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Abstract We have derived effective gravitational field
equations on a lower dimensional hypersurface (known as
a brane), placed in a higher dimensional bulk spacetime for
both Einstein and f (R) gravity theories. We have started our
analysis on the n-dimensional bulk from which the effec-
tive field equations on a (n — 1)-dimensional brane have
been obtained by imposing Z; symmetry. Subsequently, we
have arrived at the effective equations in (n — 2) dimensions
starting from the effective equations for (n — 1)-dimensional
brane. This analysis has been carried out and is used to obtain
the effective field equations for an (n — m)-dimensional
brane, embedded in a n-dimensional bulk. Having obtained
the effective field equations in Einstein gravity, we have
subsequently generalized the effective field equation for an
(n — m)-dimensional brane which is embedded in the n-
dimensional bulk spacetime endowed with f(R) gravity. We
have also presented applications of our results in the con-
text of Einstein and f(R) gravity. In both cases we have
discussed static spherically symmetric vacuum solutions as
well as solutions in a cosmological context. Implications are
also discussed.

1 Introduction

One of the fundamental problems in theoretical physics
amounts to unifying all known interactions. A consistent uni-
fication of gravity with the other fundamental interactions
has been an active area of research over many years. One
of the leading contenders along this direction is superstring
theory. In superstring theory the universe is assumed to be
11-dimensional of which seven are compactified leaving four
non-compact dimensions, which we observe. Among various
candidates, the 10-dimensional Eg x Eg heterotic string the-
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ory is a strong candidate as the theory is able to accommodate
the standard model within it. Recently it has been shown that
the 10-dimensional Eg x Eg heterotic string theory is related
to the 11-dimensional M theory (with an orbifold symmetry
st /Z>). This also confines the standard model particles to
standard non-compact 4-dimensional spacetime while grav-
ity can probe the higher dimensional spacetime [1-3].

A simplistic model which captures most of the key notions
is a 5-dimensional model in which matter fields are con-
fined to 4-dimensional spacetime while gravity exists in all
the five spacetime dimensions. The first step in this direc-
tion with this simplified picture presented above was taken
by Randall and Sundrum by introducing two 4-dimensional
sub-manifolds (known as branes) in a 5-dimensional anti-de
Sitter bulk [4]. This arrangement of two positive and nega-
tive tension branes separated by a finite distance (known as
radion field [5-7]) can address the hierarchy problem by low-
ering the Higgs mass to the electroweak scale on the visible
brane. Subsequently, they have introduced another model,
which consists of a positive tension brane with an infinite
extra dimension [8]. Due to the presence of an extra space-
time dimension it is expected that there would be deviation of
various physical results from Einstein gravity, which would
become more significant in the high energy limit. The brane
world model subsequently was applied in the context of parti-
cle phenomenology [9-12], black hole physics [13—17], and
cosmology [7,18-21].

A natural extension of the Randall-Sundrum (RS) sce-
nario to models with more than one warped extra dimen-
sion has been proposed, where several independent S'/Z,
orbifolds are considered along with the 4-dimensional non-
compact manifold My [22-26]. These multiply warped mod-
els are mainly motivated from various considerations, which
include: radion stabilization, fermion mass hierarchy in the
Standard Model, etc. There have been a significant number
of follow-up works in these multiply warped models which
involve: inflation, cosmic acceleration, matter field local-
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ization, Kaluza—Klein modes of graviton, gauge and scalar
fields [27-32]. However, all these results depend on certain
assumptions of bulk metric elements and the bulk Einstein
equation under some simplified conditions, for example the
presence of homogeneity and isotropy.

There exists an elegant way in which an effective field
equation for gravity on a lower dimensional spacetime can
be obtained. This involves the use of geometric quantities
like the metric and the curvature induced on the brane from
the bulk. Using these induced geometric quantities it is pos-
sible to arrive at a relation between the bulk curvature tensor
and the brane curvature tensor, known as the Gauss—Codazzi
equation [33,34]. From various contractions of the Gauss—
Codazzi equation we can determine the effective field equa-
tion on the brane by relating the bulk Einstein tensor to that
on the brane.

This approach was applied in order to obtain the grav-
itational field equation on the brane from a 5-dimensional
bulk in [35]. The effective equation contains non-local terms
inherited from the bulk. Subsequently starting from the effec-
tive field equation derived in [35] a class of vacuum solutions
has been obtained in [16], which has been further generalized
in [36].

It is strongly believed that general relativity is only a
low energy approximation of some underlying fundamental
high energy theory [37,38]. This suggests that the Einstein—
Hilbert action in the high energy limit should be modified
by the introduction of higher curvature terms. Such an alter-
native theory is the f(R) theory, where R is the bulk Ricci
scalar. This theory has been studied extensively in the con-
text of solar system tests, inflationary paradigm, and late time
cosmic acceleration, along with the possibility of detecting
gravitational waves [39—43]. Moreover, two-brane models,
due to the presence of f(R) term in the bulk, have also been
a topic of discussion recently in collider physics [44—46]
relating to the absence of graviton Kaluza—Klein Modes in
LHC.

The above approach of obtaining an effective gravitational
field equation is usually confined to Einstein gravity on the
three-brane alone. This subsequently has been generalized to
obtain an effective field equation on the three-brane when the
bulk contains f(R) gravity. This effective field equations has
been used in [47] to obtain vacuum solution in f(R) bulk.

In this work, we generalize the above setup by working
in an n-dimensional bulk and then obtaining effective equa-
tion on an (n — m)-dimensional brane where m can take any
values. This seems natural from a string theory view point,
where the universe is 11-dimensional, while our universe
is a three-brane with four spacetime dimensions. Following
this argument we have derived effective gravitational field
equation on a (n — m)-dimensional brane embedded in a n-
dimensional bulk. We start with a n-dimensional bulk space-
time and then derive the effective field equation on a (n — 1)-
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dimensional brane, which can then be used as the starting
point to derive the effective field equation on a (n — 2)-
dimensional brane. Having obtained the effective field equa-
tion on the (n — 2)-dimensional brane one can easily recog-
nize the pattern of obtaining the effective field equation in
any arbitrary lower dimensional surfaces. Thus following the
road from n-dimensional bulk to (n — 2)-dimensional brane,
we can obtain the effective field equation on an (n — m)-
dimensional brane as well. The above analysis can easily be
generalized to the f(R) model of gravity in the bulk follow-
ing the analysis presented in [47].

The paper is organized as follows: in Sect. 2 we have elab-
orated the derivation of effective field equation for Einstein
gravity. First, in Sect. 2.1 we present the derivation of effec-
tive field equation in (n — 1)-dimensional brane, which is
subsequently generalized in Sect. 2.2 to (n — 2)-dimension.
Following the pattern we obtain the effective gravitational
field equation in (n — m)-dimensional brane in Sect. 2.3.
This result has been generalized for f (R) model of gravity in
Sect. 4. The effective equations so derived have been applied
to obtain static spherically symmetric vacuum solutions and
cosmological solutions along with their compatibility with
standard cosmological evolutions. The results in the context
of Einstein gravity have been discussed in Sect. 3 while those
for f(R) gravity is discussed in Sect. 5. Finally we conclude
with a discussion of the results obtained.

Throughout the paper, we maintain the following conven-

tion: all Latin letters a, b, ... run over all the n spacetime
indices, Greek letters «, i, ... run over the (n — 1) space-
time indices. Finally, capitalized Latin letters A, B, ... run

over the (n — 2) spacetime indices.

2 Effective field equation in Einstein gravity:
background and formulation

Hamiltonian formulation in general relativity comes up with
the (14-3) splitting of the spacetime, where a time direction is
singled out. For this purpose we introduce a time coordinate
t = t(x') and foliate the spacetime with such r = constant
surfaces. Introducing a vector field t = 9/9¢t we can move
out of the surface by moving along the integral curves for
t. This involves a change in the ¢ coordinate introducing the
shift function N and change in the orientation captured by
the lapse functions N*. Then N, N¢ yield four components
of the Einstein tensor, while the remaining six components
are being determined by induced metric on the surface gg.
The induced metric can be obtained from the bulk metric
gap In two ways. First, we can introduce normalized normals
to the surface given by n, = —NV,t and then define the
induced metric as h* = g% — nn® (this formulation does
not work for null surfaces, for which a complete treatment
has been provided in [48]). Second, we can introduce coor-
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dinates y* on the t = constant hypersurface on which we
can introduce surface tetrads e, = dx“/dy“ and obtain the
induced metric: hyg = gapes ef;. With the induced metric we
can define covariant derivative on the surface and then using
vectors on the # = constant surface we can introduce curva-
ture tensor on the spatial hypersurface. The relation between
the 4-dimensional and the 3-dimensional curvature tensor is
obtained through the Gauss—Codazzi equation. This can be
manipulated in various ways in order to arrive at the effec-
tive Einstein equation on the = constant hypersurface. This
procedure can be extended easily for timelike surfaces (i.e.
spacelike normals) as well.

2.1 Effective field equation on (n — 1)-dimensional brane

Having described the general setup let us now consider the
effective field equation on a brane embedded in a higher
dimensional bulk, which is the main motivation of this work.
The procedure sketched above can then be applied for a
generic situation where a single (n — 1)-dimensional brane is
embedded in a n-dimensional bulk spacetime with Einstein
gravity. For this set up the effective gravitational field equa-
tion on the (n — 1)-dimensional brane can be written as (see
Appendix A.1):

3 1
= K”m [Tabegeg + hap {eTabn nb — jT}]

1
_ eEalg-l—é [KKaﬁ_KaﬂKg_ihaﬁ (K2 _ KMVK#U>:| )
(1

The above expression connects bulk energy-momentum ten-
sor and the extrinsic curvature to the (n — 1)-dimensional
Einstein tensor. Given 7,5, along with surface contribution
we can solve the above equation to derive (n—1)-dimensional
solution.

