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We discuss the spectral properties of a class of sequences that we call of spectral
type. We introduce an effective method to calculate the zeta invariants for this type
of sequences. Such invariants are given in terms of some new and old special
functions, and we consider a number of examples where we study the properties of
these special functions.

1. Introduction

Since it was introduced in the early *70 [1] [25] as a tool to deal with determinants of
elliptic operators and analytic torsion, the zeta function has played a fundamental
role in the new discipline of geometric analysis, where analytic methods are used
to study geometrical objects. This is in fact an older topic, and probably the Euler
Gauss Bonnet theorem is the first example. The zeta function technique in this
context is a new tool to provide information. Such information is given in terms of
particular values of the zeta function, that consequently are called zeta invariants.
The first example is indeed the Euler characteristic of a closed surface, given by
the value of the associated zeta function at the origin. In fact, it turns out that the
more interesting zeta invariants are precisely the values of the zeta function and
that of its first derivative at the origin, the latter being the so called regularized
determinant. An enormous amount of work has been produced since then in this
area, and very important results have been achieved (just two examples are [11]
[18]). In particular the zeta function technique to regularize the determinant of an
elliptic operator became of primary importance in mathematical physics [16]. In
this direction, many works [9] [21] [35] [33] [28] appeared in the literature where
the effort was to give complete results for a number of cases where it was possible
to find out a relationship with some known special functions. These works are all
related with the case of compact connected riemannian manifold, where the zeta
function can always be defined in a subset of the complex plane, by the sum

Culs) = S0y
n=1

of the negative complex powers of the eigenvalues \, of the Laplace operator in-
duced by the riemannian metric [26]. In particular, when a constant term is added
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2 M. Spreafico

to the Laplace operator the zeta invariants of the non homogeneous resulting zeta
function are related to those of the homogeneous zeta function by a relation that
is (for the derivative) a generalization of the classical Lerch formula relating the
derivatives of the Riemann and Hurwitz zeta functions:

1 (0,9) = ¢g(0) +1InT(q).

Under a more geometrical point of view, this is a relation between the regularized
determinants of the non homogeneous and the homogeneous Laplacian operators
on the circle (see Section 3.1). This is the point of view that we will take in these
notes, and in fact one of our result is to give a series of generalization of the
above Lerch formula for some interesting cases (see Section 3). With this purpose
in mind, the approach adopted in these notes consists first in providing a general
abstract setting for the problem: namely, we introduce in Section 2 the zeta function
associated to a particular kind of sequences of complex numbers, that we call a
sequence of spectral type and that covers all the cases of interest. Beside the zeta
function, we introduce for such sequences other spectral functions in terms of which
we give a general Lerch formula (Proposition 2.7). Under this geometrical point
of view, the main results of our analysis are an effective tool (that generalize a
technique introduced in [32]) to calculate the zeta invariants that applies for any
compact connected manifolds (Corollary 2.2), an explanation to the appearance of
the spectral functions in the generalized Lerch formula, and a generalization of the
last on the two sphere, answering a question introduced in [30].

Taking an other point of view, the Lerch formula is a good tool to provide infor-
mation (and in particular the constant term of the asymptotic expansion) for some
classes of special functions. In the Lerch formula for the circle, the derivative of
the homogeneous and non homogeneous Riemann zeta function evaluated at s =0
are related by the logarithm of the Gamma function. When considering different
types of zeta functions, in the Lerch formula different type of special functions will
appear. Under this point of view, the zeta function technique gives a very useful
device to study the properties of these special functions [33] [29] [5] [19] [31]. A
class of zeta functions that has been investigated since very long ago is that of the
multiple zeta functions [3]. As an application of our methods, we analyze this class
of zeta functions and the associated special functions, obtaining some new inter-
esting interpretations and results. This is in Section 3.2. We conclude by observing
that this analysis is also very important in physics. In fact, adding a constant to
the Laplacian on a compact manifold means to add a constant potential term m,
usually a mass term, to the associated physical theory, and it is of great importance
in physics to know the behavior for large and small m [6].

2. Sequences of spectral type

2.1. Definition and spectral functions

Let S be a sequence! of complex numbers whose only accumulation point is the
point at infinity. For the purposes we are concerned here, we can assume without

1By a sequence of elements of a set X we mean a mapping from the natural numbers to X.
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loss of generality that 0 ¢ S. We can order the elements of S using the natural
numbers, and we write S = {a, }nen,, With 0 < |a1| < |az| < .... The number

i Inn
a= lmsuP"HOOIn|an|’
is the exponent of convergence of the sequence S. If « is finite, the sequence is of
finite exponent. For a sequence S of finite exponent «, the series Y | a;,® converges
(locally) uniformly and absolutely for Re(s) > «, and if we assume Re(a,,) bounded
below, the series Y7, e %" also converges (locally) uniformly and absolutely for
t > 0. In geometry the most natural situation where the above setting applies
is when S = 0,P — KerP = {)\,,}>2, is the sequence of the positive eigenvalues
of a linear operator P. The operator P can be an elliptic self adjoint operator
on a compact manifold?, but more general settings are important. In particular,
studying topology and geometry of manifolds, P is the Laplace operator Ajy; on
a compact manifold M, and the associated zeta function ((s,An) = Y o0 A, °
detects many information on the geometry and the topology of the space [26].
When P is self adjoint, positive definite and elliptic, there exists an asymptotic
expansion for the eigenvalues A, = Kn® + o(n¢), for large n, with some K, e > 0,
the function >.°°  e~*n? is the trace of the heat operator and detP = e=¢ (%) is
the functional determinant of P [1]. A full asymptotic expansion [20] [24] for the

trace of the heat kernel -

o .
n=0 =0

can be obtained by using classical methods in pseudo differential operator theory
(see for example [14]). As a consequence, the analytic continuation of the associated
zeta function is regular at s = 0 with ¢(0, Aps) = e, —dimKerAy, and has possible
poles at s = =52, j = 0,1,2,..., that are non negative integers, with residua

m—j €;

