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Linear perturbations of self-gravitating spherically symmetric configurations
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We present a new covariant, gauge-invariant formalism describing linear metric perturbation fields on
any spherically symmetric background in general relativity. The advantage of this formalism relies in the
fact that it does not require a decomposition of the perturbations into spherical tensor harmonics.
Furthermore, it does not assume the background to be vacuum, nor does it require its staticity. In the
particular case of vacuum perturbations, we derive two master equations describing the propagation of
arbitrary linear gravitational waves on a Schwarzschild black hole. When decomposed into spherical
harmonics, they reduce to covariant generalizations of the well-known Regge-Wheeler and Zerilli
equations. Next, we discuss the general case where the metric perturbations are coupled to matter fields
and derive a new constrained wave system describing the propagation of three gauge-invariant scalars
from which the complete metric perturbations can be reconstructed. We apply our formalism to the
Einstein-Euler system, dividing the fluid perturbations into two parts. The first part, which decouples from
the metric perturbations, obeys simple advection equations along the background flow and describes the
propagation of the entropy and the vorticity. The second part describes a perturbed potential flow, and

together with the metric perturbations, it forms a closed wave system.
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L. INTRODUCTION

The purpose of this work is to develop a gauge-invariant
perturbation formalism describing the propagation of line-
arized gravitational and matter fields on an arbitrary spheri-
cally symmetric background configuration. Examples of
such configurations include nonrotating black holes and stars,
spherical matter distributions undergoing complete gravita-
tional collapse, or expanding shells of matter. Therefore, it
is clear that a perturbation formalism for such backgrounds
possesses a wide range of applications, covering the stability
analysis of compact objects, the description of quasinormal
oscillations of these objects, the computation of linearized
gravitational waves produced by a small star moving in the
field of a nonrotating black hole or by another black hole
in the close limit approximation, the stability analysis of
Cauchy horizons in gravitational collapse models, and the
linear evolution of structures in cosmological models.'

Linear gravitational fluctuations on a Schwarzschild
black hole were first studied by Regge and Wheeler [2]
and Zerilli [3], who decomposed the perturbations into
spherical tensor harmonics, analyzed their behavior with
respect to infinitesimal coordinate transformations, and, by
fixing the gauge, obtained a family of master equations
describing odd- and even-parity perturbations with a given
angular momentum number € = 2. These master equations,
known as the Regge-Wheeler and the Zerilli equations,
respectively, describe the propagation of the true dynamical

'See Ref. [1] for a review on perturbation theory for
Schwarzschild black holes and references to some of the
applications we mention.
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degrees of freedom of the linear theory, completely eliminat-
ing gauge and constraint modes. Therefore, they are ideally
suited for understanding the behavior of linear perturbations
of the Schwarzschild black hole. From the fact that these
equations can be written as a 1 + 1-dimensional wave equa-
tion with a positive, time-independent potential, the exis-
tence of exponentially growing modes is immediately ruled
out and stability in this sense follows. With a little bit more of
work, and based on the techniques described in Refs. [4,5],
one can also prove that the solutions to the Regge-Wheeler
and Zerilli equations belonging to sufficiently regular initial
data on a spacelike slice remain uniformly bounded outside
the black hole. For recent results on decay, see Refs. [5-8].

The derivation of the Regge-Wheeler and Zerilli
master equations was later clarified by the work of
Moncrief [9] who analyzed the gravitational perturbations
from a Hamiltonian point of view and cast the Regge-
Wheeler and Zerilli equations into gauge-invariant form.
Moncrief also obtained master equations describing linear
perturbations of spherically symmetric fluid stars [10] and
linear gravitoelectromagnetic perturbations of a Reissner-
Nordstrom black hole [11-13] and showed that the latter is
linearly stable in Einstein-Maxwell theory.?

Later, Gerlach and Sengupta [15] provided a covariant
description of the gauge-invariant perturbation approach,
where instead of assuming a Schwarzschild background
written in the usual Schwarzschild coordinates (¢, r) and
foliated by the static # = const slices, they only assumed

2Interestingly, the magnetically charged Reissner-Nordstrom
black hole is linearly unstable in Einstein-Yang-Mills-Higgs
theory [14].
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the background to be spherically symmetric. Based on the
natural 2 + 2 form of the background induced by the
metric two-spheres and the two-dimensional orbit mani-
fold M = M/SO(3) orthogonal to them, and based on the
decomposition into spherical tensor harmonics, Gerlach
and Sengupta introduced a complete set of gauge-invariant
tensor fields on the manifold M. This covariant approach
has several advantages. Besides the possibility of
describing perturbations of dynamical spacetimes, such
as collapsing spherical stars, it also allows us to describe
the propagation of linearized gravitational waves on a
Schwarzschild black hole in local coordinates which are
regular at the event horizon, such as Kruskal- or ingoing
Eddington-Finkelstein coordinates. Based on their
approach, Gerlach and Sengupta obtained the covariant
form of the Regge-Wheeler master equation, valid in any
coordinate system compatible with the 2 + 2 form of the
background. The covariant form of the Zerilli master equa-
tion was derived in Ref. [16] (see also Ref. [17]), and a
generalization including source terms with applications to
the problem of calculating gravitational waves produced
by the motion of a small star moving around a black hole
was given in Ref. [18]. The covariant, gauge-invariant
approach has also been applied to the derivation of master
equations describing linear perturbations of black holes in
general relativity coupled to a nonlinear electromagnetic
theory, see Ref. [19] where sufficient conditions for the
linear stability of such holes are also given. Further develop-
ments of the covariant gauge-invariant formalism include
the coupling to a perfect fluid [20] and the generalization to
second- and higher-order perturbation theory [21-24].

In a somewhat different development, linear perturba-
tions of a Schwarzschild black hole were also analyzed
in Ref. [25] based on the 3 + 1 formulation. The main
advantage of this work is that, unlike previous approaches,
the decomposition into spherical tensor harmonics is
not needed, simplifying the derivation of the equations.
Instead, two canonical pairs of gauge-invariant scalars are
constructed, describing axial and polar perturbations in the
“mono-dipole-free” sector (i.e., those fields corresponding
to £ = 2 in the decompositions into spherical harmonics). In
the polar case, these gauge-invariant scalars involve quasi-
local operators which are local on M, but nonlocal on the
two-spheres S2. Based on these quantities, two scalar wave
equations are derived which reduce to the covariant forms
of the Regge-Wheeler and Zerilli master equations when
decomposed into spherical harmonics. While the two scalar
equations are presented in the covariant description, their
derivation is based on the Schwarzschild coordinate patch.

Yet, a different approach to gravitational perturbation
theory which does not require the background to be spheri-
cally symmetric but assumes instead that it is static casts the
perturbation equations into a wave equation for the linear-
ized extrinsic curvature tensor [17,26—28]. This curvature-
based approach has turned out to be useful for establishing
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the linear stability of certain Einstein-Yang-Mills black
holes with a negative cosmological constant [29,30].

In this work, we combine the covariant, gauge-invariant
approach of Ref. [15] with the quasilocal method in Ref. [25]
and present a covariant, gauge-invariant perturbation
formalism for an arbitrary spherically symmetric back-
ground without performing the expansion into spherical
tensor harmonics. To this purpose, we first review the rele-
vant background equations describing the most general
spherically symmetric spacetime in Sec. II. Then, as a
warmup, we derive in Sec. III master equations describing
the propagation of scalar and electromagnetic test fields on
such spacetimes. These master equations have the form of a
wave equation on M with an effective potential and act on an
angular-dependent scalar field on M which is gauge-invariant
in the electromagnetic case. Next, in Sec. IV, we discuss
linear metric perturbations and first review their behavior
under infinitesimal coordinate transformations. Based on
the quasilocal approach and a decomposition of tensor fields
on the sphere in terms of scalars which is discussed in the
Appendix, we construct a set of gauge-invariant, angular-
dependent tensor fields on M which behave as scalars under
rotations of the two-spheres. When performing an expansion
into spherical harmonics, they reduce to the gauge-invariant
tensors introduced by Gerlach and Sengupta. Then, we derive
the expressions for the linearized Riemann curvature, Ricci
and Einstein tensors, and obtain the perturbed Einstein equa-
tions. Next, in Sec. V, we consider the vacuum case and
derive the gauge-invariant master wave equations which
reduce to the covariant Regge-Wheeler and Zerilli equations
when an expansion in spherical harmonics is performed. We
also show that the Regge-Wheeler equation can naturally be
obtained in both the odd- and the even-parity sectors and
discuss how the metric perturbations can be reconstructed
from the scalar potentials satisfying the master equations.

Next, in Sec. VI, we consider the coupling of the metric
fields to arbitrary matter fields. In the odd-parity sector, we
discuss the generalization of the Regge-Wheeler equation
and state assumptions under which it yields a master
equation. In the even-parity sector, we do not derive master
equations for the metric fields; instead, we derive a con-
strained wave system for two gauge-invariant scalars from
which the metric perturbations can be reconstructed under
certain assumptions on the matter fields which should be
reasonable. In the vacuum case, the two wave equations
decouple from each other and are related to the radial parts
of the Teukolsky equations [31] for the two Weyl scalars
W, with spin weights s = —2 and s = 2, respectively. In
fact, our equations are equivalent to the ones obtained by
Bardeen and Press [32]. Finally, in Sec. VII, we apply our
formalism to the perturbations of self-gravitating spherical
fluid configurations. Focusing on the fluid perturbations
first, we decompose them into two parts, where the first
part determines the perturbed vorticity and entropy, and
the second part describes a perturbed potential flow.
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The propagation of the first part is described by simple
advection equations along the background flow. It decou-
ples completely from the second part and the metric per-
turbations. Therefore, it can be solved separately. The
second part couples to the metric perturbations, and
together they obey an effective wave system on the orbit
manifold M. This system should be useful for analytic and
numerical investigations of the aforementioned problems.
A summary and conclusions are given in Sec. VIII.

We use the signature convention (—, +, +, +) for the
metric and choose units for which ¢ = 1.

II. BACKGROUND EQUATIONS

A spherically symmetric spacetime (M, g) can be
written as the product of a two-dimensional pseudo-
Riemannian manifold (M, g) with the two-sphere (S2, &),

M =M X S? g = g,,dx%dx? + r2g,dx dxB, (1)
where r is a strictly positive function on M,andx%, x?, ... and
x4, xB, ... denote local coordinates on M and S2, respec-

tively. The geometric interpretation of the function r is the
following: let p € M, and consider the two-sphere S p =
{p} X 82 C M. Let A(p) =1S,| denote the area of S,
computed from the induced metric on §,. Therefore, A(p) =
47rr(p)? and the function r is defined geometrically as

A(p)

r(p) = .

and is called the areal radius. For the following, we assume M
to be oriented with volume form &,, := \/lgTI €4, Where
|2] := | det(g,,)| denotes the absolute value of the determi-
nant of g, and €y = €1 = 0, € = —€;9 = 1. We also
introduce the differential r, := @ar and the covariant
Hessian r,;, :== vﬁ,,r of r with respect to the covariant
derivative V associated to the two-metric g.

The Christoffel symbols corresponding to the metric in
Eq. (1) are

d _—1d d —
ng_ ab> 1—‘aB_O’

r
D D — _asD
r ab » r aB_7aB’

=

rdAB = '"”dg’ABy (2a)

2, =1"p (@b

Il
o

where here and in the following, quantities with a tilde and
a hat refer to the manifolds (M, &) and (S, &), respectively.
From this, one finds the following expressions for the
curvature tensor:

Rabcd = Rahcd = _lgéubécd = Ig(gucgbd - gadghc)’ (33')

Ripea =0, (3b)
Rupep = —rracBps (30)
Rapep =0, (3d)
Rugcp =0, 3e)
Rapep = r*(1 = N)(8ac&ps — &ap&cs), (€29)
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where k& denotes the Gauss curvature of (]\71, §) and where
N := g(dr, dr) = r“r,. Contracting, one obtains the Ricci
tensor,

Rup = kgap — 2722, (4a)
r

R,z =0, (4b)

Ruz =1 =N —rArgap (4¢)

where Ar:= 3%y, =V°V, r. From this, one finally
obtains the Einstein tensor,

2 1 -
Gab = __(rab)tf__zgab(l - N-— I"A}"), (Sa)
r r
G, =0, (5b)
Gap = (rAr — kr*)gas, (5¢)

where (r,p)" := r,, — $8,8r.q denotes the trace-free
part of r,;,. This particular structure of the Einstein tensor
implies that the stress-energy tensor T must satisfy the con-
ditions T,z = 0 and T, proportional to g,5. Summarizing,
Einstein’s field equations in spherical symmetry consist of

2
- ; (rab)tf = KT;fb; (63)
2 A sab
_ﬁ(l — N —rAr) = «g*T,, (6b)
2rAr — kr?) = kg*PTp, (60)

where k := 87Gy with Newton’s constant G .
The Bianchi identities imply that

1 = ry .

