t — ir%), this parameter ¢
identifies indeed with the previous one in Z(s|t).

This family Z has one major asset: it fully embodies the central symmetry
Ti <> —T (or Riemann’s Functional Equation), through the identity

Z(o|t) = Z(o | -1). (5.6)

But otherwise it proves more singular than the first family %, and also harder
to analyze (just as, say, the function Y, (k*+a?)~7 vs Y}, (k+a) ™% = ((s,a)).
We cannot reduce it to the first family (see below), and it is better suited for
some purposes (e.g., in Chap. 11), so that both families are worth studying.
Our results for Z are now fairly on par with those for the first family, but
this required multiple angles of attack which we did not find all at once. This
operational difficulty has been our main problem with the second family Z.

Since the parameter ¢t has preserved its meaning, we add two more short-
hand names to match (5.3),

20(0) € 2(0]0),  2.(0) ¥ z(0]d). (5.7)

Just as between Z(s|—t) and %(s|t) before, we see no obvious finite
functional relation between Z(o |t) and 2 (s|t), with two exceptions:

e The central parameter location ¢t = 0, which is the (only) confluence point
of the two families 2 and Z, according to

Zo(0) = (2 cosmo) ™! %(20); (5.8)

e Integer arguments: The sets of special values Z(m |t) and #(n|t) (m,n =
1,2,...) will display mutual linear relationships (Sect.8.5). Here the com-
putable special values of Z(o |t) do refer to all integers o just as those of
Z(s|t) refer to all integers s. Otherwise, just as we immediately did with the
parameter ¢, we could have tied both % and Z to a common argument: but
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the only meaningful identification, s = 20 by (5.8), does not preserve integers.
Hence the issue of special values prompts us to keep distinct arguments,

s for %, o for Z.
The family of second kind Z is covered in detail in Chap. 8.

5.3 Third Kind (3)

Z e +7T)7°%, Res>1, 7+7 ¢ R_ (Vk). (5.9)
k=1

Although this family explicitly breaks the central symmetry, it is actually
expressible in terms of the family 2 of the first kind and vice-versa: for
t], |7] < T (to avoid overlapping cuts),

F(s|t) =e™/?3(s|it) + e /2 3(s | —it), (5.10)
which inverts as

3(s|7) = [€7/2 (s | —ir) — e7'™/2 (5| +ir)]. (5.11)

2isinms

This family shares the confluence point of the other two:
3(s]0) = Zo(3s) = (2cos 3ms) Z@? (5.12)

Otherwise (for 7 # 0), 3 proves more singular than % or even Z, hence
we will only view it as subordinate to % through (5.11), see Chap. 9.
5.4 Further Generalizations (Lerch, Cramér, ...)

A Lerch-like generalization (cf. (3.38)) is

x) = Zw" p~° (e.g., z > 0) (5.13)

with numerous possible variants (allow complex z; replace p~° by (p + a) ™%,
lp|=%,...; select Im p 2 0 or not). At s = 0, the family also captures another
interestlng symmetric function of the zeros, Cramér’s V-function [25, Chap. IJ:

Z eP? for Im z > 0. (5.14)
Im p>0
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Concerning V(z), it is mainly known [25, 29, 44, 54, 59] that the function
V(z)—(2ri)~! 113% is meromorphic in all of C, with a functional equation,

and with computable: poles (all simple), residues, and finite part (but nothing
more) at z = 0. Thus, V (z) itself has a rather irregular, partially known (and
hard to get) structure at z = 0; so we do not advocate it as a basic tool. (It is
actually nicer for zeros of Selberg zeta functions! [12,15][16, Sect.5][105,
Sect. 4])

Formally, the broader family Z(s;z) recovers our superzeta functions at
x = 1; however, these form a singular case. Hence the general-x family is
better seen as a vast subject of its own, which we will not address here
either: see, e.g., [40,68,83], [25, Chap.ILI], [61, Chap. VI].

5.5 Other Studies on Superzeta Functions

The present monograph grew up from articles written by us around 2001-
2005. It thus makes sense here to place a dividing line between “older” and
“current” literature around 2000 (a pivotal year, anyway).

We found it difficult to trace the older literature on superzeta functions. To
wit, the past publications touching those functions have been very sporadic
(we laboriously collated but a dozen articles, spanning almost one century)
and disconnected (the works largely ignore one another); even when superzeta
functions were addressed, it was never systematically and often briefly: e.g.,
amidst various examples. So overall, occurrences of our subject have tended
to be rare and inconspicuous. We then offer the following survey truly “to the
best of our knowledge”. We had to change most of the original notation to
make it globally consistent here: any translation between an earlier notation
“A” and our present notation “B” is provided below as A = B.

The most ancient occurrences of this sort of symmetric functions over the
Riemann zeros concern the more general functions Z(s;z) of (5.13) in works
of Landau [68], Mellin [83] and Cramér [25]. Out of those works, only [83]
truly touches “superzeta” functions (i.e., cases for which x = 1), featuring:

e Two instances of our “functions of the 1st kind,”
Z(s)= #(s|1),  Z(s) = #(s|-L): (5.15)

e Two instances of our “functions of the 3rd kind,”
Zi(s) = €™ 3(s| L), Za(s) =72 3(s| - 3i); (5.16)
e Meromorphic continuation formulae for those four cases, which exemplify

some of our later equations: successively, (7.7) at t = —I—%, (74) at t = —%,
(9.4) at 7 = —3i and at T = +3i;
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e Explicit formulae for the polar parts of Z(s) and Z(s), plus the rational
special values at s = —n, n € N, but the latter [83, (12)—(13)] are affected by
obvious computational mistakes and contradicted by our own results (upper
parts of Tables 7.1 and 7.4, from [108]).

Overall, Mellin’s article ([83], 1917) is quite pioneering and fundamental,
yet it is hardly ever referred to and never for “superzeta” functions; to make
it more accessible, we provide its English translation here as Appendix D.

The next early occurrences of a superzeta function all concern the con-
fluent case t = 0 as in (5.12). For the corresponding function ), 7%,
Guinand [43, Sect.4(A)] gave a restricted form of the functional relation
(8.7), moreover assuming the Riemann Hypothesis, an assumption later re-
moved by Chakravarty [17]; while Delsarte [27, Sect.7] proved that same
function (called by him ¢(s)) to be meromorphic in the whole s-plane.

Much later, cases with ¢ = % drew some attention, namely those we call

Z.(s) (first kind) and Z.(o) (second kind).
e For %, only the special values o, = % (n) (= pr‘”, n=12...)
got considered: the value %5 (1), as in (4.14), is the sole classic “superzeta”
occurrence (i.e., visible in some textbooks); results for n > 1 were given much
later, by Matsuoka [82], Lehmer [72], Keiper [64], Zhang and Williams [114].
e As for Z: the function ((s, Ap) = Z.(o) for the more general Dedekind
zeta functions (cf. Chap. 10) was proved by Kurokawa [66] to be meromorphic
in the whole o-plane while Matiyasevich [80] studied the special values 6,,, =
2Z.(m) (m =1,2,...); Z«(1) and Z,(2) resurfaced lately in studies on the
distribution of primes [93, pp. 191-193][71, (4.12)—(4.13)].

A full-fledged family arose still later, specifically & (first kind). (Earlier it
came up only in exercises posed by Patterson [89, Ex.3.5-7].) Deninger [28,
Theorem 3.3] for Re z > 1, followed by Schroter and Soulé [96] for general z,
described the meromorphic continuation in s of £(s, z) = (2m)* Z(s|z — 1),
but with focus on the parametric special value z — £'(0, z).

We found no results on the full second family Z prior to our work [106].

Then quite lately, the third family 3 was proved a meromorphic function
of its argument, independently by Hirano, Kurokawa and Wakayama [51,
Sect. 3] (as Z(w,z) = 3(w|—=z)) and by us [106, Sect.6.2].

As for extended superzeta functions, i.e., over zeros of more general zeta-
and L-functions than Riemann’s, their even smaller bibliography will be given
in Chap. 10, which is devoted to this extension.

So, our topic of “superzeta functions” has benefited from some seminal
contributions. Yet, these are scarce (a dozen, spread over three families and
nearly one century), and almost each of them treats an isolated case under a
single aspect: typically meromorphic continuation (often just qualitatively),
or particular instances of special values. We thus feel that those early works,
even taken together, do not do full justice to the subject.

We therefore embarked on a more systematic and dedicated coverage, but
this emerged only gradually through three papers. In [106] we described the
full families Z and 3 and only sketched the family %, which became the main
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focus of [108]. In [107] we treated all three families more efficiently but in
general notation, to accommodate other zeta and L-functions. Overall, these
three articles do not readily fuse into a neat coherent whole; their notation
and methods can also be improved. The core of the present work aims at
giving an updated synthesis (including a few new results) of the current state
of the subject.



Chapter 6
Explicit Formulae

This chapter discusses the approach to the superzeta functions (introduced
in the previous chapter) by means of Explicit Formulae.

In number theory, Explicit Formulae designate certain summation formu-
lae connecting the primes and the Riemann zeros [55, Chap.IV]. As we may
also refer to explicit formulae in their generic sense of closed-form results,
we will specifically use capital initials to distinguish that number-theoretical
meaning. We focus on just one type of Explicit Formula, the Guinand—Weil
form [42,43,111], which accommodates general test functions and appears
closest to the Poisson summation formula [50]. It is formally capable of eval-
uating superzeta functions, and we will try to use it for that goal.

6.1 The Guinand—Weil Explicit Formula

As in the Poisson summation formula (Sect. 1.3), the main actors are a dual
pair consisting of a fairly general test function h(7) (R +— C) and its Fourier
transform A(u), namely

h(u) = % [ T hryeTidr, h(r) = L T ) e, (6.1)

Now, moreover, one assumes that for some §, € > 0,

(i) h extends to an analytic function in a strip S5 = {|Im 7| < 1 + 6};

(ii1) h(7) = O(|7|~1¢) for 7 — oo in S;

(iii) A is an even function (hence so is i) — to embody the central symmetry.
Such a pair (h, iL) then fulfills the Explicit Formula

Z h(7) = h(+1i) + Wh] — Z % h(logn), (6.2)
k n>2 n

where the last sum is arithmetical as it runs over the prime powers p",

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 49
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_6,
(© Springer-Verlag Berlin Heidelberg 2010
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Z%mogn 5 18 gy, (6.3)
n>2

7y =1 &P irlogp

and the linear functional W (a variant of the Weil functional) has two equiva-

lent expressions Wh] = W\[ﬁ], by virtue of a generalized Parseval formula [60,
Part II]:

Wih = % 700 h(r) [e(L + Lir) — logn] dr (6.4)

L a2 () — (o)
—_1 _ c
= —Jogan-+7)h(0) - [

du = WIh]. (6.5)

The Explicit Formula (6.2) thus “evaluates” a general additive symmetric
function of all Riemann zeros, in terms of more elementary objects indeed
(the Digamma function v, and the von Mangoldt function A).

In comparison to the Poisson summation formula (Sect.1.3): the more
stringent condition (i) is natural as it conceals an exponential decay condition
h(u) = O(e~t%) for some to > 1 when u — +o00, needed to make the sum
(6.3) converge; (ii1), similar to the earlier (ii), causes the sum ), h(7) in
(6.2), in view of (4.7), and now the integral (6.4) as well, to converge (here
we mean the growth condition (ii;) over R; imposing it over all of Ss may
be more of a technical trick); as for the parity condition (iii), it is formally
unchanged but the analyticity condition (i) makes it much more restrictive
here (any old h(|7]) like (1.12) will no longer do as an even function).

6.2 Derivation of the Explicit Formula

We specifically treat the form with the term W given by (6.4). It is convenient
here to rewrite the completion formula (3.24) of the Riemann zeta function as

Gla) ¥ = = a2 (2/2) ((2); (6.6)

G is a symmetric (z < 1 — z) function with shares the Riemann zeros plus
the pole at = 1 with {(z), and thus has the symmetric pole at x = 0 as
well.

Proof. The idea is to pick a positively oriented self-symmetric rectangular
contour Ly with vertices (£t & iT') such that 3 < to < 3 + 0 and T is
not the ordinate of any Riemann zero (Fig.6.1), and simply to equate two
evaluations of the contour integral
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Fig. 6.1 Contour of
integration L7 in the
t-plane, used to derive
the explicit formula. The
shaded areas mark the
zones where the path has
to keep “far enough”
from the zeros of E(% +1t)
(e, not placed on scale)

0| 12

1

7 —
T dmi Ly

h(—it)dlog G(% + ) (6.7)
in a suitable T" — 400 limit.
e By the residue calculus: i being even, any two symmetric zeros and poles

of G(3 +t) = 2(5 +t)/(t* — 7) contribute equally to the contour integral,
giving

> h(rw) = h(£11)

Re 'rk<T

— Z h(Tk) (£11) 7. for T' — +o0, (6.8)

where the infinite sum converges by condition (ii;) on h and property (4.7).
e Now using the right-hand side of (6.6) for G, and again by symmetry,

o [ to+iT /tom] —it) [[¢' /)3 +)+ S ((3 +4)/2) —log ] dt.

to—iT to+iT
(6.9)

The first trick is now to send T to +oco along “good” ordinates only, i.e.,
satisfying the bound (4.22) for ¢’ /¢, so that the integrand is O(h(T)log® T)
on the short side [—tg 41T, to +iT] of the rectangle, of length O(1), and this
integral is negligible in the T'— +o0o limit again by condition (ii1) on h; by
this same condition, the integrand on the long side [tg —iT, o +iT], which is
O(h(|t]) log |t]), stays integrable in the T' — +o0 limit, yielding

to+ioco
27 lim IT:/t (-w)[[g /(G +t)+5[0(5+5t)—logn]|dt. (6.10)

T—+o0 o—ico
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The second ingredient is the Dirichlet series (3.7) for [¢//¢](5+1): it converges
uniformly on the integration line, hence its substitution here yields the con-
vergent series

fortioe o An) 1 toioe : 1,1
_ Z/ . h(—it) N n~'dt + 5/ . h(—it) [ (5 + 3t) — log 7| dt.
n>9 Y to—ioco to—ioco

(6.11)
The final trick is to observe that every resulting individual integrand is now
analytic and integrable in the strip 0 < Re t < % + 4, due to conditions (i)
and (ii;) on h, hence each integration line can be shifted to the imaginary
axis. Up to a rotation ¢ = ir, and using (6.1), finally

n) - +oo
To=-% S8 dtogm + - [ hir) [w(h + i) - log] dr, (612

and the identification with (6.8) results in the formulae (6.2)—(6.4). O

We refer the reader to [8] (up to x = e") for the second form (6.5) as we
displayed it: it has several equivalent variants [4,42,43,111][13, Sect. 1.2][70,
Chap. XVII], none of which is simple or short to present, and here it will bring
us no more explicit results than the first form (6.4); however, it is useful for
the theory as its structure will warrant some comments below.

6.3 Pattern-Matching with the Selberg Trace Formula

We make a digression to sketch a domain of spectral theory which has been
much studied for its own sake, and which presents formal analogies with
Explicit Formulae: Selberg trace formulae. A number of spectral results and
techniques developed around the latter can be transposed, and valuable inspi-
ration obtained, for our present subject; but some significant differences also
arise. We will conclude that to study superzeta functions in tight parallelism
with spectral zeta functions should currently not be our best strategy.

6.3.1 The Selberg Trace Formula (Compact Surface
Case)

Let S be a hyperbolic surface, i.e., a two-dimensional manifold endowed with
a Riemannian metric of constant negative curvature (here normalized to —1);
here for simplicity we take this surface compact. Then, on the geometric
side, let w label all primitive (i.e., non-repeated) oriented periodic geodesics
of S, with ¢, denoting the length of w, and Ag = area(S); and on the
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spectral side, let {0 = v9 < v1 < vy < .-} describe the eigenvalues of
the positive Laplacian on S, parametrized by the hyperbolic wavenumbers

Kk def (v — )1/2 (with kg > 0 for vy, > 1 else arg ki = either +%7r or f%w
mdlfferently) this spectrum has the asymptotlc density
1 2 As 5 2 )
#{lop < 3 FR7F~ s for K — +o0 (Weyl’s law). (6.13)
T

Now, let (h, ﬁ) be a pair of even test functions exactly as in Sect. 6.1 above,
except that (ii1) has to be tightened to:

(iiz) A(T) = O(|7|~27¢) for T — oo in S;.

Then the following summation formula (Selberg trace formula) holds:
h(kk) = I[h 4 .14
Z () Jrz:z:Zsmh TK (T =), (6.14)
k=0 {w}r=1

where the linear functional I has two expressions, equivalent by the Parseval
formula for distributions:

Ih] = % /OO h(7) T tanh w7 dr
_ _ﬁ/w b))

|
dm J_ sinh u

(6.15)

The bound (iiz) is needed (over R) to make the sum ), h(xx) in (6.14)
converge (and the integral in I[h] as well), given that the integrated spectral
density (6.13) for the eigenvalues (parametrized by ki) grows faster than its
counterpart (4.26) for the Riemann zeros (parametrized by 7).

For derivations of (6.14)—(6.15) and for further reading, see [50,91, 97].
Explicit results can also be reached for the spectral zeta functions of this
problem by methods parallel to those we will use for superzeta functions;
those results are listed in Appendix B.

6.3.2 Comparison with the Explicit Formula

Both (6.2) and (6.14) generalize the Poisson summation formula (1.11) in
similar ways. The sum in the right-hand side of (6.14), which runs over the
lengths of periodic geodesics counted with repetitions, bears some resem-
blance to the arithmetical sum of the Explicit Formula in the form (6.3):
inspiring analogies between them are drawn in, e.g., [50, 76]. However, we
wish to rather emphasize several differences.

Since the Weyl law (6.13) is steeper than the Riemann—von Mangoldt law
(4.26), the kernel I(r) = 7tanh#7 in (6.15) understandably grows faster
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at oo than the kernel W (7) ~ log $|7| in (6.4). Equivalently at the Fourier-
— 2
transformed level, already W (u) = 7% -

integrable function at u = 0 and has to be regularized as in (6.5) to define a

7 As d 1

proper functional, but I(u) = 1_7% du smhu/2 is even more singular there.

1logmd(u) fails to be an

However, this difference at © = 0 between the two summation formulae
has a paradoxical side, if we believe that the Explicit Formula is the more
“elementary” of the two (it is “only” about the integers, after all). The main
(u = 0) singularity in fmay be stronger than in W, but it has a much simpler
structure: the function I (u) on R has a meromorphic extension to all of C
(and its complex poles have a dynamical meaning [15][16, Sect. 5]), whereas
W(u) has a non-analytic singularity at « = 0 and a global analytic structure
which hitherto admit only quite elaborate interpretations (see, e.g., [24,41]).
Accordingly, the nonlocal regularization needed for W in (6.5) at w = 0 is
definitely more contrived [4,8,70,111] than its counterpart (6.15) for .

The sole culprit for all that trouble might just be the plain (log T') factor in
the asymptotic law (4.26); nevertheless, the resulting complication is vicious
enough to hamper the practical use of the Explicit Formula for superzeta
functions, mainly those of second kind (Sect. 6.4.2).

6.4 Explicit Formulae for the Superzeta Functions

From a naive standpoint, Explicit Formulae should answer our problem at
hand: formally, they evaluate additive symmetric functions of the zeros, which
the superzeta functions 2, Z precisely are. On paper, it would then “suffice”
to select a test function h that turns ), h(7x) into the desired superzeta func-
tion, and take the resulting Explicit Formula (6.2) as ... an explicit formula
for this superzeta function (picking whichever form (6.4) or (6.5) of W[h] is
nicer). Only the more singular family of the third kind 3 seems intractable by
this approach (which critically uses central symmetry); however, as we saw
in Sect. 5.3, it is reducible to the family % in another way.

We now describe the concrete implementations of Explicit Formulae for
each family 2 and Z in turn, but mainly to discover their limitations.

6.4.1 The Family of the First Kind &

In order to recover 2 (s |t) = >, [(t +imk) ™" + (t —itx)~°] from the Explicit
Formula (6.2), the appropriate test function pair is

W)= (t+ir)"% + (t —ir) "%, ﬁ(u):%ws*le*tl“‘, (6.16)
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where both s, ¢ are implied parameters, with Re s > 0, Re ¢ > 0 [34, 1.3(19)].
Indeed, in the smaller domain {Re s > 1} imposed at once by (iiy),

> h(m) = Z(s]1). (6.17)
k

We next evaluate Wh| by contour integration and the residue calculus:

o 1 [ .
Wih| =TI, +1_, _&%JZ; (t+ir)~* [0(3 + Lir) —log 7] d7. (6.18)

—0o0

With Re s > 1, both integrands are integrable at oo in all 7-plane direc-
tions, but have cuts prescribed according to (1.8): [+it, +ico) for I, and its
opposite for I_; the function w(}I + %17') has poles with residues 2i at all
points 7 = (2n+ 1)i, n € N (Fig. 6.2). Hence for I, the integrand is analytic
in the whole lower half-plane, the real-axis integration path can be translated
all the way as {Im 7 = to}, tg | —oo, yielding I, = 0; while for I_ the path
can be translated in the opposite direction ¢ty T +o0, but it then picks up the
contributions from all the poles of 1, yielding

N . Lo s
27 = 2i Z(t —i(2n+ 5)i)~°

n=0

Wih] = I

(oo}
=Y @n+ 3417 =-27(s, 1 + 51) (6.19)
n=0

(a result which can also be reached from (6.5): exercise!); so that

h(£3i) + WIhl=(t—2) 7"+ (t+ 1) —27°((s, + + 30)
t

(1= 1) — 27, 5 + 30) (6:20)

Imrti Im~tA
52 ) >
. Pl b
1/2 1 N ) R
0 Ret —it 0 "~ Rert
Vo))

Fig. 6.2 Path deformations in the 7-planes with cuts (zigzag lines) for the evaluation
of W[h| by the integrals I+ of (6.18)
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Now the other critical condition, (i), leads to a major restriction on the
parameter,
Ret> 1, (6.21)

which precisely rules out our two favorite locations, t = % (a borderline case,
see Remark below), and ¢ = 0 (excluded outright)!

The Explicit Formula for the family of the first kind is then [28]

—s —s 1 A(n s—1
Z(s|t)=(t—3)"°-2 C(s,g—l—%t)—F(S) Zn;_)t (logn)*~! if Ret > 1,
n>2

(6.22)

initially for Re s > 1. Now, with Re ¢ > %, the argument proving the Explicit
Formula shows the last sum to converge uniformly in s, hence it defines an
entire function. And the Hurwitz zeta function ((s,w) is meromorphic in
the whole s-plane (Sect. 3.6). Thus, the right-hand side of (6.22) provides a
meromorphic continuation of % (s|t) to all s € C (at fixed ¢ with Re ¢ > 1).

In particular, 2(s | t) then has exactly the singularities of —27°((s, 34 31):
namely, the single pole s = 1, which is simple and of residue 7% (independent
of t). The special values %/(0|t) and Z(j|t);cz can also be read from (6.22)
by mere inspection (with the help of (3.6)—(3.7) on the transcendental side).

This approach is, however, curtailed throughout by the restriction
Re t > %, which seems quite essential here. An unrestricted picture will
only emerge in the next chapter, thanks to a more flexible representation of
Z(s|t) valid for general t.

1

Remark. A curious effect occurs in the case Re t = 3, where the analytic-
ity condition (i) is just marginally violated: the arithmetical sum in (6.22)
remains absolutely convergent, albeit more slowly, provided Re s < 0 (as in
the Bertrand series Y., n™'(logn)*~'). So for Re t = 3, the Explicit For-
mula (6.22) can survive but in the half-plane Re s < 0, while it originally
held for Re s > 1. (However, we see no vital use for this “borderline Explicit
Formula,” even at t = % itself, after our forthcoming extension to general ¢.)

6.4.2 The Family of the Second Kind Z

In order to recover Z(o|t) = >, (12 +1%)~ from the Explicit Formula (6.2),
now the appropriate test function pair is

5 V2 )\
h(r) = (2 +t)77,  h(u) = <—|> K, _1(tjul) (6.23)

o3

for implied parameters o, t such that Re o > 0, Re t > 0, where K,(z) is
the modified Bessel function [34, 1.3(8)].



