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In the standard brane world models, the bulk metric ansatz is usually assumed to be factorizable in brane
and bulk coordinates. However, it is not self-evident that it is always possible to factorize the bulk metric.
Using the gradient expansion scheme, which involves the expansion of bulk quantities in terms of the

brane-to-bulk curvature ratio as a perturbative parameter, we explicitly show that metric factorizability is a
valid assumption up to second order in the perturbative expansion. We also argue from our result that the
same should be true for all orders in the perturbation scheme. We further establish that the nonlocal terms

present in the bulk gravitational field equation can be replaced by the radion field; the effective action on
the brane thereby obtained resembles the Brans-Dicke theory of gravity.
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I. INTRODUCTION

The conjecture of the existence of more than four
spacetime dimensions has serious implications in high-
energy physics. Such higher-dimensional spacetimes
appear quite naturally in the context of string theory.
There has recently been progress in this regime, especially
for theories with extra spatial dimensions. The common
perception for all these theories corresponds to the fact that
gravity can access the whole of spacetime including the
extra dimensions (together known as the bulk), while the
standard model fields are localized on a four-dimensional
submanifold (known as the brane). One of the main
motivations behind these models has been to explain the
large hierarchy between the Planck scale (Mp ~ 10'® GeV)
and the electroweak scale (my, ~ 10> GeV).

The first such model was proposed by Arkani-Hamed
et al. [1,2]. In this model the extra dimensions were
assumed to be large, such that the five-dimensional
Planck scale differs from the four-dimensional Planck scale
by a factor of the volume of these extra dimensions. Thus,
by assuming more than one extra dimension and a large
volume (though still within experimental bounds), the
five-dimensional Planck scale can be brought down to
the four-dimensional electroweak scale. However, in this
case the extra dimensions are assumed to be flat.

From the gravitational viewpoint it is more tempting to
take the bulk geometry as warped, with the brane(s) as flat.
This was first realized in a setup proposed by Randall and
Sundrum (RS) [3], where two branes were held fixed at
orbifold fixed points with S'/Z, symmetry. Because of
exponential warping, the Planck scale in one brane (the
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Planck brane) was brought down to the electroweak scale in
the other brane, known as the visible brane. Such a warped
model was also extended to one brane with an infinitely
extended bulk [4]. In this work, however, we focus on the
two-brane warped-geometry model.

The separation between the branes in the RS model may
not be constant and needs to be stabilized. Such a stabiliza-
tion mechanism was proposed in [5,6], while the stabiliza-
tion for a time-dependent scenario was discussed in [7]. The
particle phenomenology of various matter fields in this
scenario was discussed in [8—13], with interesting conse-
quences. Recently, these ideas have also been put forward in
the context of various alternative gravity theories [14—19].

All these results depend on a crucial fact, the factoriz-
ability of metric ansatz. However, there are objections
against this assumption of factorizability; further, it is not
self-evident why the metric ansatz should be factoriz-
able [20]. In this work, we have tried to address this issue
using low-energy effective action obtained by solving the
bulk equations. The bulk equations in general are not
exactly solvable; a convenient way to handle the situation at
low energy is to expand the bulk variables in terms of the
ratio of four-dimensional curvature to bulk curvature. This
method, known as the gradient expansion method, was
developed by Kanno and Soda [21-24]. In [25] the gradient
expansion method was used up to first order to show that
the factorizable metric ansatz is valid up to linear order in
this perturbative expansion. In this work we obtain the
second-order correction to the metric in this gradient
expansion scheme, which leads to the effective action up
to second order. This also exhibits the factorizable nature,
which in turn enables us to generalize our result to include
higher-order corrections. We conclude that at any order the
metric is factorizable; thus, factorizability of the metric is a
valid assumption.
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Along with the issue of factorizability of the metric
ansatz, we also address the equivalence of this bulk-brane
system with the scalar-tensor or Brans-Dicke theory of
gravity. The solutions to bulk equations intrinsically inherit
nonlocal terms which, as we have argued, can be traded off
through the radion field. This equivalence was shown
earlier in [23] for first-order perturbative corrections
through the gradient expansion method. We have reformu-
lated the previous method and show explicitly that up to
second order of perturbative expansion, when the nonlocal
terms are eliminated, the field equation on the brane
becomes local and equivalent to that of the Brans-Dicke
theory of gravity. We also argue that this result can be
generalized to arbitrary higher orders in the perturbative
expansion. The same assertion also follows from the
effective action; i.e., the effective action can be written
explicitly in the Brans-Dicke form.

