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Abstract

n-DBI gravity explicitly breaks Lorentz invariance by the introduction of a unit
time-like vector field, thereby giving rise to an extra (scalar) degree of freedom. We
look for observational consequences of this mode in two setups. Firstly, we compute the
parametrized post-Newtonian (PPN) expansion of the metric to first post-Newtonian
order. Surprisingly, we find that the PPN parameters are exactly the same as in
General Relativity (GR), and no preferred-frame effects are produced. In particular
this means that n-DBI gravity is consistent with all GR solar system experimental tests.
We discuss the origin of such degeneracy between n-DBI gravity and GR, and suggest
it may also hold in higher post-Newtonian order. Secondly, we study gravitational
scalar perturbations of a Friedmann-Robertson-Walker space-time with a cosmological
constant A > 0. In the case of de Sitter space, we show that the scalar mode grows as
the universe expands and, in contrast with a canonical scalar field coupled to GR, it
does not freeze on superhorizon scales.

1 Introduction

After an almost century-old quest, General Relativity (GR) continues to stand as the best
description of gravitational phenomena. Numerous attempts to generalize it have been made,
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motivated either by the development of observational and precision cosmology, by the desire
to make it compatible with quantum mechanics or simply to explore its theoretical properties
and better understand how special and unique it is.

Recently, there has been an increased interest in theories which break the gauge symmetry
of GR (full invariance under coordinate transformations or diffeomorphisms) down to the
sub-group of foliation-preserving diffeomorphisms, mostly motivated by Hotfava’s proposal
[1] of an anisotropic scaling of space and time as an attempt to produce an ultraviolet (UV)
completion of GR, whilst retaining its properties in the infrared (IR).

Any explicit breaking of general diffeomorphism invariance forcefully gives rise to extra
degrees of freedom in a theory of gravity. This violation of Lorentz symmetry is no exception
and induces a scalar mode describing excitations in the foliation structure of space-time.

Another theory in this class, n-DBI gravity [2]-[6], was motivated by scale invariance
and designed to reduce to the Dirac-Born-Infeld (DBI) scalar field theory for homogeneous
conformally flat geometries. Having only two dimensionless parameters, A and ¢, it nicely
accommodates two accelerated epochs mediated by radiation- and matter-dominated periods,
with a natural hierarchy between the two effective cosmological constants [2]. The dynamics
of its scalar mode were extensively studied in [4], where its existence as a full degree of
freedom was established and none of the pathologies associated with similar models were
found. Its physical action, however, remains somewhat elusive.

The purpose of this paper is to explore the physical action and possible observational
consequences of this scalar graviton in n-DBI gravity, and we shall pursue this goal using
two different directions. Firstly we will consider the parametrized post-Newtonian (PPN)
framework applied to n-DBI gravity. Secondly we shall study cosmological perturbations of
n-DBI gravity around Friedmann-Robertson-Walker (FRW) models.

The PPN formalism (see [7] for an overview) is a general framework which allows for a
systematic comparison of different theories of gravity in the weak field, slow velocities regime.
Each theory is then fully characterized by ten dimensionless parameters, each of which can
be ascribed a distinct meaning or effect. Of particular interest to us are the parameters a;
and s, known to be responsible for preferred-frame effects.! They vanish in GR but are
expected to be non-zero in theories with a preferred foliation. Indeed, they were computed in
the context of the IR limit of Hotava-Lifshitz theory [8] (also known as khronometric theory)
and Einstein-aether theory [9]. Given all the free parameters of these theories, however, it is
not very surprising that constraints can be imposed such that the experimental bounds on
a; and ay are obeyed (see [10]-[11] for recent numbers).

n-DBI gravity presents a potentially more interesting scenario since it has only two free
parameters. In [2] the parameters A and g were estimated to be

Ning ~ 107% g~1+10719 (1.1)

IThe parameter a3 belongs to the same category but is necessarily absent in semi-conservative theories,
derived from a covariant Lagrangian.



in order to produce the required orders of magnitude for the scale of inflation and for the late-
time cosmological constant. In particular one observes that the dimensionless parameter A is
small. On the other hand, GR is recovered in the limit A — oo [3]. Since GR is a good theory
in the weak field limit we expect a lower bound for A to be provided by a post-Newtonian
analysis. This makes the PPN analysis for n-DBI gravity particularly interesting, since a
constraint incompatible with the value required by cosmology would rule out the theory
whereas a constraint compatible with that value would increase the appeal of the theory.