The above effective equation is applicable to both space-
like and timelike surfaces. However, for our purpose, we
will need only timelike surfaces, which are the branes. Thus
the basic assumption to be followed in this section is that
the n-dimensional spacetime can be projected on a (n — 1)-
dimensional brane with spacelike normal. The line element
then takes the form

ds? = dx? + hepdx®dx?. )

The brane is located at x = 0 on this n-dimensional space-
time. Using the standard assumption that normal matter can
exist only on the brane, the bulk energy-momentum tensor
can be written as

Top = —Nngap + Sotﬁe ebS 0 3)

where S, represents the brane energy-momentum tensor and
A, 1s the bulk cosmological constant. As the surface y = 0
contain surface energy-momentum tensor, the extrinsic cur-
vature is not continuous. The discontinuity is related to the
surface stress-energy tensor through the following relation:

1
Sap = K_z([Kotﬁ] — hop[K1) “

where [Kg] and [K] denote the jump in Kg and K across
the x = 0 surface. Thus we obtain the jump in the extrin-
sic curvature which, after imposing Z, symmetry, obeys the
expression

Kiy=—Ky= ; 2 (Saﬁ - n%ha,gs) } 5)
From the extrinsic curvature we can contract the two indices
to obtain a scalar. This scalar K corresponding to each side
of the x = 0 hypersurface is represented by K*. There-
fore from Eq. (5) it obeys the expression: KT = —K~ =
—(K2S /2(n — 2)). Using both the expressions for Kyg and
for K we finally arrive at the following identities:

KK, _ 1y §?— ! SS (6)
b=y =22 n—2) >
4
PR " 2 1 5
KauKj = (Saﬂsﬂ . _Z)SSa5+(n _Z)Zhaﬂs )
@)
o 1
K’="_—— _§? 8
4 (n—2)2 ®)
Kt n—1
KoK = 2 [ S,p5%F — s s2). ©
i 4(“’3 n—2" T2 ©)

In order to proceed we need to decompose the brane stress-
energy tensor in two parts. One of them involves the brane
cosmological constant, while the other provides the matter
stress-energy tensor on the brane. Implementation of this sep-
aration leads to

Saﬁ = —Ghaﬂ + Top (10)
where o represents the brane tension. Next we substitute this

decomposition of Syg into the above expressions involving
extrinsic curvature. This ultimately leads to

K Kop — KapKly - —haﬁ (K% = Kuk™)

1 1
= /c;f[ - Zra#rg + ghaﬂrﬂvl—ﬂv + mrra,g
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— ;h 2]
8(n—2) Tt
4 [ (n—3)

n

n—=3) ,
2 Z)O"Caﬁ - 80— 2)0 haﬂi| . (11)

Equations (3) and (11) now need to be substituted in Eq. (1) in
order to obtain the final form of the effective equation on the
brane. After the substitution, the effective Einstein equation
on the brane takes the form

-3 -1
(=D Gy = (n )K2 (An L K,%02> hap

nm—0" 8(n —2)
+ 87 <O‘K2W__2)> Tap + I(;;]Ta/g — Eup

12)

where we have introduced the second rank tensor Iy as

TTap

4 8

1 1 1

_ ;haﬂfz], (13)
8(n —2)

On rewriting, Eq. (12) can also be presented in a more com-
pact form, which can be expressed as

DGop = k2 Tup (14)

where the energy-momentum tensor Tyg obeys the expres-
sion

4

K
Top = —An_1hepg + Tap + z—nﬂaﬂ — Z—Eaﬂ. (15)
Ky —1 n—1

In the above expression A,_; represents the (n — 1)-
dimensional cosmological constant which obeys the expres-
sion

_ (n=3) «;

—1
Apoy = . (A,, n n—x,f#) . (16)
(n—"1«;_, 8(n —2)

This generalizes the expression for the effective cosmologi-
cal constant on a lower dimensional hypersurface embedded
in a higher dimensional bulk. For n = 5 we retrieve the
fine balancing relation of the Randall-Sundrum single brane
model [35].

Thus this formalism with a negative n-dimensional cos-
mological constant can provide a solution to the cosmolog-
ical constant problem by tuning the brane tension such that
A, —1 = 0. In this case the brane tension can be obtained:

2 8(n — 2)| Ay
0= ——

1= 2 an

@ Springer

Note that once the (n — 1)-dimensional cosmological con-
stant has been set to zero it will remain zero in all the lower
dimensional branes. Also G,_1 is the (n — 1)-dimensional
gravitational constant having the expression

4 n=3)

2
K,_1 = 87TGn_1 = O'Knm.

(18)
Having discussed the effective gravitational field equation in
(n—1)-dimension, we will now move one more step by deriv-
ing effective field equation in (n —2)-dimensional spacetime.

2.2 Effective field equation on (n — 2)-dimensional brane

Similar analysis can be performed while obtaining effective
field equation on the (n —2)-dimensional brane starting from
the (n — 1)-dimensional spacetime. The field equation in the
(n— 1)-dimensional spacetime can be used, which ultimately
leads to the following expression for effective field equation
in (n — 2) dimensions (see Appendix A.2):

o]

1
—Eap + [KABK_KACIC]S_EQAB(’CZ - ’CCD’CCD)i| .
(19)

n—4) 5
Kn—1
(n—3)

X [’Z},ﬂe%eg + {’];,gs“sﬂ -

n=2) 5

AB =

(n—=2)

This expression represents the effective Einstein equation
in an (n — 2)-dimensional spacetime. Our next task is to
rewrite the above equation in terms of various components of
energy-momentum tensor, especially the extrinsic curvature
components.

Let us now try to match our solutions to that of (n — 2)-
dimensional brane energy-momentum tensor. As usual we
assume the following form of metric ansatz:

ds? = dx? + hepdx®dx?
= dx? + hapelel dt? + gapdx’dx® (20)

where g4 p is the induced metric on the (n — 2)-dimensional
brane. Following the previous derivation of effective field
equation here also we divide the energy-momentum tensor,
Ty, INtO tWO parts, 74 pertaining to an (n — 1)-dimensional
brane and &4 p as energy-momentum tensor for the (n — 2)-
dimensional brane. Thus we have the following relation:

Tap = lop + 8 () Eapef el
= lop + 6 ({) efef (~Sqap + vap) 1)

where X is the brane tension and v4p is the brane energy-
momentum tensor. Then the tensor £4 5 can be obtained from



Eur. Phys. J. C (2015) 75:538

Page 5 of 21 538

the discontinuity of the extrinsic curvature from the relation
1

§ap = = (IKaBl —qaB K] . (22)
n—1

The jump in the extrinsic curvature by imposing Z, symme-
try can be obtained in terms of £4p as

Kip=—Kip= %K,%_l (sAB - 3qABs) L@
Having obtained the extrinsic curvature, the scalar K can be
obtained by contraction with g4p. This has the expression
Kt = —K~ = —(x>_,&/2(n — 3)). We therefore arrive at
the following expressions for various combinations of £4p
as they appear in the effective field equation:

EEap = (n —2)T%qap — vEqap

— (n—2)Xvap +vvap (24)
Eacks = T°qap — 2Xvap + vacvy (25)
E2=mn-272>-2n—2)Tv +v° (26)
EagEN = (n—2)2? — 231 + vapvAB. (27)

This enables us to write an expression for the extrinsic cur-
vature contractions in terms of &4, which can further be
simplified in terms of v4 p following the above identities:

1
KasK = KacK§ = 5a45(K? = Kepk©P)

I(4

1
= "T_l [ESEAB — EacES

1 2 1 cD
= 3)5 qgap + ZQABS ECD]

1 1
4 c cD
= Kn—1 |:__VACVB + 5qAaBVCDV

4 8
CIABV2:|

1 1
T =3 " T 8 —3)

n—4
4(n —3)

4 ) (n—4) 4

— Ky X qAB + K, X

81— 3) gap. (28)

It now just needs some rearrangement to write down the
effective field equation for the (n — 2)-dimensional brane.
After inserting all relevant expressions and then rearranging
the effective Einstein equation for this (n — 2)-dimensional
brane, we obtain

n—4
(n—Z)GAB = — <m> An—19aB

n—4
+ ( 3) 871G [taﬂe%eg + gaB {taﬁs“sﬁ -

=l
t
n— n—2
n—4 4 B 1
# (53) st [ roid wana [t = S

n—4 E
~(573) [t v aan st =55 o

4 4 5 (n—4) 4 (n—4)
+i, 1 Yap — Kk, 1= 81 — 3)!]/43 + K”’124(n s VAB
(29)
where we have introduced the following quantities:
[ 1
Haﬁ = __Z Oll/utg + ghaﬂlMVtHU
+ 1t L (30)
dn—2) T 8m_2)"
[ 1 1
Yap = —ZUACVS + §‘1ABVCDVCD
T ! 2 (31)
——————vvap — —————qapv-|.
4n—3) 4B T g —3)11E

The effective equation can be written in conventional form
after some algebraic manipulations such that

"1Gap =x;_,Tas 32)
where the energy-momentum tensor 74 p obeys the expres-
sion

4

K 1
—1
Tap = —An-2qap +vap + —5—Yap — ——CEas
Kn_2 Kn—2

i 1
taﬂeZeg +qap {tc,ﬁs“s‘s — mt}]

2L

n—4\ «* T 8 1
+<n_3> Zn Haﬁe%eg +qAB{Ha/3SaSﬁ—n_2H}:|

1 I E
) ., E“’Se%egw’“’{E““asﬁ_mH'
|

(33)

Here, we have introduced the following two objects for nota-
tional simplicity:

n—4a\ k2 n—2)
An—2 = ( ) nl |:An—l+(—Kr%—122:| s (34)

n—-2)«2, 8(n —3)
(n—4)
K2 5 =81Gyy =« zm 35)

where A,_» and k,_» can be interpreted as the (n —
2)-dimensional cosmological constant and the (n — 2)-
dimensional gravitational constant, respectively. However,
for the case in which 7,5 = 0, i.e., the bulk energy-
momentum tensor vanishes, the above equation gets sim-
plified to

DG ap =k2 ,Tap (36)

@ Springer
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where T4 p has the simplified form

4
K, 1
Tap = —An—29aB +vap + —TAB >—EAB
n -2 Kn—2
n—4 1 E
_ - E o ﬁ E o ﬂ__ .
=) e R L]

(37)

Thus the structure of effective field equation in (n — 2)-
dimensional brane for vanishing bulk energy-momentum ten-
sor is mostly identical to the (n — 1)-dimensional counterpart
except for the Weyl curvature parts. The structure of the effec-
tive equation should be quite evident at this stage, which we
are going to exploit later to obtain an effective field equation
for an (n — m)-dimensional brane.