Res, (C(S»AM%S_ 2 >_F(m‘j)'

2

This can be obtained using the Mellin transform and the expansion for the trace
of the heat kernel. In particular, all the coefficients of odd index vanish if the
manifold has no boundary [7]. The growth estimate for the eigenvalues can be
deduced applying Ikehara’s Tauberian theorem [36] from the residua at the first
pole of the zeta function. Furthermore, in the case of the Laplace operator Ay,
on a manifold of dimension m, a better estimate for the growth of the eigenvalues
is available. That is to say we have the Weyl formula [17] [22] [27] (where the
coefficients are known)

An = Konw +O(nw),

or even
2 1 1
An = Konm + Kinm + o(nm),

if some suitable geometric conditions are satisfied. The above estimates hold also
if a constant (potential) term is added to the Laplacian. This suggests to start

2When M has a boundary some suitable boundary conditions must be imposed [14] 1.11.
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the analysis from the properties of the sequence itself, with the final purpose of
getting properties and relationships among the zeta invariants directly from some
information about the sequence. This is the point of view of these notes. Our main
result is to show that the main the zeta invariants are determined by the knowledge
of the asymptotic expansion of a spectral function associated to S (Proposition 2.4).
Also, we can introduce a sufficient condition on the sequence to ensure the existence
of such an expansion (Lemma 2.3). To obtain these results we need to restrict the
class of allowed sequences. This we do by requiring two further conditions. Before
we need to introduce three spectral functions associated to S.

Given a sequence S = {a, 52, with finite exponent «, the zeta function associ-
ated to S is the function of the complex variable s defined by the series

when Re(s) > «, and by analytic continuation elsewhere; if Re(a,) is bounded
below, the heat function associated to S is the function of the real positive variable
t defined by the series

o0

f(t,8) = e,

n=0

with ag = 0. For a sequence S as above, there exists a least integer p such that the
series >°°° | a1 is convergent. If « is not an int is th test int 1

1 On gent. If v is not an integer, p is the greatest integer less
that «; if « is an integer, p may be either o or a — 1. In any case a — 1 < p < a.
The Weierstrass canonical product

F(z,8) = ﬁ <1 + ai) exp | (_,l)jz; :

n=1 j=1 J

converges uniformly and absolutely in any bounded closed region of the plane, and
F(z,89) is an integral function of finite order® p = « (this is the first Borel theorem)
which vanishes if and only if z = —a,, for some n. The integer p is called the genus
of the canonical product, and F the Fredholm determinant associated to S.

We can now introduce the definition of the type of sequences we will work with.
First, we use the notation ¥ . to denote the closed sector of the positive complex
plane of angle 6 translated by the real constant ¢, namely X9 . = {\ € C | |arg(A —
c)] < 4}. We call a sequence S = {a,, }32, of finite exponent a a sequence of spectral
type if the following two properties hold:

1. the points a,, are all contained in a translated closed sector ¥ . of angle 8 < 7
and shift ¢ > 0 of the complex plane;

2. the logarithm of the Fredholm determinant In F'(z, S) associated to S has an
asymptotic expansion in terms of powers and logarithms for large z along any

Inln M(r)

3Recall the order of an integral function of finite order f is p = limsup,_, ., e

M (r) is the maximum modulus of f(z) on the circle |z| = 7.

, where
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ray in the complex plane disjoint from X . at least up to the constant term,

namely
K J

InF(z,S)= Z Z a;x2% In* 2z 4 o(1),

k=0 j=0

where the o; are real and ag > a1 > ...y > 0.

The choice of characterizing a sequence of spectral type by a property of one of the
associated spectral functions is suggested by the main application, i.e. the Laplacian
over compact manifolds, where this property is always satisfied as we will show in
Corollary 2.2. First, we show that the existence of an asymptotic expansion for the
Fredholm determinant and for the heat function imply each other. For consider the
asymptotic sequences of functions (see [20] for terminology) f5;(t) = t=° log’ ¢t and
Gok(2) = 2%log" z, where {3} and {a} are any two sets of complex numbers with
Re(d),Re(a) — —o0, and j/k =0,1,...,J5/K, € N, for each ¢ and « respectively
(see also [8] pg. 372).

Lemma 2.1. Let S ={a,}32, be a sequence with finite exponent and suppose the
points a, are all contained in a sector Lg . (0 < m, ¢ > 0). Then, the heat function
associated to S has a full* asymptotic expansion with respect to the asymptotic
sequence { fs;(t) =t° log? t} ast — 07 if and only if the logarithm of the Fredholm,
determinant associated to S has a full asymptotic expansion with respect to the
asymptotic sequence {go k(z) = 2% logk z} as z — oo along any ray disjoint from
Yo

Proof. Before to start, we must point out the following notational remark. We will
often use the complex variable —\ = z, defined by cutting the complex plane along
the real positive axis and setting arg(—\) = 0 on the line (—o0, 0], as usual to deal
with contour integrals of Hankel type, see for example [37] for more details.