The result of our investigation is, in a sense, neither of these two possibilities, which is
rather surprising. We find that there is no constraint on A, g. The central point is that there
is a subclass of solutions of the theory that coincides with those of GR and that exists for
any \,q; these parameters are therefore left unconstrained. This was already observed at
the level of black hole solutions [3, 5]. Herein we observe this subclass of solutions is large
enough to include all of GR at PN level. Hence, n-DBI gravity looks indistinguishable from
GR, at least at first post-Newtonian order, and in particular there are no preferred-frame
effects. In this analysis we conclude the scalar graviton eludes us again.

In the second part of this paper, we look for observational consequences of the scalar
graviton in a different setup: we study scalar perturbations in a time-dependent, spatially
homogeneous and isotropic cosmological model. We start by reviewing the flat space-time
case [4] and then specialize the FRW model to represent a patch of de Sitter space-time. We
study the scalar mode and show that it endows the metric with a spatially-arbitrary pertur-
bation which grows in time as the universe expands. This is a novel feature, suggesting that,
in contrast to a scalar field propagating in a de Sitter universe in GR, the perturbations of
the scalar mode in n-DBI gravity do not freeze on super-horizon scales. This fact may find its
origin in the lack of Lorentz invariance in this model, and introduces a clear distinction with
GR when considering the concept and computation of the density perturbations spectrum
sourced by the scalar mode perturbations.

This paper is organized as follows. A short review of the basic equations of n-DBI gravity,
in one of its formulations [4], is provided in Sec. 2. The PPN analysis is performed in Sec. 3,
wherein a self-contained review of the method is provided, which turns out to be applicable
to the case under study, mutatis mutandis. Sec. 4 is devoted to the analysis of gravitational
scalar perturbations in n-DBI gravity. Concluding remarks and a discussion are presented
in Sec. 5.

2 Basic equations for n-DBI gravity

In the linearized form of [4], n-DBI gravity is defined by the action

1
S =— e /d4z —ge(R —2GyA(€)) + Snatter (2.1)
where we use natural units in which ¢ = 1, Gy is Newton’s constant,

R = R-2V,(n"'V,n"), (2.2)

3



e

Ale) = é—% (ﬁ 1 6_12) : (2.3)

n* is the everywhere normalized time-like vector field defining the space-time foliation, A, ¢
are the two parameters of n-DBI gravity [2] and e is an auxiliary field whose equation of

o= (14 @R)_m . (2.4)

motion reads

6
We will also work in the covariant formulation of n-DBI gravity [4] by defining the vector
field n* through a Stiickelberg field ¢, dubbed khronon field

0
n, = ) : X = g"0,p0,p. (2.5)

For convenience, we denote
J— J— 1%
K. =V,n,, a, =n"Vyn,, (2.6)

where the latter quantity is the acceleration of n, and the trace of K, by K.
Variation of (2.1) with respect to the metric yields the field equations

(& 1 e 1 ma; 1 ma
eR,, = guGnel(e) + (T/w — igWT ) + (T/fu — ig,wT¢) +81Gn (T/w t_ igWT t) )
(2.7)
where
T:, = V.oe—guViose, (2.8)
TS = —Yw (a°0ye +nnV ,0,e) + nyn, (n"n’V,0,e — Kn’0dye + a° 0ye)
+2n, (K,,)U@”e +n7V,y0,e — K@V)e) ) (2.9)
The equation for the khronon field ¢ can be written as the conservation of a current,
VuJh =0, (2.10)
where
V=XJL =2(g" +n"n") (K,;0¢ — Kd,e +nV,0,¢) . (2.11)

This follows from the conservation of the energy-momentum tensor for the khronon field and
is also equivalent to the extra equation of [4] obtained through the time-derivative of the
Hamiltonian constraint which, unlike in GR, is not automatically preserved by time-evolution
in the 3 4+ 1 formulation of n-DBI gravity.

3 PPN framework for n-DBI gravity

n-DBI gravity is a metric theory of gravity (see [7] for a discussion of the postulates obeyed by
metric theories of gravity). As such, the post-Newtonian effects for n-DBI, that are tested by
solar system observations, can be discussed using the parameterized post-Newtonian (PPN)
framework. In this section we discuss the PPN framework and its application to n-DBI
gravity.



3.1 Summary of the PPN framework

The PPN framework (see [7] for an overview) is a perturbative and iterative scheme to
provide a solution of the field equations of a given metric theory of gravity, where it is
assumed there exists a suitable small parameter €, which reflects both a slow-motion and a
weak field limit of the theory. A quantity X is then said to be of order n, denoted O(n), if
it is of order n in e, and the expansion in ¢ is applied to both sides of the field equations.
Concerning the right hand side, matter is usually taken to be a perfect fluid with energy-
momentum
T = (p(1+10) 4+ p)uytsy + pYpuw » (3.1)

where u* = dx"/dr is the 4-velocity of an element of fluid, with 3-velocity v’, p is the rest
mass density of the element, pll is its internal energy density ans p its total pressure. The
following dimensionless quantities are then assumed to have the orders:

d/ot
0/0x

where U is (minus) the Newtonian gravitational potential. In the solar system 2 < 1075

U~vi~p/p~TT~0O(2), ‘ ~0O(1), (3.2)

and thus the perturbative expansion is justified. Observe that time derivatives effectively
increase the order of smallness.

