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In this paper, we study the implementation of brane worlds in type II string theory. Starting with
the NS/NS sector of type II string, we first compactify the (D + d4 + d—)-dimensional spacetime,
and reduce the corresponding action to a D-dimensional effective action, where the topologies of
Mg, and M,_ are arbitrary. We further compactify one of the (D — 1) spatial dimensions on an
51/22 orbifold, and derive the gravitational and matter field equations both in the bulk and on
the branes. Then, we investigate two key issues in such a setup: (i) the radion stability and radion
mass; and (ii) the localization of gravity, and the corresponding Kaluza-Klein (KK) modes. We show
explicitly that the radion is stable and its mass can be in the order of GeV. In addition, the gravity
is localized on the visible brane, and its spectrum of the gravitational KK towers is discrete and can
have a mass gap of TeV, too. The high order Yukawa corrections to the 4-dimensional Newtonian
potential is exponentially suppressed, and can be negligible. Applying such a setup to cosmology,
we obtain explicitly the field equations in the bulk and the generalized Friedmann equations on the
branes.

PACS numbers: 98.80.Cq, 98.80.-k, 98.80.Bp, 04.70.Dy

I. INTRODUCTION

Brane worlds have been studied extensively in the past
decade [1], following Horava and Witten’s (HW) ideas 2],
where gauge fields of the standard model (SM) are con-
fined on two 9-branes located at the end points of an
S1/Zy orbifold. Out of the 9-spatial dimensions of the
branes, six are compactified on a very small scale close
to the fundamental one. A 5-dimensional effective theory
of the 11-dimensional HW heterotic M-Theory on S'/Z
was worked out explicitly by Lukas et al |3], and shown
that the radion is stable |4, 5], and its mass is of the order
of 0.1 GeV [5]. In addition, the corresponding tensor per-
turbations were also studied, and found that the gravity
is localized in the visible (TeV) brane [5]. The spectrum
of the gravitational Kaluza-Klein (KK) towers is discrete,
and the mass gap can be in the order of TeV. The correc-
tions to the 4-dimensional Newtonian potential, due to
the high order KK modes, are exponentially suppressed,
and are consistent with observations |5]. In such a setup,
the long standing hierarchy problem, namely the large
difference in magnitudes between the Planck and elec-
troweak scales, may be potentially resolved by combin-
ing the large extra dimension [6], warped-factor [7] and
brane-tension coupling [8] mechanisms. One of the most
attractive features of the model, similar to the RS1 model
[7], is that it might be soon explored by LHC [9]. For crit-
ical reviews of the brane worlds and some open issues, we
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refer readers to [1I].

Another important application of brane worlds is to
the cosmological constant problem [10]. In the 4-
dimensional spacetimes, there exists Weinberg’s no-go
theorem for the adjustment of the cosmological con-
stant. However, in higher dimensional spacetimes, the
4-dimensional vacuum energy on the brane does not nec-
essarily give rise to an effective 4-dimensional cosmo-
logical constant. Instead, it may only curve the bulk,
while leaving the brane still flat [11], whereby Wein-
berg’s no-go theorem is evaded. Along this vein, the
cosmological constant problem was studied in the frame-
work of brane worlds in 5-dimensional spacetimes [12]
and 6-dimensional supergravity [13]. However, it was
soon realized that in the 5-dimensional case hidden fine-
tunings are required |14]. In the 6-dimensional case such
fine-tunings may not be needed, but it is still not clear
whether loop corrections can be as small as expected [15].

In addition, by adding an Einstein-Hilbert term to the
brane action, Dvali, Gabadadze and Porrati (DGP) [16]
showed that gravity can be altered at immense distances,
due to the slow leakage of gravity off our 3-dimensional
universe into bulk. It should be noted that the DGP
model has only one 3-brane, and the spacetime in the
direction perpendicular to the brane is usually infinitely
large, in contrast to the RS1 model, where two orbifold
branes form the boundary in the transverse direction of
the branes, although later Randall and Sundrum pro-
posed another model (RS2), in which only one brane ex-
ists [17]. A remarkable feature of the DGP model is that
it gives rise to a late cosmic acceleration of the universe,
without the introduction of dark energy [18]. It must be
noted that, despite of this great success, the DGP model,
as well as its hybrids, is usually plagued with the prob-
lem of ghost |19, 20], in addition to the problem of the
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consistency with observations [21, 22].

It should also be noted that the RS1, RS2 and DGP
brane worlds, as well as their generalizations [1], are phe-
nomenological models, and how to implement them into
string/M theory is still an open question, despite of some
important efforts along this direction |23, 24]. Such an
implementation turns out to be extremely difficult, as
one would expect, given the complexity of the theory.
It was exactly because of this that most of the previous
works on brane worlds are phenomenological, and should
be considered only as an intermediary bridge between
observations and fundamental theory.

Lately, as part of the efforts of implementing the RS1
model into string/M theory, the orbifold branes and their
applications to cosmology were studied systematically in
the framework of both the Horava-Witten heterotic M-
Theory |5, 25] and string theory [26, 27, 28] on S!/Z,.
From the point of view of pure numerology, it was found
that the 4D effective cosmological constant can be cast
in the form,
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where R denotes the typical size of the extra dimensions,
M the energy scale of string or M theory, and (ag, ans) =
(10, 16) for string theory [26] and (g, apr) = (12,18) for
the HW heterotic M Theory [25]. In both cases, it can
be shown that for R ~ 10722 m and M ~ 1 TeV, we
obtain py ~ paop =~ 107%7 GeV*. In contrast to that
in Einstein’s theory, the domination of this term is only
temporary. Due to the interaction of the bulk and the
brane, the universe will be in its decelerating expansion
phase again, whereby all problems connected with a far
future de Sitter universe |29, 130] are resolved. This fea-
ture was also found in the DGP model [16]. Therefore, a
late transient acceleration of the universe seems to be a
generic feature of brane worlds.

