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Abstract

This thesis discusses gravitational waves from binary systems of compact objects
and their role as probes of quantum gravity and the astrophysical universe.

Part A deals with the modeling of the merger phase of binary systems through
numerical relativity, concentrating on the initial data problem. In particular, Chapters 2
and 3 present an improved method to construct such data for non-spinning black hole
binaries by combining post-Newtonian and black hole perturbation theory via matched
asymptotic expansions. Chapter 4 studies a class of transition functions that allow such
gluing of asymptotically-matched approximate 4-metrics. Chapter 5 discusses how to
extend the analysis of the previous chapters to spinning black holes, by studying vacuum
perturbations of the Kerr metric via the modified Chrzanowski procedure.

Part B focuses on astrophysical applications of gravitational waves from binary
black hole inspirals and mergers. Chapters 6 and 7 construct estimates of the recoil
velocity a merger remnant acquires for circular and eccentric inspirals of non-spinning
black holes. These estimates are calculated by combining techniques from black hole per-
turbation theory in the close-limit approximation and post-Newtonian theory. Chapter 8
studies relativistic burst signals, namely relativistic sling-shot orbits of massive compact
objects around supermassive black holes. In particular, this chapter deals with the pos-
sibility of extracting the spin parameter of the central object through a gravitational
wave detection of such gravitational wave bursts.

Part C concentrates on tests of string theory and loop quantum gravity with
gravitational experiments. Chapters 9 considers the possibility of using solar-system
experiments to test Chern-Simons gravity — an ubiquitous correction to general relativity
that emerges as the low-energy limit of string theory and possibly loop quantum gravity.
Chapter 10 studies spinning black holes in Chern-Simons gravity, while Chapter 11 is
concerned with perturbations of non-spinning black holes in this theory. These chapters
suggest that a gravitational wave detection could be used to test the Chern-Simons
correction, which is discussed in Chapter 12.
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Preface

The work presented in this thesis has been carried out in collaboration with a
number of researchers at different institutions and it has been either accepted or sub-
mitted for publication in refereed journals.

Part A is based on work published in the Physical Review D (Chapters 2, 3
and 5) and Classical and Quantum Gravity (Chapter 4). This work was carried out in
collaboration with Wolfgang Tichy (Chapters 2 and 3), Benjamin J. Owen and Bernd
Briigmann (Chapter 2), and José Gonzalez (Chapter 5).

Part B is rooted in research published in the Astrophysical Journal (Chapters 6
and 8) and the Astrophysical Journal Letters (Chapter 7). This research was carried
out in collaboration with Pablo Laguna (Chapters 6 and 7), Louis Rubbo and Kelly
Holley-Bockelmann (Chapter 8) and Carlos Sopuerta (Chapters 6, 7 and 8).

Part C consists of work either accepted for publication or submitted to the Phys-
ical Review D. These papers where written in collaboration with Stephon Alexander
(Chapter 9 and 12), Daniel Griimiller (Chapter 10), Carlos Sopuerta (Chapter 11) and
Sam Finn (Chapter 12).

My participation in all of these projects has been extensive. I am first author
in the papers derived from Chapters 2, 3, 5, 8 and 11, while I am the sole author of
the paper derived from Chapter 4. The remaining chapters are derived from papers
that were collaborative efforts and where I contributed at least equally relative to my
collaborators. I have carried out most analytical calculations, all of which have been
double-checked by collaborators. Some analytical calculations, such as the initial data
computed in Chapter 6, were originally carried out by collaborators, while I performed
the double-check. I also carried out all the numerical computations in this thesis, except
for some in Chapter 3, which were carried out by Wolfgang Tichy, and some in Chapters 6
and 7, which were carried out by Carlos Sopuerta.
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Chapter 1

Introduction

The main body of this thesis consists of an introduction and three distinct parts,
each of which contains several chapters. Each chapter is based on a paper that has either
been published or submitted to a refereed journal, and thus, it is written for experts in
the field. This introduction is then essential to present some background information and
explain how different parts of this thesis are interconnected. In view of this, this chapter
is written for a general audience of physicists, who may or may not be experts in the
fields of numerical relativity, post-Newtonian theory or gravitational-wave analysis. Due
to the long and complicated history of these fields, the background information presented
here shall be minimal instead of comprehensive, i.e. I shall only describe some aspects
of the history and background that I believe are necessary for the understanding of the
remaining chapters.

The principal topic of this thesis is the study of gravitational waves from in-
spiraling and merging compact binaries to probe the quantum gravitational regime of
spacetime and to obtain a better understanding of the astrophysical universe. Part A of
this thesis focuses on the numerical modeling of the merger phase of black hole binaries,
and in particular, on the initial data problem. Chapters 2 and 3 introduce an improved
method to build initial data for numerical simulations of non-spinning black hole binaries
by “gluing” information from post-Newtonian and black hole perturbation theory. The
gluing procedure is rooted in the theory of matched asymptotic expansions and the use
of well-behaved transition functions, which are discussed in Chapter 4. This method can
be extended to spinning black hole binaries, by considering the modified Chrzanowski
procedure in black hole perturbation theory, developed in Chapter 5.

Part B discusses some examples of the interplay between gravitational-wave physics
and astronomy. On the one hand, Chapters 6 and 7 estimate the recoil velocity a merger
remnant obtains after the circular and eccentric inspiral and merger of non-spinning black
holes binaries respectively. On the other hand, Chapter 8 focuses on sling-shot orbits of
small black holes around a supermassive one and the possibility of extracting relativistic
astrophysical parameters from gravitational wave observations of such systems.

Part C proposes the use of gravitational waves to test a generic low-energy correc-
tion to general relativity derived from string theory and loop quantum gravity: Chern-
Simons gravity. Chapter 9 performs a parametrized post-Newtonian expansion of the
theory and concentrates on solar-system experiments. Chapter 10 and 11 study spin-
ning black holes in the modified theory and black hole perturbation theory about a
non-spinning black hole background respectively. These two chapters suggest that grav-
itational wave emission and propagation are modified in Chern-Simons gravity. Chap-
ter 12 pushes this idea further and proposes a gravitational wave test of Chern-Simons
gravity with LISA.



1.1 Modeling black hole binaries

1.1.1 Background

According to Einstein’s theory of general relativity, all spatial dimensions and
time form a “spacetime continuum” that is dynamically determined by matter/energy
distributions. Gravitational waves are generated when these distributions possess a non-
vanishing quadrupole moment — that is, when matter undergoes acceleration. The term
“sravitational waves” then can be thought of as the oscillatory features of spacetime
that arise when matter/energy distributions accelerate.

One of the staple sources of gravitational radiation is binary systems of compact
objects or simply “compact binaries.” These sources are important to the gravitational
wave community for several reasons. First, such systems are expected to be ubiquitous
in nature, with detection event rates that could go up to thousands of events per year
out to z = 1 with advanced LIGOH. Moreover, such systems produce strong gravitational
waves because these scale with the mass of the system, and black holes can have a total
mass that is a million times that of the Sun. Finally, gravitational waves from compact
binaries can be modeled extremely well and they lead to a large accumulation of gravita-
tional wave cycles [3]. A strong, well-modeled signal with many cycles renders compact
binaries ideal for gravitational wave detection through matched filtering techniques [4]
at interferometers, such as LIGO [3], VIRGO [d], GEO [i] and TAMA [g].

The evolution of black hole binaries have been traditionally thought of as having
three distinct phases [2]: the inspiral phase; the plunge and merger phase; and the
ringdown phase. During the inspiral phase, the binary components are well-separated,
such that gravity is weak and the orbital velocities and tidal effects are small. In this
phase, the system can be modeled extremely well by post-Newtonian theory [3], where
one assumes the orbit is quasicircular and its radius shrinks adiabatically on a much
longer timescale than the orbital one. Therefore, all binaries spend most of their lifetimes
in this phase, possibly producing tens of thousands of gravitational wave cycles.

The plunge and merger phase was thought to begin when the binary components
break circular orbit and plunge toward each other. The precise radius where this happens
is fuzzy, but it was traditionally believed to be near the innermost stable circular orbit.
Therefore, during this phase, gravity is not weak and non-linear gravitational radiation
is expected to be produced. Numerical relativity [9] was expected to be the only avenue
to model this phase, due to the breakage of all other approximation schemes.

The ringdown phase begins roughly when a common apparent horizon forms and
the system rings down all excess energy and momentum to return to equilibrium in
an isolated, spinning black hole configuration. During this phase, the binary can be
approximated as a single, perturbed black hole and modeled via perturbation theory [1(],
where one finds that it vibrates at certain quasi-normal frequencies, like a ringing bell.
Eventually, the black hole settles down to a spinning configuration with constant angular
velocity, where it ceases to emit gravitational waves.

"These event rate estimates are quite uncertain, depending on the details of black hole pop-
ulation synthesis. The quoted rate corresponds to that presented in [2].
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When I entered the graduate doctoral program at Penn State, one of the remaining
standing problems in gravitational wave physics concerned the plunge and merger phase
of black hole binaries. The inspiral could be modeled extremely well with post-Newtonian
techniques, since soon after I arrived Blanchet, Damour, Esposito-Farese and Iyer [11, [17]
finished the so-called 3 PN expansion of the equations of motion. Such an expansion
entails the calculation of iterative corrections to Newton’s law to O(v/ 6)6, where v is
the orbital velocity and ¢ is the speed of light. Similarly, Price and Pullin [13] had
recently developed the close-limit approximation, which used black hole perturbation
theory to model the ringdown phase and yielded results that matched certain numerical
simulations incredibly well [14, [15]. The plunge and merger phase, however, remained a
mystery because approximation schemes could not be used consistently and numerical
relativity was still struggling with the black hole head-on collision problem.

Numerical relativity deals essentially with the evolution of the Einstein equations
on supercomputers. This task of course appears quixotic due to the complexity of the
Einstein equations — a system of ten coupled, non-linear, partial differential equations.
This system can be classified into two subsystems: a set of four constraint equations and
a set of six evolution equations. In order to evolve the equations numerically, one of the
standard procedureﬁ is to “foliate” spacetime with spatial hypersurface. Then, once
initial data is prescribed on one such hypersurface (that is, a spatial metric and its first
derivative or extrinsic curvature at one instant of time), the evolution equations describe
how that data evolves to other hypersurfaces. The constraint equations, analogous to the
divergence-free condition of the electric field in Maxwell’s equations, determine which
initial data is acceptable on each hypersurface.

The choice of initial data characterizes the system that one evolves, but finding
data that represents a closely-separated, binary black hole system is quite difficult. This
is because no exact solution is known for the two-body problem in general relativity and
approximation schemes break down when the system is closely-separated. One could,
in principle, begin with a system that is widely separated, such that data could be
prescribed via post-Newtonian theory. This approach, however, is and will remain to be
too numerically expensive in the near futurdl.

Several techniques have been proposed to prescribe initial data for closely-separated
black hole binaries. One of the most popular methods was developed by Brandt and
Briigmann [17] and goes by the name of “puncture data” (c.f., e.g. [18] for a review
of initial data in numerical relativity). Puncture data begins by assuming the spatial
metric is conformally flat and the initial spatial hypersurface is maximally sliced (vanish-
ing trace of the extrinsic curvature), such that the momentum constraint can be solved
exactly to yield the Bowen-York solution [19, 20, 21]. The conformal factor is then de-
termined by approximately solving the Hamiltonian constraint in the small-momentum
limit, yielding the so-called Brill-Lindquist solution [22]. The uncontrolled remainder

*There are other formulations, such as those that use a characteristic approach, but I shall
not discuss those here [d].

*Other complications also plague the use of post-Newtonian theory as initial data, which are
discussed further in [16]
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in the conformal factor can then be obtained by numerically solving the Hamiltonian
constraint again.

Puncture data, like all other data currently in use in numerical relativity, does
represent approrimately a binary black hole system. However, certain assumptions are
always made that limit both the accuracy of this data and our ability to improve on
iffl. Tn the case of puncture data, the assumption of conformal flatness is greatly lim-
iting, since binary black hole systems are known to break conformal flatness at second
post-Newtonian order. Moreover, the use of a hybrid analytical-numerical or a purely
numerical approach to solve the constraint equations forces us to surrender analytic con-
trol. That is, the data produced numerically contains unknown errors, for example due
to the conformal flatness assumption, that cannot be a priori modeled analytically and
whose accuracy cannot be improved straightforwardly in an iterative way.

For these reasons, in 2003-2004 Bernd Briigmann and Ben Owen suggested that
I look at the initial data problem for binary black hole system, through the combination
of post-Newtonian and black hole perturbation theory, which I shall discuss next.

1.1.2 Initial data via matched asymptotic expansions

Our attempts to construct more “astrophysically realisti(ﬁ” initial data were not
new at that time. That is, initial data built from approximate solutions to the Ein-
stein equations already existed. For example, Hu, Matzner and Shoemaker [23, [24, [25]
proposed combining the spatial metric and extrinsic curvature of two isolated spinning
black holes in a certain way, such that the Newtonian limit could be recovered. This
data, however, is known to deviate from post-Newtonian theory at second order in the
far field. Another approach was simply to push post-Newtonian theory to close separa-
tions and construct initial data with it [16, 26, 27]. This data had the advantage that it
identically reproduced post-Newtonian theory by construction and its uncontrolled re-
mainders were analytically fully under control. However, post-Newtonian theory breaks
down not only dynamically for closely separated black holes, but also near singularities
on every hypersurface. A consequence of these problems is that this data possesses the
incorrect tidal horizon deformations relative to black hole perturbation theory.

A procedure to incorporate both post-Newtonian and black hole perturbation
theory had already been proposed by Alvi [28, 29], following the theory of matched
asymptotic expansions [3(, B1]. Essentially, the idea was to construct three approximate
spacetime metrics: one with post-Newtonian theory that represented a non-spinning
black hole binary; and two others with black hole perturbation theory that represented
two non-spinning perturbed black holes. The post-Newtonian metric was formally valid

4 . . .. .

In the past four years, several different numerical relativity groups have succeeded in evolv-

ing binary black hole systems with puncture data. These groups have observed that this data

produces an undesired burst of initial radiation, which is believed to arise due to some of the
incorrect assumptions discussed here.

°The term “astrophysical realism” is a very controversial one, which is why I present it here
between quotation marks. By realistic data I here mean that which incorporates deviations
from conformal flatness and maximal slicing that match both: the deviations predicted by post-
Newtonian theory far away from the black holes; and the deviations predicted by black hole
perturbation theory close to the horizons of the black holes.



for sufficiently separated binaries and sufficiently far from the singularities, while the
perturbed black hole metrics were valid sufficiently close to the singularities. One could
then asymptotically expand each approximate metric near the edge of their regions of
validity, thus forcing these regions to overlap. Inside the overlap regions, one could then
asymptotically match asymptotically-expanded, approximate metrics — that is, one could
relate the coordinate systems and the parameters used by each approximation by com-
paring their invariant intervals. A global metric thus arises as a piecewise function, where
each piece corresponds to different approximate metrics that have undergone asymptotic
matching.

This problem was ideal for me since I had studied asymptotic analysis extensively
under Carl Bender (one of the world experts on the subject) during my undergraduate
days at Washington University. As I began to read Alvi’s papers I found a major incon-
sistency relative to the standard way one carries out asymptotic matching. Essentially,
the inconsistency was rooted in the difference between matching and patching. In asymp-
totic matching, one obtains a parameter and coordinate map in a region of spacetime,
while in patching one chooses only one point in this region. This is a subtle difference
but an important one, because patching could in principle lead to solutions with large
discontinuities in its derivatives. My suspicion was that Alvi had carried out patching
instead of matching, which explained why Briigmann and Jansenn [32] had found large
discontinuities in spatial derivatives of his data.

Another problem with Alvi’s analysis was rooted in the ordering of the terms
computed. In order to prescribe initial data with post-Newtonian theory to some order
in v/c, one requires that the spatial metric and its time derivative be accurate to that
same order or higher. However, in post-Newtonian theory time derivatives are smaller
by a factor of v/c relative to spatial derivatives. Wolfgang Tichy thus realized that
the extrinsic curvature had to be calculated to a slightly higher order (one factor of
v/c higher) relative to the spatial metric. This implied that certain components of the
spacetime metrics (i.e., the shifts) had to be matched to higher order than all other
components. Alvi performed matching to the same order in v/c for all components of
the spacetime metric, thus making his result useless for the construction of initial data
to a consistent order.

Chapter 2 (written with Tichy, Briigmann and Owen) repeats and corrects Alvi’s
analysis. First, asymptotic matching is performed in a region of space, never restricting
attention to a single point — that is, we perform matching instead of patching. Moreover,
the calculation is carried out to O(v/ 6)2 in the spatial and temporal-temporal compo-
nents of the metric and to O(v/c)® in the shift, thus allowing for the construction of
initial data to a consistent order. Chapter 3 (written with Tichy) improves on this data
by repeating the calculation in a coordinate system much better adapted to asymptotic
matching and to numerical relativity. Furthermore, the constraint violations of the data
are computed and shown to be indeed of the expected order.

The results of asymptotic matching is a global metric, composed of several dif-
ferent approximate solutions, but its piece-wise nature renders the data formally dis-
continuous in the overlap regions. This behavior can be removed by joining the pieces
together with transition functions, thus leading to smooth global data. Such a proce-
dure is carried out in Chapters 2 and 3, but it is not until Chapter 4 that I study in
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detail these transition functions. In this chapter, I calculate a set of sufficient conditions
for this transition functions that guarantee that the smooth global data, produced via
asymptotic matching, remains accurate to the desired order, i.e., to the same order as
the approximate solutions.

The problem of prescribing initial data using approximation schemes that cor-
rectly prescribe both the far field behavior of the gravitational field, as well as its behavior
near the black hole horizons, has then been formally solved. The use of post-Newtonian
theory guarantees that the data has the expected far field behavior, while the use of
black hole perturbation theory guarantees that the black hole horizons possess the ex-
pected tides. Moreover, the errors in the data can be modeled analytically because they
are directly related to the uncontrolled remainders in each approximation. Last but not
least, this method of prescribing initial data can formally be extended to higher orders
and to other physical systems straightforwardly, which I shall discuss next.

1.1.3 Beyond the first-order matching for non-spinning binaries

The method described above to construct initial data from approximate solutions
to the Einstein equations can in principle be extended to other physical systems, provided
the corresponding approximate solutions exist. After tackling the non-spinning black
hole binary problem, I decided to look into spinning black holes. The post-Newtonian
metric for a spinning black hole binary already existed [33] in 2004, but a perturbed
spinning black hole solution did not.

I was ideal for tackling the problem of constructing a perturbed spinning black
hole metric because I had already used perturbed black hole solutions and I was very fa-
miliar with perturbation theory as applied in post-Newtonian expansions and asymptotic
analysis. As I began to work on this problem, I realized that new techniques would have
to be employed, since a simple generalization of non-spinning black hole perturbation
theory would not work. The main problem is that in the non-spinning case, the metric
can be expanded in tensor spherical harmonics, which automatically satisfy the angular
sector of the Einstein equations. One is then left only with the radial and temporal
sectors of these equations, which can then be solved analytically in the framework of
black hole perturbation theory. In the spinning case, however, a tensor harmonic decom-
position does not solve the angular sector of the Einstein equations and a spin-weighted
generalization of these harmonics does not exist.

Since I was stuck, I decided to ask Eric Poisson for advice, since he is an expert
in the construction of perturbed black hole metrics and we had already discussed how
to tackle this problem at GR 17. He pointed me to the work of Chrzanowski, Cohen
and Kegeles, and Wald, who had worked on similar problems in the 1970s. After going
through the literature, I arrived at the modified Chrzanowski procedure, which I realized
one could use to construct an approximate metric for a perturbed spinning black hole.
The general idea is to express the perturbed metric in terms of derivatives of a certain
potential. This potential satisfies a certain differential equation, where the source is given
by one of the Newman-Penrose scalars, which itself satisfies the Teukolsky equation —
a certain version of the linearized Einstein equations. Thus, if one could obtain an
approximate form of the Newman-Penrose scalars for a perturbed spinning black hole,
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one could then turn the crank and compute the potential and from that the perturbed
metric.

I came to the problem with the missing ingredient: Poisson’s 2004 work [34],
where he perturbatively computes precisely the Newman-Penrose scalar that I needed in
terms of tidal tensors. In 2005, then, I used Poisson’s results to compute the perturbed
metric of a spinning black hole. Chapter 5 (written with Jose Gonzélez) deals with
this calculation, which was in fact finished at the University of Jena, where Briigmann
invited me to spend one semester. With these results, one can now in principle perform
asymptotic matching between the post-Newtonian metric of a spinning black hole binary
and the perturbed spinning black hole metric discussed here.

After these papers were written, however, numerical relativity went through a
scientific revolution, where essentially three methods were developed to fully solve the
Einstein equations numerically. The first method was developed by Frans Pretorius [35],
while the second one was proposed by the then University of Brownsville numerical
relativity group [3€] and the NASA Goddard group [37]. Recently, a third method
has also been successful, proposed by the Caltech group. I shall not describe each of
these methods here, but instead I would like to concentrate on the results they obtained
regarding the initial data problem. All of these groups have used different initial data
(i.e., a collapsing scalar field, puncture data and effective potential data), but the general
result is the same: initially there is a burst of “unphysical” radiation, which propagates
out of the numerical domainfl. Little work has been carried out to fully understand this
initial data burst, but it is believed to be due to the incorrect assumptions discussed
earlier in the initial data construction.

Initial data via matched asymptotic expansions is probably just as accurate as
puncture data, which means that if evolved it would probably contain approximately the
same burst of unphysical radiation. Thus, it is worthwhile to complete the analysis to
next order in the matching scheme to investigate whether the initial burst of radiation
is diminished. Currently, Nathan Johnson-McDaniel, together with Owen, Tichy and
myself, are carrying out the second order matching calculation [39], with results expected
soon.

1.2 Astrophysical applications of gravitational-wave theory

1.2.1 Background

After the numerical relativity revolution, there was a push to connect gravitational
wave theory to astrophysics. In the past, the gravitational wave community had already
pointed out that astrophysical intrinsic and orbital parameters, such as the intrinsic spin
of black holes or the period of binary systems, could be extracted from gravitational wave
detections. But now that the merger phase was under numerical control, the community

®There are some claims that this unphysical radiation does not really disappear, but it bounces
off the edge of the numerical grid and continues to contaminate the simulations. This statement,
however, depends on the boundary conditions used and one seems to require a very large resolu-
tion to observe it [3§]
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wanted to determine whether this new knowledge would play a role in astrophysics and
if so how.

One of the most dramatic consequences of binary black hole mergers is the recoil
of the system’s center of mass. Essentially, as the black holes orbit, the system radiates
energy, angular and linear momentum through gravitational waves. For a system with a
certain degree of asymmetry, the linear momentum radiated does not completely cancel
out, and after merger, the center of mass of the system acquires a certain velocity due
to momentum conservation. This simple picture was put forth by Alan Wiseman [4(] in
1992, and although it is not formally correct (e.g. there is no formal, exact definition
of the “center of mass” of a binary system in full general relativity), it does provide the
correct physical picture.

The recoil problem is of great interest to astrophysics because, if this “kick” is
large enough, the remnant could be expelled from its host galaxy. Of course, for this to
happen the recoil velocity has to exceed the escape velocity of the host, or otherwise the
remnant is displaced but it eventually returns to the host’s center via dynamical friction
(for more details on this see [41]). These kicks also have a strong effect on black hole
merger scenarios, specially in globular clusters. In these systems, the escape velocities are
not very high (i.e., on the order of tens of km s ), and recoil velocities can easily exceed
them. Traditionally, black hole formation scenarios have either neglected recoil velocities
or modeled them via quasi-Newtonian estimates, which are now known to be inaccurate.
The inclusion of the correct recoil estimates put in jeopardy many of these formation
scenarios, especially for intermediate-mass black holes [42], unless a mechanism is found
to suppress such kicks. The recoil velocity is then an example where gravitational wave
theory has forced astrophysics to rethink parts of its standard model.

The recoil velocity calculation has a long history that is worth recapitulating.
The first analytical studies of this effect were carried out in the 1980s by Fitchett [43],
followed quickly by several others |44, 41, 46, 47, 4(]. The general consensus in the 1990s
was that Fitchett’s quasi-Newtonian estimates were sufficient, because its first post-
Newtonian corrections only altered his estimates by a few km st However, in the 2000s
Favata, et. al. [48] performed a black hole perturbation theory calculation in the extreme-
mass ratio limit and found results in disagreement with Fitchett’s calculation. A few
years later, Blanchet, et. al. [49] performed a second-order post-Newtonian calculation
and found that Fitchett’s estimates overestimated the kick for non-spinning binaries by
roughly a factor of ten.

In 2004, Pablo Laguna realized that Blanchet’s estimates were dominated by the
last few orbits of the binary system, which also coincided with the regime where their
approximations were least accurate. He then suggested to Carlos Sopuerta and myself
that we estimate the recoil with black hole perturbation theory, since this approximation
scheme is extremely well-suited to model the final stage of the merger and the ringdown
phase. This calculation is described in Chapters 6 and 7 (written with Sopuerta and
Laguna) and I shall describe it further in the next subsection.

The merger phase, however, is not the only phase in a binary’s lifetime that can
be of use to the astrophysics community. As already pointed out, gravitational wave
detection could in the future provide information on the distribution of spins, masses
and velocities in our and other galaxies. Given a gravitational wave detection, this
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can be achieved by extracting the orbital and intrinsic parameters that are used to
model the gravitational wave via matched filtering. This technique, however, assumes
the accumulation of a large number of cycles, which thus renders the inspiral phase
of roughly equal mass binaries ideal for such studies. With the advent of space-borne
gravitational wave detectors, such as LISA [5(, 51], soon attention shifted to a different
kind of inspiraling binary: extreme-mass ratio systems.

Extreme-mass ratio inspirals consist of a small compact object orbiting a super-
massive black hole, which can be modeled with black hole perturbation theory techniques.
The beauty of such systems is that their orbital period is assumed to be very small, which
implies the small object spends a large amount of time (and gravitational wave cycles)
near the supermassive black hole. Since the period is short, the small object’s orbital
radius must be reasonable small as well, thus allowing this object to sample and map
the spacetime curvature produced by the supermassive black hole. A large amount of
literature exists on the estimation of orbital parameters from such systems [52, 53, 54],
but we shall not discuss this here.

In 2006, Louis Rubbo, et. al. [55] proposed a new possible source of gravitational
waves that could be detected with LISA. This source consisted of a small black hole sling-
shooting around a supermassive black holeﬂ, thus reaching rather high orbital velocities
but possessing long period. As the small black hole swings by the supermassive one, the
system emits a strong burst of gravitational wave radiation that could potentially be
observed by LISA, which is why these systems were labeled “extreme-mass ratio burst
signals.”

An interesting debate arose as to whether these new sources would be interesting
for LISA. Although highly uncertain, the calculated event rate is expected to be rather
high, roughly 1 — 15 events per year, for events with signal-to-noise ratio greater than
five out to the Virgo cluster [53, 56]. Each event, however, probably bursts only once in
the LISA lifetime, thus limiting the power of matched-filtering techniques. This is why
I suggested to Rubbo, Holley-Bockelmann and Sopuerta to revisit the problem, and this
time, to include relativistic corrections. The idea was to determine whether such rela-
tivistic corrections could be extracted given a hypothetical gravitational wave detection.
I had recently finished studying geodesic motion in an advanced general relativity class
taught by Owen, so I had the necessary tools to carry out this analysis. Chapter 8 (writ-
ten with Rubbo, Holley-Bockelmann and Sopuerta) describes this calculation in detail
and I shall summarize its results in Subsection 1.2.3.

1.2.2 Recoil via the close-limit approximation

Laguna’s suggestion to compute the recoil velocity with black hole perturbation
theory techniques was a good one, but also a challenging one. The main idea was to
consider the merger phase, right after a common apparent horizon had formed, and treat
the system as a perturbed or deformed single black hole spacetime. This is in essence
the spirit of black hole perturbation theory, which I knew little about. The calculation

"In fact, the proposed systems are similar to those observed at the center of the Milky Way,
where several stars are seen to orbit Sgr*A.
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of the perturbed metric of a spinning black hole discussed earlier is intrinsically different
from the modeling of the merger phase with black hole perturbation theory. The main
difference is that in the former one assumes the perturbations are slowly varying in time,
such that we can essentially ignore the time evolution of the metric perturbations. In
the latter case, one is precisely after this time evolution, which has to be solved for
numerically. Sopuerta, however, is an expert on the subject and we thus tackled the
project together.

The calculation begins by assuming the spacetime can be modeled by a back-
ground metric (in this case, a non-spinning black hole) plus an arbitrary perturbation.
One then expands the perturbations in tensor spherical harmonics of axial and polar
parity, such that the angular sector of the linearized Einstein equations is automatically
satisfied. The temporal-radial sector of the field equations can be further decoupled
harmonically to obtain two master equations (one for polar and one for axial modes)
in terms of a master function, composed of the metric perturbation and its derivatives.
These master equations, also known as the Regge-Wheeler and Zerilli-Moncrief equa-
tions, are wave-like partial differential equations on a non-flat background with a certain
potential that is also background dependent.

Once the master equations are posed one must solve them numerically, provided
some initial data is given. The numerical solution to these equations was carried out with
a finite-element code that Sopuerta had previously developed. The numerical solution
to the master equations can then be used to reconstruct the emitted waveforms, as well
as the energy, angular and linear momentum radiated. The recoil velocity is then simply
computed by integrating the momentum flux.

The most challenging part of this calculation was the prescription of initial data.
We chose to prescribe this data in the so-called close-limit approximation, where the
3-metric is given by the Brill-Lindquist solution and the extrinsic curvature is of Bowen-
York form (see Sec. 1.1.1). In the close-limit, however, one re-expands this data for small
separations, so as to enforce the concept that the system can be described by a single
perturbed black hole with a perturbed, common apparent horizon. Once one obtains
close-limit expanded initial data, one must map this to initial conditions for the master
equations, which among other steps involves a harmonic decomposition. With this initial
data, one can then evolve the master equations numerically.

The method described above is appropriate to model the merger phase of a black
hole binary, but it cannot model the inspiral phase. In order to remedy this, we used post-
Newtonian theory to model the inspiral and its associated accumulated recoil, which was
then added to the close-limit estimate. Unfortunately, the results were rather sensitive
to where the merger phase was assumed to begin, which forced us to present only upper
and lower limits on the possible value of the recoil. These limits, however, improved all
of the then current bounds on the recoil velocity and narrowed the answer to a maximum
between 80— 225 km s~ . Our results also suggested that Blanchet, et. al. overestimated
the recoil, while Damour and Gopakumar [57] severely underestimated it. The suggested
reason for this was that during the ringdown phase an anti-kick was present that damped
down the final recoil velocity.

Numerical relativity followed shortly after, with several groups presenting accu-
rate results of the kick velocity for several different systems, including non-spinning



11

black hole binaries [58]. Their results verified that our estimates were indeed correct:
the maximum kick velocity was on the order of 160 km st Moreover, they verified that
an anti-kick was indeed present in the ringdown phase.

The next step after modeling non-spinning mergers could have been to either
model spinning black hole binaries or eccentric mergers. We decided to concentrate on
the latter since the generalization to eccentric systems was much simpler than including
spin in the merger phase. This generalization consists essentially of a rescaling of the
initial momentum parameters to include eccentricity, which then simply rescales the
final recoil velocity by a similar factor. We showed that the general effect of including
eccentricity in the merger is to increase the recoil velocity by roughly a factor of order
1+, where e is the eccentricity of the system before merger. This is because the inclusion
of eccentricity essentially increases the plunge velocity, forcing the binary components
to merge more rapidly.

The next step could have been to model spinning binary black hole mergers, but
this step proved dramatically more difficult. One of the main complications was the
need to consider perturbations about a spinning black hole background. Such a study
would then have required the use of the Teukolsky formalism, which has not been as de-
veloped in the close-limit approximation as the Regge-Wheeler/Zerilli-Moncrief scheme.
Unfortunately, as we were beginning to think about this problem, the numerical relativ-
ity community produced several papers where the recoil velocity for spinning black hole
binaries was presented for several different spin arrangements and mass ratios. Work on
this topic then ceased and we concentrated on other astrophysical applications, one of
which I shall discuss next.

1.2.3 Relativistic gravitational wave bursts

After our adventures in the calculation of the recoil velocity in the merger of binary
black hole systems, I decided to investigate the prospect of other relativistic signatures
in binary inspirals. By then Rubbo, Holley-Bockelmann and Finn had already proposed
the existence of a new source of gravitational waves that could be detected by LISA:
gravitational wave bursts. I then suggested to Rubbo and Holley-Bockelmann to revisit
the problem but this time to include relativistic effects both in the orbital description as
well as in the gravitational wave generation formalism, the results of which are presented
in Chapter 10. The goal of this project was to investigate whether relativistic corrections
could be observable if LISA detected a series of such gravitational wave bursts.

The first relativistic effect that we wished to include was that induced by the
black hole nature of the central potential. In their first paper, Rubbo, et. al. modeled
the central potential with purely Newtonian theory. Such a description, of course, not
only neglects the steeper relativistic potential but also any possible spin effects. I thus
proposed using the geodesic equations of motion to model the trajectories of the small
particles around the central potential. These equations neglect radiation-reaction effects
— that is, the effect of the small object’s self gravity on its own trajectory — but they
do allow for the modeling of rotating and non-rotating black hole central potentials.
We thus assumed that the geometry could be well-approximated by the metric of the
supermassive black hole and pretended the smaller object was moving on this fixed
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geometry. The result were trajectories that significantly deviated from that considered
by Rubbo, et. al. , particularly when the central potential was allowed to spin. In all
cases we found that orbital precession seemed to be the dominant difference relative to
Newtonian orbits, and this precession effects depended strongly on the mass and spin
parameter of the supermassive black hole.

The second relativistic effect we considered was the inclusion of higher multi-
pole moments in the gravitational wave generation formalism. Rubbo, et. al. used the
quadrupole formula to model gravitational waves, but in general relativity, these waves
are given by an infinite sum over mass and current multipole moments [59]. We thus
included the next order terms in the series, namely the current quadrupole and the mass
octopole moments. We found that the inclusion of these corrections made a small dif-
ference in the waveforms for most orbits, except for those with very small pericenter
distance (on the order of microparsecs).

Both the modeling of the orbital motion and the gravitational waves were carried
out numerically. We used Sopuerta’s geodesic integrator, which we modified to include
the mass octopole and the current quadrupole in the wave generation. I then carried out
a back of the envelope data analysis calculation investigating the Fourier transform of the
waveforms and their cross-correlation assuming a nominal LISA spectral noise density.
We found a significant dephasing between the Newtonian and relativistic models, related
to precession. We thus, concluded that those astrophysical parameters that determine
this precession and dephasing might be extractable from LISA data given a sufficiently
high signal-to-noise ratio.

The analysis we presented, however, contains a large number of uncertainties
that are difficult to model. The main problem was the fact that other parameters could
mimic the dephasing effect that we observed. If this were the case, then it might not
be possible to disentangle the spin from the effect of these other parameters, especially
if only a few bursts are observed. A more formal and complete Fisher analysis would
be required to determine whether relativistic astrophysical parameters can be extracted,
given a gravitational wave burst observation with LISA.

1.3 Testing quantum gravity with gravitational waves

1.3.1 Background

Perhaps the most interesting application of gravitational wave theory to other
areas of physics is that of testing alternative theories of gravity. This area has a long
history, which I shall only summarize briefly (for a more complete review see [6(]).

The first gravitational-wave tests concerned metric theories of gravity and were
proposed by Eardley, et. al. [61, 62]. Roughly a decade later, this topic was revisited
by Finn [63], and more recently by Cutler and Lindblom [64], who suggested a way
to perform these measurements with observations of solar oscillations via space-borne
detectors. Another decade went by until Ryan [65] proposed using the phase information
from compact binary inspirals to test alternative theories of gravity in the strong field
regime. Since then, there have been several proposals to place bounds on the graviton
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Compton wavelength [66, 167, 68, 69, 70, [71] and the Brans-Dicke coupling parameter |72,
69, [70, [71], given a gravitational wave observation from inspiraling compact binaries.

Until now, however, no gravitational wave test of string theory or loop quantum
gravity had been suggested. The main reason for this is that these theories are not
formally complete, in the sense that their full action has not yet been calculated and
agreed upon. Another reason is perhaps that the corrections these theories pose on
the Einstein equations are expected to be Planck-suppressed, and thus, unobservable
through weak-field manifestations of gravity. Gravitational waves, however, can be used
to map the strong field regime of gravitational interactions, such as in binary black
hole mergers. Thus, although in principle quantum gravitational corrections could be
suppressed, there is an enhancement effect due to the non-linearity of spacetime that
could push these corrections to the observable.

In 2006 Stephon Alexander joined the Penn State Physics faculty, bringing with
him knowledge about string theory and anomalies in quantum field theories. In partic-
ular, he was excited about a new effective gravity theory: Chern-Simons gravity. This
theory was proposed by Jackiw and Pi and it corrects the Einstein equations in a parity-
violating way. Much of Alexander’s excitement came from the fact that this theory had
already been used to propose an explanation to the leptogenesis problem in the early uni-
verse |73, [74], as well as the polarization of the cosmic microwave background |73, [76, [77].

Due to my undergraduate background, it seemed I was the perfect candidate to
work on tests of Chern-Simons gravity. During my undergraduate days, I had studied
under Clifford Will, one of the world experts in tests of alternative theories of gravity.
In fact, as part of my undergraduate studies I had worked with Will on tests of massive
graviton theories and Brans-Dicke theory through gravitational wave observations with
LISA. T decided then to collaborate with Alexander, a collaboration that eventually led
to the publication of four different papers, which are discussed in the last four chapters
of this thesis.

1.3.2 Chern-Simons gravity

One of the problems with tests of string theory is that there is not just one string
theory but actually several different flavors, each of which advocates a slightly different
form for the action. In recent years, however, Alexander and Gates [74] have shown that
all flavors of string theory require a certain correction to the Einstein-Hilbert action in
the low-energy limit. This correction consists of the addition of the product of a scalar
field with a Pontryagin term, which is essentially the wedge product of Riemann tensors.
The sum of the Einstein-Hilbert action and this product of scalar field and Pontryagin
term define Chern-Simons gravity.

The Chern-Simons term arises naturally in quantum gravity. In the string theo-
retical framework, this correction is required as an anomaly-canceling term through the
Green-Schwarz mechanism. Without it, string theory loses unitarity, and thus, would
be mathematically ill-defined (in the sense that probabilities associated with observables
would not necessarily be positive definite). In loop quantum gravity, the Chern-Simons
correction encodes information about the so-called Immirzi parameter, which is related to
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area quantization. Within this framework, the Chern-Simons correction is also required
to guarantee invariance under large gauge transformations [7§].

The main physical effect of this correction is to introduce parity-violation in the
solutions to the modified field equations. This violation arises due to the appearance
of the Levi-Civita tensor through the wedge product operator in the action. It is then
not too surprising that Chern-Simons gravity leads to a polarization of the cosmic mi-
crowave background and to an asymmetry in the propagation of left- and right-polarized
gravitational waves (an asymmetry that was in fact used to propose an explanation to
the leptogenesis problem in the early universe).

Chern-Simons gravity has a long and complicated history as well. The modern
formulation of this effective gravity theory was proposed by Jackiw and Pi [79]. Not
only did they propose this generalization of general relativity (without actually knowing
that it represented the low-energy limit of quantum gravity), but they also investigated
some of its consequences, such as the persistence of certain black hole solutions and the
propagation of gravitational waves. Jackiw and Pi found that indeed left- and right-
polarized waves obey different wave equations in the modified theory that forces them
to have different amplitudes, although their velocities remain that of lightﬁ.

Until 2006 nobody had investigated whether this extension of general relativity
could be detected with gravitational experiments. When I first looked at the action,
the Levi-Civita tensor and the Riemann squared term immediately told me that strong
amplitude birefringence would plague gravitational wave generation and propagation in
the modified theory. Moreover, due to my recent experience with the merger of binary
black hole systems, it seemed natural that such systems would be excellent probes. I
thus embarked on a journey across everything that was Chern-Simons, as I shall describe
in the next subsection.

1.3.3 Can we probe quantum gravity?

The first obvious step toward investigating the testability of Chern-Simons grav-
ity was the use of current gravitational experiments: solar system tests. Although these
tests sample the weak gravitational regime of the theory, I had hopes that certain grav-
itomagnetic experiments would be able to bound, at least weakly, the modified theory.

Solar system tests were familiar to me from my experience at Washington Univer-
sity, where Will lectured us on several occasions about the parameterized post-Newtonian
framework. This framework was developed in the 1970s, when several alternative the-
ories of gravity had been proposed, including scalar-tensor theories and vector-tensor
theories. Will and Nordtvedt [8(, 81] developed this framework in such a way so as to
facilitate the testing of all available alternative theories simultaneously with solar system
experiments (for a complete review of parameterized post-Newtonian theory see [82]).

The parameterized post-Newtonian scheme consists of two parts, which can be
briefly described as follows. Given a certain alternative theory of gravity, the first part

*In fact, the term “birefringence” is technically incorrect in this context since it implies that
different polarizations possess different group velocities. In Chern-Simons gravity, however, it
is the imaginary part of the dispersion relation that is modified, thus leading to a different
amplitude for left- and right-polarized modes.
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consists of expanding the modified field equations in the weak field and in the slow-
motion approximation (thus, the name post-Newtonian). One then solves the linearized,
modified field equations in terms of certain potentials, that consist of Green function-like
integrals. The second part consists of constructing a family of metrics in terms of these
potentials, but parameterized by certain constants. These parameters modify the tradi-
tional predictions of general relativity, such as the bending of light and the precession
of the perihelium of Mercury, and thus, they can be used to distinguish between general
relativity and other alternative theories. One then compares this family of metrics to
the weak-field solution found and determines the parameters of the theory under con-
sideration. Experiments can then simply measure these parameters, thus testing several
theories simultaneously.

Chapter 9 (written with Alexander) applies this procedure to Chern-Simons grav-
ity and finds that the modified theory introduces a correction to precession in the weak
field. This correction requires a new parameterized post-Newtonian parameter that had
not been previously considered. The immediate consequence of such a correction is the
modification of Lense-Thirring precession. Thus, experiments, that measure the angular
velocity of precession of gyroscopes in Earth’s orbit, such as Gravity Probe B, would
be able to test Chern-Simons gravity. Our work constitutes the first proposal to exper-
imentally test Chern-Simons gravity through solar system experiments. In fact, shortly
after the publication of our work, Smith, et. al. [83] extended our analysis and compared
their results to experimental data, indeed placing the first bounds on the Chern-Simons
coupling parameter.

Solar system experiments, however, cannot be the best probes of Chern-Simons
gravity, since they only sample the weak field. My interests then shifted to strong field
tests of the theory, through gravitational wave observations. Before carrying out this
analysis, however, I wished to study two missing components of the modified theory: the
absence of a spinning black hole solution and the issue of perturbations of non-spinning
black holes.

From the work of Jackiw and Pi, it was known that the Kerr metric, which
represents the exterior gravitational field of spinning black holes in general relativity,
is not a solution to the modified field equations in Chern-Simons gravity. Chapter 10
(written with Daniel Grumiller) studies this issue further, finding that stationary and
axisymmetric line elements cannot generally solve the modified field equations. Such a
result is consistent with the previous weak-field analysis, where we found that Chern-
Simons gravity naturally induces a gravitomagnetic metric component that modifies
Lense-Thirring precession. Our results suggest that Chern-Simons gravity requires a non-
vanishing gravitomagnetic component, which would then imply that the spinning black
hole does not rotate about a fixed axis, but precesses about some other axis probably
defined by some combination of the black hole’s spin angular momentum and a Chern-
Simons contribution.

While carrying out this analysis of exact solutions in Chern-Simons gravity, I also
studied perturbed black hole in the modified theory. This problem was suggested to
me by Poisson and later by Pullin, while visiting Sopuerta at the University of Guelph.
In particular, Pullin seemed interested in what the Chern-Simons correction would do
to the merger and ringdown of black hole binaries in the close-limit approximation.
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Clearly, during the merger phase the Chern-Simons correction should dominate over the
Einstein-Hilbert term, since it is quadratic in the Riemann tensor. Chapter 11 (written
with Sopuerta) describes black hole perturbation theory on a non-spinning black hole
background for Chern-Simons gravity. We found that perturbation theory in canonical
Chern-Simons gravity (when the scalar field is treated as a background field) is not
mathematically consistent. In other words, perturbation theory demands that Chern-
Simons gravity accounts for the dynamical behavior of the scalar field coupling. In that
case, we find that certain parity modes are greatly suppressed, possibly leading to a
signature in the gravitational waves produced during the ringdown phase of a binary
merger.

Once this projects were completed, I focused all my attention in gravitational
wave tests of Chern-Simons gravity, discussed in Chapter 11 (written with Alexander
and Finn). As expected, gravitational waves are corrected in the modified theory, leading
to left- and right-polarized waves with different amplitudes. This amplitude difference
is proportional to the frequency of the wave and to some power of the redshift, thus
possibly rendering it detectable with LISA for binary black hole inspirals. We performed
a back-of-the-envelope calculation to determine the level to which the modified theory
could be tested through gravitational wave observations. Our conservative estimates
suggest that such tests could lead to at least an order of magnitude enhancement on the
bound on the Chern-Simons coupling parameter relative to solar systems bounds.

The analysis presented here, however, completely neglects the merger phase of
the binary, where the Chern-Simons correction should be the largest. Such a phase can
only be accurately modeled through numerical simulations. I plan to continue studying
these systems in the merger regime, in the hopes of determining whether gravitational
wave tests could lead to even stronger tests. Another avenue of possible future research
concerns tests of Chern-Simons gravity with earth-based detectors. Until now, such
tests have been neglected, because the data analysis problem for neutron star-black hole
inspirals could possibly be more difficult. Earth-based detectors, however, operate in a
higher frequency band, thus leading to a stronger correction during gravitational wave
propagation. Hopefully, the efforts presented here to test quantum gravity, and those
which will follow, will aid in the construction of full quantum gravitational framework.
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2.1

Chapter 2

Binary black hole initial data

from matched asymptotic expansions

We present an approximate metric for a binary black hole spacetime to
construct initial data for numerical relativity. This metric is obtained by
asymptotically matching a post-Newtonian metric for a binary system to a
perturbed Schwarzschild metric for each hole. In the inner zone near each
hole, the metric is given by the Schwarzschild solution plus a quadrupolar
perturbation corresponding to an external tidal gravitational field. In the
near zone, well outside each black hole but less than a reduced wavelength
from the center of mass of the binary, the metric is given by a post-Newtonian
expansion including the lowest-order deviations from flat spacetime. When
the near zone overlaps each inner zone in a buffer zone, the post-Newtonian
and perturbed Schwarzschild metrics can be asymptotically matched to each
other. By demanding matching (over a 4-volume in the buffer zone) rather
than patching (choosing a particular 2-surface in the buffer zone), we guar-
antee that the errors are small in all zones. The resulting piecewise metric
is made formally C° with smooth transition functions so as to obtain the
finite extrinsic curvature of a 3-slice. In addition to the metric and extrin-
sic curvature, we present explicit results for the lapse and the shift, which
can be used as initial data for numerical simulations. This initial data is
not accurate all the way to the asymptotically flat ends inside each hole,
and therefore must be used with evolution codes which employ black hole
excision rather than puncture methods. This paper lays the foundations of
a method that can be straightforwardly iterated to obtain initial data to
higher perturbative order.

Introduction

18

The simulation of binary black-hole systems is of fundamental physical interest
as the purely general relativistic two-body problem [. 1t is also of astrophysical interest,
since accurate simulations of the late inspiral and merger phases of such binaries will
considerably help the effort to detect the gravitational-wave signals and extract informa-
tion from them [9]. Simulation reduces to the numerical solution of the Cauchy problem:
take some initial data and evolve it. The evolution is difficult for many reasons, although

"This chapter is based on the following paper: N. Yunes, W. Tichy, B. J. Owen and B. Brueg-
mann, Phys. Rev. D 74, 104011 (2006)
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in recent years there has been much progress. Still, any evolution is only as good as its
initial data.

A key issue of initial data is astrophysical realism. The goal is to compute data
on a hypersurface that represents one moment in time of an astrophysical inspiral of
two black holes. If such an inspiral is defined by initial conditions in the distant past
for widely separated black holes, then the only way to obtain the exact data at a later
time would be to perform the actual evolution using the full Einstein equations. This
procedure, however, is computationally expensive and thus impractical. On the other
hand, several schemes have been developed to pose initial data that approximates the
astrophysical situation at a given time. These schemes are typically either based on
post-Newtonian (PN) methods or on the numerical solution of the constraint equations
of relativity.

For example, the literature provides many types of initial data for black holes in
approximately circular orbits [84, 123,185, 24, [18, 186, 81, 184, [16, 189, 90, 91, 92] that satisfy
the constraints of the Einstein equations. To obtain such data, certain assumptions are
made, such as conformal flatness and quasi-circularity. These assumptions are expected
to be good approximations within a certain error, although the astrophysical metric after
a long inspiral is known to be not exactly conformally flat and the orbit not perfectly
circular.

In this paper we consider a post-Newtonian method combined with black hole
perturbation theory to construct approximate inspiral initial data. For large to inter-
mediate separations of compact objects, an astrophysically relevant approximate space-
time can be obtained far from the black holes by analytical post-Newtonian and post-
Minkowskian methods [3]. One advantage of such methods is that they allow systematic
improvements through higher order expansions (compared to numerical constraint solv-
ing schemes which typically include only the correct lowest order PN behavior). In their
regime of validity, PN methods do result in appropriate deviations from conformal flat-
ness and in non-circular inspiral orbits. The main disadvantage of PN methods is that,
by construction, they are generally believed to fail in the final phase of the inspiral for
fast moving objects, and also close to non-pointlike objects with horizons. On the other
hand, black hole perturbation theory provides an accurate spacetime in a region of the
manifold sufficiently close to the background black hole. The main disadvantage of this
theory is that it fails sufficiently far from the background hole and, thus, cannot provide
information about the dynamics of the entire spacetime.

In what follows, we take a concrete step toward combining PN theory with black
hole perturbation theory using the mathematical machinery of asymptotic matching.
The method maintains the potential for systematic improvement through higher order
expansions, although we only work at low order here [93,139]. From the PN approach the
method inherits its astrophysical justification, i.e. that for sufficient separation between
the holes the method will yield metric components that are correct up to uncontrolled
remainders of certain orders. The uncontrolled remainders in the metric components have
different effects on different quantities, and it is of interest to see how other quantities
such as the binding energy compare to those of other initial data sets in the literature.
This question is beyond the scope of this article, but should be addressed in the future.
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Concretely, we have to discuss how black holes are incorporated in our approach.
While formally PN methods assume slow motion and weak internal gravity of the sources,
it has been shown that the results hold as well for objects such as black holes with
strong internal gravity [94] as long as one is not too close to these objects. Near each
black hole, a tidally perturbed Schwarzschild or Kerr spacetime provides another an-
alytical approximation. Given that different approximate metrics can be constructed
from different scale expansions, it is natural to try the method of matched asymptotic
expansions [3(]. If there is an overlap region (also known as a buffer zone) where both
approximations (post-Newtonian and tidal perturbation) are valid, a diffeomorphism can
be constructed between charts used in different regions of the manifold by different ap-
proximation schemes. Matching—demanding that both approximation schemes have the
same asymptotic form in the overlap region—relates physical observables in the different
regions, i.e. ensures that both expansions represent the same physical system.

The first attempt to construct initial data in such a way was by Alvi [28]. By
construction, there are discontinuities in the data, which were found to be too large for
numerical experiments [32]. Alvi’s fundamental problem was that, in the terminology
of textbooks such as Bender’s [3(], he did not match (construct expansions asymptotic
to each other everywhere in the overlap region) but rather patched (set approximate
solutions to the Einstein equations equal to each other on specified 2-surfaces) so that
large errors in the extrinsic curvature were possible. Alvi’s Table I shows that his spatial
metric near the black holes is discontinuous apart from the Minkowski terms (indepen-
dent of ) in either region. Such discontinuities are problematic for numerical relativity,
since part of the initial data is the extrinsic curvature which includes derivatives of the
spacetime metric. Smoothing can be attempted, for example with transition functions
as in Alvi’s next paper [29], but it is not trivial to implement—especially with such large
discontinuities—without adding unphysical content to the initial data. There is also the
issue of making sure that the initial data slicing is treated consistently in the various
expansions, which Alvi addressed to some extent but did not always make explicit his
assumptions. Finally, there was a problem with the accuracy to which Alvi calculated
metric components. Construction of the extrinsic curvature requires terms in the expan-
sions that Alvi did not calculate because he assumed (incorrectly) that the counting of
orders follows the standard pattern used in deriving post-Newtonian equations of motion.

The main point of this paper is that we are able to correct the mathematical
problems with Alvi’s approach, and that we provide initial data for actual numerical
evolutions. We use true asymptotic matching to construct a piecewise metric for two
black holes in circular orbit, including terms of order the gravitational constant G on
the diagonal of the metric and O(G)3/ % off the diagonal. We then remove the piecewise
nature of the approximate metric by “merging” or “smoothing” the solutions in the
buffer zones, thus generating a uniform approximate metric. We do this by constructing
smooth transition functions so that the uniform approximate solution is in principle C°,
although in practice higher-order derivatives will be less accurate than lower-order ones.
These transition functions are carefully constructed to avoid introducing errors in the
smoothed global metric larger than those already contained in the approximate solutions.
This metric allows for the calculation of the lapse to O(G), the shift to O(G)g/ 2,

the extrinsic curvature to O(G)g/ 2, Although this data contains only the first order

and
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deviations from flat spacetime, our approach does include the tidal perturbations near
the black holes. Strictly speaking, these tidal perturbations are valid only near the
horizons—our approach cannot model the asymptotically flat ends inside the holes and
therefore must be used in numerical evolutions with excision rather than punctures. Our
formalism can be extended to higher order by including more precise post-Newtonian [12]
and black hole perturbation theory results [95] already in the literature.

By construction, our initial data satisfies the constraints only up to uncontrolled
remainders of a certain order. Therefore, this data may still need to be projected to
the constraint hypersurface via a conformal decomposition. One avenue worth exploring
is that since the constraint violations are O(G)3/ ? or smaller, it may be possible to
find a constraint projection algorithm that changes the physical content of our initial
data only at a comparably small order. In this manner, the formalism presented here
can potentially be used to construct extremely accurate background data for constraint
solving. This hybrid combination of an accurate background 4-metric plus constraint
solving might potentially lead to very astrophysically realistic initial data, which then
could be compared and tested against other sets already in the literature.

This paper is organized as follows: Sec. describes the method of asymptotic
matching as applicable to this problem. Sec. discusses the near zone expansion
of the metric and determines its asymptotic expansion in the overlap region. Sec. Z4
concentrates on the inner zone expansion of the metric and expands it asymptotically
in the overlap region. Sec. applies asymptotic matching to the metrics to obtain
matching relations between expansion coefficients and a map that relates the charts used
in the different regions. Sec. EXfl constructs the global metric, discusses its properties,
and builds transition functions to eliminate discontinuities between local approximations.
Sec. B computes the extrinsic curvature, lapse and shift. Sec. concludes and points
toward future research.

Throughout this paper we use geometrized units (G = ¢ = 1) and we have relied
heavily on symbolic manipulation software, such as MAPLE and MATHEMATICA. We
use the tilde as a relational symbol such that a ~ b means “a is asymptotic to b” [3(].
When we refer to our results as “global,” we mean that they cover the region of most
interest to numerical relativity. Strictly speaking, our results do not cover the radiation
zone (further from the binary than a reduced wavelength) or the asymptotically flat ends
inside the holes. However, obtaining the radiation-zone solution and matching it to the
near-zone solution is a solved problem [3] and the asymptotic ends inside the holes can
be removed with excision before numerically evolving the initial data.

2.2 Approximation regions and precision

Let us now consider a binary black hole spacetime, with holes of mass m, and m,,
total mass m = m, +m, and spatial coordinate separation b. The manifold (Fig. 1) can
be divided into 4 submanifolds, the boundaries of which cannot be determined precisely
due to the presence of uncontrolled remainders in black hole perturbation theory (BHPT)
and post-Newtonian (PN) asymptotic series. Nonetheless, an approximate subdivision
is possible and we make one as follows:
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1. The inner zone of Black Hole 1, (submanifold C,): R, < b, where R, is the
distance from the Ath black hole in isotropic coordinates. In this region, the metric
is obtained via black hole perturbation theory as an expansion in €1y = R, /b.

28, lod).

2. The inner zone of Black hole 2, (submanifold C,): R, < b, where the metric
is obtained in the same manner as in region C, but with labels 1 and 2 swapped.

3. The near zone, (submanifold C,): 7, > m, and r < \/27, where A is the wave-
length of gravitational radiation, r is the distance from the binary center of mass
in harmonic coordinates, and r, —m , is the separation in harmonic coordinates
from the horizon of the Ath black hole. In this region, a post-Newtonian approxi-
mation is used for the metric with an expansion parameter €y = m , /7 B] which
is formally treated as the same order for both values of A.

4. The far zone, (submanifold C,): » > \/27, where the metric is obtained from a
post-Minkowski calculation @]

These zones are shown schematically in Fig. Bl projected onto the orbital plane. In
these figures, the near zone is shown in dark gray, the inner zones in light gray and the
buffer zones in a checkered pattern. The holes’ horizons are denoted by black solid lines,
while the dashed black lines are the excision boundaries.

Far Zone (C4)

Fig. 2.1. Schematic diagram of the near zone (dark gray), inner zones (light gray) and
buffer zones (checkered) projected onto the orbital plane. The black holes’ horizons are
shown by solid black lines, while the excision boundaries are shown by dashed black lines.
The near zone overlaps the inner zone of each black hole, and these overlap regions are the
buffer zones (checkered patterns.) The boundaries of all zones are somewhat imprecise
since they are based on power series approximations, but the buffer zones are roughly
spherical shells shown in this Figure as annuli.
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The manifold is subdivided in such a way so that approximate solutions to the
Einstein equations can be found in each region. These approximate solutions will depend
on certain coordinates and parameters local only to that region. The near zone metric,

gfl’j), is an expansion in €3 = m/r < 1, which depends on harmonic coordinates z*

and parameters, such as the masses m , of the holes and the angular velocity w of the

system. Similarly, the metric in inner zone 1 (or 2), hf_jﬂ) (or hf—j;))’ is an expansion in
€1y = r /b < 1 (or €o) = r,/b < 1), which depends on isotropic coordinates z" and
certain parameters, such as the mass of the background hole M and the angular velocity
Q of the tidal perturbation. The parameters and the coordinates used in different regions
are not identical and are valid only inside their respective regions, although those regions
overlap.

A global metric can be obtained by relating the different approximate solutions
through asymptotic matching. The theory of matched asymptotic expansions was first
developed to perform multiple scale analysis on non-linear partial differential equations
and to obtain global approximate solutions [3(]. In general relativity, this method was
first applied by Burke and Thorne [97], Burke [98], and D’Eath |99, [100] in the 1970s
to derive corrections to the laws of motion due to coupling of the body’s motion to the
geometry of the surrounding spacetime. Based on these ideas, in this paper we will
develop a version of the theory of matched asymptotics that is useful to obtain initial
data for numerical relativity simulations.

Asymptotic matching consists of relating different approximate solutions inside a
common region of validity. This region is usually called the buffer zone by relativists,
but is called the overlap region by others. For a binary there exists three such regions,
which are 4-volumes: Two buffer zones (0,5 and O,;) are defined by the intersection of
the near zone and the inner zones of black hole 1 and 2; the third one is defined by the
intersection of the near zone and the radiation zone (O,,). The former two, shown in
Fig. ZTlin a checkered pattern, are defined by the asymptotic condition m , < r, < b.
The latter has been analyzed in Ref. [3] and will not be discussed here. In this paper we
perform asymptotic matching in the former two buffer zones 0,5 and O,,. In order for
our tidal perturbations in the inner zones to be valid, the inner zones C; and C, cannot
overlap.

Once a buffer zone has been found, asymptotic matching can be used to relate
adjacent approximate solutions. The first step is to find the asymptotic expansions of
the approximate solutions inside the buffer zones. These approximate solutions depend
on the expansion parameters, €1y €2) and €3> which are small only in their respective
regions of validity C,, C,, and C,. By definition, in each overlap region both expansion
parameters are small, specifically €y < 1 and €5 < 1 in Oy, while € < 1 and
€ < 1 in O,,. Inside buffer zone 1, for example, we can then asymptotically expand
the near zone solution in €y < 1 to obtain gfj}) and the inner zone solution in €5 < 1
to obtain ﬁ{lp) These asymptotic expansions of approximate solutions are naturally
bivariate sinuce they depend on two independent expansion parameters. When working
with these bivariate expansions, we use the symbol O(p,q) both to denote terms of
order (m/b)"(r,/b)? and uncontrolled remainders of order (m/b)” or (r,/b)?. Relating
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adjacent approximations then reduces to imposing the asymptotic matching condition

O ozt 92"
© A gt 927

9., (2.1)
This expression means not that the two approximate solutions are equated, which is
correctly called “patching,” but rather that all coefficients of all controlled terms in the
bivariate expansions are equated.

After imposing the asymptotic matching condition, one obtains a coordinate and
parameter transformation between the near zone and the inner zone 1 in O, (and sim-
ilarly in O,;.) These transformations allow for the construction of a global piecewise
metric, which is guaranteed to be asymptotically smooth in the buffer zone up to un-
controlled remainders in the matching scheme. Asymptotic smoothness here means that
adjacent pieces of the piecewise global metric and all of their derivatives are asymptotic
to each other inside the buffer zones. This asymptotic smoothness, however, does not
rule out small discontinuities on the order of the uncontrolled remainders in the approx-
imations, when we pass from one approximation to the other. The global metric can
be made formally C™ by smoothing over these discontinuities, which introduces a new
error into the solution. Asymptotic smoothness, however, guarantees that this error will
be smaller than or equal to that already contained in the uncontrolled remainders of the
approximations, provided the smoothing functions are sufficiently well-behaved.

Finally, we enumerate the orders of approximation used in the near zone. The
Einstein equations are guaranteed to generate a well-posed initial value problem for
globally hyperbolic spacetimes [9], where the initial data could consist of the extrinsic
curvature K, ; and the spatial 3-metric +, ;= Y- We can write the extrinsic curvature
in the form

1
K, =3 <2D(lﬁj) ~07) (2.2)
where 3, = g, is the shift vector and « is the lapse. Time derivatives are smaller than

spatial derivatives by a characteristic velocity, which by the virial theorem is O(m/ b)l/ 2,

Therefore to compute K, j consistently to a given order in m/b, the 4-metric components

9; are needed to O(m/ b)l/ ? beyond the highest order in 9i (and g, which appears in ).
In this paper we compute the first two nonzero contributions to the 3-metric and extrinsic
curvature, i.e. the leading order terms and the lowest-order corrections. This means that
we need the 4-metric components gy, and g;; to O(m/b), but we need g, to O(m/b)?’/z.
Note that this does not correspond to any standard post-Newtonian order counting or
nomenclature, which is why we quote precisions and remainders precisely in terms of
expansion parameters rather than in ambiguous terms such as “nth PN”. The standard
post-Newtonian order counting corresponds to the calculation of the equations of motion
for spinless bodies, but the counting must be altered when studying other problems, such

as the bending of light or the equations of motion for bodies with spin [33].
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2.3 Near zone metric

In this section, we present the post-Newtonian (PN) metric in the near zone C,
and expand it in the overlap region O, 5, the buffer zone where the inner zone C, of BH1
and the near zone overlap. When performing the matching in Sec. A we will obtain
the corresponding expansion in the other overlap region O,, by a simple symmetry
transformation.

We use harmonic corotating coordinates (¢, x,y, z) rotating around the center of
mass such that

t = t,

¢ = zcoswt— y sinwt,

y, = xsinwt + ycoswt,

7 o=z (2.3)

where primed coordinates are nonrotating. The near-zone metric takes the form [101]

3
g( )
00 7‘1 7‘2

®3)

~ 1 2Tnl
9y ® YW + T )
2m 1 1
9(3) ~ zw(l+—L) —dpbw | ———),
02 Ty Ty Ty

2 2
¢ ~ 4, (1 + ﬂ) : (2.4)
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where all remainders are at least O(m/ 7’)2 and the superscript reminds us we are working
on submanifold C,. Here

rp =1yt 2 = \/(x—m2b/m)2 +y* + 22,
r2:1/:p§—|—y2—|—z2:\/(:1:—|—m1b/m)2—|—y2—|—z2 (2.5)

are the usual harmonic radial coordinates centered on black holes 1 and 2 and b is the
separation between holes. Implicit in this metric is the assumption that r, (for A = 1,2)
is of order b, or in other words that the field point is not too close to one of the holes.
(Recall that, in harmonic coordinates, the horizons are at r, = m , if we neglect tidal

deformations.) We do not include the O(m/ 7’)2 terms in g, in what is commonly called

the first post-Newtonian (1PN) metric and we do include O(m/r)s/ ? terms in 9y, for
reasons discussed at the end of Sec. In Eq. [Z4) it is sufficient to use the first
post-Newtonian approximation

= B35 5 03y, oo
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Fig. 2.2. Diagram of the near zone coordinate system used for the post-Newtonian
metric in harmonic coordinates. The z axis is chosen parallel to the orbital angular mo-
mentum of the binary, so that the black holes orbit counter-clockwise here with angular
velocity w. The origin is chosen to be the center of mass, while r; and r, denote the
coordinate separations of the field point from hole 1 and 2 respectively. The coordinate
separation between the holes is b.

to the angular velocity, where p = m m,/(m, + m,) is the reduced mass of the binary.
Our choice of sign corresponds to coordinates in which the orbital angular momentum
is in the positive z direction, as shown in Fig. Z2

We now concentrate on the overlap region (buffer zone) O, ,. Inside O, , we expand
1/r, as a power series in r, as

% _ %nzo(—l)" ()" e, <jf—11> , (2.7)
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where the P are Legendre polynomials. Substituting into Eq. ([Z4)), we obtain

_(3) B 2m,  2m, o Ty 1\ 2 Ty 27/ 2 2
900 1+—r —i——b [1 bP1<r1>+<b) P2<T1>]+w (w —i—y),

_(3) 2m1 2m2 T T,
~ - 1+—+—=(1—-——=P, | —
o1 yw{ " ™ " b [ b 1<7’1>}}7

_(3) 2m1 2m2 Ty x, 1 1 T T,
~ 1+—4+—=(1—-——=P, | — — 44ub — = |1—-=P (| —
902 xw{ " ™ " b [ b 1<7’1>}} Mw{ﬁ b b1 L]

_(3)
9ps ~ 0(2,3),

_(3) 2m,;  2m, T T, T\ 2 T,
iy~ (S - (2) ()R (2]} =
where all errors are of order O(2,3) and where m; < r; < b. The metric (Z8), denoted
with a tilde, is the asymptotic expansion in the inner zone of BH1 of the PN metric,
which is already an asymptotic expansion in the near zone.

