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In this paper, the gauge choices in general spherically symmetric spacetimes are explored. In
particular, we construct the gauge invariant variables and the master equations for both the De-
tweiler easy gauge and the Regge-Wheeler gauge, respectively. The particular cases for [ = 0,1
are also investigated. Our results provide analytical calculations of metric perturbations in general
spherically symmetric spacetimes, which can be applied to various cases, including the effective-one-
body problem. A simple example is presented to show how the metric perturbation components are
related to the source perturbation terms.
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I. INTRODUCTION

Metric perturbations of spacetimes are an important issue. The solution of the Einstein field equations (EFEs) for
static, vacuum and spherically symmetric spacetime is the Schwarzschild spacetime. And the metric perturbations of
the Schwarzschild black hole have been studied for a long time. To begin with, Regge, Wheeler and Vishveshwara et.al
studied the odd-parity perturbation [1, 2], while Zerilli and Moncrief investigated the even-parity perturbation [3-5].
The perturbation theory of the Schwarzschild spacetime has been well summarized in Chandrasekhar’s monograph
[6]. After decades of research and development, this theory can be applied to a variety of different physical problems.
A useful application is the quasi-normal modes of the perturbed black holes, which was initiated by Vishveshwara
[7], Chandrasekhar [8] and Mashhoon [9] et.al., and the review articles of this topic can be found in [10-15]. Another
application is studying a particle moving around the Schwarzschild black hole. One can treat this point-particle as a
perturbation of the Schwarzschild spacetime [16, 17]. In addition, studying the metric perturbation can promote the
analysis of the stability of the Schwarzschild spacetime [18-20].

In perturbation theory in general relativity, the redundant coordinate freedom can be eliminated by choosing specific
gauges. The most familiar gauge in the Schwarzschild spacetime is the Regge-Wheeler (RW) gauge, which was first
presented by Regge and Wheeler [1]. And where they also analysed the spherical harmonics and decomposed the
general perturbation in the Schwarzschild spacetime into odd-parity and even-parity sectors. The RW gauge has
the obvious advantage of algebraic simplicity, and it is widely used in the literature. Since then, the construction
and the physical meaning of the gauge-invariant properties have attracted lots of attention. Using Lagrangian and
Hamiltonian variational principles for the perturbation, Moncrief considered that the metric perturbations can be
decomposed into the gauge invariant part and the gauge dependent part [5, 21]. Gerlach and Sengupta discussed
the construction of gauge invariant properties in general spherically symmetric spacetimes [22, 23]. Thorne reviewed
and summarized various scalar, vector and tensor spherical harmonics with a uniform notation [24]. Martel and
Poisson presented a gauge-invariant and covariant formalism, and also showed that the energy or angular-momentum
radiation can be expressed in terms of gauge-invariant scalar functions [25]. Recently, Sopuerta considered that the
master functions are linear combinations of the metric perturbations and their first-order derivatives, and discussed
about the master equation for vacuum spherically symmetric spacetimes [26]. Besides the RW gauge, there exists
a variety of gauge choices. For example, the light-cone gauge, which presented by Preston and Poisson [27], can
provide geometrical meaning to the coordinates in perturbed spacetimes. Another gauge choice is named as easy (EZ)
gauge [28], which was devised by Detweiler when he considered the gravitational self-force problem in the perturbed
Schwarzschild spacetime [29]. In the EZ gauge, the metric perturbation is singular on the black-hole horizon [30].
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Generally speaking, for metric perturbation of a spherically symmetric spacetime, the standard process is to decouple
the even-parity and the odd-parity EFEs, obtain the wave equations and then solve the one dimensional Schrodinger-
like equation with an effective potential. One of the most important step is to construct the gauge-invariant variable
and obtain the master equation. When the background metric takes the form

ds? = — F(r)de? + £(r)"\dr? + r2(d6° + sin? 0?), W

the problems have been thoroughly studied for the theories of Einstein [31, 32], Einstein-Maxwell [33, 34], and Lovelock
[34-36] in higher dimensions. However, if one considers a non-vacuum spherical static black hole with hairs [37-39], the
metric in general cannot be cast in the above form. Instead, the most general spherically symmetric static spacetimes
should be described by the metric

ds* = —A(r)dt? + B(r)dr? + r*(d6? + sin? dp?), (2)

where A - B # 1, for which perturbations have not been studied in detail so far. In particular, based on the
Post-Newtonian (PN) approximation, Darmour et.al investigated the gravitational radiation generated by inspiralling
compact binary systems and presented a novel approach to map the two-body problem onto an effective-one-body
(EOB) system [40, 41]. Recently, the discussions of self-consistent of radiation-reaction force in the EOB system
shows that one should first solve the gravitational perturbation in the most general shyerically symmetric spacetimes
[42]. Therefore, a natural question is how to construct gauge-invariant perturbation variables in the most general
spherically symmetric spacetimes (2), and then study the even-parity and odd-parity perturbations.

With the above considerations as our main motivations, in this paper we consider the most general spherically
symmetric background spacetimes with metric perturbations, and the construction of gauge invariant variables. For
even-parity perturbations, we find that there exist several gauge choices, including the EZ gauge and the RW gauge.
Under the EZ gauge, we construct the gauge-invariant variables and obtain a third-order master equations. However,
the third-order equation can be written as a second-order equation after the separation of radial and time variables.
Under the RW gauge, a similar situation also occurs. For the odd-parity perturbations, the master equation remains
a second-order wave equation as usual. It should be noted that such developed formulas are not only applicable to the
most general EOB system, as pointed above [42], but also to other modified theories of gravity, in which the background
is described by the most general metric (2). These include theories with high-order derivative terms [43-45]. In such
theories, the field equations can be always written as G, = HTEC,E', where Tl‘jf,f' represent the modifications to general
relativity (GR). Certainly, in such theories extra fields are often introduced. In the latter, we need to consider not
only the effective Einstein field equations, but also the equations for matter fields. In this paper we shall mainly focus
on the effective Einstein field equations [cf. Eq.(20) to be given below and other components given in Appendix B],
that is, the perturbations of the most general spherically symmetric metric, and leave the studies of perturbations for
matter field equations to another occasion, as the latter will be involved with specific modified theories.

Considering the general metric perturbations in static spherically symmetric spacetimes, Throne showed how to
construct a ten-spherical-harmonic basis [24]. Through this paper, we use the A-K notation [28], which dealt only
with the Schwarzschild spacetime as the background, and was first presented by Detweiler when he considered the self-
force problem. The advantage of using this notation is that one can find the relation between the metric perturbation
components and the gauge invariants. In this paper, through the gauge invariants representing different combinations
of the metric components, we show that the gauge-invariant variables have the similar structure under the EZ and
RW gauges.

The rest of this paper is organized as follows. In Sect. II, we discuss the basic framework. First, the ten orthogonal
harmonics basis are introduced. Then the decomposition of non-vacuum Einstein equations and the A-K notation
are reviewed. After the investigation of gauge freedom, we consider the EZ and RW gauges. In Sect. III, we first
consider the gauge invariant properties. Then we focus on constructing the master equations for both even-parity and
odd-parity perturbations. We also study the cases for [ = 0,1. In Sect. IV, an example that a small particle goes
around a circular orbit in spherically symmetric spacetimes is investigated. Finally, we summarize our main results
with some discussions.

