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Abstract: This article provides a comparison of the gauge-invariant formulation for / = 0, 1-mode
perturbations on the Schwarzschild background spacetime, proposed by the same author in 2021,
and a “conventional complete gauge-fixing approach” where the spherical harmonic functions Yj,,
as the scalar harmonics are used from the starting point. Although it is often stated that “gauge-
invariant formulations in general-relativistic perturbations are equivalent to complete gauge-fixing
approaches”, we conclude that, as a result of this comparison, the derived solutions through the
proposed gauge-invariant formulation and those through a “conventional complete gauge-fixing
approach” are different. It is pointed out that there is a case where the boundary conditions and
initial conditions are restricted in a conventional complete gauge-fixing approach.
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1. Introduction

Through ground-based gravitational-wave detectors [1-4], many events of gravita-
tional waves—mainly from black hole-black hole coalescences—have now been detected.
We have reached a stage where there is no doubt about the existence of gravitational waves
due to direct observations. One future direction of gravitational-wave astronomy will
focus on achieving “precise science” through the statistics of numerous events. To further
develop gravitational-wave science, projects focused on future ground-based gravitational-
wave detectors [5,6] are also progressing towards creating more sensitive detectors. Some
projects discussing space gravitational-wave antenna are also progressing [7-10]. Among
the various targets for these detectors, the extreme mass ratio inspirals (EMRI), which pro-
duce gravitational waves from the motion of a stellar mass object around a supermassive
black hole, are promising targets of the Laser Interferometer Space Antenna [7]. Since the
mass ratio of this EMRI is very small, we can describe the gravitational waves from EMRIs
through black hole perturbations [11]. Furthermore, the sophistication of higher-order
black hole perturbation theories is required to support gravitational-wave physics as a
precise science. The motivation of our previous series of papers, refs. [12-16], as well as this
current paper, lies in enhancing the theoretical sophistication of black hole perturbation
theories toward higher-order perturbations.

Realistic black holes have angular momentum, which requires us to apply the per-
turbation theory of a Kerr black hole for direct analyses related to the EMRI. However,
we may say that further sophistication is possible, even in perturbation theories on the
Schwarzschild background spacetime. Starting with the pioneering works by Regge and
Wheeler [17] and Zerilli [18,19], there have been many studies on the perturbations in
the Schwarzschild background spacetime [20-32]. In these works, perturbations are de-
composed through the spherical harmonics Y}, because of the spherical symmetry of the
background spacetime, and I = 0,1 modes should be separately treated. These modes
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correspond to the monopole and dipole perturbations. These separate treatments make
“gauge-invariant” treatments for / = 0 and ! = 1 modes unclear.

Due to this situation, in our previous papers [12-16], we proposed a strategy of the
gauge-invariant treatments of these I = 0, 1-mode perturbations. This strategy is outlined as
Proposal 1 in Section 2 of this paper below. One of the key premises of our gauge-invariant
perturbations is the distinction between the first-kind gauge and the second-kind gauge. The
first-kind gauge is essentially the choice of the coordinate system on the single manifold, and
we often use this first-kind gauge when we predict or interpret the measurement results of
experiments and observations. On the other hand, the second-kind gauge is the choice of the
point identifications between the points on the physical spacetime . and the background
spacetime .. This second-kind gauge has nothing to do with our physical spacetime .Z.
Although this difference is extensively explained in a previous paper [14], we also emphasize
this difference in Section 2 of this paper. The proposal in the previous paper [14] is part of
our development of the general formulations of a higher-order gauge-invariant perturbation
theory on a generic background spacetime that is aimed toward unambiguous sophisticated
nonlinear general-relativistic perturbation theories [33-38]. While we have applied this
general framework to cosmological perturbations [39-41], we also applied it to black hole
perturbations in our series of previous papers (i.e., refs. [12-16]), and in this paper. Even in the
context of cosmological perturbation theories, the same problem as the above | = 0, 1-mode
problem exists in gauge-invariant treatments of homogeneous modes of perturbations. In this
sense, we can expect that the proposal in the previous paper [14] will be a clue to the same
problem in gauge-invariant perturbation theory on the generic background spacetime.

In the previous paper [14], we also derived linearized Einstein equations in a gauge-
invariant manner, following Proposal 1. Perturbations on the spherically symmetric back-
ground spacetime are classified into even- and odd-mode perturbations. In the same
paper [14], we also provided a strategy to solve the odd-mode perturbations, including
| = 0,1 modes. Furthermore, we also derived the formal solutions for the = 0,1 odd-mode
perturbations to the linearized Einstein equations, following Proposal 1. In another pa-
per [15], we develop a strategy for solving the even-mode perturbations, including I = 0, 1
modes, and derived the formal solutions for the I = 0,1 even-mode perturbations, also
based on Proposal 1. In a further paper [16], we found the fact that the derived solutions
in [15] realized the linearized version of two exact solutions: the Lemaitre-Tolman—-Bondi
(LTB) solution [42] and the non-rotating C-metric [43,44]. This finding leads us to conclude
that the solutions for even-mode perturbations derived in [15] are physically reasonable.
This series of previous papers is the full version of our short paper, ref. [12]. Furthermore,
brief discussions on the extension to the higher-order perturbations are given in [13].

On the other hand, it is well known that we cannot construct gauge-invariant variables
for I = 0,1 modes in the same manner as we do for [ > 2 modes if we decompose the
metric perturbations through the spherical harmonics as the scalar harmonics from the
starting point. For this reason, we usually use gauge-fixing approaches. Furthermore, it
is often said that “gauge-invariant formulations in general-relativistic perturbations are
equivalent to complete gauge-fixing approaches”. In this paper, we examine this statement
through a comparison of our proposed gauge-invariant formulation, where we introduce
singular harmonics at once, and then regularize them after the derivation of the mode-by-
mode Einstein equation, with a “conventional complete gauge-fixing approach”, where the
spherical harmonic functions Y}, as the scalar harmonics are used from the starting point.
As a result of this comparison, we conclude that our gauge-invariant formulation and the
above “conventional complete gauge-fixing approach” are different, although these two
formulations lead to similar solutions for | = 0, 1-mode perturbations. More specifically,
there is a case where the boundary conditions and initial conditions are restricted in a
“conventional complete gauge-fixing approach” where the decomposition of the metric
perturbation by the spherical harmonics Y}, is used from the starting point.

The organization of this paper is as follows. In Section 2, we briefly review the premise
of our series of papers [12-16], which are necessary for the ingredients of this paper. We
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also emphasize the difference between the concepts of the first- and second-kind gauges,
and summarize the linearized Einstein equations for | = 0,1 modes, and their formal
solutions, in Section 2. In Section 3, we specify the rule of our comparison between our
gauge-invariant formulation and a conventional gauge-fixing approach, and summarize
the gauge-transformation rules for the metric perturbations of I = 0,1 modes, because the
above statement “gauge-invariant formulations in general-relativistic perturbations are
equivalent to complete gauge-fixing approaches” includes some ambiguity. In Section 4,
we discuss the linearized Einstein equations for / = 1 odd-modes and their solutions in
the conventional gauge-fixing approach. In Section 5, we discuss the linearized Einstein
equations for | = 1 even-modes and their solutions in the conventional gauge-fixing
approach. In Section 6, we derive the solution to the linearized Einstein equations for I = 0
modes through the complete gauge-fixing, and discuss the comparison with the linearized
LTB solution. Section 7 is devoted to a summary of this paper and discussions based on
our results.

We use the notation used in the previous papers [12-16], and the unit G = ¢ = 1,
where G is Newton'’s constant of gravitation and c is the velocity of light.

2. Brief Review of a Gauge-Invariant Treatment of [ = 0, 1 Modes

In this section, we briefly review the premises of our series of papers [12-16] that
are essential for the arguments of this paper. In Section 2.1, we introduce our framework
of the gauge-invariant perturbation theory [33,34]. This framework is an crucial for our
series of papers [12-16] and the current paper. Section 2.2 reviews the gauge-invariant
perturbation theory on spherically symmetric spacetimes, which includes our proposal in
refs. [12-16]. In Section 2.3, we summarize the linearized Einstein equations for I = 1 odd
modes, and provide their “formal” solutions. Finally, in Section 2.4, we summarize the
linearized Einstein equations for = 0,1 even modes with their “formal” solutions. The
equations and their solutions in Sections 2.3 and 2.4 are derived based on our proposal in
refs. [12-16]. These are necessary for the arguments presented in this paper.

2.1. General Framework of Gauge-Invariant Perturbation Theory

In any perturbation theory, we always consider two distinct spacetime manifolds. One
is the physical spacetime (.2, §4v), which is identified with our nature itself, and we want
to describe this spacetime (.7, §up) by perturbations. The other is the background space-
time (.#, g,p,), which is prepared as a reference by hand. Furthermore, in any perturbation

theory, we always write equations for the perturbation of the variable Q as follows:

Q(“p”) = Qo(p) +6Q(p). (1)

In this equation, Q(“p”) in the left-hand side of Equation (1) is a variable on the physi-
cal spacetime .#c = ./, whereas Qo(p) and 6Q(p) in the right-hand side of Equation (1)
are variables on the background spacetime ./#. Because we regard Equation (1) as a field
equation, Equation (1) includes an implicit assumption of the existence of a point identi-
fication map Z¢ : M — Me:p € M — “p” € Mc. This identification map is a “gauge
choice” in general-relativistic perturbation theories. This is the notion of the “second-kind
gauge” pointed out by Sachs [45-48]. Note that this second-kind gauge is a different notion
from the degree of freedom of the coordinate transformation on a single manifold, which is
called the “first-kind gauge” [14,39]. This distinction between the first- and the second-kind
gauges was extensively explained in [14], and is also crucial for the understanding of the
ingredients in this paper.

To compare the variable Q on .# with its background value Qg on .#, we use the
pull-back Z* of the identification map Z¢ : # — .#., and we evaluate the pulled-back
variable Z.*Q on the background spacetime .#. Furthermore, in perturbation theories,
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we expand the pull-back operation Z_* to the variable Q with respect to the infinitesimal
parameter € for the perturbation as follows:

27Q= Qo+ ) Q+0(e). @)

Equation (2) is evaluated on the background spacetime .#. When we have two
different gauge choices, Z¢ and %, we can consider the “gauge-transformation”, which
is the change in the point-identification Z. — %. This gauge-transformation is given
by the diffeomorphism @ := (2;) ' o % : .#4 — .#. Actually, the diffeomorphism
@, induces a pull-back from the representation Z_.Q. to the representation #.*Q., as
YQe(q) = PEZ7Qc(g) at any point g € .#. From general arguments of the Taylor
expansion [49-51], the pull-back &} is expanded as

DQe(q) = 27Qe(q) + ety 27Qe(q) +O(e2), )

where {,‘E’l) is the generator of ®.. From Equations (2) and (3), the gauge-transformation for

the first-order perturbation (V' Q is given by

Q@) — o) = £, Q) (4)

at any point g € .#. We also employ the “order by order gauge invariance” as a concept
of gauge invariance [33,34]. We call the kth-order perturbation (QQ gauge-invariant if and
only if

k k

Mo = Yo (5)
for any gauge choice Z¢ and %; at any pointof g € .#.

Based on the above setup, we proposed a formulation to construct gauge-invariant

variables of higher-order perturbations [33,34]. First, we expand the metric on the physical

spacetime .#., which has been pulled back to the background spacetime .# through a
gauge choice, Z¢, as follows:

238 = Qap+eaha +O(€2). (6)

Although the expression (6) depends entirely on the gauge choice Z¢, henceforth, we do
not explicitly express the index of the gauge choice Z¢ in the expression if there is no risk of
confusion. A key premise of our formulation of higher-order gauge-invariant perturbation
theory was the following conjecture [33,34] for the linear metric perturbation /1,,.

Conjecture 1. If the gauge-transformation rule for a perturbative pulled-back tensor field hy, from
the physical spacetime M to the background spacetime ./ is given by ghy, — ahgy = £¢ 1 8ab
with the background metric g,y, then there exists a tensor field F,;, and a vector field Y*, such that
hap is decomposed as hay, =: Fap + £y Qap, Where F oy, and Y* are transformed as o.F 5 — 9-Fap
=0and gY* — 2Y* = C’(ll) under the gauge-transformation, respectively.

We call #,;, and Y*? the “gauge-invariant” and “gauge-dependent” parts of h,j, respec-
tively.

The proof of Conjecture 1 is highly nontrivial [35-37], and it was found that the gauge-
invariant variables are essentially non-local. Despite this non-triviality, once we accept

Conjecture 1, we can decompose the linear perturbation of an arbitrary tensor field (Elf)Q'
whose gauge-transformation is given by Equation (4), through the gauge-dependent part
Y, of the metric perturbation in Conjecture 1, as

0o=024+z,,Q, 7)
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where (1.2 is the gauge-invariant part of the perturbation (%)Q As examples, the linearized

Einstein tensor gf) G," and the linear perturbation of the energy-momentum tensor %) T,?

are also decomposed as follows:

1 1
S%)Gab _ (1)ga b[ﬁ] +£%YGab, S%)Tab —_ (1)% b +£3(YT11 b/ (8)
where G,; and Ty, are the background values of the Einstein tensor and the energy-
momentum tensor, respectively [34,41]. Through the background Einstein equation
Gab =8nT, b the linearized Einstein equation %)Gab = 87{((91//)Tub is automatically given in
the gauge-invariant form

Wy, b7] =87V, 7, ¢), )

even if the background Einstein equation is nontrivial. Here, “¢” in Equation (9) symboli-
cally represents the matter degree of freedom.

