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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. October, 2005 ICMC-USP

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
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302 M. SPREAFICO

of the complex plane, by the sum

Culs) =D A
n=1

of the negative complex powers of the eigenvalues \,, of the Laplace operator induced by
the riemannian metric [26]. In particular, when a constant term is added 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:

Cu(0,9) = ¢x(0) + InT(q).

Under a more geometrical point of view, this is a relation between the regularized deter-
minants 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 2.2.7). Under this geomet-
rical 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 2.2.2), 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 information
(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 interesting
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].
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ZETA INVARIANTS FOR SEQUENCES OF SPECTRAL TYPE 303

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 loss of generality
that 0 ¢ S. We can order the elements of S using the natural numbers, and we write
S = {antneny, with 0 < |a1]| < ]az| <.... The number

. Inn
o = thuanooW’
n

is the exponent of convergence of the sequence S. If « is finite, the sequence is of finite
ezponent. For a sequence S of finite exponent «, the series > °  a,* converges (locally)
uniformly and absolutely for Re(s) > «, and if we assume Re(a,,) bounded below, the series
Yoo e ! also converges (locally) uniformly and absolutely for ¢ > 0. In geometry the
most natural situation where the above setting applies is when S = ¢, P—KerP = {\,,}°%,
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 impor-
tant. In particular, studying topology and geometry of manifolds, P is the Laplace operator
Ajs on a compact manifold M, and the associated zeta function ((s,Ap) = >0 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 \, = Kn® + o(n®), for large n, with some K, e > 0, the function Y>> je = is
the trace of the heat operator and detP = e~<'(:P) is the functional determinant of P [1].
A full asymptotic expansion [20] [24] for the trace of the heat kernel

o0 o0
E e At t’?E ejt?,
n=0 j=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, — dimKerA s, and has possible poles at s = mTfj,
j=0,1,2,..., that are non negative integers, with residua

Res; (C(S,AM),S = m2—j> = p(ifizﬂ)

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 Tkehara’s
Tauberian theorem [36] from the residua at the first pole of the zeta function. Furthermore,
in the case of the Laplace operator Aj; on a manifold of dimension m, a better estimate

IBy a sequence of elements of a set X we mean a mapping from the natural numbers to X.
2When M has a boundary some suitable boundary conditions must be imposed [14] 1.11.
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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)

3=

An = Konm + O(nm),

or even
Ap = Kon% + Kln% + o(nﬁ)7

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 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 2.2.4). Also, we can introduce a sufficient condition
on the sequence to ensure the existence of such an expansion (Lemma 2.2.3). 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,}>2 ; with finite exponent «, the zeta function associated to S
is the function of the complex variable s defined by the series

¢(s,8) = Z a,”’,
n=1

when Re(s) > a, 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 ¢ defined by the
series

F8) =3 et
n=0

with ag = 0. For a sequence S as above, there exists a least integer p such that the series
oo L a,' 7P is convergent. If o 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 o — 1 < p < a. The Weierstrass

canonical product

Fls S) — i 142 P (—1)7 27
(Za ) - H + a €Xp Z ,7 a7 )
n=1 j=1 n
converges uniformly and absolutely in any bounded closed region of the plane, and F'(z, S)
is an integral function of finite order® p = « (this is the first Borel theorem) which vanishes

3Recall the order of an integral function of finite order f is p = limsup,._, o %, where M (r) is the
maximum modulus of f(z) on the circle |z| = r.
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ZETA INVARIANTS FOR SEQUENCES OF SPECTRAL TYPE 305

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 34 . to denote the closed sector of the positive complex plane of angle
0 translated by the real constant ¢, namely ¥y . = {\ € C | Jarg(A — ¢)| < &}. We call a
sequence S = {a, }52, 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 Xy . of angle § < 7 and
shift ¢ > 0 of the complex plane;

2. the logarithm of the Fredholm determinant In F'(z,.S) associated to S has an asymp-
totic expansion in terms of powers and logarithms for large z along any ray in the complex
plane disjoint from X4 . at least up to the constant term, namely

K J

InF(z,5) = Z Z a; x2% In* 2 4 o(1),

k=0 j=0
where the o; are real and a9 > a1 > ...ay > 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
2.2.2. 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 ga x(2) = 2*log"* z,
where {0} 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 2.2.1. Let S = {a,}2, be a sequence with finite exponent and suppose the
points ay, 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 — OF if and only if the logarithm of the Fredholm determinant
associated to S has a full asymptotic expansion with respect to the asymptotic sequence
{gap(z) = 2° log" z} as z — oo along any ray disjoint from g ..