Throughout this paper, we use the A-K notation similarly to [28]. Units will be chosen in which ¢ = G = 1. In
Sect. III, the subscript, e.g., ¥g and 11, always represents quantities for [ = 0 and [ = 1 cases, respectively. And the
superscript with Roman letters, i.e. x' and x'!, represent the quantities under the EZ gauge or under the RW gauge,
respectively.



II. BASIC FRAMEWORK
A. Orthogonal Harmonics Basis

Let us start with the most general spherically symmetric spacetimes
ds? = g Wduda® = —2*dt? + 2 M dr? + 12 (d6? + sin® fd?). (3)

To decompose tensor fields on the above background, we choose the orthogonal basis composed of scalar spherical
harmonics, vector harmonics and tensor harmonics. First, we define two unnormalized and orthogonal co-vectors v
and n

Vg = (_1707070)5 Ng = (0717070)3 (4)
the projection operator onto the sphere surface

2A

Qb = 95 + € vav, — gy, = r3diag(0,0, 1, 5in% 6), (5)

and the spatial Levi-Civita tensor, €,p. = vdedabc, where €94 = e A2 gin 6.

In general, the complete basis on the 2-sphere are constructed by 1-scalar spherical harmonic, Y™ = Y™ (9, o), 3
pure-spin vector harmonics and 6 tensor harmonics [24]. The pure-spin vector harmonics are given by

YaE,lm _ Tvay'lvn7 YaB,lm _ reabcnbvcylm7 YaR,lm _ naylm' (6)

And the pure-spin tensor harmonics are given by

T¢3;707lm = Qavalmu TaIZ;O)lm = nanbylm7 (7)
TRV = VY™, TN = e int VY™, (8)
1
T2 =r? <QaCde - igabgcd) VeVaV'™, TP =120, %) 'V VY ™, (9)

Note that the vector harmonics are orthogonal to each other
7{ YA YL ) dQ = N (A 1, 1) 5 a4 S, (10)

with {4, A’} = {F, B, R} and N(“¢)(A, r,1) is the specific normalization factor for vector harmonics. The tensor
harmonics are also orthogonal to each other

I ’
A'm

%T:ll),lm(Tab )*dQ — N(ten) (A7 T, l)éAA’éll’émm’u (11)

with {A, A’} = {T0, L0, E1, E2, B1, B2} and N(") (A, r 1) is the specific normalization factor for tensor harmonics.
The expression for these normalization functions N(“¢¢) and N*¢") are given in Appendix A.

B. Decomposition of Linearized Einstein Equations

For perturbed spacetimes, we use hy, to represent the linear perturbation of the background spacetime g((l?)), ie.,

the metric of the perturbed spacetime can be written as
Gab = 953 + hap. (12)
The background metric and the perturbed metric satisfied the Einstein Field Equations (EFEs)

Gap(9V) = 87T, (13)
Gab(9'” + h) = 87(Tap + Tas), (14)



where Ty, and T, denote the non-vacuum background and the perturbed energy-momentum tensor, respectively.
Expanding the EFEs in terms of hgp, we get

1
Gab(g(o) + h) = Gab(g(O)) - 5 ab(h)v (15)

where FE,; is the linearized Einstein operator

Eap(h) =0hap + VaVphe, — 2V Vohy e + 2R hea — (Rahye + Ry hac)
+ 9ab(VEVeheq — ORL) = gap R*heq + Rhay
= — 16770 (16)

Note that now the Ricci curvature R, and the scalar curvature R of the background do not vanish in general. If R,
and R vanish, then the background metric would reduce to the Schwarzschild metric, which is the situation discussed
in [28].
Detweiler decomposed the harmonic modes of the perturbed metric hg, as
m m E,lm B,lm R,lm T0,lm
hepy =A va0p Y™ 4+ 2B v Yy 4 2C v Yy 42D v Y, 4+ E T,

+F TE2m g B oy TELIm oy TBLIM LK pEOm (17)

where all coefficients A through K are scalar functions of (¢,r), which were referred to as the A-K coefficients in [28].
For even-parity (polar part) perturbations with { > 2, the perturbed metric can be decomposed as

A Ylm -D Ylm —-rB a@mm —-rB a(bylm
peven Sym K Yim rH 0pYim rH 8¢}/Im 18
@ = | Sym  Sym 2 [E+F (82 + L1+ 1))] Yim r2F [90 — cot 00) Yinm (18)
Sym  Sym Sym r2sin? @ [E—F (07 + 3l(141))] Yim
And for the odd-parity (axial part) perturbations with [ > 2, the perturbed metric can be decomposed as
0 0 rcsc0C 0pYim —rsinf C 9yY,,
0 0 —rcsclJ 0pYim rsind J 0yYim
hopt = e 4 2 r’ 2 052 (19)
a Sym Sym —r?csctG [0p0g — cot 00y] Y —5G [CSC 005 + cos 00y — sin 989} Yim
Sym Sym Sym 7?G [sin 0999y — cos 00p) Vi,

These A-K notations could be linearly transformed into the notation taken by Regge and Wheeler [28]. To get the
explicit expression of coefficients A-K, one can project the metric perturbation onto the tensor harmonic basis. We
present these coefficients in Appendix A.

Now, we can get the A-K components of any rank-2 tensor in the spherically symmetric background. For example,
from Eq.(16), one can write

—167TA = Ep = e'® f{ Eu(h) (v*Y:,)dQ, (20)

to represent the A-term of 7, or Eqp(h), which along the direction of v“vbYlfn. The expression for Fa-Fk are given
in Appendix B.

C. The Gauge Transformation

Under a gauge transformation, ¢ = x® 4 £, the first-order metric perturbation h,, would be transformed as
;Lab = hab - 2v(a§b)' (21)

As a vector, £* can be projected onto the pure-spin harmonic basis as

é.a - P va}/lm 4 R YaR.,lm 4 S YaE,lm 4 Q YaBﬂlmv (22)



where P, R, S and Q are scalar functions of (¢,7). The functions P, R and S describe three degrees of gauge
freedom for even-parity perturbations, while the function Q describes one degree of the gauge freedom for odd-parity
perturbations. Next we use A to represent the A-K projections of 2V (,&;). For example,

AA = A — A =24 j’{ V (ép) (0" 0"V, ) d€Y, (23)

here A and A correspond to the projections of hyp, and Rab, respectively. Projecting 2V (,&,) onto the tensor harmonic
basis, we obtain the A-K components of the term 2V &),

_ 0P —oA+20 0P __ 981
AA =27 —2 R AB= 20+ P,
) o _0d OR
AC=-2.Q, AD—<§—25>P‘E’
—2A
AE—2¢ g WHDg AF = 25,
T T T
AG = 2q, AH_1R+<2—1)S,
r r ar r
& 1 9d oA o _0A
8- (g-r-5-%)e Ak = (25 -2 )m 2

D. Gauge Choices

Generally speaking, £* has four independent functions, representing four degrees of freedom in spherically symmetric
spacetimes. Hence by properly choosing these four functions we can work with different gauges. For example, under
the gauge transformation, the scalar function F(t,7) would transform as

F—F-AF—T-2s. (25)
T

By setting S = rF/2, one degree of the gauge freedom is fixed, and F = 0. Then substituting this S back into
Eq.(24), one can move on to eliminate the next degrees of freedom. In even-parity perturbations, properly choosing
the functions P, R and S would fix three variables of the metric perturbation. In the odd-parity properly choosing
the function Q, one can fix one variable of the metric perturbation.

