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Wave function of the radion in the brane background with a massless scalar field
and a self-tuning problem
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We consider flat solutions in a brane world model with a massless scalar field appearing-ifg,,@[&.
Since those solutions have naked bulk singularities or are such that the 4D Planck mass is divergent, we should
have a compact extra dimension, the size of which is then fixed by brane tesiod the bulk cosmological
constant. By inspecting scalar perturbations around the flat solutions, we find that there is no zero mode for the
radion and radion modes have only positive masses. This result confirms the fact that the radius of the extra
dimension cannot be adjusted independently of the parameters of the model, and thus that the model considered
does not solve the problems encountered in other approaches to the self-tuning of the cosmological constant.
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[. INTRODUCTION dition; there should be no naked singularities in the bulk
space; and the 4D Planck mass should be finite.
The Randall-SundrunfRS) models[1,2] were initially In early attempts with a massless bulk scalar field coupled

motivated by solving the hierarchy problem in a geometricto the brane in a flat bulk4,5], the self-tuning flat solution
way[1] and giving an alternative to the conventional Kaluza-was obtained by using integration constants appearing in the
Klein compactification of the extra dimension thanks to thewarp factor and it was even claimed that there exists only a
presence of a normalizable zero mode of the gravi®n  flat solution for theZ, symmetric bulk space with a special
The RS solutions require ong@r two) fine-tuning condi-  coupling of the scalar field to the braf6]. However, since
tion(s) between brane tensi@ and a bulk cosmological the extra dimension in such solutions should end with naked
constant by consistency. That is to say, if the fine-tuningsingularities in the bulk space to give a finite 4D Planck
conditior(s) was not satisfied, our universe should appeaimass, a fine-tuning is indispensible in regularizing the naked
curved with nonzero 4D effective cosmological constantsingularity with another brankr,8]. With a nonconventional
Nonetheless, because of the fact that there exists a 4D fl@ginetic term of 1H2, whereH?= HMNPQH""NPQ, it has been
solution in the RS models even with a nonzero brane tenshown that there exists a self-tuning solutfdz].

sion(s) and a nonzero negative bulk cosmological constant, On the other hand, there have appeared models where one
the cosmological constant problem appears in a new interesiatroduces a massless bulk scalar field not coupled to the
ing perspective. Thus we search for an extra dimensionadrane and a nonzero bulk cosmological consfaft13,14.
solution to the cosmological constant in the RS type models$n those attempts, the scalar field gives rise to an integration
[3-14,16. Here we require that there should exist a flat so-constant in the warp factor to be determined by the boundary
lution for a finite range of parameters and without any fine-condition because it contributes to the energy-momentum
tuning between input parameters, which will be caltdf-  tensor in the Einstein equatiohén those attempts, there also
tuning This idea can be realized by an integration constanhppear naked singularities or the warp factor becomes diver-
appearing in the warp factor of the metric. That is to saygent away from the brane as in the flat bulk case. Thus it is
once a flat solution is obtained by determining the integratiothecessary to introduce another brane to cut off the extra di-
constant without a fine-tuning between given Lagrangian pamension in the same way as in the case where the brane is
rameters, the integration constant is adjustable due to theoupled to the scalar field. In this case, however, the extra
dynamics of a bulk field to maintain the flatness of the metricdimension should be cut off before the naked singularities,
for different sets of Lagrangian parameters of the finiteynlike in the case where the brane is coupled to the scalar
range. The criteria for a consistent self-tuning solution withfje|d 2

the extra dimension are the following: there should appear an

integration constant to be determined by the boundary conr=——

The integration constant from the scalar field itself is irrelevant to
self-tuning because it is just contained in the warp factor amiba

