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Abstract

Questions about the origin and structure of the universe have been asked for a long
time. Our current understanding of the universe is that it is dominated by dark matter
and dark energy. Most of the matter and energy in the universe are invisible, and their
origin is still a mystery. We aspire to discover the origin of these dark components in
our universe and answer the questions.

Gravity plays an important role in the evolution of the universe. The general theory
of relativity (GR), as proposed by Einstein in 1915, is a theory of gravity which de-
scribes gravitation in terms of curved geometry of spacetime. GR has established itself
as the most successful theory of gravity to date through experimental and observa-
tional tests. GR is, however, not considered to be a complete theory today. One of the
serious theoretical problems is the occurrence of singularity under general conditions,
which brings about mathematical failure. Furthermore, modification of GR is consid-
ered necessary in order to make it renormalizable in quantization. In addition, in the
context of cosmological observations, it is anticipated that the mystery of accelerated
expansion (dark energy) may be solved by modifying GR. As implied above, after 100
years of the proposal of GR, the search for a more correct theory of gravity is strongly
motivated from various theoretical and observational aspects.

The purpose of this thesis is to improve our understanding of gravity. We use
two classes of extended gravity theories in this thesis: generic higher-curvature gravity
(HCG) and generic linear massive gravity (MG). HCG is a theory that adds higher-
order terms of spacetime curvature as a correction at low energies to the Einstein-
Hilbert action. Some of its variants are known to be renormalizable and/or appear
in the low-energy limit of superstring theory. Thus, it is one of the candidates for
quantum gravity at low energies. When expanded around a flat background, the linear
dynamical degrees of freedom (DOFs) in this theory are identified as massless spin-2,
massive spin-2, and massive spin-0 modes. MG is a theory that adds mass to the spin-
2 graviton of GR, and it is pointed out that it can be related to the late accelerated
expansion of the universe. Generic linear MG loosens the Fierz-Pauli tuning for the
Lorentz-invariant mass term so the spin-0 ghost is allowed to propagate. These extra
DOF's create physical effects that are not present in GR.

Recently, human beings have acquired a direct and very powerful tool for testing
theories of gravity — the observation of gravitational waves (GWs). GWs are a ripple
of spacetime, which are modally decomposed into physical DOFs called polarizations.
Since the contents of polarization modes differ depending on the theory of gravity, it
is possible to test the correctness of a theory by observing the polarizations. Although
the present-day GW observations have not succeeded in determining the polarizations
due to the smaller number of available detectors than necessary and insufficient obser-
vational accuracy, it is expected to be achieved in the near future. In this thesis, we
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identify the polarizations of GWs in generic HCG and generic linear MG. In generic
HCG, we have shown that (i) the massless spin-2 is the ordinary graviton with 2 tensor-
type (helicity-2) polarisations, (ii) the massive spin-2 breaks down into 2 tensor-type
(helicity-2), 2 vector-type (helicity-1) and 1 scalar-type (helicity-0) polarizations, (iii)
the massive spin-0 provides 1 scalar-type (helicity-0) polarization. Therefore, GWs in
generic HCG exhibit 6 massive polarizations on top of the ordinary 2 massless ones.
The generic linear MG with generic mass terms of non-Fierz-Pauli type consists of
spin-2 and spin-0 modes, the former breaking down into 2 tensor (helicity-2), 2 vector
(helicity-1), and 1 scalar (helicity-0) components, while the latter just corresponding
to a scalar. We also find convenient representations of the scalar-polarization modes
connected directly to the theory parameters of HCG. They are utilised to determine
those parameters by GW-polarization observations.

Non-relativistic stars such as white, brown, and red dwarfs can be powerful probes
of gravitational interactions. In general, modifications to GR would change the hydro-
static equilibrium condition in stars, thus having a large impact on the stellar radius
and mass. In this thesis, we study the structure of static spherical stars made up of a
nonrelativistic polytropic fluid in generic HCG and generic linear MG. We first formu-
late the modified Lane-Emden (LE) equation for the stellar profile function, finding it
boils down to a sixth-order differential equation in the generic case. In special cases, it
reduces to a fourth-order equation reflecting the number of additional massive gravi-
tons arising in each theory. Moreover, the existence of massive gravitons renders the
nature of the boundary-value problem unlike the standard LE: some of the boundary
conditions can no longer be formulated in terms of physical conditions at the stellar
centre alone, but some demands at the stellar surface necessarily come into play. We
present a practical scheme for constructing solutions to such a problem and demon-
strate how it works in the cases of the polytropic index n = 0 and 1, where analytical
solutions to the modified LE equations exist. As physical outcomes, we clarify how the
stellar radius, mass, and Yukawa charges depend on the theory parameters and how
these observables are mutually related.

In conclusion, if GW polarizations become observable in the future, we may confirm
whether or not HCG or MG provides a theory beyond GR. Observations of stellar radii
will be helpful to examine the constraints based on GW observations.
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Preface

Organization of this thesis: In Chapter 1, we will provide an overview of theories
of gravity, including general relativity, higher-curvature gravity (HCG), and massive
gravity (MG). We will explain why we require theories beyond GR and introduce
gravitational waves (GWs) and non-relativistic stars as tools for testing gravity. In
Chapter 2, we will study the number of physical degrees of freedom (DOFs) in MG
and HCG. We will identify GW polarization modes and show how the physical DOF's
propagate in Minkowski spacetime. We will subsequently discuss the methodology for
determining theory parameters from GW observations with laser interferometers and
pulsar timing arrays, such as LIGO and NANOGrav. In Chapter 3, we will study
non-relativistic stellar structure in MG and HCG. We will derive a master equation
that provides the stellar profile function and find exact solutions. We will then show
how to determine the theory parameters through stellar observations. In Chapter 4,
we will conclude this thesis.

Notations: Throughout the thesis, we will work with natural units with ¢ = 1.
Greek indices of tensors such as pu,v,--- are of space-time, while Latin ones such as
1,7, -+ are spatial. We employ the Einstein summation convention, such as

3
AuB" =" AB" = AyB° + A\B' + AyB* + A3B°

(1)

a; bl = Z a; bl = (Zlbl + G2b2 + a3b3 .
=1

0

We introduce background coordinates (z°, z', 2% 23) = (¢, z,y, z) in which Minkowski

metric is
Nuv :dlag<_1717171) (2)
The partial differentiation is
0
Oy = i (0o, ;) - (3)

O = 99,0, is the d’Alembertian and A = §% 9;0; the Laplacian. We denote the
curved spacetime metric by g,,(x) and its determinant by g. The Christoffel symbol
is

1
Fp,uu = égpg(a,ugay + augau - 8ag;w) . (4)

The Riemann tensor is defined as

Ruupa = aoruua - aO'FMVp + F'uapraua - FMaUFan . (5)
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The Ricci tensor is R, = R%, , and the Ricci scalar is R = ¢g"”R,,,,. The energy-
momentum tensor for the matter field is defined from the variation of the matter action
Sy under a change of the metric g, — g + g, , according to

1
oSy = 5 /d4x V=9T" 69, . (6)

Parentheses around tensor indices denote symmetrisation such as
1
T(;u/) = 5 (Tp,u + Tuu) ) (7)

while square brackets denote antisymmetrisation such as

1

T'[,u,u] = 5 (Tuu - Tyu) . (8)

Our conventions of the Fourier transform for a function of time and its inverse are

flw) = \/%/ dte“ f(t), ;
F(t) = V%/ dw et F(w) Y
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Chapter 1

Introduction

1.1 General theory of relativity

The general theory of relativity (GR), which describes gravity in the language of space-
time geometry, was proposed by Einstein in 1915. This is the most successful theory of
gravity to date having passed various observational tests. The predictions of GR are in-
credibly consistent with observations from the sub-millimetre scale to the solar-system
scale. Observational evidence includes Mercury’s perihelion shift, light bending, and
Shapiro time delay caused by the Sun. In 2015, gravitational waves (GWs) propagating
as dynamical fluctuations in spacetime were directly observed [A*16a]. This has given
us one more piece of evidence supporting GR.

However, GR is not the only theory of gravity, and there are many alternatives that
extend and modify GR. The history of the modification of gravity goes back to Weyl
in 1919 [Wey19], just after the proposal of GR. Modifying gravity is considered to have
two main motivations: to overcome the cosmological problems in GR and to construct
a quantum theory of gravity.

The present standard cosmological model is the Big Bang model originally pro-
posed by Gamow in 1946, which states that the universe began explosively as a high-
temperature and high-density state and, through the expansion, the temperature and
density decreased to the values in the present universe [Gam46, ABG48]. The Big Bang
model was developed on the basis of general relativity as a theory capable of treating
the whole universe. It also assumes the cosmological principle that the universe is
not uneven and has no special direction, i.e., the metric of spacetime and distribution
of matter in the universe are uniform and isotropic. Omne of the predictions of the
Big Bang model is that there be the Plank-distributed cosmic microwave background
(CMB) radiation in the present universe. This is because a universe that began in
a hot state should be filled with thermally distributed radiation. In fact, CMB was
discovered by Penzias and Wilson in 1965 [PW65], and the Big Bang model became
the present standard cosmological model. However, the Big Bang model left several
problems. In particular, the horizon problem and the flatness problem are significant



unsolved problems.

From the beginning of the decelerated universe until a certain time, only matter in
a finite region of the universe can causally interact with a given point, and the edge of
this causal region is called the particle horizon. In an expanding universe, the horizon
continues to expand with time, so the size of the horizon becomes smaller if we go back
to the early universe. The CMB is observed as a thermal radiation of 2.73 Kelvins
coming isotropically from all directions on the celestial sphere [M194], but the horizon
of the cosmic recombination period, when the CMB was last scattered, is only about
2 degrees on the present celestial sphere. This means that all regions that have been
causally independent of each other before the recombination of the universe should
have different temperatures. It is unnatural for regions of the universe that have never
been causally connected to each other to be in the same state, and this is called the
horizon problem.

Observations show that the present universe is extremely flat in space [AT16b]. The
natural initial value of curvature at the birth of the universe at the Planck temperature
is considered to be about (Planck length)™2 = 10% cm™2. However, if we go back to
the Planck temperature from the presently observed value of 107°¢ cm™2 or less, we
would find its initial value around 108 cm=2 or less. Comparing the two, the flatness
problem is the need to set an initial condition that is at least 58 orders of magnitude
smaller than the natural value.

The inflation theory is expected to solve these problems of the Big Bang model. It
was proposed around 1980 by Sato [Sat81] and Guth [Gut81]. The simplest mechanism
for inflation to occur is an exponential expansion due to the energy of a scalar field
(inflaton). Apart from the introduction of scalar fields, Starobinsky has already pointed
out in 1980 that an exponential expansion of the universe occurs by introducing a higher
order curvature term into the action [Sta80]. Inflation theory is an essential part of the
modern standard cosmological model, but its realization mechanism is still unknown.

Observations of Type Ia supernovae (SN Ia) tell us that the current universe
is undergoing accelerated expansion. It was achieved by two independent research
teams, High-redshift Supernova Search Team (HSST) [R198] and supernova Cosmol-
ogy Project (SCP) [P199], in 1998. This fact has been confirmed by many subsequent
observations (LSS, BAO, and CMB). The unknown energy component that causes this
late accelerated expansion of the universe is called dark energy, which, assuming a
positive energy density, has a negative pressure and is, therefore, completely distinct
from ordinary matter (baryons and radiation). The equation of state of dark energy
is expressed as w = P/p, where P is pressure and p is energy density. The theoretical
value of w depends on the model; in the case of a cosmological constant, w = —1,
which is constant over time, but in many other models, the value of w changes over
time. Since the cosmological constant can cause this accelerated expansion within the
framework of general relativity, which is the standard theory of gravity and is consis-
tent with observations, many people believe that the cosmological constant is the true
identity of dark energy. Considering the possibility that the origin of dark energy is



not a cosmological constant, we can assume that its equation of state is of the form
w(a) = wo + (1 —a)w, (1.1)

as a function of the scale factor, where a = 1 is the current value. Then, the constraints
are given by
wp = —0.957 £ 0.080, w, = —0.291032 . (1.2)

In fact, this shows that considering the cosmological constant (wg = —1 and w, = 0) to
be dark energy is consistent with observation [A*20]. In addition, the ACDM model,
which is the standard model of cosmology, assumes a cosmological constant as the
origin of dark energy, and it is estimated that dark energy accounts for approximately
70 % of the total energy in the current universe.

As mentioned above, adding a cosmological constant to the framework of general
relativity is consistent with observations and seems natural. However, the observed
dark energy density is extremely small as py = 10~% GeV*, and it is unclear how such
a fine-tuning is achieved. On the other hand, from the viewpoint of particle physics,
the cosmological constant is interpreted as the energy density of the vacuum, and its
value is estimated to be pye. = 107 GeV?, which is approximately 10! times larger
than the observed value. It remains a big mystery. If the cosmological constant is
causing the late accelerated expansion of the universe, we must find a mechanism that
allows us to obtain a value of dark energy density that agrees with the observations (the
cosmological constant problem) [Wei89]. Because of these problems, it is quite possible
that dark energy is not a cosmological constant. Furthermore, it has recently been
pointed out that in observations of the Hubble constant, the values obtained from low-
redshift surveys and those obtained from CMB observations are significantly different.
This discrepancy may suggest an origin of dark energy other than the cosmological
constant.

Modifying gravity is also considered as a bottom-up approach to constructing the
quantum gravity. In this context, higher-curvature gravity is an old idea as an effective
field theory model for more fundamental string or quantum gravity theories. For ex-
ample, in the 1960s and later, attempts were made to remove the quantum divergence
by modifying the action. In 1962, Utiyama and DeWitt showed that renormalizability
at one loop requires that the Einstein-Hilbert action be supplemented by higher order
curvature terms [UD62], and in 1977, Stelle showed that the higher order action is
indeed renormalizable [Ste77]. We introduce these higher-curvature models in the next
section.

Recently, Chern-Simons gravity [JP03] is also considered, as reviewed in [AY09].
It can arise in various anomaly cancellation schemes in the standard model of particle
physics, in cancelling the Green-Schwarz anomaly in string theory, or in effective field
theories of inflation [Wei08]. Einstein-Gauss-Bonnet gravity is also taken into account
in the above motivations. It has been reviewed in [MS07], for instance.



1.2 Higher-curvature gravity

In this thesis, we consider gravity theories whose Lagrangian can be written in a generic
form

1
L= o F(R" ooy Q) (1.3)

where g, is the space-time metric, R*,,, the Riemann tensor and « the bare gravi-
tational constant. The scalar function f is almost generic but we here conservatively
assume that, when Taylor expanded around R*,,, = 0, it only gives positive powers
of the Riemann tensor so that Minkowski spacetime is a solution of the full theory.
Studies of such models date back to Weyl [Wey19], who suggested

f = C,uupa (Gl s (14)

where C),,,» is the Weyl curvature tensor defined by

Chvpo = Ruvpo = GupBoly + gujpRoju + ggu[pgo}v : (1.5)
Relatively modern motivations also come from the developments in string theories, e.g.,
[GW86]. Einstein’s general relativity is defined by the linear function f = R, while
the presence of any higher-order terms characterizes how the theory differs from GR.
Higher-curvature gravity (HCG) generically exhibits more dynamical degrees of
freedom (DOFs) than GR does. For instance, the theory with

f=R+BR, (1.6)

can be shown to be equivalent to a scalar-tensor theory [SF10], which can be generalized
to the case of a generic function f of the Ricci scalar, called f(R) gravity. As a
cosmological application, the R + 8 R?> model was utilized by Starobinsky to realize
inflation [Sta80]. A generic class of f(R) gravity has provided candidates for the dark
energy [DFT10], although such theories with negative powers of curvature are out of
our scope in this thesis. Also, it was shown by Stelle [Ste78] that in the theory with

f=R—aCh,,C"" + B3R, (1.7)

there arises another massive spin-2 particle on top of a zero-mass graviton, which was
utilized to render the quantum theory renormalizable [Ste77]. Afterwards, a general
Hamiltonian analysis of f(Riemann) gravity, keeping f undetermined, was done in
[DSSY10]. Recently conducted research on quadratic-curvature gravity (QCG) includes
the study of QCG-specific black hole solutions [LPPS15] .

We would like to mention the problem that arises in HCG. Some modified gravity
theories produce ghost fields that violate theoretical consistency. A ghost field is a DOF
that gives rise to a Hamiltonian non-bounded underneath, and when the ghost field
interacts with a normal field bounded underneath, they transfer energy to each other,



and the fields become unstable. In particular, ghost fields arising from theories that
include higher-order derivatives in the Lagrangian are called Ostrogradsky ghosts, and
in HCG, it is known that ghost fields emerge when the action includes higher-order
terms of the Riemann or Ricci tensors [Sall8]. Thus, sometimes HCG may not be
considered as a consistent theory. However, it can happen that HCG avoids instability
because the ghost field can sometimes be separated from the normal fields, at least
within the linear approximations. The basis for determining the presence or absence
of ghosts is Ostrogradsky’s theorem reviewed in [Woo07] and [Sall§].

We begin with discussing perturbative degrees of freedom in this HCG in the
Minkowski background. If the Lagrangian f consists only of terms that have smooth
behavior around R, ,, = 0, its expansion in curvature tensors up to the quadratic
order can be arranged as

f=XR—aClp C*""+BR*+v (Ruvpo B*"” — 4 Ry R* + R*)+O(Ryupo)’ , (1.8)

where x, «, # and v are constants. The combination in the parentheses, the so-called
Gauss—Bonnet invariant, is topological in four dimensions and can be discarded in the
action integral. Then we find that the generic higher-curvature action expanded up to
the second order in the metric perturbation A,

1
Sicalhum] = o /d% <_§ WG, W — oW, Oowr 4 5(1)Rz> 7 (1.9)

where W@ v 1s the linearized Einstein tensor
1 1 1
WG, = —5 Oy + 0(u 0 s — 5 Ou0uh + 5w (Oh = 0707 hy) (1.10)

(1)6'#,,,)(, and WR are the linear perturbations of the Weyl tensor and Ricci scalar,
respectively, whose expressions are presented in Appendix A. When y = 0, the theory
cannot be seen as GR with corrections and, moreover, as we will see in Appendix A,
there arise instabilities in the tensor and scalar parts. So, hereafter, we assume x # 0.

1.3 Massive gravitons

As first shown by Stelle [Ste78] in Minkowski, there is an equivalence of the action (1.9)
to GR “minus” massive gravity. In this formalism, the original metric perturbation is
given by .

hw = Opy + O - (1.11)

Then, the quadratic action (1.9) can be arranged into the form
SHCG[¢/LV? ng/] =X SGR[wa/] — X SMG[(;/LZ/]

~_ o~ 2 ~ ~ ~
= [ [—mGw[qﬁ] "+ G0 5+ o (3 — (1= ¢2)} ,
(1.12)



where we introduced m? = x/(2a) and € = 98/(2a+12f3). For the discussion extended
to Einstein manifolds, see [NNZ*]. Clearly, we need to assume a # 0. The case with
a = 0 can be treated in a similar manner by means of a conformal transformation,
after which the theory takes the form of a scalar-tensor theory; See [MBM19] for an
example.

As seen from the structure of the action (1.12), the dynamical contents in this
theory are ¢, as a massless spin-2 field and QMSW as a mixture of a massive spin-2 and a
spin-0 fields. It is worth mentioning that, while ¢,,, field has the same gauge symmetry
as GR, éuv is not subject to gauge transformations.

Massive gravity (MG), the idea to give a mass to the graviton, has been studied
based on several motivations. One is to offer a candidate for the cosmic acceleration
mechanism. MG gives rise to a large-distance modification of gravity because a massive
graviton only propagates over a finite distance. Another is a theoretical interest because
the theory of massive graviton is an extended version of GR which is the theory of
massless spin-2 graviton.

When deviation from the flat space-time, h,, = g,, — 1. , is small, the second-order
perturbed action of a generic linear theory for massive gravitons is

2

m
Swvc b = Sar[huw] — W /d4x [hu,, hH — (1 —¢) hﬂ

. 2 (1.13)
=1 d*z {—(1)GW W — = (g B = (1 =€) n?)| .
where Sgr is thesecond-order GR action
1
Senlhyw) = =1 / Az @G, (1.14)

m corresponds to the mass of the spin-2 graviton and € is a nondimensional parameter.
This is the most generic extension of linear general relativity that incorporates Lorentz-
invariant mass terms. For ¢ = 0, the action reduces to that of the Fierz—Pauli theory
[FP39], where the graviton is pure spin-2, otherwise a spin-0 “ghost” graviton emerges,
as we shall confirm below.

A crucial observation associated with the FP theory with a matter field was made
by van Dam and Veltman and by Zakharov in 1970 [vDV70, Zak70]. They added a
minimally coupled matter source

1
Sie = 3 /d% R TH (1.15)

to the gravitational action (1.13) with € = 0. Their discovery was that the prediction
for the bending angle of light due to a massive body in the massless limit of the FP
theory differs from GR by a factor of 3/4, a phenomenon called the van Dam—Veltman—
Zakharov (vDVZ) discontinuity. Rather than rejecting the FP theory, however, the
discovery has stimulated inspections of “screening” mechanisms in MG that can cancel



the discrepancy and make predictions on the solar-system scale consistent with GR.
One of the most notable proposals was made by Vainshtein [Vai72], who considered a
non-linear kinetic self-interaction and found recovery of consistency with GR within a
certain radius. See [Hin12| for historical overviews and recent developments.

1.4 Scalar-tensor theories

There are many models of modified gravity theory, but the scalar-tensor theory has been
attracting particular attention as a promising candidate to explain the late accelerated
expansion of the universe without requiring a cosmological constant. Applications
of various modified gravity theories to cosmology are comprehensively reviewed in
[CFPS12].

A simplest model of the scalar-tensor theory is the Brans—Dicke (BD) theory with
a scalar potential

S= 5 [0y [oR = L VeV - Vi) (1.16)
167 %)
Dirac suggested that gravitational coupling may not be constant, at least in a cosmolog-
ical context (Dirac’s giant number hypothesis) [Dir37], and Jordan developed this idea
[Jor59]. Later, Brans and Dicke proposed the action (1.16) without scalar potential
V() [BD61]. While philosophical motives predominated in the past, modern motives
include more physical ones, such as dark energy or implications from string theory.
The BD theory, sometimes called massive dilaton gravity as proposed by [O’H72], with
a scalar potential with w = 0 is equivalent to the f(R) gravity, where the Lagrangian
is an arbitrary function of the Ricci scalar. Therefore, BD theory is often investigated
in conjunction with f(R) gravity theory. The literature reviewing f(R) gravity and
BD theories and their applications to cosmology includes [DFT10, SF10, CDL11]. In
particular, a theory with w =0 and V(y) = ﬁ(g@ — 1)? is equivalent to f = R + SR>
gravity (( is a constant). This is known as the Starobinsky model [Sta80] and it is a
promising inflation model to explain the accelerated expansion (inflation) of the early
universe.
One of the features of BD theory is that gravitational coupling is not constant.
According to [Will4], the current value of gravitational coupling is

4+ 2w 1

ooy = 1.17
04y T3 2w ¢y (L.17)

where ¢y is a constant such that the potential takes the minimum value V' (¢¢) = 0. The
original BD theory has a constraint w > 4 x 10? from Cassini’s observation [Will4],
but this is not the case if a potential exists. The gravitational constant in GR is
about Gioday = 6.67430 x 107" m*kg='s™2. This is an overwhelmingly low precision
compared to other fundamental constants because the gravitational interaction is very
weak, and there is no negative mass, so shielding is impossible.



