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We present a formulation for studying the evolution of perturbations in an anisotropic model
universe. The formulation is designed to allow the systematic study of the evolution of perturbations
in the spatially homogeneous and anisotropic Bianchi type-I spacetime. The spatial anisotropy in the
background causes the couplings of the density perturbation mode with the gravitational wave and
the rotation to the linear order. Our formulation includes the imperfect fluid terms in the background
and the perturbations, and the cosmological constant in the background. We use the complete set of
perturbed equations without fixing the gauge mode. After resolving the gauge issue we present the
equations so that we can use the advantage of having the gauge freedom efficiently, i.e., in a gauge
ready form. The formulation is extended so that it can treat the system of multicomponents.

PACS number(s): 98.80.Hw, 95.30.5f

I. INTRODUCTION

The evolution of perturbations in cosmological mod-
els is important for describing the generation and the
evolution of the observed large scale structure (see [1]).
This study has been thoroughly made in a simple case
where the background universe model is spatially ho-
mogeneous and isotropic. We call such a background
cosmological model the Friedmann-Lemaitre-Robertson-
Walker (FLRW) model. In this work we will study the
evolution of perturbations in a Bianchi type-I background
model. The Bianchi type-I model is the simplest model in
the class of homogeneous, but anisotropic universe mod-
els; for review see [2]. In the isotropic limit the Bianchi
type-I model becomes the FLRW one with the vanish-
ing spatial curvature. The anisotropic expansion stage is
supported by the nonvanishing background shear in the
metric. If we consider a fluid (or a field) in the energy-
momentum tensor we can find models in which the early
shear-dominated anisotropic expansion stage later be-
comes the matter-dominated isotropic FLRW universe.
Thus, in such a scenario it is interesting to investigate the
evolution of perturbations while the background model is
isotropized. As an example, the anisotropic background
metric can consistently include the magnetic field which
is aligned in one of the principal axes. In the magne-
tized model we can investigate the evolution of a self-
consistently excited (perturbed) magnetic field and the
gravitational field.

There are only a few previous studies on the pertur-
bations of the anisotropic background model; see [3-6].
The situation is particularly striking if we consider the
considerable amount of literature concerning the pertur-
bations in the isotropic background model. The isotropic
background model can be considered as a (measure zero)
special case of the anisotropic universe models. The au-
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thors of [3] considered the perturbations in the Newto-
nian context. In the Bianchi type-I model, the authors of
[4] considered a dust medium in a particular gauge con-
dition. The authors of [5] considered w = const an ideal
fluid using gauge invariant variables which correspond to
the variables in certain gauge conditions. Related stud-
ies using the gauge invariant, covariant, or gauge specific
treatments can be found in [6].

In [7] one can find a new formulation for studying the
cosmological perturbations in a spatially homogeneous
and isotropic background spacetime. The “gauge ready
method” presented in 7] was originally suggested in [8].
In this paper we will present a companion part of [7]
which is applicable to the perturbations in a spatially
homogeneous but anisotropic spacetime. As in [7], our
formulation is general and systematic. Using our formu-
lation one can treat the general perturbations in various
fluids and fields as long as the background model is sup-
ported by the Bianchi type-I metric.

The gauge ready method starts with the full pertur-
bation equations without fixing any gauge. The gauge
will be chosen depending on how much the gauge choice
leads to the mathematical simplification of the problem
at hand. In [7], thus in the FLRW model, we find six

" different temporal gauge conditions. Because of the spa-

tial homogeneity of the background model the spatial
gauge condition can be trivially treated. Except for the
synchronous gauge condition which has been used pop-
ularly, the rest of gauge conditions fix the gauge mode
completely. Any variable in such a gauge has a unique
corresponding gauge invariant combination of variables.
Thus, the variables in such a gauge condition can be con-
sidered as gauge invariant ones. Similar situations remain
valid in the Bianchi type-I background. In the Bianchi
type-I model, due to the spatial homogeneity of the back-
ground model, the spatial gauge transformation does not
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have an important role. We can find a unique set of
gauge conditions which completely fix the spatial gauge
transformation property. In order to fix the temporal
gauge mode we can identify several different variables;
compared with the isotropic case, due to the existence of
the background shear in the anisotropic background, the
zero-shear condition is replaced by a uniform-shear condi-
tion which fixes part of the perturbed shear tensor of the
normal frame vector field (for details, see Sec. IIIB1).
Out of these variables, except for the synchronous gauge
condition, the rest of the gauge condition fixes the tem-
poral gauge transformation property completely. Thus,
the variables in such a gauge condition have the unique
corresponding gauge invariant combination of variables.
Thus, even in an anisotropic model, the freedom in choos-
ing the gauge depending on its convenience can be used
as an advantage in treating each problem. In order to use
the advantage, we present the equations without fixing
the temporal gauge condition; the gauge condition will
be chosen depending on the consequent physical or math-
ematical simplifications of the problem. We call this the
gauge ready method.

Compared with the FLRW case, we have one new
feature of the cosmological perturbations in a spatially
anisotropic background. The nonvanishing background
shear causes couplings between different modes. These
are the scalar, vector, and tensor modes which evolve
independently in the isotropic background. The nonde-
coupling of three modes was shown in [4]. In the set of
linearly perturbed equations there appear the coupling
terms between the background shear term and various
perturbed order variables. Thus, these coupling terms
disappear in the isotropic limit where we have the van-
ishing background shear. In the isotropic background the
perturbations can be described by a second-order differ-
ential equation for the scalar mode, a second-order dif-
ferential equation for the tensor mode, and a first-order
differential equation for the vector mode. These three
modes evolve independently. However, because of the
couplings in anisotropic background, the equations are no
longer decoupled. In general, we may have a higher order
differential equation in which all three modes are com-
bined. Thus, except for some particularly simple situa-
tions, we may be no longer able to analyze the evolution
analytically. One expected feature from such couplings
is that as the perturbations experience the anisotropic
background evolution stage, the resulting amplitudes of
the different modes of the perturbations in the subse-
quent isotropic stage will be related to each other. In
a purely isotropic background, since all three modes are
decoupled from each other, the initial condition for each
mode should be given independently. It will be interest-
ing to investigate the interaction between different modes
while the background model evolves from anisotropic into
isotropic stage.

As the inflation (accelerated expansion) model be-
comes popular as a part of the early universe scenario,
the anisotropic models have lost some of their important
merits as models for the early universe. The accelerated
expansion of the model, if it occurs, will rapidly dilute
(stretch) the preexisting classical structures (anisotropies

or inhomogeneities) so that the observationally relevant
local patch of the Universe becomes homogeneous and
isotropic after the acceleration phase [9]. In the ac-
celeration stage the currently observable scales become
macroscopic during some e-folding times before the end
of the acceleration era. If the acceleration phase lasts
long enough, the seed fluctuations (for the scalar field,
the gravitational wave, etc.) relevant for structures
will be regenerated from quantum fluctuation during the
isotropized stage near the end of the acceleration stage.
The scalar- and the tensor-type fluctuations evolve sepa-
rately in the isotropic background. However, since both
fluctuations are generated from quantum fluctuations of
each component in the same physical situation, the gener-
ated seed fluctuation of each component could be related.
This relation between the scalar and the tensor modes in
the isotropic model follows from the same seed genera-
tion mechanism [10]. Meanwhile, if the perturbations go
through an anisotropic expansion stage, the couplings be-
tween the perturbations and the background shear cause
the relation between the scalar and the tensor perturba-
tions; thus, the relation follows from mixing due to the
evolution of the background model.

