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CrossMark
Abstract
We present a framework to describe completely general first-order perturba-
tions of static, spatially compact, and locally rotationally symmetric class II
spacetimes within the theory of general relativity. The perturbation variables
are by construction covariant and identification gauge invariant and encompass
the geometry and the thermodynamics of the fluid sources. The new equations
are then applied to the study of isotropic, adiabatic perturbations. We discuss
how the choice of frame in which perturbations are described can significantly
simplify the mathematical analysis of the problem and show that it is possible
to change frames directly from the linear level equations. We find explicitly
that the case of isotropic, adiabatic perturbations can be reduced to a singular
Sturm-Liouville eigenvalue problem, and lower bounds for the values of the
eigenfrequencies can be derived. These results lay the theoretical groundwork
to analytically describe linear, isotropic, and adiabatic perturbations of static,
spherically symmetric spacetimes.
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1. Introduction

In the last few years, we have witnessed a true renaissance of relativistic astrophysics. The
detection of gravitational waves [1] and the first images of the shadows of supermassive black
holes [2] have brought a new wealth of data to the research community. It has, therefore,
become paramount to devise new tools that allow for a clear interpretation of the latest data
and deepen our understanding of relativistic astrophysical systems.

Due to the fundamental nonlinear nature of the field equations of the theory of general
relativity (GR), finding exact solutions for these systems, even assuming highly symmetric
setups with simple source fields, is a formidable task. Indeed, although several exact solutions
have been found in vacuum or in the presence of matter, many of the latter type of solutions
are, in general, not suitable to accurately model physically meaningful setups, especially in
the so-called strong field regime, where relativistic gravitational effects play a pivotal role in
the dynamics of the matter fields.

To circumvent the limitations in the applicability of idealized solutions, various perturbat-
ive schemes were developed to linearize the field equations and study perturbations of exact
solutions. Indeed, the study of perturbations of black holes has been an area of intense devel-
opment in the past few decades. Combining the advent of numerical relativity techniques with
the analytical results from linear perturbation theory for vacuum solutions ultimately allowed
for identifying patterns in the data and detecting gravitational waves. On the other hand, in
the case of compact stars, several open problems remain in developing analytic tools to study
perturbations of this type of objects. Especially in the strong field regime, we have so far relied
almost exclusively on numerical methods to evolve the full nonlinear equations of GR. These
methods allow us to understand oscillations of compact stellar objects in great generality, but
carry the inevitable limitation of purely numerical approaches. Hence, there is a need for ana-
lytic methods that could complement the numerics in a synergic way.

The problem of linear perturbations of massive astrophysical objects is markedly differ-
ent from black hole perturbations. Black holes are described by vacuum and electrovacuum
solutions of the Einstein field equations. In contrast, compact stellar objects are described
by solutions of GR with matter fluid sources characterized by perfect fluids with complex
equations of state, fluids with non-trivial anisotropic pressure terms, or non-perfect multifluid
models. Understandably, the evolution of the perturbations of these solutions is strongly tied
to the properties of the matter fluid where, in general, anisotropies and momentum flows may
be generated, even at a linear level, which then act as sources of shear and vorticity.

In 1964, by encoding the spacetime perturbations directly in the choice of gauge,
Chandrasekhar derived for the first time in [3, 4] an equation to describe isotropic, adiabatic
perturbations of static self-gravitating perfect fluids with a barotropic equation of state. In the
1990s, in [5, 6], structure equations were derived for nonradial perturbations of non-rotating
perfect fluids. In [7-10], various extensions were proposed to study perturbations of slowly
rotating stars. However, understanding the perturbative properties of relativistic stars using
those frameworks has remained challenging because of fundamental mathematical limitations
and the underlying methods used by those approaches. For instance, the original radial pulsa-
tion equation by Chandrasekhar for isotropic, adiabatic perturbations relies on the introduction
of auxiliary trial functions, making it impossible to assert the stability of the background solu-
tion unequivocally. Moreover, it was later noticed that the choice of gauge in [5] leads to
a higher-order system of equations when compared to the choice of another gauge because
of an extraneous degree of freedom, adding unnecessary complication to the equations [11].
Several works have tried to improve these results in the following years, but all versions of
those equations remain gauge-dependent.
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In geometric gravity theories, the identification gauge problem in perturbation theory arises
because, even if the choice of perturbation variables is physically reasonable, those might
depend on the mapping between the equilibrium and the perturbed manifold. Hence, their val-
ues and rates of change are ambiguous. Therefore, to develop a rigorous perturbative frame-
work in geometric theories of gravity, the perturbation variables have to be methodically
chosen [12, 13].

In the case of vanishing or slow rotation, a locally rotationally symmetric (LRS) metric can
be used to successfully describe the geometry of the spacetime for the interior of compact stel-
lar objects. This class of spacetimes was first identified and classified according to their extra
symmetries by Ellis [14] and Stewart J and Ellis [15] at the end of the 1960s and is character-
ized by a local rotational symmetry at every event. Many spacetimes of interest in astrophys-
ics and cosmology belong to the LRS class. Examples are the Bianchi cosmologies [16], the
Lemaitre—Tolman—Bondi spacetime [17-19], the Oppenheimer—Snyder spacetime [20], and
the vacuum Schwarzschild spacetime.

Recently, a new formalism has been proposed that is especially suitable to deal with LRS
spacetimes: the 1+1-+2 covariant approach [21-23]. This formalism, analogous to the better-
known covariant 143 formalism extensively used in cosmology [24-26], is based on the pro-
cedure of covariant spacetime threading. It can also be considered a semi-tetradic approach
to the description of spacetimes, which makes full use of the symmetries of the spacetime.
The covariant approaches have two important properties: (i) they allow the maintenance of
covariance at all stages of the calculations, and (ii) they enable the description of spacetimes
in terms of well-defined physical quantities.

Analyzing LRS spacetimes with the 1+1+2 formalism can reveal many important aspects
of these spacetimes and their physical processes. For instance, in [27, 28] it was found a cov-
ariant formulation of the Tolman—Oppenheimer—Volkoff equation for perfect fluids and flu-
ids with non-trivial anisotropic pressure terms, allowing for the derivation of new solutions.
In [29], using this formalism, it was proved a generalization of Derrick’s theorem, showing
that the conclusion of the original theorem holds independently of the geometric properties
of the spacetime. In [30], the 1+1+2 formalism was applied to the Einstein-Cartan theory to
derive the general structure equations for static, isotropic spacetimes, which were then used
to find the first known regular solutions suitable to model the interior of massive astrophys-
ical objects. However, the power of covariant formalisms is truly revealed in the context of
perturbation theory. Indeed, these approaches are the cornerstone for constructing a covariant,
gauge-invariant theory of perturbations, which can be employed in many contexts. In partic-
ular, the 14142 formalism has been used to describe tensor perturbations of Schwarzschild
black holes [21], to describe complex interaction between gravitational and electromagnetic
degrees of freedom [31], or to study cosmological perturbations [32, 33].

The scope of this work is to construct a completely general covariant and gauge-invariant
perturbation theory of non-vacuum, static, spatially compact LRS II spacetimes. Moreover,
as a first application, we aim to describe the dynamics of adiabatic isotropic perturbations.
Using the covariant nature of the equations, we will be able to describe the evolution of the
perturbation equations from the point of view of an observer locally comoving with the fluid
and one which is static with respect to an observer at spatial infinity. For both cases, we pro-
pose a method to find a family of exact solutions in the form of a power series for a wide
variety of background solutions. We will also prove that the perturbation equations with appro-
priate boundary conditions constitute a singular Sturm—Liouville eigenvalue problem with a
limit-point-non-oscillating endpoint, which, to our knowledge, has not been rigorously proven
before. Using this property, we will be able to establish lower bounds for the absolute value of
the fundamental eigenfrequency in terms of quantities of the background equilibrium solution.

3
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The paper is organized as follows: section 2 summarizes the 1+1+2 formalism for a
generic spacetime. In section 3, we derive the linearized covariant gauge-invariant perturb-
ation equations for a static, spatially compact LRSII background, and we perform a harmonic
decomposition, in particular, isolating even and odd perturbations. In section 4, we focus on
adiabatic and isotropic perturbations, writing the equations in a comoving frame and a static
frame, and for each frame, we properly define the boundary value problem. Here, we show
that the perturbation equations in the static frame form a Sturm—Liouville eigenvalue problem
and derive lower bounds for the values of the fundamental eigenvalue. Last, we summarize and
draw some conclusions in section 6. The paper also contains six appendices. In appendix A we
introduce the elementary definitions of the 1+1-+2 potentials, and in appendix B we present
the Einstein field equations in the language of the 1+1-+2 formalism; in appendices C and D
we display the linearized field equations for the two sets of gauge invariant quantities adopted
in the body of the text. In appendix E, we present the definitions and properties of the eigen-
functions of the covariant Laplace—Beltrami operator on 2-hypersurfaces. In appendix F, we
discuss the effects on the equation of state of a generalized Lorentz boost between two frames.

Throughout the article, we will work in the geometrized unit system where 87 G =c =1,
and consider the metric signature (— + ++).

2. The 1+1+42 decomposition

To construct a general set of gauge-invariant, covariant equations for the perturbations of loc-
ally rotationally symmetric class II spacetimes, from hereon LRS 1II [15], we will adopt the
language of the 1+1+2 covariant formalism [21-23]. In this section, we will then introduce
the basic quantities and conventions used throughout the article.

2.1 Projectors and the Levi-Civita volume form

Consider a Lorentzian manifold of dimension 4, (M, g), where g represents the metric tensor,
admitting in some open neighborhood the existence of a congruence of timelike curves with
tangent vector field u. We will assume that the congruence to be affinely parameterized and
u,u® = —1. Without loss of generality, we can locally foliate the manifold in 3-surfaces, V,
orthogonal at each point to the curves of the congruence, such that all tensor quantities are
defined by their behavior along the direction of # and in V. This procedure is usually called
143 spacetime decomposition. Such decomposition of the spacetime manifold relies on the
existence of a pointwise projector to the cotangent space of V, which can be naturally defined
as

haﬁ =8aB tUalp, (D

where g, represents the components of the metric tensor in some local coordinate system,

with the following properties
hag = hga, hagh®? = h,7 @)
hapu® =0, ha®=3.

The 1+1+2 decomposition builds from the 14-3 decomposition by defining a congruence
of spacelike curves with tangent vector field e such that any tensor quantity defined in the
submanifold V is defined by its behavior along e and the 2-surfaces W, orthogonal to both
u and e at each point. We shall refer to each surface W as ‘sheet’. We will consider that the

4
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spacelike congruence is affinely parameterized and e,e® = 1. We can then define a projector
onto W by

Nag Zha,@ —€a€g, (3)
verifying
Nop = Npa, NagN*" =No, @
Nypu® = a[gea =0, N,*=2.
It is useful to introduce the following tensors derived from the covariant Levi—Civita tensor
Eafvos
Eafy = Eapyoll”, (5)
Eaf = gozB'yeFY ;
with the following properties
EaBy = 5[04[3')/] 5 EaB = 5[aﬁ] 5
Eapyt’ =0, Eap” =c€qpe” =0,
€a57€uya :6hu[ahyﬁh,y]g 6056/”“/ :NMQNVQ*N‘MBNVQ (6)
EQBWEMVY = ha”hgy — hg”hal/ s 5,{*557 = Nag,
Ea,wsﬁ“” =2h,"”, EaBy = €a€By — €3Eay + €4Eag,

where in the right-hand side of the relation for €,5,¢"? the anti-symmetrization is to be
considered on all, and only, the lower indices. We will adopt the convention to indicate the
symmetric and anti-symmetric part of a tensor using parentheses and brackets, such that for a
2-tensor y

1
(XaB FXBa)>  XaB = 3 (Xap — XBa) - (N

N —

X(ap) =

2.2. Covariant derivatives of u and e

Using the definitions of the projector operators onto the surfaces V and W, and the definitions
in appendix A we can fully characterize the covariant derivatives of the tangent vector fields
u and e in terms of the 1+1+2 kinematical quantities, such that

1 1 1
Vaug = Naﬁ (0 — E) + Eag + 50459 + (9 + E) €qn€p

3 2 3 (8)
+28nep) —cauft'es +eacs Q" —uq (Aeg + Ag) ,
and
1
Vaeﬁ = ENQ5¢+ Cozﬂ + €a5§ +eqap —uqag — Auaulg
)

1
+ (39 + E) equig + (Ea — 0 ug.

For notational convenience, given a tensor quantity Y, throughout the article, we will use
the compact notation
0

5...0 0

Xa..‘,B = uuvuXa...,B’Y.név Sc\a...ﬂ’ym
t=ehy” .. hgPheY . h VX,

=e"DyXa..87 (10)

5
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to respectively represent the covariant derivative along the integral curves of the vector field
u, and the covariant derivative along the integral curves of the vector field e, fully projected
onto V.

2.3. Weyl and stress-energy tensors

For the Levi—Civita connection, the Riemann tensor can be defined by the Ricci identity valid
for an arbitrary 1-form x:

Rops"xp=(VaVs—VsVa)Xs- (11)

In the case of a manifold of dimension 4, the components of the Riemann curvature tensor,
R, 3+5, can be written as the following sum

1
Rapys = Capys + Rafy 8615 — Rply 8 8]0 — gRgahgam? (12)

where C,g.5 represent the components of the Weyl tensor, R.g := R,,5" the components
of the Ricci tensor and R the Ricci scalar. The Weyl tensor plays a pivotal role in relativistic
gravity, describing the tidal forces and the properties of gravitational waves. The Weyl tensor
itself is fully characterized by the ‘electric’ and ‘magnetic’ parts, such that

Capys = —€QBM€751,ED“ — zuaEﬁhu(;] +2u5Eahu5] — 26015“[‘]’”[7145]
_26#"/51_1“[06”[3]' (13)

In the 1+1+42 spacetime decomposition formalism, the components of the Weyl tensor are
decomposed as

1
E.3=¢& (eaelg — 2Na/3> +Eqepgt+eas+Eag,
; (14)
Hog=H (eaeg — ZNQB> +Haoeg+eaHg+Hap-

To write the Einstein field equation in the 1+14-2 framework, we have to also decompose
the metric stress-energy tensor, with components 7z in a local coordinate system, in terms
of its pointwise projections onto u, e, and W, finding:

1
Ta[} = puqug+ (])+H) €qn€3 + (p — 2H) Naﬂ +2Q€(aulg)

—|—2Q(au5) +2H(aeﬁ)+Ha5. (15)

Moreover, we have the following equations

Pr= EMEHT;W =p+ H7

1 1 (16)
plL = ENHVTMV =P EHa

relating, respectively, the 14142 variables p and 1I with the ‘radial’ and ‘tangential’ compon-
ents of the pressure.
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2.4. Commutation relations

Given a scalar field x in (M,g), using the 14142 spacetime decomposition, we have the
following useful commutation relations for its covariant derivatives:

—~ . 1 =N . y .
X—X= <39+E>X—AX+(ZM+8#VQ —ay,) 0"y,

. . 1 1
daX — No'* (5MX) = <30_ 22) daX +(Eau +€auQ)5MX
+ (Ea - gaMQ# + aa) 5(\_ AaXv
- F 1 SN
5(¥X - Noz# (5MX> = §¢5ax + (Coz# + 501#&) 5LLX - ZEauQ#X + XAao s

008X — 0800 X = 2€4802X — 2e08EX -
In the case of the covariant derivatives of a 1-form field x defined on the sheet, that is
Xa = N X4, the commutation relations take the form:

A7)

—~ ~ 1 . i
Notxp =Nt (Xp) = (39 + Z) No'Xp — AN X+ X (BF +eM70,) Ao (18)

+ (B +e"Q, —a”) (6uxa) FeaXuH
5(1)'(,8 _NaMNﬂV (5MXV). = (Za + o _EaAQA)NﬂMSC\u _AaN,BM).(H - 5 aﬁQHXu +Hu5ﬁMXM

1 1

+ {W (597 Ez) S +sm} (3ux5) — X (Ca¥ FeaE) s (19)
1 1 1 1

+ Xa l:.Aﬁ (59— 52) + EQB — i¢aﬂ:| + X (Zau +€aMQ)AB B

~ v ~ V. 1
daXs —Na'Np (%xu) = daNg" X — 2£an Q" Ns" X0 + (ENa‘%bJr G" +€a”€> 6uXp

11 1 1
+ Xa [(Eﬁ +epull) <§9 - §E> — & — 515~ 54506}

+ Xu [(Ea“ +ea"Q) (25 +5ﬁ>\QA) - (Ga" +€a”€)615] 0)
+ NapXp {S“ + %H“ — (%0 - %E) (xH +E“VQV)]
= X (Zap +ap®) (B +"7)
008X~y — 00Xy = 2€agNy" (Xu — Xu€) +2X(a N g4 (%9 - %E)Z - %dﬂ +E+ %H
*% (/“rA)} +2[(Spar +210"Q) (Bia1y +1812) = (Gt +2[a)€)
x (Cay +ermv) X +2 [(%9 - %E) (Bl + €10 Q) = %¢ (Cle” @

1 11
+efa)*8) - EH[aI“} Ny Xes + 2Xa [(ge— §2> (Zip1y +218142)

I 1
—5¢ (Cia1y +e1819€) = QHWH] :

2.5. The set of 14+1+2 equations

The 1+1+2 variables introduced in the previous subsections completely describe the geo-
metry of the spacetime manifold and the properties of the matter fields that permeate it. Using

7
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the Ricci and Bianchi identities and the Einstein field equations for the theory of General
Relativity,

1
Raﬁ — Ega5R+gang = Taﬁ, (22)

where A represents the cosmological constant, we can find a set of evolution, propagation,
and constraint equations for the 1414-2 variables. In appendix B we give the general set of
these equations. Using the freedom of choice of frame to describe the setup and providing an
equation of state for the matter fields, those equations form a closed system, describing the
geometry of the manifold and the dynamics of the permeating matter fields.

