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Self-gravitating branes again
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We raise on theoretical grounds the question of the physical relevance of Israel matching conditions and
their generalizations to higher codimensions, the standard cornerstone of the braneworld and other
membrane scenarios. Our reasoning is based on the incapability of the conventional matching conditions to
accept the Nambu-Goto probe limit, the inconsistency of codimension-2 and -3 classical defects for D = 4
and the probable inconsistency of high enough codimensional defects for any D since there is no high
enough Lovelock density to support them. We propose alternative matching conditions which seem to
overcome the previous puzzles. Instead of varying the brane-bulk action with respect to the bulk metric at
the brane position, we vary with respect to the brane embedding fields so that the gravitational backreaction
is included (“gravitating Nambu-Goto matching conditions”). Here, we consider in detail the case of a
codimension-2 brane in 6-dim Einstein-Gauss-Bonnet gravity, prove its consistency for an axially
symmetric cosmological configuration and show that the theory possesses richer structure compared to
the standard theory. The cosmologies found have the Friedmann behavior and extra correction terms. For a
radiation brane one solution avoids a cosmological singularity and undergoes accelerated expansion near
the minimum scale factor. In the presence of an induced gravity term, there naturally appears in the theory
the effective cosmological constant scale A/(M¢r2), which for a brane tension 1 ~ M¢ (e.g. TeV*) and
re ~ Hy' gives the observed value of the cosmological constant.
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I. INTRODUCTION

Many physical systems are described by a dynamics
which models them as relativistic membranes in an
appropriate dimensional spacetime. One example studied
extensively during the last decade is the Universe itself
within the context of various braneworld and other scenar-
i0s. Distributional (thin) as well as finite thickness defects
have been studied. However, thin sources are expected to
describe the important main features of brane dynamics
for an arbitrary family of finite width regularizations in the
limit of infinitesimal thickness, and therefore, distributional
description is independent from the regularization scheme
used.

It is admitted that the phenomenological action describ-
ing at lowest order the dynamics of a classical infinitely thin
test brane (probe) with tension, moving in a given back-
ground spacetime, is proportional to the intrinsic volume of
the world sheet, the Nambu-Goto action [1]. Variation of
this action with respect to the embedding fields of the brane
position gives the Nambu-Goto equations of motion which
are geometrically described by the vanishing of the trace of
the extrinsic curvature, and therefore, the world sheet swept
by the brane is extremal (minimal). Of course, the induced
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metric on a Nambu-Goto brane is finite (with the possible
exception of a set of points with measure zero) which
means that the bulk metric is regular at the brane position,
since only then, the Nambu-Goto equations of motion are
defined. When the gravitational field of the defect is taken
into account the situation becomes very different and
difficult since now both the bulk metric and the brane
position become dynamical. It is the aim of this commu-
nication to examine anew the dynamics of a classical self-
gravitating brane with a bulk metric regular on the brane.
The situation with a bulk metric singular on the brane is an
interesting (not in the context of a braneworld) but very
different story since now the equation of motion of the
defect cannot contain the induced metric which is singular.
In this case, actually, the full nonperturbative equation of
motion is unknown; however, there is a consensus about the
equation of motion for the special case of a 0-brane (point
particle) in four dimensions and only at the linearized level
around an arbitrary background [2,3].

Let us recall the standard or conventional treatment for
obtaining the equations of motion for the brane-bulk system.
One starts from the gravitational equations containing the
Einstein term or some modification on the left-hand side and
all the matter content of the bulk on the right-hand side with
the localized brane energy-momentum tensor included.
Therefore, a source proportional to a delta function of
suitable codimension fuels the bulk gravitational equations.
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Whenever a delta function appears on the right-hand side of
an equation it always tries to find an analogous distribution
on the left-hand side to balance. This balance, when
possible, extracts the discontinuity of an appropriate quan-
tity, e.g. in electrodynamics the discontinuities of electric or
magnetic field. However, in gravity this discontinuity refers
to the (finite) extrinsic curvature of the defect, and since the
extrinsic curvature is related to the embedding fields of the
defect, it extracts as boundary conditions (matching con-
ditions) the equations of motion of the defect. This is what is
said that in gravity everything, bulk dynamics as well as
brane equations of motion, is contained in gravity theory
itself. By contrast, in electrodynamics one postulates the
Lorentz force equation of motion for the point charge.
Unfortunately, it is known that Einstein gravity being
nonlinear does not succeed the previous balance of dis-
tributional terms for all kinds of defects. Thin shells of
matter (codimension-1 objects) do make mathematical
sense within Einstein gravity and the equations of motion
for the domain wall are the well-known Israel matching
conditions [4] which are always consistent with bulk gravity
equations. Note that thin shells have always regular metrics
(analogously to the nonsingular electric potential of a
charged plane). However, when a generic distributional
stress-energy tensor is supported on a codimension-2 defect
the analysis shows that it does not make mathematical sense
to consider solutions of Einstein’s equations [5-7] (a pure
brane tension is a special situation which is consistent [8,9]).
Early work on codimension-2 distributional braneworlds
also showed that they were pure tension objects [10]. As
referred above, possible singular solutions consistent with
the underlying symmetry (analogous to the logarithmic
electric potential of a charged line) will not be of our interest
here [11]. Not surprisingly, the problematic behavior still
continues for other higher-codimension branes.

A nice idea to resolve the puzzle of inconsistency was to
understand that it was not the defect construction which
was problematic; rather the gravity theory itself did not
have the relevant differential complexity in order to
describe complicated distributional solutions. The clear-
cut hint of this point was the notice [12] that upon
considering the general second derivative gravity theory
in six dimensions [Einstein-Gauss-Bonnet (EGB)] one
could have, at least in principle, a nontrivial energy-
momentum tensor fueling geometric junction conditions
for a codimension-2 conical defect. In [13] the consistency
of the whole set of junction plus bulk field equations was
explicitly shown for an axially symmetric codimension-2
cosmological brane (not necessarily totally geodesic) in
six-dimensional EGB gravity. Presumably this consistency
will persist if axial symmetry is abandoned. Analogously,
e.g. a 5-brane in eight dimensions is again of codimension-
2 and an EGB theory would suffice, but for a 4-brane in
eight dimensions (codimension-3) the third Lovelock
density [14] would be needed for consistency. However,
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it is not clear what is the situation when codimensionality
is even bigger, e.g. a I-brane in six dimensions (it is
probably inconsistent since the spirit of the proposal is to
include higher and higher Lovelock densities to accom-
modate higher codimension defects and there is no higher
than the second Lovelock density in six dimensions).
In brief, the generalization of the proposal is that in a
D-dimensional spacetime the maximal [(D—1)/2]
Lovelock density should be included (possibly along with
lower Lovelock densities) and the branes with codimen-
sions 6 = 1,2, ..., [(D — 1)/2] should be consistent accord-
ing to the standard treatment; for yet higher codimensions
the situation is not clear and probably inconsistent.

It is evident that the system of gravitational equations
with a delta source on the right-hand side, whenever
consistent, is equivalent to this system without the localized
energy-momentum tensor, plus the corresponding match-
ing conditions. An equivalent way to get all this set of
equations is to take the variation of the bulk action with
respect to the bulk metric as far as the bulk equations of
motion are concerned and to take the variation of the total
brane-bulk action with respect to the bulk metric at the
brane position as far as the matching conditions are
concerned. This method of deriving the matching con-
ditions, although formally equivalent, presents in some
cases a few technical differences compared to the initial
method where the appropriate distributional terms are
isolated. For example, for codimension-1 branes in
Einstein gravity the extra Gibbons-Hawking term has to
be included in the brane action in order for the variation to
be well defined, a term that does not appear in the first
method. Note also that contrary to the situation in classical
mechanics or field theory where the variation of the
coordinates or fields usually vanishes on the boundary,
here, the variation of the bulk metric remains arbitrary on
the brane since much useful information stems from there.
Although the two methods for deriving the matching
conditions are formally equivalent, however, there is a
subtle but important point concerning branes with codimen-
sion larger than one, which makes the variational method
superior. To explain, we note that for higher codimen-
sion branes there appear more than one kind of distribu-
tional terms in the full gravitational equations. For example,
for a codimension-2 brane there are (r-independent) terms
multiplied with &(r)/r and others proportional to &(r),
where r is the radial coordinate from the brane. One could
assume that both kinds of distributional terms should be
balanced among the two sides of the distributional equa-
tion, arising therefore two different matching conditions.
For the six-dimensional EGB gravity the consistency
mentioned above includes only the matching conditions
related to the wilder distributional terms &(r)/r, while if
additionally the extra matching conditions [15] arising from
the distributional terms &(r) are included in the whole
system of equations, the problem in general becomes
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inconsistent [13]. An explanation why the mild distribu-
tional terms should be ignored is to multiply the initial
distributional equation by r; therefore 6(r) becomes ré(r)
and vanishes. However, this is not a safe and unambi-
guous manner to handle distributional equations and
therefore this is not the correct reasoning. Because a
distribution is defined through integration, the action and
the variation of the action naturally provides this integra-
tion. In our example of a codimension-2 brane the volume
element of integration close to the brane is rdrdf, and
therefore the quantity r5(r) naturally and unambiguously
appears sending the mild distributional terms to zero.

To make a criticism on the standard treatment for
obtaining the equation of motion of a defect that was
described in the previous paragraphs, we mention the
following points.

(a) A testbrane moving in a curved background spacetime
traces a minimal surface in the lowest order approxi-
mation. When the self-gravitational field of the brane
starts to be taken into account it is natural to expect
that a small correction should result on top of the
background minimal surface motion of the test
approximation. However, the equations of motion
for a gravitating defect derived following the standard
approach do not obey this condition of continuous
deformation from the Nambu-Goto probe limit. In-
deed, since the matching conditions described so far
are nonperturbative, in order to realize the probe limit
one should split the brane quantities appearing in these
matching conditions (total induced metric, extrinsic
curvature and possible deficit angles) to their corre-
sponding background plus perturbed parts. It is not
quite obvious what one should do in the probe limit
with the brane energy-momentum tensor. Either the
total brane energy-momentum including the brane
tension (and the possible induced gravity term being
an extra brane source) should go to zero, or the brane
tension being always nonvanishing should be kept
fixed and small (as a sort of regulator) and only the
additional brane energy-momentum tensor should go
to zero. More precisely, since the brane tension has
dimensions of energy per spatial volume, the product
of the brane tension with the brane volume should be
much smaller than some definition of global energy of
the background space. Although there are extreme
cases where either the brane volume could be infinite
or the gravitational energy attributed to a background
space according to some definition of energy could be
infinite, however, a criterion of a sort of smallness of
the brane tension should be necessary in the probe
limit. Under this condition, to suppress the gravita-
tional character of the brane and go back to a probe
brane moving in the fixed background, one should
formally take to zero the bulk gravity couplings which
control the gravitational backreaction of the brane, as

(b)

(©)
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well as some extra matter sources which also contrib-
ute to the backreaction (then, all the perturbed quan-
tities vanish) and the matching condition should
reduce to the Nambu-Goto equation. In a similar
context, in the singular case which is not the subject
of our discussion here, the linearized equation of
motion of a point particle in four dimensions [2,3]
is indeed a correction of the geodesic equation of
motion on a given background (of course, for a
O-brane the geodesic equation coincides with the
Nambu-Goto) and for a two-body system the probe
limit is realized when one mass is much smaller than
the other. When the brane tension is not small or
the brane contains additional energy-momentum, the
brane backreacts with the gravitational field and the
full equations are needed. Obviously, the Israel match-
ing conditions do not satisfy the requirement of the
Nambu-Goto limit since they contain the extrinsic
curvature instead of its trace (as expected, the same
also happens for the matching condition of a codi-
mension-1 brane in EGB gravity theory [16]). For the
codimension-2 matching condition in EGB theory
discussed above [12,13,17], the situation is similar.
To go one step further, one could oppose by claiming
that the correct probe limit of a defect is not the
Nambu-Goto equation of motion but the geodesic one,
which means that all the extrinsic curvatures have to
become zero. This is indeed the case for the Israel
matching conditions under the assumption that the
total brane matter content goes to zero. However, this
reasoning is not correct, because if the geodesic was
the correct probe limit, it would be so, independently
of the gravitational theory considered (for example, a
probe point mass moves on the geodesic of a back-
ground solution of any gravitational theory [18,19]),
or also independently of the codimension of the defect.
But this is not the case, since other than Einstein
gravitational theories for codimension-1 or other
codimension defects, in the limit of vanishing brane
energy-momentum, do not give the geodesic equation
[12,16,17].

There is an additional reason why the idea of adding
higher Lovelock densities in order to get consistency
according to the standard approach cannot be the final
word: generic codimension-2 or 3 branes are not
allowed to reside in four dimensions since Einstein
gravity is insufficient and there are no any higher
Lovelock densities in four dimensions to add. Even if
four dimensions are not the actual spacetime dimen-
sionality, at certain length and energy scales it has
been tested that four-dimensional FEinstein gravity
represents effectively the spacetime to high accuracy.
Furthermore, it seems most probable that branes of
high enough codimension (higher than [(D —1)/2])
cannot reside in a D-dimensional spacetime according
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to the standard treatment since there is no corres-
ponding sufficiently high Lovelock density. In the
D-dimensional spacetime where we live (maybe
D = 4) classical defects of any possible codimension
should be compatible. Even if particular branes are not
physically interesting or do not appear in nature, they
could in principle be constructed in the lab, and
therefore the correct mathematical framework should
allow all kinds of branes (in analogy, all kinds of
charged distributions exist). It does not seem reason-
able for some hidden symmetry to prohibit the
existence of any possible classical defect. If one
disregards this point and sticks to particular branes,
the criteria of consistency of a given formulation are
reduced. Additionally, since both regular and singular
solutions are in general allowed mathematically, it
would be peculiar if the regular solutions we inves-
tigate here are not permitted. Moreover, it seems
impossible for the equations of motion of the various
codimensional defects to be derived through different
methods, but a unified principle should give the
equations of motion of all kinds of defects. Possible
direct observational evidence of codimension-1 de-
fects in four dimensions could shed light on the issue
of matching conditions.

The present paper studies, instead of the standard,
alternative matching conditions which aim to satisfy the
previous three points. In particular, concerning the first
point above, these alternative matching conditions always
have the Nambu-Goto probe limit, independently of the
gravitational theory considered, the dimensionality of
spacetime or the codimensionality of the defect. As far
as the second point is concerned, considering the alternative
matching conditions, a codimension-2 brane is consistent
in D-dimensional Einstein gravity [20], or in particular in
four-dimensional Einstein gravity. Finally, for the third
point, the simple case of a codimension-1 brane is still, as in
the standard approach, always consistent, independently of
the gravitational theory. The codimension-2 brane in EGB
theory, examined in the present paper, is also proved to be
consistent. Accordingly, it is expected, although we do not
have a proof, that any higher codimension brane will also
be consistent in either Einstein gravity or any Lovelock
extension.

