PHYSICAL REVIEW D 82, 124018 (2010)
Multifield Galileons and higher codimension branes
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In the decoupling limit, the Dvali-Gabadadze-Porrati model reduces to the theory of a scalar field 7,
with interactions including a specific cubic self-interaction—the Galileon term. This term, and its quartic
and quintic generalizations, can be thought of as arising from a probe 3-brane in a five-dimensional bulk
with Lovelock terms on the brane and in the bulk. We study multifield generalizations of the Galileon and
extend this probe-brane view to higher codimensions. We derive an extremely restrictive theory of
multiple Galileon fields, interacting through a quartic term controlled by a single coupling, and trace its
origin to the induced brane terms coming from Lovelock invariants in the higher codimension bulk. We
explore some properties of this theory, finding de Sitter like self-accelerating solutions. These solutions
have ghosts if and only if the flat space theory does not have ghosts. Finally, we prove a general
nonrenormalization theorem: multifield Galileons are not renormalized quantum mechanically to any loop

in perturbation theory.
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L. INTRODUCTION

A particularly fruitful way of extending both the stan-
dard models of particle physics and cosmology is the
hypothesis of extra spatial dimensions beyond the three
that manifest themselves in everyday physics. Historically,
such ideas have provided a tantalizing possibility of uni-
fying the basic forces through the geometry and topology
of the extra-dimensional manifold and, in recent years,
have been the basis for attempts to tackle the hierarchy
problem. In this latter incarnation, a crucial insight has
been the realization that different forces may operate in
different dimensionalities by confining the standard model
particles to a 3 + l-dimensional submanifold—the
brane—while gravity probes the entire spacetime—the
bulk—due to the equivalence principle. Such constructions
allow, among other unusual features, for infinite extra
dimensions, in contrast to the more usual compactified
theories.

In the case of a single extra dimension, a further refine-
ment was introduced in [1], where a separate induced
gravity term was introduced on the brane. The resulting
4 + 1-dimensional action

M3 M;
s f BxJ=GRIG] + 5 [ d'x"gRlg] (D

is known as the DGP (Dvali-Gabadadze-Porrati) model
and yields a rich and dramatic phenomenology, with, for
example, a branch of four-dimensional cosmological solu-
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tions, which self-accelerate at late times, and a set of
predictions for upcoming missions, which will perform
local tests of gravity.

It is possible to derive a four-dimensional effective
action for the DGP model by integrating out the bulk. It
has been claimed [2,3] that a decoupling limit for DGP
exists, in which the four-dimentional effective action
reduces to a theory of a single scalar 7, representing
the position of the brane in the extra dimension, with a
cubic self-interaction term ~(d7)?[J7 (though this claim
is not without controversy, see for example [4]). This term
has the properties that its field equations are second order
(despite the fact that the Lagrangian is higher order),
which is important for avoiding ghosts. It is also invariant
(up to a total derivative) under the following Galilean
transformation:

m(x) = 7(x) + ¢ + b, x*, (2

with ¢ and b, constants.

These properties are interesting in their own right, and
terms that generalize the cubic DGP term studied (without
considering a possible higher-dimensional origin) in [5]
are referred to as Galileons. Requiring the invariance (2)
forces the equations of motion to contain at least two
derivatives acting on each field, and there exists a set of
terms that lead to such a form with exactly two derivatives
on each field (in fact, the absence of ghosts in a nonlinear
regime demands that there be at most two derivatives on
each field). These are the terms that were classified in [5]
and take the schematic form

L, ~dmom(d®m)" 2, 3)

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.82.124018

KURT HINTERBICHLER, MARK TRODDEN, AND DANIEL WESLEY

with suitable Lorentz contractions and dimensionful coef-
ficients. In d spacetime dimensions there are d such terms,
corresponding ton = 2,...,d + 1. The n = 2 term is just
the usual kinetic term (977)2, the n = 3 case is the DGP
term (97r)?(]7r, and the higher terms generalize these.

These terms have appeared in various contexts apart
from DGP; for example, the n = 4, 5 terms seem to appear
in the decoupling limit of an interesting interacting theory
of Lorentz invariant massive gravity [6]. They have been
generalized to curved space [7,8], identified as possible
ghost-free modifications of gravity and cosmology
[5,9-13], and used to build alternatives to inflation [14]
and dark energy [15,16].

Another remarkable fact, which we will prove for a more
general multifield model in Sec. VI, is that the £, terms
above do not get renormalized upon loop corrections, so
that their classical values can be trusted quantum mechani-
cally. Also, from an effective field theory point of view,
there can exist regimes in which only these Galileon terms
are important.

It is natural to consider whether the successes of the
DGP model can be extended and improved in models in
which the bulk has higher codimension, and whether the
drawbacks of the five-dimensional approach, such as the
ghost problem in the accelerating branch, might be ame-
liorated in such a setting. Since our understanding of the
complexities of the DGP model has arisen primarily
through the development of a four-dimensional effective
theory in a decoupling limit, one might hope to achieve a
similar understanding of theories with larger codimension.
This is the aim of this paper.

We do not consider the full higher codimension DGP or
a decoupling limit thereof. Instead, we are interested in
generalizing the Galileon actions to multiple fields and
exploring the probe-brane-world view of these terms, ex-
tending the work of [17] on the single-field case. The
theory which emerges from the brane construction in co-
dimension N has an internal SO(N) symmetry in addition
to the Galilean symmetry. This is extremely restrictive, and
in four dimensions it turns out that there is a single non-
linear term compatible with it. This makes for a fascinating
four-dimensional field description: a scalar field theory
with a single allowed coupling, which receives no quantum
corrections.

II. SINGLE-FIELD GALILEONS AND
GENERALIZATIONS

In codimension one, the decoupling limit of DGP con-
sists of a four-dimensional effective theory of gravity
coupled to a single scalar field 7, representing the bending
mode of the brane in the fifth dimension. The 7 field self-
interaction includes a cubic self-interaction ~(d)*0r,
which has the following two properties:

(1) The field equations are second order,
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(2) The terms are invariant up to a total derivative under
the internal Galilean transformations 7 — 7 + ¢ +
b uXts where ¢, b u are arbitrary real constants.