Observe that these expansions constitute a series within a series (bivariate series).
In order to see this more clearly, we can rearrange the spatial metric to get

_(3) 2m1 My Ty T x, 71\ 2 x,
~ 14+ —<1+—=—=|1—- =P, | —= —) P, —= . (2.
95 523( T T { +mlb [ b 1<r1>+<b> 2<r1>}}> (29)

Equation () is a generalized Frobenius series [102], where the expansion is about
the regular singular points 7, = 0 and r; = oo. There are clearly two independent
perturbation parameters, namely €3) = My /r; (the usual PN expansion parameter used
in C,) and €1y =T /b (a tidal perturbation parameter used in C__). In the overlap region
0,5 we can expand in both.

2.4 Inner zone metric

In this section we discuss the metric in the inner zone C; of BH1 and its asymptotic
expansion in the overlap region O, .

Physically, we expect the spacetime in the inner zone of BH1 to be Schwarzschild
with mass M, plus a tidal perturbation due to BH2. Thorne and Hartle [94] argue
that, in the local asymptotic rest frame (LARF) of BH1, the metric can be expanded
in powers of M, outside the horizon of BH1. The first term, independent of M,, can
be taken to represent the external universe and thus can be computed by placing a test
particle in the spacetime of BH2 as done by Alvi [28]. This is the tidal perturbation
due to BH2. Terms of higher order in M, describe BH1 itself (the Schwarzschild metric)
and interactions between BH1 and BH2 (tidally-induced quadrupole, etc). At the level
of approximation of this paper, we can neglect the interaction terms because they are
0(2,1) or higher.
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Alvi identifies LARF coordinates, in terms of which the tidal perturbation is
obtained, with isotropic coordinates (Fig. Z3]). Observe that this coordinate system is

© Field

Point

H1

Fig. 2.3. ]
Coordinate system used in inner zone 1. The isotropic coordinates are centered on black
hole 1 and the other hole orbits with angular velocity €. The matching parameters M,
and Q and the coordinates X* need not be equal to those used in the near zone.

centered on BH1 and is inertial. The asymptotic form of the inner-zone tidally perturbed
metric valid in the buffer zone is given by Eq. (3.14) of Alvi [28], who derives it by
extending Thorne-Hartle type arguments. But to serve as initial data the perturbation
is needed throughout all the inner zone including the strong-field region, not just in
the buffer zone where the field is weak. Alvi derives a form of the perturbation valid
everywhere in the inner zone and presents it in Eq. (3.23) of Ref. [28]. The result depends
on parameters M, and € which will be related to the near-zone parameters m; and w
when we perform the matching.
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We write Eq. (3.23) of Ref. [2§] as

1C,(1) 1-— Ml/(QRl) 2 m2 Ml 4 . 2 2
h N o— | ——C —Z 1 - —= 3(X QT +YsinQT)” — R
00 [1 T M,/(R,) E oR, [ (X cos QT + Y sin QT') J ;
IC,(1) N 2m2 m B ]\41 2 Ml 4 2 . 2\ . .
h01 ~ <1 —2R1> 1+ —2R1 [(Z Y > sin QT — XY cos QT} ,
he '~ G (1 TN R1> L+ on [(X Z ) cos QT + XY sin QT] ,
c _ 2my mo . M, \? M\ X q
h03 ~ (1 2R, 1+ 2R, (YcosQT — XsinQT) Z,
B0 o (1 MY 2 [3(X cos QT + YVsinQT)° — R
§ ~ + 2R, T 7 {3( cos QT +Y sinQT)" — 1]
1 2y —2M2 S M) X (2.10)
X —_ L= .
2R, R YR 4R’ | R ’

where once more the superscript (1) is to remind us that this metric is valid in sub-
manifold C,, while the IC' superscript refers to isotropic coordinates. The uncontrolled

remainders in all components of Eq. ([2I0) are O(R,/ b)°.
Inspection of Eq. (ZI0) shows that the perturbed metric diverges as R, — 0

faster than (1/ R1)4, which prevents the use of puncture methods [16]. Physically, this is
because the tidal perturbation tacitly assumes a small spacelike separation from the event
horizon. Of course this assumption is violated as R, — oo, the asymptotically flat spatial
infinity we call the “outside” of hole 1; but it is also violated as R, — 0 since, in isotropic
coordinates, that is the other asymptotically flat spatial infinity “inside” hole 1. Outside
the hole we match to the near zone metric which is well behaved, but inside we have
nothing to match to. Thus numerical evolutions using our initial data will need to excise
the black holes. Excision in practice still requires a slice that extends somewhat inside
each horizon, which raises the question of how far inside our data can be considered valid.
Outside hole A the tidal perturbation is valid for R, < (m,/m)b. The corresponding

limit inside the hole is approximated by the transformation R, — (m ,/ 2)2 /R 4, which
is an isometry for an unperturbed Schwarzschild hole, where we have used m , ~ M ,.
Thus the tidal perturbation is good roughly for
m,m R m,
—= K —=b, 2.11
2 ST, (211)
and the excision radius can be chosen anywhere between the lower limit of this expression
and the horizon.
Since matching will be simpler if performed between two coordinate systems that
live in charts that are similar to each other, we choose to corotate first. We define inner
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isotropic corotating coordinates (ICC)

= XcosQT + Y sinQT,

—Xsin QT 4+ Y cos QT

Z,

= T (2.12)

NN <
Il

Using these equations, we can obtain the inner metric in isotropic corotating coordinates,
given by

O 252 o2 Qo2 o2 52
ny) o~ H - H, 0 (X +Y)—|—2H8tXb—2 (X*+72-2%),
-2
O X
hll ~ Hsl_HSQb_Q’
W~ —m Yoo H, X
01 S S b
2
O Y
h22 ~ HSI_HSQb_Q’
ORI G (x*-2*)
02 sl b2 )
2
o Z
h33 ~ Hsl Hs2b_2’
S th—f,
03 st
o YX
h12 ~ H82 b2 ’
W o g 2
h23 ~ H82 b2 ’
ZX
o~ —H (2.13)
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where we use the shorthand

m M, \?2 M, \4
H, = 2 —1- = 14+ L
o= omfii (ogi) (am)

_ 2
M, \4 m, o X M \* M
H. = [(14+—-L 14+2—2R°P, [ — 14+ —L) —2—1L
s1 ( +2R1> + 7 R 2<R1> < +2R1> Rf ;
2
oo (1 MUY ML) AmeM, (X
82 2R, AR? bR, R )’
1
1— M,/2R,\?2 M, \4
ARSI
1+M1/?R1 2R,
my 2 X
M p?p (_) , (2.14)
b3 1 2 Rl

and the errors are still O(R,/ b)g. In Eq. (Z13)) we have dropped the superscript ICC in
favor of (1), which refers to submanifold C,.
By expanding Eq. (T3] in powers of M,/R,, which is permissible in overlap

region O, ,, we obtain
= (1) B 2M1 2m2 2 z 2 =2 =2
P L+ R, * b3 R B R, 2 (X +Y)’

P (1) —2my mo o o 2M,
b - JHYX YQ<1+ 7 )

(1) 2my moge o2\ g 2M,
i (X Z)+XQ<1+R ,

2 b b L
R 2 [Ty
ho 7 -2y,
p0 20, 2my pa (X
h, 5, {1+ Rty R P, 7 (2.15)

where the errors are O(2,3). Like Eq. (23, iNLSV) is a bivariate expansion in both €y =

R, /b (valid in the inner zone C;) and €3 = M, /R, (valid in the buffer zone O,;). In
other words, it is the asymptotic expansion in the buffer zone to the asymptotic expansion
in the inner zone.

2.5 Asymptotic matching

In this section, we concentrate on finding a matching condition (1,,) and a co-
ordinate transformation (¢,,) that maps points in C, labeled with isotropic corotating
coordinates (ICC) X" to points in C, labeled with harmonic corotating coordinates

(HCC) z". As already discussed, we concentrate on buffer zone O, ., while the matching

13
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condition %,, and the coordinate transformation ¢,, in O,, will be given later by a
symmetry transformation.

We assume that the coordinates are asymptotic to each other and that they can be
expanded in an implicit bivariate series. That is, we assume that the map ¢, : XH =zt
has the form

= () [ (i (3 )]

P e (5 e (52) e ()]

7 = e[ () o (e (7))

T =~ [1 + < 2 )1/2 7 (2") + <%> T (2") + (%)3/2 7'3(:17“)] , (2.16)

where x, v, ¢ and 7 are functions of the harmonic corotating coordinates which do not
depend on m/b (or equivalently w), but are power series in r,/b. We continue these
power series only to O(?‘l/b)2 so that the errors here in ¢,, are O(2,3) as in Eqgs. (Z3))
and (ZT3)) which are linked by ¢,,. The first term in the X equation above is chosen so
that both coordinate systems have their origins at the center of mass of the binary.
Like the coordinates, the matching parameters in the two coordinate systems must
be identical to lowest order in m,/b. (They must also be independent of coordinates.)

Then 1,4 is given by
my 1/2 3/2
[ ( b 2+( b ) IR

o[ (3" —<—>}

Q

M,

Q

Q

(2.17)

where the errors are O(m/b)>.

Before moving on with the calculation, let us discuss the physical meaning of the
assumptions we have just made. Equation (ZI6]) implies that inner and near zone metrics
are identical in the buffer zone up to a change in coordinates. For a single black hole, in
the buffer zone (which is outside the horizon), the only difference between isotropic and
harmonic coordinates is the radial transformation

M2
—R|1+ , 2.18
a1 20) 215)

where r is in harmonic coordinates and R is in isotropic coordinates. This has the
asymptotic form posited in Eq. (ZI6]). Thus the assumption of Eq. (I8 is only needed
in the buffer zone for the matching in this section. However, we will want to write our
final results in a global coordinate system which goes inside the horizons (though not all
the way to the asymptotically flat ends). For this purpose we assume that the form of
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Eq. ([ZT8]) holds for all values of 7, > 0. This has the effect of defining a new coordinate
system which is asymptotic to harmonic coordinates in the near zone and to isotropic
coordinates in the inner zone.

Now let us return to the asymptotic matching. Using Eq. [ZI7) we can transform
Eq. (ZI3) to harmonic corotating coordinates and impose the matching condition of
Eq. ),
axX* 0Xx"”
ozt oz
Equation ([ZI9) provides 10 independent asymptotic relations per order, all of which
must be satisfied simultaneously. Each asymptotic relation results in a first-order partial
differential equation for the coordinate transformation, leading to 10 integration con-
stants per order. As we shall see, these constants correspond to boosts, rotations, and
translations of the origin.

Equation (ZT9) must be solved iteratively in orders of (m/ b)l/ 2. Evaluating the
nonzero components (the diagonals) of Eq. (ZZI9) at zeroth order in m/b, i.e. comparing
Egs. (Z8) and I3), provides no information, since it only asserts that at lowest order
both metrics represent Minkowski spacetime. This is true for any matching formulation
involving metrics of objects that would have asymptotically flat spacetimes in isolation.

The asymptotic relations given by evaluating Eqs. (Z8)), &I3), and ZI9) at
O(m/b)l/2 are

306 ~ B (X7 (@)

2.1
uv af ( 9)

X1 ™ TIXq g G~ _ZCLZ
T Ty T~ T
Moy 1/2
tTl,:E ~ xXl,t’ y’YLt - tTl,y ~ <E> s
iy, ~ zCl,t’ TX19 ~ "Y1
2y g ~ TEX Ym .~ —2C (2.20)

where commas stand for partial differentiation. The solution in terms of integration
constants C is

try(z,y,2,t) = Cux+Cy—/my/my+ Cyz + C,,
X, (z,y,2,t) = —Cy+Coz+Cyt+Cj,
vy, (2, y,2,t) = —Clx+Coz+ Cit + C,

( )

2C (2, y,2,t) = —Cyx— Cry+ Cgt + C. (2.21)
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For simplicity, we choose all C; = 0 except C; = y/m,/m. Thus the coordinate systems

are identical at O(m/ b)l/ ?_ The coordinate transformation then becomes

¢ o~ (2T ") o)+ (2) ("
r (m m>+ [( ) )+ (3) b )}’
Y o~ My my o (M232 e My M2
Y =~ y[1+<b)72(:13)+<b) 73(:13)]4- RV R
- Mo\ oty o (T2)Y2 o
Z~z[1+<b>§2(:ﬂ)+<b> Cg(:n)],
= m o my\ 3/2 %
T ~ ¢ [1+ (f) 7, (") + (72) 7 (@ )], (2.22)
where the errors are still O(2,3).
Applying asymptotic matching to O(m/b), we obtain
T —myb/m x
—(ry+try,) ~ 1_%: .
(x — m,b/m) x
(x — m,b/m) x
Yoty ~ - = 1=,
(x — m,b/m) x
sy, ~ 1-ETTA
" m\ 2y
TXgp ~ Ty, ™ 5T m_2 R
. <m>1/2:p—m2b/m
Yoy — 1Ty, ~ — (| ———hy,
2,t 2,y m, b 1
2oy ™~ 1Ty,
‘TXQ@ ~ Yo 4
‘TX2,2 ~ _ZCZm’
Yo, ~ —2Gy, (2.23)

Once more we have a system of 10 coupled partial differential equations that now depends
on k,, which is a parameter that relates {2 and w. For simplicity, we choose x, = 0, so
that the 2 = w to this order. The solution to this system is then given by
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T, = —{1—%+%]+D5%+D4%+D8§+%7

Xs = 1—%+%+%(2t2+y2+z2>+D1%+D4£+D2§+%,

Yy = 1—%+%—D1§+D7§+D5§+%,

G = 1_%+%+D8£_D7%_D2§+%7 (2.24)

where the D, are 10 more integration constants. For simplicity we set them to zero, and
the coordinate transformation becomes

% ox (o= 5) e { () - B () e
2

Y =~y {1 + (%) [1 s nz2b)/m] + (%)3/2 73(96”)} + % %t,
o e (3 - )
U U L e M S R T S

with errors of O(2,3).
Now that matching has been completed to O(m/b)°, O(m/b)l/2 and O(m/b), we

can proceed with matching at O(m/ b)s/ ?. However, keeping in mind our discussion in
Sec. B2 of the orders needed, we will only use the spatial-temporal part of the asymptotic
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relations matrix (ZI9),
m O\ 1/2
Xz =130 ~ — |

oy = ¥las ™

X

X
7~ N N N

n 3m, —4p 9u+8m; 3
m 2m 2( )
m \ 1/2 2y
tT3,Z — ZC?),t ~ <m—2> b_2 (226)

For simplicity, we choose x, = 1+3m,/m. This completes the derivation of the matching
parameters, since 7, and k4 did not appear in the differential equations at all, and hence,
we can neglect them to this order. Note that this choice of parameter matching is
different from Alvi’s choice, and thus our coordinate transformation is also different. Up
to O(m/ b)z, the corresponding parameter matching condition v, , is

~ My My ~
~wll+ =2 (14322)], M am, (2.27)
This choice of v, simplifies Eq. (226), which now becomes

. ( m >1/2 dyx
Tag = TXge ~ —\ 2
z t m, b

1/2
m 2y
i1y, — ZC?,,t ~ ( > b2’

my

m \ Y2 [z [4m, — 3m, myN\2 [ z\2 (T 4m,
My = Vhse ™ (@) Z[T_‘l(E) “ﬂ*(z) <§_W

2my, Y\ 2 1 my, 2m, z\2 3 my  2my
- m>+<b><2 m+m +<b> 2 m+m
2 9 8
. <t> L Apb +{@[2<m)2_4_ﬂ]_w+§} (2.28)
b MyTy m m m 2m 2
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As before, we choose the integration constants for simplicity (and to keep the slicings
close to each other), resulting in the following solution:

T3(z,y,2,t) = 0,

o) = (2)748

o = ()2

IR b bl
)G < = %)wzr(—%—%ﬂ%)

1
2
1/t 2 Aub 2 4 O+ 8 3
+ - (; K D2) o T ) (229)
3\b m2r1 m 2m 2

To summarize, we have found a coordinate transformation ¢, and a set of parameter
relations 1, ; that produce asymptotic matching to O(3/2, 3) in the 00 and 7j components
of the 4-metric and to O(2,3) in the 0i components.

Note however that the ~, piece of the coordinate transformation becomes singular
at 7, = 0. Also recall that the point r; = 0 is not identical to the point R, = 0, where
the inner zone metric perturbation diverges. Hence if we excise the inner zone metric
close to R, = 0, the point 7, = 0 might be outside the excised region, in which case our
coordinate transformation would introduce a coordinate singularity outside the excised
region. To get rid of this singularity we will replace r, by

L=y /rf + 6m2. (2.30)

This change amounts to adding a higher order term to the coordinate transformation,
which has no effect in the buffer zone at the current order of approximation, but it has
the advantage that the resulting coordinate transformation is now regular at 7, = 0.
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With this replacement the coordinate transformation is given by
myb <m2 (x —2myb/m) m., [mdyt
_ 2T a2 B T S Mt 2 JI0 I
(x m>+${ b)[ 2% TNV

m
+ ﬁ(2t2+y2+zz>,

Y y{1+<m7

X

Q

Q

(V]
N—
| —
[
8
S
[\
S
~
3
| S
N—— =
|
|3
[\
=3
N

2m 2 m b
b o o3 o mmn]
P ()
0 ~ w[1+72(1+3@)],
M, ~ m,. (2.31)

The coordinate transformation for matching in the other overlap region O, is obtained
by the following symmetry transformation:

1< 2, T — —T, y— —v, z— z. (2.32)

In Eq. (Z31), ¢ should be considered small just as z, y, and z are. Recall that
fundamentally the overlap regions are 4-volumes, although when we choose a time slicing
we have to deal with their projections on a spatial hypersurface (m, < r, < b). Just
as the overlap regions span a limited range of r 4, so they span a limited range of t. The
post-Newtonian metric and the perturbed Schwarzschild metric are formally stationary,
but the true physical system includes gravitational waves (not modeled here) which
for example change the orbital frequency on a radiation reaction timescale. While this
timescale is longer than an orbital period, which must be of order b, rotation and boosts
mix space and time terms and to be consistent with r, < b we must keep ¢ < b.
Therefore we choose the t = 0 = T slice when discussing the approximate metric in the
next section, which restricts our overlap region to the intersection of this 3-surface with
the overlap 4-volume.
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2.6 An approximate metric for binary black holes

In this section we transform the inner zone metric in isotropic corotating coordi-
nates to harmonic corotating coordinates via Eq. (Z31]). The metric in the inner zone
of black hole 1 is given by

gSj) =0, (2.33)

where in the buffer zone the g, and g, ; components have errors of O(2,3) and g, has
errors of O(5/2,3). In the above equation the Jacobian J" ,=0X " can be expanded
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Furthermore, h( refers to the inner metric presented in Eq. (ZI3), where we substitute

the coordinate transformatlon given by Eq. (231 an

1/2

R, = (58 TV 22) (2.35)

The metric in the inner zone of black hole 2 (C,) is given by the symmetry transforma-
tion (Z32) applied to Eq. Z33).

We now have all the ingredients to construct an approximate piecewise metric,
for example

g(l), r < rr
) Qv 1
piece ~ 9(2), r < TT (236)
" ®) T T
9, r1>r1,r2>r2,r<x\/27r

for some transition radii T‘Z; which are chosen to be inside O,, for A = {1,2}. In

Eq. (Z30), gfj’j) is given in Eq. (Z4)), gfjj) is given in Eq. (Z33) and gfjj) is the symmetry
transformed version of Eq. (Z33]). The inner zone pieces of this metric are accurate to
O(R,/ b)?, while the post-Newtonian near zone pieces are accurate to O(m/r)g/ > In
the overlap region, the inner and near zone 0i components asymptotically match up to
0(3/2,2) as required for the extrinsic curvature, while all other components asymptoti-
cally match only up to O(1,2).

Note that when we applied the coordinate transformation of Eq. (31 to the
inner zone metric we kept terms up to O(m/ b)s, which at first glance seems too high.
These terms are needed because the inner zone metric represents a tidally perturbed
black hole with errors in the physics of O[(m/b)(Rl/b)g]. Close to BH1 (R, ~ m), the
error in the physics is only of order O(m/ b)4 and hence we should keep terms to at
least order O(m/ b)3. However, recall that the perturbed black hole metric satisfies the
Einstein equations up to errors of only O[(m/ b)5/ 2 (R,/ b)2] even though its astrophysical
resemblance to a binary black hole has errors already at O[(m/b)(R,/ b)3]. If we want
to obtain a metric which is close to the constraint hypersurface, we should keep terms
larger than O[(m/b)(Rl/b)?’], but not larger than O[(m/b)s/z(Rl/b)z]. In particular,
close to the black hole we have constraint violations of O(m/ b)g/ ®. For example, if we
had dropped terms of order O(m/ b)4 in the inner zone metric we would have introduced
additional constraint violations at this order.

2.6.1 Global character of the asymptotic metric

In this subsection we plot Eq. (30]) to describe some features of the approximate
piecewise metric. We choose a system of equal-mass black holes m; = m, = m/2
separated by b = 10m, so that both holes are located on the x axis with BH1 at x =~ 5m
and BH2 at x ~ —5m. Figures B4 and show the zz and 00 components of the
metric along the x axis for this system. (Other components of the piecewise 4-metric
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exhibit similar behavior.) In all plots we use a dashed line to denote the near zone
metric (g(g)) and dotted lines to denote the inner zone metrics (g(1’2)) We choose the
v v

separation b = 10m because it is near the minimum for which our formalism makes
sense, and we plot on the x-axis because it is where the worst behavior occurs. The
idea is to (i) show some practical features of matching which have not been presented in
the literature and (ii) demonstrate the limits of the method, particularly regarding the
minimum separation.

In these plots, we also include error bars that estimate the uncontrolled remainders
in the approximations. These remainders can be approximated by

2((my/ry)° + (my/ry)’] (2.37)

in the near zone,

2(m,/b)(R, /b)° (2.38)

in inner zone 1, and the same with 1 < 2 for inner zone 2. The error in the near zone
metric was estimated by looking at the next order (2PN) term in the metric compo-
nents [101]. [That term is much more complicated than Eq. [Z31), but is numerically
about equal to it in the region plotted.] The error in the inner zone metric comes about
because the next tidal correction for a single black hole of mass m in perturbation the-
ory will be roughly proportional to %ijo,k' The error bars of the approximations are
position-dependent, and thus provide a useful sign of where each approximation is break-
ing down. The PN error bars are larger near the holes than far away, and the BHPT error
bars exhibit the opposite behavior. The error bars also provide an indicator of where
both approximations are comparably good: Neglecting angular factors (as is typical in
the literature), the error bars for the near zone and inner zone A are comparable at

ri ~ <b4mi/m) V5 , (2.39)
which takes a value of about 4.8m for the system plotted here. This radius is a good
candidate for the “transition radius” of Eq. (Z30l), but note that, in principle, there
is an infinite number of possible candidates, as long as they are in the buffer zone.
Furthermore, note that this is not a “matching radius,” since there is no such thing.
Matching asymptotic expansions, as opposed to patching them as done by Alvi [28], does
not happen at any particular place in the buffer zone. Rather, it makes two expansions
comparable throughout the buffer zone up to the uncontrolled remainders.

In Figs. 24 and we plot the xzz and 00 metric components along the z-axis for
the PN approximation as well as for the two perturbed black hole approximations. In
Fig. Z1] the buffer zones around each black hole were sketched as spherical shells around
the holes, formally defined by m, < 7, < b and m, < r, < b. It is important to recall
that this definition, which is ubiquitous in the literature, is imprecise because of the <«
symbols and one cannot simply substitute < symbols. (For one thing, there is angular
dependence of the uncontrolled remainders.) Inserting the parameters of our system into
these definitions, in Fig. B4 the intersection of buffer zone 1 with the z-axis is given by
5.5 < x/m < 15 (to the right of BHI1) and —5 <« z/m < 4.5 (to the left, between
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the holes). In the part of the buffer zone to the right, away from BH2, we see a clean
example of the behavior expected of matched asymptotic expansions: The near-zone
curve and the BH1 inner-zone curve do not intersect, but the difference between them is
comparable to the estimated error bars everywhere within this part of the buffer zone,
even if we replace the < operator in the definition of the buffer zone by the precise <
operator.

Between the holes, to the left in Fig. 224 the interpretation of the curves is not so
simple. We cannot replace < by < in the definition of buffer zone 1 because to the left
of x/m ~ 0 (r; ~ b/2) the near-zone metric component resembles that of BH2 rather
than BH1. This is because m; < r; < b is a rough criterion obtained by ignoring
(among other things) the angular dependence of the expansion coefficients in Eq. (23],
inspection of which shows about a factor of two variation as the angle is changed. This
angular dependence means that if one tries to redefine the buffer zone heuristically as
“the region where the error bars on two curves overlap and are not too large,” it is
significantly aspherical and can be squeezed out entirely. Even at the origin (where they
are smallest), the error bars from the PN approximation in the near zone are visibly
larger than they are for most of the right-hand part of buffer zone 1. These error bars,
however, are what is expected: At the origin in Fig. X4 the O(m/r) term which is kept

in the PN metric has a value of 0.4, for a total metric component of g(g) = 1.4. The
xrxr

uncontrolled O(m/r)2 term we use for the error bar is 0.04, which is precisely 10% of
the m/b correction and about twice the value at x/m = +10, a comparable distance
on the other side of each hole. The fact that the error bars are worst in between the
holes does not depend on m/b or the mass ratio, but rather is a reflection of the physical
assumptions on which matching is based. The near-zone metric is matched in buffer
zone 1 to the metric of inner zone 1, and in buffer zone 2 it is matched to the metric of
inner zone 2, but inner zone 1 is never matched to inner zone 2. It is the intervening
near zone that ensures that each black hole’s tidal perturbation is the appropriate one
(up to uncontrolled remainders) for the other black hole, because each tidal perturbation
is derived for a black hole without a nearby body. (See, for example, the discussion in
Sec. I1.B of Thorne and Hartle [94].)

Since the inner-zone and near-zone metric components diverge as r, — 0, Fig. 4]
might seem to imply that the solutions approach each other near the horizons. This
misconception can be rectified by scaling the solutions to the Brill-Lindquist factor ¢4,
where

p=1+-2 42 (2.40)

This removes most of the divergent behavior of the solutions, as shown in Fig. In
this figure, we only plot the region near BH 1 to show the difference in divergence better,
but the region near BH 2 is very similar. To the right, away from the other black hole,
we see that the near-zone and inner-zone solutions are indeed quite similar near BH1 and
that there is a wide region where both sets of error bars are comparable and overlap.
The transition radius rf ~ 4.8m (x/m = 10) discussed above is seen to be a good
approximation of where the error bars are equal. To the left, between the holes, there is
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g.. aong the x-axis
*X(m/m=0.5, b=10 m)

-+ Inner zone 1
Inner zone 2
- Near zone

Fig. 2.4. This figure shows the xax component of the near zone metric (PN), denoted
by a dashed line, and the inner zone metrics (BHPT), denoted by dotted lines, along
the (harmonic) = axis for a perturbative parameter m/b = 1/10, with the black holes
located at x/m = +5. The buffer zones cannot be precisely defined, but most of the
region plotted is within one or the other (see text). Matching does not guarantee that
two curves which are asymptotically matched intersect anywhere in the buffer zone, but
rather that they are comparable at the level of the uncontrolled remainders. The error
bars estimate these remainders as described in the text.



45

Jyo AlONg the x-axis
(m/m=0.5, b=10 m)
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-0.1- ! Ty Inner zone 2
*i[—- Near zone
-
-0.2* '-il
it

Fig. 2.5. This figure is similar to Fig. Z4] but it shows the 00 component of the metric.
Observe that in this component the differences between the different approximations

are more pronounced, although the general features of asymptotic matching are still
discernible.

g /L|J4 along the x-axis
XX (m /m=0.5b=10m)

11

-- Near zone |
--+ Inner zone 1

=

P N N TR TR N
9 10 11 12 13 14 15

78
x/m
Fig. 2.6. In this figure we plot the zz component of the near zone (PN - dashed line)

and inner zone 1 (BHPT -dotted line) metrics divided by the Brill-Lindquist factor w4.

The behavior of the solutions is clearly different as we approach the event horizon from
the left (the direction of the other hole).
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only a small region (about |z|/m < 1) where the error bars overlap, and they are never
equal.

The smallness of the region where the error bars overlap is an indication that
b = 10m is approaching the minimum separation for which our approximation method
makes sense. The disappearance of such a region could be used as a criterion for the
failure of matching, although this is not a standard test and several different approximate
criteria could be used (and this region is not the formal definition of a buffer zone
anyway.) In Fig. the error bars never do quite overlap at z/m =~ 0, but they do
overlap at z/m =~ +1, although we must keep in mind that they are rough estimates.
As discussed above, the error bars cannot be made equal at the origin by changing
m/b, although the overlap can be made better by increasing the separation. The fact
that the rescaled metric components in Fig. take off in different directions as they
approach BH1 from between the holes is partly because the two metrics blow up at
different coordinate locations. This small relative translation is due to the coordinate
system used in the matching.

2.6.2 Transition Functions

The fact that matched curves do not strictly overlap even in the buffer zone means
that a piecewise metric such as Eq. ([Z30) possesses discontinuities at the transition
radii T’T, wherever they are chosen to be. These discontinuities can be problematic for
numerical evolutions of the spacetime and thus it is desirable to smooth them. We now
construct transition functions that smooth these discontinuities out, by letting

g = [L=F(R)]g) + F(R)g.. (2.41)
where F| has the properties that I} (R, 2 b) =1, F|(R;, Sm,) =0, F|(R, ~ rf) ~1/2.
This ansatz yields a metric that is equal to the inner zone metric near black hole 1,
while it is equal to the near zone metric far away from black hole 1. In between (i.e. in
the buffer zone) we obtain a weighted average of these two solutions. Since the Einstein
equations are nonlinear, the sum of two solutions is in general not another solution. But
since both solutions are valid in the buffer zone, and since both have been matched, these
two solutions are equal to each other in the buffer zone up to uncontrolled remainders
of 0(2,3), corresponding to higher order post-Newtonian and tidal perturbation terms.
Hence any weighted average of these two solutions in the buffer zone will yield the
same correct solution up to uncontrolled remainders of O(2,3). This justifies the use
of smoothing to merge the two solutions in the buffer zone. A similar solution can be
obtained for the other black hole by replacing 1 — 2.

We choose transition functions of the form

0, r<ry
1 anh |2 (tan(&(r — r
f(?‘) _ 2 {1 +tq2 h [7r (t (2w( 0)) (242)

~Ran(E (r=rg)) , To <71 <rygt+w
1, rzr,tw.
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This function transitions from zero to one in a transition window which starts at r, and
has a width w. The parameter g controls the location at which f reaches 1/2, and s
controls the slope at that location. Note that this transition function is C™, a property
which is useful for numerics. In Eq. (ZZ1]) we set

Fy(Ry) = f(Ry), (2.43)

with parameters
ro=15m,  w= 57»2, g=1/4, s=10, (2.44)

where TZ is given by Eq. ([Z39). With these parameters the transition functions reach the

value 1/2 at R, ~ 1.5m + 0.16w ~ 5.2m, very close to TZ; ~ 4.8m. We could have used
something more sophisticated such as a transition with the same anisotropic behavior
as the buffer zones, but several trials show that such details do not matter as long as
the transition function has the right asymptotic properties. (Trials also showed that the
results were not too sensitive to the precise parameter values.)

g,. with transition function along the x-axis
XX (m,/m=0.5, b=10m)
2 : :
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Fig. 2.7. In this figure we show the zax component of the global metric compared to the
near-zone PN metric and the inner-zone BHPT metric around BH1. Observe that the
transition function takes the global metric smoothly from one to the other. Error bars
in the global metric are the same as the error bars of whichever local approximation is
better at that point.

We can see the effect of this transition function in Fig. 27 and In these
figures we only show the region near BH 1, but similar behavior is observed near the
other hole. The transition function effectively takes one solution into the other smoothly
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in the buffer zone. The size of the transition window can be modified by changing the
“thickness” w, but if w is made too small the derivatives of the metric (which include
1/w terms) develop artificial peaks inside the transition window.

0y With transition function along the x-axis
(m,/m=0.5, b=10m)
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Fig. 2.8. Same as the previous Figure, but for the 00 metric component.

If the separation of the black holes is large enough so that the two transition
windows of width w do not intersect, the transition functions given in Eq. ([ZZ42) will
suffice to generate a global metric of the form

gigjObal) = Fz(Rz)Fl(Rl)g/(i) + [1 - Fl(Rl)] QSJ) + [1 - F2(R2)] gfjj), (2.45)
However, if the separation is small enough that the two transition windows of width w
start to overlap, we must construct a third function G(z) to allow for a smooth transition
between the two black holes while not contaminating the global solution near BH1 with
a piece of the solution from inner zone 2 and vice versa. (In essence, this is an after the
fact way of handling the fact that the buffer zones are not really spherically symmetric as
often implied in the literature. When the holes are too close, a good transition function
should not be spherically symmetric either.) For the system considered here, b = 10m
is a sufficiently small separation that such a third transition function is necessary. The
global metric then becomes

g2 = @) {F(R)g) + L= F(R)] g} + 11— G@)] {B(Ry)g” + 11
-F

5(Ry)] 9(2)} : (2.46)

1%
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(Recall that x is the distance along the axis between the holes with the origin at the
center of mass.) The function G(x) will be chosen such that it is equal to unity near
black hole 1 and zero near black hole 2. In between the two black holes, G(z) will range
from zero to one, so that non-trivial averaging will occur only in this region. Again, this
averaging is allowed because the two solutions in the curly brackets are both valid (and
equal up to uncontrolled remainders) in between the two black holes. Near each black

hole we obtain the appropriate inner zone solution, while far away I (R,) = F,(R,) = 1,
3)
1%

between C; UC, and C, UC, to be of the same form as the function in Eq. ZZ2), i.e.

G(x) = f(=), (2.47)

so that we obtain the near zone solution g*’. We choose the transition function G(x)

but with different parameter values

b(my, —my) b—m
ro= 2 2T b, g =1, 5 = 5/2 (2.48)

(The more complicated form of 7 is to account for the origin of the  coordinate being
at the binary center of mass rather than on either hole.)

The reader might worry that the use of transition functions could introduce large
artificial gradients. However, with a reasonable choice of transition functions this is not
the case. In order to understand why, let us look at the derivatives of the smoothed
metric in more detail. Consider for example the overlap region O, in which F, =1 and

the smoothed metric is thus F} gg’j) [1 — F1] ggj) A derivative of this smoothed metric
takes the form

Flg(g) + [1 — Fl] g(l) + F [9(3) - g(l)} . (2.49)
nv nv 1 [Tpv nv

The last term is the worrying one since it involves a derivative of the transition function.
But note that the coefficient multiplying this term is the difference between the inner-
zone and near-zone metrics in the buffer zone, and therefore is by definition of the order
of the uncontrolled remainders in the expansions of the first two terms. Therefore the
third (unphysical) term will be safely absorbed into the small uncontrolled remainders
unless we make a pathological choice of transition function—for example, one that has
an inverse power of a small expansion parameter built into it. Our transition functions
are chosen to avoid this. Their maximum slope is roughly 1/ ri, comparable to the slopes
@ and 9(3)

uv uv
third term in Eq. ([249) is always formally small. (We demonstrate that it is also small

in practice in Sec. EZ1) The errors introduced into the constraint equations are found by
differentiating (ZZ49). Again, all terms involving derivatives of the transition functions
are multiplied by the differences between expanded metrics in the buffer zone, which are
of the same order as the uncontrolled remainders and therefore can be neglected.
In Figs. and ZT0, we demonstrate the good behavior of the smoothed solution.
Observe that as x increases, the global metric with the transition function becomes
identical to the near zone metric, while as 7, approaches zero (near each hole, x/m —

of g in the vicinity of TZ where the maximum occurs. Thus the unphysical
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Fig. 2.9. This figure shows the xz component of the global approximation of the metric
across both holes.

Global g, aong the x-axis
(=05, b=10m)

Fig. 2.10. Same as the previous Figure, but for the 00 metric component.
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+5) it becomes equal to the inner zone metric. Since the holes are close to each other,
in the region between the holes the global metric never becomes identical to the near
zone metric but rather always contains a contribution from the inner zone metrics. This
linear combination is valid in that region because there the asymptotic expansions of
both approximate metrics are comparable to each other. In Figs. X7 and B8, the error
bars of the global metric with the transition function overlap the error bars of the inner
and near zone metrics in the regions where the former are valid. This criterion would not
be satisfied if the near zone and inner zone curves were farther from each other, which
would occur if the holes were closer, and thus could be taken as another indicator that
the holes are still (barely) far enough apart for matching.

2.7 Initial data for numerical relativity

The approximate metric (Z48]) could be used as initial data for binary black hole
simulations. To facilitate this task we now present this metric in the 3+1 decomposition,
by providing explicit analytic expressions for the extrinsic curvature lapse and shift on
the T =t = 0 slice. If the normal vector to this slice is denoted by n”, then the intrinsic
metric in the slice is given by

Gab = Yab + ALY (250)

and the extrinsic curvature is

1
K= 5400 (2.51)

where £n is the Lie derivative in the direction normal to the ¢ = 0-slice. Below we
compute K, using the explicit expression

1 ¢
Kab = —571 (8cqab B aaqcb B abqac) ) (252)

which has been obtained using the ordinary derivative operator and the fact that ¢ abnb =
0. The evolution vector

0,)" = an” + 5 (2.53)

is split into pieces perpendicular and parallel to the ¢ = 0 slice, where a denotes the
lapse and 3 the shift. Note that nana = —1 and ﬂana = 0.

The near zone extrinsic curvature computed from the PN metric [101] in corotat-
ing harmonic coordinates on the ¢t = 0 slice is given by

(inj) — vk nA5

2 4v

(3) A A Ak i

KW = .

y E m - , (2.54)
A=1 A

where the error is of O(m/ b)5/ ?_ the superscript 3 is to remind us that this expression is

only valid in Cy, and Where the parentheses on the indices stand for symmetrization. In
the previous equation, ’UA and nA denotes the particle velocities and directional vectors
given by

vf = wﬁb, U; = —wﬁlb, v,=v,=0 (2.55)
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_ A _ My __.m _ .3 _
n, = , T = mb, x = mb, xA—xA—O. (2.56)

_ My
ag=1- 4 (2.57)
A=1 A
. 2 4m 0 .
i A _ j
ﬁ(g) = ) €;j3WT (2.58)
A=1

where once more this is valid on C3.
The extrinsic curvature of the T' = 0 slice valid in the inner zone of black hole 1
(C,) and computed from the metric given in the previous section in isotropic corotating

coordinates is

F.oc
00

PRURLLE
01

PRURLLE
02

Foc
03

m2 o (o2 oy U M \? o [ 4 2M12
_b_gg)Y(X —|—Y)\Il_% 2<W—R—1> bw + 30X qf—R—i :
5 2 2M2 2
my W Y 4 1 < M1> W, o2 52
—2Q) 30X — [ o' - F (- 21) (X7 427
M 2 2
bow -t b R: R ) b
M X? /0 o -2
M X _
(o) ey (522
— 2
Xy o M\ 2 _ 2M
R <x11——1> b+ 30X [0t - L
b -7 1 )
M>bM S22 52
1 1
L) T (X4 v - 27|
( R, Ril” ( )
my om-5|M o2 20 o2 M,
220X 70 ﬁ(X +Y —Z)—\I'—i—?l : (2.59)
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Yy o M\ 2 M\ M, _
ERCLAN S PYE AL Y A T S
203 ¢ M R, R,) R
R, 1
3 2 —
30X 4Ml2 20" 4 MAT X7
R’ R’ R} ’
_ _ 2
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iy 7 |2 <\I/ —~ R—1> bw + 12M, Q| 14— ~—
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M, My 152 520 52
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—o — _ 2
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1
m,Y W Lo 4o ) o M T o2
ST R 12FQX —6QU X +3 i 996 +4F 3NXY
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> 5 2 2 M
m2Z )\ Ml XY 1
1 1 1
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(%) (-2
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_m23 — 4<x1/_—1> bw+4<\1/——1>b L
2% w50 ! Ry
) Mf A MfZ2 M, 7
+ 30X 4R_f — 20" 4 7 +4 i , (2.61)

where the error is of O(R,/ b)?, and where the superscript ICC is to remind that that
this is calculated in isotropic corotating coordinates. Later on, we will transform this
metric to harmonic corotating coordinates with the map ¢,, found in Eq. 31), and
we will drop this superscript. In the above equations, ¥ is the Brill-Lindquist factor for
black hole 1 in isotropic coordinates, i.e.

M
=14+ _L 2.62
+2R1 (2.62)



o4

The KWI¢C components will be needed later in the coordinate transformation

Op
and are obtained from the purely spatial components KIS)’ICC using
gIeC _ qkql K(l),ICC’
(% 07y Kkl
where the projection tensor ¢” is given by
I
v (1),ICcC v
1.~ 5u n "ay.rcc
Here, the normal vector to the slice computed with
W,ICC _ | 1100 (47
n =—,/ 1/h(1)(dT)a
is given by
(1),1CC 1- 2MT1 m M, \? o ¢
B R O AR LI
v b 2R, b R,
ng),zco _ o
1
where P, stands for the second Legendre polynomial.
The upper components are then
2
0 . \\ m2 Ml 2 2R1 >
"aece = 7o |t <1_ﬁ> VR &R
2R 1
1 _ v my M, 2X
Moo T 7MY [QJFQT‘” < TOR,) b
2R
m M, \?2 2
20 (1- L) v Llp(X
+ b < 2R1 ) b2 2( /Rl) 9
52 52
2 _ my M \? X" -7
Yo = Tyoan (X HERY (1 B 2R1> b
7R,
2
2 R
20 M, 271
—=Q(1-—) V"=XP,(X/R
v Z20(1- ) P RRRE/R)|
3 m, M, YZ
= —2—= —— | —.
"y.co b < 2R1> b

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)
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This means that the lapse and shift of the 7' = 0 slice in the inner zone (C,) and in inner
corotating coordinates are given by

(1),1CC 1— 57 m M, \? LR

_ _ ’ _ 1 __2 . 1 _1 _

Yaycc = TN =~ |' 73 ( —2R1> 1\ 72 P,(X/R))|,
B(l)JCC - TYacc” gy oo (2.68)

Observe that the lapse of Eq. ([ZB8]) goes through zero at R, = M/2. Apart from
a small perturbation it closely resembles the standard Schwarzschild lapse in isotropic
coordinates.

Note that the extrinsic curvature, lapse and shift given up to this point are ex-
pressed in two different coordinate systems. The post-Newtonian quantities valid in the
near zone (C;) are given in harmonic corotating coordinates, while the black hole per-
turbation theory results valid in the inner zones (C, ,) are given in isotropic corotating
coordinates. We will now apply the coordinate transformation found in Sec. B namely
Eq. (Z31), to transform the inner zone expressions to harmonic corotating coordinates,
thus dropping the label ICC in favor of the superscript (1). The result for the inner
extrinsic curvature of black hole 1 is given by

(2.69)

where all components still have errors of O(5/2,3). The extrinsic curvature in harmonic
corotating coordinates in submanifold C, can be obtained from the above equation by
the symmetry transformation discussed in Eq. ([Z32)). In Fig. ZZI1] we have plotted the
xy component of the extrinsic curvature along the z-axis. Observe that the behavior
of the post-Newtonian solution (dashed line) is different from that of the black hole
perturbation solution close to the black hole, where the latter diverges more abruptly.
In Figs. EZTTHZTH the error bars have been estimated by inserting Eqs. (2231) and (38)
into the definition of the quantity plotted and using 9,7, ~ bw and 9, R , ~ bS).

Similarly, the lapse and shift in harmonic corotating coordinates corresponding
to the inner zone of black hole 1 are given by

1 (1) T
Xy = O N, = I aqy rces
ﬁ(l) = —amn, (2.70)

where again the lapse and shift for the inner zone around black hole 2 (C,) can be
obtained by the symmetry transformation ([Z32)). In these equations, the normal vector
is given by

[ e 4
My = J Wy ree (2.71)

where the matrix J* , has been defined in Eq. (234]). Note that gy in Eq. &) has
the same zeros as Q) 100 and, thus, o) also changes sign at R, = M /2. Furthermore,
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Fig. 2.11.  This figure shows the zy component of the near zone (PN - dashed line)
extrinsic curvature, as well as the inner zone curvatures (BHPT - dotted lines) obtained
via black hole perturbation theory. This figure uses the same test case as previous figures,
with equal mass black holes and m/b = 1/10.

since JTt =1+ O(m/b) the inner zone lapse o equals () roc P to a perturbation
of O(m/b) and thus o) is equal to the standard lapse of Schwarzschild in isotropic
coordinates plus a perturbation of O(m/b). These features are borne out by the plot
in Fig. which shows the global lapse along the x-axis. We can also see from the
figure that while the inner zone lapse goes to —1 as r; — 0, the near zone one diverges
to negative infinity.

With these equations, we can construct an approximate piecewise global extrinsic
curvature, lapse and shift by substituting the metric for these quantities in Eq. (Z34).
By the theorems of asymptotic matching, the derivatives of adjacent pieces of the piece-
wise metric will be asymptotic to each other inside their respective buffer zones. This
asymptotic similarity is, thus, also observed in the extrinsic curvature, as well as the
lapse and the shift. Due to the piecewise nature of these solutions, there will be dis-
continuities on a 2-sphere located at some transition radius inside of the buffer zone. In
order to eliminate these discontinuities, we use the same transition functions used for
the metric in Eq. (2222)) with the same parameters. In this manner, we obtain a smooth
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Fig. 2.12. This figure shows the near zone (PN - dashed line) and the inner zone lapse
(BHPT - dotted line) along the x-axis. Observe that the near zone lapse crosses zero
at x/m = 5.5 and x/m = 4.5, which is the location of the event horizon in harmonic
coordinates.

global extrinsic curvature, lapse and shift given by
lobal 3 1
K/ = G {RER)E + [1- R(R)] K}

+ -G {Fy(R)K + [1 - Fy(Ry) K}

ij
X(global) = G(z) {F1(R1)a(3) +[1 - F(R)] a(l)}

R AT [ Fy(Ry)] o) }
Bigtobaty = G($){ (B )ﬁ yHI- ﬁ&}
+ -G {B(R,), +[ Fy(Ry)] 8, }- (272)

Figs. ET3 T4 and show the global lapse, shift and extrinsic curvature with the
transition functions.

We also could have computed the extrinsic curvature directly from Eq. (ZZ6]).
This would add terms involving derivatives of the transition functions. The parameters
of the transition functions were chosen so that these derivatives are of the same order
as the uncontrolled remainders in the buffer zone, and thus formally do not affect the
accuracy of the extrinsic curvature. Since the two methods are equivalent, we took the
one which was simpler to compute (had fewer terms).

The initial data constructed by the methods above [Eqs. (Z46) and 72)] is
only an approximate solution to the Kinstein equations. Therefore, this data leads to
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Fig. 2.13.  This figure shows the global lapse along the x-axis with the transition
function.
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Fig. 2.14. This figure shows the global shift vector along the x-axis with the transition
function.
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Fig. 2.15. This figure shows the global xy component of the extrinsic curvature along
the x-axis with the transition function. Note that the bumps due to the transition
function are comparable to the error bars which estimate uncontrolled remainders in the
expansions.

9/2 .
/ near the horizons and

an error in the constraints of the full theory of order O(m/b)
O(m/ r)2 in the near zone. This error can be sufficiently small compared to other sources
of numerical error such that solving the constraints more accurately is not required.
However, perhaps the optimal approach would be to use this solution as input to York’s
conformal method [1&] and compute a numerical solution to the full constraints. Since
this data is already significantly close to the constraint hypersurface, there might be
some hope that appropriate projection methods will not alter much the astrophysical
content of the initial data. Somewhat surprisingly, standard PN data (without matching)
has not yet been used for the generation of numerical black hole initial data except in
Ref. [1€6], which is based on the PN data of Ref. |[103]. We leave it to future work to
explore similar techniques for the data set presented here.

If this data is to be evolved, it is necessary to choose a lapse and a shift. The choice
presented in this section is natural in the sense that it is close to quasi-equilibrium. In
other words, with the lapse and shift presented in this section, the 3-metric and extrinsic
curvature should evolve slowly. However, since our lapse is not everywhere positive,
some evolution codes may have trouble evolving with it. If this is the case, one can
simply replace the above lapse with a positive function at the cost of losing manifest
quasi-equilibrium, but without changing the physical content of the initial data or the
results of the evolution.
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2.8 Conclusions

We have constructed initial data for binary black hole evolutions by calculating
a uniform global approximation to the spacetime via asymptotic matching of locally
good approximations. The manifold was first divided into three submanifolds: two inner
zones (one for each hole), C; and C, (r, < b) equipped with isotropic coordinates; and
one near zone, C, (ry > m, and r < A/27), equipped with harmonic coordinates. In
the near zone, the metric was approximated with a post-Newtonian expansion, while
in each inner zone the metric was approximated with a perturbative tidal expansion
of Schwarzschild geometry. Each approximate solution depends on small parameters
locally defined on each submanifold. These submanifolds overlap in two buffer zones,
0,5 and O,, (4—volumes), given by the intersection of the inner zones with the near
zone, i.e. on an initial spatial hypersurface the buffer zones becomes 3-volumes given by
m, < 1, < b. Inside each buffer zone, two different approximations for the metric were
simultaneously valid and hence we were allowed to asymptotically match them inside
this zone.

The matching procedure consisted of first expanding both adjacent approximate
metrics asymptotically inside the buffer zones. After transforming to the same gauge,
these asymptotic expansions were then set asymptotic to each other—equating their
expansion coefficients, which does not in general set the functions equal to each other
anywhere in the buffer zone. After solving the differential systems given by equating ex-
pansion coefficients, asymptotic matching returned a coordinate transformation (¢, and
¢43) between submanifolds and matching conditions (¢,, and 1),,) that relate parameters
native to different charts. A piecewise global metric was then obtained by transforming
all metrics with the set {qbnm; wnm}, resulting in coordinates which resemble harmonic
coordinates in the near zone but isotropic coordinates in each inner zone.

Once a piecewise global metric was found, the spatial metric and extrinsic curva-
ture were calculated in each zone by choosing a spatial hypersurface, with the standard
3 4+ 1 decomposition. This initial data was then transformed in the same manner as
the 4 metric. Due to the inherent piecewise nature of asymptotic matching, this data
was found to have discontinuities of order O(3/2,3) or smaller inside the buffer zone.
We constructed transition functions to remove the remaining discontinuities in metric
components and spikes in derivatives. These transition functions were carefully built to
avoid introducing errors larger than the uncontrolled remainders of the approximations
in the buffer zones. With these functions, we constructed a global uniform approxima-
tion to the metric valid everywhere in the manifold with errors O(m/ b)g/ ? near the black
holes and O(m/ 7‘)2 far away from either of them.

This uniform global approximation of the metric can be used as long as the black
holes are sufficiently far apart. When the two black holes are too close, there is no
intervening post-Newtonian near zone in which to match. However, since there is no
precise knowledge of the region of convergence of the PN series, it is unknown precisely
at what separation the near zone vanishes. We have experimented with separations
b > 10m and we have found that, in these cases, a region does exist between the holes
where the post-Newtonian metric is reasonably close to the perturbed black hole metrics
and thus matching is still possible. For separations of b < 10m, this region shrinks
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rapidly and matching is not guaranteed to be successful. Also, the “global” metric is
not valid all the way to the asymptotically flat ends inside the holes, implying that our
initial data must be evolved with excision techniques rather than punctures.

We then constructed a lapse, shift, and extrinsic curvature, all of which are needed
for numerical evolutions. The lapse was found to possess the expected feature that it
becomes negative inside the horizon of either black hole. Some numerical codes might
find this feature undesirable, in which case the lapse can be replaced by some positive
function at the cost of losing approximate quasi-stationarity. These 34 1 quantities were
then smoothed with transition functions of the same type as those used in the 4-metric.

In conclusion, we have constructed initial data for an inspiraling black hole binary
that satisfies the constraints to order O[(m/ b)5/ 2 (R,/ b)z] in the inner zone, and to order

O(m/ 7’)2 in the near zone. This data is a concrete step toward using PN and perturbation
methods to construct such initial data, and it should be compared to other numerical
methods with respect to its ability to approximate the astrophysical situation. We
should note that the data presented here makes use of perturbative expansions of low
order (e.g., the near zone metric is built from a 1 PN expansion), but this paper firms
up a method introduced by Alvi [28] that could be repeated to higher order at the cost
of more algebra [93, 39]. The post-Newtonian metric needed for the next order in m/r
(and beyond) is available [L01], as is the octopole perturbation (r/ b)3 of a Schwarzschild
black hole [95]. Our method might also be extended to spinning black holes, which are
more astrophysically realistic, with the available post-Newtonian near-zone metric [33]
and tidal perturbation [104].
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itational waves both by space and earth-based interferometersH (106, 15,

Chapter 3

Improved initial data for black hole binaries
by asymptotic matching of post-Newtonian

and perturbed black hole solutions

We construct approximate initial data for non-spinning black hole bi-
nary systems by asymptotically matching the 4-metrics of two tidally per-
turbed Schwarzschild solutions in isotropic coordinates to a resummed post-
Newtonian 4-metric in ADMTT coordinates. The specific matching pro-
cedure used here closely follows the calculation in [105], and is performed
in the so-called buffer zone where both the post-Newtonian and the per-
turbed Schwarzschild approximations hold. The result is that both metrics
agree in the buffer zone, up to the errors in the approximations. How-
ever, since isotropic coordinates are very similar to ADMTT coordinates,
matching yields better results than in the previous calculation [105], where
harmonic coordinates were used for the post-Newtonian 4-metric. In par-
ticular, not only does matching improve in the buffer zone, but due to the
similarity between ADMTT and isotropic coordinates the two metrics are
also close to each other near the black hole horizons. With the help of a
transition function we also obtain a global smooth 4-metric which has er-
rors on the order of the error introduced by the more accurate of the two
approximations we match. This global smoothed out 4-metric is obtained
in ADMTT coordinates which are not horizon penetrating. In addition, we
construct a further coordinate transformation that takes the 4-metric from
global ADMTT coordinates to new coordinates which are similar to Kerr-
Schild coordinates near each black hole, but which remain ADMTT further
away from the black holes. These new coordinates are horizon penetrating
and lead, for example, to a lapse which is everywhere positive on the t = 0
slice. Such coordinates may be more useful in numerical simulations.

Introduction

62

The modeling of binary black hole systems is essential for the detection of grav-

1,16, 18]. Often

"This chapter is based on the following paper: N. Yunes and W. Tichy, Phys. Rev. D 74,
064013 (2006)



63

this detection relies on matched filtering, which consists of comparing accurate wave-
form templates to the signal. In the strong field regime, these templates can be modeled
accurately enough only by numerical simulations [107], where one solves the Einstein
equations subject to initial conditions that determine the physical character of the sys-
tem. The astrophysical accuracy of the template generated via a numerical evolution
will depend on two main factors: the numerical error introduced by the evolution and
gravitational wave extraction codes; and the astrophysical accuracy of the initial data
set. In this paper we study one particular approach to solve the initial data problem.
This approach was developed in Ref. [L04] (henceforth paper 1) and is based on matching
several approximate solutions of the Einstein equations.

There have been numerous efforts to find astrophysically accurate initial data for
binary systems [84, 108, 4, RA, 24, [iod, 1€, [11d, Rd, 16, 187, Rd, lad, 111, bd, 112, 1114, lo1l,
92, [114], which usually consist of the 3-metric and extrinsic curvature. Most methods
rely on performing decompositions of the data to separate the so-called physical degrees
of freedom from those constrained by the Einstein equations and those associated with
diffeomorphisms. These physical degrees of freedom carry the gravitational wave content
of the data, and thus should be chosen to represent the astrophysical scenario that is
being described. However, the exact solution to the Einstein equations for the 2-body
scenario remains elusive. Therefore, the gravitational wave content of the data is not
known exactly.

One commonly used cure to this problem is to give an ansatz for these physical
degrees of freedom, which usually does not satisfy the constraints. This ansatz is then
projected onto the constraint-satisfying hypersurface by solving the constraint equations
for the quantities introduced by the decomposition. The projected data will now sat-
isfy the constraints, but it is unclear whether such data are astrophysically accurate.
First, some of the assumptions that are used in the construction of the initial ansatz are
known to be physically inaccurate. For example, the spatial metric is often assumed to
be conformally flat, which is known to be incorrect at 2 post-Newtonian (PN) order [3],
and which also does not contain realistic tidal deformations near the black holes. Fur-
thermore, after projecting onto the constraint hypersurface, the data will be physically
different from the initial ansatz [115, 87, [16]. It is thus unclear exactly what physical
scenario these projected data represent and whether or not they will be realistic.

Recent efforts have concentrated on using physical approximations to construct
initial data sets. One such effort can be called the quasiequilibrium approach 110,190, 97]
where one assumes that the quantities describing the initial data evolve on a time scale
much longer than the orbital timescale, when appropriate coordinates are used. There are
also approaches built entirely from second post-Newtonian approximations [16, 27]. Even
though [16] also develops a complete method to project onto the constraint hypersurface,
both [16] and [27] are not guaranteed to be realistic close to the black holes, since post-
Newtonian theory is in principle not valid close to black holes. Another recent effort,
which will be the subject of this work, involves several analytic approximations that
are both physically accurate and close to the constraint hypersurface far and close to
the holes (see paper 1). Such initial data coming from analytic approximations can
then be evolved without solving the constraints, provided that constraint violations are
everywhere smaller than numerical error. A perhaps more appealing alternative is to
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project these data onto the constraint hypersurface. If these data are close enough
to the hypersurface, then any sensible projection algorithm should produce constraint-
satisfying data that are close to the original approximate solution.

Regardless of how such data are implemented, there are reasons to believe that
such an approach will produce astrophysically realistic initial data. First, since the data
are built from physical approximations, there are no assumptions that are unrealistic.
The only limit to the accuracy is given by the order to which the approximations are
taken. Moreover, the analytic control provided by these physical approximations allows
for the tracking of errors in the physics, thus providing a means to measure the distance
to the exact initial data set. Note however, that our work described below will only
be accurate up to leading order in both the post-Newtonian and the tidal perturbation
expansions used. This means that at the currently achieved expansion order, our initial
data are by no means guaranteed to be superior to the other approaches discussed above.
Nevertheless, our approach can be systematically extended to higher order.

Data that use analytic approximations valid on the entire hypersurface are diffi-
cult to find because such approximations are usually valid only in certain regions of the
hypersurface. One method to construct such data is by asymptotically matching two
different physical approximations in a region where they overlap. Asymptotic matching,
which for general relativity was developed in |98, 197, 100, 199, 194], consists of comparing
the asymptotic approximations of two adjacent solution inside of an overlap 4-volume.
By comparing these asymptotic approximations, matching returns a map between coor-
dinates and parameters local to different regions, which forces adjacent solutions to be
asymptotic to each other inside the overlap region called the buffer zone. Since these
solutions are close to each other in the buffer zone, it is possible to construct transition
functions that merge these solutions, thus generating a smooth global metric.

Alvi [28] attempted to apply matching to binary systems, but instead of matching
he actually performed patching, because he set the physical approximations equal to each
other at a 2-surface. As a result, Jansen and Briigmann [32] found that Alvi’s 4-metric,
and in particular his extrinsic curvature, was hard to smooth with transition functions in
the buffer zone, since the solutions were not sufficiently close to each other. Jansen and
Briigmann thus concluded that these large discontinuities in Alvi’s data renders them
impractical for numerical implementation. In paper 1, binary systems were studied
once more, but this time true asymptotic matching was implemented, thus successfully
generating solutions that approach each other in the buffer zone. It was possible to
smooth these solutions and thus to create useful initial data. The approach we used
in paper 1 was to match a PN metric in harmonic gauge [3], valid far from both black
holes but less than a gravitational wavelength from the center of mass (near zone), to a
perturbed Schwarzschild metric in isotropic coordinates, valid close to the holes (inner
zone).

In this paper, we study the method developed in paper 1 in more detail and
we investigate and improve the resulting data. This improvement is mainly due to
using different coordinates in the PN approximation. Instead of employing harmonic
gauge, we now use a post-Newtonian metric in ADMTT gauge [116, [117, [103]. We
will see that this leads to better matching. The reason for this improvement is that
the 4-metric in ADMTT coordinates can be brought into a form that is very close to
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Schwarzschild in isotropic coordinates near each black hole. Therefore, we obtain a
much smoother match between this near zone metric and the inner zone one, which is
also given in isotropic coordinates (see Fig. B2). The results presented in Sec. Bl indeed
show that matching with the ADMTT PN near zone metric works better than with the
harmonic PN near zone metric. In addition, the ADMTT PN near zone metric is very
similar to the perturbed Schwarzschild metric even near the black hole horizon, where
PN approximations in principle break down. This similarity is due to the fact that,
we use a resummed version of the ADMTT metric, obtained by adding higher order
post-Newtonian terms.

Another piece of evidence that suggests that matching works better between
ADMTT and isotropic coordinates comes from looking at Hamiltonian and momentum
constraint violations. In Sec. Bl we compare the Hamiltonian and momentum constraint
violations for the data of this paper and of paper 1. We find that the use of the ADMTT
PN near zone metric leads to smaller constraint violations than in paper 1. With the
help of a transition function we can also obtain a global smooth 4-metric which has errors
on the order of the error introduced by the more accurate of the two approximations we
match.

By computing the constraint violations, we discover that both the data set of
this paper and that presented in paper 1 might not be easily implemented in numerical
simulations. In particular, we observe that the momentum constraint diverges near the
apparent horizon of each black hole. This makes it difficult or impossible to excise a
region inside each black hole, which contains all points where divergences occur. This
divergence arises due to the choice of coordinates in the inner zone. Since we use the
t = const slices of isotropic coordinates as spatial slices, the lapse goes through zero
near the horizon. This zero in the lapse in turn leads to a blowup of some components
of the extrinsic curvature and the momentum constraint. In order to circumvent this
problem, we construct a map from isotropic coordinates to new horizon-penetrating
coordinates. A similar idea was presented in Ref. [29], but here we extend those ideas
and provide explicit expressions for the transformed inner zone metric in a ready-to-
implement form. These new coordinates are identical Kerr-Schild coordinates inside the
horizon and become isotropic in the buffer zone. When this transformation is applied
to either the data set presented in this paper or that presented in paper 1, the lapse of
the new t = const slices is positive through the horizon, eliminating the divergence in
the extrinsic curvature. This new coordinate system will make excision easier, without
changing the physical content of the data.

The paper is organized as follows. Sec. explains how the spacetime is divided
into zones and how matching will be implemented. Sec. describes the near zone post-
Newtonian metric, while Sec. B4l focuses on the inner zone metric. Sec. performs
the matching and provides a map between coordinates and parameters local to the near
and inner zones. Sec. Bf gives explicit formulas for the global metric, introduces the
smoothing functions and also decomposes this 4-metric into initial data for numerical
relativity. Sec. B compares the constraint violations of the initial data presented in this
paper to those of paper 1. In Sec. By we present an additional coordinate transformation
which can be used to construct horizon penetrating coordinates. Sec. concludes and
points to future work. Throughout we use geometrized units, where G = ¢ = 1.
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3.2 Division of spacetime into zones and matching in GR

Consider a binary black hole spacetime and divide it into 4 zones. First, there
are the so-called inner zones C; and C, close to each black hole, where we can use black
hole perturbation theory to obtain an approximate solution to the Einstein equations.
These solutions are obtained under the assumption that the black holes are separated far
enough that the influence of black hole 2 is only a small perturbation near black hole 1.
Second, there is the near zone C; where PN theory should provide a good approximation
as long as the black holes do not move too fast. Finally C, denotes the far zone where
retardation effects matter. These zones are shown in Fig. Bl and we summarize them

in Table I. The quantities introduced in this table are defined as follows: r, and r_,

<

Far Zone (C4)
Zone (G

Inner Zone BH 2 (C,) Egﬁgr(ck)

BH 1

Inner Zone BH 1 (C,)

Fig. 3.1. Schematic diagram of the near zone (dark gray), inner zones (light gray) and
buffer zones (checkered). The near zone extends up to the inner boundary of the buffer
zone, while the inner zone extends from the outer boundary of the buffer zone up to the
black hole. Therefore, the buffer zones are spherical shells where the near zone and inner
zones overlap. BH 1 and BH 2 (black) are separated by distance b.

are the approximate inner and outer boundary of each zone respectively, as measured
from the Ath black hole (A = 1 or 2) in the coordinate system local to it; €(n) is the
expansion parameter used to find an approximate solution to the Einstein equations in
that zone; m , is the mass parameter of the Ath black hole in the near and far zones;
r, and 7, are the radial distances as measured from the Ath hole in the near and inner
zones respectively; A is the typical gravitational wavelength; and b is the coordinate
separation of the black holes.

Inside of each zone we approximate the 4-metric with an monovariate expansion
in €(n) which is defined in some coordinate system, and which depends on parameters,
like the mass of the black holes or the orbital angular velocity. The inner zones are both
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Zone ‘ ‘ Tin ‘ T ot ‘ €(n)

Inner zone BH 1 (C,) 0 <b 7, /b

Inner zone BH 2 (C,) 0 <b Ty /b
Near zone (C,) >my, | K AN21 | my/r,
Far zone (C,) > b 00 m, /T,

Table 3.1. Description of the division of the spacetime into zones [2§].

equipped with isotropic coordinates and have parameters (M ,, 1), where the approxi-
mate solutions to the Einstein equations are given by a perturbed Schwarzschild metric.
On the other hand, the near zone is equipped with ADMTT coordinates (ADMTT
gauge), where the approximate solution to the Einstein equations is a PN approxima-
tion with parameters m , and w. This PN approximation is valid in both C; and C, up
to the order treated in this paper.

As explained in paper 1, asymptotic matching consists of comparing the asymp-
totic expansions of adjacent approximate metrics in an overlap region or buffer zone.
These buffer zones are defined by the intersection of the regions of validity of two adja-
cent metrics. The 2 buffer zones are delimited by the intersection of the inner zones C;
and C, (of BHs 1 and 2), and the near zone C,;. These buffer zones O,, = C; NC, and
0,5 = C, NC, can only be defined in the asymptotic sense [30] via m, < r, < b and
are the regions in which asymptotic matching will be performed. Formally, there is a
third buffer zone (0,,), given by the intersection of the near and far zone, but since the
ADMTT PN metric at the order considered here is valid in both C; and C,, it is unnec-
essary to perform any matching there. The asymptotic expansions of the approximate
metrics in the buffer zones O ,, are bivariate, because they will depend on 2 independent
parameters: m ,/r, and r,/b. Thus, the errors in the asymptotic expansions valid in
the buffer zones will be denoted as O(p, q), which stands for errors of O(m/b)? or errors
of O(r,/b)".