2.3 Generalization to (n — m)-dimensional brane

Having discussed the effective gravitational field equation
in (n — 2) dimensions starting from n dimensions through
a two step decomposition, it is now time to consider the
generalization of the effective field equation for gravity to
(n —m)-dimension. This can be obtained following the anal-
ogy of previous results. The final expression for effective
field equation in (n — m) dimensions is

=M G ap = k2, TV (38)
where the energy-momentum tensor has the following
expression:

Pl
- 1
T‘X]lg m) = A, mql(AnB m) + T,Eﬁg m) + Ky m+ T(n m)
Kn —m
(n m) n—i-—2 Kr%—i-‘rl
K2 E + Z n—i—1 K2 )
n—m n—i

1 .
y <g;} g Lo { (it agp n_ztwm)})

4

Pl

+ %;’H (I'I('fg D% ekt gap
n—i

. 1 . 1
e i)
n—i

E—i+1)
n—2

(39)

with the following identifications:

2
A — n—m—2 Kn—m+1
n—m n—m K,%_m
(n —m) 2
XN\ An—mtl + o Kn—m+1 % (40)
8m—m—1)
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2 (n—m—2)
Ky_m = 8jTGn_m = —4(n E— 1)2(n m) K,_ —m+1 (4])
1, 1 o 1
H(xﬁ = _Z aﬂtﬂ —+ ghaﬂtuvt + mt[e{ﬂ
1
- hgpt? (42)
8(n —m)
[ 1 C 1 CD
Yap = — 1 TACTB + 344BTCDT
N 1 1 5
_—717 - T .
dn—m—1) AT R —m—1)1®
43)

However, it may be observed that in the situation where there
is only matter on the (n — m)-dimensional brane but not on
the other higher dimensional branes, all the additional terms
vanishes except the Weyl tensor part. If the bulk spacetime is
assumed to be anti de Sitter (AdS) then the Weyl tensor can
taken to be zero, in which case the effective field equation
takes a simplified form:

(n—m)GAB

4
=K2, ( Anema g™ + 1™ + —Z mt] TX'B’")) :

n—m

(44)

Thus in this simple situation the effective field equation has
contribution from (n — m)-dimensional cosmological con-
stant, energy momentum tensor on the brane and higher order
correction terms originating from Y 4. Having derived the
effective field equation in Einstein gravity let us now consider
the identical situation in f(R) gravity as well.

3 Applications in general relativity

Having derived the effective field equation on an arbi-
trary lower dimensional hypersurface starting from a n-
dimensional bulk, in this section we will consider two appli-
cations of our result. One of these applications would be for
static, spherically symmetric configuration and the other in
cosmology. As an illustration we will take the bulk to be six
dimensional while the brane is obtained by two step decom-
position and is 4-dimensional.

3.1 Static spherically symmetric vacuum brane

We start by considering the case for static, spherically sym-
metric spacetime with no matter source present. Thus the
brane energy-momentum tensor vanishes, however, the elec-
tric part of the Weyl tensor survives. Hence the effective grav-
itational field equation on the 4-dimensional brane starting
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from the six dimensional bulk can be obtained from Egs. (38)
and (39) as

Q¥
AB
2 a B a B 1
:_5AB_§ EaﬁeAeB + gAB Ea/gs s _ZE .
(45)

In arriving at the above equation the cosmological constant
has been neglected, since we are interested in a local space-
time region. The electric part of the Weyl tensor in a static,
spherically symmetric spacetime can be written using two
unknown functions depending on the radial coordinate as

Kd 1_
Eap=——3|Ur) | uaus + 2qan
Ky 3

1
+P(r) <rArB - géAB)] (46)

where g4 p is the induced metric on the t = constant surface,
such that ug,p = 0. The 5-dimensional electric part of the
Weyl tensor would have similar decomposition depending on
two separate radial functions U (r) and P(r). On projecting
this 5-dimensional tensor Eyg on the 4-dimensional brane,
the effective field equations reduce to

K? I_
Gap=—|U@) | uaup + 3948

Ky
+P(r) (rArB - %@AB)]
+»%53[ihr><uAuB+-léAB)
3kl 2
+P(r) (rAVB - %CiAB):| . (47)

Now k, and k,_1 are related through Eq. (18), such that
kg = (16/3)k2(1/0), k¢ = (6/ )7 and k7 = 87 G. Using
these relations the above equation can be written in terms of
the brane tensions, o for the 5-dimensional brane, > for the
4-dimensional brane and the The gravitational constant G is

1
G = U —q
AB = o5 |: (r) <MAMB + 3QAB>

1
+P(r) (VAVB - 5%3)}

+££ [U(r) <u u +1‘ )
9\/60 —STL’G AUB ZCIAB
_ 1
+P(r) (FAFB - ECYAB)] (48)

Now assuming a static, spherically symmetric metric ansatz
of the form

ds2 — _eV(r)dtZ + ek(r)er + r2d§22, (49)

we obtain various components of the gravitational field equa-
tions:

S (LN P > v

I . 2 U
roor? r2  4nGX

32 Vv

R i /s
9V6 087G

%G;j__i_ L) +2P0)]
e r r2 r2 B 47TGE ' ’
16 V%

) (50)

— = (U P 51
+9\/60 —SnG[ (r) + (r)] (51)
L (., V2 oy — A VA
2¢ ( L z>
= InGy [U@r) — P(r)]
16 VT - _
Y2 10G) - P()]. 52
+9J€o¢%[ (= P0)] ©2)

Hence the effect of multiple extra dimensions is manifest in
the lower dimensional effective gravitational field equations
through the appearance of the extra terms U(r) and P(r).
The field equations have to be supplemented by the conser-
vation equations, which will provide a differential relation
connecting U (r), P(r), U (r), and P(r). The conservation
equations turn out to be

1 (dU _dP\ 2P

(2 L oue S 20 53

3&#* m)+3( +p) 4 (53)
L(du_ dP +‘/(30+13)+2ﬁ—0 (54)
2 \dr = dr 4 ro

Starting from Eq. (50) itis straightforward to obtain a solution
for e~*. Since all the objects on the right hand side of Eq. (50)
depend only on the radial coordinate we can integrate them

to obtain the following solution for e~*:
2GM
oo 2GM 00,
r r
00 = o [ arPuw
r) = rroU(r
4nGX
32 JE / 5 -
+ ————= | dr reu@). (55)
V6 087G

Having obtained e~ it is now pertinent to consider the other
metric component ¢” as well. This involves all the extra con-
tributions from dark radiation and dark pressure terms. In
order to obtain solutions for these higher dimensional con-
tributions, we need to impose certain relations among these
higher dimensional objects. The most useful among them
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being the relations 2U + P = 0 and 3U + P = 0. Then from
Egs. (53) and (54) we readily obtain,

Py
P(r) = —2U(r) = —;
r
— — PO
P(r)y=-3U(r) = = (56)
r
_ 3a Py 130/3
o(r) = Q0+T+9T7
1 32 VX
“=mcr PTokevmG e

For these relations between dark radiation and dark pressure
the static spherically symmetric solution corresponds to

| _2GM+ 00 3aR Py
r 2r2 94’

e = e =

(58)

Note that this is an exact solution to the effective field equa-
tions, no assumptions or approximations have been made.
Hence the effect of extra spatial dimension appears through
the charge term, i.e., r~2 term and the r—# term. Thus near
r=0,1/ r* term would dominate, which originates from the
existence of more than one extra spatial dimensions.

Having derived the static spherically symmetric solution
there are two important aspects one can study: (a) stability
of the solutions and (b) thermodynamics. We will briefly
comment on these features. The stability of the solution
can be obtained by considering perturbations, which again
are of three types, scalar, vector, and tensor modes. These
modes satisfy a set of decoupled wave equations with the
structure

<D— ! V>d>=0. (59)
fr)

Here [ represents d’Alembertian operator, f(r) = e" =

e~*, @ stands for the perturbation modes and V is an appro-
priate potential associated with perturbation ®. For stability,
the potentials should be positive. If we assume that the cor-
rections to the Schwarzschild solution are small, i.e., « and
B are small compared to M, then the above solution is stable
for all the modes.

Let us now discuss the case of black hole thermodynam-
ics. For the location of the horizon we have the following
equation:

2GM+ Qo 3aPy Pop

1
T 2;’}% 9rﬁ

0. (60)

The mass of the black hole (or, equivalently the internal
energy) can be obtained readily from the above equation as

@ Springer

3aP) P
mm=————3i—£§ (61)
h

Now entropy can be obtained from holography, i.e., S =
A/4,suchthat S = r}%. Thus internal energy can be obtained
in terms of the entropy density from Eq. (61) such that

_ VS Qo 3eRy P
M(S) = 5o (62)

Then the black hole temperature can be obtained in terms of
entropy as,

r(sy— (MY_ L deh Pop
S\ 0SS ) 4S5 8832 4852

which immediately leads to the following expression for the
specific heat:

(63)

1 3aPy | _PoB
Co—T (35> w3 T ae T oagn 64)
v = _— = — — .
9aP) | 5P
o 557 + Tesin + 35

857/2

Thus the specific heat of the black hole is negative, as it
should, and there is no phase transition possible, since «
and B are both positive quantities. Later we will show that
inclusion of f(R) gravity can alter the situation drastically,
which we will discuss in the next section.

