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In a previous work we obtained a set of necessary conditions for the linear approximation in cosmology.
Here we discuss the relations of this approach with the so-called covariant perturbations. It is often argued
in the literature that one of the main advantages of the covariant approach to describe cosmological
perturbations is that the Bardeen formalism is coordinate dependent. In this paper we will reformulate the
Bardeen approach in a completely covariant manner. For that, we introduce the notion of pure and mixed
tensors, which yields an adequate language to treat both perturbative approaches in a common framework.
We then stress that in the referred covariant approach, one necessarily introduces an additional hypersurface
choice to the problem. Using our mixed and pure tensors approach, we are able to construct a one-to-one
map relating the usual gauge dependence of the Bardeen formalism with the hypersurface dependence
inherent to the covariant approach. Finally, through the use of this map, we define full nonlinear tensors that
at first order correspond to the three known gauge invariant variables ®, ¥ and =, which are simultaneously
foliation and gauge invariant. We then stress that the use of the proposed mixed tensors allows one to

construct simultaneously gauge and hypersurface invariant variables at any order.

DOI: 10.1103/PhysRevD.89.103538

I. INTRODUCTION

The cosmological perturbations formalism provide an
important tool to study the evolution of inhomogeneities in
the standard cosmological model. However, since its initial
development [1,2], the gauge-problem has raised several
issues concerning the physical interpretation of such per-
turbations. After a quite long discussion, it appeared in the
literature two main approaches to deal with such difficulties.
In a pioneering paper [3] Hawking introduced the so-called
covariant approach, which was later used by many authors
[4-21] to define gauge invariant (GI) variables associated
with the gradients of background scalar quantities and the
Weyl tensor. The second approach was developed by
Gerlach and Sengupta [22] and then by Bardeen [23] in the
cosmological scenario. In the latter paper, Bardeen con-
structed GI variables as combinations of the metric pertur-
bations within a specific coordinate system. Even though
Bardeen’s approach may seem straightforward, its imple-
mentation rapidly becomes very involved, and in a sense
continues to be coordinate dependent since one has to start
with gauge dependent equations and variables and then
combine them in a gauge invariant form.

Generally, metric perturbations are defined through the
specification of a background metric written in a specific
coordinate system, and then defining its perturbations as
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differences of the physical metric tensor from this fiducial
background metric. In this scenario, the gauge freedom that
appears in the perturbations are associated with the freedom
in the different possible ways to map the physical spacetime
with respect to the background manifold used as a reference
(see for instance [24]).

The physical meaning of Bardeen’s GI variables has
been discussed in [23] by analyzing them in different
gauges. Complementarily to this work and, as an effort to
make a contact between the two formalisms, in Bruni et al.
[7] the authors investigated their meaning by using the
covariant scenario. Their approach was to calculate the
covariant perturbations in a specific coordinate system and
compare them with Bardeen’s variables.

Apart from the GI variables, the meaning of the gauge
transformations themselves has also been investigated by
Stewart and Walker in [25,26]. Among other results, in
these papers the authors address the tensorial decomposi-
tion into scalar, vector and tensor variables. Their approach
consists in considering a smooth family of spacetimes
parametrized by some parameter ¢, and the perturbation as
the first order expansion of the metric with respect to this
parameter. This method has also been used by Wald [27] to
give a formal description of a generic metric perturbation.

The purpose of this work is to understand more deeply
the relation between the two above mentioned approaches
to the theory of cosmological perturbations, and to present
some new improvements in these formalisms. First of all,
we present the Bardeen approach in a complete covariant
way. With this aim, we introduce a new classification of

© 2014 American Physical Society
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tensors in terms of the fundamental objects used in their
definitions. We call mixed tensors the elements of the set of
all geometrical objects which necessarily combine back-
ground and physical tensors in their definitions, while pure
tensors are the elements of its complement. The gauge
dependent Bardeen variables can be obtained from these
mixed tensors, even if their background values are null or
constant because such mixed tensors do not satisfy the
Stewart-Walker lemma [25,26], only pure tensors do.

On the other hand, the covariant approach defines the
cosmological perturbations in terms of pure tensors, using
only physical geometrical objects. Hence, even in the case
where their background values are null or constant, guar-
anteeing their gauge invariance, they are intrinsically
foliation dependent. As a consequence, while the Bardeen
approach has its well known gauge dependence, the covar-
iant formalism contains a dependence on the spacelike
hypersurfaces one uses to perform the spacetime foliation.
Using our new classification, we compared both formalisms.
We have shown that, besides their dynamical equivalence,
their indeterminacies are complementary. The usual gauge
dependence appearing in the Bardeen approach can be one-
to-one mapped into the hypersurface choice dependence.

The natural question that appears is whether there are
variables that are simultaneously foliation and gauge
invariant. The answer is affirmative, and we have presented
a general way to construct full nonlinear tensors that at first
order are simultaneously foliation and gauge invariant, and
how they are related to the electric part of the Weyl tensor,
which is also gauge and foliation independent at first order.
The definition of these tensors can be made using either
pure tensors or mixed tensors, hence they are common to
the new covariant Bardeen approach and the usual covar-
iant approach. Their scalar parts correspond exactly to the
Bardeen gauge invariant potentials, hence showing that
these potentials are a particular combination that at first
order are not only gauge invariant, as is well known, but
also foliation independent.

In Sec. II we will briefly review the metric perturbation
formalism and show how one can define metric perturba-
tions in a completely covariant way. This method is generic
and valid for an arbitrary background metric. During this
process, we will introduce the concept of pure and mixed
tensors, which gives an adequate common language to treat
both the already usually covariant [3,4] and Bardeen’s [23]
approaches in the same framework.

In Sec. III we define the kinetic variables for pure and
mixed tensors. Additionally, their decomposition are rela-
ted to the gauge freedom and the choice of the spacetime
foliation. By controlling their variations, it is possible to
relate these two freedoms, and at first order one can map one
into the other directly. As a bonus, our method has shown to
be much simpler then others to do calculations in a gauge
free manner (without choosing any gauge). For instance, in
[28] (from now on VFP) we have used this method to obtain
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the perturbed second order Lagrangian for an arbitrary back-
ground in a foliation free manner. Most of the perturbative
expansions that we shall use here were carefully obtained
in VFP, hence we maintain the same notation introduced
in Sec. II of VFP.

Following this discussion, in Sec. IV we construct
nonlinear tensors whose first order perturbations give us
the usual GI variables. In particular, the procedure we use to
define these tensors is that at first order they should give
foliation independent variables. In this way, the Bardeen
potentials are special not only for being GI variables, but
also for being foliation independent. Finally, in Sec. VI we
conclude with final remarks.

II. PERTURBATIONS BY MEANS OF PURE
AND MIXED TENSORS

A gauge theory is one in which the specification of the
dynamical variables depends on functions which can be
arbitrarily chosen at any instant of time [29]. Any change
on this choice is called a gauge transformation. Of course
the physical observables of a gauge theory should not
depend on these arbitrary functions, hence they should be
invariant under gauge transformations (they should be
gauge invariant quantities). In electromagnetism, the vector
potential depends on the choice of some scalar functions,
but the physical electric and magnetic fields do not depend
on them, and so they are gauge invariant quantities.

