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Abstract: This article is Part I of our series of full papers on a gauge-invariant “linear” per-
turbation theory on the Schwarzschild background spacetime which was briefly reported
in our short papers by the present author in 2021. We first review our general framework
of the gauge-invariant perturbation theory, which can be easily extended to the “higher-
order” perturbation theory. When we apply this general framework to perturbations on
the Schwarzschild background spacetime, gauge-invariant treatments of | = 0,1 mode
perturbations are required. On the other hand, in the current consensus on the perturba-
tions of the Schwarzschild spacetime, gauge-invariant treatments for [ = 0,1 modes are
difficult if we keep the reconstruction of the original metric perturbations in our mind. Due
to this situation, we propose a strategy of a gauge-invariant treatment of / = 0,1 mode
perturbations through the decomposition of the metric perturbations by singular harmonic
functions at once and the regularization of these singularities through the imposition of
the boundary conditions to the Einstein equations. Following this proposal, we derive
the linearized Einstein equations for any modes of [ > 0 in a gauge-invariant manner. We
discuss the solutions to the odd-mode perturbation equations in the linearized Einstein
equations and show that these perturbations include the Kerr parameter perturbation in
these odd-mode perturbations, which is physically reasonable. In the Part II and Part III
papers of this series of papers, we will show that the even-mode solutions to the linearized
Einstein equations obtained through our proposal are also physically reasonable. Then, we
conclude that our proposal of a gauge-invariant treatment for / = 0, 1-mode perturbations
is also physically reasonable.

Keywords: black hole; Schwarzschild spacetime; perturbation theory; gauge-invariance

1. Introduction

The study of gravitational-wave astronomy began at the first event GW150914 of
the direct observation of gravitational waves in 2015 [1]. This event also marked the
beginning of multi-messenger astronomy including gravitational waves [2]. We are now at
the stage where we can directly measure gravitational waves and we can carry out scientific
research through these gravitational-wave events. We can also expect that one future
direction of gravitational-wave astronomy is the development as a “precise science” by the
detailed studies of source science, the tests of general relativity, and the developments of the
global network of gravitational-wave detectors [2-5]. In addition to the current network of
ground-based detectors, as future ground-based gravitational-wave detectors, the projects
of Einstein Telescope [6] and Cosmic Explorer [7] are also progressing to achieve more
sensitive detection.
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In addition to these ground-based detectors, some projects of space gravitational-
wave antenna are also progressing [8§-11]. Among them, the Extreme Mass Ratio Inspiral
(EMRI), which is a source of gravitational waves from the motion of a stellar mass object
around a supermassive black hole, is a promising target of the Laser Interferometer Space
Antenna [8]. To describe the gravitational wave from EMRIs, black hole perturbations are
used [12]. Furthermore, the sophistication of higher-order black hole perturbation theories
is required to support these gravitational-wave physics as a precise science. Very recently,
the backaction effect of mass and angular momentum accretion on the Schwarzschild
black hole due to the Blandford—Znajek process [13] was also discussed [14], which are
higher-order effects of two-parameter perturbations [15,16]. The motivation of this paper is
in the theoretical sophistication of black hole perturbation theories toward higher-order
perturbations for very wide physical situations including the topic in ref. [14].

In the current situation of black hole perturbation theories, we may say that further
sophistication is possible even in perturbation theories on the Schwarzschild background
spacetime, although realistic black holes have their angular momentum and we have
to consider the perturbation theory of a Kerr black hole for direct applications to EMRI.
From 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].
They usually decompose the perturbations on the Schwarzschild spacetime using the
spherical harmonics Y}, and classify them into odd- and even-modes based on their parity,
because the Schwarzschild spacetime has the spherical symmetry. However, in the current
situations, | = 0 and / = 1 modes should be separately treated through a gauge-fixing
procedure [29-32]. From the arguments in refs. [29-32], it is the current consensus that the
constructions of “gauge-invariant” variables for / = 0,1 mode perturbations are difficult if
we keep the reconstruction of the original metric perturbations in our mind.

On the other hand, toward unambiguous sophisticated “nonlinear” general-relativistic
perturbation theories, we have been developing the general formulation of a higher-order
gauge-invariant perturbation theory on a generic background spacetime [15,16,33-36] and
have been applying it to cosmological perturbations [37-39]. We review our framework of
the linear gauge-invariant perturbation theory on generic background spacetime [15,16]
in Section 2 of this paper. This framework can be easily extended to “higher-order” per-
turbations, since the reconstruction of the original metric is trivial. This framework starts
from the distinction of the notions of the first- and the second-kind gauges. These two
notions of gauges in perturbations are different from each other and this distinction of
the first- and second-kind gauges is quite important to understand the development of
perturbation theory in this series of our papers. We point out the fact that we often use the
first-kind gauge transformation when we predict or interpret the measurement results of
observations or experiments. Since the actual measurement results include the information
of the detector directivity and the relative motion of the detector and observational targets,
we exclude these information using the first-kind gauge transformation when we predict or
interpret the experimental results. On the other hand, the second-kind gauge has nothing
to do with the nature of physical spacetime and the second-kind gauge should be regarded
as an unphysical mode. More details are described in Section 2.

The general framework of gauge-invariant perturbation theories developed in
refs. [15,16,33-36] is based on a conjecture (Conjecture 1 below), which roughly states
that “we already know the procedure to find gauge-invariant variables for linear-order met-
ric perturbations”. Throughout this series of papers and in refs. [15,16,33-36], we use the
terminology “gauge-invariant variables” as the variables in which the gauge-degree of free-
dom of the “second kind” is completely excluded, if there is no possibility of any confusion.
Owing to Conjecture 1, the reconstruction of the original metric from the gauge-invariant
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variables is trivial. A proof of Conjecture 1 was already discussed in refs. [33-35]. In this
proof, we had to introduce some Green functions for some elliptic derivative operators and
ignored the kernel modes of these elliptic derivative operators due to a technical reason. We
called these kernel modes “zero modes”, and the treatment of these zero modes remained
unclear. We also called the problem to find a gauge-invariant treatment of these zero modes
as the “zero-mode problem”. This zero-mode problem is a serious problem to be resolved
when we develop higher-order gauge-invariant perturbation theory, since mode-coupling
effects including the above “zero modes” occur in higher-order perturbations.

In the case of the perturbations on the Schwarzschild background spacetime, as we
will see in Section 3, these “zero modes” correspond to the above I = 0,1 modes. The
above conventional special treatments of I = 0, 1 modes in many studies correspond to a
partial gauge-fixing procedure. If arguments are completed within the linear perturbations
on a single patch of the spacetime, this partial gauge-fixing procedure might be harmless,
because there is no mode-coupling in the linear perturbation level. However, from the
viewpoint of the application of our “higher-order” perturbation theory, the above special
treatments of these modes become an obstacle when we develop nonlinear perturbation
theory because the mode-couplings owing to the nonlinear effects make the couplings
between linear-order / = 0,1 modes and other modes, as mentioned above. Actually, higher-
order | = 0,1 modes are also created due to the mode-coupling owing to the nonlinear
effects of Einstein equations [40]. Due to this mode-coupling, the special treatments by
gauge-fixing for the linear / = 0,1 modes in many studies make the “gauge covariance”
of the higher-order perturbations unclear. Moreover, in the EMRI case, we separate the
whole spacetime of the system into some regions and derive the perturbative solutions
including ! = 0,1 mode in each region at once, then we construct global solutions through
some matching method such as the matched asymptotic expansion. To exclude “gauge-
ambiguity” in these matching, we have to carry out these matching procedure under the
“same gauge”. To guarantee that the matching procedure is under “same gauge”, it is
convenient to discuss the perturbation theory in which “gauge covariance” is manifest.
Since this “gauge covariance” is already manifest for / > 2 modes of the perturbations on
the Schwarzschild spacetime in the gauge-invariant perturbation theory, it is natural to
hope that there is a gauge-invariant treatment for / = 0, 1-modes perturbations in spite of
the current consensus mentioned above. Thus, the finding of a gauge-invariant treatment
of I = 0,1 modes in the perturbations on Schwarzschild background spacetime is not only
a resolution of the above technical zero-mode problem in a specific background spacetime
but also is quite physically crucial in the arguments of EMRI.

This paper is Part I of our series of full papers on the application of our gauge-invariant
perturbation theory on generic background spacetime to that on the Schwarzschild back-
ground spacetime, which is already reported in our short papers [41,42]. This series of
papers is the full paper version of our short paper [41]. In this Part I paper, we propose a
gauge-invariant treatment of the I = 0, 1-mode perturbations on the Schwarzschild back-
ground spacetime and show that Conjecture 1 is true even for these modes if we accept our
proposal. If we consider the mode decompositions for I = 0, 1 modes by the spherical har-
monic functions Y}, the vector and tensor harmonics vanish for I = 0 mode and the tensor
harmonics vanish for / = 1 mode. This is the essential reason why we have to treat = 0,1
modes separately in the conventional approaches as explained in Section 3.1. The mode
decomposition based on the conventional spherical harmonic function Y, corresponds to
the imposition of the boundary condition due to the restriction of the functions to L?-space
at the starting point. Due to this regular boundary condition at the starting point, vector
and tensor harmonics for | = 0 modes and tensor harmonics for | = 1 mode vanishes.
This requires the special treatments of I = 0,1 modes in the conventional approaches. In
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Section 4, we also explained the explicit reason for the difficulties of the construction of
gauge-invariant variables for / = 0,1 modes through the gauge-transformation rules of the
metric perturbations.

In contrast with these conventional approaches, in our proposal, we introduce singular
harmonic functions at once to prepare the non-vanishing vector and tensor harmonics for
I = 0,1 mode. Owing to this introduction of the singular harmonic functions, we can treat
I = 0,1 modes of perturbations in the similar manner to the treatment of / > 2 modes
in which the gauge-degree-of-freedom of the second kind is completely excluded. We
can also construct the gauge-invariant variables for | = 0,1-mode perturbations in the
similar manner to those of I > 2-modes perturbations in which the reconstruction of the
original metric from the gauge-invariant variables is trivial. This unified construction of
gauge-invariant variables including / = 0,1 modes enable us to define gauge-invariant
variables for perturbations of any tensor fields of any order in our higher-order gauge-
invariant perturbation theory [15,16,33-39], in which mode-couplings between I = 0,1
modes and the other modes are naturally included. After the derivation of the linear-order
Einstein equations in terms of these gauge-invariant variables, we eliminate the introduced
singular behavior of harmonics by imposing the regularity of perturbations as the boundary
conditions. This is the main scenario of our proposal in this paper.

In this paper, we show that we can resolve the above “zero-mode problem” if we
accept the above proposal. This resolution will be an important step of the development of
the higher-order gauge-invariant perturbation theory on the Schwarzschild background
spacetime which includes the analyses of EMRI. In addition to the perturbation theory on
a specific background spacetime, this resolution will become a clue to the perturbation
theory on a generic background spacetime. We note that we do not intend to insist that
this proposal is the unique resolution of the above “zero-mode problem”. However,
in the series of our papers, we derive the solutions to the linearized Einstein equation
through our proposal and point out that these solutions are physically reasonable. In
this Part I paper, we derive the odd-mode perturbative solutions which are physically
reasonable. In the Part II paper [43], we will discuss the strategy to solve the even-mode
perturbations following our Proposal 1 and derive their [ = 0, 1-mode solutions. Then, we
show these solutions are physically reasonable. Furthermore, in the Part III paper [44], we
will discuss the realization of two exact solutions in terms of the linear perturbations on
the Schwarzschild background spacetime. Owing to these supports, we may say that our
proposal in this paper is also physically reasonable. A brief discussion on the extension to
the higher-order perturbations are already given in ref. [42].

The organization of this Part I paper is as follows. In Section 2, we briefly review
the framework of the general-relativistic gauge-invariant perturbation theory within the
linear perturbation theory, as mentioned above. This framework can be easily extended to
higher-order perturbations [15,16,33-36], since the reconstruction of the original metric is
trivial through the Conjecture 1. In this Section 2, we emphasize that the distinction of the
first-kind gauge and the second-kind gauge is an important premise of our gauge-invariant
perturbation theory. In Section 3, we explain the situation in many studies why the special
treatments of I = 0,1 modes are required. Then, we propose a strategy for gauge-invariant
treatments of | = 0,1 modes. In Section 4, we construct gauge-invariant variables including
I = 0,1 modes through the proposal described in Section 3. This is a proof of Conjecture 1 for
all modes of perturbations, I > 0, on the background spacetimes with spherical symmetry.
In Section 5, we derive the Einstein equations for any mode perturbations following
the proposal in Section 3. In Section 6, we show the strategy to solve the odd-mode
perturbations and derive the explicit solutions for I = 0,1 mode perturbations through
the component treatment of gauge-invariant variables in the Einstein equations derived
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in Section 5. The final Section 7 is devoted to the summary and discussions within this
Part I paper.

Throughout this paper, we use the unit G = ¢ = 1, where G is Newton’s constant of
gravitation, and c is the velocity of light.

2. Review of Our General-Relativistic Gauge-Invariant Perturbation Theory

In this section, we briefly review our general framework of the gauge-invariant pertur-
bation theory [15,16]. Although the main purpose of the framework of the gauge-invariant
perturbation theory developed in refs. [15,16] is the extension to the higher-order perturba-
tion theory, in this review, we concentrate only on the linear perturbations. This is because
we treat only the linear perturbations within this paper. Since we want to explain the
gauge-invariant perturbation theory in general relativity, first of all, we have to explain the
notions of “gauges” in general relativity [39].

General relativity is a theory with general covariance. This general covariance intu-
itively states that there is no preferred coordinate system in nature. This general covariance
also introduces the notion of “gauge” in the theory. In the theory with general covariance,
these “gauges” give rise to the unphysical degree of freedom and we have to fix the “gauges”
or to extract some invariant quantities to obtain physical results. Therefore, treatments of
“gauges” are crucial in general relativity and this situation becomes more delicate in general
relativistic perturbation theories.

In 1964, Sachs [45] pointed out that there are two kinds of “gauges” in general relativity.
Sachs called these two “gauges” as the first- and the second-kind gauges, respectively. Here,
we review these concepts of “gauge”, which are different from each other. Furthermore,
the distinction of these “gauges” is important to understand the results of this paper and
papers [43,44].

In Section 2.1, we first explain the notion of the first kind gauge. Second, we explain
the notion of the second-kind gauge in Section 2.2. We expect that the reader can distinguish
these two different notions of gauges in general relativity through these explanations. Then,
we review our general framework of the general-relativistic gauge-invariant perturbation
theory on generic background spacetimes in Section 2.3. We have to emphasize that the
aim of our general formulation of general-relativistic gauge-invariant perturbation theory
is to completely exclude the degree of freedom of the second-kind gauge.

2.1. First Kind Gauge

“The first kind gauge” is a coordinate system on a single manifold .. This first kind
gauge is not the “gauge” of our “gauge-invariant perturbation theory”. However, we have
to explain this first kind gauge to distinguish the notions of the first-kind gauge and the
second-kind gauge, as emphasized above.

In standard textbooks of manifolds (for example, see [46]), the following property of
a manifold is written, “On a manifold, we can always introduce a coordinate system as a
diffeomorphism ¢, from an open set O, C .# to an open set 1, (O,) C R" (n = dim .#).”
This diffeomorphism 1, i.e., coordinate system of the open set Oy, is called “gauge choice”
(of the first kind). If we consider another open setin Og C .#, we have another gauge choice
¥ : Op — P(0Op) C R” for Og. If these two open sets O, and Og have the intersection
Ox N Op # @, we can consider the diffeomorphism g o ¢, 1. This diffeomorphism Ppo !
is just a coordinate transformation §,(Ox N Og) C R" = ¢5(0O, N Opg) C R", which is
called “gauge transformation” (of the first kind) in general relativity. These are depicted in
Figure 1 which is a famous figure in many textbooks of the theory of manifolds.
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Figure 1. The first kind gauge is a coordinate system of a single manifold. The shaded regions are
the intersection O, N Og and its images though the diffeomorphism ¢, and g, respectively. The
points r and s and its coordinates {x*(s), x*(r)} and {y"(s), y#(r)} are used in the explanations at
the paragraph of Equation (1).

According to the theory of manifolds, coordinate systems are not on a manifold
themselves, but we can always introduce a coordinate system as a map from an open set on
the manifold .# to an open set of R". Furthermore, we may choose a different coordinate
system through the different map from an open set in the manifold .# to an open set of
R”. We can always change the coordinate system as we want. This is a realization of the
statement of the general covariance that “there is no preferred coordinate system in nature”.
For this reason, general covariance in general relativity is automatically included in the
premise that our spacetime is regarded as a single manifold. The first kind gauge does
arise due to this general covariance. The gauge issue of the first kind is usually represented
by the question, “Which coordinate system is convenient?” The answer to this question
depends on the problem which we are addressing, i.e., what we want to clarify. In some
cases, this gauge issue of the first kind is important. On the other hand, in many cases, this
gauge issue becomes harmless if we apply a covariant theory on the manifold.

We also note the fact that we often use this first-kind gauge transformation when we
predict or interpret the measurement results in observations and experiments as mentioned
in Section 1. In general, directly measured results in observations or experiments include
the information of the detector directivity and the relative motion of the detector and
observational targets. When we predict or interpret the results of these directly-measured
results, we have to take into account the information of our detectors.

One typical example is the dipole mode in the fluctuations of the cosmic microwave
background (CMB). It is well-known that the dipole mode of CMB is actually detected by the
detectors. Usually, this detected dipole mode in CMB is interpreted as the relative motion
of the detector against the last scattering surface of the universe. Then, this detected dipole
mode is regarded as unimportant detected data when we want to discuss the primordial
fluctuations in CMB which are generated in the early history of universe. Regarding
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the reason of the detection of these dipole fluctuations in CMB is the proper motion of
the detector against the last scattering surface; we use the coordinate transformation to
eliminate our relative motion of the detector against the last scattering surface so that the
dipole fluctuations disappear [47]. This coordinate transformation is a typical example of
the first-kind gauge transformation. We can also give the inclination of rotating star or
a binary system and the antenna pattern function of interferometric gravitational-wave
detectors as examples of the first-kind gauges.