Finally, we comment on the coordinate transformation induced by the
gauge-transformation ®. of the second kind [12,39]. To see this, we introduce the co-
ordinate system {O,, i, } on the background spacetime .#, where O, are open sets on
the background spacetime and 1, are diffeomorphisms from O, to R* (4 = dim .#). The
coordinate system {O,, 5} is the set of collections of the pair of open sets O, and dif-
feomorphism ¢, : O, — R*. If we employ a gauge choice Z; of the second kind, we
have the correspondence of the physical spacetime .#. and the background spacetime .Z.
Together with the coordinate system ¢, on .#, this correspondence Z¢ between .#Z. and
A induces the coordinate system on .#.. Actually, %(OQ) for each « is an open set of
M. Then, P, o 2.1 becomes a diffeomorphism from an open set 2(0y) C .. to R*.
This diffeomorphism 1, o 2.~ ! induces a coordinate system of an open set on .#.. When
we have two different gauge choices, Z¢ and %, of the second kind, ¢, o 3&”6*1 Y Me
R* ({x#}) and ¢, 0 21 : e — R* ({y*}) become different coordinate systems on ..
We can also consider the coordinate transformation from the coordinate system ¢, o 2.1
to another coordinate system 1, o %, !. Because the gauge-transformation 2z — % is
induced by the diffeomorphism &, := (%)—1 o %, this diffeomorphism @, induces the
coordinate transformation as

v"(q) = x"(p) = ((@1)"x") (@), (10)

in the passive point of view [33,49], where p, g € .# are identified to the same point

p" € M. by the gauge choices Z. and %, respectively. If we represent this coordinate
transformation in terms of the Taylor expansion (3), we have the coordinate transformation

y'(q) = ¥ (q) — eCly)(9) + O(?). (11)

We should emphasize that the coordinate transformation (11) is not the starting point
of the gauge-transformation, but a result of the above framework.

On the other hand, we may consider the point replacement by the one-parameter
diffeomorphism s = ¥, (r), where s, 7 € .# and A is an infinitesimal parameter satisfying
¥)—o(r) = r. The pull-back ¥} of any tensor field Q on .# is given by

Q(s) = Q(Ya(r)) = (¥1)Q(r)
= Q(r) + A £Q|,_,(r) +O(A?), (12)

where (“ is the generator of the pull-back ¥?}. Equation (12) is just the formula of the Taylor
expansion on the manifold .# without using any coordinate system. At the same time,
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Equation (12) is the definition of the Lie derivative £; and its generator {”. In the literature,
this formula is derived from the coordinate transformation

y(s) := 2" (r) + AZH(r) + O(A?), (13)

as explained in [14]. The Formula (12) of the Taylor expansion is defined without any
coordinate system; the second term in the right-hand side of Equation (12) represents the
actual difference of the tensor fields Q(s) and Q(r) in the different point s # r and its
physical meaning.

If we consider a formal metric decomposition g,, = (O)gab + Ahgy + O(A?) within .
as an example of the tensor field Q in Equation (12), Formula (12) is given by

Ogap () + Mg (s) = Vgap (r) + A(hab(r) + £ gy

r) +O(A?). (14)

Since the formula of the Taylor expansion (12) is derived from the infinitesimal coordi-
in the right-hand side of

;
Equation (14) is often called “the degree of freedom of the coordinate transformation” and
“unphysical degree of freedom”. However, since the formula (14) is just a re-expression of

nate transformation rule (13) in the literature, the term £§(0) Sab

the Taylor expansion (12) defined without any coordinate system, the term Eg(o) gab‘ in
r

Equation (14) should have its physical meaning. If we insist that the term £§(0) Sab

that
,

appears due to the point replacement on the single manifold is “unphysical”, this directly
leads the statement that “the famous arguments of the Killing vector and the symmetry
of the spacetime are physically meaningless”. Therefore, we have to emphasize that we
“cannot” regard the second term of the right-hand side of Equation (12) as an “unphysical
degree of freedom”.

In our series of papers [12-16] and in this paper, we classify the term £§(O) Sap| inEqua-

;
tion (14) as one of “gauge-degree of freedom of the first kind”. This classification is based
on the fact that this term can be eliminated the infinitesimal coordinate transformation (13)

which operates within the single manifold ... Furthermore, Equation (14) does not imply
that iy, (s) = hyy(r) + Eg(o)gah ; rather, it indicates that (Vg (s) = © g, (r) + /\Eg(o)gab‘
r r

+ O(A?). Moreover, we also have to emphasize that the infinitesimal coordinate transfor-
mation (13) is essentially different from the infinitesimal coordinate transformation (11).
The former represents the replacement of a point within the single manifold .#Z, while
the latter refers to a change in the coordinate label at the same point in the background
spacetime .Z.

2.2. Linear Perturbations on Spherically Symmetric Background Spacetime

Here, we consider the 2+2 formulation of the perturbation of a spherically symmet-
ric background spacetime, which originally proposed by Gerlach and Sengupta [24-27].
Spherically symmetric spacetimes are characterized by the direct product .# = .#; x S?,
and their metric is

Sab = Yab+ 1 Vabs (15)
Yoo = Yap(dx)a(@x®)y,  vap = 1pq(dxP)a(dxT)s, (16)

where x4 = (t,7), x¥ = (6, ¢), and 7y, is the metric on the unit sphere. In the Schwarzschild
spacetime, the metric (15) is given by

Vo = —f(dny+ f AN, f=1- 20, 17)
Yoo = (d6)a(d0)y + sin® 6(d)a(dp)y = 6aby + Puipr, (18)

0, = (d6)s, ¢o=sinb(de),. (19)
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On this background spacetime (.#, g,5), the components of the metric perturbation is
given by

hap = hap(dx™)a(dxP)y + 2k 4, (dx™) ( (dxP ) ) + Tipg (dxP)a (dxT),. (20)

Here, we note that the components h 45, h 4y, and hy, are regarded as components of

scalar, vector, and tensor on S2, respectively. In [14], we showed the linear independence of
the set of harmonic functions

R A 1 IR 1 A oA
{55, DpS(SI equqS(g, E'quS(g, (Dqu - 27!’!7) 55, 2€r(qu) Dr55 }, (21)
where Dp is the covariant derivative associated with the metric vy, on S%, DV = 4Pd ﬁq,

and €y = €[, = 20[,¢,) is the totally antisymmetric tensor on S2. In the set of harmonic
function (21), the scalar harmonic function S; is given by

Yim for 1>2;
So=14 kisgm for I=1 (22)
k(A) fOI‘ l - 0,

are the kernel modes of the derivative operator A and

where functions k( A) and k( A42)m

[A + 2], respectively, and we employ the explicit form of these functions as

1—cosf\ /2
k(A) = 1+(51n<089) , 0€R, (23)
k ~ cosf+0( Leosom it ) ser 2%
(A+2m=0) — €COSO+ CO T cosd 1) €N (24)
i . . 1+ cos6 +ig
k(AJrZ,m::tl) = {SIHG +9 <+2 sinf In m + cot 9) :| e 7. (25)

Then, we consider the mode decomposition of the components {hp,h Ap,hpq}
as follows:

hag=Y_hapSs, (26)
ILm
hap = rz[fz(el) ADySs + iy Aequ)qs(s}, 27)

‘I =7 Z|: ’qu (e0) Ss+ h(ez) <D Dq - *’)’p )S(; + 2]’1(02) r(p Dq)ljrsfg . (28

Since the linear independence of each element of the set of harmonic function (21) is
guaranteed, the one-to-one correspondence between the components {h4p, hap, hpg} and
the mode coefficients {f 45, Fl(el) A ﬁ(ol) A fl(eo), fz(ez), ﬁ(02)} with the decomposition formu-
lae (26)—(28) is guaranteed, including the I = 0,1 mode if 6 # 0. Then, the mode-by-mode
analysis including I = 0,1 is possible when ¢ # 0. However, the mode functions (23)—(25)
are singular if § # 0. When 6 = 0, we have k(A) « Ypo and k(A+2) o« Y1,,, but the linear
dependence of the set of harmonics (21) is lost in this case. Because of this situation, we
proposed the following strategy.

Proposal 1. We decompose the metric perturbation hyy, on the background spacetime with the met-
rics (15)—(18) through Equations (26)—(28), with the harmonic function Sz given by Equation (22).
Then, Equations (26)—(28) become invertible, including | = 0,1 modes. After deriving the mode-by-
mode field equations, such as linearized Einstein equations by using the harmonic functions Ss, we
choose 6 = 0 as the reqular boundary condition for solutions when we solve these field equations.
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As shown in [14], once we accept Proposal 1, Conjecture 1 becomes the following
statement.

Theorem 1. If the gauge-transformation rule for a perturbative pulled-back tensor field hyy to the
background spacetime . is given by ghyy, — ah, = £§(1) Qap with the background metric g,y
with spherically symmetry, then there exist a tensor field %, and a vector field Y*, such that hyy, is
decomposed as hy, =: F,p, + Ly Qap, where Fyp and Y are transformed into o.%,p — 9-Fap =0
and oY" — Y = (:?1) under the gauge transformation, respectively.

Actually, the gauge-dependent variable Y} is given by

Y, = Y YaSs(dx)q + Z(Y(el)f)psa + Y(ol)epqmsé) (dxF)a, (29)
Im I,m
where
. - .
Y, = rh(el)A — EDAh(ez)’ (30)
. 2.
Y(el) = Eh(gz), (31)
Yoy = =l 2

Furthermore, including I = 0,1 modes, the components of the gauge-invariant part
Fp of the metric perturbation h,, is given by

Fag = Y_FapSs, (33)
I,m
EAP = FZﬁAequqS(g, ng\APZO, (34)
I,m
1 -
Fpg = Emﬂzps&, (35)
I,m

where Fyp, F4, and F are given by

Fap = hap—2DsYp), (36)

Fao = hya+rDahy), (37)
_ - 4. s

F o= hyg) - ;YADAr + I (1 +1). (38)

Thus, we have constructed gauge-invariant metric perturbations on the Schwarzschild
background spacetime including / = 0,1 modes.

Furthermore, from Equations (33)—(38) for the gauge-invariant variables Z 45, 7 ),
and .#p;, and gauge-dependent variables Y,, defined by Equations (29)—(32), the original
components {/4p, hap, hpg} of the metric perturbation (26)(28) are given by

hay = Fap +Ey&ap- (39)

This is the assertion of Theorem 1.

The aim of our proposal is to add a greater degree of freedom of the metric pertur-
bations so that the decomposition (39) is guaranteed, even in the case of | = 0,1 modes.
Therefore, it is impossible to reach the final expression (39) if we treat the metric perturba-
tion by using Ss—g = Y}, in the decomposition formulae (26)—(28) from the starting point.
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To see this more specifically, we show an explicit example of the I = 1 odd-mode
perturbation. If we apply our proposal to the decomposition formulae (26)—(28), [ = 1
odd-mode perturbation is given by

=(1=1 A = (1=1 Ao

hyy = Zrhgol)zequqS(,-(dxA)(u (dxp)b) + 21’2]’1502) )er(qu)DVS5(dx”)(u (dxq)b). (40)

If we use S5—¢p = Y}, from the starting point, 2€r(qu)ﬁ’S(5 = 0. So, the mode

(I=1)

(02)
)

variables flgf;)l 4 and fzgz)l) are given by

coefficient /1 does not appear. When ¢ # 0, the gauge-transformation rule of the

pi=1) _ z=1) _ = (1 pi=1) _ z=1) _ 1
??h(anA_%h(ol)ATDA(7€(0)>' M) = 25 *_;5(0)' (41)

where the generator of the gauge-transformation is given by {4 = 0 and &, = r{ (o)epqﬁq Ss.

If we use Ss—g = Y, from the starting point, the gauge-transformation rule for the variable

- (1=1)
o)

to the fact e,(pf)q)f)fsg # 0. Inspecting these gauge-transformation rules, we rewrite
Equation (40) as follows:

does not appear. However, in our case, this gauge-transformation appears due

1)

hab = 2r [(EEZT)A + TDAE(OZ)) - TDAE(OZ)} equq55(dxA)(H(dxp)b>

(1=1)
(02)

= - 1. A

+21’2fl Gr(qu)DrS(s(pr)(u(dxq)b)

1 N ~ A
272 (rZY(OU) €,y D) D" S5(dx?) 4 (dx7),). w

In Equation (42), F4 is the gauge-invariant variable for the metric perturbation, defined
by Equation (37), and Y(ol) is the gauge-dependent part of the metric perturbation, defined
by Equation (32). The terms of Y(ol) in Equation (42) can be written in the form of the Lie
derivative of the background metric, as in Equation (39). When § = 0, Equation (42) is
given by

~ = 1. R
hub = 2r |:FA —T’DA<]/2Y(01)>:|GPquS(S(dxA)(ﬂ(dxp)b). (43)

This is also given in the form (39).
When we construct the gauge-invariant variable F4 in Equations (42) and (43), the
=1
=)
treatment using the spherical harmonics Y}, from the starting point. Actually, in this
conventional case, we cannot define the gauge-invariant variable for | = 1 odd-mode
perturbation in the same manner as I > 2-mode case. Proposal 1 makes the degree of
freedom of the metric perturbations increase. We have to emphasize that we can reach the
decomposition (39) owing to this additional degree of freedom.