*Electronic address: jekim@phyp.snu.ac.kr tiplicative factor.
"Electronic address: bkyae@bartol.udel.edu 2Locating another brane at the singularity would give rise to an
*Electronic address: minlee@phya.snu.ac.kr infinite brane tension, unlike the case with a brane coupling.
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When the scalar field does not couple to the brane, anpresent the effective action of the radion. In Sec. V, we deal
other brane introduces a parameter, the distance between twath the graviton perturbations for completeness. Section VI
branes’ In this paper, we present flat solutions with a staticis a conclusion.
extra dimension in which the bulk and brane cosmological
constants do not need to be fine-tuned, but those rather de- Il. MODEL SETUP
termine the size of the extra dimension in terms of those
parameters by the boundary conditions at the branes. Mor(?i-eI
over, for a positive bulk cosmological constant, it may also
be possible to compactify the extra dimension even withou
the need to introduce another brane by identifying the two
extrema of the warp factor symmetric around yhe0 brane M3
[14]. In this case with a single brane, there is no direct fine- S=f d4xf dy\/—_g(TR—Ab
tuning between bulk and brane cosmological constants ei-
ther, but the radius of the extra dimension is also fixed in 1 _
terms of those parameters. However, once the radius is de- - ﬁHMNPQHMNPQJrZ LYsy-yn|. @
termined by the input parameters, the dilatation symmetry of : :

the extra dimension is broken. Thus, we expect that the OIII'n order to get 4D flat solutions, let us take the ansatz for the

On top of the RS moddl1,2], we introduce a three-form

d in the bulk without coupling to the brane. Because we
ill cut off the extra dimension, we include the sum of brane
ctions. Then, the 5D action of our model setup is

latation moduli of the radius, which is called the radion, does .
) X etric as
not have a massless mode. In this case, the radius cannot e
changed to maintain the flat solution for a small change of ds?=B2(y) 5, dx*dx"+dy? )
brane tension. ®

In this paper, we make a consistency check for our flatyhere (7,,)=diag(—1,+1,+1,+1). Then the components
solutions with a constant radion field) each flat solution is  of the Einstein tensor are
an extremum of the radion effective potential ail each
flat solution is a global minimum of the radion effective po- B'\? B"
tential. First we obtain the equation of motion for the radion Guv=0uv 3(?) +3(E”
field and show that the determined radius is an extremum of
the radion effective potential. Then we also study scalar and B'\2
radion perturbations around our flat solutions with arbitrary G55=6(—) , 3
bulk cosmological constant. As expected, we find that there B
IS no massles_s mode of the radion because of the bqunda\Where a prime denotes differentiation with respecy.tavith
condition coming from the need to cut off the extra dimen-y, . p.one tensions . and A at they=0 andy=y, branes
sion with or without another brane. Moreover, the radion hasrespectively and thle bulk éosmological constamc; the en-’
only a positive mass, which implies that each flat solutionergy momer,1tum tensors are
with the fixed radius is a minimum of the radion potential.
Concerning the self-tuning problem in our model, we can Tun=—OunAb
address the problem that, due to the absence of a massless

radion, the radius of the extra dimension is not adjustable for \/—g(“j v ~
self-tuning the cosmological constant. Thus, even if there is N 900\ 5N2i Aio(y—yi)+Tun, (4

no direct relation between bulk and brane cosmological con-
stants in our case, one fine-tuning condition cannot be

. T - ~ 1 1
avoided to maintain the flat solution for a small change of Tun= 7l 4HMPQRHEQR_ EHngN (5)
brane tension.
For completeness, we use the gauge transformations pre- 1
serving the scalar perturbations to find that there exist a _ ot 2
massless graviscalar and a massless spin-2 graviton while Vu#Wéb =75 un(V H)%, ®)

there is no massless vector mode. The massive excitations of
the spin-2 graviton are shown to be positive, which guaranwhere we used the fact that a three-form field in 5D space-
tees the stability of the flat solutions together with the positime is dual to a pseudoscalar field ablynpq
tive radion mass. =V 0efnpoVre. Below, we imply “pseudoscalar” when
This paper is organized as follows. In the next section, wave write “scalar” without any confusion because our spin-0
provide the model setup for consideration and present the fldield is only the pseudoscalar frohhynpq. Here, when the
solutions. In Sec. Ill, we perturb the scalar field around thedual relation is inserted in the kinetic term of the action, its
flat solutions, identify the radion spectrum, and discuss th@verall sign is the opposite of that in the case of a scalar
self-tuning problem in our model. Then, in Sec. IV, we field. However, there does not arise such an inconsistency
between the action and the Einstein equation when the sur-
face term is taken into account that arises for the well-
3Note that the radius of the extra dimension is not determined irdefined variation of the action with respect to the three-form
the Randall-Sundrum model. field.
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We also take the ansatz for the nonvanishing componentble to cut the extra dimension such that it has a finite length.

of the four-form fieldH ,,,, as
H,U.Vpo': V=0 e,u.upof(y) (7)
whereu, ... run over the Minkowski indices 0, 1, 2, and 3.