The final example of the first-kind gauge transformation is the most important one for
general relativistic perturbation theories. This is the identification of the actual replacement
of points within the single manifold .# with an infinitesimal coordinate transformation [48].
To explain this, we consider the replacement of a points r € .# to the other points € .# ina
neighborhood r. This replacement r — s is represented by a diffeomorphism ¥, : # — #
ass = ¥, (r), where A is an infinitesimal parameter satisfying ¥ ,_o(r) = r. The pullback
Y3 of any tensor field Q on ./ is given by

Q(s) = (¥3Q)(r) = Q(r) + A£:Q|,_, + O(7A?), (1)

where ¢“ is the generator of the pull-back ¥} and a vector field on the tangent space of .#.
We consider this expression (1) by a coordinate transformation. To see this, we introduce
the coordinate system {O,, i, } on .# as above and assume thatr,s € O, N Op # @ asin
Figure 1. Here, we denote the coordinates i : Oy C .# — R"({x¥}) and ¢5 : O C A
— R"({y*}). Through these coordinate systems, we can assign the coordinate labels
(xt(r),xt(s)) e R"({x#}) and (y*(r),y*(s)) € R*({y"}) for the points r and s as in Figure 1.
When the variable Q is the coordinate function x# associated with the chart ¢,, we obtain
xt(s) = x¥(r) + A&*(r) + O(A?). Now, we consider the coordinate transformation g o it
so that y"(s) := x#(s) and we have the relation between the different coordinates as

yH(s) := 2t (r) + AZH (r) + O(A%). )

As an example of tensor fields, we consider the metric g,, on .#. Under the infinitesimal
coordinate transformation (2), the metric at the point s is given by

av(s) = guv(x(s))(dx")a(dx")p|; = g (y(5))(dy")aldy")s|,

= gu(x() + 220 )+O(A2))gyp W ()02

= ga(r)+A (Cf. 9t8po + Suo pC” + ov aé’”)(dxp)a(dx”)bL + O(Az)
= guv(r) + A£egusl, + O(A?). (3)

r

Because of g,;,(s) = ¥ 8ap(r), Equation (3) is usually written as

(¥38ab) (r) = Zan(r) + ALegap|, + O(A?). (4)

This is just the definition of the Lie derivative and the realization of Equation (1) itself '.
From the action of the coordinate transformation (2), the coordinate transformation should
be regarded as the action of the diffeomorphism

ppoFroy,! (5)

rather than the simple coordinate transformation g o ¥, 1. However, in our perturbation
theory, we also regard the infinitesimal coordinate transformation (2) is the first-kind gauge
transformation, since the above arguments are restricted within a single manifold .#.
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Namely, the Taylor expansion through the infinitesimal parameter A is to the tangential
direction within the manifold .#.

We may write the metric g as gz = (V)gap -+ A iy + O(A?) within .. We emphasize
that the direction of this Taylor expansion through the infinitesimal parameter A is still
“tangential” to .# . In this case, Equation (3) yields

g (5) + Ay (5) = O (1) + A (o) + £¢ Vg

r) +O(A2). ©6)

In many studies, arguments start from the infinitesimal coordinate transformation (2) and
reach the conclusion (6). For this reason, the term of Lie derivative of the background
metric in the right-hand side in Equation (3) is understood as the “degree of freedom of
coordinate transformations” and it is “unphysical degree of freedom”, in many studies.
However, the appearance of the Lie derivative of the background metric in Equation (6) is
just due the change of the reference point within the single manifold .# and this situation
is same as the above example of CMB dipole measurement. For this reason, we regard
this example as the appearance of the first-kind gauge. This example appears when we
interpret our results in Section 6 of this paper.

We will be able to find many other examples of the first-kind gauges. All of these
are interpreted as the changes of reference point within the single manifold. In some case,
these change of reference point within the single manifold included in the measurement
results in observations and experiments. For this reason, we do not regard this above
first-kind gauge is “unphysical degree of freedom”. On the other hand, the second-kind
gauge which is explained in Section 2.2 has nothing to do with our physical spacetime but
is included in the perturbative variables as explained below. We have to emphasize that
this second-kind gauge is the “unphysical degree of freedom” which should be excluded in
general relativistic perturbation theory.

2.2. Second Kind Gauge

“The second kind gauge” appears in perturbation theories as a theory with general
covariance. To explain this, we have to remind the reader of our purpose regarding
perturbation theories.

First, in any perturbation theories, we always treat two spacetime manifolds. One is
the “physical spacetime” .#,;,. We want to describe the properties of this physical spacetime
My, through perturbative analyses. This physical spacetime .#p}, is usually identified with
our nature itself. The other is the “background spacetime” .. This background spacetime
has nothing to do with our nature and is a fictitious manifold which is introduced as a
reference to carry out perturbative analyses by us. We emphasize that these two spacetime
manifolds ./, and .# are distinct. Let us denote the physical spacetime by (.#pn, §4) and
the background spacetime by (.7, g,5), where g, is the metric on the physical spacetime
manifold, .#y,, and g, is the metric on the background spacetime manifold, .#. Further,
we formally denote the spacetime metric and the other physical tensor fields on .Zy, by Q
and its background value on .# by Q.

Second, in any perturbation theory, we always write equations for the perturbation of
the variable Q as follows

Q(“p”) = Qo(p) +Q(p). 7)

" 17

Equation (7) gives a relation between variables on different manifolds. Actually, Q(“p”) in
the left-hand side of Equation (7) is a variable on .#,;,, whereas Qo(p) and 6Q(p) in the
right-hand side of Equation (7) are variables on .#. Because we regard Equation (7) as
a field equation, Equation (7) includes an implicit assumption of the existence of a point
identification map A4 — M 1 p € M — "p” € Mp,. This identification map is a “gauge
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choice” in general-relativistic perturbation theories (see Figure 2). This is the notion of
the “second-kind gauge” pointed out by Sachs [45]. Note that this second-kind gauge is a
different notion from the degree of freedom of the coordinate transformation on the single
manifold which is explained in Section 2.1.

Figure 2. The second kind gauge is a point-identification between the physical spacetime .#,, = ¢
and the background spacetime .# on the extended manifold .#". Through Equation (7), we im-
plicitly assume the existence of a point-identification map between .#. and .#. However, this
point-identification is not unique by virtue of the general covariance in the theory. We may choose

"1

the gauge of the second kind so that p € .# and “p”€ 4. is same (Z¢). We may also choose the

"o

gauge so that g € .#y and “p”€ A, is same (%). These are different gauge choices. The gauge
transformation Z¢ — % is given by the diffeomorphism &, = 3{5_1 o %.

To develop this understanding of the “gauge of the second kind”, we introduce an
infinitesimal parameter € for perturbations and 4 + 1-dimensional manifold .4 = .Z,, x R
(4 = dim.#) such that # = N|._yand My, = Me = N|g_.. On 4, the point-
identification choice is regarded as a diffeomorphism Z: : 4 — .4 such that Z; :
M — M. This point-identification is a gauge choice of the second kind [39,45,49-51].
Furthermore, we introduce a gauge choice 2; as an exponential map with a generator %7,
which is chosen such that its integral curve in .4 is transverse to each .#. everywhere on
4. Points lying on the same integral curve are regarded as the “same point” by the gauge
choice Z¢. Note that the action of Z¢ is transverse to each .Z.

The first-order perturbation of the variable Q on .Z; is defined as the pulled-back
ZFQ on ., which is induced by Z¢, and is expanded as

25Q=Q+etx,Q +0(e), (®)

where Qy = Q| , is the background value of Q and all terms in Equation (8) are evaluated
on the background spacetime .#. Because Equation (8) is the perturbative expansion of
2 Qe, the first-order perturbation of Q is given by %)Q = E%WQ p

When we have two gauge choices 2; and % with the generators #7;" and “7°,
respectively, and when these generators have different tangential components to each .7,
Ze and % are regarded as “different gauge choices”. A “gauge-transformation” is regarded
as the change of the point-identification 2. — %, which is given by the diffeomorphism
D= (2:) Yo% M — M. The diffeomorphism ®. does change the point-identification.

Here, @, induces a pull-back from the representation Z_*Q. to the representation #.°Q. as 2

ZEQe(q) = P 2Qe(q) ©)
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for any point g € .#. From general arguments of the Taylor expansion [52], the pull-back
®! is expanded as

DQe = Z7Qe +ehy 27Qe +O(e2), (10)

where g‘(’l) is the generator of ®.. From Equations (8) and (10), the linear-order gauge-
transformation is given as

0@ — o) = £, Q) (11)

for any point g € .#. We also employ the “order-by-order gauge invariance” (of the second
kind) as a concept of gauge invariance [38]. We call the kth-order perturbation ((Jky)Q as
gauge-invariant (of the second-kind) if and only if

") = %) (12)

for any point g € .# and gauge choice Z¢ and %¢.

Here, we have to emphasize the importance of the gauge invariance of the second
kind. As explained above, the second kind gauge has nothing to do with the properties
of the physical spacetime. The physical spacetime is usually identified with our nature
itself. We are living not on the background spacetime but on the physical spacetime.
Any experiment and observation is carried out within the physical spacetime through
the physical process within the physical spacetime. Therefore, measurement results of
experiments and observations should have nothing to do with the background spacetime
nor the gauge-degree of freedom of the second kind. For this reason, measurement results
of experiments and observations should be gauge-invariant in the sense of the second
kind. Keeping this premise in mind, the gauge-transformation rule (11) indicates that
the first-order perturbation ()Q for an arbitrary tensor field Q is transformed through
the gauge-transformation, i.e., the change in the point identification of the points of the
physical spacetime and the background spacetime in general. This implies that the first-
order perturbation ()Q includes the unphysical degree of freedom, i.e., the gauge degree of
freedom in the second kind, in general. Thus, order-by-order gauge-invariant variables
defined by Equation (12) does not include the gauge degree of freedom in the second kind
and is quite important for perturbation theories in general relativity.

Finally, we comment on the difference between the notion of this second-kind
gauge and the first-kind gauge especially the example in the paragraph which contains
Equation (1) and in the next paragraph. First, we point out that the Taylor expansion
through the infinitesimal parameter A in Equations (1)—(6) is the expansion within the
single manifold .#. Therefore, even if we include higher-order perturbations of the in-
finitesimal parameter A, this Taylor expansion is still within the single manifold. On the
other hand, the direction of the Taylor expansion (8) for the perturbative variable Z.*Q is
the transverse direction from the background spacetime .# to the physical spacetime .#,
in the extended manifold .#". Although the action of the diffeomorphism ®} is within the
background spacetime, the Taylor expansion of #*Q, and Z¢Q, through the infinitesimal
parameter € is the transverse direction to each manifold . in the extended manifold .#".
Therefore, the metric perturbation in Equation (6) cannot direct to the physical spacetime
My from the background spacetime .#, but the perturbation in Equation (8) actually
directs to the physical spacetime .#),, from the background spacetime .#. Therefore, the
perturbation of /i, in Equation (6) does not have any information of .#), if the manifold

A for Equation (1) is the background spacetime of perturbation, but ((l%)fQ in Equation (8)
should have the information of .#,.
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However, Equation (11) indicates that the variables @Q include the information
of the second-kind gauge; thus, we have to exclude this second-kind gauge completely.
This is accomplished by the construction of gauge-invariant variables (in the sense of
the second-kind). The general-relativistic gauge-invariant perturbation theory explained
below (in Section 2.3) automatically treats only gauge-invariant variables in the sense of
the second-kind defined by Equation (12). Thus, the development of our gauge-invariant
perturbation theory is crucially important in physics. Here, we emphasize the important
fact that the gauge degree of freedom in perturbations to be excluded by the gauge-
invariant perturbation theory is not the above first-kind gauge but the second-kind gauge
as explained below.

2.3. The General-Relativistic Gauge-Invariant Linear Perturbation Theory

Based on the above setup, we proposed a procedure to construct gauge-invariant
variables of higher-order perturbations [15,16]. In this paper, we concentrate only on
the explanations of the linear perturbations. First, we expand the metric on the physical
spacetime .#., which was pulled back to the background spacetime .# through a gauge
choice Z¢ as

238 = Sap+€aha +O(€2). (13)

Although the expression (13) 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
possibility of confusion. The important premise of our proposal was the conjecture [15,16]
for the linear metric perturbation h,; as follows:

Conjecture 1. If the gauge-transformation rule for a perturbative pulled-back tensor field h,y, to
the background spacetime ./ is given by ahy, — ghy = £¢1)8ab with the background metric g,p,
there then exists a tensor field F 4y, and a vector field Y* such that hyy, is decomposed as hyy, =: Fy
+ Ly Qap, where Fyp and Y* are transformed as . F gy, — o Fap = 0and 5Y* — Y = @"(‘1) under
the gauge transformation, respectively.

We call .%,;, and Y* as the “gauge-invariant” and “gauge-dependent” parts of h,,
respectively. In our higher-order gauge-invariant perturbation theory [15,16,33-39],
Conjecture 1 plays an essential role in the derivation of the formula for the decompo-
sition of any variables of higher-order perturbations into their gauge-invariant and gauge-
dependent variables.

The proof of Conjecture 1 is highly non-trivial [33,35], and it was found that gauge-
invariant variables are essentially non-local. Despite this non-triviality, once we accept
Conjecture 1, we can construct gauge-invariant variables for the linear perturbation of an
arbitrary tensor field (;Z?Q/ whose gauge-transformation is given by Equation (11), through
the gauge-dependent part of the metric perturbation Y, in Conjecture 1 as

M2 =0~ £,+Q0. (14)

This definition implies that the linear perturbation %)Q of an arbitrary tensor field Z.;°Q is
always decomposed into its gauge-invariant part ()2 and gauge-dependent part £,vQo as

Co=0242,,Q (15)

As examples, the linearized Einstein tensor %)Gab and the linear perturbation of the energy-

momentum tensor (Ql)Tu b are also decomposed as
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VG = N 4 £,0Gl, DL = W N F ¢+ £, T, (16)

where G, and T, are the background values of the Einstein tensor and the energy-
momentum tensor, respectively, and “¢” in the gauge-invariant variable 1.7, t[.%, ¢]
symbolically represents the matter degree of freedom. The gauge-invariant part (1%, ? of
the linear-order perturbation of the Einstein tensor is given by

(g, b1a] == g, PlA] — %%b(”zCC[A], (17)

U5, [A] i= =2V Hy " [A] = A%Ree,  Hy,°[A] i= V(A — %VCAab. (18)

Then, using the background Einstein equation G,” = 87T, ?, the linearized Einstein equa-
tion %)Gab = 8712)7} b is automatically given in the gauge-invariant form

U, '[7] = 8217, '[7 9], (19)

even if the background Einstein equation is non-trivial. We also note that, in the case of
a vacuum background case, i.e., Gab = 87'[Tab = 0, Equation (16) shows that the linear
perturbations of the Einstein tensor and the energy-momentum tensor are automatically
gauge-invariant.

We can also derive the perturbation of the divergence of V,T,? of the second-rank
tensor T, " on (.#ph, $ap)- Through the gauge choice 2, the tensor T,“ is pulled back to
22T, " on the background spacetime (.7, g,), and the covariant derivative operator V,
on (#ph, av) is pulled back to a derivative operator

Vo= %*va(%—l)* (20)

on (.#,g.p)- Note that the derivative V, is the covariant derivative associated with the
metric 2¢g,p, whereas the derivative V, on the background spacetime (.7, g,;) is the
covariant derivative associated with the background metric g,;. Bearing in mind the
difference in these derivatives, the first-order perturbation of V, T, ® is given by

D(VaTy") = Vo T, *[F,9] + Hoy “[F] T, — Hy, ([ 1T, + £y VT, ". (21)

The derivation of the formula (21) is given in ref. [16]. If the tensor field Tb % is the Einstein
tensor G,%, Equation (21) yields the linear-order perturbation of the Bianchi identity

VoY%, "[F] + H "[F]Gy° = Hy, ([ F]G." = 0. (22)
Furthermore, if the background Einstein tensor vanishes G,” = 0, we obtain the identity
v, [#] = 0. (23)

By contrast, if the tensor field T, * is the energy-momentum tensor, Equation (21) yields the
continuity equation of the energy-momentum tensor

V.V, *1FZ,¢] + H, "[#]T,¢ — H,, [Z]T," =0, (24)

where we used the background continuity equation V,T,* = 0. If the background space-
time is vacuum T,; = 0, Equation (24) yields a linear perturbation of the energy-momentum
tensor given by

Va7, (9] = 0. (25)



Universe 2025, 11, 39

13 of 62

Thus, starting from the Conjecture 1, we can develop the gauge-invariant perturbation
theory through the above framework. Furthermore, this formulation can be extended to
any order perturbations [15,16,33,36] from Conjecture 1. In this sense, the proof of the
Conjecture 1 is crucial to this framework.

We should also note that the decomposition of the metric perturbation h,; into its
gauge-invariant part .#,, and into its gauge-dependent part Y* is not unique [38,39]. For
example, the gauge-invariant part .%,; has six components and we can create the gauge-
invariant vector field Z* through the component .7, such that the gauge-transformation
of the vector field Z% is given by 2% — 7% = 0. Using this gauge-invariant vector field
7", the original metric perturbation can be expressed as follows

hap = Fap — £28ap + £74Y8ab = b + £xZab- (26)

The tensor field 7, := %, — £28,p is also regarded as the gauge-invariant part of the
perturbation h,, because .74, — 2-.7¢;, = 0. Similarly, the vector field X := Z” 4 Y* is also
regarded as the gauge-dependent part of the perturbation h,;, because 5 X* — 2-X* = §“
Equation (26) does show that the definition of the gauge-invariant variable .7, is not
unique. At the same time, this non-uniqueness of the definition of the gauge-invariant
variable .#,;, implies the symmetry of the linearized Einstein equation (19). Through the
same derivation of the formulae (16), we can also derive the linearized Einstein tensor

F%)Gab and the linear perturbation of the energy-momentum tensor F;}Ta bas

DG, = Vg, bl +£,xG,0, Onb =07, r,¢) +£,xT," (27)
Then, through the same logic for the derivation of Equation (19), we reach the conclusion
W, 1) = 82107, [, ¢). (28)

Equations (19) and (28) indicate the symmetry of the linearized Einstein equation. Namely,
if the gauge-invariant metric perturbation .%#,, is a solution to the linearized Einstein
Equation (19), the gauge-invariant metric perturbation J¢;;, := %, — £74, is also a solu-
tion to the linearized Einstein equation. This symmetry of the linearized Einstein equation
implies that solutions to the linearized Einstein equation may includes the term £7g,,
as a gauge-invariant arbitrary degree of freedom. Actually, we will see the fact that the
gauge-invariant term £7g,;, appears in the solutions derived in Section 6.

Finally, we comment on the relation between the gauge-transformation ®. and the
coordinate transformation [39,53,54]. As mentioned above, the notion of the second-kind
gauges above is different from the notion of the degree of freedom of the coordinate
transformation on a single manifold which is called first-kind gauge. However, the gauge-
transformation ®, of the second kind induces the coordinate transformation. To see this,
we introduce the coordinate system {O,, {, } on the background spacetime .#, where O,
are open sets on the background spacetime and 1, are diffeomorphisms from O, to R*
(4 = dim .#) as depicted in Figure 3. The coordinate system {Oy, §s } is the set of collections
of the pair of open sets O, and diffeomorphism O, + R*. If we employ a gauge choice
Ze of the second kind, we have the correspondence of the physical spacetime .Zc = #py
and the background spacetime .#. Together with the coordinate system ¢, on .#, this
correspondence between .#Z, and .# induces the coordinate system on .#Z.. Actually,
Ze(Oy) for each a is an open set of #.. Then, §p, o 3&;—1 becomes a diffeomorphism
from an open set 2:(0y) C . to R*({x*}). This diffeomorphism ¢, o 2.~ induces
a coordinate system of an open set on .#Z.. When we have two different gauge choices
Ze and % of the second kind, ¢, 0 2. — R ({x#}) and ¢, 0 Z.~1 = R*({y*}) become
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different coordinate systems on .#.. We can also consider the coordinate transformation
from the coordinate system 9, o 2! to another coordinate system , o %.~!. Because the
gauge transformation 2. — % (of the second kind) is induced by the diffeomorphism
O, = (5&;)_1 o %, this diffeomorphism ®, induces the coordinate transformation as

v (q) = *(p) = ((@1)"x") (@) (29)

in the passive point of view [15,52], where p € .#, Zc(p) = “p” € My, and g € A,
Ye(q) = "“p” € My If we represent this coordinate transformation in terms of the Taylor
expansion (10), we have the coordinate transformation

v (q) = 2(q) — €&l (g) + O(). (30)

We should emphasize that the coordinate transformation (30) is not the starting point
of the gauge-transformation but a result of the above framework. Because our above
framework of the gauge-invariant perturbation theory is constructed without a coordinate
transformation (30), we “do not” use the coordinate transformation (30) in our formulation.