It was also showed that the radion is stable, and its
mass is about 107! GeV in the Horava-Witten heterotic
M-Theory [5] and 1072 GeV in the string theory [28§].
The gravity is localized on the visible (TeV) brane. The
spectrum of the gravitational KK towers is discrete with
a mass gap that can be in the order of TeV. The high
order Yukawa corrections to the 4-dimensional effective
Newtonian potential are exponentially suppressed.

In this paper, we shall continuously work along the di-
rection of implementing the RS1 model [7] into string/M
theory. In particular, In Sec. II, starting with the
Neveu-Schwarz/Neveu-Schwarz (NS/NS) sector of type
II string, we first consider the compactification of the
(D + d4 + d_)-dimensional spacetime on two manifolds
Mgy, and My _, where the topologies of My, and My_
are unspecified. This opens the possibility of having the
dilaton and modulus fields non-zero potentials (masses),
which is in contrast to the toroidal compactification con-
sidered in [26, 27, 28], in which these scalar fields are
always massless |31, 132, [33]. After reducing the action
to an effective D-dimensional one, we further compactify

(1.1)

one of the (D — 1) spatial dimensions on an S!/Z5 orb-
ifold. Lifting it to the original spacetime, they represent
(D+dy+d_ —2)-dimensional orbiford branes. The corre-
sponding gravitational and matter field equations both in
the bulk and on the branes are derived separately in Sec.
III, while in Sec. IV such developed formulas are applied
to cosmology by setting D =5 = dy +d_. In particular,
the generalized Friedmann equations are given explicitly
on the branes. In Sec. V the radion stability and radion
mass are studied, while in Sec. VI, the tensor perturba-
tions are investigated. It is found that the radion stable,
and the gravity is localized on the visible brane. Both the
radion mass and the mass gap of the gravitational KK
towers can be in the order of T'eV, by properly choosing
the free parameters presented in the model. The high or-
der Yukawa corrections to the 4-dimensional Newtonian
potential, due to the high order KK modes, is exponen-
tially suppressed, and can be negligible. The paper is
ended with Sec. VII, in which we summarize our main
results and present some remarks to the future work.

To have this paper as much independent as possible,
for the sake of reader’s convenience, some parts might
be repeated from our previous studies of the problems,
although we try to limit these to their minimum.

Before proceeding further, we would like to note that,
to have a late time accelerating universe from string/M-
Theory, Townsend and Wohlfarth [34] invoked a time-
dependent compactification of pure gravity in higher di-
mensions with hyperbolic internal space to circumvent
Gibbons’ non-go theorem [35]. Their exact solution ex-
hibits a short period of acceleration. The solution is the
zero-flux limit of spacelike branes [36]. If non-zero flux
or forms are turned on, a transient acceleration exists
for both compact internal hyperbolic and flat spaces [31].
Other accelerating solutions by compactifying more com-
plicated time-dependent internal spaces can be found in
138].

II. THE MODEL

In this section, we consider the compactification of the
NS/NS sector in (D 4 dt + d_)-dimensions, and obtain
an effective D-dimensional action. Then, we compactify
one of the (D — 1) spatial dimensions by introducing two
orbifold branes as the boundaries along this compactified
dimension.

A. Compactification of the NS/NS sector

Let us consider the NS/NS sector in (D + dy + d_)-
dimensions, My = Mp x Ma, x Mg_, where Mg, and
My_ are dy and d_ dimensional spaces, respectively,
and N = D + d4+ 4+ d—. To have our formulas as much
applicable as possible, we shall not specify the topologies
of these spaces. The action takes the form |31, 132, 139],
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where V denotes the covariant derivative with respect to
§4P with A, B =0,1,..., N—1, and ® is the dilaton field.
The NS three-form field H op¢ is defined as

Hape = 304Bpo

= 0aBpc +0pBca+0cBap, (2.2
where the square brackets imply total antisymmetriza-
tion over all indices, and

BCD = _BDCa

The constant k% denotes the gravitational coupling con-
stant, defined as

1
2 _ _
where Gxy and My denote, respectively, the N-

dimensional Newtonian constant and Planck mass.
In this paper we consider the N-dimensional space-
times described by the metric,

ds% = gapdz’da®?

~ dad b ﬁlﬂu)h"‘ dzdj
Jap () dzdx’ + € ij(er) 2 dzy

+eV %wf(w)h;q (2-)dzP dz212, (2.5)

where Gop(x) is the metric on Mp, parametrized by the
coordinates % with a,b,¢ = 0,1,...,D — 1, h;rj (z4+) the
metric on the compact space Mg, with coordinates zi,
where i,j = D, D +1,...,D +d4 — 1, and h;; (2-) the
metric on the compact space My_ with coordinates z”,
where p,q =D +dy,D+ds +1,...,N —1.