In Sec. II we introduce the notation and equations for
the background and the perturbations. Our method of
the decomposition of variables into three different types
is presented in Sec. II B. In Sec. III we discuss the gauge
issue in detail. We identify a unique set of spatial (scalar
and vector) gauge-fixing conditions. We identify several
temporal gauge conditions, and each of which completely
fixes the temporal gauge transformation property of ev-
ery variable. Any variable under such gauge conditions
corresponds to a unique gauge invariant combination of
variables; this is discussed in Sec. IIIC. In Sec. IV we
present a set of complete equations without fixing the
temporal gauge condition. In Sec. V we present sup-
plementary equations which can treat a system of multi-
component medium. In Sec. VI we present a discussion.
For convenience, in the main text we present only the im-
portant ideas of our formulation. Details of the methods
and the equations are presented in the Appendices. As a
unit we set ¢ = 1.

II. NOTATIONS AND EQUATIONS

In order to derive a complete set of equations to the
perturbed order we use the equations based on the ADM
(Arnowitt-Deser-Misner) formulation. The ADM formu-
lation of the Einstein’s gravity theory is summarized in
Appendix A; see also [11,12].

The metric to the perturbed order is introduced as

goo = —628 (1 “+ 2A) )

goa = ezaBon
gap = e2s ('Yaﬁ + CQB) ’ (1)
where
3
Yap = €2°%84a, Z Sa =0, sq =s54(t), s=s(t). (2)
a=1
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A(x,t), Ba(x,t), and Cag(x,t) are the perturbed order
metric variables. We consider B, and C,g as tensors
based on v43. @, B,...run from 1 to 3, and a, b,... run
from 0 to 3.

Comparing the metric in Eq. (1) with the ADM defi-
nitions in Eq. (A1) we can express the ADM metric no-
tation in terms of the notation based on v,g3:
N=e*(1+4),

=e? *Baq, haB = e? (705 + Caﬁ)

3)

We introduce fluid variables to the perturbed order
directly through the ADM notation:

E=p+e,
S=3(p+m),
Jo = €°Qa,
5’05 = e?* (o + 6114p) , (4)

where Qo, Ilog, and 8Il,g are based on ,3. The back-
ground fluid variables u(t), p(t), and Il,g(t) are the
energy density, pressure, and anisotropic pressure, re-
spectively. The perturbed fluid variables e(x,t), 7 (x,t),
Qa(x,t), and 8Il,5(x,t) are the perturbed energy den-
sity, perturbed isotropic pressure, energy flux (or veloc-
ity), and perturbed anisotropic pressure, respectively.

Using Eqgs. (3) and (4) ADM equations in Appendix A
can be reexpressed in terms of our perturbation variables
based on the Bianchi type-I spacetime and its perturba-
tions. The perturbed set of equations is presented in
Appendix B. In Appendix B we also present some useful
quantities for derivation.

A. Bianchi type-I equations

The background order equations can be read from
equations in Appendix B2. We express the equations
using s,. From Eq. (2) we have

;Yaﬁ = 2§a7aﬁy (5)

where an overdot denotes the time derivative based on
the background proper time, ¢; dt = e®*dz®. Since the
index in s, is not a tensor index, we do not assume the
summation convention on such index. We also introduce
a convention such as

YaplI™ =2 " avapll™ =2 54113, (6)
o (3

where in the second step the lowering index is done by
the (3 index which is not affected by s,. Thus, the back-
ground parts of Egs. (B8), (B10), (B11), and (B13) be-
come

- a1, (7

@

G A 1 .2
2= =z 8
(p,+3p)+3 320, Sas (8)

p+35(p+p)=

§+ 4% =

8nG
.2
$¥=—nt3g +6§sa, 9)

(8 + 383) 85 = 8wGTI3, (10)

where A is the cosmological constant.
Equation (8) can be derived from Egs. (7), (9), and
(10). Combining Egs. (8), and (9) we can derive

1 .
§=—4nG(p+p) — 3 Zsi. (11)

As we see in Eq. (B6), to the background order we have
the nonvanishing trace-free part of the extrinsic curva-
ture Kg = —§40%; this corresponds to the shear [see
Eq. (E6)]. Thus, $, characterizes the background shear.
In the isotropic space limit of the background metric,
the background becomes FLRW with zero spatial cur-
vature. We have s, = 0, thus from Eq. (10) we have
II.s = 0. Introducing a = €® and H = a/a = $, our
background equations [Egs. (7)— (9)] reduce to the FLRW
ones; compare with Eq. (21) of [7]. For a multicomponent
system, in addition, we have Egs. (44) and (E12).

B. Decomposition

We decompose the vector- and tensor-type perturba-
tion variables as follows:

Bo =B, + BY,
Cop = CYap + Cap + 20005 +C,

Qa =Qa+QY,
v t
0Tlop = 0Tlyap + 0Tl ap + 2010 o) + 6TIS),  (12)

where the indices in Eq. (12) are based on Yag; C(a,8) =
1(Ca,p + Cs,a)- The superscripts (v) and (t) denote the
vector-type and the tensor-type modes, respectively, de-
fined as

Bl =9, cWl~ =y, ngla =0=CcW,

QWle =9, sl =o, JHSAI" =0=46I®2. (13)
(A derivative in superscript is denoted by a vertical bar;
this is to indicate that the indices are raised by va.g.
Since the connection symbol based on 7,3 vanishes, the
covariant derivative based on v,g is the same as ordinary
spatial derivative.) Equations (12) and (13) can be con-
sidered as our definition of the scalar-, vector- and tensor-
type modes. The vector-type mode is defined to preserve
the trace-free condition. The tensor-type mode is defined
to preserve the transverse and the trace-free conditions.
In a decomposed set of perturbation equations we will see
that the existence of the background anisotropy (shear
~ $o) causes the couplings of all three types of modes
to the linear order. From S = 0 [Eq. (A3)] we have
[Egs. (4) and (12)]

STIS = 3811 + ASII = I1,5C*P. (14)
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We introduced A = 7aﬂaaaﬁ = Vv®eag

Using the decomposed variables in Egs. (12) and (13)
the perturbed set of equations in Appendix B 2 can be re-
expressed. The vector- and tensor-type equations can be
decomposed into two and three different types of equa-
tions, respectively. A method of such a decomposition
can be found in Eq. (27). After a discussion of the gauge
issue in Sec. III, we will present the decomposed equa-
tions with the spatial gauge mode fixed in a unique man-
ner. The correspondence of our notation with the one
used in the perturbed FLRW model is presented in Ap-
pendix G.

III. THE GAUGE ISSUE
A. The gauge transformation

We introduce a coordinate transformation

2* =z + £*(2°), (15)
where f“ is based on g,;. Let us write the metric and the
energy-momentum tensor to the perturbed order as

9ab = Jab + 09ab, Tab = Tap + 6Tas, (16)

where an overbar and § indicate the background or-
der and the perturbed order, respectively. Using the
transformation in Eq. (15) the metric and the energy-
momentum tensor to the linear order transform as

synchronous gauge (SG) :
comoving gauge (CG) :

uniform-curvature gauge (UCG) :
uniform-expansion gauge (UEG) :
uniform-density gauge (UDG) :
uniform-pressure gauge (UPG) :

uniform-shear gauge (USG) :

Except for the synchronous gauge, other gauge conditions
completely fix the temporal gauge mode. In an ideal fluid
situation the uniform-pressure gauge is equivalent to the
uniform-density gauge. For the uniform-shear gauge, see
Sec. IIIB 1 below.

Spatial-scalar gauge conditions. We assume the tem-
poral gauge mode £* is completely removed by the tem-
poral gauge condition. In such a case we can identify the
following two spatial-scalar gauge fixing conditions:

spatial-scalar B gauge: B =0, £+ (A/A)¢ =0,
spatial-scalar C gauge: C =0, ¢ =0. (22)
The spatial-scalar B gauge does not completely fix the
spatial scalar mode, £. However, the spatial-scalar C
gauge completely fixes £&. For this reason, taking the

spatial-scalar C' gauge will be convenient. We have A =
4B 0,05 = —HagVVER = 25 35,VEB)eg,.

