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Abstract

We study the behaviour of weak gravitational fields in models where a 4D brane is embedded inside a
5D brane equipped with induced gravity, which in turn is embedded in a 6D spacetime. We consider a
specific regularization of the branes internal structures where the 5D brane can be considered thin with
respect to the 4D one. We find exact solutions corresponding to pure tension source configurations
on the thick 4D brane, and study perturbations at first order around these background solutions. To
perform the perturbative analysis, we adopt a bulk-based approach and we express the equations in
terms of gauge invariant and master variables using a 4D scalar-vector-tensor decomposition. We then
propose an ansatz on the behaviour of the perturbation fields when the thickness of the 4D brane goes
to zero, which corresponds to configurations where gravity remains finite everywhere in the thin limit
of the 4D brane. We study the equations of motion using this ansatz, and show that they give rise
to a consistent set of differential equations in the thin limit, from which the details of the internal
structure of the 4D brane disappear. We conclude that the thin limit of the “ribbon” 4D brane inside
the (already thin) 5D brane is well defined (at least when considering first order perturbations around
pure tension configurations), and that the gravitational field on the 4D brane remains finite in the thin
limit. We comment on the crucial role of the induced gravity term on the 5D brane.
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1 Introduction

The Cosmological Constant problem (CC) and the late time acceleration of the universe (LTA) are two
of the most compelling problems in contemporary theoretical physics. Despite it has been noted long
ago [I] that there is a difference of 60-120 orders of magnitude (depending on the cut-off of the quantum
theory) between the theoretical estimates for the vacuum energy and its observed value, a fully convincing
explanation of this mismatch is still missing. The recent discovery that the cosmological observations are
best fitted by a model where the cosmological constant A is non-zero [2, [3] renders the problem even
more puzzling. In fact, along with explaining why A is small compared to the theoretical predictions (old
cosmological constant problem), it is now necessary to explain also why it is non-zero and yet extremely
fine-tuned (new cosmological constant problem). It is fair to say that it is in principle not obvious that
these two problems have a common origin, since the reason why the universe is accelerating may be
independent from the reason why the semiclassical effect of the vacuum energy is so different from what
we expect.

A very promising framework to address these problems is offered by the braneworld paradigm (see
[4, [5] for early proposals), which is appealing from the point of view of high energy physics since the
existence of branes and of extra dimensions is an essential ingredient in string theory (see for example
[6]). Concerning the cosmological constant problem, it has been noted that braneworld models with
infinite volume extra dimensions can bypass Weinberg’s no-go theorem [7, 8], and more specifically that
(in the case of codimension higher than one) they somehow can act as a high-pass filter on the wavelength
of gravitational sources, effectively “degravitating” sources which are nearly constant with respect to a
characteristic length of the model [9]. In particular, branes of codimension two have the well known
property that pure vacuum energy does not produce curvature on the brane itself, but merely curves the
extra dimensions: this opens up the possibility of having models where, in presence of matter, the effective
vacuum energy on the brane dynamically relaxes to a very small value after a phase transition happens
(self-tuning) (see [10] and [II), 12] for a review). Furthermore, if we believe that the CC problem and the
LTA problem are independent, braneworld models with induced gravity offer the possibility of explaining
the late time acceleration in a geometrical way, since they generically admit cosmological solutions which
exhibit the phenomenon of self-acceleration.

Overall we can say that codimension-2 branes with infinite volume extra dimensions and induced
gravity are a very interesting framework to address the CC problem and the LTA problem. On the other
hand, they suffer from the notorious shortcomings that the thin limit of a brane is not well-defined if
the codimension is higher than one [I3], and that the brane-to-brane propagator of the gravitational field
diverges when we send to zero the thickness of the brane [14], 15| (unless we allow for Gauss-Bonnet terms
in the bulk action [16]). More worryingly, braneworld models with induced gravity are often plagued by
the presence of ghosts. While in the (codimension-1) DGP model [I7] ghost modes propagate only around
self-accelerated solutions [I8, 19} 20, 211, 22} 23], higher codimension generalizations of the same model
seem to suffer from the presence of ghost even around solutions where the bulk is flat and the brane
is straight [24] (however see [25]). This seems anyway to be a regularization dependent property, since
specific regularization procedures seem to render the model ghost-free, at least when flat solutions are
concerned [26]. From another point of view, it has been shown that the self-accelerating solutions of the
(codimension-1) DGP model fit the cosmological data significantly worse than the ACDM model [27, 2§],
and in fact even if they were ghost-free they would be observationally ruled out [29].

This state of affairs prompts us to look for higher codimension extensions of the DGP model which
preserve its good aspects while being free from its shortcomings. In fact, it can be expected that increasing
the codimension would improve the agreement between the theoretical predictions of self-accelerating



cosmological solutions and the observational data [30]. An interesting direction to explore is to consider
elaborate constructions with more than one brane (as for example intersecting brane scenarios [31], [32]),
hoping that the interplay between the branes may provide a mechanism to get rid of the ghosts. A very
interesting proposal in this sense appeared few years ago, in which a D-dimensional bulk (D > 6) contains
a sequence of branes of increasing dimensionality recursively embedded one into the other, and every brane
is equipped with an induced gravity term (the Cascading DGP model [33]). It has been shown [33] [34]
in fact that, in the 6D realization of this set-up, there exists a critical value ). for the tension of the
codimension-2 brane such that first order perturbations around pure tension backgrounds contain a ghost
mode or are ghost-free depending on the fact that the background tension \ is smaller or bigger than the
critical tension. Furthermore, it has been claimed that the induced gravity term on the codimension-1
brane renders finite the (codimension-2) brane-to-brane propagator [33, [35], thereby regularizing gravity.
Both these properties (gravity regularization and existence of a critical tension) are very interesting and
unexpected.

The purpose of this paper is to study the behaviour of weak gravitational fields in set-ups where
matter is confined on a codimension-2 brane which is embedded inside a codimension-1 brane with induced
gravity, focusing on the thin limit of the codimension-2 brane. More precisely, we consider (background)
configurations where the source on the codimension-2 brane has the form of pure tension, and we study
the behaviour of the gravitational field at first order in perturbations around these solutions. The main
aim of our analysis is to understand geometrically the mechanism of gravity regularization and the role of
the induced gravity term. Moreover, we want to develop a formalism to study perturbations in the nested
branes with induced gravity set-ups which, in a future perspective, can be applied to other background
configurations and to the Cascading DGP model (by adding an induced gravity term on the codimension
2 brane). The paper is therefore structured as follows: in section We introduce the specific regularization
choice we use to study the nested brane system, and clarify the properties of the set-up. In section
we derive the pure tension solutions, and consider first order perturbations using a bulk-based approach
and the 4D scalar-vector-tensor decomposition. In section [4] we derive the equations of motion for the
gauge invariant variables of the system. We introduce the master variables and study the case of a pure
tension perturbation. In section [5] we propose an ansatz on the behaviour of the perturbation fields in the
thin limit of the cod-2 brane. We derive the thin limit equations of motion and discuss their consistency.
Finally, we present our conclusions in section [0}

Conventions: For metric signature, connection, covariant derivative, curvature tensors and Lie
derivative we follow the conventions of Misner, Thorne and Wheeler [36]. The metric signature is the
“mostly plus” one, and we define symmetrization and antisymmetrization without normalization. 6D in-
dices are denoted by capital letters, so run from 0 to 5; 5D indices are denoted by latin letters, and run
from 0 to 4, while 4D indices are denoted by greek letters and run from 0 to 3. The only exception is that
the letters ¢, 7 and k indicate 2D indices which run on the extra dimensions z and y. In general, quantities
pertaining to the cod-1 brane are denoted by a tilde ~, while quantities pertaining to the cod-2 brane
are denoted by a superscript @ . Abstract tensors are indicated with bold-face letters, while quantities
which have more than one component but are not tensors (such as coordinates n-tuples for example) are
expressed in an abstract way replacing every index with a dot. When studying perturbations, the symbol
~ indicates usually that an equality holds at linear order. We use throughout the text the (Einstein)
convention of implicit summation on repeated indices, and we use unit of measure where the speed of
light has unitary value ¢ = 1.



2 Nested branes with induced gravity

Configurations where a brane is embedded inside another brane of higher dimensionality (see |37, [38] for
a field theory realization), have been already studied for example in [39, 40] (without induced gravity
terms) and [4I] (with induced gravity terms) in the context of 5D braneworld models, where extended
sources inside the 4D brane were used to investigate the non-perturbative properties of these theories.
More recently they have been considered in the context of the Cascading DGP model [33], where the
existence of a critical tension and the regularization of gravity have been uncovered. In this paper, we
consider systems where a (codimension 2) 4D brane is embedded inside a (codimension 1) 5D brane which
is in turn embedded in a 6D bulk, and only the cod-1 brane is equipped with an induced gravity term.
Therefore, we consider systems which are schematically described by the action

S—Mé"/dﬁX«ﬁ—gR+M§/d5§\/—§R+/d4X\/—g(4)$M (2.1)
B C1 Ca

where the bulk B is parametrized by the coordinates X = (z,y, z*), the cod-1 brane C; is parametrized by
the coordinates £ = (&, &*) and the cod-2 brane Cy is parametrized by the coordinates x'. Here g indicates
the metric induced on the cod-1 brane (and R is the Ricci scalar built with it), while g indicates the
metric induced on the cod-2 brane and the Lagrangian .%); describes the matter localized on the cod-2
brane.

2.1 Regularization choice and thickness hierarchy

To understand if gravity on the cod-2 brane is regularized by the (cod-1) induced gravity term, we should
study how the gravitational field behaves when the cod-2 brane becomes thin. However, such an analysis
is meaningful only if the concept of “thin cod-2 brane” is meaningful (i.e. if the thin limit is well-defined).
If not, the fact that gravity is regularized may be true only when the limit is performed in some specific
ways (if any); this would physically mean that gravity is regularized only if the internal structures of the
branes have some specific properties. To this effect, it has been proved that the thin limit of a (isolated)
brane is not well-defined if its codimension is higher than one [I3]. It is reasonable to expect that this
fact does not change if we embed a cod-2 brane inside a cod-1 brane, since, beside the freedom to choose
the cod-2 internal structure, we now have the additional freedom to choose how the internal structures
of the two (cod-1 and cod-2) branes are related one to the other (see [35] for a related discussion in
the Cascading DGP model). Therefore, in absence of a rigorous proof (on the lines of [13]) of the well-
definiteness of the thin limit of the nested cod-1 and cod-2 branes, to perform a clean analysis we should
consider configurations where both branes are thick.

Working with configurations where both branes are thick is however extremely complicated, and
probably not doable in practice. To facilitate the analysis, we could consider particular cases in which
there is a hierarchy of scales between the two branes, with the hope that this permits to describe the
system with a good approximation by considering one of the branes thin (relatively to the other). To
clarify this point, let’s consider in fact the simple schematic description of figure [1| where the 2D sections
of the branes in the extra dimensions are plotted (each point in the figure represents a 4D spacetime): we
indicate with /1 the thickness of the cod-1 brane, with [; the thickness of the cod-2 brane in the parallel
directions (from the point of view of the cod-1 brane) and with I3~ the thickness of the cod-2 brane in the
normal direction. Among the infinite possible choices for the three representative thicknesses, we could
consider the class of configurations where the thicknesses satisfy the following hierarchy Iy > I3, Iy ~ ly;
in this case, we may consider the cod-1 brane to be thin with respect to the cod-2 brane, and we could



Figure 1: Characteristic scales for the cod-1 brane (green) and the cod-2 brane (ellipse, violet)

describe this situation by considering a perfectly thin cod-1 brane, and ask that the matter on the cod-1
brane is distributed only inside a ribbon of width ~ [5. This situation is definitely appealing since we
know that in this case the internal structure of the cod-1 brane does not play a role, and we can study it
using the formalism of thin cod-1 branes. Furthermore, in this case there is a clear connection with the
(cod-1) DGP model, which is well understood and can serve as a guidance.

Therefore, in the following we will consider only configurations which satisfy the hierarchy outlined
above, and we will describe them assuming that energy and momentum are distributed inside a “ribbon”
cod-2 brane which lies inside a thin cod-1 brane. Henceforth, we refer to this class of configurations as
nested branes with induced gravity set-ups. Note that a priori we don’t know if the thin limit of a ribbon
cod-2 brane inside an already thin cod-1 brane is well defined or not. This is in fact a very important
point to establish, and we will address it in our analysis. If this (second) thin limit is well defined, it
is possible to work with a thin cod-2 brane and forget the internal structure of the cod-2 brane as well,
thereby simplifying further the analysis.

2.2 The set-up

Before turning to the analysis of the equations of motion, it is useful to spell out clearly the properties of
the nested branes with induced gravity set-up; this also gives us the chance to clarify the notation.

2.2.1 The geometric set-up

We assume that the cod-1 brane C; divides the 6D spacetime in two disconnected pieces which are
(globally) diffeomorphic, and we assume that a Zs symmetry holds across the cod-1 brane. We furthermore
assume that there is a 4D submanifold Cy embedded inside the cod-1 brane, which likewise divides the
cod-1 brane in two patches whose common boundary is C;. We assume that matter and tension are
confined inside the cod-1 brane C; and localized around the 4D submanifold Co, and we assume that a
Zo symmetry across Cs holds inside the cod-1 brane. More specifically, we distinguish between a physical



(thick) cod-2 brane, inside which matter and tension are confined (the “ribbon” cod-2 brane), and a
mathematical (thin) cod-2 brane (Cq), with respect to which the Zo symmetry is imposed. When the thin
limit of the cod-2 brane is performed, the physical brane coincides with the mathematical one. Note that,
differently from the original formulation of the Cascading DGP model [33], we do not impose a Zg X Zo
symmetry to hold in each of the two mirror copies which constitute the bulk. In fact, the presence of a
Zo symmetry inside the cod-1 brane does not imply that a double Zs symmetry holds in each of the two
6D mirror copies.

Since C; and Cs are submanifolds of the 6D ambient space, they may be considered as separate mani-
folds, each one equipped with its atlas of reference systems plus an embedding function which describes
how they are embedded in the ambient space. The position of the cod-1 brane in the bulk is described
by the embedding function ¢ whose component expression is @A(ﬁa), while the position of the (mathe-
matical) cod-2 brane inside the cod-1 brane is described by the embedding function & whose expression
in coordinates is a@*(x*). The bulk metric g induces on the codimension-1 brane the metric g = ¢, (g),
where @, indicates the pullback with respect to the embedding function ¢’, and in turn the metric g
induces on the codimension-2 brane a metric g = ay (g), where @&, indicates the pullback with respect
to the embedding function & .

In the following it will be useful to consider reference systems on the codimension-1 brane which are
Gaussian Normal with respect to the (matematical) cod-2 brane: henceforth, we refer to this class of
reference systems as codimension-1 Gaussian Normal reference systems. We indicate quantities evaluated
in this coordinate systems with an overhat ~, and we synthetically indicate the cod-1 GN coordinates as
£ = (£, x). By construction, we have that [42]

Jee(§,x) =1 9en(&:x) =0 (2.2)
and moreover we have that, choosing a fixed &, the 4D tensor g,“,(é, X') (seen as a function of x) is the
induced metric on the 4D slice characterized by that particular é .