Having derived the static spherically symmetric solution
and its various properties, let us now discuss some novel
features of this solution

e Imposing the restrictions 2U (r) + P(r) = 0 and P(r)+
3U(r) = 0, we have shown that the metric elements sat-
isfy e = ¢". Thus the line element derived in Eq. (58)
depends explicitly on the form of U (r) and U(r). Thus
the geometry of the spacetime is uniquely determined
only when knowledge about multiple dimensions are
obtained through U(r). Also it turns out that at small
r the effect from U (r) dominates.

e The solution is also stable under perturbations. The
potentials associated with respective wave equations are
positive for scalar, vector, and tensor modes. Thus the
black hole solution, will not change its character under
perturbations.

e Finally, the specific heat associated with the black hole
solution is negative. This shows that the black hole is ther-
modynamically unstable. Since all the additional param-
eters are positive there is no phase transition in this black
hole system.

Hence the fact that spacetime has more than one extra dimen-
sions is being reflected on the right hand side of the effective
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gravitational field equations. These extra terms contribute to
the energy-momentum tensor and modifies the metric com-
ponents from just being 1 — 2GM/r).

3.2 Cosmological spacetime

After discussing the static spherically symmetric configura-
tion it is natural to turn around and consider gravity theory on
a lower dimensional hypersurface in a cosmological context.
As already mentioned we will start with 6-dimensional bulk
spacetime and then obtain cosmological solutions from the
effective field equation on a 4-dimensional brane. In order
to obtain analytical solution, we assume E,;, = 0 i.e. the
contribution from the electric part of Weyl tensor vanishes.
Then the effective field equation in four dimensions takes the
following form:

Gap = —/Q%AMIAB + /cfrAB + Kg"rAB
2 1
+ 3/(5 (ta;;eAeB + gAB {talgs st — é_lt}
1
4

2
+ glcg <Haﬁe%e§ +qaB {1'[ apss? — 1'[})
(65)

In this expression along with brane energy-momentum ten-
sor T4 p and its higher order term Y4 p, two additional con-
tribution from the 5-dimensional matter energy-momentum
tensor is present. We assume that the brane is filled with per-
fect fluid with the following form for the energy-momentum
tensor on four dimensions:

w4 = diag (—p, p, p, p) (66)

where p represents energy density of the perfect fluid and
p yields its pressure. The energy-momentum tensor in five
dimensions is taken to be pressure free dust, such that its
energy-momentum tensor has the simple form

where the subscript ‘5’ indicates that it is from the 5-
dimensional brane. Using which we arrive at the following
expression for the higher order components:

3 3
M, = —p2; T=——p2. 68
1t 32,05, 32:05 (68)

Having obtained all the components of the matter energy-
momentum tensor, the time-time and spatial components of
the effective equations lead to (we will assume that the space-
time is spatially flat, i.e., k = 0):

1 1 3
3H? = i2A 2 (69
= kG As+uip+ — D k3P’ ) 5P5+64 Kgp3  (69)

P |
H? + 2— = K4A4 — K4p — 2K§1(,02 +2pp)

—éém—ééé- (70)
Having obtained the Friedmann equations, let us explore the
various phases of the universe. To get a handle, let us write
the above expression in terms of relative abundances 2; =
pi.0/ pc- Here p; o stands for the present energy density of the
ith component and p. is the current total energy density of
the universe. The energy density can be expanded in terms of
baryonic and relativistic matter fields. We will assume matter
in higher dimensions to be non-relativistic. Thus the Hubble
parameter turns out to be

B2 = 3 [an+ @ +99) (2) 40 (2)] b

where Q5 = (K52/167TGZ)(,O5,0/,0L-), with ¢ being a char-
acteristic length associated with the extra dimension. Note
that the above Hubble parameter can reproduce the standard
ACDM model. For at late times 24 would dominate lead-
ing to accelerated expansion of the universe. At early times,
the 1/a4 term would dominate, leading to radiation dom-
inated universe. The intermediate region is dominated by
non-relativistic matter such that H> ~ a~3. However, the
surprising fact about this model is that in the matter sector
along with the baryonic matter, due to the extra dimension
we have additional contribution, which can act as dark mat-
ter. In standard ACDM cosmology, the dark matter has to
be included in the model by hand. However, in this case it
appears in the Friedmann universe naturally, we need not
have to invoke it by hand. Using the epoch of matter, radia-
tion equality it is possible to get a numerical estimate about
5-dimensional gravitational constant as

1 =3.9 x 10*{ 0.022
+ Zeg X ( + 167 GL p,

2h2
Ks 05,0 (72)

where i = (.72, £ stands for the length of the extra dimen-
sion. Thus knowing the redshift z.4, we can determine the
value of the higher dimensional gravitational constant K52.
Thus spacetime having more than one extra spatial dimen-
sions can naturally provide additional matter components in
the right hand side of the Friedmann equations. To have infla-
tion we need to include an additional scalar field on top of
this alike the standard ACDM model. Thus the effective field
equations are capable to explain the phases of the universe.
Writing «; 2A4 = A and for the bulk matter we have
ps = (ps.0/0)(1 /a3), where ¢ represents the finite length
of the 5-dimensional brane coordinate. Assuming that the
matter in the 4-dimensional brane is also pressure-less, we
have the following expression for the Hubble parameter:
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At 8tGpo 1 4p3 1 5pso 1
H? = ¢ et _0 £5.0 2
3 + 3 a2 365 6+6 ¢ ag

73

64002 46 (73)

where pg represents the value of energy density in the present
epoch and ps o represents the same for 5-dimensional matter.
The above expression for Hubble parameter can be simplified
and arranged properly leading to

Aetr 87 G 1 ,p50]) 1
H2: e — 2_’ J—
3 { 3 ST &
1 1 ,0 1
+ 36K5'00+64 2 (25 (74)

Then following the techniques developed in [49] we can
introduce three constants, namely:

Aetr 81 G I ,ps50
Cp = ;7 Cp=—— — —,
AT p= T3 MG,
2
1 1 ,050

such that we obtain the following solution to the scale factor:
exp[3v/ Ca (1 — 19)]
2JCh\[Cra® + Cpa’ + Csq +2Cad’ +C,

2/ CA/Cr + Cp + Csq+2Cp + C)p

;CpaA>0

(76)
2Cpra* +C,

/C2 — 4CACsq

:Cp < 0,Cp > 4CCsq.

3V —=Cp (tg —t) = sin”!

L 2ca+C,

/C2-4CACsq

Though the solutions have a complicated appearance, we can
impose certain conditions under which the solutions simplify
substantially, yielding clearer physical insight. For that pur-
pose we consider the situation Aeg = 0. This would be true
if we assume the 5-dimensional cosmological constant to be
negative, such that As = — (k3 %2 /6. Under this condition
the Hubble parameter from Eq. (74) turns out to be

871G K2 05 0 9 k2 p?
H>="—""p]|1 5 P Py, 2 ehs
3 p[+16ncp+22 T

(78)

—sin

(77)

U-4>|0u>

If we assume that p represents energy density of non-
relativistic matter we arrive at the following differential equa-
tion:
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2 _ 871G,o0+ﬁ@ 1 4 Gpg
3 6 ¢ a3 3%
9K4 ,0520 1
x[14+=-5221)_— 79
( 16« ¢2p} ) a® )

leading to the following solution for the scale factor:

2

K5 050 2
=16xG 322y
!npo-i-ge}

16 452 2

127 Gpg
by

9
L2k p”) ‘. (80)

It is clear from the above expression that the universe under-
goes a transition in the expansion rate. In the standard sce-
nario there are three phases, the radiation dominated, the
matter dominated and the accelerated expansion. If we treat
the additional correction terms due to the existence of extra
spatial dimensions with importance then even within mat-
ter dominated epoch we will have transition. The time scale
when this happened depends on whether the brane matter
energy dominates over the bulk matter or not. Below we
present the result for the timescale of the transition for both
situations:

1 4 2
~ = = ALK ¢ 81
WGE 3 (ps,0/t <K po)  (81)
2
K 16t Gpol
t~ =5 (1 - 2—) (05.0/€ > po)- (82)
K5 K5 05,0

Thus at early universe (within the matter dominated epoch)
we have a high energy regime, where a ~ t!/3, while at
late time low energy regime the scale factor variation with
time modifies to a ~ 2/3, which is the standard evolution of
the matter field. Note that the same should happen in radia-
tion dominated epoch as well. Hence the scale factor at later
times will behave as it should in a standard ACDM model.
In a nutshell, the effect of extra dimensions on cosmological
scenario can be seen from the following results:

e Itis clear from the expression for Hubble parameter that
the 5-dimensional matter adds to the 4-dimensional one
and enhances the total non-relativistic matter content of
the universe (4-dimensional brane we live in). Hence mat-
ter fields present in the extra dimension can act as a viable
source of dark matter. The most important part of the
above analysis corresponds to the fact that the dark mat-
ter contribution appears naturally, we need not have to
add them by hand (a related issue has also been addressed
in [50]).
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e The existence of more than one extra spatial dimension
introduces additional correction terms in the Friedmann
equations. This results in transition within both matter
dominated and radiation dominated epoch. This in prin-
ciple can affect the structure formation in the universe
and hence can be used to constrain various higher dimen-
sional parameters.

Thus with matter present in the 5-dimensional brane we
can have standard cosmology with proper scaling of the
scale factor with time. However, the matter content and tran-
sition time scale will depend on the content in the extra
dimensions.

