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U„1… gauge field of the Kaluza-Klein theory in the presence of branes

Gungwon Kang* and Y. S. Myung†

Department of Physics, Inje University, Kimhae 621-749, Korea
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We investigate the zero mode dimensional reduction of Kaluza-Klein unification in the presence of a single
brane in the infinite extra dimension. We treat the brane as fixed, not a dynamical object, and do not require
orbifold symmetry. It seems that, contrary to the standard Kaluza-Klein models, the four-dimensional~4D!
effective action is no longer invariant under U~1! gauge transformations due to the explicit breaking of
isometries in the extra dimension by the brane. Surprisingly, however, the linearized perturbation analysis
around the RS vacuum shows that the Kaluza-Klein gauge field does possess U~1! gauge symmetry at the
linear level. In addition, the graviscalar also behaves differently from the 4D point of view. Some physical
implications of our results are also discussed.
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I. INTRODUCTION

In the standard five-dimensional Kaluza-Klein~KK ! ap-
proach where the full spacetime manifold is factorized
M4^ S1, the five-dimensional gravitation theory which h
reparametrization invariance onS1 can be interpreted as
gauge theory of the Virasoro group from the fou
dimensional point of view~see Ref. @1#, and references
therein!. After the geometric spontaneous symmetry bre
ing of the Virasoro invariance, the excitations of the 5
gravitational fields are split into 4D massless gravitatio
fields, massless gauge fields, massless scalar field, an
infinite tower of massive spin-2 fields@1,2#. In particular, the
U~1! gauge symmetry of the vector fields in the 4D effecti
action is originated from the translational isometries in
extra dimension.

Recently, there have been lots of interest in the phen
enon of localization of gravity proposed by Randall and S
drum ~RS! @3,4# ~for previous relevant work see referenc
therein!. RS @4# assumed a single positive tension 3-bra
and a negative bulk cosmological constant in the fi
dimensional spacetime. There have been developed a
number of brane world models afterwards@5,6#. The intro-
duction of branes usually gives rise to the ‘‘warping’’ of th
extra dimensions, resulting in nonfactorizable spacet
manifolds. More importantly, the presence of branes bre
the translational isometries in extra dimensions. Therefor
would be very interesting to see how the conventio
Kaluza-Klein picture changes in the brane world scenario

Dobado and Maroto@7# recently have incorporated th
effect of the presence of the brane in the Kaluza-Klein
duction by introducing Goldstone bosons~GB! fields. The
GB fields parametrize the excitations of the brane@8# and so
the GB correspond to the spontaneous symmetry breakin
the translational isometries of the compactified extra dim
sions by the brane. It has been shown that in the dimensi
reduction of the KK unifications a sort of Higgs mechanis
related to the GB@9# gives mass to the KK graviphotons
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~See also the appendix of Ref.@10# although it has the oppo
site sign for the mass term.!

On the other hand, there are other approaches to con
standard model particles on the brane by allowing the fie
to live in the bulk spacetime. For example, bulk gau
bosons have been considered in Refs.@11,12#. It is important
to derive the zero mode effective action because its z
modes~massless modes! correspond to the standard mod
particles localized on the brane.

In this paper, contrary to the approach mentioned ab
where the brane is treated as a dynamical object, we h
treated the brane as fixed, and investigate the zero m
dimensional reduction of the Kaluza-Klein unifications. T
brane world model considered in this paper is the RS
with a single 3-brane in the infinite fifth dimension@4#. As
expected, the breaking of isometries in the extra dimens
by the brane makes the 4D effective action not being inv
ant under U~1! gauge transformations. Interestingly, how
ever, the analysis of the linearized equation around the
background shows that the KK gauge field does possess
U~1! gauge symmetry at the linear level.

In Sec. II, we carry out the dimensional reduction of t
KK unifications in the presence of a single brane with so
ansatz for the zero mode excitations. In Sec. III, the line
ized perturbations of the 4D effective action obtained
analyzed around the RS vacuum solution. Some physical
plications of our results are discussed in Sec. IV.

II. KALUZA-KLEIN REDUCTION

The RS model with a single brane can be described by
following action in 5D spacetimes@4,5,13#:

I 5E d4xE
2`

`

dz
A2ĝ

16pG5
~R̂22L!2E d4xA2ĝBs. ~1!

