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Abstract

Increasingly accurate observations are driving theoretical cosmology to-
ward the use of more sophisticated descriptions of matter and the study of
nonlinear perturbations of Friedmann-Lemaitre cosmologies, whose governing
equations are notoriously complicated. Our goal in this paper is to formu-
late the governing equations for linear perturbation theory in a particularly
simple and concise form in order to facilitate the extension to nonlinear per-
turbations. Our approach has several novel features. We show that the use
of so-called intrinsic gauge invariants has two advantages. It naturally leads
to: (i) a physically motivated choice of a gauge invariant associated with the
matter density, and (ii) two distinct and complementary ways of formulating
the evolution equations for scalar perturbations, associated with the work of
Bardeen and of Kodama and Sasaki. In the first case the perturbed Einstein
tensor gives rise to a second order (in time) linear differential operator, and
in the second case to a pair of coupled first order (in time) linear differential
operators. These operators are of fundamental importance in cosmological
perturbation theory, since they provide the leading order terms in the govern-
ing equations for nonlinear perturbations.
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1 Introduction

The analysis of linear perturbations of Friedmann-Lemaitre (FL) cosmologies was
initiated by Lifshitz (1946) in a paper of far-reaching importance. Working in the
so-called synchronous gauge, this paper showed that an arbitrary linear perturbation
can be written as the sum of three modes, a scalar mode that describes perturbations
in the matter density, a vector mode that describes vorticity and a tensor mode that
describes gravitational waves. For many years, however, the theory was plagued by
gauge problems, i.e. by the fact that the behaviour of the scalar mode depends
significantly on the choice of gauge. A major step in alleviating this difficulty was
taken by Bardeen (1980), who reformulated the linearized Einstein field equations
in terms of a set of gauge-invariant variables, as an alternative to the traditional use
of the synchronous gauge. Central to Bardeen’s paper are two gauge-invariant equa-
tions that govern the behaviour of scalar perturbations. The first of these governs
the evolution in time of a gauge-invariant gravitational (i.e. metric) potential and
the second determines a gauge-invariant perturbation of the matter density in terms
of the spatial Laplacian of the gravitational potential. Since this potential continues
to play a central role in the study of scalar perturbations, it seems appropriate to
refer to it as the Bardeen potential. Bardeen’s paper makes clear, however, that
there is no unique way of constructing gauge-invariant variables.

From our perspective, one drawback of Bardeen’s paper is that he performs a
harmonic decomposition of the variables ab initio, with the result that the mathe-
matical structure of the governing equations is somewhat obscured. In a subsequent
paper, Brandenberger, Khan and Press (1983) address this deficiency by giving a new
derivation of Bardeen’s gauge-invariant equations. They do not perform a harmonic
decomposition, with the result that their evolution equation is a partial differential
equation rather than an ordinary differential equation as in Bardeen’s paper. How-
ever, unlike Bardeen they restrict consideration to a spatially flat Robertson-Walker
(RW) background.!

In subsequent developments the status of the Bardeen potential was further en-
hanced by the appearance of the major review paper by Mukhanov et al (1992),
which contains a simplified derivation of the Bardeen potential and the evolution
equation for scalar perturbations, without performing a harmonic decomposition.
However, the treatment in Mukhanov et al (1992) is less general than that of
Bardeen (1980) and Brandenberger et al (1983) in two respects. First, they as-
sume the anisotropic stresses are zero, and second, they make a specific choice of
gauge invariants a priori, namely those associated with the so-called longitudinal
gauge.

Currently, increasingly accurate observations are driving theoretical cosmology
towards more sophisticated models of matter and the study of possible nonlinear
deviations from FL cosmology. Motivated by this state of affairs, our long term
goal is to provide a general but concise description of nonlinear perturbations of FL
cosmologies that will reveal the mathematical structure of the governing equations
and enable one to make the transition between different gauge-invariant formula-

'We follow the nomenclature of Wainwright and Ellis (1997) where an FL cosmology is a RW
geometry that satisfies Einstein’s field equations.
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tions, thereby simplifying and relating the different approaches that have been used
to date.? In pursuing this objective we have found it necessary to revisit linear
perturbation theory, even though it is by now a mature discipline.® Our intent in
the present paper is to formulate the governing equations for the linear theory in a
particularly simple and concise form in order to facilitate the extension to nonlinear
perturbations.

Based on earlier work by Bruni et al (1997) on gauge-invariant higher order per-
turbation theory, Nakamura (2003) introduced a geometrical method for construct-
ing gauge invariants for linear and nonlinear (second order) perturbations which he
later applied to derive the governing equations (see Nakamura (2006) and Naka-
mura (2007)). In the present paper we use a dimensionless version of Nakamura'’s
method for constructing gauge invariants, but we complement it with the observa-
tion that gauge invariants are of two distinct types: intrinsic gauge invariants, i.e.,
gauge invariants that can be constructed from a given tensor alone, and hybrid gauge
inwvariants, i.e. gauge invariants that are constructed from more than one tensor.

In Nakamura’s approach, the linear perturbation of any tensor is written as the
sum of a gauge-invariant quantity and a gauge-variant quantity, which is the Lie
derivative of the zero order tensor with respect to a suitably chosen vector field X.
A choice of X yields a set of gauge-invariant variables that are associated with a
specific fully fixed gauge. We will show that for the metric tensor there exist two
natural complementary choices of X that yield intrinsic metric gauge invariants. One
choice, used in all of Nakamura’s papers, leads to the two gauge-invariant metric
potentials of Bardeen (1980), which are associated with the so-called Poisson gauge.*
The other choice leads to the two gauge-invariant metric potentials of Kodama and
Sasaki (1984), which are associated with the so-called uniform curvature gauge.’
We will show that these two preferred choices lead to two distinct ways in which to
present the linearized Einstein field equations: with the Bardeen choice the evolution
of linear scalar perturbations is governed by a second order (in time) linear partial
differential operator, while with the Kodama-Sasaki choice the evolution is governed
by two coupled temporal first order linear operators.

The plan of the paper is as follows. In Section 2 we discuss the geometrical con-
struction of gauge-invariants: we focus on the metric tensor and, with the Einstein
tensor and the stress-energy tensor in mind, on mixed rank two tensors. In Section 3
we use intrinsic gauge invariants to derive the general governing equations for linear
perturbations in two gauge-invariant forms associated with the Poisson and the uni-
form curvature gauges. The required expressions for the Einstein gauge invariants
are derived efficiently in Appendix B. One of the ingredients in our derivation is
the so-called Replacement Principle, which is formulated in Appendix A. Another
ingredient is a general formula that expresses the Riemann gauge invariants in terms
of the metric gauge invariants. In Section 4 we give an interpretation of the intrinsic

2See, for example, Noh and Hwang (2004), Nakamura (2007) and Malik (2007).

3For some recent reviews and books, see, for example, Tsagas et al (2008), Malik and Wands
(2009), Mukhanov (2005), Weinberg (2008), Durrer (2008) and Lyth and Liddle (2009).

4The Poisson gauge, which was introduced by Bertschinger (1996) (see his equation (4.46)), is
a generalization of the longitudinal gauge, which only applies to scalar perturbations.

°See, for example, Malik and Wands (2009), page 20, and other references given there.
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matter gauge invariants and specialize our equations to the cases of a perfect fluid
and a scalar field. Section 5 contains a brief discussion of future developments.

2 Geometrical definition of gauge invariants

2.1 General formulation

Following standard cosmological perturbation theory (see for example, Chapter 7.5
in Wald (1984)), we consider a 1-parameter family of spacetimes gq;(€), where gq;(0),
the unperturbed metric, is a RW metric, and € is referred to as the perturbation
parameter.® We assign physical dimension length to the scale factor a of the RW
metric and (length)? to gu(€). Then the conformal transformation

9ab(€) = @*Jap (€), (1)

yields a dimensionless metric gqp(€). Our reason for making this choice” concerning
the allocation of physical dimensions is that it enables one to create dimensionless
quantities by multiplying by the appropriate power of a, leading to simple pertur-
bation equations that do not contain a explicitly. We refer to Appendix B, where
this process is applied.

The Riemann tensor associated with the metric gq(€) is a function of €, denoted
R%(¢€), as is the Einstein tensor, G%(e). The stress-energy tensor of the matter
distribution is also be assumed to be a function of €, denoted 7%(¢). We include all
these possibilities by considering a 1-parameter family of tensor fields A(e), which
we assume can be expanded in powers of €, i.e. as a Taylor series:

Al ) =OA+eWA+12PA 1 . (2)
The coefficients are given by®

2
OA = A(0), WA= ‘98_A @7 — aa—f R (3)
€ € e=0

e=0
where (V4 is called the unperturbed value, VA is called the first order (i linear) per-
turbation and A is called the second order perturbation of A(e).

The primary difficulty in cosmological perturbation theory is that the pertur-
bations of a tensor field A(e) depend on the choice of gauge, and hence cannot be
directly related to observations. It is therefore desirable to formulate the theory in
terms of gauge-invariant quantities, i.e. to replace the gauge-variant perturbations

6We use Latin letters a,b, ..., f to denote abstract spacetime indices.

7An alternative choice in cosmology is to make a dimensionless and let the spacetime coordinates
of gup(0) have dimension length (see, for example, Malik and Wands (2009), page 48). This choice
is unsuitable for our purposes since it does not lead naturally to perturbative equations involving
dimensionless quantities. For discussions about dimensions and their uses, see for example, Eardley
(1974), Martin-Garcia and Gundlach (2002), Wiesenfeld (2001), and Heinzle et al (2003).

8The notation A(e) should be viewed as shorthand for A(z,€), indicating that the tensor fields
are functions of the spacetime coordinates, which necessitates the use of partial differentiation with
respect to e.
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WA, @A .. of A(e) by gauge-invariant quantities. In this paper we restrict our
attention to first order, i.e. linear, perturbations, but with a view to subsequently
working with higher order perturbations we use a method pioneered by Nakamura
(2003), and adapt it so as to create quantities that are gauge-invariant and and
dimensionless.

Given a family of tensor fields A(e) the change induced in the first order pertur-
bation WA by a gauge transformation is generated by a dimensionless vector field
&% on the background according to

AWA = £.04, (4)

where £¢ denotes the Lie derivative (see, for example, Bruni et al (1997), equation
(1.2)). We now introduce an as yet arbitrary dimensionless vector field X on the
background which we use to define the dimensionless object

WA[X] :=a" (WA - £504), (5)

where we assume that A(e) is such that a” A(e) is dimensionless. It follows from (4)
and (5) that

AWALX] = a" (£94 — LaxVA4) = a" Le_axVA. (6)
The key step is to choose an X that satisfies
AXY =7 (7)

under a gauge transformation. With this choice, (6) implies that AMA[X] = 0, i.e.,
MWA[X] is gauge-invariant. We say that MA[X] is the gauge invariant associated
with WA by X -compensation. Equations (4), (5) and (7) are central to our version
of Nakamura’s method for constructing gauge invariants associated with the first
order perturbation of a tensor A (see Nakamura (2007), equations (2.19), (2.23) and
(2.26)). In what follows we will drop the superscript () on A for convenience since
in this paper we are dealing only with first order perturbations.

The above ‘gauge compensating vector field” X, which we for brevity shall refer
to as the gauge field, requires comment. Unlike the geometric and matter tensor
fields such as g,5(€) and T%(€) it is not the perturbation of a corresponding quantity
on the background spacetime. Instead it should be viewed as a vector field on
the background spacetime that is constructed from the linear perturbations of the
geometric and matter tensors in such a way that (7) holds. We will construct specific
examples of X in section 2.2.

Before continuing we briefly digress to point out that associated with a tensor A
there are of two distinct types of gauge invariants: those that are solely constructed
from components of (VA and (A are called intrinsic gauge invariants, while those
that depend on the components of another perturbed tensor are called hybrid gauge
invariants. In particular if the gauge field X is formed solely from components of
MA and ©A, then A[X] is an intrinsic gauge invariant; otherwise, A[X] is a hybrid
gauge invariant.

In the following sections we will calculate the quantities in equations (4) and (5)
for various geometric objects A. To do this it is necessary to use the well known
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formulae for the Lie derivative. The formula for a tensor of type (1, 1), which we
now give, establishes the pattern:

Le A% = A% L5+ A% — LA, (8)

where = denotes partial differentiation. In a formula such as (8) one can replace

the partial derivatives by covariant derivatives. For our purposes it is convenient to

use the covariant derivative "V, associated with the unperturbed conformal metric
Gar(0):

LAY = ("V.AY)E + (OWE9) A% — (OW.£%) AS. 9)

We also need to work in a coordinate frame so that we can calculate time and

spatial components separately. We thus introduce local coordinates® z# = (n, x?),

with 1 being the usual conformal time coordinate!® for the RW metric g,,(0), and
such that the unperturbed conformal metric 74, := g.(0) has components

Yoo = —1, Y0i =0, Yij 5 (10)

where «;; is the metric of a spatial geometry of constant curvature. The curvature
index of the RW metric, denoted K, determines the sign of the curvature of the
spatial geometry, and if non-zero can be scaled to be +1 or —1 (see, for example,
Plebanski and Krasinski (2006), page 261).

The spacetime covariant derivative °V, determines a temporal derivative "W, A =
0, A, where 0, denotes partial differentiation with respect to 1, and a spatial covari-
ant derivative °V; that is associated with the spatial metric 7ij- We introduce the
notation

D;A ="V, A. (11)

The derivative operators 0, and D, will be used throughout this paper once lo-
cal coordinates have been introduced. However, for simplicity we shall denote the
derivative of a function f(n) that depends only on 1 by f'(n).

With our present allocation of dimensions, the scalar ‘H defined by

= — =aH 12
M= —an (12)
where H is the Hubble scalar,!! is dimensionless. We shall refer to it as the dimen-

sionless Hubble scalar. The use of this scalar, e.g. by Mukhanov et al (1992) (see
page 218), is essential in eliminating a from the perturbation equations.

9We use Greek letters to denote spacetime coordinate indices on the few occasions that they
occur, and we use Latin letters i, j, k, m to denote spatial coordinate indices, which are lowered
and raised using v;; and its inverse v*/, respectively.

10Since we assigned a to have physical dimension length, the conformal time 7 and the conformal
spatial line-element 'yijd:cid:cj are dimensionless. We choose the 2 to be dimensionless, which
implies that the v;; are also dimensionless.

HRecall that H := %3—‘;, where ¢ is cosmic time, and that j—:} =a.
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2.2 Metric gauge invariants
We expand gg(€), defined by equation (1), in powers of e:

(0) (1)

gab(e) = Gab + € Gap + ..,

and label the unperturbed metric and (linear) metric perturbation according to

_ _ _ 09,
Yab = (0)gab - gab(0)7 fab = (1)gab - a—eb(o)’ (13)

which is consistent with (3). Applying the general transformation law (4) to the
metric tensor gup(€) = a*gq(€) we obtain

A(l)gab = £§(0)gab, or, equivalently, Afy, = a_2£5(a2%b), (14)

in terms of the notation (13). The gauge invariant f,,[X] associated with the metric
perturbation fy, by X-compensation, given by (5), assumes the form

fab[X] = fab - a72£X(a2’yab>~ (15>

Introducing local coordinates and using (8) and (9) adapted to a (0, 2) tensor, equa-
tions (14) and (15) lead to

Afoo = —2(9, + H)E, £00[X] = foo + 2(9, + H) X", (16a)
Afy = —DE% + Onéis f0,[X] = foi + D, X" — 0, X, (16b)

In order to construct a gauge field X that satisfies (7), using only the metric,
we need to decompose the metric perturbation f, into scalar, vector and tensor
modes.'? We introduce the notation!3

Joo = —2¢p, (17a)
fij = —2¢i; + 2D,D;C + 2D Cjy + 2C5, (17¢c)

where the vectors B; and C; and the tensor Cj; satisty

DB, =0, DC; =0, Ch =0, D'Cy; = 0.

12In order to guarantee that the functions B, B;, C,C; and C;; in (17) are uniquely determined
by foi and fi; we need to assume that the inverses of D?, D? + 2K and D? + 3K exist. See the
proposition in Appendix B.1. See also Nakamura (2007), following equation (4.15), for a helpful
discussion of this matter.

13We are denoting the scalar mode functions by ¢, B, C' and %, in agreement with Mukhanov et
al (1992) (see equation (2.10), but note the different signature) and Malik and Wands (2009) (see
equations (2.7)-(2.12)), with the difference that we use C instead of E. Bardeen (1980) used the
notation A, —B, Hyr and —Hy, + %D2HT for these functions, the choice of the fourth one being
motivated by harmonic decomposition. Bardeen’s notation has been used by subsequent authors,
for example, Kodama and Sasaki (1984) and Durrer (1994), although the latter author replaced
—B by B.
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The vector € is also decomposed into a scalar mode and a vector mode with com-
ponents

&,  &=D¢+¢. (18)
It follows from (16), (17) and (18) that

Ap= (0, +M)’,  AB=-+0,¢  AC=¢  Av=-H, (19)
We can draw two immediate conclusions. First, it follows from (19b) and (19c¢)

that B; — C] and C;; are gauge invariants. We introduce the following bold-face
notation:

Second, by inspection of (18), (19a) and (19b) we obtain
ADC+C) =6 ax=a(g)=-¢ @1

where we have introduced the notation
x =B -09,C. (22)

We are now in a position to satisfy the requirement (7). Firstly, referring to (21),
we can satisfy the spatial part AX? = £ of the requirement by choosing

X; = D,C +C;, (23)

which we will take to be our default choice for X;. With this choice, the ex-
pressions (16) for the components of the gauge invariant f,;[X], when combined
with (17), assume the form

fi0[X] = —20[x]. (24a)
fo;[X] = D;B[X] + By, (24b)
fij[X] = —20[X]v;; + 2Cy; . (24c)

where
P[X] = — (9, + H) X", U[X] =19 +HX°, B[X]:=x+X° (24d)

and B;, C;; and x are given by (20) and (22), respectively.

Secondly, referring to (21), we can satisfy the timelike part AX? = £° of the
requirement (7) in two obvious ways, by choosing

Y
XO:XS =y, or X’°=X":= ~3 (25)

which leads to the metric gauge invariants associated with the Poisson gauge, or the
uniform curvature gauge, respectively. On substituting these choices into (24d) we
obtain the conditions

BIX,]=0 and W[X.=0, (26)

which characterize these two gauge choices.
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The Poisson gauge invariants

On substituting the first of equations (25) into (24) we obtain
foo[Xp] = —20 s fOi [Xp] = Bz s fz [Xp] = —2\11’)/” + QCZ] s (27)

where

O =X, =9+ (0,+H)x, U= VU[X,] =9 —Hy. (28)
Here ® and ¥ are the scalar metric gauge invariants associated with the Poisson
gauge,'* and VU is the Bardeen potential.

The uniform curvature gauge invariants

On substituting the second of equations (25) into (24) we obtain

foo[Xc] = —2A, fo;[X.] = D;B+ B, fi; [(X.] = 2C;;, (29)
where y y
A = DX ] :g0+(8,7+7-{) 7 B := B[X] :X_ﬂ' (30)

Here A and B are the scalar metric gauge invariants associated with the uniform
curvature gauge,'® introduced by Kodama and Sasaki (1984).'¢

In concluding this section we note that the gauge fields X used to construct the
above gauge invariants have the same spatial components X given by (23) in both
cases, leading to (24), with the vector and tensor modes described by the gauge
invariants B; and C;;, respectively. The difference lies in the scalar metric gauge
invariants which are related according to'”

v
A—@—I—(@n—I—H)H, B = 77 (31)
as follows from (28) and (30). In both cases the gauge invariants are intrinsic since
the gauge field X depends only on the metric.

A reader of this paper should be aware of the lack of agreement in the literature
on labelling the scalar metric gauge invariants associated with the Poisson gauge.
Our choice of (®, V) in (28) is the one initiated by Mukhanov et al (1992), and
subsequently used by Nakamura (see, for example, Nakamura (2006)) and Malik
and Wands (2009). On the other hand Durrer (2008) and Liddle and Lyth (2000)
reverse the roles and use (¥, ®), while Kodama and Sasaki (1984) use (U, —®).
Bardeen’s original notation is (®4, —Pp).

14The gauge-fixing conditions for the Poisson gauge are B = C' = 0,C; = 0 in (17).

15The gauge-fixing conditions for the uniform curvature gauge are ¢ = C' = 0,C; = 0 in (17).

16See equations (3.4) and (3.5), noting that H, +n~'Hy = —t and B — k™1 H}. = x.

1"These relation have recently been given by Christopherson et al (2011). See their equations
(4.22) and (4.23).
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2.3 Gauge invariants for mixed rank 2 tensors

In this subsection we consider a rank two tensor A%, such that A, is symmetric
and a?A% is dimensionless. We expand A¢% in a Taylor series in € as in (2), and
assume that (VA% obeys the background symmetries, which means it is spatially
homogeneous and isotropic:

D,©4% =0, A% =04A=0,  ©4; =14 Ok, (32)
We introduce the notation
(O)Ak )/
1.2/ (0)40 1(0) gk 2 ( k
AA = 3a (_( )AO + 5( )A k)) CA T _3((0)1400),7 (33)

where as before ' denotes differentiation with respect to 7. We further assume that
% satisfies the conservation law V, A% = 0. It follows that in the background

a®(VA%) = 3a*H(— VA% + 104%) = 6HA,, (34)
which, in conjunction with (33), implies that
Ay =—(1+3C3)HAA. (35)

We can now calculate the gauge invariants A%[X] associated with (VA% by X-
compensation, as defined by equation (5) with n = 2. It is convenient to decompose
(DAY into its trace VA% and tracefree part defined by

WA = WAL — 1WAk s, (36)

A straightforward calculation using (5), (8), (9) and (32) leads to'®

AY[X] = a*> WA — 6HALXO (37a)
AY[X] = a* WA + 24,D,X°, (37b)
AR [X] = a® WA%, + 18HALCLXO, (37¢)
Aj[X] = a® DAY, (37d)

In deriving these equation we have used (33) and (34) to express (VA% A% and

their derivatives in terms of A4 and C%.
Equation (37d) implies that A%[X] is an intrinsic gauge invariant since it is
constructed solely from the components of (VA%. We denote this quantity by

Al = ALIX] = a® DAY, (38)

One can form two additional intrinsic gauge invariants by taking suitable combina-
tions of A%[X], A%[X] and A% [X]. Indeed it follows from (37) that

A = CEAG[X] + TAK[X] = a*(CRWAY + LWAR), (39a)
A; = — (D;AG[X] + 3HAS[X]) = —a? (D;(VAY + 3HWAY) (39h)

18We do not include the (VA% components since they can be expressed in terms of the other
components and the metric perturbation, due to the assumed symmetry.
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which implies that A and A; are intrinsic gauge-invariants.