Concerning the left hand side, the metric is expanded around the background cosmolog-
ical solution (Minkowski space-time is a good approximation at the solar system level); the
same applies to any additional fields present in the theory. Requiring a matching with New-
tonian gravity, i.e. considering the Newtonian limit for the given metric theory of gravity
including consistency with its conservation laws, determines the lowest order terms for the
metric coefficients:

Thus, the post-Newtonian corrections appear at order O(4) for goo, O(3) for go; and O(2)
for g;;. The goal of the PPN framework is to compute these corrections for the metric
theory of gravity under study. To do so, a concrete form of the metric is constructed, to
facilitate the comparison between different metric theories of gravity as well as comparison
with experiment. Such form of the metric is obtained in three steps. First, a set of post-
Newtonian potentials is introduced. These potentials are denoted:

q)Wv (I)lv (1)27 (I)37 @4,./4,8 ~ 0(4)7 ‘/Z" WZ ~ 0(3)7 UZ] ~ 0(2)7

where the potentials have been separated according to being scalars, vectors and tensors,
respectively, under the rotation group. These potentials encode the functional dependence
that can arise, to this order, in the metric due to the matter sources, leaving as the only

remaining freedom the coefficients with which the potentials enter the metric.? Second,

2To give a concrete example (the definitions of all post-Newtonian potentials can be found in [7])
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a convenient coordinate system is chosen, called standard post-Newtonian gauge, in which
the spatial part of the metric is isotropic, thus eliminating the potential U;;, and in which
the potential B is gauged away from g¢oo. The PPN metric coefficients then include ten
post-Newtonian corrections and thus ten coefficients are needed:

goo = —14+2U —2BU% — 26Dy + (27 + 2+ az + ¢ — 26) P,y
+2(37 =28+ 1+ G+ )P+ 2(1 + (3)P3 + 2(3y + 3¢ — 28) Py — (G — 26) A
+0(5) (3.4)
goi = —%(47 +3+a1—ar+ G —2)V; — %(1 +ay—G+2)W;+0(4), (3.5)
g = (1+29U)8; +0O(3). (3.6)

The ten constants, called the PPN parameters,
ay, G, (3, 57 Y5 57 Clv C27 C37 C4 )

enter the metric in various linear combinations, designed to provide a cleaner intepretation
for each of the PPN parameters, that we shall discuss shortly. The numerical value of these
parameters can then be established for any theory and compared with experiments. GR, for
instance, has f = v = 1 and all others vanish.

Observe that the next order correction in (3.4)-(3.6) beyond the post-Newtonian terms
- dubbed the post-post Newtonian terms - are of order O(5) for gop, O(4) for go; and O(3)
for g;;; in particular cases, for instance if post-Newtonian energy is conserved, the next non-
trivial term will actually be one order higher: O(6) for go, O(5) for go; and O(4) for g;;. The
natural dissipative effect of relativistic gravity, i.e. gravitational radiation emission, occurs
only at higher order in this expansion.

The metric form (3.4)-(3.6) uses a quasi-Cartesian coordinate system (¢, x), whose outer
regions are at rest with respect to the Universe rest frame, i.e. a frame in which the Universe
appears isotropic. The third and final step is to change to a moving coordinate system, with
velocity w ~ O(1), with respect to the Universe rest frame. This is achieved by performing
a Lorentz transformation, to the appropriate order. The final result for the PPN metric can
still be expressed in standard post-Newtonian gauge, where now all quantities refer to the
new coordinates:

goo = —14+2U —2BU* — 260y + (27 +2+ az + ¢ — 26) P,y
23y =28+ 1+ G+ &)Pa +2(1 + G3)Ps + 2(3y + 3¢ — 2§) Py — (G — 28 A
—(ay — oy — a3)w?U — axw'w/Uy; + (203 — o) w'V; + O(5), (3.7)
1 1
Joi = —5(47+3+041 —as+ G —25)‘/1'—5(1+a2—§1+2§)m
1 . .
—5(041 — 20&2)U)ZU - OKQ’UJ]UZ']' + 0(4) y (38)

It should be understood that there is an infinite number of such possible potentials and thus the chosen
expansion, albeit justified by reasonable arguments, is really an ansatz.



A first observation to interpret the PPN parameters can be obtained by inspection of
(3.7)-(3.9): if any of ay, ag, g are non-zero, there are observable effects that depend on the
velocity w with respect to the preferred frame of the Universe. Thus, the PPN parameters
a1, g, a3 are interpreted as measuring preferred frame effects.

