-

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Crossref

Eur. Phys. J. C (2014) 74:3185
DOI 10.1140/epjc/s10052-014-3185-8

THE EUROPEAN
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Warped brane worlds in critical gravity

Yi Zhong'?, Feng-Wei Chen'", Qun-Ying Xie!%*, Yu-Xiao Liu'd

! Institute of Theoretical Physics, Lanzhou University, Lanzhou 730000, People’s Republic of China
2 School of Information Science and Engineering, Lanzhou University, Lanzhou 730000, People’s Republic of China

Received: 6 August 2014 / Accepted: 19 November 2014 / Published online: 6 December 2014
© The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract We investigate the brane models in arbitrary
dimensional critical gravity presented in Lu and Pope (Phys
Rev Lett 106:181302, 2011). For the models of the thin
branes with codimension one, the Gibbons—Hawking sur-
face term and the junction conditions are derived, with which
the analytical solutions for the flat, AdS, and dS branes are
obtained at the critical point of the critical gravity. It is found
that all these branes are embedded in an AdS,, spacetime,
but, in general, the effective cosmological constant A of the
AdS,, spacetime is not equal to the naked one Ag in the
critical gravity, which can be positive, zero, and negative.
Another interesting result is that the brane tension can also
be positive, zero, or negative, depending on the symmetry of
the thin brane and the values of the parameters of the theory,
which is very different from the case in general relativity. It
is shown that the mass hierarchy problem can be solved in
the braneworld model in the higher-derivative critical grav-
ity. We also study the thick brane model and find analytical
and numerical solutions of the flat, AdS, and dS branes. It is
found that some branes will have inner structure when some
parameters of the theory are larger than their critical values,
which may result in resonant KK modes for some bulk mat-
ter fields. The flat branes with positive energy density and
AdS branes with negative energy density are embedded in
an n-dimensional AdS spacetime, while the dS branes with
positive energy density are embedded in an n-dimensional
Minkowski one.

1 Introduction

The idea that the spacetime has more than four dimensions
and our universe is a brane or domain wall embedded in
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higher dimensional spacetime [1-6] has been proposed for
a long time and discussed extensively. It is believed that
the braneworld scenario can supply new insights for solving
the gauge hierarchy problem and the cosmological constant
problem [7-17].

There are many discussions of branes both in the frames
of general relativity and modified gravities. In Refs. [18-23],
non-minimal coupling branes in scalar—tensor gravity were
discussed and the mass hierarchy problem can be solved in
scalar—tensor thin branes model [18]. A brane model in the
recently presented EiBI gravity theory was constructed in
Ref. [24] and it was found that the four-dimensional Einstein
gravity can be recovered on the brane at low energy. Branes
in spacetime with torsion were investigated in Refs. [25,26]
and it was shown that in f(7) gravity that the torsion of
spacetime can affect the inner structure of branes [25]. Ref-
erence [27] investigated braneworld teleparallel gravity. For
brane models in higher-derivative gravity there are also many
references; see for examples Refs. [28-38].

In this paper, we are interested in brane solutions in the
framework of higher-derivative gravities. As is well known,
general relativity is anon-renormalizable theory and it suffers
from the singularity problem as well as other problems. In a
quantum gravity theory or the low energy effective theory of
string theory, higher-order curvature terms would be added to
the Einstein—Hilbert action. The principal candidates for such
corrections are contracted quadratic products of the Riemann
curvature tensor. With this kind of corrections, the most gen-
eral correction terms has the form of &’ R? + g’ Ry v RMN +
)//RMNPQRMNPQ, or aR? + ,BRMNRMN + y LB, where

L6 = RunpoRMNP2 — 4Ry Ny RMN 4 R? (1)

is the Gauss—Bonnet term and it is topological invariant in
four dimensions. Gravity theories with this kind of correc-
tions were studied in detail in Ref. [39].

Nevertheless, an action with quadratic curvature terms
implies that the field equations contain the fourth derivations
of the metric and thus would lead to a massive ghost-like
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graviton. Recently, it was shown in Ref. [40] that the mas-
sive scalar mode can be eliminated and the massive ghost-
like graviton becomes massless when the parameters of the
quadratic curvature terms satisfy the critical condition. The
corresponding theory is called critical gravity. It was gener-
alized to higher dimensions in Ref. [41]. See Refs. [42-46]
for work related to critical gravity.

In general, it is very hard to solve analytically the Einstein
field equations of a higher-derivative gravity for a system
with matter fields. However, for a codimension-1 brane sys-
tem with the metric ds? = e?4Wg,, dx*dx" + dy? (g, is
the maximally symmetric metric) in critical gravity, the Ein-
stein field equations are of second order at the critical point.
So it is possible to get analytical solutions in this higher-
derivative gravity theory and to give some insight into some
interesting questions. In Ref. [47], a flat brane scenario in
five-dimensional critical gravity was investigated and some
analytical solutions were found for a thin brane with the use
of the junction conditions and for a thick brane. It was found
that scalar perturbations for all these brane solutions are sta-
ble.