1973
‘Sgab = agab - gab,céc - gcbgc,a, - gacgc,ba (17)
6Tab = 6Tab - T’ab,cgc - chéc,a, - —acgc,b- (18)

We can impose four gauge conditions on dg.; and 6T,
which can fix £%.

In order to rewrite the gauge transformation properties
in the perturbed anisotropic spacetime we introduce

£=8, =6,

where £* is based on v,3. In order to derive the gauge
transformation properties of the decomposed variables in
Eq. (12) we introduce

a=Ea+E), =0

The gauge transformation properties of the decomposed
metric and fluid variables [Egs.(1),(4), and (12)] are pre-
sented in Appendix C.

(19)

(20)

B. The gauge conditions

We can impose three types of gauge conditions on per-
turbed variables. These will fix £¢(= e*¢%), &, and Ec(,”).

We call the gauge conditions on ¢%, €, and f,(:) as the tem-
poral, the spatial-scalar, and the rotational gauge condi-
tions, respectively. The last two conditions belong to the
spatial gauge conditions which fix £, in Eq. (20).
Temporal gauge conditions. From Egs. (C2)-(C17) we
can identify the following temporal gauge conditions:

A=0, & =¢(x),

Q=0, &=0,
c=0, ¢=0,
§K =0, £ =0, (21)
e=0, ¢ =0,
T=0, (=0,
¥=0, ¢&=0.

Rotational gauge conditions. We assume &t and € are
completely removed by the temporal and the spatial-
scalar gauge conditions, respectively. In such a case, we
can identify the following two rotational gauge-fixing con-
ditions:

rotational B gauge : B =0, £ =¢0(x),

rotational C gauge : C") =0, ¢ =o. (23)

The rotational B gauge does not completely fix the ro-

tational gauge mode, 55;’). However, the rotational C

gauge completely fixes &(,"). On this regard, taking the
rotational C' gauge will be convenient.

Thus, if we take any temporal gauge condition men-
tioned above, except for the synchronous gauge, together
with the spatial-scalar and rotational C-gauge condi-
tions, all gauge modes will be completely fixed (removed).
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We call the spatial-scalar and the rotational C'(B) gauge
conditions simply as C(B)-gauge conditions. In the fol-
lowing we will concentrate on the gauge conditions which
remove the gauge modes completely. Thus, for the spatial
part we will take the C-gauge conditions. Together with
the temporal gauge condition which fixes £* completely,
the C-gauge conditions fix both £ and 6‘(1") completely.
We do not choose the temporal gauge condition a prior.
An appropriate temporal gauge condition will be chosen
depending on how much the condition allows the problem

_828 éa'}’aﬁ - Eaﬂ;

3¢ (B +BY) - 5 (€9

where ¥,5 is based on v,3. We note that I—{aﬁ is trace-
free, thus K& = 0, however X3 # 0.

In the FLRW limit, using the corresponding notation
derived in Eq. (G13) we can show that ¥,3 becomes the
shear tensor; thus,

~Kaop = Xap = 0ap, (25)
which contains information about the scalar, vector, and
tensor modes of the shear of the normal frame vector;
see Egs. (53), (64), and (81) of [13]. In the Bianchi type-
I background, ¥, contains information about the per-
turbed part of the shear of the normal frame vector.

We can decompose ¥,g into the scalar, vector, and
tensor type modes as in Eqgs. (12) and (13)

Eaﬂ = 2')’aﬂ + iyag -+ 225:;&_,

sPle =0, =@l =0=3x02

)+ Zody

(26)

Each type of the decomposed variables can be derived
from 3,3 as

1 1
S=3 (zg - Kzaﬂ"’"> ,
AY = X2 - 3%,
v) _ s _ 1 1B~
AT =35, 5" - N
S8 = Bap — TVap — Sas — 250 4. (27)

From Egs. (24) and (27) we can derive the decomposed
parts of the perturbed shear using the metric variables.
For ¥ we have
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—e?® {s’a'yag (A-C)+e* (B,aﬁ

to be simplified mathematically or on the correspondence
of the result with Newtonian ones, etc.

1. The uniform-shear gauge

The trace-free part of the extrinsic curvature, K,g in
Eq. (A4), contains information about the shear (with
negative sign) of the normal frame vector; see Eq. (E6).
From Eqgs. (B6) and (3), using Kag = hayKj, we can
derive

1 1 1 ~\-
- -3-’)’0,3AB) - 'é [C,aﬂ - §'Yozﬁ (AC) :|

“(0) A0
regeed) | @1
[
1.,|A 2 _
— _Te2| — _ _Z sA
b)) 3¢ |3A (A-C) 3¢ B
1 ~\" & t)ax
+3 (AC) *Ea:sac()a]. (28)

The rest of the decomposed variables are presented in
Appendix C1. Under the gauge transformation, using
Egs. (C2)—-(C8) we can show that

A 2 —2s <2
2 Zem2A 4+ 2
<2A + 3° + za:s"

—% M 5§v(3)°‘aa) £t

Thus, imposing ¥ = 0 can be used as a temporal gauge-
fixing condition which fixes the temporal gauge mode,
£t, completely. We call this condition the uniform-shear
gauge condition as presented in Eq. (21). Although we
named the condition ¥ = 0 the uniform-shear gauge, this
does not mean that the total shear (¥,3) is uniform in
the hypersurface; see Egs. (26) and (27). In the FLRW
limit, using the notation in Eq. (G13), we can show that
Y = —1Ax, thus & = 0 leads to x = 0 which is the

3
zero-shear gauge condition.

A
= =

A

2= 125

e
2

(29)

C. Gauge invariant combinations

From the gauge transformation properties of the vari-
ables presented in Appendix C we note the following. In

an ideal fluid background, thus II,g = 0, QE," ), 811 [for
0TI, see Eq. (14)], o1, and 61'[&% are gauge invariant;
see Egs. (C13)-(C17). Assuming II,3 = 0, we can con-
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struct the following set of gauge invariant combinations.
Each combination becomes the first variable on the right-
hand side in the comoving gauge condition:

The gauge transformations of B and B depend on the
spatial-scalar and rotational gauge modes, respectively.
In order to construct the gauge invariant combinations
we need the following steps. The following combinations

Alg=A+ (E_Q_> , (30) are temporally gauge invariant:
ptp .
. = = 3A e’Q
A\ e*Q Clo=C- 5
= A 9 31 2A2 +
Cle C+(2s+2A)”+p (31) uAp .
A\ L CPlog=C® 4+ — [ 2 423, ) E5=, 36
Clo =CY +ap (25 __A_)ig e A\A L+p (36)
¢ 2A
Ktp Thus,
1 A e’Q aB o
N {m +2(8a + sﬁ)] tp (32) 8l =Clg -2, CM|g=CPq—ED). (37)
=g — 33€° 33
clo=e 33.6 2Q; (33) Using these combinations we can construct the following
mlo =m — 3sc,e’Q, e (34) gauge invariant combinations which become B and BY”,
- € ly, in the combination of the comoving gauge
= 6K — (33 25 A 35 respectively, i g gaug
0Klq =9 ( ste ) p+p (35) and the C gauge:
J
Blg,ciq = Bl — 5+ (ACl)
Q e? . 3A eQ\
=B—-— - — | AC — — ) 38
p+p 24 2A u+p (38)
B‘(xv |Q C|Q,C"(,")| = B(v) +ea

s (C910) + (sa + %) (C’lQ),a]