0= VMGI'Lb = pva(}’zGab) - ﬁgABGAB.
If the stress-energy tensor is divergence-free, the same
equation holds for T, and, hence,

ry . ~
e (Gap — KTap) = Vo[ (G, = kT*)]

This shows that Eq. (6¢) follows from Egs. (6a) and (6b),
provided r, # 0 and V MT"” = (0 hold, and in this case, it
is sufficient to solve Egs. (6a) and (6b).

III. SCALAR AND ELECTROMAGNETIC FIELDS
PROPAGATING ON A SPHERICALLY
SYMMETRIC BACKGROUND

In this section, we derive the master equations describ-
ing scalar and electromagnetic fields propagating on an
arbitrary spherically symmetric spacetime.

A. Scalar field propagation

The propagation of a scalar field on a fixed spacetime
background (M, g) is described by the Klein-Gordon equation

Og + uHé =0, )
where ¢ is a real scalar field on M with mass w (in units for
which 72 = ¢ = 1), and 0, := —V*V, is the covariant
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d’ Alembertian on (M, g). Assuming that (M, g) is spherically
symmetric and applying the general formula

Ogd = _\/%g—la;;a(m(gaﬁ%)

to a local coordinate patch, we can rewrite Eq. (7) inits 2 + 2
form,

lgl = | det(g,p)l

1 oo, o A
SV (~ 5 u)e =0

where A = 348V, V,, is the Laplacian on the round sphere
(5%, 8). Finally, we introduce the rescaled scalar field
¢ = r¢ and use the identity

—W“(ﬂva(z;) =0y + (Any,

with O:=-A= —V‘@a the covariant d’ Alembertian on
(M, g). This yields y
~ A A
D¢+<——2+—r+,u2)¢=0. ®)
r r

This has the form of a wave equation on (M, §) with effective
potential

A&,
) 2 Tk

Here, the first term is an operator on the sphere S2. If ¢ is
decomposed into spherical harmonics, it becomes the multi-
plicative operator €(€ + 1)/r? with € the angular momentum
number, which represents the usual centrifugal term. The
second term is a curvature correction term which can be
further simplified using the Einstein equation (6b). For a
Schwarzschild spacetime of mass m, for instance, for which
N =1—2m/r, wehave r 'Ar = 2m/r. The third term in
the potential, w2, is just inherited from the corresponding term
of the original Klein-Gordon equation (7).

As we will see below, the effective equations describing
electromagnetic and linearized gravitational fluctuations
on spherically symmetric spacetimes have a form very
similar to Eq. (8).

B. Electromagnetic propagation

Next, we consider Maxwell’s equations
—V“FW =/, F,, = VMAV — VVAM )

on a spherically symmetric background (M, g). Here,
A = A,dx* is the electromagnetic potential one-form,
F:=dA =2"'F,,dx* Adx" is the corresponding
Faraday tensor, and J = J,,dx* is the electric four-current
density.

According to the 2 + 2 form of the background, we may
decompose the electromagnetic potential as

A = a,dx* + Bpdx®,

where the quantities a, and Bz both depend on the
coordinates (x4, xB). Notice that, with respect to a rota-
tion on S%, B, transforms like the components of a one-
form, while «, transforms as a scalar. With respect to a
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gauge-transformation A — A + d¢ parametrized by a
function ¢ on M, we have

By — By + V& (10)

Quantities which are invariant with respect to these trans-
formations can be constructed based on the following
decomposition for a one-form @ = w,dx”* in terms of
two scalar fields f and g on the two-sphere S

wy =Vaf + 8,5V, (11)

a,— a, + vaf,

where &, denotes the volume form on S%. See the
Appendix for a proof and further discussion on this decom-
position. Here, we note that the two terms on the right-hand
side of Eq. (11) are mutually orthogonal with respect to the
natural L? scalar product,

(@,m) 1= [sz g w mpIgldx,

for two one-forms e and 7 on S2. Therefore, the decom-
position (11) is unique. However, the functions f and g
themselves are only unique up to an additive constant.
In the following, we fix this constant by requiring f and
g to have zero mean values over (S, §).

The decomposition (11) allows us to represent

Bs = Vep + &3V

in terms of two scalar fields p and v. Since B depends not
only on the angular variables, but also on the radial ones,
the fields u and v depend on both x* and x®. However,
unlike B, they transform like scalar fields under rotations
of the two-spheres. Similarly, the one-form «,dx“ depends
on the angular coordinates xB, but it transforms as a scalar
field under rotations. As mentioned above, from now on,
we assume that 4 and v have zero mean values over
(82, &). This implies that their decompositions into spheri-
cal harmonics have a vanishing monopole term.

Working in the monopole-free space, the gauge trans-
formations (10) imply the following transformations for
a,, wand v:

a, = a, + V& poupté vew (12)
Therefore, the following quantities are gauge-invariant,

i.e., invariant with respect to the transformations (10):

agnv) = o, — vulu’) V(inv) =v. (13)

The Faraday tensor F is gauge-invariant, and, hence, it
must be possible to express it solely in terms of aEJ“V) and

1) A short calculation reveals that

Fab vaa(binv) - vbagn\,),
FaB = _FBa = _ﬁBaSnV) + éBcﬁcﬁaV(inv),
FAB = _éABAV(inV).

Applying the general formula (F*” = —F"#)
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V F*Y

18 ( | |FW>
W T T \VE

to a coordinate patch, we obtain the following Maxwell
equations in their 2 + 2 form:

—ﬁ“[ﬂ(ﬁaa(g“” — ﬁbaﬁj‘“))] — Aa(binv) = r2J, (14a)
Veéali™ = j, (14b)
-~ . 1 ~ .
Opin) — — Aplinv) =k, (14¢)
T

where we have decomposed the angular components

of the four-current according to Jp = @B j+ & Bcﬁck.
Equation (14c) decouples from the remaining two equa-
tions and has the form of an inhomogeneous wave
equation on (M, §) with effective potential V = —r2A.
This master equation describes the propagation of the
odd-parity (or axial) part of the electromagnetic field.

In order to derive a master equation for the even-parity
(or polar) part of the field, we first introduce the scalar

d = 25V, agnv),

in terms of which F,, = —r 2&,,® and Eq. (14a) can be

rewritten as
EpVD — Aal™ = 27, (15)

Applying the two-dimensional curl operator 4 V,, on both
sides of this equation, we obtain

Od — iz&b = &9V, (r2],), (16)
r

which is an inhomogeneous wave equation on (M, §) of
exactly the same form as the odd-parity equation (14c). It is
a master equation describing the propagation of the even-
parity part of the field: solving Eq. (16) gives ®, from which

the gauge-invariant quantity ol

can be reconstructed from
Eq. (15) since the Laplacian A is invertible on the
monopole-free space. This quantity automatically satisfies
Eq. (14b) since by Eq. (15) and the continuity equation
V,J* =0, we have —A(@bagm’)) = V’(2J,) = —Aj.
Therefore, we can reconstruct the even-parity part of the
Faraday tensor, and all the Maxwell equations are satisfied.

IV. GRAVITATIONAL PERTURBATION
EQUATIONS

In this section, we describe linearized metric perturba-
tions on a spherically symmetric background. We start by
analyzing their behavior under an infinitesimal coordinate
change, and, based on ideas introduced in the previous
section, construct a full set of gauge-invariant, angular-
dependent tensor fields on M. Similar invariants are also
constructed from the perturbed stress-energy tensor. Then,
we derive the linearized Einstein equations and write them
in terms of these gauge-invariant quantities.

We consider a smooth perturbation of the spherically
symmetric metric g, that is, a smooth, one-parameter
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family? of metrics, g(A), on M such that g(0) = g. To first
order, the deviation from the background metric g is
described by the variation
d

dg =8 L
whose geometric interpretation is the tangent vector to the
curve g(A) atthe point g = g(0) in configuration space. With
respect to a one-parameter family of diffeomorphisms, ¢(A):
M — M, the metrics g(A) transform according to

g(d) = #(1)"g(h), a7

the star denoting pull-back. We may split ¢(A) = (),
where ¢ := ¢(0): M — M is the diffeomorphism to zeroth
order in A and where (A): M — M is such that ¢ (0) is the
identity map. Differentiating Eq. (17) with respect to A, we
then obtain

dg — ¢*(6g + Lxg), (18)

where the vector field X is defined as the variation of ¢,
d
X,=—u¢(Ar .
= e |

For the following, we will restrict ourselves to ““background”
diffeomorpisms ¢ which leave the structure M = M X S of
the manifold invariant. The next step in the discussion of our
perturbation formalism is to construct quantities from &g
which are invariant with respect to the infinitesimal coordi-
nate transformations 8g — 6g + Lxg.

A. 2 + 2 split and gauge invariance

For the following, it is convenient to split the metric
perturbations 6g in accordance with the 2 + 2 form of the
background metric:

H,p, = 08aup Qup "= 08up Kap 1= r 28gup

where the quantities H,,, Q,p, and K,p depend on the
coordinates (x“, x®). Similarly, we may split the vector
field X in Eq. (18) according to

é‘:a = Xa’ 778 = XB.

With respect to the infinitesimal coordinate transformation
generated by X, we then have

Hyy = Hyy, + 2V, &), (19a)

Qup > Oup + Vi, + PPV, Mg, (19b)
2, S

Kap— Kyp + ;8A37’afa + 2V g, (19¢)

with 7, == g4p7m°.

31t is also possible to perturb M, considering a one-parameter
family of spacetimes (M(A), g(A)). In this case, the manifolds
M(X) need to be identified with each other by an appropriate
diffeomorphism, which leads to an alternative, but equivalent,
point of view. For a discussion which is based on this approach
and analyzes the behavior of linear and nonlinear perturbations
under diffeomorphisms, see Ref. [33], for instance.
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In order to construct quantities which are invariant with
respect to these transformations, we generalize the ideas
presented in the previous section and decompose any tensor
field on S? in terms of scalars. For one-forms e on S2, we
recall the decomposition in Eq. (11) above. For a symmetric,
trace-free tensor field 7 = 7,5dx*dx®? on S?, we use the
following decomposition proved in the Appendix:

Tap = (VaVsP)TF + 5,V VG, (20)
where F and G are scalar fields on S2, and the superindex
TF denotes the trace-free part with respect to g. This
decomposition is also orthogonal with respect to the natural
L? scalar product on S?, and, therefore, it is unique.
However, the functions F' and G are only unique up to the
addition of a monopole or dipole term [that is, a function L
on §? satisfying (V,VzL)TF = 0]. We fix this freedom by
working on the mono-dipole-free space defined as the space
orthogonal to the monopole and dipole terms.