6.4 Explicit Formulae for the Superzeta Functions 57

Then, in the smaller domain {Re ¢ > £} imposed at once by (iiy),
> h(m) = Z(o|1). (6.24)
k

Under the further restriction Re ¢ > 3 (as before) imposed by (i), the arith-
metical sum (6.3) also converges, yielding this Explicit Formula for the family
of the second kind,

Z(o|t) = (* — )77 + W[h] (6.25)

1_ A(TL) _1 .
——(2t)27° ——(logn)’ 2K, _i(tlogn) if Ret > 2,

initially for Re ¢ > #; for the current function pair (6.23) however, we cannot
evaluate the integral giving Wh], be it (6.4) or (6.5), in contrast to the case
% with the function pair (6.16).

Still, for the spectrum {vi} of a hyperbolic Laplacian as in Sect.6.3.1,
Randol [91] used Selberg trace formulae (6.14) similar to (6.25) to achieve
the meromorphic continuation in o of the generalized spectral zeta function
>k + )77 (£ > 0), which our Z(o |t) parallels if we identify e = ¢* — 1.
In fact, a trace formula precisely using the function pair (6.23) works ([91]
actually focuses on € = 0, see Remark below).

By analogy with [91], (6.25) should then be able to continue Z(o|t)
(Re t > 1) to a meromorphic function in the whole o-plane, but now with
greater difficulty since Weil’s W[h] is more complicated than Selberg’s I[h]
for the same function h.

Another parallel is then reached with the first family, for which the Ex-
plicit Formula (6.22) achieved the meromorphic continuation in s of 2 (s|t)
(Re t > 1): but now, we lack a closed form for W[h] in (6.25), to match the
result (6.19) for the simpler case of %.

So on all grounds of comparison, (6.25) for the family Z is an “even less
Explicit Formula.”

Overall, our discussion then indicates that:

1. Analytic properties are harder to access for the family Z than for %
2. In neither case should we rely too much on Explicit Formulae alone.

Remark. On the boundary Re ¢ = 1, again as in (6.22), the right-hand side
sum in (6.25) stays absolutely convergent in {Re o < 0}. This effect was
noted in [91] upon the parallel Selberg trace formula at ¢ = 0 (<= t = 1),
which is now an important case as it describes the Minakshisundaram—Pleijel
spectral zeta function ;v [85, Sect. 7] for the hyperbolic surface.
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6.4.3 Concluding Remarks

Explicit Formulae can shed some light upon the zeta families of the first two
kinds (% and Z) but not directly on 3. Still, they are valid (i.e., converge)
only over a parameter range which excludes the most interesting points t = %
and 0; and their potential to yield explicit results is limited, mainly by their
W-functional term of an awkward singular nature.

Many variants of Explicit Formulae exist, so that better versions for su-
perzeta functions can be envisioned (as with trace formulae for spectral zeta
functions [15][16, Sect. 4]). Still at this time, we find it more economical over-
all to analyze our superzeta functions directly, rather than to coerce them
into some Explicit Formula framework.



Chapter 7
The Family of the First Kind {#(s|t)}

We now enter the core of our study, with the detailed description of each
superzeta family in turn, in the three following Chaps. 7-9. As a rule, we refer
to Sect. 5.5 for bibliographical data most relevant to the superzeta functions
themselves. Chapter 10 will extend the whole setting to zeros of more general
zeta- and L-functions. Tables of special values conclude Chaps. 7, 8 and 10.
The present chapter is then devoted to the first family 2.

From Sect. 5.1, we recall the definition [28, 96, 108]

26D EY G4t-p = (p+t-1"  (Res>1), (7.1
P P

valid for t € 2 % {te C|(3+t—p) ¢ R_ (Vp)}, and these shorthand

names for the two most interesting cases t € {21,
Z(s) = 2(s]0),  2%(s) = 2(s]3), (7.2)

to be described last in this chapter.

7.1 The Basic Analytical Continuation Formula

Let -
=D (F+t+2k) 7 =27C(s, 5 + 1) (7.3)
k=1

be the “shadow” zeta function of #(s|t), by which we mean the same sum
as > (1 +t—p)~* but now over the trivial zeros of {(z), a sum which is then
expressible in terms of the Hurwitz zeta function.

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 59
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_7,
(© Springer-Verlag Berlin Heidelberg 2010
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This new sum enters an integral representation for %(s|t), valid in the
half-plane {Re s < 1} and for all t € £2; \ (—o0, +3]:

1 sinms

Z(s|t) = —Z(s[t)+(t—3) "+

PACIION (7.4)

H(s]|t) def /OOO %(% +t+y)y °dy (Re s < 1); (7.5)

In fact, all discontinuities of (t — 3)™* and — Z(s|t) across the real cut
(—o0, +%] precisely cancel against jumps of #(s|t), as seen by computing
(7.4) for t£i0, t € R. So, even after this analytical continuation in s, (s |t)
stays a regular function of ¢ in all of 21, including the real axis.

The above result easily adapts to real ¢ < % One way is to take the half-
sum over t + i0 (giving a principal-value integral in (7.5), as exemplified in
(8.7) later). A more regular real form valid for ¢t > —1 (at least) is

Yy~ °dy

f(st)-z<st>+smf‘9/0m[é<%+t+y>+

t—5+y
(0 <Re s < 1);(7.6)

this form only converges in the stated strip of the s-plane, but unlike (7.4) it
remains well defined in the ¢t — +% limit, where it gives

%(8)27Z(8‘%)+sinws/m ¢
0

1
2 (1 -
C( %fy)%fy

- y°dy (0 <Res<1).

(7.7)

7.2 Derivations

We provide two distinct arguments, with pros and cons for each.

7.2.1 Derivation by Contour Integration

We start from the last term in (7.4), which we transform in parallel with the
proof of the Functional Equation in Sect.3.4 (up to  — 1 — s), using the
same notation for the integration paths, and identifying = = %—i—t throughout:

sins sin s

HAs]t) =

™ ™

/m%mﬂyn/%m (Res<0)  (7.8)
0
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o [ St Cn (eC)  (19)

/

: 1
=5 REI-EOQ /CR %(ac +y)(—y)~°dy (Res>1), (7.10)

now true provided R is chosen to keep the contour Cg “far enough” from the
zeros of ((x + y), up to extra small deformations over lengths O(1) near the
negative real axis and over the critical strip: then ¢/ /¢ is O(log® R) on the path
C% by Sect.4.4. Now we can evaluate (7.10) by the residue calculus: upon
R — 400, by construction (Fig.7.1), the poles of ¢’/ at the Riemann zeros
contribute 2 (s|t), those at the trivial zeros contribute Z(s|t), while the

pole of ¢ itself contributes —(t — 1)~%, whence (7.4) follows. O

Disadvantages of this approach are that one must carefully fiddle with
the integration path in three zones to make the argument rigorous (at two
critical-strip and one negative-axis crossings), and rely on the nontrivial (al-
beit classic) bound (4.22), or [¢/¢](x0 +iT) = O(log® T') at “good” ordinates
T in the critical strip; as for the negative real axis, it suffices to cross it near
some odd integer (x + y). Extra work is also needed to reach the real form
(7.6). Finally, we cannot transpose this approach to the other families.

On the other hand, the foregoing argument is short and intuitive, and it
displays clear parallelisms:

e With the proof of the Functional Equation in Sect. 3.4, and even more when
¢(x) is replaced by the Hurwitz zeta function as in Sect. 3.6 because then,
both resulting relations are non-reflexive: we thus view (7.4) as a full analog
for #(s|t) of the Jonquiere functional relation (3.39) for {(x, w);

formula (7.4). The shaded
areas mark the zones
where the path has to
keep far enough from the
zeros of ((z + y) (e): see
text (The nontrivial zeros !
are not placed on scale) s

Im y Im(x+y)
\ '
—\ i
.
+ "
o
R ,
Fig. 7.1 Integration 1 :CR ¢
contour yielding the basic ; Rey
analytical continuation 4 " Re (x+y)
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e With the proof of the Explicit Formula specialized to the function pair
(6.16), only with a different integration path; indeed, in Sect.7.3 we will
interpret (7.4) as a kind of extended Explicit Formula.

7.2.2 Derivation by Eligibility of the Riemann Zeros

The key input here is that the standard Hadamard factorization (4.9) of {(x)
only involves infinite products over sequences eligible in the sense of (2.11)—
(2.13), of order g = 1; hence the whole formalism of Chap.2 mechanically
applies, with my = 2. We then begin by expounding this aspect.

First, the Gamma factor I'(1+ $z) ™! in (4.9) is a function A(z) like (2.2)
of order py = 1 for the sequence of negated trivial zeros {2k}r=12, ., whose
generalized zeta function is Z(s | t). (Again here, x = §+¢; zeta-regularization
being translation-invariant, it won’t matter which variable x or ¢ is used.) And
Stirling’s formula (3.51) gives

log I'(1+ 3z) ~ L[z(logz — 1) — (log2) x + log x + log 7 | [—l—ZaLnx—n}
1
for x — 00, |argz|<m, (7.11)
a result which indeed meets the asymptotic requirement (2.13). We readily
underlined the terms to be banned in the zeta-regularized form; the latter
then immediately follows for the Gamma factor, by (2.50), as

D(z) < exp[- Z/(0] 2 — })] =272/ 1 (1 + La). (7.12)

We then recast the Hadamard factorization (4.9) of {(x) as

¢(x) = D(z)2(x), (7.13)

thereby defining

def

P(z) = (v —1)2° 227120 (1 + o) (2) = (dm) "2 (2m)* /2 Z(x);  (7.14)
this Z(x) will prove to be the zeta-regularized form of the other factor =(x).
But to justify such a statement, first we must check that the zeros {p} of
= also form an eligible sequence: indeed, their zeta function % (s) satisfies
(2.11) with po = 1, due to (4.7); and their Hadamard product Z(x) given by
(4.8) is a good function A(zx), which also complies with (2.13):

oo
log Z(z) ~ 3 [z(logz — 1) — (log 27) z + 3log & + log 4 | [—I—Za’in x—”}
1

for x — oo, |argz| < 3m—e (7.15)
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(using Stirling’s formula again upon (3.24), plus log((z) = O(z~>°)). So,
Chap. 2 fully applies to the sequence {p}. Thereafter, (7.14) shows that
log 2(x) is precisely log Z(x) but for the banned terms suppressed, which
then qualifies Z(x) for being exp[— 2”(0 |z — 3)], the zeta-regularized prod-
uct; this will ultimately be confirmed in (7.32) below.

Remark. In such conversions, monic polynomial factors like (z — 1) in (4.9)
are passive spectators (log[z?+- -] = glogx +O(1/z) has no banned terms).
Even more crucially, {(x) with log {(z) = O(z~°°) is untouched.

After those preliminaries, the integral representation (7.4) will follow di-
rectly from the factorization (4.9) or (7.13), actually from its logarithmic
derivative of order mg = 2 which is intrinsic. This can be evaluated by ap-
plying (2.27), i.e.,

Z(2,z) = (—log A)"(z) (for general A) (7.16)
with Z = % and Z = Z in turn, resulting in
[C/c)(5+8) = (t—3)7° = 2(2]t) - (2] ). (7.17)

The idea is now to generalize this identity from s = 2 to some domain of the
half-plane Re s < 1, so as to get a genuine analytical continuation for % .
The machinery of Sect.2.4 prompts us to use the identity (2.28), i.e.,

Z(S‘t) _ SIS

Z(2]|t S| h =1 1
s [ zeir e when =1 (@)

for Z = % and Z, but the latter formula only holds for 1 < Re s < 2. Now
this can be remedied using the continuation method shown in (1.23). Thus,
(7.18) successively yields

sin s < d
Z = —|yZ(2 I=s 2 Nl
(s]t) 7r(1—s)2/0 dy[y ( |t+y)]y dy (0<Res<2) (7.19)
sinwts [
=4+——" | Z(2,y)y'd :
+7r(1_8)/0 +(2,y)y "°dy (0 <Re s < 1), (7.20)

where Z;(2, y) stands for Z(2 | t+y) minus its leading large-y behavior (drawn
from (7.16) and the generalized Stirling expansion (2.13) with pug = 1):

~ def ~ — —
Zi(2,y) = ZQ2lt+y) +ary ™t = oy y—too; (7.21)

this subtraction is mandated for a valid integration by parts in (7.20).
Accordingly, we then twist the decomposition (7.17) to

“Z(2,y) = “Zey)+ (-5 +y) -/ Gt +y),  (7.22)
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220 2@t 5 B2 2l - o (129
where the last line uses the specific Stirling expansions (7.15) and (7.11).
Now, on the modified decomposition (7.22), at fixed t € 21 \ (o0, +3], we
can apply the Mellin transformation (7.20) term by term. Then, the left-hand
side yields #°(s|t); as for the right-hand side, the first term yields — Z(s|t)
by exactly the same argument, the second term trivially evaluates to (t— %)_s,
and the last term can be subjected to an ultimate integration by parts now
valid in the whole half-plane {Re t < %}, using

d_ef 1 o C// —S _ OOC/ —Ss .
J(s]t) = 17.9/0 —[ﬂ(%ﬂﬂj)yl dy—/o Z(%+t+y)y(7dyéi)
2

all that yields the desired formula (7.4). If the last two terms in (7.22) are
kept together instead, (7.6) can be obtained likewise. O

This method of derivation seems more robust than the former, as it simply
builds on the general eligible nature of the sequence of Riemann zeros, and it
(alone) will adapt to the second family 2 as well. It does without the custom
estimate (4.22) for ¢’/¢ in the critical strip (however, [61, p. 40] argues that
such an estimate is automatically implied by the general zeta-regularization
axioms therein).

On the negative side, this approach obfuscates the kinship, which was
manifest in the previous derivation, between the present results for Z(s|t)
and the Jonquiere formula for {(x, w) on the one hand, the Explicit Formula
(6.22) on the other hand.

7.3 Analytic Properties of the Family {%(s|t)}

The subsequent statements refer to s as variable, with ¢ fixed. It helps to
keep in mind that (7.4) is to 2°(s|t) very much like the Jonquiere functional
relation (3.39) to ((x,w). Incidentally, since neither relation is reflexive (in
contrast to the Riemann Functional Equation), we expect nothing remarkable
about the s-plane zeros of % (so, the reader will be spared later books on
zeta functions built over zeros of zeta functions built over zeros of ..., etc.).

First of all, (7.4) gives an explicit one-step analytical continuation of
Z(s|t) to the half-plane {Re s < 1}. It also implies its meromorphic contin-
uation in s to all of C, because as a Mellin transform, #(s|t) has a known
global meromorphic structure: with (¢’/¢)(z) = O(x~>°) for x — o0, the
application of Sect. 1.5 shows ¢ to be meromorphic in the whole s-plane,
having only simple poles at s = +1,+2, ..., with residues

Ress—n #(s|t) = —(log|CN™ (R +1)/(n—1)!  (n=1,2,...). (7.25)
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Then, sinws_#(s|t) in (7.4) has no singularities; it follows therefrom that
Z(s|t) is meromorphic in the whole s-plane with the same polar structure
as —Z(s|t): i.e., by (7.3) and Sect. 3.6,

% (s|t) has the single pole s = 1, simple, of residue —3. (7.26)

Next, the substitution of the Dirichlet series (3.7) for ¢//¢ (3 4+t +y) into
(7.5), followed by y-integration term by term, formally yields

Sl =-1(1-5) Y 2 (ogny . (1.7
n>2

This is rigorously an identity if the Dirichlet series for ¢'/¢ (5 + ¢ + y) con-
verges uniformly over the integration range {y > 0}, which is the case if
Re ¢ > ; then in fact, (7.3) plus (7.4) plus (7.27) just boil down to the Ex-
plicit Formula (6.22) for the family % [28]. (For Re t = 3, see the Remark
ending Sect.6.4.1.)

But the above integration term by term stays valid even for general ¢
(fixed), now in the sense of asymptotic series as s — —oo. So, the Explicit
Formula (6.22) retains some meaning at all ¢: when its right-hand side di-
verges, it just goes into an asymptotic expansion for % (s|t), as

Z(s|t)~(t—3)""—27%¢(s, 3+ 1) — Fzs) > :ﬁz (logn)*~' (7.28)

for s = —oo (or Re s — —oo in C), at any fixed t € (2.

In reverse, (7.4)—(7.7) qualify as extensions of the Explicit Formula (6.22)
to {Ret < 1}. Only the series (7.27) buried in (6.22) is affected in this
process: when this Dirichlet series diverges, (7.5) delivers its adequate re-
summation; this achieves a transposition of the Borel summation method
which works for divergent power series.

7.4 Special Values of #(s|t) for General t

Again thanks to the factor (sinzs) vanishing at integers, and to the known
polar structure (7.25) of #(s|t), (7.4) immediately outputs formulae for all
the special values of %°(s|t) (in the sense of Sect. 2.6.3):

Z(-n|t)=—Z(-n[t)+(t—3)" (neN) (7.29)
=-2"(—n, 2+ 3t)+ (t — )" (n €N), (7.30)
Z'(0]t) =—=2Z'(0]t) —log [(t — 3) C(5 +1)] (7.31)
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= —5(log2)t + 5log 75 —log I'(3 + 5t)
—log [(t — 3)¢(5 +1)]

= —log 2(5 +1), (7.32)
FPs—1 Z(s|t) = —FPs=1 Z(s|t) + L — + %(% + t)} (7.33)
= 2(log2+ (2 + 3t)) + [t_11 +é(%+t)] (7.34)
2
= (log 2)' (3 + 1), (7.35)

and, forn =2, 3, ...,

Z(Hnl|t)=—Z(+n|t)+ {(t_%)—n_ (-1)"

(n—1)!

[log CH(")(%—H)] (7.36)
= 727“4(”7 g + %t)
1\—n 1"
+{(t5) a ((n—)l)!
(=p»!

= o (log 2)"™ (% +1) (n=2,3,...), (7.38)

log cu“”@m} (7.37)

also using (3.40), (3.41), (7.3), (7.14). Those values are listed in Table 7.1 in
still another equivalent form which clearly shows that the quantities in square
brackets above, apparently singular for ¢ = +%, are in fact globally regular
(for the special values reached at t = %, see Sect. 7.6.2 and Table 7.4).

At s = 0, the identity (7.32) confirms that & is the zeta-regularized form of
Z in the variable z (or t). Then, (7.35) and (7.38) just exemplify the general
formulae (2.53)—(2.56).

Now the point s = 1 (= pg) deserves extra attention. Upon loga-
rithmic differentiations, the symmetric Hadamard product formula (4.15),
E(5+t)=TI[1- (3 +1t)/p], directly yields

P

(-1

m(logE)(”)(% +1) =Y (E+t—p) " =2(n[t), n=12,...

P
(7.39)
When n = 1, both product and sum (then only semiconvergent) must be
performed with zeros grouped in symmetrical pairs, as usual: the two terms
(t £i7,) ! interfere sufficiently to make the grouped series converge; 2°(1|t)
thereby acquires a finite value, as exemplified earlier by (4.14) at t = % But
here a double paradox arises.
1. Although 2(1|t) is finite, 2°(s|t) still has a pole at s = 1: thus, that
same interference inside the (convergent) series p(% +t—p)~% (s > 1) does
not keep its sum from diverging for s — 17.
2. A standard finite value assignment for a meromorphic function at a pole
is its finite part (1.7); but for #(s|t) at s = 1, this prescription differs from
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(7.39) at n = 1; the discrepancy (or “anomaly”) is

51(t) YFP_y #(s|t) — 2(1]t) = [log(2/3)] (L +1) = Llog2r  (7.40)

according to (7.14), (7.35). Since FP,—; % (s|t) and 2(1]|t) share the same
t-derivative (— 2°(2|t)), it is clear why 01(t) = const., but why is it not zero?
This will actually relate to a nonzero residue in the function Z of the second
kind, see (8.5), and also to one term of the Riemann—von Mangoldt formula,
see (10.40).

Due to this d; # 0, in every Table for the family % (this chapter, Chap. 10,

and Appendix A), two lines harbor values at s = 1, and these apparently
conflict.
Remark. Equation (7.39) instantly yielded all the special values 2(n |t) for
n=1,2,... as displayed in Table 7.1. However, we didn’t favor this shortcut
because it all too easily suggests that those 2°(n |t) form the totality of com-
putable transcendental special values; it thus misses the first two, 27 (0]t)
and FP,—; #(s|t), which match the important special values (3.40) and
(3.41) of the Hurwitz zeta function. In contrast, our lengthier treatment sees
and includes those latter two values as well. We add that 2/(0|¢) itself has
been computed, and its interest argued, in [28, 76, 96].

7.5 Imprints of the Central Symmetry p «—— (1 — p)

The stake here is to detect manifestations of Riemann’s Functional Equation,
inasmuch as it does not simply translate into a functional equation for the
family 2(s|t) (cf. Sect.5.1).

7.5.1 t+— (—t) Symmetry at Integer t

A basic symmetry identity, obvious from (7.39), is
Fn|t)=(-1)" #(n|—t) forn=1,2,..., (7.41)
and in particular, at t = 0,

Zo(n) = Z(% —p)™"=0 for each odd n > 1. (7.42)
P

Symmetry relations can be expected for the nonpositive integers as well,
but possibly modified, as these other integers are only reached under an-
alytical continuation. Working directly from Table 7.1, Table 7.2 lists the
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correct symmetry relations for all the special values; e.g., for the first line,
Z(—n|)=(=1)" Z(=n| =) = 27 [Burr(3+ 30— (—1)"Busa (3 - 5)] =

2" B (telnaiB (34l =L B (Li4) usine th
n_I[ nr1 (3438 +Bny1 (3 + 3t)] = P nt1(5 +1), using the symmetry
and duplication formulae for the Bernoulli polynomials [1, Sect. 23.1].

7.5.2 Sum Rules at an Arbitrary Fixed t

A less obvious effect, now for a general t kept at a single value, has the
following heuristic basis: if the central symmetry made all the odd-n values
Z(n|t = 0) redundant (= 0 through (7.42)), then some trace of this could
persist for ¢ # 0. Indeed, one extension of (7.42) to general ¢ consists of this
countable set of “sum rules”:

1 k-1 b
n — > 1.
ZMnl|t)+ < E <n >(2t) Z(k|t)=0 for each odd n >'1

2 -1
k=n—+1
(7.43)
Proof. In the identity
(t—g+p) " =D (g+t—p) " [L=2t/(3+t=p)] ", (7.44)

do the generalized binomial expansion of the last factor (in brackets) about
t = 0, sum over the zeros grouped in pairs, then identify 2 on both resulting
sides thanks to central symmetry. The said expansion converges in the domain
{t € C|2|t| < |t £ 71|} (intersection of two disks). O

We know of no canonical, or maximally reduced, presentation for a set
of identities based on infinite series like (7.43). Still, we may strive to make
those series converge more rapidly.

For instance, if in place of (7.44) we use the identity

n

(3=p"=G+Ht=p " [1-t/G+t=p)] ", (7.45)

then expand about ¢ = 0 and sum as before, and finally invoke (7.42), we
thus obtain variant sum rules which converge manifestly better than (7.43):

Do

N (k=1\ n
0= Z <n1) R (k|t) for each odd n > 1. (7.46)

k=n

We believe that the latter approach is the most symmetrical one and enjoys
the largest possible domain of convergence (the strip {|Im ¢| < i71}): we

hence advocate these newer sum rules (7.46) as superior to (7.43).
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Such sum rules then allow us to eliminate any odd-n value % (n|t) as
a series over all higher-k values 2(k|t), from which higher odd-k values
can be eliminated again, up to any finite rank; in this precise sense, odd-n
values are finitely redundant. If we now continue indefinitely, every odd-n
value ends up formally reexpressed in a series over all higher even-n values
only, as Z(2m~+1[t) =3, Amj 2(25 |t) 127~ Cm+D; but then (exercise!)
these series have to be divergent for all ¢ # 0; while at ¢t = 0, only (7.42) is
recovered.

7.6 Special Values of 2°(s|t) at t =0 and ;

For integer ¢, the values (£n, 2 + 1t) which occur in (7.30) and (7.37) can be
made slightly more explicit, and even simpler for half-integer ¢t. We moreover
argued in Sect. 5.1 that remarkable parameter values had to be t = 0 and %
At these points, (7.3) now yields

Z(s10) = 3[(2° = 1)¢(s) +2°B(s)] —=2°,  Z(s]5)=(1-27")¢(s) — 1
(7.47)

then, using the special values for ((s) and (3(s) from Chap.3, the special
values of 2(s]0) = 24(s) and 2(s| %) = 2 (s) reduce further. The results
are displayed in Tables 7.3 and 7.4 respectively, with a few comments below.
Moreover, some numerical data are described and plotted in Appendix A.