Any generally covariant theory is a gauge theory: the
specification of the dynamical variables depends on the
coordinate system one is choosing, and this choice is
arbitrary. As General Relativity (GR) is a generally covariant
theory, it is also a gauge theory, whose gauge group of
transformations is the manifold mapping group (MMG).
However, this is not a peculiarity of GR as long as any field
theory can be put in a general covariant form [27,30]. The
difference arises when one wants to establish the symmetry
group of GR (sometimes called invariance group, or proper
gauge group [30,31]), which is the subgroup of the MMG
which keeps invariant the absolute objects of the theory
written in the coordinate system where they assume their
simplest form. For instance, in a generally covariant field
theory in flat spacetime (special relativity), the flat metric is
not subjected to any dynamics. It is a given external and
absolute object which is present whatever field configura-
tion one constructs. The metric is insensitive to any initial
conditions one might give to the physical system. Hence, the
symmetry group of any generally covariant field theory in
special relativity is the Poincaré subgroup of the M MG, and
the preferred coordinate system in which the flat metric takes
its simplest Minkowski form is the Cartesian coordinates.

The peculiarity of GR, which gives rise to its name, relies
on the fact that there is no absolute or external object in GR:
all quantities, including geometry itself, are subjected to
dynamical laws, and any physical change of initial con-
ditions modify the future development of all geometrical
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objects of the theory. Therefore, the symmetry group of GR
coincides with its gauge group, the MMG. As a conse-
quence, there is no preferred coordinate system, or a pre-
ferred gauge fixation. In GR, one must rely on gauge
invariant quantities, which are the values of tensor fields
and/or particle positions with respect to other tensor fields
and/or particle positions, including the gravitational field
itself (identified with the geometry of spacetime). The values
of the tensor fields at a point on the manifold are not gauge
invariant quantities because such points do not have a
physical meaning. As an example, geodesics are not gauge
invariant quantities, hence they are not observables, while
geodesic deviations are.

Nevertheless, the situation is more involved when one
turns to the theory of perturbations in GR, which is the
suitable framework when the physical system possesses
some underlying approximate symmetry. By this we mean
that geometrical objects on the physical manifold change
infinitesimally under some restrict group of finite trans-
formations, which is a subgroup of the MMG. In this
case, one can define geometrical objects which are exactly
invariant under this subgroup of transformations, Q(x),'
which we call background geometrical objects. In this
context, the perturbation of an arbitrary physical tensor Q,
can be defined as

60(x) = Q(x) — O(x), (1)

where Q stands for the background variable, where we
assume that the quantity 5Q(x) is small in some sense
[27,32]. Assuming that one has a covariant way to measure
the size of the perturbations (see for example [33]), then,
since §Q(x) is a tensor, any general infinitesimal gauge
transformation belonging to the MM group in which all
objects are transformed will not alter the size of the pertur-
bations. However, there is an arbitrariness on the way the
background tensors are introduced in the physical manifold.
They are naturally defined in a background manifold M,
and one should define them in the physical manifold M
through a diffeomorphism. Hence, consider a certain
manifold M, with a given riemannian metric g,, and other
tensor quantities, and a smooth family of diffeomorphisms
T,:1x M, - M from M, to the actual physical manifold
M that depends on some parameter A defined in the interval
I = [0, b] for some real number b. For each value of 4, we
can define a bijective tensor map from M,, to M as T}.
Through this bijective map, we can define the background
metricin M as g, = quﬂ,,.z In fact, to make contact with the
usual language in cosmological perturbation scenarios, we
shall call any tensor brought from M, to M as a background

'"Here we will omit the indexes for simplicity.

For the moment we restrict our analysis to the metric tensor,
but the above reasoning can be extended to any other geometrical
object defined on M. All metrics have signature (—1,1,1,1).
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quantity, and any tensor defined strictly on M as a physical
tensor.” In addition, in M we can also define two distinct
covariant derivatives, one for each metric. Thus, we define the
covariant derivatives V,, as the operator compatible with g,,,
and V,, compatible with g, .

The main assumption in the perturbation theory is that
the difference

59/41/ = g/w - gﬂlﬂ

which we shall call metric perturbation, is small in some
sense. For a small 4, we have that the new background
metric reads

g(l)m/ = 19;1*'@/11/ ~ g;w + £Ag;wa

where the infinitesimal vector field A#, of order A, is the
tangent field to p(1) = T,(p) in M. Therefore, for small
values of 1, the new metric perturbation reads

G — (g;w + £A§/4v) = 59/4» - 2v(ﬂAIJ) (2)

Note that different values of A define different back-
ground metrics on the physical manifold, but this arbitrari-
ness in the introduction of the fiducial background metric
must be limited to the above mentioned assumption that
one needs V(,A,) to be small in the same sense as 5g,w.4

It is worth emphasizing the difference between the above
transformation with a general infinitesimal gauge trans-
formation in M associated with an infinitesimal coordinate
transformation. Given g, and g,,, which are true tensors
in M, such a coordinate transformation generated by an
infinitesimal vector field B# changes them as

59(/1)}“/ =

9w — G + £Bg;w ~ 9w + £Bgﬂl/’
g/u/ - g/w + £Bg/4w

where in the above approximation we neglected second
order terms. Clearly, metric perturbations, as well pertur-
bations of any other geometrical object defined in the same
way, are invariant under such transformations, i.e.,

gg}w ~ (gm/ + £B.§_7;w) - (f_]/u/ + £Bg;w) = 59}41/' (3)

Indeed, 6g,, being defined as the difference of two
tensors it is also a true tensor and as such it is covariant
under general coordinate transformations. Note however
that &g,, is not invariant under the change of diffeo-
morphism described above [see Eq. (2) and compare it
with Eq. (3)]. Of course this is true for perturbations of any

The term “perturbed tensor” is often used for these objects.
However, “physical tensor” seems more suitable to avoid mis-
understanding with the perturbations that are defined as the
difference of these objects with background tensors.

Note that this is a sufficient but not necessary condition: as
mentioned above, if A* is a Killing vector of g,, the perturbation
remains small for any value of A.
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kind of geometrical objects inasmuch under any diffeo-
morphism change from Y, to T, all background tensors
are transformed, while all physical quantities are kept fixed
since they are defined independently of the background
manifold M, and T,. For instance, consider an arbitrary
background tensor

T MMM — yxo Hifoe-Hy
Tylyz...vm = TOT ViVy... .Uy )

and a similar tensor T,,,)""2*" defined in M. Under a
change in the diffeomorphism Yy, — Y, we have

T HiH2--H T  Hik2-- B T HiH2---Hy
Tl/]l/z.l..l%m '— Tvlvz.l“z%m ! + £ATD|D24]..13,,, )

Hip2---Hi Hik2---Hi
Tulyz...vm — Tvlvz.“vm .