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

4By a similar proof equivalence of expansions of finite order can also be showed.
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its derivative has such an expansion. Thus, we introduce the function

o) p—1

d )\
R(\, §) = - InF(=),9) = Z — Z |
=0 71

n=1
that we call resolvent function associated to S, together with its derivatives

k
RO, 8) = SR S).

In particular, notice that

dr >
R®(\,S) = T EO8) = —pl(p+1,5 = \) = —p! > (an =N,

since the last series is uniformly convergent, and by applying the Mellin transform
(oo}
RWP(),S) = —/ tPeM (f(t,S) —1)dt
0

Thus, we have expressed R®) (), 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,5) has a full expansion. Let Ag. =
{XeC | |arg(A —¢)| = &} be the boundary of the sector ¥y . appearing in the definition
of the sequence (where ¢ < |a1]). Then, we can write

1
f(t,8)—1=— e MR(X, S)dA.
2’/TZ Ae,c

In fact, both the series are uniformly and absolutely convergent, and

1 o0

oM
— A,
27 Ja, . R, 5)d Z

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

=t M
f(t,S) i AGYCe In F'(—=\, S)dA

and we can use the expansion of the logarithm of the Fredholm determinant in the above in-
tegral when ¢ is small, changing the variable in A/t. In fact, modifying the contour in a suit-

able way, we will get integrals of Hankel type in each term. |
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COROLLARY 2.2.2. The sequence of the eigenvalues of the Laplace operator with a regular
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 2.2.3. Let S = {a,}52, be a sequence of finite exponent o, and suppose the
following expansion for the general term of S holds for large n

J
, 1
ap = Zanﬂ-’ +o0 (n) ,
=0
with real K; and B, and i =0o>p1>-->065>0. Then, S is of spectral type.

Proof. Tt 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 2.2.1, we just have to
prove that the associated heat function has an asymptotic expansion for small ¢. We do
not loose in generality assuming J = Ky = K; = 1. Then,

Z ef(nﬁo+nﬁl)t efo(n_l)t —1],

n=1

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

oo
—(nPonf
folt) = 3 em
n=0

has such an expansion. To do that, we apply the Plana theorem [37] to the sum fo(¢t) =
> o ¢(n,t), where ¢(z,t) = e~ (Z+2"1)t ig 3 function of the complex variable z and of the
real non negative variable ¢. To give a precise definition to the complex powers, we cut the
complex plane along the negative axis, and set 2% = e @+i80 — ;8180 Tf —5 < B < 3,
¢ is analytic and bounded uniformly for all ¢ > 0. Let first assume 5y < 1, then (8y) = Bo
and [By] = 0, ¢ is analytic and bounded in the strip 0 < Re(z) < M, for all M > 0, and
Plana theorem gives

M

M
S 6(n,t) = 3 [60,0) ~ oOLN] + [ ol )da+

n=0 0

+i 2y 1 dy,

./°° ¢(iy,t) — (—iy,t) + ¢(M + iy, t) — ¢(M — iy, t)
0
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where the last integral is uniformly convergent. The limit for M — +oo gives

1 oo
0

20 o= (70 cos F B0ty cos 561)t iy [(yBo sin T By + yP sin Ty ) ¢]

1o / - 2 2 dy.
0 e‘™y — 1

The expansion of the integral in the middle term can be calculated by expanding one of

the exponential and making the substitution v = 2/:

d k
/Ooe—zﬁote—mﬁltdx:/oo e—xgtz (_1) $61ktkd$:

k=0

=Y (’kll) tk/ L s > (7/;1') r (glk + 1) L
k=0 0 P o Do
In the integral in the last term we can expand the factors, due to uniform convergence,
and after rearranging the terms in the product of the series we get the thesis when g < 1.

When 8> 1, 8 = [3] + (8), and 27 = 2Pei(®0_ |

Notice that the proof of the existence of the asymptotic expansion given for Lemma 2.2.3
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 2.2.3 to the first term in the growth of the eigenvalues we get the first
term in the expansion of the heat function explicitly.

