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1. Introduction

Zeta regularization is a fundamental technique in mathematical and theoreti-
cal physics and has been deeply investigated (see for example [9] or [12] and
references therein). An interesting problem in this context is to study the
analytic properties of the zeta function of the Laplace operator, and in par-
ticular the zeta determinant, on specific geometries. The case of a bounded
cone was deeply investigated [1-3,7,10,11] because the analytic geometric set-
ting is well known by seminal works of Cheeger [5,6]. The case of a product
space is less studied, but see [13]. In all these works, the approach is based
on the so called heat kernel methods (see for example [14]). These methods
allow to determine many useful properties of the zeta function, in particular
analytic extension, localization of poles and evaluation of residues, but in gen-
eral they are not particularly efficient to dealing with the derivative of the
zeta function at zero, namely with the determinant. In this note we announce
some results on the zeta determinant of the Laplace operator on two classes of
(compact) geometries: cones and product spaces. These results are obtained
by applying some techniques in zeta determinants and regularized products
introduced and developed in a series of recent works [19-22]. In particular, a
detailed account and complete proofs can be found in [22]. We show that using
this method more effective results on the zeta determinant are obtained. We
postpone further comments to the end of the paper. This note is organized as
follows. In Sect. 2, we briefly present our technique. In Sect. 3, we recall some
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general facts on the zeta function of the Laplacian on a compact connected
Riemannian manifold, that will be used in the following sections. In Sects. 4
and 5, we give the zeta determinant for the Laplace operator on a cone and
on a product space, respectively.

2. Zeta determinants for double sequences of spectral type

We recall in this section the method we use to evaluate the zeta determinants.
This is based on [19-22]. Let S = {a,}>2; be a sequence of non vanishing
complex numbers, ordered by increasing modules, with unique point of accu-
mulation at infinite. Denote by e(S) the exponent of convergence of S, and
assume e(S) < co. Denote by g(S) the genus of S. We define the zeta function
associated to S by the uniformly convergent series

<(37 S) = Z a,”,
n=1

when Re(s) > e(5), and by analytic continuation otherwise. We call the open
subset p(S) = C — S of the complex plane the resolvent set of S. For all
A € p(S), we define the Gamma function associated to S by the canonical
product

1 o _)\ Z%(Zsl) (,jl)j (,?).7
o - (e o

When necessary in order to define the meromorphic branch of an analytic
function, the domain for A will be the open subset C — [0, 00) of the complex
plane. We use the notation £y, = {z € C | |arg(z —¢)| < &}, with ¢ > 6 > 0,
0<0<m Weuse Dy, =C—Xy,, for the complementary (open) domain and
Agc = 0%, = {z € C| |arg(z — )| = 4}, oriented counter clockwise, for the
boundary. For simplicity, we assume that each of our sequences S' is contained
in the interior of some sector ¥y ., and we call the complementary domain Dy .
the asymptotic domain of S. We define now a particular subclass of sequences.
Let S be as above, and assume that e(S) < oo, and that the logarithm of
the associated Gamma function has a uniform asymptotic expansion for large
A € Dy . of the following form

[e'e) g(S)
logT(=A, 8) ~ > " da, 0(=N)% + > ar1(=A)*log(—)),
j=0 k=0

where {a;} is a decreasing sequence of real numbers. Then, we say that S is
a totally regular sequence of spectral type with infinite order. Next, let S =
{Anktk=1 be a double sequence of non vanishing complex numbers with
unique accumulation point at the infinity, finite exponent so = e(.S) and genus
p = g(5). Assume if necessary that the elements of S are ordered as 0 <
[A11] < |A12] <|A21] < ---. We use the notation S, (Sk) to denote the simple
sequence with fixed n(k). We call the exponents of S, and Sj the relative
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exponents of S, and we use the notation (so = e(S), s1 = e(Sk), s2 = e(Sp)).
We define relative genus accordingly.