We assume that the daliton field $ is function of %,
and the flux Bep is block diagonal,

R Bab(I) 0 O
(BCD) = O SE+ (x)Blj (Z+) 0
0 0 @B, (22)

(2.6)

Then, it can be shown that the non-vanishing compo-
nents of H pc are

Hupe = Hape = 30, By

Hyj = €% Hijp = 3¢50 By,

ﬁpqr = eE*Hqu :365*8[173,”],

Haij = Bijes+Vaés,

Hopg = Bpge*Vaé_, (2.7)
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where V, denotes the covariant derivative with respect
to §*°. On the other hand, we also have

RN[Q] = Rp[g] -i-e_\/%w+RdJr [h—w
ve VEY R, [n7]
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Making the following conformal transformations,

Gab = PGap, Q= 6%—:? (2.10)
we find that
Rplg] = Q@*{Rplg]+2(D - 1)IInQ
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§*VaViQ = Q2 (0Q
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where O = gabvavb, and V, denotes the covariant
derivative with respect to g°°. Then, combining Eqs. (28]
and (2.I1]), we obtain
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B2 = By (24) B (24),
B2 = By, (2_)BP(z_), (2.14)
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Substituting Eqs.(213) and (ZI4) into Eq.(21]), and
then integrating it by part, we obtain the D—dimensional
effective action in the Einstein frame,
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where ¢, = {¢,9+}, and
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B. Sl/Zz Compactification of the D-Dimensional
Sector

We shall compactify one of the (D — 1) spatial dimen-
sions by placing two orbifold branes as its boundaries.

The brane actions are taken as,

- _el/m 952 [V52s (0. 60y a” e
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where I = 1,2, V[(Ql (¢n, &x) denotes the potential of
the scalar fields ¢,, on the branes, and f n ’s are the intrin-

sic coordinates of the branes with p,v =0,1,2,..., D —2,
and € = —e2 = 1. x denotes collectively the matter
fields. The two branes are localized on the surfaces,

(2.22)

or equivalently

pg—— (g(“[)) . (2.23)
(1) (1)

gp., denotes the determinant of the reduced metric g,
of the I-th brane, defined as

() =, pDa (Db
G = Gab€(,y €1) G (2.24)
D—1
where
oD e = 907 2.25
eDa= 0T (2.25)
)
Then, the total action is given by,
S — gty Z st (2.26)
total — D— 1 ,m’ '

III. FIELD EQUATIONS BOTH OUTSIDE AND
ON THE ORBIFOLD BRANES

Variation of the total action ([2:26]) with respect to the
metric gqp yields the field equations,

2
GP = TP+ S Tl el
I=1

(3.1)

where §(z) denotes the Dirac delta function, normalized

in the sense of [40], and the energy-momentum tensors

Téf) and 'Z;f,f) are defined as,

1
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Variation of the total action (226, respectively, with
respect to ¢, Y1, £+ and Byy, yields the following equa-
tions of the matter fields,
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Eq.31) and Eqgs.(30)- (B8] consist of the complete set
of the gravitational and matter field equations. To solve
these equations, it is found very convenient to separate
them into two groups, one is defined outside the two orb-
ifold branes, and the other is defined on the two branes.

A. Field Equations Outside the Two Branes

To write down the equations outside the two orbifold
branes is straightforward, and they are simply the D-
dimensional gravitational field equations B1]), and the
matter field equations Eqgs.([3.5)-([B.8) without the delta
function parts,
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Therefore, in the rest of this section, we shall concentrate
ourselves on the derivation of the field equations on the
branes.

B. Field Equations on the Two Branes

To write down the field equations on the two orbifold
branes, one can follow two different approaches: (i) First
express the delta function parts in the left-hand sides of
Eqgs.B1) and (35)-B3) in terms of the discontinuities of
the first derivatives of the metric coefficients and matter
fields, and then equal the corresponding delta function
parts in the right-hand sides of these equations, as shown
systematically in |41, 42]. (ii) The second approach is to
use the Gauss-Codacci and Lanczos equations to write
down the (D — 1)-dimensional gravitational field equa-
tions on the branes [43]. It should be noted that these
two approaches are equivalent and complementary one
to the other. In this paper, we shall follow the second
approach to write down the gravitational field equations
on the two branes, and the first approach to write the
matter field equations on the two branes.

1. Gravitational Field Equations on the Two Branes

From the Gauss-Codacci equations, we we obtain [43],

GOV =g+ ED + FP-Y, (3.14)
with
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where n® denotes the normal vector to the brane, G(P) =

g“belf), and C((li)d the Weyl tensor. The extrinsic cur-
vature K, is defined as

K, = e‘(lu)el()l,)vanb. (3.16)
A crucial step of this approach is the Lanczos equations
|44],

(3.17)

ng

KD =g [KO] = b7,

where
[K}/)]_ = limg, Lo+ K T —limg, o K{) ™,
[KU)]_ = gD wv [Kfj)}_. (3.18)

Assuming that the branes have Z symmetry, we can

(1

.. I .
express the intrinsic curvatures K, in terms of the effec-

tive energy-momentum tensor ’Z;L(l{) through the Lanczos
equations (B.I7). Setting

SO =1+ 9P gD,

(3.19)

where g,(f)

find that

is a coupling constant of the I-th brane [§], we
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Then, GEB_D given by Eq.([3I4) can be cast in the form,
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For a perfect fluid,

Ty = (P + P) Uptly — PGy, (3.24)

where u,, is the four-velocity of the fluid, we find that

_ D-3
Tur = 4D —2)”

X [(pﬂ?) Uy — (p + %p> guu] . (3.25)

Note that in writing Eqs.321)-(325), without causing
any confusion, we had dropped the super indices (7).