First, suppose the heat function has a full expansion. By classical asymptotic
analysis (see [20] or [24]), to prove that F(z,S) has an expansion it is enough to
prove that one of its derivative has such an expansion. Thus, we introduce the
function

d = 1 &N
R(\8) = i mF(=)\,8) =Y | +— +Zaj+1 :
n=1 "o =0 Yn

that we call resolvent function associated to S, together with its derivatives
(k) d*

In particular, notice that
R®(\,S) = d—pR(A S)=—pl¢(p+1,8—\) = —p! i(an — )Pt
) d}\p ) ) — )

4By a similar proof equivalence of expansions of finite order can also be showed.
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since the last series is uniformly convergent, and by applying the Mellin transform

R\, S) = — / T e (£t 8) — 1) dt.
0

Thus, we have expressed R(®) (A, S) as the Laplace transform of the heat function
and we use the Watson lemma, [24] to get the expansion for R(®) from the one of f.
For the other implication, suppose that In F'(z, S) has a full expansion. Let Ag . =
{)\ e C| |larg(A—¢o)| = g} be the boundary of the sector ¥y . appearing in the
definition of the sequence (where ¢ < |a1]|). Then, we can write
f(t,8) —1= € e MR(N, S)d.

o 271 Ag c
In fact, both the series are uniformly and absolutely convergent, and

1 Xt o —ant
— e MR(N, S)dA =) e,
27 S, —
since the integrals of all the non negative integer powers of (—\) vanish, as it can be
immediately seen by modifying the contour to the usual Hankel contour and using
the Hankel formula for the Gamma function. Next, we integrate by parts to get
ft,8) —1= t e Mln F(—\, S)d\
’ 271 Ae,c ’ ’
and we can use the expansion of the logarithm of the Fredholm determinant in the
above integral when ¢ is small, changing the variable in A/¢. In fact, modifying the
contour in a suitable way, we will get integrals of Hankel type in each term. O

Corollary 2.2. The sequence of the eigenvalues of the Laplace operator with a
reqular potential on a compact connected manifold is a sequence of spectral type.

Next, we give a sufficient condition for a sequence to be of spectral type. This is
a quite well-know result but we present a direct simple proof for completeness.

Lemma 2.3. Let S = {a,}22, be a sequence of finite exponent o, and suppose the
following expansion for the general term of S holds for large n

J
_ 1
o= K o (1)).
7=0
with real K; and B3;, and é =0o>p1>-->05>0. Then, S is of spectral type.

Proof. 1t is clear that the point of S are all contained in the real positive axis, up
to a finite number of cases. Then, by a similar argument as in Lemma 2.1, we just
have to prove that the associated heat function has an asymptotic expansion for
small t. We do not loose in generality assuming J = Ky = K; = 1. Then,

oo
55 et [t ]

n=1
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is uniformly convergent to 0 for ¢ — 0F. Therefore, to prove that the heat function
has an asymptotic expansion for small ¢, it is enough to prove that the function

folty =3 e Panr,

n=0

has such an expansion. To do that, we apply the Plana theorem [37] to the sum
fo(t) = Y07 g d(n,t), where ¢(z,t) = e~ (42"t i3 a function of the complex
variable z and of the real non negative variable t. To give a precise definition to
the complex powers, we cut the complex plane along the negative axis, and set
2P = eflnatibl — Beif0 Tf —Z < 5,0 < Z, ¢ is analytic and bounded uniformly
for all ¢ > 0. Let first assume [y < 1, then (5y) = By and [Bp] = 0, ¢ is analytic
and bounded in the strip 0 < Re(z) < M, for all M > 0, and Plana theorem gives

M M

S 6tn,t) = 3 60,0~ oL+ [ ol e+

n=0 0

0

e2my — 1

where the last integral is uniformly convergent. The limit for M — 400 gives

1 (o)
0

= el B o 0 i (i 30+ 4 sin 35)
+2 dy.
0

e?mv — 1

The expansion of the integral in the middle term can be calculated by expanding
one of the exponential and making the substitution u = x%:

e 6 = (—1)F
/ e—m Ute—;ﬂ 1tdx —_ / e—wotz lﬁlktkdft —
A A 2l

o (1) k/oo —ut, Dkt —1 o~ (=1)* (51 1) k—SLlp— L
= t e “uBo "B Tdu ~ ' —=k+— )t B Bo.
kZ:O k! 0 kz:;) k! Bo Bo

In the integral in the last term we can expand the factors, due to uniform con-
vergence, and after rearranging the terms in the product of the series we get the
thesis when § < 1. When 8 > 1, 8 = [8] + (3), and 2° = 27¢*(®)?, O

Notice that the proof of the existence of the asymptotic expansion given for
Lemma 2.3 provides also a method to determinate the coefficients in the expansion
when the terms in the expansion of the sequence are all known. An application is
in [31]. Notice also that applying Lemma 2.3 to the first term in the growth of the
eigenvalues we get the first term in the expansion of the heat function explicitly.



8 M. Spreafico
2.2. Zeta invariants for homogeneous sequences

Next, we generalize a technique introduced in [32] and we give an effective method
to determine the main zeta invariants for a sequence of spectral type when there is
some knowledge on the asymptotic expansion of the associated Fredholm determi-
nant. To deal with the applications that we have in mind we need only a particular
kind of sequences of spectral type, namely the regular ones as defined below.

A sequence of spectral type S is called regular if the coeflicients a;j in the
expansion of the logarithm of the associated Fredholm determinant In F'(z, S) vanish
for all k # 0,1. A result similar to Proposition 2.4 for a larger class of sequences of
spectral type can be proved by precisely the same means, but is more complicate.
In particular, notice that for regular sequences of spectral type, the point s = 0
is a regular point for the associated zeta function ((s,S). In the more general
situation, a generalization of Proposition 2.4 does not state that s = 0 is a regular
point, but just gives some coefficients of the Laurant expansion of the zeta function
¢(s,S) near s = 0. In fact, possible terms of the type lnk+1(f)\) with & > 0 in the
asymptotic expansion of In F'(A, S), should imply a pole of order k at s = 0 for the
zeta function. In particular, such terms appear when studying the spectrum of the
Laplace operator on manifolds with singularities of conical type [12] [8] [32].

Proposition 2.4. If S is a regular sequence of spectral type then the associated
zeta function ((s,S) is reqular at s =0 and

Reso(¢(s,S),s =0) = F1, Reso(¢'(s,5),s=0) = Fp,

where Fy and Fy are the coefficients of the constant term and of the logarithmic
term in the asymptotic expansion of the logarithm of the Fredholm determinant
associated to S, namely, for large z:

InF(z,S)~-+Flnz+Fy+....

