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1 Introduction

There is a long literature on computing soliton solutions, of varying co-dimension, in both
non-supersymmetric [1, 2] and supersymmetric/superstring [3-6] theories of physical in-
terest. This was followed, in each of these contexts, by computations of the lowest order
Dirac-Born-Infeld (DBI) actions on the worldvolumes of these solitons [7-12]. More re-
cently, there has been interest in extending these calculations to include higher-dimensional
operators, involving both extrinsic and intrinsic curvature, in these effective actions. This
has been carried out with differing techniques, using both probe and back-reacted geome-
tries, for bosonic [13-19] and supersymmetric branes [20-28].

Apart from the inherent interest in computing these higher-order corrections to the
effective actions, the advent of Galileon theories has led to renewed interest in higher-
derivative terms. First brought to the forefront in the context of the decoupling limit of
the Dvali-Gabadadze-Porrati (DGP) brane-world scenario [29], where the Galileon scalar
is related to the brane bending mode, Galileon theories have since been generalized [36].
Galileons have two remarkable properties: first, despite the fact that their interactions
are higher-derivative, the corresponding equations of motion are nevertheless second or-
der, and second, these interactions possess extended non-linearly realized symmetries. The
construction of higher-derivative scalar field theories with second-order equations of mo-
tion goes back to Horndeski [30]. See [31] for a recent discussion and [32-35] for earlier
related work. The original Galileons of [36] possess another important property that justi-
fies treating them separately from the other possible non-Galileon higher-derivative terms
which possess the same symmetries. There can be non-linear solutions and regions of
momentum and field space for which Galileon terms are important relative to the kinetic
terms, and yet the non-Galileon terms are unimportant, allowing us to work with only the
finitely many non-linear Galileon terms rather than the whole effective field theory expan-
sion [37, 38]. Furthermore, Galileons can lead to stable (that is, ghost-free) violations of



the Null Energy Condition [39, 40], akin to the ghost condensate [41]. In fact, supersym-
metric condensates naturally give rise to super-Galileons [42, 43]. This violation allows for
non-singular bounces in the early universe [39, 44-49] and cosmologies that expand from an
asymptotically-flat past [50]. These interesting solutions generally require the Galileon-like
terms to be important relative to the kinetic terms, so from an effective field theory point
of view, if other unknown higher-order terms are to be neglected, it is crucial that the
Galileons have the property described in the previous paragraph.

There are extensions of the original Galileons, the DBI Galileon, that arise naturally
in describing the brane-bending mode of co-dimension one and higher brane worldvol-
umes [51-53]. They arise from Lovelock terms and their boundary terms in the worldvolume
actions. The original Galileons are obtained after a certain small field limit. Non-Lovelock
terms on the worldvolume lead to non-Galileon terms. Since the DBI Galileons arise from
the point of view of a brane probing a relativistic spacetime, it is natural to ask whether
there can be regions of momentum and/or field space in which the DBI Galileons are im-
portant relative to the DBI kinetic term, yet still dominant over the non-Galileon terms, as
is the case for the original Galileons. If this is the case, then in these regimes, only a finite
number of higher-derivative terms in the worldvolume action would have to be computed
to completely determine the interesting non-linear dynamics. The DBI Galileons admit
superluminal propagation around non-trivial solutions [54] which, along with other argu-
ments, suggests that any UV completion, though not necessarily inconsistent, will not be
in the form of a local Lorentz invariant quantum field theory or string theory [55]. Thus, if
a low-energy worldvolume theory on a brane could be derived in which there were a sharp
limit where only the Galileons are important, it would mean that either the theory describ-
ing the brane does not have a UV description as a local Lorentz invariant quantum field
theory /string theory, or that the arguments concerning the connection between low-energy
superluminality and UV physics are somehow evaded.

Motivated by these reasons, and simply by the desire to have a consistent and general
method for calculating low-energy worldvolume actions for solitons in more general space-
times, we present here a calculation of the leading and subleading corrections to the DBI
worldvolume action of a scalar “kink” in anti-deSitter (AdS) spacetime. We consider AdS
spacetime for three reasons. First, “brane world” theories, introduced in [56, 57], provide
a possible explanation of the large hierarchy between standard model and gravitational
forces by embedding one or more co-dimension one branes inside of five-dimensional AdS
spacetime. Indeed, kink solitons involving a single scalar field have been explored within
this context [58-60]. However, the goal of these papers was to study the metric fluctuations
around generically curved kink backgrounds. The worldvolume action and, specifically, its
higher-dimensional contributions were not evaluated. Second, stable vacuum solutions of
perturbative supergravities naturally have a non-positive cosmological constant and, hence,
are either AdS or Minkowski. It follows that the BPS solitons of these theories and, specifi-
cally, co-dimension one branes are embedded in AdS spacetime. Since compactifications of
superstrings and M-theory can preserve supersymmetries, AdS spacetimes are relevant to
solitons in these theories as well. Third, the Galileon theories arising from a probe brane
in an AdS bulk are conformally invariant [51], and thus have an interesting structure.



This is the first in a series of papers that will apply our extended method for comput-
ing higher-dimensional worldvolume actions to effective string solitons of physical interest.
There are a number of reasons for doing this. For example, evaluating the action of wrapped
five-branes in a UV complete theory, such as heterotic M-theory [61, 62], will allow one
to examine phenomena as diverse as the dynamics of “small instanton” transitions [63],
five-brane collisions with the observable sector and themselves that underlie ekpyrotic cos-
mology [64-66] and possible violations of the null energy condition during brane evolution
via “ghost condensation” [42]. Similar phenomena can occur within the context of other
string theories, such as for D-branes in Type II strings — see, for example, [27]. In a
series of papers [13, 16, 18], Gregory and collaborators presented a particularly compelling
approach to the problem of computing higher-order corrections to worldvolume actions,
within the context of flat space co-dimension one kink solitons. This involves a consistent
series expansion in a parameter €, the ratio of the kink thickness to the typical worldvolume
fluctuation length. Using this formalism, the explicit worldvolume action of a probe kink in
a flat background bulk space was computed [16]. In this paper, we modify and extend this
formalism, using it to compute to second order in € (and a second parameter §) the explicit
worldvolume action of a kink soliton in AdS. This is carried out in two different ways,
first with respect to the original AdS metric and second using a rescaled flat metric. Both
lead to mutually consistent expressions for the worldvolume action including higher-order
extrinsic and intrinsic curvature terms. Although three terms are indeed conformal DBI
Galileons, a fourth term involving the square of the extrinsic scalar curvature explicitly
is not — nor are there any momenta for which this term is sub-dominant. We want to
emphasize that, following [16], our formalism computes the worldvolume action on probe
brane solitons in a fixed background geometry — without backreaction. It is, of course,
necessary to check that this probe brane limit consistently exists. We have done this ex-
plicitly in the AdS kink case, as well as in more complicated examples such as wrapped
five-brane kinks in heterotic M-theory geometry. Our formalism can, in principle, also be
applied to solitons backreacting on the geometry. However, such calculations become very
complicated and are beyond the scope of this paper.

The paper is structured as follows. In section 2, we briefly review the formalism
presented in [16] for computing the worldvolume action of a kink soliton of a real scalar
field in flat spacetime. As a prelude to the AdS calculation, and to set our notation, we
carry out the computation to second order in the expansion parameter €. In section 3, anti-
deSitter spacetime is introduced, and the potential energy of the real scalar field is modified
so that its equation of motion admits a kink soliton of the same functional form as in flat
space. Kink solitons in AdS were also discussed in [58-60]. However, since their intent was
to simplify the equations for gravity fluctuations around generically curved worldvolumes,
these papers necessarily had to introduce relatively complicated potentials and kinks. To
study the worldvolume action, however, it suffices to consider the simple kink soliton in [16]
— now, however, extended to AdS spacetime.

We then generalize the formalism of [16] so as to allow a calculation of the effective
action on this kink worldvolume. The radius of AdS space introduces, in addition to €, a
second expansion parameter §. The extrinsic and intrinsic curvatures, the generalized solu-



tion to the scalar equation of motion and the kink soliton worldvolume action are explicitly
computed to second order in both parameters. Working in AdS spacetime introduces a
number of technical issues, such as the appropriate “cut-off” of certain integrals, which are
treated in detail. The conformally flat metric g,,, of AdS space leads to a non-vanishing
constant extrinsic scalar curvature that greatly complicates the above analysis. In the
second part of section 3, we explore, in detail, the implications of working in a rescaled
flat metric g, with respect to which the lowest order extrinsic curvature vanishes. It is
shown how this simplifies the computation of the worldvolume geometric quantities, while
leaving the analysis of the solution of the scalar equation of motion and the kink world-
volume action essentially the same. All these quantities are explicitly calculated to second
order in €,6. Using the direct relationship between the two metrics, we then compare the
results of both approaches and show that they are identical, as they must be. We would
like to emphasize the importance of this rescaled flat metric formalism. Although in AdS
spacetime the computation of the worldvolume metric and extrinsic/intrinsic curvatures
can be carried out using the conformally flat metric, it is rather difficult as compared to
the rescaled flat metric calculation. This relative difficulty greatly increases when applying
our formalism to other spacetimes, such as the warped five-dimensional geometry of het-
erotic M-theory. In these cases, the rescaled formalism remains viable and straightforward,
whereas trying to calculate in the conformally flat metric can become prohibitively compli-
cated. So, despite the fact that both approaches must produce the same result, we view the
rescaled flat metric as an important advance in the formalism for computing worldvolume
actions. Hence, we discuss it in detail in this section.

In section 4, we analyze the worldvolume action computed in the previous section.
Going to a conventional gauge, each term in the action is expressed as an explicit function
of a real scalar field m# — the brane-bending mode. The relationship of these results to
conformal Galileons [36] is discussed. In addition to the Lo, L3 and L4 Galileons (the final
Galileon L appears at one order higher than our calculation), we find that there is a non-
Galileon term proportional to the square of the extrinsic curvature scalar. Importantly, it
is shown that that there is no region of momentum space for which this non-Galileon term
is sub-dominant. We conclude that, although important contributions, Galileons are not
the only relevant interactions on a kink/brane worldvolume. Finally, in appendix A we
prove that up to order €3, and to all orders with no worldvolume gradient operators, the
worldvolume action can always be re-expressed purely in terms of Galileons by a specific
field redefinition. However, the “non-Galileon” physics does not disappear — it is now
non-trivially encoded in this field transformation.