However, the flat brane scenario is the simplest case for
the study of the brane world. It is well known that there
are three types of branes with maximally symmetry: flat, de
Sitter, and anti-de Sitter branes. Furthermore, the study of
Friedmann—Robertson—Walker (FRW) branes is also inter-
esting. It is expected that the warped brane models in higher-
derivative gravities such as critical gravity may provide a new
scenario in the study of the AdS/CFT correspondence, cos-
mologies, and phenomenological model building [29,48]. In
this paper, we generalize the work of Ref. [47] and construct
the flat and warped brane solutions in n-dimensional criti-
cal gravity. The organization of this paper is as follows. In
Sect. 2, we first derive the Gibbons—Hawking boundary term
on the thin brane and give the junction conditions. Then we
construct analytic flat and warped brane solutions with the
junction conditions and investigate the hierarchy problem in
the thin brane scenario. In Sect. 3, thick branes generated
by a scalar field are investigated and the conditions of the
splitting of the branes are obtained. Finally, our conclusion
is given in Sect. 4.

2 Thin brane solutions
First we consider the thin brane models in the frame of n-
dimensional critical gravity. The action is [41]

1
S =__

- d"x/—gLG + Sp, 2
242

where

L6=R—(n—2)Ag+aR>+ BRu~nR"N + yLss, (3)
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and « denotes the n-dimensional gravitational constant with
2 =8rx / Mf , where M, is the n-dimensional Planck mass
scale. The parameters o and B satisfy the following critical
condition [41]:

4(n — Da+np =0. “4)

The brane part Sg of the above action is given by

Sp = / &g (~ Vo), 5)

where V) is the brane tension and ¢y, is the induced met-
ric on the brane, which is assumed to be located at the
origin of the extra dimension x” = y. The capital letters

M,N,...=0,1,2,3,...,n — 2, n and the Greek letters
u,v,... =0,1,2,...,n — 2 denote the indices of the n-
dimensional bulk and (n — 1)-dimensional brane, respec-
tively.

The equations of motion (EoMs) derived from the action
(2) read

Gun + Eun — gHMN =i>Tyy, (6)
where

1 1
Gun = Run — ER gmN + 5(" —2)Aogmn, @)

1
EMN =2aR (RMN — ZR gMN)
+Qa + B)(gmunU — VuVN)R

1
+2BR"C (RMPNQ — —Rpo gMN)

4
1
+B0 (RMN - ER gMN>, (8)
Hyun = gunLcs — 4RRyy +8RypRY
+8Ryanp R — 4Ryapc Ry, 9
2 68

In an n-dimensional space, we have the following relation:

aR? + BRynRMN + y Ly
4(n—1a +np

-2
— (}’l )ﬂ C2_ {‘CGB Rz’ (11)
4(n—-3) 4(n—3) 4(n—1)
where
{=m—-2)B—4(n-3)y, (12)
and C? := CMNPOCypnpo is the square of the n-

dimensional Weyl tensor,
2
Cunro = Runpro — m(gM[PRQ]N — gnipRoim)

+ EM[PEOIN- (13)

—— R
(n—1(n—-2)
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Note that, under the critical condition (4), the last term R? in
the right hand side of Eq. (11) vanishes. So, the Lagrangian
density L for the critical gravity can be reexpressed as

(n—2)p
CG—EEGB+4( _3)C, (14)

where Lggp is the Einstein—Gauss—Bonnet (EGB) term:

¢Lc

LEGB = R —

In the following, we first generalize the result of the junc-
tion conditions in five dimensions in Ref. [47] to n dimen-
sions for flat, AdS, and dS thin branes. Then we will use the
generalized junction conditions to give the thin brane solu-
tions.

2.1 Junction conditions

Following Ref. [47], we adopt the Gibbons—Hawking method
to derive the junction conditions. The basic idea is as follows.
The whole spacetime M is divided into two submanifolds by
the thin brane, which is the boundary d M of the two sub-
manifolds. The unit vector normal to the boundary dM is
denoted by n€ and it is outward pointing. Then the induced
metric on the brane is gMN = gMN — yMyN The extrin-
sic curvature is defined as Kyyy = Lngun/2. We denote
[Fli := F(04+)—F(0—).Inthe following, weletn? (04) =

= (0,0,0,0,—1) and n2(0_) := (0,0,0,0, +1) for
the right and left sides, respectively. Due to the Z, symmetry
of the extra dimension, we only need to calculate the right
side. See e.g. Refs. [47,49,50] for details.

We will deal with the C? term and EGB term, respectively.
We first consider a general geometry instead of the special
case of branes with ds? = ezA(y)g,w(x)dx“dx” + dy?2. For
the C? term, we have

8/ d"x/=gC? 34/ d"'x /=g
M oM
[PV Cngsgmnir = (€PN Ong).