One can then combine the above transformation with a
small general coordinate transformation generated by the
vector field B*, yielding

T HiH2---Hy T HiH2---Hy T HiH2---Hy
Tulzz _’Tzzlvz...zz,,, +£A+3Tv1v2...vm s

2---Um

Hita.. pt Hitz. pt Hitz. pt
Tvlvz.l..;m '— Tvlvz.l..ﬁm "+ £BTv1v2.l..13,,, L
Hence, the most general way a perturbation can be
transformed is given by

(STET—T—)5T+£BT—£A+BT
~ 6T — £,T, (4)

where the indexes have been omitted, and in the last
approximation we neglected second-order terms.

Note that the final result can be obtained, without loss of
generality, by choosing B* = —A* from the beginning,
yielding

Hila--Hy

T Mk
T Vo Uy ’

V\Uy...Up >T,

Hikz- -y Hipa--Hy T HiH2-- My
5TU11/2~-Um _)5TU|U2~-~Dm _£ATU|U2~-~Um .
(5)

This is a very convenient choice given that this specific
combination of transformations keeps the functional form
of the background tensors the same, and this form should
be chosen as the simplest one associated with the preferred
coordinate system induced by the underlying symmetry
group of the background.

It is this combined transformation (diffeomorphism &
coordinate) which is designated as a gauge transformation
in the context of perturbation theory in GR. Note that it
has different actions on the background and physical
geometrical objects, contrary to the usual infinitesimal
gauge transformations of GR, and it should also keep
the perturbations small. One can identify it as an approxi-
mate symmetry group induced by the presence of an extra
structure, which is the background manifold and its
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associated geometrical objects. These objects also induce
a preferred coordinate system on the physical manifold,
from which one can move just through infinitesimal
coordinate transformations. The arbitrariness on the way
one introduces this background structure in the physical
manifold is at the basis of the gauge dependence of the
perturbation problem in GR. Hereafter, a gauge trans-
formation shall mean exactly the above chain of trans-
formations with B# = —A*.

Given the transformation rule for perturbed tensors
Eq. (5), the Stewart and Walker (SW) lemma [25] defines
the conditions under which £,T,,,)*2"*" = 0, and hence
the conditions for 67,472 " to be GI. Basically, this
lemma states that first-order perturbation of any tensor
which is null or a combination of constants with
Kronecker deltas in the background is GI. However,
within this lemma there is a hidden assumption that is
sometimes overlooked.

The perturbation 87,42 *" is defined as the differ-
ence T, "2 — T, 1"2# The conditions in the SW
lemma are sufficient only if the tensor 7,72 *' is
defined solely in terms of quantities from the physical
manifold, i.e., defined independently of M, and Y.
Generically, if in the definition of T,,,\"2 " we also use
any background tensor, then even if the background tensor
T,z *" is a simple constant its perturbation might not
be gauge invariant.

This is a very important distinction that deserves a clear
terminology. Thus, we propose the following classification.
Any tensor that is defined strictly in terms of objects
from a single manifold we shall call a pure tensor.
Complementarily, a tensor that involves objects from both
manifolds in its definition we shall call a mixed tensor, i.€.,
it mix objects from the fiducial manifold M, with objects
from the physical spacetime M. By definition, any back-
ground tensor is a pure tensor inasmuch as it is defined
solely in terms of tensors from M,,, and the diffeomorphism
to map it to M.

The extension of this terminology to perturbed tensors
is straightforward. A perturbed tensor shall be called a
pure perturbation if it is defined as the difference of two
pure tensors. Accordingly, a mix perturbation is defined
as the difference of a mixed with a pure tensor. In view of
the fact that a background tensor is always a pure tensor,
the perturbation might be pure or mixed depending on the
nature of the physical tensor in its definition. Now it
becomes clear that the SW lemma applies only for pure
perturbations and not for mixed ones.

As an example, let us consider a Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric as the background
metric. Related to this metric, there is a preferred geodesic
vector field ## which defines the maximally symmetric
spatial hypersurfaces, i.e., the projection of the background
metric g,, induces a maximally symmetric metric in the
hypersurfaces (it has six Killing vectors). Therefore, in this

103538-4



COVARIANT BARDEEN PERTURBATION FORMALISM

situation, it might be useful to also decompose physical
tensors in M by projecting them with respect to this
preferred vector field 7#. One of these tensors is the
physical metric g,,. We can define the mixed scalar
P =g, »"9"/2, which gives its projection along the
integral curves of »#. This is a global covariant scalar.
The background version of this tensor is simply
P= Guw?'?/2 = —1/2. Thus, the mixed perturbation
associated with these projections reads

p=P—"P.

Note that ¢ has been defined in a globally covariant
manner. Notwithstanding, at this point it is worth to
introduce a coordinate system just to make contact with
the usual Bardeen approach. Thus, let us define a coor-
dinate system in which 2# = &*,. It is easy to see that in this
coordinate system g,, 27" = goy and we have

B 1
9oo = Joo +2¢ = —1+2¢ — 4):55900-

Therefore, the commonly used metric perturbation ¢ is
simply the mixed perturbation associated with P. This is a
typical example of perturbation that violates the SW
lemma. Indeed, even though the background tensor P is
a simple constant, the mixed perturbation ¢ is a globally
covariant scalar but it is not GL.

Generically, any coordinate dependent perturbation can
be redefined in a global covariant manner as we have done
for ¢. Furthermore, this procedure does not rely on the
symmetries of the background manifold g,. Given an
arbitrary tensor, say F,,, a coordinate dependent perturba-

pw>
tion associated with its zero-zero component reads

8f = 6Fy = Foo — Foo,

where F w18 the background tensor associated with F,
In order to construct the covariant version of the mixed
perturbation Jf, we need to define the background vector
field #* whose integral lines coincide with the zero direction
of the above coordinate system. Thus, in this coordinate
system ¥ = &*;. By using this vector ﬁeld we can define
two scalar tensors, namely the mixed f = F,,v"7” and the
pure f = F,, 7#7". Thus, the mixed perturbatlon is cova-
riantly deﬁned as8f = f — f. Evidently, this is the simplest
example as how to define in a covariant manner originally
coordinate dependent perturbations. There are more com-
plicated mixed perturbations that we shall analyze in the
next section.

Any tensor, independent of its nature as a mixed or pure
tensor, transforms as usually under a coordinate trans-
formation. However, they drastically differ under a change
of diffeomorphism. While background pure tensors remain
unchanged, the mixed tensors can have a very complicated
transformation rule depending on its own definition in
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terms of the combination of tensors from the physical and
background manifold. In the case of the above mixed
perturbation ¢, it is easy to find its transformation under a
change of diffeomorphism. For that, let us decompose the
vector field defining the diffeomorphism as’
AP = At + AF, A = 7[AH],

with 7[A#] being the projection with respect to
Yuw = Gu + U,V,. Assuming that 7, is geodes1c ie., a,
V.7, =0 and defining the notation T = 7[£;T], it is

stra1ghtf0rward that under a gauge transformation, i.e.,
under a combined coordinate and diffeomorphism trans-

formation with B# = —A*, we have
po PP ) _p
and hence
¢~ ¢+ A (6)

as expected. In the above expression the only hypothesis
made is that the background foliation is geodesic.
Apart from this, Eq. (6) gives the general transformation
for ¢ in an arbitrary background. However, the other
metric perturbations are much more complicated and hence
from, here on, we shall restrict ourselves to a FLRW

background. Therefore, the background is assumed to be
described by®:

w = 2127/41;7 (7)

K, (8)

with C,,, ® and R, being respectively the extrinsic
curvature, expansion factor and the spatial Ricci tensor,
and DM is the spatial covariant derivative of the background.
The function K is simply a constant divided by the square
of the scale factor.