2 Scalar kinks in d = 5 flat spacetime

The most general action for a real scalar field & with minimal kinetic term coupled to
gravity in d = 5 spacetime is given by

1 1
S= | dzy/=g(=5[R-2A)—-¢""0,20, -V (®) ] , (2.1)
Ms 2/‘4}5 2



where indices m,n = 1,...5, gny is the five-dimension metric with signature (— 4+ + + +),
ks is the dimension —3/2 Newton’s constant, A is a cosmological constant and V(®) is an
arbitrary potential. The associated Einstein equation is

1
Ry — §gmnR + Agmn - K%Tmnv (22)
where .
T = O ®90® — gnn (2apcbap¢> n V((I))) . (2.3)

Assuming that neither the temporal /spatial gradient nor the potential of ® depend on the
d = 5 Planck constant, in the limit that k5 — 0 the ® dynamics decouples from gravity.
Equation (2.2) then becomes

1
R — igm"R + Agmn =0, (2.4)

and the dynamics of the ® field can be consistently discussed in this background spacetime
— the so-called “probe” limit — using the Lagrangian

L= —%gm”amwnq» — V(D). (2.5)

In [16], Gregory and Carter used this probe limit to compute the induced worldvolume
Lagrangian of the domain wall associated with the “kink” solution of the ® equation of
motion in flat spacetime. In this section, we briefly review their formalism. Begin by setting

A=0 (2.6)

in (2.4) and taking the background spacetime to be be flat, denoting the metric by g, =
Nmn- In Cartesian coordinates ™, m = 0, ..., 4 the metric takes the diagonal form 7,,, =
(—1,1,1,1,1). Now specify that

V(@) = A(@* - n*)?, (2.7)

where \ is a positive constant of dimension —1, and 7 is a constant of dimension 3/2, both
independent of the d = 5 Planck mass. The associated field equation is

0" O 0p® — 4AD (92 — %) = 0. (2.8)

Denoting the the fifth coordinate z° = z, we seek a solution for ® independent of the
remaining coordinates. The equation of motion (2.8) then reduces to
@—4@(@2—772):0 (2.9)
dz? ' '
Demanding that ® be positive for positive values of 2z, this has the well-known
“kink” solution
® =nge), ¢ = tanh(nv2iz) (2.10)



of width
= —— . (2.11)

Since this solution is independent of the remaining coordinates, it describes a static domain
wall located at z = 0.

We would now like to generalize this to kink solutions that depend on the remaining
coordinates as well as z. This will be achieved as follows. Let L specify the typical
fluctuation length of the new solution along the remaining coordinates and define

—— (2.12)

We will seek solutions for which ¢ <« 1 and, hence, can be obtained from (2.10) by a
perturbation expansion. As discussed in [16], this is most easily carried out in Gaussian
normal coordinates, defined as follows. Let ® be the new solution and denote the associated
defect worldsheet by X. Let n™ be a unit geodesic normal vector field to ¥, and generalize
z to be the proper length along the integral curves of n™. The remaining four worldsheet
coordinates of » will be denoted by o, u = 0,...,3. Each constant z surface then has a
unit normal n,,, an intrinsic metric h,,, and an extrinsic curvature K,,, defined by

honn = Mmn — MmN, K = WL Vpn, | (2.13)
respectively. These two quantities are not independent, satisfying the constraints

LoKpn = KopK? (2.15)

where L, is the Lie derivative along the n'™ vector field. With respect to Gaussian normal
coordinates, the equation of motion (2.8) can be written as

L2®+ KL,®+ 0™ D,,D,® — 4\D(D% — 1*) = 0, (2.16)
where
K =h"K;n, Dpn=hV,. (2.17)

Scaling to dimensionless variables by setting

_Z , O 1
T

, 0 = Z7 ¢ = 77¢7 Kmn - Z"@mn (218)

equations (2.14), (2.15) and (2.16) become

by = 2€Kmn s (2.19)
Kion = ERmphD (2.20)
" + erd — 20(¢* — 1) + D™ D,p = 0, (2.21)



where = 9/0u.! These equations can now be solved by expanding each dimensionless

quantity as a power series in €. That is, let

2
€
¢ = () + by + 5 b(2) + O(e), (2.22)
2
hinn = h(O)mn + 6h(l)mn + 6Eh(Q)mn + 0(63) ) (223)
1 € €2 3
Kmn = EF‘:(O)mn + K1)ymn + iﬁ(Q)mn + g’%(?))mn + 0(6 ) ) (224)

where each coefficient is generically a function of the coordinates (0%, u). Substituting these
into (2.19), (2.20) and (2.21), one obtains equations for each coefficient function order by
order in e.

Order €°. At this order n,, = ns and, hence, h(oymn is an unspecified function of o
independent of u. It follows that equation (2.19) implies k(g),, vanishes and (2.20) is
trivially satisfied. That is,

h(O)mn = E(O)mn(o)’ K(0)ymn = 0. (2'25)

Here, and henceforth, any quantity that depends only on the o* coordinates with be
denoted with a “hat”. The equation of motion (2.21) becomes

$0) — 290 (Gb%o) - 1) =0. (2.26)
This is simply (2.9) written in the rescaled variable u = 2/l and, hence, has the solution
}(0) = tanh(u) . (2.27)

Order €. At this order, it follows from (2.20) and then (2.19) that

A~

hymn = 2UR(1ymn > K(1)ymn = R1)mn(0) (2.28)

with & (1), unspecified. At order €', (2.21) becomes

1) — 2B3¢0) — D) + kay(0)(g) =0, (2.29)

where £ () = h(o) R(1)mn is arbitrary. Subject to the boundary conditions that ® u= %0 — 0,
P X —— +n and, hence,

¢(0)—>0, ¢(1)—>0, ... asu— £0, (230)

qb(o)—}:l:l, ¢(1)—>0, ... asu — *oo, (2.31)

there is a unique solution of (2.29) given by

oy = kay(o)f(u), (2.32)

! For notational simplicity, we henceforth drop the prime on ¢’, the dimensionality of o being clear from

the context.



1 1 1 1
flu) = 171 cosh(2u) + 3 sech? u + 7 (3usech®u + sinh(2u) + 3tanhu) . (2.33)

We conclude that to order €, and restoring the dimensionful parameters,
® =17 tanh (;) +l Ky(o)f (;) +O?) . (2.34)

As discussed in detail in [16], ¢ is continuous, but not continuously differentiable, across
the z = 0 wall surface.

Order €2. To this order, one need only know the metric and extrinsic curvature. Solv-
ing (2.20) and then (2.19), we find that

h(2)mn = 2u2’%(1)mpl%?l)n’ H(g)mn = Ul%(l)mpl%z()l)n . (235)

Note that none of the purely o dependent quantities — that is, none of the hatted functions
— have been determined by the above procedure. This will remain true to any order in
the e-expansion. There is a fundamental reason for this; namely, prior to computing the
worldvolume action of the domain wall, one must leave unrestrained any degrees of freedom
intrinsic to the wall itself. These can only be determined by varying the worldvolume
action to get the equations of motion of the wall location. It follows that h.,,, and Ky,
are off-shell and, hence, arbitrary functions of the intrinsic coordinates o* at this stage of
the calculation.

The worldvolume effective action can now be calculated to any required accuracy in
the € expansion. It is given by

Sy = / d*ov/=hly—oL (2.36)
My

where

. V=1
Ez/dzJﬁ, J=—A 2.37
=T (2.37)

and L is the original Lagrangian density given in (2.5), (2.7) evaluated for the solution of
the equation of motion given to order € in (2.34). Taylor expanding /—n around u = 0
and using (2.19), (2.20) to second order, one finds

2
J=1+el) + 5o + O, (2.38)
with
Jay = ukqy, Jig) =’ (’%?1) - /%(1)%/%2’}?) : (2.39)

Similarly, inserting solution ® in (2.34) into (2.5), (2.7), going to dimensionless variables
and using the equations of motion (2.26) and (2.29), it follows that

2
€
L= E(O) + E,C(l) + Eﬁ(z) + 0(63) , (2.40)



where

Loy = =2M7"¢).  Lay = —2X1"(¢(0)¢(1))’ (2.41)
Lig) = —2)" ((ﬁb’m)‘ﬁ(z))/ + (o)) + /%(1)¢'(0)¢(1)) :
Multiplying (2.38) and (2.40) then gives

JL

€2 R
i —24(¢) <1 +eJay + 2J(2)> + ER) (0 P) (2.42)

—€ <¢'(0)(2¢>(1) + ) +e(dy) + 2/%(1)¢'(0)U)¢(1)) +0(%)

in each of the separate domains —oo < u < 0 and 0 < u < co. Note that the vanishing of
K(0)ymn allows one to equate
k=R (2.43)

to this order in the e-expansion, which we do henceforth. The above stated boundary
conditions imply that when integrated over —oco < u < oo the contribution of the to-
tal divergence term vanishes. Furthermore, J(;y in (2.39) is odd in u and also does not
contribute. Hence, inserting (2.42) into (2.37) using (2.39), z = lu and (2.11) one finds

L= ﬁ(o) + %2(2) + 0(63) , (2.44)
where
~ ’,’,2
Loy =—+1 2.45
(0) 7l (2.45)
A 772 ~2 - §
Ly = == (K° = Rnnk™) It + =R I117
and
+o0 4 +oo 2 —6
— /2 _ 2402
I[—/_OO du (b(o)—g, I][—/_OO duu¢(0)— 9
+oo , 5
Inr = /Oo du f ¢y = R (2.46)

Rewritten in dimensionful variables, truncating the expansion at order ¢ and using the
Gauss-Codazzi relation
RW = K? - KM K™, (2.47)

the worldvolume Lagrangian is given by

R 4n? . N
L= e/ (1 + C[R(4) + CHKQ) (2.48)
3l
where o ) [
—6 111 5
c, =" _ (7 2. Oy =t 22 2.49
72 < 24 roH I 2 48 (249)

This is the result presented by Gregory and Carter [16], after correcting some errors in
their manuscript.