2A

. A\ -
= BW e {—C};’) +25,C) + (sa + —-) C, }

°Qa

. 1 A+2§ e’Q,
—e —_| = o
A\A p+p

One can similarly construct the gauge invariant com-
binations using C, 6K, ¢ (or ), and ¥ together with
the C-gauge variables C and C{". In Eq. (21) we find
some variables which can be used for imposing the tem-
poral gauge conditions. Out of these variables, only the
gauge transformation of @ depends on the background
anisotropic pressure. Thus, similarly constructed gauge
invariant combinations using C, 6K, €, and ¥ with C-
gauge variables are gauge invariant for general back-
ground with the nonvanishing anisotropic pressure.
Concerning the spatial gauge freedom, only the C-
gauge conditions fix the corresponding gauge modes com-
pletely. Thus, in the following we will take the C gauge.
In the C gauge, by a variable B&v)lc gauge,@ We imply
B‘("v)'Q,C'IQ oo in Eq. (39). The C-gauge conditions

impose C = 0 = C{”). From Egs. (C6) and (C7) we have
1 (A

t (v) - = : t . 0

{ £a A (A+2SQ)§ Y3 (4 )

Thus, in the C-gauge condition, using Eq. (40), the gauge

&= 4A2

1 (3A%2 1. A, eQa
1(34° 1, 8 42)¢Qel. 39
} +A(4A2 2°*A s") Lt (39)

f

transformation properties of B and B in Egs. (C3) and
(C4) depend only on the temporal gauge transformation,
t

IV. EQUATIONS IN A GAUGE READY FORM

We will present a complete set of perturbation equa-
tions in a gauge ready form concerning the temporal
gauge fixing condition. However, the spatial gauge trans-
formation properties will be fixed using the C-gauge con-
ditions which are the unique choice as explained in Sec.
III B. Imposing the C-gauge conditions, the spatial gauge
modes are completely fixed. This is true as long as we
take a temporal gauge condition which also completely
removes the temporal gauge mode; see Sec. IIIB. The
C-gauge condition imposes

C=o0=cCcl. (41)

The fundamental perturbation equations in this gauge
condition are presented in Appendix D. We use the de-
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composed variables introduced in Sec. IIB. The vector-
and the tensor-type equations are also decomposed into
three different modes; for a method, see Eq. (27). How-
ever, all three types of decomposed variables are coupled
through the equations.

We have seven different temporal gauge conditions at
our disposal; see Eq. (21). Except for the synchronous
gauge, each of these gauge conditions fixes the temporal
gauge freedom completely. As discussed in Sec. IIIC
any variable using these gauge conditions has the unique
gauge invariant counterpart. In this sense we can regard
the variables in these gauge conditions as the gauge in-
variant ones.

V. MULTICOMPONENT SYSTEM

The formulation can be extended to the system in-
cluding arbitrary number of different fluids and fields
with general interactions between them. In a system
of multicomponent sources, the energy-momentum ten-
sor (T4p) consists of all components. The total energy-
momentum tensor in previous sections is the sum of the
energy-momentum tensor of the individual component

Top = Z T(i)aba (42)

where a subindex (¢) indicates the ith component of the
source. The interaction between components can be char-
acterized through the covariant conservation relation of
each component as

T(i):;b = Q(i)m Z Q(i)a =0, (43)

where Q(i)a is based on g, and the second condition fol-
lows from the covariant conservation of the total energy-
momentum tensor.

Since the fluid quantities are linearly related [see
Egs. (A3) and (E1)] to the energy-momentum tensor, the
fluid quantities used in previous sections can be regarded
as the sum of the individual fluid component as

p= Zﬂ'(i), p= Zp(i), Mo = Zn(i)aﬁa
[3 7 [
E=Ze(,—), 7T=Z7r(i), Qa:ZQ(i)aa

g = Z 0 (5)ap- (44)

The decomposed fluid variables in Eq. (12) can be repre-
sented similarly.

The fundamental equations derived in this paper re-
main valid for the fluid quantities regarded as the to-
tal ones in Eq. (44). The metric quantities remain the
same. The equations of motion of the individual fluid
component can be derived from the covariant energy-
momentum conservation equation [Eq. (43)]. For an eas-
ier derivation we introduce a covariant decomposition

HYERIM NOH AND JAI-CHAN HWANG 52

Q(i)a—=— Q(i)na + F(i)a,
n“f‘(i)aE 0,

Z Qu=0= Z F(iyas (45)

where F(i)a is based on g,, and n, is a normal frame
vector (see Appendix A). Using this notation Eq. (43)
can be decomposed into

n*Tioan = — Q) (46)
PTyse = Fiyar (47)

where PP is the projection tensor defined as Py = gap +
nenp. We define

Qi = Q) Flije = Flyas (48)

where F ;). is based on v,g. To the perturbed order, we
write

Q= Q) +Qq),
Fio=F)a+F E:-’))a,
F) =0, (49)

where F(;y and Fg:))a are the perturbed order quantities.

Equations (46) and (47) lead to the energy and the
momentum conservation equations of the ith component,
respectively. The conservation equations for individual
component are derived in Appendix E.

VI. DISCUSSION

Our formulation is very general. It can be applied
to diverse physical situations as long as the background
evolution is supported by the Bianchi type-I model. The
equations are presented in a gauge ready form. In this
way, we can choose a particular gauge condition which
makes the mathematical manipulation most convenient;
solutions in the other gauge can be expressed as the lin-
ear combinations of the known solutions in the partic-
ular gauge. Since our formulation includes the full im-
perfect fluid contribution both to the background and to
the perturbations, it can be applied not only to various
fluid systems, but also to various types of fields. The
examples include the scalar field and the magnetic field.
In fact, one of our main motivations for this study is
to investigate the evolution of the perturbed magnetic
field to the linear order. The energy-momentum tensor
of the magnetic field contains magnetic field strength, B,
in B2 form. As we decompose B into B + 6B we have
B? = B2+ 2B - 6B + 6B2. The FLRW metric cannot ac-
commodate the magnetic field as the energy-momentum
tensor. Thus, in the FLRW background B?(= §B2) be-
comes the nonlinear order. However, in the anisotropic
background, we can have nonvanishing B. To the lin-
ear order the term B2 — B2 = 2B - §B does not vanish.
Thus, the study of the evolution of perturbations in a
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magnetized anisotropic background model will allow us
to investigate the magnetohydrodynamic instabilities in
general relativistic system self-consistently including the
simultaneously excited gravitational field.

An ideal fluid is a case with

Hop =0 =106Ila5, e=dp—c2ou=0, (50)
where we introduced
p 2_ D
w=—, Cg = —T. 51
2 a=t (51)

We call e as the entropic pressure. In cosmological study
one often considers a case with w = const. In this case
we have w = c2; see Eq. (7). Dust or radiation fluids
correspond to w = 0 and %, respectively.

The energy-momentum tensor of a minimally coupled
scalar field can be reinterpreted as an imperfect fluid with
e # 0, but II,3 = 0 = 0Il,g; see [7]. Thisis true evenina
perturbed Bianchi type-I model. The energy-momentum
tensor of a magnetic field can be reinterpreted as an im-
perfect fluid with e # 0 and II,g # 0 # éIl,3. Appli-
cations to these fluid and field systems will be made in
subsequent work.

Our imperfect fluid formulation can be also conve-
niently used when we use more generalized versions of
gravity theory. For a class of generalized gravity the-
ories, the contribution from such a gravity other than
the Einstein tensor part can be reinterpreted as the new
contribution to the energy-momentum tensor. Such rein-
terpretation is mathematically equivalent to the direct
approach. In fact, such reinterpretation, in combination
with the covariant formulation, allows a simple way of
deriving the perturbation equations without heavy cal-
culations. This approach was applied in the FLRW case
in [7,14].

For a given equation of state, i.e., for a given energy-
momentum tensor, the evolution of the Bianchi type-I
model is characterized by the expansion rates s and s,.
For the Bianchi type-I model supported by the dust or ra-
diation we can derive analytic solutions. These solutions
show the transitions of the background models from the
shear-dominated anisotropic stage to the matter- (dust-
or radiation-) dominated isotropic FLRW stage. The evo-
lution of perturbations in such background models will
be considered in subsequent work.

