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Abstract

With the historic detection of gravitational waves (GWs) by the LIGO and Virgo
collaborations (LVC) in 2015, an era of GW astronomy began. Almost fifty binary
merger events have been detected from the first two and a half observing runs of
LVC. Ripples in the curvature of spacetime created by coalescing compact binaries
allowed us to perform tests of gravity in strong and dynamical field regimes that
were previously unexplored. Testing gravity in such a field regime is of particular
importance to probe modified theories of gravity, which are viable modifications to
general relativity (GR), motivated from both theoretical and observational aspects.
This thesis considers both theory-agnostic and theory-specific approaches for testing
a number of modified theories of gravity with GWs.

Theory-agnostic or model-independent tests have the advantage over theory-specific
tests, as one can map the results of one particular test to several theories. Adopting
parametrized post-Einsteinian formalism, we introduce generic deviations to the am-
plitude and phase of gravitational waveforms from those of GR. We derive analytic
expressions of such deviations in a number of theories. We further perform numerical
analyses with GW events GW150914 and GW 151226 to achieve bounds on such devi-
ations. Finally, we map such bounds to some modified theories of gravity to achieve
constraints on those theories. A critical feature of our work is that we keep non-GR
deviations in both phase and amplitude of the waveform while performing numerical
analyses, while most works done previously focused on corrections to the GW phase

only.
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For theory-specific cases, we first consider higher-dimensional scenarios. One of
the many avenues of modifying the four-dimensional theory of GR is to introduce
extra dimensions. Such modifications are motivated by string theories in order to
achieve a quantum theory of gravity. We study theories that contain extra dimen-
sions compactified on circles. In particular, we compute modifications induced by
compact extra dimensions to the binding energy of binaries and the luminosity of
GWs generated by them. We compute the GW phase using such quantities and
compare it with GW and binary pulsar observations. Such comparisons show incon-
sistency between the prediction of our model and the observations, which rules out
the class of simple compactified higher-dimensional models.

Finally, we study GW memory effects, a set of strong-field GW phenomena yet to
be detected. Such effects manifest as permanent changes in the GW strain and its time
integrals after the passage of GWs. They are closely related to asymptotic symmetries
of the spacetime and corresponding conserved charges. GW memory effects are well
studied in GR but need to be carefully investigated in theories beyond GR. To do so,
we consider Brans-Dicke theory which contains a massless scalar field nonminimally
coupled to gravity. GWs in Brans-Dicke theory can have three polarizations— two
tensor modes (which are present in GR) and one scalar or breathing mode. We
study Brans-Dicke theory in Bondi-Sachs framework and derive asymptotically flat
solutions, asymptotic symmetries, and associated fluxes of conserved charges. We find
that the connection between symmetries and memory effects in Brans-Dicke theory is
different from that of GR. In particular, the symmetries are the same as those of GR,
but there are two memory effects associated with the non-GR breathing polarization

not related to spacetime symmetries.
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We further implement the connection between memory effects and fluxes of con-
served charges to compute GW memories associated with tensor polarizations in
Brans-Dicke theory. We derive memory effects generated by quasi-circular nonprecess-
ing binaries and find that tensor memories in Brans-Dicke theory have two unique
features. First, they depend on the sky angles differently from those of GR, which
can potentially constrain Brans-Dicke theory with future space-based GW detectors.
Second, in terms of binary’s relative velocity, they start at a lower order than those

of GR.
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Chapter 1

Introduction

The most successful theory of gravitation so far is general relativity (GR), put forth
by Albert Einstein in 1915, which describes gravity as a curvature of spacetime. The
theory is appreciated for its elegant mathematical structure and solid conceptual
foundation and has passed all the tests with high precision [2]. Nevertheless, some
theoretical and observational motivations lead to the demand for a modification to
GR. Regarding theoretical reasons, GR is a purely classical theory and incompatible
with quantum mechanics, which describes microscopic phenomena. Quantum effects
can be important in the case of strong gravitational fields at Planck scale [3,4], such
as in the vicinity of black holes (BHs) and the very early universe. A complete de-
scription of such scenarios requires a consistent theory of quantum gravity. On the
observational side, the accelerated expansion of the universe [5-12] and anomalous
galactic rotation curves [13-19] suggest that one may need to go beyond GR to ex-

plain such cosmological phenomena !. Many theories of gravity have been proposed

! Alternatively, one can introduce dark energy or dark matter and work in the framework of GR.
However, the states of dark matter and dark energy are currently unknown.
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which modify the known theory of GR, for example, by introducing additional fields,
interactions, or extra dimensions. Collectively such theories are dubbed as modified
theories of gravity [20-22].

One of the many remarkable predictions of GR which is also shared by modified
theories of gravity is the existence of gravitational waves (GWs): ripples in spacetime
that are produced by explosive events such as coalescing binary black holes (BBHs)
or neutron stars. In 2015, the Laser Interferometer Gravitational-Wave Observatory
(LIGO) Scientific Collaborations and the Virgo Collaboration (LVC) detected GWs
from a pair of black holes (BHs) for the first time [23,24]. This historic event opened
new possibilities for testing gravity in the strong-field and dynamical regime [25-27].
During the first three observing runs LVC detected fifty BBH merger events and two
binary neutron star (BNS) events [28,29|, furthering the advance of the relatively new
field of GW astronomy [30-35].

Before the detection of GWs, tests of gravity were performed predominantly by
solar system experiments, observations of radio pulsars, cosmological observations,
and table-top experiments. Each such observation explores a particular regime of
field strength and length scale. For example, solar system experiments constrain
gravity in the weak-field and slow-motion environment, allowing one to probe only
first order relativistic corrections to Newtonian dynamics [2,36|. As with pulsar timing
observations of neutron stars (NSs), we can achieve both strong-field and weak-field

tests of gravity to some extent [37-46]. This is because NSs are compact objects that
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are sources of strong-field gravity; however, the separation between the NSs in a binary
pulsar is large, and thus the binary components are slowly moving. Cosmological
observations can test gravity at length scales that are many orders of magnitude larger
compared to other tests, although in weak-field regime [21,36,47-49|. Such tests of
gravity include observations of cosmic microwave background (CMB) radiation [50,51,
51-54], studies of Big Bang Nucleosynthesis [55-61|, weak gravitational lensing [62—-66]
and observations of galaxies [36]. Table-top experiments take place in a weak-field
regime and have been able to probe deviation to gravitational inverse-square law to a
micrometer scale [67,68]. Probing gravity with GW observations is unique compared
to all other tests, as GWs originate from strong and highly dynamical field regimes
of colliding compact objects (see figure 1.1). In particular, accessing such a regime
is vital to constrain modified theories of gravity. Many viable modified theories of
gravity coincide with GR in the weak-field and slow-motion regime, making strong-
field tests the most promising sector for exploring their predictions.

With GW events detected so far, several tests of GR in strong-field regimes have
been performed [25,27,30-34,69,70]. For example, model-independent tests of gravity
with BBH mergers have been carried out by evaluating the amount of residuals in the
detected signals from best-fit waveforms [25,32]. Consistency tests of GR between
inspiral and post-inspiral phases were also performed, by measuring the remnant
BH’s mass and spin independently from the two phases [25,35]. Adding the Virgo

detector to GW observations let us search for non-tensorial polarizations |32, 70].
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Figure 1.1: Curvature-potential phase space probed by various experiments that
test gravity. The vertical axis shows the inverse of characteristic curvature length,
and the horizontal axis shows the characteristic gravitational potential. M and L
denote typical mass and size of the system being probed. GW150914 [23] and
GW151226 [24] sample a curvature regime and gravitational potential that is strong
(and dynamical, illustrated by the finite range the curves take over). The finite
region of the pulsar timing array is because of the range in GW frequency and total
mass of supermassive BBHs such arrays possibly detect in the future. (Image taken
from Ref. [27])
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With the BNS merger event GW170817, the arrival time difference between GWs and
electromagnetic (EM) waves has been utilized to constrain the violation of Lorentz
invariance and to execute a new test of the equivalence principle through the Shapiro
time delay [71]. A constraint on the propagation speed of GWs with the same event
has been used to rule out several modified theories of gravity that aim to explain the
accelerating expansion of the universe [72-79]. An analysis of 31 BBH merger events
constrained modified dispersion relation and graviton mass [69]. GW observations
have also been used to constrain extra dimensional models and time-varying Planck
mass [69,80]. This thesis will present several works that contributed to probing strong-
field gravity with GWs, including both theory-specific tests and theory-agnostic or
model-independent tests.

The central part of this thesis consists of four main projects: (1) probing modified
theories of gravity in a model-independent way with GWs [26,81], (2) probing compact
extra dimensions with GWs [80], (3) asymptotically flat solutions, asymptotic symme-
tries, and GW memory effects in Brans-Dicke theory [82], (4) gravitational memory
waveforms generated by quasi-circular nonprecessing binaries in Brans-Dicke theory.
We now provide an introduction to the topics covered by the above projects before
we summarize important results in section 1.1.

Let us first discuss theory-agnostic or model-independent approaches of probing
gravity with GWs. A model-independent approach of probing modified theories of

gravity parametrizes the deviation of the gravitational waveform from that of GR



Chapter 1. Introduction 6

in a theory-agnostic way. It is possible to derive gravitational waveform in each
theory and compare it with GW observations; nevertheless, a more effective way is
to conduct theory-agnostic tests at first and subsequently map the information to
specific non-GR theory parameters. Some early works in this direction were done in
Refs. [83-85] where the authors considered post-Newtonian ? (PN) terms in the GR
waveform as independent of each other and proposed to study the consistency among
them. However, one shortcoming of such an approach is that it cannot accommodate
the non-GR effects entering at PN orders absent in GR, such as —1PN order which
occurs in, e.g., scalar-tensor theories. A new framework called parametrized post-
Finsteinian (PPE) formalism was proposed by Yunes and Pretorius, which overcome
such shortcomings by introducing generic corrections at any PN order to both the
phase and the amplitude [86,87] (see figure. 1.2). Such a formalism was later extended
to include time domain waveforms [88|, eccentric binaries [89], and a sudden turn
on of non-GR effects [90,91]. A model-independent data analysis pipeline named
TIGER was also developed in Refs. [92,93]. The LVC implemented the generalized
IMRPhenom (gIMR) waveform model, which has a one-to-one correspondence with
the PPE framework in the inspiral part of the waveform phase, to carry out tests of
gravity with the GW phase [25,27,30,32,71,94].

In our work [26,81], we aim to carry out model-independent tests of gravity with

both amplitude and phase corrections, and as such, we implement the PPE formal-

2A post-Newtonian (PN) expansion of the gravitational waveform is an expansion in the small
parameter v?/c?, where c is the speed of light, and v is the typical velocity of binary components.
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Figure 1.2: Gravitational waveform in GR and a PPE waveform with non-GR
corrections injected at -1PN order. PPE formalism can capture non-GR effects that
enter in the waveform at a PN order absent in GR. (Image taken from Ref. [95])

ism [86,87]. Most works done previously in testing gravity with GWs focused on cor-
rections to the GW phase only, given that the matched filtering technique is more sen-
sitive to phase corrections than amplitude ones. However, there are scenarios where
probing the amplitude correction is beneficial, such as the parity-violating theories,
which predict amplitude birefringence ® [96-99|. Probing amplitude corrections is also
important in constraining theories that predict stochastic GW backgrounds [100,101].
Moreover, theories with flat extra dimensions [102], Horndeski gravity [103], and f(R)
gravity [104] predict possible amplitude damping that scales with the cosmological
distance. Finally, if the waveform template does not accommodate a non-GR effect

in amplitude, it may cause systematic errors in other parameters like the luminosity

3In some parity-violating theories, one of the circularly-polarized modes is amplified while the
other one is suppressed. Such an effect is called amplitude birefringence and enters only in circularly-
polarized modes.
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distance.

We next consider probing extra dimensions with GWs. Extra dimensions arise in
string theories that aim to achieve a quantum theory of gravity, and such dimensions
can leave an imprint on GWs. For instance, in flat (non-compact) D-dimensional
spacetime, GWs decay as 1/R(P=2/2 [102], where R is the distance travelled by GWs.
Constraints on such models have also been computed with GW observations [31,105].
In our work, we consider GWs in a bd spacetime, with the fifth dimension being
compactified on a circle (see figure 1.3) and with the matter constrained on the 4d
spacetime called “brane”. Such a model of gravity is called the Kaluza-Klein (KK)
theory [106]. In a KK theory, one considers Einstein-Hilbert action in 5d. One
can further adopt a metric that is periodic in the extra dimension since the extra
dimension is compactified on a circle. Plugging the metric in Einstein-Hilbert action,
it is possible to integrate out the extra dimension to obtain an effective 4d action.
Such a procedure is called KK reduction, and the effective 4d action represents a
theory containing tensor, vector, and scalar fields, known as Einstein-Maxwell-dilaton
(EMD) theory [107-110].

In warped or compactified extra dimensional models, KK compactification leads to
scalar polarizations (due to massless scalar fields), as well as massive KK modes with
frequencies much higher than the range of ground-based detectors [111,112]. Such KK
modes can produce a stochastic GW background [113]| and modify quasinormal modes

after binary mergers [114,115|. Furthermore, in the RS-II braneworld model [116],
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Extra dimension

3-space \Vﬂme

Figure 1.3: An extra dimension compactified on a circle. The flat surface represents
4d spacetime or “brane” that we live in. The fifth dimension is small and curled up,
and can be visualized as a circle at each point of the flat spacetime.

BHs can evaporate classically [117,118|, modifying the orbital evolution of BHs and
changing the waveform from that of 4d GR. Such cases have been considered to place
bounds on the size of the extra dimension with GW150914 [27], although the bounds
are much weaker than the current most stringent bound obtained from table-top
experiments [67,68]. Tidal deformabilities of BHs and NSs have been computed in
braneworld models and have been used to constrain the brane tension with GW170817
[119,120]. Finally, one can consider yet another fact that GWs can propagate through
the higher dimensional bulk, while EM waves are constrained to travel on a brane. The
difference in the propagation of such two waves can probe the extra dimensions [121-
125], and such a case has been applied to GW170817 [126-129], although the bounds
are much weaker than those of table-top experiments.

We next explore GW memory effects in a modified theory of gravity. To under-
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Figure 1.4: Supertranslations represented in a conformally compactified spacetime.
Z" and 7~ denote future and past null infinity, respectively. A green circle denotes
a 2-sphere at future null infinity. Under a supertranslation, each point on the
2-sphere is shifted independently along the direction of retarded time, as indicated
by red arrows. On the other hand, under an ordinary (Poincaré) translation, each
point would be shifted by the same amount.

stand our work, let us first introduce memory effects and related formulations in GR.
GW memory effects are enduring changes in the GW strain and its time integrals
after bursts of GWs [130-132]. Such effects are too small to be detected from an
individual event with current ground-based GW detectors; nevertheless, they could
be detected from a population of BBH mergers observed by the Advanced LIGO and
Virgo detectors for several years [133-135]. On the other hand, future space-based
detector LISA holds promise to detect such effects from a single event [136, 137].
Third-generation ground-based detectors such as Einstein Telescope or Cosmic Ex-
plorer [138] can potentially detect such effects as well.

Memory effects in GR are closely linked to symmetries of asymptotically flat

spacetime. The asymptotic symmetry group of such a spacetime consists of a semidi-



Chapter 1. Introduction 11

rect product of Lorentz group and an infinite dimensional subgroup of translations
called the supertranslations (see figure 1.4), forming the Bondi-Metzner-Sachs (BMS)
group [139-141]. The Lorentz part of the BMS group can also be extended to in-
clude all conformal Killing vectors on the 2-sphere called superrotations (or super-
boosts) [142-145] or all smooth vector fields on the 2-sphere [146,147]|, and the re-
sultant group is the extended BMS group. There are conserved charges associated
with BMS symmetries * [148-151]. Charges conjugate to superstranslation symme-
tries are termed as supermomenta. The ones corresponding to Lorentz symmetries
are six components of the relativistic angular momentum, which can be divided into
center-of-mass (CM) and spin parts. In the case of the extended BMS group, charges
corresponding to the Lorentz part are super CM and super spin charges (or super-
angular momenta) [152, 153].

As mentioned, there are memory effects corresponding to asymptotic symmetries,
and they can be computed from associated fluxes of conserved charges or BMS flux
balance laws [152,154]. Supertranslation symmetries are associated with displacement
memory effects predicting that after a burst of GWs, the separation between two dis-
tant initially comoving observers will have a permanent shift [153,155] (demonstrated
in figure 1.5). On the other hand, Super CM and super spin charges are related to
center-of-mass and spin memory effects, respectively. Such effects predict changes in

the separation that grows linearly with time for two observers with an initial relative

4These charges are conserved in the sense that the difference in the charges between two times is
equal to the flux of the quantity between these two times.
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velocity [152,154,156]. In the case of GWs generated by compact binaries, the dis-
placement memory effect enters as a shift in GW strain, while CM and spin memory
effects enter in the time integral of the strain. BMS flux balance laws provide an
efficient way of computing GW memory effects from waveforms without memories.
Such a technique makes use of both Bondi gauge and harmonic gauge quantities and
has been implemented to derive displacement, spin, and CM memory waveforms from
compact binaries in GR [154,157-162]. On the other hand, it is possible to capture
memory effects working in harmonic gauge alone, but it requires one to go to a suffi-
ciently high PN order in the waveform (2.5PN order in case of displacement memory
waveforms in GR [163,164]).

Although Memory effects and their correspondence with symmetries and con-
served charges are well studied in GR, there remain open questions regarding memo-
ries in a non-GR theory. Are symmetries of asymptotically flat spacetimes in modified
theories of gravity the same as those of GR? As there are additional polarizations in
modified theories of gravity [2,87,165|, one expects additional memory effects. Do
the additional memories have a similar relationship with asymptotic symmetries as
those of GR? To answer such questions, we pick one of the simplest possible modified
theory of gravity: Brans-Dicke (BD) theory [166]. BD theory is a scalar-tensor theory
with a single massless scalar field nonminimally coupled to gravity [36]. Scalar-tensor
theories emerge in the contexts of string theories, inflation [21,167|, and the cosmic

acceleration of the Universe [168-170]. The massless scalar field in BD theory leads to
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Figure 1.5: Displacement memory effect presented in a conformally compactified
spacetime. A pair of initially comoving detectors near future null infinity undergo a
temporary oscillation when GWs pass by them. After the passage of GWs, the
separation between the detectors is shifted permanently due to the displacement
memory effect.
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an additional breathing type polarization of GWs that produces a relative contraction
and expansion of a freely falling ring of particles in the plane transverse to the direc-
tion of GW propagation. We will explore asymptotically flat solutions, asymptotic
symmetries, and GW memory effects in BD theory, as well as gravitational memory

waveforms generated by compact binaries in such a theory.

1.1 Executive Summary

We now move on to explaining the primary outcomes of this thesis briefly. A more
in-depth summary of each project can be found in the concluding sections of chapters
covered by the project. Theory-agnostic tests of gravity with GWs are considered
in chapters 2 and 3. Chapter 4 explores GWs in higher dimensional gravity with
compact extra dimensions. Chapter 5 studies BD theory in Bondi-Sachs form, while
chapter 6 presents displacement and spin memory waveforms generated by compact

binaries in BD theory.

1.1.1 Model-independent tests of modified theories of gravity

Let us summarize the model-independent works considered in this thesis. First, we
compute analytic expressions of PPE waveforms (the deviation from GR phase and
amplitude in a PPE foramlism are called the PPE phase and amplitude parame-
ters, respectively, and the waveform is called the PPE waveform) in terms of theory

parameters in a collection of modified theories of gravity [81]. The theories we con-
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sider include scalar-tensor theories [171,172|, Einstein-dilaton-Gauss-Bonnet (EDGB)
gravity [173], dynamical Chern-Simon (DCS) gravity |27, 174], Einstein-Ather the-
ory [175], Khronometric gravity [175], noncommutative gravity [176], and varying-G
theories [81,177|. Each such theory violates one or more fundamental pillars of GR
(parity invariance, strong equivalence principle, Lorentz invariance, absence of ex-
tra dimensions etc.) predicting a small non-GR deviation in GWs. The analytical

expressions of PPE parameters are summarized in table 2.1 and table 2.2 in chapter 2.

Constraints
Theories Repr. Parameter GW150914 GW151226
Phase | Amplitude | Combined | Phase | Amplitude | Combined
V| @epee| [km] (50.5) (76.3) (51.5) 4.32 10.5 4.32
EDGB [173]

Cepan 3.62 32.4 3.91 0.0207 0.709 0.0207

\<I>| [10*/sec] (3.64) (7.30) (3.77) 1.09 (5.60) 1.09

Scalar-Tensor [171,172]

|m1<i>\ 6.87 16.4 7.15 0.688 3.66 0.688

Varying-G [81,177] |G0/G0\ [106/yr] | 7.30 137 7.18 0.0224 0.382 0.0220

Table 1.1: 90% credible constraints on representative parameters of various modified
theories of gravity from GW150914 and GW151226. For each of the GW events,
“phase” and “amplitude” correspond to the cases where we include non-GR
corrections only to the GW phase and amplitude respectively, while “combined” is
the case where we include both corrections in the waveform and reduce the two
constraints to a single one according to Sec. 3.2. agppep is the EDGB coupling
parameter which is related to the dimensionless coupling by (gpes = 16ma2, .,/ M}
with M, being the total mass of the binary. m;® corresponds to a dimensionless
parameter in scalar-tensor theories where m; is the mass of the primary BH while ®
is the scalar field. The bounds are derived by assuming subdominant non-GR
corrections, which is realized whenever (ypap < 1 (m1<i> < 1) in EDGB
(scalar-tensor) gravity. Numbers inside brackets mean such criterion is violated and
the constraints are unreliable. G is the gravitational constant with the subscript 0
representing the time of coalescence. An overhead dot denotes a derivative with
respect to time.
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Next, we perform numerical analyses (Fisher analyses with Monte-Carlo simula-
tions) implementing PPE waveforms and utilizing LIGO/Virgo posterior samples of
the first two GW events: GW150914 and GW151226. Through Fisher analyses with
Monte-Carlo simulations, we obtain bounds on PPE parameters at various PN or-
ders [26]. Mapping such bounds to specific theories, we achieve constraints on EDGB
gravity, scalar-tensor theories, and varying-G theories from GW observations, which
we present in table 1.1. In particular, we obtain a reliable bound on the time-evolution
of a scalar field in a scalar-tensor theory from GW observations for the first time. We
derive constraints from the GW phase, GW amplitude and combining those from
phase and amplitude for each theory. By comparing such constraints, we conclude
that bounds coming from amplitude corrections can be comparable to those from
the phase corrections for massive binaries like GW150914. Furthermore, a combined
constraint differs from that coming from phase only at most by 4%, which validates

many previous studies that focused on GW phase only.

1.1.2 Probing compact extra dimensions with GWs

To probe compact extra dimensions with GWs, we work in the formalism of GR in
5d instead of considering the effective 4d theory. This is because it is much easier
to work with one tensor field (metric) than a collection of tensor, scalar, and vector
fields. Besides, we wish to extend our work to an arbitrary number of compact extra

dimensions, which is possible if we work in the higher dimensional framework. We
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assume that binaries are point-like sources located on a 4d brane, and the extra di-
mension is much smaller compared to binary separation. Through direct integration
of relaxed Einstein equations (DIRE) ° [178] procedure, we compute GW perturba-
tions, modified Kepler’s law, and GW luminosity. Finally, with the help of modified
Kepler’s law and GW luminosity, we derive the GW phase in the frequency domain

and compare it with observations [80].

02 —

Number of Dimensions (D)

Figure 1.6: The fractional difference ((5@3) of the GW phase with respect to that of
the 4d GR as a function of the number of dimensions (D), represented by the solid
red curve [80]. The blue dashed line shows the upper bound placed on 8¢ from the
combined events of the first and second observing runs of the LIGO/Virgo [32].

Our work shows that in the 5d case, leading order GW luminosity and waveform

SDIRE approach is a framework for computing GW emission from isolated gravitating sources in
PN approximation [2,178]. In such an approach, the Einstein equations are cast into flat spacetime
wave equations along with a harmonic gauge condition, and the source term contains both matter
and GW stress-energy pseudotensor. The equations are then integrated over the past light cone
to obtain GW perturbations by splitting the integration regime into the near zone and far zone.
We implement the DIRE approach because the conventional quadrupole formula of gravitational
radiations does not hold in the presence of compact extra dimensions [80].
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phase differs from that of a 4d binary of same masses and separation distance con-
sidered in GR by 20.8% and 26% respectively. Because there is a degeneracy of the
leading order non-GR phase correction with the chirp mass, it is difficult to disprove
the theory with GW observations alone. However, one can consider binary pulsar
observations where additional measurements of post-Keplerian parameters break this
degeneracy, and one can rule out this theory by comparing it with such observations.
Furthermore, gravitational waveforms in the corresponding effective 4d theory (EMD
theory) have been derived previously [108-110]. We compare our results with that
of the EMD theory and find that the results are consistent with each other. We fur-
ther generalize our work to an arbitrary number of extra compact dimensions, which
shows that the discrepancy of the calculated GW phase with the GW and pulsar
observations increases with the number of dimensions (shown in figure 1.6), which
effectively rule out this class of theories that contain extra dimensions compactified

on circles.

1.1.3 Asymptotically flat solutions, asymptotic symmetries,
and GW memory effects in Brans-Dicke theory

We study BD theory in the Bondi-Sachs framework [139,140] ¢ in chapter 5 and derive
the asymptotically flat solutions, asymptotic symmetries and associated conserved

charges, and GW memory effects [82]. We find that in such a theory, the asymptotic

6Bondi-Sachs framework is a metric-based formulation of gravity where coordinates are well suited
to the null hypersurfaces and the null geodesics of the spacetime.
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symmetry group is interestingly the same as GR, i.e., the BMS group. We further
study the effect of GWs and scalar waves on freely falling observers and find two
new memories in addition to memories present in GR [82]. These two memories
are related to the additional breathing polarization and are called scalar memories
(to distinguish them from tensor memories of GR). One of the scalar memories is
a displacement memory effect explained in figure 1.7, and the other one depends
on the initial relative velocity of test masses and grows linearly with time. Since the
number of spacetime symmetries remains the same as that of GR, new scalar memories
cannot be computed from fluxes of conserved charges (or BMS flux balance laws),
which constrain only tensor memories. Nevertheless, the tensor memories themselves
receive non-GR contributions from the scalar energy flux, and we can compute those

contributions, which we discuss next.

1.1.4 GW memory effects generated by compact binaries in
Brans-Dicke theory

Implementing the results of chapter 5, we study memory effects in gravational wave-
forms in Brans-Dicke theory in chapter 6. Scalar and tensor wave solutions for com-
pact binaries in BD theory have already been computed in harmonic gauge coordi-
nates using the DIRE approach previously [179, 180]. However, similar to the case
of GR, one needs to go to sufficiently high PN order in the waveforms to capture

memory effects in such an approach. Ref. [179] found displacement memory effect
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Tme —

Scalar Polarization :

Scalar Polarization with Memory:

Figure 1.7: Displacement memory effect associated with the scalar or breathing
polarization. The figures on the top show the effect of scalar polarization on a ring
of particles without taking into account memory effects. GWs and scalar waves
propagate into the page, and the evolution of the ring of particles with time is
shown from left to right. The ring of particles expands and contracts sequentially
and is left in the initial circular shape once the waves have passed. The figures on
the bottom show the same scenario but with a scalar displacement memory effect.
A lasting uniform expansion (or contraction) occurs, and the ring of particles
retains an expanded (or contracted) shape after the waves have left.
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in the tensor waveform in BD theory using such an approach at 1.5PN, which after
integrating over binary’s history becomes effectively -1PN order. We adopt the alter-
native approach of using relatively low PN order waveforms found in harmonic gauge
to BMS flux balance laws in Bondi gauge that we derived in chapter 5. To do so,
we perform coordinate transformation from Bondi gauge to harmonic gauge. Such
a transformation allows us express Bondi gauge quantities in BMS balance laws in
terms of the harmonic gauge quantities already available in Refs. [179,180]. Next,
we evaluate the BMS balance laws to obtain displacement and spin memory effects
in BD theory for a quasi-circular nonspinning binary. The waveforms we compute in
this approach are complete to Newtonian order (OPN), valid under the assumption
that non-GR BD corrections to waveforms are small compared to GR contributions.
There are two features of tensor memory waveforms in BD theory that are differ-
ent from their GR counterparts. First, the leading PN order of such waveforms is
at -1PN due to the scalar dipole radiation. Second, the OPN part of such wave-
forms has a dependence on the inclination angle that is different from those of GR.
Our waveforms can potentially be used to constrain BD theory with memory effects,
e.g., by considering projected events with the space-based detector LISA [181], or by
stacking multiple signals from projected events with LIGO/Virgo or third-generation
detectors [182,183]. Especially, the difference in the dependence on inclination angle
between BD theory and GR can be implemented to constrain BD theory through a

hypothesis test described in Ref. [184].
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1.2 Organization and conventions

Let us present a brief outline of this thesis. Chapters 2 and 3 focus on model-
independent tests of gravity. In particular, in chapter 2 we present the analytical
results of PPE waveforms in various modified theories of gravity. In chapter 3, we
perform data analyses with events GW150914 and GW151226 in a theory-agnostic
approach and then map the bounds to specific theories. Chapter 4 discusses GWs
in theories with compact extra dimensions, focusing on modified Kepler’s law, GW
perturbations, GW luminosity, and GW phase in such theories. In chapter 5, we
study BD theory in the Bondi-Sachs framework and present asymptotically flat so-
lutions, asymptotic symmetries, and associated conserved charges, and GW memory
effects. Using the results of chapter 5, in chapter 6. we compute gravitational mem-
ory waveforms in BD theory generated by quasi-circular nonspinning binaries in PN
approximations. At the end of each chapter, we present a concluding section high-
lighting the important results of that chapter. We relegate some of the more technical
details to Appendices.

Throughout this thesis, we use units in which the speed of light ¢ = 1, and we
use the conventions for the metric and curvature tensors given in [185]. Greek indices
(u, v, ...) represent four-dimensional spacetime indices, while indices with circum-
flex diacritic (e.g., &) represent those of an orthonormal tetrad. Lower case Latin
indices (i,7,k,...) denote spatial indices in quasi-Cartesian harmonic coordinates

in four-dimensional spacetime. Uppercase Latin indices A, B, C, ..., H represent in-
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dices on the 2-sphere. On the other hand, uppercase Latin indices M, N, ..., S denote
spacetime indices in a higher-dimensional scenario, while I, J, K, L. denote spatial in-

dices in the same setup.



Chapter 2

PPE Waveforms in Various Modified
Theories of Gravity

2.1 Introduction

In this chapter, we derive PPE waveforms in various modified theories of gravity !.
Many of previous literature focused on deriving phase corrections since matched filter-
ing is more sensitive to such phase corrections than to amplitude corrections. Having
said this, there are situations where amplitude corrections are more useful to probe,
such as amplitude birefringence in parity-violating theories of gravity [96-99] and test-
ing GR with astrophysical stochastic GW backgrounds [100]. We first derive PPE
amplitude and phase corrections in terms of generic modifications to the frequency
evolution and Kepler’s third law that determine the waveform in Fourier domain. For
our purpose, this formalism is more useful than that in [87], which derives the ampli-
tude and phase corrections in terms of generic modifications to the binding energy of

a binary and the GW luminosity. We follow the original PPE framework and focus

!This chapter is based on the following paper:Parameterized Post-Einsteinian Gravitational
Waveforms in Various Modified Theories of Gravity; Tahura, Sharaban; Yagi, Kent; Phys. Rev.
D 98, 084042 (2018)
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on deriving leading PN corrections in tensorial modes only [86,186|. Non-tensorial
GW modes also typically exist in theories beyond GR, though at least in scalar-tensor
theories, the amplitude of a scalar polarization is of higher PN order than amplitude
corrections to tensor modes [87,187].

Non-GR corrections can enter in the gravitational waveform through activation of
different theoretical mechanisms, which can be classified as generation mechanisms
and propagation mechanisms [27|. Generation mechanisms take place close to the
source (binary), while propagation mechanisms occur in the far-zone and accumulate
over distance as the waves propagate. In this chapter, we focus on the former?. The
PPE parameters in various modified theories of gravity are summarized in Tables 2.1
(phase corrections) and 2.2 (amplitude corrections). Some of the amplitude correc-
tions were derived here for the first time. We also correct some errors in previous
literature.

The rest of the chapter is organized as follows: In Sec. 2.2, we revisit the standard
PPE formalism. In Sec. 2.3, we derive the PPE parameters in some example theories
following the formalism in Sec. 2.2. In Sec. 2.4, we derive the PPE parameters in
varying-G theories. We summarize our work and discuss possible future prospects in
Sec. 2.5. Appendix A discusses the original PPE formalism. In App. B, we derive the
frequency evolution in varying-G theories from the energy-balance law. We use the

geometric units G = ¢ = 1 throughout this chapter except for varying-G theories.

2PPE waveforms due to modifications in the propagation sector can be found in [27,188,189],
which have been used for GW150914, GW151226 [27] and GW170104 [94] to constrain the mass of
the graviton and Lorentz violation.
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PPE Phase Parameters

Theories Binary Type

Magnitude (Bppx) | Exp. (b)
Scalar-Tensor [171,172] _%68772/5(0[1 — ap)? -7 Any
= 2 ZEDGB 2 zEDGB )2
EDGB 1 __ 9 ] (mis57%" — m3sier) _ A
481525 49927
3670016" 5 es [—25mXa,Xs + (1 - m) Xa
DCS [27,174] -1 BH/BH
[y 20520
19261 ) ¢
) ) 5 (SEA _ SEA)2 (014 _ 2)103 _ w3
Einstein-/Ether [175 - 25 L A oL | -7 A
nstein-Hther {173 3584 [(1—s)(1— 5O | crawgu? W
5 9 (si" — 3151‘)2 =
“wst” (1= sy (1 — shm)Jr Vo
Khronometric [175] _ _ ST a3 -7 Any
x |:(Bkh - 1)(2 +76kh ":3/\kh):|
(@kh - 2)([31(11 + )\kh)
Noncommutative [176] 7%77’4/5(277 —1)AZ, -1 BH/BH
25 g5
Varying-G' [177] “85196870 Col11Muo + 3(s10+ 820 ~13 Any

—0¢)My,0 — 41(my S1,0 + M20S2,0)]

Table 2.1: PPE corrections to the GW phase §¥,, = Sppru’ in Fourier space in
various modified theories of gravity. u = (T1Gc My f )1/ 3 where M., and 7 are the
chirp mass and the symmetric mass ratio of the binary respectively, and G¢ is the
conservative gravitational constant appearing in Kepler’s third law. We adopt the
unit Go = 1 in all theories except for the varying-G ones. The mass, sensitivity, and
scalar charge of the Ath binary component are represented by ma, s4, and a4
respectively. (ppes and (pes are the dimensionless coupling constants in EDGB and
DCS gravity respectively. $5°® are the spin-dependent factors of the scalar charges
in EDGB gravity, given below Eq. (2.29) for BHs while 0 for ordinary stars. y;, are
the symmetric and antisymmetric combinations of dimensionless spin parameters
and 9,, is the fractional difference in masses relative to the total mass M;. The
amount of Lorentz violation in Einstein-Ather theory and khronometric gravity is
controlled by (¢, ¢z, ¢3,¢4) and (@, Bun, M) TeSPectively. wy is the propagation
speed of the spin-s modes in Einstein-Ather theory given by Eqgs. (2.36)-(2.38), and
c14 = ¢1 + ¢4. The representative parameter in noncommutative gravity is Ayc. The
subscript 0 in varying-G theories denotes that the quantity is measured at the time
of coalescence ty, while a dot refers to a time derivative. . is the fractional
difference between the rates at which conservative and dissipative gravitational
constants change in time. The former is G¢ as already explained while the
dissipative gravitational constant is defined as the one that enters in the GW
luminosity through Eq. (2.8). The boldface expression indicates that it has been
derived here for the first time.
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Theories PPE Amplitude Parameters
Magnitude (appr) Exponent (a)
Scalar-Tensor [87,187,190] —%7/2/5(041 —ay)? -2
5 (mis s
EDGB 7@@,3% N 15/5 -2
57713 _ 1497617 2158767
DCS 14/5¢ s | —20m 1- 2 - 2 4
344064 o XaXs + 57713 ) \® stz ) %) | T
. . 5 (SEA _ SBA)Z (014 _ 2)W3 _ W3
Einstein-Ather [175 —— 1 __ 72 o1 —2
instein er [ dl 967] [(1 — s%"‘)(l — sgA)]“/“ 014W3W%
= - S \13/2
Khronometric [175] _5 s (s —55)° Va, {wkh — D2+ But 3)\“‘)} ! -2
i kh — = N
96 [(1 - Sih)(l - S;hﬂ‘l/g (akh - 2)(»‘31(11 + >\kh)
Noncommutative ‘ 7277’4/5(277 —1)AZ, ‘ +4
. 5 .
Varymg—G [177] mnngC,g [—7Mt,0 + (51,0 + S2.0 — 6G)Mt,0 + 13(m1,081,0 =+ m2,0S2,0)] ‘ -8

Table 2.2: PPE corrections to the GW amplitude |A| = |hgr|(1 + apppu®) in Fourier
space in various modified theories of gravity with the magnitude appg (second
column) and the exponent a (third column), and |heg| representing the amplitude in
GR. The meaning of other parameters are the same as in Table 2.1. The expressions
in boldface correspond to either those derived here for the first time or corrected
expressions from previous literature.

2.2 PPE Waveform

We begin by reviewing the PPE formalism. The original formalism (that we explain
in detail in App. A) was developed by considering non-GR corrections to the binding
energy E and GW luminosity E [86,87]. The former (latter) correspond to conserva-
tive (dissipative) corrections. Here, we take a slightly different approach and consider
corrections to the GW frequency evolution f and the Kepler’s law r15(f), where 715 is
the orbital separation while f is the GW frequency. This is because these two quan-
tities directly determine the amplitude and phase corrections away from GR, and
hence, the final expressions are simpler than the original ones. Moreover, non-GR

corrections to f and r15(f) have already been derived in previous literature for many
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modified theories of gravity.
PPE gravitational waveform for a compact binary inspiral in Fourier domain is
given by [86]

h(f) = hGR<1 + Qppg Qa)ei(m]p ) (2.1)

where }NLGR is the gravitational waveform in GR. appy u® corresponds to the non-GR

correction to the GW amplitude while §¥, is that to the GW phase with
u= (T M f)3 . (2.2)

My, = (myms)®/°/(my+ms)'/? is the chirp mass with component masses m; and ms.
u is proportional to the relative velocity of the binary components. appp represents the
overall magnitude of the amplitude correction while a gives the velocity dependence

of the correction term. In a similar manner, one can rewrite the phase correction as
b
6\ij - /BPPEQ . (2.3)

Qppr, Prps, @, and b are called the PPE parameters. When (appg, Bepe) = (0,0),
Eq. (2.1) reduces to the waveform in GR.

One can count the PN order of non-GR corrections in the waveform as follows.
A correction term is said to be of n PN relative to GR if the relative correction is
proportional »?". Thus, the amplitude correction in Eq. (2.1) is of a/2 PN order.
On the other hand, given that the leading GR phase is proportional to u™> (see

Eq. (A.12)), the phase correction in Eq. (2.3) is of (b+ 5)/2 PN order.
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As we mentioned earlier, the PPE modifications in Eq. (2.1) enter through cor-
rections to the orbital separation and the frequency evolution. We parameterize the
former as

r12 = rig (1 + 3u), (2.4)

where 7, and ¢, are non-GR parameters which show the deviation of the orbital
separation r away from the GR contribution r{;'. To leading PN order, r{} is simply
given by the Newtonian Kepler’s law as rfy' = (Mt/Qz)l/S. Here M; = my + my is
the total mass of the binary while 2 = nf is the orbital angular frequency. The
above correction to the orbital separation arises purely from conservative corrections
(namely corrections to the binding energy).
Similarly, we parameterize the GW frequency evolution with non-GR parameters
v; and ¢ as
f=for (1+75u%) . (2.5)
Here fGR is the frequency evolution in GR which, to leading PN order, is given

by [191,192]

; 96 5/3
Jar = _7T8/3Mcf/1 f = 57r/\/lghg

- (2.6)

Unlike the correction to the orbital separation, the one to the frequency evolution
originates corrections from both the conservative and dissipative sectors.
Below, we will derive how the PPE parameters (appg, Brpr, a, b) are given in terms

of (7, ¢;) and (7, ¢;). We will also show how the amplitude PPE parameters (appg, a)
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can be related to the phase PPE ones (Bppg, b) in certain cases. We will assume that
non-GR corrections are always smaller than the GR contribution and keep only to

leading order in such corrections at the leading PN order.

2.2.1 Amplitude corrections

Let us first look at corrections to the waveform amplitude. Within the stationary
phase approximation [193,194], the waveform amplitude for the dominant quadrupo-

lar radiation in Fourier domain is given by

A (2.7)

A(D)

(f) = —F-
2\/}

Here A is the waveform amplitude in the time domain while #(f) represents time at

the stationary point. A(f) can be obtained by using the quadrupole formula for the

metric perturbation in the transverse-traceless gauge given by [195]

G d*

hij t - -
B> 5

QY. (2.8)

Here D; is the source’s luminosity distance and Q¥ is the source’s quadruple moment
tensor.