Moreover, ((s,S) is reqular in the positive complex half-plane Re(s) > —e, up to a
finite set of poles. The poles are at most J+1, are located at s = ay,ay_1,...,00 =
a, and are of order at most 2. The residua can be explicitly calculated from the
coefficients a; i in the asymptotic expansion of In F'(z, S).

Proof. Using the Mellin transform, we obtain the following analytic representation
of the zeta function

1

— OO s— _ _ L > s— L —A
4(8,5)_F(s)/0 ) 1]dt—F(s)/0 o [ RO,

where the contour and the resolvent function R(A, S) were introduced in the proof
of Lemma 2.1. The behavior of R(\,S) for large A along some ray in the complex
plane disjoint from ¥y . is at most o((—A)P). In fact, taking the p-th derivative or
R(\,S) with respect to A, we get a uniformly convergent series of functions of A
(outside Xg ), vanishing for large A. Next, observe that

R()\,S) = _%T()\,S),
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where

Actually, since we have seen that the possible presence of any further term that
is a polynomial in —X\ in T'(},S) does not affect the analytic representation of the
zeta function, we can take the more general possible form for T'(), S):

T\ S) =T\, S)+ Pe(N),

where Pj()\) is a polynomial of degree k in —\ with P, (0) = Tp. The introduction
of this more general form for T" is due to the fact that, in applications, we find often
that T can be expressed in terms of some known special functions. Since e~7(5)
is an integral function of —\ of finite order a with zeros at a,,, that does not vanish
at the origin, by the Hadamard factorization theorem

e TS — @ =V (=) 9),

where @, is a polynomial of degree p. Also, due to the known behavior of R(A,.S),
we have that for large A outside ¢ ., T'(A, S) = o((—\)PT™1). In particular, T'(), S)
has an asymptotic expansion since S is of spectral type, and let

T(\S) = —InF(=),8) — = Zajk N I (=X) + o(1) + Q,(\) =

k=0,1 5=0

4+ B+Aln(=A)+....

The introduction of the function T'(A, S), allows to integrate by parts first in the
A and then in the ¢ integrals, in the analytic representation of the zeta function

¢(5,5) = i/m p [ 0 sy
)T omi fy, . A '

The presence of a factor with a zero of second order at s = 0, allows to use the
standard technique (see for example [14]) employed to calculate the residua also to
treat the derivative at s = 0. In fact, splitting the ¢ integral at ¢ = 1, the integral
floo represents a regular function of s near s = 0, and hence gives no contribution
to the derivative. We can write

((s,8) = 5/1 por L LMT(A S)dAdt + O(s%)
PUTTE Sy To2mi Sy, A s

For what concerns the integral fol, we can change the variable A to A/t, and use
the expansion of T'(\, S) for large A, provided we can modify the contour without
crossing the pole at A = 0. A way to do that, is to split the contour as Ay, =
Ag,—c — C., where C. is a circle of ray c and center in the origin. Thus

((s,8) = 1) {-~-—I:+7A—B+T(0,S)+... +0(s?),

I(s)
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Reso(¢(s,5),s =0) = —A, Reso(('(s,S5),s =0)=—-B+1T(0,9),

and it is clear that —A = F} and —B + T(0,S) = Fy. The same method applies to
prove the second part of the proposition, using the complete expansion given above

and recalling that
1
1
t*Intdt = ——.
fe (@ +1)?

O

Proposition 2.4 suggests to call a regular sequence of spectral type simple if the
associated zeta function has only simple poles. Here are conditions for this.

Lemma 2.5. A regular sequence S of spectral type is simple if one of the following
conditions is satisfied:

1. the unique logarithmic terms appearing in the expansion of In F'(z,S) are of
the form In(—X) or (—=A)In(—=X);

2. there are no logarithmic terms in the expansion of the heat function f(t,S).

2.3. Non homogeneous sequences

In this section we analyze the problem of the contribution to the zeta invariants
of the addition of a constant term to the general term of the sequence S. Namely,
we consider a shift of the sequence S to the sequence S, = {a, + a}22,, with real
a >0, and Sy = S, and consequently the non homogeneous zeta function

((s,Sa) =Y (an+a)™*.

We assume the sequences are all regular and simples. It turns out that a general
form of the Lerch formula still holds (see also [35]), and this can be proved as follows.
First, expand the power of the binomial in the definition of the zeta function

o0

((5,8) =Y <jS)C(5 +4,S0)a?.

§=0
Now, if we explicit the first p terms, we get

.50 =3 (F)cto wisow + 3 (F)cto +sson

=0 j=p+1

<.

We can calculate the s-derivative of the first term at s = 0 using the expansion
—s : (=1 : : , , 2
i ((s+7,5) = - {R1(4) + [Ro(4) + (v + ¥ (1)) Ra(5)] s} + O(s7),

where Ry (j) = Resk(¢(s,50),s = j), for j > 0. For the second term, notice that

i)

s=0 Vi
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and hence taking the s-derivative at s = 0 we get

> (UC(%SOGJ:—lnH(l_'_ )z Lot

i=pr1 7

We have then proved the following facts:
Lemma 2.6. For |a| < |a4],

i (—1)7+1

InF(a,S) = Y  ~——C(j,So)a’
Jj=p+1
Proposition 2.7. (Lerch formula) For all a,

p .

¢(0,84) = ¢(0, 5) al,
j=1
p .
¢'(0,84) = ¢’(0, 50) + (v +9)Bi(j)] @’ —In F(a, Sp).
j=1

This gives a relation between the functional determinant and the Fredholm de-
terminant [35] [29]. Notice that, when considering the zeta function associated to
the Laplace operator Ay, the residua at the poles are expressible in terms of the
coefficients of the heat kernel expansion, namely

. €m—2j
Ri(j) = ——+
I'(j)
We will apply the formula in Proposition 2.7 to some interesting situations in

the next section. As a first example, we show here how it can be used to prove the
following factorization lemma of Choi and Quine [13].