The cosmological solutions in brane models have interest-
ing holographic interpretations. It was shown in [54] that the
usual 4-dimensional cosmological equations can be rewritten
in an equivalent form of the entropy of 2-dimensional con-
formal field theory (CFT). In our case the Friedman equa-
tions are given by Egs. (69) and (70), respectively. Now
defining the Hawking, Bekenstein, and Bekenstein—-Hawking

entropies
as,
S _(m—=DHV _(m=1V S _27mE
"= 4G BT T46a 0 BT

(83)
where £ = pV is the total energy within a volume V

and p, o a~". Also the total entropy should be bounded
by the Hubble entropy Sy, which is the entropy of the
black hole with the radius of the Hubble size. Using these
definitions we can rewrite the Friedman equations in the
form,

2ma
Sy = TJEBH (2E — K Egn);

KEgy =n(E+ pV — TuSn) (84)

with energy of the black hole being Epy = n(n —
1)V/87Ga®> and Hawking temperature being Ty =
—H/27 H. This is exactly the form one would have from
the CV entropy relation. It explicitly shows the connec-
tion between 4-dimensional classical gravitational physics
and 2-dimensional quantum 2-dimensional CFT [55]. This
2-dimensional CFT entropy representation of cosmological
equations is called the generalized Cardy or Cardy—Verlinde
(CV) formula. One can also consider dS or AdS black holes in
the bulk, such that the brane equations of motion can be cast
in the form of Friedman equations. By introducing brane mat-
ter the cosmological equations can be written in the CV form,
which is related to the AdS black hole entropy (these and var-
ious other aspects have been discussed in [56] quite exten-
sively). Now we will generalize these results to the f(R)
model of gravity.

4 Generalization to bulk f(R) gravity

In recent years modifications of Einstein—Hilbert action by
higher curvature terms is a subject of great interest. A very
promising candidate among such modifications is the f(R)
gravity theory. The modifications introduced by the f(R)
term in the Lagrangian can address variety of problems. This
theory also has the potential to survive all known tests of
general relativity. It is therefore worthwhile to explore the
nature of the effective gravitational field equation on a brane
where the bulk is endowed with f(R) gravity.

4.1 Effective field equation on the (n — 1)-dimensional
brane

We consider a n-dimensional bulk spacetime endowed with
f(R) gravity. Following the standard procedure i.e., start-
ing from the Gauss—Codazzi equation, subsequently using
the Z, symmetry, we can obtain the effective gravitational
field equation on the brane. This has already been derived
earlier in the context of a 4-dimensional brane embedded in
a 5-dimensional bulk (see [47] and the references therein).
The effective gravitational field equation on the (n — 1)-
dimensional brane turns out to be

=G, =2 T (85)
123 n—1"pv

where the stress-energy tensor T,Yl',_l) appearing on the right
hand side can be decomposed into several small pieces.
These include effective (n — 1)-dimensional cosmological
constant induced from the n-dimensional cosmological con-
stant, brane energy momentum tensor and its higher order
contribution. Also due to the presence of f(R) gravity in the
bulk there is an extra term and all these terms along with the
non-local bulk Weyl tensor turns out to be

4
—1 K
TOEZ ) = _Anflholﬁ + T + 2_n77a/3
Kn—1
1 1
5 Fap+ 57— CQap (86)

n—1 Ky —1

where the additional term due to f(R) gravity is Q. This
additional term Q,, has the following expression:

0 _[1 SR 1, 20f(R) gvavbf’(m}
TlA R 4T 3 /R 3 fI(R)
xhyy + %Mc,ﬁeg (87)

3 MR
Note that in the Einstein—Hilbertlimit i.e. f(R) — R the
above term identically vanishes and the effective equation
reduces to Egs. (14) and (15). In the expression of the
energy-momentum tensor, A,_ is the (n — 1)-dimensional
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brane cosmological constant (for an explicit expression, see
Eq. (16)), 1, is the brane energy-momentum tensor, g
contain higher order terms like i 78, etc. (see Eq. (13) for
a detailed expression). Finally, E,,, represents the non-local
bulk effect.

In order to simplify the expression for Q,,,, we can impose
some assumptions. The simplification can be significant with
the choice: 9, = 0. Then using Taylor series expansion
of bulk curvature R around y = 0 hypersurface leads to:
R = Ro+ Ri1y + Ra2y?/2 + O(y?). As we have assumed
that the bulk curvature depends only on the extra dimension
v, all the coefficients appearing in the Taylor series expansion
are constants. Hence we can conclude that all the derivatives
calculated at y = 0 yield a constant contribution which does
not depend on any of the brane coordinates. In this case we
can rewrite the stress-energy tensor as

4
1
1
TE™Y = —Acithap + Tap + —— = Tap — 57— Eap (89)

n—1 n—1
where we have an effective cosmological constant,

F(R)

Aeff = Ap—1 — —5
n

(89)
K

-1

Thus the cosmological constant gets modified due to f(R)
gravity in the bulk leading to an additional constant term
F (R) to the induced cosmological constant A,_1. This can
provide a possible explanation to the cosmological constant
problem by fine tuning A,_; with F(R) term where the
quantity F(R) has the following expression:

(90)

F(R) = (g(R) + ZM A B) .
y=0

3R

Having derived the effective gravitational field equation for
an (n — 1)-dimensional brane we will now write down the
counterpart of this relation for an (n — m)-dimensional brane
as well.

4.2 Generalization to (n — m)-dimensional brane

In this section we will generalize the above setup to an arbi-
trary lower dimensional hypersurface, namely, the (n — m)-
dimensional brane. This can be done easily by taking a cue
from the discussion in Einstein gravity. The effective field
equation in the (n — m)-dimensional brane leads to the fol-
lowing expression:

(n_m)GAB — anfm ngnB_m) 1)

with the following expression for the energy-momentum ten-
sor:

@ Springer
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K= .
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n—i
Here A,_,, is the induced brane cosmological constant,

X { ngg_iﬂ)sasﬁ —

X {E;’;_iﬂ)s“sﬁ -
(n—m)

T,p  represents the brane energy-momentum tensor, and
Tf(an ™ is the higher order term. All the other extra terms
originate from the effect of higher dimensional energy
momentum tensor, f(R) gravity and non-local effects from
the bulk. However, just as in the previous section in this case
also we can simplify the expression further by assuming that
bulk curvature depends only on the extra dimension y. Also
if we assume that there is no energy-momentum tensor on
the higher dimensional branes and the bulk is AdS, then the
Weyl tensor vanishes identically. The effective gravitational
field equation, then takes a particularly simple form. In this
case following [47], we arrive at:

(n—m)GAB

P
=Ky%m< Ap— qunB m)+ (- m)+ Z ml T(n m))

n—m

(93)

where A,,_,, hastobe constructed from Aesf = A1 —F(R)
by standard procedure illustrated for Einstein gravity. Thus
in this case the effective equation would be identical to
that obtained from general relativity, except for a modified
cosmological constant. Also x2_, is related to (n — m)-
dimensional gravitational constant, rf(‘"B_m) is the matter
energy-momentum tensor on the (n —m)-dimensional brane,
with TXIB_ ) being its higher order extension.

This completes our discussion of the effective equation.
However, as an illustration we will consider a simple applica-
tion of our work in a cosmological context in the next section.
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5 Applications to f(R) gravity

Having discussed effective field equation in f(R) gravity
theory on a lower dimensional brane, alike general relativity
we apply this in a static spherically symmetric and cosmolog-
ical context. For that purpose we start with a 6-dimensional
bulk spacetime and try to obtain a solutions from the effective
field equations on a 4-dimensional brane.

5.1 Static spherically symmetric f(R) brane

We start by considering the case for static, spherically sym-
metric spacetime with no matter source present. Thus the
brane energy-momentum tensor vanishes, however, the elec-
tric part of the Weyl tensor survives. Hence the effective grav-
itational field equation on the 4-dimensional brane starting
from the six dimensional bulk can be obtained from Egs. (91)
and (92) as

1 1 1
@Gap = _EKSZ (—K—ZF(R) + 6K5222> qap — Eap
5

2 1
-3 [Eaﬁe%eg + gaB (Ea,gsasﬁ — ZE)] (94)

where F(R) is given in Eq. (90). In arriving at the above
equation the cosmological constant has been neglected. The
electric part of the Weyl tensor in such a static, spherically
symmetric spacetime can be written explicitly using two
unknown functions depending on the radial coordinate as

Kd 1
Eap=—— |:U(r) (MAMB + géAB)
"4
1
+ P(r) (FAI’B - 5%3)} 95)

with g4 p being the induced metric on the ¢+ = constant sur-
face, suchthatu” g, = 0. The 5-dimensional electric part of
the Weyl tensor would have similar decomposition depend-
ing on two separate radial functions U(r) and P(r). On pro-
jecting this 5-dimensional tensor Eyg on the 4-dimensional
brane, the effective field equations reduce to

2 5

1 1
X |:U(l’) <uAuB + 5@43) + P(r) <rArB - 56]AB>]

2K6 _ 1._ _ 1._
+= U(r) MAMB+§6]AB +P(r) rArB—54AB

3K5

1, 1 1, Kd
Gap = ——kK ——2F(R)+—K52 QAB+—4
K3 6 Ky

(96)

Now «, and k,_; are related through Eq. (18), such that
kg = (16/3)k2(1/0),kd = (6/ %)k}, andk] = 87 G. Using
these relations the above equation can be written in terms of

the brane tensions, o for the 5-dimensional brane, > for the
4-dimensional brane and the gravitational constant G as

1
Gup=—(-=F 4nGx
AB < 3 (R) + 4n )C]AB+47TGE

X [U(V) <MAMB + %éAB) + P(r) (FAVB - %éAB)i|
L2 _VE
9V6 0/81G
X |:U(V) (MAuB + %C?AB> + P(r) (rArB - %éAB)] .
o7

Now assuming a static, spherically symmetric metric ansatz
of the form,

dS2 = —ev(r)dtz + e)»(r)drz + erQZ (98)

we obtain various components of the gravitational field equa-
tions to be

A 1 1 1
—A
— ——t+ =)+ ==—=FR)+47GZ
¢ ( r 2) r2 < 2 ) & )

r

32 V-

U 99

+4 ()+9f NiTTe (r) (99)
(L k)- 2:_<_§F<R>+4m)
NS>
U 2P

+4nc; W) +2PEl+ mam
x [U(r) + P(r)] (100)