2.2.2 The source set-up

As we mentioned above, we assume that the energy-momentum tensor present on the cod-1 brane is
localized inside the physical (ribbon) cod-2 brane. By “localized” we mean that, first of all, there exists a
(finite) localization length Iy such that the energy-momentum tensor Tab(é ,X') (in cod-1 GNC) vanishes
when it is evaluated at a distance f from the cod-2 brane which is bigger than Iy (the length ls corresponds,
in the language of section , to the “parallel” thickness I3). Secondly, we ask that the pillbox integration
across the cod-2 brane of the normal and mixed components of Tab vanishes

+l +
g/ df%d&x%i/ 0E Ten(é,x) = 0 (2.3)

—l2 —l2

which formalizes the idea that momentum does not flow out of the brane.
We define the cod-2 energy-momentum tensor as the 4D tensor 7, l([f,) (x’) obtained by the pillbox
integration of the 4D components of T, across the cod-2 brane, so that we have

+lo .
demmzwwww> (2.4)
—2

The latter tensor can be considered as the “would be” thin limit source configuration if the thin limit
description were well-defined. From this point of view, we can consider different configurations Ty; which



correspond to the same T,(ﬁ) as different regularizations of the perfectly localized source T,(ﬁ) In the
following, it will be useful to perform the pillbox integration of the junction conditions across the cod-2
brane. We therefore introduce the notation
+ +l2
/ ié = / i (2.5)
— —ly

and also, given a quantity 2(§) defined on the cod-1 brane, we indicate

Q( = Q‘ )
n =+l

2, =2_, -2_, (27)

and finally

2.2.3 The equations of motion

Since the cod-1 brane is thin, the physical configurations of the theory can be found by solving the Einstein
equations in the bulk and by imposing the Israel junction conditions [43] at the cod-1 brane. As usual for
cod-1 branes, to single out a unique solution we have to add boundary conditions at spatial infinity (i.e. in
the extra dimensions); we implicitly assume this in the following. Moreover, because of the Zy symmetry
which holds across the cod-1 brane, it is enough to choose one of the two mirror copies which constitute
the bulk, and to solve the Einstein equations only there (henceforth, with a slight abuse of language we
refer to the chosen copy as the “bulk” itself).

Since we allow the embedding of the cod-1 brane to be non-trivial, it is useful to describe the geomet-
rical properties of the cod-1 brane using objects which are intrinsic to the brane. In general, the extrinsic
geometry of the cod-1 brane is described by the second fundamental form

1

where n is the vector normal to the cod-1 brane, P =g —g(n, )®g(n, ) is the first fundamental form
and £ indicates the Lie derivative. We fix the arbitrariness related to the choice of orientation of the
brane by choosing the normal vector which points inward the bulk. To obtain an intrinsic object which
describes the extrinsic geometry, we can pull-back K to the brane obtaining the extrinsic curvatur K({ )

K = ¢, (K) (2.9)

which explicitly contains the embedding function. Using the explicit expression for the Lie derivative, we
can decompose the extrinsic curvature as follows

K(¢) =KP(¢) + KP(g) + KP(¢) (2.10)

where the three contributions read in coordinates

L 1004(€) 95 () nL(g)agAB

o] ¢y _

Ko (€)= =3 gea ogb XL ‘X':@-(g-) (2.11)
lpgl oy _ L4 097 (E) 90M(€) Dgan

Ko (€)= 57%6) 5 e axE ‘X,:W(é) (2.12)
~ 2 Lig

RU(E) = npe) 22E) (2.13)
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'Note that in some references K is called “extrinsic curvature” instead of K.



and we defined n7(€) = grar (¢ (€)) nM(€). Note that the vectors V(q) defined in coordinates by

. 0
Ué)(f)z{&sa

are the tangent vectors to the cod-1 brane associated to the reference system &. This decomposition for
the extrinsic curvature has a clear geometrical interpretation; the first two pieces are named “orthogonal
gradient” and “parallel gradient” as they are non-zero when the bulk metric has non-zero derivative
respectively in the directions orthogonal and parallel to the cod-1 brane, even when the cod-1 brane is
not bent. The third piece is instead due to the bending, since it is non-zero when the brane is bent even
if the bulk metric is constant.

Therefore, indicating with G the Einstein tensor built from the induced metric and with K = tr K
the trace of the extrinsic curvature, the equations of motion for our system are

gp“} a=0,...,4 (2.14)
e ),

G=0 (bulk) (2.15)
oM} (f{ - f(g) +M3G=T (cod-1 brane) (2.16)

where T is the (5D) energy-momentum tensor present inside the ribbon codimension-2 brane. The
requirement that a Zs symmetry across the cod-2 brane is assumed to hold inside the cod-1 brane is
formalized asking that, when expressed in cod-1 GNC, the pv and £€ components of the induced metric
g (as well as of the curvature tensors G and K and of the energy-momentum tensor ’i‘) are symmetric
with respect to the reflection f — —é , while the £u components are antisymmetric.

3 Perturbations around pure tension solutions

In the context of the nested branes with induced gravity, gravity regularization corresponds to the fact
that the gravitational field on the ribbon brane remains finite when the thickness Iy becomes smaller
and smaller. Therefore, in this and the next section we study the gravitational field produced by a thick
ribbon brane, and then consider the limit I — 0T in section As we already mentioned, we consider
configurations when the gravitational field produced by the matter is weak, but we allow for a generic
tension (vacuum energy) to be present on the cod-2 brane. In this section we derive the pure tension
solutions, and develop a formalism to study perturbations at first order around the (background) pure
tension configurations. We indicate with an overbar the quantities which correspond to the background
configurations.

3.1 Pure tension solutions

Let’s consider localized source configurations such that, in cod-1 Gaussian Normal Coordinates, the (cod-
1) energy-momentum tensor is of the form

Tab(éa X') = _50,“ 6by f(é) 5‘ gﬂll(é? X.) (31)

where A\ > 0 and the localizing function f vanishes for |£ | > lo and satisfies

/ a1 (3.2)



This function can be considered to be a regularized version of the Dirac delta function, and to be compat-
ible with the Zy symmetry present inside the cod-1 brane it has to be even with respect to the reflection
f — { On every § —constant (4D) hypersurface, the source configurations (3.1)) have the form of pure
tension, where the total tension )\ is distributed according to the function f: we deﬁne ‘thick pure tension
source” a source configuration which satisfy and , where f descibes the internal structure of the
ribbon cod-2 brane. When the cod-2 brane become thin and f tends to a Dirac delta, the cod-2 energy
momentum tensor tends to

T () = =2 gl (x) (33)

nuv ny
which is the energy-momentum tensor corresponding to a thin pure tension source (note that the minus
sign is due to the choice of signature for the metric).

To find a solution to the equations of motion, we follow [41] (see also [39,40]) and consider a geometrical
ansatz which enjoys translational invariance in the 4D directions parallel to the (mathematical) cod-2
brane: we assume that Cy is placed at £ =0

a(x) = (0,x") (3.4)
while the cod-1 brane has the following embedding
PE) = (2(6).Y(9),€") (3.5)
and the bulk metric is the 6D Minkowski metric
gap(X') = nap (3.6)

We assume furthermore that the function Y (§) is a diffeomorphism, which in particular means that Y’
never Vanlshe‘ We can then use the gauge freedom to rescale the coordinate & — 5 in such a way that
ggg({ ) = 1, which implies

Z%€) +Y*(€) =1 (3.7)

and therefore in full generality we can write Z’ and Y’ as
Z'(€) =sin S(€) Y'(€) = cos S(€) (3.8)

where S is smooth since Z’ and Y’ are, and is called the slope function. The name is justified by the fact
that the slope of the embedding in the y — 2z plane at the point £ is given by

. 7'(€) .
¥(£) = arctan = =5(¢) (3.9)
Y'(€)
(see figure |2 ' Note that in the (§ &) reference system the metric induced on the cod-1 brane ggp is the
5D Minkowski metric (in particular (€,£#) is a cod-1 GN reference system) and that the metric induced

on the cod-2 brane g,(uz is the 4D Minkowski metric. Using (3 , the 6D 1-form normal to the cod-1 brane
reads

(€)= e (Y'(€), - 2'(),0.0,0,0) (3.10)
and the only non-vanishing component of the extrinsic curvature of the cod-1 brane is
Kee(§) = 5'(€) (3.11)

where ¢ = 41 encodes the choice of the orientation of the cod-1 brane.

2We indicate derivatives with respect to £ (or £) with a prime 9 =



Figure 2: The embedding of the cod-1 brane (thick, blue) and its slope. The vertical dashed lines indicate
the boundaries of the cod-2 brane.

3.1.1 Pure tension and deficit angle

It is easy to see that the bulk equations of motion are identically satisfied, while the only components of
the junction conditions which are not trivially satisfied are the pvr ones, which give

~ AL —

2Mg Kee(§) = f(E) X (3.12)

~ ~

Note that, since the function f(§) is even, S'(§) has to be even as well; we choose to impose the condition
S(0) = 0, so that S(£) is odd, which in turn implies that Z’(¢) is odd and Y”’(€) is even. The function

S (é ) is therefore determined by the Cauchy problem

. by .
S'(€) = ——
©) =< 53 1@ o
S(0)=0
whose solution is
S(é) :5m€(é) (3.14)

6
where we introduced the requlating function

g
(&= [ o (3.15)

If X\ > 27 ME, there exists a value £,, (with |€,,| < I») such that Y vanishes and changes sign at £ = ¢, :
in these cases, the cod-1 brane has a finite extent in the f direction. More precisely, in these cases the
cod-1 and the cod-2 brane coincide and are both ribbon branes; to have a cod-1 brane which is infinite
also in the é direction we have to impose A < 271Mél, in which case Y’ is a diffeomorphism R — R. We
conclude that there exists a maximum tension \y; = 27rMél for the thick pure tension solutions in the
nested branes set-up to be well-defined. We assume henceforth that A < \js; in this case, the functions

10



S(€), Z'(€) and Y'(€) are constant for |€] > Iy. Imposing that Z(0) = Y'(0) = 0, so that Z(é) is even and
Y(é) is odd, for f 2= +ls we have (see appendix

Z(&) =2} ||+ Zo Y(§) =Y {+Yp for £ = %1, (3.16)
where Zy and Y| are integration constants and
A . A A
S+ =& 47]\461 Zj'_ = Ssin (8 %) Y_{_ = COS (5 %) (317)

The slope of the embedding in the y — z plane outside the thick cod-2 brane depends only on the total
amount of tension A, and is independent of the internal structure of the thick cod-2 brane; furthermore,
if we keep A constant and perform a limit in which l» — 07, Z, and Y] remain constant while Zy and
Yy tend to zero (see appendix . Therefore, if we restrict ourselves to configurations of the type —
, we can give a thin limit description to this set-up where the tension X is perfectly localized on the
mathematical cod-2 brane Co and the components of the embedding function read

. , by .

Z(§) = e sin <4Mgl> €
_ (3.18)

Y(é) = cos (L> ¢
B AMY

for every value of €. At first sight, there are two solutions for each value of A, which correspond to the
choices ¢ = +1 and € = —1: however, it is not difficult to see that the two solutions ¢ = +1, S’ > 0
and ¢ = —1, §' < 0 actually give rise to the same spacetime. For definiteness, henceforth we choose
€ = 41. From a geometrical point of view, the bulk correspondent to the solution defined by —,
and is the product of the 4D Minkowski space and of the region of the 2D Euclidean space
which lies above the curve (Y(é ), Z(& )) in the y — z plane. The thin limit solution — and
then corresponds to a geometric configuration which is the product of the 4D Minkowski space and a two

dimensional cone of deficit angle a = 494, and using (3.9) and (3.17) we obtain

A

- 3.19

o =
Therefore, pure tension A on a thin cod-2 brane produces a conical defect of deficit angle S\/Mé in the
case of nested branes with induced gravity, generalizing the well-known result which holds for pure cod-2
branes. Note that when A — 5‘17/[ the deficit angle tends to 27, and the 2D cone tends to a degenerate cone
(a half-line). The fact that the thick pure tension solutions are well-defined only if A < Ay is reflected in
the thin limit by the fact that the thin 6D nested branes configurations tend to a singular configuration
when \ — ;\]T/I.

3.2 Perturbations in the bulk-based approach

We now turn to the study of perturbations. When studying metric theories of gravity, a very important
step in solving the equations of motion is the choice of the reference system. In fact, choosing the gauge
wisely is often crucial to be able to solve the equations explicitly. In cod-1 braneworld models, there exist
two choices which are commonly used in the literature: the brane-based and the bulk-based approach.
It is very important to understand which of the two approaches is best suited to our set-up, where the
source on the cod-1 brane lies inside a ribbon whose thickness we want eventually to send to zero.
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3.2.1 Bulk-based and brane-based approach

As a guide, we can look at the pure tension solutions, which have been derived in the previous section in the
bulk-based approach. First of all, the global geometry of the solution is very transparent in this approach,
since the deficit angle is directly connected to the slope of the embedding. In a brane-based approach, this
information would be encoded indirectly in the form of the bulk metric. Secondly, when we send I to zero,
the normal vector becomes discontinuous at é =0 (i.e. at the mathematical brane Cs, see appendix
and the extrinsic curvature diverges there, while vanishing for f # 0. In such a situation, we cannot
impose (bulk) Gaussian Normal coordinates in a neighbourhood of Ca, since a necessary condition to do
that is that the normal vector field is smooth [42]. Furthermore, even if we just ask that the cod-1 brane
is straight, the bulk metric must be (at least) discontinuous in the bulk, because the discontinuity of the
normal vector is now encoded entirely in the bulk metric (see [34]; of course, the singularity /discontinuity
of the bulk metric is a pure coordinate artefact). This is true also for more general configurations: since
the extrinsic curvature f is constructed from first derivatives of the bulk metric, if we fix the
cod-1 brane embedding to be straight then we need a discontinuous or diverging bulk metric to generate
an extrinsic curvature which diverges at one point. Therefore, a configuration where gravity is regularized
is nevertheless reflected in the brane-based approach by the presence of discontinuities/divergences, with
the difference that, if gravity is not regularized, then the discontinuities/divergences are not coordinate
artefacts: to judge if gravity is regularized, we should perform a careful study of the behaviour of the
geometry at the problematic points.

On the other hand, this is not necessarily the case in a bulk-based approach: since the extrinsic
curvature is built from second derivatives of the embedding function, there exist a class of configurations
(those where the embedding is cuspy and the bulk metric is smooth) where the extrinsic curvature diverges
at Cq, while the bulk curvature tensors and the induced curvature tensors are finite. Therefore, the bulk
based approach is the only choice where the fact that gravity is finite is reflected by the property that the
configuration (metric and embedding) is continuous. In our perturbative study, we would like to use an
approach in which the properties of the bulk metric and cod-1 embedding reflects most clearly the fact
that the intrinsic geometry diverges or not when the thin limit on the cod-2 brane is taken: therefore, we
will use the bulk-based approach to perform our analysis, and we won’t fix the embedding function.