The paper is organized as follows: In Sec. II we review
the gradient expansion method and evaluate the second-
order correction to the bulk metric. Then, in Sec. III we
use the bulk metric in order to determine the effective
action and the equation of motion it corresponds to.
Along with these, we also present the criteria for
obtaining the second-order field equation from this
effective action. Finally, in Sec. IV we establish the
equivalence of this bulk-brane system with the Brans-
Dicke theory of gravity. We then conclude with a short
discussion of our results.

In this work we will set ¢ and 7 to unity. The Latin
indices a, b, ... run over the full spacetime, while Greek
indices u, v, ... represent the brane coordinates. The metric
signature is taken to be (—, +,+, +, +, +).

II. GRADIENT EXPANSION AND
HIGHER-ORDER TERMS

The metric ansatz for the five-dimensional spacetime is
taken in Gaussian normal coordinates, where we denote the
brane coordinates by x* and the bulk coordinate by y such
that

ds? = hy, (v, x*)dx"dx* + dy*. (1)

Thus, the metric in general is not taken as factorizable. The
branes are assumed to be moving in the coordinate chart
where they are placed at

y=¢,();  y=¢_(+), (2)
and in the literature they are often quoted as moduli fields.
In order to determine the brane geometry we need to solve
the bulk equations. The form of the metric ansatz suggests
that the extrinsic curvature on y = constant hypersurface
can be found through its decomposition into traceless and
trace part as
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Using these properties of extrinsic curvature in the bulk
equations lead to the equations [21-24]

1
0%, — K%, =—|R,(h) - Zh,wR(h) (4)
3 12
Z1<2 - 2%, = R(h) + a2 (5)
, 3
V,JZﬂ - ZVﬂK - O, (6)

where the covariant derivatives are with respect to the
metric f,,, and all the curvature components, i.e., Ricci
tensor and Ricci scalar, are to be determined using £,,. In
general we should first solve Eq. (4) and integrate over y to

get ¥, and then we may solve for K from Eq. (5) to get
K, , which finally can be integrated to obtain 4, . However,

as the curvature components depend on 7, this procedure
cannot, in general, be implemented. This poses a serious
problem; this can be bypassed by observing that we are
seeking a low-energy effective theory, where the brane
matter energy density can be assumed to be much smaller
compared to the bulk cosmological constant. This implies
that the four-dimensional curvature is much smaller
compared to the five-dimensional one, and the gradient
expansion scheme can be applicable [21-24].

At zeroth order, the curvature terms can be neglected in
comparison to the extrinsic curvature terms. Being isotropic
at this order, the anisotropic term %, vanishes. Then, the
metric at zeroth order is h,, = a*(y)g,,(x), with the
standard warp factor a(y) = e™/“. This iteration scheme
helps to write the metric 4, as a sum of tensors constructed
from g,,. Thus, the metric has the form of a perturbative
series expansion,

h/w = az(y)[gpw(x) +f/w(y’x) + q;w()}vx) + - '];
a(y) = e/, (7)

where f,,(y,x) corresponds to leading-order correction
and ¢, represents the second-order correction. After
calculating second-order corrections a pattern will emerge
from which the effective action can be determined at all
orders. We will elaborate on this at a later stage.

In a similar manner, we can expand both the extrinsic
curvature and the trace-free part as
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In the above expansion, objects with superscript (1) denote
first-order corrections, those with superscript (2) denote
second-order corrections, and so on. We briefly discuss the
first-order formulation, leading to a possible solution for
S then we shall elaborate on the second-order calculation
in order to obtain the tensor g,,. These will be used later to
get the effective action.

A. First order

The first-order equations are obtained by considering
terms in which K% and x(V¥ appear once in the
expressions. For example, K> = (16/£%) + (8/¢)K"),
where we have used the result that at zeroth order
K©) = (4/¢). Similar considerations apply to X as well,
with the fact that at zeroth order it vanishes. Thus, the bulk
equations at first order take the forms [21-24]

1
0,5 — (4/ )T = — | R (h) = L SRW ()| (10)
6
?K(l) = RW(h) (11)

, 3
VI, - ZvﬂKU) =0. (12)

Here, the covariant derivatives are with respect to the metric
Gy and RW(h) imply the Ricci scalar calculated using
a*(y)g,,- Similar conclusions can be reached for the Ricci
tensor as well. For this reason, we will henceforth provide
the curvature components with respect to the metric g,,
only, with a?(y) taken out. This reduces the first-order
equation (11) to the form

4
K =_—=R(g). 1

Similarly, integrating over y in Eq. (10) leads to the first-
order traceless part of the extrinsic curvature as

o (R0 - R0 ) + Gt (19

(Du
Z P—
24

v

2 =0, Vi =0, (15)
where in Eq. (14) y}, is an arbitrary constant of integration,
which, due to the traceless property of X and Eq. (12),
satisfies the last two relations in Eq. (15). From now on,
we will drop the argument of curvature components for
notational convenience; every curvature component will be
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assumed to be constructed from g,,. Then, from Z£1 2 given
in Eq. (14) and KM provided in Eq. (13), we can construct