An interpretation of the PPN parameters as, (1, (2, (3, (4 is given by considering energy
momentum conservation at post-Newtonian level: they measure the violation of total energy
and momentum in a metric theory of gravity. It was shown that these parameters vanish for
metric theories of gravity derived from an action principle.

Theories with vanishing o, as, as, (1, (2, (3, (4 conserve also total angular momentum and
are called fully conservative. Such theories have only three non-trivial PPN parameters: ~,
which measures the space-curvature; 5, which measures the non-linearity of the theory to
this order; and &, which measures the existence of preferred location effects. Note that these
interpretations are not covariant (except for v) and hold only in the standard post-Newtonian
gauge.

In n-DBI | as, (3, (3, (3,4 all vanish, since it is a Lagrangian based theory, defined by
(2.1). But naively, one may expect that due to the breakdown of local Lorentz invariance
associated to the existence of the vector field n#, a non-zero o; and/or as may exist, since
these parameters measure preferred-frame effects. We shall see in the next section, however,
that this naive expectation is not confirmed.

3.2 PPN parameters for n-DBI gravity

The computation of the PPN parameters for a given metric theory of gravity follows a well
defined recipe. We shall now describe the method, which again has three steps, using the
case of GR for concreteness. As we shall see shortly, the case of n-DBI will reduce to this
one.

The first step is to identify the relevant variables and expand them to post Newtonian
order. In the case of GR these are solely the metric g,, and the matter, described by the
energy momentum tensor (3.1). We take the background to be Minkowski space-time with
metric 7,,, in a global, almost inertial chart z# = (¢,2"). The PPN expansion for the metric
is

G = Mpv + Py (3.10)

where
hoo = hig +hig . ho=hS),  hy=h. (3.11)

Observe that we have denoted the post-Newtonian order of each term by a superscript. The
matter energy momentum tensor, on the other hand, is not dimensionless. But extracting
the mass density one obtains a dimensionless quantity

T:Zat =p (1 + II+ %)uuuu + %gwj : (3.12)



the expansion of each component then yields

T = p [1+ 1= ) +02+ 0()] | (3.13)
T = —plv; + O(3)] , Tt =p [Ulvj + 5w +O(4 )} : (3.14)

It follows from these components and (3.10)-(3.11) that the trace of the matter energy-
momentum tensor is (which actually coincides with the exact result)

3
T = p {—1 —n+ 2y (9(4)] : (3.15)
p
The orders given are sufficient for the computation of the PPN parameters.

The second step is to substitute (3.10)-(3.11) and (3.13)-(3.14) in the field equations,

1
R, =87Gy <T;f;“t - 5gwirm) : (3.16)

keeping the necessary terms to obtain a consistent PPN solution. This turns out to require
including the following terms for the various components of the Ricci tensor:

1 1 1 1 1

1
Ry = _§hoo,u’ - §(hjj,oo — 2hjo jo) + §hjkh00,jk - Zhoovihoovi + §h00’j(hjk’k a §hkk’j) ’
1
Roj = =5 (hojis = haoi + hvio = hjor)
1
Rz’j §(h” kk — hOO Jij + hkk Jij hki,kj - hjkvki) ) (317)

Observe that there are both linear and quadratic terms in the metric perturbation around
Minkowski space-time (3.11). The criterion for neglecting other terms take both into account
the orders in (3.11) and in the derivatives (3.2). Then, separating different orders, the field
equations (3.16) yield

ALY = —87Gyp | (3.18)

and
2) 2 1. e 2 1.
_Ah(()o h(g 00 T 2hg0 jo T hﬁk h(o gkt h((Jo),j <_§h(()0),j + hEk)k - §hl(fk),j

= 87Gyp |TT— 22 + 20 +3p} , (3.19)
p

both from the 00 component. We have denoted the Laplacian on R* by A. From the 0j
component we get
3) 2
ARG — B3 b o — W, = 167Gy pu; (3.20)

and finally from the 7 component we find
AR — h 4 B — he = B = —8nGpdy; . (3.21)
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The third step is to solve the resulting equations (3.18)-(3.21), using a specific order that
starts from lower to higher order equations and making appropriate gauge choices. We start
by solving the 00 equation to O(2), i.e. (3.18), which by comparison with Poisson’s equation
in Newtonian gravity yields

hY = oU | (3.22)

in agreement with (3.3). This is the Newtonian limit and yields no information about the
PPN parameters. Next we solve the ij equation to O(2). This becomes very simple if we
choose three gauge conditions corresponding to the spacial part of the de Donder gauge:

R — : (huan®®) ,, = 0. This gauge condition, to O(2), simplifies (3.21) to

ALY = —81Gnpdy; = b =208 . (3.23)

Comparison with (3.9) determines the first PPN parameter: 7 = 1. Next we solve the 0
equation to O(3). We use the gauge condition h' , — & (huan®) o = —3hoo,, which is not
the temporal component of the de Donder gauge condition. Making use of the solutions
(3.22) and (3.23) the equation (3.20) becomes

7 1
Ahé?]’-) + Uy = 167Gnpv; = h(()?;') - _5‘/} - §Wj ) (3.24)
since the PPN potentials V; and WW; obey
AVj = —drGnpv; , AV = W;) = =2Uy; . (3.25)

It can be checked that this solution obeys the imposed gauge condition as it should. Since
GR is derived from an action we know that as, (3, (2, (3,4 = 0; then comparison of (3.24)
with (3.9) yields oy = ap = £ = 0. Finally we solve the 00 equation to O(4). Using the
lower order solutions and gauge conditions (3.19) becomes

3
A (hf;g + 2U2) = 87Gnp [H +oU + 20+ 2| = B = 202 14D, 14Dy +2D5+ 6,
p
(3.26)
since the PPN potentials ®,, &5, 3, &, obey
AdD, = —drnpv? | A®y = —47pU | Ay = —47pll | Ady = —4np . (3.27)

Comparison with (3.9) determines the final PPN parameter: 5 = 1.

We now turn our attention to n-DBI. The relevant variables are the same as in GR plus
the khronon field ¢. The background value of the khronon is ¢ = ¢, where t is the time
coordinate in the standard PPN gauge. Thus, considering a first order perturbation to this
value we have

o=t+xb. (3.28)
The expansions of some other quantities relevant for computing the field equations (2.7) and
(2.10) to PPN order are:

1 1
= 1—yM— ihg%) + 50 Mo, (3.29)

-
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1 1
ng = -1+ §h(()20) — 582)((1)8@)((1) s n;, = —82)((1) s (330)
1 1 .
n’ = 1+ §h(()%) + Q@x(l)&-x(l) , nt = -9y, (3.31)
- (1) 1 (2)
Ky = 0, Ko = —0; | X" + §hoo ) (3.32)
1
KZ' = —5 i (8])((1)8))((1)) s Kij = —82'8]')((1), (333)
K = —AW, (3.34)
oL@ 1y ms @
a = 0, a;=—0; [ X"/ + §h00 — 50]-)( dix , (3.35)
1 1
Vi = —A (x“’ + 3hi - 58j><<”8jx“>) , (3.36)

R = ARl — ;007 + 9,0 — 28D A + 247D — 20, V9,AxD | (3.37)
JSD = 0, J;p =2 [816(2) + 816(2)AX(1) — 8¢8jX(1)8j6(2) — 818]6(2)8])((1)] ,(338)

where in the last expression e is computed from (2.4) and, to lowest order, from (3.37). This
fixes step 1.

For steps 2 and 3 we consider the field equations given by (2.7) and (2.10).

We begin the computation with the khronon equation (2.10). To lowest order, using
(3.38) we obtain

~AxWAe? 4 20,0;,x1V0,0;e® + 9, x Vi Ae® = Ae? (3.39)

This is solved if we require ¢ = 0. From (2.4) this is equivalent to R® = 0 which, from
(3.37), determines x" through

—2AxWAXD 1+ 2A%D — 20 VAYY = —ARS) + 5K — 0, (3.40)

If this last condition holds, the e and ¢ energy-momentum tensors (2.8)-(2.9) therefore vanish
to O(2), and the field equations (2.7) reduce to those of GR (3.16). Then, with solutions
(3.22) and (3.23) the khronon perturbation equation (3.40) becomes

AW — AW AND — 9D, ANY = AU = —4np. (3.41)

Thus, determining the first order perturbation of the khronon field by the matter density in
this way, guarantees degeneracy with GR to this order. Although an analytical solution of
equation (3.41) for general p is not available, let us note as an example that for a point-like

source at rest, m
p=md(r), U=—, (3.42)

”
one can ignore the time derivative and equation (3.41) becomes

v (&-X(”AX(” — ;”—2) —0, (3.43)

10



whose simplest solution is

YV =+ gmr. (3.44)

Note that although y™") grows with 7, the physical meaning is in its derivative, which con-
veniently decays as 1//7.3

The pattern should now be clear. Inspection of the khronon equation (2.10) reveals that
e = constant is a solution. From (2.4) this is equivalent to R = 0 to the appropriate order.
Demanding R = 0 to a given order, the field equations (2.7) reduce to those of GR (3.16) and
so does the PPN or the post-PPN solutions. Observe that whereas x(!) will only depend on
p, the next order perturbation, y©, will depend also on v%, IT and p; in fact a computation
of the condition R = 0 determines that y® obeys

. . 1
AX® —2AxWAXE) — 9ixWg,AxB) — 9'xB g, Ay = 5R<4> +(...), (3.45)

where (...) does not contain ¥, ie. is already determined by the metric and y). The
structure of the equations determining " and x® is therefore quite similar (actually,
equation (3.45) is simpler than (3.41) since it is linear in ).