Therefore, we may decompose the perturbations Q,p
and K,p according to

Qus = Vg, + 8, Veh,, (21a)

Kap = 2(V V6T + % gapd +28,VypVck,  (21b)
where q = g,dx* and h = h,dx® are angular-dependent
one-forms on M, and G, J, and k are angular-dependent
functions on M. The advantage of this decomposition relies
in the fact that it is covariant. In particular, the perturbations
are fully determined by quantities which transform like
scalar fields with respect to diffeomorphisms on the sphere
(i.e., a diffeomorphism ¢: M — M which leaves each point
of M invariant). Here, J = §*5K,, represents the trace of
K,p. Similarly, we decompose 7 = @Bf + éBC@Cg. In
order to define q, h, G, J, k, f, and g uniquely, we suppose
that these quantities lie in the mono-dipole-free space in what
follows.* As a consequence of our assumptions, the trans-
formations (19) induce the following transformations for the
perturbation amplitudes H := H ,dx*dx?, q, h, G, J, k:

Hap = Hay + Voéy + Vi, (22a)
Qo™ o + £a + PV, (22b)
h, — h, + r*V,g, (22¢)
G—GH+f (22d)
JHJ—%—%r"fa +2Af, (22¢)

k—k+g. (22f)

“For a detailed discussion on monopole and dipole perturba-
tions in the vacuum case, see Refs. [16,25], where it is shown
that they correspond to stationary modes, i.e., small changes in
the mass or small rotations. For the Einstein-Euler case, see
Ref. [20].
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There are two commonly used methods for dealing with
these transformations. The first, which is known as gauge-
fixing, imposes conditions on the perturbation amplitudes
which fix the gauge functions &,, f, and g. A simple way
of achieving this is to demand k = 0, G = 0, and ¢, = 0,
which simplifies the perturbations considerably. This gauge is
called the Regge-Wheeler gauge. The second method, called
the gauge-invariant approach, does not impose any condi-
tions on the perturbation amplitudes. Instead, one constructs
linear combinations of the perturbation amplitudes which are
invariant with respect to the transformations above. For
example, we may define the gauge-invariant one-form

W™ = h, — 1Y,k (23)

which transforms trivially, RV s i) The remaining
gauge invariants are obtained by first noticing that p, =
gu — r*V,G transforms like p, — p, + &, and then setting

H™ :=H,, = Vopy, — V,pa (24a)

Jiv) = J — %r“ p. — 2AG. (24b)
The advantage of the gauge-invariant approach is that no
gauge conditions need to be imposed. Therefore, one does
not need to worry about the physical results obtained depend-
ing on a specific coordinate choice. Since the field equations
are gauge-invariant, it is clear that the linearized field equa-
tions can be expressed in terms of such gauge-invariant
quantities only.

The variation of the stress-energy tensor, 6T, may be
decomposed similarly to the variation of the metric:

(25a)
(25b)

6Tab = Tabs
6TaB = ﬁBlua + éBcﬁCva’
A A 1 A A
5TAB = rz[Z(VAVBa)TF + EgAB/\ + ZQ(ACVB)Vcﬁ]
(25¢)

With respect to an infinitesimal coordinate transformation
generated by the vector field X, we have 6T +—
6T + LxT. Explicitly, this gives

Tap V> Tap + LTy (26a)

Mo pro + Tapé® + PPV, f, (26b)

v, v, + r*PV,g, (26¢)

a v a+ Pf, (26d)

A=A+ %W(ﬂp)gu +2PAf, (26€)

B B+ Pg, (26f)

where we have used T,z = r’Pg,z with P:i=

A

48T, p5/(2r?). From this, we can construct the following
gauge invariants:
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(inv) .

Tab = - pcchab - 2Tc(avb)pc’ (273)
/“LSHV) = Mg T abpb - rzpvaG’ (27b)
VSHV) =y, — rZPvak’ (27¢)
o™ := o — PG, (27d)
‘ 2 = A
A i= ) — ZV(r2P)p, — 2PAG, (27e)
r
g = Pk @m

For the explicit calculations below, the following trick will
be used: as explained above, in the Regge-Wheeler gauge,
the perturbations simplify considerably since ¢, = 0 and

= k = 0. Furthermore, in this particular gauge, we have

h(mv) =h,, H, (mv) = H,,, and J@) = J and T(‘nv) = T.,

as
i =y etc. Since the field equations are gauge-
invariant, it is sufficient to perform the calculations in

this special gauge; the results in an arbitrary gauge can
be obtained by simply replacing 4, by A™, H_, by HSZV),
J by J0) 7 by 79 etc., in the final equations.

B. Computation of the linearized Einstein equations

As we have just discussed, it is sufficient to consider the
following form for the variation of the metric:

A CF 1,
08ap = Haup, 8848 = 8Vchy, 084 = ErngBJ'
With respect to this 2 + 2 decomposition, the linearized
Christoffel symbols,

1
51—‘53 :Egl“}(aozagﬁ’v + aﬁ6gav - auagaﬁ - 21—‘0—01,3680'1/)

1
=§gl“/(va5gﬁv + vﬁsgav - vvsgaﬁ)’

are

ol*,, == §UV, Hyg+VyHug— NV H,yp),

1 N N - -
ST¢, p =~ gcd[vBHgd + éBCVC(Vahd —V,h, - 2th) ]
r

(28a)

DN | =

[\

(28b)

6T 5= ngl:gABrraHad _ZgABvd(rz-]) + S(ACVB)vchd],

(28¢)
oT¢ , =— # 8PV H,, + éCD@D<%W(ahb)), (28d)
oTe , =%5CB%J - #é%&ha, (28¢)
8TC =%(5CB©AJ +6C, Ve — 8458PV )

+ gABéCD@D(éha). (28f)
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Next, we compute the linearized Riemann curvature
tensor,

SRH 5 = 481" 5, + T# 817

Bv
+17,,6T% — (@ < B)
=V, 0%, — VoTHh,,

Using the expressions (28), the fact that 6R,,.z =
8(8uoR” yap) = 8uocOR’ ,up + R 308, and the sym-
metries of the curvature tensor, implying

L. s
OR qap = Zscdsabs fsgh(SRefgh:
1
ORcqap = — ZécdéABéabéCDaRabCD’
1 s . ge
SRCDab == Esabs faRcDef’
etc., a lengthy but straightforward calculation yields
1
5Rabcd = 5 abS d[v foef + DH + kH] (293)
.
5Rchd = 58 {VB[ rV ( af)]
oo [le 2 <ef
— E&p VC ;Va(rj:) +;8 raehf y (29b)
1. ~
ORpep = — EgabSCDA:F: (29¢)
la = 1 - -
8RchD == EVBVDHac + EgBDl:rrb(vchb + vcHab
- vhI_IaC) - %vav (I”]) ruc‘,:l
1. . -
vD)vE(v(a o)~ 4_18 £ppAF, (29d)
1 1 ~ ~
OR.pep = EéCD{E éBEvE[rzvaJ - 2r’”bHab]
— Vulrrte , F + Ah, + 2Nha]}, (29¢)
24 a a..b 14 1 C
BRABCD = r SABSCD r'r Hub - ZAJ - Errava.]
1
—NJ + EJ]’ (291)

where H := §**H,, denotes the trace of H,, and where we
have defined

F = 259V < ) (30)
The remaining components of the variation of the curva-
ture tensor are obtained from Egs. (29) using the symmetry
ORapur = OR[apiur) = ORpvap-

The linearized Ricci tensor follows from Eqgs. (29) using
the formula

5Ra,3 = S(g'uVR,um/B)

= g#V(SR,uaVB - R,uaVBgMUgVT‘Sgo'T‘
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Explicitly, this yields

8Rab :r_(vaHbc + vaac - vcl—la ) - %A Hy, + ]gHab

% w(VVIH , +0H — kH) - Lﬁ(a(rzvb)f),

(31a)
6RaB :%ﬁB[ﬁbHab - rva<g) - l?al]
R 2

_%éBCvC[_N V(P F) +—5~ A(r ) a ]
r r
(1b)

‘SRAB:_%(@A@BH)TF+gAB|:va(rrbHab)_%rravaH
I . e
—ZA(H—FJ)+ZD(r2J)]+s(ACVB)VC(V h).
(3l1c)

Finally, we compute the variation of the Einstein tensor
using

PHYSICAL REVIEW D 87, 044015 (2013)

where, here, G := gt”G,, denotes the trace of the
Einstein tensor. From this, we first find

1 1 1
8G,, = (R, + EGHZfb + Egabl:_ ngDaRCD
1
+ G“HY, + Egcdcw,(H - J)],
1 .
8GaB = 8RaB + EGéBCvcha’
r2 N -
8Gap = (ORyp)"F + ?gABI:_ng‘SRcd + G“HY,

1
272

8PGep(H — J)]-

Introducing into this the expressions (31) for the linearized
Ricci tensor and combining the result with the expressions
(25) for the linearized stress-energy tensor and the back-
ground equations (6), the linearized Einstein equations,
0G,, = koT,,, yield the following set of equations on
the two-manifold M:

_z bV (2 —_ (A — 2 _
8Gap = ORup — ;gaﬁg“”(SRMV - %gaﬁc;wag,w A +V2)Z _ 2::2([: Phe) 2;2
|
[2rﬁ<a(rCH;f)C) — rr*V HY, — %AH;{,, + rr Vi H - 1?(a(r2%)J)]tf = k1 — T, CHY Y, (33a)
VPHY, — %? (H ) %w = 2xu,, (33b)
—2V(rrP HY,) + %(A —2)H + %(A +2)J + ﬁﬁa(r‘*%n = kr?(gr,, — T HY,), (33c)
%W“(rbH;fb) + VeVl HY + %le - #AH — %v“(ﬂ%]) = —x(A — PJ + PH), (33d)
H= —4krta. (33e)

By replacing i, with 25", v, with »5™), etc., we obtain the

corresponding equations in gauge-invariant form, as dis-
cussed at the end of the previous subsection. For notational
simplicity, we omit the superscript ™) in what follows.

We see that the linearized Einstein equations decouple
into two groups: the first group comprises Egs. (32) for the
quantities h,, v,, and B and describes perturbations with
odd parity, sometimes also called axial perturbations. The
second group comprises Egs. (33) for the remaining per-
turbations amplitudes and describes even-parity perturba-
tions, sometimes also called polar perturbations.

C. The linearized divergence law

Before we proceed with analyzing the equations, we
work out the variation of the divergence law V#T,, =0
for the stress-energy tensor. Using

A a _ Ta
8(V,Th) = 9,8T#, + ¥, 6T, — T ,6T*,
+ T2 58TH ,, — T, 6T

the formula 67 3 = 8(g*# T, p) =8** 8T ,up =8 T 88
and the expressions (25), we find the following equations:

1
2

Vv, — Ph,)]+ (A +2)8=0 (34)
;

in the odd-parity sector, and

1
= Vertu,) + (A +2)a + = (A PJ + PH)
1
— ETabHab =0, (35a)
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l = r 12
ﬁV"[rz(Tah — HY.T,)] - 7b()\ — PJ + PH) + pA,U«b

- %Tﬂd@bHcd + %(T“b — P69V, J =0 (35b)
in the even-parity sector.

As a consequence of the twice-contracted Bianchi iden-
tities, VAG v = 0, similar equations hold for the linear-
ized Einstein tensor. Therefore, Eqgs. (34) and (35) show
that the linearized Einstein equations (32) and (33) are not
independent from each other. For example, Eq. (34) shows
that taking the divergence on both sides of Eq. (32a) gives
an equivalent equation than the one obtained by applying

the operator A + 2 on both sides of Eq. (32b). Since A + 2
is invertible on the space of mono-dipole-free perturba-
tions, we conclude that it is sufficient to impose Eq. (32a)
in the odd-parity sector. Similarly, we see that it is suffi-
cient to impose Eqgs. (33a)—(33c¢) in the even-parity sector;
the remaining Eqs. (33d) and (33e) are consequences of the
former and the linearized divergence law, Egs. (35) above.

V. VACUUM PERTURBATIONS

In this section, we analyze the linear perturbations in
vacuum. By Birkhoff’s theorem (see, for instance,
Ref. [34]), the background solution must be the
Schwarzschild spacetime. The following derivation of the
Regge-Wheeler and Zerilli equations does not assume
particular coordinates on M or S2.

A. Vacuum perturbations with odd parity:
The Regge-Wheeler master equation

Linear perturbations with odd parity in vacuum are
described by Egs. (32) with v, =0, 8 =0 and P = 0.
For the following, it is convenient to introduce the
coordinate-free notation of differential forms. For a one-
form w = w,dx* on M, we have

fw = —&,"w,dx,
;{;dw = E“h@awb,

dtw= -V

ar

where % and d = %d% denote, respectively, the Hodge
dual and the codifferential operator on M, respectively.
With this notation, Eq. (32a) reads

%d(r*F) — (A + 2)h = 0, (36)
where we recall that F := r289V,(r~2h,) = r*%d(r 2h)

and where h denotes the one-form h := h, dx“. Applying
the operator dr~2 on both sides of this equation gives

JT[%d(ﬂj’)] - @ +2F -0

Setting @ := rF and using the background equation Ar=
(1 = N)/r=2m/r* yields the following scalar equation
on M,

PHYSICAL REVIEW D 87, 044015 (2013)

mcb+l2[—ﬁ—6—m]q>=o, 37)
r r
where [J=d'd is the covariant d’Alembertian on
(M, &) and m the Schwarzschild mass. Equation (37) is
the covariant form of the Regge-Wheeler equation. Once a
solution for ® is known, the metric perturbation h may be
reconstructed using Eq. (36) since the operator A+2is
invertible on the space of mono-dipole-free perturbations.
The one-form h obtained in this way automatically satis-
fies Eq. (32b), since Eq. (36) implies that dth = 0.