HereG5 is the 5D Newton’s constant,L the bulk cosmologi-
cal constant of 5D spacetime,ĝB the determinant of the in-
duced metric describing the brane, ands the tension of the
brane. We assume that the value ofs is fine-tuned such tha
L526k2(,0) with k54pG5s/3. Let us introduce the
domain-wall metric in the following form:
©2001 The American Physical Society36-1
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ds25ĝMNdxMdxN

5H22~z!gMNdxMdxN

5H22~z!@gmndxmdxn1f2~dz2kAmdxm!2#. ~2!

Here H5kuzu11, f25g55, and kAm52g5m /g55. The
standard Kaluza-Klein decomposition of the metric is giv
by

~gMN!5S gmn1k2f2AmAn 2kf2Am

2kf2An f2 D ,

~gMN!5S gmn kAm

kAn f22~11k2f2A•A!D ~3!

with Am5gmnAn andA•A5AmAm. Herek is the gauge cou-
pling constant.

Under the specific class of coordinate transformatio
such as

xm→ x̃m5 x̃m~x!, z→ z̃5z1 f ~x!, ~4!

we obtain

g̃mn5
]xa

] x̃m

]xb

] x̃n
gab , Ãm5

]xa

] x̃m
Aa1k21

] f

] x̃m
,

f̃~ x̃,z̃!5f~x,z! ~5!

according to

g̃MN5
]xP

] x̃M

]xQ

] x̃N
gPQ .

We see thatgmn transforms similar to a four-dimensiona
metric tensor, andf a scalar field under diffeomorphisms
Eq. ~4!. However, we point out that the 5D diffeomorphism
are split into the 4D diffeomorphisms plus the gauge tra
formations for the fieldAm .

In this paper, we are mainly interested in the zero mo
effective action. In general, it is a nontrivial problem to d
termine what the ‘‘zero mode’’ is if the full spacetime is n
factorizable. As an ansatz for the zero mode, we assume
gmn , Am , andf are functions ofx coordinates only, i.e., no
z-coordinate dependence. If one requires theZ2 ~e.g.,R/Z2)
orbifold symmetry in the brane world model, there will be n
vector zero mode fluctuations. It follows because in the pr
ence ofZ2 orbifold symmetry in Eq.~2! the vector gauge
field Am should satisfy Am(x,2z)52Am(x,z) and so
Am(x)50. In what follows, we consider general cases wi
out having the orbifold symmetry in the theory.

The above assumption comes from the crucial observa
that the graviton zero modehmn in gmn5hmn1khmn de-
pends only on ‘‘x’’ even if one starts fromhmn(x,z)
5H3/2c(z)ĥmn(x) in the RS approach@4# where the trans-
verse fluctuations are fixed~e.g.,h5m5h5550). For the zero
06403
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mode solution withm250, we havec0(z)5chH23/2, thus
we find hmn

0 (x,z)5chĥmn(x) with a constantch . Other ex-
amples are the form of the zero modes for the bulk spi
and spin-1 fields on the RS background@14#. For the spin-0
field F(x,z)5H3/2x(z)f̂(x), we havex5cFH23/2 for the
zero mode and hence its localized zero mode is given
F0(x,z)5cFf̂(x). In the case of the spin-1 fieldVm(x,z)
5H3/2s(z)vm(x), one findss5cVH23/2 for the zero mode
and hence its zero mode is given byVm

0 (x,z)5cVvm(x).
From the observations mentioned above, we may prop
that the zero modes are constants with respect to ‘‘z. ’’ Fur-
thermore we stress that forhm5Þ0,h55Þ0, it may be not a
correct way to obtain the zero modes from the lineariz
equations. This is because their forms are too complicate
analyze the zero modes@13#. Even if we choose the gaug
fixing, it is hard to obtain the consistent zero mode solutio
Hence the integration of Eq.~1! over z could be a good
starting point to obtain the zero modes.

Note first that

A2ĝ5H25fA2g, ~6!

A2ĝB5H24~z50!A2gAudn
m1k2f2AmAnu. ~7!

Using ĝMN5H22gMN , one has

R̂5H2FR~g!18
¹P¹PH

H
220

¹PH¹PH

H2 G . ~8!

Since

¹P¹PH5H9~f221k2A•A!1kH8

3S f21Am]mf1
1

2
Amgab]mgab1]mAmD ,

~9!

we have

8
¹P¹PH

H
220

¹PH¹PH

H2

5F8
H9

H
220S H8

H D 2G~f221k2A•A!