The Bianchi identitydH=0 implies f>=2A/3% in the bulk

with a positive constanf. With the above ansatz, the field

equation for the four-form field is satisfied:

aml—gHMNPQ]=0, (8)

The two relevant Einstein equations, %) and (uwu) com-
ponents, read as follows:

1\ 2 A
6(%) =_Ab+Ev €)
Br 2 BH B
3 ? +3 E ——Ab—Alﬁ(y)

A
—Ay8(y—Yye)— E' (10

The solutions of Eqs(9) and (10) with Z, symmetry are,
[13]

for Ap<O,
a 1/4
(LB(lyh= K [sinh(—4K|y|+c)]"", (11
Q| U4
(2)B(yh= K [sinh(4k|y|+c)]", (12
for Ap>0,
a 1/4
(WBAYD=|1| Lsin(—4kly|+c)]* (13
a\ 14
(2)B(yD=|1| Lcod—4kly|+c)]*
14
for Ab=0,
(LB(y))=(—4aly|+c)™, (15
(2)B(yl) = (4aly|+c)", (16)
wherek= /| A,|/6 anda is defined in terms oA,
A
a= \/; . 17

We note that theB’s of Egs. (12) and (16) do not give
localized gravity on they=0 brane while theB’s of Egs.
(11), (13), and(15) have naked singularities &f|=c/(4Kk)
or |y|=c/(4a), and B of Eq. (14 has at|y|=(c

This can be done by introducing another brane.

Then, since th&Z, symmetry and the periodicity for the
compact dimension give rise to the boundary conditions at
the branes,

Aj
5 (18

B
B y=vy;

consistency requires the following relations for the above
three cases:

ke (ke
for A,<0, *c=coth?! 1| =4ky—coth 1 ik
(19
ke [ ke
for A,>0, (1l)c=cot? " =4ky.—cot ! ik (20)
k k
(2)c=—tan ! f)=4kyc+tan‘1(f>,
(21
a 1
for Ap=0, *c=—=aldy.— —), (22
Ky ko
wherec>0 for A,<0, 0<c<w/2 for A,>0, and
Aq Ay
klE?, kZEF. (23)

For all the above cases, direct fine-tuning conditions ap-
pear between brane tensions, unlike in the RS case, but the
size of the extra dimension is determined by the brane ten-
sions and the bulk cosmological constant. In particular, for
the A,>0 casd Eq. (14)], as recently argued in Rdfl4], it
may be possible to compactify the extra dimension without
the need to introduce another brane by identifying the two
extrema of the warp factor symmetric around yhe0 brane.

In Fig. 1 we show the schematic behavior of the warp factor.
If point Q corresponds to the location of another brane, then
one has to introduce a brane tension there. However, if point
P is chosen, it is not necessary to introduce another brane.
That means the extra dimensional size depends on pgint
which is determined by the other parameters in the theory.
For this to be the case, we must have a shift symmetry in the
radion direction whose distance is determined by the param-
eters in the theory; namely, we only have to take the bound-
ary condition as the first one in E(R1) and the length size

of the extra dimension can be regarded as being determined
by the brane tension ag.=c/(4k)= —(4k) tan (k,/k)

for k;<0.