B. Vacuum perturbations with even parity:
The Regge-Wheeler and Zerilli master equations

In the even-parity sector, Eq. (33e) in vacuum implies that
H = 0, and, therefore, H,;, = H;fb is symmetric and trace-
free. For the following, it is useful to introduce the one-form

C 1= H,,r*dx". (38)

As long as N = r?r, # 0, this one-form contains the same
information as H,;, since

1 .
Hab = N(racb + rbca - gabrccc)

if H,, is trace-free. Next, consider Eq. (33b). We may
contract this equation once with % and once with §%r,.
The result is, in coordinate-independent notation,

~ 1 1

dic+ Eg(arr, dJ) =0, dC —2dradl =0,
respectively, where we have used the background equation
(rgs)T = 0. The second of these equations motivates the
definition of the following one-form:

Z:=C—%d], (39)

in terms of which the above equations read 2d'Z — r[1J =
0 and dZ = 0, respectively. Next, Eq. (33c) gives

4dt(rz) + POJ + (A +2)J = 0. (40)

Finally, we contract Eq. (33a) with r* and use the back-
ground equations 2rr,;, = g,,(1 — N) and Eq. (40) in order
to eliminate [JJ from the resulting equation. This yields
Eq. (41d) below.

In conclusion, we obtain the following set of equations
governing even-parity linear perturbations of the
Schwarzschild solution:

dZ =0, (41a)
2d'Z + r00J =0, (41b)
4dt(rz) + POT + (A +2)7 =0, (41¢)

d[zrg(dr, Z) + 3mJ — %(A + 2)(rJ)] —AZ =0. 41d)

These equations can be simplified as follows: first, we
eliminate [JJ from the second and third equation, giving
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r2dtZ — 2rg(dr, Z) + %(A +2)(r))=0. (42)

Using this, we may rewrite Eq. (41d) as
d[*d'Z + 3mJ] — AZ = 0. 43)

Now there are two ways to proceed.

(1) We apply the codifferential d to Eq. (43) and use
Eq. (41b) in order to eliminate C1J from the resulting
equations. This yields the following equation for
¢ = r2d'Z:

G¢+%[—A—6—m]¢=o, (44)
r r
which is exactly the covariant form of the Regge-
Wheeler equation found in the odd-parity sector.

(2) The second way uses the equation dZ = 0 in order

to introduce an angular-dependent function ¢ on M

such that’ Z = d/. Then, we may integrate Eq. (43)
and obtain

P20 + 3mJ — Ag = 0. (45)

Applying the operator (A + 2) on both sides of this
equation and using Eq. (42) in order to eliminate J

yields
(A +2 - 6—m>ﬂg - u—zmg(dr, dg)
r r
1~ o
-SAd+27=0 (46)

Finally, we define the new scalar ¥ by (=

(A +2 —6m/r)V¥ in order to eliminate the first-
order derivatives in Eq. (46). This yields the
ollowing equation:

~ ~ -2 A ~
Ow + 12(A+2—67m) [(A+2)2(—A+6Tm)

I%

2
| Jom (—A —2+2—m)]qf=0. (47)
r r

This is the covariant form of the Zerilli equation.
It involves the inverse of the linear operator A(r) :=
A -2+ 6m/r which is invertible on the mono-
dipole-free space. Integrating Eq. (41d), one finds
the following explicit expression for the scalar ¥ in
terms of the metric perturbations H,, and J:

R R -1
\I’=A71|:<A+2——6m> QrrerbH
r

— 2rV,J) — %J] (48)

Notice that for the maximal Kruskal extension of the
Schwarzschild solution, M is topologically equivalent to R?,
so this function exists according to Poincaré’s lemma.
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This is the covariant generalization of the Zerilli-
Moncrief function; see Ref. [18] and references
therein.

Although the Zerilli equation is more complicated than
the Regge-Wheeler equation, its advantage relies in the
fact that the metric perturbations H,;, and J can be recon-
structed from the scalar W without solving additional
differential equations. Indeed, from W, we can compute
= (A+2—6m/r)VP, and, knowing ¢, we obtain the
one-form Z = d{ and the scalar J from Eq. (42). From
this, one obtains C = Z + rdJ/2 and then H,,. Using
Eq. (46) in order to eliminate C1¢, the explicit result of
these operations, first given in Ref. [35], is

6m

J= 2(& +2 - T>7l|:2g(dr, do) — %Ag],

6m

H, = 2(& P T)‘lwam)tf(rg).

In contrast to this, the reconstruction of H,;, and J from the
scalar ¢ = r2d'Z introduced in method 1 is more involved:
Integrating Eq. (43) using Z = d{, one first obtains 3mJ =
A{ — ¢, from which J can be eliminated in Eq. (42). This
leads to the following differential equation for {:

12mg(dr, d?) — (A + 2)A¢ = 67’" é— (A +2)¢,

which could be used to determine the Zerilli potential { and
the function J from ¢. However, for m > 0, the operator on
the left-hand side has a nonvanishing kernel, consisting of
superpositions of functions of the form

gLM(rr 0r QD) = ewL'mr* YLM(ﬁ’ ¢):

where here wy,, = (L — 1)L(L + 1)(L + 2)/(12m) are the
algebraic  special  frequencies [36], r=r+
2mlog(r/2m — 1) the Regge-Wheeler tortoise coordinate,
and Y™™ denote the standard spherical harmonics on S°.

VI. METRIC PERTURBATIONS COUPLED TO
MATTER FIELDS

Although the Zerilli approach described in the previous
section is well-suited for describing vacuum perturbations
with even parity, it is unclear whether or not it can be
generalized to the coupling of matter fields since it is based
on the integration of Eq. (41a) and the introduction of the
Zerilli potential {. Indeed, when matter fields are present,
it might not always be possible to replace the symmetric
tensor field H,, by a scalar potential £, as is the case in
vacuum.® Here, we discuss an alternative approach, which
does not rely on the introduction of the Zerilli potential and
might be more amendable to the coupling of matter fields.

6Important exceptions to this observation include backgrounds
which are static; see, for example, Refs. [11-13,19] for the
coupling of gravity to linear or nonlinear electromagnetic fields.
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In fact, as we show in Sec. VII below, it naturally leads to a
constrained wave system of equations for the case of the
linearized Einstein-Euler equations.

The method we discuss here is based on the observation
that in Eq. (33a), the gradient of J can be eliminated by
means of Eq. (33b), and the trace of H can be eliminated
taking into account Eq. (33e). This leads to the following

wavelike equation for the trace-free part, H,, := H;fb, of
the symmetric tensor field H,:

o 1 o 2 ~
L, [H]= ZK[Tah - 28 9T qH 4y — ﬁv(a(rzﬁ’«b))

. . tf
+ 2V, Vya + 12rr,Vya + 8rarba] ,

(49)

where the linear differential operator L is defined as

4 - o -~ ©°
ab[H] - v ab + ;(rcv(aHb)c - r(avCHb)c

1 o Ar Ay
- —rCVCHu,,) <2k + 2—r - —2)Ha,,.
2 r
In deriving this equation, we have used the identity

[2ﬁ(a(vch)c)]tf = (vcvc - 2Iz)l—lab’
which is valid for sufficiently smooth symmetric, trace-free

tensor fields H ,,.
The operator L has an interesting symmetry. In order to

describe it, we introduce the left dual of H ,;, defined as’
(>T< H)ab = ét/zCI_ch'
This dual operator maps the space of symmetric, traceless

tensor fields onto itself, and it is invertible since

(#*H),, = H,,. Now, coming back to the symmetry of
L, it can be shown that this operator is invariant with

(’Eﬁ)ab[lil] for all suffi-

ciently smooth, symmetric, traceless tensor fields H .

respect to ¥, that is, L, [* H] =

Therefore, it is convenient to expand H ,, in a basis which
is invariant with respect to %, since then the equations for
the corresponding coefficients decouple from each other.

Such a basis may be constructed from two future-directed
null vectors k and 1 with the relative normalization k%, =
—2. With respect to a suitable orientation, the metric tensor
&.» and the volume form &, on M have the form

gab = _k(alb)r éab = +k[alb]’
"One can. also consider the right dual of Hab, deﬁned as
(H %), 1= H &¢, . However, it is easy to prove that (H ®) , =
ab ac® b+ y P ab —

—(* H)ub, so one does not obtain a fundamentally new
transformation.
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and it follows that (%k), := k,&°, = k,, (%), :== 1,8°, =
—1,. Therefore, k and 1 are eigenvectors of * with eigen-
values +1 and —1, respectively, and we see that k,k; and
1,1, form a basis for the symmetric, trace-free tensor fields
on M which are invariant with respect to the left dual. As a
consequence, we can expand

o

H,, = Ck,k, + DLl,,  (H),, = —Ck,k, + DL,1,

(50)

The null vectors k and 1 are not unique, since they can be
rescaled by a function y on M according to

k — eXk, 11— e X], (51)
corresponding to a local boost with hyperbolic angle y.
Following the Geroch-Held-Penrose formalism [37], we
say that a quantity f has boost-weight ¢ if it transforms
like f = e?X f under Eq. (51). For instance, in Eq. (50), C
and D have boost-weight —2 and 2, respectively.

In order to compute covariant derivatives of H ,;,, we first
note that there exists a one-form i = 7,dx“ such that
va kb = va lh =

naklw ~MNa lb’

due to the fact that k and 1 are null, and due to their relative
normalization k%[, = —2 = const. With respect to the
local boosts, Eq. (51), the one-form n transforms like a
gauge potential: n — m + dy. Its invariant part, dn, deter-
mines the Gauss curvature of (M, 8): k= —%dn =
— &%V ,_m,. The “creation” and “annihilation” operators

af =k, —qn,),  a; =1N,—qn,)

map a quantity of boost-weight g to one of boost-weight
g + 1 and g — 1, respectively. Furthermore, these opera-
tors satisfy the commutation relation

ay \a; — a;Ha; = 2gk. (52)

g—1

Now we are ready to compute the covariant derivatives
of H,,. Applying V., on both sides of Eq. (50), we find, for
instance,

V.H,, = [(a Ok ok, + (a,O) Kok,

+ (d2 D)kclalb + (a;D)lclalb]'

This immediately yields V*H,, = (a*,C)k, + (a5 D)l,,
and, using the commutation relation (52), we also find

(=V°V, + 215);1@ = (aZ,a2,O)keky, + (a ay D)1y,

Using this and expanding —2r, = nk, + rgl,, rg =
k%rq, n = 1r,, we find the following decomposition of
the operator L:
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L,,[H] = [a:lasz +37a1,0 - (05,0
+ (2£ - %)c]kak,, 4 [ara;D
r I
+3% D) -1 (+D)+< Ar A)D]lalb.
r r r
(53)

Note the symmetry

+ -
aq « (l_q.

k <1 which implies C < D,

A. Evolution equations (even-parity sector)

The perturbation equation (49) and the decomposition
(53) of the operator L yield two wavelike equations for the
quantities C and D,

a_jat,C+ 3g(af2C) —(a ,C) + (2Ar A)C= kI,

2
(54a)
Ar A
ajfa; D+ 3r—k(agD) — —(a2 D)+ (2_r - —2>D = KA,
r r
(54b)

where

1
2

1 1 ° - L
I':= lalb[i%b - ZngTcdHab - V. (P up) +r*V,V,a

+ 6rra@ba +4r,rya |,

(55a)

1 1 ° 1=~ - o~
A= kakbl:i’fab - ZngTcdHab - pva(l”zﬁvb) +r°V,V,a

+ 6rravba +4r,rpa |

(55b)

When formulating Eqgs. (54) as a Cauchy problem, one
introduces a foliation of M by spacelike hypersurfaces 3,.
Let u be the future-directed timelike unit normal to %, and
let w be a unitary spacelike vector field orthogonal to u,
which is, therefore, tangent to ,. We choose the orienta-
tion of w such that &,, = —2up,wp). Then, we define the
null vectors k and 1 as

k=u-+w, l'=u—-—w (56)
Notice that from this moment on, we lose the boost invari-
ance leading to the symmetry described in Eq. (51), since
the foliation singles out a preferred normalization for k and
1. With respect to the 1 + 1 decomposition induced by the
foliation, the perturbation equations (54) can be written
explicitly as
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- AC L . ; /
Dc——z—(41—25—4v)c+(4f—21—4y,)c'
r r r r r
) i r
+ [2(1/ —u) —4p? -1+ 8<,LL— - V—)
r r
. N
+ 4(1/5 - Mi) + —T] = W[ +2(P - §*T,,)C],
r r r-

(57a)
/ 3 /

AD (4 +2——4v) (4f+21—4M)D/
r r r

4 [2(,L/ — ) — 4wt — ) + 8<,u; - ,/7’)

D —

/ - 8
+ 4(;/7 - V;) + TT]D = «[A +2(P — §*T,,)D].