In [5], this was generalized, and all possible Lagrangian
terms for a single scalar with these two properties were
classified in all dimensions. They are called Galileon
terms, and there exists a single Galileon Lagrangian
at each order in 7r, where “‘order” refers to the number
of copies of 7r that appear in the term. For n = 1, the
(n + 1)th order Galileon Lagrangian is

-£n+1 = nanVlleVz"'//vnVn

X (0,70, 7, 0, w0, D, W), (4

where

77/“(‘11/1/“'21/2”.#”’/71 = l Z(— l)pnﬂ“lp(yl)
n!
P

X 2P 2) o P (V) (5)

The sum in (5) is over all permutations of the v indices,
with (—1)? the sign of the permutation. The tensor (5) is
antisymmetric in the wu indices, antisymmetric the v in-
dices, and symmetric under interchange of any w, v pair
with any other. These Lagrangians are unique up to total
derivatives and overall constants. Because of the antisym-
metry requirement on 7, only the first n of these Galileons
are nontrivial in n dimensions. In addition, the tadpole term
7r is Galilean-invariant, and we therefore include it as the
first-order Galileon.
Thus, at the first few orders, we have

£1 = T,
£2 = [772]’
Ly = [m*][11] = [7°],

£, = ST = [0 + [] = 3 [#2]112)
£5 = ([T = (7 TP + [0 - [+°]

4TI = L + [T (6)

We have used the notation II for the matrix of partials
Im,,=d,0,7, and [II"] = Tr(11"), e.g. [II]= O,
[1?]=0,0,m0*9"m, and [7"] = 9 - 11""%- 97, ie.
[7*] =0, ,mo*m, [m]=0,md*3"7d, 7. The above
terms are the only ones which are nonvanishing in four
dimensions. The second is the standard kinetic term for a
scalar, while the third is the DGP 7 Lagrangian (up to a
total derivative).
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The equations of motion derived from (4) are

— 6‘£n+1
gn+1 - T’ﬂ

= —n(n + 1)T}M1V1M2V2"'Mn’/n
X (9,0, 7,0, 7 09, d, =0 (7)

and are second order, as advertised.'
The first few orders of the equations of motion are

£, =1, (14)
£, =—2[11] (15)
£y = =3([11F - [112]), (16)
€4 = —2(IF + 2[11°] - 3[IT][11?]), (17)

£5 = = ([ = 6[114] + 8T
~ [IIPII?] + 3{I2P) as)

By adding a total derivative, and by using the following
identity for the n symbol in L,

1
nl’«l”]-n#n”n = _(77#11/17’#21’2»-#"1’;1 — anVan2V1M2V3~--MnVu
n

+ e (= 1) e R V), (19)

the Galileon Lagrangians can be brought into a (sometimes
more useful) different form, which illustrates that the

"Beyond their second-order nature, these Lagrangians possess
a number of other interesting properties. Under the shift sym-
metry 7 — 7 + €, the Noether current is

jﬁf—*—l = I’l(l’l + l)n#m#zvz“',u.nll,,(am 7T8#28V27T' “ a”’n aVn 7T)' (8)
Shift symmetry implies that the equations of motion are equiva-
lent to the conservation of this current

Eny1 = _aujﬁfﬂ- )

However, the Noether current itself can also be written as a
derivative

et = 0uinins (10)
where there are many possibilities for j%, |, two examples of
which are

Jhiy = nln + Dmprrarebati(d, 0, w0, d, 7), (11)

]ﬁﬁrjl — —n(n + l)n#Vﬂsz"'MnVn
X (0, M, 7Dy, 0, 7T+ 0y D, T). (12)

Thus the equations of motion can in fact be written as a double
total derivative

Erit = = 0,0, (13)
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(n + D)th order Lagrangian is just (97)> times the nth
order equations of motion

. n+1 ) n—1
L= m(aﬂ) &, 5 9y,
X[(aﬂ)zn#lvl"'ﬂn*lljn*layl

X9, 0,79, 0, | (20)

Men—1
From the simplified form (20), we can see that L5, for
example, takes the usual Galileon form (9)*(7r.

These Galileon actions can be generalized to the multi-
field case, where there is a multiplet 7/ of fields.” The
action in this case can be written

— v vyttt i, Yy
£n+1 = S1112-~~I 77'“«1 12V oy

n+l

X (77'1”“6,“181/1 77116,“«261/277-[2 U a,“nal/n’n-[”)’ (21)

with §; ;,...; . a symmetric constant tensor. This is invari-
ant under individual Galilean transformations for each field
! — 7l + ¢! + bl x*, and the equations of motion are

second order

5L

8!

= (n + 1)S11112"'1n anVIMZVZ'”M'nVn

X (9,0, 79,0, 729, 9, 7). (22)

£ =

The theory containing these Galilean-invariant operators
is not renormalizable, i.e. it is an effective field theory with
a cutoff A, above which some UV completion is required.
As was mentioned in the introduction, the £, terms above
do not get renormalized upon loop corrections, so that their
classical values can be trusted quantum mechanically (see
Sec. VI). The structure of the one-loop effective action (in
3 + 1 dimensions) is, schematically3 [3],

92\ /90 m\m
I~ ZI:M + A292 + o* 1og(P)]<A—§T) . (23)

One should consider quantum effects within the effec-
tive theory, since there are other operators of the same
dimension that might compete with the Galileon terms.
However, there can exist interesting regimes where

%As we put the finishing touches to this paper, several preprints
appeared which also discuss generalizations to the Galileons
[18-20].

3Strictly speaking, quantum effects calculable solely within
the effective theory are only those associated with log-
divergences. Power divergences are regularization dependent
and depend upon some UV completion or matching condition.
In dimensional regularization with minimal subtraction, they do
not even show up, corresponding to making a special and
optimistic assumption about the UV completion, i.e. that
power-law divergences are precisely cancelled somehow by
the UV contributions. However, it is important to stress that
the conclusions about the Galileon Lagrangian are true even in
the presence of generic power divergences, i.e. even with a
generic UV completion.
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nonlinearities from the Galileon terms are important, yet
quantum effects from terms such as (23) are under control.
From the tree-level action containing only the Galileon
terms (4), and where all dimensionful couplings carry the
scale A as appropriate for an effective field theory with
cutoff A, we see that the strength of classical nonlinearities
is measured by

ao="7, (24)
in the sense that the nth order Galileon interaction L, is
roughly aé’l_z times the kinetic energy for 77. On the other
hand, by factoring out two powers of 7 from the effective
action

r~ Z[a + ai + a loga ]877'677(8;377) , (29

it is clear that the quantity suppressing quantum effects
relative to classical ones is
2

a, = % (26)
This separation of scales allows for the existence of re-
gimes in which there exist classical field configurations
with nonlinearities of order one ay = dd7/A3 ~ 1, and
yet which nevertheless satisfy a, <1, so that quantum
effects are under control. Thus, it can be possible to study
nonlinear classical solutions involving all the Galileon
terms and still trust these solutions in light of quantum
corrections.”

An example of such a configuration can be seen in the
theory with only the cubic Galileon term (setting the others
to zero is a technically natural choice, since they are not
renormalized) coupled to the trace of the stress tensor of
matter 7',

L =-300m)? — %(GW)ZDW + ML’TTT. 27

Pl
Here Mp, is a mass scale controlling the strength of the
coupling to matter (in applications to modified gravity, it is
the Planck mass).