1.5 Gravitational waves

Since the first observation of gravitational-waves (GWs) in 2015, the development of
gravitational wave astronomy has been remarkable [AT16a]. GWs have a physical
degree of freedom (DOF) called polarization, which represents the modes of oscillation
of GWs, and in general relativity, there are two polarizations called plus (4) mode
and cross (x) mode. At present, the type of polarization has not been identified, but
it is expected to be achieved in the near future, considering the recent remarkable
improvements in observation accuracy. The successful observation of polarization is
expected to provide evidence for the correctness of general relativity or to suggest
some kind of its correction.

It was argued in [ELL*73b, ELL73a] that GWs in a certain generic class of gravity
theories can have maximally six polarizations. Although there has been no contradic-
tion with the hypothesis of only two polarizations in the GW experiments [A 18] in-
cluding the observed orbital decay rate of a neutron star binary PSR B1913+16 [TW82],
the ongoing progress in the construction of the worldwide GW-observatory network has
motivated the developments of various methods for detecting those beyond-Einstein
polarization modes [HN13, IWMP15, IPW17, TNM*18]. In practice, however, a com-
plete decomposition into the possible six polarizations and determination of each am-
plitude in an observed GW signal cannot be done with the limited number of detectors
that we currently have, so there have been only weak constraints on the existence
of non-GR polarizations; An example is the constraint on the vector-type polariza-
tions obtained by a method to detect scalar and vector polarizations with four in-
terferometers of LIGO (Hanford and Livingston), Virgo, and KAGRA developed in
[HETA18, HEIT19, HEI"20]. In this regard, there are still open and wide theoretical
possibilities to explore.

A representative example of extended gravity theories is the linear massive gravity
(MG), in which gravitational waves acquire masses. Adding a generic combination of
possible two mass terms to GR breaks its four linear gauge symmetries and gives rise
to six DOF's in total. A special class of MG introduced by Fierz and Pauli (FP) [FP39]
with a single mass parameter m is known to avoid the appearance of the spin-0 mode
that would have a negative kinetic term, see e.g. [Hinl2] for a review.

If GWs are massive, their group velocity ¢, deviates from the speed of light ¢ due
to the modification of the dispersion relation. The multi-messenger analysis of the
GW event GW170817 [AT17b] has put a tight constraint on the deviation, |c; —c|/c <
O(107°) [A*17a], which can be interpreted as an upper limit on the mass.

1.5.1 Geodesic deviation

GWs have the property of inducing a change in the spatial distance between two distant
points. The principle of GW observation using laser interferometers and pulsar timing
arrays is to measure the spatial separation of a proper distance. As long as we are
considering a single geodesic line, we cannot measure the curvature of spacetime, but



if we consider two geodesic lines slightly apart, we can determine the curvature of
space-time by observing changes in the distance between them. Therefore, we consider
a geodesic congruence z#(\, o), which is a collection of geodesic curves that exist
continuously in a finite region of space and time. X is an affine parameter of the
geodesic lines, and o is a parameter that distinguishes each trajectory. Two vectors

ox# u oz

locally characterise the geodesic bundle, where £* and Z* represent the tangent vector
of a geodesic line and the vector connecting adjacent geodesic lines that are infinitesi-
mally apart, respectively. Because geodesic bundles cover a finite space-time volume,
these vectors can be considered as fields that exist continuously in spacetime. The
variation of the vector k* along the geodesic line is the geodesic equation

Dk*
k'V, k' = — = 0. 1.1
\% o 0 (1.19)

D is a differential operator that gives the change due to parallel translation of a vector
over an infinitesimal distance dz* defined as

DA" := AM(z 4 6z) — A¥(x + 6x)
= AM(x + 6x) — Al(x) + T, AV 52 (1.20)
= (OhAF + F“V,\A”)éx)‘ ,
where we defined the infinitesimal translation as

AP (x + 6x) = AP (x) — TF 5 (2) A (x)dz . (1.21)

We want to know how the vector Z# | called the Jacobi field, changes along the geodesic
line. So, we take the differential of Z#* in the k* direction to get

Dz~
v Zu —
Vo oA (1.22)
= 7"V, k"

Considering the further differential in the k* direction, we have
D2Z+
—5 = K"V, 2

O\ (1.23)
= R\, sk“k’Z"

This is the geodesic deviation equation, which describes the change in distance between

adjacent geodesics due to space-time curvature, that is, a tidal phenomenon due to

gravity.



When considering a timelike geodesic bundle, we can take the proper time 7 along
the geodesic as an affine parameter without loss of generality. Then, we can impose

k,k" = —1 and the geodesic deviation equation becomes
D2<M a, B v
or2 — Rt pututC (1.24)

for k¥ =ut, ZF = (*, A = 7. If we can know u* and R",,s on each geodesic, we can
find the time evolution of (* by solving a set of ordinary differential equations along
that geodesic. Furthermore, introducing local Cartesian coordinates around the point
where ¢* = (0, ("), the Christoffel symbol can be zeroed at any point and we get

d2Ci B

= —R'utu’ (1.25)

When gravitational waves are present, the Riemann tensor is no longer zero, and the
distance between each geodesic curve changes. Since its order is O(h), we can set
ut ~(1,0,0,0). From u’ ~ g—i ~ 1, we use the relation d7 ~ dt and get the geodesic
deviation equation up to the first order in h as

('=—-WR 0, (1.26)

where the dot denotes the derivative with respect to 2° =t and M Ry, is the linear
Riemann tensor

1. . 1

Thus, the separation of two test bodies would fluctuate in response to the GWs
embodied by h,, , and conversely, by tracking their movements, one could decode the
dynamical contents of the gravitational theory.

Since the Riemann tensor is invariant under gauge transformation (A.8), the Rie-
mann tensor can be written in terms of gauge invariant variables (see Appendix A)
as

It is worth stressing that, despite their apparent advantage, each gauge-invariant vari-
able does not necessarily correspond to a single dynamical DOF in a given gravity
theory. Instead, we generally expect that the gauge-invariant variables become linear
combinations of independent DOF's. In particular, a mixture of different spins occurs
in the scalar part, as we will see in the cases of massive gravity and higher-curvature
gravity.

1.5.2 Polarization basis

The connection between the irreducible decomposition of the Riemann tensor (1.28)
and observables in GW experiments is made explicit by considering a wave solution

10



propagating in a fixed direction. As we already noted, we should keep in mind that
each part can contain multiple DOF's.

Suppose a tensor variable T;;(z —cpt) propagates in the z direction with velocity ¢y
A conventional orthogonal basis that is compatible with the conditions T} = ;7% = 0
is the + and x polarizations

1 0 0 010
+ —
e =10 =1 0, e;=|100 (1.29)
0 0 0 0 00
Using the basis tensor, we can decompose the tensor variable as
Ty = Tyef; + Txey, (1.30)
where the polarization components are defined as
1 ..

for A = 4, x. Explicitly, T} =Ty, = =T, and T =Ty, =T}, .
For a vector variable propagating in the z direction with velocity ¢y ,V;(z — cyt) , a
polarization basis compatible with the condition 9;V*¢ = 0 is

001 0 00
e; =100 0], e;=10 01 (1.32)
1 00 010
Using these, we can decompose the vector part of the symmetric tensor as
1 ,. 1
0uVy) = §vxf€z‘j + 5‘/;6% ; (1.33)

where the prime ’ denotes derivative with respect to z.
As for scalar-type polarizations, natural transverse (“breathing”) and longitudinal
polarization bases are

1 00 0 00
e2=(010], es=v2{00 0 (1.34)
0 00 0 01
For a scalar variable propagating in the z direction with velocity cg, S(z — ¢st),
(aﬁj - A&])S = e?jS”,@-@jS = 655”. (135)

Sometimes, it is also useful to introduce other scalar bases instead of B and L, such as

1 00 1 0 O
2 1 2 1 2 1
el = \/ieBA—— ek =4/ 10 1 0 el —eB-—\/jeIi =—101 0
ij ij ij ) ij ij ij
(1.36)

11



These basis tensors satisfy an orthonormal condition e efj = 204 for o, =
+,X,z,y,B,L. Seen as a spatial symmetric tensor, the Riemann tensor (I)Rol-oj can
be decomposed with the above introduced polarization basis. It is understood from
(1.26) that the amplitude of small oscillation of the distance between two bodies ¢* due
to the a polarization component of GW is proportional to A, = Ae M Ry, , where

A is a constant independent of the type of polarization.

1.5.3 Linearized Einstein field equation

The action of GR expanded around a flat background to the quadratic order is

1
Sonlhu] = — - / A G, b (1.37)
K
where MG, is the linearized Einstein tensor
W = 1 A 1 1 oo
P —5 Ohyw 4 00" huyy — 5 0,0,h + 5 v (BOh — 0°0%hy,) (1.38)
The equation of motion (EOM) for h,, in vacuum is obtained as
WG, =0. (1.39)

The GR action (1.37) and EOM (1.39) are invariant under the gauge transformation
(A.14). We can choose the transverse-traceless (TT) gauge h,, — h}, such that

hoo =0, hyt =0, 69h" =0, 9h;"=0. (1.40)
Then the EOM (1.39) reduces to a massless Klein-Gordon-type equation for ;" :
TT
Ohit = 0. (1.41)

We can take a plane-wave solution 2" oc €' *=") and obtain the linear Riemann tensor

(1.27) as

1

5 w? (WM el +hl"e) . (1.42)
The same conclusion can be drawn in the gauge-invariant formulation, in which the

GR action (1.37) is rewritten in terms of the gauge-invariant variables as

1.
.

1 y 1.
Ser[Hiy, S0, 0] = - /d% {H” OH + 5 0% 0,5 — 69 00 — 49 A(V — cp)} .

K
(1.43)
The EOMs in a vacuum are

OH; =0, AY; =0, 30-AT-A®=0, A®=0. (1.44)

These imply ¥; = 0 and & = ¥ = 0 thanks to the assumed asymptotic flatness.
Therefore, for a plane-wave solution H;; o< €' *~  the Riemann tensor (1.28) is

12



1.6 Nonrelativistic stars

This section mostly follows [KWW12]. The polytropic relation P o Pt is often used
as a simple model for the equation of state (EOS) of stars. n = 3 can handle stars
that meet the Eddington standard model (stars like the Sun) and stars that consist
of a completely degenerate relativistic electron gas (white dwarfs or brown dwarfs
consisting of relativistic electrons). n = 1.5 describes a star consisting of completely
degenerate non-relativistic electron gas (white dwarfs or brown dwarfs consisting of
non-relativistic electrons) [Sak15]. In these cases, it is necessary to rely entirely on
numerical calculations.

1.6.1 Coordinates

Most astronomical objects in the universe are composed of fluids, which are general
terms for gases and liquids. Since these generally consist of a large number of particles,
we focus on macroscopic quantities and define physical quantities as average values.
For example, let N be the number of particles contained in the volume dV', and let M
be the mass of one particle. Then, the average number of particles per unit volume
(particle number density) is

N
= 1.46
"Tav (1.46)
and the mass per unit volume (mass density) is
MN
p=—m =0 (1.47)

Other macroscopic physical quantities that describe the behavior of fluids include ther-
modynamic quantities such as pressure and temperature and the average velocity and
force of a fluid element. To understand the structure of astronomical objects, it is
necessary to express these physical quantities as functions of space and time coordi-
nates. Although there is a wide variety of fluids, including those with viscosity and
electromagnetic force, we will only consider completely compressible fluids.

There are two ways to describe the behaviour of a fluid: the Eulerian description
and the Lagrangian description. This thesis primarily employs the Eulerian description,
but we can convert the variables to the Lagrangian description.

The Eulerian description is a method for examining the change in state at each
point in space over time. For example, let us consider a spherically symmetric star.
It is natural to introduce a distance r, with the stellar centre considered as the origin
of the spatial coordinates, and R representing its surface. It is necessary to consider
solely the radial direction since it is a spherically symmetric star. If stars evolve over
time, it is imperative to introduce a time coordinate t. Therefore, to characterise a
spherically symmetric star, we may select two independent variables: the distance r
and the time ¢. For example, mass density is expressed as p = p(r,t). We define a

13



mass m(r,t) contained in a sphere of radius r at the time ¢. Subsequently, the mass
m varies with respect to the distance r and the time ¢ as expressed by

om om

The first term on the right-hand side is the enclosed mass

0
a—Tdr = drr?pdr (1.49)
in the thin spherical shell dr with the constant time ¢. The second term on the right-

hand side is the spherical symmetric mass flow

a—mdt = —4rripvdt (1.50)

ot
out of the sphere of constant radius r, with a radial velocity v directed outward during
the time interval dt. Differentiating (1.49) with respect to ¢ and (1.50) with respect to
r and combining two results gives

1

% = —ﬁg(ﬁpv) . (1.51)

This is the continuity equation of hydrodynamics for the spherical symmetry case.
The continuity equation in the general case can be derived by considering the fol-

lowing. Let us consider a rectangular parallelepiped with each side dx , dy , dz in a fluid
with density p. The mass of fluid dm contained within this region is dm = pdV. The
difference between the mass flowing in and the mass flowing out through the boundary
S of this infinitesimal volume dV" is the difference in the mass of the fluid in dV'. When
the volume is fixed, it is a change in density. In the following, we fix the volume and
study the variation of density in dV'. Let pv, be the mass flux flowing into dV from an
infinitesimal area dydz, then the mass flowing out of the same sized infinitesimal area
dydz at a distance of dx is pv, + a%(pvm)dx, so the time variation of mass in dV in the
direction x is

0 0
— = —— . 1.52
5 (PAV) = =5 (pve)dudydz (1.52)
Thus, the time variation of mass density in dV is
dp 0
-=__ = . 1.
Similarly, considering the y and z directions, we have
dp 0 0 0
Lo Zw,) — — — —(pv,)=-V- ) 1.54

This is the well-known continuity equation of hydrodynamics.

14



The Lagrangian description is a method for tracking the motion of a fluid, where
an observer follows individual fluid parcels as they move through space and time. As
before, let us consider a spherically symmetric star. There is no possibility of replacing
the time coordinate ¢t with a new one. On the other hand, the spatial coordinate does
not need to be the distance r, and it is possible to take the mass element m as an
independent variable of the new spatial coordinate. The spatial coordinates of a given
mass element do not vary with time. The origin of the mass element is the stellar
centre m = 0, and m = M is the stellar surface. The Lagrangian description has the
advantage when the stellar radius changes dramatically over time, while the mass only
changes by several times. For example, the mass density is expressed as p = p(m 1),
and the radial distance is also expressed as 7 = r(m,t). Lagrangian description and
Eulerian description are related by

0 _or o
om — Omor’
0 o\ 0 [0 (1.55)
@), (&), o+ (@),
Using the formula
or 1
= - _ - 1.
om  Awr?p (1.56)
to the first equation, we obtain
1
0 0 (157)

om A r2p Or

The second equation represents the time variation of the substantial hydrostatic equilib-
rium. In the case of Eulerian description, the handling is complicated by the existence
of the first term, so Lagrangian description is also convenient in this respect.

1.6.2 Hydrostatic equilibrium state

The mechanical equilibrium in a star is called the hydrostatic equilibrium state. For
a static spherically symmetric star, the only forces are due to gravity and pressure
gradients. In this thesis, we do not consider stellar rotation, magnetic field, or close
companions. Let us consider a thin spherical mass shell with a thickness dr at a radius
r inside the star. The mass of a unit area of the shell is pdr, and the weight of the
shell is —gp dr. g is the gravitational acceleration at a distance r from the stellar centre
defined as
do

p— ]..
=3 (1.5%)

9

where ¢ is the gravitational potential.
We assume that P, = P + dP with dP < 0 for the pressure outside the spherical
shell and P; = P for the pressure inside the spherical shell, the difference in pressure
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acting per unit area on the spherical shell is given by

P—P =—dP =———dr. 1.
i e dr r ( 59)

In the hydrostatic equilibrium state, the sum of gravity and pressure gradient is zero,
leading

dP
— =0. 1.60
gp + ar ( )
Therefore, we obtain the hydrostatic equilibrium condition
1dP do
- 7 1.61
p dr dr ( )

Next, we consider two timescales that characterise the gravitational phenomena
of stars and explain why we can assume that the hydrostatic equilibrium state exists
for many stars. Here, we employ Lagrangian description. We consider a spherically
symmetric star and its thin mass shell dm at a distance r from the stellar centre. The
pressure gradient per unit area is

and the gravitational force acting per unit area on a thin spherical shell is

_ g
fo= - dm. (1.63)
If the two forces are not equal, the hydrostatic equilibrium is broken, and the mass
element is accelerated. The equation of motion of the mass element is

dm 0°r

gy TR LR [ (164

and substituting fp and f,, it becomes

2
1 o 9P g (1.65)
4mr? Ot? om  4mr?

Since OP/0m < 0, the pressure gradient term is on the outside, and gravity is responsi-

ble for the acceleration towards the inside. If the left-hand side is zero, that is, all mass

elements are stationary or moving at a constant velocity in the radial direction, then
the equation is strictly hydrostatic equilibrium. Furthermore, if the right-hand sides
cancel each other out and are close to zero, then the left-hand side becomes unimpor-
tant, so that hydrostatic equilibrium is a good approximation. Using this fact, we can
understand that hydrostatic equilibrium is established to a very good approximation in
many stars. If we assume the pressure suddenly disappears in (1.65), the mass element
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falls free. As a characteristic timescale, we define the free fall time 74 over the distance
R after the pressure disappears by

R
Te

&
o

and we get
1
R\ 2
TF =~ — . 167
(9) ( )

Similarly, if gravity suddenly disappears in (1.65), the mass element explodes. As a
characteristic timescale, we define the time 7., that is required for the sound speed
to propagate from the stellar centre to the surface R after gravity disappears

R

0?r
— | = —. 1.68
’ 8t2 7—eQXpl ( )
Using the equation of motion (1.65), we obtain
0?r oP 10P
Tl g = 2O 1.69
ot? T om p Or (1.69)
Therefore, the explosion time is
P\ 2
Texpl ~ R <F> 3 (170)

where (P/p)'/? is the order of the average sound speed. If a state close to hydrostatic
equilibrium is achieved, 74 ~ Texp1. The timescale at which a star becomes dynamically
stable is called the hydrostatic timescale Tyyq,.

For example, if we assume general relativity as the theory of gravity, the hydrostatic
timescale Ty,yq4, is about

N

3\ 2
Thydr ~ (C?_M) R~ % (Gp) 2, (1.71)
where we used g ~ GM/R? and p is the average density. In the case of the Sun,
it is Thyar ~ 27min., which is extremely short compared to the lifespan of the Sun.
Therefore, most phases during the lifetime of a star are thought to change slowly
enough to be approximated by hydrostatic equilibrium.

The gravitational potential ¢ is governed by the Poisson equation

Ap=41Gp. (1.72)
The solution is - )
¢=—G/ ar™r) (1.73)

76/2
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with

m(r) = 4x /T dr'r”?p(r'). (1.74)
Outside the star, the potential becomes :
¢(r>R) = —Giw : (1.75)
since M = m(r > R). ¢ is expanded as
¢ = ¢(0) + ? per? + %p’c r + %pg rt + O(r?) (1.76)

around r = 0.
Substituting the gravitational potential in GR into the hydrostatic equilibrium
condition

1dP do
yields
1dP Gm
In Lagrangian description, it is represented as
dP Gm
dm ~ dmr (1.79)

Let us roughly estimate the pressure and temperature at the stellar centre. For
(1.79), replace the right-hand side with the average pressure gradient (P, — P.)/M
where Py = 0 and P, are the pressure at the stellar surface and center respectively, and
replace m and r in the left-hand side with rough mean values represented as M /2 and
R/2, then we get

2G M?
P, ~ ) 1.80
T R4 ( )
Because the average density of a spherically symmetric star is
3M
P = —— 1.81
=1 (1.81)

and the equation of state of the ideal gas is (E.19), we obtain the temperature at the
stellar center -
poo il SnGMp (1.82)
Xp. 3Z R p.
where p is the dimensionless mean molecular weight and %2 = 8.315 x 107erg K=t g1
is the gas constant. Generally, the density increases from the surface to the center, so

we have p/p < 1. Hence, the temperature becomes

7 < 3GnM
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For the Sun with the radius Rs = 6.96 x 10'° cm and the mass Mg = 1.989 x 10 g,
we can roughly estimate as

P, ~7x10"%dyn/cm?, T.<3x10"K. (1.84)

The numerical culculation result is P, = 2.4 x 1017 dyn/cm?, T, = 1.6 x 107 K.

1.6.3 Virial theorem

We explain the Virial theorem, which is useful for investigating the global stability of
stars. Multiplying 4773 on both side of (1.79) and integrate over dm, we obtain

M apr MG
/ dmdrr® — = —/ dm = (1.85)
0 dm 0 r
The left-hand side can be integrated as
M dpr Moop
/ dm47rr3—:[47rr3P]M—3/ dm — (1.86)
0 dm 0 0 P

and the first term vanishes because the pressure is zero at the stellar surface P(R) = 0.
Thus, we have

Moop MG
3/ dm—:/ dm 22 | (1.87)
0 P 0 r
The right-hand side can be interpreted as the gravitational energy
M
G
QE—/ am ™) (1.88)
0 r
To understand the left-hand side, let us consider an ideal gas. Using Mayer’s relation
R
iy —1)=— (1.89)
1
to the equation of state of an ideal gas
R
P=—pT, (1.90)
I
we get
P
—=c(y-DT=(y-1u, (1.91)
P

where ¢, = Cy/(nu) is the specific heat at constant volume, ¢,/c, is replaced by 7,
and w is the internal energy per unit mass of the perfect gas. Thus, the left-hand side
can be evaluated as

3/0 dm%z?)(v—l)/o dmu=3(y - 1)U, (1.92)
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where we defined the total internal energy of the star

M
UE/ dmu. (1.93)
0

Therefore, the integrated hydrostatic equilibrium condition (1.85) is expressed as

Q+3(v—1HU =0, (1.94)
and is called the Virial theorem.
The total energy

E=Q+U (1.95)

of the star is the sum of its gravitational energy €2 and its internal energy U. Thus, we

have
3y —4

3(v=1)
If ~ is larger than 4/3, the total energy of the star is negative £ < 0, and the star is
gravitationally bound. On the other hand, if « is smaller than 4/3, the stellar total
energy is positive £ > (, and the star is not gravitationally bound and is unstable.

As the star loses energy with luminosity L, its internal energy increases, and its
gravitational energy decreases, since

_LEd_E:_(37_4)d—U:—37_4@<O. (1.97)
dt dt  3(y—1) dt

A decrease in gravitational energy means the star is more deeply bound, and an increase
in internal energy means an increase in temperature. Therefore, when a star loses
energy, its temperature increases, and thus, stars are said to have negative specific
heat.

The timescale in which an astronomical object loses its thermal energy via radiation,
called Kelvin—Helmholtz timescale, can be defined as

E=—(3y—4)U = (1.96)

] U
= — = — 1.
TKH I I s ( 98)
since L is on the order of |d€2/dt|. The gravitational energy is roughly estimated as
Gm?*  GM?
Q| ~ ~ 1.99
o)~ S 8 (1.99)

where m and 7 denote the mean values and we have replaced them by M/2 and R/2.
Thus, we obtain

GM?
2RL
In the case of the Sun, given the luminosity of the Sun Lo = 3.827 x 1033 erg/s, the
Kelvin-Helmholtz timescale is estimated as Ty ~ 1.6 x 107 years. However, stars like
the Sun have lifetimes much longer than the Kelvin-Helmholtz timescale because they
glow with the energy of nuclear reactions. The actual lifetime of the Sun is said to be
about 10° years based on nuclear physics.