Since the Bianchi type-I model is spatially flat we can
decompose the spatial dependence of the perturbed vari-
ables using a wave vector k as A(x,t) ox [ Ay(t)e*d3k.
The k vector can be represented as ko, = (ki,k2,ks)
where #!, #2, and #3 represent three principal axes of
the background anisotropy. From the transverse condi-
tion, a vector-type variable (Q.(,” ) for example) has two
independent components. Whereas, from the transverse
and trace-free conditions, a tensor-type variable (Cgﬁ) for
example) has two independent components. We can clas-
sify perturbations according to the alignment of the wave
propagation vector k with respect to the principal axes.
These are presented in Appendix F.

In the Bianchi type-I model, the authors of [4] adopted
the synchronous gauge in a dust medium for k, =

1977

(0,0,k3). In a dust medium, the synchronous gauge is
equivalent to the comoving gauge. The authors of [5]
considered w = const an ideal fluid using gauge invariant
variables for k, = (0, k2,k3). The gauge invariant vari-
ables used in [5] correspond to the variables in the co-
moving gauge and the uniform-curvature gauge together
with the C gauge. Other studies can be found in [6].

The strength of our formulation can be summarized as
follows. First, we derived the evolution equations with-
out fixing the temporal gauge condition beforehand; the
spatial gauge freedom is fixed in a unique way. We call
this a gauge ready approach. This gives us the freedom
to choose any gauge which turns out to be most suit-
able for the problem which we will deal with. We iden-
tified some gauge choices which remove the gauge free-
dom completely. The variables in such gauge are, in fact,
equivalent to the gauge invariant ones. Using the gauge
ready form of the equations we can easily relate a vari-
able in one gauge to the other variable in other gauge.
Since we are dealing with a linearized theory, a solution
for a variable is linearly related to the solution for any
other variable. Thus, from a known solution in a gauge
choice we can derive all the other variables in the same
gauge and also all the other variables in any other gauge
choice. In this sense, it is convenient to work using some
particular gauge choice where the mathematical manipu-
lation becomes simplest. By comparing the behaviors of
variables in different gauges we may be able to get a bet-
ter perspective on the subject. For example, even in the
FLRW analyses we found that, only in certain gauge(s) a
variable shows the correct Newtonian limiting behavior.

Second, our formulation includes the full imperfect
fluid contributions. As we discussed above, this implies
that our formulation can be conveniently used for treat-
ing other fields (including the magnetic fluid) or other
generalized gravity theories. Practically, such reinterpre-
tation of the field or generalized gravity contributions
as an imperfect fluid allows us to simplify a lot of the
mathematical analyses involved; for the FLRW case, see
[7,14]. We also include the cosmological constant in the
equations.

Third, our formulation can be applied to the system
which includes any number of different fluid or field (in-
cluding the generalized gravity situations) components.

In essence, we present the formulation which can treat
the evolution of general perturbations in the Bianchi
type-I background. Aslong as we have the Bianchi type-I
model as the background, the energy-momentum tensor
can include various fluids, fields, and the combinations
of those. As a gravity theory our formulation can treat a
class of generalized gravity theories where the Einstein’s
gravity is a simple case. This formulation can be re-
garded as a companion of the similar formulation for the
FLRW background case presented in [7]. Applications of
our formulation to various fluid and field systems will be
made in subsequent work.
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APPENDIX A: ADM EQUATIONS

We summarize a set of equations based on the ADM
formulation; see [11,12]. The spacetime is split into the
spatial and the temporal parts based on a normal vector
field. The metric is written as

goo = _N2 + NaNaa goa =
900 — _N-Z, gOa — N—ZNa’
gaﬂ — haﬂ _ N_2N°‘NB,

ay GaB = hcha

(A1)

where N, is based on h,g. The normal vector n, is

introduced as

ng=-N, na=0, n"®=N"1, n®*=_-N"1N* (A2)
The fluid quantities are defined as

E = naan“b, Jo = —anf;,

Sos = Tog, S =h"PSes, Sag =S, —lh,, S, (A3
7¢] 7c] B B B 3 B

where J, and S,g are based on h,g. The extrinsic cur-
vature is introduced as

1
KaﬂE et (Na|ﬂ + NB[a - haﬁ,ﬂ) 9

2N
K= h*PK,g,
_ 1
KaﬁE Kaﬁ — ghaﬁK, (A4)

where K,g is based on hag. A vertical bar denotes the
covariant derivative based on h,g; this notation for a
vertical bar applies only in this appendix and Appendix
E 1. The intrinsic curvature is based on h,g as the metric:

R(h)aﬁ‘yé = F(h)g&v - F(h)gws
h)e a h)e h
+1“( )ﬁér(h)«,e _F( )ﬂ'yr( );‘E’
(h) — plh)vy
Rop =R oo

R®™ = p*P R

S(h) _ )y 1 3
R®) =R() - 3hasR®,

1
g, = gha‘s (hgsy + hov,p — hpy,s) - (A5)

A complete set of the ADM equations is the following.
The energy constraint equation is

R®M = KPR 5 — %Kz +167GE + 2A. (A8)
The momentum constraint equation is
_ 2
K? - 3 Ko =87GJa. (A7)
The energy conservation equation is
1
EoN"'-E,N°N"!'-K (E + 55)
~5%Kop+ N2 (N?J%) = 0. (A8)

The momentum conservation equation is

Ja,oN ' =JagNP N~ —JgN? N~'—KJ,+ENN~*

+55 5+ SENGN ™! = 0. (A9)

The trace of ADM propagation equation is

KoN“'— K NoN~!'4 Nl N - KK, 5— %Kz

—4nG (E+ S) + A =0. (A10)
The trace-free ADM propagation equation is
KgoN'—Kg N'N~'+Kg,N*"N~1 - KSN"

-1
18V

[ o ]- — — —
= KKg - (N' P gsgNm) N7+ R™% — 8rGS3.

(A11)

For a system of multicomponent medium, we have ad-
ditional equations describing the evolution of individual
component; see Egs. (E7) and (E8) in the Appendix E 1.

APPENDIX B: A SET OF PERTURBATION
EQUATIONS

1. Useful quantities

We can express the ADM notation in terms of the no-
tation for the perturbed Bianchi type-I spacetime; see
Egs. (3) and (4). In the following we present some useful
quantities.

The metric inverse is

gOO — _8—28(1 _ 2A),
QOa — e—ZsBa’

gaﬂ — 6—23(,yaﬂ _ Caﬁ)- (Bl)
The connection is
(e _ 1 (~a a o
r Br ~ 9o (Cﬁﬁ + C‘v,ﬁ - Cﬁ“l ) ’
e _ 1.
T B = Ecﬁ,a' (B2)

A vertical bar indicates the covariant derivative based on
~Yap- Since the spatial part of the Bianchi type-I back-
ground model is flat the connection based on v,g van-
ishes, and the covariant derivative based on v,g simply
becomes an ordinary spatial derivative. However, for the
derivatives in superscript, in order to indicate that the
index is raised by v*# we denote it by a vertical bar; ex-
cept in Appendices A and E1 a superscript index “|a”
indicates V(3 = 2895,
The intrinsic curvature is

e  _ 1 (0 lox e
R gys = 2 (C&B"/ —Cps 4= Cqps +Cpy 5) ’

o _ 1 24 ( ~ay
R B~ Ee (C 1By

R®M =2 (5 —C2¥ ).

aly a |ye
—Cﬂ ’Y—C:Yy|ﬁ +CB'Y ) )
(B3)

The extrinsic curvature is
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. 1 o
Kg = (ssg + 37 ”m) (-1+4)
1 _ o |
+5¢7 (B + B5%)
1.y 1. 1 .
ECE + 5’)’ ‘YCp—Y + 50‘17757,

(B4)

C> = -35+ 0K, (B5)

N | =

K =-35+35A+e °B%, —

= o 1 . 1 _ a@ o 1 Yo

K5 = 57" 90y (~1+ 4) + 3¢ (Bﬂ‘ +B ,ﬁ) - 568
1/ _, 1. 1, 1.