In the next section, we will show how to define in a
covariant manner all the commonly coordinate dependent
cosmological perturbations characteristic of the Bardeen
approach. In addition, using our terminology, we shall
compare the covariant version of Bardeen formulation with
the usually called covariant approach and elucidate the
relation between gauge transformation and change in the
slicing of the physical spacetime.

5All the following definitions are detailed in Sec. II of VFP.
®All details on our notation and definitions can be found at
Sec. II of VFP.
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III. COVARIANT FORM OF COSMOLOGICAL
PERTURBATIONS: BARDEEN X COVARIANT
APPROACH

Consider a physical spacetime with metric g,, and a
background metric g, that we assume to be the FLRW
metric. We can always define their difference dg,, and
decompose it with respect to the FLRW foliation in such a
way that

09 = 2¢0,0, + 2B, 0,) +2C,, (9)

where

¢

N =

591'/17’ Bﬂ = _7[5917#}’ C/w = %}7[5.9;41/]

The above notation is such that a ? index means
projections in the vector field 7#, i.e., for instance
09y = 09quv”. The above three tensors are mixed tensors.
The definition of ¢ follows the same line of reasoning as
before while the B, and C,, can be define in a covariant
manner through the four tensors

Pu=7lguls  Pu=7Gm) =0,
79w = V9] Yw
such that
B,=P,—P,, Cow=Puw—Pu-

Note that the above definitions are general and do
not depend on any assumption about the smallness of
these tensors. In other words, we can always introduce a
tensor g, and define the difference 6g,, =g, — Ju
without assuming anything about &g,,. Additionally,
given a global foliation defined by a timelike vector
field " (¥7"g,, = —1) we can define the projector
Yuw = G + 0, 0,. Therefore, in principle, we can always
rewrite Einstein’s equations in terms of ¢, B, and C,,
and obtain nonlinear second-order equations of motion
for og,, that encode the same information as those
written in terms of g,,. In this sense, without making the
perturbative hypothesis, we are just using different
variables to describe the metric g,, in terms of the
decomposition made in Eq. (9) and the given metric g,,.
This decomposition also shows that the fields ¢, B, and
C,, are just the difference dg,, projected in the 3 + 1
background splitting. Notwithstanding, in the standard
model scenario, cosmological perturbations are first-
order metric perturbations with respect to the FLRW
metric. Thus, we shall assume that ¢, B, and C,, are
first-order perturbations and, unless explicitly stated, all
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objects will have theirs indexes raised and lowered by
the background metric.

Using explicitly their definitions we can calculate
the gauge transformation for each one of them. For
that it is convenient to decompose the perturbations in
terms of the scalar, vector and tensor (SVT) decom-
position, i.e.,

B,=D,B+B (10)

M?
C/,w = l//}_/lw — DMDD(‘: -+ D(yFﬂ) + W/,un (11)

where D,B*=D,F=D, W, =W =0 (see Appendix A
for details). Using the expressions for the kinematic
variables in FLRW spacetime and the projections of
V,A, it can be shown that the gauge transformation for
the perturbations above are

¢~ ¢+ A (12)
B—>B+AS—?AS—A, (13)
E—E+N, (14)
w—w—Ag (15)

where we have decomposed _Aﬂ which is the spatial part of
the vector field A* as A, = D,A* + A}, [see Eq. (A1)]. For
the vector sector we find

B — BY + A%, (16)
Fr— Fr— AA, (17)

Apart from the background slicing, in many cases, it is
useful to define a 3+ 1 splitting also in the physical
manifold. Thus, we introduce an arbitrary global timelike
vector field »*. In principle this splitting is completely
arbitrary, however, since we are interested in foliations
“close” to the background slicing, we assume that v# is
such that 6v, =v

— 1, is of the same order of dg,,.

H H

At first order the inverse metric perturbation is
ogt = —égaﬁg"”gﬂ”. Thus, the normalization of v, requires
that

v, 0, ¢ = =1+ 260,0" = 2¢ = =1, = 6v,0" = ¢.
This result can be expressed as

50, = —T, + V. (18)
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where we have defined the spatial projection of v, as
v, = 77[611”].7 Equation (18) shows us that it is the pertur-
bation v, that parametrize the freedom in the choice of the
spatial hypersurfaces in M.

Even though this choice of spatial hypersurface in M
is arbitrary, one could argue that it would be reasonable to
use the background slicing itself to foliate the physical
spacetime, i.e., to use the same vector field 7 to define the
foliation in M. To use this vector field we must first
normalize it with respect to the metric g,,, which gives

v

\/ —Valpg™

One can easily see that this choice of spatial sectioning
coincide with choosing v, =0 in Eq. (I18). Then, in
general, we can use the perturbation defined in Eq. (18)
and set v, =0 to obtain the results in terms of the
background foliation.

Notice that by choosing v, = 0 we are in fact changing
the nature of the perturbations as being mixed or pure
tensors. Indeed, by attaching the physical foliation with
respect to the background slicing, any pure tensor in M that
depends on the vector field v* automatically becomes a
mixed tensor since ¢* itself becomes dependent on back-
ground quantities. Thus, perturbations with v, = 0 do not
satisfy the SW lemma. On the other hand, it becomes clear
that pure perturbations has one extra variable with respect
to mixed perturbations, which is precisely the quantity V,,.
In addition, keeping v, arbitrary makes the perturbations to
satisfy the SW lemma.

We can further decompose the v, [Eq. (Al)] as

e

Vv, =D,V +V,. (19)

Recalling its definition, i.e., v, = 7[v,] —7[0,] = 7[v,],
we see that under a gauge perturbation this object trans-
forms as

V” d 7[1)/4 — £Al_)y] - V” + DHA’
V->V+A, V, =V, (20)

Equations (12)—(20) allow us to find the transformation
rule for all kinematic variables. The first one we shall
consider is the acceleration of the curves defined by v*.
In what follows, we will construct the pure and mixed

"It is more convenient to define the normal vector perturbation
using its covariant form. Note that, by doing so, we have, at first
order,

SUt = 1,80 + 60,3 = 247 + BY + 50,3

Hence the contravariant version of its spatial projection will
involve metric perturbations B* explicitly, i.e., 7[5v#] = B* + V¥.
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perturbations for all kinematics variables but we need to
distinguish them without having to change their symbols.
Thus, we shall introduce a small circle above each tensor
if they are pure tensors and maintain the mixed tensors
without any symbol.

da, =D,V +V, — D, (21)

and it is easy to check that 521” is GI, which is expected
from SW lemma. If, however, we had used the mixed
perturbations (v, = 0), éa, would no longer be GI, i.e., the
curves with tangent 7* in the perturbed manifold would not
be geodesics and its acceleration would depend on the
gauge choice.