(1.100)

TKH ~
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1.6.4 Lane—Emden equation
The hydrostatic equilibrium condition

1dP_ d¢

& (1.101)

depends on density and pressure, not explicitly on temperature. Generally, when den-

sity (or pressure) is rewritten using the equation of state p = p(P,T), it depends

explicitly on temperature. However, the equation of state of stars, such as the adi-

abatic state of an ideal gas or a completely degenerate electron gas, often does not

depend on temperature. Therefore, we adopt the polytropic relation (a relationship in

which pressure is proportional to the power of density) as the stellar equation of state.
Operating %2%7“2 to the hydrostatic equilibrium condition

1 d /r2dP 1 d [ ,d¢
SOy - 2@ (280 1.102
?"er(p d?") r2dr (T dr)’ ( )

and using the Poisson equation

1 d do
A= —— [ 2= ) =4 1.1
¢ r2dr (T dr) mGp (1.103)
for a spherically symmetric star, we have
1 d /r?2dP
=) =—4 _ 1.104
r2dr(p dr) mGp (1.104)
Adopting the polytropic relation
P=Kp'tn, (1.105)
we obtain the equation
1d 7’2 d 1
— S8 (K 1+;> = —4rG 1.106
r2dr [p dr ( p } TP ( )

in terms of density only. Therefore, by giving boundary conditions at the centre and

solving this differential equation, we determine the internal structure of the star. How-

ever, this equation requires boundary conditions to be given and resolved for each star

with a different mass or radius. Hence, by performing the following variable transfor-

mation, we can make it dimensionless and make it into a convenient form.
Introducing a parameter

(n+1)P.
A Gp?

[
Il

(1.107)
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1
with the dimension of length, where p. = p(0), P. = P(0) = KpiJr”, and define the
dimensionless radius, mass density, and pressure as

€= % p=pb", P=Pott (1.108)
The formula (1.106) is then transformed into a dimensionless form
A +0"=0. (1.109)

This is the Lane-Emden (LE) equation.

Let us consider the boundary conditions. Since the LE equation is second-order
in differential equations, two independent conditions are required to solve it. The
dimensionless density @ is normalised at the stellar center 6. = 6(0) = 1 since the real
central density is p.. The hydrostatic equilibrium condition can be written as

, 1 dg

= 1.11
0 4G pl dr (1.110)

in terms of the dimensionless variables. Using the expanded gravitational potential

(1.76), we find
do

—— lim — =
AnG pe b r—0 dr
This means that at the center of the star, the pressure gradient is zero, and therefore
the gravitational acceleration is zero. Also, the higher-order differential coefficients are

¢ =¢(0) = 0. (1.111)

1 26 1
9" = ¢’ _ li - __
¢ (0) 47 G p. ro0 dr? 3’
o ¢ B3¢
3) = p® - _ ; —
0 =0 (0) =0, lim =3 0, (1.112)
¢ do n

0 = gD (0) =

. 1 _n
A7 G p. P drt 5

The behavior of 6 at the center of the star is

0=0.+0.¢+ %egf &2+ 10&”’) &+ ieg‘“ &4+ 065

(1.113)
& n 4 5
- .
6 * 120£ +0(&)
Since the stellar radius is R = ¢,,r, we get
(n+ 1)K 1
n_ T 1.114
o P §r ( )

It is worth noting that when n = 1, the radius of the star does not depend on the
central density p.. Therefore, for a star with n = 1, the polytropic constant K (stellar
composition) can be found if the radius of the star is observed.
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The stellar mass is given by

M = 47T€3pcwR
(n+1)K\? sx (1.115)
A\ Targ ) en

where

ér de
wr = /0 de (e =~k 5 (1.116)

&R
and where g = R/¢. We used the LE equation for the second equality. From this, we
can see that M does not depend on the central density p. when n = 3. Therefore, for
a star with n = 3, the polytropic constant K (stellar composition) can be found if the
stellar mass is observed.

Eliminating p. from the formula of R and M, we find

P [(n—l—l)Kr R-3

= e = (1.117)

n—1 _ A
wp 4

For a general polytropic index n, the polytropic constant K can be found from this
formula.
Consider the mass of the star with n = 3, for which

4
Wi K2 wp. (1.118)
T (G2

The Eddington standard model satisfies the polytropic relation with n = 3

M =

[

P=Kp (1.119)

with

3B\ (1-B)\}
() ()

where a is the radiation density constant a = 7.564 x 10~ ergem 3 K™, 8 = P,/ P,
and P is the total pressure consisting of the gas pressure F,,; and radiation pressure
P,.q. Substituting this, we get

M = e (<) (1121)

1 2
Mgaa = : 7 WR (é) (‘2> (1.122)
VT G2 a Iz
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The exact solutions to the LE equation are known for n = 0, 1, and 5. In particular,
when n = 0 and 1, the LE equation is linear in 6, so one would expect it to be solvable
analytically.

When n = 0, the LE equation is

A =—1. (1.123)

This can be easily integrated to give

g- & _ My (1.124)
= 6 5 2. .
By imposing the boundary conditions, we get
2
0:1—%. (1.125)

The dimensionless radius of the star is £z such that 6(£g) = 0, and in this case £z = V6.
When n = 1, the LE equation is

A +60=0, (1.126)
and rewritten as
@ 0 0 1.127
d_§2(€ ) =—¢0. (1.127)
The general solution to this equation is given by
g — p,onE | p,c%¢ (1.128)
£ 3
Imposing the boundary conditions, we obtain a suitable solution
6= 8125 (1.129)

If the gas temperature is constant, that is, it is isothermal, it corresponds to a
polytrope of n = co. In this case, the equation of state is

P=Kp, (1.130)

and substituting this into (1.104), we obtain

K d 5 d
—_— —1 = -4 . 1.131
r2dr (T dr np> mGp (1.131)
Define
K T
(= = - = pe ¥, 1.132
47TGpc7 g E’ p pCe ( 3 )



as dimensionless variables, where p. = p(0). Using these, we obtain the isothermal
Lane-Emden equation

1 d [ ,dy —
- ) = . 1.133
i (93) = .
The boundary conditions are
Yv.=0, 9Y.=0. (1.134)

The solution to this generally needs to be found numerically.
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Chapter 2

Degrees of freedom and
gravitational waves

In this chapter, we study the GW polarizations and show how the dynamical degrees
of freedom (DOFs) propagate in Minkowski spacetime. In Section 2.1, we formulate
the polarizations in linear MG with generic mass terms of non-Fierz-Pauli type. We
show all the independent variables obey Klein—-Gordon-type equations and identify the
polarization modes. In Section 2.2, we analyze the linear perturbations of generic HCG.
In the analysis of HCG, we employ two distinct methods; One takes full advantage of
the partial equivalence between the generic HCG and MG at the linear level, whereas
the other relies upon a gauge-invariant formalism. We confirm that the two results
agree. In Section 2.3, we discuss methods to determine the theory parameters by
GW-polarization measurements. It is worth stressing that our method for determining
the theory parameters does not require measuring the propagation speeds, whether
absolute or relative or the details of the waveforms of the GWs.

2.1 Polarization modes from massive gravitons

We first consider GW polarizations in generic linear MG. In order to treat the dy-
namical DOF's efficiently, we use the tensor (T), vector (V), and scalar (S) variables
defined as in (A.9). The second-order perturbed action of a generic linear theory for
non-self-interacting massive gravitons (1.13) is decomposed as

Swc[hw] = SUSHi) + SudlBi, Bi] + SGglA, B, C, E] (2.1)
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with

S\ H;) = i / d'z [Hy OHY —m® Hy HY] | (2.2)

(V) Vo[, |2 : N Z. Z.
(2.3)

1 L
SSLA, B,C E] = 5 /d‘*x [—60 OC —4CA(A—B-E—C) (2.4)
2

- m? (2¢ A2+ BAB +6(3¢ — 2) C* + 2¢ EA’E
+4(3¢ —2)CAE +4 (e — 1)AAE+12(€—1)AC)} :
(2.5)

Contrary to GR, these vector and scalar actions cannot be solely expressed with the
gauge-invariant variables due to the lack of the gauge symmetries. Thus, in order to
calculate the Riemann tensor (1.28), we have to manipulate the original variables.
The equation of motion (EOM) for the tensor variable H;; is obtained from (2.2)
as
OH;; —m? H;j = 0. (2.6)

The EOM for the gauge-invariant variable >3; does not directly derive, but the EOMs
for B; and E; from (2.3) are

Combining these, we find that ¥; = B; + E, obeys
Oy —m?*Y; =0. (2.8)

J; embodies all the dynamical vector-type DOF's as B; and E; are dependent upon ¥3;
via the nondynamical relations

Bz‘ = m*2 AEl s El = —m*2 Z,L (29)

from (2.7). The most complicated is to find the governing equations for the gauge-
invariant scalars ¥ and ®. The scalar EOMs from variations of (2.5) with respect to
A, B,C, E are, respectively,

2AC +m? (eA+(e—1)AE+3(e—1)C) =0,
A[4C+m23]:o,
600C +2A(A— B — E) —4AC +m?(3(3¢ —2)C + (3¢ —2) AE+3(e —1)A) =0,
A[—zé+m2(eAE+(3e—2)o+(e—1)A)] ~0.
(2.10)
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Gathering these equations, it is found that the following two combinations
W=A-B-E—-C, h=2A+6C+2AE (2.11)

satisfy Klein-Gordon equations

3—4
OW —m?*W =0, €O ¢

—0. (2.12)

Observe that W = ¥ — ® and h = #*" h,, . The second equation implies that, if the
Fierz—Pauli tuning ¢ = 0 is realised, then the four-dimensional trace h is constrained
to vanish. We assume € # 0 and define m2 = 352 m? as the mass of h. These W and
h are the only dynamical scalar-type DOFs. Indeed, the set of equations (2.10) can be

solved for A, B,C, E in terms of W and h as

A= 2 prwg (1_€—LA> h,

3m4 2 3m?
B = —AW— —h

3m4 3m (2.13)
E—— ——A —

m2W 3m4 W+3m2h

Moreover, the gauge-invariant variables are expressed as

. .. 1 € 1 €
V=A-B-F= ——A - b=C=——=A - 2.14
%% a2 W+6h, C a2 W—|—6h, ( )

where we have used (2.12) to eliminate W and h. Using these relationships, the scalar
part of the linear Riemann tensor is written as

! . ) (2.15)
= 30,0, — = A (00,0 =05 W) + & (9050 = 035 1)

Having found that the variables H;;, >;, W and h all obey Klein—Gordon-type
equations, we are allowed to consider plane-wave solutions propagating along the z
direction,

HZ] o ei(k}HZ—(,L)]-[t)7 EZ o ei(kzz—wzt)7 W e ei(sz—wwt)7 h o ei(khz—wht) (216)

with
kr=\/wi—m? (I=HX W), k,=/wi—md. (2.17)

Then the Riemann tensor is calculated as

1
(I)Rzojo—wH(HJre + H e —\/w%—m%@ E el —i—EyeU)

2.18
——AW (w \/_77”L2(2L)—i—E whe + — mg e ) . 219
3m? WGy J) 6 V2
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This expression tells us that the six separate variables provide different polarizations.
In particular, the information carried by the two scalar variables is distinctive. W, the
helicity-0 mode of the spin-2 graviton, can be split into the transverse, or “breathing”
(B), and longitudinal (L) polarizations based on its different dependences on the fre-
quency: the former is proportional to w¥, while the latter is m?. Similarly, the spin-0
graviton h, which only exists if € # 0, can be decomposed into the transverse and
longitudinal polarizations. Thus, if the amplitudes of each polarisation are separately
measured in future gravitational-wave experiments, the longitudinal modes will pro-
vide a direct measure of the masses of the spin-2 and spin-0 gravitons. We will come
back to this issue in Section 2.3.

Finally, let us mention the effectively massless case m? < w?. Resembling the
discontinuity in the bending angle of light [Twa70, vDV70, Zak70], taking the continuous
limit does not recover the set of polarizations expected in GR, as the vector and the
transverse scalar polarizations would remain.

2.2 GWs in generic higher-curvature gravity

In the studies of linear perturbations of HCG, what is significant would be the equiv-
alence between the quadratic curvature gravity and massive bigravity at the linear
level, which was recently extended to arbitrary background with an Einstein metric
(see Appendix B). This means that the analyses of the extra massive DOFs in HCG
can be done in parallel to MG. On the other hand, we show that a dedicated analysis
based on a gauge-invariant formalism is also useful and that the two results agree.

2.2.1 DMassive-bigravity approach

As we mentioned in Section 1.2, there is an equivalence of the action (1.9) to GR
“minus” massive gravity,

S[bpvs d] = X Sar[dpw] — X Suc[dpw]
2
X[ g4y [_(I)GWM P + (1)GHV[Q;] oM + m-

:4f@ 2

(B9 = (1= ¢) ¢2)} ,

(2.19)
where we introduced m? = x/(2a) and € = 98/(2a + 123), see Appendix B for the
derivation extended to Einstein manifolds [NNZT]. Clearly, we need to assume « # 0.
The case with @ = 0 can be treated in a similar manner by means of a conformal
transformation, after which the theory takes a form of a scalar-tensor theory; See
[IMBM19] for an example.

In this formalism, the original metric perturbation is given by

h,uzz = (b/w + é,uz/ ) (220>

and, as seen from the structure of the action (2.19), the dynamical contents in this
theory are ¢, as a massless spin-2 field and ¢, as a mixture of a massive spin-2 and a
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spin-0 fields. It is worth mentioning that, while ¢, field has the same gauge symmetry
as GR, gBW is not subject to gauge transformations.

For the massless spin-2, we can choose the TT gauge as in GR treated in Sec. 1.5.3.
The only dynamical DOF is ¢.T = 2H;; with its EOM being OH;; = 0. For the

ij
massive spin-2, the analysis is completely parallel to the case of massive gravity treated

in Sec. 2.1. We decompose ¢, as
doo=—24, o= -0B—B;, ¢y =200;+200,F+20,E; +2H; (2.21)
and define two scalar variables
W=A-B-E-C, ¢=¢"=24+6C+2AE. (2.22)
Then we find the EOMs for the dynamical variables

6 -
—6 00— 1) »=0.
X

. (2.23)
In this case, the Fierz—Pauli tuning ¢ = 0 is realized and the spin-0 mode ¢ is required
to vanish when 3 = 0, or else it acquires a finite mass m3 = x/(63). Considering plane
wave solutions

(D—m2) _E[ij:O, (D—m2) 21207 (D—m2)V~V:07 (

iwpg (22—t
Hij X € ( ) s

Hz] o ei(kIjI Z—ijIt)’ Zz x ei(ki z—wit)7 W o ei(kVV Z_wVVt) (224)

(5 o ei(ké Z—wqgt)

with dispersion relations

TR (1= LS
klz{ crm ™ (I 5 W) (2.25)

wi —mg

we get the following expression for the Riemann tensor:

3 1 3
DRigjo= ) [wl%f )y +wy HA] €~ 5 \/WE —mws > Seel
A:*; =y (2.26)

2

i 2 B 2 L €7 ( 2B, Mo L
— WAW (wweij —V2m eij> + 6¢ (wéeij + —e--) .

To summarize, we have established that the gravitational-wave polarizations in
generic HCG with a # 0 is a sum of those in GR and in MG, with a difference that
the mass parameters m and my in this case are given by the expansion coefficients Y,
a and [ inherent in the nonlinear Lagrangian f.
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2.2.2 Gauge-invariant approach

The action (1.9) can be rewritten in terms of the gauge-invariant variables as
T \% S
Sticalhu] = Siica[Hyl + SircalZi] + Siida @, V1. (227)

where each part is

1 . .
SO Hiy) = P / d*r [H;OHY — 20 0H,; OHY] (2.28)
1 1 . . . .
StoalEi = o /d495 [5 0;%; 'Y —« (0]'21' IY - A AEZ)] , (2.29)
1 4
Stogl®, U] = P /d% [—6(1) O® — 40 A (U — §) — S0 (AT — AD)? + 3 <1>R21
(2.30)

with WR = —600® — 2A(¥ — ®). As seen in the above expressions, when a = 0, the
tensor and vector parts reduce to the ones in GR. Conversely, the tensor and vector
parts are modified in comparison to GR by the presence of the Weyl-squared term but
unaffected by the Ricci-squared term in the expansion of the Lagrangian (1.8). On
the other hand, the scalar part is affected by both the Weyl-squared and Ricci-squared
terms. In the following, we proceed to the analyses for each part.
First, the tensor part is only affected by the presence of the Weyl term, as seen in
(2.28). The tensor EOM is
OH,;; —2a0PH;; = 0. (2.31)

When a = 0, the tensor eom reduces to that of GR, and the same result for the
polarizations is obtained. When « # 0, we find that the above EOM admits two
independent solutions H;; = ¢;; and H;; = ¢;; which respectively satisfy

O¢i; =0, Ogy —m® ¢y =0, (2.32)
where, as before, m? = i Hence the general solution for H;; is
Considering plane-wave solutions propagating in the z direction,

(bij o eiw¢ (zft)7 éij x ei(kq;z—wqgt)’ (234>

where kj = /wz — m?2, and substituting these into (1.28), we obtain the tensor part

of the Riemann tensor as

(1)R§0Tj)0 — wi N e+ Ox efj) + w(% <¢~>+ er+ by efj) . (2.35)
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Next, as for the vector part, the EOM from the action (2.29) is
(1-2a0) AX; =0. (2.36)

When @ = 0, ¥; = 0 as expected. When a # 0, the EOM admits a plane-wave
solution .
5, o et bz zmwst) (2.37)

with ks = \/wZ — m?. For this, the vector part of the Riemann tensor (1.28) is

1
(1)R§8;)0 =3 Vwd —mlws (Spef;+ Sy el) . (2.38)

Finally, we analyse the scalar part. As for scalar, counting of the number of DOFs
is a nontrivial task since the action (2.30) contains second-order time derivatives non-
linearly in the Ricci-squared term. Let us first introduce a variable © = 2 A(® — ¥)
to simplify the scalar action as

1
S [@,0] = 5 / d'z [-600® + 60O — 30 0% + 3 VR?] . (2.39)

To have an equivalent action with only derivatives lower than or equal to the second
order, we replace the Ricci scalar WR = —60® + 30 with an auxiliary variable =
introducing a Lagrange multiplier \ as

1
Sieal®, 0,20 = o /d4x (6000 + 6060 — 3002 + S22+ A(VR - )] .

K

(2.40)
The variation of the above action with respect to = gives a constraint A = 23 =, which
can be used to eliminate A as

1
SS@G[@,@,E]:T/&:U [-60 00 + 606 — 30 0% — E% — 126200 + 68=0)] .

K

(2.41)
Now, after some manipulation, we obtain three independent equations from the varia-
tions of the above action with respect to each variable,

0 —2a060 =0, (2.42)
BE—-65°0==0, (2.43)
d=0a06-[E. (2.44)

The EOMs (2.42) and (2.43) imply that © and Z are independent DOFs with masses
m? = 1/2a and m2 = 1/60, respectively. The algebraic constraint (2.44) indicates
that when o #£ 0 (8 # 0), © (2) can be eliminated. When both « and  are nonzero,
we can solve (2.42) and (2.43) for © and = and obtain ® via (2.44). We then have the
other gauge-invariant variable

\I/:a@—gA‘IG—BE. (2.45)

33



Assuming plane-wave solutions
O x ellkoz—wel) = = o pilkzz-wz1) (2.46)

with kg = \/wd — m? and kz = /w2 — m3, we arrive at the expression for the scalar
part of the linear Riemann tensor (1.28)

2
S _ m

(1)R§0;0 =a0® (w% e?j —V2m? ei}-) —BE (wé 65 + \/—% 6%) . (2.47)

Our final task here is to investigate special cases with a« = 0 or § = 0. When o = 0,

the EOM (2.42) reduces to a constraint © = 0, which implies ¥ = ®. Equation (2.44)
reduces to & = —f3 =, so the variable ® represents the spin-0 DOF and obeys the eom

00 —mi®=0. (2.48)

Therefore, recalling ¥ = &, we find the scalar-type polarization in (1.28) in this case
as

(1)R§§’;0 = (wé e + V2m? eZ-Lj) . (2.49)

Also, the vector and tensor perturbations give the same result as in GR. This agrees
with the result of Moretti et al. [MBM19].
When g = 0, the constraint (2.44) reduces to & = @ ©, which implies that

3
V=p— — AP 2.50
2a (2.50)

and the EOM for ® is
O —m?®=0. (2.51)

It is clear that ®, in this case, is the helicity-0 component of the massive spin-2.
Recalling its relation to ¥ as given by (2.50), the scalar-type polarization in (1.28) is
calculated as
1 pGd) _ o p M
Rigio = @ (w@ € — NG eij) . (2.52)

2.3 Determining theory parameters by observations

In this section, we provide a brief discussion of how one could determine the theory
parameters, namely a and § in HCG. For brevity, below, we collectively call the theory
parameters “masses.” We consider interferometers and pulsar timing arrays (PTAs) as
GW measurement instruments.

To discuss the ability of GW detectors to determine the masses via polarization
measurements, it is necessary to take into account the detector’s response to each po-
larization in a GW propagating from the direction (6, ¢) with the polarization angle 1,
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which is represented by the antenna pattern functions F, (0, ¢,v) (a = +, x, z,y, B, L)
summarized in Appendix D. The whole signal takes the form

S(t) =Y Falb,¢,) Aalt), (2.53)

where A, is the waveform of each polarization being proportional to the coefficient of
the polarization basis ef; appearing in the Riemann tensor.

We note that different spin components have different velocities, so it would be
plausible to treat each spin component separately if one is interested in the case of a
short-duration source like a burst from a black-hole merger. Thus, we first concentrate
on the spin-0 GW alone, denoting its velocity as v. A spin-0 GW represented as a
monochromatic plane-wave with frequency w gives a signal of the form

S(t) = Fg Ap(t) + FL AL(t) . (2.54)
From (2.47) we see that there is a relationship between the waveforms

An(t) — mg
Ap(t) — w?’

(2.55)

Suppose that two detectors respond to a single spin-0 GW. In this case, the signals to
be detected by the two detectors are

{ SU(t) = B} Ap(t) + FL AL(t)

S2(t+ At) = F2 Ap(t) + F2 AL(t), (2.56)

where At = L/v is the time delay between the arrivals at the two detectors separated
by L along the propagation direction. If the coefficient matrix

2L A
F= (FE Fg) (2.57)

is invertible, it is possible to solve for Ag and Ap, as

Ag)\ _ 1 SU®)
(AL(t)> =7\t van) (2:58)
From this, the ratio of the waveforms R = Ay /Ag is obtained in terms of observable
signals and, therefore, the spin-0 mass can be determined as
mi =w’R. (2.59)

The above argument relies upon the invertibility of the matrix F. Unfortunately,
LIGO-like interferometers have degenerate antenna pattern functions

1
Fp = -3 sin?@ cos2¢p, Fp, = sin? @ cos 2¢, (2.60)

Sl -
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so it is not possible to use the above method. On the other hand, PTAs have antenna
functions [YS13, LJP*10, QBK21]

1 sin’4d 1 cos? 0

_ = Fr=—-— 2.61
21+vcosf’ Y 21+wvcosh’ (261)

Fy

which are nondegenerate if the two detectors (pulsars) have different orientations with
respect to the GW, 0, # 05, so they would allow the determination of the spin-0 mass.
A straightforward extension to a setup with more detectors (pulsars) enables us to
decompose a spin-2 GW into polarization modes and, in principle, determine the spin-
2 mass m as well. Such multidetector measurements would also be needed to analyse
GW backgrounds.