Definition 2.1. Let S = {\, x};%—; be a double sequence with finite expo-
nents (s, s1, $2), and genus (po, p1,p2). Let U = {u, }52; be a totally regular
sequence of spectral type of infinite order with exponent ry, and genus gq.
We say that S is spectrally decomposable over U with power &, length ¢ and
asymptotic domain Dy ., if there exist positive real numbers x, and ¢ (integer),

such that: (1) the sequence u,,"S,, = {M

Uy
of spectral type of infinite order for each n; (2) the logarithmic I-function
associated to S, /uf has an asymptotic expansion for large n uniformly in A
for XA in Dy ., of the following form

o0
}k is a totally regular sequence
=1

L

logT(—=\, u,"Sy,) = Z oy (N, 7" + ZPPZ u, " log u, + o(u, ™),
h=0

where o, and p; are real numbers with oy < -+ < gy, po < --- < pr, the
P, (\) are polynomials in A satisfying the condition P,,(0) = 0, £ and L are
the larger integers such that o, < rg and pr, < rg.

In order to state our main result, we need some more notation. First, we define

oo

1 ef)\t
Bon(o) = [0 [ S om Nart
0

271
No,c

Second, for all n, we have the expansions:

log T'(=A, Sp/uff) ~ Y o, 0m(=N) + Y ak1.a(—A)"log(=N),

s

<
I
o

(bo'h (/\) ~

I

~
I
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Don.ay.0(=N)% + Y b, k1 (=A)Flog(—N),

for large A in Dy .. Then, we set (see Lemma 3.5 of [22]), for 0 < k < po,
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With this notation, we have the following theorem (see [22, Theorem 3.9], and
[20, Proposition 1]).

Theorem 2.2 (Spectral decomposition lemma). Let the double sequence S be
spectrally decomposable over U with power k and length ¢, then

Res1 ((s,S) Z R652 Dy, (s) Res1 ((s,U),

S=0op

Reso ((s,9) = ZResmgh Resog(s U) — Ao,1(0)
s=0

+- Z Res1 (s, U) <Resl o5, (5) + WPsne:st b, (s)) ,

sah

}Eisoo ¢'(s,8) = % (— — —) Z Resz D, (s)Res1 (s, U)

s=oyp,

4
-
= Res1 @ R U R b, R ,U
+nz::siso1 w(s)Res1 (s, U)+ ) esz 8o, (5) Reso (s, U)

S=0Oh S=0Oh

h=0
£

4
1
+- };)P;i%() By, (s )ReS1 C(s,U) +HZ Resz o, (5) Reso ¢’ (s, U)

s=oy,
¢
+ Z ResO1 @, (s) Reso ((s,U) — Ao,0(0) — Ap 1(0).
heo s= s=oy,

Next, we consider the particular case where S is the sum of two sequences. More
precisely, let S(;) = {)\(i),’ﬂi}nielN[ﬂ i = 1,2, be two totally regular sequences
of spectral type with finite exponents s(;), genus p(;), and orders (i),Ny < 0.
Assume A1), + A2)n, # 0 for all (n1,n2). Then the sum sequence S(5) =
Sy + S(2) is a totally regular sequence of spectral type with exponent s =
8(1) T 8(2), genus p) = [s(p)], and order a(g) n,, = min(ag) ney) < 0, and we
have:

Theorem 2.3. Suppose that a1),Ng, < ~P@) — 1, and that —0(2) Ny = S(1)-
Then, the sequence So) = {A(1),n, + A@2),ns fnieN, 8 spectrally decomposable
over S(1y with power 1, and finite length £ < Ng). The length { is the larger
integer such that —a2y ¢ < s(1), where a(y) ), are the powers of the terms of
the expansion of the I'-function logI'(—=A, S(2)). The zeta function associated
to the sum sequence So) is reqular at s = 0, and
¢
¢(o, S(O)) = Z C(1),—a(2),n,0€(2),0(2),,0 = €(1),0,14(2),0,1
h=0
P2)

a(l)ﬁa@) 17,00(2), 002 1,0
+> (=1 jany i 0a + )
; Wt Z (—a).m)T(eq2)n)