In summary, the tensor A% can be described by the three intrinsic gauge invari-
ants A, A, and A, given by (38), (39a) and (39b), and one hybrid gauge invariant
AY%[X], given by (37b). In section 3.1 we will use these objects, constructed in terms
of the Einstein tensor and the stress-energy tensor, to give a concise derivation of
the governing equations in gauge-invariant form for linear perturbations of FL.

3 Linearized governing equations

3.1 General formulation

In this section we work with the linear perturbations of the Einstein tensor and the
stress-energy tensor, denoted by (VG4 and (WT% and defined via equation (3). The
corresponding unperturbed quantities are labelled by a superscript ).

We begin by imposing the background Einstein equations VG% = 79  The
non-zero components are given by!?

a?0G% = —3(H* + K) = —a*%) = 20779, (40a)
a* VG = —2H + H? + K)o = a*pé; = a* O, (40Db)

where H is given by (12) and K is the curvature index. It follows from (40), (33)
and (34), with A replaced by G and T, respectively, that

Ag=-H +H:+ K, Ar = 1a*(©p + Op), (41a)
2 , O
!/
The conservation law (34), with A replaced by T', gives
a?(Op) = —6H Ay = —3Ha*(©p + Op). (42)

The background Einstein equations imply that Ag = Az and C4 = C%. We denote
the common values by A and C?:

A=Aq = Ar, C*=C% =C3h (43)
The linearized Einstein field equations are given by
Mge, = Wy (44)

In simplifying the linearized field equations we will make use of the intrinsic gauge
invariants associated with the Einstein tensor and with the stress-energy tensor,
which are given, in analogy with (38), (39a) and (39b), by

Gl = a2 (G T = a2 O (45a)
G; = —a* (D;"G% + 3HMGY) T, = —a® (D,T% + 3HWTY),  (45b)
G = a’(CEMG% + 1Gh,), T = a*(C3 T + 10T, (45¢)

9See, for example, Mukhanov et al (1992), equation (4.2), noting the difference in signature.
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WG, = WG — 1e06h, W1y = Wy — Lk, (46)
We also need the hybrid gauge invariants G%[X] and TY%[X], which are given by (37b)
with A replaced by G and T"

GYX]=a®>WG% + 24D, X0, TOX]=a?VT% 4+ 24,D,X°.  (47)

Since the gauge invariants (45) and (47) are linear in (G4 and MT% with co-
efficients depending on (“G% and T% respectively, it follows that the linearized
Einstein field equations immediately imply the following relations:

G, -Ti=0, G -T;=0, G-T=0, (48a)
G%X] - T%[X] = 0. (48b)

Expressions for the Einstein gauge invariants G’], G;, G and G%[X] in terms of the
metric gauge invariants, decomposed into scalar, vector, and tensor modes, are given
in equations (115) and (119) in Appendix B. To proceed we likewise decompose the
matter gauge invariants TZJ, T;, T and T%[X] into scalar, vector, and tensor modes
and label them as follows:2"

T} = DI+ 297D, 11, + 11, (49a)

T, = D,A + A, (49b)
T=T, (49¢)
T%[X] = 2(D;V[X] + Vi), (49d)

where
DI, =0, Ik, =0, D;IT; = 0, DA, =0, D'V; =0, (49¢)
and A
D;; :=D¢Dj — 17;D?’, D?:=D'D,. (491)
We stress that in making this decomposition we are not making any assumptions
about the physical nature of the stress-energy tensor. By inspecting (115), (119)
and (49) one concludes that equations (48) decompose into a scalar mode, a vector
mode and a tensor mode, which we label as follows:
DijA + D(ZA]) + Aij - 0,
D,B+ B, =0,
C=0,
D,E[X] +E; =0.
Since we are assuming that the inverses of the operators D? D? + 2K and D? +
3K exist we can use the proposition in Appendix B.1 to write the linearized field
equations concisely as
Scalar mode: A =0, B =0, C=0, E[X] = 0. (50a)
Vector mode: A; =0, B; =0, E; =0. (50Db)
Tensor mode: A;; = 0. (50c)

20In subsection 4.1 we comment on the choice of the symbols II, T', A and V.
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3.2 Scalar mode

In this subsection we give the governing equations (50a) for the scalar mode, first
expressing them in terms of the uniform curvature gauge invariants A = ®[X,| and
B = B[X(] (see (30)). The scalars A,B and C in (50a) are obtained without any
calculation by taking the differences of equations (115) and (49) and reading off the
scalar part. The scalar E[X] is obtained in a similar manner from (119) and (49d)
with X = X,,. The resulting equations are*!

(0, +2H)B+ A = —II (51a)
H [(0, + BH)A + C¢D’B] = iI' + i1D’II, (51b)
H(D*+3K)B = —1A, (51c)
HA + (Ag — K)B = -V, (51d)
where o1
B= 7z 1+ 3C¢,, (52)

(see equation (116) in Appendix B), and V = V[X,]. We shall refer to these
equations as the uniform curvature form of the governing equations for the scalar
mode.

We now give the governing equations in terms for the Poisson gauge invariants W
and ®. We eliminate A in (51b) using (51la) and in (51d) using (31), and eliminate
B using HB = —W. The resulting equations are

U —¢=1II, (53a)
(£L—CD*) W = iT' + (3D* + H(9, + BH)) 11, (53b)
(D? +3K)¥ = 1A, (53c)
0,0 +HP = -V, (53d)
where the differential operator £ is defined by
[ ]
L(e) := H(D, + BH)(, + 2H) (—) , (54)
H
and B is given by (52). Expanding the brackets yields*
L=002+3(1+C¢) Hoy+H>B— (1+3C3)K. (55)

We shall refer to the above equations as the Poisson form of the governing equations
for the scalar mode, and to the evolution equation (53b) as the Bardeen equation.
Equations (51) and (53), which are linked by the factorization property (54),
constitute one of the main results of this paper. Either system of equations determine
the behaviour of linear scalar perturbations of an FL cosmology with arbitrary stress-
energy content whose scalar mode is described by the gauge invariants I', I, A and
V. The structure of these two systems of equations differs in a significant way:.

2n deriving (51b) we use (51a) to replace (9, +2H)B + A by —IL
Z2Referring to (41) to express H' in terms of Aq and then use the equation for AZ,.
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In the system (51) the time dependence is governed by two first order differential
operators 0, + BH and 0, + 2H, while in the system (53) the time dependence is
governed by the second order linear differential operator £. A key point is that
the coefficients in these operators depend only on the background RW geometry, and
this dependence manifests itself through the appearance of H, H', H” and K. This
property is significant since it means that these operators will have the same form
irrespective of the nature of the source in the FL background model, e.g. whether
it is a perfect fluid with p = p(p), or a scalar field with potential V' (¢). What will
differ, however, is the functional dependence of H(7), which is determined by solving
the Einstein equations in the background RW geometry, and hence depends on the
source. Furthermore these differential operators will also appear in the linearized
field equations in any geometrical theory of gravity, whose field equations depend in
some way on the Einstein tensor.

To the best of our knowledge equations (51) have not been given in the literature,
although if one performs a harmonic decomposition one obtains a system of first
order ordinary differential equations closely related to that given by Kodama and
Sasaki (1984) (see Chapter 2, equations (4.6a-d)). Likewise, the governing equations
in Poisson form (53) have not appeared in the literature in the above fully general
form. The use of the Poisson gauge invariants was initiated by Bardeen (1980), and
the evolution equation (53b) for ¥ is now commonly used, although it is written in
a variety of different forms, as a partial or ordinary differential equation with the
coefficients usually expressed in terms of the matter variables of the background FL
model. In contrast we have written the Bardeen equation in a fully general form
in terms of the purely geometric differential operator £, which is defined by the
factorization property (54). We can relate our form of the equation to the literature
by expanding £ as in (55) and expressing the coefficients in terms of the matter
variables. If the matter content is a barotropic perfect fluid and a cosmological
constant and one imposes the background Einstein field equations then the geometric
coefficients C3 and B can be written as

Ci=c HB=(c—w)pa®+ (1+c*)Aa* — (1+ 33K, (56)
using (40), (43) and (78). The form in the literature that is closest to the purely
geometric form (55) is that given by Mukhanov et al (1992), equation (5.22), who
replace C4 by the matter quantity ¢ as in (56) but retain H and H’. Nakamura
(2007) gives the same expression (see his equation (5.30)). A more common form in
the literature has B, in addition to C%, expressed in terms of the background matter
variables as in (56). The earliest occurrence of which we are aware is Harrison
(1967), equation (182), followed by Bardeen (1980), equation (5.30), after making
the appropriate changes of notation and setting A = 0. See also Ellis, Hwang and
Bruni (1989), equation (31) and Hwang and Vishniac (1990), equation (105).23

23In these two references, the evolution equation in question arises in the 1 + 3 gauge-invariant
approach to perturbations of FL, and the unknown is a vector quantity that is related to the scalar
v,
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3.3 Vector and tensor modes

First, we give the governing equations (50b) for the wvector mode. The vectors A;
and B; in (50b) are obtained without any calculation by taking the differences of
equations (115) and (49) and reading off the vector part. The vector E; is obtained
in a similar manner from (119) and (49d). The resulting equations are

(D? + 2K)B, = 4V (57b)

as well as the relation A; = 6HV;, which is satisfied identically (see equation (67)).
If TI; is specified and can be regarded as a source term, the evolution equation (57a)
is a first order linear ordinary differential equation that determines B;, which in
turn determines V; by differentiation using (57b).

Second, we give the governing equations (50c) for the tensor mode. The ten-
sor A;; in (50c) is obtained without any calculation by taking the differences of
equations (115) and (49) and reading off the tensor part, leading to

(02 + 2H0, + 2K — D?) Cy; =115 (58)

If IL;; is specified and can be regarded as source term, this is a second order linear
partial differential equation that determines C;;.

4 Interpretations and examples

4.1 Interpretation of the matter gauge invariants

In this section we give the physical interpretation of the gauge invariants I1,I", A
and V[X] associated with the scalar mode of the stress-energy tensor.

We begin with the decomposition of a stress-energy tensor with respect to a unit
timelike vector field u®, which is given by

T% = (p + p)uuy + pd% + (¢"up + u’qp) + 7%, (59)

where
uq, = 0, % =0, u,m% = 0. (60)

We choose u® to be the timelike eigenvector of T'%, which implies ¢ = 0, i.e. we are

using the so-called energy frame (see for example, Bruni et al (1992), page 37).
Assuming that the unperturbed stress-energy tensor (V7% has the isotropy and

homogeneity properties of the RW geometry, the expansion (2) to linear order for

0, D, U and 7% has the form:?*
p="p+ecWp, p="p+ecp, (61a)
9 =0=nY, 7 =0+ eWnly (61Db)
up = —a(l +ep), u; = a(0 + €v;). (61c)

24The form of ug is determined by the requirement that v is a unit vector. Recall that ¢ is one
of the metric potentials in (17).
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Decomposing v; into a scalar and vector mode yields
v; = Dyjv + vy, D'v; = 0. (62)

We use boldface in writing v; in view of the fact that this quantity is a dimensionless
gauge invariant, as can be verified by applying (4) to u,.

For ease of comparison with other work, we note that the expansion of u® = g®u,
to linear order, expressed in terms of v, v¢ and the linearly perturbed metric, is given
by

u’ =a (1 —eyp), u'=a"'[0+¢(D(v—B)+ (V' - B"))]. (63)

We digress briefly to mention that our expansion of the four-velocity differs from the
usual approach in the literature in that we use the covariant vector u, to define the
perturbed three-velocity instead of the contravariant vector u®, since we find that
this leads to a number of simplifications.?® For example, Malik and Wands (2009)
(see equation (4.4)) have

u'=a 0+ e (Doyw + Oy )],

so that
UMW:U—B, ﬁﬁ\dW:\N/Z—BZ

From (59) and (61), and making use of (3), we obtain the following expressions
for the components of the linear perturbation of the stress-energy tensor:

Orfy=—Up, O =3Wp, 1% = (Op+ ), TG =0r% (64)

It follows from (45), (49) and (64), in conjunction with (41) and (42), that the
matter gauge invariants are determined by

a* Wl = DYIT + 297D, 1) + T, (65a)
I = a*(—=C3Yp + p), (65b)

A =a®(Yp+ (%)), (65¢)
VIX] = Ar(v + X?), Vi = Arv;. (65d)

Before continuing we derive an additional relation. It follows from (39b) with A
replaced by T that
T, = —D,T%[X] — 3HTY[X]. (66)

On substituting from (49b) and (49d) into this equation, we conclude that
A = -T%[X] - 6HV[X], A; = —6HV;. (67)

We can now give the physical interpretation of the matter gauge invariants.
First, the gauge invariants II,II; and II;; represent the anisotropic stresses. The
interpretation of I' is given in the context of a perfect fluid in the next section.
Next, the gauge invariants V' = V[X,] and V; play a role in determining the shear

25The source of these simplifications is the fact that w; is invariant under purely spatial gauge
transformations while u* is not.
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and vorticity of u,. The relevant formulae are given in (127) in Appendix B.3. In
particular, V[X,] determines the scalar mode of the shear according to

Do’y = §A;1D2(D2 +3K)V[X,), (68)

as follows from (127) in conjunction with (65d) with X = X, and the identity (125¢).
We will hence use V' := V[X,] as our standard choice for the gauge invariant V[X].
However, since the choice V[X,] is also of interest we note that

VX = VX, = ArB, (69)

as follows from (65d), (25) and (30).

Finally, in order to interpret A we need to make a small digression. For any scalar
field A with the property that a" A is dimensionless we can define a dimensionless
gauge invariant A[X] according t0%

A[X]=a" (WA - (D4) X9). (70)
For the matter density p we denote the gauge invariant by p[X]:
p[X]=a* (o —(“p) X?). (71)

On choosing X = X, with X? := —v it follows from (65c¢) that A = p[X,]. By
comparing (71) with equation (3.13) in Bardeen (1980),%" we conclude that p[X,],
and hence A, equals the well-known Bardeen gauge-invariant density perturbation

€m, Up to a factor of a? ). The specific relation is
A = (a®> Ype,,. (72)
We note that the choice X? = —v, in conjunction with our default choice (23) for

the spatial components of X, is associated with the so-called total matter gauge
(see, for example, Malik and Wands (2009), pages 23-24). Thus A is the density
perturbation in the total matter gauge. In addition it turns out that A is closely
related to the 1 + 3 gauge-invariant approach to perturbations of FL, pioneered by
Ellis and collaborators (see for example, Ellis and Bruni (1989), Ellis et al (1989)),
in which the spatial gradient of the matter density orthogonal to u® plays a key role.
To elucidate the relation we define the dimensionless spatial density gradient?®

D, = a*hlV, p, hl =620 + ugul. (73)
A straight-forward calculation shows that to linear order

26This is equation (5) specialized to the case of a scalar field.

2TOne has to take into account differences in notation, the conservation equation (42), and the
fact that Bardeen has performed a harmonic decomposition.

B0Our D, differs from that in Bruni, Dunsby and Ellis (1992) by a factor of pa? (see their
equation (24)).
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from which we conclude that A equals the scalar mode of the spatial density gra-
dient. In addition it follows from (49b) and (67) that T; = D;, giving a physical
interpretation of the intrinsic gauge-invariant T;.

To end this section we comment on our choice of notation. In using the symbols
I, T, A and V for the matter gauge invariants we are following Kodama and Sasaki
(1984) with the difference that we scale the variables as follows:

II= aszKS, I'= GQPFKsa A= aszK57 V = ArVks, (75)

where p and p refer to the background. Our choice of scalings simplify the equations
considerably.

4.2 Perfect fluid

For a perfect fluid the matter gauge invariants are restricted according to

I1=0, II; = 0, IT; = 0. (76)
In addition it follows from (41b) and (65b) that

I'=0 ifandonlyif p=p(p), (77)

i.e. if and only if the equation of state is barotropic. In this case it is customary to

introduce the notation
2 3 ©p
c; =Cy, w = )’ (78)

where ¢ = w if w is constant, as follows from (41b).

On account of (76) the governing equations in the Poisson form (53) for scalar
perturbations imply that ¥ — & = 0, which (when imposing the background field
equations) reduces the governing equations for the scalar mode in the perfect fluid

case to

(£ —cID*) W = 1T, (79a)
(D* 4+ 3K)¥ = 1A, (79b)
U+ HY = -V, (79¢)

where £ is given by (55) with C3 = C2 = ¢ and B is expressed in terms of the
background matter variables according to (56).

4.3 Scalar field

For a minimally coupled scalar field we show in Appendix C that the matter gauge
invariants are given by

I=(1-C)A, (80a)

VIX] = -3 %' ¢[X], V=0, (80Db)

II=0, II, =0, IT; = 0, (80c)
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where ¢[X] is the gauge invariant associated with ¢ by X-replacement, given by?
o[x] =M — ' X°. (81)

Note that Az and CZ are given by (132). The governing equations (53) in Poisson
form imply that ¥ — & = 0, and then reduce to

(L —C’D*)¥ = L(1-C*)A, (82a
(D? + 3K)¥ = LA, (82b

— 2
0
U+ HY =108¢ 82¢

)
)

(82¢)
where ¢, := ¢[X}], and where we have used C& = C# = C*>. By combining (82a)
and (82b) we obtain an evolution equation for ¥ without a source term:

(£L-3(1-C*)K -D*) ¥ =0, (83)

where £ is given by (55). Having solved this equation one can calculate ¢, and A
from (82). If one expresses C? in £ in terms of the unperturbed scalar field and its
derivatives (see (132)) and sets K = 0, equation (83) coincides with equation (6.48)
in Mukhanov et al (1992). For the generalization to arbitrary K, see Nakamura
(2007), equation (5.39).3°

One can also use the governing equations (51) in uniform curvature form, ob-
taining equations equivalent to those derived by Malik (2007) (see equations (2.20)-
(2.23), noting that he is considering multiple scalar fields).

5 Discussion

We have given a systematic account of the gauge-invariant quantities that are as-
sociated with a linearly perturbed RW geometry and stress-energy tensor, empha-
sizing the role of intrinsic dimensionless gauge invariants. First, we have shown
that there are two distinct choices of dimensionless intrinsic gauge invariants for the
perturbed metric, which are the gauge invariants associated with the Poisson gauge
and the uniform curvature gauge, through the work of Bardeen (1980) and Kodama
and Sasaki (1984), respectively. Second, we have introduced dimensionless intrinsic
gauge invariants for the Einstein tensor and the stress-energy tensor, which we used
to derive a particularly simple and concise form of the governing equations for linear
perturbations of FL. models. The specific form of the governing equations for the
scalar mode depends on the choice of intrinsic gauge invariants for the perturbed
metric. The Kodama-Sasaki choice leads to a coupled system of two first order (in
time) linear differential operators that govern the evolution of the uniform curvature
metric gauge invariants (see equations (51)). On going over to the Poisson picture,
the product of these two operators yields the second order linear differential operator
L that governs the evolution of the Bardeen potential (see equation (55)), thereby
providing a link between the two forms of the governing equations. A common fea-
ture of both systems is the appearance of the physically motivated gauge-invariant

2This is a special case of equation (70).
30We note a minor typo: a factor of 2 multiplying 83] should be deleted.
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density perturbation A that is one of the intrinsic gauge invariants associated with
the stress-energy tensor (see equations (51c) and (53c)).

The mathematical structure of the governing equations for linear perturbations
that we have elucidated here has in fact a much wider significance. Indeed, as
one might expect on the basis of elementary perturbation theory, the governing
equations for second order (nonlinear) perturbations have precisely the same form,
apart from the inclusion of a source term that depends quadratically on the linear
metric perturbation.?! As an illustration of this we give the form of the equations
that govern second order scalar perturbations using the metric gauge invariants
associated with the Poisson gauge:

@ — @ = OIT + 100 (VF), (84a)

(£ —C¢D?) O = LT 4 (ID? + H(9, + BH)) P + Sepr (), (84b)
(D? +3K)PW = A + S e (MF), (84c)
9, P + HID = —OV 4 S, 10einy (VF), (84d)

where S,(WF) is a source term that depends quadratically on the first order gauge-
invariant metric perturbation (Uf,, = f,;, in equation (27). The key point is that,
apart from the source terms, equations (84) have the same form as equations (53),
with the variables W and ®® being the metric gauge invariants at second order
determined by the Nakamura procedure. The second order matter terms 1T, AT,
@A and PV are defined in analogy with the first order terms II, ', A and V
after expanding the stress-energy tensor 7% to second order in powers of e. All
the complications lie in the source terms, whose explicit form has to be found by
calculating the Riemann tensor to second order. In order to solve the above second
order equations the source terms, which include scalar, vector and tensor modes,
first have to be obtained by solving the governing equations for the scalar, vector
and tensor linear perturbations. In a subsequent paper we will derive both the
above Poisson form and the corresponding uniform curvature form of the governing
equations for second order perturbations, relating our formulation to other recent
work.

In this paper we have focussed exclusively on using the linearized Einstein field
equations to describe the dynamics of scalar perturbations. There are, however, two
alternatives to the direct use of the linearized Einstein equations. First, one can
use the linearized conservation equations for the stress-energy tensor, and second,
one can use the 1+ 3 gauge-invariant formalism,*? in which the evolution equations
are obtained from the Ricci identities. An advantage of using the first approach
independently of the Einstein equations is that the results are applicable to theories
of gravity other than general relativity. An advantage of the second approach is that
one initially derives exact nonlinear evolution equations, which are then subsequently
linearized. Both of these approaches lead to a system of first order partial differ-
ential equations that describe the evolution of scalar perturbations. An additional
aspect of the dynamics of scalar perturbations that we have likewise not touched on

31This behaviour has been noted in general terms by Nakamura (2006), equations (38)-(39).
32See Bruni et al (1992) for a comprehensive treatment.
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in this paper is that under certain conditions (i.e. in the long wavelength regime)
the governing equations admit so-called conserved quantities, .e. quantities that
remain approximately constant during a restricted epoch. These quantities, which
are related to both the linearized Einstein equations and the linearized conservation
equations, have been found to be useful in analyzing the dynamics of scalar pertur-
bations during inflation. We refer to Uggla and Wainwright (2011), where we discuss
the above aspects of the dynamics of scalar perturbations within the framework of
the present paper.
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A The Replacement Principle

The expression for the perturbation of the Riemann tensor given in equation (103)
in Appendix B, can be written symbolically in the form:

a2(1)Rabcd — Labcd(f)’ (85)

where L%, is a linear operator and f is shorthand for f,;. The Replacement Principle
for the Riemann curvature states that the gauge invariants associated with R,
and with f, by X-compensation are related by the same linear operator:

Rabcd[X] = Labcd(f[X])’ (86)

where f[X] is shorthand for f,,[X].