Now we have obtained flat solutions with zero effective
cosmological constant on the brane with a static extra dimen-
sion, i.e.,gss=1. However, we should checld) whether
these solutions actually extremize the radion effective poten-

+/2)/(4k). Therefore, to get effective four-dimensional tial and, if so,(2) whether this extremum is a minimum or a
gravity or to avoid singularities in the bulk, it is indispens- maximum of the effective potential. Let us close this section
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B(y)) 3 —A _3__6’8_” )
3 b 8 B vy
l -
! AI
\/W —85(y—yi)<% +€)- -
F Y=Y;

Therefore, we can show that flat solutions with a static extra
dimension satisfy the extremization constraint by using Egs.
B (9), (10), and(18). In this extremization procedure, the size
of the extra dimension is determined by the boundary condi-
L tions. This is different from the case with the RS flat solu-
tion, where the fine-tuning of the parameters leads to the
extremization of the radion potential without determining the

T T i 1 1 1 1 1 1
0 > 4 p y size of the extra dimension.

_FIG. _1. The schematic beha\_/lor of the warp factor fgy>0. IIl. SCALAR PERTURBATIONS AND RADION
Point P is the case of our main interest.

In order to determine whether the flat solutions with a
with the first consistency test of our flat solutions and poststatic extra dimension obtained in the previous section are
pone the second one to the next section. minima or a maxima of the radion effective potential, we

It was shown that the 5D extremization constraint can beshould study scalar perturbations around the flat solutions.
a consistency check for any solutions with a constant radioffhen, the radion mode corresponds to altering the distance

field [15]. For the general metric ansatz with homogeneousbetween the branes at the orbifold fixed points or to the size

and isotropic three-space given by of the extra dimension, which appears as a scalar field in the
effective 4D theory.
ds?=—n%(t,y)dt?+a%(t,y) §;dx dx + b2(t,y)dy?, In the RS case without radius stabilization, there exists a

(24)  massless radion for the flat solution since the size of the extra
dimension is not determingd,17,18. And it is also shown
we consider a linear combination of all the components othat the radion has a positive mass for the 4D AdS solution

the 5D energy-momentum tensor from Einstein’s equatfons while it has a negative mass for the 4D dS solufib@-21.
For the stabilized RS model, the radion mass is also investi-

R gated in detail in Refg[22,23. In models with metastable
5 3(3ab bn b ; . : Lo
TE—2TS=— | o = graviton and multigravity scenarios, it is shown that the ra-
a n?\ ab bn b dion dynamics is crucial to test their stabilitg4,25.
. . L L As we mentioned in the previous section, we regard the
N 3 (3" n" 3a'b N b'n 25 three-form field as a scalar field by duality on investigating
b2\ a n ab bn perturbations for convenience. In that case, we only have to

deal with the energy-momentum tensor coming from the sca-

where dot and prime denote differentiations with respett to lar field as in Eq(6) and a scalar field equation such as

andy coordinates, respectively. Then, the above constraint
can be regarded as the equation of motion of the time-
y N (g™ )=0.

dependent scalar field(t,y) by rewriting it as (28)

1 a’ 1

) 1, . 3
SVAV,b=2(Th-2T)— | 5] —

n\’ We thus take a general ansatz for the metric perturbations as
alpz) n (26)

b2
ds?=K " 2(2)[ pun+ hun(%,2) JdxMdxN, (29
For solutions with a nonstatic extra dimension, the right-
hand side(RHS of the above equation vanishes when an
extremum is reached. This is also the case with a static extra d(X,2) = do(2) + ¢(X,2), (30)
dimension because a solution with a constant radion field is
defined as an extremum of the radion effective potential.
Actually, we obtain the RHS witlh=1 andn=a=3(y), wherez= [dy/B(y), K(z)=1/8(y(z)), and (${)?>=AKSE.
Then, the linearized Einstein’'s tensor, the linearized
energy-momentum tensor, and the linearized scalar equation
4See, for instance, E475) in Ref.[13]. read
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62K/2 KII
+ ralas