For a quasi-circular compact binary, A in Eq. (2.7) then becomes

~ 1 G r?
A(f) o¢ —=——pri,f? o« 2, (2.9)
NN

where g is the reduced mass of the binary. Substituting Eqgs. (2.4) and (2.5) into
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Eq. (2.9) and keeping only to leading order in non-GR corrections, we find

A(f) = Aan <1 + 27u” — %wucf) , (2.10)

where Agy, is the amplitude of the Fourier waveform in GR. Notice that this expression
is much simpler than that in the original formalism in Eq. (A.7).
Let us now show the expressions for the PPE parameters appr and a for three

different cases using Eq. (2.10):

e Dissipative-dominated Case

When dissipative corrections dominate, we can neglect corrections to the binary

separation (7, = 0) and Eq. (2.10) reduces to
3 B 1 .
A(f) = Aer | 1= 5rpu™ ) - (2.11)
Comparing this with the PPE waveform in Eq. (2.1), we find

OéppE — _?, a = Cf . (2.12)

o Conservative-dominated Case

When conservative corrections dominate, ¢, = ¢ and there is an explicit relation
between 7, and 7. Though finding such a relation is quite involved and one
needs to go back to the original PPE formalism as explained in App. A. Non-GR

corrections to the GW amplitude in such a formalism is shown in Eq. (A.14).
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Setting the dissipative correction to zero, one finds

aPPE:_&<a2_4G/—6)7 CL:C'r:Cf‘- (213>
a

e Comparable Dissipative and Conservative Case

If dissipative and conservative corrections enter at the same PN order, we can
set ¢, = ¢; in Eq. (2.10). Since there is no generic relation between -, and of

in this case, one simply finds

i

5 a=6=cf (2.14)

Qppg = 2%“ -

Example modified theories of gravity that we study in Secs. 2.3 and 2.4 fall into either

the first or third case.

2.2.2 Phase corrections

Next, let us study corrections to the GW phase. The phase ¥, in Fourier domain is
related to the frequency evolution as [196]

d*v, _dt

p R
T 2aq (2.15)
which can be rewritten as
2y 2
) = —. (2.16)

a2 rf
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Substituting Eq. (2.5) to the right hand side of the above equation and keeping only

to leading non-GR correction, we find

P2, 2 |
= ——(1 —yu). 2.17
ar = 70 (217)

Using further Eq. (2.6) to Eq. (2.17) gives

U,
Q2

5 B ..
= M2 (1 = ). (2.18)

We are now ready to derive ¥, and extract the PPE parameters Spp and b. Using

Q =7 f, we can integrate Eq. (2.18) twice to find

1574
U =W — f o 2.19
PO T 6(c; — 8)(c; —5) (2.19)

for ¢; # 5 and ¢; # 8. Here we only keep to leading non-GR correction and Vg, is the
GR contribution given in Eq. (A.12) to leading PN order. Similar to the amplitude
case, the above expression is much simpler than that in the original formalism in

Eq. (A.11). Comparing this with Egs. (2.1) and (2.3), we find

15’}/]5
16(c; — 8)(c; —5)

Bees = — b=c;—5. (2.20)

The above relation is valid for all three types of corrections considered for the GW
amplitude case.

In App. A, we review 0V, derived in the original PPE formalism, where we
show dissipative and conservative contributions explicitly. In particular, one can

use Eq. (A.15) to find Sppy for all three cases separately.
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2.2.3 Relations among PPE parameters

Finally, we study relations among the PPE parameters. From Egs. (2.12)—(2.14)

and (2.20), one can easily see

b=a—5, (2.21)

which holds in all three cases considered previously. Let us consider such three cases

in turn below to derive relations between appy and Pppg.

e Dissipative-dominated Case

When dissipative corrections dominate, we can use Egs. (2.12) and (2.20) to

find appg in terms of fppr and a as
8
Qppp = E(a —8)(a—5) Bepr - (2.22)

o Conservative-dominated Case

When conservative corrections dominate, we can set the dissipative correction

to vanish in Eq. (A.15) to find

1574, 2 —2c, —6

T

B G e T (2.23)

BPPE =

Using this equation together with Eq. (2.13), we find

8 (8—a)b—a)(a® —4a—6
Oppr = 1_5( )<a2 _ ;EL — 6 )BPPE . (224)

e Comparable Dissipative and Conservative Case
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When dissipative and conservative corrections enter at the same PN order, there
is no explicit relation between appy and [pps. This is because appy depends
both on v, and v; (see Eq. (2.14)) while Brpr depends only on the latter (see
Eq. (2.19)), and there is no relation between the former and the latter. Thus,
one can rewrite v in terms of fppp and substitute into Eq. (2.14) but cannot

eliminate =, from the expression for appg.
2.3 Example Theories

In this section, we consider several modified theories of gravity where non-GR correc-
tions arise from generation mechanisms. We briefly discuss each theory, describing
differences from GR and its importance. We derive the PPE parameters for each
theory following the formalism in Sec. 2.2. Among the various example theories we
present here, dissipative corrections dominate in scalar-tensor theories, EDGB grav-
ity, Einstein-Ather theory, and khronometric gravity. On the other hand, dissipative
and conservative corrections enter at the same PN order in DCS gravity, noncom-
mutative gravity, and varying-G theories. We do not consider any theories where
conservative corrections dominate dissipative ones, though such a situation can be
realized for e.g. equal-mass and equal-spin binaries in DCS gravity, where the scalar
quadrupolar radiation is suppressed and dominant corrections arise from the scalar

dipole interaction and quadrupole moment corrections in the conservative sector.
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2.3.1 Scalar-tensor theories

Scalar-tensor theories are one of the most well-established modified theories of grav-
ity where at least one scalar field is introduced through a non-minimal coupling to
gravity [36,197,198|. Such theories arise naturally from the dimensional reduction
of higher dimensional theories, such Kaluza-Klein theory [199,200] and string theo-
ries [201,202|. Scalar-tensor theories have implications to cosmology as well since they
are viable candidates for accelerating expansion of our universe [168-170, 203, 204],
structure formation [205], inflation [21,167,206], and primordial nucleosynthesis |56,
57,207,208]. Such theories also offer simple ways to self-consistently model possible
variations in Newton’s constant [21] (as we discuss in Sec. 2.4). One of the simplest
scalar-tensor theories is Brans-Dicke (BD) theory, where a non-canonical scalar field
is non-minimally coupled to the metric with an effective strength inversely propor-
tional to the coupling parameter wgp [166,171]. So far the most stringent bound on
the theory has been placed by the Cassini-Huygens satellite mission via Shapiro time
delay measurement, which gives wgp > 4 x 10* [209]. Another class of scalar-tensor
theories that has been studied extensively is Damour-Esposito-Farése (DEF) grav-
ity (or sometimes called quasi Brans-Dicke theory), which has two coupling constants
(v, Bo). This theory reduces to BD theory when 5y is set to 0 and «y is directly related
to wgp. This theory predicts nonperturbative spontaneous or dynamical scalarization
phenomena for NSs [210,211].

When scalarized NSs form compact binaries, these systems emit scalar dipole



Chapter 2. PPE Waveforms in Various Modified Theories of Gravity 37

radiation that changes the orbital evolution from that in GR. Such an effect can be
used to place bounds on scalar-tensor theories. For example, combining observational
orbital decay results from multiple binary pulsars, the strongest upper bound on [,
that controls the magnitude of scalarization in DEF gravity has been obtained as
Bo 2 —4.38 at 90% confidence level [212]. More recently, observations of a hierarchical
stellar triple system PSR J0337+1715 placed strong bounds on the Strong Equivalence
Principle (SEP) violation parameter® as |A] < 2 x 1075 at 95% confidence level [213].
This bound stringently constrained the parameter space («y, 5y) of DEF gravity [210,
214-217|.

Can BHs also possess scalar hair like NSs in scalar-tensor theories? BH no-hair
theorem can be applied to many of scalar-tensor theories that prevents BHs to acquire
scalar charges [218-222| including BD and DEF gravity, though exceptions exist, such
as EDGB gravity [223-227| that we explain in more detail in the next subsection.
On the other hand, if the scalar field cosmologically evolves as a function of time,
BHs can acquire scalar charges, known as the BH miracle hair growth [228,229] (see
also [230,231] for related works).

Let us now derive the PPE parameters in scalar tensor theories. Gravitational
waveforms are modified from that in GR through the scalar dipole radiation. Using

the orbital decay rate of compact binaries in scalar-tensor theories in [37,45], one can

3SEP violation parameter is defined as A = mg /mr — 1, where mq and m; are respectively the
gravitational and inertial mass of a pulsar [213].
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read off the non-GR corrections to f as

5
V= %772/5(041 — ay)” (2.25)
with ¢; = —2. Given that the leading correction to the waveform is the dissipative one

in scalar-tensor theories, one can use Eq. (2.20) to derive the PPE phase correction

() — ap)? (2.26)

with b = —7. Here a4 represents the scalar charge of the Ath binary component.

Using further Eq. (2.22), one finds the amplitude correction as

5
gy = —@772/5(041 — a)? (2.27)
with a = —2. These corrections enter at —1 PN order relative to GR.

The scalar charges a4 depend on specific theories and compact objects. For
example, in situations where the BH no-hair theorem [218-220] applies, a4 = 0. On
the other hand, if the scalar field is evolving cosmologically, BHs undergo miracle

hair growth [228| and acquire scalar charges given by [229]
g =2mu ®[14 (1—\3)YY, (2.28)

where @ is the growth rate of the scalar field while m 4 and y4 are the mass and the
magnitude of the dimensionless spin angular momentum of the Ath body respectively.
The PPE phase parameter /3 for binary BHs in such a situation was derived in [27].

Another well-studied example is Brans-Dicke theory, where one can replace (a; —as)?
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in Eqgs. (2.26) and (2.27) as 2(s; — $2)?/(2 4+ wpp) [37]. Here s4 is the sensitivity of
the Ath body and roughly equals to its compactness (0.5 for BHs and ~ 0.2 for
NSs). The PPE parameters in this theory has been found in [87]. Scalar charges and
the PPE parameters in generic screened modified gravity have recently been derived
in [190,232].

The phase correction in Eq. (2.26) has been used to derive current and future
projected bounds with GW interferometers. Regarding the former, GW150914 and
GW151226 do not place any meaningful bounds on & [27]. On the other hand, by
detecting GWs from BH-NS binaries, aLIGO and Virgo with their design sensitivities
can place bounds that are stronger than the above binary pulsar bounds from dynam-
ical scalarization for certain equations of state and NS mass range [91,212,233,234]*.
Einstein Telescope, a third generation ground-based detector, can yield constraints
on BD theory from BH-NS binaries that are 100 times stronger than the current
bound [235]. Projected bounds with future space-borne interferometers, such as DE-
CIGO, can be as large as four orders of magnitude stronger than current bounds [236],
while those with LISA may not be as strong as the current bound [172,237].

Up until now, we have focused on theories with a massless scalar field, but let
us end this subsection by commenting on how the above expressions for the PPE
parameters change if one considers a massive scalar field instead. In such a case, the

scalar dipole radiation is present only when the mass of the scalar field m, is smaller

4One needs to multiply Eq. (2.26) by a step-like function to capture the effect of dynamical
scalarization.
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than the orbital angular frequency 2 = wf. Then, if the Yukawa-type correction to
the binding energy is subdominant, Eqgs. (2.26) and (2.27) simply acquire an addi-
tional factor of ©(Q2 — m,/h), where © is the Heaviside function. For example, the
gravitational waveform phase in massive BD theory is derived in [238|. The situation

is similar if massive pseudo-scalars are present, such as axions [239).

2.3.2 Einstein-dilaton-Gauss-Bonnet gravity

EDGB gravity is a well-known extension of GR, which emerges naturally in the frame-
work of low-energy effective string theories and gives one of the simplest viable high-
energy modifications to GR [240,241]. It also arises as a special case of Horndeski
gravity [36,242|, which is the most generic scalar-tensor theory with at most second-
order derivatives in the field equations. One obtains the EDGB action by adding a
quadratic-curvature term to the Einstein-Hilbert action, where the scalar field (dila-
ton) is non-minimally coupled to the Gauss-Bonnet term with a coupling constant
Qgpes |243]°. A stringent upper bound on such a coupling constant has been placed
using the orbital decay measurement of a BH low-mass X-ray binary (LMXB) as
V]@spas| < 1.9 x 10° cm [244]. A similar upper bound has been placed from the ex-
istence of BHs [241]. Equation-of-state-dependent bounds from the maximum mass
of NSs have also been derived in [245].

BHs in EDGB gravity are of particular interest since they are fundamentally

different from their GR counterparts. Perturbative but analytic solutions are available

SWe use barred quantities for coupling constants so that one can easily distinguish them from
the PPE parameters.
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for static [223,225,246,247| and slowly rotating EDGB BHs [248-250] while numerical
solutions have been found for static [243,251,252| and rotating [241, 253, 254] BHs.
One of the important reasons for considering BHs in EDGB is that BHs acquire
scalar monopole charges [33,173,225,255| while ordinary stars such as NSs do not if
the scalar field is coupled linearly to the Gauss-Bonnet term in the action [173,256].
This means that binary pulsars are inefficient to constrain the theory, and one needs
systems such as BH-LMXBs [244] or BH/pulsar binaries [256] to have better probes
on the theory.

We now show the expressions of the PPE parameters for EDGB gravity. The scalar
monopole charge of EDGB BHs generates scalar dipole radiation, which leads to an
earlier coalescence of BH binaries compared to GR. Such scalar radiation modifies

the GW phase with the PPE parameters given by [27,173|

5 (m%é“SDGB _ m%gli:DGB)2
/BEDGB - _%gEDGB Mt4’)718/5 (229)
and b = —7. Here, (gpgs = 16702, .,/M; is the dimensionless EDGB coupling

parameter and s5°“" are the spin-dependent factors of the BH scalar charges given

by §5°¢F = 2(\/1 — xa2 — 1+ xa?)/xa® [33,255]°. In EDGB gravity, the leading
order correction to the phase enters through the correction of the GW energy flux,

and hence the theory corresponds to a dissipative-dominated case. We can then use

65EDGE are zero for ordinary stars like NSs [173,256].
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Eq. (2.22) to calculate the amplitude PPE parameters as

5 (m2§EDGB _ m2§EDGB)2
QppgB = @CEDGB 172 Mt47718/§ ! (2.30)
and a = —2. These corrections enter at —1 PN order.

One can use the phase correction in Eq. (2.29) to derive bounds on EDGB gravity
with current [27] and future [244] GW observations. Similar to the scalar-tensor
theory case, current binary BH GW events do not allow us to place any meaningful
bounds on the theory. Future second- and third-generation ground-based detectors
and LISA can place bounds that are comparable to current bounds from LMXBs [244].
On the other hand, DECIGO has the potential to go beyond the current bounds by

three orders of magnitude.

2.3.3 Dynamical Chern-Simons gravity

DCS gravity is described by Einstein-Hilbert action with a dynamical (pseudo-)scalar
field which is non-minimally coupled to the Pontryagin density with a coupling con-
stant apeg [257,258]. Similar to EDGB gravity, DCS gravity arises as an effective field
theory from the compactification of heterotic string theory [259,260]. Such a theory
is also important in the context of particle physics [257,261-263], loop quantum grav-
ity [264,265], and inflationary cosmology [266]. Demanding that the critical length
scale (below which higher curvature corrections beyond quadratic order cannot be
neglected in the action) has to be smaller than the scale probed by table-top exper-

iments, one finds /|apcs] < O(108%km) [267]. Similar constraints have been placed
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from measurements of the frame-dragging effect by Gravity Probe B and LAGEOS
satellites [268].

We now derive the expressions of the PPE parameters for DCS gravity. While BHs
in EDGB gravity possess scalar monopole charges, BHs in DCS gravity possess scalar
dipole charges which induce scalar quadrupolar emission [173]. On the other hand,
scalar dipole charges induce a scalar interaction force between two BHs. Each BH
also acquires a modification to the quadrupole moment away from the Kerr value. All
of these modifications result in both dissipative and conservative corrections entering

at the same order in gravitational waveforms. For spin-aligned binaries’

, corrections
to Kepler’s law and frequency evolution in DCS gravity are given in [174] within the

slow-rotation approximation for BHs, from which we can derive

25 201 2 m2
_ -9/5 —14/5 2 .2
Yo = o=l PCoesXaXe — meai 106 ( X3+ 175X ) (2.31)
256 oPos 3584 PES\ M2 MM
with ¢, = 4, and
11975 45 96305 145 m? m3 "
= - 202 2.32
V= Toaeg” | SeesXaXe T oonsatl ! Ges A42X9'+'A42 (2:32)

with ¢; = 4. Here (pes = 16ma% /M is the dimensionless coupling constant. Using

Egs. (2.31) and (2.32) in Egs. (2.14) and (2.20) respectively, one finds

57713
Opcs :34406477 14/5CDcs [_25mXaXs

149761\ 2158761\
1 skl 2.33
+( 5WB>%+( WHS)%’ (2:33)

"See recent works [269,270] for precession equations in DCS gravity.
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with a =4, and

481525 1,5
I ——— _25m aXs
Bocs 367001677 Coos | XaX
49921\ 720521\
1—— 1— . 2.34
* < 19261) Xa ( 19261 ) X (2:34)
with b = —1. Here x5, = (x1 £ x2)/2 are the symmetric and antisymmetric combi-

nations of dimensionless spin parameters and 0,, = (m; — mgy)/M, is the fractional
difference in masses relative to the total mass. The above corrections enter at 2 PN
order.

Can GW observations place stronger bounds on the theory? Current GW ob-
servations do not allow us to put any meaningful bounds on DCS gravity [27] (see
also [97]). However, future observations have potential to place bounds on the theory
that are six to seven orders of magnitude stronger than current bounds [174]. Such
stronger bounds can be realized due to relatively strong gravitational field and large
spins that source the pseudo-scalar field. Measuring GWs from extreme mass ratio
inspirals with LISA can also place bounds that are three orders of magnitude stronger

than current bounds [271].

2.3.4 Einstein-Ather and Khronometric theory

In this section, we study two example theories that break Lorentz invariance in the
gravity sector, namely Einstein-Ather and khronometric theory. Lorentz-violating
theories of gravity are candidates for low-energy descriptions of quantum gravity [272,

273]. Lorentz-violation in the gravity sector has not been as stringently constrained
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as that in the matter sector [274-276] and several mechanisms exist that prevents
percolation of the latter to the former [276,277].

Einstein- Ather theory is a vector-tensor theory of gravity, where along with
the metric, a spacetime is endowed with a dynamical timelike unit vector (Ather)
field [278,279]. Such a vector field specifies a particular rest frame at each point in
spacetime, and hence breaks the local Lorentz symmetry. The amount of Lorentz vio-
lation is controlled by four coupling parameters (c1, ¢z, 3, ¢4). Einstein-Ather theory
preserves diffeomorphism invariance and hence is a Lorentz-violating theory with-
out abandoning the framework of GR [279]. Along with the spin-2 gravitational
perturbation of GR, the theory predicts the existence of the spin-1 and spin-0 pertur-
bations [280-282]. Such perturbation modes propagate at speeds that are functions
of the coupling parameters ¢;, and in general differ from the speed of light [281].

Khronometric theory is a variant of Einstein-Ather theory, where the ther field is
restricted to be hypersurface-orthogonal. Such a theory arises as a low-energy limit
of Horava gravity, a power-counting renormalizable quantum gravity model with only
spatial diffeomorphism invariance [36,273,283-285]. The amount of Lorentz violation
in the theory is controlled by three parameters, (G, B, Ma). Unlike Einstein-Ether
theory, the spin-1 propagating modes are absent in khronometric theory.

Most of parameter space in Einstein-Ather and khronometric theory have been
constrained stringently from current observations and theoretical requirements. Us-

ing the measurement of the arrival time difference between GWs and electromagnetic
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waves in GW170817, the difference in the propagation speed of GWs away from the
speed of light has been constrained to be less than ~ 107! [71,286]. Such a bound
can be mapped to bounds on Lorentz-violating gravity as |c; + c3| < 1071° [287,288|
and |Ba| < 107 [289]%. Imposing further constraints from solar system experi-
ments [2,291,292|, Big Bang nucleosynthesis [293] and theoretical constraints such as
the stability of propagating modes, positivity of their energy density [294| and the
absence of gravitational Cherenkov radiation [295], allowed regions in the remaining
parameter space have been derived for Einstein-AEther [288] and khronometric [289]
theory. Binary pulsar bounds on these theories were studied in [296,297] before the
discovery of GW170817, within a parameter space that is different from the allowed
regions in [288,289|.

Let us now derive the PPE parameters in Einstein-Ather and khronometric the-
ories. Propagation of the scalar and vector modes is responsible for dipole radiation
and loss of angular momentum in binary systems, which increase the amount of or-
bital decay rate. Regarding Einstein-Ather theory, the PPE phase correction is given

by [175]

Y- (st* — s5%)? % [(c1a — 2)wi — wi]
35847 (1 — sP)(1 — s52)]4/3 I

Boa = (2.35)

with b = —7. Here wy is the propagation speed of the spin-s modes in Einstein-Ather

8Such bounds are consistent with the prediction in [175] based on [290].
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theory given by [279]

2 (2 - 014)0123
wy = ) 2.36
0 (2"‘302 +C+)(1 — C+)Cl4 ( )

2c1 — cyc_
2 1— C4
= —— Tt 2.37
“ 2(1 — C+)Cl4 ’ ( )
1
2 — 2.38
with

Cu=c1+ea, cx=cEcz, C3=c+cetcs. (2.39)

sa in Eq. (2.35) is the sensitivity of the A-th body and has been calculated only for
NSs [296,297]. Given that the leading order correction in Einstein-Ether theory arises

from the dissipative sector [175], we can use Eq. (2.22) to find the PPE amplitude

correction as®

5 2/5 (T — s5%)? [(c1a = 2)wg — wi]

= —— 2.40
ST =T el 240

with a = —2. Similar to Einstein-Ather theory, the PPE parameters in khronometric

theory is given by [175]

5 2/5 (st" — Sgh)z
Bkh - n kh kh\14/3
3584 (1 — s4)(1 — s™)] /
[ (B = D)2+ B +30a)]°
X v/ & = = 2.41
S R T (2:41)
with b = —7, and
5 gkb _ gkh 2
= — 2/5 (s} 5")

967 (1= i) (1 — s5n)]'

9Egs. (2.40) and (2.42) correct errors in [175].
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(B = D2+ B +32a) ]

oV a (071(11 - 2) (Bkh + j\kh)

(2.42)

with a = —2. These corrections enter at —1 PN order.

Above corrections to the gravitational waveform can be used to compute current
and projected future bounds on the theories with GW observations, provided one
knows what the sensitivities are for compact objects in binaries. Unfortunately, such
sensitivities have not been calculated for BHs, and hence, one cannot derive bounds on
the theories from recent binary BH merger events. Instead, Ref. [27] used the next-to-
leading 0 PN correction that is independent of the sensitivities and derived bounds
from GW150914 and GW151226, though such bounds are weaker than those from
binary pulsar observations [296,297]. On the other hand, Ref. [175] includes both the
leading and next-to-leading corrections to the waveform and estimate projected future
bounds with GWs from binary NSs. The authors found that bounds from second-
generation ground-based detectors are less stringent than existing bounds even with
their design sensitivities. However, third-generation ground-based ones and space-
borne interferometers can place constraints that are comparable, and in some cases,

two orders of magnitude stronger compared to the current bounds [175,298].

2.3.5 Noncommutative gravity

Although the concept of nontrivial commutation relations of spacetime coordinates
is rather old [299,300], the idea has revived recently with the development of non-

commutative geometry [301-305], and the emergence of noncommutative structure
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of spacetime in a specific limit of string theory [306,307]. Quantum field theories on
noncommutative spacetime have been studied extensively as well [308-310]. In the
simplest model of noncommutative gravity, spacetime coordinates are promoted to

operators, which satisfy a canonical commutation relation:
[z, 2] = 0", (2.43)

where 0" is a real constant antisymmetric tensor. In ordinary quantum mechanics,
Planck’s constant i measures the quantum fuzziness of phase space coordinates. In a
similar manner, 6*” introduces a new fundamental scale which measures the quantum
fuzziness of spacetime coordinates [176].

In order to obtain stringent constraints on the scale of noncommutativity, low-
energy experiments are advantageous over high-energy ones [311,312]. Low-energy
precision measurements such as clock-comparison experiments with nuclear-spin-polarized
9Be™ ions [313] give a constraint on noncommutative scale as 1/v/0 > 10 TeV [311],
where 0 refers to the magnitude of the spatial-spatial components of 6#1°. A similar
bound has been obtained from the measurement of the Lamb shift [314]. Another
speculative bound is derived from the analysis of atomic experiments which is 10 or-
ders of magnitude stronger [312,315]. Study of inflationary observables using cosmic
microwave background data from Planck gives the lower bound on the energy scale

of noncommutativity as 19 TeV [316,317].

10The corresponding bound on the time-spatial components of §#¥ is roughly six orders magnitude
weaker than that on the spatial-spatial components.
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Let us now review how the binary evolution is modified from that in GR in this
theory. Several formulations of noncommutative gravity exist [318-323|, though the
first order noncommutative correction vanishes in all of them [324,325] and the leading
order correction enters at second order. On the other hand, first order corrections may
arise from gravity-matter interactions [325,326]. Thus one can neglect corrections to
the pure gravity sector and focus on corrections to the matter sector (i.e., energy-
momentum tensor) [176]. Making corrections to classical matter source and following
an effective field theory approach, expressions of energy and GW luminosity for quasi-
circular BH binaries have been derived in Ref. [176], which give the correction to the

frequency evolution in Eq. (2.5) as
> _
7= (2 = DAL (2.44)

with ¢; = 4 and A}, = 0"0;/(12t?) with [, and ¢, representing the Planck length
and time respectively. On the other hand, modified Kepler’s law in Eq. (2.4) can be
found as [176]

1 _
e =20 = DAL (2.45)

with ¢, = 4.
We are now ready to derive the PPE parameters in noncommutative gravity.

Given that the dissipative and conservative leading corrections enter at the same PN

order, one can use Eqgs. (2.44) and (2.45) in Eq. (2.14) to find the PPE amplitude
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correction as

3
e = —§U_4/5(277 — 1)AZ, (2.46)

with a = 4. Similarly, substituting Eq. (2.44) into Eq. (2.20) gives the PPE phase
correction as
75

Brc = —%77_4/5(277 —1)AZ, (2.47)

with b = —1. fyc can also be read off from the phase correction derived in [176]. The
above corrections enter at 2 PN order.

The above phase correction has already been used to derive bounds on noncom-
mutative gravity from GW150914 as v/Ayc < 3.5 [176], which means that the energy
scale of noncommutativity has been constrained to be the order of the Planck scale.
Such a bound, so far, is the most stringent constraint on noncommutative scale and is
15 orders of magnitude stronger compared to the bounds coming from particle physics

and low-energy precision measurements't.
2.4 Varying-G Theories

Many of the modified theories of gravity that violate the strong equivalence princi-
ple [2,327,328] predict that locally measured gravitational constant (G) may vary with
time [329]. Since the gravitational self-energy of a body is a function of the gravita-
tional constant, in a theory where G is time-dependent, masses of compact bodies are

also time-dependent [330]. The rate at which the mass of an object varies with time is

"Notice that the GW bound is on the time-spatial components of *¥, while most of particle
physics and low-energy precision experiments place bounds on its spatial-spatial components.
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proportional to the rate of change of the gravitational coupling constant [330]. Such
a variation of mass, together with the conservation of linear momentum, causes com-
pact bodies to experience anomalous acceleration, which results in a time-evolution
of the specific angular momentum [330]|. Existing experiments that search for vari-
ations in G at present time (i.e., at very small redshift) include lunar laser ranging
observations [331], pulsar timing observations [332,333|, radar observations of planets
and spacecraft [334], and surface temperature observations of PSR J0437-4715 [335].
Another class of constraints on a long-term variation of G' comes from Big Bang nucle-
osynthesis [336,337] and helioseismology [338]. The most stringent bound on |G/G|
is of the order < 10~ yr~—! [339)].

More than one gravitational constants can appear in different areas of a gravita-
tional theory. Here we introduce two different kinds of gravitational constant, one that
arises in the dissipative sector and another in the conservative sector. The constant
which enters in the GW luminosity through Einstein equations, i.e. the constant in
Eq. (2.8), is the one we refer to as dissipative gravitational constant (Gp), while that
enters in Kepler’s law or binding energy of the binary is what we refer as the conser-
vative one (G¢). These two constants are the same in GR, but they can be different
in some modified theories of gravity. An example of such a theory is Brans-Dicke
theory with a cosmologically evolving scalar field [2].

The PPE parameters for varying-G theories have previously been derived in [177]

for Gp = G¢. Here, we improve the analysis by considering the two different types
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of gravitational constant and including variations in masses, which are inevitable for
strongly self-gravitating objects when G varies [330]. We also correct small errors
in [177]. We follow the analysis of [340] that derives gravitational waveforms from
BH binary inspirals with varying mass effects from the specific angular momentum.
We also present another derivation in App. B using the energy balance argument
in [177].

The formalism presented in Sec. 2.2 assumes that G and the masses to be constant,
and hence are not applicable to varying-G theories. Thus, we will derive the PPE
parameters in varying-G theories by promoting the PPE formalism to admit time

variation in the gravitational constants and masses as

ma(t) = mao+mao(t —to), (2.48)
Gc(t) ~ GC70 + GC,0<t — to) s (249)
GD<t) ~ GD’O + (1 + 5@)@010(15 — to) s (250)

where %, is the time of coalescence. Here we assumed that spatial variations of G¢
and Gp are small compared to variations in time. . gives the fractional difference
between the rates at which G¢ and Gp vary with time, and could be a function of
parameters in a theory. The subscript 0 denotes that the quantity is measured at
the time t = ty. Other time variations to consider are those in the specific angular

momentum j and the total mass M;:

3(t) & jo + Jo(t — to) (2.51)
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Mt<t> ~ Mt70 + Mt,()(t — t()) . (252)

Jo and Mt,o can be written in terms of binary masses and sensitivities defined by

Ge dmy
5 = —2CoMA 2.53
A ™ma (SGC' ( )
as [330]
jo _ MioSio + M2 pS2,0 GC,O o) (2.54)
mio+mao  Geo
_ G
My = ~ Mye81,0 + Ma2psS20 Goo M, (2.55)
mi,0+ Moy GC,O
respectively.

Next, we explain how the binary evolution is affected by the variation of the above
parameters. First, GW emission makes the orbital separation r decay with the rate

given by [191]

__G4GpGepM;

- GW
r =
12 3

5 79

(2.56)

Second, time variation of the total mass, (conservative) gravitational constant and

specific angular momentum changes 15 at a rate of
| Goo Moo
Mo = — <—C70 + 0 2]—9) T2, (2.57)

which is derived by taking a time derivative of the specific angular momentum j =

VG M;rio. Having the evolution of r15 at hand, one can derive the evolution of the
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orbital angular frequency using Kepler’s third law as

1

= —297,5132 (MtGC,O + M oGe — 3Mthr—12> . (2.58)

12
Using the evolution of the binary separation 715 = 7§V + 7, in Eq. (2.58), together
with Egs. (2.54) and (2.55), we can find the GW frequency evolution as

Q

T

_ 96 8/3G2/3G M5/3 11/3 11

- ?ﬂ_ C D ch f {

5 GooGe

9% Gpn [2M; — 5(mq 0810 + m2,032,0)]37_4} )

(2.59)

where x = (G M, f)*/? is the squared velocity of the relative motion. Here we only
considered the leading correction to the frequency evolution entering at —4 PN order.

Using Eqgs. (2.48)—(2.50) and (2.55) into Eq. (2.59), one finds

. 96
f = M Gy Goo Mig' {1

)
5GcoGeyp
———————=13(1 4+ 0¢)Gc oMo — (3 3
681, GQD’O[ (14 6¢)GeoMio — (3s1,0 + 3520
+14)GD’0M,570 + 41(m1,03170 + m2703270)GD70] ZL‘64} . (260)

Notice that Gy and Gp differ only by a constant quantity, and such a difference
will enter in f at 0 PN order which is much higher than the —4 PN corrections. We
will thus ignore such 0 PN corrections and simply use Gpoy = Gco = Gy from now

on.
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Based on the above binary evolution, we now derive corrections to the GW phase.

We integrate Eq. (2.60) to obtain time before coalescence ¢(f) —t, and the GW phase

op(f) = [2nfdt = [(2nf/f)df as

5
tf) = to— %GOMCh,O u? {1

5 G
—@% [11M; 0+ 3(s1,0 + S2,0 — 0¢) Mi

—41(77117081,0 + mg,osgjo)] 1’54} s (2.61)

Gl1) = by 1 ug’ {1

25 Geyo
—— 110, 3 — 05 M,
9981 1o [ 0+ 3(s1,0+ S2.0 o) Mo

—41(m1,051,0 + m2’082’0)] LL’64} y (262)
with uy, = (TGoMenof )é. The GW phase in the Fourier space is then given by

W,(f) =2mft(F) = o) — 5

T 3 25 Gco
=27 ftn — sl = — 11M,
mfto = dpo = 7+ Togto { 19968 10 (1Mo

+3(81’0 + 52,0 — 5G)Mt,0 - 41<m1’08170 + m2’08270)] .1154} . (263)
From Eq. (2.63), one finds the PPE phase parameters as b = —13 and

25
851968

By = Geo 773/5 [11My o + 3(51,0 + 52,0 — 0) My

—41(m1705170 + m2703270)] . (264)

Next, we derive the PPE amplitude parameters. Using Kepler’s law to Eq. (2.9),
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one finds

1 Gplt ) o
\/ﬁ D, M (t)ra(t)"f
x —GD( VG ()2 () My(t)*? . (2.65)

Vi

Using further Eqgs. (2.48)—(2.50) in Eq. (2.65), we find the amplitude PPE parameters

as a = —8 and
5
Qg = 512 3/5G00 [—TM,; o+ (51,04 S20 — 06) Mo
+13(m1708170 + 7712708270)] . (266)

Let us comment on how the above new PPE parameters in varying-G theories
differ from those obtained previously in [177]|. The latter considers Gp = G¢ (which
corresponds to ¢ = 0) and s4 = 0 (which is only true for weakly-gravitating objects).
However, the above expressions for the PPE parameters do not reduce to those in [177]
under these limits. This is because Ref. [177]| did not take into account the fact that
the binding energy is not conserved in the absence of GW emission in varying-G
theories. In App. B, we show that the correct application of the energy balance law
does indeed lead to the same conclusion as in this section.

Egs. (2.64) and (2.66) can be used to constrain varying-G theories with GW ob-
servations. Recent GW events (GW150914 and GW151226) place constraints on
variation of G which are much weaker than the current constraints [27]. Projected

GW bounds have been calculated in Ref. [177] (see [298] for an updated forecast
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of future GW bounds on G) which gives |Go/Go| < 107" yr~!, considering a sin-
gle merger event. Although GW bounds are less stringent compared to the existing
bounds [2], they are unique in the sense that they can provide constraints at interme-
diate redshifts, while the existing bounds are for very small and large redshifts [177].
Furthermore, GW constraints give G /Gy at the location of merger events, which

means that a sufficient number of GW observations can be used to construct a 3D

constraint map of G/Gy as a function of sky locations and redshifts [177].

2.5 Conclusions

We derived non-GR corrections to the GW phase and amplitude in various modi-
fied theories of gravity. We achieved this by revisiting the standard PPE formalism
and considered generic corrections to the GW frequency evolution and Kepler’s third
law that have been derived in many non-GR theories. Such a formalism yields the
expressions of the PPE parameters which are simpler compared to the original formal-
ism [86,87]. We derived the PPE amplitude parameters for the first time in EDGB,
DCS and noncommutative gravity. We also corrected some errors in the expressions
of the PPE amplitude parameters in Einstein-Ather and khronometric theories in
previous literature [175].

We also considered the PPE formalism with variable gravitational constants by
extending previous work [177] in a few different ways. One difference is that we in-
troduced two different gravitational constants, one entering in the GW luminosity

(dissipative GG) and the other entering in the binding energy and Kepler’s law (con-
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servative G). We also included time variations of component masses in a binary in
terms of the sensitivities following [330], which is a natural consequence in varying-G
theories. We further introduced the effect of non-conservation of the binding energy
in the energy balance law. Such an effect arises due to an anomalous acceleration
caused by time variations in G or masses [330] that was not accounted for in the orig-
inal work of [177]. Including all of these, we derived the PPE amplitude and phase
corrections to the gravitational waveform from compact binary inspirals.

The analytic expressions of the PPE corrections derived in this work, especially
those in the amplitude, can be used to improve analyses on testing GR with observed
GW events and to derive new projected bounds with future observations, since most
of previous literature only include phase corrections. For example, one can reana-
lyze the available GW data for testing GR including amplitude corrections with a
Bayesian analysis [25]. One can also carry out a similar Fisher analysis as in [27]
by including amplitude corrections and mapping bounds on generic parameters to
those on fundamental pillars in GR. GW amplitude corrections are also crucial for
testing strong-field gravity with astrophysical stochastic GW backgrounds [97, 100].
One could further improve the analysis presented in this work by considering binaries

with eccentric orbits [89] or including spin precession [88,270)].



Chapter 3

Testing Gravity with GW Amplitude
Corrections

3.1 Introduction

In this chapter, we study how much impact the amplitude corrections may bring
to tests of GR with GWs and provide justifications for previous studies that only
considered the phase corrections. ! To do so, we make use of PPE parameters derived
in case of a few modified theories of gravity in Chapter 2. We compute constraints on
those theories from both the phase and amplitude, focusing on leading PN corrections
to tensorial modes only. We choose theories where the leading correction enters at a
negative PN order, and sensitivities of black holes (BHs) are known. Such criteria lead
us to choose Einstein-dilaton-Gauss-Bonnet (EDGB) gravity, scalar-tensor theories,
and varying-G theories. We carry out Fisher analyses with Monte-Carlo simulations

utilizing the parameter posterior samples of GW151226 and GW150914 released by

IThis chapter is based on the following paper: Testing Gravity with Gravitational Waves from
Binary Black Hole Mergers: Contributions from Amplitude Corrections; Tahura, Shammi; Yagi,
Kent; Carson, Zack; Phys. Rev. D 100, 104001 (2019)
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LVC [341]*. Such analyses with actual posterior samples produce more reliable results
compared to the ones with sky-averaged waveforms. In fact, when implementing such
samples, we can determine the credibility of the small coupling approximation in
scalar-tensor theories, which allows us to place reliable bounds on the time-evolution
of the scalar field from GW observations for the first time [81].

We find that the constraints derived from the phase and the amplitude can be
comparable in case of massive binary systems like GW150914. Whereas for less
massive binaries with a larger number of GW cycles, the phase always yields stronger
constraints. Moreover, inclusion of an amplitude correction to the waveform impacts
the bound on the phase correction as well since the former can easily be related to
the latter provided the dissipative and conservative corrections do not enter at the
same order. The amount and direction of such effects vary with the PN order of the
corrections. All such constraints in the theories under consideration are summarized
in Table 1.1 in chapter 1.

The rest of the chapter is organized as follows. Section 3.2 summarizes the data
analysis techniques. Section 3.3.1 is devoted to justifying our formalism against the
one by LVC in massive gravity [25] while we derive constraints on EDGB, scalar-
tensor, and varying-G theories in Secs. 3.3.2- 3.3.4. Section 3.4 presents a summary
of our work while discussing the effects of an amplitude correction on that of phase.

Appendix C compares the PhenomB and PhenomD waveforms for constraining PPE

2We choose GW151226 and GW150914 as representatives of low-mass and massive binaries re-
spectively, following [27].
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parameters.
3.2 Data Analysis Formalism

We adopt a Fisher analysis [191] to estimate the statistical errors of the non-GR pa-
rameters in various theories. Such an analysis is valid for GW events with sufficiently
large signal-to-noise (SNR) ratios. We make the assumptions that the detector noise

is Gaussian and stationary. Let us write the detector output as
s(t) = h(t) + n(t), (3.1)

where h(t) and n(t) are the GW signal and the noise respectively. Let us also define

the inner product of two quantities A(t) and B(t) as

(AIB) = 43%/000 dfw |

7 (3.2)

Here A(f) is the Fourier component of A, an asterisk (%) superscript means the
complex conjugate and S,, (f) is the noise spectral density. With the above definitions,

the probability distribution of the noise can be written as
P (n =ne(t)) o< exp [~ (no|no)] , (3.3)
and the SNR for a given signal i(t) can be defined as

p=/Hh). (3.4)
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Under the assumptions of Gaussian and stationary noise, the posterior probability

distribution of binary parameters 6 takes the following form:
a 0) (pa 1 a b
P (0%s) o< p™ (0*) exp —§I‘abA9 AG’| (3.5)

where AG* = §* — §* with 6 being the maximum likelihood values of 6. p(© (4)
gives the probability distribution of the prior information, which we take to be in
a Gaussian form for simplicity. ['y;, is called the Fisher information matrix which is
defined as

Loy = (0ah|Obh) | (3.6)

where 0, = %. One can estimate the root-mean-square of A6® by taking the square

root of the diagonal elements of the inverse Fisher matrix 2%:
~ ~ ab
Sab — (r—l) NN (3.7)

where fab is defined by

1

1-
P (8) exp {—QFGbAHGAQb] = exp {—ﬁFabAQ‘IA@b] : (3.8)

To save computational time, we use IMRPhenomB waveform. Reference [27]
showed that the difference in constraints on PPE phase parameters between IMR-
PhenomB and IMRPhenomD waveforms are negligible for propagation mechanisms
at any PN order and for generation mechanisms at negative PN orders. In App. C,
we perform a similar comparison for generation mechanism corrections in the ampli-

tude using sky-averaged waveforms and show that the former is at least suitable for
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constraining generation mechanisms that enter at negative PN orders, which is what
we will consider in Sec. 3.3.