To discuss the linearized Einstein Equation (9), and the linear perturbation of the
continuity equation,

existence of the coefficient & = Y(ol) /12 is essential, which does not appear in the

v,z =0 (44)

of the gauge-invariant energy—-momentum tensor (1)%] .= g7, on a vacuum back-
ground spacetime, we consider the mode-decomposition of the gauge-invariant part (1.7,
of the linear perturbation of the energy—momentum tensor through the set (21) of the
harmonics as follows:
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W7y = Y TapSs(dx?)a(dxP), + VZ{T(M)ADP% + T(ol)AGPrDrSJ}z(dxA)(a(dxp)b)
I,m Im
2 ~ 1 ~ A A 1 A Az
+r° Y4 Teo) 579956 + Tiea) | DpDySs = 57pgDrD"Ss
I,m
+T(02)2€r(pbq)ﬁr55} (dxp)u(dxq)b. (45)

In [14], we derived the linearized Einstein equations, discussed the odd-mode pertur-
bation F Ap in Equation (34), and derived the I = 1 odd-mode solutions to these equations.
The Einstein equation for even-mode F43 and F in Equations (33) and (35), also derived
in [14], and I = 0,1 even-mode solutions, are derived in [15]. Since these solutions include
the Kerr parameter perturbation and the Schwarzschild mass parameter perturbation of
the linear order in the vacuum case, these are physically reasonable. Then, we conclude
that our proposal is also physically reasonable. Furthermore, we also checked the fact that
our derived solutions include the linearized LTB solution and non-rotating C-metric with
the Schwarzschild background in [16].

The purpose of this paper is to compare our proposed gauge-invariant treatments for
I = 0,1-mode perturbations on the Schwarzschild background spacetime with conventional
“complete gauge-fixing treatments” in which we use the spherical harmonics Y}, from the
starting point. For this purpose, the linearized Einstein equations for the | = 0, 1-modes
and their solutions based on our proposal are necessary. Therefore, we review them below.

2.3. 1 =1 Odd-Mode Linearized Einstein Equations and Solutions

As derived in [14], the | = 1 odd-mode part in the linearized Einstein equations are
simplified as the constraint equation

Dp(rEP) =0, (46)
and the evolution equation
- |DPD0 — 3| 4Fa) = Z(DPr)(Dar) o) + 2(D°nDA(rF)
= 167T (1), (47)

where we choose T(oz) = 0 by hand. Furthermore, we have the continuity equation

_ - 3 - -
DT ()¢ + ;(DDV) (o1yp =0 (43)

for the I = 1 odd-mode matter perturbation, which is derived from the divergence of the
first-order perturbation of the energy-momentum tensor.

We also note that the constraint (46) comes from the traceless part of the (g, p)-
component of the Einstein Equation (9), which is the coefficient of the mode function
26,(pqu)15p55. If § = 0, i.e., the scalar harmonics Ss are the spherical harmonics Y},
Zer(pqu) DPSs = 0 for I = 1. Therefore, Constraint (46) does not appear when we use the
spherical harmonics Y, from the starting point.

The explicit strategy to solve these odd-mode perturbations and ! = 0,1 mode solu-
tions was discussed in [14]. As a result, we obtained the [ = 1 odd-mode “formal” solution
as follows:

t
2.7 4 (dx) (4 (dxP )y = 6Mr? [ / dr”l(r[)] sin” 0(dt) ,(dp)y) + Lv&as, (49

Va = (Bat + Bo+ Wiy (1,7) ) sin® 6(dp)s, (50)
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where
1671
Ll1(t,1’) = 3f/dtTol +a

167‘[ l
= /d7’1’3 (ol)t + a1p. (51)

The constant a1 in Equation (51) corresponds to the Kerr parameter. Furthermore,
the function W(,) (¢, r) in Equation (50) is related to the solution to the / = 1-mode Regge-
Wheeler equation

1 N
97 Z(o) — fr(f0rZ(y)) + 2fH+1) =30 - f]Z) = 167fT o1, (52)

where Z,) = rfd,W(,). We have to solve Equation (52) to obtain the function W, (t,7). In
this sense, the solution (50) should be regarded as the “formal” one.

2.4.1 = 0,1 Even-Mode Linearized Einstein Equations and Solutions

The I = 0,1 even-mode part of the linearized Einstein Equation (9) is summarized
as follows:

U
g

SP o=, (53)

DPF,4p

'"'11
I

D 167T7T(€1)A, (54)

I\JM—‘

where the variable [ 45 is the traceless part of the variable F4p, defined by
~ - 1 = C
Fap = Fap — 5yaskc (55)

and we choose the component of the energy-momentum tensor by hand, so that T(e2) =0.
Owing to the same choice T(eZ) = 0, we also have the evolution equations

<DDDD +2(0Pr)Dp - HM) E— 2 (Der) (Dpr)FP=167S 1), (56)

72 r2
Sy = TcC +4(DDr)T(21), (57)
{—DDDD 2(DDr)DD ;L(DDDDr) + l(’;”}mlg
4, o 2

+(D7r)D(aFp)p — ~(D(ar)Dp)k

= ].67TS(IF)AB, (58)
3 1 - ¢ L 1 p -

Swas = Tap—3yasTc™ =2( Dia(rTienp)) — 5v48D" (rTeer)p)
+2y48(Dr) Terycs (59)

for the variable F and the traceless variable F 45 with | = 0,1. We also have to take into
account the even-mode part of the continuity equation as follows:

_ - 1 - _
(DPr)TH8 - ;l(l + 1)T(Bel) — ;(DBr) ) =0, (60)
_ 1 .
(D) (ec T 5, Teo) =0, (61)

forl =0,1.
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We also note that the constraint (53) comes from the traceless part of the (g, p)-
component of the Einstein tensor (9), which is the coefficient of the mode function

(Dqu — %’quDrD,) Ss. If 6 = 0, i.e., the scalar harmonics S; is the spherical harmon-
ics Yy, <ﬁqu — %’yqu)’f),> Ss = 0 for | = 1. Therefore, the constraint (53) does not
appear when we use the spherical harmonics Y}, from the starting point.

2.4.1. 1 = 1 Even-Mode Solution

In [15], we derived the I = 1 solution to Equations (53), (54), (56), (58), (60) and (61)
with [ = 1. For the m = 0 mode, in [15], we derived the following “formal” solution to the
linearized Einstein equation:

167 1+ f - . . 8
Fap = £v8ab— 3(1 irf) [fz{ 5 fTrr +1f0rTrr — Tiep) — 4T(el)r} (dt)a(dt)y
_I_

2rf
412 ~tt')’ab} cos 6, (62)
where the vector field V; is given by
Vo = —19¢P(,)cosb(dt), + (CD(E) - r8,d>(e)) cos 0(dr)a — r®(,) sin0(d0),.  (63)

Here, the variable CID(E) is a solution to the | = 1 Zerilli equation,
2 fa-1)
~RP) + 13| | - B ey
47y ~ - N
= 5o [3(1=3)Tst + (1 + ) 2Ty — 20f0, Ti
+2rf29, Ty — 22T 00) — 8f° T(el),} . (64)
If we obtain the solution to the I = 1 Zerilli Equation (64), we can write the explicit

form of the solution (62) through the generator V,, defined by Equation (63). In this sense,
we have to regard the solution (62) as a “formal” one.

2.4.2. 1 = 0 Even-Mode Solution

On the other hand, for the | = 0-mode, we may choose T(el )ya = 0in Equations (53),
(54), (56)—(61) with I = 0. Then, we derived the I = 0-mode solution

Ty = f(Ml + 4 / dr:rtht> ((dt)a(dt)a + flz(dr)ﬂ(dr)ﬂ)
+2 [47tr/dt(}ﬂt —l—fTrr)] (@) (2 (dr)p) + £v gaps (65)

where

fv ., 1f E(r 1
V, = ( Y + arY—( 3f +f/d 13f)>(dt)a+4frat\((dr)a. (66)
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Here, the variable F =: 9;Y must satisfy the equation

1o 31-f), 8 4
PR (frY) + T - /dtml(t, )~ 15 )
= 16n/dt(}ﬁt +fT,,), (67)
where my (t,7) is given by
r? . N
(b 7) = 47r/dr7Ttt + M = 47T/dtr2thr M, (68)

where M; is the constant corresponding to the Schwarzschild mass perturbation, and E(r)
is an arbitrary function of r.

3. Rule of Comparison and Gauge-Transformation Rules in a Conventional Gauge-Fixing

The main purpose of this paper is to check the following statement: “Gauge-invariant
formulations of perturbations are equivalent to complete gauge-fixing approaches”. How-
ever, this statement is too ambiguous to check if we have the background knowledge
explained in Section 2. For example, there is no explanation of the terminology “gauge” in
this statement. Therefore, we have to clarify this statement as follows.

Description 1 (Our rule for comparison). First of all, we assume the terminology “gauge” in
the statement “Gauge-invariant formulations of perturbations are equivalent to complete gauge-
fixing approaches” is the second-kind gauge, which is explained in Section 2.1. Therefore, the
gauge-transformation rule for this statement is given by (4). Furthermore, the degree of freedom
that changes under this gauge-transformation rule is regarded as “unphysical”. In the context of
this statement, “gauge-fixing” is a specification of some perturbative variables through the degree
of freedom of the generator @‘(ll). Furthermore, “complete gauge-fixing” a specification of some

perturbative variables through the “entire” degree of freedom of the generator ij‘(’l).

These are all rules of our game to compare our gauge-invariant formulation and a
“conventional complete gauge-fixing approach” in which we use the spherical harmonics
Y}, from the starting point.

3.1. Metric Perturbations

Based on the conceptual premise outlined above, we examine the metric pertur-
bation h,, on the background Schwarzschild spacetime (.#, g,,), whose metric g, is
given by Equations (15)—(19). We consider the components of the metric perturbation
h,, as Equation (20), and the decomposition of these components {hp, h Ap,hpq} as
Equations (26)—(28). Our focus is on the case where S; = Y}, =: S, where Y}, is the
conventional spherical harmonics.

Since we choose S = Y},,,, we have DPS = equ‘?S =0, (Dqu - %’quDrlﬁr)S =
2er(pf)q)ﬁ’5 =0 for | = 0 modes. For ! = 1 modes, we have (f)pf)q — %’yqu)rﬁr)s =
26,(pqu)15r5 = 0. Due to these facts, we cannot construct gauge-invariant variables for
I = 0,1 modes in a similar manner to the derivation of Equations (36)—(38) for I > 2 modes.
Then, we cannot use the gauge-invariant formulation reviewed in Section 2. Instead, we

have to fix the second-kind gauge-degree of freedom to exclude the “unphysical” degree
of freedom.

3.2. Conventional Gauge-Transformation Rules for | = 0,1 Metric Perturbations

Here, we consider the gauge-transformation rule,

ahap — 9Map = £:8ap = 2V (48p). (69)
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From this gauge-transformation rule, we can derive the gauge-transformation rule for
the components {14, hap, hqp}, defined by Equation (20), is given by

ahap — ahap = £:8aB=Valp+Vpla = Dalp+ Dpla, (70)
_ N 2, -

ahap— ahap = £e8ap =Valy+Vpla=Dalp+Dpla— ;(DAr)Cp, (71)

ahpg — ahpg = £e8pg = Vplq+ Velp = ngq + Dqép + ZV(DA”)'YW@A (72)

from the formulae summarized in Appendix B of [14]. Here, we consider the Fourier
transformation of &, =: &4 (dx?), + &,(dxP), as

Ea=Y045 & =Y (5DpS +E0enDS). 73)
I,m Im
In terms of these Fourier transformed variables, Equations (70)—(72) are given by
ohap — ahap = Dalp+Dpla =) 2D4lp)S, (74)
Im
_ . 2 -
ahap —ahap = Dalp+DpGa——(Dar)gp
1 1 N
= L[ (Fea+ Dt = 1 (Dan)Eis ) Dy
Im
_ 1, - N
+ (DAC(O) - r(DAV)C(o)>€quPS] ’ (75)
Whpg — 2hpg = Dplq+ Dlp +2r(DAr)ypela
4/ 1141 1
= IZ [r <(2)§(e) + (DA7)§A> E'qus
m

1 A oA
—;Q(O)ZGr( D )DrS:| . (76)
Here, we used the property of the mode function S is an eigen function of the Laplacian
DrDr = ’)’rsﬁrbs as
D,D'S = —1(1+1)S, S=Y,. (77)

3.2.1. | > 2 Perturbations

For [ > 2 modes, the set of mode functions
S,D,S f)qs]L S,(D,D L D,D")S,2¢,,D"'D,\S 78
1 Pp2r€pa07o 5 pgos | Ppla = 5TpaPr “€r(p™ Py (78)

is a linear-independent set of the tensor field of the rank 0, 1, and 2, even if S = Yj,,,.
Then, we may compare Equations (26)—(28) and Equations (74)—(76). As a re§ult qf this
comparison, we obtain the gauge-transformation rules for the mode functions {h AB» h(el) A

o1y ar Bieoys ey, Tion) } as
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whap — ohap = 2D(alp), (79)

ey — 2hena = %CA +Dal(e) — %(DAV)C(e), (80)

whonya — 2hoya = Dal) — %(DAV)C(O), (81)

wheoy = 2y = f(l(l;rl)g(e) + (DAT)gA)/ (82)

) — o) = %C(E), (83)

iy — 2 b = *%é(o)- (84)

These gauge-transformation rules yields the well-known fact we can construct gauge-
invariant variables and gauge-dependent variables, and that Conjecture 1 is valid for
1 > 2 modes.