(57b)

Here, a dot and a prime refer to the directional derivatives
along u and w, respectively, and u := w?n, and v =
u’n,. In der1V1ng these equations, we have used the
expression k = —&%V, 9, = i — v + u? — v? for the
Gauss curvature of (M g), as well as the background
equations k= Ar/r—«P and 2Ar/r=4m/r +
kgT,, which follow from Egs. (6b) and (6¢c). Finally,
m is the Misner-Sharp mass [38] which is defined by
r‘r, = N =1 — 2m/r. Notice the symmetry

(58)

C—D, M=
(.)—==(.),

which transforms Eq. (57a) into Eq. (57b).

Provided that the source terms I' and A do not contain
derivatives of C and D of order higher than one, and
provided that the quantity J can be eliminated in these
terms, Eqgs. (57) constitute a wave system that, together
with suitable evolution equations for the matter variables,
allows us to determine the evolution of the metric pertur-
bations C and D from initial data for (C, D) and their first
time derivatives on an initial time slice.

Notice that the wave equations (57) decouple from each
other for vacuum perturbations of a Schwarzschild black
hole. In this case, an alternative, coordinate-independent
way of fixing the boost freedom in the null vectors k and 1
is by specifying the two quantities r; and ry, which
determine the expansion of the two-spheres along in-
and outgoing radial null geodesics. These two quantities
are constrained by the relation rry = k‘“®r,r, =
—g%r,r, = —N = 2m/r — 1. Note that ry is positive in
regions I and III of the Kruskal spacetime and negative
in regions II and IV, whereas rj is negative in regions |
and II and positive in the remaining ones.® Therefore, the
quantities ry and r; cannot be arbitrarily chosen. The

V= —p,

I'—= A,

8See, for instance, Fig. 6.9 in Ref. [39] for the Kruskal diagram
and the definitions of regions I-IV.
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connection coefficients 7, and m; are obtained from ry
and ry by solving the background equations (6a) and (6b)
which can be rewritten as af(ry) =aZ,(n) =0,
aj (ry) = a*(r) = —2m/r.

We choose r, = N and r; = —1, which is well-behaved
in regions I and II (our Universe and the black hole region)
of the Kruskal diagram. In terms of ingoing Eddington-
Finkelstein coordinates (v, r), for which § = —Ndv? +
2dvdr, the corresponding null vectors are

0 d d d d

a = a = —
5

x4 v ar x4 ar’
k,dx* = —Ndv + 2dr, l,dx* = —dv,

and it follows that n, = 2m/r* and n, = 0. With this
choice, Egs. (54) reduce to
- A3 1 6
Oc-5C-2¢ ——(1 ——m)c. =0,
r r r r

~

- A1 1/. 10
D —SD+-Dy +—(3 ——m)D, —0,
r

r? r r

with C, = k“V,C and C, = 1V ,C.

A different choice which is valid in regions I and III (our
Universe and the white hole region) of the Kruskal diagram
is rg = V2, n=—-N/ V2 which, taking into account
changes in the notation and conventions, corresponds to
the one made in Ref. [32], where general retarded solutions
where computed. With this choice, one obtains from
Egs. (54) their Egs. (2.21a, 2.21b) with the identifications
C < r*¥_, and D « r*V¥,, where W, refer to the com-
plex Weyl scalars ¥, := Raﬁyék”‘mﬂk’ym‘s and V_, =
Raﬁy(sl“ﬁzﬁﬂm‘s computed from a Newman-Penrose null
tetrad {k, 1, m, m}.® Assuming that the background tetrad is
adapted to the spherical symmetry in the sense that k and 1
are orthogonal to the metric two-spheres, it is relatively
simple to compute the first variation of W, in our pertur-
bation formalism, based on the background expressions (3)
and Eq. (29d) for the first variation of the mixed compo-
nents R, pz.p of the curvature tensor. The result is

oW, = — %mAmBﬁA%G k“kPH ), + ikakb@ahb),
where m := rm, and the expression for 6W¥_, follows
from this after mapping k — I, m — m. Therefore, the

quantities k“k”H ,;, = 4D and [“I’H ,;, = 4C determine the
even-parity contributions of the variation of the complex
Weyl scalars ¥, and ¥ _,, respectively.

B. Constraint equations (even-parity sector)

The evolution equations in the previous subsection were
obtained from the linearized Einstein equation (33a),

°In our convention, they are normalized such that g(k,1) =
—2 and g(m, m) = 2.
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combined with Egs. (33b) and (33e). Therefore, to solve
the whole set of linearized Einstein equations, one has to
ensure that the Egs. (33b)—(33e) are also satisfied. First of
all, we impose Eq. (33e) in order to determine the trace H
of H. Next, the Bianchi identities and the zero divergence
of the stress-energy tensor imply that Eq. (33d) follows
from Eqgs. (33b) and (33e), as discussed in Sec. IV C. As we
now show, the remaining equations, Egs. (33b) and (33c)
yield a constraint equation for the evolution system (54)
plus an equation which allows us to determine J from the
knowledge of (C, D, C, D) and the matter fields on a time
slice 2,.

In order to derive the constraint equation, we first project
Eq. (33b) along the null directions k and 1, obtaining

1 3
a’,C + Zag] = kl“(rPV,a — u,), (59a)

1 ~
ay, D + Zaa’l = kk®(r*V,a — u,). (59b)
Applying the operator a*, to both sides of Eq. (59a) and
a; to both sides of Eq. (59b), and using the commutation
relation (52) with g = 0, one obtains the relation

atat,C —aya; D = —2k&*(V, ), — 2rr,V,a)

=: 2kG, (60)
in which J is eliminated. In order to rewrite this equation as
a constraint on the spacelike hypersurfaces 2, of M, the

second time derivatives (C and D) have to be eliminated in
the terms a~,a*,C and a; a; D. For this, we note

at,at,C =[aZ, +2(Vy + ny)]at,C
=aZ,a*,C +2(Vy + ny)at,C,

where ﬁw = w"?a and 7n,, := w%n,, and where we have
used the definition of the null vectors k and 1 in terms of
the vector fields u and w [see Eq. (56)] in order to write
k =1+ 2w in the definition of a¥,. The first term on the
right-hand side, aZ,a’,C, can be eliminated using the
evolution equation (54a). This yields

atat,C = [z@w o) — %(3r, - rk)](anC)

A

- A
—2 %G, +2n,)C — (2—r ——2)c + T,
r r r

(61)

where we have also used a~,C = a*,C — 2V, +21,)C
for later convenience. Similarly, one obtains, using the
evolution equation (54b),

arayD = =29y = m) +1.Gr = ) |z D)

. Ar A
+22(Vy = 29,)D — (2—r - —2>D + KA.
r r r

(62)
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Therefore, provided that the matter terms I', A, and G do
not contain derivatives of C or D along u of order higher
than one, Eq. (60), with the substitutions for a*,a®,C
and a; a, D given in Egs. (61) and (62), yields a constraint
for the data (C, D, C, D) and the matter fields on a given
surface X,.

Next, we consider Eq. (33c), where we use the

background equation (6a), the identity vevt IZIa,7 =
a*,a*,C +aja; D, as well as Eq. (33b) in order to
eliminate the first- and second-order derivatives of J.
This yields the following equation:
—(A +2)J = 2r%(a*,a*,C + a; a; D)
+ 4r(ra®,C + na; D)
— 4(r{C + r}D) — 4r’kF, (63)

with
Fi= %gabTab - Tablo{ab + Vi, + 4;;% + rPOa

+ (A - 2)a —6rr'V,a. (64)
Provided the derivatives of J can be eliminated in the

matter term F, this equation allows one to determine J as
|
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a function of (C, D) and the matter fields by inverting the
operator —(A + 2). In fact, using the substitutions for
a®,a*,C and aja; D given in Egs. (61) and (62), it is
even possible to compute J from the data (C, D, C, D) and
the matter fields on a given time slice 3.

C. Initial data construction (even-parity sector)

Here, we discuss a practical algorithm for constructing
initial data (C, D, C D) for the wave system (54). We
assume for simplicity that the matter terms I', A, F, and
G only depend on (C, D) but not on their derivatives, and
that they are completely determined by these quantities
and the initial data for the matter fields. Furthermore,
we assume that G does not depend on C nor on D. For
instance, these assumptions are satisfied in the perfect fluid
case as will be discussed in the next section.

Our construction specifies J and its time derivative, J :=
u“ﬁaJ , on the initial surface, as well as suitable initial data
for the matter fields. As a consequence, the full gradient
vaJ is known on %, and we can determine the quantities
a’,C and a; D from Egs. (59a) and (59b). Next, we
combine Egs. (60)~(63) in order to eliminate a*,a*,C
and a; a, D, and obtain the two equations

5 Ar A 1 - 1
2’7"(vw +21,)C + <2Tr - —2)C + = (2C+ D) = [2(vw + ) — -G — 2rk)](at26) + %(aZ_D)
r r

+ —
4r

2%(% —2n,)D — (2£ _A

+_
4

The first three terms on the right-hand sides of these
equations are known, since a*,C, a, D and J are known
on the initial surface X. Furthermore, according to our
assumptions, I', F, and G depend on (C, D) but not on their
derivatives. Therefore, Eqs. (65) constitute a system of
ordinary differential equations for C and D. Once this
system has been solved, the initial data for (C, D) is
obtained by setting

C:=—-C —2nC+a,C,
D:=D'+2nD + afD.

(66)

This provides initial data (C, D, C, D) on the initial surface
3. The evolution equations (57), together with suitable
evolution equations for the matter fields, determine (C, D)
on an arbitrary time slice 3,. The metric field J is obtained
from this by solving Eq. (63). This determines the metric
perturbations in the even-parity sector.

r

12 (A+2)J+ k([ - F—-0G), (652)
1 - 1
ﬁ)D ~ 2 C+ D)= [2<vw =) TG - 2r.)]<a;D) ~ 2 (a%,0)
12 (A +2)J — k(A — F + G). (65b)

|
D. The odd-parity sector

Odd-parity gravitational perturbations are much simpler
to describe than even-parity ones, and gauge-invariant
master equations for them have been already obtained in
the literature; see, for instance, Refs. [15,40]. Since our
approach is more general because it does not require the
decomposition into spherical harmonics, and also for com-
pleteness, we briefly describe the odd-parity sector here.

In this case, the metric perturbations are determined by
the one-form h on M whose dynamics is governed by
Egs. (32). As discussed in Sec. IVC, it is sufficient to
consider the equations of motion for the matter fields and
Eq. (32a), which, in terms of the notation of differential
forms, reads

£d(r2F) — (A + 2)h = 2x12Y, (67)

with F = r*%d(r ?h) and Y := (v, — Ph,)dx". Now, we
can proceed exactly as in Sec. VA to derive a master
equation for the scalar field @ := r/F. Applying the
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operator r*%dr~2 on both sides of Eq. (67), we first obtain
the following inhomogeneous wave-type equation for > F:

r4&*[% d(rzj-")] — A +2)(?F) = 26r*7dY. (68)

Introducing F = ®/r and using
equation (6b), we then obtain

the background

O + [— 4 _6m_ fgabrab]cp — 2urEdY,  (69)
r r 2

which generalizes the Regge-Wheeler equation (37) to the
case of odd-parity linear metric perturbations coupled to
matter fields. Provided the one-form Y does not depend on
h, this yields a wave equation for the gauge-invariant
scalar ® on M. Once ® is known, h can be reconstructed
from Eq. (67) on the mono-dipole-free space. In case Y
depends on h, the method just described also works pro-
vided Eq. (67) can be solved for h.