The Frobenius theorem guarantees that for a global
foliation the field v, must satisfy v[ﬂvbva] =0. In
Eq. (A11) of VFP we have shown that, at first order, this
equation reduces to l_)[”vy] = 0; i.e., the vector part of v, is
null (V, = 0). Notwithstanding, we will maintain V,, but
with the warning that in this case the decomposition is not
global. In other words, the commutator of the operators D,
will not define a global spatial curvature tensor.

The shear tensor can be calculated using the results of
Appendix A of VFP? The pure version of the shear
perturbation reads

— DD, (S +V)
DS, + DV, + W, Vo

56

v

+
. 2 _ .
SE<B—5+§®S>, S =B+ F, (22

where the symbol () represents the projection to the
symmetric traceless part of a tensor [Eq. (A2)]. One can
readily obtain that when performing a gauge transformation,

S—->8—-A,

so that the quantity S + V is GI, which again is a result of
the SW lemma. Once more, for its mixed version, the scalar
part of the shear perturbation becomes d6,, = DO,DU)S,
which is not GI.

Besides the shear we need the expansion factor ® to
describe the extrinsic curvature. This field when defined as

a mixed perturbation gives
50 = DS + O¢ + 3y, (23)

or when considered as a pure perturbation changes to

*We have changed the notation on the shear decomposition to
avoid an excess of indexes. The map of our notation here with the
VFP paper is
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50 =60 + D*V.

It is worth to stress that for the expansion perturbation
both forms are gauge dependent since its background value
is nontrivial but the pure expansion perturbation is also
foliation dependent.

To close the set of kinetic variables we calculate the
perturbations of the traceless spatial Ricci tensor

_, Ryw

R( 141/+ 3 7

(24)

uv)» Hv)

which when defined through a pure tensor is naturally GI.
Its pure perturbation is given by

_ (C)
wDy) <W + 3V>

DV, — (D* —2K)W,,.  (25)

]l

o
Ory, =—

w| @

Once more we have the same situation. For an arbitrary
foliation the perturbation for the traceless spatial Ricci is GI
but with the caveat that we have introduced an arbitrary
field v,,.

Apart from tensor perturbations, it is also important to
extend this formalism for scalar quantities. Since the FLRW
metric is homogenous and isotropic, one can construct pure
perturbations that will be GI by taking spatial gradients of
the background fields. Consider for instance the scalar field
@. Its perturbations under a gauge transformation change as

Sp — 59 — £4 = S — Ap.

where we are assuming that the background version of ¢ is
homogeneous in the hypersurfaces. However, the gradient
D, at first order is expressed as

Since D, = 0, we have that 5(D,¢) = D,¢. Note that
the particular combination 8¢ + V@ is GI. Furthermore,
this pure perturbation compare spatial gradients defined in
different spatial sections that causes the appearance of the
foliation dependent field v,.

This is another almost general rule, i.e., GI tensors
constructed in the usual covariant approach will depend
on the choice of spatial foliation. There are some few
exceptions to this rule, such as the Weyl tensor or, at first
order, its projections that defines its electric and mag-
netic parts.

In the case of scalar fields, it is possible to build gauge
and foliation invariant tensors. Defining the tensor

M/w = D(;tDu>(/7 - (£1)(0)6/w,

PHYSICAL REVIEW D 89, 103538 (2014)

we obtain
oM, = DD, (5p — §S). (27)

Note that the above perturbation is the derivative of a GI
quantity that it is usually defined in the so-called coordinate
approach as the GI scalar perturbation associated with ¢.
Notwithstanding, we stress once again that all the above
perturbed quantities were defined in a covariant manner and
with no reference to any coordinate system.

To complete the set of variables, we consider the energy
momentum tensor projections

T,, = pv,v, + 21}(,,21,,) + Py + T, (28)

where 21” = —y[T,"] is the fluid flow of the energy
momentum tensor, p = T, v,v" the e¢nergy density,
p= %Tﬂ”y,/‘ the isotropic pressure and IT,, =y[T,,] the
anisotropic pressure spatial traceless tensor. All of them are
defined with respect to the foliation defined by v*.

We can define the gradients of the background quantities
(see [4]) as

o o

X, = kD,p, Y, =«D,p, Z,=D,0, (29)

where we have added the gradient of the expansion factor
for completeness. Considering pure perturbations these
gradients will be GI and, using Eq. (26), we obtain at first
order

6X, =«D,(6p +Vp).  8Y,=«D,(5p+Vp),
= D,6Z, (30)

where we have defined the following mixed perturbations,

sp=p—pmdp Sp=p—pmdp.  (31)
with
p=T,"5,0", pE%T/W, prp.  prp. (32)
and the field
5Z = 60 + V6. (33)

The vector field g, when defined as a pure perturbation
will also be GI, it is easy to show that

pID,U—-V)+U,—-V,], (34)

where
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7T,
e 7

» u,=DU+U
ptp

" H H

DU =0.

This vector field has a simple interpretation. The quantity
(1 —=¢)v, +u, is, at first order, a timelike eigenvector of
T,”. Thus, in the fluid frame, g,=0and v, =u,.

Once more we identify the explicit dependency of pure
perturbations on the choice of hypersurface. It also shows
that it is the additional degree of freedom introduced by
an arbitrary choice of hypersurface in M that makes the
variables GI.

When working with pure perturbations, one usually
chooses the hypersurface using a physical criteria. For
example, one can choose a frame in which there is no
particle or energy flux (see [4,7]). In the latter case, the field
v, = U, describes a physical property of the system
which fixes the extra variable associated with the physical
foliation in M.

It is possible to mimic this scenario using mixed tensors
and gauge dependent variables. Initially we have the
situation where these variables are defined in the back-
ground induced frame, which, at this point, is arbitrary.
We also have the projected physical hypersurface vector
field discussed above, which is a mixed tensor, described
by Eq. (19), ie., v, =7[v,]. Now, performing a gauge
transformation all these variables changes, but it also
changes the background induced hypersurface where they
are defined. In Table I we compare the expressions of the
kinematic and matter variables.

The first important point is that pure tensors have in
general (for the vector and tensor quantities) an additional
vector mode. This happens because the background normal
vector field is hypersurface orthogonal but v, is not, i.e., it
does not necessarily define a global foliation.

Let us for instance consider the case when v, is indeed
hypersurface orthogonal. In this case V, =0 and any
choice of hypersurface in M can be reproduced by a gauge
choice A = —V. There are two hypersurfaces defined in M,
the induced background ¥ and the physically defined X.
Performing a gauge transformation, we change the diffeo-
morphism between M_bg and M, which also changes the
background foliation X. Thus, given a physically defined
hypersurface £ we can always make a gauge transformation
to obtain & = X. Note, however, that even with this choice
of gauge the mixed tensor perturbations would not be gauge
invariant. Any further gauge transformation would change
all quantities and make £ # X. On the other hand, if v, is
not hypersurface orthogonal we can still choose A = —V
but then the vector mode variables will differ while the
scalar modes remains equal.

The above discussion shows that, concerning scalar
perturbations, the freedom in choosing a specific foliation

°Note that in Table I we used a more compact notation for the
background spatial derivative, i.e., D, = |, as defined in VFP.
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TABLE I. Pure and mixed tensor comparison.