3. Linearized equations for the perturbed spacetime

3.1 Background spacetime

Having properly introduced the 14142 covariant formalism, we are now in a position to derive
a set of covariant and gauge invariant equations to describe linear order perturbations of a
spacetime assumed to be static, LRS II, and permeated by a general matter fluid. As is custom-
ary in relativistic perturbation theory, throughout the article, we will refer to the unperturbed
spacetime as the ‘background spacetime’.

For a proper choice of frame, in an LRS II spacetime, all covariantly defined vector and
tensor quantities of the 1+1+2 decomposition can be made to vanish identically. If, in addi-
tion, the spacetime is static, we can align the u vector field with the timelike, hypersurface
orthogonal Killing vector field, such that all dot-derivatives of the covariantly defined quant-
ities are zero and the scalars {0,%,,&,H, O} also vanish. Hence, a static LRS II background
spacetime can be completely characterized by the quantities { o, .40, o, 140, Po, 1o, A}, which
satisfy the following equations

~ 1
Aoig(uo+3po)*/\*u40(u40+¢o),
1, 2 I
= 2 g+ A) — =TTy —
®o 2¢>o 3(M0+) 7110 &,
P @3
P0+H0=—<2¢0+A0)H0—(,u0+p0)v407
~ 1 1~ 3 1
o4 ollp= -2 o
& 3M0+2 0 2¢0<50+2 0>,
and the constraint
3
Mo+3170—2/\—3«40¢0=—§H0+3507 (24)

where the subscript ‘0’ from hereon will be used to refer to the quantities that characterize
the equilibrium configuration. The system is closed by providing an equation of state that
relates the pressure components, pg and 1, with the energy density, 1, or some functional
dependencies for these matter variables are imposed.

3.2. Gauge invariant variables

Following the Stewart—Walker lemma [12], to write a set of equations for the linear perturba-
tions that are identification gauge invariant, we will consider perturbation variables that either

8
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vanish in the background spacetime or are scalars with the same constant value in the back-
ground and the perturbed spacetimes (e.g. the cosmological constant). Since the background
spacetime is assumed to be static LRS II, provided the choice of frame adopted in the previous
subsection, all vector and tensor quantities can be used as identification gauge invariant per-
turbation quantities. Moreover, for such spacetimes, the scalars {6,%,Q,&,H,Q} are identic-
ally zero, hence are identification gauge invariant quantities. Then, we only have to find a set
of variables that vanish in the background spacetime, and that can be used to characterize the
linear perturbations of the remaining scalars, i.e. {A,®,&, u,p,II}. Given the symmetries of
the background spacetime, two natural sets of variables can be adopted. The first one is given
by

Ay = 600/4; F, = 5a¢7 E, = 50487

25
My :=0aft, Pa:=0ap, Pq:=0d,11, @)

which represent the gradients on the sheets of the various scalar quantities that describe the
background spacetime. The second one instead contains

A=A, F::(i)7 E:=¢&,

. (26)
m=j, p:=p, P:=II,

which represent the dot-derivatives of the various scalar quantities that describe the spacetime.
In a static LRS II background, both the §-gradients in equation (25), which are vectors, and the
quantities in equation (26), which are related to the proper-time variation, vanish. Therefore,
the quantities of the sets above can be used as gauge invariant variables that characterize the
linear perturbations of a static LRS II spacetime.

In principle, we can use either set among equations (25) and (26). Moreover, as shown in
equation (D34), the above perturbation variables are not independent. Then, in general, we
can also construct a set of variables containing elements of both equations (25) and (26),
provided that they form a closed system. Note, however, that dependence does not imply
equivalence. For example, the d-gradients variables in equation (25) preserve the information
regarding the degrees of freedom on the sheet, however, if we only perturb the background
spacetime in directions parallel to the u and e vector fields, these variables by themselves are
not suitable to fully describe the perturbed spacetime, as they will remain identically zero.
Conversely, the variables in equation (26) can be used to fully characterize linear perturba-
tions of {A,,&, u,p,I1}, only losing information in the case of constant-in-time perturba-
tions. Thus, this second set of variables can appear more convenient to analyze the dynamics
of the perturbations. The drawback is that some of the linearized 14142 equations for the
variables (26) are second order in time (cf appendix D), introducing extra complexity to the
problem. Then, in what follows, we will opt for using the §-gradients in equation (25) only
to describe vector and tensor perturbations, since those will be characterized by first-order
equations. Conversely, we will use the variables in equation (26) to describe the scalar modes.

3.3. The linearization procedure

The procedure to find the set of gauge invariant structure equations for linear perturbations of
static, LRS II spacetimes is relatively straightforward, although rather laborious. After choos-
ing the gauge-invariant quantities from those in equation (25) or (26), we deduce the equations
for these quantities by applying the projected derivative operators ‘dot’ and ¢, to the 14+1+2
equations in appendix B. Then, using the commutation relations in section 2.4, we express
all gauge-dependent terms as a combination of gauge-independent quantities. Successively,

9
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the terms containing the products of two or more first-order quantities are discarded as higher
order. The gauge invariant quantities that complete characterization of the perturbed space are
determined by a set of linearized equations found directly from the 14142 equations consid-
ering only zeroth and first order terms and without requiring taking their derivatives.

We present in appendices C and D the general set of gauge independent field equations,
valid at linear level, for the perturbations for both the d-gradients and the dot-derivatives vari-
ables, respectively. As explained above, we will opt to use a mix of these equations to describe
general linear perturbations. However, the set of equations in each appendix mentioned above
is completely general and can be used by themselves.

3.4. Harmonic decomposition

The sets of the linearized equations in appendices C and D form two systems of partial differ-
ential equations. The appearance of §-derivatives makes the system particularly complicated to
integrate, such that finding solutions, even in relatively simple setups, an intractable problem.
Following [21-23], to transform this system into a system of ordinary differential equations
(ODEs) valid at linear level, we can use the fact that the background spacetime is static and
LRSIL

Using the eigenfunctions of the projected covariant Laplace-Beltrami operator, 6% = §,,6%,
locally defined on the sheets of the LRSII background spacetime, we can make a harmonic
decomposition and write the various quantities that characterize the perturbed spacetime as a
linear combination of these eigenfunctions. In appendix E, we list the definitions and various
useful properties of the scalar, vector, and tensor harmonics of the 4> operator. Then, given
some scalar, 1-tensor, or symmetric, traceless 2-tensor quantity defined on a sheet of the per-
turbed spacetime, say X, X« OF Xag, at linear level we can formally write these as the following
infinite sum

X = WE9Q),
—(k,V) =
Xa = WV QO LT QW)

7(k7T) —
Xap = VD QUL+ T Q)

27
where summation or integration in the Laplace—Beltrami eigenvalue & (the so-called ‘modes’ )
is assumed, depending on the geometry of the sheets. We will use the compact notation ¥ g(k ) to
refer to the harmonic coefficients associated with the eigenfunctions Q) of the scalar quantity

X \I'g"v) and @;k’v)

of the 1-tensor quantity y,, and \I/§f 7 and @;k '

to refer to the coefficients associated with the eigenfunctions Q&k ) or Qﬁj‘ )
T . . .
) to refer to the coefficients associated with
the eige%n.function§ Qg% or Qg‘g of the 2—tens.or qpantity Xag- . .
Additionally, since the background spacetime is assumed to be static, we can Fourier trans-
form the harmonic coefficients of equation (27), explicitly factorizing their time dependence,
writing them as a linear combination of the eigenfunctions of the Laplace operator in R (or
some subset of it) for the appropriate boundary conditions. That is, we can write all coefficients
for linear perturbations: \IJ&“), where I = {S,V, T}, as linear combinations of the eigenfunc-
tions €'V", where T represents the proper time of an observer with 4-velocity u and v represent
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the eigenvalues of the Laplace operator in that manifold. The scalar v takes discrete or continu-
ous values depending on the chosen boundary conditions. To make this idea precise, consider
the time-harmonic functions 7(“) with the following properties

T =1
7™ =4,1 =0, (28)
UV=20,v=0,
. o : o =) :
where i represents the imaginary unit. These properties imply that 7 = —AT("), from
which we find
U= —.A()U . (29)

Knowing the function Ay = Aj (x*) in the background, where {x“} represent some local
coordinate system, equation (29) allow us to relate the eigenfrequencies v defined with respect
to 7 and the eigenfrequencies defined with respect to the x° time coordinate.

Gathering these results, formally, we can expand any scalar, 1-tensor or a symmetric, trace-
less 2-tensor characterizing first-order quantities as

X = WS QW)
—(v,k,V) { v
Xo = (UEHNQE T QP) T, (30)
—(v,k,T) = v
xan = (PHPQ+ BTN ) 10,

where either discrete sums or multiple integrals in v and k are assumed, once again, depending
on the boundary conditions of the problem.

Using the harmonic decomposition just described, we can turn the sets of partial differential
equations in appendices C and D, in a set of ODEs. We remark, though, that since the different
harmonics are not defined for all values of k, we have to distinguish between the modes where
the vector and tensor harmonics are not identically zero and those where these harmonics are
zero. Then, we have the following set of gauge invariant equations for the linear perturbations
that characterize the perturbed spacetime.

3.5. Even sector

3.5.1. k-modes where {Qgﬁ;, Qﬁfé} 70

3.5.1.1. Equations for the kinematical quantities associated with the timelike congruence

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

1 ~ ~ 1 K
;il)\l/év’k’s) o \I/thvv) _ AO\II((lU,k,V) . 5 (\IJ‘(;)J@V) + 3\IJI(JU7]<7V)) . ﬁw&hhv)

k), (3 (vk,V) Gh
+ AoV + 5¢0+2AO LN
2 . v 1 . v v v k2 v
Y = S = g At - S w Y

3r
1 (32)

v v 1 v v
PV gk )_E\III(P’ V) | kD)

1
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3~ =~ (v 3k? v v, 3 (v, v,
E\I/(Z kS) \Pé kiS) _ o> (W(E &V) ‘I’é ks V)) 2\1,( k,S) ¢ \I/( k.S) : (33)
r

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

v T (v v 1 v V
2i \IJ( k&, V) \IJ( &V) \I/( k,V) (ZSO\IJ( &, V) Aoqjév,k, ) , (34)
v —(v,k,V 1 vk, V v,k,V v,k,V 1 v
iv (‘IJE< RN ) = (Ao -5 (bo) \11(4 ) \I’f% N _ \I’é oY) 4 3 2SR 3%

~ (0 =(v.k,V) 1 ) 2 v 3 v vk, V.
\I/E( V) + Vg = 727'\112( kS5) + 737'\1/; k) _ 2¢0\IJ(E V) _ ( do +2.A0 ) ( )

2K kD) g k)
2r Ux Y ’

e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

iU\I’E( k1) _ 7\11(1 ok, )—l—AO\I/( kT _ ( )—|— \IJ( ) (37)
~(vkT 1 v,k,V V v,k,T L
\I/E( k) = — (\IIE( kY) \I/g)k )> — *(ZS \If ok )—F\P(U b ) (38)

e Constraint equations for the harmonic coefficients:

4o (qj(ka)+\Ij(UkV))+1\Ijgj,k,5)73£Wél),k,s)+q]gu,k,v) 2\Ij(ka)
r r

2 K \Ij(v k T) (39)

3.5.1.2. Equations for the kinematical quantities associated with the spacelike congruence

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

v n v —(v,k, 1 v
v = ¢( (*W+W$*W+ngw)+;@g*”

1 2 k) Lowrs\ Kooy
- Zgloks) gk ) T gk
+<AO 2%) <3r o ro= P2 ’

~ ~ kZ 3 2 1% 1 Vv
v,k,V v v,k,V v,k, v,k, v,k,V
‘Il]F( ) <¢ ) ( V) 7(1)0‘1/]17( ) — *3 \I/m( ) — *\IJIP( ) — \IJIE( ) N

(40)

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

~ v, 1 1 v
W&v,k,v) IU‘I,(v,k,V) g{ k,V) <A0—|— 2(/50) \I,((Xu,k,v) n 5\I,(Q V)

L wkY) WAV
+<2¢o Ao)(‘I/E Tt

12

(42)
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e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

\Il(va (A _¢> glokn L \I,(Ukv)+q/(va) 43)
g, (v 1 v v 1w
\I’g k,T) _ ;\Il,(l“’l“v) _ ¢0\IJE K T) \Ifé K T) E\I]%[ ,k,T); (44)

e Constraint equations for the harmonic coefficients:

2k
; \I](U k,T) \Il]gu,k,v) . 2\Il(gv,k,V) . \Ilgj,k,V) —0. (45)

3.5.1.3. Equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

1= v . v ~ [F(VU;k, v, v

;\I/(Q kS) —i—w\I/m( V) — o <\If§z LY \If( &Y) + \If(“ ks V)) — (o +po) \If( S)

(46)
3 v 1 v,k K

(kv L o) V) _ 1 1 K8 (v,k,S
\Il,: ) 21'U\I/]1(,,U —w\Il](EU ) = (H0+P0—§H0—350) (Z\D(Ev )_E\PBU )

3 1 (v N Y
- 7(1’0 (80 + *Ho) (\I/§Z A:V) + \I/(E K, V) ¥ \I/S! ,k,V)) 47)

K (k) —(vkV) 1 )
v gk Lk
+ = (2 H 2r¢0 0 )

72

\I/(U )

3

1~ v S 5 (v v v v v v
7111‘1/(@ ksS) + \PD”( ,k,V) ( k) (NO +p0) (.Ao‘ll,g k) _ \I/(& ,k,V)) — Ay (‘1/<m V) + \I/(p V)
v 1
\I;]g> Jﬂ‘)) o (\I/(ka,V) 4\1/]1(;),/(,”)

3 (v,k,V) 3 (kY (v,k,V) (48)
+(§¢0+A0)H0‘1’av” *HO(E‘PFD” +u,0" )

ko wky)
+ Sy,

T (v 1= v J IS v v 1 v 1 v,
Gk E\Ijé’ KY) g\I’gn A, (‘I’I(E &) E\P]%’ V) ﬁ\p( kv))

3 1 ;
-3 (50 + 2H0> (\I!](F AY) _ ¢0quv7k7V>) (49)
Ll (R ONRURN PR

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

v 1 v v —(v,k, 3 1 v
w (\I/fg V) ‘*‘E‘I’% ,k,V)) _ ( ¢0—Ao> ( R 7y kV)) 3 (50—5-51'[0) BAY

1 v (v:k,
*E(No +po +1lo) (\I/< ’k’v)+‘lfgz kV)) (50)
I _(uk,8) 2 — kP —(v,k, T)
=Y Wy
S 2r Tt 2r
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~ 1~ 1 1 1 :
\I,((E‘U;k’v) + ilpl(_}%kvv) — _%d)o (‘I’g}’k’v) + 5@{_}%’%‘0) _ % (80 + Eno) \Il‘(lv’k’v) + 7\1,]%11,1\»‘/)
1 \Ij(v,k,V) 1 \I/(U’k’v) 2- k2 \II(U’k’T) 1 \Il(v’k’T)

lewry o =iV lowryy 3. cwin | 3 (gwiv  1owin) 3 1
E\Ilg 711}\117{ 71\1’1-[ :E‘%\I’A +Z \I’]E 75\111};, 71 80751'[0

W Lo (W0 W ) 4 (52)

2-K (kL wrn
+7<qu“ — =0y ,

4r 2
G lswey _2— K — (o, DL wks) 3 1 (0 .k,V)
T, S0 LA 78 B R S R 25
2 2r 2r 2 (53)
(ukV) 3 Wk 1wy
1'[ -2 2 “glk
<N0 +po+ —1lp 5 ) 2¢ ( 6 0 s
2
RN 4 G L g 3H gl _ 27K g
e 2 2r (54)

3 v ,
B (§¢0 +A0> \Ilf'l Y (UO +po— EH()) \Ij.(A *sV) ;
e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

. (3] 1 v i(u’k’T> 1 . (v,k, 1 v ’U
w (‘I’é ’k’nJrE‘I’g-[ ’k’T)) + Wy == (‘I’g-t kV)+§\I'Ez ,k,v)) - ( ¢0+2A0) ~D

55
1 1 (v,k,T) (53
-3 M0+P0+350—§H0 s,
1= ok, = (v k, R CE % NN A SR vV 1 vk,
Lggan _gan _iggitn 21 (Lyean _giean) Ly
(56)

3 1 v 1 v
5 (50 - §H0> ‘I’g o 4 (5050 +2A0> LS

3.52. k-modes where { Q¥ 0} 0 {Qa ),0¥} =0: k2 =2 For the k* =2 modes,
the tensor harmonics are not defined, but in general, the vector and scalar harmonics do not
vanish. For those modes, we find the following equations for the harmonic coefficients.