7.6.1 The Function %,(s) (the Confluent Case t = 0)

At t = 0, thanks to the confluence identities (5.12), 24(s) will actually sub-
sume the superzeta functions of all three kinds.

Here, the central symmetry greatly simplifies most of the special values,
notably %(n) = 0 for all odd n > 1 by (7.42); equivalently, (log =)™ (1) =0
by the Functional Equation, and either result amounts (e.g., by (7.37)) to a
sequence of identities for {(x) itself:

(n)(1y = _9—ng(n—1)(1 1
= n.,1 jl ) .
(log [¢])'"™(3) 27" (§) +0n13logm for odd n > 1, (7.48)
_fs=1E" =1 (n) +2"8(n)],  n>1, (7.49)
B %’y+}—gr+%log87r, n=1, .

in which, n being odd, 3(n—1)!2"3(n) reduces to $7"|E,_1| by (3.32) while
¢(n) remains elusive. App. C gives more identities relevant to (log|¢[)™(1).
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At n =1, moreover, since 25(1) = 0, the evaluation of the discrepancy d;
by (7.40) at ¢ = 0 implies

FPo_1 Z(s) = Llog2r  (~ 0.918938533). (7.50)

Inversely now, at n = 0, 2¢(0) (=~ 0.811817944) (for ¢ = 0) is much less
explicit than its counterpart 2/(0) for t = 1 (see below), as it involves ((3)
about which very little is known.

All resulting special values of %(s) are listed in Table 7.3, following [108,
Table 3] (we found no earlier references).

7.6.2 The Function %.(s) (the Case t = %)

Here, our results (listed in Table 7.4) are the t — 1 limits of (7.30)—(7.38),
which make the Stieltjes cumulant expansion (3.15) emerge; equivalently,
they can be traced to the integral representation (7.7). Unlike the 24 (n), the
special values %, (n) have received some attention before.

e Rational special values % (—n) for n € N were stated in [83, (12)] but
with errors (as discussed in Sect. 5.5; see also Appendix D).
By pure observation, we report these intriguing identities:

Z(—n)=1+2""%(—n) for odd n, =1 for even n (n > 0).
(7.51)
e The explicit value 27/(0) = 3 log2 (=~ 0.346573590) is much simpler than

%(0); it yields the zeta-regularized product of all the Riemann zeros, as

“J[ p7=e %O =2712 (7.52)
P

o The transcendental special values % (n) (n = 1,2,...) have been the sub-
ject of a few studies (often under the name o,,):

- %(1)=-B=3%y—1ilogdn+1 (~0.0230957090), as given by (4.14)
[26, Sect. 12][31, Sect. 3.8][89, Sect. 3.1]

— Every higher % (n) boils down to this affine function of the n-th Stielt-
jes cumulant g¢ from (3.15) [106]

#.(n) = ﬁg; S(1—2Cm 41 (n>1); (7.53)

this formula subsumes earlier ones relating % (n) to the Stieltjes con-
stants instead — at the price of greater complexity [82][64, Sect. 6][114,
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Theorem 5]. Another affine relationship [72, (12)], equivalent to (7.53)
by the Functional Equation [2,18], is

20 = gy (02 C)(0) = ()27 + 1 (0> 1),
(7.54)

For numerical tables, see [72, Table 5][64, Appendix].

Those #(n) (n = 1,2,...) also enter two interesting countable sets of
linear identities.

1. The (infinite) sum rules (7.43) or better, (7.46), specialized to t = 1;
(remark: [64, (18)] seemingly states more sum rules than (7.43) at ¢t = i
Le, Z(n)=(-1)"> 2, (n 1) %. (k) for odd or even n; but the even-n
identities are redundant, reducing to finite linear combinations of higher
odd-k ones).

2. (Finite, triangular) relations to the Keiper—Li coefficients

NES L-a-1/p),  j=12..., (7.55)

p

which enter Li’s criterion for the Riemann Hypothesis, namely A; > 0 (V)
(see [9,73] and Chap.11; note: the A; of [73], used here, are j times the
earlier A\; of [64]). The above-mentioned relations read as [64, (27)][9, The-
orem 2]

v=crn (D am = zm= ey (M
- = (7.56)

The leftmost identities follow by straightforward expansion of (7.55), upon
which a standard inversion procedure yields the converse identities. Then,
(7.53) implies affine relations of the A; to the Stieltjes cumulants gf, with
n < j; this, plus the arithmetical formula (3.12) for the cumulants, together
account for the quite intricate aspect displayed by the fully developed A;
[9, Theorem 2].

7.7 Tables of Formulae for the Special Values of %

Note. The singular structure in s of the meromorphic functions %(s|t) is also
explicit: their only pole, at s = 1, is simple and of residue (f%), cf. (7.26).



72 7 The Family of the First Kind {%(s|¢)}

7.7.1 Function of First Kind for General t

Table 7.1 Special values of #(s|t) (upper part: rational, lower part:
transcendental, cf. Sect. 2.6.3 and Tables 2.1 and 3.1); see also (7.29)—
(7.40). Notation: see (1.3), (1.7), (1.9), (3.24); n is an integer

s Z(s|t)=2(z+t—p)°
P
<0 A R S V) P N S U
IS m n+1(1+5)+(+§) +(—§)
0 1t+1)
0 -
(s-derivative) z'(0]t) = —%(log 2m)t + %(log 8m) — log:(% +1)
1 -
(fnite part) FPozt 2(s|1) = Jlog2m + (log 5)'(3 +1)
(=p~—!
+n>1

oy DG Y

"With (t — to)° C ] for t = to (continuity in ¢ is imperative)

Table 7.2 Special values of #(s|—t) in terms of those at (+t)

(reflecting the central symmetry of the Functional Equation).
Notation as in Table 7.1

§ Z(s|—t)
Bnii(3—t
-n <0 (=)™ Q‘)(—n|t)+M
n+1
0 7(0|t) —t
0
(s-derivative) | 2'(0] —t) = 27(0]t) 4 (log2m) ¢ |
1
(ﬁn;tLe part) | FPs=1 Z(s| —t) = =FPs=1 Z(s|t) + log 27 |
+n>1

(—)" 2(4n 1)
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7.7.2 Function of First Kind at t =0 and %

Table 7.3 Special values of the function #(s|t) at t = 0 (the confluent

case, Sect. 7.6.1). Notation: see (1.4)—(1.7); n is an integer
s Zo(s) =2(p—5)7° [t =0]
P
even 2—ntl(1 — %En)
—n <0 { Byis
odd —z(1—27m)Tndt
0 7/4
0 — _
(derivative) %3(0) =log [211/47‘—1/2F(i) 1|C(%)| 1}
+l FP.—1 %(s) = 1 log 2

(finite part)

n odd 0~ lo (LT
+n>1 { even 2% - 1[(2" ~1)¢(n) +2"B(n)] — %

"This amounts to the formulae (7.49) yielding (log |¢])(™)(3) for n odd
"Here ((n) = (2m)"|Bn|/(2n!), while 8(n) (Sect.3.5) and (log |¢|)(™)(3)

remain elusive

Table 7.4 As Table 7.3, but at t = £ (Sect. 7.6.2)

: 2= 0 = 1]
)
-n <0 1_(2”_1)%
0 2
0 2!(0) = Llog2
(derivative) «U) =3 log
+1 FPo—1 % (s)=1— Llog2+ 1
(finite part) s=1 % (s) = 21082+ 37
1 1
+1 . — 5 logdm + 57 1 o :
(n—1)! (n—1)!

"For n even, ((n) = (27)"|Bn|/(2n!). For the Stieltjes cumulants g<, see (3.15)



Chapter 8
The Family of the Second Kind {Z(o | t)}

From Sect. 5.2 (and [106], with different notation), we recall the definition
Z(o|t)=> (> +17)" Re o > 1, (8.1)
k=1

valid for ¢ € 2, & {t e C|t+tir, ¢ £iR_ (Vk)}, and these shorthand names

at the two points ¢t € {25 of special interest:

def def

20(0) = Z(0]0) = 2cosm0) ™! 26(20),  Z.(0) = Z(o]3),  (8.2)
where the identity at ¢ = 0 repeats the confluence relation (5.8).

This second family embodies the central symmetry of the zeros (i.e., the
Functional Equation) at once through Z(o|t) = Z(o | —t), but other prop-
erties prove less readily accessible than in the previous case.

That first family 2 benefited from a “magic formula,” the extension (7.4)
of the Explicit Formula (6.22) to general ¢, which sufficed to display all explicit
properties of % by inspection. For sure, a formula parallel to (7.4) can be
worked out for the family Z (exercise!): for 1 < Res < 1, |t| < 71, t ¢

2
(=00, 31,

sin o

Zlo|lt)y=# - H7+ W]+

/OOO %’(% +t+y) [y(2t +y)] " %dy,
Wih] = i /, " 47 [w(d + ir) —log] dr: (8:3)

this extends the Explicit Formula (6.25) beyond Re t > % all right, so it
should yield the meromorphic continuation in ¢ and explicit properties for
the family Z unrestrictedly, by analogy with the family 2°; but that task
now calls for the continuation in ¢ of two intractable integrals in (8.3), vs
that of only Wh] in (6.25), and only #(s|t) in (7.4) for the family 2.

In contrast, for the second family Z, several natural approaches gave par-
tial or incomplete results, and only a specific combination gradually proved

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 75
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_8,
(© Springer-Verlag Berlin Heidelberg 2010
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satisfactory: first, describe the confluent case Z; completely by transfer
from 2%; next, use an expansion around ¢ = 0 to get all the general-t ra-
tional formulae; and last, obtain the transcendental special values explicitly
from a symmetric zeta-regularized factorization of = (% +t). (Thus, our initial
results [106] were neither as complete, nor as fully reduced as they are now.)

8.1 The Confluent Case Z(o |t = 0) = Zy(0)

We then begin by using the confluence identity from (8.2), to transfer all
previous results about Z4(s) onto Zo(o) straightforwardly.

First, that identity makes Zy(o) meromorphic in all of C with a double
pole at o = % and simple poles at ¢ = % —m (m = 1,2,...), with the

principal parts

1 1
Zo(3+e) = — 4 Ress=1 20(s) e72 - —FP. 2(s) et +0(1).o

21
1 log2m _
= e = 2 e L 010 (8.4)
(_1)m+1

5 F(1=2m) et +0(1).—o form=1,2,...;
T

Zo(d-m+e) =

((8.4) follows from (7.26) and (7.50)). So the residues are, by Table 7.3,

1 log 27
7%]:—“135:1 %(S) = *?, m = 0,

(_1)m 1-2m
8’]r—m(1_2 )BQm, m:1,2,...
(8.5)

Rom def Resoz%_m Zo(o) =

(all of them are negative). Concerning the residue Ro at the double pole:
since 25(1) = 0 by (7.42), then —27Ro = FPs—1 2(s) also equals 01, the
discrepancy (7.40) affecting the family 2 at s = 1; so, §; # 0 relates to the
presence of this nonzero residue Ry in the double pole o = % of Zj.
Then, the confluence identity in (8.2) implies an integral representation
for Zy(o) [106, (72)], just by specializing (7.4) to t = £i0:
—Z(20|0) + 227 eF2m7 N sin 7ra/+eim°° !
0

?(% +y)y >7dy; (8.6)

a real variant (among others [106, (73)—(74)]) is the half-sum of these:

Zo(0) =

2cosmo T

—7Z(20|0) + 229 cos 2o n sinTo
2cosmo T

—+oo /!
Zy(0) = PV /O f%%(% o)t (8.7)

(PV = principal value); both integrals converge in the half-plane {Re o < %}



8.2 Meromorphic Continuation in o for General ¢ T

Finally, the confluence identity delivers all the special values of Zy(0), as

(Ym € Z),
Z6(0) = 25(0) (= 0.811817944); (8.9)

A
o~ ~
3
N
I
ol
T
—_
S~—
&
=
[\
3
N

the fully explicit values then closely follow Table 7.3, see Table 8.3 below.

Remark. Although points o = % 4+ m, m = 1,2,... also map to integer
arguments s = 20 for 2§, these are now odd, so that in the confluence
identity, poles of (2 cos ma) ™! get cancelled by zeros of %4(20) at those points.
Hence Zy(o) proves holomorphic for Re o > % as it should, but it gains no
computable special values at o = % 4+ m in the process.

Now our main challenge is to treat general values ¢t # 0 of the parameter.

8.2 Meromorphic Continuation in o for General t

Our key idea for the meromorphic continuation of Z(c |t) is that its under-
lying sequence {zj,} = {72 + t*} = {p(1 — p) + t* — 1} (at fixed t), of zeta
function Z(o | {zr}) = Z(o | t), is again eligible in the sense of Sect. 2.2. Only
the order pg will change: throughout this chapter,

(8.10)

N[

Mo =

Indeed the first condition, convergence of Z(c |t) if and only if Re o > 1, is
equivalent to the property (4.7), and as such was part of the definition (8. 1)

Now to get hold of an explicit Delta-type function, we specialize to t? = 4,
because the symmetric Hadamard product formula (4.16) for = is tied to the
specific sequence {uy =77 + }. Then,

e The Delta function Ap is = itself but as a function of u def x(x —1), or
O U def
Ao(u) = H {1 + —} = =Z(x), u= x(x—1); (8.11)

e By (3.24) and log {(z) = O(xz~°) (|arg x| < m/2—¢), the large-u expansion
of log = is simply the large-z expansion of —log[G(x)/(z — 1)],

By, 2%™ _
log = ~ —(logQ— - 1) +logu — % log — Z szm— 0 r172m (8.12)

but with z substituted by the positive asymptotic branch z(u), namely

= 27[(3/2)
- Lyl/? 1/2=n 8.13
=1y Jur w2y +anr ey, LA (8.13)
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and the result fulfills the second eligibility condition (2.13),

log Ap(u) ~

[M]8

[&%logu+a1—7n]u% (u— o0,|argu| <m—e)  (8.14)

3
I
=)

ul/?logu — 1 (log2m+1) u1/2+% logu+ % log 87 4 o(1). (8.15)

R

The sequence of exponents is {p, = 17Tn}n:0717m, and the coefficients are
algebraically computable to any order in principle. Still, a reduced general
formula for a,,,, looks inaccessible this way; only the @, , which all (aside from
ao) arise from the single substitution of (8.13) into the leading prefactor 1z
of logz (~ %log u) in (8.12), are readily expressible, in particular

a_1—m =0, m=20,1,2,... (8.16)

Exactly the same qualitative structure arises for all shifts t? (except t = 0
which is more regular, see previous section): see [106, Sects. 3.2 and 4].

Then, it automatically follows from the general results (2.18)—(2.21) in
Sect. 2.3 that Z(o | t) is meromorphic in the whole o-plane, with double poles
at all half-integers of the form ¢ = § —m (m € N) when ¢ # 0; in contrast,
all the integer o are regular points, by (2.19) and (8.16) for ¢ < 0, (2.21)
for 0 = 0, (8.1) for o > 0. The principal parts at the poles, and the values
Z(—m/|t) for m € N, have to be algebraically computable polynomials of ¢
according to Sect. 2.6.3, but by and large they look intractable here. For this
reason, we will devise another scheme for practical computations.

But before that, to make a parallel with Sect.7.2.2 and to prepare for
Sect. 8.4 below, we conclude by giving the zeta-regularized form of Ag(v— }I),
which we will denote D(v) (v = t?). When g < 1 like here, this calculation
is even simpler than when pp = 1 (not to mention pg > 1). The only banned
terms in asymptotic expansions when py < 1 are the additive constants, hence
a mere glance at the large-u expansion (8.15) of log Ag = log = imposes

D(t?) &e 2010 = (87)"1/1= (L + 1), (8.17)

instead of Z(4 + t) as in (7.14). The main point here is the change of basic
variable from ¢ to v = t2, which does not leave zeta-regularization invariant;
unlike Z(%+t), the new zeta-regularization of = (3 +t) is explicitly symmetric
(under t < —t). The corresponding factorization of ((z) is [108]

D(% +t)D(t?) (8.18)

C(h+1) = (2!
2

instead of (7.13), and it is inspired by an earlier factorization for hyper-
bolic Selberg zeta functions over spectral determinants [104] (see (B.18)).
The prefactor (27r)t/ 2 specifically corrects for the discrepancy between
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the zeta-regularizations with respect to ¢ (as in D) and ¢?> (in D). (The
zeta-regularized form (8.17) is also closest to the determinant of Riemann
zeros introduced by Berry and Keating for other purposes [6].)

8.3 Algebraic Results for Z(o |t) at General ¢

Our best tool here is a straightforward expansion of Z(o |t) around ¢ = 0
[106], convergent for |t| < 7 (followed by analytical continuation in ¢, in case
we had to go to larger t):

A S AN (e NP
2ot ;(’“) (HT,f) ;:%F(l—a—ﬁ)élzo( O

(8.19)

This series is infinite, reflecting the generally transcendental nature of the
dependence on the shift parameter (Sect. 2.4), nevertheless it discloses some
information in closed form through finite partial sums.

Thus, the right-hand side fully reflects the o-plane meromorphic structure
that we just found for Z(o|t): at fixed t # 0, the poles are all the points
o= % —m (m € N), as when ¢ = 0, but now all of them are double, not just
o= % We are not sure whether (8.19) alone could prove all the meromor-
phic properties of Z(o |t) as we did above; but it does make algebraically
computable quantities much more explicit, as follows.

e First, the principal part of Z(o |t) at each pole only depends on a finite
stretch of the series (8.19),

I'(34+m—e¢)
I(A+m—t—e)0!

Z(%—m+s|t):§:

£=0

ZO(% —m-+{+ 5) tZZ + O(]-)EH()?

(8.20)

hence it can be extracted in closed form; specifically, upon importing the
polar structure of Zo(o) from (8.4)—(8.5), we obtain

1 I'(3+m)
1 _ 2 2m _—2 —1
Z(z —m+elt) = —SW—F(%)m! e + Rn(t) e 010, (8.21)
Zm 1 2‘1_1 Ui 1 .
Ron(t) = F(34m)| === 2m 4y ———— R, 2= |
m 2 47 D(L)ml S D(5+)) (m=j)!
(8.22)

So, all the poles 0 = 2 —m of Z(o|t) inherit their polar parts of order 2
from the single double pole o = 3 of Zo(c); whereas each residue R, () gets
contributions from all the residues R; of Zy(o) for j < m, themselves known
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from (8.5). At m = 0, (8.21) boils down to (8.4) for all ¢, hence the double
pole o = % has a principal part wholly independent of t, given by (8.4).

e Next, at the negative or null integers o, the series (8.19) terminates:

Z(—m|t) = Z <HZ> Zo(—m + ) t** (m e N), (8.23)
=0

with the values Zo(—m+¢) known from (8.8) and Table 7.3; explicit rational
special values Z(—m |t) thereby result, the leading one being

Z(0]t)="7/8 (independent of ). (8.24)

In the end, all the principal parts of Z(o|t), and the special values
Z(-m|t), m € N (Table 8.1, upper part), are explicit polynomials in t>.
(Those which are t-independent, namely the principal part (8.4) at the lead-
ing pole o = % and the leading special value Z(0|t) = 7/8, also shape the
counting function N (T') described in Sect. 4.5, but this will only become clear

in the more general setting of Chap. 10, (10.40).)

8.4 Transcendental Values of Z(o |t) for General t

These special values of Z(o|t) now very simply follow from the general for-
malism of Chap. 2, specialized to pg = %
First, invoking the new zeta-regularized product D(t?) given by (8.17),

Z'(0]t) = —logD(t?) = 1log 8 —log Z(% £ ¢), (8.25)

hence 2'(0|t) also expresses in terms of log (| (3 £ ).
Then, (2.27) now applied to A = = with v = 2 as variable in place of x,
Z = Z,and pug = %, yields

Z(mt):((;l)—ml_)!d(i%logE(%it), m=1,2,.... (8.26)

These special values of Z(o |t) for general ¢ are listed in Table 8.1, lower part.

8.5 Imprints of the Central Symmetry p «—— (1 — p)

The special values Z(m | t), that we just evaluated, can be further reduced us-
ing the central symmetry. This is mainly useful for the transcendental values
(m =1,2,...) since the others are fairly explicit already.
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In the formula (8.26) for Z(m|t), by the chain rule, the right-hand side
must express as a linear combination of derivatives (log =)™ (z) at z = 5 £1¢,
which are essentially values % (n | t) by (7.39). This change of variables t* — ¢
can be carried out explicitly by exploiting the central symmetry, as follows.

Setting p = % + ir throughout here, we start from the identity (cf. (4.12))

2t —
(ST TP WSS S
t+35—p t—5+p TS+t

then expand the logarithms of both sides around s = 0, and identify like
powers of s to get a triangular sequence of linear identities,

(t+%_p)_n+(t_%+p)_n — Z (1)nm< m >(2t)2mn (T2+t2)_m

n/2<m<n
forn=1,2,....(8.28)

Now, in one direction, summing this over (half) the Riemann zeros {p}
yields the special values of the first kind in terms of those of the second kind:

Z(n|t) — Z (_1)nm< m )(Qt)Qm”M forn=1,2,...;

n n—m m
n/2<m<n

(8.29)

this clearly extends (7.42) for n odd, and (8.8) for n even, away from ¢ = 0.
The other way round, the triangular relations (8.28) necessarily invert
(save at the singular point ¢ = 0) into likewise triangular relations:

m
(P42 =D Vi [+ 5—p) "+ (E—5+p)"]  form=1,2,....
n=1

(8.30)

First, this specifies V;, »(t): it has to be the coefficient of (t+ 3 — p) ™™ in the
Laurent series of (72 +)™™ = (t + 5 — p)"™[2t — (t + & — p)] ™™ in powers
of (t+ 3 — p), whence V;, n(t) = (>~ 1)(2)~2™*". Then, upon summing

(8.30) over half the Riemann zeros {p}, we obtain the end result

zmln = ("o 2y it o
n=1
VS

Z(m|0) = 3(—=1)™ 2(2m|0) (by (8.8)) at t =0,
form=1,2,.... (8.31)

The pair of mutually inverse relations (8.29) and (8.31) extend to general
t-values previous results written only for ¢ = £ [30,106].
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Another useful approach to (8.31) is to view it as the general identity

(1)md(i;n)m =2 (,,?Tn)ﬁn_l)ll)! (Qt)*(zm’”)(fl)”%, (8.32)

applied to log (3 +t). Then it is enough to verify (8.32) upon holomorphic
functions, i.e., to write a Cauchy integral in the t?-plane for the left-hand
side, and to evaluate it by the residue calculus in the ¢ variable.

Finally, Table 8.2 lists all the special values of Z for general ¢ expressed
in terms of those of %, which were simpler to obtain. We included such a
formula for Z(—m|t), to be derived as an exercise! (See footnote in Table!)

8.6 Results for Z(co|t) at t =0 and t = 3

For the family Z, these parameter locations present no further special fea-
tures; we review their end results here mainly for convenience and to parallel
Sect. 7.6 for the family 2. Some numerical data also appear in Appendix A.

8.6.1 The Function Zy(s) (the Confluent Caset =0)

Here this case came first, in Sect. 8.1. We repeat its special values in Table 8.3,
to match Table 7.3 for 2%. (Cf. [106]; we found no earlier occurrences.)

8.6.2 The Function Z.(s) (the Caset = 1%)

This other remarkable case now simply follows by specializing the above
general-t results; still, we collate the final formulae here and in Table 8.4, to
match Sect. 7.6.2 and Table 7.4 for %..

