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Abstract

In this paper, a framework is introduced to remove the huge discrepancy
between the empirical value of the cosmological constant and the contribution to
the cosmological constant predicted from the vacuum energy of quantum fields.
An extra-dimensional space with metric reversal symmetry and R? gravity
(that reduces to the usual R gravity after integration over extra dimensions)
is considered to this end. The resulting four-dimensional energy—momentum
tensor (obtained after integration over extra dimensions) consists of terms that
contain off-diagonally coupled pairs of Kaluza—Klein modes. This, in turn,
generically results in the vanishing of the vacuum expectation value of the
energy—momentum tensor for quantum fields, and offers a way to solve the
problem of huge contribution of quantum fields to the vacuum energy density.

PACS numbers: 11.10.Kk, 04.20.Cv, 11.30.Er

1. Introduction

The observation of the accelerated expansion of the universe [1] boosted the studies on an
old cosmological problem, namely the cosmological constant problem [2]. The standard
explanation for the accelerated expansion of the universe is a positive definite cosmological
constant in Einstein field equations [3, 4]. A cosmological constant (CC) may be considered
either as a geometrical object (e.g. as the part of the curvature scalar that depends only on
extra dimensions in a higher dimensional space) or as the energy density of a perfect fluid
with negative pressure or a combination of both. (Although these two attributions may seem
to be really two different manifestations of the same thing this distinction enables a more
definite discussion of the problem, as we shall see.) The vacuum expectation values of the
energy—momentum tensors of quantum fields (i.e. the energy—momentum tensor due to zero
modes of quantum fields) induce energy—momentum tensors that have the form of the CC
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term in Einstein field equations. This identification is the main origin of the two (probably
related) most important cosmological constant problems; (1) why is the energy density
(~(1073 eV )*) [5] derived from the measurements of acceleration of the universe so small
compared to the energy scales associated with quantum phenomena (that is, why is CC so
small?), (2) why do the zero modes of quantum fields contribute to the accelerated expansion
of the universe so much less than expected?.

There are many attempts, at least partially to answer these questions, namely symmetry
principles, anthropic considerations, adjustment mechanisms, quantum cosmology, string
landscape, etc [2, 6]. None of these attempts have been wholly satisfactory. One of the
main ideas proposed toward the solution of the problem is the use of symmetries such as
supersymmetry and supergravity. However these symmetries are badly broken in nature. So
it seems that they do not offer a viable solution. Recently, a symmetry principle that does not
suffer from such a phenomenological restriction was introduced [7, 10, 11]. This symmetry
amounts to invariance under the reversal of the sign of the metric and it has two different
realizations. The first realization is implemented through the requirement of the invariance
of physics under the multiplication of the coordinates by the imaginary number i [7-9]. The
second realization corresponds to invariance under signature reversal [10, 12, 13] and may
be realized through extra-dimensional reflections [10]. In this paper, both realizations of the
symmetry are named by a common name, ‘metric reversal symmetry’. In the previous studies,
the symmetry is implemented for a cosmological constant that is geometrical in origin, e.g.
a bulk CC or a CC that is induced by the part of the curvature scalar that depends on the
extra dimensions only. The aim of the present paper is to extend this symmetry to a possible
contribution to CC induced by the vacuum expectation value of the energy—momentum tensor
of quantum fields (i.e. quantum zero modes). The main difficulty in applying the symmetry
to the contribution of the quantum zero modes is that, in the simple setting considered in the
previous studies, it is not possible to impose it so that the matter Lagrangian corresponding
to a field is non-vanishing after integration over extra dimensions (i.e. so that the field is
observable at the usual four dimensions at the current accessible energies) while the quantum
vacuum contributions of the fields are forbidden. This point will be mentioned in more
detail in the following section. To this end, in this paper the space is taken to be a union
of two 2(2n + 1)-dimensional spaces and the gravitational Lagrangian is taken to be R?
where R is the curvature scalar. The Robertson—Walker metric is embedded in one of these
2(2n + 1)-dimensional spaces. Both realizations of the metric reversal symmetry are imposed.
The four-dimensional Robertson—Walker metric reduces to the Minkowski metric after the
symmetry imposed and the action corresponding to matter Lagrangian is forbidden by the
requirement of the invariance under x* — ix“4. The requirement of the implementation
of (either realization of) the symmetry on each space separately restricts the form of the
gravitational action and only some part of the gravitational action survives and it can be
identified by the usual Einstein—Hilbert action after integration over extra dimensions. After
breaking the x4 — ix# symmetry (while preserving the signature reversal symmetry) the
Minkowski metric converts to the Robertson—Walker metric (with a slowly varying Hubble
constant), and results in a small non-vanishing matter Lagrangian (and action). The unbroken
signature reversal symmetry imposes the resulting matter Lagrangian generically contain at
least one pair of off-diagonally coupled Kaluza—Klein modes in each homogeneous term and
hence necessarily contains mixture of different Kaluza—Klein modes. This, in turn, causes
the vacuum expectation value of energy—momentum tensor be zero, as we shall see. Then the
accelerated expansion of the universe may be attributed to some alternative methods such as
quintessence [14, 16], phantoms [15, 16], etc or a small CC may be induced classically after
breaking of the x4 — ix# symmetry, as we shall see.
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2. A brief overview of metric reversal symmetry

We consider two different realizations of a symmetry that reverses the sign of the metric
ds? = gapdx? dx? — —ds? (1)

and leaves the gravitational action

S D
1671G/‘/( 1)°gRd"x 2)

invariant, where S and g denote the number of spacelike dimensions and the determinant of
the metric tensor, respectively. I call this symmetry ‘metric reversal symmetry’.

The first realization of the symmetry [7] is generated by the transformations that multiply
all coordinates by the imaginary number i,

R

xt - ix, 8AB = 8AB- 3
The second realization [10] is generated by the signature reversal
xt = X, 8AB —> —&AB- 4)

The requirement of the invariance of equation (1) under either of the realizations,
equations (3) and (4) sets the dimension of the space D to

D=22n+1), n=0,1,2,3,.... (5)

Hence both realizations forbid a bulk cosmological constant (CC) term

D
iy

(provided that S remains invariant) where A is the bulk CC.

In fact these conclusions are valid for signature reversal symmetry in a more general
setting where the whole space consists of a 2(2n + 1)-dimensional subspace whose metric
transforms like (4) and the metric tensor for the rest of the space is even under the symmetry.
In other words in a D-dimensional space where

Sc =

x4 — x4, 8AB —> —EAB; A,B=0,1,2,3,5,...,22n + 1), @)
x4 = x4, gAaB —> AR A, B =22n+1D)+1,2Cn+1)+2,...,D )

as well S¢ is allowed while S, is forbidden.
A higher dimensional metric with local Poincaré invariance may be written as [17]

ds? = Q[ () dx™ dx” + 255 (y) dy® dy’] + gea (y) dy* dy?, 9)
where x and uv = 0, 1, 2, 3 denote the usual four-dimensional coordinates and indices; y
denotes extra-dimensional coordinates, and a, b =4, 5, ...2Q2n+1),¢',d' =22n+1),..., D

denote the extra-dimensional indices. We let,
Q— —Q, 8uv = guv 8ab —> 8ab» 8erd —> Ged' (10

We take the underlying symmetry that induces (10) be an extra-dimensional reflection
symmetry. For example one may take

Q(y°) = cosky, y =", (11)

where k is some constant and take the symmetry transformation be a reflection about kz = 7
given by

ky — mw —ky. (12)
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There is a small yet important difference between simply postulating a signature reversal
symmetry or realizing it through (9) and (11) although both forbid a cosmological constant
(CC). In the case of (9) and (11), one may take a non-vanishing CC from the beginning and
it cancels out after integration over extra dimensions while this is not possible if one simply
postulates the metric reversal symmetry.