P(2)

¢'(0,S0) ==Y _a@1 (=1, Sw) + (v + ¢+ 1))¢(=1, S)))
=0
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l
+Za(2),a<2>,h,o( Reso  ((s,51)) + (v+¥(—2),n)) Res: C(S>S(l)))
=0, S=—a@2)n STT@L
o (2),n €N
(2),h

a A\ log A(1) ny — a(2). o
+log H o 2 a4y ia (1y,my 108 X(1),my =X hoo a2), (2),n0N1)my F(/\(l),nl)S(Q))

ni=1

3. Zeta invariants of Riemannian manifolds

Let (M, gar) be a compact connected Riemannian manifold of dimension m,
with metric gps. Let Ay denote the (negative of the) metric Laplacian, and
SpAn = {22, (Ao = 0) the spectrum of Ajy. It is well known that there
exists a full asymptotic expansion for the trace of the heat kernel of the La-
placian for small ¢,

oo

Trpse tOM == % Z ejt%, (3.1)
j=0

where the coefficients depend only on local invariants constructed from the
metric tensor, and are in principle calculable from it (and all the coefficients
of odd index vanish if the manifold has no boundary).

Proposition 3.1. The sequence Sp, Ay of the positive eigenvalues of the met-
ric Laplacian on a compact connected Riemannian manifold of dimension m,
is a totally reqular sequence of spectral type, with finite exponent e = 3, genus
g = [e], spectral sector X¢ . with shift 0 < ¢ < A1, asymptotic domain D, .,
and infinite order.

We have the following formulas for the coefficients in the expansion of the

logarithmic I'-function: ay, = 2 , and
logI'(—=\, Sp, Apr) = (dimkerAps — ep,) log(—A)
[nL/Q

)J+1 ‘
———em—2;(—A)’ log(—A)

+3 L
j=1

+ Za%,o(_A)mT%v
h=0

where ((n) denotes the parity of n)

r (h;m) en, (h)#(m) or (h):(m) and h>m,
B EfReSnC(s SpyAnr)
T T (()T , (h)=(m) and h <m,
_C/(Oa Sp+AM)7 h =m

This allows to resume all the information on the zeta function as follows.
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Proposition 3.2. The zeta function ((s,Sp_Anr) has a meromorphic continu-

ation to the whole complex plane up to simple poles at the values of s = mT_h,
h=0,1,2,..., that are not negative integers nor zero, with residues
Ah—m
(2 ( ’
Resls:mT—h C(S,Sp.g.AM) = F(f%h) = : :

(-1, (k) = (m),
Reso,_m_n ((s,Sp Anr) = (=1) 2" 5mann 1+mT+h (h) = (m);
the point s = —k =0,—1,—2,... are reqular pomts and
¢(0,Sp,Anr) = ap, 1 = ey — dimkerAjyy,
¢'(0,SpLAnr) = —ag,0,
C(=k,SpyAnr) = (=1) kago = (1) klesmnion.

4. The zeta determinant of a cone

Assume in this section that (M, gps) is a compact connected Riemannian man-
ifold of dimension m without boundary. Let C,, M be the metric cone over M,
namely the space [0,1] x M with metric
2
x
= (dz)* + 39N,

on (0,1] x M, and where v is a positive constant [5]. Particular instances of
this setting have been studied in [1,2,10] (m-ball), (cone over a circle) [19],
and (deformed spheres) [23]. The zeta function on the cone C, M, is defined
by the series

C(S7Sp+ACuM) = Z )\78’

