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A relativistic theory of gravity has recently been proposed by Bekenstein, where gravity is mediated by
a tensor, a vector, and a scalar field, thus called TeVeS. The theory aims at modifying gravity in such a way
as to reproduce Milgrom’s modified Newtonian dynamics (MOND) in the weak field, nonrelativistic limit,
which provides a framework to solve the missing mass problem in galaxies without invoking dark matter.
In this paper I apply a covariant approach to formulate the cosmological equations for this theory, for both
the background and linear perturbations. I derive the necessary perturbed equations for scalar, vector, and
tensor modes without adhering to a particular gauge. Special gauges are considered in the appendixes.
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I. INTRODUCTION

Bekenstein has recently proposed a relativistic theory of
gravity where gravity is mediated by a tensor, a vector, and
a scalar field, thus called TeVeS [1], aiming at explaining
the missing mass problem.

The missing mass problem is the longest standing prob-
lem of modern cosmology. It spans a wide range of scales,
from galaxies to the cosmic microwave background. The
problem is easy to state: the observed mass coming from
all visible matter at the scales of interest cannot account for
the Newtonian (or general relativistic) gravitational force
observed acting on the same objects. The problem has a
long history [2], and manifests in the rotation in the rota-
tion curves of galaxies, motions of clusters of galaxies,
gravitational lensing, and the absence of strong damping of
linear perturbations on very large scales, to name a few.

One could imagine that this missing mass is composed
of baryons in objects other than stars, for example, Jupiter-
size planets or brown dwarves, collectively called
MACHOS, or baryonic dark matter. These objects cannot
be seen because they do not emit light of their own.
However, microlensing studies did not detect the abun-
dance needed for these objects to make up for the missing
mass [3]. Moreover, the abundances of elements predicted
by big bang nucleosynthesis (BBN) give a matter density
far below the needed mass density [4].

The popular approach to solving the missing mass prob-
lem is to posit a matter component which does not interact
with electromagnetic radiation and therefore cannot be
detected by observing photons at various frequencies.
Even though it cannot be seen directly, its presence is
evident from the pull of gravity. Thus, one attributes the
extra gravitational force observed to a “‘dark matter’”” com-
ponent whose abundance is required to greatly exceed the
visible matter abundance. Dark matter candidates have
been traditionally split [5] into “hot dark matter” and
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“cold dark matter,” although an intermediate possibility,
namely, “warm dark matter,” is sometimes considered.

The earliest possibility considered for a dark matter
candidate was a massive neutrino [6,7], since neutrinos
are particles which are known to exist as well as being
very weakly interacting. However, massive neutrinos can-
not be the dominant form of the dark matter. If the dark
matter is composed of massive neutrinos, then their mass
must be at most 30—70 eV for reasonable values of the
Hubble constant, if they are not to overclose the universe
[6]. On the other hand, the Tremaine-Gunn inequality [8]
gives a lower bound on the neutrino mass if neutrinos are to
be bounded gravitationally within some radius. For ex-
ample, for dwarf spheroidal galaxies, their mass should
be greater than ~300-400 eV which is well above the
cosmologically allowed mass range. Finally, the recent
Mainz and Troisk experiments from tritium beta decay,
combined with neutrino oscillation experiments, give an
upper limit for the neutrino mass of around 2.2-2.5 eV [9].
Massive neutrinos are therefore ruled out as dark matter
candidates capable of solving the missing mass problem.

Cold dark matter is composed of very massive slowly
moving and weakly interacting particles. A plethora of
such particles generically arises in particle physics models
beyond the standard model quite naturally. The list of
candidates is very long, ranging from light particles [10]
and supersymmetric particles [11], to Kaluza-Klein modes
[12] and many more exotic objects. This subject (see [13]
for a nice recent review) has been studied in great depth
and has been shown to agree with observations to a very
good degree. Still, the actual nature of cold dark matter is
left to speculation at the present time.

The alternative approach is to point a finger at the
gravitational field, or the laws of motion. This path was
initially followed by Milgrom [14] who proposed that, for
accelerations smaller than some acceleration scale ay,
gravity departs from Newtonian gravity (which is still valid
for large accelerations), in such a way as to explain the flat
rotation curves of galaxies. It was thus dubbed modified
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Newtonian dynamics (MOND). Alternatively, it was
shown that one can cast a modified dynamics theory into
a modified gravity theory which provides essentially the
same phenomenology [15], although it might be possible
that the two are not entirely equivalent [16]. Other modi-
fied gravity theories beyond the MOND paradigm have
also been proposed [17] but I do not consider them further
in this paper.

While MOND was successful as a simple phenomeno-
logical model in describing rotation curves, it had other
serious problems. Taken at face value, it violates conser-
vation of momentum, energy and angular momentum [14].
This, though, stems from the fact that it is not a theory but
rather an empirical law. Bekenstein and Milgrom have
found a nonrelativistic self-consistent realization of
MOND, based on an aquadratic Lagrangian, thus called
AQUAL [15]. However, being nonrelativistic, the theory
could not make clear predictions about cosmological
scales, for example, the cosmic microwave background
(CMB) or the formation of linear structure (the relativistic
AQUAL proposed in the same paper suffered from acausal
propagation of small perturbations).

Nevertheless, even in the absence of a consistent rela-
tivistic MOND theory, several authors have tried to
squeeze a cosmology out of MOND. Some authors based
their calculations on general relativity (GR) to conclude
that MOND is not compatible with cosmological observa-
tions [18], a not so robust conclusion; the correct conclu-
sion would have been that a baryonic, dark matter free
universe, evolving under Einstein gravity, cannot fit the
cosmological observations. In other words, they have
shown the missing mass problem on cosmological scales.
Nevertheless, those studies showed that relativistic MOND
theories would have to give spectra very similar to dark
matter cosmologies, if they are to be considered as serious
competitors. Given that relativistic MOND theories such as
TeVeS have generically more parameters, this would tend
to favor dark matter cosmologies when tests such as
Bayesian evidence are performed, unless their likelihood
is strongly peaked about a very small region in parameter
space, which is still an open question.

Other authors [19] used GR to make predictions for
early universe cosmology (for example, the CMB), where
MOND effects were argued to be negligible, and then used
heuristic arguments to make predictions about the growth
of a linear/nonlinear structure. As the authors of [20] have
shown, their CMB predictions are indeed compatible with
the robust TeVeS calculations for some range of parame-
ters, but can be quite different in other cases. The matter
power spectrum predictions exhibit a similar behavior: the
baryonic oscillations, which were thought to be a MOND
prediction, can be absent in TeVeS, just like in dark matter
cosmology. The growth of structure in TeVeS cosmology
has also been verified subsequently with analytic calcula-
tions [21].
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Lue and Starkman [22] assumed that Birkhoff’s theorem
would be satisfied in a relativistic MOND theory. If that is
true, one can then build a cosmology out of MOND, in the
same way one can derive the Friedmann equation in the
matter era out of Newtonian gravity. What they found was
that the growth rate of perturbations in the matter era in this
MOND-like cosmology is slower than in GR cosmology
with dark matter. Therefore, if MOND is to be the limit of a
relativistic theory which can successfully fit cosmological
observations, it must violate Birkhoff’s theorem. Indeed,
TeVeS theory does violate Birkhoff’s theorem; not only are
spherically symmetric solutions not necessarily static, even
the static solutions are not unique [23]. The bottom line is
that, to make robust cosmological predictions, consistent
relativistic MOND theories are needed.

Relativistic MOND realizations were constructed to
overcome the acausal propagation of relativistic AQUAL
typically based on two metrics which are conformally
related via a scalar field. Phase coupling gravitation (PCG)
[24-26] is one such example. However, the PCG parame-
ters that could provide good MOND phenomenology were
ruled out by solar system tests. Moreover, just like relativ-
istic AQUAL, PCG cannot provide the observed gravita-
tional lensing from visible matter alone. Part of the
problem is the conformal relation between the two metrics
[27,28]. One can generalize this relation to a disformal one
[29] by including an additive tensor in the transformation,
not related to the two metrics, for example, built out of the
gradient of a scalar field. However, it was soon realized that
any generalized scalar-tensor gravitation theory, even with
a disformal relation between the two metrics in the theory,
would produce less bending of light than GR and thus
could not be used as a basis for relativistic MOND [30].

Sanders’ stratified theory [31] manages to solve the
lensing problem. Instead of using just a scalar field to
disformally relate the two metrics in the theory, a vector
field is used. The vector field in Sanders’ stratified theory
is, however, nondynamical, which contradicts the spirit of
general covariance. This was solved by Bekenstein, who
made the Sanders field dynamical by including an action
for it (which is a special case of the Jacobson-Mattingly
[32] Einstein-Ether theory action). The resulting theory
was called tensor-vector-scalar (TeVeS) [1] gravitational
theory, and was shown to provide MOND and Newtonian
limits in the weak field nonrelativistic limit, and was
devoid of acausal propagation of perturbations.

Ultimately, as with every physical theory, TeVeS has to
face astrophysical and cosmological observations on every
scale. Some strong lensing studies have already been per-
formed [33]. The theory was also confronted with obser-
vations from our own Galaxy [34]. Alternatively, one can
test the theory with large scale structure observations or the
cosmic microwave background, both of which require the
propagation of linear perturbations about a Friedmann-
Lemaitre-Robertson-Walker (FLRW) background. A first
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study in this direction has already been carried out [20].
The subject of the present work deals with the formulation
of linear perturbation theory in TeVeS, generalizing the
equations given in [20] to include curved spatial hyper-
surfaces, multiple gauges, and all perturbation modes (sca-
lar, vector, and tensor modes). This opens up a whole new
series of observational tests that can be performed on
TeVeS, involving the largest scales in the universe.

This paper is organized as follows. In Sec. II, I give a
short overview of the TeVeS theory, focusing on the action
and the field equations. At the same time, I introduce a
somewhat simpler notation than the original TeVeS paper
[1] which can simplify both the actions and the field
equations. Relativistic fluids are then introduced which
are of particular importance to cosmology. The section
concludes with the transformation of connections between
the two frames associated with the theory.