3.2.2 Perturbation of the geometry

This in practice means that we leave both the bulk metric and the cod-1 embedding free to fluctuate, so
we consider the perturbative decomposition

9aB(X') = gap(X') + hap(X') (3.20)
(&) =@M (€) + 8 (¢) (3.21)

while we decide to keep fixed the position of the cod-2 brane in the cod-1 coordinate system (i.e. it is
still located at £ = 0). In addition, we still use the 4D coordinates of the cod-1 brane to parametrize the
cod-2 brane, so the embedding of the cod-2 brane reads

a'(x)=a*(x) = (0,x") (3.22)
also at perturbative level. We define the perturbations of the metric induced on the cod-1 brane as follows

hav(€) = Gab(§') — Fab(£') (3.23)
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and analogously we define the perturbation of the metric induced on the cod-2 brane as
Doy = Ao A4
hin) () = 952 (X) = g (X)) (3.24)

It follows that, since the embedding of the cod-2 brane in the cod-1 brane is trivial, the perturbation of
the metric induced on the cod-2 brane is linked to the perturbation of the metric induced on the cod-1
brane by the simple relation

hi) () = b (0,X) (3.25)

When considering quantities which are decomposed in a background and a perturbation part, we use
the convention that indices on the perturbation part of every quantity (and on the background part as
well) are lowered /raised with the background metric. For example, considering the parallel vectors Via)s
we consider the perturbative decomposition

A _ -A A
’U(a) = U(a) + 5U(a) (326)
where

- a(ﬁA 8(20‘4
A _ A
'U(a) = 78§a 5U(a) 850‘

(3.27)

and the index-lowered background and perturbation parts read
T)gl) = naB 1751) (51)5? = naB 5@5) (3.28)

As a matter of fact, the vectors v(,) will not play a crucial role in the analysis, so in the following we

1)
will indicate z_)é) and 511(2) simply with 4 and dv4. The 2D indices i, j and k, which run on the extra

dimensions z and y, are raised /lowered with the identity matrix, so we have for example
V; = ()5; = 51'3' (/_)j/ nt = v n; (3.29)

3.2.3 Perturbation of the source

Concerning the source term, we consider a perturbed energy-momentum tensor which in cod-1 GNC is of
the form

Tab(é7 X) = _5a'u 5by f(é) (5‘ + 5)‘) glﬂ’(éa X) + tb(éa X) (330>

where 7Ty, is the energy-momentum of the matter present inside the (thick) cod-2 brane and satisfies the
relations ([2.3). Note that we perturb both the matter content and the tension (0\) of the cod-2 brane.
At linear order, the equation ([3.30|) reads

Ty = Tupy — 6, 87 F(E) My + 6Ty (3.31)

where Ty, is the (thick) background pure tension source term, —&4" §,” f (é) A iLW, is a perturbation term
coming from the background tension and

0T (€, X)) = =0 8 F(€) N + Tan(€, X)) (3.32)

is the perturbation term due to the tension perturbation and to the matter. Note that in principle T,
and 67, may be characterized by different localization lengths lo and 15: we ask that they are of the same
order of magnitude lo ~ l%, and in the following for simplicity we indicate with Iy the biggest between
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lo and . In particular, in the following we implicitly assume this convention when we use the notation
defined in the equations -. It is important to notice that, in principle, the presence of the matter
may alter the distribution of the tension inside the thick cod-2 brane, as a consequence of generalized
Casimir effects, and that the localizing function may be dependent on the amount of tension. We assume
that such effects are not present, and in particular the form of the background solution and the form
of Ty are independent in our analysis. In analogy to what we did above, we define the matter cod-2
energy-momentum tensor as follows

Jr A A A
Tu(ﬁ‘)(x')z/ d€§ T (&5 X) (3.33)

3.3 The scalar-vector-tensor decomposition

We motivated above that, when considering nested branes with induced gravity set-ups, it is convenient
to use a bulk based approach where the embedding of the cod-1 brane is free to fluctuate. However, fixing
the gauge is in general very useful because it permits to get rid of pure gauge perturbation modes and
work only with physical perturbation modes. Therefore, if we want to follow the route sketched above,
we need a way to recognize and separate pure gauge modes from physical modes without fixing any gauge
in the bulk.

We achieve this by performing a scalar-vector-tensor decomposition with respect to the 4D Lorentz
group (acting on the coordinates z* in the bulk, on the coordinates £* on the cod-1 brane, and on the
coordinates x* on the cod-2 brane C3), and by working with gauge invariant variables. Note that, to
perform this decomposition, we have to impose 4D boundary conditions which render the D’Alembert
operator [y invertible; we implicitly assume this in the following. Most importantly, the convenience of
using this decomposition is also that, at linear order, the three sectors (tensor, vector and scalar) decouple,
and so the equations of motion in each sector may be simpler to solve than the complete equations. In
particular, we shall see below that the perturbation modes of the embedding of the cod-1 brane (bending
modes) play a role only in the scalar sector, where they are crucial for the regularization of gravity: so
the decomposition also helps us to focus on the subtleties involved with the bending modes and on the
mechanism we want to study.

3.3.1 Metric and bending decomposition

We consider the following decomposition of the bulk metric perturbation in TT-tensor, T-vector and
scalar parts

by = 0w + 0, Vo) + My ™+ 0,0, (3.34)
hey = A+ 040 (3.35)
hyp = Ayp + uoy (3.36)
hyy =9 (3.37)
hyy = (3.38)
hy, =w (3.39)

where all the quantities are functions of the bulk coordinates X" and we use the notation 9, = 9/0z". In
particular, 77, is a transverse-traceless symmetric tensor while V, , A.,, and A, are transverse 1-forms,
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and w, p, ¥, 0., 0y, ™ and w are scalars. Regarding the scalar part of the ur components, we call
trace part the scalar field which multiplies the Minkowski metric (in this case 7), while we call derivative
part the scalar field derivated twice with respect to the 4D coordinates (in this case w). Concerning the
codimension-1 brane embedding, the bending modes dp® and d&p¥ are scalars; for the 4D components, we
consider the decomposition

&y = Gpj, + Oendipy (3.40)
where dpy4 is a scalar and dpj, is a transverse vector, and Ogu = 0/0EH.

Similarly, we perform the scalar-vector-tensor decomposition of the cod-1 induced metric with respect
to the 4D coordinates £#. Note that, if we consider only the 4D coordinates x* in the bulk, the background
embedding of the cod-1 brane into the bulk is trivial; this implies that the scalar/vector/tensor sector of
the cod-1 induced metric is constructed only with the corresponding sector in the bulk evaluated on the
brane (and with the corresponding sector of the bending modes). In other words, passing from the bulk
metric to the induced metric does not couple the different sectors. In turn, this is true also when we pass
form the cod-1 brane to the cod-2 brane, where we consider a scalar-vector-tensor decomposition with
respect to the coordinates x*. To avoid a cumbersome notation, we use henceforth the convention that
the evaluation on the cod-1 brane of a bulk quantity is indicated with a tilde, so for example

Ao &) = H X)| #(€) = m(xX)| (3.41)

X =g (&) X=¢ (&)

and similar definitions hold for the other bulk fields. Likewise, we use the convention that the evaluation
on the (mathematical) cod-2 brane of a bulk quantity is indicated with a superscript ®), so for example

D) = W(X')‘X‘:WO’X_) (3.42)

3.3.2 Source decomposition

Regarding the matter cod-1 energy-momentum tensor, we consider the following decomposition
Tow = Fuw + Octu By + 0gnOgv Tae + Ny Tir (3.43)
Tey = Dy + Ogut (3.44)

where the symmetric tensor ZV is transverse and traceless while BH and D# are transverse 1-forms and
Tee, Tir, Tae are scalars. We consider also the scalar-vector-tensor decomposition of the cod-2 energy-
momentum tensor with respect to the coordinates x

TS = ) + 00 By + 00 T o+ 1 Ty (3.45)

where Zfﬁ), B,(f), ’7:1(;) and 7;5,‘” are respectively the pillbox integration of Zl,, BM, Tae and T;, while the
pillbox integration of 15“, 7 and Tge vanish as a consequence of 1) Note that taking the divergence of
the cod-2 energy momentum tensor we get

O T = TuB + 0 (DuT + T,7) (3.46)
while taking the double divergence of the same tensor we get

o o T = 0y (DuT) + TY) (3.47)
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Since we assume that the cod-2 energy momentum tensor is covariantly conserved, the invertibility of the
operator [y implies

0,7, + T =0 (3.48)
4
BV =0 (3.49)

which in particular means that the vector sector is not sourced at first order in perturbations when the
cod-2 brane is thin. This result corresponds to the well-known result that, when considering first order
perturbations around the 4D Minkowski spacetime, the interaction term in the action between the vector
mode and the energy-momentum tensor is a total derivative if the latter is covariantly conserved.

3.3.3 Bulk gauge invariant variables

In order to identify the physical perturbation modes and the pure gauge perturbation modes, and to work
only with the former modes, we recast the theory in terms of gauge invariant (g.i.) variables. Considering
an infinitesimal change of coordinates in the bulk

X' = x4 - AM(X) (3.50)
the metric tensor transforms as follows
hyun(X7) = haun (X)) + Oxar Ay (X7) (3.51)
and the bending modes transform as
6 (€)= 8p(&) — M) (3.52)

where we defined A¥ = AL(@(€)) and it is intended that a prime here does not denote a derivative but
just the fact that the quantities are expressed in the new coordinate system. In the context of the 4D
scalar-vector-tensor decomposition, we can decompose the gauge parameter as follows: defining the index
lowered gauge parameter as Ay = nyz AL, we have that A* = A, and AY = A, transform as scalars,
while the 4D part decompose as

Ap=A + 0, (3.53)

where A4 is a scalar while Aﬂ is a transverse 1-form.
It is straightforward to check that the tensor part of the bulk metric perturbations is gauge invariant

et = Ay (3.54)

while the gauge invariant variables for the vector part of the bulk metric perturbations are

Ay =A%, = A, — 0.V, (3.55)
Ay = AiZ = Ay — 0y Vi (3.56)

and the gauge invariant variables for the scalar part of the bulk metric perturbations are

T =n (3.57)
hf; = hj; — 8(1 o) + 816] w (3.58)

where hf; synthetically indicates the variables w9, pst and 9t.
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3.3.4 Brane gauge invariant variables

The Einstein equations in the bulk can be written in terms of gauge invariant variables alone, as it is
easy to check. This is a consequence of the covariance of the Einstein equations, and of the fact that
we can choose a gauge (the one where V,, = w = 0, = 0, = 0) in which the g.i. variables are equal to
the non-zero components of the metric perturbations. We may wonder if also the perturbation of the
embedding of the cod-1 brane can be described in a gauge invariant way, since at first sight the presence
of the brane seems to break the diffeomorphism invariance in the bulk. This invariance is indeed broken
if we describe the brane as a fixed boundary, or if we constrain in any way its position. However, if we
allow the brane to fluctuate freely, the presence of the bending modes in the equations of motion actually
enforces the diffeomorphism invariance in the bulk. This can be understood also from the fixed-boundary
point of view: in that case, the broken diffeomorphism invariance in the bulk can be reinstated using
Stiickelberg fields, which however are physically interpreted as bending modes [20), 21].

In fact, we can give a gauge invariant description of the fluctuation in the brane position by considering
the following gauge invariant versions of the bending modes

. : 1
80 = 8" + [0 — 5 Oie| ‘X':@(g) (3.59)
i L.
T =dput 50 (3.60)
i =0T +V, (3.61)

where &pZ;, &!; and 4’ belong to the scalar sector while &}, belongs to the vector sector. Henceforth
we refer to these variables as the brane-gauge invariant variables. Note that, in the gauge V, = w =0, =
oy = 0, they coincide with the bending modes.

The possibility to describe in a gauge invariant way both the perturbations of the bulk metric and
the perturbations of the brane embedding, permits in the nested brane set-up to study the perturbations

around the pure tension solutions in a purely gauge-invariant way.

4 The equations of motion for the perturbations

4.1 Bulk equations of motion and master variables

The Einstein equations in the bulk (2.15)) decompose into three groups of equations respectively for the
tensor, vector and scalar part of the metric perturbations. The equation for the tensor sector is

Us 7 =0 (4.1)

while the equations for the vector sector are
% Aj, — Og Ajy, = 0 (4.2)
00 Aypy =0 (4.3)

Note that taking the 4D divergence 0 of the equation (4.3) we get

040" Aip, = 0 (4.4)
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and applying the inverse of the 4D D’Alembert operator (which we indicate with 1/4) we obtain
' Aip =0 (4.5)
Therefore, the bulk equations of motion for the vector sector are
Os Aip =0 (4.6)
" Aip =0 (4.7)

where the equation (4.6|) synthetically expresses the two equations for A, and A,,,.
Regarding the scalar sector, in principle every component of the bulk Einstein equations produces an
equation for the scalar sector. However, the Bianchi identity

Vi GM ~ oy GM =0 (4.8)

links together (in a differential way) the components of the Einstein tensor (independently of the fact
that the metric solves the Einstein equations or not); this implies that it is sufficient to impose that
G*, = GY, = GY% = 0 and that the trace part of the bulk Ricci tensor vanishes, to guarantee that the
other components of the Einstein equations are satisfied. Therefore the bulk equations for the scalar
sector read

Oy hzg; +3 (51']' Oy + 48i8j =0 (49)
Oem =0 (4.10)

where the equation (4.9) synthetically expresses the equations for ij = zz, zy and yy.

4.1.1 Scalar master variables

The analysis can be greatly simplified by expressing the equations in terms of master variables [44] (see
also [45]). Considering the scalar sector, a closer look to the bulk equations (4.9)-(4.10) reveals that the
field  obeys a decoupled equation; furthermore, the invertibility of the operator (14 implies that the other
gauge invariant variables are completely determined in terms of 7 by the equation , since we have

; 4
hij = =30 m— o 0;0; ™ (4.11)

Moreover, evaluating the equation above on the cod-1 and cod-2 brane we can express the variables }le;
and h&j) in terms of ™ and 7 : therefore, for the scalar sector we can actually work with only one metric
variable, the master variable 7.

Concerning the brane-gauge invariant variables, as we mentioned above the variable &4 does not
appear in 6Ggp and 5Kab, so it does not appear at all in the equations of motion. Regarding the two
remaining bending gauge invariant variables dp7; and &sz‘v it is customary to describe the perturbations
of the brane embedding by projecting the bending mode in the normal direction and in the parallel
direction to the brane; we define therefore the normal component of the bending &, and the parallel
component dp,

8p, =i bpy, Sp, = i 6l (4.12)
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in terms of which the brane gauge invariant variables read

;i = &lOL ﬁi + &pu T)i (413)

It is important to keep in mind that, despite the normal and parallel components of the bending have
an intuitive geometrical meaning when the normal vector is smooth, they are not well defined when the
normal vector is discontinuous, while the z and y components of the bending remain well-defined.