Note that in the odd-parity sector, AG is proportional to Q, but there exists some derivative relation between
AC, AJ and Q. If we want to ehmmate G under the gauge transformation, just set @ = rG/2 then G = 0 and AC
and AJ are uniquely determined. If we eliminate C under the gauge transformation rather than G, then Q could
be an arbitrary function of r with some integration constant, which could not determine AG and AJ completely.
Such a choice cannot completely fix the gauge freedom. Similarly, in the even-parity sector, in order to fix the gauge
completely, one may first fix S from AF. Afterward, there are still several choices to fix P and R via AA, AB, AE or
AH. Below, we would discuss two useful gauge choices.

Regge-Wheeler Gauge. Regge and Wheeler first presented the RW gauge by setting certain RW variables to
zero [1]. In the even-parity sector of the Schwarzschild spacetime, to eliminate three gauge freedom, RW set

hé%W,cvcn _ hi%W,cvcn _ GRW _ O, (26)

which corresponds to setting B = F = H = 0 in the A-K notation. And in the odd-parity sector, RW set W =0,
which corresponds to setting G = 0 [28]. For general spherically symmetric spacetimes, we set

rw _ T RW
=-F P =rB4+ ——
i 2 e
oF
REW _ = QEW
20r’

which means

2
ERW — ( B+ Eg—f) 0 Yim + (rH — gg—F> YRim 4 — FYE fm oy~ GYB tm. (28)



It should note that this gauge choice is exactly the same as the gauge choice with the A-K notation in the Schwarzschild
spacetime, see, for example, Eq.(6.7) in [28].

Easy gauge. The EZ gauge was first introduced by Detweiler when he considered the self-force problem, in which
the following metric components are set to zero,

B=E=F=G=0. (29)

To eliminate these metric components, the components of the gauge vector are chosen as

2
SEZ:gF, PEZ:rBJr%g—l:,
REZ = 21(1 +1)e*AF 4 ge%E, QP = gG, (30)
which means
2 9F
¢B7 _ (rB n %E) VaYim + (rl(l +1)e?AF + ge“E) YRim 4 gFYaE’lm + gGYanlm. (31)

III. GAUGE INVARIANTS AND MASTER EQUATIONS

In this section, we would first introduce a general set of gauge invariants in the spherically symmetric backgrounds.
With these gauge invariants, we shall investigate how to construct the single master equation under certain gauge
choices.

A. Gauge Invariants

Generally speaking, under any arbitrary gauge transformation, the gauge invariants can be constructed from Eq.(24).
For example,

2

AG = 2q, (32)
r
o 1 09 O0A
AJ_(E_;_E_E)Q’ (33)
from which, we obtain
r (00 OAN O
AJ+§(E+E_§)AG_O' (34)
The above equation indicates that one can define
r (00 OAN O
a_J+§<E+E_§)G7 (35)

and « is a gauge invariant quantity. Note that there are seven even-parity metric components and three odd-
parity metric components in the metric perturbation, while there are three even-parity components and one odd-
parity component in £, which tell us that we can construct four independent even-parity gauge invariants and two
independent odd-parity gauge invariants for [ > 2 cases. Following the construction of «, we find that they can be



constructed as

a=J+ - (aq)-i-%—ﬁ)G,

or Or Or
1/;_% _ge%‘ZﬁE_; B Lo 2A§E—Zl(l+1) QA% —31(z+1)62AF_£z(z+1)e2A% ,
€= —% - 362@2—?13 — T%B - %l(l + 1)62@2—(1)F - ;g—;F (36)

These relations are the same as Eq. (7.5) of [28] when the background is vacuum, which degenerates to the
Schwarzschild spacetime.

From now on, we shall work in the coordinates . And for the save of simplicity, all the tildes will be dropped
from now on. Note that we use the superscript I or II to denote the quantities or parameters under the EZ gauge or
the RW gauge, respectively. Adopting the specific EZ gauge, we have

B=E=F=G=0. (37)
Then, the gauge invariants become
a=1], B =-C,
V= H, Y= oK,
§' =D, e = —%A. (38)

Here a and § are not superscripted because they are the same under the EZ and RW gauges. Similarly, adopting the
specific RW gauge, we have

B=F=H=G=0, (39)
and the even-parity gauge invariants become
XII _ _l€2AE 1/1 _ _K _ - ( A/ 4 1) 2AE 2/\ a
2 ’ 2 2 or
r 0
=D+ e n_ 1y Lyeep 40
HERT ‘ 2 2T ‘ (40)

Using these gauges, each A-K projection of the linearized Einstein equations, i.e. Egs.(B1)-(B10), can be rewritten
as a combination of the gauge invariants listed in Eq.(36). The results can be found in Appendix C. It is obvious
that under the EZ gauge, the relationship between the gauge invariants and the perturbed metric components seems
simpler, hence we first study the master equation under the EZ gauge.

B. Master Equations for [ > 2

Assuming that the perturbation of the stress-energy 7T,p is known, i.e. Fa-Ek are known quantities, now we look
for the master equations in terms of gauge invariants.

1. FEven-parity Perturbations and the EZ gauge

The Bianchi identities indicate that not all seven even-parity projection equations in Appendix C are independent.
It has been shown that there are four independent gauge invariants. Noting the specific structure of the expressions of



EL, EL, EL, B and Ei, we find that one can obtain 9§' /9t from OEL /0t, and €' from E} or EL. Substituting these
relations into QE%I + E%(, after a large but tedious calculation, we find that the coupled partial differential equations
for x! and ¢! can be constructed as

0 2e* 2y o 9* Ly 9 Yoy g
gz T _ ) o P
8TX Tinl 7 o 7o X 8t2 1/1 ot~ P + rrl X rrl ¥
eMr 2A / 2A7” I 1
— S (A 200 —2) B+ S (Bl +2E). (41)

0 ; X%y ol 02 1 0 1 W
= _ e R Ll -
ot = (75X 8t21/} TR Tyt ) TaX A
hr o Il ) L an—20 p1
+ [<'Ep +1n' (B +2Eg)] — 1 rEy, (42)

where A = [(I + 1), and ol, 7Lt AL, pb, pult, ot kT are functions determined by the background spacetime, which can
be find in Appendix D. Note that in these two equations, there are no spatial derivatives of the source terms. Now
the goal becomes to decouple the gauge invariants x' and ¢!, e.g. Eqs.(41) and (42). Introducing the gauge invariant

ZI(+) — O'IXI _ 2,¢)I, (43)

we find that Z'(+) satisfies the master equation

2A—2% 3 I 2 L1 52 I I
27 ""r (27a( I 1)018_ + &5_) 2roT a_ + Ng 2 Nz ZHH =gt (44)
Nt at2or ' Nylrl ot NT or2 T (NYZor (N2 7 even
with the source term given by
sl — 4A72<D7" Ni Bl +MIT1§E1 + rNb 91 2r?(n' — o')o!' 07 EL 282AT2M%UIQEI
even NI aNT A or AT NI ot P nr otor P NT ar
| 1 A2 (gt — o1 o! 0 b

In the above equation, N', NL, Nk, NI and N}, Nf, ML, NL, Nj are functions depending only on the background.
The explicit expressions of them can be found in Appendix D. Unlike the well-known Zerilli equation, the master
equation under the EZ gauge is a third-order equation. However, rewriting Eq.(44) in the form

o3 02 02 9]
b d— 7' = ! 46
(“aﬁar T teoe T T 6) even (46)
setting Z'(H) = Z1H) (r)et and SL,., = SL .. (r)e™?, we obtain a second-order differential equation
2y (d - aw?) 2 1 (e~ b?)| 21 (1) = 810 (). (47)
or? or even

If the background becomes the Schwarzschild spacetime, the master equation (44) will reduce to the result given in
[28], in other words, the result of Zerilli [3]. Further discussions about the degeneration of our result could be found
in Appendix E.