In Sec. III, I lay down a covariant formulation of the
FLRW cosmology. The covariant equations are derived on
the basis of the symmetries of the FLRW spacetime. A
short discussion of the effective Friedmann equation fol-
lows, focusing on the time variation of the effective gravi-
tational coupling strength, and the definition of the relative
fluid densities. A specific choice of a coordinate system
relevant to calculations for CMB anisotropies and a large
scale structure power spectrum is given in the end.

Section IV takes on linear perturbations about the
FLRW cosmology. The relevant tensors are perturbed co-
variantly, without adhering to a particular gauge or pertur-
bation mode. Thus the final perturbed equations contain
scalar, vector, and tensor perturbations. The use of the
covariant approach is important due to the nonuniqueness
of connections, which depend on which metric is used.
Since the transformation of connections is derived in a
covariant fashion, the final perturbed equations can be
derived unambiguously. This section also gives relations
of the perturbed metrics in the two frames.

In Sec. V, I take the perturbed field equations derived in
the third section, and split them into irreducible parts by
separating out the scalar, vector, and tensor perturbation
modes. The resulting equations are still in a gauge nonfixed
form, which makes it straightforward to check that they are
indeed gauge invariant as expected.

Finally, the paper concludes in Sec. VI, where a sum-
mary is given of the results.

The reader will also find the appendixes useful. In
particular, Appendix B gives the perturbed equations for
scalar modes in three different gauges, while Appendix C
gives a lot of intermediate steps in the derivation of the
perturbed Einstein tensor. These steps were not included in
the main part of the paper, to make it more readable, but are
very useful to have when following the calculations. The
reader will also find useful the two tables of symbols.
Table I comprises all symbols except the ones related to
perturbations which are tabulated in Table II.
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Throughout the paper, I will use a signature +2 metric,
and the curvature conventions of Misner, Thorne, and
Wheeler [35]. Greek indices are abstract tensor indices
with no respect to any coordinate system. When writing
tensor components in a particular coordinate system, Latin
indices are used for the spatial part of the tensor with a
“hat” on the index, while 0 is used for the temporal part of
the tensor. I will also use units such that the speed of light,
Planck’s constant divided by 277, and Boltzmann’s constant
are all equal to unity.

II. FUNDAMENTALS OF TEVES

A. Preliminaries

TeVeS theory is a bimetric theory where gravity is
mediated by a tensor field g,, with an associated metric-
compatible connection \Y » and well-defined inverse g+”
such that g#*g,, = 0*,, a timelike (dual) vector field A,
such that g#"A, A, = —1, and a scalar field ¢. Matter is
required to obey the weak equivalence principle, which
means that there is a metric g, with an associated metric-
compatible connection V w» universal to all matter fields,
such that test particles follow its geodesics. The tensor field
& will be called the Einstein-Hilbert frame metric (see
below), while g, will be called the matter-frame metric.

The relation between the above four tensor fields (when
the field equations are satisfied) is

Suv = e*ngw - 2sinh(2¢)AMAV (D
with inverse
g™ = e*? g + 25inh(2¢p)A*A”, )

where A# = gHvA,.

B. The action principle

The theory is based on an action S, which splits as § =
S, +84 +84 + S, where S,, S4, Sy, and S, are the
actions for g, vector field A, scalar field ¢, and matter,
respectively.

The action for g,,, A,,, and ¢ is most easily written in
the Einstein-Hilbert frame, and is such that S, is of the
Einstein-Hilbert form

1 . _
= J—&R
Sg 167G fdx &%

where g and R are the determinant and scalar curvature of
& .v» Tespectively, and G is the bare gravitational constant.
Because of the complicated nature of the equations, the
numerical value of G will not be the measured value of
Newton’s constant as measured on Earth. The precise
relation between them depends on the spherically symmet-
ric solution which, apart from depending on the arbitrary
function V (see below), is also not unique [1,23].

3
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The action for the vector field A, is given by

1 pod 14
Sa = "3 d*xJ=EKF ,, F* — 20(A A% + 1)],
4)

where F,, = 2v[ﬂAV], Frv = ghag'BE o A is a
Lagrange multiplier ensuring the timelike constraint on
A,, and Kp is a dimensionless constant.

The action for the scalar field ¢ is given by

1 ~ ~uv 2\v Y
Sp= =1 /d“x\/—_g[u(g“ —AFATV, V¢
+V(w) ®)

where w is a nondynamical dimensionless scalar field, and
V() is an arbitrary function. The arbitrary function V is
related to Bekenstein’s function F as

1 47G?
en W P =5

where u = 87wGo3, o being Bekenstein’s auxiliary sca-
lar field and € a scale. Note that I have absorbed
Bekenstein’s constant kg into my definition of the function
V.

The matter is coupled only to the matter-frame metric
and thus its action is of the form

V(p) = o3F(Gag),  (6)

g/.LV

Sulg x4 ax* = f dx=gLlg. x* ax*l (D

for some generic collection of matter fields y*.

C. The field equations

Variation of the action with respect to (w.r.t.) the matter-
frame metric gives the matter stress-energy tensor as usual
by

1
6S,, = 5 /’d“x«/—gTWBg“”, )

where T, is the standard matter stress-energy tensor.
Variation of the action with respect to the three gravita-
tional fields gives the field equations in the Einstein-Hilbert
frame.
The field equations for g, are given by [36]

Gy =Y, +87GS,, )

where G~#,, is the Einstein tensor of g,,,; the tensors Y,
and S, are given by

Y/.LV = M[vu¢vv¢ - 2Aava¢A(,u,vu)¢]
+ %(le - V)g/.w - /\A,LLAV
+ KB[FQ;LFaV - %FaﬁFaBg,uv] (10)

and
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Suy =Ty, +2(1 — e‘4‘/’)A"TA(MAV), (11)
respectively, where V' = j—/‘:.
The field equations for the vector field A, are
KgV, F*, = —AA, — pA*V ¢V, ¢ + 87Gj,, (12)
where the current j, is given by
Ju= (10— e*AT,,. (13)
The Lagrange multiplier is not arbitrary but can be calcu-
lated by contracting (12) with A* and is given by
A= KAV, F* + uArA'N ¢V, — 87GA*j,.
(14)

Inserting the above equation in (12), one gets alternative
field equations for the vector field as

[8%, + AA KV, F* o, + pARV , ¢V o — 877G, ] =0
(15)

which do not explicitly include the Lagrange multiplier.
The field equation for the scalar field ¢ is

Vv, I'*=8nGJ, (16)
where
T = u(gh” — AFA")V, ¢ (17)
and where the scalar source J is given by
J = e 2P[gh" + 2e 2P AFA"IT,,. (18)

Apart from the field equations above, TeVeS theory has
two constraint equations which are as follows. The first
constraint is nothing but the timelike constraint on the
vector field,

grALA, = —1, (19)

which is found by varying the action with respect to the
Lagrange multiplier A. The second constraint fixes the
nondynamical scalar field u in terms of the other fields
of the theory. It is given by

(g — A*AWN ¢V, = —V' (20)

which is found by varying the action with respect to w. The
second constraint equation must be inverted to find u as a
function of g*”, A*, and ¢. Therefore, the arbitrary func-
tion V and its derivatives are nothing but functions of
kinetic terms for ¢, contracted with g#* and A*.

D. Fluids

The stress-energy tensor of a fluid with density p, pres-
sure P, velocity u®* = g*”u,, and shear E/w is

T,,=(p+ Puyu, + Pg,, + EW. (21)
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The velocity vector field is normalized with respect to

the matter-frame metric as g*”u, u, = u*u, = —1, while
the shear obeys the two conditions gH*Z, uwr = 0 and
ut3, wr = 0.

Using (11) one obtains the contribution of the fluid
stress-energy tensor to the generalized Einstein equations
as

S,uV = (p + P)[u,u,uv + 2(1 - e_4¢)AauaM(MAV)]
+ Plg,, + 4sinh(2¢)A,A, ]+ 2,

+2(1 — e74)ArY Ay (22)

Similarly, Eq. (13) gives the contribution of the fluid stress-
energy tensor to the vector field equations as

+ 2sinh(2¢)PA,,. (23)

Finally, the contribution of the fluid stress-energy tensor to
the scalar field equation is obtained from (18) as

J=e2%[P—p+2e2(p + P)(A'“uM)2

+2e 20 ARAYS, (24)

,uv]‘

The fluid evolution equations are obtained as usual from
V,T#*, =0, where T#, = g*?T,,. Using (21), and ex-
panding, gives

u,ut*V,(p + P) + (p + P)u,V,u* + (p + P)uhV  u,
+V,P+V, 3¢, =0, (25)

where X#, = gtP3 . Contracting (25) with u” gives the
energy ‘“‘conservation’ equation as

utV,p+(p + P)V,u* =0, (26)

and subtracting (26) from (25) yields the momentum trans-
fer equation as

(p + P)u*V u, + (6*, + u,u*)V,P +V, 2#, =0.
(27)

E. Transformation of connections

I conclude this section by considering the transformation
of connections from W# to V, and vice versa. This will
come out to be very useful below, particularly in linear
perturbation theory.

Consider two metrics g,, and g,, on a manifold M,
with connections V, and \Y - respectively (not necessarily
the two metrics of the TeVeS theory). The connections are
required to agree on scalars, i.e. V, f = ﬁﬂf for any f €
C*(M). Acting on any form u,, € T*M, the connections
are related by

Vv, u,=V,u,— D

ply = D%y (28)

© Uy
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where the connection tensor D* uv 18 given by
D/\,UJ/ = %gl\p(v,u,gpu + vvgp,u, - vpg,u,v)-

Using the metric relations (1) and (2) in (29), one gets
for TeVeS

(29)

D*,, =28,V ¢ = [gu, +26*°A,A,15°P V¢
+4A“ALV ¢ + (1= e4)AV A,
+ (et — I)A(MFV)‘* + 4sinh2(2¢)A(MFV)BAﬁA“,
(30)
whereas, with respect to V o

Da

unv = 28&(#v]/)¢ - [g),u.v + (€4¢ + 1)AﬂAv]ganﬂ¢

+ 2(e** + DA“AV, ¢ + (e*? — DAV A,

4o _

+ (e*¢ 1)A(MFV)“. (31)
The above transformations can be useful in writing the

field equations in purely matter-frame form, or Einstein-

frame form, although the result could be very complicated.