2. Matter Field FEquations on the Two Branes

On the other hand, the I-th brane, localized on the sur-
face @;(x) = 0, divides the spacetime into two regions,
one with ®;(x) > 0 and the other with ®;(z) < 0. Since
the field equations are the second-order differential equa-
tions, the matter fields have to be at least continuous
across this surface, although in general their first-order
directives are not. Introducing the Heaviside function,
defined as

H(z) = { 1, @>0, (3.26)

0, =<0,

in the neighborhood of ®;(x) = 0 we can write the matter
fields in the form,
F(z) = F"(2)H (®;) + F~ () [1 - H (®;)], (3.27)

where F' = {¢, 1+, &4, B}, and F* (F7) is defined in
the region ®; > 0 (®7 < 0). Then, we find that

Fo(x) = Fi(2)H(®1)+ F, () [1 - H(25)],
Fap(w) = Foy(@)H (1) + F g (2) [1 — H ()]

+i) 2200)

where [F,]” is defined as that in Eq.(818). Projecting
F, onto n® and ef, ) directions, we find

5(®;), (3.28)

Fo=Fuel) = Fung, (3.29)
where
Fn=n'Fq, F,=el,)Fa. (3.30)
Then, we have
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Inserting Eqgs.(329)-B31) into Eq.@28), we find
Fap(w) = Foy(@)H (21) + F (2) [1 — H ()]

—[Fn] nanyNi o6 (®g), (3.32)
where Ny = /|®7,.®7 |, and
_ 1 (9(1)](11)
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Substituting Eq.([332) into Eqgs.(33)-B.8), we find that
the matter field equations on the branes read,
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This completes our general description for (D + d4 +
d_)-dimensional spacetimes of string theory with two
orbifold branes.

IV. 10-DIMENSIONAL SPACETIMES AND
BRANE COSMOLOGY

In this section, we restrict ourselves to the 10-
dimensional spacetimes of string theory with D = 5 and
dy +d_ = 5. It can be shown that the general metric
for the five-dimensional spacetime with a 3-dimensional
spatial space that is homogeneous, isotropic, and inde-
pendent of time must take the form [5],

dsg = gabda:“d:cb = gundz™da™ — 62“(1M)d2i, (4.1)
where M, N = 0,1. Choosing the conformal gauge,

goo = g11, go1 =0, (4.2)

we find that the five-dimensional metric finally takes the
form,

ds? = 7Y (dt? — dy?) — e* () gy, (4.3)
It should be noted that metric (£3) is still subjected to
the gauge freedom,

y=f(t'+y)—g(t'=y'), (4.4)

where f(t' +y') and g(t' — y') are arbitrary functions of
their indicated arguments.

It should be noted that in |45] comoving branes were
considered, and it was claimed that the gauge freedom of
Eq.([#4) can always bring the two branes at rest (comov-
ing). However, this excludes colliding branes [3, [24, 33].
In this paper, we shall leave this possibility open.

t=f(t'+y)+g(t' =y,

A. Field Equations Outside the Two Branes

To have the problem tractable, in the rest of this paper,
we shall turn off the flux, i.e.,

Bep =0, (4.5)



so that
§&+ =0,

Then, it can be shown that outside the two branes the
field equations ([B.I]) have four independent components,
which can be cast in the form,

ar =0, v+ =0. (4.6)

Wi+ wi(we—204) +wyy +wy (wy —20,)
1
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1
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Wt + 3w — (wyy + 3w7y2) + 2ke2(—w)
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= ge%'v5. (4.10)

On the other hand, the Klein-Gordon equations (310)
and (I take the form,

Gt + 301wt — (Dyy + 30 yw,y)

= —\/?620‘/5, (4.11)

Vi + 304w — (Vg gy + 30w y)
= €27V, (4.12)

Yot + 3V 1w — (Yo yy + 3P ywy)
_ \/26201/5, (4.13)

3
with

Vs = e@qb (ﬁ_i_eiw* + ﬁ_ei\/gwf) . (414)

B. Field Equations on the Two Branes

Eqgs.([@™) - (I2) are the field equations that are valid
in between the two orbifold branes, y2(t2) < y < y1(t1),
where y = y;(¢7) denote the locations of the two branes.
The proper distance between the two branes is given by

Y1
D(t) = / e? Y dy.

Y2

(4.15)

On each of the two branes, the metric reduces to
ds§|M£I) = g\)del ety = dri — a® (1) d%},  (4.16)

where 5(”1) = {r7,1,0, ¢}, and 77 denotes the proper time
of the I-th brane, defined by

. 2
dT[ — ecr[t[(TI),yI(‘rI)] 1— <£) dtb

tr
ewltr (7),y1(71)] ,

a(r) = (4.17)

with g7 = dyy/dry, ete. For the sake of simplicity and
without of causing any confusion, from now on we shall
drop all the indices “I”, unless some specific attention is
needed. Then, the normal vector n, and the tangential
vectors e‘(lﬂ) are given, respectively, by

e*7 (—yst + i6Y),
n® = — (yo¢ +462),

Ng =

6((17_) = tag + yé;a e((lr) = 5?7
eae) = 6;, el(lsa) = 5; (418)
Then, it can be shown that
g% = 6707 — 0376707 gan
EG) = E® (36767 — 6767 gmn) . (4.19)
where
1 —20
G = ge ¥ (¢ —ah + vl i+ - 02
5 1
—51 L(VO) + (Vi) + (Vo )°] + V5,
1
g(g5) = g [¢,2n + w-zi-,n + ¢2_7n}
5 1
+57 [(VO) + (VUi )* + (Ve )*] = 115,
1
EG) = 66726 (0t — w,it) = (T gy — Wyy)
+k62<f’*w)} , (4.20)

with ¢, = n*V,¢. Then, it can be shown that the four-
dimensional field equations on each of the two branes
take the form,

k 8tG 1 1
H? + ; = T(p+Tp)+§A+§g7(-5)+E(5)
27TG 2
1 )2, 4.21
(o) (4.21)
2= —?( + 3p 2Tp)+%A—E<5>
a
1 27G
_Z(ag® (5)
6(QT +30,”) 5 [0 (20+3p)
+(p+3p—1p) T, (4.22)

where H = a/a,, A = Ay and G = Gy.
On the other hand, from Eqs.(334) and [335]), we find
that