A compelling reason for working with the normal and parallel components of the bending is that,
when considering perturbations around a straight brane, the parallel component is a pure gauge mode
since it does not appear in the equations of motion, and so the perturbation of the brane position can be
described by only one master variable, &, . On the other hand, when the background configuration of the
brane is bent, the perturbation of the extrinsic curvature contains both the normal component &, and
the parallel component &p, (we discuss this point in the appendix . Therefore, when the cod-2 brane
is thick, we need to take explicitly into account dp, as well and to work with two brane-master variables.
However, this is not necessarily the case when we consider the thin limit of the cod-2 brane. In fact, in
this limit the brane is straight everywhere apart from é = 0 where the embedding is not derivable (see
appendix , and so d&p, disappears from the junction conditions for é = 0. If we are able to express the
junction conditions at the cod-2 brane entirely in terms of dp, and 7, the whole system (in the scalar
sector) is described by two master variables: the “metric” master variable 7, and the “bending” master
variable d&p, . This is indeed what happens in our set-up, as we shall see.

4.1.2 Vector master variable

Regarding the vector sector, the vector bending mode &,DLT) at first order does not contribute to the cod-1

Ricci and Einstein tensor and to the extrinsic curvature, as can be checked in appendix [B] Therefore
the equations of motion for the vector sector involve only “metric” gauge invariant variables. Moreover,
also in the vector sector we can introduce master variables. In fact, as it is shown in [44], the condition
implies that the gauge invariant variables A, and A,, can be derived from a master variable ®,
as follows ‘

Aip =€/ 0,9, (4.14)

where €;; is the totally antisymmetric symbol of unit weight (Levi-Civita symbol), and we choose the sign
convention €,, = +1. Note that the variable ®, is not unique, since it can be freely redefined by adding
an arbitrary function of the 4D coordinates x*. It is easy to check that with our convention we have

vle]) = e =~ (4.15)

and therefore

Ok Am = 05 (I)N n .Aw = —0y ~

) o, = —d 4.16
& (€) a # (4.16)

4.2 The codimension-1 junction conditions

In analogy with the definition of the perturbation of the induced metric (3.23)), we define the perturbation
of the cod-1 Einstein tensor and of the cod-1 extrinsic curvature as follows

éab(g) - Gab(&) - éab(f) (417>

Rab(g) - Kab(é) (418>

5Gab (g)

5Kab (5)
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To study the junction conditions at perturbative level, we use henceforth the cod-1 Gaussian Normal
Coordinates which we introduced in section It may seem strange that, having paid attention to
work in a gauge-invariant way in the bulk to avoid fictitious singularities produced by the bulk GNC,
we choose now to impose GNC inside the cod-1 brane. To justify this, note first of all that it is always
possible (at least locally) to impose Gaussian Normal Coordinates in each of the two domains which
constitute the cod-1 brane and whose common boundary is the mathematical brane C5. We can then join
in a smooth way the two “partial” reference systems, and obtain a cod-1 Gaussian Normal Coordinates
system (at least) in a neighbourhood of the cod-2 brane. This procedure works perfectly also in the thin
limit, since the fact that the embedding becomes cuspy (from the bulk point of view) does not have any
influence on our ability to impose the Gaussian Normal Coordinates in each of the two parts, and to join
them smoothly (from a brane point of view). Therefore, the use of Gaussian Normal Coordinates inside
the cod-1 brane is justified in our set-up.

4.2.1 The perturbative junction conditions

If we insert the perturbative decomposition of the metric and embedding around the background solutions
in the junction conditions (2.16]), we obtain the background junction conditions (which we disregard) plus
a perturbation piece. The latter contains, in the left hand side, a term

— 2Mg Kee hap (4.19)
which cancels (as a consequence of the background relation (3.12)) and of the cod-1 GNC) the source term
— 3 8 F(E) My (4.20)

which arises when we perturb the metric which multiplies the unperturbed tension. Disregarding these
two terms as well, and noting that h® K 4 vanishes because of the cod-1 GNC, the perturbation of the
junction conditions reads

—2 Mg 0" 0K, + M3 6Gee = 6Tge (4.21)
2M¢ 0K ¢ + M3 6Gle,, = 0T )¢ (4.22)
20 (0K, — (e + 1™ Ko ) | + M 6Gi, = 5T, (4.23)

where all the quantities are functions of the cod-1 Gaussian Normal Coordinates (é ,X'). From the point of
view of the scalar-vector-tensor decomposition, the equations — decompose in separate junction
conditions for each sector. In particular, the fields belonging to the tensor sector are present only in the
pv equation (4 , while the fields belonging to the vector sector are present in the ué and pv equations
(4.22) and @D As we mentioned above, the 4D components of the bending modes dp,, do not contribute
to the perturbation of the extrinsic curvature K, «b and of the Einstein tensor 5Gab, furthermore, the z and
y components of the bending ' contribute only to the scalar sector of 6Ky, and of dGap (see appendix
. Therefore, the bending modes appear only in the scalar sector of the perturbative junction conditions
4.217, and more in general of the equations of motion.

Using the formulae of appendix[B] the tensor sector of the perturbation of the cod-1 junction conditions
reads explicitly

2 Mg oy + M3 Os Ay = —2 T, (4.24)

7
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while the vector sector of the perturbation of the cod-1 junction conditions reads

A= A ) + MOy Ay, = —2 D, (4.25)

2M¢ (W On
@ (¢

2]\48l 8X(“ ' Aﬂy) + Mg 8X<M Bé (’Di Ai‘y)) =2 8X(u Bl,) (4.26)
Note that, taking the 4D divergence of the equation (4.26|) and applying the operator 1/00, we get
20 ' A+ M3 9 (v Ay ) = 2B, (4.27)

Finally, considering the scalar sector, the ££ and the the £ components of the perturbation of the
junction conditions eq. (4.21]) and eq. (4.22]) read respectively

) 3 n
2 M} (261—“\7(5)%54%1-&@;%»)+§M§>D4fr:frgg (4.28)
>
2 M Oy (P09 Y+ 27, 65, ) — 3 M3 Oy 7' = 20, 7 (4.29)
6 YXx ij 1 % gi 5 YUxH P :

and, taking the 4D divergence of the equation (4.29) and applying the operator 1/00,, we get
2 M (ﬁ%—ﬂ' B+ 2, Agg) —3ME A =27 (4.30)

Regarding the (scalar sector of the) pur components of the perturbation of the junction conditions
eq. (4.23)), the derivative part reads

, 1 . o n . .
2My Oy Oy 1y 65L; + M3 Oy Oyw (— 5 07 h; — 7 +7; &ﬁ;i> = Oy Oy Tae (4.31)
while the trace part reads
oMt (20a]  ma Loiw 8,—1‘ e o] ng - Lpind e (rFo},)—
2 g 2 g ¥ gE) Y2 Y

" 1 . . o 3 . . 3 v
—n; U5 &plgl) —l—Mg <2 o'’ D4h‘;-]; + §7T” +0y7— Ug Ly &P;z> =Ty — f(g) O\ (4'32>

Taking the trace of the “derivative” equation (4.31)) we get
. 1 . . .
2]\481 n; Ly &ﬁ;l + Mg <— 5 ' Oy h‘;]; — 0Oy + 17; Oy &ﬁ;l> =04 Tge (4.33)

4.2.2 The pure tension case

As a first check of the consistency of our analysis, we consider the case of a pure tension perturbation. In
this case, the energy-momentum for the matter vanishes 7., = 0 and we have

8Ty = =6 6, F(£) O\ M (4.34)

21



Inspired by the form of the background solutions, we consider an ansatz for the perturbation fields where
the bulk metric perturbation hsp and the 4D components of the bending &5, vanish, and the z and y
component of the bending depend only on f (note that in this case the bending modes coincide with their
gauge invariant versions). This implies that

ilgg =27 &5” Bg,u =0 (435)

so the requirement that the coordinate system (é ,X') is Gaussian Normal inside the cod-1 brane is equiv-
alent to the condition #; &'/ = 0. It is easy to see that all the equations of motion are identically satisfied
apart from (4.32)) which reads

2Mg i 65" = f(§) O (4.36)

To solve this equation, it is useful to introduce the orthogonal and parallel component of the perturbation
of the parallel vector v ¢, namely

ov =n; dp;; ov, = v; Zg; (4.37)

and in particular we note that in this case in cod-1 GNC we have 60, = 0. Using the identity n; 6" =

(n; 6p')" — nl 85" and the relation (B.39)), we can express the equation (4.36) as
2Mg 50 = f(£) O (4.38)
which can be integrated to give

50, 2M4 / F(C (4.39)

which in particular implies that d9, (€) is constant for € = £l . Since (again using (B.39)) we have in
general

dp, = —S8"&p, + dv, (4.40)
we conclude that for || > I we have
.6) = gy €1+ o (4.41)

where &p¢ is an integration constant. Note that the equations of motion does not fix &pg, which is then
arbitrary; this is consistent with the fact that, since the bulk is exactly Minkowsky, a rigid translation of
the brane is a symmetry of the system.

To understand the geometrical meaning of this configuration, we note that the (total) embedding
function is of the form

SOA<£) - (Q’F(é),@(é),o,o,(),o) (4'42>

where & = Z + 6p* and % =Y + &Y. The solution defined by (4.41]) corresponds to a configuration
where the bulk is a (Z2 symmetric) couple of slices of the 6D Minkowski spacetime, such that the total
deficit angle is o = 49 where

dZ (V)
dw

dZ(€)

4.43
@ (4.43)

tandy =
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which at first order in perturbations reads

tand¥; =tan Sy + ov, (4.44)
+

cos? Sy

Applying the arctan to both sides of the former equation and expanding it around the value tan S in
the right hand side, we get at first order

A+ 0\
9. =S8, +6ov| =2
TR O T T

(4.45)

where we used the background relation (3.17) and the perturbative solution (4.39) to obtain the second
equality. We conclude that a pure tension perturbation oA on the cod-2 brane produces a variation of the

deficit angle
oA

(SOZZVél

(4.46)

while the bulk metric remains the Minkowski metric. This is the same result we get from the exact
solutions we obtained in section [3.1] and therefore suggests that our perturbative analysis is consistent.

5 The thin limit of the codimension-2 brane

We now turn to the analysis of the thin limit of the ribbon cod-2 brane, i.e. to the limit lo — 0%.

The thin limit procedure

In general, the thin limit description of a theory with localized sources is a description which provides a
very good approximation to the true theory when we focus on length scales which are much bigger than
the typical localization scales of the sources. However, to perform the thin limit in practice it is more
convenient to adopt a different (but equivalent) point of view: we consider a fixed theory, and consider
source configurations whose thickness becomes smaller and smaller, while keeping constant the “total”
amount of the source.

In our case, we construct a sequence of source configurations T(iz] whose localization length 1[2”] tends
to zero when n — 400, but such that the cod-2 energy momentum tensor (defined in ) is independent
from n. In the perturbative decomposition, this implies that we consider a sequence of localizing functions
finy which is a realization of the Dirac delta function, so that the background energy-momentum tensor
converges to a thin pure tension configuration

TLZJL] (év X.) m _(Sa‘u 61)” 5(5) 5‘ Nuv (5.1)

Likewise, we consider a sequence of matter energy-momentum tensors 7:[;:] such that the matter cod-2
energy momentum tensor (defined in 1) is independent from n; we still indicate it with ’7;53). For
each value of n, we consider the embedding and bulk metric configurations which solve the equation of
motion with T;’g] as a source. In particular, to the sequence T;’g] we associate the sequence of background

embeddings Zi,) and Y}, and to the sequence 7;[,’)‘] we associate the sequence of bending modes &pfn] and
the sequence of metric perturbations J“fu[ﬁ], 7 and so on. For economy of notation, we indicate with hz]
and &pfn] rgspectively the sequences associated to the gauge invariant variables hf; and dp%; and not to
hij and &' themselves. To indicate the limit configurations to which to sequences of fields converge, we

23



substitute the symbol [n] with the symbol oo, so for example Zn — Zoo, T — Moo, &pfn] — &% and so
on. The thin limit of the background configurations is studied in appendix [A]

Note that, at linear order in perturbations, the effect on the metric perturbations and on the bending
modes of a tension perturbation and of a matter perturbation is additive, so we may write

where dp%, is the bending correspondent to a pure tension perturbation and &b is the bending corre-
spondent to a pure matter perturbation (the perturbation of the metric vanishes in the pure tension case,
so h,, = h%5). We already studied the effect of a pure tension source perturbation in our framework in
section [£.2.2} therefore, from now on we will consider only a pure matter perturbation, and will implicitly
assume this even if, for economy of notation, we will omit to write explicitly the subscript/superscript

Lépm/pm 77.

5.1 The singular structure of the perturbations fields

To understand what happens to the solutions of the equations of motion when the cod-2 brane becomes
thin, the only thing we can do is to make hypothesis on the behaviour of the perturbation fields when the
thin limit is taken, and a posteriori study if these assumptions are consistent. Since we want to investigate
if gravity remains finite in the thin limit, we propose here an ansatz which generates a finite gravitational
field on the thin cod-2 brane.

5.1.1 The geometric ansatz

Naively speaking, the non-trivial point in the phenomenon of gravity regularization in our set-up is that,
when we perform the thin limit, we need to generate a delta-function singularity in the left-hand side of
the equations and (therefore, in the extrinsic curvature and/or in the cod-1 Einstein tensor),
while having a finite cod-2 Ricci tensor. We mentioned above that there exists a class of configurations
which has exactly these properties, i.e. the configurations where the bulk metric is smooth while the
embedding converges to a profile which is cuspy in the é—direction at Cy. These configurations satisfy
the requirements because the delta singularity is produced via second é—derivatives of the embedding
function, which being continuous gives rise to an induced metric which is finite on the cod-1 brane even
at the position of the cod-2 brane.

Under this hypothesis, the only terms which can diverge in the cod-1 extrinsic curvature and Einstein
tensor are those which contain second derivatives with respect to é of the embedding functions (background
or perturbation part), and the second derivatives with respect to f of the bulk perturbations evaluated
on the brane (e.g. 7’ and e%zu’,’/), while the evaluation on the brane of the bulk perturbations and their
derivatives with respect to the bulk coordinates do not diverge (for example 927 and 927 evaluated in
¢’ (&) are bounded). Taking a look at the sections and of the appendix it is clear tI}at the only
components of the cod-1 curvature tensors G, and 6K,y that can diverge are 0G,, and 6K¢e. This is
promising, since 6G ww and 5f(§5 appear only in the ur components of the junction conditions which
are the only components which are sourced by a diverging energy-momentum tensor in the thin limit.
Furthermore, taking a look at the junction condition for the tensor sector and at the “derivative”
and “trace” junction conditions for the scalar sector and , it is evident that each of these
equations possesses on the left hand side a diverging term which may balance the diverging coming from
the energy-momentum on the right hand side. It is worthwhile to notice that, both for the tensor and
the “derivative” equation, the diverging pieces are contributed solely by the cod-1 induced gravity term:
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in absence of induced gravity on the cod-1 brane, this ansatz would not be valid, apart from the special
case of a pure tension perturbation. We further comment on this point in the Conclusions.