Consider the static spherically symmetric solution, 7(r)
around a point source of mass M, T ~ M&3(r) [3]. The

solution transitions, at the distance scale Ry =+ %)1/ 3

between a linear and nonlinear regime

1/2
A3R%,<R—’V) r < Ry,
a(r) ~ . (28)

A3R2V<R—rV) r> Ry

“In fact, for even larger nonlinearities d97/A> > 1, quantum
fluctuations receive a correspondingly larger kinetic term from
the expansion of the nonlinear terms about the nontrivial back-
ground, thus effectively becoming weakly coupled and suppress-
ing loop corrections even further [3].
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Assuming M > Mp, so that Ry >> , we can identify

three distinct regimes: Far from the source at distances
R

~(7V)3 < land o, ~ (A)2 < 1, so

quantum corrections are under control, but also the inter-

esting classical nonlinearities of the cubic term are unim-
portant. Close to the source r << i we have

ag ~(R%)3/2 > 1 and a, ~ (A)Z > 1. Here interesting
nonlinear effects are important, but quantum effects are

not under control, and any attempt to extract physics would
require a UV completion. There is, however, an intermedi-

ate range 1« r< Ry, in which a N(RJ)W2 > 1 and
—=z << 1 so that interesting nonlrnear effects are

r > Ry, we have a

Qg (A)

important, while quantum effects are under control.
An analogous situation is familiar from general relativ-
ity. In that case, the relevant field is the canonically nor-

malized metric perturbation g,, ~ 7, Mlm hy,

action consists of a linear kinetic term ~82h2 and an
infinite number of nonlinear terms of the form 92A" with
n =3, which sum up into the Einstein-Hilbert action
~M},./=gR. Diffeomorphism invariance ensures that the
relative coefficients of these nonlinear terms are not re-
normalized, so their classical forms can be trusted. The
measure of nonlinearity in this case is @, ~ h/Mp;, with
nonlinear operators suppressed relative to the kinetic terms
by powers of this factor. Quantum effects are expected to
generate higher curvature terms, for example, \/—_gRZ,
M%%l\/—_gR{ which will generate higher-derivative opera-

tors of the form 9™h" with m = 4. These are suppressed
relative to classical operators by powers of the factor
a, ~ . The analogous spherically symmetric static so-

4  Mp
where M >> My, is the total mass

lution is h M 5
"
lherefore for r>

of the solutlon so that a ~
Ry =

arities are unimportant, whereas for r << R (such as inside
and near the horizon of a black hole), they dominate. Since

a, ~ M —» quantum effects are negligible for r > 5~ - but

become important near and below the Planck length. Thus,
the black hole horizon is the interesting middle regime,
where classical nonlinearities are large and produce im-
portant effects, which can be trusted in light of quantum
corrections. These nonlinear, quantum-controlled regimes
are where interesting models of inflation, cosmology,
modified gravity, etc. employing these Galileon actions
should be placed.

M—2 (such as in the solar system), classical nonline-
Pl

III. BRANE ORIGINS OF GALILEAN INVARIANCE

The internal Galilean symmetry 7 — 7 + ¢ + b, x* of
the theories we have discussed above can be thought of as
inherited from symmetries of a probe brane floating in a
higher-dimensional flat bulk, in a small field limit [17]. To
see this, consider a 3-brane (3 + 1 spacetime dimensions)
embedded in five-dimensional Minkowski space. Let the

124018-4



MULTIFIELD GALILEONS AND HIGHER CODIMENSION ...

bulk coordinates be X4, ranging over five dimensions, and
let the brane coordinates be x*, ranging over 4 dimensions.
The bulk metric is flat 145, and the embedding of the brane
into the bulk is given by embedding functions X*(x), which
are the dynamical degrees of freedom.

We require the action to be invariant under Poincaré
transformations of the bulk

SpXA = wh X + €, 29)

where €* and antisymmetric w”, are the infinitesimal

parameters of the bulk translations and Lorentz transfor-
mations, respectively. We also require the action to be
gauge invariant under reparametrizations of the brane

8, XA = 1, XA, (30)

where £#(x) is the gauge parameter.
We may use this gauge freedom to fix a unitary gauge

X#(x) = x*, X3(x) = 7(x), 3D

where the index set A has been separated into w along the
brane and X° transverse to the brane. Now,

OpXH = o, x" + wtsm + €X, (32)

and so the Poincaré transformations (29) do not preserve
this gauge. However, the gauge may be restored by making
a gauge transformation §,X* = £”9,x* = £ with the
choice

= -t X" — oty — et (33)

Thus, the combined transformation 6p = 8p + &, leaves
the gauge fixing intact and is a symmetry of the gauge fixed
action. Its action on the remaining field 7 is

Opm = —wh,x"d,m— €*d,m+ wSMx/’“
—wtsmd, Tt €. (34)

The first two terms correspond to unbroken four-
dimensional Poincaré invariance, the second two terms
correspond to the broken boosts (which will become the
Galilean symmetry for small 7r), and the fifth term is the
shift symmetry corresponding to the broken translations in
the fifth direction.

In total, the group ISO(1,4) is broken to ISO(1, 3).
Renaming w°, = w, and € = €, we obtain the internal
relativistic invariance under which 7 transforms like a
Goldstone boson

OpTm = w,x* — ok, m+ € 35)

o

This is the relativistic version of the internal Galilean
invariance we have been considering. It is the symmetry
of theories describing the motion of a brane in a flat
bulk, such as DBI. The nonrelativistic limit corresponds
to taking the small 7 limit, and in this limit the relativ-
istic invariance reduces to the nonrelativistic Galilean
invariance
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Opm = w,x* + € (36)

This codimension one construction immediately suggests
a generalization. Consider codimension greater than one,
so that there will be more than one 7 field. Let the bulk
coordinates be X4, ranging over D dimensions, and let
the brane coordinates be x*, ranging over d dimensions,
so that the codimension is N = D — d. The relevant
action will still be invariant under the Poincaré trans-
formations (29) and the gauge reparameterization sym-
metries (30), and we may use this gauge freedom to fix a
unitary gauge

X*(x) = x*, X'(x) = 7'(x), (37)

where the I part of the index A represents directions
transverse to the brane. Once again the Poincaré trans-
formations (29) do not preserve this gauge, since

SpXH = wh X" + ot + et (38)

but the gauge can be restored by making a gauge trans-
formation, §,X* = £7d,x* = &£+, with the choice

= -t x" — o* Tl — et (39)

Thus, the combined transformation &p = 0p + 5,
leaves the gauge fixing intact and is a symmetry of the
gauge fixed action. Its action on the remaining fields
! is
I _ I _ 1 I
opm = —w* x"d,m — e"d, 7 + w  xH
—w“lﬂjaﬂwl+61+wlj7rj. (40)

The first five terms are obvious generalizations of those
in (34), while the last term is new to codimension
greater than one and corresponds to the unbroken
SO(N) symmetry in the transverse directions. In total,
the group ISO(1,D — 1) is broken to I1SO(1,d — 1) X
SO(N).

Taking the small 7! limit, we find the extended non-
relativistic internal Galilean invariance under which the 7/
transform:

Spm! = w!

WXt e+ ol 41)
This consists of a Galilean invariance acting on each of the
a! as in (21), and, importantly as we shall see, an extra
internal SO(N) rotation symmetry under which the 7’s
transform as a vector.