Let us describe now the method for deriving these
alternative matching conditions. In the standard method
the variation of the bulk action with respect to the bulk
metric gives the bulk equations of motion and the variation
of the total brane-bulk action with respect to the bulk metric
at the brane position gives the matching conditions.
Although the bulk equations of motion are not debatable,
the sort of variation at the brane position is not unques-
tionable. The brane defines a sort of boundary (not
necessarily of codimension 1) and a boundary is an
exceptional place whose position is primarily determined
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by the embedding fields and secondarily or implicitly by
its induced metric or the bulk metric at the brane position.
The Nambu-Goto equations of motion arise by varying the
Nambu-Goto action with respect to the embedding fields.
Typically, the Nambu-Goto action being proportional to
the world sheet volume is a function of the induced brane
metric which depends explicitly and implicitly (through
the bulk metric at the brane position) on the embedding
fields. If, furthermore, the brane backreacts with the bulk
gravity, gravity will be also present at the brane position
and the motion of the brane will be influenced by the
gravitational bulk action. A variation of the embedding
fields implies a variation of the bulk metric at the brane
position, and therefore, additional contributions to the
brane equation of motion beyond the Nambu-Goto term
arise from the variation of the bulk action with respect to
the embedding fields. The distributional terms are respon-
sible for this contribution. Again, as in the standard
treatment, everything, bulk dynamics as well as brane
equations of motion, is contained in gravity theory itself,
but in a different manner than before. Here, the brane
equation of motion is the result of the variation of the
brane-bulk action at the brane position with respect to the
position variables, what can be called “gravitating Nambu-
Goto matching conditions.” Although the brane energy-
momentum tensor is still defined by the variation of the
brane action with respect to the bulk metric at the brane
position, however, this tensor enters the new matching
conditions in a different way than before. The present
proposal is not based primarily on the modification of the
gravitational theory, but on the modification of the
matching conditions. Since the consistency here is not
based crucially on the inclusion of the maximal Lovelock
density, it is plausible that the consistency will occur even
for all higher codimension defects. Here, the distributional
terms are still present, not inside a distributional differ-
ential equation leading directly to inconsistencies at
certain cases, but rather smoothed out inside an integra-
tion. Of course, in a higher D-dimensional spacetime
higher Lovelock densities should in principle contribute to
the bulk action, and actually, the consistency of such a
theory, along with the modified matching conditions
described above, is the main subject of study in the
present paper. Moreover, the inclusion of such extra terms
in the action leads probably to physically more interesting
and realistic solutions.

Our approach is reminiscent of the “Dirac-style” varia-
tion performed in [21] in the study of codimension-1
defects. It also resembles the Regge-Teitelboim brane
gravitational theory [22] which is an extension of the
Nambu-Goto style of variation, with the crucial difference
however that in [22] there are no higher-dimensional
gravity terms in the action and the bulk space is prefixed
(Minkowski) instead of dynamical which is here. In [21],
since the probe limit and the consistency of the various

065015-4



SELF-GRAVITATING BRANES AGAIN

codimensions were not considered, the standard approach
was not set into doubt, but rather the derivation was
basically suggested as a formal treatment to unify differ-
ent gravitational theories. In [20], by varying with respect
to the embedding fields, the alternative matching con-
ditions of a 3-brane in six-dimensional Einstein gravity
were derived and their consistency was shown for an
axially symmetric configuration (the same however is
true for a codimension-2 brane in any dimension). In the
present paper we go one step further and derive the
matching conditions of a codimension-2 brane in EGB
theory. Their consistency is checked for an axially
symmetric cosmological configuration. The derived cos-
mologies have various differences compared to the
corresponding cosmologies derived using the standard
matching conditions [13]. The main point stressed in the
present paper is that in view of the three points
mentioned above, the alternative matching conditions
derived by varying with respect to the embedding fields
instead of the bulk metric at the brane position could well
be closer to the correct direction for deriving realistic
matching conditions, compared to the Israel matching
conditions and generalizations.

The setup of the paper is as follows: In Sec. II the
method is introduced as an extension of the Nambu-Goto
variation so that the contribution from the gravitational
backreaction is included. In Sec. III we consider a
3-brane in six-dimensional Einstein-Gauss-Bonnet gravity
and derive the generic alternative matching conditions
and the remaining effective equations on the brane.
Similar or identical equations hold for other codimension-2
branes in other spacetime dimensions, but we choose the
3-brane as it can represent our world in the braneworld
scenario. In Sec. IV we specialize to the cosmological
configuration and demonstrate the consistency of the
system. In Sec. V we investigate the cosmological
equations and derive solutions for the cosmic evolution.
In Sec. VI we study a few special characteristic cases,
and we discuss the Einstein limit of the theory and
compare with the standard treatment where the conven-
tional matching conditions are used. Finally, in Sec. VII
we conclude.

II. GENERAL ARGUMENTS AND
INTRODUCTION OF THE METHOD

In order to understand how the proposed variation with
respect to the embedding fields of the brane position is
performed, we start with a general four-dimensional action
of the form

54_/2014)( |A|L(h;j), (2.1)

where L is any scalar on X built up from the induced
metric h;;. The brane coordinates are y' (i,j... are
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coordinate indices on the brane) and the bulk coordinates
are x* (u,v, ... are D-dimensional indices). In this section
D is arbitrary, while in the next sections of the paper
we will specialize to D = 6. In the present paragraph
the bulk metric g,, is fixed and nondynamical, while the
treatment of a backreacted metric will be given in the
next paragraphs of this section. The embedding fields are
the external (bulk) coordinates of the brane, so they are
some functions x*(y’). We could use a capital case letter
for the embedding fields to distinguish from the bulk
coordinates, but it is better not to do so because first, the
embedding fields are the bulk coordinates at the brane
position, second, the functions x*(y’) do not define the
brane position unless the bulk coordinates x* in the full
space are given, and third, since our concern is the brane
equation of motion, the bulk coordinates away from the
brane only incidentally will be considered. Since h;; =
GuX* ix* ; and on the brane it is g, (x*), thus h;; has
explicit and implicit dependence on the embedding fields
x*. Let their variation be described by the displacement
vector ox*(x*) and the corresponding variation of the
various quantities denoted by &,. The quantities x*; are
tangent vectors on the brane and their variation
is 8, (x;) = (6x*),=6x";. We must observe that the
variation of g, is

Exg/w = gﬂy.ﬂgxl? (2.2)

s0 g,, is considered as a simple scalar function of x*
ignoring the possible tensorial indices. The reason is that
the bulk coordinates, which determine the tensorial
behavior of the quantities with spacetime indices, do
not change; only the brane position changes—i.e. the
embedding fields are varied. So, the spirit of the o,
variation is that when an explicit embedding field x* is
met, it is varied, while when a function of this x# is met,

the partial derivative is taken. Then,

S — UV SyA L SV VoS
5xhij - gﬂu,ﬁxﬂ.ix ,j5x + g/wx! ,iéx J +g/wx ,j(sxﬂﬁi

= xﬂ.ixy,j (g/u/,/{sx/1 + gﬂﬂsxﬂ.u + gvﬂlel,ﬂ)' (23)
If we had wrongly considered the tensorial character
of g,,, its variation would be g, (" + 6x”) — g, (") =
=g (x”)6x* , — g,,(x”)6x* ,, so the variation of h;; would
vanish, which is a trivial result expressing no dynamics
and is simply due to that g, x*;x”; is scalar in the
spacetime indices u,v. The variation of s, is

5.5, = / O 2.4)
z

where 7/ = 2L +Lpi. Substituting 8,/;; from (2.3),
integrating by f)ans and imposing 6x*|;x = 0, we get
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5.5y = —2/2 d* |h|gﬂa[(1ijx”,i)‘j + 7T x ixh |6xe
= _2/d4)(\/ |h|gﬂ()'
x [z |,x” + T (xk; + l"”l,ﬂx”_,-x’l’j)]t_Sx”
= / yAvALAI A 7t |]x" ;- T’JK“l,na”) , (2.5)

since x”‘u =Xy, TV XY Xt —-K¢%; na, where
K®;j = n“;; are the extrms1c curvatures on the brane and
nyt (a =1,..., 6=D—4) form a basis of normal

vectors to the brane. The covariant differentiations |
and; correspond to h;; and g, respectively, while I,
are the Christoffel symbols of g,. Because of the
arbitrariness of ox* it arises

Tij‘jx”.l' - Tin“ijna" = 0, (26)

and since the vectors x¥ ;, n,* are independent, two sets
of equations arise:

Tt ) =0
2.7)

;=0 K% =0% 7U(x*

(since no/‘nﬁ” = 5@). Note that the previous equivalence
of the two expressions, one with free index « and the
other with free index u, is due to that the vectors
X+ F"Mx”_,»x’l, ; are normal to the brane. The variation
described so far is the same with the one leading to the
Nambu-Goto equation of motion. Indeed for L =1,
it is 7/ =1h" and the first equation is empty, while
the second becomes hVK*; =0 < Cjx# + 1%,k =0
(since —nMhVK%; = Oux# +T%,,h*")  which is the
Nambu-Goto equation of motion. Note again that
the previous equivalence of the two expressions for the
Nambu-Goto equation, one with free index « and the other
with free index , is due to that the vector (,x# + I'¥,,h** is
normal to the brane. Similarly, the Regge-Teitelboim
equation of motion [22] is a generalization where L collects

the four-dimensional terms of (3.1), i.e. L = %R -+
D

\L/'“ﬁ. It is 7V :——( ~ G + AR —TW), so the first
equation becomes the standard conservation T’/ =0

=Gl AT — T)K?; = 0.
In order to express the backreaction of the brane onto the

bulk and vice versa, we now go one step further and
consider a general higher-dimensional action of the form

b= A Px/T91L(g).

where L is any scalar on M built up from the metric g,,,, €.g.
L = R(9,,)- Under an arbitrary variation of the bulk metric

and the second (

(2.8)
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8g,, the variation of sp is 8sp =[5, d°x\/|g[E*8g,,.
where EM = 55 + = g"” and the stationarity dsp =0
under arbltrary vanatlons 0g,, gives the bulk field equa-
tions E* = 0. The boundary terms arising from this
variation in the presence of a defect disappear by a suitable
choice for the boundary condition of &g,,, usually by
choosing a Dirichlet boundary condition for 5g,,. However,
in the presence of the defect, inside E**, beyond the regular
terms which obey E* =0, in general there are also
nonvanishing distributional terms making the variation
osp not identically zero. The bulk action knows about
the defect through these distributional terms. Since
distr B « 6, where 6@ is the S-dimensional delta
function with support on the defect, it is distr E**6g,, o
50 )5g =50 5gﬂy|brane, so only the variation of the bulk
metric at the brane position contributes to 6sp. More
precisely, these distributional terms always appear in the
parallel to the brane components and if distr EV = k%/§(%)
the variation dsp, gets the form

Ssp = / dPx\/|g|ki6®sh;; = / d*
M z

Therefore, there is an extra variation of the bulk metric at
the brane position 8g,,|,... (Which in the adapted frame
coincides with the variation of the induced metric 6h;;)
which is independent from the bulk metric variation and
this extra variation determines the brane equation of motion
(actually, it is sensible for the brane equation of motion not
to depend on the variation of the fields away from the
brane). The corresponding variation of the total action at
the brane position is

|nlkiish,;. (2.9)

0051+ 59lone = [ A/ IHKS +20h. 2.10)

In particular, if all the components of the variation 6h;; are
independent from each other, the stationarity of the total
action at the brane position 8(sp + $4)|pne = 0 gives
the standard matching conditions (or standard brane equa-
tions of motion) ki + 7 = 0 & k4 o =0, where
kHY = ki x# x LT = 7lx# ;x" . are parallel to the brane
tensors. Our aim is to con51der a variation ox* of the
embedding fields and derive a meaningful nontrivial brane
equation of motion in the presence of a higher-dimensional
action sp on top of the four-dimensional action s4. As we
have seen in the previous paragraph, since the bulk
coordinates do not change, g, at the brane position
transforms as (2.2) and the induced metric as (2.3).
Now, the corresponding variation of the total action at
the brane position is due to 6x* and since d, h;; is a special

variation of the arbitrary Sh;;, it will be

Sx(sD + s4>|bra.ne - /2 d4)(\/ |h|(klj + Tij)(_sxhij' (211)
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Followmg the same steps as in the previous paragraph with

7'/ replaced by k' + 7', the stationarity &, (sp+54) [prane =0
gives, due to the arbitrariness of Sx*, the brane equations of
motion

(kT + 7id) ; = 0,

(k7 + 7)K% = 0 & (kU + 77) (x4 T, 0" ix ) = 0.

(2.12)

These can be called “gravitating Nambu-Goto matching
conditions” since they collect also the contribution from
bulk gravity and they form a schematic summary of our
proposal. Nothing ab initio assures their consistency with
the bulk field equations.

There is an equivalent way to describe this variation and
get the same results. Instead of considering the active
notion above where the brane is deformed to another
position defined by the displacement vector ox*, we
consider the passive viewpoint of a bulk coordinate change
X — x" = x* 4 6x*, where now the brane does not change
position but it is described by different coordinates and the
change of the embedding fields is dx*. Of course, only the
value of the variation dx* on the brane and not the values
oxt* away from the brane is expected to influence the
corresponding variation of the brane-bulk action at the
brane position. Although a bulk action s, is invariant under
coordinate transformations, the presence of the defect, i.e.
of the distributional terms inside s, makes 8,5 p |prane 7 O-
The crucial point is how the tensor fields ¢ (x”) are varied.
One option which is unsuccessful is the tensorial variation
5ol = 1 (x70) — L (x") = P (x”)5x, — §: (x7)6, where
ox# , = (6x*) . The successful option is the functional
variation which is the change in the functional form of

v, 1.e.

S = L (x) = pL(x")
= ¢y (")x!y — ¢y () ox
= _£5x¢/lj'
So, the fields transform according to the Lie derivative with
generator the infinitesimal coordinate change and 8,4/ is

tensor, contrary to §,¢, which is not. In particular, the
functional variation of g, is

W
Méx

(2.13)

5xg/w = g;/w(xp) - g;w(xp)
_(.g/u/,/lé-xl1 + gu/laxl.z/
_£6xg;w'

+ gvléxi,y)
(2.14)

The functional change of the embedding fields x*(y")
is §x* = x| —x* =x* —x* =0, and for the tangent

vectors it is &,(x*;) =0, or to be more formal

8 (¥ 1) =8ty =t () — ;) (x) =2/ ;=2 ; =0, where

PHYSICAL REVIEW D 89, 065015 (2014)
1) () = 2 1 (x7) = 2

ox* variation, here the flelds x# ; are not varied, but the
functional variation of h;; = g, x* ;x” ; is again the same

. Therefore, contrary to the

5xhij = (5xgyu)x” 'xyj

= =X X (G 20Xt + gu6xt 4+ g6 ). (2.15)

The variation of the total brane-bulk action at the brane

position is 8,(sp + 54)|prane = S5 A2 /|1 (K7 + 7)8,h;;
and the stationarity &,(sp + 54)|prane = 0 gives, due
to the arbitrariness of x*, the same brane equations
of motion (kY +77); =0, (k7 +7)K*; =0 <%
(k7 + 7 7)(x#;; + T¥,x x* ;) = 0. Alternatively, instead
of directly going to the brane coordinates, we can work
with the full spacetime indices and have

5:Sp :/ dPx+/|g|distr E*5,g,,
M
:/ de |g|kﬂy5(§>6xg/w
M
:/Zd4)(\/ |h|km/5xgﬂu
:/2d4)(\/ |h|kijxﬂ.ixy.j5xgyu
which is the same result as above. In the next section
we will follow this process (actually slightly modified
because of the use of Lagrange multipliers) for a

codimension-2 defect in EGB bulk gravity and basically
try to find k%,

EENS (2.16)

ijs

III. SIX-DIMENSIONAL SETUP, MATCHING
CONDITIONS AND EFFECTIVE EQUATIONS

Let us consider the general system of six-dimensional
Einstein-Gauss-Bonnet gravity coupled to a localized
3-brane source. The total brane-bulk action is

1
S=— | ¢
22 )y xv/ gl

X [R = 2Ag + a(R?* — 4R, RM + RﬂyMRyuxz)]

2
+/d4;m/|h rCZR—/l +/ dx Loy
) 2K M

+ / d4)(Lmat7
z

where g, is the (continuous) bulk metric tensor and
h,, is the induced metric on the brane (u,v, ... are now
six-dimensional coordinate indices). The calligraphic

(3.1)
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quantities refer to the bulk metric, while the regular ones to
the brane metric. The brane tension is A and the induced-
gravity term [23], if present, has a crossover length scale r...
Lona and L., are the matter Lagrangians of the bulk and of
the brane, respectively.