We therefore choose this ansatz as a working hypothesis on the structure of the perturbation fields in
the thin limit. Since the pillbox integration across the cod-2 brane is subtle, it turns out to be necessary
to spell out very clearly the character of convergence of the sequences of perturbation fields to their
limit configuration. Consistently with the considerations above, we assume that the perturbation of the
bulk metric and its derivatives of every order converge uniformly to smooth limit functions, and that
the perturbation of the components of the embedding and all its 4D derivatives converge uniformly to
continuous limit functions. On the other hand, we assume that the first derivative with respect to é of the
components of the embedding converge pointwise to limit functions which are not necessarily continuous
in f = (. This is consistent with the convergence properties of the sequences of background embedding
functions Zp, and Y, which we discuss in appendix [A| (for the definition of the standard concepts of
uniform convergence and pointwise convergence of a sequence of functions see e.g. [46]).

5.1.2 Pure cod-1 and cod-2 junctions conditions

From the point of view of the structure of the equations of motion, the thin limit has the effect of splitting
the junction condition into two sets of conditions. In fact, when the cod-2 brane is thick we have to solve
the equations both outside the physical cod-2 brane, where @’ and 7; are constant (external solutions),
and inside the cod-2 brane (internal solution), and join smoothly these solutions at the boundaries of the
cod-2 brane. Since l" — 0 for n — +o00, in the thin limit the equations for the “external” fields are valid
for § # 0: the equations for the internal fields then generate a set of conditions which relate the value of
the external fields at f =0~ and f = 0". We refer to the former set of equations as pure codimension-1
junction conditions and to the latter set of conditions as codimension-2 junction conditions.

To derive the codimension-2 junction conditions, it is necessary to make explicit use of the parity
properties of the fields with respect to the reflection f — é Note first of all that, by construction, Z’ is
odd while Y’ is even. As we mentioned in section the Zo symmetry present inside the cod-1 brane

hes that the £§ and pv components of g, R and K are even, while their {x components are odd. From
it follows that hgl, hgl, #, 632, A., and 2, are even, while hg,, 63Y, and A,, are odd.
Furthermore every 8 derivative changes the parity from even to odd and the other way around, while
the 4D derivatives Gxu leave the parity unaltered. Expressing the 0; derivative as 9°0;, we can then infer
that 0, derivatives acting on a bulk field leave unaltered the parity, while J, changes it. We stress that
this is true only when the bulk fields and their 0; derivatives are evaluated on the cod-1 brane, since we
don’t impose a Zy X Zo symmetry in the bulk and therefore the bulk fields do not have definite parity
properties away from the cod-1 brane.

5.2 Tensor and vector sectors

5.2.1 Tensor sector

Let’s consider first the tensor sector. Considering the equation 1’ we first note that, for ]é | > 1,
each element of the sequence e%”#[,, obeys

4 n 3 o] _
2Mj s, - @ S+ MR O 40 =0 (5.3)
[n]

Taking the limit n — +o00, the limit of the sequence (if it exists) satisfies for f # 0 the pure cod-1 junction
condition
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4 3 7
2ME O ]@ o) 2 M s A =0 (5.4)
To derive the cod-2 junction condition, we substitute n, ¢}, and .7, respectively with nl"l, %ﬁ[ﬁ]
and Z{ﬁl in the equation 1) and perform a pillbox integration across the cod-2 brane. Since by our

ansatz both ﬁfn] and 0; 7, remain bounded in the n — +oo limit, we get

i ‘
lim d¢ [2M§1 it 0|
[}

n——+o0o —l[zn]

A+ ME s fﬁ}gl} = M3 [aé %ﬁ;’} (5.5)
[n] (f ) 0t

and therefore we obtain the cod-2 junction condition for the tensor sector

3 00 __ 4
M5 0| s = -7 (5.6)

5.2.2 Vector sector - gauge invariant variables formulation

Regarding the vector sector, for |€ | > Z[Z"], each element of the sequences fl,[z",l and A% obeys

4 (5t D] =i glnly 3 i 4lnl _
oMy it A+ Mo, AT =0 (5.8)

where the eq. (5.7) comes from the £ components of the junction conditions eq. (4.25)) and the eq. (5.8)
comes from the pr components of the junction conditions eq. (4.27)). Therefore, the pure cod-1 junction
conditions for the vector sector are
4 (=i —i 1 3. =i 4
2M <véo On_, ‘@ @ A — Tigg A‘;ﬁ') + My Uy v, Ay, =0 (5.9)

2M¢ nk, A3+ M2l A% =0 (5.10)

which are again valid for £ # 0.

To derive the cod-2 junction conditions, we note that the uv equation contains diverging pieces
while the £u equation contains at most discontinuous pieces, and its source term lA)# vanishes in
the thin limit. Therefore, the cod-2 junction conditions are obtained by imposing that the left hand side
of the £u pure cod-1 junction condition is continuous at é =0 (i.e. its f — 07 and é — 07 limit
coincide), and by performing a pillbox integration of the ur equation . The former condition, using
85 = 7'0;, can be rewritten as

[zMg (z2+v2) (az

00 0o 3 oo . B
(ﬁ (é) Ayﬂ - 8y‘¢ (é) Az#) + M5 D4 (Zéo Azu + Yolo Ayﬂ>:| = O (511)

ot

where [ ]o+ means |g+ — |o- as usual. Note that the left hand side of this equation is a linear combination
of terms which are odd with respect to the reflection symmetry & — —¢& and continuou with the only

3The functions Z.2 and Y.2 are not continuous at é = 0, but their product with an odd and continuous function is.
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exception of the term Mg’ Oy Z7 /lgz which is odd and discontinuous at é = 0. Since every odd and
continuous term vanishes both in £ = 0% and in £ = 0, the condition 1D gives

MOy Z! A% =0 5.12
5 =4 Yoo o+ T FH g ( )
WhiCh lmpheS
A =0 5.13
2| g_g ( )

On the other hand, taking into account ([3.49)), the pillbox integration of the equation (4.27)) reads

l[”]
lim [ [zMg ity AL + M3 0 (o1, AE’]})] =0 (5.14)

n—oo | _In]
2

and, since by our ansatz both ﬁfn] and AEZ} remain bounded in the n — +oo limit, we get

M} [vgo /l;?j] =0 (5.15)

0t

Since Ay, vanishes in § = 0% because it is odd and continuous, we get

2M3 7!

400
+ AZ”

=0 (5.16)

0 £=0

and so we reproduce (5.13)). Therefore, the gauge invariant vector modes vanish on the cod-2 brane in
the thin limit: this is compatible with the observation at the end of section [3.3.2] that the vector modes
are not sourced in the thin limit.

5.2.3 Vector sector - master variable formulation

Using the relations (4.14)) and (4.16)), we can recast the thin limit equations of motion for the vector sector
in terms of the master variable Q. Considering first the pure cod-1 junction conditions, the equation

(5.9) in terms of ®7° reads

2M4<62 ‘ 9% 4 92 ‘ ) q>°°>+M3D On e = 5.17
O\ Peelp @) # " Velp @) H b Moo | @) M (5:17)
Since v and n__ are orthonormal, we have
i +0; =07+0; =1 (5.18)
and therefore we can express (5.17)) as
IME A ’ L% 4 M30, 0, ‘ e®—) 5.19
6 T2 e @ B Moo | @) M (5:19)

where A is the 2D Laplace operator. Similarly, the equation (5.10) in terms of ¢ reads

—aMior, | e+ Mion| . o,

_®° =0 5.20
e (&) e (€) ‘%@(s) K (5.20)
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or equivalently

9; <2Mg 0 — M3 On ] A @;O) =0 (5.21)
P (&)
Regarding the cod-2 junction conditions, the conditions
by i =0 Ay £ =0 (5.22)

imply that the z and y derivatives of ®;° vanish on the cod-2 brane

9.

B =0 ay‘ P =0 (5.23)

& (0,x) gox) M

5.3 Scalar sector

5.3.1 Pure cod-1 junctions conditions

To derive the pure cod-1 junction conditions for the scalar sector, it is sufficient to substitute in the
equations (4.28)), (4.30)), ([4.32)) and (4.33) the background and perturbation fields with the correspondent
sequences indexed by [n], to impose @, = 0 and to set to zero the right hand side of these equations.
Taking the limit n — oo we then obtain the pure cod-1 junction conditions

(&€ component)

2 M} <2 On.. ‘%(g) oo — Oy &ﬁ‘j’) + %Mg?’ Oi oo =0 (5.24)
(& components)
2 Mg @ngovgo il;?;+&ﬁj°'> - %Mg e =0 (5.25)
(v components, derivative)
2M§ Oy 65°° + M3 (— %@go@g;o 04 hSY — Oy froo> =0 (5.26)

(pv components, trace)

3
2M¢ <2 iy

which are valid for é #0.

These four equations are actually not independent, but are linked by differential relations if we take
into account the bulk equations. In fact, expressing the equations in terms of the metric master variable
7 (using the relation , which encodes part of the bulk equations), it is possible to see that the
equations above are linked by the relations

9¢ (5.24) + 04(5.25) = 0 (5.28)

0 (5.25) + (5.26) + (.27) = 0 (5.29)
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This implies that only two of the four equations 7(5.27: are independent: we choose to work with
the equation (5.24)) + (5.26) and with the (5D trace) equation (5.24) + (5.26) +4 (5.27)). Using the relations

ﬁW&@ﬂ

" (5.30)

A

S5t w5k 9. 9. — 92 ( H-
o' 7 ala]akwjf(é)_ag (8“7T‘¢»<é->) (5.31)

.G.

which are valid where @, = i} = 0, these two equations read in terms of the master variables

2 ME 5 ’ ey oo T ME s e =0 (5.32)

o'}

and

1 O
‘:’ p° — n ’ o0 2 g 2 o0 .
5 &OJ_ 5 8%0 . (é Too + 85 < D4 . (f) e > (5 33)

5 (&)

Note that the field 7o, obeys a decoupled equation also on the pure cod-1 brane.

5.3.2 Cod-2 junctions conditions

To derive the cod-2 junction conditions, we note that the left hand sides of the ££ equation and of
the &u equation do not contain terms which diverge in the thin limit, according to our ansatz, and
their source terms vanish in the thin limit. On the other hand, the left hand side of the pv “derivative”
equation and of the pv “trace” equation contain diverging terms, and the pillbox integration
of their source terms remains non-vanishing in the thin limit. Therefore we impose that the left hand side
of the ££ and &y pure junction continuous and are continuous in é = 0, while we perform a
pillbox integration of the equations (4.32) and (4.33]).
Regarding the equation , the condition

. 3 .
é)ﬁoo—Dz;&pfo) +2M5?D47T00:| =0 (5.34)

0*

[2 Mg (2 n’, 0;

oo

is identically satisfied since all the terms in the left hand side are even. Concerning the equation ([5.25)),
the terms in the left hand side are odd and so the condition

1, . - 3
[2 Mg <2 fibo Ul his + &ﬁf’) -3 M3 fr;o] =0 (5.35)
0t
is not identically satisfied, and produces the cod-2 junction condition
4 A 7,00 700 4 ¢r00/ 3 A/
My sin (55 (hzz - hyy> FAMESHE —3MER| =0 (5.36)
6 o+

where we used the (background) relation 2 Z/_|o+ Y/ [o+ = sin (A\/2M{) and the fact that }A@Z is continuous

and odd and therefore vanishes in f =0".
We come now to the pillbox integration of the equations (4.32)) and (4.33|) across the cod-2 brane.
According to our ansatz on the singular behaviour of the perturbations at the cod-2 brane, the only term
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which diverges in the left hand side of the equation 1 is ME‘? v Oy 5@;2 Therefore, the derivative part
of the puv components of the junction conditions produces the condition

+l["] R .
ME lim [ dé ol Ouap, = 0a T (5.37)

n——+oo _l[2n] ¢

Similarly, the only terms which diverge in the left hand side of the equation (4.32]) are the ones which are
derived twice with respect to 5 (remember that 9/ = ¢*”"). Therefore, the trace part of the uv components
of the junction conditions produces the condition

il

M o (”{nl” (et hly) 42l &@@;@)+
2
+ii "
+ Mg Tim d§< il - 54@0[n]> T (5.38)
2

We can simplify this equatlon noting that, using |-) we have ngc ]v[]‘jl{ = S},;, and that the integral on
the left hand side of is present also in ([5.38)). Using the continuity equation for the cod-2 energy-

momentum tensor , we conclude that it is equivalent to impose the conditions (5.37) and (5.38)), or
the condition (5.37)) and the following condition

+5 .
M lim | dg( by Al B+ 27" &%) —3M3A,

n——00 l[Qn

. =0 (5.39)

The integrations in the equations ([5.37)) and (5.39)) are performed explicitly in the appendix It turns out
that the equation (5.39)) reproduces exactly the condition ([5.36)), which is a confirmation of the consistency
of our analysis, while the equation ([5.37)) produces the condition

aM}

The latter equation, together with , constitutes the thin limit cod-2 junction conditions. Concerning
the discussion at the end of section [4.1.1] on the number of bending master variables, we note that we
managed to express the cod-2 junction conditions in terms of dp, only (and not dp,), and so we confirm
that the thin limit equations for the scalar sector can be expressed in terms of one metric master variable,
Too, and one bending master variable, 4p7°. The equation in terms of the master variables reads

R : A\ (92 -97)
4 Mg 6p>°" — 4 Mg sin <2M§>( ZD4 Y2 Moo

=0, 7 (5.40)

A —3M§7%’OO] =0 (5.41)
?,(&) 0+

5.4 Discussion

We now discuss the thin limit equations we derived in the previous sections, in relation with the regulariza-
tion of gravity and the well-definiteness of the thin limit. For clarity of exposition, in this section we omit
the symbol co: it is implicitly assumed that all the fields which appear here are the limit configurations
of the sequences indexed by n.
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5.4.1 Scalar sector

Let’s start with the discussion of the scalar sector. As we showed in the last section, the thin limit
equations of motion for this sector read

O¢m=0 (bulk) (5.42)
2 M 0| é)w+M53D5fr:O
G
5 (pure cod-1 brane) (5.43)
1 _
Osé6p, = 76171‘ 4282 <n‘ . 7T>
29 = 3% e E\Oule@)
A 02 — 92
4M§*&,514Mg‘sin( A4>(Z y)w —-3M3A| =0
2Mg Uy @ (&) o+
(cod-2 brane) (5.44)
A
3 5 — (4)
2 Mg tan <4Mél> ‘:|4(SL)0L o D47:ie

Considering for the moment only the bulk equation and the pure cod-1 junction conditions ,
we note that these equations are ezactly the equations for a 6D cod-1 DGP model: their form is more
complicated than the one usually found in the literature just because we didn’t impose transverse-traceless
conditions in the bulk, which is usually a standard choice. In particular, the second of the equations
is the 5D wave equations for the bending mode d&p, , while the equation and the first of the
equations ([5.43)) are the 6D wave equation for 7 together with the boundary condition on the brane. With
appropriate boundary conditions at infinity in the extra dimensions, if we assume that the fields dp , 7
and 7 are smooth then the system of these equations is well-defined, and admits a unique solution. If
now we relax the assumption that & , m and 7 are smooth, and assume that in é = 0 the fields &, and
7 are continuous but not derivable with respect to é , the system of differential equations f
does not single out a unique solution any more, because there is freedom in choosing how to patch the
solutions for the fields &, and 7 at é = 0" and f = 07. To single out a unique solution, we need to add
two conditions (one for # and one for &2, ) at £ = 0 which fix this arbitrariness.