The action functional corresponding to the matter sector is

Sy = /J(—l)sgﬁMde, (13)

where L) is the Lagrangian for a matter field. If the symmetry is applicable to the matter
sector then the symmetry must leave Sy, invariant. One may take the dimension where the
field propagates as D = 2(2n + 1) so that (at least) the kinetic part of Sy, is invariant under the
symmetry transformations. For example the kinetic part of the Lagrangian of a scalar field ¢,

Lo = 58" 01905 (14)
transforms like R under the transformations, (3) and/or (4) so that Sy, is invariant under
the symmetry if ¢ propagates in a 2(2n + 1)-dimensional space and ¢ — =¢ under the
symmetry transformation. Meanwhile this allows nonzero contributions to the CC through the
vacuum expectation of energy—momentum tensor of quantum fields. The four-dimensional
energy—momentum tensor for (14) at low energies, 7, is

1
T) = / d“yszz”\/gge{g”wam = 508" 0,900 + 2 Daghp + szgedaeqsad«m},

15)
where we employed the metric (9), and g and g, denote the determinants of (g;;) and (g.4),
and §,, denotes the Kronecker delta. If the signature reversal symmetry is imposed through an
extra-dimensional reflection, for example, by (11) and (12) then the last term in (15) cancels
out while the other terms survive after the integration over the extra dimensions. So the
four-dimensional energy—momentum tensor in general gives nonzero contribution to vacuum
energy density through its vacuum expectation value after quantization. One may allow L
by letting ¢ propagates in a 4n dimensional but this would allow a bulk CC. In other words one
may adjust the dimension of the space where the field propagates so that (13) is allowed and
hence the symmetry is true for matter sector but this allows either a bulk CC or the contribution
of quantum zero modes. The situation is the same for gauge fields and fermions. So one
should consider this as a classical symmetry [8] or one should construct a more sophisticated
framework where the symmetry applies both at classical and quantum levels. Constructing
such a model will be the aim of the following sections.

3. The need for both realizations of the symmetry and its implications

The requirement of the isotropy and the homogeneity of the usual four-dimensional universe
results in the metric

ds? = Q()(dx2 — a(t) do?) + gup(y) dy* dy”

y=Xx5=1Yyi, X6 =Y2,.-., XD = Yp—4 a,b=1,2,3,...,D—4 (16)
2 dr? 2 162
do” = ———— +r-dQ".
1—K?%r?

Further I impose the symmetry

ds?> — —ds? as x4 — ix4, 8AB = &AB

A=0,1,2,3,5,...,D.

a7
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This requires
Q@) = Q0. a(t) — a(t), K*r? > K*r?, 8ab = 8ab- (18)

This together with the requirement that after integration over extra dimensions it should
correspond to the solution of the four-dimensional Einstein equations with a cosmological
constant (as the only source) implies that

a(t) = constant, K?>=0. (19)

In other words the first realization of the symmetry, equation (17) requires the four-dimensional
part of the metric be the usual Minkowski metric, that is,

ds® = Q(y)(dx§ — dx} — dx3 — dx3) + gap(y) dy“ dy”. (20)

Equation (20) suggests that one may get rid of the problem of cosmological constant in the
four-dimensional cosmological constant (CC) (provided that extra-dimensional contributions
vanish) once the first realization of the metric reversal symmetry or (global) Poincaré symmetry
is imposed. Then the smallness of the observational value of CC could be attributed to the
breaking of the symmetry by a tiny amount if the renormalized value of CC due to vacuum
fluctuations were in the order of the observed value of CC. On the other hand, the renormalized
value of CC is proportional to the particle masses [18]. So even a free electron contributes
to CC by an amount that is ~10>* times larger than the observational value of CC. Therefore
the first realization of metric reversal symmetry by itself cannot be used to make CC vanish
(or tiny). In the following section, we will see how the signature reversal symmetry (realized
through extra-dimensional reflections) can be used to make the contribution of the quantum
zero modes vanish. However, the first realization has an advantage over the second one
especially when the second realization is considered to be an extra-dimensional reflection of
the form of (12). Extra-dimensional reflections do not act on the four-dimensional coordinates
so they cannot forbid a contribution from the four-dimensional part of the metric, for example
through a(¢) while the first realization always does by setting it to zero as we have seen.
So in the following section we will employ both realizations of the symmetry. The second
realization through extra-dimensional reflections will cancel the contributions to CC while the
first one will allow a small CC after it is broken by a small amount.

Next see what is the form of the conformal factor 2 when both realizations of the symmetry
are imposed. We have obtained in (20) the form of the metric after the first realization of the
symmetry is imposed. Equations (17), (18) set the form of the conformal factor €2 in (16) to
one of the followings:

Q) =QyD or Q)= f(y)fGly) (e.g.coskycoshky), 21

where f(y) is an even function in y, i.e. f(—y) = f(y). Next apply (12) to (21) and require
(10) and take the extra dimension y be an S /Z, interval. This restricts the form of €2 to

Q(y) = coskly| or Q(y) = tank|y|, (22)

where cot k|z| has been excluded because it blows out at the location of the branes at k|y| = 0
and k|y| = &. For simplicity I take

Q(y) = coskly| (23)

in the following section whenever necessary.
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4. The model: classical aspects

In this section, we employ both realizations of the metric reversal symmetry in a space that is
the sum of two 2(2 + 1)-dimensional spaces (where the usual four dimensional is embedded in
one of them) and modify the curvature term S so that the metric reversal symmetry becomes
a good candidate to explain the huge discrepancy between the observed value of cosmological
constant (CC) and the theoretically expected contribution to it through quantum zero modes.
In this study, I adopt the view that the symmetry forbids both the geometrical and the vacuum
energy density contributions to CC. Hence CC is forced to be zero when the symmetry is
manifest, and it is tiny when the symmetry is broken by a tiny amount (instead of seeking a
solution where both contributions cancel each other up to a very big precession to explain the
observed value of CC). In this section, the main classical aspects of a framework to this end
are introduced.

Consider the whole space be a sum of two 2(2n + 1)-dimensional spaces with the metric

ds? = ZAB dx? dx?® + gA'B dx? dx?

= Q,(2)[gr (¥) dx* dx” + Zap (y) dy* dy’] + 2, (V) g arp (2) dz? dz? 24)
Q,(y) = cosk|yl), Q.(z) = cosk'|z| (25)
A,B=0,1,2,3,5,..., N, N =22n+1), AB =1,2,...N',

N =2Q2m+1) u,v=0,1,2,3,
a,b=1,2,...,N —4, nm=0,1,2,3....

The usual four-dimensional space is embedded in the first space gap dx? dx? as it is evident
from (24). We take the action be invariant under both realizations of metric reversal symmetry,
that is,

ds?> - —ds®> as x* — ix4, A ZAB — £AB, gAa'p —> AR
(26)
= Q; = Q, Qy g Q_Vv 8wy = 8uv, 8ab —> 8ab» gap —> Zap (27)
and
ds?> - —ds® as ky - m —ky, Kz —>m—kz x4 = x4, x4 x
(28)
= Q, > —Q,, Q, — —Q,, 8uv = &uvs
8ab = Zab> 8ap —> 8ap- (29)

As in (20) and (23) the requirements of the homogeneity and isotropy of the four-
dimensional space together with the equations (26)—(29) set g, to the Minkowski metric
nu = diag(l, —1, —1, —1) and the conformal factors to (25).