Asymptotic matching then produces a coordinate and parameter mapping be-
tween adjacent regions. In this paper, these maps will consist of a transformation be-
tween isotropic and ADMTT coordinates, as well as a set of conditions to relate M,
and  to m, and w. With these maps, we can construct a piecewise global metric by
choosing a 3-surface inside the buffer zone, where we join the approximate solutions to
the Einstein equations together. Small discontinuities will be present in the global metric
at the chosen 3-surface, due to its inherent piecewise nature, but they are of the same
order as the errors in the physical approximations, and thus controllable by the size of
the perturbation parameters. Furthermore, if such parameters are chosen sufficiently
small, these errors could, in particular, become smaller than numerical discretization
errors. Ultimately, a C™ metric is sought after, so, since these discontinuities are small,
the global metric can be smoothed by introducing transition functions.
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3.3 Near Zone: An ADMTT post-Newtonian metric

In this section, we present the near zone metric in ADMTT gauge valid in C4 and
C, and expand it in the buffer zone O ;. Analyzing matching in O,, will suffice due to
the symmetry of the problem. The coordinate-parameter map for the overlap region O,,
will later be given by a simple symmetry transformation.

The ADMTT PN metric is obtained by solving the equations of motion for a
binary black hole system with Hamiltonian dynamics [116]. The Hamiltonian is ex-
panded in a slow-motion, weak-field approximation (PN) in ADMTT coordinates. This
approach is similar to the standard Lagrangian PN expansion implemented in paper 1
and there exists a mapping between the two methods [3]. However, they differ in that
the Hamiltonian formulation introduces a 3 + 1 decomposition of the 4-metric from the
start, and thus it provides PN expressions for the lapse, shift, 3-metric and the conjugate
momentum.

We follow the conventions of Ref. |[116] where the black hole trajectories from the
center of mass of the system is given by

G = 225", &) = —TL5u"). (3.1)

In Eq. B10), m , and m = m, + m, stand for the mass of BH A and the combined mass
of the system in the ADMTT gauge, whereas the separation vector l;(t) is given by

-

b(t") =b (cos wt' sinwt”, 0) . (3.2)

Note that Eq. (B2) assumes the black holes are initially in a circular orbit, which is a
sensible approximation in the late stages of inspiral, since gravitational radiation will
have circularized the orbit. The angular velocity of this orbit is given by Eq. (60) in
Ref. [16]:

3 1/p m
w=/m/b {1+§<E—3> 3], (3.3)
with errors of O(m/ b)5/ > InEq. B3), u= mym,/m is the reduced mass of the system
and b is the norm of the separation vector. This angular velocity is valid in the ADMTT
gauge, which is different from the PN velocity used in paper 1, since the latter is valid
only in harmonic coordinates.
We further define the radial vector pointing from either black hole to a field point
by
"

o " x N y
TA :(.’L’ _gAay _é.

A’ Z” - 52)7 (34)

where the double primed variables (t”, 2"y z”) are inertial ADMTT coordinates mea-
sured from the center of mass. With these definitions, it is clear that Flﬂ = 7_"2” + b,

where b points from black hole 1 to 2. We also introduce the unit vector

i /i "
My =74 /Ty - (3.5)

and the radial vector pointing from the center of mass to a field point P = (m”, y//, z//).
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The particle’s velocity vector is given by

»JA” =90 FA// = (—1)AJrl L (— sin wt//, cos wt//, O> . (3.6)
m
A

The post-Newtonian near zone metric in inertial ADMTT coordinates (Egs. (5. 4)-
(5. 6) in Ref. [116]) can then be written as

4

B3 _
2//] - \II 57/]7
3 3 3)j
géll)// = (//)///8(
i"j
B B3 L3 (3)y2
90//0// - gO" //5 (Oé ) )
(3.7)
where we introduced a post-Newtonian conformal factor
p=14 2, M (3.8)

27,// 27,//
1 2

and where the post-Newtonian lapse and shift (Eqs.(5.4)-(5.6) in Ref. [116]) are written
as
2-v
P == (3.9)

and

(3.10)

These expressions are accurate up to errors of O(m/r A)2. The 3-metric is conformally
flat and in the vicinity of each black hole (near r , = 0) the metric is very similar to the
metric of a black hole in isotropic coordinates. Note that Ref. [116] uses units where
167G =1, but in Eq. (BX) we use units where G = 1 instead.

Also note that the PN expressions above are not pure Taylor expansions in m/r
or v/c. Instead, certain higher order PN terms have been added to make the metric
similar to the Schwarzschild metric in isotropic coordinates near each black hole. This
resummation formally does not change the PN accuracy of the metric, but in practice
it improves the PN metric since it yields a metric that is very similar to the inner
zone black hole metric. The PN metric written in this form above even has apparent
horizons near r, = m /2. Later when we plot our results we will use this resummed
form of the metric. The reader may worry that there is a certain arbitrariness in adding
higher order terms. However, we have used the following two criteria to minimize this
arbitrariness: i) We only add terms that would actually be present at higher PN order
(compare [116, [117, 1103, [1€6]). ii) The terms added have coefficients of order unity, and
thus do not affect the usual PN order counting. Notice that point i) of course only means
that we have added some higher order terms, not all higher order terms.
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The lapse and the spatial metric are similar to what was used in paper 1, when
we expand them in the buffer zone. However, the shift given here is different from that
in paper 1 and, thus, the maps returned by asymptotic matching will also be different.

Now that we have the 4-metric in the near zone it is convenient to remove the
frame rotation by performing the transformation

t = t,

' = zcoswt— Y sin wt,

y// = zsinwt + ycoswt,

= (3.11)

where unprimed symbols stand for corotating ADMTT coordinates and double primed
symbols correspond to the inertial ADMTT frame. After doing this coordinate change,
the form of the near zone metric ([B1) as well as the lapse and conformal factor remain
unchanged, with only the shift picking up an additional w x r term and now becomes

@i  my(l/a L il o mo |1/ i k
Ié) = Z [5 (vl —U) 'nlnl) — 41)1] + E [5 <v2 — Uy~ n2n2> — 41)2 — €;13WT
(3.12)

where ¢, and 7i, are now time independent and equal to the double primed versions at
t = 0. In these coordinates, the magnitude of the radial vectors become

" 2 2\ 1/2
rA:rA:<:E +y +Z> ) (3.13)
where x, = x — bm,/m and z, = x + bm, /m.

Let us now make one final coordinate transformation where we will shift the origin
to the center of BH 1, i.e.,

/ m2b
r = I = —,
m
!/ / /
y o=, z =z, t =t, (3.14)
and ' = r 4- The single-primed coordinates then stand for the shifted corotating

ADMTT coordinate system. This coordinate change is useful because we will later
concentrate on matching in O, ;. We will usually make explicit reference to z, instead of
#' to remind us that this distance should be measured from BH 1. This shift of the origin
was not performed in paper 1 and, thus, the coordinate transformations that we will find
will look slightly different. However, to O(m/b) this transformation should reduce to the
results of paper 1 when the shift is undone.
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We now concentrate on the overlap region (buffer zone) O,,. Inside O, we can
expand all terms proportional to 1/r, in Legendre polynomials of the form

! n
R BN A z
— == -1l P =), 3.15
2 n=0 1

Substituting Eq. (810) into Eq. (8), we obtain

/ / 2
~(3) L1y 2 2my ip (% " zy
gO’O’ 1+ 7‘; + 2 1+ b P1 7’/1 + b P2 7’/1

0’1

) 2 i
2m P2l b b b T )
/ /
_(3) myb 2m, | 2m, o [T e _h
Toroy <x1+ - > w{1+ 7 2 1+ bPl 7 2T,bw 1 b
1 1 1
r x '\ x 1 2 r?
1 1 1 1 Hoo Y 1
PG G e Glyenen (B
1

/
~(3) Lp, yz "
~ 2By 1L

90/3/ 2 Tll w?"/l2 < b3 9

/ I\ 2
~(3) 2my  2m, " Ly " Lq
1 1 1

where all errors are of order O(2,3) and where m; < r; < b. Eq. (.18 is denoted with
a tilde because it is the asymptotic expansion in the buffer zone around BH 1 of the
ADMTT metric. This metric has now been expressed entirely in terms of the shifted
corotating ADMTT coordinate system (x/, y/, 2, t/).
Note that Eq. (BI6]) is a bivariate series, since it depends on two independent
. / / . .
expansion parameters m, / T and T /b. Since both expansion parameters must be small
independently, Eq.(BI8]) is valid in a 4-volume defined by the size of the buffer zone.

2

3.4 Inner Zone: A Black Hole Perturbative Metric

In this section we discuss the metric in the inner zone C; of BH 1 and its asymptotic
expansion in the overlap region O,,. Since this metric will be the same as that used in
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the inner zone in paper 1, we will minimize its discussion and mostly refer to that
paper. However, since we are using different notation than that used in paper 1, we will
summarize here the principal formulas.

In the inner zone 1, let us use inertial isotropic coordinates, labeled by 2’ =
(x/ 7.z ) which are centered at BH 1. Note that these coordinate are identical to the
shifted corotated harmonic coordinates used in the near zone to zeroth order. Let us

further denote the inner zone metric by g(_l,)_,7 which will be given by a tidally perturbed
n'v

Schwarzschild solution as

R e R O N A R
gé}%, ~ 22;2 — < — 2%> ( 2%> 2/2 — 37/2> sin QFf — 3‘:/@7/ cos th ,
gé}; R 2;22 — < — 2%> (1 + 2%> :E/2 — 2/2) cos OF + :Z"/g/ sin th ,
gég, R 2222 - < — 2%> (1 + 2%> y cosQFf — s1th>

&Q

(1) M,
- 1+

2

<5ij + b_32 [3 (i’/ cos QOF + Ql sin QZ/)2 B f/ﬂ {
2

2M M M —i g
421 ij L1+ f/lg 337_/9; ) (3.17)
T J T 4 T

where F; = (:3/2 + 37/2 + 2/2)1/ ?_ This equation is identical to that used in the inner zone
of paper 1 or Eq. (3.23) of Ref. [28]. This metric was first computed by Alvi [28] by
linearly superposing a Schwarzschild metric to a tidal perturbation near BH 1. This
perturbation is computed as an expansion in €, 2= 7’ / b and it represents the tidal

effects of the external universe on BH 1. Since a Slmple linear superposition would
not solve the Einstein equations, multiplicative scalar functions are introduced into the
metric perturbation, which in turn are determined by solving the linearized Einstein
equations. With these scalar functions, the metric then solves the linearized Einstein
equations and it represents a tidally perturbed Schwarzschild black hole. This metrics has
been found to be isomorphic to that computed by Poisson [95] in advanced Eddington-
Finkelstein coordinates.

Asymptotic matching will be easier when performed between metrics in similar
coordinate systems. We, thus, choose to make a coordinate transformation to corotating

. . . 3 U — . . . . . .
isotropic coordinates x° = (Z,7,Z,t). The inner zone metric in corotating isotropic
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(1)

coordinates will be denoted by ¢°’ and is given by
v

o~ HAHZQ (24 57) + QHSMZ% (& +5" - %),
o)~ H Qe + JZ [ <6 Z -4 :n) P -5 5?] :
g%) ~ §;H, —H, $be (3.18)

where €55 18 the standard Levi-Civita symbol with convention €553 = 1 and where 5; is
the Kronecker delta. In Eq. (BI8) we use the shorthand

Hy = 2m, b_n;,< —%>2<1+%>4,

H, = <1+2_ri>4 1+2b—32ffP2<%> <1+%>4_J\f_§ |

o (o) 103) 2,

s ‘<%>2”<*%>4?‘T% (Z)’ (3.19)

These shorthands for the different
components of the metric are identical to those used in paper 1.

We now need to asymptotically expand the inner zone metric in the buffer zone,
i.e., as M, /7, < 1. Doing so we obtain

where 7, = 7 and the errors are still of O(Fl/b)?’.
1

2M,

R 2P, (_>
—|—Q2 <f2 + g2) ’
- 2 T (124)
Y~ 2% = (3" -#") + 20 <1+%> ,
g~ 2% T2,
0~ 5, [1 + % + 2;’2 P, <f—1>} (3.20)
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The asymptotic expansion of g
v

(M

will be denoted by g . Note that this asymptotic
v

expansion is a bivariate expansion in both 7, /b and M, /r,. In other words, it is the
asymptotic expansion in the buffer zone to the approximate solution in the inner zone.

3.5 Matching Conditions and Coordinate Transformations

In this section, we find the coordinate and parameter maps that relate adjacent
solutions. Since the coordinate systems are similar to each other in the buffer zone, we
make the following ansatz for the transformation between coordinates and parameters

o () <%>x2w'>+<%>3/2Xs<x“’>}7

)
= <m2>“2 <% o)+ (52) ).
1+ (52) ¢

Q

<
Q

b
/ my 1/2

z

w
%

&Q

b
‘ [ ()" />+
o~ [<—>—<—>}
0 ~ [1+(b)1/2 1+% +(%)3/2m3], (3.21)

where, as in paper 1, X; 53, V1935 (o5 and 7,4 are functions of the coordinates,
whereas M.o3 and K193 are coordinate independéﬁt. Note that this ansatz is slightly
different from the one made in paper 1, because here we have shifted the origin of the
near zone coordinate system, so that to zeroth order it agrees with the coordinates used
in the inner zone. In order to determine these maps, we enforce the matching condition,

1.€.
’ ’ =P =7
i @)~ g (xA <x)‘ >> oz 9 (3.22)
wv po or" 0z”
which leads to a system of first-order coupled partial differential equations, which we
solve order by order.

The system to O(m/ b)0 provides no information because both metrics are asymp-
totic to Minkowski spacetime to lowest order. The first nontrivial matching, occurs at
O(m/ b)l/ ?. The differential system at this order and at order O(m/b) are similar to
those obtain in paper 1 and we, thus, omit them here. The solution up to O(m/b) is
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given by
o my T m 3/2 s my 2
TR T(l %)*T x|+ 53 (27 49"+ 7).
TR ﬁ 1% m_3/2 W My Moy
vy +<b < b>+ p ) By ’

Q

I~ [1 - (%) (1 - 3> + (T>3/2 Tg(x”')] : (3.23)

with 7, = 0 and k; = 0. We should note that in solving the differential system to

O(m/ b)l/ % and O(m/b) we have explicitly required that the coordinate system be not
boosted or rotating with respect to each other. Furthermore, we found the particular
solution where the ¢ = 0 and the # = 0 slices coincide, since =0 implies £ = 0. We
should also note that Eq. (823]) of this paper is different from the transformation found
in paper 1 because in this paper we have shifted the origin of the near zone coordinate
system, which simplifies the transformation.

Matching at O(m/ b)3/ ? needs to be performed only on the 0i components of the
metric to get the first nontrivial correction to the extrinsic curvature. This order counting
does not follow the standard post-Newtonian scheme and it is explained in more detail in
paper 1. Since the near zone shift is different from that used in paper 1, the differential
system obtained by imposing the matching condition of Eq. (B22) is also different. This
system is given by

AN 3
/ / m Jyx |my [ b my
tTa. ) — X ;o~ — Y| == ——14+3— ]| -4
3= Xa,t m, 2 | 2m rl?’ + m
Yy [ M, ml}
J |2 1— —L
+ b fip oml [’

I 3
/ ’ myz |my (b
tT37Z/ — Z C3,t, ~ —b—2 [— <73 — 1> + 1 (324)
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Note that k., represents the degree of freedom associated with the angular velocity. For
simplicity, we now set k, = 0. Also note that 7,, 7, and x; never enter the matching
conditions to this order, so we set those quantities to zero. All the matching relations
between the parameters local to different approximation have now been specified to
O(m/b)?, i.e.

O~w, M, ~m,. (3.25)

With these matching relations, we can now find a particular solution to Eqs. (B24])
and this set will produce matching. Once more, we choose constants of integration such
that the ¢ = 0 and the £ = 0 slices coincide. Doing so we obtain the solution

14 M2 (4 xl) m2)3/2 m [yt |my (6 1 3m) gy
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where errors are of O(2,3).

Q

S+
Q

As in paper 1, this coordinate transformation is singular at 7‘; = 0. Note, however,
that in Eq. (826) we have replaced 7‘; by

= 1/7"/12 + 6m>. (3.27)

This replacement amounts to adding higher order terms to the coordinate transformation,
which have no effect in the buffer zone at the current level of accuracy. Yet it has the
advantage that the resulting coordinate transformation is now regular at ' = 0. Thus,

the replacement does not affect asymptotic matching (in the buffer zone). It merely
leads to an inner zone metric expressed in a better coordinate system.

In paper 1 there was one term in the coordinate transformation that was singular
at the location of the holes, whereas here there are 3 such singular terms. This increase
in singular behavior is due to the ADMT'T shift having more poles than the shift of paper
1. The shift of the origin into the complex plane, as introduced in Eq. (821), removes
this singular behavior from the real line, while only introducing uncontrolled remainders
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at a higher order. We should also note that in Eq. 820]), we undid the shift given by
Eq. BI4), so that we measure distances from the center of mass of the system.

The coordinate transformations presented in Eq. (B28) are only valid in O,
but we can find the transformation in O,, by a simple symmetry transformation. This
transformation is given by the following rules: substitute 1 < 2 and

T — —, Yy — —v, z— 2. (3.28)

The set of matching conditions plus the coordinate transformation presented in
Egs. BZ0) and (B26) are the end result of the matching scheme. Now that we have
an approximate global metric, we can decompose it to provide initial data for numerical
simulations. This decomposition consists of a foliation of the manifold with spacelike
hypersurfaces, where we choose the slicing given by t = 0 = ¢. Notice that we have
found a coordinate transformation that is consistent both with this foliation and with
the condition m, < r, < b, valid in the buffer zone.

Note that there is some freedom in the matching scheme at the order of accuracy of
this paper. This freedom is rooted in that a different choice for the matching parameters
(M and ) could be made. However, except for the s, term in €, this would have
no effect on the coordinate transformation or the 4-metric at the orders considered
here. Furthermore, one can show that the value of , does not affect the physics of the
initial data we will construct below. Above, the choice of x, = 0 was made in order
to simplify the relation between the parameters of the two approximations. Specifically,
it was chosen such that the angular velocity parameters of the two approximations are
equal. This is, however, not the only possible choice. Fortunately, the choice of &,
will not affect the initial data we will construct later, since both the 3-metric and the
extrinsic curvature will change only by uncontrolled remainders of higher order. This
happens for the following reasons. A non-zero k, would only change the spatial part
of the coordinate transformation at O(m/ b)?’/ ?_and thus would have no effect on the
slicing. Since the leading order non-zero piece in the extrinsic curvature is already of
O(m/ b)s/ % and proportional to 2, any change due to spatial coordinate transformations

32 will cause changes only at even higher order. For

3/2

or parameter changes at O(m/b)
the 3-metric, coordinate transformations or parameter changes at O(m/b)”“ will make
a difference at order O(m/ b)?’/ ® in the metric. We can, however, again neglect these
changes, since the 3-metric was only matched up to O(m/b). In conclusion, this means
that any allowed change in the matching parameters will not affect the physics of the

initial data sets constructed below.

3.6 Constructing a Global Metric

In this section, we present the global metric, by performing the coordinate trans-
formation found in the previous section on the inner zone metric. The piecewise metric
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in corotating ADMTT coordinates is given by

1 :
lobal T e
g/gg,/o al) ~ g/(jj), in C2, (3.29)
g(g), in C,.
5%

In Eq. B29), gfj;) denotes the near zone metric given in Eq. B), but in unprimed

(1) 2)

corotating ADMTT coordinates, whereas ¢’ and g~ stand for the inner zone metrics

7% wv
of BH 1 and 2 transformed to corotating ADMTT coordinates via Eq. (B28]). Explicitly,

the inner zone metric is given by

g = O g g7 (3.30)
5% av uov

where J 5 is the Jacobian of Eq. (8:26]), namely

J,;_8_:17ﬁ

P = o (3.31)

In Eq. (330), g(i) is the inner zone metric in corotating isotropic coordinates given by
av

Egs. (BI3), while gf_jj) can be obtained by applying Eq. (B25]) to gf_;) Eq. (B30) is also
expanded in paper 1 with the substitution h(lu) = g(}; Note that the Jacobian given
in the Appendix of [93] will be different fror}rg that ﬁ)resented in paper 1 because the
coordinate transformation is different.

In the following we present plots of different metric components at time £ = ¢ = 0.
These plots are representative samples of the initial data and will show how well the
matching procedure works. In most of these figures we choose to plot along the axis that
connects the holes (the z-axis). We have checked that the behavior along other axis is
qualitatively similar to that along the z-axis, as evidenced by the contour plots included
in the section. Furthermore, we plot only the relevant components because either the
other components vanish along the x-axis or they present similar behavior. Thus the
components and axis chosen present the general behavior of the data.

For these plots, we choose two different physical systems. The first system consists
of equal mass black holes separated by b = 10m. The two black holes are located at
x = £5m and are surrounded by apparent horizons, which approximately are coordinate
spheres of radius m/4. For this system, some quantities, like the zz-component of the
metric, are reflection symmetric under x — —x and we then plot only the positive x-
axis, omitting the inner zone 2 data. The second system consists of two holes with mass
ratio m,/m, = 0.25 separated by b = 20m. Here the holes are located at x = 4m
and x = —16m, and surrounded by apparent horizons with radii of approximately m, /2
and m.,/2 for holes 1 and 2 respectively. In general, a dashed line corresponds to the
post-Newtonian near zone metric, while the dotted or dot-dot-dashed lines represent the
perturbed Schwarzschild inner zone metrics.
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Fig. 3.2. This figure shows the zz-component of the near zone (dashed line) and inner

zone 1 metric (dotted line) along the positive z-axis in ADMTT coordinates. The black
holes are located at 2/m ~ +5 and the perturbative parameter is m/b = 1/10. Observe
that the metrics become asymptotic to each other in the buffer zone, whose approximate
center is roughly 4m away from each black hole. Also plotted are estimates of the error
in the approximations. Note that the off-diagonal components of the 3-metric vanish

along the x-axis for symmetry reasons, and that the yy- and zz-components are very
similar to the xz-component.

Most figures will contain error bars, which in the case of the metric are given by

2 2
3 (M m, 5mymy (1 1 mym,
S A e R [ - )
near 2 7‘2 + 7‘2 + 4 b Tl + ,r.2 52 ’
1 2
m TA 3
Einner,A = 23 (T) ) (332)

where S = r; +r, +b. These error bars were obtained by analyzing the next order
term in the ADMTT PN metric and in the black hole perturbation approximation. In
particular, the PN error is different from that used in paper 1. Here the first term
comes from the expansion of the conformal factor and the last two from the 2 PN part
of the transverse-traceless term in the ADMTT metric. The full PN error, given by
the 3.5 ADMTT PN metric, is much more complex than the simplified approximation

. . 2,3
used in £, where the former contains some terms that scale for example as m, / T

and mi / (Sri). However, here we have neglected those terms and we have checked that
E, ... models well both the magnitude and functional behavior of the full error in the

regions plotted in all figures with fractional errors of less than 1% everywhere.
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Fig. 3.3. Plot of the lapse along the positive z-axis for the inner zone and near zone
metrics. Note that the lapses are similar to each other not only in the buffer zone, but

also near the hole.

In Fig. B2, we plot the zz-component of the piecewise metric along the positive
z-axis. Observe that the inner zone metric of black hole 1 (dotted line) is close to
the post-Newtonian near zone metric (dashed line) in the buffer zone of black hole 1
given by m, < 7, < b. Recall that the definition of the buffer zone in the theory of
asymptotic matching is inherently imprecise in the sense that as one approaches either
the inner or outer radius of the buffer zone shell, one of the two approximations (i.e.
near zone or inner zone metric) has much larger errors than the other. In our case
we need both 7,/b and m,/7, to be small, which will not be the case at either end
of the interval m, < 7, < b. Hence we expect the best agreement between the two
approximations to occur somewhere in the middle of each buffer zone shell. In fact the
best agreement should occur where each of the two approximations have roughly the
same error. From Fig. we see that the inner zone metric of each black hole agrees
with the near zone metric within error bars in the middle of each of the two buffer zones,
where both have comparable errors. This agreement means that we have performed
successful matching. However, our result in Fig. is even better than this, since the
near zone 3-metric is close to each of the inner zone 3-metrics even near the black holes,
where post-Newtonian theory has large errors and is expected to fail. The reason for
this somewhat surprising success near the black holes is that we have used resummed
post-Newtonian expressions [Egs. (B7), BX), B) and EI0)] in the ADMTT gauge,
which are very close to the isotropic Schwarzschild metric used in the inner zone. Note
that the off-diagonal components of the 3-metric vanish along the x-axis for symmetry
reasons, and that the yy- and zz-components are very similar to the xz component.
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Fig. 3.4. Plot of the y-component of the shift along the positive x-axis for the inner
zone and near zone metrics. Observe that although the inner zone and near zone curves
are similar in the buffer zones, in this case they differ near the black holes. Also note
that the z- and z-components of the shift vanish along the z-axis.

The quality of the asymptotic matching (in the buffer zone) is equally good for
all other components of the 4-metric. This is evidenced in Figs. and B4 which
show the near and inner zone lapse and y-component of the shift, computed from the

4-metric (F29) via
5= g"g,
k 1/2
a = :(gokﬂ _900> . (3.33)

As one can see from Fig. the near (dashed line) and inner zone 1 lapse (dotted line)
agree well in the buffer zone, located about 4m away from each black hole. Furthermore,
the resummed expression [Eq. (BH)] we use for the near zone lapse also is very close to
the inner zone lapse near each black hole, where post-Newtonian theory has large error
bars. In Fig. B4l we see that the near zone shift (dashed line) is close to the inner zone
1 shift (dotted line) in the buffer zone as expected after matching there. However, in
the inner zone the post-Newtonian near zone shift is not valid anymore and deviates
strongly from the inner zone shift.

Thus in summary asymptotic matching works well for all components of the 4-
metric in the buffer zone. In addition, for most components (except the shift) the
resummed post-Newtonian expressions [Egs. (B1), (B3], B3) and BI)] we use in the
near zone, follow the inner zone behavior even near the black holes, where this is not
necessarily expected.
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Fig. 3.5. This figure shows the xx component of the piecewise metric for a system of
unequal masses and at larger separations. In particular, we have used m,/m, = 0.25
and b = 20m. Note that the matching improves since the perturbation parameter m/b
is smaller.

We have also tested the coordinate and parameter maps for system with unequal
masses and found that matching is still valid. Figure shows the xz-component of
the piecewise metric along the entire z-axis for the case of m,/m; = 0.25 and b = 20m.
Observe that the matching improves in this case because the perturbation parameter
m/b has become smaller. Also note that the general features of the matching are the
same as those presented in the equal mass case. We have plotted along the entire x-axis
and show both the metrics of inner zone 1 (dotted line) and 2 (dot-dot-dashed line).

Since we are interested in initial data on the ¢ = t' = 0 slice we also have to
discuss the extrinsic curvature given by

|
Ky=—5- <8tgz.j - .,6592.].) . (3.34)

In the inner zones we use this equation to numerically compute K D and K (,2). Note

ij ij
however, that the inner zone extrinsic curvature in corotating isotropic coordinates can
also be found in paper 1, where K ,(,1)’100 = K,(,1 ) in the new notation.
ij ij
The near zone extrinsic curvature can easily be computed analytically from the

near zone post-Newtonian 4-metric in ADMTT coordinates. The result [16]

2
@) -2 i jo, g i mmn i
K~7 = v E — [pAnA +p,n, -, nA5mn(5ij nAnA)] . (3.35)
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Fig. 3.6. This figure shows the zy component of the near zone (dashed line) extrinsic
curvature, as well as the inner zone curvature (dotted line) obtained via black hole
perturbation theory. The plot is for equal mass black holes with m/b = 1/10. In the
buffer zones, where the near and inner zone approximations have comparable error bars,
the two approximations agree within error bars. All other components vanish along the
z-axis.

is of Bowen-York form, and v; and n; denote the particle velocities and directional

vectors already introduced in Sec. On the ¢ = 0 slice these quantities become

v = w@b, vl = —wﬁb, ot =0 = 0, (3.36)

1 m 2 m A A
and
o gt
n, = 4, g =2 g =—1p,
Ty 1 m 2 m

£ = £ =0 (3.37)

A T AT T )

In Fig. Bl we plot the xy component of the extrinsic curvature along the positive
z-axis in the equal mass case. For reasons of symmetry all other components vanish
along the z-axis. Observe that the near zone solution (dashed line) diverges faster than
the inner zone solution (dotted line). From this figure we see that even though the
resummed ADMTT post-Newtonian expansion models well the 3-metric of a perturbed
Schwarzschild hole, the ADMTT and inner extrinsic curvatures do not agree well in the
inner zone, just like in the case of the shift. However, in the buffer zone where both
inner and near zone results have similar errors, both approximations roughly agree. On
the side away from the companion black hole this agreement is within error bars, while
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Fig. 3.7. This figure shows the xy component of the piecewise extrinsic curvature for a
system of unequal masses (m,/m,; = 0.25) at separation b = 20m. Note that the scale
of the y-axis has been reduced. The curves are closer to each other in this case because
the perturbation parameter m/b has decreased by the choice of parameters.

between the holes the two error bars do not quite overlap. This suggests that a separation
of b = 10m is at the edge of validity of the matching scheme employed here. Notice,
however, that the error bars

2 2
B U 5 mym, [ 1 1 mymy
EKPN = 5’0 7’_3+7’_3 +ZU b P—FP — 8vu 53 s
1 2 1 2
m o (T4\3 v
Expupra = 63 (—) o (3.38)
A
plotted here (for v = (m/b)l/ 2) are only approximations of the true errors. These

approximate errors were obtained by differentiating the error bars for the metric in
Eq. B32) with respect to time. Note that the absolute error in the extrinsic curvature

is O(m/ b)l/ ? smaller than that of the metric because the first nontrivial term in the
extrinsic curvature appears at O(m/ b)g/ .

Similar results for the extrinsic curvature are also obtained for different separa-
tions and mass ratios. Figure B shows the xy component of the piecewise extrinsic
curvature along the z-axis for the case of m,/m,; = 0.25 and b = 20m. The near zone
curvature (dashed line) agrees within error bars with the inner zone 1 curvature (dot-
ted line) and the inner zone 2 curvature (dot-dot-dashed line) in buffer zones 1 and 2
respectively. Observe however, that the agreement worsens outside the buffer zone, e.g.
as we approach either hole.
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Transition Functions

In this subsection, we construct transition functions that allow us to remove the
piecewise nature of Eq. (B2U) and merge the approximate solutions smoothly in the
buffer zone. This smoothing is performed by taking weighted averages of the two ap-
proximations. This procedure is justified by the fact that both approximations are equal
to each other in the buffer zone up to uncontrolled remainders (asymptotic matching
theorem [3(]) which were neglected in the approximations used.

In the following we assume that the middle of each buffer zone is located around

ri\;‘[ = <b4mi/m) V5 , (3.39)
which corresponds to the distance from the black holes where the error bars of the
adjacent approximations are comparable.

The transition functions we use are all of the form

0, r<r,
1 anh |2 (tan(&(r — r
oy ) Bl (e ) -

=) , To <71 <Trg+w
1, >+ w,

which is a function which smoothly transitions from zero to one in the region r, < r <
7o +w. The parameters used here are as follows: r; defines where the transition begins;
w gives the width of the transition window; ¢ determines the point where the transition
function is equal to 1/2 (this happens at Tip =T+ (2w/m) arctan q); the slope of the

transition function at this point is s(1+¢°)/(2w) and thus can by influenced by choosing
s (and of course w).
The global merged 4-metric is then given by

g9 i) {Fl(fl)g(?;) +[1 - F, ()] g(l)}

pv I pv
(3 _ 2
+ 1= C@I{E(r)g + [1- B )} (3.41)
where we have introduced
Fy(ry) = f(T4), (3.42)
with o o
Ty = 0.47*A , w = 3.57’A , qg=0.2, s=b/m, (3.43)
and also
G(z) = f(z), (3.44)
but with
b(my, —my) b
Ty = T—§+2.2m2, w=>b—2.2m,

g = 1, s=25. (3.45)
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Fig. 3.8. This figure shows the transition functions used to merge the different pieces of
the 4-metric. The transition function F) (7,) with the transition parameters of Eq. (B.Z3)
is shown as a solid line, while the function G(z) with the parameters of Eq. (843) is shown
with a dashed line. The transition function @, (7,) (dotted line) defined in Eqs. (851) and
(B is used in Sec. By to construct horizon penetrating coordinates via the coordinate
transformation (B23).

The transition functions F)(7,) and G(x) are shown in Fig. for m, =m/2, b = 10m
and the parameters of Eqs. (B43]) and (B4H), respectively.

The global lapse, shift and extrinsic curvature are merged using the same tran-
sition functions as for the 4-metric above. With these transition functions, the global
metric is a mixture of inner zone and near zone metric in a transition region given by
0.47‘24 <7ry, < 3.97"?{. On the other hand, the global metric becomes identical to the in-

.. . M o .
ner zone metric in the region 7, < 0.4rA , while it becomes equal to the near zone metric

in the region 7, > 3.97"2/[. Note that although the transition function are identical to
those used in paper 1, the transition parameters chosen here are slightly different. This
change is because the inner zone metric is very similar to the near zone metric close to
the black holes in ADMTT coordinates, so that the transition region has been moved
closer to the black holes.

The exact choice of a transition function is to a certain degree arbitrary and could
in principle be changed. However, the resulting global metrics generated by any other
reasonable transition function should look very similar, and in fact be identical up to
uncontrolled higher order post-Newtonian and tidal perturbation terms. Also note that
the functions presented in this section are general enough to perform a smooth merge
for systems with different masses and separations.
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Fig. 3.9. In this figure we show how the transition function takes the xx component of
the near zone metric to the inner zone solution around BH 1. Observe that the transition
function is smooth and does not introduce kinks into the global solution.

In Fig. (B), we present the xz-component of the metric around BH 1. In this
figure, the dotted curve corresponds to the inner zone metric, the dashed line is the near
zone metric and the solid line is the merged global metric. The error bar in the global
metric is given by the smallest of the error bars of the respective approximations. The
purpose of this figure is to show explicitly that the transition function effectively merges
the different approximations in the buffer zone, where the errors are comparable.

Even though the near zone 3-metric models the inner zone 3-metric well near the
black hole horizons, the two metrics diverge differently at r , = 0. In Fig. B10, we plot

the xx-component of the metric divided by ", This denominator removes the divergence
of the near zone metric, which now becomes identically unity, while showing that the
inner zone metric differs by an amount equal to the size of the tidal perturbation near
the horizon. The reason that the inner zone metric still diverges after dividing by ot s
due to the fact that the tidal perturbation piece of the inner zone metric is divergent at
r 4 = 0. This happens because the tidal perturbation piece is valid only for finite spacelike
separations from the horizon, while 7, = 0 which is located at the inner asymptotically
flat end inside the black hole, is infinitely far from the horizon. This means that the tidal
perturbation piece of the inner zone metric is not valid near v, = 0. Yet, if this spurious
tidal perturbation is removed, the resulting 3-metric of the Schwarzschild background
will again agree well with the resummed post-Newtonian near zone 3-metric.

The same analysis can be performed for systems of unequal masses and at different
separations. In Fig. B1T] we plot the xx component of the metric along the z-axis for a
binary with mass ratio m,/m; = 0.25 and at a separation b = 20m. The transition is
now easier than before (note the scale of the y-axis), because the perturbation parameter
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Fig. 3.10. In this figure we show the x-component of the metric, divided by T, The
dashed line is the near zone metric, the dotted line is the inner zone metric and the black
solid line is the global metric with transition functions.

has become smaller. Also note that we have used the same parameters in the transition
function as those used in the equal mass case and the transition is still smooth.

With these transition functions we can construct a smooth global metric, as shown
in Fig. There are no discontinuous features in the global metric. Just as in the case
of the metric, to generate a global extrinsic curvature we will use the same transition
function of the previous section with the same parameters. Figure shows the global
extrinsic curvature with the transition functions. Note that we could have computed the
extrinsic curvature directly from Eq. ([BZ1]), but this curvature would have been very
similar to the curvature merged with transition functions. The difference between these
two curvatures lies in the derivatives of the transition functions, but these terms will be
of the same order or smaller than the uncontrolled remainders in either approximation

in the buffer zone because of the parameter choice in Eqs. (23] and BZH).

(global)

The 3-metric g and the extrinsic curvature given in this section can now be

used as initial data forjblack hole binaries. Recall, however, that these data are solutions
to the Einstein equations only approximately and, thus, they only approximately satisfy
the constraints. An analytic estimate of the constraint violation and physical accuracy of
this data is given in Table II. Note that in the near zone, both the errors in the physics
and the constraint violations are given by the neglected terms in the post-Newtonian
approximation, which scale as O(m/r A)2. On the other hand, in the inner zone, the
leading error in the physics is due to the terms neglected in the perturbation, which
scales as O[(m/b)(r/b)3]. The inner zone constraint violations, however, are smaller,
because the perturbed Schwarzschild metric used here, satisfies the Einstein Equations
up to order O[(m/b)5/2 (r/b)2].
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Fig. 3.11. In this figure we plot a system of unequal masses (m,/m, = 0.25) and a
larger separation (b = 20m). We use the same parameters in the transition function as
in the equal mass case.

In order to obtain initial data that satisfy the constraints exactly, it will be nec-
essary to project the data given in this paper to the constraint hypersurface. However,
since these data are already significantly close to this hypersurface, sensible projection
methods should not alter much the astrophysical content of the initial data. Further-
more, as stressed earlier, if this constraint violation is smaller than discretization error,
these data could be evolved without any projection.

There are a couple of caveats that need to be discussed in more detail. First, as
in paper 1, asymptotic matching will break down when the separation of the bodies is
small enough that the near zone disappears between the two black holes. An approximate
criterion for when this happens, corresponds to the separation where the middles of the
two buffer zone shells touch for the first time. If we define the middle of each buffer
zone as in Eq. (B39), this happens when the two spheres of radius ri\/[ and r;w centered

on each of the black holes, touch for the first time (roughly b ~ 8m for an equal mass
system). Furthermore, the tidal perturbation used in the inner zone metric is only valid
for small spacelike separation from the horizon. This criterion implies that the tidal
perturbation is good roughly for

mAm

my
5 b. (3.46)

Lry, K —=
A m

Therefore, numerical simulations will need to excise the data somewhere inside the ap-

parent horizons of the black holes before evolving it, since the inner zone metric is not

valid all the way up to 7, = 0. Notice, however, that these limitations are due to the

approximations and coordinates used and not due to asymptotic matching.
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Fig. 3.12.  Contour plot of the zz-component of the global metric in the zy-plane
around black hole 1 for the equal mass system. Apart from the singularity at x = +5m,
y = 0 the 3-metric is everywhere smooth. The different line styles correspond to different
isolines of constant metric value.
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Fig. 3.13. Contour plot of the xy component of the global extrinsic curvature in the
zy-plane around hole 1 for the equal mass system. The different line styles correspond
to different isolines of constant extrinsic curvature.
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H Zone ‘ Constraint Viol. H Physical Error H
Inner zone BH1 (C,) | O[(m/b)”*(7,/b)*] || Ol(m/b)(F,/b)’]
Inner zone BH2 (C,) 0[(m/b)5£ 2 (7,/b)°] Ol(m/b)1r, /b)%]
Near zone (C,) O(m/r ,) O(m/r ,)

Table II: This table shows an order of magnitude estimate of the constraint violation of
this data, together with the error in the physics.

3.7 Constraint Violations

The initial data constructed here are based on approximate solutions and, thus,
they do not solve the Einstein equations exactly. We have estimated that the largest error
in the constraints of the full theory occurs in the buffer zone and is at most O(m ,/ b)z.
This error can be sufficiently small compared to other sources of numerical error such
that solving the constraints more accurately may not be required. On the other hand,
the initial data could be used as input in one of the many conformal decompositions [1§]
to compute a numerical solution to the full constraints. In this section, we study the
constraint violations of the data presented in this paper and we compare them to what
was obtained in paper 1.

In Fig. BT4l we show the Hamiltonian constraint violation along the positive z-
axis for both data sets. The solid line is the constraint violation produced by the data
presented in this paper, while the dot-dashed line is that produced by the data of paper
1. Observe that far away from both holes, both data sets (paper 1 and this paper’s)
have a constraint violation that approaches zero. This feature arises because both global
metrics are given by a 1 PN solution in the near zone, which has a constraint violation
that decays when the expansion parameter m ,/r , becomes smaller. Note, however, that
the constraint violation in ADMTT gauge is much smaller than in harmonic gauge. The
reason for this difference is that our resummed PN expressions satisfy the Hamiltonian
constraint up to errors of O(m ,/r A)3 in ADMTT gauge, while the harmonic gauge
expressions have errors of O(m ,/r A)2.

Also in Fig. B4, observe that close to the holes, the violation is given by that
of the inner zone solution, which is small near the horizon, but increases as we move
away from the holes. The largest constraint violation occurs in the buffer zone, where
we transition from inner to near zone expressions. Note that this maximum in the
violation is mainly caused by the transition functions. As can be seen in Fig. B18, both
the inner and near zone solutions individually have smaller constraint violations in the
buffer zone than the global curve. This, however, is not an indication of a bad choice of
transition functions. Rather the inner and near zone solutions have smaller constraint
violations than expected, because we have kept some extra higher order terms. Recall
that matching in the buffer zone was only performed up to errors of O(m ,/r A)2. Hence
the two solutions differ by this amount, and thus the error in the physics is of the
same order as well. Nevertheless, the inner zone solution has constraint violations of
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Fig. 3.14. This figure shows the violation of the Hamiltonian constraint for the equal
mass system along the positive z-axis for both the data presented in this paper (solid
black line) and that of paper 1 (dot-dashed black line).

O(my/r A)5/ 2 only, and the errors in the Hamiltonian constraint in the ADMTT near

zone solution are only of O(m , /7 A)?’. When these two solutions (which are equal to up
to order O(m 4 /r,)) are averaged with a transition function we obtain a new solution

which differs from both inner and near zone solution by O(m ,/r A)2. Therefore, we

expect the error in the constraints of the averaged solution to be of O(m 4 /r A)2 as well,
and thus larger than the error in the individual solutions.

From Fig. BId we see that the Hamiltonian constraint for the data of this paper is
smaller than the data of paper 1. This decrease in the constraint violation is an indication
that the matching performed in this paper produces near and inner zone solutions that
are closer to each other in the buffer zone. Thus, the transition function has to do less
work to join the solutions together, therefore introducing less of a constraint violation.
We should point out that while the functional form of the transition function in paper 1
and in this paper is identical, the parameters used are different. The biggest difference
is that here we use a smaller transition window w. Thus stronger artificial gradients
and larger constraint violations might be expected in this work. This however, does
not happen because matching works so much better in ADMTT coordinates that the
inner and near zone solutions are substantially closer. Also note that the singularities
in the constraint violations of the data in ADMTT and harmonic gauge (see Figs. B4l
and BI7) occur at different coordinate locations. This is simply because the inner zone
metric, which is relevant in this region, is expressed in different coordinates.

One obtains qualitatively similar plots if the constraints are plotted along different
directions. Evidence for this behavior can be seen in Fig. BI0, which shows a contour
plot of Hamiltonian constraint violation for the global metric in ADMTT coordinates
in the zy-plane. We see that there is ring of radius 3m of negative constraint violation
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Fig. 3.15. This figure shows the violation of the Hamiltonian constraint for the equal
mass system along the positive z-axis for the near zone (dashed line), the inner zone
(dotted line) and the global (solid line) data with transition functions.

around the black hole. Outside this ring, about 4.5m away from the hole, there are three
maxima. The largest of these occurs on the z-axis. Note that these minima and maxima
are all located in the buffer zone. In addition, there is a blowup inside the horizon at
r,=0.

In Fig. BI7 we plot the y-component of the momentum constraint along the
positive z-axis close to black hole 1 for both data sets. For reasons of symmetry all
other components vanish along this axis. Observe that the violation is everywhere small,
reaching a maximum in the buffer zone. As expected, in the near zone the violation
decays as we move away from the black holes and becomes identically post-Newtonian.
Note however, that the resummed PN data in ADMTT gauge satisfy the momentum
constraint exactly, while in harmonic gauge it has an error of O(m ,/r A)z. On the other
hand, in the inner zone, the violation is close to zero outside the horizon (which is located
at r, ~ m,/2) and it grows as 7, becomes larger. As in the case of the Hamiltonian
constraint the largest violation occurs in the region where the transition function leads
to nontrivial averaging of the two approximations. The violation is once more smaller for
the data presented in this paper relative to that of paper 1, which is one more indication
that the matching is smoother here. Finally, observe that close to the holes, and in
particular close to the horizons, the violation due to the inner zone data diverges. This
divergence can be traced back to the choice of slicing, which forces the lapse to be zero
at the horizon.

The vanishing of the lapse can be observed in Fig. BI8, where we plot the inner
zone, near zone and global lapse along the positive z-axis. This figure shows how the
inner zone lapse goes through zero near the horizon. The vanishing of the lapse translates
into a divergence of the momentum constraint, which renders excision difficult and the
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Fig. 3.16. Hamiltonian constraint violation of the global metric in ADMTT coordinates
in the xy-plane for the equal mass system. The different line styles corresponds to isolines
of constant constraint violation.
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Fig. 3.17. This figure shows the y-component of the momentum constraint violation
along the positive z-axis for the data computed in this paper (solid black line) and in
paper 1 (dot-dashed black line), assuming the parameters of the equal mass system.
Note that all other components vanish along this axis.
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Fig. 3.18. This figure shows the near zone (dashed line), the inner zone (dotted line)
and the global lapse (solid line) along the positive x-axis in ADMTT coordinates for
the equal mass system. Observe that the global ADMTT lapse crosses zero near the
horizon. Also shown is the lapse (dash-dash-dotted line) in the new horizon-penetrating
coordinates of Sec.

data difficult to implement numerically. However, this is a failure of the coordinate
system used in the inner zone and not of the method of asymptotic matching. In the
next section, we construct a new coordinate system in which the lapse remains non-zero
across the horizon, and approaches an isotropic Schwarzschild lapse in the buffer zone
to allow for matching.

In Figs. BT4 and BT1 we have compared the constraint violation of the data set
presented here to that presented in paper 1. Technically this comparison suffers from
the problem that the constraints were computed in different coordinate systems. Note
however, that both coordinate systems are identical to leading order. Yet instead of
comparing the violations point by point, we can study their global average. Figs. B.14
and BT7 favor the data of this paper because the humps are consistently smaller. As
explained earlier, this is an indication that after performing the matching, the inner and
near zone solutions are very close to each other, making the transition smoother.

3.8 Horizon penetrating coordinates

Recall that the global coordinate system constructed in Sec. was based on
matching the tidally perturbed black hole metric of the inner zone in isotropic coordinates
to a post-Newtonian metric in ADMTT coordinates in the near zone. We have chosen to
match in these coordinates because they are already very similar to each other. Hence,
the coordinate transformation [Eq. (B226)] that leads to matching is close to the identity,
and thus facilitates computations. However, the fact that the global coordinate system
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remains very close to isotropic coordinates is also a disadvantage, since the ¢ = 0 slice
is not horizon penetrating in isotropic coordinates. The lapse goes through zero very
close to the horizon and in addition, the extrinsic curvature has a coordinate singularity
at the point where the lapse goes through zero. Initial data on such a slice may not be
suitable for numerical evolutions. In this section we present a remedy for this problem.
By constructing a further coordinate transformation, we obtain coordinates which are
close to horizon penetrating Kerr-Schild coordinates near each black hole.

The basic strategy we will use is the following. We first determine the perturbed
black hole metric valid in the inner zone in Kerr-Schild coordinates. We then trans-
form this metric into a coordinate system which remains Kerr-Schild near the black hole
horizons, but which is corotating isotropic in the buffer zone. In this manner, the trans-
formed inner zone metric components in the buffer zone will remain identical to those in
Sec. Bl so that we can use the same matching coordinate transformation [Eq. ([B20])]
as in Sec.

The standard transformation between spherical Kerr-Schild (f/, f;) and spherical

isotropic coordinates (Z,7,) centered at hole 1 and its inverse are given by [11§]

~ _ T 2 ’ 2
t = t+4+2M 1n[—1¢(r) —1], ro=70(r),
1 an, T 1
A A
Fo— F o oMm|_L 1 P 1
1 2M1 ’ 1 T,Z)('f'/)zj
g =460, ¢=¢, (3.47)

where the radius is measured from the center of a black hole with mass M, and where
the conformal factor and its inverse are given by

M
_ -1 1
¢(7"1) + 2?1 9

! 1/2
uil) = %[1_@_2;‘71) ] (3.49
1

1

Note that the inverse transformation contains a square root in the conformal factor, which
becomes complex inside the horizon. For this reason, it is simpler to first transform the
inner zone metric to Kerr-Schild coordinates analytically. Then, we can construct a new
coordinate system that is the identity map near the horizon, but that brings back the
metric to isotropic coordinates outside the horizon in the buffer zone.

Let us first transform the inner zone metric of hole 1 to Kerr-Schild coordi-
nates. By applying Eqgs. (B41) to the inner zone metric in spherical isotropic coordinates
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[Eq. (3.22) of Ref. [28]] we obtain

. . _ n 2
gé}é, = —f + i f 2 [3 sin” ¢/ (cos ¢ cos Qf + sin @' sin Qt> - 1} ,
4M? . R _ “ 2
gﬂf?, = 2-f)+ —3 i1+ A,21 {3 sin” ' (cos ¢ cos QU + sin @' sin Qt) — 1] ,
11 b’ 1 7
1
®n 2 2/2 2[ 21 - YA _2_]
9y = T, + 7 1f 3sin” @’ (cosqS cos 2t + sin ¢ stt) 1|,
(€5 I €5 B4
3/3/ - gé’é’ Slne
2M, 2M . A _ A N2
gf}?, = — - m_32 72 1 [3 sin” 0’ (cos qS/ cos Qt + sin qS/ sin Qt> — 1} ,
01 (e b 1 7’1
(OO _2m2 m _s3 A/( .o . 2 —)
Iyy = e A/ 2 T fcosO (sin¢ cosQt — cos¢ sint ),
2 . _ . _
gé};, = —%, / m7"/3f sin 6 cos 26’ <cos qb/ cos 2t + sin gb/ sin Qt) ,
o _ 1@ o _1 @
gi/é/ - fgﬁ/é” 1/3/ - ng/gﬂ (349)

where all coordinates are centered on BH 1 and where we used the abbreviation

f= (1 - 2%) : (3.50)

1

In Eq. (B49), ¢ stands for the isotropic time coordinate, given in Eq. (841). Recall that
this metric was derived under the assumption that the second black hole responsible for
the tidal perturbation is moving slowly. In particular Alvi obtained the perturbation
from a stationary perturbation by replacing ¢ by ¢ — Qf. This means the largest error
in this perturbation is of order O(m/ b)5/ 2O(r 4/ b)2. In the following we will replace
Schwarzschild time £ by Kerr-Schild time ¢ to simplify our expressions. This replace-
ment will change the tidal perturbation only at order O(m/ b)5/ 20(7" 4/ b)2 and thus not
introduce any extra errors.

We now go one step further and transform Eq. B49) to Cartesian Kerr-Schild
coordinates via the standard map

~ 1/2
io= i :(£2+g2+22>/,

%) (3.51)
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We then obtain
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where 7| = 7. This is the inner zone metric for hole 1 in Cartesian Kerr-Schild coordi-
nates, where the standard metric in Cartesian Kerr-Schild form is

(KS) 2M.

9. =Mt Tll&ll;, (3.53)

with null vectors [, = {1, x% /7, } and where we have introduced the shorthand

d= [3 (2 cos Qf + §sin Qf)z - fﬂ . (3.54)
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The lapse in this coordinate system is now a positive definite function.

The matching of Sec. BA however, is performed in the buffer zone in Cartesian
corotating isotropic coordinates. We thus need a coordinate transformation that leaves
Eq. B52) unchanged near the horizon, but takes the metric to isotropic corotating
coordinates in the buffer zone. For black hole A, the transformation we use is given by

~ 2

P= (1-Q)F+Q, |i+t2m,m gﬁ:_l ,

Bo= (1-Q)i+Q, (fcosOi — sin0i) ¢,

g = (1-QL)7+Q, (:ﬁant+ycosQ£)¢

fo= (1-Qu)2+Q, 20, (3.55)

where
m
¢A:1+2TA, Fo= A3+ E (3.56)
T4

and the transition function

Qyu=f(Ty) (3.57)
with
ry = 22m,, w= o.ﬁri‘f —2.2m,,
qg = 1, s =238, (3.58)

is designed such that @, is unity in the buffer zone and zero near black hole A (see
Fig. BY). This means that using Eq. (B33) we can transform from Kerr-Schild co-
ordinates (labeled by a hat), to coordinates (labeled by a tilde) which are corotating
isotropic coordinates in the buffer zone (where @, = 1), but which are equal to Kerr-
Schild coordinates at the black hole horizons (where @ , = 0). The function @ , is chosen
carefully so that the transformed coordinate system is identically Kerr-Schild at the hori-
zon (7, = 2m ), while it is equal to isotropic coordinates in the buffer zone where we
perform the matching. We can adjust, as usual, how fast we transition by changing the
parameters of @ ,, but we are constrained to having the metric completely in isotropic
coordinates in the buffer zone, in order for the matching to be valid.
The inner zone metric then becomes

K
>
<

(1) ( ) B
= ~ 3-59
9~D hﬁ A ( )

where, in analogy to Eq. (B31l), the Jacobian matrix is given by

ge =9 (3.60)
£ ozt

This Jacobian can be computed by taking derivatives of Eq. (B50).



100

With this new coordinate transformation, the global metric contains several tran-
sition functions. A schematic drawing of these transitions is presented in Fig. In
this drawing, the black dot represents BH 1 and the solid black line is the radial direc-
tion, where the horizon, for example, is located at 7, = 2m,. Fig. also shows the
different coordinate systems used, where KS stands for Kerr-Schild, ISO for isotropic
coordinates and ADMTT for the PN near zone. The dotted line shows the region where
the transitions take place: T'1 is the transition between KS to ISO and T2 is the transi-
tion produced by the matching coordinate transformation. Observe that T'1 is chosen so
that the 4-metric is in KS coordinates everywhere near and inside the horizon, while it
is completely in ISO coordinates where T2 begins. This restriction makes the transition
window of T'1 narrow. On the other hand, the transition window of T2 is restricted only
by the size of the buffer zone and, thus, is chosen to be wider.

Effect of the new coordinates

In this subsection, we describe the advantages of the new coordinate system. In
these coordinates, the new global 4-metric is much better behaved close to the horizons,
where it is of Kerr-Schild form. Thus, the lapse remains positive definite through the
horizon. The lapse for an equal mass system along the positive x-axis in the new coor-
dinates is shown in Fig. (dash-dash-dotted line) together with the lapse in the old
ADMTT coordinates (solid line). The inner zone lapse in new coordinates is approxi-
mately equal to the Kerr-Schild lapse inside the horizon, while it smoothly approaches
the lapse of isotropic coordinates in the buffer zone and the ADMTT lapse in the near
zone.

Another quantity that changes in the new coordinates is the spatial metric.
Fig. shows the zz-component of the new global metric along the x-axis for an
equal mass system. The large humps on either side of each black hole in Fig. are
produced by derivatives of the coordinate transformation (B23l), which contains the tran-
sition function @ , that changes rapidly from zero to unity in a small region of width
w = 0.6r"" —2.2m 4- Had we chosen a wider transition window w to transition, this
derivative would become smaller and the hump would be smoothed out. However, we
need the metric to be completely in isotropic coordinates in the buffer zone where we per-
form the matching (approximately at 7, = 6m ). Therefore, we are constrained to have
a narrow transition window w, which then produces large derivatives of the transition
functions and humps in the metric. Note, however, that these humps are not spurious
gravitational radiation. They simply arise because of performing a coordinate transfor-
mation. Therefore, due to the inherent diffeomorphism invariance of General Relativity,
the physical content of the data will not be altered by the coordinate transformation.
In addition, if we choose a larger black hole separation, ri\;‘[ increases and we obtain a
wider transition window to transition, and hence the humps become smaller.

Since the inner zone lapse in this new coordinates is now a positive definite func-
tion, we expect the extrinsic curvature and the momentum constraint violation to be
small and well-behaved across the horizon. In Fig. BZ2I] we compare the y-component
of the momentum constraint violation for an equal mass binary in this new coordinate
system to that in the old ADMTT coordinates near BH 1. Observe that the constraint
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Fig. 3.19. Schematic drawing of the different metrics, coordinate systems and transition
windows. The solid line represents the distance r; (in ADMTT coordinates) from BH 1.
The thick solid line labeled by ADMTT delineates the region where we use the PN
near zone solution in ADMTT coordinates. The other two thick solid lines labeled by
ISO and KS, show the region in which we use the inner zone solution. The labels here
stand for the isotropic (ISO) and Kerr-Schild (KS) coordinates we have used in the inner
zone before applying the matching coordinate transformation (B26]). The dotted line T'1
corresponds to the region where the transition function @, (see Fig. BH) of Eqs. (B51)
and (B5])) is between zero and one, so that the coordinate transformation of Eq. (B5H)
yields nontrivial results. I.e. in that region the inner zone metric is given in coordinates
that are a mixture of Kerr-Schild and isotropic coordinates, while to the left and right of
T'1 it is given in Kerr-Schild and isotropic coordinates, respectively. Using the definitions
EX7) and ([B35F) for the transition function @, we find that the inner and outer radii
of T1 are 2.2m , and 0.67"2/‘[, where ri‘:[ given in Eq. (B39). The dotted line labeled 72
indicates the transition window of the transition function F, (see Fig. B¥) of Eq. (B42)
with parameters given by Eqgs. BZ3) and B39). In 72 we use a weighted average of
both the inner zone metric (transformed into ADMTT coordinates using Eq. (B26])) and
the near zone ADMTT metric. From Eq. (B23]) we see that the inner and outer radii of

M M
T2 are 0.47"A and 3.97"A .
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Fig. 3.20. This figure shows the xz-component of the global metric in new coordinates
for an equal-mass system along the x-axis.

violation is finite everywhere, except near the singularity. With this new coordinate
system, excision is now possible, since the curvature does not blow up until close to the
physical singularity. We have zoomed to a region 0.5m away from the singularity of
BH 1 to distinguish the behavior of the violation better. As we can observe from the
figure, the ADMTT constraint violation is identical to the violation in the new coordi-
nates away from the horizon. However, near the horizon there are spikes when we use
the old coordinates. These spikes are poorly resolved in this figure, but we have checked
that they are indeed divergences. Observe that these spikes are not present in the new
coordinates.

Since our method really yields a 4-metric we can also compute the Ricci tensor.
This tensor should be close to zero for an approximate vacuum metric. Figure B22 shows
the Ricci scalar along the z-axis at ¢t = 0. One can see that it has the same qualitative
features as the Hamiltonian and momentum constraints. I.e. apart from the singularity
at the center of the black hole, the largest violations occur in the buffer zone. Notice
however, that unlike in the case of metric (see Fig. B20l) the coordinate transformation
(B.35), with the transition function Q , does not produce large humps in the Ricci scalar.
This confirms that the large humps in the metric are a pure coordinate effect, that has
no influence on coordinate invariant quantities such as the Ricci scalar.

3.9 Conclusions

We have constructed approximate initial data for non-spinning black hole binaries
by asymptotically matching the 4-metrics of two tidally perturbed Schwarzschild solu-
tions in isotropic coordinates to a post-Newtonian metric in ADMTT coordinates. The
two perturbed Schwarzschild metrics are valid only close to each black hole (in the inner
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Plot of the y-component of the momentum constraint violation for an equal

mass binary near BH 1 in new coordinates (black solid line) and in ADMTT coordinates
Observe that in new coordinates there is no divergence until the

(dot-dashed line).
singularity.
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This figure shows the Ricci scalar at ¢ = 0 along the z-axis for the inner
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zones) and contain tidal deformations which are correct up to O(r,/ b)z. The ADMTT

post-Newtonian metric we use is formally correct only up to O(m/ b)g/ ? and valid only in
the near zone, and not close to the black holes. However, by adding certain higher order
terms to the ADMTT metric we bring it into a form that is close to the Schwarzschild
metric plus some artificial perturbation. This means that instead of blowing up in an
uncontrolled way, the ADMTT metric approaches the Schwarzschild metric in isotropic
coordinates when we approach one of the black holes. Since the two tidally perturbed
Schwarzschild solutions, which are actually valid close to each black hole are also given
in isotropic coordinates, both metrics agree at leading order even before asymptotic
matching is performed.

The procedure we have used to achieve asymptotic matching closely follows the
calculation of paper 1, and is performed in the so called buffer zone where both the post-
Newtonian and the perturbed Schwarzschild approximations hold. The result is that
both metrics agree in the buffer zone, up to the errors in the approximations. However,
since both approximations are similar to Schwarzschild in isotropic coordinates, matching
yields much better results than in paper 1, where harmonic coordinates were used for the
post-Newtonian 4-metric. In addition, after matching in the buffer zone the two metrics
are also very similar near the black hole horizons, even though the post-Newtonian metric
is formally not valid there. The biggest deviation of the post-Newtonian 4-metric from
the correct perturbed Schwarzschild solution near the horizon occurs in the g, or shift
components at O(m/ b)s/ ?. At this same order similar deviations are also observable in
the extrinsic curvature of the ¢ = 0 slice.

The resulting global piecewise 4-metric is made formally C°° by the use of smooth-
ing functions. These functions are chosen such that the smoothed global metric has errors
on the order of the error introduced by the more accurate of the two approximations
we match. This smoothing procedure works much better than in paper 1, because the
tidally perturbed Schwarzschild solutions and the post-Newtonian metric are much closer
to each other and diverge at similar locations. The smoothed global metric is obtained in
ADMTT coordinates, and thus very similar to isotropic coordinates near each black hole.
Hence our coordinates are not horizon penetrating and, for example, result in a lapse
that goes through zero close to the horizons. Since such coordinates may be problematic
for certain numerical simulations, we construct an additional coordinate map. With this
map one can transform the 4-metric from global ADMTT coordinates, obtained through
asymptotic matching, to new coordinates which are similar to Kerr-Schild coordinates
near each black hole, but which remain ADMTT further away from the black holes.
These new coordinates are horizon penetrating and lead to a lapse which is everywhere
positive on the ¢’ = 0 slice. The same map can in principle also be applied to the data
computed in paper 1.

For both, global ADMTT and new coordinates we have constructed initial data
sets on the respective t' = 0 slices. These initial data are then used to compute Hamil-
tonian and momentum constraint violations. We find that the initial data found in this
paper is closer to the constraint hypersurface that the data presented in paper 1, making
it perhaps more amenable to numerical simulations.
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In conclusion, we have used the method of asymptotic matching to construct
improved approximate initial data for non-spinning black hole binaries. Future work
will concentrate on applying this method to spinning binary systems. This problem is
of fundamental importance to astrophysics and gravitational wave detection, since most
black holes are believed to be rotating. Using the results of [104] the matching of a tidally
perturbed Kerr black hole to a post-Newtonian metric should be possible. Other work
will concentrate on repeating this analysis to higher post-Newtonian order to explicitly
incorporate the effect of gravitational waves.
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Chapter 4

Frankenstein’s Glue:

Transition functions for approximate solutions

Approximations are commonly employed to find approximate solutions to
the Einstein equations. These solutions, however, are usually only valid in
some specific spacetime region. A global solution can be constructed by
gluing approximate solutions together, but this procedure is difficult be-
cause discontinuities can arise, leading to large violations of the Einstein
equations. In this paper, we provide an attempt to formalize this gluing
scheme by studying transition functions that join approximate analytic so-
lutions together. In particular, we propose certain sufficient conditions on
these functions and proof that these conditions guarantee that the joined
solution still satisfies the Einstein equations analytically to the same order
as the approximate ones. An example is also provided for a binary sys-
tem of non-spinning black holes, where the approximate solutions are taken
to be given by a post-Newtonian expansion and a perturbed Schwarzschild
solution. For this specific case, we show that if the transition functions
satisfy the proposed conditions, the joined solution does not contain any
violations to the Einstein equations larger than those already inherent in
the approximations. We further show that if these functions violate the pro-
posed conditions, then the matter content of the spacetime is modified by
the introduction of a matter-shell, whose stress-energy tensor depends on
derivatives of these functions.

4.1 Introduction

The detection and modeling of gravitational radiation is currently one of the pri-
mary driving forces in classical general relativity due to the advent of ground-based [119,
120, 121, 122] and space-born detectors|l 123, 1124]. This radiation is generated in highly
dynamical spacetimes, whose exact metric has not yet been found. Approximate solu-
tions to the Einstein equations, both analytical (such as post-Newtonian solutions [3])
and numerical, have served to provide insight on the dynamics of such spacetimes and
the character of the radiation produced. These approximations, however, have inherent
uncontrolled remainders, or errors, due to truncation of certain higher order terms in
the analytical case, or discretization error in the numerical case. An approximate global

'This chapter is based on the following paper: N. Yunes, Class. Quant. Grav. 245, 4313-4336
(2007)
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solution, then, could be constructed by joining several approximate solutions together
in some overlap region [104, 93].

Before proceeding, we must distinguish between two different kinds of joined
solutions: mixed ones, where one joins an analytical solution to a numerical one; and
pure ones, where one joins two analytical solutions that have different but overlapping
regions of validity. A special kind of mixed joined solutions have been created in the
context of the effective-one-body formalism [125, [12€], with the motivation of providing
accurate waveform templates to gravitational wave interferometers. Pure joined solutions
have been discussed in the context of asymptotic matching, where one of the motivations
is to use the joined solution as initial data for relativistic simulations [107, 93]. In this
paper, we concentrate on pure joined solutions, although the methods and conditions we
find can be straightforwardly extended to mixed joined solutions.

The construction of pure joined solutions is not always simple because approxi-
mation methods tend to break down in highly dynamical spacetimes. The main difficulty
lies in that approximate solutions usually depend on the existence of a background about
which to perturb the solution. However, in highly dynamical spacetimes, such a back-
ground cannot usually be constructed. Thus, in those scenarios, the region of validity of
the different approximations tends not to overlap. In slightly less dynamical cases, the
regions of validity can overlap, but the different approximate metrics usually describe
the spacetime in different coordinates and parameters. Patching [3(] could be used to
relate the different approximate solutions, but this method usually leads to an overde-
termined system if we require the patched metric to be differentiable at the junction. A
better alternative is to relate the approximate solutions via asymptotic matching, which
guarantees that adjacent metrics and their derivatives be asymptotic to each other in
some overlap region.