_ ()

{qsgl)} S <2I€§€]a? +a;’>> U, (4.23)
1 2 4(1) ()

[wi n} = = |2 ool | v @2y
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FIG. 1: The function |y| appearing in the metric Eq.(5.2]).

V. RADION STABILITY AND RADION MASS

In the studies of branes, an important issue is the
radion stability. In this section, we shall address this
problem. For such a purpose, let us consider the 5-
dimensional static metric with a 4-dimensional Poincaré
symmetry, which is given by Eq.[@3]) with ¥ = 0 and
o(y) = w(y), that is,

dsg — o20(y) (n,wd:v“dx” _ dy2) . (5.1)

Then, we find that the corresponding solutions are given

:’7
1 Yl + Yo
o(y) = —3ln(| | )7

o) = aatn (M) 4 0,
0() = catn (20 ) 4,
0-0) = f2an (BER) L0, s

where ¢1,y0, L, 00, ¢o, and 1/)3 are all arbitrary con-
stants, and

2(8—3c?)
15 ’

3 —B+

= —In{——1].
V3 (-0 (55))
The function |y| is defined as in Fig. [

Then, it can be shown that the above solution satisfies
the gravitational and matter field equations outside the

branes, Eqs.([@7)-(@12). On the other hand, to show that
it also satisfies the field equations on the branes, given

by Eqs.(@21)-([@22)) and Eqgs.([@23)-(@24), we first note

that the normal vector ”((11) to the I-th brane is given by

02::|:

P2

(5.3)

— _6151’)6—0(1/1)(5;7

n((ll) = (54)

and that

i = 6_‘7(1/1), y=0,

8
5 _ a6y _ 2 L \*®
g§> = % T o9L2 (yH—yo) ’

where y; = y. > 0 and y2 = 0. Inserting the above
into Eqs.(@21) and ([@.22)), and considering the fact that
H = 0 we find that these two equations are satisfied
for 71(“[,) = 0, provided that the tension 7'151) defined by
Eq.([34) satisfies the relation,

(I 8/3
(I) (1))2 __PA L

2 = 5.6

(T(‘i”wi) + 2 9G4 L? \ yr + yo » (56)

where p&]) denotes the corresponding energy density of

the effective cosmological constant on the I-th brane, de-
fined as p\) = A()/(87G). On the other hand, from

(5.5)

Eqs.[@23) and ([@.24]) we find that
81/4(1) _ crer (5.7)
9¢ w3 (yr +vo) '
31/4(1) _ Co€r (5.8)
N4 w3 (yr +yo)’ '
v, _ VBed (5.9)
- V2r2(yr + o) .

To study the radion stability, it is found convenient to
introduce the proper distance Y, defined by

v 30 ((urtw\"* (@)4/3
4 L L '
Then, in terms of Y, the static solution (5 can be
written as

(5.10)

ds? = 7240y datdz” — dY?, (5.11)
with
1 (1(Y]+Y)
3 4(Y|+ Y
¢(Y) = ZCl In (%) + ¢07
3 4(JY] +Yo)
YY) = 1¢ In <73L + 99,
_ e 4(JY]+Yo) 0
Y (Y) = = cQ1n< 37 + 92, (5.12)
where
3L 4/3
Yo = 2 (y—]f) . (5.13)

Following [46], let us consider a massive scalar field ®
with the actions,

Sy = /d4x /OYC Y=g ((v®)’ - M?a?),

/ 2
—ag /Mf) d*z —gfl]) (<I>2 — v?) , (5.14)

St



where a; and v; are real constants. Then, it can be
shown that, in the background of Eq.([5.I1]), the massive
scalar field ® satisfies the following Klein-Gordon equa-
tion

2
O —AAY — M?® = " 20,P (P — v]) 6(Y — V7).
=1
(5.15)
Integrating the above equation in the neighborhood of
the I-th brane, we find that

do(y) |1t
. =200 (7 —v7), (5.16)
where ®; = ®(Y7). Since
_dD(Y) . do(Y) )
| = — 1 =-9 (Y.,
yoyr Y yov- Y (¥e)
. dB(Y) do(Y) )
1 = — =-® 1
yoo-  dY yoot  dY (0), (5.17)

we find that the conditions (5I6) can be written in the
forms,

8)
9)

'(Y,) = —a1®y (@] — ), (5.1
'(0) = as®s (@3 —v3). (5.1

Inserting the above solution back to the actions (G.14),
and then integrating them with respect to Y, we obtain
the effective potential for the radion Y,

) = - [ aryT ((vwf - ae?)