18k
H8

H S f21Am]mf1
1

2
Amgab]mgab1]mAmD ,

~10!

where the prime denotes differentiation with respect toz.
Then, the five-dimensional action Eq.~1! is given by
6-2
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I 5
1

16pG5
E d4xA2gfFR~g!E dzH23

1~f221k2A•A!E dzH23S 8
H9

H
220

H82

H2 D
18kS f21Am]mf1

1

2
Amgab]mgab1]mAmD E dz

H8

H4

22LE dzH25G2E d4xA2gAudn
m1k2f2AmAnus.

~11!

It should be pointed out that the 5D Ricci scalar curvat
constructed fromgMN R(g), is independent ofz coordinate
since the metric elementsgMN are functions ofxm only. Us-
ing H85ku(z), H952kd(z), *2`

` dzH2351/k, and
*2`

` dzH2551/2k for the RS model with a single brane, on
gets the 4D effective action

I KK5
1

16pG5

1

kE d4xA2g@fR~g!2fL

16k2~f211k2fA•A!

216pG5ksAudn
m1k2f2AmAnu# ~12!

5
1

16pG4
E d4xA2g@fR~g!

16k2~f211f22Audn
m1k2f2AmAnu

1k2fA•A!#. ~13!

Here the 4D Newton’s constant is defined asG45G5k. No-
tice from Eq.~12! that it reproduces the ordinary KK reduc
tion in the presence of the cosmological constant as the b
at z50 disappears~i.e., s, k→0). The 5D scalar curvature
R(g) is related to the 4D Ricci scalar curvature construc
from gmn , R(g), as

E d4xA2gfR~g!5E d4xA2gfFR~g!2
k2

4
f2F2G

1 R @•••#. ~14!

The last term is the surface term. The field strength is defi
asFmn5]mAn2]nAm andF25FmnFmn. Using Eq.~14!, one
finally obtains

I KK5
1

16pG4
E d4xA2gFfR~g!2

k2

4
f3F2

16k2~f211f22Audn
m1k2f2AmAnu1k2fA•A!G ,

~15!
06403
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where we have omitted the surface terms.
We observe that the zero mode gravitational degrees

freedom in the 5D spacetime are split into the 4D gravi
tional fieldsgmn , a vector fieldAm , and a graviscalar fieldf
as usual. However, the properties of the vector field and
scalar field are very different from those in the conventio
KK reduction. The first two terms in this effective action a
the same form as in the ordinary dimensional reduction
the Kaluza-Klein unifications, and they have the U~1! gauge
symmetry. The difference from the conventional KK redu
tion is only the last term which is proportional to the bra
tension squared. If one started from the KK metric deco
position with Am50 andf51 in Eq. ~3!, this ‘‘potential’’
term would disappear and one obtains the ordinary Eins
gravity on the brane with zero effective cosmological co
stant as well known. As can be easily seen in Eq.~12!, this
happens because of the fine tuning between the brane ten
s and the 5D bulk cosmological constantL.

The appearance of the nonlinear term~e.g.,
Audn

m1k2f2AmAnu) as well as the squared term inAm shows
not only that the 4D effective action no longer has the gau
symmetry, but also that KK photons are not massless. T
arises from the presence of the brane (kÞ0) in the five-
dimensional spacetime. Because Eq.~15! contains a nonlin-
ear term which generates a lot of terms, a truncated form
the effective action may be useful to understand the dyn
ics of the fields easily. If one expands the full action up
the order ofk2, one has

I KK
T .

1

16pG4
E d4xA2gFfR~g!2

k2

4
f3F2

16k2~f211f221k2f~12f!A•A!G . ~16!

Here we usedAudn
m1k2f2AmAnu.11 1

2 k2f2A•A.
In order to explicitly see how the dynamical aspect of t

f field comes out, let us conformally transform the metric

gmn→ḡmn5fgmn . ~17!

Then, the zero-mode effective action Eq.~15! is written by

I KK5
1

16pG4
E d4xA2ḡFR~ ḡ !2

k2

4
f3F2

2
3

2
f22¹̄mf¹̄mf16k2f22~f211f

22Audn
m1k2f3AmAnu1k2f2A•A!G ~18!

up to the surface terms. HereF25ḡmnḡabFmaFnb , Am

5ḡmaAa , andA•A5ḡmnAmAn . The truncated effective ac
tion in this Einstein frame is also given by
6-3
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I KK
T .