Asymptotic matching was developed as a technique of multiple-scale analysis to
solve non-linear partial differential equations [3(, 31]. In general relativity, this method
was first studied in [98, 97, 100, 199, 94] and it has recently had important applications
to post-Newtonian theory [3], black hole perturbation theory [127] and initial data con-
structions [105, 93]. Asymptotic matching requires that we compare the asymptotic
expansions of the approximate solutions inside the region of the manifold where the
regions of validity of the approximations overlap (the buffer zone.) This method then
provides a coordinate and parameter transformation that relates the approximate met-
rics, such that adjacent metrics and their derivatives become asymptotic to each other
inside the buffer zone. In essence, asymptotically matched approximations are guaran-
teed to represent the same metric components in the same coordinate system inside the
buffer zone.

After matching has been carried out, there is still freedom as to how to join the
matched approximate solutions together. The simplest way to do so is through a weighted
linear combination of approximate solutions with transition functions. This method was
first considered in depth in [104, 93], where a binary black hole system was studied to
construct initial data for numerical simulations (the so-called Frankenstein approach). In
that work, only broad comments were made as to the type of allowed transition functions,
requiring only that the functions be “differentiable enough,” and the the properties and
conditions these functions must satisfy were not studied. A priori, it might not be clear
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which functions are allowed such that the global metric still approximately solves the
Einstein equations. For instance, it might seem natural to use Heaviside functions to join
the metrics together at a hypersurface, as is done in the standard junction conditions of
general relativity [128, [129, 130, 131, 132, [133, [134, [118, 137]. These joining procedure
works well when dealing with exact solutions to the Einstein equations, in the sense that
the joined solution is itself also a solution. As we show in this paper, however, when
working with approximate solutions better transition functions need to be found.

The purpose of this paper is to study whether a global approximate solution to
the Einstein equations, be it pure or mixed, can be constructed directly from a weighted
linear superposition of approximate solutions with transition functions. We thus refine,
prove and verify many of the broad statements made in [104, 93] regarding transition
functions. This goal is achieved by constraining the family of allowed transition func-
tions for pure joined solutions via certain sufficient asymptotic differentiability condi-
tions. These conditions are independent of the perturbative order to which asymptotic
matching is carried out and the location in which the transition occurs, as long as it
is inside the buffer zone. We then derive and prove theorems that guarantee that pure
joined solutions constructed with this restricted family of transition functions satisfy the
Einstein equations to the same order as the approximations. Moreover, we also show that
if the transition functions do not satisfy the proposed conditions, their derivatives modify
the energy-matter content of the spacetime by introducing a non-negligible stress-energy
tensor. Finally, we extend these theorems to solutions projected onto spatial hypersur-
faces, so that they can be directly applied to initial data construction schemes. These
theorems then allow for the systematic construction of pure joined solutions and they
can be straightforwardly extended to mixed joined solutions.

An example of the proposed theorems and allowed transition functions is then
provided by studying a binary system of non-spinning black holes, where the approximate
solutions are taken to be given by a post-Newtonian expansion and a linearly perturbed
Schwarzschild solution. We shall not perform a systematic study of transition functions
here, but instead we pick functions that are variations of those chosen in [105, 93] in
order to illustrate how the gluing procedure works and how it breaks down. We explicitly
show that if the transition functions satisfy the proposed conditions, the 4-Ricci scalar
calculated with the pure joined solution vanishes to the same order as the uncontrolled
remainders in the approximations. In particular, we explicitly show that derivatives of
the pure joined approximate solution built with appropriate transition functions are equal
to derivatives of both original approximate solutions up to the uncontrolled remainders
in the approximations. We also numerically show that if the transition functions violate
the proposed conditions, their derivatives modify the matter content of the spacetime by
introducing a shell of matter. In this manner, we explicitly verify, both analytically and
numerically, that a pure joined solution does represent the same spacetime as that of the
original approximate solutions in their respective regions of validity up to the accuracy
of the approximations used.

This paper is divided as follows: in Sec. we review the standard junction
conditions at a hypersurface, so that we can extend them to the case where the solutions
used are approximate instead of exact, provided the existence of a buffer zone; in Sec.
we study how to join approximate solutions with transition function and derive conditions
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such that a pure joined solution satisfies the Einstein equations to the same order as
the approximations used; in this section, we also study projections of these pure joined
solutions to a Cauchy hypersurface in order to develop conditions for transition functions
that can be used in initial data construction schemes; in Sec. EE4] we study an example
of the theorems formulated by considering a binary system of non-spinning black hole,
constructing approximate global metrics with different transition function, and explicitly
calculating the 4-Ricci scalar; in Sec. we conclude and point to future research.

The notation of this paper is as follows: Greek indices range over all spacetime
indices, while Latin indices range only over spatial indices; the symbol O(A) stands for
terms of order A at most, while the symbol O(A, B) stands for remainders of order A
or B at most, where A and B are dimensionless; a tilde superscript A stands for the
asymptotic expansion of A as defined in [30, 31]; the relation A = B+ O(C) means that
A is asymptotic to B with uncontrolled remainders of order C' (the so-called Landau
or asymptotic notation); we use units where ¢ = G = 1. Symbolic calculations are
performed with either Mathematica or Maple.

4.2 Junction Conditions at a Hypersurface

In this section, we review a variation of the standard junction conditions of general
relativity. These conditions have been discussed extensively in the literature (see [128,
129,130, 131,132, 133, 1134, [11&, [135] and references therein.) Here, we review only those
concepts important to the understanding of this paper, following in particular [134].
Certain departures from the notation of [135] are so that the generalization to the case
of approximate solutions in the next section becomes easier.

Let us first set up the problem. Consider a spatial (or timelike) hypersurface J
that divides spacetime into two regions: C; and C,. Each of these regions possesses an

associated metric and coordinates, {g(l),az?l)} and {g(z),xé)}, such that these metrics
uv nv

solve the Einstein equations exactly in their respective regions. In the literature, this
exact solutions and coordinate systems are also sometimes referred to as {gjE ,xi} Let
fufs

us further assume that an overlapping coordinate system z“ exists in a neighbourhood
of J. The problem is to formulate junction conditions on 7 that guarantee that the
joined 4-metric satisfies the Einstein equations.

Let us make these statements more precise by considering a congruence of geodesics
piercing J defined with respect to first metric in C; and the second metric in C, (see
[135] for a detailed definition of such congruence.) Let then ¢ denote the proper time (or
proper distance) along the geodesics, such that ¢ = 0 corresponds to when the geodesics
reach J. The joined solution then takes the following form [135]:

2)

— 00" +o(-0g?, (4.1)

g“” 1% uv

where O(-) is the Heaviside function. Equation {I) implicitly uses coordinates x* that
overlap both the coordinates local to C; and C, in a neighbourhood of J.

We now proceed to formulate the junction conditions. The first junction condition
arises by requiring that the 4-metric be continuous across 7, in a coordinate system z“
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that overlaps both a:‘lx and x; in an open region that contains this hypersurface. This
condition can be expressed in a coordinate-independent way by projecting it to J. Then,
in terms of 3-tensors this condition becomes

2)

RO = p®| (4.2)
ab | 7 ab |7
where here h , is the 3-metric associated with the junction hypersurface, i.e.
h/u/ - g;u/ + e:l:nunu’ (43)

with n, normal to J and e, = £1 depending on whether J is spatial (—) or timelike
(+.) Equation guarantees that the hypersurface J has a well-defined geometry.
These equations also imply that the metric is differentiable across [J, except for its
normal derivative to J that in general is discontinuous.

The second junction condition arises by requiring that this normal derivative does
not lead to violations of the Einstein equations across J. In terms of 3-tensors on 7,
this condition becomes
(4.4)

PROI
ab ab

J J
One can show that the failure of these equations to be satisfied changes the distribution
of energy-momentum tensor of the spacetime and gives raise to a shell of matter with
stress-energy tensor [137]

€

S =5 [KS))‘] - Kﬁ"j ~ hy, (K(l)‘j - K(2)‘j>] . (4.5)

In the next section, we shall be mostly interested in vacuum spacetimes, for which such
a stress-energy tensor should vanish.

The satisfaction of the Einstein equations out of J by Eq. EETl and the absence
of a stress-energy tensor as in Eq. then guarantees that the junction conditions
[Eq. and Eq. 4] are also satisfied. Exact solutions, however, are rarely available for
astrophysically realistic scenarios. In that case, one must rely on approximate solutions,
for which similar conditions to those discussed here can be found, as we shall study in
the next section.

4.3 Pure joined solutions

In this section we build a pure joined solution by extending the standard junction
(1,2)
77
Finstein equations. For simplicity, we assume a vacuum spacetime and that there exists
(1,2)
pv
The conclusions of this section, however, can straightforwardly be extended to other

cases, where numerical solutions are available instead of analytical ones, provided infor-
mation about first and second derivatives of the numerical solutions is also available (note
that for numerical solutions the continuum derivative operator must be replaced by its

conditions to the case where the metrics ¢ are only approximate solutions to the

analytic approximate expressions for ¢*“’, such that pure joined solutions are sought.
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finite counterpart.) As shown in [105, 193], the first step in joining approximate solutions
is to apply asymptotic matching inside some overlap region. Once this has been done,
one can search for conditions such that the pure joined metric tensor satisfies the Ein-

(1,2)

stein equations to the same order as g o We here first present the basics of asymptotic

w
matching as applicable to this problem [3, 105]. We then search for asymptotic junction
conditions (or buffer zone conditions), which are asymptotic in the sense of [30, 31] and,
thus, are to be understood only approximately to within some uncontrolled remainder.

4.3.1 Asymptotically matched metrics

Consider then a manifold M that can be divided into two submanifolds with
boundary C; and C,, each equipped with a approximate metrics g(l) and g(i) and a
72 v

coordinate system z” and z” respectively. These metrics are approximate in the sense
that they solve the Einstein equations to (’)( ) for some [ € N in their respective
submanifolds, e.g. in vacuum

(n)y _ £+l
Gulg, 1=0(""), (4.6)
where n = {1,2}, (¢,,/,) are real numbers greater than zero, and ¢, < 1 is some di-
mensionless combination of parameters and coordinates relative to the n-th submanifold.
The symbol O(EZ"H) refers to terms of relative order ¢ with respect to the leading
n

(n) §

order term in the approximate solution ¢g* . In principle, there could be logarithms of
174

€,, bresent in the remainders, such as in high-order post-Newtonian expansions, but we
neglect such terms here because they shall not affect the analysis of this paper. Notice
that we use here bars to denote the different coordinate systems (as opposed to numbers,
as in the previous section) because we must be more careful about the coordinates used
in these approximate metric components For concreteness, let the region of validity of

(1)( “) be defined by =% > xi and that of 9(2)( ) by 2 < x . These inequalities

deﬁne a spacetime region of validity, since the approx1mate metrlc might not be valid
for all times. For example, such is the case for the post-Newtonian metric of two point
particles in quasi-circular orbit, which is valid only for times ¢ < £, where ¢_ is the time
of coalescence.

Let us further assume that these submanifolds overlap in some 4-volume, defined
by the intersection B = €| NC,, and sometimes referred to as the overlap region or buffer
zone. The boundary of the buffer zone, 0B, cannot be determined exactly, because it is
inherently tied to the regions of validity of the approximate solutions, which themselves
are only defined approximately. With this in mind, let us further assume that the charts
{2”} and {2} are defined in the neighbourhood of any field point in the buffer zone and
that they satisfy ® = 2% + (’)( bt 62“) The buffer zone can then be asymptotically

1/2
/ , where

defined by the following condltlon' (% xm)l/ ’ <« (%z,)"" <
m o«

indeces are raised or lowered with the local metric to C; 2 Wherever possible, we use

the Landau notation, which specifically specifies the behavior of the remainder. The

definition of the boundary of the buffer zone should be understood only in an asymptotic

a  out\1/2
@ 2
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sense, as defined in [3(, B1]. This boundary is made up of two disconnected pieces,
OB_ and 0B_, defined via % = xf‘n + O(E?H,egﬁl) and 1% = x:ut + O(E?H,egﬁl)
respectively. The definition of the buffer zone can be thought of in terms of a simplistic
spherically symmetric static example, where 2 — r, OB is a spherical shell and 0B 4
are 2-spheres. However, in practical examples, such as binary black hole spacetimes, the
boundary of the buffer zone is not simply a spherical shell, but instead it acquires some
deformation in accordance with the deformation of the spacetime that is being modeled.
Before proceeding with the description of asymptotic matching, let us make some
comments on the approach adopted in this paper. In the previous paragraphs and in what
shall follow, we have not adopted a rigorous geometrical approach in the description of
asymptotic matching, the definition of the buffer zone and the submanifolds. A rigorous
geometrical approach, for example, would impose other constraints on B, such that it
is properly embedded in C, and C,. Furthermore, such an approach would describe the
conditions under which asymptotic matching can be performed, since in general this
method is valid only locally. Instead of such an approach, in this paper we adopt an
analytical one, where we only provide a minimal amount of details in order to make the
presentation simpler. For example, we shall restrict our attention to coordinate grids
that coincide when both €, — 0 and ¢, — 0 and, henceforth, we shall call C, , regions
instead of submanifolds. Such an approach is adopted because the aim of this paper
is not to provide a detailed geometrical account of asymptotic matching, but instead
to study transition functions and approximate joined solutions (see [13€] and references
therein for a more detailed and rigorous geometric account of asymptotic matching.)
The approximate metrics live in different regions and depend on different coordi-

nates (z”,2”) and local parameters (Haﬁa.) Examples of these parameters are the mass
(n)
72
systems must be valid in the buffer zone (i.e., the charts of C overlap in B.) Using

the uniqueness theorems of asymptotic expansions [3(, B1], one can find a coordinate
and parameter transformation to relate adjacent regions inside B. In order to achieve
this, one must first compute the asymptotic expansions of the approximate line elements,

of the system and its velocity. However, since both g* are valid in B, both coordinate

dsf , near the boundaries of the buffer zone, 0B, and then compare them inside B but
n

yet away from 0B, i.e.

2

d~8(1) = O(eelﬂ, €Z2+1), in B\ 0B, (4.7)

~9
—ds
2 1 2

(2)

where the \ symbol is the standard exclusion symbol of set theory and where (’)(eilﬂ, 6§2+1)

stands for uncontrolled remainders of order efﬁ'l or e§2+1 as defined at the end of Sec. 1.

Using Eq. B, a coordinate transformation 1) : % — 2 and a parameter transforma-
tion ¢ : % — 6% can be found inside B. We have written (7)) in terms of the line
element, but we could have easily written it in terms of the metric components. In fact,
depending on the calculation, it might be necessary to asymptotically match different
components of the metric to different order. For example, for the construction of initial
data, the g,, and g,, components of the metric need to be matched to lower order than

the g,, components [103, 93]. In what follows, we will assume that all metric components
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have been asymptotically matched to the same order. When this is not the case, the
conditions that we shall propose on transition functions can be adapted by noting that
one must use the highest order to which metric components have been asymptotically
matched.

These transformations guarantee that all components of adjacent 4-metrics are
asymptotic to each other inside the buffer zone [30, B1]. This fact implies that the
derivatives of adjacent metrics are also asymptotic to each other

o 1) o @) Li+=m btiom

9r%1  0zom T~ 9o Oxom S ( 1 1€ ); (4.8)

for all m < I. However, the relative order to which the derivatives of adjacent metrics
are asymptotic to each other is in general not the same as the relative order to which the
adjacent metrics themselves are asymptotic to each other. This reduction in matching
accuracy is due to the implicit assumption that asymptotic matching is carried out to
some finite order. In (F)), we have assumed that this decrease in accuracy occurs in
single powers of €1 95 but if this is not the case the results of this paper can be rescaled
appropriately.

Let us provide a general example of such matching accuracy reduction, without
specifying a particular spacetime (for a more detailed example see [105,93].) Consider a
post-Newtonian expression that is known to O(1/ C4) and that is asymptotically matched
to a perturbed black hole solution in some buffer zone to O(1/ c4, 62), where c is here the
speed of light and € is the black hole perturbation theory expansion parameter. Let us
now take the time derivative of the post-Newtonian expression, which results in a term
of O(1/ c5). In post-Newtonian theory, one would never truncate the differentiated term
at O(1/ 04). However, in the theory of asymptotic matching to a finite order, the time
derivative of the post-Newtonian quantity remains matched only to O(1/ 04, 62), and thus
it will disagree with the perturbed black hole quantity at O(1/ c5). It is in this sense
that differentiation usually decreases the relative order to which two expression have
been asymptotically matched (we should note that when asymptotic matching is carried
out to all orders, then this reduction in matching accuracy disappears [136].)

Let us provide a more explicit example that, although similar in spirit to the one
described above, does not require general relativity. Consider two functions

s = [ +2flan@n] o0 =g

(4.9)
where f0,1 are constants and z(wt) and y(Qt) are periodic funtions of time with period
1/w and 1/ respectively. Let us pretend that f(t) and g(¢) are approximate solutions
to the same differential equation in the limits ¢, < 1 and e, < 1 respectively. If we
asymptotically match these functions in a buffer zone where both ¢, < 1 and ¢, < 1
up to uncontrolled remainders of (’)(ef, e;), we discover that at ¢ = 0 the constants are
fo = 1 and f, = y(0)/[92(0)]. If we now study their time derivatives, we find that at

t=20
of  y(0) ox dg € dy
ot ~ oz \ot),_, ot 9 2 o . (4.10)
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with uncontrolled remainders of O(ei,ez). Note that the derivatives are not equal to
each other to this order because the velocities w and €2 have not yet been determined
via asymptotic matching. The reduction in matching accuracy is here explicit since,
while f(t) and g(¢) have been asymptotically matched up to uncontrolled remainders of
O(E?, e;), their time derivatives match only up to uncontrolled remainders of O(e,,¢,).

Henceforth, we assume that asymptotic matching has been carried out and that
one of the metrics has been transformed according to {1, ¢} such that Eq. E7 holds.
We refer the reader to [30, 31] for more details on the theory of asymptotic analysis
and [3, [105, 198,197, 100, 199, 94] for a more detailed discussion on asymptotic expansions
in general relativity.

4.3.2 Asymptotic Junction Conditions

Let us now return to the buffer zone and note that it can be foliated by a family
of junction hypersurfaces J;, where i labels the member of the family. For simplicity,
we choose these hypersurfaces to be timelike, since in the next section we project the
4-metric to a Cauchy (spatial) hypersurface ¥ and it is convenient then that J, be
orthogonal to . Asymptotic matching has provided a coordinate transformation to
relate the charts inside B, so, in particular, these matched coordinates are valid in an
open region containing every J, as long as this is not close to 9B. We look for asymptotic

junction conditions in this subregion of B (i.e. away from 018), in terms of differentiability
n
o

Furthermore, let us also consider a family of geodesic congruences v, that pierce
J;. The ith member of the family is parameterized by proper distance £, to the ith
hypersurface J;, such that £, = 0 occurs when that member reaches that hypersurface.
Such a family of geodesic congruences is defined with respect to the approximate metrics

(n)

g’ since these metrics are equal to each other up to uncontrolled remainders in the
72

conditions of ¢

asymptotic matching scheme. Even though these geodesics are not strictly necessary
for the construction of asymptotic junction conditions, we find them useful to define
a measure of distance to J,, which shall later become important in the definition of
transition functions.

We can now begin to look for asymptotic junction conditions by considering the
following 4-metric tensor:

1 2
9 =F) g +[1=F(t)] g7, (4.11)

where F(-) is a (proper) transition function that smoothly ranges from zero to unity
inside B and which will be defined more rigorously later. Equation EETTl is motivated by
the fact that any tensor E1“2% byby..b, AN always be split into

)

a1Qg...0; a,0q...4;

a- a. ...[li
B bibeb, = Gy, FG) [L—F(¢)] H bybg. by (412)

(2
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provided that

a1 Qq...a,; a1 Qq...Q,; a1Qq...a,;
E 1%2 7 — G 172 7 — H 172 i 413
byby...b; byby...b; byby...b; ( )

inside the transition region and that the proper transition function is sufficiently regular.
The regularity requirement is to guarantee that both terms of Eq. are differentiable.
In Eq. EETT] this split is valid because g(l) is asymptotic to g(2)

v v
remainders once the maps {1, ¢} have I;Leen applied. As we wlilll see below, however, care
must be taken when constructing such proper transition functions F'(-) to avoid ruining
the differentiability properties of the joined metric.

Let us now define proper transition functions in order to clarify how to merge the
metrics via Eq. ETT1 A proper transition function is a smooth real map F : & — [0, 1]
that ranges from zero to unity inside some transition window w, while it acquires the
value of 1/2 as £, — 0, and that satisfies the following conditions:

in B up to uncontrolled

F(L,

7

F() — 0 as £, —/{_, (4.14)

) — 1 as £, — /L,

where here ¢, is the proper distance to dB . Note that the point ¢, = 0 is where

the global approximate metric of Eq. EETT] contains equal contributions from g(l) and
wv
9(2). The transition window will be studied later in Sec. 4, but we can think of it
17
qualitatively as a parameter of a proper transition function that determines the region
where these functions are significantly different from unity or zero. The requirement
that a proper transition function vanishes or tends to unity at 9B, is necessary to avoid
(1) (n)

174 17
remainders and could diverge outside its region of validity. In fact, the speed at which

a proper transition function must tend to unity or zero will depend on the speed of
the growth of the uncontrolled remainders of the approximations outside their region of
validity, as we shall study later. This definition does not constrain how the transition
function behaves inside the transition region. Also note that this family of functions
tends to the Heaviside function of the previous section as w — 0 and that it does not
need to be analytic. We shall not constrain this family further for now, but instead we

search for conditions on this family such that Eq. LTl satisfies the Einstein equations to
(n)
pv

With these proper transition functions, we immediately see that the joined metric
itself also satisfies the following set of asymptotic conditions:

contamination of ¢g* 7 in C, and vice versa, since in general g~ has large uncontrolled

the same order as g

1 (FS RS N
G = gfw) * 0(611 ’622 ), in G\ B
2 G416+l .
Y gfw) + (9(611 ,622 ), in C,\ B, (4.15)

while in the buffer zone the metric is some weighted linear superposition of both approx-
imate solutions. Thanks to asymptotic matching, the approximate metrics are identical
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inside the buffer zone up to uncontrolled remainders [see Eq. L8 and, thus, this linear
superposition is valid there, in spite of the non-linearity of the Einstein field equations.
Also note that we are free to choose any junction hypersurface J; to join the metrics as
long as it is inside B but away from 0B. However, there is usually a typical choice of
J,, given by the surface where the error bars of the approximate metrics become com-
parable. Such a choice is not unique, but has previously proved to be close to optimal
in certain scenarios [104, 193]. Asymptotic matching then seems to be a good technique
for the construction of a pure joined 4-metric as given in Eq. EETI], as long as we find
transition functions that are sufficiently well-behaved so that their derivatives do not
introduce errors larger than those contained in the approximations.

We now proceed to determine the asymptotic junction conditions by analogy with
the standard junction conditions discussed in the previous section. The first junction
condition of the previous section is automatically satisfied asymptotically in B via Eq. B
with uncontrolled remainders of (’)(eflﬂ, e£2+1). However, the second junction condition
is not necessarily satisfied because Eq. 7l does not guarantee differentiability across J,

to the same order as continuity. Differentiating Eq. EETT] we obtain

_ ey _ 2
Gua =FWC) g, +[L=F) g, +F, {guy} : (4.16)
where we have defined the operation {E} = Y — ED for any function E. In order

for Eq. 1] to be a solution to the Einstein equations, we should require that the third
term be as small as the uncontrolled remainders of the first two terms. By Eq. ES, we
know that the last piece of the third term is of (’)(eflﬂ, e§2+1). On the other hand, the
first two terms are bounded below by their smallest size, which is of O(eil,e?). We,
thus, arrive at the condition

62), in B. (4.17)

One can show that this condition is sufficient, since it excludes cases where F' | =
O(In(e;, €,)). With this condition, Eq. becomes

=F(¢,) g(l) + [1=F(¢,)] 9(2) + (’)(eéﬁ_l,ez?“). (4.18)

gl“/va J17%eY Hy,o 1 2

In vacuum, another condition must be imposed on the 4-metric in order for the
Einstein equations to be asymptotically satisfied inside B. This condition can be enforced
by requiring that the 4-metric tensor be asymptotically C? in B. Differentiating Eq.
we obtain

_ ) @
Guas = FU) g+ [1=F)] 92 +2F( {5} + Fap {9, } 419)

Here the parenthesis on the indices represent the standard symmetry operation Yialbrle) =

1/2 (gab T 94 a). In order for the metric to be asymptotically C?in B , We must require
that the last two terms be much smaller than the first two. This requirement can be
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enforced by requiring that

F, = O(e,€,), inbB,
0 0, .
F.; = 0O( 1,62), in B. (4.20)

The first condition in Eq. is a refinement of Eq. ET7, while the second condition is
new. These equations are also compatible with F' | < F B which is a consequence of

the fact that { Y a} = (’)(e?, egz). As one can show, the decrease in matching accuracy

of the derivatives of matched expressions has lead to different conditions for the first and
second derivatives of the transition functions. In this way, the last two terms of Eq.

become of (’)(e?“,eiﬁl) or smaller, because by Eq. LS {gw}} = O(eflﬂ,egﬁl) and

{gw}a} = O(efl, 622). With these conditions, Eq. becomes

G = F(£) gij’,aﬁ +[1-F(L)] gga O ), (4.21)

Transition functions that satisfy Eq. are enough to guarantee a c? global
metric in B, irrespective of the matching order or the junction hypersurface chosen.
Requiring the joined solution to be C? in B guarantees that the Einstein tensor is also
continuous across any J,. Since we are dealing with a vacuum spacetime, the junction
hypersurfaces do not represent any physical boundary, such as a shell of matter, and can
thus be chosen arbitrarily as long as they are inside B and away from 0B, so that the
approximations are still valid.

We have then derived conditions on the 4-metric and, thus, on the transition
functions, that guarantee that the Einstein tensor is continuous in B. The standard
junction conditions in the presence of matter do not necessarily require the metric to be
C' across J, whereas here we must require it to be at least asymptotically C? in B, so
that no artificial features are introduced at the boundary. We can now formulate the
following theorem:

THEOREM 4.1 (BUFFER ZONE JUNCTION CONDITION). Consider a spacetime manifold
(1,2)
72

are approrimate solutions to the vacuum FEinstein equations up to uncontrolled remain-

ders of O(eflﬂ, e§2+1). Let the boundaries of the submanifolds be defined asymptotically

M that can be divided into two submanifolds with boundary C, and C,, inside which g

by the approximate boundary of the region of validity of g(i’z) and let the intersection of

w
these submanifolds, B = C| N C,, be called the buffer zone. Let us foliate the buffer zone
with a family of timelike hypersurfaces J, and consider a family of geodesic congruences
7, such that the ith member is parametrized by proper distance {; to the ith hypersurface
J,. Consider the family of joined 4-metric tensor parameterized by £., namely

2)

= F(t) g+ [1-F(6)] 92, (4.22)

v w
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where F(-) is a proper transition function as defined by Eq.[[-1} Then, equation {Z.23) is
also an £,-independent approximate solution to the Einstein equations up to uncontrolled

remainders of (’)(eilﬂ, €§2+1) if and only if the following conditions hold:
(1) The metrics 9(1’2) have been asymptotically matched
Qv

. . 041 L+
in B up to uncontrolled remainders of O(e* ", e*" "),
1 2

) F, = O(e,€y), in B,
0 0 :
0 F 5= 0(61,62), in B.

The proof follows directly from the calculation of the Ricci tensor, which should vanish
in vacuum. Let us then use the joined metric to calculate the Christoffel connection.
Doing so we obtain

0= 0 VRE) + 05 [1- F)] + 20" (. {0} + Fa{ons} — P {0 }).

(4.23)

where the {-} operator was defined in Eq. We have here used the fact that the

inverse metric can be written as gaﬁ =F g?{f) +(1-F) gg;
2,

proportional to F'(1 — F') because they are of (9(61 ,eiéQ). Outside the buffer zone the
terms in parenthesis clearly vanish, but inside this region they could be large. However,

note that by condition (7), { gW} = (’)(eilﬂ, e§2+1), while by condition (ii) the derivative

of the transition function satisfies ', = O(¢,, ¢,). Thus, the term in parenthesis satisfies

(F,V {955} +F, {gw} —F {gﬁv}> < O(e?“, 522“). (4.24)

a(l) _ pa(2
By By
, combined with conditions (i) and (i7), we are

, neglecting terms that are

Due to the precision of the Christoffel symbols, namely that I’ in B up to

. 41 Lo+l
uncontrolled remainders of 0(611+ ,622+ )

allowed to write the connection as

«

By

=1 jl)F(ei) + rgf’ [1—F)] + 0T &, (4.25)

1 2

However, in order to compute the 4-Riemann tensor, we need the derivative of
the connection. This quantity is given by

_ pe() a2y a
Fpo = Ty P+ T[L-FE)]+F, {Pm} (4.26)

1 s
+ 59" (Foo 905} + Fop {920 ) ~ Fo1994})

1 s
+ 59" (P {9mmo ) + Falonn |~ Fs{gom0 )
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where other terms either vanish by Eq. or are negligible. Equation must be
obtained by differentiating Eq. 223 rather than Eq. EE25, because otherwise we would
miss the second derivatives of the transition functions. The third and fourth terms of
Eq. are already of (’)(G?H,eiﬁl) by Eq. E] condition (i), (#7) and (i7i). The

last term is finally also of (’)(efﬁl,eéﬁl) because although {guyo} = O(eil,eéz), by

2
condition (ii) ', = O(e,,¢€,). We are therefore left with

(o7

=1 Ype)+1r* @

B,0 B,o Bv,0

r [1—F(e)] + O, e, (4.27)

2
a (1) . Fa (2) _ O(EZI—H €Z2+1) in B.

B,0 B,0 72
We are now ready to compute the Ricci tensor. Once more, using Eq. and

Eq. we can write

which again leads to the asymptotic condition I

R, = Rilﬁ) F(e,)+ R

o = o L=F@)]+o@E T, (4.28)

2

where the third term groups all the cross terms that are (’)(eflﬂ, e§2+1) in B. Further-
(1,2)
pv

more, we know that the approximate solutions g satisfy the Einstein equations to

(’)(ei”), which then implies that

R™ = oM. (4.29)

af n
We thus arrive at the conclusion that

4+1 4,+1
=0(e e )

Ry =0(e'" e ) (4.30)

which then proves the theorem. q. e. d.

This theorem allows for the construction of pure joined solutions, with a restricted
class of transition functions. Although the theorem has been formulated for vacuum
spacetimes, it also holds for non-vacuum scenarios as discussed above. The proof for the
non-vacuum case can be established simply by following the above proof and realizing
that now R((x"ﬁ) — 81T Sﬁl) = (’)(ei”“). Also note that the ideas of this section can be ex-

tended to mixed joined solutions, by replacing condition (i) by some other condition that
guarantees that the approximate solutions represent the same spacetime in . Finally,
note that the conditions we impose on the transition functions are not very stringent,
thus allowing for a wide range of possible functions.

4.3.3 Projection to a Cauchy Hypersurface

Let us now specialize the pure joined solution of Eq. EETTl to joined initial data on
a Cauchy hypersurface. Since this hypersurface is by definition spacelike, it is convenient
to have a foliation of the buffer zone that is timelike as given in the previous section.
The data constructed in this section consists of an induced 3-metric on the Cauchy
hypersurface and its extrinsic curvature.
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Consider then a Cauchy hypersurface ¥ € M, on which the 4-dimensional regions
(C,,C,,B) become 3-dimensional surfaces. We still have a foliation of the buffer zone
by an infinite number of timelike junction hypersurfaces J; of X. These hypersurfaces
are now actually submanifolds with boundary of co-dimension 1 with respect to X but
co-dimension 2 with respect to M.

In either C, we can now define the 3-metric (hf;)) and the extrinsic curvature

(Ki:)) of ¥ by projecting the asymptotically matched approximate metrics gfz) to this

hypersurface [d]. In analogy with the previous section, let us then define these objects
via

hy = F(e)hY +[1—F)] h?

ab v ab’
K, = F() K" +[1-F@)] K2, (4.31)

In Eq. E3T F(-) is a proper transition function as defined by Eq. EET4l Provided this
transition function satisfies conditions (ii) and (#iz) of Theorem 1, then Eq. EE3T] satisfies
the constraint equations of general relativity.

There might be some concern that the extrinsic curvature of Eq. EE3T] does not
correspond to the same hypersurface X as that described by the 3-metric because deriva-
tives of the transition functions have been neglected. However, if the transition functions
satisfy the conditions of Theorem 1, then these derivatives are of the same order as the
uncontrolled remainders. In order to show this, we can compute the extrinsic curvature
from the spatial metric of Eq. B3] directly, i.e.

o) @ _1
Kyp=F)K "+ [1-F()] K - 3 {hy,} L F(L,), (4.32)

where £ is the Lie derivative along the normal vector to 3. Clearly, since F'(-) is a scalar
function, the Lie derivative reduces to the directional partial derivative of this function
along the normal vector, i.e. L. = n“F .+ Here n® could be that associated with either

of the approximate solutions, since in the buffer zone n?‘l) — n(();) = O(efﬁ'l, e§2+1

the 3-metrics are already asymptotic to each other up to uncontrolled remainders of
(’)(eflﬂ, e§2+1) by Eq. E8 we must only require that the Lie derivative be of O(e,,¢,).
This condition is consistent with the conditions of the asymptotic junction theorem:.
We see then that the global 3-metric and extrinsic curvature of Eq. EE3T] represent
the same data as that obtained from Eq. BT directly up to the uncontrolled remainders
in the approximations. We can then formulate the following theorem, which can be

viewed as a corollary of Theorem 1:

). Since

W 4nd g@
nv nv

that satisfy the vacuum Finstein equations up to uncontrolled remainders ofO(eilJrl) and

THEOREM 4.2. Consider a spacetime manifold M with approrimate metrics g

O(6§2+1) on submanifolds with boundary C| and C, respectively. Let these submanifolds
intersect on a 4-volume B = C|; N C, and foliate the 3-dimensional projection of B onto
a Cauchy hypersurface 3 with timelike junction hypersurfaces J,. Consider the 3-metric
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and extrinsic curvature of ¥ constructed via

o) @
hy = Fe)n 4 [1-F)] n?
K, = F(t) K +[1-F)] K2, (4.33)

where F(-) is a proper transition function as defined via Eq. ¢, is the proper distance

to J, on X, and {h(z’m,K(i’m} are the 3-metric and extrinsic curvature of % associated
al al

with g% . Then, the 3-metric and extrinsic curvature Eq. [£-33 satisfy the constraint
uv
equations of General Relativity on ¥ to the same order as g(1’2) if and only if the following
1%

conditions are satisfied:

(1) The metrics gilf) have been asymptotically matched
in B up to uncontrolled remainders of O(eilﬂ, €§2+1),
) F,=0(,¢), in B,
(ii4) Fo5=0(,e), in B. (4.34)

The proof of this theorem is established by projecting the 4-metric onto 3. The 3-metric
is given by
Rop = ap + Mo, (4.35)

where n_, is the covariant normal vector to ¥. Using Eq. EETTl and the fact that any
smooth tensor can be decomposed with transition functions via Eq. EET2, we rewrite the
spatial part of the 3-metric as

hoy = S F(E) + [1 = F(e)] B2, (4.36)

ab " Tgp ab

The extrinsic curvature is given by
K,=L.h,. (4.37)

Inserting Eq. into Eq. E37 we can rewrite the extrinsic curvature as given in Eq. EE32

However, since the transition function satisfies ', = O(e;,¢,), the last term of that
equation can be neglected and we obtain

_ @ (2

K=K F)+[1-F()] K" (4.38)

Now, recall that the 4-metric satisfies the vacuum Einstein equations up to un-

controlled remainders of O(eiﬁl, e§2+1) by Theorem 1. Therefore, this metric also sat-

isfies the constraint equations, since these are related to the temporal components of

the Einstein tensor and the normal vector to 3. Recall here that the normal can be

that associated with either approximate solution, since these vectors are asymptotic to
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each other inside the buffer zone. Since the 3-metric and extrinsic curvature come di-
rectly from a projection of this 4-metric, it follows that this data must also satisfy the
constraints to the same order. q. e. d.

4.4 A simple example

In this section, we investigate the impact of different transition functions on the
satisfaction of the Einstein equations. For this purpose, we pick a metric that has already
been matched in [93], henceforth paper I. This metric represents a binary system of
Schwarzschild black holes in a quasicircular orbit. We here show explicitly that as long
as the transition functions satisfy the conditions of Theorems 1 and 2, the joined metric
satisfies the vacuum Einstein equations and, thus, also the constraint equations.

As explained in paper I, the manifold can be divided into 3 regions (Table BI).
The symbols of Table BTl represent the following quantities: C, labels the nth regions,
where n = {1,2,3}; A labels the black hole, with A = {1,2}; », and r_, are the
approximate inner and outer boundary radius of each C| regions as measured from the
Ath black hole; 7, and 7, are the radial distances as measured from the Ath black
hole in near and inner zone coordinates; €, is the perturbation parameter used in the

approximate solution g(n) in C_; m, is the mass of the Ath black hole; b is the orbital

v
separation on X; A is tﬁe gravitational wavelength. The quantity b is usually defined as
the black hole separation in the near zone, which we shall see coincides with the black
hole separation in the inner zone up to uncontrolled remainders, namely b = 54—(’)(61, €).-
Technically, there is a fourth region beyond the near zone, but we neglect this here since
it does not affect the study of transition functions. For a detailed description of this
subdivision and a pictorial representation of these zones refer to [105, 93].

These regions overlap clearly in two buffer zones, which on the ¢ = ¢ = 0 slice
can be defined by the following inequalities: O, = C, N Cy (m; < r; < b) and
O,y5 = C,NCy (my K< 7y K ), where 1, is the radial distance from the nth black hole to
a field point. Asymptotic matching and the transition functions act in these buffer zones,
which can only be defined asymptotically and, thus, any statement regarding them must
be interpreted in that sense. In particular, this implies that any quantity that is valid in
the buffer zone need not be valid near the boundary of the buffer zone (i.e., as v, — b or
r, — m,.) Also note that these buffer zones are actually 4-volumes and can be foliated
by an infinite number of timelike junction hypersurfaces.

Different approximations are used in each zone to solve the Einstein equation. In
either inner zone, black hole perturbation theory allows us to obtain a tidally perturbed
metric. Let us concentrate on inner zone 1 near black hole 1, since the metric in the
other inner zone can be obtained via a symmetry transformation. In C|, the perturbed
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metric is given in isotropic corotating coordinates 2 = {t,Z,y,z} by

Q
g(%) ~ H,+H,Q (zz i g2> +2H, Ty (:32 v - 22) ,
— H _ — —
o)~ —H Qe + 5 [g (522 = 529@) + (2 - 22) 52] :
a b
r T

(4.39)

&Q

(1
9.5 Ogplly — Hyy 2

where € is the angular velocity of the perturbation, €. is the standard Levi-Civita
symbol with convention €753 = 1 and where (5;_: is the Kronecker delta. In Eq. we
used the shorthand

m M\ ? M4
Hst = 2’[71,2 b_3< _2—f> <1+? s

2
M\ my, o (T MN\* M
H, = (1+4= 14+2—=27P, (= 1+ —L) —o2—L
s1 <+277> e 2(?) <+2F> P2
2
M\ 4 M\ am, M z
H, = (1+=%) |1+ Z1lp (=
52 <+2‘> T b 2(?)’
1—M/2f 2 M \4m 2 T
H = —(—F-Y— 2(1-=2 —2*P<—> 4.4
t <1+M1/2f> * ( 2f> B 2\F) (4.40)

where M, is the mass of the background black hole, m, is the mass of the binary
companion that is causing the perturbation, m = M, + m, is the total mass, 7 =

(i2 + 5+ 22)1/ ? and P,(-) is the second Legendre polynomial. Equation then
satisfies the linearized Einstein equations in C|. These equations are identical to (18)
and (19) of paper I and solve the Einstein equations up to uncontrolled remainders of
o(r,/ b)g. We refer the reader to that paper for an explanation of the derivation of this
metric.

In the near zone, a post-Minkowskian expansion is used to find an approximate
solution. This solution in corotating ADMTT coordinates 2* = {t,z,y,2} [ (7)-(12) in
paper I] is given by

Gy = Vb
- A
g(()?o’) _ éi’;)ﬂ(?’)a _ (a(?’))27
(4.41)
where we introduced a post-Newtonian conformal factor
L G- (4.42)
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and where the post-Newtonian lapse and shift are given by

@B 22—V
© T Ty
(3)1'_&1(2'_4_42')_ i
Ié] = " [2 v, = U TN 4?)1
+ 7“_22 [5 (v; — 7, - n2n;> - 40;} — €;p3WT - (4.43)

In these equations, the radial distance to the Ath black hole is given by r, = (xi +
y2 n $2)1/2
Einstein equations in C; up to uncontrolled remainders of O(m ,/r A)z. Once more, we
refer the reader to that paper for an explanation of the derivation of such a metric. In

these equations, the non-zero components of the velocities ¢, and the unit vectors 7 ,
are given in the ¢t = 0 slice by

, where x; = x — m,b/m and x, = x +m,b/m. These equations solve the

2 m 2 m
v = w—2b, Vo = —w—Lb,
1 m 2 m
:Ek gk
k - A 1 m2 1 ml
o= —A g =2 ¢ =-—1p, (4.44)
Ty 1 m 2 m

where w is the post-Newtonian angular velocity given by

w:@[1+;<%_3>§], (4.45)

with errors of O(m/b)5/2. Equation appears also in paper I and in (60) of [1€],
where p = m;m,/m is the reduced mass of the system.
Asymptotic matching was performed in paper I and a coordinate and parameter

transformation was found such that Eq. X7 is satisfied. For buffer zone 1, O,,, such a
transformation to O[m , /74, (FA/b)2] is given by
B ofeh BTy z B, My
o = 7|8 a2 (1= )] £k
M, = my, Q=w, (4.46)

where My 18 the Minkowski metric and § , is the 4-Euclidean metric. Note that ot =2t
to zeroth order as previously mentioned and, when describing certain figures, we will
sometimes use them interchangeably. One might worry that Eq. is not bounded
above, since 27 — oo as t — oo. However, recall that the buffer zone is technically a
4-volume delimited by the boundaries of the regions of validity of the approximations.
In this sense, time cannot go to infinity, because then the post-Newtonian metric would
break down as t approaches the time of coalescence. Furthermore, when constructing
initial data, ¢t = 0 and £ = 0, and it is clear that ¢ — oo is not allowed. In paper I,
asymptotic matching is carried out to slightly higher order, but since the purpose of this
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section is to study transition functions we use Eq. instead. The metric in inner zone

2 and the matching coordinate and parameter transformations in buffer zone 2, O,,, can
be obtained by applying the following transformation to Eq. and Eq. B0k
1—2, T — —T, Y — —, z— z. (4.47)

In order to study these transition functions, we pick a particular physical system.
We choose a system of equal mass black holes m, = m,, = 0.5m separated by an orbital
distance b = 20m. The black holes are non-spinning and located on the xz-axis at
x = 10m and z = —10m for the first and second black hole respectively. The black holes
are orbiting in the counter-clockwise direction about the z-axis. The buffer zones are
then given by O 4, : 20 > r,/m > 0.5. This system is used to study different transition
functions, but we should note that the asymptotically matched metric of paper I is valid
for a wide range of systems.

We here keep the physical system fixed and pick several different transition func-
tions to investigate how these functions change the satisfaction of the Einstein equations.
We consider the following type of transition functions:

e Transition function 1 (TF 1)

0 ,r<r_
141+ tanh [2 (tan(Z2T(r —r_))
1) = 2_#”} b . er ey (4.48)
tan(%(T—Tf)) T "
1 =

where r_ and r,_ determine where the transition begins and ends, w determines
the size of the region, and s and ¢ determine the slope of the transition function
roughly when f; =~ 1/2. This function is similar to that used in paper I and we
use similar parameters, i.e.

r_ = m, r,=b—m,

w = 9m, ¢=0.2, s=b/m. (4.49)

e Transition function 2 (TF 2) and 3 (TF 3)

£,(r) = exp <%T;d> [1+exp (%“dﬂ_l, (4.50)

w

where w is approximately the size of the transition window and d is approximately
the distance from the Ath black hole at which the derivative of the transition
function peaks. For TF 2 we choose the following parameters

w = Tm, d = 6m, (4.51)

while for TF 3 we choose
w=m, d = 8m. (4.52)
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For all these transition functions, the transition window w is defined approximately as
the size of the region inside which the function ranges from 0.01 to 0.99.

The purpose of this paper is not to perform a systematic study of the properties
of transition functions, but to illustrate the theorems discussed in earlier sections with
a practical example. In fact, as discussed in the introduction, transition functions were
first introduced in [105, 193], but the properties and conditions that these functions must
satisfy were not explored. In this paper, we are in essence following up on previous
work and providing further details that might be relevant to future investigations. In
particular, we shall investigate how the gluing of asymptotically matched approximate
solutions breaks down if improper transition functions are chosen.

The transition functions that we have chosen clearly have different properties.
First, notice that the region where functions are significantly different from zero or unity
varies, because the size of their respective transition windows w is different. In particular,
TF 3 has the smallest transition window, followed by TF 2 and then TF 1. Second, notice
that the transition functions become roughly equal to 1/2 at different radii: r ~ 7m for
TF 1, r = 6m for TF 2 and r ~ 8m for TF 3. Third, notice that the speed at which the
transition functions tend to zero and unity is also different. In particular, note that TF 3
tends to zero the fastest, followed by TF 1 and finally TF 3. This speed is important in the
definition of proper transition functions in Eq. ET4l because it prevents contamination
of possibly divergent uncontrolled remainders outside the buffer zone. Finally, notice
that not all functions are analytic, since TF 1 does not have a Taylor expansion about
r =r, (recall, however, that analyticity was not required.)

These different features of the transition functions can be observed in Figures BTl
andE2l Figure . Ilshows the behaviour of the different transition functions as a function
of radius, while Fig. shows their first and second derivatives. Observe in Fig. LT that
the transition occurs at different radii and that they transition at different speeds. In
Fig. we can observe the difference in the transitioning speed better. We can clearly
see in this figure that the derivatives of TF 1 are the smallest, followed by TF 2 and
then TF 3. However, both TF 1 and TF 2 have derivatives that are consistently of order
much less than O(1), while TF 3 has first derivatives of O(1) or larger. The inset in this
figure shows the large derivatives of TF 3. Also note that the second derivatives of the
first and second transition functions are consistently smaller than their first derivatives.
This is a consequence of the size of the transition window. If such a window were chosen
to be smaller, as in the case of TF 3, then the second derivative would become larger
than the first.

With these transition functions we can now construct pure joined solutions via

2)

9 = FEDF TG0 + (L= £ o) + (L= ()] g, (4:53)

(1,2)

where we assume g has been transformed with the coordinate and parameter trans-

o
formation of Eq. and where f(-) can be any of TF 1, TF 2 or TF 3. Equation
is an extension of Eq. EETTl applicable to two buffer zones. Extensions to more than 2
buffer zones are also straightforward.
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Fig. 4.1. This figure shows the first (TF 1), second (TF 2) and third (TF 3) transition
functions as a dashed, dotted and solid lines respectively. Observe that these functions
transition at different radii and at different speeds.

Whether the joined metric of Eq. satisfies the Einstein equations to the
same order as the approximate solution depends on the transition function used. We
expect the metric constructed with TF 1 to generate small violations because it is a
proper transition function that clearly satisfies the differentiability conditions required
in Theorems 1 and 2. On the other hand, TF 2 and 3 do not satisfy these conditions
because TF 2 is not a proper transition function and TF 3 violates condition (i¢) and
(7i1) of Theorem 1. This behaviour, however, is not clear by simply looking at metric
components. In Fig. we plot the determinant of the spatial metric along the z-axis,
corresponding to the z harmonic (near zone) coordinate, with ¢ = 0, y = 0 and z = 0.
This axis is where joined metrics are glued together with different transition functions.
This determinant gives a measure of the volume element on ¥ and, as one can see in the
figure, the difference when different transition function are used is small. This behaviour
is not unique to the z-axis, but is actually observed along the other axis as well. When
this is the case, we only show the behaviour along the z-axis in order to avoid redundancy.

Although the volume element computed with different transition functions is simi-
lar, metrics joined with different transition functions do not satisfy the Einstein equations
to the same order. In Fig. 24l we plot the 4-Ricci scalar calculated with the global met-
rics joined with different transition functions. This plot is representative of the behaviour
of the 4-Ricci scalar in the entire domain, although here we plot it only along the z-axis.
We also plot only the region x/m > 10, to the right of where BH 1 is located at ¢t = 0,
because the behaviour of the 4-Ricci scalar is symmetric about z = 0 and the transition
functions are symmetric about 7, = 0. Thus, the behaviour of the 4-Ricci scalar in other
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Fig. 4.2. This figure shows the first and second derivatives of the transition functions.
The first derivative of the first [(T'F' 1) ], second [(T'F' 2) | and third [(T'F' 3) ,] transition
functions are denoted with a dashed, dotted and solid black line respectivelyf The second
derivative of the first [(T'F 1) ], second [(T'F 2) ] and third [(T'F 3) ] transition
functions are denoted with a dashed, dotted and solid cyan (or light gray on black and
white print) line respectively. In the inset we zoomed out to show better the derivatives

of the third transition function.
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Fig. 4.3. This figure shows the determinant of the spatial metric along the z-axis with
TF 1 (dashed line), TF 2 (dotted line) and TF 3 (solid line.) Observe that the differences
in the global metrics are small if at all visible. In the inset we zoom to the region where
the curves look the most different.

regions of the domain is similar to that shown in Fig. =4l (see paper I for contour plots
of some of these quantities.)

There are several features in Fig. 4] that we should comment on. First, observe
that the YR is everywhere smaller than the uncontrolled remainder in the approximate
solutions (roughly O(m/ b)2 ~ 0.0025 in the buffer zone for the system considered) when
the joined metric is constructed with TF 1. However, this is not the case for the metrics
constructed with TF 2 and 3. For those metrics, @R has spikes close tor , = 0 (z ~ 10m)
and r , = 8m (z ~ 18m) for TF 2 and 3 respectively. The spike resulting from the metric
constructed with TF 3 is associated with the small size of its transition window, which
forces large derivatives in the transition function, thus violating conditions (ii) and (7i7)
of Theorems 1 and 2. The spike in the metric built with TF 2 is related to the fact
that this function does not tend to zero faster than the uncontrolled remainders of the
post-Newtonian near zone metric close to BH A. As we discussed earlier, the rate at
which transition functions tend to zero and unity is important to avoid contamination
from divergent uncontrolled remainders in the approximations. In this case, TF 2 is of
O(m/b)* as r/m — m/b, while the post-Newtonian Ricci scalar diverges as m/r° as
r — 0 and is in fact of (9(b/m)3 as r/m — m/b. Since the transition function is not able
to eliminate this contamination from the near zone metric, the Einstein equations are
violated near either black hole for the metric constructed with TF 2. From a physical
standpoint, the failure to use appropriate transition functions to create a pure joined
solution introduces a modification in the matter-sector of the Einstein equations, namely
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the artificial creation of a shell of matter. One can straightforwardly see from Eq.
and Eq. that the stress-energy tensor of this shell depends on the non-vanishing
derivatives of the transition function.
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Fig. 4.4. 4-Ricci scalar along the x-axis for the global metrics joined with TF 1 (dashed
line), TF 2 (dotted line) and TF 3 (solid line.) Observe that the 4-Ricci scalar is small
everywhere for the metric constructed with TF 1, but it has spikes for that built with
TF 2 and 3. The inset zooms to the region = € [11,22] so that the difference between
the 4-Ricci scalar calculated with TF 1 and 2 are more noticeable.

A deeper analysis of the spike in @R due to the joined metric with TF 2 reveals
that the conditions found are sufficient but formally not necessary. The 4-Ricci scalar
constructed with the post-Newtonian metric ((4) Rp ) diverges close to BH A, since this
approximation breaks down in that region. Therefore, if the transition function does not
vanish identically, or faster than the divergence in WRr py> then @ R will present a spike.
This spike, however, would disappear if the transition function decayed to zero faster
than the divergence in “ R . In this sense, eventhough the conditions discussed here
are not necessary since the definition of a proper transition function could be weakened,
they are certainly sufficient and universal.

The second feature we should comment on is the behaviour of ¥R in the region
x/m € [11,17]. As one can observe in the inset, the transition functions indeed introduce
some error in this region. However, note that this error for the metric constructed with
TF 1 is smaller than the uncontrolled remainders in the approximate solutions. Also
note that this error is independent of the location of the center of the transition window.
In other words, asymptotic matching is performed inside of a buffer zone and not on a
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patching surface, which means that approximate solutions can be glued with transition
functions anywhere in the buffer zone away from the boundaries and not just at a specific
2-surface. As one can see from the figure, the metric constructed with TF 1 has the
smallest error in this region, followed by that built with TF 2 and 3. This fact is not
too surprising because, as shown in the proof of Theorem 1, the error introduced by the
transition functions in the calculation of the Ricci tensor scales with the first and second
derivatives of these functions. Finally, note that the error introduced by these functions
seems to be correlated to both the size and functional form of the second derivative of
the transition functions, as one can see by comparing the inset of Fig. to Fig. E4
The reason for such similarity, however, is beyond the scope of this paper.

Once an approximate global 4-metric has been found, we can use it to construct
initial data. These data could be given for example by

hey = FE)SRY & (L= £ B + L= £y B2,
K, = fE)F)ED 4 1 f) KV + [1- ()] K2 (4.54)

Equation EER4] is simply a generalization of Eq. EE3T] for 2 buffer zones. The extrinsic
curvatures for the inner zones and near zone are provided explicitly in paper I.

Are we allowed to construct data with transition functions in this way? There
might be some doubt as to whether this is valid, since the fact that the joined metric
satisfies the Einstein equations does not necessarily guarantee that we can use transition
function to construct the data itself. In particular, there might be some worry that the
extrinsic curvature calculated from Eq. generally contains derivatives of the transi-
tion functions that Eq. EEhdl neglects. Theorem 2, however, ensures that this construction
is indeed valid, provided the transition functions satisfy the same differentiability condi-
tions proposed in Theorem 1. This is because the derivatives of these functions are then
small and, in particular, the terms that are proportional to them are of the same order
as the uncontrolled remainders in the approximations.

These expectations can be verified in Fig. L0 where we plot the xy-component
of the extrinsic curvature along the z-axis constructed both via Eq. Eh4 (referred to as
glued T 1, 2 and 3 in the figure) and by direct differentiation of Eq. (referred to
as full T 1, 2 and 3 in the figure.) We plot only the xy-component because this is the
dominant term of this tensor along the x-axis for the system considered and it shows
the main differences in using different transition functions. We have checked that other
quantities, like the trace of the extrinsic curvature, behaves similarly. For contour plots
of the extrinsic curvature refer to paper 1.

As in the case of the Ricci scalar, there are several features of Fig. that
we should discuss. First, observe that that the extrinsic curvatures constructed with
TF 1 agree in the buffer zone up to uncontrolled remainders. These remainders are of
O(m/ b)?’/ ? ~ 0.01 in the buffer zone, because here we have used a coordinate transfor-
mation from the matching scheme that is valid only up to O(m/b). The inset zooms to
a region close to the outer boundary of the buffer zone in order to show this agreement
better. The humps in this region are produced by the non-vanishing Lie derivatives of
the transition functions. Observe that, as expected, these humps are smallest for TF 1,
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Fig. 4.5. zy-component of the extrinsic curvature along the x-axis, constructed via
Eq. 54 (black) for TF 1 (dashed line), TF 2 (dotted line) and TF 3 (solid line.) We
also plot this component constructed by direct differentiation of Eq. (cyan, or light
gray on black and white print) for TF 1 (dashed line), TF 2 (dotted line) and TF 3
(solid line.) The inset zooms to the region z € {15,22} so that the differences are more
noticeable.
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followed by TF 2 and 3. Our analysis suggests that if we performed matching to higher
order, the agreement would be better and the size of the humps would decrease. The
agreement is good for the curvatures constructed with TF 1, but the curvatures built
with TF 2 and 3 have strong spikes roughly near the boundary of the buffer zone. These
spikes arise because TF 2 violates the definition of a proper transition function, while
TF 3 violates conditions (ii) and (7i¢) of Theorem 2.

We have then seen in this section how Theorems 1 and 2 can aid us in constructing
transition functions. Even though we have not shown the error in the constraints, we
have checked that this error presents the same features as those shown in Fig. EE4l We
have also seen the importance of restricting the family of transition functions to those
that satisfy conditions (i7) and (ii7) of Theorems 1 and 2, as well as the definition of
a proper transition function. The construction of pure, or mixed, joined solutions can
then be carried out with ease as long as transitions functions are chosen that satisfy the
conditions suggested here.

4.5 Conclusion

We studied the construction of joined solutions via transition functions. In partic-
ular, we focused on pure joined solutions, constructed by gluing analytical approximate
solutions inside some buffer zone where they were both valid. The gluing process was
accomplished via a weighted-linear combination of approximate solutions with certain
transition functions. We constrained the family of allowed transition functions by im-
posing certain sufficient conditions that guarantee that the pure joined solution satisfies
the Einstein equations to the same order as the approximations. With these conditions,
we formulated and proved a theorem that ensures that the joined solution is indeed an
approximate solution to the Einstein equations. We extended these conditions to pro-
jections of the joined solution onto a Cauchy hypersurface. We verified that the data
on this hypersurface can itself be constructed as a weighted-linear combination with
the same transition functions as those used for the joined solution. We proved that if
these functions satisfy the same sufficient conditions, the data is guaranteed to solve the
constraints of the Einstein equations to the same order as the approximations.

We explicitly verified these theorems numerically by considering a binary system
of non-spinning black holes. The approximate solutions used were a post-Newtonian
expansion in the far field and a perturbed Schwarzschild solution close to the black
holes. We considered three different kinds of transition functions, two of which violated
the conditions proposed in the theorems. The joined solutions constructed with these
transition functions were shown to produce large violations to the Einstein equations.
These violations were interpreted as the introduction of a matter-shell, whose stress-
energy tensor was shown to be related to derivatives of the transition functions. The
joined solution constructed with the transition function that did satisfy the conditions
of the theorems was seen to introduce error comparable to that already contained in
the approximate solutions. We further verified that projections of this joined solution
to a Cauchy hypersurface can also be constructed as a weighted-linear combination of
projections of approximate solutions with transition function. These joined projected
solutions were seen to still satisfy the constraints of the theory to the same order as the
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approximate solutions provided the transition functions satisfied the conditions of the
theorems.

The glue proposed here to join approximate solutions has several applications to
different areas of relativistic gravitation. Initial data for numerical simulations could,
for example, be constructed once approximate solutions to the system have been found
and asymptotically matched inside some buffer zone. In particular, initial data for a
binary system of spinning black holes could be generated by asymptotically matching
and gluing a tidally perturbed Kerr metric [104] to a post-Newtonian expansion (see
[137].) One could also study the absorption of energy and angular momentum [34],
as well as the motion of test particles [138], in the spacetime described by such pure
joined solutions. Finally, one could extend the scheme developed here to formalize the
construction of mixed joined solutions. Such solutions could, for example, be composed
of a post-Newtonian metric glued to a numerically simulated metric or a semi-analytical
approximate metric [12, 126, 139, [140]. Such mixed joined solutions could then be used
to construct reliable waveform templates for extremely non-linear physical scenarios.
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Chapter 5

Metric of a tidally perturbed spinning black hole

We explicitly construct the metric of a Kerr black hole that is tidally per-
turbed by the external universe in the slow-motion approximation. This
approximation assumes that the external universe changes slowly relative
to the rotation rate of the hole, thus allowing the parameterization of the
Newman-Penrose scalar v, by time-dependent electric and magnetic tidal
tensors. This approximation, however, does not constrain how big the spin
of the background hole can be and, in principle, the perturbed metric can
model rapidly spinning holes. We first generate a potential by acting with
a differential operator on ¢,. From this potential we arrive at the metric
perturbation by use of the Chrzanowski procedure in the ingoing radiation
gauge. We provide explicit analytic formulae for this metric perturbation
in Kerr coordinates, where the perturbation is finite at the horizon. This
perturbation is parametrized by the mass and Kerr spin parameter of the
background hole together with the electric and magnetic tidal tensors that
describe the time evolution of the perturbation produced by the external
universe. In order to make the metric accurate far away from the hole,
these tidal tensors should be determined by asymptotically matching this
metric to another one valid far from the hole. The tidally perturbed metric
constructed here could be useful in initial data constructions to describe the
metric near the horizons of a binary system of spinning holes. This perturbed
metric could also be used to construct waveforms and study the absorption of
mass and angular momentum by a Kerr black hole when external processes
generate gravitational radiation.

Introduction

135

Gravitational wave observatories, such as LIGO and VIRGO, have the potential
to study black holes in the strong field regimeH [2]. These black holes are expected to be
immersed in a sea of gravitational perturbations that will alter the gravitational field of
the background hole. Even though tidal perturbations are expected to be small relative
to the background, they will be important in some astrophysical scenarios when attempt-
ing to provide an accurate description of the non-linear dynamical orbital evolution of

"This chapter is based on the following paper: N. Yunes and J. Gonzéalez, Phys. Rev. D 73,
024010 (2006)
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bodies around this background. The need for high accuracy in the description of the or-
bital evolution derives from the fact that gravitational wave observatories are extremely
sensitive to the phase of the gravitational waves emitted by the system. Therefore, since
this phase is directly related to the orbital evolution, in some astrophysical scenarios it
is necessary to take these tidal effects into consideration.

The study of gravitational perturbations around Kerr black holes is important for
several reasons. First, it is of astrophysical interest to study the flux of mass and angular
momentum across a perturbed Kerr horizon [34, 141, 1142, [143], which can be calculated
through manipulations of the tidally perturbed metric computed in this paper. Although
this flux might be small for equal-mass binaries, in extreme-mass ratio inspirals (EMRI)
up to 5% of the total energy might be absorbed by the background hole. This absorp-
tion might slow down the orbital evolution increasing the duration of the gravitational
wave signal [144, [13&8]. Space-based detectors, such as LISA, will be able to observe
and measure the gravitational waveforms of EMRIs, since they have particularly low
noise in the low frequency band where such inspirals are common. Therefore, precise
knowledge of the gravitational waveform including the tidal perturbations effects might
be important in data analysis [145]. Finally, the explicit formulae of this paper might
be useful to compute initial data near the horizons of a binary system of spinning holes.
For example, Refs. |28, [L05] make use of such explicit formulae for the non-spinning case
to construct initial data via asymptotic matching. This data might be useful to the
numerical relativity community because it derives from an approximate solution to the
Einstein equation and, thus, we expect it to accurately describe the gravitational field
of the system up to uncontrolled remainders.

In this paper, we analytically construct explicit formulae for the metric of a tidally
perturbed Kerr hole, where the perturbations of the external universe are assumed to
vary slowly in a well-defined sense. Metric perturbations for non-spinning holes have
been studied in Refs. [100, 99, [146, 28, 95] using the Regge-Wheeler formalism [147].
However, this method is difficult to implement for spinning holes because the metric
will now depend on both radius and angle 6 in a non-trivial way, rendering the Einstein
equations very difficult to solve. For this reason, we use the Chrzanowski procedure
148, [149] to construct the metric perturbation from the Newman-Penrose (NP) scalar
thy- This procedure allows us to calculate the metric in the so-called ingoing radiation
gauge (IRG), which is suitable to study gravitational perturbations near the outer horizon
(7, ), since there the metric is transverse and traceless.

We will work in the slow-motion approximation, described in detail in Refs. |91,
98, 1100, 199, 194, 1146, 34, 95], where we assume that the rate of change of the curvature
of the external universe is small relative to the rotation rate of the background black
hole, which in principle could be extremal. The external universe is completely arbitrary
in that sense, as long as it respects the slow-motion approximation. For example, in
the case where the external universe is given by a second black hole in a quasicircular
orbit around the background hole, this approximation is valid as long as their orbital
separation is sufficiently large. In particular, this separation must be at least greater
than the inner most stable circular orbit (ISCO)[84, [110], so that the binary is still in
a quasicircular orbit. In that case, the curvature generated by the second hole would
correspond to the external universe, which will change slowly as long as the orbital
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velocity is sufficiently small. In this sense, the slow-motion approximation will hold for
astrophysically realistic binaries as long as they are sufficiently separated.

Assuming this approximation to be valid, Poisson [34] has computed v, in the
neighborhood of a spinning hole. First, the Weyl tensor of the spacetime is re-expressed
in terms of the electric and magnetic tidal tensors of the external universe. Using the
slow-motion approximation, Poisson argues that these tensors will be spatially coordinate
independent if evaluated at sufficiently large distances from the worldline of the hole.
With this tensor, the asymptotic form of v, denoted by 1/;0, is computed far from
the hole by projecting the Weyl tensor onto the Kinnersly tetrad. This scalar will be
a combination of slowly varying functions of time, which will be parametrized via the
electric and magnetic tidal tensors, and scalar functions of the spatial coordinates, which
will be given by the tetrad. The asymptotic form of 1), now allows for the construction
of an ansatz for v, which consists of its asymptotic form 1;0 multiplied by a set of
undetermined function of radius R_(r). These functions must satisfy the asymptotic
condition R — 1 as r > r_, as well as the Teukolsky equation. This last condition is
a differential constraint on R _(r) which can be solved for explicitly, thus allowing for
the full determination of 1),. In this manner, the final expression for ¢, is obtained and
is now valid close to the horizon as well, in particular, approaching the perturbations
generated by the external universe sufficiently far from the hole’s worldline.

Once v, has been calculated, we can apply the Chrzanowski procedure to com-
pute the metric perturbation, still in the slow-motion approximation. This calculation
contains two parts: the computation of a potential (V) and the determination of the
metric perturbation (h,) from W. In principle, one might think that it would be easier
to try to compute h , directly from ¢,. Chrzanowski [14§] attempted this by applying
a differential operator onto v),. However, Wald [150] discovered that doing this leads
to a physically different gravitational perturbation from that represented by 1),. Cohen
and Kegeles [151] showed that by constructing a Hertz-like potential ¥ from ¢, first and
then applying Chrzanowski’s differential operator to ¥ instead leads to the real metric
perturbation. This is the procedure we will follow to construct the metric perturbation
in this paper.

The construction of ¥ requires the action of a fourth order differential operator
on 1, where here we follow Ori [149]. This potential is simplified by the use of the slow-
motion approximation that allows us to neglect any time derivatives of the electric and
magnetic tidal tensors. Once V is calculated, we can apply Chrzanowski’s differential op-
erator to this potential [151, [152]. In this manner, we compute the metric of a perturbed
spinning hole from a tidal perturbation described by ¢, in terms of tidal tensors. These
tensors are unknown functions of time that represent the external universe and which
should be determined by asymptotically matching this metric to another approximation
valid far from the holes |28, [105].