Principal parts of Z.(0) at 0 = %—m, m € N (reducing to (8.4) at m = 0,
just as for any t):

2—2m F(l+m) _ _
Z(zmmte) =~ i T T Rm(3)eT + 0o, (8:33)
5)m:
Ron(L) = I'(i+m) _Z;'nﬂ I n - 227 R
m\3 92m 4ﬁp(%)ml = Ir'(5+j) (m—j)! as

where R; are the residues of Zy(0) at 0 = 3 — 7, as given by (8.5).
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The special values of Z,(o) are listed in Table 8.4. In particular,

o 2.(0) = Llog8m (~0.806042857) is simpler than 2}(0) = 2.(0) — log Z(3)
(= 29(0) =~ 0.811817944); cf. (8.9) and the numerical remark (A.2)

e 2.(1)=%(1)=-B (=0.0230957090), cf. (4.14)

e More generally, Z.(m) (m > 1) expresses linearly in terms of the % (n)
with 1 < n < m [80]: now this result is simply (8.31), written for t = 1.
The triangular linear relations just mentioned, plus the similar ones (7.56)
between the % (n) and the Keiper—Li coefficients A;, together imply that
such linear relations directly connect the Z.(m) and the A;. The latter
relations are best found also directly [110], from the generating function

[64,73]
d >
4 10g5<1 z) = ;:1: A2 (8.34)

dz
Now the symmetric infinite product formula (4.16) for = implies

1,2) Zlog[l+(1_z Uk] Z T;)m 1_7:) Ba(m);

=1

1 5(
Og 1

then, expanding (1—2z)~2™ by the generalized binomial formula, reordering
in powers of z and substituting the output into (8.34), we get

iy (L™ (mﬂ - 1> Z.(m), j=1,2,.... (835

m 2m —1
m=1

This, by the same technique we used to invert (8.29) into (8.31), admits
the closed-form inverse (exercise!)

m

X 2m
—1)7tt ; =1,2..... )
1( ) (mj> N, m=12, (8.36)

j=

The other triangular linear relations of Table 8.2 (our “Bologna formula”),
when specialized to t = %, yield the Z,(—m) of Table 8.4 in terms of the
Z.(—n) of Table 7.4, which means an infinite sequence of curious affine
identities between the Euler and Bernoulli numbers,

Q_QmZ < ) 1) By = (8.37)

m 2211 m!?

—2(—1)™ L B+ —— form=12,...
( )mﬂg;Km(lem) k T 2mA1)!

5 >
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8.7 Tables of Formulae for the Special Values of Z

Note. The singular structures in o of the meromorphic functions Z(o |¢) (all
their poles and principal parts) are also explicitly computable, see Sect. 8.3.

8.7.1 Function of Second Kind for General t

Table 8.1 Special values of Z(o |¢) (upper part: rational, lower part: tran-
scendental, cf. Sect.2.6.3 and Table 2.1). Notation: see (1.5), (1.9), (3.24);
m is an integer. Compare with Table 7.1

o0
o Z(o|t) = 3 (2 +12)77
k=1
m<0 (22— 5)m =272 3 (F) (1) By (202
p
0 7/8

0 — —
(o-derivative) Z'(0|t) = §log8r —log (3 % 1)

(71)17171 dqm 1
+m >1 —_— log =(5 £t
= -1 d@ey 8EGEY
"With (t — t)° C for t = to (continuity in ¢ is imperative)

Table 8.2 Special values Z(m |t) expressed in terms of the special values 2 (n |t)
of first kind (given by Tables 7.1 for general ¢, 7.3 for t =0, 7.4 for t = %), m, n are
integers

o Z(o|t) = 3 (Te2 +12)7

k=1

1 m m n—m 2m—n 22m_2m!2 2m—+1 T
-m<0 3 ngm (n—m) (=1 (2t) Z(-nlt) — “@min)

1, 1
0 5 2(0]t) — 3t

Z(,)(0]t) = 2/, (0]t) + (3 log 2m) t

0
(o-/s-derivatives)

o 3 CRrThEn I 2] (£ 0)

F(=1)™ z(2m|0) (t=0)

f “Bologna formula” (the inspiration for this last missing formula came to the author
in the deeply serene atmosphere of a cloister in the Santo Stefano basilica in Bologna)
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8.7.2 Function of Second Kind at t = 0 and %

Table 8.3 Special values of the function Z(o|t) at ¢ = 0 (the confluent case
Sect. 8.1; also compare with Table 7.3). Notation: see (1.5), (3.27); m is an integer

o Zo(0) = > 7% [t =0]
k=1
-m <0 (—1)m 272" (1 — L Eaopm)
0 7/8
(derigative) 24(0) =log [211/47r1/2['(%)71|C(l)|71}
lo, yem)(
+m > 1 (71)’“{22m —1[@*™-1)¢(2m) + 22" B(2m)] — (los lgln Y )}

¢(2m) = (2ﬂ)2m%, while 8(2m) (Sect.3.5) and (log|{|)(2m)(§) remain

elusive

Table 8.4 As Table 8.3, but at t = £ (Sect. 8.6.2)

|
q
~
I
N

-m <0 —
j=0 7
0 7/8
0 2(0) = Llog8
(derivative) «\U) = 7108 5m
m J— p—
1 N R EAOR
=

" For the values %, (n), see Table 7.4



Chapter 9
The Family of the Third Kind {3(s|7)}

From Sect. 5.3, we recall the definition [51,106]

3(s|7) = Z(Tk +7)7°%, Re s > 1. (9.1)
k=1

For general 7 (# 0), 3(s|7) is built on a one-sided set of zeros, say (4 + irx)
only; hence it seems harder to tackle than the other two families, and the
earlier studies (just quoted) have revealed more singular features indeed.
The confluence point (5.12) is again the exception: 3(s|0) = Zo(3s), so it
is fully covered by Sect.8.1. We then turn to general 7 # 0.
On the rational side, a possible approach is to expand 3(s | 7) in {|7| < 71 },
similarly to (8.19) for Z(o |t), see also [51]:

3(s|m) = Zm‘s(l + 1)75 => % Zo(3(s+0) 7" (9.2)
k=0

Tk

This yields poles for 3(s|7) located at s € 1 — N, with explicitly computable
principal parts; when 7 # 0, all the nonpositive integers are truly poles, ruling
out the possibility of any special values on the rational side.

On the transcendental side, we would need to extend the analysis of
Sect. 7.4, resp. 8.4 from the infinite products 2, resp. D to products over up-
per half-plane zeros only. Now, such products are definitely more ill-behaved
[51]; we lack analogs of (7.13), resp. (8.18) for them, and we thus cannot
reach special-value formulae for 3(n|7) at n = 2,3,... either.

However, the family 3 can be described quite explicitly otherwise, simply
by reducing it to the family of the first kind % built over all zeros taken
symmetrically, paradoxical as this may seem. Still for |7| < 7y, the obvious
linear relation

F(s]t) = ™2 3(s |it) + 0772 3(s | —it) (0.3)

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 87
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_9,
(© Springer-Verlag Berlin Heidelberg 2010
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yields the simple inversion formula [83, Sect. 8] (which we missed earlier):

3(s|7) [e75/2 g (s | —ir) — eT/2 g (s | +ir)]. (9.4)

~ 2isin7s
Thus, 3 mainly extracts the “symmetry-breaking component” of %: i.e.,
the factor in brackets in (9.4), purely created by the multivaluedness of the
function z +— z7*° for general s (giving zero for s = 1,2,... by Table 7.2;
however, the use of (9.4) at s = 1 demands the same special care as before).
The more singular nature of 3 shows up in the extra denominator (sinms).

Since % is the most accessible family, 3 is best described by (9.4) alone (or
its analytical continuation, if we had to leave the disk {|7| < 7 }). Equation
(9.4) at once implies that 3 is meromorphic in the whole s-plane with poles
at integers, and details readily follow just by expanding (9.4) around each
integer:

e The point s = 1 specially comes out as a double pole:

1 log 2
3(1+€‘7‘):—672*—0g il g1

o o + O(1)e—o; (9.5)

it has the principal part of Zo(%s) = 3(s]0), independently of 7 (cf. (8.4))
e Each point s=1—n, n=1,2,...1is a simple pole as soon as 7 # 0:

i

3(1-nte|r)= -

[Z(1=n]ir)+(-1)" 2 -n|-in)] " +0(1)cm0;
(9.6)
by Table 7.2, the residue at s = 1 — n boils down to

(_i)an(%‘HT)_ 1 BT 1-2k n—2k
T o 2 V)02 B )

e Exceptionally at s = 0 where % is known in addition to %, the expansion
attains the next order, namely the finite part:

3elm) =—5- 7'+

8 27

(L+ log 2m ) +o(D)eg (9.8)

e Finally, around s = +2,43, ..., the expansion yields the finite values

3n17) = 3 [F1" 2 (0| 4in) 4 2 (2 (n]ir) — (1) 2 (0] -i))] - (09)

So indeed when 7 # 0, 3 seems to lack special values as explicit as those of
2 and Z: all the points s = 1 —n (n € N) are singular, whereas the regular
values at n = 2,3,... appear to involve derivative-values 2’(n | £ir) which
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are unlikely to be computable in closed form (already the ¢’(n) aren’t!). While
we cannot guarantee that the specific combination of %”/(n|=+ir) entering
(9.9) isn’t computable, any alternative evidence of simpler forms for 3(n |7)
is also absent. Only a sequence of binary relations can be made explicit, by
specializing the identity (9.3) to s € N*,

i"3(n|it) +1i7"3(n|—it) = #(n|t), n=1,2..., (9.10)

straightforwardly except for n = 1: then, finite parts are to be taken on the
left-hand side only, and % (1|t) from (7.39) used on the right-hand side.

In conclusion, the family 3 is more singular than the other two and seem-
ingly devoid of computable special values (hence we provide no Tables for it);
on the other hand, it can be wholly reduced to the well-understood first family
% through the identity (9.4).



Chapter 10
Extension to Other Zeta- and L-Functions

In this chapter, based on [107], we extend the treatment and results of the
three former chapters to the setting where the Riemann zeros are replaced
by the (nontrivial) zeros of a more general zeta or L-function L(x), still fairly
similar to {(z). We will use the terms: primary function for this function L(x)
which supplies the new zeros in this extended setting, and Riemann case for
the former setting where ((x) itself was the fixed primary function.

The interest of this extension is twofold. First, it broadens the previous
results in a natural way: with little work, we will accommodate three distinct
kinds of superzeta functions as before, but now over the (nontrivial) zeros of
numerous primary functions. Second, it sheds some further light on the results
for ((x) itself: the origin of many final values in the previous chapters will
be clarified through their more abstract specifications. For instance, various
special values like FPs_1 2%(s), Z0(0),... will now explicitly stem from the
Stirling expansion (10.12) for the trivial factor G(z), x — +o0.

We could of course have taken this general path from the very beginning,
relegating the Riemann case to the status of just a special instance. However,
this would have gone against our plan to provide a most concrete and readily
usable handbook. The Riemann zeta function may be a special case in a
crowd, but it is important enough to deserve an autonomous presentation.

Earlier explicit descriptions of such extended superzeta functions, i.e., over
zeros other than Riemann’s, hardly exist in the literature. We set apart the
case of Selberg zeta functions: their zeros correspond to eigenvalues of hy-
perbolic Laplacians, and zeta functions over them have been analyzed by
spectral methods [15,16,47,91, 100, 105]: in the cocompact case, they are
indeed examples of spectral (Minakshisundaram—Pleijel or generalized) zeta
functions; we revisit them in Appendix B. Otherwise, only Dedekind zeta
functions got some mention as primary functions [47,51, 52, 66]; already if
we turn to L-series, then only the Cramér functions (5.14) over their zeros
were ever considered [29,54,59, 62], without relating them to any superzeta
functions (apart from one short note [94] on an Explicit Formula like (6.22)
but actually for %(s|2) over the zeros of specific Dirichlet L-functions).

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 91
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_10,
(© Springer-Verlag Berlin Heidelberg 2010
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Most of the notation can be taken over from the former chapters; simply,
all objects will now be understood to depend on the chosen primary function
L, implicitly as a rule. At the same time, the Riemann zeta function as such
will continue to appear in some results.

10.1 Admissible Primary Functions L(x)

For the sake of definiteness, we choose here to stay fairly close to the Riemann
case (L(z) = ¢((z)): basically, we want to retain a reflexive functional equation
Z(z) = Z(1 — z) for a completed function built similarly to (3.24). We
therefore accept primary functions L(z) such that:

(a) L(z) is real, and meromorphic in C with at most one simple pole, x = 1:

if ¢ 2f the order of the pole x =1, then ¢ =0 or 1; (10.1)

(b) L(x)#0in {Rex > 1}, and L(z) — 1 for Re £ — 400 with
(log L)™ () = o(z~N) (Vn, N € N); (10.2)
(¢) a completed L-function and a functional equation exist, similar to the

Riemann case:

Z@)=2(1-2), Z@)¥a(@)(z-1)L(2), (10.3)

where both Z(x) and G(x) are real entire functions of order po = 1, and

(¢c1) G(z), the “trivial factor,” is an explicitly known finite product
of inverse-Gamma (and simpler) factors, with all its zeros zy
located on the negative real axis {x < 0} (they form the “trivial
zeros” of L(x));

(c2) the zeros of Z(x) lie in the strip {0 < Rex < 1}; since they come
in symmetrical pairs as in the Riemann case, we still label them

{p= % +timgte=12.., with Re 7, > 0 and non-decreasing;
they are the “nontrivial zeros” of L(x); we exclude the excep-

tional occurrence of any of these on the real line, for simplicity.
(But see Appendix B for such a case.)

Note: all zeros, xj or p, are counted with multiplicities if any.

lim (z ~ 1)7L(x) (= G(1)Z(1)) > 0 (10.4)
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(but dropping the normalization = (1) = Z(0) = 1, too awkward to
implement in general); then, Stieltjes cumulants can extend from (3.15)
in the Riemann case, according to the general definition

log [(z — 1)'L(z)] = ) %g; (x—1)": (10.5)
n=0 :

now g§ # 0 may occur, while g§ extends Euler’s constant « from (3.16).

As already said, the symbols from the previous chapters (=, G, p, ¢S, .. .)
are consistent with their former uses in the Riemann case, but they now
designate objects attached to the changeable primary function L.

Conditions (a)—(d) above are tailored to fit two basic classes which are
immediate extensions from the Riemann case, and will be described as final
examples: L-functions of real primitive Dirichlet characters, and Dedekind
zeta functions (with ((x) as a special case of the latter). Our assumptions
somewhat resemble the axioms of the Selberg class [98] but are more restric-
tive on some concrete details; on the other hand these can undoubtedly be
refitted to different needs. For instance, zeta functions over zeros of Selberg
zeta functions for compact hyperbolic surfaces have yielded results compa-
rable to the Riemann case earlier [15,16,66,91,100], while they correspond
to po = 2 (G contains a Barnes G-function), and ¢ = —1 (those Selberg
zeta functions have a simple zero at = 1, and possibly others on (0,1)). To
illustrate the flexibility of our approach, and since results of this class have
interested physicists as well, we treat this Selberg case in Appendix B. Other
extensions are equally conceivable (e.g., to Hecke L-functions, as achieved
upon their Cramér functions [54]).

We now begin with the general results for the superzeta families, attainable
for unspecified admissible primary functions L.

10.2 The Three Superzeta Families

We can then define the same three parametric zeta functions over the nontrivial
zeros { p} of a general primary function L satisfying the above conditions (a)—(d),
just as in the Riemann case to which we refer for details (Chap. 5):

Z(s|)=> (3+t=p) =) (p+t—3)"° Res>1, (10.6)

P p

Zo|t)=> (> +1)77, Re o > 1, (10.7)
k=1

3(s|7) =) (7 +7)7", Res>1; (10.8)

B
Il
—
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we also keep the shorthand names for the two points ¢ of special interest:

Zo(s) = Z(s10), Zi(s)
Zo(0) = Z(0|0) = (2cosma) ™ % (20), Z.(0)

;o (10.9)
; (10.10)

Z(s]%)
Z(o13)

more generally, all other considerations of Chap. 5 remain valid here.

We now describe the explicit results in greater detail family by family. The
logic exactly follows that of the previous chapters, so we will mainly restate
the formulae that have a significantly different abstract form.

10.3 The First Family {2}

This will extend the treatment of Chap. 7 from the Riemann case.

10.3.1 The Zeta Function Z(s|t) over the Trivial
Zeros

A key role is played by the zeta function wholly analogous to Z(s|t) but
built on the trivial zeros of L(x) (which we call the shadow zeta function of
Z(s|t)):

Z(s|) S (3 +t—a)  (Res>1). (10.11)

k

Here this function and its properties should be taken as completely known,
just like the factor G and the trivial zeros themselves. In our later explicit
examples, Z(s|t) will be expressible in terms of the Hurwitz zeta function
(3.33).

We now specialize the results of Chap.2 first to the trivial factor G. By
assumption (cq), the Stirling formula (3.51) will produce a large-a expansion
for log G(z) with po = 1, which we treat as known and reorganize according
to allowed/banned terms, as

—log G(§ +1) ~at(logt — 1) + byt +aglogt + by + > a_,t"; (10.12)
n=1

this expansion also governs [log = (5 +t) — glog(t — 3)], by (10.2) and (10.3).
Equation (2.50) then yields the zeta-regularized forms for G and = as

D(
2

1) 4 o= Z 010 = rbittbo g

Nl N

L), (10.13)
4 1) 4 o= 27010 = obrt—bo 2 +1), (10.14)
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which in turn entail this zeta-regularized decomposition of L(z):
(x — 1)/L(z) = D(x)2(x). (10.15)
Then, using (10.13), the specific translation of (2.53)—(2.56) with uo =1 is

FP,_1 Z(s|t) = (log G)' (1 +t) + by, (10.16)

Z(m|t) %(log G)™ (1L +t) form=2,3,....(10.17)

The shifted large-y expansion of —logD(% + ¢ + y) is then deduced as in
Sect. 2.6.1, in the form a;(¢t) y(logy — 1) + ap(¢)logy + > a_,(t)y~ ™ : all
n=1

coefficients are computable polynomials in ¢ and encode al_gebraic properties
of Z(s|t), as explained in Sect.2.4. In more explicit terms:

e Z(s|t) extends to a meromorphic function in the whole s-plane, with
the single pole s = 1, simple, of residue &a;  (independent of ¢); (10.18)

e The values Z(—n|t), n € N are given by closed polynomial formulae,

~ n
al ~ (n—1 s
i=1 ‘

e.g., Z(O | t) = —éo(t) = —a;t —ay.

More interestingly, D, Z, G can be replaced by the (less explicit)
9, %, Z respectively, and similar results will arise, as described next.

10.3.2 The Basic Analytical Continuation Formula
for &

As an extension from (7.4)—(7.5) (Riemann case), %(s|t) admits the
following integral representation, valid in the half-plane {Res < 1} and
for any eligible value of the parameter ¢ avoiding the cut (—oo, +%]:

sin s

Hs|t), (10.20)

H(s|t) def /OOO %(§+t+y)y*5dy (Re s < 1). (10.21)

Z(st) = ~Z(s|) +alt—3)" +
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The real forms (7.6)—(7.7) and the description of the poles of # extend
1
b
_ % +y Y
As in Sect. 7.3 for the Riemann case:

everywhere.

likewise, just replacing ¢ by L and .
ikewise, just replacing ¢ by L an ; 17y
o It follows that %(s|¢) is meromorphic in the whole s-plane with the same
polar structure as — Z(s|t), which now means that

% (s|t) has the single pole s = 1, simple, of residue —ay; (10.22)

o If L(z) admits an Euler product (like our concrete examples (10.49) and
(10.72)), then the substitution of its logarithmic derivative into (10.21), fol-
lowed by integration term by term, yields an asymptotic (s — —o0) expansion
for #(s|t), and thereby for #(s|t) (cf. (7.27)—(7.28) for the Riemann case).

10.3.3 Special Values of % (s|t) for General t

As in Sect. 7.4 for the Riemann case:

e Almost all the special values of % (s|t) (at integer s) are explicitly readable
off (10.20): as in (7.29)—(7.38) before, we get rational values for s € —N,
transcendental ones for s = 2,3,.. ., plus

Z'(0]t) = —7Z'(0]t) — qlog(t — 3) + 7(0¢)
=bit+bg +1og G(3 +t) —log [(t — 2)7L(5 + t)] (10.23)

FP.y 2(s]t) = —FPooy Z(s[1) + 5 L Resioy #(s 1),
/

2
L
= b1~ (log Q) (§ +1) + |- 4 + G+ (1024
)

e However, the values #(n|t) for n € N*, now including n = 1, emerge more
directly by proceeding in full analogy with (7.39) (Riemann case):

F(n|t) = %(logE)(")(% + 1) (n=1,2,...) (10.25)
= —Z(n|t) + 4 (71)n71(log|L|)(")(% +t)|  (10.26)

(n=2,3,...).

Since Z(1|t) is infinite, (10.26) cannot hold for n = 1 but a substitute

formula exists: i.e., the subtraction of (10.25) at n = 1 from (10.24) yields a
t-independent anomaly, or discrepancy formula extending (7.40):

FP,_y #(s|t)— 2(1|t) = (log[2/5]) (L +t) = =b; (constant). (10.27)
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Table 10.1 [107] recapitulates the special values obtained for 2°(s|t) at
general t, extending Table 7.1 from the Riemann case.

Remark. All identities stemming purely from the central symmetry of the
zeros p — (1 —p), like Z(n|t) = (-1)" Z(n|-t) (n = 1,2,...) and the
sum rules (7.46) (or (7.43)), carry over unchanged. However, the rest of Ta-
ble 7.2 needs rewriting (exercise!).

10.3.4 Special Values of % (s|t) att =0 and

Under our assumption {p} NR = ), & (s|t) is regular on the real t-axis;
then, further simplifications occur at the particular parameter locations t = 0
and 1.

2

e For t = 0, (10.25) reduces to
Z(n)=0 for all n > 1 odd; (10.28)

in combination with (10.26) and (10.24), that amounts to explicit formulae
for the primary function L itself:

(log |L)™ (%) = (log G)™(3) +2"g(n —1)!  foralln >1o0dd (10.29)

(also directly implied by the functional equation (10.3); they extend (7.48)
from the Riemann case). By (10.27) at t = 0, the case n = 1 moreover implies

FP._1 %(s) = —b,. (10.30)

e For t = 1, the formulae (10.23)—(10.26) bring in the Taylor series (10.5),
to yield

Z/(0)=-2'(0]3) + g5
Z.(1) = —(log G)'(1) + gf, (10.31)
Z(n)=—-Zn|3+g5/(n—-1)! (n=2,3,...).

The purely combinatorial relations (7.56) between the % (n) and Keiper—Li
coefficients A; remain unchanged; the latter now refer to the zeros of the
primary function L, like the rest.

It is hard to achieve further progress while keeping the primary function
L and its “accessories” (G, Z, etc.) completely unspecified. Case by case, on
the other hand, Z(s|t) can be made more explicit at ¢ = 0 or %, just as in
the Riemann case. Thus, in our later examples for L(x) (L-functions of real
primitive Dirichlet characters; Dedekind zeta functions), both Z(s|0) and
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Z(s|3) will reduce to combinations of the two fixed Dirichlet series ¢(s) and
B(s). The resulting fully reduced special values of Z4(s) and Z(s) will be
displayed in Tables 10.3-10.6 [107], which conclude the chapter.

10.4 The Second Family {Z}

This will extend the treatment of Chap.8 from the Riemann case.

10.4.1 The Confluent Case Z(o |t = 0) = Zo(0)

The confluence identity is unchanged from (8.2): Zo(0) = (2cos o) =t % (20).
Therefore:

e The function Zj retains the same abstract singular structure as in Sect. 8.1;
the explicit principal part formulae (8.4)—(8.5) simply extend to

é_—2 bs

Zo(i+e) = ymi —e ' +0(1)eo; (10.32)
Zo(3—m+e)=Rme ' +0(1)—0 form=1,2,..., (10.33)
b
7_FPS 1%( ) 2_1, m:O,
T (10.34)

Z(1—2m|0)+q2'7*"], m=1,2,..;

e The special values of Zy obey the same relations (8.8)—(8.9) as before:
Zo(m) = 5(=1)" Z(2m) (YmeZ),  25(0) = 2(0).  (10.35)

Both (10.34) and (10.35) now refer to the Z7-values of Table 10.1 (at ¢ = 0).

10.4.2 Algebraic Results for Z(o |t) at General t

For the algebraically computable formulae, all the abstract results from
Sect.8.3 carry over unchanged. Concretely, the principal parts (8.21)
extend to

F( +m)

1 _ 2m _—2 —1
Z(z—-m+elt)= 47TF(%)m.t e+ Rm(t)e™ +0(1)cmo , (10.36)
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al Z] 1 2_71 1

Ru(t) =L(34+m)|— 2 (3]

t2m+ —R t2(m 7)
Z (m—j)!