To obtain the multifield actions invariant under (41), we
must choose the tensor S in (21), so that it is invariant under
SO(N) rotations acting on all its indices. Equivalently, we
must contract up the 7, J, . .. indices on the fields with each
other using &;;, the only SO(N) invariant tensor (contract-
ing with the epsilon tensor would give a vanishing action).
This simple fact immediately rules out all the Lagrangians
with an odd number of 7 fields, including the DGP cubic
term. For an even number of 7 fields, there are naively two
different contractions we can make. On the one hand, we
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may contract together the two 7’s appearing with single
derivatives and then the remaining 7’s in any way (the
symmetry of n#171#272 " “a¥n under interchange of u v pairs
with each other makes these all equivalent). On the other
hand, we may contract each of the single derivative 7’s
with a double derivative 7. By integrating by parts one of
the double derivatives in one of the contractions 97! 99,
it is straightforward to show that this second method of
contracting the indices is actually equivalent to the first, up
to a total derivative. Thus the unique multifield Galileon
can be written

£n+1 = ppt ViR By
I I ..
X (amﬂ- 0y, 71,004, 0,,720,,0,, 7,

X a.u'rz—layn—l77.1”71alu’na’}nﬂ-l )' (42)

n—1

In four dimensions, there are now therefore only two
possible terms: the kinetic term and a fourth order interac-
tion term’

.£2 = a,u’iTIa/'LW[,

Ly=0,70,m(3"d,m 0" 0P m; — 0*9" 7' Omr)
1
+ EGMWIGMWI(DWJDWJ — 9,0, 9" 9P 7). (43)

In particular, it is important to note that both the cubic and
quintic terms are absent.

This represents an intriguing four-dimensional scalar
field theory: there is a single possible interaction term
and thus a single free coupling constant (as in, for example,
Yang-Mills theory). Of course there are other possible
terms compatible with the symmetries, namely, those
which contain two derivatives on every field, and where
the field indices are contracted. However, the quartic term
above is the only one with six derivatives and four fields.
All other Galilean-invariant terms have at least two deriva-
tives per field. Thus, as argued in the introduction, there
can exist regimes in which the above quartic term is the
only one which is important. Furthermore, as will be shown
in Sec. VI, this term is not renormalized to any order in
perturbation theory, so classical calculations in these inter-
esting regimes are in fact exact.

To fully specify the theory, it is necessary to couple the
ar fields to matter. The simple linear coupling 7/ T, where
T =m,,TH" is the trace of the energy-momentum tensor,
used in [20], does not respect the SO(N) symmetry of the
multi-Galileon Lagrangian. There are, of course, many
other couplings that do respect this symmetry. The simplest
of these is 77/ 7, T, but this has its own drawback, namely,
that it does not respect the Galilean symmetry. To leading
order in an expansion in 77/, a coupling that respects both

As we were completing the draft of this paper, we received
[19], where these exact terms are also considered.
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the internal SO(N) symmetry and the Galilean symmetry is
given by

7o, Th, (44)

where T} is the energy-momentum tensor computed us-
ing the flat four-dimensional metric 7,,. Indeed such a
coupling will naturally emerge from a minimal coupling
L vaer(8 00> ) to brane matter .

These terms will be important in discussing the phe-
nomenology of multi-Galileon theories, but we shall not
need to discuss them further in this paper, except for a brief
comment when we treat quantum corrections in Sec. VI.

IV. HIGHER CO-DIMENSION
BRANES AND ACTIONS

In this section, we show how to construct Galilean and
internally relativistic invariant scalar field actions from the
higher-dimensional probe-brane prescription. This was
done in [17] for the codimension one case, and here we
extend that approach to higher codimension.

In the codimension 1 case, to obtain an action invariant
under the Galilean symmetry (36), we need only construct
an action for the embedding of a brane X“(x), which is
invariant under the reparametrizations (30) and the
Poincaré transformations (29). The reparametrizations
force the action to be a diffeomorphism scalar constructed
out of the induced metric g, = gxi: %GAB(X), where
G,p is the bulk metric as a function of the embedding
variables X“. Poincaré invariance then requires the bulk
metric to be the flat Minkowski metric G45(X) = n4p.
Fixing the gauge X*(x) = x* then fixes the induced metric

8uv = Muy T 9,73, 45)

Any action which is a diffeomorphism scalar, evaluated on
this metric, will yield an action for 77 having the internal
Poincaré invariance (36), in addition to the usual four-
dimensional spacetime Poincaré invariance. The ingre-
dients available to construct such an action are the metric
guv- the covariant derivative V,, compatible with the in-
duced metric, the Riemann curvature tensor R”;,,
sponding to this derivative, and the extrinsic curvature K,
of the embedding. Thus, the most general action is

S = /d4x\/—gF(ng v,w Rpo‘,uw Kﬂv)lnganrBMm?,,ﬂ"
(46)

corre-

For example, the DBI action arises from

fd4x —g— [d“xﬂl + (9m)% 47)

To recover a Galilean-invariant action, with the symme-
try (36), we have only to take the small 7 limit. For
example, the DBI action above yields the kinetic term
L, in this limit. The DGP cubic term comes from the
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action ~./=gg"”K,,,. Note that this in this construction
the brane is merely a probe brane and no decoupling limit
is taken, which is fundamentally different from what oc-
curs in the decoupling limit of DGP (for the effect of higher
order curvature terms in DGP, see, for example, [21]).

To generalize this prescription to higher codimension,
we must now consider diffeomorphism scalars constructed
from the induced metric

gp,v = 77,w + a;1,77-181/77-1' (48)

A much more difficult question concerns the ingredients
from which to construct the action, i.e. the geometric
quantities associated with a higher codimension brane.
We review the details of how to identify these in
Appendix A. The main difference from the codimension
one case is that the extrinsic curvature now carries an extra
index K ;'L,,. The i index runs over the number of codimen-
sions and is associated with an orthonormal basis in the
normal bundle to the hypersurface. In addition, the cova-
riant derivative V,, has a connection ,8; ; that acts on the i
index. For example, the covariant derivative of the extrinsic
curvature reads

V, Ki

oKy = 9,K;

oKy = T9,Ki, —T9,Kiy + B Kl (49)

The connection ,BL ; is antisymmetric in its ¢, j indices and
so is a new feature appearing in codimensions = 2; it

vanishes in codimension one. It has an associated curvature
R}, Therefore, an action of the form

S = [d“x«/—gF(gW, V. Rim,,, RP 4 KLy)

(50)

|gp.V:7],LLV+8}/.7TIaV7TI

will have the required relativistic symmetry (40), and its
small field limit will have the Galilean invariance (41).

A. Brane quantities

To evaluate the action (50), it is necessary to know how
to express the various geometric quantities in terms of the
1
o .

The tangent vectors to the brane are

XA 57 A=v
A — % )
€T {aﬂwl A=1, (1)
and the induced metric is
g/U/ = eA,ueanB = 77/U/ + 8/1,77181/771’ (52)

where the / index is raised and lowered with &;;. The
inverse metric can then be written as a power series

gt =t — ot 9V + O(7?). (53)

To find the (orthonormal) normal vectors n# (the index i
takes the same values as /, but it is the orthonormal frame
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index, whereas [ is the transverse coordinate index), we
solve the defining equations

et ynfnag =0, ntin¥nap = 8. (54)
The first equation tells us that
_ [ A=p,
i {”n A=1, (53)

where n;; are the as yet undetermined A = I components
of ny;. The second equation of (54) then gives

8, = n’,.nfj(aﬂw,a#w, + ;). (56)
Thus, the n! must be chosen to be vielbeins of the trans-
verse “‘metric” g;; = 9, 70", + 5;;. The ambiguity in
this choice due to local O(N) transformations reflects the
freedom to change orthonormal basis in the normal space
of the brane. The vielbeins summed over their Lorentz
indices i, j give the inverse of the metric to g;;, which
expanded in powers of 7 gives

nlin’ ;67 = 8" — o, ot + O(m*). (57)
The metric determinant can be expanded as
1
Jg=1+ 58’“77'18“771 + O(7*), (58)
and the extrinsic curvature is

— LA B
Kip,v =e€ ,u,e VvAnBi

eBVaMnBi
=d,n,; +a,7d,ny,
—8#(n1,-6,,771) + 8,,7718Mn1i

= _n”a#ayﬂl. (59)

Finally, the twist connection is
Buij = n®e" Nang;
= n®,0,np,
=n";0,n,; + nliéﬂnlj
= 9"7'n;0,(0,7 ny;) + nld,ny,
= (8" + 9,7 9" 7 )ny;0 yng; + npng0"w o, 0,07
(60)

The action (50) is an SO(N) scalar and so will not
depend on how the n/; are chosen.