3 15K’
_F/!___F/

2 2 K K

3K, Ai 2 1o
_W(aMhNS-‘raNhM5_65hMN)_37]MN XF+ zl ?5(Z_ZI)+(¢O) F+ ¢0§D :0,
KH KIZ ! P_ (39)
X - ?"FZF h55_ ?(9 hp5 3 K,
K" K/2 a Eal’-F _3?&,#'::(;5007//.@1 (40)
—3|——2—|hun> 31
<~ 20 [P @ o o
’ 12 o
5&“&,}—6?[: +|12 ?) —(¢p) }F—(ﬁo(p =0,
" K'?2 A (41)
5T = —3?+6F hw+2 2= 7)) 5 Nss
1 e+ ¢"—3?¢’+3¢5F’=0. (42
+ §(¢6)2h5577,uv_ (,ZS(,)(P’ 77/1,1/! (32)
The (u5) component Eq40) can be integrated to give
12 3 K’
T us=6" 5 Must Podue, (33 poo=—5|F' ~2F| +1(2). (43)
12 1 The metric ansatz36) and EQqs.(38) and (43) with f(z)
6Ts5=6—hss— §(¢6)2h55+ doe’, (34 =0 fix our gauge choice. Eliminating,¢’ from Egs.(39)
K and(41) gives rise to an equation fd¥ only as
K, ! 1 ! ' Iy — " K, ’
De—3 0"+ 5 do(hj, —hs9 =0, (39 M9, F+F" =9 —F
where M,N) is one-half of the symmetric combination, the +|14 \? 4K”+E 24, S5 F=0 (44
1 1 —_— — —_— —_— Z—Z =
prime denotes the derivative with respect 2o and oM K K 9 3K (z-2)

=y"Noy, O=9""d,d,+3>. hyy is defined ashyy _ _ . -
=hyn— 7un/2 andh is the trace foihyy . from which we can easily obtain the boundary conditions at
Since we are interested in the scalar perturbations for inthe branes,
vestigating the radion, let us take the gauge choice in the K’
F'—2— F}
. [ Ko lopr

metric ansat229) as

where we usedK"/K=2AK5/3+ (A/3K)8(z—z) and A;
=6K’|Z:Zi. It is staightforward to check the scalar field
. . . ) equation(42) by multiplying Eq.(42) by ¢, and using Egs.
Thus_, theliw) component of the linearized Einstein tensor (43), (41), and the background equatiof@),(10) in the z
is written in the form coordinate. Thusk must satisfy Eq(45) and the bulk equa-

(45

hMV(X,Z):F(X,Z) Nuvs h,u,5

hsg(x,2) =G(X,2). (36

1 tion
5GW=(9M(9V(—F—§G +--- (37 oK
9, F+F —9?F
where the ellipses all contain terms proportionaktg,. The o ,
linear perturbations from the energy momentum tensor are K 4K"
; : . - +|16| —| ———|F=0. (46)
also~ 7, . Therefore, we obtain an immediate relation such K K

as
Note that studyingd- is equivalent to studying the radion, in
view of Egs.(36) and(38).

To make a Kaluza-Klein reduction of the radion field to
4D, we choose a separation of variables B$x,z)

= y(2) p(x). Taking a rescaling such gs= v/ (poK*?) [26],

G=—2F. (39)

Then the linearizedgu), (u5), and(55) Einstein’'s equa-
tions and the linearized scalar field equation are
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we obtain the 4D equation of the radion field and the bulk Co (¢4)?
equation for the wave function of the radion (A): —=-— (56)
do K'K'K| o+
(9#9,—m?)p(x)=0, (47) _ o
On the other hand, since the extra dimension should be cut
2 ~ o~ off with or without another brane to escape a bulk singularity
[~ +V@)]h(2)=my(2), (48) or a divergent 4D Planck mass, an additional boundary con-
where dition appears. For the case without another brane, the de-
rivative of the metric perturbation should be zero at the end
1\ of the extra dimension, as for the background metric. There-
V(z)= g(_) , (49  fore, in view of Eq.(45), another boundary condition should
£ be the same irrespective of the existence of an additional
brane as
d’(l) -2 ! _
§= W (50) (K ‘/’) |z=zg_0- (57)

Thus we also find another necessary condition for integration
The above equation corresponds to nothing but a supersyrapnstants:

metric quantum mechanics,

Q'QuU(2)=d+¢| 5| || —drté E) W(2)=m?y(2). o [KIKK],
(51) 2
Ze d’O
The Hermiticity of the above differential operator guarantees N 0 z KU | (58)

the positivity of the mass spectrum with’=0: there is no

tachyonic mode of radion. The bulk solution for the masslesg{owever, the two equation§6) and(58) cannot be satisfied
radion field withm?=0 is given by a linear combination simultaneously because the differen@e-(B) between the
such as two turns out to be nonzero,