K ,SU” ; this, after integration over the y coordinate, leads to
the corrected metric up to first order as

2 1 ¢
f;w(y’x) = _ﬁ Rm/ - gg/wR - g%ﬂb(x) + C/w(x>'
(16)

Here C,, is a constant of integration. Using this, the first-
order corrected metric /1, turns out to have the following

expression:
2 1
27 (Rw - agﬂvR>

- oest() + (). (17)

h;w = a2(y) |:g/u/ -

As an aside, we would like to point out a particular situation
in which one of the arbitrary constants can be obtained
uniquely and our result reduces to that derived in [22]. This
condition amounts to fixing the brane positions. Thus, if we
assume that the branes are fixed at y =0 and y =7,
respectively, and impose the boundary condition that
h,(y = 0,x) = g,,. then we have

Cu(x) = (£7/2)[Ry, = (1/6)guR] + (¢/2)1,(x).  (18)
Thus, in this particular situation with the above boundary
condition, we obtain the first-order correction as

2 1 1
f;w(yvx) = ? <1 _?) <R;w _gg;wR>

+§ (1 —%)J(W(X)- (19)

Note that this matches exactly with the one obtained in
[22]. However, in this work we want to keep the brane
positions variable; thus we will work with Eq. (17), which
differs from the choice in [22]. Having obtained the metric
with the firs- order correction term included, we now
proceed to calculate the second-order correction in greater
detail.

B. Second order

At second order the bulk equations contain a single
power of second-order objects, a double power of first-

order objects, and so on. For example, at second order our

expression would include only E,(,l n , but we can have terms

like K#SV Thus at second order the bulk equations
Egs. (4)—(6) reduce to the following forms [21-24]:
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4 1
ayzl(/ZW _ ?2£2)ﬂ _ _< l(?)ﬂ _ ZR(Z)S/;> + K(])ZS,I)M 6VK<2) _ ;Ku) _ i (K(l))z + 2£1>MZ§¢1)D- (22)
(20) In order to obtain the Ricci tensor and scalar at second order

/0 3 we should use the metric corrected up to the first order, i.e.,
K@ == [_ ~(KM)? 4 2;”“2{(11 0wy RQ)} (21)  theresult provided in Eq. (17). Thus, in the second order we
6 4 have the following expression:
|

(2)a 1 a (2 f2 a 1 a 1(1 v 1 2 1 a a
R, —ZéﬁR() 27 | RiRjy — e RRj = 285 RURy — 2 R? | ==(V, VR + V, VIR
1 1
+- vav,,R+ CIRg —5"DR]
4 1o o .
T 240 zvuvﬂl +3 vuv)(;_ﬁmxﬂ XF ﬂ)( A

1 1 1
+= [— V, V0 42V, VC — 2V, - DC" + = cach

f2l4

1
5a < 20 Cpu + Y, VO Dcﬁﬂ . (23)

In order to arrive at the above expression, we have used the following result that at second order the curvature tensor can be
obtained in the local inertial frame and can be written in terms of derivatives of the metric. In the local inertial frame this
amounts to 6Rj = (1/2)[V, V59" + Vﬂva(sy; - Vg, — Dégg). Using 8g,, = f,, from Eq. (17), we readily obtain
most of the terms in the above expression, and others come from quadratic combinations. From Eq. (23) we arrive at the
expression for Ricci scalar at second order as

2 1 1 1 /1
RO =2 <R5R; - 6R2> + e+ <fz CuC + V,V, 0 — DCﬁ)- (24)

Note that our expression is different from the one obtained in [22], because in [22] the fixed brane assumption was invoked.
As we are interested in the factorizability of the metric ansatz, we have kept the brane positions arbitrary.

Now using Eq. (21) with the help of the Ricci scalar at second order and Xj at first order, the trace of the extrinsic
curvature at second order turns out to be

1.3 (Das:(1)8
K® = A [_Z (KW)? + 2,72, + R
3 2 5¢ ¢ (1
a ﬁ a
=2 (R R, —§R2> +m Y tea (fz C,.C"+V,V,Ccr— DCZ). (25)

The traceless part of the extrinsic curvature can be obtained by integrating Eq. (20) over the extra coordinate, which leads to
the following expression:

(2a fy 22 (1 4 a 1 o
I = aSi T g VeVt VMVX}? DZ,; ToaF [t =3 0" 2
4 1
a a M a " o a
+2 5 [ZVMV/,C” +§V”V Cﬁ—zv VCy _EDCﬂ fzc C/,
L (1 » " " 3 "
45/} fZC c,+V, Vv, cre-1c, +E[ﬂ(x>’ (26)

where for convenience we have defined a second-rank tensor S5 as [21-24]
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1
a;tR gRRaﬂ - Zgaﬁ (R”DR”D - §R2>