&

Figure 3. A second kind gauge transformation induces a coordinate transformation. The diffeo-
morphism ¢, o 2! maps the open set 2¢(Oy) C ., to a open set on R*. The blue part on .#
is an open set includes p and 4. This open set is mapped to R" and .#, through ¢, and Z¢ (and
%), respectively. If we change the gauge choice from Z¢ to %, this change induces the coordinate
transformation from g, o 2.1 to 1, 0 21

3. Linear Perturbations on Spherically Symmetric Background

Here, we consider the 2 + 2 formulation of perturbations of a spherically symmetric
background spacetime, which originally proposed by Gerlach and Sengupta [24-27]. In this
formulation, we pay attention to the symmetry of the background spacetime. Spherically
symmetric spacetimes are characterized by the direct product .# = .# x S? and the metric
on this spacetime is given by

8 = Yab+ 7 Vabs (31)
Yoo = Yap(@x)a(@xP)y,  yap = 1pqg(dxP)a(dx7)s, (32)
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where x4 = (t,7), x¥ = (6,¢), and 7y, is the metric on the unit sphere. In the case of the
Schwarzschild spacetime, the metric (31) is given by

2M

Vo = —F@ad)y + f @)y, fi=1- 2, )
Yoo = (d0)a(d0), + sin® 9(d¢)a(d¢)b = 046y + PaPy, (34)
0, = (dO)s, o =sinb(dep),. (35)

In Section 3.1, we review the conventional decomposition of the metric perturbation
and its inverse relation and show that the conventional decomposition is essentially non-
local and the two Green functions for the derivative operators are necessary to derive
its inverse relation. The kernel modes of these derivative operators are | = 0,1 modes.
This is the reason why I = 0,1 modes in the perturbations on the spherically symmetric
background spacetime should be treated separately. In Section 3.2, we discuss a treatment
in which the special treatments of these kernel modes are not necessary. To develop such
treatment, we use the different scalar harmonic functions from the conventional spherical
harmonic functions. We also summarize the conditions for the harmonic functions should
be satisfied. In Section 3.3, we derive the explicit form of the mode functions. In Section 3.4,
we propose a treatment of / = 0,1 modes in perturbations on spherically symmetric
background spacetimes.

3.1. Conventional Perturbation Decomposition and Its Inverse Relation

On the above background spacetime (.7, g, ), the components of the metric perturba-
tion are given by

hap = hap(dx™)a(dx®)y + 2k 4, (dx™) ( (dxP ) ) + Tpg (dxP) o (dxT),. (36)

Here, we note that the components 1145, h4p, and hy,, are regarded as components of scalar,
vector, and tensor on S?, respectively. In many studies, these components are decomposed
through the decomposition [55-57] using the spherical harmonics S = Y}, as follows

hag = ZEABSI (37)
I,m
hAp = TZ[E(el)ADpSJF]jl(ﬂ)AequqS}r (38)
I,m
1 . ~ A A 1 AL A - A oA
l’lpq = 1’212|:27th(30)5+}1(52) (Dqu—27qurDr>S—|—2h(02)6r(qu>DrS , (39)
m

where f)p is the covariant derivative associated with the metric yp; on S%, DV = Pd f)q,
€pg = €[pg = 20, is the totally antisymmetric tensor on S2. Here, we note that the
covariant derivatives of the basis 6, and ¢, on S? are given by

D,0, = cot0gpgy, Dppy = — cot0,0,. (40)

Through these formulae, we can check Drepq = 0. We also note that the curvature ten-
sors (Z)qurs and (Z)RP, associated with the metric 7, are given by Equations (A76) in
Appendix B.

Although the matrix representations of the independent harmonic functions are used
in the pioneer papers [17-19], these are equivalent to the covariant form (37)—(39) with the
choice S = Y},,. The choice S = Y}, is the starting point of the original 2 + 2 formulation
proposed by Gerlach and Sengupta [24-27]. They showed the constructions of gauge-
invariant variables for I > 2 modes and derived Einstein equations. If we apply the
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decomposition (37)—(39) with S = Y}, to the metric perturbation h,,, special treatments
for I = 0,1 modes are required [17-27,29-32]. This is due to the fact that the set of
harmonic functions

. A 1 A A 1 A A oA
{S, D,S, e DTS, E'ypqS, (Dqu - 2'yqu> S, Zer(qu)DVS} 41)

loses its linear independence in | = 0,1 cases. To clarify this situation, we consider the
inverse relation of the decomposition formula (37)—(39), later. Furthermore, we see that
the inverse-relation of the decomposition formulae (37)—(39) requires the Green functions
of the derivative operators A:=D'D,and A+2:= D'D, +2, respectively. The eigen
modes of these operators are | = 0 and [ = 1, respectively. Actually, for | = 0 modes, the
basis in (41) vanish except for {S, %717115}' For I = 1 modes, we have <Dpf)q — %’qu5> S =
Zer(qu)DrS = 0. These are explicitly shown in Appendix A.

Note that the decomposition formulae (37)—-(39) with the spherical harmonic function
Y}, carry out two decompositions. The first one is the decomposition of the function
space through the spherical harmonic function Y},, as the bases of L?-space on S2. This
corresponds to the imposition of the regular boundary conditions for the perturbations at
the starting point. The second one is the decomposition of the tangent space on S? through
the derivative of the scalar harmonic function S = Y};,. The imposition of the boundary
conditions at the starting point leads to the vanishing of vector and tensor harmonics in (41)
for I = 0 modes and tensor harmonics in (41) for I = 1 modes. These vanishing vector and
tensor harmonics leads to the failure of the decomposition of the tangent space for [ = 0, 1
modes. This is the reason why the special treatments for these modes are required in many
studies. At the same time, these vanishing mode functions are an essential reason for the
fact that the proof of Conjecture 1 for perturbations on the Schwarzschild background
spacetime including / = 0,1 modes is difficult.

Now, we consider the derivation of the inverse relation of the decomposition (37)—(39).
In this derivation, we use the orthogonality

/5 QY Y = GGy 42)

of the spherical harmonic function S = Y};,,, where d() = sin 8d0d¢. Therefore, we do not
show the final expressions as the results of the application of Equation (42).

First, we consider the inverse relation of the decomposition (38). Taking the divergence
of Equation (38), we obtain

Dpl’lAp = T'Zi:l(el)ADprs =T Z fl(el)AAS‘ (43)
Im 1m,(1£0)

Thus, we should regard that the mode coefficient E(el) 4 in Equation (38) does not include
I = 0 mode. Using the Green function A~!1, we obtain

- 1r 14
Yo RyaS = —A 'DPhgy. (44)
1,m,(170)

Furthermore, using the orthogonal property (42) of the S = Y},,, with | # 0, we obtain the
mode coefficient ft(el) 4 for each mode, except for | = 0 mode. Similarly, taking the rotation
of Equation (38), we obtain

Y. eyaS =

1
1,m,(1£0) r

A7D,(eh aq) (45)
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and the mode coefficient fl(ol) 4 for each mode, except for I = 0 mode, through the orthogo-
nal property (42) of the S = Y}, with [ # 0.

The explicit form of the Green function is given by refs. [58,59]. The expressions (44)
and (45) indicates that the decomposition (38) is meaningless for the modes which belongs
to the kernel A := D'D,, i.e., 1 = 0 mode.

Next, we consider the inverse relation of Equation (39). First, we note that the trace of

Equation (39) yields
h L
Y leo)S = 27 g, (46)
Im
and the traceless part of Equation (39) yields
1
Hpq [heu] = hpg — E’qu')/rshrs, 47)
~ A A 1 " ~ A oA
= 7y {h(ez) (DPDq - 27qu> S+ 2h(p)€r(, Dy DS (48)
I,m

The mode coefficient fz(go) for each mode is obtained through the orthogonal property (42)
of the spherical harmonics S = Y}, from the trace part (46) of hy;. Therefore, we may
concentrate on the traceless part (48) of hj;. Taking the divergence of Equation (48),

we obtain
A - 1. 4 ~ N A
DPHpglhn] = 7 [h(ez) 5Dy (A42)S + hp)erg D" (A + 2)5} (49)
Im
~ 1. A ~ A A
= 7’2 (X: | |:h(22) EDq (A + 2)5 + h(oz)erqu (A + 2) S:| . (50)
1m, (11

Equation (50) indicates that the mode coefficients fz(ez) and fz(oz) donotinclude ! = 1 mode if
S =Y, because the | = 1 spherical harmonic function Yj,, is in the kernel of the derivative
operator A + 2. Furthermore, we take the divergence of Equation (50), and obtain

DIDPHpg[he] = 7> Y sz(ez)A(A +2)s} = Y sz(ez)A(AJrz)s]. (51)
I,m,(1#£1) 1,m,1>2
Equation (51) indicates that, in addition to the I = 1 mode, the mode coefficient fz(d) does
not include the I = 0 mode which is the kernel mode of the derivative operator A. Then,
through the Green functions of the derivative operators A and (A + 2), we obtain the
solution to Equation (51) as

1

- 2 A —1a AL A
Y. By =5 [A+2] A DIDPH,g [y (52)

Im,1>2

From the orthogonal property (42) of the spherical harmonic function S = Y}, with [ > 2,
we obtain the mode coefficient fz(ez).
On the other hand, multiplying €7° to Equation (50), we obtain

€BDPHpg ] =7 Y She2)eDg (A +2)S + I D* (A +2) S|, (53)

Im,(1#£1)
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and then, taking the divergence of Equation (53), we obtain

EqslA)stHpq [l’ltu] = 1’2A(A + 2) Z fz(oz)S = TZA(A + 2) Z ]71(02)5. (54)
Lm,(1#1) 1,m,(1>2)

Equation (54) indicates that, in addition to the | = 1 mode, the mode coefficient fz(oz) does
not include the I = 0 mode, which is the kernel mode of the derivative operator A. Through
the Green functions of the derivative operators A and A + 2, we can solve Equation (54) as

- 1 .- 1A A
Y S =5 [A+2] AT DD H g hr]. (55)
LmI>2 r

From the orthogonality property (42) of the spherical harmonic function S = Y}, with
1 # 0,1, we obtain the mode coefficient fz(oz).

Since the eigenvalue of the Laplacian operator A on S? is —I(I + 1) with the non-
negative integer [, the fact that we have to use the Green function of the operators A and
(A +2) implies that the one-to-one correspondence between the set of variables {1} and
the set of the variables {fz(eo), fz(ez),fz(oz)} is not guaranteed for the kernel modes | = 0
and [ = 1.

Finally, we also note that the operators A~'A and [A +2] ! [A + 2] are not identity
operators but should be regarded as the projection operators. We regard that the domains of
the operators A~1A and [A + 2] - [A +2] is the L2-space which is spanned by the spherical
harmonics {Y},, }. Since the operator A eliminates the kernel

Ay = A{f € ZIAf =0}, (56)

where .7 is the function algebra, the range of the operator A~!A is the L?-space which is
spanned by the spherical harmonics {Y},,|l # 0}, i.e.,

{Yin|l # 0} = L\ 4. (57)

Similarly, the domain of the operator [A +2] ! [A + 2] is the L?>-space which is spanned
by the spherical harmonics {Y},,|I > 0}, while the kernel

Hyp={f € FI(A+2)f =0} (58)
is excluded in the range of the operator [A +2] -1 [A + 2], i.e., the range of this operator is
{Yim|l # 1} = L\H (315 (59)

Namely, the operators A~'A and [A + 2]7'[A + 2] are regarded as the projection
operators as

ATTA . L2 — LZ\%(A) (60)
[A+27a+2) 0 L2 = LP\H ) (61)

From Equations (60) and (61), we obtain the projection operator
AA+2 A +2A 12 o IA\(H) @ Hasg)- 62)

This is one reason why we should discuss the treatments of the modes ! = 0and ! =1
separately if we choose S = Y,,,.
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3.2. Treatments of the Kernel Modes

As seen in Section 3.1, the decomposition formulae (37)-(39) with S = Y},,, does not
include the I = 0, 1 modes of the perturbations. In the general-relativistic gauge-invariant
perturbation theory proposed in refs. [15,16], we assumed the separation of the linear-order
metric perturbation into its gauge-invariant and gauge-dependent parts, i.e., Conjecture 1.
In refs. [33,35], we discuss a scenario of the proof of Conjecture 1 on the generic background
spacetime. In this scenario of the proof, we had to use the Green functions of some
elliptic differential operators. In other words, we ignored the kernel modes of these elliptic
differential operators in the scenario of the proof of Conjecture 1 in refs. [33,35]. The
treatment of these kernel modes was unclear at that time. We called these kernel modes
as “zero modes”. Furthermore, we called the problem to find the treatment of these zero
modes as the “zero-mode problem”. In the case of the perturbations on the spherically
symmetric background spacetimes, the I = 0,1 modes correspond to the above zero mode
in refs. [33,35]. This is also a well-known problem like the “/ = 0, 1 mode problem” in the
treatments of perturbations on spherically symmetric background spacetimes.

Here, we consider the resolution of this / = 0, 1 mode problem. To carry out this, we
re-examine the derivation of the inverse relations of the decomposition formulae (37)—(39),
again. In this re-examination, we use the harmonic function S = Y}, for I > 2 model,
because the set of the harmonic functions (41) has the linear independence at least for / > 2
mode. For I = 0,1 mode, we change the harmonic function S from the spherical harmonic
function Yy and Yy, to k( A) and k( At2)r respectively, i.e., we use the harmonic functions S
which are given by

Ylm (l = )r
S=55:=1 ki (I=1); (63)
ka) (1=0

In this paper, we look for the explicit form of functions k (&) and k (A+2) within the constraints
K@) € Hay ki) € Havoy (64)

respectively. Within these domains (64) of the kernel modes, we specify the conditions
for the functions k (A) and k (A42) tO realize the independence of the set of the harmonic
functions (41). These introductions of k( A) and k( At2) correspond to the fact that we do
not impose the regular boundary conditions as the function on S? before the construction
of gauge-invariant variables, which was imposed in the conventional approach at the
starting point.

3.2.1. Iy

Here, we first consider the decomposition of the component /,;. Previously, we
considered the decomposition of the component /iy, as Equation (39)

1 - - O A - Ao
l’lpq = ¢2 IZ E’ypqh(eo)s + h(eZ) (Dqu - 2’quDrDr) S+ 2h(02)€r(qu)DrS . (65)
,m
As shown in Equation (46), we can separate the component /1, into the trace part and the

traceless part. The trace part of /1, is given by Equation (46), which is also given by

- - - 1
Y. heo,>2)Yim + Y. eo,=1)K(a12) T (0 j=0)k(a) = ﬁ?pthq~ (66)
ILm,1>2 m=-—1,0,1
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Here, we note the effects (60) and (61) of the operators A~1A and [A + 2] 1A + 2] as
projection operators. If we apply the derivative operator [A 4 2] to Equation (66), we obtain

- . 8 1.x
Y Do 52) (B + 2 Vi + 2R 1—)k 2) = 2B +2]7 g, (67)
I,m,1>2

since we chose the functions k( Ay and k( A42) are eigenfunctions through Equations (64).
Furthermore, applying the derivative operator A to Equation (67) as

~ ~ oA 1 4.4
Y Tz AA + 2], = rjA[A + 2] T hpg. (68)
ILm,1>2

The left- and right-hand sides of Equation (68) are in the domains of the Green functions
[A]7 and [A + 2]~!. Therefore, we may apply the Green functions [A]~! and [A 4 2] ! to
Equation (68) and obtain

~ 1 . A qaa
Y Teyz2)Yim = rj[A+2} TATTA[A + 2]y Py, (69)
I,m,1>2

Through the orthogonal property (42) of the spherical harmonic function, we obtain

- 1 . a P, _

Thus, for I > 2, the mode coefficients E(eo,lzz) is given by the functional of the original
metric component /1.
Substituting Equation (70) into Equation (67), we obtain

1 . - ,\
e i—okay = B+ 217"y — Yo Mo >2) [hpgll[A + 2] Vi

Lm,1>2

= 2E(g0,l:0) [[hr’ﬂi]]k(ﬁ)' o

Then, the mode coefficient fz(gollzo) is obtained as a functional of the original metric pertur-
bation h, if k( A) # 0. Furthermore, from Equations (66), (70), and (71), we obtain

3 1 3 3
Y, Teoi=nkase = 27 hpg — Y. Do) [pglYim — heo =0y [pgllk ). (72)
m=-1,0,1 I,m,1>2

To resolve the degeneracy of the modes with m = 0,+1 in Equation (72), we choose
k

(A+2) @3
Kas2) = k(a2 = O (0)e™. (73)
Through the orthogonality condition
1 27 i(m—m')¢p
21 /() d(Pe = Om!» (74)
we obtain

) 1 27 o
et /0 Ape ™K 5y = K (as2ymOrn- (75)

Applying the property (75) to Equation (72), we obtain
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h k +img 1 2nd —im¢
(0.I=1)A+2)m e E/O ¢pe

1 - -
X rj’quhpq - Z h(eO,lZZ) [hpq}Ylm’ - h(eO,l:O) [hpq}k(A)
1Lm!,(1£0,1)

= Tgeoi=1) [pllk a2y (76)

Then, if ®1,,(0) # 0, i.e., k( At2) # 0, the mode coefficient fl(eO,lzl) is given in the functional
form of the original metric perturbation /.

