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Abstract. We consider gauge theories based on abelian p—forms on real compact hyperbolic spaces. Using
the zeta-function regularization method and the trace tensor kernel formula, we determine explicitly an
expression for the vacuum energy (Casimir energy) corresponding to skew-symmetric tensor fields. It is
shown that the topological component of the Casimir energy for co-exact forms on even-dimensional spaces,
associated with the trivial character, is always negative. We infer on the possible cosmological consequences

of this result.

PACS. 04.70.Dy, 11.25.Mj

1 Introduction

The topological Casimir effect for scalar (or spinor) fields
on spaces of form I” \)N( , where I' is a discrete group acting
on manifold X , has become a very exciting and important
issue in areas of quantum field theory and cosmology [1-9].
Initial evaluation of the Casimir energy has been given for
X = RN, SN, In [7-15], the calculation involves the case

in which X is a Lobachevsky real hyperbolic space.
Maximally symmetric spaces, such as the hyperbolic
spaces, play a very important role in supergravity [16] and
in superstring theory [17] and definitely plays a crucial role
in cosmology [18-20]. In this paper we present a decompo-
sition of the Hodge Laplacian and the tensor kernel trace
formula for free generalized gauge fields (p—forms) on real
hyperbolic space forms. The main ingredient required is
a type of differential form structure on the physical, aux-
iliary, or ghost variables. We evaluate spectral functions
and the Casimir effect associated with physical degrees of
freedom of the Hodge-de Rham operators on p—forms. Let
wp, ¢p be exterior differential p—forms; then, the invari-

ant inner product is defined by (wp, ¢p) def Sz wp A *@p.
Under the action of the Hodge % operator the follow-
ing properties for forms hold: w, = (fl)p("’p)wp, and
dd = §6 = 0,6 = (=1)"?*"*+Ll x d x . The operators d
and § are adjoint to each other with respect to this inner
product for p—forms: (dwp,pp) = (wp, dyp). In quantum
field theory the Lagrangian associated with w, takes the
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form: dwy, A *dw,, (gauge field) dw, A *dw,, (co-gauge field).
The Euler-Lagrange equations, supplied with the gauge,
give: £,w, = 0, dw, = 0 (Lorentz gauge); L£,w, = 0,
dw, = 0 (co-Lorentz gauge). These Lagrangians give pos-
sible representation of tensor fields or generalized abelian
gauge fields.

As an application, we evaluate the Casimir effect as-
sociated with topologically inequivalent configurations of
Abelian co-exact forms on real compact hyperbolic mani-
folds.

2 The trace formula
applied to the tensor kernel

Let us consider an N —dimensional compact real hyperbolic
space X with universal covering X and fundamental group
I'. We can represent X as the symmetric space G/ K, where
G = SO;1(N,1) and K = SO(N) is a maximal compact
subgroup of G. Then we regard I" as a discrete subgroup
of G acting isometrically on X, and we take X to be the
quotient space by that action: Xp = I'\X = I'N\G/K. Let
Vol(I'\G) denote the integral of the constant function I
on I'\G with respect to the G—invariant measure on I'\G
induced by dz, Vol (I'\G) = fF\G Idz. ForO<p< N -1
the Fried trace formula applied to the heat kernel C; =
e~ 'Tr holds [21]:

Tr (e=*%r) = I (k) + IV (Ky)

+HP () + HE TV (K,), (1)
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where I(p) (Ke), H}p) (K¢) are the identity and hyperbolic
orbital mtegrals, respectively:

def X (1) Vol(I'\G)
I}p)(/Ct) © —
X/Mo_p(r)e*t(TngerP(Z))dT’ (2)
R
AP ) s M o)y, m)
Virt =, 00
Xe—t(Pg-*-p)—%’ (3)

Cr C I' is a complete set of representations in I" of its
conjugacy classes, and C(v) is a well defined function on
I'—{1}, po = (N —1)/2, and x,(m) = trace(c(m)) is the
character o for m € SO(N). The trace formula involves
the Harish-Chandra-Plancherel measure i, (1) which is
given by

N1 CgmP (r)rtanh (7r) ,
Po, (1) = ( > X for N = 2n (4)
P CemP(r), for N=2n+1

where Cg = (22N 74I'(N/2)?) , and P (r) is a polynomial,
which presents the following form