Yol(2)=

A c0+d0f dzgz) (52) (A)—(B)=—3focde‘39é0. (59)

As a result,the massless mode of radion should be re-
garded as being projected ohy another boundary condition
2 appearing in cutting off the extra dimension, irrespective of
%o (53) whether the extra dimension is compactified with one or two
Kl’zK’ branes(The absence of a massless radion was also shown in
Ref. [22] in the existence of the general Goldberger-Wise
wherec, andd, are integration constants. Then, we can takescalar potential. But our case without any scalar potential
the wave function of the massless radion to be consisterwas not covered thepeThus we have confirmed thahe
with the Z, symmetry, radius of the extra dimension cannot be changed indepen-
dently of the cosmological constartty showing explicitly

or

Yo(2) =K?K’

z
co+d0f dz| ——

( 2 b} 2 that there is no massless mode of the radion. Then one can-
K2K'| co+ dOJ dz 1/20 not escape one fine-tuning conditiptB] to maintain the flat
K=K’ solution with fixed radius for small changes of input param-
for z>0, eters. Moreover, since the radion gets only a positive mass
po(2)= . . 21 B4 from Eq. (51), we find that each flat solution of Einstein’s
—K2K' Co—doJ dz bo gquations[Eqs. (11)—(16)] is stable under scalar perturba-
0 KK’ tions.
| for z<O.

IV. EFFECTIVE ACTION OF THE RADION

Then, using the boundary condition at the0 (or y=0)

brane from Eq/(45), We would like now to discuss the effective theory for the

massive modes of the radion with matter localized on the
, brane. So let us substitute the perturbed mé8&} into the
K X ; ; : ) .
' —2— l/,} =0, (55 linearized 5D action and integrate out the extra dimension.
K], o Since the massive radion couples to the energy-momentum
tensor localized on the brasg, its effective action is derived
we obtain the ratio between the two integration constants aas
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— | d*xdzy=—g@K 5 M3 1 MN 1 "o 1 , Koo
Seff_j d*xdzy—-g'"K o Eh ) _E D—3F05 h#V+Zn#V(D+(95_6?é’5)hZ
1 . /
X RMN_EgMNR_M Tun +(&5—3?>(&(th)5— 7,9 y5) =0, (66)
—32 KheTO s(z—z) (60) 1 K” 1 1
2 i my ! _E((y)\a)\‘}‘G? h;U~5+ E(gﬂ(ahhS)\_E(}ls’ﬁ;\\):O,
MS z. 3 (67)
=f d4x\/—g(45{7f de‘3<EF(D—m2)F)
~Zc 1 N 3K’ N 1
Zé‘ ﬁAhZ-FT J h)\5—§&5hﬁ =0. (68

(61)

1 .
+5 2 (K2F) T
' Then we find that the traces of both E§6) and Eq.(68) can

Here we make a separation of variables suchF#s,z) be satisfied simultaneously with

=y(z)p(x) and rescale the radion field such that its kinetic 1
term has a canonical form. Then, the resultant effective ac- Mhe, — = 5571":0, (69)
tion is the following: 2> n

1. under which Eqs(68) and (67) become, respectively,
5P (0 =m?)p(x)

Setf= j d*x/— 9:4j

P ahk=0, (70)
1 - .
+2 —p(x)TAO (62) K"
To2MBy 7'y + 67| ,5=0. (71)

where the coupling of the radion to matter localized at each -
brane is identified as Therefore, there appears a massless graviscalar hiigld

which couples to the trace of the 4D energy momentum ten-
3aM3 [z -12 sor as for the radion. On the other hand, since (&) can-
Tj de‘3¢2} (K™2$)|,. (63 not be satisfied either on the brane or in the biiks=0,
0 i.e., there is no massless vector mode, which is consistent
with Eq. (69) since EZ)’ZO from comparing the linearized
V. GRAVITON PERTURBATIONS scalar equation§35) and(42).