The metric computed here, however, has a limited applicability given by the valid-
ity of the slow-motion approximation and the Chrzanowski procedure. The slow-motion
approximation implies that we can neglect all derivatives of the tidal tensors. Further-
more, since we are working only to first non-vanishing order in this approximation, it
suffices to consider only the quadrupolar perturbation of the metric, since the monopolar
and dipolar perturbations are identically zero. In perturbation theory, any [ mode in the
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decomposition of the perturbation is one order larger than the [ + 1 mode. Therefore,
any higher modes or couplings of the quadrupole to other modes will be of higher order.
The Chrzanowski procedure also possesses a limited region of validity, given by a region
sufficiently close to the event horizon so that the spatial distance from the horizon to
the radius of curvature of the external universe is small. This restriction is because the
Chrzanowski procedure builds the metric as a linear perturbation of the background
and neglects any non-linear interactions with the external universe. In particular, this
restriction implies that this metric cannot provide valid information on the dynamics of
the entire spacetime. However, if this metric is asymptotically matched to another ap-
proximation that is valid far from the background hole, then the combined global metric
will describe the the 3-manifold accurately.

We verify the validity of our calculations in several ways. First, we check that
b, indeed satisfies the Teukolsky equation. After computing ¥, we also check that it
satisfies the Teukolsky equation and the differential constraint that relates W to ).
Finally, we check that the metric perturbation constructed with this potential satisfies
all of the Einstein equations to the given order. We further check that this perturbation
is indeed transverse and traceless in the tetrad frame so that it is suitable for the study
of gravitational perturbations near the horizon.

This paper is divided as follows. Sec. describes the slow-motion approximation
in detail, summarizes some relevant results from Ref. [34] and establishes some notation.
Sec. computes ¥ from 1, while Sec. B4l calculates h, from V. Finally, Sec.
presents some conclusions and points toward future work. In the appendix, we provide
an explicit transformation to Kerr-Schild coordinates that might be more amenable to
numerical implementation.

In the remaining of the paper, we use geometrized units (G = 1, ¢ = 1) and the
symbol O(a) stands for terms of order a, where a is dimensionless. Latin indices range
from 0 to 3, where 0 is the time coordinate. The Einstein summation convention is
assumed all throughout the paper, where repeated indices are to be summed over unless
otherwise specified. Tetrad notation will be used, where indices with parenthesis refer to
the tetrad and those without parenthesis to the components of the tensor. The relational
symbol ~ stands for “asymptotic to” as defined in [3(], while the symbols < and > are
also to be understood in the asymptotic sense. In particular, note that if f(r) is valid
for r < b, then this function is not valid as r — b. In this paper we have relied heavily
on the use of symbolic manipulation software, such as MAPLE and MATHEMATICA.

5.2 The slow-motion approximation and the NP scalar

In this section we will describe the slow-motion approximation in more detail and
discuss the construction of v, due to perturbations of the external universe. Both the
slow-motion approximation and 1, have already been explained in detail and computed
by Poisson in Ref. [34]. Therefore, here we follow this reference and summarize the most
relevant results for this paper while establishing some notation.

Let us begin by discussing the slow-motion approximation. Consider a non-
spinning black hole of mass m, immersed in an external universe, with radius of curvature
R. This external universe could be given by any object that lives in the exterior of the
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hole’s horizon, such as a scalar field or another black hole. The slow-motion approxi-
mation requires that the external universe’s length scales be much larger than the hole’s
scales. In other words, for the non-spinning case we must have m, /R < 1, since these
are the only scales available.

For concreteness, let us assume that the external universe can be described by
another object of mass M, , and that our hole is in a quasicircular orbit around it. Then,

we have
my my 2 fmy+ M,
— ~—V V=4 ——2 5.1
R my+ M, ’ b ’ (5.1)

where V is the orbital velocity and b is the orbital separation. There are two ways
of enforcing m,/R < 1: the small-body approximation, where we let m,/M__, < 1;
and the slow-motion approximation, where V' < 1. However, in a future paper we
might want to asymptotically match the metric perturbation computed in this paper to
a post-Newtonian (PN) expansion [3], which requires small velocities. For this reason,
we will restrict our attention to the slow-motion approximation, which implies that
we can only investigate systems that are sufficiently separated. The ISCO is not a well-
defined concept for black hole binaries, but it has been estimated for non-spinning binary
numerically [85, [110] to be given approximately by w;¢-,M/10, where M and w; ¢,
are the total mass of the system and its angular velocity at the ISCO respectively. For
spinning binaries the holes can get closer without plunging, where the value of the ISCO
becomes a function of the spin parameter of the holes. Regardless of the type of binary
system, the slow-motion approximation will hold as long as we consider systems that are
separated by at least more than their ISCO so that they are still in a quasicircular orbit.

The above considerations suffice for non-spinning holes because there is only one
length scale associated with it, m,. However, for spinning ones we must also take into
account the time scale associated with the intrinsic spin of the hole. The slow motion
approximation does not constraint how large the spin of the background hole could be.
However, in the standard theory, it is usually assumed that isolated holes will obey
a < my, where a is the rotation parameter of the hole and m, is its mass. If the
previous inequality did not hold, then the hole would be tidally disrupted by centrifugal
forces. When the background hole is surrounded by an accretion disk, however, some
configuration might lead to a violation of the previous condition [153], but we will not
consider those in this paper. Let us then define a dimensionless rotation parameter
X = a/my, which is now restricted to 0 < x < 1. The mass of the hole and this rotation
parameter now define a new timescale, related to the rotation rate of the horizon and

given by
1 2m, 9
= =""11 1— 5.2
=g = VT, (52)

where €2, is the angular velocity of the hole’s horizon [135]. The slow-motion approxi-
mation then requires this time scale to be much smaller than the time scale associated
with the change of the radius of curvature of the external universe, 7, ., i.e. 7/, ., < 1.
This condition then becomes

xt

my /R < X, (5.3)
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since 7, ~ R. We take the above relation as the precise definition of the slow-motion
approximation for spinning black holes. Following the reasoning that lead to Eq. (&),
we must then have V2 < X, which, for a binary system, means that the orbital velocity
of the system cannot exceed the rotation rate of the background hole. Thus, the slow-
motion approximation implies that, to this order and for spinning holes, we can also
only consider systems that are sufficiently separated and where the black holes have
relatively rapid spins. This reasoning does not imply that the Schwarzschild limit is
incompatible with the slow motion approximation. Actually, Poisson [34] showed that
when computing certain quantities, such as 1, this limit can be recovered if we work
to higher order in the slow-motion approximation. The precise radius of convergence
of the slow-motion approximation to first order remains unknown, but an approximate
measure of how small a separation the approximation can tolerate will be studied in a
later section.

Now that the slow-motion approximation has been explained in detail, let us
proceed with the construction of v, which is defined by

a b,e d
TpO = Oabcdl m-l'm ’ (54)

where C, . is the Weyl tensor of the spacetime and [ and m" are the first and third
tetrad vectors. This null vector m” is not to be confused with the m that we will
introduce later in this section to denote the angular mode of the perturbation. Poisson
works with the Kinnersly tetrad in advanced Eddington-Finkelstein (EF) coordinates,
also known as Kerr coordinates, which are well-behaved at the outer horizon, given by
r,=m + (mf - a2)1/2.

The calculation of 9, is based on making an ansatz guided by its asymptotic form
far from the worldline of the hole but less than the radius of curvature of the external
universe, .e. r, < r < R. In this region, the Weyl tensor can be decomposed into
electric £, and magnetic B, tidal fields, which are slowly varying functions of advanced
time v only. Thus, in this region, the only spatial coordinate dependence in ¥, is given
by the tetrad, namely

TZJO ~ = Z Zm(U) Qyém(97 @), (55)

where the tilde is to remind us that this quantity is the asymptotic form of ¢, and where
2Ym(9, ¢) are spin-weighted spherical harmonics, given by

2
0 3 .2
2yv2 (9,¢) == —5 S1n 9,
2Y;ﬂ(@, ¢) = —sinf(cosh F 1)ei2¢,
1 i
2Yzﬁ(@, ¢) = 1(1 F2cosf + cos’ (9)6jE2 ¢ (5.6)
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In Eq. (&3), the quantities z, (v) are complex combinations of the tidal fields given by
z (v) =« (v) +if, (v), where

O‘o(”) = 511(11) + 522(1))7
ag(v) = E3(v) Fily(v),
a,(v) = &(v) = Ey(v) F 2iE,(v),
ﬁo(v) = Bu(”) + 822 (v),
6i1(v) = 813(7)) + iBQg(U)7
Bio(v) = By(v) = Boy(v) F 2iB,,(v). (5.7)

Note that in this region, v, is independent of radial coordinate.
With Eq. (&3]) at hand, Poisson makes an ansatz for the functional form of ¥,
namely

by == 2, ()R, (r),Y," (0. 9), (5.8)

where R _(r) is an undetermined function of radius that must satisfy R_(r) — 1 as
> If Eq. (EX) is inserted into the Teukolsky equation, one obtains a differential
equation for R (r). The angular part of the Teukolsky equation is automatically satisfied
by the angular decomposition of ¢, in spin-weighted spherical harmonics with eigenvalue
E = 4 (Eq. 2.10 in Ref. [154]). The spatial part of the Teukolsky equation yields a
differential constraint for R_ (r) namely,

x(1+x)d—2 B2 4 1) + 2ima] L 4 dimy T Vg 0, (5.9
dx? Mz fym(l—i—az) mAT/ '

where z is a rescaled version of the radial coordinate given by

T = + (5.10)

. : : : 2 2 2\1/2
and where the inner and outer horizons are given, respectively, by r, = m :l:(m1 —a”) 2,

We should note that r, is an event horizon, while r_ is actually an apparent horizon.
Solving this equation [34] one obtains

R () =A x “(1+x) "F(~4,1,—1+ 2imy; —z), (5.11)

m

where A is a normalization constant given by

A = —%mfy(l +imy) (1 + 4m272). (5.12)

m

In Eq. (&11)), the function F'(a,b,c;x) is the hypergeometric function

F(a,b,c;x) = Z BT (5.13)

n=0
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where (a), is the Pochammer symbol defined as

(a+mn—1)!
(a—1)! 7
(@), = 1. (5.14)

(a), = ala+1)(a+2)...(a+n—-1)=

For the present case, the series gets truncated at the fourth power and we obtain

4
F(—4,1,-142imy;—x) =14+ —/——
( ) b + Zm’Y? x) < + 2szy_1x
+ “4 12 ’
x x
(2im~y — 1)imry (2imy — 1)im~y(2imy + 1)
12 4
5.15
T Rimey = Dimey 2imey + 1) @imy +2) > ’ (5.15)
where v is a constant given by
= (5.16)
T, =T

In this manner, Poisson calculates 1),, which encodes the gravitational perturba-
tions of the external universe on a spinning hole in the slow-motion approximation. The
full expression for 1), is then given by

) -2 4 6 2
- -Y'B 1 1
%o n%;o mt (1+2) < + 2imy — 1" + (2im~y — 1)im7x
12 5, 12 "
(2imy — Vimy(2imy + 1) (2imy — Dimey(2imy + 1)(2imy +2)
x LY "(0,9), (5.17)

2

where we have used the final abbreviation
B, =A z (v), (5.18)

without summing over repeated indices here, to group all terms that are spatially co-
ordinate independent. We have checked that Eq. (BI1) indeed satisfies the Teukolsky
equation [154] for the s = 2 mode that corresponds to this scalar. Note that, in this
final expression, summation over the m = 0 mode is removed because Poisson [34] has
shown that it corresponds to the Schwarzschild limit and, thus, it contributes at a rel-
ative O(m, /R) higher than all other modes. Also note that the final expression for 1,
only contains the quadrupolar [ = 2 mode, once more because higher multipoles will be
smaller by a relative factor of m, /R in the slow-motion approximation. For this reason,
there are no mode couplings in the v, presented above.

The time-evolution of the tidal perturbation will be exclusively governed by the
electric and magnetic tidal fields. These tensors should be determined by asymptotically
matching the metric perturbation generated by this 1, to another approximation valid
far from the hole. However, in Refs. |94, 28, 105, 95] it has been shown that when the
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external universe is given by another non-spinning black hole in a quasicircular orbit,
these tensors scale approximately as
~ T

where m,, is the mass of the other hole (the external universe) and b is the orbital separa-
tion (approximately equal to the radius of curvature of the external universe). Note that
the factor of b° in the denominator is necessary to make the tidal tensors dimensionally
correct. Also note that in Eq. (E219) we have neglected the time dependence of the tidal
fields, which generally is given by a trigonometric function, since we are interested in
a spatial hypersurface of constant time. For the case where the other hole is spinning,
Eq. (BI9) will contain corrections proportional to x, but these terms will not change the
overall scale of the tidal tensors.

Throughout the rest of the paper we will generate plots of physical quantities, such
as ¢y, ¥ and h,. For the purpose of plotting, we will have to make two choices: one
regarding the physical scenario that produces the perturbation of the external universe;
and another regarding the parameters of the background black hole. As for the physical
scenario, we will choose the external universe to be given by another orbiting black
hole in a quasicircular orbit. This choice allows us to represent the tidal fields with the
scaling given in Eq. (&I9). This scaling is not the exact functional form of the tidal
fields and, therefore, the plots generated will not be exact. However, this scaling will
allow us to provide plots accurate enough to study the general features of the global
structure of the quantities plotted, as well as some local features near the horizons.
Regarding the parameter choice, we will assume m; = m,, a = 0.99m,, and b = 10m,
where M = m, +m, = 1 is the total mass. These choices are made in accordance with
the slow-motion approximation, while making sure the system is not inside its ISCO.
However, the formulae presented in this paper should apply to other choices of physical
scenarios and background parameters as well, as long as these do not conflict with the
slow motion approximation.

Given the chosen physical scenario, the formulae in this paper should apply to
other mass ratios and separations, as long as the orbital velocity does not become too
large. For the background parameters chosen, the orbital velocity is approximately
V 2 0.3, which indicates that, for fixed masses, we cannot reduce the orbital separa-
tion by much more without breaking the slow-motion approximation. However, since we
provide explicit analytic formulae for all relevant physical quantities, we can estimate
their error by considering the uncontrolled remainders, i.e. the neglected terms in the
approximation. In particular, in a later section, we will see that the uncontrolled re-
mainders are still much smaller than the perturbation itself even at b = 10M as long as
we restrict ourselves to field points sufficiently near the outer horizon of the background
hole.

In Fighdl we plot the real part of ¢, with the plotting choices described earlier.
Observe that as r becomes large the scalar asymptotes to a constant given by 1[10. Also
observe that the functional behavior of the scalar is drastically different as r becomes
small. In this figure, as well as in future figures, we have chosen to include an inset where
we zoom to a region close to the horizons, so that we can observe its local and global
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Fig. 5.1.  Plot of the real part of the NP scalar ¢, along the z-axis with the plotting
parameters described in Sec.

behavior. For the orbital parameter chosen, the inner and outer horizons are given by
r_~0.43M and r =~ 0.57M. Observe from the inset in Fig. BTl that the scalar diverges
at the horizons and as r — 0, which is due to the choice of tetrad. Finally, observe that,
except for where it diverges, the real part of 1), is of O(Vz) in the entire 3-manifold.

5.3 The potential

In this section we will use 1, to construct the potential ¥ by acting some differ-
ential operators on the NP scalar. This potential must satisfy the vacuum Teukolsky
equation for the s = —2 mode together with the differential equation

W, = D'[¥], (5.20)

where the overbar stands for complex conjugation and where the differential operator is
given by D = 1“0 [150, 155, 149].

Ori [149] has shown that the above differential equations can be inverted with use
of the Teukolsky-Starobinsky relation to obtain

v %A2(DT)4[A2&O], (5.21)

where here A is given by
A=r"—2mr+ad, (5.22)
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while p is a constant that for the time-independent case reduces to
2 2 2 2
pz[1(1+1)—s +\s\] [l(l—i—l)—s +s|+2]”. (5.23)

In our case, since s and [ refer to v,, s = 2 and [ = 2 so that this constant becomes
p = 576.
The differential operator Dlis given in spherical Brill-Lindquist (BL) coordinates
(tgp,m0,0p51) by
o a

0

BL T’_Za

¢pr’

(5.24)

neglecting any time dependence, since time derivatives will only contribute at a higher
order. In order to compute ¥ in Kerr coordinates, we must transform the above differ-
ential operator. The transformation between Kerr and BL coordinates is given by

2myr
dv = dtg, +drg, T+1 ,

dr = drg;,
g = dbg;,
a
dqb = dquL +d'r'BLz. (525)
After transforming the differential operator D;L we obtain
p'=9, (5.26)

because the dry; /d¢ term in the transformation cancels the ¢ dependence. Note that r
and 6 do not change in this transformation and, thus, A remains unchanged. Also note
that W is a scalar constructed from differential operators on ¢, and, since the latter is a
scalar, ¥ will also be gauge invariant.

Before plugging in Eq. (&217) into Eq. (B221]) to compute ¥, let us try to simplify
these expressions. In the previous section, we defined the inner and outer horizons r n
and r_, as well as the new variable . We can invert the definition of = so that it becomes
a definition for r as a function of = and then insert this into Eq. (2Z2). We then obtain

A =4dnz(l + x), (5.27)
where we have defined n = mi —a®. Tt is clear now that when we combine the square of
this expression with Eq. ([2I7) some cancellations will occur that will simplify all future
calculations.

We are now ready to compute ¥, but first let us rewrite the function we want to
differentiate, namely
2 - =~ = —m
APy =>"C, F(x) oY, (0,05,), (5.28)
m##0



146

where F'(z) is shorthand for the aforementioned hypergeometric function and where C
is a new function of advanced time only given by
2 2
C., =—-16B 1n = —16A_n"z (v). (5.29)
Note that the angular dependence occurs in the spherical harmonics, while the only z

dependence is in the hypergeometric function. We can transform the D! operator to x

space to obtain

1

Applying all these simplifications, ¥ becomes
A2 = =m 1 4

v=22%N"C, L7 (9,¢)W8I[F(x)]. (5.31)

—, (5.32)

where we have used the shorthand F™ which stands for the nth derivative of the complex
conjugate of the hypergeometric function. This derivative is given by
= (4) 288

Y= '
(2imy + 1)imy(—2im~y + 1)(—2im~ + 2) (5.33)

Note that we can reexpress the constant 7 in terms of n as v = a/ (2771/ 2). Interestingly
this constant combines with C, = to return an overall constant that is purely real so that
¥ is given by
1 2 m —imep _
T=—gA %:OY (0)e "z, (v), (5.34)
m

where here Y stands for the | = 2 spherical harmonics with zero ¢ dependence. We
have checked that the potential of Eq. (E34]) indeed satisfies the definition of Eq. (B20)
as well as the Teukolsky equation for the s = —2 mode with angular eigenvalue £ = 10.
Note that ¥ has units of mass squared because the electric and magnetic tidal fields scale
as the inverse of the mass squared. Furthermore, note that eventhough 1 is singular at
the horizon, V¥ is finite and actually vanishes there.

Next, we proceed to decompose ¥ into real and imaginary parts. The potential
contains 2 complex terms, namely the ¢ part of the spherical harmonics and the electric
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and magnetic tidal tensors. Decomposing ¥ we obtain

2
U, = —?—4; Y™ (a,,(v) cosme — B, (v) sinmg) ,
m#0

2
v, = ?—4 27;0 Y™ (a,, (v)sinme + B3, (v) cosme) .

(5.35)

Note that the entire radial dependence is encoded in Az, whereas the angular dependence
is hidden in the spherical harmonics. The time dependence occurs only in the the tidal
fields that should be determined via asymptotic matching, as mentioned previously. This
is the potential in Kerr coordinates associated with the 1, calculated in the previous
section in the slow-motion approximation.

In Fig. B2 we plot W, with the plotting choices described in Sec. Observe from
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Fig. 5.2.  Plot of the potential ¥, along the z-axis with the plotting parameters de-
scribed in Sec.

the inset that the potential has nodes at both horizons. Also observe that the potential
does not asymptote to a constant, but instead it grows quartically. This growth is due
to the factor of A? that dominates at large radius. Finally, note that the potential is
still of O(Vz) for radii sufficiently close to the hole (roughly for r < 8m).
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5.4 The metric perturbation

In this section we compute the metric perturbation by applying Chrzanowski’s
differential operator to the potential calculated in the previous section. The full metric
of the spacetime is given by

B
Jap = 9+ Py (5.36)

where ng is the background metric and h,, is the perturbation. Since v, and ¥ were
a

computed in Kerr coordinates, the background should also be in this coordinate system.
This background is given then by

B 2m17‘
gOO - <1 - » > )

B
Iy = b
myr
gB = —Tl(%LsinQH),

03

B .2
g,, = —asin 0,
B
9y =
2
gi = (r2+a2)sin29+ 77;lr(azsin49), (5.37)

where m, is the mass of the background black hole, a is its spin parameter, related to
the angular momentum vector by S = ma, and where ¥ = r? + a® cos® 6.

Let us now construct the metric perturbation. We will work with the form of the
differential operator presented in Ref. [152], namely

hy = 2R({—1,0,(6+a+36—7)(6+46+37) (5.38)
—m,my(D = p)(D + 3p) + 1 ,my, (D — 2ip;)
(0+46+37)+(0+383—a—7—71)

(D +3p)} V),

where we have replaced p — p = —2ip;. The metric perturbation constructed in this
fashion will be in the ingoing radiation gauge (IRG), which is defined by the conditions

hy = Py, = hyy, = hys, = h, - = 0. (5.39)

In Eq. (E38) there are terms that depend on the differential operators D = 1“9,
and 0 = maﬁa, which in turn depends on the tetrad. To be consistent, we will continue
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to work with the Kinnersly tetrad in Kerr coordinates given by

2 2
a a r 4+a 2a
@y T I = <2T’1’OK> ’

= p'=10 A00
‘@90 7 " TPV

el = m'= ! [iasin@ 0,1 L
G © V2(r +iacos6) © T sing ]
e = m" (5.40)

(4)

where the overbar stands for complex conjugation. Note that the m® vector is the same
as the one in BL coordinates, but {* and n” are different. The differential operators
associated with this tetrad in Kerr coordinates are

2a
D = 0.+ K%
5 = ! <a + > (5.41)
© V2(r+iacosf) \ ?  sind ' '

where once more we neglect the time derivatives by use of the slow motion approximation.
The covariant form of the tetrad in these coordinates is given by

o= 1= <1, _22 ) asin? 9> , (5.42)
a A
n, = nf = % (A,0,0, —aAsin® 9) ,
mf = % [acos 6,0, —#ie, — cos 9(7‘2 + a2)} ,
mi = \/;2 {ar sin#, 0, a3 cos 0, —r sin 9(7’2 + a2)} )

where the superscript I and R stand for the imaginary and real parts respectively. One
can show that if this tetrad is used we can recover the background metric ng with the
a
B _
formula 9., = 2l(anb) + 2m(amb).
Eq. (B38) contains terms that depend on the spin coefficients of the background
[156]. These coefficients, also called Ricci rotation coefficients for the case where the

tetrad is non-null, are simply contraction of the tetrad with its derivatives. In the tetrad
formalism, these quantities can also be related to the Riemann tensor. Let us decompose
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the spin coefficients into real and imaginary parts, i.e.

r a
p = —w P = cos,
V2r V2a
Br = TECOtH’ ﬁl——jico‘cﬁcosﬁ,
Tp = —\/§a—2rsin90080,
= \/5 a4 <r2—a2cos 0) sin 6 ——@gsine
Ty RIS v
2r
ap = —f—rsm@cos@—%i ot 6,
V2 a 2 9 V2a
a; 7§sm9(r —a” cos 9> —TECO‘CHCOSQ

(5.43)

These spin coefficients are the same as those obtained with the Kinnersly tetrad in BL
coordinates. This invariance is due to the fact that the spin coefficients are only tetrad
dependent but still gauge invariant.

We will split Eq. (B3]]) into 4 terms in order to make calculations more tractable.
The split is as follows: the term proportional to [ [, will be denoted term A; the term
proportional to m m, will be referred to as term B; the first half of the term proportional
to l( o) will be denoted term C’; and the remaining of this term will be referred to as
term D. In this manner we have

Woo= [=lL,0+a+38—-7)(6+48+37)] ¥,

e = [=mgmy(D = p)(D +3p)] ¥,

e = [z Ly ( —2z‘p,)(5+4ﬂ+37)} v,

WP = [l(amb)(5+3ﬁ—5z—ﬁ—T)(D+3,0)] v, (5.44)

and the full metric perturbation is given by
A B c D
h,, = 28‘%(hab + hab + hab + hab). (5.45)

With this split we can now proceed to simplify each expression more easily. One
such simplification is to operate with the differential operators. Expanding all terms we
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— [52\1/ + U (468 + 307) + (T8 + 27+ G) 0T + (G + 38 — 7) (48 + 37) \If} ,
= —m,m, {szy 120DV + 3UDp — 3p°0]

= 1y [DOY + 40D + 3UDT + (48 + 37) DY — 2ip; (46 + 37) ¥ — 2ip 6 9] ,
= I,y [0DW +3W0p+ 3p0W + (36 — 7 — 7 — @) DV + (36 — 7 — 7 — &) A5UK)

These expressions give the metric perturbation in terms of the action of the differential
operators on the spin coefficients and the potential.

5.4.1 Action of the Differential Operators

In order to provide explicit formulae for the metric perturbation we must investi-
gate how the differential operators act on the spin coefficients and on the potential. Let
us first concentrate on the action of the differential operators on the spin coefficients.
After taking the necessary derivatives and decomposing the result into imaginary and
real parts, we obtain

2 2 2
. r"—a“cos 8 | _.ra
Dp = DP7R+ZDP,I:T+Z|:2§COSH:|’

Dr = Z'DTI:z'\/i%sinﬁ,

_@cot9<r2—a200829> ,[\/im ]

D3 = Dﬁ,R+iDﬁ7I: 1 52 +1 7§cot00089
. V2d®
op = 5P’R+Z5P’I:—7§SIHHCOSQ
2
+1 ggsinél,

0f = 0gp+idg;

4 6 4 22 2 4,2 2
a cos 0—1r +3r°a”cos” 0 —3cos Or-a

4% sin? 0
. 3a% cos* 0 — 12 cos> 0 + 32 a’ cos’ §
4+ i |racosf —5—3 —racost——s——=1|,
4sin“ 0% 4 sin“ 0%
or = 5T7R + z'éﬂl (5.47)
1 2 26—7‘2+a2cos29—2a2+, 6—7‘2+a2cos29—2a2
= —a cos 1 | =racos .
2 »3 2 »3
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We now need to act with the differential operators on the potential itself. We can
separate the ¢ dependence from these operators to obtain

DV = Dm\I',
o = 5m\If,
(DS)¥ = (Dd), ¥,
(D)¥ = (6D)m\I/ (5.48)
where
.ma 1 ima 1
Dm = 8T—2ZK = 2771/2(950_ 277 $(1+x)7
m
Om = 0 <89 + Sinﬁ) ’
—p 9
5, = 7 8o, = —V20.. (5.49)

We can also compute the square of these operators acting on A2Ym, where Y stands
for the spherical harmonics with no ¢ dependence. Doing so we obtain

Dfn[Az] = 8(r— m1)2 F4A —4mPa’ — 12ima(r —m,),
SN = Y+ [50 (% + 5—2%2 sin 29> + 255%} vy
. ::)Tn; <z¢i/s%1;9 N 5_2%2 Sin%) N S‘jg?@ (m—cos0)| Y™,
6D), [A*Y™] = 4, (Y})” v %Y’”) [4A(r — my) — 2imaA] |
(D), [A°Y") = —vasiA® (YL” + %Y”) +(6D), [A*Y™], (5.50)

where the commas stand for partial differentiation.
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We now have all the ingredients to compute the action of the differential operators
on the potential. Doing so we obtain

A m —im
D v = D Z Yz e ? [2(r — m,) — ima] ,
m#0
A2 m m m —imao _
o = 24 = (Yﬂ + sinHY > ¢ Zndo;
1 m —im .
(Dm)2\I/ = 5 Z Y'e ¢2m [2(7“ — m1)2 +A-mld - 3ima(r — ml)] ,
m#£0
2 o
2. A —im¢_ [ 2,m iasin O
(5m) \I’ = _ﬂm#o e Zm {50Y:99+ |:50W
2 .
2 [ a” sin26 m m dom
—HSO ( x +2sin9> Y,G |:SiD0
2
iasin® 9§y 2 . 0,m m
N + 5@ sin 20 | + T (m—cosO)| Y &,
A m m m —imeo _ .
(0D), ¥ = T mE: <Y,9 + MY ) e z, [26,(r —m,) — 6,imal ,

(5.51)

\/5 2 m m m\ —imo_ 2
(D8),, ¥ = (3D), W+ 3 A %(Yﬂ + Y )e S

In order to complete the calculation, we need to provide explicit formulae for the
first and second derivatives of the spherical harmonics. These derivatives are given by

Y;tl = -2 00820—1— 1+ cosé,
;tel = sinf(4cosfF1),
1
Y;t2 = —3 sinf (cosf F1),
+2 2 1 1
Yﬂg = —cos 0+ 3 cos + 3 (5.52)

Note that the spherical harmonics and all of its derivatives are purely real.

5.4.2 Decomposition into real and imaginary parts

We will conclude this section by explicitly taking the real part of the metric
perturbation, so as to have explicit formulae for the metric in terms of only the real and
imaginary parts of the spin coefficients, the potential and the action of the differential
operators on these quantities.

Before decomposing Eq. (&46]), however, we must decompose the action of the
differential operators on the potential, i.e. Eq. (21l). Let us first note that the action
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of any differential operator on the potential always contains the product of 3 complex
terms, the first 2 of which are always e "% and z,,. The third term varies depending
on the differential operator. Let us define the third term with superscripts as

P = —% Y™ [2(r —m,) — ima] ,
m#£0
2
@ _ _4A° mo, mom
© T Ty (Ye T g’ ) %
m#0
2
AP —%Z Y™ [2(T—m1)2+A—m2a2—Sima(r—ml) ,
m#0
2 .
©)? _A_ 2. m iasin 6
T Tug {%Yﬂﬁ [50 NG
2 .
2 [ a” sin 20 m m dgm
+50 ( by +2sin9) 0 [sin@

2
<ZQSIH9+_QGQSin20>+ .029(m—(}089) Y )

V2% X sin
D) _é m m m _ s
c = -5 n%:o (Y,e + Sin@y ) [26,(r — m,) — 6yimal ,
(Ds) _ (6D) V2,2 mo M m\ 2
R A N <Yﬂ + Y )50, (5.53)

m

In general, if we want to decompose the product of 3 complex quantities a, b and
c we will obtain

(abe)p = cp(agbp —asb;) —c;(agh; +asbg),

(abc); = cp(agb; +asbg) + ¢; (apbg —asby). (5.54)

Since we have identified @ = ¢ ™ and b = zZ ., their real and imaginary parts are
ap = cosme, a; = —sinme, b, =, and b, = -3 . Finally, if we further decompose
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A m
—E ZY ('I"—ml),
m#£0

iy (Ym+ m Ym>6

0 sinf 0,R’

A2 m m m
_ﬁm#)( Y ) o
_é ZYm [2(7‘—7711) +A—m2a2} ,
m#0
% Z Y"ma (7‘ — ml) ,
m7#0

0 + sin 6

Ym) [2507}%(7‘ —my) + 507Ima] ,

A (Ym m

B sin@ym) [2507](7‘ —my) — 50’Rma] ,

sin 6 0,R 0,

IS (1 ) ()

D) V2 2 mo M m
¢ ° 12 A Z;A:o (Yﬂ + sinHY )50736071
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2 .
GO A m (2 2 asin 6
® T Tu z;é:o {Y,ee (50,1% N 50,1) + [_5071 NG
2 .
2 2 a” sin 260 2m m
* (50,}2 N 50,I> ( by + sin 9) Yﬂ
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and where
r —a
Og p = —— 0y 7 = —=—cos?. 5.56
From these equations it is simple to reconstruct the real and imaginary parts of the
action of the differential operators on the potential by combining Eq. (£53) and (E54).
For example, the real part of D_ W is then given by

(D, V) = C;D) (apbp —asby) — CgD) (apby +a;bp)
A

= 5 Y™ [—2(r —m,) (a,,(v) cosmo
m#0

—B, (v)sinmg¢) + ma (a,, (v)sinme + B, (v)cosme)|. (5.57)
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We are now finally ready to get a final expression for the metric perturbation by
taking the real part of Eq. (B46]). Doing so we obtain

RIS = =10, [y (405 + daBy + 3oy, + 377 +1287 58,7, + 33, + 4o, 5,
— —1280) 4 0, (<2488, — 46, — 36, — 57,8, + 4o, By — BayT, — days,)
0, 9) 5 (T8, + ag) (0, %), (<78, — 27 + ) +[(6,,)° 0] .
RIT = 2(D,) W)m i, + (D) W] pm!my —mm) + (D, W) [2(m’m,
— mfmf)pR + 4mRmIpI] +(D,,¥),; {4mfmZpR + 2(771(1;%771;)5z - mimi)pl]
8 |(mlmy 'm0} — ) — dm gy D, pmemy — m )
+ om” me ] + 69, [(mamz - mRm )pRpI + mfmi(pi - p;)
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The full metric perturbation is then given by
mpzzhmmﬁ+mmwﬁ+%m(ﬁ+mmwﬂ. (5.59)

This is the metric of a tidally perturbed Kerr black hole in Kerr coordinates. We can
transform this metric to Kerr-Schild coordinates, but this is left to the Appendix. We
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have checked that this metric indeed satisfies the Einstein equations by linearizing the
Ricci tensor and verifying that all components vanish to first order. We have further
checked that the metric perturbation is transverse and traceless (hz =0andh abla =0)in
the tetrad frame making it suitable to study gravitational perturbations near the horizon.
Furthermore, we have checked that the conditions that define the IRG [Eq. (B39)] are
also satisfied. Another feature of this metric is that its determinant is zero, which renders
it non-invertible. However, the full metric g, = gfb + h,, is invertible and, thus, the
calculation of the Einstein tensor is straightforward.

The metric perturbation has now been expressed entirely in terms of quantities
explicitly defined in this paper. These quantities are the real and imaginary parts of the
spin coefficients, the potential and the action of the differential operators on the spin
coefficients and the potential. The spin coefficients where decomposed in Eq. (B43); the
potential was decomposed in Eq. (33)); the action of the differential operators on the
spin coefficients is given in Eq. (B41); and the action of these operators on the potential
is decomposed in Eq. (04) and (B5H).

The metric perturbation possesses the general global features that it diverges as
r — oo and it either diverges or converges to a finite value as r — 0. The behavior as
r — oo is to be expected because the Chrzanowski procedure seizes to be valid far from
the hole. On the other hand, the behavior as » — 0 is a bit more surprising. In this
region there are two different types of behavior: either the perturbation remains finite
or it diverges. These different types of behavior depend on the component and axis we
are investigating. On the one hand, there are some components that either are finite
and of O(V2) or vanish as r — 0 for all angles, such as h,, hy, hy,, hy5 and hy,. On
the other hand, there are other components that diverge along certain axis as r — 0.
For example, h, h,s and hg, diverge along the x-axis, the y-axis and the z-y diagonal,
while hg, and h,, diverge along the y-axis and z-y diagonal. This divergence is due to
the choice of tetrad, since the fourth Kinnersly tetrad vector clearly diverges as r — 0.
Note, however, that since the divergences occur well inside the inner horizon they will
be causally disconnected with all physical processes ocurring outside the outer horizon
and, thus, these divergences are irrelevant to most physical applications. This divergent
behavior could nonetheless be avoided if a different tetrad, such as the Hawking-Hartle
one, is used to compute the perturbation, but this will not be discussed here further.

In order to illustrate this global behavior, we have plotted h, in Fig. with
the plotting choices described in Sec. along the z-axis and the y-z diagonal (0 = 7/4
and ¢ = 7/2). Observe that the perturbation diverges as r — oo and as r — 0 along the
z-axis, but it remains finite as r — 0 along the y-z diagonal. Everywhere else, and in
particular near the outer horizon, the perturbation is of O(Vz), where V = (M/ b)l/ %is
the orbital velocity. Finally, observe that the perturbation vanishes close but not really
at either horizon, remaining finite through them.

The divergence of the perturbation can be used to approximately determine the
region of validity of the approximation. As we have discussed previously and seen in
Fig. B3 the perturbation will be valid inside a shell centered at the background hole.
The inner radius of this shell can be approximately determined by graphically studying
the radius where h , > O(V2), approximately given by r. ~ 0.01M. This value for

mner



159

htt VST
o1 T T T T T T
[ TThexo - + 1
oL — x-axis
-0.01 M. |--- y-zdiagona|
ST
0.02|- i - |
N |
& : 1
003  °F LN .
Se 05, ‘
-0.04} 0 i |
-0.00010 L
-0.05 n | n | n | n | n | n | n | n |

12 14 16 ‘ 18 ‘ 20

10
r/M

Fig. 5.3.  Plot of the 00 component of the metric perturbation along the z-axis (solid
line) and along the y-z diagonal (dashed line) with the plotting parameters described in
Sec.

the inner radius of the shell is only an order of magnitude estimate, but is suffices to see
that r, < r_. The causal structure of the region r < r_ is extremely complex and
many of its features are known to be unstable under small perturbations that destroy the
symmetries of the spacetime [135]. However, note that the perturbation is well behaved

for r —r_ <« M and in particular it is of the order predicted by the approximation

[O(VZ)]. In any case, the region » < r_ is hidden inside the event horizon and most
astrophysical applications will be concerned with regions of small spacelike separations
from the outer horizon, and not the inner one.

The outer radius of the shell can be estimated by studying the fractional error in
the perturbation, which is determined by comparing the perturbation to the uncontrolled
remainders in the approximation. The approximate error bars in Fig. are given by an
estimate of these uncontrolled remainders, dh,, which are due to truncating the formal
series solution at a finite order. In the present case, this truncation is done at O(Vz),
where the tidal fields provide this scaling. The uncontrolled remainders then will be of
O(V?’) and should come from time derivatives of the tidal tensors, i.e. 0h o hab. The
argument of the tidal tensors is wv, where w = V/b is the angular velocity and where v
is the advanced time coordinate. Any time derivative will pull out a factor of w, which
will in turn increase the order of that term. However, in order for the uncontrolled
remainders to be dimensionally consistent (dh,, must have the same dimensions as h_; ),
we need to multiply the time derivatives of the tidal tensors by r, so that

Shy =~ rhy = r(V/bh,,. (5.60)
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This line of reasoning, however, only leads to an order of magnitude estimate of the
uncontrolled remainder. In principle, any dimensionless scalar function could be multi-
plying this estimate as long as it does not change the scaling. For the case of non-spinning
holes, the metric perturbation has been computed to O(Vg) [97], which allows us to com-
pare these terms to Eq. (B260)). This comparison suggests that the multiplicative scalar
function is roughly unity and, thus, unnecessary so that Eq. (B60) is indeed a good
approximation to the scaling of the uncontrolled remainders. Clearly, this estimate is
not the exact error in the approximation, which can formally only be determined if we
know the exact functional form of the next order term. This estimate, however, is a
physically well-motivated approximation for the uncontrolled remainders.

The outer radius of the region of validity of this approximation can be approxi-
mately determined by studying the behavior of these error bars. From Fig. B3l we see
that the error bars become considerable large (approximately 50% as big as the pertur-
bation itself) roughly at » = 13M. However, for r < 4M the estimated error bars are
less than 10% relative to the perturbation. This seems to indicate that, even at b = 10M
where the slow-motion approximation begins to become inaccurate, the approximate so-
lution is still valid sufficiently close to the outer horizon. This estimation of the fractional
errors is by no means a formal proof of the existence or size of the region of validity of
the approximation. However, this estimation does provide a strong argument that the
approximation is indeed valid sufficiently close to the outer horizon. If 10% fractional
error is tolerable, which would correspond to neglecting terms of O(V3), then the outer
radius of the shell is approximately given by r_ ... ~ 4M. Clearly, as b is increased, the
slow-motion approximation will become more accurate and, thus, the perturbation will
be valid inside a bigger shell with larger outer radii.

The results of this paper are clearly valid close to the outer horizon of the back-
ground hole, thus allowing the study of physical processes of interest to the relativity
community. For instance, we can use the perturbation presented here to construct ini-
tial data for a binary system near either hole. In this case, we are not interested in the
behavior of the perturbation inside the inner horizon because that region can be excised
and does not belong to the computational domain. Furthermore, the calculations of an-
gular momentum and mass flux across the horizon can still be performed because they
only depend on the behavior of the perturbation near or at the outer horizon.

5.5 Conclusions

We have computed a tidally perturbed metric for a spinning black hole in the slow-
motion approximation. This approximation allows us to parameterize the NP scalar v,
[Eq. (BI7)] in terms of the electric and magnetic tidal tensors of the external universe.
With this scalar we can then construct a potential ¥ [Eq. (E34))], by applying certain dif-
ferential operators to it. From this potential, we can then apply the Chrzanowski proce-
dure to construct a metric perturbation [Eqs. (33),([243), (&47),(554) (G55, (08), (09|

The metric is naturally computed in the ingoing radiation gauge and in Kerr
coordinates, which are suitable to study perturbation near the horizon due to its horizon
penetrating properties. This metric is given explicitly in terms of scalar functions of
the coordinates and is parametrized by the mass of the background hole, its Kerr spin
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parameter and electric and magnetic tidal tensors. The mass and the spin parameters
of the background hole do not have to be small relative to each other, so in principle
the metric presented here is capable of representing tidally perturbed extremal Kerr
holes. The tidal tensors describe the time-evolution of the perturbation produced by the
external universe and, thus, are functions of time that should be determined by matching
the metric to another approximation valid far from the holes.

The slow motion approximation constrains what kind of perturbations are allowed,
thus limiting the external universe that is producing them. In this approximation, the
radius of curvature of the external universe must be changing sufficiently slowly relative
to the scales of the background hole. One consequence of this restriction is that the
tidal fields must be slowly-varying functions of time, thus allowing us to neglect their
time derivatives. In this sense, this approximation leads to a quasi-static limit, where in
this paper we have calculated the first non-vanishing deviations from staticity. Another
consequence of this approximation is that we can parametrized the perturbation in terms
of multipole moments, where here we have only considered the first non-vanishing one
(the quadrupolar perturbation). In perturbation theory, the [+ 1 mode will be one order
smaller than the [ mode, which allows us to neglect the octopole and any other higher
modes, as well as any mode beating between the quadrupole and higher modes.

Due to these restrictions, if we allow the external universe to be given by another
hole in a quasicircular orbit around the background (a binary system), we are limited to
those whose separation is sufficiently large. In this case, we must have sufficiently large
orbital separations so that the Riemann curvature produced by the companion is large
relative to the scales of the background hole. In other words, this approximation will
break if we consider systems that are close to their innermost stable orbit and ready to
plunge. We have seen, however, that for a separation of b = 10M, the metric presented
here is valid inside a shell given approximately by 0.01M < r < 4M.

The reason why the region of validity of the approximation is a shell can be traced
back to the choice of tetrad and to the limitations of the Chrzanowski procedure. The
perturbation cannot be valid too close to the background hole because in that region
the Kinnersly tetrad, from which the perturbation was constructed, is also divergent.
This perturbation is also divergent as r — oo because the Chrzanowski procedure builds
the perturbation as a linear expansion of the metric. In other words, we cannot analyze
the dynamics of the entire spacetime with this metric, since its validity is limited to
field points sufficiently close to the outer horizon of the background hole. However,
if this metric were to be asymptotically matched to another metric valid far from the
background hole, then the resultant metric would be accurate on the entire 3-manifold
up to uncontrolled remainders thus, capable of reproducing the dynamics of the entire
spacetime.

This metric might be useful to different areas in general relativity. On the one
hand it might be useful in the construction of astrophysically realistic initial data for
binary systems of spinning black holes. Its importance relies in that it could accurately
represent the metric field in the neighborhood of a black hole tidally disrupted by a
companion. These tides are analytic and arise as a true approximate solution to the
Einstein equations in the slow-motion approximation. Initial data, however, requires a
metric that is valid in the entire 3-manifold. Therefore, in order to use these results as
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initial data they will first have to be asymptotically matched [28, [105] to a PN expansion
valid far from the background holes [3]. In this manner, initial data could be constructed
that satisfies the full set of the Einstein equation, including the constraints, to a high
order of accuracy.

Another use for the metric computed in this paper relates to the flux of mass and
angular momentum through a perturbed Kerr horizon. This flux will be important for
EMRIs, where the effect of tidal perturbations could be large enough to lead to large
fluxes, which in turn could affect the gravitational wave signal emitted by the system
1144, [138]. Recent investigations [34] have used a curvature formalism to compute this
flux directly from 1),. However, there exists a metric formalism to obtain this flux directly
from the metric itself. An interesting research direction would be to compute this flux
and compare to the results obtained with the curvature formalism.

Finally, the perturbed metric computed here can also be of use to the data analysis
community to construct gravitational waveforms. EMRIs are particularly good candi-
dates to be observed by LISA, but such observations require extremely accurate formulae
for the phasing of the gravitational waves due to the use of matched filtering. Recently,
Ref. [145] studied how to use and implement a quasi-Kerr metric (a perturbed Kerr
metric in the limit of slow rotation of the background hole) to detect EMRIs with LISA.
A similar study could be performed with the perturbed metric computed in this paper,
which can also describe rapidly rotating black holes.

Future work will concentrate on performing the necessary asymptotic matching
to shape this metric into useful initial data for numerical relativity applications. The
matching procedure will provide expressions for the tidal tensors in terms of PN quanti-
ties, as well as a coordinate transformation between Kerr coordinates and the coordinate
system used in the PN approximation. In this manner, a piece-wise global solution can
be computed, which will contain small discontinuities inside the matching region that
could be eliminated by the introduction of transition function. Since these discontinu-
ities will be small due to the matching, the transition functions will not alter the content
of the data to the order of the approximation used. After the matching is completed,
we will have obtained an approximate analytic global metric that will contain the tidal
fields of one hole on the other near the outer horizon of the former, where these fields
come directly from solutions to the Einstein equations.
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Chapter 6

Gravitational Recoil from Binary Black Hole Mergers:

the Close-Limit Approximation

The coalescence of a binary black hole system is one of the main sources of
gravitational waves that present and future detectors will study. Apart from
the energy and angular momentum that these waves carry, for unequal-mass
binaries there is also a net flux of linear momentum that implies a recoil
velocity of the resulting final black hole in the opposite direction. Due to
the relevance of this phenomenon in astrophysics, in particular for galaxy
merger scenarios, there have been several attempts to estimate the magni-
tude of this velocity. Since the main contribution to the recoil comes from
the last orbit and plunge, an approximation valid at the last stage of coales-
cence is well motivated for this type of calculation. In this paper, we present
a computation of the recoil velocity based on the close-limit approximation
scheme, which gives excellent results for head-on and grazing collisions of
black holes when compared to full numerical relativistic calculations. We
obtain a maximum recoil velocity of ~ 64 km/s for a symmetric mass ratio
n = Mle/(M1 + M2)2 ~ 0.19 and an initial proper separation of 4 M,
where M is the total ADM mass of the system. This separation is the maxi-
mum at which the close-limit approximation is expected to provide accurate
results. Therefore, it cannot account for the contributions due to inspiral
and initial merger. If we supplement this estimate with PN calculations up
to the innermost stable circular orbit, we obtain a lower bound for the recoil
velocity, with a maximum around 84 km/s. This is a lower bound because it
neglects the initial merger phase. We can however obtain a rough estimate
by using PN methods or the close-limit approximation. Since both methods
are known to overestimate the amount of radiation, we obtain in this way
an upper bound for the recoil with maxima in the range of 220 — 265 km/s.
We also provide non-linear fits to these estimated upper and lower bounds.
These estimates are subject to uncertainties related to issues such as the
choice of initial data and higher effects in perturbation theory. Nonethe-
less, our estimates are consistent with previous results in the literature and
suggest a narrower range of possible recoil velocities.

6.1 Introduction

The inspiral and merger of binary black holes systems is one of the most interesting
sources of gravitational waves that both earth-based interferometric antennas (LIGO [4],



165

VIRGO [6], GEO600 [7] and TAMA [8]) and space-based ones (LISA [124]) will detect .
These waves carry both energy and momentum away from the system, leading to the
adiabatic shrinking of the orbit, due to the former, and a recoil of the merged object
by conservation of momentum, due to the latter. The magnitude of this recoil is of
astrophysical importance because it determines whether the merged hole will be ejected
from its host galaxy.

Possible observational evidence for such a recoil may be the observations of faint
galaxies [157, [158] where the lack of a dense nucleus has been associated with the central
black hole being ejected after merger [41]. There is also evidence of an ejection of a
supermassive black hole in ongoing galaxy mergers, either because of recoil or because of
slingshot due to the presence of 3 or more supermassive black holes in the merger [159].
The gravitational recoil has also been shown to have important consequences in hierar-
chical merging scenarios and the observable structure of galaxy nuclei. Recoil velocities
of a few hundred km/s could be large when compared to escape velocities of dwarf galax-
ies, globular clusters and dark matter halos [160, 41]. For super-massive black holes at
the centers of galaxies, a kick of this magnitude could potentially transfer energy to the
stars in the nucleus [41]. There are thus very important astrophysical aspects that can
be refined or clarified with a better understanding of the black hole kicking process.

Mass distributions without symmetries that undergo gravitational collapse of any
sort will exhibit momentum ejection and recoil of the center of mass of the remnant due
to the strong emission of gravitational radiation [161, 162, 163, [164, 47]. Of particular
interest is the case of unequal-mass black-hole binary systems. An intuitive picture of
how the system gets a kick after the merger is the following [4(, 4§]: From the center
of mass point of view, the lighter black hole will move faster than the heavier one, and
hence it will beam forward gravitational radiation stronger. Then, there will be a net flux
of linear momentum carried by the gravitational radiation in the direction of the lighter
black hole, and this will cause a recoil of the center of mass in the opposite direction. The
first analytic studies of this subject were carried out by Fitchett and Detweiler [43, 46];
Oohara and Nakamura [44]; Nakamura and Haugan [45]; and Wiseman [4(]. Due to the
strong non-linearity of the merger phase, analytic studies have difficulties in obtaining an
accurate estimate of the recoil velocity. The first quasi-Newtonian analytic calculations
were presented in [43, 4€], while a post-Newtonian (PN) analysis have been carried
out in [0, 49, 57]. Estimates using black-hole perturbation theory have been given
in [4&, [167], and a estimate that combines full numerical relativity and perturbation
theory, the Lazarus approach, is given in [166].

Full numerical relativistic simulations are a natural approach to this problem
since they can in principle handle the non-linearities of the gravitational field during
the merger. The challenge is the resolution that the computational resources impose.
Some calculations have already been carried out in different scenarios to estimate recoil
velocities. The first one was done by Anninos and Brandt [167] for the case of the head-on
collision of two unequal-mass black holes. Their numerical calculations were effectively 2-
dimensional since they made use of the axisymmetry of the configuration. Using the same

"This chapter is based on the following paper: C. F. Sopuerta, N. Yunes and P. Laguna,
Phys. Rev. D 74, 124010 (2006)
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type of numerical calculations they also estimated the gravitational radiation recoil from
highly distorted black holes [16&]. More recently, and due to the significant advances
in 3-dimensional numerical relativity in the binary black hole problem [35, 36, [169],
estimates of the radiation recoil velocity have also appeared [170, [L71].

Each of the approaches described above has its own limitations. Analytic ap-
proaches are able to provide accurate estimates in their region of validity. However,
the largest contribution to the recoil velocity occurs during merger, precisely where the
approximation methods break down. Numerical simulations, in principle, have the op-
portunity of producing estimates with a minimal number of assumptions. However, as
we have mentioned, these calculations have also limitations and use initial data that is
only an approximation to the actual astrophysical configurations. Therefore, the error
bars on the computed distribution of recoil velocities relative to the distribution present
in nature are believed to be large and, even worse, are difficult to estimate. It is then
not surprising to find disagreements on the estimated recoil velocity as calculated with
different methods.

In this paper, we present estimates of the recoil velocity using an approach not
used before, the close-limit approximation (CLA), which combines both analytical and
numerical techniques. The CLA was introduced by Price and Pullin [13], who showed
that this approximation method provides accurate results compared to those obtained
from numerical relativity [14] for head-on collisions of two black holes (see also [15]).
The CLA scheme is based on the assumption that in the last stage of coalescence, when
the black holes are sufficiently close to each other, the system behaves, up to a certain
degree of approximation, as a single distorted hole. Then, the CLA scheme consists of
establishing an appropriate correspondence between the binary black hole system and a
single perturbed hole. Once this correspondence is made, one can extract initial data
that can be evolved by the perturbative relativistic equations. From the outcome of
the evolution, one can estimate the fluxes of energy, angular momentum, and linear
momentum carried away to spatial infinity by the gravitational radiation emitted. The
CLA scheme has been developed and applied by a number of authors [172, 1173, [174, [175,
176, 177, 178, 179]. In particular, Andrade and Price [18(0] used the CLA to estimate
the recoil velocity of a head-on collision of unequal-mass black holes starting from rest.

Since the CLA applies to the last stage of the merger of two black holes, it is
very appealing to use it to estimate the recoil velocity of the merger of an unequal-
mass black hole binary system. With this scheme, we obtain a maximum recoil velocity
of ~ {17,33,64} km/s for a symmetric mass ratio n = Mle/(]W1 + M2)2 ~ 0.19 and
initial proper separations of {3,3.5,4} M, with M the total ADM mass. Beyond a proper
separation of 4 M the CLA is not expected to provide accurate results [18(0]. Therefore,
this method cannot account for the contributions during the inspiral and initial merger
phase. Supplementing this estimate with PN calculations up to the innermost stable
circular orbit (ISCO), we obtain a lower bound for the recoil velocity, with a maximum of
~ 84 km/s. This lower bound neglects the initial merger phase, for which we can obtain
an approximate estimate by using either PN methods or the CLA. Since both methods
are known to overestimate the amount of radiation during the early merger phase, we
obtain, thus, an upper limit for the recoil with maxima in the range of 220 — 265 km/s.
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We also perform non-linear fits to these bounds and obtain
2 2
Vgp = a1) 1—4n<1+bn+cn>, (6.1)

where a = 7782 km/s, b = —2.507 and ¢ = 2.727 for the lower bound and a = 14802
km/s, b= —1.1339 and ¢ = 1.4766 for the upper bound.

The plan of this paper is as follows: Sec. describes the main procedure of our
calculation; Sec. constructs initial data for a quasicircular binary black hole system
in the 3 + 1-formalism; Sec. maps these initial data to a single perturbed black hole
spacetime, such that it is suitable for a CLA evolution; Sec. describes the numerical
implementation and presents results from the evolution within the CLA scheme; Sec.
estimates the lower and upper bounds, as well as constructing the non-linear fits to these
bounds; we finish in Sec. with a summary and discussion of the main results and
points to future research to obtain improved estimates.

The conventions that we use throughout this work are the following: For the
4-dimensional spacetime, we use Greek letters for the indices and a semicolon for the
covariant derivative. The Schwarzschild metric admits a 2+2 decomposition consisting of
the warped product of a Lorentzian 2-dimensional manifold with the 2-sphere (see [181,
182]). On the 2-dimensional Lorentzian manifold indices are denoted by capital Latin
letters, the covariant derivative associated with the 2-dimensional metric is represented
by a vertical bar, and the Levi-Civita antisymmetric tensor by ¢ . On the 2-sphere
indices are denoted by the lower-case Latin letters a,b,...,h, the covariant derivate
by a colon, and the Levi-Civita antisymmetric tensor by € . When using the 3 + 1
decomposition of spacetime quantities, spatial indices are glenoted by the lower-case
Latin letters ¢,7,k,.... Uncontrolled remainders are denoted with O(A) or O(A, B),
which stands for terms of order A and terms of order A or B respectively. Although
usually, when dealing with order symbols, A and B must be dimensionless, here they
will not be, but can be made to be dimensionless through division by the appropriate
factor. We also use physical units in which G = ¢ = 1.

6.2 Description of our Calculation

In this paper, we use the CLA scheme to calculate the recoil velocities after
the merger of an unequal-mass binary black hole system. Due to the complexity of
the calculation, we discuss here the different steps involved, while getting a glimpse
of the general scheme. First, we need to construct initial data corresponding to a non-
spinning binary black hole system in quasicircular orbital motion. The method employed
to construct the data is the standard one: we solve the constraints on an initial slice
using the York-Lichnerowicz conformal decomposition. Then, the solution needs to be
expanded in two parameters: the separation of the two black holes, based on the main
assumption of the CLA, that is, small separation between the holes; and their linear
momenta, rooted in an additional slow motion approximation [183].

The second step is to establish a map between this initial data and the generic
initial data corresponding to a perturbed single black hole. In this work we only consider
the case in which the single black hole is a non-rotating Schwarzschild hole. There
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is also the possibility of considering a Kerr black hole (see [183] for details), but the
CLA machinery in that case is more intricate. After expanding the initial data in the
separation and linear momenta, it is straightforward, after some coordinate changes, to
identify a Schwarzschild background and its perturbations.

Once the perturbations have been identified, we need to calculate initial data suit-
able for evolving the linearized (around the Schwarzschild background) Einstein equa-
tions. The spherical symmetry of the background allows us to separate the linearized
equations. Then, by decomposing the perturbations in spherical harmonics we obtain
decoupled equations for each mode. Moreover, by appropriately reparameterizing the
perturbations, we can decouple the equations for each individual mode, so that the
problem reduces to solving a master equation for a complex combination of the metric
perturbations. These master equations (usually known as the Regge-Wheeler and Zerilli-
Moncrief equations) are 1-dimensional wave-type equations containing a potential that
accounts for the effect of the background spacetime curvature. Therefore, the problem
of providing initial data reduces to finding initial conditions for these master functions.

The initial data contains three parameters that we need to specify. These pa-
rameters are associated with the initial distance between the holes, the mass ratio, and
the initial linear momentum. The mass ratio is an independent parameter that will be
used to study the functional behavior of the recoil velocity. The distance and linear
momentum parameters determine the dynamical character of the binary and, therefore,
they must be chosen carefully. To that end, we use the standard method of minimizing
the binding energy of the system, so that the binary is in a quasi-circular orbit. The
expressions that we obtain are formally the same as in Newtonian theory, although they
cannot be assigned the same interpretation, since they are expressed in terms of bare
parameters. In order to relate these parameters to meaningful physical ones, we must
introduce a proper separation and a physical mass ratio. The proper separation can be
calculated by evaluating the minimum proper distance between the marginally trapped
surfaces surrounding each individual hole.

The final step is to solve the master equations and evaluate the different physical
quantities of interest. The metric waveforms h+ and hX, together with the fluxes of

energy, angular and linear momentum carried away by gravitational waves can be com-
puted in terms of the master functions and their first time derivatives. In this paper, we
include the general formulae for the linear momentum fluxes in terms of the perturbation
master functions. We present several plots of these quantities, together with plots of the
recoil velocities for different initial separations.

6.3 Initial Data

In this section, we begin the initial data construction for an unequal-mass binary
black hole system suitable to the CLA scheme. To that end, we extend the results of
Andrade and Price [18(], who carried out the calculation for unboosted head-on collisions,
and also extend the results of Khanna et al [183], who constructed data for equal-mass
black holes in a quasicircular orbit. Our calculation not only allows for arbitrary mass
ratios, but it also includes higher-order terms in the expansion of the initial data, which
are essential in the calculation of the recoil.
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In order to solve the Hamiltonian and momentum constraints, we use the confor-

mal transverse-traceless method of Lichnerowicz, York and others [184, [19, [185, 20, [18].

The 3-metric v is decomposed in terms of a conformal factor ¢ and an auxiliary metric
ij

;Yij’ ’Yz'j — (I>4’Ayij , which here we assume to be conformally flat:
ds’ =, da'da’ = @' (dR’ + R'd2’). (6.2)

where dQ* = d6* + sin® 9d<p2 is the line element of the 2-sphere. For the extrinsic

curvature K, we choose a mazrimal initial slice, that is, K is trace free: v/ K = 0.
ij ij ij

Then, we also conformally decompose the trace-free extrinsic curvature K _as
ij

and we further make the choice that the longitudinal part of K. vanishes, so that
ij
K is a symmetric transverse traceless tensor. Then, the momentum and Hamiltonian
ij
constraints reduce to

V'K =0, (6.4)
7t
-2 1. -7~ ~ij
Voé=— K K 6.5
3 P (6.5)

where V. and V2 denote the covariant derivative and Laplacian associated with the
7
flat 3-metric 4 . The momentum constraint [Eq. (@4])] can be exactly solved using the
1

j
method of Bowen and York [21]. For a single black hole located at R = Ro with linear
momentum P it can be written as follows:

~.one 3 k
K =—~ |2P -7 - P .
i 2R R |2 (inj) (’yij ninj) nk] , (6.6)

P' is the ADM momentum of a single hole, while n' is a unit vector in flat three-
dimensional space directed from the location of the single hole to an arbitrary point,
namely

YA (2
nt = B 7 (6.7)

|R—-R |

o
and the vertical bars, | - |, denote the norm of vector in the flat 3-dimensional space. In
order to construct a solution for two holes, we can simply superpose two solutions of the

type of Eq. (G.6l).

Before constructing the extrinsic curvature, it will be usefull to first describe the
initial physical configuration. The system we are modeling consists of two black holes
with masses M1 and M2 located on the X-axis, a coordinate distance d apart, as shown
in Figure Bl In this figure, R1 , R2 , and R are radial vectors that point from the origin

to hole 1, hole 2, and an arbitrary point, respectively. Moreover, R12 = R2 — R1 is also



170

a vector that points from hole 1 to 2, and P and —P are the linear momenta associated
with holes 1 and 2 respectively. Since the linear momenta are parallel to the Y-axis, the
orbital angular momentum is directed along the Z-axis. With such physical scenario,

YA

P
M ‘
2 y
R X
12 Ml

Z

P

Fig. 6.1. Schematic diagram of the initial physical configuration. The linear momenta
are parallel to the Y-axis and span the X-Y plane, so that the angular momentum is
aligned with the Z-axis.

the solution of Eq. (6] can be written as (see also [183]):

K =K[R =R ,P|+K"[R =R,—P|, (6.8)

i ij
where we have defined P = P §. The ADM momentum corresponding to K;"e is simply

P and the one associated with f(@ is zero.

Let us now concentrate onj the solution to the Hamiltonian constraint. Using
Eq. (E])) in the Hamiltonian constraint leads to a source term quadratic in P. We now
introduce a slow-motion approximation, where we assume that the linear momentum P
is small, in the sense that terms of (9(112) are much smaller than terms of O(v), where
v is a measure of the orbital velocity. We, thus, neglect terms of O(P2), so that the
Hamiltonian constraint reduces to the Laplace equation

Vo =0. (6.9)

The solution of this equation depends on our choice of topology. If we choose the initial
slice to have a single asymptotically flat region, the solution to the conformal factor is
the Misner solution [186], but if one chooses the slice to have three asymptotically-flat
regions, the solution is the Brill-Lindquist [22] one. In this paper, we adopt the latter
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and the conformal factor takes the form of the Newtonian potential:

ml m2
=1 6.10
+ﬂR—RJ+ﬂR—RJ’ (6.10)

where m_ and m, denote the bare masses of each individual hole. One reason for choosing
the Brill-Lindquist (BL) solution is that it is simpler to manipulate, while it has also
been shown [18(] to lead to essentially the same results when calculating recoil velocities
for head-on collisions. We remark that, although terms of (’)(P2) have been neglected,
they can be straightforwardly added in a perturbative fashion, but this will be studied
elsewhere.

Let us comment further on the topology of the initial slice associated with the
BL solution, as it is important in some calculations. As we have already mentioned,
this solution has three asymptotically-flat regions: one of them, 20’ corresponds to the
region far from the two holes, R = |R| > |R1| = R and R > |R2| = R; the other
two, El and 22, are associated with hole 1 and 2 respectively. By simple inspection of
the conformal factor [Eq. (EI0)], the solution seems ill-behaved at the location of the
holes, R = R1 and R = R2, although it is actually not. Near each hole, the geometry

is invariant under the transformation: |R — RA\ — mi / (4R;\) (A =1,2). The value
m /2 coincides with the intersection of the event horizon with the initial slice for a single
hole and it is a fixed point in the transformation. This value is sometimes referred to as
the throat, joining two asymptotically-flat regions. Therefore, the points R = R and
R= R2 are just an image of the infinities of 21 and 22. For a single hole, there are two
asymptotically-flat regions, and its mass, equal to m, is the same independent of which
region we evaluate it on. In the case of a binary system, the gravitational interaction
between the holes will change the value of the individual masses. Actually, there is not
an invariant measure of them in Eo’ but such a measure does exist on El and 22. Doing
the calculation yields the following result [27]

My ™
M =m, <1+ﬁ>’ M, =m, <1+ﬁ>’ (6.11)

where d = \Rlz\ . In 20’ we can compute the total mass of the binary system, the ADM
mass of the system. We call the result M and it is given by

M=m +m_. (6.12)

Egs. (€3), (EI0), and E3) are the initial data. We should note that, apart from our
choice of initial data (BL conformal factor and Bowen-York extrinsic curvature), there
are other possible choices that can be used in the CLA scheme. Some examples of
other possible data sets are the following: a Misner conformal factor with a Bowen-York
extrinsic curvature with inversion symmetry through the throats; Kerr-Schild initial
data [178].

The next step in the construction of the initial data is to put it in a form suitable
for the CLA scheme. Before doing so, however, it is convenient to study the parameters
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that determine the configuration described by the data. To begin with, let us introduce
the bare mass ratio

qg=—2. (6.13)

The initial configuration can then be fully specified in terms of the parameters (¢, d, P).
Since ¢ and d are bare parameters, in the sense that we cannot give them a physical
meaning, we are going to introduce analogous parameters, which can be given a physical
interpretation. First, we introduce the mass ratio between the individual masses of the
holes as computed in their respective asymptotically-flat regions:

Q=-2. (6.14)

The quantities ¢ and @ are related through d via [180]:

0=4 1+[(1+q)/2)(M/d)
1+ [(1+q)q/2)(M/d)’

PR () e (] e

Defining a useful distance is a more difficult matter. In this paper, we use the same
distance as Andrade and Price [180], which is the proper distance between the points
where the marginally trapped surfaces, surrounding each individual hole, cross the X-
axis (we obviously refer to crossing points closer to the opposite hole). When the initial
configuration does not present a common apparent horizon, these marginally trapped
surfaces are the individual components of the apparent horizon. If x and z, stand for

(6.15)

these crossing points, the distance we have just defined is given by D = fjl d d , which
2

yields
m, m,
b = As 1+4(X —z ) (X —x)+4(x - X )z —X2)
— M In (B) 4+ M In (LX2> (6.17)
1 X -z, 2 z, =X, ’

where Az = x —z, >0, and X1 (= Rl) and X2 (= —R2) are the z-coordinate locations
of holes 1 and 2 respectively in the conformal space. In summary, we can determine our
initial configuration either by specifying the set (¢, d, P) or the set (Q, D, P).