1

16pG4
E d4xA2ḡH R~ ḡ !2

k2

4
f3F2

2
3

2
f22¹̄mf¹̄mf16k2@f22~f211f22!

1k2~12f!A•A#J . ~19!

As shall be shown below, the form of these actions ab
also suggests that the metric tensor which is responsible
the 4D Einstein gravitation is not thegmn , but indeed the
ḡmn .

Now the field equations derived from the effective acti
~19! are given by

Rmn5
k2

2
f3S FmaFn

a2
1

4
ḡmnF2D26k2k2~12f!AmAn

1
3

2
f22@¹̄mf¹̄nf22k2ḡmn~f211f22!#, ~20!

¹̄mFmn112k2k2f23~12f!An523f21¹̄mfFmn ,
~21!

¹̄m¹̄mf2f21¹̄mf¹̄mf12k2@f21~42f23f21!

2k2f2A•A#5
k2

4
F2. ~22!

Here we used the truncated effective action for simplic
The essential properties of solutions do not change.

It is well known in the RS model that if the flat metric o
the brane is replaced by any Ricci-flat 4D metric then the
Einstein equations with a negative cosmological constant
still satisfied@15–17#. Now note thatAm50 andf51 sat-
isfies Eqs.~21! and ~22!. In this case, Eq.~20! becomes
Rmn50. Thus any 4D Ricci-flat metricḡmn is a solution.
Therefore, although based on the assumption for the z
mode which isz-coordinate independent, our results rep
duce this well known property in the RS model. Such som
what general agreement may indicates the validity of
ansatz for the zero mode. One can see thatḡmn5hmn corre-
sponds to the RS solution@4#. Since the metric for the 4D
Schwartzschild black hole is Ricci-flat, the Schwartzsch
black hole can be embedded in the brane world as w
known. That is, assuming the spherically symmetric ba
ground ĝMN5H22(z)(ḡmn

S ,f2) with ḡmn
S 5diag@122M /

r ,(122M /r )21,r 2,r 2sin2u# and f51, we obtain the black
string solution in 5D anti–de Sitter (AdS5) spacetime@16#.
Since this black string solution is unstable near the AdS
rizon, but stable far from it, it is likely to end up with
‘‘black cigar’’ solution as conjectured in Ref.@16#.

Secondly, it would be of interest to ask whether or not
Reissner-Nordstro¨m charged black hole can be embedded
the brane world. It is straightforward to see that the Reissn
Nordström black hole solution
06403
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ḡmn
RN5diag@122M /r 1Q82/r 2, ~122M /r

1Q82/r 2!21,r 2,r 2sin2u# ~23!

with Q85kQ/2, Ftr5Q/r 2, and f51, satisfies Eqs.~20!
and ~21!. In this case we haveFtr52] rA0 with A05Q/r .
However, it does not satisfy Eq.~22! ~i.e., 22k2A•A
5F2/4). This is so because of the presence of both br
and f. Thus, the 4D Reissner-Nordstro¨m black hole with
f51 cannot be embedded in the brane world. In the abse
of the brane~i.e., k50), there exist charged black hole s
lutions with nontrivial f field. However, such a charge
black hole is very different from the Reissner-Nordstro¨m
black hole@18#. It does not seem that the presence of t
brane changes this feature of the Kaluza-Klein theory mu
On the other hand, however, if the scalar field were froz
somehow from the beginning in Eq.~3! ~e.g.,f51), there
would be no equation like Eq.~22!. Consequently, by ob-
serving Eqs.~20! and ~21!, one can easily find that the
Reissner-Nordstro¨m black hole is a solution.

III. LINEARIZED PERTURBATION

In this section we consider the linearized perturbatio
around the RS vacuum solution (ḡmn5hmn ,Am50,f51)
for the dimensionally reduced effective action in Eq.~18!.
Actually, at the linear level, the truncated effective action
Eq. ~19! is equivalent to the nontruncated one in Eq.~18!.
Let us introduce the perturbations around the RS solutio

gmn5hmn1khmn , Am501am , f511kw. ~24!

Consequently,

ḡmn5hmn1kh̄mn , h̄mn5hmn1whmn . ~25!