III. ROBERTSON-WALKER COSMOLOGY

In this section, I consider the evolution of the back-
ground cosmology. The field equations are first found in
covariant form, to facilitate an easier transition to the
inclusion of linear perturbations. A special coordinate
system common to calculations in cosmology, particularly
in cosmological perturbations, is introduced at the end of
the section.

A. Preliminaries

1. Covariant description of Robertson-Walker geometry:
Geodesic congruences, metrics, and projectors

The background spacetime is assumed to be homoge-
neous and isotropic, meaning that both of the metrics are of
Robertson-Walker form. This assumption permits one to
construct a smooth congruence of timelike geodesics,
which are normal to a hypersurface of spatial homogeneity
and isotropy. The words timelike and geodesic imply a
metric and a compatible connection. Even though in this
theory there are two different metrics (and compatible
connections), this is not a problem. The homogeneity and
isotropy is a property of the manifold and not the metric,
and any of the two metrics may be used to construct such a
congruence.

Let the pair (¥,,,, v, ) be the Robertson-Walker met-
ric and associated metric-compatible connection in the
Einstein-Hilbert frame. One can then identify the vector
field A* as the unit vector field tangent to the congruence
of timelike geodesics mentioned above, for the pair
(¥ v, ) (see Appendix A). Since by construction A
is hypersurface orthogonal, the Frobenious theorem, geo-
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desic equation and unit-timelike condition give

F,, =0. (32)

my

Now the Robertson-Walker metric is conformal to the
metric of a static spacetime foliated by spaces of constant
curvature of radius r, which will be called the conformal
static metric. Minkowski space (which has an infinite
radius of curvature) and Einstein-static space (with positive
radius of curvature) are two cases of conformal static
metrics. This means that one can write ¥, as

¥V v = 0N (33)

where b is the scale factor in the Einstein-Hilbert frame
and where 7, is the conformal static metric mentioned
above with V u 1ts associated metric-compatible connec-
tion. Similarly, the matter-frame Robertson-Walker metric
Y uv» With associated metric-compatible connection v e
can be written as

Yur = 0277#;» (34)

where a is the scale factor in the matter frame and 7,,, is

also a conformal static metric, with \Y , being its metric-
compatible connection.

Consider now a different unit-timelike geodesic congru-
ence of curves with respect to (7,,, ﬁﬂ) Let * be the
tangent vector field of this congruence assumed to be
Killing (this can be accommodated by the symmetries of
the static spacetime), which by construction obeys

N1’ = —1 (35)
and
"V,t, =0, (36)

where ¢, = n,,1t". A further property of ¢ is that it is
covariantly constant,

Vout, =0, (37)

which follows from the fact that it is Killing, geodesic and
hypersurface orthogonal. Transforming 7,, to ¥,,, one
finds that # is related to A* by

1 -
At = —ebti (38)
a
and
A, =ae %t,. 39)

With the help of A* or equivalently t#, one can construct
two projection tensors, given by s*, = —A#A, which
projects tensors along A* and g*, = 6*, + A*A, which
projects tensors on the hypersurface of homogeneity and
isotropy. The two projectors have the property that
shLAY = AR gt q%, = q*,, and g* ,A” = 0. Of course,
in the case of a FLRW background, ¢#, = g*, where

PHYSICAL REVIEW D 74, 103513 (2006)
qt, = 6k, + t*t,, (40)

whereas when perturbations are included, g, will acquire
a perturbed part due to the perturbations coming from A#
(see the perturbation section), while g#, is by definition
unperturbed, and the two projectors will not be equal.

2. Relations between the scale factors and between the
conformal static metrics

A further property of the FLRW spacetime is that any
gradient of a scalar function will be in the direction A* or
equivalently ##. Thus, letting the background value of the
scalar field be ¢, its gradient is (i)qu’; =—(L4 J))AM =
—(t”(y)v,,&)tﬂ. The same holds for any other scalar field,
e.g. the scale factors in the two frames, or the background
density and pressure of the fluids.

The spatial metric in either frame is obtained using the
spatial projector (40) acting on the corresponding metric.
Thus, in the Einstein-Hilbert frame the spatial metric is
Guv = Yu» T A A,, whereas in the matter frame it is

Guv = Vur + ez‘?_sA#A,,. Equation (1) then implies that
the two are conformally related as g, = e g uvs Which
prompts the relation

a=be ¢ “4n

between the two scale factors.
Using (1), (33), (34), and (39) the relation between the
two conformal static metrics and Iy is obtained as

Nuv = Ty — (L= e 41,1, (42)
with inverse

e = [+ (4 — Derr. (43)

3. Connections

Let C¥ uv b€ the connection tensor for the connection
transformation 'V = \% - Using (29) one gets

Coy =[-28% 1, + *¥4,,1*]1L, Inb. (44)

Let also C*,, be the connection tensor which performs
the transformation (¥'V p \Y - Using (29) one gets

., =[-26% 1, + 0,,11L, Ina. (45)

Finally, consider the connection tensor E“,, for the
connection transformation V P @#. This is the same as
- (5)& A
Vu~_’ Y V,— (V)VM —V,, and therefore E
-c*,, +D%,, +C*,,, where D%, is the connection
tensor in (31) adapted to the Robertson-Walker geometry.
Alternatively, E“,,, is obtained directly from (29), (37),
(42), and (43). The final expression is

o
nv
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E®,, = =2tV )11 ,1,. (46)

B. The field equations

Here I consider the field equations adapted to the sym-
metries of the FLRW spacetime. I do not explicitly con-
sider the vector field equation, as it is trivially satisfied.

1. The fluid tensors and evolution equations
Let us first consider the fluid related variables, J, j,,, and
S,.v- The fluid velocity can be expressed in terms of ## as
u, = at, and w* =L which give A*u, = —e?. For
the same reasons as above (see Appendix A), the fluid
velocity is geodesic, i.e. u#*Y)V w4y = 0. The scalar source
is then given by (24) as

J=e2(p +3P), (47)

where p and P are the FLRW background density and
pressure of the fluid. The fluid current is given by (23) as

Ju = —2sinhQp)e %apt, (48)

and the fluid stress-energy tensor in the Einstein-Hilbert
frame is given as

S =@ [=(0=2e7*)pt,1, + Pg,,)  (49)

"

where ., = 1,.q",.
Changing connection from YV p to \Y u» the energy
conservation equation for the fluid (26) becomes

#V,p +3p(1 + w)t*V,, Ina = 0, (50)

where w is the equation of state parameter such that P =
wp. The momentum transfer equation (27) is trivially
satisfied.

2. The constraint equation
Consider now the constraint (20) which when adapted to
the symmetries of FLRW spacetime gives

1V, $)* = La?e 20V, (51)

This equation is then inverted to get & = ji(a, ¢, “V P d).

3. The scalar field equation
The vector field (17) adapted to the FLRW symmetries
can be rewritten as I'* = —T'A*, where T = A, IH =
2/ a)e®(tPV o ¢). Using the above equations in the scalar
field equation gives a system of two first-order equations,

which are
V[ = =3(t*V, nb)[' — 87Gae %) (52)

and
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A o 1 _

t*V,¢ = —ae *T. (53)
2

The two first-order equations can then be combined into a
single second-order equation which is

Vi = %[3,&0"@# Inb) 'V, ¢) + dwGate 24 ]]
+ (l”@u@(ﬂ’“@ﬂcl; - t/’“@ﬂ Ina), (54)
where
_ V'(w)
Up)=p +2—-—=. 35
(u) = Vi) (55)

4. The Lagrange multiplier

Next in line comes the Lagrange multiplier which is
given by

X =1aV' — 167G sinh(2¢)p. (56)

5. The generalized Einstein equations

First let us compute the tensor ¥ wp- Using (56) in (10)
one obtains

Y, = @ (uV' = V), + [cosh2p)aV’

— sinh(2p)V + 87G(1 — e~*®)plt,1,}  (57)

which when combined with (49) gives the right-hand side
of the generalized Einstein equations as

Y,, +87GS,, = az{[%ez‘f_’(/,LV’ — V) + 8wGPln,,
+ [cosh(2¢p) @ V' — sinh(2¢)V

+87G(e™*p + P)lt,t,} (58)

The conformal relation of the Robertson-Walker metric
to the conformal static metric makes it convenient to use
conformal transformations to calculate the Einstein tensor
G, for the Einstein-Hilbert frame metric (33). Now the
Ricci tensor of the conformal static metric is simply
2(K/r})q,,q,, where K is an integer taking the value K =
0 for a spatially flat hypersurface (the conformal static
space is Minkowski spacetime), K = 1 for a positively
curved spatial hypersurface (the conformal static metric
is Einstein-static spacetime), and K = —1 for a negatively
curved spatial hypersurface.

Then, after performing the conformal transformation the
Einstein tensor is found to be
G =5[3e*4ff3t t, = G,,]—2[V,V,Inb

w =2 uly = duv p Vi

— (V,Inb)(V, Inb) — (7#*FV Vg 1Inb)ij,, ]

+ 7P (V, Inb)(Vg Inb) 7 ,,. (59)
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Changing connection to v » and using (42) and (43) gives

G

K < ~
wr =53¢ 41,1, — G, ]+ 31°V, Inb)*t, 1,
.

c

+ 2e4¢qw[©2 Inb — (V4 1nb)<2za©a¢

- %ﬂ@a 1nb>} (60)

Contracting (58) and (60) with ¢ gives the general-
ized Friedmann equation as

_ 1 .
349, Inb)? — a2[2e2¢(uw +V)
: 3K
+ ei4¢<8’ﬂ'Gﬁ - ﬁ>:|’ (61)
ria

while contracting the same equations with g*” gives the
generalized Raychandhuri equation as

2V2 Inb — 41*V,, 1PV g Inb — (1°V, Inb)?

1 7 7 _ K
= a2|:—ez¢(,uV/ - V) + 874¢<87TGP + ﬂ>:|
2 rza

(62)

Other contractions give trivially zero.