Once Eq.(44) is solved, together with the definition of the master variable given by Eq.(43), the gauge invariants
X' and 9! can be solved from

L1 [dea-regz (nr_ol) g2
X = T i 012

2614223 (1 _ 1) g
ot ot

71 + 2r¢1§21<+> + M{Z' ) — A2 2
r

+ — B}, + 2e* 7 MLEL + 22 (n' — o) (B +2EY) |, (48)



I 4 2A—2P .2 I I 62 )
wl :2(;’\71 e Tnl(ﬁ g ) 5 ALSO 2TTI§Z1(+) _ MQIzI(-l—) _ e4A—2<1>r271E[1X
24N—22,3 (I _ 51 5
+Z Tnl(" 7) b + 262 MLEE + 22 (] — o) (Ef +2E) |, (49)

where M{ and MJ are given in Appendix D. Then, the remaining two even-parity gauge invariants §! and ¢! can be
obtained from Eqgs.(C3) and (C5), given respectively by

1 0 0
1 20, 21 | 2A I I
L LY (G U VW T (e rEp F A Ta#/’)’ (50)
1_ _—2A+23 / NIl O 1,1 on 2
e =e (I=rA +r®)y — 0 —i—ra—x —|—§e r“Eg| . (51)
r

From Eq.(38), the even-parity metric perturbation components A, D, H, K could be read out directly.

2.  Ewven-parity Perturbations and the RW gauge

Similar to the development provided in the previous subsection, using the field equations EY to EY in Appendix
C, one can eliminate the gauge invariants §'' and €', and then obtain the following coupled equations

9 1 2e*A 2%y 11 9* 11 0 m, Lo 0 A1 11 p!! 11
- _ ) - -
Brx 71yl 7 8t2X ot? + 28 T@t D)+ T‘THX + 7‘7'111/}
e*Mr 2A / 11 eMr 11 11
e (e* X+ 2r®’ — 2)ER + ST (2E§ + EY) . (52)
0 e 197 g O 1o 0 pt oy !
— B — —Y —2— — —F — —
ot T \7 aeX T ge? tge gt ) oty
ey II I1 11 711 11 111 [Ny —
+ ("Ep + 20" Ey +n"'ER) — 1 rEy, (53)

where the parameters o'!, 711, n!l g pl 1Ty depend only on the background, and the explicit expressions of

them can be found in Appendix D.
We find that the master variable can be similarly constructed as

ZH(+) — O'HXH _ 2,¢Hj (54)

and then the master equation under the RW gauge is given by

2 g P M N e N0 N ] g
DL ot20r ' Nyl I 92 NI 92 (N2 9 (N1 710
(55)

with the source term given by

si :@ Ny EU _ mHTHﬁEn PNy 9 g AN+ @) 92 il 26272 M1 1! 9

even NI aN1 A or A NI (7711)2 T ot D 77H Or D NI or F
e*hr L otr i 11 o, Lo 2e*M3 (A + 90" 0 1, 9

+ _(NH)Q i |:§NF Er + Ngx (EH + §EK>:| - NI (2EEH + EEK) ) (56)

where NI, N%I, N%{I, N%I, N}J, N]IDI, M%I, N%I all depend on the background, which can be found in Appendix D.
Similarly to the case under the EZ gauge, the master equation is a third-order equation, and which can be transformed
as a second-order differential equation. Note that when the background metric takes the form

ds® = —f(r)dt* + f(r)~'dr® + r*dQ? (57)
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The relation A’ + ® = 0 makes the third-order terms in Eq.(55) vanishes. In the Schwarzschild case, the master
equation Eq.(55) will also reduce to the result of Zerilli, see Appendix E. Once Eq.(55) is solved, one can get x!! and
Y from

m_ 1L [862/“2‘1’7“3 (N + @) 3_2211(+) _ 2TTII§ZH(+) + MUZU) 4 #h-20,2 g
T

— NI i o2
4641\—2@,’,.4 (A/ 4 (I)I) B
+ i 57 b + 2630 My By 4 2¢2%% (A + @) (B¢ + 2E§)} : (58)
I 2A—28 .3 ( A/ n 92 11
n_ 9 8e (A +9) 0 I1(+) i 9 11 (+) M, 11 (+) 4N—2® 2 I 711
= —7 —2rr—Z —7 E
v 2N { 7l ot? " o + oll te T A
4 4AN—2D .4 A P o
+= 7;711( +¢) &Eg +2e* 1 MEEL + 2243 (A + @) (B + 2E§)} : (59)
and the remaining two gauge invariants 6! and €!! can be obtained from E and EF, which are given respectively by
1 0 0
5112 2A QEH 9 2A A_2 4@/ -~ 11_4_ 11 60
DA\ 2)+ A {e P (24 e A= 2) + 4rd) G~ drget (60)
0 1
Al —2A+29 [(1 A eyl Ta_XH i 562A7,2E11:1] . (61)
r
When x!I, o1, 6™ and €!! are solved, the even-parity metric perturbation components A, D, E, K are given by
X g
A = 2 242, g 1T 9 11 D=g"+ T%XH,
0
E = —2e 24, K = 29" +2(rA" — 1)\ — 27“(9—)(11. (62)
T

Under the RW gauge, the master variable can be written as the combination of the gauge invariants x'! and .
Note that Zerilli constructed the master variable as the combination of K and Ryas [3], which correspond to a
combination of x! and ¢! in our paper.

3. Odd-parity Perturbations

For the odd-parity perturbations, the EZ gauge and the RW gauge are identical. So, in the following we shall not
distinguish them. We construct the odd-parity master variable as

0 0
z) = (r+ 2N+ rzfl)') 8 — T2Eﬂ + 7“2§047 (63)
then the master equation is given by
0? ant2e | 02 X' 9 Noad
——— te — [ 430N +3% ) = + =2 AR 64
{ 5 T ¢ {37‘2 (X+ + >ar+ > ]} dd; (64)
with the source term given by
1 X' 0 0
2® 2 l /
odd = -4+ AN - —— | E —FE —FEy|,
Sodd = €~ Kr#— X) ¢ty Ect o J} (65)

where X and N,qq are functions only depending on the background, and the explicit expressions of which can be
found in Appendix D. Once Eq.(64) is solved, together with the structure of the odd-parity master variable Eq.(63)
and the perturbed field equations Eqs.(C15) and (C17), we have

62A72<I>

X

o = —

0
20 2E _Z(f)
(6 rBy + It s (66)
and

R BTN T PO VAPl i S A e
ﬁ—X[e r*E¢ (r 2A 2<I>>Z 81"2 . (67)

Then, the odd-parity metric perturbation components C and J can be read off from these expressions.
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C. Specific Cases for | =0, 1

In the previous subsection, we have discussed the construction of master variables and master equations for even-
parity and odd-parity perturbations for the [ > 2 cases. However, the decomposition of the metric perturbation
would take some other forms for the specific cases of [ = 0,1. In this section, we investigate how to solve the metric
perturbation for [ = 0,1. Note that in this subsection, we use, e.g. Ay and A;, to represent the scalar functions in

)

the metric perturbation and the gauge vector for I = 0 and [ = 1 cases, respectively. And we also use, e.g. EX:O and

Egzl) to represent the projection function Ex for [ =0 and [ = 1 cases, respectively.