4.1. Curvature sector

We replace the gravitational action in (2) by an R? action

1 3
Sk = — | dVR? 30

R 16n G / 30)
dV = dV; dVs, dv, = /g(—=1)SdVx, dv, = /g'(=1)% dV'x’ (31)
R=R(,x)+ R (x,x), (32)

6
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where the unprimed quantities denote those corresponding to the N = 2(2n + 1)-dimensional
space, and the primed quantities denote those corresponding to the N’ = 2(2m+1)-dimensional
space. Under the transformations (28), (29)

dVvi » —dVy, dV, »> dVs as ky —» m —ky, x* - x4, 1N > (33)
dvy — dvy, dVha — —dV, as k'z > 7w —kKz, x*—> x4, x>t (34)
R—R, R — —R as ky—o>m—ky, x*—>x4 x¥->x" (35)
R——-R, R >R as Kz—nm—-kKz, x*—>x* x*->x". (36)

We observe that
dV = dV1 dV2 — —dV (37)

R?> > R?, R? - R?, RR — —RR’ (38)

under the action of the symmetry transformations to only one of the spaces, the unprimed
or the primed spaces. So, only the cross terms RR’ are allowed. In other words only these
terms may survive after integration over extra dimensions. In fact it is obvious from the above
transformation rules that an Einstein—Hilbert type of action is not allowed directly because
each piece R and R’ in R is odd while dV is even under a transformation applied to both
subspaces, the unprimed and the primed subspaces. Since only RR’ terms are allowed (30)
becomes

MN+N —4
S1 = 1oz [ VDS DT 2RWR ) dVrd

= T G/\/ (—1)SgR(x)d"x, (39)

where

1 M \? ,
=M | —) mMNNVO f V(=D g 2R (x") d”'x’ 40
T e ,,I(Mpl) n G (—DYg2R'(x") (40)

and G is a dimensionless constant. In other words in the usual four dimensions at low energies
(30) is the same as the Einstein—Hilbert action (2). Newton’s constant in N dimensions, G
is related to Newton’s constant in N + N’ dimensions through equation (40). The integral in
(40) is at the order of ~LN'~2 ~ W Hence equation (40) may explain the smallness of
gravitational interaction compared to the other interaction if the energy scale of L’ is much
smaller than the Planck mass Mp;,i.e.if L' > M;p, as in the models with large extra dimensions

especially when L(L') < +-.

4.2. Matter sector

In this subsection, we consider the matter action

Sy = /dVﬁM dv =/ (=DSg/(=1)%g' dPx d”'x’' 1)

and we consider the four-dimensional form of Sy, after integration over extra-dimensional
spaces. Then we study the vacuum expectation value of the energy—momentum tensor induced
by the corresponding Lagrangian in the section after the following section.

It is evident that under the first realization of the symmetry

dV — dVv as x4 5 jxAAY 8AB(A'B’) = 8AB(A'B') (42)

7
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for a space consisting of the sum of two 2(2n + 1)-dimensional spaces as in (24). The kinetic
part of £, is not invariant under the transformations x#) — ix4“" for the usual fields [8].
So Sy is not invariant under the symmetry generated by x*? — ix4“)_ In other words the
first realization of the metric reversal symmetry is maximally broken in the matter sector (and
hence the scale factor a(¢) in the Robertson—Walker metric may be time dependent). On the
other hand, I take a higher dimensional version of the PT symmetry x4() — —x4(4) pe
almost exact and broken by a tiny amount. In other words I adopt
x4 = —x4, x> =X 43)

which is a subgroup of the group generated by
xAA) s A i(ixA(A’)) = x4 i(i(ixA(A’))) = —ixA™)

— 1[Ny = x4 (44)

The symmetries in (43) are imposed on each subspace separately. Next I impose an additional
four-dimensional PT symmetry generated by

X = —x. (45)

Equations (44), (45) together imply that a PT symmetry in the four dimensions and an
additional PT-like symmetry in the extra-dimensional sector are assumed. One observes that
Ly 1s invariant under equations (44), (45) because Sy and dV are invariant under these
symmetries. The eigenvectors of equations (44), (45) do not mix because the Lagrangian (so
the Hamiltonian) is invariant under these symmetries. So the fields ¢ in the Lagrangian should
be eigenvectors of these symmetries.

To make the argument more concrete consider the Fourier decomposition (i.e. Kaluza—
Klein decomposition) of a general field ¢ (where possible spinor or vector indices are
suppressed). For simplicity we take g,, = —84», ga5 = —38a'p, and consider only the
Fourier decomposition of ¢ corresponding to single dimensions y and z from each of the
subspaces, the unprimed and the primed ones. We show that the Fourier expansions given
below are the eigenvectors of equations (44), (45),

$aa(x,y,2) =Y $tn (x) sin(nky) sin(mk'z) (46)
Pas(x,y,2) = Y _ 5 (x) sin(nky) cos(mk'z) (47)
$sa(x,y,2) = Y _ i (x) cos(nky) sin(mk'z) (48)
pss(x,¥,2) = Y pns, (x) cos(nky) cos(mk'z)

™ o , (49)
k=—, k= —, 0<y<L, 0<z< L, n,m=0,1,2,...,

L L’

where we have used k = % k' = Ll since 0 < y < L,0 < z < L. In the case of fermions
the integers n, m in (46), (49) should be replaced by %n, %m, respectively. One observes that

n(m) — —n(m) as y(z) = —y(2), (50

since n(m) are the eigenvalues of %(33), i.e. they are the momenta corresponding to the

directions y and z. There are two eigenvalues, i.e. =1 of the each transformation in (50) since
the application of the transformations twice the results in the identity transformation.

8
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Now we show that the fields (46)—(49) are the eigenstates of the transformations (50).
First consider (46). Applying the transformation (43) and using (50), ¢ 44 in (46) transforms
to

$aa(x.y,2) = ¢'(x. ¥, 2) =Y ¢t (x)sin(nky)sin(mk'z)  as y—> -y (51

— ¢'(x,y2) =) ¢, (x)sin(nky) sin(mk'z) as z-— —z. (52)

There will be no mixture of the eigenstates of (43) in the Lagrangian because the Lagrangian
is invariant under (43). So ¢4 is either odd or even under (43). In the light of (50), (52) the
eigenstates of ¢ 44 under the transformation are determined by ¢4 (x). The same conclusion
is true for all ¢’s (46), (49). So, for all ¢’s (46)—(49) we have two cases for each symmetry
in (50)

G—nm(=x) = £P_nm(x) = £um(x) (53)
Gn,—m(—X) = £ m(X) = £y m(x). (54)

Meanwhile one may write (46)—(49) in the following form as well:

Pan(x.y.2) = % 3 (824, () — ¢4, () sin(nky) sin(mk'2)

n,m

= % Z (¢, () — 4, (x)) sin(nky) sin(mk'z) (55)

1
Pas(x,y,2) = 3 Z (¢,ﬁ§1 (x) — ¢f,f,m (x)) sin(nky) cos(mk'z)
= % Z ((ﬁf’i (x) + ¢, (x)) sin(nky) cos(mk'z) (56)

a5 . = 5 3 (G400 021, 0) costnky) ik’