1 . B N v/2 N V=N VA
—e ) J— —
2 2 r 2

1
- _ (_EF(R) +4ncz> ey [U(r) — P(r)]
16 V¥ - 5
———_[U®u) - P(r)]. 101
+9«/60'\/87TG [ ") (r)] 1o

Hence the effect of multiple extra dimensions is manifested
in the lower dimensional effective gravitational field equa-
tions through the appearance of extra terms U(r) and P(r).
Also due to f(R) gravity in the bulk there is one more addi-
tional term in the effective field equations, namely F(R). In
general, these equations has to be supplemented by the con-
servation equation, which will provide a differential relation
connecting U (r), P(r), U(r), and P(r) which amounts to

1 (dU _dP\ 2P

= 2 Leutp)+=0 102

3<dr+dr)+3( +P)+ (102)

L(du  dPy v S (B0+P)+ 2P (103)
dr ~ dr o
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Alike the situation in Einstein—Hilbertaction all the objects
on the right hand side of Eq. (99) depend only on the radial
coordinate which can be integrated leading to the following

solution for e~*:
26M 1 g
e k=127 @ — (——F(R) +4nGZ) -
r r 2 3
(104)
_ 2
o) = e /drr U(r)
32 JT / -
+———— [ drreU@). 105
9v6 5/87G ") (10>

In order to obtain the solution for ¢ we need to know the
solutions for the dark radiation and dark pressure terms. For
that we will use the equations of state, 2U 4+ P = 0 and
U + P = 0, such that

Py

P(r)==2U(r) = if; P(r)y=-30(r)=—  (106)
r r
_ 3a Py P(),B
0@r)= 0o+ > 93"
1 32 JT
- . og_ 2t N= 107
YT 4Gy’ p 9.6 5+/87G {aon

Then the full static spherically symmetric solution turns out
to be

2GM 4+ Qo  3aPy
r 2r2

v e—k =1

PoB 1 r?
o (—EF(R)+4]TGE) 3 (108)
This is an exact solution to the effective field equations where
no assumptions or approximations have been made. The
effect of extra spatial dimension appears through the charge
term, i.e., » 2 term and the r —* term and the effect of modified
gravity appears through the 7> term. Note that if we assume
F(R) = 87 GZX, then our solution will coincide with the
Einstein—Hilbert action. Hence the addition of higher curva-
ture terms to the bulk action can provide a potential solution
to the cosmological constant problem.

The static spherically symmetric solution being dS or AdS
has three important aspects to explore, namely (a) stability
of the solutions, (b) anti-evaporation, and (c) black hole ther-
modynamics. We will now comment on these features. The
stability of the solution can be ascertained by studying per-
turbations around it. These are again of three types: scalar,
vector, and tensor modes. These modes satisfy a set of decou-
pled wave equations with the following structure:

(0-4557) e =0
fr)
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(109)

Here [J stands for d’ Alembertian operator, f (r) = ¢” = e,

@ represents the perturbation modes and V is an appropriate
potential connected to the perturbation ®. For stability, we
require the potentials to be positive. It turns out that for all
choices of F(R) the scalar and tensor modes have positive
potentials. While for the vector mode we have stability for
F(R) > 87 G X, while the vector modes are unstable when
F(R) <8nGX.

The anti-evaporation effect of this solution comes into pic-
ture when we set Py = 0 = Py. Then the spherically symmet-
ric solution represents a Schwarzschild (A)de Sitter space-
time, which under proper limit can be mapped to the Nariai
spacetime. A black hole in the Nariai spacetime has the pecu-
liar property of increasing surface area due to quantum cor-
rections as shown by Bousso and Hawking [51,52]. This phe-
nomenon of anti-evaporation subsequently was generalized
for Nariai black holes in the context of f(R) gravity [53].
Here f(R) gravity plays the role of the anomaly induced
effective action leading to anti-evaporation of black holes. In
our case as well with Py = 0 = P,, we have Nariai black
hole as a limit. Thus from previous discussions it is clear
that our solutions will also exhibit anti-evaporation effect.
However, for Py and 130 being not equal to zero, our solution
cannot be reduced to the Nariai form and thus in general the
solution presented here will not exhibit anti-evaporation.

Finally, the case of black hole thermodynamics is at our
hand. The horizon associated with the above spacetime struc-
ture has the location r = rj,, which one can determine by the
following equation:

| 2GM + Qo  3aPy PyB
T Zr}% 9rﬁ
2

1 ry
- <—§F(R) +4nGZ> 3 =0 (110)

The mass of the black hole (or, equivalently the internal
energy) can be obtained readily from the above equation as

P

2 2 4rp, 6r2
(3 )
—|—=zFR)+4nGX | —+. (111)
2 6

The entropy can be obtained from holography, i.e., S =
kpA/4nh. In this particular case of spherically symmetric
spacetime choosing 7 and Boltzmann constant appropriately
we obtain, § = r}%. Thus internal energy of the system can
be obtained in terms of the entropy from Eq. (111) as

R P() P()ﬂ

4JS 6832
1 » §3/2
—(-=F ArGY | —.
( 5 (R) + 4n ) z

(112)
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Then the black hole temperature can be obtained in terms of
entropy as,

oM 1 3aPy  PoB
TS)=—|=
5 ( as) 4/S t g5 T asn

1 Vs

(113)

which immediately leads to the following expression for spe-
cific heat as

Y
=T7T(—=
cv <8T>

Lyl Py (LF(R) —4nGE) 43

m 853/2 48572
Tl 1 1 90 P SPp
(3F(R) = 4nGX) o= = 557 — Tes57 — a5t
(114)

It is clear from the above expression that the specific heat
shows discontinuity in its behavior, thereby indicating a sec-
ond order phase transition. The surface of discontinuity in
the specific heat is given by

5PB
§5/2°°

1 1 9aP
SF(R) —47GE = < 220

115
S 28 (113)

In order to understand physics behind this phase transition,
it is always illuminating to discuss some limiting cases. For
example, if we assume pure Einstein gravity, the specific heat
can be given by Eq. (64), which is everywhere negative. This
may also be divergent, provided the entropy becomes neg-
ative which cannot be satisfied in general. Thus bulk terms
with positive dark pressure cannot lead to a second order
phase transition. In the other limit, where Py = 0 = Py, we
get the divergence of specific heat to correspond to the condi-
tion: S~! = (1/2) F(R) —4n G X. Thus for F(R) > 87GX
we have second order phase transition. Our calculations
therefore confirm that the Schwarzschild anti-de Sitter solu-
tion shows a second order phase transition.

After deriving the static spherically symmetric solution
along with its various properties, it is now time to discuss
some novel features of this solution:

e The restrictions provided by 2U (r) + P(r) = 0 and
P(r) + 3U(r) = 0, show that the metric elements sat-
isfy the condition e=* = e". The line element so derived
depends explicitly on the form of U (r), U(r), and the
model of gravity f(R). Thus the geometry of the space-
time is uniquely determined only when knowledge about
multiple dimensions is obtained through U (r) and about
the alternative gravity model.

e The solution is also stable under both scalar and tensor
perturbations, since the potentials associated with respec-

tive wave equations are positive for scalar and tensor
modes. Thus the black hole solution will not change its
character under scalar and tensor perturbations.

e Finally, the specific heat associated with the black hole
solution shows a second order phase transition. This
shows that the black hole transforms from a thermody-
namically unstable phase to a thermodynamically stable
phase. Moreover, for vanishing of dark radiation we will
obtain its mapping to a Nariai black hole and therefore it
shows anti-evaporation.

Having discussed the effect on a black hole solution, we will
now discuss the cosmological solutions and its implication
in detail.

5.2 Cosmological scenario

As in the case of general relativity, in a cosmological scenario
as well we can apply the effective field equations and obtain
relevant solutions. Then we can check, where they are com-
patible with standard cosmological evolution. In the previous
section we discussed vacuum solutions with the Weyl tensor
providing a nonzero effect. Now we will consider exactly
the opposite one—we will take E,; = 0; i.e. the contribu-
tion from the electric part of the Weyl tensor is vanishing
but there is matter in the spacetime. Then the effective field
equation in four dimensions takes the following form:

1
Gap = <_§F(R) + 47{GE> qaB +KiTaB + K5 AR
1
+ k2 <taﬁe§eg +qaB {Iaﬂsasﬁ B Z[D

1
Ké <Haﬂe%e§ +qgaB {Haﬂs"‘sﬁ — ZH}) .
(116)

2
3
2
T3

In this expression along with brane energy-momentum ten-
sor T4 p and its higher order term Y4 p, two additional con-
tribution from the 5-dimensional matter energy-momentum
tensor is present. We assume that the brane is filled with per-
fect fluid with the following form for the energy-momentum
tensor on four dimensions as:

v = diag (—p. p. p. p) (117)
where p represents energy density of the matter fields and
p yields its pressure. The energy-momentum tensor in five
dimensions is taken to be pressure free dust, such that its
energy-momentum tensor has the simple form

tg = diag (—ps,0,0,0,0) (118)

@ Springer



538 Page 16 of 21

Eur. Phys. J. C (2015) 75:538

where, as before, the subscript ‘5’ indicates that it is matter
from a 5-dimensional brane. Thus we arrive at the following
expression for the higher order components:

39

_ 3 3
I = 35

32:05,

(119)

Having obtained all the components in the above effective
field equation, we can obtain the effective field equation
itself. Both the time-time and spatial components of the effec-
tive equation lead to

3H? = — —1F(R)+4nG2 b2 A g2 pt it p?
= 2 44T PR s P

1 2 3 4 2
+ EKSpS + 6_4K6p5

H? +2é =— —lF(R) +47GT | — k3
a - 2 4p
1 1 1
— —Ks (p2 + 2pp) — 5K52p5 - 6—4K§p52.
(120)