3 (e B, - EC:/’) 5 +§'ya’ycﬁ*/ +§'Yﬁ‘vca‘y'

3
(BS6)

An overdot denotes a time derivative based on the back-
ground proper time t, where dt = e®dz°.

2. Equations

The ADM equations can be expressed in a perturbed
Bianchi type-I spacetime. We use the ADM metric
and fluid variables expressed in terms of the perturbed
Bianchi type-I variables [Egs. (3) and (4)] and use some
useful quantities presented in Appendix B1. We intro-
duce A = V®)2g,. The parts of the equations in curly
brackets indicate the terms to the background order.

The definition of §K is

1

SK =35A+e *B*, — 5c'g. (B7)

The energy conservation equation is

1. <, o ey
{ﬂ+3é(p+p)+5'yagﬂaﬂ}+s+3s[e+1r+(u+p)A] —(b+p)dK +e°Q°,

1.
+‘21".Yaﬁ (6Haﬂ _ 2C7°‘H€) _ Haﬂ (e_aBa,ﬁ _ 5 aﬁ) = 0. (BS)

The momentum conservation equation is

: . 1 1
e (Qu+4iQa) + (u+p) A + 7 + 0115 5 + A gIIE — C° gllar + 5G4 I — 50 115 = 0.

(B9)

The Raychaudhuri equation (trace of the ADM propagation) is

{ ~3(5+4%) —4nG (p+3p) + A+ %f'yaﬁﬁ"f’} + 6K + 256K — 47G (e + 37)

1 1
+ [3—2'A — 332 —4nG (+3p) + A — Zﬁamaﬂ] A+ 4P (Eyﬁ,c; - e—ﬂBa,ﬁ) =0. (B10)

The energy constraint equation is

1 o
{ — 65" — ~Fap¥™? + 167Gu + 2A} + 456K + 167Ge — e~ 2° (c P o — Acg)

The momentum constraint equation is

1

o e cee malg 1. .
5 VoY PA— e *YopB*IP — 57%75,62 = 0. (B11)

+

2 . 1 _, 1.5 1 (.5 1.5
_§5K,a - 87TG6 Qa -+ '2—6 (ABa + '3"B ,aﬁ) - 5 <Ca,ﬁ - gcﬂ,a

1. 1, 1. 1 . 1 .
+§’Ya,8A|ﬁ + ‘2‘7ﬁ7ca‘v,ﬁ + '2"'701'70&7,[3 - ZCgh’y"’Y + ZCVH,O"YBW =0. (B12)

The trace-free ADM propagation equation is
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{f'“ (27> 4,) — 167rc:ng} + G5 +35C5 — %5; (€7 +35C7) — e72 [ (47Cpy + 45,C°M) |
ez [C"‘"’ +C, " —acg -, gag (¢ 5- AC;)]
— (1" prd) 267 (Al = 18304 ) —97p,0K
—e™* (B2 + B,'*) + ;556“"3"”7 + 2467 [— (B2 +B,") + 25‘537,1]
+e=* (B35, + 977 By5) — 167G (8115 + AT — C*Tlg,) = 0. (B13)

For a system of multicomponent we supplement Egs. (44), (E10), and (E11).

APPENDIX C: GAUGE TRANSFORMATION

The gauge transformation properties for our metric variables in Egs. (1) and (12) can be derived from Eq.(17). For
fluid variables we can use Eqgs. (4), (12), (A3), and (18). The energy-momentum tensor can be constructed from our
perturbation variables through the ADM notation in Eq. (A3). We have

Too = €2*(1 + 2A)E,
Toa = —€*Jo + BP S,
Tup = Sap- (C1)

We express the equations in terms of ¢, £* = e°£?, and s, [Egs. (2), (5), (19), and (20)]:

l‘i =A- ét$ (02)
» —s ¢t 8 : A
B=B+erg'—e [+ 7€), (C3)
BY) =B{) +¢* [—%gé‘””’ + <2s'a + %) £,a] : (C4)
C=C- (23+——) &, (C5)
3A ., ..
C=C+ IA_zg — 2€, (C8)
. 1 (A
@ — @ _gw) _ L (B o) gt
Ca Ca o A (A + sa) £ o (C7)
Cop = Cop — Yap (23"‘ - 2A) €+ 3 {ﬁ +2(5a+ sﬂ)J € aps (C8)
6K = 0K + (35 + e72°A) ¢, (C9)
€=ce— g, (C10)
= — ptt, (1)
. . 1 4o
Q= Qu+ e [(ut )€+ Top €9 (c12)
Q&U) = qu) +e”* (Haﬂ£t|ﬁ - H57%€tl57a> ) (C13)
. 1 /.
ST = 11— 3 sall3é! + 5 (Haﬁ + zsnaﬁ) gtles (C14)

a
= 811+ 3 415 36" = 3 (Mlap + 261Lag) 1561 — 2MTup L (6179 4 glels) (C15)
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. v . . 1 t s : 1 B
JHS,) - (sn(a) _ (Ha[-j + 23Ha5) K€ B + (Hg,‘, + anﬁ.,) Fftl v

1 v
. (flﬁ + {(v)ﬂ) + Hﬂ”’Z ({hﬁa + ¢ )‘vlﬂa) , (C16)
ST = oT1S) — (Tlag + 26Tap ) € +vas | 3 5,136 — 5 (L5 + 251L,s) thhs}
Y
. 1 1 /- . 1 tve 1 ¢ : .
= 558 s — 5 (H.,g + 231'175) & 25 (Hﬂh + 2311[,),) : (C17)
-

1. Decomposed parts of the perturbed shear variable

In the following we present the decomposed parts of the perturbed shear variable in terms of the metric variables.
From Egs. (24), and (27) we can derive [T is presented in Eq. (28)]

- [ 3A 1= 1
— _ 28| _ 22 _ —8 _ = . _ V)| laltiL
AT = —e B (A C’)+A(e B 2C)+§ajs.,( 2c{* + 2C a)} (C18)
[ A 1 .
(v) — _g28 ; =2 _ 2 —sp) _ A) : @B _ )8
ATY) = —e (sa + 5 ) (A-C),+ 2A (e B - C} ) + Eﬁ 33 (Cﬁ o« Cap )}, (C19)
(t) _ 28 [ s A. _ _ 1 . o A _
203 = —e? |vap (sa 1A ) (A-C)—- — (sQ + 385 + 1A ) A C’)’aﬁ

1. 1 . 1 . 1
—3C8 + 57a8 D 8,00 + £ 4y (—EC“”,,QB +COM, + c},‘g"a) ] : (C20)
vy Y

APPENDIX D: EQUATIONS IN THE C GAUGE
We present a complete set of perturbation equations in decomposed forms. We take the spatial C' gauge without
losing any generality; thus we let C =0 = C’c(,").
The definition of dK is
3.
6K =35A+e °AB — —2—C'. (D1)

The energy conservation equation is

o=

E+33(c+m) + (u+p) (384 —0K) + e *AQ = AT - ¥ 4, (zan@)a,a + 511(03,) + [e_" (B""B + B(”)“,ﬁ)
. a . a 1. a
P 8

The scalar part of the momentum conservation equation is

|
. 2 _ 1 1 1
: —s8 - _Z > (v)a _ _—s _ =818 | — - _ _C(t)a .