+ M nr) s |- (16)

Here, the bulk term has been omitted and only the rele-
vant boundary term is given explicitly. In order to have
a well-posed variational principle, we introduce an auxil-
iary field (pMNPQ and replace C? with 2<pMNPQCMNpQ —
(pM NP Q(p mnPo- Then from the EoM of the auxiliary field,
PMNPQ — CMNPQ e can see that NP2 has the same
symmetry as the Weyl tensor and is also totally traceless.
With the new field oMV P2_ Eq. (16) becomes

5/ d"x/=gC? 34/ " 'xy/=g
M oM
[(@MPNQHQ5gMN);P - ((fﬂMPNQnQ);P
+ oM np) sgun . (a7
Then with the identity [47]
XM = Dy @¥ XV + Kny XV + Ly(ny XV, (18)

where Dy (gh XV) := quR P(@RX™N). 0, we can show that
/ 4" xy/=g(@" N Cnosgmn): p
oM

:f dn_lx«/—g[(pMPNQnanEn(SgMN
oM

+<K§0MPNQH onp + En(¢MPNQnQnP))5gMN]-
(19)

Further, the first term in the above equation can be reduced
to

oMPNCy onp Ladgun

=20MVsKyn — oMY Kynn"n%sgpo

+2Dn (@M n"sgpu) — 201 nNSgun. (20)
where pMN = pMPNQpy onp. So the surface term for the
C? part is
1 n—2)B —1 2

38 8 d"x/—gC

c 2 ( 224 —3) Jy, o V78

(n—2)p

= m - dn_lxv —g{2(pMN8KMN

+[£n(pMN + KoMV gDPQKPQnMnN

~2¢3 M0 — (M Cng), p
—MP2np |sgmn . e

Then with 20MVsKyy = 20MN8(Kpyn — rqunK) +
2 KMV, we finally obtain

n—2p8 ~1 MN g &5
880 > —— 2P [ gy /=g [2 5K
TP el AV S
+ (W = P OK ponnV)sgun . 22)
where
} 1
Kun := Kun — nTICIMNK, (23)
n+1
WMN . o= lK(pMN + LagMV — z(p;l;anN)
— @MPNCng).p — M N onp. (24)
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:WMN szN

It can be shown that WM Ny,
=0.

Now we can introduce the corresponding Gibbons—
Hawking surface term [51] for the C 2 term:

qMN 8MN

(n—2)p

Ssuf —
T (=32 Jym

A" 'x =g oMV Kyn. (25)

So we have (considering the whole spacetime)

-2
X{ — 2[kMN]i5¢MN - [(pPQKPQ]inMnNSgMN
H[WHN] sgun | (26)

Next, we come to the EGB term in Eq. (15), for which the
Gibbons—Hawking surface term was given in Refs. [52-54]:

1
surf n—1
= | alxy=
SEGB %) /zw xXv/—g
x (2K - i 50 2G,w1<“”)) 7

with G w = Ié,w —quv R /2 the Einstein tensor of the induced
metric g, and J the trace of the following tensor:

1
JMN = 5(2KKA[/;KPN + KPQKPQKMN

—K2Kyy — ZKMPKPQKQN). (28)
Then we have

8(SEGB + Sput)

1 ) B ¢
e /dx' [ —(n=2M =0

1
+ﬁ8/a d" /= (K——(J 2GWK’”))

ﬁGB]

(n—3)
1 _
D F,/ d" lx\/ _g(_EEGB)(SgMN, (29)
K= Jom
where
EfY o= [KMN]L — g™V KL
¢ ( MN MN
3[J — J
T [ 1+ [J]+
—2PMPNOIK po ), (30)
Punpo = Runro — 2qamioRpin
+2gn1oRpPiMm + RamipgoIn- 31
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Thus, from Egs. (26) and (29), for n-dimensional critical
gravity theory, we finally get

8(SecB + Sc2 + Siap + S5Y)

> /BM d"—lxﬁ{%( —2[Run],80™Y
—[Kpoe”?] n™n"sgun + [WMN]i(SgMN)
—E%l\gfggMN}- (32)
So, the junction conditions are
[Kun], =0, (33)
[Kpow"C]. = Kpolp"Cle =0, (34)
[Ekga]. - ("n _23)’3 (W], = € Tgrane- (35)

Here T(bran 0 denotes the singular part of 7™V To avoid the
d-function in the junction conditions, we need the stronger
condition [<pMN]i =0.

For the special warped geometries of flat, AdS, and dS
branes, whose metrics have the form

ds? = e Mg, ()dxtdx’ + dy?, (36)

the first condition (33) gives no more constraint for brane
solutions because K y v = 0; and CMPNQ ig continuous and
its contribution vanishes. So the above junction conditions
for flat, AdS, and dS brane solutions in the critical gravity
are simplified as

MN 2TMN
[EEGB] T(brane) ’ (37)
where the nonvanishing components of the brane energy-
momentum tensor are 771" = —V;g,,,. The reduced met-

ric is quy = &uv(x)e?4Y). With the constraint A(0) = 0
and the assumption of the Z, symmetry of the extra dimen-
sion (A(y) = A(—Yy)), we have K;,,(01) = —K,,(0-) =
—A'(04)8,v, and hence [K, ]+ — qulKl+ = 2(n —
3) A" (04)&pur-

Next, we mainly consider the branes with maximum sym-
metry, namely, flat (Minkowski), AdS, and dS branes. With
the explicit junction conditions, we will give the thin brane
solutions. The flat brane solution in five-dimensional critical
gravity has been found in Ref. [47].