+e
2 Yr+e 7 9
+Za1/ Ay —gi (8 - v3)
I=1 Yi—e

X6 (Y —Y7)

Ye
- e’4A(Y)<I>(Y)<I>’(Y)‘O
2

+ Zozl (@% — v?)2 e~ 44N,
I=1

(5.20)

For the background solution given by Eq.(5I2), one
find that in the region 0 <Y < Y., Eq.(0.I5) reads,

d’®  1d®
— +-——-®=0 5.21
dz? = zdz ’ (5:21)
where z = M (Y +Y)). Eq.(@ZI) has the general solu-

tion,

® = aly(z) + bKo(z), (5.22)

where Iy(z) and Ky(z) denote the modified Bessel func-
tion of the first and second kind, respectively [47]. In the
limit that a;’s are very large |46], Eqgs.(&I8) and (519)

10
show that there are solutions only when ®(0) ~ vo and
®(Y,) ~ vy, that is,

v ~ al§+ K, (5.23)
al§ +bK§, (5.24)

where 2z, = M (Y. +Yo), 20 = MY, I = Io (2) and
K} = Ko (z;). Eqs.(523) and (524) have the solution,

1R

V2

1 (&
a ~ N (leg — ’UQKo) ,
1
b~ < (v21§ — v117)) (5.25)
where
A=K — IVKS. (5.26)

Inserting Eqs.(5.22) and (B27) into Eq.(520), we find
that

4
STA {vize [1 (0K + I{KY)

—vz (IGKT + [T K§)]
+’U220 [’Ug (ISK? + I?Kg)
—u1 (I9K7 + I'K7)] } -

Vo (Yeo) =~

(5.27)

To further study the potential, let us consider two dif-
ferent limits, zp > 1 and zo < 1. With all these free
parameters at hand, it is not difficult to see that the
mass of the radion should be also in the order of GeV, as
we obtained previously in both string [28] and M theory

15].

A. zo>1

When zg > 1, we have z. = z9 + MY, > 1. Then, we
find

S
—~
IS
~—
12
=~
—~
I3
~
12
o
“N

(5.28)

Ko(z) ~ Ki(z) ~ \/geé

Inserting the above expressions into Eq.(&.271), we obtain

42’0 2 2
Vo (V) ¥~ —————— h (MY,
o (Vo) = ST () {(v2” +02%) cosh (MYc)
—2’011)2} 5 (529)
which has a minimum at
min. __ 1 -1 vl2 + ’022
}/c = M cosh (Tm N (530)
where
02V (Y2) 1620M2\ (v1v2)*
2 = 2 5 > 0,
oY, =Y min. 3L |'U1 - 'U2|

) = {0 20 (531)

o0, Y, = oo.



> Y,

FIG. 2: The potential Vg (Y.) given by Eq.(529) for M >
1/Yo.

Fig. 2 shows the potential schematically, from which we
can see that it always has a minimum at a finite and
non-zero value of Y,. Therefore, in the present setup, the
radion is stable in the limit M > 1/Y,.

To calculate the corresponding radion mass, we need
to know the precise relation between Y, and the radion
scalar ¢. Following |5, 46], we find that

1/2

12 [Ye
o = _2/ e 2y |  =./6LM}
K5 Jo

M 0

Then, we obtain that

s 0Va (V) M? <16YO>1/2

e = T2 yomymen  ME\27L
2 2 2
X7(111U2) | cosh™! <7v1 v ) )

|v — 02 20109

(5.33)

where M3 = M$)Vy, Vi, as can be seen from Egs.(2.4)
and (Z.I7).
B. z20x1
When z <« 1, we find
In(z) ~ 1,

Ko(z) ~ —In(z), (5.34)

Q| =

11

AVcD(Yc)

> Y,

FIG. 3: The potential Vg (Y.) given by Eq.(538) for M <
1/Yo.

Then, Eq.([527) reduces to

v;L_YQ:Q {(v1 —v2) (4 — 2§ In (20)) Yo

+28 (v2 — 201 1In (20)) Yo } (5.35)

for Y, < Yy. Fig. Bl shows the potential schematically,
from which we can see that it has non-minimum. That
is, the radion is not stable for M < 1/Y5. Combining
it with last case, we find that there must exist a critical
M., for which the radion is stable when M > M, > 0,
and not stable when M < M..

Vq> (Y;) ~

VI. LOCALIZATION OF GRAVITY AND 4D
EFFECTIVE NEWTONIAN POTENTIAL

To study the localization of gravity and the four-
dimensional effective gravitational potential, in this sec-
tion let us consider small fluctuations hg, of the 5-
dimensional static metric with a 4-dimensional Poincaré
symmetry, given by Egs. (&) in its conformally flat form.

A. Tensor Perturbations and the KK Towers

Since such tensor perturbations are not coupled with
scalar ones 48], without loss of generality, we can set the
perturbations of the scalar fields to zero, i.e., d¢,, = 0.
We shall choose the gauge [, [17]

hay =0, hy =0=0"h,.
Then, it can be shown that [49]

1 3 .
5G) = —50shas = 5 {(9c0) (0°ha)

(6.1)