Q+45Q +e [7r+(u+p)A] A‘L;s,,Q o — € ° (611 + ASTI) — e™°IT2 [A (A+2C> , 20 %

(D3)
The vector part of the momentum conservation equation is
QP +45Q0) — 2375500 , = e AT + e |18 (A4 2C) + <1} (A+iC g (D4
o Sda’ — A S8 Ba — € a +e a + 2 5 A B 2 . )
] ) e

The Raychaudhuri equation is
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SK + 250K + |e A — 38 —4nG (n+3p) + A+ Y 84| A— e "AB — 4nG (¢ + 3)

=27 B+ 5,61, (D5)

[e 4

The energy constraint equation is

167Ge + 430K —2) $2A+e " AB+ 272 AC =2¢°) 5,BM* - 3,000, (D6)
[

(o4 o

The scalar part of the momentum constraint equation is

81Ge*Q + = (6K — e *AB) + ZAA (A — gc) = %Z 50D, (D7)

The vector part of the momentum constraint equation is

A 3
s (v e ? (v) — _ 2 _ & )8
8rGe’ QYY) — 2 ABS (sa+ ~——2A) (A 20) . Eﬂ $8C"75 - (D8)
The trace-free ADM propagation equation is
G0 4 [35 +2 (80 — éﬁ)]é("‘; — e AC®e,
__9& S A : —2s | 1 |l 1 @
= 2305 (6K + A —334) + e [2 (A - EJB‘AA) +cl - EJﬁAC]
—ala(Bl% — LsenB) +4s (B, - Ls5aB) - 265AB — 2 (5. + 45) B
+e 5—§ﬂ + 4s ﬁ—fiB 3ﬁ (sa sg 8

et [BEhy + B 425 (BY™ + BO ) — 2 (52 B0 + 358 5]

+167G | SGOTL + 8T1'%5 + 6TV 5 + 6111 + 6119
—(C —24)115 — 127, (D9)
The scalar part of the trace-free ADM propagation equation is
. A 3 3 . 8 .. a
B+ (23 + ) B+e (A + C) ' (6K +A- 3sA) =3 |- 4B+ BX 3 sadpCMYP
o a,B

e® _ 1
B lex
——127er [51'1 + ASII — ,—A_Ha (C —24) ﬂ:l .
(D10)

The vector part of the trace-free ADM propagation equation is
. A 2 e® A .
(v) . a (v) _ 4 . (v)B __¢ . 2 R Y
By + (23 + A) B : Eﬁ:saB Ba = A{ <2sa + A) (6K+A 354 —e ‘AB)’Q

-2 Z égc(t)ﬁ + = Z sﬂs C( )ﬂ|"/ .
B ﬂ.*f

+167G [AJHS;’) -5 (C —24) 4

+x 1 2 (C - 24)",, - n/jc(‘)z,,ﬁ] } (D11)
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The tensor part of the trace-free ADM propagation equation is

o2 [33 +2(6e— 8 ﬂ)] s, %Z s, (C(t)v| + W ) _
vy

l>|

- (293—%)53(5K+A-35A)—%

1 ()6 a a (V16 4
Zs (KC}.,;;-F(SL.;C s v) T A

-2 ()

e “°AC 8

§ :S-y (sa _ -é-y) C(t)?‘yhﬁ
~

C L A RN
2(sa+sﬁ)+ﬁ] (6K + 4 - 334) )

v)a . A a v @ a v
—e [2 (6B 5 + sB3) + 3 (B};”'“ +B™?,) + 2237 ( B® =, — §5B )7,,)}

+167rG{5n“)°;, -

s (361 + ASID)', + 6ﬂ (36T1 + ASTI)

1 « a
—(C—24)T5 + ~ [(c —24),, TIS + (C - 24)! 711;,]

1
2A’7

For a system of a multicomponent we supplement
Egs. (44) and (E13)-(E15).

APPENDIX E: MULTICOMPONENT SYSTEM
1. ADM equations

In the following we derive the energy and the momen-
tum conservation equations for the individual component
using the ADM notation (see Appendix A). We can de-
rive the equations directly from Eq. (43). An easier way
is to derive the conservation equation for the individual
component using the covariant formulation (based on the
normal frame vector), then to derive the equations using
the ADM notation from the covariant equations. For the
covariant formulation of the Einstein gravity, see [15] and
the Appendix of [13]. The ith component of the energy-
momentum tensor for a general imperfect fluid in the
normal frame (n,) is

T(:)ab = K(i)Tams + (P(i) + 7)) Pab
+9(:)a™b + q(i)pTa + T(i)ab, (E1)

where g(;)a and 7(;)q; are the energy flux vector and the
anisotropic pressure of the ith component; ;) is an en-
tropic part of the isotropic pressure and differs from the
definitions in Egs. (4) and (44). From Egs. (46) and (47)
we can derive

Qi) = fua) + () +pw) 0+ 90’5 + 4@a0” + T Tabs
(E2)

[ (C —24)",% + 83 (C - 24)", ] —nzc®, + n’ (c@=P,+ cfle?) }

(D12)

Foa = (i) +P) ta + P (P(i).b + Tiybie + é(i)b)
20Pus ) ¢
+ | 0as + 30%ab ) 9(:)- (E3)
We used the kinematic quantities
0= n®

ya?

N b
A= Mg = Ngq;pN ,

— d
Oab= Ptbe Ne;d — 9Pab Na;b + agnyp, (E4)
where 6, a,, and o, are the volume expansion scalar

(trace of the expansion tensor 6,;, = P P 5y e .d), accel-

eration vector, and shear tensor (trace—ﬁ‘ee part of the
expansion tensor) of the normal frame vector, respec-
tively. The rotation of the normal frame vector vanishes,
wep(ne) = P[‘;Pﬁnc;d = 0. In Eqgs. (E2)-(E4) an over-
dot denotes the covariant derivative following the frame
vector; [t = p,an®, etc.

In terms of the ADM notation, the fluid quantities
become

E =y,
Jo = qa,
S = 3p,
Sap = Tap, (E5)
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and are similar for the individual component. The kine- 1 NB NP oo
matic quantities can be expressed using the ADM nota- J(i)a,()ﬁ - J(i)a|ﬁ_J‘V— - J(i)ﬁ—N‘— — KJ(i)a
tion

1 No 1
+ (E(i> + gsm) 7 350

0 = —K,
aff __ 7ge7¢
o -K _ _ gN _
’ B BB _ .
o +S(i)a|ﬂ + S(i)a—— = F(,)a. (ES)
> =N (E6) The vertical bar in Eqgs. (E6)—(E8) indicates the covariant

derivative based on ho,g. We introduced

Qi = Qs Fja = Flias (E9)

Oa __ — 0 3 —
and 0% = 0 = a”. Thus we can derive where F(i)a is based on hag.

1 N© 1 2. Perturbed equations
Ewoxn —EGpeap — (Eu) + gs(i)) K

In the following we present the perturbed set of equa-
tions which can be used to treat a system of many com-
ponents. From Egs. (E7) and (E8) we can derive the

N, GoB 7 d th t ti tions i
a I — goB Ras = Q) (ET) energy an e momentum conservation equations in a

e +2 perturbed Bianchi type-I model:

. . 1, o & :
{#(i) +35 () + ) + 5 Vel — Q(i)} +e6) + (ke +Pe) (334 - 0K) 438 (e + (i) + €' Qi) a
T (mag 90O ) % (e~ Bo g — ~Cup ) — 6Qus) — QiyA = 0 (E10)
2728 06 @v) " Mo B~ 5 @7 ==

s [/ . 1
e (Q(z’)a + 4SQ<i>a) + (a0 + (6 +PE) Aa + L0 5 + T 0 (A,ﬂ + 203 s Cg,‘y) = 303,y ~ Fya =0,
(E11)
where for Q(i), 0Qi), and F(;),, see Eqgs. (48) and (49); F(;)q is based on v,5. Equations (E10) and (E11) can be
supplemented to equations in Appendix B 2.
To the background order, from Eq. (E10) we have

fuiy + 35 (e +P)) Z all(% + Q). (E12)

The perturbed parts of Egs. (E10) and (E11) can be decomposed using Egs. (44) and (12). In the C gauge, using s,
we have

€w) + (@) +pw) B84 —0K) + 35 (i) + (i) + e °AQ

= %A&I_'I(i) - b (25HE:))a|a + 5H§32) +C Y salls

o

+115 |~ (Baag + BUY) + 22 ¥ - 2¢B| +6Qu + Qu4, (E13)
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4]

*(Qw +45Q@) + (ko) +p@) A + )

_ 1 1
_ ap )
= _2¢ § :saQ(z) ' — OTl(s) — AdTL;) — TS [— (A + -2-0) - 5Caﬂ] +F), (El4)

L)

e Qﬁ?))a + 45QE:))0 -

where for F ;) and FE:'))& see Eq. (49). Equations (E13)—
(E15) can be supplemented to equations in Appendix D.