Then the bilinear action of Eq.~18! or ~19! which governs
the perturbative dynamics is given by

I KK
0 5

k2

16pG4
E d4xH 2

1

4
@]mh̄ab]mh̄ab2]mh̄]mh̄

12]mh̄mn]nh̄22]mh̄ma]nh̄n
a#2

1

4
~]man2]nam!

3~]man2]nam!2
3

2
]mw]mw16k2w2J , ~26!

whereh̄5hmnh̄mn5h14w. Surprisingly, it turns out that the
bilinear effective action is invariant under the U~1! gauge
transformation. The U~1! gauge symmetry breaking term i
Eq. ~19! appears as higher order term than the squared or
i.e., 6k2k2(12f)A•A.26k2k3wamam .

In order to understand what physical states there are
us analyze the field equations as below. From the action
~26! we have the equations of motion

hh̄mn1]m]nh̄2~]m]ah̄an1]n]ah̄am!

2hmn~hh̄2]a]bh̄ab!50, ~27!
6-4
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ham2]m~]nan!50, ~28!

hw14k2w50. ~29!

By taking the trace of Eq.~27!, we have

hh̄2]a]bh̄ab50. ~30!

Hence Eq.~27! becomes

hh̄mn1]m]nh̄2~]m]ah̄an1]n]ah̄am!50. ~31!

So far we have not chosen any gauge forh̄mn . Now let us
choose the transverse~or harmonic! gauge in the five-
dimensional spacetime. Since

gMN5hMN1keMN , ~eMN!5S hmn 2am

2an 2w D , ~32!

the five-dimensional harmonic gauge]MeMN5 1
2 ]Ne is

equivalent to

]mh̄mn5
1

2
]nh̄, ]mam50. ~33!

That is, the 5D harmonic gauge is split into the harmo
gauge for the 4D gravitational field and the Lorenz gauge
the 4D KK gauge field. Using these gauge conditions abo
Eqs.~31! and ~28! become

hh̄mn50, ham50, ~34!

respectively. Therefore, it proves thath̄mn and am indeed
represent the massless spin-2 gravitons and the mas
spin-1 graviphotons on the brane, respectively.

On the other hand, the spin-0 scalar field fluctuationw in
Eq. ~29! appears to be massive. However, it has a tachyo
massmw

2524k2 proportional to the brane tension square
It seems to indicate that the scalar fluctuation of the
gravitational degrees of freedom corresponds to the unst
mode in the RS background.

IV. DISCUSSION

We have investigated the KK zero mode effective act
in the presence of a single brane in the extra dimens
Although the four-dimensional gravitational modes beha
as usual, the vector and scalar modes behave quite di
ently. In the 4D effective action, it seems that the vector fi
Am does not possess the U~1! gauge symmetry and that KK
photons are not massless any more. The scalar fieldf is also
no longer massless and couples to the vector field.

However, this is not all of the story. The linearized pe
turbation analysis around the RS background space
shows that the 5D massless gravitational degrees of free
are split into spin-2, spin-1, and spin-0 modes as the stan
KK model up tok2 order. We have observed that the ma
sive propagation of the vector mode in the 4D effective
tion is not revealed in the linearized perturbation. In order
06403
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observe the effect of the brane (kÞ0), thus, one needs to
study the one-loop correction rather than the linearized o
For example, we expect the relevant vertex correct
(k2k3wamam) from the last term of Eq.~19!.

We also have observed that the spin-0 mode propaga
has a tachyonic mass, indicating some instability of the
background spacetime through the ‘‘radion’’ or ‘‘modulus
field. Presumably, it suggests that some stabilization mec
nism for the 55-metric component is necessary in order
have the stable RS background spacetime with a single b
as in the case of the two branes. On the other hand, if
requires theR/Z2 orbifold symmetry in the brane world
model, there will be no vector zero mode propagations
mentioned above. Thus, theR/Z2 orbifold symmetry with
the ‘‘modulus’’ field stabilization establishes the usual loc
ization of gravity on the brane in the RS model@4#.

In deriving the U~1! Maxwell term from the 5D RS brane
model, we use the conventional Kaluza-Klein approach. A
parently, we find a nonlinear term as well asA•A. This
arises from a sort of brane-Higgs effect: Here the isometry
extra dimension was broken spontaneously by the prese
of the brane. Hence we expect that the gauge field beco
massive. However, we have found that the massive prop
tion of the KK gauge field does not reveal at the linear lev
Fortunately, instead we find the massless vector propaga
What will happen if we take az-coordinate dependent o
other form of ansatz for the ‘‘zero modes’’? We still expe
there should be nonlinear or mass terms in the reduced
fective action due to the broken isometry in the extra dim
sion. However, in order to answer whether or not the ga
field becomes massless when linearized, some further w
in detail is needed. There were other attempts to achieve
4D U~1! symmetry from the 5D U~1! bulk gauge fields
@11,19#.