B. Lovelock terms and the probe-brane prescription

A general choice for the action (50) will not lead to
scalar field equations that are second order. One of the key
insights of de Rham and Tolley [17] is that the actions that
do lead to second-order equations are precisely those that
are related to Lovelock invariants. It is well-known that the
possible extensions of Einstein gravity which remain sec-
ond order are given by the famous Lovelock terms [22].
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These terms are combinations of powers of the Riemann
tensor, which are dimensional continuations of character-
istic classes. We summarize some properties of these terms
in Appendix B. The problem of finding extensions of the 7
Lagrangian which possess second-order equations of mo-
tion is therefore equivalent to the problem of finding ex-
tensions of higher-dimensional Einstein gravity which
have second-order equations of motion.

In the presence of lower-dimensional hypersurfaces or
branes, Lovelock gravity in the bulk must be supplemented
by terms which depend on the intrinsic and extrinsic ge-
ometry of the brane. These additional surface terms are
required in order to ensure that the variational problem of
the combined brane/bulk system is well posed [23]. The
variation of the surface term precisely cancels the higher-
derivative variations on the surface which would otherwise
appear in the equations of motion. For the case of Einstein
gravity, these considerations lead one to supplement the
Einstein-Hilbert Lagrangian by the Gibbons-Hawking-
York boundary term [24,25]

S = f d*x/=gR + 2/d3y\/—_hl(, 61)
M

where x, y are the bulk and brane coordinates, respectively,
R is the Ricci scalar of the bulk metric g, and K is the trace
of the extrinsic curvature of the induced metric 4 on the
brane.

The addition of Gibbons-Hawking-York boundary terms
is closely related to the issue of matching conditions for the
bulk metric. When there are distributional sources of stress
energy supported on the brane, the extrinsic curvatures on
either side of the brane must be related to the brane stress
energy in a specific way. This relationship can be derived
by supplementing (61) by an action for the brane matter,
then varying with respect to the bulk and induced metrics.

Similarly, boundary terms (Myers terms) for the
Lovelock invariants must be added [26,27]. The prescrip-
tion of [17] is as follows: the d-dimensional single-field
Galileon terms with an even number N of 7’s are obtained
from the (N — 2)th Lovelock term on the brane, con-
structed from the brane metric (see Appendix B for num-
bering convention of the Lovelock terms). The terms with
an odd number N of 7’s are obtained from the boundary
term of the (N — 1)th d + 1 dimensional bulk Lovelock
term. For instance, in d = 4, the kinetic term with two 7’s
is obtained from /=g on the brane; the cubic 7 term is
obtained from the Gibbons-Hawking-York term ,/=gK;
the quartic term is obtained from ,/=gR; and the quintic
term arises from the boundary term of the bulk Gauss-
Bonnet invariant. There are no further nontrivial Lovelock
terms for d = 4 in either the brane or the bulk, correspond-
ing to the fact that there are no further nontrivial Galileon
terms.

Our goal is to build upon this prescription and extend it
to higher codimension. For this, we need the corresponding

PHYSICAL REVIEW D 82, 124018 (2010)

higher-codimension boundary terms induced by the bulk
Lovelock invariants. These were studied by Charmousis
and Zegers [28], who found that, despite the freedom to
specify a fairly general bulk gravitational theory and num-
ber of extra dimensions, the resulting four-dimensional
terms are surprisingly constrained, corresponding to the
fact that the multi-Galileon action is essentially unique.

The summary of brane terms claimed in [28], for a brane

of dimension d = 4, is as follows:

(1) If the codimension N is odd and N # 3, one obtains
the dimensional continuation of the Gibbons-
Hawking-York and Myers terms, with the extrinsic
curvature replaced by a distinguished normal com-
ponent of K jw. When N = 3, there are additional
terms involving the extrinsic curvature, and the
boundary term is not the dimensional continuation
of the Myers term.

(i1) If N is even (see also [29]),

If N = 2, then the boundary terms include only a brane

cosmological constant and the following term

Ly—, = /=gRlg]l — (K')* + K,,,K}'"). (62)

If N> 2, the boundary term includes only a brane
cosmological constant and an induced Einstein-Hilbert
term.

In what follows, we will restrict to the even codimension
case, since it is unclear to us how the normal components in
the odd terms are to be interpreted.

C. Recovering the multifield Galileon

As we saw in the previous subsection, the unique brane
action in four dimensions for even codimension = 4 is

s = f & "F(—ar + auR). 63)

The Galileon action is obtained by substituting g, =
Nuy T 0 MW’ d,m; and expanding each term to lowest non-
trivial order in 7. The cosmological constant term yields
an O(7) piece, and the Einstein-Hilbert term yields an
O(7*) piece. Up to total derivatives, we have®

A nice way to expand the Einstein-Hilbert term is to think in
terms of a metric perturbation g, = 1,, + h,,, where h,, =
a M?TI d,m;, as in weak-field studies of general relativity. Then
fourth order in 77 is second order in /,,,,, but the second order in
h,, is just the familiar Lagrangian for a massless graviton

1 1
%62(, /—gR) = — 1 Arhy, 0N + 5 3, hyp 0" hH

1 1
- Eaﬂhﬂ d,h + ZaAhaAh

+ (total derivative).

Evaluating this on £, = 9 M'zr’ d, 7 gives (apart from the total
derivative) the coefficient of a, in (64).
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1
S = ‘[d“xl:—azzalﬂrla”ﬂ', +ago, o,
X (907,017 ) — aMan,Dw,)]. (64)
Again, by adding a total derivative, we can see that the ay

term is proportional to the fourth order term (44), so we
recover the four-dimensional multifield Galileon model

1 1
S = fd4x|:—§a2£2 + §a4£4:|. (65)
The equations of motion are
oS
o a0+ ay[Om(3,0, 7,0 0" 7 — Oz’ Ory)
™

+29,0,m/(0* 9" 7,07 — 0% 0,7,0"9*7')]. (66)

For codimension two, there is the additional K? part to
the boundary term. This cancels the contribution from the
Ricci scalar and thus yields nothing new. Therefore, (64) is
the unique multi-Galileon term in four dimensions and any
even codimension. Keeping all orders in 77 would lead to a
relativistically invariant action, a multifield generalization
of DBI with second-order equations.