We choose the following parameters as our variables for the Fisher analysis:

ea = (lnM27 ln??? X5 In DL7 In tO? ¢p,07 Ay, 57 ’l/}polam L, QPPE) ) (39>

where M, is the redshifted chirp mass, n = myms/(my +ms)? is the symmetric mass
ratio and  is the effective spin parameter®. ., d, ..., and ¢ are the right ascension,
declination, polarization and inclination angles respectively in the detector frame.
The non-GR parameter is represented by Oppr = Qppp OF OBppr. We perform a Monte
Carlo simulation by using each set of the posterior samples released by LIGO [341] for
(M, n, Dr, X, ., 0,1), while we randomly sample the polarization angle 1,,,., and the
coalescence phase ¢, in [0, 7] and [0, 27] respectively. We impose prior information
such that —1 < x <1, =7 < (¢p.0, ¥, Yporar) < 7, and —7m/2 < (6,0) < /2.

We use the detector sensitivity of Advanced LIGO (aLIGO) O1 run [29], and we
consider the two detectors at Hanford and Livingston. For simplicity, we assume that
the Livingston noise spectrum is identical to that of Hanford [194]. For the Fisher in-
tegration, the minimum frequency is taken to be 20 Hz while the maximum frequency
is same as the cutoff frequency above which the signal power is negligible [342].

Now we are going to discuss how we compute the probability distribution of a non-

GR parameter from the output of a Fisher analysis with a Monte Carlo simulation.

3The effective spin parameter is defined as x = (mix1 +maxz2)/ (m1 + ms), where x4 with
A = (1,2) is the dimensionless spin of the Ath body.
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We set the fiducial value of any non-GR parameter to be zero for our analysis. We
perform the following integration numerically to obtain the compound probability

density function? of any parameter ¢ :

P©)= [ P(Eloo Plog)doe. (3.10

where P (&) is the marginal (unconditional) probability density function of . P (§|o¢) o
exp[—(&£ — €)%/ 202] is the conditional probability density function of £& which we as-
sume to be a Gaussian distribution with a mean ¢ and a standard deviation o¢. P(oy)
is the probability distribution of o¢ computed from the Fisher analysis for the entire
posterior distribution.

Let us finish this section by explaining how we can utilize both amplitude and
phase corrections to derive constraints on some theory. One can include appy Or Bppg
as variables to the Fisher analysis as in Eq. (3.9) and map them to a non-GR param-
eter of a theory to derive constraints from the phase and amplitude independently.
We refer to such constraints as the “phase-only” and “amplitude-only” bounds respec-
tively. How can we achieve a single constraint that accommodates both of them?
Recall the relations between the PPE parameters in Sec. 2.2. One can rewrite appg

in the waveform in terms of Sppp according to Eqs. (2.22) or (2.24) and eliminate

the former variable from the analysis. We refer to such constraints as the “phase &

4If the distribution of a random variable y depends on a parameter z, and if = follows a
certain distribution P(z) (called the mixing or latent distribution), the marginal distribution of
y is called mixture distribution or compound probability distribution and is given by P (y) =
J P (ylz) P (z)dx [343].
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amplitude combined” bounds®.
3.3 Results in Example Theories

We now apply our analysis to some example theories. We begin by studying massive
gravity that yields corrections in the phase through propagation mechanisms. We
compare bounds from the Fisher analysis to those from LVC’s Bayesian analysis to
justify the former. We next study EDGB gravity, scalar-tensor theories and varying-
G theories, which achieve the corrections through generation mechanisms entering at

negative PN orders.

3.3.1 Validation of the Fisher analysis: massive gravity

The idea of introducing the mass to gravitons is rather old [344], and many attempts
have been made to construct a feasible theory that allows one to do so [345]. Such
a theory may arise in higher-dimensional setups [346] and has the potential to solve
the cosmic acceleration problem [345]. Although gravitons with non-vanishing masses
may have additional polarizations as well [347], we here restrict our attention to the
non-GR effects on the tensor modes due to a massive dispersion relation.

We will focus on the non-GR corrections specifically to the GW phase. Thus, the
purpose of this section is simply to compare our Fisher analysis with the Bayesian

one performed by the LVC. Gravitons with a non-vanishing mass travel at a speed

5 Alternatively, one can rewrite the PPE corrections in the phase and the amplitude in terms of
non-GR parameters of a theory. Performing Fisher analyses with such parameters as variables lead
to similar constraints as the ‘phase & amplitude combined” bounds, although such an approach is
not theory-agnostic.
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smaller than the speed of light and the non-GR effects accumulate over the distance.
Modified dispersion relation for such gravitons is given by E? = p?c? + m§c4, where
m, is the mass of the graviton while £ and p are the energy and the momentum

respectively. The PPE phase parameters are [348]

5 _7T2Mch
MG_)\31+2

D, b=3, (3.11)

where

z z 3 9
D=——r0—r—= 11— — @) . 3.12
HO\/QM—{—QA |: 4 (QM +QA> * (Z >1 ( )

Here, ), and 2, are the energy density of matter and dark energy respectively.
Hy is the Hubble constant while z is the redshift of the source. A, is the Compton
wavelength of the graviton that is related to my as A\; = h/ (m,c), where h is Planck’s
constant.

We compute the probability distribution of A\; from GW150914 according to the
procedure outlined in Sec. 3.2 and compare with the one obtained by the LVC [25]
(Fig. 3.1). The Fisher analysis with Monte Carlo simulations yields A, < 1.2 x 10
km at 90% CL, which is in a good agreement with the LVC bound of 1.0 x 10'3
km and thus shows the validity of the former. The difference in the two cumulative
distributions of A\, presented in Fig. 3.1 can be attributed to the fact that the LVC
used a more accurate Bayesian analysis and imposed a uniform prior on the graviton
mass. The GW bound has recently been updated by combining multiple events [32].

The new bound is stronger than binary pulsar constraints [349,350| but slightly weaker
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Figure 3.1: The cumulative probability distribution of the graviton Compton
wavelength from GW150914. We show the ones obtained from a Fisher analysis
with Monte Carlo simulations (blue solid) and from a Bayesian analysis by the LVC
(red solid). Each of the vertical dashed lines corresponds to the lower bound of the
distribution of the same color with 90% confidence. Observe how the two different
analyses give similar bounds.

than the updated solar system bounds [351]. The bound is also weaker than the ones
from the observations of galactic clusters [352-354], gravitational lensing [355], and

the absence of superradiant instability in supermassive BHs [356].

3.3.2 Einstein-dilaton-Gauss-Bonnet gravity

In EDGB gravity, BHs accumulate scalar monopole charges which may generate scalar
dipole radiation if they form binaries [33,173,225,255]. Recall from Sec. 2.3.2, such
radiation leads to an earlier coalescence of BH binaries compared to that of GR and
modifies the gravitational waveform with the PPE parameters given by [27,173|

2 ZEDGB 2 ZEDGB)\2
3 (M7 3} — m3317")

ﬁEDGB - _T68§EDGB Mt47]18/5 ;

(3.13)
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with b = —7 and

5 (m%EgDGB _ m%g]i}DGB)Q
Qgpe = @CEDGB Mt47718/5 5 (314)
with @ = —2. Here, (ppep = 16702, ,/M;! is the dimensionless EDGB coupling

parameter and s5°“" are the spin-dependent factors of the BH scalar charges given

by 899" = 2(y/1 — xa2 — 1+ xa%)/xa> [33,255).

i I ‘ ‘ |
2000 — I_—I _ | —— Phase Only [
r I Il — —— Amplitude Only 1
N -l Phase & Amplitude Combined | ]
5 ] H I. - -7 AC-’FAGBZI
g 1500 [= = I
5 ! T
=t | 1 | Lo
bR
r [
21000 '_ |- ) I -
= Lo I | :. -
° | | i 1
3] [ 1 |
= sl | [ B -
_1
r !_' I | b5 1
O 1 | T 1
- | S - ]
0 ] | Y_"_'tl e
-5 0 5 10
LOg[ACEdGBJ

Figure 3.2: Histogram distributions of the 90% CL bounds on (spcp from a Fisher
analysis with the phase correction only (blue solid), the amplitude correction only
(red dashed) and combining the two corrections (green dotted-dashed). Fiducial
values are taken from the posterior samples of GW150914. The samples that lie on
the left side of the vertical black dashed line satisfy the small coupling
approximation with 90% CL.

We now derive constraints on EDGB gravity from GW150914 and GW151226.
First, we estimate how well these events satisfy the small coupling approximation
Cepes < 1. To do so, we extract the 90% CL upper bound A(upep from each sample

of the posterior distribution of a particular event. We then create histograms with

all the samples (see Fig. 3.2) and calculate the fraction satisfying Appes < 1. For
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GW150914, 72% (42%) of the samples satisfy the small coupling approximation if
Algpgs 1s derived from the phase (amplitude) correction only, while 71% of the pos-
terior distribution satisfies such approximation if the phase and amplitude corrections
are combined. A similar analysis with GW151226 gives 98% and 87% for the phase
and amplitude corrections respectively while combining the two yields almost the
same result as that of the phase-only case. Since the fraction of samples satisfying
Cepes < 1 is much higher for GW151226 than GW150914 due to a larger number of
GW cycles and slower relative velocity of the binary constituents, the former event

places more reliable constraints on EDGB gravity compared to the latter one.

— Phase Only
— Amplitude Only
Phase & Amplitude Combined [

—_
1

e S I
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Figure 3.3: Cumulative probability distributions of a2, obtained from GW150914

EDGB
for the same three cases as in Fig. 3.2. Each vertical dashed line shows the

corresponding 90% CL upper bound of a solid line of the same color.

Figure 3.3 presents cumulative probability distributions of a2_.,° for GW150914

EDGB

6We show the distribution of a2,y instead of \/@gpap as it is the former that directly enters in
the waveform.



Chapter 3. Testing Gravity with GW Amplitude Corrections 71

for three different cases with vertical lines representing the 90% CL of the corre-
sponding distribution. We found the 90% CL constraints on /@gpep from each of the
phase and amplitude corrections as 50.5 km and 76.3 km respectively. Notice that
these bounds have the same order of magnitude. On the other hand, combining the
amplitude and phase corrections leads to an upper bound of 51.5 km, which is weaker
than the phase-only constraint by 2% (to be discussed more in Sec. 3.4). Though
above constraints may not be reliable as the 90% CL bounds on (gpgs do not satisfy
the small coupling approximation, which is shown in Table 1.1.

We now look at bounds on GW151226. We found that this event yields 4.32 km
and 10.5 km respectively from the phase and amplitude corrections, while combining
the two only changes the result from the phase-only case by 0.01%. These bounds
are consistent with those in a recent paper [357| that utilized the LVC posterior
samples including the non-GR phase corrections at —1PN order while Ref. [358]
found even stronger bounds by combining multiple GW events. These GW bounds
are comparable to the one obtained from low-mass X-ray binaries [244].

Although GW150914 leads to weaker constraints on EDGB gravity compared
to GW151226, the effect of amplitude correction is more manifest for the former
event. This is because GW150914 has a smaller number of GW cycles, and thus the

amplitude contribution becomes relatively higher than GW151226.
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3.3.3 Scalar-Tensor theories

Certain scalar-tensor theories predict scalarization of neutron stars [210,211], which
can also happen to BHs if the scalar field evolves with time cosmologically [228,229].
Let us recall from Sec. 2.3.1 that compact binaries formed by such objects emit dipole

radiation which modifies the GW phase with PPE parameters 37,45, 81|

5
——— %01 — )’ (3.15)

fsr = —7163

with b = —7, and the GW amplitude as [81]

5
Qgp = —@n2/5(0z1 — ap)? (3.16)

with a = —2. Here a4 represents the scalar charge of the Ath binary component and
depends on specific theories and the type of compact objects. If we consider a binary
consisting of BHs in a theory where the scalar field ® obeys a massless Klein-Gordon

equation, a4 is given by [229]
ap=2mu @14 (1—x2)Y?, (3.17)

where @ is the rate of change of ® with time.

One can use Egs. (3.15)(3.17) and the numerical analysis described in Sec. 3.2
to find constraints on ® as long as the small coupling approximation m ® < 1 is
satisfied. In this regard, only 11.7% (13.5%) of the samples of GW150914 satisfies
such approximation with 90% confidence level for the phase (combined) correction,

while all of the samples fail to do so for the amplitude correction. Hence GW150914
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cannot place any meaningful bound on scalar-tensor theories considered here. On the
other hand, 90.4% of the samples from GW151226 meets the small coupling criterion
for the phase-only and combined analyses, while the fraction is only 25% for the
amplitude correction. Thus, we derive reliable constraints from GW151226 with the
phase-only and combined analyses, with both leading to ® < 1.1 x 10* /sec”. This
constraint is 10 orders of magnitude weaker than the current most stringent bound

obtained from the orbital decay rate of quasar OJ287 [229], though this is the first

bound obtained in the strong/dynamical regime.

3.3.4 Varying- G theories

Many metric theories of gravity that violate the strong equivalence principle |2, 327,
328] predict time variation in the gravitational coupling parameter G [329]. Scalar-
tensor theories are examples where G varies as a function of the asymptotic scalar
field [2], which may vary over time. As we discussed in Sec. 2.4, any such time-
dependence of G leads to an alteration of the gravitational waveform through the
modifications of the binary orbital evolution and the energy balance law [81].

We now show the PPE modifications due to a time variation in the gravitational
constant. As pointed out in Sec. 2.4, the amount of gravitational coupling that
appears in different sectors of a gravitational theory may not be unique. Einstein-

KEther theory [296] and Brans-Dicke theory with a cosmologically evolving scalar

"A previous analysis with the sky-averaged waveform in Ref. [27] could not place a reliable bound
on scalar-tensor theories. Since the posterior distributions of the GW events were not available then,
one could not determine how well those events satisfied the small coupling approximation from a
simple Fisher analysis.
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field [2]| are examples of such theories in which various gravitational constants exist.
In Sec. 2.4 we studied a generic case with two distinct gravitational constants in
Kepler’s law (conservative sector) and GW luminosity (dissipative sector). Here we
place constraints on the special case where these two constants coincide with each

other. In that case, we set G¢ = Gp = G and Eqgs. (2.64) and (2.66) change as

25

be = 1968 Gomo'® [(11 4 510 + B520) Myg — 41(s1,0m10 + s2,0m2,0)]
(3.18)
with b = —13, and
Qe = 5%773/5G0 [—(7 = $1,0 — 52,0) My + 13(51,0m1,0 + S20m20)]  (3.19)
with a = —8 respectively.

Employing Eqs. (3.18) and (3.19), GW150914 (GW151226) imposes constraints
on |Go/Gol from the phase-only and amplitude-only analyses as 7.30 x 106 yr—" (2.24 x
10* yr=!) and 1.37x 108 yr~! (3.82x 10° yr!) respectively, with the combined analyses
yielding slight improvements over the phase-only results. Unlike the EDGB and
scalar-tensor cases, the amplitude-only analyses yield much worse bound than that
from the phase-only cases even with GW150914. Notice also that for varying-G
theories, the combined bound is slightly stronger than the phase-only bound (to be
discussed more in the subsequent section). These bounds are much less stringent
compared to the other contemporary constraints [2]. However, future space-borne

detectors such as LISA [181,359] will be able to obtain constraints up to 13 orders of



Chapter 3. Testing Gravity with GW Amplitude Corrections 75

magnitude stronger compared to the aLIGO ones [177,298].

3.4 Conclusion and Discussion

In this analysis, we have derived constraints on scalar-tensor, EDGB and varying-G
theories from GW150914 and GW151226. To do so, we performed Fisher analyses
with Monte-Carlo simulations using the posterior samples constructed by LVC. In
particular, we derived reliable constraints on the time-evolution of the scalar field in
scalar-tensor theories from GW observations for the first time.

We explored how amplitude corrections contribute to the constraints on such
theories. We derived three sets of bounds on each theory: phase-only, amplitude-
only, and from both phase and amplitude combined. We found that for binaries with
large masses such as GW150914, where we have less number of cycles, the bounds
from the amplitude and phase can be comparable to each other. On the other hand,
combined analyses yield constraints that differ from the phase-only case at most by
3.6% for the theories under consideration. Hence, at least in theories where the
leading corrections enter at negative PN orders, the phase-only analyses as done in

previous literature [27,298,357,358,360| can produce sufficiently accurate constraints.

Depending on the prior information and the PN order of the non-GR correction, a
combined analysis can yield stronger or weaker constraint compared to a phase-only
one. With the priors mentioned in Sec. 3.2, the fractional difference between [ppy

for the two cases is presented in Fig. 3.4. From —4 PN to —2.5 PN correction, the
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Figure 3.4: Comparison of combined and phase-only analyses at different PN orders
from GW150914 with a sky-averaged phenomB waveform. We show

5,3 = (ﬁcomb - Bphase) /Bphasea where 5phase and Bcomb are bounds on 5PPE from
phase-only and combined analyses respectively. When 04 is positive (negative), the
combined analyses yield weaker (stronger) bounds than the phase-only ones.

combined analyses give rise to slight improvements over the phase-only constraints,
while for other cases, the former is weaker with a maximum deterioration of 8.5% at
—1 PN order. Nonetheless, it would be safer to include both phase and amplitude
corrections in the analysis as a lack of the former in the waveform may cause system-
atic errors on GR parameters such as luminosity distance if non-GR corrections exist
in nature.

In this paper, we considered only the leading PN corrections in the inspiral part of
the waveform, but how important are higher-PN corrections and modifications in the
merger-ringdown portion? Reference [27] partially addressed this question by taking
Brans-Dicke theory as an example whose leading correction enters at —1PN order,

similar to EDGB gravity and scalar-tensor theories considered here. Appendix B



Chapter 3. Testing Gravity with GW Amplitude Corrections 7

of [27] shows that including higher-PN corrections only affects the bound from the
leading PN correction by 10% at most for GW150914. Moreover, for EDGB gravity,
including the correction to the black hole ringdown frequency and damping time
only affects the bound from the leading PN corrections in the inspiral by 4.5% for
GW150914 [361]. Thus, it is likely that the bounds presented here are valid as order-
of-magnitude estimates.

A possible avenue for future work includes repeating the calculation presented
here but with a Bayesian analysis using a more accurate waveform such as PhenomD),
PhenomPv2 or effective-one-body ones. In particular, it would be interesting to
investigate whether the amplitude correction contribution entering at positive PN
orders is negligible like the negative PN cases reported here. It is also interesting to
repeat the analysis here to all the other events in GWTC-1 [29] and study how much
the bounds on each theory improve by combining these events. Another possibility is
to take into account non-tensorial polarization modes following e.g. [87]. For future
detectors with improved sensitivities, the ability to measure amplitude corrections

may be dominated by calibration errors®.

8The calibration error on the amplitude for the O2 run was 3.8% [29].



Chapter 4

Probing Compact Extra Dimensions
with Gravitational Waves

4.1 Introduction

In this chapter we consider gravitational waves in a 5d spacetime, with the fifth
dimension being compactified on a circle and with the matter constrained on a brane !.
We work in 5d GR rather than in the context of the effective Einstein-Maxwell-
dilaton 4d theory (considered in [107-110]) which arises from performing a Kaluza-
Klein reduction of the 5d theory. Our motivation is two-fold. First motivation is
simplicity: it is easier to work with a single field (the metric) than a collection of
fields. Also, by not performing the Kaluza-Klein reduction (which assumes that fields
are independent of the compactified dimension) allows us to account for the effect
of the massive fluctuations that arise when integrating out the compact dimension.
By working directly in higher-dimensional GR theory we are also able to generalize

the 5d results to an arbitrary number of compactified extra dimensions. Second, we

! This chapter is based on the following paper: Probing Compactified Extra Dimensions with Grav-
itational Waves; Du, Yuchen; Tahura, Shammi; Vaman, Diana; Yagi, Kent; Phys. Rev. D 103,
044031 (2021)
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hope that our 5d analysis will be useful to assess the effect of the extra dimensions
on gravitational wave detection when considering other paradigms for the geometry
of the extra dimensions, e.g. Randall-Sundrum (RS) models.

This chapter is organized as follows. In section 4.2 we present our conventions,
notations and general framework. In section 4.3, we extract the compactified 5d New-
tonian potential and the modified Kepler’s law for a binary at a fixed position in the
extra dimension. In section 4.4 we review the Kaluza-Klein reduction of the 5d theory
and point out that 5d matter, when seen from a 4d perspective is non-minimally cou-
pled. Section 4.5 contains our main result, namely the form of the gravitational waves
sourced by the 5d binary. In section 4.6 we extract the luminosity of the gravitational
waves, and in section 4.7 we compute the phase of the gravitational waveform as pre-
dicted by the compactified 5d model, and compare it with observations. Throughout
the chapter we give generalizations of our formulae in the case of a comapctified D-
dimensional spacetime, with four non-compact dimensions. We conclude in section

4.8.

4.2 Set-up

We will consider point-like mass sources in some higher-dimensional spacetime, and
we will investigate their effect on the spacetime geometry and on the emission of
gravitational waves from binaries, in perturbation theory.

To this end we will compute the metric perturbation iLw/ by direct integration of

Einstein’s equations and not from the quadrupole formula as it is customary, because
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the quadruple formula actually fails when there is a compactified dimension. The
reason for this is that the validity of quadrupole formula relies on integration by
parts. When the spatial coordinates are non-compact, the boundary terms which
accompany the integration by parts are zero. However, when there are compactified
extra dimensions, there are non-zero boundary terms, which are not straightforward
to evaluate and which will contribute, in addition to the usual quadrupole integral.
Please see Appendix D for the modified expression.

Thus, we need to solve the metric perturbation directly from the Einstein equa-
tions. We will use the relaxed Einstein equations in the harmonic gauge [178].

For simplicity in most of this chapter we will consider a five-dimensional (5d)

M

spacetime with coordinates z**', with four noncompact dimensions z* and a fifth

5

dimension, x° = w, compactified on a circle of radius R, though we will occasion-

ally point out how our results change in the case of additional compactified extra

dimensions:

oM = (2", 2%, ) = (t, T w, .. ) ~ (6T, w4 2TR, .., M =0,1,2,3,5,...D.
(4.1)

We further denote the spatial coordinates by

o= (Zw,...) = (z,y,2,w,...), 1=1,235...D, (4.2)

and the spatial non-compact coordinates by

r' = (1,y,2), i=1,2,3. (4.3)
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We set the speed of light to ¢ = 1.

Let us consider a perturbation of the flat spacetime
hyin = guN — NuN nuy = diag(—1,1,1,1,1,...), (4.4)
and let us also define
RMN — pMN _ GMN GMN = /=ggMN (4.5)

where (g) is the determinant of the metric gyry. As advertised, we take M to satisfy

the Lorenz, or de Donder, or harmonic gauge condition:
Oy hMN = 0. (4.6)

To linear order in hpsy, hyry reduces to the usual trace-reversed metric perturbation:

~ 1
hayn =~ hyn — Qh NMN- (4.7)

Then, the relaxed Einstein equations state [178]

ORMY = —162GP) 7MY | (4.8)

where G(P) is the gravitational constant in the D-dimensional spacetime, O = 9y dxn™",

and where 7M¥ is given by

1

MN _ [ MN | ;MN

(zaMP,Q A ﬁPQz}MN,PC?) C (49)

Lastly, T™" is the matter energy-momentum tensor while ¢t} is the Landau-Lifshitz
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[362] gravitational energy-momentum pseudo-tensor. In a D—dimensional spacetime

we have [363]

1
167TG(D)(—9)75%N _ QMN,pENJPQ,Q . gMP,PgNQ,Q + _gMN

R ~QS
2 B

9rd" " 54

- ~0QS ~ ~QS
— (gMPgQRgNR,ng 9" 90rg™ " 55° ,p>

RS~MP ~NQ 1 (QQMP NQ _

MN _PQ
+ agrQ9 9 ,Rg S + 4(D . 2)

gNe — MV g"?)

x [(D = 2)grsgrs — 9rrgss’| 3 pg®* . (4.10)

From the relaxed Einstein equations (4.8) and the harmonic gauge condition (4.6)

it is easy to see that 7" obeys the conservation law
O™ = 0y, ((—g)(TMN + t%JN)) =0. (4.11)
4.3 Modified Kepler’s Law

Let us first consider the scenario where there is one extra non-compact spatial dimen-
sion. Thus D = 5, the background is flat, and we assume that there is one matter

source which is point-like, of mass m, at rest. Then, the energy-momentum tensor is
TMN (2 w) = méMOsNO§3(2)0 (w). (4.12)
The only non-trivial linearized metric fluctuation is A9, and it satisfies

OhY = —167GOTY (4.13)
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where G©) is the gravitational constant in 5d. The solution is

S 4G G m, .
hOTO(x,w) = m, R2 El’z :l’2+y2+z2. (4.].4)

The 5d linearized metric fluctuation h) = (2/3)hY ? corresponds to a Newtonian
potential®
GOm

4

If the extra dimension is not flat, but compact, with an identification w ~ w +
27R, an observer sees a mass m at every w = 2nmR, where R is the radius of
compactification and n € Z [364]. Summing over all such sources, the resulting

linearized metric fluctuation A is periodic hQ(Z, w) ~ h(Z, w + 2mnR):

~ 4G m & 1
Wit 7 w) = 4.1
WP (t, 7, w) > o (4.16)

n=—oo

and, correspondingly, the Newtonian gravitational potential is given by

o 1GOm & |
VO (2, w) =3 > o (4.17)

T w — 2nTR)?
If the observers are located at the same w coordinate as the source (think of

the matter source and observer living on the same brane at w = 0, and ignore for

simplicity the backreaction of the brane on the geometry) then we are interested in

2In D spacetime dimensions this relation gets modified to A = (D — 3)/(D — 2) A%, and the
linearized metric is given by ds?> = (=1 + (D — 3)/(D —2) h{®) dt> + (1 + 1/(D — 2) hY?) d% - dZ.
3Working with a D-dimensional spacetime, (4.15) generalizes to

1D-3

1 _D-3 4 D-1 GPm
2D-2

r
(D—Q) m(D=3)/2 ( 2 (R2_|_p2)D—3’

VIOUR, p) = — hyY = p? =alal — R?.
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V) (# w=0)*. Setting w = 0 and evaluating the sum over n in (4.17) yields

4 GO 1-
V) (7, w=0) = —gG ; Rm coth (”sz) =~ h(t 7, w=0), (4.18)

where

(= 2R (4.19)

denotes the length of the compactified extra dimension. For a generalization of (4.18)
to the case when the observer and the source are located at different positions in the
compact dimension, please see Appendix E.

There are two useful limits of (4.18): one is the decompactification limit, when
¢ > R, and the other is the opposite, with ¢ < R. In the first case, the Newtonian

potential assumes the form of a 4d non-compact space

4 GO
VEI(Rw=0) =~ = R;”

+ O(R/?), R=#*=22", (>R, (4.20)

whereas in the second case it is equal to the Newtonian potential in a 3d non-compact

space plus exponential corrections®

4 GO
V(5’C) (R’ w:o) = —g Gng (1 + 26727TR/£ + 0(647TR/£)> ? g << R (421>

The exponential corrections look like a Yukawa potential, and can be interpreted

4For an investigation whether localized matter can arise in the context of effective field theory
see [365]

5For a D-dimensional space time R x TP~%, with three non-compact spatial dimensions and
the compact space being torus, the generalization of (4.21) is

2(D —3) GPm 1 N
(D) (1Y — _ (1 27R/¢
VIS D —2 Vol(Compact Space) R +0(e /)

where / is the length of the largest of the cycles of the torus.
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as being due to massive gravitons. From a 4d perspective, these massive gravitons
correspond to non-uniform Fourier modes of the massless 5d gravitons on the circle
w ~ w + £. We will have more to say about this in the following sections.

Next, let us consider a quasi-circular binary with component masses m; and ms

and binary separation 115, with 715 > ¢. The matter energy-momentum tensor is

given by
Mg
TVN(z) =Y m, / dr @ a 6% (x — x4(7)), (4.22)
a=12 ~gro(2)ilad
where 2 (7) is the trajectory of the point-like mass m, with 7 representing an affine

parameter on the worldline. We can use reparametrization invariance to identify
2%(7) = 7 and, assuming that the matter sources are located at wy(t) = wq(t) = 0

(i.e. confined to the same brane), to leading order we have
T1a(t) = 71 () — Zo(t) = (ri2 cos(Qt), riasin(Qt),0) . (4.23)

Further using (4.21) yields the effective potential of such a binary

1 GnpM,
Vig ~ =2, 02 — “ NI

1 4 e~ 2mm2/t 4.24
5 o (12 ), (4.24)

where

M, = mq +may (4.25)

is the total mass of the binary and

= (myms) /M, (4.26)
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is the reduced mass, while € is the orbital angular frequency. Gy is the 4d Newton’s

constant, with®

GN = —-—. (427)

The distance between the two sources is solved from the condition of local extremum
of Veg with respect to ri5. This leads to the following modification to the Kepler’s

law:

T2 & (G?z]zw—t)l/?) {1 + % (%)1/3 27” exp [—QTW (—G?ng/lt)l/?)}

- 1/3
+2 exp [—27 (Sit) ]} ; (4.28)
where we have retained the first order correction to the 4d Kepler’s law.

4.4 Performing the Kaluza-Klein Reduction with 5d
Point-like Matter Sources

One might be tempted to think that the physics of the binary system in a 5d spacetime
is that of a binary (two point-like masses) coupled to the fields obtained via Kaluza-
Klein reduction of the 5d metric, namely gravity, dilaton and Maxwell fields, and
with the latter two being set to zero. Then, to leading order, neglecting all corrections

coming from massive modes on the fifth dimensional circle, one recovers the 4d matter

SFor a D-dimensional space time R3' x TP~%, with three non-compact spatial dimensions and
the compact space being torus, the 4d Newton’s constant is given by

oo 2D =3) G»)
N7 "D =2 Vol(Compact Space)’

with G(P) the D-dimensional gravitational constant.
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(the binary) plus gravity set-up. However, this is not the case. To better understand
this issue, we take a quick detour and review the Kaluza-Klein reduction of the 5d
system composed of gravity plus point-like sources. This is a self-contained section
of the chapter and for the purpose of performing the Kaluza-Klein reduction we
introduce the notation Gy for the 5d metric and g, for the 4d metric.

Consider five-dimensional gravity

1
85d = E /d5I\/ —dethN R[QMNL (429)

where k = 16mG (we work in units where ¢ = 1), R[Gyy] is the Ricci scalar of
metric Gyn, and G = GO /€. The Kaluza-Klein reduction ansatz to 4d is (see for

example [366]):

G + KEVALA, /re'A
Guy = e /3 g g 8 , (4.30)

VkeUA, ev

where all the fields in (4.30) are functions of the 4d coordinates, z*, only.
Substituting (4.30) into the 5d Einstein-Hilbert action yields the 4d Einstein-

Maxwell-dilaton action

1 1
Skk = E /d4x\/__9<R[g/w] o ZGUF;WFW B gauvauv) : (4'31>

Note that we can find solutions with a vanishing dilaton as long as the Maxwell
field is pure gauge. (The dilaton equation is sourced by the Maxwell field, so setting

the dilaton to zero in general would lead to an inconsistent Kaluza-Klein truncation.)
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By introducing the rescaled dilaton and Maxwell field as

2

Uz—2\/§(/§, A, NG

Ay, (4.32)
we can rewrite the Einstein-Maxwell-dilaton action as
1 _
Skk = — / d*z\/—g (R[g,w] s ) Qaugsaﬂgb) . (4.33)
K

This agrees with (II.1) of [108]. We will use the rescaled dilaton (4.32) to make
contact with [108] in Section 4.6.

Consider now adding a point-like source of mass m to the 5d action:

Sonatten 54 = — / A/ N (DG (7)) . (4.34)

where 7 is an affine parameter on the source’s worldline and ™ = %xM . This
will source the 5d metric in the usual way, leading to the 5d perturbative analysis
performed in the previous section, and continued in the next.

Here we would like to point out that the 4d dilaton is also being sourced by the
5d matter (4.34). Specifically, for a source that is not moving in the fifth dimension
(note that this is a solution to its equation of motion in the context of a 5d metric

which is independent of the fifth coordinate), the reduction of the 5d action (4.34)

yields

Smatter, KK= — MM / dr 670/6 \/_:t,u<7->j;1/<7-) (g,u,, + HevAMAV) ’ (435>

where the 4d fields are evaluated on the worldline.

In contrast, adding a 4d neutral source of mass m to the Einstein-Maxwell-dilaton
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action is done by considering

Smatter,éLd = —m/dT\/—i“”(T)x'”(T)gW . (436)

The main message here is that 5d matter couples not only to the 4d graviton, but
also to the dilaton and Maxwell field. Most importantly, while we can find solutions
with a vanishing dilaton to the 4d action with a 4d matter source, we cannot find
solutions with a vanishing dilaton to the 4d Kaluza-Klein reduced action when the
matter source is a Hd point-like source; this can be understood by noticing that in
(4.35) there is a linear coupling between the dilaton and the matter source, when
expanding in small fluctuations about a vanishing dilaton. In effect, the 4d mass in

the Kaluza-Klein reduced action is modulated by the dilaton,
Meffective = meXp(_U/6) ) (437>

as evidenced by (4.35).

Lastly, in the context of Kaluza-Klein reduction of a higher-dimensional gravita-
tional theory, the 4d gravitational coupling constant is 1/(167G), as we can see from
(4.31), with

G=G9/1. (4.38)

However, G and Gy (which shows up in the Newtonian potential and it is given in
(4.27) for D = 5) are not equal: they differ by a factor. This is different from 4d GR,

where G and Gy are equal to one another. The explanation for this mismatch stems
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from the fact that in an effective 4d theory, the interaction between two masses is
not only gravitational, but there are additional contributions mediated by 4d scalars

(e.g. dilaton) as well.
4.5 Metric Perturbations

We now return to our main problem, namely finding the 5d metric fluctuations sourced
by a binary in a spacetime with one compact dimension of radius fR.

We separately find the contribution of the matter energy-momentum tensor and
of the Landau-Lifshitz pseudo-tensor to the metric fluctuations: we denote these
by h¥N and hMN. There is one more contribution to the metric fluctuations from
the remainder of the relaxed Einstein equation source 7MY (see (4.9)). However, to

MNcontribute only to the 00-component of the

leading order, the extra terms in 7
metric fluctuations, h%. We will compute the 0-components of the metric fluctuations
not by direct integration, but by using the harmonic gauge (4.6). So, for the remaining
fluctuations h'7 = (A, h®, h5) we will evaluate first the contribution from the matter
source, and then use this in the Landau-Lifshitz pseudo-tensor to evaluate the non-
linear metric fluctuations. Despite iz{‘] being non-linear, it is actually of the same
order as fLITJ in a velocity expansion. Lastly, we add the two contributions to find the

metric perturbation to second order in velocities, i.e. leading order in post-Newtonian

expansion.
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4.5.1 Metric perturbations: contribution from the matter sources

We begin by computing the perturbations sourced by the matter stress-energy tensor.

TMN

The energy-momentum tensor of a system of point masses at w = 0 is given by

TN 7 w) = Y %53 (7 — 7(1)) 6 (w) | (4.39)

a
where PM = miM /\/—gpoil & is the M-component of the momentum of particle
a. We parametrize the particles’ trajectories with 7, = #,(t) and take 20 = ¢. For a
binary source, we specifically use (4.23).

From (4.8), the linearized fluctuations are given by

PN (t, & w) = —167G®) / dt' Bz dw' GO (t, 2, wi ', & w') TN (¢, & w')
(4.40)

where GO (¢, & w; ', #,w') is the (scalar) retarded compactified Green’s function in

5d. The retarded Green’s function in flat 5d can be represented as [367|

9(5)(t,f7w;t’,f’,w'):—0<t )0 0t-t—2) , (4.41)
4722 02 2
(t—t)" — 22

with
V=7 7)+ (w—w)?, (4.42)

and where 6 denotes the Heaviside step-function. 7

"For the reader accustomed to 4d expressions, we want to point out that even though the 5d
retarded Green’s function does not have support only on the light-cone (as opposed to the massless
4d retarded Green’s function which has support on the light-cone only), it does have support inside
the light-cone, and it is therefore causal. This is one of the peculiar features of odd dimension
spacetimes.
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Then, starting from (4.41), we can write the compactified 5d retarded Green’s

function, G©&) (2, 7):

0t —t) 9 O(t—t — 2y)
2
— 472 2, Oe, (t—t’)Q— 22

: (4.43)

—

where 22 = (Z — 7)? + (w — w’ — nf)?. For practical purposes, the compactified
Green’s function expression given in (4.43) is not very useful.® Instead, we will use
the equivalent representation of the compactified retarded Green’s function in terms
of a sum/integral over Fourier modes® (see also Appendix G):

eip: ($—a7’)€i27m(w—w’)/€

G (2 w; ' w') = — 4.44
G (xt w2t 7 Z/ e T i+ R @rn OR (4.44)

where € is an infinitesimally small positive number. In (4.44) each term in the sum

can be interpreted as the 4d retarded Green’s function of a massive particle, of mass

= (2mn/l). These massive particles are nothing else but the massive Kaluza-
Klein graviton states. Thus we expect that in the limit when 2z > ¢, and for slow
moving sources, (4.44) will reduce to the 4d retarded Green’s function of a massless
particle, corresponding to n = 0, plus exponentially suppressed corrections, with the
leading order correction coming from the least massive mode, corresponding to n = 1.
Indeed, the n = 0 term in the sum above corresponds to massless 4d excitations, and
the retarded 4d Green’s function 0(t —t')§(t —t' — |7 — &’|) /(4w |Z — 2'|). The non-zero

n terms are associated with massive 4d excitations. The retarded Green’s function

8However, for the purpose of demonstrating how one could use (4.43) in an explicit calculation,
please see Appendix F for another derivation of the Newtonian potential in 5d GR.
9The Dirac-delta function, written as a distribution on the space of periodic functions with period

£, is S(w —w') = (1/0) Zn*—oo exp(i2mn(w — w')/L).
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for a massive 4d scalar of mass m; is

d4 et (z—z")
- /(27T)4 —(po +i€)* + > + m3
- mm4qru—f 7 — 7))
A

|7 — 7|

mody (mo /= 02— 7= ff!?)]
V(t—t)?2 —|F— 7 '

0t —t — |7 — 7)) (4.45)

Consider next the propagation of a periodic signal e* f(i'), with f(7") localized near
the origin (similar to the case encountered with the binary sources). In the leading

multipole expansion, for |7 — ¥'| ~ |Z| = R we are left with evaluating

t PR msJy (msy/(t — /)% — R? o
/ dt/ 6( R) . ‘9(15 o t/ o R) ( ) ezwt
—o0 R (t _ t/)Q — R2
iw(t—R) )
= 7 —mse“"tlé [g( mg—wQ—iwﬂ K [g( mg—w2+@'w>]

iwt

- %e—Rvm?—w“’ . (4.46)

If ms > w (which is the case for slow moving binary sources since my = 2“7",@ <
r12, Qr12 < 1), the approximate result from (4.46) would be simply (1/R) e™te=2%
which is the anticipated exponentially suppressed contribution.

So, putting everything together, the signal propagating from a source that is

. o . — N / . . — .
localized near the origin f(Z’,w")e™" to a spacetime coordinate (¢, 7, w) is

¢
/dt’/d%"/ dw' GO (t, 7wt & w') f(&, w')e™?

'Lw(tR
IR /d?’_"/dwfx w')
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. —Ry/(2mn/0)2—w? d3—»/ d 2min(w— w’)/ﬁ 4.4
> ey [ [ awt e (147

7750

In the limit of a small extra-dimension and a slow moving source (i.e. 27 /¢ > w), we

find that the leading contribution is

- / B / dw' f(&,w')e ) (4.48)

which corresponds to a signal that propagates uniformly in w and radially in the non-

compact space. The massive Kaluza-Klein gravitons give an exponentially suppressed
contribution of the form

wt

—224(;&]% _%”R/e/d‘g_"/ dw' f(&',w") cos(2mn(w — w') /). (4.49)

At large distances R > ¢ these massive states contributions can be safely ignored.
In particular, from (4.40), sourced by the binary (4.22, 4.23) energy-momentum,
and using the approximations in (4.48) and (4.49) in the far-field slow motion limit,

we find for example the (x,y) component as

= 3G
h (t, %, w=0) ~ — 5 ;'ur%zﬁz (sm[ZQ (t—R)]+ Ze 7 sin QQt)> . (4.50)
where R = |Z| is the 3d distance between the sources and the observer, and p is

the reduced mass defined in (4.26). The leading correction due to the extra com-
pact dimension to the part of the metric fluctuation which is sourced by the matter

energy-momentum tensor is given by the n = 1 term in the sum in (4.50), and it is

(=% i

an exponentially suppressed correction. Since ¢ < R, the correction exp is ex-
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tremely small and can be safely ignored (after all we have already ignored corrections

of order 15/ R, and we expect £ < ris).

4.5.2 Metric perturbations: the non-linear contribution from
the Landau-Lifshitz pseudo-tensor

We denote the non-linear metric perturbations sourced by tMV in (4.8) as hMN. In
the slow motion limit (v < 1), since AP ~ O(1), hY¥ ~ O(v), b ~ O(v?) and

5%45 ~ (), the leading order contribution for I, J =1,2,3,5,... D comes from

(@) = 167G [ @y g e )it (v

D -3

T i -2 / d*y G2 (, y)On WY () On D () (2™ "™ — ™),

(4.51)
where G(P9)(x,y) is the compactified retarded Green’s function in D dimensions.