-2 [D50' + (600) ((900')] ha,b} N
k26T = —%hab <Z (Vén)? — 2V5> ,

n=1

ST = (7p + A) hyuw, (6.2)
where Oj = 79,0, and (0.0)(0hap) =
7% (0:0) (Oghay), with 1% being the five-dimensional
Minkowski metric. Substituting the above expressions
into the gravitational field equations (81 with D = 5,
we find that in the present case there is only one

independent equation, given by

~ 3 3 ~
Oshu + 3 <a” + 50/2) huw =0, (6.3)
where hy,, = 6_3"/2;%]. Setting
BMV(‘Tv y) = iLMV(x)’@[J(y)v
Oy =0y — vi = ﬁ“”auau - 857
D4}AL,LW(:E) = —inL#U(I), (64)

we find that Eq.(6@3) takes the form of the schrédinger
equation,

(=V2 + V) =mPp, (6.5)
where
_ 3 (3.2
V = 5 (a —|—2U >
1 1) 0 (y — ye
_ - (y) 0y —ye) (6.6)
4 (ly| + vo) Yo Ye + Yo

From the above expression we can see clearly that the
potential has a delta-function well at y = y., which is
responsible for the localization of the graviton on this
brane. In contrast, the potential has a delta-function
barrier at y = 0, which makes the gravity delocalized on
the y = 0 brane. Fig. [ shows the potential schemati-
cally.

Integration of Eq.(G.35) in the neighbourhood of y = 0
and y = y. yields, respectively, the boundary conditions,

VW = gy 6D
. / _ L 3
ylggy(y) = % ylggﬂ(y)- (6.8)

Note that in writing the above equations we had used the
Z5 symmetry of the wave function .
Introducing the operators,
3 3
Q=V, -0, Q'=-vV,- 0, (6.9)
2 2
Eq.([63) can be written in the form of a supersymmetric
quantum mechanics problem,

Q- Qy = m*y, (6.10)
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FIG. 4: The potential defined by Eq.(6.6).

which, together with the boundary conditions ([G.7]) and
([6.8), guarantees that the operator QT - @ is Hermitian
[8, 150]. Then, by the usual theorems from Quantum Me-
chanics [51], we can see that all eigenvalues m? are non-
negative, and their corresponding wave functions v, (y)
are orthogonal to each other and form a complete ba-
sis. Therefore, the background in the current setup is

gravitationally stable.

1. Zero Mode

The four-dimensional gravity is given by the existence
of the normalizable zero mode, for which the correspond-
ing wavefunction is given by

Yoly) = No (|yl +0)'"*, (6.11)
where Ny is the normalization factor, defined as
2
Ny = (6.12)

Ye (Yo + 2y0)

Eq.(@I1)) shows clearly that the wavefunction is increas-
ing as y increases from 0 to y. [cf. Fig. B]. Therefore,
the gravity is indeed localized near the y = y. brane.

2. Non-Zero Modes

In order to have localized four-dimensional gravity, we
require that the corrections to the Newtonian law from
the non-zero modes, the KK modes, of Eq.(63]), be very
small, so that they will not lead to contradiction with
observations. When m # 0, it can be shown that Eq.(6.5)
has the general solution,

¥ =a'/? (cJo(z) + dYp(x)), (6.13)

where x = m (y + vo), and Jo(z) and Yy (z) are the Bessel
functions of the first and second kind, respectively [47].
The integration constants ¢ and d are determined from
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FIG. 5: The zero-mode wavefunction given by Eq.(6I1), from
which we can see that the gravity is localized on the visible
brane at * = z..
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FIG. 6: The re-scaled function of A defined by
Eq.[@I5), where the dashed, dot-dashed and solid lines
are, respectively, for A (zg = 0.01) /35; A (zo = 1.0) /0.5 and
A (zo = 1000) /0.005.

the boundary conditions, Egs.([6.7) and (6.8]), which can
now be cast in the form,

Jl (xc) }/1 (xc) c — 0
Jl (LL'Q) Yi (LL'Q) d ’
where x¢g = myg and x. = xg + my.. Clearly, it has no
trivial solutions only when

(6.14)

A ($0,{EC) = Jl (Ic) }/1 (xo) — Jl (.Io) Y1 (.IC)
= 0. (6.15)

Fig. shows the function A (zg,my.) for zy =
0.01, 1.0, 1000, respectively. Note that in plotting these
lines, properly rescaling toke place. From this figure, we
find that the spectrum of the gravitational KK towers is
discrete, and weakly depends on the specific values of zg.

Table I shows the first three modes m,, (n = 1,2,3)
for g = 0.01, 1.0, 1000, from which we can see that to
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To |M1Yc|M2Yc|M3Yc
0.01|3.82| 7.01 {10.16
1.0 | 3.36 | 6.53 | 9.69
1000| 3.14 | 6.28 | 9.42

TABLE I: The first three modes m, (n = 1,2,3) for zo =
0.01, 1.0, 1000, respectively.

find m,, it is sufficient to consider only the case where
zo > 1. When zy > 1 we find that . = zg + my. > 1
and [47]

Ji(z) ~ \/gcos (w - Zw) )
Yi(x) =~ \/gsin (:1: - %w) . (6.16)

Inserting the above expressions into Eq.(6.15]), we obtain

2
A = ———syi c) s 6.17
S ) (6.17)
whose roots are given by
My =2 (n=1,2,..). (6.18)
Ye
In particular, we have
10—19
m1 ~ 3.14 x (J) TeV
Ye
1 TeV, Ye ~ 10719 m,
~ $1072eV, y.~107°m, (6.19)
107%*eV, y.~10"3m.