= % Z (o35, (x) — @22, (x)) cos(nky) sin(mk'z) (57)

n,m

1
Dss(x.3.2) = 5 D (915,00 + 6%}, () cos(nky) cos(mk'z)
_ % 37 (655, () + 855, (1)) cos(aky) cos(mk'2). (58)

n,m

It is evident from equations (55)—(58) that ¢44 is antisymmetric under both of n — —n,
m — —m, ¢s is antisymmetric under n — —n while it is symmetric under m — —m, ¢g4
is symmetric under n — —n while it is antisymmetric under m — —m, and ¢ss 1S symmetric
under both of n — —n,m — —m. This result will be important in the value of Sy, after
integration over extra dimensions.
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4.2.1. Scalar field. First consider Ly, the kinetic part of the Lagrangian Ly for a scalar
field (in the space given in (24))

Lok = Lpr1 + Loio (59)
Lo = 387040350, Loz = 18P 0000 0. (60)

Once the breaking of the first realization of the symmetry in the matter sector is granted
we may go on to seek the implications of the manifestations of the residual symmetry (43),
(45) and the second realization of the symmetry given by equations (28), (29) that remains
unbroken. Ly (i.e. Ly in this case) is even under the simultaneous application of the
signature reversal symmetry to both subspaces because dV is even under the symmetry and
we require the invariance of Sy (i.e. Sy in this case). So any ¢ may be written as a
sum of the eigenstates of the symmetry. The eigenvalues of the symmetry transformation
kVy(z) — m — k”y(z) are £1 because the application of the transformation twice results in
the identity transformation. Because g4%(g”'?") is odd then the terms d¢d¢ are odd as well
under the symmetry transformation. So the kinetic term in (59) contains mixed eigenstates
of the symmetry. In the following paragraphs, we will identify these eigenstates with odd
and even terms in the Fourier decomposition (i.e. Kaluza—Klein decomposition) of ¢. Then
this result will have important consequences in the following paragraphs. In the following
paragraph we see, through an example, explicitly how S, contains mixing of different Kaluza—
Klein modes off-diagonally. This result, in turn, will be crucial in ensuring vanishing of the
vacuum expectation value of energy—momentum tensors of quantum fields in the section after
the following section.

To illustrate the idea I avoid unnecessary complications and consider the simplest realistic
case; N = 6, N’ = 2. The kinetic part of Sy (i.e. Sy in this case) for ¢gs of equation (49) in
the space (24) where the conformal factors are of the form (25) is given by (see appendix A)

1
Spx = §<LL/)2 / d4x{4a,b[¢1,z<x) +¢1.0(x)18, (¢0.0(x))
+49,[0.2(x) + Po.0(X) + P2.2(x) + 2.0 (x)]8, (P1.0(x))

oo

+4nh Z D —11,15—21 (X)) + Ppr—11,542(X)

r=I1,s=1

+ 2¢|r—1|.s (x) + ¢r+l,\s—2|(x) + ¢r+l,x+2(x) + 2¢r+l,s (x)]av (¢r,s (X))
— 4k* Z r[(Ir — 1D(@)r—1,15—2/ (X) + Ppr—1), 542 (%) + 20 —1),5(x))

r=1,s=0

+ (V + 1)(¢I’+1,|S72‘(x) + ¢r+l,s+2(x) + 2¢r+l,s (X)) - ¢r+1,s (x))]¢r,s (x)
- 4%182 S S1Us = 3Dy () + (5 + 3P (x)

r=0,s=1
+3(|S - 1|)¢r,|571\(-x) + 3(S + 1)(¢r,s+1(x)]¢r,s(-x)}~ (61)

The expressions for ¢pas, Ppsa, Ppaa are the same as (A.3) up to minus and pluses in front of the
®mn terms. Hence the expressions for ¢ 45, ¢sa, Paa are the same as (61) because the change
in the sign of the coefficients of ¢,,, are compensated by the change of the sign due to the
symmetry properties of ¢,,,’s under n — —nm — —m. Although the expressions for Sy
for all daa, Pas, Psa, Pss are essentially the same and given by (61), in fact the Sy for ¢ss
has an important difference than the others because only that result contains the zero mode

10
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¢o.0 that is identified by the usual particles. So I take ¢gs as the only physically relevant state
for ¢. One observes that equation (61) contains only off-diagonal mixing of Kaluza—Klein
modes. One may easily see that a bulk mass term for ¢ results in essentially the same form as
the four-dimensional kinetic term in (61) where the derivatives are absent. Any other power
of ¢ necessarily contains off-diagonal mixings of Kaluza—Klein modes. These observations
are important when the vacuum expectation of energy—momentum tensor is obtained to give
zero in the exact manifestation of extra-dimensional reflection symmetry. A more detailed
analysis of equation (61) and these points will be given in the following section.
Next consider a bulk mass term (for ¢gg)

Som = %m / V(=DSg/(=1)5 g dPx dPx'g?

L
= lmLL’/d“)c{ E (p,,,m(x)qﬁr,s(x)/ dy cos ky cos(nk|y|) cos(rk|yl|)
2 0

n,m,r,s

I
xf dz cos® k'z cos(mk’|z])) cos(sk’|z]))
0

1
= meLy f d“x{ D Gum s Gt +8nr) + 8ppt + Bn1r)

n,m,r,s

X (8m,7sf3 + 8m,3fs + 5m,s73 + 8m,s+3

+ 3(Sm,—.v—l + 38m,l—s + 36m,s—l + 36m,x+1)]}~ (62)

The common aspect of the equations (61) and (62) are that the Kaluza—Klein modes mix
in such a way that there are no diagonal terms, i.e. the terms of the form ¢, ¢, . In fact this
is a generic property of all possible terms for all kinds of fields, i.e. scalars, fermions, gauge
fields or any other kind of field. All terms necessarily contain at least a pair of Kaluza—Klein
modes that couple in a non-diagonal way. This can be seen as follows: a pair of fields that
mix in a diagonal way (i.e. as ¢y »®n») is even under either of the transformations in (28)
since it corresponds to the terms of the form cos” nky sin?> mk’z. If the whole terms consists
of such pairs then the whole term is even under (28). However the volume element is odd
under either of the transformations in (28). So such a term cannot exist, i.e. it must contain
at least one pair of fields that couple in a off-diagonal way. This fact plays a crucial role
in making the vacuum expectation value of the energy—momentum tensor zero in the exact
manifestation of the metric reversal symmetry. In the following subsection we consider one
additional example, that is, the kinetic term for fermions because it is not a straightforward
generalization of the scalar case. We will see that the same conclusion also holds in that case
as expected.