1 1 1
-3 (V. VsRG + V,V,Ry) + 3 VaVpR +5DRes =

1
LIR. 27
2 1A Yap ( )

Note that the tensor S, is transverse and traceless along with all the other terms containing y} and C}, thanks to Eq. (15). In

the expression for 2,82) # 1, is an arbitrary integration constant, just like y% in the first order. This tensor satisfies the following

properties:

The traceless nature of z,, follows from the fact that Z£2>”

2)a _ (2a
order as Kﬂ = Zﬂ +

V5 =0. (28)

is also traceless. Then, we can obtain the extrinsic curvature at second

(1/4)8,K (2), Thus the second-order correction to h,,, can be obtained from the differential equation,

Ay, % o2 % 1
2ayha/3 2614 Saﬂ+ aﬁ+32 490‘/3 <RW/R” _§R2> +4 6 |:2v/4vﬁ)(a+ v va)//;_im)(a/j]
¢ L ¢ } L1 L
_@ Za}l)(ﬂ_zgaﬂ)( Z,ul/ 2 A2 zvﬂvﬂca—f—ivﬂvacﬁ—ivavﬁcﬂ—EDCaﬁ—f—sz C

1 1
R P =

5¢ +
4g¢xﬁ 244 8)( )(/w

4
 (Leuorwmomaa)]. e

This expression can be integrated to obtain the second-order correction to the metric as

Gy ¢t A a1

2
1240 (2
f2
22

1 [5¢2 2 /1
e | + 5 (=5 Cu O + Y, V00 —
4 9a8 {96618” Yt 6 <f2 wt

f%
|: \Y V/})(a + V,;(g D)(aﬂ:|

1

1 1
L (AR AN BRI AT

|:|C,l/3 +

4 1
64a 1.8 )((1;4)(/)’ ga/i)( )(;w

1 1
C,C

1
L uCiau( 507G + 9,900 - 05

DCZ)] . (30)

We can now add these zeroth-order, first-order, and second-order corrections in order to obtain the expression for 4, up to

second order as

, = 1 ¢
;w:a(y) g/w_z—az R/w_gg/wR _2—a4)(/w(x>+cjw(x)+ 4—a4_w

f3y f4 f4
) 78 2—614 t/w(x)

£ w1 £3 Lo 1 % R
- mg;w Ra/}R - §R + B;w( ) 124 17 .6 zvyvﬁ)(a + Evyvaxz - EDX(ZI} + W )(ay)(ﬁ - Zgaﬁ)( Xuw

“ yv,cslove-tvve-] S0Cu + 55 CarCh— 100y C¥C +9,9,0% - OCE

2 ~2 2 pa g HTa B 7 va pu aff fz ™~ p 4ga/} fz u

1 [5¢2 2 /1
L VS LA (LGl TN v AL v
49“”[96618)( Yt 6 <£2 " F ViVa

where B, is again a constant of integration. Thus, having
obtained the metric /,, which includes corrections up to
second order, we now calculate the effective action con-
structed out of it.

As an aside, we would like to point out that the same
procedure can be applied, in principle, to any arbitrary
order in this gradient expansion scheme. Below we

<))

|

summarize the key steps of this procedure: (i) Given a
solution correct up to (n — 1)th order in this perturbative
scheme, we first need to calculate the Ricci tensor Ra?, and
Ricci scalar R™ at the nth order. (ii) Then, we need to use
the Ricci scalar at nth order and Z" and K at lower orders to
obtain K. (iii) We then have to integrate over the extra
coordinate the differential equation for Eflﬁ) in order to get
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o4p at nth order. (iv) Finally, we have to construct Ké") and

integrate over the extra coordinate in order to obtain the
metric corrected up to nth order.

It should be noted that second-order corrections were
calculated in [22], but with two assumptions: (i) the brane
positions were fixed and (ii) quadratic terms in y4 could be
neglected. However, in this work, we have kept our analysis
completely general by relaxing both the assumptions; i.e.,
branes are not assumed to be fixed and quadratic correc-
tions to y and C}, terms are kept.

III. EFFECTIVE ACTION

In this section we will determine the four-dimensional
effective action corrected up to second order in the
gradient expansion scheme. For that, we need the

|

1
h= ﬁé’ B 6]/5/ h(l}/hﬂrshﬂphuﬂ

8
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following pieces: (i) the bulk action Sy, (ii) the action
for each of the branes represented by S., and finally
(iii)) the Gibbons-Hawking counterterm Sgy. Note
that in [25] the effective action was derived up to first
order in the perturbative expansion to validate the
metric factorizability. However, in this work, we general-
ize the analysis to second order in the gradient expansion
scheme with variable brane positions. From the final
structure, it becomes clear that the metric factorizability
should hold at all orders in the gradient expansion
scheme.