VII. FLUID PERTURBATIONS

Here, we apply the ideas described in the previous
section to linear perturbations of spherical, self-gravitating
fluid configurations. We start in Sec. VII A with a short
review of the equations of motion for a relativistic perfect
fluid in local thermodynamic equilibrium and discuss
potential flows. Next, in Sec. VIIB, we linearize the
flow, assuming that the background is vorticity-free and
isentropic, and show that the fluid perturbations can be split
into two parts, the first part describing the perturbations of
the vorticity and the entropy and the second part describing
a linearized potential flow. The resulting equations are
specialized to the case of a spherically symmetric back-
ground in Sec. VII C. In Sec. VII D, we linearize the stress-
energy tensor. The propagation and constraint equations in
the odd- and even-parity sectors are derived in Sec. VIIE
and Sec. VIIF, respectively.

Previous work regarding the linearization of relativistic
perfect fluids include Ref. [41], where the stability of
steady state accretion flows is analyzed and on which
most of the ideas presented in Secs. VII A and VIIB are
based; Ref. [42], which analyzes the stability of static stars;
and Ref. [20], which derives a system of propagation

|
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equations based on the covariant gauge-invariant approach.
Besides the avoidance of the spherical harmonic decom-
position, the results presented below differ from the ones
obtained in Ref. [20] in the strategy for deriving the
evolution equations. While in Ref. [20], projections of
the linearized stress-energy tensor which eliminate the
matter variables are considered, here, we exploit the fact
that a spherically symmetric isentropic flow gives rise to a
closed one-form v, which allows it to naturally split the
fluid perturbations into a linearized potential flow and a
complementary part describing the propagation of the
linearized vorticity and entropy. Although the results in
Ref. [20] lead to a free (unconstrained) evolution system
and do not require the background to be isentropic, we
believe that our approach allows for a clearer physical
interpretation of the fluid perturbations.

A. Basic fluid equations and potential flows

We consider a perfect, relativistic fluid with isotropic
pressure. It is described by the energy density e, the
pressure p, and the particle density n, as measured by an
observer comoving with the fluid elements which have
four-velocity u (u is normalized such that g, ,u*u” =
—1). The equations of motion for the fluid are

V,Jh =0,  V,Tr =0, (70)

where J# = nu* is the particle current density and
THY = eutu” + pyH?, y*¥ 1= gt + utu”, denotes the
stress-energy tensor. We require local thermodynamic
equilibrium; that is, each fluid element is in thermody-
namic equilibrium. Therefore, we assume the existence
of an equation of state € = €(s, n) which satisfies the first
law of thermodynamics,

o) - rr- )

with 7 the temperature and s the entropy per particle.
For the following, it is convenient to replace the energy
density € by the enthalpy & := (e + p)/n per particle,
which satisfies dh = Tds + dp/n. With this notation and
under these assumptions, the fluid equations (70) yield
(assuming T > 0)

Vus =0 (entropy conservation along the fluid lines), (71a)
Vyn+60n=0 (particle conservation law), (71b)
ha, + D,h —TD,s =0 (relativistic Eulere quations), (71¢)

where 6 := V ,u* and a, := V,u, denote the expansion
and acceleration of the fluid, respectively, and where
D, h = vy,"V, hdenotes the differential of / projected onto
the space orthogonal to u. Equations (71), together with the
equation of state form a closed evolution system for the

quantities s, n, and u. Equation (71a) implies, in particular,

|

that there is no heat transfer between the different fluid

elements since Tds = 0 along the fluid lines. (However,

the entropy s may vary from one fluid trajectory to another.)
In terms of the one-form v := hu,dx* and the vorticity

Oy = v,"7,PViupg of the fluid, the Buler equations

(71c) are equivalent to
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F,,'=Vu,—V,u, =2hQ,, — Tu;,D,s). (72)

Therefore, the one-form v is closed if and only if the flow is
irrotational () wv = 0) and isentropic (s = const). In this
case, there exists (at least locally) a potential ¢ such that
v = di. Then, the particle conservation law, Eq. (71b),
yields

v“<% vH ¢p) — 0. (73)

Here, n is regarded as a function of 4 obtained by inverting
the relation 4 = h(n), and A is obtained from the condition
vhy, = hzu“u# = —h2, which yields

h=yf=VEg -V, (74)

For the case of a stiff equation of state, for which 4 is
proportional to n, Eq. (73) reduces to the standard
wave equation [y4f = 0 on (M, g) for the potential .
However, in general, Eq. (73) is a nonlinear wave equation
whose characteristics depend on the gradient of .
Equation (73) and the associated stress-energy tensor
T* =nh~ Y (V) (V") + p(h)g"¥ can also be obtained
from the simple action functional

st = [ pyleld'x, 75)

where h is given by Eq. (74) and p(h) obeys the first law
dp = ndh.

The linearization of Eq. (73) yields the remarkably
elegant equation [41]

Ogoy =0 (76)

for the perturbed potential o, where [ is the wave
operator belonging to the sound metric & defined by

n 1
@5/“/ = E U_Y[gl“/ + (1 - v%)u,u,uy b
)2 dp _ dlog(h) (77
* € dlog(n)’

v, denoting the sound speed (in units for which ¢ = 1).'°
For the following, we assume that the sound speed satisfies
0<wv,=1. By employing an orthonormal tetrad
{eo, €], €5, €3} with respect to g which is adapted to the
fluid flow, i.e., such that e, = u, it is not difficult to see that
& is Lorentzian and that its cone (the sound cone) lies

'The following expressions for the inverse sound metric and its
determinant are useful:

GH = ﬁvs[g"“’ + (1 - Lz)u'“u”],
n vy
n\2 1
VST = lel(7) -
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inside or (if vy = 1) coincides with the light cone of g.
Notice also that u is timelike with respect to both g and .

B. The linearized fluid equations

Linearizing Eq. (72) about an isentropic, irrotational
fluid configuration, one obtains

V,(6v,) —V,(6v,) =2(h6Q,, — Tu,D,18s).  (78)

For the following, it is convenient to decompose v
into two terms, the first one being the differential of a
function ¥ and the second one a one-form W which is
orthogonal to u:

ov=d¥V + W, utw, = 0. (79)

This decomposition always exists. Indeed, if dv is given,
we may integrate the equation £, ¥ = u*dv,, along the
flow lines to obtain ¥ and set W := 6v — dV¥. By con-
struction, u“WM =0, and v = d¥ + W. The quantities
¥ and W are unique up to transformations of the form

Vi P+ f, W,—W,—=D,f, (80)

where f is a function satisfying L, f = 0. This freedom
can be fixed by restricting the initial data to ¥ = 0, or by
imposing suitable initial conditions on W.

Introducing the decomposition (79) into Eq. (78) and
projecting the result orthogonal to u gives

2h8Q,, = D,W, — D,W,, (81)

which shows that the one-form W describes the vorticity
part of the perturbations. The remaining information
in Eq. (78) is obtained by contracting with u*. Using
ut W/L = 0, this yields

£UWM = TDM(SS), (82)
which, together with the linearization of Eq. (71a),
L,(8s5) =0, (83)

describes the evolution of the variation of the entropy
and the one-form W along the flow. As a consequence of
Egs. (81) and (82), one also finds

L,(h80,,) = hDUL(%)D,,]Bs, (84)
which shows that, in general, a spatial gradient of Js
generates vorticity along the flow. Equations (82) and
(83) describe the evolution of the variations of the entropy
and the one-form W which describes the variation of the
vorticity through the relation (81). These equations form a
system of advection equations along the fluid lines, and
since they do not depend on W nor on the variation of the
metric fields, they decouple from the remaining perturba-
tion equations and can be solved separately.

It remains to linearize Eq. (71b), which is equivalent to
the continuity equation V,(nh~'g#**v,) = 0. The varia-
tion can be written in the form
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N —
V,3#* =0,
where the vector field J# is given by
~ n

h (n
S = E[; 5<z)U“ + g""(8v, — vP8g,p)

1

In order to evaluate the variation of n/h, we regard n =
n(h, s) as a function of the enthalpy 4 and the entropy s per
particle, which is obtained by formally inverting the rela-
tion 2 = h(n, s). Using the definition of the sound speed v,
and the first law, we find the thermodynamic relations

v2::8£ :alogh % _ +137p
' de |, oalogn |y as |, nas |,
Using the identities
ap | as | ov _ 1 dv | odv | aT
as |,ov | ,ap | ’ as |, oT |,as |,
1
vi=—,
n

and the definitions of the heat capacity per particle at
constant pressure ¢, the coefficient of thermal expansion
a, and the compressibility at constant entropy «,, defined
as (see, for instance, Ref. [43])

. as o 1lov
c..=T— = _
P oT

_lav
vap |y

Ks

o, .
b ]’} y
» val |,

the term involving the partial derivative of the pressure can
be rewritten as

ap a

S —
ds | CpKy

Gathering the results, we obtain
on n 1 on nl dh nT
al Tne sl T sl T TN
oh|s hovs s | hv: ds |, h vs

1l a

A=1+-—-— (86)
n cpKq

from which we can finally compute

n n 1 AT
Next, we compute the variation of the identity h> =
— g“ﬂvavﬁ which follows from the definition of v, =

hu,, and the normalization of u. Taking into account the
decomposition (79), this gives

2héh = —2v%dv, + v“vﬁéiga,g
= —2v°V, ¥ + vavﬁ8gaﬂ. (88)
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Combining Egs. (85), (87), and (88) and recalling the
definition of the sound metric, Eq. (77), we finally arrive
at the following expression:

Vials = TSI 60,0 + W, = 5,50

‘U.UV

1
+ Ev“@‘)‘aﬂ5gaﬂ - ATSS].

nvg

Therefore, the linearized continuity equation yields the
inhomogeneous wave equation

D(ﬁ‘l’ = diV(Sj(X), (89)

where divg refers to the divergence of a vector field with
respect to the Levi-Civita connection associated to the
sound metric, and X is the vector field defined as

v

1 n
Xt = ©GrI (W, — 8g,5v°) + Ev“(sjaﬁc?gaﬁ — ——AT$s.

nv

Notice that X vanishes when W, &5, and &g are zero, and
in this case, Eq. (89) reduces to the homogeneous wave
equation (76) describing a linearized potential flow. In the
general case, the one-form W and the variation of the
entropy, Os, are obtained by integrating the advection
equations (82) and (83), and, therefore, they can be con-
sidered to be known quantities in the expression for the
vector field X. However, the variation of the metric fields,
6g, are coupled to the potential W through the lower-order
terms on the right-hand side of Eq. (89) and through the
linearized Einstein field equations.

C. Fluid perturbations on a spherically
symmetric background

So far, we have only assumed the background to be
vorticity-free and isentropic. From now on, we assume in
addition the background to be spherically symmetric. In
particular, this implies that the four-velocity vector u has
no angular components; hence, it can be regarded as a
vector field on the two-dimensional manifold M and our
zero vorticity assumption follows from the spherical sym-
metry. Defining [20] the additional vector field w whose
components are w¢ = —§&¢ bub , we obtain an orthonormal
basis of vector fields satisfying &,, = —u,u;, + w,w;, and
&4p = —2ug,wy). The connection coefficients with respect
to this basis are entirely determined by the two quantities
n =V, and v := Viw,.