4.2.2. Fermionic fields. The kinetic term of the Lagrangian for fermionic fields in the space
given by (24) in the presence of the signature reversal symmetry (where the conformal factors
and the unprimed space are given by (25) and (20)) is

L =198 +ig T4 9,y (63)
For simplicity I take

Euv = NMuv, gab = _Sab’ gA’B’ = _SA’B" (64)
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Infact g,,, = 1, is enforced by the symmetry, the four-dimensional homogeneity and isotropy
of the metric as we have discussed in the previous section. So

N kz o kz \7! A
' ={cos —t3+isin —1 Ky
2 2
B (65)

, k k /
'Y = cos —yr3+isin—yt1 ®)/A,
2 2
where
(DA, TPEy = 2g88AE) Ay Py =2t Py =260 (66)

and 73, 7; are the diagonal and the off-diagonal real Pauli matrices, and ® denotes tensor
product. In the case of fermions one should use the complex expansion for the Fourier
expansion

Yy, 2) = Y () €30 @3K

n,m

= Z <w;lfn (x) cos (%nky) + wr’l”j; (x) sin (%nky)) o smkz
= Z < <‘ﬁr'ff, (x) cos (%mk’z> + o (x) sin (%mk/z)) 3"k 67)

n,m

where

X .
Yis (x) = 3 W)+ Ym (0)), Y (x) = %(wn,mm — Yy (X))

1 .
W,T;Z(x) = E(l[fn,m(x) + wn,—m(x))v 1//;";2()() = %(I/In,m(x) - wn,—m(x))~

Next we substitute (67) into (63) to get Ss,. To be specific we take N = 6 and N’ = 2 as in
the previous subsubsection. Then (63) becomes (see appendix B)

(68)

1
Spr= 35 (LLY? / d“x{ D W ()T ® YH 0 (s (x)

X (Sn.r+2 + 8n,r—2)(6m,s+5 + 8m,s—3 + 2'8m.s+1 (8m,s—5 + 8m.s+3 + 26m,s—1)
- I/fn,m (X)T3 ® yﬂau(wr,s ()C)
X ((Sn,r+2 + 5n,r72)(5m,s+3 + 8m,s75 - 8m,s+5 - am,s73 + 2(Sm,sfl - 28m,s+11)

- %wn,m () =)@y Y, (x)

X (8n,r+2 + 8n,r—2) (S 543 + Om,s—5 — Oms+5 — Smos—3 + 28m,5—1 — 28 5411)
+ %(f =Y ()T @ Y Py 5 (x)

X (8nr+2 + 8n.r—2) (O 543 + Oims—5 — Om.s+5 — Sm.s—3 + 28 5—1 — 28 5411)
- %wn,m(x)(s —m) 13 Q@ Y Y, 5 (x)

X (8p,r+1 F 8n,r—1) (8,546 + Om,s—6 + 30m s+2 + 36,5-2)

1 ,
(5 = m) S Y ()T @ Y s (x)
X (8n,r71 - 8n,r+1)(5m,s+6 + 8m,s76 + 38m,s+2 + 38;11,572) } 5 (69)

12
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u u

. . .. —1 . .
where we have used the identity cos u(cos %'L’g, +isin 3 rl) = (cos %‘[3 +isin g rl). We see
that, in this case as well, each homogeneous term consists of one off-diagonally coupled pair
of Kaluza—Klein modes.

5. The relation to Linde’s model

It is evident from (61) that the four-dimensional kinetic term contains the zero mode ¢qy while
the other terms, i.e. the mass terms do not contain the zero mode. This implies that there is
a zero mass eigenstate that contains ¢go. However the form of (61) is rather involved since it
involves, in general, mixing of all Kaluza—Klein modes. An important aspect of this mixing is
the absence of diagonal terms in the mixing terms. We will see in the following section how
this plays a crucial role in making the vacuum expectation value of energy—momentum tensor
zero. Before passing to this issue, first we should make the form of (61) more manageable. In
any case one should diagonalize (61) so that, at least, the fields in the four-dimensional kinetic
term couple to each other diagonally, i.e. we should pass to the interaction basis. One observes
due to the signature reversal symmetry (induced through extra-dimensional reflections) that
all the terms in the four-dimensional kinetic term in (61) are mixed so that the terms with odd
n’s mix with the even n’s, and the odd m’s with odd m’s, the even m’s with even m’s. There is
the same behavior for the terms with the coefficient k2, and a similar behavior for the terms
with the coefficient k2 (the odd n’s mix with the odd n’s, the even n’s mix with the even n’s and
the odd m’s mix with the even m’s and vice versa). So the form given by the four-dimensional
part of (61) may be only induced by the mixture of either of

$90(x,y.2) = Z ¢20jf§§1+1(x) cos(2j + Dky cos(2l + 1k'z

J.1=0
and
$EO (x,y,2) = Z ¢fjf32ffl (x) cos(2j)ky cos(2] + 1)k'z (70)
j,1=0
or
¢S5 (3. = Y B1/5° () cos(2j)ky cos(2Dk'z
j=1,1=0
and
P9 (.3, 2) = )¢9, (x) cos(2j + Dky cos(2D)k z. (71)
j.1=0

The each sum may be an infinite series if all modes are mixed or it may correspond to a set
of finite sums if the modes mix with each other in a set of subsets of r and s in (61). In
the expansion of ¢&& the sum over j starts from one because we take the zero mode ¢oo
in a different eigenstate as we will see. The requirement that the internal symmetries that
may be induced by extra-dimensional symmetries and the usual spacetime symmetries are
independent requires the whole space be a direct product of the four-dimensional space with
the extra-dimensional space. This, in turn, requires all ¢, ,, (x)’s in the above equations be the

same up to constant coefficients, that is,

XY XYSS XY
SSnm — Cn,m ¢ (X), (72)
where X, ¥ may take the values O, E, and C,*},5° is some constant with the condition that it
leads to a finite series. For example, one may take
In —2|jm — 2|
Com = (73)

2+ H(m2+1)’

13
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where |n — 2||m — 2| is included to make the analysis of the zero mass eigenstate more
manageable as will see. Then equations (70), (71) become

¢2%(x.y.2) = | D C9Y y,y cos(2j + Dky cos(2l + 1)1&} $°°(x)

| j.1=0
. 12j — 11121 — 1| . | oo
= _,12—:0 @I D@ e D) cos(2j + Dky cos(2l + Dk zj| ¢°° (%)

and

¢"0(x. v, 2) = | Y CEOy cos(2j)ky cos(2l + l)k/z:| »F%(x)
| Jj.1=0

2j — 2121 -1
P> ((2j)|2]+1)((“21+ 1)2|+1) cos(2)ky 005(2”1)"/2} PO (74
=

or
P E(x,y.2) = Z ij’él cos(2)ky cos(2Dk'z1pEE (x)
j=L1=0
12/ — 2|21 — 2] ' ] EE
= Z 5 cos(2j)ky cos(2Dk'z |pEE (x)
|:j.l_0 (@) +1D(@n?+1
and
¢0E(X, Yy, Z) = Z CZOjEI,ZI COS(Zj + ])ky COS(2l)k’z¢>OE(x)

71=0

12j — 11|21 = 2| . s
- Z (2] + )2+ 1)((2)? +1)cos(2j + DkycosDk'z | p%E(x),  (75)
J,1=0

where the SS indices are suppressed. In the light of (74), (75) equation (61) becomes
1
Ser = E(LLUZ / d“x{zw“aﬂ(m,o)ay(«pao) +2C1Can™ 8, (¢F° (x))3, (929 (x))
+2C3Can™ 3, (9" (x))3, (p°F (x))
—k?[2C5Ce9pC ()90 (x) +2C71Csp"E (x)pOF (x)]
1
- 5k’2[2cgcm¢00(x)<¢0’?(x> + zcuclm”(xw”’(x)]}, (76)

where the form of the coefficients C;,i = 1,2,3,...,12 are given in appendix C. The
diagonalization of (76) results in