In order to determine the effective action we need to
evaluate the determinant of £,,. For this purpose, we will
use Eq. (7) and the following expression for the
determinant:

a
= ﬂeaﬁﬂyeﬁlm(gay + fay + qgry)(gﬁﬁ + f/)’(‘} + Q[ié)(gu/) + f/l/) + qup) (gzm' + fzz(; =+ ql/tf)

8

a
= ﬂeaﬂﬂvewpa(gaygﬂégﬂpgva =+ 4faygﬁégupgua + 6fayfﬂég/4pgva + 4qaygﬂ§g/4pguo')

8

a
= ﬂ [eaﬂﬂyeyﬁpggaygﬂégﬂpgva - 4f73€ay/u/€ﬂwy - 6fgfg€ayﬂv€ﬂ5”y - 4qzeay/,w€ﬂwv]
8
= T3 9124 + 2484 4 2445+ 12(F4f% = fruf™)]
£? A 17¢2
_a89[1 62 R " 16qs CRaRY = BY) = 5o s
2 (1 " ., 1
—-C,C"+V, V,cre-C, | + | C+B+5C --C,,,C" ||, (32)
62 \/ 2 2
where we have used the following identities:
P = —€opuy (33)
ePe p, = —65 (34)
ePe,,, = =258, — 548)). (35)
Then, we obtain
ry - 2 I . 17¢2 )
= { 6a2 R~ 1ot CRaR? = R) =5 st
Z/p2 y ) 1 1/2
“ e (ﬂ C,,C" +V,V,Cr — DCM) (C—l—B +2C 2CﬂnuC"”>}
= 4 8 17¢2
=a*/=g|l ———R 3R,;R% — — R?
. g[ 122" 324 ( @7 ) 19258 %md"
- & 1C L, +V,V, Ccre —C, 1—|—— C+B+1C2—1C cr (36)
1242 \ 2 g 2 2 2 Hm '
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Note that all the terms on the last line in the second
bracket do not have an effect on the effective action.
Thus, following [25], we could neglect this term. How-
ever, there are two crucial differences from the analysis
presented in [25]: (i) we have incorporated second-order
corrections to the effective action, while in [25] only
first-order corrections were considered, and (b) we have
|

1 12
Shulk Iz/dsx\/ -G [R+2]
8
T 22 d*xy/= [ (af —at) -

NG EY f3(2
768 \a® o Y

3R
H (Cli — a%)

)( C,,C* + Y,V Cre —

PHYSICAL REVIEW D 92, 024059 (2015)

kept both integration constants y,, and C,,
to [25].

Having obtained the bulk metric, it is now trivial to
calculate the bulk action, with second-order correction terms
included. For that purpose we substitute the determinant
v/—h, which includes second-order corrections, to the bulk
action. With this factor included in the bulk action we arrive at

in contrast

f4 a ph 8 2
+ 556 — o) (3RIRE-CR

act) | (37)

fz Hv

where ¢, and ¢_ are the respective brane positions defined through Eq. (2). We have defined the warp factor a? at the

position of the branes ¢, and ¢p_ as a* and a2

, respectively. In order to arrive at the second line, we have used the result for

bulk Ricci scalar as R = —20/¢2. The next thing to calculate is the action corresponding to the brane tension. For this we
require the induced metric on each brane, with the following expression:

gff/,»(y = 1. x) = a3 [gop(X) + fap(Ds. X) + Qup(hs. X)) + Outp L Oph . (38)

Then, the determinant of the induced metric turns out to have the following expression:

/—gi:a4 /__g 1+i8 ¢i8ﬂ¢i_£ a (3R ﬂRaﬁ RZ)_171’£2)( R
* al " 6a2" 164 96a% "+
2
—i e, om +V,V,Cre —OCk z
6as \£> " !
= ot 8 172
=a* /g1 a o 3R, 4R —— R? w
=4 [ t oz 0 — R ( @ ) 19245 ¥
2 (1 ;
mr (fz C,,C" +V,V,C* Dczﬂ. (39)

With the help of the above equation, the action on the two branes can be written as

6
S, — :F,zf/d‘*x\/@

= :|:Tf/al4x\/_{ajE +5d(0,0-0"¢) —

act) |

£? 1 o
12ai KZCWC +V,V,C

Then, simple addition of the two actions S, and S_ leads to

dixy/=gl(at —al) +

17f2 1 f2( )
192 ai o Juwd — s

& 2! 8 17¢2
3 Rad — <3RaR/’ ——R2> " 038 X"