Thus, the mode decomposition of the trace part (66) of the metric perturbation hy, is
invertible. In this argument, we essentially used Equations (64) for the eigenfunctions and
the ¢-dependence (73) of the function k (A+2)"

Next, we consider the traceless part (47) of h,; as Equation (48). Taking the divergence
of Equation (48), we obtain

1. 1. . . ] o
ﬁDPHpq h] = 12 [2h(ez)Dq (A+2)Yp — fio2y€qr D" (A+ Z)Ylm:|
,m
1 A A A T A A
- Z |:2h(32,122) Dq (A + 2) Ylm - h(ozllzz)equr (A + 2) Ylm]
Im,1>2

+h(e2,1-0) Dok 3y = Boni—0)2€0 D7k 4, (77)

where we used Equations (A76) in Appendix B and (64). We have to emphasize that the
I =1 mode does not appear in the expression (77). Taking the divergence of Equation (77),
again, we have

1 A~ ~ " "
SOD ] = 3 5 Farsy (3+2)8%m, )

I,m,I>2

N| =

where we used the property of the eigen equation for k( Ay in Equations (64). Through
the Green functions A=! and [A + 2]~ and the orthogonal property (42) of the spherical
harmonics Y},,, we obtain the same result as Equations (55) and the mode coefficient fl(ez,lzz)
of each mode is given in a functional form of the original metric perturbation hy, as

_ 2 e g 3
Meriz2) = 2 /52 dQY;,, [A] A + 2] DID P Hpg [heu] = hiep p2) [ea]. (79)

On the other hand, taking the rotation of Equations (77) and use the eigen equation for k( A)
in Equations (64), Green functions [A]~! and [A + 2], and the orthogonal properties (42) of
the spherical harmonics Y},,,, we obtain the mode coefficient fl(oZ,lZZ) in the functional form
of the original metric perturbation hy, as

Fanyna) = 1’12 /S A}, [AI VA 421 P DD H g ] = i) D], (80)
Substituting Equations (79) and (80) into Equation (77), we obtain
Ie21-0)Dak(a) — hon.1—0)2€q: Dk 4
= - ) Ffz(ez,m) [heu]Dg (A +2) Yy — h(o2152) [htulleq: D" (A+2)Yy,,

1Lm,1>2 2

1 4
5 DPHpg ] (81)
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If Dqk( A) # 0, the vectors Dqk( A) and eqrf)’k( A are orthogonal to each other. Then, we have

R0y = t(ea1—0) [Hut]
(o) 1

- (Dika ) (DK ia)) Lz

DPHpg [I1u]

—_

- Z {Zﬁ(ez,lzz)ﬂhtuﬂf)q(A+2)Y1m

Im,1>2

fl(o2,lz2) [htu]]eqrf)r (A + 2) Yim H

and

=

(02,1=0) = N(021=0) [Put]

>_\

- X {2 (2152) [he] Dg (A +2) Vi

ILm,1>2

—fl(02,122) [U’ltu]]equr (A -+ 2) Ylm }} .

Now, we return to the original definition (48) of the traceless part Hy,.

Equations (47), (79), (80), (82), and (83), we obtain

- A A 1 ~ ~ A oA
Yo i1 | DpDg = 57pad )k iaia) + 2R021=1,m€r (s Py Dk (442
2 (A+2) (A+2)

m=-—1,0,1
1 ~ A A 1 " - A
= szPq o] — l Zl>2{h(e2) [htu] (Dqu - Z'quA) Yim + 2h o) [[htu]]er(qu)DrYIM}
L2
3 a1 . _ .
+he2,1—0) [t (Dqu - 27qu> ka) + 2100, 1=0) [Prull€r(, Dy D rk(A)}
=t Higsopglitn].

To simplify the notation, we define

A oA 1 Ay A
K(’”)P‘i = (DPD‘? B z,quDrD”) k(A+2)m' ](m)pq = zer(qu)Drk(A+2)ml

and we evaluate K( qu ) ] y and ] pq]zqn’)' which are given by
K(m)Pqu/) = (Dpf)qk(AH)m) (D Dqk(A+2) )
—2<k(A+z) )(k(A+z)mf)f
](m)quZi/) = Ze’pf)quk(AH) D,D1 k(a2
](M)pq]m') - 4{(Dquk A+2)m) (DPDq (A+2)m )
_z(k(A+2)m) (k(A+2)m')} :

(82)

(83)

From

(84)

(85)

(86)
(87)

(88)

To carry out the resolution of the degeneracy in Equation (84), we use the property (73)

of the function k (A42)- From the property (73), we have
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A d i img
and
A A d? ;
1M
DPDqk(A+2)m = <d92®m( ))e (Pepg'i
(2o (0) ot —m?—-_© (8) ™ p, ¢
o " sin P
1 [d ;
im—— { g ©Om(0) — cot 9@,,1(9)} ™20/, (90)
From Equation (90), we obtain
~oA 1 A
Komypg = {DPpDa = 57938 k(a1 2)m
= —(8,0 £0-20,(0) + (1= "\ Ou(0) |
= = (6585 — Ppy) |cot 0 On (6) + ~ g JOm(@)e
im (d img
+29(p¢q)m %®m(9)—cot9®m(9) em?, 91)
where we used (A + 2)k(A+2)m =0,1ie.,
L (0) + cot0-2-0,.(0) + (2 - "™ \e (6) =0 (92)
ez " do " sinf9) "
From the expression of the components K(m/) Py ](m/) pgr 6p, and ¢p, we can confirm
! 2nd —impg = K —img (93)
27 )y e (m)pg = B(m)pg® mm's
1 27 —im¢ —im¢
E/O d4)€ ](m’)pq = ](m)pqe (Smm/. (94)
Furthermore, straightforward calculations yield
. o 2
KimpgKlny = (Dquk(A+2)m> (Dquk(A—&-Z)m) —2(k(/3+2)m> , (95)
](m)qum) =0 (96)
Pq _ Pq
Tompadmy = 4K(m)pgKy- 97)

Through Equations (93) and (94), we can consider the resolution of the m-degeneracy

of | = 1 mode in Equation (84) as follows

gting / dpe ™ H sy (i

i 1 -
= Z [h(e2,l—1,m)€+lm¢ / dpe™ " K () g
m'=-1,0,1

- 1
+h(02,l:1m etime — / d(l)e 1m¢](m’)pq}

= Z [E(e2,l:l,m)K(m)pq(smm’ + h(oZ,l:l,m)](m)pqémm’}
m'=-1,0,1

- fl(eZ,l:l,m)K(m)pq + fl(oZ,l:l,m)](m)pq'

(98)
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Furthermore, from Equations (95)-(97), we obtain
h — [K KP1 1—1gP1 1 +img 2 dbe MV H h
(e2,]=1,m) — [ (m)pg (m)] (m) Ee Jo pe (A+2)pq[[ tu]]
= E(eZ,l:l,m) [[hfll]]/ (99)
and
- 1 1
h(oZ,l:l,m) = 4 [K(m)quéjq } 1]an1 27_[ etime / d‘PE im¢ H (A+2)pq [[htuﬂ
= Tigon 1, m e (100)

Thus, we have obtained the mode coefficients ;l(ez,lzl,m) and fl(oz,lzl,m) in the functional
forms of the original metric .

Here, we summarize the conditions for the eigenfunctions k( A) and k 4, ) to obtain the
inverse relation of the metric decomposition (65). To obtain the inverse relations of the mode
decomposition of the trace and the traceless-part of Equation (65), we use the conditions

k) € #ay kasa) € Havay Kiara) =Kasom = Om(0)e™?,  (10D)
(Dpk@)) (DPk ) £0, (102)
.. . 2
Kmypg Kl = (Dquk(A+z)m) (Dquk(A+2)m) - 2(k(A+2)m) #0.  (103)
The condition (103) implies the non-vanishing K(m and Jom

3.22. hap

Next, we consider the inversion relation of the decomposition (38) taking account of
the kernel modes k( A) and k( At2)-

hay = rZ[h(ﬂ 4DpS + Ty a€pg DTS (104)

=T 2 |: (e1,1>2 ADlem+h(011>2)A€quqYlm}
I,m,1>2

+r 2[ et 1=1)aDpk a1 2) + (o1, 1=1) a€pg D k(A+2)}
+r |:h(el,l:O)A Dpk(A) + E(ol,l:O)Aepq Dqk(A)} . (105)
Taking the divergence of Equation (105) we obtain

DPhay = 1 Y ez aBYim —2r Y B i—1mak(a o) (106)
ILm,1>2 m

Applying the derivative operator A + 2 to Equation (106), we obtain

[A + 2]DphAp = r 2 Fl(el,lZZ)A[A + Z]AYZM. (107)
Im,1>2

Using the Green functions [A +2]~!, A~1, and the orthogonal property (42) of the spherical
harmonics Y;,,,, we obtain

3 1 P . 3
N2 = 7 s dQY}, AT A +2) 7 A +2]DPhap =: hey sy allhss]- (108)
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fl(el,l=1,m)A

ho11>2)a

ho1,1=1)A

Thus, the mode coefficient fz(el) 4 is given in the form of the functional of the original metric
component /14,. Through Equation (108), Equation (106) is expressed as
1

- - o 1 A
Y Neri—imyakany = 5 Y. heisoyalle Ay, — ZDPhA;r (109)
m Lm,1>2

To resolve the m-degeneracy of Equation (109), we use Equations (101) and (75). Then,
we have

e 1 /znd(p Simel YR [hs]AY Lpen
. e 1,1>2)A "B Im' — = A
kip+2ym 47T Jo L' 1>2 (e11=2) Ty g

=t Dy i—1,malh5s] (110)

On the other hand, taking the rotation of Equation (105), we have

equthp = Tl Zl>2 {E(Ol,lZZ)AAYlm} —2r ; [E(Ol,l:l)Ak(A+2)j| . (111)
L=

As in the case of Equation (108), we have

1 e . )
¥ /sz dQY;, AT A + 2] A +2]eP1Dghap =: o1 122 al18r], (112)

e 1 /Md(pe*i’”"i’ y, {# [ 1A%, } Lerap, i
N 1,1>2)A "B Im' ( — = A
k(z&+2)m 4 Jo 1 1>2 (o112 ' " r G

fl(ol,l:l)A [hs]- (113)

Through Equations (108), (110), (112), and (113), we obtain

Ter1=0)ADpk 3y + Tt (o1,1=0) a€pg DK 3

1 3 . 3 .
= Shap - Y. [h(el,lz2)A[[th]]Dlem+h(ol,lZZ)A[[th]]equqYlm}

1Lm,1>2
- [fl(eu:n/« [1Bs1Dpk 412y + Ti(o01,1=1)4 [[th]]quDqk(A+z)] (114)
m
W) (115)

Here, we use the condition (102). Then, we have

herj=0)a = [(Dqk(g)) (Dqk(ﬁ))}71Dpk(A)HAthBSH =t he—0yalhes],  (116)

oo = [(D%a)) (Drkeay )] eDgk oy Bap D] = gy oy alhes]. (117)

Thus, we have shown that the mode coefficients fz(el) A and fz(ol) A foralll > 0 modes
are given in the functional forms (108), (110), (112), (113), (116), and (117) of the original
metric h 4, under the conditions (101)—(103).

3.2.3. hap

Through the harmonic functions Y}, (I > 2), k( At2)ms and k( Ay the component /14 of
the metric perturbation /1, is decomposed as

hap= Y, hus2pasS+ Yo Mu—ymask(aiom + i=0)aBka)- (118)
Lm(I>2) m=—1,0,1
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h

R(>2) A8

h(—0) a8

(1=1,m)AB

This decomposition has the same form as Equation (66) for the trace part of the component
hpq. Then, we obtain the inverse relations

fsz O, [A+2) A A[A + 2ipp = ooy apliasl, 12, (119)
1 " ~ n
= - [A+2lhap— ). huso)aplhaslA +2]Yiy
(d) Lm,(1#0,1)
=: fl(l 0)as[has], (120)
1
— +1m4> / dcpeﬂmcp
k(A+2
1 - -
X |:r2hAB — Y husoyaslhaslYiw — hu—o)as [[hAB]]k(A)]
Lm',(1#0,1)
= hg—1)ap[has]- (121)

which correspond to Equations (66), (71), and (76), respectively.

3.2.4. Summary of the Mode Decomposition Including I = 0,1 Modes

Here, we summarize the mode decomposition by harmonic functions Y, (I > 2),
k( At2)ms and k( A)- We decompose the components {l4p, 4y, hpg} of the metric perturba-
tion h,y, as Equations (37)—(39) with

Yim for 1>2;
S = k(A+2)m for =1 (122)
k(A) for I=0.

This decomposition is invertible for any [, m modes including | = 0,1 if the
conditions (101)—(103), i.e.,

ki) € #ay  kara € Hasay Kara) =Karom = Ou(0)e™,  (123)

(Dokay) (D)) #0, (124)
P4 A AP 19 2

KmypgKmy = (Dquk(A+2)m> (D D k(A+z)m> —Z(k(/&+z)m> #0 (125

are satisfied. As the inverse relation of Equations (37)—(39), the mode coefficients of these
decompositions are given in the functional form of the metric components hi4p, hi4p, and
hyq as Equations (70), (71), (76), (79), (80), (82), (83), (99), (100), (108), (110), (112), (113), (116),
(117), and (119)—(121). From Equations (37)-(39), the components {haB, hap, hpq} vanish if
all mode coefficients {hag, 114, M(o1)as 1(e0), M(e2)s M(02) } Vanish. On the contrary, from
the obtained functional forms, all mode coefficients {h AB/ h(el) Al as Bieo)s h(eZ) h(oZ)}
vanish if the components {h4p, h4p, hpg} vanish. This indicates the linear independence of
the set of the harmonic functions (41). Therefore, the conditions (123)—(125) guarantee the
linear independence of the set of these harmonic functions (41).

We also note that the Green functions A~ and [A + 2]~! which used above do not
directly operate to the functions k( Ay, nor k( Av2)m: Therefore, the domains of these Green
functions A~ and [A + 2]7! may be regarded as the L2-space spanned by {Y;,,|! # 0}
and {Y},|! # 1}, respectively. The explicit form of these Green functions are given in
Refs. [58,59].
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3.3. Explicit Form of the Mode Functions

Here, we consider the explicit expression of the mode functions k; and k( At2) which
satisfy the conditions (123)—(125). In Appendix A, we explicitly see that the choice S = Y},
for I > 0 does not satisfy these conditions. As the result of this, in the choice S = Y},,,, any
vector and tensor harmonics vanish for I = 0 modes. On the other hand, for I = 1 modes,
the vector harmonics have their vector value and the trace parts of the second-rank tensor
of each modes have their tensor values, while all traceless even- and odd-mode harmonics
identically vanish. Therefore, in the choice S = Y}, the set of harmonics (41) does not play
the role of basis of tangent space on S? for I = 0,1 mode. This situation already appeared
in terms of the Green function A~ and (A +2)~! in the inverse relations in Section 3.1. For
this reason, we seek an alternative choice of S which satisfy the conditions (123)—(125).

3.3.1. Explicit Form of k 4

Here, we treat the modes which belong to the kernel of the derivative operator A, i.e.,
1
VY

We look for the function which satisfies the conditions (123) and (124). We emphasize that
we do not impose the regularity on the function k Ay on S? itself in this selection of k( Ay

Since the regularity is a kind of boundary condition for perturbations, this regularity may
be imposed on the solutions when we solve the Einstein equations.

Our guiding principle is to look for the solution to Equation (126) with a sim-
ple modification from the conventional spherical harmonic functions. Although the
conditions (123) and (124) do not restrict the ¢-dependence for k( Ay we look for the so-
lution to Equation (126) which is independent of ¢ as the original Y in the conventional
spherical harmonics is so. Then, in terms of the coordinate system where 7y, is given by
Equation (34), Equation (126) yields

A =0, (127)

where we introduced an independent variable y by

1—cosf\ /2
=In( ——~ . 12
Y n<1+cos9) (128)

As the solution to Equation (127), we choose

1—cosf?

If § # 0, we see that

o

Dyk(a)(dx")a = 6(dy)a = < (d0)a #0, (130)
and
. . 52
(Dpk(A)) (Dpk(A)) = 55 #0. (131)
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Thus, f)pk( A given by Equation (130) and epquqk( A spans the vector space though their
norm is singular at 8 = 0, 7r. The solution (129) to Equation (127) also yields

A A 1 . A cos 6
(D,,Dq - zquA) kiay = DpDekiay = 5m(—9,,9q + Pppy) #0, (132)
A A cosf

Together with the trace part

1 1 1—cos\/?

the tensors (132) and (133) span the basis of the space of the second-rank tensor field though
these are singular at 6 = 0, 7.

3.3.2. Explicit Form of k( At2)
Here, we consider the kernel mode k( A+2) for the operator A + 2. The condition (123)
for k4., is given by

(A+2)k(a1) = VT “quaqk(Mz)) +2k(a 40 = 0. (135)

1
—0
v (
We look for the function which satisfies the conditions (123) and (125). We emphasize that
we do not impose the regularity on the function k( Aq2) ON S? itself as in the case of ke Ay To

obtain the solution to Equation (135) which satisfies the conditions (123) and (125), we first
consider the ¢-dependence from the condition (123). Then, Equation (135) is given by

sin 09 (sin 95O1,, (8)) — m*@1,,,(8) + 2sin 6O1,,(0) = 0. (136)
To solve Equation (136), we introduce the independent variable
z =cosf, dz= —sin6de6. (137)

In terms of the independent variable z, we obtain

sined% = —(1- zz)diz. (138)
Then, Equation (136) is given by
(1- zz)di@lm(e) — 2zi®1m(9) + <1(1 +1) - mz)@lm(e) =0. (139)
dz? dz 1—22
Suppose that we have obtained the solution to Equation (139) as

K(at2ym = @1 (0)e™?. (140)

Here, we introduce the ladder operator L+ [60] as

N

Ly == —ie®? (£idg — cot8dy) (141)

and examine the function defined by

~

Likpyom = —iet™?(+idg — cot0dy) @1y, (0)e™?
= (99 — mcotf)Oy,,(0)e!mHe, (142)
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Evidently, the function given by Equation (142) is the eigenfunction of the operator —id

with the eigenvalue m + 1 as follows

~i0pLk(p g = (M+1)Laka - (143)
Now, we consider the variable @ defined by
P = (dg—mcoth)Oyy
= —(1-2%)712 [(1 — z%%@lm + mz@lm}, (144)

and straightforward calculations using Equation (139) yields

42 d m—+1)2
(1- ZZ)EQM — 22£d>+ + <1(1 +1)— (1_22))<1>+ =0. (145)
This indicates
(146)

@, = Om1(0).

Therefore, we conclude that

Likasom = karomen) (147)
On the other hand, we consider the operator L defined by
Lokpyom = —ie?(—idg— cotdy)O e
(148)

(—dg — mcot 9)@1,”@1‘(’"*1)4’.