3.5.2.1. Equations for the kinematical quantities associated with the timelike congruence

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

L. v I, (v T v 2 v 1 v,k v
;wq,é *S) ‘I’f& V) — Zpwlekv) 72lI/(A,k,v) = (\Ifr(n &, V) +3‘I’,(o ,k,V))

7
+ AW 4 (%qﬁo + 2A0> g(eY
2wt = Lipg @) — gou(hY) 4 agw (k) — 2 gy
3r r r? (58)

1 (v,kv) kv 1 (k) (v,k,V)
ST R g gy,

%@(;,kﬁ) _ Gk % (\I,g,k,w 758,1%) _ %\I,gj,k,S) _ %tbo‘lfg’k’s), (59)

14
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e Evolution and propagation equations for the harmonic coefficients of vector quantities:

2% \Ilg)kv)

iv(w(ukv)+q]§2ka> (Ao—%) Pk | oY)

~ 1
+ \Il(v,k,V) _ \I/gj’k’v) . —gf)O\Il(U’k’V) . AO\IIEIUJ(’V) , (60)

7\P§:v,k,v)+§\p§lv,k,V)’ ©61)
~(y Q(kavv) 1 ) 2 v v
\I](E ,k,V)_’_\IjQ \I/( kS)_'_3 \I/( k,S) d) \I/( k,V)
1
(2¢0+2A0> (UkV) \II(QU,k,V); (62)

e Constraint equations for the harmonic coefficients:

—(v,k,V)

o (W(vkv)_'_\ll(ka))_’_ \Ij(ukS) 3r\P§v,k,S)+\II(Qv,k,V) 2T —0. (63)

3.5.2.2. Equations for the kinematical quantities associated with the spacelike congruence

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

iww (V) — g( wkw+g@kw+wwkw>+iWWk$

(64)
1 2 gwks) _ Lgwrs)\ _ 2 (vkV)
+<Ao 2¢) (3 r‘Pz 2 Ye
T v 2 v
\IJI(Fu,k,V) _ ( ) \Ij(u kV) ¢0‘I’1(F V) 5\111(11 K, V)
o 5\I/]%:J,k,V) o \Il]g:v,k,V) : (65)

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

~

\I,Exmky) _iU\I/((lv,k,V) :@g:vk V) <A0+ ¢o) (ka) I Z\P(u V)

(66)
v —(v,k,V
+ <2¢o —Ao) (‘I’(z w9 \Ilgl )) ;
e Constraint equations for the harmonic coefficients:
T 2t gt = 0. (67)

3.5.2.3. Equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for the harmonic coefficients of gradients of scalar
quantities:

1’\ v,k,S . v,k v,k v v.kV 1 v,k,S
\Il( k,S) I’U\IJ( s :V) (\Ij( V) \lj( V) l_\II( k, )) (MC p:)\II( k,S)
H\I/(Uks ( 21)\11(1)/(5) \II(UkV)

2r
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Lo cwkvy Lo ey o cwiy 1 L owhs) 1 ok
glu\If“f _EIWR"U — oy’ = po—i—po—iﬂo—?ﬁ&) 27\11; —5\110“

3 1 —(v v v
_E% (80+5H0) (‘Ifgz ,1<,V>+\I,(Z V) 4 g ,k,v)) (69)
2 (1 _(urV) =(vkV) 1 (vks)
Z | =gl g _ - \If Sk,
1 g% H 2%
;iv‘lj(Q'u,k,S) +\’I\Iﬂ()v,k,V) _,_@&,k,\/) = (1o +po) (Aoqlgu,k,V) _ W{(;,k,V)) — A (‘lj('u V) +\I}('U k,V)
v 1 v v
FUE) = S0 (WY a4 (5¢0+A0) (70)
2
oW Y 11, (%xpf;”"” . q,év,k,v>> 2,
r

~ l 1 v
\Ilt(n v,k,V) _ _2¢0 \IJI(EU,I(,V) + 7\111;1},16,‘/) . 7\11‘(11 k,V)
2 12
3 1 (vAY) (k)
=5 (&+5m0 ) (WY —gowiEv)

2 (Cwikv | L@y
+ ﬁ <\Ijgv + *Wr}j ;

T 1= v
\I]]%U,k,V) + E\Illé’ &, V) g

2

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

- v 1 v v =, (v 3 1 v
iv ‘I’(g 2k, V) + 7\115_1 2k, V) — (;50 _ AO \I/( &,V) \Ij’(H k,V) _ = 50 + 71—[0 \Il(() 2k, V)
2 2 2 (72)

v -, (v 1 v
— L (sto+po + Tho) (\I/(2 LG ’k’v)) ——wlkS

2 2 ¢
=(v 1/\ v 3 v l v 3 1 v
\I/(g V) + E\IIE_I kV) = _§¢O (\Ijé V) + qu% ,k,V)) — E (8() + 21_[0) \Ilc(l k:V)
73
| (73)

n AIII(Eu,k,v) n l\IJI(;;,k,V) n LII(U,k,v)
2 )

4
1~ —(v 1~ g 3
E\Il(gu,k,v) 7iU\pg{,k,V) B Z\I,(r};,k,\/) e, \Ij(v &y 3 ; (lp(u V) 2\1,1(;,1(,\/))

3 ! .
- (50 - Ho> T — g0 (WY a4

4
_\Ij(vk\/) AR
2
2@V Toayy 1 ks 1 (ka)
v —5¥, " ==, I, — =
H >V 5 M0+P0+4 0 50 .
1_ 0 v,
_7% (\ngv) 8\IJ(Q ,k,V)) <5O+ 1'[0) Gk
v v 1 v v 1 v
iv\I/(Q V) Gk _ \IJ( V) \IJ,(J &Y <Mo +po— Ho) \I/( V)
(76)

_ %HO\II(U k,V) < ¢0 +AO) \IJ(U k, V)

3.5.3. k-modes where Q®) £ 0 A {ng), ’Sﬁ} 0A {fog, <k>} —0:k=0. Asmentioned
above, for the k-modes where the vector and tensor harmonics are not defined, we cannot use
the equations in appendix C, since those only relate to vector and tensor quantities, that is,
those equations are trivially verified and do not contain information regarding linear perturb-

ations that are only along the u and the e directions. Then, to describe the dynamics of the

16
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perturbations that are not along the directions on the sheets, we will use, instead, the relations
in appendix D. The equations for the harmonic coefficients for the kK =0 mode are

@E\v,o,s)Jrvijéu,o,s) (\I,(uos)+3\1/(uos)>+A < \I/(UOS)+\I/(UOS)>

2 (77)
—(3Ao + ¢0) ‘I’/(AU’O’S - AO‘I’FU’O’S) ;
2 v v,0,, 1 v,0,, v 1 v v
02 <3\IJ§ 0,8) _ ‘I’(z ,o,s)) =3 (‘l’r(n ,0,5) +3\I',() ,o,s)) n E\Ilg’ 0.8 ‘I’(E 0,5) .
—AO\IJ,(zv’O’S) _¢O\II(AU7O7S)7
2~ ~ 3
5\I/éu,o,s) B \II(EU,O,S) _ \II(QU,o,s) i §¢>o‘1’§j’0’s) 7 (79)

v I (v I (v ~ o 1 v v v
7U2W(Q ,O,S)+\I/F() ,o,s>+¢,§p 0.8 _ (p0+H0) (g‘l’é ,o,S)+\I/<E ,o,s>> —(M0+P0)‘1’£\ ,0,5)

3 v v 3 v

— Ao (W%U,O,S)+2qlé’u,0,s)) ’
v (v (v 3 v ()
U 4 0 = — (g0 + 240) U = ST — (o +po) w5 (81

and the constraints

ql'(:’U,O,S) \I/<U 0,5) + (2A ¢0) ( \I/(U 0,5) 2\II(EU,O,S)> 7 (82)

v l 1 1 1
L I T (uo +po— 510~ 350> (3\115 09

1 v v
—2\1/;*°S>+ Sy (83)

3.6. Odd sector
3.6.1. k-modes where {Qfl"g, <“)} £0

3.6.1.1. Equations for the kinematical quantities associated with the timelike congruence

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

~(v,k,V) ~ —(uv, v
\IJA :*AO\IJ kV) ( ¢0+2A0> ( kY)

(84)
—(v,k V) (v,k,V) —(v,k,V)
— AT 4 2 (\If +37,7Y),
v k2 v v
vt = ST A, (85)
r

v v, k v
UG = (Ao — o) ™+ ZwgY, (86)

17
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e Evolution and propagation equations for the harmonic coefficients of vector quantities:

12(1),/(,‘/) 1 v —(v —(v
O L U ( d0 Y 4+ AT g ’k’V)>, (87)

iv (T — o) = (Ao = %cﬁo) TG LGP gy %\Ifl% 0 (88)
=(vkV) 1 v, v,
Ty, _ \Ilgj,ky) _ 7;\118),1(,5) ¢ \I/E k,V) \II(Q k,V)
1 KT (89)
+ (2¢0 +2A0> gk 27K \Ifﬁ;” )

2r

e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

\I/(ukT) \Ij(ukv)+A0\Ij(ukT) \Ij(va) Eq]g}kr), (90)
2 (vkT) —(v v, 1, —@ v
Ty = (\1/2’ R e T i AT C))
e Constraint equations for the harmonic coefficients:
K —(wkV) | 5 o (0k)
ST+ At <o, ©92)
v U k UK, v
—U 4 (90— 240) WM + = (T —w R —o, (93)

y , e Y 2 W 2— K —(vk
oo (B0 ) L awfp 0 Zafes TR o

—(v,k,V)

v,k,V
doT = )

AT k,V) k,V) —(v,k v)

_7\1111) —(v,k,V)

| —(wkV) (o
—3\11,(“’ ~T T . (95)

3.6.1.2. Equations for the kinematical quantities associated with the spacelike congruence

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

w \Il]%v _ ¢ ( (v k,V) ﬁgu,k,V) _ \Ilglv,k,V)) 7 (96)

Q(U’k’v) - =(v (v (v (v (v

D e S RN CD)
v v (v K — v,

L S 7\1/( *9) 4 <A - ¢o> ) +?wg W 98)

k? —(v,k,V)
EFwsn.
2r ¢ ’

18

\’I;év,k,s) _ 7¢0\Ijév,k,5) + (99)



Class. Quantum Grav. 41 (2024) 235012 P Luz and S Carloni

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

=(v,kV) — 1 — 1—
T, =il = gk (.Ao + §¢0> SRS Expg”k"’)

1 v, v
+ <§¢0—Ao> ( Ty kv)+\11§2 ’k’v)) ;

e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

(100)

wllfév K,T) ( . ¢0> (k1) @g),k,v) kD (101)
6év,k,T) _ _lﬁ(v V) — o \II(U J,T) \If‘(g” KT) %@;},kl} : (102)
e Constraint equations for the harmonic coefficients:
]ixpf;’”) — Gl (103)
2r
%\Ifév’k’s) _ Lfﬁév,kﬂ _a]g"u,k,V) Néu V) _@gj,k,v) —0. (104)

3.6.1.3. Equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

iz@ffj”"v) _ (q/g“’k” gAY —Eff”"v)) , (105)
Wt 4 i Loy _ (5 + 2H ) (\pgfm ey —Efj’”"v)) , (106)
=(WkV) = (vkV) —(WkY)  —(vkV — (V) | —(vkV
Up  +¥, = (uo+po) («40‘1’6(1 ) )) — Ao (‘I’m : +‘I’;(a :

v,V 1 —(v,k,V v,k,V 3
T ))—Egbo(\lli, ) gl ))+(2¢0+A0> (107)

— 3
% Holpl(lv,k,v) —1I, (\II]%U k,V)

~(v,k,V) 1 ~(v,k,V) 1 ~(v,k,V) vk, V
260 ( TN |

\I/X} Jk, V)) :

v 1 —(
A _ FwkY) <,k,v>>

3 m 7\:[]]1]’

(108)
<50+ Ho)( (ka)_¢0q/ka)),

v k 177) —(v,k, 1 v
\I,( kS) _ (2\1,% A V) _\y‘(g kv)) +3 <2H0—80> \I/é +9 0 (109)

~ (v K o 1 —(vk,v 3 " 1 v,
\I!g.[k’s) = (\1134"’” *\I/(QU )> - §¢0\P§{’k75) - (3&) + o +po — fH ) \I/( kS),

(110)
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e Evolution and propagation equations for the harmonic coefficients of vector quantities:

v v, v ’) 3 1 (v
(q;< o) 2\11( kv)) ( %_AO)( \If( V) \I/%’k’v))—§<€o+iﬂo) Tk

1 —(v
Lt 1 (T4 w0 i
+ zi\lf(“""s) 422K ; © wi kD
r r
~(0,kV) ] 2(v,kV) v v 3 1 —(v 1—(v
e 4T w¢> g Lgean J3 (o0 Ty Y glokn | 1geen
2 2 2 2 2
1 2 — k2 1 (112)
- ‘I’Sf kV) 4‘1/@ koY) L ; (aév,k,T) n i@(v,k,n) ,
l=@ky) 1 =@kV) oy 3 (—(vkV) —(v,k,V) 2 K FrD
Z\IIH —E\I/g —l'U\IJ,H :—Z \I}]E Z\Ij + (
1 —(vk,1) 3. —(kv) 1 —(v,k,V)
—STRHT) = SET + 2o (T (113)
_%ﬁg,k,v)) (5_11_[) (ukV)+A\II(ka)
N | =(v.k, V) 9 _
\1'5;""”+2\1/ \I,(ka) kZ\IJ(UkT)_'_ (50+ Ho) \I,(ka)
| 3 (114)
2 g (vkY) 7@(v7k7V) - 71—[ _2g gk
2¢’0<H Teve potpot glo =& ¥,
. ~(v,k,V) . . _ K
iU\I’(Qv,k,V) + _ l\P];U,k,V) B \I/;U,k,V) B §H0q](§v,k,V) n 2—k \I/%u,k,n
2 2r (115)

3 —(v,k, 1 —(v,k,
- (5% +Ao> 7SR (Mo +po— 5110) ‘1154 "

e Evolution and propagation equations for the harmonic coefficients of tensor quantities:

_ 1 - 1 1 1
TR Eiv\Ifﬁ”"’” Gk - (Q;i,k,v) B E‘1,<Qv,k,V>) N <§¢0+2A0) (k)

(116)
1 1 —(v,k,T)
-3 /t0+p0+350—§1_10 Uy ,
=~k ]z(kD) ° 1 (1=@kV) —=—(v.kV 1, =(wkT
L e (wg T ’) + ZM; )
1 (117)
<5o EHO) ‘I’év’k’r) (5050 + 2Ao> ﬁ‘(‘:v’k’n ;

e Constraint equations for the harmonic coefficients:

(1 —(v 1—( 1 v
(G TR ) = o (8 510 )90, (118)

L Hw RS — 0. (119)

K —(vk,v)
=V,
; 3

2

af?
even sector, for the k2 =2 modes, the tensor harmonics are not defined, but the vector and
scalar harmonics do not vanish necessarily. For those modes, we find the following equations
for the harmonic coefficients.