This result is adapted from more general results given by Nakamura (2005) (see
in particular, his equations (3.12), (3.15) and (3.23)). Similar results hold for the
Einstein and Weyl tensors. Use of the Replacement Principle in Appendix B makes
the transition from gauge-variant to gauge-invariant equations particularly easy and
transparent.

B Derivation of the curvature formula

In this appendix we derive expressions for the Einstein gauge invariants, namely,
the three intrinsic gauge invariants GZJ, G; and G, and the single hybrid gauge
invariant MGY[X], defined by equations (45) and (47). Our strategy incorporates
the following ideas:

i) Conformal structure. We adapt to the conformal structure of the background
geometry, determined by the scale factor a of the RW metric, from the outset.
In particular we create dimensionless quantities by multiplying with appropri-
ate powers of a, which simplifies the equations considerably.
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ii) Index conventions. We represent tensors of even rank, apart from the metric
tensor, with equal numbers of covariant and contravariant indices. This makes
contractions trivial to perform and ensures that the components of the tensor
have the same physical dimension as the associated contracted scalar.

iii) Timing of specialization. We defer performing the decomposition into scalar,
vector and tensor modes as long as possible, and do not make harmonic de-
compositions. This strategy helps to reveal structure in the equations and
serves to reduce the amount of calculation.

Calculation of R%,(¢)

We begin by deriving an exact expression for the Riemann tensor®® R%(¢) of the
metric gq(€) in terms of the covariant derivative of the conformal background metric
Yab- We thus relate the covariant derivative of g,(¢€), denoted €V, to that of v, =
Gap(0), denoted °V,. The relation is given by an object Q%. = Q%, defined by

Q% = ¢"Qae = 29" ("Vegar — “Vagse + Vigea) , (87)
(see Wald (1984) equation (D.1)), with the property that*
VA = WA + QL A% — QA (88)
It is convenient to write %, as the sum of two parts:

“be(€) = Q%e(€) + Q%ele). (89)

First, the transformation from €V, to €V,, which is associated with the conformal
transformation gu(€) = a%gq(€), is described by

Qabc(G) = 2(sa(brc) - gad(€>gbc(€)rd7 (90>
where3?
T = WV, (Ina) (91)

(see Wald (1984), equation (D.3)). It follows that “V,r, = “V,r. Second, the trans-
formation from€V, to °V,, the covariant derivatives associated with g (¢) and g, (0),
respectively, is described by

Qabc(e) = %gad(e) (Ovc gdb(e) - Ovd gbc(e) + Ovb gcd(e)) : (92)
It follows from “V,7;. = 0 that 3
%e(0) = 0. (93)

To calculate R%4(€) we first perform the conformal transformation from g, to
Jap, Which yields B )
aZR“bcd(e) = R“bcd(e) + 45[‘1[6Ub]d](e), (94)

33We use the sign convention of Wald (1984) for defining the Riemann tensor.

34This example establishes the pattern for a general tensor.

35Note that we always use the vector 7, in covariant form, since 7, is independent of €, whereas
r® = g% (e)ry is not.
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where ) B
Ule) = = [3" (“Va—ra) + 36% g r¢] re, (95)

and R®(¢) is the curvature tensor of the metric Gan(€) (see Wald (1984), equation
(D.7)). Second, by performing the transition from ¢V, to ¥, we obtain

Rabcd(e) = gbeRaecd(e) = gbe <0Raecd + 2Ov[cégad]e + QQaf[chd]e> ) (96)

where R%,.q is the curvature tensor of the metric vup (see Wald (1984), equation
(D.7)). The term 27" "V.Q%j in (96) can be written as®

25" V.Q%e = 25" (V. 37 Qi1ae

e —af 106 O~ = os - I (97)
+ 9" 5 (Vi Gar — VieVis Gae) = 1er g™ RV ea,
which we use to rearrange (96), in conjunction with the relation °V,g% = —2Q),.
In summary, R%4(¢) is given by equation (94) with
R%4(€) = =251 W Ny Gap — Yy 3 ORY g — 20714 Q4 (98a)
U%(e) = — [gbe (Vg —ra) + 26% g vy — 3 Q| e, (98b)

where we have used “V,r, = W,r, — Q%7 in obtaining (98b) from (95).

Calculation of MR,

We now calculate the perturbation MR, of the Riemann tensor, defined via equa-
tion (3), expressing it in terms of the covariant derivative %, associated with -y,
and the metric perturbation f,, = Mg, (see (13)). We note that

(gab _ _ fab. (99)

where the indices on f% are raised using v%. It follows from (3), (92) (94) and (98),
in conjunction with (93) and (99), that3”

a?Re | — (Rad | 45[a[c(1)Ub}d}’ (100a)
where

MR, = 29N [l + £l R, (100b)
e, = [f“c ("W — 1) + 20% frg + 4 ) ~de] Te, (100c)
DQuve = 5 (Ve far = Va foc + Vb fea) - (100d)

Introducing local coordinates z# = (1, 2") as in section 2.1 leads to
ra =M%, V=0, V=D (101)

3Note that "R g = ¢ OR% ccq.

37Note that R*.q(e) depends on e through Fas(€), 7% (¢) and Q% (e).
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In addition we note that the quantity °R%,.q, the curvature tensor of the metric g,
is zero if one index is temporal, while if all indices are spatial

R, = 2K 61367, (102)

where the constant K describes the curvature of the maximally symmetric three-
space. Equation (100), in conjunction with (101) and (102), yields the following
expressions:

a*VR%,, = DD, + (H' — H*)5%] foo + (0 + H)Y, (103a)
a*VR%,,, = 2Dy Y7, (103b)
@’ VRV, = =2 (DD + Koyl") fo]! + 4HSu Y], (103c)
where?38
Yij = %%‘ijoo — Difjo + %anfij- (103d)

Calculation of the Riemann gauge invariants

We now apply the Replacement Principle to (103), which entails performing the
following replacements:

foo — f[X], Y = YyX], @R, — R%,[X], (104)

where the gauge invariants are defined by equation (5). All components of the

Riemann tensor can be obtained from the ‘curvature spanning set’ (R%;, Ry,
R™,.) or, alternatively, their spatial traces and their trace-free parts:

(R™omy By B ), (R, RO, R™), (105)

where
R%; = R%; — 3505 R o, R™,, = R™,, — LSRN, (106a)
R%y = R, — 81RO (106b)

Our motivation for choosing these particular components as the spanning set is that
the first set of terms in (105) are invariant under spatial gauge transformations,
while the hatted quantities are fully gauge-invariant, as follows from (4).

We denote the gauge invariants associated with the spanning set (105) by

(RO, [X], RO, [X], R¥(X]),  (R%,, R%%, R™,,), (107)

and refer to them as the Riemann gauge invariants. As indicated by the notation
(i.e. no dependence on the gauge field X) the hatted quantities are intrinsic gauge
invariants. We now substitute the expressions® for f,;[X] given by (24) into the

38Note that Qoij = 7D(,L'fj)0 + %f:j

39In using these expressions we are making the choice for X; given in equation (23). Choosing
X; in this way simplifies the calculation but not the final form of the Riemann gauge invariants,
since, as mentioned earlier, the spanning set is invariant under spatial gauge transformations.
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bold-face version of (103), and calculate the gauge invariants (107). It is convenient
to split Y;; into a trace and a trace-free part:

~

and to use the trace-free second derivative operator D;; defined in (49f). We obtain
R0 [X] = — [D? + 3(H' — H?)] ®[X] + (9, + H) Y[X],

(
RO, = ~Di8[X] + (9, +H) Y} (X, 109
R*in| X] = 4 [(D? + 3K) U[X] + HY[X]],

R™;, = D}U[X] + HY)[X] — (D? - 2K) C, 109d
R [X] = 2D, Y[X] - D,, Y[ X], (109¢
R = 2D Y [X] + D, Y[ X]6%), (109f
where
Y[X] = —=3(9,9[X] + HP[X]) — D*B[X], (109g)
Y;;[X] = —-D;;B[X] — DBy, + 9,Ci;. (109h)

These equations constitute one of the main results of this paper. They express the
Riemann gauge invariants (107) in terms of the metric gauge invariants (24). They
depend only on the choice of the temporal gauge field X, as can be seen from (24d).

Calculation of the Einstein gauge invariants

The Einstein tensor and the Weyl conformal curvature tensor are defined in terms
of the Riemann tensor according to

Gab = ab — % abR, where Rab = Racbc, R = Rab, (110&)
C%y = R, — 269, R" + 1019, 6% R. (110b)
The curvature spanning set (105) can be replaced with the following spatially irre-
ducible components of the Einstein tensor and the Weyl tensor:*!
(G007 Gmma G?a GZJ)? (COija COijk)a (111>
where N A A
G =G — %&ijm. (112)
It follows from (110) that
G% = —iR",, G"y = —2(R*"n + 4R™,,), (113a)
G% = R, G = R%; + R, (113Db)
COin = %(ROin — Rzmjm)’ COZ]k = ROZ]k (113C)

40Use the identities (125¢), (125d) and (125h).
4INote that Oy, = 7400["0% 5j]m] in an orthonormal frame.
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The Einstein gauge invariants, as defined by equations (38), (39a) and (39b) with
A replaced by G, can be expressed in terms of the curvature spanning set (105) by
using the bold-face version of (113). This yields

G} = G4[X] = R%; + R™,,, (
G, = — (D;G%[X] + 3HG'[X]) = i1D,R"",,[X] — 3HR"™,,[X], (114b)
G = CZGYX] + §G™[X] = —§ (14 3CE) R [X] + 4R, [X]) . (114c)

We find that it is simplest to express the Einstein gauge invariants (114) in
terms of the wuniform curvature metric gauge invariants A and B defined by (30).
We accomplish this directly by choosing X = X, in (109), and noting that by (26)
we have W[X. = 0. After simplifying using the identities (125¢) and (125f) we

obtain*?

Gi; = D;;G — D(; (9, + 2H) Bj) + (02 + 2HO, + 2K — D?) Cy, (115a)
G; = 2HD;(D? + 3K)B + $H(D? + 2K)B;, (115b)
G = 2H[(9, + BH)A + C;D’B| — 2D*G, (115c¢)

where we have introduced the notation

2H’
G:=-[A+(9,+2H)B], B:= 17 + 1+ 3C¢. (116)
We also need

GY[X] = R",,[X]. (117)

We choose X = X, in this equation, and using (109) in conjunction with the iden-
tity (125f) we obtain

GY%[X,] = —2D;(0,¥ + H®) + 5 (D* 4+ 2K) B;. (118)

We now use (31) to express the right side of this equation in terms of A and B,
which yields

GY%[X,] = —2D; (HA + (Ac — K)B) + 5 (D* 4+ 2K) B;. (119)

The Weyl tensor

The perturbation of the Weyl tensor is automatically gauge-invariant on account of
the Stewart-Walker lemma (Stewart and Walker (1974)) since the Weyl tensor is zero
in the background. We thus use bold-face notation for its components. From (113c)
we obtain

C%j = az(l)COz‘Oj — %(R%j _ Rzrnjm)’ Cm’jk _ aQ(l)COijk _ Rm’jk. (120)

The Weyl tensor has a simpler form if we use Poisson gauge invariants and hence
we choose X = X, in (109). Noting that B[X,] = 0 leads to

C%; = —3 [D%(¥ + @) 4+ 0,B — (82 + D* — 2K) C] (121a)
COij == —2D[j (sz} - 8,70%}) - DmBm[jézk}, Bij = D[ZBJ} (121b)

“2Here for convenience we use Gij = Yik ij.
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B.1 Uniqueness of the decomposition into modes

Proposition: If the inverses of the operators D?, D? + 2K and D? + 3K exist, then
the equation . .
B,=D;B+ B;, with D'B;, =0, (122)

determines B and B; uniquely in terms of B;, and the equation
Cij = DZ]C + D(ZC]) + éij, (123)

with ‘ . . o N
DZOZ' = O, Cz = Cji, OZZ' = O, ch’ij = 0,

determines C, C; and C~’Z-j uniquely in terms of C’ij; In particular, if B; = 0 then

B=0, B; =0, and if C;; = 0 then C =0, C; = 0, Cy; = 0.
Proof. Apply D' to (122) obtaining D?B; = D?B. Using the inverse operator of D?

this equation determines B, and then (122) determines B; uniquely in terms of B;.
Next, apply D% and D to (123), obtaining
DYC;; = 2D*(D* + 3K)C,  D'Cy; = 2D;(D* + 3K)C + (D* + 2K)C;. (124)

By using the inverse operators these equations, in conjunction with (123), succes-
sively determine C, C; and Cj; uniquely in terms of Cj;. ]

B.2 Identities

In obtaining our results we found the following identities useful:

D;D; A" = K&§%,A, (125a)

DD, AY = 2K A, (125b)

4(DpDl + Kopl)s,,™A = (D) + 4 (D? + 3K) 6){) A, (125c¢)
4 (DD + Koyl") ¢yt = (D? — 2K)C%, (125d)
D;D’;A = 2D;(D’ + 3K)A, (125¢)

D'DAj = 3(D* + 2K)A;, (125f)

D,D?*A" = (D? + 2K)D; A", (125g)

Sl Anf? = LA + 0,7 A), (125h)

Where Aij = Aji> Cij = le‘, OZZ = O and DZCZJ = O

B.3 Kinematic quantities

The kinematic quantities associated with a timelike congruence u® are defined by
the following decomposition into irreducible parts:

Vaty = =gty + H(gap + Ugtp) + Tap + Wap- (126)
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A routine calculation starting with equations (61)-(63) and (88) applied to u, yields
the following non-zero components:

1m'[§ — O+ Hp)] | (1272)

= Wi, —D«wwa+H>><@+Hwh (127h)
o'y = alVo’y = DY(v — x) +7"D (v)) — By)) +9,C5, (127c)
w = aVwh = 4Dy, (127d)

with the bold-face quantities being gauge-invariant on account of the Stewart-Walker
lemma.

C Scalar field
A minimally coupled scalar field ¢ is described by a stress-energy tensor of the form
T% = VoVp — [5VOVep + U(9)] 6%, (128)

with the associated Klein-Gordon equation V°V.¢ — U, = 0, where the potential
U(¢) has to be specified. This stress-energy tensor is of the form (59) with

p+p=-VGVi6,  p—p=20(4), mw=0. (129)
When evaluated on the RW background, equation (129) leads to
a*(©p+Op) = (%)?,  Op—Op=20("%). (130)
On using (130) to calculate (¥)’, the conservation equation (42) leads to
0" + 2HOW + a?U, =0, (131)

which is the Klein-Gordon equation in the RW background. Further, by means
of (41), (42), (130) and (131) we obtain

/ 20,2U 2(0)¢//
Ar=3O0r co1r e - (14 250). am

Viewing 7% and ¢ as functions of the perturbation parameter €, we can use (128),
in conjunction with (3), to calculate (V1% obtaining

(1)1%‘], =0, a2 79 = — Oy p, Mg, W7o+ %(U_Tii _ —2U,¢(1)¢. (133)

It follows using (37) with A replaced by T" and (132), that the matter gauge invariants
assume the form

Ti=0  TUX]=-O9'Dip[X],  THX]+ Ti[X] = —20°U40[X], (134)
where ¢[X] is the gauge invariant associated with (Mg by X-replacement, given by

B[X] = Mg — V' X (135)
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Equations (134) and (49) immediately lead to the expressions for the matter gauge
invariants (80b) and (80c), including

VIX] = —39% ¢[X]. (136)
Equation (134), in conjunction with (132) and (136), yields
THX] + 1 THX] = —6(1 — CHYHV[X]. (137)

We now substitute (137) into the expression for I' given by (45¢) and (49c) to
obtain®?

I'=(1-CH)(—T%X] - 6HVI[X])). (138)

which on comparison with (67) leads to equation (80a).
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1 Introduction

The analysis of linear perturbations of Friedmann-Lemaitre (FL) cosmologies was
initiated by Lifshitz (1946) in a paper of far-reaching importance. Working in the
so-called synchronous gauge, this paper showed that an arbitrary linear perturbation
can be written as the sum of three modes, a scalar mode that describes perturbations
in the matter density, a vector mode that describes vorticity and a tensor mode that
describes gravitational waves. For many years, however, the theory was plagued by
gauge problems, i.e. by the fact that the behaviour of the scalar mode depends
significantly on the choice of gauge. A major step in alleviating this difficulty was
taken by Bardeen (1980), who reformulated the linearized Einstein field equations
in terms of a set of gauge-invariant variables, as an alternative to the traditional use
of the synchronous gauge. Central to Bardeen’s paper are two gauge-invariant equa-
tions that govern the behaviour of scalar perturbations. The first of these governs
the evolution in time of a gauge-invariant gravitational (i.e. metric) potential and
the second determines a gauge-invariant perturbation of the matter density in terms
of the spatial Laplacian of the gravitational potential. Since this potential continues
to play a central role in the study of scalar perturbations, it seems appropriate to
refer to it as the Bardeen potential. Bardeen’s paper makes clear, however, that
there is no unique way of constructing gauge-invariant variables.

From our perspective, one drawback of Bardeen’s paper is that he performs a
harmonic decomposition of the variables ab initio, with the result that the mathe-
matical structure of the governing equations is somewhat obscured. In a subsequent
paper, Brandenberger, Khan and Press (1983) address this deficiency by giving a new
derivation of Bardeen’s gauge-invariant equations. They do not perform a harmonic
decomposition, with the result that their evolution equation is a partial differential
equation rather than an ordinary differential equation as in Bardeen’s paper. How-
ever, unlike Bardeen they restrict consideration to a spatially flat Robertson-Walker
(RW) background.!

In subsequent developments the status of the Bardeen potential was further en-
hanced by the appearance of the major review paper by Mukhanov et al (1992),
which contains a simplified derivation of the Bardeen potential and the evolution
equation for scalar perturbations, without performing a harmonic decomposition.
However, the treatment in Mukhanov et al (1992) is less general than that of
Bardeen (1980) and Brandenberger et al (1983) in two respects. First, they as-
sume the anisotropic stresses are zero, and second, they make a specific choice of
gauge invariants a priori, namely those associated with the so-called longitudinal
gauge.

Currently, increasingly accurate observations are driving theoretical cosmology
towards more sophisticated models of matter and the study of possible nonlinear
deviations from FL cosmology. Motivated by this state of affairs, our long term goal
is to provide a general but concise description of nonlinear perturbations of FL cos-
mologies that will reveal the mathematical structure of the governing equations and
enable one to make the transition between different gauge-invariant formulations,

'In our nomenclature an FL cosmology is a RW geometry that satisfies Einstein’s field equations.



1 INTRODUCTION 3

thereby simplifying and relating the different approaches? that have been used to
date. In pursuing this objective we have found it necessary to revisit linear per-
turbation theory, even though it is by now a mature discipline. Our intent in the
present paper is to formulate the governing equations for the linear theory in a par-
ticularly simple and concise form in order to facilitate the extension to nonlinear
perturbations.

Based on earlier work by Bruni et al (1997) on gauge-invariant higher order per-
turbation theory, Nakamura (2003) introduced a geometrical method for construct-
ing gauge invariants for linear and nonlinear (second order) perturbations which he
later applied to derive the governing equations (see Nakamura (2006) and Naka-
mura (2007)). In the present paper we use Nakamura’s method for constructing
gauge invariants, but we complement it with the observation that gauge invariants
are of two distinct types: intrinsic gauge invariants, i.e., gauge invariants that can
be constructed from a given tensor alone, and hybrid gauge invariants, i.e. gauge
invariants that are constructed from more than one tensor.

In Nakamura’s approach, the linear perturbation of any tensor is written as the
sum of a gauge-invariant quantity and a gauge-variant quantity, which is the Lie
derivative of the zero order tensor with respect to a suitably chosen vector field X.
A choice of X yields a set of gauge-invariant variables that are associated with a
specific fully fixed gauge. We will show that for the metric tensor there exist two
natural complementary choices of X that yield intrinsic metric gauge invariants. One
choice, used in all of Nakamura’s papers, leads to the two gauge-invariant metric
potentials of Bardeen (1980), which are associated with the so-called Poisson gauge.?
The other choice leads to the two gauge-invariant metric potentials of Kodama and
Sasaki (1984), which are associated with the so-called uniform curvature gauge.*
We will show that these two preferred choices lead to two distinct ways in which to
present the linearized Einstein field equations: with the Bardeen choice the evolution
of linear scalar perturbations is governed by a second order (in time) linear partial
differential operator, while with the Kodama-Sasaki choice the evolution is governed
by two coupled temporal first order linear operators.

The plan of the paper is as follows. In Section 2 we discuss the geometrical con-
struction of gauge-invariants: we focus on the metric tensor and, with the Einstein
tensor and the stress-energy tensor in mind, on mixed rank two tensors. In Section 3
we use intrinsic gauge invariants to derive the general governing equations for linear
perturbations in two gauge-invariant forms associated with the Poisson and the uni-
form curvature gauges. The required expressions for the Einstein gauge invariants
are derived efficiently in Appendix B. One of the ingredients in our derivation is
the so-called Replacement Principle, which is formulated in Appendix A. Another
ingredient is a general formula that expresses the Riemann gauge invariants in terms
of the metric gauge invariants. In Section 4 we give an interpretation of the intrinsic
matter gauge invariants and specialize our equations to the cases of a perfect fluid
and a scalar field. Section 5 contains a brief discussion of future developments.

2See, for example, Noh and Hwang (2004), Nakamura (2007) and Malik (2007).

3The Poisson gauge, which was introduced by Bertschinger (1996) (see his equation (4.46)), is
a generalization of the longitudinal gauge, which only applies to scalar perturbations.