32 9 19

(40)
(a+6 ¢ 0", —at0,p_ ") —%R( a)
)<L,2 C,C" +V,V,Cr — DC,’j)]. (41)
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Finally, we need to calculate the counterterm provided by Gibbons and Hawking. For that we need to calculate the extrinsic
curvature or, more importantly, its trace. The extrinsic curvature is defined as [25]

0x Oxb Ox
ICIW = |:<8§/4§y + bc 85" 85”] ’ (42)
where n, is the vector normal to the brane and the required Christoffel symbols are
a? a?
FI);V = 7 (guv + f;w + qlw) - E (8yf/,w + ayqlw> (43)
a 1 a 1 a/i
F}ﬂ = _?5;4 += g ( yfa/} + a\qaﬁ) (44)
Then, the extrinsic curvature turns out to be
- a’ f
’C =n, \Y% vl/¢i + - 8/4¢:t8v¢:|: + 7 9w + f/w + Qv — yf;u/ - yq;w (45)
the trace of which has the following expression:
4 1 1 4 % 1
ICi = I’iy |:? + ZD¢¢ + f—z(?ﬂqﬁia"q’)i + —2i Sa o4 (R}WR - §R2>
7¢ 4
s e (hcuon +m0-0)| »
The action corresponding to the Gibbon-Hawking counterterm has the expression
2 4 2 4
SGH :P d Xw/—g_;,_,C_;,_ —K—2 d x\/—g_/C_
2 4 4 4 4 4 2 2 3 2 2
=2 d'x\/—g 7 (a} —al) - gR(a+ —az)+ 7 (a10,0,0"p, —a20,¢_0"¢_)
317 /1 1 4 1
- E (ai - ai)xﬂy}(ﬂy - g (612+ - ) (fz C/IUC + \% V(,C’“‘ - DCZ>:| . (47)

Thus, substitution of the bulk action, brane tension, and Gibbon-Hawking counterterm leads to the complete four-

dimensional effective action, which has the expression
Stot = Suk + S+ +S- + Sou
4 4
=52 / d'x\/=g {(a
‘
2

@R+ (@

8 15
(¢ = 4-) <3R;R£ —§R2> -5 (ai

Note that if we had dropped all the second-order terms, we
would arrive at the result obtained in [25]. However, since
we have worked with branes with variable position and kept
terms up to second order, this provides a direct generali-
zation of the results obtained in [25]. The nice separation of
terms into an extradimensional part and a brane part shows
the validity of the factorizable metric ansatz up to second
order (it had been shown only up to first order in [25]).
Indeed, we could do more from the above action. The

1
a—4))(,w)("” +(a} - )<g2 Cc,C"+V,V,Ccro -

8/4¢+8M¢+ - a2 a}td) 6ﬂ¢ )

Dczﬂ. (48)

I

structure suggests that the third-order terms would be
associated with a2, the fourth-order terms would be
connected to a~*, and so on. Thus, the nth-order term
would be associated with a a=2"=2) term. These terms
would be independent of the part that depends on the brane
coordinates. Thus, the effective action when third-order
corrections are incorporated would contain terms like
R, R*R? x (a7? —a~?) and )(W)(”ﬂ)(g(ajrg —aZ®). All
these terms will appear with the extradimensional part
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separated from the terms dependent on the brane coordi-
nates. Moreover, it should be noted that only the difference
of the various powers of warp factors between the two
branes enters the picture. From this, we could conclude that
the effective action would be factorizable at all orders and
only the difference between these moduli fields appears in
the effective action.

|

1
2_’('2(61%— - a%) X <R;w _Eg/wR> (
—l— V V,R-6V,V,R} +3V, V'R,

15¢
16K

However, this equation contains higher-order derivatives of
the metric, and it has nonlocal terms originating from the
tensor y**. In order to avoid the appearance of any ghost
field, these higher derivative terms must vanish along with
some suitable choice for this field y4. For the proper choice

of x4, this condition yields the following equation:
2V,V,R -6V,V,R} + 3V, V°R,,

S0V, VRY “20R) =0 (50)
The interesting aspect of this equation is that the trace part
leads to V,V,G* = 0, which is automatically satisfied by
the Bianchi identity. Thus, the action S, with Eq. (50)
imposed represents a higher-order gravity theory. It would
be interesting to investigate possible spherically symmetric
solutions, solar system tests, and the nature of gravitational
waves originating from this action. This is a work in
progress and will be presented elsewhere.