)\GSer ACU M

when Re(s) > 251, and by analytic extension elsewhere, and we are interested
in the expansion of this function at s = 0. More precisely, the main purpose
in this context is to provide formulas that relate the zeta invariants of the
cone to the zeta invariants of the section, or, more generally, to some spec-
tral invariants of the section, namely invariants that can be constructed using
only the spectral information of the section. Therefore, our aim is to relate
the coefficients of the expansion at s = 0 of ((s,Sp, A¢, i) to some spectral
invariants of M. For we decompose the induced metric Laplacian on C,, M

1
Ao,m = —di + — (V2AM - @) ;
T 4

on the eigenspaces of Ayy, as in [4] or [19], and we obtain a family of singu-
lar Sturm operators that can be solved in term of Bessel functions (see [19]).
With the opportune boundary conditions, that generalize standard Dirichlet
conditions (see [4,5,19]), the positive spectrum of the metric Laplacian on the
cone is

_ o0 m—1)2
S = Sp+AC',,M = {Ji”’k}n:() k:17 Hn = \/VQATL + %

)
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where the j,  are the positive zeros of the Bessel function J,. This means that
the relevant zeta functions are:

C(Sa S) = C(S SP+ACVM Z .7;378]67
=0,k=1

C(s,U) =¢ (s, Sp <y2AM + <m;1)2)) = i (ﬁAn + W) h .

n=0

where the second zeta function is the zeta function on the section of the cone,

2
twisted by the parameter v and shifted by the constant %. Note that
we must omit the zero mode when m = 1 in order to have a proper defi-

2
nition. The relevant sequences are U = Sp (V2AM + % e u, = p2,

and S = Sp, Acy . By Proposition 3.1, and using classical estimates for the
zeros of Bessel functions, U and S are sequences of spectral type of genus
[%] and [mTH], respectively. Next, we claim that the sequence S is spectrally
decomposable over the sequence U. For it is easy to see that S has relative
genus (po, p1,p2) = ([’”T'H] , [%} ,O), and that U is a totally regular sequence
of spectral type by Proposition 3.1 has genus [%] and infinite order. The
key point, in order to prove decomposability of S over U, is to show that the
Fredholm determinant log T'(— A, S’n) associated to the sequence S,, = {Sn/un},
has a uniform asymptotic expansion for large p,,. This is of course the key point
in all development of spectral analysis on spaces with conical singularities, as
can be seen reading the works of Cheeger. Such an expansion is known from

asymptotic theory of special functions (see for example [16, 10.7]). We obtain

(see also [19])
Zlog (1 + ﬂn A)>

un,k

1
(1—log2+log(1+\/l—)\)—\/1—)\) un—I—Zlog(l—)\)

U(l/\/l_ B2j 1—-2j
+Z (Z : ) 25— )

1 Iz

log (A, 5,)

where the By, are the Bernoulli numbers, and the Uy (z) are polynomials in z
of order 3k. The first polynomials are given in [16], where we can also find a

recursive formula. Writing
e’} ; o) J
_ Up(1/vV1—=X)
Dy(1/V1 =N, = E ( E -
j=1 k=1 n

Mg

>
Il
—

we have

log (=, 8,) = S 6 (W * + O™ ),
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with
d_1(A)=1—-log2+log(l+vV1—X)—vV1—)
do() = { log(1 - ),

64 () = Da(1/VT =) - ﬁjf) 1 <h<m.

Note that the polynomial Uy or Dy represent a set of invariants that com-
pletely characterize the geometry of the cone, at least for what is concerned
with the heat kernel and the zeta function. This emerges clearly from the
results of [3] and [7], as well as from the original results of Cheeger. In fact, all
the formulas related to the analytic properties of the zeta function are given
using information on the zeta function on the section and information con-
tained in the above polynomials. Also note that Dy (1) = f@. Applying

Theorem 2.2, and writing Dy (z) = Z?:O ¢j(h)z"27 | we obtain:

[N

Theorem 4.1. The zeta function on the cone ((s,S) has an analytic extension
near s = 0, with at most a simple pole at s =0 and:

L Resl ¢(s,U), (4.1)