(10.37)

where the ¢ = 0 residues R; are now read from (10.34). And the rational
special values still obey (8.23), or equivalently

Z(—m|t) = %i(q)m*f <’Z> Z(2(-m+0)t*  (meN), (10.38)

with the values 2% (2(—m+()) now taken from Table 10.1 (at t = 0). So, all
the polar terms of Z(o |t), still of order 2, and the special values Z(—m|t)
(m € N) are computable polynomials in 2, as in the Riemann case.

The principal part at the leading pole o = %, given by (10.32), and the
leading special value Z(0|t) = $(¢q + o), remain jndependent of t as before.
Those two invariants amount to three constants a;, by, and 2 5(q+ap), which
also have another embodiment. As with (4.29) for the Rlemann case, let

N(T) € 7' Im log[(z — 1)/G ™ (2)] (10.39)

z=%+iT
be the contribution from the trivial factors of = to the counting function
N(T) (for its zeros {p}). Then the generalized Stirling formula (10.12) readily
yields

— b 1 1
N(T)=%T(10gT—1)+?1T+ §(q+ao)+0(f), (10.40)

which is built from those same three constants, cf. (4.31) for the Riemann
case. We may recall that b; also governs the discrepancy at n = 1 in (10.27).

Remark: in both our later concrete examples, the full counting function it-
self obeys N(T') = N(T) + O(log T), extending the Riemann-von Mangoldt
formula (4.26): this is proved, e.g., in [26, Sect. 16] for Dirichlet L-functions
and in [69, Satz 173 p. 89] for Dedekind zeta functions.

10.4.3 Transcendental Values of Z(o |t) at General t

As in the Riemann case (Sect.8.4), these values most readily emerge from
a variant of the factorization (10.15), using the alternative zeta-regularized

factor )
D(t2) & e~ 2'0011) (10.41)
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instead of Z(z). The main point here is the replacement of x = % + t by
v = t? as basic variable: this zeta-regularization of = (z) preserves the central
symmetry (v «— 1 —x).

Rewritten in the variable v — +o00, the generalized Stirling expansion
(10.12) for [log Z(z) — qlog(x — 1)] becomes

log Z(vo+3) ~ 5810 log v+ (b1 —81)u? +3(80 +) logu+bo [+O(v™ 7))
(10.42)

with f10 = 3: the only “banned” terms (cf. (2.47)) are now constants, implying
Dt*)=e =L +t) =" 9L + 1) (10.43)

and the modified decomposition (cf. (8.18) for the Riemann case)
(t—3)9IL(E +t)=e ™' DL + D). (10.44)

All transcendental special values of Z(o|t) immediately follow: first,
Z'(0]t) = —logD(t*) = by — log Z(1 + ¢) which also expresses in terms
of log |L|(5 £t); then (2.56), now applied with v = * as variable and y = 3,
yields the same form (8.26) for Z(m |t) as before.

The overall resulting special values of Z form Table 10.2, extending
Table 8.1 from the Riemann case. The particular parameter locations ¢ = 0
and % can be covered by Sect. 10.4.1 and Table 10.2 respectively (mimicking
Sect. 8.6.2 from the Riemann case), without need for further Tables.

The various combinatorial linear identities relating special values of Z at
positive integers to those of % (Sect.8.5) or to the Keiper—Li coeflicients
Aj ((8.34)—(8.36)) persist identically, with all objects now in their extended
meaning (linked to the function L).

10.5 The Third Family {3}

The abstract treatment of Chap. 9 for the Riemann case extends unchanged.
So, the function 3 keeps the same qualitative meromorphic structure; we just
rewrite its polar expansions (9.5)—(9.8) in their abstract extended form:

b
(about s =1)  3(1+e|7) = "“;—1 e e 4 0()emo (1045)

(s = 1is a double pole with the same principal part as Z(%s) = 3(s]0), fixed
for all 7); and, for n =1,2,... (now using (10.34) for R;):

a n—1
3(l—n+e|7) = {—% T2 Z <2m1>7€m7'"_2m} e +0(1)ep;
0<2m<n

(10.46)
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for n = 1, the next term is also attained (i.e., the finite part at s = 0):

3(|r) = —% Te 4+ (%(50 +4q) — % 7’) +0(L)eo - (10.47)

10.6 Special Concrete Examples

We finally illustrate the preceding results upon the two classes of primary zeta
functions announced in Sect. 10.1. As a rule, it suffices to specialize the general
formulae as indicated below. To enhance the practical side of this work, we
display the ultimate results, namely the special values of Z(s|0) = 2%(s)
and Z(s|1) = Z.(s), in Tables 10.3-10.6 (corresponding to Tables 7.3-7.4
for L(xz) = ((x), which fits better here as a special case of Dedekind zeta
function). Then, any further results can be readily derived from the general
formalism, as in the Riemann case.

At the particular parameter locations ¢ = 0 and %, the relevant values of
Z(s|t) become more explicit, using

(s, 1) =C(s); Clsy5) = (2° = 1)((s);
27%((s, 3 F 1) = 5(1—27°)((s) £ B(s)]

(cf. (3.27)). Due to this, the two fixed Dirichlet series ((s) and ((s) (itself a
particular Dirichlet L-function, reviewed in Sect. 3.5) will continue to occur
as such in the ¢t = 0 and % special values, concurrently with the variable
primary function L(z) itself.

We now describe those two classes in turn. At this more technical stage,
we abandon the idea of being self-contained, and instead, we will selectively
quote (without proof) the prerequisites we really need, which are classic but
often quite scattered in lengthy treatises. The most explicit properties of the
resulting functions %4(s) and % (s) are tabulated at the end.

A somewhat different third class, where the primary function L(z) is cho-
sen to be a Selberg zeta function, is moreover described in Appendix B.

(10.48)

10.6.1 L-Functions of Real Primitive Dirichlet
Characters

A Dirichlet L-function is associated with a character x of a multiplicative
group of integers mod d (d € N* is called the modulus or conductor), as
[14,26,33]
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o
-

) = ZX kY k™" = H(l - X(p)p*””)f1 (Rez >1) (10.49)

k=1 {r}

d
Z C(z,n/d). (10.50)

Such a character is necessarily even or odd; its parity “bit” a is defined by

a=0or1, accordingto x(-1)=(-1)% (10.51)

Their Admissibility

Dirichlet L-functions satisfy conditions (a)-(b) of Sect.10.1 without fur-
ther ado (reality apart).

We now restrict to primitive characters [26, Chap. 5], with d > 1 to exclude
the case x =1 (for which L, (z) = {(z), a case which will better fit the other
class below). Then, L, (x) is entire (i.e., ¢ = 0), and has a functional equation
[26, Chap.9]:

Ey(x) =W, Z%(1 — ), (10.52)

with
(@) & @vm) T (d/m)* T (A(z +a)) Ly(z), (10.53)
WX dé (—)2d™2 3" x(n) e/ (10.54)

n mod d

the latter sum, called the Gaussian sum for x, has modulus d'/? [26, Chap. 9,
(5)], implying |W,| = 1. (Note: in (10.53) we chose to insert an entirely
optional prefactor (24/7)~%, only to streamline a part of Sect. 10.6.2 later.)
We finally keep the real (Y = x) primitive characters only. These consist
of the Kronecker symbols for the quadratic number fields K with discrimi-
nant dg = (—1)%d [26, Chap. 5], so these characters are best labeled x(_1)aq
(see also Sect.10.6.2). Their Gaussian sums are fully known (= i*d!/?)
[49, Sect. 58, Theorem 164], now implying W, = +1; it follows that their
L-functions (now real) satisfy condition (c) of Sect.10.1 as well, with

/ or Y o
¢=0, G(z)=@2Vr)" (m/d)"/? a:{lf xodd g opy

( (x + a)) ’ 0 for x even.

Finally, condition (d) with ¢ = 0, or L, (1) > 0, is ensured by Dirichlet’s class
number formula giving L, (1) in terms of invariants of the quadratic field K
and chiefly its class number h > 0, as [115][26, Sect. 6]
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21th | Wy/d (W = #{roots of unity} < oo) ifa=1

L, (1) = 10.
(1) {thogs/\/a (e = fundamental unit > 1) ifa=0 (10:56)

So in the end, L-functions of real primitive Dirichlet characters are ad-
missible primary functions for us. Any choice of such an L-function L, as
primary function will henceforth be abbreviated “a Dirichlet-L case.”

Results for Superzeta Functions in Dirichlet-L Cases

Based on (10.55), we can specify the other quantities needed in Table 10.1:

e The shadow zeta function (10.11) becomes
Z(s|t) =27°C(s, 5(3 +a+1)) (10.57)
e The leading coefficients in the Stirling formula (10.12) are

ay =

log[d/(2m)], by =

b, (10.58)

[\3|>—‘ N =
N T

(a—13),
log[(87)'~24d).

This completes the tool kit needed to handle Dirichlet-L cases for general ¢.
We then list further results only for the particular cases ¢ = 0 and %, in
Tables 10.3 and 10.4 respectively and in the following comments.

e t = 0: the identities (10.29), resulting from 2%(n) = 0 for odd n > 1, yield
more explicit formulae for the Dirichlet L-function L, itself:

(long)(n)(l) = _Q—nw(n—l)(}z+%a) +dn1 %logg forn > 1 odd
1 n_ _ n
{3< “DHE U T2 2im], n> L)
57+ 7(1 —2a) 7+ 5 log(8n/d), n=1,

in which, n being odd, 4(n—1)!2"3(n) reduces to $7"|E,,_1| by (3.32) while
¢(n) remains elusive.

Note: for odd n > 1, (log Ly)™ (%) = L% depends on x solely through its
parity bit a, with

LY = (log[¢)™ (%) and L. =LY%~ 1x"E,_4] foroddn>1,
(10.60)

cf. (74

9); for more such identities bypassing ((n), see Appendix C.
1
2

e t = - : by (10.5) with ¢ = 0, the lowest generalized Stieltjes cumulants are

/!

L—i(l) (10.61)

g5[x] = —log L\ (1),  gi[x]
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(we restate their y-dependence from now on, to clarify later formulae). Then,
we can evaluate g§[x] always, but ¢$[x] only when a = 1 (odd case), as follows.
First, the general formula (10.50), together with the special values (3.37),

d

(3.40), (3.41) of the Hurwitz zeta function, plus x(d) =0 and > x(n) =0,
n=1
yield these special values for L, (z):

d—1

L,(0)= —é x(n)n (rational), (10.62)
n=1

L (0) = 0)logd + ZX JlogI'(n/d)  (transcendental), (10.63)
d—

L,(1)= 7% Z x(n)¥(n/d) (transcendental). (10.64)

Next, the functional equation (10.3) using (10.55) implies the following.
— When a =1 (the odd-x case):

-1/2 L 2r Ly
L) =md L0, ) =y +los Ty~ 70, (1065)
X

which, together with (10.62), (10.63) yield an algebraic explicit formula for

7n~ 1Ly (1) [26, Chap. 6, (17)] (superseding (10.64)) plus a transcendental one
for [L /L,](1) in terms of Gamma values, overall giving

d—1
g§lx] = —log Ly (1),  Ly(1) :*%Zx(n)n
i () log [(njd) ¢ ifa=1. (10.66)

T 1
gl[X]ZL—() v+ log 2m + *=——

Z;?l x(n)n

IS

Example: For each of d = 3 and 4 (the lowest possible values of d), the real
primitive character is unique and odd, given by: x_4(£1 mod d) = £1, else
X—d(n) =0 (thus, Ly,_,(z) = B(z) as in (3.27)); then (10.66) yields

g§lx—s] = —log(m/3%/2), g§[x—s] =log[(2m)*/33/%] + v — 6log I'(3);

g8lx—a] = —log(n/4),  g§[x_a] =log(4n®) +~ —4log ().
(10.67)
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— When a = 0 (the even-x case):

L,(0)=0 (the first trivial zero: G(0) = 0), (10.68)
Ly (1) =2d7'*L(0), (10.69)

and L/ (0), starting from (10.63), simplifies further through (10.68) and the
reflection formula for I'; we thus obtain a transcendental explicit formula for
L, (1) [26, Chap.6, (18)] (still more elementary than (10.64)), giving

U

-1

. 1 . TN .
golx] = —log Ly (1), Ly(1) = =75 ) x(n)logsin—=  ifa =0.
1

3
Il

(10.70)

On the other hand, ¢$[x] stays unspecified because the functional equation
only relates L} (1) to LY (0) when x is even, leaving us no wiser: thus for an
even character, g§[x] seems to generalize Euler’s constant in a nontrivial way
(actually related to the Euler-Kronecker invariant of the field K, see (10.83)
in Sect. 10.6.2).

Example: The lowest modulus for an even real primitive Dirichlet character
is d = 5, with x45(£1 mod 5) = +1, x4+5(£2 mod 5) = —1, else x+5(n) = 0;
then (10.70) only yields

95lx+s] = flog<% log [2 cos gD = flog<% log @) (10.71)

Remark. The ¢¢[x] for general n also relate, through (10.50), to the Laurent
coefficients 7y, (w) of the Hurwitz zeta function ((z,w) around z = 1 [5,
65, 114]; however, these generalized Stieltjes constants 7, (w) are even more
elusive than the original ones v, = ¥, (1) from (3.9).

The overall resulting special values of %(s|0) and 2(s|3) in Dirichlet-L
cases are presented in Tables 10.3 and 10.4 respectively, drawn from [107].

10.6.2 Dedekind Zeta Functions
For any algebraic number field K, its Dedekind zeta function is defined as

(@) LY N@ = =]J0-N@™)"  (Rez>1),  (10.72)

p

where a (resp. p) runs over all integral (resp. prime) ideals of K, and N(a)
is the norm of a [49, Sect. 42][23, Sect. 10.5].



106 10 Extension to Other Zeta- and L-Functions

Their Admissibility

Dedekind zeta functions at once satisfy conditions (a)—(c) of Sect. 10.1 with

(4r27rnK/|dK|)m/2

=L G@ = T

(10.73)

where 71 (resp. 2r2) is the number of real (resp. complex) conjugate fields
of K, ng = r1 + 2ry is the degree of K, and di (2 0) its discriminant [49,
Sect. 42]. With Laurent series at = 1 having the form

R
CK(Ji):x—j(l—l-Q:K-i-'-' , (10.74)

condition (d) asks for Rg > 0; this is now ensured by Dedekind’s class
number formula for this residue, involving further positive invariants of the
field K [49, Theorems 121, 124][23, Theorem 10.5.1]:

Mt R

Ry = :
RERRTOV/FPY

h = the class number, R = the regulator, W = the number of roots of unity.

So, Dedekind zeta functions (x(z) are admissible primary functions for
us: any such choice will be denoted “a Dedekind-( case” here. For K = Q,
which has r1 = 1, 1o = 0, and dg = 1, one recovers the Riemann case:

(i (x) = ¢(x), with the trivial factor G(z) = 7%/2 [J:F(J:/Q)]_l as in (3.24).

(10.75)

Results for Superzeta Functions in Dedekind-{ Cases

Based on (10.73), we can specify the other quantities needed in Table 10.1:

e The shadow zeta function (10.11), counting all zeros of G(x) with their
multiplicities, becomes

Z(s|t) =m27°C(s, 3+ 5t) +12((s, 5 +1) — (5 +1)~° (10.76)
e The leading coefficients in the Stirling formula (10.12) are

< 1 < _ 1
a; = 5Nk, ap=1— 771,

| ) (10.77)

b1 = §IOgUdK‘/(27T)nK:|, bo = ZlOg[(S?T)rl‘dK”

This completes the tool kit needed to handle Dedekind-( cases for general ¢.

We then list further results only for the particular cases ¢ = 0 and %, in
Tables 10.5 and 10.6 respectively and in the following comments.
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e t = 0: the identities (10.29), resulting from 2%(n) = 0 for odd n > 1, yield
more explicit identities for the Dedekind zeta function (i itself:

(log )™ (3) = =27 "ray ™D (5) = o™V () + G 3 log A7

for n > 1 odd
{ Tn—1)! [ng (2" =1)¢(n) +112"B(n)], n>1,

(10.78)
snKY+ irim+ 3log[(8m)"¢ /ldk|], n=1,

in which, n being odd, 3(n—1)!2"3(n) reduces to $7"|E,_1| by (3.32) while
¢(n) remains elusive. (For related identities bypassing ¢(n), see Appendix C.)

ot — %: by (10.5) with ¢ = 1 and (10.74), the lowest generalized Stieltjes
cumulants are

9 {K} = —logRk, 9i{K} =€k /RK (10.79)

(we restate their K-dependence to clarify the next formulae). Then, some-
what similarly to the previous example: g5{K} is always expressible — now
through Dedekind’s class number formula (10.75); and ¢g${ K}, or equivalently
the term €, is sometimes expressible — through certain Kronecker limit for-
mulae; gS{K} (also known as the Euler-Kronecker invariant vg [52]) links
to %.(1) = > p~! [47, Theorem B(2)][52, (1.4.1)], as Table 10.6 shows.

— We first consider K = Q : then (x(x) = ((z), and by (3.15),
96{Q} =0,  ¢g7{Q} =1. (10.80)
— Next, if K is a quadratic number field: letting x = xa,, the real primitive

character of modulus |dg| given by the Kronecker symbol for the discrimi-
nant dg (cf. Sect.10.6.1), then [49, Sect. 49]

Cie(@) = () Ly (). (10.81)
(Note: this factorization nicely extends to their trivial factors, resp. completed
functions, given the factor (24/7)® we inserted in (10.55)). Now as a rule, zeta

functions over zeros (and their linear invariants) obviously add up when their
primary functions are multiplied. Thus, for their Stieltjes cumulants,

9K} =g, {Q} +gulx]  (vn), (10.82)

and here in particular,

g{K} =golx],  gi{K}=7+gilx] (10.83)
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Following a well-known practice, we can thereby pass results from the real
primitive Dirichlet characters x to the quadratic number fields K, and vice-
versa. Results on the x side were supplied before (Sect.10.6.1). Now on
the K side, we can add the class number formula for g§{K} — which for
quadratic K reduces to Dirichlet’s (10.56), and Kronecker limit formulae
for g§{K}, which come in two types — one simpler form handles imaginary
quadratic K (dgx < 0) using the Dedekind n-function at specific points [19,
Sect. 6][113, Sect. 2], while much more involved forms hold for real quadratic
fields (dx > 0) [113, Sect. 3]. All in all, we find the more reduced formulae to
be still those found on the x side when they exist:

e For g§, either (10.66) or (10.70) (according to parity) is a more explicit
expression of L, (1) than the class number formula for K (here, (10.56))

e For ¢§ in the odd-x case (dx < 0), (10.66) is more elementary than the
simpler Kronecker limit formula (which calls Dedekind n-function values)

e Inversely, for g in the even-y case (dx > 0), only the K side provides
something new, namely Kronecker limit formulae for g{{K} that are now
exceedingly involved, but then Sect. 10.6.1 had left us without any closed
expression for the corresponding ¢§[x].

Any further description of those aspects would carry us too far here, so we
simply refer the reader to the above literature.

Example: Two basic quadratic number fields, both imaginary (i.e., with r; =
0 and 7o = 1), are: K = Q(i) (for which dx = —4, x = x—4 : Ly(2) = B(z)
as in (3.27)), and: K = Q(v/=3) (for which dg = —3, x = x—3) [14]; hence
their specific cumulants g§{ K} and ¢g§{K} most readily follow from (10.67)
and (10.83).

— More generally, g{{K} will also be expressible: if K is a quadratic exten-
sion of another field F, in terms of g{{F'} [45]; if (x factorizes in Dirichlet
L-functions (e.g., for cyclotomic fields and their subfields [23, Sect. 10.5.4]).

The overall resulting special values of 2°(s|0) and 2(s| %) in Dedekind-¢
cases are presented in Tables 10.5 and 10.6 extending Tables 7.3 and 7.4 from
the Riemann case, respectively, as drawn from [107].

10.7 Tables of Formulae for the Special Values

Note. The superzeta functions of all three kinds also have explicitly com-
putable polar decompositions, displayed in the main text.
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10.7.1 For General Primary Functions L(x)
at General t

Table 10.1 Special values of the function of first kind 2°(s | t)
over the zeros {p} of a general primary zeta function L(z),
admissible in the sense of Sect.10.1, and having a pole of
order ¢ < 1 at x = 1. Notation: see (10.3) for =(x), (10.11)
and (10.19) for Z(—n|t), (10.12) for a;, bj; n is an integer.
For L(z) = ¢(z) (the Riemann case), cf. Table 7.1

s Z(s|t)=2(5+t—p)°
P
-n <0 —Z(—nlt)+qt— 1
0 ait+4aog+gq

2'(0]t) = b1t +bg —log (5 + )

0
(s-derivative)

+1
(finite part)

FP.—1 #(s|t) = —b1 + (log 2)' (3 + 1)

"With (t — %)0 LY for t = % (continuity in ¢ is imperative)

Table 10.2 As Table 10.1, but for the function of second kind
Z(o|t); m is an integer. For L(z) = ((z) (the Riemann case), cf.
Table 8.1

o Z(o|t) = él(fﬁ +2)—c

—m<0 e - hm - 5 ()07 2(-2 02| 1
j=0
0 L(g+4a0)

|Z’(O|t) =bg — logE(% +t) |
(_1)m—1 dam
(m—1) d(t2)m

"With (t — to)° L for t = to (continuity in ¢ is imperative)

0
(o-derivative)

+m >1 log Z(1 £1t)
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10.7.2 Darichlet-L Cases, Functions of First Kind
at t =0 and %

Table 10.3 Special values of the zeta function 2(s|t) at ¢ = 0 over the
zeros {p} of an L-function L,, for a real primitive Dirichlet character x

with modulus d > 1 and parity bit a = 0 or 1. Notation: see (1.4)—(1.7),
(10.49)—(10.51); n is an integer

s KD =2 (-3 [t=0]
P
even 2" Ha—31)En
-n <0 L Bi1
—n n
odd —5(1-27") T
1 1
0 5(@75

(derivative) | 28(0) = (§-a)log2 + (a—§)log[I(})?/7] ~log L (}) |

(ﬁn;tLelpart) | FPo—1 %(s) = % [log2m — logd] |
odd 0* )1y 1
2 {00 o1y + (1-20) 2] - BV

(n=1)!
“This amounts to the formulae (10.59) yielding (log LX)(”>(%) for n odd

"Here ¢(n) = (2m)"|By|/(2nl), while 3(n) (Sect.3.5) and (log Ly)(™(3)
remain elusive

Table 10.4 As Table 10.3, but at ¢t = % For the gen-

eralized Stieltjes cumulants g [x], see (10.5) with ¢ = 0,
(10.66) and (10.70)

s #(s)=Yp"  [t=3]
P
_ _ n _ n Bn+1
n <0 [(a—1)(2 1) +a2 }m
0 %a

(derh?ative) | 2/(0) = 3[(1 —a)log2 + alog 7] + g§[x] |

1 C
(ﬁn;tLe part) |FPS:1 Z(s) = (a— 3)1og2 — 37 + g{[x] |

41 (a—1)log2 — Llog(m/d) — 1y + g5[x]
_ _ gelx] T
+n>1  [(a—1)(1-2"")—-a2 n}C(")‘F(nn—l)!