2.2 Flat brane

The line element of a flat brane with the most general (n — 1)-
dimensional Poincaré-invariant is

ds? = eZA(”anx“dxv +dy?, (38)

where e24() is the warp factor. Such a compactification is
known as a warped compactification. Considering the Z,
symmetry of the brane model, we have A(y) = A(—y).
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Furthermore, we can set e4(® = 1 in order to get g*¥ = n*”
on the brane. The bulk energy-momentum tensor reads

Tun = = Vodydye® Vs (y), (39)
from which the brane energy-momentum tensor is given by
Ty = —Vodhy8)nuw or T = —Vonu,. (40)

For arbitrary « and g, the field equations (6) are fourth-
order differential ones. However, at the critical point ¢ =
—4(,1”—_1) B [41], the bulk field equations turn out to be

2+ (1 —4)cA?A" =0, (41)
4A0+ (n— DAPA+(n—HrA?1 =0, (42)

where ¢ is given by Eq. (12), and the prime and double prime
stand for the first-order and second-order derivations with
respect to y, respectively. Throughout this paper we will use
the critical condition (4). The junction conditions read

n — 2)[A’ + é(n - 4)§A’3L — —2V, (43)

or
1
2(n — 2)<A/(O+) +ot- 4)§A/3(0+)> =—k2Vy, (44)

due to the Z, symmetry of the extra dimension.
The solution for the warp factor A(y) is

A(y) = —klyl, (45)

where k is a positive parameter since we are interested in
the exponentially decreasing warp factor, which could solve
the hierarchy problem if we consider the two-brane model
with an S'/Z5 extra dimension [7]. Then, from Eq. (42), the
naked cosmological constant is given by

1 2 2
A0=—(n—1)<1+z(n—4)§k >k : (46)

The brane tension is determined by the junction condition
(44):
n—72 5
Vo= L% (6 +(n—4)ck )k. (47)
32

It is clear that the result is consistent with the one in general
relativity when ¢ = 0. The naked cosmological constant and
brane tension are, respectively, negative and positive when
¢ = 0 (in this paper, we assume that n > 5), and they can
be positive, zero, and negative when ¢ < 0, depending on
the magnitude of ¢ compared with k2. If we require that
the higher-order terms in (3) are small compared with the R
term, which implies ¢k* < 1, then we will have negative
Ao and positive brane tension for any such ¢. If we rewrite
the Einstein equations (6) as Gyny = KZT;}C;,, namely, and
identify (Epyn — %H MN) //<2 + Ty as an effective energy-
momentum tensor, then we will always get an effective pos-
itive brane tension.

The flat thin brane is embedded in an AdS,, spacetime,
with the effective cosmological constant A given by A =
—(n — 1)k?. Therefore, the higher-order terms only affect
the naked cosmological constant and brane tension.

For the case n = 5, the result reads

Ao = —(4+ kDK, (48)
Vo = k2 (6 n §k2> k, (49)

which is the thin brane solution found in Ref. [47].
2.3 AdS brane

The metric describing an AdS brane embedded in an AdS,
spacetime is assumed to be

ds? = 24 [eZHanz (—dt2 + dx12 N dx,%73)
+dx7 o] +dy* (50)

The corresponding Einstein equations beyond the thin brane
turn out to be

@4 A" — H?) [2 + (-4 H e A + (n—4);A/2] -0,
(5D
(n—1)A? [2(;1 —HH* 4G+ (n — 4)§A’2)]

+4(n—1DH?* + (n—1)(n — 4 H*re 24 + 440e*4 =0.
(52)

The junction conditions read
1
(n — 2)[A’ (1= 4p(a” + 3H2A’)L =~ 2V, (53)

The solution for Eq. (51) is

A(y)=1In [% cosh(k|y| + 0):| (54)
with

= h k 55
0 = arccos (ﬁ) . (55)

Here, the two parameters should satisfy the relation: k > H.
Substituting the solution (54) into the second Eq. (52), we
get the naked cosmological constant:

1 2 2
A0=—(n—1)<1+z(n—4)§k >k : (56)

Since Ryny = Agun = —(n — 1)k2gMN, the cosmolog-
ical constant of the AdS, is A = —(n — 1)k2. The naked
cosmological constant can be positive, zero, and negative,
depending on the value of the combine of the parameters S
and y (e, { = —4y(n — 3) 4+ B(n — 2)). The junction
conditions (53) give the brane tension:

Vo = n3;22 [6+ 0= 0 + 20| Vie =12, 57)

@ Springer
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which can be positive, negative, or zero.
2.4 dS brane

The metric describing a dS brane has the following form:

ds? = 240 [dr? 4 72118, dx dn ] + dy?. (58)

The EoMs at y # 0 are

4 A" + H?) [2— (-4 H e 2 + (n —4);A/2] -0,
(59)

(n—1)A” [—2(11 —HH* ¢ + e E+ (n — 4)§A’2)]

—4n—1)H* 4+ (n—1)(n — 4)H* e >* + 4Ape** =0.
(60)

The junction condition is similar to the case of the AdS brane:
1
n— 2)[A’ o 4 (AB - 3H2A’)L =~ V. (61)

The solution is

A(y) =1In [% sinh(k|y| + a)i|, (62)
where

= inh k 63
o = arcsin (E) . (63)

The naked cosmological constant and other parameters are
related by

2 1 2
Ag=—(n— Dk (1+Z(n—4)k ;). (64)

The junction condition gives the relation between the
brane tension and other parameters:

Vo = ”3;22 6+ =42 280 [ Vie + H2. (65)

Just as the case of the AdS brane, the brane tension here can
also be positive, negative, or zero.