Evidently, the function given by Equation (148) is an eigenfunction of the operator —id

with the eigenvalue m — 1:
~i0pL k(7 g = (M =1L ki - (149)

Now, we consider
P_ = (—dg — mcotf)O1 (150)

and straightforward calculations using Equation (139) yields

(1- zz)%cb, — 2z%<1>, +|1(141) - % d_=0. (151)
This indicates
P_ =0Oq,-1(0). (152)
Therefore, we conclude that
(153)

Lokaom = karoym 1

From the above operator L, and
(154)

tik(A+2)m = k(A+2)m:ﬁ:1’
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we may concentrate only on solving the m = 0 case. Corresponding m = +1 modes with
I = 1 can be derived from Equation (154). Since k( Ad2)m=0 = ©®19(0), the equation for
©19(0) is given by

4

1-2% 00 -2
dz? dz

B10(0) +1(1+1)O19(8) = 0. (155)
Here, we note that @19 = z « Y79 should be a solution to Equation (155). To obtain the other
independent solution, we consider the solution in the form ©;9 = ¥(z)z. Substituting this
into Equation (155), we can solve Equation (155) as

1 14z
@10—Z+(5<2211’11_Z 1), (156)

where we choose one of constant of integration as 1 and ¢ is another integration constant.
Then, we obtain

1 14z
k(A+2)m:0 =z+ 5<2zln T, 1) = P1(z) +6Q1(z2), (157)

where Pj (z) is the Legendre polynomial and Q1 (z) is the first order and the second kind
Legendre function.
Since we have the explicit form (157) of k( A+2)m—0 3S

Kasoym = O1m(6)e™?, (158)

we can derive the m = £1 modes by applying the ladder operators [, defined by
Equation (141) as

k(AJrZ)m::tl = tik(A+2)m:0
- [m+5(1m1n1+2 T )]eif«za (159)
2 1—-z 1—22
Equations (157) and (159) are summarized as
1 1+ cosf
k(A+2,m:o) = cosf+0 <2 cosf1n T cosd 1) , 0€R, (160)
. 1 . 1+ cos6 "
k@asom=st1) = {SmQ +4 <+2 sinfln o— 5 + cot 9) } e19. (161)

Here, we check the non-vanishing properties of f)pk( As2) and f)pf)qk( Ao)- Form =0
modes, the vector Dpk( A+2,m—0) 18 given by

N

1 1+cosf 2cosf .
DPk(A+2,m:0) =- {1 + 55 (111 + )} sin 60),. (162)

1—cosf  sin%6

Then f)pk(AJrz’m:O) and quDqk(A+2),m:0 span the basis of the tangent space on S2.
Next, we consider the tensor Dquk( A42,m=0) aS
DqDPk(A+2,m:0)
1+ cos6
1—cosf

1 1+cosf 2cosf
- {cos@ + 2(5c059(+ln T cosd + 20 )]gbquq. (163)

1
= - c059+25(+cos(91n 42cot29>}9p9q
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5D . 1.
DaDpk(asom=s1)y = {_Sln9+5(—zsm61n

This is not proportional to vy, Therefore, we should have non-vanishing K,,,) pg and /() 4
defined by Equations (85). To confirm this, we evaluate the condition (103) as

24

_ 164
sin* 0 (164)

N oA 2
(Dquk(A+z)) (Dquk(A-I—Z)) - 2("(&+2)) =
This indicates that we have non-vanishing K,;),; and J (), if 6 # 0. However, we should
note that these tensor singular at 0 = 0, 7.
For m = £1 modes, the vector Dpk(AJrz,m:il) is given by

. B 1 14 cos@ 1 Lig
DPk(A+2,m:i1) - {COSG + 5<+2 cosfln 1—cosf 1= sin? 0)}6 b

. 1 . 1+cos®  cosf 4
+i) |1 ~sinfl Py (1
+( 1)[ —|—5<+2sm9 nl—cose+sin29>]e ¢p.  (165)

Finally, we evaluate the condition (103) as

1+cosf cos® 2cosb)| .
- 6,0
1—cosf sin® sin39)]e P

1 1 2 4
+{—Sin9+5<—sin91n eos6 _ cos6 Cosg)]ei@gbp(pq

2 1—cos® sinf sin3@
4id
sin’ 0

0,0, (166)

This is not proportional to yp,. Therefore, we should have non-vanishing K(,,),; and J(;) g
defined by Equations (85). This is confirmed by verifying the condition (103) as

(DyDukasy) (D7D ) ~ 2K y)) = — g2, 167)
rPak(A42) (A+2) (A+2) sinto

Then, we have seen thatif § # 0, the condition (103) is satisfied, though this norm is singular

at 8 = 0, . We also note that Ki)pq 18 orthogonal to J(m)pq @S shown in Equations (95)-(97).

Therefore, 7y, K(m)pq, and | (m)pq SPan the basis of the second-rank tensor field on S2.

3.4. Proposal of the Treatment of | = 0,1-Mode Perturbations

As mentioned above, it is shown that the harmonic decomposition (37)-(39) have the
one-to-one correspondence between the original metric perturbations {hsp, hap, g} and
the mode coefficients {145, fz(gl)A, fz(ol)A, fz(go), fz(ez), fz(o2)} for any modes I > 0 through
the employment of the scalar harmonic functions

Yo for 1>2
Ss = k(A+2)m for I=1; (168)
k(A) for =0,

where k3, is given by Equation (129), i.e.,

1—cosf/?

and k(A+2)m are given by Equations (157) and (159), i.e.,

1 0
1+cosf ) (170)

1
k(A+2)m:0 = C059+5(2C0501n1 o5l

o . 1 . 1+ cosf i
k(A+2)m::t1 = |:Sll'19 + (5(2 sinf1ln m + cot 9) :| e . (171)
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These mode functions k3, 5),, and k 4, are parametrized by the single parameter . This
choice satisfies the conditions (123)—(125) but singular at = 0,71 if 6 # 0. When § = 0,
we have k( A) & Ygo and k( At2ym Y1,,. In this decomposition, for each mode of any / > 0,
the set of harmonic functions (41) is a linear-independent set in the both senses of the
second-rank tensor field and the function on S2.

Using the above harmonics functions S; in Equation (168), we propose the
following strategy °:

Proposal 1. We decompose the metric perturbation hy, on the background spacetime with
the metric (31)-(34) through Equations (37)—(39) with the harmonic function Ss given by
Equation (168). Then, Equations (37)—(39) become invertible including | = 0,1 modes. After
deriving the mode-by-mode field equations such as linearized Einstein equations by using the har-
monic functions Ss, we choose & = 0 as a regular boundary condition for solutions when we solve
these field equations.

Since the set of the mode functions (41) with S = Ss have the linear-independence
including ! = 0,1 modes, we can construct gauge-invariant variables and evaluate the
field equations through the mode-by-mode analyses including I = 0, 1 modes through the
choice of these mode functions.

4. Construction of Gauge-Invariant Variables

In this section, we construct gauge-invariant variables for perturbations on a spheri-
cally symmetric background with the metric (31) through Proposal 1. To construct gauge-
invariant variables, we first discuss the gauge-transformation rule for the metric perturba-
tion h,;. We use the derivation of the gauge-transformation rules for the mode coefficient
in the decomposition (37)—(39) with the harmonic function S = S5 given by Equation (168).
In this section, we use the relations of the covariant derivatives associated with the ma-
trices gup, Yap, and y,p, which are summarized in Appendix B. In Section 4.1, we derive
the gauge-transformation rules for the mode coefficients of the metric perturbation in the
decomposition (37)—-(39) with the harmonic function S = S;. In Section 4.2, we explicitly
construct gauge-invariant variables for the metric perturbations through the mode-by-
mode analyses. In Section 4.2.3, we summarize gauge-invariant and gauge-dependent
variables in the four-dimensional form.

4.1. Gauge-Transformation Rules

Here, we consider the gauge-transformation rules for the linear-order metric pertur-
bation h,;, following to Proposal 1. The gauge-transformation rule for linear-order metric
perturbation is given by

ahap — 2Mab = £:8ab = 2V (4, Cp). (172)

We rewrite this gauge-transformation rule in terms of 2 + 2 formulation. To do this, the
generator of gauge-transformation rules is decomposed as

G = Caldx™)o+ Ep(dxP),. (173)

Through the component-representations (36) and (173), the gauge-transformation rules (172)
are given by



Universe 2025, 11, 39 33 of 62
ahap — ohap = Valp+Vpia = Dalp+ Dpéa, (174)
_ A 2 _
%hAp - %hAp = VA‘:p + vpgA = DAgp + ngA - ;DAGC/ (175)
Whpg — 2hpg = Vplq+ Valp = Dylq+ Dglp +2rD rypela. (176)
Furthermore, through the mode-decomposition (37)—-(39) and
Za = Y CaSs, (177)
Im
gP =: T’Z[g(‘?)f)ps(g —l—C(O)quDqS(g (178)
Im

with the harmonic function Ss5, we can carry out the mode-by-mode analyses, since the set
of the harmonic functions (41) has the linear-independence due to the choice S = Ss. From
Equation (174), we obtain

wlap — 2hag = 2D (4p). (179)

From Equation (175), we obtain

_ _ 1 _ 1.

dhena = 2Mena = _Ca+Dali) = Darl, (180)
_ 3 ) 1.

ohona — 2Meya = Dal) = ;Darlo). (181)

Finally, the gauge-transformation rules (176) yield

. - 401 ]

Peo) = 2Me0) = r(—zl(l +1)Z) + DArCA>, (182)
, - 2

ohe) =2y = e (183)
. - 1

oMoy = 2Me2) = 780 (184)

We note that these gauge-transformation rules (179)—(184) are not only that for / > 2 modes
but also [ = 0,1 modes.

When we use the usual spherical harmonics Y}, as the scalar harmonics, i.e., § =0
from the starting point, we only have Equations (179) and (182) with | = 0 for / = 0 mode
perturbations and the other gauge-transformation rules (180), (181), (183), and (184) do not
appear. In this case, it is difficult to construct gauge-invariant variables for | = 0-mode
perturbations through the similar procedure to the I > 2-mode case. For this reason, we
usually use the gauge-fixing procedure for I = 0 mode perturbations from the old paper
by Zerilli [19]. Of course, the construction of gauge-invariant variables might be possible
if we use the integral representations of the original metric perturbations. However, such
gauge-invariant variables do not match to the statement of Conjecture 1. For this reason,
we do not consider such integral representations here.

Furthermore, for | = 1 modes with § = 0 from the starting point, we do not have
Equations (183) nor (184) but we have Equations (179)—-(182) with non-vanishing ¢,y and
C(0)- For I =1 odd-mode perturbations, it is well-known that the variable defined by

_ ~ 1. - 1-
Ogir = €Dy (rh(ol)B) = ~0tho1)r = ar<rh(ol)t> (185)

is gauge-invariant under the gauge transformation rule (181) [61], where €48 = 2(3;)[4(9,)P!
in the coordinate system (33). However, when we reconstruct the original metric pertur-
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bations from this gauge-invariant variables for I = 1 odd-mode perturbation, we have to
integrate these gauge-invariant variables and we have to carry out delicate arguments for
the problem that the integration constants are gauge-degree of freedom or not. On the
other hand, such arguments are not necessary for the gauge-invariant variables given by
the statement of Conjecture 1. In this sense, the above gauge-invariant variables ®g;r for
I = 1 odd-mode perturbations does not match to the statement of Conjecture 1.

Moreover, for | = 1 even-mode perturbations, it is difficult to eliminate ¢ B and {4
from the gauge-transformation of even-mode perturbations through the similar procedure
to the / > 2-mode case as in the case of | = 0 modes. In the conventional approach, we use
the gauge-fixing procedure for I = 1 mode perturbations from the old paper by Zerilli [19]
due to this reason. Of course, the construction of gauge-invariant variables for [ = 1
even-modes might be possible if we use the integral representations of the original metric
perturbations. However, such gauge-invariant variables do not match the statement of
Conjecture 1. For this reason, we do not consider such integral representation as in the case
of | = 0 mode perturbation.

These situations for | = 0,1 mode perturbations are the essential reason for our
proposal of the introduction of the singular harmonics S = S5..9. As shown below, we can
construct the gauge-invariant variables through the similar procedure to the I > 2-mode
case if we accept the introduction of the singular harmonics S = S5 at the starting point
and Proposal 1.

4.2. Gauge-Invariant and Gauge-Variant Variables

Inspecting gauge-transformation rules (179)-(184), we can define gauge-invariant variables.

4.2.1. Odd Modes

From gauge-transformation rules (181) and (184), we easily find that the following
combination is gauge-invariant:

- _ ~ 1_- ~ ~ _ - -
h(ol)A — Dy (—rh(02)> + ;DAT’(—I’I’Z(OZ)> = h(ol)A + TDAI/l(OZ) =: F4. (186)
We also note that the gauge-transformation rule (184) implies that
Pyl + 72l = 1) (187)

4.2.2. Even Modes
Now, we note that the gauge-transformation rule (183) implies that
2 2

E@fl(ez)—?%‘fl(ez) = 1) (188)

Inspecting gauge-transformation rules (180) and (183), we define the variable Y4 as

~ ~ = T B "
Yo = rh(el)A —rDy (Eh(eZ)) + DAr(Eh(ﬁQ))
2
~ I
_ rh(el)A _ EDAh(EZ)‘ (189)

We easily check that the gauge-transformation rules for the variable Y, is given by

a¥a—2¥4 =Ca. (190)
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From the gauge-transformation rules (188) and (190), we easily define the gauge-
invariant variables as follows. First, from the gauge-transformation rules (179) and (190),
we find the combination

F‘AB = I:lAB — ZD(AYB) (191)

is gauge-invariant. Second, from the gauge-transformation rules (182), (188), and (190), we
can define the gauge-invariant variables F as follows

- ~ 4. 271
~ 4 . _ ~
= T - ;YADAr + R (1 41). (192)

4.2.3. Summary of Gauge-Invariant and Gauge-Dependent Variables

In summary, we have defined gauge-invariant variables as follows

Fa = hoya +rDahy), (193)
- ~ 4. _ -

F = h(go)—;YADAr+h(62)l(Z+1), (194)
Fap = hap—2DsYp), (195)

where we defined the variable Y4 by

2
~ ~ e -~
YA = rh(el)A — EDAh(gz). (196)

The gauge-transformation rules for the variable Y, is given by

a¥a— ¥4 =Ca. (197)

We also note that the gauge-transformation rules (187) and (188), i.e.,

*1’2@]71(02) + 1’25{171(02) = Tg(o). (198)
2. 2.
S o) — Tl = 1) (199)

Therefore, it is reasonable to define the variables Y(O) and Y(e) as follows

Yo = "l (200)

~ e ~
Yoy = Zhe) (201)

so that their gauge-transformation rules are given by

Y1) — 2Y(01) = 1C(0) (202)
Y1) = 2Y(e1) = 10(e)- (203)

Furthermore, we define the variable

Y, := ZYAS(5<dxA)IZ+Z(Y(61)DPS5+Y(01)€P17Dqs5) (dxp),l. (204)
I,m Im
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The gauge transformation rule for the variable Y, is given by

oYa—o2Ya = Y (9Ya — 274)Ss(dxM),

I,m

+Z((Q’Y 2V)) DpSs + (a7(0) = 2V(0) ) €paD'S5 ) (@)

= ZCAS(S dx gJFZX:(TQE)DPS(;+T§(0)€pql§‘755)(dxp)a

= Za(dx™)q+&p(dxP),
- Cuz

where we used Equations (177) and (178).

(205)

In terms of the gauge-invariant variables {Fy, F, F4p} defined by Equations (193)—(195)

and gauge-dependent variables Y, defined by Equation (204), we can express the original

components {h4p, h Aprhpg }. First, we consider the component f 4 as follows

hap = Y (hap)Ss= Z(PAB + ZD(AYB)>S(SI
I,m Im
= Fap+2D4Yp),

where we defined the gauge-invariant variable F4p5 by

FAB = ZFABS&
I,m

Next, we consider the component /14, as follows

hap 1’2[( 14)DpSs + (Tonya ) epaD7Ss]
= TFAP + DpYA + DAYp - %DATYI,,
where we defined

FAP = Z[FAe‘quqS(g}, DPFAP =0.

I,m

Finally, we consider the component /1, as follows

A oA 1 A
hpq — 2Z|: r)/PqStS —+ (h( )) (Dqu — Zr)/qurDr> 55

+2 (h(oz))er(pqu)ljrsts}
1 . . A
= EW#F +2rpa DAY s + DYy + DYy,

where we have defined

F:=) FS,.
I,m

(206)

(207)

(208)

(209)

(210)

(211)
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Then, we have obtained

hap = Fap+2D(5Yp), (212)
. - 2
hAp = rPAp + DPYA + DAYP — ;DAT’YP, (213)
1 _ A N
hpg = Svpr’F+ 2rypgDArYa + DYy + Dy Yy (214)

Comparing with the gauge-transformation rules (174)—(176), the expressions (212)—(214)
are summarized as

hub = 9ﬂb + £Ygah/ (215)

where .7, is the gauge-invariant part in the 2 + 2 formulation. The components of .%#,;, are

given by
Fap = Fap= ZZﬁABS(SI (216)
m
yAP = rFAp = rZFAequq55, DpyAP =0, (217)
I,m
Fpg = %'ypqrzF = %’yerZﬁsg. (218)
Im

Here, we note that the above arguments include not only / > 2 modes but also ! = 0,1
modes of metric perturbations. Equations (215)—(218) represent the complete proof of the
Conjecture 1 for the perturbations on the spherically symmetric background spacetime
and are valid even in the case of § = 0. Therefore, our general arguments on the gauge-
invariant perturbation theory reviewed in Section 2 are applicable to perturbations on
the Schwarzschild background spacetime without special treatment of / = 0,1 modes.
Thus, we have resolved the zero-mode problem in the perturbations on the Schwarzschild
background spacetime.

We also note that we only used the forms (31) and (34) of the background metric and
did not used the specific forms of the Schwarzschild metric (33). Therefore, our construction
of the gauge-invariant and gauge-dependent part of the metric perturbation is also valid
for the metric perturbations on any spherically symmetric spacetime. Thus, if we accept
Proposal 1, we reach the following statement:

Theorem 1. If the gauge-transformation rule for a perturbative pulled-back tensor field h,y, to the
background spacetime A is given by ghy, — ahy = £¢1)8ab with the background metric gy,
with spherically symmetry, there then exist a tensor field %y, and a vector field Y* such that hgy, is
decomposed as hy, =: Fap + £y gap, where Fy, and Y are transformed into % 4y — 9Fap =0
and gY* — oY = 51(21) under the gauge transformation, respectively.

5. Einstein Equations

Here, we consider the linearized Einstein equations (19) on the spherically symmetric
background spacetime with the metric (31). The gauge-invariant part of the linearized
Einstein tensor (1%, ?[.#] is given by Equations (17) and (18). The components of the
tensor fields Hy, [.#], H,, ‘[#], and H, be[.Z] in terms of the variables F,p, F4pand F in
Equations (216)—(218) are summarized in Appendix C. Through these formulae and the
mode decomposition in Equations (216)—-(218) with the harmonic functions S; defined by

Equations (168), the components of the tensor (1%, ¥[.7] are given by
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1 - p l(I+1) 2 B N
N, B = 212{ —DpDP + ( 3 ) _ r(DDr)DD>F B+ <DDDA + (DDr)DA)FBD
Jm
+ (DDDB + 3(DDr)DB>FAD — DADBFDD
_ (DADB + 1(DanD? + (DBr)DA> F} 55

~p 1(I+1)=2 3,.p .~ \=x
+( DpDP — ( 2r2) +r(DDr)DD>F}55, (219)
g — L Da + 2(Dar) ) EpP + DPEap — ~D4F| DIS
A =2 |\~ a+—(Dar) JFp” + D Fap = 5D4 5
m

ts, ZK—DDDD + l(l; D_ %(D%DD + %{(D%(Dm) - 1})ﬁA

(D,r)DP — %(D Ar)(DDr)>FD] eD;S;, (220)

)
r A~ A W+ 2 p B DAy #B
+21m{< DpD” + =— ~(Dpr)D +2r2{(D r)(Dpr) 1} F
+ <DDDB + %(DDV)DB - %(DBr)DD - T,ZZ(DBr)(DDr)>1:"D} €pDIS5, (221)

_ 1, - _ (141 ~ 1
+(DEDE+(DEr)DE ( )>FDD} 57;’55

—Dp (rFP) (1D, Ds + €5, DID*) 55, (222)
where we used the fact that the background Ricci curvature vanishes and the background
Einstein equations (A84) and (A85) in Appendix B.