On the other hand, the RS solution can be extended
accommodate the Schwarzschild black hole solution on
brane as a zero mode solution. This is possible because
RS solution is Ricci flat. Hence the Ricci-flat Schwarzsch
solution can be embedded into the brane world by introd
ing the spherically symmetric spacetime. Now it is very im
portant to check whether or not the RS brane world allows
have the Reissner-Nordstro¨m black hole on the brane. As i
shown above, the Reissner-Nordstro¨m black hole cannot be
embedded in the brane world, because this case ofA0Þ0
cannot be a solution to the effective action of Eq.~15! in-
cluding the nonlinear term andA•A. To obtain this black
hole on the brane, it seems to be necessary to introduce s
U~1! bulk gauge field in the five-dimensional spacetim
whose dynamics is localized on the brane@20#.

We have observed that the naive propagations of the
lar field gives rise to the tachyonic mass proportional to
tension of the brane. It may induce the instability of the R
vacuum. In the linearized gravity, by using the residu
gauge freedom, one can also impose the traceless gauge
source-free region in addition to the harmonic gauge. It f
lows mainly because ‘‘hTrace’’ vanishes in asource-free
region. What will happen if such traceless gauge is impo
in our linearized analysis? The five-dimensional trace ise

5hMNeMN5h12w5h̄22w. Here h̄5h14w is used. By
6-5
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combining the trace of Eq.~34! and Eq.~29!, we have

h (5)e5hh̄22hw58k2w, ~35!

where h (5)5h1]5
2. Thus, imposing the five-dimensiona

traceless gauge~i.e., e50) directly results inw50, that is,
no graviscalar fluctuation. Sinceh5e22w and h̄5e12w,
it also means the four-dimensional traceless gauge~i.e., h

5h̄50). In other words, we notice that the existence of
tachyonic graviscalar fluctuation is mutually inconsiste
with imposing the traceless gauge condition. Therefore,
resolution of the instability of the RS background spaceti
due to the graviscalar transforms to whether or not one
impose the traceless gauge. In the linearized gravity,
trace of metric fluctuations can be set to be zero by us
remaining gauge freedom provided that there is no ma
source in the region in consideration@21#. In our analysis,
however, since the graviscalar fieldw plays as a matte
source in the trace equation above, it does not seem t
plausible imposing such gauge condition in the first pla
Presumably such traceless gauge condition can be imp
on h̄ (hh̄50), but not onh (hh516k2w).

As mentioned above, another possible caveat of our re
is that the tachyonic graviscalar fluctuation is merely an
tifact of the ansatz for the zero mode we used in this pa
For instance, instead ofH(z)5kuzu11 in Eq. ~2!, let us
assumeH(x,z)5kuzuf(x)11 for the zero mode. This ansa
is analogous to the form used in Ref.@22# for the case of RS
model with two branes. Then the 4D effective action is giv
by
P
J

cl.

v
B
h

v
D

D

p

06403
e
t
e
e
n
e
g
er

be
.
ed

ult
r-
r.

n

I KK5
1

16pG4
E d4xA2gFR~g!2

k2

4
f2F2

12f22gmn]mf]nf16k2~222Audn
m1k2f2AmAnu

1k2f2A•A!G
.

1

16pG4
E d4xA2gFR~g!2

k2

4
f2F2

12f22gmn]mf]nfG . ~36!

Here we see that the graviscalar fluctuation as well as tha
the gravivector becomes massless in the linearized pertu
tions. Therefore, in order to clarify the issues discuss
above, further investigation is required on what the corr
form of the ansatz is for the zero mode in the brane wo
scenarios.

Finally, it will be interesting to extend our study to var
ous types of brane world models@6# as well as to the RS
model with two positive and negative tension branes@3# and
see how the U~1! gauge field behaves in the 4D effectiv
action. It will be also worth investigating how graviphoton
and graviscalar particles interact with the 5D bulk stand
model particles@11,12,23# in the presence of branes.
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