3.6.2. k-modes where { o) (k)} #0A {Q(k) (k) } =0:k>=2. As was discussed in the
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3.6.2.1. Equations for the kinematical quantities associated with the timelike congruence

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

=(vkV) v v v
T, =AY gy ( o +2A0) [N
1 /o o,
+3 (wfn”"v) + 30, "V)) (120)
v 1—(v v
vt = ST agw (121)
\I’(U kS) (.A ¢ )\IJ(UkS)—i- \I/('ukV) (122)

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

2ivw e g ;qbo\I/ WAV L AT g (103
(\IJ(ZU V) \IJS,JC V) ) (Ao B %) (V) \I/f; V) _@((gv,ky)
+ *\pg . (124)
ﬁ(zu,k,V) B \ng“’k’v) _ —;\Ilg)’k’s) 7¢ \IIEU V) _W(Qv,k,V)
e Constraint equations for the harmonic coefficients:
iqug’ 0 Agu S ~ o, (126)
U+ 24 U+ 2 (TR e 2o, o)
b (\IIEU V) \IJ(U K, V)) . \II(QU V) n Z\Pg:,ky) n %\I’g,k,s) o, (128)
¢o\I’(v V) + AT (v V) 3@‘(:,k,v) _@)(Dv,k,v) _ %Eg},k,v) ‘I’I(Ev V) _0. (129)

3.6.2.2. Equations for the kinematical quantities associated with the spacelike congruence

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

vy = =gy (T T — W) (130)
g(u,k,v) > =(v —(v —(v —(v v,
Ty :—d>o‘l’( vy \I[( V) 1‘1[( V) ‘1’](3 V) 7¢ \I/]% kV)7 (131)
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1 1 I —(v
WY = St <Ao - 2%) WA T, (132)
~ (v v I — (v,
GRS — _gpw JQS)_;'_;\IJ‘S LY. (133)

e Evolution and propagation equations for the harmonic coefficients of vector quantities:

2 (vkV) v v 1—(v
v, =il = kY (A + ¢0> S0y gy
) (134)
N <2¢0 A0> (qj(ukV) +\I’8;,k,v)) :
e Constraint equations for the harmonic coefficients:
1—(w ~ (v
T =g, (135)
;\Ifé“’k’s) G gt _ghtn — o, (136)

3.6.2.3. Equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for the harmonic coefficients of scalars and gradients
of scalar quantities:

i’l)@l(:’ky) _ ﬁo (@g’ky) _ag),k,V) _@((;),k,V)) 7 (137)
v l v, 1 v T (U,K, T (U,K,
w4 2 S T (80+ 1 ) (mg L L 7 "V’) : (138)

2(WkY)  ~(vkY) v,k,V v,k,V) —(v,k,V, —(v,k,V,
v  +Y, = (pto + po) (AO‘I’ ) \111(& ) —Ao (‘I’fn "+ ‘I’;(: )

A% (v,k,V, &,V 3
S g (T 4w ))+(2¢0+A0>Ho (139)

" EL(lv,k,v) 1, <2\DI(FU V) N \Ilff k, v)) 7
~(v,k,V) 1 =(v,k,V) 1 =(v,k,V) k & &
Vg + E\IJIP - g‘I’m = —2¢y < gLy + = \III(pU ") E\I/‘(f V)>

3 ! ( ( : (140)
v,k,V) —(v,k,V
. (50 + 2H0> (\I/]F - (bO\IJa ) )

v 2 1 v
W = 2 ( gl gk V)) 43 (21'[0 —50> v (141
r

T (v 2 v v,k,V, ) 1 )
B = 2 (w; T >) N (380+uo +po— En()) WD (142)

Evolution and propagation equations for the harmonic coefficients of vector quantities:

(v 1* v v, v 3 1 7, (Usk
iv (‘1/‘(;: k7 + 3 \I/H( ’k’v)> = ( b0 .AO) ( ( koY) + \I/( o V>) 5 (50 + *2110) \I/(()z Y

1 _ Y 1
) (ko + po +1lo) (‘If(gv’k’v) - ‘sz ’k’v>> + 5'113{ hS)
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=(v,k,V) 1:(”»’{7‘/) 3 1 ), 3 1 _
\ch‘: +§\I/H 2¢0< (UkV)+ \Ijg kV)) —5 (50+2H0) \I/(UkV)
) | | (144)
(v,k,V) —(v,k,V) (v,k,V)
- - -
1 = (v,k,V) 1 =(v,kV) v 3 [ —(ui, ) —y 3 1 — (v,
7Un -5 vyt = -2 (T - S kv))-i-*(&)—*ﬂo)q’i o
B %EOW‘(:,I{,V) . i‘ﬁo (@(;,k v \I/(v x, v)) (145)
+A0§‘(€v,k,v)’
2 2r 2 6 2 2 (146)
1.3 ok,
- (ﬂo +po+ 7Tl — 550) SR
— (k) 2@EV) 1 _ky) —(uk,V) (v k,V)
1 \I]Q + 1I _E\Ij]p —\ij ¢)0+.A()
3 ! (147)
v,k,V v,k,V
- S, (uo +po— 2Ho) [

e Constraint equations for the harmonic coefficients:

2 (1=wkV) —=(kV) 1=(vkV 1 vk,
z (gqfﬁn ) gy E\IJI(P, )) — 3 (50+ EHO) w9 (148)

1\:[}(1)kv) +5 \I](v,k,S) —0. (149)
,

3.6.3. k-modes where Q) £ 0 A { & _&k)} 0A {fog, oW } =0:k=0. Once again, as
was discussed in the even sector, for k-modes where the vector and tensor harmonics are not
defined, to describe the dynamics of the perturbations that are not along the directions on the
sheets, we will use the relations in appendix D. The equations for the harmonic coefficients

for the k =0 mode are:

. \IJ(“’O’S) _ Ao\II(U’O’S) : (150)
\I/(uos) (Ao — ¢ho) T (v70=S)’ (151)
w\I/éU’O’S) —0, (152)
@év,o,s) _ —(;50\112”’0’5), (153)
B0 _ 3 (50 B ;Ho) 0 (154)

T (v 3 v,0,
\IIEH,O,S) _ _§¢0\Ijg_[ 0,5) _

7 N

1 v
38+ Ho+po — zno) vy, (155)

and the constraint

(240 — o) WS 4 glv09) — g, (156)
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4. Adiabatic isotropic perturbations

As a first application of the system of covariant, gauge invariant equations presented in the
previous section, in the remainder of the article we will consider linear isotropic perturbations
of a static, spherically symmetric spacetime permeated by a perfect fluid, which we will call,
for brevity and its immediate physical application, ‘star’. Due to the scope of this article, here
we will analyze the general properties of the system of differential equations and relegate
finding and discussing the solutions for specific background spacetimes to another article.

4.1 The equilibrium spacetime

In the language of the 14142 decomposition, static, spherically symmetric spacetimes with a
perfect fluid source can be completely characterized by the six scalars {.Ag, ¢o, Eo, Lo, Po, A},
such that all their ‘dot derivatives’ vanish. For simplicity, we will set the cosmological constant
to zero: A = 0. Then, the covariant defined scalars verify (cf equations (23) and (24)):

Po = —(po +po) Ao, (157)
~ 1 2
90 = =500 3H0 =&, (158)
~ 3 1
A():Ego-i- <2¢0—A0) Ao, (159)
Eo+ égb £ = 17 (160)
0+ 5 %0c0 = 3/,
and the constraint
1
g(uo+3po) — Aopo =& (161)

We will consider the setup where two solutions of the Einstein field equations are smoothly
matched at a common timelike hypersurface. The interior of the star is described by a static,
spatially compact solution with a perfect fluid source, while the exterior spacetime is described
by an asymptotically flat branch of the vacuum Schwarzschild solution with no event horizons.

4.2. Choice of frame in the perturbed spacetime

The sheets of the background spacetime have spherical symmetry. Hence, by choosing the e
tangent vector field of the background spacetime to be aligned with the gradient of the cir-
cumferential radius, 7, we can particularize the harmonics 0® to be the spherical harmonics:
Y > Where the eigenvalues k verify k> = [(I+ 1), with [ > 0, and — < m < L. Moreover, this
choice of frame implies that,

o =0, o0 =0, QY =0l=0, QY=00=0 (162)

The perturbed spacetime is assumed to maintain spherical symmetry, therefore, it is useful
also to consider the spacelike vector field e to not have angular components and dependen-
cies in the perturbed spacetime. Notice that, at this point, we are free to choose any smooth
mapping between the background and the perturbed spacetimes given that covariantly defined
tensors, vectors, and the quantities in equations (25) and (26) are identification gauge invari-
ant. Considering the equations in sections 3.5 and 3.6, since the perturbations are spherically
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symmetric, all coefficients, in both even and odd sectors, with / > 1 vanish identically. Then,
only the coefficients for the / = 0 mode, the monopole, may not be trivial.

In addition to the imposition that the perturbation maintains the spherical symmetry of the
spacetime, for simplicity, we will further assume that the perturbation does not generate aniso-
tropic pressure and is adiabatic, that is, in the comoving matter frame, the perturbation will
not give rise to heat flows within the fluid. Moreover, we will also impose that the vorticity of
the timelike congruence is identically zero in the perturbed spacetime. These extra conditions
set the coefficients

\Pg),O,S)’ \IISJ,O,S)v \Ijév,O,S), \Ijg-wt),O,S) -0, (163)
and in the comoving frame
vy =0, (164)

Now, the choice of frame is not completely determined by the choice of frame in the back-
ground spacetime and the choice that the e vector field does not have angular components
and dependencies in the perturbed spacetime. Since the background spacetime is assumed
to be static, comoving observers with the fluid in equilibrium are also static. Therefore, to
describe the perturbed fluid, we can choose either to consider a congruence that describes the
world-lines of observers locally comoving with the elements of the fluid or a congruence that
describes the world-lines of static, » = 0, observers. Both choices are valid, and both have
advantages. For the former choice, the matter field is described by the source fluid in its rest
frame, i.e. a perfect fluid model. Hence, it can be characterized simply by its energy dens-
ity and pressure. Moreover, all quantities that characterize the observer directly characterize
the elements of the fluid, allowing for a clear interpretation of the quantities and how their
dependencies give rise to the various physical effects. In the latter case, we have the constraint
%9 = ) between the expansion and shear kinematical variables, equation (E2). However, for
static observers, the fluid will no longer be perfect: such observers will measure momentum
flows, and we have to consider a heat flow term in the perturbed stress-energy tensor: Q # 0
(cf appendix F). Nonetheless, the description of the problem in this frame is greatly simplified,
allowing us to find some general properties of the solutions easily. Below, we show the system
of equations for both frames.

In order to lighten the notation, here and in the following sections, we will indicate the
perturbation-coefficients as

oS =g, . (165)

where Y is a generic perturbation variable. This will not compromise clarity as only the mono-
pole perturbations mode is nontrivial for the considered setup.

4.3. Comoving observers

In the comoving frame, the perturbed fluid can be modeled by a perfect fluid. Hence, it can be
fully characterized by its energy density and pressure. To close the system, we have to provide
a matter model for the perturbed fluid. As a simplifying assumption, we will consider that the
perturbed matter fluid still verifies a barotropic equation of state such that

p=f(n), (166)

where f is assumed to be non-vanishing and of class C' in some neighborhood containing 1.
Then, at linear order

p~ 1" (uo)m, (167
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where prime represents derivative with respect to the function’s parameter, so that f' (1) rep-
resents the square of the adiabatic speed of sound, to be assumed non-vanishing in the interior
of the perturbed star. Notice that the function f does not have to be equal to the equation of
state of the background configuration, in particular, the equilibrium fluid is not even required
to verify a barotropic equation of state.

Imposing the previous conditions in the equations of sections 3.5.3 and 3.6.3, we are left
with the following system for the non-trivial coefficients of the perturbation variables

~ 1
Tp+240 (14— )0, = — Wa+ AgUss) 168
p+ o< +3f’(u0)> p (o +po) (Ta+ AgVs) (168)
\T/A+(3A 1¢>\IJA5°\IJ f§(1)2+.»4(2)
02" (o +po)f (o) ° 2
—&-%Mo - 250) Uy, (169)
= 3 2Ay ) 2 [3f”(#0)l70+2w40
s+ (20— =22 ) Oy =
; (2% 3 () 3o tpolf (o) L 3 o) (0
Ho 2
Ao VYp+ =—Ua,
+M0+Po+ 0} p+3f'(M0) A
and the constraints
2
(v* + Aogo + A§ — po) <3\I’9—‘1’2) =VUp—doVa, (171)
3 v 1
V=& (=0 P)- Ty, 172
g 0(2 Z+f’(ﬂ0)(ﬂ0+l70) 2(u0+p0) . (172
1 22U
Ve =~ — A p+\1/), 173
= (3%-4) (7ot o2 a7
W = — (10 +po) Vo, (174)
Up =1 (10) Ym, (175)

where equation (175) follows from equation (167). It can be readily shown that
equations (168)—(171) are consistent with the relation (29).

To select the physically acceptable solutions and formalize the boundary value problem,
we impose the following boundary conditions:

(i) The Energy density and the pressure perturbations at the center of the star must be finite
in a neighborhood of the initial instant;

(i) The spacetime interior to the perturbed star can be smoothly matched to an exterior vacuum
Schwarzschild spacetime at a timelike hypersurface 28, which will represent the ‘surface
of the star’.

From the point of view of the comoving observer, the boundary condition (ii) implies that
the pressure of the perturbed fluid is identically zero at all times at the surface of the star and
thus, p, hence Wy, are also identically zero at the boundary 5.
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4.4. Static observers

An advantage of the adopted covariant formalism is the ability to readily change frames
without deriving a new set of equations for the perturbations. Hence, an alternative way to
describe isotropic adiabatic perturbations is to consider the frame of static observers.

As was discussed previously, static observers will not describe the perturbed fluid as a
perfect fluid since, in general, these will measure a local net momentum flow. Therefore, the
relation between the energy density, pressure and heat flow terms of the perturbed stress-energy
tensor is more complex than that of the comoving frame above. It is shown in appendix F that
a barotropic equation of state in the comoving frame leads to the following relation between
the matter variables measured in a static frame

1 1 ~ Do

M 0 o+ po (MO f (uo)> ¢ (170
where f’ (uo) represents the square of the speed of sound measured in the comoving frame.
We highlight that although we have kept the nomenclature of the previous subsection, m and
p refer here, respectively, to the dot derivatives of the energy density and pressure, and Q to
the scalar heat flow density, all three measured by a radially static observer. In this form, it is
immediate to see that if the equilibrium and the perturbed fluids verify the same equation of
state, the second term in the right-hand side of equation (176) vanishes. Therefore, the extra
term accounts for the phase change between the two fluids. This is a very interesting result,
showing that in the static frame the correction to the equation of state has to be taken into
account already at linear level.

Imposing condition ¥y, = %\I’g, equation (E2), and using equation (176) in the equations
of sections 3.5.3 and 3.6.3, we find the following system for the non-trivial coefficients of the
perturbation variables in the static frame

= o + Po ( 1 ) ] {No-i-Po(l ) Al
Uy + (24 57— ) Ao| Tp = S0 +2A0 ) +
o] )] ot 2o

®o ®o )
4 Aoflo. +u2} Uy, 177)
o + Po
~ Ao Ho /~L0+Po> 1
T +(¢ 124 — - - Up=———W,: (178)
© 0 O (o) 1o+ po ®o ©7 fu) °
and the constraints
1 Ao Ho )
U=y — n Uy,
™ f (o) P (/(Mo) pw+po) ©
1 1
Up = % |:\I/p_ (2¢0+AO> ‘I'Q} )
g *l g I\I/
E*§¢0 Q+§ m> (179)
1
Uy=—— 0y,
T g
2
\11225\1197

Ve =Uy.
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To select the physically relevant solutions, we impose the boundary conditions (i) and (ii).
In particular, for the static observer, condition (ii) implies that at the surface of the star, at all
times, we must have (cf, equation (F15))

p—AQ|ly =0, (180)
hence

Uy — AgWgly = 0. (181)

5. General solutions, Sturm—-Liouville problem and properties of
eigenfrequencies

The system (168)—(175) found for the comoving frame and the one found for the static frame,
equations (177)—(179), both describe the same setup. Nonetheless, comparing the equations of
each system, it is manifest that there is a trade-off when considering one picture over the other:
in the comoving frame, the characterization of the matter fluid is simpler, but the dynamic
description of the perturbed star is more complex, whereas from the point of view of static
observers the description of the dynamics of the perturbed star is simpler, but the character-
ization of the matter fluid is more complex. The solutions of each system with appropriate
boundary conditions are exactly the same, however when analyzing the properties and com-
puting the solutions, from a technical point of view, it is easier to work in the static frame.