Varying (3.1) with respect to the bulk metric we get the
bulk equations of motion

Guw +2a(RR,, = 2R, R, — 273,,,0,,17%"’1 + R,,KA,,R,,“")
- g (Rz - 4RK}LRM + RK&/}ainpg)gﬂy

= K%T/w - Aﬁgﬂl/’ (3.2)
where G, is the bulk Einstein tensor and 7, is a regular
bulk energy-momentum tensor. We are mainly interested in
a bulk with a pure cosmological constant Ag, but as it will
be seen, the existence of a nonvanishing 7 ,, is not very
crucial. More precisely, we define the variation g, with
respect to the bulk metric to vanish on the defect. In this
variation, beyond the basic terms proportional to &g,
which give (3.2), there appear, as usually, extra terms
proportional to the second covariant derivatives (8g,,)..;-
Since we are interested in the equations of motion of bulk
gravity, we consider a hypersurface which is an infinitely
thin “tube” around the codimension-2 defect, and then, the
extra bulk integral becomes an integral on this hypersurface
with terms proportional to (g, )... Adding suitable boun-
dary terms on the hypersurface [16] (analogous to the
Gibbons-Hawking term) to cancel the normal derivatives of
09, the surface integral of the total variation finally
consists only of terms proportional to dg,,. Considering
that the variation of the bulk metric vanishes on this
hypersurface, there is nothing left beyond the terms in
Eq. (3.2). In the limit where the tube shrinks at the
codimension-2 brane, the variation of the bulk metric
vanishes on this brane. Note that the boundary terms added
on the hypersurface have nothing to do with the equation of
motion of the codimension-2 brane derived below, but they
are just added to make the variation of the bulk metric well
defined. Equation (3.2) in the vicinity of the brane contains,
in general, regular terms as well as divergent terms
(distributional terms are different and refer to the brane
position, not to the bulk space) and will be analyzed
further later.

According to the standard method, the interaction of the
brane with the bulk comes from the variation &g, at the
brane position of the action (3.1), which is equivalent to
adding on the right-hand side of Eq. (3.2) the term
«:T,,0%, where T,, =T,, —h,, — (r}/k2)G,,. T,, is
the brane energy-momentum tensor, G,, the brane
Einstein tensor and 5 the two-dimensional delta function
with support on the defect. This approach has been
analyzed in [13] and discussed in the introduction.

Here, we discuss the alternative approach where the
interaction of the brane with bulk gravity is obtained by

PHYSICAL REVIEW D 89, 065015 (2014)

varying the total action (3.1) with respect to 6x*, the
embedding fields of the brane position. The embedding
fields are some functions x*(y') and their variations are
Sx*(x*). While in the standard method the variation of
the bulk metric at the brane position remains arbitrary,
here the corresponding variation is induced by ox* as
explained in Sec. II; it is given by Eq. (2.14):

59;41/ = 5xguu = g;w(xp) - g/w(xp)
= _(g;w./léxl1 + g;déxll,v + gwlaxl.u)

= _£5xg;w (33)
and is obviously independent from the variation leading
to (3.2). The induced metric h;; = g, x* ;x* ; enters the
localized terms of the action (3.1) and depends explic-
itly and implicitly (through g,,) on the embedding
fields. Also the various bulk terms of (3.1) contribute
implicitly to the brane variation under the variation of
the embedding fields. The result of éx* variation gives,
as we will see, as coefficient of x# a combination of
vectors parallel and normal to the brane; therefore, two
sets of equations will finally arise as matching con-
ditions instead of one. Instead of directly expressing
OG> Sh;j in terms of Sx, it is more convenient to
include the constraints in the action and vary inde-
pendently. So, the first constraint h;; = g, x* ;x* ;
implies the independent variation of h;;. The variation
oxt affects the variation of the parallel to the brane
vectors x* ; which in turn influences the variation of the
normal vectors n,*. If n (a =1, 2) are arbitrary unit
vectors normal to the brane and to each other, the
additional constraints n,,x* ; =0, g, n/ng" = 5,5 have
to be added, and 6n,, is another independent variation.
Finally, the third variation &g, depends on x* by
(3.3). Therefore, 6g,, are independent from éng,, oh;;,
but the various Jg,, components are not all independent
from each other, so in the end they have to be
expressed in terms of 6x* which are independent. If
Al 3% 29 are the Lagrange multipliers corresponding
to the above constraints, the constraint action added to
S is

Se = / a2 (hij = g i ) + A% g0 ;
z

+ AP (gng ng = up)]. (3.4)
Actually, since in the action (3.1) the normals n,* are
not explicitly present, the inclusion of the Lagrange
multipliers 1%, 1% is not very significant and they will
end up vanishing. However, we keep them in order to
preserve a uniform treatment with the codimension-1
case where the Gibbons-Hawking term contains the
normal vector explicitly. Additionally, such normal
vectors n,' will be exploited to settle some geometric
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identities for the extrinsic curvature. The preservation
of the constraint concerning the induced metric, which
formally arises by varying with respect to the Lagrange
multiplier AY, is always valid since it defines the

|

PHYSICAL REVIEW D 89, 065015 (2014)

induced metric, but this constraint will not need to
be used explicitly during the following derivation.

Variation of § + S, with respect to ng,, h;;, g,, at the
brane gives

ops "hijs

2

O+ S0le = [ /TG 20y o + [ /T [w 5 (T = 20T = 25 G | o
= z Ke

. 1
- L d4)( V |h|(il'1xﬂ.ixy,j + ﬂaﬂnaﬂn[}y)ﬁgﬂb - 2](%/‘4 d6x V |g|{gm/ + aj;w - KéTﬂD + A6g’w}6g;w|brane

1
+5 A dx\/1gl{g" g™ + 2a(R* + 2RI = 2RI G + Ry ™)} (69u) gl brane
6

where

1
j W — PRRHY — 4R,MKRDK _ 4RﬂkvﬂRM + zRﬂKMRvKM _ E (RZ _ 4RK/IRM + inpaRMpd) g;w'

When r. # 0, one should add in (3.1) the integral of the
extrinsic curvature k of 0 (if OX is not empty) to cancel
some terms from the variation OR; this, in general, does
not affect the dynamics of £ [24]. Note that in the &g,
variation of g, ng/ng", it is n,, which is kept fixed and
not nyt.

The six-dimensional terms in (3.5) have to be integrated
out around the brane and finally give a four-dimensional
integral which contributes to the matching conditions, as
will be explained in the next section. Note that the quantity
in curly brackets appearing in the second line of (3.5),
though formally identical to that of Eq. (3.2), contains
additional information, so this curly bracket does not
vanish. Equation (3.2) refers to the bulk and also to the
limit as these equations approach the brane, while the
corresponding curly bracket in (3.5) refers exactly to
the brane, and therefore, it contains extra distributional
terms which are not present in (3.2).

Let us consider for simplicity that there is axial
symmetry in the bulk, so that the bulk metric ansatz
can be written in the brane Gaussian-normal coordi-
nates as

dst =dr* + L*(y.r)d6* + g;;(x. r)dy'dy’. (3.7
The braneworld metric 4;;(y) = g;;(x.0) is assumed to be
regular everywhere with the possible exception of iso-
lated singular points. The angle 6 has the standard
periodicity 2z. Since 6 is an angle, close to the brane
r=~0, it has to be L « r and the measure of the six-
dimensional integration is \/m  r. Therefore, only
terms proportional to ﬁrr) inside the two curly brackets
of (3.5) contribute to the four-dimensional equations of

motion. Let IC;;(y.r) = %gﬁj(;( r) (a prime denotes 9/0r)

(3.5)

(3.6)

|

be the extrinsic curvature tensor defined everywhere in

the bulk. Since the various tensors G*, R¥*, ..., shown

in Appendix A, contain L”, K;, the quantities L' or/and

K;; have to be discontinuous at r = 0.

Therefore, there are two sources of discontinuity:

(a) cone discontinuity, where the transverse space to
the defect is assumed to have the standard conical
singularity structure with L(y, r) = B(y)r + O(r?) for
r~0. The conical deficit is 2z(1 — ) > 0, so it is
typically defined L'(y,0) = 1. The discontinuity of L’
arises due to the values L'(y,0"7)=p(y) and
L'(y,0) =1.

(b) extrinsic curvature discontinuity, where there is a jump
in the extrinsic tangential sector. If the extrinsic
curvature vanishes on the brane, the corresponding
jump is ICij()(? O) =0 ?é ICij(){’ O+)

Combining these two sources of discontinuity we can

have four cases which will give four kinds of matching

conditions:

(i) pure cone or topological matching conditions, dis-
cussed in [17], which have a geometric origin based
on the distributional version of the Chern-Gauss-
Bonnet theorem [25]. Here, there is a conical
singularity, but the extrinsic curvature has no jump
K (r.0) = Ky (2.0%).

(i) pure extrinsic curvature discontinuity, where there
is no cone, so the deficit angle is = 1. Although
a conical singularity is usually attached to a
codimension-2 defect, it is still consistent to appear
a discontinuity only in the extrinsic curvature, as in
codimension-1 defects.

(iii) cone plus extrinsic curvature discontinuity, intro-
duced in [12], which assumes not only a conical
deficit based on the normal geometry but also a jump
in the extrinsic tangential sector.
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(iv) “smooth” matching conditions, where there is nei-
ther conical singularity nor extrinsic curvature dis-
continuity. Although this full smoothness may look
peculiar, it will be seen later that they are consistent
backreacted matching conditions with nontrivial
solutions.

Introducing the index 7 = 0, 1 so that /C;;(y,0) = nK;;(x),
K;j(x) = K;;(x.0"), the previous matching conditions are
describedas ) f# 1, n=1,() f=1,n=0, (iii) f # 1,
n=20, (iv) p=1, n = 1. More generally, we could con-
sider that the two extrinsic curvatures C;;(y. 0), IC;;(x. 07)
are proportional to each other, i.e. KC;;(y.0) = n/C;;(x.07)
with 7 a continuous parameter, but in the present paper we
are going to restrict ourselves to the two characteristic cases
n =0, 1. Actually, the case = 1 of continuous extrinsic
curvature is especially interesting because it sets in a
natural way the minimal demand for consistency, either
of a pure cone singularity or of a smooth transverse section.
Any value of the parameter #, other than # = 1, carries into
the problem the arbitrariness of the matrix ;; (x,0), so the
matching conditions (3.28) and (3.29) do not give the
equation of motion of the defect until 7 is specified. Only
for y =1 are the equations of motion uniquely defined
without any other information. Imposing a value of 7, e.g.
n = 0, is similar to the codimension-1 case, where the Israel
matching conditions for a general non-Z, bulk do not give
the equation of motion of the defect, but just the disconti-
nuity of the extrinsic curvature, and only after the addi-
tional information of Z, symmetry is imposed do the
matching conditions define the equation of motion.
Analogously to the case # = 1, for a codimension-1 brane
the case of continuous extrinsic curvature (which is con-
sistent in the alternative matching conditions) gives without
any extra assumption the equation of motion. To make
things worse, if we legitimately imagine that /C;;(y.0),
IC;j(x.0T) are not proportional to each other, but they are
unrelated matrices, then the matching conditions (3.28) and
(3.29) will carry KC;;(y.0) and the situation will be much
more messy.

For r > 0 the expansions of L(y,r),C;;(x, r) in powers

of r are

Li.r) = B)r +35al)P +O0). G

Kij(r.r) = Kij(x) + Ci;(x)r + O(r).

Together with the values L'(y,0), K;;(x, 0), the functions
L'(y.r),K;j(y.r) are also defined for r =0 and are in
general discontinuous. Therefore, the functions L”(y, r),
K;;(x,r) obtain distributional parts (beyond the regular
ones) given by

distrL” (y,r) = —(1 = B(x))é(r),

(3.9)

(3.10)

PHYSICAL REVIEW D 89, 065015 (2014)

For convenience we include the expansion of g;;(y.r)
which is defined for r > 0:

9ij(. 1) = hij(x) + 2K (x)r + Ci () r* + O(r).

(3.11)

(3.12)

A. Matching conditions

As usually done when dealing with distributional
sources, the matching conditions are derived by inte-
grating around the singular space. Here, the six-dimen-
sional terms in (3.5) are integrated over the (r,0)
transverse disk of radius ¢ in the limit ¢ — 0. Because
of the axial symmetry the angular dependence is fac-
torized. In Appendix A the components of the tensors
Ry Ruvs G in the Gaussian-normal coordinate
system (3.7) are given. Some of these components
contain L”, K} i which have regular as well as distribu-
tional pieces (3.10) and (3.11). Plaguing the expressions
of Ruuwi» Ru» Gy in the curly brackets of the six-
dimensional integrals of (3.5) and expanding according
to (3.8), (3.9), and (3.12) we find four types of terms.
First, distributional terms of the form @, arising from the
factors LT” and %/q ;- These terms multiplied by r, coming
from the measure of integration, are the surviving terms
which contribute to the matching conditions. Second,
distributional terms of the form &(r), which when multi-
plied by r vanish. Third, regular terms, i.e. terms with
finite values for r = 0, either continuous or discontinuous,
which when multiplied with the measure of integration
give a continuous function vanishing on the brane;
therefore their integration obviously vanishes in the limit
€ — 0. Finally, singular terms, i.e. finite y-dependent
terms multiplied by 1/r, which when multiplied by r
and integrated obviously vanish. It can be seen that the
last line of (3.5), which contains terms multiplied by
(89ux) 34> does not contribute to the matching conditions.
From the previous terms which are multiplied by &g,
only the parallel to the brane components, i.e. terms
multiplied by &g;;, contain distributional terms &:) and
therefore contribute to the matching conditions. The
variational fields dg,, are considered, as usually, smooth
functions.

Of course, the correct variational fields have to be
dimensionless. Otherwise, since 6 is the angle, L has
dimension of length and Jgyy has dimension of length
square. Since GY + aJ§ has only regular terms, G% +
aJ? will have singular terms 1/r2. But then, multi-
plying by r and integrating would give divergence,
which is not the case. The correct dimensionless
variational field is ¢”’8gyy and the corresponding multi-
plicative term is gg(G% + aJ%) = G+ aJ§ which
possesses no singular terms at all. Somehow similarly,
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if the coordinates y' have length dimensions, then gij
and dg;; are dimensionless.

Note also that although the action (3.1) contains dis-
tributional terms, S is finite.