Specializing to the case D = 5, we get
- 1 - -
hy(x) 2 =2 (2™ — ) / &y G (&, )oY ()BT (y),  (4.52)

where GO (x,1) was previously defined in (4.43) and (4.44). As discussed in the
previous subsection, in the far field limit (when the distance to the source is much
larger than the distances between sources) with the observer and the sources lo-
cated at w = 0, and in the slow motion approximation, the compactified retarded 5d

Green’s function reduces effectively to a 4d retarded Green’s function. The first order
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2R

) is negligible, and (4.52) becomes

correction, which is proportional to exp(—

A 11
by (8,,0) 2 (2N =)

¢
X /d3y/ dw aMBOTO(t — R, y,w) 8Nf~1%0(t — R, j,w). (4.53)
0

2

The most striking difference in the non-linear contribution to the metric fluctuations
in 5d with respect to the 4d case is the coefficient 1/6 on the right hand side of (4.53)
relative to the more familiar coefficient of 1/8 in 4d.

We now return to the specific case of a binary system at w = 0, with masses
my, my moving in the (x!, z2) plane. The first observation is that in (4.53), to leading
order in velocities we only need to to consider the action of the spatial derivatives on
EOTO, which does not contain an explicit t-dependence. Restricting now the sumation
over M, N indices to spatial indices K, L, consider the term 9xhQd,h% in (4.53).
Since AP = hY, + hY,, there will be four terms. However, we are only interested
in the two crossing terms because non-crossing terms will be simply regularized and
effectively be dropped out. In addition, we will replace the spatial derivative on y to
the derivative with respect to the position of the sources (with a minus sign). We can
do so because of translation invariance of the flat background which implies that the
linearized fluctuation ﬁ%?a only depends on i — 7, and w — w,. We will use 8&?) to
represent partial derivatives with respect to the coordinates of the source a, 9/0yX.

With the help of this little trick, we can simplify (4.53):

1 2 2 1
(20" n"" — 00 (030 + 0 0;)

(83, w) = 24m(R
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L
X / d3y/ dw hOT(::l(t - Ra ga w)hOT(?2(t - R> g’ U}) ) (454)
Nz 0

where [y, d*y denotes integration in the near zone (NZ) region (i.e. in the vicinity
of the sources) which is the region that contributes the most to the volume integral
[ @y |178]. Due to the near-zone approximation, the wave propagation is almost

instantaneous and we can use for A%, in the NZ region the result from (4.16),

1
(w—w, +nl)?’

_ 4
N P 455
Nz T ot Y5 w) oo m Zn: (¥ — Za(t))* + e

Substituting (4.55) into the integrand (4.54), we can use the infinite sums to extend
the integration region over w first, and then we can perform the remaining sum

exactly:

Y4
/0' dw/ hONOZ,T,l(tv ga w/)hONOZ,T,Q (t, 377 ’UJ/)

B Z /l du! 16mymo(G®))?
N 0 2(R2 + (w' — wy + nil)?)(R3 + (W' — wy + nyl)?)

s ulaT
o — w2 (R? + w?)(R3 + (w' + wy — wy + nal)?
B 16m1m2(G(5))2(R1 + Rg) Z 1
B TR Ry - (Ry + Ro)? 4 (w1 — wy + nol)?
_ 6977117712(}12\I sinh w
RiRy  cosh —2”(R1€+R2) — cos —2”(“}1[“)2)
9m1m2G2N _2n(R;+Rg) 27'(‘(11)1 — w2)
~ N (142 , — 4.56
RR + 2e ‘ cos 7 , ( )
where Ry = |y — Z1(t)|, R2 = |j — @2(t)], and where Gy was previously defined in

(4.27). In the last step in (4.56) we used ¢ < ris < Ry + Rs, with 715 the binary
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separation distance. It is important to keep the explicit w; dependence because we
will still have to take derivatives respect to the position of the sources in the 5d

spacetime. Substituting (4.56) into (4.54) we obtain

2
N §m1m2GN

B () = 5o = @ o — ) 0100 + 00 0))

2rryy  2m(wy — w2))

X (—7T7'12 +/le "t cos 7 (4.57)

For more details on how the integration was performed in (4.57), please see Appendix
H.
In particular, from (4.57), for a binary at w; = we = 0 as in (4.22) and (4.23), we

obtain e.g. the (z,y) component of the metric perturbation as

X v 3 G2 E 27r
B (1, ,0) = — SN 0fVof? 1 ofa)) ( - ;)

2 R
3 G2 27 4 27r
~_ 5% (1 T Wg%—e”) sin[2Q(t — R)].  (4.58)

We can further use the modified Kepler’s law Q2 = %(1 + 2e~ 2 + 4”%@*2”%)

to cast it into a more familiar form:

_%GNHTQ
9 R 12

AV (t, E,0) ~ Q% sin[2Q(t — R)]. (4.59)

4.5.3 Gravitational waves from a binary source in a 5d space-
time

Similar calculations to the ones we presented in explicit detail in the previous sec-

tions yield the following expressions for the other non-zero linearized fluctuations

ﬁ%" (sourced by the matter energy-momentum tensor), as well as the leading order
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non-linear fluctuations, iz{ 7 (sourced by the Landau-Lifshitz pseudo-tensor):

h22(t, 7, 0) = 3%@92 sin?[Q(t — R)),

GgMTfQQQ cos’[Q(t — R)],

R (t,,0) ~ 3
W (t, ,0) ~ 0,

hev(t, #,0) ~ 0,

h¥e(t, Z,0) ~ —3%7‘%2@2 cos’[Q(t — R)],

hY(t, &,0) ~ _3G}1;Mr%292 sin?[Q(t — R)],

hE(t,#,0) ~ 0,

R (¢, 7, 0) ~ —3%@92 (1 - 42”21262”2”) , (4.60)

where we recall that u is the reduced mass of the binary (4.26). (As a caveat, we
would like to point out that we cannot set z; = 29 = w; = wy = 0 until the derivatives
in (4.57) have been taken, and the vanishing of h?* is not trivial.) As advertised, both
ht7 and hl7 are of the same order in velocities.

To second order in velocities, the non-zero metric fluctuations !’ are obtained

by adding the linearized hr and non-linear hy:

) S G
ReY(t,7,0) = W2V + BV ~ —3%“@92 sin[2Q(t — R)]

GNp o

A= (t, 7,0) = h3% + hi® ~ —3 i 2,02 cos[2Q(t — R)],

WYY (t, 2,0) = W% + hYY ~ 3%@92 cos[2Q(t — R)]

g jod g G 2 Tr12
R (¢, F,0) = hEY 4 U~ — %’“‘@QQ (1 —4 7-[;12625) . (4.61)
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According to our discussion in Sections 4.5.1 (see (4.49)) and 4.5.2 (see (4.57)), the
metric fluctuations h!’ (z* w) are equal to h1/ (z*; w=0), up to exponentially sup-
pressed corrections. However, the biggest change to the luminosity of the gravita-
tional waves and the phase of the gravitational waveform comes from the leading
order terms retained in (4.61).

The extension of the results given in (4.61) to a compactified D-dimensional space-

time is straightforward:

KA
- D—2 h 0
AP — = : (4.62)

2(D—3
=3 (- 403,02 ) o
where 7,7 = 1,2,3 and p,¢ = 5,6,...D. Here h®% denotes the 4d gravitational

waves sourced by a binary with the same characteristics as ours: reduced mass p,

separation distance r5, angular frequency €2, and located at z = 0:

—4%7‘32@2 cos[2Q(t — R)] —4%7‘%2{22 sin[2Q(t — R)] 0

hDi = —4G—gﬁrf2(22 sin[2Q(t — R)] 4G—]§Hrf292 cos[2Q(t — R)] 0

0 0 0
Lastly, the remaining metric fluctuations h% can be obtained either by direct
integration, or more easily, by using the harmonic gauge (4.6) condition. In the next

sections we will use the latter.
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4.6 The Luminosity of Gravitational Waves

In this section we compute the luminosity of gravitational waves. We work in the
harmonic gauge (4.6), without specializing to the more commonly used transverse-
traceless gauge (for a comparison, see Appendix I).

There is one more subtlety we would like to comment on before we begin. In the D-
dimensional gravitational theory, the only coupling constant is the gravitational con-
stant G(P) of the Einstein-Hilbert action. After performing the Kaluza-Klein reduc-
tion, the effective 4d theory has the gravitational constant G = GP) /Vol(Compact Space)
and the Newton’s constant is Gx = (2(D — 3)/(D — 2))G. In contrast, in a strictly
4d theory of gravity coupled to matter, we would have G = Gy.

In our subsequent comparisons between the predictions of the compactified higher-
dimensional gravity theory and 4d GR we will identify the Newton’s constants in the
two theories.

We use the gravitational energy-momentum pseudo-tensor tM¥Y given in (4.10).

Since MV is already second order in the metric fluctuations, we can use the linearized

approximation for hMN | (4.7), to obtain

~ ~ - - 1 ~ -
167TG(D)tﬁ4LN ~ hMN7PhPQ’Q - hMP’PhNQQ + §nMNhPR7QhQP7R
_ (EMPQ;NLPQ,N X ENPQ;LPQ,M)

~ ~ 1~ ~ 1 ~ ~
+ hMP,Qth}Q + §hPQ,MhPQ,N _ ZnMNhPQJ{hPQ,R

1

— m <2iL’M;L’N — 77MN;L7P}~Z7P> , (463)
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where the indices are raised and lowered with the Minkowski metric. Further imposing
the Lorenz gauge (4.6) and performing short-wavelength averaging'®, (4.63) becomes

1 - ~ 1 ~ o~

The total energy carried away by gravitational waves is given by the following volume

integral:
¢
Eow = /d?’f/ dw ) (t, 2) ~ é/d%’t%%(t, 7), (4.65)
0
where in the last step we used that, to leading order, the metric fluctuations propagate

uniformly in w. Then the rate of change of the radiated energy is
: dE ¢
Fow = —2 = / d*7 / dw OptY})
0

dt
0
= — / 37 / dw o719,
0

= f dA /0 o (tun)orn? (4.66)

where we recall that our index conventions defined in (4.2) and (4.3) are: I,J =
1,2,3,5 and i,7 = 1,2,3. In (4.66), dA is the differential area element on the 2-
sphere at spatial infinity and n’ is the unit vector along the direction of propagation
of the gravitational waves. From (4.48) and (4.61) we saw that the gravitational waves
propagate radially in the non-compact directions and uniformly in w to leading order.
The non-uniform propagation along the direction of compactification is due to the

massive Kaluza-Klein modes which yield exponentially suppressed corrections. So, to

0When performing short-wavelength averaging, integration by parts is permitted [368].



Chapter 4. Probing Compact Extra Dimensions with Gravitational Waves 103

leading order, the only non-zero components of n! are n’. Then, the rate of change

of energy in a 2-sphere at a distance R from the source becomes
EGW = f%dQ (tLL)OkTLkRQ . (467)

Using repeatedly the harmonic gauge and the fact that the perturbations in the far
zone depend on the retarded time, we obtain the following identities to leading order

in 1/R:

akiLIJ = _;LIJnk )
Ohoo = —;Lijninjnk,
31JL01 = ;lljnjnlm
ILzOO o~ lLlijninj ,

hor ~ —hym (4.68)

where a dot denotes a time derivative. In more detail, in writing 8kl~1 1~ —;L[ JNk,
we used the fact that the metric fluctuations are spherical waves (see (4.61)), and to
leading order in 1/R, we can ignore the action of Jy derivative on the 1/R factor.
Then, when acting on the periodic function of t — R, we can trade off 0y for n,0r and
the latter for —n;0;.

Substituting (4.68) into (4.64) we derive the follwing result

1

k ~Y —_—
(fokn®) = = oo =

T LIJ ., D37 1 i kol _of Ik, j 1 5T 5J
(hagh? + B=3hishan'nintnt ~2hihning — 55kt b7,

+ 2 R hymind > . (4.69)
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We are now ready to compute the luminosity of the gravitational waves from a
binary source. For D = 5, substituting the perturbations derived in (4.61) into (4.67),

and noting that to leading order we have doh!; = doh; = 0, we find !*

e 19 R? i
G o~ — <hwh > (4.70)

where we recall that G is the effective 4d theory gravitational constant (4.38), and

we used the isotropy of the gravitational waves together with the following identities:

/szninj = 4—7Tc5ij
3 Y
/ d*Qnininfn! = %(5”5kl+511&k+5m5ﬂ). (4.71)

Substituting the metric perturbations derived earlier in (4.61) into (4.70), and keeping

terms only to leading order in velocity, the compactified 5d GR luminosity is

76

15(;7/ P M RN (4.72)

5. 304
ESD ~ —EGM%@QE}

In contrast, the luminosity of gravitational waves in a purely 4d gravitational theory,
with the gravitational waves sourced by a binary with the same characteristics as

ours, is equal to

. 32 32

11 For general D-dimensions,

: 7D —16 R? 2(D - 3) TD—16 D -2 73 2. 473
By ~ — high?) = — 1667 p2 M, P Q1073
aw 15(D —2)8Gy D2 < i > 15(D—2)2(D—3) N &
C12(D - 3) WY

where E‘é@v is defined in (4.73).
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We conclude that the luminosity of gravitational waves in a 5d spacetime with a
compact fifth dimension differs by 20.8% from the corresponding 4d GR luminosity.

Let us now compare the luminosity derived earlier in (4.72) with the predictions of
Einstein-Maxwell-dilaton theory studied in Refs. [108-110]. For neutral matter (i.e.
the electric charges are zero), the energy of a binary is dissipated via gravitational
and scalar (dilaton) radiation. We refer to them as Eg and E¢ respectively. The

luminosity depends on the scalar charge through the quantity

ol = M ’ (4.74)

a dé
where the superscript “0” refers to the quantity being evaluated at ¢, (a constant
corresponding to the scalar field at spatial infinity), and where m,(¢) is the effective
4d mass of a source a, which may depend on the dilaton. In general, for a circular
binary, the leading order term in E¢ is dipolar and depends on the difference in scalar
charges of the binary constituents [369].

In our compactified (Kaluza-Klein) higher-dimensional gravity picture, the effec-

tive 4d mass of source a is given by
me(d) = mae V3 (4.75)

as in (4.37), and where we used the dilaton rescaling as in (4.32). Since in our theory

masses are coupled to the dilaton universally,

ol =ad = -1/V3, (4.76)
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the dipole radiation is zero (because a? — ay = 0), and so the leading contribution

in E'¢ is quadrupolar. Therefore, both Eg and E¢ are quadrupolar, and so is their
sum, which is in agreement with our earlier findings (4.72). More precisely, given the
Kaluza-Klein scalar charges (4.76), the leading order contribution to the luminosity

in Einstein-Maxwell-dilaton theories [109,110] becomes

B, ~ (1+ a?ag)fl ES) By~ (1+ a?ag)fl dah ES).. (4.77)

D=

Thus, in total, we have

. . _ 1 .
Byt By =~ (1+a%0)" (1 i 604?043) o)

19
= 5 ES). (4.78)

which matches with our result in (4.72).

4.7 Constraints from Gravitational Wave Observa-
tions

In this section we compute the phase of the gravitational waveform in the frequency
domain and compare it with observations. We restrict ourselves to the leading post-
Newtonian contribution. We begin by deriving the frequency evolution of the gravi-

tational waves from the energy-balance law

dE .
— = Bow, (4.79)
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which simply states that the rate of change of the binding energy of the binary F
is same as the luminosity Eqy of the energy radiated by gravitational waves. For a
circular binary, the binding energy is same as the effective potential, which is given
in (4.24). However, since we are interested in calculating the leading post-Newtonian
effect, we can ignore the exponentially suppressed correction. We can further use the

Kepler’s law to rewrite the binding energy as
1
E= —§M(GNMtQ)2/3. (4.80)

Substituting (4.72) on the right hand side of (4.79), and (4.80) into its left hand side,
we find

: 76
foO = B fUEGREMEE (4.81)

where f = Q/7 is the gravitational waves frequency (this is manifest in (4.61)), and
My = (mimy)3°/(my + my)"/® denotes the chirp mass. On the other hand, the

frequency evolution in 4d GR is given by

9

=G ME (4.82)

f'(4)

which differs from the compactified 5d result in (4.81) by a numerical factor indepen-
dent of the size of the extra dimension.

We now compute the gravitational wave phase in the frequency domain. The
observed waveform is given by a linear combination of the + and x modes. In

stationary phase approximation, the phase of gravitational waveform as a function of
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the frequency f is [191,370]

Wy (f) = 2mf 1(F) — 0u(f) ~ 7 (4.83)
where
t(f)—t+/fdfﬂ—t+/fdfl (4.84)
A T |
and
_ _ eLs
ou(f) = [ dtmf = dyo+ /OO = (4.85)
Further using (4.81) we obtain
9
WO (f) = G + 27 fto — dpo — %, (4.86)

where t; and ¢, are the time and phase at the coalescence respectively, and u =
(mMen f )1/ 3 is the effective relative velocity of the binary components. On the other
hand, the 4d GR result for the phase of the gravitational waves in the frequency

domain is [191,370]

3 T

M fle—d— L. 4.87
128630 A 457

Thus, we can rewrite (4.86) based on (4.87) as

B 3
128G?V/3g5

™

WPI(f) (L+86) +2mfto = bpo — 7 (4.88)
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with
5

0p = 09

~0.26. (4.89)

We note that our results agree with those derived in the context of Einstein-Maxwell-
dilaton theory discussed in Ref. [110] (with a; = ay = —1/v/3 and the electric
charges set to zero as discussed previously) to 0.3%. The difference arises due to a
series expansion in luminosity in Ref. [110] which assumes that the scalar energy flux
is small compared to the tensor energy flux. If one performs the calculation without
making such an approximation, the result in Ref. [110] matches with ours exactly.

Let us now compare the predictions of our model, with a compactified fifth di-
mension with actual gravitational wave observations. From (4.89), one sees that the
leading post-Newtonian term in (4.86) differs by 26% from that of (4.87), irrespec-
tive of the masses of the binary components. The LIGO/Virgo Collaborations used
the events detected from the first and second observing runs and have placed upper
bounds on |§¢| as ~ 15% from single events and ~ 10% from combined events [32].
Hence a discrepancy of 26% is inconsistent with the gravitational wave observations,
and thus we can rule out the simple compactified 5d GR model considered in this
chapter.

We can easily generalize our previous results and compute the phase of the gravita-
tional waves in an arbitrary number dimensions D, with four non-compact dimensions

and the rest compactified (periodic). Using the the gravitational wave luminosity in
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a D dimensional spacetime given in footnote 11, it is straightforward to derive 5(5 as

- 5(D — 4)
(D) —
56 =516 (4.90)

We plot 5¢A>(D ) as a function of D in Figure 1.6, and notice that 5(5 increases with
D. This means that our model stays inconsistent with the LIGO/Virgo observations
even if we increase the number of compact extra dimensions.

We now comment on some caveat in the above bounds. We used the bounds
derived by the LIGO/Virgo Collaborations that assumed the correction to 4d GR in
the phase enters only at 0PN order. Such a correction partially degenerates with the
chirp mass that also enters first at OPN order, though the mass also enters at higher
PN orders and thus the degeneracy can be partially broken. In reality, higher PN
corrections to 4d GR also enter in the waveform phase. This may change the amount
of correlation between the chirp mass and beyond-4d-GR effects and may weaken the
bound on the OPN correction. In [25], the LIGO/Virgo Collaborations carried out
another analysis for GW150914 where they included phase corrections at various PN
orders in the search parameter set. This enhances the correlation significantly and
the bound on the OPN correction now becomes |d¢| < 5. If we quote this bound,
we cannot rule out the compact extra dimension model considered here. Thus, to
make a robust statement on whether one can rule out the model with gravitational-
wave observations, one needs to compute corrections at higher PN orders and rederive

bounds on the extra dimension effect.
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Having said this, one can still rule out the model with binary pulsar observations
for the following reason. A standard method for testing GR with binary pulsars is
to determine the masses from at least three independent observables (such as post-
Keplerian parameters including the periastron precession, Shapiro delay and orbital
decay rate) assuming GR and check the consistency. The orbital decay rate P is
the only post-Keplerian parameter that depends on the gravitational-wave emission.
Thus, even for the compact extra dimension model considered here, one can safely
use the masses obtained from other post-Keplerian parameters under the 4d GR
assumption since the conservative corrections are exponentially suppressed. One can
then use the measurement of P to constrain the model without having to worry about
the degeneracy between the extra dimension effect and masses. Such P measurements
have been mapped to a bound on 8¢ as |d¢| < 1073 [371,372], which is much stronger
than the gravitational-wave bound. Thus, one can rule out the compact dimension

model with the binary pulsar observations'?.
4.8 Conclusions

In this work we performed an analysis of gravitational waves sourced by a binary in a
D-dimensional spacetime with four non-compact dimensions and a set of compactified
extra dimensions. We worked under the assumptions that the two binary sources are

point-like and located on the same "brane" (i.e. at the same position in the compact

12A similar result was found in [373] though this reference effectively introduces matter after the
KK reduction and thus is different from the setup we study here.
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coordinates). For most part we took D = 5, but we have provided generalizations
to arbitrary D throughout the chapter. We worked within the framework of GR,
and in the limit of small extra dimensions. We computed the gravitational waves
sourced by the binary, the luminosity of the gravitational waves and the phase of the
gravitational waves, to leading order in the post-Newtonian expansion. We found
that the luminosity of gravitational waves emitted in 5d gravity by a binary with
the same characteristics (same masses and separation distance) as a 4d binary is
20.8% less relative to the 4d case, to leading post-Newtonian order. The phase of
the gravitational waveform differs by 26% relative to the 4d case, to leading post-

Newtonian order, while for general D, the fractional difference of the phase with that

of 4d GR is 57(5__146) , which only increases with an increase in D. While there are
exponential corrections which depend on the size of the extra dimensions, the leading
order estimates for the gravitational wave phase we gave here are independent of
size, and depend only on the number of extra dimensions. Based on a comparison
with gravitational-wave observations from the LIGO/Virgo Collaborations [32| and
binary pulsar observations from radio astronomy [371,372] we can rule out this class of
models for compact extra dimensions. The main source of discrepancy is the higher-
dimensional gravity coupling with matter, which, when seen from a 4d perspective,
means that matter will couple not only with the 4d metric, but with the dilaton as

well. This dilaton coupling (or scalar charge) is responsible for fifth force effects which

change the phase of the gravitational waves. Our results agree with those derived in
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the context of 4d Einstein-Maxwell-dilaton theory [108-110] provided that we set the
binary’s scalar charges equal to one another and equal to the Kaluza-Klein value.

The same fifth force effects are responsible for the difference between the 4d New-

ton’s constant Gy and the 4d gravitational coupling G: Gy = 2(5:23)G, and for the
Shapiro time-delay discrepancy with 4d GR. In a parametrized post-Newtonian ex-
pansion (PPN) the 4d “physical" metric (which is obtained by performing a rescaling
of the 4d metric with the dilaton in such a way to eliminate the matter-dilaton cou-
pling [2] is written as goo = —1+2U +...,g;; = 0;;(1 +2yU +...), with v = 1 in 4d
GR. A measurement of the frequency shift of radio photons to and from the Cassini
spacecraft as they passed near the Sun gave v =1+ (2.1 £2.3) x 107° [209]. On the
other hand, the “physical metric" as read off from footnote 1 has gog = —1 + %iLToo
and g;; = 1+ %BTOO + ..., which amounts to v ~ 1/2. Therefore this class of
compactified extra dimensions models was ruled out based on Solar System measure-
ments [374,375].

In string theory the massless dilaton is one of the many moduli (zero mass scalars)
that arise in the compactification of the higher-dimensional spacetime. Stabilzation
of the moduli can be achieved, for example, by turning on fluxes for the Ramond-
Ramond potentials [376]. This gives rise to a mass term for the moduli, and eliminates
the large contribution of the scalar fifth force, by turning a Coulomb potential into a

Yukawa potential. It would be interesting to study gravitational waves in such a set-

up and place constraints on the various parameters. A somewhat simpler scenario is
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the Randall-Sundrum model, where the fifth dimension is large and warped. Our work
here is intended as a first step in understanding how to set up the problem of solving
for gravitational waves in a higher-dimensional space with compact dimensions, or
warped, large extra dimensions. For example, we saw that quadrupole formula need
not apply, and we had to use a direct integration of the Einstein equations. Also, when
it comes to the propagation of gravitational waves in spacetimes with warped, large
extra dimensions, reducing the problem to 4d seems less appropriate, and working in

the higher-dimensional space, as we did here, presents an advantage.



Chapter 5

Brans-Dicke Theory in Bondi-Sachs
Framework

5.1 Introduction

Compact binary mergers opened a new parameter space of general relativity to be
tested (the region of strong curvature and high GW luminosities) which was less well
probed by tests of general relativity in the Solar System or with binary pulsars. In
this parameter space, there are some types of relativistic phenomena that are only
likely to be measured for strongly curved and highly radiating systems. One such
class of effects that has yet to be detected, but are under active investigation (see,
e.g., [134,135,137,377,378|), are gravitational-wave memory effects !.

The best known GW memory effect (sometimes referred to as the GW memory
effect) is characterized by lasting change in the GW strain after a burst of GWs pass

by a GW detector. One of the earliest explicit calculations of the GW memory ef-

I This chapter is based on the following paper: Brans-Dicke theory in Bondi-Sachs form: Asymp-
totically flat solutions, asymptotic symmetries, and gravitational-wave memory effects; Tahura,
Shammi; Nichols, David A.; Saffer, Alexander; Stein, Leo C.; Yagi, Kent; Phys. Rev. D 103,
104026 (2021)
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fect from gravitational scattering was performed in Ref. [130] (see also [379,380]),
though the possibility of a nonvanishing GW strain at late times was discussed pre-
viously (e.g., [381]). It was subsequently noted that massless (or nearly massless)
fields could also produce the GW memory effect [382,383] including the nonlinear
effective stress-energy of gravitational waves themselves [131,132]. The GW memory
effect has a distinctive observational signature, in that it causes a constant, enduring
displacement between nearby freely falling observers after a burst of gravitational
waves have passed. A number of generalizations of the GW memory effect have
been found by considering asymptotic changes in burst of other fields (such as elec-
tromagnetism [384| or massless Yang-Mills theory [385]) or in time integrals of the
GW strain (e.g., [152,156]). Other GW memories have been found from examining
other kinds of lasting kinematical effects on freely falling observers (like lasting rela-
tive velocities [386,387], relative changes in proper time [155,388], relative rotations
of parallel transported tetrads [388]) or through other types of measurement proce-
dures [389,390]. Also important in the discovery of new GW memory effects was
the understanding of how certain GW memories are closely related to symmetries,
conserved quantities, and soft theorems (see, e.g., [391]).

For understanding the relationship between memory effects and the asymptotic
structure of spacetime, two approaches have been taken to study asymptotic flat-
ness: a covariant conformal completion of spacetime [392,393] and calculations in

particular coordinate systems adapted to the spacetime geometry by Bondi, van der
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Burg, and Metzner [139] and Sachs [140] or Newman and Unti [394]. We will focus
on the Bondi-Sachs approach to asymptotic flatness. In this approach, coordinates
are chosen that are well suited to the null hypersurfaces and the null geodesics of the
spacetime. Boundary conditions can then be imposed on the metric to determine a
reasonable notion of a spacetime that becomes asymptotically Minkowskian as the
light rays travel an infinite distance from an isolated source. Although spacetime can
be cast in an asymptotically Minkowskian form at large Bondi radius r, the asymp-
totic symmetry group of this spacetime does not reduce to the Poincaré group of flat
spacetime; rather, it becomes the infinite-dimensional Bondi-Metzner-Sachs (BMS)
group [139,141].

The structure of the BMS group is in some ways similar to the Poincaré group:
it contains the Lorentz transformations, but rather than having an additional four
spacetime translations as the remaining group elements, it has an infinite-dimensional
commutative group called the supertranslations [141] (the usual Poincaré translations
are a normal finite subgroup of the supertranslations). It is possible to associate
charges conjugate to these asymptotic symmetries (see, e.g., [148-151]). These charges
are conserved in the sense that the difference in the charges between two times is
equal to the flux of the quantity between these two times. Associated with the
Lorentz symmetries are the six components of the relativistic angular momentum
[which can be divided into center-of-mass (CM) and spin parts| and corresponding

to the supertranslations are conserved quantities called supermomenta. Note that
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there also have been proposals to extend the Lorentz part of the symmetry algebra
to include all conformal Killing vectors on the 2-sphere called superrotations [142—
144] (see also [145]) or all smooth vector fields on the 2-sphere [146,147] (sometimes
called super-Lorentz symmetries [395]). The additional charges of these extended
BMS algebras are the super CM and super spin charges [153] or the super-angular
momentum [152].

The connection between asymptotic symmetries, conserved quantities, and GW
memory can now be more clearly stated with the nomenclature now set. Changes
in the supermomentum charges, generated by both massive particles and massless
fields, induce a nonzero GW memory effect; in addition, when the GW memory effect
is present, the final state of the system is supertranslated from a certain canonical
asymptotic rest frame for the system (see, e.g., [153]). Changes in the super-angular
momentum charges can induce two additional types of GW memory effects called
spin [156] and CM [152] memory. These memory effects are not necessarily related to
a spacetime that has been superrotated or super-Lorentz transformed from a certain
canonical frame, since such solutions often are not asymptotically flat in the usual
sense [395,396].

While GW memory effects and their analogues for other matter fields have now
been much more carefully studied in a number of contexts, they have not been studied
as systematically in modified theories of gravity. Modified theories can have additional

GW polarizations [2,87,165|, which could allow for additional types of GW memory
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effects (see, e.g., [179, 180,397, 398]). In addition, as far as we are aware, there
is not a standard definition of asymptotic flatness in these theories, nor is the set of
asymptotic symmetries of these solution clearly understood. It is not obvious, a priori,
that modified theories of gravity generically have the same asymptotic properties as
in general relativity, or that their memory effects would be related to symmetries and
conserved quantities as in general relativity. A main aim of this chapter is to develop
a better understanding of these relationships in a relatively simple modification of
general relativity known as Brans-Dicke theory [166].

Brans-Dicke theory is one example of a scalar-tensor theory, i.e., a theory in
which there is a scalar field that couples to gravity nonminimally (see, e.g., the re-
view [36]). Scalar-tensor theories have appeared in the contexts of string theory,
inflation [21,167], and the accelerated expansion of the Universe [168-170]. In our
work, we will focus on Brans-Dicke theory, with a massless scalar field. It is known
from calculations in linearized gravity and post-Newtonian (PN) theory, the scalar
field generates an additional polarization of gravitational waves sometimes called a
“breathing mode” [2,399,400] (it produces a transverse uniform expansion and con-
traction of a ring of freely falling test masses). It was also noted (from the 1.5PN
and 2PN calculations in [179,180]) that the GW memory effect differs in scalar-tensor

theory from in general relativity.? It was also shown in [180] that the scalar, breathing

2Specifically, the energy radiated from the dipole moment of the scalar field gives rise to a formally
1.5PN-order effect in the tensor gravitational waveform that would appear at Newtonian order in
the waveform for nonspinning compact binaries, which are inspiraling because of the emission of
dipole radiation. This is analogous to how the energy radiated in gravitational waves gives rise to a
2.5PN-order effect that appears at Newtonian order in the waveform for nonspinning compact-binary
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polarization of the GWs does not have a nonlinear-type memory effect at 1.5PN order.
Finally, it was observed that there is a new type of nonhereditary, nonlinear term in
the tensor waveform arising from the scalar field that took on an analogous form to
the nonhereditary and nonoscillatory term found in [401] (and discussed in [164]),
which was shown to be related to the spin memory effect in [154]. Our calculations
in Brans-Dicke theory in Bondi-Sachs coordinates allow us to compute the memory
effects using the fully nonlinear field equations. This will provide us with the frame-
work to understand the presence (and absence) of the memory effects computed at
2PN order in [179] and 1.5PN order in [180] (though we leave the explicit calculations
for future work) and to determine the relevant radiative and nonradiative data needed
to compute these effects.

Scalar-tensor theories are frequently studied in two different conformal frames,
called the Jordan and Einstein frames, respectively. We find that the Einstein frame
is more convenient for determining the asymptotic boundary conditions on the scalar
field and metric, because the field equations have the same form as the Einstein-Klein-
Gordon equations for a massless scalar field. The statement of stress-energy conser-
vation is more complicated in the Einstein frame, however, because the stress-energy
tensor of all matter fields besides the scalar field is no longer divergence free, but equals
a nontrivial right-hand side involving gradients of the scalar field. Consequently, test

particles follow accelerated curves in the Einstein frame (with an acceleration related

sources in GR [163,164]. Because stationary black holes in Brans-Dicke theory do not support scalar
fields [218,220], the compact binary can have at most one black hole to have this new scalar-dipole-
sourced GW memory effect.
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to the gradients of the scalar field in this frame) rather than following the geodesics
of the Einstein-frame metric. In the Jordan frame, the modified Einstein equations
are more complicated than in the Einstein frame, but the stress-energy tensor of all
matter fields besides the scalar field is divergence free, and thus test particles follow
the geodesics of the Jordan-frame metric. It is therefore much simpler to compute the
response of a gravitational-wave detector to any impinging gravitational waves in the
Jordan frame. Flanagan [402| has argued that all classical physical predictions (such
as gravitational-wave memory effects) are conformal-frame invariants. This allows
us to compute the memory effects in the Jordan frame, in which the computation is
simpler, but to obtain a result that is independent of the choice of conformal frame
(after properly identifying any potentially different conventions between the frames,
as discussed further in [402]).

The rest of the chapter is organized as follows: In Sec. 5.2, we describe the con-
ditions we use to define asymptotic flatness in Brans-Dicke theory, by examining
the theory in both Einstein and Jordan frames [199]. This includes deriving the
field equations of the theory in Bondi-Sachs coordinates. In Sec. 5.3, we compute
the asymptotic symmetries that preserve our definition of asymptotic flatness in the
previous part. We describe how the functions in the metric must transform to main-
tain the Bondi gauge conditions and the asymptotically flat boundary conditions.
In Sec. 5.4, we describe how the memory effects can be measured through geodesic

deviation and how the changes in the charges related to (extended) BMS symmetries
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constrain the different GW memory effects in Brans-Dicke theory. We discuss our
results and some future directions in Sec. 5.5.

Throughout this chapter, we use units in which ¢ = 1, and we use the conventions
for the metric and curvature tensors given in [185|. Greek indices (u, v, a,...) rep-
resent four-dimensional spacetime indices, and uppercase Latin indices (A, B, C,...)
represent indices on the 2-sphere. Indices with a circumflex diacritic (e.g., &) repre-
sent those of an orthonormal tetrad.

While we were completing this work, there appeared a closely related pre-print [403]
investigating asymptotically flat solutions and GW memory effects in scalar-tensor
theories. Our work and that of [403| agree in the boundary conditions used to define
asymptotically flat solutions in Brans-Dicke theory and the leading-order symmetry
vectors that preserve these conditions and our gauge choices (though not subleading
corrections to extend these symmetries into the spacetime). Our works differ in the
choices of gauges, the classes of spacetimes in which we compute memory effects, and
the procedures by which we compute the scalar-type memory effect. We will comment
in more detail on the similarities and differences between our works at a few points

throughout the text.

5.2 Bondi-Sachs Framework

In this section, we impose the Bondi-Sachs coordinate conditions in Brans-Dicke
theory, and we solve the field equations in both the Einstein and the Jordan frames.

We begin with the Einstein frame, where it is easier to identify a set of asymptotic
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boundary conditions that can be imposed on the scalar field and on the metric that we
use to define an asymptotically flat solution in Brans-Dicke theory. We next perform
conformal transformation to the Jordan frame (in which the stress-energy tensor of
all other matter fields besides the scalar field is divergence free), and we find the
corresponding boundary conditions on the scalar field and metric. We then solve the
field equations of Brans-Dicke theory in this frame. Our notation and conventions
for the Bondi-Sachs framework will parallel the ones used in Ref. [404], which treats

general relativity.

5.2.1 Einstein frame

We begin by investigating the Brans-Dicke theory in the Einstein frame. The action

in the Einstein frame in the absence of additional matter fields is given by [369]

5= [ |- o (1) (90)

where § is the metric in the Einstein frame, R = }é"ﬁ is the Ricci scalar and ® is a

: (5.1)

real scalar field. We also use units where the gravitational constant in the Einstein
frame G g satisfies Gg = 1. We use @# to denote the covariant derivative compatible
with g,,. Varying the action with respect to the metric and the scalar field leads to

the following equations of motion for the theory:

- - 1 - -
Ew = By = SR — 8rTs) = 0, (5.2a)

V. Ve = 0. (5.2b)
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The quantity Tﬁ) is the stress-energy tensor for the scalar field, which is given by
. - I S
T;Sg)) = vuq)vuq) - guu |:§gp qu)vaq)] . (52C)

The field equations, therefore, have the same form as in Einstein-Klein-Gordon the-
ory for a real scalar field ®, so their solutions will also have the same form as in
Einstein-Klein-Gordon theory in general relativity. We will review the solutions of

these equations in Bondi coordinates next.
5.2.1.1 Bondi gauge and field equations

First, we introduce Bondi-Sachs coordinates ## = (4,7, %*). The quantity @ is the
retarded time, 7 is an areal coordinate (and J; is a null vector field), and 74 are
coordinates on the 2-sphere (with A = 1,2) [139,404|. The conditions that define

Bondi gauge are given by [139,404]
Gra = Giw = 0, det[gap] = g (fc) : (5.3)

The function ¢ is the determinant of a metric on the 2-sphere, g4p(z), which is
restricted to be independent of 4 and 7. The Bondi gauge conditions fix four of the
ten functions in the metric, leaving six free functions. It is conventional to write these

six degrees of freedom as follows:

G ds” = — L 2B — 262 didi + Pha (dazA - UAda> (de - UBda> . (5.4)

T
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The functions V, 3, U# and hap here depend on all four Bondi coordinates i =
(a,7,74).

The modified Einstein equations (5.2a) and the scalar-field equation (5.2b) satisfy
an interesting hierarchy in Bondi coordinates [139,404], which we will now further
elaborate. The functions V, 3, and U satisfy the so-called “hypersurface equations.”
The equations were given this name because they do not involve derivatives with
respect to @, which in turn allows the functions V, B, and U* to be determined on
surfaces of constant @ in terms of the 2-metric h AR, the scalar field ®, and “functions
of integration” (i.e., functions of @ and #* that will be constrained by @ and @A
components of the modified Einstein equations). The concrete form of the hyper-
surface equations can be obtained from substituting the metric (5.4) into the field
equations in Eq. (5.2a), using the definition of the stress-energy tensor in Eq. (5.2¢),

and considering the appropriate components of the modified Einstein equations. The

77 component yields the equation
&:B — %HACEBDO;BAB&:BCD = 27’(’?877(1)877@ (55&)

where h4B is the inverse of h 4. Once B is determined in terms of ﬁAB (and its
inverse), @, and their derivatives, then it is also possible to use the #A components of

the field equations to solve for U in terms of the same quantities from the following
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equation:

< - 1 ~ -~ - - -
O [f‘le‘”hABa;UB] — 270 (ﬁDAﬁ) + P2hBC Dgorhac — 167720:P0,P = 0.
(5.5b)

where D A is the covariant derivative compatible with the 2-metric h Ap- Finally, from
the trace of the AB components of the field equations, it is then possible to solve for
V in terms of the same data:

o2

2 (00) -~ S o (4] 25 D1 - (0.3) ()]

by g (0,0 (0:07) — 82 P0,805 = 0.

(5.5¢)

Here Z is the Ricci scalar of 2-metric hypz. The remaining two independent compo-
nents of the modified Einstein equations are called the evolution equations, and they
arise from the trace-free (with respect to hap) part of & ap. It is convenient to write
this expression using a complex polarization dyad composed of m* = §4 L m* (which
satisfies fn“@uﬂ = 0) and m” (the complex conjugate of m*). The evolution is given
by mAmPE 45 = 0, which can be written in terms of the metric functions as

mAin® {f@,: 7 (9uhan)| - %af |7V (9shan) | +heaDp [0 (720°) |

it schay (0,0°) (0:07) + T (0:has) (Del®) + 720D (0,545

— 7% (05hac) b (DOOF = DEUC) — 87e270,005® — 267 DsDpe’ | = 0.

(5.5d)
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We will discuss the evolution equations in more detail in Sec. 5.2.2 on the Jordan
frame.

In vacuum general relativity, once the metric functions B ., U4 and V are deter-
mined on a hypersurface of constant u, they can be used in the evolution equation for
the 2-metric hag, to evolve hup to the next hypersurface; the hypersurface equations
can then be solved again in an iterative process. In Brans-Dicke theory, however, one
must jointly evolve the evolution equation for hap with the scalar field equation to
obtain the data hsp and @ needed to solve the hypersurface equations. For conve-
nience, we give the scalar wave equation (5.2b) when written in terms of the Bondi

metric functions below:

2030:® + DA(TA8:®) + 05(TAD 4®) — % (—2UADAc1> —28,® + OV 0D + f/afa@)
_ rl (7 (2DaBDs® + DpDa®) +V (0,9)] = 0.

(5.5¢)

Aside from the additional complication that the scalar-wave equation and evolution

equation for h4p must be solved as a coupled system, the form and the hierarchy of

the modified Einstein and scalar field equations in the Einstein frame is similar to

that of the Einstein equations in vacuum general relativity.

5.2.1.2 Conditions for asymptotic flatness

We next study the asymptotic behavior of the metric and the scalar field at large

Bondi radius 7. Because V, B, and U4 are determined by hap and ®, we must posit
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boundary conditions on h Ap and ®; we can then deduce the remaining conditions on
the metric from the hypersurface equations (5.5a)—(5.5¢) up to functions of integra-
tion. There are well-established definitions for asymptotic flatness for the Einstein
equations [139,140]. For the scalar field, we will assume that it satisfies the following

scaling as 7 — oo:

o (d
O (i, 7, 3) = By + —— L (@

“&I

") + 077, (5.6)

]

where ®, is a constant.?