In an ideal case in which we know, or can predict, the spectral form of the spin-0
GWs A, (w,t), i.e., its frequency dependence, we might be able to determine the mass
even with a single detector. Consider two measurements of a GW at two different
frequencies wy and wo

(2.62)

S(wl) = FB AB(Wl) + FL AL(WI) )
S(we) = Fp Ap(ws) + F1, Ap(w2),

where we omitted ¢. Substituting the relationship Ay (w)/Ap(w) = m3/w? and solving
for mg, we obtain

a2 s As(wn)/As(ws) — S(w1)/S(ws)
O FL wy? S(wi)/S(wn) — wi Ap(wr) /Ap(ws)

(2.63)

Since the ratio Ag(w;)/Ap(ws) is assumed to be known, m?2 can be measured. This

method can also be extended to determine the spin-2 mass m.

We emphasise the merit of our methods that the determination of the mass param-
eter mg (or ) can be carried out without measuring the velocity of the spin-0 GW,
whether absolute or relative to other signals, or analysing the details of the waveforms.
Naturally, this advantage is also enjoyed in the relevant analyses of the spin-2 part.
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Chapter 3

Effects of graviton masses on
astrophysical objects

In this chapter, we study the structure of static spherical stars composed of non-
relativistic matter. In Section 3.1, we show the effects of the massive gravitons on
the stellar structure. Adopting a polytropic equation of state, we construct master
differential equations, the modified Lane-Emden (LE) equations, for the stellar profile
function. In Section 3.2, we study the case of HCG. The method for MG can be
partially applied since the massive gravitons also exist in HCG.

3.1 Non-relativistic stellar structure in massive grav-
ity

In this section, we study the structure of non-relativistic polytropic stars in the Fierz—

Pauli (FP) theory and generic linear massive gravity (MG) theories. Our aim is to study

the effects of the graviton mass m and the “non-Fierz—Pauli” parameter ¢ incorporated

in the MG action (1.13) on the stellar structures. The spin-2 graviton is the only

content in the FP theory with € = 0, while the spin-0 ghost graviton is also included
in generic non-FP MG with e # 0.

3.1.1 DMassive gravitational potentials

We begin with summarising the EOMs for the scalar modes in generic linear MG, which
will be relevant to static spherical configurations. Scalar-type metric perturbations are
characterised by four variables as

It is well known that one can choose two linearly independent combinations of the above
four variables that are invariant under a small gauge transformation, see Appendix A
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for a summary of linear gauge transformations and invariant variables. In particular,
V=A-B-E, ®=C (3.2)

correspond to the gravitational potentials in the Newtonian gauge. When the action
(1.13) does not possess the mass term, the scalar sector can be solely written in terms of
the gauge-invariant variables because the massless theory inherits the linearized version
of the gauge symmetry of GR. In the massive case, on the other hand, one cannot take
such advantage because the mass term breaks the symmetry. Indeed, the action (1.13)
is written in terms of the metric perturbations, A, B, C', and FE, as

1
g8 _
MG 161 G

/d% {—GC’DO—LLCA(A—B—E—C’)

2
— - (2 A+ BAB+6(3¢—2)C? + 2¢ EAE (3.3)
+4(3¢ —2) C AE +4(c — 1) AAE + 12(c — 1)A0)] ,

up to surface terms. In a similar fashion, we define the scalar components of the
perturbative energy-momentum tensor 7}, as

1
so the scalar sector of the minimally coupled matter action is

nt

s =1 [angrom
2 4

) (3.5)

= /d% [—Ap+BAv+30P+EA (P+ gﬁa)] :

where surface terms have been discarded. We assume the conservation law 8MT(S)‘“’ =0
holds, which settles down in the decomposed form:

2
p+Lv=0, @+P+§Aa:0. (3.6)

Varying the action S® = Sl(\fé + S with respect to A, B,C', E and using the con-

nt
servation law, we obtain the four EOMs

2AC +m*[e A+ (e—1)AE+3(e—1)C] = 87 Gp,
AMA4C +m? B) = —167 G p,
60C +2A(A— B —E—2C)+m?[3(3¢ —2)C + (3¢ —2) AE +3(e — 1) A] = 247 G P,

A{=2C+m? [e AE+ (3¢ —2)C + (e — 1) A]} =87 G j.
(3.7)
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The derivation of an equivalent set of equations can be found in Ref. [JMM13].

We rigorously proved in Section 2.1 that, in the vacuum case, the scalar-type dy-
namical content in this theory consists of the helicity-0 component of the spin-2 graviton
and the spin-0 graviton, which may be defined as

1 - B
¢QE§(A—B—E—C), ¢OE—A—|—5—20, (3.8)
respectively. In fact, even in the presence of the matter sources, the EOMs (3.7) are
neatly recast into the following two sourced Klein—Gordon-type equations for ¢, and
¢0 )
(O-m2) g =4nG(p+9—00), (O—-md)eo=4rG(p—3P),  (3.9)

where their masses are defined as

2 __ 2 __
my=m-, moz

3.10
s (3.10)

respectively. By solving ¢o and ¢q, we can reconstruct the original metric variables A |
B, C,and F as

4 1— 2 2 2
A——AZ@ ( 6——A> ¢0+87TG <—3p——2Ap+_2A2<7>7
€ ms ms

3ms 3mj3 3m3

8§ . 4 . 167G 2 2
B= 4A¢2+—¢0+L<3v 2p’—|——2Ad>,
m

3my 3m3 3m3 5 ms
2 87T G
C= 35 Do - —¢o - Do),
mj
2 2 2 8t G 2 2
EF=—(1--—A — —— A —p) .
 ( %@)¢23@%+&@(% 2o+ )
(3.11)
Therefore, the gauge-invariant variables are
W:A—B—E:Q(l—%ﬂ) ¢2——¢0 87G(P Ao),
3m
87rG (3.12)
b=C= —No).
3m2 Agsy ( o)

In order to prevent ¢y from being tachyonic, the non-FP parameter € is required
to be within the range 0 < ¢ < 3/4 so that 0 < m3 < co. We will shortly confirm
that both ¢9 and ¢ produce a Yukawa-type potential in the static case and, when
non-tachyonic, ¢ is attractive in the remote distances whereas ¢, is repulsive. On
the observational ground, the attractive force mediated by the spin-2 graviton must
dominate, so we further restrict the range of € within 0 < € < 1/2 so that m3 < m2. On
the other hand, m2 must be so tiny that the speed of gravitational waves is sufficiently
close to the speed of light in light of the observation of GW170817 [AT17a]. Notice
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that, as long as € # 0, vanishing of the spin-2 mass implies simultaneous vanishing of
the spin-0 mass.

From now on, we specialise to static configurations with non-relativistic matter
satisfying p > |P|. Then, our variables are related to the metric perturbations as

_A-C

¢z 5 o =—A—2C (3.13)

and they obey the Helmholtz-type equations
(A —m3) o =47Gp, (A—md)go=4rGp. (3.14)

The gauge-invariant variables (3.2) can now be written in terms of ¢, and ¢, as

4 1 2 1
‘I’:Azg%—gfbo, ‘I):C:—g@—g(f?o‘ (3.15)

For notational convenience, we introduce

4 1 2 1
_ 4 _ 1 _ 2 __! 3.16
%) 3 ) %] 3 ’ 62 3 ) 50 3 ( )

and write the gauge-invariant potentials as

UV=> o, ©=) Bio.. (3.17)

s=2,0 s=2,0

It will be useful to notice that > a; =) fFs=1.

Hereafter, we presume that the system is spherically symmetric. Since asymptotic
flatness requires limg oo ¥ = limz 0o @ = 0, ¢, must satisfy limz_o ¢s = 0. The
general solution to the Helmholtz equation (3.14) with two integration constants, C
and Cy, is

Os = —g (os(r) coshmgr — xs(r) sinhmgr + Cy sinhmgr + Cy coshmgr)  (3.18)
-

with the two functions o and y, with the dimensions of mass being

4 T
os(r) = il / dr’r’ p(r') sinhmg 1",

ﬁ 0 (3.19)
Xs(r) = — / dr’ " p(r') coshmgr'.

ms Jo

For a star with the finite radius R, likewise, these quantities have a constant value
outside the star:

0u(r> R) = 0u(R)= ., xalr > R) = xa(R) = X,. (3.20)
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In this case, regularity at r = 0 requires Cy = 0, while asymptotic flatness fixes the
other constant as

4 (B _
Ci=X,— %, = — drrp(r)e™™" = I;. (3.21)
ms Jo
Thus, the spin-dependent massive potential is determined as
G
¢s = —— (0s(r) coshmgr + (I — xs(r)) sinhmgr) . (3.22)
’
Outside the star, ¢ reduces to a Yukawa-type potential
G X e M
bu(r>R)= """ (3.23)
r

because o4(r > R) = X and I — xs(r > R) = —3. We see that X, plays a role of a
Yukawa charge.

Let us gain some insights into the massless limit. The limiting value of the enclosed
charge o4(r) is nothing but the enclosed mass,

lim o(r) =4x /T dr' v p(r') = m(r), (3.24)

ms—0 0

which proves that the massive potential (3.22) reproduces the Newtonian potential in
this limit:

TG /
Tim, 6,(r) = / Tﬁr V. (3.25)

A remarkable consequence is that the massless limit of the gauge-invariant potentials
external to an object with mass M = m(R) recovers the Newtonian potential,
GM
lim ¥ =— lim & = ——— (3.26)

m—0 m—0 r

thereby proving the absence of the vDVZ discontinuity in generic non-FP MG.

Notice that the above mentioned recovery of the Newtonian potential is a conse-
quence of the compensating contribution from the spin-0 mode ¢q. The contribution
to the gravitational potential from the spin-2 mode ¢, alone exceeds the Newtonian
potential by a factor of 1/3 as implied by the coefficient ap = 4/3 in (3.15). That
excess is exactly cancelled by ¢q with the negative coefficient ag = —1/3, where ¢y is
understood to provide a repulsive potential representing its ghost nature.

3.1.2 Stellar structure equation in massive gravity — Modified
Lane—-Emden equation

Given the gauge-invariant potential W, the hydrostatic equilibrium condition in the
Newtonian gauge reads

1dP  dw
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In order to obtain a differential equation for p, one supplies an equation of state (EOS)
P = P(p) and operates 5 372 on the both sides to find

r? dr
1 d (/r*dP
- —|———|=-AU. 2

7"2d7“<p dr) (3:28)

For now, we assume both m3 and mj3 are bounded. Then we can safely use the
Helmholtz equations (3.14) for ¢,’s to obtain

podr

1 d /r2dP
r2 dr

) = — Z a (m2 ¢ + 4nGp) . (3:29)

Hereafter we adopt the polytropic relation P = K p1+% as the EOS for the stellar
matter, where K is a constant and n is another constant called the polytropic index.

(APl

Quantities at the stellar centre will be denoted by the subscript “c,” such as p. =

1
pr=0)and P.=P(r=0)=K ,oi+”. The stellar mass density and pressure can be
expressed by a single profile function 0 as

p=pb", P=P.Oo"", (3.30)

which is normalized as 6. = 6(r = 0) = 1. We introduce a length scale

n+1)P.
/= (47er2 7 (3.31)

note that ¢ depends on the polytropic index n. Then, the non-dimensional radial
coordinate ¢ and graviton mass parameters p, are defined as

fE%, s = mg L. (3.32)
Following the standard derivation of the Lane-Emden equation in GR, we operate
the non-dimensionalized laplacian operator Ay = 5% % ( 2 d%) = (2 A on the hydro-
static equilibrium condition (3.29) to obtain
2
115 Ps
Neb s |0"+—— | =0. 3.33
oS (" wigr) 59

Unlike GR, however, this is still an integro-differential equation for p since ¢ involve
integrals of p in a non-trivial manner as given by (3.22). Since ¢ is a formal integral
of the Helmholtz equation (3.14), it reduces in turn to the source term 47 G p by an
operation of the Helmholtz operator A — m?. Thus, operating (A¢ — p3) (A¢ — pd)
and using (3.14), we obtain a sixth-order differential equation for 6:

Ne [(Dg = 13) (De = 1) 0+ z (Dg — i) 0"+ (De—pi3) "] =0 (3.34)
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This is our master equation for the profile function # in generic linear MG, which is an
extension of the original second-order Lane-Emden equation in GR. The stellar struc-
ture can be constructed upon integration of (3.34) with suitable boundary conditions.
The fact that this is sixth order in differentiation is a consequence of the fact that there
exist three physical degrees of freedom, one from the massive spin-2 graviton, one from
the massive spin-0 and one from the matter. A word of caution is that the overall
laplacian operator on the left-hand side of (3.34) cannot be dropped as in the case
of field equations (3.7) since 6 and its derivatives must satisfy non-trivial boundary
conditions at a finite radius » = R, as we shall shortly see.

In terms of the non-dimensional variables, the stellar mass M and charge Y, are
expressed as

95 A7 03
M:4ﬂ_€3pc/ d§§29(§)n, ES: Tl Pc

0 Hs

ér
/0 A Esinh p,£0E)",  (3.35)

where £g = R/{ and is the first positive zero of 6. Unlike GR, M cannot be expressed
in terms of derivatives at the stellar surface.

Now, we move on to discuss boundary conditions for the profile function #. Since
the master equation (3.34) is sixth order in differentiation, there is a need for six
independent conditions, a priori. We shall demonstrate all such conditions can be
derived as the requirements for the compatibility with the hydrostatic equilibrium
condition (3.27). Here, we take the same strategy as in GR in the sense that we aim
to impose all the conditions on the values of ¢ and its derivatives at the stellar center.
It will turn out, however, that this is made only partially successful by the massive
nature of the extra gravitational potential.

Let us start by re-expressing (3.27) in terms of 6 as

, b A

o= — v .
ArGp. dr’ (3-36)

where and hereafter, the prime denotes derivative with respect to £. The derivatives
at the stellar center 6 = %(O) are required to be consistent with the behavior of
the potential ¥ = )« ¢; evaluated there. Indeed, one finds the expansion of the
potential (3.22) to a sufficient order as

_ 2m m3 I md
quﬁsz—msfs—i-(?p(O)—T) 7’2+§d—£<0)7”3
(3.37)
w o amEel0)  mILY Lo
a3 o0 )" O,

From above, it can be shown that the radial acceleration at the stellar center vanishes,
lim, o —4% = 0, which implies 6, = 0 via (3.36). Hence, the following two boundary
conditions have so far been obtained:

0.=1, 0. =0. (3.38)

C
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These two conditions just suffice in the case of the second-order LE equation in GR.
By contrast, four more boundary conditions are required in order to solve the full
sixth-order differential equation (3.34). They are found from derivatives of (3.36) as

1
"o li _
. Zas( oL u)

l A3
92//:_4 e hH(l)d?):O’
m G pe r=0 dr (3.39)
~ 1 '
9((:4) = 47TGp }nli% dr4 Zas (__nell ,u’s + Ms Ls) )
3 5
60 = — : limd‘ll:(),

47 G pe r—0 drd

where we have non-dimensionalized the constants I (3.21) appearing in the potentials
¢ such that

s]s n _—
o= g /0 dg £0(g)" et (3.40)

and iteratively applied the conditions arising from lower derivatives to those from higher
ones. It is observed that 67 and 0 are now related to the stellar global quantities
Ls , which was moreover introduced to guarantee flatness at spatial infinity. The value
of 15 is as yet undetermined until the profile function 6 is solved. Therefore, these
expressions of the boundary values should be considered merely formal. Namely, the
problem is not formulated as a simple initial value problem as in GR, but we will have
to perform some matching procedure between the boundary values at the stellar center
and the integrals of the solution over the whole domain. Note that the stellar radius
&R is simultaneously determined by this procedure.

It might be useful to provide an integro-differential equation equivalent to the mas-
ter equation (3.34). Integrating (3.34) twice, we have

(D¢ —113) (De—pg) O+ an (De = ) 0" +ao (De = p3) 0" = pz g (1 — az 2 — g o)
(3.41)
where we have already utilised the boundary conditions (3.39).

When the mass parameter 2 goes to infinity, i.e., the non-FP parameter e goes to
zero, the massive gravity theory reduces to the FP theory. A little care has to be taken
when one wants to consider such a limit because we have assumed finiteness of the
graviton masses in the derivation of the full equation. Actually, in the massive limit,
the spin-0 Yukawa potential itself must be absent from the beginning. A secure way to
go is to begin by setting ap = 0 in (3.33), which has the effect of turning off the spin-0
Yukawa potential ¢o. Then, operating (A¢ — u3) only, the correct master equation for
the FP theory is found to be

4
Ne [(De—p3) 0+ 3 0" =0, (3.42)
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where we have restored as to 4/3. The reason for this being the fourth order is that
the helicity-0 component of the massive spin-2 graviton, which is absent in GR, is still
at work in addition to the matter DOF. It is interesting to note that this can also be
obtained by taking a formal limit u32 — oo in the master equation (3.34) for a generic
theory.

We need four boundary conditions in total, two of which are the same as the Lane-
Emden conditions (3.38). The remaining two are obtained by setting ap = 0 in (3.39)
as

1 . d*w 4
6:3/: _47TGPC }‘1_13% dr2 = _§(1 _lu’g [’2)7

g e (3.43)
o — m Y _g.

— im

47 G pe r—0 dr3

It is useful here to consider an integro-differential equation equivalent to the fourth-

order LE equation (3.42),
2 4, 4, 2

(De = pp) 0+ 20" = Szt — pip. (3.44)

From this, one can deduce that, when the graviton mass parameter us goes to zero,
the master equation reduces to

4
D+ 50" =0 (3.45)

with the boundary conditions 6. = 1, 6. = 0. This resembles the ordinary Lane-Emden
equation in GR but has a different numerical coefficient, implying that its solutions do
not recover those of GR although the mass parameter s vanishes. This discontinuous
behavior is reminiscent of the vDVZ discontinuity.

Historically, since Vainshtein [Vai72], this kind of discontinuity in the FP theory
has been believed to be cured by a screening mechanism inherent in the nonlinear com-
pletion of the theory, where gravity within some radius ry is expected to mimic GR.
It would be of interest here to compare the stellar radius R, and the screening radius
ry taking its generic expression ry = (rg/mP)Y®*+1 where rg is the Schwarzschild ra-
dius of a stellar object, m is the graviton mass, and p is a theory-dependent parameter.
p = 4 for the original Vainshtein model [Vai72] and p = 2 for the de Rham-Gabadadze—
Tolley (ARGT) theory [dRGT11], see, e.g., [BD13] for generalisations. Then, the ratio
of the screening radius to the stellar radius reads rv/R = (rg/R)Y®*+YD /(m R)P/P+1)
Although the ratio rs/R in the numerator should be reasonably small for any nonrela-
tivistic stars, the product m R in the denominator is requested to be far more smaller
once one demands the inverse-square force exerted by the object reaches astronomical
distances, which are generically greater than R by tremendous orders of magnitude.
Hence, one can generically expect that rv/R > 1 and, therefore, some screening effect
should work within non-relativistic stellar objects.

Last but not least, we consider the massless limit with a non-vanishing non-FP
parameter €. When € # 0, the doubly massless limit can be taken, where both us and
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o go to zero. Then, our master equation (3.34) becomes
AZ (A +60") =0. (3.46)

This equation can be integrated four times and imposing the suitable boundary con-
ditions (3.39) yields

This is the same as the standard Lane-Emden equation in GR. Thus, we can expect
that the solutions to the master equation (3.34) will recover the corresponding solutions
of the standard LE equation in GR. This proves the absence of the discontinuity in the
generic, non-FP MG.

We will present analytical solutions to the FP and non-FP master equations for the
polytropic indices n = 0 and 1. All the differential equations treated in this section
will be a linear homogeneous equation for 6 sharing the common form

f(Le)8=0, (3.48)

where the characteristic polynomial f(X) is degree 2 in X for the FP theory or 3 for
the non-FP theories. The general solution is characterised by the set of the roots for
the characteristic equation f(X) = 0. It always has Xy, = 0 as a root, as is obvious
from Egs. (3.34) and (3.42). For each root X;, one finds a fundamental solution by
solving A0, = X, 0,

(Ai + % (X; =0)
6, = 4, 5mb 2/7"5 + B COShg/Eg (X, > 0) (3.49)
A, SV XL vg—XmBiCOS_ vg—Xf (X; < 0)

where A; and B; are arbitrary real constants. When there is no degeneracy, the general
solution is just a sum of the fundamental solutions ;. If there are degeneracies, on
the other hand, special but straightforward mathematical treatments such as variation
of constants will be necessary. Later, we will take care of an example of a degenerate
situation.

3.1.3 Case I: Fierz—Pauli theory

We first present the exact solutions to the Fierz—Pauli master equation (3.42) in the
cases of the polytropic indices n = 0 and 1. In this case, only the spin-2 graviton exists.

For n = 0, the fourth-order equation (3.42) reduces to a homogeneous linear equa-
tion
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The general solution can be found as

A sinh cosh
0= Ay 422 g S0hib ) coshial (3.51)
3 p2€ f2€
where A;, Ay, A3, and A4 are constants of integration. The set of the boundary
conditions (3.43) determines the constants as

4 (1 —H28R
A1:1—A3, A3:—§( +M2£};)e 5 A2:A4:O. (352)
3

Therefore, we get the exact solution

) () e s it — g

3 115 2§

(3.53)

As anticipated, the solution is parameterized by the stellar radius g , the value of which
must be determined by numerically solving 6({g) = 0. The analytical expression for
the gravitational potential ¥ can be found as

4 Gy mor — (1 + myR)e ™28 sinh mor
4 ! = (r <R)
U — 3 r mo R cosh meR — sinh mo R _ (3.54)

4 GX
73 Gr e (r>R)

Figure 3.1 shows the profile function # for several values of us and compares them
with GR. In the massless limit po — 0, the solution reduces to § = 1 — 2¢2/9, which
has a different coefficient from the Lane—Emden solution in GR. As a consequence, the
stellar radius shrinks from the GR value of v/6 to 3 / v/2. On the other hand, in the
massive limit gy — 00, the solution has an infinite radius because gravity no longer
works. The profile best resembles that of GR when py has some finite value around
0.4, but such a large value is physically unreasonable.

The expressions for the stellar mass M and the Yukawa charge 35 can be obtained
by substituting the solution to (3.35):

Amlp. 3,
3 )

(o€ g cosh psér — sinh ol

M —
1

Yy = 4nlp. (3.55)
Figure 3.2 shows the dependence of the stellar radius R/¢ (blue) , the mass M/ (4w ¢3p,)
(red) and the charge 35 /(4703 p..) (yellow), each appropriately normalised, on the gravi-
ton mass parameter ps. As we explained earlier, when the graviton mass parameter
1o goes to zero, the charge ¥y and the mass M have the same limiting value. One also
confirms that the massless limit of R and M does not converge to their corresponding
GR values indicated by the star symbols. This discontinuous behavior is analogous to
what is predicted for the bending of light. Hence, one could conclude that, in order for
the graviton in the FP theory to acquire a tiny mass, some screening mechanism that
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Figure 3.1: The profile function # for the polytropic index n = 0 in the
Fierz—Pauli theory and GR.
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Figure 3.2: The dependence of the stellar radius R/¢ (blue), the mass
M/(4703p.) (red) and the charge ¥o/(47¢3p.) (yellow), each appropriately

normalised, on the graviton mass p3 for the polytropic index n = 0. The
star symbols indicate the GR values of R (bottom, blue) and M (top, red).
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helps the recovery of GR has to be invoked even inside stars. On the other hand, as
the mass of the graviton increases, each quantity diverges.