One key result that can be readily proven from equations (177) and (178) is that if the
background spacetime is a solution of the Tolman—Oppenheimer—Volkoff equations for energy
density and pressure functions, p and pg, that are real analytic in the interior and boundary
of the star, we can find real analytic solutions for the perturbations. Moreover, in those con-
ditions the coefficients W verify a Sturm-Liouville eigenvalue problem with a limit-point-
non-oscillating (LPNO) endpoint and a regular endpoint, with separated self-adjoint boundary
conditions. This fact, in particular, allows us to relate the properties of the eigenfrequencies v
with the properties of the eigenvalues of the Sturm-Liouville problem. This section focuses
on the derivation of these results.

5.1. General solutions for the perturbations

To find explicit solutions for the system (177) and (178), we must break covariance. In that
regard, consider the parameter r defined in equation (E2). Following [22], if the sheets are
isometric to 2-spheres, 7~ is, up to a multiplicative constant, equal to the Gauss curvature
of the sheets. Therefore, the parameter r represents the circumferential radius function both
in the background and the perturbed spacetime. Consequently, let r = 0 represents the center
€ of the star, and we will consider that the background quantities {4y, ¢o, o, tt0,po } and the
coefficients Wy, and ¥ are functions of r.
Now, we will impose that the following regularity constraints hold:

e The equilibrium fluid verifies the weak energy condition;

e The background spacetime is a solution of the Tolman—Oppenheimer—Volkoff equation for
real analytic, non-trivial energy density and pressure functions for the whole range within
the equilibrium star;

e The square of the speed of sound of the perturbed fluid, /7, is positive and real analytic in
the interior and at the boundary of the star.
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Requiring real analytical background solutions is a rather strong constraint; nonetheless, to our
knowledge, all classical exact solutions for compact astrophysical objects, verify this hypo-
thesis in some open neighborhood of the center, at r = 0. Therefore, the following results are
appropriate for treating perturbations of physically relevant setups. The radius of convergence
of the power series, of course, may or may not be greater than the radius of the equilibrium star,
in which case further treatment has to be carried out, nonetheless, for the following results, it
suffices that the radius of convergence of the power series around the center is non-zero.
Imposing these conditions, equations (158), (161) and (E3) imply

2 2M (r
¢0 = - 1- ( ) ’
r r
1 2M (r
&= g/ﬁo — 3( ) , (182)
r
2M (r
Aogo = po + 3( ) :
r
where
1 r
M(r):= 7/ pox>dx (183)
2 Jo

is usually dubbed the mass function, and equation (29) yields

249 dr

v(r)=xe /Y (184)

relating the eigenfrequencies measured by an observer comoving with the fluid, v, with the
constant eigenfrequencies )\, measured by a free-falling observer at spatial infinity. If the func-
tions po and pg verify the weak energy condition and are real analytic within the star, so are
the functions .A¢ and &, and ¢ has a simple pole at the center €, but is otherwise real analytic
in the interior and boundary of the star.

Hence, in the considered setup, equations (177) and (178) form a system of ODEs with real
analytic coefficients in a neighborhood of €, with a simple pole at » =0, and solutions can be
found around the singular point.

Using equation (E2) to relate the hat derivatives with the derivatives with respect to r of
first order quantities, the system of ODEs (177) and (178) is given by

aw I I
700 0% {“0+p0+ <2+)A0} U, = {’”‘ﬁpo <2¢o+2Ao)

2 dr b0 1 (ko) %o
Al rAogo  duo 2}
—_— g
Jrf’ (o)~ 2(po+po) dr U Ye
(185)
ré0 1% ( 2l 20 1o d’“—’“‘”"") L 4, ass
2 dr ot 2A f (o) 2(po+po) dr ®o ¢ (o) ™ (186)

To find solutions for this system, it is useful to write it in the matrix form:

W: <1R+@>W, (187)
dr r
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where
v 0 0
W= P R= 188
|: lI/Q :| 7 |: 0 -2 ] ’ ( )
and
Hotpo Ao _Botpo (1 A rAcde dpe 2
= _2 |: Odio ] +2'A0+f'(lfo) o (2¢0+2A0) Af'(;o) é<noo+£0) ar +U . (189)
_ _ I dpo _ HoTPo
réo 1’ (o) 240 f’(lfo) Z(Hnipo) d"u b0

The regularity conditions that we have imposed on the thermodynamic variables of the
equilibrium configuration, yp and py, and on the equation of state of the perturbed fluid in the
comoving frame, f, guarantee that the matrix © is analytic at » =0 and r¢y does not vanish
in the interior or boundary of the star. These conditions imply that » =0 is a regular singular
point of the system.

To solve the system of ODEs, we will follow the formalism in [34]. Since the © is assumed
to be a real analytic matrix at the center of the star, it can be expanded in a convergent power
series of the form

“+oo
O(r)=> 0, (190)
n=0

Then, the solution matrix W can be written in a power series guaranteed to converge to the
solution in a neighborhood of » =0. The radius of convergence of the power series solution
is equal, except for possibly at » =0, to the radius of convergence of the power series of ©,
which, of course, depends on the equilibrium background spacetime considered.

Before proceeding, we remark that the general form of the solutions of the boundary value
problem (177)-(181) for a general static, spherically symmetric spacetime can be rather com-
plicated. However, imposing the previous regularity conditions on i and py, and assuming
S’ (10) is not zero in a neighborhood of the center of the star, it can be shown that various entries
of the © and ©, coefficient-matrices of the series (190) are zero, which greatly simplifies the
general family of solutions.

Taking into consideration the regularity of the background yields the power series solution

Vo | _ _%(90)12 1 1
][ S mf]
where ¢ and c¢; are integration constants, which might take different values for each v and do

not depend on the radial coordinate. The notation (@n)l.j is to be interpreted as the ij-entry of
the nth order coefficient of the power series of ©, and Pyy is a real analytic matrix, such that

+o0
Py (r) =Y P
n=0

Po=1I, (192)
lkfl
Pk:%Z%Ak—l—j]Pj’ fOI'k}l
J=

where I, represents the 2 x 2 identity matrix, the matrix A is given by

A [ ©2 —1(00);, O 20y
Ou—(oz 4 C0ul®2200) _(gy) 0, ©11+7(60),,0x |

7

(193)
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and A, represents the nth order coefficient of its power series, that is, A (r) = 7 A,

The general family of solutions of the system, for 0 < r < a, where a € R+, is given by
equations (191) and (192). To select the physically acceptable solutions and extend the domain
to r =0, we will impose the boundary conditions (i) and (ii) of section 4.3. Considering Py =
I, we can directly compute the lower order coefficients of the power series expansion of W.
Imposing the boundary condition at the center sets the coefficient c; to be zero so that the
perturbations do not diverge at r =0 at all times. Then, we find

C2+(9(r2)

00 (194)

Provided the background spacetime, the equation of state of the perturbed fluid, and the
values of the eigenfrequencies, these results allow us to find analytic solutions for the per-
turbations that verify the boundary conditions. The eigenfrequencies themselves cannot be
restricted directly from these results. Nonetheless, in the following subsection, we will show
that general useful properties for the eigenfrequencies can be derived by relating v with the
eigenvalues of a Sturm-Liouville problem.

5.2. Sturm-Liouville eigenvalue problem

We do not need to break covariance for the following result. Therefore, to keep the discussion
independent of a local coordinate system, we will consider the hat derivatives without associ-
ating them with derivatives in a specific coordinate system. Let £ be an affine parameter of the
e congruence, and without loss of generality, we set that £ = O represents the center of the star
and ¢ = /g the boundary of the equilibrium star.

Taking the hat derivative of equation (178) we find

D. {exp (/;F(x) dx) @Q] +exp (/;F(x) dx> G(O) Vg = 7 (LO) exp (/:F(x) dx) MUy, (195)

where, for notational convenience, we have indicated the hat derivatives as D, = ¢*D,,, ¥y € R,
A is an integration constant following from equation (29) and

~ /! ~
F(0) = do+44g— 10 T (o) o
(0= " wo+po f (no)

G(E)IJM<¢0+2A0— Ho _uo+Po)+f/(l (ZAoqbo—po—l—A%)

A
_|_
S (o) 1o 1Po ) joA +Mo) A ) (196)
+ 110+ 3po + Ago + 243 — = ¢F — “ZOH0 KO po( Ho | Ho PO)
po+3p0+ Aodo 072 %0 Mo+ Po ¢o po + Po ®o

_|p, o > Dg(uo*-l’o)}
{ (HOJFPO + b0

Moreover, conditions (i) and (ii) of section 4.3 imply the following set of separated self-
adjoint boundary conditions:

Uole =0

= Ho Lo + Ppo
¥ +< +2A0— - )fo
ot (% *" o +po %o ©

o (197)
B
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Therefore, provided the background spacetime and f” are sufficiently regular, U, verifies a
formal Sturm-Liouville eigenvalue problem with weight function

1 ¢
w(ﬁ):mexp </€0F(x)dx>, (198)

and eigenvalues A2, This last assumption, however, is not trivial, and we have to specify the
conditions under which the associated Sturm—Liouville operator is self-adjoint.

Considering the discussion in the previous subsection, in particular the regularity conditions
in section 5.1, the function ¢, has a simple pole at €. This endpoint, at ¢ = 0, is limit-point
since we have found solutions that are not in L? (]0, 5[, w), for any § € R~,. However, in the
conditions considered in the previous subsection, we have explicitly shown that all solutions
for U are real analytic in ]0, [, for some € € R, hence there are no non-trivial solutions that
have an infinite number of zeros in a right-neighborhood of ¢ = 0. We can then conclude that
the endpoint £ = 0 is LPNO. Moreover, the regularity conditions guarantee that the coefficients
of the differential equation verify

4
W(ﬁ) >0, exp (/ F(x)dx) >0, (199)
Lo

almost everywhere and

Y ¥4
exp </ F(x) dx>’ exp </ F(x) dx) G(l), w(l) €Lic(]0,65[R) (200)
£ Lo

where Lioc (]0, 455 [, R) is the set of locally Lebesgue integrable real functions on 0, £ [. Given
the previous considerations, we can apply the results in [35, 36] to equation (195) together
with the boundary conditions (197), concluding that the eigenvalues verify several very useful
properties. In particular, the eigenvalues A2 are (i) real, (i) simple, (iii) countable, and (iv)
have a minimum and are unbounded from above, that is A\> = { Ao, A1, Az, ...}, with A\g < \; <
Ay < ... — 400, and )y € R. Indeed, in the following subsection, we show explicitly that, in
the considered setup, the eigenfrequencies are such that v are bounded from below and derive
necessary constraints for the minimum value.

5.3. Lower bound for the square of the eigenfrequencies

The result that ¥, verifies a Sturm-Liouville eigenvalue problem is of great importance for
the description of the behavior of the perturbed star. The fact that the eigenvalues A%, hence
v?, are bounded from below sets that either in the oscillating case or in the continuous collapse
or expanding scenarios, the eigenfrequencies of the excitable eigenmodes are not arbitrarily
small. In addition to those results, in the considered setup, we will prove the following:

Proposition 1. Let the boundary conditions (i) and (ii) of section 4.3 and the regularity con-
ditions in section 5.1 hold. If, in addition, for the interior, background spacetime Ay ({ss) > 0,
then non-trivial C' solutions of the system (177) and (178) exist only if

1
v > —Aggo — SHo| - (201)
2%

Using equation (182) we can rewrite inequality (201) as v > —pg — Zr—’i” -5 |%, showing

explicitly that the right-hand side is always negative.
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The premises of proposition 1 can be significantly relaxed, leading to the following result:

Proposition 2. Let the boundary conditions (i) and (ii) of section 4.3 hold and consider the
following regularity conditions

o The equilibrium fluid verifies the weak energy condition;

o The background spacetime is a solution of the Tolman—Oppenheimer—Volkoff equation char-
acterized by non-trivial, C' functions Ay, j1o and po, and ¢y has a simple pole at the center,
but is otherwise of class C' within the domain of the solution;

e ' (110) is positive in the interior of the perturbed star.

Then, non-trivial C' solutions of the system (177) and (178) exist only if

2 to+po (1 ) Aj Ao
max v~ > — max o +2A0 | + + . (202
£€]0,605 [ £€]0,605 [ { b0 (2% O (o) o +po (202)

Lemma 1. If the premises of proposition 2 hold, a non-trivial C' solution Wy, has at least one
root.

Notice that (201) is much simpler than (202). However, even under the conditions where
both inequalities can be used, it should be stressed that without specifying the background
spacetime and the equation of state of the perturbed fluid, there is no way to infer which
provides a tighter bound. Indeed, the determination of the tighter bound depends critically
of the background spacetime. Moreover, the inequalities in propositions 1 and 2 are not tight
enough to provide a criteria for stability or instability based on the background spacetime and
the equation of state of the perturbed fluid. Nonetheless, finding a constraint on the minimum
allowed values of v? is of great importance when searching for solutions to the system. Since
the results in [36] also associate the number of nodes of the eigenfunctions with the ordinal
number of the eigenvalues in the sequence (A,),cy. these constraints provide a baseline to
search for the eigenfrequencies algorithmically. Lemma 1 provides a further criterion useful
to find the fundamental eigenfrequency.

As in the previous subsection, in the following proofs, we will consider ¢ to be an affine
parameter of the congruence associated with the integral curves of the e vector field, and
without loss of generality, we set that £ = O represents the center of the star and ¢ = ¢y the
boundary of the equilibrium star.

Proof for proposition 1. The function ¢y has a simple pole at £ =0. Therefore, impos-
ing regularity of Uy and ¥y, and their derivatives in the interior and boundary of the star,
equation (178) implies

Uy (0)=0. (203)
In that case, we can disregard the solution with ¥}, (0) = 0 since this corresponds to the trivial
solution. Then, depending on the initial conditions, either ¥, (0) > 0 or ¥, (0) < 0. As expec-
ted, the reasoning for one case applies similarly to the other. Therefore, we will explicitly treat
only the case Wy, (0) > 0. Then, assume ¥y (0) > 0. Imposing f” (110) > 0 and given that ¢y is
positive, equation (178) further implies

T (0) W, (0) <0. (204)

Therefore, for all £ € ]0, €[, for some 0 < € < {3, we have ¥y (¢) Uy (¢) < 0, that is, for our
choice of initial data

W (¢) <0 ,forall £ €]0, e[ (205)
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Now, the values of the eigenfrequencies are those that verify the boundary conditions (i)
and (ii), in particular equation (181). Imposing that the regularity conditions in section 5.1
hold, then Ay > 0 within the equilibrium star, being zero only at the center: ¢ = 0. Therefore,
if C! solutions exist, for the fundamental mode, that is, for the lowest value of v?2, choosing
U, (0) > 0, we must have

U, — AgUy >0 ,for £ € 0,05 ], (206)
and
Wp— AW =0,atf =Vlos. 207)

These results then imply that at the boundary

D, (¥p— AO\PQ)U% =V — AWy — AyVyp i <0, (208)
where, for notational convenience, we have indicated the hat derivative as D, = e“D,. We
remark that the derivative in equation (208) is taken only considering quantities of the interior
spacetime and evaluated at /55 considering an observer in the interior spacetime. The analogous
derivative for the full, matched spacetime might or not exist, since the Israel-Darmois junction
conditions do not impose any constraint on the derivatives of the involved quantities. In a sense,
equation (208) can be considered a one-sided derivative for the full spacetime.

Continuing, since ¥, verifies a Sturm-Liouville eigenvalue problem, for the fundamental
eigenmode ¥ has no zeros. Therefore, ¥ (¢) < 0, for all £ € |0,¢3]. Then, further imposing

that the interior, background spacetime is such that A\() ({s) > 0, inequality (208) is verified if

T, — AO@Q‘E <0. (209)
B

At the boundary, ¢ = /g, equations (177) and (178) reduce to

~ 1 Aol
Tp= |2 (Zop+ Ao | + 220 242+ 07| Wy,
$o \2 Ho

- (210)

= Mo Mo
Vo=— +2A——>\I!.