3.2.2. I = 1 Perturbations
As shown in Appendix A in Ref. [14], for I = 1 modes,

Dpylm #0# equqYlm (85)

but

N —

(15 = 300" Vi =0 = 26,0 D'Vi, (36)

In this case, the Fourier transformation (26)—(28) of the metric perturbation with
Ss =S =Y, is given by

hag = )Y hagS, (87)
m
hap = Y rhieaDpS+) rho1)a€pa DS, (88)
m m
2o
m

Furthermore, the gauge-transformation rules (74)—(76) for each m mode are given by

ahap — aap = 2D(alp), (90)
aheya— ahenya = %CA +Dale) — %(DAT’)C(e)/ 91)
ol — 2hena = Dalp) — %(DAY)C(O), 92)

ey — 2Ny = —%C(e) + %(DAV)CA- (93)

Comparing the gauge-transformation rules (79)—(84) for I > 2 with the gauge-
transformation rules (90)-(93), it is easy to find that the gauge-transformation rules (83)
and (84) for | > 2 do not appear in the | = 1-mode gauge-transformation. This is due to
Equation (86), and the reason why we cannot construct gauge-invariant variables for / =1
mode perturbations in a similar method to the [ > 2 case.
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3.2.3. I = 0 Perturbations

The spherical harmonic function S = Y, is constant when I = 0. In this case, the
Fourier transformation (26)-(28) of the metric perturbation with Ss = S = Y},,, is given by

hag = hasS, 94)
hAp = 0, (95)
2
7 -

The gauge-transformation rules (74)—(76) are given by
whag — 2hap = 2D(4lp) = Dalp + Dpla, 97)

(D4r)Za- (98)

=~ |

?IE(EO) - ,%'fl(eo) =

It is easy to see that many gauge-transformation rules in (79)—(84) are missing. This is
due to the following facts:

A A P 1 P PN
D,S = €y, D15 =0, (Dqu - Z'quDrD’> S = 2¢,(,D,)D"S = 0. (99)
These are the reasons why we cannot construct gauge-invariant variables for
I = 0-mode perturbations in a similar method to the I > 2 case.

4. 1 =1 0dd-Mode Perturbation in the Conventional Approach

As discussed in Section 3.2.2, | = 1 mode perturbations are given by Equations (87)—(89).
In particular, among these expressions of the / = 1-mode perturbation, odd-mode pertur-
bation is given by

hag = 0, hap=rhia€pDIS, hpy = 0. (100)

As the property of the | = 1 spherical harmonics, we obtain Condition (86). For
odd-mode perturbation we have

2¢,(,Dg) D" Y1 = 0. (101)

Here, we apply the notation that is introduced by Equations (A14) and (A15) in
Appendix A, and we obtain

hag =0, h’ =0, h"P:=PTyPlrh pe,,D'S, hy'=0, A1 =0, (102)

for | = 1 odd-mode perturbations. Through this notation of the metric perturbation, the
linear perturbations (A16)—(A18) of the Einstein tensor are given by

MG ,B = o, (103)
1 (- - _ _ _ .
WG, = % D 4Dh1yc = DeD hgya — = (DSr)Delorya
3 (DCH) D AR D 4r)Dh L (Der) (D)
+(D"r)Dahoyc — £ (Dar)D™hoye + 55 (Der) (D7) o1 4
2 e 3 . i
—Z(DAr)(DCr)h(ol)C + 2r2h(01)A:| e’"D,S, (104)
1 ~ A
WG, = =D (rhio1c ) 1" 2e,(, D DS = 0. (105)
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The final equality in Equation (105) is due to the property of the spherical harmonics
Y}y, (101). Furthermore, Expression (104) is gauge-invariant under the gauge-transformation

rule (92). On the other hand, the D€ (rﬁ(ol)C) in Equation (105) is not gauge-invariant, as
shown below. However, the gauge-invariance of the linear-order Einstein tensor ()G,? is
guaranteed by the identity 2€S(pf)r) DsS = 0 for the I = 1 odd-mode perturbations.

For the | = 1 odd-mode perturbations, the components of the linearized energy-
momentum tensor are summarized as

= | =

Then, the linearized Einstein equations for the odd-mode perturbations are given by

_%(DCV)DCE(M)A + =(Dr)D alg1)c — %(DAV)DCE( 1)C
+L2(Dcf)(D Mho1)a — %( D A7) (D) o1y + 2375(01)14
= 167T(o1)4, (107)
Although the equation
D¢ (rﬁ(ol)c) =0 (108)

does not appear from Equation (105) due to the fact that Zes(pﬁr)DSYlm = 0, we may use
Equation (108) as a gauge condition. As noted in Section 3.2.2, the gauge-transformation rule
for the variable i:l(ol)C is given by Equation (92). From the gauge-transformation rule (92), we
consider the gauge-transformation rule for the left-hand side of Equation (108) as

DA (WE(M)A) -pA (rti'?ffl(ol)A) = DD al(o) — (D*Dar)i(o)- (109)

Using the background Einstein equation (Equation (B67) of Appendix B in ref. [14]),
we consider the equation

rD D) — = (1 - (Dcr)(DcV))g(o) =-D¢ (Vﬂl(onc) (110)
More explicitly, Equation (110) is given by

—0970 (o) + fOr (f3r5(0)> - 712(1 =)o) = —j;rDC (Tﬁx‘fl(onc) (111)

If we choose {(,) as a special solution to Equation (111), or equivalently Equation (110),
Equation (108) is regarded as a gauge condition in the #'-gauge, i.e.,

DC(@E(M)C) ) (112)

We have to emphasize that this is not a complete gauge-fixing, since there is room for
a choice of {(,) that satisfies the homogeneous equation of Equation (110),

1

T’DCDCg(O) - ; (1 - (DCT’)(DCr)>€(O) = O, (113)

ie.,

—07 (o) + for (farC(o)) - riz(l = f)8) = 0. (114)
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Under the gauge choice (112), Equation (107) is given by

[DCDC - rﬂ (rﬁ(ol)A) - %(DAY)(DCV) (rh(ol)C> + %(DC”)DA (rﬁ(ol)C)

= 167T1’T(01)A. (115)

Although the variable rﬁ(ol)C is a gauge-dependent variable that is different from the
gauge-invariant variable rF4, we can obtain Equation (115) if we replace the variable rF
in Equation (47) with the variable rfz(ol)c.

We also note that the gauge condition (112) coincides with Equation (46). However, we
must replace the gauge-invariant variable rFP with the gauge-dependent variable ”fl(o1)c
in Equation (46) to confirm this coincidence. Furthermore, we also take into account the
continuity Equation (48) of the I = 1 odd-mode perturbation of the energy-momentum
tensor. Thus, the equations to be solved for the I = 1 odd-mode perturbation are the gauge
condition (108), evolution Equation (115), and continuity Equation (48). These equations
coincide with Equations (46)-(48), except for the fact that the variable to be obtained is not
the gauge-invariant variable rFP, but the gauge-dependent variable r/ (o1)c- Then, through
the same logic in ref. [14], we obtain the solution to the gauge condition (112), evolution
Equation (115), and continuity Equation (48) as follows:

21l o1y sin® B(dx) (o (dp)y,) = 6MP? [ / dl(i)} sin® 6(dt) o (d9)y)

T
+£Vgabr/ (116)
Vo = (Bit =+ Bo + W) (£, )12 sin? 0(dg),. (117)

Here, we concentrate only on the m = 0 solution, 1 and f¢ are constant, and Z,) =
rf0;W(,)(t,r) is an arbitrary function that satisfies the equation

1 -
% Z (o) — fr(frZ(g)) + 2f2-301 =12 = 1670/ T 1), (118)

where a1 (t,7) in Equation (116) is given by Equation (6.44) in ref. [14], i.e.,

167 ~
a(t,r) = _mr3f/dtT(ol)r+a10
167 1.
= —m/d1’7‘37T(01)t+1110, (119)

where a1 is the perturbative Kerr parameter.

It is important to note that the formal solution described by Equations (116)—(119)
has the same form as the formal solution described by Equations (49)—(52). However, we
have to emphasize that the variable .74, in Equation (49) is gauge-invariant, as noted
by Equation (43), and the vector field V, in Equation (49) is also gauge-invariant. On the
other hand, the variable fl(ol)c is still gauge-dependent. Actually, there are remaining
gauge-degrees of freedom of the generator {,) that satisfy Equation (114) as noted above.
This is clear from the fact that the gauge-transformation rule (92) with Equation (114) gives
a still non-trivial transformation rule. This remaining gauge-degree of freedom is so-called
“residual gauge”. For this reason, there is a possibility that V, in Equation (116) includes
this residual gauge.

To determine whether V;; in Equation (116) includes the “residual gauge”, we need to
examine Equation (114). According to our rule for comparing our gauge-invariant formu-
lation with a conventional gauge-fixed approach, we consider the terms in V, that satisfy
Equation (114) as representing the second-kind gauge-degrees of freedom. These degrees



Universe 2024, 10, 420

19 of 41

of freedom are considered “unphysical degrees of freedom”. To clarify this “unphysical
degree of freedom”, we introduce the indicator function R, [+] as

o)) = L) + 13 (f0rki)) — (1~ i (120)

If R () [C ()] = 0, we should regard {(,) as the second-kind gauge, and we regard ¢,
as an “unphysical degree of freedom”.
We can easily confirm that

Rp)[(B1t + Bo)r] = 0. (121)

Then, according to our above rule of comparison, we have to conclude that the rigidly
rotating term (1t + Bo)r in V; in Equation (117) should be regarded as the second-kind
gauge-degree of freedom, namely the “unphysical degree of freedom”.

Next, we consider the term W, (¢, 7)r in Equation (117). In this case, the direct
calculation of the indicator R, [W(O) (t,7)r] is useless. However, it is useful to consider the
r-derivative of R ) [W(,)(t,7)r], and we can show that

rfor (1%(0)[W(0)(ff7)7]> = —07Z(o) + f0r(f0:Z()) — %(2 =3(1—=f)Z, (122)

where we used Z,) = rf9,;W,)(t, 7). Since the left-hand side of Equation (122) coincides
with the right-hand side of Equation (118), through Equation (118), we obtain

T’fa < SR(O [ ()(f,T)T]) = —167Tf2T(01),,. (123)

or, equivalently,

Rip) W) (1)) = —167r / dj; (124)

Then, if we consider the case where T(ol)r # 0, we have nonvanishing R, [W(,) (¢, 7)7].
This means that the W(,) (¢, ) term does not belong to the second-kind gauge, and we have
to regard the degree of freedom W, (t,7) in Equation (117) is a “physical one”.

On the other hand, even in the case where T(Ul)r = 0, Equation (122) is valid. If
W(,)(t, 1) belongs to the second-kind gauge, i.e, R(,)[W(,)(t,7)r] = 0, Equation (122) yields

—07Z (o) + f3r(frZ0)) — %(2 =3(1=f))Ze) =0. (125)

However, even if Z, is a solution to Equation (125), we cannot directly yield
R(0)[W(o)(t, r)r] = 0. Therefore, considering the following two sets of function W(,) (t,7)r as

B) = {VW(o>(ff V)‘%) [Wioy (t,7)r] = 0}, (126)
() 1= { Wio) (17)| Z(0) = 1O Wio) (17),
—07Z (o) + f3r(frZ(0)) — riz(z =3(1=£))Zp) = 0-}, (127)

we obtain the relation

@(0) C f)(o). (128)
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According to our rule of comparison, this indicates that a part of the solution to
Equation (125) should be regarded as a gauge-degree of freedom of the second kind, which
is the “unphysical degree of freedom”.

Furthermore, to obtain the explicit solution W(,)(t, ), we have to solve Equation (118)
with appropriate boundary conditions. Equation (118) is an inhomogeneous second-order
linear differential equation for Z,, and its boundary conditions are adjusted by the homo-
geneous solutions to Equation (118), i.e., the element of the set of functions 9(0)- However,
a part of this homogeneous solution to Equation (118) should be regarded as an unphysical
degree of freedom in the “complete gauge-fixing approach”, as mentioned above. There-
fore, in the conventional “complete gauge-fixing approach”, the boundary conditions for
Equation (118) is restricted. In this sense, a conventional “complete gauge-fixing approach”
includes a stronger restriction than our proposed gauge-invariant formulation.