For the bulk matter we have the following relation, namely,
ps = (ps.0/0)(1 /a3), where ¢ represents the finite length
of the 5-dimensional brane coordinate. After obtaining the
Friedmann equations on the brane let us write them down in
terms of relative abundances €2; = p; 0/p.. The energy den-
sity appearing on the right hand side of Friedmann equations
can be expanded in terms of baryonic and relativistic matter
fields. For higher dimensional matter being non-relativistic
the Hubble parameter turns out to be

HY = 1l [szA + (2 +Q5) (‘;—0)3 + Qr (‘;—Oﬂ (121)

where Q5 = (K52/167T G{)(ps.0/pc) and 2 is from the com-
bination [—(1/2) F (R) +4m G X]. Thus we have reproduced
the standard ACDM model. At late times €2, would domi-
nate leading to accelerated expansion of the universe, how-
ever, this acceleration is originating since the bulk spacetime
is being described by f(R) gravity theory and we are living
on a brane with nonzero brane tension (the ¥ term). Starting
from the 1 /a4 term, leading to a radiation dominated uni-
verse, we have a matter (i.e., non-relativistic matter) domi-
nated epoch such that H> ~ =3 and finally the accelerat-
ing sector. The intriguing fact about the matter sector is that
along with the baryonic matter, due to the existence of extra
spatial dimensions we have an additional contribution. This
additional contribution might act as a dark matter candidate.
In standard ACDM cosmology, the dark matter has to be
included by hand, while in our model it appears naturally.
To get an estimate of 5-dimensional parameters we can use
the epoch of matter—radiation equality, leading to
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(122)

1 =3.9x 10*{ 0.022
+ Zeg x ( + 167G p,

ish? ,05,0)

where h = (.72, £ stands for the length of the extra dimen-
sion. From the redshift z,, one can determine the value of the
higher dimensional gravitational constant K52. On the other
hand, unlike the Einstein—Hilbert bulk, in this case as well
by tuning the f (R) modelitselfitis possible to have inflation.
Thus the effective field equations on the brane are capable to
explain the various phases of the universe.

Let us now explore the effect of additional correction
terms on the Hubble parameter. To confine ourselves to one
representative example, if we assume the matter in the 4-
dimensional brane to be pressure-less, then we have

1 1 871G po 1 4/03
H =~ (—2FR) +4nGx ) + =220 1 — 400
3(2()+” >+ 3 &3 3606
2
1 2 05,0 1 1 4 P50 1
TS T a TR e s (129

where po represents the value of the energy density in the
present epoch and ps ¢ represents the same for 5-dimensional
matter. The above expression for Hubble parameter can be
simplified and arranged properly, leading to

1 1 81 G 1 ,5p50
H>=—-(—=F(R)+47Gx — —2 22
3<2()+n >+{ 3'OO+6K5E}
2
1 1 4 2 1 4050 1
Xﬁ*{%"spﬁa“w—z o (129

Following the techniques developed in [49] we can introduce
three constants, namely:

1 1
Cr=—=(-2FR)+47G%);
f 3< 5 (R) + 4rn )
87 G I ,ps50
Cr=Ty s
2
Loy o, 1 4P50
qu = %KSIOO + al(6e—2 (125)

such that the following solution to the scale factor is obtained,

expl3y/C (t — 10)]
2,/C7/Crat + Cpa® + Csq +2Cpa* +C,

2,/Cr/Csr+Cp+ Csq+2Cr+Cp

Cr>0 (126)
3/=Cyr(to—1)
2Ca’+C 2C+C
o Sin_l Lﬂ — Sin_l # ;
/C2—4CCsq /C2—4CCsq
Cp <0, C>4CsCsy. (127)
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Though the solutions are a bit complicated, we can impose
certain conditions on them such that these solutions sim-
plify substantially. For that purpose we consider the situation
where Cy = 0,1.e., F(R) = 8w GX. Since X is positive defi-
nite the above result suggests that F'(R) is positive. Applying
this for the matter dominated epoch, the Hubble parameter

from Eq. (124) turns out to be
8 G K2 05 9« ,o2
H>="—p|1 2 — S5
[
(128)

47 Gp
3 167G p F(R)

Assume p to be energy density of non-relativistic matter we
arrive at

o2 {SnGpo N K_52,05,0} 1 47Gp]

3 6 ¢ a3 3%

9 Ké 1052 0 1
l+—=—"—=5)—= 129
X( 16 k2 €207 ) a (129
leading to the following solution for the scale factor:
3 '<52 P50 | 2
a’ = {6x G,OO + 3?? t
127Gp} 9 k¢ P3
e R e T 1 (130)
P 16 k5 £2p;

It is clear from the above expression that the universe under-
goes a transition in the expansion rate. The time scale when
this happened depends on whether the brane matter energy
dominates over the bulk matter or not. Below we present the
result for the timescale of the transition for both the situa-
tions:

1 8
t~ = |- ; 14 131
O \/ 3E(R) (05,0/€ <K po) (131)
K62 16t Gpol
t~—=|1=———5——| (ps50/€> po). (132)
K5 K505,0

Thus at early universe we have a high energy regime, where
173 while at late time we have a low energy regime;
the scale factor variation with time modifies to a ~ /3,
which is the standard evolution of the matter field. Note that
in Einstein gravity as well we had a similar transition in
the scale factor. But in this particular case, importantly the
transition time depends crucially on the f(R) model we are
considering. A similar phenomenon will be observed for the
radiation dominated epoch as well.

The key aspects of the above results are summarized as
follows:

a~1

e First and foremost, the issue of dark energy in this par-
ticular case is resolved by the addition of higher curva-
ture terms to the Einstein—Hilbert action and through the
brane tension. The same f (R) model can also explain the
inflationary scenario without invoking any scalar field in
the picture.

e The cosmology as presented by modified Friedmann
equations automatically leads to an additional matter
component originating from higher dimensions, which
behaves as a dark matter candidate.

e Finally, note that due to the presence of additional correc-
tion terms in the effective equations on the brane few new
cosmological phases enter the picture. For example, the
matter dominated epoch gets divided into two parts and
this depends explicitly on the f(R) model under consid-
eration. These modifications will have indirect effects on
the structure formation, which can be used to constrain
not only higher dimensional parameters but also the form
of alternative gravity theories.

Thus with matter present in the 5-dimensional brane we
can have standard cosmology with proper scaling of the scale
factor with time. Moreover, from the effective field equa-
tion it is clear that the 5-dimensional matter adds to the 4-
dimensional one and enhances the total non-relativistic mat-
ter content of the universe (the 4-dimensional brane we live
in). The structure of the angular power spectrum, perturba-
tion in this multiple extra-dimension scenario can lead to
interesting and important results by providing constraints on
various parameters in this models.

It is possible to ascribe the cosmological solutions so
obtained holographic interpretations. Following [54] it suf-
fices to show that the usual 4-dimensional cosmological
equations can be rewritten as a 2-dimensional conformal field
theory (CFT). For this we can define the Hawking, Beken-
stein, and Bekenstein—Hawking entropies as

(n—1DHV n—1HV 2ma
= "o BH:( ) . Sp=—FE

S, o
H 4G 4Ga n
(133)

where E = pV is the total energy within a volume V and
pm X a*,but p = p, + F(R)/167G. This is how the
effect of f(R) gravity enters the picture, by altering the def-
inition of the energy. Furthermore the total entropy is by the
Hubble entropy Sg, which is the entropy of the black hole
with the radius of the Hubble size. Using these definitions
the Friedman equations can be rewritten as

2mwa
Sy = TJEBH (2E — K Egn);

KEgg =n(E+ pV — TaSn) (134)
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with energy of the black hole being Egy =n(n—1)V /87 Ga>
and Hawking temperature being Ty = —H/27x H. This
is exactly the form one would have from the CV entropy
relation. It explicitly shows the connection between 4-
dimensional classical gravitational physics and 2-dimensional
quantum 2-dimensional CFT [55]. One can also consider dS
or AdS black holes in the bulk, such that the brane equations
of motion can be cast in the form of Friedman equations. By
introducing brane matter the cosmological equations can be
written in the CV form which is related to AdS black hole
entropy [56].

6 Discussion

Motivated by the success of extra dimensional models to
explain various physical problems, e.g., hierarchy problem,
cosmological constant problem, in this work we have con-
structed and worked within the premises of a very general
higher dimensional model. Since gravity can propagate in the
full bulk spacetime, the field equations for gravity on a lower
dimensional brane is taken to be induced from the higher
dimensional one. Previous work in this direction involved
two assumptions, namely, the bulk is 5-dimensional while
the brane is 4-dimensional and gravity in the bulk is orig-
inating from the Einstein—Hilbert action. However, in the
spirit of string theory it is pertinent to ask what happens
to this induced gravity program as the bulk spacetime is n-
dimensional while the brane is (n — m)-dimensional, for
arbitrary m. Also from the recent success of f(R) grav-
ity it is interesting to discuss the situation when the bulk
spacetime has f(R) as the action, not R. Below we sum-
marize all the results obtained in this work along these
lines:

e Starting from a n-dimensional bulk spacetime endowed
with Einstein gravity, we first derive the effective field
equations on (n — 1) and (n — 2) spacetime dimensions.
Taking a cue from this analysis we could read off the
effective field equations in (n — m) dimensions for arbi-
trary m.

e As an application of this result, we have illustrated two
situations. One, in which there is no matter but bulk
effects populate the right hand side of effective field
equations. The static spherically symmetric solution so
obtained has the standard 1 — (2G M /r) term, with addi-
tional terms originating from the bulk Weyl tensor. These
additional terms have contributions from both the 5-
and 6-dimensional Weyl tensors (in particular its electric
part). Second, the cosmological situation with matter but
no bulk geometric effect. From the solutions so obtained
it becomes evident that matter in higher dimensions can
add to the matter content of the visible brane and has
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the potential to act as dark matter source. More impor-
tantly, the effective Friedman equations can be cast in
holographic language, such that it can be related to 2-
dimensional CFT.

e Modifying Einstein—Hilbert action in the bulk by addition
of f(R) termis the next immediate generalization. In this
context as well, we have first derived the effective field
equations in (n — 1)-dimensional brane starting from n-
dimensional bulk. Then we have obtained the effective
field equations on a (n — m)-dimensional brane, starting
from the original n-dimensional bulk.

e Like the situation in general relativity, in this context as
well we have discussed two cases. For the spherically
symmetric, static vacuum spacetime, f(R) gravity mod-
ifies the general relativity solution significantly. The solu-
tion also exhibits two remarkable effects. First of all, it
shows a divergent specific heat, which points to the effect
of a phase transition. Second, it can be written in Nariai
form, which shows the anti-evaporation effect.

e In the cosmological context as well f(R) gravity mod-
ifies the cosmological constant and the transition time
scale depends explicitly on the f(R) model of gravity
under consideration. Also the f(R) model of gravity
exhibits the CV entropy relation, such that the Fried-
man equations can be rewritten in terms of 2-dimensional
CFT.