In GR, the action for a massless scalar field (and hence the stress-energy tensor
and equations of motion) is independent of the value of ®y in Eq. (5.6). Thus, there
is no loss of generality by requiring that the constant value of the scalar field is zero.
The boundary condition on the massless scalar field as r goes to infinity can then
be given by “Sommerfeld’s radiation condition”: lim,_,., r® is finite. In Brans-Dicke
theory, the constant value of the scalar field is related to the asymptotic value of
Newton’s constant G. Setting ®y to zero, therefore, does have a physical effect in
Brans-Dicke theory (note, however, that the precise value of the constant does not
affect the stress-energy tensor for the scalar field, nor does it affect the equation of
motion for the scalar field in vacuum). We thus require a nonzero @, in Eq. (5.6), and
we do not employ Sommerfeld’s radiation condition to write the limit of the scalar

field as r goes to infinity.

3With the expansion of hp in Eq. (5.7) and with a polynomial expansion of B,U4 and V in 7!

consistent with Eq. (5.8), one can prove from the 7! piece of Eq. (5.5¢) that ®q is independent of
@; from the 72 piece of Eq. (5.5¢), one can show that ® is independent of Z4.
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Similarly, we adopt the same expansion of the 2-metric hap as 7 — oo as in GR:

~C)+6AB( 7‘%0)

BAB = qAB(x + 0(7:_2) . (57)

RIIE3

The determinant condition of Bondi gauge requires that ¢“Zé,p = 0. It is then
convenient to define a covariant derivative operator compatible with g45, which will
be denoted by 04. In addition, it is also helpful to raise (or lower) capital Latin
indices on 2-spheres of constant @ and 7 with the 2-metric ¢4? (or ga5).

Next, we assume the functions B, UA, V and hap have the following limits as 7

approaches infinity:*

lim 3= lim U4 =0, lim
T7—+00 T—+00 T—00

174 -
- = 1, th hAB = 4AB - (58)
T r—00

The metric thus reduces to Minkowski spacetime in inertial Bondi coordinates in this
limit. Hou and Zhu independently proposed similar conditions in [403]. Imposing
these conditions and radially integrating the hypersurface equations in Egs. (5.5a)—

(5.5¢) further, we then arrive at the solutions®

- 1 5. 1 o
B = ~ 357 ABeyp — f—27r<1>% +O0(F?), (5.9a)

4We assume that it is possible to impose these conditions at all retarded times u. Given the
structure of the Bondi-Sachs equations as described in Sec. 5.2.1.1, these conditions can be imposed
on an initial hypersurface u = const., but they will not necessarily be preserved under evolution
to future hypersurfaces. It is possible to construct coordinate transformations that reimpose the
conditions Eq. (5.8) after evolution (see, e.g., [405,406] for more details).

5Note that in the expression for U in Eq. (5.9b), the remainder contains a term of order 73 log 7.
The coefficient of the term that scales as 73 log 7 is proportional to & 5DAB | where we have denoted
the 72 the part of h s p that is trace-free with respect to the metric ¢*Z by Dap. The order 1/7 part
of the Einstein equation (5.5d) imposes that D 4p satisfies 93D 45 = 0 (i.e., that it is nondynamical,
as the analogous quantity in general relativity is). This will not be true of the analogous function
in the Jordan frame, as we discuss in Sec. 5.2.2.
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1
U4 = —ﬁfﬁBéAB—i—O(f’Slogf), (5.9b)

V o= 7F—2M+O@FY). (5.9¢)

The function M (i, #%) is called the Bondi mass aspect and is one of the functions of

integration that arises from integrating the hypersurface equations.

5.2.2 Jordan frame

Having determined the asymptotic fall-off conditions in the Einstein frame, we now
consider the asymptotic properties of the solutions in the Jordan frame, in which it
is more straightforward to understand the response of a detector to the gravitational
waves emitted from an isolated system (because test particles follow geodesics of the
Jordan-frame metric). A solution in the Jordan frame can be found from one in the

Einstein frame by performing a conformal transformation [407]

1.
Guv = XQW, (510)

2wep + 3
\—. 5.11
167 ( )

The scalar field is called A in this frame, and wyp is the Brans-Dicke parameter. In

where

A =exp(®/W), 4%

the limits in which wgp — oo and A becomes nondynamical, general relativity is

recovered. The Brans-Dicke action in the Jordan frame is given by [166]

(5.12)

N wm (BN (D)
— 4 — N BD up \MR
o /d v [167TR 1677 A ’
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where R is the Ricci scalar of the Jordan-frame metric g,,. The field equations are

given by
1
G = 5 (87T + V.V, A — g 0N) (5.13a)
OX=0, (5.13b)

where G, is the Einstein tensor, O = g*”V,V,, is the covariant wave operator, and

1
T = ;% (VMVVA - 59WV‘YWQA> . (5.13¢)

is the stress-energy tensor of the scalar field. It is also convenient to define a tensor

Ew by

1

Ew =G 3

(87TH) + V. VA = guwON) | (5.14)

which vanishes when the equations of motion are satisfied.

5.2.2.1 Bondi gauge and asymptotic boundary conditions

We would now like to compute a metric in Bondi-Sachs coordinates in the Jordan
frame that is consistent with our definition of asymptotic flatness in the Einstein
frame. The transformation in Eq. (5.11) implies that A admits an expansion in 1/7,

in which the leading-order term is constant: i.e.,

i, 7, 2% = exp (%) (1 + %%) +0(77?), (5.15)

The conformal transformation of the metric in Eq. (5.10) preserves the Bondi gauge

conditions g,, = g, = 0, but the determinant condition becomes det[gap] = 7\ ~2¢(z).
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Consequently, the final condition of Bondi gauge will not be satisfied in general (i.e.,
7 is not an areal radius in the Jordan frame). It is possible to work in a set of coor-
dinates that do not impose the determinant condition in Bondi gauge (as was done
in [403]); however, when A is positive (as it is expected to be far from an isolated
source, since A is related to the gravitational constant [2]), it is also possible to rede-
fine the radial coordinate so as to make it an areal coordinate. The transformation

that effects this change is

L or=7 A2 A=A, (5.16)

S
o

where we have introduced the notation Ao = exp(®o/W). The retarded time 4 is
rescaled by Ag so that the metric coefficient —g,, becomes one as r — oco. In the

coordinates (u,r, z4), the metric takes the Bondi form,

\%
Gudatdr” = — —e2Pdu? — 2e®dudr + r*hag (dZBA — UAdu) (de — UBdu) , (5.17)

r
where V, 3, U and hp are functions of coordinates x* = (u,r,2). The metric
satisfies all the Bondi gauge conditions

Gra = grr =0, det[gap] = r'q (a:c) . (5.18)

By performing the conformal and coordinate transformation on the solutions of the

field equations in the Einstein frame [Egs. (5.9a)-(5.9¢)|, we find that the functions
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B, U4, and V should have the following forms:

o1 4 =
1 4 _
Ut =— WAE (0pc™? —0%®) + O (r?logr) , (5.19b)
V= (1 + a£1> r+0 (r°). (5.19¢)

Interestingly, in the limit as  goes to infinity, V/r goes as 1409, P, /W (i.e., when &, is
dynamical, the leading-order Minkowski part of the metric is expressed in noninertial
coordinates when the Bondi gauge conditions are imposed). This occurs because the
component of the Ricci tensor, R,,, scales as 1/r when 0,®; in nonvanishing, as
we discuss in more detail below and in Sec. 5.4. In addition, 3 scales as O (r™1')
instead of O (r~2), as in the Einstein frame (or in general relativity). Based on these
considerations, we expect that the metric functions will have the following scaling

with r in the Jordan frame:
B=0(r"), V=0(), U'=0(r?). (5.20)

We explicitly verify this by solving the field equations in the next part.

5.2.2.2 Asymptotically flat solutions

The Bondi-Sachs field equations for Brans-Dicke theory in the Jordan frame have a
similar hierarchy as in the Einstein frame. The trace-free part of hsp satisfies an
evolution equation, and the scalar field satisfies the curved-space wave equation (also

an evolution equation). The remaining metric functions 3, U4, and V' can be solved
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from hypersurface equations on surfaces of constant u in terms of hsp, A, and func-
tions of integration known as the Bondi mass aspect and angular momentum aspect.
The mass and angular momentum aspects satisfy the conservation equations. The
full expressions for these equations are rather lengthy, though we give the expressions
for the scalar wave equation and the hypersurface equations in Appendix J. Thus, we
will focus on determining the metric functions and the evolution equations satisfied
by these functions when these quantities are expanded in a series in 1/r.

As in the Einstein frame, it is necessary to assume an expansion of the 2-metric
hap and the scalar field A\ as series in 1/r, and the expansions of the remaining
quantities will follow from the field equations and boundary conditions in Eq. (5.20).

For the scalar field, we have

A1 (u, xA) N Ao (u, xA) N A3 (u, xA)

Mu,r,xd) = Xg + 5

+0(r™), (5.21)

r r3
The constant ) is related to the gravitational constant®, and ); is the leading-order
non-constant part of the scalar field, which is closely connected to the additional
polarization of the gravitational waves in Brans-Dicke theory. That A in Eq. (5.21)

has a similar expansion in 1/r as ® in Eq. (5.6) follows from the relation between A

and ® in Eq. (5.11).

6The relation between the gravitational constant and the scalar field in Brans-Dicke theory is

given by G(\) = gi;igg 1. If one assumes the experimentally measured value of G at infinity to be
34+2wpp

1, Ao can be written in terms of the Brans-Dicke parameter wgp as A\g = Troonn -
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For the two-metric, we take the expansion to be

c d C ¢
c)+CAB(:f’x ) 4 AB(;Q’QJ )+6AB(;§’$ Lyo(Yy . (5.22)

hap = qaB (CL‘

The determinant condition in Bondi gauge fixes the part of dsp and esp that is

proportional to gap. Thus, we write them as

1

dap = Dap + Z—lc:FGcl““GqAB, (5.22b)
1

eap = Eap + §CpgDFGqAB , (522C)

where cap, Dag, and E4p are trace-free with respect to gap. The tensor cap(u, xA)
is closely related to the shear of outgoing null geodesics at large r, and is thus also
related to the gravitational waves.

We now substitute the expansion of A and hup in Egs. (5.21) and (5.22a) into
the field equations, solve order by order in r=!, and compute the metric functions
and their corresponding evolution equations. We begin with the curved-space, scalar
wave equation in Eq. (5.13b). The explicit forms, in Bondi coordinates, of Eq. (5.13b)
and the hypersurface equations in Eq. (5.13a) are given in Appendix J. We find
that the assumption of Ay =constant is consistent with these field equations; at
O(r~?), the wave equation reduces to the expression 9,(9,A;) = 0, which implies that
Ouh1 = Ny (u,z?) is an arbitrary function. An analogous equation arises for the
evolution of the tensor csp, which leads to d,cap being unconstrained (and equal

to an arbitrary symmetric, trace-free tensor that gets called the Bondi news tensor,

which is defined below). To obtain higher-order terms in the wave equation, we need
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to first solve for some functions in the Bondi metric.
Next, integrating the rr, 7A, and the trace of the AB components of the modified

Einstein equations presented in Appendix J, we find

B=— 2;\\(1)7" — 712 {31—2(:*‘3%3 + “’Bg—gﬁ + i—iz) +0(r ), (5.23a)
Ul =— # <5FCAF — %) + # AP epp — %OCAD5D)\1 + i—;ﬁBcAB

— :\\—%5A>\1 +U* (14 3logr) + 6L +0 (r™) (5.23b)

V= <1 - 6121) r—2M+0 (r7'), (5.23¢)

respectively. Here M (u, z4) is a function of integration. While an analogous quantity
is defined to be the Bondi mass aspect in the Einstein frame or in GR, here we find
it convenient to define a slightly different quantity to be the mass aspect (which is
defined shortly below). The second function of integration, the angular-momentum

aspect LA, can be obtained from the expression

1 A
LA(u,xA) = —— lim (r4e_25hAB&UB —r08cup +T6A L 43U, logr) . (5.24)

r—00 AO

The integration procedure allows for a term proportional to logr/r® in U4. The term
U4 is given by

2.3 1
Z/{A— 55 <DAB+2_/\0)\ICAB) . (525)

We will only consider solutions with &4 = 0 for reasons which we discuss below

Eq. (5.30).
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We can now return to the scalar wave equation to solve for the higher-order terms.
The O(r~3) and O(r—*) parts of the scalar wave equation determine that Ay and A

evolve via the equations

1

8u)\2 = — §D2)\1 s (526&)
Dks = — ——0 (A1 A )+1MA —1(92+2)A + L5peABa 00
uN3 = Mo u{\A1A2 5 1 1 2 5 BC AN
1 2 L an 1 AB
— — MDA+ =c7P0408A + =A0405c"7 . (5.26b)
8o 4 8

To simplify the notation slightly, we have introduced the quantity P? = 9,94 to
denote the Laplacian on the 2-sphere.
The evolution equations for hsp come from the trace-free part of the AB compo-

nents of the field equations

1
gAB — égABgCDSCD =0. (527)

Because we have already imposed the field equation h“PE-p = 0 to determine V/,
the term proportional to gap in Eq. (5.27) does not contribute. As a practical com-
putational matter, it can be more convenient to contract Eq. (5.27) into a com-

A, mt (and its complex conjugate) where m* satisfies

plex polarization dyad m# = ¢
mtV u = 0 [404,408,409] (a similar procedure was performed in the Einstein frame).

Then the two degrees of freedom in the evolution equation can be recast in terms of

a single complex equation

mAmBE s =0. (5.28)
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The O(r°) part of Eq. (5.28) reduces to the equation proportional to 9,(d,cas) = 0.
This implies that

ducap = Nag, (5.29)

where N,p is an arbitrary symmetric trace-free tensor, called the news tensor. In
GR, spacetimes with a vanishing news tensor contain no gravitational waves [148].

The O(r~') terms of Eq. (5.28) lead to the equation

1
Oy | Dap +—XMcap | =0. (530)
29

By taking 0, of Eq. (5.25) and 04 of Eq. (5.30), then one can see that one must
have 9,4 = 0. Thus the choice 44 = 0 made above will not affect the dynamics
of D4p, but it does impose a constraint on the allowed initial data for the quantity
Dap+Aicag/(2X). The O (r—2) part of Eq. (5.28) is a significantly more complicated

expression, which we give below:

1 1 1 1
OuFEap = _iDAB + §CABM — 0L + §QA350LC + ZCABCCDNCD

1 1

1
32 (5,453 - §QABD > (c DCED) + §€C(ACB)C(€DE6E6FCDF)
1

1
+6 |:6(B (Cg)ﬁDCCD) - EQABﬁE (CgﬁDCCD)]

12A2 20

1 1
(Bwgp + 2) Ay (535,4 — §CIABBz) AL — 3T)\1CAB
0

1
(Bwgp + 7) (6A)\163/\1 — 561,4350)\150)\1) — —)\2NAB

s
122

3\2 1 1
+ capP’ M+ =2 Nup + — (535,4 — _QABBZ> A2

12X 8A2 4N 2

1 1
(5 AMO(Bcayc — §QAB6CC 51))\1)

A
6)\0 5 15CCAB

12X
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1 1
MDP?%cap — —5 (4NoDap — Aicap) Ou): . (5.31)

Toi I3y

We use this expression to understand the properties of the angular momentum aspect
L 4 in nonradiative regions of spacetime in Sec. 5.4.

To complete our treatment of the field equations, we must consider the conserva-
tion equations in &, and &,4. These equations result in conservation equations for
the mass and angular-momentum aspects. The equation for the mass aspect comes

from the O(r~2) part of &,,, and it is given by

1 1 1 1
M= —=NugNAE 4 = NAB _ 2 —— (O M)+ —0, D%\
Oy M g Vas +45A53 (3 4 2wgp) e (OuA1) +4/\03 1,
(5.32a)
where we have defined
1
M (u, ) = M (u,2) — D0 (5.32Db)
0

to be the Bondi mass aspect in the Jordan frame. With this definition of M the av-
erage of the right-hand side of Eq. (5.32a) over the 2-sphere is a non-positive number:
i.e., the average value of M is a strictly decreasing quantity. This makes M more
closely analogous to the Bondi mass aspect in general relativity, in which the average
value of mass aspect gives rise to the well known Bondi mass-loss formula [139]. Note
that M would not necessarily satisfy this property, because A\;9,\; = 9,(\3/2) is not
necessarily a decreasing quantity. The calculations of symplectic fluxes and charges

in Sec. 5.4 would suggest one might also include the D*)\; term in the definition of
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the mass aspect, though we do not do that above.
Finally, from the O(r=2) part of £,4, the angular momentum aspect satisfies a

conservation equation of the form

1 1 1
—38uLA = 6AM - ZﬁE (6E6FCAF — 5A6FCEF) + Eaa\ (CEFNEF) — 560 (CCFNAF)
1 1 1
+ ZCEF (6ANEF) + 8_)\08ADQ>\1 — 4—>\g (2 + BWBD) 5A)\18u)\1
+ FEV) (4 -+ WBD) 6148”)\1 + —8u (CA36 )\1 — )\18 CAB) . (533)

To summarize, the structure of the Einstein equations is very much like the Bondi-
Sachs formalism for general relativity [404] (though with an additional massless field).
There are unconstrained functions Nyp = 0,cap and Ny = 0, that determine the
evolution of the different functions in the expansion of the metric and scalar field.
Then initial data must be given for Ay, \o, A3, M, L4, cap, and FE,p. Initial data
also must be given for D 45, but because we did not allow log terms in our expansion,
this initial data is not independent of that of A\; and c4p. Our field equations have
a slightly different form than those given in [403], because of the different gauge
conditions that we use (note also that [403] did not compute the evolution equations

for Eap or A3).
5.3 Asymptotic Symmetries

We now turn to computing the infinitesimal vector fields 5 that preserve the Bondi

gauge conditions and the asymptotic form of the metric and the scalar field in Brans-
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Dicke theory. Our treatment parallels that given in [143| for general relativity. The
scalar field is Lie dragged along the generators of these asymptotic symmetries 5, SO
it transforms as A — A + LA (where we use L¢ to denote the Lie derivative along

€). To preserve the Bondi gauge conditions, the following components of the metric

must be left invariant when the metric is Lie dragged along 5
Legrr =0, Legra=0, ¢*"Legap=0. (5.34)

The four differential equations in Eq. (5.34) constrain the four components of 5
Because these conditions rely only upon Bondi gauge and not the underlying theory,
we can expand the solution in Eq. (4.7) of [143] using our solutions for 3, U4, and
hap in the Jordan frame of Brans-Dicke theory, which were computed in the Sec. 5.2.

The results are that

&= (u,mA) , (5.35a)
T 1 A 1 A 1 AB
f :_§T8AY +§(>Z§ 5Af—E(C 636Af

+ 20,4 f0pc P + %132 f) +0(r ), (5.35b)
0

1 1 1
A A A A AB A
=Y (u,x ) — ;6 f+ 2_7“2 (C Opf + )\—0)\16 f)

i 1 AB _ i BC Ap A1 AB
+ 3 3D 6Bf 16C 0306 f —3)\06 6Bf
A2 A A% A —4
+ 2—)\06 f + W (wBD - 3) 0 f +0 (7’ ) . (535C)
0

The functions of integration f(u,z?) and Y4 (u, %) come from radially integrating

Eq. (5.34).
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To maintain the asymptotic fall-off conditions that we have determined, we require

that the remaining metric components transform as follows:

ﬁfgur - O(T_l) ) 'CﬁguA - O(TO) )

£§9AB = O<T) ) ‘Cfguu = O(TO) . (536)

Note that in GR L¢gu, = O(r!); however, because in Brans-Dicke theory in the
Jordan frame gy, is given by gy, = —1+ 9,A\1/ Ao + O(r~1), we allow a change in gy,
at O(r°) (which occurs from the change in 9,\;). To express the conditions that we
use to constrain 5 and the change in the metric coefficients, it is convenient to expand

LG, in a series in 7 as

Legu =D 1", (5.37)

n

where n can be an integer, and the coefficients l,(f,ﬁ) in the expansion are functions of

w and z?. Then one can show from lfﬁ = 0 that Y* is independent of u, and from

lfg = 0 that it is a conformal Killing vector on a 2-sphere: i.e.,

04Yp +0pY4 = Yquap, (5.38)
where 1) = 0,Y 4. The coefficient 19 = 0 restricts f to be given by
1 A
f= §u¢ +a(z?) . (5.39)

The functions f and Y4 have the same form as in general relativity. Thus, the

different fall-off conditions of components of the the metric in Brans-Dicke theory
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do not alter the symmetries of the spacetime. The interpretation of Y4 and a will,
therefore, be the same as in GR: the globally defined Y4 span a six-parameter algebra
isomorphic to the proper, isochronous Lorentz algebra (and the locally defined Y4
will be the infinite-dimensional group of super-rotation symmetries [142]) and « span
the infinite-dimensional commutative algebra of supertranslations {139, 141]. How
the asymptotic Killing vectors 5 are extended into the interior of the spacetime from
future null infinity is different in GR from in Brans-Dicke theory in the Jordan frame.
This will lead to the functions in the metric transforming differently between the two
theories.

Before we compute the transformation of the metric functions, it is necessary to
determine how the functions A\; and Ay in the expansion of the scalar field transform
as they are Lie dragged along 5’ We denote this transformation as d¢A; and d¢ A2 and
they can be computed from the O(r~!) and O(r~2) of LA, respectively. The result

18

1
deh = s+ YA + fOuM, (5.40)

1
0eda = Aot — §A1£)2 f =% fc M + YPBpAs 4+ fOuNs . (5.41)

Next, we can compute how the functions c4p, Dag, M, and L4 transform when Lie
dragged along 5 given in Eq. (5.35). We denote these quantities d¢cap and similarly
for the other three functions. The term d¢cap can be obtained directly from the

appropriate coefficients and components of l,(ﬁ,), but other terms require also removing
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the transformation of combinations of 6¢\; and d¢cap that appear at the same order

in the metric. The expressions used to compute these quantities are given below:

Secap =14 (5.42a)
§eM = §z§ml> 521 + 2:;5 (A1 A1) (5.42b)
0eDap = li% — %qAB(Sg (CCDCCD) (5.42¢)

SeLy = — ézuA 112 e (easoc™) = - L s (e
+ 6;5 (A1O4AL) — mdg (capd®Ai) (5.42d)

Thus, we can compute 6¢ M and d¢cap from the relevant lff;) and 0g\; to be

1
d¢ecap = Lycap + fNap — §¢CAB — 20408 f + qasD’f, (5.43a)

1 1 1
(55./\/1 = f@u/\/t + §M77/) + YAESAM + —CAB5A63¢ + —6Af83NAB + ZNABﬁAESBf

£ BN + DO + 0[50, —

43b
4N 4N 2o ANy (5.43b)

Then with the expression for d¢cap, it is possible to compute the remaining two terms

for 0¢Dap and 0¢L 4. They are given by

A 1 1
0¢Dap = LyDap+ = (0405 — =qapD? ) [ — =04 (Mcas) , (5.43¢)
o 2 220

for 5§DAB and

1 1
d¢La = fOLa+ LyLa+ Lo+ %C Pecpday + EDAB5B¢ — Moaf

1 1 1
—§6A (CBCESBécf) + 4_1 (8D600AD — 5A6BCBc) 8cf — ECABESB]C
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1 1
+ECBCNABacf — W [CABA()an + )\1 (wBD + 4) 6Af] 8u>\1
0

5
240

At

B
2h, Nap0” f

(2A1 + 30, A2) 0af —

04 (MO f) +

12X

1 1 D
+E (6050f5BCAB - CABESBESCﬁcf) — 6535,4]060030 — @CBCNBcaAf

1
—f—m [6)\0)\2 + (WBD — 1) )\ﬂ 6A’¢ —

o (050407 + 30504007 f) |
0

(5.43d)

for 0¢L 4. In deriving the expression for ;. M, we used the properties b)) = —2¢ and

D?Y4 = —Y4. To derive 0¢ L4, we also used the identities in [143]

QCC(A53)6Cf — qABCCD605Df — CABDQf = 0, (5.44&)

26CCC(A6B)f + 26(ACB)060f — 2806,438cf — 2qA360f61)CCD =0. (5.44b)

The expressions in Eq. (5.43) will be useful for understanding the properties of metric
in nonradiative regions, which we discuss in Sec. 5.4 soon hereafter. The GR limit of
our expressions agrees with the equivalent results in [144] after taking into account
differences in conventions. Our results are similar to those in [403], but not identical,
because of the different gauge conditions that we use.

Before concluding this part, we note that because the scalar field appears in the
metric, we can check whether the transformation of the metric is consistent with
requiring that the scalar field is Lie dragged along 5 We can obtain d¢\; from
22005, and we find that it agrees with Eq. (5.40). We can also obtain d¢ (0, A1)

from —\ol{) and we find that it is equivalent to Ou(6¢A1), as it should be.
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We can also explicitly compute the quantities d¢(c*Pcap) and d¢(05c??) from Lie

dragging the metric. The relevant expressions for computing this are

5e (APenp) = 16157 + )\i% (3 = won) B (M) — %5@ (5.452)
3¢ (8%cap) = 207 + %055 (Da1) (5.45b)
Not surprisingly, we find that
J¢ (CABCAB) = 550‘430,43 + cABégcAB , (5.46a)
b (0%cap) = 07 (6ccap) (5.46b)

as the latter relation was proven in GR in [143]. For completeness, we give the

expressions for these terms here

d¢ (CABCAB) = 2fNapc? + capc®By + 2¢P°Y A sc50 — 42 POAORS | (5.47a)
1 1
55 (5BCAB) = — 5,4(92 + 2)f — ECAgaBi/J + 51/1530,43 + ﬁyéCCAC + 08 (fNAB) .
(5.47D)

It does not seem possible to verify these types of relationships with all of the terms
that appear in Eq. (5.42). Thus, for example, for the term d¢ (CAB6CcBC), we assumed

it can be written as the sum of §¢capdccPC and capd0ccPC.
5.4 Gravitational-wave Memory Effects

Gravitational-wave (GW) memory effects are commonly defined for bursts of gravita-

tional waves of finite duration between two nonradiative regions before and after the
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burst; they are also defined for sources of gravitational waves that become asymptot-
ically nonradiative in the limits as u — 400 at large Bondi radius r. In either case,
discussing GW memory effects requires a notion of a nonradiative region of spacetime.
In this section, we first describe the properties of nonradiative regions in Brans-Dicke
theory, we then discuss the measurement of GW memory effects through geodesic
deviation, and we finally discuss how the conservation equations constrain the GW

memory effects (thereby allowing them to be computed approximately).

5.4.1 Nonradiative and stationary regions

Nonradiative regions For general relativity, it is typical to consider regions of
vanishing Bondi news N,p, and vanishing stress-energy tensor. In the context of
Brans-Dicke theory, we will instead consider regions where Ny = 0, d,\; = 0,
and any other stress-energy from matter fields vanishes. These two equations imply
that A\; and c4p must be independent of u. Integrating Eqgs. (5.26), (5.25), (5.32a)

and (5.33), we can then show that Ay, Dap, M, L4, and A3 are given by

A = A§°) (x4, (5.48a)

cap = (29, (5.48b)

Ao = — gaw + A0 (28) (5.48¢)

Dap = — 2LAOA§0>053;, (5.484)

M= MOz, (5.48¢)
u (0) Uu

94D\ + Z37(0p0” )
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— 09,4020 + LW ("), (5.48f)
2

16X,

1
A3 = (D2 +2)P2AY 4 g[-5(52+4nA$)

1 1
_I_M(O)/\gﬂ) + K}\g())D /\( ) + C( B6A6B)\
0

6A63C + 6BC(0) 614)\ :| + )\gO) (ZZ'C) . (548g)
In a nonradiative region, F 45 has the form

Eap = *ECL +uB(), + EV)(29), (5.49a)

where the coefficients Efj)g and Egj)g are given by

1 1 1
By = 6 (5/453 - §qABD2) (M(O) - 4—)\0D2)\§°)>

1
—§fy¢BC§XDE66R§@ (5.49Db)

1 1 1
EQ) =- 6(ALS§)) + §QA350L(CO) + 5/\4(0)0&% + geC(Acg)) (ePPo 0" o))

1 0 1 0
+ 65(A <C(B))06DC(DO)C> — EqAB6 (cs:))c?ﬁEcg))C)

1 1 1
L (aAaB _ -qABBQ) (eepy — L o0

32 2 12X
1 0 0 0) (0 (0
T R

1

— ——Bacy) 0N + ——qap0"c] g60A$>

6)\0 12/\0
2+ 3QJBD (0) 1 2 (0) 1 1 2 (0)
27T e — —qapb — — 5948D

T a0z M\ 010 7 gD J A 0405 = 50anDT ) A

B Swep + 7 6,4)\(0)63)\(0) N 1%4360)\(0)60)‘(0) (5 49C)
2002 1 1 5 1 1] .

B4y, = ES(©). (5.49d)
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This expression will simplify considerably in some more restrictive classes of nonra-

diative solutions that we discuss next.

Stationary regions and the canonical frame In general relativity, there are
frames for stationary regions in which the Bondi metric functions are independent of
u. We next discuss how the metric functions and scalar field in nonradiative regions
in Brans-Dicke theory [given in Eq. (5.48)] simplify when there exist such frames in
the Jordan frame. To discuss this, it is useful to recall that a vector field, such as L 4,

on the 2-sphere can be decomposed into divergence- and curl-free parts as follows
Ly =0,p+eapd’o. (5.50)

Similarly, a symmetric trace-free tensor like c4p can be decomposed as [381,410]

1

cAp = <5A5B - §QA36060) O + ec(adp) 0V . (5.51)

The terms without the antisymmetric tensor €45 in the last two equations are often
called the “electric (parity)” part and the terms with e4p are called the “magnetic
(parity)” part.

If we require that the scalar field is also independent of u in these regions, then
the expression for Ay in Eq. (5.48¢) requires that D\, = 0, or namely )\, is constant.
The expression for L4 in Eq. (5.48f) shows that the magnetic part of c%)g, U, vanishes
(see, e.g., [153]). Together with the fact that A\’ is constant, it also follows from

Eq. (5.48f) that M© = M© is a constant. Because cap is an electric-parity tensor
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field, then it can be set to zero by performing a supertranslation with o = ©/2 [see
Eq. (5.43a)]. With c4p = 0 as well as )\(10) and M© being constant, then by requiring

A3 is independent of time Eq. (5.48g) gives the following condition on )\go):
(D2 4+ 2)A = 2MOZ0 (5.52)

This nonhomogeneous linear elliptic equation can be written as the sum of the par-
ticular solution )\g}) = M(°>>\§°) and a linear combination of the solutions to the
homogeneous equation

B2 +2)2Y =0. (5.53)

The solution of the homogeneous equation is a superposition of £ = 1 spherical har-
monics. Finally, with these conditions on the metric functions, this greatly simplifies
the form of E4p in Eq. (5.49a). That /\50) and M© are constants and that 0(33 van-
ishes cause the coefficient in Eq. (5.49b) to vanish; similarly, the lengthy expression

in Eq. (5.49¢) reduces to the following much simpler equation:

1
Oalyy) — 50450°L¢Y = 0. (5.54)

To have smooth solutions L(:), then it must be a superposition of the six electric-

parity and magnetic-parity ¢ = 1 vector spherical harmonics. The electric part of
L(X) can be set to zero by performing a translation with a = &/[M© — A{?/(4)0)]
The magnetic part could be chosen to align with a particular axis by performing a

rotation if desired.
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Like in general relativity, this class of stationary regions in Brans-Dicke theory
admit a “canonical” frame, in which M and \; are constant, cyp = 0, and L4 is
composed of ¢ = 1 magnetic-parity vector harmonics. Furthermore, the scalar-field
function A is also constant, and the function A\, is equal to the constant MA; plus
a superposition of [ = 1 spherical harmonics. For bursts of gravitational and scalar
radiation, there can be transitions between such stationary regions where the initial
stationary region is in the canonical frame, but the final stationary region is super-
translated from its canonical frame, so that c4p is nonzero. This nonzero csp at late
times is, in essence, the GW memory effect (see e.g., [155]); thus, transitions between
these stationary regions provide a sufficiently general arena in which to study certain
types of GW memory effects in general relativity (these transitions were called “BMS
vacuum transitions in [155]). Note that these types of transitions also do not allow
“ordinary” memory [411], so they do not admit memory effects of full generality (see,
e.g., [412]).

However, in Brans-Dicke theory, because A\; must be a constant in both stationary
regions in the canonical frames, such a transition would significantly restrict the types
of possible memory effects that could occur. For the memory effects related to the
scalar radiation (discussed in greater detail in the next part) such a transition would
only allow these scalar-type memory effects to have a uniform sky pattern. As a
result, considering only these types of transitions between these frames will not be

sufficiently general to explore the full range of possible memory effects in Brans-Dicke
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theory. A slight generalization would be to consider transitions between stationary
regions in which one of the regions is both boosted and supertranslated from the
canonical frame. However, this still seems to be a somewhat restrictive scenario,
as it does not seem to admit solutions that are superpositions of boosted massive
bodies with a scalar charge. As a result, we will next focus on a slightly more general
set of frames, that is still somewhat simpler than the nonradiative regions without

restrictions.

Nonradiative regions with vanishing magnetic-parity shear For a slightly
more general set of solutions, though which lack the full generality of the nonradia-
tive regions, we will consider regions of spacetime with vanishing stress-energy (not
including the scalar field), Nag, 0,1, and ¥ (the magnetic-parity part of the shear).
Like the stationary regions, it will again be possible to set c4p = 0 by a supertrans-
lation to produce a “semi-canonical” frame; however, the mass-aspect and scalar-field
functions M© and )\go) will no longer be constants, and will remain arbitrary func-
tions of ! as in Eq. (5.48) in this frame. This will imply that A, depends linearly
on u as in Eq. (5.48¢), D4p will vanish in this semi-canonical frame, and the electric
part of L, will depend linearly on u, whereas the part independent of u will contain
both electric and magnetic parts. Thus, transitions between nonradiative regions of
this type should be sufficiently general to capture both the usual tensor-type and
scalar-type memory effects, which will be discussed in greater detail below. This was

also the scenario considered by [403].
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5.4.2 Geodesic deviation and GW memory effects

GW memory effects are frequently described by their effects on families of nearby
freely falling observers at large distances r from a source of gravitational waves [130,
413,414]. The deviation vector X between a geodesic with tangent @ and a nearby

geodesic satisfies the equation of geodesic deviation
WV, (WPVsXY) = —Rgs"u’ X’ (5.55)

to linear order in the deviation vector X“. It is then useful to expand the vector X¢

in terms of an orthonormal triad e with €f'u, = 0 that is parallel transported along

the geodesic with tangent u®. If u® is denoted by e, then e = {eg‘, e?} forms an
orthonormal tetrad. It is also convenient to introduce a dual triad ei with e?‘ei = (53 .
The vector can then be written in the form X< = XE(T)G?, where 7 is the proper
time along the geodesic worldline. The equation of geodesic deviation then reduces

to the expression

Xi = —Rg;' X7 (5.56)
where the dot denotes d/dr. Given a set of tetrad coefficients X; = Xi(r) and
Xé =X %(7'0) that represent the initial separation and relative velocity of the nearby

geodesics, it is possible to solve for the change in the final values of the tetrad coeffi-

cients of the separation vector, which we denote by

AX' = X'(17) = X'(70). (5.57)
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We then expand this vector in a series to linear order in the Riemann tensor as
AX' = AX() + AXE), (5.58)
where the value AX EO) is identical to the expected result in flat spacetime
AX(y = (17— 10) X}, (5.59)

The correction AX gl) to the deviation vector to linear order in the Riemann tensor

is given by [390]

- “ 7—f T ~ .0 Tf T T a
AX%I) = — Xé / dT/ dT/R()j-@z — X(j) / dT/ dT// dT”R()ﬁ)z . (560)
0 0 0 0 T/

Note that in the triple integral, the limits of integration on the innermost integral
run from 7’ to 7.

To compute AX i associated with a burst of gravitational waves at large distances
r from a source of GWs (and thereby compute the GW memory effects), it will be
necessary to compute the leading 1/r parts of the Riemann tensor components Rﬁj()i,
the geodesic with tangent u®, the infinitesimal element of proper time dr, and the
orthonormal triad €. In Bondi coordinates, with V' given by Eq. (5.23¢c), a vector

U = € that is tangent to a timelike geodesic to leading order in 1/7 is given by

1 =
=0, — —M0, +O0(r ). (5.61a)
2\

The retarded time u is the proper time 7 along the geodesic at this order. A useful
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triad is given by
(5.61b)

(5.61¢)

where € is an orthonormal dyad associated with the metric g45. The nonzero tetrad

components of the Riemann tensor at O(r~!) are given by

1. 1 . 3
Rozop = —5,.Cas + m%@h +0(r?) . (5.62)
Note that if the Riemann tensor is decomposed into its Weyl and Ricci parts, the

relevant nonzero components are given by

1. 9

Coson = = 5:¢as T O (1) (5.63a)
1 -

Ryg =—XM +0(r?) . (5.63D)

Aor

It then follows that the Ricci scalar, R, satisfies R = O (r—?)
Putting these results together, we find that the O(r°) part of AX' is the same as
the flat-space result in Eq. (5.59), and the O(r~!) part is given by

1 1 s 1 1 . A
0

AX(}) _
A 2r AB )\0
1 1 .5 Au 1 B
+ ZA UCAB(U> — )\—Ou)\l(u)éAB XO -+ E CAB(UO) — )\—OAl(uo)éAB XO
(5.64)

Uo 1 B
-5 <ACAB — )\—OA)q(SAE) X5,
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We have defined Au = uy — uy,

u

u 7
ACAB:/ ducsp, and AAlz/ du A ; (5.65)

uo uo
in the third line of Eq. (5.64), the A of the quantity in square brackets means to
take the difference of the quantity within the brackets at u = uy and u = uy. Equa-
tion (5.64) contains (in addition to initial and final data) six memory effects, which
we will now discuss in greater detail (or in the language of [390,415] six persistent
observables, three of which are memory effects).

The first two collections of effects, Ac; and AC 5, have the same type of effect
on nearby freely falling observers as GW memory effects in GR: namely, they produce
a shearing (transverse to the propagation direction of the gravitational waves) of an
initially circular congruence of geodesics after a burst of GWs pass. The tensor Acjp
was the first type of GW memory effect identified in calculations, and it produces a
lasting change in the deviation vector between initially comoving observers. When
Ac 4z is nonvanishing, then the tensor AC ;5 will be the sum of a term that grows
with u after the burst passes and a term ACS% that is independent of u. For observers
with an initial relative velocity, this will cause AXS) to have a shearing part that
grows linearly with u after the GWs pass (this effect is also sometimes called the
“subleading displacement memory”). The electric- and magnetic-parity parts of the

tensor ACS% are closely related to the spin and center-of-mass (CM) GW memory

effects, that were more recently identified. The tensor Ac ;5 was frequently described
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as being of electric parity, but it was shown that there are sources of stress-energy
that can produce a magnetic-parity Ac;p [410,412,416].

The second two terms, AX; and AA, are memory effects related to the passage
of the scalar field. These effects cause an initially circular congruence of geodesics
to undergo a relative uniform expansion (or contraction) in the direction transverse

to the propagation direction of the scalar radiation.”

Thus, for initially comoving
observers, a nonzero A\; would cause a uniform, transverse change in AXS). When
A\ is nonvanishing, then AA; would also be a sum of term that grows with u after
the burst of scalar field and a term AA&O) that is independent of u; thus, the deviation
vector AXS) would have an expanding (or contracting) part that grows linearly with
u for observers with an initial relative velocity. The scalar-field memory effect A\,
had been discussed in the context of post-Newtonian theory in [179] or in gravitational
collapse in [397,398|, for example. The quantity AA%O) is the scalar-field analog of
the CM memory, and it seems to have not been discussed previously.

We turn in the next part of this section to how the different memory scalars and

tensors—Ac 5, AC4p5, AN and AA;—are constrained (or not constrained) by the

asymptotic field equations of Brans-Dicke theory and the properties of the nonradia-

"It is possible to define a suitably adapted Newman-Penrose tetrad [417] with [, = V,u and with
a complex dyad chosen to have only its 2-sphere indices nonvanishing and to be normalized to one:
mam® = 1. The spin coefficient p = —m*m”V, 1, then can be expanded at large Bondi radius r in
this tetrad as

1 4. p 1 N\
=——=m"m " VpVau=—-+
p 72 BYA r o 2)\or2
As p is one of the “optical scalars” and its real part corresponds to the expansion of a congruence
to which [* is tangent, this provides a second geometrical viewpoint on how \; causes a type of
expansion at large r.

+0(r?). (5.66)
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tive regions before and after the passages of the gravitational waves and the radiative

scalar field.

5.4.3 Constraints on GW memory effects from fluxes of con-
served quantities

Memory effects were defined in [390] to be the subset of the persistent observables
that are associated with symmetries and conserved quantities at spacetime bound-
aries, like null infinity. A commonly used procedure for computing these conserved
quantities related to symmetries is due to Wald and Zoupas [151]|, who computed the
“conserved” quantities associated with BMS symmetries at null infinity in vacuum
general relativity. The word “conserved” is used in quotes, because these quantities
(also called “charges”) are not constant along cross-sections (or “cuts”) of null infinity,
but change so that the difference of the charges between the cuts is equal to the flux
of the charge integrated over the region of null infinity between the cuts. The flux
had been computed previously by Ashtekar and Streubel [149], and it is consistent
with the result in [151]. In Bondi coordinates and in general relativity, the change in

the charges, AQ¢, can be concisely expressed by the expression

1
AQe =~ [ du *QN*B6ccap, (5.67)

where d¢cap is given in Eq. (5.43a) and d*Q = /gdz'dz? is the two-dimensional
volume element associated with the metric gap (see, e.g. [153]). The charge is given

by the Komar formula [418|, with an additional prescription needed to make the



Chapter 5. Brans-Dicke Theory in Bondi-Sachs Framework 159

charge integrable in radiative regions.