3 Scalar kinks in d = 5 AdS spacetime

In this section we will use, and extend, the Gregory/Carter formalism to compute the
worldvolume Lagrangian of a kink domain wall in d = 5 anti-deSitter spacetime. In this
case, we choose

A<O. (3.1)

Equation (2.4) then admits an AdS background solution with metric

ds® = e%da:“daz”nlw + dz? (3.2)
where A = —%. The associated curvature tensors are given by
20 4 1
R(5) = —@7 Rg,?zl = _@gmm Rf;;’%pq = _@ (gmpgnq - gmqgnp) : (3'3)

In the “probe” limit, the dynamics of the ® field can be consistently discussed in this AdS
background using the Lagrangian

L= —%gmnﬁm@anfb — V(D). (3.4)

In order for the equation of motion to admit a kink solution, we must modify poten-
tial (2.7) to

4V2)
V((I)) = )\((I)2 — 7’]2)2 + T <

1
"o — 3c1>3> : (3.5)

This modification to the potential is introduced solely for the purpose of simplifying the
calculations. As we will see shortly, the modification is such that the equations of motion
still admit a hyperbolic tangent solution even in this curved background. This trick is not
new, see e.g. [6, 67, 68]. Alternatively, one could leave the potential unaltered, but the
field profile would be more complicated. The associated field equation now becomes

42\
R

9"V 0p® — AN (D — %) — (n*—®°)=0. (3.6)

We seek a solution for ® that depends on the fifth coordinate z but is independent of the
remaining coordinates. The equation of motion (3.6) then reduces to

2 4 dP B 42\
R

2 2

(n* —@*) =0. (3.7)

Despite the fact that we are now in AdS spacetime, (3.7) continues to admit
the kink solution
® =nd), @) = tanh(nV2Az) (3.8)

of width
l=——. (3.9)

Since this solution is independent of the remaining coordinates, it describes a static domain
wall located at z = 0.

,10,



We would now like to generalize this to kink solutions that depend on the remaining
coordinates as well as z. Specifying the typical fluctuation length along the remaining

coordinates as L, and defining
l

Z )

this will again be achieved as a perturbative expansion around (3.8) in the small parameter

(3.10)

€ =

€ < 1. As in the flat spacetime case, this is most easily carried out in the Gaussian normal
coordinates defined in section 2. Each constant z surface has a unit normal n,,, with an
intrinsic metric hpmp = Gmn — MmNy and extrinsic curvature K, defined in (2.13). These
two quantities are not independent. As in flat spacetime, the metric and extrinsic curvature
continue to be related as

Lohmn = 2K , (3.11)

where L£,, is the Lie derivative along the n™ vector field. However, in a general curved
five-dimensional spacetime we note from a Gauss-Codazzi relation that

Ly Kmn = KmpK? — R®)

rSpq

n*ndhT hP . (3.12)

(5)

Using the expression for Rripq in AdS spacetime given in (3.3) and the definition of A,
in (2.13), we find

1
R n*nihl hb = — g P (3.13)
and, hence, that
1

Note that in the limit R — oo, this equation reverts to the flat spacetime expression given
in (2.15). In Gaussian normal coordinates, the equation of motion (3.6) becomes

4V2)

L2D + KL,®+ D™D, ® — 423(d% — 1?) =

(n* —®%) =0, (3.15)

where K and D,, are the extrinsic scalar curvature and worldvolume covariant derivative
defined in (2.17). Scaling to dimensionless variables by setting

1
u = ;a ¢ = 77¢7 Kmn = E"imn (316)

equations (3.11), (3.14) and (3.15) become

Rl = 2€6mn (3.17)
€K = € KmpkL + 0% Ry (3.18)
" + ernd’ —2(¢p —20)(¢? — 1) 4+ €D Dypp = 0 (3.19)

where ' = 6% and we have defined

6= — . (3.20)

— 11 —



These equations can now be solved by expanding each dimensionless quantity as a power
series in €. That is, let

2

€
¢ = P + by + 5425(2) +O(), (3.21)
2
hinn = h(O)mn + 6h(l)mn + %h@)mn + 0(63)7 (322)
1 € €2 3
Kmn = ZH(O)mn + K(1)ymn + iK(Q)mn + g"{(ii)mn + O(E ) (323)

where each coefficient is generically a function of the coordinates (o#,u). Substituting these
into (3.17), (3.18) and (3.19), one obtains equations for each coefficient function order by
order in e.

The non-zero curvature in the AdS analysis will require us to carefully examine the ¢
expansion of the hy,, and K, equations. First consider the h,,, equation (3.17). Substi-
tuting (3.22) and (3.23) into (3.17), we find to order €” and ¢! that

h(oymn = 26 (0)mn » (3.24)
h1ymn = 2K (1)mn (3.25)

respectively. Now examine the the k,,, equation (3.18). Note that this can be written as

€hrn = € Kmphgnh?? + 62 hunn, (3.26)
where
K™ hgy = 0, . (3.27)
Expanding
2
mn mn mn € mn
it follows from (3.22), (3.27) that
h%?h(o)qn =9,", h?é;zh(l)qn + h?ll;]h(o)qn =0. (3.29)

Substituting (3.22), (3.23) and (3.28) into the K, equation (3.26), we find to order € and
¢! that

K/(O)mn = H(O)mpﬁ(o)qnhl()g) + 52h(0)mn ) (330)
K“/(l)mn = R(U)mpﬁ(l)qnh?g) + ﬁ(l)mpﬁ(())qnh]()g) (331)

R O)mph 0)gn (1) T O A1 ymn -
Before continuing to the equation of motion, let us solve (3.24), (3.25) and (3.30), (3.31).

Order €°. Since at this order n,, = ns, it follows from (3.2) that

h(O)mn = 626uh(0)mn(a) (332)
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with il(o)mn unspecified. Hence, the hg),, equation (3.24) gives

For notational consistency, we write this as

Kymn = € E0ymn (), Fmn(@) = Shoymn(0) - (3.34)

Using the first relation in (3.29), we find that the £ gy, equation (3.30) is trivially satisfied.

Order el. Substituting (3.33) into the order € K(1ymn equation (3.31), and recognizing
that the second expression in (3.29) implies

h(O)mph(O)qnhlé)f) = _h(l)mn7 (335)
we find that
Hl(l)mn = 2(5'%(1)mn . (3.36)
This is solved by
Kymn = 626u’%(1)mn(0) (337)
with unspecified (1), (). Putting this result into the order el h(1ymn equation (3.25)
gives
h/(l)mn = 2626u/%(1)mn(0-) . (338)
This can be integrated to
1 "
h(l)mn = g (H(l)mn - K(l)mn(o—)) . (339)
To summarize: we have found that
1 1 .
hoymn = 58©)mn; h(ymn = 5 (K(ymn — Raymn(9)) (3.40)
K(0)ymn = €2 (0)ymn(0), K(ymn = €2 F(1)mn(0) (3.41)

where none of the “hatted” functions of o are specified.
Now consider the ¢ equation of motion. To proceed, one must substi-
tute (3.21), (3.22), (3.23), (3.28) into (3.19) noting that it is the trace of K, defined by

k=h""Kmn (3.42)

that enters this equation. Expanding
K
2O 4k 4+ 0(e), (3.43)

€

we find using (3.40), (3.41) and (3.29) that

K =

K(0) = 49, K(1) = 672611/%(1)(0) (3.44)

where (1) = ﬁm?/%(l)mn. Inserting this along with (3.21), (3.22), (3.23) into (3.19), we find

(0
to order € and €' that
Bloy + K0)9l0) — 2000) (%) — 1) +48 (¢}~ 1) = 0 (3.45)
$1y + K P) + EO)P0) — 2 (3%) — 1) b1y + 85d0)p1y =0 . (3.46)
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Figure 1. Numerical solution for F' with § = 0.3.

Order €°. Using the first expression in (3.44), it is straightforward to show that (3.45)
has the same solution as in (3.8). That is,

}(0) = tanh(u) . (3.47)

Order €!. Using (3.44), equation (3.46) becomes

By +4060) + i) (9)9(g) — 2 (3‘25?0) - 1> 1) + 8060 P1) =0 - (348)

Note that as R — oo and, hence, § — 0, this reverts to the flat space equation (2.29). Let
us solve (3.48) using the ansatz

b1y = k(o) F(u) . (3.49)

Inserting this into (3.48), the factor &(;) cancels and one is left with an equation for F
given by
F" 4 46F' + e~ —2 (3¢>§0) - 1) F + 8560 F =0 . (3.50)

Using (3.47), this becomes
F" —2(3 tanh®(u) — 1) F + e~ Usech?(u) 4 46 (F'+2 tanh(u) F) =0. (3.51)

This equation can be solved independently in each of the separate domains —oco < u < 0
and 0 < u < oo. Corresponding to (2.30), (2.31), one must also impose the boundary
conditions

F—0 asu— £0, (3.52)
F—0 asu— +o00 . (3.53)

Subject to these conditions, there is a unique solution of (3.51) which one can solve for
numerically. For example, the solution with § = 0.3 is presented in figure 1.

We conclude that to this order in €, and restoring the dimensionful parameters,

z z

® =7 tanh (l> +nl K(l)(a)F <l> +0(e?) . (3.54)
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As in the flat spacetime case, ® is continuous, but not continuously differentiable, across
the z = 0 wall surface.

The worldvolume effective action can now be calculated to any required accuracy in
the € expansion using (2.36), where

5 V=9
L= /dzJE, J=-Y7 3.55
i (3.55)

gmn 1s the AdS metric (3.2) and £ is the original Lagrangian density (3.4), (3.5) evaluated
for the solution of the equation of motion given to order € in (3.54). Taylor expanding \/—g
around v = 0 using (3.17), (3.18) and the fact that

P 0" |y=0 = 0, (3.56)
one finds that )
J=1+ely + %J@) + O3, (3.57)
with
Jay = UK|y=0, Joy = u? (Ii2 — Bk ™" 4 4(5/6)2) lu=0 - (3.58)

Similarly, inserting solution ® in (3.54) into (3.4), (3.5) and using the equations of mo-
tion (3.45), (3.48), it follows that

2
L=Lo +eLy+ %E(g) + 0(63) , (3.59)
where

L) = Laar(i) +083) - (3.60)

the Lqaq () are of the same functional form as the flat spacetime results in (2.41) and

1
Ay = —X'8 <¢<0) - 3¢?o>>  Apy = =M'8¢g 60
Ay = —Xn'8 (cﬁ'(l)dnn + ¢’(o)¢<2)) : (3.61)

Note that ¢ in (3.60) arises from the interaction term in the Lagrangian and not from
a power series expansion in §. Hence, ¢y, @) in both Lg,4) and A contain explicit
dependence on § through, for example, the function F'. Multiplying (3.57) and (3.59) gives