1= [+ (25 + 1)/2)?] 2,

= Yiso azer
for N =2n
H;L:_(} (12 + 52| = > ) g ager®, for N =2n + 1
(5)
age are the Miatello coefficients [22,23]. For p > 1 there
is a measure u, (1) corresponding to a general irreducible
representation o. Let o, be the standard representation of
SO(N —1) on APCN=D_If N = 2n is even then 7, (0 <
p <n—1) is always irreducible; if N = 2n + 1 then every
op is irreducible except for p = (N —1)/2 = n, in which
case oy, is the direct sum of two spin—(1/2) representations
o* : 0, =0t ®o~. For p = n the representation 7,, of
K = SO(2n) on A™C?" is not irreducible: 7, = 7,7 ® 7,;
is the direct sum of two spin—(1/2) representations.

In the case of the trivial representation (p = 0, i.e.,
for smooth functions or smooth vector bundle sections)
the measure pu(r) = po(r) corresponds to the trivial repre-
sentation. Therefore, we take I}_l)(Kt) = H}_l)(Kt) = 0.
Since oy is the trivial representation, one has xo, (m.) = 1.
In this case, formula (1) reduces exactly to the trace formula
for p=1017,8,24,25].

P(r)=

3 The spectral functions of exterior forms
and the vacuum energy

If £, is a self-adjoint Laplacian on p—forms then the fol-
lowing results hold. There exists €, > 0 such that for
0 < t < J the heat kernel expansion for Laplace opera-
tors on a compact manifold X is given by Tr (e*tﬁp) =
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Zogegeo ar(£,)t~F 4+ O(t%). The zeta function of £, is the
Mellin transform ((s|£,) = (I'(s))~! fR Tre—tErs—1 4t
+

This function equals Tr (£,*) for s > (1/2) dim(I'\G).
The transverse part of the skew-symmetric tensor is

represented by the co-exact p—form wéCE = dwp+1, which

trivially satisfies (5w[()CE) = 0, and we denote by S(CE the
restriction of the Laplacian on the co—exact p— form The
goal now is to extract the co—exact p—form on the mani-
fold which describes the physical degrees of freedom of the

system, and presents by alternating sum of forms [26-28].

3.1 The identity component of the isometry group

The zeta function related to the identity integral Il(ﬂp )(ICt)
in (2) has the form

CI(SI'Sp) — X(l) VOI (F\G) /OO ts_ldt
0

47l (s)

R

27X (1) Vol (I'\G)

< / o, () [y (r m2

where y(r?;m2) = r? +m2, m2 = b® + (py — p)?. Because
of (4) and (5) it is convement to consider even- and odd-
dimensional cases separately.

)] Cdr, (6)

3.1.1 Even-dimensional manifold

Using (4) and (5) in (6) for N = 2n we get

(1) Vol (1) o [+ %;jﬁgg]’?df

(2n 71
(sl8y) =

= () Vol (1\G) e

n—1

r2 1 tanh ( 7rr) dr
X Zagj / e (7)

Fora,d > 0,z € C, define the entire functions K, (s; 0, a) = def
Jo 7™ (6 4+12) "% sech®(ar)dr. Then for Res > j+1, 5 > 0,
one gets [25]

/ r23+ 1 tanh (ar) dr
R ((5 + 7'2)5

0 J
_aj! Ri—1(s—L—1;0,a)
2 Z (j—0)! s—1)(s—2)...(s—(€+1))’(8)
The following result follows:

) (g12,) = T x(1) Vol(I\G)Cr (2

1 n—1

n — .

por
j=0
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5 Ry (5= 0= 150 4 oy —p)* )
XZ (=0 8—1)(8—2)...(3—(£+1))' 9)

=0

3.1.2 Odd-dimensional manifold

In odd-dimensional case, N = 2n + 1, we get

2 (51e,) = L) vol (@) or (2;)

X Zagj/sz [y(r2
=0 7R
Using the formula [ 71 (62 4r2)~5dr = 6§22 I'()I"(s—

3)/(I'(s)), we find:
()

x (1) Vol (I'\G)
Xiawf(ﬂ'Jﬁ%)F(S*j*%)

4I'(s)
221

mi)] “dr. (10)

¢t (slg,) =

. (11)
§=0

3.2 The hyperbolic component of the isometry group

The zeta function associated with hyperbolic orbital inte-

gralH (ICt) takes the form
I8 = s D0 X KO )

v€Cr—{1}
> 3 2, 15
></ 53ttt
0

Using the K —Bessel function K,(s), s € C, defined by

K, (25) ¥ (1/2)s” x ISt L exp{—t — s /t}dt, we have

1
VTl (5) Vec;{l}

(tvmp)