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 determinant. 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 coefficients a;; 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 2.2.4 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,.5). In the more general situation, a generalization of Proposition 2.2.4
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
lnkH(f)\) with &£ > 0 in the asymptotic expansion of In F'(),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].
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PROPOSITION 2.2.4. 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,9),s =0) = Fy,

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 regular 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,a5_1,...,a9 = «, and are
of order at most 2. The residua can be explicitly calculated from the coefficients aj 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

((s,8) = ! ) /OOO 57 f(t,8) — 1)dt = Fl)/oootsll, e MR(\, S)d)dt,

I'(s (s 210 Ja, .,

where the contour and the resolvent function R(A,S) were introduced in the proof of
Lemma 2.2.1. The behavior of R(A,S) for large A along some ray in the complex plane
disjoint from Xy . is at most o((—A)P). In fact, taking the p-th derivative or R(A,S) with
respect to A, we get a uniformly convergent series of functions of A (outside ¥y ), vanishing
for large A. Next, observe that

d
= ——T
R(A,5) = =3 T(A,5),
where
v . A .
T(\,S)=—1In H (1 + > exp | +Tp.
n=1 j=1

Actually, since we have seen that the possible presence of any further term that is a
polynomial in —\ in T'(A, 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) + Pk(A)a

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=7T(9) is an integral
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function of —\ of finite order @ with zeros at a,,, that does not vanish at the origin, by the
Hadamard factorization theorem

e TOS) = @ (=N p(— )\ 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 g ., T'(\,S) = o((—=A)P™1). In particular, T(),S) has an
asymptotic expansion since S is of spectral type, and let

J
T(A\S) =-InF(=X8) = Qp(N) = > Y aju(-N)* In" (=) + o(1) + Q,(N) =

k=0,1 j=0

=+ B4+ Aln(-\)+....

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

(s, 8) = = / Tt (0 S)dAdt
$,8)==— — — .
’ F(S) 0 271 Ae,c —)\ ’

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 deriva-
tive 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 e—)\t

1
s—1 1 2
=___ _ N )
¢(s,S) T(s) /0 t 27 Jy,. A T'(A\, S)dAdt + O(s?)

For what concerns the integral fol, we can change the variable A to A\/t, and use the
expansion of T'(A, 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., where C. is
a circle of ray ¢ and center in the origin. Thus

4(3,5)=$ -~-—§+7A—B+T(O,S)+... +O(s2),

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

and it is clear that —A = F; and —B + T(0,5) = Fy. The same method applies to prove
the second part of the proposition, using the complete expansion given above and recalling
that

L 1
t*Intdt = ————..
/o " (@ +1)2
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Proposition 2.2.4 suggests to call a regular sequence of spectral type simple if the asso-
ciated zeta function has only simple poles. Here are conditions for this.

LEMMA 2.2.5. 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(=XA) 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}>2,, with real ¢ > 0, and Sy = 5,
and consequently the non homogeneous zeta function

(s,5a) =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

[e%s) s ' ,
(o5 = 3 (7)els st
— J
7=0
Now, if we explicit the first p terms, we get
LI ' /g 4
o) = 3 (7 )et el + 3 (F)els st
j=0 j=p+1

We can calculate the s-derivative of the first term at s = 0 using the expansion

(‘j)«s +3.50) = S5 (RO +R0) + 6+ 0RO} + 0

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

i)

(=1’

s=0 j

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

> L Il b
—((4,50)a’ = —In <1—|— ) = 7 an,
j=pt1 7
We have then proved the following facts:
LEMMA 2.2.6. For |a| < |a1],
In F(a, Sy) = Z i((g, So)a’
Jj=p+1
ProposITION 2.2.7. (Lerch formula) For all a,
p .
<(07Sa) = C(OMS’O) aj7
j=1

i

¢'(0,8a) = ¢'(0,50) + (v +¢())Ri ()] o’ —InF(a, So).

Jj=1

This gives a relation between the functional determinant and the Fredholm determinant
[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

N €Em—2j

We will apply the formula in Proposition 2.2.7 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 2.2.8. Let S = {a,}22, be a reqular simple sequence of spectral type with
finite exponent o and genus p. Let L = {a2}2°, and a any real number. Then,

C(0, L) = 51600, 8ia) + €(0,5 ]
]y |
¢'(0, Ly2) = ¢'(0, Sia) + ¢'(0, S—ia) — 2 ; Qk TResi (¢(5,80), 5 = 2j)a”.
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Proof. 1t is clear that L, has exponent ¢ and genus [5]. Since ((s, Lo) = ¢(2s, ),
Resi(C(s, Lo), s = j) = 27 *Resy(C(s, So), s = 25),

and the thesis follows now from Proposition 2.2.7, using the relation

1

+ .
12‘771

k
Jj=

Y(2k) = S(k) -

b2

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 ~;