V. DE SITTER SOLUTIONS OF THE UNIQUE
FOURTH ORDER ACTION

While the main aim of this paper is a derivation of the
unique multi-Galileon action and its origin in the geometry
of braneworlds in codimension greater than one, it is worth
exploring the simplest properties of the resulting theories.
Perhaps the most straightforward question to ask concerns
the nature of maximally symmetric solutions to the equa-
tions of motion. If the Galileon were being used to describe
a modification to gravity, the interest would be in scalar
field profiles that correspond to a gravitational de Sitter
background solution. As was argued in [3,5] for the single-
field Galileons, these profiles take the form ~x*x,, at short
distances, where x* is the spacetime coordinate. In fact,
this is easy to see geometrically; a de Sitter 3-brane can be
embedded in five-dimensional Minkowski space via the
equation X4X, = R?, where R is the radius of the de
Sitter space. Thus, taking x* = X* as the brane coordi-
nates and y = X° as the transverse coordinate, the 7
profile is

RZ — xhy, =~ ﬁx“xﬂ + constant, (67)

T~y = P

where we have expanded for short distances. The constant
can be ignored due to the shift symmetry of 7.
Thus we consider the ansatz

= Alxty (68)

MJ
where A’ are constants. This corresponds to a de Sitter

brane bending along some general transverse direction. It
is easy to see that (66) then yields the condition
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a2A1 - 24a4A1A2 = 0, (69)

where A2 = A’A,. A nontrivial solution requires setting
A2 =2 70
24614 ( )

and exists if and only if a, and a4 have the same sign.

To study the stability of these solutions, we expand the
field in fluctuations about the de Sitter solution, setting
! = Alxtx, + 8x'. The part of the action quadratic in
fluctuations reads

£ O(572) = 48614A1AJ(9M7T1(")”’7TJ. (71)

Since A;A; is a matrix of rank 1, only one of the 7 fields
propagates on this background. No new degrees of freedom
appear (contrary to the situation, for example, in massive
gravity, where a sixth degree of freedom appears around
nontrivial backgrounds). This is a general feature of
Galileon-type theories—the second-order property of the
equations guarantee that no new degrees of freedom propa-
gate around nontrivial backgrounds.

However, since A;A; is a positive matrix, our degree of
freedom is a ghost if a4 > 0, signaling that this solution is
unstable.” If a, > 0, so that there is no ghost around flat
space, then we must have a, > 0 for a nontrivial de Sitter
solution to exist, and hence there will be a ghost around the
de Sitter solution. If we choose a4 < 0 to avoid the ghost
around de Sitter, then we necessarily have a, < 0, and the
ghost reappears around flat space.

VI. QUANTUM PROPERTIES
AND NONRENORMALIZATION

One of the most interesting properties of the Galileon
actions is their stability under quantum corrections (dis-
cussed for the special case of a single-field cubic term in
[2]). In this section, we show that, in any theory with
Galilean symmetry on each field, the general multifield
scalar Galileon term receives no quantum corrections, to
any order in perturbation theory, in any number of
dimensions.

Consider an effective field theory for scalars 77/ invariant
under individual Galilean transformations 7/ — 7/ + ¢! +
b! x* (in this section we remain more general and do not
impose any additional internal symmetries among the 7
fields). The classical action may contain the general multi-
field scalar Galileon terms (21),

~ v Vart MV
£H+1 S[]Iz"'1n+1nlul 1MV Uy Yy
arlnet h ... aln
X ( a,“«] aVI a,uzaVz aMnaVn )’ (72)

with Sy 7,...; ., @ symmetric constant tensor. These are the
only terms that yield second-order equations of motion and
are the only n-field terms that contain 2n — 2 derivatives.

"Note that we use the (=, +, +, +) metric convention.
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There are no terms with n fields that contain fewer than
2n — 2 derivatives, but there are plenty of possible
Galilean-invariant terms with = 2n derivatives (i.e. any
term with two or more derivatives on each 7), and we
also allow for the presence of these terms in the classical
action.

Consider quantum corrections by calculating the quan-
tum effective action for the classical field I'(7¢) expanded
about the expectation value () = 0,

[(7) =TO77¢ + TOnememe + - (73)

The term I'™ is calculated in momentum space by sum-
ming all 1PI diagrams with n external 7= lines. The posi-
tion space action is obtained by expanding in powers of the
external momenta and then replacing the momenta with
derivatives. '™ thus contains all terms with n fields and
any number of derivatives, the number of derivatives being
the power of external momenta in the expansion of the
n-point 1PI diagram.

To show that the terms (72) do not receive quantum
corrections, we argue that all n-point diagrams, con-
structed with vertices drawn from the classical action,
contain at least 2n powers of the external momenta. To
do this, we show that each external line contributes at least
two powers of the external momenta.

Focus on any given vertex connected to external lines, as
depicted in Fig. 1. If the external lines hit only the ddm
pieces (this encompasses the case where the vertex is
drawn from non-Galileon terms, i.e. terms with at least
two derivatives on every ), then the vertex will contribute
two powers of momentum for each external line. The other
possibility is that one of the external lines hits the undiffer-
entiated 77 in a vertex of the form (72). Suppose there are m
external lines, then the contraction looks like

— v Uyttt U,V
£n+1 S1112' nlu'l LMV e Yy

Ly
Ly I ..
X (WeXt a:U’]ayl Text a.U'm*laymfl
L1 L o Iy
X T 04, 00, T+ 00, 0, i) (74)

Using the antisymmetry of 7, we may write the part
containing 7, as a double total derivative

~ v Vo g Y,
£n+1 S[]IZ.“I”JHT’.“I LMoV ey Py

L1 L.
X (We;l(t a,U«I aVl Text aﬂm—lan—l

Iﬂl In
X [l 34,00, 7). 75)

nt

In—1
Text O, 9y,

The Feynman rule for this contraction therefore contains
two factors of the sum of the internal momenta »_ p;,.. By
momentum conservation at each vertex, we can trade these
for the external momenta — Y p.,.. This adds two powers
of pey to the count, making up for the undifferentiated 7
and bringing the total to 2n.

This means that the expansion of the n-point diagram in
powers of external momenta must start at order = 2n, so
the terms of the form (72), which have 2n — 2 derivatives,
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FIG. 1.

A general Feynman diagram and vertex potentially
contributing to quantum corrections to the Galileon terms. As
we prove, such corrections vanish in these theories.

cannot receive new contributions. This holds at all loops in
perturbation theory and regardless of any other terms of the
form (997r)P°"" that are present in the classical action.
Note that the kinetic term is of the form (72), so there is no
wave function renormalization in these theories.

This nonrenormalization theorem is not a consequence
of a symmetry of the theories. In quantum field theory, we
are used to seeing terms vanish or stay naturally small
because of symmetry, but here the terms (72) are compat-
ible with the symmetries and yet still do not receive quan-
tum corrections. The situation is more analogous to that in
supersymmetric theories, where superpotentials do not
receive quantum corrections even though they are compat-
ible with supersymmetry. In the supersymmetric case there
is an underlying reason, namely, holomorphy of the super-
potential. Here, the reason seems to be that the Galileon
terms just do not contain sufficient numbers of derivatives,
yet still manage to be Galilean invariant.