IV. EQUIVALENCE WITH
SCALAR-TENSOR GRAVITY

In first order we have two arbitrary constants, C,, (x) and
Xuw(x), both of which are independent of the extra
coordinate and are dependent on the brane coordinates.
Let us exploit these two tensors and obtain some simplified
results. First, we can use C,, such that f,,(y = ¢, x) = 0.
This can be seen explicitly from Eq. (16), which under the
above condition reduces to the following form:
|

3 4 3
(853
4a7  16a% daz

1
> G (RaﬂR“ﬁ - 5R2> — (a3 —a2)B,,(x).

A £t
- <64a?F  64a

¢_) {6R oy —

o (39,9, - O ) |

1 1 1
< - a‘i) {2)(;4(ng - 2guy)((l/})(aﬁ} =0.
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In order to understand the effective action in greater
detail, we vary the action with respect to g,, with the
assumption of a fixed brane; i.e., ¢, and ¢_ are assumed to
be independent of x*. Then, the equation of motion in
the absence of any matter field obtained from arbitrary
variation of S, with respect to g, turns out to be
(neglecting the C terms)

1

s 8
—RR =39 <3R,ﬁR b — §R2>

(49)

oty =t ==L (= L)
Y = X)) = —5 7 v~ 79w
H + 2(12+ 1z 67

4
- 74)(}41/()(:) + C;w(x) =0.

2 (51)

It may be noted that we cannot use y,, to set
f}w(y =¢_,x) =0. In order to achieve this, we need
the arbitrary constant y,, to satisfy

(1 1 1
’ = A\ 72— R v, UR
%) 2 (ai a%) < w >
(1 1
(== y,(x)=0
+ 2 (ai a‘i)xﬂ ()
which cannot be achieved due to the tracelessness of y,,.

Thus, rather than working along this line, we can impose
another (single) boundary condition, a2 f w(y =i, x) =

f;w(y = ¢—

(52)

a2 f,,(y = ¢_.x). The equation satisfied by y,, now turns
out to be
/(1 1
(a%r - az)c/w = 5 (E - z)Xﬂlﬂ (53)

which can always be satisfied by properly choosing the
arbitrary tensor C,, to be traceless.
Then, in a similar manner, we can use #,, and B, to set

a3 qu,(y = ¢,.x) = azq,(y = ¢_.x) such that (ignoring
the arbitrary tensors y,, and C,,)

A a I
maaﬂ - (2_‘2_> fu (¥)
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Note that the trace of the left-hand side vanishes. Thus, the
trace of arbitrary tensor B, should be such that the above
equation is satisfied. The same argument holds at all orders.
Thus, finally, we have

h/w(y = ¢+,X)

= a* (P )G + frw(@ ) + @by x) +---]  (55)
h/w(y = ¢—7x)

=@ (P )G + fruP-. x) + qu (b x) +--],  (56)

where we choose arbitrary tensors at each order such
that a+f;w(¢+’x)_a2f/w(¢ X) and agr‘]/w(¢+’x):

a2q,,(¢-.x). Imposing all these conditions, we finally
obtain
hﬂl/(d’—"x) = thuv(¢+’x);
2(py — -
@ = p)/(p) —ep M)

Note that since the branes are not fixed, the factor Q
depends on brane coordinates. 2 depends only on the
separation,)_ — ¢, i.e., on the radion field. Thus, we
observe that, in general, for any order in the gradient
expansion scheme, we can have the relation (57), where the
metric on the brane located at y = ¢_ is connected to the
metric on the brane located at y = ¢, by a conformal
factor. Thus, the Ricci tensor, the Ricci scalar, and the
Einstein tensor in the two branes are related through the
following relation:

) 1

Ry = R+ o5V, V.0 - Wv,,gzzv Q2
+— 292 hi NV Ve Q2 (58a)

- 1 Mo Y 3 2\7u (2
R =5 R+ 0,7 - 5o VVHR | (s8b)

GE,_)M _ Gl(/+)ﬂ + M/:
—6ir g Lower - v e
Q 2
1

— 6‘; &VHV”QZ (3” @V QZV(ZQZ (580)

where the object MY is defined through Eq. (58¢c). We,
therefore, have the following Einstein’s equation on the two
branes:

(+)m (+)m
ol =K g 59
£ oo € 2
SG =S (G M) = % T, (59b)
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Thus, we observe

21 -] 1 1-0
K? [ETW‘— Y >u]:6G£+>u_ (G
1-T
:GW—TM*;, (60)

where we have defined ¥ = 1 — Q2. The field equation
now leads to the following form:

G£+)M — K_2 {l T£+)ﬂ _ 1-v T’(/—)ﬂ:| + 1 ;I\IIML‘

7| v
R, 1=
— _Ty ﬂ_—Tl(/ )%
f{\lf U ]

- é [(V/‘VU\I/ VY, D)