For the polytropic index n = 1, the fourth-order equation (3.42) reduces to a linear
homogeneous equation

{Ag - <u§ — g)} A =0. (3.56)

We assume p2 < 4/3 since the graviton mass should be small enough to be compatible
with the gravitational-wave experiments. The general solution is obtained as
By sin A&

cos A¢
=208 B B
1+ — ¢ + D3 N + Dy N

with A\ = /4/3 — 2 and By, By, Bs, and B, are constants of integration. The
boundary conditions (3.43) determine the constants as

(3.57)

4
Bl =1- Bg, Bg 3)\2(1 - [I,QLZ) BQ = B4 =0. (358)

Therefore, the exact solution is

sin A& — A&
f=1+B3————> )
+ D3 A\ (3 59)
with (1

33 (A cos Asg + pig sin ASr) — 4X (14 pio€pr) -

An expression for the interior gravitational potential can also be found, but we do not
show it because the result is too complicated and not illuminating.

Figure 3.3 shows the profile functions in the Fierz—Pauli theory and GR for n = 1.
Although the functional shapes are different from those for n = 0, the trends with
respect to the change in the mass parameter are similar. When py — 0, the solution
reduces to § = v/3/(2€) sin2¢/4/3, so the stellar radius 5 shrinks from the GR value
of T to V37 /2.

Once & is determined, the stellar mass M and charge >, can be evaluated via their
expressions for n = 1:

M- 47r€3 Pe

3B ( . 1
{fR - (sm)\fR—)\fR cosA{R—g)\gfé)] )
47r€3pC

2

Yy =

{szR cosh p12§r — sinh p19§R

3 3
+ B3 A {sinh,usz (1 — = cos)\fR) o cosh poép (fR + -

4 2t oni) )|

(3.61)
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Figure 3.3: The profile function 6 for the polytropic index n = 1 in the
Fierz—Pauli theory and GR.

3.1.4 Case II: Non-Fierz—Pauli generic theories

Now, we would like to tackle the full master equation (3.34) in generic linear MG. The
existence of the two massive gravitons, spin-2 and -0, renders the analysis considerably
messy, but most features of the solutions will be reasonably understood as collective
contributions from these gravitons. As in the FP case, we find exact solutions for the
polytropic indices n = 0, 1.
In the case of n = 0, the master equation (3.34) reduces to
(D¢ = p13) (De = pg) D = 0. (3.62)
When g9 # 119, the general solution with six arbitrary constants is found to be
C sinh cosh
0=+ 2 gy TILE | o COSMRE o s
§ 1S pag Hoé toé

where C1-Cg are constants of integration. The boundary conditions (3.39) determine
the constants as

sinh o€ LC cosh o€ (3.63)

Y

4 1
01:1—03—05, ng—g(ugg—bg), 0525([1162—“)), 02204206:0'
(3.64)

Therefore, the exact solution is
4 (1 + pabr)e 5% sinhjipf — pof 1 (14 por)e ™% sinh po€ — o€

f=1—-
3 13 p12€ 3 T 110§

(3.65)
When ps = pg, the characteristic roots degenerate, and the general solution then is

. 0 - sinh . h
o= ¢y 4 & siubied | coshind
§ H2é 12é

50
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A calculation leads to the solution

1+ pogr)e 2 sinh pipf — o€

(
f=1-—
,U% p2é

(3.67)

which happens to be identical with the formal py — ps limit of the non-degenerate
solution (3.65). The analytical expression for the gravitational potential is found as

(4 Gy mor — (1 +maR) e ™% sinh myr

3 r moR coshmoR — sinhmoR

U — N 1 G mor — (1 +moR) e ™% sinh mqr
3 r moR coshmgR — sinh mgR

4GYy e 1 GXo
("3, ¢ Tty (r=FR)

(r<R) - (3.68)

Typical solutions are shown in Fig. 3.4 together with the n = 0 LE solution. As
is obvious from the expression (3.65), the spin-2 graviton mediates an attractive force
while the spin-0 is repulsive. When there is a hierarchy between the graviton masses,
the graviton with lighter mass dominates. It is worth mentioning that the stellar
structure is maintained even in the presence of the ghost spin-0 graviton as long as
to 2 p2 - In the case where the graviton masses are comparable, ps &~ pg, the spin-2
graviton exceeds because its magnitude is four-fold stronger than the spin-0.

i — m2=0.1,up=0.1
05 H2 Ho
I — ﬂ2=0.3,ﬂ0=0.1

- M2 =O.1,/10 =0.3

- M2 = 0.3,/10 =03

—05/|

Figure 3.4: Typical profile functions 6 in generic non-FP linear MG for
the polytropic index n = 0 compared with the LE solution in GR.

Let us mention some interesting limits. In the limit py — oo, ie., € — 0, the
solution reduces to the one in the FP theory obtained previously. In another special
case where the spin-2 graviton has zero mass, py — 0, the spin-0 mass is simultaneously
zero, g — 0, by definition. The massless limit of the solution (3.65) recovers the n = 0
LE solution fypo = 1 — £2/6, so no discontinuity appears when the spin-0 graviton is
included.
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Once &g is determined, the stellar mass M and charge Y, can be evaluated via
their expressions, which are essentially the same as the one for the FP theory (3.55)
(2 — o for Xp) since n = 0. Figure 3.5 shows the dependences of the stellar radius
R/¢ (blue) and the mass M/(4nf3p.) (red) on the spin-2 graviton mass 3 for several
values of the non-FP parameter €. A larger value of ¢ leads to a larger gradient. Here,
the Yukawa charges Y, are omitted, but their behavior is similar to the stellar mass M
as seen in Fig. 3.2 for the FP case. In the presence of the spin-0 graviton, the values
of R and M in the massless limit ps — 0 both converge to the values of GR, which is
in sharp contrast with the FP case (grey) studied in the previous subsection.

R M

s
¢ dnp i

2F

L 1,2
0.0 0.1 02 03 04 0.5

Figure 3.5: Dependences of the stellar radius R/¢ (blue) and the mass
M/(4703p.) (red), each appropriate normalized, on the graviton mass 13
for several values of the non-FP parameter € for the polytropic index n = 0.
The grey lines correspond to the FP case with ¢ = 0. The star symbols
indicate the GR values of R (bottom) and M (top).

Figure 3.6 shows contours of the ratio of the stellar radius to the value of GR,
R/Rig, in the (p2, p2) plane. On the curve with a ratio R/Rrg = 1, the MG solution
has the same radius as GR as a result of competition between the attractive spin-2
and repulsive spin-0. This diagram has a potential usage in constraining the graviton
mass parameters. We do not go into the detailed analysis here, but it is likely that the
regions far from the line with R/Rpg = 1, for instance, those with values smaller than
0.9 or greater than 1.1, may be rejected since the discrepancy from GR could be too
large. In particular, when p3 < 1, the spin-0 mass would be constrained as p2 < O(1).

In the case of n = 1, the master equation (3.34) becomes

(Be = X1) (Be — X3) A = 0, (3.69)
where X;’s are roots of the characteristic equation
1
@) =@ = (5 + g = 1) @+ 5 (3 — 4415 + 3p3 p15) = 0 (3.70)
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Figure 3.6: Contours of the ratio of the stellar radius to the value of GR,
R/RiE, in the (u3, p2) plane for the polytropic index n = 0.
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with its discriminant being

10 10

D = pi+ o = S pz + 45 = 2z g + 1 (3.71)
In the case when p3 < 1, which is of most importance on the observational grounds,
the above equation has two real roots. A further restriction p3 < p2 forces the two
real roots X; and X5 to have opposite signs. The positive and negative roots then are
N = (13 +p2—1+vD)/2 and —\2 = (13 + p2 —1—+/D)/2, respectively. The general

solution is
D,y sinh A\, & D cosh A & D sin A_¢&

cos A_&
=D — 4+ D D
e T T TP e S W I W

where D;’s are arbitrary constants of integration. The set of boundary conditions (3.39)
determines the constants as

Di=1-D3—Ds, Dy=Dy=Ds=0,

(3.72)

1 4 1
1 4 1
(3.73)
Therefore, the exact solution is
inh — inA_&— A_
9:1+D3sm RS )\+§+D5sm)\ E—A 5‘ (3.74)

A A€

Figure 3.7 shows the form of the profile functions # for several combinations of 1
and po. The trends with respect to the changes of the values of uy and py are almost
in parallel to the case with n = 0.

Here, we focus on the limiting case with the vanishing spin-2 mass, i.e., u2 — 0.
Figure 3.8 shows the dependence of the stellar radius R/¢ on the spin-0 graviton mass
pé. The first thing to note is that, as is expected, the simultaneous massless limit
pé — 0 recovers the GR value of 7 indicated by the star symbol in the figure. As pqg
increases, the repulsive force weakens, so the stellar radius shrinks. The grey dashed
line in Fig. 3.8 indicates the 90 % value of the normalized radius in the case of GR, i.e.,
0.9 x m =~ 2.83, which we shall regard as a tentative lower bound. If one demands the
radius should be above 2.83, then p2 should be less than about 2.4. In this manner, at
any rate, the spin-0 mass is constrained to be < O(1) if ps < 1.

We conclude this section with some remarks on the screening mechanism in the FP
theory considering the case of the Sun. In the studies of the case with n = 0, 1, we found
that the stellar radius R has a value of the order of the characteristic length scale ¢ as
long as the graviton mass m is smaller than ¢!, that is, 4 = m ¢ < 1. Main-sequence
stars like the Sun, on the other hand, are usually modeled as a polytrope star with
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Figure 3.7: The profile function € in non-FP generic linear MG and GR
for the polytropic index n = 1.

Figure 3.8: The stellar radius R/{¢ against the spin-0 graviton mass ,u%.
The gray dashed line is the 90 % value of GR.
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n = 3, which we did not consider in this thesis. Nevertheless, we can expect a similar
estimate of R holds for n = 3. Now, if we take the dRGT theory as a specific example
of the nonlinear completion of the FP theory, the screening radius rv = (rg/m?)/? for
the Sun with its Schwarzschild radius rg o &~ 3km and stellar radius R & 7 X 10° km

is evaluated as
Vo _ (rse/Re)?
Rs (m Re)?/?

where we have assumed R; = O(1) x £ in the last approximate equality. This implies
that the whole Sun is enclosed within the screening radius if 1 < 1072 and the stellar
calculations then has to be modified by some nonlinear screening effect. In Fig. 3.9,
this situation corresponds to the shaded region, in which the stellar radius R/¢ (blue)
is below the screening radius 7y /¢ (red). Incidentally, an observational upper bound
on p may be set if one wishes the linear FP theory is valid over the solar system, where
the inverse-square law has been observationally confirmed to hold. The inverse-square
force by the Sun would not reach, e.g., Pluto’s aphelion rp at a distance of about
7 x 10'2 meters unless the Yukawa length v = m ™! exceeds it, so the graviton mass
m is constrained to be below rp 1. This leads to an upper bound on the graviton mass
asml ~mRy < Ry/rp ~ 1074 represented by the vertical dashed line in Fig. 3.9.

~ 1072723, (3.75)

length
{
10
]t
6 :
oo
WO i \..o.- RIZ MNonFP)
27 - Stellar radius R/Z (FP)

m{

1073 107 0.001 0.010 0.100

Figure 3.9: A schematic comparison of the stellar radius R/¢ for the FP
theory (solid blue) and a non-FP theory (dashed blue) with the screening
radius rv/¢ (red) for astronomical parameters compatible with the solar
system. Some screening effect is expected to work in the shaded region in
the case of the FP theory, the corresponding mass range being m ¢ < 1073.
The rightmost line (grey) represents the Yukawa length 1/(mf).
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3.2 Non-relativistic stellar structure in higher-curvature
gravity

Next, we study the structure of static spherical stars made up of a non-relativistic
polytropic fluid in generic HCG. The method for MG can be partially applied because
the massive gravitons also exist in HCG. We first formulate the modified LE equation
for the stellar profile function in a gauge-invariant manner, finding it boils down to
a sixth-order differential equation in the generic case of HCG, while it reduces to a
fourth-order equation in two special cases, reflecting the number of additional mas-
sive gravitons arising in each theory. Moreover, as shown in the previous section, the
existence of massive gravitons renders the nature of the boundary-value problem un-
like the standard LE. As physical outcomes, we clarify how the stellar radius, mass,
and Yukawa charges depend on the theory parameters and how these observables are
mutually related. We obtain reasonable upper bounds on the Weyl-squared correction.

3.2.1 DMassive graviton corrections to the Newtonian potential

In order to derive linear EOMs for the scalar modes in generic HCG, we begin with
calculating the second-order perturbation of the gravitational action (1.9) plus a mini-
mally coupled conservative matter. Scalar-type metric perturbations are characterised
by four variables (3.1), and the gauge-invariant linear scalar perturbations ¥ and ® are
constructed as (3.2), see Appendix A. As the matter source, we adopt a perfect fluid
with mass density p and pressure P coupled with scalar-type gravitational perturba-
tions, as introduced in (3.5) with the conservation law (3.6). Thus, the scalar sector of
the second-order perturbative action is then given by

(2) 1 1 i
Siee = g /d4x {—6(1) 00 — 40 AV — @) = S a[A(Y — @) + 5 (VR)
—|—/d4x [~Up+ 3P|,

(3.76)

where

WR = 600 — 2A(V — ) (3.77)

is the Ricci scalar at the linear order. Varying the action with respect to W and @, we
obtain the field equations

A | =20 — gfm(xp —®)-28WR| =81Gp,
(3.78)

4
DR 4+ 2AD + 3 a N (U— ) +26(-30+A) YR = —247GP.

In the static case, the coupled equations (3.78) can be reduced and reorganised in

57



a neat way. To see this, we introduce an alternative set of gauge-invariant variables
2 2 (3.79)

where, as will be clarified shortly, the subscripts refer to the spin s of the massive
gravitons. For later convenience, we denote the inversion of the above as

U =—-a ¥y — ¥y,

3.80
Q= Py Uy + fo ¥y (350

with 4 1 9 1
042:—§, 040:5, 52:—57 50:—5- (3.81)

Note that these coefficients are normalised so that as + a9 = —1 and B+ 5y = —1. By
taking linear combinations of (3.78) after reducing OJ to A, we obtain the decoupled
equations for the gauge-invariant variables ¥, as

3
ATy — 20 A2y = 47 G +—P>,
2o oA Te A (p 2 (3.82)

AUy — 638N Vg =47 G (p—3P) .

One may already notice the similarity of the above two equations. Furthermore, with
the non-relativistic approximation |P| < p being the rest mass density of the fluid,
these reduce to exactly the same form

(A =m2) AV, = —47 G pm? (3.83)

with s = 2,0, where we have introduced the “mass” parameters m% = 1/(2«) and

2
mg = 1/(60).

The key property inherent in these fourth-order equations is that the gauge-invariant
potentials W, can be expressed as the difference of two variables

U, = @Z)s - 77[)5 ) (384>
where 9, and 1;3 are required to satisfy the following Poisson and Helmholtz equations,

Nps =41 Gp, (3.85)

(A —m?2) by =4nGp, (3.86)

respectively. An immediate implication of this decomposition being possible is that 1,
is the massless graviton in GR while 1, originates from the extra massive DOF with

spin s arising in HCG. Indeed, these Helmholtz equations are reminiscent of the Klein—
Gordon equations satisfied by the helicity-0 DOF's with the same masses identified in

58



2.2. Note, however, that there is a certain difference in the current definition of the
variables from the vacuum case. See also [CS01, CSCO01] for an analogous discussion
for decomposing a higher-order equation into second-order equations in the presence
of matter. Since the Poisson equations (3.85) for both s are identical, and so are their
solutions, we may omit the subscript s for ¥,: ¥ = ¥y = 1)g. Then, the original
gauge-invariant variables can be represented as

U =1+ az s + ag i, (3.87)
O =~ — Bathy — Byt (3.88)

with the coefficients given by (3.81).

It may be worth mentioning here the “massive” limit with m? — co. Then, only
terms in proportion to m? in the fourth-order equation (3.83) remain, reducing to a
conventional Poisson equation for Wy. Also, Eq. (3.86) in this limit imposes s = 0,
and we have U, = ¢. Another interesting limit is the massless limit, m? — 0, where
one expects ¥, — 1. However, a caution to be given here is that a vanishingly small
value of the mass parameter m? corresponds to a huge absolute value of the expansion
coefficient in the action (1.9) (« or ), for which the validity of the small-curvature
approximation may be questioned.

Our next task is to express the gravitational potentials in a compatible way with ad-
equate boundary conditions; On the one hand, asymptotic flatness requires lim 7 o ¥ =
limz 0 ® = 0, so the boundary conditions to be imposed on ¥, are limz_o Vo =
limz 0 Wo = 0. Also, all these perturbative variables must be bounded in the whole
spatial domain. The same should also hold for ¢ and 1;3 .

Hereafter we specialise in a spherically symmetric configuration, where every quan-
tity becomes a function of the radial coordinate r and the Laplace operator reduces to
A = 7%2 % (r2 %). We shall impose regularity at the stellar centre » = 0 and flatness
at 7 — o0o. The solution to the Poisson equation (3.85) satisfying these demands is the
conventional Newtonian potential:

o0 /
%—¢——G/cw%%z (3.89)
with the enclosed mass m(r) being
m(r) = 4x / dr’ v p(r') . (3.90)
0

If the matter is confined within a finite radius R like a star, p(r > R) = 0, then the
enclosed mass is constant outside the stellar radius, m(r > R) = m(R) = M, so the
exterior potential is

GM

r

(r = R) = —

(3.91)

The total mass M can be measured at remote distances using Kepler’s law, for instance.
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As shown in the previous section, the formal spherically symmetric solution to the
Helmholtz equation (3.86) fulfilling the asymptotic boundary condition is given by

Uy = —g (os(r) coshmgr + (Is — xs(r)) sinhmgr) (3.92)
with
4 " 4 "
os(r) = il / dr’'r" sinhmgr’ p(r'),  xs(r) = il / dr’r" coshmgr’ p(r'), (3.93)

where the integration constant I, must be so tuned to kill the exponentially growing
mode. When the matter distribution is confined within a finite stellar radius R, these
functions have a constant value outside the star: o4(r > R) = o4(r = R) = X,
Xs(r > R) = xs(r = R) = X, . Then, the integration constant is determined as

47 (R _
=X, —Y,=— / drrp(r)e ™", (3.94)
ms Jo
Outside the star, it reduces to a Yukawa-type potential characterised by the graviton
mass mg and the total “charge” >, as
—msT

dulr 2 Ry =~ (3.95)
As a consequence, the total gravitational potential ¥ within the distance m ' from the
star surface acquires Yukawa-type modifications.

Note that the enclosed “charges” o, and x; are both positive-semidefinite for posi-
tive mass density p as is the case for the enclosed mass m. They are divergent in the
massive limit, m, — oo, but the extra potential 1&3 converges to 0 in this limit. On the
other hand, in the massless limit, m, — 0, the enclosed charge o, tends to the same
value as the enclosed mass as o, = m + O(m?), while x; is divergent as y, = O(m; "),
and 1), tends to the conventional potential ¢ as expected.

Since these gravitational potentials have been so constructed to satisfy Eq. (3.85) or
(3.86), their derivatives are necessarily continuous up to second order everywhere. On
the other hand, the third derivatives involve dp/dr, and therefore, are discontinuous
at the stellar surface.

3.2.2 Modified Lane-Emden equation

For the time being, we assume the graviton mass parameters m?’s are both bounded,
leaving discussions of the limiting cases to the next subsection, in which either or both
of m?’s are taken to infinity.

Given the gauge-invariant potential ¥, the hydrostatic equilibrium condition in the
Newtonian gauge reads

1dP  dw

PRl (3.96)
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where the (outward) radial acceleration —9¥ is obtained by differentiating (3.87) as

W_ Gm_ ay |

—_ = oy —= — )
dr 2 dr dr

(3.97)

One can deduce from the above expression that the sign of the coefficient ay is crucial
in determining the direction of the force exerted by the massive graviton of spin s, i.e.,
attractive or repulsive. Due to the reverse signs of ay = —4/3 and ag = 1/3, the two
massive gravitons work in opposite ways.

By supplying an equation of state P = P(p), the hydrostatic equilibrium condition
(3.96) reduces to an equation for the single function p. At this stage, however, it is an
integro-differential equation for p since the functions m and ¢, on the right-hand side
involve radial integrations. In other words, in order to obtain an equivalent differential
equation, one has to extract p from m and 1/~Js. Let us first follow the standard procedure

in GR, i.e., operate %2 %TQ on the both sides:

1 d /r2dP ~ ~
La (; E) = —dr G p— ay Adhy — 0 Ay (3.98)

Since we have assumed both m?’s are bounded, we can safely use the Helmholtz equa-
tions (3.86) for ¢, and 1y to obtain

2
% % (% %) =~ m% e — g m% Yo - (3.99)
Here, a crucial difference from the case of GR is that this is still an integro-differential
equation since v, involves integrals of p in a non-trivial manner. Another striking
difference from GR is that the standard source term —47wG p has been canceled out.
These would appear to imply a thorough change in the structure of the governing
equation compared to GR. We will see, however, one can take an appropriate limit of
the above equation to find the correct expression in GR.

Hereafter we adopt the polytropic relation P = K pH% as the EOS for the stel-
lar matter, where K is the normalization constant and n is the constant called the
polytropic index. As shown in the previous section, introduce a length scale

n+1)F,

where the quantities with the subscript “c” denote the values at the stellar center, such
1

as p. = p(r=0)and P. = P(r =0) = Kp(lf". The non-dimensional radial coordinate

¢ and graviton mass parameters ug are defined by

5 Mo = moﬁ, Ho = mgé. (3101)

r
g Y
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The stellar mass density and pressure are conveniently replaced by the non-dimensional
profile function 6(§) as

p=p0", P=Po. (3.102)
By definition, @ is normalized to unity at the center, 6. = (¢ = 0) = 1. The value of
¢ at the first positive zero of # is denoted as £ and is related to the stellar radius as
R = &r L. The laplacian operator is non-dimensionalized as Ay = 5% d% ( 2 d%) =N,
and the hydrostatic equilibrium condition (3.99) for the polytropic EOS reads

Al = _Oéoﬂ(2)%+042#§¢2‘

G0 (3.103)

Now, let us complete our task to obtain a differential equation for 6 from the above
expression. Since 1, as given by (3.92) is a formal integration of the Helmholtz equation
(3.86), it reduces in turn to the source term 47 G p by an operation of the Helmholtz
operator A—m?. Note that the Helmholtz operators are commutable. Thus, operating
(A¢ — p13) (A¢ — p) and using the Helmholtz equations for b, and v, we obtain a
sixth-order differential equation for #:

(D¢ — 1) (Dg — 1) el + (0o iy + g i) A + g 150" = 0. (3.104)

This is our master differential equation for the non-relativistic stellar structure in HCG.
The fact that this is a sixth-order differential equation, as opposed to the second-order
Lane-Emden equation in GR, is a direct consequence of the existence of three physical
degrees of freedom in generic HCG. For a derivation of (3.104) via a different route,
see [CSO1].