Since the one-form W is orthogonal to u, we can expand
it according to

W,=Uw,  Wy=V,V+5,5V,0,
where U, V, and w are angular-dependent scalars on M, and
where we have used the decomposition described in
Eq. (11). Performing the calculations in the Regge-

Wheeler gauge, for which 8g,, = H,p, 88.5==£5Vch,

044015-17



ELIANA CHAVERRA, NESTOR ORTIZ, AND OLIVIER SARBACH

dgap = r*8apJ/2, we first obtain from Egs. (85), (87),
and (88),

6h 1 1
7 = - ZEU\P + EHabu”ub,
= %[Qab(vb‘y + Uwy, — Hp v°)
1 A
+ E(O-CdHCd + Jv® — u“—2T5s:|,
vAY
1 A N
W= VAT + V) + 80V — )]

where we have defined the sonic two-metric

1
gab = gab + (1 _ _z)uaub. (90)

N

Therefore, the linearized continuity equation gives
- ﬁa(rﬂgflh@,,«p) - ZAw
h h
N v Zn a ab c 1 a( bc
—Varﬁ Uw® — q*Hp.v +§v(a' Hy. +J)
A o
—ua—zTas]}JrﬁAV. 1)
Vs h

The right-hand side of this equation could be
further simplified by using the background equation
V,(r*nu®) = V,(PPnh~'v*) = 0. For a spherically
symmetric background, Eqgs. (82) and (83) imply the
ordinary differential equation

Liw=0 (92)

in the odd-parity sector, and in the even-parity sector, the
system of differential equations,

(Ly + W)U =T(8s), L,V =T5&s,
L,(6s) =0, (93)
with (85)' = waV,(8s).
In the next three subsections, we combine the above
results with the equations describing gravitational pertur-
bations derived in Sec. VI, obtaining effective equations

describing the linear fluctuations of a spherically symmet-
ric self-gravitating fluid.

D. The linearized stress-energy tensor

The variation of the stress-energy tensor T, =
nh_lvaV + pg,, yields the general expression

1 1
8T,U,V = n[g,ul/ + (? - l)uluuyi”:zuavﬁﬁgaﬁ - £U\P]

A
—n| 8uv +¥uﬂu,, Tés
s

+ Znu(ﬂ[vy)‘lf +W,l+ P80
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where we have used Eqgs. (87), (88), and (79) and the first
law of thermodynamics dp = ndh — nTds. For a spheri-
cally symmetric background, the corresponding quantities
Tabs Mas Va» @, A, and B defined in Egs. (25) are

v, = ph, + nu,w, B =0, (94)
in the odd-parity sector, and

1 1 -
Tap = n[ga,, + (—2 - 1)”a”b:||:§ u‘viH,;, — uCVC\If]
v

N

. A
—n| 8, t+ ?uaub Tés

N

+ 2nu(a[vb)\1’ + Uwy)] + pH,p, (95a)

w, = nu,(V + V), (95b)
a =0, (95¢)
A= n[uv’H,, — 2wV, ¥ + Ts)] + pJ, (95d)

in the even-parity sector.

E. The linearized Einstein-Euler equations:
odd-parity sector

The odd-parity perturbations of a spherically symmetric
fluid configuration are described by the linearized Euler
equation (92) and the linearized Einstein equations (32),
with the coefficients v, and S given in Eq. (94), which
yield

£d(r2F) — (A + 2)h = 2kr*nuw,
dth =0,

(96a)
(96b)

where F = r*%d(r—?h) and u := u,dx“ is the one-form
on M corresponding to the four-velocity of the background
flow. We have already noticed in Sec. IV C that Eq. (96b)
follows from Eq. (96a) and the divergence law for the
stress-energy tensor. In the present case, this can also be
verified explicitly by applying the codifferential on both
sides of Eq. (96a), using L,w = 0 and the background
equation d' (r2nu) = 0.

A wave equation for the scalar field ® := rF follows
from the method described in Sec. VID. For this, we use
the background equation dv = 0 and first note that

Y = Fd(nuw) = >T<d(% wv)

[io)ons] i)

where the prime refers to the directional derivative along
w. With this observation, Eq. (68) yields (cf. Appendix B in
Ref. [42]):

mﬁ[%d(ﬂ _’F)] A+ F) = —2Kr4h(% w)'.

Introducing F = ®/r and using the background equation
(6b), we can rewrite this equation in the form
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G(I)+|:—Az—6—m —(e—p)](IJ——ZKrh( )/
r h

;
97)

which generalizes the Regge-Wheeler equation (37) to the
case of odd-parity linear fluctuations of self-gravitating
spherical fluid configurations. Once @ is known, the metric
perturbation h can be reconstructed from Eq. (96a) on the
mono-dipole-free space.

F. The linearized Einstein-Euler equations:
even-parity sector

The even-parity perturbations are described by the line-
arized fluid equations (91) and (93) and the linearized
Einstein field equations (33), where the coefficients 7,
and u,, o and A are given in Eqgs. (95) above. First of all,
we recall that the Egs. (93) are simple advection equations
along the flow lines, which are decoupled from the remain-
ing perturbation equations. Therefore, specifying initial
data for (U, V, 8s) on an initial hypersurface X, com-
pletely determines the evolution of these quantities. Next,
as discussed in Sec. VI A, the linearized Einstein equations
give rise to a system of two wave equations for the metric
fields (C, D) [see Eqgs. (57)], where the source terms I" and
A are determined by the linearized stress-energy tensor.
Here, the vector fields u and w which were introduced in
Sec. VI A to determine the null vectors k := u + w and
1:=u — w are oriented such that u coincides with the
four-velocity of the background fluid flow. Using the defi-
nitions in Eqgs. (55) and the expressions (95), we find

n(l h : n A
=_(=—1)|z(C+D) -V |-Z=Té&s+
r ( : 1)[2(6‘ D) ‘l’] 2 T6s +nhC

+ _%vl("zn) —(u — V)n](\P +V)+n(V,V +U),
nfl n A

AZE(U_% )[ (C+D)— :I—Ev—%T5s+nhD
[5Gt o J o V) + 0BV = 0)

where A is defined in Eq. (86). Notice that Eq. (57a) is
transformed into Eq. (57b) under the symmetry (58) aug-
mented by U — —U.

Together with the evolution equation for W, Eq. (91), we
obtain a closed wave system for the three quantities
(C, D, ¥). In order to write down the evolution equation
for P, we notice that J can be eliminated from the right-
hand side of Eq. (91) by virtue of Eq. (33b) and the
satisfaction of the background equation V,(r2nu®) = 0.
This yields the equation
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-9V - [ 9, log( )

éz(\lf + V)= 2knh(¥+V)
= %v[(% - 1)(C + D) — ZTAZTas]
h[v"r(z'j") (wtn]e+ h[v U -]
+U +vU+ I:log<r27n)i|/U, (98)

describing the evolution of the fluid field W. Here,
g“” refers to the two-dimensional sonic metric on M; see
Eq. (90).

The evolution system (57) and (98) for (C, D, V) is
subject to the restriction in Eq. (60), where the quantity
Gis

=[n(¥ + V)] + nv(¥ + V),

for the fluid case. Notice that G does not depend on J;
hence, Eq. (60) gives a relation between (C, D) and the
matter fields (W, V). The quantity J can be reconstructed
from the variables (C, D, ¥, U, V, §s) using Eq. (63) where

n(fl h . n A
=+ “(C+ D) — — (- =
2(u§ 1)[2(c D) «y] 2(2 vz)Tﬁs

+ [%vu(r“n) + Mn](‘l’ + V) + nVv.
r

F=—

Initial data for the evolution system (57) and (98) can be
constructed by specifying (J, J, ¥, W, U, V, 8s) on an ini-
tial hypersurface 3, and by following the algorithm
described in Sec. VIC. Namely, we first set

1
a’,C: —ZaO_J + kn(¥ + V),

1
a, D = —Za3J~|— kn(¥ + V).

Next, we solve the ordinary differential equations (65) for
(C, D), where the matter source terms are given by the
expressions ' = F—-G=X—-Y+nhC, A—F+G=

X + Y + nhD with
- \If] + n(l - A2)T5s
US

R

nlh
X =—|=-(C+D
U%[2< )

2
Y =n(W +2V = U) +-(rn) (¥ + V).

r
Finally, (C, D) are determined by Eq. (66). This provides
initial data for the wave system (57) and (98). At this point,
we recall the freedom described in Eq. (80) that allows us
to set the initial value for W to zero. Therefore, our initial
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data contains six degrees of freedom, in accordance with
the results in Ref. [20].

VIII. SUMMARY AND CONCLUSIONS

In this paper, we have presented a gauge-invariant
perturbation formalism for spherically symmetric back-
ground configurations in general relativity, without assum-
ing the background to be static or vacuum. The new feature
of this formalism is that it combines the covariant, gauge-
invariant method in Ref. [15] with the quasilocal approach
in Ref. [25], so that it does not require a decomposition of
the perturbations into tensor spherical harmonics.

As a pedagogical first step, we have derived effective
wave equations on the two-dimensional orbit manifold
M = M/SO(3) orthogonal to the two-spheres, describing
the propagation of scalar and electromagnetic test fields on
an arbitrary spherically symmetric background. Then, we
have further developed our formalism to describe linear
metric fluctuations. Our approach is based on the 2 + 2
form of the background geometry and the construction of a
full set of gauge-invariant amplitudes. These amplitudes
are angular-dependent tensor fields on M, which behave as
scalars under rotations of the metric two-spheres. We have
expressed the linearized Einstein equations in terms of
these gauge-invariant quantities which decouple into two
|

oy 22
0,
B(r) = _6m
_6m _
with A(r) := A -2+ 6m/r. Here, the source term S is

zero for the Klein-Gordon field, and in the electromagnetic
case, it is determined by the four-current charge density;
see Egs. (14c) and (16). In the gravitational case, S is zero
for vacuum perturbations. For gravitational perturbations
generated by an infinitesimal stress-energy tensor, the ex-
pressions for S are given in Ref. [18]. Recall that in the
electromagnetic and gravitational cases, @ is restricted to
the monopole-free and the mono-dipole-free spaces, re-
spectively. This means that the expansion of ® in spherical
harmonics only contains terms with angular momentum
number € = L with L =0 in the scalar, L = 1 in the
electromagnetic, and L = 2 in the gravitational cases.
Based on the energy-type estimates described in Ref. [5],
one can prove that the solutions of Eq. (99) belonging to
sufficiently regular initial data on a spacelike slice remain
uniformly bounded outside the black hole.

Next, we considered metric perturbations coupled to
arbitrary matter fields. While in the odd-parity sector the
generalization to matter is rather straightforward in most
cases, in the even-parity sector, it is unclear whether or not
the Zerilli approach works. Recall that, in vacuum, Zerilli’s
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groups, describing perturbations with odd and even parity,
respectively.

Next, we have applied our formalism to the vacuum
case and have derived the covariant generalizations of
the Regge-Wheeler and Zerilli master equations, which
describe the propagation of arbitrary linearized gravita-
tional waves on a Schwarzschild black hole. In particular,
we have shown that the Regge-Wheeler equation can easily
be obtained in both, the odd- and the even-parity sectors,
although in the even-parity sector, it does not represent a
master equation in the strict sense, since in this case, an
additional differential equation needs to be solved in order
to reconstruct the metric perturbations.

For a Schwarzschild background, the master equations
describing the propagation of scalar, electromagnetic, and
linearized gravitational perturbations have the form of an
effective wave equation on (M, &),

Ob +V(ird =S, V(r):= %(—A +B(r), (99

where [] is the covariant d’ Alambertian on the radial part

(M, &) of the Schwarzschild-Kruskal manifold, A denotes
the Laplacian on the sphere S2 ris the areal radius, and the
operator B(r) is defined as

for a Klein-Gordon field of mass u
for odd-and even-parity electromagnetic fields

for odd-parity gravitational perturbations

Hm (] —3MA(r)~! + %(1 — 2MA(r)~2, for even-parity gravitational perturbations

method in the covariant approach is based on the observa-
tion that one of the linearized Einstein equations implies
the zero exterior derivative of the Zerilli one-form Z
[see Eq. (41a)], which means that Z can be written as the
differential of a scalar potential. However, with the excep-
tion of particular matter models, obtaining a closed one-
form does not seem possible in the general case. Therefore,
we proposed an alternative approach which naturally leads
to a constrained wave system for two gauge-invariant
metric perturbation amplitudes. In vacuum, this wave
system decouples into two wavelike equations which are
related to the Teukolsky equations [31,32] for the Weyl
scalars W, and W_,. In the presence of matter fields, the
two equations are coupled to each other through the line-
arized stress-energy tensor and, together with suitable
evolution equations for the matter fields, describe the
propagation of the linearized gravitational and matter field
perturbations.