For the flat, AdS, and dS thin branes, the metric at y # 0
satisfies Ryyy = Agmn, where A is the n-dimensional effec-
tive cosmological constant. It is because these thin branes are
all embedded in AdS,, spacetime. A is related to the naked
cosmological constant Ag by

—4
C4n—1)
As discussed in Ref. [41], Eq. (66) has two roots, which
correspond to two AdS vacuums. One of the AdS vacuums
has negative energy excitations. On the other hand, to render
the massive spin-2 mode into massless, we need a second
critical condition [41]

Y el U 2)?B+4(n—3)(n—4)ylA
2(n —1) n

Ag=A A% (66)

0. (67)

@ Springer

Under this condition, one obtains the effective cosmological
constant A of the critical vacuum,

nn—1)
2 — D —2)2a +2n(n —3)(n — 4y’
and the corresponding critical naked cosmological constant,
_nz(n -1 [(n —D(n—2)a+ n—3)(n — 4)y]

2(n — 1)(n —2)%a +2n(n —3)(n — 4)y
(69)

(68)

A =

Age =

As shown in Ref. [41], for the critical vacuum, the massive
spin-2 mode become massless, and the excitation energy of
the massless graviton vanishes; while for the noncritical vac-
uum, the spectrum still contains both massive and massless
modes, and their excitation energies are of opposite signs.

Furthermore, if we require ¢ = 0, Eq. (66) renders Ag =
A, and there will be only one AdS vacuum. Equation (3) now
is reduced to

I n—2B
LG=R—(n 2)A0+4(n_3)C (70)

with Ag = —%.

2.5 Effective action and mass hierarchy

To derive the effective action of gravity on the brane, we fol-
low the procedure in Ref. [7]. The nth dimension coordinate
ranges from —yj, to y, with the topology of S'/Z», brane I
is located at y = 0, and brane II at y = y,. We consider the
massless gravitational fluctuations of the background metric
(38):
ds? = ezA(y)wa(x)dx“dx” +dy?

= 220 (1, + hyy (x))dxHdx” + dy?. (71)
These massless gravitational fluctuations are the zero modes
of the classical solution (38) and £, (x) is the physical gravi-

ton of the four-dimensional effective theory. With the help of
solution (45), we have

V=8Lc = /—g[R — (n —2) Ao + a R?
+BRun RN +y Lcg]

— h—g[ae*"*)k'ﬂk
e~ (T Ik (04132 + BR. R + VﬁGB>
function of A(y), A’(y), and A”(y)], 72)

where
a=1-2? [—l(n—2)2ﬂ+(n2—5n+2) } (73)
= 1 AR

My is the (n — 1)-dimensional Planck scale on the brane,
M is the n-dimensional Planck scale satisfying 2M"~2 =

2/{%, and terms like ¢ and R are constructed by 8uv(x). Note
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that in the action (3) the terms like RZ and Ry n RMV etc.
are considered as higher-order terms compared with the R
term. This is equivalent to aR?, BRunN RMN and yLeB<KR,
which imply Bk?, yk*<«1. So we have |1 — a| < 1. The
action of the n-dimensional gravity is reduced to

Sg = 2M”*2/d”x~/—g£a
> 2aM"? /yb dy e~ (=KD /d"ilx\/ —%R

Vb
b
+2Mn72/ dy e~ =9kDy|
¥
X /d”flx\/—gf (ot]%z + ,BIQWI%“" + yﬁGB)
D Seffs (74)
where the (n — 1)-dimensional effective action is
Seff = 2M353 / dnilx\/ —g
x [1% b (aléz + BRRM + yﬁGB)] : (75)
—3)[1 — e~ (=5kyp
(=3[l -e ], n=>o,
a(n —5)[1 — e~ =3k ]

(n —3)kyp
a [1 — e*(”*3)ky17] ’

Here, the effective Planck scale My, is related by the funda-
mental mass M via
n3 2 Mn—3

Pl T =3k
From this, we can see that the relationship between the fun-
damental scale and the effective one reduces to the case in
the RS1 model because a = 1. Hence, the n-dimensional
critical gravity reduces to the (n — 1)-dimensional critical
gravity on the brane. Substituting the metric (71) into the
junction condition (37), we obtain the brane tensions of the
two branes:

b= (76)

n=>5.

[1 — e—<”—3)’%] . (77)

n—2
32
Let us consider a Higgs field on the brane II with the action
(for the case n = 5)

Su = [ d'xy/=30n)

% [<4" o) Dt D H = h(HP =02, (79)

Vi —Vig = <6 + - 4)§k2) k. (78)

where vy is the vacuum expectation value of the Higgs field.
Redefining the field H = ¢ » H, we obtain the canonical
normalized action of the Higgs field H:

Sy = /d4x\/—§

x [—gWDMﬁTDUFI —A(HP - e—2’%v§)2] . (80)

Therefore, the vacuum expectation value of the Higgs field
H would have a redshift due to the influence of the warped
extra dimension:

bo = e My, (81)

which implies that the electro-weak scale has a redshift. On
the other hand, the mass of the particles originates from the
Yukawa coupling, and the vacuum expectation value of the
Higgs field is one of the parameters that determine the mass.
Hence, the effective (physical) mass also has a redshift

m=e " my. (82)

From the above expression, we see that the redshift of the
vacuum expectation value of the Higgs field and the mass of
the particles are the same as the RS1 model in Ref. [7]. So,
the mass hierarchy problem is also solved in the higher-order
braneworld model in the critical gravity.