62 62
JL = Lyai(0) (1 + 2J(2)) + eLaar(r) (1+€J)) + 5/~'ﬁat(2)
2
+4 (E(A(O)J(l) + A(l)) + E(A(g) + 2A(1)J(1))) + 0(63) , (3.62)

where we have dropped three terms that are odd in u that will vanish when integrated
over the transverse coordinate. Note that the term proportional to Lg,q (o) is identical to
the Loy term in the flat spacetime result (2.42), and that the €28 terms — which contain
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b(2) in Ay — are subleading. To avoid having to calculate ¢ 5y, we will, henceforth, work
only to lower order. Inserting the solution (3.49) for ¢y and using the relation
46
Ry = Klu=o — —, (3.63)

€

we find that the remaining terms are
2
€
Laa(r) (1+ ) + 5 Laar() + €0 (Ao ) + Aw)
1
=\t <e2n|3:0¢’(0)F — 86(5<<¢(0 ¢> )u +¢ 0)F> Klu=o + 166° ¢y F ) (3.64)

plus a total derivative term. We have also “integrated by parts” in anticipation of inte-
grating JL over u. Putting everything together, (3.62) becomes

JC mn
e qS(O) —€ ¢’(02)u2 (K% = Knnk™ + 4(5/€)?) |u=o + e2ﬁ|i:0¢'(0)F (3.65)

1
—866 < <¢(0) — 3(,25?0)) u + (Z)I(O)F> I‘Q’u:O + 16(52¢/(0)F —+ 0(637 62(5, 662’ 53)

plus a total divergence in each of the separate domains —co < u < 0 and 0 < u < co. To
be consistent with dropping the €26 terms above, we only work to quadratic order in the
expansion parameters. Since F in (3.65) is multiplied by either €2, e§ or §2, it must be
evaluated at order 6° in (3.51). It is important to note from (3.44) and (3.63) that one
can equate

Elu=o = k(0), (3.66)

which we do henceforth.

The previously discussed boundary conditions imply that when integrated over —oo <
u < oo the contribution of the total divergence term vanishes. Hence, inserting (3.65)
into (3.55) using z = lu and (3.9), one finds

[\

L=Lo+ela+ %ﬁ(g) + O(e%,€%6,€6%,6%) , (3.67)

where

X 7?2

L = -7 (I — 85°I111)

o 4 R

Loy = =7n*0k (Ls + I11r) (3.68)

~ 772 772

£(2) = _T (/232 — Rn R+ 4(5/6)2) I+ 71%21111
and

oo /2 4
I]:/ du¢(0):§

— 00

00 1
Is = / du u <¢(0) - 3¢?0)) (3.69)
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Note that, unlike I, I7; and I;7, the I.5 coefficient primitively diverges like u? as u — 400
and, hence, must be carefully treated. Until now, we have loosely taken the range of u
to be —o0o < u < 4o00. However, this is not strictly correct since the radial Gaussian
coordinate is only defined up to the point where the geodesics converge. In our present
case, this is either at L or at R, whichever is smallest. That is, the integral has a “cut-off”.
The effect of this cut-off on the convergent integrals I7, I7; and I7;r is negligable and we
will, henceforth, ignore it. However, I s is now cut-off at 1/¢2 or 1/2 respectively, thus
rendering it finite. We emphasize that this is completely consistent with taking both the
ot independent (long wavelength) limit and the flat spacetime limits. In the first case,
one takes ¢ — 0 holding ¢ fixed. Hence, L > R and I oc 1/62. It follows that all terms
in the worldvolume Lagrangian (3.67) vanish with the exception of L), and one recovers
the lowest order result in AdS spacetime. In the second case, 6 — 0 holding € fixed and,
hence, R > L and I.s  1/¢2. Now only the second term in (3.67) vanishes, leaving the ¢
expanded result in flat spacetime given in (2.44) of section 2.

Observe that the single-trace extrinsic curvature x appears at each odd order in the
Taylor expansion of y/—¢ around u = 0 — naively with increasingly singular coefficients.
Hence, one might worry that the leading order coefficient I.5 given in (3.69) is a poor
approximation to the the actual value. Again, however, the specific cut-off structure of
the u-integrals solves this problem. At odd order n in the expansion of \/—g, there is a
primitively divergent integral in the coefficient of k. One can show, however, that when
appropriately cut-off this becomes

1/ - L@/em ™t ifd<e
15 (3.70)
1/6% - 1 if e <4

nl
Note that for n = 1, this simply reduces to I in either regime. For any odd n > 1, it
follows from (3.70) that in both regimes IG(Z;’) & 1.5, increasingly so as n grows. Thus such
terms are small compared to the leading term. Computing I.5 given in (3.69) with the
appropriate cut-offs, we find that

2 1/ ifd<e
2 71
= 3X{1/52 ife<d (8.71)

Rewritten in dimensionful variables, truncating the expansion at order €? and using
the Gauss-Codazzi relation

A A PSS 12
RW = K? —K'K™ — =7 (3.72)
the worldvolume Lagrangian is given by
. 4n? A . A
L= —%Mé (1 +CoK + CrIRW 4 CHK2> : (3.73)
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Figure 2. Numerical calculation of Mg, Cy/l, C;/I> and Cy;/I? as functions of §. Of the four
coefficients, only Cj /I depends on I 5 and, hence, on the value of the cut-off ratio % = 5. Therefore,
to evaluate Cp/l we must specify a value for e. In figure 2(B), we choose € = 0.3. Note that Cy/!
is defined piecewise and changes behavior at § ~ e.

where 52
2 1
MG =1+66*I;7 —Irr7) =1+ E <7r2 — 47) (3.74)
and
(Ies + I111) 1/ 5\ 16
=g s — (2 2= .
Co=3 yor 15 SRS pvre (3.75)

I3 5 12

CMES T A8ME

Cr= ME 8

Ipr 312 =6\ [?
~—d s =\ )2 Cu=
Mg 8 24 Mg

As discussed above, in the limit R — oo and, hence, § — 0, Lagrangian (3.73) becomes the
flat spacetime Lagrangian given in (2.48), (2.49). Explicit values of the overall coefficient
M3, as well as the three coupling parameters Cy/l, C7/I1*> and Ci;/I%, can be plotted
numerically as functions of §. These are shown as graphs (A), (B), (C)and (D) respectively
in figure 2. Note that Cy has the correct limiting value Cy — 0 as § — 0.

A simplified “flat” metric approach. The non-vanishing curvature (3.3) of AdS space
considerably complicates the previous analysis; specifically, leading to a non-zero value for
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K (0)mn which then propagates through the calculation. However, recall that the met-
ric (3.2) is conformally flat. This is manifest in the new coordinate v’ = 2’/l defined by

1 1
u = 5 (1 — e*‘su> , —oco<u < 5 (3.76)
with respect to which metric (3.2) becomes
ds* = 2 (da'da"ny, + d2'?) . (3.77)

This motivates us to repeat the AdS analysis in terms of the rescaled flat “metric”

gmn = e72§ugmn = an = 6726uhmn ) (378)
since we expect K, (0ymn tO vanish.
Inserting (3.78) into (3.11) we find

where )

Ky = (Kmn - Rhmn> e o (3.80)
Similarly, putting (3.80) into (3.14) gives

- . 1 .
LiKpn = KppKP — = Kyppe . (3.81)

R

We note that the curvature term on the right-hand side of (3.14) cancels when going
to the flat metric. However, the conformal rescaling induces the term proportional to
1/R in (3.81). In addition to (3.79) and (3.81), one must also re-express the equation of
motion (3.15) with respect to the rescaled flat metric. We find that

. 3
L2+ KL + ﬁeéuﬁﬁcb + D™D,,®

—e20u (4A¢(c1>2 — %) + 4‘7/35 (n* - <I>2)> =0. (3.82)

Going to dimensionless variables using (3.16), equations (3.79), (3.81) and (3.82) become

i”;nn = 2€Rmn (3.83)
Bhon = ERmpRagnhP? — 0Rmne®™ | (3.84)
¢" + (e/% + 3565“) ¢ — 22— 20)(¢* — 1) + D™ Dyp = 0 (3.85)

where, now, ' = %

These equations are solved using the e-expansions in (3.21), (3.22), (3.23) and (3.28),
now expressed in terms of Ay, and &, quantities. First consider the h,,, equation (3.83).
We find to order €? and €' that

M oymn = 2R (0ymn (3.86)

Rty = 2 (1)mn (3.87)
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respectively. Similarly, expanding the &, equation (3.84) we find to order ¢” and ¢! that

’%/(O)mn - R<o>mpﬁ<o)qnﬁ?§) - 565"R(o)mn ) (3.88)
l1ymn = F©)mpR(1)gnP(0) T F(1)mpF ©0)gn (g (3.89)

HFO)mpF 0)an (1) = 0 Fi1ymn -
Before continuing to the equation of motion, let us solve (3.86), (3.87) and (3.88), (3.89).

Order €°. Since at this order 7, = 715, it follows from (3.77), (3.78) that

h)mn = oymn(0) (3.90)

R(0ymn = 0, (3.91)
as expected. It follows immediately that the &), equation (3.88) is trivially satisfied.

Order €. Substituting (3.91) into the order €' &,,, equation (3.89), recalling that ' = %
and using (3.76), we find

Rymn = € "K1ymn(0) (3.92)

with /%(1) an arbitrary function of o#-coordinates only. Finally, inserting this expression
into the Ay, equation (3.87) gives

h(1ymn = ; (6_5“/5(1)% - ’%(l)mn(o->) : (3.93)

Using the relation (3.80), these results are easily compared against the g,,, metric results
summarized in (3.40), (3.41). Identifying the arbitrary functions

> 1, 2 N
h(O)mn(U) = SK(O)mn(O-)> H(l)mn(a) = K(l)mn(a) (394)

we find exact agreement.
Now consider the e-expansion of the ¢ equation of motion (3.85). The trace

R= "R (3.95)
enters this equation. Expanding
- 0) | -
R = T + K}(l) —+ O(E) s (396)
we find using (3.90)—(3.93) and (3.94) that

—du A~

/%(0) = 0, Fi(l) =€ 11(1)(0') (3.97)
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where ;) = ﬁ%?k(l)mn. Note from (3.78) and (3.80) that
4
k= (a — 5) et (3.98)
€

It follows that (3.97) is completely consistent with the g, metric results in (3.44). Insert-
ing (3.97) along with the e-expansions of ¢, Ay, and Fpy, into (3.85), we find to order €
and ¢! that

oy + 30 dlg) —26* (6% — 1) (610) ~ 26) =0 (3.99)
Oy + 3™ ¢y + =iy (9) 6 (8.100)
+ 20u (—2 (3¢>§0) — 1) + 86¢>(o)) ¢y =0.