5. I =1 Even-Mode Perturbation in the Conventional Approach

As discussed in Section 3.2.2, | = 1 mode perturbations are given by Equations (87)—-(89).
In particular, among these expressions of the | = 1-mode perturbations, even-mode pertur-
bation is given by

2
~ ~ . r ~
hap =hapS, hap =1h1)aDpS, hpg = 5 Ypglt(e0)S- (129)

As the property of the I = 1 spherical harmonics, we obtain the condition (86). For
even-mode perturbation, we have

A A 1 A A

The gauge-transformation rules for the | = 1 even-mode perturbations are given by
Equations (90), (91), and (93). Inspecting the gauge-transformation rules (91) and (93), we
define the variable H by

H = Tl — 4D )i a- (131)

The gauge-transformation rule of H is given by

- - _ _ 4 _ _
oH—gH = —4(D*r)Dal() — - (1 - (DAr)(DAr)>€(E)‘ (132)
Furthermore, inspecting gauge-transformation rules (90) and (91), we also define the

variable Hp by
Hap = hap—Da (Vfl(a)B) —Dg (Vfl(d)A)- (133)
The gauge-transformation of H,p is given by
oHap — 9Hap = —2rDaDp{ (o) +2(DaDpr){ e (134)

Definitions (131) and (133) of the variables H and H 4p, respectively, are analogous to
the gauge-invariant variable F and F4p defined by Equations (36) and (38) for [ > 2 modes,
respectively. However, the variables H and H4p are not gauge-invariant. The employment
of the variables H and H 4p corresponds to the gauge-fixing of the gauge-degree of freedom
of the generator { 4 and the specification of the component fz(el) 4 of the metric perturbation.
On the other hand, the gauge-transformation rules (90), (91), and (93) include the gauge
degree of freedom of the generator (). This gauge-degree of freedom appears in the
gauge-transformation rules (132) and (134).

The linearized Einstein tensor for I = 1 even modes in terms of H 45 and H are given as
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1o ¢ 3 1,.c.- 1= 1. - -
yesVG /S = [_ZDCDC+r2—r(DCr)DC}HABJrD(ADCHB)C—ZDADBHCC
2, c. [~ = - 1. - -~ 1 5
+=(D™r) | D(aHp)c = —(Dcr)Hap| = 5DaDpH — —(D(ar) Dy H
1 = ~C 3 C.A\T™ > N "D 5 r C
+§]/AB DcD +;(D )DC H+ < DpD _r72 C
+1(Dcr){2DCHDD + ‘:’(Dcr>HDD} — DCP A
2 —D —C~ 1 _C ~
—;(D 1’) 2D HCD+;(D T)HCD , (135)
w1 = |Lpch 1DH Lionac— Lo, a|pis, @z
A = 22 AC T~ 5 27AHC F( Ar)He T g2 PA , (136)
yoVG, = +1DCDCH+ ! (D%r )DCH+1 +DcD¢ + 1(Dcr)DC—l 1P
ey 4 2r 2 r r2f P
1(~ 2
2{Dc+r(DCr)}DDH :|')/pq5
1 -~ cfn A 1 arn
— 5,7 DpDgS = 57pgD'DrS ). (137)

Since there is the identity (130) for | = 1-mode perturbations, the last term of
Equation (137) does not appear for I = 1 even modes. Furthermore, the expressions
(135) and (136) are gauge-invariant under the gauge-transformation rules (132) and (134).
We also note that the component 'yqr(l)Gpr is gauge-invariant, except for the last term in
Equation (137). Actually, the variable H© is gauge-dependent, as shown below. However,
the gauge-invariance of 'yqr(l)Gpr is guaranteed by the identity (130).

On the other hand, the | = 1 even components of them are given by

W, B = 1,5, (138)

1. .
Wrr = 105 it (D05 Ltq, D.DS 140
Yor Ty = L) VpeS T Le2) | Pplg> = 57pDr (140)

Here, again, we note that Equation (130) satisfies as a mathematical identity for / = 1-
mode perturbations. Therefore, the last term of Equation (140) does not appear for [ = 1
even modes.

If Equation (130) is not satisfied, we have the equation

1 A 1 aa - A 1 A a
[ 53 He } (DquS - 2'yqurDrS> = 87T ) (DquS - z'yqurDrS> (141)
as one of the components of the linearized Einstein equation. However, Equation (130)
implies that this equation is identically satisfied. Therefore, this equation does not restrict
HE or T(eZ)/ and there is no other restriction of them. Here, we note that the tensor field
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H 4p is not gauge-invariant, as shown in Equation (134). Since we may freely choose HCC
and T(,), we choose T(,5y = 0 by hand, and choose

HEL =0 (142)

as a gauge condition.
Actually, from the gauge-transformation rule (134), we obtain

~ - 1 1-—-
y Pl —y"PyHas = —2r|— 73%5(6) + 0 (f9:G(e)) — o fﬁ(e) - (143)
Then, if we choose {(,) as a special solution to the equation
1 ~ 1 1—-
zijB aHap = — ?3%5(8) + 9, (f9r(e)) — Tfé(e)/ (144)

we may regard @Hg = 0 in the #'-gauge. We have to note that this gauge-fixing (143) is
not complete gauge-fixing. There is a remaining degree of freedom in the choice of {(,) as
the homogeneous solution ), to the wave equation

1 1-—
—fafé(e)h + 9 (f9rGeyn) — rzfg(e)h =0. (145)

Due to the gauge condition (142), the components (135)—(137) of the linearized Einstein
tensor and components (138)—(140) of the linear-order energy—-momentum tensor yield the
linearized Einstein equations. The (A, p)-components (equivalently, (p, B)-components) of
the linearized Einstein equations are given by

_ o 1. - -
DCHAC - EDAH = 167'(1’T(31)A. (146)

Equation (146) coincides with Equation (54), because the tensor H ¢ is traceless due
to the gauge condition (142).

From the trace part of the (p,q)-component of the linearized Einstein equation,
Equation (146) yields the component (61) of the continuity equation of the linearized
energy-momentum tensor.

The trace part of (A, B)-component of the linearized Einstein equation with Equation (146)
gives

2. 4
C C
DcDCH + ~(Dcr)D°H —

(Dr)(DPr)Hcp = 167I(TCC +4<DDr>T(eUD). (147)

This coincides with the I = 1 version of Equation (56) with the source term (57),
because H¢p is a traceless tensor. However, we have to emphasize that H nor Hcp are not
gauge-invariant, as shown above.

Finally, the traceless part of (A, B)-component of the linearized Einstein equation with
Equations (146) and (147) yields

e 2 e Ao 214 4 Acam g
{—DCDC — ~(Dr)Dc + —(D Der) + 1’2} Hap + —(Dr)D4Hp)c

2, - .
;(D(AY)DB)H

= 1 = - - 1 —C,
= 16 l:TAB — EyABTCC — 2<D(A(7’T(e1)3)) — ZyABDC(rT(el)C))

+2y45(DP1) Ty | (148)
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This coincides with the /| = 1 version of Equation (58) with the source term (59),
because the variable H 45 is traceless due to the gauge condition (142).

In addition to these linearized Einstein equations, the following linearized perturba-
tions of the continuity equation should be satisfied:

_ 2, - ~ 2. 1 - -

DET-E + ;(DDr)TDB — ;T&) - ;(DBf)T(eo) =0, (149)
-~ 3 - 1 -

DCT(El)C + ;(DCY)T(el)C + ET(eo) =0. (150)

Together with the gauge condition (142), Equations (146)—(150) coincide with Equa-
tions (53)-(61) with [ = 1 in our gauge-invariant formulation developed in refs. [12-16]. In
ref. [15], we derived the formal solution to Equations (53)-(61) with [ = 1 as Equation (62)
with Equations (63) and (64), and m = 0. Due to the coincidence of the set of equa-
tions, this formal solution should be the m = 0 formal solution to Equation (142), and
Equations (146)—(150). Then, as the m = 0 solution, we obtain

2
Sy = HABCOSG(dxA>(u(dXB)b)+%HC059’)/ab

167tr2 [ o1+ f - .. 8
£Vgab - 3(1 — f) [f { 2 Trr + rfaVTW’ - T(eO) - 4T(el)r}<dt)ﬂ(dt)b

+ {ort = DA

r - 3(1—-3f) »
—f—? {atht — (erf)Ttt} (dr)a(dr)b)
+r2Tttfyab} cos ¥, (151)

where Y5 = Ypg(dxP)a(dx7)p, Vo = g4 V7 is the vector field defined by
V,:= —ratCD(e) cos g(dt)u + (q)(e) — rardD(e)) COS(d?’)a — V‘I)(L,) sin()(d())a (152)

and P, is a solution to the equation

1., 1-f 167tr
R+ o] L = s SR (153)
1 1. - 1—4f - - -
S(d>(g)) = EratTtr - §Vatht + szTtt - gTrr - f (el)r+ (154)

As in the case of the | = 1 odd-mode perturbation, the tensor field .%,;, in Equation (62)
is gauge-invariant. Then, V, in Equation (62), which defined by Equation (63), is also
gauge-invariant. Therefore, we regarded V, in Equation (62) as a first-kind gauge. On the
other hand, the tensor field .77, in Equation (151) is gauge-dependent in the sense of the
second kind due to the gauge-transformation rules (132) and (134) for the components
H and Hap, respectively. Actually, there is a remaining gauge-degree of freedom of the
generator {(,) which satisfies Equation (145), as noted above. This remaining gauge-degree
of freedom is so-called “residual gauge”. For this reason, there is a possibility that V; in
Equation (151) includes this “residual gauge”, while V; in Equation (62) is gauge-invariant.

Since we already fixed the gauge-degree of freedom {, so that Equation (142) is
satisfied, the remaining gauge-degree of freedom (,);, must satisfy the Equation (145).
Therefore, to clarify whether V; in Equation (151) includes the “residual gauge”, we have
to confirm Equation (145). Within our rules to compare our gauge-invariant formulation
with a conventional gauge-fixed approach, we regard the term in V, in Equation (151)
that satisfies Equation (145) as a second-kind gauge-degree of freedom, and we regard
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this degree of freedom as an “unphysical degree of freedom”. As in the case of the [ =1
odd-mode perturbations, we introduce the indicator function R, [*] as

)~ L ton (155)

1
_?a%g(e)h + 0 (fOrl(e)n

If R(,)[C()] = 0, we should regard () as a the second-kind gauge-degree of freedom,
and we regard () as an “unphysical degree of freedom”.

To clarify the second-kind gauge-degree of freedom, we consider the gauge-transformation
rule of the tensor field /%, through the gauge-transformation rules (132) and (134) as

Rie) G (o] =

wHap — 27
2
r
= (yHap — 2Hag) cos 0(dx™) (,(dxP)y) + 5 (oH — 2H) cos by

= =2r |07 (e — warg(dh + f(lzr_zf)g(e)h} cos 0(dt)a(dt)p

—4r atarg(e h _fatg(e)h:| Cos 6(dt>(ﬂ(d1’)b)

_1-f
2rf

—2r 32€ 1erf on T o z]{C(e ]COS9(d7)a(dr)b

1
-2 <farC(e)h +o(1- f)@(e)h) cos 0 4p (156)
= £wgabs (157)

where we defined
Wa = —101{(p) cos0(dt)a + (C(e)h - rarg(e)h) cos 0(dr)a — (), sin0(d0),. (158)

Comparing Equation (157) with the generator (158) and Equation (151) with the
generator (152), there is the possibility that the Lie derivative term £y g, in the solution (151)
is a “residual gauge degree of freedom” with the identification

Do) = Ciepn- (159)
For this reason, we check the indicator (155). From Equation (153), and we obtain

167tr
9%(6) [CI>(E)} = 30 —f)s(‘b(f))' (160)

From this result, if 5o @) = 0, the variable @, should be regarded as the second-kind
gauge-degree of freedom, and is the “unphysical degree of freedom”. On the other hand,
in the non-vacuum case Sg © # 0, the indicator (160) yields R, [®(,)] # 0. This means
that ®,) is not the second-kind gauge-degree of freedom, but is the “physical degree of
freedom” in the non-vacuum case Sg © % 0. Due to this existence of the source term,
the identification (159) is impossible in the case of the non-vacuum situation. Rather, this
term is gauge-invariant in the sense of the second kind, and we regard this term as a
gauge-degree of freedom of the first kind in the non-vacuum case.

Although we have R, [®(,)] = 0 in the case where So, =0, and we should regard

D, is a “gauge degree of freedom of the second kind”, Equation (160) indicates that

1 1-
R[] = *?a%q’(e) +0r(f0,P(e)) — rzfq’(e) =0. (161)
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This coincides with the left-hand side of Equation (153). Therefore, as in the case of
the I = 1 odd-mode perturbations, we consider the following two sets of function ®,) as

o) = {P|Rlee] =0}, (162)
1., 1—f
ﬁ(e) = {(I)(g) - ?atq)(e) + ar(fBr(D(g)) — T‘D(e) = 0} (163)

From Equation (161), we obtain the relation
By = (o) (164)

This indicates that any homogeneous solution (without source term) to Equation (153)
should be regarded as a gauge-degree of freedom of the second kind, which is the “unphys-
ical degree of freedom”.