¢ <¢O T k) °

Substituting equation (210) in the inequality (209) we find

1

(2u0+¢vo+U2> Ty| <0. (211)
123

Remarking once again that for the fundamental eigenmode Wy (¢) < 0, for all £ € ]0, 5],
inequality (211) implies inequality (201).
O

Proof for proposition 2 and lemma 1. For clarity, we will repeat some of the intermediate
results found in the proof of proposition 1.

Consider the premises of proposition 2. In those conditions, .4y > 0 within the equilibrium
star, being zero only at the center: £ = 0. Now, if C' solutions of the boundary value prob-
lem (177), (178) and (181) exist for all £ € [0, £s3], then

Uy (U) Yo (€s) 2 0. (212)
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On the other hand, since ¢ has a simple pole at £ =0, from equation (178), regularity of
U, (0) implies

Uy (0)=0. (213)

In particular, this allows us to disregard the solution with ¥, (0) = 0, since this corresponds to
the trivial solution. Moreover, imposing f (1) > 0, given that ¢y is positive, equation (178)
leads to the conclusion that®

T (0) ¥, (0) <0. (214)
Therefore, for all £ € ]0, €[, for some 0 < € < ¢y, we have

U, (£) W (€) <0. (215)
Considering Bolzano’s theorem, from equations (212) and (215) we conclude that there is a
point0 < a < £s3 where either ¥, (¢) or U (¢) vanishes. Now, either ¥, (0) > 0 or ¥, (0) < 0.
As expected, the reasoning for one case applies similarly to the other. Hence, we will expli-

citly treat only the case W, (0) > 0. In that case, equation (215) implies that for all £ € ]0, €],
Uy (¢) < 0. Continuing, assume a € |0, £ [ is such that

Vo(a)=0,
U (a) >0, (216)
U, (£ <a)>0.

If several such values exist, we take a to be the smallest one that verifies equation (216). Notice
that if ¥, (a) =0, we would recover the trivial solution, hence in light of equation (181), we
can exclude the case a = lg5. At £ = a, equation (178) reads

~ 1

) ’(Mo)qu’ 217)
however, further assuming f’ (u9) > 0, the above equation contradicts the hypothesis. This
result, in particular, proves lemma 1, that is, either ¥y or ¥, must have a root in the interior
of the star, but independently of v, we have shown that Wy can only have a root at £ = a if
W), has a root at some £ < a.

From the previous result, we conclude that for a valid solution of the boundary value prob-

lem to exist, there must be either a point £ =b < a or, if there is no value a that verifies
equation (216), a value b € ]0, £, such that

qu(b) :Oa
Ty (b) <0, (218)
Ty (£ <b)<0.

Once again, notice that if ¥y (b) = 0, we would recover the trivial solution, hence in light of
equation (181), we can exclude the case b = {s3. At £ = b, equation (177) then reads

= Ho + Po ( 1 ) A Aokt 2
Up=|——| =0 +2A) | + + +v7| Uy 219
i { ®o 2% °) T F (o) " o+ po © (219)

6 Notice that equation (214) is consistent with equation (194), found in the case of real analytic background space-
times around the center of the star. Nonetheless, equation (214) is more general, following from simply assuming the
solutions are continuously differentiable around the center.

35



Class. Quantum Grav. 41 (2024) 235012 P Luz and S Carloni

However, for v? negative and sufficiently small we would have

Ho + po ( 1 ) Aj AoLo 2
== sdo+2A0 ) + +—"" 4+’ <0, (220)
®o 2% N (o) o+ po o—b

hence \flp (b) = 0, which would contradict the hypothesis.

The case where ¥, (0) < 0 follows exactly the same reasoning, confirming that in the con-
sidered setup, regular solutions of the system with the considered boundary conditions exist
only if the value of v? is bounded from below.

Based on these results, we can find a lower bound for the value of v2. Since the quantity

po+po (1 ) Aj Aofto 2
HOTPO (g0 +240 ) + FRRAULETTES 21
%0 (2¢° °) T 70 Thotpe @20

cannot be negative at all interior points of the perturbed star, non-trivial C! solutions of the
boundary value problem necessarily verify inequality (202). We remark, however, that inequal-
ity (202) is rather conservative, so much so that even if v verifies the inequality, the quantity
in (221) might still be negative at all points within the star. O

6. Conclusions

We developed a framework to describe general first-order perturbations of static, locally rota-
tionally symmetric of class II spacetimes within the theory of GR. The new system of equations
is completely general and applicable to any equilibrium configuration. Moreover, by construc-
tion, the framework is covariant and identification gauge invariant. This last point is of pivotal
importance when compared with perturbation theory available in the literature. The classical
metric-based approaches are intrinsically dependent on a coordinate system and the gauge,
which makes it challenging to understand the dynamics of the perturbed spacetime unambigu-
ously. Indeed, the adopted covariant spacetime decomposition formalism provides a manifest
advantage over the standard theory: all quantities are geometrically and physically motivated,
which clearly shows the dependencies and the source of the various physical properties of the
perturbations. In addition, the framework leads to a natural separation between even and odd
parity components of the perturbations, such that the systems of differential equations for each
parity are completely decoupled at the linear level.

As a first application, we considered the study of linear, isotropic, and adiabatic perturb-
ations. To do so, we have explicitly shown the importance of choosing frames to describe
the unperturbed and the perturbed spacetimes. To our knowledge, this cannot be done in gen-
eral in the metric-based linearized theory available in the literature and makes the covariant
gauge-invariant approach all the more powerful. Given the symmetries of the problem, we
considered two meaningful frames: a frame associated with observers locally comoving with
the elements of volume of the fluid and a frame associated with static observers with respect
to an observer at spatial infinity. These frames represent the classical Lagrangian and Eulerian
pictures, respectively. The adopted formalism makes it quite simple to change between frames
and evaluate the advantages of one frame over the other. In particular, we were able to derive
the relation between the equations of state of the comoving and static frames in the perturbed
spacetime, showing that, even at linear level, we have to account for phase changes between the
equilibrium and the perturbed fluids. Moreover, we have shown that, since a perfect fluid in the
comoving frame will not be perceived as perfect in the static frame, and the net momentum flow
must be included in the equation of state to account for the correction to the rate of change of
the energy density and the pressure when compared to those measured in the comoving frame.
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Focusing on analyzing the general properties of linear, isotropic, and adiabatic perturb-
ations, we have rigorously shown that the problem can be cast in the form of a singular
Sturm-Liouville eigenvalue problem, inheriting the standard properties for the eigenfunctions
and eigenvalues. Moreover, under rather general regularity conditions, we have found lower
bounds for the values of the eigenfrequencies. The application of the methods developed in
this article, the determination of the analytical solutions to the system of equations, and the
discussion regarding the stability of selected solutions of the theory will be done elsewhere.
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Appendix A. Definition of the 1+14-2 potentials

In this appendix we present the definition of the 14142 potentials, namely the kinematical
quantities of the congruences formed by the integral curves of the vector fields u and e, the
electric and magnetic parts of the Weyl tensor, and the components of the stress-energy tensor.

A.1. Kinematical quantities

A.1.1. Decomposition of the covariant derivatives on the sheet W.  Using the definitions of the
projector operators onto the surfaces V and W, introduced in section 2, the covariant derivatives
of the vector fields u and e can be uniquely decomposed in their components along u, e and in
w.

The covariant derivatives of the tensor fields # and e on the sheet can be decomposed as

1 -
(5,1145 ENQNNBUVMMV = ENQBG—F Eag —‘rEagg, (A1)
where
0= 6u”,
Yap =01allpy (A2)
1
Q = E&‘””(SNMV,
and

1
“Nag® + Cap +€apé s (A3)

5a€5 = 3
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with
$ = 5ue'u ,
Cap = 0{alp} (A4)

1
§ = Eg‘w(suel”

where the curly brackets represent the projected symmetric part without trace of a tensor in W,
that is, for a tensor x 3,

Nos 1
X{aB} = [N“mN/a)” - TﬁN“ } Xuw - (A5)

Using the 2-form £,,4, a completely anti-symmetric tensor defined on the sheet, a5 = X[ag] =
NH [(XN,B]VX/LI/’ can be written as

1 v
X[aB] = €ap (26# X[U/) . (A6)

A.1.2. Decomposition of the covariant derivatives on V. The decomposition of the projected
covariant derivatives of u onto V is given by

1
Doty = ho hs"V ity = Shap + Gag + wap, (AT)
with
0 =h""D,u,, (A8)
Oap =Dialttpy, (A9)
Wap = h“[ahB]”DHuV, (AIO)

where we used the angular brackets to represent the projected symmetric part without trace of
a tensor on V, that is, for a tensor, g3,

4 v hOtB ng
Xtapy = W (ahp)” = ==h" | X (All)

The scalar and tensor quantities in equations (A8)—(A10) can themselves be further decom-
posed in their contributions exclusively on W and along e, such that

0=0+17, (A12)
where 6 is defined in equation (A2) and

¥ =—u"(e"Dye,) = —u"e,; (A13)

1
Oap = Lag +2Xeg) + X (eae@ — §Na ) , (Al14)
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with
Yap = 0{ap}
Yo =N"e"o,, (A15)
Y =e'e’o,, =—N"o,,,
and
Wap = Eapyu (Qe!' + Q) , (A16)

where (2 is given in equation (A2) and
a 1 o _pry
Q% = N, " Dy, (A17)
The quantities 6, X, 6 and ¥ are not independent, in fact:
6=0-%, (A18)

V=-0+Y%; (A19)

W = W N

as such, when setting up the 14142 formalism, only two of those quantities are chosen. The
convention followed here uses the variables 6 and 3.
For the projected covariant derivative of the vector field e on V we have

Doeg =ho"'hg"V e, = dqep +eqag, (A20)
where dneg is given by equation (A3) and

aq =e"Dyeq =%¢,. (A21)

A.13. Decomposition of the covariant derivatives on the full manifold. Finally, we can
decompose the total covariant derivatives of u® and e, such that

Vaupg = —utq (Aeg + Ag) +Doug, (A22)

with
A=—u,u’V,e" =—u,é",
. (A23)

Aa = auuu7
and

Vaep =Daep —uaap — Auqtig + (%0 + E) eaug + (o —ean)ug, (A24)
where

Qo = hoe,. (A25)
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A.2. Covariant derivatives of the projectors and the Levi-Civita volume form

From the previous relations, we find the following expressions for the covariant derivatives of
the projector tensors:

CSaNg'Y =0, vpfaﬂ'yé =0,
¢"DyNop = —2e(aap), W'V yEapy = Eapyu (Aet + AY) (A26)
I/I#VHNO(Q = ZM(QAﬁ) - Ze(aoqg) y Daé"/@uy(; = 07

Dahgy =0, WV yhap = 2u(a| (Aejg) + Apg)) -

A.3. Weyl and stress-energy tensors

In four spacetime dimensions, the Riemann tensor is characterized by the Ricci and the Weyl
tensors, according with equation (12). Remarkably, the Weyl 4-tensor can be completely char-
acterized by two 2-tensors, defined as

Eop = Coppout'u” (A27)
1
Hop = EEQWCWW‘S, (A28)

respectively referred as the ‘electric’ and ‘magnetic’ part of the Weyl tensor, both symmetric
and traceless tensors, such that

Copys = 75,13#6,y5VEV” — ZMQEBh us + 2M5E04[’Y us — 26043#[‘1“[7 Us]
— 2EMV§H‘L[Q uﬁ] . (A29)

Them the Weyl tensor is completely characterized by the 14142 decomposition of the tensors
E.p and H,g, given by

1
Eoup=€& <eae3 — 2Naﬁ> +Exeg+enEs+Eag,

] (A30)
Haﬂ =H (eaeﬂ — 5 aﬂ) +7‘[a65 Jre(ﬂ'[ﬂ Jr?'[ag,
where
E=E,e'e" =—N"E,,, H=e"e"H,, = —N""H,.,
Ea = No"e"Epy = " No"Epuy He = Note"Hyy = ¢"No"Hyp | (A31)
Eap = Efapy, Hap =Hiapy -

We shall also decompose the metric stress-energy tensor, with components 7', in a local
coordinate system, in terms of its pointwise projections onto u, e, and W:

1
Top = pugus+ (p+1)eqes + (p — ZH) Nap +20e(q gy +2Q o Upg)

+ ZH((X eg)+ g, (A32)
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with
n= wuuVTul/ 5 Qa = _Na'uuDTp,V = _u#NaDTuVa
1
p= 5 (eﬂey _'_N#V) Tul/a I, = (x#eVTuV = e#NaUTuu ;

(A33)

II = % af (2eae5 —Naﬁ) 5 Ha,@ = T{aﬁ}-

0=—e"u'T,, =—-u'e"T,,,

Appendix B. Field equations in the 14142 formalism

Here, we present the Einstein field equations for the theory of General Relativity, written in the
14142 covariant spacetime decomposition formalism introduced in section 2. Although the
complete set of equations has already been presented in literature, these expressions are known
to contain several typographical errors. To our knowledge, these errors do not affect published
works. However, the corrected equations are essential in studying general linear perturbations
of static LRS II spacetimes, hence the importance of presenting them here.

B.1. Equations for the kinematical quantities associated with the timelike congruence

We find the following evolution and propagation equations for the kinematical quantities asso-
ciated with the u congruence.
Scalar equations:

~ .1 1 3
A_az§(u+3p)_A+592+522—292+22M2“—A(A+¢)

(B1)
- ZQILQH + A/L (au - AU’) + E/J,UEMV - 5/1,-’4” ’

2_3,1: lH—S—&-l(ZA—qﬁ)A— (g9+ 12) 2—392+2H <2a”—12“)

3 2 3 3 2 3 (B2)
1 1 1 1
= A (A 2aM) QO 4 S T — 26, A,
Q 1 "y 2 O+ 0 m o

=5¢ oA, + AL+ 2—59 +Q,(E*+a"), (B3)
Q=Q(A—¢)+Q, (A" +a") — 5,04, (B4)

%g, S=0+ %&;s + 206 4 6,5 + £, 610 — 250" + 26, AFQY — (,,5*; (BS)

Vector equations:

. 1 ~ 1 2 1
NHQy, + EEU#AM ==-(A, — (0 + E) Qo + Q224 — an)

2 3 2
1 1 1 (B6)
e <2¢’Au +Aay - W‘) ~ 5% G A+ B,
. 1 ~ 1 1 2 1 1 3
NO/LZM — ENO/L‘AM = 5504./44- <.A— 4¢> .Aa — (30 + 22) Za + E.Aaa — EEaa
B7)

1
—QQ, — 5 (Cau + Eauf) Al + Ea;t (Cl/,“ - ZM) - &+ EHO& ,
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~ ~ 1 2 3
NHY, —ea"Qy, = E(SQZ + §5a9 — o108 — §¢Ea +ea"Eu6— Q€

2
- 6/1211“ - Ca”z,u, + Eauau + gaucquu - Qoz )

1 3
+ <¢+ 2A> ety — Eza”‘ +eo"'Q(a, —2A,)

Tensor equations:
N (aNgy"Bpw = 6(aApy + AfaApy — E1aDpy — 28 aapy — Qalpy
2 1
+Alap — (§9 - 2) Bap = Bia" By = Eap + 5 1las,
w v 1 w 1 w 1 w
N (aNpy " Xpw = 0{aXpy + 584a)" 0u sy + 5801”018} 2 — 5 Xapd + " (aDppud
3
+ 55 — Eufalpy 2= 2a(aDp) +e(a)" QuAjs) +e1a"Qisy Au
—Zuialsy” —eugaHpy";

Constraint equations:

5, 4+ 6,5, = (2A— ¢)Q—38E+H A+ M8,

5aX — §5a9+25a“5,,9 25,50k = b(eat D — Sa) — 26 (Ve — 32alS) — deaQA,

+2Can " + 26" Q0w — 26" Hy — Qa

(B8)

(B9)

(B10)

(B11)

(B12)

B.2. Equations for the kinematical quantities associated with the spacelike congruence

We also find the following evolution and propagation equations for the kinematical quantities

associated with the e congruence.
Scalar equations:

b=0+ (;9 ;2> (2A — ¢) + 296 + 5,04 — a,, (a" — A*)
— (A +a") (B + £, Q) =217,

s_ (1L 2) v\ 1o, 0 2 Iy
¢_<30+2><39 z) SO 2 (it )~ T €

+ 5Ma“ — aua“ - ZHZ# + QNQ'M + 25;,”/04#9” - CHVCMU ’

: 1 1 1 1 1
= (22— = - _ Lok
£ (22 30>§+2H+Q<A 2¢> +2€ S

1 v 1 v
+ 5 (Ap+au) [ Q"+ (3, +ay)] - 55# Y,

~ 1 1 1
§= (39 + E) Q—o+ §5W5uau + " (e +3,) — §5WCMCWD ;
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(B13)

(B14)

(B15)

(B16)
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Vector equations:
N oa, — N qa, = epa M — <A+ %qﬁ) o +Eapat €+ (%0 + E) (Aa+aq)
+(39-4) (Zo b0+ (@0 - 0,26 (B17)
(S 4 —0") o+ 500

Tensor equations:

N {aNgy" Cuv = (52 - §9> Cap - Enfal€M s+ <A— §¢) Zap — Eialp (¢*18) +"1816)

+8tacpy + (Afa —aga) gy = (B(a = ealn?") (Agy +agy) — " (oMo

(B18)

N*{aNgy" Cuv = 0gatsy — #Cap — ClaluC" |8} — Afadsy — BiaXsy — Qalls)
1 1 (B19)
+2a{a€B}MQ“+ §9+E Eaﬁfgaﬁfiﬂa/%

Constraint equation:
1
Eéa(b — 0,0 —€at0,6 = —2e0,a"E — Q(Qa +€apXF —2e0,00)

+ (;9 - ;2) (Sa — Eap) — Eq (B20)

1 v
= 5Ta = o (B — £ ")

B.3. Electric and magnetic parts of the Weyl tensor

Moreover, we have the following evolution and propagation equations the electric and mag-
netic part of the Weyl tensor.