C. Choosing a coordinate system

A most convenient coordinate system that is commonly
used in cosmological perturbation theory is the conformal
synchronous coordinate system with ¢ denoting conformal
time and x¢ the spatial coordinates. There are two choices
regarding the frame for which the conformal static metric
used above takes the standard form. Since the connection
to matter observables is through matter-frame variables, it
is more convenient to put the matter-frame conformal static
metric in standard form, i.e. 135 = —1, 15, =0, and
N;5 = G,5- This gives the matter-frame metric as

ds? = a*[—d* + g, ;dxdx’] (63)

in this coordinate system. The vanishing of the Lie deriva-
tive with respect to all the Killing vectors of the back-
ground spacetime gives ¢ = ¢(r) only, as well as 7; = 0
and 1 = 0. The 3 component is found using (35) which
gives t; = 1 and ¥ = —1. Finally, the components of 7 v
are 155 = —e 4, s = 0, and 7, = G, 5-

Adopting the covariant equations of the previous sub-
section in this coordinate system gives the constraint equa-
tion as

¢? =1tate 2V (64)

which must be inverted to get ji(a, ¢, g?)). Similarly, the
scalar field equation becomes

PHYSICAL REVIEW D 74, 103513 (2006)
= ~/a = 1 _ b = 2 267
db=¢(—— )| — —|3a—-¢ +47Ga’e 2T |, (65)
a U b

the Friedmann equation gives

b? 1 _,; i _ 3K
3_b2 = az[ie W(uV' +V)+e 4"’(877'Gp - —}%02)}
(66)
and the Raychandhuri equation gives
b b b 1
—2—+ 5 —d-p=ad| e P (uV —
» o bqb a |:2€ (V' =V)

7 _ K
rea

c

Finally, the fluid evolves according to

ﬁ+3g(1+w)p=0. (68)

D. Effective Friedmann equation and relative densities
The physical Hubble parameter is, as usual, H = % and,

after transforming the scalar field time derivative as ¢ =
dé

a7y H, the effective Friedmann equation reads
3K
3H?> =87G. ¢ py + 0 ———— ), 69
T etf<p¢ P 87TGr§> (69)

where the effective gravitational coupling strength is

e 4 0
Geff =G———— (7 )
d
(1 + dl(rf)a)2
and the scalar field density p, is
Py = P (pV' + V). (71)

167G
Note that the effective gravitational strength is time vary-
ing. The relative densities (); for fluid i are then defined as
pi Pi

Ql‘=8 G L = .
e 3 2 pit Py

(72)

The above relation can also be used to define the relative
density for the scalar field, ().

IV. PERTURBATION THEORY

Cosmological perturbation theory dates back to the work
of Lifshitz [37], who used a coordinate based approach and
worked with the synchronous gauge. Many subsequent
studies also adopted the same approach [38]. The synchro-
nous gauge was found to contain spurious gauge modes
[39], causing confusion in some earlier studies as to what
was the physical growing mode. Indeed, some early studies
identified these residual gauge modes and had to carefully
remove them from the solutions. The existence of residual
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gauge freedom in the synchronous gauge led Gerlach and
Sengupta, and Bardeen and others [40] to construct gauge
invariant variables which, as the name implies, were de-
void of unphysical gauge modes. Covariant [41] studies of
perturbation theory were initiated by Hawking and later
developed by Ellis and Bruni and others into a fully co-
variant and gauge invariant theory. Gauge-ready ap-
proaches, where one can always choose a gauge at will,
depending on what is more appropriate numerically, were
also studied by Hwang and Noh [42].

A. Perturbations of the gravitational variables
1. Scalar field perturbation
The scalar field is perturbed as

b=¢+o (73)

where ¢ is the scalar field perturbation.

2. Metric perturbations

The Einstein-Hilbert frame metric is perturbed as
8 v = Uy + By, (74)

where 7 uv 18 the Einstein-Hilbert frame metric perturba-
tion. The inverse metric is given by g+” = 1 L (7 — hHY),
where B*" = n”“ vBh, B One changes connect10n from
V toV V1aV u, —V (C +fMV)u,\f0rsome

form Uy, where the connectlon tensor f v 18 given by
Fow =50Vl + Yy, =

Similarly, the matter-frame metric is perturbed as
Suv = a*(Myy + hy,), (76)

where h,, is the matter-frame metric perturbation. The
inverse metric is given by gt” = %(n’“’ — h*?), where

(75)

p ,uv)

h*? = n““n”ﬁhaﬁ. A connection change from V , to @M
on any form u, is as V,u, = @Mu,, —(CL, + fh)uy,
where the connection tensor f ;‘W is given by

Fow =50 (Vuhyy + Vohy, = Vb)) (77)
3. Vector field perturbations
Let the vector field perturbation be «,, defined by
perturbing the vector field as
A, = ae_‘/’(tM +a,) (78)
and
1 -
AF = —e?(tF + at), (79)
a
where
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W (rra
The field strength tensor F,,

, — h*'t). (80)

then takes the form

at =e

F,, =2ae”

‘5[V[May] + 2V, —V, lna)t[ﬂay]].
81)
Now define the “‘electric’’ and ““magnetic” field parts of
F,, as E, and B,,, which are given by
é

e B e‘i o B

and

e‘Z’

B,ul/ = ;qa#qﬂv}?aﬁ = _BI/ (83)

e
The two tensors E, and B,, obey t*E, = t*B,, =0,
meaning that they are purely spatial.
Explicitly, they are given by
E/L = @M(Z'Baﬁ) - tﬁﬁﬁau
+1°(Vod — Volna)a, + 1,/Pas)  (84)

and

B, = 23%,3°,V (85)

[ %]
which means that F,,, = ae”*(t,E, — E,t, + B,,).
4. Perturbation of the timelike vector constraint

Let us consider the timelike constraint on A, which
must be preserved even after the metric and the vector
field are perturbed. This gives various relations between
the metric perturbations and the vector field perturbations.

Perturbing the constraint gives
g uAFAY = 64";(77#,, + ﬁ,uv)(tﬂ + a”)(t + a”). (86)

Expanding the right-hand side, transforming ,, to 1,
with (42), and then imposing the constraint with (19) and
(35) gives

- o 4d
byt 1" = —2e 41, at. (87)
Two more relations are

tra, = —t, at (88)

and

e (89)

5. Relating Einstein-Hilbert and matter-frame metric
perturbations

Now let us find a relation between A uv and h,,. Start by
perturbing the metric transformation (1), which gives
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88, = €288, —2[e %5, + 2cosh(2d)A,A,]e

— 4sinh(2)A(, 84, (90)
Using (42), (74), (76), and (78) gives the required relation,
which is

ﬁ,uv =h,, +2(1 - e_4¢_’)tway) +2[Gu, t+ tutu]e

oD
while the inverse relation is
I = hev + 2(e* — Ditta?) +2[g* + t#1]p.
92)

B. Perturbations of the fluid
1. Perturbations of the fluid tensors

The fluid density and pressure are perturbed as p = p +
6p and P = P + 8P, respectively. The fluid velocity is
perturbed as

u, =alt, +0,) (93)

and
ut = é(ﬂ‘ + 6#), 94)

with
or = nkro, — h*"t,. 95)

The shear X, is already a perturbation and obeys the
identities n#*%,, = 0 and r*%,, = 0.

2. Perturbing the timelike constraint on the fluid velocity

This is similar to the timelike constraint of the vector
field. It gives

Wt t, = hy tht” =210, (96)

and
e, = —t,0". Cn)
Using (91), one finds a relation between the fluid veloc-

ity perturbation and the scalar and vector field perturba-
tions as

0, = tha, — o, (98)

which also gives

Atu, = —e¢?(l + ). (99)

3. Perturbing the fluid source tensors
Using the above relations the scalar source perturbation
6J is found to be

8J = e 2[8p +38P — 2(p + 3P)o]. (100)

PHYSICAL REVIEW D 74, 103513 (2006)
Perturbing the current gives
8j, = ae~¥{—2sinh(2¢p)[(p + P)9, — Pa, + Spt,,]
+[—(e*® +3e72%)p + 2sinh(2¢)Pr, ). (101)

"

Finally, perturbing the Einstein-frame stress-energy tensor
yields

88, = a{Phy,, = 2PG,, 0 — 2(1 — e *)pt o,
—2[(1 + 36_4‘/_’)[) + e_4¢_’}_)]t#t,,go
— (1 —2¢7*)8pt,t, + 6PG,,,

+ 2e7 4 (p + P)t(#ay) +2,,h (102)

S|
where 3, = 53 .

C. Perturbed field equations
1. The perturbed fluid equations of motion
Let the density contrast and sound speed be given as
usual by 6 = %‘0 and C2 = ‘;—ﬁ, respectively. Then the per-
turbed fluid equations become
V8 + 3(*V, Ina)(C? — w)d

+ (1 +w)(V,0¢ + 1V, he ) =0 (103)

and
N ~ 1=~

qvﬂ[;pv,,ey (1= 30V, 100)0, — 2V, )

"V ,w

1+w 7

R 2
+VV< €;0 >+

0o 1
T vz,,} 0. (104)

2. Perturbed constraint equation
The constraint equation (20) yields

14 4¢2?

Su = ZWtVa,, + oy

Unlike the unperturbed case, this need not be inverted.

Rather, it gives 6 u directly in terms of the other variables

which is then used in the relevant places in the other
perturbed equations.

(t*V, )"V, 9).  (105)

3. Perturbed scalar field equation

Following the same approach as for the background, one
can start from (17), which is then split into the background
part I'* found in a previous section, and a perturbation y*,
as I'# =T# + y~ Then one performs the projection
I'* = —T'A* + g#,I'”, where I' = AMT“. The scalar field
I" is again split into a background and a perturbed part as
I =T+, where y = ae™%(a,I'* + 1,y*) is the per-
turbed part which makes y* = — %('y +T'ra, ) +
g*,v". After some calculations, one gets the perturbation
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v* to be
yh = LSOV, — ey — ak]
i —2d=uv _ 24 v
+;(e bgrr — 220 t4t")\V @

24 \vd

? W[(r"@pzz_ﬁ)t}‘a)‘ + tﬁ@l;go]t“,

(106)

while its projection on the hypersurface is

(107)

The scalar field equation is then split into two first-order
equations given by
K 6_3(£AQD

t#V,y = =3(t°V,, Inb)y + =

I A - 1 _ ~
+ r[vﬂ(quhpy) 3¢V,

1 - B ,
- Et)‘VA(c‘]WhM,,)} — 8wGae3Pp[(1 + 3C2)8

— (1 +3w)(t"a, + 2¢)], (108)

where A = E]’“’@#@V is the Laplace-Beltrami operator
and
A 1 .