4See, for example, Malik and Wands (2009), page 20, and other references given there.
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2 Geometrical definition of gauge invariants

2.1 General formulation

In cosmological perturbation theory we consider a l-parameter family of metrics®
gav(€), where g4(0), the unperturbed metric, is a RW metric, and € is referred to
as the perturbation parameter. It is natural to assign physical dimension length
to the scale factor a of the RW metric and (length)? to g.. Hence the conformal
transformation

Jan(€) = a”Fap(e) (1)
yields a dimensionless conformal metric gg(€).

The Riemann tensor associated with the metric gq(€) is a function of €, denoted
R%,(¢€), as is the Einstein tensor, G%(e). The stress-energy tensor of the matter
distribution is also be assumed to be a function of €, denoted 7%(¢). We include all
these possibilities by considering a 1-parameter family of tensor fields A(e), which
we assume can be expanded in powers of €, i.e. as a Taylor series:

Ale) = OA+eWA+ 3 PA 4 (2)
The coefficients are given by®
0A 0?A
OA = A(0 WA = 22 DA = < 3
O e |y’ 0e* |y’ ’ ®)

where (V4 is called the unperturbed value, VA is called the first order (linear) per-
turbation and A is called the second order perturbation of A(e).

Each of the geometric objects we work with has a well-defined physical dimension.
We will use the scale-factor a of the unperturbed RW metric to define dimensionless
quantities, as in (1), and to write the equations in dimensionless form. We thus
consider a family of tensor fields A(e) such that a™A(e) is dimensionless for some
integer n.

The primary difficulty in cosmological perturbation theory is that the pertur-
bations of a tensor field A(e) depend on the choice of gauge (i.e. on the choice of
coordinates), and hence cannot be directly related to observations. The first goal is
thus to formulate the theory in terms of gauge-invariant quantities, i.e. to replace
the gauge-variant perturbations VA, @A ... of A(e) by gauge-invariant quantities.
In this paper we restrict out attention to first order, i.e. linear, perturbations,
but with a view to subsequently working with higher order perturbations, we use a
method pioneered by Nakamura (2003).

Given a family of tensor fields A(e) such that a™A(e) is dimensionless, the change
induced in the first order perturbation (VA by a gauge transformation generated by
a dimensionless vector field £(e) with expansion

() = Wt ., (4)

5We use Latin letters a,b, ..., f to denote abstract spacetime indices.

6The notation A(e) should be viewed as shorthand for A(z, €), indicating that the tensor fields
are functions of the spacetime coordinates, which necessitates the use of partial differentiation with
respect to e.
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can be expressed using the Lie derivative £:
AWA = £, V4, (5)

(see, for example, Bruni et al (1997), equation (1.2)). We now introduce an as
yet arbitrary dimensionless vector field X which we use to define the dimensionless
object

WA[X] = a" ((1)/1 — £X(O)A) . (6)

It follows from (5) and (6) that
AVAIX] = a" (£ VA — £axVA) = a" Laye_ax VA (7)
The key step is to choose an X that satisfies
AX® = (1)5(1’ (8)

under a gauge transformation. With this choice, (7) implies that AMA[X] = 0, i.e.,
WA[X] is gauge-invariant. We say that MA[X] is the gauge invariant associated
with (WA by X -compensation. Equations (5), (6) and (8) are central to Nakamura’s
method for constructing gauge invariants associated with the first order perturbation
of a tensor A (see Nakamura (2007), equations (2.19), (2.23) and (2.26)). In what
follows we will drop the superscript ) on A and ¢ for convenience since in this
paper we are dealing only with first order perturbations.

The above vector field X, which we shall refer to as the gauge field, requires
comment. Unlike the geometric and matter tensor fields such as gq(€) and T%(e) it
is not the perturbation of a corresponding quantity on the background spacetime.
Instead it should be viewed as a vector field on the background spacetime that is
constructed from the linear perturbations of the geometric and matter tensors in
such a way that (8) holds. We will construct specific examples of X in section 2.2.

Before continuing we briefly digress to point out that gauge invariants A asso-
ciated with a tensor A are of two distinct types. If A is constructed solely from
components of (VA and (VA then we call A an intrinsic gauge invariant, while if
A also depends on the components of another perturbed tensor, then we call A
a hybrid gauge invariant. In particular if the gauge field X is formed solely from
components of MA and ©A, then A[X] is an intrinsic gauge invariant; otherwise,
A[X] is a hybrid gauge invariant.

In the following sections we will calculate the quantities in equations (5) and (6)
for various geometric objects A. To do this it is necessary to use the well known
formulae for the Lie derivative. The formula for a tensor of type (1,1), which we
now give, establishes the pattern:

LeA% = A% L5+ A% — §°LAS, 9)

where  denotes partial differentiation. In a formula such as (9) one can replace
the partial derivatives by covariant derivatives. For our purposes it is convenient to
use the covariant derivative "V, associated with the unperturbed conformal metric
Gar(0): _ _ _

LeA% = (VAE + (WE A — (V) A5 (10)
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We also need to work in a coordinate frame so that we can calculate time and
spatial components separately. We thus introduce local coordinates” z* = (n, z%),
with 7 being the usual conformal time coordinate for the RW metric g, (0), and
such that the unperturbed conformal metric v, := gup(0) has components

Yoo = _17 ’in:Oa Yij (11>

where ;5 is the metric of a spatial geometry of constant curvature. The spacetime
covariant derivative ¥, determines a temporal derivative "V, A = 0,A, where 0,
denotes partial differentiation with respect to 7, and a spatial covariant derivative
0¥, that is associated with the spatial metric 7ij- We introduce the notation

DA =, A (12)

The derivative operators 0, and D; will be used throughout this paper once local
coordinates have been introduced. The scale factor a determines the dimensionless
Hubble scalar 'H according to

H=—=uaH, (13)

where H is the true Hubble scalar. Here and elsewhere in this paper ' denotes the
derivative with respect to n of a function that depends only on 7.

2.2 Metric gauge invariants

We expand gg(€), defined by equation (1), in powers of €:
(0) (1)

gab(e) = ""Gabt+ € "Gab Tt ...,
and label the unperturbed metric and (linear) metric perturbation according to
99a
Yab ‘= (0)§ab = gab(())a fab = (1)§ab = ageb (0)7 (14>

which is consistent with (3). Applying the general transformation law (5) to the
metric tensor gup(€) = a?gap(€) we obtain

AWg,, = £(1>£(0)gab, or, equivalently, Af, = a >Le(a*ya), (15)

in terms of the notation (14). The gauge invariant f,,[X| associated with the metric
perturbation f,, by X-compensation, given by (6), assumes the form

fab[X] = fab - a72£X(a2’yab>~ (16>

Introducing local coordinates and using (9) and (10) adapted to a (0,2) tensor,
equations (15) and (16) lead to

A foo = —2(0, + H)E°, foo[X] = foo +2(9, + H) X", (17a)
Afo = D&% + Onéi, fo:[X] = foi + D; X’ — 0, X, (17b)
Afi; = 2H ;5 + 2Dy, f;[X] = fij — 2HX yi; — 2D X5, (17c)

"We use Greek letters to denote spacetime coordinate indices on the few occasions that they
occur, and we use Latin letters i, j, k, m to denote spatial coordinate indices, which are lowered
and raised using v;; and its inverse v*/, respectively.
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In order to construct a gauge field X that satisfies (8), using only the metric,
we need to decompose the metric perturbation f,, into scalar, vector and tensor
modes.® We introduce the notation®

Joo = —2¢, (18a)
fo = DiB + B, (18b)
fz’j — —21/}’}/1-]- —+ QDZDJC + 2D(ZCJ) + 20@', (18C>

where the vectors B; and C; and the tensor Cj; satisfy

The vector € is also decomposed into a scalar mode and a vector mode with com-
ponents

&, g=Dig+e (19)

It follows from (17), (18) and (19) that
Ap— (D, +H)E,  AB=¢ 40,6, AC—¢  Av——HE, (20a)
AB; = 0,6, AC; =&, (20b)

We can draw two immediate conclusions. First, it follows from (20b) and (20c)
that B; — C/ and C;; are gauge invariants. We introduce the following bold-face
notation:

Second, by inspection of (19), (20a) and (20b) we obtain
ADC+C) =6 D=2 (5) =€ )

where we have introduced the notation
X =B-09,C. (23)

We are now in a position to satisfy the requirement (8). Firstly, referring to (22),
we can satisfy the spatial part AX? = £ of the requirement by choosing

X, =D,C +C (24)

8In order to guarantee that the functions B, B;,C,C; and C;; in (18) are uniquely determined
by fo; and fi; we need to assume that the inverses of D?, D? + 2K and D? + 3K exist. See the
proposition in Appendix B.1. See also Nakamura (2007), following equation (4.15), for a helpful
discussion of this matter.

9We are denoting the scalar mode functions by ¢, B, C' and 1, in agreement with Mukhanov et
al (1992) (see equation (2.10), but note the different signature) and Malik and Wands (2009) (see
equations (2.7)-(2.12)), with the difference that we use C instead of E. Bardeen (1980) used the
notation A, —B, Hy and —Hp, + %DQHT for these functions, the choice of the fourth one being
motivated by harmonic decomposition. Bardeen’s notation has been used by subsequent authors,
e.g. Kodama and Sasaki (1984) and Durrer (1994), although the latter author replaced —B by B.
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which we will take to be our default choice for X;. With this choice, the ex-
pressions (17) for the components of the gauge invariant f,;[X], when combined
with (18), assume the form

foo[X] = —20[X], (25a)
foi[X] = D;B[X] + B, (25b)
£,[X] = —20[X}p, + 2C,. (250)

where
PX]:=p— (0, +H)X", VX]:=¢+HX’  B[X]:=x+X" (25d)

and B;, C;; and y are given by (21) and (23), respectively.
Secondly, referring to (22), we can satisfy the timelike part AX? = £° of the
requirement (8) in two obvious ways, by choosing

X'=XD =y, or X=X := —%, (26)
which leads to the metric gauge invariants associated with the Poisson gauge, or the
uniform curvature gauge, respectively. On substituting these choices into (25d) we

obtain the conditions
B[Xp] =0 and Y[X¢]=0, (27)

which characterize these two gauge choices.

The Poisson gauge invariants
On substituting the first of equations (26) into (25) we obtain
foo [Xp] = —2@, fOi [Xp] = Bz s fz’j [Xp] = —2\11’}/@] + 20@] s (28)

where

¢ := [ Xp| =+ (0, +H) X, U= U[Xp] =9 — Hy. (29)
Here ® and ¥ are the scalar metric gauge invariants associated with the Poisson
gauge,'Y and VU is the Bardeen potential.
The uniform curvature gauge invariants

On substituting the second of equations (26) into (25) we obtain

where s s
A= BXc] =+ (@ +H) oy Bi=B[Xc]=x- o, (31)

Here A and B are the scalar metric gauge invariants associated with the uniform
curvature gauge, ! introduced by Kodama and Sasaki (1984).12

0The gauge-fixing conditions for the Poisson gauge are B = C = 0,C; = 0 in (18).
"The gauge-fixing conditions for the uniform curvature gauge are ¢ = C' = 0,C; = 0 in (18).
12Gee equations (3.4) and (3.5), noting that Hy, +n 'Hy = — and B — k™1 H}. = x.
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In concluding this section we note that the gauge fields X used to construct the
above gauge invariants have the same spatial components X given by (24) in both
cases, leading to (25), with the vector and tensor modes described by the gauge
invariants B; and C;;, respectively. The difference lies in the scalar metric gauge
invariants which are related according to'3

v
A_<I>+(an+H)H, B = 7 (32)
as follows from (29) and (31). In both cases the gauge invariants are intrinsic since
the gauge field X depends only on the metric.

A reader of this paper should be aware of the lack of agreement in the literature
on labelling the scalar metric gauge invariants associated with the Poisson gauge.
Our choice of (®, V) in (29) is the one initiated by Mukhanov et al (1992), and
subsequently used by Nakamura (see, for example, Nakamura (2006)) and Malik
and Wands (2009). On the other hand Durrer (2008) and Liddle and Lyth (2000)
reverse the roles and use (¥, ®), while Kodama and Sasaki (1984) use (U, —®).
Bardeen’s original notation is (¢4, —®p).

2.3 Gauge invariants for mixed rank 2 tensors

In this subsection we consider a rank two tensor A%, such that Ay is symmetric
and a?A% is dimensionless. We expand A¢% in a Taylor series in € as in (2), and
assume that (VA% obeys the background symmetries, which means it is spatially
homogeneous and isotropic:

Di(O)Aozﬁ —0, (040 — (O)Aio =0, (O)Aij — %51] (O)Ak;k' (33)

We introduce the notation

A= la2(—(0)A0 i 1(0) gk ) Cc2 = _M (34)
A= 5 07T 3 k) A 3((0)A00)/’

where as before ’ denotes differentiation with respect to . We further assume that
% satisfies the conservation law V, A% = 0. It follows that in the background

a* (VA% = 3a*H (A% + ;OA%) = 6HAL, (35)
which, in conjunction with (34), implies that
Ay =—(1+3C3)HAA. (36)

We can now calculate the gauge invariants A%[X] associated with (VA% by X-
compensation, as defined by equation (6) with n = 2. It is convenient to decompose
(MAY into its trace (DAY, and tracefree part defined by

WA = WAL — 1WAk s, (37)

13These relation have recently been given by Christopherson et al (2011). See their equations
(4.22) and (4.23).
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A straightforward calculation using (6), (9), (10) and (33) leads to'*

AY[X] = a®? WAY — 6H A, X" (38a)
AY[X] = a* WA + 24,D, X0, (38b)
AR[X] = a® WAR, + 18HALCEXO, (38c¢)
AL[X] = a® WAL, (38d)

In deriving these equation we have used (34) and (35) to express (VA% (©A% and
their derivatives in terms of A4 and C3.

Equation (38d) implies that AZJ [X] is an intrinsic gauge invariant since it is
constructed solely from the components of (VA%. We denote this quantity by

Al = AY[X] = > WAL, (39)

One can form two additional intrinsic gauge invariants by taking suitable combina-

tions of A%[X], A%[X] and A% [X]. Indeed it follows from (38) that
A = CAASX] + AKX = a?(CRWAG + 1WAR), (40a)
A; = — (D;AG[X] + 3HASX]) = —a® (DA% + 3HWAY) (40b)
which implies that A and A; are intrinsic gauge-invariants.
In summary, the tensor A% can be described by the three intrinsic gauge invari-
ants A, A, and A;, given by (39), (40a) and (40b), and one hybrid gauge invariant
AY%[X], given by (38b). In section 3.1 we will use these objects, constructed in terms

of the Einstein tensor and the stress-energy tensor, to give a concise derivation of
the governing equations in gauge-invariant form for linear perturbations of FL.

3 Linearized governing equations

3.1 General formulation

In this section we work with the linear perturbations of the Einstein tensor and the
stress-energy tensor, denoted by G% and (VT%, and defined via equation (3). The
corresponding unperturbed quantities are labelled by a superscript .

We begin by imposing the background Einstein equations VG% = T4  The
non-zero components are given by'®

a? OG% = —3(H* + K) = —a?% =207, (41a)
a? G, = —(2H' + H? + K)o = a* s, = > 077, (41b)

where H is given by (13). It follows from (41), (34) and (35), with A replaced by G
and 7', respectively, that

Ag=-H+MH*+K, Ar = 3a*(“p+ ), (422)
) ) (O)p/
¢ =—(1+3C)HAg, Cr= Oy (42b)

4We do not include the (VA% components since they can be expressed in terms of the other
components and the metric perturbation, due to the assumed symmetry.
15See, for example, Mukhanov et al (1992), equation (4.2), noting the difference in signature.
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The conservation law (35), with A replaced by T', gives
a?(Op) = —6HAp = —3Ha*(©p + Op). (43)

The background Einstein equations imply that Ag = Ar and C% = C%. We denote
the common values by A and C%:

A=Ag=Ar, C*=Ct=0Ch (44)
The linearized Einstein field equations are given by
Mge, = Mpe (45)

In simplifying the linearized field equations we will make use of the intrinsic gauge
invariants associated with the Einstein tensor and with the stress-energy tensor,
which are given, in analogy with (39), (40a) and (40b), by

G = a? VG T = > VT, (46a)

G; = —a* (D;"G% + 3HMGY) | T; = —a® (D;WT% + 3HWTY%) ., (46b)

G = a*(C&G% + LGk, T = a*(C2T% + 1Th), (46¢)
where

WG, = gy — 150gk,, Oy = Oy - gtk (47)

We also need the hybrid gauge invariants G%[X | and T%[X], which are given by (38b)
with A replaced by G and T"

GYX] =a?MG% +24:D, X%, TYX]=a?WT% +24;D,X°.  (48)

Since the gauge invariants (46) and (48) are linear in (VG4 and (VT% with co-
efficients depending on ()G% and (9T, respectively, it follows that the linearized
Einstein field equations immediately imply the following relations:

G@-—T@-:O, G, —T,=0, G-T=0, (49a)

GY%[X] - T%[X] = 0. (49b)

Expressions for the Einstein gauge invariants G’], G;, G and G%[X] in terms of the
metric gauge invariants, decomposed into scalar, vector, and tensor modes, are given
in equations (116) and (120) in Appendix B. To proceed we likewise decompose the

matter gauge invariants T%, T;, T and T%[X] into scalar, vector, and tensor modes

and label them as follows:!®
T} = DI+ 297D, 11, + 11, (50a)
T, = D;,A + A, (50b)
T=T, (50¢)
T%[X] = 2(D,V[X] + V), (50d)

161 subsection 4.1 we comment on the choice of the symbols II, I', A and V.
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where
DIL; = 0, % =0, D,IT; = 0, D'A; =0, D'V; =0, (50e)

and A
Dij = D(ZDJ) — %’%‘jD{ D2 = DZDZ (50f)

We stress that in making this decomposition we are not making any assumptions
about the physical nature of the stress-energy tensor. By inspecting (116), (120)
and (50) one concludes that equations (49) decompose into a scalar mode, a vector
mode and a tensor mode, which we label as follows:

DUA -+ D(Z-Aj) -+ Aij =0,
D,B+ B, =0,

C=o,

D,E[X]+E; =0.

Since we are assuming that the inverses of the operators D%, D? + 2K and D? +
3K exist we can use the proposition in Appendix B.1 to write the linearized field
equations concisely as

Scalar mode: A =0, B =0, C=0, E[X] = 0. (51a)
Vector mode: A; =0, B; =0, E;, =0. (51b)
Tensor mode: A;; = 0. (51c)

3.2 Scalar mode

In this subsection we give the governing equations (51a) for the scalar mode, first
expressing them in terms of the uniform curvature gauge invariants A = ®[X] and
B = B[X(] (see (31)). The scalars A,B and C in (5la) are obtained without any
calculation by taking the differences of equations (116) and (50) and reading off the
scalar part. The scalar E[X] is obtained in a similar manner from (120) and (50d)
with X = Xp. The resulting equations are!”

(0, +2H)B+ A = -1 (52a)
H [(0, + BH)A + C*D’B] = iI' + iD’II, (52b)
H (D?+3K)B = —1A, (52¢)
HA + (A— K)B=-V, (52d)
where o1
B= 7 + 14 3C?, (53)

(see equation (117) in Appendix B), and V = V[Xp|. We shall refer to these
equations as the uniform curvature form of the governing equations for the scalar
mode.

"In deriving (52b) we use (52a) to replace (9, + 2H) B + A by —IL
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We now give the governing equations in terms for the Poisson gauge invariants ¥
and ®. We eliminate A in (52b) using (52a) and in (52d) using (32), and eliminate
B using HB = —W. The resulting equations are

U — =TI, (54a)
(£L—-CD*) ¥ = 1T + (3D* + H(9, + BH)) 11, (54b)
(D*+3K)¥ = 1A, (54c)
OV +HP = -V, (54d)

where the differential operator £ is defined by

[ J
L(e) = H(D, + BH)(, + 2H) (ﬂ) . (55)
Expanding the brackets yields!'®

L=002+3(1+C*)HO,+H’B—(1+3C°)K. (56)

We shall refer to the above field equations as the Poisson form of the governing
equations for the scalar mode.

Equations (52) and (54) constitute one of the main results of this paper. Either
system of equations determine the behaviour of linear scalar perturbations of an
FL cosmology with arbitrary stress-energy content whose scalar mode is described
by the gauge invariants I',II, A and V. The structure of these two systems of
equations differs in one significant way. In the system (52) the time dependence is
governed by two first order differential operators, while in the system (54) the time
dependence is governed by a second order linear differential operator. Note that all
the coefficients in equations (52) and equations (54) are functions of H,H’, H” and
K, 1.e. they depend on the background geometry, which is determined by the the
assumed stress-energy content and the field equations in the background FL model.

To the best of our knowledge equations (52) have not been given in the literature,
although if one performs a harmonic decomposition one obtains a system of first
order ordinary differential equations closely related to that given by Kodama and
Sasaki (1984) (see Chapter 2, equations (4.6a-d)). Likewise, the governing equations
in Poisson form have not appeared in the literature in the above fully general form,
although the operator £, given by (56), has a lengthy history as we now describe.
This operator is ubiquitous!® in the theory of scalar perturbations of FL universes,
but is never given in the above purely geometric form, with its coefficients depending
only on the background RW geometry. The form in the literature that is closest to
the above is that given by Mukhanov et al (1992), equation (5.22), who replace C?
by the matter quantity ¢2, using (44) and (79). Nakamura (2007) gives the same
expression (see his equation (5.30)). A more common form of £ in the literature has

18Referring to (42) express H’ in terms of Ag and then use the equation for A,.

19The operator £ appears in papers that use the Bardeen-Mukhanov gauge-invariant potentials,
or that use the so-called longitudinal gauge, or that use the 1 + 3 gauge-invariant approach to
perturbations of FL.
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B, defined in equation (117), expressed in terms of the background matter variables
using the background field equations:

H?B = (> —w)pa® + (1 + )Aa®* — (1 + 3¢ K. (57)

The earliest occurrence of which we are aware is Harrison (1967), equation (182),
followed by Bardeen (1980), equation (5.30), after making the suitable changes of
notation and setting A = 0. See also Ellis, Hwang and Bruni (1989), equation (31)
and Hwang and Vishniac (1990), equation (105).2!