0o . 1 1 oo 1 o
.81 =St = LS L
n=1 j=1 :

where B; are the Bernoulli numbers (see [15], By = §),
R(A,8) =y +9(=A+1);

a possible choice for T (A, S) = —In F(—A,S) is y(—=A) +InT (=X + 1), so

T(\,S) = ~InF(-\,8) = - ] (1+ —:) .
n=1

(_)\)1_2j7

= (=) In(=A) + (y = 1)(=A) + %ln(—/\) + %m o + Z %
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and T'(0,.5) = 0. Applying Proposition 2.2.4,

0.8 =1 C0.5)=tmom

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

with residuum %, and regular part -;
FL) — 1 i T f _=22 1 1 /7 1 Lo ,;)
—_— = e = — —_ e t —_—— = - N — e t
’ n=1 2 ¢ n=-—oo 2 2 t 2

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

1 7w cthmy/ —A
BAM =50 "2 v
T(\,L)=—-InF(-\,L) = —In ﬁ <1+ ;?) = _1nSh7TF V_AA -
n=1 ™V~

1
= —mV=A+ 5 In(=A) + In2m + O(e™ 2™V,
and T'(0, L) = 0. Applying Proposition 2.2.4,
Cs1(0,0) =2¢(0,L) = —1, Cgl(o, 0) = QCI(O,LO) = —2In2m,

where we introduce the notation (gn(s,q) for the zeta function associated to the non
homogeneous Laplace operator on S™ (thus (g1(s,a?) = 2((s, Ly2)). Applying Proposition
2.2.7 we can also deal with the non homogeneous associated problems, namely the zeta
functions

o0 o0

C(s,8,) = Z(n—i—a)_s, C(s,Lg2) = Z(n2 +a?)7%,

n=1 n=1
getting
1 1
C(Ovsa)zfifaa C(OaLaZ):fia
¢'(0,8,) =¢'(0,80) —va—InF(a,S) = ¢'(0,5) +InT(a+1),
Lerch formula  ¢’(0,5,) =¢'(0,S0) + InT(a + 1),

that is the classical Lerch formula, and

h
(0, Lyz) = C'(0, Lo) — In F(a%, 8) = — In 27 — In 2,

ma
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Lerch formula (% (0,a%) = (4:(0,0) — 21n 212

that is a first generalization of such formula. In particular, notice also that
C/(Ov La2) = C/(Oa Sia) + CI(Oa S*ia)y

as expected from Corollary 2.2.8.

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 func-
tion [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 in-
troduced 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 asso-
ciated 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 (Ng)™*!, 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 the sequence S; , where
the general term n+a, with n € Ny, appears n™ times and Sz , = {no+- - ~+nm+a}n€N6n+1.
The associated multiple zeta functions are

Zm(s,a) = C(s,51,4) = an(n +a)”?,
n=1

Cn(s,0) = ((s,820) = D (no+ni+-+nm+a)

neNg

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

_1ym P —1)J . i Pm j(m\ 1 (. j
Gz 4+ 1) = ot @y(mt D)2 =T, S Cr(imm)zl 47 (1) (F)¢R=m)2’ o

0 z\n™ n Pt (—1)d L
L2y,
n=1

_4ym P . P R ) j
1 — e( 733 ;n:o[(27+¢(J+1))Sm+1,j+1+ k:o,k¢j(_1)k+JSm+1,k+1<R(J+1_k)] z]g;rll
Cn(z+1)
sGo(Z —+ 1) = ﬁ
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z P (—1)7 2 ]
X H 1+ —— e 751 7 (o+tnm)d
fno + e + nm

neNg !