Order €°. It is straightforward to show that (3.99) has the same solution as equa-
tion (3.45), although expressed in the u' coordinate. That is,

b0y = tanh(u), u= —% In (1 — 5u’) (3.101)

where we have inverted expression (3.76).

Order €!. Let us solve (3.100) using the ansatz

qb(l) = I%(l)(U)F(UI) . (3.102)

Inserting this into (3.100), the factor () cancels and one is left with an equation for F
given by

F 4 36¢7F' + ¢ %gs(y) + €2 (—2 (3¢§0) _ 1) n 85¢(0)) F=0 (3.103)

with ¢(o)(u') in (3.101). This equation can be solved independently in each of the separate
domains —oo < v/ < 0 and 0 < v/ < 3. Corresponding to (2.30), (2.31), one must also
impose the boundary conditions

F—0 asu — =0, (3.104)

F—0 asu — —oo0, (3.105)

g .
Subject to these conditions, there is a unique solution of (3.103) which one can solve for
numerically. For example, the solution with § = 0.3 is presented in figure 3.

Note that since the same factor #(;)(o) enters both (3.49) and (3.102), it follows that

when re-expressed in terms of the coordinate u using (3.76) one must find
F')=F(u) . (3.106)

Comparing the F and F results for § = 0.3 given in figures 1 and 3 respectively, we find
complete agreement. We conclude that to this order in €, and restoring the dimensionful
parameters, one again finds

zZ z

o=y tanh(l) 4l K(l)(a)F<l> L O(&) . (3.107)
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Figure 3. Numerical solution for F(u/) with § = 0.3.

where . .
z z

and @ is continuous, but not continuously differentiable, across the z/ = 0 wall surface.
The worldvolume action can be calculated with respect to the rescaled g, metric to
any desired degree of accuracy in the € expansion. It follows from our previous discussion

that _
L= /dz’Jr; J=-—Y9 (3.109)
V _h‘u’zo
where L is the Lagrange density which, when varied with respect to ®, gives the equation

of motion (3.82). It is found to be
L=eMuL (3.110)

with £ given by (3.4), (3.5) written in the 2’ coordinate. In (3.109), £ is to be evaluated
for the solution of the equation of motion given, to order €, in (3.107), (3.108). Taylor
expanding \/—¢ around v’ = 0, we find

~ 2 ~
J =1+l + 5o +0E), (3.111)
with
Jay =URw—o0, Joy=u?(E* = Fmnk™ — (3/€)F) |w—o - (3.112)

To continue, we note that £ is coordinate invariant and that ¢ is most conveniently
expressed as a function of the coordinate z. It follows that the e expansion of £ is most
easily presented by going back to the coordinate z using (3.76). Noting that

)
' =u— §u2 +..., d2'e® = dz (3.113)

we can write action (3.109), (3.110) as

L= / dze®JL (3.114)
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where the coefficients of the expansion (3.111) with respect to the u coordinate are
j(l) == UI~€|u:0, j(g) = u2 (/%2 — Rmnﬁmn — 2(5/6)/%) |u:0 . (3.115)
Similarly, inserting the solution ® into (3.110) and using the equations of mo-
tion (3.99), (3.100) it follows that
2

L= ﬁ(g) + Gﬁ(l) + %E(z) + 0(63) , (3.116)

where

L) = Laari) + 08¢ - (3.117)

Lgat(i) are the flat spacetime results in (2.41), A(;) were given in (3.61) and all quantities
are functions of z. Finally, one must expand the exponential

e =1 4 46u + 85%u® + O((6u)?) . (3.118)

Let us proceed order by order in the du expansion, keeping only those terms that are
even under u — —u. The 1-term is of the same form as given in (3.62) of the proceeding
section, now, however, with the J;) replaced by j(1)7j(2) in (3.115). Furthermore, in the
present case (1) = ily=0. Hence, the constant term on the right side of (3.63) no longer

appears. We find that the 1-term in the du expansion is given by
ji'c‘ __2¢/2_ 2¢/2 2(~2_~ ~mn_2(5/ )~)‘ + 2~’2 ¢/ Ja
)\774 1= (0) € (O)U K Rmnk €)R) |u=0 € Rlu=0 (0)

1
—8¢6 < <¢(0) — 3¢§O)> u+ ¢’(O)F> lumo + O(€3,620,€6%,6%) . (3.119)
Next consider the du-term. Using (2.41), (3.61) and (3.115), to the order we are working

JL 1 i
St 50 = —320° (¢<o> - 3¢?0)>u — 8¢d (9/u? = ¢y F ) fluo - (3.120)

Finally, the last term one need consider is the (6u)2-term. We find that
i

o \((W = —16(52d>’(02)u2 . (3.121)

Adding these together, inserting them into (3.114), using z = lu, (3.9) and denoting

Rlu=o = K(0), (3.122)
we find that )
L= Z(o) + GZ(l) + %Z(g) + 0(63, 625, 6(52, (53) , (3.123)
where

. 2
Lo = —’77 (Iy + 168215 + 85°I17)

2 47]2 ~

E(l) = —71 0k (Ieé + I[[) (3124)
z, 2 22 2 z2mn 2 2 22

L) = _777 (n — Kmnk  — 2(5/6)/€) Irr + nj*’v Iiir
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with the I-coefficients given in (3.69).
Rewritten in dimensionful variables and truncating the expansion at order €2, the
worldvolume Lagrangian is given by

A~

L 2
i (It + 88%(2Les + 6%111)) + 16 (415 + 3117) K
l2 2(4) l2 22
toImR - = Sk, (3.125)

where the Gauss-Codazzi relation

(3.126)
2 2(4) 22

has been used. Note that the K, R and K terms all appear in (3.125), although with
differing coefficients then in the previous section. What is the relationship of this expression
to the worldvolume Lagrangian (3.72) evaluated with respect to the g, metric? Note
from (3.80) that at u =0

2 . 1

Kon = K — ﬁhmn . (3.127)
Inserting this into (3.125), a careful calculation reveals that it is identical to (3.72), as it
must be.

4 The worldvolume action and galileons

It follows from the previous section that the worldvolume action of a d = 4 kink domain
wall embedded in d = 5 anti-deSitter spacetime, to second order in the e-expansion, is

Sy = / dAov/—=h|y—oL (4.1)
M4

where

S > H(4) 2

The coefficients Mg and Cy, C;, Cjy are given in (3.74) and (3.75) respectively. Note that
Cy is proportional to the kink thickness [, whereas both C; and Cj; are proportional to
1> — corresponding in dimensionless variables to € and € respectively. Recall that the
embedding of a d = 4 worldvolume in a d = 5 bulk space is specified by five worldvolume

scalar fields X™ (o), m = 0,1,...,4. Choosing the gauge where
Xt =0l 1=0,1,2,3 , X*=7(0) (4.3)

we find that

/_h’u:O _ 647r/7€\/1 + e=27/R(9r)?2 (4.4)

A

4
K = —e /Ry (—Dw +42e R[] + —(0m)* + Réf“) : (4.5)

A=
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B = 5 R 57 (Cn? - @0, + 2677167 - (Ol

6
¢ (0m)? (1 + 26—2W/R(aw)2) (4.6)
§ _ 2 2r /R —27/R 2
58] - e <3+4e (o) )Dw
and
. A2 4 2
K2 = 6_4W/R’§/2 <|:|7T +’3/26_27T/R[¢] + ﬁ(87_‘_)2 + 7?/627r/’/€> (47)
where O = 7"9,0,, 7 = 1/\/1+e27/R(0r)2, [¢] = 0"79,0"nd,x, [#?] =

OumoH0,m0d” O\mO 1 and indices are raised and lowered with respect to the flat metric n#¥.

Note that v/—h|u—o, \/—7h|u:0.f( and \/jh|u:0R(4) correspond to the Lo, Lg and L4 DBI
conformal Galileons introduced and calculated in [51], and lead to second order equations
of motion for m. The L5 Galileon is a higher-dimension operator — arising at cubic order
in the e-expansion — and, hence, does not appear here. However, K2 given in (4.7) is not
a Galileon. It will lead to fourth-order equations of motion, but any ghosts or pathologies
associated with this operator will not appear in the range of validity of the e-expansion,
since it was derived from a ghost free theory. Furthermore, carefully analyzing the above
expressions we find that there is no region of 7 or momentum space for which non-Galileon
terms such as the K2 term is sub-dominant to the Galileon terms. Thus, in any situation in
which the Galileons are important relative to the kinetic term and their non-linearities are
doing something interesting, the non-Galileon terms are important as well, and the entire
series expansion we are computing is breaking down. We conclude, to the order we have
calculated, that although Galileon terms appear in the explicitly computed worldvolume
action, there is an additional non-Galileon term which can not be neglected, and that to
justify stopping at some order in the expansion, all these terms must be subdominant to
the kinetic term.

Having specified this, it is interesting to note that, by an appropriate redefinition
of the 7 field, the effective action (4.1) can be written so that only Galileon operators
appear. We prove this in appendix A to cubic order in the e-expansion — one order higher
than the results of this paper. Be this as it may, the non-Galileon K2 term, although
removed from £, is now manifest in the field redefinition. If one is interested in computing
quantities which are independent of field redefinitions, such as scattering amplitudes, then
it suffices to use only the Galileon interactions, and the non-Galileon terms do not affect
these quantities. However, if one is interested in quantities that do depend on the definition
of m, such as computing the physical location of the brane, the presence of the non-Galileon
terms matters.

5 Conclusion

In this paper, we developed a formalism for calculating higher-order corrections to the
worldvolume action of co-dimension one solitons in a warped background. Specifically, we
focused on an AdS bulk geometry, and derived a “kink” solution for a real scalar field
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minimally coupled to gravity. This allowed us to explicitly calculate the world-volume
action on the defect, up to quadratic order in two small expansion parameters measuring
respectively the hypersurface fluctuation length and the radius of AdS spacetime. The
method is general and can readily be extended to any conformally flat bulk space-time.

The resulting worldvolume action includes conformal Galileon interactions, as well as a
non-Galileon K2 term. Unlike the non-relativistic Galileons (obtain as a small-field limit),
where the non-Galileon terms can be consistently treated as small in certain circumstances,
the non-Galileon terms in the relativistic case are never sub-dominant. Nevertheless, as
argued in the appendix, the action can be brought into Galileon form through a field
redefinition of the brane-bending mode.