For the solution (3.44), equation (3.45) becomes a second order ODE for x'®)(r) whose

solution is 5
, T
X () = \/W/ dx RHS(x) (ﬁ - :1:2) , (3.46)

where RH S(z) is the right-hand side of equation (3.45). One can check that the r-dependence
of the terms in (...) ensure that x'®)(r) doesn’t grow with r. For example, Ax() 3 Mg,y
and hz(-jz-)didjx(l) both go as r~%/2.

3.3 Discussion

Contrary to our expectations, the solution just found is nothing but the usual GR solution.
Our derivation relied on the ability to set R = 0, which is a sufficient condition for a GR
solution to be also a solution of n-DBI [3, 5|. From (2.2), this means solving

Oup
/_Q“VQLSO&/(P ’

for ¢. This slicing condition is certainly not feasible for generic space-times, but it seems
likely that a perturbative expansion around a background solution can be found order by

V., (n*V, n" :—ER, n, = — 3.47
2 9 I

order. Most importantly, setting R = 0 does not impose any additional constraints on the
two parameters of A, g. This subset of solutions exists for any A, ¢, and therefore this analysis
leaves the parameters of n-DBI gravity unconstrained apart from the requirement that the
effective cosmological constant is small (which we assumed when choosing Minkowski as

30bserve also that more involved solutions for x(!) exist, but they do not change the main feature, which
is that the first order PPN expansion of n-DBI gravity reduces to that of GR.
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the background solution). In particular, we conclude that n-DBI gravity predicts no post-
Newtonian preferred-frame effects, a counter-intuitive property given its similarity to Horava-
type theories. In fact, at first PPN order, n-DBI gravity is indistinguishable from GR and
it is plausible this equivalence remains at higher orders.

4 Scalar Perturbations of FRW in n-DBI

The results of Section 3 show that n-DBI is consistent with solar system experiments and
provide an indication that the theory matches the predictions of GR at higher perturbation
theory (PN) order around flat space-time. An experimental signature of this theory, there-
fore, must be searched for in a different arena. In this section we will discuss gravitational
scalar perturbations around a homogeneous and isotropic (FRW) cosmological background.
Our ultimate goal is to analyze if the perturbations of the scalar graviton may give rise to a
power spectrum compatible with observational constraints.

4.1 Scalar perturbations of a spatially flat FRW model

We want to study gravitational scalar perturbations around a spatially flat FRW model in
n-DBI gravity. Using a conformal time coordinate, 7, and denoting by ¢(7) the conformal
factor, the geometry reads

ds* = ¢*(7) [—(1 4+ 2A)dr” + 20;Bdz’dr + ((1 — 2¢)8;; — 20,0, F) da'dx’] | (4.1)

The short-hands H = ¢/¢ and k = Gy /6 will be used, and the Laplace operator A shall be
interpreted as acting in Fourier space (= —k?) where needed. As in Section 3, the khronon
field will also be perturbed as

e=T+X. (4.2)
Under a gauge transformation

T—=T1+T, =2+ 0L, (4.3)

these perturbations transform as
X — x+7T, (4.4)
A — A+T+HT, (4.5)
¥ = —HT, (4.6)
B - B-T+1L, (4.7)
E — FE—-L. (4.8)

12



4.2 Flat background

Before going to the cosmological relevant de Sitter background, we shall review the behavior
of the scalar mode around flat Minkowski space-time [4]. This is given by ¢(7) = 1 in the
previous expressions and ¢ = 1 in the action. Note that the combinations

Y, A+B+E (4.9)

are fully gauge-invariant. The second-order Lagrangian, in unitary gauge (x = 0), reads

. ) . 1
,d”:-ﬁ¢?+mMAA+¢u3+AE)—2¢A¢—§nmaﬂf, (4.10)
where
RW =4Ay — 2AA. (4.11)
The three independent equations of motion can be cast as

Ay = 0, (4.12)
Ay = —ZARW, (4.13)
AB+E+A+v¢) = 0, (4.14)

emphasizing the fact that they reduce to GR whenever R = 0 (or in the GR limit £ — 0).
Note this is a gauge-invariant statement, even if we make use of the khronon field, in which
case

RY — 4Ayp — 2AA + 2Ay (4.15)

becomes gauge-invariant as well. It shows, however, that GR solutions are a subset of all
possible solutions. In the Newtonian (or longitudinal) gauge B = E = 0, the metric contains
one arbitrary function of space,

U(x) = —A(z), (4.16)

which accounts for half degree of freedom, whereas the other half is hidden in the khronon
perturbation and is obtained by solving (4.13) with the substitution of (4.15):

2

X(z,7) =C(x) — (3 + K—A) Y(x)T, (4.17)

where C'(x) is an arbitrary function of space.