"For n even, ¢(n) = (2r)"|B,|/(2n!)
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10.7.3 Dedekind-( Cases, Functions of First Kind
at t =0 and %

Table 10.5 Special values of the zeta function 2°(s|t) at t = 0 over the zeros
{p} of a Dedekind zeta function (g, for an algebraic number field K. Notation:
see (1.4)—(1.7), (10.72) and (10.73); n is an integer. For K = Q (the Riemann

case), cf. Table 7.3

Z(s) =X (p—3)"°  [t=0]

s
P
even 2—nt1l(1 — érlEn)
<0 1 Brni1
odd —anx(1-27") 50
0 2 — i?‘l
0
(derivative) | 25(0) = (2+%7‘1+%7‘2) log2— %m log [F(%)Q/ﬂ —log |CK|(%)
1
(ﬁni—’t_e part) FP=1 20(s) = 3 [nx log 2m — log|d|]
odd 0* "
1 (n)(L
tnz2l {even ontl %[nK(Z"—l) ¢(n)+r12"B8(n)] — %

*This amounts to the formulae (10.78) yielding (log |CK|)(”>(%) for n odd
THere ¢((n) = (27)"|B.|/(2n!), while B(n) (Sect.3.5) and (log|{K|)(”)(%)

remain elusive

For the generalized Stieltjes

Table 10.6 As Table 10.5, but at ¢ = 1.
1, (10.79)(10.83). For K = Q

cumulants gS{K}, see (10.5) with ¢ =
(the Riemann case), cf. Table 7.4

s Z(s)=Yp°  [t=13]
P

-n <0 [77“1 (2n—1) + 7“2} lflqzj-ll +1
0 %7"2 +2
(deri\(/JatiVe) 2/(0) = 3[(r1+72)log2 + ralogn] + g§{K} |
(ﬁni—gelpart) |FPS:1 Zu(s) =1- %7‘1 log2 — %nK'Y +gi{K}
+1 1+% log |dk|—(r1+72)log2— %nK logﬂ'—%’[’LK’y +g${K}
+n > 1 1—[ri(1—27")+72] ¢(n) + (g;c;i[l()}' i

TFor n even, ¢(n) = (2m)"|Bxn|/(2n!)



Chapter 11
Application: an Asymptotic Criterion for
the Riemann Hypothesis

This chapter is the only one whose contents expressly link to the truth or
falsity of the Riemann Hypothesis [92]: it deals with a new and sharp criterion
for this conjecture. Many statements equivalent to the Riemann Hypothesis
already exist; they typically involve inequalities such as infinitely many pos-
itivity conditions to be all obeyed without exception; our criterion may have
an unusual form in that it gives a neat asymptotic alternative instead (actu-
ally in two variants). It links to an earlier criterion by Li, which states that
the Riemann Hypothesis is true if and only if a specific real sequence has all
its terms positive. We actually use the same sequence, but through a differ-
ent filter: from the general framework of the previous chapters, we deduce
that the Riemann Hypothesis can be expressed purely in terms of the large-n
behavior of that sequence.

11.1 Introduction to the Result

The Riemann Hypothesis (to be abbreviated RH) states that all the nontrivial
zeros p of ((z) lie on the critical axis {Re x = 3}, and it is still open.
Here we will translate the Riemann Hypothesis into a clear-cut and explicit
asymptotic alternative for a specific real sequence { A\, }n=12, .. introduced by
Keiper [64] and used by Li’s criterion [9,73], which says that RH is true if and
only if A, > 0 (Vn); we already briefly discussed this sequence in Sects. 7.6.2
and 8.6.2. Our present goal is to show that the \,, can only follow one of two
sharply distinct and mutually exclusive asymptotic behaviors: if RH is true,
An will grow tamely as A\, ~ n(alogn + b) (for some explicit a > 0 and b,
see (11.10) below); if RH is false, A, will oscillate with an exponentially
growing amplitude, in both + and — directions (see (11.11) below). This
dichotomy thus provides a sharp criterion of a new asymptotic type for the
Riemann Hypothesis (and it extends to other zeta-type functions as well).

A. Voros, Zeta Functions over Zeros of Zeta Functions, Lecture Notes 113
of the Unione Matematica Italiana 8, DOI 10.1007/978-3-642-05203-3_11,
(© Springer-Verlag Berlin Heidelberg 2010
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To obtain our result, we will start from our exact representation (8.35) of
An as a finite oscillatory sum in terms of the superzeta-values Z.(j), then
convert it to an integral formula, (11.5), which we will finally evaluate by the
saddle-point method in the n — 400 limit.

This chapter overall reviews our results from [109,110], which mainly con-
nect to those of Keiper [64], Li [73], Bombieri and Lagarias [9], Maslanka
[77-79], and Lagarias [67]; see also [7, Sect.2.3][20-22, 38, 39]. Helpful in-
formation from J.C. Lagarias, K. Maslanka and J. Oesterlé is gratefully
acknowledged.

We recall the main facts we will need about the A,, from Sects. 7.6.2 and
8.6.2:

e Their definition (7.55), and the equivalent generating function (8.34):

M ES [1-1-1/p)"]  (n=12,..) (11.1)

p

—~, 1 _ d. /1
]Z:;)\jz] = &IOg:(l—z) (11.2)

(we use the notation of Li [73], whose A, are n times Keiper’s [64]);
e And their relation (8.35) to the superzeta values of second kind [109,110]:

po=ny (”“ * 1) 2.0), (11.3)

= 5 \2-1
= s def

Zo) =D (ur = 72+ 1 =p(1-p). (11.4)
k=1

Analogous earlier expressions of the A, exist, in terms of the Stieltjes cu-
mulants 7; [9, Theorem 2] or of the superzeta values of the first kind % (j)
as in (7.56) [64]. Nevertheless, the expression (11.3) for A, has some dis-
tinctive advantages: being derived from a symmetric Hadamard product (cf.
Sect. 8.6.2), it embodies the Functional Equation Z(1 +t) = (3 — ¢) ; and
unlike the % (j), the Z.(j) appear positive and monotonically decreasing.
Still, (11.3) is globally an oscillatory sum, hence difficult to control directly.

Now, there exists an integral representation fully equivalent to (11.3), as
verified simply by the residue calculus:

(=1)"ni

_ (=1)"ni o do UZF(U+H)F(O—TL)
A=  10)de 1(@)

(20 +1)

2.(0), (11.5)

s

where C' is a positive contour encircling just the subset of poles ¢ =
+1,...,+n of the integrand I(o); moreover, C' can stretch to +oo (Fig. 11.1).
While (11.5) strictly amounts to (11.3), it will prove much more flexible, and
our analysis entirely rests on it.
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Imod

Fig. 11.1 Contour deformation for the saddle-point evaluation of the integral (11.5).
Two saddle-points (e) are sketched, the real one very near o = 1/2, and a putative
complex one (as the dot in “?”) in 1-1 correspondence with a Riemann zero off the
critical axis

11.2 Asymptotic Alternative for \,,, n — oo

The integral formula (11.5) will lend itself to an asymptotic (n — o0)
evaluation by the classic saddle-point method. This method asymptotically
evaluates contour integrals like [ I(c)do when logI is (roughly) propor-
tional to a large parameter x [35, Sect. 2.5]: first, the integration path C' is
deformed in the o-plane in the direction of decreasing |I(o)|, as far down as
possible; this forces it to pass through some saddle-points o, of |I(o)]; then
as x — 00, the integrand I(o) becomes more and more localized around each
saddle-point o, where it gives a contribution to the integral of the order of
magnitude |I(o,)|; as a result, the highest saddle-point(s) set(s) the domi-
nant behavior of the integral. In parallel, the integrand I(c) may itself be
asymptotically approximated; e.g., in (11.5) for n — +o0, the large parame-
ter x will be logn, and the Gamma factors may be replaced by their Stirling
approximations.

This approach, for an integrand not controlled in fully closed form, partly
retains an experimental character. We now use it for this problem as a heuris-
tic, rather than rigorous, tool: it predicts the global structure of the results
at once, and it correctly yields both behaviors that may take place; more es-
tablished techniques confirm the results, but piecemeal and not as intuitively.

In the present problem, the landscape of the function |I(o)| for large n
is dominantly shaped by the Gamma factors, which asymptotically read as
7 [sinmo I'(20 + 1)]7'n2°~! at fixed o, except very near the poles of I(o)
where the singular parts also contribute. For a saddle-point o, in the bulk,
its contribution scales roughly like n??*~!, so that the saddle-points rank
according to their real parts (the largest dominate). The ensuing contour de-
formation then starts as an expansion of C' away from the poles {1,...,n}
in all directions, and the endpoints can go to infinity in the directions
|argo| < § —d (Fig.11.1). The saddle-points encountered here (once n is
large enough) can be of two types, which will compete for domination.
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1. For o on the segment (3,1), |[I(0)| ~ 7 [sinmo ['(20 4+ 1)]"'n?* "t z,(0)
always has one real minimum o, (n) (tending to 3 as n — oo), which will
definitely retain the moving contour; any other real saddle-points lie below
o= % hence cannot be reached and do not count.

2. Complex saddle-points may enter as well, for which we may focus just
on the upper half-plane, and deduce the lower-half-plane contributions as
the complex conjugates (“c.c.”). As long as the moving contour stays in-
side a half-plane {Re 0 > % + ¢}, the integrand can be decomposed as
I = %", I) according to (11.4); then for each individual term and within
the Stirling approximation for the I'-ratio, the saddle-point equation is
0 = (d/do)log |Ix(o)| ~ log(c? —n?) — 2log 20 — log uy, yielding the complex
saddle-point location

Jk(n):ni/QTk. (116)

Thus, for any zero which lies on the critical axis (73, real), the saddle-point
or(n) comes out purely imaginary, but then it cannot be reached under the
present restrictions placed upon the path: hence it should not be counted,
and its real part is anyway dominated by o;(n). So in the end, this paragraph
is irrelevant to the summands of (11.4) for which 73, is real.

The discussion then fundamentally depends on the presence or absence
of zeros off the critical axis, as this determines which of the two types of
saddle-points, (1) or (2), ultimately dominates.

11.2.1 The Case [RH False]

In case there is any zero (% + i7,) off the critical axis, we select arg i > 0
for it, and assume it is a simple zero for argument’s sake (otherwise it will
suffice to count it with its multiplicity). Then paragraph (2) above fully
applies to each such zero: the complex saddle-point oy (n) given by (11.6) lies
inside the allowed domain {Re o > 1} as soon as n > [Im 1/74|~!, and for
n — 400 it gives an additive contribution ~ [(7 +i/2)/(7 — i/2)]n to Ak
(in the usual quadratic approximation of log I (¢) around oy (n)), which grows
exponentially in modulus and fluctuates in phase; it will indeed exponentially
dominate the contribution of the real saddle-point o,(n) (computed later).

This result can also be confirmed rigorously via Darboux’s theorem: by
the conformal mapping © = ﬁ — z [9], the generating function (11.2) of
the A, is seen to have precisely the points zp = (1, —i/2)(7x +i/2)~! and
z; as simple poles of residue 1 in the unit disk (Fig.11.2); then a general
Darboux theorem [30, Chap. VII Sect. 2] applies here to the poles with |zj| <
1, implying that the Taylor coefficients of that function (namely, the A,)
indeed have the asymptotic form

An ~ Z z, " +c.c. (mod o(e*") Ve > 0), n — oo. (11.7)
{lzx]<1}
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Im x} . Im:z

S

" ‘\
1 Re x ; Re

Fig. 11.2 The conformal mapping z +— z; fictitious Riemann zeros (e) are sketched,
on and off the critical axis; the lower-half-plane zeros (not drawn) are their mirror
images

Concretely, A\, oscillates between exponentially growing values of both signs.
Infinitely many zeros (1 £iry,) off the critical axis are perfectly admissible

in this argument: their z; satisfy |zx| < 1, zx — 1, hence the corresponding

infinite sums ), z, " still define valid n — 400 asymptotic expansions.

On the other hand, this Darboux formula (11.7) becomes ill-defined if the
infinitely many z, ™ have identical and dominant modulus, which is precisely
realized in the case [RH true], with all the z; on the unit circle; we now turn
to this case.

11.2.2 The Case [RH True]

Here, Darboux’s theorem says that A, = o(e*") Ve > 0, but it fails to give
any clue as to an explicit asymptotic equivalent for A,. In contrast, the
saddle-point treatment of the integral (11.5) itself remains thoroughly ap-
plicable. Simply now, all the 75, are real, Z.(c) = O(Z.(Re o) |Im o|~3/?)
in {Re o > £}, and the contour C' can be freely moved toward the bound-
ary {Reo = %} without meeting any of the ox(n), all purely imaginary
(Fig. 11.3). The sole dominant saddle-point is then o,(n) € (1,1); it is shaped
by the double pole of 2. (o) at % (itself generated by the totality of Riemann
zeros), so that oy(n) ~ 1 + loén' Since this saddle-point is non-isolated (it
tends to a pole), the standard saddle-point evaluation using the quadratic
approximation of log I (o) around o, (n) works very poorly. Here, it is at once
simpler and more accurate to keep on deforming the contour C' in the vicinity
of 0 = 3 (up to only lower-order errors) until it fully encircles this pole
clockwise, as C”. Then a simple residue formula applies, that only uses the
principal part at ¢ = 5 of Z.(¢), which is the same as for Zy(o), namely
(10.32) (in general form). Then, as the end result under [RH true|, A, obeys

D=

~—
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Fig. 11.3 Contour I
deformation for the
saddle-point method
applied to A, (continued C
from Fig. 11.1): for [RH

true], the contribution of

the real saddle-point 0

or(n) dominates

An = (=1)"2n Res,—y /2 I(0) + o(n),
with  (=1)"2n Resy—1,21(0) =nlay (¥(3 +n) —1+7) + by] (11.8)
=nlaj(logn —1+v)+bi]+ O(1/n)

(by the Stirling formula (3.52) for ). In the Riemann case itself, by (8.4),
ay =3,  by=—3log2m (11.9)

However, we kept the result (11.8) in general form, to be ready to cover
all primary functions L(z) compliant with Chap. 10 as well (see the closing
section below).

Like (11.7) before, (11.8) can be derived quite rigorously but by still
another method, written up for the Riemann zeros by Oesterlé [88] (pri-
vate communication). We summarized his argument in [110]; it is purely
real-analytic, and ignores the [RH false| case.

11.2.3 Recapitulation and Discussion

As we ended up with two mutually exclusive large-n behaviors for the A,,
(11.7) and (11.8), together they provide a sharp equivalence result. For the
Riemann zeros, using the explicit values (11.9):

Theorem (asymptotic criterion for the Riemann Hypothesis). For n — +oo,
the sequence {\,,} built from the Riemann zeros follows one of these asymp-
totic behaviors: [109,110]

- [RH true] gives a tempered growth to +oo :
A~ 3n(logn — 1+~ —log2r) (mod o(n)); (11.10)

- [RH false] gives non-tempered oscillations :

Tk+i/2 n
n ~ _— .C. en . (11.11
A g Tk*1/2> +c.c.  (mod o(e®™) Ve > 0). ( )

{arg 7, >0}
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Such a comprehensive asymptotic statement was not known to us on the
[RH false] side, and it appears to strengthen earlier results in the [RH true]
case.

The main end formula (11.10), assuming RH, had actually been written
by Keiper [64, (37)], but in a somewhat misleading context: in his words,
(11.10) required not just RH but also “very evenly distributed” zeros, and
was “much stronger than” RH (no details or proofs were ever supplied). All
that hardly suggests the actual equivalence of (11.10) to RH.

Oesterlé had proved [RH true] = (11.10) (see above), but in a neither
published nor even posted typescript [88].

Bombieri and Lagarias [9, Corollary 1(c)] showed rather weak exponential
lower bounds \,, > —ce®™ to imply RH; the converse statement [RH true] <
(11.10) thus implicitly lies in [9] (but it cannot be inferred therefrom, as [9]
never alludes to any asymptotic regarding the \,).

Furthermore, the above saddle-point analysis seems to be the only one yet
to predict both behaviors (11.10) and (11.11) in parallel; while we do not
see how Darboux’s approach could derive (11.10) in the [RH true] case, nor
how Oesterlé’s approach could derive (11.11) in the [RH false] case. Here,
in contrast, the alternative [RH true|/[RH false] boils down to finding which
saddle-point wins dominance in one integral specified at the outset.

Numerical data [64, 78] agree well with (11.10) for n < 7000 (and even
better in the mean if we add the contribution like (11.8) but from the next
pole of I(o) at 0 = 0 (cf. Table 8.4),

0An = (—1)"2nResy— I(0) = 2 Z.(0) = +7/4, (11.12)

even though this correction seems asymptotically negligible with respect to
the oscillatory terms). However, the above numerical agreement is inconclu-
sive regarding the Riemann Hypothesis: any currently possible violation of
RH would be detectable only at much higher n (see end of the next section).

11.3 An Even More Sensitive Sequence

A slightly sharper difference of behavior follows for the special linear combi-
nations (11.13) below of the cumulants 7, (for which we now switch back to
the notation (3.12), as it is used in all related references).

Indeed, the definition Z(x) = I'(z/2)m~*/?xz(x — 1)¢(x) substituted into

(11.2) readily yields a decomposition A, =S, + S, , where [9, Theorem 2]

Sp = — zn: (?) nj—1 (11.13)

Jj=1
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is the contribution of (x — 1){(z), and

Sy,

lf%(log 4dm+) n+S,, with S, =

M-

Il
o

; (j)umwm, (11.14)

is the contribution of the remaining (more explicit) factor. Now the large-n
behavior of the sum S, is also computable: we apply the same saddle-point
technique we used from (11.3) to (11.8), but upon

R (_1)%!% I'(0 —n) -
n="f , =—7(1-27° , 11.1
Sn= g p I@)de o) = TN -27)Ce), (L)
integrated around the poles o = 2,...,n of J(¢): the result for n — +oo is
Sp ~ (=1)""'nlResy=1 J(0) = in[y(n) +log2 — 1 + 2], (11.16)

now (mod O(n~°°)) because J(o) has no singularities further to the left
(Fig. 11.4); so that finally, using the Stirling expansion (3.52) for 1(n),

oo

— . B

Sp~ in(logn—1+y—log2m)+3— E 4—2]: n'—2k (for n — o0) (11.17)
k=1

unconditionally .
This at once confirms two empirical conjectures made by Maslanka [77,
(2.5) and (2.8)]:

e mod o(n), the sequence {S,,} expresses the “trend” (11.10) obeyed by the
sequence {\,} under [RH true]

e And to all orders in n, that same sequence {?n} has the asymptotic ex-
pansion (11.17).

We add that the latter statement holds unconditionally, and that whether
RH holds or not, it makes sense to subtract this fixed {5, }-contribution from
the previous formulae (11.10) and (11.11), with the results [109,110]: either

Sy, =o(n) [RH true] (11.18)
Imo ! T
Fig. 11.4 Contour 3</>\\k ,,,,,,,, < /l:ec
deformation for the 0 \1(\1/C" Ty T n
saddle-point method ol | = ¢ \
applied to Sy, |
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(a case further discussed in [21,78,99]); or else Sy, ~ Ay, i.e.,

Tk—l—i/Q n
SV L o <. en H false] (11.1
S { » kai/Q) +c.c.  (mod o(e™) Ve > 0) [RH false] (11.19)
arg T

which gives oscillations that grow exponentially with n.
In absolute size, however, any contribution like (11.19) from a zero vio-
lating RH would remain considerably smaller than (11.18) (the background

from all the other real 7;) up ton ~ min {[Im 1/7]7'}:i.e., S, can only
{arg 7,>0}

reliably signal zeros violating RH up to |Im p| < 4/n/2; as such zeros must
currently have |Im p| > 10°, they could then only be detected at n > 1018
(see also [7, Sect. 2.3][88],[67, p. 5]).

Our asymptotic criteria thus may not surpass others in practical sensi-
tivity, still their theoretical sharpness may be of interest. For instance, Li’s
criterion A,, > 0 (¥n) is now strengthened in that, beyond a finite n-range, it
refers to ever larger amplitudes either way, i.e., delicate borderline situations
such as A\, — 0 for n — oo cannot occur.

11.4 More General Cases: a Summary

For the more general zeta-type functions compliant with Chap. 10, the asymp-
totic alternative for the associated \A,, persists in its general form: either (11.8)
if the generalized Riemann Hypothesis (GRH) holds, or (11.7) otherwise.
That includes, but is not limited to, Dedekind zeta functions (Sect.10.6.2)
and some Dirichlet L-functions (Sect. 10.6.1). The constants a1, by in (11.8)
also enter the generalized Riemann—von Mangoldt formula (10.40) when it
holds; this then ensures a; > 0, in line with the corresponding generalized
Li’s criterion [9,67,74,75].

The A\, have also been generalized to L-functions defined by Hecke oper-
ators for the congruence subgroup Iy(N) [74][75, specially Remark 5.4].

More recently and in a broader setting (the A, for automorphic L-
functions), Lagarias presented an alternative approach to estimate the A,
with greater accuracy, mod O(y/nlogn) under GRH [67]: in the notations
of (11.13) and (11.14), he directly proves that S,, obeys (11.8) mod O(1)
unconditionally (Theorem 5.1), then that S, = O(y/nlogn) under GRH
(Theorem 6.1).



Appendix A
Numerical Explorations

We complement our analytical study by some experimental numerical
evaluations of superzeta functions over the Riemann zeros, at real argu-
ments. Apart from very few tables for special values (where special formulae
apply), we had not seen such functions tabulated or plotted before, and we
wanted to view them. (We have not tackled cases with other zeros.)

We found it easier to concentrate on Zo(c) = Z(o|0) as the basic case,
and to deduce other cases (t # 0, &,...) by subsequent expansions.

The first step is to sum the defining series Zo(c0) = >_, 7, > for o > 1.
This needs large tables of Riemann zeros: we have used A.M. Odlyzko’s list
of the 100,000 first zeros he made freely available on the Web [86], for which
we express our gratitude to him. Here, the Riemann Hypothesis is de facto
implied throughout (there being no numerical counter example).

The other significant step is numerical analytical continuation, in order

to reach values of Zg(o) for some o < % We tested two complementary
approaches which agreed to several digits whenever they were both usable.
However, we did not go below ¢ = —2, our numerical precision is rather

modest and above all we cannot estimate it reliably. The rounded values
we supply are just most likely to be correct; they intend to provide a first
glimpse of superzeta functions. Better results are certainly reachable, should
there arise a clear need.

A.1 Superzeta Functions of the Second Kind

We now sketch our computations for the function Zy. We begin by using
Zo(o) = lim Y 7,727 for o > 1, but the remainders Rk () def > o
K—oo k<K k>K

(e 7'[%_2‘7 log 7k ) tend to 0 slowly, more and more so as ¢ — %Jr, where they

diverge. We then approximate the sum defining R () by an integral Rx (o),

123
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through an Euler-Maclaurin formula (1.15) for the function T'(k)~2° (where
T(k) L the reciprocal function of Ny (T') defined by (4.26)):
o K2
Z(0) = lim Sk(o), Sk(o) = ;?_1: 72 + 310 % + Ry (o), (A1)
“+o0o 1-20
i def —20 47T _ 17 [ TK 1 }
= T7*°dNo(T) = — log —
Ric(o) /TK o) = o118 3 T3 1

(and likewise for Z(o |t), or derivatives, or finite parts at poles, etc.).

The residual error in (A1), Ri (o) 2 2o(o) — Sk (0), is O(r72S(7x))
from (4.28) (the error term from (1.15), O(727), proves smaller). So,
Ri(0) < Rg(0): the use of Ri(c) in (A.1) does accelerate convergence
when o > 1, and extends it to {o > 0} [43, p. 116 last line]: therefore,
(A.1) gives one method of numerical analytical continuation. The next ob-
stacle to convergence, EK(J), differs in type from Ry (0): it fluctuates in K,
on a root-mean-square scale o 7, 27 (loglog 75 )'/? according to [87, (2.5.7)],
which diverges (as K — +o00) when o < 0. Higher Euler-Maclaurin correc-
tions are pointless for such fluctuating remainders, only some damping can
help or restore convergence (as with “chaotic” spectra [3]). Here, Cesaro aver-
aging (defined by (S)k def -1 Z{( Sk+) appears to work initially — it gives
results verifiable at o = 0 — but not far: already at o = —1, even (S) (o)
retains fluctuations > 1072 (in standard deviation) up to K =~ 10°.

So, instead of pursuing ever more severe (and unproven, after all) numer-
ical dampings as o decreases farther from %, we switched to another route:
to compute the analytical continuation formulae (8.6) and (8.7) themselves.
We thus first validated (8.7) against (A.1) for 0 < o < 3, then used it for
numerical analytical continuation below o = 0. On paper this seems to be the
obvious thing to do, but in practice it proves arduous: faced with a Mellin in-
tegral, over an infinite path which moreover goes through a pole, we achieved
decent numerical stability only close to ¢ = 0 (and not near o = ).