The formalism for computing conserved quantities outlined in [151] can be ap-
plied to a large class of gravitational theories that can be derived from a Lagrangian,
such as Brans-Dicke theory. In the Einstein frame, the action has the form of the
Einstein-Klein-Gordon theory. Wald and Zoupas noted in [151] that having a mini-
mally coupled scalar field causes stress-energy terms to be added to the flux, but will
otherwise not greatly change the charges. However, they posited that »® has a finite
limit to null infinity, which would require that &3 = 0. We checked whether having
a constant ®g that is nonzero would alter the flux, and because this nonzero ®q is
constant, and we found that it did not. Wald and Zoupas also mentioned in [151]
that a conformally coupled scalar field, such as in Brans-Dicke theory in the Jordan
frame, would also only add terms to the flux. However, they did not specify whether
the kinetic term for the scalar field must have the canonical form (as in the Einstein
frame), which it does not in the Jordan frame. Consequently, we computed the flux
of the charges associated with a BMS symmetry in the Jordan frame in Bondi coor-
dinates. We found that the integral of the flux over a region of future null infinity is

given by

6 + 4w
=0y A10g A | (5.68)

A 6+ dwsp
(Ao)

AQg = o du d*Q {NABégcAB +

Note that by combining Egs. (5.2¢) and (5.11), expanding A as in Eq. (5.21), and

using Eq. (5.40), then we find that the term (3 + 2wgp)0,A0¢A/(167) in Eq. (5.68)
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is the O(r=2) part of )\OTﬁ){”. Thus, the result is consistent with the expectations
of Wald and Zoupas for a conformally coupled scalar field, despite the noncanonical
form of the kinetic term for A (and the flux is then conformally invariant as required
in [151]).

5.4.3.1 Displacement memory and electric-parity part of Acup

For computing the GW memory effect connected with the electric-parity part of
Ac 45, we should specialize the flux expression for a supertranslation vector field 5 =
a(z)8,. Restricting Eqs. (5.43a) and (5.40) to a supertranslation, and integrating
by parts for terms involving 04 (there are no boundary terms on the 2-sphere), we

can show that the expression in Eq. (5.68) can be written as

A
AQ(Q) = —0 du d2Q (0% |iNABNAB — 23A6BNAB +

_ 6 + 4wsp
327

o @) (5:09)

It will next be useful to make a few definitions and to relate some of the quantities
in Eq. (5.69) to quantities that we have computed earlier in the chapter.

The term proportional to 34,05 N4E depends only on the electric part of N4p (and
thus the electric part of Acap, when the integral with respect to u is performed). With
the definition of c4p in Eq. (5.51) and of the news tensor in Eq. (5.29), we can write
the term 0405 N4E as

20,05 N*% = b*(D? +2)9,0. (5.70)

With the equation for the Bondi mass aspect (5.32a), it is possible to show that the

supertranslation charge (i.e., the supermomentum) needed to satisfy Eq. (5.69) is
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given by

T 4r

Qo) Qo </\/l - LB%) : (5.71)

4

Note that when o = 1, this corresponds to a time translation, and the associated
conserved charge is the energy. Solutions of physical interest have non-negative en-
ergy. Because D?)\; vanishes when integrated over the 2-sphere, this implies that the
integral of M over S? must be non-negative, or the 2-sphere integral of M must be
greater than or equal to the same integral of ﬁ)\lau/\l. Finally, it will be helpful to
define « times the change in the energy radiated by the gravitational waves and the

scalar field \ as

)\0 6 -+ 4w
Aba) = oo- [ dud®Qa | NapNP + ——2(0,0)° ] 72
(a) 327T u Oé|: AB + (/\0)2 (8 1) (5 7 )
Then Eq. (5.69) can be written as
9 9 /19 327
dQaD*(D* +2)A0 = —— (Abla) + AQ)) - (5.73)
0

The supertranslations a are allowed to be any smooth function on the 2-sphere.
By choosing for o an appropriate basis of functions that span this space of smooth
functions on S? (e.g., spherical harmonics), it is then possible to use Eq. (5.73) to
determine the coefficients of A© expanded in these basis functions in terms of the ex-
pansion coefficients of the energy flux and the change in the supermomentum charges.
In other words, supposing that the energy flux Ad{,) is known for some given radia-

tive data N,p and 0, A1, and that the early- and late-time nonradiative data through
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AM and A\ are also known, then it is possible to determine the corresponding
electric-parity memory effect in Acyp. The computation of this memory effect is
not substantially different from in general relativity; the main difference is that it is
necessary to provide both radiative (0,A;) and nonradiative (A\;) data for the scalar
field, in addition to the radiative (N4p) and nonradiative (AM) gravitational data.
We will use this procedure to calculate the memory effect from compact binaries in
Brans-Dicke theory in future work.

The two types of sources of GW memory in Eq. (5.73)—i.e., Adl,) and AQ )y —
are often called “null” and “ordinary” memory, respectively in general relativity [411].
The word “null” refers to the fact that it is sourced by massless fields (including
gravitational waves), and the word “ordinary” refers to the fact that it is sourced by
“ordinary” massive particles (and fields). The specific components of the spacetime
curvature and matter stress-energy tensor responsible for producing the ordinary and
null memory are distinct and distinguishable in GR. How to classify the contributions
of a scalar field to the ordinary and null memory is not as immediately obvious in
Brans-Dicke theory as it is in GR, because (i) massive objects can have “scalar charges”
(nontrivial stationary scalar field configurations of the massless scalar) in Brans-Dicke
theory, and (ii) the radiative and the static parts of the scalar field both appear at
leading order in 1/r. While in GR all terms involving the scalar field would be treated
as null memory, in Brans-Dicke theory, we will consider one part of the scalar field

to contribute to the null memory and another part to contribute to the ordinary
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memory. Specifically, because the term quadratic in d,A; in the energy flux Adly)
has the form of a flux of energy per solid angle, we will consider it to be null memory.
The term proportional to D?A\; enters in the charge AQ (o) and is linear in A;, so
we treat it as a source of ordinary memory for the shearing GW memory Acypg. ®
Because the right-hand side of (5.73) is determined by the changes in M and A\,
(for the term AQ(,)) and the change in the flux of tensor and scalar waves (for the
term A&(,)), then we can solve for A® in Eq. (5.73) in terms of a sum of these two
contributions. We will then write this solution for the total potential as a sum of two

terms

AO = AO ) + Ay, 5.74
() (0)

which correspond to the solutions for the null and ordinary parts, separately. This
splitting will be useful in discussing the CM memory effect in the next part.

Lastly, note that no constraints on the magnetic-parity part of Acsp are found
from supermomentum conservation. Thus, it would be classified as a persistent ob-

servable rather than a memory effect in the language of [390].

8There is a second possibility that one might have considered the change in D2A); to be a
scalar GW memory that is constrained at the same time as the tensor-type memory through the
flux A€,y and the change in the integral of a times the mass aspect M. However, this is not
a viable option, because to specify the properties of the initial and final nonradiative states, one
has to specify the nonradiative value of the scalar field A\; (analogously to how one has to specify
the value of the mass aspect M. Thus, there is no freedom to constrain the value of A; through
the memory equation (5.73). This does have the noteworthy consequence that to determine the
tensor-type memory AO, one needs to know the scalar memory A\; to be able to compute the term
ADP?)\; that enters into the ordinary memory AQ(a)-
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5.4.3.2 Subleading displacement memory and AC,p

In the BMS group, there are also symmetries parameterized by the vector field on
the 2-sphere, Y4, This vector field is required to be a conformal Killing vector on
the 2-sphere from Eq. (5.38); the space of such vector fields that are globally defined
form a six-dimensional algebra, which is isomorphic to the Lorentz algebra of 3+1
dimensional Minkowski spacetime. There have also been proposals to consider ex-
tensions of the BMS algebra that enlarge the symmetry algebra by including either
all the conformal Killing vectors on the 2-sphere that have complex-analytic singu-
larities [142,143] or all smooth vector fields on the 2-sphere [146,147]. When the
Wald-Zoupas prescription was applied to these extended BMS algebras, it was found
that there needed to be an additional term to the flux (or the change in the charges)
to maintain that the difference in the charges was equal to the flux [153]. For the
smooth vector fields, it was shown that this related term could be absorbed into the
definition of the charges [395]. This new term was closely related to a new type of
GW memory effect called GW spin memory [156]. There was also a second type of
new GW memory related to these extended symmetries called GW CM memory [152].
These two new memory effects are related to the electric- and magnetic-parity parts
of the subleading displacement memory in AC,5. We now discuss the computation
of these effects in Brans-Dicke theory.

First, we write the change in the charges associated with an extended BMS algebra

clement £ = Y4d, for a smooth vector field Y4, Starting from Eq. (5.68) and
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integrating by parts to simplify the expression, we find

6+ 4
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%(@umm - /\16A8u>\1)} + AFyy,
0
(5.75)
where AF(y) is the additional term needed to relate the change in the charges to the

flux integral. It is given by

A
AFy) = 64—(; PPQY A, 50D (D? + 2)AY (5.76)

where we introduced the notation of [154] for the u integral of W
AY = /du\l/, (5.77)

and where ¥ determines the magnetic-parity part of c4p in Eq. (5.51).° The GW spin
memory effect is related to the quantity AY, which determines the magnetic-parity
part of ACsp. In the absence of magnetic-parity displacement memory Acyp, the
spin memory will be independent of u, and given by just the magnetic-parity part of
ACY).

Let us now make a few additional definitions. Note that in Eq. (5.75), there is

a term that is linear in the news tensor N,p, like the term that gives rise to the

9The modification to the charge defined in [395] is similar to the quantity AFy), but instead of
AY) a term proportional to u¥ was used instead.
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displacement memory; however, the term in (5.75) is multiplied by u. When this
term is integrated over u, the resulting quantity has dimensions or strain multiplied
by time, like the GW spin memory. It was argued in [152] that a quantity related
to this term is responsible for a new type of GW memory called GW center-of-mass
(CM) memory. Specifically, consider the quantity defined by w times the u integral

of 0,0, with the part of 9,0 responsible for the ordinary memory A©; i.e.,
AK = / duud, (O — ). (5.78)

Then the integral of the term in square brackets in Eq. (5.68) can be written in the

form

A
ACyy = —64—(; d*QY48,4D*(D? 4+ 2)AK. (5.79)

Finally, define the remaining terms in Eq. (5.75) to be

A
A‘j(y) = GTO du d2Q YA |:5A(630NBC) + QNBCBACBC — 463(CA0NBC)
7
4 BD
‘?A—;fs(aumfgl _ AléAauAl)] , (5.80)
0

which are the moments of the change in the super angular momentum with respect

to the vector field Y. With these definitions, Eq. (5.75) reduces to the expression

AQy) = —AJy) + ACy) + AFy) (5.81)

Using the evolution equation for the Bondi mass aspect (5.33), we can show that the
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definition of the charge needed to satisfy Eq. (5.75) is given by

A 1 1
Q) :8_; QY| —ud, (M - mB%) — 3L, + 5ESA(CBCCBC)
1 WBD - ]_ 2 1 B B
+ 4—)\05,4 3)\2 + 2)\0 (/\1) — 4—/\0(0,436 )\1 — )\16 CAB) . (582)

Next, it is useful to consider decomposing the vector field Y4 into gradient and curl

parts via the expression
Y4 =548(2%) + Py (29), (5.83)

(for smooth functions 8 and ) and to treat the case of divergence- and curl-free
vector fields Y4 separately. This will allow us to isolate the GW spin and CM

memory effects.

CM memory and electric-parity Y4 Let us first specialize to Y4 = 843. The
term AJF(yy vanishes for vector fields Y4 of this type. After integrating by parts, this

means that we can determine the CM memory through the equation

/dQQBD‘*(BQ +2)AK = 6;1—7T (AT + AQs) - (5.84)
0

In the above equation, we have defined P* = (P?)?, and we have let AQp) and AJ(g)
given in Egs. (5.82) and (5.80) be the change in the charges and in a part of the flux
associated with the vector field Y4 = 943. The procedure for computing the CM
memory works similarly to that for computing the standard GW memory described

by the potential AO: (i) first pick a basis of functions for the smooth function g on
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S? to determine the coefficients of AK expanded in this basis (perhaps most usefully,
spherical harmonics); (ii) then provide radiative (and some nonradiative) data in the
functions A1, cap, and their u derivatives to evaluate the basis-function coefficients of
the flux term AJg); (iii) next specify the nonradiative data in M, La, cap, A1, and
Az to evaluate the coeflicients of the change in the charges AQg); (iv) finally, solve for
the relevant coefficients of AK by acting on it with the elliptic operator D*(D? + 2)
and performing the integral. Some interesting differences from the standard GW
memory are that the flux term involves c45 and \; in addition to d,\; and Nyg, and

the charge involves cap, L4, and Ay in addition to A; and M.

Spin memory and magnetic-parity Y# Next we shall discuss vector fields given
by Y4 = ¢AB0py. In this case, it is the term AC(yy that vanishes, and one can solve

for the spin memory through the equation

64
/d2m£)4(£)2 +2)AY = A” (AT + AQ)) - (5.85)

Yy
The prescription used to determine the coefficients of the potential AY when expanded
in a basis of functions on S? works nearly identically to that for the expansion of AK
for the spin memory. The main difference is that less nonradiative data is needed
to determine the spin memory. Specifically, because the quantities 04\ and 94.M
enter into the charge as gradients, then these terms will vanish for a magnetic-parity
vector field of the form Y4 = ¢4B0p7y. Thus, computing the spin memory does not

require knowledge of the functions Ay and M.
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5.4.4 Summary and discussion

To summarize, in asymptotically flat general relativity in Bondi coordinates, there
are four types of memory effects that are encoded in the electric- and magnetic-parity
parts of the tensors Acyp and ACup. All four memory effects can be measured
through geodesic deviation, and they produce a type of shearing of a family of de-
viation vectors pointing from some fiducial timelike worldline far from a source of
gravitational waves. The memory effects encoded in Acyp are related to the depen-
dence of the final deviation vector on the initial deviation vector; the memory effects
encapsulated in ACp are connected to the dependence of the final deviation on the
initial relative velocity of the deviation vector. Three of the four memory effects
were constrained by conservation laws for charges associated with the (extended)
BMS algebra. Specifically, the electric-parity part of Acap is constrained through
the statement of supermomentum conservation associated with the supertranslation
symmetries of the BMS group. The electric- and magnetic-parity parts of AC4p were
determined through the conservation of super-angular momentum conjugate to the
super-Lorentz symmetries of the extended BMS algebra. The magnetic-parity part
of Acyp does not seem to have any conservation equation that constrains its value
(and thus might be classified as just a persistent observable).

In our treatment of asymptotically flat solutions of Brans-Dicke theory in Bondi
coordinates, we observed that there were a total of six types of memory effects: the

four that exist in general relativity, and two more that are related to the leading-
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order dynamical part of the scalar field, A;. The two new memory effects also could
be measured through geodesic deviation, though they would produce an expansion
(or contraction) of the family of deviation vectors pointing orthogonally away from a
given worldline (a so-called “breathing” mode). The memory effect A)\; was related
to the amplitude of this effect which depends on the initial deviation vector, and the
effect in AA; corresponded to the scale of the effect depending on the initial relative
velocity of the nearby worldlines. The quantities A\; and AA; were not constrained
by any conservation laws associated with conserved quantities in asymptotically flat
spacetimes in Brans-Dicke theory (so they would also just be persistent observables).
Rather, because the symmetries of asymptotically flat solutions of Brans-Dicke theory
are the same as those of general relativity, the same three types of memory effects are
constrained by the fluxes of conserved quantities as in general relativity. Because the
definition of the flux and charges includes additional radiative and non-radiative data
(namely, d,A1, A1, and Ag), the precise expressions used for computing the memory
effects and the data necessary to compute these effects differs in Brans-Dicke theory

from the expressions used in general relativity.

5.5 Conclusions

We investigated asymptotically flat solutions of Brans-Dicke theory in Bondi-Sachs
coordinates. We solved the field equations of this theory, and we found that they
have a similar structure to the Bondi-Sachs form of the Einstein equations in gen-

eral relativity. The expansions of the metric and the Ricci tensor in series in 1/r (r
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being the areal radius) have somewhat different forms from the equivalent quantities
in general relativity. Specifically, the Ricci tensor in Bondi coordinates scales like
1/r, which allows for a scalar (or breathing-mode) gravitational-wave polarization
not present in general relativity; other coefficients in the metric also fall off more
slowly with 1/r in Brans-Dicke theory than in general relativity to accommodate this
additional GW polarization. Interestingly, this different “peeling” property of the
Ricci tensor does not affect the asymptotic symmetry group in Brans-Dicke theory,
which remains the Bondi-Metzner-Sachs group (though the way in which these sym-
metries are extended into the interior of the spacetime in Brans-Dicke theory differs
from the related extension in general relativity). We also computed the properties
of nonradiative and stationary regions of spacetime in Brans-Dicke theory, which is
important for computing and understanding GW memory effects.

We found six types of memory effects generated after a burst of the scalar field
and tensorial gravitational waves pass by an observer’s location. Four of these effects
are also present in GR: namely, they are the electric- and magnetic-parity parts of
displacement and subleading displacement memories. These effects produce the fa-
miliar, lasting shearing of a ring of freely falling test masses, with the displacement
part depending on the initial separation of the test masses, and the subleading dis-
placement part depending on the initial relative velocity of the masses (the electric-
and magnetic-parity parts refer to the parity properties of the sky pattern of the

memory effect over the anti-celestial sphere). The amplitude of the memory effects in
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Brans-Dicke and in GR will differ, because in Brans-Dicke theory, there are additional
contributions from the fluxes of energy and angular momentum per solid angle from
the scalar field. The two additional GW memory effects in Brans-Dicke theory are
related to the breathing-mode polarization of the gravitational waves, and they could
also be classified into leading and subleading displacement terms. These memory ef-
fects cause a ring of freely falling test masses to have an enduring, uniform expansion
(or contraction) of a circular congruence of geodesics transverse to GW propagation.
The leading part that depends upon the initial displacement of the masses had been
previously considered, but the subleading part, which depends on the initial relative
velocity of the masses appears not to have been. The latter can be thought of as the
scalar analog of the center-of-mass memory effect.

Half of these memory effects are constrained by fluxes of conserved quantities
associated with the extended BMS group (these are the electric-parity displacement
memory, the spin memory, and the center-of mass memory). The other half (the
magnetic-parity displacement memory, and both breathing-mode memory effects)
are not, and would be described as being persistent observables in the nomenclature
of [390,415]. For all the memory effects, but particularly for the persistent-observable
types, understanding the properties of the nonradiative regions before and after the
burst of the scalar field and gravitational waves is important for understanding the set
of possible memory effects. For example, in general relativity, stationary-to-stationary

transitions in which the two stationary regions differ by only a supertranslation allow
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for a wide range of possible electric-parity displacement memory effects; however, in
Brans-Dicke theory, such transitions would only allow for scalar-type memory effects
with constant sky pattern. More general types of nonradiative regions at early and
late times are necessary to have less trivial memory effects.

Let us conclude with a few comments on future applications and directions for our
work. It would be interesting to explore the post-Newtonian limit of our results for
compact binary systems, so as to make contact with some existing results computed
by Lang [179,180]. Another potential direction is to explore a broader set of modified
gravity theories. We note that our formalism can easily be extended to more general
massless scalar-tensor theories, such as those proposed by Damour and Esposito-
Farése [210,369|. It would be interesting to understand whether there are similar
relationships between symmetries and memory effects in theories where additional
polarizations are present, such as the scalar-vector-tensor theories [419]. (A generic
theory of gravity can have up to six polarizations, and there would typically be
additional GW memory effects associated with all such polarizations.) Other viable
theories of gravity such as the higher curvature theories [36] (e.g., dynamical Chern-
Simon gravity [258] and Einstein-dilaton-Gauss-Bonnet gravity [240,241]) and massive

scalar-tensor theories would also be useful to explore.



Chapter 6

Gravitational Wave Memories in
Brans-Dicke Theory in
Post-Newtonian Approximation

6.1 Introduction

In this chapter, we apply the results of chapter 5 to construct the GW memory
waveform from compact binary systems !. We will focus on the memory effects that
appear in the tensor polarizations of the GWs, because we can use the BMS flux
balance laws to construct nonlinear memory effects based on linearized (or nonlinear)
waveforms that do not include the memory effects. The procedure in Brans-Dicke
theory is closely analogous to that used in GR [154, 154, 157-162]. The two new
memory effects in the scalar polarizations of the GWs are related to shifts in the
scalar field and its time integral. It was recently shown in [420] that the scalar
memory effects are closely related to the large gauge symmetries of 2-form theory

that was shown in [421] to be dual to the scalar field theory. The symplectic flux

!This chapter is based on the following paper: Gravitational-wave memory effects in Brans-Dicke
theory: Waveforms and effects in the post-Newtonian approzimation; Tahura, Shammi; Nichols,
David A.; Yagi, Kent; arXiv:2107.02208(Submitted to Physical Review D)
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of the scalar field is linear in the field and in the large gauge transformation; as a
result, we cannot use the flux balance laws to construct a nonlinear memory of the
scalar waves as one can for the tensor waves via the BMS flux-balance laws (one
must instead solve the scalar field equation directly to determine the scalar memory
effect). Since our focus is on the application of the BMS balance laws in BD theory
to determine the GW memory effects, we will focus here on computing the tensor
memory effects in BD theory, which differ from those of GR due to the scalar dipole
radiation.

In BD theory, tensor GW memory effects are sourced by both the scalar and tensor
energy and angular momentum fluxes. Because solar-system experiments [209] and
pulsar observations [37,213| have constrained the amount of scalar radiation in BD
theory, we assume that the scalar radiation leads to energy and angular momentum
fluxes that are small compared to the leading quadrupole fluxes of tensor GWs in
GR. Note, however, that the scalar fluxes appear at a lower post-Newtonian (PN)
than the tensor fluxes do (see, e.g., [195] for a review of the post-Newtonian, as
well as the multipolar post-Minkowskian, expansion). For a fixed value of the small
(dimensionless) inverse coupling parameter in BD theory, there is thus a smallest PN
parameter at which our approximation of small scalar fluxes holds. To compute GW
memory effects in BD theory at Newtonian order, we will need to include higher-
PN-order terms (in the frequency evolution and Kepler’s law, for example) than we

would need to go to Newtonian order in the calculation in GR. In addition, we will
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also truncate our results at a finite, but smallest PN parameter, which is the smallest
value for which our approximation holds (unlike in GR, in which we can take the PN
parameter to zero).?

We computed our memory effects using the oscillatory waveforms computed in,
e.g., [179,180,399| after verifying that we can relate the waveforms computed in
harmonic coordinates in these references to our Bondi-Sachs quantities. The memory
effects that we compute in BD theory, have small terms (proportional to the small
BD parameter) that appear at a PN order less than the leading Newtonian order. We
can relate part of our results to a part of the waveform computed by Lang in [179,180]
using the direct integration of the relaxed Einstein equations for the scalar and tensor
waveforms up to 1.5PN and 2PN orders, respectively. Lang found no scalar GW
memory effects, but he computed a (hereditary) tensor GW memory effect formally
at 1.5PN order that arises from the flux of energy radiated in the scalar waves. Upon
integrating this 1.5PN term for compact-binary source in our approximation, this
term leads to a memory effect that depends logarithmically on the PN parameter
(this is analogous to how a formally 2.5PN order term in GR, when integrated for
compact binaries, leads to a Newtonian-order effect in the waveform [163,164]). If we

compare our result in the Bondi-Sachs framework with Lang’s harmonic-coordinate

2Note, of course, that we could also compute the memory effects from a PN parameter of zero
up to the small PN parameter at which the scalar and tensor fluxes have comparable magnitudes,
if we assume that the radiated fluxes are dominated by the scalar emission. This, in fact, is the
approximation used in [179,180], for example. However, because memory effects are most important
when the fluxes are large, this early-time (or small-PN-parameter) regime is not expected to produce
a significant GW memory effect, and we do not compute it in this chapter.
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expression, the two terms agree. The BMS flux balance laws are not as helpful for
verifying the absence of scalar memory effects through 1.5PN order.

Our BMS flux-balance approach allows us to compute the Newtonian-order ten-
sor waveforms—which have not been computed before, as far as we are aware—that
should appear if the work of Lang [179] were extended to 2.5PN order. We find that
because of the dipole emission, the Newtonian-order GW memory effects sourced by
the tensor GW energy flux has contributions from current quadrupole and mass oc-
topole and hexadecapole moments. These higher multipole moments produce GW
memory waveforms that have a different dependence on the inclination angle than
the tensor GW memory effect in GR at the equivalent PN order. The Newtonian GW
memory effect generated by the scalar field’s energy flux also has a different depen-
dence on inclination angle from that sourced by the tensor GWs. The inclination-angle
dependence of the GW memory effect has been shown to be something that can be
tested with second- and third-generation ground-based GW detectors [184].

The rest of the chapter is organized as follows. In Sec. 6.2, we present a few ele-
ments of BD theory in harmonic and Bondi coordinates. Section 6.3 lists the oscillia-
tory radiative mass and current multipole moments for a quasi-circular, nonspinning
compact-binary inspiral (Sec. 6.3.1); reviews the derivation of Kepler’s law, the evo-
lution of the orbital frequency, and the phase of GWs in BD theory at the necessary
PN orders in our approximation (Sec. 6.3.2); and presents scalar multipole moments

generated by an inspiraling quasi-circular, nonspinning compact binary (Sec. 6.3.3).
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In Sec. 6.4 we compute nonlinear displacement and spin GW memory waveforms in
BD theory from the BMS fluxes. We conclude in Sec. 6.5. We give additional re-
sults in two appendices where we show the coordinate transformations that relate the
Bondi coordinates to harmonic coordinates including relations between the metric
functions in two coordinates systems (Appendix K), and we argue that the ordinary
parts of the GW memory effects are subleading compared to null memory effects in
BD theory (Appendix L).

Throughout this chapter, we use units in which ¢ = 1, and we also set the asymp-
totic value of the gravitational constant in BD theory to 1. We use Greek indices
(u,v,...) to denote four-dimensional spacetime indices, and uppercase Latin indices
(A, B,C,...) for indices on the 2-sphere, and lowercase Latin indices (i, j, k, ...) for

the spatial indices in quasi-Cartesian harmonic coordinates.

6.2 Waveform in Harmonic and Bondi Coordinates

In this section, we discuss briefly the Bondi-Sachs framework [139, 140] and the
harmonic-gauge waveform in post-Newtonian theory, both of which we will use to
compute the GW memory waveform. Specifically, in Sec. 6.2.1, we discuss BD the-
ory in harmonic coordinates and decompose the GW strain into radiative multipole
moments. In Sec. 6.2.2, we present BD theory in the Bondi-Sachs framework and
relate the shear tensor in Bondi coordinates to the radiative mass and current multi-
pole moments found in harmonic coordinates. We also relate the scalar waveform in

Bondi coordinates to that of the harmonic coordinates.
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We require both coordinate systems and frameworks, because the GW memory
effects are straightforward to compute through the BMS balance laws in the Bondi
approach, but it is more challenging to relate the Bondi-Sachs framework to a specific
solution of a Cauchy initial-value problem. In the harmonic-gauge PN approach
the scalar and tensor GW waveforms already have been computed generally and
for specific compact-binary sources in, e.g., [179, 180]; however, the GW memory
effects are of a sufficiently high PN order in PN theory that they have not been
fully computed in Brans-Dicke theory. After relating the harmonic-gauge waveform
to the shear in the Bondi-Sachs framework, we can then determine the GW memory
waveforms using the balance laws (and thereby avoiding high PN-order calculations).

Throughout this chapter, we treat Brans-Dicke theory in the Jordan frame [166],

in which the action takes the form

WD ng (aﬂ)\) (al/)\)
1677 A

S:/d‘lx\/—_g{ o
167

(6.1)

Here g,,,, is the Jordan-frame metric, R is the Ricci scalar of g, A is a massless scalar
field with a nonminimal coupling to gravity, and wgp is a coupling constant called the
Brans-Dicke parameter. In this section and subsequent ones, we set the gravitational

constant at infinity to unity, i.e.,

4+ 2wy 1

Gn = —
07 3 2w Ao

1, (6.2)

where )¢ is the constant value that A approaches in the limit of infinite distances
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from an isolated source.

6.2.1 Waveform in harmonic coordinates

We will denote our quasi-Cartesian harmonic-gauge coordinates as X*, and we will
use the notation X° = ¢ for the time coordinate and X* (for i = 1, 2, 3) for the spatial
coordinates. We will denote the Euclidean distance from the origin at fixed ¢t by R =
\/m . The tensor GWs in Brans-Dicke theory are described by the transverse-
tracelesss (TT) components of the metric perturbation, iL;l;»T, and the scalar GWs are
encapsulated in the scalar field A. Both fields can be obtained from the metric at
order 1/R in an expansion in R, from the spatial components of the spacetime metric
gij- The metric is more conveniently written in terms of the metric perturbation ;Lij
and its trace h rather than the TT part. For extracting the GWs, we need only

the part of the spacetime metric that is linear in the fields A and Bij, which can be

obtained, e.g., from the results in [179] to be

~ 1~ A

The scalar GWs are present in the 1/R part of A\, which we expand as

_ =(a,y?) 1
A=+ =20 () (6.4)

We have written the scalar field in terms of & =t — R, the retarded time in harmonic

coordinates, and the angles y* = (1,¢). The angle ¢ is the polar angle and ¢ is
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the azimuthal angle of a spherical polar coordinate system.® We expand the TT
projection of fzij in terms of second-rank electric-parity and magnetic-parity tensor

spherical harmonics (ﬂ(je)’lm and Ti(jb)’lm, respectively; see, e.g., [422]) as [195]

7 1 ~ e),lm ~ b),Ilm
R = 2 U @I + Vi@ T (6.5)
I,m
The sum runs over integer values of [ and m with [ > 2 and —] < m < [. The
coefficients Uj,,, and V},,, are two sets of radiative multipole moments which are called

the mass and current moments, respectively. Because hiTjT is real, the mass and

current moments satisfy the following properties under complex conjugation:
Ulm = (_1)mUl,—m7 ‘_/lm = (_]-)mv;,—m . (66)

We use an overline to denote the complex conjugate.
We will also use the complex gravitational waveform h which is composed of the

plus and cross polarizations as follows:
h=hy—1ihy. (6.7)

We use the conventions for the polarization tensors e;; and e;; given in [164] or [423]

to construct the polarizations h, = hiTjTe;; and hy, = hﬁZTein. We expand h as in

3For compact binary sources, ¢ is the inclination angle between the orbital angular momentum
of the binary (assumed to be in the Z direction) and ¢ is the azimuthal angle as measured from the
X direction.
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terms of spin-weighted spherical harmonics Y, with spin weight s = —2:

h=" " hin(@)(_5Y i) (6.8)

For a non-spinning planar binary, the modes h;,, are related to the mass and current

multipole moments by [195]

1 .
—=Up, (I+mis even),
T = 4V (6.9)

—ﬁVlm (I +mis odd).
6.2.2 Waveform and metric in Bondi coordinates

We use (u,7,24) to denote Bondi coordinates. The coordinate u is the retarded time,

r is an areal radius, and z# are coordinates on a 2-sphere cross sections of constant

uw and r (where A =1, 2). We expand A as a series in 1/r as

A1 (u,xA) N Ao (u,xA)

AMu,r,2d) = Ao + +0(r ). (6.10)

The metric in Bondi gauge satisfies the conditions g, = 0, g,4 = 0, and the deter-
minant of the metric on the 2-sphere cross sections scaled by r=* is independent of r
(and u). We imposed a set of aysmptotic boundary conditions on the nonzero com-
ponents of the metric in Bondi gauge in [82] and postulated a Taylor series expansion
of the scalar field and metric on the 2-sphere cross sections in 1/r. This allowed us

to solve the field equations of Brans-Dicke theory to obtain the following solution for



Chapter 6. GW Memories in Brans-Dicke Theory in PN Approximation 183

the line element [82]:

N1 M 3.
ds? = — |1+ 22 —= (oM + 22+ 2225 ) | du?
s +)\0 T(M+/\o+2)\g 1)} U

1
—2 (1 — i) dudr + r? (QAB + —CAB) dr’dx®
r

)\07’
AN 1 1
+ {6FCAF - b + - {—4[;,4 + —CABﬁcCBC
0 T 3
1 1
- 3—%( MOPcap + capdPA — 705“3)] } dudz® +....  (6.11)

The ellipsis at the end of the equation indicates higher order terms in powers of 1/r
that we are neglecting (the terms are of order 1/r? except for the term proportional to
dz?dz®, which is of order unity, because of the r? term multiplying the expression).
In Eq. (6.11), we have introduced M and L4 which are (related to) functions of
integration in Brans-Dicke theory that are the analogues of the Bondi mass aspect
and angular momentum aspect in GR [82]. The two-dimension metric gap is the
unit-sphere metric and 84 is the covariant derivative compatible with g45. We will
raise and lower 2-sphere indices (such as A and B) with the metrics ¢*? and qup,
respectively. The overhead dot means a derivative with respect to the retarded time
u. The symmetric trace-free tensor c4p is called the shear tensor, and is related to
the GW strain. The time-derivative of c4p5 is a symmetric trace-free tensor known as
the news tensor:

Nap = Oucap - (6.12)

It is not constrained by the asymptotic field equations in Brans-Dicke theory, and it

contains information about the tensor GWs. If the news tensor vanishes it means the
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corresponding region of spacetime contains no GWs [148].

We will also expand c4p in spherical harmonics as

en = 3 (crmTB + o) 613

lym

The tensor spherical harmonics can be defined from the scalar spherical harmonics

(um _ 1 [2(1—2)! 2
qierim _ 2 2T 2 o5 8, — gapD?) Vi, 6.14
AB 2\ T+ 2)! (20405 — quDP?) Y (6.14a)

m 2(1 —2)!
Tay™ = ((l+—2)),60(,453)3cyzm, (6.14b)

or instead in terms of spin-weighted spherical harmonics and a complex null dyad on

the unit 2-sphere of m# and its complex conjugate m4 (see, e.g., [422]):

1

T = — (L Yiumamp + oYimmamsg) 6.15a
AB \/5( 2YimMmamp + 21 AMEp) ( )
(b),Im i o

Thg & =——=(2Yimmamp — oYimmamp) . (6.15b)

V2

The dyad is normalized such that mAm4 = 1.

6.2.3 Relation between Bondi- and harmonic-gauge quantities

We construct a coordinate transformation between harmonic and Bondi gauges in
App. K, at the first order beyond the Minkowski background in a series in 1/R. The
procedure used is similar to that recently outlined in [424], but it is adapted to Brans-
Dicke theory (rather than GR) and it is accurate only to the first nontrivial order in

1/R. This coordinate transformation leads to a simple relationships between c4p and
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T

i » first, and A; and Z, second:

cap(u, z) = RB;S-T(IS — R, yM0an‘0pn’ (6.16)

Mu,z?) = Z(t— R, y?). (6.17)

The spatial vector 7 is the unit vector pointing radially outward at fixed ¢ in harmonic
coordinates (i.e., in the direction of propagation for outgoing GWs). The full transfor-
mation between the spherical polar coordinates R and y# = (1, ¢) constructed from
the quasi-Cartesian harmonic coordinates and Bondi coordinates is given in App. K;
we list here the relevant leading-order parts of the transformation needed to relate u

tot— R, 7 to R, and 24 to y* in Eq. (6.16):

2M
u:t—R—-legRy+OUTU, (6.18a)
0
2 =yt +0(r?), r=R+O(R"), (6.18b)

where M; is a constant which we will later consider as the total mass of the system.
The second-rank tensor spherical harmonics on the unit 2-sphere in spherical and

Cartesian coordinates are related by the following transformation:

ielim _ Ti(jge),lmaAnz‘aan : (6.19a)

T = TP anidpnd . (6.19b)

Combining the expressions (6.5), (6.13), and (6.16), we find that the multipole mo-
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ments of the strain and shear are related by
Cle)im = Ulm7 Cb),lm = Vim ) (620)

as was given in [154] (though there the relationship was derived through a different
argument involving the Riemann tensor in linearized gravity). The relation (6.20)
allows us to express the multipole moments of the shear tensor in terms of multipole
moments of the harmonic-gauge TT strain tensor, once the difference between the

retarded times in harmonic and Bondi coordinates in Eq. (6.18a) is taken into account.
6.3 Post-Newtonian Radiative Multipole Moments

In this section, we compute expressions for the radiative multipole moments U,
and Vj,,, as well as the scalar multipole moments which we will define herein. We
obtain the moments for nonspinning, quasicircular binaries. We denote the total
mass by M; = my +msy (where m; and my are the individual masses), the symmetric
mass-ratio by n = myms /Mf, and orbital separation by r15. We also introduce the
parameters ¢ = 1/(2 + wgp) and z = (7M. f)*/3, where f is the GW frequency.
We will work in the approximation in which ¢ < x, which corresponds to assuming
that BD modifications to the waveforms and the dynamics are small corrections to
the corresponding quantities in GR. Given that the Shapiro delay measurement in
the solar system bounds the BD parameter to be wgp > 4 x 10* [209] (a similar
bound has been derived from the pulsar triple system PSR J0337-+1715 [213]), this

implies that our approximation is valid when z > 2.5 x 107°. In this work, we will
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compute GW memory waveforms at Newtonian order, and we keep BD terms that are
leading order in &; we then retain only the terms in the radiative multipole moments
at the appropriate powers of x and £ to obtain Newtonian-order-accurate memory
waveforms.

We will need radiative mass and current multipole moments at a higher PN order
than those required for computing OPN memory effects in GR. Specifically, in GR, one
only requires the mass quadrupole moment at 0PN or O(x) to obtain Newtonian-order
memory effects. In BD theory, we will need the BD correction to the mass quadrupole
moment. We will also need 1PN or O(2%?2) GR terms of the mass quadrupole mo-
ment since it can multiply —1PN terms present in GW phase or frequency evolution
to contribute to Newtonian-order memory effects. Other radiative multipole moments
that contain O(z*?) terms are also required, which include current quadrupole, mass
octupole, and mass hexadecapole moments. BD corrections to O(x%2) terms in ra-
diative multipole moments are not required, as Newtonian-order memory terms pro-
duced them would be higher order in £. As for scalar multipole moments, depending
on which combinations of moments can produce Newtonian-order memories, we will

need terms at O (xg/ 2) at most.

6.3.1 Radiative mass and current multipole moments

First, we present the real GW polarizations for [ = 2, m = 42 that is needed to
compute the radiative mass multipole moment Us;. For GWs generated by a quasi-

circular nonspinning compact binary, the plus and cross polarizations of the leading-



Chapter 6. GW Memories in Brans-Dicke Theory in PN Approximation 188

order quadrupolar GWs were computed in Ref. [87]. Specifically, they computed the
real GW polarizations from a superposition of [ = 2, m = 42 spin-weighted spherical

harmonic modes which are given by:

hfiQ) _ (1 _ g) Q2/3Ag§?+(37, 1) cos[g,(z)] (6.21a)
h(><2:tQ) _ <1 _ g) 92/3«45;232,)x (z,1) sin[g, ()], (6.21b)

The notation hfﬂ) and h(fﬁ) means the plus and cross polarizations associated with
only the | = 2, m = £2 modes of the waveform. The quantities Afflf? + and Agﬁfx
are the amplitudes of plus and cross polarizations in GR for the [ = 2, m = 42

modes (the amplitudes for the m = 4+2 modes are equal, which is why we drop the

superscript £). The modified gravitational constant in BD theory is denoted by
g =1- 5(81 + So — 25182) s (622)

where s, and sy are the sensitivities (see, e.g., [399]) of the binary components. Be-
cause we work to linear order in £ throughout this chapter, we find it convenient to
also write

G=1-9, with ¥ =¢&(s1+ 52— 25152), (6.23)

as we will linearize powers of G in £ (or equivalently ). The GW phase is denoted
¢p(x), and it differs from the phase of the [ = 2, m = £2 modes of the waveform in
GR; we give the expression for the phase in Eq. (6.37) below.

We now give an expression for Uss at 1PN and including the Newtonian-order
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Brans-Dicke correction linear in £&. The complex strain h (2:+2) h C£2) from Egs. (6.21a)
and (6.21b) is proportional to the sum of the Newtonian order moment U, [times
—9Y25(¢,0)| plus Us o [times _oY5 5(¢,0)]. One can then obtain the mode Uy by
performing the overlap integral of the complex strain with a spin weighted spherical
harmonic. This gives the Newtonian-order Us; mode in BD theory. However, we will
also need the 1PN corrections to the amplitude of Uy in the GR limit (we do not
need the BD terms linear in & at 1PN). We use the 1PN GR terms from the review
article [195]. Putting these two results together, we have the following expression for

UQQZ

on y £ 2 55n 107
— _ —y V) igp 1—-—2—— _ .24
Vo= =8/ gnliwe [( 2 3 )+(42 42) } (6.242)

The term proportional to x in the square bracket is the 1PN GR term taken from [195].