We also decompose the components of the linearized energy-momentum tensor (1.7, ¢

as follows
Mg, 5 — Y'T,5s, (223)
Im

lewfm  a i .
W7,1 = P ZZ{T(d)AD[’S(s + T(ol)AequrS(S}/ (224)
m

g B — rlz{Tgl)Dp55+T@l)eprf)rs,s}, (225)
Jm
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- 1 - N 1 A
m
+T(a2) (€spDTD*S; + 1D, DsSy) | (226)

The linearized continuity Equation (25) for the energy-momentum tensor .7,  is
summarized as

—_

DET.B + %(DDr)TDB — %1(1 + 1)T@l) — ;(DBr)T(eo) =0, (227)
s 3, ¢ n 1. 1 8

DT (1) + ;(Dcr) (enct 5 Tieo) = 5(1 —1)(+2)T(p) =0, (228)
. 3, 1 a 1 .

DT ()¢ + ;(DDr)T(Ol)D + (=11 +2) () =0. (229)

Through the components (219)-(222) for the linearized Einstein tensor and the
components (223)—(226) for the linearized energy-momentum tensor, we evaluate the lin-
earized Einstein equation (19). Due to the linear-independence of the set of harmonics (41),
we can carry out the mode-by-mode analyses including / = 0,1 modes. Since the odd-mode
perturbations and the even-mode perturbations are decoupled with each other, we consider
these perturbations separately.

5.1. Odd Mode Perturbation Equations

From the linearized Einstein equation (19) through Equations (219)—(222) and
Equations (223)-(226), the odd-mode part in the linearized Einstein equations are sim-
plified as the constraint equation

Dp(rEP) = =167 T3, (230)
and the evolution equation
- D200~ 2| o) - S0P (DN + 2 (D)D)
= 1677 (T4 + DaT(aa) ). (231)

Furthermore, we have the continuity equation (229) for the odd-mode matter perturba-
tion which is derived from the divergence of the first-order perturbation of the energy-
momentum tensor. The explicit strategy to solve these odd-mode perturbations and / = 0, 1
mode solutions will be discussed in Section 6 in this paper.

5.2. Even Mode Perturbation Equations

Here, we consider the even-mode perturbations from Equations (219)-(222) and (223)—(226).
The traceless even part of the (p, g)-component of the linearized Einstein equation (19) is given by

FpP = —167r7T ). (232)

Using this equation, the even part of the (A,q)-component, equivalent to the (p, B)-
component, of the linearized Einstein equation (19) yields

. 1. . . 1, -
DPF4p — 5DAF =167 |rT(o1)4 — 5rZDAT(gz) =: 16715 ()4 (233)

through the definition of the traceless part [ 4 of the variable F4p defined by
- - 1 -
Fyp = Fap — E]/ABFCC- (234)
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Using Equations (232), (233), and the component (A84) of background Einstein equation in
Appendix B, the trace part of (p,q)-component of the linearized Einstein equation (19) is
given by

. 3 1 l [+2
DDT(el)D+ (DPnT, (e1)D+ T(eO) %ﬁ)

Tep) = 0. (235)
This coincides with the component (228) of the continuity equation for the linearized
energy-momentum tensor. Next, we consider the (A, B)-components of the linearized
Einstein equation (19).

Through Equations (232) and (233), the trace part of the (A, B)-component of the
linearized Einstein equation (19) is given by

(DDDD+f(DDr)D (=1)( ’*2)

F— = (Dcr)(Dpr)FP = 1675 r), (236)

Sty 7= Tc  +4(Dpr) TRy — 2r(Dpr)DP Ty — (11 + 1) +2) T ). (237)

On the other hand, the traceless part of the (A, B)-component of the linearized Einstein
equation (19) is given by

o 2 _ 4 _ 5 I(I+1)] =~
[—DDDD—r(DDT)DD+r(DDDD7) (1’2 )]FAB
4op 2
+;(D r)DaFp)p — ;(D(AV)DB)F
= 167TS(F)ABI (238)
®)AB = Tap — 5ya8Tc —2<D( (rT(1)p)) — 5ya8D (VT(el)D)>

+2yaB(Dr) Tie1)c — ryaB(Dr) DT i),

(239)

where we used the background Einstein equation (A85) in Appendix B.

Equations (232), (233), (236), and (238) are all independent equations of the lin-
earized Einstein equation for even-mode perturbations. These equations are coupled
equations for the variables F- €, F, and F4p and the energy-momentum tensor for the
matter field. When we solve these equations, we have to take into account of the continuity
Equations (227) and (228) for the matter fields. We note that these equations are valid not
only for | > 2 modes but also I = 0,1 modes in our formulation.

The explicit strategy to solve these Einstein equations for even modes, and the explicit
solution for / = 0,1 mode perturbations are discussed in the Part II paper [43].

6. Component Treatment for the Odd-Mode Perturbations of the
Einstein Equations

6.1. Strategy to Solve Odd-Mode Perturbations
Here, we consider the component treatment for the odd-mode perturbations based on

the old paper by Regge and Wheeler [17], and Zerilli [18,19]. We introduce the component
of rFP as
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rBp =t X(o)(dt)p + Y(o)(dr)p,  1FP = —f X)) + fY(0) (3,)", (240)

where the background metric is given by Equations (31)—(34). In terms of the
components (240), Equation (230) is given by

—01X (o) + ff'Y(o) + 70rY (o) = =167 [T ), (241)
where f' = 9,f. The components of Equation (231) are summarized as follows

I(1+1)
1,2

1 2(1— 1-3
7oK (o) — [ X () - B D% + X~ Lar

= 167 (T(Ol)t + ratT(02)>, (242)

a?y@ — fo, (fary(o)) + wary(g) + Wﬂ%) + %Y@)

= lénr (fT(ol)r + 1 o T(p) + (1 f)T(OZ))' (243)

In addition to these equations, the odd-mode perturbation (229) of the divergence of the
energy-momentum tensor is also relevant.
Here, we consider Equations (243). We define the dependent variable Z ) by

r
Y(o) = ?Z(o) (244)

and we have obtained the famous equation which is called the Regge-Wheeler equation

R Z (o) = fAr(frZ)) + rlzf[l(l +1) =3(1 = f)]Z (o) = 167f | fT( 1) + 101 (fT(oz)ﬂ -(245)

We can solve Equation (245) with appropriate boundary conditions and obtain the variable
Y(,) through Equation (244). For the [ > 2 case, the analytic solutions to Equation (245) are
constructed by the formulation proposed by Mano, Suzuki, and Takasugi [62-65] (MST
formulation). However, this is a partial solution to the odd-mode Einstein equations. We
cannot regard such solutions as the solution to the total Einstein equation for odd-mode
perturbations, because we have other two equations of the Einstein equation (242) and
the constraint equation (241). To obtain the solution to the total Einstein equations for
odd-mode perturbations, we have to discuss Equations (241), (242), and (229), i.e.,

1

f

in addition to Equation (245).
To obtain the solution to the total Einstein equations for odd-mode perturbations, it is

- ~ - 3 .- 1 ~
atT(ol)t + farT(ol)r + f/T(ol)r + ;fT(ol)r + ;(l -+ Z)T(OZ) =0. (246)

convenient to introduce the Cunningham-Price-Moncrief variable D) [22] by

X
— 2 (0)
(1)(0) = 2r |:7’ ar (1’2> — atY(O):| (247)
= 2rarX(0) — 4X(0) — ZrBtY(o). (248)

Here, we consider the time derivative of D, and use Equations (241), (243), and the
background Einstein equation (A82) as
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L= +2)
r
= 2(1=1)(1+2)Z () — 3277 f T 1) (249)

até(o) = fY(o) — 327‘[7’2fT(01)r

The relation (249) indicates that the variable Z,) is related to @) for I # 1 modes, while
the time derivative of ®,) is just the matter degree of freedom T(ol)r for the I = 1 mode.
This relation also gives the relation with the metric perturbation Y, as

(1-1)(1+2)Y) = éat% + 167 Ty, (250)

On the other hand, using Equations (241) and (242), the r-derivative of @, through
Equation (248) is given by

2

1 2 re -
arCD(o) = —;CD(O) + ﬁ(l -1+ Z)X(o) - 327—[7T(01)t~ (251)
Then, we obtain the relation
_ _/ 35
(I-1)(1 +2)X(o) =3 rB,CD(O) + CD(O) + 167tr T(ol)t. (252)

From Equations (249) and (251) and the constraint (241), we obtain

I-1)(I+2 -
arat@(o) — ata,,@(o) = ar |:+2<)<)fY(o) - 327T72fT(01)r:|
1 1 1 )1
—0; {_r(b(o) + ;2(1 -+ 2)]7-X(o) — 327mtr fT(ol)t]
1. . _ .
= 32772 {—thT(ont + f'Tioryr + f0rTo1),
3 - 1 ~
= fTonyr + (= 1)1+ 2)T(oz)}
= 0. (253)

The final equality comes from the odd-mode perturbation (246) of the divergence of
the energy-momentum tensor. Thus, Equations (249) and (251) are integrable under the
constraint (241) and the continuity Equation (246).

We emphasize that the relations (250) and (252) give the relations of the metric compo-
nents (X(,),Y(,)) and the master variable @, only for I # 1 mode. In the case of the [ =1
mode, these equations give the constraint of the master variable ®(,) and the matter degree
of freedom. Furthermore, in the derivation of the relation (252), we used Equation (241)
and (242), which means that the relation (252) carries the information of Equation (242).

From Equation (249), we evaluate the second time-derivative of the master variable
®(,). On the other hand, from Equation (251) we also evaluate the second derivative of @,
with respect to the tortoise coordinate fo,. Furthermore, using Equations (248) and (252),
we obtain

1
D) — for [farq)(o)} + 2 fllI+1) =3(1 = f)]®)
= rf [a,(rT(ol)t) - ratT(ol)r] (254)



Universe 2025, 11, 39

43 of 62

This has the same form as Equation (245), but we have different source terms from
Equation (245). For the [ > 2 case, the analytic solution to Equation (254) is also constructed
by the MST formulation [62-65]. In the vacuum case, Equation (249) with [ # 1 implies
that the component Y|, of the metric perturbation corresponds to the time-derivative of
the variable ®,. This indicates that Equation (254) corresponds to the time-integration
of Equation (245) in the vacuum case. However, there is no degree of freedom of the
integration constant in Equation (254). Therefore, we may say that the initial conditions for
Equation (254) are restricted more than that of Equation (245).

Here, we note that Equation (250) is derived from Equations (241) and (245). This
means that the relation (250) does not includes the information (242). On the other hand, the
relation (252) is derived from Equation (241) and (242). This means that the relation (252)
does not includes the information of Equation (245). In other words, we may consider
the relation (250) to be a result of Equation (245), while Equation (251) is a result of
Equation (242). Therefore, we obtain the two equations (250) and (252) from the three
Equations (241), (245), and (242). On the other hand, we have derived Equation (254) from
Equations (241), (245), and (242), which is independent of Equations (250) and (252). Thus,
we may regard that all information of the set of three Equations (241), (245), and (242) is
included in the set of three Equations (250), (252), and (254). In addition to these equations,
we have to take into account of the continuity equation (246) for the odd-mode perturbations
of the matter field.

However, as emphasized above, these arguments are not valid for / = 1 mode. There-
fore, we have to reconsider the derivation of equations in the case of / = 1 mode, separately.
Here, we examine the | = 1 modes. In this case, Equation (249) is still valid, though this
equation does not give the component Y|, of the metric perturbations. In this case, the
time-derivative of the variable @, is given by

atfb(o) = —327T1’2fT(01)r, (255)

which indicates that 0;®,) is determined by the matter degree of freedom. Similarly,
Equation (251) is also valid even in the case of I = 1 mode, though this equation does not
give the component X, of the metric perturbations. In this case, we obtain

1 N
fayCD(U) = —;fq)(o) - 327T1’2T(01)t. (256)

This equation indicates that the d,®,) is also determined by the matter degree of free-
dom. From Equations (255) and (256), we can confirm that the variable D, satisfies
Equation (254) with I = 1. However, we do not have to solve Equation (254) with | =1
in this case, because we can directly integrate Equations (255) and (256). Actually, the
integrability condition atarcp(o) = a,atcp(o) of Equations (255) and (256) can be checked
through the continuity equation (246) with | = 1.

Since we obtain the variable D) by the direct integration of Equations (255) and (256),
we can obtain the relation between the components X, and Y(,) of the metric perturba-
tions through the definition (248). In addition to the solution Do), if we have a solution to

Zy = %Y(o), independently, we obtain the components X,y and Y/, of the metric pertur-

bations through the above relation between X,) and Y(,). Note that Z,) = %Y(D) can be
determined through the integration of Equation (245) with | = 1 with appropriate boundary
conditions. In this case, the continuity equation (246) for odd-mode matter perturbations is
used as a consistency check of the solutions.
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6.2. Odd-Mode Solutions

Since the construction of solutions for I > 2 mode is accomplished by the MST
formulation [62-65], we discuss the | = 0, 1-mode solutions for odd-mode perturbations
along Proposal 1 and the strategy discussed in Section 6.1.

6.2.1. ] = 0 0dd Mode

We choose Equation (129) as the harmonic function k( A) and used the set {Dpk( Ay
eprDrk(A), Dquk(A), 26,,(qu)
of the odd-mode perturbations are ep,Drk( A) and 26r(qu)Drk( Ay Following Proposal 1,

ﬁ’k( A) } as the basis of the vector and tensors on S?. The bases

we choose § = 0 as the regularity of solutions when we solve the linearized Einstein
equations. As shown in Equations (131) and (133), eprDrk(A) =0= 2€r(qu)D’k(A). Then,
we conclude that there is no non-trivial solution for odd-mode perturbations with [ = 0.

6.2.2. | =1 0dd-Mode Vacuum Solution

Following the strategy to solve the /| = 1 odd-mode perturbation given in Section 6.1,
we consider the equations (245), (246) with | = 1, (248), (255), and (256). To derive the
non-vacuum solution to the linearized Einstein equations for I = 1 odd-mode perturbations,
it is instructive to consider the vacuum case in which T(41); = T(o1), = T(pp) = 0. From

Equations (255) and (256), we obtain the solution to these equations as 4

D)=, (257)

where « is constant of integration.

On the other hand, Y/, is obtained as the solution to the | = 1 version of the Regge—
Wheeler equation (245) without source terms through Equation (244). Here, we consider
the case Y(,) = 0, at first. The derivations of solutions under the assumption Y(,) = 0 is an
instructive lesson for the derivation of the general solutions of the I = 1 odd-mode pertur-
bations. Through the definition (247) of the variable ®(,) and Equation (257), we obtain

% - yP%(i@ﬂ. (258)

The solution to Equation (258) together with the assumption Y(,) = 0 is a special solution
to the linearized Einstein equations for | = 1 odd-mode perturbations as follows:

n
X@:—a+m% Y =0, (259)

where B is constant °. From Equations (217) and (240), we can derive the gauge-invariant
metric perturbation %4, which corresponds to the solution (259). In the I = 1 modes, there
are m = 0, 1 modes. In this paper, we only consider the m = 0-mode perturbation, since
the generalization to m = 31 modes is straightforward. If we choose § = 0 in the mode
function (162), we obtain

Fap =1Fs, = T’FAquDqk(AH,m:o)/ quDqk(A+2,m:0) = sin” 0(d¢) . (260)
Then, we have

ZﬁAp(dxA)(ﬂ(dx”)b) = 2rF(Ap)(dx )(a(dxf’) b)
e 2X<0 sin G(dt (a (d(P)b) +2Y (0) sin’ B(d?‘) (d(l))h) (261)

)
_ (W+zﬁlr)smedt dg)y). (262)
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Here, the term ﬁ1r2 is diverged as ¥ — oo. At this moment, we choose the arbitrary function
B1 = 0 to derive a special solution. Then, we have obtained

2F 4 (dx) (4 (dxP ) ) = f% sin® 0(dt) , (dop) . (263)

Equation (263) is the linearized Kerr solution. Actually, the Kerr solution with the Kerr
parameter a is expressed as [66,67]

2Mr 2aMr sin? @ T
g = =1 20, - 2 ) gy + 5 (o)
2, 2 2Mr 5 .50 Lo
+2(d6),(d0)y + |~ +a” + — @ sin 60| sin” 0(dep).(de)y, (264)
where
Y :=r>4+a%cos’h, A:=r*+a*—2Mr. (265)

In the metric (264), we replace 2 — ea, where € is the parameter for the perturbative
expansion. Then, when the Kerr metric (264) is expressed as

o = yub+r2m+e(—2"Msin29<dt><a<d¢>b>)+o<e2>. (266)

Comparing Equations (263) and (266), the constant of integration « in Equation (263) is
identified as the angular momentum perturbation in Kerr solution by choosing

% = 2aM =: 2a;0M. (267)

Thus, we have seen that the solution (262) is given using the Kerr parameter a1 as

27 4 (dx™) (o (dxP )y = 2<—“1‘;M - 51r2) sin® 0(dt) (, (dg)y)- (268)

Next, we consider the physical meaning of the constant 1 in the solution (262). If we
consider the frame with the rigid rotation

t=+t, ¢=¢+ewt. (269)

In terms of (¥, ¢), the background metric (31) with Equations (33) and (34) is given by

S = —f(d)a(dt")y+ f 1 (dr)a(dr), + 72 [(dG)u(df))b +sin® 9(dqv)u(d¢)b]
+2ewr? sin® 0(dt') , (d@)y) + O(e?). (270)

Comparing Equation (270) and Equation (268), we can see that the arbitrary function
corresponds to

B = w. 271)

Thus, we may interpret the integration constant 8 as non-inertia term due to the rigidly
rotating frame with the angular velocity w.
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Finally, we consider the general solution for | = 1 odd-mode perturbations which
includes the case Y, # 0 through Equations (244) and (245). Here, we consider the
situation Y(,) # 0 and introduce the variable W, by the equation

= rZE),W(O), Z(o) = %Y(O) = VfarW(o). (272)

Through the solution (257) with Equation (267) and the definition (247) of the variable ® ),
we obtain the equation

6moM_ [ 3 ()> —rzatarw(o)]. (273)

r
Integrating this equation, we obtain

ajoM
X(o) = =2 + p1r? + P Wy, (274)

Through Equations (217) and (240), we obtain

273y () = 2~

—|—2r28r Wio) sin® 0(dr) , (dp)y).- (275)

+7r ‘31 + rzatW( )) sin? Q(dt)(a (dgb)b)

Note again that the variable Z,) = rfd,W|, satisty the Regge-Wheeler equation (245)
with ] = 1.