Mixed tensors

a, ~ =+ A),

O~ (S = Ay
+ S(MID)_"’ Wua77av

r/w ~ _(W - %A)”(

Pure tensors

a, % (V=) +V,

Oy N (8 + V) ||<;w? + V(ﬂ””)
+ S + WuTa

P ® =W +$V) )

H)

- %_V(IIHU) B - (D2 - 21—<)W[Il/
(PP —2K)W,,
A = K(8p + VD) X, = x(6p — Ap),
Yo=x@p+VD)y Yy =x(8p = Ap)y,

o

Z, = (60 — D*A— A®)
4, = (p+p)U+ A)
+(p+ P,
Plo = (V+ A, +V,

Z, = (60 + D*V +10)
2],4 =@+p)U-=V),

+ (/_) + p)(Uﬂ - V/l)
7[”/4] =0

llpe [l

Ilpe

in the GI covariant formalism is equivalent to choose a
gauge in the Bardeen approach. Accordingly, both situa-
tions suffer from the same difficulties. For instance, in a
geodesic foliation we have a, ~ D,(V — ¢) = 0, but this
condition does not fix completely the hypersurfaces.
For any other choice of V + f such that f = 0 we would
still have da, = 0. This is exactly the problem with the
synchronous gauge, which generates the same unphysical
modes in the solutions.

Concluding, it is equivalent to work with the GI
covariant formalism with a fixed choice of foliation or
with the gauge dependent formalism with a fixed gauge.
The only advantage of the former was the maintenance of
its covariance. However, since we have constructed a fully
covariant formalism to describe the metric perturbations,
both methods become equivalent. Besides, when one needs
to go beyond a Friedmann background metric, it is not clear
what tensors are GI. Hence, for a general background, our
method proves to be straightforward in obtaining covariant
perturbations.

IV. GAUGE AND FOLIATION INVARIANT
VARIABLES

In the last section we have shown that pure or mixed
perturbations are respectively foliation and gauge depen-
dent. This analysis was based in first-order expansion of
kinematic quantities. In this section we shall construct exact
tensors that in first order reduce to the usual Bardeen’s
potentials, i.e., reduce to & and U. There are two possible
ways: we can start with mixed tensors which are gauge
dependent and combine them to obtain first-order GI
quantities or we can begin with pure tensors which are
already GI and look for foliation independent combina-
tions. Both methods arrive at the same variables which
means that Bardeen GI variables are not just GI but are also
independent of the choice of the foliation.
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Let us consider first the potential W. Its common
definition is

\I/Ey/—gs. (35)

Looking at Table I we immediately see that y appears in
ry and § in 6,,. Thus, an obvious choice is

®
Tm/ = _r/,tl/ — gdﬂy,

(36)
It is straightforward to calculate that at first order, 7 ,,
reads

(D(MSD) + Wyayab)' (37)
Therefore, at first order, 7,, depends only on gauge
invariant variables and its scalar mode is just the Bardeen
potential W. Note also that using mixed or pure tensors
results in the same expression for 67 ,,, which means that
this variable is GI and foliation invariant.
To define the next Bardeen potential ¢ defined by

d=g+3S, (38)

we introduce the following tensor,

= Dyay +agay,
5(1/“, = D<ﬂDU> (V - ¢) + D(DVm, (39)

where the term a,a,) was included for later convenience.
Even though it is of second order, it does not alter the first-
order perturbation. The desired tensor is

jﬂ” = (£1:G) (uv) — X (40)

where (£,0),,,) means that one has to first take the Lie
derivative and then apply the projector. Its perturbation
reads

_ _ . . 20 .

5\7;41/ = D(uDv)q) + Dusu + Wyay(w + ?Wua}_,aw (41)
whose scalar mode gives the usual GI potential ® but
defined in a covariant manner. This tensor share the same
properties of 7 ,,,, i.e., at first order it is gauge and foliation
independent.

The two tensors defined above in Egs. (36) and (40) are
closely related to the electric part of the Weyl tensor

E, =W qp0” v”. In terms of the kinetic variables we have

PHYSICAL REVIEW D 89, 103538 (2014)

1 /0
E/w = 5 (gajw - (‘£UG)(/41/> + Ty + ayu) s
1
= _E(T;w + jpw)-

Thus these gauge and hypersurface invariant variables
naturally appears as parts of the Weyl tensor. In fact, this
should have already been expected since the Weyl tensor
is null in the Friedmann background and differently from
the other examples it does not depend on the choice of
foliation in M. Its electrical part however could depend on
the foliation but since the background Weyl tensor is null at
first-order E,, will also not depend on the choice of
foliation, i.e.,

scalar part of (6E,,) = =Dy, D, (®+ V).  (42)

| =

To obtain the GI perturbation associated with the
expansion factor we define the tensor

Uy, = 3(£,T) uy + OT 0,
= _3(£vr)</w) - (£U®>O—/w = Qs (43)

which at first order gives

= =30+ 0 = 50 — D2S — OS.
(44)

U, = DDz,

In the same manner as the previous quantities, this
perturbation is also gauge and foliation invariant.

In the above reasoning we have constructed three gauge
and foliation invariant variables ®, W and = that are related
respectively to the acceleration of »*, the spatial Ricci
tensor and expansion factor. These variables were made GI
by combining them with the shear tensor.

We should stress that we could have alternatively built
them directly from the mixed perturbations and hence
without referring to a second spatial folitation in M. In this
case, these variables have simpler meaning when compared
with their pure versions. By using the mixed perturbations
we are comparing tensors that are defined in the same
spatial sectioning but with different metrics.

On the other hand, when dealing with pure perturbations
we are comparing tensors defined with respect to the v
foliation with those defined with respect to the ## back-
ground foliation. As a consequence, it appears an additional
term in these perturbations and the shear perturbation is given
by Eq. (22). The presence of the field V comes from the fact
that we are comparing tensors in different hypersurfaces.

In the gravitational sector, there are only two variables
that are simultaneously gauge and foliation invariant. The
® and V¥ potentials are sufficient to describe the evolution
of the perturbations and there is no need to deal with the
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additional ~degree of freedom coming from Vv,.
Notwithstanding, the usual covariant approach formulation
demands for consistency the inclusion of v, which from
this point of view seems unnecessary.

In summary, the usual covariant approach introduces an
a priori arbitrary foliation described by )V and uses it to
build GI quantities. In contrast, the Bardeen approach uses
the shear potential S to construct the GI quantities and has
the advantage of not introducing an additional degree of
freedom to the system.

For the matter sector, its own degrees of freedom can be
used to defined a physically motivated notion of spatial
hypersurfaces and consequently V. For example, in the
case of a perturbed perfect fluid we can define the vector
normal to the spatial sectioning as the timelike eigenvector
of the energy momentum tensor which fix V = and
defines a natural choice for Vﬂ.lo However, it is worth
emphasizing that there is nothing special about this choice
of foliation. Alternatively, we could as well have defined
the spatial sectioning by requiring the GI acceleration
vector field a, to be null. Thus, even though v, could
be viewed as dynamically superfluous, its importance relies
in the possibility to use physically relevant choices of
spatial sectioning.