3.3 Vector and tensor modes

First, we give the governing equations (51b) for the vector mode. The vectors A;
and B; in (51b) are obtained without any calculation by taking the differences of
equations (116) and (50) and reading off the vector part. The vector E; is obtained
in a similar manner from (120) and (50d). The resulting equations are

(D? + 2K)B; = 4V, (58b)

as well as the relation A; = 6HV;, which is satisfied identically (see equation (68)).
If TI; is specified and can be regarded as a source term, the evolution equation (58a)
is a first order linear ordinary differential equation that determines B;, which in
turn determines V; by differentiation using (58b).

Second, we give the governing equations (51c) for the tensor mode. The ten-
sor A;; in (5lc) is obtained without any calculation by taking the differences of
equations (116) and (50) and reading off the tensor part, leading to

(82 + 2HO, + 2K — D?) C;; = I,;. (59)

If IL;; is specified and can be regarded as source term, this is a second order linear
partial differential equation that determines C;;.

4 Interpretations and examples

4.1 Interpretation of the matter gauge invariants

In this section we give the physical interpretation of the gauge invariants I1,I", A
and V[X] associated with the scalar mode of the stress-energy tensor.

We begin with the decomposition of a stress-energy tensor with respect to a unit
timelike vector field u®, which is given by

T% = (p + p)uuy + pd% + (¢"up + u’qp) + 7%, (60)

20We are here assuming as matter content a barotropic perfect fluid with linear equation of state,
and a cosmological constant.

2In these two references, the evolution equation in question arises in the 1 + 3 gauge-invariant
approach to perturbations of FL, and the unknown is a vector quantity that is related to the scalar
v,
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where
uqy, =0, % =0, u,m% = 0. (61)

We choose u® to be the timelike eigenvector of T'%, which implies ¢* = 0, i.e. we are
using the so-called energy frame (see for example, Bruni et al (1992), page 37).

Assuming that the unperturbed stress-energy tensor (V7% has the isotropy and
homogeneity properties of the RW geometry, the expansion (2) to linear order for
0, D, U, and % has the form:??

p="p+eWp, p="p+e"p, (62a)
7 =0 =79, =0+ eWri (62b)
uy = —a(l + ey), u; = a(0 + €v;). (62c)

Decomposing v; into a scalar and vector mode yields
v; = Djv + vy, D'v; = 0. (63)

We use boldface in writing v; in view of the fact that this quantity is a dimensionless
gauge invariant, as can be verified by applying (5) to u,.

For ease of comparison with other work, we note that the expansion of u® = ¢g®u,
to linear order, expressed in terms of v, v¢ and the linearly perturbed metric, is given
by

uw =a (1 -ep), u'=a"[0+e(D(v—-B)+ (¥ - B))]. (64)

We digress briefly to mention that our expansion of the four-velocity differs from the
usual approach in the literature in that we use the covariant vector u, to define the
perturbed three-velocity instead of the contravariant vector u®, since we find that
this leads to a number of simplifications. For example, Malik and Wands (2009)
(see equation (4.4)) have

ui = afl[O + € (DiUMW + ’INJE/IW)],
so that ‘ ‘ A
’UMW:’U—B, ’INJ%/IWI{/Z—BZ.

From (60) and (62), and making use of (3), we obtain the following expressions
for the components of the linear perturbation of the stress-energy tensor:

W% =—Wp, Ot =30, OT% = (Op+ ), I =Wrl (65)

It follows from (46), (50) and (65), in conjunction with (42) and (43), that the
matter gauge invariants are determined by

a*Wrl; = DYTL + 297D I + 115, (66a)
I = a*(—=C3Yp + p), (66b)
A=a* (Vo + (V) v), (66c)
VIX] = Ar(v + X9), Vi=Arv,;. (66d)

22The form of ug is determined by the requirement that v is a unit vector. Recall that ¢ is one
of the metric potentials in (18).
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Before continuing we derive an additional relation. It follows from (40b) with A
replaced by T that
T; = —D,T%[X] — 3HTY%[X]. (67)

On substituting from (50b) and (50d) into this equation, we conclude that
A = —T%[X] - 6HV[X], A; = —6HV;. (68)

We can now give the physical interpretation of the matter gauge invariants.
First, the gauge invariants II,II; and II;; represent the anisotropic stresses. The
interpretation of I' is given in the context of a perfect fluid in the next section.
Next, the gauge invariants V' = V[Xp| and V; play a role in determining the shear
and vorticity of u,. The relevant formulae are given in (128) in Appendix B.3. In
particular, V[Xp| determines the scalar mode of the shear according to

Doy = A7 D*(D? + 3K)V[Xp], (69)

as follows from (128) in conjunction with (66d) with X = Xp and the identity (126e).
We will hence use V' := V[Xp] as our standard choice for the gauge invariant V[X].
However, since the choice V[X¢] is also of interest we note that

V[Xc] - V[Xp] = ArB, (70)

as follows from (66d), (26) and (31).

Finally, in order to interpret A we need to make a small digression. For any scalar
field A with the property that a” A is dimensionless we can define a dimensionless
gauge invariant A[X] according to*

AX]=a" (WA - (DAY X°). (71)
For the matter density p we denote the gauge invariant by A[X]:
AlX] =a* (Wp— (“p) X°). (72)

On choosing X = X, with X? := —v it follows from (66c) that A = A[X,]. By
comparing (72) with equation (3.13) in Bardeen (1980),% we conclude that A[X,],
and hence A, equals the well-known Bardeen gauge-invariant density perturbation

€m, Up to a factor of a? ®)p. The specific relation is

A= (a®>Dp)e,,. (73)

We note that the choice X! = —v, in conjunction with our default choice (24) for
the spatial components of X, is associated with the so-called total matter gauge
(see, for example, Malik and Wands (2009), pages 23-24). Thus A is the density
perturbation in the total matter gauge. In addition it turns out that A is closely
related to the 1 + 3 gauge-invariant approach to perturbations of FL, pioneered by

Z3This is equation (6) specialized to the case of a scalar field.
240ne has to take into account differences in notation, the conservation equation (43), and the
fact that Bardeen has performed a harmonic decomposition.
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Ellis and collaborators (see Ellis et al (1989)), in which the spatial gradient of the

matter density orthogonal to u® plays a key role. To elucidate the relation we define

the dimensionless spatial density gradient?

D, = a*hlV, p, hl =62 + ugul. (74)
A straight-forward calculation shows that to linear order
Dy =0, D; = D;A — 6HV,, (75)

which shows that A equals the scalar mode of the spatial density gradient. In
addition it follows from (50b) and (68) that T; = D;, giving a physical interpretation
of the intrinsic gauge-invariant T,.

To end this section we comment on our choice of notation. In using the symbols
I, T, A and V for the matter gauge invariants we are following Kodama and Sasaki
(1984) with the difference that we scale the variables as follows:

II= aszKS, I'= GQPFKsa A= aszK57 V = ArVks, (76)

where p and p refer to the background. These scalings simplify the equations con-
siderably.

4.2 Perfect fluid
For a perfect fluid the matter gauge invariants are restricted according to

=0, I; =0, IT; = 0. (77)
In addition it follows from (42b) and (66b) that

I'=0 ifandonlyif p=p(p), (78)

1.e. if and only if the equation of state is barotropic. In this case it is customary to
introduce the notation

= C3, W= =, (79)

where ¢ = w if w is constant, as follows from (42b).

On account of (77) the governing equations in the Poisson form (54) for scalar
perturbations imply that ¥ — & = 0, which reduces the governing equations for the
scalar mode in the perfect fluid case to

(L —C*D*)¥ = 1T, (80a)
(D* 4+ 3K)U = 1A, (80D)
U+ HY = -V, (80c)

where L is given by (56) with C? = ¢ and B is expressed in terms of the background
matter variables according to (57).

Z0ur D, differs from that in Bruni, Dunsby and Ellis (1992) by a factor of pa? (see their
equation (24)).
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4.3 Scalar field

For a minimally coupled scalar field we show in Appendix C that the matter gauge
invariants are given by

['=(1-CHA, (81a)
VIX] = -39 p[X], V; =0, (81b)
II=0, II, =0, IT; = 0, (81c)

where ¢[X] is the gauge invariant associated with ¢ by X-replacement, given by
o[X] = Vo — O’ X°. (82)

The governing equations (54) in Poisson form imply that ¥ —& = 0, and then reduce
to

(L —C’D*)¥ = (1 - C*)A, (83a)
(D*+3K)¥ = 1A, (83D)
U+ HY = 10, (83c)

where ¢p := ¢[Xp]. By combining (83a) and (83b) we obtain an evolution equation
for ¥ without a source term:

(£L-3(1-C*»)K-D* V¥ =0, (84)

where L is given by (56). Having solved this equation one can calculate ¢p and A
from (83). If one expresses C? in £ in terms of the unperturbed scalar field and its
derivatives (see (133)) and sets K = 0, equation (84) coincides with equation (6.48)
in Mukhanov et al (1992). For the generalization to arbitrary K, see Nakamura
(2007), equation (5.39).%7

One can also use the governing equations (52) in uniform curvature form, ob-
taining equations equivalent to those derived by Malik (2007) (see equations (2.20)-
(2.23), noting that he is considering multiple scalar fields).

5 Discussion

We have given a systematic account of the gauge-invariant quantities that are associ-
ated with a linearly perturbed RW geometry and stress-energy tensor, emphasizing
the role of intrinsic gauge invariants. First, we have shown that there are two dis-
tinct choices of intrinsic gauge invariants for the perturbed metric, which are the
gauge invariants associated with the Poisson gauge and the uniform curvature gauge,
through the work of Bardeen (1980) and Kodama and Sasaki (1984), respectively.
Second, we have introduced intrinsic gauge invariants for the Einstein tensor and the
stress-energy tensor, which we used to derive a particularly simple and concise form

26This is a special case of equation (71).
2TWe note a minor typo: a factor of 2 multiplying 03] should be deleted.
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of the governing equations for linear perturbations of FL. models. The specific form
of the governing equations for the scalar mode depends on the choice of intrinsic
gauge invariants for the perturbed metric. The Kodama-Sasaki choice leads to a
coupled system of two first order (in time) linear differential operators that govern
the evolution of the uniform curvature metric gauge invariants (see equations (52)).
On going over to the Poisson picture, the product of these two operators® yields the
well-known second order linear differential operator £ that governs the evolution of
the Bardeen potential (see equation (56)), thereby providing the link between the
two forms of the governing equations. A common feature of both systems is the
appearance of the physically motivated gauge-invariant density perturbation A that
is one of the intrinsic gauge invariants associated with the stress-energy tensor (see
equations (52¢) and (H4c)).

The mathematical structure of the governing equations for linear perturbations
that we have elucidated here has in fact a much wider significance. Indeed, as
one might expect on the basis of elementary perturbation theory, the governing
equations for second order (nonlinear) perturbations have precisely the same form,
apart from the inclusion of a source term that depends quadratically on the linear
metric perturbation.?? As an illustration of this we give the form of the equations
that govern second order scalar perturbations using the metric gauge invariants
associated with the Poisson gauge:

@y — Cp = AT + S,i50(VF), (85a)

(£ —CED?) Pw = 1T 4 (1D? + H(9, + BH)) P + Separ (), (85b)
(D? + 3K) 20 = 1A + S, ppzer (1), (85¢)
9,0 + HID = —OV 4 S, 10einy (VF), (85d)

where S,((f) is a source term that depends quadratically on the first order gauge-
invariant metric perturbation (Uf,, = f,, in equation (28). The key point is that,
apart from the source terms, equations (85) have the same form as equations (54),
with the variables W and ®® being the metric gauge invariants at second order
determined by the Nakamura procedure. The second order matter terms 1T, @I,
@A and @V are defined in analogy with the first order terms II, T, A and V
after expanding the stress-energy tensor 7% to second order in powers of e. All
the complications lie in the source terms, whose explicit form has to be found by
calculating the Riemann tensor to second order. In order to solve the above second
order equations the source terms, which include scalar, vector and tensor modes,
first have to be obtained by solving the governing equations for the scalar, vector
and tensor linear perturbations. In a subsequent article we will derive both the
above Poisson form and the corresponding uniform curvature form of the governing
equations for second order perturbations, relating our formulation to other recent
work.

28This factorization property (55) of L, appears to be new, and enables one to simplify a number
of results relating to £s. We will discuss these elsewhere.
This behaviour has been noted in general terms by Nakamura (2006), equations (38)-(39).
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A The Replacement Principle

The expression for the perturbation of the Riemann tensor given in equation (104)
in Appendix B, can be written symbolically in the form:

a2(1)Rabcd — Labcd(f)’ (86)

where L%, is a linear operator and f is shorthand for f,;. The Replacement Principle
for the Riemann curvature states that the gauge invariants associated with R,
and with f, by X-compensation are related by the same linear operator:

Rabcd[X] = Labcd(f[X])’ (87)

where f[X] is shorthand for f,,[X].

This result is adapted from more general results given by Nakamura (2005) (see
in particular, his equations (3.12), (3.15) and (3.23)). Similar results hold for the
Einstein and Weyl tensors. Use of the Replacement Principle in Appendix B makes
the transition from gauge-variant to gauge-invariant equations particularly easy and
transparent.

B Derivation of the curvature formula

In this appendix we derive expressions for the Einstein gauge invariants, namely,
the three intrinsic gauge invariants GZJ, G; and G, and the single hybrid gauge
invariant MGY[X], defined by equations (46) and (48). Our strategy incorporates
the following ideas:

i) Conformal structure. We adapt to the conformal structure of the background
geometry, determined by the scale factor a of the RW metric, from the outset.
In particular we create dimensionless quantities by multiplying with appropri-
ate powers of a, which simplifies the equations considerably.

ii) Index conventions. We represent tensors of even rank, apart from the metric
tensor, with equal numbers of covariant and contravariant indices. This make
contractions trivial to perform and ensures that the components of the tensor
have the same physical dimension as the associated contracted scalar.

iii) Timing of specialization. We defer performing the decomposition into scalar,
vector and tensor modes as long as possible, and do not make harmonic de-
compositions. This strategy helps to reveal structure in the equations and
serves to reduce the amount of calculation.
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Calculation of R%.(¢)

We begin by deriving an exact expression for the Riemann tensor®® R%(¢) of the
metric gqp(€) in terms of the covariant derivative of the conformal background metric
Yab- We thus relate the covariant derivative of gq(€), denoted €V, to that of v, =
Jas(0), denoted °%,. The relation is given by an object Q%, = Q% defined by

Q% = 9" Qare = 39" ("Vegar — Vagse + "Viogea) (88)
(see Wald (1984) equation (D.1)), with the property that?!
VA, = VA + QLA — QUucA's. (89)
It is convenient to write Q%. as the sum of two parts:

Q%be(€) = Q%e(€) + Q%e(e)- (90)

First, the transformation from €V, to €V,, which is associated with the conformal
transformation gu(€) = a%gq(€), is described by

Qabc(G) = 2(sa(brc) - gad(€>gbc(€)rd7 (91>
where??
T = V,(Ina) (92)

(see Wald (1984), equation (D.3)). It follows that N, rp = "Vyr,. Second, the trans-
formation from¢V, to °V,, the covariant derivatives associated with g (€) and g, (0),
respectively, is described by

Qabc(e) = %gad(e) (Ovc gdb(e) - Ovd gbc(e) + Ovb gcd(e)) : (93)
It follows from “V,7;. = 0 that .
%(0) =0. (94)

To calculate R%.4(¢) we first perform the conformal transformation from g, to
Jap, Which yields B B
a2Rabcd(€) - Rabcd(e) + 45[a[cUb]d](€)a (95)

where ) )
Ulle) = =[5 (“Va—r4) + 285 g% rg] re, (96)

and R*4(e) is the curvature tensor of the metric gq(€), (see Wald (1984), equation
(D.7)). Second, by performing the transition from ¢V, to ¥, we obtain

Rabcd(€> = _beRaecd(e) = §be (ORaecd + 2Oﬁ[c@ad]e + 2@af[c@fd]e> ) (97>

30We use the sign convention of Wald (1984) for defining the Riemann tensor.

31This example establishes the pattern for a general tensor.

32Note that we always use the vector 7, in covariant form, since 7, is independent of €, whereas
r® = g®(€)ry is not.
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where R%..q is the curvature tensor of the metric vup (see Wald (1984), equation
(D.7)). The term 25" "V.Q%j in (97) can be written as®

25" V1.Q. = 2§be ("Vie 5") Q\1ae

7 3 (Ve Gar — Vie™Nig Gae) — Verg®? RM.q, (98)

which we use to rearrange (97), in conjunction with the relation "V,5e = —2Qab), .
In summary, R%4(¢) is given by equation (95) with

R(€) = =25"g" ViV Guag — 7erg™ R ca — 2079 Qs (99a)

Oh4(e) = = 8 (a =) + 109 s = 3 Q| e (99b)

where we have used *V,r, = W,r, — Q%r. in obtaining (99b) from (96).

Calculation of MR,

We now calculate the perturbation MR, of the Riemann tensor, defined via equa-
tion (3), expressing it in terms of the covariant derivative ¥, associated with 7y,
and the metric perturbation f,, = Mg, (see (14)). We note that

1) ab _ fab (100)

where the indices on f® are raised using v*. It follows from (3), (93) (95) and (99),
in conjunction with (94) and (100), that3

a*VR®,, = OR™®,, + 46140y, (101a)
where
R, = 208, Nl f 1 4 pleOpbe,, (101b)
Wge, = [f‘w ("W — 1) + 169 felrg 4424 0Q bd] Tes (101c)
WVQupe = % (ovc fab = Va foe + ¥, fca) . (101d)
Introducing local coordinates z* = (1, 2") as in section 2.1 leads to
=Hd&, V=0, V=D, (102)

In addition we note that the quantity °R%,q, the curvature tensor of the metric 7,
is zero if one index is temporal, while if all indices are spatial

R, = 2K 6167, (103)

where the constant K describes the curvature of the maximally symmetric three-
space. Equation (101), in conjunction with (102) and (103), yields the following
expressions:

a*VR%,, = I[D'D,, + (H' — H?*)8%] foo + (0, + H)Y?, (104a)
a*WR%, . = 2D Y7, (104b)
*ORY,,, = =2 (DD + K6pl') fo! + AHS Y0, (104c)

33Note that R .4 = 4*¢ 'R% .
34Note that R (¢) depends on € through gap(€), g (€) and Q%p(€).



B DERIVATION OF THE CURVATURE FORMULA 23

where®®

Yij = 37%H foo — D fio + 30, fij. (104d)

Calculation of the Riemann gauge invariants

We now apply the Replacement Principle to (104), which entails performing the
following replacements:

Fap — £ X], a®?MR® , — R [X], Vi — Yi[X], (105)

where the gauge invariants are defined by equation (6). All components of the
Riemann tensor can be obtained from the ‘curvature spanning set’ (R%;, Ry,
R™,,) or, alternatively, their spatial traces and their trace-free parts:

(R0, ROy RM™0), (ROin, ROijka f%imjm% (106)

where
ROin = Rozbj — %ijomom, Rz‘mjm = lejm — %5Z]kakm, (107&)
R = R%y — 0% R, (107b)

Our motivation for choosing these particular components as the spanning set is that
the first set of terms in (106) are invariant under spatial gauge transformations,
while the hatted quantities are fully gauge-invariant, as follows from (5).

We denote the gauge invariants associated with spanning set (106) by

(R, [X], RO, [X], R*%,.[X]),  (R%;, R%, R™;), (108)

and refer to them as as the Riemann gauge invariants. As indicated by the notation
(i.e. no dependence on the gauge field X) the hatted quantities are intrinsic gauge
invariants. We now substitute the expressions® for f,;[X] given by (25) into the
bold-face version of (104), and calculate the gauge invariants (108). It is convenient
to split Y;; into a trace and a trace-free part:

A

Y=Y, — 1Y, Y=Y, (109)

and to use the trace-free second derivative operator D;; defined in (50f). We obtain®’

R, [X] = — [D* 4+ 3(H' — H?)] ®[X] + (0, + H) Y[X], (110a)
R, = —D}®[X] + (9, + H) Y5[X], (110Db)
R, [X] = 4 [(D® + 3K) V[X] + HY[X]], (110¢)
R™;,, = DyUX] + HY[X] — (D* - 2K) CY, (110d)
R, [X] = 2D, Y[X] - D,, Y[ X], 110¢)
)

R, = 2D Yy [X] + D, Y"; [X]6%,

35Note that Q()Z_j = 7D(,L'fj)0 + % ’L/j

36In using these expressions we are making the choice for X; given in equation (24). Choosing
X; in this way simplifies the calculation but not the final form of the Riemann gauge invariants,
since, as mentioned earlier, the spanning set is invariant under spatial gauge transformations.

3TUse the identities (126¢), (126d) and (126h).
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where
Y[X] = —3(0,¥[X] + H®[X]) — D*°B[X], (110g)
Y;;[X] = -D;;B[X] — DBy, + 9,Ci;. (110h)

These equations constitute one of the main results of this paper. They express the
Riemann gauge invariants (108) in terms of the metric gauge invariants (25). They
depend only on the choice of the temporal gauge field X, as can be seen from (25d).

Calculation of the Einstein gauge invariants

The Einstein tensor and the Weyl conformal curvature tensor are defined in terms
of the Riemann tensor according to

G% := R% — % %R, where R% := R%., R := R%, (111a)
C%q = Ry — 26 R" + 1019, 6% R. (111b)
The curvature spanning set (106) can be replaced with the following spatially irre-
ducible components of the Einstein tensor and the Weyl tensor:38
(G%: G", G7, G5), (CV%;, C%), (112)
where )
G =G — 305G, (113)
It follows from (111) that
G% = —LRM,., G"y = —2(R*"n + AR, (114a)
& = B, Gy = % + B, (111b)
oy = By — Ry, OV — B 1140)

(
The Einstein gauge invariants, as defined by equations (39), (40a) and (40b) with
A replaced by G, can be expressed in terms of the curvature spanning set (106) by
using the bold-face version of (114). This yields

G = GY[X] = R%; + R, (115a)
G; = — (D;G%[X] + 3HGY[X]) = ID,R"",,[X] — 3HR™,,[X], (115b)

G 1= CAGY[X] + 1G] = =L (14 3C2)R, [X] + 4R, [X]) . (1150
We find that it is simplest to express the Einstein gauge invariants (115) in
terms of the wuniform curvature metric gauge invariants A and B defined by (31).