3 Thick branes generated by a scalar field

In this section we study thick branes generated by a scalar
field. The brane part of the action (2) is

1
Sp = /d"x«/—g (—EgMN3M¢3N¢ - V(¢)> , (83)

where the scalar field is assumed as ¢ = ¢ (y) for flat, AdS,
and dS branes considered below.

3.1 Flat brane
The line element of a flat brane generated by a scalar field is

also assumed to be (38). The EoMs (6) reduce to the following
second-order coupled equations:

2
24 (- 4HrA%1A" = —%a&’% (84)
12 2y 8K2 ¢,2
400+ (n — DA2[4 + (n — S A?] = n—z(T - v),
(85)
¢+ (n—1)A'¢ — Vs =0, (86)

where V = dV/d¢. Note that the above three equations are
not independent. To solve these equations, we introduce the
superpotential function W(¢), which is defined as

K
A =— 87
P (87)
Substituting Eq. (87) into Eqgs. (84) and (85), we obtain [47]
¢ =1+ WHW,, (88)
1 2321172 4 ) n—2
V=§(1+C1W ) W(P—CQW —ca3We — Y% Ag,

(89)

@ Springer
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where
(-4
= 20 —2)7 2)2§
—1D(n—-4
c (=D — 2
3T 2m—2)

3.1.1 The case t =0

For the case ¢ = 0, we have ¢; = ¢, = 0. In order to
support a kink solution for the scalar field, we first use the

superpotential W = kv (¢ — ¢—2>, for which the potential

3y
1S

(n — k> 2|:2 2 9(n—2):|
Vp)=——— —4v5g——| -
() 1801 = 2)02 2(¢> )’ | ¢ Ty

oD
2
The naked cosmological constant Ay = % i

negative. Substituting the superpotential into Eqgs. (87) and
(88), we obtain

¢ (y) = vo tanh(ky) 92)
422

e2A0) — ¢ — 305y tanh? " [cosh(ky)] 30D (93)

Also we can take another superpotential W = k¢§

sin(¢ /¢o). The solution is

V(g) = —k2¢0 (1 + K ¢0>cos2(¢/¢o>, (94)

¢ (y) = 2sign(y)¢o arccos <ﬂ> (95)
y) = 2sign(y)¢o S )

2AD) — [sech(ky)]ﬁﬂ"%, (96)
_ n— 2,4

do=- (n—2)2k % oD

Note that the potential here is the Sine-Gordon potential and
the scalar has a single kink-like configuration. The naked
cosmological constant Ag is also negative.

3.1.2 The case £ # 0

In the last subsection we cannot get a physical brane solution
for a usual ¢* potential for vanishing ¢ with the superpoten-
tial method. However, for the case ¢ # 0, we can consider
the usual ¢* potential by setting W = a¢. The potential turns
to

V = b(¢* —v3)?, (98)

@ Springer

where
) a*(n— kb [ —4a’tk*(n—4) + (n—2)(n— 1]
B 8(n —2)4 ’
2o =27
0 a’(n — e’

and the corresponding cosmological constant is

Ag= 1 (99)
0=

(n—4)¢
Here, we consider the case of n > 4 and require v(% > (0 and
b > 0, these lead to ¢ < 0 and Ag < 0. The solutions of the
scalar field and the warped factor are

¢ (y) = vo tanh(ky), (100)
K2L2
A0 = [cosh(ky)]” 2 | (101)
where
_ _ 2.2
k = /M&. (102)
2 n—2

If a trigonometric superpotential is used, the scalar field
can be a single kink, double kink, or even multi-kink, and
there can be various kinds of structure of the brane. The
warped factor A(y) and the scalar field are related with the
extra dimension y by

1
Y= / (raw)w, (103)

Ay) = -

< il d 104
n—2/(l+ch2)W¢ ¢ (109
For the case W(¢) = g¢g sin q%, we find that the param-
eters ¢ and ¢ can affect the structure of the brane. To see
this, we first plot the scalar potential V(¢) in Figs. la,
b, which show the influence of the parameters ¢ and ¢,
respectively. We can see that as ¢ and g get larger, a fake
vacuum of the scalar potential will emerge, which is dif-
ferent from the case in general relativity, i.e. ¢ = 0. So
we can expect that the scalar field has a double kink solu-
tion, which is shown in Figs. 2a and 3a; and the brane is
a double brane, which can be seen from the energy density
p(y) = TyunUMUN = —T% = 1¢> + V in Figs. 2b and
3b.
The corresponding cosmological constant is

(n — Dg’k*gg [(n — D’ trctog +4(n —2) ]
4(n — 2)4

Ay = —
(105)

The condition that the single brane splits into a double
brane is

p"ly—0 > 0, (106)
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() V(¢,q) with ¢ =1

Fig. 1 The shape of the scalar potential V (¢) for different values of ¢
and ¢. The parameters are setton = 5,¢p = 1, andk = 1

1.€e.,

(n—2)[2(n = 2) + (n — Di*¢F]
2(n — Hrctplq? '

{>8a= (107)

From Fig. 3b, it can be seen that with the increase of the
parameter ¢, the brane becomes fatter. When ¢ reaches the
critical value ¢.1, there will be a wide platform around the
brane location. When ¢ > .1, there will be a minimum
for the energy density at the center of the brane and two sub-
branes appear. Such a brane with inner structure may support
resonant KK modes for various bulk matter fields.