The above interpretation of the arbitrary function B1 as the inertia force on the rigidly
rotation frame is instructive to consider the interpretation of the odd-mode vacuum
solution (275). To see this, we consider the component expression of £yg,;, where V*
is constructed from gauge-invariant variables, which is discussed in Section 2. To obtain
the components of £yg,, the explicit components of the Christoffel symbol I, for the
background metric (31) with Equations (33) and (34) are convenient, which are summa-
rized in Equations (A88) in Appendix B. Here, we assume that V, = Vq,(dcp)a, then the
non-vanishing components of £y,g,, are given by

2
£Vgt¢ = atV(,,, £Vgr(p = a,V¢ — ;V(P, £Vg9¢ = 89V¢ — 2C0t9V¢. (276)

Comparing Equations (275) and (276), we obtain

Vo = (Bit+Bo+Wio(t,r))rsin® 0(dg)a, (277)
£y = Ot (51f + Bo + Wiy (t, r)) r sin® 02(dt) , (dp)y)
+ (a,w(o) (t, r)) r2sin? 62(dr) , (d)y), (278)

where B is constant. This coincides with the perturbation (275) with the condition of the
vanishing Kerr parameter a;9 = 0. Then, we have

2 M
27 ap(dx) o (dxP )y = — 0L sin2 0(dt) (4 (dp)y) + £vEaps (279)

(,Blt + Bo + W(O) (f, T)) 12 sin® G(d(i))a (280)

Va

Here, we note that the vector field V, and £y g, are gauge-invariant. The interpretation
of this term £y g,p, which is gauge invariant in the sense of the second kind, is extensively
discussed in Section 7.
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6.3. Odd Mode Non-Vacuum | = 1 Solution

Inspecting the derivation of the vacuum solution for / = 1 modes in Section 6.2.2,
we consider the non-vacuum solution for I = 1 modes. For I = 1 modes, the linearized
Einstein equations for the master variable ®(,) defined by Equation (247) are given by
Equations (255) and (256). As mentioned in Section 6.1, the integrability condition for
these equations is guaranteed by the continuity equation (246) with I = 1. Inspecting
Equations (257) and (267), we consider the solution in the form

6Maq(t,r
@, = M), (281)
Substituting Equation (281) into Equations (255) and (256), we obtain
167 16 51 -
oray(t,r) = ——r‘?’fT oty Orar(t,r) = —mr3fT (282)

The integrability of Equations (282) is equivalent to the integrability of Equations (255) and (256)
which is guaranteed by the continuity equation (246) with I = 1. Then, we may integrate
Equation (282) as

ai(t,r) = —71’3f/dtT(01 +daqg

16 1
_ i / drr3 Tionys + 10, (283)

where 4y is the constant which corresponds to the Kerr parameter 4 in Equation (264) as
shown in the vacuum case.

Similar arguments to those in Section 6.2.2, which lead the results (279) and (280),
also leads

274y ) o)y = 60172 | [ ar ™G sin o)y (g + v 259
Va = (Bit + Bo + Wie) (t,7) ) sin® 0(dg)) . (285)

Here, we note that the vector field V, and £y g,; are gauge-invariant in the sense of the
second kind. The term £y g,, may always appear due to the symmetry of the linearized
Einstein equation as pointed out through Equation (28). However, it is also true that we
can eliminate the term £y g,, by an infinitesimal coordinate transformation (2) at any time.
The interpretation of the term £y g,;, will be discussed in Section 7.

7. Summary and Discussions

In summary, after reviewing our general framework of the gauge-invariant pertur-
bation theory, we discussed a resolution of the “zero-mode problem” in perturbations on
the Schwarzschild background spacetime. The “zero-mode problem” in the context of our
general framework of the gauge-invariant perturbation theory corresponds to the I = 0,1
mode problem in perturbations of the Schwarzschild background spacetime. In the review
of our general framework of the gauge-invariant perturbation theory, we emphasize the
importance of the distinction of the first- and the second-kind gauge in general relativity. It
should be also emphasized that our general framework for the gauge-invariant perturba-
tion theory is a formulation to exclude the second-kind gauge degree of freedom, but we
do not exclude first-kind gauge degrees of freedom.

As emphasized in Section 2, Conjecture 1 is the non-trivial and an important premise
of our general framework of gauge-invariant perturbation theories. If Conjecture 1 is
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actually true, we can develop gauge-invariant perturbation theory on general background
spacetime and we can also extend this gauge-invariant perturbation theory to higher-order
perturbation theory. For this reason, the gauge-invariant treatment of the / = 0,1 modes in
perturbations of the Schwarzschild background spacetime is important not only for the
development of the linear perturbations but also for the development of the higher-order
perturbation theory on the Schwarzschild background spacetime.

To find the gauge-invariant treatments of the [ = 0,1 mode perturbations on the
Schwarzschild background spacetime, we first reviewed 2 + 2 formulation in which the
decomposition formulae (37)—(39) with the spherical harmonic functions Y}, as the scalar
harmonic function S and explained why | = 0,1 modes should be separately treated in
conventional perturbation theory on the Schwarzschild background spacetime. The special
treatment in the conventional formulation caused by the loss of the linear independence
of the set (41) of the tensor harmonic functions on S?, i.e., vector and/or tensor harmonic
functions vanishes in I = 0,1 modes and does not play a role of the bases of tangent
space on S2.

To recover this situation, instead of the spherical harmonics Yy and Y3, for/ = 0,1
modes, we introduce the mode functions k( A) and k( At2)ms which belong to the kernel of
the derivative operator A and A + 2, respectively. We also derive the sufficient condition for
which the decomposition Formulae (37)—(39) with the harmonic function S = S5 defined by
Equation (63) is invertible not only for / > 2 modes but also / = 0,1 modes. As a result,
we showed that the mode functions (169)—(171) with the parameter 6 for | = 0,1 modes
satisfy this sufficient condition. These mode functions realize the conventional spherical
harmonic functions Yy, and Y7,, when § = 0. However, in this case, the set of harmonic
functions (41) loses the linear independence as the bases of the tangent space on S? as the
conventional case, nevertheless the set {Y},, } of the spherical harmonics is a complete bases
set of the L2—space of scalar functions on S2. On the other hand, when & # 0, the set of the
mode functions (41) has the linear-independence as the bases of the tangent space on 52.
However, the mode functions k3, and k4, 5),, with 0 # 0 are singular functions.

Due to this situation, we proposed Proposal 1 as a strategy to define the gauge-
invariant variables for I = 0,1 modes and to derive and solve the linearized Einstein
equation. Following Proposal 1, we can construct gauge-invariant and gauge-dependent
variables for linear metric perturbation through the similar manner to the case of the / > 2
modes. This construction is a proof of Conjecture 1 for the perturbations on the spherically
symmetric background spacetime. Then, we reach to the statement Theorem 1. Owing to
Theorem 1, we can develop gauge-invariant perturbation theory on spherically symmetric
background spacetimes including / = 0,1 modes. Furthermore, Theorem 1 yields that we
can develop higher-order gauge-invariant perturbation theory on any spherically symmet-
ric background spacetimes, although this development is beyond the current scope of this
paper. A brief discussion of this development to higher-order perturbations was already
given in ref. [42].

In addition to the discussion on the extension to the higher-order perturbation theory,
it is also true that we are proposing a different procedure from the conventional one as
Proposal 1. The difference is in the timing of the imposition of the boundary conditions on
the functions on S? to solve the Einstein equations. In conventional treatments, we restrict
the function on S? to the L2-space through the mode decomposition using the spherical
harmonics Y}, from the starting point. In Proposal 1 in this paper, we do not impose the
regular boundary condition on the functions S? at the starting point, but we impose the
regular boundary condition § = 0 after the construction of the gauge-invariant variables
and the derivation of the mode-by-mode Einstein equations. Physically, this different
timing of the imposition of the boundary condition should not affect the physical properties
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of the solution to the Einstein equations. Therefore, we have to confirm that the solutions
to the Einstein equation derived by Proposal 1 are physically reasonable. To check this,
we derived the linearized Einstein equations on the Schwarzschild background spacetime
following Proposal 1. We consider the mode decomposition of the general expression of the
linearized energy-momentum tensor as the source term of the linearized Einstein equations.
To solve the derived linearized Einstein equations, the linearized perturbations of the
continuity equation of the energy-momentum tensor should be taken into account. The
metric perturbations on the Schwarzschild spacetime are classified into the odd-mode and
the even-mode perturbations. In this Part I paper, we concentrate only on the odd-mode
perturbations and derive the I = 0, 1-mode solutions following Proposal 1.

For odd-mode perturbations, we examined the strategy to solve the linearized Einstein
equations for any ! modes following the Proposal 1, though we take care of the structure
of equations for /| = 1 mode perturbations. As is well-known, to solve the odd-mode
perturbations, Einstein equations for the I > 2 odd-mode perturbations are reduced to
the Regge—Wheeler equation. Furthermore, the solutions to the Regge-Wheeler equation
for | > 2 modes are constructed through the MST formulation [62-65]. Therefore, we
concentrated on the / = 0,1 mode perturbations.

Following Proposal 1, for I = 0 odd-mode perturbations, we reached the conclusion
that there is no non-trivial solution to the linearized Einstein equation as expected. Then, we
carefully examined the solutions to the Einstein equations for | = 1 odd-mode perturbations.
We first consider the vacuum solution to the linearized Einstein equation in which the linear
perturbation of the energy-momentum tensor vanishes. Then, we obtain the linearized
Kerr parameter perturbation with the term given in the form of the Lie derivative of the
background metric g,;,. Through the variation of constant, we derived the general solutions
to non-vacuum linearized Einstein equations for the I = 1 odd-mode perturbations. Since
we use the constant Kerr parameter in the variation of constant, we can expect that the
obtained general solution describes the spin-up or the spin-down of the black hole due to
the effect of the linearized energy-momentum tensor.

In addition to the Kerr parameter perturbations, we obtain the term which has the
form of the Lie derivative of the background metric g, in our derived solution. The
appearance of such term is natural consequence due to the symmetry of the linearized
Einstein equations as discussed in Section 2.3. Actually, gauge-invariant variables defined
through Conjecture 1 are not unique as pointed out by Equation (26) in Section 2. It is easy
to show that new gauge-invariant variable /#;;, defined by Equation (26) is also a solution
to the linearized Einstein equation (19) through Equations (16) and the background Einstein
equation G,” = 87T, if the original gauge-invariant variable .%,;, in Equation (26) is a
solution to the linearized Einstein equations (19). This is a diffeomorphism symmetry of
the linearized Einstein equations.

The appearance of the term which has the form of the Lie derivative of the background
metric g, in the derived solution is a natural consequence in the sense of the above diffeo-
morphism symmetry of the linearized Einstein equation. In the case where the conventional
expansion through the spherical harmonics Y, at the starting point and the gauge-fixing
method are used, the appearance of this type of solutions is well-known as the residual
gauge degree of freedom. It might be able to regard that the term of the Lie derivative
of the background metric g,, in Equations (279) and (284) corresponds to these “resid-
ual gauge” solutions. On the other hand, we are using the gauge-invariant perturbation
theory in which the gauge degree of freedom of the second kind is completely excluded.
Therefore, the term which has the form of the Lie derivative is “not” the gauge degree of
freedom of the second kind. On the other hand, in our gauge-invariant perturbation theory,
we do not exclude the gauge degree of freedom of the first kind as carefully explained
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in Sections 2.1 and 2.2. The term of the Lie derivative of the background metric g,, in
Equations (279) and (284) appears even if we completely excluded the gauge degree of
freedom of the second kind. Therefore, we should regard that the term of the Lie derivative
of the background metric g,;, in Equations (279) and (284) as the gauge degree of freedom
of the first kind which is represented in Equation (6). Actually, we can interpret the term
of the Lie derivative of the background metric g,, can be eliminate by the infinitesimal
coordinate transformation (2) on the background spacetime at any time. As an example, in
Section 6.2.2, we explained that the constant ; in the solution (268) can be regarded as the
degree of freedom of the infinitesimal coordinate transformation by Equation (269).

Now, we confirm the geometrical meaning of the gauge degree of freedom of the first
kind in the context of the perturbation theory through Figure 4. Here, we consider the
n-dimensional physical manifolds .#; and the background manifold .#. As depicted in
Figure 4, we show that we may introduce the coordinate transformation on the physical
spacetime .#., even if we completely fix the second-kind gauge as Z.. Actually, we
may introduce the diffeomorphism ,, i.e., a coordinate system on O, C .#,, from the
open set O, to an open set on R" and the diffeomorphism ¢y, i.e., a coordinate system
on Og C A, from the open set Og to an open set on the other R". If O, N Og #* @,
we can consider the coordinate transformation g o ¥, ! which transforms the coordinate
system (O, a) to (Og, ¢g). This is the first-kind gauge on .Z as shown in Figure 1.
If we choose the gauge-choice of the second-kind by Z¢ as depicted in Figure 4, this
gauge-choice induce the diffeomorphisms 2! : Oy — 2.0, C .4 and 2.7 : Op —
3{6’10!; C . Then, the coordinate systems (O, §,) and (O/g, ¢p) on .. induce the
coordinate systems {. 2.7 1O, s © 2} and {5{6’1013, Ppo e} on A . Actually, P, 0 Z¢ is
a diffeomorphism which maps from 2.7 !0, C .# to R" and Pp © Ze is a diffeomorphism
which maps from 5&”6’1Oﬁ C # to R". Furthermore, the coordinate transformation is given
by (Y0 Ze) o (Yo )t =1ppo Zeo 2 oyt = g o ¢!, This indicates that the
first-kind gauge transformation on the physical spacetime .. coincides with that on the
background spacetime .#. Thus, even if we fix the gauge choice .Z¢ of the second kind, the
gauge degree of freedom of the first kind on the background spacetime ./ is induced by the
gauge degree of freedom of the first kind on the physical spacetime ... This induced gauge
degree of freedom of the first-kind depends entirely on the gauge choice 2. Actually,
the gauge choice ¥, o Z¢ of the first kind does depend on the gauge choice Z¢ of the
second kind. However, the first-kind gauge transformation rule (5 0 Z¢) o (4 © Ze)t =
Ppothy ! is independent of the gauge choice 2¢ of the second kind.

The above geometrical arguments indicate that even if we completely exclude the
gauge-degree of freedom of the second kind, the gauge-degree of freedom of the first kind
still remains. This situation supports the existence of the term of the Lie derivative of
the background metric g,;, in the solution (284) of the linear metric perturbation. Actu-
ally, we may consider the point replacement s = ¥, (r) as Equation (5) on the physical
spacetime ./, = ... If we express the point replacement ¥, through the point identifi-
cation Z¢ to the background spacetime .#, the diffeomorphism ¥, should be regarded
as 2.1 (s) = 2o W) o Ze(Z.1(r)). This point replacement 2. ' o ¥, o 2 : 2.7 (r)
+ 2. 1(s) on the background spacetime .# completely depends on the second-kind
gauge choice Z.. However, if we use the coordinate systems {%‘10“,1’0“ o Z¢} and
{3&”6_105, g o Ze} on the background spacetime ., which are induced from the coordi-
nate system on physical spacetime .#, the action (5) of the diffeomorphism is given by

($po0 22) 0 2 0¥y 0 2o (oo 20)
= ¢ﬁ0%0%_1OYAO%O%_1O¢;1
= ygo¥ oy, . (286)
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This is just the “coordinate transformation” (5) and does not depend on the gauge choice
Ze of the second-kind, i.e., is the gauge-invariant in the sense of the second-kind. Therefore,
the coordinate transformation (286) may be regarded as the representation of the coordinate
transformation (5), i.e., the replacement of points r — s on the physical spacetime ..

€

Rn

Figure 4. Consider the n-dimensional physical manifolds .#. and the background .#. We may
introduce the coordinate transformation on the physical spacetime .#, even if we completely fix the
second-kind gauge as Z¢. Actually, we may introduce the diffeomorphism ¢, from the open set O,
(the blue region on .#) to an open set on R" and the diffeomorphism ¢ from the open set O (the
yellow region on .Z) to an open set on the other R". If O, N Op # @ (the shaded region on .Z),
we can consider the coordinate transformation g o 1, I which transforms the coordinate system
(Ou, o) to (Oﬁ, l,bﬁ). If we choose the gauge-choice of the second-kind by Z¢, this gauge-choice
induce the coordinate systems {2710, Yoo Zc}and {%’gloﬁ, g o Ze} on /. Furthermore, the
coordinate transformation is given by (5 0 Ze¢) o (¢ © 21 = Yoy, L

The solution (284) is gauge-invariant in the sense of the second kind, i.e., the degree
of freedom of the point-identifications between the physical spacetime .#. and the back-
ground spacetime ./ is completely excluded. However, in this gauge-invariant solutions
in the sense of the second kind, there still exists the term £y g,;,. As noted in Section 2.3,
such terms may be included in the solution to the linearized Einstein equation due to the
symmetry of the linearized Einstein equation as the gauge-invariant terms in the sense of
the second-kind. Therefore, the term £y g,; in Equation (284) is no longer regarded as the
gauge degree of the second kind, but we should regard this term as the gauge degree of
freedom of the first kind as discussed above. Actually, the coordinate transformation (269)
should be regarded as the “coordinate transformation” (286), because f; is gauge-invariant
in the sense of the second-kind. Furthermore, we note that the infinitesimal “coordinate
transformation” which eliminates the term £y g, in the solution (284) should be regarded as
the “coordinate transformation” (286) due to the same reason. As explained in Section 2.1,
the coordinate transformation (5) is regarded as the first-kind gauge degree of freedom.
Then, the term £y g,;, in the solution (284) should be regarded as the degree of freedom of
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the first-kind gauge. As pointed out in Section 2.1, the first kind gauge is often used to
predict or to interpret the measurement results in observations and experiments. In this
sense, this term of the Lie derivative of the background metric g,;, in the solution (284)
should have their physical meaning. This is the reason why we emphasized the importance
of the distinction of the notions of the first-kind gauge and the second-kind gauge.

We have to emphasize that this conclusion is the consequence of our complete exclu-
sion of the second-kind gauge degree of freedom which includes not only / > 2 modes
but also I = 0,1 modes of perturbations and our Proposal 1. From the view point of the
gauge-invariant perturbation theory developed in this paper, the conventional gauge-fixing
procedure corresponds to the partial gauge-fixing. Therefore, it will be difficult to reach
the above conclusion through the conventional gauge-fixing procedure. Furthermore, in
the conventional approach, there is no distinction between the first- and the second-kind
gauge and all terms which have the form £y g,;, may be regarded as the “gauge-degree of
freedom” and these are “unphysical degree of freedom” because we can always eliminate
these terms through the infinitesimal coordinate transformation. If the concept of “the
complete gauge fixing” corresponds to the standing point that all terms which have the
form £y g,p, are “unphysical degree of freedom”, this concept of “the complete gauge-fixing”
is stronger restriction of the metric perturbation than the concept of “gauge-invariant of
the second kind” in this paper. Thus, we may say that these conceptual discussion is an
important result comes from the realization of the gauge-invariant formulation including
I = 0,1 modes in this paper. Similar results are also obtained in even-mode perturbations
which will be shown in the Part II paper [43].