We accomplish this directly by choosing X = X¢ in (110), and noting that by (27)
we have U[X¢] = 0. After simplifying using the identities (126e) and (126f) we

obtain®’
G;; = D;;G — D(; (9, + 2H) Bj) + (02 + 2HO, + 2K — D?) Cy5, (116a)
G; = 2HD,(D? + 3K)B + 3H(D? + 2K)B;, (116b)
G = 2H[(9, + BH)A + C;D’B] — ZD*G, (116¢)
Note that Cy,,, = —4C%l, 67,1 in an orthonormal frame.

39Here for convenience we use Gy = %-kaj.
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where we have introduced the notation

2H’

G:=-[A+(9,+2H)B], B:= " + 1+ 3C¢. (117)
We also need
GY[X] = R [X]. (118)
We choose X = Xp in this equation, and using (110) in conjunction with the
identity (126f) we obtain
GY%[Xp] = —2D;(9,V + H®) + 1 (D* + 2K) B;. (119)

We now use (32) to express the right side of this equation in terms of A and B,
which yields

G%[Xp] = —2D; (HA + (A¢ — K)B) + 1 (D* + 2K) B.. (120)

The Weyl tensor

The perturbation of the Weyl tensor is automatically gauge-invariant on account of
the Stewart-Walker lemma (Stewart and Walker (1974)) since the Weyl tensor is zero
in the background. We thus use bold-face notation for its components. From (114c)
we obtain

COzbj _ a2(1)00i0j _ %(ROzbj o Rimjm); COzjk _ aZ(l)COijk _ ROzjk (121)

The Weyl tensor has a simpler form if we use Poisson gauge invariants and hence
we choose X = Xp in (110). Noting that B[Xp] = 0 leads to

C%; = —3 [D%(¥ + @) 4+ 0,B — (82 + D* — 2K) C] (122a)
COij == —2D[j (sz} - 8,70%}) - DmBm[jézk}, Bij = D[ZBJ} (122b)

B.1 Uniqueness of the decomposition into modes

Proposition: If the inverses of the operators D?, D? 42K and D? + 3K exist, then
the equation

B;=D;B+ B;, with D'B; =0, (123)
determines B and B; uniquely in terms of B;, and the equation
Cyj = Dy;C + DCj + Cy, (124)

with ‘ . 3 o N
DZCi = 07 CZ] = C]Za Cli = 07 DZC@] = O’

determines C', C; and C’ij uniquely in terms of Cj;. In particular, if B; = 0 then
BZO, BZZO, andlfCU:OthenC’:O, CZ:O, CZJZO
Proof. Apply D’ to (123) obtaining D*B; = D?B. Using the inverse operator of D?
this equation determines B, and then (123) determines B; uniquely in terms of B;.
Next, apply D% and D’ to (124), obtaining

DYC;; = 2D*(D* + 3K)C,  D'Cj; = 2D;(D* + 3K)C + (D* + 2K)C;. (125)
By using the inverse operators these equations, in conjunction with (124), succes-
sively determine C, C; and C;; uniquely in terms of Cj;. O
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B.2 Identities

In obtaining our results we found the following identities useful:

D;D; A" = K&%;A, (126a)

DD, AY = 2K 53 A, (126b)

A(Dy D + K636, A= (Df + 3 (D* + 3K) 6¢) A, (126¢)
4 (DD + Koyl") ¢t = (D? — 2K)C%, (126d)
D,D’A = 2D,(D* + 3K)A, (126e)

D'D;4;) = 3(D* + 2K) 4, (126f)

D,D?*A" = (D? + 2K)D; A", (126g)

Sl Anf? = LA + 0,7 A), (126h)

Where Aij = Aji> Cz = le‘, CZZ = O and DZCZJ = O

B.3 Kinematic quantities

The kinematic quantities associated with a timelike congruence u® are defined by
the following decomposition into irreducible parts:

Vaub = _uaub + H(gab + ua”b) + Oap + Wap- (127>

A routine calculation starting with equations (62)-(64) and (89) applied to u, yields
the following non-zero components:

aVH = [3D*(v — x) — (0% + He)] (128a)
W = Dy = D; (0 + (9, + H)v) + (0, + H)V:, (128b)
o'y = a’; = Di(v — x) +7*Dy (v — Bj)) +9,CY, (128c)
w = aVwh; = 4Dy, (128d)

with the bold-face quantities being gauge-invariant on account of the Stewart-Walker
lemma.

C Scalar field

A minimally coupled scalar field ¢ is described by a stress-energy tensor of the form
T% = Vo¥Vp — [§VOVep + U(9)] 6%, (129)

with the associated Klein-Gordon equation V*V.¢ — U, = 0, where the potential
U(¢) has to be specified. This stress-energy tensor is of the form (60) with

p+p=—VOVib,  p—p=20(¢), Tu=0. (130)
When evaluated on the RW background equation (130) leads to

@(Op+ Op) = (U2, O~ Op =20 (). (131)
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On using (131) to calculate (V) the conservation equation (43) leads to
0)y" O + 2U, =
» +2HV +a"Ug =0, (132)

which is the Klein-Gordon equation in the RW background. Further, by means
of (42), (43), (131) and (132) we obtain

/ 2a2U 2(0)¢//

Viewing 7% and ¢ as functions of the perturbation parameter €, we can use (129),
in conjunction with (3), to calculate (V1% obtaining

(1)jwij =0, a? 7% = — Oy D, Wy, W7o + %(1)Tii _ —2U7¢(1)¢. (134)

It follows using (38) with A replaced by T" and (133), that the matter gauge invariants
assume the form

Ti=0  TUX]=-O9'Dip[X],  TH[X]+ Ti[X] = —20°U40[X], (135)
where ¢[X] is the gauge invariant associated with (Mg by X-replacement, given by
P[X] = Vg — O’ X°. (136)

Equations (135) and (50) immediately lead to the expressions for the matter gauge
invariants (81b) and (81c), including

VIX] = —5% o[X]. (137)

-T2
Equation (135), in conjunction with (133) and (137), yields
THX] + s TH[X] = —6(1 — CIYHV[X]. (138)

We now substitute (138) into the expression for I' given by (46¢) and (50c) to
obtain*’

I'=(1-CH)(—T%X] - 6HVI[X)). (139)

which on comparison with (68) leads to equation (81a).
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1 Introduction

The analysis of linear perturbations of Friedmann-Lemaitre (FL) cosmologies was
initiated by Lifshitz (1946) in a paper of far-reaching importance. Working in the
so-called synchronous gauge, this paper showed that an arbitrary linear perturbation
can be written as the sum of three modes, a scalar mode that describes perturbations
in the matter density, a vector mode that describes vorticity and a tensor mode that
describes gravitational waves. For many years, however, the theory was plagued by
gauge problems, i.e. by the fact that the behaviour of the scalar mode depends
significantly on the choice of gauge. A major step in alleviating this difficulty was
taken by Bardeen (1980), who reformulated the linearized Einstein field equations
in terms of a set of gauge-invariant variables, as an alternative to the traditional use
of the synchronous gauge. Central to Bardeen’s paper are two gauge-invariant equa-
tions that govern the behaviour of scalar perturbations. The first of these governs
the evolution in time of a gauge-invariant gravitational (i.e. metric) potential and
the second determines a gauge-invariant perturbation of the matter density in terms
of the spatial Laplacian of the gravitational potential. Since this potential continues
to play a central role in the study of scalar perturbations, it seems appropriate to
refer to it as the Bardeen potential. Bardeen’s paper makes clear, however, that
there is no unique way of constructing gauge-invariant variables.

From our perspective, one drawback of Bardeen’s paper is that he performs a
harmonic decomposition of the variables ab initio, with the result that the mathe-
matical structure of the governing equations is somewhat obscured. In a subsequent
paper, Brandenberger, Khan and Press (1983) address this deficiency by giving a new
derivation of Bardeen’s gauge-invariant equations. They do not perform a harmonic
decomposition, with the result that their evolution equation is a partial differential
equation rather than an ordinary differential equation as in Bardeen’s paper. How-
ever, unlike Bardeen they restrict consideration to a spatially flat Robertson-Walker
(RW) background.!

In subsequent developments the status of the Bardeen potential was further en-
hanced by the appearance of the major review paper by Mukhanov et al (1992),
which contains a simplified derivation of the Bardeen potential and the evolution
equation for scalar perturbations, without performing a harmonic decomposition.
However, the treatment in Mukhanov et al (1992) is less general than that of
Bardeen (1980) and Brandenberger et al (1983) in two respects. First, they as-
sume the anisotropic stresses are zero, and second, they make a specific choice of
gauge invariants a priori, namely those associated with the so-called longitudinal
gauge.

Currently, increasingly accurate observations are driving theoretical cosmology
towards more sophisticated models of matter and the study of possible nonlinear
deviations from FL cosmology. Motivated by this state of affairs, our long term
goal is to provide a general but concise description of nonlinear perturbations of FL
cosmologies that will reveal the mathematical structure of the governing equations
and enable one to make the transition between different gauge-invariant formula-

'We follow the nomenclature of Wainwright and Ellis (1997) where an FL cosmology is a RW
geometry that satisfies Einstein’s field equations.
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tions, thereby simplifying and relating the different approaches that have been used
to date.? In pursuing this objective we have found it necessary to revisit linear
perturbation theory, even though it is by now a mature discipline.® Our intent in
the present paper is to formulate the governing equations for the linear theory in a
particularly simple and concise form in order to facilitate the extension to nonlinear
perturbations.

Based on earlier work by Bruni et al (1997) on gauge-invariant higher order per-
turbation theory, Nakamura (2003) introduced a geometrical method for construct-
ing gauge invariants for linear and nonlinear (second order) perturbations which he
later applied to derive the governing equations (see Nakamura (2006) and Naka-
mura (2007)). In the present paper we use a dimensionless version of Nakamura'’s
method for constructing gauge invariants, but we complement it with the observa-
tion that gauge invariants are of two distinct types: intrinsic gauge invariants, i.e.,
gauge invariants that can be constructed from a given tensor alone, and hybrid gauge
inwvariants, i.e. gauge invariants that are constructed from more than one tensor.

In Nakamura’s approach, the linear perturbation of any tensor is written as the
sum of a gauge-invariant quantity and a gauge-variant quantity, which is the Lie
derivative of the zero order tensor with respect to a suitably chosen vector field X.
A choice of X yields a set of gauge-invariant variables that are associated with a
specific fully fixed gauge. We will show that for the metric tensor there exist two
natural complementary choices of X that yield intrinsic metric gauge invariants. One
choice, used in all of Nakamura’s papers, leads to the two gauge-invariant metric
potentials of Bardeen (1980), which are associated with the so-called Poisson gauge.*
The other choice leads to the two gauge-invariant metric potentials of Kodama and
Sasaki (1984), which are associated with the so-called uniform curvature gauge.’
We will show that these two preferred choices lead to two distinct ways in which to
present the linearized Einstein field equations: with the Bardeen choice the evolution
of linear scalar perturbations is governed by a second order (in time) linear partial
differential operator, while with the Kodama-Sasaki choice the evolution is governed
by two coupled temporal first order linear operators.

The plan of the paper is as follows. In Section 2 we discuss the geometrical
construction of gauge-invariants: we focus on the metric tensor and, with the Ein-
stein tensor and the stress-energy tensor in mind, on mixed rank two tensors. In
Section 3 we use intrinsic gauge invariants to derive the general governing equations
for linear perturbations in two gauge-invariant forms associated with the Poisson
and the uniform curvature gauges. The required expressions for the Einstein gauge
invariants are derived efficiently in Appendix B, where we also give a general concise
formula that expresses the Riemann gauge invariants in terms of the metric gauge
invariants. One of the ingredients in our derivation is the so-called Replacement
Principle, which is formulated in Appendix A. In Section 4 we give an interpre-

2See, for example, Noh and Hwang (2004), Nakamura (2007) and Malik (2007).

3For some recent reviews and books, see, for example, Mukhanov (2005), Tsagas et al (2008),
Weinberg (2008), Durrer (2008), Malik and Wands (2009) and Lyth and Liddle (2009).

4The Poisson gauge, which was introduced by Bertschinger (1996) (see his equation (4.46)), is
a generalization of the longitudinal gauge, which only applies to scalar perturbations.

°See, for example, Malik and Wands (2009), page 20, and other references given there.
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tation of the intrinsic matter gauge invariants and specialize our equations to the
cases of a perfect fluid and a scalar field. Section 5 contains a brief discussion of
future developments.

2 Geometrical definition of gauge invariants

2.1 General formulation

Following standard cosmological perturbation theory (see for example, Chapter 7.5
in Wald (1984)), we consider a 1-parameter family of spacetimes gq;(€), where gq;(0),
the unperturbed metric, is a RW metric, and € is referred to as the perturbation
parameter.® We assign physical dimension length to the scale factor a of the RW
metric and (length)? to gu(€). Then the conformal transformation

Jab(€) = @*Jap (€), (1)

yields a dimensionless metric gqp(€). Our reason for making this choice” concerning
the allocation of physical dimensions is that it enables one to create dimensionless
quantities by multiplying by the appropriate power of a, leading to simple pertur-
bation equations that do not contain a explicitly. We refer to Appendix B, where
this process is applied.

The Riemann tensor associated with the metric gq(€) is a function of €, denoted
R (), as is the Einstein tensor, G%(e). The stress-energy tensor of the matter
distribution is also be assumed to be a function of €, denoted 7%(¢). We include all
these possibilities by considering a 1-parameter family of tensor fields A(e), which
we assume can be expanded in powers of €, i.e. as a Taylor series:

Al) = A+ WA+ 12 @A+ ... (2)
The coefficients are given by®

A 2A
OA = A(0), WA= aa_ @A = %—2 S (3)
¢ ¢ e=0

e=0
where (V4 is called the unperturbed value, VA is called the first order (i linear) per-
turbation and A is called the second order perturbation of A(e).

The primary difficulty in cosmological perturbation theory is that the pertur-
bations of a tensor field A(e) depend on the choice of gauge, and hence cannot be
directly related to observations. It is therefore desirable to formulate the theory in

6We use Latin letters a,b, ..., f to denote abstract spacetime indices.

7An alternative choice in cosmology is to make a dimensionless and let the spacetime coordinates
of gup(0) have dimension length (see, for example, Malik and Wands (2009), page 48). This choice
is unsuitable for our purposes since it does not lead naturally to perturbative equations involving
dimensionless quantities. For discussions about dimensions and their uses, see for example, Eardley
(1974), Martin-Garcia and Gundlach (2002), Wiesenfeld (2001), and Heinzle et al (2003).

8The notation A(e) should be viewed as shorthand for A(z,€), indicating that the tensor fields
are functions of the spacetime coordinates, which necessitates the use of partial differentiation with
respect to e.
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terms of gauge-invariant quantities, .e. to replace the gauge-variant perturbations
WA, @A .. of A(e) by gauge-invariant quantities. In this paper we restrict our
attention to first order, i.e. linear, perturbations, but with a view to subsequently
working with higher order perturbations we use a method pioneered by Nakamura
(2003), and adapt it so as to create quantities that are gauge-invariant and dimen-
sionless.

A linear gauge transformation is represented in coordinates by the equation

B= et (4)

where &% is an arbitrary dimensionless vector field on the background. Given a
family of tensor fields A(e) the change induced in the first order perturbation (VA
by a gauge transformation is determined by

AWA = £.04, (5)

where £¢ denotes the Lie derivative with respect to €% and AWA := WA — WA (see,
for example, Bruni et al (1997), equations (1.1) and (1.2)). We now introduce an as
yet arbitrary dimensionless vector field X on the background which we use to define
the dimensionless object?

WA[X] == a" (WA — £404) (6)

where we assume that A(e) is such that a"A(e) is dimensionless. It follows from (5)
and (6) that

AWAX] = a" (£94 — £axPA) = a" £e_ax VA (7)
The key step is to choose an X that satisfies
AX® =&, (8)

under a gauge transformation. With this choice, (7) implies that AMA[X] =0, i.e.,
WA[X] is gauge-invariant. We say that MA[X] is the gauge invariant associated
with WA by X -compensation. Equations (5), (6) and (8) are central to our version
of Nakamura’s method for constructing gauge invariants associated with the first
order perturbation of a tensor A (see Nakamura (2007), equations (2.19), (2.23) and
(2.26)). In what follows we will drop the superscript () on A for convenience since
in this paper we are dealing only with first order perturbations.

The above ‘gauge compensating vector field” X, which for brevity we shall refer
to as the gauge field, requires comment. Unlike the geometric and matter tensor
fields such as g4 (€) and T%(€) it is not the perturbation of a corresponding quantity
on the background spacetime. Instead it should be viewed as a vector field on
the background spacetime that is constructed from the linear perturbations of the
geometric and matter tensors in such a way that (8) holds. We will construct specific
examples of X in section 2.2. We note that in choosing the gauge field X we are

9When we consider second order perturbations in a subsequent paper, we will denote £* and
X by W¢? and DX and introduce a second pair of vector fields denoted P¢% and (2 X,
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essentially fixing the gauge (i.e. making a choice of gauge), which is accomplished
in the traditional approach by making a choice of the vector field £ that determines
the gauge transformation.’® One advantage of using the gauge field X is that one
immediately obtains a geometric connection between the gauge invariants associated
with different choices of gauge. This matter is discussed in more detail in Uggla and
Wainwright (2011).

Before continuing we briefly digress to point out that gauge invariants associated
with a tensor A are of two distinct types: those that are solely constructed from
components of WA and VA are called intrinsic gauge invariants, while those that
depend on the components of another perturbed tensor are called hybrid gauge
invariants. In particular if the gauge field X is formed solely from components of
A and (VA then A[X] is an intrinsic gauge invariant, otherwise A[X] is a hybrid
gauge invariant.

In the following sections we will calculate the quantities in equations (5) and (6)
for various geometric objects A. To do this it is necessary to use the well known
formulae for the Lie derivative. The formula for a tensor of type (1, 1), which we
now give, establishes the pattern:

Le A% = A% L5+ A% — §°LAT, 9)

where  denotes partial differentiation. In a formula such as (9) one can replace
the partial derivatives by covariant derivatives. For our purposes it is convenient to
use the covariant derivative °V, associated with the unperturbed conformal metric
Gar(0):
LeAY = (VAD)E + (WE) A% — (V") A5 (10)
We also need to work in a coordinate frame so that we can calculate time and
spatial components separately. We thus introduce local coordinates!* z# = (n, z%),
with 7 being the usual conformal time coordinate'? for the RW metric g.(0), and
such that the unperturbed conformal metric 74, := g.(0) has components

Yoo = _17 ’in:Oa Yij (11>

where ;5 is the metric of a spatial geometry of constant curvature. The curvature
index of the RW metric, denoted K, determines the sign of the curvature of the
spatial geometry, and if non-zero can be scaled to be +1 or —1 (see, for example,
Plebanski and Krasinski (2006), page 261).

The spacetime covariant derivative °V, determines a temporal derivative "W, A =
0, A, where 0, denotes partial differentiation with respect to 1, and a spatial covari-
ant derivative °V; that is associated with the spatial metric 7ij- We introduce the
notation

D,A ="V, A. (12)

10See, for example, Malik and Wands (2009); equations (6.17), (7.3) and (7.4) provide an example
in connection with the metric tensor.

1'We use Greek letters to denote spacetime coordinate indices on the few occasions that they
occur, and we use Latin letters i, j, k, m to denote spatial coordinate indices, which are lowered
and raised using ;; and its inverse v*, respectively.

12Since we assigned a to have physical dimension length, the conformal time 7 and the conformal
spatial line-element ~;;dz’dz’ are dimensionless. We choose the 2z to be dimensionless, which
implies that the «;; are also dimensionless.
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The derivative operators 0, and D, will be used throughout this paper once lo-
cal coordinates have been introduced. However, for simplicity we shall denote the
derivative of a function f(n) that depends only on n by f'(n).

With our present allocation of dimensions, the scalar H defined by

H:=— =uaH, (13)

where H is the Hubble scalar,'? is dimensionless. We shall refer to it as the dimen-
sionless Hubble scalar. The use of this scalar, e.g. by Mukhanov et al (1992) (see
page 218), is essential in eliminating a from the perturbation equations.

2.2 Metric gauge invariants
We expand gg(€), defined by equation (1), in powers of e:

Gan(€) = DGy + e Doy + ...,

and label the unperturbed metric and (linear) metric perturbation according to

_ _ — agab
Yab ‘= (O)Qab = gab(0>7 fab = (1)gab = (0)7 (14>

which is consistent with (3). Applying the general transformation law (5) to the
metric tensor gup(€) = a?gap(€) We obtain

A(l)gab = £§(0)gab, or, equivalently, Afy, = a’2£5(a2”yab), (15)

in terms of the notation (14). The gauge invariant f,,[X| associated with the metric
perturbation fy, by X-compensation, given by (6), assumes the form

fab[X] = fab - a72£X(a2’yab>~ (16>

Introducing local coordinates and using (9) and (10) adapted to a (0,2) tensor,
equations (15) and (16) lead to

Afoo = —2(9, + H)E, £00[X] = foo + 2(9, + H) X", (17a)
Afoi = -Di% + Onés, f0:[X] = foi + D; X" — 0, X, (17b)

In order to construct a gauge field X that satisfies (8), using only the metric,
we need to decompose the metric perturbation f,, into scalar, vector and tensor

IBRecall that H := %‘é—‘t’, where t is cosmic time, and that j—; =a.
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modes.* We introduce the notation'®

Joo = —2¢p, (18a)
fij = —2¢i; + 2D;D;C + 2D Cjy + 2C5, (18c)

where the vectors B; and C; and the tensor C;; satisty

The vector € is also decomposed into a scalar mode and a vector mode with com-
ponents

¢, ¢=Dig+¢ (19)
It follows from (17), (18) and (19) that

Ap=(0,+H)E",  AB=-+0,¢  AC=¢  Ap=-HE, (20a)
We can draw two immediate conclusions. First, it follows from (20b) and (20c)

that B; — C/ and C;; are gauge invariants. We introduce the following bold-face
notation:

Second, by inspection of (19), (20a) and (20b) we obtain
ADC+C) =6 ax=a(5)=-¢ 2

where we have introduced the notation
X =B —-0,C. (23)

We are now in a position to satisfy the requirement (8). Firstly, referring to (22),
we can satisfy the spatial part AX? = £ of the requirement by choosing

1In order to guarantee that the functions B, B;, C,C; and C;; in (18) are uniquely determined
by foi and fi; we need to assume that the inverses of D?, D? + 2K and D? + 3K exist. See the
proposition in Appendix B.1. See also Nakamura (2007), following equation (4.15), for a helpful
discussion of this matter.