As we will explain in section 6.4, to compute the GW memory waveform at New-
tonian order, we need the radiative current quadrupole moment and a subset of the
radiative mass octopole and hexadecapole moments. To work to linear order in &,
we can use the GR amplitudes of the moments (though we use the BD phase). This

allows us to take the amplitudes from the expressions given, e.g., in the review [195]:

2 )
Vo = 21/ ;némx/ e~ ir/2 (6.24b)

Uy = 6\/3 ndm /2639012 (6.24c)

Vg = z—,/ Mml—?ﬂ)xe (6.24d)
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21 ,

Us; = —é %n&n x3/2e™i0/2 (6.24e)
8 .

Up = —@\/ 2 Myn(1 — 3n)z?e " | (6.24f)

We use the notation dm = (m; — my).

6.3.2 Kepler’s law, frequency evolution, and GW phase

Let us first give an expression for Kepler’s law, which we will need to compute the
scalar multipole moments and the frequency evolution. To obtain a Newtonian-order
accurate GW memory waveform, it is necessary to have an expression for Kepler’s
law at 1PN order. This higher order is needed, because when evaluating the integrals
involved in computing the GW memory effect, there are —1PN terms arising from
dipole radiation in the energy flux, which multiply 1PN terms in Kepler’s law that
give rise to Newtonian-order terms in the waveform. The two-body equations of
motion of non-spinning compact objects in Brans-Dicke theory has been computed in
Ref. [425]. For circular orbits, the relative acceleration is proportional to the orbital
frequency squared, 2, and the relative separation to 1PN order. Working to linear
order in &, the results of Eqgs. (1.4) and (1.5a) of [425] show that Kepler’s law in BD

theory (in this approximation) is

@ 1—54—%(1—2?4)(3—77)—%97 +0(€%). (6.25)

12 12 12

02 =

We have introduced the parameter

¥ =G (1 —251) (1 —2s9) , (6.26)
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in the equation above and G is defined in Eq. (6.22).

Let us next compute the evolution of the GW frequency, f. We again need a 1PN-
order-accurate expression, which turns out to contain many terms. Because we work
to linear order in &, the only 1PN terms that we need to obtain a Newtonian-order
expression for the GW memory waveforms are the 1PN GR terms in f (i.e., the 1PN
terms without £).* We can then write the expression for f = df /dt in the following

form:
f: f0+f1,GRa (6.27)

where fo is the BD expression to Newtonian order and linear order in &, and fLGR is
€ =0 (or GR) limit of the 1PN terms. We first compute f, using results from [425],
and then we add to it the terms f1,GR taken from [426]. To compute fo, we first use
the binding energy of a binary in BD theory from Eq. (6.14) of [425], which is valid

to 1PN order:

1 GM, 3 1 GM, _
Ey = —p? — (1 =3t + = 342 2
O T + gl =3+ op m( + 27+ n)v
1 VAN
+ ~u(1 —29) (—t> +0O(€2). (6.28)
2 T12

We linearized the expression in £ and we used p = nM; to denote the reduced mass.

We will next express the binding energy in terms of the PN parameter z; to do this

4The —1PN term that multiplies the 1PN term in this calculation is linear in &, which implies
that the BD modification to f at 1PN enters at higher order in £ in the GW memory waveforms.
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it is useful to have the expressions for M;/ri; and v? written in terms of z:

Mt . 1 . 1 _ 1 1 — 2 .3
o [1 + 3€4+ <1 3%) (1 37]) x+ 3971‘] +0(&°, z7), (6.29a)
v =T {1 - %g —(1-9) (1 — é’?) T — %gw} + O, 2°/%) (6.29b)

We can then substitute Eq. (6.29) into Eq. (6.28) to obtain

B,= ~Lpa {1 2y L (1 . gg) 9+ )z — ;gm} 1O aY).  (6:30)

The rate of change of energy radiated in GWs in BD theory through Newtonian

order is given by a —1PN term plus a Newtonian term. If we define
S = S1 — 89 (631)

and we make use of expressions (6.16) and (6.19) given in [425], then linearizing their

expression in &, we have

. 32 5¢S? 7 5 5

Eow = —n*2° | =>=—+1— -G+ —G7— —=£5*(3+2 o, 2% .  (6.32
aw = e’ |-+ 1= oG+ 507 - 65 (34 2n) | + 0(€5,2%) . (6.32)

Imposing energy balance E, = —Eow (the change in the binding energy is equal

to the energy radiated by the GWs) and using the chain rule to write f = (df /dE,)Ey,
we can write the Newtonian-order frequency derivative fy as a function of the PN

parameter x as

. G2
fo= 579%\%:5”/2 [1 +¢ (4518_m + ﬁ)] +0(&%), (6.33)
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where

5} 5 5 5
g _ _ > < v v 2 2
F = 5 6(31 + s9) + 144(51 + 1) s189 288(3 + ) (s] + s3) - (6.34)

Finally, including the GR frequency evolution at 1PN [426] to fo, we find

. 96nx't/? 552 743 11
_ 1 0 gy (Y . 6.35
/ B M2 N bris 336 21" (6.35)

We previously introduced a waveform phase variable ¢,, which we will now com-
pute explicitly. For computing the GW memory waveforms, we will again need an
expression for the GW phase through 1PN order; however, because we are working
to linear order in &, we will only need the terms without £ at 1PN order in the phase
(analogously to our calculation of f) The GW phase is typically obtained by inte-
grating the GW frequency with respect to time from some appropriate starting time.
For calculations of the GW memory waveform, it is more useful to write the phase
as a function of x = (7M,f)?/3; then by using the chain rule, we can write the time
integral of the frequency in terms of an integral with respect to the PN parameter x
as follows:

g 639

op(x) = 2m
where the frequency f and the derivatives f and df /dx are functions of z. We have

also introduced an initial PN parameter x; that should be greater than &, so that our

approximation of ¢ < z holds. From f in Eq. (6.35), the GW phase at the desired
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order can be computed as

1 2552 ) 1 743 11
() = 00 = ~ 5 {1 ~¢ (% 336x) 3 <“"‘ g ) (%*T’)}

+O(, 571,

(6.37)
We defined a constant ¢, the phase at coalescence, which is chosen such that the
phase at z; vanishes [i.e., ¢,(z;) = 0]. The terms in the second line of Eq. (6.37)
come from the product of a —1PN term multiplying a +1PN term, which produces a
Newtonian-order effect on the phase (specifically, this arises because of dipole radia-

tion in BD theory, which allows for —1PN order effects).

6.3.3 Scalar Multipole Moments

We will expand A; in terms of the scalar spherical harmonics and the corresponding

multipole moments Ay )
A=) MY (6.38)
lym

Specifically, we give expressions for the scalar moments \i(1 1), Ai2,2) and Ay(z1) in
terms of the PN parameter x, which we will then use to derive the tensor GW memory
effects sourced by the fluxes of the scalar field. These three moments are those needed
to compute the GW memory effects at Newtonian order. The relevant part of the

scalar field \; had been computed previously in [180,399], and we give the expression
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to 1PN order above the leading dipole radiation, and to linear order in &:

M .
A1 = nM A& { {—25 + Q—t <3F5—m + 1057;)} o’

12 M,
, M, . om
+T | (v;n)? — —(nn; 2} — (I'— +2nS
(v = S| - (07 4 209
) 7 M ) .
X {(vm’)‘% - ——t(vinZ)(nani)z]} : (6.39)
27119
Above we introduced the quantity

'=1- 2(777/182 + mgsl)/Mt R (640)

the unit vector n’ pointing radially outward in the direction of the GW’s propagation,
the unit separation vector n}, between the binary’s components, and the relative
velocity vector v* = vi — v} of the binary’s masses. In terms of ¢ and ¢ (the polar and
the azimuthal angles, respectively, in the center-of-mass frame of the binary) and the

GW phase ¢,, the two unit vectors and the relative velocity vector take the form

n' = (sincos @, sin¢sin @, cost) , (6.41a)
ny = {cos(g,(u) /2], sin[¢,(u) /2], 0}, (6.41b)
v = {—vsin[¢p,(u)/2], v cos|p,(u)/2],0} . (6.41c¢)

For the magnitude of the velocity, v, we need only the GR expression (zeroth-order

in £) at 1PN order in x, because \; is already linear in &:

v:ﬂ[l—%(?)—n)x}. (6.42)
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We wrote the phase as ¢,(u) [short for ¢,[z(u)], which is given in Eq. (6.37), to
emphasize its retarded time dependence. The multipole moments can be extracted

through the overlap integral

Al(im) = / E*QUNY, (L) (6.43)

Using Egs. (6.38)—(6.41) and Kepler’s law in Eq. (6.25), we find that the harmonic

components of \; can be written as

2 | 5
M) = — 2iy/ gxogth\/Ee—%/? {S _ L {urﬁm +S(15+ 3477)} } . (6.44a)

15 t
2T .
A1(22) = — 24/ B)\Ofantxe*mP ; (6.44b)
) 7 om ,
My =~ 191\ 57708 (FM + 27]5) nMx3/2e =100/ (6.44c)

Equations (6.24) and (6.44) are all the sets of radiative moments that we will need

to compute the GW memory effects in the next section.
6.4 Memory Effects

In this section, we compute the displacement and spin GW memory effects produced
by a quasi-circular compact-binary inspiral. The displacement and spin memory
effects are both constructed from the shear tensor c,p, and they have sky patterns
with different parities. It is then useful to first decompose the shear tensor into

electric- and magnetic-parity parts as follows:

1
CAB = 5(261463 — qABBQ)@ —I— Ec(AE§B)6C\If, (645)
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where D? = 3404 is the Laplacian on the unit 2-sphere. We compute the displacement
and spin GW memory effects using the BMS flux-charge balance laws that were
computed in Brans-Dicke theory in [82]. We focus on the nonlinear GW memory
effects and the null memory associated with the stress-energy tensor of the scalar
waves. These effects can be computed using low PN-order oscillatory waveforms and
the BMS balance laws, whereas if one were to try to compute them directly through
the relaxed Einstein equations in harmonic gauge, one would need to compute the
gravitational waveform at a higher PN order in BD theory than has been completed
thus far. We also argue that the ordinary parts of the GW memory effects are of a

higher PN order than the nonlinear and null parts in Appendix L.

6.4.1 Spherical harmonics and angular integrals

We will compute multipole moments of the GW memory effects, starting from the
oscillatory tensor and scalar waves expanded in terms of the multipole moments in
Eqgs. (6.24) and (6.44), respectively. Evaluating these multipole moments involves
computing angular integrals involving products of three spherical harmonics of differ-
ent types (scalar, vector, and tensor). We instead follow the strategy in, e.g., [152,154],
in which the vector and tensor harmonics are recast in terms of spin-weighted spher-
ical harmonics. The angular integrals then involve products of three spin-weighted
spherical harmonics (we use the conventions for the spherical harmonics in [154]).

We also use the notation for the integral of three spin-weighted spherical harmonics
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in [152]
Bl(sl, l/7 m/; S//, l//’ m//) =

/d2Q (s’Yz’m’)(s”%”m”)(S’Jrs”z(m’—&—m”)) 5 (646)

which can be written in terms of Clebsch-Gordan coefficients (denoted by (I, m/; 1", m”|l, m'+

m”)) as was shown, e.g., in [427] (though using the conventions of [154]):

2U+1)(20"+1)
4m(20 + 1)

Bl(s’, l/, m/; S”, l”, m//) _ (_1)l+l’+l”\/

x (U, s 1", 8", 8"+ "YU, m!; 1", m"|l,m" +m") . (6.47)

The multipolar expansion of the nonlinear memory effects in terms of the radiative
moments U, and V},, have the same form as in GR, which is given in [154|. However,
we will need to perform a new multipolar expansion of the null memory effects from
the stress-energy tensor of the scalar field. For this expansion, we will need the vector

spherical harmonics

1

T _ __ 5,Y,. 6.48a
A i+ ( )
(b),lm 1 B

T = ————— 450" Y}, . 6.48b
A I(1+1) A8 : ( )

In terms of the spin-weighted spherical harmonics and a complex dyad m* on the

unit 2-sphere, we can write the vector spherical harmonics as

1

T = (\Yima — Yima) 6.49a
A \/5( 1Yimma — 1Yimima) ( )
Ty a4+ 1Y) 6.49h
A \/5( 1Yimma + 1Yimima) ( )
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A A

where m4m 4 = m4m, = 0 and m?my = 1.

6.4.2 Displacement memory effects

Supermomentum conservation requires that the change in the “potential” © that
produces the electric part of the shear tensor, A©, must have its change between two

retarded times and satisfy the following relationship [82]:

/dQQaD2(D2 +2)A6 :/du d*Q o {NABNAB + %(@m)?}
1
+ 8/ d*Qa (AM — 4—/\0B2A)\1> . (6.50)

The supermomentum is conserved charge conjugate to a supertranslation BMS sym-
metry, and a(z4) is the function that parametrizes the supertranslation symmetry.
The first two terms inside the square brackets on the right-hand side of Eq. (6.50)
produce the null memory (i.e., the memory sourced by massless fields) and the first
term is the nonlinear (Christodoulou) memory. Both AM and D*A\; generate or-
dinary memory [82], but we argue in App. L that the ordinary memory is a higher
PN-order effect. We will then focus on only the null memory, and we will derive
separately the contributions of the tensor energy flux and the scalar energy flux. We

denote the nonlinear (tensor) part by AGT and the null part from the scalar field by

ABP; the full memory effect is then the sum of the two components:
AO = AOT + AGY. (6.51)

While AO is the quantity most straightforwardly constrained by supermomentum
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conservation, it is the change in the strain Ah that is the more commonly used
gravitational-wave observable. It is thus useful to relate the potential A® to the
strain. To do this, we will first introduce the following notation for just the electric

part of the change in the shear, Acyp:
Acap o) = %(26 405 — quPHAO. (6.52)
We expand A© in scalar spherical harmonics
AO =D A Y™ (1), (6.53)
I,m

where [ > 2 (and —I < m < 1), because the [ < 1 harmonics are in the kernel of
the operator 20,05 — qapD?. By substituting (6.53) into Eq. (6.52) and using the

definition of Tlg%’lm in Eq. (6.14a), we can relate AOy, to Ac(e)m via Eq. (6.13),

(1+2)!
Ac(e),lm = mA@lm . (654)

The above equation will be necessary when we construct the waveform from A©,,.

Specifically, we can compute the waveform by combining Egs. (6.9), (6.20), and (6.54)

in Eq. (6.8) to obtain

. 1 (1+2)!
(disp) __ 2 : Y
Ah = —\/5 ; _2(l 2)'A@lm -2 Im - (655)

We will denote the memory waveform ARY*P as a sum of the tensor-sourced, AP T,

and scalar-sourced Ah%PS constributions as follows:

ARdisp — ApdispT o A pdispS (6.56)
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We first compute AhYPT followed by AhdisPS,

6.4.2.1 Displacement memory effect sourced by the tensor energy flux

The contribution to A© from the tensor energy flux in Eq. (6.50) has the same form
as in GR,

uf
b*(b? +2)A0T = / dua(z¥)NapN4E (6.57)

but there is a subtlety related to the limits of integration (u; and uy) in the retarded-
time integral over u. Because we work in an approximation in which ¢ < x, the
lower limit u; must start at a PN parameter z; for which x; > £. This differs from
the corresponding convention in GR, in the limit u; — —oco is often taken. The
upper limit, us is a retarded time at which the corresponding PN parameter x¢, is
sufficiently large that the PN approximation (at the order at which we work) becomes
inaccurate.

The multipolar expansion of AGT proceeds exactly as in GR (and we note just a
few features of the calculation here; see [154] for further details). We can first replace
the function a(x¢) with the scalar spherical harmonic Yy, and then use Egs. (6.12),
(6.13), (6.15), and (6.53) and the form of the result for the moments AO} in terms

of the radiative moments Ulm and Vlm is the same as that derived in GR in [154]:

[—2)!
i TR A

"

AB}

1
2 !
U m m

uf . . . . . .
X / du [SE;E;,F,) (Ul’m’Ul”m” =+ V’m’ l”m”) + 223§;7([7/)Ul/m’ 'm! (658)

Us
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We however, introduced the coefficients
spl) =1 (— 1) (6.59)

that were used in [152| to make the notation more compact. As in [154], the sum
runs over [',]” > 2 and [ must be in the range |I' — I"| < 1 < |I' +1”| so that the
coefficients B;(—2,1',m';2,1",m") given in Eq. (6.47) are nonzero. One must also have
m = m’ +m” for the coefficients B;(—2,1',m';2,1"”, m") to be nonzero.

Because we focus on the leading GW memory effects in the non-oscillatory (m = 0)
part of the waveform, this will further restrict m’ and m” to have equal magnitudes
and opposite signs: m’ = —m/”. While the abstract expression for AG} in terms
of radiative multipole moments has exactly the same form as that in GR, the time-
derivatives of the radiative multipole moments Ul’m’ and V/m/ in BD theory differ
from the corresponding moments in GR. This leads to a number of order £ terms in
the expression for the GW memory effect that we will give below.

Next, we will summarize how we compute the memory waveforms, including which
radiative multipoles we need and at what PN-order accuracy we require these multi-
pole moments. For concreteness, let us first focus on products of the mass moments
Uy Uyt in Eq. (6.58). We perform the integral over u by using the chain rule to

recast the integral over u in terms of an integral over x

S d d
/duUl/m/Ulumu :/%Ul/m/%(]p/mui’dl', (660)

as was outlined in, e.g., [164] [the integrals for the other products of radiative moments
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in Eq. (6.58) are evaluated similarly|. In GR, the Newtonian-order memory waveform
can be calculated from just Uy, = Uss and Upry,r = Us o (and similarly Uy, = Us, 9
and Upryr = Uss), with Uy evaluated at Newtonian order, as well. In BD theory,
however, both & and % (the latter term coming from %Y= ) have contributions from
the dipole moments of the scalar field, and these effects enter at a —1PN order relative
to the GR result (and they are proportional to £). To obtain the full result at the
Newtonian order requires the 1PN contributions to Usy, & and dc%. Because the —1PN
terms of & and % are proportional to &, we only need the parts of the 1PN terms in
Uy, & and % that are independent of ¢ to compute AO} . Hence, the BD corrections
to the 1PN terms in Eqs. (6.24a), (6.35) and (6.37) were not given. The —1PN term
in & also requires that we compute the part of the GW memory waveform sourced by
products of the other radiative multipole moments in Eq. (6.24) (specifically Va1, Usy,
Uss, Uyo and their complex conjugates) to obtain a Newtonian-order-accurate result;
in GR, these moments all source higher PN corrections to the GW memory effect.
Considering the radiative multipoles described above, we can then compute the
GW memory moments AG} from Eq. (6.58). Because the memory is electric-type,

only even [ moments are nonvanishing. When written in terms of the relevant radiative

moments Uy, and V},,, the A@% are given by

1 5 [% . . P ..
AOy, = @\/;/ du <2|U22|2 — Vs |? + VTS [\/§U31V21 + V55U Vas

+V/ER [%Umb , (6.61a)
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AGT L /f 11|U 2= 2 o) — 7|0
= —-——---- u —_— —_ J— p—
324 22 . .
N \f R [U42U22] %[2\/5U221@2+5\/§%1U31} . (6.61b)
V7
AOL = — / du Uss|? + 15|Usy|* — 4V5R |UsaUss| ) 6.61c
b= g | (10 + 1510 Unln]) . (6610)

Next, we use Eqgs. (6.24a), (6.24b)—(6.24f), and (6.35)—(6.37) to perform the integral
over u and to write the moments in terms of z. With the identity (dm/M;)* = 1—4n,

we can write the moments as

2v/bm 4 552 x
T _ _ g 2f
ABOy, = 51 MnAx {1 3% N, In (fl?z)

1915 6657
N+ F+ 8| —+ — .62
f{ tFES (96768+ 1152)]}’ (6.622)
\/_ 4 5582 xZf
VT Azl — Zg — In (L
1890" 1= 37 T asAr T\
737045 1433951
—£ 11 2
5[ FFAS ( 709632 T 25344 )”

5MnS2% Az
AQL — _ 2000 oAt 197 o
Oo0 =~ \/ 13 Trssarags (530 F30120) (6.62c)

AOj, =

(6.62b)

We use the notation Az = xy — z;, where x; and x correspond to the PN parameter
x evaluated at an early time u; and a final time uy during the inspiral, respectively.
The terms outside the curly braces in Eq. (6.62) in the expressions for A©J, and
AO], are equal to the equivalent results in GR.

Finally, we will construct the displacement memory waveform from the A©; in

Eq. (6.62). To do this, it is helpful to have the expressions for the spin-weighted
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spherical harmonics

sin? ¢, (6.63a)

l\')|»—
EREe

1
—2}/2()([/7 90) - Z

3 /10

Yol p) = 1_6“ sin? (7 cos® 1 — 1), (6.63b)
1 /1365

oYeo(t, ) = 6 sin? 1(33 cos® t — 18 cos® 1 + 1). (6.63c)

Substituting Egs. (6.62) and (6.63) into Eq. (6.55), we obtain the displacement mem-
ory waveform due to the tensor energy flux in BD theory. We find the waveform only

contains the plus polarization, and at Newtonian order, it is given by

_ 1 Z
1SR 18Az ) §1+7)
81145 65465 20975 1075
o 2 o 2 o 2
&5 (73728 1843277) 65 (172032 2048”) cos L}

MmnS*¢Ax ., (783875 35575
4+ —————ssin — n
R 2064384 24576

sin? 4(17 + cos® 1) {1 - —% —

(6.64)

The expression in front of the square brackets on the first line of Eq. (6.64) is the same
as the Newtonian-order waveform for the memory effect in GR. The terms within
the square bracket highlight a number of corrections introduced into the memory
waveform amplitude in BD theory. These include effects related to the change in the
amplitude of the | = 2, m = £2 modes (the { and ¥ terms) and changes in the
frequency evolution (the .# term). In particular, there is a change in the scaling of
the memory with the PN parameter that is proportional to In(z;/x;), which arises
because of scalar dipole radiation. At the end of the first and on the second line

of Eq. (6.64) are a number of terms arising from 1PN-order products of multipole
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moments coupling to the —1PN term in the frequency evolution (or #); the terms on
the second line lead to a small (order ) difference to the sky pattern of the memory

effect between BD theory and GR.

6.4.2.2 Displacement memory effect sourced by the scalar energy flux

The displacement memory effect also has a contribution from the integral of the
energy density radiated through scalar radiation. Its effect can be computed from the

terms proportional to (9,A1)? in Eq. (6.50):

uf
b?*(D? +2)A0° = % / (Ou)1)?du . (6.65)

Expanding \; and A©S in scalar spherical harmonics as in Egs. (6.38) and (6.53),
respectively, we can determine the multipole moments A© ' in terms of the multipole
moments i) and the integrals of three spherical harmonics defined in Eq. (6.46).

The result is

u

f . .
du Ay (i M me) {6.66)

[ —2)16+ 4w
A S :( BD B / /. " ///
o, EIENE Z (0,1, m';0,1",m")

V! 1 Ui

where | > 2 and I',” > 1 (and m, m/, and m” must satisfy m-+m’+m” = 0). Because
A1 is proportional to &, one might be concerned that A® will be an O(£2) effect and
be negligible in our approximation. Note, however, that 3 + 2wy, = 2/¢ — 1, which
implies that A©®% is an O(€) effect, which means that the integrand can be one order

higher in £ and still produce an effect at linear order in &.

We will now discuss which scalar multipole moments contribute to the displace-
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ment memory waveform and the accuracies at which we need the different moments
to obtain a Newtonian-order accurate memory waveform at linear order in . The
1PN scalar multipole moments A;(,,,) that are computed from Eq. (6.39) are at least
O(&); thus, to linear order in £, we can treat 6 + 4wgp as 4/¢. We will evaluate the
integral over u in Eq. (6.66) by converting it to an integral over = (as was done in
Sec. 6.4.2.1), but unlike in Sec. 6.4.2.1 we need to keep only the GR contribution in

5

&, which scales as 2°. Similarly, when computing d¢,/dz, we again need to retain

just the GR contribution that goes as z~7/2. The scalar field has a radiative dipole

172 The leading-order part of the in-

moment, which from Eq. (6.44a), goes as x~
tegrand (proportional to /.\1(11)/.\1(17_1)) scales as 1/z rather than O(z") as in GR; in
this sense, the integrand is a —1PN order.® This product of dipole terms will also
contribute to the waveform at 0PN order because of the O(z?) terms in Aj1); see
Eq. (6.44a). To work to linear order in £, we do not need to go to a higher PN order
for Aj(11). Similar arguments show that the remaining scalar moments in Eq. (6.44)
(namely, Aj(22) and Ay(31)) are the ones that are needed to compute Newtonian-order

accurate moments of AO3.

We then first list the integrals of the relevant moments A;(;,,) that contribute to

®Note, however, when the integrand is integrated, it will again give rise to a logarithm in z rather
than being proportional to z, as in GR. We will refer to this effect sometimes as a —1PN term, since
it comes from such an effect in the integrand, and since log terms do not enter into the PN order
counting of a term.
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the scalar-sourced part of the tensor memory at Newtonian order:

AOS = /d(m 2 4 10[ Ao |? — 6V1AR [ A\ )
20 — 42\/§)\f U |111| |122)| [1(11 1(31)}

(6.67a)

AOY = 630\/—)\ f/ du(|)\1(22 2 — 2v/14R [)\1 11) )\1 31 ] ) : (6.67b)

As we did with the the memory sourced by the tensor energy flux, we first substitute
the expressions for the scalar moments in Eq. (6.44) into Eq. (6.67) and evaluate the

integrals in terms of z by using Eqs. (6.35)—(6.37). This gives the following results

ne, = MV Lo (1) e [P Bt g (11T

144 x; 7 14 M, 336 84
(6.68a)
Mné/T m
AOS, = LBV (/12 P 4 962 . .68b
O = >t (8 A 25 (6.68b)

We then substitute the equations into Eq. (6.55) and with the expressions for the
spin-weighted spherical harmonics in Eq. (6.63), we arrive at the following equation

for the displacement memory waveform sourced by the scalar energy flux:

is 577Mtf ) om
ARISPS) _ 21n Az |82 - 33 gpom
+ ToaR S0y S P e 205 M,

11 1
452 (% — 6—0377> ~ 50 (8F2 — SF(]SW — 252 ) Ccos L:| } . (6.69)
t

There are terms in Eq. (7.2e) of [179] which, after performing the integration over time
in our approximation, produce a —1PN term in the waveform; this term agrees with

the first line of Eq. (6.69). The Newtonian-order terms require going to a higher PN
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order than was computed in [179], but the BMS balance laws allow us to determine
this expressions.

Because the total GW memory AhYP is a sum of the scalar and tensor contri-
butions, as given in Eq. (6.56), then the scalar-sourced contribution will produce an
additional correction to the amplitude and the sky pattern beyond the corrections

given in Eq. (6.64) for the tensor-sourced part of the memory effect.

6.4.3 Spin GW memory effect

The spin memory effect is a lasting offset in the time integral of the magnetic part of
the shear tensor. It can be constrained through the evolution equation for the Bondi
angular momentum aspect, or equivalently the magnetic part of the flux of the super
Lorentz charges. To compute the spin memory effect, it is helpful to denote the time
integral of the potential W, which gives rise to the magnetic part of c4p in Eq. (6.45),
as AX:

AY = / Tdu. (6.70)

We leave off the limits of integration for convenience here, though we will restore these
limits below when we compute the spin memory in the PN limit. The generalized
BMS balance law for the super angular momentum was given in [82|, and analogously
to the computation in GR (see, e.g., [153]), a term involving Eq. (6.70) was needed
to ensure the balance law was satisfied and the charge was constructed from fields

defined locally in time on a cut of constant Bondi coordinate u. The form of the
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balance law can be written as follows:

4
/dm YD*(D? + 2)AY = —6/\—7T (AQq) +AT)) (6.71a)
0

where Y4 = ¢4B0py is a smooth, magnetic-parity vector field on the 2-sphere and

where we have defined

A
Adw) = 64(; du d*Q e*PBpy {6A(CBCNBC> +2NP“8 gcpe — 405(cac NPC)
4 6
Hop 10 5 MM — MBadA) | (6.71b)
(Ao)?
A )\0 2 AD A 1 A B B
Q(’Y) — g d Qe 6D’7 —3 LA — 4—>\0 (CABE§ )\1 — )\16 CAB) . (6710)

The net flux is denoted by AJ(,, the change in the charges is denoted by AQ(,),
and the left-hand side of Eq. (6.71a) (which is related to the spin memory effect)
is the additional term required for the balance law to be satisfied. Analogously to
the displacement memory, the contribution of AQ(,) to Eq. (6.71a) is referred to as
ordinary spin memory, and A.J(,y is the null spin memory (which contains a nonlinear
part). We will focus on the null contribution to Eq. (6.71a) here, as we argue in
App. L that the ordinary contribution to the spin memory is likely to be a higher PN
effect than the null memory is.

As we did with the change in A© related to the displacement memory effect, we

will split AY into a sum of its contributions from the the tensor- and scalar-sourced
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parts of the angular momentum flux. We denote these two contributions by
AY = AXT + AYS. (6.72)

We compute these two contributions separately below.

In addition, while the spin-weight-zero quantity A is the most convenient quan-
tity to compute from the balance law (6.71a), the shear c4p or strain h are the more
commonly used quantities in gravitational waveform modeling and data analysis. We
thus relate AY to a time integral of the shear; specifically, we denote the change in

the time integral of the magnetic-parity part of the shear tensor by

/CABy(b)du = EC(AE}B)E}CAZ. (673)

Expanding AY in terms of scalar spherical harmonics

AL =D ALY (1) (6.74)

Iym
(with { > 2 and —I < m < [), then we can relate the multipole moments A,
to the time integrals of the radiative current moments Vj,, via Eqgs. (6.73), (6.14b),

and (6.13). The result is that

[t
/ Vindu = | 3 AS . (6.75)

Equation (6.75) allows us to compute the time integral of the strain from AY,,.
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6.4.3.1 Spin memory effect sourced by the tensor angular momentum
flux

The null part of the spin memory effect in Egs. (6.71a) and (6.71b), that is sourced

by the tensor GWs can be computed from the following expression:

uf
/ d*Qyb*(P? +2)AXT = / du d*Q e*Papy [m(cBCNBC)

+2NBCF)ACBC - 463(0140]\730)} . (676)

It has the same form as the analogous expression in GR. It can then be recast into
the same form as in Eq. (3.23) of [153] by using the identities in Appendix C of [153].
This expression was then the starting point for the multipolar expansion of the spin
memory effect given in [154]. We reproduce the result from [154] below; however, we
first introduce, in addition to sé}fff,) in Eq. (6.59), the following coefficient (defined

in [152]) to make the expression more concise:

C%’m/;l”’m” = 3\/([’ — 1) (l, + 2)8[ (—1, l/, m/; 27 l”, m//) +

V=2 1 3B (~2,1m': 3,1 m") (6.77)

The expression for the moments AY;,, can then be derived through a lengthy calcu-

lation outlined in [154], and the result is given by

r_ 1 (=2
Him = ((+1)(1+2)

X E Cl’ rn /// ZSZ/ l” <Ul’m’Ul”m” — Ul’m’Ul” 7 + v’m’v”m”

l/ l//
m/ m
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Vi l”m”) Sl/ N <Ul’ Vit 4 Vit Ut — Uty Vit — Vl'm’Ul"m”ﬂ :

(6.78)

To compute the spin memory effect to Newtonian order, we need precisely the same
set of radiative multipole moments U, and V},, that were used to compute the dis-
placement memory effect in Sec. 6.4.2.1. We then compute the spin memory effect
following the same procedure in Sec. 6.4.2.1 by first writing the needed moments of

AY,, in terms of integrals of the relevant radiative moments U, and Vj,,:

AST — 9UU—2VV> 7((?U—(7U)
30 720\/% { 22U 22 21 V21 31V 31 33V 33

+11v5 ((722[]42 + (742U22)] + R [5@ (‘732(]22 - (722‘/32>

T /- K
—5\/; <V21U31 - U31V21) } ; (6.79a)

- 38 - -
AYY = / U Uss 4 5U31Us;y | — —= ( UxeUsa + UgoU. }
50 — 5040\/m { 33V 33 31 31) \/5 < 22V 42 42 22>

7 =~ - -
\/j U22V32 V32U22> +2V14 <V21U31 — U31V21>
(6.79b)

As in Sec. 6.4.2.1, we then use Eqs. (6.24a), (6.24b)—(6.24f), and (6.35)—(6.37) to
evaluate the integrals in Egs. (6.79a)-(6.79b) and to write the expression for the
moments A3y and AX5y in terms of x. Unlike in Sec. 6.4.2.1, the integrand does
not depend on &, when written as an integral over x, because there is only one time

derivative of the radiative multipole moments. The result of this integration is given
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by

T _ Z”Mf _&SQ —3/2 —1/2 _il
Azso_\f?m{ S A+ AT 1 g

5(47796n + 5003)5%¢
d+2)%+ 435456 ! (6.80a)
MQfSQ
AZT = — 1777:— 21 _411 A _1/2 ‘ b
0 = =\ 11 12102768 2088 — AHTATT), (6.80b)

where we have defined A(zx71/2) = x;1/2 — 2;'/* and similarly for A(z~%/2).
In GR, the only term that appears in the Newtonian-order spin-memory waveform
is A(z7'/2) times the coefficient outside the curly braces in Eq (6.79a). The remaining
terms in AX39 and the entire expression for AY5y appear in the BD-theory waveform
at Newtonian order because of the —1 PN term in d¢,/dz.
Finally, we construct the time-integrated strain from the moments A¥;o in Eqgs. (6.80a)—

(6.80b). Using Egs. (6.8), (6.9), (6.20), and (6.75), we can write the relation between

the time integral of A and a general AY},, as

. —i (1+2)!
P fyy = — ——LAY Yim . 81
| e 5\ gidTin 2 m (681)

Because the modes AYo that produce the time-integrated strain AP in Eq. (6.80a)
and (6.80b) are real, then from Eq. (6.7) it follows that the spin memory enters in
the cross mode polarization of gravitational waves (as it does in GR [154]). Finally
substituting Eqs. (6.80a)—(6.80b) into (6.81), and using the expressions for the spin-

weighted spherical harmonics

1 /105
oY30(L, ) =1\ / o sin® s cos e, (6.82a)
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1 /1155

_9Ys =—
2 50(%%0) 3 o

sin ¢ cos (3 cos? 1 — 1), (6.82b)

we obtain for the time-integrated strain

uf . M2 2 4
/ duhSPm™T) = S, sin? ¢ cos ¢ {—%A(@«W?) + [1 — 5% — 14+ F)¢

g (336577+ 1915 )} A1)

6912 27648

20585 1285 .
57 (580608 N 6912") A7) cos’ L} '

(6.83)

The expression for the u integral of h"™") is written such that the angular de-
pendence and coefficient 3nM?/(8R) outside of the curly braces coincides with the
expression in GR at Newtonian order. With the curly braces there are several sorts
of terms: (i) the first term proportional to A(z7%/2) is a —1PN term arising from the
dipole term in the phase, but which have the same angular dependence as the spin
memory effect in GR; (ii) the terms in the square bracket (aside from the factor of
unity that reproduces the GR expression for the spin memory) are small BD correc-
tions (proportional to £) that modify the amplitude of the waveform without changing
its = or ¢+ dependence; (iii) the final terms on the second line are those which have

the same x dependence, but a different angular dependence from the GR expression

(and are again proportional to §).
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6.4.3.2 Spin memory effect sourced by the scalar angular momentum flux

The angular momentum flux per solid angle sourced by the scalar radiation produces
a second contribution to the spin memory effect. Its contribution can be obtained

from the scalar field terms in the balance law in Eq. (6.71a), which are given by

4 uf . .
/Q%MB%B?+QAES:—§%TSE/‘d%Mm“%gﬂMaml—A@AMy
0 U

(6.84)
The multipolar expansion of AY can be obtained by assuming 7 is equal to the
spherical harmonic Y},,,, and then using the multipolar expansion of \; in Eq. (6.38).
After relating the gradients and curls of spherical harmonics in this expansion to
the electric- and magnetic-parity vector harmonics in Eqgs. (6.48a)—(6.48b) and then
employing the relationship between these vector harmonics and the spin-weighted
spherical harmonics in Eqgs. (6.49a)—(6.49b), we can derive the moments AY,, in
terms of moments Ay(n) (and their time derivatives and complex conjugates) and
the coefficients B;(s',',m'; s”, 1", m"”) given in Eq. (6.46). The resulting expression is

given below:

S i<2wBD + 3) (l - 2)‘ 1,(-) / / " "
= S S DB, 1 1,0 m
l )\3 l(l—|—1) (l+2)' ;5 ( ) l( )

Sl ! I !
U'm/l"m

up .
></ du(Aem)y M @rmny — A@mny Arerme) - (6.85)

The coefficient 55}517,) is defined in Eq. (6.59).

The moments of A, that contribute to the Newtonian-order spin memory effect
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are the same moments needed to compute the scalar-sourced displacement memory
effect in Sec. 6.4.2.2. The only nonvanishing moment of AY. at this order then is

AY39, and to linear order in £ it is given by

1 = .

ASS) = du 'S | XA \[(A Nt — Aur ) .
30 305()\0 /—77T/ U\S{ 1(22)A1(22) 5 \NManALED 1(11)A1(31)

(6.86)

We can then use the expressions for the moments in Eq. (6.44) to evaluate the integrals
and write them in terms of = (analogously to what was done for the tensor-sourced

part of the spin memory effect), and we find it is given by

M2¢ om
AYS VMg (2 S?24+TS5— — 8F2) A (27V?) 6.87
07 raagy7 7 M, ™) (057

It is then straightforward to use Eq. (6.81) to write the retarded-time integral of the

spin memory waveform generated by scalar angular momentum flux as

2
/ duh "™ = 384t£ (2 SQ+F5 S 8F2)A(a:‘1/2)sin2LCOSL- (6.88)

The full retarded-time integral of the spin memory waveform hEP™) = p(PinS) 4 p(epin)

then has an additional small correction linear in £ to the GR expression that changes

the amplitude but does not alter the x or « dependence of the effect.
6.5 Conclusions

In this chapter, we computed the displacement and spin GW memory effects gener-

ated by nonprecessing, quasi-circular binaries in BD theory. We worked in the PN
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approximation, and the expression we computed are accurate to leading Newtonian
order in the PN parameter x, and they include the leading-order corrections in the
BD parameter £. Our calculations relied upon using the BMS balance laws associated
with the asymptotic symmetries in BD theory (which are the same as in GR) com-
puted recently. These balance laws permit us to determine the tensor memory effects,
but the scalar GW memory effects associated with the breathing polarization are not
constrained through these balance laws. We further focused on null contributions to
the tensor memory effects, because we estimated that the ordinary (linear) memory
effects (which are functions of both gravitational and scalar data) would contribute
to the memory effects at a higher PN order than the null (including the nonlinear)
memory effects.

Using the BMS balance laws has an advantage that it can determine the mem-
ory effects to a higher PN order than the direct integration of the relaxed Einstein
equations in harmonic gauge. This allowed us to compute the memory effects at a
higher PN order than had been previously computed. However, the balance laws take
as input radiative and nonradiative data at large Bondi radius and this data must
be obtained through some other method. Specifically, in the context of this chapter
in PN theory, we needed to take as input the scalar and tensor gravitational waves
computed in harmonic gauge in BD theory in [180]. This required us to compute a
coordinate transformation between harmonic and Bondi gauges at leading order in

the inverse distance to the source, so that we could relate the radiative GW data in



Chapter 6. GW Memories in Brans-Dicke Theory in PN Approximation 219

these two different coordinate choices (and formalisms). There were relatively simple
transformations that allowed us to relate the Bondi shear tensor to the transverse-
traceless components of GW strain, and these relations were particularly simple when
expressed in terms of the radiative multipole moments of the shear and strain tensors.
There were similar expressions relating the scalar field at leading order in inverse dis-
tance in the two coordinate systems and the corresponding multipole moments of the
scalar field. With these relationships between the multipolar expansions of the scalar
field and the shear tensor in harmonic and Bondi gauges, we could then use the BMS
balance laws to compute the GW memory effects.

The tensor GW memory effects in BD theory have several noteworthy differences
from the corresponding effects in GR at the equivalent PN order. First, because
of scalar dipole radiation in BD theory, there are relative —1PN-order terms in the
memory effects in BD theory. The —1PN term in the displacement memory wave-
form comes from two sources in the supermomentum balance law: (i) directly from
the energy flux of scalar radiation and (ii) indirectly from the energy flux in tensor
radiation (specifically through dipole contributions to the frequency evolution and the
GW phase). The spin memory waveform, however, has a relative —1PN correction
from GR arising from only the energy flux of the tensor waves (the scalar-sourced
part of the energy flux gives rise to a contribution at the same leading order as in GR,
and it comes from products of dipole and octupole moments, as well as quadrupole

moments with themselves). The absence and presence of the —1PN term, respec-
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tively, in the spin and displacement memory effects arises because of the different
lowest multipole term in the sky pattern of the effects: the spin memory effect begins
with the [ = 3, m = 0 mode, whereas the displacement memory has an [ =2, m =0
mode.

A second noteworthy feature is that the computation of Newtonian-order memory
effects in BD theory requires radiative multipole moments of the strain at higher PN
orders than are required in GR (in which the leading-order effects can be computed
from just the | = 2, m = 2 radiative mass quadrupole moment and its complex
conjugate). Because there are —1PN terms in the GW phase and the evolution of
the GW frequency, computing the Newtonian GW memory effects requires higher-
PN-order radiative multipole moments (including the current quadrupole, the mass
and current octupoles, and the mass hexadecapole). These higher-order mass and
current multipole moments also give rise to a sky pattern of the GW memory effect
in BD theory that differs from the sky pattern of the effect in GR. In addition, the
presence of dipole radiation required using that to compute the memory effects to
Newtonian order, for which we needed to include 1PN corrections to the GW phase
and frequency time derivative in BD theory (though we only required the GR limit
of these 1PN corrections when working to linear order in the BD parameter ¢).