+ @ <V“VU\II - %&‘va\wwﬂ , (61)

where we have introduced a new function, w(¥) =
3¥/2(1 — ¥). Again eliminating GS* from Egs. (59a)
and (59b) with the contraction of the indices, we arrive at

20 +3

1 _
(T;(4 o TI(4+)ﬂ)

(62)

2
V, UV =

K
Ow —
+ 2w+ 3

Note that the field equation for gravity given in Eq. (61) and
the field equation for ¥ provided by Eq. (62) hold for any
order in the gradient expansion scheme. Thus, the field
equation for W or, equivalently, for the radion field, is
determined by the trace of the stress energy tensor at both
branes. The remarkable thing about these field equations is
that they hold for all orders in the perturbation scheme, and
are equivalent to Brans-Dicke field equations for gravity.

In order to make the circle complete, let us write down
the effective equation entirely in terms of Q. For that we
note the following identities:

0,07 = @2 (0. ~ 0, (63)
0,200 = (0,6, + (0,0 ~20,0-7.)

(64)

P —¢_ = —ln Q2. (65)

However, in order to get a clear picture we set ¢p, = const.
such that ai = 1. Thus, up to second order, the effective
equation turns out to have the following form
from Eq. (48):

024059-10



METRIC FACTORIZABILITY AND EQUIVALENCE OF ...

PHYSICAL REVIEW D 92, 024059 (2015)

4 4 2 3 2 902 3¢° 2( paph 1 2
Stm:% d*x\/—g (1—Q)R—2—8989—aln9 RﬂRa——R

9214

(

3

¢ v 3¢5 1
=22 / d*x\/=g [\IJR - —)aﬂqzaﬂw — e <RgR€ — —R2>] , (66)

v

which resembles the action for the Brans-Dicke theory of
gravity. Thus, even at the level of the effective action, the
bulk-brane system is equivalent to the Brans-Dicke or
scalar-tensor theories of gravity.

We should stress that in [23] the equivalence with Brans-
Dicke theory was shown for first order in the gradient
expansion scheme. In this work we have shown explicitly
that the effective action with second-order corrections
included resembles the Brans-Dicke theory of gravity.
However, our argument uses arbitrary tensors at each order
and, thus, holds for any order in the gradient expansion
scheme. Therefore, the resemblance of the brane world
model with the Brans-Dicke theory of gravity holds at all
orders in the gradient expansion scheme.

V. DISCUSSION

In this work, our main aim was to address two important
aspects related to brane world models: first, the issue of
factorizability of the metric ansatz, and second, the equiv-
alence of the Brans-Dicke theory with this brane world
model. Previous steps in these directions were taken in
[21-25]. Our work, however, generalizes their results and
relaxes most of their assumptions. The key results in our
analysis, which differ significantly from those presented in
earlier attempts, can be summarized as follows:

(i) In [22] the second-order corrections in the gradient
expansion scheme were calculated; however, two
assumptions were made: (i) branes were assumed to
be located at fixed positions and (ii) higher-order
terms of the arbitrary tensors could be neglected. In
this work we have generalized the previous result,
relaxing both these assumptions, by deriving the
second-order correction to the bulk metric. We have
taken the brane position to be variable and have
included in our calculations all the corrections
originating from the arbitrary tensors.

(i) Our work shows that the effective action becomes
factorized into the extra dimensional (or radion) part

3

and the brane part, even when the second-order
corrections are included (this generalizes previous
results derived only up to first order [25]). By
generalizing our result, we can argue that factoriz-
ability is a valid assumption up to all orders in this
perturbative expansion scheme.

(iii) Nonlocal factors originating from the bulk field
equations can be used to express the gravitational
field equation on the brane in terms of the radion field
and bulk metric. This has been done previously in
[23], though with only the first-order corrections to
the effective equation. In this work we have incorpo-
rated the second-order corrections, and we have
devised a generic method that can easily be extended
to any order in the gradient expansion scheme.

(iv) Through this work, we can conclude that the two-
brane system is equivalent to the Brans-Dicke theory
as far as the effective description is considered; this
is true for all orders in the perturbative gradient
expansion valid at low energies.

Therefore, our work shows that metric factorizability is a
valid assumption in all orders of the perturbation theory,
with the ratio of four-dimensional curvature to the five-
dimensional one as a perturbative parameter. Second, we
were able to show that brane world model is equivalent
to the Brans-Dicke theory of gravity. This is also true in
all orders of the perturbative expansion. Thus, we can
conclude that metric factorizability and the equivalence of
brane word models with the Brans-Dicke theory holds in
low energy (i.e., when the brane-to-bulk curvature ratio is
small) to all orders in the gradient expansion scheme; this
generalizes all the previous results in this direction.
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