V0 =—ae ?y—(t

T ”V#(i)t”a,,.

(109)

4. Perturbed vector field equation

The divergence of F*, in terms of E, and B, is
- e? 4 . .
vV, F#,=—[t*V,E, — e *q**1,V,E,
a
+e74GerV B, + (t*V, Inb)E,] (110)

|

1
oY =

uv =

[\

!
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It is easier to perturb the vector field equation (15) which
does not include the Lagrange multiplier. It gives

Kg[t"V Eq + e7*9G#"V ,B,, + (t*V , Inb)E,]
+ qya{/l(tﬂﬁﬁd_))[ﬁvgp + (tﬁﬁﬁé)av]
+87Ga*(1 — e *®)(p + P)(0, — a,)} =0 (111)

which is a first-order equation for E,. The other equation
needed is a rearrangement of the definition of £, as a first-
order equation for a,,,

V(" ) = —E, + 37, {V, (P ap)

+14(V, ¢ —V,na)e,).  (112)
5. Perturbed Lagrange multiplier
The perturbed Lagrange multiplier is given by
e 20 o L, B e2¢
X 1"V, )’V 0 + pV'tra, — 87GS(A*],),
(113)
where
8(A*j,) = 4cosh(2¢)pe + 2sinh(2¢)Sp,  (114)
giving
— e—2¢; —/.LI/A 1 !
5A—KB a2 q VMEV+§V6ILL
e _
+ ZM?(WV#¢)1‘”V,,¢ + aVitta,
— 87Gp[4cosh(2p)p + 2sinh(24)8].  (115)

6. Perturbed generalized Einstein equations

The perturbed tensor Y, yields

b2V — Vhy, — 43V, )i, V, o — Kpe 4GPV Egt 1,

_ Vv - - A - N
+ [e%’,a — (,a -2 V,,)e*M i|[a2V’t"‘aa + 262 (1*V o )PV g o)1 1,

+ ez‘iﬂ[an’tﬁaﬂ + 2e2é(tﬂ©3gl_>)(t“©ago)]nw + 87Ga’p{(1 — 6_44;)[21(#(1,/) + 1,1,6]

+2(1 + e *)pt,1,}

(116)

which, when combined with S,,,, gives the right-hand side of the generalized Einstein equations as
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1

8Y,,, + 87G8S,, = = b*(aV' — Vh,, — 4a(t®V,P)t,V, ¢ — Kge 9GPV Egt 1,

_ \% - . .
+ |:62¢,11 —(a— 2—>e_2¢’}[a2V't“aa + 262 (1°V )PV g @) 1 1,
+ ez‘ﬁﬁ[an’tﬁaB + ZeZ‘Z(Iﬂ@Bg{_))(t“@agp)]nW +87Ga*p{wh,, + (C28 — 2we)G,,
+ e 746 = 22 + welt,t, + 2e (1 + w0, + 3, (117)

Contracting with r*¢” gives

_ \% N N _ N
t#1"[8Y,, + 87wGSS,,] = a262¢|:2WV’ - Vi|ﬂ‘au +2U(t°V, d)(tPV gp) — Kge *¢q*PV Ep
+ 87Gale P p[6 — 2¢ — 2t*a,] (118)
contracting with g* ¢ yields
§"ot"[8Y uy + 87GSS ] = WX RV = V)G o1 by + 2R(PV 5 $)H oV 0
+ 8TG A p{wgH 1"y, — e 4P (1 + W)G* o0, }, (119)
while contracting with g ,g" 5 gives
3" aq’ gl 8Y u, + 87GSS,,,] = a1 (pV' — V) + 87GPIg" oq" ghyy + 87Ga*pl(CI8 — 2we)Gop + qﬂaqvﬁiw]
+ gV a, + 282 (1PN , )1V, )17 ap- (120)

The above equation can be further simplified by separating it into trace and traceless parts. The trace part is found by
contracting with g*” and is given by

g*[8Y,, + 87G3S,,] = a1 (aV' — V) + 87GPlg*"h,,, + 247Ga>p(C26 — 2we)
+3a[@V'tPa, + 22 (1Y, )V 1 0)], (121)
while the traceless part is
(303" 5 = 33" Gupll8Y u + 87GSS,,] = @26 0q” 5 — 20" Gup87GE,, + [1P(aV' = V) + 87GPh,,, ).
(122)

Now let us turn to the left-hand side of the generalized Einstein equations. The perturbed Ricci tensor of 7, + h v 18
simply given by N[ A fA

e which gives the perturbed Einstein tensor as

- e = L K. .~ _ -
aH,u,I/ = Zv[)\fl)ll]ﬂ - naﬁv[)\fi]ﬁn}lﬂi + ﬁ[qaﬁhaﬁnp,u - 3h,u,1/:| (123)
c
and, after expanding the connection tensors,

oH,, =

N —

- - . - i R _ K - -

27V gV, 0 = VW Vo = Vi, — (Vo Vgh®P = V20 )7,,] + 513 Phapi, — 3k, (124)
rC

The perturbed Einstein tensor in the Einstein-Hilbert frame is then obtained via a conformal transformation as

8G,, = 8H,, +2f%,V,Inb — #,,[20°FV Vg Inb + 27°Ff) .V, Inb + h*F1,15(t°V , Inb)?]
+ h,,[2V2 Inb — €*?(tPV 5 Inb)?] (125)

Changing connection to \Y » (see Appendix C) and combining terms gives
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3G = 0" Fp = 3] = 509,00 = 5789, Gl 4 31000, 900 = 2049, Dl 1

+ 5PV s + 26 VP — 6V, V2Tt P gt t, — €42V, )V (GO ghP )T,

+ (1Y, U2 TP AN gy — PV gh® e, + [0V By, — 209V + 209081,V ) BT

— 2e*{(1PV , D)V (1,51 ) — P 7PV gl — 1,1P 0 NV Y,

+ e (A, b) [PV gh,,, — 2PV 5, — APV, )P gt 1]

— (1Y, b)[ MV %y — 200 7BV g, + 8(tPN , )1, 1P 1,

+ e*2V2 Inb — 4(FAV, nb)(1°V , ) — (MY, 1nb)*T[h,,, + 1,1Ph% 57,,) (126)

Now let us perform the contractions like in all the above cases. Contracting (126) with ¢ gives

- K. _,._ - - I 7 s s o~ e
176G, = —ﬁ[e Y0 Grrh,, + 3141 h,,] + 7€ Y[g** gP"V G NV gh,,, — M@*Ph,g)]
+ (1PN, D)V (%Pl ) — 20°GPV g, ]. (127)
Contracting (126) with t*g”, gives
8 8G = — gt i+ gt BTV h — L0 @) + Lt @R R
"q° my 7t 9 «a nv Et qd aq pYultvp Et q o " V(q pﬁ) Eq aVp V(q 14 /.LB)
1 - A - _ A . P
= 37" @Ay — AV Inb)g" ,V,(1,,1Ph* 5) + [2V7 Inb — 4(:AV, Inb)(t*V , )
— (V) Inb)2]t, " ™, (128)

and, likewise, contracting (126) with g*,g” 5 yields

= - ~ ~ SV K = I = I -l =SV A v v A b~ SV v v A
qluoquBé\G,uV =q4".q ,Bﬁ[qp/\hp)\q,uv - 3h;u/] + q“(aqﬁ)qp)\vpv,uhl/)\ - e4¢qﬂ(aq tpt/\vpv,uhw\

1, & & 1 - 1, A s
- Eqﬂaqyﬁv,uvuhpp - EqﬂaqvﬁAh/M/ + 5 4¢q#aqyﬁtpt/\vpv/\h,u.v
1

+ E[Aﬁm — eV VG Ry, — 3423V N R + 264V, (7 1R, 0) ]G ap
+ PV, G200V iy, — VNG ) Vg

+ e[V, G + AV BTG oG 51V s — 23 851N W]

— (PN, D) [V I, — 200N L, + 200N (8,7 1) G s

+ 2V Inb — 4(*V, Inb)(1°V ) — (MY, bV T[GH 07" gl + 1,8 G ) (129)
Taking the trace of the above equation, by contracting with g*#, yields
g*8G,, = —Xgr PN NV i, + 2640V NV (GRP 1R, ) + AN GHR,,) — A, R )
= AV, V(G Ry, + 2640 (0N, H)20054N ki, — PV NG )]
— PV, D)2V \(§#7 h,,) + 31PN (1, 7 RE ) — 410 GHN ]
+ e*[2V2 Inb — 4(1AV, Inb) (1Y ,$) — (MY nb)*1[g** h,,, + 31,17 R*,] (130)

which gives the traceless part as
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- I_ ~ - I_,.,
[q”aq”ﬁ - —q”“”qa/;}SGW = [q“aq”ﬁ - gq’”qag”—

3

PHYSICAL REVIEW D 74, 103513 (2006)

) N
7[’1/“, + qp)‘VpV,uh,,A - e4¢tpt’\vpvﬂh,,,\ - zAh’u,}

le & =~ le & ~ 1, Aa o~
- Evﬂvy(quhpA) + Evﬂvv(tpt/\hp)\) + §e4¢t”t}‘vpv)\hw,

+ [PV, + 1°V, b ][V \hy,, — 200V 1,0 ]

+ e*[2V2 Inb — 4(1AV, Inb) (1Y, $) — ('V, lnb)z]ﬁw}.

The above contractions are then combined with their coun-
terparts coming from the right-hand side of the generalized
Einstein equations.

V. IRREDUCIBLE DECOMPOSITION OF METRIC
PERTURBATIONS
A. Harmonic mode decomposition
1. Einstein metric decomposition

Let us write the Einstein metric perturbation into irre-
ducible parts. This yields

hyy =2 4B, = 21,G%Val = 21,7, + %G,
- (émﬁy - %@Wﬂ%%ﬁ + 29,5,

T Xuw (132)

where t#7, = t”fM =t Xu» = 0.