Turning to the other interesting case Z.(0) = Z(s|t = 3), we evaluate it
in terms of Zy through the expansion (8.19) about ¢ = 0. This way, first we
capitalize on the preceding calculations, then we benefit from a very rapid nu-
merical convergence: about three terms suffice to match our accuracy for 2y
itself. Indeed, numerically 2. (o) stays very close to Zy(o) for o > 0, thanks
to 7,2 > 4l (Vk) (an empirical fact; 72 ~ 199.790455). In the crudest approx-
imation of (8.19), Z.(0)/ Zo(0) =~ 1 — o/ 47 ~ 1 — ¢/800. We numerically
also found 0 < Zo(0) — Z.(0) < 3 x 1074 for all & > 0, and

A 4[21(0) - 2(0)] ~ —0.0231003495 vs B = — Z,(1) ~ —0.0230957090;

(A.2)
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not only A is small, but given that A = 410g5(%) by (8.25) and B =
[log Z])'(0) by (4.8), then |B — A| < 5 x 1076 reflects how close the func-
tion log =(x) stays to the parabolic shape Az (1 — x) over the interval [0, 1]).

A.2 Superzeta Functions of the First Kind

These functions are now most easily reached as follows: first, 29 from Zj
through the confluence identity (5.8) (and the known exact values at s € —N);
then, #(s|t) for ¢ # 0 by the analog of the expansion (8.19), namely

2610 =3 -1+ ] =Y s

_ 1 —5— !
Pt p—3 —I(l-s 0) ¢!

(for s € —N, one has to cancel the poles of 2%(s+ ¢) and I'(1 — s — ¢) at
¢ =1 — s by hand, or else directly use the special values from Table 7.1).
Again, for t = % about four terms sufficed to match our accuracy for %%; for
s > 1, #(s) stays very close to Z4(s) but no longer for s ~ 0, contrary to
Z+(8) vs Zo(s). Here, we could also have used Mellin integral representations
like (7.6) for s < 1 at any ¢, but with the same difficulties as above (plus an
extra one for t = %, when the pole merges with the integration endpoint).
We present a rough plot of the two particular functions of first kind 24 (s)
(t =0)and % (s) (t = 3) (Fig. A.1). For s < —2 we show their leading asymp-

totic form, namely (7.28) cut at its (n = 2) term (—I'(s)~'(log2)%/221).
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Fig. A.1 The superzeta functions of first kind 24 (o) and % (*) over the Riemann
zeros. The asymptotic forms (dashed curves) are shown for s < —2; they are exact at
integer s
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This form is exact at integer s < 0 due to the 1/I'(s) factor in (7.28), oth-
erwise the next asymptotic term (n = 3) is of order unity in the plotted
region. (The corresponding graphs for functions of second kind would fall to
the o-axis very fast on the o > % side and be chopped up by poles on the

whole ¢ < % side, so we skip them.)

A.3 Numerical Tables

Here is a sample of our results, extending [106, Table 2]. We saw earlier such

Tables for the special values o, def Z(n) (n = 1,2,...) only, albeit with
much greater accuracy and range (nmax = 400) [72, Table 5][64, Appendix].

Table A.1 Numerical values for the superzeta functions of
first kind 24 and %% over the Riemann zeros. Implied preci-
sion is expected to hold, but not guaranteed (*: exact values)

s fé"o(S)=§( -3 &”*(8)=Zp:p*8
-2 % = 0.5625" 1
—3/2 —0.76819 0.27288
-1 —é* ~ —0.0208333 %* =~ 0.9166667
-1/2 1.11061 1.66919
0 T =175 2%
derivative at 0
+1/2 2.19070 2.27780
finite part at 1
+1 (pole!) 0* 0.0230957
+3/2 —0.350386 —0.346357
+2 —0.0462100 —0.0461543
+5/2 —0.0052348 —0.0055027
+3 0* —0.0001112
+7/2 0.0002259 0.0002022

+4 0.0000743 0.0000736
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Table A.2 As above but for the functions of second kind Zy and Z.
(here the finite parts at 1/2 have no analytic expressions to our knowl-

edge, and are provided purely numerically)

_ = —20 _ = 2 1\—0o
o Zo(o) = Y 7y Zi(o)= > (17 +3)
k=1 k=1
-1 — =5 = —0.28125* —1= = —0.0625"
—3/4 0.54319 1.69388
—1/4 0.785321 0.800805
0 L =0.875" £ =0.875"
Derivative at 0
+1/4 1.549060 1.548829
Finite part at 1/2
+3/4 0.247760 0.247730
+1 0.0231050 0.0230957
+5/4 0.0037016 0.0036988
+3/2 0.0007295 0.0007287
+7/4 0.0001597 0.0001595
+2 0.0000372 0.0000371




Appendix B
The Selberg Case

We briefly describe how the our framework of Chap.10 also successfully
adapts to the somewhat different case of superzeta functions built over the
zeros of Selberg zeta functions for compact hyperbolic surfaces.

The close formal analogy between this “Selberg case” and the general
case (Chap.10) allows us to keep the benefit of the whole procedure used
there. However, several differences prevent us from transferring the results
and Tables verbatim: mainly, the order of the Selberg zeta functions is pg = 2
vs 1 previously, and some of their nontrivial zeros are real, something we
forbade before. (A few scattered details prove simpler, though.)

We will only recall selected results, referring to the literature for details,
e.g., [12,50,91,97], and to Sect. 6.3.1 for the basic background and notation;
we just add that the Gauss—Bonnet formula is implicitly used henceforth:
Ag/4m = g—1, where g (= gg) is the genus of the surface S (an integer > 2).

For a compact hyperbolic surface S (henceforth fixed, with normalized
curvature —1), its Selberg zeta function, specified by the Euler product

Cs@) = ] ﬁ(1 —el=@tR)  (Rex > 1) (B.1)

{w} k=0

continues to an entire function of order pp = 2, which has a functional equa-
tion,

Lok +1) =exp {4(9 - 1)/0 7wt tan t’ dt’} Ls(3 — 1), (B.2)

and two classes of zeros:

e Trivial zeros {—k} with multiplicities 2(¢ — 1)(2k+ 1), k € N

e Nontrivial zeros p = {% + ik fr=0,1,... Where i + Iﬁ:]? are the eigenvalues
of the positive Laplacian on S (both zeros and eigenvalues being counted
with multiplicities, as ever). The lowest eigenvalue 0 (the zero-mode), non-
degenerate, yields two zeros p = 1 (simple) and 0 (then of total multiplicity
2(g — 1) +1). To avoid complications, we exclude the exceptional case of an
eigenvalue = i; now, however, finitely many other eigenvalules may exist in

(0, 1), adding zeros p on the real segment (0,1) save at z = 1.
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So, {4(x) evokes a general primary function L(z) as in Sect. 10.1, but with
order pp = 2 and at least one pair of real nontrivial zeros (0 and 1). We
can then still define generalized Stieltjes cumulants ¢¢ (S) here by (10.5), but
with ¢ = —1:

tog 55§~ EDE ey oy (B3)

r—1 &=l
15— gt gis) = ) o L) TE
(65() = ~1o8 G, 55(8) = 32, oits) =~ CL | LY )

Note: {5(1) > 0, because {g(x) > 0 for # > 1 by (B.1) and its zero at = = 1
is simple. For n > 1, cf. also [47] (where v~V = (=1)"1gS(S)/(n — 1)!).

B.1 Superzeta Functions of the First Kind

We can define #(s|t) as in (10.6), and then the allowed t-domain §2; also
excludes the cut (—oo, +3] due to the real zeros of (g starting with z = 1.
A realt < 1 now needs to be specified as t=i0 (only the special values 2 (n | t)
are continuous on this cut). The confluent case 2% accordingly splits into two
functions %p+. The limit ¢ — % will require us to remove the zero-mode, as

Z(sl)= > (prt—H T =2t)— (-3~ (t+1H (B4
p#(0,1)

The completion and Hadamard factorization of (g usually involve the
Barnes G-function and elaborate fudge factors [37,95,103]. Instead, we will
decompose (¢ directly in zeta-regularized factors. Specifically, the sequence

zp = k+ %  with multiplicity (2k + 1) (B.5)

is theta-eligible of order pg = 2, with the Theta function

oo
def d 1
0 2k +1)e”(FH1/2)z — — B.6
(2) = Z( +1e dz sinh 2z (B-6)
k=0
= 2(2n — 1) -
= Z C_2m22m, C—27L+2 == W (1 - 2 - H)B2n’ (B?)
= n)!
the generalized zeta function
(s|t) =) _(k+1)(k+ 3+  (Res>2), (B.8)

k=0
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and the zeta-regularized product d(% +t) = e~ (01t) The zeta function over
the trivial zeros of {g, patterned on (7.3), is then Z = 2(g — 1)z. Thereupon,
in analogy with (10.15), we can write [104]

(o(x) = d(2)?9 VP (x) = d(x)*9 Ya(z — 1) Du(x) (x=1+1), (B.9)

defining complementary (S-dependent) factors Z(x) (which keeps all the non-
trivial zeros of {g), and Z,(x) (without the zero-mode, as needed in the limit
& — 1). The same churning as in the Riemann case (Sect. 7.2.2) then converts
(B.9) into integral representations similar to (7.4)—(7.6):

f@u)—z@u)+$im4m%§®+t+wysdy (Re s < 1), (B.10)

Z(st) = — Z(s|t) — (L4 1)~ + S“;“/OOO E_z(%ﬂw) _

Yy~ °dy
t—3+y ’

which are, however, discontinuous across the ¢-plane cut (—oo, +%]
These entail that #(s|t) and % (s|t) have exactly the s-plane singulari-
ties of —Z(s|t), and that % has the special values

Z(—n|t)
Z'(0]t)

—Z(-n|?) (neN), (B.11)

—Z'(0]t) —logCs(5 +1), (B.12)
(R

(n—1)!

where finite parts apply to 2, 7 for 1 < n < ug = 2; and similarly for Z.
using (B.4). Except for the derivative formula (B.12), the special values have
(understandably) regained single-valuedness about the real-t axis.

The glitch in the Selberg case is that, unlike before, the functions z(s|t)
and hence Z(s|t) are not known in closed form for general ¢, making the
above formulae of little use. Rescue, however, comes from two directions.

F(Hnl|t) = —Z(+n|t) + (logCs)™ (X +1) (neN*), (B.13)

e The theta-eligibility trivially transfers to the shifted sequence {zy + t},

D @2k 4 1)em T2 o7t g() = Y e, (1) 2" (B.14)
k=0 n=—2

with computable polynomial c_,,(t), so all of the algebraic information can
now flow from (2.58), yielding that — Z(s|t) and hence %(s|t) have: only
two poles, s = 2 and s = 1, both simple and of respective residues —4(g — 1)
and 4(g — 1)t, and the rational special values —2(g — 1)(—=1)"nlc_,(¢) at
s = —n; the latter result completes Table B.1 for general ¢, as it is shown.
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e The function Z(s|t) can be specified for particular values of ¢, including
our favorite locations ¢t = 0 and %, where by simple inspection,

2(s[0) =227 = 1)¢(s = 1), a(s|3)=2C(s—1)—((s), (B.15)

and this allows us to compute the corresponding special values as displayed
in Tables B.2 and B.3. We recall that the confluent-case function now has

two principal determinations 291 corresponding to Im ¢ = 0 (Table B.2),

and that the ¢t = 1 function (Table B.3) is now (s def Z.(s| 1), excluding
2 2

the zero mode which would cause divergence.

As a final remark, such functions of first kind for the Selberg case have
never been considered before to our knowledge.

B.2 Superzeta Functions of the Second Kind

o0

We can define Z(o |t) = 3 (k2 + )77 as in (10.7), but with the extra cut
k=0

(—o0, +%] in the allowed t-domain due to the real zeros of (g starting with

x=1. Arealt < % now needs to be specified as ¢ +i0 (except for the special

values Z(n|t)). To accommodate the case ¢ = 1 it is useful to also define the

sum without the zero-mode k = 0, denoted Z. (o |t) = Z(o |t) — (2 — 1) 7°.

In the Selberg case, only this kind of superzeta function has attracted
some attention before, and mainly for ¢ = 0 [15,16][105, Sect. 4] and ¢t = %
[47,91,100].

Our successive techniques of Chap. 8 all adapt to the present case.

For t = 0 (the confluent case), one must now specify on which side of the
cut (—oo, %] the limit ¢ — 07 is taken; thus, two principal function determi-
nations Zp4+ emerge, and each satisfies the same confluence identity (8.2) as
before with 29+ (Table B.5; explicit values were given in [16, Sect. 6.4]). For
general ¢, the expansion (8.19) about ¢ = 0 works as previously; now it yields
that Z(o|t) has a single pole at o = 1, simple and of residue (g — 1), and
rational special values Z(—m |t) as given in Table B.4 (upper part).

For the transcendental values, we again use the idea of zeta-regularizing
the nontrivial factor 2 of { S(% +t) but in the variable v = 2. The canonical
large-t expansion (derivable from (B.7), (2.62), and log {g(3 +t) = O(t7>°)),

log 7(% +t) ~ ast*(logt — 3) + aglogt + O(t~2),

_ ) (B.16)
as =—-2(g—1), aoz—é(g—l) (from co =2, cg = 11—2),

becomes, in the variable v = ¢2,

log 7(% +ol/?) ~ —(g—1) [v(logv—1) —2v+ L logv] (+O0(v™1)), (B.17)
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where we have readily underlined a newly born banned term in the v variable.
This term must be killed to get the zeta-regularized form in v, which therefore
has to be D(v) = e~2(9=D? &(L +#); this enters a variant of the factorization
(B.9), analogous to (8.18) [104]

e+t =["dE +0)]* D), wv=tf (B.18)

As in the Riemann case (Table 8.2), the transcendental values of second
kind are best expressed in terms of those of first kind, already found. We
then use

logD(v) = log (% +t) — 2(g — 1)t*. (B.19)
Immediately, log D(v) = — Z(,,(0|¢) and log 2(5+1) = - %(5)(0]1) entail

Z((0]t) = 2(,(0]t) +2(g — 1) *. (B.20)

The v-derivative of (B.19), using (2.53) and (2.54) with = v then = = ¢,
yields

FP,-1 Z(o|t) = (1/2t) FPs—y 2 (s|t) — 2(g — 1) (t#0). (B.21)
As for higher v-derivatives, using (2.56) with D for which g = 1, they give

(71)m—1 dm
(m—1)rd(@)m

Z(m|t) = log 2(% +t) (m=2,3,...), (B.22)

which reduces to the same linear combination of the log 2™ (3 +t) as in
(8.32). Now it matters that the general formula (2.53) for log @(” outputs
Fo(n|t) and not FP,_,, 2°(s]|t): the two differ when 1 < n < g, and in the
t variable with pug = 2 there is one such n, namely n = 2. Then by (B.16),

Po(n|y) —FPs—p Z(n|y) = (—1)"nHp—1an(y) = —dn24(g — 1) (B.23)

(with a2 (y) = ag constant here). All that accounts for Table B.4 (lower part).
As an illustration, we fully develop the first few transcendental values of
the case ¢ = 3 (Table B.6), referring to our cumulants (B.3) and to Table B.3:

Zio(0) = 2/, (0 )+ 35(g—1)
= —4(g — 1) [¢"(=1) + {log2n] + g5(S) + 5(9 — 1)
= (g —1)(—4¢'(—1) = log 27 + L) + g5(S), (B.24)
FP,—1 Z.(0) = FPso1 Zi(s) —2(g — 1)
=2(g— 1)1 +7)+gi(S) —1-2(g—-1)
=2(g— 1)y +gi(S) - 1, (B.25)
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2:(2) =2 % 0o(1)+ Z4,00(2) = 2FPoy Zi(s) + (FPo=2 Zi(s)+2a2)
=2[2(9 = 1)(1 +7) + ¢§(S) — 1]
+[—4g— Dy — 157°) +95(8) —1] —4(g— 1)
= 3(g— D)7 4+ 2g5(S) + ¢5(S) = 3, (B.26)

using (B.23), and those agree with [100, (20), (21), (25)][47, Theorem A(2)].
Formulae for the general Z.(m) are also given in [47,100] but in recursive
form, whereas Table B.6 exhibits a more closed structure.

B.3 Tables of Special-Value Formulae (Selberg Cases)

Table B.1 Special values of the function of first kind 2(s|t) over the zeros {p}
of the Selberg zeta function {(z) for a compact hyperbolic surface S of genus g.
Notation: see (1.4), (1.7), (1.9), (B.1), (B.8); n is an integer

s fzf(slt)zg(pﬁtt—%)‘s
4 -1 n —2m n—2m
0 —2(g — D(t* + 1)
(s-dertvative) 2'(01t) = —2(g - 1) 2 (0]t) — logls(} +1)
n>1 ~2(g — Datn|) + T o) V(G +9)

TAt n = 1,2 : finite parts FPs—, required for 2 and z

Table B.2 Specialization of Table B.1 to t = =£i0; all the values except
the derivative are actually continuous at ¢ = 0. Compare with Table 10.5

s %i(s)z§(pii07§)‘s
-n <0 —4(g-1(1 -2 = "+2T
0 —(g—1)/6
(s-dertvative) | 1Z02]'(0) = 2(g = 1) [F5log 2 +¢'(~1)] — log {s(} £10) |
1 ot=*
(nfte part) | FPo=2 Zox(s) = —4(g = 1)y + 210g2) — (log {5)" ()
w2 —ag-DE - Do -1+ o)™
"For n odd, Z(n) = 0 which makes (log¢s)(™( % fully explicit, as in

(C.4)

"Exceptionally at t = 0, s = 1 is a regular point
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Table B.3 As Table B.1, but at ¢t = % and with the zero-mode
removed. For the generalized Stieltjes cumulants g¢ (S), see (B.3).
Compare with Table 10.6

s PACER
p#0,1
—n <0 —2(g — 1)(-)r[2Bnt2 4 Bud) g
0 2(g—1) 2
(derigative) 2(0) = ~4(g — 1) [¢"(=1) + %log 2] + g6(S)
(ﬁmﬂt»elpart) | FPs=1 2. (s) = 2(g — 1)(1 +7) +gi(5) — 1 |
(inive part) | FPo=2 Ze(s) = —4(g — 1)y — £57%) + 95(5) — 1|
tn>2 =2l DRem—1) - ) + Gl

"For k even, ¢(k) = (2r)%|Bu|/(2K!)

Table B.4 As Table B.1, but for the function of second kind Z(o | t); transcenden-
tal special values (lower part) are expressed in terms of those for % (s|t), given by
Table B.1; m, n are integers. Compare with Tables 8.1 (upper part) and 8.2 (lower
part)

o0
o Z(@t)= 3 (kg +t3)7
_ m—+1
im0 £2L S o () - 21 By 20
0 —(g—- D+ 35)

2, (011) = 2/, (0] ) +2(g — 1)

0
(o-/s-derivatives)

(fnite part) FPoo1 2(0|t) =  FPam1 2(s[) =29 = 1) | (t#0)"
tm>2 ﬁl (3m=nlyan—2min g (n] )t (t #0)*

“For t = 0, see Table B.5 below
" With Fo(n|t) =FPs—pn, Z(s|t) —0n,24(9g — 1), see (B.23) (FP is unneeded for n > 2)

Table B.5 As Table B.4, but at ¢t = (1 £ 1) 0; all the values

except the derivative are actually continuous at ¢t = 0. Cf.
Table B.2
o Zo(0) = 5 (k2 £i0)°
k=0
—m <0 3(=1)™ Zo4(—2m)
0 _
(o-/s-derivatives) [Zo+](5(0) = [202](,(0)
+1

(finite part) FPo—1 Zo+(0) = _%FPSIQ Zo+(s)

+m > 2 (=)™ Zo+(+2m)
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Table B.6 As Table B.4, but at t = % and with the zero-mode
removed (Z. (o) is the Minakshisundaram—Pleijel zeta function); cf.
Table B.3

8

o Z)= S = F o
k=1
m+1
—m<0 %Q—Qm—l Z ( 1" (m+1) 2271 _ 1) By,
0 —ig-1-1
0
(o-/s-derivatives) (U)(O) *(s)(o) +3 (9 1)
+1
(finite part) | FPo=1 Zu(0) = FPs=1 Zi(s) —2(g — 1) |
+m > 2 > (et 1)%00(71)*

n=1
"With % o0(n) = FPo—p Zu(s) — 0n,24(g — 1), see (B.23) (FP is
unneeded for n > 2)




Appendix C
On the Logarithmic Derivatives at %

We briefly revisit the formulae that involve (log |L|)™ (%) from the viewpoint
of the primary function L itself when, as in Sect. 10.6, the latter is either the
L-function L, of a real primitive Dirichlet character x (= Dirichlet-L cases) or
the Dedekind zeta function (x of an algebraic number field K (= Dedekind-¢
cases, which include ((z) for K = Q).

For even n > 0, those derivatives relate to the corresponding superzeta
values %5(n) according to Tables 10.3 and 10.5 (last lines), which is far from
an explicit evaluation. At n = 0, log|L|(3) gets related to 2%/(0). And even
in the basic case: L = (, n = 0, very little seems to be known about §(%)
[81][11, Knuth’s sequence pp. 16-17].

In contrast, for odd n > 0, by virtue of (10.59) and (10.78) (which follow
from the functional equation (10.3)), those derivatives get specified, as

(n=1)![e(2"=1)¢(n) + ¢ 2"B(n)], n = 3,5,. ..

C.1
cy+ 17+ Llog[(8m)°/d], n=1, (G-1)

(log | L))" (5) = {
2

for suitable (integers) ¢, ¢/, d: thus in a Dirichlet-L case, by (10.59), ¢ = 1,
¢ = 1—2a and d = the modulus (or period) of the character y; while
in a Dedekind-¢ case, by (10.78), ¢ = nk, ¢ = r1, and d = |dk|. These
formulae are more explicit than for even n but not yet fully: with n being
odd, 1(n —1)!2"B(n) reduces to in"|E,_1| by (3.32), but {(n) (and v for
n = 1) remain elusive (irreducible); e.g., (log|¢])/(3) = v+ i7 + 1log 8.

However, related odd-n identities can manage to eliminate ((n) and ~:
if (L1, L) is any pair of such functions, each indifferently Dirichlet-L or
Dedekind-¢, then a linear combination (with obvious notation) yields the
fully explicit relations

ca(log| L))" (5) — ex(log |L2)) ™ (5) = (C.2)
(cac) — c1¢h) 37" | Ep_1| + 6,1 5 log(ds! /d5?) for odd n > 1.
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An immediate example is L1 = ¢, Lo = 3, giving [106, (90)]
(log |¢))™ (2)—(log B)™ (L) = 17" |En1]4+0n,1 log2  for odd n > 1; (C.3)

see also (10.60) for another simple case.

Incidentally, the situation is simpler with Selberg zeta functions {g as in
Appendix B: for any odd n > 1, either the identity 2%(n) = 0, or Selberg’s
functional equation (B.2), entails the fully explicit values

(log [Es) ™ (3) = 4(g — )(nfl) 2" =1 dn -
2(g = 1D(2" 1)(27r)” Y Bl

1)} for odd n > 1,

(C4)
where in particular n = 1 gives (log |{s|)'(3) = 0.



Appendix D
On the Zeros of the Zeta Function
by Hj. Mellin (1917)

Annotated translation from German, by A. Voros, of the article:

Uber die Nullstellen der Zetafunktion
Ann. Acad. Sci. Fennicae A10 Nr 11 (1917).

We include this English translation of Mellin’s seminal paper featuring the
first zeta functions over the Riemann zeros to our knowledge. The original
is written in German and available in few libraries, hence we believe this
Appendix can make that article accessible to a wider audience.

We indicate the errors and misprints we noticed, but we did not carry out
a systematic verification. We have strictly preserved the author’s notation,
which is therefore not consistent with the rest of this book (cf. our discussion
of this article in Sect. 5.5). We have not indexed the contents either.

Numbered footnotes are the author’s, the others are translator’s
notes (A.V.).
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On the zeros of the zeta function

§ 1.

The series, extended over all the complex zeros p of the zeta function,
>
K )
plld

is known to converge 1) for all x > 1 and to diverge for k < 1.
It follows that the series ,
Z x z >0,

=,
o P
where z is a positive parameter, converges absolutely and uniformly in every

finite part of the half-plane
R(s)>1+¢ e>0.

In an important work 2) dedicated to the above series, Mr LANDAU among
others proved that the series converges for 0 < s < 1 if and only if x is neither
1 nor p™ nor p~ ™, where p is any prime number and m a positive integer.

I will now prove some of the analytical continuation properties of the same
series in question, that I noticed several years ago.