APPENDIX F: CASES OF THE WAVE
PROPAGATION

We take three principal axes of the background
anisotropy as &', #2, and #3. The wave propagation vec-
tor k can be in arbitrary direction. Depending on the
alignment of k relative to the principal axes we can con-
sider three situations: (i) k is directed along one principal

axis as ko = (0,0, k3); (ii) k is in a plane of two principal
axes as ko = (0, k2, k3); (iii) k is in arbitrary direction
as ko = (ki1,k2,k3). The transverse condition for the

vector-type variable, and the transverse and trace-free
conditions for a tensor-type variable leave two indepen-
dent components for each of the vector mode and the
tensor mode; see Eq.(13). We can take Qg") and Q(u)

and C(t)l1 and C'(t)l2 as characterizing the vector mode
and the tensor mode, respectively. The two polariza-
tion states of the gravitational wave are characterized by
C’(t)1 nd C (t)l . According to the direction of the wave
propagatlon the other components can be expressed in

terms of these components.
(i) In the ko, = (0,0, k3) case,

M=o, (F1)
o2 _ _on
C(t)z — ')’ "Y IC( n o _ 6*2(52—51)0(”12,

and 0, otherw1se. (F2)

(ii) In the ko = (0, k2, k3) case,

k2 . K2,
:(;:) — _E gv), Q( )3 _E g )’ (F3)
k3k k2K
C(t)22 — _NTRs Hn C,(t)a — _8k2 S
k-k v k-k L
3 _ K32 ()1 ®2 _ k2ks (e
Ry T E O

2 . )8 _ (v)
A zﬁ: $6Q0) pa | = —A0G, —

1 1 1 By | p®)
(A+§C) Mg+ 5 <A+§C) e O T F )0

(E15)
r
k2
t)1
C( )3 _ _F;—C(t)lz’
k2
C(t)31 = -1 Fc(t)z,
3
Cc®? = 4y,422CY, (F4)
(iii) In the ko = (k1, k2, k3) case,
v 1 v v
0 =L (v + ).
1 v v
QW1 = -~ (k" + #%Q{”) (F5)
3

Cr(t)31 — 733711C(t)13,
CW% = 437503,
C(t)Z1 = 422y, C(t)1

C(t)i (C(t)l +C(t)2)
1
C(t)la = (C(t)llkl + C(t)12k2) ,
t)2 _ 1 1 3\ ~(8)1
C 2 —m[(klk +k3k )C 1
+2k; k2C L),
Cv(t)2 _ 1

- 2 1 3\ ~(t)1
37 K3 (k2k? + ksk?) [k (kak? + ksk?) O

k
+—L (kak? — k3k®) c(t);} . (F6)
2

APPENDIX G: FLRW LIMIT

We consider a limit where the shear terms are negligi-
ble. From Egs. (10) and (14), we have

$a 20, A0, I,e=0, ASIl=-36II. (G1)
Equations in Appendix D become
5K =33A+eAB- 3¢, (G2)
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E+35(e+m) + (u+p) (34— 6K) +e*AQ =0, (G3)

Q+45Q +e* [7r +(u+p) A] = 2¢™%411, (G4)
QW +45QY = —e AT, (G5)
6K + 280K + [e7> A — 352 — 4nG (u + 3p) + A] A
—4nG (e + 37w) = 0, (G6)
16wGe + 450K + 2e 2*AC = 0, (G7)
8nGe’Q + g (5K - e_’AB) =0, (G8)
8rGe* QLY — %e“ABS’) =0, (G9)
B+2B+e" (A + %C) = 247rG—eA—6II, (G10)
B 4+ 23B( = —16xGe®STIY), (G11)
CW% +35C95 — e~ 2ACHS = 1676617, (G12)

1. Correspondence with FLRW notation

In the following we show the relation between our per-
turbation variables in the FLRW limit and the ones used
in [12,7]. For metric variables we have

A=a, B=-f8, BY =_-BWy®)
C = 20,

C =27,
1
Cc(zv) = _EH'g‘v)Ya(v),
t )y (
) — 2HPYY),
0K =k, x=a(B+ay). (G13)

For fluid variables we have

e =dp, m=dp,
Q=-v= _ipf(s)y@), Q) = %pf(v)ycgv),

1A 1 (o) (s

1

511((;’) = —ﬁpwg’)YOE”), (5115:23 = pﬂ'g)YoEZ). (G14)
Y’s are the harmonic functions introduced in Secs. 2.1.1,
5.1, and 5.2 of [7]. From Eq. (14) we have ASII = —3411.
Since we take the normal frame (u, = n,) where n, =0,
we have v + k8 = 0 and v(*) — B(*) = 0 (see above Eq.
(8) of [7]). Thus, ¥ = ¥ and v, = 0 (see Eq. (8) and
below Eq. (98) of [7]).

The C gauge condition corresponds to taking y =0 =
H}v). In this case we have 8 = x/a, thus B = —x/a. Us-
ing the above FLRW notation, Egs. (G2)-(G12) reduce
to the FLRW ones in Egs. (22)-(28), (98), and (102) of

[7].
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2. Background evolution

We are considering a flat FLRW model with constant
w and A = 0. From Egs. (7) and (9) we have

887G
o= —3(1+w)sp, .§2=l3— . (G15)
The solution is
a o t3FD o pTEEe (G16)

In perturbation analysis we need a ratio between the scale
and the horizon scale, k/(as) = H™1/(a/k) ~ lg/lx. Tt
is convenient to introduce

(as)? as ty
143w
a
=—[|— G17
(aH) > (G
where we define A = —1 at t = ty; this relation deter-
mines tg. Using 7 we have
k 143w
= = kng. G18
oy 5 knm (G18)
8H

3. Scalar perturbations in the comoving gauge

In the comoving gauge we let Q = 0. We consider an
ideal fluid system; thus, 6II = 0. From Egs. (G3-G6) we
can derive

8+ (2 — 3w)sé — [4nGu(l — w)(1 + 3w) + we 2°A] &

=0, (G19)

where § = du/p. This equation can be transformed into
a spherical Bessel equation. The solution is

§ = gii¥a [d1 Joa (@) +dan_a_ (:1:)] : (G20)
where [using Egs. [G16) and (G18)]
= - o L )
m_\/t_ukn_ﬂ1+3wnH—J1—ul+3we z .
(G21)

dy(k) and dz(k) are the integration constants. In the
large scale limit (z < 1), we have
8 o a1+3w’ a—%(l—w) o tzatls-sf)) , t_ﬁ. (G22)

In the radiation dominated era (w = 1) we have
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PR [dl (sinzz B cosm) td, (_coszw B sinm)} .
T z T x

(G23)

4. Gravitational wave

The evolution of the gravitational wave is described by
Eq. (G12). In an ideal fluid case, using G C(t)(; we
have

G 435G — e *AG = 0. (G24)

This equation can be transformed into a spherical Bessel
equation. The solution is

_1-3w .
G =gz 15w [.91]‘;;3: (%) + gan1sw (z)] ) (G25)

1987

where [using Egs. (G16) and (G18)]

2 n 2
14+ 3wnu T 143w

= -

e (G26)

z=kn=

g1(k) and g2(k) are the integration constants. In the
large scale limit we have

G  const, a~2(1~®), (G27)
In the radiation-dominated era (w = 1) we have
sinx coszx
G=g —92— (G28)
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