1
[Qmp]s 2

(12)

Cr(s]€p) = XMit () CH)

K_,
s—i—%
Xty

/0 veCr—{1}

e*(tJFmP)t’v dt
X
2tm, + )

XYty (v)C (y)
I'(s)I'(1-s)

(13)

3.2.1 Logarithmic derivative of the Selberg zeta function

The function ¢ (s; x) defined in [29]

=X

v€Cr—{1}

X (Nt~ () C (7) e Emrodty

(14)

Yr(2;5x)
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for Res > 2pg, is a holomorphic function in the half-
plane Res > 2py and admits a meromorphic continua-
tion to the full complex plane. It has been shown that
there is a meromorphic function Zp(s;x) on C such that
(d/dz)log Zr(z;x) = ¥r(z;x). Zr(z; x) suitable normal-
ized is the Selberg zeta function attached to (G, K, I, x).
Therefore,

* Y (po +t +myp; x)
(2tm,, + 12)*

dt.

(15)
Canonical quantization of Abelian p—forms yields a formal
expression (1/2)((s = —1/2|€,) = (1/2) 3, A2 for the
Casimir energy, where { A}, is the set of eigenvalues (with
multiplicity) of the Laplacian £, on smooth sections of
a vector bundle over Xy = I'\HY induced by a finite-
dimensional unitary representation x of I'. The regularized
Casimir energy related to co-exact forms (the alternating
sum of zero- and p—form components) on real compact
even-dimensional hyperbolic manifolds is given as follows:

1 ™
E(mp)n=an = 5¢(=1/2/E[F)) = X

Ll a2jj'
P>

S GO Mo~ 5 — (g + 1)
(e i

3
+ﬁj71(—€ — 2;m(2),7T):|

Cusl8) = 7

I'(l—ys)

(1) Vol(I'\G)Cg

1 o0
T5r / {7/)1‘(170 +t+myp; x) [2tmp +t2]
™ Jo

+r(po + t+ mos ) [2tmo + 2] ? } dt. (16)

In the case of scalar field (p = 0 for a trivial representation)
the Casimir energy becomes

%xu)w(r\@cc
2]j'ﬁj 1( 5—37m37 )

§= 0 Mgmo(=% — (4 +1))

E(mo)N=2n =

n—1 7

x]z:z(

1
—7/ Yr(po +t +mo; x) [2tme + 2] 2 dt. (17)
0

Formula (16) with positive parameter m,, gives the reg-
ularized vacuum energy E(m,,) which is finite. From (11) it
follows that in the case of odd N the identity component of
E(m,) has poles at s = —1/2 and therefore F(m,,) cannot
be obtained by the method available for even-dimensional
manifolds, which agrees with result obtained in [13]. For
the trivial representation y = 1 of I", the topological com-
ponent of the Casimir energy E(m,) (the last term in (16))
is always negative, in agreement with results previously ob-
tained in [14]. In the case of scalar fields (zero-forms) our
result agrees with one founded in [13].

Nl=
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4 Concluding remarks

Cosmological predictions, such as the microwave back-
ground anisotropies (CMB) and the current acceleration
expansion of the universe [30], depend pretty much on
the details of the theoretical model under consideration.
In particular, the recent data obtained by the Wilkinson
Microwave Anisotropy Probe (WMAP) [31] satellite con-
firmed, and set new standards of accuracy, to the previous
COBE’s measurement of a low quadrupole moment in the
angular power spectrum of the CMB, which is in accor-
dance with the assumption that the topology of the universe
might be non-trivial, with particular emphasis on the case
of a compact hyperbolic universe. Combined with this ob-
servation, the WMAP satellite also indicates that ~ 60%
of the critical energy density of the universe is contributed
by a smoothly distributed vacuum energy (Casimir energy)
or dark energy, whose net effect is repulsive (leading, thus,
to an accelerated expansion of the universe).

In this paper, we have shown that the topological com-
ponent of the Casimir energy for co-exact forms on even-
dimensional manifolds, associated with the trivial char-
acter, is always negative. This result confirms the above
mentioned measurements and we can infer on the cosmo-
logical consequences of it. We plan to address this question
in details in a forthcoming paper [32].
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