On the other hand, to obtain the explicit solution ®,) in the case S¢ © # 0, which
is regarded as a “physical degree of freedom”, we have to solve Equation (153) with
appropriate boundary conditions. Equation (153) is an inhomogeneous second-order linear
differential equation for ®(,), and its boundary conditions are adjusted by the homogeneous
solutions to Equation (153), i.e., the element of the set of functions .V)(e). However, any
homogeneous solution to Equation (153) should be regarded as an “unphysical degree
of freedom” in the “complete gauge-fixing approach”, as mentioned above. Therefore,
in the conventional “complete gauge-fixing approach”, we have to impose the boundary
conditions for Equation (118) using a homogeneous solution, which is regarded as an
“unphysical degree of freedom”, to obtain a “physical solution” to Equation (118) with
nonvanishing source term S¢ © # 0. This situation is a dilemma. In this sense, as in the
case of I = 1 odd-mode perturbations, a conventional “complete gauge-fixing approach”
includes a stronger restriction than our proposed gauge-invariant formulation.

6. I = 0 Mode Perturbation in the Conventional Approach
6.1. Einstein Equations for | = 0 Mode Perturbations

Here, we consider the I = 0-mode perturbations, which are described by Equations (94)—(96).
By substituting Equations (94)—(96) into Equations (A16)-(A18) in Appendix A, we obtain
the I = 0 mode perturbations of the linearized Einstein tensor. We use the background
Einstein equations (Equation (B67) and (B68) of Appendix B in [14]). Then, we obtain the

non-trivial components of the I = 0-mode Einstein equation (VG,? = 87T, ? are given by

1. - 1 _p-c> 1. - - 1. _p+
—EDCDChAB—&-E BDChAC+§DADchBC—§DADBhCC
1 - _ 1 - ~ 1 ~ 2 _ -
7;(Dcr)DchAB + ;(Dcr)DBhAC + 7(Dcr)DAhBC — ﬁ(DCV)(DCr)hAB
— L (DB DaR g — = (Dar)DPligyy — ~DADPh ) + 21
57 (D°1)Daleo) = 5-(Dar)Dheg) — 5DaD hieo) + 5l 4
1. - - 1. - 2, - _ 1
+y b (—EDCDDhCD + EDCDChDD - ;(DDr)DChCD + ;(Dcr)DChDD
—5(Der) (DpniP + 2 (DPr) (Do — 25
72 \FCTIREDT 2r? PAYDIC 530
1, 3 con oz 1. —c
+ﬁh(€0)+Z(D V)DCh(gO)"‘EDCD h(eo))
= 8nT,5, (165)
DcDC]leD - DcDDflCD - %(DC}’)DDI’ZCD + %(DCT)DC;[DD
1. - 1 - .
+§DCDCh(EO) + ;(DCT)DC}Z(EO)

= 81Ty (166)
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Here, we decomposition of the component /145 as

~ ~ 1 = c

hap =: Hap + EyAth : (167)
In terms of the variables defined by Equation (167), the linearization of the Einstein

equations for | = 0 mode are summarized as follows. The trace of e L= 8T "B for
I = 0 mode is given by

—rlzflcc — %(Dci’) <+DDHDC + 1(DD7’)HCD)
1. > 2, - ~C7 1. = C
+§DcD h(eO) + ;(Dcr)D h(eO) + ﬁh(EO) =8rT-". (168)

On the other hand, the traceless part of e AB = 87T AB for I = 0 mode is given by
115 ~c SCo 4 ~c\/r 4|
) DcD™ + =(D~r)Dc + rj(D r)(Dcr) — ) Hap

_ 1 o 2, - _ 1 e
+D (oD Hp)c — EVABDCDDHCD + ;(Dcr) (D(AHB)C - 2yABDDHDc)

1/,- . 1 _ . 1/~ - - 1 _ e
+ ((D(AT)DB)hEE - zyAB(DCr)DchDD) —5 |:DADBh(eO) - zyABDCDCh(EO)]
1[, = _ 1 _ - ~ 1 -
- [(D(AY)DB)h(eO) - zyAB(Dcr)DCh(eO):| =87 |:TAB — 5yasTc C}- (169)

Furthermore, (1)qu = 871(1)qu for | = 0 mode is given by

1. ¢ 1 —c .~ & - = 2, - s = 1. —c»
EDCDCh(eO) + ;(DCI’)Dch(EO) — DcDDHCD — ;(DC}’)DDHCD + EDcDChDD
= 87TT(60). (170)
6.2. Gauge-Fixing for | = 0 Mode Perturbations

We consider the gauge-transformation rules (97) and (98) of the mode coefficient hiag
and fl(e())' If these gauge-transformation rules are those of the second kind, we should
exclude these gauge-degrees of freedom through some gauge-fixing procedure, because
the degree of freedom of the second-kind gauge is the unphysical degree of freedom.

In the static chart, the metric y4p is given by Equation (17). Through the static
chart (17), the gauge-transformation rule (98) is given by

4
o) = 2e0) = fr (171)

and we may choose (; so that

- - 4
ey = 2Ne0)+ ;fgr =0, (172)
ie.,

r o~
Or=— gﬂrh(eoy (173)

Through this gauge-fixing, we may regard ﬁ(eo) = 0in the #'-gauge.
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As the gauge-fixing for /14, we fix the gauge so that /1 45 is traceless. This gauge-fixing
so that /1 4p is traceless makes it easy to compare with our gauge-invariant expression in
refs. [12-16]. From the trace of the gauge-transformation rule Equation (97), we obtain

yABgyflAB — yAngrlleB = gflcc — %'flcc = ZDcéc. (174)

In the static chart (17) of the Schwarzschild spacetime, the gauge-transformation rule
(174) is given by

ahE — o = —2f 7190 +20,(fTr). (175)

From this gauge-transformation rule and the gauge-fixing (173), we may fix the gauge
degree of freedom {; so that

= hC —2f19,g +20 (—f oh ) (176)
2t c r 4% (e0)
Through this gauge-fixing, we may regard flcc = 0. However, we have to emphasize
that the degree of freedom of the choice of the generator {; remains the degree of freedom

of an arbitrary function of r.
Thus, through the gauge-fixing (173) and (176), we may regard

fieg) = he& =0 (177)

Under the gauge-fixing condition (177), linearization of the Einstein equations for
I = 0 mode are summarized as

(Dcr)(Dpr)HP = 47T, ©, (178)

1{~ = 2 - - 4 _ - 4| - o
—= [DcDC + ;(DCT’)DC + 7(DCT)(DC}’) — 1’2:| Hap + D(ADCHB)C

2 r
_%VABDCDDHCD + %(Dcr) <+D(AHB)C - ;]/ABDDHDC>
= 8r {TAB — %yABTC C}, (179)
and
—DeDpHCP — %(Dcr)DDH:]ICD = 87T ). (180)

6.3. Component Expression of the Linearized | = 0 Gauge-Fixed Field Equations

Here, we consider the component representations of Equations (178)—(180). To do this,
we consider the components of the traceless tensor Hp as

HAB =: X(e) [(dt)A(df)B + f_2 (dr)a (dT)B} + ZY(K) (dt) (A (d?’)B) (181)
Here, we use the background Einstein equation (B65) of Appendix B in [14], i.e,,
of =1, (182)

and

aff:ar<1_f>=—2(1_f) (183)
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Through Equations (182) and (183), Equation (178) is given by
FfatY(e) — T’farX(g) — fX(e) = —471'7’2 (Ttt — szrr> . (184:)

The (A,B) = (t,t) and (A, B) = (r,r) components of Equation (179) yield the same
equation as

rfarY(e) = 4nr? (Ttt + fZTW). (185)

The (A, B) = (t,r) component of Equation (179) is given by
01X (o) = 8711 f Ty (186)

In terms of the components (181), Equation (180) is given by
—07 X (o) — f07 X () — % F20:X () +2f2010,Y ) + % f(L+£)orY () =8mfT ().  (187)
On the other hand, the even-mode perturbation of the divergence of the energy—
momentum tensor is given by Equations (60) and (61). However, Equation (61) does

not appear, due to f)pS = equ)qS = 0. Then, the non-trivial / = 0 components of the
divergence of the energy—-momentum tensor are given by

—_

DETE +

N

The B = t component of Equation (188) is given by
~ ~ 1 ~
0Tt — f20, Ty — ;f(l + )T+ =0, (189)

and the B = r component of Equation (188) is given by
. 34 = 1 - 1, - 1 ,-
_fatTtr +f or Ty + Z(l _f)Ttt + Ef (3 +f)Trr - ;f T(eO) =0. (190)

Substituting Equation (185) into Equation (184), we obtain

2
a, (TX(e)> = T’arX(e) + X(e) = 87'[7‘77—},5. (191)

On the other hand, from the substitution of Equations (185), (186) and (191) into
Equation (187), we obtain

" _ _— N
0 = —forTy + 20T+ 5 (1= )T+ 2B+ ))Tor = — fT0)-

This coincides with Equation (190), which indicates that Equation (187) does not give
any new information other than Equation (190).
Here, we consider the integrability of Equation (186) and (191) as follows:

9 (01(rX(p))) — 0:(0r (rX())) = O <8m2 th,) — 0 <8nr;Tﬁ>

- - 1 =
= —87’(1’2 |:+atTtt — fzathr - ;f(l +f)Ttr:|
_ 0 (192)
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where we used Equation (189) in the last equality. This means that the -component (189)
of the continuity equation guarantees the integrability of Equations (186) and (191). Then,
from Equation (191), we may write the solution to Equations (186) and (191) under the
integrability condition (189) as

1

Xe) =7

{2M1 + 87 / d/sztt}, (193)

where M is the constant of integration. This M; corresponds to the perturbation of the
Schwarzschild mass parameter.

On the other hand, in the linearized Einstein equation, there is no equation for E),Y(e)
which guarantees the integrability condition for Equation (185). However, we may write
the solution to the Equation (185) as

4 - -
Yo = g [at(Ta+ £T0) + Yio(). (194)

where Y(,)o(r) is an arbitrary function of r. There is no equation that determines the
arbitrary function Y{,)o(r) of r within the linearized Einstein equations.

From Definition (181) of the metric perturbation Il 45 and the solutions (193) and (194),
we obtain

Hyp = i(M1 +47‘[/d}’;;Ttt> ((dt)A(dt)B —i—f*z(dr)A(dT)B)
+2 [zw | / dt (}Ttt + fT) + Y(E)O(r)} (dt) A (dr)p), (195)

where the components of the energy-momentum tensor satisfy the continuity
Equations (189) and (190).

To interpret the term of Y{,)(r) in Equation (195), we consider the term £y g,;, with the
generator V;, whose components are given by

Va = Vi(r)(dt)a- (196)

The nonvanishing components of £,g,, are given by

Lygyw = fa,GVt). (197)
Choosing V; so that
far(]lth> =Y(eo(r), Vi =f/dr}Y(e)o(V)f (198)
we obtain
Lygrr = Yeyl(r)- (199)

Thus, the solution (195) is given by

f, = 2<M1+47r / d/;ﬁt) ((dt)a(dt)b+ f‘z(dr)u(dr)b)

r

+87r / dt(}Ttt + fTr,> (A1) (o (d7)p) + LV Zabs (200)
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where
v, = (f / erlcY(e)o(r)> (db)a. (201)

As noted just after Equation (176), there is still the remaining degree of freedom of the
gauge, whose generator is given by

Ca = Ci(r)(dt)a, (202)

where (;(r) is an arbitrary function of r. Therefore, we may regard the degree of freedom
of V; given in Equation (201) as possibly being eliminated as the second-kind gauge-degree
of freedom (202). According to our rule of the comparison between our gauge-invariant
formulation and a “conventional complete gauge-fixing approach”, we have to regard that
the degree of freedom of V, given in Equation (201) is “unphysical”.

Thus, as the “physical solution” for I = 0-mode linearized Einstein equation based of
a “conventional complete gauge-fixing approach”, we obtain

hy, — §<M1+47t / drrsztt><(dt)a(dt)h+ £2(dr)a(dr)y)

+87rr/dt(]lcTtt —i—fTw) (dt) (o (dr)p).- (203)

This solution (203) coincides with the solution obtained in refs. [12,15] except for
the terms of the Lie derivative of the background metric g,,. Therefore, we conclude
that the /| = 0 solution except for the terms of the Lie derivative of the background
metric g, obtained in refs. [12,15] can be also obtained as (203) through a complete gauge-
fixing approach.

The difference between our solution in refs. [12,15] is in the term of the Lie derivative
of the background metric. As shown above, according to our rule of comparison between
our gauge-invariant formulation and a “conventional complete gauge-fixing approach”,
all terms of the Lie derivative of the background metric should be regarded as the second-
kind gauge-degree of freedom, and these are “unphysical degree of freedom” in the
above solution (203). On the other hand, in our gauge-invariant formulation developed
in refs. [12-16], | = 0, 1-mode metric perturbations are given in a gauge-invariant form,
and the terms of the Lie derivative of the background metric is included in these gauge-
invariant variables. Since the second-kind gauge-degree of freedom is completely excluded
in our gauge-invariant formulation, we cannot regard these terms of the Lie derivative of
the background metric as an “unphysical degree of freedom”. Therefore, we regard the
terms of the Lie derivative of the background metric in these gauge-invariant variables as
first-kind gauges that have some physical meaning. This point is the essential difference of
the solutions in refs. [12-16] and the above solutions based on a “conventional complete
gauge-fixing approach”. This difference leads to the confusion of the interpretation of the
perturbative Tolman Bondi solution, as shown in the next subsection.