1. 1=0 case

For the special case [ = 0, there remains one scalar spherical harmonic function Y% = ﬁ, which leads the metric
perturbation to

— 1
hl(zlb_O) — m(onavb + 2D0’U(anb) + Egoap + Konabb), (68)

and the gauge vector takes the form

_ 1
glslio) = m(PQ’UQ + Rona). (69)

In the [ = 0 case, we only have four metric perturbation components, and all of them are even-parity. Under the
gauge transformation, the metric perturbation will be transformed as

_ 59 —2A42® g/ (0 , 0
AAO = —2&1)0 — 2e 0] Ro, ADO = E — 20 PO — ERQ,
672A 9
AEy =2 Ro, AKy = (2— - 2A’) Ro. (70)
r or

The structure of AAg, ADg and AKj are the same as the [ > 2 cases, but AE is different from the expression given
in Eq.(24) since S does not exist for [ = 0. From Eq.(70), we can construct two gauge invariants

1 r 1 r 0
— —K _ 2AA/E I 2AE _ 2A_E
o 5 R0~ 3¢ 0~ 5¢ Eo =5 ok,
10 0 1 1 0 1 0?
= Ag— DAy + =Dg + =e*®(® + rd")Eq + —ePrd —Eq + —e*r=—E,. 71
0o 5 50 0+6t o+2e (" +r )0+2e r 5 0—|—2e T6t2 0 (71)

Choosing the gauge Dy = Eq = 0, we find that EX:O), E}(jz:o), Eg:o) and E}((lzo) are given by

_ 0
EX*O) =2r 2672 (1 4 €2 4+ 2rN)Ag + 29 2e T2 (4r N — 1)K — 27”71674A+2<DEK0,

= 1 _on O
E](Dl 0) —9r 1, 2A& o,

— 0 32
Eg*O) :27“*16*2’\*2‘1)(7“1\’(1)’ . fIJ’)Ao _ r’le’zA’w(rA’ +2rd — 1)5_A0 + 672A72<1>a Ao
r r
0 0?
+2r e N 4 1 d 4 1" — 20 NP — 20N ) Ko + 1 e A (rd + 1)5-Ko + e*“*”wKo,
r
- 0
BV — —4p e 229 A + 2fle*2¢a—A0 + 2r2K,. (72)
r
The gauge invariants ¢y and og can be constructed as
1 10
:—K :——A _(bIA . 73
Yo 5 Ko, 00 = 55 A0 0 (73)
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And then E’](Dlzo)7 Eg:o) and E}({l:o) can be written as

1=0) 1o 0
E](3 =4r~te2 Erial (74)
EU=0 = 9 1o A2 (Al 1o 4 ze*“*ﬂ’aﬁoo e (@ — 20 + 79 +r®” — 28N P g

r

—1 —4A / 0 —2A—2% 82
+2r e (rd 4 1)51/)0 +2e wﬂfov (75)
EI((Z:O) :47“_16_2@00 + 476—21/]0' (76)

From Eq.(76), we have
1 - 4

0g = Zem (T’EI((l - ;1/10) : (77)

Substituting Eqs.(74) and (77) into Eq.(75), we find that 1) satisfied

0 r _
(LQE — 0'0) wo = 564/\5“70), (78)

where 1y and o are functions depend on background, which can be found in Appendix D, and S*=9 is the source
term,

- 1 96 0 (=0 =0y , 1 _ d (=0 1=0
st 0)256 2<I>1"&El() )—E]E: )+§e 20 ’I”EEI(( )+(2—T’A/+2T(I)/)EI(< ) (79)

2. l=1 case

For the case [ = 1, the tensor harmonic basis Tﬁf’lm and Tﬁ?"lm vanish, hence the scalar functions F; and Gy

would no longer exist. The four components of the gauge vector £, imply that there are only three gauge invariants
for even-parity and one gauge invariant for odd-parity. The remaining eight projections of 2V (,§,) are the same as
for [ > 2 cases.

First, we investigate the even-parity sector. As we explain for [ > 2 cases, one should first determine the function
S of the gauge vector £, to make F vanish under the gauge transformation. However, when [ = 1, the lack of F;
prevents us from constructing the gauge invariants as the cases for [ > 2. The even-parity [ = 1 metric perturbations
are related to the linear momentum of the system [4]. Note that if we take the gauge choice By = E; = H; = 0, which
was introduced by Zerilli in the Schwarzschild spacetime, the relation between Ex and metric components would no
longer be a simple relationship. However, taking the gauge

Ay =E; =H; =0, (80)

we find that EXZI) and the metric perturbed component K; have a simple relation. In particular, we find

EUTY = _gpmlemiAi2e (aﬁKl +r7 1 e - 4TA/)K1> , (81)
T
EUTY —2r72(1 — 2r0')B; + 27*183131 + 2fle*2A%K1 —2r2e (1 —2rA')Dy, (82)
r
2
EUTY 4 aBlmY —2p7 26720 (2 4 2 — 27 d' K, + 4rle 2P (1 — 62A)%B1 — 4e2® afa B.. (83)
T

From Eq.(81), the metric perturbation function K; can be found. This solution can be used in Eq.(83) to solve By,
and then from Eq.(82), Dy could also be solved. The remaining quantities, such as Fg or Eg, can be used to check
the consistency of the solutions.

Then we investigate the odd-parity sector. For [ > 2 cases, one should determine the function Q of the gauge vector
&, to make G vanish under the gauge transformation. For [ = 1 case, G1 no longer exists, which means that we can
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not construct the gauge invariants o and S as in the [ > 2 cases. However, from the components of the projection of
2V (a8

0
AC) =— — 4
G =-5Q (84)
0 1
Al == —~-—& — /A
Jl ((97‘ r ) Q7 (85)
we can construct a gauge invariant property oy as
a :r2—aJ +r2—aC —r(1+7r® +rA)C (86)
! ot or ! 1'

Then, for [ = 1, the odd-parity of the projection of EFEs are

_ 0 0? 0
E((jl_l) = e (24 3r A +3rd) —Cp +e A —=C) —r e A (=34 20N 4 20D ) =T e

ar a2 ot dtor
— e (—2 + 2120 = 3r® + A (1 + 6r®') — r2A" — 37°2<I>”> Cy (87)
2
E§l:1) =l (2/\/ (1+7®") — 2(®' 4 rd'* + 7@”)) Ji - 672{)% 1
0 0?
+r e (1 4 rN + rfb/)acl - efmﬁ(jl. (88)

Together with Eq.(86), Eq.(87) and Eq.(88) can be decoupled, and the master equation for the odd-parity pertur-
bation is given by

0 20 +28 & Xi o NIV 1=1
_Y e 9 (2 3A 130 ) L 4 Todd — gi=b ]9
{ oz e or <X1 e > or T e[0T Peda (89)
where Sc()ii:dl) is the source term,
— 1 X — d (= 0 (=
SU=D 20,2 [<; FA - —X1> BV + o BG4 o B ”] . (90)

In the above equations, X; and N, (Sld:dl) are all depend only on the background, which can be found in Appendix D.