V. COMPARISON BETWEEN THE TWO
METHODS

Usually the gauge issue is seen as the result of intro-
ducing a background manifold, as an absolute object, to
the problem in hand. While this is true, one can trace back
what are the principles which led to this construction. First,
one states the physical problem by describing it with a
metric manifold and a matter content. At this point all the
description is invariant under diffeophormisms. The next
and key step is to assume that the physical system can be
approximate by a fiducial and hopefully simpler model.
For example, in the usual covariant approach, one states that
some kinetic variables are “small” for a given choice of
hypersurfaces. So, in this approximation, it is necessary to
introduce a foliation and then assume special characteristics
for the kinetic tensors. However, their “smallness” is for
certain hypersurfaces. Clearly, there is no way to guarantee
this property for a generic choice of foliation. Notwith-
standing, given a initial hypersurface where the smallness
assumption is valid, one can always find other hypersurfaces
in which the same assumption still holds. These other
hypersurfaces can be related to the first one by a diffeo-
morphism. Such diffeomorphism should be applied only to
the hypersurface, to describe the change in the foliation.

More precisely, given only the physical quantities, one
introduces the hypersurface choice by defining a normal
vector field n*. Using this field one obtains all kinetic

0Lt the fluid it not irrotational, this folitation will not be global,
which can cause further complications.
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variables as functions of the metric and their covariant
derived objects. For example, the extrinsic curvature is a
complicated function of n#, i.e., K(n, g)w. However, by
Proposition 8.3.13 of [27], a hypersurface expressed by n*
and another one defined by s# are diffeomorphic.ll Hence,
the change of hypersurfaces can be implemented by an
exponential map s = exp(£4)n#, which at first order
changes n# as n* — n* 4 £,n#, for an arbitrary but small
vector field A¥. Hence, when one changes the hypersurface,
all objects in K, but n* are kept fixed, whereas n* can be
seen as being transformed by a diffeomorphism.

This is exactly what happens when one uses the back-
ground foliation to build the mixed kinetic variables,
K(v,9) > Where  is the normal vector field used to define
the background foliation. Note that, as discussed in Sec. II,
any change in the mapping of the background quantities
into the physical manifold will change all the background
quantities, and of course the normal vector 7#, and keep
fixed all physical quantities (remember that the subsequent
coordinate transformation we introduced to complete what
we defined as a gauge transformation was just a matter of
convenience in order to reverse this situation). This change
in the mapping can also be seen as a diffeomorphism
acting only on #*. Hence this shows that both K(n, g),,, and
K(%, g),, have exactly the same transformation rule when
one changes the spatial sectioning and the gauge, respec-
tively. It is worth emphasizing that the analogy between the
gauge and the hypersurface freedom is not only a coinci-
dence at first order but a general result valid at any order
and for any background.

Note, however, that gauge transformations and changes
of foliation are two physically distinct operations. Their
equivalence is restrict only to the situation described above
in the cosmological perturbation scenario.

This reasoning show us that one a gauge issue is
automatically created when one introduces the approxima-
tion hypothesis through a choice of hypersurfaces, i.e., the
freedom in choosing the hypersurfaces among all possibil-
ities in which the approximation is valid. It is clear that, an
arbitrary choice of hypersurface is always possible and
this by itself is not connected to the gauge issue. It is only
when it is used to implement the perturbative hypothesis
that it creates a gauge problem. We thus argue that the
gauge freedom is a natural ingredient of the perturbative
approach, independently of an eventual explicit introduc-
tion of a background manifold.

It is instructive to summarize the discussion above before
going further in the higher-order issues. The usual covariant
analysis can be described as follows:

(1) Assume that, for a given special foliation defined by

a vector field n#, some kinetic tensors and projected
matter tensors are first or zero order.

"Here we are assuming that the hypersurfaces are smooth
Cauchy surfaces.
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(2) Linearize the equations of motion by removing all
second and higher-order terms.

(3) Use the SW lemma to obtain gauge invariant (GI)
variables. This is done by manipulating the kinetic
variables (applying spatial gradients, removing
traces, etc), to define a complete set of gauge invariant
tensors and equations of motion to express the
physical problem at hand.

The steps above completely remove the gauge ambiguity
from the problem. They also avoid the explicit introduction
of a background metric and the zero-plus-first-order split-
ting. Nonetheless, as we can see in Table I, the GI variables
used in this context are not foliation invariant. Hence,
one must solve this ambiguity by choosing a hypersurface
before solving the system. Consequently, the procedure
above removes the gauge ambiguity of the problem, but
does not address the hypersurface problem.

The coordinate approach of the metric perturbation, on

the other hand, follows the steps:

(1) Define a background metric and a matter content
within a given coordinate system.

(2) Write explicitly the metric and matter perturbations
as the difference between the physical objects and
their background counterparts.

(3) Choose a spatial sectioning in the physical manifold
to describe the kinetic variables.

(4) Solve the gauge issue by applying one of two
different approaches:

(i) Make a gauge choice for the perturbations
such that the gauge ambiguity is completely
(and hopefully) solved.

(i) Find combinations between perturbation varia-
bles which are gauge invariant.

(5) Expresses every equation in terms of the perturba-
tions disregarding any second-order terms.

This method starts with a choice of coordinate system
adapted to the background metric and, as such, implicitly
specifies the background foliation. After introducing
a spatial section in the physical manifold, one obtains a
set of tensor components describing this hypersurface in a
coordinate system adapted to the background foliation.
If one chooses to fix the gauge, one should elect some
perturbations to have specific values. This choice often
involves perturbations related to the choice of hypersurface.
Otherwise, one finds the GI combination of perturbations,
which again involves (but not necessarily) hypersurface
dependent quantities. In the end, the system is given by a
combination of choices of the coordinate system, hyper-
surfaces, and a gauge choice or GI combinations. The high
number of different ingredients makes the problem cum-
bersome, but straightforward to make calculations. This
method has potentially the two ambiguities, gauge and
foliation, convoluted in the system.

In the two methods described above the spatial section-

ing ambiguity is not handled. In both cases, the foliation is
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defined at the beginning. In the second approach, one may
also use the background foliation, as it was done in the
review [34].

In the present paper, we have outlined how to deal with
the two problems in the following:

(1) Define the background geometry covariantly. In the
case of a FLRW metric, one should include the
definition of the timelike vector field 7# characterizing
the preferred homogeneous and isotropic foliation.

(2) Map the background geometry in the physical mani-
fold and define perturbations as the differences
between the physical and the background tensors.
Additionally, define mixed tensors by using the back-
ground foliation 7* to express the kinetic variables.

(3) Find the mixed tensor combinations which provides
the GI variables.

(4) Write the equations of motion in terms of these
GI variables.

The above procedure provides a coordinate and gauge
free approach to the perturbations. Since the gauge freedom
and foliation ambiguity have the same transformation rule,
as we have shown above (as a mixed tensor combination
O(?, g) transforms under a gauge transformation in the
same way as Q(n,g) transforms under a change in the
foliation n, then if the mixed tensor combination Q(7, g) is
gauge invariant it will also be foliation independent), any
GI variable found at any order will be also foliation
invariant. Therefore, this method provides a straightforward
way to obtain gauge and foliation invariant quantities in a
covariant fashion.