Thus in a nutshell, starting from Einstein’s theory in the
bulk, which is taken to be n-dimensional we have constructed
various induced objects on any arbitrary (n —m)-dimensional
brane providing a complete generalization of existing set up.
We generalize this analysis further by incorporating f(R)
gravity in the bulk instead of Einstein gravity. In f'(R) gravity
as well we follow the same procedure by relating geometrical
objects like extrinsic curvature, Riemann curvature in the n-
dimensional bulk with the (n —m)-dimensional brane. In this
case as well from the structure of the effective equation we
can immediately generalize the set up on an arbitrary lower
dimensional hypersurface as well.

Having derived all the necessary theoretical ingredients,
we consider possible applications of our results in both the
gravity theories. As an illustration, we took a 6-dimensional
bulk spacetime in which a 4-dimensional brane is embedded.
In static spherically symmetric vacuum spacetime we have
additional terms from the bulk Weyl tensor as the source
of gravity. For f(R) gravity we have an equivalent of the
cosmological constant making the solutions asymptotically
(anti) de Sitter. In a cosmological context the 5-dimensional
sub-manifold contains matter showing the standard cosmol-
ogy to be an inherent and natural consequence of our model.
Finally, we comment on the possibility of the bulk matter as
a possible candidate of dark matter in the lower dimensional
brane.
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A Appendix: Detailed calculations

In this section, we provide some detailed expressions, which
have been used in the main text for arriving at various results.

A.1 Identities for the derivation of (n — 1)-dimensional
effective field equation

The starting point of obtaining the effective field equation
is the Gauss—Codazzi equation, which relates the (n — 1)-
dimensional curvature tensor to the n-dimensional curvature
tensor. For our purpose these two tensors are related through
the following relation:

n=Dpg By = = )Rabcde eﬂe‘ ed

—e(KevKgy — Ko Kpgy) (135)
where we have used the definition
Ko = e3elVany, (136)

with € = n;n’. Contraction of Eq. (135) with the (n — 1)-
dimensional metric hqp = egeg (gab — €ngnyp) leads to the
connection between the (n — 1)-dimensional Ricci tensor and
the n-dimensional curvature tensor:

DRy = hFY DR
= MRupeac’ eﬂec e nPY
— e(KavKpy — Kap Kp)h?”
= " Rapeacie’, (8" D)
— e(Kav K}, — Koy K)
= (”)Racege; —e ™R bcde“nbe;nd

— €(KavK}, — KapK).

Gl’ll’l

(137)
The Ricci scalar can now be obtained:
n=Dp — 2z (n_l)Rau

abcde n-e
— KO(MK)hap’

= WRcelesh™ —e MR bl n?hot
—e(KavK,

= MR, (g% — enn®)
—e® Rubcdnbnd(gac —en“n‘)
—e(K,WK" — K?)

= WR —2¢ MR nn® — e(K, K" — K?).

(138)

The above relation can be further simplified by using an iden-
tity for M R _,n9n?, which can be written as

= V,(n’Vyn?) — VnbVyn®
— Vp(n"Van®) + (Vpn®)?
= —Vi(Kn' —a') — KopK? + K?.

(n) Rabl’lal’lb

(139)
Then we obtain ™ R in terms of ®~DR:

K?) —2eV;(Kn' —a').
(140)

WR = DR — e(Ky K" —

The relation between (n — 1)-dimensional Einstein tensor
and n-dimensional Riemann tensor is therefore given by

1
(n—l)Ga# — (n_l)Rom _ Ehﬂl# (n—l)R

b

= (”)Racegez —€ (")Rabcdegn e n?

Zn
1
— ¢ (KavK), — Koy K) — Ehw

x [WR —2¢ WR,nn® — e(K,y K" —K?)]
1
= ((n)Rac - Ega (n)R) g ICL
+ € (")Racn“nchau —€ (")Rabcdegnbe;nd

1
+€ |:KKW—K0[/3K5—EhaM(KZ—KWK“”)].
(141)

The Riemann tensor can be decomposed into a Ricci tensor,
a Ricci scalar, and a Weyl curvature tensor in n dimensions:

1
(n)Rabcd = (n)Cabcd + I’l_

-2

X (gacRbd - gadec - gbcRad + gbdRac)

1
T S D ) (8ac8bd ~ 8aagee) R, (142)
which suggests
™ Rapcaegn”eyn® = ™ Capcaeyn®egn’

+

1
P— (Racn n hrxu + €Rycele M)
€

- mhauR. (143)
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Then substitution of the above equation in Eq. (141) leads to

=3\ w
)

1
X Rabnanbhaﬁ — (”)Rabegeg
. 1
n—1Dmn-2)

(n_l)Gaﬁ = (")Gabe e +€<

R hag — € (n)Eaﬂ

1 2 v
+e| KKap — KapKly — Shop(K? = K K"

(144)
where we have defined (")Ea/; = Cabcaean eﬁnd This

yields the n-dimensional Einstein equation, with the follow-
ing expressions:

®WR =— K2T,

1 2
(n)Rab - Egab WR = iy Tab; n_2 Ky

1
(ﬂ)Rab = Kr% (Tab — mg(le) .

(145)
We therefore have the following expression:
) a b n=3\ m a, b
Gabeaeﬂ +€ — Rapn“n’hop
- MR pege +—1 MR K
n—2 BT G T hm—2) ob
2 b 2 (n—3
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1 1
2 b
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2
2
— Kk ————————hogT
"(n—Dn—2)2
n—3 1
= Kfn — [Tabegeg + hep {eTabn“nb i lT” )
(146)

This is the result used in Sect. 2.1.

A.2 Identities for the derivation of (n — 2)-dimensional
effective field equation

We start with the connection between (n — 2)-dimensional
curvature tensor and (n — 1)-dimensional curvature tensor:

-2 B 1
"D Rapep = "V Rapuvelenelel,

— (KapKpc — KacKpp) (147)
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where we have the extrinsic curvature on the (n — 2)-
dimensional surface: ap = ejeg Vasg, with s being the
normal to the surface. Then the induced (n — 2)-dimensional
metric turns out tobe g4 p = €9 eg (hap — sqsp). Contracting
the above equation with ¢2? leads to

"D Rac = "D Rupuneiepeena”’
- (’CAD/CC - Kack)
= "D Rapuefel (B —sPs")
— (KapK2 — Kack)
= (”_I)R(we%eg - (”_1)Ro,ﬁweAsﬂegs
— (Kapk& — Kack). (148)

On further contraction we arrive at the following result:

n-Dp _ 4AB =R,

= =DR 2 =DR, 5%k — (KapKA® — K%).

(149)

Then we can use Eq. (139) to obtain an identical relation for
("_I)R(ws"‘s“. This leads to the relation

n-Dp — -2 p _

(KapKA® — k%)

— 2Dy (Ks® — sP Dgs®), (150)

which on using Eq. (140) yields
MR = 0"DR _ (K\pkAB —
+ (K WK™ — K?) +2Vi(Kn' —a').

K?)—2Dy (Ks® —sP Dgs®)
(151)

In order to obtain the effective equation on this (n — 2)-
dimensional surface we need various contractions of the Rie-
mann tensor. For that purpose we start with the following
identity:

5D RypneisP el

_ 1 _ _
:{(n 1)Caﬂuv+n_3(hau (n I)Rﬁv_hau (n DRﬁM

— hgu RETV + hp,
1

- "DR(hguhgy, — havh
(n—2)(n—3) (el 2

D Ry

X eAsﬁeg =Esp + (”7])Raﬂs°‘sﬁ

1
=3 x (4B
1

(n—1)
(n—=2)(n—3)

+ <”‘”Ra,seie§) - RgaB

(152)
where we have defined the tensor 45 =" Capuves

sh eg s”. Then the effective equation on the (n—2)-dimensional
hypersurface turns out to be
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=G g = ("_1)Gaﬁe%eB + ("_1)Ra5sasﬁq,43 — &
1 _ _
— o @an VRS 4 O Rypese)
1

T a -
+ [ICABIC — Kack§ —

B (=D p

1
ECIAB(’CZ - ’CABKAB)]

—4)
= 0=bg eaeﬂ+—(n =D R, g5%sP

apCACB (n—3)qAB ap
up€ieh

——qap "PR-€
+ =20 — 3)6]AB AB

1
+ [/CAB/C — KacK§ — =qap(K* — /CCD/CCD)] .

2
(153)

Now instead of ("_I)Ralg, we can use the relation ("_I)Ra,g
= (=DGyp + %haﬂ =D R to replace the Ricci tensors in
terms of Ricci scalar and Einstein tensors. This leads to

- (n=4T -
DG ap = e [ D Gapeli el

-3
N { 0 G s 4 T3
n

1
—&ap + [KABK_KACKS_EC]AB(’CZ — ICCDICCD)i| .
(154)

Now introducing the Einstein equation in (n — 1) dimensions
we arrive at

- 2
" DGop = i1 Tup: :

— T
(n—3)
(155)

(n—l)R — _

Using this expression in Eq. (154) leads to the effective
field equation in (n — 2) dimensions, which is presented in
Sect. 2.2.
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