These conclusions may be changed when couplings to
matter, as mentioned in Sec. III, are included. However,
any corrections to the Galileon terms must be proportional
to the 7r-matter coupling and thus must go to zero as these
couplings do. In particular, in applications to modified
gravity, couplings to matter will typically be Planck-
suppressed.

VII. CONCLUSIONS

Brane-world models with induced gravity have been
extensively studied in codimension one. The relevant ac-
tion contains a nonlinear cubic interaction which yields
interesting cosmological phenomenology and strict con-
straints from local tests of gravity. In this paper, we have
systematically extended this idea to higher codimension
and have explored the origin of the allowed terms and the
symmetry group under which they transform, in the geo-
metric terms arising in the action for the brane in the
higher-dimensional space. The relevant terms are
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generalizations of those obtained in [17] and are related to
the bulk Lovelock terms and their associated boundary
actions.

The existence of more than one extra spatial dimension
allows for multiple brane bending modes and correspond-
ingly the four-dimensional effective theory contains mul-
tiple Galileon fields. Interestingly, the residual symmetry
group of this theory contains an internal SO(N) subgroup
that forbids nonlinear interactions with odd numbers of
Galileon fields. Thus, the usual Galileon term does not
remain in higher codimension. Instead what results is a
highly constrained theory with a single coupling constant,
governing the strength of a unique nonlinear quartic de-
rivative interaction. We have further proved a general non-
renormalization theorem, which demonstrates that in any
number of codimensions, the resulting Galileon theory
contains only terms that receive no quantum corrections
at any loop in perturbation theory.

Multi-Galileon theories in principle possess a rich and
interesting phenomenology. While not the main thrust of
this paper, we have initiated such a study by considering
the simplest example of maximally symmetric back-
grounds. For suitable choices of signs of the coupling
constants, we have demonstrated the existence of a
de Sitter background and have explored the stability of
the theory around it. The result is a generalization of the
familiar DGP case of a ghost in the accelerating branch.
More precisely, we demonstrate that when the de Sitter
solution exists, then it is possible for either it or the flat
space solution to be ghost-free but not both. The implica-
tions of this result for self-accelerating cosmologies from
multi-Galileon theories remain to be seen.
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APPENDIX A: MATHEMATICS OF HIGHER
CO-DIMENSION HYPERSURFACES

Here we describe the formalism necessary to deal with
submanifolds of higher codimension. The geometric setup
is shown in Fig. 2.

1. Submanifolds and adapted basis

Let 2M be a manifold of dimension D, with coordinates
XA, We describe an d-dimensional submanifold N of M
as the locus of zeros of N = D — d functions

#'(X)=0, I=1...N. (A1)
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sheets of constant z*
/

brane at ¢! = 0

/

sheets of constant ¢!

FIG. 2. The geometric setup for a higher codimension brane.

The level sets of ¢! give a foliation of M into a family of
d-dimensional submanifolds, of which /N is a member.
The submanifolds have codimension N.

We now describe a new set of coordinates on M,
adapted to the foliation. First, set up coordinates x*,
pm=1...d, on N. Now set up functions x*(X), which
are independent of the ¢/(X) and each other, and whose
values on N coincide with the coordinates x on JN'. The
level sets of the x*(X) will define a congruence of curves
intersecting all the submanifolds. We use this congruence
to assign coordinates on all the other submanifolds from
those on N, so that the coordinates are given by x*. The
x* along with the ¢! now form a new coordinate system on
M. We have a transformation from these new coordinates
to the old coordinates X4,

XA (x#, ¢7), ¢! (X4), X (XA). (A2)
The basis vectors of this new coordinate system are

axA axA
A — A =7

¢ 1 a¢1r e " ax’u“ . (A3)

The basis one forms are
agp! dx
I — 5w o—
P oxa AT T o A9

(We have put a tilde on &, because later we will introduce

a metric and use normal vectors in place of ¢#, so the dual

basis will have to change, at which point we will use e,*.)
They satisfy duality and completeness relations

A J — sJ A 5 v — Sv
¢4, = 8y, e’ e, =6y,

A 5 A I (A3)
Pt =et =0,

¢A1¢Bl + eA,uEBM = SAB' (A6)
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2. Metric

Now suppose there is a bulk metric G ,5. The metric can
have any signature, but we demand that the foliation be
non-null. There is now a well defined normal subspace of
the tangent space of M at each point, which may be
different from the subspace defined by the congruence,
which is spanned by ¢*,. We set up a basis consisting of
N orthonormal normal vectors nAl-, as well as the e* e
which are not required to be orthonormal among them-
selves.

A GABeAanB]- = 0.

B _—
GABI’l in j - 7]['/'; (A7)
Here 7;; is the N-dimensional flat Minkowski or Euclidean
metric carrying whatever signature the transverse space
has. We define the associated dual forms e,*, n,’, at

each point

Ay j=g§l A —
ntin, = &, et et =06,4
A w4 i (A8)
n“e,t=etyn, = 0.
A iy LA — SA
nting' + et ept = 6%, (A9)

This choice of basis is unique up to local orthogonal
rotations in the normal space.

3. Parallel and normal tensors

First, we consider tensors which are parallel to the
submanifold N". A vector V4 is parallel if it admits the
decomposition V4 = V#eA A form V, is parallel if it
admits the decomposition V4 =V, e,*. (Notice that, un-
like a vector, the notion of a form being parallel depends on
the dual basis, will change if the dual basis is changed, and
hence depends on the metric.) Similarly, a general tensor
TAB- . is parallel if it admits an analogous decomposition

TABMC.., — A/U/...pmeA eBVecp ..

B (A10)

There is a bijective relation between tensors on the sub-
manifold N (really a N-parameter family of tensors, one
on each surface, parametrized by ¢’) and parallel tensors
in the bulk. Given a parallel bulk tensor 748+ . | it corre-
sponds to the submanifold tensor A*”, and vice versa.

Define the projection tensor
PAy = 84 — nfingl. (A11)

L

p..

It projects the tangent space of M onto the tangent space
of N, along the subspace spanned by n,. It satisfies

PA.PC, = PA,, (A12)
PAgeB, =et,, PAgnB, =0, (A13)
Plge,t = egh, Pign,’ = (A14)
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Given any bulk tensor, 745 . | we can make a parallel
tensor by projecting it along all its indices

TIAB... = pA pPB PF .. -TPE- | (A15)

A tensor is parallel if and only if it is equal to its projection.
We have the relation

et et = Py (A16)
Projecting the metric gives the induced metric A5 on

the hypersurfaces, whose intrinsic components we denote
gp,w
— pC pD -
hap = P, P7pGep = guveptep”,
A B A B (AL7)

g;u/ =e€ ,u.e VhAB =e /.Le v8AB-
We raise and lower bulk indices A, B, ... with G5 and its
inverse G2, and we raise and lower submanifold indices
W, v, ... with g, and its inverse g#”. We raise and lower
perpendicular indices i, j, ... using n;; and its inverse 7.
In particular, we have

gMVGABeBV = eAM’ 7lll.J'C;ABnBj = nAi: (AIS)
8, G¥Bey” = et 7,;G¥ngl = nt.  (A19)

as well as
GacPCy = hyp, GACPBC = hAB, (A20)