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 2.2.8. 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 multiple zeta
functions, that shows their common nature. Recall the rising factorial [30] R(z, k) =
z(x+1)(x+2)...(x+k—1), is a polynomial in z of degree k > 0

k—1 k
R(x.k) = [[ (@ +5) = Y (=) sp ja,
j=0 j=0

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

) = 3 ("1
and

<x+m) :iﬁ(a:Jrj):%%R(x’erl):

1 & i ,
= ) s g = — Ba),
" j=0 :

the last equivalence defining the polynomial B,,(z) of degree m. In particular

By(z) =1, Bi(z)=z+1, Bo(x) = 2® 4 3z + 2,
and all the B,,(x) have positive integer coefficients. It is also easy to see that the set
{Bo(z),...,Bn(x)} form a basis for the algebra of the polynomial of maximum degree
m, Pp (), since the matrix A,, to pass to the standard basis {1,z,22,...,2™} is upper
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triangular, with all 1s on the diagonal. Thus, detA,, = 1, and hence actually A,, €
Sl,,(Z). This gives the following relation for our zeta functions. Introducing the variables®
Zs,a = 20(5,a), 24, = 20(5,0), (s, = 20(s,a) and (], = zy(s,a), and the formal powers

20", = Zm(s,a), and similar for the others, we can write

m!¢, = Bm(2s,a), m!(¢)7, = Bm(z. )

s,a s,a/s

and these formulas can be inverted in Sl,,,(Z). For example, (I =(n(s,0) = B (zs0) =

o (CD) ™ s 12l = 2o (=)™ s 1124 (s, 0).

We now study the zeta functions z,, using Proposition 2.2.4. For S; ., a=p=m+1,
2m(8,0) = (r(s —m) has a unique simple pole at s = m+ 1 with Ry =y and Ry = 1. The
associated Fredholm determinant is

> n'm, P g1 (—1)d 29
ZSIO:H( ) g=1 T a7,
n=1

and we can take

T()\, Sl,O) = — lIlGnL(—A + 1) — e — (n::_)n; Bm+1 ln(—)\) — C;%(—m) +

where the expansion for large A is given by [29]. Propositions 2.2.4 and 2.2.7 give

_1\ym+1
Zm(ova) = % [am'H — Bm+1:| y
’ A (*1)m+1 m+1
m(0,0) = C(=m) + === [2y + ¥(m + D]a™ "+

CR j—m)a’ —InF(a, S 0),

m
+ Z
j=1

Lerch formula 2/, (0,a) = Z;nzo(—l)j (") ¢RI —m)a? —InGhy(a+1).
Next, consider the sequence S ,. We have again o = p = m + 1, but now the homoge-

neous zeta function has simple poles at s = 1,2,...,m + 1. The residua are
(71)m+k+1 m (71)m+j .
Reso (G (s,0), s = k) = T YSmaLk Z Tsm+l,j+1CR(k =)
§=0,j#k—1
(_1)m+k+1
Res1 (¢ (s,0),s = k) = T Sme Lk

8In particular, zo(s,a) = Cgr(s,a + 1)
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for k=1,...,m+ 1. The Fredholm determinant is

2 Pt (c1)d 2
F(z,820) = 1+ ———— e 751 7 (o+dnm)l |
e no+---+n
m41 0 m
neN;

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

=™

- (=1) sm+1,5+1CR(—4),

Cm (07 0) =

1M:

3

(=yHm
m!

D (=D s Chr(—i),

Jj=

¢ (0,0) =

o

Then, using Proposition 2.2.7

—1ym ™y .
nl0.0) = 6 0.0) = DN S,

Jj=1

C;n(ov a) = C;n(oa 0) —1In F(av SQ,O)+

m

m m+1
SN L oy (i smsns = S (DM smkiaCr(G — )| )
=17 k=0,k#j—1
Lerch formula ¢.(0,a) =¢,(0,0) +InT,,(a + 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)

A (SmQ_ 5_ 7;) Zm (Sm — 8,0) = 75T (f _ @) Zm(s,0).

Next step is to consider the related quadratic sequences, Ly ,2 = {n™(n? +a?)}52; and

Lyg2 ={(no+-+ny)? +a2)}neNg”“' For the first, o = m2+1, p = pm = ] (the integer

part), and the associated zeta function is

Zn(5,0%) = (5, L1a2) = »_n™(n” +a”) ",
n=1

The homogeneous zeta function is Z,,(s,0) = z,,(2s,0) = (g(2s —m), with a simple pole

at s = ’”TH with residua Ry =~ and Ry = %

Zm(O,()) = CR(_m), Zrln(ovo) = 2(5%(_7”)7

Publicado pelo ICMC-USP
Sob a supervisiao da CPq/ICMC



ZETA INVARIANTS FOR SEQUENCES OF SPECTRAL TYPE 319

S 2\ "™ P i oj
a m pm (=1)7 a2J‘
F(a27L1,0) = I | (1 + n2) e’ i=t T w3,

n=1

We can use both Proposition 2.2.7 or Corollary 2.2.8 to compute Z/,(0,a?). Now,

Pm—1

P O\ At e . ;
Gn(14+2)Gp(l—2)=e = [2(5;)¢R (27 —m)— Cr(2j—m)]> X

22 (o p(m 1)) T 2\ Prm 122
xe 2mr 2vte(mtl))z H 1- = e I=1 T w2
n

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)