The distributional term of GV is easily found to be
1-p ,;6(r)

5 .

r

distrGV = — h' (3.13)

The distributional terms of J% are more difficult,
but they can be combined as —2(L'WY) —4L G,
where

WH = KIG = KK =2 (Ko K = K¢ (3.14)

and K = K. Then, it is found that

5515 pane = / TR+ 20 ) ong,

PHYSICAL REVIEW D 89, 065015 (2014)

. —B . 1-f __\é&
distr. 7 = 4(’7 Pyyii 1 =P G’/> ﬁ, (3.15)
P s r
where
Wil = K”‘K{{ — KK _E(KMKM _ Kz)hz,
=Wi(r=0"). (3.16)

From (3.13) and (3.15), it is seen that the matching
conditions (i) and (iii) have distributional terms coming
from both GY and JY. The distributional source of
matching condition (ii) is only J%. Finally, matching
condition (iv) is not related to distributional terms.

The result for the total variation (3.5) at the brane
position is

2

1 22(1=B)=k2A .. Arxa(1—p) r _Adma(n—p) .
d* v/ Rl |2 =i 67 pij — 1 < G- 2L T Wwii | Sh. .
+/E X | ||: +2 + K% 2 +87za _ﬂ) 2 L

2

- / dy\/ || (A ngt ng” 4+ 295 ix¥ )5,
>

At this point, had we considered on

Kg (1 Kg

(3.17)

au» ONij, 89, independent, three equations algebraic in the Lagrange multipliers would

arise, and therefore all Lagrange multipliers would have been zero, leading to the standard matching condition [13] [which
consists of vanishing the quantity inside the bracket of Eq. (3.28)]. Instead, as explained above, én,,,, 5h;; are independent
variations, but §g,, depends on éx* which are also independent. So, (S + S.)|pane = O gives

/1‘”')6"’,‘ + 2/1aﬁn/;” =V,

(3.18)

2 2

2ii :wwu +4”0’(1 —f) < N
Ke Kg

/ dy /|| (A gt ng” + 29xk ix¥ )59, =0, (3.20)
s

where &g, obeys (3.3). Since the vectors x* ;, n,/' are
independent, Eq. (3.18) implies A% = A% = 0. Then,
Eq. (3.20) with A given by (3.19) takes the form
/ d*y\/ |2 (g, 13 i 65t + 29, 5" ix* ;6x¥ ;) = 0.

>

(3.21)

After an integration of (3.21) by parts and imposing
6x#| 5y = 0 it becomes

/}: d*y+/ |h|gﬂﬂ[ﬂij|jx”_i + A9 (x*; + F”Mx”.,-x{j)]éx” =0.
(3.22)

The covariant differentiation | corresponds to #;; and
[*,, are the Christoffel symbols of g,,. Because of the

8ra(l — f)

: o keA=2m(1=p) . 1 .
re >GU+K6& ﬂ-( ﬂ>hlj—§TU, (319)

2
2Kg

arbitrariness of 6x# and since the extrinsic curvatures of the

brane Kaij = n”,-;j Satisfy —K“ijna” = xﬂ;,‘j + F”Mx”’ix’l_j,
Eq. (3.22) is equivalent to

lij‘jx",i — lin"ijna” =0. (3.23)

Therefore, two matching conditions arise:
MK =0, (3.24)
’le =0. (3.25)

Using (3.19), these matching conditions finally take the
form

oo 1=p r2 ij

[W]+;7_ﬂ<1+8ﬂa(l—ﬁ)>G]
k2A—2x(1—p) i Ke Tij]](“—o 3.26
Sﬂa(ﬂ_ﬁ) Sﬂa(r]—ﬂ) gy ( . )

065015-11



KOFINAS AND IRAKLEIDOU

|J

8,017 = 4aG7) +

PHYSICAL REVIEW D 89, 065015 (2014)

- pyW),

Ke

(3.27)

Since the extrinsic curvature K,;; = g(V;n,,0;) = ny:.; (V refers, as also ;, to g) in the coordinates (3.7) has

Krl]
recovering the manifest normal frame indices

gh; ; /2, Kgij =0, the matching conditions of codimension-2 Einstein-Gauss-Bonnet gravity can be rewritten,

- o1 . 1=p r2 L K2A=2x(1-p) .. K2 -

Kﬁf K t/_KﬁflK Jj o __ Kﬁk K ¢ _K/ika hij — 1 ¢ Gi — 6 hii 6 Ti
{ Y rema KT e =\ a1 8za(n-f) ~  Sna(n-p)
xK*;; =0, (3.28)
ij i i 8za at i af’i 1 ak )f’ ak? ij
TV = Z’B (h] —4aG1) —K— (7’] ﬂ) K fK Y -K K ] —E(K kK -K Kakf)hj . (329)
6 li
|

Indices a,f, ... are lowered or raised with the matrix =~ are meaningful backreacted matching conditions. In this

Gup = 9(ng.ng) and its inverse g. With respect to local
rotations n{, = 0,/ ()ng, K j transforms as a vector
Kyij = Oy PK ij> thus Eq. (3.29) is invariant under changes
of the normal frame, while (3.28) transforms as a vector.
Equation (3.28) has been brought in a more compact
form by dividing by 1 —f5, n — . Equations (3.28) and
(3.29) are obviously defined for matching conditions
(1) and (iii); they are also defined for matching condition
(i) and they are still pretty complicated; finally, for
matching condition (iv) they take the simpler form
kg (T = Ah') — rGY]K*;; = 0, T"|; = 0. For a 3-brane,
making a general counting, the number of the matching
conditions (3.28) and (3.29) is 6 + 4 = D which is 6 here,
while the number of the standard matching conditions is 10.
In any case the role of the matching conditions is only
fulfilled by the inclusion of the bulk field equations.
Equation (3.28) is the algebraic in the extrinsic curvature
matching condition. It is a cubic equation in the extrinsic
curvature, contrary to the matching condition derived
according to the standard method [12,13] which is quad-
ratic in the extrinsic curvature. In the absence of the Gauss-
Bonnet term, (3.28) reduces to the matching condition of
codimension-2 Einstein gravity [20], which is linear in
extrinsic curvature. Equation (3.28) is the generalization of
the Nambu-Goto equation of motion when the self-gravi-
tating brane interacts with bulk gravity. In the limiting case
of no backreaction, a probe brane with tension A moving in
a fixed background arises. Indeed, in the probe limit, all the
geometric quantities h;;, K;;, Gjj, f get their background
values (most probably the background value of ﬁ =1)
when the bulk gravity couplings go to zero (i.e. 1/k2 — 0,
a/Kk’ kg — 0) and the extra brane sources vanish (i.e. T;; — 0,
2/K6 — 0). Then, Eq. (3.28) becomes h”K"‘ =0, which
is the Nambu-Goto equation of motion. Inversely, when-
ever any extra term beyond 14"/ K “;j (or all terms) appears
in (3.28) and (3.29) and these equations are consistent with
all the other bulk equations, then these matching conditions

spirit, matching conditions (iv) with neither conical singu-
larity nor extrinsic curvature discontinuity form an unusual
but interesting example. In this case, only the localized
matter and four-dimensional gravity terms participate in
the brane equations of motion, and although the higher-
dimensional bulk terms do not have a direct imprint in
these equations, there is still backreaction since the bulk
equations have also to be satisfied at the brane position.
These ‘“smooth” matching conditions correspond to the
Regge-Teitelboim equations of motion [21,22,26] with the
crucial difference, however, that there, there are no higher-
dimensional gravity terms in the action and the bulk is
prefixed (Minkowski). Therefore, possible difficulties dis-
cussed in [27] are irrelevant here, since they emanate from
the embeddability restrictions in the given nondynamical
bulk space, while the matching conditions here dynami-
cally propagate in a nontrivial bulk space. Smooth match-
ing conditions are also meaningful in codimension-1
standard treatment [28], without of course the K“;; j con-
traction (where there is no balance of distributional terms
between the two sides of the distributional equation, but the
right-hand side vanishes on its own), although there, they
lose their significance since there is no Nambu-Goto probe
limit so that these matching conditions signal a minimal
departure from that limit.

Equation (3.29) is the second matching condition and
expresses a nonconservation equation of the brane energy-
momentum tensor, where the energy exchange between the
brane and the bulk is due to the variability along the brane
of both the deficit angle and the extrinsic geometry. In the
next section, Eq. (3.29) will be written in a more convenient
form, from where it will be seen that the possible non-
conservation of energy is only due to the variability of f.
According to the conventional treatment, a different non-
conservation equation is also derived [13], not as a second
matching condition, but as a combination of the algebraic
matching condition with some bulk equations evaluated on
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the brane. In the absence of the Gauss-Bonnet term, (3.29)
reduces to the nonconservation equation of codimension-2
Einstein gravity, where the energy exchange is due to a
variable deficit angle. In the probe limit, Eq. (3.29) is
identically satisfied.

B. Effective equations

Having finished with the brane equations of motion
arising from the distributional parts of the various quan-
tities, we pass to the bulk equations of motion. These bulk
equations are also defined limitingly on the brane, and
therefore, additional equations have to be satisfied at the
brane position beyond the matching conditions. More
precisely, when the nondistributional quantities of
Appendix A are substituted in the bulk equations (3.2)
(more precisely in the equations with one index up and one
down) and expand according to (3.8), (3.9), and (3.12),
there appear two kinds of terms: (a) regular terms O(1), i.e.
terms with finite values for » = 0, and (b) singular terms
O(1/r), i.e. finite y-dependent terms multiplied by 1/r.
Since the singular terms cannot be canceled by any regular
bulk energy-momentum tensor 7 ,,, their y-dependent
coefficients have to vanish providing some new equations
on the brane. Obviously, the regular parts which remain
will vanish independently, defining additional equations on
the brane. Note that 7, cannot blow up close to the
distributional singularity; otherwise the singularity would
not be distributional.

Regarding the ri components of the bulk equations, their
O(1/r) leading terms come from terms multiplied by L'/ L,
Lii /L and yield the equation

Bif . .1 y
L (Wi + GV ——hi ) + Wi, =0. (3.30
5 + o + WY, (3.30)

Similarly, the O(1/r) terms of the rr bulk equation are
obtained from the terms L'/L and we get the equation

(Wij—kG"j—;—ahij)Kij =0. (3.31)
Finally, in the O(1/r) terms of the ij components of the
bulk equations, not only L'/L, L{./L terms, but also terms
of the form L”/L, contribute. Jl"he corresponding brane
equations contain g;;>(x) = ¢};(x.0), falx) = L"(x.0)
where, of course, the second derivatives refer to the regular
pieces of the quantities. These equations are pretty com-
plicated and we will give their explicit form in the case of
cosmology.

Using (3.31), the matching condition (3.26) gets the
following simpler form which is linear and homogeneous in
the extrinsic curvature and it does not contain the deficit
angle:

(6,GY + oyhii — Tij>Kij =0, (3.32)
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27x(1 —
oy =22 =)

2 2
Ke Ke Ke

(3.33)
Note that for matching conditions (iv), Eq. (3.31) cannot be
combined with Eq. (3.26) to eliminate W/ since there is no
Wi/ in (3.26) in this case; however, Eq. (3.32) is still valid
since it coincides with (3.26) for = f = 1. Therefore, the
proof of the consistency and the investigation of the
effective equations will also cover case (iv). It will also
be useful to define

2

ol re
= —=1+—5, 3.34
o=t 4a * dax? ©-34)

which is positive for positive brane tension 4. Note that
c;,=0&n=1,r.=0&0,=0=A41

Using (3.30), the conservation equation (3.27) or (3.29)
also gets a simpler form:

. rapf ; . R T
T, = —p—_00( Wi ij—_—_pii), .
lj n 2 5 < +G 1a ) (3.35)

For n = 0 it is seen that the energy on the brane is strictly
conserved, in analogy to the case 7 = 0 of the standard
approach [29]. However, for = 1 and a varying f, i.e.
case (i), the brane radiates in the bulk and there is inevi-
table energy exchange between the brane and the bulk.
Similar nonconservation of energy also occurs in the
standard treatment for # = 1; however, the exchange is
different [13].

What remains are the regular equations on the brane. The
regular parts of the ij equations contain g;; 3(x) = gi;(r,0),
P3(x) =L"(x,0) and are insignificant for all the other
equations. In Appendix B, the regular parts of the rr, ri
bulk equations on the brane are derived. Obviously, there
are manifestly regular terms inside the tensor components
&) =G, + aJy which are obtained by setting formally

’ L/< " . .
L ==L =0, L = in the unperturbed expressions of
&’s. However, there are additional hidden regular terms

i

coming from the expansion of the terms containing Lf I
LT”. Therefore, the O(1) part of the rr bulk equation, after
use of (3.31), becomes

Elly_g oy + K = 4a(3W) + G)K’ - 4aGUK]

= k277 — A, (3.36)
where K/ denotes K/’ (y,0). The O(1) part of the ri bulk
equation because of its complication will be given only for
cosmology. Finally, the 80 bulk equation contains only
regular O(1) terms, the corresponding brane equation
contains g;;» and its form is

065015-13



KOFINAS AND IRAKLEIDOU

&Y =Kk2TH — As. (3.37)
Its explicit form will be given in the case of cosmology.

To summarize, our system of equations consists of the
simplified matching conditions (3.32) and (3.35), the
O(1/r) equations (3.30) and (3.31), the O(1/r) ij equa-
tions, the O(1) equations (3.36) and (3.37) and the O(1) ri
equation.

IV. COSMOLOGICAL EQUATIONS
AND CONSISTENCY

In this section, we will study the cosmological equations
for a codimension-2 brane and check their consistency. For
this purpose we consider the following bulk cosmological
metric:

ds? = dr* + L*(t,r)d0” — n*(t, r)dr*

+a’(t,r) ;}(;/)d;(’d;ﬂ, 4.1)
where ;5 is a maximally symmetric three-dimensional
metric characterized by its spatial curvature k = —1, 0, 1.
The energy-momentum tensor on the brane (beyond that of
the brane tension 1) is assumed to be the one of a perfect
fluid with energy density p and pressure p.

It is very convenient to define the quantities

S L 4.2)

k H 7
X=H'+-, Y=—+H, H=-— (@43

a n na

, o1 1
X=X-A24—, Y=Y—-AN+—, (44

12a 12a

where a dot denotes differentiation with respect to ¢. The
cosmic scale factor, lapse function and Hubble parameter
arise as the restrictions on the brane of the functions

|

ny N ﬁQ
T (1 +Z>Z_(X Zy)ZﬂA

1 N\ 25 N
Vo i () - nﬁ[nAJrH(l_Z)]’
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a(t,r),n(t,r) and H(t,r), respectively. Other quantities
also have their corresponding values when restricted on the
brane, and since all the following equations will refer to
the brane position, we will use the same symbols for the
restricted quantities without confusion.

For the metric (4.1), Eq. (3.32) becomes

N = fA, 4.5)
where
- X +2Y
f:3p 62+01( + )’ (46)
p + 0y — 301X
while Eq. (3.35) becomes
, 24na p
p+3nH(p+p) =-n—F7-X& 4.7
kg P

We now focus on the O(1/r) parts of the bulk equations.
Equations (3.31) and (3.30), which correspond to the rr and
rt bulk equations, get the form

<1+A>X+2y 0, (4.8)
,[A A
2A {nA—kH(l A)] _nﬁX' 4.9)

The O(1/r) part of the 7t bulk equation, which was not
computed in Sec. III B, is now found to be

22

1
2;_,B_AX X—|—6— (4.10)
where a,(1)=a" (1,0, n(£)=n"(1.0), and (1) =L"(1,0).