1
Ser = §<Lu)2 f d4x{n””(au¢l)av<¢l> — 0" (3,2) 3, ()

+C1C2 (0" (0,93 (x)) (33 (x)) — 0" 0, (Pa(x)) 3y (B4 (x)))
+C3C4 (" 8,(¢5(x)) (@5 (x)) — 03, (P6(x)) 3y (P6(x))))
— k*[C5Co(h3(x)h3(x) — da(x)s(x))

+C7Cs(h5(x)s5(x) — o (x)P6(x))]

14
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1
- Ek/z[C9C10(¢7(x)¢7(x) — ¢g(x)Ps(x))

+C11Cra(o(x)o(x) — ¢10(x)¢>10(x))]}, (77)

where

1 =00+ P10, 2= 00— P10, ¢3 = "0 +¢%0, ¢y =pF0 — 997
¢s = ¢FE+ 9%, o= —9%F, =990 +9%F, ¢y =9°C —9¢°F (78)
po = ¢ E+E0, g = " — "0,

It is evident from (77) that the scalar kinetic Lagrangian (61) is equivalent to a Lagrangian
that consists of a set of usual scalars and a set of ghost scalars. In fact this conclusion is valid for
all quadratic terms for all fields, e.g. ¥, ¥, where n # r and/or m # s due to the symmetry
and this term is equivalent to %(1/_/11/” — Ynn) where ¥y = Vym + Yrs, V2 = Ym — Vrs.
This setting is similar to Linde’s model [19] and its variants [20]. Only mixing between the
usual particles and ghost sector may be induced through quartic and higher order terms. A
detailed analysis of such possible mixings and suppressing these couplings needs a separate
study by its own.

6. The vacuum expectation value of the energy—-momentum tensor in the presence of
metric reversal symmetry

The four-dimensional energy—momentum tensor corresponding to the action (76) is

58S
,ws—M = 28,¢1.0(x)3" p0,0(x)
gvp

2
T = g
= DSe /(=) g

+2C1C29, (" (x))3" (929 (x)) + 2C3Cad,[(95F (x))3" (9F (x))

—34, {n“”au(mo)av(mo) +C G0, (6" (x))0, (7€ (x))

+C3Can™ 3, (d5E (x))3, (92F (x))
—k*[C5Csp°C (x)pEC (x) + C7Cs0 E (x)p O F (x)]

1
- 5k’2[cgcm¢00<x)<¢05(x> + C11C12¢EE(X)¢EO(X)]}- (79)

Itis evident from (79) that all terms consist of off-diagonally coupled Kaluza—Klein modes. As
we have remarked before any four-dimensionally Lagrangian term (after integration over extra
dimensions) necessarily contains at least a pair of Kaluza—Klein modes that are off-diagonally
coupled in the space given by (24). (As we have remarked in the previous section, this is due to
the fact that if a term wholly consists of pairs of diagonally coupled Kaluza—Klein modes then
that term is even under the signature reversal symmetry in contradiction with the invariance
of the action under the signature reversal symmetry.) This, in turn, leads to cancellation of the
vacuum expectation value of 7}/ since it is proportional to terms of the form

(017;}10) o (Olay maf 10) = 0, (Olaf a,510) =0 n#r andor m+#s (80)

(because a,|0) = 0, and [an,m,aix] = 0 for n # r and/or m # s) where d, . ahn are
the creation and annihilation operators in the expansion of the quantum fields (in Minkowski
space) given by

Brn () = Y L (k) e T 1 af () B e, (81)
k
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The same reasoning is true for all fields. Therefore the vacuum energy density of all fields in
this scheme is zero.

In this scheme the Casimir effect can be seen as follows. The introduction of (metallic)
boundaries into the vacuum results in a change in the vacuum configuration for the usual
particles while the ghost sector vacuum remains the same. This point can be seen better when
one considers the energy—momentum tensor written in terms of the usual and ghost fields by
using (77)

T = (3,91()9"$1 (X)) — 0u$2(x)0"$2(0) + C1 Co(8,93()9" $3(x) — B 4(1)8" 4 ()
+ CCy(0,5(0)0" $5(X)) — 0,6()9" Po(x))
1
- Eaz{nwam)av(m) = 0" (@,2)3, (62)
+CICo (1" (B b3 () (3 (1)) — 1By ($a (1))D, (B4(x))
+ C3Cy 1" 0,5 ()0, (95(3)) — 18, (66 (1)), (B6(x))]
— K[C5Co(@3(0)93(x) — 4 (x)$4()) + C1Ci(@5(x)h5 (¥) = G (X) ()]

1
- Ek/z[C9C10(¢7(X)¢7(X) — ¢s(x)¢s(x))

+C11Cra(o(x)o(x) — ¢1o(x)¢1o(X))]}- (82)

To see the situation better let us consider a simple case, for example the part of the energy—
momentum tensor that contains the zero mode. After introduction of the (metallic) boundary
the vacuum expectation value of the corresponding part of the energy—momentum tensor
changes as follows:

(0I7,/10)0 = (01(0,.¢1)9" (#1)10)0 — (01(3,¢2)0"(¢2)|0)0 = 0 — (0|7, 10},
= (01(3.91)9" (#1)10)5, — (01(3,:¢2)9" (#2)[0)o # O, (83)

where the subscript 0 denotes complete vacuum (without any boundary) and the subscript X;
denotes the vacuum in the presence of the (metallic) boundaries. It is evident that this scheme
results in an automatic application of the usual subtraction prescription in the calculation of
Casimir energies, i.e. an automatic subtraction of the zero-point energy from the total vacuum
energy in the presence of a boundary.

To summarize, I have shown that the quantum zero modes do not contribute to
cosmological constant (CC) in the scheme presented here in the presence of metric reversal
symmetry. Now, for the sake of completeness, I discuss the other possible contributions to CC.
The first additional contribution is a bulk CC (that is geometric in origin). The transformations
(33) and/or (34) (or equivalently the form of the conformal factors given in (25)) forbid a
bulk CC (or equivalently make it vanish after integration over extra dimensions). The second
possible contribution is a four-dimensional CC that may be induced by the part of the scalar
curvature that depends only on extra dimensions. Equation (39) implies that such a contribution
vanishes provided that the half of the extra dimensions in the 2(2n + 1)-dimensional space
(embedding the usual four-dimensional space) are spacelike and half are timelike as in [7].
The next possible contribution is the vacuum energy induced by the vacuum expectation value
of Higgs field, and is about ~10°3 times the observational value of CC. This contribution has
the form of a bulk CC, and hence vanishes provided that Higgs field propagates in the whole
space or in its a 2(2k + 1)-dimensional subspace. Another possible standard contribution is
the vacuum expectation value of the QCD vacuum (that is about 10** times the observational
value of CC). At classical level the same condition as Higgs field applies to the space where
the corresponding condensate forms. However a rigorous conclusion needs an analysis at

16



J. Phys. A: Math. Theor. 41 (2008) 235401 R Erdem

quantum level. There are many phenomenological and/or nonperturbative schemes aiming
to explain the formation and value of QCD condensates (hence of QCD vacuum energy) that
only partially can give insight into the problem [21]. So a definite conclusion about this point
needs further additional study. However this issue is not as urgent as the issue of zero-point
energies because the problem of zero-point energies arises as soon as the fields are introduced
(and quantized) even in the case of free fields while QCD vacuum is present only inside the
hadrons and is not perfectly well understood. Another important issue to be studied in future
is: although I have shown that quantum fields do not induce non-vanishing vacuum energy at
fundamental Lagrangian level (i.e. quantum zero modes do not contribute to vacuum energy)
in the presence of metric reversal symmetry there is no guarantee of nonzero contributions to
vacuum energy due to higher dimension operators (than those of the fundamental Lagrangian).
If this is the case the resulting vacuum energy due to quantum fields will be scale dependent
through renormalization group equations. The most reasonable consequence of this, in turn,
would be a time-varying cosmological constant [22]. Time varying cosmological constant
scenarios together with quintessence models have an additional virtue of explaining cosmic
coincidence, i.e. the energy density of matter and dark energy being in the same order of
magnitude, that is not addressed by the scheme in this paper. All these studies must be studied
in future for a clearer picture of the cause and dynamics of the accelerated expansion of the
universe.