Scalar equations:

s 1. 1o 3 1 1 1 1 1

E+5M+30=3HE+€ (f—@) L (§9+§2) +30 <§¢—2A)

1 1 y 1 ,
=5 (1 +P) S+ £0uQ" + O Hy + 3 0u (@ + A) + 26, A H

1 /1 (B21)
+E" (B 420, —, Q) — 3 <§E# 72au+5wQ”) il
- (é'w - éHW> S e Ha ",
~ 1 1~ 1 3 1 1 1
——p+=lI==§,E" — =0, ITH — = —II =>»—=0 3HOQ
£ 3 2 né 2H 2¢<5+2 )+<2 3>Q+H
1 oy L Iz w3 1013
+2 gu"'inu a +§EMQ +3H,Q +§EW/Q Q (B22)

1
+ B H, + B HT 4 <8W * 2le> v »
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. 1 1
H= o5, T, — 5,8, +00 ~ 3 (5 - 211) - (9 - 22) H
—2eMALE, +HY 2oy + 3, — €, Q) —HIE,, (B23)

1 14 17 1 v
_E(QM_'_‘?W/Z )Q#—l—gﬂ EVWCM’Y+§5M H'”LCV'W

~ 1 3 1
H= _5MH# - Eg;wé'uQV - EH(b— (3g+u+p — 21_[) Q- QE

+2H a, — (35“ - ;H“) Q + > <5“ + ;1‘1“) (B24)

1
— g 2 (8,[* + 2H,ﬂ) +H" s

Vector equations:

. 1 . 1 1 1 3 3
NoPEL + ENGMHH = (§¢—A> (EQQ +€QH’H“) - EQAQ + 55a2+3’z‘-{a§— 3 (&

1 1 1 3
+§H) Qo +eaufd (5“ - EH“) - (Sa + gﬂa) 0+ EEQH.AWH

1 1 1
+ —XIa — = (p+p+1) (Za — o) + = (Cap +Ean) O
(u+p ) ( capft) Z(C utEanf) (B25)

4 2
1
+ Eap (25H + ot — 26" Q) + Sy (gﬂ - Em)

1
— EMVHQ/JAU — EMUHMCua + Enauaﬂ

1 1
— 56QQ+ Eea“(?u?-t +e* o Hua

5 1 EN 1 3 1 1 3 1
(a3 _NH - _ _ - _ - - _ = =
Nto &+ 2N oIy 2Q2a+37-la9 2'HQQ <39+ 42) Qa 2 (Sa-l- 2Ha> 0]
3 1 3 1
— 5 (5-1— EH) [ —+ §€au (ZMH — EHH) +50¢H (6’# + EH”)ﬁ

+ %sw (0" — 00" + %EWQ“ + Ean (H XM — S, HM) (B26)

1 1
+ (ga,u, + EHO(‘U,) ClH — (gl’« + EHH> CMQ + 37‘[04”,QM

1 1 1 1
«@ [e% I [e3 OLH a/“"
—|—2(5 S+36 n+ 011 5,“‘,' 2(5ull

1 ~ ) 1~
Efa“gu —NMH,, — Zaa"HM

3 3 1 1 3
— 12 — 12 yyd _ _omY _ _
4sa 0u€ 85“ 5,JI+25 0,Eva 45 0,1l 0 47—[(Ea 200,) (B27)
3 3 1 3 5 1
—eau At —EauOMY — 0, XH0 — =0, O = o — =11,
+25#A5+85MQ 1 Can 0 1 Con H+2§(8 3 )
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(Qa2+09,) — %Ewa“ (5 - ;H) —eapEtA+MH, (0 - 32)

i

1 1 1 Lol
- Zfau <5,u. — ZH#) ¢+ §€a1LH#Q+ E&‘a,uay (g,u — EH# )
! pv 1 1224 1 1224
— 55 <I_/a gp. — EH;L — EQ#C gy — EHV +e Augl/a

1 7 1 v 3 7 L 1 v
— EZ,W (37‘[/ + 55# QV) —HQH <22'I +0(’l — EE’ Ql,> s

~

g -1 1 3 1 3
NHO‘HH B EgauQH = 55("7-[ - 5/»‘7-[01# - EEQH(SMQ - E‘gauz“ (5 + 2H) — EHGO[

1 1 3 1
— H_ I - mo ZTIM
+ 2EwQa Q <35a 2Ha> + 28(1#2 (5 + 2H )

1 1 3
Ho_ _ _ _
+ (5a;LH ZQ(X)s Q <u+p+ 4 25)
3 1 1
- E (HQ - 660¢ﬂQu> ¢ —QF (35,1# — ZHQ#>

1
+ Haualt - H/LCQH + EOU,EM (g/u/ + ZHILV)

(B28)

1 1
—€avXy” <£“ * 2H#> * EE‘MQVCW3

Tensor equations:

e 1 .y e
N#{QNB} gul/ + QN#{QNB} HMV +N#{a5ﬁ} HMV
v 1 1 1
=E€{q| 51/7'[\[3} - 55{O¢Q5} 3 (,LL +p+3€-— 2H> Yap
1 3., 3
_7Q<0¢/8_7H5 {aCB}L/_ 9“!‘*2 gaﬂ +Hocﬁ€
2 2 2
" 1 1 1 i
+5u{a5ﬂ} Q- 69 - ZE Haﬁ + 55 {aHﬂ}HQ (B29)

1 1
+ <2¢+2A> Eﬂ{oﬂ‘lﬁ}” + <3g{a — 2H{a) Y3}

1
—AQs) — (2610 + o) (%} - 2%}“%)
+ Hiagpy" QAL —ap) + Hyue" (aapy
*Hu{agﬁ}uc,uua
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a1 . .
N tagpy v = SN (a8} Ty — Hiap)
1 1
= ¢{al"0u€lpy — 3¢l Oulljsy +€ (6@ - znaﬁ)
3 1 3
+ EHEQB + EQE#{QEB}’“ + {0+ 52 Hap
Iz 3 1 “
N 5”{"‘%5} Q- EQ{OCQ,@} - Z¢5;t{aH5}

1 1
— Eaﬂeﬂ{aﬂﬁ} — (3H{a + 2£;¢{aQ”> EB}
(B30)

3 1
+ %oty — 5 (5 - 2“) Eufalpy”
1
+ €u{alpy (5“ — 2H”> —37‘[/L{azg}“
1
—I—ZH{aOzB} + <2¢—|-2.A> Eu{afﬁ}#

1
JrCle“{a (5”5} — 2H”g}>
_5u{a5ﬁ} (ZA’M - a") s

where we have used the fact that for any two symmetric and traceless 2-tensors on the sheet, A
and B, thatisA,,, = N{MO‘NV}ﬁAaB and B, = N{M“N,,}ﬂBa[g, the contraction A‘s{uBb}(; =0.

B.4. Matter conservation laws
Lastly, the energy and momentum conservation equations are given by
ji4 0= 0" (a, —2A,) —2II"S, — (p+2A4) 0 — %HZ —0(p+p)—6,0" —11""%,., (B3l
Q+p+T=—5,I"— <;¢+A> I — <§9+2) O—(u+p)A
+ (=B +6,,Q7) 0" + 11" (2a, — Ay) +11,,¢",

- e 1 4
N0y + Not Tl = —8ap+ S8all = 8,11 — 0 (aa £ Y.+ EQBQB) tea,0MQ

3 4 1 3
—Slaa - (59 - 52) Qo — (§¢+A> Mo — 11" (Cap — €an€)  (B33)

(B32)

1
— (u—i—p—EH)AQ—Q“ZQM—I—HQM(LI”—A”).

Appendix C. Linearized 14142 equations for the angular gradients variables

In this appendix, we present a set of covariant, gauge invariant equations for the linear order
perturbations of a background spacetime assumed to be static LRS II and permeated by a
general matter fluid, such that the equilibrium configuration is characterized by the scalars
{0,.A0, &0, 110, P0, 11y, A }. Considering the variables in equation (25) and using the commuta-
tion relations (17), we find the following set of linearized equations for the various quantities
that characterize the perturbed spacetime.
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C.1. Linearized equations for the kinematical quantities associated with the timelike
congruence

e Evolution and propagation equations for scalars and gradients of scalar quantities:

2

N 1 1
(0a0) — Ay = {2 (o +3po) — A — Ao (Ao + ¢0)] Ao — = (Mo +3pa)

3
+AO]F(1 + (2¢0 +2A0> Aa + 5(1 (5#./41‘*) )

W

. . 1 2 1
(0a0) — (60X) = ¢oAa + Ao (Fa + ¢oAn) — (g/l«() +po— §A+ EHO - 50) Ao

- %ma —Pa— %Pa +Eq +0a (6,.A4%)
3 — — 3
E‘Saz — 0,0 = <uo +3py —2A + EHo —3& — 3A0¢0> Eap W

1 3 3 3
- _ _Z _Z mwy 2 el
+2¢0 (040 — 60,%) 25aQ 25‘1 (0,X%) 26W5a (o"QY),

|
0= Eg'uy(SHAV +A0§,
Q= (Ao — ¢o) 2 — 6,0
e Evolution and propagation equations for vector quantities:

. 1 ~ 1 1
Qo+ *EQHA# =——g" <2¢0~’4M + Aoa,, _A;L> ,

2 2
S Ao lqs A+1A0 c g e v in
— — = [ — a — — —
e’ D) « 4 0 « ) « 2 a a > )
S, ek, = S50+ 28 9—%2 + 1<z> +2A0 ) £aMQ
a « H—Za 3a ) 0~ ) 0 0 « m

— 05,2 = 5, 50" = Ou;

e Evolution and propagation equations for tensor quantities:

. 1
Yap = 0{aApg) +AoCap — Eap + EHaﬁa

a 1 1 1
Zap = 0{adpy + 584" 0 Y gy + 584" 015} — SP0Zas — EntaHpy"s
e Constraint equations:

"o, A, = =240,
6NQM + €HV5ME,, = (ZA() — ) QU+ H,

1 1
€16, 02+0,5," = 5% (€' —Xo) —ea"H, + gdaﬁ

1 1
— 20aE— 500
2 29
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(CI)

(C2)

(C3)

(C4)

(€5)

(Co)

€N

(C¥)

(€9
(C10)

(C1D)

(C12)

(C13)
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C.2. Linearized equations for the kinematical quantities associated with the spacelike
congruence

e Evolution and propagation equations for scalars and gradients of scalar quantities:

. (1 2 1 )
Fo = E¢(2)+§(U0+A)+§HO+EO (Ea+aa_5au9#)
3 | ) : (C14)
+ 0,0+ (Ao - 2(;50) <35a9—6a2) +0q (0,0M)
=~ (1 2 1 )
Fa = 7¢(2)+7(/“L0+A)+7H0+50 aa+6a (6Malt)
2 3 2
- 5 1 3 - (C15)
1* gma - E}Pla *Ea - ?(ZSOFOL’
1 1 I .
§=3H+ (Ao 2¢0> Q-+ e B, (C16)
~ 1
§=—¢po€ + 56“”6“%; (C17)

e Evolution and propagation equations for vector quantities:
G — 1o = £pa M — (Ao + ;%) ot 500t (;@ - Ao) (Sa+eau); (CI8)

e Evolution and propagation equations for tensor quantities:
bap = (Ao —~ ;%) Sas + 00ty — " (o Hap, (C19)
Cap = d1aapy — GoCap — Eap — %Ha[i; (C20)

e Constraint equations:

4
"6, F, = [@2) + 3 (o +A) + 1o +2& | &, (C21)
1 1
5HC(X" —|—€a#5M§ = EIF“ +Eo + EHO“ . (C22)

C.3. Linearized equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for scalars and gradients of scalar quantities:

(Z\Q +moz = ﬁO (Eocp,Q'u - Ea - aa) - %HO%E - 6(1 (6/1,Q'u)

3 (C23)
- (UO +p0)5a9 - <2¢0 +2A0> 504Q7
1. 1. . 3 1 1
gma - EIP)DL —E, = 5@50 <50+ 2H0> (EauQM —Ya _aa) - §¢05aQ
(o4 po— oT0y— 360 ) (26,5 — 6,0 (C24)
2 2°¢ 3¢

1
— 50 (0,0") =00 (0,74)
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(000) +Po 4 Po = (10 + po) (Ao — Ay) — Ao (Mo + po + P

1 3
- 5(/50 (P +4P,) + (2¢0 + Ao) Iaa

—1I (;IFQ +Ay ) =94 (6,11%),

3~ ES ~ 1 1 9 1
7}?0{ Ea — Mg = — Ea 7Pa —TAMa | T 7 =11
) +3 m 6¢o( +2 12m> 2<50+2 0)

X (Fo — ¢oaqa) — 364 (6,E) — %50[ (6, II#) ,

o1 1
H = EEIW(SMHV — &‘lwéug,/ -3 (50 — 2H0> f,

1

~ 3 1
Hx 75}1.7-[“ - Egpy(suQV - §¢OH - (350 =+ o +po — 2H0> Qa

e Evolution and propagation equations for vector quantities:

. 1. 1 1 3 1
Ea+ EHa = <2¢0 - ~A0> <2Qa +€(x,ufHH> - 5 (50 + 2H0> (7%

1 1
5 (o +po+1lo) (Bo — €0, 2) — §5aQ

1
+ 5ea" 8 H " 8,

~ 1a 3 1 3 1 1
O,=-2 S N [ _II — =5, I, "
ga+ a 2¢O <ga+2 a) 2(8O+2 O)aa 26;4 «

|

1 1 1
7Eo¢ A Mo 7]P)o<*5 oz“a
+t3 +3m t7 uE

1 ~ . 1 ~ 3 3 1 1
Ef‘:a’ugﬂ — Ha - ZE‘:QHHH = ZEQ“EM — gi‘:aupﬂ + Ef‘:uuéuglja — ZE’uyéuﬂya
3 3 1
—_ H__ R H
+ 250€Q#A 1 <50 2H0> Eaud
n 1 m 1 m
_Aogap,g - Z(bOEap, e — EH )
T Lo 3 1 .
HQ - Ef‘:a Ql—‘ = E(SQH — 6#%& - Ef‘:a 5NQ — 5 (‘30 + EHO {‘:auz
1 3 3 1
_ e — 2810 — 2 _ - 1
(Mo +po+ 71 250> a 2¢0 Ha 65auQ > ;
. ~ 1 3 3
Qa +Ha = EPQ —Pa— EHOaa - (2¢0 +A0 Ha

2

¢ Evolution and propagation equations for tensor quantities:

1
- 5uHa# - <,u0 +P0 - HO) Aa;

.1 o ) 1 1
Eap 3 Mas +N"(apy Huv = (a0 Hisy — 501aQp) + (5050 +2A0> EutaHpy”

1 1
5 (,uo +po+3E — §H0> Yag,
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(C26)

(C27)

(C28)

(C29)

(C30)

(C31)

(C32)

(C33)

(C34)
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,a 1 P 1 3 1
N (agy" Euv = SN (ap) Tuy = Hap = £(a)"0ulp) = 58(a)"0ulljsy — 3 (50 N 7H0>

2
1
X E#{QCB}M + (54250 + 2A0> Eu{agg}M (C35)
1
- Z‘bOEu{aHB}H;
e Constraint equations:
[ v [ 1
§€ om, —eto, B, — 55 0uPy, = =3¢ | &0+ EHO £, (C36)
"™ 6,py = —2pok, (C37)

Appendix D. Linearized 14+1+2 equations for the dot-derivatives variables

In this appendix, we present a set of covariant, gauge invariant equations for the linear order
perturbations of a background spacetime assumed to be static LRS II and permeated by a
general matter fluid, such that the equilibrium configuration is characterized by the scalars
{b0,.A0, 0, 110, P0, 1o, A }. Considering the variables in (26) and using the commutation rela-
tions (17), we find the following set of linearized equations for the various quantities that
characterize the perturbed spacetime. Here, we also show that the variables in equations (25)
and (26) are not fully independent.