While we assumed finiteness of the graviton masses m?’s in the derivation of the
full equation (3.104), one would expect it contains various limiting cases corresponding
to subclasses of HCG: when either of the mass parameters ;3 or p2 is taken to infinity,
i.e., either of a or # appearing in the HCG action (1.9) vanishes, the gravity theory
should reduce to “R+R?*” (u3 — o) or “R+C?” (u? — o0), and when both of 2 blow
up, i.e., both of o and 8 go to zero, the theory should recover GR. In particular, in the
last case, the standard LE equation (see below) should be reproduced somehow. As we
confirm shortly, this is indeed the case: taking either or both of u?’s to infinity leads
to correct variants of the LE equation in the corresponding subclasses of gravitational
theories, although one should be fairly cautious when taking such limits since they
lead to changes in the order of differentiation, reflecting the changes in the number of
dynamical DOFs.

As announced, when p2 — oo and p3 — oo, the theory reduces to GR. In this limit,
only terms in proportion to the product p2 p3 in (3.104) should remain, reducing it to
a second-order differential equation

Al +0" =0, (3.105)

This is nothing but the standard LE equation in the Newtonian limit of GR.
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Next, when only p3 — oo, the theory reduces to “R+ R?” gravity. Then, retaining
the terms in proportion to p3 in (3.104) leads to a fourth-order equation

(De = 1) D — (ag Dg + p13) 0" = 0. (3.106)

By recalling ay = —4/3, one can straightforwardly show that the same equation derives
by starting from the “R + R?” action, i.e., (1.9) with a = 0. This equation was first
derived by Chen et al. [CSCO1] in 2001, but their paper seems to have drawn little
attention for long. For example, the authors of Ref. [CDLOS11, FDLCO14] have
made attempts to solve an equivalent but relatively more intricate integro-differential
equation.

The other limit p2 — oo corresponding to the “R + C?” gravity reduces (3.104) to
a similar fourth-order equation

(D — 1) D56 — (0 D +43) 6" = 0. (3.107)

To our best knowledge, this equation has not been obtained in the literature. A crucial
qualitative difference from (3.106) is the positive sign of the coefficient oy = 1/3, which,
as remarked before, determines whether the extra gravitational force is attractive or
repulsive.

For later convenience, we shall write the above fourth-order equations in the com-
mon form

(D¢ = pi2) D + (1 + ) g — p3) 0" = 0, (3.108)

where we have used as + ag = —1.

It might be useful to give a formula for the total stellar mass M in terms of deriva-
tives of the profile function 6 evaluated at the stellar surface. By virtue of (3.104), M
can be written as

éRr
M = 4n 6% p, / ae €2 0(e)"
0 3.109
47 03 p,. ( )

d
_ 2 @ 2 2\ An 2 2
= 12 M(Q) R e [(a2 iy + ao ig) 0" + (De — p3) (De — 1) 9] tn

In the fourth order limit, i.e., either ug or us goes to oo, the expression reduces to

47r 03 4m 07 pe

—7 Shge C [(Be— )0+ (1 +a)0],, . (3.110)

In the GR limit, it recovers the standard formula
M = —47 P p. &5 —| . (3.111)

Now, we move on to discuss boundary conditions for the profile function #. Since
the master equation (3.104) is sixth order in differentiation, there is a need for six
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independent conditions, a priori. Here, we take the same strategy as in MG in the
sense that we aim to impose all the conditions on the values of 6 and its derivatives at
the stellar center.
Let us express the equilibrium condition (3.27) in terms of 6 as
A\
0 =— —_—, (3.112)
At G p. dr
where and hereafter, the prime denotes differentiation with respect to £. In order for
this condition to hold at a given point, one has to ensure all the derivatives of both
sides match at that position. Therefore, apart from the normalization 6. = 6(0) = 1,
the derivatives at the stellar center 6" = 3‘5—3(0) are restricted to be consistent with
the behaviour of the potential ¥ = ¢ + ay Yo + o wo there. Indeed, one finds the
expansion of the potentials to a sufficient order as

m dp 7w d%p
—1 1 T 3, ™ ap 4 5
b=G m>+3 p(0)1 +3d<mr+mdﬂ@r+ov»
1 T m3l,\ , mdp 3
Gy, =— (? — > r°+ 3 E(O)r (3.113)
m dp wmwm>f@u s
(10d2() 30 120 )" O
From above, it is immediately seen that the radial acceleration at the stellar center
vanishes, lim, .o —<> = 0, which implies ¢, = 0 via (3.36). Hence, the following two
boundary condltlons have so far been obtained:
.=1, 0.=0. (3.114)

These two conditions just suffice in the case of the second-order LE equation (3.47).
In this case, all the higher derivatives at the stellar center are readily read off as

1
O ==3, 0/=0, 00 =2, 07=0, . (3.115)

By contrast, four more boundary conditions than (3.38) are required in order to solve
the full sixth-order differential equation (3.104). They are found from derivatives of
(3.36) as

1
9//:_ . _ - . .
c 47TGPC 7,_)0 dT2 SZUIQOC ,usb )
14 A3
92//:_4 e lir%dgz(),
e (3.116)
02 :
“4) — _ _ 2 :
HC N 47TGp 71“1—I>% dr4 o Z Qs ,LLS + Qs lus s
¢ 5=0,2 5=0,2
& d°w
(5) — _ _
b 47 G pe llg(l) drd 0,
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where we have normalized the constant I, appearing in the massive potential ¢4 to

13
L= M s :/Rdgge(g)ne-ﬂs’5 (3.117)
ST AnBp.

and iteratively applied the conditions arising from lower derivatives to the higher ones.
It is observed that some quantities at the stellar centre, #” and S , are now related
to the stellar global quantity I, which was moreover introduced to guarantee flatness
at spatial infinity. Of course, the values of I, are as yet undetermined since the pro-
file function € has not been solved at this stage. Therefore, these expressions of the
boundary values should be considered merely formal; The problem is not formulated
as a simple initial value problem as in GR, but we will have to perform some match-
ing procedures between the boundary values at the stellar center and the integrals of
the solution over the whole domain. Note that the stellar radius g is simultaneously
determined by this procedure.

We also derive the boundary conditions for the fourth-order case (3.108), where
four boundary conditions are required in total, two of which are (3.38). The remaining
two are

1 d?w 1 s
0! = — lim 2:———a—(1—uibs),
A7 G p. r—0 dr 3 3
p oy (3.118)
0! = — i =0.

47 G pe 50 drs
Note that 87 differs from that for the sixth-order equation.

For comparison, we would like to clarify the differences between past studies and
ours with respect to the boundary conditions. In the full sixth-order case, Chen and
Shao [CS01] state that they imposed continuity of (an analogue of) the gravitational
potential and its derivatives at the stellar surface r = R. In our construction, on the
contrary, their (dis)continuity is already inherent in Egs. (3.89) and (3.92) as remarked
at the end of the section. So, we have failed to find a direct analogue of our Eq. (3.116)
in their paper. In the reduced fourth-order case, Chen et al. [CSCO1] again mention
continuity at the stellar surface, and we faced the same difficulty. Capozziello et al.
[CDLOS11] (and Farinelli et al. [FDLCO14]) are less talkative about the boundary
conditions except for (3.38).

3.2.3 Case I: Fourth-order limits for “R + R2?” or “R + C?»
theories

Next, we discuss the cases where either a or [ is zero, for which the gravitational
theory reduces to “R + R* (a = 0) or “R + C?” (8 = 0), respectively. Then, the
sixth-order master equation (3.104) reduces to the fourth-order equation (3.108).

For n =0, Eq. (3.108) reduces to an inhomogeneous linear equation

(D¢ = 113) Dl — i3 =0, (3.119)
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which depends on the mass parameter g but not on the coefficient a;. The solution,
however, depends on the spin of the massive graviton, i.e., gravitational theory, as
appears in the boundary conditions (3.118). A procedure to find a general solution to
equations of the type of (3.119) is summarized in Appendix F. Following it, we find
the general solution

2 .
g—1- 5 4 gSmbpt | peoshul o D (3.120)

6 § § §

where A, B, C, D are arbitrary constants of integration. It may be interesting to note
that Eq. (3.119) admits the LE solution in GR as a particular solution, but, as we will
see shortly, it cannot satisfy the boundary conditions at the stellar center.

The “LE” boundary conditions (3.38), . = 1 and . = 0, are so restrictive than
they appear that three constants can be determined as B =D =0 and C = —pus A,
and we are left with the form with only one constant:

52 sinh Ns§ — s f
0=1—>+4+A :
6" ¢
One of the two extra conditions (3.118), #2 = 0, has been already satisfied at this stage,

and the last condition on #” plays the role in fixing A. Indeed, the second derivative
evaluated at the centre £ = 0 is

(3.121)

3
Apy (3.122)

1
9//:__
¢ 3Jr 3

Comparing this with (3.118), we find the relation between A and ¢4 as

A= —ay (. —ptes). (3.123)

S

As already discussed, the value of ¢4 (3.117) in general involves an integral of the profile
function over the stellar radius, which can never be determined before the solution is
known. In this sense, the determination of A is subject to an appropriate matching
procedure for the overall consistency. In the case of the polytropic index n = 0,
however, constancy of the stellar density, p = p., makes the matching procedure
considerably simpler, as the integral ¢, does not explicitly depend on #. Nonetheless,
even in this case, evaluation of ¢4 is not trivial since the undetermined stellar radius
&R appears in its expression as

L= (gt et

(3.124)
12

Ls
At any rate, after eliminating A, the solution satisfying all the boundary conditions is
obtained as .
(s Er + 1) e#+57 sinh 1§ — p1s §
T s § '
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This expression indicates there is always non-zero deviation from the n = 0 LE solution.
The above solution is still considered “formal” since the stellar radius £z must be
fixed by solving the consistency condition #(£g) = 0, which cannot be done analytically
even in this simplest case. In each case of the limiting theories, “R+ C?” or “R+ R?”,
given the corresponding value of ay, the radius £z becomes a function of the mass
parameter u . The solution in “R+ R?” gravity, with s = 0 and oy = 1/3, is identical
with Eq. (30) of Ref. [CDLOS11], while the solution in “R+C?” gravity, with s = 2 and
ay = —4/3, seems to have been undiscovered in the literature. Once g is determined,
the stellar mass M and charge ¥, can be evaluated via their expressions for n = 0:

_ 47 03 p. £

s gR cosh ,U/ng — sinh ,U/ng
3 ’ '

M 0

Y = 41 03 p, (3.126)

For the sake of completeness, we also present the gravitational potential inside the star

GM (3R* —r?) GY mer — (1 +my R)e ™ sinh m,r
Ur<R)=-— — Qy - . (3.127
(r<R) 2R3 @ r ms R coshmyR — sinhmyR ( )

Before showing numerical results, let us overview some analytical properties of the
solution (3.125). Considering € < &g, it reduces as 0 — 05 = 1 — £2/6 when the GR
limit p? — oo is taken. When the massless limit u? — 0, at the opposite extreme, is
taken, the profile function reduces as 6 — 1 — (1 + a,) £?/6, where the coefficient a
plays a crucial role. In “R + R?” gravity, ap = 1/3, the modification to the profile
merely amounts to a moderate shrinkage of the stellar radius £ from the Lane—Emden
value of v/6 to 3/v/2, a decrease by a factor of 1//T + ag = v/3/2. This reflects the
attractive nature of the spin-0 graviton in HCG. On the other hand, in “R + C?”
gravity, as = —4/3, the profile function no longer acquires a positive zero, failing to
express a star with a finite radius. This is explained by the repulsive nature of the
spin-2 graviton, whose strength exceeds that of the attractive force mediated by the
ordinary massless graviton. In reality, however, as long as these gravitons have a finite
mass, their effects are restricted within a finite range r < m;!, and the stellar radius
remains finite in any case.

Figure 3.10 shows typical examples of the solution (3.125) in each gravity theory
with different mass parameters p2. We see that the stellar radius in “R+ R?” gravity is
smaller than the value in GR, whereas larger in “R+ (C?” gravity. This reveals that, as
anticipated, the massive spin-0 graviton arising from the addition of R? term provides
an attractive force, and the massive spin-2 from the C? term provides a repulsive force.

The modifications in the stellar global quantities, i.e., radius, mass, and charge, are
depicted in Fig. 3.11. The top panel shows the normalized stellar radius {g = R//
against the mass parameter p?. When p? is increased, R/¢ quickly converges to the
GR value R/l = V6 in both gravity cases, as expected. On the other hand, when
p? is decreased, the difference between the natures of the two theories signifies: in
the massless limit of “R + R?” gravity (red), the limiting value of the radius is finite,
R/t — 3/4/2, while in the same limit of “R 4 C?” gravity (blue), in contrast, it
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R+C?(s=2,p3=1)

----- R+C? (s =2, 43 = 10)

R+R* (s =0, 5= 1)
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Figure 3.10: The profile function @ in “R + C?” gravity (blue) and “R +
R?” gravity (red) for the polytropic index n = 0. The massive spin-2
(spin-0) graviton provides a repulsive (attractive) force. As the graviton
mass 2 increases, the profile converges to the n = 0 LE solution in GR,

05" =1 €2/6 (grey).

blows up. The bottom panel shows the dependences of the total mass M and the
total charge X, both appropriately normalised, on the graviton mass p?. When g2
goes to infinity, M quickly converges to the values of GR, M/(47 3 p.) = (R/()?/3 =
21/6 as expected, whereas ¥, increases unboundedly. This is phenomenologically not
problematic because the observable gravitational potential v, securely converges to 0
in this limit. A similar behavior of the charge is observed in the study of neutron
stars in [BS21]. In the massless limit of “R + R?” gravity (red), the limiting values
of the stellar mass and charge are M ~ ¥, — (v/3/2)> M} | while they both grow
unboundedly in “R + C?” gravity (blue) in accordance with the increase in the radius.

Finally, Fig. 3.12 shows the relations between M and R (solid) and X, and R
(dashed), where the variables are appropriately normalized. The M-R curve repro-
duces the trivial relation for n = 0: M = %’r R3p.. X, diverges when the radius
approaches to the GR value R/¢ = v/6 as expected from the bottom panel of Fig. 3.11.
The fact that the value of X, is comparable to M as long as p? < O(1) implies that
there is a significant modification to the Newton law within distances shorter than m;*
from the stellar surface.

The radius R of a polytrope star is in proportion to the length scale ¢ related to the
physical conditions at the stellar centre, such as the central density p. and pressure P ,
see (3.31). In this sense, there is a degeneracy between these physical conditions and
gravity, including any possible modifications to GR, in measurements of stellar radius,
for which it is incapable of quantifying the effects of the massive gravitons indepen-
dently of the properties and individual conditions of stellar matter. Nevertheless, we
here argue that, without going into direct comparisons with observational data, huge
deviations in radius from the GR value with the same physical condition, as represented
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Figure 3.11: The dependences of the stellar radius R (top), mass M
(bottom, solid), and charge ¥ (bottom, dashed), each appropriately nor-
malized, on the graviton mass pu? for the polytropic index n = 0. The
stellar radius and mass are larger in “R + C?” gravity (blue) and smaller
in “R + R?" gravity (red), but they both approach the GR values of /6
and 2v/6, respectively, as the graviton mass u2 increases. The charge 3,
blows up in the GR limit, but the potential 1, then tends to 0. In the
massless limit of “R 4+ R?” gravity, the limiting values are: R/¢ — 3/v/2
and M ~ %, — (v/3/2)3 MFE. In “R + C?” gravity, these quantities grow
unboundedly as the spin-2 graviton mass 3 approaches to 0.
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Figure 3.12: The normalized mass M /(47 £3 p.) (solid) and the normal-
ized charge Y5/ (47 €3 p.) (dashed) versus the normalized radius R/¢ for the
polytropic index n = 0. The mass M and radius R in both gravity cases
approach the values in GR (black star) as the graviton mass p2 increases.

by ¢, should be disfavored. For instance, in “R+ C?” gravity, we may consider a radius
R which is twice as large as the GR value, Rig = v/6 ¢, to be unlikely enough. In order
to have the ratio R/Ryg < 2, the spin-2 graviton mass must exceed 0.12, which can be
interpreted as an upper bound on the parameter \/o/f = 1/1/23 < 2.0.

For the polytropic index n = 1, the fourth-order equation (3.108) reduces to a linear
homogeneous equation

DNFO+ (1 +a,—pl) Al —p20=0. (3.128)

In order to find the solution, we “factorise” the differential operator to rewrite the

above equation as
(De+A2) (Ae —X2)0=0 (3.129)

with the “roots”

T+a, — )2+ 42+ (14 a, — p2

2

It is obvious from the expression that AL are positive real irrespective of o, and p? (as
long as p? > 0). The general solution is a superposition of the fundamental solutions
for the (homogeneous) Helmholtz equations with eigenvalues —)\i and A2, hence

sin 2+€ cos Ay & LA sinh A_ & B cosh A_ & ‘

§ § §

Let us determine the integration constants one by one. By imposing the LE bound-
ary conditions (3.38), 6. = 1 and #. = 0, three constants are fixed as By = B_ =0
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and A_ = (1 — A Ay)/A_. Thus we find

o — sinhA_ &+ A, (A sin A & — Ay sinh A_¢§) ‘ (3.132)
A€
As in the case of n = 0, one more boundary condition #” = 0, being one of the
remaining two in Eq. (3.118), is already satisfied at this stage. On the other hand, the
yet unused second derivative ¢/ is given in terms of the constant A, as

A2 — AP (A2 +02)

9// —
¢ 3

(3.133)

From (3.118), we find the relation between A, and the stellar global quantity ¢ as

A N 1t a1 - ple)
+_ A (A2 +22)

(3.134)

Here, unlike the n = 0 case, ¢s involves integration of 6, Eq. (3.132), so it necessarily
contains the undetermined integration constant A, . Such an intermediate expression
for 15 looks somewhat tedious, but has a simple linear (since n = 1) dependence on
A+ .
A —e MR (A cosh A_€g + pu sinh A\_&R)
A (12 =A%)
Ay
AL Al (A2 4+ N2

e | P

+ e M Ay (2 4+ A2) (A~ cosh A_&g + s sinh A_&g)

F A (A2 = 1) (A4 cos A &g + i sin /\+§R)]} :

lLg =

+

(3.135)

Substituting this into (3.134) gives back a linear equation for A, , which can be ex-
plicitly solved as

A+: )\++

A (2 — 1) (Ar cosAi&p + gy si MR)] o (3.136)

(U2 4+ X2) (A= cosh A_Er + pis sinh A_&p)

where we have used the characteristic equations for Ay to reduce the expression. In
this way, we have found the profile function 6 for n = 1 satisfying all the boundary
conditions. One should recall here that this expression is “formal” because it involves
the stellar radius £g, which can only be found numerically by solving the consistency
condition #(&g) = 0. Nonetheless, the expression ceases to contain g in the massive
and massless limits. In both gravity theories, the massive limit, p? — oo, is the n = 1
LE solution in GR, § — 61F = £~ sin¢. On the other hand, in the massless limit, it
reduces as 0 — sin(v/1 + a5 &)/ (V1 + as&). This represents a rescaled LE solution for
“R+ R* gravity with ag = 1/3, whereas it no longer has a finite radius for “R + C?”
gravity with ag = —4/3.
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Figure 3.13 compares the n = 1 solutions for “R + C?” (blue) and “R + R*” (red)
theories with different values of 2 with the n = 1 LE solution (grey). As in the n =0
case, in “R+ R?” (“R+ C?”) gravity, the radius becomes smaller (larger) than GR. In
the GR limit, u? — oo, they all reduce to the LE solution.

0
1.0}
0.8
0.6/
04/
02/

R+C* (s =2,p43 = 1)

----- R+C? (s =2, 3 = 10)

R+R* (s =0,13=1)
----- R+R? (s = 0, 5 = 10)
. ¢ — GR

—02}

Figure 3.13: The solutions in “R + C?” gravity (blue) and “R + R?”
gravity (red) together with the LE solution in GR (grey) for the polytropic
index n = 1.

The modification to the stellar radius, mass, and charge is shown in Fig. 3.14, where
we plot the values of the normalized radius £ = R/¢, the normalized mass M/ (47 (3 p,.)
(solid), and the normalized charge X, /(47 (3 p.) (dashed) against the normalized mass
parameter p  for “R+C?” (blue) and “R+ R*” (red). Both curves converge to the GR
value of 7 as p? blows up. The massless limit for “R 4+ R?” gravity is R/{ — /37/2,
whereas R//{ increases unboundedly in “R + C?” gravity as u3 approaches to 0. The
asymptotic value of M in the massive limit, pu? — oo, is the GR value of w. In the
massless limit for “R + R?” gravity (red), M and ¥, converge to the rescaled LE
mass M ~ ¥y — (v/3/2)® M. In contrast, both M and ¥, grow unboundedly for
“R+ C? gravity (blue) as u2 — 0. These behaviours can be understood in a much
similar fashion to the n = 0 case.

Unlike the n = 0 case, here again, the stellar mass M and charge X, explicitly
depend on 6, and hence one has to express them by substituting (3.132) together with
(3.136) into (3.90) and (3.19), respectively, and evaluating them at the surface r = R
using the numerical value of £x for each choice of the mass parameter p? . Fortunately,
in the current case, the integrations can be carried out analytically, giving explicit
expressions for the mass and charge:

[~ AN (A p€pcos Ayép — sin A €r) — A2 (A Ay — 1)(A_€gcosh A_&p — sinh A\_€R)] |

47 03 peets&r (A_ cosh A_€R sin Ay &g — Ay sinh A_£R cos A &R)

A (A2 p2) (A cosh A_€R + s sinh A_Eg) + A= (A2 — pi2) (A4 cos AL €p + s sin Ay ER)
(3.137)
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Figure 3.14: The us dependences of the stellar radius R//¢, the stellar
mass M (solid) and charge 35 (dashed) for the polytropic index n = 1.
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where we have taken advantage of maintaining A, in the expression of M. Simi-
larly, one can also evaluate the gravitational potential ¥ = ¢ + a1 inside a star by
manipulating (3.89) and (3.92), which also have analytical expressions in this case:

P(r < R)
_ GM 14 R—r (Af Ap — 1) A2 (A_ € coshA_¢ —sinh A_&) + A4 A3 (A4 € cos A€ — sin A4.€)

R r (Ap AL — 1AL (A_ &g coshA_&p —sinh A_&R) + AL A3 (A4 £ cos A1 &r —sin A &R) |’
)s(r < R)

X e MR (X, cos A\ &R + ps SN A ER) sinh A€ — (A_ cosh A_&p + s sinh A_€R) sin A€

- r Ay cos AL &g sinh A_€r — A_ sin A &R cosh A_ER
(3.138)

Finally, Fig. 3.15 shows the M—R (solid) and ¥,—R (dashed) relations, where the
quantities are appropriately normalized. Similar trends to the n = 0 case show up in

each diagram.

M %
4nBp.’ 4ne?pe
500+ ;
: —— M for R+C? (s =2)
100+ e e L N
50¢ :
: —— M for R+R* (s =0)
o 7 2o
St .-' —*— M for GR
1 L n L L L | B
2 4 6 8 10«

Figure 3.15: The M-R (solid) and ¥s—R (dashed) relations for the poly-

tropic index n = 1.