From an effective field theory standpoint, the form of our worldvolume action may not
be surprising — the result is organized as a derivative expansion, and at each derivative
order includes all diffeomorphism invariant curvature terms. The upshot of our formalism
is the ability to calculate exactly and systematically the coefficients of these terms from
the underlying kink solution. Although expected to occur on dimensional grounds, the
extrinsic curvature operators have been shown to be absent for distributional 3-branes of
odd codimension > 2 [69]. This underscores the importance of having a formalism for
computing the coefficients of these operators. The AdS example presented here constitutes
a stepping stone to more realistic string geometries. In forthcoming work [70], two of us will
apply this formalism to kinks in heterotic M-theory. As another future direction, we plan
to include the gravitational back-reaction of the kink, generalizing the approach of [18] to
the AdS case. Finally, it would be interesting to investigate to what extent the argument
for the universality of Galileon terms given in the appendix can be generalized to include
terms involving derivatives of curvature tensors.

A Field redefinitions

Field redefinitions: first a general argument about field redefinitions. Let £ be a La-
grangian density for fields ¢’ which is a formal series in some parameter \,

L=Ly+ A1+ NLoy+ . (A1)

Suppose that among the terms which appear in the O(\") contribution, there is a term,
£R

., which vanishes when the fields satisfy the equations of motion for the lowest-order

Lagrangian Ly. In this case, we can by integration by parts always write

5EL £0
3¢

Here ~ means equality up to a total derivative and f* is some function with [¢] standing

L= 1 ([9])

(A.2)

for dependence on the fields, their derivatives and possibly the coordinates.
Any such interaction £ can be removed, without altering any of the other terms at
lower or equal order, by performing a field redefinition. The required redefinition is

o' — o' — A f([g]). (A.3)
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Under this redefinition, the O (A") terms in the action change as

5EL LO

5

Hence, to O (\"), the only effect of this redefinition is to cancel L.

XLy — N'Ly — N ([¢)])

+0 (A", (A4)

The DBI action: we will, for simplicity, present our analysis within the context of a
flat bulk space. However, it is straightforward to prove that all arguments go through with
minimal modifications even for a curved bulk — such as AdS spacetime — and that the
final result does not change. In the gauge (4.3), the most general action for a d = 4 brane
embedded in a d = 5 bulk space is

S = / d*x =gL (G Vi B0 Ky . (A.5)
Jur=Npur+0umoL, T

where p,v, ...=0,...,3. This will be a power series in some length scale [, which plays
the role of A above. K and V get one power of [, and R gets two powers. We can use the
Gauss-Codazzi relation,

Ruvpor — KupKypo + Ko Kyp = 0, (A.6)

to eliminate all occurrences of R in favor of K, so the action becomes
5= /d%« V9L (G Vs Ko . (A7)
gw=77pu+8mr3u7r

Let us analyze the case where there are no V operators. Then the most general
Lagrangian can be written in the form

L=M (Lo+1L1+PLo+1PLs+ 1), (A.8)

where

Ly = Az [K],

Ly = By [K*] + B2 [K]?,

L3 =Cq [K3] + Co [K2] [K] + Cs [K]g,

Ly = Dy [K*Y] + Do [K®] [K] + D3 [K?)* + D4 [K?] [K]? + D5 [K]*,

L5 = P [K°] + By [K*Y] [K] + F3 [K®] [K)” + Fy [KP] [K?]

+Fs [K)* (K] + Fs [K?] [K]* + Fy [K°,
(A.9)

These are simply all possible contractions of K. The square bracket indicates a trace

with indices raised with g"” — that is, [K] = ¢" K, [K?] = g“O‘Ka[gg’B"Kw, and so on.
The coefficients are generic dimensionless parameters.
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The = field redefinition: the zero-th order Lagrangian is

Lo=+—g=+/1+ (0m)2 (A.10)

This leads to the zero-th order equation of motion

6EL »CO
o

= —0Or ++*0"70"70,0,7 = [K], (A.11)

with v = 1/4/1 + (0)2. Therefore, the lowest order equation of motion is simply [K] itself,
so any term proportional to trace of K, can be eliminated by field redefinition. The only
terms in a general £,, that are not of this form are the cyclic traces [K"], of which there is
only one at each order n. All the other terms are proportional to [K] and their coefficients
are adjustable.

Now, at every order, there is a special contraction of K'’s,

LY (K) = [K],
L5 (K) = [K]* — [K7],
L5 (K) = [K]® = 3[K][K?] + 2[K”],
EE(K) [K)* = 6[KZ][K]? + S[K°)[K] + 3[K*) — 6]k,

(A.12)

called the “characteristic polynomials”. These are terms in the expansion of the determi-
nant of 1 + K in powers of K,

1 1 1
det(14+ K) =1+ LK)+ §£§(K) + 5,CSG(K) + EEE(K) SEEEE (A.13)
The terms £$(K) are precisely the Galileons for n < 4, are a total derivative when n = 4
and vanish identically when n > 4. They can be written explicitly as [52]

£S(K> = Z (_1);0 W“lp(ul)n’”p(”) o _nunp(vn) (K,ullllKMVz ’ K,unl/n) : (A'14)
p

The sum is over all permutations of the v indices, with (—1)? the sign of the permutation.

We see that the coefficient of [K™] in these special combinations is non-vanishing at each
order. Thus, by using a field redefinition of 7 to adjust the coefficients of the terms (A.9)
which are proportional to [K], one can bring each of the Lagrangians £,, into the form of
the combinations (A.12). After this 7 redefinition, the action has a finite number of terms
— precisely the four Galileons. Therefore, to all orders in [, we have

L=M*"(aoL§ + arlL§ + axl®LS + azl’LF) . (A.15)

The coefficients ag - - - , az are now complicated functions of the original coefficients. Note
that the coefficient a; remains adjustable. We remind the reader that we have proven (A.15)
for the case when £ in (A.7) is independent of V.
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Now return to the possibility of having derivatives V in the action (A.7). Note that
derivatives always have to come in pairs. Up through order 13, there is no way to write
any terms involving derivatives which is not a total derivative. Thus (A.15) is accurate up
through order [, even when including the possibility of derivatives.

At order I* and above, there seems to be a problem because there can be terms such
as K, 0K . These are not proportional to [K] and, hence, can not be eliminated by the
zero-th order equations. It could be, however, there are enough combinations like (A.12),
but now involving derivatives, into which these terms could be placed so that they become
total derivatives. We leave a study of these higher-order V terms for future work.

Acknowledgments

We wish to thank Ray Volkas for discussions, and Kurt Hinterbichler for discussions and
early collaboration, especially with the arguments of the appendix. The work of Burt
Ovrut is supported in part by the DOE under contract No. DE-AC02-76-ER-03071.
B.A.O. acknowledges partial support from the NSF RTG grant DMS-0636606 and from
NSF Grant 555913/14 for International Collaboration. J.S. is supported by NASA ATP
grant NNX08AH27G, and funds provided by the University of Pennsylvania. J.K. is sup-
ported in part by NASA ATP grant NNX11AI95G and the Alfred P. Sloan Foundation.

References

[1] R. Rajaraman, Solitons and instantons. An introduction to solitons and instantons in
quantum field theory, North-holland, The Netherlands (1982).

[2] N.S. Manton and P. Sutcliffe, Topological solitons, Cambridge University Press, Cambridge
U.K. (2004).

[3] E. Witten and D.I. Olive, Supersymmetry algebras that include topological charges,
Phys. Lett. B 78 (1978) 97 InSPIRE].

[4] M. Duff, R.R. Khuri and J. Lu, String solitons, Phys. Rept. 259 (1995) 213
[hep-th/9412184] [INSPIRE].

[5] K. Stelle, Lectures on supergravity p-branes, hep-th/9701088 [INSPIRE].

[6] N.D. Antunes, E.J. Copeland, M. Hindmarsh and A. Lukas, Kinky brane worlds,
Phys. Rev. D 68 (2003) 066005 [hep-th/0208219] [INSPIRE].

[7] M. Aganagic, C. Popescu and J.H. Schwarz, Gauge invariant and gauge fized D-brane
actions, Nucl. Phys. B 495 (1997) 99 [hep-th/9612080] [INSPIRE].

[8] T. Adawi, M. Cederwall, U. Gran, M. Holm and B.E. Nilsson, Superembeddings, nonlinear
supersymmetry and five-branes, Int. J. Mod. Phys. A 13 (1998) 4691 [hep-th/9711203]
[INSPIRE].

[9] D.P. Sorokin, Superbranes and superembeddings, Phys. Rept. 329 (2000) 1 [hep-th/9906142]
[INSPIRE].

[10] P.S. Howe, A. Kaya, E. Sezgin and P. Sundell, Codimension one-branes,
Nucl. Phys. B 587 (2000) 481 [hep-th/0001169] [INSPIRE].

[11] J.-P. Derendinger and R. Sauser, A five-brane modulus in the effective N = 1 supergravity of
M-theory, Nucl. Phys. B 598 (2001) 87 [hep-th/0009054] [INSPIRE].

— 29 —


http://dx.doi.org/10.1016/0370-2693(78)90357-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B78,97
http://dx.doi.org/10.1016/0370-1573(95)00002-X
http://arxiv.org/abs/hep-th/9412184
http://inspirehep.net/search?p=find+EPRINT+hep-th/9412184
http://arxiv.org/abs/hep-th/9701088
http://inspirehep.net/search?p=find+EPRINT+hep-th/9701088
http://dx.doi.org/10.1103/PhysRevD.68.066005
http://arxiv.org/abs/hep-th/0208219
http://inspirehep.net/search?p=find+EPRINT+hep-th/0208219
http://dx.doi.org/10.1016/S0550-3213(97)00180-6
http://arxiv.org/abs/hep-th/9612080
http://inspirehep.net/search?p=find+EPRINT+hep-th/9612080
http://dx.doi.org/10.1142/S0217751X98002225
http://arxiv.org/abs/hep-th/9711203
http://inspirehep.net/search?p=find+EPRINT+hep-th/9711203
http://dx.doi.org/10.1016/S0370-1573(99)00104-0
http://arxiv.org/abs/hep-th/9906142
http://inspirehep.net/search?p=find+EPRINT+hep-th/9906142
http://dx.doi.org/10.1016/S0550-3213(00)00294-7
http://arxiv.org/abs/hep-th/0001169
http://inspirehep.net/search?p=find+EPRINT+hep-th/0001169
http://dx.doi.org/10.1016/S0550-3213(00)00773-2
http://arxiv.org/abs/hep-th/0009054
http://inspirehep.net/search?p=find+EPRINT+hep-th/0009054

12]
13]
14]
[15)
[16]

[17]
[18]

[19]
[20]
[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]

D.P. George and R.R. Volkas, Dynamics of the infinitely-thin kink,
Phys. Lett. B 704 (2011) 646 [arXiv:0911.0538] [iNSPIRE].