7. Inducing a small cosmological constant by breaking the symmetry by a small amount

We have seen that contribution of quantum fields to the energy—momentum tensor is always
zero in the manifestation of signature reversal symmetry. However this is not true for classical
fields. For example consider a classical field that depends only on extra dimensions and has a
Fourier expansion as in (46)—(49). This field gives nonzero contribution to four-dimensional
cosmological constant (CC) after integration over extra dimensions. For example one may
take

,Cd = QV1,0Vp,1 COS ky COS k/Z, (84)

where @ < 1 is a constant that reflects that £ is small since it corresponds to the breaking of
the x4 — ix4, x4 — ix*" symmetries separately by a small amount, and v; o, vo,; are some
constants. If one takes the same space as in section 4 and take N = 6, N’ = 2 (as before) then

L in (84) after integration over extra-dimensions results in a four-dimensional CC given by

30“)],01)0,]

A® = (LL"?. (85)

For avj gvg; =~ 1 (85) results in the observed value of A =~ (1073 eV)* for L, L’ in the
millimeter scale and for av; gvg; =~ %—“] ~ 107", for example, L(L") < 107"m. In any
case a nonzero CC if exists is a classical ]phenomena in this scheme. Another point is that the
energy density due to CC obtained in a way similar to (85) may be argued to be in the order
of matter (i.e. the usual matter plus dark matter) density since both are induced by matter
Lagrangian that corresponds to breaking of the x# — ix#, x4 — ix4 symmetries. However
there is a difference between the two cases. The induction of Sy, corresponds to breaking
the symmetry that corresponds to the simultaneous application of x* — ix# and x*" — ix*’

while £,; in equation (84) corresponds to breaking of x* — ix* and x4 — ix*" separately.
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8. Conclusion

We have considered a space that is a sum of two 2(2n + 1)-dimensional spaces with R? gravity
and metric reversal symmetry. The usual four-dimensional space is embedded in one of these
subspaces. We have shown that the curvature sector reduces to the usual Einstein—Hilbert
action, and the four-dimensional energy—momentum tensor of matter fields generically mixes
different Kaluza—Klein modes so that each homogeneous term contains at least one pair of
off-diagonally coupled Kaluza—Klein modes. This, in turn, results in vanishing of the vacuum
expectation value of the energy—momentum tensor of quantum fields. I have also shown
that such a model is equivalent to a variation of Linde’s model (where the universe consists
of the usual universe plus a ghost one). There may be some relation between this scheme
and the Pauli—Villars regularization scheme [23] (that employs ghost-like auxiliary fields for
regularization), and also between this scheme and Lee—Wick quantum theory [24]. In my
opinion all these points need further and detailed studies in future.
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Appendix A. Calculation of S

S¢k = /dVﬁcpk

1 , T 1
=3 f V(=1)Sg/(=1)S g dPxd” x [Eg“amaw + zé’” aA/¢an¢}

1 - 3¢ 2 3¢ 2
= — | d*xdy,dy,dz; d2, 2@, { Q7" [ 0000 — | — ) — [ —
2/ x dy; dy, dz; dz€2;] >{ B |:77 P <3y1) <8y2>
g\ (09’
azl 8Z2
1 L L
_ / 4 347
=—-LL fd x/ / dydzcos” k'zcosky
2 o Jo

2 2
X {cos1 k'z |:r/““8u¢8u¢ - <%) :| —cos ' ky <%> } (A.1)
ay 0z

First evaluate (A.1) for (46)

1
S = SLL / d4x{n”” 3 00 ()84 (s ()

n,m,r,s

L %
X / dy cos ky sin(nk|y|) sin(rk|y|)/ dz cos? k'z sin(mk’|z|)) sin(sk’|z]))
0 0

L
K Y G () (x) / dy cos ky cos(nk|y|) cos(rk|y|)
0

n,m,r,s
L
X / dz cos? k'z sin(mk’|z])) sin(sk/lzl))}
0
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L
K23 mshn (06s(o) [ dy sinnklyl) sinGrkly)
0

n,m,r,s

L/
x/ dz cos® k'z cos(mk’|z])) cos(sk’|z]))

0
1
= 5 (LLY / d4X{n‘” D 00 Bum (x))3y (s (1))

n,m,r,s
X (an,r—l + 5n,r+l - Bn,—r—] - (Sn,l—r)
X ((Sm,s—z + 8m,s+2 - 8m,—s—2 - 8m,2—s + 28m5 - 28m,—s)

- k2 Z nr¢n,m(x)¢r,s (x)((sn,r—l + 8n,r+l + (Sn,—r—l + 6n,l—r)

n,m,r,s

X (3171,s72 + 8m,s+2 - am,7s72 - am,Zfs + 28ms - 2(Sm,fs)

IR Y Mg (s () B — b))

n,m,r,s

X (am,s—S + 8m,s+3 + 8m,—s—3 + 6m,3—s

+ 38m,s—1 + 38m,s+1 + 3(Sm,—s—l + 38m,l—s)} (A2)

1
= 5 (LLY / d4x{n"” D 0ulr 15 2(0) + b1 502 (X) — b1 2(x)

— Gr12-5 (X) + 2615 (X) = 2001,y (X) + Ppo1 5—2(X) + (Prat5s2(X)
= Prati—s—2(X) = o1 2 (%) + 2001415 (%) = 2Byt~ (X) — P12 (X))
— @1 s2(X) + P s 2(X) + P12 (x)

=20 1) +2¢0 1, () — P15 2(X) — Prorsr2(X) + D1 s 2(X)
+P1orams (X) = 2015 (X) + 2001 ()13 (¢r, (1))

— k2D [0 = D($r—1.02(x) — $1-rs—2(x))

r,s

+(r = D(br-1.502(%) = P1-r2(x)) — (r = D(Pr—1,—5—2(x)

— b1 —s2(x)) = (r = D(Pr-12-5(x) = P1-r2-5(x))

+2(r = D(pr-15(x) = P15 (X)) = 20 = D(Pr—1,—s(X) = P11 —5(x))

+(r + D(@re1,52(5) = d—ro15-2(X) + (r + D(@re1.502(X) — P—r—1,542(x))
—(r+ D(Pra1—s2(X) =1 —52(x)) = (r + D(Prs12-5(x)
—¢—r—12-5(x)) + 20 + D)(@rs1.5(x) = P—r—1,5(x))

=2(r + D(@re1,-5(X) = p—r—1,—s(x))1rs (x) — %k/z D slls = 3)(@rss(x)

r,s

= ¢r3—5 (X)) + (s +3)(@r543(xX) — Pr—s—3(x)) +3(s — D(p5-1(x)
= ¢r1-5(0) + 36 + D(rs1(x) — ¢ —s-1(x)) + 3 = $) (P 5-3(x)
—¢r3—5 (X)) + (s +3) (P ——3(X) — P—r13(x)) +3(1 — $)(P—r5—1(x)

= ¢—r1—s (X)) = 35 + D{(P—r51(X) — P, —5— (X)) b5 (x) } (A.3)
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where I have used (23) and taken y = y,,z = 2z, and ¢y, = q) in (46). After using the
antisymmetry of ¢4 under both of n — —n m — —m, (A.3) may be written in a simplified
form as (46). In fact this result is essentially the same as those of ¢4s, Psa, Pss as explained
after equation (61).