D.1. Linearized equations for the kinematical quantities associated with the timelike
congruence

e Evolution and propagation equations for scalars and dot-derivatives of scalar quantities:

Ai=Lm+3p)+ (§e+z) (3o + 0)A— AF — (5, A%y, (DI)
. 2. 1 1 .

. 1

= 2o 6, A, + Aok, (D3)

Q= (Ao — do) Q— 6,04, (D4)
gé—i:Q+%¢)OE+5HZ“+5W5“Q”; (DS)

e Evolution and propagation equations for vector quantities:

. 1 ~ 1 1
Gt 2o A = —2en? (ZG;OAN + Agay AH) , (D6)
S — ANa Ao = 2o+ (Ao— 60 ) Aat 1A £ut ST, (D7)
a” 5 a = 5fa 0 4 0 aTy 04 a5t
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- 2 1
S — "0, = %5@ + 3000 — a0+ <2¢0 + 2A0> al

3 (D8)
- §¢Oza - 5;1204# - Qa ;
e Evolution and propagation equations for tensor quantities:
. 1
Yop = 5{(1-/4,8} + AoCap — Eap + 5Haﬁ7 (DY)
~ 1 1
Zap = 0{aXpy + 564" 0} + 5101015}
1
- Ed)()zaﬁ _g,u,{aH[j’}u; (DlO)
e Constraint equations:
6MQ’U‘+E“V6HEV = (2A0—¢0)Q+H7 (D11)
2
002 — géae +26,16,Q2420,5." = o (6" — Xa)
— 2" H, — Q- (D12)

D.2. Linearized equations for the kinematical quantities associated with the spacelike
congruence

e Evolution and propagation equations for scalars and dot-derivatives of scalar quantities:

1 1
F=0+ (240 — o) <39—22> + 0", (D13)
~ . /1 2 1 .
-1 1 1
&= EH + (Ao — 2¢0> Q+ 55“ S, (D15)
~ 1
§=—gpo€ + 55““%%; (D16)

e Evolution and propagation equations for vector quantities:
Qo — o =paMH! — (.Ao + ;%) Qo+ %Qa + (;% — Ao) (Xa +eau?*); (DI17)

e Evolution and propagation equations for tensor quantities:
Cap = (AO - ;(ﬁo) Sas + 00y — " o Hpu (D18)

~ 1
Cap = 0falpy — P0Cap — Eap — EHaﬂ§ (D19)

e Constraint equation:
1

1
5HC(XH + 5a#6u£ - E]F(X = 5@ + EH(X . (D20)
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D.3. Linearized equations for the Weyl tensor components and the matter variables

e Evolution and propagation equations for scalars and dot-derivatives of scalar quantities:

1 1~ 3 1 1 1 1 /1
E+E7D+§Q—50 (EE_G) _EHO <§9+ §E> -‘rg <5¢0_2A0)Q

) | D21)
=5 (o +po) T+ £8,0" +e" 5. H.
E- %ﬁw %73 = (50 - %ﬂo + %ﬁo) (%9+E) — (BuEM) — % (8, T1#):
1 3 1 3 1 (D22)
+ ngm —5 (50 + EHO) F— (Ao + 5¢0> <E+ EP) )
A v 1
H= 56 5NHV — & (SHEU -3 5() — EHO 5, (D23)
~ 1 3 1
H=—6H'— §€uv5”QV - Ed)UH - (350 + 1o +po — EHO) Q, (D24)
~ 3
m+Q = —(¢o+2A40)0 — EHOZ_(NO +po) 0 —6,0", (D25)
O+p+P= (A +1I ) (19+2> ~1I (3F+A> - (3¢> +2A4 >7>
Po 0 3 o\ >3 7 %0 0 (D26)
— Ao (M+2p) — (ko +po) A— (8,117);
e Evolution and propagation equations for vector quantities:
. 1. 1 1 3 1
Sa 7Ha: ~ - Ao 97 ) —= (& =1II [
+2 <2¢0 .A()><2Q +€,H> 2(0+2 o>a
1
- E (IU/O +P0 + HO) (Za - Eap,QH) (D27)
1 1
- EéaQJr 55(!“5#% +e"o, Hua s
~ 1~ 3 1 3 1
5a+7H0z:_7¢0 ot o) =z &+ 21 |aq
2 2 2 2 2
1 1 1 1 (D28)
7Eo¢ 5 Mo 7]P)04_5 ozu_fé Haua
1 1 : 23 : 3m ;_4 ‘1‘5 27 1
Efa#é\u — 7'.[& — Z&\a#ﬁu = ZSQ#EH — gfaﬂpﬂ + ESMU(SM(C/‘VO( — ZE‘“’(SMH,,Q
3 3 1
+ iswé‘oA“ — ZEO‘“ (EO — 2HQ) a' —eq ' A (D29)
1 1
- Z5au¢0 (g,u - 2H#> )
~ 1~ 1 P 3 1 "
Ha — 55(1 QM = E(SQH — (SHHQ — Ega 5NQ_ Efau g() + EHQ by
(D30)
_ + +1H_§g 9] _§¢ H _l QU
Ho T Po 4 0 B 0 « ) 0 « 6504# 3

. = 1 3 3 1
Qot +H04 - 71304 + E]P)[! - 5;1.]-_[&“ - EHOaa - (Ed)() +A0> Ha — (}Lo +p() — EHO) Aa, (D31)
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e Evolution and propagation equations for tensor quantities:

1. ~ 1 1
Eap+ 3ap +e(a)"Higyw = a0 H 5y — 3 (,UO +po+3& — 2H0> Yap

2
| | (D32)
+ <2¢o + 2,40) eutatpy” = 50(aQp},
ve 1 VT y I 1 1% 1 123
eal €y — 584l igyy = Hiap) = e(al"0uélpy — €1l dullipy — F Pocp(allsy
3 1
~3 (50 — EHO) eufala” (D33)

1
+ (Ed)o + 2A0) Eu{agg}“ .

D.4. Extra equations
The variables {m,p,P,F,A;E} and {m,p,P,F,A E} are not fully independent. Using the
commutation relations (17) we find
dam —1iy = o (Ba — €anQ +aq) ,
0aP —Pa =D0(Xa — a2 +a) ,
5o P —Po =Ty (L0 — £ap Q" +aa)

. ~ D34
5(1F*Fa:¢0(2a75()¢pﬂ“+aa) 5 ( )
S A—A, = .Zo (Xa —eapV'+aq),
0aE—Fp =& (Sa — cap + ) -
Moreover, we also have
e*F5amp = —2Ji€
E(Xﬁ(sapﬂ = —2ﬁ057
af _ -
e 0,Ps = —2I1y¢&,
? (D35)

P56, F5 = —2p0¢,
e*P6ahg = —2A0 ,
P, = —28¢.

Appendix E. Scalar, vector and tensor harmonics

We list some of the properties of the scalar, vector, and tensor eigenfunctions of the covariantly
defined Laplace—Beltrami operator on 2-hypersurfaces. For concreteness, we consider a locally
rotationally symmetric of class II spacetime, such that it admits the existence of spatial sections

that can be described by 2-hypersurfaces.
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E.1. Scalar harmonics

Let Q® represent the scalar eigenfunctions of the covariantly defined Laplace—Beltrami oper-
ator 6% = 0*4,,, where the § operator was defined in equation (A1), such that
2
2ot — _K o

72
30 — W — ¢,

(ED

where we have assumed that the harmonic index verifies k> > 0 and the function r is covariantly
defined as

S W= N~
©
—_

I~ N T

(E2)

>
\
N

™

(=9

Q
~
Il

or, using the 14142 equations in appendix B in the particular case of an LRS II spacetime,
we have:

1 ¢ 1 o /1. 1.\°
r2_4_g+3(M+A)—2—<9—E) | (E3)

E.2. Vector harmonics

From the scalar harmonics Q®), we may define a complete set of 1-tensors that can be used
as a basis for sufficiently smooth 1-tensor fields defined on the 2-hypersurfaces. The vector
harmonics are defined as

QY =r6,QW,

Qgc) — rgwgu Q(k) , (E4)

where Qg‘ ) are referred as the ‘even’ vector harmonics and Qﬁf‘ ) as the ‘odd’ vector harmonics.
These have the following properties

u'v, 0% =0,

e"D, 0% =0,

k2

SH Q;(Ak) — _7Q(k) 7 (E5)

5,00 =0,

11—k
QY = ——ol;
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and
u'v, QSP =0
e'D,, ng) =0

St Ql(f) =0
s (E6)
M5, oW = — o
r
2
5200 = 1=K 50
Moreover, we have
Nk — e (k)
0. o, E7)

0¥ = —¢,mQW

which can be used to readily verify N*¥ Qﬂ( ) _(Vk) = 0, valid for each value of k.

E.3. Tensor harmonics

The scalar and vector harmonics introduced in the previous subsection can themselves be used
to define a complete set of symmetric, traceless 2-tensors that form a basis for sufficiently
smooth, symmetric, traceless 2-tensor fields defined on the 2-hypersurfaces. The tensor har-
monics are defined as

a5*'25{ 559",

(E8)
Q) = re,ua)0" 85 Q%

where, similarly to the vector harmonics above, Qg(/)a are referred as the ‘even’ tensor harmon-

ics and Qg% are referred to as the ‘odd’ tensor harmonics. These have the following properties

utv, Q(k)
e“D“ Q(k)
2— k2 (E9)
§fok — o
af 2 a
2— k% _
wes o) — (k) .
€ /'LQV(X 2,, Qa ’
and
utv, Q(k)
(k) _
euD# QaB -
_ 2 k% _ (E10)
SH Q(kl)t == =900
« 2r
e A 2— k2
"5, Q00 = TQEf)~
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Moreover, we have
(k) _ 5 (k)
Qaﬁ - _5#{aQﬂ}u’

_ (E11)
* _ (k)
Qup =" 1aLayu>

which can be used to readily prove that N**N5” ngg QL@ =0, valid for each value of k.

Appendix F. Change in the equation of state under isotropic frame
transformations

In this appendix, we make use of generalized Lorentz boosts in the 1+ 1+2 formalism to derive
the transformation law for the equation of state when changing between the comoving frame
and the static frame.

F 1. Isotropic frame transformations and projectors

Let the dyad (u,e) be formed, respectively, by a timelike and a spacelike vector field in a
spacetime, such that u®u, = —1 and e%e,, = 1, and let

i = (1+a)u® +be®* +m®,

F1
e“=cu+ (1+d)e* +k“, (D

represent the components in some local coordinate system of a dyad (u,e), with {a,b,c,d}
being scalar coefficients and

umy =0, u®k,=0,

F2
e“my, =0, e%,=0. F2)

In the expressions above, we can assume, without loss of generality, that the vector fields m and
k are associated with rotational displacements. Then, for our purposes, it suffices to consider
that the frame transformation is isotropic, such that m* = 0 and k™ = 0.

Imposing that the new dyad verifies

W = —1,
e%e, = +1, (F3)
e, =0,

we find that the transformation coefficients verify
(1+d)*=(1+a)
(1+a)=1+¢ (F4)
v =c2.
Assuming, b,c > 0, hence a,d > 0, that is, the transformation does not swap the direction
between the corresponding vector fields, i.e. imposing that u®u, < 0 and e“e, > 0, we see

that the relation between a and ¢ can be made obvious by introducing a single hyperbolic
angle [ such that

1+a=coshgj,

c=sinhj3. E)
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Then, we have the following relation between the two dyads

u® = u“coshf + e“sinh 3,

F6
e* =u*sinh B+ e“cosh 3. (F6)
Given relations (F6), the projectors & and N transform accordingly as
= . 1 .
hap = hap + (Ualig +eqep) sinh® 3 + 3 (uqes +equg)sinh (23) , (F7)
Naﬁ = Noc,@ ) (FS)

which verify fza[gﬁﬁ 0, Naﬂuﬁ 0 and Naﬂeﬁ 0, as expected.

F.2. Fluid variables transformations

Consider now a general symmetric stress-energy tensor decomposed accordingly with
equation (15). Under the transformation (F6) we have

fi=p— Qsinh(2ﬁ) (n+p+11)sinh® 3,

p=p— 5080 (26) + § (u-+p+TT)sinh? 5,

_ F
0= Qcosh (26) & (i + p+ )sinh (25). )

l:[:H(l +§sinh25) —stmh(2ﬂ) 2(u+p)smh g,

where we have used the intuitive notation of keeping an overline to indicate variables measured
in the frame associated with the dyad (&, €). Moreover, we have the following relations between
the scalar kinematical quantities

0 = 6cosh B+ (¢ +.A)sinh 3+ V, cosh 3+ V,sinh 3,
- 1 . 2 2_ . (F10)
Y =XcoshB — 3 (¢ —2.A)sinh 8+ gvucosh,@—i— gvesmhﬁ,

where V, =u*V, and V, = e*V,,.

F.3. Relation between equations of state of the comoving and static observers

The comoving and static observer frames considered in section 4 are related by an isotropic
change of frame. Then, we can use the results in the previous subsections of this appendix
to find the equation of state experienced by a static observer, knowing the equation of state
measured by the comoving observer.

Assuming the dyad (u,e) to be associated to the comoving frame and the dyad (i, e) to be
associated with the static frame, we can particularize equation (F9) to the case when Q=0
and IT = 0, such that

fi =i+ (n+p)sinh® 3,

p=p+ 3 (u+p)sink? 3,
_ 1 (F11)
Q= —5 (p+p)sinh(26),
= %(u +p)sinh® 3,
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relating the nontrivial matter variables of the two frames. Morepver, since in the static frame—
the one associated with the barred variables—we have %E =0, then

1 2
which upon substitution in equation (F11) yields
_ 2
- —% (z - 39) cosh® 3. (F13)

Assuming the background spacetime to be static and LRS II, equation (F12) explicitly
shows that (3 is a first-order quantity with respect to the background, i.e. 8 vanishes in the
background. This is expected since comoving observers are also static observers for a static
LRS II spacetime. Moreover, these results confirm the expectation that the anisotropic pressure
measured by the static observer, I1, is zero at linear level for adiabatic, radial perturbations.

We can now find the linear order correction with respect to the background of the equation
of state in the static frame. Taking the derivative along u of p and i, and using equations (F6)
and (F11) we find, in general,

Vafi = jicosh 3+ fisinh B + [ (V,sinh® 8) (u+ p) + sinh® B (ju + p)] cosh 3
+ [(Vsinh® ) (u+ p) + sinh® B (7i +p)] sinh 3,

Vap = peosh B + psinh 3 + % [(V,sinh?3) (u+p) +sinh? B (ju+ p)] cosh g F1D

+ % [(V,sinh?B) (1 + p) + sinh?® B (7i +p)] sinh 3,

where i1 = u®Vu and i1 = eV 4 i, and similarly for p. Using the fact that (3 is a first-order
quantity with respect to the background, in first-order perturbation theory equation (F14) sim-
plifies to

vﬁ_ =p+ T 3
=it ol (F15)
Vap =p+pof.
Also, from equation (F11), at first order, we have
B=— Q . (F16)
o + po

Gathering the intermediate results and using the equations that characterize the background
solution (cf section 4.1) we find the transformed equation of state for the static frame

~

_ 1 _ 1 ~ Do )
P00 ™ 1o+ po (MO f'(po) ¢ (F17)

where p = f’ (po) f1, that is, f' (1o ) represents the square of the adiabatic speed of sound meas-
ured in the comoving frame.
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