Let these functions be defined by the following series:

(1) Z(s,x) = fj—
2) Z(sé) =pr;:,
(3) Z(s,2) =% (f”;)sﬁ
_ 1 xS
W 202) =2
(5) 2(s) = pi
_ 1
(6) ® = =

1) See LANDAU, Handbuch der Lehre von der Verteilung der Primzahlen [Lessons
on the distribution of the prime numbers], I, p. 314.

2) See LANDAU, Uber die Nullstellen der Zetafunktion [On the zeros of the Zeta
function], Math. Annalen 71, p. 548, 1911. [Actually: 1912. (A.V.)]

t Misprints: z* should read z” in (3); ~° should read = in (4). (A.V.)
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I always assume the parameter x > 1 in the first four series. The expressions

S

P (*p)s’ xp, z=’
are defined through
p° = efllogleltiarc (p)]

b

(—p)® = esllog p|+iarc (—p)],
1

P = — :eplogx

xr—P

with the arc taken between —m and +r.

It now follows that:

The functions Z and Z defined by the first four series (1) to (4) are, for all
x > 1, entire functions of s, which become rational functions of x for s =0
and for negative integer values s = —n, so that

. 1
Z(0,z) :fox*Q” =T- ST
=8

Hom) =e Y2 =o (o) ey

v=1

(7)

I
—

2 -1’
(9) = "
o) = e S = oo (ri) ]
(10) Z<Oé):71 ”;m:l_ 1 5 1_1) d
_ 1 —2w-1 p—
Aong) =R = (g) sy

d\" d
In these formulas (xd—> means the n-th iteration of the operator J:d—
T T

The functions Z and Z defined by the series (5) and (6) are regular in the
whole s-plane, except for the simple pole s = 1, with the common residue

(11) lim (s —1)Z(s) = lim (s —1)Z(s) = —%.



142 D On the zeros of the zeta function by Hj. Mellin (1917)

For s =0 and for negative integers s = —n,
—1. 1
12) {Z(O) 1,
Z(-n) = (2" = 1)¢(-n), |
_ - 1 t
(13) 20 =3
Z(-n) = (=" =2"¢(-n). *
g 2.

The function

1 Tz P

(e2) -5
) =27

I use the well-known formula 1)

rl-t e p—2v—t Pt C/(t)
14 F(x,t)= — —
(14) (%) 1—t+;2u+t zp:pft ¢t)’
which is valid for > 1, and where
/ logp
(15) Fz,t)= Y i
pm,gx

The dash means that when x is a prime power, the last term will carry the
factor %
First, I write (14) as follows:

—2v

¢, ¢ r — & z*
(16) F(x,t)x ok ’1_4*;2”+t+§p:—p+t'

Since the series considered here converge uniformly 2) in any finite root-
free regions of t, it is permitted to differentiate term by term, which yields:

—2v

1D e e G T

v=1

t Error: (12) should read Z(0) = 2, Z(—n) = (2" — 1)¢{(—n) + 1, upon correcting
(26) below. (A.V.)

¥ Error: (13) should read Z(0) = g, Z(—n) = (—=1)™ —2"¢(—n) upon the corrections
in §. 5 below. (A.V.)

1) See LANDAU, Handbuch, I. p. 353.

2) See LANDAU, Handbuch, I. p. 354.
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Here the abbreviation

0 ¢(t)
1 —_2IF t t
(18) G(z.,1) m{(@ﬂx—Fqﬂx}
is used. Because of (15) and
¢'(t) log p
=— R(t) > 1,
¢(t) I,Z,; pmt ()
G can be represented in the half-plane
Rit)>1+¢ e>0

by the absolutely and uniformly convergent series

(19) G(z,t) = Z (pim)tlogp log<pim).

p2x

In case x = a prime power, the first term in (19) vanishes, so that in the
angular sector

T e <arc(t) < +2
—— arc - —
g 7= =Ty TF

for any constant k and any constant x > 1,
(20) lim " G(x,t) =0
t=c0

uniformly. The corresponding expression in (16),

) 4 R AL
F(l'yt) ot + C(t) at = —p;z:z (pm> log p,

does not have this property in the case mentioned, because it contains a
t-independent, non-vanishing term.

In (17), I now replace ¢t by 1 + ¢, multiply by #*~1dt and integrate from
t =0 to t = co. By using the formula

/°° ts=tdt _I(s)I'(z—s) 1 0<R(s) <z
o (a+1t)7 I'(z) a®=* —m < arc(a) < +mw

i.e., in this case

(a+t)2 sinms a2’

/°° ts~tat w(l—-s) 1
0

then the result is

(21)

00 I - B ’/T(]. o S) o0 x—2y .Tp
/0 {Ga, 14t)—at ™"} ° dt = s [ (2v+1)2=s +zp: (1—p)>=

sin
v=1
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The first series on the right-hand side converges when x > 1 for all s, the
second one is absolutely convergent for R(s) < 1. The left-hand side integral,
which converges for

0<R(s) <2

can be transformed as follows. In the vicinity of t = 0,
G(x,141t) — at™?

can be developed in an ordinary power series:

Gz, 1+t)—at 2= Cpt".

v=0

Let 7 be positive and smaller than the radius of convergence of this series.

Then
/{Gm L+t)— ot 2}t dt = ZC

The right-hand side is a regular function in the whole s-plane except at the
poles s =0, —1, —2,.... Next,

s+V

s—2

/{G(a:,1+t)—a:t*2}t5*1dt:/ G(x,l—i—t)tsfldt—i—x;ﬂi

The right-hand side integral, because of (20), is an entire function H(s) of s.
Setting these expressions for

/OOO{ }tsldtz/OTJr/roo

n (21), one gets the formula

v 2 7(l—s) xf
H
+ (S)—l—xsz sinms [Z v+ 1)2-s Z(lp)QS]’

or, if one substitutes s by 2 — s and observes that 1 — p simultaneously with
p run over all nonreal roots,

(22)
el —2v—1 —p : 0 2—s+v —s
x x _, sinms T T
L 2 N, Lt H(2-s)— .
VZ:I 2v+1)8 zp:pS ’ W(ls)Lz:O 27S+V+ (2=s)—= s]

The right-hand side is now manifestly an entire function of s, which has
the value —1 for s = 0 and vanishes for all negative integer values of s. Since
the first series on the left (x > 1) is also an entire function of s, which for
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s=0, -1, =2, —3,... yields certain rational functions of x, so the function

1
Z(s, —) has the properties stated in §. 1.
x

§ 3.

The function

In this case I multiply (17) by ¢*~!dt and integrate along the straight lines

0 e 0<b< g
Let 6 be small enough so that no root p lies in the angle
0 <arc(t) <6.

Then for 0 < R(s) < 1

6

(23) /Oooe {G(x,t) f(lfty}t“ldt:
LS s

- {g 2+ )2 Z(—p+t>2}t“‘“
(1l —8) [ ¥ xP
~ sinns E:l (2y)2—s+zp:(_p)2—s]'

The integral (23) can be transformed as follows:

006718 OoeiG 006718 t5*1dt
5 dt = G(z,t tS*ldt+x/ -
/0 { } / (@) 0 (=141)?
ooet? —o0 1
ts—1dt
Gté Lt / Gt ldt / —_
/ + reie +x 0 (71+t)2

ooeie oo s—1
s t5~ldt
/ Gté 1dt+/ Gts—ldt+xe”6/ —
retf 0 (1+t)

r is smaller than the radius of convergence of

o0
=> bt”,
v=0
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so that
+v

/ G- Zb re?y

The second integral on the right is, because of (20), an entire function: H(s)

of s:
16

/ Gt tdt = H(s),

ret?
/°° t7tdt w(1—s)
o (1+1t?  sinms
This puts (23) in the form
ysty (1 —5) 7(1l—35) | = = TP
by H (s)+ze™ = .
Z s —|— v (s)+we sin s sin s ,; (2v)2—s +zp: (=p)?—s

Replacing s by 2 — s, one finally gets

while

~

(24)
—2u (rei0)2—s+u

>z x? SInTs | _
Z@w“;(w)s‘w(ks) lz”” 2 —syy TR

v=1 v=0

T em’s

The right-hand side is obviously an entire function of s, which is equal to
(—1)"x for s = 0 and for negative integer values s = —n. The first series on
the left of (24) is manifestly (x > 1) also an entire function of s, which for
s =0, —1, —2,... gives some easily determined rational functions of x. It
follows directly that Z(s,z) has the properties listed in §. 1.

§ 4.

The function
1
=)~
P P

From the known formula ')

¢(t) 1 17t +1) 1 1
((t)icit—l 2F(§+1) Z(m*;)
1 1 > 1 1 1 1
“O e e w) 2 )

1) See LANDAU, Handbuch, I. p. 316.
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it follows by differentiation
¢'(t)\ 1 1 1
@ () AR TERD DR D s

I replace t by ¢ + 1 and, through integration for 0 < R(s) < 1, obtain

[ a2 e s ]|

The integral allows exactly the same transformations as the corresponding
integral in §. 2. One thus arrives, after replacing 2 — s by s, at the end result

v=1 P
2—s4v

sin s > T r—*
S UL o 2-s)|,
w(ls)LX(:)CQ.SJrV s ( S)]

where H is an entire function. This results in the properties listed in §. 2 *
concerning Z(s).

§ 5.

The function

From (25) one obtains, by integration along the lines

0 e’ 0<b<—,

- ()

coet? ts_ldt coet? 1 e coet? 1 1
N dt+/ Py ———dt
/0 (—1+1)? /0 ; 2v +t 0 ;(*p*l’t)Q
—oo ts_ldt / o] s 1 e +oo . 1
= - ——5 T dt-l—/ t ——dt
e A W7 LR AR M S r e
D Dl H i T
" sinws t .

t Error: the middle member of (26) should read (1 — 5)¢(s) — 1+ Z(s), and this
affects the results (12) above. (A.V.)

¥ Actually: §. 1. (A.V.)

* Error: the term e7™%* inside the brackets should read —e™*%, and this error propa-
gates to (27) then to (13). (A.V.)
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where 6 is so small that it can be presumed there is no p in the angle

0 <arc(t) <6.

Just as in §. 3, the first integral can be brought to the form

icym + .H(S),

14
v=0 5+

where H is an entire function. The final result is, after replacing 2 — s by s,

(27)

—Tis = 1 1
T @y Ly

v=1

= ((s) + 2(s) |

sinms |= ., (rei?)2=stv
UL o i a1
m(l—s) prt 2—s+v +H2=3)

There follows the validity of the claims issued in §. 1 concerning Z(s).

8 6.
The function

o
Z(s,x) = x—s
o P
In formula (14) I replace t by —t and use the formula
"(—t t "1+t "1+t
CC(( t))—log(27r)+gcot7r—+ a+y A+

2 (14t 148"
Multiplying the resulting formula by 2~! and differentiating, one gets
(28)
%{F(m, —t)z ' + 7 log(2m) — x_t% - x_t(g cot %t + ijg:g)}
T o g xP
R R R R 7 R Pl

In the vicinity of ¢ = 0, the left-hand side can be expanded in a standard
power series

201 S

v=0

t Error: both terms e~7%* in (27) should read —e~ 7%, and this affects the results
(13) above. (A.V.)
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Next, in the angle
T T
—5-1-5 <arc(t) < +§ —€

(e positive, and arbitrarily small), this function behaves everywhere regularly,
and upon multiplication with an arbitrary high power of ¢, it tends to the
limit zero uniformly for increasing || (z > 1). Also, r is positive and smaller
than the radius of convergence of the above series, hence along the lines

i0

0 xe O<9<g7

the integral of the left-hand side of (28) multiplied by t*~1dt,

6

/ po1 0 { }dt
0 ot
can be brought to the form

ocet? et s v
s—1 T
/0 t { } § C S+V + H(s),

where H is an entire function. The integrals performed on the right-hand side
of (28) give the following results,

ooc ys—1 o gsmt (1l —s)
_x/g (1+t) _x/o 1+02 " sinms
/(><>e 5= 12 —/_oots—li—x_QV dt
o (2v — 0 — (2v —t)?

) +o00 ) (1 _ S) > p2v
_ pTis ts—l dti _ pTis m
¢ /0 l;) (2v + t)2 ¢ sin s 1/2::1 (2v)2-s
16
ooe xP +oeo xP (1 —s) xP
TNy dt = ! dt =
/0 2 (p+1t)? /0 zp: (p+1)? sinms zp: prs’

p

where 6 is so small that it can be presumed there is no p in the angle
0 < arc(¢) < 6. One also has, upon replacing 2 — s by s:

( ei9)2—s+y

o . oo
i T xf sin s r
=+ ——- C,——+H(2-3s)]|.
Z(?u Z x+7r(ls)lz 2—s+v +H(2=s)

S
v=1 P p v=0

T Misprint: the exponent in the right-hand Slde should read s+ v. (A.V.)
+ Misprint: the summation Z should read Z (AV)
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The right-hand side is obviously an entire function of s, which takes the
value x for s = 0 and for negative integer values s = —n. The first series on
the left-hand side is also (z > 1) an entire function of s, which for s = 0 and
for negative integer values s = —n turns into some rational functions of z, so

that
- d\n 1
n _—2v __
;(72@ = = (:E%) poRREE
Hence without further ado, one obtains the validity of the claims in §. 1
concerning Z(s, x).
§7.
The function
_ 1 x_p
2oy
x z,,: (=p)
Replacing ¢ by ¢ — 1 in the formula (28), and bringing the term

x
2

to the left-hand side, one is led by the above method (bearing in mind that
1 — p and p both run through the complex roots of {(t)) to the formula

'n'zs i x72u ! § : z
y=1 2V + 1 P (—p)é
. i0\—s s 10\2—s+v
_, sinws (re*?) (re'?)
_ _ c, L) L He- s,
* (1 —s) TS erZ:o 2—s+v +H(EZ =)

- 1
which yields all that was said in §. 1 regarding Z (s, E)

§ 8.

The functions

xp .Tp
Zi(s,z) = — Zs(s,x) = Z —
v>0 p v<0 p
1 x 1 z®
A1) =Y a(l)-x L,
T p° T p°
>0 v<0

T Misprints: both £=° and z° should read z=*. (A.V.)
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Zis) =S L, Zy(s) =52

V)
>0 ps

p=p+1y, x> 1.

V)
<0 ps

The nature of the functions defined by those series is now also easily ob-
tained, if one notes that

(31) { Z(s,x) = Z1(s,x) + Za(s, ),
Z(s,x) = ™57 (s,x) + e ™ Zy(s, 1);
[ eal ) eald)
_ 1 . s
Z(S, ;) =e™ 7 (s, E) +e Za (s, —),
(33) { Z(s) = Z1(s) + Za(s),
Z(s) = ™5 Z1(s) + e~ Zy(s).

From (31), for instance, it follows that

) Z(s,x) —e ™5 Z(s, 1)
2i Z1(s,x) = o .

The numerator is an entire function of s, which vanishes not only at the
points s =1, 2, 3,---, oo but also at the points s =0, —1, —2,---, —o0.
The former is due to the series ') for Z(s,z) and Z(s,x), the latter to the
formulas (7) and (9). The same obviously apply also to the functions Zs(s, x),

1 1
Zl (Sv _)a Z2 (Sa _>
x x

1) By a result of VON MANGOLDT, the series

xP

P

converges for all z > 0. Concerning the point s = 1, one needs to prove that
. xP . _ 2P
llzrri Z(S,az):z:7 and £1=Iri Z(s,x):sz7
’ 2

but I will not elaborate on this further.
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1 1
The functions Z1(s, ), Za(s,xz), Z1 (s, —), Zo (s, —) are also entire func-
x x

tions of s for every x > 1.
From the formulae (33), in conjunction with (12) and (13), it follows that:

The functions Z1(s) and Zs(s) are meromorphic in the whole s-plane,
with a double pole at the point s = 1 and with simple poles at the points
s=0, -1, =2,---, —o0.

The results developed in this work can be generalized without difficulty.
I will only allude to that. Setting

xPte

Z(S,.’IZ‘,(I) = Zm,

where x is positive, and initially different from 1, then Z is an entire function
of s. If @ = 7* is rational, then for s = 0 and for negative integer s, Z turns

into certain rational functions of {/z.

Helsingfors, January 1917.
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56
Functional Equation (Riemann (-
function), 25—27, 29, 33, 34,
36, 39, 69, 71, 114
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49-51, 6769, 72, 75, 80—81
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like Riemann’s, 28, 92, 97, 102-106,
129, 137-138
central symmetry, 97, 100
other, 14, 28-30, 43, 45

G

Generalized Riemann Hypothesis,
see Riemann Hypothesis,
Generalized

generalized zeta functions, see zeta
functions, generalized

geodesics (periodic), 52-53, 129

“good” ordinates, 38—39, 51, 61

H

Hadamard product, see infinite product,
Hadamard

harmonic numbers, 16, 17-22

Hurwitz zeta function (¢(-,-)), 28—31,
55-56, 59, 61, 64-66, 69,
101-106

I
infinite product, 2, 9-11, 87
Euler, see Euler product
Hadamard, 10-11, 35-36, 62, 66,
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Weierstrass, 10—11, 12-13
zeta-regularized, 15—-19, 20, 21, 30,
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intrinsic (function or formula), 11, 13,
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K
Keiper—Li coefficients (\,,), 71, 83, 97,
100, 114
asymptotic behavior, see Riemann
Hypothesis, asymptotic
criterion
positivity, see Riemann Hypothesis,
Li’s criterion
Kronecker limit formulae, 107-108
Kronecker symbols, 102, 107

L
L-functions, 91, 93, 121
Dirichlet —, see Dirichlet L-functions

Lerch formula, 29—-30

Lerch function, 29, 44

Li coefficients (Ay,), see Keiper—Li
coefficients

Li’s criterion, see Riemann Hypothesis,
Li’s criterion

logarithmic derivatives at 1, see values

(log [N (%), (log |L)™ (L)

M

Mangoldt (von), see von Mangoldt

Mellin transforms, 2, 6—8, 12—13, 15,
20, 23, 28, 60, 63-65, 76, 95,
124, 131

Mellin’s article (1917), 45-46, 70,
139

meromorphic (continuation, structure),
see specific function name,
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Minakshisundaram—Pleijel zeta func-
tions, see zeta functions,
spectral —, Minakshisundaram—
Pleijel

N
number fields, 105-108
quadratic —, 102, 107-108
numerical results, 25, 34, 36, 70, 77, 83,
123-127
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(0]
order
of an eligible sequence, 12, 62, 77,
130
of an entire function, see entire
functions of finite order
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parity bit (a) of a Dirichlet character,
see Dirichlet characters, parity
bit (a)
Parseval formula, 50, 53
Poisson summation formula, 2, 4-5, 27,
50, 53
primary (zeta- or L-)function, 3, 91-93,
97, 101-103, 106, 109
meromorphic structure, 92, 102, 106,
109
prime numbers ({p}), 24, 34, 46, 49-50,
102
principal part (of a function at a pole),
6-7, 13, 21
in a superzeta function, 76, 79—80,
82, 88, 98-100, 117
for simple poles, see residue values
principal-value (PV) integral, 60, 76
product representation, see infinite
product
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56, 65, 67, 76, 79-80, 82, 88,
96, 98-101, 131, 132
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asymptotic criterion, 113—-121
Generalized — (GRH), 121
Li’s criterion, 71, 113, 121
Riemann—von Mangoldt formula, 35,
39-40, 53, 67, 99, 121, 124
Riemann zeros, 1, 34—40, 41, 49, 62—-63,
87, 113, 123, 139
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function over the Riemann
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Riemann zeta function (¢(-)), 28—27,
33—40, 69, 103, 106, 107,
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Hadamard product, 35, 62
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101, 110-111, 133-136
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¢’'/¢, 24, 35, 40, 51-52, 69, 103, 138
bounds for —, 36—39, 40, 51, 61,
64
in superzeta values, 60-61, 63-66,
71, 73, 7576, 85

S
saddle-point method, 115—-117, 119-120
Selberg trace formula, 2, 52—53, 54, 57
Selberg zeta functions, 129, 131, 138
zeros of — 19, 45, 129
zeta functions over zeros of —, see
superzeta functions (extended),
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shadow zeta functions (Z), see zeta
functions, over the trivial zeros
special values, 2, 9, 19-21
of superzeta functions, 36, 41-44,
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rational, 46, 65, 70, 80, 82, 96, 99
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80-83, 96-97, 99-100, 114
of zeta- or L-functions, 35, 69, 101,
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rational, 23, 28—29, 31, 131
transcendental, 27—31, 137-138
spectral zeta functions, see zeta
functions, spectral
spectrum, see eigenvalues
Stieltjes constants, 24, 25, 70
generalized, 105
Stieltjes cumulants, 24—25, 70-71, 73,
119
generalized, 93, 97
Dedekind-¢ cases, 107-108, 111
Dirichlet-L cases, 103—105, 110
Selberg cases, 130, 133-135
Stirling expansion or formula
for log I' or v, 40, 62—63
approximate (top-order), 33, 37,
64, 115, 116, 118
complete (to all orders), 12,
30-31, 77, 94, 120
generalized, 63, 91, 99-100, 103, 106,
132
canonical, 17-19, 6263, 78, 95,
100, 132, 133
complete (to all orders), 12,
14-15, 17, 19-21, 78, 94, 95

Index

sum rules for superzeta values of 1st
kind, 68—69, 71, 97
superzeta function over the Riemann
zeros, 2, 41, 45-47, 54, 139
1st kind (%), 42, 54-56, 5971,
81-82, 84, 87-89, 125-126
asymptotic form (s — —o0), 65,
125-126
meromorphic structure, 41, 45-46,
56, 64—65, 6667
Tables, 71-73, 126
2nd kind (Z), 42—44, 56-57, 75—83,
123-124
meromorphic structure, 41, 46,
76, 78-80
Tables, 84—-85, 127
3rd kind (3), 44, 87—89
meromorphic structure, 41, 45-46,
8788
at confluence point (¢t = 0), 43—44,
46, 69-70, 73, 76—77, 85, 87,
123-127
at the point (t = %)
1st kind (%), 42, 45-46, 56,
70-71, 73, 83, 126
2nd kind (Z), 43, 46, 57, 82—83
85, 124, 127
special values, see special values, of
superzeta functions
superzeta functions (extended), 91-94,
129
1st kind (%), 93—98, 130-132
asymptotic form (s — —o0), 96
meromorphic structure, 96, 131
Tables, 108—-111, 134-136
2nd kind (Z), 93, 98—-100, 132-134
meromorphic structure, 98—99,
132
Tables, 109, 136
3rd kind (3), 93, 100-101
meromorphic structure, 100101
at confluence point (¢t = 0), 97—98,
103, 107, 110-111, 130, 132,
134-135, 137-138
at the point (t = %)
1st kind (%), 97-98, 103, 107,
110-111, 135
2nd kind (Z), 100, 132-134, 136
Dedekind-¢ cases, 91, 106—108
Tables, 111
Dirichlet-L cases, 91, 103—105
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Selberg cases, 91, 93, 129-134
Tables, 134-136
special values, see special values, of
superzeta functions
symbols, list of, xv—xvi

T
tables of superzeta values, see specific
function name, Tables
Theta(-type) functions, 1-2, 9, 19—-21,
29, 130
theta-eligible sequences, 19—21, 29, 130,
131
trivial zeros
of the Riemann (-function, see
Riemann zeta function ({(-)),
trivial zeros
of zeta- or L-functions, see zeros of
zeta- or L-functions, trivial
zeta functions over —, see zeta
functions, over the trivial zeros

(2)

A%

values at integers, see special values
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69, 97, 103, 107, 137-138

von Mangoldt function (A(n)), 24, 25,
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W

Weierstrass product, see infinite
product, Weierstrass

Weyl’s law, 53

4
zeros of entire functions, 10, 27
zeros of zeta- or L-functions
nontrivial —, 91, 92, 129-130
for the Riemann (-function, see
Riemann zeros
trivial —, 23, 28, 92, 94, 105, 129
zeta function, see under specific name
zeta functions, 1-2, 9-10, 12—14, 20
generalized —, 1-2, 4, 14-15, 19,
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meromorphic structure, 65, 95,
131
of the Riemann (-function, 59—-60,
61-66, 69, 76
other cases, 94—96, 97-98, 101,
103, 106, 109, 131-132, 134
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zeta-regularization, see infinite product,
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