Apart from these terms of the Lie derivative of the background metric g,;, in the
vacuum case, the only non-trivial solutions in / = 1 odd-mode perturbation are the Kerr
parameter perturbations. These will be related to the uniqueness of the Kerr solution in the
vacuum Einstein equations in the local sense [14], though the assertion of the uniqueness
theorem of the Kerr solution includes topological statements [68]. In addition to the relation
of the uniqueness theorem of Kerr black hole, at least, we may say that the derived vacuum
solution for [ = 0,1 odd-mode perturbations is physically reasonable. In the paper [43],
we derive the | = 0, 1 even-mode solution to the linearized Einstein equation which also
includes the terms of the Lie derivative of the background metric. In the Part III paper [44],
we show that the derived solutions in ref. [43] realize the linearized Lemaitre-Tolman—
Bondi solution and the linearized non-rotating C-metric. Due to these facts, we may say
that our solutions derived through Proposal 1 are physically reasonable. In this sense, we
may say that Proposal 1 is also physically reasonable.
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Appendix A. Explicit Form of Conventional Spherical Harmonics on S?

First, we summarize the properties of the conventional spherical harmonic functions
Y}, The spherical harmonic functions Y}, (6, ¢) satisfy the equations

[A+1(1+1)]Y, =0, (A1)
8¢Y1m = sz,m (AZ)
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quDan

To be explicit, they are expressed in terms of the Legendre functions as

(21 4+1)(I —m)

! )
) (6, ¢) = Tl )] P"(cos0)e™?. (A3)

For I = 0,1 modes, the spherical harmonic functions Y}, = Y, are explicitly given by

/1
YOO = El (A4)
[z PN S
Yo = 47TCOSB’ Y = e sinfe’?, Yi_1= e sinfe™'%. (A5)

Employing these spherical harmonic functions (A3) as the scalar harmonics, we construct
the set of the tensor harmonics on S2. Since the dimension of $2 is two, we have enough
number of tensor harmonic functions as bases of tangent space on S2.

On the unit sphere, any vector field v” is written in terms of two scalar functions v
and w as

of = DPv+ €M1 Dyw. (A6)

Here, DPv is even part and e qu is the odd part, which corresponds to D, S and equqS
in Equation (38), respectively. If we choose S = Y},,,, these vectors are given by

DpYim,  €pgDTYy. (A7)

For I = 0 modes, the spherical harmonic function Yy is constant as in Equation (A4) and
corresponding vector harmonics vanish:

DpYOO =0, E’quqYOO =0. (A8)
On the other hand, for I = 1 modes, vector harmonics has the vector values as

R /3
Dple = - Esin%p, (A9)

R /3 . A 3 .
DyYi1 = S—Hel¢(c0399p+l¢p), DpY1 1 = 8771?6 Z(P(*COSQGP‘FIQUP) (A10)

and

/3 .
= it sin 6q>p, (A11)

3 A 3
= 4/ gel‘l’(—cos 0py +i6,), €pgDTY1_1 =4/ ge”q’ (cos B¢, +i6)). (A12)

Thus, vector harmonics has its vector value for | = 1 modes, while does not for [ = 0 mode.
Any smooth symmetric second-rank tensor field t"7 on the unit sphere can be ex-
pressed in terms of its trace t = tz and two scalar fields v and w as

1 AU B .
7 = StyPl + <DPD4 - 277"‘7A>v +2e"1DP) Dw. (A13)

1 a1
These three terms correspond to the terms proportional to E'ypqS, < D,D; — Eypq A) S,

and Ze,(pﬁq)DrS in Equation (39). As in the case of vector harmonics above, for | = 0
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modes, the spherical harmonic function Y{y is constant as in Equation (A4) and the only
non-vanishing harmonics is its trace part

1 1 1
5TpaY00 = 5Vpe\/ 1 (A14)

and the other traceless even and odd parts vanish. For / = 1 modes, from Equations (A5),
the trace parts are trivially given by

1 1 /3
1 1 /3 . ;
1 1 /3 .
E’yqul,l = 3 \/ 3,7 Sin Oe "Pfypq. (A17)

A A 1 A
On the other hand, the traceless even and odd parts for <Dqu — nyWA) Y1, and

26,(qu)D’Y1m identically vanish for all m = —1,0, 1.

As a summary of S = Y}, cases, for | = 0 mode, any vector and tensor harmonics
vanish, and these do not play roles of bases of the tangent space on S?. On the other hand,
for I = 1 modes, the vector harmonics have their vector value and play roles of bases of the
tangent space on S2. The trace parts of the second-rank tensor of each modes have their
tensor values, while all traceless even and odd mode harmonics identically vanish and
does not play roles of bases of the tangent space on S2.

Appendix B. Covariant Derivatives in 2 + 2 Formulation and
Background Curvatures

In this Appendix, we summarize the relation between the covariant derivatives V,
associated with the metric g,,, D 4 associated with the metric y,;, and f)p associated with
the metric y,;. These formulae are convenient to derive the gauge-transformation rules,
linearized Einstein equations, and so on. Here, the metrices g3, ¥4, and 7, are given
by Equation (31). We assume that y,;, depends on {x?} and r = r(x#). We also assume
that 7., depends only on {x”}. Under these assumptions, the Christoffel symbol ', © are

given by
1
rub ¢ = Eng (aagdb + abgdu - adgab)/ (A18)
1 —
FABC = E]/CD(BA]/DB +98Ypa —Opyap) =: I yp < (A19)
rsC = 0, (A20)
Ty € = _V(Dcr)%ﬂqf (A21)
T,," = 0 (A22)
1,
" = ;(Dan)yg", (A23)
1 A
l"qrp = E’Ypd (aq’mr +0rYag — ad%ﬂ) =: qup' (A24)

DyDaty = DaDpts, (A25)
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and
DpDaty = 0,Daty—T,, "Daty = DaDyty, (A26)
since
9T 45 =0, 9al,, "=0. (A27)
Then, we obtain the formulae for the covariant derivatives V,v;, and V.l as
Vavg = Daus, (A28)
Vavp, = Dav,— %DArvp, (A29)
Vpoa = ﬁva - %DArvp, (A30)
Vpv, = Dpvq + rDAr”ypqvA, (A31)
Vit = DutB, (A32)
Vath = otP + %DArt”, (A33)
thA = DptA — rDAr'ypqtq, (A34)
Vpth = Dyt + %DAr'ypth. (A35)

Here, we also summarize the expression of V, Ty, for an arbitrary tensor T, in terms

of the covariant derivatives D4 and Dp which are associated with the metric y 43 and v,

respectively, from

VaTpe = 0aTpe — Ty “Tic — T “Tpa-
These are given by
VaTpc = DaTgc,
_ 1=
VaTp, = DaTpp,— ;DAVTBp,
_ 1_-
VATpC = DATpC - ;DATTpc,
R 1. 1 -
vaBC = DPTBC — ;DBerC — ;DCrTBp,
A _ 1_-
VpTje = DypTyc+rDPrygTpc — —DcrTyp,
N 1_ _
vaBq = DpTBq — ;DBT’TW + TDDT’yquBD,
_ 2 _
VpTyr = DpTyr +rDProygpTp, + rDPryrp Top.

(A36)

(A37)
(A38)

(A39)

(A40)
(A41)
(A42)

(A43)
(A44)

Furthermore, the derive the linearized Einstein equation, we have to derive the

components of

vozI_Ic = auHc . Fca eHe v + reu bHc o + rea dHc he.

(A45)
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Then, these are summarized as

V,H:BP = D,H:BP, (A46)
VHoB =D,4H: B + %DAVHC Bs, (A47)
VuH " =D HTP %DArHCqD, (A48)
VH-" =D,H." + %DArHCqS, (A49)
V,H, 8 =D,H, BP - %DArHr BD, (A50)
Vv ,H, % =D,H, %, (A51)
v,H, P =D,H, T, (A52)
V,H *=D,H "+ %DArH, ”, (A53)
V,Hc BD — 15 H->" — cher BD _ rDBr%pHC tb _ rDDr'ytpHc Bt (A54)
V,H:? =D,H:™ — 1DCrH Bs 1D5r7p He B —rDBrypyHE™,  (A55)
V,H" =D,H." ~ %Dcer‘7 + %DEmp HEP — rDPry,H. ", (A56)

. 1. 1. 1._-
V,H¢ P — D,H P _ ;DCer 4 ;DErquHC Es 4 ;DET”YPSHC " (A)

V,H, 8P = D,H, PP +rDFry,, H, PP — DBy, H, 'P —rDPy,, H, ¥, (A58)
V,H, % =D,H, % + D ry, He % — rDPry, H, * + 1D,;rfy;H, BE,(A59)
V,H, "° = D,H, "° + rDEry,H, 97 — rDPryy H, " + 1D ery, H, P, (A60)
V,H, * = D,H, * + rDFry,, H, T + %ngp‘?Hr Es 4 %Dgr'yper . (A61)
Next, we summarize the components of the background curvatures induced by

the metric Equation (31). We derive these components through the components of the

connection (A19)—-(A24) and the formula of the Riemann curvature
Ry, @ = 9T, — 9,T, 4 + Ty T, @ =Ty, T, O (A62)

a

To derive the components of this curvature, we use
DA'y,,q =0= Dp]/AB, f)pr =0. (A63)

The components of the non-vanishing Riemann curvature are summarized as

D 2) D
R pc = ()RABC ’
RpBr P = _7(DBDD7)'Ypr/
1, - -
Rypc ° = —(DgDcr)v,’,

(A64)
(A65)

(A66)
(A67)



Universe 2025, 11, 39 57 of 62
The components of the Ricci curvature are summarized as
— @p 2 5 =
Rac = “Rac——(DaDcr), (A68)
Ry, = 0, (A69)
Rpr = @Ry — [r(DEDFr) + (DFr)(Der) |y (A70)
The Ricci scalar curvature is given by
ac @5 . L@p  4/p0H 2 SEN(F
R = g"Rgpe="R+ 2 R — ;(D Dcr) — r—z(D r)(Dgr). (A71)
Next, we derive the components of the Einstein tensor
1
Gap := Rop — EgubR (A72)
and its components are summarized as
2, - 1 ~Cr F =
Gap = —-(DaDgr)+ —5yap[~1+2r(DDer) + (DF)(Dgr)|, (A7)
Gag = O, (A74)
_ o 1 _
G = 1 |r(0°Der) = 370, (A75)

where we used the two-dimensional Einstein tensors are identically vanish and the fact
that the metric 7, is the maximally symmetric space with positive curvature, i.e.,

@Rpgrs = 27, v50 PRpr = 7pr, PR =2. (A76)
Here, we consider the static solution whose metric is given by

yap = —f(dt)a(dt)g + f 1 (dr) aldr)s, (A77)

where f = f(r). Due to the Birkhoff theorem [69], the vacuum solution with the spherically
symmetric spacetime must be the Schwarzschild spacetime. We check this fact from
Equations (A73)-(A75) with the substitution (A77). Actually, we obtain

- _ a\? '
DBT’ = (dl’)B, DBT = f(ar> P DADBT’ = f?yAB. (A78)
Then, we have
h A f o
(DBr)(Dgr) = f, D?Dpr = 553/*, D€Der = f'. (A79)
From Equation (A73) as
2 1-— 1
y*PGap = P (f/ - rf) =0, Gap—5YapGap =0. (A80)
The solution to Equation (A80) is given by
f=1-2 (A81)

o= =L (482)
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where M is the constant of integration. This is the Schwarzschild metric. We also evaluate
the component Gy = 0 through Equation (A75) using Equation (A81) as

@R = %(DCDCr) (A83)

As the summary of the background vacuum Einstein equations, we have

r(D€De¢r) + (DEr)(Dgr) =1, (A84)
(DaDgr) = %yAB(DCDCr)/ (A85)
@R = 2(DCDer). (A86)

Equation (A84) is equivalent to Equation (A82). Since the two-dimensional curvature
R parc has only one independent component, (R Apc is written as

N

@Rparc =

SIN
S|

(DFDFr)yD[EyC]A/ (2)RDE: (DFDFT’)]/DE, (Z)R: (DFDFI”). (A87)

p

The above formulae are expressed the covariant form of the 2 + 2 formulation. How-
ever, the explicit components of T, © are also convenient to leads the results in Section 6.2.
From Equations (A19)—(A24) and the background metric (31) with Equations (33) and (34),
non-vanishing components of I' ; © are summarized as

/ 1 /
rtrt_]i rttrziff/f Iﬁrrr: L reer:*”f/

T 2f’ - 2f’
Tpp = —rfsin®6, T o1 I,,¢ = —sinfcosf (A88)
PP ot T e T ,
9 _ 1 ¢ _
L' = P Tpo' = cot 6.

Appendix C. Summary of the 2 + 2 Representations of the Tensor H,;.[.%#],
H,,[7], H,"|7]

Here, we summarize the components of H,;.[-#] through the expressions (216)—(218):

Hapc = DiaFpyc— %DCFABr (A89)
Hypc = %(Dﬂ%c+rDﬂ%p—rDC@p—(Dyﬂ%p—azyﬂ%ﬁ, (A90)
Hpe = ;(ZrD(qu)c — %’ypqrchF — r(Der)ypgF + Zr(DDr)’yquDC>, (A91)
Hapr = rDaFg), 4 (D(ar)Fg), — %DrFAB, (A92)
Hpp, = ;(erFrB - rf),PpB + ;rz'yprDBF), (A93)
Hpy = %rzfyr(qlﬁp)F - }lrz'yqu)rlf + rzDDr'yquD,. (A94)
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Next, we summarize the components of H_, °[.#] through the expressions (216)—(218)

as follows
_ 1_
1/A _ _ _ _
HpC = E( pF5 € + rDpF,€ — rDCFg, — (Dpr)F,€ — (Dcr)Fsp), (A96)
1/, . 1 _ _ -
H,, ¢ = Z(ZrD(qu)C 27pq72DCFV(DCT)’YMF+2r(DD7)WqFDC)f (A97)
r 1 r L~ 1
Hap" = Dk + 5 (Dar)Fy" = o = D"Fp, (A98)
1 4 1 4 1 _
ro_ r r
1 A 1 N =
Hyy " = 574 DpF— 3 7mDF+ (DPr)ypgFp’. (A100)
Finally, we summarize the component H,"[.7] through the expression (216)~(218) as
follows:
1/ _ _
HABC _ E (DAFBC + DBFAC _ DCFAB), (A101)
b = Lp,.py Lpr r+i(D NEP 4+ (DB, — L D'E, (A102)
A 2 A oy A A 242 212
c _
HyC = 55 (DTR,C 4 rD4FIC — rDCF, — (D4r)FIC — (D)F,Y), (A103)
1 |4 A _
H," = 55 [D‘?FAr —D'F, 7+ 277quAF:|/ (A104)
H," = ;(D FP¢ +rDPF,© —rDF,” — (D"r)E, — (DCY)FPB)’ (A105)
1 . 1 4 1 _
Br _ B B B
Hy" = S DyF" — - D'F,"+ 1o,/ D"F, (A106)
C N N 1 _ _
H,C = 2ﬂ<erFqC +rDIF, € — 5% 12DCF _ (Dcr)'yqu+2r(DDr)'yquDC>, (A107)
1/1 A 1 A 1 A -
0" = 5 <4WD,,F + 27y DIF = 17, D'F + (DDr)'yquD'>. (A108)

Notes

1

In the derivation of the Lie derivative in § 94 of ref. [48], the coordinate transformation x’ ] + Ci is performed, at first, and

the comparison inverse matrices g”k(x’ l) and g (x!) at the “same coordinate value” x/

is carried out. The comparison at the
“same coordinate value” x! under the coordinate transformation x”’ = x + & means the comparison the inverse metrics at the
“different points” on the same manifold as shown in Equation (3).

As depicted in Figure 2, the action of the diffeomorphism ®, := 2! 0 % is the replacement of ®(q) = p. However, the
evaluations of the both-side of Equation (9) are carried out at the same point on the background spacetime .# and Equation (11)
is also evaluated at the same point on the background spacetime .# as the result, while Equation (6) represents the difference
between the tensor field at different points on the same manifold. To explain this, we consider the points “p” € .4y, “q” € My,
(“p” # “q"), and q € A and the action of the diffeomorphisms %, and 2Z¢ so that “p” = %.(q) and “q” = Z¢(q). Through this

setup, Equation (9) derived as

Qp”) = Q(%l(q)
= BEQq) = QLT ("q") = F o (2 Q") = B o (271 Q(2e(4)
= o (27 022QM) = (27 0 %) 0 22Q()
= Q;27Q(q). (A109)
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Then, through Equations (8) and (10), we reach to the gauge-transformation rule (11) at the same point, which should be regarded
as (})Q(7) - JQ(q) = £, Qu(9)-

This statement of the proposal 1 actually indicates that at once we ignore the neighborhood of the region where the harmonic
function S; diverges but we apply the analytic extension of the linearized solution to these regions when we choose 6 = 0.
From Equation (257) and the descriptions in ref. [61], readers might regard that the extension to I = 1 mode case of the
Cunningham-Price-Moncrief variable @, is the same variable as the gauge-invariant variable ®kr defined by Equation (185).
Actually, if we can identify /1,1) 4 with Fy, the extension to [ = 1 mode case of the Cunningham-Price-Moncrief variable ®,)
coincides with the definition of ®xr and there is the description in ref. [61] which is similar to Equation (257). However, this
identification is not appropriate, since F4 is gauge-invariant in the sense of the second-kind but fz(ol) A is not gauge-invariant. We
actually take 6 = 0 in the singular harmonic when we solve the mode-by-mode Einstein equations. However, this does not mean
Fl(o2) = 0, nevertheless the term fz(oz) in the metric perturbation disappear since the singular harmonic function vanishes due to
the choice § = 0. This difference also appears when we obtain the gauge-invariant relation between the components of F4 and
the extension to | = 1 mode case of Cunningham-Price-Moncrief variable @, by integrating the linearized Einstein equations.
In this integration, the integration constants appear in the relation between the components F4 and ®,). This integration
“constants” are automatically gauge-invariant in the sense of second-kind. On the other hand, when we integrate ¥;r to obtain
the explicit relation with fz(ol) A, there is no guarantee that the integration “constants” are gauge-invariant, because I~1(Ol) 4 isnot
gauge-invariant.

Although the simple integration of Equation (258) yields the time-dependence of 1, this time-dependence is inconsistent with
Equation (241). This inconsistency is due to the fact that we just use the constraint (241) in the form 9, (r2(241)) when we derive
Equation (249).
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