The variables above are classified as follows: Scalar
modes (é, Z, %» and ©), vector modes (7, and f ) obeying
c‘]’“’@lj,, = 0 and c‘ﬂ“’@ﬂf,, = 0, and tensor modes Y,,,
obeying §*" %, = 0 and q”#%)}w = 0.

2. Vector field decomposition

The vector field perturbation is decomposed as

a,=—Et, +3,V,a+ B8, (133)

with t#B, = 0. It contains a scalar mode «, given by
Aa = E]“”@Mav, and two vector modes B, obeying
79,8, = 0.

The “electric field” is also decomposed as

E,=3,V,E+e, (134)

with E being a scalar mode given by AE = q‘“’@ wE, and
€,, two vector modes obeying, as usual, Z]*“’@ uw€r = 0.

3. Matter metric decomposition

The matter-frame metric is decomposed similarly to the
Einstein-frame metric as

(131)

h,, = 28t,t, — 2,3% \Val — 21,1, + X v
+ (qa,uqﬂv - %quan)vavﬁV + 2vaf(ﬂ,qa,,)

+ Xuw (135)

where tr, = t*f, = t' x,, = 0.
The variables above are classified in the same way as in
the Einstein frame as follows: Scalar modes (=, £, y, and

v), vector modes (r,, and f,) obeying c‘]‘“’@”r,, =0 and
qW@MfV = 0, and tensor modes y,, obeying g*” x,, =
0 and G**V,x,, = 0.

4. Relations between different frame variables

The relations between Einstein and matter-frame modes
can be read off from (132) and (135) with the help of (91).
They are as follows:

E=E+¢ (136)
[={-(1-e*a (137)
X =x*6¢, (138)
7=, (139)
Fao=r,—(1—e*B,, (140)
Fu="Fu (141)
X pr = Xuv (142)
5. Fluid velocity field decomposition

The vector field perturbation is decomposed as

0,=—Et,+3",V,0+v, (143)

with r#v, = 0.
It contains a scalar mode 6, given by Af = q’“’@,ﬁy,
and two vector modes v, obeying q””@ﬂvy =0.
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6. Fluid shear decomposition
The shear perturbation is written as

S =0+ PG 3% [(VoVs — 1G,50)3

+ 20'(01"3) + 0-91/8]’ (144)

with t#o,, = t* 0, = 0. The variable 2, is a scalar mode,
o, avector mode obeying g*"o, , = 0, and o, a tensor
mode obeying, as usual, "o, = 0 and g*" 0, , = 0.

B. Gauge nonfixed equations for the scalar modes

All scalar modes can be decomposed in terms of a
complete set of eigenmodes of the Laplace-Beltrami op-
erator. For example, a variable A can be written as A(x%) =
[ kY (x4, k;)A(k;), where the eigenmodes Y (x%, k;) obey
(A + k*)Y = 0. In the special case of a flat hypersurface
with trivial topology, the eigenmodes are simply given by
Y = ¢**" and the integral transform above is a Fourier
transform. The wave number k takes values depending
on the geometry and topology of the spatial hypersurface.

In the case of trivial topology, k takes values k =

VkZ — (K/r%), where k, is continuous, obeying k, =0
for a flat or negatively curved spatial hypersurface, and
k. = rﬂ where N is an integer obeying N = 3 for a posi-

tively curved spatial hypersurface. Let us also choose the
same coordinate system defined in Sec. III.

1. Fluid equations

The density contrast equation for scalar modes is

. - 1
§=-3%(C2—ws+(1+ w)<—k20 okt k2§>,
a

(145)
while the momentum divergence equation is
. a c? W
0=-E——(1-3wh+—-65— 0
a( W) 1+w 1+w
2 3K
il R ) 146
3< > )z (146)

2. Scalar field equation

The two equations equivalent to the scalar field equation
are

: b B 34,2 7 et . 27
Y= _357+Ee Pk (¢+¢CY)+;M¢[)(_2]< {]
+ 87Gae 3 p[(1 +3C2)6 — (1 + 3W)(E + 20)]
(147)

and
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(148)

3. Vector field equation

The scalar modes of the perturbed vector field evolve
according to the two first-order equations

KB(E + %E) — A dle — pa)
+ 87Ga2(1 — e **)(p + P)(0 — a)

(149)

and

(150)

4. Generalized Einstein equations

The scalar modes of the perturbed generalized Einstein
equations yield the Hamiltonian constraint equation

1 3K b . bz
(K== )(x +Kv)+e*—| x —2k*{ +6-F
3< r%>()( v)+e b[}( {6y }

+ a3 ¢y — Kyk*E = 87Ga?p[d — 2¢), (151)
the momentum constraint equation
1 ~ . K = . b;:
— g(/\/ + kK2v) + r—%(2§ + ) — 25:
— 87Gate (5 + PO + 24 & ¢, (152)
and the two propagation equations
. . N 3K
XY +t23(L+ e HE) - ge*4¢(k2 - T)()} + k)
r(,‘
B - = 2% = 9%
- 25[/\/ + 38 — 2k — 24 x — 2k*(]
wo g b b -bls
+3=ae tpy+6| —2-+5—4¢-|E
TRt [ b b d’b}
= 247Ga’e *P p(C26 — 2wo) (153)
and
< —4d = 1 ~ 1 2~ z b 7= P
vte d’[z:—g)(—gk Vi|+2{+2|:z+¢}[v+2§]
= 16wGa’e **(p + P)3. (154)

C. Gauge nonfixed equations for the vector modes

Let € s Mys Ny be an orthonormal triad of dual vector
fields, normalized with respect to 7,,,, which give

Guv =46, +m,m, +n,n, (155)
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TABLE I. Table of generic symbols. Note: A bar above a symbol means the adaptation to the FLRW symmetries of the same
unbarred symbol.

Symbol Short description and notes Page defined
Euvr 87, v “ Generic metric and its inverse in the Einstein frame and associated compatible connection 3
8ur 87V, Generic metric and its inverse in the matter frame and associated compatible connection 3
D, i Connection tensor for transforming V, to V,, 5
Y uvs v u FLRW metric in the Einstein frame and associated compatible connection 5
Y pvs v “ FLRW metric in the matter frame and associated compatible connection 6
a Scale factor in the matter frame i 6
b . Scale factor in the Einstein frame; related to a as b = ae® 6
N Vi Conformal static metric in the Einstein frame and associated compatible connection 6
N uws \Y " Conformal static metric in the matter frame and associated compatible connection 6
CY Connection tensor for transforming V'V w0V, 6
CY Connection tensor for transforming (7)_V w0V, 6
E®,, Connection tensor for transforming V, to V,, 6
st Projector along A* 6
q*, Projector perpendicular to A* 6
A, TeVeS dual vector field, unit-timelike w.r.t. §,,, A* = gt"A, 7 3
ty Geodesic and unit-timelike vector field w.r.t. 9,,, t* = 9#"t,; related to A, as A, = ae"”tﬂ 6
Fu, TeVeS field strength tensor, F*, = gt*F,, 4
10} TeVeS scalar field 4
7 TeVeS auxiliary nondynamical scalar field 4
V(w) TeVeS free function of the scalar field w 4
F(u) Bekenstein’s original TeVe$ free function; related to V as V(u) = 4’(?262 oy F(Ga3) 4
U(u) Function of p which enters the scalar field equations of motion 7
oy Bekenstein’s auxiliary nondynamical scalar field; related to u as u = 87wGo3, 4
r# Vector field related to the gradient of the TeVeS scalar field ¢ 4
g Determinant of the Einstein-Hilbert frame metric g, 3
g Determinant of the matter-frame metric g, 4
R Scalar curvature of the Einstein-Hilbert frame metric g,,, 3
G, Einstein tensor of the Einstein-Hilbert frame metric g, 4
G v Einstein tensor of the Einstein-Hilbert frame metric ¥,,, 7
Yo Contribution to the Einstein equations not coming from the matter stress-energy tensor 4
T,, Generic matter stress-energy tensor 4
Sy Generic matter ‘‘stress-energy’’ tensor in the Einstein-Hilbert frame 4
Ju Generic matter current; source of the vector field equations 4
J Generic matter scalar source; source of the scalar field equation 4
p Fluid density 4
P Fluid pressure 4
ut Fluid velocity, unit-timelike W.r.tA. Suvs Uy = guytt” 4
20 Fluid shear; see also the definition of X, = a'—zE uv On page 10 4
w Fluid equation of state parameter, w = P/p 7
G Bare gravitational constant 3
Gogt Effective gravitational coupling strength for FLRW dynamics 8
Kp Bekenstein’s constant giving the coupling of the TeVeS vector field to gravity 4
€ Bekenstein’s constant giving the overall scale of V. 4
A Lagrange multiplier enforcing the unit-timelike constraint on A, 4
T Radius of curvature of the spatial hypersurfaces of the FLRW spacetime 6
K Integer curvature of the spatial hypersurfaces of the FLRW spacetime taking values in {—1, 0, 1} 7
H Physical Hubble parameter 8
A

—_
—_

Laplace-Beltrami operator defined as A = q’”@ M@,,
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TABLE II.

PHYSICAL REVIEW D 74, 103513 (2006)

Table of perturbation symbols. Note: A 6 in front of a symbol also denotes a perturbation of the corresponding symbol

about FLRW background, except in a few special cases: variation of the action, generic metric perturbation 8g,,, and the tensor 6H ,,,.