3.2 AdS thick brane

Now we consider the AdS thick brane, for which the line
element is also assumed as (50) and the EoMs read

(b) The shape of the energy density

Fig. 2 The shape of the scalar field and the energy density for different
values of ¢ for the flat thick brane. The parameters are setasg = 3, n =
5,00 = 1,k = 1, and ¢ = O for the dashed red line, { = .1 = % for
the thick blue line, ¢ = 6 for the thin black line, and ¢ = 12 for the
dotdashed green line

[(n C A CH% M (-4 A% + 2] (A" — H2%24)
242 n
R 2¢ ,

(1= A2 [0 = HEA? 4200 — ) H2 e 4]

(108)

+4n— DH?*¢ A+ (n—4(n — DeH*e ™ + 44
8k /1 n
= —-— - - V
n—2 <2¢ )
v

9"+ (n—1AY — Py 0.

(109)

(110)

3.2.1 The caset =0

For the case ¢ = 0, we consider the Sine-Gordon potential

4k¢

V(g) = —%(n P [cos (%> + 1] . (11

@ Springer
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(b) The shape of the energy density

Fig. 3 The shape of the scalar field and the energy density for different
values of g for the flat thick brane. The parameter g is set to g = 4 for
the dashed red line, g = 6 for the thick blue line, and g = 8 for the thin
black line. The other parameters are setas { = 1,n =5, ¢p = 1, and
k=1

Then we get the following solution:

>4 = cosh?(ky), (112)
¢ ky
¢(y) = — arctan | tanh >)) (113)
where
2 —2)(H? — k?
gy = Y1 =2 ) a14)
K
The cosmological constant is
0=—(n— Dk, (115)

which is negative. Therefore, the AdS thick brane is embed-
ded in an asymptotic AdS spacetime. It is interesting to note
that the single kink scalar connects the adjacent locations of
the extrema of the scalar potential, and the energy density

o= —é(n — 2)¢3sech®(ky) (116)

@ Springer

is negative. This is very different from the case of flat branes.
3.2.2 The case ¢ # 0

For the case ¢ < 0, we find a solution for a ¢* model:

[ 1
e = —EHzg“(n — 4) cosh(ky),

(117)
¢ (y) = sign(y)go(l — sech(ky)), (118)
V($) = bl(I¢] — do)* — v51* — bug. (119)
in which
. 274
b _ (n—3)(n—4)¢kk (120)
20 —2)[2+ k2 (n — 4);

_ o [__n=2D)
o= — )2+ (n — 4)k \‘/ T (121)
B=""2} (122)
The energy density p(y) of the system is

2
p(y) = j%[(k“ — n + 2)cosh(2ky)
—k% — 1]sech[ky]*. (123)

From the above expression of the energy density we can see
that the brane tension of the AdS brane is negative, which is
different from the cases of flat and dS branes. The solution of
the scalar field is a double kink. At the boundaries of the extra
dimension, the scalar field ¢ — +¢g, which are locations
of the extrema of the scalar potential, but not the locations
of the minima. This is the reason why the energy density is
negative. The shape of the scalar field, the potential, and the
energy density are shown in Fig. 4a—c.
The cosmological constant is

1
Ao ==K —1) [(n — K+ 4] . (124)
For the following warped factor:
>4 = cosh™%(ky), (125)

the numerical solutions of the scalar field and energy den-
sity are shown in Fig. 5a, b for different values of ¢. From
Eq. (108), ¢'>(y) > 0 implies

2
= —m, (126)
which yields
p<0. p'ly—>0. (127)

Therefore, the brane is a single brane with negative tension.
It is interesting to note that, the scalar is a double kink when

¢ = —m. This double-kind structure could contribute
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A%

-10

(c) The shape of the energy density

Fig. 4 The shape of the potential, the scalar field, and the energy den-
sity for different values of k for the AdS thick brane. The parameter ¢
is set to ¢ = —1.0 for the dashed red line, { = —1.5 for the thick blue
line, and ¢ = —2.0 for the thin black line. The other parameters are set
asn=5H=10,k=05,andx = 1.0

to the resonant structure of bulk fermions. The cosmological
constant is

_ 1 2 2
Ao === DR [(n = ek +4]. (128)

(b) The shape of the energy density

Fig. 5 The shape of the scalar field and energy density for different
values of ¢ for the AdS thick brane. The parameter ¢ is set to { =
—ﬁ for the dashed red line, { = 0 for the thick blue line, and
¢ = m for the thin black line. The other parameters are set to

n=5k=10k=10,and H =2.0

3.3 dS thick brane

In order to simplify the EoMs in the case of dS brane, we
introduce the conformal coordinates. The line element is
assumed as

ds? = e2A[—dr® 4+ e 2H1s;;dx dxd 4 dz?]. (129)
Then the EoMs turn out to be
[0 = 4ee2 A2 — B + 2] (A" + H - A7)
2 2
S (130)
n—2
(n — 1)(A? — H?) [(n —4)ce (A% — HY) + 4]
—2A 4 ” 2A
+e M Ag = —— (@2 —2MY), (131)
P
—2A Vi v v
e o +(n—2)A¢]—£=O, (132)

@ Springer
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(a) The shape of the scalar field
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(b) The shape of the energy density

Fig. 6 The shape of the scalar field and energy density for different
values of H for the dS thick brane. The parameter H is setto H = 0.8
for the dashed red line, H = 1.1 for the thick blue line, and H = 1.4
for the thin black line. The other parameters are setton = 5, p =
0.1, Ap = 0.0,k = 1.0, and ¢ = 1.0

where the prime denotes the derivative with respect to z.