4.3 de Sitter background

The de Sitter universe is an exact solution of n-DBI gravity [2, 3]. Moreover, it describes
the late time behaviour of the cosmological solution described in [2]. It is described by (4.1)
without the perturbations and

31 3M1—¢q?) 1-gq7?

b =2 A= T (4.18)

Gy 2k T
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We shall now consider the behaviour of the gravitational scalar perturbations in this
particular background of n-DBI gravity. We recall that in standard inflationary theory, the
power spectrum for density perturbations, generated by quantum fluctuations of the scalar
field during the inflationary era, is obtained by studying a canonical scalar field on a de
Sitter background in GR. Thus our study aims at testing how the perturbations of the n-
DBI gravity scalar mode compare with the behaviour of scalar perturbations in the standard
theory.

It is convenient to define

Py=tp+HA, Dy=¢—H(B+E), DIy=4p—A. (4.19)

®; and P, are fully gauge-invariant, whereas A®j3 is invariant under FPD’s only. As before,
however, if we introduce the khronon field,

By — dp — A+ X + 5Hy, (4.20)

then ®3 becomes fully gauge-invariant as well. Another set of gauge-invariants, called
Bardeen potentials [12], are common in cosmology:

Oy = A+H(B+E)+ (B+E)=H (D —dy), (4.21)
Ug = v —H(B+E)=0,. (4.22)

It turns out that the equations of motion assume a very simple form when written in terms
of @ 53. The Hamiltonian and momentum constraints, respectively,

—6H(¢* — KA)D, + 2(¢* — KA)ADy + k(A — 6H?)AP; = 0, (4.23)
P*AD| — 2EHA? Dy + kHA? D = 0, (4.24)
can be readily solved for ® o(®3),

KA
 RA — @2

KA

1
H(I)g, (I)g = imq)g

o, (4.25)

The evolution equation,

30, +6HD, —ADy+HLA(D,—By) = kg2 (12”HA<I>1 — APy + (A — 3HA)AD; — 3HA<;'[>3)

(4.26)
upon using (4.25), simplifies to a first-order in time equation for @3,
- 5¢% — 3kA

The solution, with an arbitrary function of wavenumber k, C(k), can be written as

Oy p(r) = 2\/§Cl(k)¢(7)4, Dy (1) = C1 (K)o (T)?, (4.28)
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O34(1) = 2C1(k)o(7)? (1 + ¢(T)2) : (4.29)

kK2

Then the Bardeen potentials,
Up=—0g =23y, (4.30)

are enough to completely determine the metric in the conformal Newtonian (or longitudinal)
gauge B = E = 0. The function C;(k) accounts for half degree of freedom. The other half
appears when solving (4.29) for x by substituting (4.20),

3p(7) _ 20(7)" | Ca(k)
7 9kk? ) * o(1)5

The scalar graviton of n-DBI gravity grows as the universe expands, i.e., as ¢(7) increases.

wln) = /3w (431

Firstly, this contrasts with a canonical scalar field in General Relativity, which oscillates on
subhorizon scales (—k7 >> 1) but becomes frozen once it crosses the horizon (see [13, 14]
for pedagogical reviews; and [15] for cosmological perturbations in Hofava-Lifshitz gravity).
Secondly, this result indicates that de Sitter space is unstable in n-DBI gravity, and the
lifetime of de Sitter universe is set by the cosmological constant, T} ~ 1/ V/A.

4.3.1 Flat limit A — 0

The coordinates (7, z') that we have been using are ill-defined in the limit A — 0. Therefore,
we introduce the new time coordinate T" defined by

= %e—ﬂT, (4.32)

or equivalently ¢(7) = V5T, Then the metric ansatz (4.1) becomes
ds? = —(1 + 2A)dT? + 20;Bda’ eV 3TdT + V5T (1 — 20)6;; — 20,0,E) dw'da’ . (4.33)

The Big Bang was at 7 = —oo and is now at T' = —oo, but the distant future 7 = 0~ has
been mapped to T' = +o0o. The limit A — 0 is now well defined. It is useful to note that, in

this limit,
/3 /A
o—1, T = =)=, H — 3 (4.34)