Symbol Short description and notes Page defined
@ Perturbation of the TeVeS scalar field ¢ 9
yH Perturbation of the vector field I'* 10
0% Perturbation of the auxiliary scalar field I" 10
i v Perturbation of the Einstein-Hilbert frame metric 9
f ¢ v Connection tensor for the transformation V P v P 9
Ry Perturbation of the matter-frame metric 9
S v Connection tensor for the transformation V~ P v P 9
oH,, Perturbed Einstein tensor of %, + h,, 12
a, Perturbation of the TeVeS vector field A, 9
E, “Electric field” part of F, 9
B, “Magnetic field” part of F,, 9
0, Fluid velocity perturbation 10
) Fluid density contrast 6 = dp/p 10
C? Fluid sound speed C2 = 6P/Sp 10
i, Z X P Generic scalar modes of Einstein-frame metric perturbations 14
f, 7 Generic vector modes of Einstein-frame metric perturbations 14
X v Tensor modes of Einstein-frame metric perturbations 14
h,{, x, v Generic scalar modes of matter-frame metric perturbations 14
f,r Generic vector modes of matter-frame metric perturbations 14
Xuv Tensor modes of matter-frame metric perturbations 14
HT Tensor mode of the metric 18
a, E Generic scalar modes of the vector field perturbations; E is gauge invariant 14
, € Generic vector modes of the vector field perturbations; both are gauge invariant 14
o, Generic vector mode of the fluid shear 15
O Generic tensor mode of the fluid shear 15
0 Generic scalar mode of the fluid velocity perturbation 15
v Generic vector mode of the fluid velocity perturbation 15
3 Scalar mode of the fluid shear 15
a® Vector mode of the fluid shear 18
al Tensor mode of the fluid shear 18
k Wave number 15
&, m*, n# Orthonormal triad of vector fields 16
£n, Er Infinitesimal vector fields used in gauge transformations 19
E U Scalar modes of &# 19
w, o* Vector modes of &* 19
¥, d Metric potentials in the Einstein frame for conformal Newtonian gauge 20
v, O Metric potentials in the matter frame for conformal Newtonian gauge 20
h, n Metric potentials for conformal synchronous gauge 21
and together with 7, they form an orthonormal tetrad for ~ “+” and “—"" labels can therefore be dropped without

the metric 7,,,.

Without loss of generality, let €, be the direction of
propagation of plane waves. Thus, all vector modes are
orthogonal to €,, for example, ¢#3, = 0. Each vector
mode X can then be decomposed into its two polarizations:

X, =X"m, +X n, (156)

o

As it turns out, there is no mixing between the two polar-
izations. Moreover, they obey identical equations. The

any confusion.

Vector modes can also be decomposed in terms of a
complete set of eigenmodes of the Laplace-Beltrami op-
erator, just like scalar modes. The spectrum of the wave
number k is modified though, to reflect the spin-one nature
of the vector modes. In this case (again for trivial topol-

ogy), k takes the values k = \/k2 — 2(K/r2), where k,
is continuous, obeying k. = 0 for a flat or negatively
curved spatial hypersurface, and k, = rﬂ where N is an
integer obeying N = 3 for a positively curved spatial
hypersurface.
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Let us now find the equations for vector modes.

1. Fluid equation

The vector mode fluid equation becomes

W v— k2—2—Ka'(")
1+w r’ ’

(157)

a
v = —|:(1 —3w)—+
a
where o) is the vector mode of the fluid shear, contained
no,.
y73

2. Vector field equation

The two first-order equations for the vector field are

et (d-2) (158)
and
KB[é + e+ <k2 + i—f)e““bﬁ}

b
b
= (;)2,8 +87Ga*(1 — e *)(p + P)(v — B). (159

3. Generalized Einstein equations

The vector mode momentum constraint is
5 2K\ =z 2 4G~ 4 B
k* ——)(f + 7) = —16mGa’e **(p + P)v  (160)
re
and the propagation equation is

Fti+ 2(% + J;)(f +7) = 16wGa*e™**(p + P)a.

(161)

D. Equations for the tensor modes

Using the orthonormal basis defined above, one can do a
similar decomposition for the tensor modes into two polar-
izations. The tensor mode perturbation y,, decomposes
into a basis which is written as symmetrized combinations
of m, and n,,. There are three possibilities, namely, m,m,,
nyn,, and m,n, + m,n,. However, the traceless condi-
tion on the tensor modes implies that the coefficient of the
first two must have opposite sign, hence there are only two
independent polarizations given by

Xuv =H (m,n, + m,n,)+ H (m,m, —n,n,).
(162)

Since there is no mixing of polarizations again, both will be
denoted as H™).

Tensor modes are again decomposed in terms of a
complete set of eigenmodes of the Laplace-Beltrami op-
erator. The spectrum of the wave number £ is again modi-
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fied, to reflect the spin-two nature of the tensor modes. In
this case (again for trivial topology), k takes the values k =
VkZ — 3(K/r?), where k, is continuous, obeying k., = 0
for a flat or negatively curved spatial hypersurface, and
k. = rﬁ where N is an integer obeying N = 3 for a posi-
tively curved spatial hypersurface.

The tensor modes then obey the equation

HD + 2<Z + <Z>H<T> + e‘4$<k2 + 2:2{)}1(”

c

= 1677Ga26_4‘/_’(ﬁ + P)aD), (163)

where ') is the tensor mode of the fluid shear, contained
ino,,.

VI. SUMMARY

I have taken a covariant approach to formulate the linear
perturbation theory about a spatially homogeneous and
isotropic spacetime. The covariant approach is particularly
useful in theories with two metrics, where there are two
different metric-compatible connections, one for each
metric.

The field equations were perturbed covariantly without
adhering to a particular gauge or perturbation mode. This
allows one to check explicitly that the equations are indeed
invariant under infinitesimal gauge transformations. Mode
decomposition was performed covariantly, and the equa-
tions for each perturbation mode were found, again without
assuming a particular gauge. Special gauges for scalar
modes are given in Appendix B. While I have not consid-
ered the perturbed Boltzmann equation for thermalized
fluids, this will remain unchanged when expressed in
matter-frame variables.

This completes the linear perturbation theory for
Bekenstein’s TeVeS theory about a FLRW cosmological
background. The equations presented here can be used to
study the formation of linear structure and the cosmic
microwave background in this theory, as was initiated in
[20].
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APPENDIX A: ANY UNIT-TIMELIKE VECTOR
FIELD IS GEODESIC IN A FLRW UNIVERSE

In this section I prove that any unit-timelike vector field
in a FLRW universe obeys the geodesic equation.

103513-18



TENSOR-VECTOR-SCALAR COSMOLOGY: COVARIANT ...

Let g,, be the Robertson-Walker metric with scale
factor a. Consider now a unit-timelike vector field t*
tangent to a geodesic congruence of curves. As a property
of Robertson-Walker metrics, * is always orthogonal to a
hypersurface of homogeneity and isotropy (see, for ex-
ample, [43]). (Of course, at least one such vector field
exists, e.g. t, =V,t for some scalar function t€&
C*M). Let x*, y*, and z* be three unit-spacelike vector
fields, which, along with r*, complete an orthonormal basis
on TM. As a property of FLRW, they can be related to three
linearly independent Killing vectors of M, as x* = éfﬁ),
yH = %fé), and z# = L £(, . With the above considerations
we have that

t*V  t, = t*V,t, = x*V,x, =0, (AD)

x*V ,x, = (L, Ina)t,, (A2)

where, in the last relation, I have used the fact that £ f =
0 for any function f € C*M.

Now the vector field
A = (1 + )V + cxk (A3)

is also unit-timelike by construction, for any choice of ¢ €
C*M. The isotropy of M implies that there is no loss of
generality in (A3).
Now consider A#V ,A,. Using (A3) one gets
ARV A, = clct, + (1 + c)V2x,1(L, Inc)
+c(1 + A)V2(trV x, + x#V ,1,)
+ c2(L,1na)t,.

Now consider the term t#V ,x, + x#V 1, which can be
expanded as

#V ,x, + x#V 1, = (L, Ina)x, + (y*tPVgx,
+ yavaBta)yV + (z“tﬁvﬁxa
+ z“x’gvlgta)z,,,

where (A1) and (A2) have been used. However, the coef-
ficient of y, in the above relation is zero, since
YA tPV gx, + y*xPVgt, = y* 1PV gx, + y* L 1,

— y*tPV xg

= JyaB
2y%r V[Bxa]

=2yl =0, (A4)

The same holds for the coefficient of z, for the same

reason and therefore
APV A, = clet, + (1 + cAV2x,1L,In(ac).  (A5)

Therefore, the choice ¢ = %0 for any constant ¢, means that
the unit-timelike vector field A# given by
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(A6)

2

c511/? c

AM=[1+—3} 2 xr
a a

is geodesic. However, any unit-timelike vector field can be
related to t* by (A6) which completes the proof.

APPENDIX B: GAUGE CHOICES

1. Gauge transformations

Consider a vector field &* generating a local one-
parameter family of local diffeomorphisms (gauge trans-
formations). Then, under a gauge transformation, any ten-
sor T transforms as

T—-T+ LT, BD)

where LT is the Lie derivative of T along £*.
Let us define a new vector field &* by &+ = %é" and

~

£, = 8uvé” = a&,. Now perform a split as

E, =, + 3"V + o, (B2)

where t*w, = 0. The above vector field thus consists of

"
two scalar modes & and ¢ given by & = t#& pand Ay =

E]’“’@ u £,, and two vector modes
g*'Vv,o, = 0.
Now one can find the gauge transformations for all the

perturbed variables. The scalar field perturbation trans-
forms as

» Which obey

1 A -
o' =@ ——(tFV,9)¢, (B3)
a

while the auxiliary scalar field perturbation vy transforms as

&

e An - A -

Y =y + 25UV’ ¢ — (V)
a

+ (1*V, )1V, Ina)] (B4)
e® . A
— 5 [6,1—20#% nb) (¥, 3)
a
+ 87Ge 3% (p + 313)}5. (B5)
The vector field perturbation transforms as
1 - A -
a, =a, + Z[v”f + ('V,d)ét, ] (B6)
which gives
1
a'=a+-—¢ (B7)
a

whereas 3, is gauge invariant as expected.
The vector field tensor F,,, vanishes for the background,
meaning that E, €,, and B, are all gauge invariant.
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The matter metric perturbation transforms as

2 A A ~ ~
]’li“, = h/“’ + ;[V(ng) + (t”vp lna)t(,uf,,)

— (*V, na)én,,] (B8)
which gives
1 ~

B/ = B+_t*V,¢ (B9)
=17+ é[ﬂf«@“z// —(*V,Ina)y + £, (B10)

2 ~
X =x- Z[kw + 3(*V, Ina)¢], (B11)
vV=v+ -4y, (B12)

a

W= h+ é[z#@#w - (t*V, Ina)w], (B13)
fl=f+ % (B14)

whereas the Einstein-frame metric perturbations transform
as

T &
g=F+ g[wv,,f — (t"V,d)é€], (B15)

=7+ é[w@#(// — (t*V,, Ina)y + e *P£], (B16)

2 ~

1 =y- E[k%p +3(t#V,, Inb)£], (B17)
., 2

v=v+ -4, (B18)
a

R'=h+ 1[#@,& — (*V, Ina)w], (B19)

a
7! =f+g. (B20)

The Lie derivative of the fluid velocity is L;u, = \Y uwé
and therefore the fluid velocity transforms as

(B21)

Now both the energy density and pressure are scalars given
by p = u,u, T#” and P = %qw,T/“’, and so

8 =68+ 2(1 + )"V, Ina)é, (B22)
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0 =0+ %g, (B23)
1 1 ¢ . .
— 0P ' =—6P + Z[3w(l + w)(#*V,Ina) — t*V ,w],
p P a
(B24)
=3, (B25)
v = . (B26)

Using the gauge transformations above, a lengthy cal-
culation shows that the gauge nonfixed equations derived
in the previous section are all gauge invariant. Given the
complexity of the gauge nonfixed equations, such a calcu-
lation can offer a powerful test of their correctness.