Once Eq.(89) is solved, the metric perturbation components C; and J; can be determined by

1 =1 1 9

Ci=— el |:62AT2Eé ) (; — 2N — 2(1)/) ap — Eal] 5 (91)
e208—22 -1 o

Ji=— 7X1 (62¢T2E§ ) + EC”) . (92)

IV. A POINT PARTICLE AS THE SOURCE

In this section, we present a simple example that a small object moves along a circular orbit around the center of
a spherically symmetric spacetime. We analyse the solutions for [ = 0,1 in this section. For [ > 2 cases, we only
provide a general outline.

Assuming that the small object moves along the worldline z(7) with mass p and four velocity u,, the stress-energy
tensor of this point particle takes the form [46]

HUaqUp
V=g

where 7 is the proper time, ¢(®) and 6% are the determinant of the background and the four-dimensional Dirac delta
function, respectively. Generalizing the standard analysis from the textbook [47], the time-like geodesics in general
spherically symmetric spacetime is

Top = 84z — 2(7)]dr, (93)

— 1= gabuaub — _€2q>t.2 + €2A7:'2 + T2Sb2- (94)
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Using the static Killing field £€* = (9/0t)* and the rotational Killing field ¢* = (9/0¢)%, two conserved quantities £
and L can be defined as

E = —guptub = e*i, L= gupy®u’ =1rp. (95)
Then the geodesic equation reads
1, 1 L? 1 5
57+ ge ™ <T—2 + 1) = je e (96)

Considering that the particle moves along a circular orbit with radio R, which is determined by 0V/dr = 0, the
four velocity of the particle can be written as

Ugq = (_570507[/)7 (97)

and now £ and L represent the energy and angular momentum of the particle, given respectively by,

e{)‘R —RA/|R
g=—S " [=p - AR 98
JRMp + 1 RN|p 11 (98)

where | g denotes the corresponding function taking its value along the orbit. The orbital frequency can also be defined

as
2 20 A/
¥ e““A |R
2= (L) =2 218 99
() - .
which gives two useful relations

62{)‘1?

&= OR? L, QL =—-RN|r-E. (100)

Projecting the stress-energy tensor Ty, to the harmonic basis, one can obtain Fa-Fk. The results reveal that
Ep, Ey, Ey and Fx vanish automatically, and the non-vanishing projections of the stress-energy tensor are given as
follows. For [ > 0, we have

m __ —A+<I>£ _ * ﬁ
B = — 16me M5 — R)Y, (2,915) : (101)
im __ —A— MLQR2 * ™
By = —sre At s — )Yy, (5, Qt) , (102)
where Fa and Fpg satisfy the relation Ea = —%EE. For [ > 1, we find
167\ g HEQR? 0
Elm _ _ A& _ v (p ‘ 1
B l(l+ 1)6 7,3 6(T R) (a(p lm( a@)) Hzg,apzﬂt, ( 03)
16m  uEQR? 0
B — sir—R) [ Zv (0 ] 104
C l(l+ 1) T3 (’f‘ ) (89 lm( 7()0)) 0:%7@25“7 ( )
and for [ > 2,
167(l —2)! 5 opuLQR? 0?
B = =/ o(r—R) |12==Y;" (0 (I+1)Y;" (6 ‘ 105
F (l—|—2)' € T4 (T ) 892 lm( 790)—’_ ( + ) lm( 7()0) 9:%,4/):(215, ( )
32m(l — 2)! uLOQR? 0?
Elm — 5(r—R) [ =2 v (8 ‘ . 106
G Tror o o0 B g Ym0 9) 6=3 o (106)

A. Perturbations for [ =0
For [ = 0, substituting Eqs.(102) into Eq.(78), we have

0 r
(LQE — Uo) ’lﬂo = —564AE]%0. (107)
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Using the standard method to solve the above equation, one can obtain
r 00(7‘) T | gl edA0) /r’ Uo(?‘”) , 00 )
=— d —_— — ——=d E d
o exXp (/ Lo(T) T) / l 2L0(’I”/) exp Lo(’l””) r E (T ) r

T R 4A| R
R _
~ e / @dr_/ % 40| B pogy gy
Lo Lo 2L0|R

r AR _
= —exp </ @dr) fie EXO(r — R), (108)
R lo 2L0|R
where ©(r — R) is the unit step function, and EY’ denote the evaluated coefficient given by
_ L N|g-&
EY = —4y/re Alr=2Ir /‘R_Q = dymeMr-@lr K2R € |1§ : (109)
From Eq.(73), we have
N|g - ué "
Ko = 20 = —dymd® 1 </ @dr+3A|R—q>|R) O(r — R). (110)
wlr R 0

Using Eq.(77), we can get op, and then solve Eq.(73) to obtain Ay

A R
A0:4\/7_r62‘1)A|R7M5 - A-exp l—/ @dr+3A|R—<I>|R O(r — R), (111)
Lo

wlr

A= /rflexp [/ CL’;)((:; dr’] dr. (112)

With Ay and Ky in hand, the metric perturbation can be directly written out. Since both Ay and K contain step
function, it is obvious that inside the orbit, i.e. r < R, the perturbation would vanishes. While outside the orbit, i.e.
r > R, the perturbed metric can be given by

1
hgg =——(Aguaup + Konanp)

2y

N|g - pu€ &
:262¢M A -exp l_/ @dr+3A|R —®|g
Lo

where

Va Vb
Lolr
N|g - r
_oANMrpE [/ @dr+3A|R—q>|R] Nany. (113)
L0|R R L0

Unlike the Schwarzschild spacetime, there is no clear definition of the mass M for general spherically symmetric
spacetimes. It is obvious that the perturbation for [ = 0 only affects g+ and g,-. In the Schwarzschild spacetime, this
perturbation is equivalent to adding an extra mass dm to the system [4].

B. Perturbations for [ =1
1. FEven-parity Perturbations

For the even-parity perturbations with { = 1, we find that we can set directly A; = E; = H; = 0. From Eq.(81),
we find that K; can be determined by Ex. Note that Y7} (5, ¢) would vanish for m = 0, hence

"1+ et —drN
K, = —87rR/;—le’fi1 (g Qt) exp <—/R H%dr +3A|g — <1>|R> o(r — R). (114)

Substituting K; into Eq.(83), together with Fy = Ex = 0, we have

9 0 —1 2A 9 —
E (EBl) - T (1 — € )aBl = ’CKl, (115)
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where
1
K= 5r*Z’eN’*“(—z + 2 — 2rd). (116)

Hence, By can be solved by Eq.(115). Then, considering Eq.(82) with Ep = 0, in principle, the metric perturbed
component D can also be obtained.