15We are denoting the scalar mode functions by ¢, B, C' and v, in agreement with Mukhanov et
al (1992) (see equation (2.10), but note the different signature) and Malik and Wands (2009) (see
equations (2.7)-(2.12)), with the difference that we use C instead of E. Bardeen (1980) used the
notation A, —B, Hy and —Hj, + %D2HT for these functions, the choice of the fourth one being
motivated by harmonic decomposition. Bardeen’s notation has been used by subsequent authors,
for example, Kodama and Sasaki (1984) and Durrer (1994), although the latter author replaced
—B by B.
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which we will take to be our default choice for X;. With this choice, the ex-
pressions (17) for the components of the gauge invariant f,;[X], when combined
with (18), assume the form

foo[X] = —20[X], (25a)
foi[X] = D;B[X] + B, (25b)
£,[X] = —20[X}p, + 2C,. (250)

where
PX]:=p— (0, +H)X", VX]:=¢+HX’  B[X]:=x+X" (25d)

and B;, C;; and y are given by (21) and (23), respectively.
Secondly, referring to (22), we can satisfy the timelike part AX? = £° of the
requirement (8) in two obvious ways, by choosing

0 0. 0 0. ¥
X=X =—-x, or X' =X_:= ~3 (26)
which leads to the metric gauge invariants associated with the Poisson gauge, or the
uniform curvature gauge, respectively. On substituting these choices into (25d) we

obtain the conditions
B[Xp] =0 and VY[X.]=0, (27)

which characterize these two gauge choices.

The Poisson gauge invariants
On substituting the first of equations (26) into (25) we obtain
fOO[Xp] = —Qq), fOi [Xp] = Bz y fl] [Xp] = —Q\I’”ym + 2CZ] y (28)

where

P = QX =9+ (9, +H)x, U= V[X,] =9 — Hy. (29)
Here ® and ¥ are the scalar metric gauge invariants associated with the Poisson
gauge,'% and VU is the Bardeen potential.
The uniform curvature gauge invariants

On substituting the second of equations (26) into (25) we obtain

where
A = d[X,] :g0+(8n+7-{)%, B := B[X,] :X—%. (31)

Here A and B are the scalar metric gauge invariants associated with the uniform
curvature gauge,'” introduced by Kodama and Sasaki (1984).18

16The gauge-fixing conditions for the Poisson gauge are B = C = 0,C; = 0 in (18).
1"The gauge-fixing conditions for the uniform curvature gauge are ) = C = 0,C; = 0 in (18).
18See equations (3.4) and (3.5), noting that Hy, +n " 'Hy = — and B — k™1 H}. = x.
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In concluding this section we note that the gauge fields X used to construct the
above gauge invariants have the same spatial components X given by (24) in both
cases, leading to (25), with the vector and tensor modes described by the gauge
invariants B; and C;;, respectively. The difference lies in the scalar metric gauge
invariants which are related according to!®

v
A_<I>+(an+H)H, B = 7 (32)
as follows from (29) and (31). In both cases the gauge invariants are intrinsic since
the gauge field X depends only on the metric.

A reader of this paper should be aware of the lack of agreement in the literature
on labelling the scalar metric gauge invariants associated with the Poisson gauge.
Our choice of (®, V) in (29) is the one initiated by Mukhanov et al (1992), and
subsequently used by Nakamura (see, for example, Nakamura (2006)) and Malik
and Wands (2009). On the other hand Durrer (2008) and Liddle and Lyth (2000)
reverse the roles and use (¥, ®), while Kodama and Sasaki (1984) use (U, —®).
Bardeen’s original notation is (¢4, —®p).

2.3 Gauge invariants for mixed rank 2 tensors

In this subsection we consider a rank two tensor A%, such that Ay is symmetric
and a?A% is dimensionless. We expand A¢% in a Taylor series in € as in (2), and
assume that (VA% obeys the background symmetries, which means it is spatially
homogeneous and isotropic:

Di(O)Aozﬁ —0, (040 — (O)Aio =0, (O)Aij — %51] (O)Ak;k' (33)

We introduce the notation

2/ (0) 40 1(0) gk 2 ((O)Akk‘)/
AA =a (— Ao‘i‘g Ak), CA = —W, (34)

where as before ’ denotes differentiation with respect to . We further assume that
% satisfies the conservation law V, A% = 0. It follows that in the background

a* (DA% = 3a*H (=A% + FOA%) = 3HA,, (35)
which, in conjunction with (34), implies that
Ay =—(1+3C3)HAA. (36)

We can now calculate the gauge invariants A%[X] associated with (VA% by X-
compensation, as defined by equation (6) with n = 2. It is convenient to decompose
(MAY into its trace (DAY, and tracefree part defined by

WA = WAL — 1WAk s, (37)

These relation have recently been given by Christopherson et al (2011). See their equations
(4.22) and (4.23).
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A straightforward calculation using (6), (9), (10) and (33) leads to*

AY[X] = a®? WAy — 3HALXO (38a)
AS%[X] = a? WA + 44D, X°, (38b)
AR [X] = a® WAK, + 9HALCE X, (38c)
AL[X] = a® WAL, (38d)

In deriving these equation we have used (34) and (35) to express (VA% (A% and
their derivatives in terms of A4 and C3.

Equation (38d) implies that AZJ [X] is an intrinsic gauge invariant since it is
constructed solely from the components of (VA%. We denote this quantity by

Al = AY[X] = > WAL, (39)

One can form two additional intrinsic gauge invariants by taking suitable combina-
tions of A%[X], A%[X] and A% [X]. Indeed it follows from (38) that

A = CAASX] + AKX = a?(CRWAG + 1WAR), (40a)
A; = — (D;AG[X] + 3HASX]) = —a® (DA% + 3HWAY) (40D)

which implies that A and A; are intrinsic gauge-invariants.
In summary, the tensor A% can be described by the three intrinsic gauge invari-
ants A, A, and A;, given by (39), (40a) and (40b), and one hybrid gauge invariant
AY%[X], given by (38b). In section 3.1 we will use these objects, constructed in terms

of the Einstein tensor and the stress-energy tensor, to give a concise derivation of
the governing equations in gauge-invariant form for linear perturbations of FL.

3 Linearized governing equations

3.1 General formulation

In this section we work with the linear perturbations of the Einstein tensor and the
stress-energy tensor, denoted by G% and (VT%, and defined via equation (3). The
corresponding unperturbed quantities are labelled by a superscript .

We begin by imposing the background Einstein equations VG% = T4  The
non-zero components are given by?!

a?OG% = —3(H* + K) = —ad®Op = 207, (41a)
a? G, = —(2H' + H? + K)0% = a* oY = o*OT7, (41b)

where H is given by (13) and K is the curvature index. It follows from (41), (34)
and (35), with A replaced by G and T, respectively, that

Ag =2(-H' + H* + K), Ar = a*(Vp+ ), (42a)
(0),
1= —(1+3C2)HAG, C2 = (0)7;,. (42b)

20We do not include the (NA% components since they can be expressed in terms of the other
components and the metric perturbation, due to the assumed symmetry.
21Gee, for example, Mukhanov et al (1992), equation (4.2), noting the difference in signature.
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The conservation law (35), with A replaced by T', gives
a?(Op) = —3H Ay = —3Ha*(©p + Op). (43)

The background Einstein equations imply that Ag = Ar and C% = C%. We denote
the common values by A and C%:

A=Ag=Ar, C*=Ct=0Ch (44)
The linearized Einstein field equations are given by
Mge, = Mpe (45)

In simplifying the linearized field equations we will make use of the intrinsic gauge
invariants associated with the Einstein tensor and with the stress-energy tensor,
which are given, in analogy with (39), (40a) and (40b), by

G = a? VG T = > VT, (46a)

G; = —a* (D;"G% + 3HMGY) | T; = —a® (D;WT% + 3HWTY%) ., (46b)

G = a*(C&G% + LGk, T = a*(C2T% + 1Th), (46¢)
where

WG, = gy — 150gk,, Oy = Oy - gtk (47)

We also need the hybrid gauge invariants G%[X | and T%[X], which are given by (38b)
with A replaced by G and T"

GYX]=a*MG% + AcD;X°, TYX]=a>VT% + A;D;X°. (48)

Since the gauge invariants (46) and (48) are linear in (VG4 and (VT% with co-
efficients depending on ()G% and (9T, respectively, it follows that the linearized
Einstein field equations immediately imply the following relations:

G@-—T@-:O, G, —T,=0, G-T=0, (49a)

GY%[X] - T%[X] = 0. (49b)

Expressions for the Einstein gauge invariants G’], G;, G and G%[X] in terms of the
metric gauge invariants, decomposed into scalar, vector, and tensor modes, are given
in equations (116) and (120) in Appendix B. To proceed we likewise decompose the
matter gauge invariants ’i"], T;, T and T%[X] into scalar, vector, and tensor modes

and label them as follows:%2

T} = DI+ 297D, 11, + 11, (50a)

T, = D,A + A, (50Db)
T=T, (50c)
T%[X] = DV[X] + V;, (50d)

22In subsection 4.1 we comment on the choice of the symbols II, T', A and V.
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where
DIL; = 0, % =0, D,IT; = 0, D'A; =0, D'V; =0, (50e)

and A
Dij = D(ZDJ) — %’%‘jD{ D2 = DZDZ (50f)

We stress that in making this decomposition we are not making any assumptions
about the physical nature of the stress-energy tensor. By inspecting (116), (120)
and (50) one concludes that equations (49) decompose into a scalar mode, a vector
mode and a tensor mode, which we label as follows:

DUA -+ D(Z-Aj) -+ Aij =0,
D,B+ B, =0,

C=o,

D,E[X]+E; =0.

Since we are assuming that the inverses of the operators D%, D? + 2K and D? +
3K exist we can use the proposition in Appendix B.1 to write the linearized field
equations concisely as

Scalar mode: A =0, B =0, C=0, E[X] = 0. (51a)
Vector mode: A; =0, B; =0, E;, =0. (51b)
Tensor mode: A;; = 0. (51c)

3.2 Scalar mode

In this subsection we give the governing equations (51a) for the scalar mode, first
expressing them in terms of the uniform curvature gauge invariants A = ®[X,.| and
B = B[X(] (see (31)). The scalars A,B and C in (51a) are obtained without any
calculation by taking the differences of equations (116) and (50) and reading off the
scalar part. The scalar E[X] is obtained in a similar manner from (120) and (50d)
with X = X,,. The resulting equations are®*

(0, +2H)B+ A = —II (52a)
H [(0, + BH)A + C¢D’B] = iI' + i1D’II, (52b)
H(D*+3K)B = —1A, (52c)
HA + (3A¢ — K)B = -1V, (52d)
where o1
B=—m+l+ 3CZ, (53)

(see equation (117) in Appendix B), and V = V[X,]. We shall refer to these
equations as the uniform curvature form of the governing equations for the scalar
mode.

2In deriving (52b) we use (52a) to replace (0, +2H)B + A by —IL
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We now give the governing equations in terms for the Poisson gauge invariants ¥
and ®. We eliminate A in (52b) using (52a) and in (52d) using (32), and eliminate
B using HB = —W. The resulting equations are

U —¢ =TI, (54a)
(£ —-CED%) ¥ =il + (3D* + H(9, + BH)) 11, (54b)
(D* 4+ 3K)¥ = 1A, (54c)
OV +HD = -1V, (54d)
where the differential operator £ is defined by
[ J
L(e) := H(D, + BH)(, + 2H) (—) , (55)
H
and B is given by (53). Expanding the brackets yields?!
L=02+3(1+C&) HOy+H’B— (1+3C3)K. (56)

We shall refer to the above equations as the Poisson form of the governing equations
for the scalar mode, and to the evolution equation (54b) as the Bardeen equation.

Equations (52) and (54), which are linked by the factorization property (55),
constitute one of the main results of this paper. Either system of equations determine
the behaviour of linear scalar perturbations of an FL cosmology with arbitrary stress-
energy content whose scalar mode is described by the gauge invariants I', I, A and
V. The structure of these two systems of equations differs in a significant way.
In the system (52) the time dependence is governed by two first order differential
operators 0, + BH and 0, + 2H, while in the system (54) the time dependence is
governed by the second order linear differential operator £. A key point is that
the coefficients in these operators depend only on the background RW geometry, and
this dependence manifests itself through the appearance of H, H',H” and K. This
property is significant since it means that these operators will have the same form
irrespective of the nature of the source in the FL background model, e.g. whether
it is a perfect fluid with p = p(p), or a scalar field with potential V' (¢). What will
differ, however, is the functional dependence of H(7), which is determined by solving
the Einstein equations in the background RW geometry, and hence depends on the
source. Furthermore these differential operators will also appear in the linearized
field equations in any geometrical theory of gravity, whose field equations depend in
some way on the Einstein tensor.

To the best of our knowledge equations (52) have not been given in the literature,
although if one performs a harmonic decomposition one obtains a system of first
order ordinary differential equations closely related to that given by Kodama and
Sasaki (1984) (see Chapter 2, equations (4.6a-d)). Likewise, the governing equations
in Poisson form (54) have not appeared in the literature in the above fully general
form. The use of the Poisson gauge invariants was initiated by Bardeen (1980), and
the evolution equation (54b) for ¥ is now commonly used, although it is written in
a variety of different forms, as a partial or ordinary differential equation with the

2Referring to (42) to express H’ in terms of Ag and then use the equation for AJ.
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coefficients usually expressed in terms of the matter variables of the background FL
model. In contrast we have written the Bardeen equation in a fully general form
in terms of the purely geometric differential operator £, which is defined by the
factorization property (55). We can relate our form of the equation to the literature
by expanding £ as in (56) and expressing the coefficients in terms of the matter
variables. If the matter content is a barotropic perfect fluid and a cosmological
constant and one imposes the background Einstein field equations then the geometric
coefficients C3 and B can be written as

Ci=c, HB=(c—w)pa®+ (1+c*)Aa* — (1+ 33K, (57)
using (41), (44) and (79). The form in the literature that is closest to the purely
geometric form (56) is that given by Mukhanov et al (1992), equation (5.22), who
replace C4 by the matter quantity ¢ as in (57) but retain H and H’. Nakamura
(2007) gives the same expression (see his equation (5.30)). A more common form in
the literature has B, in addition to C%, expressed in terms of the background matter
variables as in (57). The earliest occurrence of which we are aware is Harrison
(1967), equation (182), followed by Bardeen (1980), equation (5.30), after making
the appropriate changes of notation and setting A = 0. See also Ellis, Hwang and
Bruni (1989), equation (31) and Hwang and Vishniac (1990), equation (105).2°

3.3 Vector and tensor modes

First, we give the governing equations (51b) for the vector mode. The vectors A;
and B; in (51b) are obtained without any calculation by taking the differences of
equations (116) and (50) and reading off the vector part. The vector E; is obtained
in a similar manner from (120) and (50d). The resulting equations are

(D? +2K)B; = 2V; (58b)

as well as the relation A; = 3HV;, which is satisfied identically (see equation (68)).
If 11, is specified and can be regarded as a source term, the evolution equation (58a)
is a first order linear ordinary differential equation that determines B;, which in
turn determines V; by differentiation using (58b).

Second, we give the governing equations (51c) for the tensor mode. The ten-
sor A;; in (5lc) is obtained without any calculation by taking the differences of
equations (116) and (50) and reading off the tensor part, leading to

(82 + 2HO, + 2K — D?) C;; = I,;. (59)

If T1;; is specified and can be regarded as source term, this is a second order linear
partial differential equation that determines C;;.

25In these two references, the evolution equation in question arises in the 1 + 3 gauge-invariant
approach to perturbations of FL, and the unknown is a vector quantity that is related to the scalar
v,
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4 Interpretations and examples

4.1 Interpretation of the matter gauge invariants

In this section we give the physical interpretation of the gauge invariants I1,I", A
and V[X] associated with the scalar mode of the stress-energy tensor.

We begin with the decomposition of a stress-energy tensor with respect to a unit
timelike vector field u®, which is given by

T% = (p + p)uup + pd% + (¢"up + uqp) + 7%, (60)

where
uq, =0, % =0, u,m% = 0. (61)

We choose u® to be the timelike eigenvector of T'%, which implies ¢* = 0, i.e. we are

using the so-called energy frame (see for example, Bruni et al (1992), page 37).
Assuming that the unperturbed stress-energy tensor (°)T% has the isotropy and

homogeneity properties of the RW geometry, the expansion (2) to linear order for

0, D, U and 7% has the form:2¢
p="p+eWp, p="p+ep, (62a)
9 =0=nY, 7 =0+ eWny (62b)
uy = —a(l +ep), u; = a(0 + €v;). (62c)

Decomposing v; into a scalar and vector mode yields
v; = Djv + vy, D'v; = 0. (63)

We use boldface in writing v; in view of the fact that this quantity is a dimensionless
gauge invariant, as can be verified by applying (5) to u,.

For ease of comparison with other work, we note that the expansion of u® = g®u,
to linear order, expressed in terms of v, v* and the linearly perturbed metric, is given
by

u’ =a (1 —ep), u=a"[0+e(D(v—B)+ (¥ —B))]. (64)

We digress briefly to mention that our expansion of the four-velocity differs from the
usual approach in the literature in that we use the covariant vector u, to define the
perturbed three-velocity instead of the contravariant vector u®, since we find that
this leads to a number of simplifications.?” For example, Malik and Wands (2009)
(see equation (4.4)) have

u'=a 0+ ¢ (DiUMW + 'ﬁfww)],

so that
UMW:U—B, ﬁﬁ\dW:\N/Z—BZ

26The form of ug is determined by the requirement that u is a unit vector. Recall that ¢ is one
of the metric potentials in (18).

2"The source of these simplifications is the fact that w; is invariant under purely spatial gauge
transformations while u’ is not.
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From (60) and (62), and making use of (3), we obtain the following expressions
for the components of the linear perturbation of the stress-energy tensor:

Wrfy=-Up, O =3Wp, 1% = (Op+ o, Ty =0rh (65)

It follows from (46), (50) and (65), in conjunction with (42) and (43), that the
matter gauge invariants are determined by

a*Wrl; = DYTL + 297D I + 115, (66a)
I = a*(—C3Yp + p), (66b)

A =a®(Yp+ () v), (66¢)
VIX] = Ar(v + X?), Vi = Arv;. (66d)

Before continuing we derive an additional relation. It follows from (40b) with A
replaced by T that
T; = —D,T%[X] — 3HTY%[X]. (67)

On substituting from (50b) and (50d) into this equation, we conclude that
A= —TX] - 3HV[X], A, = —3HV; (68)

We can now give the physical interpretation of the matter gauge invariants.
First, the gauge invariants II,II; and II;; represent the anisotropic stresses. The
interpretation of I' is given in the context of a perfect fluid in the next section.
Next, the gauge invariants V' = V[X,] and V; play a role in determining the shear
and vorticity of u,. The relevant formulae are given in (128) in Appendix B.3. In
particular, V[X,] determines the scalar mode of the shear according to

Diio’; = 2A7'D*(D* + 3K)V[X,), (69)

as follows from (128) in conjunction with (66d) with X = X, and the identity (126e).
We will hence use V' := V[X,] as our standard choice for the gauge invariant V[X].
However, since the choice V[X_] is also of interest we note that

VIX] = VX, = ArB, (70)

as follows from (66d), (26) and (31).

Finally, in order to interpret A we need to make a small digression. For any scalar
field A with the property that a” A is dimensionless we can define a dimensionless
gauge invariant A[X] according to?®

A[X] =a" (WA - (D4) X9). (71)
For the matter density p we denote the gauge invariant by p[X]:

plX] =a* (Wp— (V) X"). (72)

Z8This is equation (6) specialized to the case of a scalar field.
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On choosing X = X, with X? := —v it follows from (66¢) that A = p[X,]. By
comparing (72) with equation (3.13) in Bardeen (1980),%° we conclude that p[X,],
and hence A, equals the well-known Bardeen gauge-invariant density perturbation

€m, Up to a factor of a? ). The specific relation is
A = (a®>Dp)e,,. (73)
We note that the choice X! = —v, in conjunction with our default choice (24) for

the spatial components of X, is associated with the so-called total matter gauge
(see, for example, Malik and Wands (2009), pages 23-24). Thus A is the density
perturbation in the total matter gauge. In addition it turns out that A is closely
related to the 1 + 3 gauge-invariant approach to perturbations of FL, pioneered by
Ellis and collaborators (see for example, Ellis and Bruni (1989), Ellis et al (1989)),

in which the spatial gradient of the matter density orthogonal to u® plays a key role.

To elucidate the relation we define the dimensionless spatial density gradient®”

Du(e) = a®hd'(€) Vo ple),  hd(e) = 8d’ + ua(e)u’(e). (74)
A straight-forward calculation shows that D,(0) = 0 and that to linear order
Wpy, =0, WD, =D,A - 3HYV, (75)

from which we conclude that A equals the the scalar mode of the linear perturbation
of the spatial density gradient.?® In addition it follows from (50b) and (68) that
(D, = T, giving a physical interpretation of the intrinsic gauge-invariant T;.

To end this section we comment on our choice of notation. In using the symbols
I, T, A and V for the matter gauge invariants we are following Kodama and Sasaki
(1984) with the difference that we scale the variables as follows:

II= aszKS, I'= GQPFKsa A= aszK57 V = ArVks, (76)

where p and p refer to the background. Our choice of scalings simplify the equations
considerably.

4.2 Perfect fluid

For a perfect fluid the matter gauge invariants are restricted according to
=0, I; =0, IT; = 0. (77)
In addition it follows from (42b) and (66b) that

I'=0 ifandonlyif p=p(p), (78)

290ne has to take into account differences in notation, the conservation equation (43), and the
fact that Bardeen has performed a harmonic decomposition.

300ur D, differs from that in Bruni, Dunsby and Ellis (1992) by a factor of pa® (see their
equation (24)).

31Note that <V, p(e) = "V, p(e).
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i.e. if and only if the equation of state is barotropic. In this case it is customary to
introduce the notation

= Cx, W= =, (79)

where ¢ = w if w is constant, as follows from (42b).