Finally, let us conclude by commenting on potential applications of the calcula-
tions of GW memory effects given in this chapter. Because the calculations herein

have shown that the memory effect in BD theory differs from that in GR, it is natural



Chapter 6. GW Memories in Brans-Dicke Theory in PN Approximation 221

to ask if these differences could be detected. Given the challenges of detecting the
memory effect in GR with LIGO and Virgo [134,135,428| and the fact that the PN
corrections are small, it would be more natural to consider whether next-generation
gravitational-wave detectors—such as the space-based detector LISA [181] or ground-
based detectors like the Einstein Telescope or Cosmic Explorer [182,183]—could con-
strain BD theory through a measurement of the GW memory effect. The constraints
could come from searching for differences in the leading-order amplitude of the effect,
in the time dependence of the accumulation of the memory effect (through the dif-
ferent dependence on the PN parameter z), or in the sky pattern of memory effects
in BD theory (the latter being similar to the hypothesis test described in [184]). Be-
cause memory effects accumulate most rapidly during the merger of compact binaries,
having waveforms that go beyond the PN approximation and include the merger and

ringdown would be important for producing the most accurate constraints.
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Appendix A

Original PPE Formalism

In this appendix, we review the original PPE formalism. In particular, we will show
how the amplitude and phase corrections depend on conservative and dissipative
corrections, where the former are corrections to the effective potential of a binary
while the latter are those to the GW luminosity. We will mostly follow the analysis
in [87].

First, let us introduce conservative corrections. We modify the reduced effective

potential of a binary as

M, L? M, p
Vig= | —— z 1+Al— , Al
! ( T12 +2N27"%2) { - (7“12) (A1)

where L, is the z-component of the angular momentum. A and p show the magnitude

and exponent of the non-GR correction term respectively. Such a modification to the
effective potential also modifies Kepler’s law. Taking the radial derivative of Vg in

Eq. (A.1) and equating it to zero gives modified Kepler’s law as

M 1 M\?
2 _ Mt - ¢
0° = =, {1—1— 2Ap (7‘12> } . (A.2)
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The above equation further gives the orbital separation as
GR 1 —2 2p
r2 =Ty |1+ EAPTI R (A.3)

where to leading PN order, r$F is given by Kepler’s law as 7S = (M, /Q?)'/3. For a
circular orbit, radial kinetic energy does not exist and the effective potential energy
is same as the binding energy of the binary. Using Eq. (A.3) in Eq. (A.1) and keeping

only to leading order in non-GR corrections, the binding energy becomes
__1 —-2/5, 2 _1 _ —2 2
E=—gn ™ u 1= gA@2p =5~ u™ . (A.4)

Next, let us introduce dissipative corrections. Such corrections to the GW lumi-
nosity can be parameterized by
B=Bu|14+8 (%H , (A5)
712
where Egp, is the GR luminosity which is proportional to v (M /r12)* withv =715 Q =
(m M, f)'/3 representing the relative velocity of binary components!.
Let us now derive the amplitude corrections. First, using Eqgs. (A.4) and (A.5)

and applying the chain rule, the GW frequency evolution is given by

jodrdE
~ dE dt
. 2q 1 2p
= far |1+ By 5 u* + §A(2p2 —2p =3 s U, (A.6)

where for is given by Eq. (2.6). Next, using Eqs. (A.3) and (A.6) to Eq. (2.9) and

1 we assume Egg to be proportional to 74, Q6 which directly follows from the quadrupole formula
without using Kepler’s law, we will find slightly different expressions for f and the waveform [87]
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keeping only to leading order in non-GR corrections, the GW amplitude in Fourier

domain becomes
1
A(f) =Agr |1 — = 5 u* — 514(2192 —4p—3)n S u?| . (A7)

Next, we move onto deriving phase corrections. One can derive the GW phase
in Fourier domain by integrating Eq. (2.18) twice. Equivalently, one can use the

following expression

™

Z (A.8)

Wy (f) = 2mft(f) — ¢u(f) —

where t(f) gives the relation between time and frequency and can be obtained by

integrating (A.6) as

df
it SMep, %A(2p2 —2p—3) 2o
256u5 | 37 (p—4)
4 29
t—g Bn—w?q} , (A.9)

with t( representing the time of coalescence and keeping only the Newtonian term and
leading order non-GR corrections. On the other hand, ¢,(f) in Eq. (A.8) corresponds

to the GW phase in time domain and can be calculated from Eq. (A.6) as

o5 = [ 2msat= | %df

2 _ _
by 1 5 (2p* —2p-3) -2 o
T 16w 3 (2p — 5)
5 2q
Bn~ 5y A.10
tog sl ] (A.10)
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with ¢, o representing the coalescence phase. Using Egs. (A.9) and (A.10) into (A.8)
and writing U, (f) as Ugr(f) + 0V, (f), non-GR modifications to the phase can be

found as

—_°B TR (A.11)

with Wqp to leading PN order is given by [192]

T 3
Uop = 2 — R T A.12
GR Tfto — Ppo 1 + 128@ ( )

We can easily rewrite the above expressions using v, and ¢,. Comparing Eq. (A.3)

with Eq. (2.4), we find

. 1277’ fr Cr

_—— A13
AR Ak (A.13)

A

Using this, we can rewrite the GW amplitude in Eq. (A.7) as
AF) = Ao |1 — 232t = I0(2 — e, — 6)ur| . (A.14)

Similarly, one can rewrite the correction to the GW phase in Eq. (A.11) as

157 2—2c,—6 _
5\11 _ - T cr—>5
)= BB
15 1 2q
— —B N B ule A.15
R U= G- (A19)

On the other hand, rewriting the above expressions further in terms of v; and ¢;

is not so trivial in general since corrections to the frequency evolution in Eq. (A.6)
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involves two independent terms instead of one.



Appendix B

Frequency Evolution From Energy
Balance Law

In this appendix, we show an alternative approach to find f in varying-G theories
in Eq. (2.59) by correcting and applying the energy balance law used in Ref. [177].
We begin by considering the total energy of a binary given by E = —(GeouMy)/2r5.
In order to calculate the leading order correction to the frequency evolution due to
the time-varying gravitational constants, we use Kepler’s law to rewrite the binding

energy as

1
E(f,Go,my,mg) = —Eﬂ(GoMtQ)w, (B.1)

where 2 = 7 f is the orbital angular frequency. Taking a time derivative of the above
expression and using Eqgs. (2.48)—(2.50) in Eq. (B.1), the rate of change of the binding

energy becomes

dF w2/3
dt 6f1/3G10/3M;1/3

[—3chMt(m1,om2 + mlmQ,O)

—2M(Gef + fGe) + MEfGonM;| . (B.2)
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We can use the following energy balance argument to derive f . In GR, the time
variation in the binding energy is balanced with the GW luminosity Eqyw emitted

from the system given by

. 1 e 1 ... 39
B = 560 ( 3,0, ~ 3@l ) = Trtionie?. (83)

In varying-G theories, there is an additional contribution E, due to variations in
GG, masses, and the specific angular momentum. Namely, the binding energy is not
conserved even in the absence of GW emission and the energy balance law is modified

as

dE

To estimate such an additional contribution, we rewrite the binding energy in terms

of the specific angular momentum as

G2, M?
E(G07m17m27j) :_Lﬁ (B5)
2J
Taking the time variation of this leads to
. oF . oF oF oFE .
Ee=—j j ; —G B.6
¢ =55 Jo + 8m1m1’0 + 8m2m2’0 + G co, (B.6)

where jj is given by Eq. (2.54) and originates purely from the variation of G¢ (i.e. no
GW emission).

We are now in a position to derive the frequency evolution. Using Egs. (B.3), (B.5)
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and (B.6) in Eq. (B.4), one finds

dE 32 10/3 £10/3,.2 ~4/3 10/3 5G20773/5Mt
- — GA"GpM 14+ —=—
a5 mGe oMyl — e
M,y  1hig mM2,0 Jo Gco _s
: : — 2— 2—— B.7
X ( Mt + my + M + GC u 3 ( )

where u = (TG M., f)1/3. Substituting this further into Eq. (B.2) and solving for f,

one finds the frequency evolution as

96

f 8/3G2/3G M5/3f11/3{ 5 Ge
5

%G—GC 07]3/5 [2Mt

—5(m1,981,0 + Ma,0820)Ju "} | (B.8)

in agreement with Eq. (2.59).

Along with the constancy of masses, the second term in Eq. (B.4) was also missing
in [177]. Consequently, our PPE parameters in Eqgs. (2.64) and (2.66) do not agree
with Ref. [177] even when we take the limit of no time variation in masses. Difference
in [ is smaller than 20% while o, differs by a factor of 7. Despite the discrepancy,
we expect the projected bounds on G/Gy calculated in Ref. [177] to be qualitatively
correct. This is because a matched filtering analysis is more sensitive to phase cor-
rections than to amplitude ones, where the difference between our results and [177]

is small.



Appendix C

Bounds on PPE parameters:
PhenomB and PhenomD Waveforms

Even though the PhenomD waveform produces more accurate results, we utilized
the PhenomB one in this paper throughout because the latter is simpler and saves
computational time when performing Monte Carlo simulations. In this appendix, we
compare constraints on the PPE parameter appy from both waveforms to justify our
method.

Let us discuss the distinct features of the two waveforms first. Both PhenomB and
PhenomD waveforms are spin-aligned (non-precessing) frequency-domain phenomeno-
logical models of gravitational waveforms [342,429|. The PhenomB waveform is cal-
ibrated for mass ratios up to m;/my = 4 and spin components of x; € [—0.85,0.85]
are unified into a single effective spin. On the other hand, the PhenomD waveform
covers a larger region of the parameter space with mass ratios upto 18 and spins of
Xi € [—0.95,0.95], with both spins introduced independently. The waveform contains

a much higher order in PN terms in the inspiral than the PhenomB waveform and fur-
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ther introduces an intermediate phase connecting the inspiral and merger-ringdown

portions, which make such waveforms more reliable than the PhenomB ones.

107 PhenomD B
100 & PhenomB —

Figure C.1: Comparison of 90% confidence constraints on appy from GW1501914
with the PhenomB and PhenomD waveforms for generation effects.

We now estimate the constraints on the PPE amplitude modification from the two
waveforms. Since modifications to propagation mechanisms used for massive gravity
in Sec. 3.3.1 do not give rise to amplitude corrections, we here focus on modifications
to generation mechanisms. We performed Fisher analyses with sky-averaged Phe-
nomB and PhenomD waveforms and derived upper bounds on appy at different PN
orders. As shown in Fig. C.1, the results from the two waveforms agree very well at
negative PN corrections but deviate from each other at the positive ones. On the other
hand, truncating the Fisher analyses at the end of the inspiral phase show significant
agreement between the two waveforms at positive PN orders (Fig. C.2), suggest-
ing that the deviation in Fig. C.1 originates mainly from the intermediate/merger-

ringdown portion.
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10 T T T T T T T T

103 — | &= PhenomD -
) PhenomB
107~ n

Figure C.2: Similar to Fig. C.1 but with inspiral signals only. The Fisher analyses
are truncated at 104Hz which is corresponding to the transition frequency between
the inspiral and merger portions of the PhenomB waveform, and we use the inspiral
portion of the PhenomD waveform all the way up to this cutoff frequency.

The example theories considered in this paper acquire leading non-GR corrections
either from propagation effects or from the generation effects with the latter entering
in negative PN orders. A comparison between the PhenomB and PhenomD results for
constraining fppr presented in Ref. [27] reveals consistency on constraining modifica-
tions to propagation mechanisms at both positive and negative PN orders, while the
two waveforms show agreement only at negative PN orders for constraining modifica-
tions to generation mechanisms. Together with the results on amplitude corrections
discussed above confirms that the results of this paper should not change significantly
if one utilizes the PhenomD waveform instead. On the other hand, for constraining
theories like dynamical Chern-Simons or noncommutative gravity where the leading
correction enters at a positive PN order, the PhenomB waveform is not expected to

produce reliable results.



Appendix D

Quadrupole Formula in the Presence
of Compact Dimensions

Here we explicitly point out why the usual quadrupole formula
8- ij _ Lo 3200, 4,
/deJ:??O/d:UT 'zt (D.1)
cannot be directly extended to higher dimensions if there are compact dimensions.
Consider the expression %83 [ &z f(f dw t%2"z7 | then use repeatedly the conser-
vation law for 7" and integrate by parts, while paying attention to the boundary
terms:

%8§fd35f0£ dw TPz = fd?’ff(f dw 17

w=4~
—i—%fd?’f(@KT‘f’KxIx‘] — 75Igd — 75T .

(D.2)

w=0
For I,J =1,7 = 1, 2,3, the quadrupole formula applies because of the periodicity of
the metric fluctuations in w. However if either I or J are along the compact dimension,
then there are extra terms relative to those expected based on the quadrupole formula.

These terms are not straightforward to evaluate, and for this reason we rely on direct

234



Appendix D. Quadrupole Formula in the Presence of Compact Dimensions 235

integration of the Einstein equations.



Appendix E

Hidden Brane Scenario

We generalize the Newtonian potential by having the observer located at w = 0, and

the static mass source m on a hidden brane at w = w;:
Too(z", w) = md*(Z)s(w — wy) . (E.1)

The corresponding Newtonian potential evaluated by the observer is

oo

. 4
VE(R,wy) = _37G(5)m )3 R+ (

n=—0oo

1
w1 + n€)2 .

(E.2)

Using Poisson summation, the above sum can be evaluated to give the following result:

4 GO 2 2 2
V(5’C)(R, wy) = — 3 Gng tanh ZR (1 + sech ZR cos 7;@01)
4 GO 2
~ —3 ng (1 + 2e 2R/ cos Wgwl) ) (E.3)

where in the last step we used R > ¢ and R > w;. When w; = 0, (E.3) reproduces

the Newtonian potential in Section 4.3 in the limit of 27 R > /(.
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Appendix F

Newtonian Potential from 5d
Compactified Green’s Function

In this appendix we offer an alternative derivation of the Newtonian potential obtained
in Section 4.3, by using the retarded 5d compactified Green’s function. A static source

of mass m located at the origin has
Too(z", w) = md*(Z)S(w) . (F.1)

Substituting (4.43) and (F.1) into (4.40) we obtain

t—t/— n
hToo(x w) m Z ” / dt z) , (F.2)

n

where 2, = /22 + 42 + 22+ (w — nl)2. The integral in (F.2) can be evaluated by

re-expressing the 0,, derivative in terms of a time-derivative using

0
de,

0 (At — 2,)
(At2 _ z2)1/2

0 (At — 2,)
@ — 27

~AY)

O(At—2,) | O
(At2 — 22)V2|  OAL

(F.3)
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where At = ¢ — /. Substituting (F.3) into (F.2) we obtain

. 4 =1 (™ 2 — At 4 =1
AP (2 w) = — =G — / dAt——" = —G® —
Het == Gim o) M TR 2

n=—oo n n=—oo

(F.4)

and the corresponding Newton’s potential V() = (—1/3)hy oo matches with the one

in Eq. (4.17).



Appendix G

Retarded Green’s Function

The massless scalar D-dimensional flat space Euclidean Green’s function Gg(x,z’") =

Ge(z — ') is the inverse of the D-dimensional Laplacian

de eip-ac
(2m)Pp-p

ApyGP E(x —2) = 6P (z — o), Q](ED)(:U —2') = —/ (G.1)

Starting from the unique Euclidean Green’s function, in Minkowski signature the
retarded Green’s function is obtained via the analytical continuation p$ — —i(p" +
i€). The Euclidean metric 6™ gets replaced by the Minkowski metric n™%, and the

1€ prescription yields the retarded Green’s function:

de eip-:p
D) — el — _
9w -2) == [ G < (G2)

The location of the poles is in the lower half-plane, when viewed as a function of p°

as a complex variable. To evaluate the integral one integrates over p°, using Cauchy’s

theorem, and if t —¢' > 0, one picks up the contribution from the two poles, otherwise
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the retarded Green’s function is zero. If D = 4, we recover the familiar expression

g(4) (l‘—x’) _ —Q(t—t,)/ (;iﬂ];?) Sin(p(;— t/))eiﬁ(i’—f’) — _Q(t_t/>ﬁé((t_t,)_ﬁ’_f/”;
(G.3)

where we used p to denote the magnitude of the spatial vector p, i.e. p = |p]. If

D =5, then

4 : o
GO (x —a') = —6(t — 1) / (%4 Sm(p(; ) iz )

4 o " . Sin(p t—t ip|ZT—T'| cos
:_e(t_t/>(27r)4/0 dp]z):)’/0 do SIH29#€M | cos®

1 > : R
=00t~ 1) g [ dppsiniolt =) 2(pl7 - 7)

/ ]_ a e . / — =
=00 g | e st =)ol = )
1 I Y A g
_ -t 0 Ot —t — |2 —2'|) (G.4)

Am?|E— 20T — T \J(t—t)2 — (Z—T)2



Appendix H

Direct Integration vs. Quadrupole
Formula

Here we use post-Newtonian order counting to explain a somewhat subtle aspect of
our calculations. For simplicity’s sake, in this appendix we restrict ourselves to 4d GR.
Specifically, we will show that if in computing the spatial metric fluctuations hid | one
uses the quadrupole formula, then one can safely neglect nonlinear source terms in the
relaxed Einstein equations. However, if one directly integrates the relaxed Einstein
equations, then the nonlinear terms cannot be neglected already at the leading post-
Newtonian order. Since our goal is only to highlight the dependence on velocities,
we will write our equations with squiggle lines, signaling that we are imprecise about
numerical factors.

The relaxed Einstein equations in the harmonic gauge are given in (4.8), whose

4d solution is given by

~ 4 .
W~ E/d%#”(f,t ~R), (H.1)

where we assumed that we are working in the far-field approximation, R is the distance
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from the source to the field point, and the right hand side is evaluated at the retarded

time.
H.1 Direct Integration

We are interested in extracting the order of magnitude in a post-Newtonian (PN)
expansion estimates of the spatial components hii for a compact binary. We will
be somewhat careless about the indices and numerical factors since we only care
about counting the PN order, namely powers of the relative velocity of the binary
constituents, v. Eq. (H.1) should receive contributions from both 7% and tiLjL. To

leading PN order, the contribution from 7% is roughly given by

h ~ %Ui’l)j ~ %Ug, (H.2)

where p is the reduced mass of the binary. To consider the contribution of ¢/, , let us

substitute g = 5/ — h¥/ into (4.10) and look at one term (inside ¢, ), for example
(_g>tijL ~ W% hog? ~ BOO,iiLOO,j 5 (H.3)
so that
B~ [ oo .4
tNE Z oo, ilt00,5 - (H.4)
To compute (H.4), let us consider partitioning the spacetime into a near zone (NZ)

and a far zone (FZ)! relative to the location of the sources. NZ is the region centered

around the source with the size of the gravitational wavelength while FZ is the region

1FZ is also called the radiation zone or the wave zone.
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exterior to it [178]. Within the NZ, the gravitational fields can be considered as
almost instantaneous and retardation can be neglected. The integral in (H.4) can be
decomposed into the NZ and FZ integrals. It turns out that the former dominates
the latter, so what we need is the NZ solution for hoo. For a compact binary, the

leading N7 solution is given by [430]

2 2
pyz o 2Ty fhe (H.5)
A )

2m 2m
hiy” o~ (Tl+72> i (H.6)

with r, = |Z — #,| and where a = 1,2 corresponding to one of the two sources. Thus,

hNZ ~ 4m1/7“1 + 4m2/7"2 and

~ 1 4m,  4m
hoo' ~ hoo — éhNZﬁoo ~ _7"11 + _r22 : (H.7)

We now substitute the above equation into the right hand side of (H.4). Those
terms that only depend on r; or ry will diverge and be dropped upon regularization,

so what matters is the cross term between sources 1 and 2. Ignoring numerical factors,

we find

i N 1Mo 3 . i ' l 1 9
Ih B /dex&(rl>8j <r2)+( < 2)

mims 5. o (1Y@ (1
R /NZ ro (7“1) ! (7”2) +( < )

M2 A1) 5(2) 3 1
~ ——0."0; d’r— + (1 < 2 H.8
R v /NZ ! 172 ( ) (1L.8)

where we changed the partial derivatives to source-derivatives 67;(“) = 0/0z! so that
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derivatives can be taken outside of the integral. The remaining integral, is given

by [431]

. 1
/ ddl’ —_— = —271'7’12 s (Hg)

where r15 = |1 — 25| is the binary separation. Thus,

W~ %aﬁaﬁ)m +(142)
mimsy 1
~ R
L MM
Rrio
~ %qﬁ, (H.10)

where M, is the total mass and we used the Kepler’s law in the last equation. This
scaling could in fact be easily obtained from the first line of (H.8) by replacing all
the length scales inside the integral with 5. Notice that fz? is of the same PN order
as h”. This means that the contribution from t7, cannot be neglected even at the

leading order.
H.2 Quadrupole Formula

So far we have seen that by using direct integration of the relaxed Einstein equations,
where h¥ is sourced by 7%, both the linearized k% and second order in fluctuation

hy’ are of the same order in a velocity expansion. However, if we replace our starting

point for the derivation of 2% with the quadrupole formula (see Appendix D)

/Tijdgx = ld—z /dB:c 7002l (H.11)
2 dt? ’ '
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then we would be using 7% in extracting A, In this case, the contribution from ¢%9
is subleading to that of 7%, as we will now show.

Using (H.11) and (H.1) one derives

sy 2d 3,00 i j
h]NE@ d’x 0z (H.12)

The contribution from 7% has the same scaling as in (H.2), i.e.
hpooy ~ }—%v? (H.13)

On the other hand, the contribution from t° is given by

1 &
Rae? |y,

1 d2 ml m2 ..
~ dS N aad N i,
Rdt? [z $az(7"1)8j(7"2)xx

~ = —=—=r{sr
R 2 7“2 12712

7ij 3. FNZ iNZ i j
h‘(tOO) ~ dthO JhOO gL

T12 T12
mimes 2
~ Q
R T12
M,
~ %_t(mg)2
r12
Koy
~ = H.14
a2 (H.14)

where (2 is the binary angular frequency and we replaced all the length scale by 719
in the third line as noted in Sec. H.1. Notice that EE{OO) is of higher order in velocities
than Béffoo). Thus, once the expression for h# is turned into the quadrupole formula,

the contribution from t°° becomes subdominant and one only needs to consider 7%°

to leading order.



Appendix 1

GW Luminosity in
Transverse-Traceless (TT) Gauge

The transverse traceless (TT) gauge for linearized gravitational fluctuations about a

flat spacetime imposes the following conditions:!
hovr =0,  (A™ =0, ;™" =0. (I.1)

Starting from the trace-reversed metric fluctuations, hr;, one can show that the trans-
verse traceless components are obtained by simply acting with a transverse-tracelss

projector

1
D -2

Arjkr = Pik Py, — PryPgr,, (I.2)

'The TT gauge uses the residual gauge freedom of the Lorenz gauge to impose the additional
conditions: (RTT)M;; =0, lNLOTJE[ = 0. Take n; to be pointing in the direction of propagation of the
waves, assuming they are plane waves: B}}N = ﬁ}}N(t —nya’). Then, from the harmonic gauge one
finds that n;(h™")!7 = 8;(h™™)17 = 0, (k™ )!; = 0. For spherical waves these relations remain true
to leading order in 1/R.
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and where Pjx are projectors orthogonal to n!, with n! the direction of propagation

of the waves and n'n! = 1:
PIJ:(S[J_n[nJ, P[JTLJ:O. (13)

Therefore, the non-vanishing (same as the trace-reversed) metric fluctuations in the

TT gauge are
}Nl}r} == A]JKLBKL, (iLTT)I[ == 0, njh?} == B}F}n‘] =0. (14)

It is easy to verify that

_ _ _ D_3 _
R (BT = hpsh! —2ntn? §5Ehych g + (ﬁ) n'n/nEnlhrhir

1 ~ 2 -~ -
— [ =—— ) (h1})? —— ) nfnthghl;. L5
(D—Q)( 1)+<D—2)nn KLV T (I.5)
In particular, working in the TT gauge, the equation (4.64) becomes simply

1 Z 2
togn® = ~ 39D <h?}(hTT)U> : (16)

We can nevertheless recover (4.69), starting from the TT gauge expression (I.6) and
substituting (I.5), which is to be expected given that we are computing a gauge-

invariant quantity.



Appendix J

Brans-Dicke Theory: Field Equations
in Jordan Frame

In this appendix, we present scalar wave equation and the hypersurface equations in
the Jordan frame. The rr, rA, and the trace of the AB components of the modified

Einstein equations in Eq. (5.13a) give

(44 222)9,8 - L0,0,\ — “R(9,0)2 — LhABRCLO, hacdihsp =0, (J.1a)

550, (r1e P hap0,UP) — 120, (5 DaB) + shPCDp (0,hac) + Z42 — 829, AD 4\

22T

+1D 4B+ 5xhBPCDpAd,hac + e P hapr?0, \0,UP — 10,DaA =0,

(J.1b)

208 (DaDpf + DafBDpB) — % — 522D 20, (r*U*) + srte P hypo, U40,U"

+2e729,V + %D/\ + égABVAVB)\ + wBA—DzTQQABVA/\VB/\ =0, (J.1c)
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respectively. On the other hand, the scalar wave equation, O\ = 0, is given by

1
20,0\ 4+ DA(UA0.N) + 0.(UADAN) — - (=2UADaX = 20,\ + O, VON+ VO,0,\)

— % [’ WP (2DABDpA + DpDaX) +V (0,N)] = 0. (J.2)

r



Appendix K

Coordinate Transformations:
Harmonic Gauge to Bondi Gauge

In this appendix, we construct a coordinate transformation between harmonic coor-
dinates to first order in 1/R and Bondi coordinates at an equivalent order in 1/ for a
radiating spacetime in Brans-Dicke theory. The procedure is similar to that recently
described in [424] in GR, but we do not work to all orders in 1/r as in [424]. Rather,
we only work to an order in 1/r so that we can relate the radiative data in harmonic
gauge (E;ST and Z) to the corresponding radiative data in Bondi gauge (cap and \)
and compute the GW memory effects from PN waveforms in harmonic gauge .

We will denote the harmonic-gauge metric by g,(}g) which we write in quasi-
Cartesian coordinates X* = (X° X%), where X" =t and X' = (X,Y, Z). However,
we find it convenient to define R = \/m to be the harmonic-gauge distance
from the origin, and y* = (1, ) to be spherical polar coordinates with cos: = Z/R

and tan ¢ = Y/X. The components of the metric can then be written in the form

2a M, 1
g(()é{) = -1+ R Ly EHoo(t - R, ZJA% (K.1a)
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1
g = pHult—Ry"), (K.1b)
2bM, 1

We have written the metric in the center-of-mass rest frame of the system, and we have
split the O(1/R) part of the metric in terms of the constant mass monopole moment
M, and all the higher-order multipole moments in H,,, which are time dependent. We
have also introduced constants a and b (defined below) which are needed so that the
metric satisfies the modified Einstein’s equations in the static limit (at the leading
nontrivial order in 1/R). To specify a solution, we also need an expression for the
scalar field, which we give in the Jordan frame, and which we denote by A\. We will
again expand it in terms of a static multipole moment and higher-order multipole

moments that are time dependent as follows:

U(t — R, y") + 2cM,
R

A=A |1+ (K.2)

The monopole term is the O(1/R) piece proportional to 2AgcM; and 1 contains the
higher-order, time-dependent multipole moments. The third coefficient ¢ is again
needed to satisfy the field equations in the static limit. The expressions for the

constants a, b, and ¢ were previously determined in [179,399,432| and are given by

WBD+2—I€

a = —, K.3a
Wpp + 2 ( )
wWep + 1+ kK
b = ——, K.3b
Wpp + 2 ( )
1—2
- (K.3¢)

Qwgp +4
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We introduced the notation k = (mys; + mass)/M;. The coefficients also satisfy the
relationships a — b = 2c and a + b = 2/ ).
The harmonic gauge conditions lead to relationships between the components of

the quantity H,,. These relationships are more conveniently expressed in terms of a

quantity H,,, which is related to H,, by
. 1 .~
H;w = H/w - §H77,u1/ - W?,w, (K4)
and they are given by
f{og = ninjﬁij y I;[Oi = —njf[ij . (K5)

We have defined n° = X‘/R = 0;R above, and it reduces to the expression 71 =
(sin ¢ cos ¢, sin ¢ sin p, cos t) when written in terms of ¢ and .

Our procedure for transforming from harmonic gauge to Bondi gauge follows
some aspects of Ref. [424], in which Bondi coordinates were determined in terms
of harmonic-gauge quantities in GR. In our case, however, we work in BD theory,
work only to linear order in 1/R in harmonic coordinates, and we determine the
corresponding Bondi coordinates in an expansion in 1/R, such that Bondi gauge is
imposed to one order in 1/r beyond the leading-order metric. To perform the coordi-

nate transformation, it is useful to work with the components of the inverse metric.

!The conditions in Eq. (K.5) can be derived by first making the definitions given, e.g., in [399,425],
of a conformally rescaled metric §,, = Ag,., then defining hA*” to be h* = n** — \/—gg", and
imposing the harmonic gauge condition d,h* = 0. When the harmonic gauge condition is imposed
at leading order in 1/R, then the conditions in (K.5) can be obtained (up to integration constants

that we set to zero, so as to maintain the static solution of Einstein’s equations in Eqs. (K.1)
and (K.2)).
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In harmonic gauge, it is given by

v v 1 v v v §iJ -
oy = iy = [ + 2000y + 000700 + O(R™). (1.6)

where H" is related to H,, by raising indices with né”é’). We aim to put the metric in

Bondi form, in which the nonzero components of the inverse Bondi metric are given

by
gE =—1- )\)\_017“ + 0 (7“_2) , (K.7a)
9ip) =1 8;—21 % (i—; — oM Af;?) +O (2, (K.7b)
= e (3000 - 2 0. o
gﬁ::%qw—72&3+(xfﬂ, (K.7d)
uA

(and where 9By = 9@) = 0). For simplicity, we will summarize Eq. (K.7) as
=k 1h“ . K.8
Im) = ey — By (K.8)

where the quantity 77?13”) consists of the O(r°) pieces of 9(5y and (), the O(r=') part
of g() (which vanishes) and the O(r~?) part of g{i; the quantity A}, consists of the
coefficients of the relative 1/r corrections to the components of 775;/).

We perform the coordinate transformation in two stages for illustrative purposes
(one could perform it in one stage as in [424], but the two-stage process here allows

us to highlight the different roles of the different terms in the transformation more

easily). The first stage imposes the gauge conditions on the inverse Bondi metric that
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9(8) and géﬁ% vanish to the accuracy in 1/r at which we work, it also makes r an areal
radius, and finally, it relates the Bondi-coordinate retarded time u to the harmonic-
gauge retarded time ¢t — R. It can be thought of as a “finite” gauge transformation,
in the sense that it is needed to relate the background metrics né‘é’) and nﬁl{'), which
differ by a large (not perturbative in 1/7) coordinate transformation. The second
stage, which can be treated as perturbative in 1/r, then sets the metric following the
first transformation into a Bondi-gauge metric that satisfies the modified Einstein
equations of BD theory.

In the first stage, the finite part of the coordinate transformation expresses a
set of coordinates ¢ = (u,r,z?) in terms of harmonic gauge coordinates X =

(t, X?). Although it is expressed more easily in terms of the spherical polar coordinates

(t, R,y™) constructed from harmonic coordinates as follows:

u = t—R—M(a+bInR, (K.9a)
_ Y
et =yt (K.9¢)

The coordinates (u,r, ") resemble, but are not precisely Bondi coordinates at the
order in 1/r at which we work, because they do not enforce all of the required prop-
erties of the Bondi-gauge metric. We will thus write this “intermediate” metric as

gﬁg, and it can be computed from the harmonic-gauge metric using the usual tensor
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transformation law

_ ap Oxt Ox

9 =~ Im) IX9XB " (K.10)

A somewhat lengthy, but otherwise straightforward calculation shows that this metric

can be written in the form

9 = m) ~ hfﬁ? (K-11)
where 77}5) is the leading order part of the inverse Bondi metric in Eq. (K.7). The

coefficients of the relative order 1/r corrections to 77( we denoted by h“ " and they

are given by

o 1
+Hijnln] + 2bMt + @) (;) s (K12a)
ur 1 ]:I 1
b = —§(a+b)Mt outp + — +5+O(T) : (K.12b)
1
R (;) | (K.12d)
1
7‘2]16)3 = HijF)Aniéan + quB + O (%) . <K12f>

To arrive at Eq. (K.12), we used the conditions in Eq. (K.5) and we expressed 01 in

terms of 0,1 (and other terms) using the derivatives of the first two lines in Eq. (K.9)
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and the chain rule:

Out = Dt — (o + ) MO (K.13)

Note that nonlinear terms involving in ) appear here and elsewhere in h?}”), because
the coordinate transformations in (K.9a)—(K.9¢) involve ¢ at leading order in 1/7.

The metric is similar to a Bondi-Sachs form to the order in 1/r at which we work,
in the sense that the Bondi gauge conditions 9 = gz‘ﬁl = 0 are satisfied at this order
and the right-hand side of Eq. (K.12f) is traceless with respect to gap (thereby being
consistent with the determinant condition of Bondi gauge). Note, however, that the
ur, rr, and rA components of hé‘ jf') do not satisfy the modified Einstein equations in
Bondi-Sachs gauge, as they are not consistent with the form of the inverse metric
in Eq. (K.7). The metric can be put into Bondi gauge with a perturbative (in 1/r)
coordinate transformation, as we describe next.

We will parametrize the perturbative coordinate transformation in terms of a
vector £ which effects the coordinate transformation x# — x* 4 £*. This coordinate
transformation will take the part of the metric hﬁlg /r and bring it to the Bondi-Sachs

form A /r, through the transformation

1 1
N N2 i15%

where Eg is the Lie derivative along é’ To solve for the perturbative gauge vector

that generates this transformation, one can write the components of £# as

1
SM (5?1)a 6(1)7 gé)/r) ) (K15)

r
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where the functions fé‘l) depend on u and x# (not ). These lead to a set of partial
differential equations for the fé‘l) that can be integrated by requiring that hﬁl)’ be
transformed into Bondi-Sachs form. Before giving the full details of this procedure, it
is worth noting that given the form of the components of the vector £# in Eq. (K.15),
the radiative data A\; and c4p can be related to harmonic-gauge data and the finite
coordinate transformation (K.9) without needing the full expression for & in (K.15).

For the scalar field, because in both harmonic and Bondi gauges, the field has an
expansion of the form A = Ao + O(r~!) (where ), is constant and the coefficient of
the O(r=!) term is denoted Z(t — R,y?) in harmonic coordinates and A;(u, ") in

Bondi coordinates), then the transformation parametrized by £* in Eq. (K.15) will

not change = or A\;. Thus, one must have that
A (U, xA) = E[t - R, yA] ) (K16>

where u is related to t — R (and 2 to y*) by the transformations in Eq. (K.9). For
cap, a direct calculation shows that 56—0785 is of order r~* for & in (K.15). This
implies that

AP = ;000507 4 g . (K.17)

Using the definition of H,, in Eq. (K.4), the harmonic gauge conditions in (K.5), and

the fact that g% = §,;04n'0n?, this equation can be recast as

~ ) . 1 -~
AP = [0;;0n'd%n? — §HqAB. (K.18)
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After using Eq. (K.5) again, it follows that ¢*? is related to just the transverse-

traceless (T'T) part of Hy; as
cAB(u, 2) = ﬁgT(t — R,yMon'da8n7 (K.19)

where again u is related to t — R and z* to y** by the transformations in (K.9).

For our purposes of relating the radiative data in Bondi coordinates to that in
harmonic coordinates, Eqs. (K.16) and (K.19) provide the solution. However, for
completeness we do compute the form of the required gauge vector &* needed to
complete the transformation from harmonic to Bondi coordinates. The components of
the gauge vector in Eq. (K.15) can be constrained from the ur, r A, and rr components

of Eq. (K.14), which state, respectively,

Ou€fny = hig) — hp) (K.20a)
0ut(ry =1 (hii) — h(i)) - (K.20Db)
20u€{1) + §(1)(9u)* (M /o) = hig) — hif) (K.20¢)

By substituting the relationships in Egs. (K.16) and (K.19) into Eq. (K.7), extracting
the relevant components of h’(‘g), and using the expressions for h’(‘g in Eq. (K.12), it is
straightforward to integrate the first two lines in Eq. (K.20) to obtain expressions for
§(1) and 56‘}). Once () has been determined, integrating the final line of Eq. (K.20)

to determine 56) is also, in principle, straightforward. There is one subtlety in this

procedure: hz’g) involves the Bondi mass aspect M, which has not yet been determined
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from metric quantities in harmonic gauge. Because the mass aspect satisfies the

conservation equation [82]

1 1
OM = —gNABNAB + Z?)AESBNAB — (3 + 2wgp)

1

1
S(0uM1)” + —D%9, A1, (K.21)
402

4N

it is possible to integrate this equation and express M in terms of harmonic-gauge
quantities using Eqs. (K.16) and (K.19). To simplify the notation, however, we will
not write this out in detail below, and we will write this quantity just as M. The result
of performing these integrations and using the harmonic gauge conditions in (K.5) is

that the components of the vector £# are given by

1 M
-~ [ atH+ o= K.22
$ 27’/ + Aar ( 2)

1 é—ﬁ) 2 2M 2 r
o= [ |2Wg2E 4 22 (9,5)2 — 2o M +
: 27’/ [A0“+)\8( )y - 2M e H
1= 1- oM 8,2
scoE- (-2 (1 , K.22b
25 (2 )\0)( " Ao H ( )
A 1 1 FTTmA isB. imA
¢ = [ dt| 50 (Hij 94ni55n ) + Hyn'd*nd | | (K.22c)

This transformation, along with the finite transformation in Eq. (K.9), brings the
metric into the form in Eq. (K.7), in which A\; and cap are related to the harmonic-

gauge quantities = and H1" by Egs. (K.16) and (K.19).



Appendix L

Estimates of Ordinary Memory
Effects in Brans-Dicke Theory

L.1 Ordinary Displacement Memory Effect

The contribution to the ordinary memory effect comes from the “charge” rather than

the “flux” terms in Eq. (6.50), i.e.:

/d29a92(£)2 +2)A6° = 8A/d29a (M - ﬁf)%) :
0

(L.1)

Expanding AM, AG° and A\, in spherical harmonics, the moments AG° are given
by

[+ 2)! 2
A@% = ( + )' SAM,,, + —l(l + 1)A)\1(lm) . (L.Q)

-2 Ao

We would like to estimate if the quantity A©Y is of a similar PN order to the
nonlinear and null parts of the memory AOF and AOP that were computed in
Sec. 6.4.2 for any of the specific values of [ = 2, 4, or 6 and m = 0. To do so, we

will focus on the moment AOS, for simplicity (the other three moments will have the
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same, or a higher PN order).

One natural way to compute the ordinary memory would be to directly evalu-
ate the moments 20y and AMy,. Using Eq. (6.39), we can show that Ajg0) is
at least O(x?); thus the scalar field’s contribution to the memory is a higher PN
order than the Newtonian order at which we work. Although, we do not have an
independent expression for AMsy that would allow us to directly compute A,
we already verified that Ajg) is of a higher PN order. Thus, we can compute o9
from the waveform that were already computed in Egs. (7.1) and (7.2a) of [179] to
verify that AMsg would not contribute at Newtonian order. Specifically, we contract
the Newtonian-order expression with the polarization tensors e — ieixj, multiply by
the spin-weighted spherical harmonic _Y5y to obtain Usy and then rescale it to ob-

tain AOS,. We find that the Newtonian-order result vanishes, and there is thus no

Newtonian-order ordinary displacement memory.
L.2 Ordinary Spin Memory Effect

The ordinary part of the spin memory effect can be computed from Eq. (6.71a) with

just the term (6.71c) on the right-hand side:

1
/ d*Qyb*(B? +2)AX? = —8A / d*Q e Popry {—3LA — K(CABaB)\l — M0%cup)
0

(L.3)
The terms c4308\; — \108cap on second line of the equation will not contribute at

Newtonian order for the spin memory effect (i.e, at order #71/2), because both csp
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and A; involve non-negative powers of x in the PN expansion, so their product will
not be a negative power of x. The only term that could contribute to the spin memory
effect comes from the change in the angular momentum aspect, L 4.

We do not have an expression for L4 in terms of harmonic-gauge metric functions,
which (analogously to the case of the mass aspect and ordinary displacement memory
effect) prohibits a direct calculation of the ordinary spin memory effect. In addition,
it is not possible to directly check the time integral of the waveform. This is because
the Newtonian-order terms in the spin memory effect arise from formally 2.5PN-
order terms in the waveform that are then integrated with respect to retarded time;
however, the waveform has only been computed to 2PN order in Ref [179]. While
we cannot then be certain that the ordinary memory terms do not contribute at the
same order because of additional nonlinear terms in the near zone, we can estimate
the size of the effect in linearized theory.

The ordinary spin memory effect would arise at the lowest PN order from changes
in AX§), which is proportional to the retarded time integral of the radiative moment
V30. Because at leading PN order, V3o is related to three time derivatives of the
source current octopole Jso, then AX) should be proportional to Jso. By dimensional
analysis, .Jg is proportional to Mur, (or see, e.g., [195]); thus, Js scales as Myvrioi2,.
This scales with the PN parameter as £2%/2+21/2, which would be a 6PN correction to
the nonlinear and null effects. We thus anticipate from these arguments in linearized

theory that the ordinary part of the spin memory will be small.
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