Corollary 2.8. Let S = {a,}>2, be a reqular simple sequence of spectral type with
finite exponent a and genus p. Let L = {a2}2%,, and a any real number. Then,

(0, Lue) = 5 (€00, Sia) +€(0, 5],

(2] i g
¢'(0,Lg2) = ¢'(0, Sia) +¢'(0,5ia) ; ; %7 TResi (¢(s, 80), 5 = 2j)a*.

N\'E

Proof. 1t is clear that L, has exponent § and genus [123] Since ((s, Lg) = ((2s, S0),
ReSk(C(57 Lo), s = ]) = 2ikReSk(§(5a SO)7 s = 2])7

and the thesis follows now from Proposition 2.7, using the relation

k
+Z2J

Jj=1

P(2k) =

ww
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3. Applications and examples

In this section, we apply the devices provided in Section 2 to different examples. In
each case, we put in evidence the relative Lerch formula. In particular, in 3.1 we
review the classical case of the circle, while in 3.3 we deal with the two sphere.

3.1. The zeta function on the circle

The aim of this section is to show how the method outlined in Section 2 works
on the simplest case: this is the one dimensional case with S = {a, = n} and
L = {a, = n?}. The first, corresponding to the positive part of the operator i%
and the second related to the Laplace operator on the circle. In the first case,
a = p = 1, the zeta function has a unique simple pole at s = 1 with residuum 1,

and regular part «;

> N
tS—I:Z =7 Z—'Bjtﬂ_l,

where B; are the Bernoulli numbers (see [15], By = ¢),
RA,S) =7+ (=2 +1);

a possible choice for T'(A,S) = —In F(—=A,S) is y(—A) + InT'(=A + 1), so

i -\ “a
T\ S)=—-InF(-X\,S)=—-In H <1 + n) e Th =
n=1

= (=N In(=\) + (v = 1)(=\) + %ln(—)\) + %ln o + Z Qj(B2j (=),

=22 =1

and T(0,5) = 0. Applying Proposition 2.4,
1 , 1
C(O7S):_§a C(O,S)=—§ln27r.

In the second case, a = %, p = 0, the zeta function has a unique simple pole at

g = % with residuum %, and regular part ~;

11 /7 1 ,
tL—l_ _nt £ — = — - — O—f
L) \/ e Tos=gT g toeE

by the Poisson summation formula (the Fourier expansion for the theta function),

ROLL) = 1 - zcthm/—)\7

2(-\) 2 =X

T(\L)=—InF(-\L)=—In ] (1+;§> _ SV
n=1

w\ﬁ
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1
= —mV=A+ 5 In(=A) + In2m + O(e™ 2™V,
and T(0, L) = 0. Applying Proposition 2.4,
Cs1(0,0) =2C(0,L) = —1, (4 (0,0) =2¢'(0, Lo) = —21In 2,

where we introduce the notation (gn(s,q) for the zeta function associated to the
non homogeneous Laplace operator on S™ (thus (s1(s,a?) = 2¢(s, L,2)). Applying
Proposition 2.7 we can also deal with the non homogeneous associated problems,
namely the zeta functions

(5,50 =S (n+a) ™, C(s,Laz) = 3 (0% +a?) %,
n=1 n=1
getting
OS)——E—a ¢(0,L )——1
C( Da) =Ty ’ s Lig2) = 9’

Cl(ov Sa) = CI(Or SO) —7a— lnF(a7 S) = C’(O, SO) + lnF(a + 1)7
Lerch formula  ¢’(0,5,) =¢’(0,5) + InT'(a + 1),
that is the classical Lerch formula, and

h
(0, Lyz) = C'(0, Lo) — In F(a%, §) = — In 27 — In 2,

ma

Lerch formula  (4,(0,a?) = (%, (0,0) — 21n i@

Ta

that is a first generalization of such formula. In particular, notice also that
C/(Ov Laz) = C/(07 Sia) + C/(Oa S*ia)u

as expected from Corollary 2.8.

3.2. Multiple zeta and Gamma functions

Multiple Gamma functions, and in particular the double Gamma or G function,
were introduced long time ago by Barnes as natural generalizations of the Euler
Gamma function [3], and multiple zeta functions appeared in the same context as
generalizations of the Riemann zeta function. Consequently, different approaches
and various generalizations appeared with different aims and applications: in [33]
multiple Gamma functions are introduced to study the functional determinant on
the spheres, while a generalization of the Barnes G function [4] is considered in [29].
We study the two classes of zeta functions associated to these two classes of special
functions, and we show how they are related in a very natural algebraic way. We
introduce a slightly different definition for the multiple Gamma function, that will
turn out to be a more natural generalization of the Euler function.

Let n = (ng,...,n,) be a positive integer vector in Nng? where m = 0,1,...
is fixed, and a a non negative real constant. We prefer to avoid the zero vectors in
the definition since this allows more compact formulas in the results. Then consider
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the sequence S; , where the general term n + a, with n € Ny, appears n™ times
and Sy, = {ng + -+ Ny + a}neNgL+1. The associated multiple zeta functions are

Zm/(s,a) = ((s,51,4) = an(n +a)”?,
n=1

(m(s,0) =C(s,820) = D (no+ni+-+nm+a)*,
neNg !