Finally, the O(1/r) part of the 7 j bulk equations is

@.11)

which can be written in a simpler form after using Egs. (4.5), (4.8), (4.9), and (4.10):

N

1+ f

B
o YT (w)

(4.12)

Up to now, the cosmological equations that have to be satisfied on the brane are (4.5), (4.7), (4.8), (4.9), (4.10), and
(4.12). What remains are the regular equations on the brane which contain up to second transverse derivatives. The 60

regular equation (3.37) takes the form

(X + 2y)

X
L xoxy s ;y

+2A2[

(4.13)

M2 1 5
H(1-= — (2TI— A ——
" < A)] " 12a ( 070 12a)’
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which, after use of Egs. (4.5), (4.8), and (4.9), takes the simpler form

n a 12a +Y

_ 2\ 2
ny a2:1 f +<ﬂ> X+ 1 <K%T€ A 5)

np

2A%7  12aX

> (4.14)

The rr regular equation (3.36) with the help of Appendix B, Eq. (B8), becomes

np p

—[(A+N)X' + 247 = —

Finally, the rt regular equation takes the form of (B12)

2A 6a

nﬁ A 2ﬂ2

The O(1) parts of the #£, i j bulk equations contain third
derivatives with respect to r and form an algebraic system
of two equations for the three quantities a3 (7) = a”’(¢,0),
n3(t) = n"(1,0), and p5(r) = L"(1,0). Therefore, these
two equations are decoupled from all the other equations
and do not deserve further study.

In summary, all the cosmological equations on the
brane which have to be satisfied simultaneously
are (4.5), (4.7)-(4.9), (4.10), (4.12), (4.14), (4.15),
and (4.16). In particular, Egs. (4.10), (4.12), and (4.14)
form an algebraic system for the unknown functions
a,, ny, Py, which after solved and substituted in (4.15)
and (4.16), they make these equations to be satisfied
identically when 77 =79, 7. =0 on the brane. This
calculation is shown in Appendix C and proves the
consistency of the whole system for all kinds of matching
conditions. Therefore, the essential equations on the brane
are (4.5), (4.7), (4.8), and (4.9), which is a differential
system of four equations for five unknowns a, p, f, A,
and N.

V. CODIMENSION-2 COSMOLOGICAL
EVOLUTION AND SOLUTIONS

We summarize by writing again the coupled system of
the essential equations which govern the cosmological
evolution. Since the quantity N can be eliminated from

Eq. (4.5), the system consists of the three essential
equations (4.7)—(4.9) which are written as
_ 24naf
p+3nH(p+p)=-n 2 ?X, 6.1
6

(1+ )X +2Y =0, (5.2)

) r
12 <A6+12 —K'6T>

b HF +{ /+L(X 2A"|‘1> N_&}ﬁ_%[AJF(H”FHN)(A N) +H(A" = N)

! <ﬁ>x+Hﬂ(X+2y)+xy+ ! (X+y)+2A2K1+22])A’+N’} —[(X+2V)A" + XN'|

(4.15)

_ nKg
n T 12aX
(4.16)

t

A 3 X
— 4+ H(l =) _%ﬁ’

I (5.3)

where

1 1
X=X-A"4_—, V=Y-fA2+—,

12 12a SR

k X

il (5.5)

p—oy+o(X+2Y)
p+62—30'1X ’

=3 (5.6)

Although this is a system of three equations for four
unknowns a, p, f, and A, it will be seen in a while that
itis integrable. Note also that in the system (5.1)—(5.3), f is
present only through the derivative factor f/f and there are
no separate  terms. Therefore, whenever one focuses on
the case f = const, there is no difference between f =
const and # = 1. The effective system of Egs. (5.1)-(5.3) is
blind on the constant value of the cone (of course, the bulk
solution should know about this value). Therefore, for
f = const, matching condition (i) coincides with (iv) and
matching condition (iii) coincides with (ii) from the view-
point of the effective equations. This does not mean that the
cone of matching conditions (i) and (iii) disappears. The
cone is still there, but its constant throughout the brane
deficit angle does not affect the effective equations, so,
effectively, it is like “opening” the constant deficit angle to
a smooth plane.
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From Eqgs. (5.2) and (5.3) we take

X B ptptoi

AR H B Y Il 3. &

nX+nﬁ B+H, 3+ 3p—|—62—301X’
5.7)

and with the help of (5.1), it takes the form
24n'aﬁ X
1 K2 Pp+oy,-301X’
(5.8)

E é_(p-l-dz—?le).
X p pto,-30X

or equivalently

X -1 ! 24ra X -1
p+o,—-30X 1 K2 p+o0y—301X

X . .
. <—) Loy
p+02—361X ﬂ

(5.9)

1

X X+ 9 1
¢ —(1+6 2 1 2(X+——)(4
nH( * 6130'1X—p—0'2+172"t#+cﬂ + +12a +
6

where X = H? + %, c is integration constant, 7 = 0, 1 and
2 8ra(l— 27(1— 2
o) =5+ 30 5y = 5 -2 5 = 02+Z_é:’1+4(rz;§'

Ké K6 Kf)
Equation (5.1) with the use of Eq. (5.10) takes the form

®)+3nH(p+ p)

24ra B
=7 — (36, X —p —o05).
Ke ﬂ(’?% + ¢p)

(5.14)

Equations (5.13) and (5.14) form the general final
two-dimensional system for a,p, however, still with the
indeterminacy of the function f3(t). Note that one integra-
tion constant ¢ enters the equations, and actually, in the
form cf. Moreover, it is seen from Egs. (5.13) and (5.14)
that under the rescaling of the deficit angle f(¢) — ¢f(¢),
the constant ¢ disappears. However, since this rescaling
induces a new angle variable with values in a range
different than the standard, we leave ¢ intact in the
following. This system of equations is the full information
available to us at the brane position and constitutes a
nonclosed system. In other words, one needs extra
information coming from the bulk geometry in order to
fix one of the functions, e.g. , and then to solve fully the
system. The solution in the bulk is no longer unique as in
the case of codimension-1 brane cosmology [21,30] and
one has a family of bulk solutions parametrized by the
angular deficit function . Not all these bulk solutions will
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Equation (5.9) can be integrated giving the general solution

K2

24
X <;1 ﬂa—l— cﬁ) =p—+o0,—301X, c:integrationconstant.
6

(5.10)

Equation (5.2) is written in terms of X, A as

(1+3f)A2 :%+ 3 +f)<X+1;—a>, (5.11)

and X is found to be

1 X
(143X =2(f - 1)<X+@> - (512)

Combining Egs. (5.10) and (5.12) and replacing the
quantity 3+ f from (5.7), we get the Raychaudhuri
equation of the theory containing, however, also f:

5 PP )9(p+p)+8(301X—p—62)
_l’_
36/ X—p—0y

n2E+ cp
6

:0’

(5.13)

[

be acceptable since certain of them will inevitably carry
singularities away from the brane. Note that matching
conditions (ii) and (iv), having f = 1, will form a closed
system of equations on the brane without any undetermined
function.

After X, p have been found, one can use Egs. (5.10) and
(4.5) to find A, N. Only in highly exceptional cases will the
extrinsic curvature vanish identically. As it can be seen in
Appendix A, the six-dimensional Ricci scalar (as well as
other curvature invariants), beyond the distributional terms,
contains also singular 1/r terms multiplied by the extrinsic
curvature. This means that in general the bulk geometry
has a genuine curvature singularity at » = 0 apart from the
distributional one. In fact, it is expected from purely
geometrical considerations that higher codimension defects
will develop curvature singularities in their zero width
limit [31]. Moreover, for the standard Schwarzschild
solution of a 0-brane (point mass), the metric is singular
on the point and the curvature diverges on the defect.

In the special case of f# = const, there should be no S
in Egs. (5.13) and (5.14) since in this case, there is no f
in the initial system (5.1)—(5.3). A seemingly remaining
constant f in (5.13) and (5.14) is the result of the
integration process. However, the integration process
knows to put $ in the form cf; thus a constant f is
absorbed in the integration constant c¢. Therefore, when-
ever we speak about constant f in the following, we will
replace ¢ by ¢ in (5.13) and (5.14).
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Equation (5.13), although much complicated, can be
brought in a more convenient form defining for 6; # O the
variable ¢ as

pto Ly P

- o, p+ol
_36] 301

—. (5.15)

6= 30, &

_36|X—p—02

It is seen from the last expression that in principle H? has
the standard Friedmann term linear in p, a cosmological
constant term and a dark energy contribution attributed to &,
but more can be said after £ is found. So, Eq. (5.13), using
(5.14), becomes for p = wp

E 24za B
— ’7 g
kg nHP(n*5 + cp)

nH(+1)

o)

3434902+ cp)” ¢
X . .
2% +34 90 (n2E +ch) i+ 1
6

(5.16)

In order to get some understanding of the behavior of the
system, Eq. (5.16) will be integrated in the next section for
a characteristic case of f.

In the exceptional case where the denominator 36, X —
p — 0, vanishes, some of the previous equations are not
defined. Equation (4.5) gives 6,(X +2Y)+ p—0, =0,
which leads to the conservation equation p+3nH (p+p)=0
and from Eq. (4.7) we get § = const. From Eq. (4.8) we can
find % as a function of A,p and from (4.9) a differential
equation for % gives A. The four-dimensional cosmology in
this case is the standard FRW cosmology with cosmological
constant.

If the deficit angle is time dependent instead of being
exactly constant, a time-varying effective four-dimensional
gravitational constant will be induced. To make an esti-

mate, from the coefficient of the linear term in (5.15) we

have 872Gy = k7 = which can also be taken

K
r§+8m§(1—ﬁ)’
from the relative coefficients of the terms G, T% in the
matching condition (3.28). The variation of Gy is con-
strained during the early cosmology by the primordial

abundances at the nucleosynthesis epoch approximately by

%59.2 [32]. This constrains the variation of f as

ﬁ < . . .
| Sy | < 0.2 which is not a rather strong constraint.

Further constraints come from the fact that the theory with
varying /3 is similar to a scalar-tensor theory, and therefore,
there will be strong constraints from solar system obser-
vations. Not knowing the full family of solutions in the
bulk, we choose to consider in the next two sections V A
and V B the case where 3 is constant. This case will give, at
least seemingly, acceptable four-dimensional cosmologies
and has the merit that the system of equations is closed and
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does not depend on undetermined functions. In Sec. VA we
derive the general cosmology for ¢; # 0, while in Sec. V B
the general cosmology for the complementary case 6; = 0.

A. Cosmology with 6; # 0

As explained above, one characteristic and meaningful
way to close the system and capture some features of its
behavior is to assume a constant deficit angle $(7) = const.
Then, Eq. (5.14) gets the standard conservation form

p+3nH(p+ p) =0, (5.17)
and Eq. (5.16), using (5.17) to convert the derivative with

respect to time to derivative with respect to p, becomes
integrable:

25"’3"—961(77%4‘0)_]1 1 8 1
6
—d = —_— 1,
3§—|—3—|—90](r/2‘,‘<—’2’“+0)'1§§ p[p+a 9(1+W)p]
6
(5.18)

with general solution

1 - .
= pﬂliw) (p+0)738 =3& =2y, ¢ :integration constant,
¢

3 . 9, [ 24na N -1
=—4+—= c) .
=2t e

(5.19)

Equation (5.19) is a cubic for & and can be solved
analytically giving the function £(p) and therefore the
Hubble evolution H?(p). Since the cubic has various
branches, there are also branches for the cosmic evollgltion.

Branch I. ¢(p+0) >0 and ¢(p+ o) < y*p0i.—
There is one real solution for &:

& =2sgn(y)p T\ E(p + 0)?

<7|f|”m )] (5.20)
c(p+o)

For positive brane tension 4 > 0, it is ¢ > 0; therefore the
first inequality above becomes ¢ > 0 and the Hubble
equation is

1
X cosh [5 arccosh

4
k P [P C. P
R A _GP
+ a’> 3o, + 30, +sgn(r) 60\\/p+ o
1 ZiEm)
x cosh™! |=arccosh IrlepTT , (5.21)
3 (p+0)
where ¢, = ¢7'/2 > 0 and cosh™' x = _!—. So, Eq. (5.21)

contains two integration constants ¢, > 0, y. For negative
brane tension some slight difference will occur in (5.21)
according to (5.20).
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As it is seen from the second inequality above, this
solution does not accept the regime p — 0, but already the
linear p term of FRW is present. Note that the coefficient of
this term is determined by the Gauss-Bonnet coupling a/«?
and the possible induced gravity coupling r2/«Z, and not by
the higher-dimensional gravitational constant 1/x2 of the
Einstein term. The Finstein term contributes only to the
effective cosmological constant and to the extra correction
term of the Hubble equation. This remark is valid also for
the other branches below.

The second inequality above also shows that the energy
density p cannot become infinite (for w > —1/9), which
means that an infinite-density singularity a = 0 is not
encountered for the solution (5.21). This is true indepen-
dent of the spatial curvature k, or the equation of state.
More precisely, for w = 1/3, which is the realistic equation
of state at the early Umverse the condition for the solution
(5.21) to exist is 0 < & that c. > 479,
Note that this effect of avmdance of the infinity is not
the same with that of codimension-1 cosmology of the
standard approach [33], where the infinite density singu-
larity is removed by the combined effect of the Gauss-
Bonnet and the induced gravity term, while neither of the
two terms separately can do this. Here, the coupling r,. can
be set to zero (along with # = 0) and still the finite behavior
occurs. The maximum energy density Py 1S found (for
w=1/3) by the equatlon 2+ (3,- 23)z=¢-1-
2¢%/27, where z =24+ £ £ =3 — ”6 (the prev10us con-
dition for ¢ means £ < —15 /4). In order for p,; to be the
maximum energy density and not the minimum, the
appropriate solution of the cubic equation for z must
satisfy z>2+¢/3 for any ¢. To summarize, for a
radiation brane the solution (5.21) exists only if ¢ (or
c,) satisfies the previous condition, and then necessarily
it has finite energy density ever.

Not only the energy density is finite at early times, but
there is a range of the integration constant ¢ (or y) for which
there is accelerated expansion near the minimum scale
factor. This, in principle, serves as a geometric form of
inflation alternative to the scalar field inflation. More
precisely, this happens for —1/18 <y < 0 (or in terms
of ¢ for =36, < 1124”“ + ¢ < —816,/28). Indeed, using the
proper time on the brane the acceleration parameter d/a is
given by the formula d/a = X + X/(2H). Using (5.15) to
express X in terms of £ and (5.16) to substitute £ in terms of
E(p), we find

a [1+9w38+2y 143wi+1

LT T iy 2 €
_3Xtre
RCREEE 2

Equation (5.22) is valid for any w (for example it can be
used for w = 0) and is true also for the other branches of
solutions to be discussed below, not only the current one.

PHYSICAL REVIEW D 89, 065015 (2014)

For the solution (5.21) and w = 1/3, the value of ¢ at the
initial scale factor is found from (5.20) to be £;; = 2y and
the corresponding value of the acceleration is 324, =
(Z—15)+(1+ 1%% )(’; —z); therefore, for the range of

y given above, ¢|,, is positive and finite. Note that this
result also holds mdependently of the spatial curvature k of
the Universe.

Finally, the four-dimensional Ricci scalar on the brane is
given by R/6=H+2H?+k/a?=X+d/a; therefore, from
the previous result for £],,, we obtain that R is finite and
there is no initial singularity.