This is exactly the role of the cod-2 junction conditions in our set-up: in fact, it is convenient to group

the equations (5.42)—(5.44) as follows
Cem =0 (5.45)

2Mgaﬁ)7(é)w+M§D5ﬁ:0 (5.46)
S

3 M2 7

A
_ 4 o 4 . z Y
o = [4M6 &p, — 4 Mg 8111(2 é) &} ™
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and

1 O
056, == 0a| . w+2a%<“ ) 71') 5.48
29 = 3% E\Dule@) (549
A R 1
200 v () O |, =07 (5.49)

We see that the first of the cod-2 junction conditions acts as boundary condition of the Neumann
type on the side of the thin cod-2 brane for the field 7, while the second of the cod-2 junction conditions
acts as boundary condition of the Dirichlet type on the side of the thin cod-2 brane for the field
&p, . Moreover, the details of the internal structure of the cod-2 brane, which are encoded in the explicit
form of the sequences fin), €n) and 7:[;], do not enter the thin limit equations and only the integrated
quantities A and 7;@ are present. Therefore, at least for the scalar sector, the ansatz we proposed in
section [5.1.1] gives rise to a well-defined system of differential equations, and the internal structure of the
cod-2 brane does not play a role in the thin limit. Since the ansatz corresponds to a class of configurations
where the gravitational field is finite on the cod-2 brane, we conclude that (for what concerns the scalar
sector) gravity is indeed regularized in the nested branes with induced gravity set-up, and that the thin
limit of the cod-2 ribbon brane inside the (already thin) cod-1 brane is well-defined (at least for first order
perturbations around pure tension solutions).

It is interesting to comment on the interplay between the master variables 7 and &5, , and on how
the presence of matter on the cod-2 brane sources the total field configuration according to the coupled
system of equations for 7 and dp, . First of all, note that if there is no matter on the cod-2 brane then
the configuration 7 = 0, &, = 0 is a solution of the system of equations (it is the background solution
in fact). If we turn on the energy-momentum tensor on the cod-2 brane, T forces the cod-2 brane to
move (equation ): remember in fact from section that &p, } o+ 1s proportional to the bending of
the cod-2 brane in the bulk J3Z . This movement acts as a boundary condition for the movement of the
cod-1 brane (equation ), producing a non-trivial cod-1 bending profile. This profile necessarily has
non-vanishing first é—derivative on the side of the cod-2 brane, and this acts as a source for the metric
master variable 7, since it produces a non-trivial boundary condition for 7 on the side of the cod-2 brane
(equation (5.47)). As a consequence, a non-trivial profile for 7 in the bulk and on the cod-1 brane is
created (equations and (5.46))). The profile of 7 on the cod-1 brane in turn acts as a source for &p
on the cod-1 brane (equation (5.48)), and so on.

5.4.2 Tensor and vector sectors

Regarding the tensor sector, the thin limit equations of motion read

Os A =0 (bulk) (5.50)

2Mg 0| @ oy + M3 O f%;jw =0 (pure cod-1 brane) (5.51)
& (E

Mg 0; o+‘%;7” =-g (cod-2 brane) (5.52)

and we see that the situation is analogous to the scalar sector. The equations (5.50) and (5.51)) are exactly
the equations for the tensor sector in a 6D cod-1 DGP model, and need an additional condition at & = 0%F
to give a unique solution if we assume that 7}, is continuous but not derivable in £ = 0. This condition
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is provided from the cod-2 junction condition , which is a boundary condition of the Neumann type.
Analogously to the scalar sector, the energy-momentum tensor excites the metric field by providing a
non-trivial boundary condition at the side of the cod-2 brane, which then creates a non-trivial profile on
the cod-1 brane and in the bulk via the equations and . Also in this case the internal structure
of the cod-2 brane does not play a role in thin limit, so also in the tensor sector gravity is regularized and
the thin limit of the cod-2 ribbon brane inside the (already thin) cod-1 brane is well-defined.

The situation in the vector sector is instead peculiar. The thin limit equations of motion read in terms
of the master variable

9,06 ®, =0
(bulk) (5.53)
8,06, =0
IME A ‘ B, 4+ MO aﬁ‘ B, =0
L P R FAS R
(pure cod-1 brane) (5.54)
0. (2M2 & —M3aﬁ‘ ) q»):o
5( A G
82’ (0] :6‘ ®,=0 cod-2 brane 5.55
gox) 1 Pleox) " ( ) (5.55)

and the gauge-invariant vector modes of metric perturbations are linked to the master variable by
Aipy =€/ 0;®, (5.56)

Note first of all that the cod-2 junction conditions ((5.55)) imply that the normal derivative of ®, vanish
on both sides of the cod-2 brane

®,=0 (5.57)

On P, =05
‘ a ?(07,x")

¢ (07,x")

On the other hand, the second of the pure cod-1 junction conditions ([5.54)) implies that the quantity

2Mg§ @, (&, x) — M2 0 D, (5.58)

& (€x)
is constant with respect to the coordinate é . the relations 1’ then imply that

DM€ ) — MO B, = 20110 () (5.59)

@ (&x7)

where @&4) is the master variable evaluated on the cod-2 brane (i.e. at = 0). Moreover, the bulk

equations (5.53) imply that
O @, (X7) = Fu(x) (5.60)

where F), is some vector function of the 4D coordinates z" only. Using the relation Ay ®,, = —[y &, + F),
in the first of the pure cod-1 junction conditions (5.54)), and applying the operator 1/C4, we get

2Mg @, (€, %) — M2 0

@ (&x)

1 .
= 2Mg 5 Fu(x) (5.61)
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and consistency of the equation ([5.61)) with the equation (5.59) then implies
Fu(x) =042 (x) (5.62)

Therefore, the equations of motion - for the master variable are equivalent to the system

O @, (X7) =04 00 () (5.63)

2ME B, (€, ) — ME Os ‘SD . <I>M:2Mg<1>,g4>(x') (5.64)
9, ®, =0 $,=0 5.65
’@'(O,X') : y‘wo,x) : (5.65)

This result implies first of all that the system of differential equations for the vector sector is compat-
ible, since the configuration

0,(X) = Fu(z) (5.66)

is a solutions of the equations f for any choice of the vector function .%, of the 4D coordinates.
Secondly, the solution for the master variable is not unique: this is not surprising since we mentioned
above that there is freedom to redefine ®, by adding to it any function of the 4D coordinates without
changing the values of the gauge invariant variables A, and A,,. In fact, all the configurations of the
form correspond to the same solution for A, and A,,, namely the trivial solution of the equations
of motion where A;,, and Ay, vanish everywhere. To understand if the solution for A, and A, is unique,
for a generic configuration ®,, we define .Z, = @}, and ¥, (X") = ®,(X") — @, (2), so that ®,, takes the
form

B, (X) = Fula) + T u(X) (5.67)

where W, vanlsh on the cod-2 brane, i.e. \11(4)( ') = 0. Plugging the expression 1) in the system
- , we obtain the following system of differential equations for the function ¥,(X")

Oe ¥, =0 (5.68)
M3 aﬁ‘ W, —2ME T, =0 (5.69)
@'(5')
o, v, = ay‘ W, =0 (5.70)
@ (0,x) 7 (0,x
4
v =0 (5.71)

whose unique solution compatible with the boundary conditions is ¥, = 0. Therefore the solution for the
master variable in the vector sector is always of the form ®,, = .%,(x"), where .%,, is some vector function
of the 4D coordinates only. We conclude that in the thin limit the gauge invariant vector modes are zero
not only on the cod-2 brane, but also on the cod-1 brane and in the bulk. This is again consistent with
the fact that the gauge invariant vector modes are not sourced in the thin limit (cfr. equation (3.49)),
but is actually a much stronger conclusion. Note that this conclusion is completely independent of the
details of the internal structure of the cod-2 brane. It follows that our ansatz on the singular behaviour
of the perturbation fields is consistent and that the thin limit of the cod-2 brane is well-defined also in
the vector sector.
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6 Conclusions

In this paper, we studied the behaviour of weak gravitational fields in models where a 4D brane is
embedded inside a 5D brane equipped with induced gravity, which in turn is embedded in a 6D spacetime.
More precisely, we considered a specific regularization of the branes internal structures where the 5D
brane can be considered thin with respect to the 4D one, and studied perturbations at first order around
the solutions corresponding to pure tension source configurations on the thick 4D brane. To perform
the perturbative analysis, we adopted a bulk-based approach and expressed the equations in terms of
gauge invariant and master variables using a 4D scalar-vector-tensor decomposition. We then studied
the behaviour of the equations of motion in the thin limit of the “ribbon” 4D brane inside the (already
thin) 5D brane. We proposed an ansatz on the behaviour of the perturbation fields in this limit, which
corresponds to configurations where gravity remains finite everywhere even when the 4D brane is thin,
and showed that the equations of motion give rise to a consistent set of differential equations in the thin
limit, from which the details of the internal structure of the 4D brane disappear.

We conclude that, at least when considering first order perturbations around pure tension configu-
rations, the thin limit of the “ribbon” 4D brane inside the (already thin) 5D brane is well defined, and
that gravity on the 4D brane is finite even in the thin limit. We also confirm that the induced gravity
term on the cod-1 brane is crucial for gravity regularization: if we set M53 = 0 then the cod-2 junction
conditions , and are consistent only with a source configuration where the matter
energy-momentum tensor vanishes, i.e. with a pure tension perturbation. Therefore, if M53 = 0, our
ansatz is in general not consistent; to accomodate matter on the cod-2 brane, either the bending of the
cod-1 brane has to diverge at the cod-2 brane either the bulk metric has to become singular there, or
both. We can understand geometrically the role of the cod-1 induced gravity term in the phenomenon of
gravity regularization by noting that it allows to support a generic energy-momentum tensor on the thin
cod-2 brane still having a continuous embedding of the cod-1 brane in a smooth bulk metric.

It is straightforward to apply the formalism developed in this paper to the 6D Cascading DGP model,

since it is enough to include a 4D induced gravity term M3 G,(fy) (which assures that gravity is 4D at small

scales) in the codimension-2 energy momentum tensor T,S,%). We are currently studying the properties of
the 6D Cascading DGP model following this route [47].
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A Thin limit of the background

In this appendix we want to study in detail the thin limit of the background configurations. As we
mention in the main text, the thin limit of the background is performed by considering a sequence of
source configurations of the form

TIE X)) = =648 i (E) X My (A1)

where fi, (é) is a sequence of even functions which satisfy

+oo R R R
/ fog () dé =1 fog (6) =0 for [€]> 1L (A2)

and Z[Q"] is a sequence of positive numbers that converges to zero: l[Q"] — 0T for n — +o00. The analysis
of section [3.1] implies that there exist exact solutions for this class of sources such that the bulk, induced
and double induced metrics are respectively the 6D, 5D and 4D Minkowski metric, while the embedding
of the cod-1 brane is n-dependent and non-trivial

@?L] (éyX) = (Z[n] (é)ayv[n] (é),Xa) <A3)
and the cod-2 embedding is n-independent and trivial
@Fn} (X) = (07 Xa) (A4>

In terms of the regulating function e (€)

. 3
€m) (&) = ; Jm)(€) d¢ (A.5)
the solution for the slope function reads
. 2\ .
S (€) = BH, € (€) (A.6)

and the solution for the &-derivative of the embedding functions reads

Zmézm(g%%@ﬁ (A7)
Y1y = oos (37 ) (A8

Considering the slope function, we note that for é z :I:l[;] we have €, (é) = 41 and by symmetry we

29
have € (0) = 0. For every fixed value £ different from zero (say positive, although the case £ < 0 is
analogous), there exists a natural number N such that, for n > N, we have l[zn] < & (as a consequence of

157 — 0) and so €y (€) = 1/2. Therefore we have
A A

Sy (€ > 0) —— IR (A.9)
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and so Spn converges to the function Sy, which reads

) 41\)>Ié for éi >0
Swlf) =90 foré=0 (A.10)
—q for£<0

and in particular Sp, ( +1 [n]) + = S+ independently of n.

4M4

A.1 Thin limit of the embedding functions

To obtain the thin limit of the embedding functions, we integrate the relations ) and - and we
impose the condition Z,,(0) = ¥{,;(0) = 0 to get

Zn(§) = /0é sin <2]\);%1 %](C))CZC (A.11)
Yy (€) = /0é cos (2]\5\44 E[n](C)>dC (A.12)

For £ = 415", we use the identity sin(epA/2Mg) = +sin(A/4Mg) + (sin(em A/2M¢) F sin(A/4M¢)) and
the linearity of the integral to get

Y [n] < _
: . A 2 LY A ] . A

Analogously, for & 2 :l:l[Z"]

F 5\ - 0 0

and taking the Z[Q"] — 0 limit we obtain

2§ =5 5 &6) g Yeo(€) = cos (&6) ¢ (A15)

which is valid for £ € R.
Regarding the &-derivative of the embedding functions, consistently with the symmetry properties of
7' and Y’ we have

l[2n] — _

A n A
cos <2M4 €[n] (C))d(—lg} cos <4Mé> (A.14)

(,(0)=0 V;,(0) =1 (A.16)

nj

independently of n. In complete analogy to the case of the slope function, for every fixed value é >0 we
have

. X ) X
/ : !/
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ana so we concluae a an converge respective o € runctions an whnich explicl
d lude that Z/,, and Y/, o tively to the functions Z’. and Y/, which explicitly

read .
sin (5\/4Mé> for £ >0
Z% (é) =40 for € =0 (A.18)
—sin (5\/4M(§1) for £ <0
and

Y/ = A.19
oo(f) 1 for £ =0 ( )

. {cos (5\/4M§> for £ £ 0
Note that the sequences of functions Z],; and Y}, converge to discontinuous functions. This is crucial
for their convergence properties: in fact, since Z,; and Y, are by hypothesis smooth for every value of
n, if their convergence to Z' and Y. were uniform then Z'  and Y. would necessarily be continuous
(at least). The fact that Z  and Y, are discontinuous implies that the convergence of Z],, and Y, is

pointwise but not uniform.