2. Conformal Newtonian gauge

The conformal Newtonian gauge is defined by

E=-Y, (B27)

x = —60, (B28)

{=0, (B29)

v=0. (B30)

From the relation = = = + @, we also set E=-Vand

from y= xy+6¢ we set y= —6®. Therefore, the
Einstein-Hilbert frame metric perturbations are given by

V=1T- (B31)

O =0>— o (B32)
{=-(1-e*)a, (B33)
=0 (B34)

a. Fluid equations

The density contrast equation for scalar modes in the
conformal Newtonian gauge evolves as

§= —(1 + w) (k20 — 3b) 3g(c§ — w6, (B35)

whereas the momentum divergence evolves as

o 2 .
b= -2 -3we+-S s 4
a 1+w 1+w
2 K
- §<k2 - 3—2>E + V. (B36)
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b. Scalar field equation

The two first-order equations coming from the perturbed
scalar field equation are

b4 . .
y= 327+ L0 + da)
a

+ %ﬂ F[—6d — 242{]
+ 87Gae 3[8p + 38P + (p + 3P)(V — 2¢)]
(B37)
and
1 L.

o=——acty+ ¢

U (B38)

c. Vector field equation

The scalar mode of the perturbed vector field equation is

KB(E' + %E) — i dle — da)
+ 87Ga2(1 — e *®)(p + P)(0 — a)
(B39)

and

a=E+\If+(J>—9>a. (B40)
a
d. Generalized Einstein equations

The scalar modes of the perturbed generalized Einstein
equations yield for the Hamiltonian constraint

—2(k2 3K>®—24¢b[3q>+k25+3 \If}

rL.

+ a3y — Kyk2E = 87Ga*p[d — 2¢],  (B41)

the momentum constraint equation

K. b .
D + —24" E\If i b o =4mGate**(p + P)6,
(B42)
and the two propagation equations
K
6B + 202(F — e 4F) + 2e—4¢<k2 K )cp
+ 2%[65) + 30 + 202F] + 443D + k27]
M - b.z = b ~
+3=ae Py —6| 22—+ —4¢p—- ¥
TR [ b b2 d)b}
= 247Gale * p(C28 — 2we) (B43)

and
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d -V + e4‘5[2 + 2(% + &)Z} = 87Ga’*(p + P)2.
(B44)

3. Conformal synchronous gauge

The conformal synchronous gauge is defined by E = 0
and ¢ = 0, which fixes /= —(1 — e *?)a and E = ¢.
Following the standard notation, let us also set y = A,
which gives ¥ = i + 6¢ and v = — L (h + 67).

a. Fluid equations

The density contrast equation for scalar modes evolves
as

5= —3g(c§ —w)é—(1+ w)<k20 + %h) (B45)

while the momentum divergence evolves as

) a C? W
=——(1—- + f5—
0 a( 3w)é 1+w 1+w 0
2 3K
3 <k2 2)2. (B46)

b. Scalar field equation

The two equations equivalent to the scalar field equation
are

b

=3, + Lo + da)

&L 3
+ & G Blh + 66 — 2628
a
+ 87Gae 3%[8p +38P — 3(p + 3P)p] (B47)

and

1
¢ =—=—ae by - do. (B43)

2U

c. Vector Bekenstein equation

The scalar mode of the perturbed vector Bekenstein
equation is given by the two first-order equations

K+ 1) =~ dlo — b
+ 87Ga*(1 — e *®)(p + P)(0 — a)
(B49)

and

(B50)
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d. Generalized Einstein equations

The scalar modes of the perturbed generalized Einstein
equations yield for the Hamiltonian constraint

3K br -
2<k2 —7>(¢> — )+ e4¢g[h — 22 + 6%4

c

= 3D
+ ae3“’<q§ U B)y — Kgk*E = 87Ga*p[s — 2¢),
(B51)
the momentum constraint equation
N N : T
2k + =2k —h—69]—2k°(-+ ad|e
ra a
k2 7 ; _
+ Eaefd’y = 87wGa’e **(p + P)k*6, (B52)

and the two propagation equations

2

. e K - - K
—h—6p + 2k, + 6—26_4¢qo + 26_4¢<k2 - 3—)7}
rC
b . - s
—2E[h+9¢—2k2§]—2¢[h+6¢—2k2§]
[T b b -b
+3Zge ?hpy+6| -2+ —4p—
3Uae oy 6[ by T d)b}a

= 247wGae 4P p(C26 — 2we) (B53)

and
) ; L F
h+6'i7—2e4¢k2n—2k2§+2[5+¢}[h+6"7_2k2§]

= —167Ga’e **(p + P)k?3. (B54)

4. o gauge

In the o gauge, one sets the vector field perturbation to
zero, a = 0, which fixes { = . Since setting & = 0 es-
sentially fixes the gauge variable &, one is no longer
allowed to set 2 = 0. Therefore, this gauge cannot be
put in synchronous form. As a further gauge fixing condi-
tion, let » = 0, which can still be done, as the gauge
variable ¢ was not fixed at that point.

a. Fluid equations

The density contrast equation for scalar modes evolves
as

6= —3Z(C§ —w)o + (1 + w)<—k20 - %X + k2§>,
(B55)

while the momentum divergence evolves as
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. a C? W
f=—-5——(1-3wo+ LBy
a( W) 1+w 1+w
2 3K
- (K —-=3. B56
(e (B30

b. Scalar field equation

The two equations equivalent to the scalar field equation
are

S LA P ﬁﬁ« Bl — 2k¢]
b a a
+ 87Gae 3% p[(1 +3C2)8 — (1 + 3w)(E + 2¢)]
(B57)
and
A S SR
¢ 2Uae v — ¢E. (B58)

c. Vector field equation

The scalar mode of the perturbed vector field equation is
given by the first-order equation
. b - . _
KB<E 4 EE) — —a@do+87Ga(1 — e )5 + P)6.

(B59)

d. Generalized Einstein equations

The scalar modes of the perturbed generalized Einstein
equations yield for the Hamiltonian constraint

1 3K\ . SB[ - b -
§<k2 — —%>){ + e‘“bg[)( —2k*¢ + 6ZE} + ae*? py
— Kzk’E = 8wGa*p[d — 2¢], (B60)
the momentum constraint equation
1. 2K b . _
—~X+5{—2-E=28nGa’e **(p + P)0
3 T b
+2a e (B61)
and the two propagation equations
8 ) 2 1 z 3K
— X +2K3({ + e *%E) - 5e—‘“ﬁ(kz - —2>;”(
rC
br. ; 2 e 2
- 25[,\/ + 3E — 2k*{] — 2y — 2k°{]
o bR b
+3=ae Ppy+6| —2-+ 5 —4¢— |E
TRt [ b b d)b}
= 247Ga’e *? p(C26 — 2wo) (B62)

and
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e—4<5[2E —~ %x} +2¢ + 4[% + ﬂg
= 167Ga’e *%(p + P)3. (B63)

APPENDIX C: SPECIFICS OF THE
PERTURBATIONS OF THE EINSTEIN TENSOR

In this section I write out explicitly all the perturbed
terms of the Einstein tensor to help the reader follow the
calculations.

Changing connection to \Y u gives
VgV, P, = 7BV N g, + 24N 1% 1P h gt 1,
— A, hp, ]+ 2PV, O HPV gt it
+ P20 1BY yhg,t, — 19V g,
+ 1PV gt 1}
+ 8e* (1PN, )1t hiyy — 20%1P gt 1)
(C1)

V Vi =V V0%, + 2PN , )t 1,V gh* ,,
(C2)
V2h,, = 7PV Vgh,, — 26402V bt 'K,
+ (t*V,P)*V hy, — 4t“t5VahB(MtV)]
+ 4PN, [P ot 1, — 2Pt 0T
(C3)

PHYSICAL REVIEW D 74, 103513 (2006)
Vo Vphf = 7500738 N gh,, + 28{(1#V ,$)
X3V, (t#17h,,) — 2e 49 A 7540V Ly, ]
- ZtMtV};,LLV[@Z(i - 6tp©p (5)2]}»

(C4)

v2ﬁaa = ﬁp/\@p@/\ﬁaa - 2(tp©p§£)€4$t/\@/\]’;aa,
(C5)

2f4, Vo Inb = e} (MY, nb)[tFV gh,, — 2PV, 5
— 4PV, Pt P gt 1] (C6)

20PN N g Inb = 280 1%1P 1, o[ — V7 Inb
+2('V, Inb)(*V,$)],  (CT)

278 FAVy Inb = e** (7Y, Inb)[1°V ,h®,, — 2PV 1 5]
(C8)

= e* (1N, Inb)['V 1% — 207 7PV g,
+ 8e* (1PN, )1 1Pl ), (C9)

V21Inb = e*[V Inb — 2(*V, nb)(*V ,$)].  (C10)
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