R. Gregory, Effective actions for bosonic topological defects, Phys. Rev. D 43 (1991) 520
[INSPIRE].

A. Larsen, Comment on thickness corrections to Nambu wall, Phys. Lett. A 181 (1993) 369
[hep-th/9306046] [INSPIRE].

C. Barrabes, B. Boisseau and M. Sakellariadou, Gravitational effects on domain walls with
curvature corrections, Phys. Rev. D 49 (1994) 2734 [gr-qc/9307008] [INSPIRE].

B. Carter and R. Gregory, Curvature corrections to dynamics of domain walls,
Phys. Rev. D 51 (1995) 5839 [hep-th/9410095] [INSPIRE].

H. Arodz, Collective dynamics of a domain wall: an outline, hep-ph/9709241 [INSPIRE].

F. Bonjour, C. Charmousis and R. Gregory, The dynamics of curved gravitating walls,
Phys. Rev. D 62 (2000) 083504 [gr-qc/0002063] [INSPIRE].

Y. Burnier and K. Zuleta, Effective action of a five-dimensional domain wall,
JHEP 05 (2009) 065 [arXiv:0812.2227] [INSPIRE].

C.P. Bachas, P. Bain and M.B. Green, Curvature terms in D-brane actions and their
M-theory origin, JHEP 05 (1999) 011 [hep-th/9903210] [INSPIRE].

A. Fotopoulos, On (a')? corrections to the D-brane action for nongeodesic world volume
embeddings, JHEP 09 (2001) 005 [hep-th/0104146] [INSPIRE].

N. Wyllard, Derivative corrections to the D-brane Born-Infeld action: Nongeodesic
embeddings and the Seiberg- Witten map, JHEP 08 (2001) 027 [hep-th/0107185] [INSPIRE].

N. Wyllard, Derivative corrections to D-brane actions with constant background fields,
Nucl. Phys. B 598 (2001) 247 [hep-th/0008125] [INSPIRE].

O. Andreev and A.A. Tseytlin, Partition function representation for the open superstring
effective action: cancellation of Mobius infinities and derivative corrections to Born-Infeld
lagrangian, Nucl. Phys. B 311 (1988) 205 [INSPIRE].

A. Bilal, Higher derivative corrections to the non-abelian Born-Infeld action,
Nucl. Phys. B 618 (2001) 21 [hep-th/0106062] [INSPIRE].

P.S. Howe and U. Lindstrém, Kappa symmetric higher derivative terms in brane actions,
Class. Quant. Grav. 19 (2002) 2813 [hep-th/0111036] [INSPIRE].

Y.-K.E. Cheung, M. Laidlaw and K. Savvidy, Open string gravity?, JHEP 12 (2004) 028
[hep-th/0406245] [INSPIRE].

D.V. Belyaev and T.G. Pugh, The supermultiplet of boundary conditions in supergravity,
JHEP 10 (2010) 031 [arXiv:1008.1574] [NSPIRE].

G. Dvali, G. Gabadadze and M. Porrati, 4D gravity on a brane in 5D Minkowski space,
Phys. Lett. B 485 (2000) 208 [hep-th/0005016] [iNSPIRE].

G.W. Horndeski, The most general scalar tensor theory with second order field equations,
Int. J. Theor. Phys. 10 (1974) 363.

C. Charmousis, E.J. Copeland, A. Padilla and P.M. Saffin, General second order
scalar-tensor theory, self tuning and the Fab Four, Phys. Rev. Lett. 108 (2012) 051101
[arXiv:1106.2000] [INSPIRE].

F. Mueller-Hoissen, Gravity actions, boundary terms and second order field equations,
Nucl. Phys. B 337 (1990) 709 [inSPIRE].

— 30 —


http://dx.doi.org/10.1016/j.physletb.2011.09.084
http://arxiv.org/abs/0911.0538
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.0538
http://dx.doi.org/10.1103/PhysRevD.43.520
http://inspirehep.net/search?p=find+J+Phys.Rev.,D43,520
http://dx.doi.org/10.1016/0375-9601(93)90390-L
http://arxiv.org/abs/hep-th/9306046
http://inspirehep.net/search?p=find+EPRINT+hep-th/9306046
http://dx.doi.org/10.1103/PhysRevD.49.2734
http://arxiv.org/abs/gr-qc/9307008
http://inspirehep.net/search?p=find+EPRINT+gr-qc/9307008
http://dx.doi.org/10.1103/PhysRevD.51.5839
http://arxiv.org/abs/hep-th/9410095
http://inspirehep.net/search?p=find+EPRINT+hep-th/9410095
http://arxiv.org/abs/hep-ph/9709241
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9709241
http://dx.doi.org/10.1103/PhysRevD.62.083504
http://arxiv.org/abs/gr-qc/0002063
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0002063
http://dx.doi.org/10.1088/1126-6708/2009/05/065
http://arxiv.org/abs/0812.2227
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2227
http://dx.doi.org/10.1088/1126-6708/1999/05/011
http://arxiv.org/abs/hep-th/9903210
http://inspirehep.net/search?p=find+EPRINT+hep-th/9903210
http://dx.doi.org/10.1088/1126-6708/2001/09/005
http://arxiv.org/abs/hep-th/0104146
http://inspirehep.net/search?p=find+EPRINT+hep-th/0104146
http://dx.doi.org/10.1088/1126-6708/2001/08/027
http://arxiv.org/abs/hep-th/0107185
http://inspirehep.net/search?p=find+EPRINT+hep-th/0107185
http://dx.doi.org/10.1016/S0550-3213(00)00780-X
http://arxiv.org/abs/hep-th/0008125
http://inspirehep.net/search?p=find+EPRINT+hep-th/0008125
http://dx.doi.org/10.1016/0550-3213(88)90148-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B311,205
http://dx.doi.org/10.1016/S0550-3213(01)00472-2
http://arxiv.org/abs/hep-th/0106062
http://inspirehep.net/search?p=find+EPRINT+hep-th/0106062
http://dx.doi.org/10.1088/0264-9381/19/11/305
http://arxiv.org/abs/hep-th/0111036
http://inspirehep.net/search?p=find+EPRINT+hep-th/0111036
http://dx.doi.org/10.1088/1126-6708/2004/12/028
http://arxiv.org/abs/hep-th/0406245
http://inspirehep.net/search?p=find+EPRINT+hep-th/0406245
http://dx.doi.org/10.1007/JHEP10(2010)031
http://arxiv.org/abs/1008.1574
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.1574
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://arxiv.org/abs/hep-th/0005016
http://inspirehep.net/search?p=find+EPRINT+hep-th/0005016
http://dx.doi.org/10.1103/PhysRevLett.108.051101
http://arxiv.org/abs/1106.2000
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.2000
http://dx.doi.org/10.1016/0550-3213(90)90513-D
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B337,709

[33] C. Cartier, J.-c. Hwang and E.J. Copeland, Evolution of cosmological perturbations in
nonsingular string cosmologies, Phys. Rev. D 64 (2001) 103504 [astro-ph/0106197]
[INSPIRE].

[34] C. Charmousis, S.C. Davis and J.-F. Dufaux, Scalar brane backgrounds in higher order
curvature gravity, JHEP 12 (2003) 029 [hep-th/0309083] [INSPIRE].

[35] L. Amendola, C. Charmousis and S.C. Davis, Constraints on Gauss-Bonnet gravity in dark
energy cosmologies, JCAP 12 (2006) 020 [hep-th/0506137] [INSPIRE].

[36] A. Nicolis, R. Rattazzi and E. Trincherini, The galileon as a local modification of gravity,
Phys. Rev. D 79 (2009) 064036 [arXiv:0811.2197] [INSPIRE].

[37] A. Nicolis and R. Rattazzi, Classical and quantum consistency of the DGP model,
JHEP 06 (2004) 059 [hep-th/0404159] [nSPIRE].

[38] S. Endlich, K. Hinterbichler, L. Hui, A. Nicolis and J. Wang, Derrick’s theorem beyond a
potential, JHEP 05 (2011) 073 [arXiv:1002.4873] [INSPIRE].

[39] P. Creminelli, M.A. Luty, A. Nicolis and L. Senatore, Starting the universe: stable violation
of the null energy condition and non-standard cosmologies, JHEP 12 (2006) 080
[hep-th/0606090] [INSPIRE].

[40] A. Nicolis, R. Rattazzi and E. Trincherini, Energy’s and amplitudes’ positivity,
JHEP 05 (2010) 095 [Erratum ibid. 1111 (2011) 128] [arXiv:0912.4258] [INSPIRE].

[41] N. Arkani-Hamed, H.-C. Cheng, M.A. Luty and S. Mukohyama, Ghost condensation and a
consistent infrared modification of gravity, JHEP 05 (2004) 074 [hep-th/0312099] [INSPIRE].

[42] J. Khoury, J.-L. Lehners and B. Ovrut, Supersymmetric P(X, ¢) and the ghost condensate,
Phys. Rev. D 83 (2011) 125031 [arXiv:1012.3748] [INSPIRE].

[43] J. Khoury, J.-L. Lehners and B.A. Ovrut, Supersymmetric galileons,
Phys. Rev. D 84 (2011) 043521 [arXiv:1103.0003] [INSPIRE].

[44] E.I. Buchbinder, J. Khoury and B.A. Ovrut, New ekpyrotic cosmology,
Phys. Rev. D 76 (2007) 123503 [hep-th/0702154] [INSPIRE].

[45] P. Creminelli and L. Senatore, A smooth bouncing cosmology with scale invariant spectrum,
JCAP 11 (2007) 010 [hep-th/0702165] [INSPIRE].

[46] E.I. Buchbinder, J. Khoury and B.A. Ovrut, On the initial conditions in new ekpyrotic
cosmology, JHEP 11 (2007) 076 [arXiv:0706.3903] [INSPIRE].

[47] E.I Buchbinder, J. Khoury and B.A. Ovrut, Non-gaussianities in new ekpyrotic cosmology,
Phys. Rev. Lett. 100 (2008) 171302 [arXiv:0710.5172] [INSPIRE].