P
2p(m)(2"/+w(m+1))zm+lef pm —1 ICR(QJ m)z2

Sm(7z) = mze” “m¥ =1 X

oo n
22 nm m Pom 152
xH 1 - — e 3=13 n27
n2

n=1

such that

P =1 (m\ . j
Gl 4+ 2)G(1 = 2) = e v (5)Ch2i=m)2) Sm(72)
w4

Shm(ma m
Lerch formula 7/ (0,a%) = Z/ (0,0) — In ﬂ( EpPIE 1m+1 ) S 2k T

7

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 Lj ,2. In this case, a = m“, p = pm = [a], and the associated zeta
function is

Zm(57a2) = ((s, LQ,az) = Z [(no+ -+ nm)2 + a2]7s§

neNg !
the function Z,,(s,0) = ¢ (2s,0) has simple poles at s = %, 1, %, , mTH with
Reso(Zm(5,0), s = k) = Reso(¢n(s,0), s = 2k),
1
Res1(Z,.(s,0),s = k) = iResl((m(s, 0),s = 2k),
and
(12 p}?m (,?).7' 427 ]
F(a® Lag) = 1+ > e =17 (ot Anm) |
( 2,0) H ( (no + . _|_ nm)z

nGNg"+1
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As before, we can introduce the functions S,, and Sh,, by
Sm(mz) =

P

m P P. ,
(=1 m 1 ; 1 ; 2
= mze m! pad ;[(27‘5‘#’(2])— het 2k—1)5m+1,2j+ R0 k#2j—1 Sm+1,k+1CR(2J—k)]Z / X

22 Pom 122
X H 1 _ e j=1 7 (n0+,.,+nm)2j ,
(nO +oF n’rn)2

neNg !

so that

1 ™ Py, 1 Py [ 2j T2
— e mT GDT k=1 TR=TSmA12i2 M

Lo(142)0(1 = 2) z
and Lerch formula 2/ (0,a%) = 2/ (0,0) — In Stn(ra)

Ta

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 functions. Let’s
start with the multiple Gamma function I';,,. We get from the definition that T'o(z) = I'(z)
and I';, (1) = 1 for all m. Next, since

m+n+1 m+n) [(m+n
m+1 m S \m+1)’

€m+1(57a + 1) = Cerl(sva) - Cm(sva) - ((L + 1)78'

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

we find that

ProprosITION 3.3.1. (Functional equation)

’ I (Z)
r, 1) = e~ 6m(0,0) Z2m+1L2)

Thanks to these properties, we find that the definition of the multiple Gamma function
', 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 7 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 3.3.2. (Duplication formula)
/ 1
[pn(22) = 2-m @2 el OOT,, ()T, ( + 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

(n(5,2) + (x—é) =2 Y @uo ot 2n 20

neNg !

420 Y (2004 <+ 20+ 20 — 1) = 2°( (s, 22).

neNg !

Then,
G 0.0) 4 G (0.2 5 ) = Gu(0,20) 2+ €, (0,22),

and we can use the Lerch formula with 2z + 1 = 2z to get the thesis. |

The Taylor expansion of InT,(z + 1) for small z can be immediately obtained from
Lemma 2.2.6 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,,(2+1) =

J

= (_nll?m Z(_l)jsm+1,j+1 InG;(z+1)— Z(—l)k (‘2) Ch(k — j)zkl '

j=0 k=1

ProrosiTION 3.3.3. For large z,

InT,,(z+1) =

*1 m+l “ m m i
_ =y - BmiLitt +1J+12J+1lnz+z *”“ (v + 0 +2)27 T+

=0 +1 =0

m

1 _

+Z% ) $met1,j4+1CR(— +ZO TSt Biinz +0(z71).
JI= J

As a final remark, a particular value of the multiple gamma function. Applying Propo-
sition 3.3.3 with z = £ and using the values calculated for the zeta functions

2
I e Cm(v)e C/rr(7)—
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_1ym F’m i _1ym pm X
— 2( ;I), =0 Sm+1,j+1CR(—J)e—( ,13, =0 57n+1,j+1<;3(_])_

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].