3.3.1 The case £ =0

For the case ¢ = 0, the EoMs reduce to the ones in general
relativity. The solution for n = 5 has been given in Ref. [55—
57] in general relativity. For arbitrary n, we consider the
following potential:

(n—2) (2
V(g) = et [(n—2)p + 1] H? cos*1 =P <%> ,

(133)

where the parameter p satisfies 0 < p < 1. The solution of
the warped factor and scalar field is

H
e?4@ = cosh ™27 <—Z> ,
p

(134)

@ Springer

-0.6 -0.4 0.6

(b) The shape of the energy density

Fig. 7 The shape of the scalar field and energy density for different
values of ¢ for the dS thick brane. The parameters are setton = 5, Ag =
0.0,k = 1.0, p = 0.1, H = 1.0, and ¢ = O for the dashed red line,
¢ = &ep = 1.12195 for the thick blue line, ¢ = 1.56 for the thin black
line, and ¢ = m = 2 for the dotdashed green line

Hz

¢ (z) = ¢oarctan <tanh (—)) , (135)
2p

with

2

$o = <V (n=2)p(1 = p). (136)

The corresponding naked cosmological constant is

Ap =0. (137)

Since Ry n(z — o0) — 0, the effective cosmological con-
stant is also zero. So the dS thick brane is embedded in an
n-dimensional Minkowski spacetime. The energy density is
given by

3(1 H? H
o= S DHT L 2a0-p) <_Z) _

a (138)
pK p
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3.3.2 The case ¢ #0

For the case ¢ # 0, it is hard to find a closed solution. For
the following warped factor:

H
e?4@ = cosh™2” <—Z) )
p

the numerical solutions of the scalar field and energy density
are shown in Figs. 6 and 7 for different values of H and ¢,
respectively.

We can see that as H and ¢ get larger, the scalar field turns
to a double kink (see Figs. 6a, 7a); and the brane splits into
two sub-branes, which can be seen from the energy density
p in Figs. 6b and 7b. This is different from the case of ¢ = 0.

The condition that the single brane splits into a double
brane is

(139)

2(n—2)p +4
n—H[m—dHp+41H>

> Lo = (140)

4 Conclusion

In this paper, we generalized the Minkowski brane models
in five-dimensional critical gravity in Ref. [47] to warped
ones in n dimensions. For thin brane models in arbitrary
dimensional critical gravity theory, the Gibbons—Hawking
surface term and the junction conditions were derived. It was
found that for the special case of flat, AdS, and dS thin branes
the C? term in the action has no contribution to these junction
conditions. The solutions for both thin and thick branes were
obtained at the critical point @ = _4(”,,—*1) B.

We found that the combination of the parameters 8 and
y in the action (3), i.e., { = B(n — 2) — 4y (n — 3), has
a nontrivial effect on the brane solutions. All the flat, AdS,
and dS thin branes are embedded in an AdS,, spacetime, and
the effective cosmological constant A of the AdS,, spacetime
equals the naked one Aq only when the combined coefficient
¢ = 0. The naked cosmological constant and brane tension
can be positive, zero, and negative, depending on the value
of ¢. Following the procedure in Ref. [7], we reduce the n-
dimensional critical gravity to the (n—1)-dimensional critical
gravity on the brane, and the mass hierarchy problem was also
solved in the higher-order braneworld model in the critical
gravity.

For the thick flat branes, when ¢ = 0, we got two analyti-
cal solutions, both of which describe a single brane generated
by a kink-like scalar. When ¢ # 0, the analytical and numer-
ical solutions were obtained. It was found that the brane will
split into a double brane when one of the parameters ¢ and k
is larger than its critical value. Such a brane with inner struc-
ture may support resonant KK modes for various bulk matter
fields. All these flat branes are embedded in an n-dimensional
AdS spacetime.

For the thick AdS branes, the scalar connects the adjacent
locations of the extrema of the scalar potential, and the energy
density is negative. This is very different from the cases of
flat and dS branes. The scalar can have a single or double kink
configuration, but the brane has no inner structure. These AdS
branes are also embedded in an n-dimensional AdS space-
time.

For the thick dS branes, when ¢ = 0 and the scalar poten-
tial is taken as the Sine-Gordon one, the brane has positive
energy density but has no inner structure. When ¢ # 0, the
inner structure of the dS brane will appear when the parame-
ter ¢ or H is larger than its critical value. The energy density
of the brane system is positive for any . These dS branes are
embedded in an n-dimensional Minkowski spacetime.

We have investigated the branes with maximally sym-
metry, where a dS brane can be considered as an (n — 1)-
dimensional exponentially expanding universe. We can also
consider a FRW brane and reconsider the cosmological con-
stant problem and inflation in the frame of brane cosmology
[58]. Moreover, we can also consider higher codimension
branes, but the equations of motion will be fourth-order dif-
ferential ones even if the critical condition (4) is satisfied. It
will be difficult to solve them analytically.
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