. . From Eq.(66), we also observe that the transverse trace-
In this section, for completeness, on top of the scalar per- ~

. . TT . .
turbations corresponding to the radion in the previous seceSS SPin-2 gravitoni(,,) is automatically decoupled due to
tion, let us consider the graviton perturbations with the genh’, =h,s=0 and the de Donder gauges):
eral metric ansatz

1 j—

M (2

K’ ~
~ 0-3—d )hTzzo. (72
h,,(%,2) =F(X,2) 7, N,,,(X,2), ( K 73 e

h,s#0, hss(X,2)=G(x,2). (64) Consequently, it turns out that there exists a massless spin-2
_ N graviton since the above equation is satisfiedhgy(x,z)
Then, with the gauge conditiori88) and (43) for the scalar =coe'Pe,,, with p2=0, wherec, is a constant and,,, is a
perturbations, we use a 4D gauge transformations to imposgo|arization tensor.

the de Donder gauge condition for the graviton With a separation of variables as E;TLI

=K32%(2)%(2) eP%e,, (p?=—m?), we obtain a

0=0%h,,,= 0"y, (65) Schralinger-like equation agaif27]:

where hwzhw—%hinw and the second equality comes
from Eq.(38). Now we have fixed five of the 15 degrees of
freedom of the 5D metric perturbations.

Assuming that the equations for scalar perturbationé"’here
(39—(42) are reproduced for the general gauge choice with Lo ,
Egs.(64) and(65), we obtain the equations for the graviton V(z)= 1_5(K_) _ 3L (74)
from Eqgs.(31)—(34) as 4\ K 2K’

(— 2+ V(2))P(2)=m?y(2) (73)
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Therefore, we find tham?=0, i.e., there is no tachyonic We showed that the fixed radius is an extremum of the
state of the graviton since the above equation can be readion effective potential from the equation of motion for the
garded as a supersymmetric quantum mechanics, radion field. On investigating scalar and radion perturbations
around the flat solutions, we also found that the massless
mode of the radion is projected out by another boundary
condition appearing from the procedure of cutting off the
extra dimension. Thus we confirmed that the dilatation sym-
metry of the radius is broken so that the radius of the extra
dimension cannot be adjusted independently of the cosmo
logical constants. Moreover, the radion has only a positive

In this paper, by introducing a 5D massless scalar field nofnass, wh|c.h.|mplles that eaqh flat solghon with a static ra-
coupled to the brarig), we found that there exist flat solu- dius is @ minimum of the radion potential. _
tions with no direct fine-tuning relations between brane ten- For completeness, we also found that there exist a mass-
sion(s) and a bulk cosmological constant. Since those soluless graviscalar and a massless spin-2 graviton while there is
tions have a naked singularity or the 4D Planck masd10 massless vector mode. The spectrum of massive spin-2
becomes divergent for a noncompact extra dimension, thgraviton is shown to be semipositive, which assures the sta-
extra dimension should be compactified with or without an-bility of the flat solutions in our model together with the
other brane. Thus there appear two boundary conditions orgositive spectrum of the radion.
at each end of the extra dimension. One boundary condition
at they=0 brane determines the integration constant of the
warp factor and the other one fixes the radius of the extra
dimension in terms of brane and bulk cosmological con-
stants. At first sight, the radius seems to be a self-tuning This work is supported in part by the BK21 program of
parameter, like an integration constant. However, it is exthe Ministry of EducationJ.E.K.,H.M.L), a KOSEF Sundo
pected that the fixed radius breaks the dilatation symmetry ofrant (J.E.K.,H.M.L), the Center for High Energy Physics
the radius such that the radius cannot be changed indepettHEP), Kyungpook National UniversityJ.E.K.,H.M.L),
dently of the parameters in the model to maintain the flaiand the U.S. Department of Energy DE-FG02-91ER40626
solution. (B.K.).

!

o

2K

!

3K

QTQTMz)E(aZ > ?) 2)

=m?Y(2). (75)

VI. CONCLUSION
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