The CLA scheme assumes that the black holes are sufficiently close enough, which
allows us to expand the initial data in R > Rl and R > Rz' In this sense, it is useful to
choose the coordinate origin, R = 0, in such a way that it coincides with the bare center
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of mass of the binary black hole, that is:
mlR1 + m2R2 =0. (6.18)

We can write then R1 and R2 in terms of the separation vector R12 via

Rl X R12 ’ R2 R R12 ’ (6.19)
where we have defined ]
q
- __* S — 6.20
=TT % T T (6.20)

Then, it is natural to expand the initial data in the following dimensionless parameter €

d R
€:|€|:E’ e:#. (6.21)

A key formula for performing these expansions is the following:

1 1 = N/2),. =~ 1
FoRF Rl ER () (622
A £=0

where we have introduced the following unit vectors
- =L E=-—, (6.23)

(N/2)

and where C’é denote the Gegenbauer polynomials. These polynomials, also known as

ultra-spherical polynomials, are a generalization of the Legendre polynomials to (/2 +
2)-dimensional spaces, which are common in angular momentum theory [187, [188]. For
the special cases of N =0, 1,2, these polynomials reduce to Legendre polynomials and
Chebyshev polynomials of type 1 and 2 respectively. We refer to Appendix [B for more
details on these polynomials.

We now use all these definitions and results to expand the conformal extrinsic
curvature given by Eq. (E) in € to arbitrary order. The result we obtain can be written
as follows:

K, = %g <%>é+l (=) (e [ep i - P R)S |+ TP R)
x RIt + [(P-e) 5, 2P, ])} ) [( ORR +2P-R)R, j)}
T
_ <%>é+3 (X?s B X§+3> 025/2) (P& ging (6.24)

where for simplicity we have omitted the argument of the Gegenbauer polynomials, which
still is €- R. It is worth noting that the ¢ term has identically vanished due to the choice
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of coordinate origin, which coincides with the bare center of mass. Another interesting
fact is that only combinations of the (3/2)- and (5/2)-Gegenbauer polynomials appear
due to the combination of odd powers in the denominators of the extrinsic curvature.

In this paper we are going to consider terms up to (’)(63), which is enough to
get a gravitational recoil effect and actually the dominant part of it (see, e.g. [180]).
Extensions of our calculations to higher order are in principle straightforward, but we
are not going to present them here. Then, up to this order of approximation we can
rewrite Eq. (624) as follows:

. 9d . 1ldl—q._ ~ .2 AN a
K, = 3p{Rerspigo o -0 (@ Ry, -or k,
3d dl—qp . s ,
- ﬁ{”?’m—ﬂ’* } (P&, —2p ¢ |
B5d (5 . 1dl—q._, 5 .2 e
- S {R e—i—iﬁm[ﬂR é) —1]}(P RRER
3d dl—q~ . D B O\ D 2
_3d1-g (P-Rjeé +2(P-9R & | +O(Pd) (6.25)
2R'"1+4q i ¢ 9 ' |

The lowest-order contribution is of O(Pd) and it is the only contribution used by Khanna
et al [183] for grazing collisions of equal-mass black holes. The next contribution is of
O(Pd2) and, as far as we know, this is the first time it has been considered.

Let us now look at the conformal factor [Eq. (EI0)]. Using Eq. (622), we can
also expand ® in Gegenbauer polynomials to obtain

M N (1)2), 5 o L ¢ ¢
<I>:1+ﬁ+£§>;clf”(R.e)e (mlxl+m2x2>. (6.26)

It is important to recall that in solving the Hamiltonian constraint we have used a slow-
motion approximation, neglecting terms of O(Pz). The terms we are, thus, neglecting
are of (’)(P2d2). This expression can also be written in terms of the parameters (g, d)
and M, and in terms of Legendre polynomials. In this way we obtain

00 041
o142, >4, <%> P(R-&)+ oP*d%, (6.27)

where P, denotes the Legendre polynomials and where the coefficients qﬁé are given by

6, = % {0+ W (%)é . (6.28)
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The ¢ = 1-term vanishes due to the choice of the origin of coordinates in Eq. ([EI).
Finally, the expansion of the conformal factor up to third order in d is given by

M 1 q Md

d = l+—+-—=r " _P(R-¢&
TR g @ Y
lgl—q Md® |~ . 2.2 4
SR L P (R-&)+0Pd",d). 6.29

With this, we finish the construction of initial data to be used in the CLA scheme. To
summarize, we remark that this construction is based on expansions on two different
parameters: P (related to the slow-motion approximation) and d (related to the as-
sumption that the holes are close to each other). Since P and d have dimensions, the
meaning of these expansions is that terms of order d" and /or PM are smaller than terms
of order @~ " and /or PM1 As we are going to see later, these expansions will provide
the leading contribution of the multipoles £ = 2 and ¢ = 3.

6.4 The Close Limit Approximation

The next stage in our computation is to recast the initial data just constructed
into data for a perturbed Schwarzschild black hole, which is the essence of the CLA
scheme. In this way we can extract initial data to be evolved by the corresponding
perturbation equations. Thanks to the expansions performed in the previous section,
the main task now becomes the extraction of the different multipoles from the data.

The 3-metric on the initial slice is conformally flat and hence determined by
the conformal factor ®. If we look at the lowest-order contribution [see Eq. ([629))] we
realize that it coincides with the 3-metric of Schwarzschild spacetime associated with the
{t = const.}-slicing in isotropic coordinates, being ¢t the Schwarzschild time coordinate.
However, in order to make the connection with perturbation theory, it is very convenient
to reexpress the initial data in Schwarzschild coordinates:

_ 2M
ds2:fldr2+r2d92, f:1_77 (6.30)

where we recall that M is the total ADM mass. The transformation from isotropic
coordinates to Schwarzschild coordinates is given by the following relations:

2
R:i(ﬁ+\/r—2M)2, r:R<1+%> : (6.31)

Applying this transformation to the 3-metric of our initial data we obtain:
ds® = F* ( 7 r2dQ2) , (6.32)

where

F= . (6.33)
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In order to construct initial data for the perturbations, evolve it, and compute
from the result all the relevant physical information, in the next subsections we give a
summary of (non-rotating) black-hole perturbation theory and the main tools needed
for the application of the CLA scheme. Afterwards, we apply this machinery to the
construction of the initial data and describe how the energy, angular momentum, and
linear momentum fluxes carried away by the gravitational waves are evaluated.

6.4.1 Black hole perturbation theory

The CLA is based on the fact that, in the last stages of coalescence, the gravi-
tational field can be modeled, to a good degree of approximation, as the gravitational
field of a single perturbed black hole. Thus, perturbation theory plays a key role in our
calculations and it is worth reviewing its main concepts and tools. The starting point

is the assumption that the spacetime metric, g , can be written as: g = gSCh + h i
1722

where g I denotes the background Schwarzschild metric and h the ﬁrst order pertur—

bations. & Then, we can take advantage of the spherical symmetry of the Schwarzschild
metric to simplify the structure of the perturbations and of the equations that govern
them. We can do this by expanding the perturbations in tensor spherical harmonics. It
turns out that the linearized Einstein equations (in this case, around the Schwarzschild
background) decouple for each harmonic. Not only this, we can distinguish between
the perturbative modes with polar parity, which pick up a factor of (—1)l under parity
transformations, and the ones that have axial parity, which pick up a factor of (—1)l+1.
This distinction is important because polar and axial modes also decouple.

Following this discussion, we split the metric perturbations h;w into polar and

axial perturbations, huv = 1" + AP . And these perturbations can be expanded in
pv wv

tensor spherical harmonics as

a Zm p p,¢m
Z h => ho (6.34)

£m
where
0 th SZm
a,fm A a
D , (6.35)
* HZm Sfm
ab
hfm Yfm /m YZm
P = , (6.36)
* r? (K™ Yj:"” + G Zﬁ’b”)

where asterisks are used to denote components that are given by the symmetry of these
tensors. Y™ are the scalar spherical harmonics [see Appendix for the conventions
that we use and other details]. ij and Sﬁm are vector spherical harmonics and are
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defined (for [ > 1) in terms of the scalar spherical harmonics by

L T (6.37)

Finally, Yzbm , ZZ:@7 and SZZL are (symmetric) tensor spherical harmonics, which can also
a al al

be defined (Zﬁ;n and Sﬁ:b only for [ > 2) in terms of the scalar spherical harmonics by

Yy YZmQ 7 Zém = Yfm + wyémg 7
ab ab ab :ab 2 ab

Im

(6.38)

Im Im
Sy =S (6.39)

Here, the sign convention for the Levi-Civita tensor associated with the metric of the
2-sphere is: €op = sinf. In Appendix B2 we give the orthogonality relations for the

different harmonic objects. All perturbative quantities, scalar (hf:;), vectorial (pim and

/m

9y

), and tensorial (K Zm, sz, and qgm), are functions of ¢ and r only.

The metric perturbations are in general not invariant under transformations of
the mapping between the background and perturbed spacetimes, or in other words, they
are in general not invariant under gauge transformations. However, for the case of a
spherically-symmetric background, like the Schwarzschild metric, there is a complete set
of perturbative quantities that are gauge invariant. For polar modes this set can be

chosen as follows

~fm Im Im

h = h —2v (6.40)
AB AB AlB
K@m . KZm + wGém . 27'|_AU£m (6 41)
N 2 r A’ '
where Uim = pim - (7’2 / 2)Gf;n. And for axial modes
ﬁfm . th . EHZm + 7‘|_AH£m (6 42)
A TA 27A Ty ’ ‘

The equations for the metric perturbations decouple in terms of complex master
functions, so that once we solve the decoupled equations for these master functions all
the metric perturbations can be reconstructed from them. In the case of axial modes,
it was first done by Regge and Wheeler [189], and for polar modes by Zerilli [190] and
later by Moncrief [191]. These functions are made out of metric perturbations and their
first derivatives and they are gauge invariant. It is also possible to express them in a
covariant form. In the case of polar modes, the Zerilli-Moncrief function can be written
as follows [197]

tm T ~tm 1 [ |A |B7tm |A ~tm
\IIZM_l—I—)\Z {K —I—A—é[r PR K‘A] , (6.43)
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where A = (0+2)(¢ —1)/2 and Az = A, + 3M /r. For axial modes, instead of using the
well-known Regge-Wheeler master function

v = —%rAhZZ, (6.44)
we are going to use the master function introduced by Cunningham, Price and Mon-
crief [193], in the form used in [194, [192]. The main reason for this choice is that it
is simpler to evaluate the fluxes of energy, angular momentum, and linear momentum.
Moreover, the contributions of axial modes to these physical quantities have the same
form as the one of polar modes. Nevertheless, for the sake of completeness, we provide
formulae for both master functions. The Cunningham-Price-Moncrief master function
can be written in covariant form as [192]

m T AB [~tm 2 im
\I’CPM = )\—ZE <hBA — ;r|AhB > . (645)

In Schwarzschild coordinates these functions take the following form (the connection
with the Regge-Wheeler parameterization of the perturbations is given Appendix [C)

Im r Im Im
vro= Y {K +(1+2)G
- £ fhzm—rﬁsz—g(l—i—)\)gm (6.46)
Aé rr r r V4 pr ’ ’
Im f Im 1 Im 1 __m
)\ = —= — -0 H -H 4

= (hr SO H™ 4+ > , (6.47)

A § S 0 h 2h£m 6.48
CPM _)‘_z oo + (6.48)

These master functions obey the following wave-type equation with a potential:

=0, (6.49)

¢

2 .2 RW/ZM tm
|:_at + 87«* - ( )} \IJCPM/ZM

where 7 _is the so-called tortoise coordinate (7’ =r+2MIn(r/(2M)—1)). The potential
for the axial modes is the Regge-Wheeler potentlal

vy = L <e(e+1) _ %> , (6.50)

¢ fr T

and the one for polar modes is the Zerilli potential

9 3M M? M
2)\( <1 + /\Z + T) + 187 <>\é + T) ) (6.51)
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Once the different master functions have been computed we can estimate the en-
ergy and angular momentum carried out by the radiation field to infinity. We can do this
by using the expressions of the energy and angular momentum fluxes at infinity obtained
from the Isaacson’s averaged energy-momentum tensor for gravitational waves [193, [196]
(see also [197, 59]). In terms of the axial and polar master functions the expressions are

: 1 C+2) fotm 2 itm 2
>2m
. 1 . (6"_2)' —/m - Im —fm = fm
Law = bix 5 o) < crm Y opm T ‘IJZM‘IIZM> : (6.53)
- 7m

We can also construct the metric waveforms by using

. . 1 /(€+2)' Im .o dm Im
h+ — ZhX = Z Z; m (‘I’ZM + Z\I’CPM> _2Y s (654)

where V™ denotes the spherical harmonics of spin weight —2 (see, e.g. [198] and

Appendix for details). In this work we are interested in studying the gravitational
recoil due to the merger of unequal-mass black-hole binary systems and therefore, we
want to evaluate the flux of linear momentum emitted in gravitational waves. This
quantity can also be computed from the Isaacson’s energy-momentum tensor and can be
written in terms of the metric waveforms as follows:

2
<k r k ;2 ;2
PGW - ﬁ /dQ robs (h-i- + h><> ’ (655)

where ffbs is a unit vector that points from the source to the observer. We can then

N . .
express the components of 7 e I terms of scalar spherical harmonics as
00s

k [2m 1,1 1,1 yt0
Tobs = —2 ? <§R(Y ) ,%(Y ) ,—W> s (656)

where ® and & denote the real and imaginary parts of a complex number. By simple
inspection of the linear momentum flux in Eq. (&53), and taking into account the har-
monic structure of the metric waveforms in Eq. (E24]) and of ffbs in Eq. (B58]), we realize
that all terms in the flux contain the product of three spherical harmonic objects. There-
fore, in order to obtain a practical expression for Péw we need to use the machinery for
studying coupled angular momenta common in quantum physics [187, [188]. The calcu-
lation goes along the lines described in [59], and some details are given in Appendix [Dl
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The result can be written in the following form

.x 1 £+ 3)! 1
P = l+m+2)+m+1
GW Gdr = (=21 (0 +1)/(20+3)(20 + 1) {\/( ) )
+1,m~+1 tm = l+1,m+1
x (lI/ZM\I/ZM + ¥ o Yopat )
l+1,m—1 s fm = l+1m—1
- V=m+2)(t-m+1) (WZM\PZM +¥eopnYopu ) }
7 £m~+1 s dm =lm+1
) m(e 1) —1) {¢(e )l m 1) (\pZM\yCPM S QU )
£m—1 s fm = fm—1
+ Vl+rm—m+1) (‘PZM‘I'CPM o A ) } , (6.57)
: ' {4+ 3)! 1
P o= ( VEltm+2)(l+m+1)
GW 647 oy (£—2)!(g+1)\/(2£+3)(2€+1){
l+1,m+1 s fm = A+1m+1
x <\IIZM\IIZM ¥ ¥epm )
/+1,m—1 tm  =l+1m—1
+ Vl-m+2)(l—m+1) (\I/ZM\I/ZM t \IlCPM CPM ) }
1 £,m—+1 s fm =fm+1
" 2 m(z F2)(—1) {mz —m)(l+m+1) <‘I’ZM‘I’CPM S JH )
£m—1 s fm =fm—1
— Jlrm)(l—m+1) (‘I’ZM‘I’CPM o A ) } , (6.58)
<z 1 €—|—3 €+m+1)(€—m+1) s Ifm = l+1m s dm =l+1m
P = LN A )\ v
GW 327 ;: (0 — \/ 2 4 3)(20 +1)(£ +1)? ( MYz Y opM CPM)
= {m
- 22: m (0 +2)(¢ —1) (szZMfoCPM ‘I’cpm‘I’ZM) . (6.59)

In conclusion, all we need to extract relevant physical information is the master functions.
In the next subsections, we extract initial data for these master functions.

6.4.2 Relation between ADM variables and metric perturbation

In section 6.3, we constructed initial data for a binary black hole system in coa-
lescence. The procedure used for this construction was based on the 3+ 1 ADM formal-
ism |199] and, hence, the initial data is given in terms of ADM variables [Eqs. ([E29),
(EZ3) and (E3))]. Then, in order to build initial data for the evolution of the master
functions, we need to first find the relation between the ADM variables and the metric
perturbations (see, e.g. [200]). This means that we need to use the relations between
the components of the 3-metric . and the metric perturbations, and also the rela-

tions between the metric perturbations and their first derivatives and the components
of the extrinsic curvature K . For the former, we use the fact that the components of
1.
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the 3-metric are the spatial components of the orthogonal projection operator on the
hypersurfaces of the spacetime slicing, described by a normal nuz

Yy =g 4+nn . (6.60)
72 pv w v

Then, the different modes of the harmonically decomposed 3-metric are related to the
metric perturbations via

7= —F8 (6.61)
SAEE N G (6.62)
S (6.63)
S A R e G (6.64)
ST (6.65)
N

b oS (6.66)

The first three equations are related to the choice of slicing, that is, to the choice of shift
vector 3" and lapse a. Actually, the lapse and shift at first order are given by

of = fA-f"Y=F—h +O0), (6.67)

g o= n'+0on). (6.68)

The relation between the extrinsic curvature and the metric perturbations can be
found through the relation between the 3-metric and the extrinsic curvature

—_1
K/w = 2£n7;w’ (6.69)
where the symbol £ denotes Lie differentiation, and Eq. (E60) between the 3-metric and
the spacetime metric. In this way, we find that the different modes of the harmonically
decomposed extrinsic curvature are related to the metric perturbations by the following
expressions:

K™ = ﬁ [hem —on ™ - f%hfm Yo, (6.70)
S L LT T g e
Koo [ A g 2]y [ 20e] i

+ %2 [Hgm _ 2hfm} SZ”} , (6.72)
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where the dots and primes denote partial differentiation with respect to time ¢ and radial
coordinate r respectively.

6.4.3 Initial data for the metric perturbations

Before computing initial data for the master functions, we must find data for the
metric perturbations, that is, find (b, h ), in the parameterization given in Eqgs. (33])
pr o opv
and (636]) on the initial slice ¢t = ¢t . To begin with, since our 3-metric is conformally
o
flat, the following metric perturbations vanish on the initial slide:

= ™ —o, hfm —H™=0. (6.73)
We have also seen that the conformal factor, the physical and the conformal extrinsic

curvatures can be formally expanded in powers of d and P as follows

> = <I>()+<I>(2)d +<1>( )d +oP’d,dY, (6.74)
K. = PdK(l)ijJrPd K(2)ij+(’)(Pd), (6.75)

where K i and K ()i are the coefficients of the terms of order Pd and Pd* respectively
i i

in the expansion of K . Then, the physical extrinsic curvature, K , given by Eq. (€3,

can be formally expanded in the form

—2 - 2 = 3
K=o, (Pd K+ P K@)ij> +O(PdY, (6.76)

which means that in order to obtain the physical extrinsic curvature up to O(sz) we
only need the zero-th order piece of the conformal factor. The explicit expressions of the
coefficients of these expansions are given by equations ([@29]), (€20]) and (E3)).

With this in mind, we are going to extract the remaining modes of the initial data.
To that end, we use the expression of the separation vector € in spherical coordinates,
namely

cos @ cos sin
R " Rcosf)

Then, the non-zero components of the 3-metric on the initial slice are given by

¢ = (Sin 0 cos ¢, (6.77)

2 3
—1 qg Md 1 q(1—q) Md™ 1 22 4
= S | O 2 | O,
(6.78)
2 ¢ Md 1 q(1 —q) Md* 1 2
Yy = T 1+2W7;P2(5)—2m T =BO] +oEdd)
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where we have introduced the following definitions

1+
2

=

& =sinfcosp, o= (6.80)

We can now rewrite the 3-metric in terms of spherical harmonics as follows

2 3
—1 T g Md 1 2.0 2.2 mq(l1—q) Md" 1
= 1-2/=———————— Y7 —V6R(Y" -2/ = —
fyrr f { \/g(1+q)2 ,r,3 05 |: ( )] 7 (1+(])3 7‘4 0_7

X [\/3 RY* — V5 &e(y3’3)} } +oP 3, dY, (6.81)

2 T g Md1 [ 20 2,2 ﬂq(l—q)Md?’l

= 20,2,/ 24y v —o, /T -

/yab T3 5 (1+Q)2 r 0,5 |: ab \/68?( ab ):| 7 (1 +q)3 742 0_7

x [VBR(Y)) - VER(Y)| + o(P*d,d"). (6.82)

In order to repeat this procedure with the extrinsic curvature, we first need to
compute the components of the conformal extrinsic curvature with the separation vector
€ of Eq. (EZ0). The components of the conformal extrinsic curvature are given by

. Pd . 2, . 1-— L .2 2 3
P 35 sin” 0sin(2¢) — 31—+QF sin ¢ sin 0 (5 sin” 6 cos” ¢ — 2) + O(Pd") (6.83)
. 1—qPd’
K. = gl——k(z? cos fsin ¢ <5 sin” 0 cos” o+ 3) + O(Pds) , (6.84)
. P 1—qPd’
KR@ = 3R_g sin” 0 + gl——l—gR—Cf)’ sin @ cos [sin2 0 (5 cos” © — 14) + 3} + O(Pdg) (6.85)
. 3Pd 31-qPd" . , | 2 2
K% = 3" sin(2¢) [cos(20) — 5] — 1170 R sin @ sin ¢ [5 cos” ¢ (cos 60— 3) + 3}
+ oPd), (6.86)
. 3Pd . 31-qPd’ . » 2 3
Kﬂgp = “1R® sin(20) cos(2¢) + 3174 i sin” 0 cos 0 cos ¢ (5 cos” p — 2) + O(Pd"),
(6.87)
A P 151 — g Pd’
ng = gfd sin” 0 sin(2¢) [1 + 3 cos(26)] + ;?ZR—dz sin” § sin ©
X [0082 ") (3 sin” 6 — 2) - 1} + O(Pdg) . (6.88)

Here we have checked that the terms of O(Pd) agree with those in [183] (up to a typo
in their value of the {6, ¢} component). The next step is the calculation of the physical
extrinsic curvature in terms of spherical harmonics and Schwarzschild coordinates. This
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quantity is given by

67 Pd1 37T1—qu 1 7 1,1 3,1
K = 4 “y(Y?) -2 s +s®
L= W R0 T Vs a0
- \/B%(Y’)] +O(Pd), (6.89)
B Pd 1 g0 1 [m1-qPd 1 [ ,—_ 11 [14 20
K = 2V3r 2\/_5 +3 S Thg 1 V7ol 6\/ﬂd(Ya )+ 16 - R(S™)
+ S - VIBS(Y® )]+O(Pd) (6.90)
L 6_77@ 22 o 22 1 1—qu 1 NP |
K, = /%= 25027 + 5230 5\ T S {ovidsw))
= s R 6807 + 825 - VB [690r2%) + w(Z%)] } +O(Pd).

(6.91)

Eqs. (E8TE82) and ([E89)- (@91 give the complete harmonic decomposition of the initial
data (y , K ). We must now extract the initial values of the metric perturbations and
ij’ g

their time derivative by comparing these expressions with Eqs. (E64)-(E60) and (G7Z0)-

E72). To simplify notation, we now drop the truncation error in all equations, since

it has already been given in the main expansions. Comparison of Eqs. (E8T6.82) with
gs. (E64)-(E50]) yields the non-vanishing initial metric perturbations, namely

2,0 2,0 ™ q
K7 = hW=-2y/———— 6.92
f rr \/;(1 4 q)2 ) ( )
2,42 2,42 67 q Md® 1
K~ = K™ =4 ———s—— 6.93
f T 5 (1+q)2 r? o°’ ( )
3,41 3,41 |3 (1 —q) Md® 1
K = th’T’ =F 7 (1 n q) 7«4 > (694)
3,43 3,43 _ /57rq(1—q)Md 1
K~ = h _—— —. 6.95
/ 7T (14+q)?° o (6.95)

As we can see, all the axial metric perturbations initially vanish. Now, in order to obtain
the initial values of the time derivative of the metric perturbations, we must compare
Egs. (EX9)-(E91) with Eqgs. (620)-6Z2). It is important to realize that in Eqs. (G2Z0)-
(672) there are terms that are associated with the gauge freedom of choosing the slicing,
more specifically, terms associated with components of the shift vector [see Eq. (EG8])].
Moreover, there is no unique way of assigning values to the different time derivatives
of the metric perturbations and the metric perturbations themselves. This reflects the
fact that the values of the metric perturbations are gauge dependent, since in general
the components of the metric perturbations (and their time derivatives) are not gauge
invariant. Keeping this in mind, we have assigned the following initial values to the time



derivatives of the metric perturbations: the non-vanishing polar modes are

and the axial ones are
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(6.96)
(6.97)
(6.98)
(6.99)
(6.100)
(6.101)
(6.102)
(6.103)
(6.104)
(6.105)

(6.106)

(6.107)
(6.108)

(6.109)

By using the correspondence between our parameterization of the metric perturbations
and that of Regge Wheeler [Eqs. (CI))-(CH) in Appendix[C] we have checked that up to
(’)(d2) and O(Pd) our expressions agree with those found in [183] (up to a typo in their

h"). We have decided to assign values to the time derivatives of the metric perturbations
s

and the metric perturbations themselves by the following usual convention: all modes
with £ = 1 are assigned to metric perturbations associated with the shift vector. These
perturbations represent either translations or rotations of the observers associated with
the normal to the initial slice with respect to our coordinate system. In our case, these
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perturbations are given through the following relationships

/ 2
v£1  f o1+ —1—qPd”\f
fhtT + ghtr = —1 67T 1—_|_q7? s (6110)
1,41 2 1,41 1,41 . Pd*1— g1
pt _;pt +ht7’ =1V 67T71——i—q?7 (6111)

1—qPd
P it~ /%ﬂ ¢ Pd VT (6.112)

tr 1+q 7,,2 0_2

Here, two comments are in order. First, one can see that these equations are consistent
in the sense that the derivative of Eq. ([EII2) with respect to r can be reduced to a
trivial identity by using Eqs. (GII0) and (EI11]). Second, from these equations we can
immediately see that the shift vector is different from zero [see Eq. (E68)]. A non-zero
shift could in principle be a problem if we wanted to place observers at constant r (in
the wave zone), evaluate the linear momentum flux, and then infer a recoil velocity of
the final black hole after the merger. If we were to do this, the measured velocity would
have a component due to the motion of the observers with respect to the position of the
final black hole, as described by the shift vector. This contribution would then have to
be subtracted, but it can be seen that the shift vector decays quite fast as r becomes
large and, hence, this effect would be negligible.

6.4.4 Initial data for the master functions

Using the initial data for the metric perturbations [Eqs. (E92)-(E93), (E94)-
ET06), and Egs. (6I07)-@I09)] in the master functions [Eqs. (640)-(E48)], we can

e . Im wdm Im + dm Im = dm
compute initial data for them: (\IIZM, \I/ZM), (\I/RW, \I/RW), and (\IICPM’ \IICPM) on

the initial slice t =1¢ .
o
The results for the Regge-Wheeler master function are:

Im

W =0, (6.113)

o1 271 — g Pd’* V(1= VT)
U =T e o (T = 8). (6.114)

and for the Cunningham-Price-Moncrief master function are

430mr 1—qPd’ 1
R e S (6.115)
CPM 3 5 1+qr® o
A § (6.116)

CPM
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In the same way, the non-vanishing initial data for the Zerilli-Moncrief master
functions is given by

2.0 2 | q Md* 14 b0

Ay i , 6.117
ZM 3\/;(1_’_q)2 T2 A2O'5 ( )
2,42 27 q Md* 1+ 50

Y , 6.118
M 15 (1+¢)* * A° ( )
341 1 [7q(l—q) Md’3+ 70

Sy R , 6.119
ZM F51/ 91 Qa7 Ao (6.119)
3,43 1 57Tq(1—q)Md33—|-70

S By el , 6.120
ZM N T 0ra’ 7P Ao (6.120)

.9 19 . 67 Pd\/f 3M
U =4y ——-— 4+ — 121
ZM ! 5 p2 A2 < + r >’ (6 )

. 2

- 3,41 i [t 1—qPd f M

U =y = 10 14+ 30) — 6.122
M 2V 211+¢ 73 A30_3 J+( + J)T > ( )
343 i [Brl—qPd T M

U =\ = 10 14+30) —| . 6.123
ZM 2V 7 1+q o3 A303 o+ (1+30) T ( )

Note that the master equations do not have the same uncontrolled remainders as its
derivatives, since they come from different components of the initial data. In the case of
unboosted head-on collisions [18(], the initial data scales in powers of a. Therefore, one
only needs to perform one single numerical evolution of the master functions for some
reference value of d = d*, and the results for any other value of d can be found using the
scaling relation. For non-time-symmetric data, such as for quasicircular or boosted sets,
such scaling does not exist. In our case, for example, although \Ifén;/l still scales as dN, its

time derivative U™ scales as Pd". Therefore, the master functions themselves are not
straightforwardly scalable and several runs with different values of the initial parameters
must be performed.

6.5 Results from the CLA

In this section, we evolve the master functions with the initial data obtained in
the previous sections in the CLA scheme and report the results for the main physical
quantities, in particular for the gravitational recoil velocities. We first need to choose
appropriately the parameters that completely determine the initial data, such that it de-
scribes a binary black hole system merging from a quasicircular orbit (subsection E5T]).
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Then, in subsection 52 we use a numerical code to evolve the different master equa-
tions [Egs. (E49)] and compute the relevant physical quantities. We discuss the results
and compare with previous ones in the literature when possible.

6.5.1 Determining the parameters of the initial data

Our initial data depends on the following parameters:

The total (ADM) mass of the system, M;

e The mass ratio, where one can use either the bare mass ratio ¢ or the physical one

Q, related by Egs. (GI3) and (6I6]).

The initial separation, where again one can use the bare separation d or the physical
one D, related by Eq. (611);

The linear momentum parameter P of each individual hole.

Within the family of initial data spanned by these four parameters, we need to
single out the subset that corresponds to configurations in quasicircular orbital motion.
In numerical relativity this is done by looking at the minimum in the binding energy of the
system with respect to the distance, while keeping the total ADM angular momentum
constant (see, e.g. [1&]). We here follow the same procedure without using the slow
motion approximation. The binding energy that we minimize is

E, =M, —M —M_. (6.124)

where M ADM is the total ADM mass and it is computed in the asymptotically-flat region
containing the two holes (20). This mass is given by (see, e.g. [201])

2

5P
MADM =M+ S (6.125)
where M is given in Eq. (BIZ) and p is the reduced bare mass, i.e. p = m1m2/M.
Moreover, in Eq. (6124, Ml and M2 denote the masses computed in the asymptotically-

flat regions 21 and 22. These masses are given by (see, e.g. [201])

2
P
A
where MA is given in Eq. (EIT]). Then, the binding energy can be written in the following
form )
my;m J
E =12, “
b a2l
where J is the ADM angular momentum, given by J = Pd. This binding energy is
formally the same as the one corresponding to a binary system in Newtonian gravity.
One can then minimize this binding energy with respects to d, while keeping J fixed, to

(6.127)
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obtain the condition for quasicircular motion (note that in our context there is no such
a thing as an ISCO)

d=——. (6.128)

In the same way, one can calculate the associated orbital frequency of such orbital motion
by differentiating the binding energy with respect to J, while keeping d fixed. The result
is

0= % : (6.129)
o’

From Eq. (EI28) we can write the linear momentum P is terms of the other parameters

of our initial data as
| M

The binding energy and other quantities derived from it have a Newtonian form because
of the particular type of initial data that we are using: a conformally-flat 3-metric with a
Bowen-York extrinsic curvature and a Brill-Lindquist conformal factor. The PN metric
produced by a binary system differs from conformal flatness at (9(04) (see [101, 26]
for the argument in the case of time-symmetric initial data), and, hence, the binding
energy used above differs from the PN binding energy at that order. Note, however, that
although the binding energy, linear and angular momentum used here have a Newtonian
form, they are not strictly Newtonian. This is mainly because the distance parameter d
is not the physical distance D, which is related to the parameter d via Eq. ([@I7).
Adopting Eq. (GI30) for the linear momentum parameter in our initial data and
leaving the total mass M fixed (which defines a system of units), we reduce our initial
parameter space to a 2-dimensional one. The final parameter space can be parameterized
either by the bare quantities (g,d) or by the physical quantities (@, D). The range of
q, or @, is the obvious one, i.e. [0,1], while the range for the bare distance parameter
dis [d in’d L A]’ where d LA is an estimate of the maximum distance for which the
CLA is expected to be valid. For the case of equal-mass head-on collisions, it has
been shown [172], by comparing with second-order calculations and with fully numerical
relativistic simulations, that d T 1.7 M, which roughly corresponds to D T
4 M . On the other hand, in principle dmin could be just zero however, if we adopt the
prescription (EI30) for the linear momentum parameter, then we are limited by the slow
motion approximation that we are using, which means that dmin should be bigger than

gM /(1 + q)2. Finally, we should remark that the CLA also is expected to fail in the
point-particle limit [202], but, as we will see, the recoil is very small when @ < 1.

In order to study the gravitational recoil in the CLA scheme, we are going to
evaluate the recoil velocity for a representative number of (physical) mass ratios for a
given fixed physical distance D . In particular, we study the cases D =3, 3.5, 4 M and
instead of using ) we use the physical symmetric mass ratio

M, M, __Q
(M, +M,)*  (1+Q)*

n = (6.131)
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The inverse relation is given by

Q=5 (1-vi=n)-1. (6.132)

However, the parameters that appear in our expressions for the initial data are the bare
ones. Then, in order to obtain a plot of the recoil velocity in terms of the physical
mass ratio, we need to translate from the set (Q, D) to (g,d). This, however, is not a
trivial calculation because the definition of D [Eq. (EID)] is quite intricate, involving =
and z,. These numbers are the values of the coordinate x in the conformal flat space
of the intersections of the extremal surfaces (marginally trapped surfaces or apparent
horizons depending on the parameters of each particular configuration) surrounding each
individual hole with the X-axis. The translation has to be done numerically through the
following iteration scheme in which the physical distance D is kept fixed:

1. Given a value of 17 we pick an initial guess for the bare distance, say d .
*

2. By solving the equations that determine the extremal surfaces surrounding each
individual holes (they are given in Appendix [E]) we find some intersection points x:

and :17; . This requires another iteration, since we do not know a priori where these
surfaces are located. What we do is to start, for each individual hole, with an initial
guess for the intersection of the extremal surface at the other end of the X axis
(the intersection more distance to the other hole) and integrate the corresponding
ODEs by using an extrapolation Bulirsch-Stoer scheme [203, 204, 205]. Then we
study whether the integration ends far away from the X axis or converges towards
it. We repeat the iteration until we find the intersection points x: and :17; with
enough accuracy.

3. Using Eq. (GI7) we compute the physical distance associated with these values of
the intersection points and (¢ ,d ) [where ¢ is computed in terms of n and d using
>k * * *

expressions ([E132) and (GI4))], D . We compare D_and D and stop the iteration

if the absolute difference between them is smaller than 10~ M . Otherwise, we go
back to point (i) changing the ansatz depending on whether D* is bigger or smaller
than D .

We have carried out this iteration for 101 values of . The coordinate distance
(in the conformally related flat space) from the holes to the intersection points of the
extremal surfaces is shown in Figure Here, we observe how these distances move
from equal values (top right) to the values corresponding to the point particle limit,
M2 —m, —0 (top left). The bare distance as a function of 7 is shown in Figure
for the three values of fixed proper separation.

6.5.2 Results from the numerical evolution of the master equations

We now have initial data for the master equations and also a method to prescribe
the initial data parameters in a meaningful way. Then, the next step is to evolve the
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X;, X=Xp (M)

1

X, —

Fig. 6.2. Plot of the coordinate distance between the holes and the intersection points
of the extremal surfaces with the X-axis in terms of the symmetric mass ratio n for three
values of the physical distance: D =3, 3.5, 4M .

master equations [Eq. (E49)]. In this paper we use a numerical code, based on Finite
Element methods, that was developed in [206] for calculations of the gravitational ra-
diation emitted by a point particle orbiting a non-rotating black hole. This method is
based on linear elements and hence it has a second order convergence rate with respect
to the spatial resolution. The time-evolution algorithms that it uses are second-order
and unconditionally stable, since they are based on implicit methods. Apart from the
tests of the numerical code carried out in [206], we have also done some checks to val-
idate the additional infrastructure added for the gravitational recoil calculations in the
CLA scheme. First, we have checked that the energy and angular momentum emitted
in an equal-mass grazing collision coincide with the ones found by Khanna et al in [183].
Second, we have checked that the recoil velocities that we obtain are consistent with the
plots shown by Andrade and Price [18(] for the case of head-on collisions from rest of
unequal mass black holes using BL initial data.

We have then performed evolutions for 101 equally-spaced values of the symmetric
mass ratio 7 covering the whole range [0, 0.25] for the three values of the physical distance
mentioned above, i.e. D =3, 3.5, 4 M . The procedure to calculate the bare distance d
has been described in the previous subsection. Finally, the linear momentum parameter
P is obtained through Eq. @I30). For each evolution we have computed the fluxes of
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Fig. 6.3. Plot of the bare distance d in terms of the symmetric mass ratio 7 for three
values of the physical distance: D =3, 3.5, 4 M .

energy, angular momentum and linear momentum carried by the gravitational waves to
infinity.

Our initial data only has a few non-zero multipoles contributing to the gravita-
tional radiation emitted. Thus, the expressions for the different fluxes simplify dramat-
ically. The energy flux is given by

. 3 =20 2 221 2 2292 2
EGW - %[(\PZM) +2|\PCPM| Jr2|\IIZM|
- 3,1 2 - 3,3 2
+ 10 <|\IIZM| + B )} , (6.133)

Figure shows the total energy to infinity, given by the integral of Eq. (EI33]) over
time, as a function of the symmetric mass ratio.
The angular momentum flux also simplifies greatly and becomes

. 3 2.2 2,2 2.9 2,2
Low = o {%(\PZM)%(\I’ZM) = (T )R )
9 - 3,1 3,1 - 3,1 3,1
+ 3 [m(\yZM)s(\yZM) - g(mZM)&e(\yZM)}

+ ? [%(\i';fa)%(‘l’;fa) - 3(‘1’;’1?4)3?(‘1’;’54)]} - (6.134)
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Fig. 6.4. Energy radiated to infinity in terms of the symmetric mass ratio 7 for three
values of the physical distance: D =3, 3.5, 4 M .

Note that Eq. ([EI34) does not contain any contributions from the axial modes, since
the only non-zero axial mode, \I/é;M, is purely real. Figure shows the total angular
momentum radiated to infinity, given by the integral of Eq. (E134]), as a function of the
symmetric mass ratio.

Finally, the gravitational waveform also simplifies, and we obtain

V6 2,0 2,0 22 2,2 2,2 2,2
o= 2o Y R DRV 280 ) (YY)
3,1 3,1 3,1 3,1
T+ 2VB RO RCY™ = S ) Sy
3,3 3,3 3,3 3,3
+ O RTIRCY) =SS,y )}} (6.135)
26 2.1 2,1
h, = SR R, (6.136)

where the definition and some properties of the spin-weighted spherical harmonics ytm
are given in Appendix [BZ3 Note that the x-polarization consists purely of the saxial
modes, while the 4-polarization contains only polar contributions. Figure shows a
typical metric waveform, namely h__ as a function of time, for an observer located at
~ 300M on the Z-axis (the cross polarization vanishes on this axis).
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Fig. 6.5. Angular momentum radiated to infinity in terms of the symmetric mass ratio
n for three values of the physical distance: D =3, 3.5, 4 M .

Let us now concentrate on the main physical quantity of interest, namely the
linear momentum flux, given in Eqs. [GATHEET). These expressions reduce to
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Fig. 6.6. Metric waveform h+ for the case D = 3.5M and n = 0.185 as a function of
time. The observer is located at ~ 300M on the Z-axis

~Z

PGW = 0. (6.139)

As we can see, there is only contributions from the overlap of polar modes with different

¢ and m. From this flux, the recoil velocity can be obtained by performing the following
integration

i 1

t .
_ f 5t
Uecoit = 37 . dt P' (6.140)

where the integration times, ti and tf, are such that the time interval includes essentially

all the contribution from the waves to the flux. We can then calculate the magnitude of
the recoil velocity simply by

YUrecoil \/(Um)2 + (Uy)2 + (Uz)z ) (6.141)

where v* = 0 in our case, due to the choices made in the initial setup. Figure B shows
the time derivatives of the master functions that contribute to the recoil velocity for
a typical evolution. In this figure, we have separated the real (bottom panel) and the
imaginary (top panel) parts of these time derivatives. Observe that the magnitude of
the ¢ = 2 modes is much bigger than the one of the £ = 3 modes, as expected. This also
gives an indication that the superposition of the £ = 2 modes with £ = 2 and £ = 3 modes
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is going to be the dominant contribution to the gravitational recoil. The contribution
from superpositions involving higher £’s is going to be much smaller.
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Fig. 6.7. Time derivate of the Zerilli-Moncrief and Cunningham-Price-Moncrief master
functions as a function of time, for the case D = 3.5M and n = 0.185. The plots in the
top panel represent the imaginary parts whereas the ones in the bottom panel represent
the real parts.

Figure shows the the linear momentum flux as a function of time. Observe
that the magnitude of the z-component is bigger than the y-component, which reflects
the fact that our configuration corresponds to the transition from merger to plunge.

Finally, Figure B9 presents the magnitude of the recoil velocity as a function of the
symmetric mass ratio, for the following initial physical separations: D = 3,3.5,4 M .
For all cases studied, the maximum velocity is reached for a symmetric mass ratio of
n ~ 0.19, which agrees with the value reported in Refs. [49, 57] up to uncontrolled
remainders. Observe that this maximum is not a strong peak, but instead resembles a
plateau, where this maximum is spread out for a number of etas, as also seen in other
calculations [49, I57].
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Fig. 6.8. Linear momentum fluxes, PéW and P(y;w, as a function of time, for the case
D =3.5M and n =0.185.

6.6 Estimating the total recoil

In this section, we discuss the recoil velocities obtained from the evolution of the
master functions and produce lower and upper limits for the total recoil velocity. In
particular, we will provide analytic approximations to the data and we will also compare
these results to other ones already present in the literature.

One of the limitations, and at the same time an advantage, of the CLA scheme
is that the initial separation of the black holes must be sufficiently small in some well-
defined sense. Apart from numerical relativity, this method is the only known one to
be capable of producing accurate estimates of physical quantities near plunge. This
advantage, however, is a double-edged sword since the method cannot account for the
inspiral phase. Actually, the initial separation must even be smaller than that for which
the last ISCO exists. Thus, not only is the inspiral phase neglected but also the beginning
part of the merger phase.

Due to these limitations, an approximate value for the total recoil velocity cannot
be provided by the CLA alone, without supplementing it with some other scheme valid
when the system is well separated. The PN scheme is well suited for this task and
extensive studies have been recently carried out [49, 57] to estimate the recoil velocity.
The approximate recoil velocity accumulated from infinity up to some final separation
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Fig. 6.9. Magnitude of the recoil velocity in terms of the symmetric mass ratio n for
three values of the physical distance: D =3, 3.5, 4 M .
in the PN scheme is given by [49]

o = 64 20Mpy
PN

z, [1— @4——1139 x —l-@mng/z
105" Mot 87 522 1) T s ™
71345 | 86761 147101 2\ o
229968 ' 2088 | " 68904 | ) Tyl

(6.142)

with remainders of O(v”). In Eq. ([6122), Ty = (mwf)2/3 is a PN parameter, m
m1,PN + m2,PN is the total mass, m

PN
LopN A€ the masses of the PN point particles, n =
mym,/m” is the symmetric mass ratio and dmpy =

ml,PN _mz,PN is the mass difference.
The PN masses m, , pyy have been shown to agree, within the PN approximation, with

the horizon masses M, , [101, 26] and we make this identification here. The angular
velocity w is given to (’)(v4) by

2
m m m 41
o= e e B gy T (64 ) (6.143)
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and ey is the angular velocity evaluated at some final coordinate separation bf. Post-
Newtonian theory is usually carried out in harmonic coordinates, which are different from
the Schwarzschild coordinate system we use in the CLA scheme. However, sufficiently
far from the holes, D ~ b, to (’)(vz).

Supplementing the CLA estimate with the PN estimate, we can obtain upper and
lower limits on the possible values of the magnitude of the recoil velocity. A lower limit
can be obtained via

v [0,4M] + Upx [6M , 0], (6.144)

low UCLA
where Vby [D2, oo] is the PN estimate for the recoil velocity of Eq. (GI42) evaluated at
b IS D2. For this lower limit, we evaluate the PN estimate at the edge of the region of

-3/2 .
=6 /,asdonem

validity of the PN approximation, i.e. b ;= 6M, or equivalently x f
Ref. [49]. This location corresponds to the ISCO of a test particle around a Schwarzschild
hole of mass M. One obtains this value of x (b, = 6M) by neglecting terms of (’)(v2)
and higher in Eq. (ETZ3]). If we had included these higher order terms in w f and x P
the upper bounds would have decreased by approximately 50 km/s. These higher order
terms, however, become large as b becomes smaller, and thus we choose to neglect them
to have a conservative upper bound. In Eq. (E&IZ4), v CLA [0, Dl] is the estimate of the
recoil velocity in the CLA approximation with an initial proper separation of D = Dl.

The estimate of L. is a lower limit because it does not take into account the
contribution to the gravitational recoil in the region b € (4,6)M. In this region neither
the CLA, nor the PN scheme, is guaranteed to provide an accurate estimate for the
recoil. However, it is possible to construct upper limits by modelling either the entire
region or part of it with PN and CLA estimates. Such upper limits are given by

[0, 4M] + vy, [4M, o] (6.145)
[0,5M] + v, [BM, o] (6.146)

Uup,l o UCLA
vup,2 o UCLA

These expressions are upper limits because the contribution to the recoil estimated either
with PN theory or the CLA approximation in the region b ;€ (4,6)M is monotonically
increasing with b Iz

Equations (6144)), (E143]), and (EI46]) require some extra justification and clari-
fication. In general, it is not true that the magnitude of the total recoil can be estimated
by adding the magnitude of the integrated momentum flux in the region [4M, co] to
that in the region [0,4M]. The important point is that the cut is made at a separation
D = 4M in the regime where the main contribution to the recoil comes from. Then,
the main contribution to each recoil velocity vector comes from the region near the cut
and hence, the error we made by adding the norms will be relatively small. Indepen-
dent of this argument we have the inequality v[0,00] < v[0, D ] + v[D_y, 0] (with
equality when v[0, D] and v[D,,,cc] are aligned). In this sense, the proposed upper
limit is indeed always an upper limit, irrespective of the orientation of the vectors. As
for the lower limit, neglecting the accumulated recoil in the region [4M,6M] is a very
conservative estimate, because there the recoil accumulates greatly. Thus, the issue of
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Fig. 6.10. Estimated lower (black solid curve) and upper limits 1 (dotted red line) and
2 (dashed blue line) for the recoil velocity after a binary black hole merger as a function
of the physical symmetric mass ratio. Note that the maximum occurs roughly in the
same place, namely n* ~ {0.19,0.2}.

the orientation of the vectors will not affect the fact that this is a lower limit, as other
recent estimates in the literature confirm.

Figure shows the behavior of these upper limits (red dotted and blue dashed
lines respectively) and the lower limit (black solid curve as a function of . The maximum
in these curves occurs roughly at the same symmetric mass ratio, namely n ~ {0.19,0.2}.
The slight disagreement in this maximum is within error bars and rooted in that PN
theory predicts it at approximately 1 ~ 0.2, while the CLA predicts it at n ~ 0.19.
We should note that the maximum recoil from v - [0,4M] and v - [0,5M] is approxi-
mately 64 km/s and 215 km/s, while the maximum recoil from UPN[4M , 0], U [5M, 0]
and UPN[6M ,00] is approximately 160 km/s, 50 km/s, and 20 km/s respectively.

A non-linear fit can be performed to these curves via Eq. (E1])

Uﬁt:a772 1—477(1+b77+c772> ;

where the fitting parameters a, b and c are listed in Table &1

Observe that the mean square error for all cases is small, which is an indication
that Eq. [61]) is a good analytic model for the functional form of the recoil velocity. In
this table, we also present the values corresponding to the estimates of Refs. [49] (BQW)
and [57] (DG.) Since the predictions of these references are based on analytic formulae,
the mean square error can be made arbitrarily small by increasing the number of points
in the discretization of the analytic curve.

With the analytic fits to the upper and lower limits, we can construct a curve
that is in between these limits with an error given by the distance from the curve to
the upper or lower bound. Such a curve is given by Eq. (GJ]) with the following fitting
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Model |a(km/s) | b | ¢ | Mean square error
Uy [0-3M] 1841 | —3.31 | 3.45 0.001
YarA [0,3.5M] 3548 | —3.15 | 3.33 0.003
UCLA[O’ 4M] 6576 | —2.98 | 3.21 0.008
low 7782 | —2.51 | 2.73 0.008
vup 1 14802 | —1.13 | 1.48 0.008
v 23124 | —2.33 | 2.61 0.06
up,2
v 12801 | 025| 0 107°
BQW
v 4483 | —0.95 | 2.68 107"
DG

Table 6.1. Values of the parameter of the non-linear fitting for the following models:
the CLA with initial separations of D = {3,3.5,4}M; the lower and upper limits of
Egs. (E124)- (6146]); Taylor PN (BQW) and EOB PN (DG) calculations [49, 57].

parameters
Apy T Q
a = y ’ (6.147)
b o— alowblow + aupbup 7 (6.148)
Aow + aup
A1 Clow T Gy ©
¢ = low “low up“up : (6.149)
Aow + aup

while the error on this curve is also given by Eq. (@1]) with the following fitting param-
eters

a —a
a = — T (6.150)
b o— alowblow - aupbup 7 (6.151)
Qow — dup
¢ = Yowlow ~ PupCup 7 (6.152)
Qow — Aup

where the subscript low and up stand for the fitting parameters of the lower or upper
limit respectively. This curve is only an alternative way to visualize the upper and lower
limits of Fig. The curve is not to be interpreted as the best guess in this work,
since in principle, the recoil velocities present in nature could be closer to either upper
or lower limit.

We can now compare these estimates of the recoil velocity with those present
in the literature. Fig. shows the recoil velocity in units of km/s as a function of
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Fig. 6.11. Estimates for the recoil velocity (km/s) of the inspiral and merger of a
binary system of compact object as a function of the physical symmetric mass ratio
parameter. The symbols used are the following: squares and triangles stand for black
hole perturbation theory results |46, 4&]; circles stand for Lazarus results [166]; stars and
crosses correspond to full numerical relativistic simulation [170, [171]; the dotted line and
the dashed line correspond to 2 PN Taylor expansions [49] and 2 PN effective-one-body
expansions [57] respectively. The solid black line corresponds to the estimate of this
paper, which, together with the error bars, condense both upper and lower limits. Other
error bars, when present, correspond to an estimate of some of the error contained in
the calculation.

the physical symmetric mass ratio as estimated in the literature and by this paper. As
is clear from the figure, there are many approaches to calculate this velocity and not
all of them agree. The symbols used are the following: squares and triangles stand
for the results obtained using black hole perturbation theory in the extreme-mass ratio
approximation in Refs. |46, 4&] respectively; circles stand for the calculations carried out
via the Lazarus approach [16€]; stars and crosses correspond to the results coming from
a full numerical relativistic simulation (PSU stands for Ref. [170] and NASA stands for
Ref. [171]); the dotted line and the dashed line correspond to the 2 PN Taylor expansion
approach [49] and the 2 PN effective-one-body (EOB) approach [57] respectively. The
solid line with error bars is the estimate of Eq. ([EIZ96T52) that properly condenses the
lower and upper limits into one curve. We briefly describe each approach below.

In the PN calculations of Ref. [49], the recoil velocity (dotted line in the figure)
and momentum flux are estimated by studying the 2 PN Taylor-expanded radiative
moments of a binary system of compact objects, while in Ref. [57] an effective-one-
body approach is used (dashed line in the figure.) Post-Newtonian calculations are
usually valid only when the binary is weakly gravitating, or equivalently when the orbital
separation is greater than the ISCO. In this regime, the recoil velocity (Eq. (6I42) has
been found to be small for any mass ratio (usually less than 20 km/s), since, as expected,
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most of the contribution to the recoil comes from the merger part of the inspiral. In
Ref. [49] the calculation is extended through the merger by integrating the 2 PN Taylor-
expanded momentum flux along a geodesic of the Schwarzschild metric. On the other
hand, Ref. [57] uses the effective-one-body Hamiltonian to extend the inspiral through
the merger. Both of these approaches have inherent errors that are difficult to estimate
without calculating the 3 PN contributions to the recoil velocity.

Black hole perturbation theory has also been used to estimate the recoil velocity
in Refs. [4€, 48]. In these studies, the extreme-mass ratio approximation is adopted (i.e.,
@ < 1) and then the system is approximated as a point particle orbiting a black hole.
The first study of the recoil velocity using this formalism was performed in Ref. [4€]
(squares in the figure), but there the gravitational force was treated as Newtonian and
only the lowest multipoles were considered. In Ref. [48], these relativistic effects were
taken into account, as well as spin, and the velocity estimates were improved (triangles
in the figure.) The extreme-mass ratio approximation, however, requires Q < 1, which
allows the exploration of a limited section of the n-space.

A combination of black hole perturbation theory and full numerical relativity
(the so-called Lazarus approach) has also been implemented to estimate the recoil ve-
locity [166]. In this case, a full numerical relativistic simulation is carried out until the
black holes merge and a single perturbed spinning black hole has formed. Then, this
spacetime is used as initial data in a Teukolsky evolution to determine the recoil velocity
(circles in the figure.) The error in this calculation is rooted in the interpretation of the
initial data as that of a perturbed Kerr spacetime. Finally, there have also been recently
full numerical relativistic simulations of binary black hole coalescence [170, [171] (shown
as stars and crosses respectively in the figure.) In this case, the error shown in the figure
is assumed to be given only by finite differencing, while the error due to initial data is
neglected.

Even though there has been much work in the calculation of the recoil velocity
there is still some disagreement. In Fig. we observe that there seem to be three
groups of results: one that clusters around the 2 PN Taylor expanded result; another
that is close to the 2 PN effective-one-body result; and a third one that is in between
the first two. This disagreement, however, is misleading in several ways. First, some
estimates of the recoil velocity quote no error bars, as is the case of the first perturbation
theory approach [46] and the 2 PN effective-one-body approach [57]. Second, the error
bars that do exist in other calculation are only estimates and could very well have been
underestimated. A surprising disagreement is between the PN approaches, since when
used to calculate other quantities, such as the angular frequency at the ISCO, they do
agree. This disagreement seems to be rooted in the fact that the greatest contribution
to the recoil velocity comes from the merger part of the inspiral, where neither extension
of the PN approach is guaranteed to be accurate.

Our estimates seem to agree with most results if one accounts for error bars. The
results of Refs. 46, [166, 48] (squares, triangles and circles in the figure) seem to overesti-
mate the recoil, which is expected in the case of the extreme-mass ratio approximation.
The PN results of Refs. [49, [57] seem to overestimate and underestimate the recoil re-
spectively, but they are consistent with our bounds if one takes their error bars (not
shown in the figure) into account. The full numerical relativity results seem to overlap
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with our bounds, although there are only a few of them. We should note that our bound
seems to disagree with the full numerical relativistic result for n ~ 0.18, but that result
seems to be an underestimate because of the small initial separation [207].

6.7 Conclusions and Discussion

We have calculated the recoil velocity after the merger of an unequal mass binary
black hole system using the CLA scheme. This approximation assumes that the black
holes are close enough that the system can be approximated by a single perturbed black
hole spacetime. In contrast to other approaches, except for full numerical relativity,
this approximation allows us to make valid statement about physical process when the
system is close to plunge. Therefore, it is of great interest to use this method for the
study of gravitational recoil. However, the CLA has the disadvantage that it cannot be
used during the beginning of the merger or the inspiral phases.

Initial data for the CLA can be constructed analytically by mapping data suit-
able for a binary black hole inspiral to that of a single perturbed hole. With such
initial data, the Cunningham-Price-Moncrief and the Zerilli-Moncrief master functions
can be numerically evolved from some initial proper separation through ringdown. These
gauge-invariant master functions contain all the information necessary to evaluate the
gravitational metric waveforms and, thus, the energy, angular momentum and linear
momentum fluxes carried away from the system.

The results obtained can be summarized as follows. First, the maximum recoil ve-
locity obtained in the CLA scheme is of v ~ 64 km/s for the maximum initial separation
allowed by this method (D = 4M). This maximum occurs at a symmetric mass ratio
of n ~ 0.19. By supplementing this estimate with PN ones valid in the inspiral regime,
we obtain lower and upper bounds with maxima of v ~ 84 km/s and v ~ 220 km/s
respectively. We have further provided non-linear analytic fit functions that conveniently
parameterize these bounds, together with the results from the CLA, and other results
in the literature. These results also suggest that there is a region around D ~ {4,6} M
that greatly contributes to the recoil, but can only be poorly modelled by current ap-
proximation schemes.

Ultimately, the estimates presented here suffer of the same predicaments as other
calculations. Due to its analytical nature, the CLA relies on certain assumptions that do
not hold over the entire history of the binary. Such assumptions introduce an error in the
estimated recoil that is difficult to quantify. In particular, the assumptions made here
are the following: close separations ; slow-motion; simple initial data. The close-limit
assumption is essential to allow a mapping of a binary inspiral to a single perturbed
spacetime. The slow-motion approximation supplements the close-limit assumption and
can, in principle, be improved on in future extensions of this work. The choice of initial
data is assumed to represent the gravitational content of some initial slice, although we
know that this fails even at large separation because it does not agree with the devi-
ations from conformal flatness predicted by PN theory. Moreover, it does not contain
any radiation, which is not what it should be expected for initial data corresponding
to a snapshot of the orbital evolution. Due to these assumptions, the estimate of the
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recoil velocity will be contaminated by some error. However, experience in CLA calcula-
tions indicates that the error made only overestimates the physical quantities calculated,
relative to full numerical simulations [175, 208, [183].

Future work will concentrate on extending this approach to second order in P
and to other, more realistic, initial data sets [107, [93]. Ultimately, it would be inter-
esting to compare the CLA approach directly to full numerical relativistic simulations
in an attempt to determine the region of validity of the CLA more accurately. Another
possibility is to use a multi-parameter perturbation scheme (see [209, 210, 211, 212])
where perturbations in the linear momentum and separation parameters can be cleanly
separated at the different perturbative orders.
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Chapter 7

Gravitational recoil velocities

from eccentric binary black hole mergers

The formation and growth of supermassive black holes is a key issue to un-
veil the secrets of galaxy formation. In particular, the gravitational recoil
produced in the merger of unequal mass black hole binaries could have a
number of astrophysical implications, such as the ejection of black holes
from the host galaxy or globular cluster. We present estimates of the re-
coil velocity that include the effect of small eccentricities. The approach is
specially suited for the last stage of the merger, where most of the emission
of linear momentum in gravitational waves takes place. Supplementing our
estimates with post-Newtonian approximations, we obtain lower and upper
bounds that constrain previous recoil velocities estimates as well as a best
estimate that agrees with numerical simulations in the quasi-circular case.
For eccentricities e < 0.1, the maximum recoil is found for a mass ratio of
M, /M, ~ 0.38 with velocities in the range 79 — 216 km s (1+e) and a best

estimate of 167km s~ (I+e).

7.1 Introduction

In present hierarchical cold dark matter cosmologies, large-scale structures are
formed by the merger of small (sub-galactic) structures that originated from small pri-
mordial density perturbationsﬂ [213]. In the case of galaxies, there is evidence that most
of the nearby ones host super-massive black holes (SMBH) at their centers [214, 215]
with masses in the range 10° — 109M®. Moreover, observations have revealed tight rela-

tions between the SMBH and the bulge of the host galaxy [21€], and indicate also that
the SMBH mass may be determined by the mass of the host dark matter halo [217].
This suggests that there must be a deep relation between the formation mechanism of
the SMBH and the host galaxy which is not yet completely understood. It has been
suggested [218] that SMBHs grow as a combination of gas accretion and mergers with
other SMBHs that come together as a result of the merger of their host dark matter
halos and dynamical friction [219].

The last stages of the merger of SMBHs will be driven by the emission of gravi-
tational radiation in the low-frequency band. These extremely energetic events will be

' This chapter is based on the following paper: C. F. Sopuerta, N. Yunes and P. Laguna,
Astrophys. J. 659, 1.9-12 (2006)
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observable by the planned space-based gravitational wave antenna LISA [51, 5(0]. In
addition to energy and angular momentum, in the case of unequal mass SMBHs, there
is a net flux of linear momentum carried away form the system by the gravitational
waves [163, [164]. Then, momentum conservation implies that the final SMBH remnant
will experience a recoil. There may be observational evidence of an ejected SMBH from
an ongoing galaxy merger [159] either from gravitational recoil or gravitational slingshot
of three o more SMBHs in the merger. The knowledge of the magnitude of the recoil
velocity is crucial to understand the demography of SMBHs at the centers of galaxies and
in the interstellar and intergalactic media, and their apparent absence in dwarf galaxies
and stellar clusters [220, 41]. An estimate of the recoil can also be used to constrain
theories in which SMBHs grow at the center of dark matter halos [160] and to estimate
SMBH merger rates [221].

In this letter, we present the results of a calculation of the recoil velocity based on
an approximation scheme which is valid when the black holes (BHs) are very close to each
other, that is, in the last stage of the binary merger. During this stage is where most of
the recoil accumulates. This contrasts with previous calculations that use approximations
valid when the BHs are well-separated, except for recent fully numerical relativistic
calculations [171, 170, 58]). We include the effect of eccentricity in the recoil velocity
since there are indications that SMBH binaries may have not completely circularized by
the time of merger [222, 223, 224].

7.2 Recoil velocities and the Close Limit approximation

General relativity predicts that an unequal mass binary system in coalescence
produces anisotropic emission of gravitational waves that carry linear momentum away
from the binary. As a consequence, the center of mass of the system experiences a
recoil velocity v [40]. The first estimates, done by [43] using a quasi-Newtonian ap-

proach, yielded a maximum v ~ 1480km s~ ' (r /7"f)4 for a symmetric mass ratio of
r g

n= M1M2/M2 ~ 0.2, where r = 2GM/C2 is the gravitational radius, M1 ) and M are
g R
the individual and total masses respectively, and r is the orbital separation at which

gravitational-wave emission ends. Similar results up to the innermost stable circular
orbit (ISCO) where found using a relativistic perturbative method [4€]. This velocity
estimate is large compared to galactic escape velocities. In contrast, the first post-
Newtonian (PN) calculation [4(] for neutron star binaries produced a much lower result:
v <1lkms ‘.

' Motivated by the astrophysical impact of the gravitational recoil, there has been
recently a number of efforts to obtain better estimates of the recoil velocity. Using a
relativistic perturbative scheme for the description of extreme-mass ratio (7 < 1) binaries
and including gravitational back-reaction, [48] and [41] obtained maximum recoil at n ~
0.2 with 167km s~ * < v < 622km st , depending on the spin parameter of the massive

black hole (vr = 456km s~ for the non-spinning case). Recently, [49] used second-order

PN approximations up to ISCO, followed by an integration of the 2PN linear-momentum

flux along a plunge geodesic, to obtain a maximum kick velocity v = 250 & 50km s~
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for a symmetric mass ratio n = 0.2. On the other hand, estimates with the effective
one body approach [57] give a maximum recoil in the range 49 — 172km s~ for the
same 1 = 0.2. Using the hybrid perturbative-fully relativistic Lazarus approach, [166]
obtained also that the maximum recoil takes place at n ~ 0.2 with a magnitude of ~
250km s . Currently, there are very few fully general relativistic numerical simulations
of kicks. [171] reported v o= 105km s~ for a symmetric mass ratio n = 0.24, while

[170] obtained v = 82km s™! for n = 0.23. Recently, [58] report a maximum recoil
T

v o= 176 £ 11km s~ ' for a symmetric mass ratio of n = 0.195 &+ 0.005, where the error
bars account only for finite differencing Einstein’s equations.

Except for the fully relativistic approaches, which have their own uncertainties
(mainly from computational resource limitations), all other approaches become less ac-
curate the closer the BHs get. Motivated by the fact that the main contribution to the
recoil comes from the last stage of the merger and plunge, as many of the previously cited
studies suggest, in this letter we compute the distribution of kicks using a scheme that
works better the closer the orbital separation. This scheme [13], known as the close-limit
approximation (CLA), has been shown to provide accurate results for head-on collisions
when compared to full numerical relativity [13]. The CLA is based on the idea that the
last stages of binary black hole (BBH) mergers can be modeled as a single perturbed
BH. Gravitational recoil was studied in the context of the CLA scheme for the case of
head-on collisions of BHs starting from rest by [18(0]. Recently, we [139] extended this

. .y . . -1
analysis to the quasi-circular case and found a maximum recoil of v ~ 57km s ~ for
T

n ~ 0.19 starting from a separation of 4 GM/ 62, the maximum separation at which it
has been estimated that the CLA scheme works [172]. This estimate covers the last part
of the merger, plunge and ringdown. One can complement this result with PN estimates
from the inspiral phase. If we consider the contribution from PN approximations up to
ISCO, we obtain a lower bound for the maximum recoil of v ~ 80km s , Whereas if
we push the PN approximations up to the point where we sTtart the CLA scheme, we
get an upper limit in the maximum recoil of v~ 215km s (it is known that PN and
perturbative schemes overestimate the linear-momentum flux in the strong field region).
Alternatively, if, instead of pushing the PN method towards small separations, we push
the CLA scheme towards larger separations around 5 GM /02, we get a slightly larger
upper bound.

In this letter, we improve and extend these estimates for initial configurations cor-
responding to BBHs in eccentric orbits. The most important point in the implementation
of the CLA scheme is to establish a correspondence between the initial configuration rep-
resenting a BBH and a perturbed single BH. This correspondence allows us to identify,
in the initial BBH configuration, a background (a non-spinning Schwarzschild BH) and
perturbative multipolar gravitational modes [139]. We then evolve these modes by using
the machinery of BH perturbation theory and, from the results of the evolution, we can

compute the fluxes of energy, angular momentum, and linear momentum (Péw) emitted
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by the BBH system during the merger. Then, the recoil velocity is given by
o i -1 [ty i
o =, v=-M /t ap, . (7.1)

where t_is the time corresponding to the initial separation of the BBH, and ¢  is some
(3

time after merger, when the gravitational wave emission becomes negligible. In our cal-
culations, we use an initial BBH configuration [22, 21] that has been shown to accurately
represent binaries to Newtonian order. They are characterized by four parameters [139]:
the total mass of the system (M), the symmetric mass ratio of the binary (n), the initial
separation (d), and the initial linear momentum (P) of each BH. M and 7 enter as a
scale and input parameters, respectively. Given 7, the type of orbit is determined by the
pair (d, P). For a quasi-circular orbit we find a relation between P and d by minimizing
the gravitational binding energy of the black hole binary. This relation turns out to be
analogous to the Newtonian one, although it has to be interpreted within the framework
of general relativity.