In the case of “R + C?” gravity, from an argument that n = 1 polytrope stars
should not acquire a radius and mass much larger than those in GR, we can place a
reasonable lower bound on the spin-2 graviton mass. For instance, in order to have
R/Rig < 2, we obtain p3 > 0.12. This can be converted into an upper bound on the

theory parameter « in the “R + C?” action: /a < 2.0/.

3.2.4 Case II: Generic higher-curvature theories

Now, we would like to tackle the full master equation (3.104) in generic HCG. The
co-existence of the two extra DOFs of spin-2 and -0 renders the analysis considerably
messy, but most features of the solutions will be reasonably understood as collective
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contributions from the spin-2 and -0 DOF's. Indeed, in most occasions treated in this
paper, either of the DOFs dominates, and the obtained solution, therefore, mimics
some of those that appeared in the previous fourth-order cases.

In the case of n = 0, the master equation (3.104) reduces to an inhomogeneous
linear equation

(D¢ — 1) (Dg — 1) Deb + g i3 = 0. (3.139)
The general solutions with six arbitrary constants are found following the procedure
in Appendix F. For non-degenerate eigenvalues g # s, it is

2 inh h inh h D
h=1-" 1A — “0§+B0—COS Hot | g, Silpas | p coshid | o D (3.140)

6 § § § § §

Although we are not so much concerned with the degenerate case pg = ps = p, the
general solution in such a special case is

62
f=1->+A
6—|—

szug + B coslguf + Asinhpué + B coshpué+ C + ? . (3.141)
As in the fourth-order case, the n = 0 LE solution is again a particular solution but it
will turn out not to satisfy the boundary conditions.

We shall concentrate on the non-degenerate case (3.140). This time we are to impose
six boundary conditions in total as given by (3.38) and (3.116) By imposing first the
LE boundary condition (3.38), we can fix three constants as C' = —pug Ag — 2 Ag and
D = By = By =0, and get a reduced form of the solution

2 . - . .
9:1_€+A0 sinh 19 § M0§+A2 sinh (13§ — p2 & (3.142)

§ §

At this point, the above solution already satisfies two of the four extra conditions in
(3.116), 07 = 0" = 0, and we are left with the requirements for 07 and 6" . These
derivatives are written in terms of the remaining constants Ay and A, as

1 — Ao pig — Ag i3

Ao pg + A i

0! = — 0 = 3.143
C 3 C 5 ( )
Then from (3.116), Ay and A, are related to the stellar integrals ¢y and ¢y as

Ao =—ao (1g” = g o), Az = —az (113° — 113" 12), (3.144)

respectively. Thanks to the constancy of p for the polytropic index n = 0, ¢4 are found
the same, being independent of Ay or Ay, as in the fourth-order case,

L (s D vt

(3.145)

S Y

thereby fixing the remaining constants as

(MO gR + 1) e HoéR

(2 &r + 1) eH2tr
- :
Ho

13

AO = —Qp 3 A2 = —QH (3146)
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Therefore, we get the solution satisfying all the boundary conditions:

2 1) e H0¢R ginh _ 1) e=#2¢R ginh _
gzl_i_,_% (Mofzﬁ'g)e sinh 11 § M05+a2 (M253+3)€ sinh iy § — 12§
6 Ho 3 Ha

(3.147)
The remaining parameter £z is numerically determined by solving the consistency
condition #(£g) = 0 for given mass parameters s and g . After all, it is clear from the
above expression that the gravitational effects from individual DOF's are separated and
purely additive in this case. Moreover, due to the specialness of the n = 0 EOS, where
the mass density p is constant, the analytical expressions of the total stellar mass M

and two charges Yo and Y, are identical with the ones in the fourth-order case:

4 6% pe £

Hs £R cosh ,U/ng — sinh ,ung
3 ’ '

M= 0

Sy =4 03 p,

(3.148)

The gravitational potential inside a star is then found as

_GM (3R%* —1?) B Z N GY, mgr — (1 +mg R)e™ sinh m,r

U(r<R)= SR

= r mg R coshm R — sinhm R
s=U,

(3.149)
Various massive and massless limits of the solution (3.147) can be understood from
the properties of the fourth-order n = 0 solutions. Among others, the spurious double
massless limit # — 1 seems to reflect some profound aspect of the full purely quadratic
gravity.

Some examples of the solution are shown in Fig. 3.16 together with the n = 0 LE
solution O5F = 1 — £€2/6 (grey). The general tendency is that the lower the spin-2
(spin-0) graviton mass is, the more effectively the repulsive (attractive) force works.
Quantitatively, though, there is a significant difference between these two graviton
effects, which shows up representatively in the case of y2 = p2 = 1 (green): repulsion by
spin-2 graviton is much more noticeable than attraction by spin-0, which was observed
as well in the study of neutron stars [BS21]. This could be understood as a direct
consequence of the ratio of the coefficients being oy /g = —4: in the case of comparable
graviton masses, p3 &~ pZ, the influence coming from the massive spin-2 graviton is
four-fold stronger in magnitude compared to spin-0. Moreover, as the spin-2 mass 13
decreases below O(1), the repulsive force can even overcome the attractive force of the
massless graviton so that a star can puff up unboundedly, whereas the spin-0 attractive
force can merely strengthen gravity by at most a factor of a few, resulting in a bounded
shrinkage of a star.

By solving the consistency condition §(£z) = 0 numerically, we have the dependence
of the normalised radius R/¢ on the mass parameters, some examples being plotted in
Fig. 3.17. In the figure, either of the two masses are varied while the rest is fixed. The
massive limit in this case corresponds to either of the reduced theories, “R + R?” or
“R4+C?", so the radius does not converge to the GR value of v/6; It is only realised when
the both masses are taken to infinity. The radius remains finite in the massless limit
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Figure 3.16: Examples of the profile functions for the polytropic index
n = 0 compared with the LE solution (grey).

of spin-0 (red and yellow), whereas it blows up as the spin-2 graviton mass approaches
to 0 (blue and green).
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Figure 3.17: The 2 dependences of the normalized radius R// for the
polytropic index n = 0.

Figure 3.18 shows typical dependences on the graviton mass p of the stellar mass M
and charges Y, where they are appropriately normalized. In the top (bottom) panel,
w3 (p?) is varied while p2 (p2) is fixed to 1. The behavior of M can be understood
in a similar way to the radius. As for the charges, when the spin-s graviton mass >
goes to infinity, the corresponding spin-s charge ¥, diverges, while the other charge
Yy (8 # s) remains finite. These divergences do not matter because the potential v,
vanishes in the massive limits. On the other hand, in the massless limit of the spin-s
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graviton, the spin-s charge Y, tends to the mass M. The other charge ¥, has similar
tendency as it is correlated with the stellar mass M.
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Figure 3.18: Typical us dependences of M (solid black), X9 (dashed blue),
and ¥y (dotted red) for n = 0. In the top (bottom) panel, pa (1) is varied
while the other is fixed.

After all, each panel in Fig. 3.19 shows typical relations between M and R (solid
black) and ¥ and R (dashed blue and dotted red), where the values are appropriately
normalized. In the top (bottom) panel, p3 (u2) is varied while pd (43) is fixed. One
can confirm from the top panel that the possible ranges of the stellar radius R and
mass M for varying p3 are enormously large. On the other hand, for a given value of
12, the stellar radius and mass can only vary within a rather tiny range as seen in the
bottom panel.

Figure 3.20 shows contours of the stellar radius R in the parameter plane (u2, u3),
where on each contour, R has a multiple of the GR value Ry g = V6. By demanding
any n = 0 polytrope stars in the universe to have a radius no larger than some multiple,
say 2, of the GR value, one finds a constraint on the combination of the theory param-
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Figure 3.19: Typical relations between M and R (solid black) and X
and R (dashed blue for X9 and dotted red for ¥y) for n = 0. In the top
panel, p3 is varied while 43 is fixed to 1. In the bottom panel, u3 is varied
while 2 is fixed to 10 (left) or 1 (right).
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eters (ug, pu3), or equivalently (v, 3). Since the radius is sensitive to p3 for R 2> Rig,
V@ is generally constrained to below a few ¢, whereas /[ is virtually not restricted.

0.10 0.05

Figure 3.20: Contours of the stellar radius R in the (3, 43) plane for the
polytropic index n = 0. On the contours from top to bottom, the ratio of
the calculated stellar radius to the GR value, R/Ryg, is 1,2, 3, 4.

In the case of n = 1, the master equation (3.104) becomes a linear homogeneous

equation, which reads
f(De)0=0 (3.150)

with the characteristic polynomial f being

fla) = a° = (3 + pg) ¥ + (3 5 + Q2 i + o ) @ + i 15 - (3.151)

This problem can be treated in parallel to the fourth-order cases, where we factorised
the differential operator into a product of two Helmholtz operators. Here, the sixth-
order differential operator f(A¢) can be cast into a product of three Helmholtz opera-
tors with eigenvalues given by the three roots of the characteristic equation f(z) =0,
and these roots characterise the solution of (3.150). Having that the inflection point
of f(x) lies at x = (u3 + pg)/3 > 0 and f(0) = u3 g > 0, the cubic equation f(z) =0
turns out to have one and only one negative real root, which we denote as x = —\?
with A; being real. Whether the other two roots are positive real or complex depends
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on the sign of the discriminant

D = (5 + ) (13 g + vz i + o 1) — 4 (3 1 + o piy + o 1) — 4 (115 + 15)” pi 1

— 24 gy — 18 (3 + 1) (15 15y + o 3 + o ) iy 15 -

(3.152)
The sign of D in the parameter plane is shown in Fig. 3.21. In terms of the area,
having D > 0 (blue) is more likely as it generally realises in the presence of a large
hierarchy between the graviton masses, that is, when g > ps or g < po . In this case,
less massive graviton is expected to dominate. The region of D < 0 (red) is only seen
around (to the slight right of) the equality line u2 = 3, in which the massive gravitons
are expected to compete with each other. In either case, we denote the two remaining
roots as z = A3, A2, which are positive real if D > 0, or complex and conjugate of each
other if D < 0. Using Viete’s formula, we may write the roots as

2 2 r
po+Hy 2 1 -1 Q an
=02 2P = - —
1 3 + 3 cos 3 cos (QP\/F 3|
2 2 r
,LLO + ,LL2 2 1 1 Q 27T
M= 2 2P = - — 3.153
5 3 + 5 VP cos 3 08 (2P = 5| ( )
2 2 r
ILLO + ,LLQ 2 ]- —1 ( Q ):|
A3 =—"—2+4+=VPcos|= cos
3 3 3 13 2P\ P

with
P =g+ s —pgps—3 Y aspl,

(3.154)
Q = 2(ug + 1) — 3p1g 113 (g + 113) — 9 Y vs pit — 185 413 .
With the use of these roots, the master equation settles down to the form
(De+02) (B = N) (D = N) 6 =0, (3.155)

which is ready to solve.
For D > 0, the general solution is written in terms of real-valued functions as

sin 21 3 LB, cos 21 19 A sinh£A2£ B, COSI;)\Q 19 A sinthgf n cosh A\3& .

9:A1 B3

€
(3.156)
In the current case, unlike when n = 0, contributions from the two massive gravitons
do not simply separate, as the eigenvalues \; depend on both of py and ps. By
imposing three boundary conditions 0. = 1,6, = 6" = 0, we determine four constants
as By = By = By = 0 and A; = (1 — A2 Ay — A3 A3)/\;, obtaining the reduced
expression

sin )\1€+ Ag ()\1 sinh /\25 — )\2 sin )\1 f) + Ag ()\1 sinh )\3§ — )\3 sin )\1 g)

A '
(3.157)
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M D > 0 (3 real roots)
B D < 0 (1 real root)

Figure 3.21: The sign of the discriminant D (3.152).

To determine the remaining constants A, and As, we follow the same scheme as we
employed in the n = 1 fourth-order case as follows. On the one hand, these constants
appear in the yet unused second and fourth derivatives as

—A2+ Ay X (A2 + X2) + A3 A3 (A2 + )ND)

9// —
c 5 :
3.158
gy _ A Ao o (N — XD A5 s (A — A (3.158)
c 5 )

Then the boundary conditions on these derivatives in (3.116) provide us with the linear
relations between the constants and the stellar integrals ¢, :

_ ATAS + D =02 s pz [L+ (A3 = AT — ) ]

i Ao (AT +A3) (A3 — A3) ’
2 \2 2 2 \2_ 2 (3.159)
A+ D om0 Os Mg (L4 (A3 = A — 3) 4]
’ As (AT +A3) (A3 = A3)

On the other hand, ¢ may be calculated by substituting the profile function (3.157)
into Eq. (3.40). Thanks to the simpleness of n = 1 polytrope, these integrations can
be analytically done, and we are allowed to express ¢, analytically in a form linear in
Ay and Az, which however, we do not present here as their expressions are too messy

82



and not illuminating. Then, substituting them into ¢,’s in (3.159) and solving for the
integration constants A, and As just algebraically, we obtain their expressions that
include ps and g only. As a result, we arrive at the final analytical expression of the
profile function # parametrically depending on s and ég .

The case with D < 0 can be analysed in parallel, or by means of analytical contin-
uation, so we do not redo the procedure here but only show the general solution. In
this case, denoting the two complex conjugate roots as z = (p + qi)?, (p — ¢i)?, the
general solution in terms of real-valued functions is written down as

sin A\; & cos A\ & sinhp¢ sing &

0=A + B +C ¢
(gjoshpﬁ sin qg sinhp& cosq& coshp& cosqé (3.160)
+ C% e + C5 ¢ +Cy ¢ .

Lastly, in the special case with D = 0, where the remaining roots degenerate, Ay = A3,
the general solution is

siné)\lf LB cosg\lg e sinhf)\gf D COShg)\Qf

+ C sinh Ay € + D cosh A\ €.

(3.161)

Figure 3.22 shows typical solutions for the polytropic index n = 1 together with
the LE solution in GR (grey). The tendencies can be well understood as consequences
of the competition between the two massive gravitons, viz., attraction by the spin-0
graviton dominates for jg < o (red) while repulsion by the spin-2 graviton dominates

for pe < po (rest).

0=A
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00/
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Figure 3.22: Typical solutions and the LE solution in GR (grey) for n = 1.

Shown in Fig. 3.23 are the us dependences of R (top), M, and 3, (middle and
bottom). Figure 3.24 shows the relationships between M and R (solid black) and ¥
and R (dashed blue and dotted red). All these appearances can be well understood
analogously to the previous cases.
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Figure 3.23: Typical ps dependences of R (top), M, and 3, (middle and
bottom) for n = 1. We believe the appearance of a kink near u3 = 0 on the
blue curve in the top panel is not physical but due to a lack of numerical
precision in our calculation.
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Figure 3.24: Relationships between M and R (solid black) and 35 and R
(dashed blue and dotted red) for n = 1.
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Two radius contours are plotted in Fig. 3.25, where on each curve the ratio R/Rg
is 1 (top) and 2 (bottom). From this diagram, one can conclude that the parameter
Va cannot exceed a few times ¢ if one requires n = 1 polytrope stars have radius no
larger than 2 or 3 times the GR value.
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; 10.1
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2
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Figure 3.25: Contours of the stellar radius R in the parameter plane for
n = 1, on which the ratio R/ Ry takes 1 (top) or 2 (bottom). We believe
the appearance of a spot beneath the bottom contour is not physical but
due to a lack of numerical precision in our calculation.
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Chapter 4

Conclusion

In this thesis, we studied GW polarizations and non-relativistic stellar structure in
effective quantum gravity.

In Chapter 2, we studied gravitational-wave polarizations in generic linear MG
and generic HCG in the Minkowski background. We defined and analysed the GW
polarizations in terms of the components of the Riemann tensor governing the geodesic
deviation.

In Section 2.1, we formulated the polarizations in linear MG with generic, non-
Fierz—Pauli-type masses. We identified all the independent variables that obey Klein—
Gordon-type equations. The dynamical DOF's in the generic MG consist of spin-2 and
spin-0 modes; the former breaks down into two tensor (helicity-2), two vector (helicity-
1) and one scalar (helicity-0) polarizations, while the latter just corresponds to a scalar
polarization. We found convenient ways of decomposing the two scalar modes of each
spin into distinct linear combinations of the transverse and longitudinal polarizations
as in (2.18). This expression contains the graviton masses as the coefficients, so we
expect it will serve as a useful tool in measuring the masses of GWs.

In Section 2.2, we analysed the linear perturbations of generic HCG whose La-
grangian is an arbitrary polynomial of the Riemann tensor. When expanded around a
flat background, the linear dynamical DOFs in this theory were identified as massless
spin-2, massive spin-2 and massive spin-0 modes. The massive spin-2 arises from the
Weyl-squared term in the Lagrangian and the massive spin-0 from the Ricci scalar
squared. The massless spin-2 is characterised by the tensor-type (helicity-2) polariza-
tion modes. As its massive part encompasses the identical structure to the generic MG,
GWs in the generic HCG provide six massive polarizations on top of the ordinary two
massless modes. In parallel to MG, we found convenient representations for the scalar
polarizations directly connected to the coupling constants of HCG as in (2.26).

In the analysis of HCG, we used two methods and showed that the two results
agree. One took full advantage of the partial equivalence between the generic HCG
and MG at the linear level, whereas the other relied upon a gauge-invariant formalism
originally developed for cosmological perturbation theories. The present result about
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the scalar part can be compared with the case of inflationary cosmological perturbations
in Einstein-Weyl gravity studied in [DSSY11], where the conformal analogue of the
gauge-invariant variable W = W — ® becomes dynamical.

In Section 2.3, we gave a brief discussion about possible methods to determine the
theory parameters by means of GW-polarization measurements with emphasis on the
merit that they do not require measuring the propagation speeds, whether absolute or
relative to other signals, or the details of the waveforms of the GWs. In any case, the
full development in this direction is left to future work.

In Chapter 3, we studied the structure of static spherical stars made up of a non-
relativistic polytropic fluid in generic linear MG and generic HCG.

In Section 3.1, we studied the structure of non-relativistic polytropic stars in the
Fierz—Pauli (FP) theory and generic linear massive gravity (MG) theories. Our aim
was to study the effects of the graviton mass m and the “non-Fierz-Pauli” parameter
¢ incorporated in the MG action (1.13) on the stellar structures. The spin-2 graviton
is the only content in the FP theory with ¢ = 0, while the spin-0 ghost graviton is also
included in generic non-FP MG with € # 0.

First, we formulated useful variables and their governing equations. The scalar-type
metric perturbations on a flat background could be neatly reorganised into the two
helicity variables ¢o and ¢g as defined in (3.8). These variables constitute the gauge-
invariant potential ¥ as in Eq. (3.15) while obeying the Helmholtz-type equations (3.14)
in static configurations. The negative coefficient in front of ¢q in (3.15) illuminates its
ghost nature. We pointed out the absence of the van Dam—Veltman—Zakharov (vDVZ)
discontinuity for the external gravitational potential in the limit of vanishing graviton
masses in non-FP MG.

Then, together with the polytropic EOS, the hydrostatic equilibrium condition
(3.27) leads to the modified Lane-Emden (LE) equation (3.34) and boundary condi-
tions (3.38)—(3.39). The reason for the master equation being a sixth-order differential
equation is the presence of the two extra gravitational DOFs. The boundary conditions
were given in terms of the derivatives at the stellar centre but involved integrals of the
profile function through ¢s (3.40). The reduced set of equations for the case of the FP
theory (e = 0) was derived as in Egs. (3.42)—(3.43), where the master equation was
fourth order because the spin-0 potential ¢y had been turned off. As expected, the
massless limit of the master equation for the FP theory did not recover the original LE
equation in GR, signaling the emergence of discontinuity analogous to vDVZ. On the
other hand, as imagined, the doubly massless limit of the non-FP equation smoothly
connected to GR.

We found exact solutions to the modified LE equations (3.34) in the cases of the
polytropic indices n = 0 and 1. Typical solutions in the FP theory (e = 0) were
depicted in Figs. 3.1 (n = 0) and 3.3 (n = 1). As these figures illustrated, the radius
of a star monotonically decreases with the decreasing spin-2 graviton mass us, with
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the minimum value reached in the massless limit being \/§/ 2 times the GR value.
Figure 3.2 showed the dependence of the stellar radius R/¢ (blue), mass M/(4703p,)
(red) and Yukawa charge Xy /(4m¢3p.) (yellow) on py for n = 0. In the limit of vanishing
graviton mass, s — 0, both R and M did not converge to the values of GR, proving
the presence of discontinuities analogous to vDVZ.

Typical solutions in non-FP theories (¢ # 0) were presented in Figs. 3.4 (n = 0)
and 3.7 (n = 1). Although the attractive spin-2 and repulsive spin-0 competed in these
cases, we could confirm that the solutions had a finite radius within an observationally
reasonable range of parameters. Figure 3.5 showed the dependence of the stellar radius
R/¢ (blue) and the mass M/(4ml3p.) (red) on the spin-2 graviton mass parameter y3
for several values of e. The convergence to the GR values for ¢ # 0 was observed,
visualising the absence of the vDVZ-like discontinuity. The contour plot of the ratio
R/Rpg in Fig. 3.6 told us that there were many possible combinations of the mass
parameters that had the same radius as GR. We argued that, if we demand that the
radius must not deviate significantly from GR, the masses should be constrained to fall
into a region around the R/Rpr = 1 contour, say between 0.9 and 1.1. Considering
that the spin-2 mass must be tiny, us < 1, as implied by the GW experiments, the
spin-0 mass was constrained as ug S O(1) as was read off from Figs. 3.6 and 3.8.

The presence of the vDVZ-like discontinuity in the massless limit of the FP theory
would again imply the need for some screening mechanism so as to make the FP theory
compatible with any observations which are consistent with the predictions of GR. On
the other hand, the fact that the spin-0 ghost in generic non-FP theories can take a role
in smoothly recovering GR in the doubly massless limit might suggest that the ghost
offers a different mechanism to give a tiny but non-zero mass to the spin-2 graviton. Of
course, one might think the absence of the discontinuity might be at a cost of security
against possible instabilities brought by the ghost. We leave the stability issue to future
work, where our analytical solutions in this study will serve as background on which
stability can be examined.

In Section 3.2, we studied non-relativistic polytropic stars in HCG. We analyzed
the hydrostatic equilibrium condition, starting with the gauge-invariant equations of
motion (3.78) derived from the second-order perturbative action (3.76). In the static
configuration, a particular set of gauge-invariant variables Wy and ¥, as defined in
(3.79) turned to be useful to reduce the EOMs into the decoupled form (3.83). These
fourth-order eoms have the general solution in the form of difference of massless part ¢
and massive part 1/;5, which respectively satisfies the Poisson equation (3.85) and the
Helmholtz equation (3.86). As a result, the gauge-invariant gravitational potential ¥,
which appears in the hydrostatic equilibrium condition (3.27), was found as in (3.87).
The equilibrium condition is an integro-differential equation at this stage. Applying
an adequate higher-order differential operator on the both sides and adopting the
polytropic equation of state, we obtained a sixth-order differential equation (3.104)
for the Lane-Emden-like variable 8. When either of the graviton masses is taken to
infinity, it reduces to a fourth-order equation (3.108) corresponding to “R + R*” or
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“R+ C?” gravity. When both go to infinity, it recovers the second-order Lane-Emden
equation (3.47) in GR.