for Re(s) > m + 1, while the associated special functions are®

G (2 + 1) = e mitr Gru(mTD)z" =52, D Cr(j—m) 2+ 57, (— 1) (7)ChG—m)2? o

o) m o
Z\ "1 m s~m+1 (=17 7
X H (1 + E) e Xim nd
n=1

_1ym . m ; . i+1
1 = o T [y U+ D) smea 1 0 ey (— D S k41 CRGAHT—R)] 24
Thn(z+1)
z mit (=0 e
X H (1 + ) 62-7:1 J o (ng+tnm)d ,
b no + PN + Nm
neN{

where the constants s; j are the Stirling numbers; their appearance will be clarified
in the following. Some remarks on these definitions are in order. The definition of
the function G, is the one given by Shuster in [29], and it is in fact the natural
generalization of the definition given by Barnes for the G function [4]. Actually, it is
the most natural generalization of the G function at least for the following reasons:
it reduces to the Barnes G function for m = 1, it is normalized by G,,(1) = 1, and
it satisfies a functional equation similar to the one characterizing the G function.
The definition of the function I',, is essentially the one given by Barnes, and then
the one considered by Vardi [33]. However, here we prefer to stress the relation with
the multi linear zeta function (,,, and therefore we choose normalization in order to
give a nicer Lerch formula. Our definition also allows to introduce further multiple
special functions related to the quadratic version of the multiple zeta functions z,,
and (,,, as in Corollary 2.8. We will give the main properties of all these new special
functions at the end of this section.

We first introduce a natural algebraic relationship between the two sets of multi-
ple zeta functions, that shows their common nature. Recall the rising factorial [30]
R(z,k)=xz(x+1)(x+2)...(x +k — 1), is a polynomial in z of degree k > 0

k—1 k
Rz, k) = [[(x+35) =D (-1 sy ja?,
=0 =0

whose coefficients sy ; are the Stirling numbers (s; o = 0, Yk > 0). Now,

o0

nlsa) =3 (" F

n=1

5G0(Z+ 1) = ﬁ
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and
r+m 1 15 . 11
( ) = i L@ +d) = 552 Rem+1) =
0 !

m m:

1 . 1
= Z(—l) s 12’ = mBm(fU),

the last equivalence defining the polynomial B,,(z) of degree m. In particular
By(z) =1, By(z) =2 +1, By(z) = 2° + 3z + 2,

and all the B,,,(z) have positive integer coefficients. It is also easy to see that the set
{Bo(z),...,Bpy(z)} form a basis for the algebra of the polynomial of maximum de-
gree m, Py, (), since the matrix A,, to pass to the standard basis {1,z,z2,..., 2™}
is upper triangular, with all 1s on the diagonal. Thus, detA,,, = 1, and hence actu—
ally A,, € Sl,,(Z). This gives the following relation for our zeta functions. Introduc-
ing the variables® z, o = zo(s,a), 2., = 2(s,a), (5,0 = Co(s,a) and ¢, , = (((s,a),
and the formal powers 2", = 2, (s,a), and similar for the others, we can write

m!CZLa = Bm(zs7a)’ m!(cl):?a = Bm(zg,a)a

and these formulas can be inverted in Sl (Z ) For example, ([ = (n(s,0) =

#Bm(zs,o) ml Zg 0( ) j5m+l ]+1Za 0= ml Zg 0( ) jsm-ﬁ-l ]+1ZJ(S 0).

We now study the zeta functions z,, using Proposition 2.4. For S1 4, a = p =
m+ 1, z,(s,0) = (r(s — m) has a unique simple pole at s = m + 1 with Ry = ~
and R; = 1. The associated Fredholm determinant is

o0 m
Z\ " nm m+1 (=17 1)J 2J
F(z,510) = (1 7) b ;
(Z7 1,0) H + n e i J )
n=1
and we can take

=™

T\, S10) =—InGp(-A+1)=---— .

Bpi1In(=X) — Cr(—=m) + ...,
where the expansion for large A is given by [29]. Propositions 2.4 and 2.7 give

(_1)m+1

zm(0,a) = —

[ m—+1 - B +1]

(-1

2+ 0+ D)™

z1/n(05 a) = C;%(_m) +
+Z
j=1

Lerch formula 2/, (0,a) = Z;.”:O(—l)j (’J")g;%(] —m)a? —InGp(a+1).

CR j—m)a’ —InF(a,S1,),

6In particular, zo(s,a) = (g (s,a + 1)
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Next, consider the sequence S5 ,. We have again & = p = m + 1, but now the

homogeneous zeta function has simple poles at s = 1,2,...,m+ 1. The residua are
1)ym+k+1 m —1)ym+J .
ReSO(C’m(S’O))S = k) ( ) 7 VSm+1, kT Z %Smﬁ-l,j-‘rlg}%(k—j),
j=0,j#k—1 )
(_1)m+k+1
ReSl(Cm(S, 0)7 S = k) = Tsm+1’k,

for k=1,...,m+ 1. The Fredholm determinant is

(=17 23

m—+1 2
F(z80 = ]] (“M>Z T

nENSnJrl

We can calculate (,,,(0,a) and ¢/, (0, a) using the know values for the z,, functions
and the relation introduced above, explicitly

=™

m! (—1) $m+1,541Cr(—4);

Cm (07 0) =

M-

Il
=)

J

(=™

m!

(=1) $mt1,j+1CR(—4),

NE

(m(0,0) =

<.
I
o

Then, using Proposition 2.7

m m—+1
(m(0,a) = ¢ (0,0) — (=1) > %smﬂ,jaﬁ

m!
=1

C;n(O, a) = C;n(o, 0) —In F(a, 5270)4“

—)m . S : ' :
- m? Yo @y YDsmars = Y (DM smpiunaCr( — k)| o,
S J k=0,k#j—1

Lerch formula ¢,(0,a) =¢,(0,0) + InT',, (¢ + 1).