In this work, in order to study the effect of eccentricity in the gravitational recoil,
we take the distance parameter to be d = a(l — e), where a is a parameter distance
that plays the role of the semi-major axis and e is the eccentricity. Then, the linear
momentum parameter is given by

1+e
P:ch(a)\/ T’ (7.2)

where ch(a) is the linear momentum parameter for quasi-circular configurations [139]

with radius a.

For our kick estimates, we have kept the semi-major axis fixed (a = 4GM/ 62)
and only varied the symmetric mass ratio and eccentricity parameters (7, e). Figure [l
shows the recoil velocity v as a function of the symmetric mass ratio n for several
values of the eccentricity: e = 0—0.25. We observe that the maximum recoil occurs
at n ~ 0.19, consistent with previous results. As we increase the eccentricity, the recoil
velocity also increases by approximately a factor of 1 + e for eccentricities in the range
e < 0.1. This increase can be qualitatively understood by expanding equation ([L2) for
small eccentricities, which leads to an increase by a factor 1+ e in the linear momentum
parameter. Thus, it seems that an increase in the plunge velocity leads to roughly the
same increase in the recoil velocity. If we consider the entire range of eccentricities
that we considered, the numerical results can be fitted to the following two-parameter
non-linear function

CLA 2 2
v (ne) = ay/l—dnn <1+ﬁ177+6277>
1+e 2 3

X 1_6(1+’71€—|—’726 —1—736), (7.3)

where o (km s ), ﬁl, ﬁ2, V0 Yy and 7, are fitting parameters given in Table [[1]in the
CLA row. The fit was performed using numerical results in the range n = 0 — 0.25 and
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Fig. 7.1. Recaoil velocity in km s~ as a function of symmetric mass ratio n for eccen-
tricities in the range e =0 — 0.25.

e =0— 0.5 with an average error < 1km s~' . The fitting function [Z3) can be shown
to be functionally equivalent to that presented by [43] for small eccentricities, but with
different coefficients that lead to significantly smaller magnitudes for the recoil.

7.3 Estimating the total recoil

The estimates of the recoil velocities for BBH mergers provided by equation ([Z3)
and the first row of Table [l are incomplete because we have not taken into account the
contribution from the inspiral (~ 20km s_l) and the beginning of the merger, where
fully non-linear computations are needed. In order to obtain an estimate of the total
accumulated recoil velocity, we can supplement our calculations with estimates from
approximation techniques that are accurate for moderate and large separations. In
this letter, we use a PN approximation that provides the accumulated kick up to some
minimum separation. For quasi-circular orbits [49] and assuming the angular frequency

is given by the Newtonian estimate w = /M /d3, the accumulated recoil up to some

minimum separations of 4 GM/ ¢* and 6 GM /02 respectively can be fitted by Eq. (Z3)
with the second and third rows of Table [[1] respectively. As in [139], upper and lower
limits can be obtained by combining these PN estimates with the CLA calculation.
Our best estimate consists in adding to the CLA estimates, obtained by starting
at a separation of 4 GM/ 02, the PN accumulated recoil from infinity to that separation.
However, to compensate for using the PN approximation in a regime where it becomes
less accurate, we use a PN expression for the angular velocity with errors of O(v/ c)5,
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Model || o | B [ B | » [ % | %
CLA 5232 | —2.621 | 3.199 | —0.942 | 0.808 | —0.405
PN (rimn) 8226 | 0.347 | 0.083 0 0 0
PN (r;“m) 1206 | 0.1057 | 0.05 0 0 0

Table 7.1. Non-linear fit parameters for the recoil velocity. Here Timn =4GM/ ¢* and

r;mn =6GM /c2 are the minimum separations up to which the PN approximation is

applied.

instead of the Newtonian value used in [139] to obtain an upper limit. Our results for
the quasi-circular case are shown in Fig. [[2], with error bars derived just from the PN
approximate error. In this figure, we also compare our results to the full relativistic
results of [58] and find that they agree remarkably well.

The main caveat of supplementing the CLA with a PN approximation is that
presently the latter is only available for quasi-circular orbits [49]. However, by comparing
the contribution from the CLA scheme with that provided by the PN approximation for
the quasi-circular case, we find that the total recoil velocity can be accurately described
by the CLA contribution times a factor:

total CLA
v =

T T

(1+¢), (7.4)
so that £ can be written in terms of the symmetric mass ratio 7 as
E=r(l+A n+A ), (7.5)

where the coefficients &, )\1, and /\2 depend on the minimum distance that we use in

the PN approximation. When the minimum distance is taken to be """ = 4 GM / ¢
we obtain: k = 1.357 (0.648), )\1 = 4.418 (5.612), and )\2 = 5.33 (23.63) [the values
in parenthesis correspond to using the 2PN angular velocity instead of the Keplerian
one]; whereas when we take it to be r;nm = 6(}']\4/02 the coefficients are: x = 0.199,
)\1 = 4.223, and )\2 = 3.926.

We can then obtain lower and upper bounds as well as a best estimate for the
total recoil velocities from eccentric BBH mergers if we assume that expressions ([Z4)
and ([ZH) can be e;xtrapolated to the range of eccentricities under consideration, e < 0.25.

m

When we use r;n =6GM/ ¢* and the Keplerian estimate for the angular velocity, the

total recoil obtained is a lower limit because we do not account for the contribution in
the region 4—6 GM/ ¢?. On the other hand, if we use r:ﬂm =4GM/ ¢? and the Keplerian
angular velocity, Eq. () provides an upper limit, since it is well-known that the PN
approximation overestimate the recoil in the 4 — 6 GM/ c range. Our best estimate is
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Fig. 7.2. Best estimate of the recoil velocity in km s as a function of symmetric mass
ratio n for the quasi-circular case e = 0, calculated by combining the CLA calculation
with a 2 PN approximation. Also plotted are the results from a full numerical relativistic
simulation [58].

obtained with ™ = 4GM / ¢® and the 2PN angular velocity. These estimates, lower

and upper bounds and best estimate, are shown in Figure [Z3l

7.4 Summary and Discussion

We applied the CLA scheme to the computation of recoil velocities for BBH
mergers including the effect of eccentricity. For small eccentricities, e < 0.1, we find a
generic increase in the recoil of the order of 10 % with respect to the quasi-circular case.
This increase is related to the fact that, for slightly eccentric orbits, the magnitude of
the initial velocity of each BH increases roughly by a factor of 1 + e. Since the CLA
scheme is valid for separations smaller than the corresponding one for the ISCO, we have
supplemented our results with estimates obtained with a 2PN approximation, which work
very well for large separations. Combining appropriately both approximation schemes,
we have produced lower and upper bounds, as well as a best estimate, for the recoil
velocity.

Our calculations indicate that the maximum recoil velocity takes place at a sym-
metric mass ratio of 7 ~ 0.19 and its magnitude can be as low as ~ 79 — 88 km s~ and
as high as ~ 216 — 242km s , with a best estimate in the range ~ 167 — 187 km st
The variation in these estimates is due to the eccentricity of the orbit. All our esti-
mates can be fitted by non-linear function of n and e given by Eq. (Z3]). This formula
is expected to work well for small eccentricities, and it reduces to the expression given
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Fig. 7.3. Upper and lower limits (dashed and dotted lines) and best estimate (solid
lines) to the total recoil velocity in km s~ as a function of symmetric mass ration n for
eccentricities in the range e =0 —0.1.

by M3], with a significantly smaller magnitude, when e < 1. These results also sig-
nificantly narrow previous calculations [4§, 49, 57] and agree remarkably well with full
relativistic computations [58] in the quasi-circular case.

One of the main conclusions that can be extracted from our and recent estimates
of the gravitational recoil from BBH mergers is that the main contribution to the recoil
comes from a narrow interval of separations that include the ISCO. Not surprisingly, this
coincides with the non-linear gravitational regime, where perturbative approximation
schemes tend to break down. In this sense, the attractive feature of our approach is
that it uses an approximation method, the CLA scheme, valid for small separations, and
complements the estimate with another approximation, the PN scheme, valid for large
to moderate separations.

As mentioned before, SMBH merger recoil velocities are relevant for hierarchical
dark matter scenarios for structure formation, as well as in the understanding of the
displacement of nuclear structure in dense galaxies and the distortion of X-shaped radio
sources. Our results do not significantly alter the astrophysical conclusions obtained pre-
viously by [41]. Instead, our results confirm and sharpen these conclusions, by providing
a narrower lower and upper bounds for the possible recoil velocities.

Future work can assess the robustness of our estimates by studying their depen-
dence on the initial configuration as well as the inclusion of higher gravitational multi-
poles in the calculation. In the future, when precise numerical relativistic simulations
of eccentric orbits become available, it would then be possible to compare results and
to determine with better precision the distribution of recoil velocities in the parameter
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space (1,e). A very important issue is the effect of spins, which has not yet been dealt
with enough generality to ascertain what is the impact of the additional scales introduced
by spinning BHs.
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Chapter 8

Relativistic Effects

in Extreme Mass Ratio Gravitational Wave Bursts

Extreme mass ratio bursts (EMRBs) have been proposed as a possible source
for future space-borne gravitational wave detectors, such as the Laser Inter-
ferometer Space Antenna (LISA). These events are characterized by long-
period, nearly-radial orbits of compact objects around a central massive
black hole. The gravitational radiation emitted during such events consists
of a short burst, corresponding to periapse passage, followed by a longer,
silent interval. In this paper we investigate the impact of including relativis-
tic corrections to the description of the compact object’s trajectory via a
geodesic treatment, as well as including higher-order multipole corrections
in the waveform calculation. The degree to which the relativistic corrections
are important depends on the EMRB’s orbital parameters. We find that
relativistic EMRBs (v, /c > 0.25) are not rare and actually account for
approximately half of the events in our astrophysical model. The relativistic
corrections tend to significantly change the waveform amplitude and phase
relative to a Newtonian description, although some of this dephasing could
be mimicked by parameter errors. The dephasing over several bursts could
be of particular importance not only to gravitational wave detection, but
also to parameter estimation, since it is highly correlated to the spin of the
massive black hole. Consequently, we postulate that if a relativistic EMRB
is detected, such dephasing might be used to probe the relativistic character
of the massive black hole and obtain information about its spin.

8.1 Introduction

Low-frequency (10_5 < f < 0.1 Hz) gravitational wave interferometers, such
as the proposed Laser Interferometer Space Antenna (LISA) [225, 226, [227], will open
a completely new window to the Universe . Through observations of low-frequency
gravitational radiation we will be able to witness the inspiral and merger of massive
black hole binaries; the inspiral of compact objects into massive black holes; and millions
of quasi-stationary compact galactic binaries. Recently, a new source of low-frequency
gravitational radiation has been suggested: extreme mass ratio bursts (EMRBs) [55, 22€].

' This chapter is based on the following paper: N. Yunes, C. F. Sopuerta, L. J. Rubbo and
K. Holley-Bockelmann, accepted for publication in the Astrophys. J. (2007)
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EMRBs consist of a stellar-mass compact object (SCO) orbiting a massive black
hole (MBH) of 10%7® M, with orbital periods greater than T , = 3x 10* s. The defining

orbital period cutoff is derived from LISA’s lower frequency limit of f_ . = 3 x 107" Hz.
Systems with orbital periods less than T, , will radiate continuously inside the LISA
band. Such continuous systems are more appropriately categorized as extreme mass
ratio inspirals (EMRIs) and have been studied extensively elsewhere: recent estimations
of the event rate are given by [229] and [23(]; a discussion on a possible EMRI background
is given by [231]; accounts on the theoretical description of EMRIs can be found in the
reviews by [10] and [53], while the recent review by [54] describes the astrophysical and
detection applications.

Although EMRB events are distinct from EMRI events, their evolutionary track
could be connected. In the burst scenario, the SCO orbits the MBH emitting a beamed
burst of gravitational radiation during pericenter passage. The emitted radiation carries
away energy and angular momentum from the system so that after multiple pericenter
passages the orbital period decreases, and possibly the system becomes an EMRI. How-
ever, this evolutionary track is most likely disrupted by scattering interactions with other
stars and/or if the SCO plunges directly into the central MBH on one of its passages.

The EMRB event rate has recently been investigated using simplified galactic
models and data analysis techniques |55, 228, 56]. Using a density profile described by
an n-model [232], [55, 228] suggested an event rate of ~15 yr~ ! for events with signal-to-
noise ratios (SNRs) greater than five out to the Virgo cluster. When mass segregation
and different inner cusp models are considered, the predicted rate decreases by an order
of magnitude [5€6]. These preliminary studies were aimed at understanding if EMRB
event rates are interesting for low-frequency gravitational wave detectors such as LISA.
More work is still needed to improve the predicted event rate in the context of realistic
galaxies, where the role of non-equilibrium dynamics, anisotropy, complex star formation
histories, substructure, and non-sphericity may act to change the rate from these fiducial
estimates by orders of magnitude 233, 157, 22€].

In addition to the astrophysical uncertainties, there are no investigations of the
impact of relativistic corrections to EMRB dynamics. All EMRB studies have been
carried out in a quasi-Newtonian framework. In this framework, one uses the Newtonian
equations of motion and extracts the gravitational waveforms by means of the quadrupole
formula. This approximation ignores the black hole nature of the central potential,
including the black hole’s rotation (spin), and is technically valid only for orbits with
non-relativistic velocities. However, a considerable number of EMRBs are characterized
by large pericenter velocities (vp 2 0.25¢) and these relativistic EMRBs should produce
gravitational wave signals with larger SNRs, as we will show later.

In this paper, we shall not consider the issue of EMRB event rates, but instead we
shall study the effects of relativistic corrections to such events. For extreme-mass-ratio
systems a simple way of introducing relativistic corrections is by using the so-called semi-
relativistic approximation introduced by [234], and used recently in the context of EMRIs
by [234, 236]. In this approximation, the MBH and surrounding area are modeled using
the Kerr solution to Einstein’s field equations, which describes a stationary spinning
black hole (the Schwarzschild solution corresponds to the non-spinning case). The SCO
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is considered to be a point-like object (neglecting its own self-gravity) whose trajectory is
described by a geodesic of the Kerr spacetime. In other words, relative to previous work,
we have replaced the Newtonian equations of motion by relativistic geodesic equations
of motion.

The relativistic description introduces effects such as orbital precession and frame
dragging, but it does not account for effects due to the gravitational field induced by the
SCO. These effects, for example, lead to changes in the (geodesic) constants of motion
due to radiation reaction. Even though these effects introduce errors that scale with the
system’s mass ratio [e.g. see [53], they cannot be neglected for EMRIs. This is because
in the late stages of the EMRI the SCO spends a substantial fraction of cycles in the
strong-field region of the MBH. On the other hand, in the case of EMRBSs, the SCO sling-
shots around the MBH and its interaction time during pericenter passage is relatively
small (< 10° s). Radiation reaction effects can then be neglected in EMRBs since the
radiation reaction timescale is always much larger than the period of pericenter passage.

In this paper, we also improve on the semi-relativistic approximation by using a
more precise gravitational wave extraction procedure. The procedure employed is the
multipole-moment wave generation formalism for slow-motion objects with arbitrarily
strong internal gravity [59]. We consider terms up to the mass-octopole and current-
quadrupole multipoles, thus improving on the mass-quadrupole analysis of |55, 22§]
and [56]. Higher multipoles will become important if the system becomes even more
relativistic, but pericenter velocities for EMRBs are typically small to moderate relative
to the speed of light (typically 0.1 < v, /c < 0.5). Such higher multipolar corrections were
taken into account for EMRIs by [237], but for those sources the phase evolution must be
tracked very accurately, requiring techniques from black hole perturbation theory [10, 53]
that we shall not consider here.

The study of the relativistic corrections considered in this work leads to the follow-
ing conclusions. First, we find that relativistic effects are significant for approximately
50% of the orbits contained in the EMRB phase space considered by [57, 228]. These
relativistic EMRB orbits differ from their Newtonian counterparts in such a way that
the associated waveforms present a noticeably different structure. In particular, we find
that there is a dephasing relative to Newtonian waveforms that is due to precessional
effects and depend strongly on the MBH spin. These findings show that EMRB events
are relativistic enough that they should be treated accordingly, as was previously found
for EMRIs [53].

Second, we find that the corrections to the trajectories affect the waveforms much
more than the corrections in the waveform generation over several bursts. For example,
for a given relativistic trajectory, we find that the difference between the SNR of a wave-
form obtain from the quadrupole formula to that obtained from the quadrupole-octopole
formula is of the order of 10% (depending on the location of the observer.) On the other
hand, using the same waveform generation formula (quadrupole or quadrupole-octopole),
the difference between the SNR of a Newtonian waveform to that of a Kerr waveform
is of the order of 100%. These findings show that modeling EMRB waveforms with a
quasi-Newtonian treatment might not be sufficient for certain data analysis applications.
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Third, we find that the relativistic corrections accumulate with multiple bursts
and, thus, they may have an important impact in improving the SNR. It is also con-
ceivable that such corrections might be important for parameter estimation studies and,
perhaps, may be used to determine or bound the spin of the MBH if a high SNR event
is detected. Along this same lines, if parameters can be determined accurately enough,
it might also be possible to use EMRB measurements to test deviations from General
Relativity. We must note, however, that changing the orbital parameters in Newtonian
waveforms could somewhat mimic some of the relativistic corrections, but a detailed
Fisher analysis of such effects is beyond the scope of this paper.

The remainder of this paper is divided as follows: Section deals with the
dynamics of EMRBs in the semi-relativistic approximation and justifies the use of this
approximation for these systems; Section reviews the inclusion of higher-order mul-
tipolar corrections to the waveform generation formalism; Section describes the nu-
merical implementation of the equations of motion and the initial data used; Section
compares the orbital trajectories and waveforms; Section concludes and points to
future research.

In this paper, we denote the MBH mass by M, and its gravitational radius by

R, =2GM,/ c2, where c is the speed of light and G the Newtonian gravitational constant.

To simplify some expressions we normalize masses with respect to M)y = 4 X 10° M.,
which is of the same magnitude as the mass of the MBH at the center of the Milky Way
[238]. The gravitational radius can then be written as:

7 M
pc)———. (8.1)
MMW

R, = (3.82x10

8.2 EMRB Dynamics

In this section, we discuss the description of the orbital motion. Newtonian dy-
namics usually provides an adequate description of many astrophysical sources of gravita-
tional waves, at least from a qualitative point of view. However, for certain gravitational
wave sources, such a description is insufficient and relativistic effects have to be consid-
ered. For EMRB sources with pericenter distances r, > 4R, and velocities vp/ c < 0.5,
the semi-relativistic approximation to the equations of motion, in combination with a
multipolar description of the gravitational radiation, can adequately model the dynamics
and gravitational radiation, as we argue below.

The semi-relativistic approximation treats the motion of the SCO in the point-
particle limit as a geodesic of the MBH geometry, which is justified based on the small
mass-ratios associated with these systems. In this work, we adopt Cartesian Kerr-Schild
coordinates, {t,z'} (i = 1,2, 3), in which the MBH geometry is time-independent, reflect-
ing its stationary character, and tends to a flat-space geometry in Cartesian coordinates
far from the MBH. We denote the geodesic trajectory by z'(t), its spatial velocity by
v'(t) = dz'/dt, and its spatial acceleration by a'(t) = dv'/dt. The latter, in such a
coordinate system, and by virtue of the geodesic equations of motion, has the following
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form [e.g. see 239]: ' o
a'=F''g 0g ], (8.2)
p’ j

where gw (u,v = 0,1,2,3) are the spacetime components of the MBH metric. These

equations describe the influence of the spacetime curvature produced by the MBH and
approach the Newtonian equations of motion in the regime where v/c = [v'|/c < 1 and
GM,/(r) <1 (r=|z']).

The effects from the self-gravity of the SCO can be neglected. To see this, con-
sider the (Keplerian) orbital timescale, Torb in comparison to a characteristic radiation-
reaction timescale, T For the latter, we can use the timescale associated with the rate
of change of the seml—latus rectum, p, related to the pericenter distance by r,= =p/(1+e),
namely T~ p/|dp/dt|. The radiation-reaction timescales of the other orbltal elements
are compzrmrrable or larger [see, e.g., 53]. The ratio of these timescales is

T R \5/2
orb _, °
T 2 <_2p> , (8.3)

T
where = m/M, is the mass ratio of the system and m the SCO mass. It is evident
that the radiation-reaction timescale is much greater than the orbital timescale due to
the extreme mass ratio, u < 1, and because EMRBs have p > ,u5/ 2R.. In the unlikely
case that more accuracy is required, one could improve the analysis through the use of
“Kludge” waveforms [231], which have been shown to reproduce numerical results in the
adiabatic approximation accurately for EMRISs.

Formally, the orbital timescale used is not really the exact timescale of orbital
motion. This is because the mass distribution of a MBH-embedded galaxy possesses
a non-Keplerian potential that leads to non-Keplerian orbits. However, most EMRBs
(by rate) have apocenters that do not extend far into the stellar population, implying
that the contribution from the galaxy potential is minimal. The orbits we study in later
sections have a contamination from the galactic potential that is less than 2% of the
MBH mass. Moreover, [56] rightly argue that the inner region is statistically empty of
stars, which is due to finite effects realized at the small scales observed near the MBH.

Certain constraints may be derived on the size of p and r_ for EMRB events.
The most important constraint is derived from the definition of EMRBs: orbits with
sufficiently large orbital period T, , > T, .. Assuming a Keplerian orbit (which is a
rough assumption), this constraint translates to pericenter distances as follows

> (7.98 x 107" pe) (1016) ( M]\faw >1/3 <Ti>z/3 , (8.4)

cut

where we have rescaled quantities assuming a typical eccentricity of e = 0.9 [53, 22§] and
a typical MBH mass of M, = M)y . In terms of geometrized units, such a constraint
translates roughly to T, > 2R,.

This constraint can be compared with the requirement that the SCO does not get
captured. Any object that enters the black hole event horizon is captured, where the
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horizon is located (in Boyer-Lindquist coordinates) at

7

r 1.91 x 10

cap = ( pc)

where a, is the (Kerr) MBH spin parameter, related to its intrinsic angular momentum
by S, = GM, a,/c, and bounded by a,/M, < 1. Thus, for a maximally spinning Kerr
MBH (a, = M,), Teap = 0-DR,, while for a Schwarzschild (non-spinning) MBH it is just
R,. This condition tell us simply that A which is a condition superseded by the
constraint on the orbital period given in equation (84l). One could explore other possible
constraints |55, 228] but they are in general superseded by equation (84).

These constraints clearly exclude the ergosphere of the MBH (r_ < r < R,)
where frame dragging effects are most pronounced. However, for EMRIs it has been
argued [53] that orbits with T, < 10R, cannot be considered Keplerian anymore, mainly
due to precessional effects. This statement can be made more quantitative by looking at
the ratio of first-order post-Newtonian (1 PN) predictions [3] to Newtonian ones (0 PN).
For example, for the energy of a circular orbit, this ratio scales as 7R,/ (8rp), while for
the perihelion precession angle, the ratio scales as 3R,/ (27‘p), for extreme-mass ratios.
Therefore, for orbits with pericenter passage Ty~ 5R,, the 1 PN correction to the energy
and the perihelion precession angle is approximately 20% and 30% respectively, relative
to the Newtonian value. This indicates that, even for orbits outside the ergosphere,
relativistic effects are not necessarily negligible.

The relativistic geodesic equations of motion introduce corrections to the New-
tonian motion that can be interpreted in terms of a black hole effective potential. By
comparing the Newtonian and relativistic potentials one can see that the relativistic
corrections dominate over the centrifugal barrier at small distances from the black hole
center. In this work we show that these relativistic corrections can be sampled by EM-
RBs and hence, one should model these systems accordingly. Nevertheless, as we argued
above, the relativistic treatment of EMRBs does not need to be as sophisticated as in
the case of EMRIs, since radiation-reaction can be neglected.

8.3 EMRB Waveforms

In this section we describe how we extract gravitational waveforms once we have
integrated the geodesic equations of motion. We use a multipole-moment wave generation
formalism for slowly-moving objects with arbitrarily strong internal gravity [59, 240, |53].
In quasi-Newtonian and semi-relativistic treatments, the radiation is modeled by the
lowest non-vanishing multipole moment: the mass-quadrupole. To that order, and for
the case of a point-like object orbiting a MBH at a fixed coordinate location, the plus
and cross polarizations are given by [197, |59]

_ 2Gm 4

T el (%Zj +vivj) , (8.6)

h
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where r is the (flat-space) distance to the observer and e:j , are polarization tensors.

This expression assumes, based on the slow motion ‘apprc;xi'mation, that the change
in the acceleration with respect to time, the jerk, j* = da'/dt, is a small quantity.
More precisely, we are neglecting terms of order (v/ c)g, or in other words, since the
(quadrupole) leading order terms are of order (v/ c)2, this implies a relative error of
order v/ec.

One can improve on this description for the gravitational radiation by accounting
for higher-order multipole moments. In this paper, we consider the mass-octopole and
current-quadrupole multipoles, which require the knowledge of one more time derivative
of the trajectory, the jerk. Adding these contributions to equation (&H8]), the gravitational
waveforms are given by [59]

2Gm  ij
hy, = o, e+7x{aizj +v,v;
1 .
+ - [(n - Z) (Zi]j + 3aivj> +(n-v) (aizj + vlfuj)

- (n-a)vyz; — % (n-j) zizj} }, (8.7)

where n' = 2'/r is a unit vector that points to the observer and the vector product is
the flat-space scalar product. In this case, we are neglecting terms of order (v/c)4 and
hence we are making a relative error of order (v/ 6)2 with respect to the leading order
quadrupole term.

The waveforms of equation (87 are a truncated multipole expansion, where we
are neglecting the current-octopole, mass-hexadecapole, and higher multipole moments.
This expansion is based on a slow-motion approximation which is valid for orbits whose
pericenter velocity is small relative to the speed of light. For closed circular orbits, we
can use the Virial theorem to argue that this is equivalent to requiring r, > M,. For
a relativistic EMRB event with v, /c = 0.4, the maximum relative contribution of the
octopole to the quadrupole is of the order of 40%, since the octopolar term is of order v/c
smaller than the quadrupolar one. In this paper, we shall study EMRBSs from the sample
of Milky Way sources studied in [54]. These sources have initial pericenter distances of
T, > 8M,, thus justifying the use of a low-multipolar expansion in the wave-generation
formalism and the neglect of radiation reaction effects in the orbital motion.

8.4 Numerical Simulations

In this section we describe the EMRB simulations that were carried out, including
the choice of initial conditions. The simulations involve integrating the equations for
geodesic motion around a Kerr black hole, equation (82), forward in time. [For a detailed
exposition of Kerr geodesics see [241]. Since Cartesian Kerr-Schild coordinates are used,
the initial conditions can be denoted by (zé,vé). The numerical implementation does
not use the Kerr geodesic constants of motion (energy, angular momentum, and Carter
constant) in order to reduce the number of variables of the resulting system of ordinary
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differential equations. Instead, we have used the constants of motion to monitor the
accuracy of the time integration. The integration accuracy is set so that we obtain
fractional errors for the constants of motion smaller than one part in 10", The code
uses a Bulirsh-Stoer extrapolation method as the evolution algorithm [see, e.g. 205, 204].
We have also introduced in the code the possibility of switching between Kerr geodesics
and Newtonian equations of motion. The gravitational waveforms are then obtained
directly by applying expressions ([88) and (&) to the numerically obtained trajectory
2 (t).

Comparisons are carried out by choosing a representative relativistic orbit within
the allowed phase space for EMRB’s. We made the following choices for the test case:

o The central MBH mass is M, = M)y and the SCO mass is m = 1 M, such that

the mass ratio is p = m/M, = 2.5 x 107" < 1.

e The MBH spin parameter is either a, = 0 (Schwarzschild) or a, = 0.998 M, (Kerr).
The angular momentum is aligned along the z-axis and equal to either S° = 0 or
S* = 0.998G M /c.

e The observer is located at 7, = 8 kpc along the z-axis, which corresponds to the
approximate distance from Earth to the center of the Milky Way [242].

Furthermore, we make the following choices for the orbital initial conditions:

— (—1.59,1.05,—0.185) x 10 " pc,

1

= (1.70,-2.89,0.510) x 10" km s~ (8.8)

O T o .

The initial conditions are such that r, = |zé| = 50R, = 1.91 x 10~° pe, and |vé| =

0.11¢c = 3.39 x 10" km s~ . The orbital plane is inclined by 10° with respect to the
x — y plane to demonstrate the effects of orbital plane precession, which only occurs for
spinning MBHs. Since this paper is concerned with the effect of relativistic corrections
to EMRB events, we choose to give all orbits the same initial conditions. The possibility
of relaxing this choice and its effect on the conclusions derived in this paper shall be
discussed in a later section.

Although the test orbit is in the phase space of EMRB events studied in [55],
one might worry that it is too relativistic to actually have a significant probability to
occur in nature. In particular, one can think that the SCO may be tidally disrupted. To
address this question, let us consider a Newtonian description of the central potential,
which leads to the following values of the pericenter distance and velocity:

r, = 645 R,=248x 10" pc,

vl = 0384c=115x10"kms . (8.9)

One might worry that stars might be tidally disrupted with such small pericenters.
However, as shown by [56], most SCOs in EMRB scenarios consist of stellar-mass black
holes, which cannot be tidally disrupted.
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Such relativistic orbits are actually naturally occurring in the phase space of pos-
sible EMRBs studied in [55]. Of all orbits in the allowed EMRB phase space considered
in |53, 228], 6% is contained within a small 6-dimensional phase space volume centered
on the test orbit H Furthermore, the test case shown possesses a short orbital timescale,
bursting approximately 150 times per year. Such events with small orbital timescale
were shown to dominate the EMRB event rate in [55]. It is in this sense that the test
orbit studied here is typical or representative of EMRBs.

The relative location of the test orbit in the pericenter distance-eccentricity plane
of the phase space of allowed EMRBs [55] is presented in Figure (triangle.) The ec-
centricity was here calculated assuming a Newtonian orbit and the pericenter separation
is given in gravitational radii, Z,. Although the test orbit has a large eccentricity, its
apocenter is small enough (r, < 150R, =~ 6 x 107° pc) that the contribution from the
surrounding stellar population to the potential can be neglected. In general, the left side
of the figure corresponds to highly relativistic orbits with large pericenter velocities and
small pericenter distances. Orbits with pericenter velocities |vp| >0.25¢=3x10"km s
account for approximately 50% of the possible orbits within the phase space studied
in [55].

Although the test orbit is a good source to demonstrate the differences between
the Newtonian and relativistic treatments, we could have chosen an even more relativistic
one. Such an event would still be classified as an EMRB in a Newtonian treatment, but it
would border with the definition of a continuous source. An example of such an extreme
orbit is shown with a circle in Figure Bl to the left of the test orbit (triangle). This
extreme orbit possesses the following initial conditions:

2 = (~181,0.6,—1.06) x 10 pe,

— (1.72,-1.78,0.31) x 10" km s ', (8.10)

O T O -

v

where 7, =4 R, = 1.53 X 107° pc and lv,| = 0.49c = 1.46 x 10° km s~ for a Newtonian
potential. We will study such an extreme orbit at the end of the next section as an
example of a limiting relativistic case.

8.5 Comparison of Trajectories and Waveforms

In this section we compare the results obtained for both the orbital motion and
the gravitational radiation emitted by an EMRB event using both the Newtonian and
relativistic description. Since the plus and cross polarization waveforms present similar
features, we only plot the plus polarization waveforms. In the remainder of this section we
use the following nomenclature: a quadrupolar (octopolar) Newtonian waveform is one
that was calculated using the quadrupole (octopole) formula and Newtonian equations

*In other words, 6% of the test orbits considered to be EMRBs in [55] are close in phase
space to our test orbit. This does not imply that the probability of such a test orbit actually
occurring in nature is 6%, since any element of phase space may have small overall probabilities,

even down to 10~ %.
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Fig. 8.1. Plot of the set of possible EMRB orbits as computed in @] in the pericenter
distance-eccentricity plane. The pericenter distance is given in units of the gravitational
radius R,. The initial conditions for the test [Eq. ([&8))] and the extreme [Eq. (&I0)]
orbits are indicated by a triangle and a circle respectively.
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of motion; a quadrupole (octopole) Schwarzschild waveform is one that was calculated
using the quadrupole (octopole) formula and the geodesic equations of motion with
no spin (a, = 0); a quadrupole (octopole) Kerr waveform is one that was calculated
using the quadrupole (octopole) formula and the geodesic equations of motion with spin
a, = 0.998M,.

8.5.1 Orbital Trajectories

Let us begin by comparing the trajectories obtained in our simulations. In Fig-
ure B2 we plot the test orbit corresponding to a Newtonian treatment (solid line) and
the one corresponding to a relativistic treatment without spin (dashed line) and with
spin (dotted line). The dot and arrow indicate the initial location and velocity projected
onto the z-y plane. The MBH is located at the origin of the coordinates, and the vectors
denoted by L and S describe the direction of the initial orbital angular momentum and
the MBH spin respectively. In the relativistic description there are precessional effects
in the SCO orbit that can be clearly observed in Figure These precessional effects
are: pericenter precession about the orbital angular momentum axis, which acts in the
initial orbital plane; and frame-dragging precession about the total angular momentum
axis, which acts out of the initial orbital plane. While the former always occurs in a
relativistic treatment, the latter is present only in the spinning case.

zIR,

Kerr
Schwarzschild -
Newton

Fig. 8.2. Trajectories for the SCO, with initial conditions given by (&S]), corresponding
to a Newtonian description (solid line) and relativistic descriptions with no spin (dashed
line) and with spin (dotted line). The MBH is located at the origin and the vectors L
and S denote the initial orbital angular momentum and the MBH spin respectively.
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Different relativistic precessional effects are generally of different magnitude. These
effects are usually inversely proportional to the pericenter distance, or equivalently pro-
portional to the pericenter velocity of the SCO. Precession out of the initial orbital plane,
however, is smaller than precession in the orbital plane by a relative factor of order v, /c
and it is directly proportional to the spin of the MBH. In terms of post-Newtonian theory
[see, e.g. ], the pericenter advance is described by 1lst-order post-Newtonian corrections
to the equations of motion (order (v/ 6)2 relative to the Newtonian acceleration), while
precession off the orbital plane is due to spin-orbit and spin-spin couplings that corre-
spond to 1.5 and 2-order corrections (order (v/ 0)3 and (v/ 0)4 relative to the Newtonian
acceleration.) Therefore, since EMRBs are characterized as events with small to moder-
ate pericenter velocities, precession out of the initial orbital plane is small to moderate
relative to pericenter advance, even for maximally spinning MBHs.

We can estimate the precession rate by comparing the Newtonian and relativistic
trajectories. For the test orbit considered, we find that the rate in the orbital plane
is roughly 7 /3 radians per orbit for the non-spinning case and 27 /3 radians per orbit
for the spinning one. These precessional effects have been studied extensively in the
context of EMRIs [see, e.g. 243] and also specifically for S-stars in the central region of
our Galaxy in [244]. Nonetheless, these effects have not been previously analyzed in the
context of EMRBES, since previous studies employed a quasi-Newtonian treatment.

8.5.2 Waveforms

Let us now analyze how the differences in the SCO trajectories translate into
different signatures in the waveforms. In Figure we plot the quadrupole Newtonian
and Schwarzschild waveforms (solid and dashed lines respectively), while in Figure
we plot the quadrupole Schwarzschild and Kerr waveforms (dashed and dot-dot-dashed
lines respectively.) There are three main differences between the Newtonian and the
relativistic waveforms: a modulated phase change, an amplitude change, and a time of
arrival change. The changes in amplitude and time of arrival are due to the test particle
experiencing a larger “force” of attraction as it approaches the black hole. Quantitatively,
this increase in force is due to the presence of (r_")-contributions to the relativistic

corrections to the central potential (with n a real positive number.)

Gravitational wave interferometers are most sensitive to the phase, which is clearly
different for Newtonian and relativistic waveforms. The dephasing present in Figures
and parallels the orbital dephasing discussed earlier (the gravitational-wave and or-
bital frequencies are intimately related) and leads to an amplitude modulation. In terms
of the gravitational wave phase, both Figures and show a dephasing of 7/6 ra-
dians per cycle. This can be seen after the third burst where the waveforms are back
in phase. In fact, there is a significant dephasing even between the relativistic wave-
forms due to the effect of the MBH spin. If a cursory examination by eye can detect
the difference in the waveforms due to differences in the nature of the central potential,
it stands to reason that strong-field EMRB waveforms might allow us to probe of the
spacetime near a MBH. We should note, however, that no work has yet been done to
find best-fit parameters for Newtonian waveforms that maximize the correlation with
relativistic ones. In other words, it might be possible to mimic some of the relativistic
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Fig. 8.3. EMRB waveforms (plus polarization): The Newtonian waveform corresponds
to the solid line and the Schwarzschild one to the dashed line.

corrections by choosing different initial data for the Newtonian waveforms, but such a
study is beyond the scope of this paper.
The difference in dephasing can be better studied by calculating the signal overlap,

f hy (t)hy(t)dt
\/fTh2 dt\/fTh2

The overlap indicates how well a signal h, can be extracted via matched filtering with

(hylhy)

(8.11)

a template h,, . Figures and we plot the normalized integrand as a function
of time, with h, given by the quadrupole Kerr waveform and h, given by either the
quadrupole Newtonian or Schwarzschild waveforms. Observe that neither the Newtonian
nor the Schwarzschild waveforms match well with the Kerr waveform. Moreover, note
that the correlation with the Newtonian waveform deteriorates greatly after only the first
cycle. The integral of equation (BIIl) gives the correlation between different waveforms
over nine days (four bursts): for the Newtonian and Kerr plus-polarized waveforms it is
9.6%; for the Schwarzschild and Kerr plus-polarized waveforms it is —6.3%. As a point
of comparison, a substantial signal overlap should be > 95%. As already mentioned,
the same initial conditions were chosen for both the Newtonian and relativistic orbits,
such that their waveforms would be both initially in-phase and any dephasing due to
relativistic effects could be clearly studied. However, such a choice forces the SCO
to pass through periapsis at slightly different times, because in the relativistic case this

*The overlap is given here in the time domain, but an analogous representation in the fre-
quency domain could also be used. Such an expression in the frequency domain can be derived
through Parseval’s theorem.
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Fig. 84. EMRB waveforms (plus polarization): The Schwarzschild waveform corre-
sponds to the dashed line and the Kerr one to the dot-dot-dashed line. The dephasing
of the waveforms can be best observed during the silent transitions between bursts. For
example, in the first silent transition the waveforms are roughly 7 radians out of phase,
while in the third one they are in phase.

object experiences a “deeper” potential. Such a difference in timing degrades the overlap
somewhat and could, in principle, be ameliorated by choosing different initial conditions
for the Newtonian evolution, i. e. by maximizing the overlap over all orbital parameters,
but such a study is beyond the scope of this paper.

Figures and provide some evidence that the use of a relativistic waveform
might be required for the data analysis problem of extracting EMRB signals. Such expec-
tations are somewhat confirmed in Table Bl where we present the correlation between
Newtonian and Kerr plus-polarized waveforms integrated over both a single day (one
burst) and nine days of data (several bursts) for a sample of different EMRB orbits i
Both a single and several bursts should be studied because, in principle, parameter ad-
justments might mitigate the between-burst dephasing, but probably not the in-burst
dephasing. The orbits chosen were taken directly from the allowed EMRB phase space
of [55] and possess different initial positions and velocities, leading to different eccentrici-
ties, initial inclination and orbital periods. The orbital period can be used to classify the
orbits into highly-bursting (burst more than once per week) and slowly-bursting (burst
less than once per week.) For highly-bursting EMRBSs, the average correlation is ~ 27%
when all nine days of data (several bursts) are used, while it is ~ 93% when only one
day of data (single burst) is used. For the slowly-bursting EMRBs we considered here,
there is actually only one burst per week and its correlation is ~ 85%. These results

*Here we use the frequency representation of the correlation calculation, employing the Fourier
transform of the waveforms.
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r, lupc] || v,/c | P [yrs] e # Bursts |A—p‘ ‘Apfi)l” (hylhy) (h1|h2)(1)
7.8 0.196 | 0.0042 | 0.603 6 0.38 | 0.049 0.27 0.98
7.5 0.207 | 0.0055 | 0.684 5) 0.13 | 0.0007 0.20 0.88
7.2 0.217 | 0.0074 | 0.749 4 0.22 | 0.057 0.31 0.90
7.1 0.220 | 0.0086 | 0.777 3 0.49 | 0.061 0.33 0.99
13 0.163 | 0.0450 | 0.859 1 0.002 . 0.90
8.0 0.217 | 0.1953 | 0.968 1 0.033 . 0.97
10 0.193 | 0.7683 | 0.984 1 0.009 . 0.72
12 0.173 | 3.0407 | 0.992 1 0.015 . 0.80

Table 8.1. SNR and overlap for different EMRB orbits. In this table we present the
SNR and correlation computed in the frequency domain between Kerr quadrupole and
octopole waveforms for different EMRB orbits. The orbits are separated into two groups:
highly-bursting (top) and slowly-bursting (bottom). The first five columns present in-
formation about the different orbits, including how many times they burst, their eccen-
tricities and periods, which were chosen directly from the allowed EMRB phase space
of [53] and thus represent Milky Way sources. The sixth and seventh columns present
the difference in SNR between a Newtonian and Kerr quadrupole waveform relative to
the former using the entire data set and only one burst respectively. Similarly, the eighth
and nineth columns show the correlation between the plus polarizations using the entire
data set four and one burst respectively. Since the slowly-bursting sources burst only
once, the sixth and eighth columns are redundant for these sources. All calculations
assume the observer is located on the z-axis and random initial inclination angles.
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Fig. 8.5. Plot of the overlap integrand of equation ([8&T11]) with h, given by the quadrupole
Kerr waveform and h, by the quadrupole Newtonian one. The inset zooms to a region
near the small peaks.

indicate that accumulating precession effects lead to a significant loss of correlation be-
tween Newtonian and Kerr waveforms if bursts are to be connected. Moreover, we see
that even for a single burst the shape of the relativistic waveforms is sufficiently different
from its Newtonian counterpart to lead to a significant mismatch (in-phase dephasing).
If one maximizes the correlation over intrinsic orbital parameters it might be possible to
increase the correlation somewhat, but again that is to be studied elsewhere.

Let us now focus on the differences in the waveforms when they are calculated
with the quadrupolar approximation versus the quadrupolar-octopolar one. In Figure B
we plot the absolute value of the difference between the octopole and quadrupole wave-
forms as a function of time for a Schwarzschild (upper panel) and a Kerr (lower panel)
central potential. The difference is normalized to the maximum of the first peak of
the quadrupole waveform, since other peaks have approximately the same maximum.
Observe that the inclusion of higher-order multipoles does not affect the phasing of the
waveforms, but only the amplitude, which is in general different by roughly 4% rela-
tive to the quadrupole waveform for the Kerr test case. At first sight, this result is in
disagreement with the expectation that the octopolar correction is at most < 40% of
the quadrupolar one. Note, however, that the 40% estimate is an order-of-magnitude
upper limit, since the octopole correction is dependent on the location of the observer
relative to the trajectory, velocity, acceleration and jerk vectors. For the test case,
where the observer is located on the 2-axis and the orbit is initially inclined by 10°,
the octopolar change is reduced by approximately an order of magnitude, since initially
(n-z)= (n-v)~(n-a)~ (n-j)~0.1. In Table B2 we present the approximate maxi-
mum difference between octopolar and quadrupolar waveforms as a function of observer
location, focusing only on the first burst of radiation. The location of the observer is
rotated about the g-axis on the £ — Z plane, always at a fixed radial distance of 8 kpc.
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Fig. 8.6. Plot of the overlap integrand of equation ([8&11]) with h, given by the quadrupole
Kerr waveform and h, by the quadrupole Schwarzschild one.

Note that for some observers the difference is larger and, in fact, of the order of 40%,
since the dot products are closer to unity. These results are thus consistent with the
expectation that the n-th multipolar contribution cannot in general be larger than order
(v/c)" relative to the quadrupolar leading term.

8.5.3 Data Analysis

In order to quantify some of our statements about the change in phase and am-
plitude, we calculated the SNR. for the relativistic waveforms via the standard formula

2 [ ()
p _4/0 SRR (8.12)

where the tilde denotes the Fourier transform and S (f) is the one-sided power spectral
noise density. Here we employ the Online Sensitivity Curve Generator [245] with the
standard LISA settings and the inclusion of the white-dwarf background contribution.
When calculating SNRs, we set the observation time to roughly nine days, so as to
include multiple bursts in our single SNR value.

The inclusion of relativistic corrections in the trajectories has a dramatic impact
in the SNR. We find that the Schwarzschild waveform increases the SNR by a factor
of approximately 59%, while the Kerr waveform increases it by 162%, relative to the
Newtonian SNR. The difference in SNR is because the relativistic orbits experience a
deeper effective potential and, thus, the interaction timescale is smaller. Therefore, the
inverse of the interaction time, f, = vp/rp, is larger for the Schwarzschild and Kerr
waveforms relative to the Newtonian one. As a result, the Fourier power is shifted to
higher frequencies, where LISA is more sensitive.
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Fig. 8.7. Plot of the absolute magnitude of the difference between the quadrupole and
octopole Schwarzschild (upper panel) and Kerr (lower panel) waveforms. The difference
is normalized to the maximum value of the first peak of the quadrupole waveform.

Angle [degrees] || z . [kpc] | Yo [kpc] | 2, [kpe] | Amp. diff.

[ obs

0 0 0 8 3.9%
20 2.73 0 7.51 3.3%
40 5.14 0 6.12 11.5%
60 6.93 0 4 15.2%
80 7.88 0 1.39 19.7%
100 7.88 0 —1.39 21.6%
120 6.93 0 —4 17.8%
140 5.14 0 —6.13 43.3%
160 2.74 0 —7.52 8.6%

Table 8.2. Comparison between quadrupole and octopole waveforms. Here we present
an approximate measure of the amplitude difference between the quadrupole and oc-
topole waveforms. We concentrate only on the first burst of radiation and we normalize
the difference to the maximum of the first peak of the quadrupole waveform. The differ-
ence is presented as a function of the observer location, which is always at a fixed radial
distance of r_, . = 8 kpc, but rotated about the j-axis on & — 2 plane (¢ is here the usual
Euler polar angle.)
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The SNR behaves similarly for other EMRB orbits with different orbital periods,
eccentricities and pericenter parameters. This can be observed in Table where we
present the SNR difference between Newtonian and Kerr waveforms for different EMRB
orbits for a single and several bursts. Highly-bursting EMRBs lead to a large change in
the SNR over a week of data, since they experience the depths of the effective potential
several times. Per burst, the change in SNR can range from one, to ten or even ninety
percent, depending on the inclination angle of the orbit, the pericenter distance and
other orbital parameters. Also note that the orbits presented in the table are not as
relativistic as the test case, which is why the SNR difference is smaller. This study
seems to indicate that the SNR is in general somewhat larger for relativistic waveforms,
specially when several burst are taken into account. ﬁ Consequently, the event rate
calculated in [55, 228], which in particular summed over all bursts in one year of data, is
an underestimate for their galaxy model, because some of the systems with a Newtonian
SNR < 5 should have been added to the detectable event rate. However, the uncertainty
in the event rate is still probably dominated by astrophysical uncertainties and not by
the dynamics modeling.

Conversely, the inclusion of higher multipole moments to the wave generation
formalism has little to no effect in the SNR. In the previous section we showed that
there was ~ 4% difference between the octopole and quadrupole waveforms relative to
the maximum of the first peak of the quadrupole waveform. We further showed that this
difference depends on the location of the observer (see table B2), but for the test case
it does not exceed a maximum of 40%, which agrees with the multipole-ordering argu-
ment previously described. However, we also pointed out that the amplitude difference
is confined to sharp peaks in the time domain. Such a confined change in the waveform
amplitude leads to a Fourier power being dispersed over a large frequency region, includ-
ing outside the LISA band. As a result, there is a correspondingly small change in the
SNR: of the order of ~ 1% relative to the quadrupolar formalism. Such a result is in
agreement with the analysis of [237], which was carried out for EMRIs. Therefore, we
see that the change in SNR is primarily dominated by the modifications introduced in
the geodesic description of the equations of motion, and not in the octopolar correction
to the waveform generation.

The analysis presented in this section, in particular Figure B, makes it clear
that relativistic corrections to the waveforms accumulate with multiple bursts. In other
words, over a single burst (pericenter passage), a quadrupolar waveform calculation using
Newtonian dynamics might be sufficient. However, if one wants to estimate parameters
associated with the central MBH, then multiple bursts might be necessary to associate
the events to a single SCO trajectory. In terms of data analysis, for a detection search
it is simpler to look for a single burst using techniques such as excess power and wavelet
decompositions [e.q. see 246, 1247, 248, 249]. For estimating MBH parameters, the results

®Naive intuition might suggest that the change in the SNR should scale like the square root of
the number of bursts, but this is not necessarily correct. First, different orbits possess different
beaming patterns on the sky due to precession. Second, the starting frequencies of these bursts

is very close to the limit of LISA’s sensitivity band [1075 Hz]. As the orbits burst, precession

somewhat increases the frequency of the waveform, forcing different bursts to contribute different
amounts to the SNR.
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of this paper suggest that multiple bursts might have to be connected. For this to occur,
a single template may be used, but as our results indicate, the template will need to
incorporate the effects of general relativity. ﬁ

At this junction, we should comment on some of the caveats in the conclusions
derived from the analysis presented here. First, in this paper we have primarily con-
centrated on the question of characterizing the gravitational waves through the study
of the SNR and overlap. In this study, however, we have not maximized these data
analysis measures with respect to (intrinsic or extrinsic) orbital parameters. Although
it might be possible to improve the SNR and overlap via parameter maximization, our
study suggests that the introduction of relativistic effects, such as precession, lead to a
clear imprint on the waveform that might be difficult to mimic with a purely Newtonian
waveform irrespective of its parameters. Second, in this paper we have only touched
the iceberg of the signal characterization and parameter estimation problem. A possible
route to study this problem is through a numerical Fisher analysis, with the complica-
tions derived from the fact that the waveforms are known only numerically. Furthermore,
increasing the complexity of the waveform will also increase the computational cost of
these studies and, thus, it might be interesting to investigate whether it is possible or
advantageous to search for individual bursts with similar frequency and identify them as
belonging to the same physical system. These issues are beyond the scope of this paper,
but they should be addressed in future investigations.

Setting these caveats momentarily aside, let us conclude with some discussion of
the extreme relativistic case introduced earlier. As we have seen, relativistic corrections
can introduce strong modifications to EMRB waveforms, which depend on how relativis-
tic the EMRB event is and, in particular, on the pericenter velocity. The corrections are
particularly strong for the class of EMRBs that inhabit the boundary between EMRBs
and EMRIs, defined by the T, = 3 x 10 s value, corresponding to the period between
apocenter passages. An example of such an event is the extreme orbit discussed in Sec-
tion B4l whose waveform is shown in Figure B8 Observe that a simplistic Newtonian
description misses the rich structure, in which the SCO whirls twice about the black
hole before zooming out to apocenter again. This behavior is missed entirely when we
evolve the orbit with the Newtonian equations of motion, even though the same initial
conditions were used. Even though in the previous cases a Newtonian waveform might
be able to extract relativistic events by adjusting intrinsic parameters, such is definitely
not the case for the highly-relativistic event of Fig. B, since no choice of parameters in
the Newtonian waveform can reproduce its multiple-peak structure.

Due to their whirling behavior, the extreme orbit waveform resembles the zoom-
whirl events often mentioned in the EMRI literature [25(, 251, 252]. However, the event
is still an EMRB and not an EMRI because the period between apocenter passages is
too long. For our galactic model, we find the probability of a small region of phase space
around this orbit to be rather high, 10%. If this EMRB is detected with sufficiently high

A note of caution should be added here, since a detailed study of the maximization of
the overlap with respect to orbital parameters in the Newtonian waveform has not yet been
carried out. Indeed, it might be possible to mimic some of the relativistic effects with Newtonian
waveforms with varying parameters, but such mimicking is most probably not possible for highly
relativistic EMRBs.
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SNR it seems plausible that a parameter estimation analysis would allow for a determi-
nation of the background parameters, such as the black hole spin. [253] have already
investigated LISA’s ability to measure MBH properties using approximate EMRI sig-
nals. They found that, depending on the actual orbital parameters, it will be possible
to measure the MBH spin with fractional errors of 107 to 107°. This high precision
measurement is the result of observing up to ~ 10° complete orbits. Conversely, it is
very unlikely that EMRB measurements will be able to match the measurement capa-
bilities of EMRI signals, since only a few bursts will probably be available. Whether
accurate parameter extraction is possible can only be determined with a more detailed
data analysis investigation of EMRBs.
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Fig. 8.8. Plot of the quadrupole Newtonian (solid) and Schwarzschild (dashed) gravi-
tational waveform as a function of time.

8.6 Conclusions

We have studied the effects of relativistic corrections on the gravitational waves
produced by EMRBs. These events originate from long period orbits of a SCO around a
MBH, leading to large-amplitude, quasi-periodic gravitational wave bursts. Using a more
accurate relativistic treatment of the phenomenon, we have improved on the waveforms
and trajectories relative to previous work. The orbital trajectories were corrected by
accounting for the spacetime curvature of the system for Schwarzschild and Kerr MBHs.
The waveform generation was corrected by accounting for the next order term in the
multipolar expansion of gravitational radiation.

We found that relativistic corrections change the waveform shape relative to
its Newtonian counterpart. One of the most significant changes was found to be an
amplitude-modulated dephasing, produced by the relativistic corrections to the orbital
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trajectory and, in particular, by relativistic precessional effects. Other effects included a
change in the amplitude of the waveform, partially produced by the inclusion of higher-
order terms in the gravitational wave generation scheme.

The magnitude of the relativistic corrections was found to be directly proportional
to the pericenter velocity of the orbit, as expected. Surprisingly, we estimated that at
least 50% of the orbits analyzed in [55, 228] acquire relativistic velocities and, thus, non-
negligible relativistic corrections. We investigated these corrections in detail by choosing
a test orbit, that is representative of the kind that dominated the event rate calculation
of [54]. We also studied a limiting case of a highly relativistic EMRB and found that it
whirls more than once around the MBH before zooming back to apocenter and becoming
silent again.

We have also discussed the possible consequences that relativistic effects might
have on the detection and parameter estimation of gravitational waves from EMRBs by
LISA, namely a change in the SNR and loss of overlap. These changes are mainly due to
the relativistic treatment of the equations of motion, while a quadrupolar wave genera-
tion formalism seems to suffice. This finding is relevant particularly to match filtering
searches, where a Newtonian treatment of the orbit might lead to a deterioration of con-
fidence limits. Furthermore, our study suggests that, given an EMRB gravitational wave
detection, it might be plausible to extract or bound the spin of the central potential with
a template that takes into account the Kerr character of the MBH. Other astrophysical
consequences include a possible increase in the event rate, which implies that the rates
of [53, 228] and [56] might be lower limits, although these estimates are still dominated
by uncertainties in the astrophysical modeling for the host galaxy.

In addition to the astrophysical modeling, future research should tackle the details
of the EMRB data analysis and signal extraction issues put forward above. Based on
the results of this paper, one may explore the possibility of testing alternative theories
of gravity with EMRBs by performing matched filtering with templates from alternative
theories [66, [72, 169, [70, [71]. Another possible avenue for future research is the study of
confidence limits with which the spin of the central MBH can be measured.

This research could then be used to examine whether EMRB events can distin-
guish between a pure Kerr MBH and some other spacetime. Such studies have already
began with the analysis of [254], [145] and [255], where comparisons between a Kerr
and other non-Kerr spacetimes were performed. Such studies could be extended to the
perturbed Kerr solution found by [104], where the perturbation is parameterized by the
Weyl tensor of the external universe and could represent some external accretion disk,
planetary system or some other compact object. Ultimately, these investigations will de-
cide whether EMRB events are worth studying in further detail by future gravitational
wave observatories.
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Chapter 9

Parametrized post-Newtonian Expansion

of Chern-Simons gravity

We investigate the weak-field, post-Newtonian expansion to the solution of
the field equations in Chern-Simmons gravity with a perfect fluid source.
In particular, we study the mapping of this solution to the parameterized
post-Newtonian formalism to 1 PN order in the metric. We find that the
PPN parameters of Chern-Simmons gravity are identical to those of general
relativity, with the exception of the inclusion of a new term that is propor-
tional to the Chern-Simmons coupling parameter and the curl of the PPN
vector potentials. We also find that the new term is naturally enhanced by
the non-linearity of spacetime and we provide a physical interpretation for
it. By mapping this correction to the gravito-electro-magnetic framework,
we study the corrections that this new term introduces to the acceleration of
point particles and the frame-dragging effect in gyroscopic precession. We
find that the CS correction to these classical predictions could be used by
current and future experiments to place bounds on intrinsic parameters of
Chern-Simons gravity and, thus, string theory.

9.1 Introduction

Tests of alternative theories of gravity that modify general relativity (GR) at a
fundamental level are essential to the advancement of science [l One formalism that has
had incredible success in this task is the parameterized post-Newtonian (PPN) frame-
work [256, 180, 1257, B1l, 258, I82]. In this formalism, the metric of the alternative theory
is solved for in the weak-field limit and its deviations from GR are expressed in terms
of PPN parameters. Once a metric has been obtained, one can calculate predictions
of the alternative theory, such as light deflection and the perihelion shift of Mercury,
which shall depend on these PPN parameters. Therefore, experimental measurements
of such physical effects directly lead to constraints on the parameters of the alternative
theory. This framework, together with the relevant experiments, have already been suc-
cessfully employed to constrain scalar-tensor theories (Brans-Dicke, Bekenstein) [259],
vector-tensor theories (Will-Nordtvedt [260], Hellings-Nordtvedt [261]), bimetric theo-
ries (Rosen [262, 263]) and stratified theories (Ni [264]) (see [60] for definitions and an
updated review.)

"This chapter is based on the following papers: S. Alexander and N. Yunes, Phys. Rev. D 75,
124022 (2007); S. Alexander and N. Yunes, Phys. Rev. Letts. 99, 241101 (2007)
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Only recently has this framework been used to study quantum gravitational and
string-theoretical inspired ideas. On the string theoretical side, Kalyana [265] inves-
tigated the PPN parameters associated with the graviton-dilaton system in low-energy
string theory. More recently, Ivashchuk, et. al. [266] studied PPN parameters in the con-
text of general black holes and p-brane spherically symmetric solutions, while Bezerra,
et. al. [267] considered domain wall spacetimes for low energy effective string theories
and derived the corresponding PPN parameters for the metric of a wall. On the quan-
tum gravitational side, Gleiser and Kozameh [268] and more recently Fan, et. al. [269]
studied the possibility of testing gravitational birefringence induced by quantum gravity,
which was proposed by Amelino-Camelia, el. al. [270] and Gambini and Pullin [271].
Other non-PPN proposals have been also put forth to test quantum gravity, for example
through gravitational waves [66, 67, [72, 168, 169, [70, [71, 272], but we shall not discuss
those tests here.

Chern-Simmons (CS) gravity [273, 274] is one such extension of GR, where the
gravitational action is modified by the addition of a parity-violating term. This ex-
tension is promising because it is required by all 4-dimensional compactifications of
string theory [275] for mathematical consistency because it cancels the Green-Schwarz
anomaly [276]. CS gravity, however, is not unique to string theory and in fact has its
roots in the standard model, where it gives rise to a model independent axion.

Chern-Simmons gravity has been recently studied in the cosmological context.
In particular, this framework was used to shed light on the anisotropies of the cosmic
microwave background (CMB) [74, |76, [77] and the leptogenesis problem [73, [74, 76].
Parity violation has also been shown to produce birefringent gravitational waves [274,
272], where different polarizations modes acquire varying amplitudes. These modes obey
different propagation equations because the imaginary sector of the classical dispersion
relation is CS corrected. Different from [271], in CS birefringence the velocity of the
gravitational wave remains that of light.

In this paper we study CS gravity in the PPN framework, extending the analysis
of [2717] and providing some missing details. In particular, we shall consider the effect of
the CS correction to the gravitational field of, for instance, a pulsar, a binary system or a
star in the weak-field limit. These corrections are obtained by solving the modified field
equations in the weak-field limit for post-Newtonian (PN) sources, defined as those that
are weakly-gravitating and slowly-moving [3]. Such an expansion requires the calculation
of the Ricci and Cotton tensors to second order in the metric perturbation. We then
find that CS gravity leads to the same gravitational field as that of classical GR and,
thus, the same PPN parameters, except for the inclusion of a new term in the vectorial

sector of the metric, namely
(cs

9.

O —of (Vv x V), (9.1)

where f acts as a coupling parameter of CS theory and V, is a PPN potential. We also
show that this solution can be alternatively obtained by finding a formal solution to
the modified field equations and performing a PN expansion, as is done in PN theory.
The full solution is further shown to satisfy the additional CS constraint, which leads to
equations of motion given only by the divergence of the stress-energy tensor.
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The CS correction to the metric found here leads to an interesting interpretation
of CS gravity and forces us to consider a new type of coupling. The interpretation
consists of thinking of the field that sources the CS correction as a fluid that permeates
all of spacetime. Then the CS correction in the metric is due to the “dragging” of such
a fluid by the motion of the source. Until now, couplings of the CS correction to the
angular momentum of the source had been neglected by the string theory community.
Similarly, curl-type terms had also been considered unnecessary in the traditional PPN
framework, since previous alternative gravity theories had not required it. As we shall
show, in CS gravity and thus in string theory, such a coupling is naturally occurring.
Therefore, a proper PPN mapping requires the introduction of a new curl-type term
with a corresponding new PPN parameter of the type of Eq. (@1]).

A modification to the gravitational field leads naturally to corrections of the
standard predictions of GR. In order to illustrate such a correction, we consider the
CS term in the gravito-electro-magnetic analogy [278, 279], where we find that the CS
correction accounts for a modification of gravitomagnetism. Furthermore, we calculate
the modification to the acceleration of point particles and the frame dragging effect in
the precession of gyroscopes. We find that these corrections are given by

ol = LGy ()

2r c?r? \c c
i me ) i v
wf = Lemfyr )] 0
rr? )T (9-2)

where m and v are the mass and velocities of the source, while 7 is the distance to the
source and n" = x'/r is a unit vector, with - and x the flat-space scalar and cross prod-
ucts. Both corrections are found to be naturally enhanced in regions of high spacetime
curvature. We then conclude that experiments that measure the gravitomagnetic sector
of the metric either in the weak-field (such as Gravity Probe B [28(]) and particularly
in the non-linear regime, will lead to a direct constraint on the CS coupling parameter
f. In this paper we develop the details of how to calculate these corrections, while the
specifics of how to actually impose a constraint, which depend on the experimental setup,
are beyond the scope of this paper.

The remainder of this paper deals with the details of the calculations discussed
in the previous paragraphs. We have divided the paper as follows: Sec. describes the
basics of the PPN framework; Sec. discusses CS modified gravity, the modified field
equations and computes a formal solution; Sec. @4 expands the field equations to second
order in the metric perturbation; Sec. iteratively solves the field equations in the
PN approximation and finds the PPN parameters of CS gravity; Sec. discusses the
correction to the acceleration of point particles and the frame dragging effect; Sec.
concludes and points to future research.

The conventions that we use throughout this work are the following: Greek letters
represent spacetime indices, while Latin letters stand for spatial indices only; semicolons
stand for covariant derivatives, while colons stand for partial derivatives; overhead dots
stand for derivatives with respects to time. We denote uncontrolled remainders with the
symbol O(A), which stands for terms of order A. We also use the Einstein summation
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convention unless otherwise specified. Finally, we use geometrized units, where G = ¢ =
1, and the metric signature (—, +, 4, +).

9.2 The ABC of PPN

In this section we summarize the basics of the PPN framework, following [82].
This framework was first developed by Eddington, Robertson and Schiff [82, 256], but it
came to maturity through the seminal papers of Nordtvedt and Will [8(, 257, 81, 258].
In this section, we describe the latter formulation, since it is the most widely used in
experimental tests of gravitational theories.

The goal of the PPN formalism is to allow for comparisons of different metric
theories of gravity with each other and with experiment. Such comparisons become
manageable through a slow-motion, weak-field expansion of the metric and the equa-
tions of motion, the so-called PN expansion. When such an expansion is carried out to
sufficiently high but finite order, the resultant solution is an accurate approximation to
the exact solution in most of the spacetime. This approximation, however, does break
down for systems that are not slowly-moving, such as merging binary systems, or weakly
gravitating, such as near the apparent horizons of black hole binaries. Nonetheless, as far
as solar system tests are concerned, the PN expansion is not only valid but also highly
accurate.

The PPN framework employs an order counting-scheme that is similar to that
used in multiple-scale analysis [3(, B1, {105, 93]. The symbol O(A) stands for terms of
order eA, where € < 1 is a PN expansion parameter. For convenience, it is customary
to associate this parameter with the orbital velocity of the system v/c = O(1), which
embodies the slow-motion approximation. By the Virial theorem, this velocity is related
to the Newtonian potential U via U ~ v, which then implies that U = O(2) and
embodies the weak-gravity approximation. These expansions can be thought of as two
independent series: one in inverse powers of the speed of light ¢ and the other in positive
powers of Newton’s gravitational constant.

Other quantities, such as matter densities and derivatives, can and should also be
classified within this order-counting scheme. Matter density p, pressure p and specific
energy density II, however, are slightly more complicated to classify because they are
not dimensionless. Dimensionlessness can be obtained by comparing the pressure and
the energy density to the matter density, which we assume is the largest component of
the stress-energy tensor, namely p/p ~ II/p = O(2). Derivatives can also be classified in
this fashion, where we find that 9,/0_ = O(1). Such a relation can be derived by noting
that 9, ~ ’UZVZ-, which comes from the Euler equations of hydrodynamics to Newtonian
order.

With such an order-counting scheme developed, it is instructive to study the
action of a single neutral particle. The Lagrangian of this system is given by

1/2 ; ;i\ 1/2
L = (g,wu“uy) y = <—900 - 290;'1’2 - gz’jvlvj) (9.3)
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where v/ = dz" /dt = (1,v") is the 4-velocity of the particle and v' is its 3-velocity. From
Eq. [13), note that knowledge of L to O(A) implies knowledge of g,, to O(4), g, to
O(A-1) and g;; to O(A—2). Therefore, since the Lagrangian is already known to O(2)
(the Newtonian solution), the first PN correction to the equations of motion requires g,
to O(4), gy; to O(3) and g;; to O(2). Such order counting is the reason for calculating
different sectors of the metric perturbation to different PN orders.