Appendix B. Calculation of Sy,

N
S,«,{_—LL/d4 // dy dz cos® k'z cos ky

_ k -
|:w< cos ?‘L’3+1811’1 ?Zn) ®)/A8A1//

- k )
¢<cos—t3+1sm ?ytl> Ry 8A/1/f:|
1 Lot . k k
= —LL’/d4xf / dy dz| iy cos® k'z cosky | cos —Zr3+isin—z1:1 Q ylraay
2 o Jo 2 2
13 ky ky
+iYrcos’ k'z c0s7r3 +1s1n711 ®y 8,4/1//

L .
= %LL’ / d“x{ 3 [iwn,mu)rg ® ¥ 0 (Y () /0 dy cos(k|y|) exp (%(r - n>k|y|)

n,m,r,s

I% .
X / dz cos® k'|z| cos <lk’|z|> exp (l(s — m)k’|z|>
0 2 2
L .
= Vum(X)T1 ® V”au(lﬁr,s(x)/ dy cos(k|y[) exp <%(V - n)k|y|)
0

o 27/ : 1 / i ’
X dzcos™k'|z|sin | =k'|z] Jexp [ = (s — m)k'|z]
0 2 2

1 L i
— EWn,m(x)(r - )/yllfr,s(X)/O dy cos(k|y|) exp (%(r - n)kly|>

L 1 .
X / dz cos? k'|z| cos (—k’lzl) exp (l(s = m)k’|z|)
o 2 2

1 L i
—iZ =Y ()T @ J/yl/fm(x)/(; dy cos(k|yl) exp <%(F - n)klyl)

v | .
x f dz cos? k'|z| sin [ =K'|z| ) exp i(s —m)k'|z|
A 2 2

11 L 1 i
— 35 V(s —m)z; @ yyl/fr,su)/o dy cos <5k|y|> exp (%(r - n)k|y|)

L .
X / dz cos® k'|z] exp <%(s —m)k’|z|)
0

1 L 1 i
—ig G =mu ()T & J/ylﬁr,s(X)/ dy sin <§k|y|> exp <%(V - n)klyl)
0

L .
X / dz cos® k'|z] exp (%(s —m)k/|z|>}
0
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1
= —LL’/d“x{
2

L
X / dy cos(k|y]|) cos <%(r — n)k|y|>
0

L 1 1
x / dz cos® k'|z| cos (—k/lzl) cos (—(s — m)k/lzl)
A 2 2

L 1
Y ()T ® Y3, (Y () /0 dy cos(k|y]) cos <5<r - n>k|y|)

L 1 1
X f dz cos® k'|z| sin (—k'|z|) sin <—(s - m)k/|z|>
A 2 2

1 L 1
- Et/fn,m(x)(r - V"wr,s(x)/o dy cos(k|yl) cos <§(r - n)kly|>

o 21,/ 1 / 1 /
X dzcos“k'|z|cos | =k'|z] ) cos | = (s — m)k'|z|
o 2 2

1 L 1

+ E(r = )Y m(X)T1 ® Vylﬁr,.y(x)fo dy cos(k|y|) cos (i(r - n)k|y|>
o 2/ . (1 ’ ) . <l / )
X / dzcos” k'|z|sin | =k'|z| ) sin [ =(s — m)k'|z|
0 2 2

1 L 1 1

— = Ynm(X)(s — m)Ti ® Vywr,s(x)/ dy cos (§k|Y|> Ccos (E(r - n)k|Y|)
0

o 37 1 /
X dz cos’ k'|z| cos E(s —m)k'|z|
0

1 L 1 1
+ (s — m)zwn,m )T Q@ Y5 (x) /0 dy sin (zklyl) sin (5(’ - n)k|y|>

L 1
X / dz cos® k'|z| cos (E(s - m)k’|z|> } (B.1)
0

After integration over y and z this equation results in (69).

> [iwn,m ()73 ® Y 8 (Vs (¥)

n,m,r,s

\S]

Appendix C. Explicit forms of Cx, K=1,2,3,...,12

After inserting equations (74) and (75) (in the light of equations (70) and (71)) into
equation (A.1) and integrating over the extra dimensions it should be equal to (61). Hence
after comparing the result of the integration with equation (61) we obtain the following results
for the constants:

_ [2j = 11120 — 1] [2j = 2112t = 3]
6= ; { @+ D+ D@+ 12+ 1) [((21')2 +D(@ =12+ 1)
127 — 21121 + 1] N 27 —2[12] — 1]
(22 +D(2I+3)2+1) 2)*Q2l+1)?
2j1121 = 1| L 22+

(2j+22+D(QRL—D2+1) (2 +2)%2(21 +3)?

121121 — 1] “
(2j+22+ D(QL+ 1)+ 1)
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2j — 1|21 -2 2j — 2121 — 4
2C3C4:Z{ 127 — 1l | [ 12 — 2| |

(2j+D*+ D(@D*+ D L(2)H*+ D@ =2+ 1)

Ji.l
12j — 2|[2!] Lo 12 =220 —2
(22 +D(@+27+1)  (@)H*+ D@D+ 1)
12j1121 — 4] N 1271127

(Qj+22+D(2I=22+1) (27 +2)?+D((21+2)*+1)

121121 - 2] “
(2j +22+1(2)2 + 1)

B o Rj-22a-1 o 12 — 3[[21 — 3]
265Co =2, {(2] Y@+ ha+ D) [(2’ ”(((2]‘ — D2+ )@= 12+ 1)

J.l
12/ — 3|20 + 1 2 —3]121 — 1] )
+ +
Q=12+ (@434 (= 12+ D)@+ D2 +1D)
i1 [2j — 11121 — 3]
*@j+ )(((2j+1)2+1)((21— D2+ 1)
12/ — 1|20 +1] 2/ —1)[21 — 1] }
+ - +2 -
(Qj+ 12+ D)@ +32+1D)  (Qj+ 1P+ D(@+1)2+ 1)) }

~ . 2/ — 1]12 - 2| . 2j — 21120 — 4]
261Gy =2 {(2’ +D (((2j T2+ D@2+ 1) [(2’ )(«21)2 @ =22+ 1)

Ji.l
12) — 2112 2) — 21121 = 2|
(@7 + D@+ + 1) (2> +1D(@D*+1)
+(2j+2)< 1212 =4 R 121121
(2j+22+ D(2=22+1)  ((2j +2)2+ D(21+2)2 + 1)

21120 =2 ]}
(27 +22+ (D)2 + 1)

_ [2j = 11121 = 2| B [2j = 11121 = 5|
0= ; {(2’)<((2,- + 124 D@+ 1) [(Zl V@i D @ 3D

12j — 1120 + 1
(2j+ 12+ D(QL+3)2+1)
2j — 1121 = 3]
(Qj+ D2+ DL =12 +1)
12j — 1120 — 1]
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