As an application, we considered linear perturbations
of a spherically symmetric perfect fluid configuration.
Assuming local thermodynamic equilibrium, and assum-
ing that the background is isentropic, we decomposed the
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fluid perturbations into two parts. One part describes a
linearized potential flow and is entirely determined by a
scalar quantity W. The complementary part is described by
a vector field W which is orthogonal to the four-velocity of
the background flow and generates a nontrivial vorticity
field at the linearized level. The evolution of W couples
only to the evolution of the perturbed entropy, and the
corresponding equations are simple advection equations
along the background flow. Then, we combined these
equations with those describing gravitational perturbations
and obtained effective equations on M describing linear
fluctuations of a spherically symmetric self-gravitating
fluid. In the odd-parity sector, we obtained an inhomoge-
neous master equation generalizing the Regge-Wheeler
equation to the fluid case where the source term is deter-
mined by the fluid field W. In the even-parity sector,
we obtained a constrained, coupled wave system for two
gauge-invariant metric perturbation amplitudes and the
fluid potential W. This evolution system may be solved
using numerical methods, regarded as a Cauchy problem
with initial data constructed according to the algorithm
given in Sec. VIC.

The covariant propagation equations found in this article
should have many applications in astrophysics. One
example is a detailed investigation of radial accretion
flows (for models on fixed backgrounds, see, for instance,
Refs. [44,45]) concerning their stability and their quasi-
normal oscillations. Another important application is the
stability analysis of Cauchy horizons found in some spheri-
cally symmetric models, like a Reissner-Nordstrom black
hole or a spherical dust cloud undergoing complete gravi-
tational collapse. The latter is particularly interesting, since
it it known to lead to the formation of globally naked
shell-focusing singularities which are stable with respect
to spherical perturbations [46,47].

The fact that our formalism eliminates the need of
decomposing the perturbations into spherical tensor har-
monics represents a simplification with respect to previous
approaches, which could be useful for a generalization to
second- or higher-order perturbations. For example, the
equations governing the second-order perturbations con-
tain source terms which depend quadratically on the first-
order ones, and when expanded into spherical harmonics,
this leads to the computation of Clebsch-Gordan coeffi-
cients. In our approach, this computation is unnecessary.
Instead, the source terms need to be decomposed according
to Egs. (A2) and (A3) which can be performed by solving
the elliptic equations (A4) and (AS5) on the two-spheres.

Another potential advantage of the results derived in this
article is related to the constrained wave system describing
the gravitational perturbations in the even-parity sector.
Since one of the scalars involved in this system is closely
related to the Weyl scalar W_,, describing the outgoing
gravitational radiation at future null infinity, the computa-
tion of the gravitational waves emitted by an isolated
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system consisting of a known spherically symmetric space-
time plus a linear perturbation should be rather direct.
Potentially, this system could also be used as a wave
extraction algorithm in the far field of a more complicated
isolated system, like the coalescence of black holes or
neutron stars. However, a persistent challenge in this case
is an adequate identification of the spherically symmetric
background. In fact, the gauge-invariant formalism is
based on the knowledge of the background including its
2 + 2 splitting M = M X S?, which requires the correct
identification of the invariant two-spheres S

Finally, it should also be possible to generalize our
formalism to higher-dimensional, SO(g + 1)-symmetric
spacetimes of the form M = M X S9, where the dimen-
sions of M and the invariant spheres, ¢ = 2,3,..., are
arbitrary. As long as ¢ = 2, we can base the construction
of gauge-invariant tensor fields on M on the same decom-
position as in Egs. (A2) and (A3), although the effective
equations obtained on M are now more complicated when
M has dimension greater than two. When g > 2, one has to
consider the decompositions (A6) and (A7) instead, and in
this case, the equations decouple into scalar, vector, and
tensor perturbations. See Refs. [48,49] for applications to
the stability of higher-dimensional static black holes.
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APPENDIX: COVARIANT, ORTHONORMAL
DECOMPOSITION OF ONE-FORMS AND
TRACE-FREE SYMMETRIC TENSOR FIELDS
ON COMPACT TWO-SURFACES

Let (S,g) be a compact, oriented, two-dimensional
Riemannian manifold without boundary which has positive
Gauss curvature (by the Gauss-Bonnet theorem, this
implies that S is topologically equivalent to the two-sphere
$2.) Let £ be the associated volume form on (S, g), and
introduce the following scalar products:

(f &)= fsf'ge,

(X, Y):= ngABgCDXAc * Yppé,

(w, M) = ngABwA * pE,
(A1)

for smooth functions f, g, smooth one-forms w, n, and
smooth tensor fields X, Y on S. In this Appendix, we show:
Proposition I Let w and X denote a C* one-form and
symmetric, traceless tensor field, respectively, on (S, g).
Then, there exist C* functions f, g, h, k on S such that

wy =Vuf + SABng: (A2)
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Xap = (VA Vh)TT + s(ACVB)VCk, (A3)
where Y15 := Y p — 1 848“PYp refers to the trace-free
part of the tensor field ¥ on S.

Furthermore, the decompositions (A2) and (A3) are
unique and orthogonal with respect to the scalar products
defined in Eq. (A1). The functions f and g are unique up to
an additive constant and the constants /# and k unique up to
the addition of an element in the kernel of the operator
(V4Vp)'.

Remarks:

(1) The functions (f, g) in Eq. (A2) can be found by

solving the elliptic equations

Af =Viw,, Ag = —&'8V, wy, (A4)

and the functions (A, k) in Eq. (A3) by solving
A(A + 2k)h = 2VAVBX ,p,

(AS)
A(A + 2k)k = —2VAVBs ,CX e,
with A = VAV, the Laplacian and k the Gauss
curvature with respect to (M, g).
(2) For the case of the unit two-sphere, S = S, the
kernel of (V,Vy)TF consists of the functions of
the form f=fo Y+, Y0+ f,, Y1 +f, 77!
with fo0, f10 € R, f1; € C, and Y“" denoting the
standard spherical harmonics. In the context of the
perturbation theory described in this article, we call
the constant part fo Y of f =73 £, Y the
monopole part, the part of f which is equal to
F1oY'0 + £, YU + £, Y"1 the dipole part, and
the remaining part f =3, f, Y the mono-
dipole-free part. In this case, it is not difficult to
prove the proposition by decomposing the elliptic
equations (A4) and (AS) into spherical harmonics.

(3) The decomposition (A2) also follows from the

Hodge decomposition theorem (see, for instance,
Proposition V.8.2 in Ref. [50]) and the fact that
all harmonic one-forms vanish on (S, g) with our
assumptions, see Lemma 1 below.

Proof of proposition 1. We split the proof in two parts.
In the first part, we show there exist C* functions f and &
and a divergence-free C* one-form 7 and a C* symmetric,
trace-free tensor field Y satisfying VAV2Y,; = 0 such that

wy = Vuf + 1y, (A6)

Xap = (VuAVph)TF + Yyp. (A7)

These decompositions are orthogonal with respect to the
scalar products defined in Eq. (A1); hence, they are unique
(if they exist). The first equation implies that f must be
such that the one-form @ — Vf is divergence-free, which
is equivalent to the statement

(w—Vf,Vu)y=0 (A8)
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for all C* functions u on S. Similarly, the function # must
satisfy the problem

(X — (VVh)TF, VVv) = 0 (A9)

for all C* functions v on S. In order to show that the
problems (AS8) and (A9) possess a solution, we use stan-
dard tools from the theory of Fredholm operators; see,
for instance, Ref. [51], or Theorem 4 in Appendix A of
Ref. [52] for a summary of the relevant results.

Denote by H™(S) the Sobolev space consisting of the set
of square-integrable functions on S with square-integrable
weak derivatives of order smaller than or equal to m (see,
for instance, Ref. [50] for more details). We define for each
A = 0 the following bounded, symmetric quadratic forms:

Py H'(S) X H'(S) — R,
(fs u) = Py(f, w) 2= (Vf, Vu) + A(f, w),
Q,: H(S) X H*(S) = R,
(h, v) = O (h, v) == ((VVRH)'F, (VVv)F)
+ MVh, Vv) + AMh, v),

and the bounded linear functionals

Jo,: H'(S) = R,
Ky: H*(S) — R,

u>J,(u) = (o, Vu),
v — Ky(u) := (X, (VVv)TF).

With these notations, we reformulate the problems
described in Egs. (A8) and (A9) as finding f € H'(S)
and 1 € H*(S) such that

Py(f, u) = J,(u) forall u € H'(S),
Qo(h, v) = Kx(v) for all v € H*(S).

Notice that for A = 1, P, is the standard scalar product
on H'(S). Therefore, it follows by the Riesz representation
lemma that the map L,: H'(S) — (H'(S))*, f— P,(f, ")
is invertible for A = 1. In particular, it is a Fredholm
operator of index zero. On the other hand, by compact
embedding, the difference operator L; — L is compact,
which implies that also the map L is Fredholm with index
zero. Therefore, the equation Lyf = J,, has a solution if
and only if J,, (1) = O for all u € H'(S) such that Vu = 0.
Since this is always the case by the definition of J,,, the
existence of a solution f € H'(S) satisfying Eq. (A8)
follows. By elliptic regularity theory (see, for instance,
Ref. [50]), f is C* smooth, and 71, ‘= wy — V,f is
divergence-free.

Similarly, Q, is a scalar product on H*(S) for suffi-
ciently large A > 0. In order to see this, we apply the
integral identity (A10) below to 84 = V4h, obtaining
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0\ 1) =3 [S (VAVER)(V,Vgh)e

+ [S(A - i)(VAh)(VAh)s + )\fshzs,

which shows positivity for A > k/2 and also proves that,
in this case, the norm induced by Q, is equivalent to the
standard norm on H(S). Therefore, for A > k/2, the maps
M,: H*(S) — (H*(S))*, h— Q,(h, ) are invertible and
Fredholm of index zero. Since M, — M, is compact,
it follows that also M, is Fredholm with index zero.
Therefore, the equation Myh = Ky has a solution if and
only if Ky(v) = 0 for all v € H?(S) such that (VVv)TF =
0, which is always the case by the definition of Ky. The
existence of a solution 1 € H?(S) satisfying Eq. (A9)
follows, and by elliptic regularity, it is C* smooth. Then,
Yup = Xap — (V4 Vh)TF satisfies the required property
VAVEY .5 = 0.

This concludes the first part of the proof and shows
existence and uniqueness of the decompositions (A6) and
(A7). Notice that, so far, no topological restrictions on S
have been used.

In the second part of the proof, we show the existence of
C* functions g and k on S satisfying 9, = £,8Vzg and
Yap = g 4V Vck. In order to prove this, we apply the
decomposition (A6) to the one-form a, := —g,5n,.
Therefore, ay = V,g + B, with VA3, = 0. Since 0 =
VAn, = VA,8(Vgg + Bp) = eA8V, By, the one-form
Bp on S is both divergence- and curl-free. By the integral
identity (A10) below, this implies B =0 since S has
positive Gauss curvature, and it follows that 7, =
e,8ap = ¢,8Vpg. By a similar argument, we use the
decomposition (A7) and write Y5 = &,“(Vg)Vck +
Zp)c) where the C* symmetric, trace-free tensor field Z
satisfies VAVEZ ;=0 and 0=VAVEY,, =VAVBe ,CZ; .
Therefore, the one-form 1, := V8Z, is both divergence-
and curl-free which implies B = 0. According to the
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second integral identity (A11) below, this implies Z = 0
which concludes the second part of the proof.

Lemma 1 Let B and Z denote a C* one-form and
symmetric, trace-free tensor field, respectively, on (S, g).
Then, the following integral identities hold:

j;[(VA,BB)(VA,BB) +kBAB4le

1
= [ [3(78" = VE BN Va5~ V) + (VB e
(A10)

L[(VAZBC)(VAZBC) +2kZ48Z,5)e

=2 [ VLT Zppe, (ALD
s

where k denotes the Gauss curvature of (S, g). In particular,

if kK > 0, it follows that there are no nontrivial divergence-

and curl-free one-forms on (S, g), nor are there nontrivial

symmetric, trace- and divergence-free tensor fields on

(S, 8.
Proof. For the first identity, we integrate

(VABP)(VaBp) = (VABP — VEBA) (V4 Bp)
+ (VEBY(V4Bs)

over S and use Gauss’ theorem twice to bring the second
term on the right-hand side in the form of the square of the
divergence of . For the second identity, we integrate

(VAZEOYV 4 Zpe) = (845 VAZEC)(eEFV . Z )
+ (VBZAC)(V 4 Zge)
over S, use Gauss’ theorem twice to rewrite the second

term on the right-hand side as the square of the divergence
of Z, and use the fact that &, Z¢g = —Z,pelp.
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