The higher-order approaches for the cosmological per-
turbations are mostly based on the usual covariant
approach. They take advantage of the SW lemma to define,
in a systematic way, higher-order GI variables. However,
this method does not address the foliation dependency of
the perturbations, leading to a system where this ambiguity
is resolved like the original gauge problem, i.e., by
introducing arbitrary hypersurfaces. For this reason, we
argue that the method presented in this paper is more
suitable to deal with these issues. It has the advantage of
being covariant, independent of any particular choice of
foliation, and any GI variable obtained from it will also
be foliation independent at any order. However, since
the mixed tensors do not satisfy the SW lemma, to our
knowledge there is still no systematic way to obtain GI
variables at arbitrary higher-order perturbative level.

VI. CONCLUSIONS

The purpose of this work was to discuss the cosmologi-
cal perturbation scenario and to present some new improve-
ments in the formalism. Usually, the Bardeen approach is
viewed as coordinate dependent, even though gauge
invariant variables can be defined in the formalism. This
coordinate dependence seems to weaken the treatment,
especially when one goes to higher-order perturbations.
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Here, as an effort to support it, we have presented the
Bardeen approach in a complete covariant way.

In the process of building a covariant Bardeen approach,
a crucial difference in how to define the perturbed variables
appeared. In order to deal with this situation, we proposed a
new classification of tensors in terms of the fundamental
objects used in their definitions. Pure tensors are formed
by objects defined with respect to a single manifold, while
mixed tensors combine objects coming from two different
manifolds; i.e., they mix background and physical tensors.

The other well known covariant approach defines the
cosmological perturbations in a foliation dependent way.
The equivalence of the Bardeen and the so-called covariant
approach has been established in the past, but it is common
to find authors advocating in favor of one or the other.
Therefore, it seemed appropriate to compare both formal-
isms in light of our new language. We have shown that, apart
from their dynamical equivalence, they possess comple-
mentary indeterminacies. The Bardeen approach has the
usual gauge dependence, while in the covariant formalism a
dependence appears on the choice of spacelike hypersurfa-
ces. We have shown how these dependencies can be one-to-
one mapped to each other. This is evident from inspection of
Table I.

The natural question that appears is whether there is a
variable that is simultaneously foliation and gauge invari-
ant. The answer is affirmative and, using Table I, we have
presented a general way to construct full nonlinear tensors
that, at first order, are simultaneously foliation and gauge
invariant. They are shown in Egs. (36), (40), (43). Their
scalar parts correspond exactly to the Bardeen potentials,
hence, showing that these potentials are a particular
combination that at first order are not only gauge invariant,
as it is well known, but also foliation independent.

Hence, the new results of our paper can be summarized
as follows:

(1) Formulation of Bardeen’s approach in a completely

covariant manner.

(2) A new classification of tensors in perturbation
theory: pure and mixed tensors.

(3) The construction of Table 1, where the relationship
between the indeterminacies of the covariant and
Bardeen approaches are clearly shown.

(4) The construction of full nonlinear tensors that at first
order are simultaneously foliation and gauge invari-
ant, exhibited in Eqgs. (36), (40), (43).

These four results were presented in a logical order,

where one step cannot be taken without the preceding one.

We expect that the above results can be useful in the
examination of more involved problems. For instance,
stimulated by the dark energy problem, there has been
recently several attempts to construct a robust perturbative
formalism to describe metric perturbations. In particular,
the possibility of a significant back-reaction contribution
due to the formation of nonlinear structures in small scales

PHYSICAL REVIEW D 89, 103538 (2014)

has raised some doubts about the validity of first order
perturbations in the standard cosmological model. In order
to address these issues, it is crucial to control the gauge
and foliation dependency of the perturbed variables. As we
will show elsewhere, our formalism is adequate to describe
first order perturbations around a FLRW background, and
to analyze the necessary conditions for the validity of the
first order cosmological perturbations.
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APPENDIX: SCALAR, VECTOR AND TENSOR
DECOMPOSITION

Given a foliation defined by a global timelike vector field
v, and the spatial covariant derivative D, we define the
Laplace-Beltrami operator as D? = 7**D,D,. Depending
on the details of the spatial foliation and the class of
functions that we are working with this operator can have a
unique inverse (see [26]). Assuming that this is the case,
we can decompose any spatial vector field A,. First we
define D?A® = D,A*, using the unique inverse of D. We
then define A¥, = A, — D,D~2D,A, such that D,A"* = 0
and, therefore,

A, = D,A* + A", (A1)

To decompose a second-order spatial tensor, we first
introduced the spatial symmetric traceless symbol,

_ y/w Taﬂ yaﬂ

T(ﬂl/) = 7[T(/w)] 3 (AZ)

When acting on a spatial second derivative of a scalar field,
it can be written as

_ _ y,D?
A||</w> == <D”DD - 'u3 )A, (A3)

where the double divergence of the expression above gives
DDAl — (22" i, b, + DR, )4
u=v - T + = + H .

For a FLRW background we can use the form of the spatial
Ricci tensor [Eq. (7)] to write it as

2D?

D,D AW = = (D* 4+ 3K)A. (A4)

The equation above inspires us to define
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_ _ 3 _ - _
D} =D+ 5D*2 (R*D,D, + D*RD,), (A5)
so that, in general,
D D ||<ﬂ”>—2_2_2
D,D,A = §D DyA. (A06)

Assuming now that both D?> and D% operators have
unique inverses, we can write the double divergence of an
arbitrary spatial second-order tensor A,, as

D,D,A%) = D>D}A®, (A7)
which shows that the tensor
B,, = Ay, — DD,DP>DD,DyAlP, (A8)

has null double divergence. Then, clearly DﬂB"y is a
divergenceless spatial vector. To extract this vector we
first note that given a divergenceless spatial vector F,, we
can write

o DR . .
D'DYD(,F, = < 3 +RW>D”) 2 (A9)
Note that, in general, the double divergence of D<MF V) is not
null, however. When the background is FLRW we have
Ry = 0= D,R, which is a null quantity. Using Eq. (A8)
we define the tensor

Hﬂl/ = D<#FD) — D(llDI,)FdS, (AIO)
where we defined the scalar built above as
Fds = D,}2D‘2D”D”D<MFD). (A11)

Taking the single divergence of the tensor above, we obtain
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D*H,, = D%M”Fy, (A12)
where we defined the operator
o oI DHR
Ru — 2
20,02 - N\Na,- . (DR _
+< 3 +R/D,,>DK2D 2( 2 +R<,w>D”>.
(A13)

Finally, if the operator D%—zﬂ” has a unique inverse we define
the tensor

(A14)
for which the divergence is given by
D,E*, = D,B*, — D%””FU.

Using the unique inverse we choose F, = D% /D,B%,
which results in D, E*, = 0.
When we impose that the background is FLRW, the
_2 v .
operator Dﬁﬂ is simply
J_/ v
o (

N2 v_"H (»2 0
D%} = 5 D* + 2K),

(A15)
and the second-order tensor H,, = D<ﬂF V)

Thus, in general, we can decompose a second-order
tensor A, as

Ay =DyD,y (A + F®)+ D,F, +E,. (Al6)

where D,EV', =0 = D, F*.
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