2. Odd-parity Perturbations

To study the metric perturbation components C; and J;, we should first solve the master variable a; from Eq.(89).
Then using Eqgs.(91) and (92), C; and J; can be obtained. However, G automatically vanish for the [ = 1 case, there
exists one freedom for the odd-parity. If we impose the gauge C; = 0, the master variable becomes

0
ay = TzaJl. (117)
Then, Eq.(91) becomes
9 L o 00 ) o = 20,2
oy + 2N — 20" ) oy = e EG. (118)
or r
The solution of this equation is
160 puEQR? 0
- : 2A + 28 — 20[g) - [ = Y*. (6 P
a1 T . exp(2A + |r) <89 im ( 7<P)> lo=z2 o=t
pL 9
— - el (D50 0.0)) o-g.mae (119)

where we have usedamour the relation Eq.(100) and the fact [ = 1. From «;, one can solve J; with a undetermined
function that only depend on r. However, the metric perturbation component J; yields a contribution to hlg* and
pim,

©

Next, we impose the gauge J; = 0, and now the gauge invariant a; becomes

a1=r2gC1—r 1+7rA 4+ r®")Cy. 120
0
r

Substituting this relation into Eqs.(91) and (92), we know that oy should only be a function of r, and C; satisfies the
second-order differential equation

2

r2%cl (2 3rA — 3rd) %Cl - (2 — 220" 4 3r® — A (1 + 6r®') + r2A" + 37"2(1)”) C1 = 2B, (121)
which is Eq.(87) with J; = 0. Considering that F¢ contains the delta function, we predict that the solution of C;
contain the step function ©(r — R), with two arbitrary constants of integration. One can be determined by considering
that the background spacetime without intrinsic angular momentum, and the other can be determined by the fact
that perturbation C; would be convergent at infinity [28]. If the background metric degenerates to the Schwarzschild
spacetime, our equation would become Eq. (10.21) of [28], which gives a non-vanishing hg}) outside the circular orbit
to describe the adding angular momentum of the system.

C. Perturbations For [ > 2

Generally speaking, for [ > 2 the problem is much more mathematically involved, and normally we have to seek
help from numerical computations. From the source term, Eqs.(45), (56) or (65), we know that they depend only
on Eqs.(101)-(106). All these terms are proportional to e~#" which implies that our master equations, Eqs.(44),
(55) and (64), can be written as the second-order ordinary differential equations in r for each I and m. And the
distributional sources of these differential equations would be vanish everywhere except at the circular orbit radius
r=R.
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An basic outline is as follows. To solve the second-order equations, one can study two regions separately. One
region is from the circular orbit radius to infinity, i.e. 7 € (R,00). In this region, a naturally boundary condition is
considering an appropriate radiation at spatial infinity. In the other region there are several different situations. For
example, if the background spacetime has an event horizon, then one should determine this region from the event
horizon to the circular orbit radius, i.e., € (74, R). Then solve the differential equation with the boundary condition
at the event horizon ry. Another example is that the background spacetime is a perfect fluid star without event
horizons, then one should determine the other region from the center of the star to the circular orbit radius, i.e.,
r € (0,R). Then solve the differential equation with some boundary conditions at the center of the star. Finally,
matching the solutions obtained in the two separate regions properly across the boundary r = R, we obtain the
perturbations valid over the whole spacetime.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, we systematically study the gauge invariant perturbations of a general spherically symmetric back-
ground. First, we find that, in general spherically symmetric spacetimes, for even-parity, there are several gauge
choices. One is the well-known RW gauge, and the other is the EZ gauge. For odd-parity perturbation, only one
gauge choice exists, that is, by setting G = 0. Then, we mainly focus on the construction of master equations for
[ > 2. For even-parity perturbation, under the EZ gauge or the RW gauge, the master equation (44) or (55) are the
third-order equations. However, after the separation of variables, the equations all reduce to a second-order equation.
For odd-parity perturbation, the master equation is also constructed as Eq.(64). Next, the cases forl =0 and [ = 1 are
discussed. For the [ = 0 case, we present the equations that the gauge invariants satisfy. For even-parity perturbations
with [ = 1, we find that the metric perturbation components are still determined when the source is specified. And for
odd-parity perturbations with I = 1, the master equation (89) is still a wave-like equation. Finally, using our general
results, we investigate a point particle moving along a circular orbit in general spherically symmetric spacetimes. In
particular, the form of the solutions for [ = 0 and [ = 1 are carefully discussed.

Our results can be applied to various modified theories of gravity, in which the background is described by the
general static metric (2), instead of the particular one (1). In particular, it can be applied to the EOB system.
Jing et. al. pointed out that one should consider the Hamilton equations for an EOB system self-consistently [42].
Specifically, considering that the EOB system takes the spinless effective metric gZ{,f [40, 48, 49|, the Hamiltonian

H[g:l7] and the radiation-reaction force F¢™¢[g¢ff] should be both based on the same effective metric. Under the
quasi-circular approximation, the radiation-reaction force can be obtained by the energy-loss rate,

. - 1dE[¢¢H]]
pcire eff ~ [ . 122
Sl = (122)

Considering that the perturbed Weyl tensor 1F can be divided into the even-parity ¢¥F¥ and the odd-parity ¢
parts [42], then the energy-loss rate can be calculated from PF and ¥ via the relation,
dE[gelT] &
dt  16mGw?

/{[Re( FE 4 0fO) + [Im(ufF + yF0))" } r2d02. (123)

So, the key step to obtain a self-consistent radiation-reaction force }';”C[ Z{,f] is to solve the solution of ¥2E and

PO, In [42], the authors constructed the decoupled equations for both even-parity ¥2F and odd-parity £ in the
effective metric spacetime rather than in the Schwarzschild spacetime. Generally speaking, ¥ is only related to
the odd-parity perturbation, i.e. the C and J terms defined in Eq.(17). When Eq.(64) is solved, one can determine
C and J by Egs.(66) and (67), and then ¥F© can be calculated. Similar processing can be done for the even-parity
perturbation. However, Ref. [42] only considered the background effective metric that takes the form as Eq.(1), which
can be applied to the Post-Minkowskian (PM) approximation [48-50], if the undeterminated parameters d; are well
constrained. While in this paper we consider the most general spherical symmetric metric, which can be applied to the
EOB theory with either the PN approximation or the PM approximation. We wish to come back to this important

issue soon.
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Appendix A: Normalization Factors And A-K Decomposition
The normalization factors N(¢9)(A,r 1) and Nt (A, r,1) in Sec.Il can be calculated as
f{ Y (v 0dQ = N (B v, )00 Smm = UL+ 1) Smmr,
f{ Y (YE ) )dQ = NCO(Br, D)o Smm = e 2272211+ 1) S,
f{ Y Im (g 0d = N (R, D)o Smm = € 2281 G
and
TEO™ (T 1) A = N (T0, 7, )81 Smr = 2000 S
T (TR 1) dQ = N (L0, 7, )81 Sy = €~ 260008y,
TEV T ) d = N (B, 1) 6mm: = %e*%za + 1)1 G
TEV TS ) A = N (B0, 1) s = % Bt R T T e
TE2M (Tl Y dQ = N (B2, 1, 1) by = 2“ +2)!

—2)!