We closed the discussion on these linear multiple zeta functions by giving the
functional equation for the homogeneous z,,. This can be deduced from the classical
reflection formula for the Riemann zeta function (where s, = 2m + 1)

s=sm Sm—S m _s (S m
w2 F( m2 —2>zm(sm—s,0):7r 2F(§—§>zm(s,0).
Next step is to consider the related quadratic sequences, L ,> = {n™(n? +
a®)}o2, and Lo,z = {(no + -+ nm)? + a2)}neN6n+1. For the first, o = 21

D = pm = [a] (the integer part), and the associated zeta function is

Zm(s,0?) = C(s,Ly1,42) = Zn n? 4 a®) 7",
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The homogeneous zeta function is Z,,(s,0) = 2,,(2s,0) = (r(2s — m), with a
simple pole at s = mTH with residua Ry =~ and Ry = %

Z’m(oa 0) = CR(_m)7 Z;n(()?O) = 2C}é(_m)7
> 2 nm m Pm —1)J a2j

F(azaLl,o) - Hl (1 + jﬂ) en i=1 : ‘71) n3J
n=

We can use both Proposition 2.7 or Corollary 2.8 to compute Z/, (0, a?). Now,

G 2)Gom(1 — 2) = 21 B(E)Chtas=m) = catai—m]=2

2200 (244 (m+1)) 2" r 2\ myem 12)

=201 (2y m z _ n =1 5 27

xXe +1 H(l n2> e J=17 727
n=1

(where p(n) = 0/1 if n is even/odd) suggests to introduce the function (and its

dual Sh,, of purely imaginary argument as usual)

_5p(m) m+1 _ s pm—11 i 2]
Sy (77) = mre2 B A1) = T HCR (2 -m)t

such that

Gon(1 4+ )G (1 — 2) = 25 ()R Cs=m)= Sm(T2)
Tz

)

Lerch formula 7! (0,a%) = Z/,(0,0) — In Sh’;((fa) — 2(_1)72:if(m) o ;::

The functions S, and Sh,, can be thought as multiple sine and hyperbolic sine
functions, and in fact they share with the classical sine and hyperbolic sine functions
some important properties as we will show at the end of this section (see also

[19]). Before, we consider the last sequence, namely Ly ,2. In this case, o = mT'H,
P = pm = [a], and the associated zeta function is
Zm(s,a2):<(37L2,a2): Z [(n0+...+nm)2+a2]—s;
n€N0m+l
the function Z,,(s,0) = (,(2s,0) has simple poles at s = 1,1, 3 ... ™tL with

Reso(Zm(s,0), s = k) = Reso(¢n (s, 0), s = 2k),

1
Res1(Z,(5,0),s = k) = §Resl(gm(s, 0),s = 2k),

and

9 a® e L, R
F(a L2 O) — 1+ e—I=l i (ng+-tmm)? |
’ s 2
i (no + -+ 4 nm)
n&No
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As before, we can introduce the functions S, and Sh,, by

Sm(mz) =

—1)™ . j m . i

= 7rze( o i) %[(27“1’(2”*2{»:1 TET ) SmeA1.25 T g kpaj 1 Sm1,kt1CR (25— k)] 2 X
22 pmo1__ 220
X H 1— ( )2 e I=t J (ng+---+nm)?J ,
neNgz+l
so that
—1)ym i N
1 = e( o P LS s smer22 Sm(m2)
T (14 2)Tn(1 — 2) 7z

and Lerch formula ,a“) = ,0) — In =——
d Lerch f la 2! (0,a%) = Z. (0,0) — In Shmlra)

m™a

that should be compared with the one obtained for the circle in 3.1.

We conclude this section by giving some properties of the multiple special func-
tions. Let’s start with the multiple Gamma function I',,. We get from the definition
that T'g(z) = T'(2) and T',,(1) = 1 for all m. Next, since

m+n+1 _ m+n\ [(m+n
m+1 m S \m+1)’

Cm+1(sva + 1) = Cerl(saa) - Cm(saa) - (a + 1)_8‘

we find that

This can be used to prove the following functional equation for the I',:

Proposition 3.1. (Functional equation)

— 4 (Z)
1) = ¢’ (0,0) zl m41
Cry1(z+1)=e T

Thanks to these properties, we find that the definition of the multiple Gamma
function T';,, actually coincides with the one given by Vardi in [33] up to a constant
factor (depending on m), that is to say it is the unique function satisfying the above
properties” and some regularity assumption as shown by Vigneras in [34] (see also
[2] for the case m = 0). With our normalization, not only the Lerch formula, but
also the following duplication formula take a nicer form.

Proposition 3.2. (Duplication formula)
/ 1
I'n(2z) = 2_<m(0’22_1)ecm(O’O)Fm(z)rm (z + 2) .

"Here there is also the extra factor z due to the fact that we have excluded the zero modes in
our sum.
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Proof. By definition

Co (8, @) + Com (5,x1>25 > @no+ 420 +22) "+

2
neNg' !

420 3 (200 + <+ 20 + 20— 1) = 2°( (s, 22).

neNg !
Then,
1
¢ (0,2) + ¢, (O,x — 2) = (n(0,22)In2 + ¢ (0,22),
and we can use the Lerch formula with 2z + 1 = 2z to get the thesis. O

The Taylor expansion of InT',,(z + 1) for small z can be immediately obtained
from Lemma 2.6 and the definition, while the asymptotic expansion can be obtained
from the one given by [29] for the G, function, and using the fact that

—InT,(z+1) =

) St i1 |InGy( ZJ‘; () (k—j)z ]

Proposition 3.3. For large z,

S

Inl,, (2 +1) =
(_1)m+1 m Sm+1,]+1 i m 5m+1,]+1 ) i1
:T —Z —_— 2z 1nZ+Z ’Y—‘r’(/J(j-i—Q))Z +

= Jj+1

m 1 -
+z% T8mt1,j+1CR(— +§% Tttt B inz +0(z71).
J= J

As a final remark, a particular value of the multiple gamma function. Applying
Proposition 3.2 with z = % and using the values calculated for the zeta functions

r. (;) — 96 (0.0)g—C (0,0) _

(=)™ —m . (=)™ —m s
— 9 Ej=057rz+1,j+ICR(_])e_ ] Zj=05m+1,j+1CR(—J)_

This is a remarkable formula, since it express the value of the I';,, at % as a function
of the dimension m; it seems the most natural generalization of the classical

r (;) — 20— O) — /7.

and then gives an other answer to the question considered in [33].
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Eventually, we give some properties of the multiple sine functions. It is clear
that the two sets of functions (S and Sh versus S and Sh) are related by the
same algebraic relation introduced above for the zeta functions; thus it is enough
to study one set of functions. It is easier to consider the functions Sy, (z), that are
more explicitly related to the Barnes functions. Using the known expansions for the
G, functions, we get:

Proposition 3.4. For large real x,

In Shy,(mx) =
) (1 .
_2m7+1x ne+ o [2p(m)(y + (m + 2)) + 7p(m + 1)]2™ T+
2Bt

+Inmx — Inz + 2¢k(—m) + O(z™1).