On account of (77) the governing equations in the Poisson form (54) for scalar
perturbations imply that ¥ — & = 0, which (in conjunction with the background
field equations) reduces the governing equations for the scalar mode in the perfect

fluid case to

(L — D)V = 1T, (80a)
(D? +3K)U = 1A, (80D)
U+ HY = -1V, (80c)

where £ is given by (56) with CZ = C% = ¢ and B is expressed in terms of the
background matter variables according to (57).

4.3 Scalar field

For a minimally coupled scalar field we show in Appendix C that the matter gauge
invariants are given by

I'=(1-C2A, (81a)
VIX] = -O'ex], Vi =0, (81b)
I =0, II, =0, IT; = 0, (81c)

where ¢[X] is the gauge invariant associated with ¢ by X-replacement, given by?*?
o[X] = Wo — V' X°. (82)

Note that Az and CZ are given by (133). The governing equations (54) in Poisson
form imply that ¥ — & = 0, and then reduce to

(L —C*D*)¥ = 1(1-C*)A, (83a)
(D* +3K)VU = 1A, (83D)
U+ HY =108 (83c)

where ¢, := ¢[X,], and where we have used CZ = C7 = C?. By combining (83a)
and (83b) we obtain an evolution equation for ¥ without a source term:

(£L-3(1-C*»K-D* V¥ =0, (84)

where £ is given by (56). Having solved this equation one can calculate ¢, and A
from (83). If one expresses C? in £ in terms of the unperturbed scalar field and its
derivatives (see (133)) and sets K = 0, equation (84) coincides with equation (6.48)

32This is a special case of equation (71).
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in Mukhanov et al (1992). For the generalization to arbitrary K, see Nakamura
(2007), equation (5.39).33

One can also use the governing equations (52) in uniform curvature form, ob-
taining equations equivalent to those derived by Malik (2007) (see equations (2.20)-
(2.23), noting that he is considering multiple scalar fields).

5 Discussion

We have given a systematic account of the gauge-invariant quantities that are as-
sociated with a linearly perturbed RW geometry and stress-energy tensor, empha-
sizing the role of intrinsic dimensionless gauge invariants. First, we have shown
that there are two distinct choices of dimensionless intrinsic gauge invariants for the
perturbed metric, which are the gauge invariants associated with the Poisson gauge
and the uniform curvature gauge, through the work of Bardeen (1980) and Kodama
and Sasaki (1984), respectively. Second, we have introduced dimensionless intrinsic
gauge invariants for the Einstein tensor and the stress-energy tensor, which we used
to derive a particularly simple and concise form of the governing equations for linear
perturbations of FL. models. The specific form of the governing equations for the
scalar mode depends on the choice of intrinsic gauge invariants for the perturbed
metric. The Kodama-Sasaki choice leads to a coupled system of two first order (in
time) linear differential operators that govern the evolution of the uniform curvature
metric gauge invariants (see equations (52)). On going over to the Poisson picture,
the product of these two operators yields the second order linear differential operator
L that governs the evolution of the Bardeen potential (see equation (56)), thereby
providing a link between the two forms of the governing equations. A common fea-
ture of both systems is the appearance of the physically motivated gauge-invariant
density perturbation A that is one of the intrinsic gauge invariants associated with
the stress-energy tensor (see equations (52c) and (54c)).

The mathematical structure of the governing equations for linear perturbations
that we have elucidated here has in fact a much wider significance. Indeed, as
one might expect on the basis of elementary perturbation theory, the governing
equations for second order (nonlinear) perturbations have precisely the same form,
apart from the inclusion of a source term that depends quadratically on the linear
metric perturbation.®® As an illustration of this we give the form of the equations
that govern second order scalar perturbations using the metric gauge invariants
associated with the Poisson gauge:

@y — Cp = O + S50 VF), (85a)

(£ —CED?) P = 1T 4 (1D? + H(9, + BH)) M + Sepr (), (85b)
(D? + 3K) 20 = 1A + S, 040 (1), (85¢)
0, + HPD = 1OV 1+ S, i, (VF), (85d)

33We note a minor typo: a factor of 2 multiplying 03] should be deleted.
34This behaviour has been noted in general terms by Nakamura (2006), equations (38)-(39).
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where S,(F) is a source term that depends quadratically on the first order gauge-
invariant metric perturbation (Uf,, = f,, in equation (28). The key point is that,
apart from the source terms, equations (85) have the same form as equations (54),
with the variables W and ®® being the metric gauge invariants at second order
determined by the Nakamura procedure. The second order matter terms ?II, @I,
@A and PV are defined in analogy with the first order terms II, ', A and V
after expanding the stress-energy tensor 7% to second order in powers of e. All
the complications lie in the source terms, whose explicit form has to be found by
calculating the Riemann tensor to second order. In order to solve the above second
order equations the source terms, which include scalar, vector and tensor modes,
first have to be obtained by solving the governing equations for the scalar, vector
and tensor linear perturbations. In a subsequent paper we will derive both the
above Poisson form and the corresponding uniform curvature form of the governing
equations for second order perturbations, relating our formulation to other recent
work.

In this paper we have focussed exclusively on using the linearized Einstein field
equations to describe the dynamics of scalar perturbations. There are, however, two
alternatives to the direct use of the linearized Einstein equations. First, one can
use the linearized conservation equations for the stress-energy tensor, and second,
one can use the 1+ 3 gauge-invariant formalism,® in which the evolution equations
are obtained from the Ricci identities. An advantage of using the first approach
independently of the Einstein equations is that the results are applicable to theories
of gravity other than general relativity. An advantage of the second approach is that
one initially derives exact nonlinear evolution equations, which are then subsequently
linearized. Both of these approaches lead to a system of first order partial differ-
ential equations that describe the evolution of scalar perturbations. An additional
aspect of the dynamics of scalar perturbations that we have likewise not touched on
in this paper is that under certain conditions (i.e. in the long wavelength regime)
the governing equations admit so-called conserved quantities, 7.e. quantities that
remain approximately constant during a restricted epoch. These quantities, which
are related to both the linearized Einstein equations and the linearized conservation
equations, have been found to be useful in analyzing the dynamics of scalar pertur-
bations during inflation. We refer to Uggla and Wainwright (2011), where we discuss
the above aspects of the dynamics of scalar perturbations within the framework of
the present paper.
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A The Replacement Principle

The expression for the perturbation of the Riemann tensor given in equation (104)
in Appendix B, can be written symbolically in the form:

a2(1)Rabcd — Labcd(f)’ (86)

where L%, is a linear operator and f is shorthand for f,;. The Replacement Principle
for the Riemann curvature states that the gauge invariants associated with R,
and with f, by X-compensation are related by the same linear operator:

Rabcd[X] = Labcd(f[X])’ (87)

where f[X] is shorthand for f,,[X].

This result is adapted from more general results given by Nakamura (2005) (see
in particular, his equations (3.12), (3.15) and (3.23)). Similar results hold for the
Einstein and Weyl tensors. Use of the Replacement Principle in Appendix B makes
the transition from gauge-variant to gauge-invariant equations particularly easy and
transparent.

B Derivation of the curvature formula

In this appendix we derive expressions for the Einstein gauge invariants, namely,
the three intrinsic gauge invariants GZJ, G; and G, and the single hybrid gauge
invariant (MGY[X], defined by equations (46) and (48). Our strategy incorporates
the following ideas:

i) Conformal structure. We adapt to the conformal structure of the background
geometry, determined by the scale factor a of the RW metric, from the outset.
In particular we create dimensionless quantities by multiplying with appropri-
ate powers of a, which simplifies the equations considerably.

ii) Index conventions. We represent tensors of even rank, apart from the metric
tensor, with equal numbers of covariant and contravariant indices. This makes
contractions trivial to perform and ensures that the components of the tensor
have the same physical dimension as the associated contracted scalar.

iii) Timing of specialization. We defer performing the decomposition into scalar,
vector and tensor modes as long as possible, and do not make harmonic de-
compositions. This strategy helps to reveal structure in the equations and
serves to reduce the amount of calculation.

Calculation of R (¢)

We begin by deriving an exact expression for the Riemann tensor®® R%(¢) of the
metric gqp(€) in terms of the covariant derivative of the conformal background metric

36We use the sign convention of Wald (1984) for defining the Riemann tensor.
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Yab- We thus rela}e the covariant derivative of g, (€), denoted €V, to that of v, =
Gav(0), denoted °%,. The relation is given by an object Q%. = Q%, defined by

Q% = 9" Qare = 39" ("Vegar — Vagse + "Viogea) | (88)
(see Wald (1984) equation (D.1)), with the property that3”
VoA = VAl + QA% — QUuc A% (89)
It is convenient to write %, as the sum of two parts:

Q%e(€) = Q%(€) + Q%e(e). (90)

First, the transformation from €V, to €V,, which is associated with the conformal
transformation gu(€) = a®gq(€), is described by

Qabc(e) - 25a(brc) - gad(e)gbc(e)rdv (91)
where®®
Tq = "V,(Ina) (92)

(see Wald (1984), equation (D.3)). It follows that O, rp = "Vr,. Second, the trans-
formation from¢V, to °V,, the covariant derivatives associated with g (€) and g, (0),
respectively, is described by

Q%(€) = %!?ad(@ (V. Gav(€) — "V Goe(€) + "V, Geale)) - (93)

It follows from Oﬁa’ybc = 0 that .
Q%:(0) = 0. (94)
To calculate Rabcd(e) we first perform the conformal transformation from g4 to

Jap, Which yields B B
a*R*4(e) = R™.a(€) +4019.0"% (e), (95)

where B B
Ule) = — [3 (“Va—rq) + 285 g% rg] re, (96)

and R%4(¢) is the curvature tensor of the metric Gan(€) (see Wald (1984), equation
(D.7)). Second, by performing the transition from “V, to ¥, we obtain

Rabcd(€> = _beRaecd(e) = gbe (ORaecd + 2Oﬁ[céad]e + 2©af[c©fd]e> ) (97>

where R%..q is the curvature tensor of the metric vup (see Wald (1984), equation
(D.7)). The term 25" "V.Q%j in (97) can be written as®

25" VQ%e = 25" (Vi 77) Q\f(ae

~be =a v v v v = —e Da (98)
+ 3 5 (Ve Gay — ViV Gae) — Yes g R ea,

37This example establishes the pattern for a general tensor.

38Note that we always use the vector 7, in covariant form, since 7, is independent of €, whereas
r* = g®(e)ry is not. B

39Note that "R .4y = ¢ 'R% . q.
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which we use to rearrange (97), in conjunction with the relation °V,g = —2Qb),.
In summary, R%4(¢) is given by equation (95) with

Rq(e) = =25 NNy Gap — Yerg* RV ca — 20719 Q)i (99a)
U%(e) = — [gbe(ovd_rd)+§5dg ry— g Q| Tes (99b)

where we have used “V,r, = W,r, — Q%7 in obtaining (99b) from (96).

Calculation of MR,

We now calculate the perturbation MR, of the Riemann tensor, defined via equa-
tion (3), expressing it in terms of the covariant derivative %, associated with .
and the metric perturbation f,, = Mg, (see (14)). We note that

(1)§ab _ _fab’ (100)

where the indices on f® are raised using v?. It follows from (3), (93) (95) and (99),
in conjunction with (94) and (100), that*°

a*WR®,, = OR™®,, + 4614 DT, (101a)
where
R, = -2 N f,11 + fleOpYe,, (101b)
0% = [ 1% (O, = 1) + 0% Fra+ 47 Q5] e (101c)
WQupe = % (ovc fab = "Va foe + ¥, fca) . (101d)

Introducing local coordinates z* = (n, ') as in section 2.1 leads to
=M% WM =0, V=D (102)

In addition we note that the quantity °R%,q, the curvature tensor of the metric 7,
is zero if one index is temporal, while if all indices are spatial

OR,,, = 2K 687, (103)

where the constant K describes the curvature of the maximally symmetric three-
space. Equation (101), in conjunction with (102) and (103), yields the following
expressions:

a*WR%,,, = DD, + (H' — H*)5%) foo + (0 + H)Y, (104a)
a*WR%, . = 2D Y7, (104b)
a® VR, = =2 (DD + K64) fuf! + AHEY, ", (104c)
where?!
Yij = 5%H foo — Diifiyo + 50, fij- (104d)

“ONote that R*%4(e) depends on e through Fa(e), 5**(¢) and Q% (e).
' Note that Q%; = —D(; fi)0 + %filj'
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Calculation of the Riemann gauge invariants

We now apply the Replacement Principle to (104), which entails performing the
following replacements:

foo — f[X], Y = YyX],  @WRY, — R%,[X], (105)

where the gauge invariants are defined by equation (6). All components of the

Riemann tensor can be obtained from the ‘curvature spanning set’ (R%;, Ry,
R™,.,) or, alternatively, their spatial traces and their trace-free parts:

(R%"ms By Rkm), (R, Rk, R™), (106)

where
R%; = R"; — 18R, R™j = R™, — 265 RM, (107a)
R = R — 63 Ry (107Db)

Our motivation for choosing these particular components as the spanning set is that
the first set of terms in (106) are invariant under spatial gauge transformations,
while the hatted quantities are fully gauge-invariant, as follows from (5).

We denote the gauge invariants associated with the spanning set (106) by

(R0, [X], R [X], R [X]), (R%y R% R, (108)

and refer to them as the Riemann gauge invariants. As indicated by the notation
(i.e. no dependence on the gauge field X) the hatted quantities are intrinsic gauge
invariants. We now substitute the expressions*? for f,;[X] given by (25) into the
bold-face version of (104), and calculate the gauge invariants (108). It is convenient
to split Y;; into a trace and a trace-free part:

Yz‘j = Yij — %’}/Z‘jY, Y = Yil‘, (109)

and to use the trace-free second derivative operator D;; defined in (50f). We obtain*®

R, [X] = — [D* 4+ 3(H — H*)] [X] + (9, + H) Y[X], (
R%; = —D}®[X] + (9, + H) Y}[X], (
R"",,[X] = 4[(D* 4+ 3K) U[X] + HY[X]] (110c
R™;,, = D{U[X] + HY}[X] — (D? - 2K) CY, (

R, [X] = 3D, Y[X] - D, Y™ [X], (
R, = 2D Y[ X] + D,, Y™ [X]0%, (110f

42In using these expressions we are making the choice for X; given in equation (24). Choosing
X; in this way simplifies the calculation but not the final form of the Riemann gauge invariants,
since, as mentioned earlier, the spanning set is invariant under spatial gauge transformations.
43Use the identities (126¢), (126d) and (126h).
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where
Y[X] = —3(9,V[X] + HP[X]) — D*°B[X], (110g)
Y;;[X] = -D;;B[X] — DBy, + 9,Ci;. (110h)
These equations constitute one of the main results of this paper. They express the

Riemann gauge invariants (108) in terms of the metric gauge invariants (25). They
depend only on the choice of the temporal gauge field X, as can be seen from (25d).

Calculation of the Einstein gauge invariants

The Einstein tensor and the Weyl conformal curvature tensor are defined in terms
of the Riemann tensor according to

Gab = ab — % abR, where Rab = Racbc, R = Rab, (111&)
C%q = Ry — 26 R" + 1019, 6% R. (111b)

The curvature spanning set (106) can be replaced with the following spatially irre-
ducible components of the Einstein tensor and the Weyl tensor:**

(G, G™w, GF, GY), (CV%;, O, (112)
where )
G =G — 305G, (113)
It follows from (111) that
G% = —LRM,., G"y = —2(R*"n + AR, (114a)
G% = R, G = R%; + R™;,,, (114b)
0%, = LR, — i), O — R, 114¢)

(
The Einstein gauge invariants, as defined by equations (39), (40a) and (40b) with
A replaced by G, can be expressed in terms of the curvature spanning set (106) by
using the bold-face version of (114). This yields

G = GY[X] = R%; + R, (115a)
G; = — (D;G%[X] + 3HGY[X]) = ID,R"",,[X] — 3HR™,,[X], (115b)

G 1= CAGY[X] + 1G] = =L (14 3C2)R, [X] + 4R, [X]) . (1150
We find that it is simplest to express the Einstein gauge invariants (115) in
terms of the wuniform curvature metric gauge invariants A and B defined by (31).

We accomplish this directly by choosing X = X, in (110), and noting that by (27)
we have W[X. = 0. After simplifying using the identities (126e) and (126f) we

obtain®
G;; = D;;G — D(; (9, + 2H) Bj) + (02 + 2HO, + 2K — D?) Cy5, (116a)
G; = 2HD,(D? + 3K)B + 3H(D? + 2K)B;, (116b)
G = 2H[(9, + BH)A + C;D’B] — ZD*G, (116¢)
*“Note that Cy,,, = —4C%l, 67,1 in an orthonormal frame.

45Here for convenience we use Gij = Yik ij.
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where we have introduced the notation
2H’
H2

G:=-[A+(9,+2H)B], B:= + 1+ 3C¢. (117)

We also need
GY[X] = R [X]. (118)

We choose X = X, in this equation, and using (110) in conjunction with the iden-
tity (126f) we obtain

GY%[X,] = —2D;(0,¥ + H®) + 5 (D* 4+ 2K) B;. (119)

We now use (32) to express the right side of this equation in terms of A and B,
which yields

G[X;] = —2D; (HA + (3Ac — K)B) + 3 (D* 4 2K) B;. (120)

The Weyl tensor

The perturbation of the Weyl tensor is automatically gauge-invariant on account of
the Stewart-Walker lemma (Stewart and Walker (1974)) since the Weyl tensor is zero
in the background. We thus use bold-face notation for its components. From (114c)
we obtain

COzbj _ a2(1)00i0j _ %(ROzbj o Rimjm); COzjk _ aZ(l)COijk _ ROzjk (121)

The Weyl tensor has a simpler form if we use Poisson gauge invariants and hence
we choose X = X, in (110). Noting that B[X,] = 0 leads to

C%; = —3 [D%(¥ + @) 4+ 0,B — (82 + D* — 2K) C] (122a)
COij == —2D[j (sz} - 8,70%}) - DmBm[jézk}, Bij = D[ZBJ} (122b)

B.1 Uniqueness of the decomposition into modes

Proposition: If the inverses of the operators D?, D? 42K and D? + 3K exist, then
the equation

B;=D;B+ B;, with D'B; =0, (123)
determines B and B; uniquely in terms of B;, and the equation
Cyj = Dy;C + DCj + Cy, (124)

with ‘ . 3 o N
DZCi = 07 CZ] = C]Za Cli = 07 DZC@] = O’

determines C', C; and C’ij uniquely in terms of Cj;. In particular, if B; = 0 then
BZO, BZZO, andlfCU:OthenC’:O, CZ:O, CZJZO
Proof. Apply D’ to (123) obtaining D*B; = D?B. Using the inverse operator of D?
this equation determines B, and then (123) determines B; uniquely in terms of B;.
Next, apply D% and D’ to (124), obtaining

DYC;; = 2D*(D* + 3K)C,  D'Cj; = 2D;(D* + 3K)C + (D* + 2K)C;. (125)
By using the inverse operators these equations, in conjunction with (124), succes-
sively determine C, C; and C;; uniquely in terms of Cj;. O
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B.2 Identities

In obtaining our results we found the following identities useful:

D;D; A" = K&%;A, (126a)

DD, AY = 2K 53 A, (126b)

A(Dy D + K636, A= (Df + 3 (D* + 3K) 6¢) A, (126¢)
4 (DD + Koyl") ¢t = (D? — 2K)C%, (126d)
D,D’A = 2D,(D* + 3K)A, (126e)

D'D;4;) = 3(D* + 2K) 4, (126f)

D,D?*A" = (D? + 2K)D; A", (126g)

Sl Anf? = LA + 0,7 A), (126h)

Where Aij = Aji> Cz = le‘, CZZ = O and DZCZJ = O

B.3 Kinematic quantities

The kinematic quantities associated with a timelike congruence u® are defined by
the following decomposition into irreducible parts:

Vaub = _uaub + H(gab + ua”b) + Oap + Wap- (127>

A routine calculation starting with equations (62)-(64) and (89) applied to u, yields
the following non-zero components:

aVH = [3D*(v — x) — (0% + He)] (128a)
W = Dy = D; (0 + (9, + H)v) + (0, + H)V:, (128b)
o'y = a’; = Di(v — x) +7*Dy (v — Bj)) +9,CY, (128c)
w = aVwh; = 4Dy, (128d)

with the bold-face quantities being gauge-invariant on account of the Stewart-Walker
lemma.

C Scalar field

A minimally coupled scalar field ¢ is described by a stress-energy tensor of the form
T% = Vo¥Vp — [§VOVep + U(9)] 6%, (129)

with the associated Klein-Gordon equation V*V.¢ — U, = 0, where the potential
U(¢) has to be specified. This stress-energy tensor is of the form (60) with

p+p=—VOVib,  p—p=20(¢), Tu=0. (130)
When evaluated on the RW background, equation (130) leads to

@(Op+ Op) = (U2, O~ Op =20 (). (131)
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On using (131) to calculate (¥)’, the conservation equation (43) leads to
0" 4+ 2HOW + 2U, =0, (132)

which is the Klein-Gordon equation in the RW background. Further, by means
of (42), (43), (131) and (132) we obtain

, 2a*U, 20"
Ar = ((0)¢ )2, Cr=1+ 37_((0);)/ - _% (1 + H(O)¢') : (133)

Viewing T'% and ¢ as functions of the perturbation parameter €, we can use (129),
in conjunction with (3), to calculate (V1% obtaining

(1)jwij =0, a? 7% = — Oy D, Wy, W7o + %(1)Tii _ —2U7¢(1)¢. (134)

It follows using (38) with A replaced by T" and (133), that the matter gauge invariants
assume the form

Ti=0  TUX]=-O9'Dip[X],  TH[X]+ Ti[X] = —20°U40[X], (135)
where ¢[X] is the gauge invariant associated with (Mg by X-replacement, given by
P[X] = Vg — O’ X°. (136)

Equations (135) and (50) immediately lead to the expressions for the matter gauge
invariants (81b) and (81c), including

V[X] = -%' ¢[X]. (137)
Equation (135), in conjunction with (133) and (137), yields
T%[X] + iT5[X] = =3(1 — C3)HV [X]. (138)

We now substitute (138) into the expression for I' given by (46¢) and (50c) to
obtain*®

I'=(1-CH)(—T%X] - 3HVI[X)). (139)

which on comparison with (68) leads to equation (81a).
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