6.4. Comparing with Lemaitre-Tolman—Bondi Solution
6.4.1. Perturbative Expression of the LTB Solution on Schwarzschild Background Spacetime

Here, we consider the Lemaitre-Tolman-Bondi (LTB) solution [42], which is an exact
solution to the Einstein equation with the matter field

Tap = pUalty, g = —(dT),, (204)

and the metric

(9rr)?

m(dR)a(dR)b +7Yw,  r=r(T,R). (205)

Sy = —(dT)a(dT)p +
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This solution is a spherically symmetric solution to the Einstein equation. The function
r = r(7, R) satisfies the differential equation

F(R
@ = TR f(w) (206)
Note that F(R) is an arbitrary function of R representing the dust matter’s initial
distribution. f(R) is also an arbitrary function of R that represents the initial distribution
of the energy of the dust field in the Newtonian sense. The solution to Equation (206) is

given in three cases.

Description 2.

(i) f(R) > 0:
F(R) F(R) .

r= 2F(R) (coshn —1), 1w(R)—T= 27 (R) (sinhy — 1), (207)

(ii)) f(R) < O0:
r= —I;;IEI)Q) (1—cosn), w(R)—T= o jf(ﬁ))?ﬂ (n —siny), (208)

(iii) f(R) =0:

1/3
= (ZE8) Vmir) - o 209)
The energy density p is given by

8o = (aili,;,r (210)

The LTB solution includes the three arbitrary functions: f(R), F(R), and 19(R).
Here, we consider the vacuum case p = 0. In this case, from Equation (210), we have

rF =0, F=2M, 11)

where M is the Schwarzschild metric with the mass parameter M. Furthermore, we consider
the case f(R) = 0. Here, we chose 19 = R, i.e., drTy = 1. In this case, Equation (209) yields

—-1/2
(dR)a = (dT)a‘f'(ZiVI) (dr)a. (212)

In this case, the metric (205) is given by

S = —(@0)a(dD)y + (ORr (AR} (dR)y + Py
= )+ @ Naldry Py, f=1-20,13)
where (dt), is defined by
(dt)a := (dT)e = f (1= f)/2(dr)a. (214)

We also note that the degree of freedom of the choice of the coordinate R is completely
fixed through the choice 1p = R, though there remains a degree of freedom of the choice of
R = R(R) in the exact solution (205).
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Now, we consider the perturbation of the Schwarzschild spacetime, which is derived
by the exact LTB solution (205) so that

F(R) = 2[M+em(R)]+0(e?), (215)
f(R) = 0+efi(R)+O0(e?), (216)
(R) = R+en(R)+O0(e). (217)

Through these perturbations (215)—(217), we consider the perturbative expansion of
the function r, which is determined by Equation (206):

#(T,R) = r5(1,R) + er1(7,R) 4+ O(€?). (218)

Here, the function (7, R) is given by Equation (209), i.e.,

1/3
ro(T,R) = r(1,R) = (92/1) R — 1]*2. (219)

In Equations (217) and (219), we chose the background value of the function 7)(R) to
be R.

Through this perturbative expansion, we evaluate O(e!) perturbation of Equation (206)
through Equation (212) as

mi(R) M 1

(1= F)2(9cr1) + - n+5A((R) =0, (220)
where we used Equation (212) and the replacement rs — r. The solution to Equation (220)
is given by
M\ my(R) 23 3 ( 6\ +4/3
o= <6> i [R=T1] _2()(M> fi(R)[R 7]
+B(R)[R — 1] V2, (221)

From the comparison with Equation (219), B(R) is the perturbation of the 7 (R) as
T79(R) = R+ 71 (R) in the exact solution (207)—(209). Furthermore, the solution (221) can
be also derived from the exact solution (207)-(209). From Equation (210), the perturbative
dust energy density is given by

_ 20gm(R)
8mp = Orn)2 (222)
Through the perturbative solution (221), the metric (205) is given by
b = —(dT)a(dT)y + (Brr)*(dR)a(dR)y +
+€[(2<8R1’1) — f] (aRT’))(aRT‘) (dR)a(dR>b + 27’7’1’)’@] + O(Gz)
=: g‘(lg) + € gy, +O(e?). (223)

As shown in Equation (213), the background metric glg(b)) is given by the Schwarzschild
metric in the static chart. On the other hand, the linear order perturbation g%, (in the
gauge Z¢) is given by

2hap = (2(0rr1) = f1(R)(9r)) (Or7) (dR)a(dR)p + 21717 gp- (224)
Here, we fixed the second-kind gauge so that

e (T,R,0,9) € My, — (T,R,0,9) € M. (225)
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Through this second-kind gauge choice and the choice of the background radial coordi-
nate R in Equation (213), the degree of freedom of the choice of the radial coordinate R = R(R)
is also completely fixed, even in the linearized version of the exact solution (224), though there
remains a degree of freedom of the choice of R = R(R) in the exact solution (205).

Of course, if we employ the different gauge choice #; from the above gauge-choice
Ze, we obtain the different expression of the metric perturbation z/,,. Actually, we may
choose % as the identification of

% : (T+€€"(T,R),R+€ZR(T,R),0,¢) € My, — (T,R,0,9) € M. (226)

In this identification, the metric on .#);, pulled back to .# is given by

%8 = 28w+ eLegly +0(E)
= g +e(oha +£8Y0) ) +0O(), (227)

a

where & = &7(9;)" + &R(9R)” is the generator of second-kind gauge-transformation
Ze = Y.

6.4.2. Expression of the Perturbative LTB Solution in Static Chart

Here, we consider the expression of the linear perturbation »#,;, given by Equation (224).
From Equations (212) and (214), with F = 2M, we obtain

(d)a+ f1A = F)7V2(dr)e, f=1- @, (228)

r

(d0)a = (dt)a+f (1= )2 (dr)a. (229)

—~
[
o)

~—

2

|

First, we consider the perturbation of the energy-momentum tensor of the matter field.
In the case of the LTB solution, the matter field is characterized by the dust field whose
energy-momentum tensor (204) is given by

Top = puaty, g = —(dT)a, u" = (97)". (230)
In our case, the linearized Einstein equation gives Equation (222), i.e.,

20gmy(R) _ drmi(R)
(Orr)r? 472

11—~ (231)

On the other hand, substituting Equation (229) into Equation (230), we obtain

Ty = p(dT)a(dT)p
= p((@0)a+ 711 = HV2r)a) (@) + F71 0= £)12(dr)y)
_ £\1/2 _
= planalany + o520y @y +p S @i @32

Then, we obtain the components of the energy—-momentum tensor for the static coordi-
nate (t,r) as

. 1-AHY2 1
Ty = %p’ T, = fzfp’ T(eO) =0. (233)

f

From this component, we can confirm the continuity Equations (189) and (190).
As derived in ref. [16], the linearized Tolman-Bondi solution (224) with the Schwarzschild
background is given by

Tu =p,
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2my(R) 1 2—f m(R)
= 2 ), + Zytar)atiny,| + s e ary
+£V(LTB>gubl (234)
where V(i 7p), is given by
L 1/2 1 : r
Vierga == |(1=f) /" + Qf / dtf1(R)|(dt)a + ?(dr)g. (235)

As shown in ref. [16], the I = 0 solution (203) with the components (233) of the
linearized energy—-momentum tensor realize the first line of Equation (234). In this sense,
the solutions (203) of the [ = 0-mode perturbations are justified by the LTB solutions.

However, we emphasize that the linearized LTB solution (234) does have the term
£v,,58ap- As noted by Equations (226) and (227), we can always eliminate the terms of
the Lie derivative of the background metric as the second-kind gauge-degree of freedom.
Therefore, according to our rule of the comparison, the term £V, 15 8ab should be regarded
as the second-kind gauge-degree of freedom in the “conventional gauge-fixing approach”
discussed in this paper. In this case, we have to regard that the perturbation f(R) of the
initial distribution f(R) of the energy of dust field in Equation (206) is an “unphysical
degree of freedom”, in spite of the fact that the behavior of the LTB solution crucially
depends on the signature of the function f(R), as shown in Equations (207)—(209).

7. Summary and Discussion

In this paper, we have discussed comparison of our gauge-invariant formulation for
= 0,1 perturbations on the Schwarzschild background spacetimes proposed in [12-16]
and a “conventional complete gauge-fixing approach”. It is well-known that we cannot
construct gauge-invariant variables for [ = 0, 1-mode perturbations through a same manner
as for [ > 2 mode perturbations if we use the decomposition formulae (26)-(28) with the
spherical harmonic functions Y}, as the scalar harmonics S5. In our gauge-invariant
formulation for I = 0,1 perturbations on the Schwarzschild background spacetime, we
proposed the introduction of the singular harmonic function at once. Due to this, we
can construct gauge-invariant variables for I = 0, 1-mode perturbations through a similar
manner to the I > 2 modes of perturbations. After deriving the mode-by-mode perturbative
Einstein equations in terms of the gauge-invariant variables, we impose the regularity on
the introduced singular harmonics when we solve the derived Einstein equations. This
approach enables us to obtain formal solutions to the I = 0, 1-mode linearized Einstein
equations without the specification of the components of the linear perturbation of the
energy-momentum tensor [12,14,15]. Our proposal also allow us to develop higher-order
perturbations of the Schwarzschild spacetime [13]. Furthermore, we verified that our
derived solutions realized the linearized version of the LTB solution and non-rotating
C-metric [15]. In this sense, we conclude that our proposal is physically reasonable. On
the other hand, it is often said that “gauge-invariant formulations in general-relativistic
perturbations are equivalent to complete gauge-fixing approaches”. For this reason, we
examine this statement through the comparison of our gauge-invariant formulation and a
“conventional complete gauge-fixing approach”, in which we use the spherical harmonic
functions Y}, as the scalar harmonics S5 from the starting point.

After reviewing the concept of “gauges” in general relativistic perturbation theories,
our proposed gauge-invariant formulation for the I = 0, 1-mode perturbations, and our
derived I = 0,1-mode solutions, we considered ! = 1 odd-mode perturbations, I = 1
even-mode perturbations, and / = 0 even-mode perturbations separately. As a result, it
is shown that we can derive similar solutions even through the “conventional complete
gauge-fixing approach”. However, it is important to note that the derived solutions are
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slightly different from those derived based on our gauge-invariant formulation, especially
from a conceptual point of view.

In the case of I = 1 odd-mode perturbations, we derived the formal solution to the
linearized Einstein equation through our proposed gauge-invariant formulation. This
formal solution includes the term of the Lie derivative of the background metric. In
our gauge-invariant formulation, we describe the solutions only through gauge-invariant
variables. Therefore, we should regard the term of the Lie derivative of the background
metric as gauge-invariant. On the other hand, in the conventional gauge-fixing approach
where we use the spherical harmonics Y}, from the starting point, we cannot construct
gauge-invariant variable for | = 1 odd-mode perturbations in the same way we can for
I > 2-mode perturbations. For this reason, we have to treat gauge-dependent variables for
perturbations. Nevertheless, the linearized Einstein equations and the continuity equations
of the linearized energy-momentum tensor for | = 1 odd-mode perturbations in terms
of these gauge-dependent variables have the completely same form as those is derived
through our gauge-invariant formulation. Consequently, the formal solutions derived
through our gauge-invariant formulation must be the formal solutions to these linearized
Einstein equations, and the continuity equation of the linearized energy-momentum tensor
in terms of gauge-dependent variables. As mentioned earlier, we treat gauge-dependent
variables in the conventional gauge-fixing approach. Therefore, the above Lie derivative
terms of the background metric may include the gauge-degree of freedom of the second
kind, which should be regarded as an “unphysical degree of freedom”. Examining the
residual gauge-degree of freedom, we conclude that the above Lie derivative terms of the
background metric include the second-kind gauge-degree of freedom. However, in our
formal solution, there is a variable that should be obtained by solving the I = 1 Regge—
Wheeler equation. We conclude that the solution to this I = 1 Regge-Wheeler equation is
not the gauge-degree of freedom of the second kind, but a physical degree of freedom in
the non-vacuum case. Furthermore, we have to impose appropriate boundary conditions
to solve this I = 1 Regge-Wheeler equation. Since the | = 1 Regge-Wheeler equation is an
inhomogeneous linear second-order partial differential equation, the boundary conditions
for an inhomogeneous linear second-order partial differential equation are adjusted by the
homogeneous solutions to this linear second-order partial differential equation. According
to the check of the residual gauge-degree of freedom, we have to conclude that a part of
homogeneous solutions to this equation is the gauge-degree of freedom of the second kind.
We must exclude this part from our consideration because this gauge degree of freedom is
“unphysical”. This exclusion is the restriction of the boundary conditions of the linearized
Einstein equations.