Res1((s,S) =
s=0 2

s=—3

Reso (s, S) = 1 Resg ((s,U) — 1Reso ¢(s,U)
s=0 2 s:—% 4 s=0

+ (log2 —1) Resl ¢(s,U) — Z CR(h_h) Res;l ¢(s,U), (4.2)
s==3 h=1 s=g
Reso ¢'(s,8) = — (WQ + (log2 —1)> + 1) Res; ((s,U)
s=0 12 5:7%
+(log2—1) Reso C(s,U) — % es ¢'(s,U)
1,  Cr(—h)
-3¢ (OvU)*h; =5 Reso((s,U)
m h h
Y ¢i(h) (74-1# <§ +j)> Res1 ((s,U)
h=1;=0 s=h
[eS) [eS) m Bh+1
+nz_o(;23+1 +2)Zun+k9+1 < h(h+1)p >

(4.3)

Some remarks on this result are in order.

(1) An other interesting way of writing the last term in Eq. (4.3) is

oo
log\ﬁ H Mn +,U«n ("/-‘rl)/hrf’Z =1 h(h+1)u H (1 _ ﬂl) efﬂTn_

n=1 k=1
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(2)

Equation (4.1) was given in [7, equation (12)], and Eq. (4.2) in incomplete
form in [7] (equations (12) and (19)), and in complete form in [3] (equa-
tion (4.5)). The main result, Eq. (4.3), is new in this form. However, we
note that a formula for the derivative of the zeta function at zero was also
given in [3] (equations (9.8) or equations (3.8) plus (9.1) and (9.2)). The
approach of [3] is based on purely heat kernel methods, and as a result the
final formula for the derivative at zero contains a term (coming from equa-
tion (9.2)) given by an integral of some complicate function, and should
be compared with the last term in Eq. (4.3).

If m is even, ((s,Sp,Ac, ) is regular at s = 0. In fact, we can apply for
example Proposition 1 of [17] to write

Resy ((s,U) = zf > (_kl!)kej (m21_/ 1>k’

S=—3 7,k>0,j+2k=m+1

where the e; are the coefficients in the heat kernel expansion of Ay (see
Eq. (3.1). If m is odd, all the indices j are odd, and hence the coefficients
vanish.

If M =S™, and v = 1, then C;.8™ = B™*+!, the disc of dimension m + 1,
and ((s,Sp,Ac, sm) is regular at s = 0 (this was studied in [1,2,10]). For
it is known that Oghe spectrum of the metric Laplacian on the sphere is
{n(n +m — 1)} v and hence Sp,. (AM + @) = (n+ mT_l)Q By
theoretical argurﬁent in zeta function theory (see for example [20]), the
zeta function associated to these series is regular at s = —%. This is an
expected result, since B™T! is a smooth manifold.

Ezample. The particular case when the manifold M is the circle S} of radius [
was studied in [19]. The relevant sequences are S, = {jy|n| 1}, and U = {vn},

and

(2""T'(vn + 1)

log T(, (vm) ™*8,) = ~log Ln(vnv/=3) ~log = omsnrs.

Applying Theorem 2.2, we obtain ([19, Theorem 1], see also [4, Section 11])

((0,5,) = ;(vﬁ)

1
1 1 1
¢'0,8,) = 6( —i—y)logl—i—g—glogQV—QVC}%(—l)—?logu

1 = 1
_ 2 1 _
+67;(CH(’W+ ) Vn+1>

611/ <1og2u—5+1/)< 1))

o0

1
+Z m+2) %::1 (vn + k)ym+1’
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In particular, when v = 1 (compare with [1]):

1 1 1
C0.5) = 5. C0,81) =20p(~1) + 15 — 5 log2 + 1 log2m.