A.2 Thin limit of the parallel and normal vectors

The sequences which correspond to the background parallel vector v and to the background normal vector
n are expressed in terms of Z,; and Y], as

—A (& —A &\

The results obtained above imply that v, and np, respectively converge to the vector fields v, and ny
which are separately constant for £ > 0 and for £ < 0, and which are discontinuous across the cod-2 brane

[@gohi — 2 sin (4}\%) [@go}oi =0 [ﬁoo} L =0 [ﬁgo}oi — —2sin (@) (A.21)

and in particular we have

.
Vsl -

£>0 ¢

£>0

— (sin (M40 cos (A/40g)) il

= <cos (\/AM¢), —sin (5\/4Mé)) (A.22)

Regarding the parallel and normal components of the bending and of the perturbation of the parallel
vector, the definitions 1) imply that for [£] > l[Q"] we have

since for €] > 15 we have 9" =0 and A" = 0. This implies that in the thin limit for € # 0 we have
500 = dp>°’ 00> = ap°’ (A.24)
and in particular
A~ N / ~ ~ /
00 ° o o o (ke o &7 o (A.25)
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B Codimension-1 induced metric and curvature tensors

In this appendix we give the explicit form of the perturbation of the cod-1 induced metric, of the cod-1
Ricci tensor and of the cod-1 extrinsic curvature in terms of the gauge invariant variables. We also express
the cod-1 extrinsic curvature in terms of the normal and parallel components of the bending modes, and
we discuss the apparent contradiction related to the presence of the parallel component dp, in the extrinsic
curvature.

B.1 Induced metric

Using the general definition g = ¢, (g), the perturbation of the induced metric can be decomposed as
follows

han(€) = AP (E) + R (&) (B.1)
where
= mp] o _ 097 (E) 055(¢)
habp €)= oga DEb hap X=5(€) (B.2)
Al =B (¢ —Af¢e B¢
;L([;);o](s) _ 9% (£) 96°(€) ot 0p7 (&) 0dp7(€) e (B.3)

oge ogp M ogr og
These two components have a clear geometrical meaning: the “metric perturbation” component ;ngp ]
represents the effect on the induced metric of the perturbation of the bulk metric, while the “bending
perturbation” component ﬁg’f }
embedding.

The three sectors (scalar, vector and tensor) contribute additively to the perturbation of the induced

metric, and we can write

represents the effect on the induced metric of the perturbation of the brane

hap = hG) + 1) + hl) (B.4)
where ﬁg‘z), ﬁ((;;)) and iz((ltb) respectively contain only the scalar, vector and tensor sector of perturbation
fields. These three contributions to the perturbation of the metric induced on the cod-1 brane read

explicitly

he) = o' Y + 27, 60 (B.5)
R = O (UZ 5ol + &pgw> (B.6)
hs) = 7 1 + Oguder 2857 (B.7)
= 0ol + T Ay (B.8)

his) = Oe. 8pL) (B.9)
b = A, (B.10)

where the components not shown above vanish identically.
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B.2 Ricci and Einstein tensors

The geometric decomposition ll of hgp implies that the perturbation of the cod-1 Ricci tensor can be
decomposed as

6Rap(€') = SRIPNE) + R (¢) (B.11)

where 5]35([;',"? lis built from the metric perturbation part of the induced metric iL([:Zp | and 5}?55 Vs built from
the bending perturbation part of the induced metric ﬁg’g’ I,

In analogy to the induced metric, also the perturbation of the Ricci tensor on the cod-1 brane can be
written in the form

SRy = OR') + oR%) + 6R") (B.12)

where 5}?22), 5}%6(;;) and 5]%22 respectively contain only the scalar, vector and tensor sector of perturbation

fields. These three contributions to the perturbation of the Ricci tensor constructed with the metric
induced on the cod-1 brane read explicitly

(s | R . i
6RY) = —5 00 u b — 27" + 0} Ca dgfy (B.13)
SR = =3 9, 0y 7 (B.14)
ng T T e '
SRE) = O [~ 00 B O b
= cnOgv —i’l}’l}h _7T+U2&70g2j|+77,u1/|:_§|:’57r:| ( 15)
B = Lo, A (B.16)
v T 9 4V A '
(5R(U) 765(” 8& (U -Az\ ) (B.17)
SR®) — _ED A (B-18)
wy 2 5 Juy ’

where again the components not shown above vanish identically. Regarding the perturbation of the cod-1
Einstein tensor, we have also in this case

Gy = &G 4 66 + &G (B.19)
where the vector and tensor parts satisfy
G = 6 G = 67 (B.20)

and the scalar part reads explicitly

(s 3
G = SOuE (B.21)
G = 3o, 007 B.22

pe = 500 T (B.22)

- 1 . .. . 1 . . o 3 )
3G) = OeuOgv | — 3 o'v! hi; — 7 47 &pjﬂ-] + N [56%7] O hf; +0a 7+ 5 7" — ;04 60, (B.23)

\V]
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B.3 Extrinsic curvature

Expanding at first order the formulae (2.10)—(2.13]) around the pure tension solutions, we get the following
geometrical decomposition for the perturbation of the extrinsic curvature
= . ~ . = : - : = [bp] /-
O (€7) = K3 (€) + SR (&) + ARG () + oKL () (B.24)
where

1 9 (&) 99" (€) _1,..0hap

RENE) = 5 Tga e " OFRL o) (B.25)
SR (€) = %ﬁf‘(é? 8@255 ! a@’;ﬁf” 88};?5 \X.:M.) (B.26)
) = 5 MO han] _ mi(€) #E) (B.27)
w0 = () 028 (B.28)

0EaoEd
These four components have a clear geometrical interpretation: the orthogonal gradient [0og] component
and the parallel gradient [pg] component are non-zero respectively when the perturbation of the bulk
metric has non-vanishing derivative in the orthogonal and in the parallel directions to the brane. The
normal projection [np] component is instead non-zero when the contraction of the perturbation of the
bulk metric with two normal vectors is non-vanishing. Finally, the bending perturbation component [bp]
expresses the effect on the extrinsic curvature of the fact that the embedding of the brane is perturbed,
even in absence of bulk metric perturbations.
Also in this case the perturbation of the extrinsic curvature can be written in the form
Koy = 0K + 5K + oK) (B.29)

a

where 5[?2‘2), oK az) and (5[?27) respectively contain only the scalar, vector and tensor sector of the pertur-

bation fields. These three contributions to the perturbation of the extrinsic curvature read explicitly

7o) — L i ’ 9i | qigi ‘ gi v L nini 190 (bt ) 1 m, 65
0K e 50 On X ) hij +n'v? 9y e hij + 5 ' h; (R*oy,) + 7 Spy (B.30)
o PO
SR = D [inzvj B, + i 07l | (B.31)
(5]’?(?/) = —1 8ﬁ) T Nyw + 6@85” n; &Olgl (B32)
sk — _Laig A+ a4 (B.33)
Ep 2 X=¢ (&) H 9 m
S IR
0K () = 5 Oetw 0" Aijy) (B.34)
SR = 1 aﬁ) o, (B.35)
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where the components not shown above vanish identically.

B.4 Some remarks on the bending modes

We want now to comment on the number of gauge invariant variables which describe the fluctuation of the
brane embedding. Note first of all that, as we mentioned in the main text, &9 and &pﬁ? do not appear
in 6R,p and 0K, This implies that the 4D part of the bending dp, does not appear in the equations of
motion, and that the bending modes play a role only in the scalar sector. Regarding the other components
of the bending modes, using the relation

U =@ =8 0 (B.36)

we can express the cod-1 Ricci tensor in terms of the normal and parallel bending modes &p, and dp,
instead of &pZ; and dpY;,. We get

ORI = 5" Oy 8p, (B.37)
SR = 0¢udev S' dp, (B.38)

while 5]:25)?] vanishes. Therefore, the cod-1 Ricci tensor depends only on the normal component of the
bending dp, , which is consistent with the fact that, from the point of view of the intrinsic geometry, dp,
represents just a change of coordinates. On the other hand, using the relation

n;=—5"v (B.39)
we obtain for the extrinsic curvature
0K = 80! + 5" 8p, +28' 6, — S 3p, (B.40)
6K 2! = 0 (3¢ + ' 55, (B.A41)
KPP = 90w dp, (B.42)

and we see that the parallel component dp, does not disappear from the extrinsic curvature. This seems
somehow in contrast with the assertion of [48] 49] that &p, is the only physically observable fluctuation
of the brane. To understand this apparent contradiction, note first of all that, from the point of view
of the bulk, the normal component dp is the only perturbation which changes the shape of the brane,
while dp, just relabels the points on the brane: therefore, if we describe the extrinsic geometry with
the second fundamental form K, the parallel component does not play a role. However, the extrinsic
curvature K = ¢+ (K) measures how fast the normal form changes when we move along a direction in the
brane coordinate system: a change of coordinates on the brane makes the normal vector vary more or
less rapidly, and so has the same effect (from the brane point of view) as if we kept the brane coordinates
unchanged and changed the shape of the brane (from the bulk point of view). Therefore, if we describe
the extrinsic geometry with K, the mode dp, does indeed play a role. The only exception to this argument
is when the (background) normal form is constant, such as when the brane is straight in a homogeneous
bulk metric: in this case, a change of coordinates on the brane has no effect on the normal form. In fact,
if we set S’ = 5” = 0 in our case, the parallel component of the bending &, indeed disappears from the
extrinsic curvature.
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C The pillbox integration across the cod-2 brane

In this appendix, we perform explicitly the pillbox integrations which appear in the left hand side of

equations (5.37)) and ([5.39)).

C.1 A useful proposition

In the appendix [Al we showed that the slope functions belonging to the sequence {Sp}m are smooth
and odd with respect to the transformation f — f , and converge pointwise to the function
Furthermore, their value at the side of the cod-2 brane & = +l5 "] is independent of n. This 1mphes that
S (é) is proportional to an even realization of the Dirac delta, since calling o = 5\/4]\16L we have

n]

+i
/ dé S[n = (C.1)
_12

while S, vanishes for |£ | > Z[Q”]. Considering now a continuous real function B, we want first of all to see

that Sf,, (é)B(S[n] (é)) is as well a realization of the Dirac delta. More precisely, consider the following

Lemma 1. Be B and F continuous real functions, and define

o= [ B dc (C2)

—0

Then we have
+i5! ) o

lim St (&) B(Sp(§)) F(§) d€ = T F(0) (C3)

n—oo | _In]
2

Proof. Since F (é) is continuous on the compact interval Ij,) = [— 12 ,l["] it has a maximum value M,

and a minimum value mp) in Iy, Since mpy) < ]:(5) < M on I, we have

-+l R R o +iln] R
lim 81 (€) B(Sp) () F()dé > lim my / S (€ B(Sp(6) dé = Tp lim my, (C.4)

n—oo | _In] n—00 _n n—00
2 2

and analogously

o .
Jim e St () B(S)(§)) F(€) dé < Ip lim My, (C.5)
2
Since the continuity of F (f) implies lim,, ;00 Min) = limy, 00 mpy = F(0), we get 1} O

Therefore we can say that S}, (é)B(S[n] (é)) — I 6(£). We now want to see that a result similar to
1} holds also if F (é ) is substituted to a sequences of smooth functions which converges uniformly to a
continuous function. More precisely we have

Proposition 1. Be F, (é) a sequence of smooth functions which converge uniformly to a continuous
function Fao(€). Then we have

+il X o
i [ St BSw©) Fu @ = Ts F(0 (C6)

n—o0
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Proof. Since Fn) — Foo uniformly, for every e > 0 there exists a natural number N. such that n > N.
implies |Fin (§) — Foo(§)| < € for every € € Ipny. Then for n > N, we have

O ) o e ) ) )
/ Sy (€) B(S) (€)) Fimy(€) dE > / St (€) B(Sp () (Foo(§) —€) dé (C.7)

ik

while for the lemma [1| there exists a natural number N, such that n > N, implies
+i

Calling N, = max{N., N.} and putting together (C.7) and (C.8) we get that n > N, implies

5 ) o
[ s S©B(S(@) Fu€)dé > Tn Fiul0) —¢ (Tn +1) (C9)

and analogously we get

+g o . o
/ o SO B(Sl€) Fua(@ < T Foul0) +2 (T +1) (C.10)
2
Since £ > 0 is arbitrary, (C.9) and (C.10)) imply (C.6|). O

Moreover we have the following

Corollary 1. If, in addition to the hypothesis of Proposition foo(é) 18 odd with respect to the parity
transformation & — —&, then

e ) o
lim S[n](ﬁ)B(S[n](ﬁ)) Fin(§)dE = 0 (C.11)

n—o0

Proof. Since by hypothesis Fio(€) is continuous, if it is odd then Foo(0) = 0. Then the thesis follows
trivially from (C.6)). O

Comment: the results and ) hold as well if the functions Fj,) and F4 depend also on other
variables (let’s call them collectively y ) beside § , provided that, for every value of x’, the functions Fi,

are smooth in § at fixed x" and converge to the continuous function Foo uniformly with respect to § at
fixed x°. This is automatically granted if the functions Fi, are smooth both in 5 and in y’, and if they
converge uniformly both with respect to é and to x to a function F, which is continuous both in é and

in x'.
C.2 The induced gravity part
We turn now to the evaluation of the pillbox integral

+i '
S = lim dé "' 0, 851, (C.12)

n—-+o0o _l[zn]

44



which appears in the equation (5.37) and is produced by the cod-1 induced gravity term. Note that both
sides of the equation above are functions of the 4D coordlnates X', but we omit to indicate explicitly this

dependence in the following. By expressing v} i = (vZ ) — 7 (5,0 and remembering the definitions
(4.37) it is easy to see that
o apt ) = apl" — sol" (C.13)
and using this relation we can rewrite the integral (C.12) - as
+5 +15
4 = lm_ » dé 54&,0“]’—”311100 n dé Oy 501" (C.14)

[n]

Since d9, " is constructed from the first derivative of the embedding functions only, by our ansatz it
remains bounded even in the n — 400 limit. Therefore we have

il
lim dé 0,60 =0 (C.15)

n——+o00 l[2

and we conclude that
H, =2 lim Oy &p

n—-+o0o

i =20y 657 o+ (C.16)

The parallel component of the bending, despite being non-zero outside the cod-2 brane, does not appear
in the pure cod-1 junction conditions. However, in the thin limit its value in é = 0" (on the side of the
cod-2 brane) is not independent of the value of the normal component of the bending in f = 07. In fact,
the y component of the bending &% vanishes in é = 07 since it is continuous and odd; the definition
implies then that both 657 and 7 on the side of the cod-2 brane are determined in terms of the

4D field ‘ b
eld &p o Y

. Vel ~Z ~00 7 ~z
§ o+ ooo+&7ooo€ 0 &On é:0+_ZooO+&poo£ 0 (017)
Therefore the integral (C.12)) can be equivalently expressed as
, A
<% = 2 sin m O (018)
6
and _
A
F, =2 tan VA (C.19)
6

It is worthwhile to stress that the values of 47 and &5 are rigidly linked only on the side of the cod-2
brane and only in the thin limit, while for é # 0 the two quantities are independent.
The field 6%, ‘ £=0 has a precise geometrical meaning. In general, the embedding of the (mathematical)

cod-2 brane Co in the bulk g (x’) is obtained by composing the cod-2 embedding into the cod-1 brane
& (x') and the cod-1 embedding ¢’ (£')

BAx) = o (@ (X)) (C.20)
If we fix the embedding & (") according to (3.22)) and we use cod-1 GNC, we have
BE(x) = ¢*(0,x) pY(x) =0 (C.21)
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since in this case Y vanishes at é = 0 as a consequence of the cod-1 Zy symmetry. Using the perturbative
decomposition ¢* = Z + §»* and taking into account that Z(0) = 0, the bending of Cs in the bulk in the
extra dimensions z—y is described by the function §8%(x’) = &5%(0, x'), whose gauge invariant version is

95 (x) = 885:(0,x) (C.22)

Since in the thin limit the physical ribbon brane and the mathematical brane Ca coincide, the field dpZ ‘ é=0

is the gauge invariant bending 5%, of the thin cod-2 brane in the bulk (in the extra dimensions z and y).