To conclude, the solution (5.21) with w = 1/3, for a
range of the integration constants c,,y avoids a cosmo-
logical singularity (both in density and curvature) and
undergoes accelerated expansion near the minimum scale
factor. There remains however one crucial caveat: there is
no exit from acceleration, as it can be seen that at the
minimum energy density there is also acceleration.

Branch II: ¢(p+0) >0 and ¢(p +6) > y?pi0m T —
There are three real solutions for &:

E=2p7T 4 [E(p +0)?
4
1 3w 2
xcos[—arccos( i/p >+ ﬂm}, m=20,1,2.
3 c(p+o) 3

(5.23)

For positive brane tension 4 > 0, it is ¢ > 0; therefore the
first inequality above becomes ¢ > 0 and the Hubble
equation is

4
k p 0y C P30
m’el - P
+a2 30 +361 +60'1\//)+a
1 yC Py 2zm
x cos~! [—arccos( - ) + ],
3 Vip+o)/) 3
m=20,1,2, (5.24)
where ¢, = ¢7'/2 > 0 and cos™' x = L. So, Eq. (5.24)

cosx’
contains two integration constants c¢, > 0,y or alterna-

tively, we could consider the two integration constants
¢, >0, ¢ =yc,. For negative brane tension some slight
difference will occur in (5.24) according to (5.23). The
solution (5.24) accepts the regime p — 0, where for w = 0
it is

k 1+4
H + S —+—+ cos™! {ﬂ< + m):|p%.

6
(5.25)

Depending on the value of ¢ the solution can evolve from
an initial big bang to p — 0, or from a finite value of the
energy density to p — 0.
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Branch III: ¢(p + o) < 0.—There is one real solution
for &:

£=-2p0\/~E(p + o)

4
3(T-Hw)
L)] (5.26)
~C(p+o)’

For positive brane tension 4 > 0, it is ¢ > 0; therefore the
inequality above becomes ¢ < 0 and the Hubble equation is

1
X sinh [5 arcsinh <

H 4 k —p | o ¢, P
a* 30, 30, 6o,\/p+o

4
1 ST
x sinh~! [5 arcsinh <&>} . (5.27)

GE

where ¢, = |¢|~'/> > 0 and sinh~! x = -1 So, Eq. (5.27)
contains two integration constants c* > 0 y or alterna-
tively, we could consider the two integration constants
¢, >0, ¢* = yc,. For negative brane tension some slight
difference will occur in (5.27) according to (5.26). The
solution (5.27) accepts the regime p — 0, where for w = 0
it is

kK p 3 1 30
Barlxl (122" (6,-22) -
Te 3al< 2y>+3ol ("2 2y>

Although in principle y has any sign, the linearized
regime (5.28), in comparison to the standard FRW equa-

2}’63 8

270102p
(5.28)

tion, gives the constraints 872Gy = Kk = (1 ——) and
Aeff 1(02 —E) Combining these relatlons we get
S_ay = Kk3[A = 27(1 — n)M] — Ay, where k2 = Mg*. Since

k3 ~ 10731 TeV=2, Ay ~ 1070 TeV2, Mg 2 TeV, for any
reasonable A the term A is insignificant. Finally, y can
indeed be either positive or negative depending on the value
of A, and the correction term of (5.27) can also have either
sign. Moreover, setting the effective cosmological constant
A to zero, in case we want the vacuum to be the
Minkowski space, we get k3 = (4ad + rZM¢)™!

In general, the solutions found above need a more
systematic analysis to study their cosmological behavior.
Usually one adjusts the parameters of a solution such that in
the absence of matter to recover the Minkowski back-
ground. However, this is not necessary since any curved
spacetime is locally Minkowski and all local physics
constraints are satisfied. For example, the Randall-
Sundrum fine-tuning in five dimensions assures a
Minkowski background by exactly vanishing the effective
cosmological constant [30,34]. In this case, the acceleration
today would possibly be attributed to some dark energy
component. If, on the contrary, the effective cosmological
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constant of a model does not vanish, the background is de
Sitter and it contributes to the acceleration today. For
branches I and II above, the effective cosmological constant
is Z—: and has no need to vanish (for # = 0) or cannot vanish
(for n = 1). Its value, together with the correction term,
could possibly define the dark energy today.

Let us finish with an intriguing comment. For a 3-brane
in D dimensions, out of the scales k3, = M%7, A, r. is
constructed the following scale with dimensions of effec-

. . K22
tive cosmological constant: Aey = 5 = #r,}ﬁ The
¢ D c

induced gravity crossover scale r,. distinguishes the four-
dimensional from the higher-dimensional regime. For a
reasonable value of the brane tension 1~ M$}, (e.g. A~
TeV* a typical cutoff) which might also have theoretical
explanation as it is connected to the fundamental mass
scale, it arises Aqg ~ Wi, )D == L For D = 6itis Ay ~ 2. If

the induced gravity crossover scale is of the cosmic honzon
size r, ~ H™!, then A, ~ H?; i.e. for today Ay has the
observed magnitude. Since the induced gravity term is
generically induced by quantum corrections coming from
the bulk gravity and its coupling with matter living on the
brane, it would not be absurd to suppose that the accu-
mulative contribution of all the matter inside our horizon
gives a connection of r, to H~'. Butif A4 ~ H?, why only
today does Ay emerge and not in the past? To make
another conjecture, only today a reasonable number of
galaxies with high energetic interiors exist from where the
quantum loops generate the induced gravity term. On
the contrary, any other dimensionality D fails to support
the observed value of Ags. For D = 5itis Ay ~ @ and in

order to be Ay ~ H% it must be r, ~A1_4]—3H5 ! which for

Mp ~TeV gives r. ~10¥Hg! (too high to be realistic).
For D =7 it is Ay ~ﬁ and in order to be Ay ~ H}

it must be r, ~ (Z—g)%Ha ! which for M|, ~ TeV gives r,. ~
1071 Hy! ~ A.U. (this may look marginally legitimate but
it is probably already excluded since high precision
measurements on solar system astronomy occur at dis-
tances 30 A.U. which is larger than A.U.; more importantly,
a higher value of M, which is more reasonable, reduces

r.). For D = 8, itis Acg ~ 3— and in order to be Agy ~ H{
ple

it must be r.~ , /E—ZHgl, which for Mp ~TeV gives

re ~102"Hy!' ~107?A.U.  (obviously incompatible).
Incompatibility worsens with yet lower r. for higher
D. In all the solutions (5.21), (5.24), (5.27), or even in
(5.15), there appears the effective cosmological constant

(;2 _ k2A-2x(1-n)
Ar =3 = —,C F8ra(i=y) ! starts becom-
K22
ing visible, but for n =1 it is exactly Aeﬁ =2= 4

re

Already the scale

Therefore, we have a consistent formalism which naturally

. . . K22
embodies the effective cosmological constant scale -5
c
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which can suppress the large value of vacuum energy to the
small observed cosmological constant [for the standard

o K%i—Zﬂ(l—[)’)
o = P Rral1)
is seen from (6.37) by setting p=p =0, Y =X].
However, even if all the above arguments have some
physical relevance, there is a point that creates a serious
phenomenological difficulty. This is the constraint from the
four-dimensional Newton’s constant G. From the solu-
tions (5.21) and (5.25) it has to be G ~ 01‘1 = fé and then,
r. is constrained by Mg and all the previous numerology
collapses. However, we give an idea how this difficulty
might be evaded. In the spirit of Egs. (5.28) and (5.35), a
possible dependence of G, on some extra integration
constant Gy = Gy(0,,C) [even a whole time dependence
of Gy due to f(¢) would create for today an analogous
result] could liberate r, from Mg and charge the value of
Gy to this integration constant C. For example, for the

solution (5.28) it is 87Gy = x4 =" (1 — 2), and therefore

treatment a relevant scale A, also arises, as it

é # 2—% as opposed to what one usually imagines from the
action (3.1). To say it in a different way, in the present
theory, Newton’s constant is not determined solely from the
parameters (Mg, r.) of the action, but in general depends
also from the integration constants of the considered
solution. Although in the concrete example of Eq. (5.28)
the dependence of Gy on y does not save the argument,
further investigation of the theory and its solutions could

shed more light on this issue.

B. Cosmology with 6; =0

The case o7 =0 corresponds to # = 1, without the
induced gravity term r. = 0. Therefore, it corresponds to
matching conditions (i) and (iv) with r. = 0. Then, the
conservation equation (5.14) for general f(r) can be

rewritten as
I\
(—zf j ) +3nH
Tt + c
Kéﬂ

and displays an interplay between the energy density and
the deficit angle during the evolution. This equation looks
like the standard energy conservation equation for
redefined energy densities of matter and brane tension,
ie. p—opf(p) and p, > p,f(f), where p, =1 and
f(B) = (i“g—”ﬁ"‘+c)‘1. Then, for p =wp it is p = pf(p)
and since p, = -1 it is p; = p,f(f). It is the same
to say that the total energy density p = p + 4 is redefined
p — pf(p), and therefore, for the total pressure p = p — A
it is p — pf(p). Furthermore, the Raychaudhuri equa-
tion (5.13) becomes

ptp

——=0 5.29
Ara 4 ¢ 629
KeP
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< 1)p—3p+4/1 p+9p—81

X
— 42X+ — =0.
pri | EEigp

nH

12a
(5.30)

Equation (5.29) is written as

dy 24na -1
— 4+ 3(1 —3(1 AMl—— =0, (5.31
o (1+w)y=3(1+w) <K§ﬁ —|—c> (5.31)
where
A
- 246;:_ . o=m<, (5.32)
Kg—ﬂ—FC ap

and q, is, for example, the today scale factor. Therefore, for
B = p(a), (5.31) is a linear differential equation for y and
can be integrated giving p(a). Then, (5.30) becomes a

linear differential equation for X:

dX (1 =3w)p+44_
i DS S ‘¢
a0 P+
24 -1
—I—[(1+9w)p—8/1]< K’;a“ﬂ) —o.
6
X—X+i (5.33)
o 12a’ '

giving H(a) or H(p). For example, for a slowly varying 8
around today, one could assume that S(Q) ~ f3, + 1.

Here, we will restrict ourselves to the case of
constant deficit angle during the Universe evolution,
S(t) = const. The absence, however, of the induced gravity
term makes the derived cosmology rather simple. As we
have explained, since f is constant, the quantity cf in
Egs. (5.29) and (5.30) should be replaced by c.
Equation (5.29) becomes the standard conservation law.
Equation (5.30) with the use of the conservation equation
reduces to the linear differential equation

dX 2 (1—3w)p+4/1< 1 )

= _ X4+
dp 3(14+w) plp+2) 24
1 (1+9w)p—82

= 5.34
Hre e 3(1+wp (5-34)
6
with general solution
k KZp K2 1
H2 A 6 6 o
Tz 24na(l —¢) * (2471'0{(1 =) 12a>
SR (5.35)
VRS '
where ¢ = — 2:;2)111 ¢ is a redefinition of the integration

constant ¢, and ¢ is another integration constant. So,
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Eq. (5.35) contains two integration constants ¢, ¢. Note that
the four-dimensional Newton constant is determined by an
integration constant and not solely from the parameters of
the theory.

W the effective

four-dimensional gravitational constant, we have

Setting for this cosmology x3 =

kK2 KA 1 C
H2 _:_4 i__ 3l+w). .
T 3p+<3 12a)+( 2’ (5.36)

By fine-tuning the brane tension to the value 1 = 4
(IK

the effective cosmological constant vanishes and (5. 36)
becomes

kK2 s
H? T AT §4f’ + Ly P, (5.37)

1
(P + 4a1<

which includes a nontrivial correction beyond the standard
linear to energy density term.

VI. SPECIAL CASES, EINSTEIN LIMIT AND
COMPARISON WITH STANDARD APPROACH

A. Special cases

It is instructive to see the limit of a few special cases.
These cases need special treatment since several expres-
sions are divided by A, H, etc.

1. Minkowski brane

An exactly Minkowski four-dimensional spacetime has
no need to be the solution of a viable gravitational theory
since any curved spacetime solution is locally Minkowski,
and therefore, satisfies all known local physics. However,
the present theory possesses an exact brane Minkowski
vacuum, where H = 0, k = 0, p = 0. In this case, the two
boundary conditions 7 = 0, 1 reduce to a single case with
vanishing extrinsic curvature A = N = 0, the deficit angle
J comes out to be an integration constant, while for the
second order coefficients it holds f, =0, 34’ + N' =
k2T7—Ag with 70 =79, T!=0. Here, the regular
parts of the ij bulk equations on the brane do not contain
a”,n", as it happens when A, N # 0, but they contain
A’,N', L"; therefore, there is one additional equation for

AN, namely A’ = N' =" (37" = T), and finally A’, N'
(6T +3T—Th) A

—%. Note that in this special

are uniquely determined A’ =
N =T} - 3T} + T}
case the brane tension A does not enter, so irrespectively
of its value, a Minkowski brane is achieved without
fine-tuning.

If the bulk has only A¢ < 0, one can find the exact bulk
solution of EGB theory which is the extension of the above
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Minkowski brane [13,35]. For a < i,

static black hole solution of EGB gravity [36] with horizon
of toroidal topology

we start with the

2

dR
ds; = —A*(R)de*> + )

R? Ne
1—4/1+24

12a l \/ * “(10 +RS)
(u 1s the integration constant) which possesses one singu-
larity at R = 0 shielded by an horizon at R, = (l?{‘)
Making the double Wick rotation 8 = —ir, t = —i{® and
defining y' = ¢’ and r instead of R by 98 = A(R), the
solution (6.1) gets the Gaussian-normal form (3.7)

+ R25,~ijidC/,

A%(R) = 6.1)

ds; =dr* + L*(r)d0® + R*(r)(=d* + dy3).  (6.2)

Integrating equation %% = A(R) around R = R,,, we find

r=2, /5_—/\6\/ 1- R—f;; therefore the brane should be located

at the horizon. Moreover, since the induced metric on the
horizon should be the Minkowski metric, it has to be
R, =1, ie. p=—Ag/10, and it is found that L(r) =
AR(r)) ==S%r+0(?),  R(r)=1-22+00*).
Comparing the metric (6.2) with (4.1), it is found that

A=N=0,6,=0A =N = —%, in accordance with
the values found above for a Minkowski brane. The
constant deficit angle f which from the brane viewpoint
of the effective equations remained undetermined; now the

embedding of the brane in the exact bulk solution specifies

its value to be f = % if the angle 6 has the standard
normalization 0 < 8 < 2x.

For vanishing bulk matter content and Ag = O the bulk
solution of Einstein or EGB gravity which is consistent
with a Minkowski brane is the locally flat geometry with a
constant deficit angle ds? = dr* + p*r*d0* — dr* + dy3
This bulk solution has A=N=8,=A'"=N' =0, as
required by the previous brane equations. The only differ-
ence of this configuration with the standard treatment is that
here the brane tension A remains an arbitrary parameter,

while in the standard approach the equation G;; + aJ;; =

K%/Ih, j 2;(zﬁ)r is more restrictive and implies the well-known
fine-tuning 1 = i—’é’( — ) [8,37] (this fine-tuning is the
same as in Einstein gravity, since for a Minkowski brane the
Gauss-Bonnet term does not contribute). Such a sort of
relation we would like to arise as a direct calculation of an
appropriately defined energy of the gravitational field, and
indeed, one such definition that has successfully passed
various other tests is given by the teleparallel representation
of Einstein gravity [38]. It gives for the gravitational field of
the previous locally flat bulk solution the energy per unit
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spatial volume of the defect, inside a cylinder of arbitrary
radius around the defect, equal to £, = i—é’ (1 — ), which is
6

same with the energy per unit length of a cosmic string.
Since the radius of the cylinder is insignificant, it may be
concluded that the whole energy is concentrated along the
axis r = 0. Therefore, in the standard approach the energy
is localized on the brane and is due to the brane tension
which adjusts , while in the current approach the energy is
again practically localized on the brane in the form of
gravitational energy which now adjusts £ and has the same
value as before. So, now the gravitational energy stored at
the defect, instead of the brane tension itself, adjusts the
deficit angle and the two descriptions are physically similar.