Then, we solved the fourth-order equation (3.108) imposing (3.118). As shown in
Figs. 3.10 (n = 0) and 3.13 (n = 1), the dimensionless radius of the star increases
(decreases) compared to GR for “R + C?” (“R + R?”) gravity, reflecting the repulsive
(attractive) nature of the massive graviton. In all cases, as p? — 0o, these solutions
recover the Lane-Emden profile in GR.The massless limit can be understood as a GR-
like theory with a “renormalised” Newton constant (1 + a,)G. In “R + R?” gravity,
ap = 1/3, it mimics GR with a larger Newton constant 4G/3, leading to shrinkage of
the radius by a factor of v/3/2, while the same limit of “R 4+ C?" gravity, ay = —4/3,
is antigravity with negative Newton constant —(G/3, leading to an infinite radius. We
have clarified how the stellar radius R, mass M, and charge X5 depend on the graviton
mass us in Figs. 3.11 (n = 0) and 3.14 (n = 1). Diagrams relating the mass M
and the charge X to the radius R were obtained in Figs. 3.12 (n = 0) and 3.15
(n =1). We argued that, in “R + C?” gravity, upper limits on the parameter « in the
Lagrangian (1.8) can be obtained by requiring the stellar radius R should not exceed
several multiples of the GR values Ry, which generally leads to v/a < a few x £.

We solved the sixth-order equation (3.104) in generic HCG with the boundary
conditions (3.116). Most of the modification trends as compared to GR arise as a
result of the competition of the opposite contributions from the co-existing massive
gravitons. In particular, when the masses have a large hierarchy, us << pg or o < ps,
the graviton with smaller mass dominates. Because the coefficient of the massive
gravitational potential for spin-2, as, is four times as large in magnitude as that of
spin-0, ag, the contribution from the former is generally more prominent than the
latter when the two graviton masses are at the same order. Typical solutions were
presented in Figs. 3.16 (n = 0) and 3.22 (n = 1). The dependences of R, M, and 3, on
us were shown in Figs. 3.17-3.18 (n = 0) and 3.23 (n = 1). M—R and ¥R relations
were shown in Figs. 3.19 (n = 0) and 3.24 (n = 1). The dependence of the stellar
radius R, in the units of the GR value Rpg, on the mass parameters (u3,u3) were
illustrated in Figs. 3.20 (n = 0) and 3.25 (n = 1). These will be useful to find allowed
regions for the QCG parameters (o, 3) once an upper bound on the stellar radius of
polytrope stars is established.

Let us give some prospects for future studies. On the theoretical side, the develop-
ment of an additional numerical procedure for imposing the boundary conditions will
become necessary if one wishes to construct solutions for an arbitrary polytropic index
n. For n # 0, 1, since no analytical solution is known, one has to somehow numerically
make a derivative at the stellar centre and integrals of a solution over the stellar radius
match. On the observational side, the observable characteristics such as M—R and ¥ ,—
R diagrams, as well as the radius contours in the parameter plane, should offer a way
to test HCG through comparisons with the distribution of known stellar populations.

Finally, to conclude this thesis, we summarize the gravitational waves and non-
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relativistic stellar structure in generic HCG, a candidate for quantum gravity at low
energies. GWs are powerful tools that can determine the theory parameters o and § in
generic HCG, but it requires more detectors than are currently available. If we assume
that no massive GWs have been observed since 2015, we can place upper bounds on
« and [, but this remains future work. On the other hand, since there are many non-
relativistic stars in the present universe, it is expected that a lot of observational data
will be avaiable soon. However, they will only provide a partial constraint because
only some combinations of a and  can be determined. Moreover, in order to severely
constrain « and 3 using real observational data, it is necessary to take into account the
effect of stellar rotation, which is left for future work. In conclusion, if GW polarizations
become observable in the future, we will be able to determine the theory parameters «
and . Any information about the combination of the theory parameters o and S from
observations of the stellar radii will gain or lose confidence in the constraints based on
GW observations.
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Appendix A

Perturbations on a flat background

This appendix presents perturbed geometric quantities on a flat background and con-
structs gauge-invariant variables.

A.1 Perturbations of geometric quantities

Decompose perturbed spacetime into a flat background spacetime 7, and perturbed
components h,,
Guv = Ny + h;w . (Al)

The inverse matrix is

g =" — W 4+ hFh,Y + O(h?), (A.2)
and g,,9% = 0,,” is satisfied up to the second order of h,, . The up to the second order
of hyy , v/—g is expanded as

1,1
V—g=1+ Sh+ g(h2 — 2hu W) + O(h?). (A.3)

The Christoffel symbols in the first and second order are
(0% 1 e
T pr = 577 ﬁ(&,hw + Oplus — Oshyw)

' (A.4)
(Q)IWW - _§haﬁ(8vhuﬁ + Ouhup — Ophy) -

The Riemann tensor is

(1)Rauﬁy — 85(1)Fam/ _ ay(l)pauﬁ ’

(Q)Rauﬁy = 85(2)Faw, — ay(ﬂpauﬁ + (1)Fam(1)p>\w _ (1)1“&)\,,(1)F’\M5 ) (A-5)
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The Riccl tensor is

(1)R;w — (1)Raua11

1 1
=0V hye — =0,0,h — =h,, ,
(n'tv) 2 122 D) 22 (A6>
(2)RW _ (Q)Ramw
= 3a(2)[‘alw _ aV(Q)FaW + (1)Fam(1)r‘>\w _ (1)Fa/\y(1)rf\ua )
The Riccl scalar is
ORr = UW(I)RW
= 0,0, —UOh,

@R = —h‘“’(l)Rw + 77W(2)R;w (A7)

1 1 1
= _Zauhaﬁa”haﬂ — 10ah0*h + §ayiw(awlﬁ”
+ 00 (WY 0%, + h*POsh — h*P 0" h,g — h, 0" hP®).

A.2 Gauge transformations and gauge-invariant vari-
ables

In this section, we shall introduce gauge-invariant perturbations. This methodology
effectively isolates the physical degrees of freedom and has been developed within a
cosmological framework.

Let us consider Minkowski spacetime as a background. Decompose the perturbation
spacetime into Minkowski spacetime, and the perturbation components

Guv = N + h,ul/ . (AS)
The perturbation components are defined as

hoo — —214,
h[)i == —OZB — Bi, (Ag)

where the vector and tensor variables are satisfy
9'B;=0,0'E;=0,H,"=0,0"H;; =0. (A.10)
Then, the metric of the perturbed spacetime is

ds® = g, datdx”
= — (14 2A)dt* — 2(0;B + B;)dtdx’ (A.11)
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To establish gauge invariant variables, it is necessary to contemplate an active trans-
formation of the coordinate system. The coordinates of any point change according
to

t — at + ("), (A.12)

where £ is a vector field as small as the perturbation, and the right—arrow means the
active transformation of the coordinate system. Accordingly, the spacetime metric
transforms as

g,ul/ — g;w - ﬁggw ) (A13)
where L¢ is the Lie derivative of g, along —¢*. It follows that

h,uzx — h,uu - ﬁfnuu ) <A14>

of first order in the perturbations. The vector field £# can be decomposed into a scalar

and vector part as ‘ . ,
(€,8) = (T,0'L+ L), (A.15)

with 9;L" = 0. The transformations of the metric perturbations are given as

A A-T),
B—B-T+1L,
C—-C,
E—E-L,

(A.16)

for the scalar variables, and as .
B; — B; + Li,

(A.17)

for the vector variables. The tensor variable is gauge invariant,
Then we construct gauge-invariant scalar and vector variables as

U:=A—(B+E),
¢:.=C, (A.19)

At this point, we have found six gauge invariant variables out of the original ten in
Py -
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A.3 Expressions for curvature tensors
and higher-curvature Lagrangian

This appendix delineates the essential expressions about the linear-order curvature
within the Minkowski framework, along with the quadratic-curvature action integrals
expanded to the second order. Due to the topological nature of the Gauss—Bonnet
combination in four dimensions, the Weyl-squared action can be reformulated as fol-
lows:

So =5 / A4z /=g Cpuype C17P°
. 1
-2 / Az /=g (RWW RI“P7 — 2R, R + < 1%2) (A.20)
E— /d%«/_—g Ok, R — 2 R?
2k K 3 ’

up to irrelevant surface integrals. Therefore, in order to compute the second-order
expansion, it is sufficient to consider only the first-order Ricci tensor

1 1
WR,, = =5 Ol + 0°0ulye = 5 040,

1 . (A.21)
DRy = 5 A= 20,2,
DRy = AV — 30
and the Ricci scalar
WR =0,0,n" —Oh = —2A(¥ — &) — 60 . (A.22)

The Weyl-squared action expanded up to the second order is given in terms of the
perturbative variables as

2
(2) iy (oW M pw _ 2 g
Sc =5 /d (2 R VR — 2 R)

2 / diz [1 Oy O — Oy, 9a0"h*
T 2% 2 (A.23)
+ Lonaanm + L@.0,mmy - L any
3 3 6
=5 d*x [2(5}1@-)2 +(8:%5)% — (A%)* + % AV — @)]2] :
K

where surface terms have been discarded. The computation of the second-order expan-
sion of the Ricci-squared action

R=g / d'z /=g R? (A.24)

97



is straightforward:

5= 2 [arom
_ ZE / Atz [(8,0,h)? — 200 8,0, + (Oh)?] (A.25)
K
= 2£ /d4x4 (AW — @) 4 3000 .
K
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Appendix B

Decoupling DOF's in quadratic
curvature gravity on arbitrary
Einstein manifolds

In this Appendix, we describe the equivalence of the quadratic curvature gravity (QCG)
and GR “minus” MG at the linear level on arbitrary Einstein manifolds [NNZ*]. Let
us begin with the generic quadratic curvature action with a cosmological constant

1
Sacalg) = 5, / dzv/=g (R=2A = aClype C*™ + BR?) | (B.1)

where we have dropped the topological Gauss-Bonnet term. This theory admits any
metric g, satisfying
RMV[g,UV] = Aguv (B~2)
as a solution to the EOM. It is useful to introduce a Lovelock tensor
g,u,l/ = G/J,V + Ag,ul/ I (B?))
which vanishes when evaluated with g,, . The action can be rewritten as

Sqcalguw] = i /d% V=g <2A -G - %QW G + §QQ> : (B.4)

where G = ¢" G,,, ¢ = 1+ (88 +4a/3) A, & = 4a/C and § = (28 + 4a/3)/¢ and
where we have again discarded the Gauss-Bonnet term. Taking g,, as the background
and expanding the action up to quadratic order in h,, = g, — g, We obtain the
second-order action for A,

@ Sqcallyw]

> B.5
"% / e v/=5 (=0 VGl = & VG ] VG ] + BIGR)) | ()
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where

WG] = VGl + Ay, (B.6)

and VG[h,,] = g* MG, [h,.]. As usual, the tensor indices are raised and lowered with
the background metric g,, . Replacing MG, [h,,] in (B.5) with an auxiliary variable
A, and adding a constraint leads to

@ Sacalhuws Auws A

pvs “uvs
<

) o ) (B.7)
= [ TG (S Ay — 6 A A4 B AR N (A = VG lha))

where A = g A, and M is a Lagrange multiplier. The variation of the above action
with respect to A, gives an algebraic constraint

>\,u1/ = hf,uzz + 2a A,uu - 23 Ag,ul/ ) (B8>

which can be substituted back to the action to eliminate A,, to give

@ Sacalyws Al
— o [T A G ] T (= M) (1 = 3) = (1= ) (= AP)

) . (B.9)
where € = 1+ 8/(a — 408) = 98/(2a + 128), m?* = 2/a = (/(2a) and A = g\, .
Finally, by transforming

h,uu — gb;uz + Qg,uu ) )\uu — qbuu - quu ) (BlO)
we arrive at
(2)SQCG [¢uw &uu]

~ - 2 5 B ~
= i /d41’ \/__g |:_¢“V (1)guu[¢uu] + ¢NV (1)g,uu[¢w/] + m? <¢MV wa/ _ (1 _ 6) ¢2>:| ’

5 . (B.11)
where ¢ = g" ¢, . Equation (1.9) is obtained as the Minkowski version of this.
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Appendix C

Pure quadratic curvature gravity

We consider the special case y = 0 where the Lagrangian is given by pure quadratic
curvature terms. In this case, the theory cannot be seen as GR with corrections and,
moreover, there arise instabilities in the tensor and scalar parts. This class contains
conformal gravity and R? gravity. At first glance one might expect this is the massless
limit, but it is not. The action is

1 y
SI({TC)G[Hij] =9 /d435 |[—2a0H,; OHY] (C.1)
SVL[E] = i / d'z |—a (9,505 - axia¥Y)| (C.2)

1
Shec|®, 0,5 = P /d% [—32©” — BE* - 128E00 + 68=0)] , (C.3)

where we have already introduced Z to replace (M R.
The EOMs for the tensor and vector variables can be easily found:

aPH; =0, aOAY;=0. (C.4)
When a # 0, these EOMs admit plane-wave solutions
Hij = Ajjea ) 4 ¢ Bielws G701y, = O elwe (70 (C.5)

with A;;, B;; and C; arbitrary constants. The tensor wave indicates the emergence of
an instability.

The scalar part is more involved. The variations of the action with respect to each
scalar variable give a set of equations

BOE=0, —-680®+330—B==0, a®—B==0. (C.6)

If B =0, then we have © = 0 hence & = U, but these cannot be determined. If g # 0
but a = 0, then = = 0 and one cannot determine ® and ©. If both a and § are nonzero
but a = 33, we obtain equations for ® and ¥ as

06 =0AY =0. (C.7)
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Finally, in the most generic case when both a and  are nonzero and « # 33, we can
eliminate = and © to have the EOM for & as

0°® =0, (C.8)

which suggests that ® is unstable.

102



Appendix D

Detector responses

This Appendix summarizes the angular pattern functions for the six polarizations de-
fined by
F,(Q2)=D:e, (), (D.1)

where D is the so-called detector tensor, e, the polarization tensor, €2 the unit vec-
tor pointing the impinging direction of a GW, and the symbol : denotes contraction
between tensors.

In Chapter 2, we used an inertial coordinate system such that a GW propagates
in the z direction. We call it the gravitational-wave frame and denote its orthonormal
basis as (m,n, Q), where € is the unit vector along the z direction. Note that there
is a rotation degree of freedom along the €2 axis, denoted as the polarisation angle .
The polarization tensors for « € {+, x, z,y,B,L, T, T} can be written using the unit
vectors as

e =mPm-—nn,
e, =mn+nm,
e, =mA+2m,
ey =N ® Q + Q ® n,

eg=m@m-+nxn,
e, =V2Q20,

2
eT:\/;(m®m+n®n+Q®Q),

1
er \/§(m®m+n®n 202 Q) .

To characterise ground-based interferometers or pulsar timing arrays, we introduce
an inertial coordinate system specified by an orthonormal basis (u, v, w) such that w is
the upward normal to the Earth’s surface. We call it the detector frame and introduce
the usual polar angles (0, ¢) in this frame to point the GW propagation direction. We
then rotate the detector frame (u,v,w) to (u',v’,w’) so that w’ points toward the
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GW propagation as shown in Fig. 2 of Ref. [NTH"09]. Their relationship is

u' = cosf cospu + cosf singpv —sinfw,
v/ = —singu+cospv, (D.3)

w’ = sinf cospu + sinf sinpwv + cosbw.

Finally, introducing v as the angle from «’ to m in the plane perpendicular to w’, we
arrive at the relationship between the mediation coordinates and the GW coordinates
m = cosyu +sinyv,
n=—sinyu +cospv, (D.4)

Q=w.

Let us consider L-shaped interferometers such as LIGO, Virgo and KAGRA. The
detector tensor, in this case, is [NTH09]

D:%(u@)u—v@v). (D.5)

The antenna pattern functions F, are calculated as

1
Fo(0,0,0) = 5 ( + cos” 0) cos2¢ cos 2t — cos b sin2¢ sin 2y,
Fy (0,0,0) = (1 + cos 0) cos 2¢ sin 21 — cos 6 sin 2¢ cos 2,
F.(0,0,v) = sm¢9 (cos B cos2¢ costh — sin2¢ sin) |
F,(0,0,¢9) =— sm@ (cos B cos2¢ sini) + sin2¢ cosp) ,
,0) =

—— sin% 0 cos 20,

FL(0,¢) = % sin? @ cos 2¢ ,

FT = 07
Fr(0,¢) = —? sin# cos 2¢ .

The scalar functions are degenerate since they have the same dependence on the angles.
If we consider a pulsar frequency shift as a signal, the detector tensor is [YS13,

LJP*10, QBK21]
1 1

21 +vQ-w
where w points in the direction of the pulsar. It was pointed out in Ref. [LJP*10,

QBK21] that there should be a modification factor v representing the subluminal ve-
locity of GWs in the denominator. In the luminal (v = 1) case, the antenna pattern

wRw, (D.7)
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functions are

F(0,0) = %% cos 29,
Fo(0,9) = —%% sin 2,
1 sin26
Fo(0,¢) = ) % cosy,
F(0,0) = %1?”—;29 sin |
o) Lo (D.8)
2 1—|—COS29
F(0) = % %a
Fl) = = ey
RO = 5 e

The scalar functions are not degenerate.
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Appendix E

Properties of stellar matter

This Appendix provides an overview of the properties of stellar matter. The treatment
of this Appendix follows [KWW12].

E.1 Eddington standard model

We consider the case where the polytropic coefficient K is a free parameter. If there
is a radiation pressure, the total pressure is given as

P:Pgas+Prad

1t 3
Supposing the ratio is constant all over the star
P as
p= ; = const. , (E.2)
we have . -
1-p="md 00 (E.3)

P 3P’
where the range of 5 is 0 < § < 1. Thus, the total pressure is approximately given
by P ~ T*. When the ratio takes 3 = 1, the radiation pressure is zero. On the other
hand, when the ratio takes § = 0, the gas pressure is zero, and the total pressure (E.1)
can be written as P

p=-pT. (E.4)

Using the formula

1_6_Prad_a:uT3

6 Pgas B 3%P 7 (E5>
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we obtain the polytropic relation with n = 3,

3\ (1—B\7 s
- (50 ()0

Since f is a free parameter, the polytropic coefficient K is also a free parameter. This
is known as the Eddington standard model for stellar model.

E.2 Degenerate electron gas

The phase space density of an electron is given by

8 p?
= <
f(p) B3 for P = Dr, (E?)
f(p>:O fOI' p>pFa

where pp is the Fermi momentum. The total number of electrons in the volume dV is
given by

e 8rp® 8T

nedV—dV/O dp X %PF

av, (E.8)
and the pressure of the electron is
St [PF
=g [ dore). (E9)
3h3 J,

The special relativity tells that the momentum of the electron is given by

MV

= E.10
Yy (E.10)
and thus, the pressure of the electron is
8r [PF p/(mec)
Po=_— dpp? . E.11
Y VI eI o
We introduce parameters defined by
Pr vp/c p
T = = , = . E.12
meC \/1—’01%/02 Y meC ( )
Then, the pressure of the electron is written in terms of these parameters as
8 5,4 T 4
LY Y
3h 0 V1492
504
= % [m(Za:Q —-3)(1+ mQ)% + 3arcsinh x] (E.13)
T md

= T [o(20® - 3)(142%)% 43I [z 4+ (14273 | |
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Since the parameter z is rewritten as

(E.14)

we can evaluate the limiting cases of the pressure of the electron. If x is sufficiently
small x < 1, i.e., vp/c < 1, all electrons are moving very slowly compared to the
speed of light (non-relativistic motion). On the other hand, if = is much larger than
1, ie, x> 1 and then vg/c > 1, all electrons are moving at velocities close to the
speed of light. (relativistic motion). Therefore, the equation of state for a completely
degenerate non-relativistic electron gas is given by

2 5
1 /3\3 A 3
imP,=—(2) -2 (2 (E.15)
=0 20\7/) m, mf/ 5\ e
and extreme relativistic complete degenerate electron gas is given by
3\5 & 5
lim P, = (-) L, (ﬁ) (E.16)
T—00 T 8ml/ e

Hence, we can see that the non-relativistic electron gas is the polytropic relation with
n = 1.5, and the relativistic electron gas is n = 3. The significant difference from the
Eddington standard model is that the polytropic coefficient K is not a free parameter.
Since the mass of a polytropic star with n = 3 does not depend on the stellar centre
density and the polytropic coefficient K is fixed, an object supported by the degeneracy
pressure of relativistic electrons takes only one mass (Chandrasekhar mass).

E.3 Polytropic relation

The case where pressure P is expressed as a function only of density p is called a
barotropic relation P = P(p). In particular, when pressure is expressed as a power of

density, as in
P=Kp", (E.17)

it is called the polytropic relation. Although this is a simple expression of an equation
of state, it can be used as an equation of state for many astronomical objects and is
a very useful relation. In this section, we show that Poisson’s equation (polytropic
relationship for ideal gases) can be derived by assuming an adiabatic state for ideal
gases. This allows us to interpret the parameter I" as the effective specific heat ratio .

Let us consider a one-component ideal gas with molecular weight ;. The equation
of state for an ideal gas of n mol is

PV =nZT, (E.18)
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where T is temperature, and & is the gas constant. V is the volume per n mol, but
since it depends on the number of mol and is not convenient, so we express it in terms
of density. Since the molecular weight of the fluid is p, the mass (molar mass) of 1 mol
of fluid is p [g]. Therefore, the density of n mol fluid is given by p = (nu)/V, and the
equation of state for an ideal gas can be written as the form

P = %pT. (E.19)
"

We consider the variation in internal energy dU of an ideal gas. The variation in
internal energy of an ideal gas is determined only by the change in temperature, not
by the change in volume, and is

dU = Cy dT , (E.20)

where C'y is the heat capacity at constant volume defined as

s () e

In the case of an adiabatic process, the change in heat quantity is zero (d@Q = 0), so
the change in internal energy is
dU = —-PdV (E.22)

from the first law of thermodynamics. Thus, we obtain
CydT+ PdV =0. (E.23)

Using the equation of state PV = nZT for the ideal gas, it becomes
nZT

Cy dT + dv =0. (E.24)

Using Mayer’s relation, which holds for ideal gases

Cv(y—1)=nZ, (E.25)
we get
ar av
=+ =177 =0, (E.26)

where 7 is the heat capacity ratio v = Cp/Cy and Cp is the heat capacity at constant
pressure. Integrating the equation, we have

logT + (v — 1) log V' = const. (E.27)

Therefore, we obtain
TV'! = const. . (E.28)
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Using the equation of state PV = nZT for the ideal gas, it can be written as
P=K)p, (E.29)

and
T=Kp. (E.30)

Not only in adiabatic processes, pressure can often be written as a power of density.
Therefore, the specific heat ratio 7 can be considered as a parameter I', including cases
where there is some heat exchange. In this case, the parameter I' is interpreted as the
effective specific heat ratio. Also, it can be seen that the closer « is to 1, the closer it
is to isothermal.
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Appendix F

Solution for higher-order Helmholtz
equations

We consider a linear inhomogeneous equation of the form

f(A)e=5, (F.1)

where f is an n-th order polynomial, which we call the characteristic function, A the
flat-space Laplace operator, and S a given source function. Without loss of generality,
using the n roots for the characteristic equation f(x) =0, x = X; (i = 1,--- ,n), the

problem reduces to solving
n

[[a-x)e=5. (F.2)

i=1
We assume \; # A; for i # j for simplicity, but extending the formula to degen-

erate cases is straightforward. The above equation admits a solution of the form
© =", @, where each ¢; solves a single Helmholtz equation

(A=X)pi=¢S (F.3)

113



with the coeflicients ¢; (i
tions

3
T
A

()\Z—)\]):O,
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