C.3 The extrinsic curvature part

We consider now the pillbox integration

(n]
+15
ST ni md pnl =[n] crin

A= tm | & ( Al oy Fij + 27 &Pm) (C.23)

2
which appears in the equation ([5.39) and is produced by the extrinsic curvature term. Also in this case
both sides of the equation are functions of the 4D coordinates ', but we omit to indicate explicitly this
dependence. To perform this integration, it is useful to recast the integrand in a more convenient form.
First of all, by expressing 7; &}7 = (7 A;g)/ — n; 8p%; and using (B.39) it is easy to see that (remember

the definitions (4.37)))

ay opi = gol’ + 5 59" (C.24)
so we can express the integrand as
Sty (Rl B + 288 ) + 28000 (C.25)

Secondly, since in cod-1 GNC we have ﬁgé] = 0, the relation (B.5|) implies that

n 1 — — n
sol" = 5 Th? oy bl (C.26)

and inserting the relation (C.26|) in (C.25)) we can express the integral (C.23)) as follows
l["]

2 A~ . . . . ~n
+ lim dE Sty (gl = Ohytly ) B (C.27)

0+ n—r—+0o0o 1[2"]

S =465

1

The integral on the right hand side of is exactly of the form Con81dered in the Proposition
since v and n' are proportional to smS or COSS and by our ansatz h converge uniformly to the

continuous functions h‘x’. Moreover, the Corollary (1] implies that h[zy glves a vanishing contribution to
the thin limit integral, smce it is odd; therefore the relation can be simplified as

o 2 26 () _
_ ~00 ! o n] _ 7[n
S = 4607 o —i—nEIEOO o dg Spy,; (cos Sip) — sin S[n]> (hzz hyy) (C.28)
Since in this case the integral defined in (C.2)) reads
+o +o
1= / <0052C — sinQC) d¢ = / cos(2¢) d¢ = sin 20 (C.29)
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we finally get

A NEAY? :
S =455°| 4+ sin <2Mg> (hj;(@) - h;j;(@)) (C.30)
Also in this case, it is useful to express the integral % in terms of 6p7°, which appears in the pure cod-1

junction conditions: using the relation (A.25|) we obtain

fe =18

o 0 (2;46) (A2(0) - i5(0)) (©31)

47



References

1]
2]

3]

4]

15]

[6]

7]

8]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Steven Weinberg, The Cosmological Constant Problem, Rev. Mod. Phys. 61: 1-22 (1989).

Adam G. Riess et al, Observational evidence from supernovae for an accelerating universe and a
cosmological constant, Astron. J. 116: 1009-1038 (1998); ArXiv: 9805201 [astro-ph].

S. Perlmutter et al, Measurements of Omega and Lambda from 42 high redshift supernovae, Astro-
phys. J. 517: 565-586 (1999); ArXiv: 9812133 [astro-ph].

K. Akama, An FEarly Proposal of 'Brane World’, Lect. Not. Phys. 176: 267-271 (1982); ArXiv:
0001113 [hep-th].

V.A. Rubakov and M.E. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett. B125: 136
(1983).

Joseph Polchinski, String Theory (vol. 1 and 2), Cambridge Monographs on Mathematical Physics,
1998.

Nima Arkani-Hamed, Savas Dimopoulos, Gia Dvali and Gregory Gabadadze, Nonlocal modification
of gravity and the cosmological constant problem (2002); ArXiv: 0209227 [hep-th].

Gia Dvali, Gregory Gabadadze and M. Shifman, Diluting cosmological constant in infinite volume
extra dimensions, Phys. Rev. D67: 044020 (2003); ArXiv: 0202174 [hep-th].

Gia Dvali, Stefan Hofmann and Justin Khoury, Degravitation of the cosmological constant and
graviton width, Phys. Rev. D76: 084006 (2007); ArXiv: 0703027 [hep-th].

V.A. Rubakov and M.E. Shaposhnikov, Fxtra space-time dimensions: Towards a solution to the
cosmological constant problem, Phys. Lett. B125: 139 (1983).

Kazuya Koyama, The cosmological constant and dark energy in braneworlds, Gen. Rel. Grav. 40:
421-450 (2008); ArXiv: 0706.1557 [hep-th].

Hans-Peter Nilles, Antonios Papazoglou and Gianmassimo Tasinato, Selftuning and its footprints,
Nucl. Phys. B677: 405-429 (2004); ArXiv: 0309042 |hep-th].

R. Geroch and J.H. Traschen, Strings and Other Distributional Sources in General Relativity,
Phys. Rev. D36: 1017 (1987).

James M. Cline, Julie Descheneau, Massimo Giovannini and Jeremie Vinet, Cosmology of codimension
two braneworlds, JHEP 0306: 048 (2003); ArXiv: 0304147 [hep-th].

Jeremie Vinet and James M. Cline, Can codimension-two branes solve the cosmological constant
problem?, Phys. Rev. D70: 083514 (2004); ArXiv: 0406141 |[hep-th|.

Paul Bostock, Ruth Gregory, Ignacio Navarro and Jose Santiago, Einstein gravity on the codimension
2-brane?, Phys. Rev. Lett. 92: 221601 (2004); ArXiv: 0311074 |[hep-th].

G.R. Dvali, Gregory Gabadadze and Massimo Porrati, 4-D gravity on a brane in 5-D Minkowski
space, Phys. Lett. B485: 208-214 (2000); ArXiv: 0005016 [hep-th].

48



[18]

[19]

[20]

21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

Kazuya Koyama, Are there ghosts in the self-accelerating brane universe?, Phys. Rev. D72: 123511
(2005); ArXiv: 0503191 [hep-th]|.

Dmitry Gorbunov, Kazuya Koyama and Sergei Sibiryakov, More on ghosts in DGP model, Phys. Rev.
D73: 044016 (2006); ArXiv: 0512197 [hep-th].

Markus A. Luty, Massimo Porrati and Riccardo Rattazzi, Strong interactions and stability in the
DGP model, JHEP 0309: 029 (2003); ArXiv: 0512197 [hep-th].

Alberto Nicolis and Riccardo Rattazzi, Classical and quantum consistency of the DGP model, JHEP
0406: 059 (2004); ArXiv: 0303116 |[hep-th]|.

Christos Charmousis, Ruth Gregory, Nemanja Kaloper and Antonio Padilla, DGP Specteroscopy,
JHEP 0610: 066 (2006); ArXiv: 0604086 |[hep-th].

Kazuya Koyama, Ghosts in the self-accelerating universe, Class. Quant. Grav. 24: R231-R253 (2007);
ArXiv: 0709.2399 [hep-th].

S.L. Dubovsky and V.A. Rubakov, Brane induced gravity in more than one extra dimensions: Vio-
lation of equivalence principle and ghost, Phys. Rev. D67: 104014 (2003); ArXiv: 0212222 |[hep-th].

Felix Berkhahn, Stefan Hofmann and Florian Niedermann, Brane Induced Gravity: From a No-Go
to a No-Ghost Theorem, Phys. Rev. D86: 124022 (2012); ArXiv: 1205.6801 |[hep-th].

Marko Kolanovic, Massimo Porrati and Jan-Willem Rombouts, Regularization of brane induced
gravity, Phys. Rev. D68: 064018 (2003); ArXiv: 0304148 |hep-th|.

Roy Maartens and Elisabetta Majerotto, Observational constraints on self-accelerating cosmology,
Phys. Rev. D74: 023004 (2006); ArXiv: 0603353 [astro-ph].

Sara Rydbeck, Malcolm Fairbairn and Ariel Goobar, Testing the DGP model with ESSENCE, JCAP
0705: 003 (2007); ArXiv: 0701495 |astro-ph]|.

Wenjuan Fang, Sheng Wang, Wayne Hu, Zoltan Haiman, Lam Hui et al, Challenges to the DGP
Model from Horizon-Scale Growth and Geometry, Phys. Rev. D78: 103509 (2008); ArXiv: 0808.2208
[astro-ph].

Nishant Agarwal, Rachel Bean, Justin Khoury and Mark Trodden, Cascading Cosmology, Phys. Rev.
D81: 084020 (2010); ArXiv: 0912.3798 |hep-th].

O. Corradini, K. Koyama and G. Tasinato, Induced gravity on intersecting brane-worlds. Part I.
Mazimally symmetric solutions, Phys. Rev. D77: 084006 (2008); ArXiv: 0712.0385 [hep-th].

O. Corradini, K. Koyama and G. Tasinato, Induced gravity on intersecting brane-worlds. Part II.
Cosmology, Phys. Rev. D78: 124002 (2008); ArXiv: 0803.1850 [hep-th].

C. de Rham, G. Dvali, S. Hofmann, J. Khoury, O. Pujolas et al, Cascading gravity: Fxtending the
Dvali-Gabadadze-Porrati model to higher dimension, Phys. Rev. Lett. 100: 251603 (2008); ArXiv:
0711.2072 [hep-th].

Claudia de Rham, Justin Khoury and Andrew J. Tolley, Cascading Gravity is Ghost Free, Phys. Rev.
D81: 124027 (2010); ArXiv: 1002.1075 [hep-th].

49



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]
[47]

48]

[49]

Claudia de Rham, Stefan Hofmann, Justin Khoury and Andrew J. Tolley, Cascading Gravity and
Degravitation, JCAP 0802: 011 (2008); ArXiv: 0712.2821 |hep-th].

Charles W. Misner, Kip S. Thorne and John A. Wheeler, Gravitation, W. H. Freeman, San Francisco,
1973.

John R. Morris, Nested domain defects, Int. J. Mod. Phys. A13: 1115-1128 (1998); ArXiv: 9707519
[hep-ph].

J.D. Edelstein, M. L. Trobo, F.A. Brito and D. Bazeia, Kinks inside supersymmetric domain ribbons,
Phys. Rev. D57: 7561-7569 (1998); ArXiv: 9707016 |[hep-th].

Ruth Gregory and Antonio Padilla, Nested brane worlds and strong brane gravity, Phys. Rev. D65:
084013 (2002); ArXiv: 0104262 |[hep-th].

Ruth Gregory and Antonio Padilla, Brane world instantons, Class. Quant. Grav. 19: 279-302 (2002);
ArXiv: 0107108 [hep-th].

Gia Dvali, Gregory Gabadadze, Oriol Pujolas and Rakibur Rahman, Domain Walls As Probes Of
Gravity, Phys. Rev. D75: 124013 (2007); ArXiv: 0612016 |[hep-th|.

Sean M. Carroll, Spacetime and Geometry: An Introduction to General Relativity, Addison-Wesley,
San Francisco, 2004.

W. Israel, Singular Hypersurfaces and Thin Shells in General Relativity, Nuovo Cim. 44: 4349 (1966).

Shinji Mukohyama, Gauge invariant gravitational perturbations of maximally symmetric space-times,
Phys. Rev. D62: 084015 (2000); ArXiv: 0004067 [hep-th]|.

Hideo Kodama, Akihiro Ishibashi and Osamu Seto, Brane world cosmology: Gauge invariant for-
malism for perturbation, Phys. Rev. D62: 064022 (2000); ArXiv: 0004160 |[hep-th|.

Walter Rudin, Principles of Mathematical Analysis, 3rd edition, McGraw-Hill, 1976.

Fulvio Shisa and Kazuya Koyama, The critical tension in the Cascading DGP model, ArXiv:
1405.7617 |[hep-th].

Jaume Garriga and Alexander Vilenkin, Perturbations on domain walls and strings: A covariant
theory, Phys. Rev. D44: 1007-1014 (1991).

Akihiro Ishibashi and Takahiro Tanaka, Can a brane fluctuate freely?, JCAP 0503: 011 (2005);
ArXiv: 0208006 |gr-qc].

50



	1 Introduction
	2 Nested branes with induced gravity
	2.1 Regularization choice and thickness hierarchy
	2.2 The set-up
	2.2.1 The geometric set-up
	2.2.2 The source set-up
	2.2.3 The equations of motion


	3 Perturbations around pure tension solutions
	3.1 Pure tension solutions
	3.1.1 Pure tension and deficit angle

	3.2 Perturbations in the bulk-based approach
	3.2.1 Bulk-based and brane-based approach
	3.2.2 Perturbation of the geometry
	3.2.3 Perturbation of the source

	3.3 The scalar-vector-tensor decomposition
	3.3.1 Metric and bending decomposition
	3.3.2 Source decomposition
	3.3.3 Bulk gauge invariant variables
	3.3.4 Brane gauge invariant variables


	4 The equations of motion for the perturbations
	4.1 Bulk equations of motion and master variables
	4.1.1 Scalar master variables
	4.1.2 Vector master variable

	4.2 The codimension-1 junction conditions
	4.2.1 The perturbative junction conditions
	4.2.2 The pure tension case


	5 The thin limit of the codimension-2 brane
	5.1 The singular structure of the perturbations fields
	5.1.1 The geometric ansatz
	5.1.2 Pure cod-1 and cod-2 junctions conditions

	5.2 Tensor and vector sectors
	5.2.1 Tensor sector
	5.2.2 Vector sector - gauge invariant variables formulation
	5.2.3 Vector sector - master variable formulation

	5.3 Scalar sector
	5.3.1 Pure cod-1 junctions conditions
	5.3.2 Cod-2 junctions conditions

	5.4 Discussion
	5.4.1 Scalar sector
	5.4.2 Tensor and vector sectors


	6 Conclusions
	A Thin limit of the background
	A.1 Thin limit of the embedding functions
	A.2 Thin limit of the parallel and normal vectors

	B Codimension-1 induced metric and curvature tensors
	B.1 Induced metric
	B.2 Ricci and Einstein tensors
	B.3 Extrinsic curvature
	B.4 Some remarks on the bending modes

	C The pillbox integration across the cod-2 brane
	C.1 A useful proposition
	C.2 The induced gravity part
	C.3 The extrinsic curvature part