+1

As for the function I';,, the Taylor expansion for In.Sh,, can be obtained from

Lemma 2.3. We prefer to conclude by considering explicitly the case m = 1. In such

a case we introduce the dual cosine double function that will turn out to be useful
in the next section. With m =1

and the following relations hold

S (g :I:z) =T <; + ;) [G <;)]20(z),

G(1+2)G(1—z) = SS:), G <; - z) G (; + z) = [G (;)]QO(M).

3.3. The zeta function on the two spheres

In this section we consider the sequence S = {(2n + 1)[n(n + 1)]7°}52,, that is
to say the spectrum of the standard Laplace operator on the two sphere of unit ray.
Now, oo = p = 1 and the associated zeta function is

o0

Cs2(5,0) = C(5,8) = 3 2n + Dln(n + 1],

n=1

for Re(s) > 1. The non homogeneous zeta function (g2 (s,a?) = ((s,S,z2) is

AR
n 2 q

oo oo

Cs2(s,a?) = Z(Qn—I— Dnn+1)+a?]* = Z(Qn—i— 1)

n=1 n=1
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2 — 1. This suggests to consider instead the function [35]

Co(s) = i(2n+b) <n+ Z) o _ 272 <n+ g) —2s+1

n=1

where ¢ = a

with b = 1 as the (non homogeneous) zeta function associated to the problem. In
fact, ¢1(s) factors through the Riemann zeta function

oo

Ci(s) =22 ) (2n+1)7>F! = (2% — 2)Cp(2s — 1) — 2%,

n=1

and in this way we get the zeta invariants for (;(s) = (g2 (s7 i) and using Propo-
sition 2.7 those for (s2(s,0). In particular, this means that (gs2(s,0) has only one
simple pole at s = 1 (see also [30]) with

Resi(Cs2(s,0),s =1) =1, Reso(Cs2(s,0),s =1) = 27.

Despite that, the function (;(s) seems completely unrelated with the geometry,
as can be seen by considering that ¢;(0) = 12, while the value at s = 0 of the
zeta function associated to the Laplace operator over a closed surface is

1
Cm(0) = éx(M) — dimkerA y,
that gives —2 for M = S%, where x (M) is the Euler characteristic of M. Because of
this reason, we investigate directly the zeta function (gz(s,0), naturally associated
to the geometry of the problem. First, consider the heat function

o) = £(6,8) = Y (s et 41

We give here a simple method to obtain the full asymptotic expansion of fg2(t)
for small ¢ using special functions. This result was originally obtained by Mulhol-
land [23] by direct calculation, and is indeed a very useful result since it allows to
compute asymptotic expansions for the heat kernel not just for all spheres, but for
all symmetric spaces of rank one [10]. Consider the function

oo

_ ”— S n+ 2 2, d —(n+8)%
=4 ZQn—I—b ) ;64%26( 2)

n=1

where b is a real parameter. Then, fg2(¢) = f1(t) + 1, and we get the asymptotic
of fs2(t), providing the one for f,(t). After some computation, we can write

fo(t) =

b2

262;;//\69 _M[w<1+ —HF)-H/)( +—Z\ﬁ)—2¢( b)}dX
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Changing the variable to A/t and expanding the factors by using the know ex-
pansion for the digamma function, we get

fs2(t) = fi(t) *+Za]tj—f+1+1f5+

1
4 = 52542

1) (22k+2 2)

1 J
B
(G +1)! +Z% (k+ 1)1 — k)l 2FF2

Next, we give formulas for the other spectral functions on the sphere in terms of
special functions. First, considering the expression ¢(c) — ¢ (a+b) + ¢ (d) —(a—b),
we obtain

RS = (42) 4 (F-2) - 0@ - v,

where z = /A + i. The important point is that this expression can be integrated
in term of the Barnes G function. After some manipulation, we get

s -\ 2n+l (2n+1)A
T =—InF(— =-1 1+ — n(nfl) —
(A, 9) nF(=X\,95) nH( +n(n+1)> e

=-2InG @ + z> G <; - z) ~InT <; + z) r (; - z>+(27+1)(—)\)+1n(—/\) =

and this can be written using the multiple cosine function introduced in Section 3.2

=—-2InC(mrz) +In cos Tz

+(2y+1)(=A) +1In(-A) —4InG <;> =

~'+(B1+;>ln(A)+;44;2(1)+....

This gives
2 1
Cr0)= =5, Cal0) =ACH(-1) ~ 5.
The non homogeneous case (g2 (s, a?) follows from Proposition 2.7. We get (com-
pare with [35])

2
Cs2(0,0%) = =% — .

1
Cha(0,02) = (52(0,0) — 2va? — In F(a?,8) = 4CR(—1) — = + a® + Ina®+
S S R 2

el )i
M@ FM F)
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Lerch formula (52(0,0%) = (42(0,0) —4In G (1) + a* + Ina+

1 cosTy/1 — a2
—2InC|m\/-—-a? | +In——F———.
4 T

This is a further generalization of the Lerch formula and answer a question of

[30] in terms of special functions.
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