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 S,,(x), that are more explicitly related to the Barnes
functions. Using the known expansions for the G,, functions, we get:

ProrosITION 3.3.4. For large real x,

In Shy, (mx) =
_ (_1)1)mp(m) m—+1 (_1)pm m—+1
= 20— e It e [2p(m) (v + 9 (m + 2)) + ap(m o+ D™+
+Inmx — &”jff Inz + 2¢k(—m) + O(z™1).

As for the function I',,, the Taylor expansion for In Sh,, can be obtained from Lemma
2.2.3. 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

— 2 22 \" =2
S(Z) = S]_(Z) = ze (’Y+1)7‘2 H (1 — 7'('2712> 6"2"7

n=1

22 422 "o
_ — o~ (VD) - wZn
C(z) =Ci(z) =e };[1 <1 72 (2n — 1)2) enin,

and the following relations hold
S(z:tz)—ﬂ{‘ §:I:i G 1 2C’(z)
2 B 2w 2 ’

G +2)G(1—2) = 55:)7 G (; _ z) G (; + z) _ [G (;)]QC(W).
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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, a =p=1
and the associated zeta function is

o0

(s2(s,0) = ((s,5) = Z(Qn + D[n(n+1)]77,

n=1

for Re(s) > 1. The non homogeneous zeta function (g2 (s, a?) = ((s,S,2) is

—S

(s2(s,0%) = > @n+1)n(n+1) +a% 7 =3 @n+1) (’”;) B
n—1 n=1

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

Gols) = i(Qn +b) <n + ;’) o 272 <n+ g) o :

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 (20 +1)72F! = (2% — 2)Cp(2s — 1) — 2%,

n=1

and in this way we get the zeta invariants for ¢1(s) = (g2 (s, 1) and using Proposition
2.2.7 those for (g2(s,0). In particular, this means that (g2(s,0) has only one simple pole
at s =1 (see also [30]) with

Resy(Cs2(s,0),s =1) =1, Resp(Cs2(s,0),s =1) = 2.

Despite that, the function (;(s) seems completely unrelated with the geometry, as can
be seen by considering that ¢;(0) = —1L, while the value at s = 0 of the zeta function

associated to the Laplace operator over a closed surface is

1
Cm(0) = EX(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 (g2(s,0), naturally associated to the
geometry of the problem. First, consider the heat function

o0

fs2(t) = f(t,5) = Z(zn + 1>e—n(n+1)t 1

n=1
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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 Mulholland [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

%gzmb 4% o ?j;

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

fo(t) =

b)) Y

Changing the variable to A/t and expanding the factors by using the know expansion for
the digamma function, we get

t
fs2(t) = f1(t) ,+Z + +1—5+
1 J 22k:+2 2)

= B .
Y= g | Gra T kZ:O — )l Ak

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

RS =w (3 +2) 40 (5 -2) v - 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+1 (2n+1)A
T =—InF (- =-1 1+ — n(ntl) —
(A, 8) nF(—\,S) nH( +n(n+1)> e n(nt

~ 2mG (; +z> G (; —z> T (; —l—z) r (; —z) + @Y+ 1)(=A) (=) =
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and this can be written using the multiple cosine function introduced in Section 3.2

=—-2InC(7rz) +1n oS Tz

+2v+ 1) (=) +1In(=A) —4InG (;) =

=4 (Bl‘i’;)hl()\)‘f’;442%(1)4“....

This gives
_ 2 . = 4¢hH(—1 L
CS2(O)**§7 §s2(0)* CR(* )75

The non homogeneous case (g2 (s, a?) follows from Proposition 2.2.7. We get (compare
with [35])

2
Cor(0.0%) = =5 — a2,

1
C52(0,a%) = (52(0,0) — 2va® — In F(a?, S) = 4CRp(—1) — 3+ a® +Ina’+
1 1 1 1

—921 - Z g2 Z 2
nG<2+ 1 a>G<2 1 a>+
1 1 1 1

_ _ Z _ 2 I Z_ 2
lnI‘<2+ 1 a>F<2 1 a>7

Lerch formula (52(0,a%) = (42(0,0) —4In G (1) + a* + Ina®+

1 cosm/i—a2
—2InC|m/=—-a? )| +ln —F———.
4 ™

This is a further generalization of the Lerch formula and answer a question of [30] in
terms of special functions.
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