[48] C. Lin, R.H. Brandenberger and L. Levasseur Perreault, A matter bounce by means of ghost
condensation, JCAP 04 (2011) 019 [arXiv:1007.2654| InSPIRE].

[49] L. Levasseur Perreault, R. Brandenberger and A.-C. Davis, Defrosting in an emergent
galileon cosmology, Phys. Rev. D 84 (2011) 103512 [arXiv:1105.5649] [INSPIRE].

[50] P. Creminelli, A. Nicolis and E. Trincherini, Galilean genesis: an alternative to inflation,
JCAP 11 (2010) 021 [arXiv:1007.0027] INSPIRE].

[51] C. de Rham and A.J. Tolley, DBI and the galileon reunited, JCAP 05 (2010) 015
[arXiv:1003.5917] [iNSPIRE].

[52] M. Trodden and K. Hinterbichler, Generalizing galileons,
Class. Quant. Grav. 28 (2011) 204003 [arXiv:1104.2088] INSPIRE].

[53] K. Hinterbichler, M. Trodden and D. Wesley, Multi-field galileons and higher co-dimension
branes, Phys. Rev. D 82 (2010) 124018 [arXiv:1008.1305] [nSPIRE].

— 31 —


http://dx.doi.org/10.1103/PhysRevD.64.103504
http://arxiv.org/abs/astro-ph/0106197
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0106197
http://dx.doi.org/10.1088/1126-6708/2003/12/029
http://arxiv.org/abs/hep-th/0309083
http://inspirehep.net/search?p=find+EPRINT+hep-th/0309083
http://dx.doi.org/10.1088/1475-7516/2006/12/020
http://arxiv.org/abs/hep-th/0506137
http://inspirehep.net/search?p=find+EPRINT+hep-th/0506137
http://dx.doi.org/10.1103/PhysRevD.79.064036
http://arxiv.org/abs/0811.2197
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.2197
http://dx.doi.org/10.1088/1126-6708/2004/06/059
http://arxiv.org/abs/hep-th/0404159
http://inspirehep.net/search?p=find+EPRINT+hep-th/0404159
http://dx.doi.org/10.1007/JHEP05(2011)073
http://arxiv.org/abs/1002.4873
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.4873
http://dx.doi.org/10.1088/1126-6708/2006/12/080
http://arxiv.org/abs/hep-th/0606090
http://inspirehep.net/search?p=find+EPRINT+hep-th/0606090
http://dx.doi.org/10.1007/JHEP05(2010)095
http://arxiv.org/abs/0912.4258
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.4258
http://dx.doi.org/10.1088/1126-6708/2004/05/074
http://arxiv.org/abs/hep-th/0312099
http://inspirehep.net/search?p=find+EPRINT+hep-th/0312099
http://dx.doi.org/10.1103/PhysRevD.83.125031
http://arxiv.org/abs/1012.3748
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3748
http://dx.doi.org/10.1103/PhysRevD.84.043521
http://arxiv.org/abs/1103.0003
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.0003
http://dx.doi.org/10.1103/PhysRevD.76.123503
http://arxiv.org/abs/hep-th/0702154
http://inspirehep.net/search?p=find+EPRINT+hep-th/0702154
http://dx.doi.org/10.1088/1475-7516/2007/11/010
http://arxiv.org/abs/hep-th/0702165
http://inspirehep.net/search?p=find+EPRINT+hep-th/0702165
http://dx.doi.org/10.1088/1126-6708/2007/11/076
http://arxiv.org/abs/0706.3903
http://inspirehep.net/search?p=find+EPRINT+arXiv:0706.3903
http://dx.doi.org/10.1103/PhysRevLett.100.171302
http://arxiv.org/abs/0710.5172
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.5172
http://dx.doi.org/10.1088/1475-7516/2011/04/019
http://arxiv.org/abs/1007.2654
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2654
http://dx.doi.org/10.1103/PhysRevD.84.103512
http://arxiv.org/abs/1105.5649
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.5649
http://dx.doi.org/10.1088/1475-7516/2010/11/021
http://arxiv.org/abs/1007.0027
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0027
http://dx.doi.org/10.1088/1475-7516/2010/05/015
http://arxiv.org/abs/1003.5917
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.5917
http://dx.doi.org/10.1088/0264-9381/28/20/204003
http://arxiv.org/abs/1104.2088
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.2088
http://dx.doi.org/10.1103/PhysRevD.82.124018
http://arxiv.org/abs/1008.1305
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.1305

[54] G.L. Goon, K. Hinterbichler and M. Trodden, Stability and superluminality of spherical DBI
galileon solutions, Phys. Rev. D 83 (2011) 085015 [arXiv:1008.4580] [INSPIRE].

[55] A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis and R. Rattazzi, Causality, analyticity
and an IR obstruction to UV completion, JHEP 10 (2006) 014 [hep-th/0602178] [INSPIRE].

[56] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,
Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] [INSPIRE].

[57] L. Randall and R. Sundrum, An alternative to compactification,
Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064]| [INSPIRE].

[58] O. DeWolfe, D. Freedman, S. Gubser and A. Karch, Modeling the fifth-dimension with
scalars and gravity, Phys. Rev. D 62 (2000) 046008 [hep-th/9909134] InSPIRE].

[59] M. Gremm, Four-dimensional gravity on a thick domain wall, Phys. Lett. B 478 (2000) 434
[hep-th/9912060] [INSPIRE].

[60] M. Gremm, Thick domain walls and singular spaces, Phys. Rev. D 62 (2000) 044017
[hep-th/0002040] [NSPIRE].

[61] A. Lukas, B.A. Ovrut, K. Stelle and D. Waldram, The universe as a domain wall,
Phys. Rev. D 59 (1999) 086001 [hep-th/9803235] [INSPIRE].

[62] A. Lukas, B.A. Ovrut, K. Stelle and D. Waldram, Heterotic M-theory in five-dimensions,
Nucl. Phys. B 552 (1999) 246 [hep-th/9806051] [INSPIRE].

[63] B.A. Ovrut, T. Pantev and J. Park, Small instanton transitions in heterotic M-theory,
JHEP 05 (2000) 045 [hep-th/0001133] [INSPIRE].

[64] J. Khoury, B.A. Ovrut, P.J. Steinhardt and N. Turok, The ekpyrotic universe: colliding
branes and the origin of the hot Big Bang, Phys. Rev. D 64 (2001) 123522
[hep-th/0103239] [INSPIRE].

[65] R.Y. Donagi, J. Khoury, B.A. Ovrut, P.J. Steinhardt and N. Turok, Visible branes with
negative tension in heterotic M-theory, JHEP 11 (2001) 041 [hep-th/0105199] [INSPIRE].

[66] J. Khoury, B.A. Ovrut, N. Seiberg, P.J. Steinhardt and N. Turok, From Big Crunch to Big
Bang, Phys. Rev. D 65 (2002) 086007 [hep-th/0108187] INSPIRE].

[67] A. Kehagias and K. Tamvakis, Localized gravitons, gauge bosons and chiral fermions in
smooth spaces generated by a bounce, Phys. Lett. B 504 (2001) 38 [hep-th/0010112]
[INSPIRE].

[68] M. Shaposhnikov, P. Tinyakov and K. Zuleta, The fate of the zero mode of the
five-dimensional kink in the presence of gravity, JHEP 09 (2005) 062 [hep-th/0508102]
[INSPIRE].

[69] C. Charmousis and R. Zegers, Matching conditions for a brane of arbitrary codimension,
JHEP 08 (2005) 075 [hep-th/0502170] [INSPIRE].

[70] B.A. Ovrut and J. Stokes, Heterotic kink solitons and their worldvolume action,
arXiv:1205.4236 [INSPIRE].

— 32 —


http://dx.doi.org/10.1103/PhysRevD.83.085015
http://arxiv.org/abs/1008.4580
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.4580
http://dx.doi.org/10.1088/1126-6708/2006/10/014
http://arxiv.org/abs/hep-th/0602178
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602178
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9905221
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://arxiv.org/abs/hep-th/9906064
http://inspirehep.net/search?p=find+EPRINT+hep-th/9906064
http://dx.doi.org/10.1103/PhysRevD.62.046008
http://arxiv.org/abs/hep-th/9909134
http://inspirehep.net/search?p=find+EPRINT+hep-th/9909134
http://dx.doi.org/10.1016/S0370-2693(00)00303-8
http://arxiv.org/abs/hep-th/9912060
http://inspirehep.net/search?p=find+EPRINT+hep-th/9912060
http://dx.doi.org/10.1103/PhysRevD.62.044017
http://arxiv.org/abs/hep-th/0002040
http://inspirehep.net/search?p=find+EPRINT+hep-th/0002040
http://dx.doi.org/10.1103/PhysRevD.59.086001
http://arxiv.org/abs/hep-th/9803235
http://inspirehep.net/search?p=find+EPRINT+hep-th/9803235
http://dx.doi.org/10.1016/S0550-3213(99)00196-0
http://arxiv.org/abs/hep-th/9806051
http://inspirehep.net/search?p=find+EPRINT+hep-th/9806051
http://dx.doi.org/10.1088/1126-6708/2000/05/045
http://arxiv.org/abs/hep-th/0001133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0001133
http://dx.doi.org/10.1103/PhysRevD.64.123522
http://arxiv.org/abs/hep-th/0103239
http://inspirehep.net/search?p=find+EPRINT+hep-th/0103239
http://dx.doi.org/10.1088/1126-6708/2001/11/041
http://arxiv.org/abs/hep-th/0105199
http://inspirehep.net/search?p=find+EPRINT+hep-th/0105199
http://dx.doi.org/10.1103/PhysRevD.65.086007
http://arxiv.org/abs/hep-th/0108187
http://inspirehep.net/search?p=find+EPRINT+hep-th/0108187
http://dx.doi.org/10.1016/S0370-2693(01)00274-X
http://arxiv.org/abs/hep-th/0010112
http://inspirehep.net/search?p=find+EPRINT+hep-th/0010112
http://dx.doi.org/10.1088/1126-6708/2005/09/062
http://arxiv.org/abs/hep-th/0508102
http://inspirehep.net/search?p=find+EPRINT+hep-th/0508102
http://dx.doi.org/10.1088/1126-6708/2005/08/075
http://arxiv.org/abs/hep-th/0502170
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502170
http://arxiv.org/abs/1205.4236
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4236

	Introduction
	Scalar kinks in d=5 flat spacetime 
	Scalar kinks in d=5 AdS spacetime 
	The worldvolume action and galileons 
	Conclusion
	Field redefinitions