2. Vanishing extrinsic curvature

Since one of the two matching conditions, Eq. (3.28), is
contracted with the extrinsic curvature, in the limit of
vanishing extrinsic curvature this equation is satisfied
identically. Therefore, the situation is expected rather
exceptional. One such example was the Minkowski brane
above. For cosmology with A = N = 0 the equations on
the brane give the exact conservation equation, § = const,
pr=0,7Tr="T9 T' =0. Additionally, the regular parts
of the ij bulk equations on the brane do not contain a”, n””,
as it happens when A, N # 0, but they contain A’, N’, L".
These two equations, together with the 86 equation (4.13),
can be solved for A’, N, 5. Therefore, H remains arbitrary
and any four-dimensional cosmology can be a solution,
under the condition that it is embedded geodesically in the
bulk. Since there is no curvature singularity at » = 0 in this
case, maybe the stability issue could shed more light on the
physical relevance of such geodesic embeddings.

3. Only tension on the brane

This means that p = p =0, and therefore, this case
cannot be obtained from the solutions of Sec. V. Physically,
this situation could approximate periods of the history of
the Universe where inflation or dark energy dominate over
matter. From Eq. (5.1) it is concluded that f = const.
Then, Egs. (5.2) and (5.3) do not contain f; thus, (5.13) and
(5.16) should not contain f, and therefore, cf is replaced by
c in (5.13) and (5.16).

For o, # 0 the equation which governs the evolution is
(5.16) and gets the form

: 4 2
& KKty 6.3)
nH 3 &4y

where y =3 + 2% (n 242 4 ¢)~!, with general solution

6

I

83—y 6.4)
ca

(C integration constant). It is also defined ¢, = |¢|~/? > 0.
Equation (6.4) is a cubic for £ and can be solved
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analytically giving the function &(a), and then the
Hubble evolution H?(a). Since the cubic has various
branches, there are also branches for the cosmic evolution,
all containing the two integration constants c, > 0,y.
For ¢ > 0 and a® < y?/¢, there is one real solution:

ko, oc, ! lylc.
H? +?:3—01+sgn(y) 601a4COSh '[garccosh< |

(6.5)

For ¢ > 0 and a® > y?/¢, there are three real solutions:

k 05 oc, |1 7C, 2zm
H? +g = 3701+661a4cos ! {3arccos<a4> +3},
m=0,1,2, (6.6)
and accept the regime a — oo
k o0, oc z(1+4m)] 1
H?+ —~——2+—cos™! —~. (67
+az 361+601 [ 6 }a“ ©.7)

For ¢ < O there is one real solution:

2

k 0) oC, . _ 1 . VCy

and accepts the regime a — o

207c?

kool 36 1
HP+or—(o-22) - —.
T2 %3, ("2 27/) 270, &8

Note that the previous solutions for ¢, = k = 0 can give
a de Sitter brane.

For o =0, the relevant equation is (5.13) which
becomes

(6.9)

X 1 84
—+8{X+— ) —-5—7——=0, 6.10
nH ( +12a> ey ¢ (6-10)
6
with general solution
PRI L 6
a> a® 24ra(l-¢) 12a’ '
where ¢ = —zﬁac is a redefinition of the integration
constant ¢, and ¢ is another integration constant.

So, Eq. (6.11) contains two integration constants ¢, cC.
For ¢ = k=0 the solution (6.11) can also give a de
Sitter brane, which is alternatively obtained by setting
directly H = const in (6.10).
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B. The Einstein limit

In the limit of Einstein bulk gravity the Gauss-Bonnet
term is absent: @ = 0. We give the effective equations for a
general axially symmetric configuration. In [20], some
terms in the expansion of the regular parts of the bulk
equations at the brane position were missed, so we give
here an exhaustive account of all the relevant equations at
the brane location.

The matching condition (3.28) becomes

{K2T — 20 = 27(1 — B)| ' — rZGif}Kij =0, (6.12)
while the matching condition (3.29) gets the form

- 27 ..
TU‘]’ = Fhuﬁ’j' (613)
6

Among the two terms LT” and % K;; which contribute to the

distributional terms &:), only the first is present in the

Einstein tensor. Note that the index # disappears in (6.12)
and (6.13). In general, the term %IC;] attributes to the
matching conditions extra terms due to the possible
discontinuity of /C;;. Since this term is absent here, there
is no point to consider IC,»J» discontinuous; therefore the
Einstein limit corresponds to n = 1.

The O(1/r) part of the ri bulk equation, namely
Eq. (3.30), becomes

(6.14)

while the O(1/r) part of the rr bulk equation, i.e.
Eq. (3.31), is'
K =0. (6.15)

The O(1/r) part of the ij equations, using the expression of
G;; of Appendix A, takes the form

b

The first matching condition (6.12), using (6.15), takes
the form

K, (6.16)

J

2o y
(—;G’J—T’/)K,»jzo (6.17)
Ke

'In [39], a self-gravitating string in Einstein gravity was locally
described by a thin tube of matter represented by a smoothed
conical metric, and under some constraint on the model of the
string in the limit where the thickness becomes negligible the
central line of the string was shown to follow the Nambu-Goto
dynamics.
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and coincides with (3.32) if indeed it is set # = 1 in the
constants (3.33). The second matching condition (6.13),
using (6.14), becomes

Tij|j =0. (6.18)
From Egs. (6.15) and (6.16) we get
2

Contracting (6.19) with 4"/ and using again (6.15) we take

pr =0, K;i =0. (6.20)

J
Therefore, the algebraic matching condition (6.17) or (6.12)
is trivially satisfied and what remains is S = const,
the conservation equation (6.18) and Egs. (6.20). The
vanishing of the total extrinsic curvature means that in
the Einstein limit the brane is a special case of Nambu-Goto,
it is geodesic, i.e. x,;; +F",Mx”,,-x‘.j = 0. Of course, this
happens “on shell”; it is the result of all the equations,
not only the matching conditions. On the contrary, in the
EGB theory we examined, in general the brane even on
shell is not geodesic. It would be interesting to see if in
Einstein theory this geodesic result is relaxed when the
ansatz of axial symmetry is abandoned. If this is the case, the
codimension-2 Einstein gravity will be not only consistent,
but also nontrivial. Note that the probe limit of a theory is
a different thing and is checked “off shell,” from the
matching conditions only, since in the probe limit there is
no bulk dynamics and the bulk equations are empty.

Continuing with the remaining equations, the regular
part of the rr bulk equation is

. O B
2K/ +K2 —Kl'jKl] —R ‘I‘ 2—[))+ K/—z = 2](%7; - 2A6’

P p
(6.21)

where we denote K}; = Kj;(r = 0) and Eg. (6.21), due to
(6.14) and (6.20), becomes

R —2K =2Ag — 23T, (6.22)

Similarly, the regular part of the ri bulk equation is

K’
ilj

_ K\i +& (&5{ + K{) —@ = K%Tir, (6.23)

B \2p p

which due to (6.14) and (6.20) becomes identically satisfied
whenever 77 = 0 on the brane. Concerning the 66 bulk
equation one obtains

2K’ + K ;KU + K2 = R = 22T — 2, (6.24)

065015-23



KOFINAS AND IRAKLEIDOU
which due to (6.20) becomes

R —2K' =2A¢ — 2c2T§. (6.25)

Equation (6.22) is compatible with Eq. (6.25) whenever

77 =TY on the brane. Therefore, all the equations of

Einstein gravity on the brane up to now are f = const,

ﬂz = O, TIJ‘J = 0, Kl] = 0, R — 2K/ = 2A6 — 2KGTr and

what remains is the regular part of the ij bulk equations.
The regular part of the ij bulk equations is

36, Biilj
G, +2K; KX KK--—ZK’ —
1]+ ik j+ ij +2/7) ﬁ
1 1 O P B P
2K+ KoK +-K*+—+ K= — 2 hij
< +2 kt +2 + 7 + 25 2ﬂ2+ﬁ

(6.26)

2
=x6T ij=Nehij,

where 5(y) = L" (y,
(6.20), becomes

0). Equation (6.26), due to (6.14) and

ﬁ
Contracting (6.27) with k' we find f:
4 y
W3 R_6K —dhe+ 2T hI,  (6.28)

and substituting back in (6.27) we get

1 1
Gij - 2K§j + (R + ZKI) ij — Kéka (555? a thﬁhlj) '

4
(6.29)

Of course, not all ij equations of (6.29) are independent,
but independent are all but one. The nontrivial final equations
to be satisfied are (6.22) and (6.29). For cosmology,
Eq. (6.22) gets the form

3AT4+ N =3(X+Y)=x2Tr— g (6.30)
and coincides with Eq. (4.13) for @« = 0. Equation (6.29) for
cosmology contains one independent equation which is

2
A/—N/+Y—X:%<3T;—T§). 6.31)
Therefore, the two equations (6.30) and (6.31) can be
solved algebraically for A’, N’ and X, Y remain undeter-
mined; thus, the scale factor remains undetermined. The
energy density obeys the standard conservation.

The indeterminacy from the brane viewpoint of one
unknown function for cosmology is the result of the
codimension-2 geometry. Certainly here, in FEinstein

PHYSICAL REVIEW D 89, 065015 (2014)

gravity, the fact that the scale factor itself remains unde-
termined is more inconvenient compared to the indetermi-
nacy of the general EGB cosmology which can be rendered
to the deficit angle. But still the important thing is the
consistency of Einstein gravity in the present formulation,
in clear contrast to the inconsistency of Einstein gravity
according to the standard treatment [5-7,9,10]. Our main
purpose is to raise the interest to the investigation of more
realistic, alternative matching conditions, not to give an
answer on the selection of the appropriate bulk boundary
conditions, or the appropriate codimensionality, or the
appropriate gravitational theory in order to pick up the
unique final cosmology.

C. Comparison with the cosmology of the
standard approach

It was explained thoroughly in the introduction that
according to the standard approach the equations of motion
of a defect are derived by taking the variation of the brane-
bulk action with respect to the bulk metric at the brane
position. This is the extension of what is done with the
Israel matching conditions and for the codimension-2
Einstein-Gauss-Bonnet theory this was performed in
[12,13,17]. The aim here is to compare the cosmological
equations of the standard treatment discussed in [13] with
the cosmological equations (5.1)—(5.3) of the present
analysis.

In [13], cases (i) and (iii) were examined. Together with
the matching conditions originating from the distributional
terms &(r)/r, additional matching conditions were consid-
ered arising from the distributional terms &(r) (also
considered in [15]). For case (i), these extra matching
conditions are identically satisfied. However, for case (iii)
these conditions provide nontrivial constraints. The result
of the analysis in [13] for cosmology was that while case (i)
is consistent, case (iii) is not consistent with a codimension-
2 brane, but an additional codimension-1 brane is needed.
However, this result is not correct because the distributional
terms §(r) should not be considered for deriving extra
matching conditions. This becomes obvious from the
variational point of view where the volume element
rdrd® multiplies 6(r) and vanishes it. Otherwise, looking
at an equation containing two sorts of distributions it cannot
be said if the correct thing is to leave the equation as it is
getting two sets of matching conditions, or to multiply the
equation with r getting one set of matching conditions, or
why not to multiply the equation with > getting no
matching conditions at all. To say it in a similar way, it
is not obvious what is the correct regularization and the
answer is provided by the variational principle which
naturally supplies the correct regularization. Therefore,
the correct result is that both cases (i) and (iii) are consistent
with a codimension-2 brane in EGB theory according to
the standard approach. We can add here that case (ii) is
also consistent since mathematically it does not differ
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significantly from cases (i) and (iii). In the following, the
essential cosmological equations of the standard approach
are summarized in order to compare with the current
treatment. These equations for matching conditions (i),
(i1), and (iii) are

p+3nH(p+p)=n

/ 2
p <3r;X—p—,1>, (6.32)
Kg

pn—p)
1 r’ KZ(p+4) 1-p
A =0T <1 - 8m>X‘24m<n —p) " 2aln-p)’
(6.33)
I ra Ke(p+3p —24)
= ﬁ(l‘“%)” 487a(n— p)
1-p
" 2aln—p)’ 0
A _p s
ZA{ A+H(1—f)] = (X A > (6.35)

where, also here, N has been replaced by N = fA. The
definitions for X, Y, f are the same with those in Egs. (5.5)
and (5.6).

For matching condition (iv), Eqs. (6.33) and (6.34)
are replaced by the cosmological version of the four-
dimensional Einstein equations r2G;; — k2(T,; — Ah;;) =
0; therefore the strict conservation equation replaces
(6.32). Additionally, Egs. (4.8) and (4.9) are valid with a
zero right-hand side. Solving (4.8) for N/A (now we do not
have the equation N = fA) and substituting in (4.9), there
arises a differential equation for A. Although we do not plan
here to study exhaustively the second order equations to
check the consistency, however, it seems most probable that
matching condition (iv) will still be consistent in the
standard treatment.

Equations (6.32)—(6.35) form a system of four equations
for four unknowns a, p, ff, A; however, one equation, for
example the matching condition (6.34) is redundant, so
there is again one indeterminacy. Indeed, differentiating the
matching condition (6.33) with respect to time and using
(6.32) and (6.35), Eq. (6.34) is obtained. Although redun-
dant, this equation is left inside the set of equations because
it will be useful in the following. The conservation
equation (6.32) is the corresponding or (5.1), but the
two right-hand sides differ significantly. However, for n =
0 or 8 = const they both reduce to the standard conserva-
tion equation. Equation (6.35) is identical to Eq. (5.3). The
crucial difference between the two theories is the matching
condition (6.33) compared to Eq. (5.2), which is a sort of
equivalent to the new, algebraic in extrinsic curvature,
matching condition (3.28). While Eq. (6.33) contains only
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H, Eq. (5.2) contains also H. In some sense it can be said
that in the standard approach the matching condition is
already integrated, while on the contrary, the present theory
is more complicated and accepts more general solutions
with more integration constants.

For example, to be more explicit, for = const and
o1 = 0, Eq. (6.35) can be integrated for A. Then, Eq. (6.33)
gives directly the Hubble parameter in terms of one
integration constant [we do not take into account the
additional integration constant for p from (6.32)] and this
solution was obtained in [13]

k K2p A 1
H2 A 6 6 -
+ a*  24rna(l-p) * (24Jra(1 -p) 120{)
PRI (6.36)
VR '

On the other hand, this same solution for A when
substituted in (5.2), a Raychaudhuri equation for H is
obtained. Its integration gives H in terms of two integration
constants and this is the solution (5.35) obtained above.
Maybe in this simplified case the two solutions (6.36) and
(5.35) look similar, but the main difference has already
been pointed out.

In the general case of nonconstant £ and any o, for the
standard treatment, the Raychaudhuri equation can be
easily derived by combining the two algebraic in A
matching conditions (6.33) and (6.34):

(1— re >(Y 1X) + 42';2
l—f KgA\
o <l—ﬂ—§) —o.