The gauge invariant perturbation is now

0,4 (T) = 2\/§01(k;)e4@T, By (T) = Oy (k)3T (4.35)
62\/§T>

(4.36)

rkk?2

Oy 0(T) = 2043(k)e*V3T <1+
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In the limit A — 0, it can be easily checked that ¢, = —A;, = C;(k) in the Newtonian gauge
in consistent with (4.16). It is also straightforward to show that the khronon perturbation
(4.31) reduces to (4.17).4

5 Discussion and final remarks

GR has successfully passed a battery of observational tests in astrophysical systems but it
is in tension with cosmology. The GR based FRW cosmological model can only be compat-
ible with observations by invoking two dark components, plus adding an extra ingredient -
typically in the form of one or many scalar fields - that sources an early inflationary epoch,
widely accepted to be required for consistency of the picture. All these ingredients are,
at present, mysterious at the level of fundamental physics, and as such, exotic. Thus, it
is important to explore alternative models of gravity that may improve the cosmological
picture - by requiring less exotic ingredients - but simultaneously keeping the astrophysical
predictions of GR.

n-DBI gravity provides an example where these two aims are achieved in a novel way. On
the one hand, solar system predictions of GR will be kept, as shown in the first part of this
paper, because the theory contains, as a subsector, a class of solutions that matches solutions
of GR. And this does not hold only for a discrete set of exact solutions as shown before [3, 5[;
this subsector has a self-contained perturbation theory, so that the PPN parameterization
coincides, at first order, with that of GR. In a sense, this subsector is a consistent truncation
of n-DBI gravity. Moreover, this subsector does not depend on the two adjustable parameters
of n-DBI gravity and hence solar system tests do not constrain them. As we have argued at
the end of Section 3.3, it seems likely that by adjusting the khronon field that controls the
space-time foliation, the matching with the post-Newtonian expansion of GR will hold at
higher orders as well and hence that n-DBI will equally pass all astrophysical tests provided
by compact binary systems. The analysis performed in Sec. 3, however, was not exhaustive,
in the sense that we have not shown that the solution provided, which matches that of GR,
is unique. This is an important open question.

On the other hand, the cosmological solution that matches observations [2] is not in this
subsector; in other words, it is not a solution of GR, (with the same energy momentum tensor).
This suggests we might find experimental signatures of n-DBI by analyzing cosmological
perturbations. As a first step towards that goal we have considered in Section 4 generic
gravitational scalar perturbations in n-DBI gravity. Specializing to de Sitter space-time
we have found solutions for this scalar perturbation which grow with time as the universe
expands. Moreover, performing a mode decomposition, we observe that there is no freezing
of the oscillations on super-horizon scales, in contrast with the behaviour of scalar fields in

4Care is needed when taking the A — 0 limit. As it turns out, it is most appropriate to consider ¢°x
instead of xj. The time independent divergent piece proportional to y/3/AC:(k) can be absorbed by a
trivial redefinition of Cy(k).
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de Sitter, in GR. This provides an example on how cosmological perturbations computed
in a model where Lorentz invariance is broken may differ, conceptually, from the standard
GR case. Although it is not clear if and to what extent this qualitative feature applies to
scalar perturbations in the inflationary era of the cosmological solution in [2], the detailed
computation of the power spectrum of scalar perturbations will presumably have to take into
account the detailed evolution of the universe, from the inflationary to the non-accelerating
epochs, in order to obtain the amplitude of the different modes as they re-enter the horizon.
We expect to report on the power spectrum obtained in this cosmological solution in the
near future.

Finally, let us comment on the Parameterized Post-Friedmannian (PPF) formalism [16],
developed to compare the cosmological predictions of a large set of modified gravity theories
in a unified framework, much in the same way as the PPN formalism is used to compare
deviations from Newtonian gravity for different theories of gravity. The PPF formalism gives
an ansatz for the equations of motion, which are required to be covariant and at most second
order in time. Although the ADM formulation of n-DBI [3], as defined by the Hamiltonian
constraint, momentum constraint and evolution equation for the 3-metric, contains no more
than two time derivatives, its covariant form, as presented in Section 2, necessarily contains
higher time derivatives in the equation of the khronon (Stiickelberg) field. Indeed, even in
unitary gauge, the extra equation for the scalar mode, obtained by taking the time derivative
of the Hamiltonian constraint, is higher order in time [4]. This makes the PPF inapplicable
to n-DBI gravity, at least in this formulation. Curiously, the PPF framework can be applied
to Horava-Lifshitz gravity. The reason why it works for Hotava-Lifshitz gravity can be traced
to the the fact that the action contains only one derivative of the vector field n*, whereas
n-DBI has two derivatives. As shown in [17], this makes the linearised equation for the scalar
mode, in unitary gauge, only second-order in time, despite being generically higher-order.
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