142
T2 (b A0 = N (B2, 1, 1) S = eM%% o .

Projecting the perturbed metric hy, onto these basis, one can obtain the expressions of coefficients A-K

5ll’5mm’u

\e\,\e\\e\,\e\,\e\\e\a

m a * 62<I> m a *
A= e@j{hflb (v™°Y;E )dSL, B= —m%hl Y mdS2,
e4<1>+2A

C= T ]fhabv Bmde, D= —e2¢+2A7§hlm VY B, d9,
1 mrabx 2(l B 2)' mrabx

B =g f T P2t T e
2(1 - 2)! 44 e

G = +2A%hlmTab* a0 H= fh ab* dQ
(l—|—2)' € B2,lm ’ l(l—Fl) E'l JIm
ahtae l b 4A l b

- fT f T K= et § Hp gl dn

The above results are only valid for [ > 2.

Appendix B: Decomposition of Linearized Einstein Equations

In this appendix, we show the decomposition of the linearized Einstein tensor into the A-K components. Note that
these expressions are only valid for [ > 2.
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1. Even Parity

Epn =2r 27221 4+ 22 + 2rA)A —r2e22(12 41 - 2)E
1

—2r Lo A2 3)(,;3 E +2e 72A+2@§2E - 57"7262(1)1([ +2)I+1H)(I-1F

0

— 2 2eT2A2R (1 L 1) (r A — 2)H + 27 LT A2 (] 4 1)5-H
r

— T 2TANT2® [2+ M +1) - 8rA'| K — 2T71€74A+2¢§K,
r

Ep =r 272 (=24 2¢®* 4 3rA — r®' + 2r°A'D" — 220 — 2r2®"\B

0 0? 0
—r e (24 A 4 T(I)/)&B + 6_2AWB +r7 e (A - @)D — r_le_%ED

*1(12+l—2)%F r e (=3 4 rA 4+ rd)

0y o P
aite o

P B 2 P

d d
—r2e7 28 (2 — 26 4 2 4+ 222 —4rN)D — (14 1) 5+ orle *2A§K (B3)
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Appendix C: Linearized Einstein Tensor In Terms of Gauge Invariants

In this appendix, we rewrite the linearized Einstein tensor in terms of the gauge invariants under the EZ gauge or
the RW gauge. Note that for even-parity perturbations, we use the superscripts to distinguish expressions under the
EZ and RW gauges, respectively. These relations are only valid for [ > 2 case. The relation A = [(I+ 1) also has been
used in this appendix.

1. Even Parity and the EZ Gauge
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2. Even Parity and the RW Gauge
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Appendix D: The specific structure of the parameters
1. Even-parity and the EZ gauge for [ > 2

The functions o!, 71, nt, v1, pl, p!, o1, k' in Eqgs.(41) and (42) have the following form

ol =142\ —1)—2rN/, (D1)

=24 N+ 2rd, (D2)

Nt =24 e\ —2) —4rA, (D3)

=2 — 2e* 47 (AN — 4) N + 27 ®’ + 272", (D4)

Pt =M\ = 2) + 4rd/, (D5)
ph=— 2620 426t 268\ 4 N2 (224 €N (2 = 4X) + €MN) @ = 2 (<1 4 €2Y) 20 4 420 (14 D)
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V=4 —4e® — (N = 2) + (N = 2)0 + 4rA (=3 + (1 + ) + 1), (D7)

Kl =— e\ (N — 2 + 2r®'). (D8)
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To simplify the expression of Ng and Nz, we first introduce two auxiliary functions M' and M

M} = —20" + plo, (D9)
2
M= (—2u1 I P (al)’) . (D10)
Then the functions in Eq.(44) are given by

N' = —4pt + o' (29 = 20" + plot) + 277 (01), (D11)
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N =No! (Mg + 77" (M])') + MY (=rotrt (V) + NT (=240 + 77! aI)’)) (D14)

and the functions in Eq.(45) are given by

Ni =— (NI)2 —orolr! (NI)/ +2NT (—2/11 — ol 4+ 207 + 4ratFIA + 7t (01)/ +ro! (TI)/ — 27‘0171(1)') ,
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+n' (2/11 + ot — 7 (20I (1+7rA)+7r (01)/))) . (D19)
2. Even-parity and the RW gauge for | > 2
The functions o', 711, it A plo 1y and £ in Eqgs.(52) and (53) have the following form

ol =2 —2e2A 4 e2A\ — 27N + 21/, (D20)
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T=g -8 + 4™ + 26"\ — N2 — 27 (—4+ M4+ X)) & —8rA (1 — ** +2r9) . (D27)

To simplify the expressions of NX, NII% and N}, two auxiliary functions M} and MJ! are introduced
Mt =201 — plo, (D28)
My =2 (=241 4 4o 4 71 (011)'). (D29)



Then the functions in Eq.(55) are given by
NI =gl 19411 91T 4 ISy gyl (UII)'7
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and the functions in Eq.(56) are given by
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3. Odd-parity for [ > 2

The function X in the Eq.(64) takes the form
X =2\ — 20N + 2r® — 202N/ ®' + 2720 + 2920

And the expression of Nyqq is given by

/

X
Noada = =X + 71— (=14 2rA" + 2r®’) + (2r?A” + 19’ + 2070 + rA’ (1 4+ 4r®") — 2 (1 + r* A" +12@")) .

X

4. The case for [ =0

In this case, the functions po, vp and 79 are given by
w(r) = -1+ —rd’,
oo(r) =2 (1—e*) @' + 2rd’” 4 A (—4+ e — 4r®’) + 2r0”.

5. 0Odd parity for [ =1

The function X; in the Eq.(89) takes the form

X1 = —2rN + 2r® — 2720 + 2028 + 220",
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)

And the expression of Néf;l is given by

_ X!
N=D = x4 rfi (=14 2rA" +2r®") + (2r°A? + 7@ + 2720 + rA' (1 + 4r®) — 2 (1 + r*A” +r°®")) . (D43)

which is similar to the expression Eq.(D40).

Appendix E: The Degeneration Of Eqs.(44) and (55)

Considering that the metric of the background spacetime degenerates to the Schwarzschild spacetime, i.e.

r r

—1
ds? = — (1 - %) dt* + (1 B %) dr® +1*(d6? + sin® 0dy?), (E1)

where the Riemann curvature R, and the scalar curvature R all vanish. If we set

2
ASo = wz(ﬂ, (E2)
6M +rA

The equations Eq.(44) and (55) would become

r Or

r

r—2M)% 9% 9?2 r—2MY\ 2M O 5 w
[(T )m‘w (7>___VZ] 20 = 5% )

where V7 is the Zerilli effective potential

r—2MY | T2M3 + 36 M2\ + 6 M2 )2 4 r3 X2 (X + 2)
VZ = N ) (E4)
r r3(6M + rX)?
with the source term
—2M | 96M? 3N\ = 2) + 2M7r2(7TA — 18 ) )
y r ] T4+ roA( )+ rN( )EA+T2<—EA+—ED)
2(6M + 1) 22M —r)(6M + 1) or ot
- 6M + r\ —2M
- (2 + )\) (%ED — (r — 2M) By — Lz)EK> , (E5)

where A = A\ — 2 = (I +2)(I — 1). It is obvious that our result reduces to that of the Schwarzschild spacetime [28].
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