We next consider tensors which are normal to the sub-
manifolds. A vector V4 is normal if it admits the decom-
position V4 = VipA.. A form V, is normal if it admits the

decomposition V, = V;n,'. Similarly, a general tensor
TAB- . is normal if it admits an analogous decomposition

TAB...CW — Aijmk...nAinBank . (AZ])
Define another projection tensor
Plp =85 — ' yep. (A22)

It projects the tangent space of M onto the normal space of
N, along the tangent space. It satisfies

P?.CPEB = P?.B’ (A23)
PhpnB = nt, Pigef, =0 (A24)
P, = ng', Pl et = 0. (A25)

Given any bulk tensor, e.g. 745, | we can make a
normal tensor by projecting it

TlAB'"C... — PiDPﬁg_EP}iC e TDE"'F‘_.. (A26)

A tensor is normal if and only if it is equal to its normal
projection.
We have the relations

A, i — pA
ning' = P,

(A27)
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PAPCy = PA.PS, =0, (A28)

PA,+ PAy =84y (A29)

We may also define mixed tensors, with some indices
tangent and others normal. Such a tensor 74" 5. . €.,
where the first group of indices A---,B--- are to be
tangent and the second group C---, D - - - are to be nor-

mal, is one that admits the decomposition

A C- — T 0 A o VveeopnC ooy ...
T B D T Yoo je €p n-. np

yn
(A30)

A general tensor can always be decomposed into paral-
lel, normal, and mixed components. For example, a general
(1, 1) tensor T4 5 can be written
i

A — A, v A
T%p =TF, e yeg” + TH e yng

+ T ntiepgh + T in g, (A31)

4. Induced connections

Consider now the covariant derivatives of a vector in the
parallel directions. This is a quantity which is well defined
on the brane itself, i.e. the vector need only be defined on
the brane. Starting from the covariant derivatives of a
parallel vector in the parallel directions, we may expand
the result into tangent and normal directions via the Gauss-
Weingarten relation

B, Vpet, =Th,et, — Ki,,n",. (A32)
Here I'%,, and K!

uv are defined as the expansion coeffi-
cients, equal to

I, =e,re? Vet (A33)

K., = —ny'e? Vget, (A34)

It is straightforward to show that I‘ZV transforms as a
connection under changes in the brane coordinates x*, and
it is in fact precisely the Levi-Civita connection of the
induced metric g,

1
Iy ==8M9,8u + 9,800 — 91&ur)- (A35)

2

The quantity K, , transforms as a tensor in its x» indices
under changes in the brane coordinates and as a vector in
its 7 index under orthogonal changes in the frame n;. It is
called the extrinsic curvature. We can also write it as

K, =Vgn,'e? e, (A36)

by using the relation Vz(n,’e?,) = 0. The extrinsic cur-
vature is symmetric

K., =K, (A37)
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which can be easily shown by noting that the basis vectors
have zero lie bracket, hence e#,Vget | = €8, Vet . We

"
also have
. . 1
K}, = Vng'et ef, = EeA/LeB,,ﬁniGAB. (A38)
Its trace is given by
K= g"“’KL,, =V, nAl. (A39)

Note that in higher codimension, the extrinsic curvature
gains another index i. There is one extrinsic curvature
component for each normal direction.

Next consider the covariant derivatives of a normal
vector in the parallel directions and expand the result
into normal and tangent directions

B, Vpnt, = Bnt; + K, "et, (A40)
Here ,8{” and K; " are defined as the expansion coeffi-
cients, equal to
j o
i

nyle? ,Vpnt, (A41)

v — v,B A
K" = e, e” ,Vpn,.

(A42)

The K,,"” are again the extrinsic curvature, with indices
raised and lowered as shown.

The ,BLI. transform as a connection under orthogonal
changes in the frame n*;. It is called the rwist connection
and is the metric connection on the normal bundle, metric
compatibility being expressed as the antisymmetry relation

B];Ljnki = —Bﬁmkj- (A43)
The twist connection vanishes identically in codimension
one, so it is an essentially higher codimension object.
Using the connection on the tangent bundle I';, and the
connection ,BLI- on the normal bundle, we can define co-
variant derivatives D . Acting on a general mixed tensor

TE 0

DT, =0, TH A DT,
N
+ BT
— BRI = (A44)

The covariant derivative DpT“"',,..,""' j... transforms as a
tensor, in the manner indicated by its indices.

5. Curvatures

By commutating the covariant derivatives, we arrive at
curvature tensors
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[D,, DTP" 0 = DRe TR

— (A RA Tﬁ"'/\mi"' =

J

L)pi e ke
+ R TP

ouy

— Rk, TP 7 =
(A45)
where the curvatures are defined as

(d)Rp«nw =09, —0,e+ Ffu\rﬁo —I e

(A46)

(J—)le,uu =0,B; = 9,6, t Bfukﬁ];j - lyk,BZj- (A47)
These are antisymmetric in their first two indices and in
their last two indices and transform as tensors.

The bulk curvature components, which can be deter-
mined from data localized solely on the brane, can be
written in terms of brane quantities. The relations are the
Gauss, Codazzi, and Ricci equations, respectively,

RABCDeC,u,eDVeApeBO' = (d)Rpo',uV + K;LU'Kin - KioKi,u,p

(A48)

RABCDeC,ueD,,eBpnAi = DVK,{Lp - D;LK;;p (A49)
RABCDeC;LeDVnAjnBi = (L)Rjip,v + KiuijVP

— K, K}, (A50)

The final equation only appears in codimension >1.
Recall that in these expressions the covariant derivative
must also act on i, j - - - indices, via the connection ,8; i

APPENDIX B: LOVELOCK TERMS
Let the dimension be D. For even N = 2, define

1

(N) — My oy —1 My v v
L0 = s NS R,

V3lq o oo
X Rl’«s#a R/-LN—hU«N

wem o (Bl)

The delta symbol is defined as
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Bttt = S 542 - st ol
5:;/‘11 5gn1

=% o | BY
oy e o

It is antisymmetric in the p’s, antisymmetric in the »’s, and
symmetric under the interchange of any u, v pair with
another. For n = m it satisfies the identity

vy, (l’l - m)' = . e
otitotn, =TT - = i) Joticict,
: i=1
(B3)

as well as identities obtained by expanding out the deter-
minant above in minors, such as the following

1
Mpe-Mp M1 QMo M1 qMa.- [
61/[.4.1/"" - ;(61/] 81/2..41/,,” - 81/2 51/]1/34..’;/,1

ok st

1
=~ (ot bty — otyotity
+ o . + (_1)"61;}"]”5:;)"21.:‘;}“;"71). (B4)

The term L™ vanishes identically for N < D (with D
even or odd). For D even, the integral over a compact
oriented Riemannian manifold gives the Euler character-
istic

I
X = f PxflelL?. (Bs)

In particular, this integral does not depend on the metric.

Therefore, for any background metric its variation with

respect to the metric must vanish, and thus the integrand

must be a total derivative /[g] L) = o . (something)*.
The first few terms are

LO=1 O =R

(B6)
L@ =pR2 — 4R,U,VRMV + RMV/\(TR,LLVA(T.
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