12

5. The zeta determinant of a product space

Let M) = M) x M) be the product of two compact connected Rie-
mannian manifolds of dimension m ;) without boundary. The metric Laplacian
A,y x M, has real spectrum with positive part Spy Ans, = { Ay ns oo
Aniny = A1)ni T A@),ny- By Proposition 3.1, both S(;) are totally regular

sequences of spectral type. They have exponents s(; = “2, genus p(;) =
[m;’ ], and infinite orders. This implies that the hypothesis of Definition 2.1
are satisfied, and consequently S(g) is spectrally decomposable over, say, Sy,
with power k = 1. It also follows from the characterization of the length given
in Theorem 2.3 and the formulas for the coefficients «a; = mT_h, just after
Proposition 3.1, that £ = m ) = m1) +m(2). We are precisely in the situation
described at the end of Sect. 3, and therefore we obtain the analytic properties
of the zeta function ((s, S(g)) near s = 0 applying Theorem 2.3. This gives the

following result.

Theorem 5.1. The meromorphic extension of the zeta function ((s,S) is
reqular at s =0 and (writing S(jy = SpyAnr,,)

m(1)+tm(2)

O,S = e moy—h € h—m
C( (0)) ; ), (22) h (2)7; 2(1)
— e(l),odimkerAMu) — e(z),odimkerAM(l),
m1)tm(z)

, , h—m
¢'(0,5(0)) = €(0,8(2))¢ (0, Sn)) + Z r (T@)) €@),h
h=0

X
/-~

Reso  ((s,501)) + (’7+1/1 (w)) Resy C(&S(l)))

h—m h—m
_ (2 _ 2
f) 57%

}

(1

[

2
+ ) - 1)!6(2),m(2)+21(f§gséo ¢(s,Sw)) + (7+¢(1))R§Sll C(875(1)))
=1 - S=
(& (—1) e(2),m 5 —21
+ Y g (L Sw) 4 (D)) S))
=1 :
sl i) (—1)l‘3(2),m —21
—log H e Zlle } %)‘21),111 log A(1),nq

nyp=1

Myt L hmma) meh [T
>h=0 F( 3 )6(2)vh>\(1),n1 +—1

1
xe (lfl)!e@)vm(zwzz>‘(1)yn1
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m (g

{ 2 }<71>’ 1 :
we Zimt T \Besol(eSe) -t Resc(:52) JAay.ny
m 2y N
oy o
x o €(0:5(2)) log A(1),n; —¢"(0,5(2)) H <1+ m””) ” SR
>‘<2)7n2

no=1

In particular, we have the following formula for the determinant:

—¢'(0,SpLA +SpLA )
detCAI\/I(l)XM(Q) :detCAM(l)detCAM<2)e += M) + M)/

Also in this case a result for the zeta determinant using pure heat kernel meth-
ods is possible. For in the case of a product manifold one can write the regular
term in the Mellin transform of the heat function by adding and subtracting
the singular part of the integrand (see for example [15, Section 3]), since this
singular part is known (it corresponds to the product of the expansions of the
singular parts of the heat kernels of the factors). This approach provides a
formula for the regularized determinant involving, in the regular part, a finite
integral of some complicate function, and was used in a somehow formal way
n [13]. Since some derivative of the logarithmic Gamma function I'(—X, .S) is
the Mellin Laplace transform of the heat function (see the proof of Proposi-
tion 2.7 of [20] for details), the result for ¢’(0, Sp)) given in Theorem 2.3 is an
evaluation of the finite integrals appearing in the formulas given in Section 3
of [13].

Example. Consider the product S%/y X M, where S%/y is the circle of radius

% and M is a compact connected Riemannian manifold without boundary of
dimension m, with Sp Ay = {Ax}72,. We obtain

detCASll XM
2

472 2—<Reso C(s,SpyAn)+2(1— 10g2)Re51 ¢(s,8pL Awm)

=—e =3 )H(l —e A’v)

2
Yy k=1

This equation is particularly important in theoretical physics, since it gives the
quantistic partition function at finite temperature 7' = 5%, for a scalar field in

the Euclidean product space time S} Jonr X M (see also [17]).
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