In the case of | = 1 even-mode perturbations, the situation is worse than the | = 1 odd-
mode case. As in the I = 1 odd-mode case, we obtained the formal solution to the linearized
Einstein equation through our proposed gauge-invariant formulation. This formal solution
includes the term of the Lie derivative of the background metric, which is gauge-invariant
within our proposed gauge-invariant formulation. On the other hand, in the conventional
gauge-fixing approach where we use the spherical harmonics Y}, from the starting point,
we cannot construct gauge-invariant variable for | = 1 even-mode perturbations in the
same manner as we can for | > 2-mode perturbations. Consequently, we have to treat
gauge-dependent variables for perturbations. As in the I = 1 odd-mode case, the linearized
Einstein equations and the continuity equations of the linearized energy-momentum
tensor for [ = 1 even-mode perturbations, which are expressed by these gauge-dependent
variables, retain the same form derived through our gauge-invariant formulation. Therefore,
the same formal solutions derived through our gauge-invariant formulation should be
the formal solutions to these linearized Einstein equations and the continuity equation
of the linearized energy-momentum tensor in terms of gauge-dependent variables. As
previously mentioned, we treat gauge-dependent variables in the conventional gauge-
fixing approach as in the I = 1 odd-mode case. Therefore, the above Lie derivative terms
of the background metric may include the second-kind gauge-degree of freedom, which
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should be regarded as an “unphysical degree of freedom”. However, in our formal solution,
there is a variable that must be obtained by solving the [ = 1 Zerilli equation. We conclude
that the solution to this | = 1 Zerilli equation is not the gauge-degree of freedom of the
second kind, but the physical degree of freedom in the non-vacuum case. Furthermore, we
have to impose appropriate boundary conditions to solve this | = 1 Zerilli equation in the
non-vacuum case, since the I = 1 Zerilli equation is an inhomogeneous linear second-order
partial differential equation. The homogeneous solutions to this linear second-order partial
differential equation adjust the boundary conditions for an inhomogeneous linear second-
order partial differential equation. According to the check of the residual gauge-degree
of freedom, we conclude that all homogeneous solutions to this equation are the gauge
degree of freedom of the second kind. We have to eliminate these homogeneous solutions
from our consideration because these are regarded as “unphysical”. This situation leads us
to the dilemma of needing to impose boundary conditions using these “unphysical degrees
of freedom” in order to obtain the “physical solution” through the [ = 1 Zerilli equation.

In the case of I = 0 even-mode perturbations, we obtain the complete gauge-fixed
solution. This solution does not include any terms involving the Lie derivative of the back-
ground metric, as these terms are regarded as the gauge degree of freedom of the second
kind. In contrast, the solution derived from our proposed gauge-invariant formulation
includes the terms of the Lie derivatives of the background metric, which are regarded
as the first-kind gauge in our gauge-invariant formulation. In our formulation, these are
“physical”. This difference creates a problem when comparing our derived solution with
the linearized LTB solution. In the linearized LTB solution, the initial energy distribution
f1(R) of the dust field in the Newtonian sense is incorporated within the terms of the Lie
derivative of the background metric. When we interpret this linearized exact solution by the
solution using our gauge-invariant formulation, this initial energy distribution is treated as
a physical degree of freedom. Conversely, if we use a conventional complete gauge-fixing
approach to understand the same linearized exact solution, we must consider the initial
energy distribution of the dust field as the gauge-degree of freedom of the second kind,
thus labeling it as “unphysical”. Since the behavior of the exact LTB solution significantly
depends on this initial energy distribution of the dust field, it is unreasonable to classify
this initial degree of freedom as unphysical.

In summary, we have to conclude that there is a case where the boundary conditions
and initial conditions are restricted in the conventional complete gauge-fixing approach,
where we use the decomposition of the metric perturbation by the spherical harmonics Y,
from the starting point. On the other hand, such a situation does not occur in our proposed
gauge-invariant formulation. As a theory of physics, this point should be regarded as the
incompleteness of the conventional complete gauge-fixing approach where we use the
decomposition of the metric perturbation by the spherical harmonics Y, from the starting
point. This is the main result of this paper.

Let us discuss differences between our proposed gauge-invariant formulation and
a conventional complete gauge-fixed approach that begins with the decomposition of
the metric perturbation using the spherical harmonics Y},,. The purpose of introducing
singular harmonic functions in our proposed gauge-invariant formulation is to enhance the
degree of freedom in order to clarify the distinction between the gauge-degree of freedom
of the second kind and the physical degree of freedom. As emphasized in Section 3, if

we set § = Yiy,, we find DyS = €D = 0, (DpDy — 37,4 D'D;)S = 2¢,,D,D'S =
0 for I = 0 modes. We also have (Dqu — %yquVDr)s = 26,(qu)DrS =0forl =1
modes. This is the crucial reason why we cannot construct gauge-invariant variables
for I = 0,1-mode metric perturbation in the same way as we do for I > 2 modes. Due
to these vanishing vector- or tensor-harmonics, the corresponding mode coefficients do
not appear, and we cannot construct gauge-invariant variables for / = 0, 1-modes in the

same manner as for I > 2 modes. In our series of papers [12-16], we regarded that this is
due to the lack of the degree of freedom. Consequently, in our proposed gauge-invariant



Universe 2024, 10, 420

37 of 41

formulation, we introduced singular harmonic functions k3 and k( At2)m forl =0and/ =1
modes, respectively. With the introduction of these singular harmonic functions, we now

have DpS #0 # equ)qs and (Dpf)q — %'yquVDr)S #0 # 2€r(qu)D75 for I = 0 modes,

and (Dqu — %’quD’D,)S #0 # Zer(qu)D’S for I = 1 modes. Thanks to these non-
vanishing vector- or tensor-harmonics, the associated mode coefficients emerge, allowing
us to construct gauge-invariant variables for I = 0, 1-modes in a similar manner to the
case of | > 2 modes. This leads to the development of the gauge-invariant perturbation
theory for all modes [12,14-16], and the development of the higher-order gauge-invariant
perturbations [13].

As noted in [14], the decomposition using the spherical harmonics Y, from the
starting point corresponds to the imposition of the regular boundary conditions on S?
for the metric perturbations from the starting point. In this sense, our introduction of
the singular harmonic functions corresponds to a change in the boundary conditions
on S%. As shown in [14], this change of boundary conditions on S? allows us to clearly
distinguish the gauge-degree of freedom of the second kind and the physical degree of
freedom. Specifically, we can easily construct gauge-invariant variables for / = 0, 1-mode
perturbations. This indicates that the imposition of the boundary conditions on S? and
the construction of the gauge-invariant variables does not commute within the calculation
process. This is the appearance of the non-locality of I = 0, 1-mode perturbations as pointed
out in ref. [37]. Consequently, we have identified a conceptual difference between the
I = 0,1-mode solutions discussed in this paper. In the conventional complete gauge-
fixing approach, which we use the decomposition by the harmonic function Y}, from
the starting point, the degree of freedom of the metric perturbations is insufficient to
distinguish between the gauge-degree of freedom of the second kind, i.e., “unphysical
modes” and “physical modes”. Despite this situation of the lack of degree of freedom, if one
proceeds with the “complete gauge-fixing” as a means of elimination of unphysical modes,
this approach results in constraints on the boundary conditions and initial conditions as
demonstrated in this paper.

On the other hand, in our proposed gauge-invariant formulation, we encounter no
conceptual difficulties, unlike issues related to the restriction of the boundary conditions
and initial conditions pointed out in this paper. This is due to the sufficient degree of
freedom of the metric perturbations. Incidentally, due to this sufficient degree of freedom of
the metric perturbations through the introduction of the singular harmonic functions, our
proposed gauge-invariant variables are equivalent to variables of the complete gauge-fixing
within our proposed formulation in which the degree of freedom of the metric perturbations
is sufficiently extended. Furthermore, we can develop higher-order perturbation theory
without gauge ambiguities if we apply our proposal and there are wide applications of the
higher-order gauge-invariant perturbations on the Schwarzschild background spacetime, as
briefly discussed in ref. [13]. We leave these further developments of the application of our
formulation to specific problems related to perturbations in the Schwarzschild background
spacetime as future works.
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Appendix A. Linearized Einstein Tensor

In this Appendix A, we derive components of the linearized Einstein tensor. Al-
though similar formulae are derived in Appendix C in [14] in the gauge-invariant form,
in this paper, we have to derive the components of the Einstein tensor with the spheri-
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cally background spacetime without any gauge-fixing. In this case, the formulation of the
“gauge-ready formulation” proposed in ref. [52] in the context of cosmological perturba-
tion theories is an appropriate formulation. Therefore, in this Appendix A, we derive the
components of the linear-order Einstein tensor without any gauge-fixing following the
philosophy of the “gauge-ready formulation” “in ref. [52]. The derived formulae in the
philosophy of “gauge ready formulation” is useful in the ingredient of this manuscript.

Here, we consider the metric perturbation as
28 = Sab + € 2hap + O(€?). (A1)

The connection C°, between the covariant derivative V, associated with the metric
$ap and the covariant derivative V, associated with the metric g, is given by

1
Cp = §§Cd(va§dh + Vi3 — Vagav), (A2)

where g% is the inverse of g,;,. Here, we expand the connection C¢ . With respect to € as

Cp = €1IC7,, + O(€). (A3)

Then, we have
e — Lottt + Viyhaa — Vo Ad
ab = 58" (Vahayp + Viphis = Va ab)- (A4)

The relation between the Riemann curvature R e 4 associated with the metric Gap and

the curvature R . 4 associated with the background metric g, is given by

d d d d
R = Rtle - ZV[uC b]C + Zcec[ac h]e’ (AS)

abc
Then, we have
R

abc

T = Ry —2ev,C) 4+ 0(). (A6)
The perturbative expansion of the Ricci tensor R, is given by
Rac = Roc — 26V, CY +0(€?). (A7)

The perturbative expansion of the curvature R, is given by

Rad — ngRac
g_CdRac + e(_ngdv[a(l)Cbb]C _ thRIZC> + O(GZ). (AS)

The perturbation of the scalar curvature is given by

R — g—_ucRaC
- R+ e(—h“cRaC -~ Zg”CV[a(l)Cbb]C) +0(?). (A9)

Then, the perturbative expansion of the Einstein tensor G, is given by

_ 1 _
R, — §(sadR
1
Gad + e(_ngdv[u(l)Cbb]c + 5adgecv[e(1)cbb]c — R, + 25adhecRec> +0(e?)

G,* + G, + 0(€?). (A10)
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Namely, the 1st-order perturbation of the Einstein tensor is given by
1
(1)Gud _ _ngdv[a(l)Cbb]c =+ 5ad gcv[e(l)cbb]c _ thRaC + E(SadhecRec- (All)
Substituting Equation (A4) into Equation (A11), we obtain
1
WG," = =3V Vit + Ry,
1 1
5 (V! =200V ) Vil = 5 (Vv = 6,090 !
1 1 1
_ERuchdc - ERdfhﬂf + E(SadhecRec' (A12)

In the case of the vacuum background spacetime R, = 0, which we consider in this
paper, we obtain

1
WG, T = =5 Vi + Ry
1 1
5 (V! =200 ) Vil = 5 (Vv = 6,40V )yt (AT3)
To derive the component of ()G,4, we denote the components of the metric perturba-
tion and the derivative operator as
hag:=hap, =y hap, BPP = PiyPEhg,
Iyl = yThy,  RPTi= 4Py Ty, (A14)
and

De — yCEDEl DP — quf)q. (A15)

Now, the components of ()G, in terms of the variable defined by Equation (A14)
as follows:

1 A A 1T 2 —C = - 2_

]
@)
W]
@)
=

1, i m - 1. —p.
;(Dcr)DChAB — EDADBhCC

_|_

I 1- - -
DBDChAC + *DADC]’IBC —

+
S|P NIR DN

<
_ N

o 1 o A - _ o
—i—ﬁDCDch,r + 55 DpD"h," — —(D¢r)Dch,” —

T ECC> . (Al6)
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1 . =~cCr 1 o Ao 1 - AT
V- d C C C
( )GA = ﬁDqD hAC — ﬁDAthC + ﬁ(DAT)thC
Lo pera_ Yapra, Yra, 1 sappr
1 - - - 1 - I 1 - = 7 1 - - 7
—DaDph'® — — (D ar)Dph® — — (D ar)(Dpr)hP + = (Dpr)D k"
+52D4Dp 5(Dar)Dp r4(A)(D) + 5(Dpr)Da
1‘A‘sl‘ A 1,45 1‘A‘r1‘ NGT, T
+FDADSPL‘7 - r—S(DAr)Dshq - ﬂDAth, + ﬁ(DAr)th, , (A17)
1 - —cr 1 A agr 1 ~Cr 2 - ~C 7 2 -
V- q Cp 1 st 4 Cp 4 C q q
1 o sz C 1 ~ - - 1 Ap=cr
1 PR 1 ~parz 1 & apr
+ﬁDpDrh‘7 + ﬁDqD hpr — ﬁDPthr
1. - - 1 —Cr 1 _
+7, —EDCDDhCD — ~(Dcn)D WP 4+ ZDcDCh P + —(DCr)Dch P
+ L DDRE — LoD,
It I
1""‘57 3‘7 1 ~NCT, T 1‘C“r
_ﬁDTDSh ﬁ r +@DCD h}’ _773(D T)Dchr
2 = 5C r 1 A AST, T
+774(DC7)<D r)h, +ﬁD5D k). (A18)
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