The analogue of Eq. (6.37) in the alternative approach is
Eq. (5.13). The difference is not only that (5.13) already
contains one extra integration constant, but the whole
structure of the two equations is quite different. To say
it in a different way, in the alternative approach, there is
only one equation (5.2) algebraic in A (also containing
H, H), instead of the two equations (6.33) and (6.34)
algebraic in A in the standard approach. Differentiating
this equation with respect to time and using (5.3) to get rid
of A, we could obtain an equation for H. Again, the
difference with (6.37) is obvious. The successful treatment
performed in Sec. V managed to derive Eq. (5.13) which
contains only H, but with the cost of one integration
constant c¢. Equation (6.37) together with the conservation
equation (6.32) constitute for the standard approach the
two-dimensional system for a, p with the indeterminacy of
B(¢). It would be interesting, for example, to be integrated
for f = const and o; # 0.

[(1+2f)p +3p]

(6.37)
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VII. CONCLUSIONS

In view of the absence of direct observational evidence of
regular gravitating defects, we raise in this paper on
theoretical grounds the question of the physical relevance
of Israel matching conditions and their generalizations to
higher dimensions and codimensions, the standard corner-
stone of the braneworld paradigm and other membrane
scenarios. While for a self-gravitating brane an equation of
the general form bulk gravity tensor equals some smooth
matter content or some matter content of a “thick” brane is
certainly correct, we claim that it cannot be correct in the
shrink limit of distributional branes. A different treatment
of the delta function characterizing the defect is needed for
extracting its equation of motion. If this is so, the Israel
matching conditions, as well as their generalizations where
the Einstein bulk gravity tensor is replaced by Lovelock
extensions and the branes have differing codimensions,
cannot be adequate.

Our reasoning is based on two points: First, the inca-
pability of the conventional matching conditions to accept
the Nambu-Goto probe limit. Even the geodesic limit of the
Israel matching conditions is not an acceptable probe limit
since being the geodesic equation a kinematical fact it
should be preserved independent of the gravitational theory
or the codimension of the defect, which however is not the
case for these matching conditions. Second, in the D-
dimensional spacetime where we live (maybe D = 4),
classical defects of any possible codimension could in
principle be constructed (even in the lab), and therefore,
they should be compatible. The standard matching con-
ditions fail to accept codimension-2 and -3 defects for
D =4 (which represents effectively the spacetime at
certain length and energy scales) and most probably fail
to accept high enough codimensional defects for any D
since there is no corresponding high enough Lovelock
density to support them.

We make a proposal that the problem is not the
distributional character of the defects, nor the gravitational
theory used, but the equations of motion of the defects. The
proposed matching conditions might move towards the
correct direction of finding realistic matching conditions
since they always have the Nambu-Goto probe limit,
independently of the gravity theory and independently of
the dimension of spacetime or codimension of the brane.
Moreover, with these matching conditions, defects of any
codimension seem to be consistent for any (second order)
gravity theory. These alternative matching conditions arise
by promoting the embedding fields of the defect to the
fundamental entities. Instead of varying the brane-bulk
action with respect to the bulk metric at the brane position
and deriving the standard matching conditions, we vary
with respect to the brane embedding fields in a way that
takes into account the gravitational backreaction of the
brane to the bulk (“gravitating Nambu-Goto matching
conditions”).
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In the present paper we have considered in detail the
case of a 3-brane in six-dimensional Einstein-Gauss-
Bonnet gravity, derived the generic alternative matching
conditions and proved the consistency for an axially
symmetric cosmological configuration. Of course, same
or similar results are true for other codimension-2
defects in other spacetime dimensions. The consistency
of such branes in Einstein gravity was also discussed.
Additionally, however, a 3-brane could represent our
world in the braneworld scenario; therefore, we have
investigated the cosmological equations and found sol-
utions for the cosmic evolution. From the technical point
of view, compared to the standard equations, the main
difference is that the equations here, and accordingly
their solutions, have more richness and more complicated
structure and contain more integration constants. In all
the cosmologies found assuming a constant deficit angle,
there is the standard FRW term linear in energy density, a
cosmological constant term and an extra correction or
dark energy term. In particular, one of these solutions for
a radiation brane and for a range of the integration
constants avoids a cosmological singularity (both in
density and curvature) and undergoes accelerated expan-
sion near the minimum scale factor.

Depending on the existence or not of a conical
singularity or of a discontinuous extrinsic curvature,
there can be four possible cases as matching conditions.
Actually, one of these cases is the smooth matching
condition with smooth transverse section (no cone) and
smooth extrinsic tangential section, which is still con-
sistent and possesses interesting solutions. In general, for
a codimension-2 cosmological configuration, either here
or in the standard treatment, the system of the effective
equations from the brane viewpoint is nonclosed and we
need extra information coming from the bulk geometry in
order to fix one of the functions. On the theoretical side it
would be interesting to have particular bulk solutions
setting the boundary conditions and fixing the deficit
angle, whose evolution would then leave an imprint on
the cosmological evolution equations. For a pure conical
brane such a dynamical deficit angle will make the brane
to radiate in the bulk.

Codimension-2 braneworlds in six-dimensional gravity
or supergravity have attracted considerable interest in
relation to the cosmological constant problem (for a review
see [40]). They are proposed to offer a mechanism for
understanding the smallness of the vacuum energy since in
this scenario, a codimension-2 object induces a conical
singularity, and the cancellation occurring between the
brane tension A and the bulk gravitational degrees of
freedom gives rise to a vanishing effective cosmological
constant. In the approach of the present paper there is no
such relation between the brane tension and the conical
deficit in order to obtain a Minkowski brane, but a
Minkowski brane is obtained by a physically similar
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balance between the gravitational energy stored at the brane
and the deficit angle. However, furthermore, in the presence
of the induced gravity term, the proposed formalism
embodies naturally the effective cosmological constant
scale Kﬁ/l/ r2, which for A~ Mp¢ (e.g. TeV*) and r, ~
! gives the observed value H2 of the cosmological
constant. The corresponding scale in any other bulk
dimension with A ~ M3, fails to provide the observed order
of magnitude of the cosmological constant. Even if the
constraint provided by the four-dimensional Newton’s
constant Gy is not easily satisfied, there is still hope, since
in the present theory Gy is not determined solely from the
|

Ll
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parameters of the action, but in general depends also on the
integration constants of the considered solution.
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APPENDIX A: GEOMETRIC COMPONENTS
The nonvanishing components of the necessary geo-

metric quantities of the metric (3.7) are

L

I, =-LL 7 = —Ky, Y, = - ry, = fl Iy =—Lg'L;, i, = K,
1 .
I Eglf(gfj,k + 9erj = Gike) (A1)
(where K = ¢g* Ky,
Ryirj = =Ki; + ’Cik’Ck Roigj = —L(Lyy; + L'Ky)), Ryorg = —LL", Rijke = Rijke + KieKji = KK
Roroi = L(L|J’Cj L/ ) R = Kijix = Kinj (A2)
(where | denotes the covariant derivative with respect to the metric g;;),
L’ y L, . L
R, = L K= KKy, Reg = —L(L" + 0L + L'K), Ryi= f’q Ly ICz\/ K,
_ / K Ly L
Rij = Ri; — Kj; + 2K K5 ICIC~~—T—ZIC,J (A3)
(where K = K and [J is the Laplacian operator of the metric g;;),
L . CIL L'
R:R—2f—2IC’—IC,-J-IC’/—IC2 2——2 K, (A4)
L, . Lj 1 oL L 1
gri:%K? +IC,|j ’C\iv grrZEIC __K:UK:U"‘T"‘ K:——

| 1
= 2 / — - JCH - 2—*
Goo = L (/c +2/c,]/c +2/< 2R>,

L.
! li]

APPENDIX B: DERIVATION OF REGULAR
EQUATIONS

Using the results of Appendix A, we can find analogous
but more complicated expressions for the tensor compo-
nents of && =G + aJ%. In some of these components

there are terms proportional to & T L , L " All the other terms
of & are manifestly regular (’)( ) terms and can be obtained

by setting formally £ L‘ =L=0, L=p in the &

L" oL
( + K += iC,(,flefJr /C2+ IC+ )gij. (A5)

|

expressions. Now, the terms containing %LT‘LT” are
certainly the sources of the singular O(1/r) terms.
However, these same terms, when expanded in powers
of r, give additional hidden regular O(1) terms. In this
Appendix we derive the regular rr, ri bulk equations on the
brane (4.15) and (4.16).

More precisely, in the rr equation there are terms with £,

while in the ri equation there are terms with £
expansion of these terms is of the form

L, L Atyplcal
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Ef()(,r):f%+f’+&+(9() B1) where f, f' are the values on the brane and

2p Po(x) = L"(2,0), f3(x) = L" (1. 0).

| ﬂ B i Bibs In the quantity &, the term which multiplies % is
1 i / i N N . . .

f()( r)= ?_"'f B +f< B _?ﬁ> +0(r),  (B2) f =K —4a(Wi+ G})K]; i.e. at the brane position it is
" bl Bl b A, Er=2¢&r Yo1—p + % f. Therefore, using the identity
_f()( r=r __+ s (f —f ﬂ) tf I +0O(r), (B3) WIK] = ZW;IC{/, we get the O(1) part of the rr equation:

& =
2p
where K7 denotes K/’ (y, 0). However, from the O(1/r) part of the rr equation (3.31) it is f = 0 on the brane and (B4) takes
a simpler form:

Efly_o,_p+ K = 4a(3W} + G))K] — 4aGIK] + [K — 4a(W} + G})K]] k2Tt — Ag. (B4)

Efly_gy + K —4a(3Wi+ GKY —4aGIK] = 2T/ — A (B5)
For cosmology it is
; B 1 /B Hp 1 5
Efly_gp=—12a [ﬂ ( >X o XTI+ <X +Y- 24” (B6)

so Eq. (B4) is

nlﬁ (ﬂ>X+H—§(X+2y) +AY A+ (X+y) +2A2K1 +2%>A’+N’} — (X +2Y)A" + AN']

/ / N ﬂz 1 5 r

while its simpler form (BS) is

nlﬁ (ﬁ>x+H—§<X+2y)+mi+ 1 (X+y)+2A2K1+2%>A’+N’} — (X +2Y)A"+ XN'|

—[(A+N)X' + 247 = —

5 r
e <A6+1 —K6T> (B8)

2a

Using (4.9) itis easy to find H' = 5/ ﬂ 5 X — AH, and then progressively the quantities X, X, H' = (H'),Y'.Replacing X', Y’
in (B8) and using (4.5) we take the equivalent to the regular rr equation

. ,
fﬂz (2X+2X?) +Xy+6 (X 4+Y)+2(1 4+ fH)A2(X +Y) + 2A%[(1 + 2f)A" + N'| = [(X + 2V)A" + XN'|

1 5 )
= 12a <A6+12 "%7) (B9)

For the rt regular equation, due to the complication, we give directly the cosmological expressions, while the ri equation
vanishes 1dentlcally In the quantity &. the term which multlphes is f = —24a [ + H(A — N)], and the term which
multiplies £ f is f = 12‘“ ; i.e. at the brane position it is £. = gr|L—’—L—’—0 L—p +L 7 f + T ]_” It is

L L -

Efly_iv g,y = 120{A %(A—N)] <X+%+6 )—12 X—i (B10)

so the O(1) part of the rt equation is
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F—f—H(A—N)] <X+@+ L 4N 2 - Aﬂz)—2A[‘i+(H/+HN)(A-N)+H<A'-N')]
n p  ba p n
, p P BB\ _ g,
- e ) < T o

Using the O(1/r) part of the r7 bulk equation, i.e. Eq. (4.9), Eq. (B11) gets the simpler form

B H P X p A1 1 p_2A ! )| = 5%
et o () N R v e w o] = S,

(B12)

and using H' = 5/ /j 1 —AH in (B12), we get the equivalent to the regular r7 equation

B (HF (X p A 1] 1 B 2ATA o S
oo a e (¥ aa) Al LA N HA N = T e

APPENDIX C: CONSISTENCY OF THE SYSTEM precisely, Eq. (4.15) is an algebraic equation on the set of
In this Appendix we solve algebraically the system of variables ay, ny, fip, while on the other hand, Eq. (4.16) is a

equations (4.10), (4.12), and (4.14) for the unknown dlfferentl.al (Bianchi) equation w1t}? resp.ect to the sec.ond
a4y, 1y, B,. Then, we substitute these expressions in order variables. Of course, the manipulation of the various

Eqs. (4.15) and (4.16) which are the regular parts of the  terms is quite complicated and it needs to be organized
rr, rt equations and check that these are automatically  systematically.

satisfied. This process shows the consistency of the whole The solution of Egs. (4.10), (4.12), and (4.14) for
system for all kinds of matching conditions. More  a,,n,, [ is

|

1+3f 3X B\ 1 5
(1+3f) +fX ~on <@> —m<ngg—A6—@), (C1)
14+3f 1+4 2 X (p\2 142 5
(1+3f)%: ;;af— * §+f XJ“ﬁ(nﬁﬁ) + 1;){<KZT§—A6—E>, (C2)
Py 3 /B2 1 5
(+30 52 = =40 -3 (5) - g (478 86— 13, ): ©)

Both the regular rr, rt equations (4.15) and (4.16), or the equivalent equations (B9) and (B13), contain A’, N instead of
a,, n,. So, it is better to write (C1) and (C2) as

1, 3X (B 1 5
(1+3f)A =(1 +3f)<——A>+fX—W<E> o X( 279~ Aé—ﬁ) (C4)
1 L +4f+f? X (BN 1+2f(, 5
(143N =(1 +3f)<——N>—fX+W<@> + IZaX(éT Aﬁ—@). (C5)
From (C4) and (C5) we get
T k) L X (B (g 5
A =N =y HI = DA+ =X =0 <n/)’> 12aX ("679 As 12a>‘ ()
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As far as Eq. (BY) is concerned, we use (4.5) and (4.8) to express ) in terms of f, X and X + Y in terms of f, X, A%.
We also use (C4) and (C6) to find A’, N’ in (B9). Finally, we have everything in terms of f, X', A% and (B9) becomes
identically satisfied if 77 = 79 on the brane. This shows the nontrivial consistency of the regular rr equation (4.15).

The manipulation of Eq. (B13) is more tricky and the starting point is to take the combination C3 — %(C4). Then, we get

(C7)

Differentiating (C7) with respect to time and using the expression for X with respect to X, Y, f5, we get some of the difficult

terms appearing in (B13):

L(ﬁ_&)ﬁ_%é’_&ég’ﬁ
np \X pB)np Xn pAn

4AA’
Xnp X?

2A X 1 4A% A
HY-X)- -2 (A2-— )+ 22, C8
(V=4) X’ n < 12a> X (©8)

Using Egs. (C6), (C7), (5.2), and (5.3) in (C8) in order to find the coefficient of A’, we obtain extra terms of (B13):

By (X B A\ B
_+<_ )nﬁ_X

24 [A'

n

1 1 A 24H )

Xp__ X <A2 1)—&-(l—f)(fAz—l—L)—uk‘ﬁ-;(K%Tz—Aé—i>].

" 12a

—+ H(A' = N')

X p

+__

A2 n2ﬁ2

(€9)

12a 2 12aX 12a

Finally, substituting again A from (5.3), (1 +3f)A’ from (C4) and Xin (B13), this becomes an identity, given that 7. = 0
on the brane. This shows the nontrivial consistency of the regular rt equation (4.16).
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