It should be noted that the mass m,, calculated above
is measured by the observer with the metric 7,,. How-

ever, since the warped factor e?®) is not one at y = ye,
the physical mass on the visible brane should be given
by [1]

1/3
mobs — er(yc)mn — (w) Moy (620)

" L
Without introducing any new hierarchy, we expect that
[(ye +v0)/L]"? ~ O(1). As a result, we have

1/5
mobs: Ye + Yo /m ~ m,

For each m,, that satisfies Eq.([@.15]), the wavefunction
Pn(y) is given by

Ynly) = Nuzll? <

(6.21)

J() (xn)
J1 (zo,n)

_ Yo (xn)
Yi (zo,n)

> , (6.22)

where

_ Yo
Ton = MpYo X NT (—) ,
Ye

_l’_
Ty = My (Yo +y) =nm (yoy_y) . (6.23)
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FIG. 7: The wavefunction, 1 (y), defined by Eq.[€22) vs

m1y where y € [0,y.]. The dashed, dot-dashed and solid lines
are, respectively, for xo1 = 100, 102, 104.
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FIG. 8: The wavefunction, ¥ (y), defined by Eq.[622), vs
maoy where y € [0,y.]. The dashed, dot-dashed and solid lines
are, respectively, for zo1 = 100, 102, 104.

The normalization factor Np[= N, (mn,y.)] is deter-
mined by the condition,

/0 " ()P dy = 1. (6.24)

Figs. [0 B and [ show 91 (y), 2 (y) and w3 (y) for
20,1 = 100, 102, 104, respectively.

B. 4D Newtonian Potential and Yukawa
Corrections

To calculate the four-dimensional effective Newtonian
potential and its corrections, let us consider two point-
like sources of masses M7 and My, located on the brane at
y = ye. Then, the discrete eigenfunction v, (z) of mass
m, has an Yukawa correction to the four-dimensional
gravitational potential between the two particles [49, 52],

o0

S e i, (9o, (6.25)

n=1

MMy =~ M M-
r Mg’r

U(T) = G4
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FIG. 9: The wavefunction, 93 (y), defined by Eq.([622]), vs

msy where y € [0, y.]. The dashed, dot-dashed and solid lines
are, respectively, for xo9,1 = 100, 102, 104.

where ¥, (y.) is given by Eq.([6.22), with

Ten = My (Yo + Yo) ~ myryo + nmw (6.26)
When zp,1 = miyo > 1, we find that
N o~ 08 (2mpyo)
! V2nmyo
e e (6.27)
Then, we obtain,
[¥n (ye)|” ~ 2My <;ﬂ) . (6.28)

Clearly, by properly choosing y., the corrections of the
4-dimensional Newtonian potential due to the high order
gravitational KK modes are negligible.

VII. CONCLUSIONS

In this paper, we have systematically studied the pos-
sibility of implementing the RS1 scenario [7] into type
II string theory on an S'/Z, orbifold. In particular,
in Sec. II, starting with the Neveu-Schwarz/Neveu-
Schwarz (NS/NS) sector, we have first compactified
the (D + d4 + d_)-dimensional spacetime on two man-
ifolds My, and My_, where the topologies of My, and
M, are unspecified. As shown explicitly there, this
particularly allows the dilaton and modulus fields to
have non-zero potentials (masses), which is in contrast
to the toroidal compactification considered previously
[26, 127, 128, 131, 132, 133]. After reducing the action to an
effective D-dimensional one, which is given by Eq.([216)
in the Einstein frame, we further compactify one of the
(D — 1) spatial dimensions on an S'/Z, orbifold, by
adding the brane actions (22I)). This completes the
whole setup of the model to be studied in this paper. Lift-
ing it to the original spacetime, the two orbifold branes
become (D + dy + d_ — 1)-dimensional.



In Sec.ITI, we have explicitly derived the corresponding
gravitational and matter field equations both in the bulk
and on the branes, by using the Gauss-Codacci and Lanc-
zos equations. In Sec. IV such developed formulas have
been applied to cosmology by setting D =5 =d; +d_.
In particular, the generalized Friedmann equations on the
branes are given explicitly by Eqgs.(@21) and (£.22).

In Sec. V, in order to study the radion stability and
radion mass, we have first derived the general static so-
lutions with a 4-dimensional Poincaré symmetry. Then,
using the Goldberger-Wise mechanism, we have studied
the radion stability and shown explicitly that it is indeed
stable in our current setup. The corresponding radion
mass is given by Eq.(533), from which we can see that
the observational constraint m, > 1073 eV can be easily
satisfied by properly choosing the free parameters pre-
sented in the model.

In Sec. VI, we have studied the tensor perturbations,
and shown explicitly that the background solution is
gravitational stable, and the gravity is localized on the
visible brane, as one can be seen clearly from Fig. Bl Due
to the particular boundary conditions, the spectrum of
the gravitational KK towers is discrete, and the corre-
sponding masses can be well approximated by Eq.(@I8),
as one can see from Fig. [l and Table I. The mass gap
Am = m; between the ground state and the first excited
state can be in the order of TeV, while the high order
Yukawa corrections to the 4-dimensional Newtonian po-
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tential, due to the high order KK modes, is exponentially
suppressed, and can be negligible.

The above results strongly support our earlier conclu-
sions obtained in the studies of orbifold branes in both
the HW heterotic M theory |5, 125] and string theory
[26, 27, 28]. In particular, in all these models the ra-
dion is stable, and the gravity is localized on the visible
(TeV) branes, in contrast to the RS1 model [7], where
the gravity is localized on the invisible brane. Our mod-
els are much more complicated than the RS1 model and
involve several free parameters. By properly choosing
them, the theory should be consistent with observational
constraints, a subject that is under our current investi-
gations. It would be also extremely interesting to find
specific models in the current setup to explain the late
cosmic acceleration of the universe [53].
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