A PPN analysis is usually performed in a particular background, which defines a
particular coordinate system, and in an specific gauge, called the standard PPN gauge.
The background is usually taken to be Minkowski because for solar system experiments
deviations due to cosmological effects are negligible and can, in principle, be treated
as adiabatic corrections. Moreover, one usually chooses a standard PPN frame, whose
outer regions are at rest with respect to the rest frame of the universe. Such a frame, for
example, forces the spatial sector of the metric to be diagonal and isotropic [82]. The
gauge employed is very similar to the PN expansion of the Lorentz gauge of linearized
gravitational wave theory. The differences between the standard PPN and Lorentz gauge
are of O(3) and they allow for the presence of certain PPN potentials in the vectorial
sector of the metric perturbation.

The last ingredient in the PPN recipe is the choice of a stress-energy tensor. The
standard choice is that of a perfect fluid, given by

™ = (p+ pIl + p) u"'u” + pg"”". (9.4)

Such a stress-energy density suffices to obtain the PN expansion of the gravitational field
outside a fluid body, like the Sun, or of compact binary system. One can show that the
internal structure of the fluid bodies can be neglected to 1 PN order by the effacement
principle [3] in GR. Such effacement principle might actually not hold in modified field
theories, but we shall study this subject elsewhere [281]].

With all these machinery, on can write down a super-metric [82], namely

Gy = —142U—28U" —2®,, + (2y+2+a,+(,
— 20) D, 423y —28+14C+&) D,
4 2(14C) Py +2 (37 +3¢, — 26) @, — (¢, — 26) A,

1
90i = _5(47+3+a1_o‘2+<1_2£)‘/i
1
- 5(1+O‘2_<1+2£)Wi7
gij = (1+27U) 5ij’ (9'5)

where 52.]. is the Kronecker delta and where the PPN potentials (U, ®;,, ®,,®,,®,,®,, A, V,,W,)
are defined in Appendix[[l Equation (@H) describes a super-metric theory of gravity, be-
cause it reduces to different metric theories, such as GR or other alternative theories [82],
through the appropriate choice of PPN parameters (7, §,§, o, ay, a5, ¢}, ¢y, (5, C,)- One
could obtain a more general form of the PPN metric by performing a post-Galilean
transformation on Eq. ([@H), but such a procedure shall not be necessary in this paper.
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The super-metric of Eq. (@3) is parameterized in terms of a specific number
of PPN potentials, where one usually employs certain criteria to narrow the space of
possible potentials to consider. Some of these restriction include the following: the
potentials tend to zero as an inverse power of the distance to the source; the origin of
the coordinate system is chosen to coincide with the source, such that the metric does
not contain constant terms; and the metric perturbations h, hj, and h; j transform as
a scalar, vector and tensor. The above restrictions are reasonable, but, in general, an
additional subjective condition is usually imposed that is based purely on simplicity:
the metric perturbations are not generated by gradients or curls of velocity vectors or
other generalized vector functions. As of yet, no reason had arisen for relaxing such a
condition, but as we shall see in this paper, such terms are indeed needed for CS modified
theories.

What is the physical meaning of all these parameters? Omne can understand
what these parameters mean by calculating the generalized geodesic equations of motion
and conservation laws [82]. For example, the parameter v measures how much space-
curvature is produced by a unit rest mass, while the parameter G determines how much
“non-linearity” is there in the superposition law of gravity. Similarly, the parameter
§ determines whether there are preferred-location effects, while o, represent preferred-
frame effects. Finally, the parameters ¢, measure the amount of violation of conservation
of total momentum. In terms of conservation laws, one can interpret these parameters
as measuring whether a theory is fully conservative, with linear and angular momentum
conserved (¢; and o, vanish), semi-conservative, with linear momentum conserved ((;
and a; vanish), or non-conservative, where only the energy is conserved through lowest
Newtonian order. One can verify that in GR, v = 8 = 1 and all other parameters vanish,
which implies that there are no preferred-location or frame effects and that the theory
is fully conservative.

A PPN analysis of an alternative theory of gravity then reduces to mapping its
solutions to Eq. ([@3) and then determining the PPN parameters in terms of intrinsic
parameters of the theory. The procedure is simply as follows: expand the modified
field equations in the metric perturbation and in the PN approximation; iteratively
solve for the metric perturbation to O(4) in hy,, to O(3) in hy, and to O(2) in hy;;
compare the solution to the PPN metric of Eq. (@3] and read off the PPN parameters
of the alternative theory. We shall employ this procedure in Sec. to obtain the PPN
parameters of CS gravity.

9.3 CS Gravity in a Nutshell

In this section, we describe the basics of CS gravity, following mainly [273, 274].
In the standard CS formalism, GR is modified by adding a new term to the gravitational
action. This term is given by [273]
2
m
pl

Sos = i /d4:1:f (*R R) , (9.6)
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where m, s the Planck mass, f is a dynamical field that is prescribed externallyﬁ with
units of squared mass (or squared length in geometrized units), R is the Ricci scalar and
the star stands the dual operation, such that

R'R= %Rawe“ﬁ"”m&w, (9.7)
with € oy the totally-antisymmetric Levi-Civita tensor and Ruv 5y the Riemann tensor.

Such a correction to the gravitational action is interesting because of the un-
avoidable parity violation that is introduced. Such parity violation is inspired from CP
violation in the standard model, where such corrections act as anomaly-canceling terms.
A similar scenario occurs in string theory, where the Green-Schwarz anomaly is canceled
by precisely such a CS correction [27€], although CS gravity is not exclusively tied to
string theory. Parity violation in CS gravity inexorably leads to birefringence in gravita-
tional propagation, where here we mean that different polarization modes obey different
propagation equations but travel at the same speed, that of light [273, [73, 274, 281]. If
CS gravity were to lead to polarization modes that travel at different speeds, then one
could use recently proposed experiments [268] to test this effect, but such is not the case
in CS gravity. Birefringent gravitational waves, and thus CS gravity, have been proposed
as possible explanations to the cosmic-microwave-background (CMB) anisotropies [73],
as well as the baryogenesis problem during the inflationary epoch [75].

The magnitude of the CS correction is controlled by the externally-prescribed
quantity f, which depends on the specific theory under consideration. When we consider
CS gravity as an effective quantum theory, then the correction is suppressed by some
mass scale M, which could be the electro-weak scale or some other scale, since it is
unconstrained. In the context of string theory, the quantity f has been calculated only
in conservative scenarios, where it was found to be suppressed by the Planck mass.
In other scenarios, however, enhancements have been proposed, such as in cosmologies
where the string coupling vanishes at late times [284, 285, 286, 287, 1288, 289, 1290, 291,
292, 1293, 294], or where the field that generates f couples to spacetime regions with large
curvature [295, 296] or stress-energy density [281, 272]. For simplicity, we here assume
that this quantity is spatially homogeneous and its magnitude is small but non-negligible,
so that we work to first order in the string-theoretical correction. Therefore, we treat
f as an independent perturbation parameter, B unrelated to €, the PN perturbation
parameter.

The field equations of CS modified gravity can be obtained by varying the action
with respect to the metric. Doing so, one obtains

G, +C, =8T,, (9.8)

*The quantity f is a dynamical field that must be determined “externally” [273], within the
theoretical framework under consideration. This quantity has been identified with the infla-
ton field in a cosmological context [282], as well as with a model-independant axion in other
contexts [283)

3Formaully7 f by itself is dimensional, so it cannot be treated as an expansion parameter.

A dimensionless parameter can, however, be constructed by dividing f by some length scale
squared.
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where G v is the Einstein tensor, T/w is a stress-energy tensor and C/w is the Cotton
tensor. The latter tensor is defined via

1 oaf * T O
Cp === £ (Dl + (D,1,) ") (99
where parenthesis stand for symmetrization, g is the determinant of the metric, D,
stands for covariant differentiation and colon subscripts stand for partial differentiation.

af

Here, the factor of (—g)_l/ ? could have been absorbed in f, since €’ " is already a

tensor. However, since g = 1 + h, this term would only contribute to (’)(h)2 and, as we
shall show later, the only component that we need to this order in the Cotton tensor
actually vanishes.

Formally, the introduction of such a modification to the field equations leads to a
new constraint, which is compensated by the introduction of the new scalar field degree
of freedom f. This constraint originates by requiring that the divergence of the field
equations vanish, namely

1 *

p'c,, - s ("rR) =0, (9.10)
where the divergence of the Einstein tensor vanished by the Bianchi identities. If this
constraint is satisfied, then the equations of motion for the stress-energy D“T“ Y are
unaffected by CS gravity. A common source of confusion is that Eq. (@I0) is sometimes
interpreted as requiring that R*R also vanish, which would then force the correction to
the action to vanish. However, this is not the case because, in general, f is an exact
form (al2 f =0) and, thus, Eq. (II0) only implies an additional constraint that forces all
solutions to the field equations to have a vanishing R*R.

This new constraint then allows for the use of the stress energy considered dis-
cussed above, since it also allows the strong equivalence principle (SEP) to hold in CS
gravity [73]. This principle states that the outcome of all local gravitational experiments
is independent of the experimenters frame of reference. In other words, the motion of
test particles is exclusively governed by the spacetime metric, through the divergence of
the particle’s stress-energy tensor. In CS gravity, the divergence of the modified field
equations leads to Eq. (@I0), where the divergence of the Einstein tensor vanishes by
the Bianchi identities, since one can define Riemann normal coordinates where all first
derivatives of the metric are zero. The right-hand side of Eq. (@) vanishes in vac-
uum and, thus, the SEP holds provided R*R = 0, which is known as the Pontryagin
constraint. We shall later see that the solution to the modified field equations found
here automatically satisfies this constraint to O(h)2 and, thus, the SEP naturally holds
without any additional constraints.

The previous success of CS gravity in proposing plausible explanations to impor-
tant cosmological problems prompts us to consider this extension of GR in the weak-field
regime. For this purpose, it is convenient to rewrite the field equations in trace-reversed
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form, since this form is most amenable to a PN expansion. Doing so, we find,
R C =8r|T L T 9.11
uv + w = OT uv ig,uz/ ) ( : )

where the trace of the Cotton tensor vanishes identically and T' = g T " is the four
dimensional trace of the stress-energy tensor. To linear order, the Ricci and Cotton
tensors are given by [273]

1 2
R, = _§Dh + O(h)",
f oo 2
C’W = —5¢ (anhV) + O(h)7, (9.12)
where ¢ is the Levi-Civita symbol, with convention 1% = +1, and D77 = —83 +

ij . , . . . . .
n 8Z.8j is the flat space D’Alambertian, with N the Minkowski metric. In Eq. (@I2),

we have employed the Lorentz gauge condition hm’a = h,u /2, where h = g" VhW is the
four dimensional trace of the metric perturbation.

The Cotton tensor changes the characteristic behavior of the Einstein equations
by forcing them to become third order instead of second order. Third-order partial differ-
ential equations are common in boundary layer theory [3(]. However, in CS gravity, the
third-order contributions are multiplied by a factor of f and we shall treat this function
as a small independent expansion parameter. Therefore, the change in characteristics in
the modified field equations can also be treated perturbatively, which is justified because
eventhough f might be enhanced by standard model currents, extra dimensions or a
vanishing string coupling, it must still carry some type of mass suppression.

The trace-reversed form of the field equations is useful because it allows us to
immediately find a formal solution. Inverting the D’Alambertian operator we obtain

H =167 D: (T - %gij> +O(h), (9.13)

7% pv
where we have defined an effective metric perturbation as

H,, = hy, + & (9.14)

(1 V)ﬁ ar
Note that this formal solution is identical to the formal PN solution to the field equations
in the limit f — 0. Also note that the second term in Eq. (@I4) is in essence a curl
operator acting on the metric. This antisymmetric operator naturally forces the trace
of the CS correction to vanish, as well as the 00 component and the symmetric spatial
part.

From the formal solution to the modified field equations, we immediately identify
the only two possible non-zero CS contributions: a coupling to the vector component of

the metric h,.; and coupling to the transverse-traceless part of the spatial metric h

0i°
The latter has already been studied in the gravitational wave context [273, 274, 281]
and it vanishes identically if we require the spatial sector of the metric perturbatlon to
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be conformally flat. The former coupling is a new curl-type contribution to the metric
perturbation that, to our knowledge, had so far been neglected both by the string theory
and PPN communities. In fact, as we shall see in later sections, terms of this type will
force us to introduce a new PPN parameter that is proportional to the curl of certain
PPN potentials.

Let us conclude this section by pushing the formal solution to the modified field
equations further to obtain a formal solution in terms of the actual metric perturbation
h,,- Combining Eqs. ([.13) and (@.Id)) we arrive at the differential equation

: 0o -1 1 2
hy + 1€ (P go = 167 Dn <Tuv - §gWT> +O(h)". (9.15)

Since we are searching for perturbations about the general relativistic solution, we shall
make the ansatz

L (GR) | ; 2
h,, = hW + fC,, +Oh), (9.16)
where h'“™) is the solution predicted by general relativity
(GR) _ -1 1
h;w = —16m D77 (Tuv 2gWT> , (9.17)

and where CW is an unknown function we are solving for. Inserting this ansatz into

Eq. (@I0) we obtain
s Oaf . Oaf -1
C/w + fé (MCV)B@ = 167é (MOOCD" (Tu)g - §gu)ﬁT> . (9.18)

We shall neglect the second term on the left-hand side because it would produce a second
order correction. Such conclusion was also reached when studying parity violation in GR
to explain certain features of the CMB [77]. We thus obtain the formal solution

Dap

1 1

and the actual metric perturbation to linear order becomes

. 1
b, = —16x0 <TW—§77WT> (9.20)

s ki —1 1 2
+ 16mfe Dn <5i(uTu)€,k B §5i(u77V)€T,k> +O(h)7,

where we have used some properties of the Levi-Civita symbol to simplify this expression.
The procedure presented here is general enough that it can be directly applied to study
CS gravity in the PPN framework, as well as possibly find PN solutions to CS gravity.
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9.4 PN expansion of CS Gravity

In this section, we perform a PN expansion of the field equations and obtain a
solution in the form of a PN series. This solution then allows us to read off the PPN
parameters by comparing it to the standard PPN super-metric [Eq. (@H)]. In this section
we shall follow closely the methods of [82] and [197] and indices shall be manipulated
with the Minkowski metric, unless otherwise specified.

Let us begin by expanding the field equations to second order in the metric per-
turbation. Doing so we find that the Ricci and Cotton tensors are given to second order
by

R, = _% T = 2h)” H ] - % 2 (2 = Py~ o)
B %hp)\,uhm,u + hAu,Phpu,A o hpu)\hpm)\ + % (h)\ N Qh)‘p’p) (h“”’)‘ a 2h>‘(”’u)>]
v ow’, .

Cor = =2 (Ohpa=apa”) = 52 [ (Ohe = o’

+ om’. (9.21)

where index contraction is carried out with the Minkowski metric and where we have not
assumed any gauge condition. The operator Q() takes the quadratic part of its operand
[of O(h)?] and it is explained in more detail in Appendix G where the derivation of the
expansion of the Cotton tensor is presented in more detail. In this derivation, we have
used the definition of the Levi-Civita tensor

1/2- 1.\ . 2
€aps = (—9) / Eafys = (1 - §h> €apys T OR), (9.22)
(e} — o 1 1o %
0= (g = <1 + §h> e L on).

Note that the PN expanded version of the linearized Ricci tensor of Eq. ([@ZI]) agrees
with previous results [82]. Also note that if the Lorentz condition is enforced, several
terms in both expressions vanish identically and the Cotton tensor to first order reduces
to Eq. ([@I2), which agrees with previous results [273].
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Let us now specialize the analysis to the standard PPN gauge. For this purpose,
we shall impose the following gauge conditions

o1
hie, —5h; = OM),
o1k
hok, = 5h o = O0), (9.23)

where h* ;. s the spatial trace of the metric perturbation. Note that the first equation is
the PN expansion of one of the Lorentz gauge conditions, while the second equation is
not. This is the reason why the previous equations where not expanded in the Lorentz
gauge. Nonetheless, such a gauge condition does not uniquely fix the coordinate system,
since we can still perform an infinitesimal gauge transformation that leaves the modified
field equations invariant. One can show that the Lorentz and PPN gauge are related to
each other by such a gauge transformation. In the PPN gauge, then, the Ricci tensor
takes the usual form

1_o 1 i 1o
Ry, = _§V hoo — §h00,ih00, + §h hOO,ij + 0(6),
1_o 1
Ry = _§V hoi = Zhoo,m’ +0(5),
1_2
R; = -3V hi; +O(4), (9.24)

which agrees with previous results [82], while the Cotton tensor reduces to

Ooo = 0(6),
1.

Coi = _Zf€0kliv2h0l,k +0(5),
1. 00 _2

where V = n" Z?i(‘)j is the Laplacian of flat space [see Appendix [Gl for the derivation of
Eq. (@Z3).] Note again the explicit appearance of two coupling terms of the Cotton
tensor to the metric perturbation: one to the transverse-traceless part of the spatial
metric and the other to the vector metric perturbation. The PN expansions of the
linearized Ricci and Cotton tensor then allow us to solve the modified field equations in
the PPN framework.

9.5 PPN Solution of CS gravity

In this section we shall proceed to systematically solve the modified field equation
following the standard PPN iterative procedure [82]. We shall begin with the 00 and ij
components of the metric to O(2), and then proceed with the 0i components to O(3)
and the 00 component to O(4). Once all these components have been solved for in terms
of PPN potentials, we shall be able to read off the PPN parameters adequate to CS
gravity.
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9.5.1 hy, and h;; to O(2)

Let us begin with the modified field equations for the scalar sector of the metric
perturbation. These equations are given to O(2) by

Vhyy = —87p, (9.26)

because T' = —p. Eq. [@Z0) is the Poisson equation, whose solution in terms of PPN
potentials is
hgy = 2U + O(4). (9.27)

Let us now proceed with the solution to the field equation for the spatial sector
of the metric perturbation. This equation to O(2) is given by

2 ) 2
\v4 hij + fé (Z,V hj)l,k = —8mpd. (9.28)

iy’
where note that this is the first appearance of a Cotton tensor contribution. Since the
Levi-Civita symbol is a constant and f is only time-dependent, we can factor out the
Laplacian and rewrite this equation in terms of the effective metric H, ; as

V'H,. = —8mps,

; ” (9.29)

where, as defined in Sec. B3]
-0kl
Hij =l + FE Gy (9.30)
The solution of Eq. (@29]) can be immediately found in terms of PPN potentials as
H,; =206, +0(4), (9.31)

which is nothing but Eq. ([@I3)). Recall, however, that in Sec. we explicitly used
the Lorentz gauge to simplify the field equations, whereas here we are using the PPN
gauge. The reason why the solutions are the same is that the PPN and Lorentz gauge
are indistinguishable to this order.

Once the effective metric has been solved for, we can obtain the actual metric
perturbation following the procedure described in Sec. Combining Eq. (@30) with
Eq. (@31]), we arrive at the following differential equation

» Okl
hy;+ F& ihyyy =206, (9.32)

We look for solutions whose zeroth-order result is that predicted by GR and the CS term
is a perturbative correction, namely

hy; = 2U6,; + fC,. (9.33)
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where ( is assumed to be of O( f )0. Inserting this ansatz into Eq. (I32) we arrive at

. 0kl
G+ 1 (e =0, (9.34)

where the contraction of the Levi-Civita symbol and the Kronecker delta vanished. As
in Sec. @3 note that the second term on the left hand side is a second order correction
and can thus be neglected to discover that Cij vanishes to this order.

The spatial metric perturbation to O(2) is then simply given by the GR prediction
without any CS correction, namely

h,, = 2U8,, + O(4). (9.35)

Physically, the reason why the spatial metric is unaffected by the CS correction is re-
lated to the use of a perfect fluid stress-energy tensor, which, together with the PPN
gauge condition, forces the metric to be spatially conformally flat. In fact, if the spa-
tial metric were not flat, then the spatial sector of the metric perturbation would be
corrected by the CS term. Such would be the case if we had pursued a solution to 2
PN order, where the Landau-Lifshitz pseudo-tensor sources a non-conformal correction
to the spatial metric [3], or if we had searched for gravitational wave solutions, whose
stress-energy tensor vanishes [73, 274]. In fact, one can check that, in such a scenario,
Eq. (@29) reduces to that found by [273, [73, 274, 281] as p — 0. We have then found
that the weak-field expansion of the gravitational field outside a fluid body, like the Sun
or a compact binary, is unaffected by the CS correction to O(2).

9.5.2 h, to O(3)

Let us now look for solutions to the field equations for the vector sector of the
metric perturbation. The field equations to O(3) become

2 1 1 ok 2
V7 h, + §h00’0i + §f6 AY hol,k = 16mpv;, (9.36)
where we have used that T% = —T,,;- Using the lower order solutions and the effective
metric, as in Sec. @3, we obtain
VHy + Uy, = 16mpu;, (9.37)

where the vectorial sector of the effective metric is

1 . okt
Hy; = ho; + 5fe ihOI,k' (9.38)

We recognize Eq. ([@31) as the standard GR field equation to O(3), except that the
dependent function is the effective metric instead of the metric perturbation. We can
thus solve this equation in terms of PPN potentials to obtain

7 1
Ho= 3V~ 5W,

Wi (9.39)
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where we have used that the superpotential X satisfies X ;= VJ — Wj (see Appendix [H
for the definitions.) Combining Eq. (38) with Eq. (@39) we arrive at a differential
equation for the metric perturbation, namely

1 okl 7 1
Once more, let us look for solutions that are perturbation about the GR prediction,

namely
7 1 .
where we again assume that ¢, is of O( f )0. The field equation becomes

7

Cﬁ—%f(Vx()i:%<§(VXV)Z.+%(VXW)Z.>, (9.42)

where (V x A)" = ¢” kajAk is the standard curl operator of flat space. As in Sec. 3] note
once more that the second term on the left-hand side is again a second order correction
and we shall thus neglect it. Also note that the curl of the V, potential happens to be
equal to the curl of the W, potential. The solution for the vectorial sector of the actual
gravitational field then simplifies to

7 1 :
ho; = _§Vi — §Wi +2f(VxV), +0(5). (9.43)

We have arrived at the first contribution of CS modified gravity to the met-
ric for a perfect fluid source. Chern-Simons gravity was previously seen to couple to
the transverse-traceless sector of the metric perturbation for gravitational wave solu-
tions [273, 73, 274, 281]. The CS correction is also believed to couple to Noether vector
currents, such as neutron currents, which partially fueled the idea that this correction
could be enhanced. However, to our knowledge, this correction was never thought to
couple to vector metric perturbations. From the analysis presented here, we see that in
fact CS gravity does couple to such terms, even if the matter source is neutrally charged.
The only requirement for such couplings is that the source is not static, ie. that the
object is either moving or spinning relative to the PPN rest frame so that the PPN
vector potential does not vanish. The latter is suppressed by a relative O(1) because in
the far field the velocity of a compact object produces a term of O(3) in V,, while the
spin produces a term of O(4). In a later section, we shall discuss some of the physical
and observational implications of such a modification to the metric.

9.5.3  hy, to O(4)

A full analysis of the PPN structure of a modified theory of gravity requires that
we solve for the 00 component of the metric perturbation to O(4). The field equations
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to this order are

12 1 1
- §V hoo = §hoo,ihoo,i + §hz’jhoo,ij =dmp |l
2 1 3p
2 — I+ = 44
+ (v U+ gL+ 2p>] ; (9.44)

where the CS correction does not contribute at this order (see Appendix [Gl) Note
that the h, sector of the metric perturbation to O(3) does not feed back into the field
equations at this order either. The terms that do come into play are the h, and h; j
sectors of the metric, which are not modified to lowest order by the CS correction. The
field equation, thus, reduce to the standard one of GR, whose solution in terms of PPN
potentials is

hey = 2U — 2U° + 4% + 4, + 28, + 6B, + O(6). (9.45)

We have thus solved for all components of the metric perturbation to 1 PN order beyond
the Newtonian answer, namely g, to O(4), g,, to O(3) and g;; t0 O(2).

9.5.4 PPN Parameters for CS Gravity

We now have all the necessary ingredients to read off the PPN parameters of CS
modified gravity. Let us begin by writing the full metric with the solutions found in the
previous subsections:

Goy = —1+2U—2U" +4, +4d, + 20, + 60, + O(6),
71 :
g9; = (14+20)6,;+0(). (9.46)

One can verify that this metric is indeed a solution of Eqs. (26]), (©28]), (@36]) and (@44])
to the appropriate PN order and to first order in the CS coupling parameter. Also note
that the solution of Eq. (48] automatically satisfies the constraint “RR = 0 to linear
order because the contraction of the Levi-Civita symbol with two partial derivatives
vanishes. Such a solution is then allowed in CS gravity, just as other classical solutions
are [2917], and the equations of motion for the fluid can be obtained directly from the
covariant derivative of the stress-energy tensor.

We can now read off the PPN parameters of the CS modified theory by comparing
Eq. ([@H) to Eq. ([@6). A visual inspection reveals that the CS solution is identical to
the classical GR one, which implies that y = 8 =1, ( =0and oy = a, = a; = §, =
§y = & = &, = 0 and there are no preferred frame effects. However, Eq. (3] contains
an extra term that cannot be modeled by the standard PPN metric of Eq. (@H), namely
the curl contribution to g,,. We then see that the PPN metric must be enhanced by the
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addition of a curl-type term to the 0i components of the metric, namely

Yoi

T4 a,— ¢ +2)W,+xM(VxV),, (9.47)

where x is a new PPN parameter and where M is a characteristic mass scale of the source
inducing the vector potential. Note that there is no need to introduce any additional
PPN parameters because the curl of W, equals the curl of V,. In fact, we could have
equally parameterized the new contribution to the PPN metric in terms of the curl of
W, but we chose not to because V, appears more frequently in PN theory. For the case
of CS modified gravity, the new x parameter is simply
f

where f was rescaled by M to make it dimensionless and coordinate independent.The
choice made here to make f dimensionless might seem a bit arbitrary, but if we consider
f as some CS mass scale, then y o meg/M is a ratio of masses with a straghtforward
physical meaning.

9.6 Astrophysical Implications

In this section we shall propose a physical interpretation to the CS modification
to the PPN metric and we shall calculate some GR predictions that are modified by this
correction. This section, however, is by no means a complete study of all the possible
consequences of the CS correction, which is beyond the scope of this paper.

Let us begin by considering a system of A nearly spherical bodies, for which the
gravitational vector potentials are simply [82]

i my i1 Jy !
VvV = %:HUA—FiZ(TTXTlA), (949)

A A

i my i1 Jy '
W= ZZ(UA'nA)nA_‘_iEA:(aan)v

A

where m , is the mass of the Ath body, r, is the field point distance to the Ath body,

n; = x;/rA is a unit vector pointing to the Ath body, v, is the velocity of the Ath body

and Ji& is the spin-angular momentum of the Ath body. For example, the spin angular

momentum for a Kerr spacetime is given by J = mzai, where a is the dimensionless
Kerr spin parameter. Note that if A = 2 then the system being modeled could be a
binary of spinning compact objects, while if A = 1 it could represent the field of the sun
or that of a rapidly spinning neutron star or pulsar.

In obtaining Eq. (@49), we have implicitly assumed a point-particle approxi-
mation, which in classical GR is justified by the effacement principle. This principle
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postulates that the internal structure of bodies contributes to the solution of the field
equations to higher PN order. One can verify that this is indeed the case in classical GR,
where internal structure contributions appear at 5 PN order. In CS gravity, however, it
is a priori unclear whether an analogous effacement principle holds because the CS term
is expected to couple with matter current via standard model-like interactions. If such
is the case, it is possible that a “mountain” on the surface of a neutron star [298] or an
r-mode instability [299, B0(, 301] enhances the CS contribution. In this paper, however,
we shall neglect these interactions, and relegate such possibilities to future work [281]].
With such a vector potential, we can calculate the CS correction to the metric.
For this purpose, we define the correction dg,, = g, — g((]fR), where g((]?R) is the GR
prediction without CS gravity. We then find that the CS corrections is given by

090 =2 _ "= | T4 (vaxny) = —’3 57( Arz A)nA : (9.50)
A A A A A

where the - operator is the flat-space inner product and where we have used the identities
€ikChim = 010 — 0,05 and €€, = 20,,. Note that the first term of Eq. @x0) is of
O(3), while the second and third terms are of O(4) as previously anticipated. Also note
that f couples both to the spin and orbital angular momentum. Therefore, whether the
system under consideration is the Solar system (v" of the Sun is zero while J* is small),

the Crab pulsar (U is again zero but J* is large) or a binary system of compact objects
(neither v" nor J* vanish), there will in general be a non-vanishing coupling between the
CS correction and the vector potential of the system.

From the above analysis, it is also clear that the CS correction increases with
the non-linearity of the spacetime. In other words, the CS term is larger not only for
systems with large velocities and spins, but also in regions near the source. For a binary
system, this fact implies that the CS correction is naturally enhanced in the last stages
of inspiral and during merger. Note that this enhancement is different from all previous
enhancements proposed, since it does not require the presence of charge [281, 272], a fifth
dimension with warped compactifications [297, 296], or a vanishing string coupling [284,
285, 286, 287, 288, 289, 290, 291/, 292, 293, 294]. Unfortunately, the end of the inspiral
stage coincides with the edge of the PN region of validity and, thus, a complete analysis
of such a natural enhancement will have to be carried out through numerical simulations.

In the presence of a source with the vector potentials of Eq. (@49)), we can write
the vectorial sector of the metric perturbation in a suggestive way, namely

7 7 e (
Jdoi = EA: —57:—;41)14 - Z ;nTg‘ (UA - quff)) (9.51)

1 m eff) ¢
( A, (eff)
R RIS
A

Xn,|



257

where we have defined an effective velocity and angular momentum vector via

)

Vaern = Ya 8 Af«?’
A
Ji(eff) = Ji; - fmAvZ, (9.52)
or in terms of the Newtonian orbital angular momentum L;(N) =r, x p, and linear
momentum p; ) =m Avi‘
Laern = Zago = 8f (rax 7"
Ji(eff) - A - fp;. (9.53)

From this analysis, it is clear that the CS corrections seems to couple to both a quantity
that resembles the orbital and the spin angular momentum vector. Note that when the
spin angular momentum vanishes the vectorial metric perturbation is identical to that
of a spinning moving fluid, but where the spin is induced by the coupling of the orbital
angular momentum to the CS term.

The presence of an effective CS spin angular momentum in non-spinning sources
leads to an interesting physical interpretation. Let us model the field that sources f
as a fluid that permeates all of spacetime. This field could be, for example, a model-
independent axion, inspired by the quantity introduced in the standard model to resolve
the strong CP problem [302]. In this scenario, then the fluid is naturally “dragged” by
the motion of any source and the CS modification to the metric is nothing but such
dragging. This analogy is inspired by the ergosphere of the Kerr solution, where inertial
frames are dragged with the rotation of the black hole. In fact, one could push this
analogy further and try to construct the shear and bulk viscosity of such a fluid, but
we shall not attempt this here. Of course, this interpretation is to be understood only
qualitatively, since its purpose is only to allow the reader to picture the CS modification
to the metric in physical terms.

An alternative interpretation can be given to the CS modification in terms of
the gravito-electro-magnetic (GED) analogy 278, 279], which shall allow us to easily
construct the predictions of the modified theory. In this analogy, one realizes that the
PN solution to the linearized field equations can be written in terms of a potential and
vector potential, namely

2

ds’ = — (1 —29)dt* —4(A-da)dt + (1+2®) 6, du'da’ (9.54)

where ® reduces to the Newtonian potential U in the Newtonian limit [279] and A s
a vector potential related to the metric via A, = —g,,/4. One can then construct GED
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fields in analogy to Maxwell’s electromagnetic theory via

E = —(V®) -9, <%A>
B' = (VxA), (9.55)

which in terms of the vectorial sector of the metric perturbation becomes

i i 1.
FE = —(V@)‘i‘gg,

- _i (Vxg), (9.56)

%

where we have defined the vector gi = gy;- The geodesic equations for a test particle
then reduce to the Lorentz force law, namely

7

F'= —mE' —2m (v x B)". (9.57)

We can now work out the effect of the CS correction on the GED fields and
equations of motion. First note that the CS correction only affects g. We can then write

the CS modification to the Lorentz force law by defining da’ = a' — azGR), where aZ(GR)
is the acceleration vector predicted by GR, to obtain,
i 1o 1 i
da = g5g t3 (v x6Q), (9.58)
where we have defined the angular velocity
50 = (V x 5g)’ . (9.59)

The time derivative of the vector gi is of O(5) and can thus be neglected, but the angular
velocity cannot and it is given by

5Qi:—2f% [3(1’,4'”,4)”;_”;]’ (9.60)
A A

which is clearly of O(3). Note that although the first term between square brackets
cancels for circular orbits because n; is perpendicular to v; to Newtonian order, the

second term does not. The angular velocity adds a correction to the acceleration of O(4),
namely

i 3 M i
5a:—§Zfr—§4(vA-nA)(vAan) , (9.61)
A A

which for a system in circular orbit vanishes to Newtonian order. One could use this
formalism to find the perturbations in the motion of moving objects by integrating
Eq. (@6T) twice. However, for systems in a circular orbit, such as the Earth-Moon
system or compact binaries, this correction vanishes to leading order. Therefore, lunar
ranging experiments [303] might not be able to constraint f.
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Another correction to the predictions of GR is that of the precession of gyroscopes
by the so-called Lense-Thirring or frame-dragging effect. In this process, the spin angular
momentum of a source twists spacetime in such a way that gyroscopes are dragged with it.
The precession angular velocity depends on the vector sector of the metric perturbation
via Eq. ([@80). Thus, the full Lense-Thirring term in the precession angular velocity of
precessing gyroscopes is

i 1 i i i
Qr="7 EA: Taerr) 3 (JA(em ’"A) ‘ (962)
A

Note that this angular velocity is identical to the GR prediction, except for the replace-

ment J; — J;( s In CS modified gravity, then, the Lense-Thirring effect is not only
&
produced by the spin angular momentum of the gyroscope but also by the orbital an-

gular momentum that couples to the CS correction. Note, however, that this correction
vanishes for zero velocities and angular momentum.

If experiments [280] detect frame-dragging and find it in agreement with the GR
prediction, we can immediately test CS gravity. In order to place a bound, however,
a careful analysis must be performed, using the tools developed in [304] and properly
accounting for the experiment’s frame. Nonetheless, we can construct a crude, order-
of-magnitude estimate of the size of such a bound. In order to do so, we assume the
Newtonian limit O(J) ~ O(mRv), with m the total mass of the system, R the distance
from the gyroscope to the gravitational source (for GP B, R ~ 7000 km [304]) and v the
orbital velocity, such that we can model the CS correction as || ~ QGR(1+f/R) A Then,
a one percent accuracy in the frame-dragging measurement relative to the GR prediction
(nominal for GP B [304]) translates, roughly, into the bound f < 10~? seconds.

Are there other experiments that could be performed to measure such a deviation
from GR? Any experiment that samples the vectorial sector of the metric would in effect
be measuring such a deviation. In this paper, we have only discussed modifications to
the frame-dragging effect and the acceleration of bodies through the GED analogy, but
this need not be the only corrections to classical GR predictions. In fact, any predictions
that depends on g, indirectly, for example via Christoffel symbols, will probably also
be modified unless the corrections is fortuitously canceled. In this paper, we have laid
the theoretical foundations of the weak-field correction to the metric due to CS gravity
and studied some possible corrections to classical predictions. A detailed study of other
corrections is beyond the scope of this paper.

9.7 Conclusion

We have studied the weak-field expansion of the solution to the CS modified field
equations in the presence of a perfect fluid PN source in the point particle limit. Such an
expansion required that we linearize the Ricci and Cotton tensor to second order in the
metric perturbation without any gauge assumption. An iterative PPN formalism was

“This can be seen by inserting O(J) ~ O(mRv) into Bq. (52, with the definition of the
effective angular velocity given in Eq. [@23)), and factoring out 1+ f/R.
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then employed to solve for the metric perturbation in this modified theory of gravity.
We have found that CS gravity possesses the same PPN parameters as those of GR, but
it also requires the introduction of a new term and PPN parameter that is proportional
to the curl of the PPN vector potentials. Such a term is enhanced in non-linear scenarios
without requiring the presence of standard model currents, large extra dimensions or a
vanishing string coupling.

We have proposed an interpretation for the new term in the metric produced
by CS gravity and studied some of the possible consequences it might have on GR
predictions. The interpretation consists of picturing the field that sources the CS term
as a fluid that permeates all of spacetime. In this scenario, the CS term is nothing but
the “dragging” of the fluid by the motion of the source. Irrespective of the validity of
such an interpretation, the inclusion of a new term to the weak-field expansion of the
metric naturally leads to corrections to the standard GR predictions. We have studied
the acceleration of point particles and the Lense-Thirring contribution to the precession
of gyroscopes. We have found that both corrections are proportional to the CS coupling
parameter and, therefore, experimental measurement of these effects might be used to
constraint CS and, possibly, string theory.

Future work could concentrate on studying further the non-linear enhancement
of the CS correction and the modifications to the predictions of GR. The PPN analysis
performed here breaks down very close to the source due to the use of a point particle
approximation in the stress energy tensor. One possible research route could consists
of studying the CS correction in a perturbed Kerr background [104]. Another possible
route could be to analyze other predictions of the theory, such as the perihelion shift of
Mercury or the Nordtvedt effect. Furthermore, in light of the imminent highly-accurate
measurement of the Lense-Thirring effect by Gravity Probe B, it might be useful to
revisit this correction in a frame better-adapted to the experimental setup. Finally, the
CS modification to the weak-field metric might lead to non-conservative effects and the
breaking of the effacement principle [281], which could be studied through the evaluation
of the gravitational pseudo stress-energy tensor. Ultimately, it will be experiments that
will determine the viability of CS modified gravity and string theory.
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Chapter 10

How do Black Holes Spin
in Chern-Simons Modified Gravity?

No Kerr-like exact solution has yet been found in Chern-Simons modified
gravity. Intrigued by this absence, we study stationary and axisymmet-
ric metrics that could represent the exterior field of spinning black holes.
For the standard choice of the background scalar, the modified field equa-
tions decouple into the Einstein equations and additional constraints. These
constraints eliminate essentially all solutions except for Schwarzschild. For
non-canonical choices of the background scalar, we find several exact so-
lutions of the modified field equations, including mathematical black holes
and pp-waves. We show that the ultrarelativistically boosted Kerr metric
can satisfy the modified field equations, and we argue that physical spinning
black holes may exist in Chern-Simons modified gravity only if the metric
breaks stationarity, axisymmetry or energy-momentum conservation.

10.1 Introduction

General relativity (GR) is one of physics’ most successful theories, passing all ex-
perimental tests so far with ever increasing accuracyﬁ [305]. Nevertheless, modifications
to GR are pursued vigorously for two main reasons: from a theoretical standpoint, we
search for an ultraviolet (UV) completion of GR, such as string theory, that would lead
to corrections in the action proportional to higher powers of scalar invariants of the Rie-
mann tensor; from an experimental standpoint, observations in the deep infrared (IR)
regime suggest the existence of some form of dark energy [306, 1307, 30&]. One possibility
to accommodate dark energy is to consider an action with non-linear couplings to the
Ricci scalar [309, 310], similar in spirit to the corrections that we expect from a UV
completion of GR.

UV and IR corrections entail higher derivatives of the fundamental degrees of
freedom in the equations of motion, which on general grounds tend to have disastrous
consequences on the stability of the solutions of the theory B: the so-called Ostrogradski
instability (for a review cf. e.g. [313]). A few loopholes exist, however, that allow to

"This chapter is based on the following papers: D. Grumiler and N. Yunes, accepted for
publication in the Phys. Rev. D (2007)

*If one considers the classical solutions of the non-modified theory (without higher derivatives)

and regards additional terms as loop corrections, then no stability issues arise. In that case,
additional (unstable) solutions must be considered spurious [311l, 313].
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bypass this theorem (for example, if the non-linear corrections can be converted into
a representation of a scalar-tensor theory). Along these lines, special combinations of
scalar invariants that play the role of a topological term, such as the Euler or Pontryagin
term, can in general be added safely to the action.

In this paper, we study Chern-Simons (CS) modified gravity [79], where the
Einstein-Hilbert action is modified by the addition of a parity-violating Pontryagin
term. As described by Jackiw and Pi [79], this correction arises through the embed-
ding of the 3-dimensional CS topological current into a 4-dimensional spacetime mani-
fold. CS gravity is not a random extension of GR, but it has physical roots in particle
physics. Namely, if there is an imbalance between left- (V) and right-handed (Nj)
fermions, then the fermion number current j* has a well-known gravitational anomaly
[314], E?Hj” o (N, — Np) "R R, analogous to the original triangle anomaly [315]. Here

"R R is the Pontryagin term (also known as the gravitational instanton density or Chern-
Pontryagin term) to be defined in the next section. CS gravity is also motivated by
string theory: it emerges as an anomaly-canceling term through the Green-Schwarz
mechanism [27€6]. Such a correction to the action is indispensable, since it arises as a
requirement of all 4-dimensional compactifications of string theory in order to preserve
unitarity [74].

CS gravity has been studied in the context of cosmology, gravitational waves,
solar system tests and Lorentz invariance. In particular, this framework has been used
to explain the anisotropies in the cosmic microwave background [75, [76, [71] and the
leptogenesis problem [73,[74] (essentially using the gravitational anomaly described above
in the other direction). CS gravity has also been shown to lead to amplitude birefringent
gravitational waves |79, B16, 271, B11], possibly allowing for a test of this theory with
gravitational-wave detectors [272]. Moreover, CS gravity has been investigated in the far-
field of a spinning binary system, leading to a prediction of gyromagnetic precession [271,
317] that differs from GR. This prediction was later improved on and led to a constraint
on the magnitude of the CS coupling [83]. Finally, CS gravity has been studied in the
context of Lorentz-invariance and -violation [297] and the theory has been found to
preserve this symmetry, provided the CS coupling is treated as a dynamical field. For
further studies of these and related issues cf. e.g. [79, 318, 1319, 1316, 1320, 321, 1322, 1323,
324, 1325, I71, 1324, 83, ko1, 317, 327, Rd, 1324, [32d].

CS gravity introduces the following modification to the action [79]: S = S, +
S ot T Scg, where S, is the Einstein-Hilbert action, S|, is some matter action, and
the new term is given by

Seg ~ /dVH RR. (10.1)

In Eq. (), dV is a 4-dimensional volume element, ‘R R is the Pontryagin term and 6
is a background scalar field (we shall define this action in more detail in the next section).
This scalar field, sometimes called a gravitational axion, acts as a CS coupling function
that can be interpreted either as an external or a dynamical quantity. In the former
case, CS gravity is an effective theory that derives from some other, more fundamental
gravity theory that physically defines the scalar field. In the latter case, the scalar field
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possesses its own equation of motion, which could in principle contain a potential and a
kinetic term [83].

The strength of the CS correction clearly depends on the CS coupling function.
If we consider CS gravity as an effective theory, the coupling function is suppressed by
some mass scale, which could lie between the electro-weak and the Planck scale, but it
is mostly unconstrained [83]. In the context of string theory, the coupling constant has
been computed in very conservative scenarios, leading to a Planck mass suppression [73].
In less conservative scenarios, there could exist enhancements that elevate the coupling
function to the realm of the observable. Some of these scenarios are cosmologies where
the string coupling vanishes at late times [284, 285, 286, 287, 288, 284, 290, 291, 292,
293, 294], or where the field that generates 6 couples to spacetime regions with large
curvature [295, 1296] or stress-energy density [272].

The CS correction is encoded in the modified field equations, which can be ob-
tained by varying the modified action with respect to the metric. The divergence of
the modified field equations establishes the Pontryagin constraint ‘R R = 0, through
the Bianchi identities for a vacuum or conserved stress-energy tensor. Not only does
this constraint have important consequences on the conservation of energy, but it also
restricts the space of solutions of the modified theory. For example, although this restric-
tion is not strong enough to eliminate the Schwarzschild solution, it does eliminate the
Kerr solution. Since astrophysical observations suggest that supermassive black holes
(BHs) at the center of galaxies do have a substantial spin (cf., e. g. [33(] and references
therein), this raises the interesting question of what replaces the Kerr solution in CS
gravity.

In this paper, we search for solutions to the CS modified field equations that
could represent the exterior gravitational field of a spinning star or BH. We find that
solutions cluster into two different classes: GR solutions that independently satisfy both
the vacuum Einstein equations and the modified field equations; non-GR solutions that
satisfy the modified field equations but not the vacuum Einstein equations. We carry out
an extensive study of solutions by looking at three groups of line elements: spherically
symmetric metrics; static and axisymmetric metrics; and stationary and axisymmetric
metrics. The first group contains GR solutions only, independently of the choice of the
CS scalar field. The second group leads to a decoupling of the modified field equations
for 'natural’ choices of the scalar field, which again reduces to trivial GR solutions. In
fact, we show here that static and axisymmetric line elements are forced to be spatially
conformally flat if such a decoupling occurs. The third group also leads to the same
decoupling for the canonical choice of the scalar field, and we argue against the existence
of non-trivial solutions.

This paper suggests that stationary and axisymmetric line elements in CS gravity
probably do not admit solutions of the field equations for the canonical choice of the CS
scalar field. However, solutions do exist when more general scalar fields are considered,
albeit not representing physical BH configurations H. We find two types of solutions,

*The conclusion that stationary and axisymmetric solutions to the modified field equations
do not exist is in agreement with [327]. However, this fact does not lead to the conclusion that
spinning BHs cannot exist in the modified theory, as implied in [327]. In fact, an approximate
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mathematical BHs and ultrarelativistically boosted BHs, which, to our knowledge, are
the first examples of BH and BH-like solutions in CS gravity, besides Schwarzschild and
Reissner-Nordstrom. The first type arises when we consider a subclass of stationary and
axisymmetric line elements (the so-called van Stockum class), for which we find both GR
and non-GR solutions for non-canonical scalar fields. For instance, we shall demonstrate
that the line-element

ds® = —p(l - %)dtZ —2pdtde + % (dp2 + dz2) : (10.2)

together with the CS scalar field § = 2,/p z/3, satisfies the modified field equations but
does not arise in GR as a vacuum solution. The metric in Eq. ([TLZ) represents BHs in
the mathematical sense only: it exhibits a Killing horizon at \/p = 2m = const., but
it contains unphysical features, such as closed time-like curves that are not screened by
a horizon. The second type of solutions with a non-canonical scalar field arises when
we consider scalar fields whose divergence is a Killing vector. These fields lead to exact
gravitational pp-wave solutions of GR and non-GR type. One particular example that
we shall discuss in in this paper is the ultrarelativistically boosted Kerr BH,

ds” = —2dudv — hyd(u)In <;p2 + y2> du’ + da” + dy” (10.3)

with the CS scalar field 6 = Av, where h, and A are constants.

Although we did not find a Kerr analogue by searching for stationary and axisym-
metric solutions, spinning BHs do seem to exist in the theory. This suggestion is fueled
by the existence of two different limits of the Kerr spacetime that are still preserved:
the Schwarzschild limit and the Aichelburg-Sexl limit, Eq. ([[3), which we shall show
persists in CS gravity. These limits, together with the existence of a non-axisymmetric
far-field solution [317], indicate that a spinning BH solution must exist, albeit not with
the standard symmetries of the Kerr spacetime. Unfortunately, spacetimes with only
one or no Killing vector are prohibitively general and their study goes beyond the scope
of this work. Nonetheless, the possibility of constructing such solutions by breaking
stationarity or axisymmetry is discussed and a better understanding of solutions in CS
gravity is developed. Finally, we show how to recover the Kerr solution by postulat-
ing, in an ad-hoc manner, a non-conserved energy momentum-tensor and deduce that it
violates the classical energy conditions.

This paper is organized as follows: Sec. reviews some basic features of CS
modified gravity and exploits two alternative formulations of the Pontryagin constraint,
one based upon the spinorial decomposition of the Weyl tensor and one based upon
its electro-magnetic decomposition, to reveal some physical consequences of this con-
straint; Sec. revisits the Schwarzschild, Friedmann-Robertson-Walker and Reissner-
Nordstréom solutions in CS modified gravity and addresses the sensitivity of these solu-
tions to the choice of CS coupling function; Sec. L4 studies static, axisymmetric line
elements in great detail, while Sec. [{LOl investigates stationary, axisymmetric metrics and

solution that can represent a spinning BH in CS gravity has already been found in the far-
field [317, R3]
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provides the first non-trivial exact solutions to CS modified gravity, including mathe-
matical BH solutions; Sec. addresses metrics that break axisymmetry or stationarity
and concentrates on non-trivial solutions for pp-waves and the Aichelburg-Sexl boosted
Kerr metric; Sec. [ concludes and points to future research.

We use the following conventions in this paper: we work exclusively in four
spacetime dimensions with signature (—,+,+,+) [197], with Latin letters (a,b,...,h)
ranging over all spacetime indices; curvature quantities are defined as given in the
MAPLE GRTensorlIl package [l]; round and square brackets around indices denote
symmetrization and anti-symmetrization respectively, namely T(ab) = %(T T+ 1,,) and

T, ab] = %(Tab —1T,,); partial derivatives are sometimes denoted by commas, e.g. 90/0r =

0.0 = 0 . The Einstein summation convention is employed unless otherwise specified,
and we use geometrized units where G = ¢ = 1.

10.2 CS modified gravity

10.2.1 ABC of CS

In this section, we summarize the basics of CS modified gravity, following the
formulation of [79]. Let us begin by defining the full action of the theory .

S = ;{/d4xs/_—g <R — %9 *RR> +S (10.4)

where k = 1/(167), g is the determinant of the metric, the integral extends over all
spacetime, R is the Ricci scalar, S, is some unspecified matter action and "R R is the
Pontryagin term. The latter is defined via

*a cd b

‘RR:= "R "R, (10.5)
where the dual Riemann-tensor is given by
* d 1 cdef
R = 560 YR (10.6)

with €“*/ the 4-dimensional Levi-Civita tensor [. The Pontryagin term [Eq. (I0H)] can

be expressed as the divergence

a L«

V,K"=1'RR (10.7)

a

“There is a relative sign difference in the CS correction to the action compared to [£9]. This
minus sign is included in order to obtain the same equations of motion as in [79], correcting a
minor typo.

*We prefer to work with tensors rather than with tensor densities in this paper, so some
expressions might appear to differ by factors of \/—g from [79].



266

of the Chern-Simons topological current (I" is the Christoffel connection),

a abed n m 2 n m l
K =c¢ <F om0 g+ §F ol ol dn) , (10.8)
thus the name “Chern-Simons modified gravity” i
The modified field equations can be obtained by varying the action with respect
to the metric. Exploiting the well-known relations

5Rbacd = vcérbad - vcl(srbac (109)
and
b 1 bd
o’ = 39 (V 69, +V.09,,—V,09.) (10.10)

the variation of the geometric part of the action leads to
4 1 ab
08 —6S ., = /{/d T/ —g <Rab — §gabR + C’ab> 0g
E/cz“m/_—g*}m 50

4
+ Spu+Zos- (10.11)

Here, the tensor C, stands for a 4-dimensional Cotton-like tensor, which we shall refer
to as the C-tensor [1 given by

= v BY v R (10.12)

where

Vi =V,0, vy =V, V0=V, V0 (10.13)

a a

are the velocity and covariant acceleration of 0, respectively f. We shall always assume
that v, does not vanish identically, because otherwise the model reduces to GR .
Surface terms are collected in the third line of Eq. (ITLIT]) and arise due to repeated
integration by parts and application of Stokes’ theorem. In particular, ¥, and ¥
arise from variation of the Einstein-Hilbert and CS sector of the action, respectively.

°If VK is converted into 1/,/g 9, (,/gK®) the results (2.4) and (2.5) of [79] are recovered.

"In the original work of [[9], this tensor was called ’Cotton tensor’ because it shares similarities
with the 3-dimensional Cotton-tensor. However, the notion of a higher-dimensional Cotton tensor
already exists [B31] and differs from the definition of C_,, which is why we refer to Eq. ([[II2)

as a “C-tensor”.

5The quantity v, is sometimes referred to as an embedding coordinate since it embeds the
3-dimensional CS theory into a 4-dimensional spacetime.

*When v, = 0 then ¢ is constant and the Pontryagin term becomes a topological term not
contributing to the field equations.
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The former expression is well-known, while the latter contains a term with I,

Seg = K / d'vy =59, (0BT, + . (10.14)

It is worthwhile pointing out that one cannot just impose Dirichlet boundary conditions
on the induced metric at the boundary by adding the Gibbons-Hawking-York term, as
it is the case in GR [185, 332]. There is no obvious way to cancel the term containing
the variation of the connection, 0T, in Eq. ([II4]), except by imposing suitable fall-off
conditions on the scalar field 6 or Dirichlet boundary conditions on the connection. Even
though we shall neglect boundary issues henceforth, we emphasize that these considera-
tions are relevant in many applications, such as BH thermodynamics.

The modified field equations are then given by the first line of Eq. (ILIT]), provided
the second line vanishes. The vanishing of “R R is the so-called Pontryagin constraint
and we shall study it in Sec. [.Z2 The modified field equations in the presence of
matter sources are then given by

G, +C, =8rT

ab’

(10.15)

where G, = R, — %gabR is the Einstein tensor and T, is the stress-energy tensor of
the source. In this paper, we are primarily concerned with the vacuum case, T, = 0, for
which the modified field equations reduce to

R,+C, =0, (10.16)

due to the tracelessness of the C-tensor, C . = 0. Like in GR, vacuum solutions in CS
gravity satisfy
R=0. (10.17)

10.2.2 Pontryagin Constraint

Let us now discuss the Pontryagin constraint
'RR =0, (10.18)

which then forces the second line in Eq. ([[TILI]) to vanish. One route to obtain the
Pontryagin constraint is to treat 6 as a dynamical field (or rather a Lagrange multiplier).
By varying the action with respect to 8, we obtain the equations of motion for the scalar
field that dynamically enforce the Pontryagin constraint.

Another route to obtain the Pontryagin constraint is to treat 6 as an external
quantity. In this case, there are no equations of motion for the scalar field. Nonetheless,
by taking the covariant divergence of the equations of motion and using the contracted
Bianchi identities, one obtains

a 1 * a
v o = gvb RR =8V, T, (10.19)

a
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Usually, it is desirable to require that the stress-energy be covariantly conserved. How-
ever, in CS modified gravity this need not be the case because a non-vanishing covariant
divergence V aTab # 0 could be balanced by a non-vanishing Pontryagin term — this is, in
fact, how the term arises in some approaches in the first place, cf. [322]. We shall come
back to this issue at the end of Sec. [LA but for the time being we shall set 7% = 0,
which then leads to the Pontryagin constraint.

The Pontryagin constraint is a necessary condition for any vacuum spacetime that
solves the modified field equations, but what does it mean physically? We shall attempt
to answer this question by providing two alternative formulations of this constraint, but
before doing so, let us discuss some general properties and consequences of Eq. ([ILIH).
First, notice that setting the "R R term to zero leads to the conserved current K
[Egs. (I7) and (LH)], which is topological in nature, and thus implies this quantity
is intrinsically different from typical conserved quantities, such as energy or angular
momentum. Second, when the CS action is studied on-shell [Eq. (L) with "R R = 0]
it reduces to the GR action, an issue that is of relevance for stability considerations,
e.g. thermodynamic stability in BH mechanics.

The first physical interpretation of the Pontryagin constraint can be obtained by
considering a spinorial decomposition. Let us then consider the useful relation

‘RR="CC, (10.20)

which we prove in appendix[Hl In Eq. (IL2Z0), C' is the Weyl tensor defined in ([E2)) and
“C its dual, defined in ([3]). This identity allows us to use powerful spinorial methods
to map the Weyl tensor into the Weyl spinor [333], which in turn can be characterized
by the Newman-Penrose (NP) scalars (\Ifo, U, U, W, \1’4). In the notation of [334], the
Pontryagin constraint translates into a reality condition on a quadratic invariant of the
Weyl spinor, Z,

3(T) = (oW, +30] - 39,W,) = 0. (10.21)

Such a reality condition is particularly useful for the consideration of algebraically
special spacetimes. For instance, it follows immediately from Eq. (IILZT]) that spacetimes
of Petrov types II1I, N and O obey the Pontryagin constraint, since in the latter case
all NP scalars vanish, while in the former cases (in an adapted frame) only ¥, or ¥,
are non-vanishing. Moreover, all spacetimes of Petrov types D, Il and I are capable
of violating Eq. (LZI). For example, for spacetimes of Petrov type I one can choose
an adapted tetrad such that ¥, = ¥, = ¥, = 0, which then reduces Eq. ([0IZ1]) to the
condition that either the real part or the imaginary part of ¥, has to vanish.

The reality condition of Eq. ([ILZI) can also be useful in applications of BH
perturbation theory. For instance, in the metric reconstruction of the perturbed Kerr
spacetime [104], the NP scalars ¥, = W, = 0 vanish. In this context gravitational
waves are characterized by ¥, ,, while ¥, is in general non-vanishing. In a tetrad that
represents a transverse-traceless frame, these scalars are given by

U, o= h, Fih,, (10.22)
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where h__ are the plus /cross polarization of the waveform, and the overhead dot stands

for partial time derivative [335]. Obviously, ¥ ¥, = (h +)2 + (hx)2 is real, which again
reduces Eq. ([ILZT]) to the condition that either the real part or the imaginary part of ¥,
has to vanish. Neither of these possibilities is the case for the Kerr BH or perturbations
of it [104].

Another interpretation of the Pontryagin constraint can be obtained by exploiting
the split of the Weyl tensor into electric and magnetic parts (cf. e.g. [33€]). Given some
time-like vector field u”, normalized so that u aua = —1, one can define the electric and
magnetic parts of the Weyl tensor as

i foybd .
(Capea + 5CabesC et " = By + 1B, (10.23)

Then, the Pontryagin constraint is equivalent to the condition [

E,B" =0. (10.24)

This leads to three possibilities: either the spacetime is purely electric (B, = 0) or purely
magnetic (£, = 0) or orthogonal, in the sense that Eq. (24 holds. Equation (24
is a perfect analogue to the condition "F F « E - B = 0, which holds for specific
configurations in electro-dynamics, including purely electric (B = 0), purely magnetic
(E = 0) and electromagnetic wave configurations (E # 0 # B, E-B = 0). This suggests
that there could be single shock-wave solutions in CS gravity compatible with Eq. ([0.24]),
which we shall indeed encounter in Sec. In light of this electro-magnetic analogy,
the Pontryagin constraint can be rephrased as “the gravitational instanton density must
vanish,” since the quantity "F F is sometimes referred to as the “instanton density.”
The electromagnetic decomposition of the Pontryagin constraint also allows for a
physical interpretation in terms of perturbations of the Schwarzschild solution. In BH
perturbation theory (cf. e.g. [134]), the metric perturbation is also decomposed through
the electromagnetic Weyl tensor. The electric and magnetic parts can then be related to
the flux of mass and angular momentum across the horizon. Suffice it to say that for a
binary BH system in the slow-motion/small-hole approximation [135], these tensors are
of order E , ~ O(®) and B, ~ O(v®), where the Newtonian potential ® is of O(v2)
via the Virial theorem, with v < 1 the orbital velocity. In this case, the Pontryagin
constraint is satisfied automatically up to terms of (9(115). Within the post-Newtonian
(PN) approximation [3], these conclusions imply that the PN metric for non-spinning
point-particles in the quasi-circular approximation violates the Pontryagin constraint at
2.5 PN order [O(v/c)’], which is precisely the order at which gravitational waves appear.
Even for non-canonical choices of the scalar field, such as § = z proposed in [327],
the far field expansion of the Kerr metric does not satisfy the Pontryagin constraint
to all orders. This is so because obviously "R R is independent of 4. In fact, one can

'%One can show that Eq. (IZ4) is related to the vanishing of certain derivatives of the Regge-
Wheeler function in the Regge-Wheeler [189] decomposition of the metric perturbation. We are

currently studying how such a condition impacts the ringing of CS BHs elsewhere [337]. The
equivalence between Eqs. (ILZI)) and (24 was shown for the first time in [338].
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show that violations of the constraint for the metric considered in [327] occur already at
second order in the metric perturbation, which renders this metric hopeless as an exact
CS solution. This observation is concurrent with the role the Pontryagin constraint may
play for gravitational waves [339].

Finally, we can employ the electromagnetic analogy to anticipate the answer to
the question we pose in the title of this paper. Namely, we are looking for a “rotating
charge” configuration (where E # 0 # B), which simultaneously is an “electromagnetic
wave” configuration (where E - B = 0). We know that no such solutions exist in elec-
trodynamics, except for two limits B: if the rotation (and thus B) approaches zero or if
the charge is infinitely boosted (and thus B becomes orthogonal to E). The first case
corresponds to a static configuration, while the second one to an ultrarelativistic limit.
We shall indeed find below both analogues as solutions of CS modified gravity, but we
stress that the naive analogy with electrodynamics does not yet rule out other possible
spinning configurations in CS modified gravity.

10.2.3 Space of Solutions

Before discussing some specific solutions to the CS modified field equations, let
us classify the space of solutions. Figure [Tl presents a 2-dimensional depiction of
this space. The set £ denotes the Einstein space of solutions, whose members have
a vanishing Ricci tensor, while CS denotes the CS space of solutions, whose members
satisfy the CS modified field equations [Eq. ([0I6)], without necessarily being Ricci
flat. The intersection of the Einstein and the CS space defines the Pontryagin space,
denoted by P := £ENCS, whose members satisfy both the Einstein and the modified field
equations independently. Therefore, solutions that live in P possess a vanishing C-tensor
and automatically satisfy the Pontryagin constraint, while those living in £ \ P satisfy
the vaccum Einstein equations but not the Pontryagin constraint. Moreover, solutions
that live in CS \ P are not Ricci-flat but do satisfy the Pontryagin constraint because
they solve the modified field equations. Solutions of class P shall be referred to as GR
solutions, while solutions of class CS \ P shall be referred to as non-GR solutions.

To date, only one non-GR solution has been found perturbatively [317] by as-
suming a far field expansion for point-particle sources in the PN weak-field /slow-motion
approximation. We shall show in the next sections that non-GR solutions exist only in
scenarios with a sufficient degree of generality, but not in highly symmetric cases. In
the language of dynamical systems theory, the P space acts as an “attractor” of highly
symmetric solutions, emptying out the CS space.

In view of this, let us discuss some properties of solutions that live in the P space.
In this space, the C-tensor simplifies to

Cab|Rab:0 =, *Rd(ab)c —u,, *Cd(ab)c —0, (1025)

11Actually there is a third limit, E = 0, which is either trivial (if also B vanishes) or a magnetic
monopole.
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Fig. 10.1. Space of solutions of Einstein gravity £ and CS modified gravity CS.

where C, , is the Weyl tensor and “C its dual, defined in Eqgs. (H2) and ([{3). Equa-
tion (L2H]) leads to three distinct possibilities:

1. The (dual) Weyl tensor vanishes. However, since class P members also have a
vanishing Ricci tensor, this condition reduces all possible solutions to Minkowski
space.

2. The covariant acceleration of 6 vanishes. This condition imposes a strong restric-
tion on the geometry (cf. e.g. [334]), which leads to spacetimes that are either flat
or exhibit a null Killing vector.

3. Only the contraction of the covariant acceleration with the dual Weyl tensor van-
ishes.

Moreover, for solutions in P, the vanishing of the Ricci tensor forces the Weyl tensor
to be divergenceless, via the contracted Bianchi identities. These observations are a
clear indication that the solutions inhabiting P must be special — for instance, exhibit a
certain number of Killing vectors. Conversely, one may expect that solutions inhabiting
CS \ P cannot be “too special.” We shall put these expectations on a solid basis and
confirm them in the next sections.

10.3 Persistence of GR solutions

In this section, we study some solutions of GR that are known to persist in CS
gravity [79, 297], using the insight on the Pontryagin constraint gained so far. In the
language of Sec. 23] we look for solutions that inhabit P, cf. Fig. [Tl

10.3.1 Schwarzschild Solution

The Schwarzschild solution,

-1
ds: = — (1 _ g) dt® + (1 - g) dr® +1° (d@2 + sin® (@)d¢2> (10.26)
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is also a solution of the CS modified field equations if [79]

6= % — v, = [1/1,0,0,0]. (10.27)
We refer to Eq. (LZ7)) as the canonical choice of the CS scalar field [79]. In that
case, the C-tensor can be interpreted as a 4-dimensional generalization of the ordinary
3-dimensional Cotton tensor. Moreover, spacetime-dependent reparameterization of the
spatial variables and time translation remain symmetries of the modified action [79].
We investigate now the most general form of § = (¢, r, 0, ¢) that will leave the
Schwarzschild metric a solution of the modified theory. The Pontryagin constraint always
holds, regardless of 6, because the spacetime is spherically symmetric, but C, = 0 yields
non-trivial equations. Since we have chosen the Schwarzschild line element, we cannot
force the (dual) Weyl tensor to vanish (option 1 in Sec. [[LZ3]), where the only linearly

independent component is
¥ 2M

Crogs = - sin®. (10.28)
Another possibility is to force the scalar field to have a vanishing covariant acceleration
(option 2 in Sec. ML2Z3)). This condition then yields an over-constrained system of partial
differential equations (PDEs), whose only solution for M # 0 is the trivial one: constant
6. We are thus left with the remaining possibility (option 3 in Sec. [MLZ3]), namely that
only the contraction of the covariant acceleration with the dual Weyl tensor vanishes.
This possibility yields the following set of PDEs

o (Ve o (0,
()20

the solution of which is given by
0 =F(tr)+rG©,¢). (10.30)

Note that this scalar field possesses a non-vanishing covariant acceleration, namely v,,,
Vyps Uppr Vo1 Vog and Uy, ATE non-vanishing, e.g.

M 2M
v, = 0. F—-= (1 — —> (0.F +Q) . (10.31)
r r

For the choice of 6 given in Eq. (L30) the Schwarzschild solution is always a solution
of the modified theory. Note that Eq. ([IL30) reduces to the canonical choice for G =0
and F' = t/u, for which the only non-vanishing component of the covariant acceleration
. 2
is v, = —M/(r" fp).

This simple calculation of the most general form of the scalar field that respects
the Schwarzschild solution leads to two important consequences:

e The existence of specific solutions depends sensitively on the choice of the scalar
field.
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e The satisfaction of the Pontryagin constraint is a necessary but not a sufficient
condition for the C-tensor to vanish.

In order to illustrate the second point, let us consider the scalar field § = m4sin ©,
with m ¢ a constant. Then the Pontryagin constraint is still satisfied, but the C-tensor
has one non-vanishing component,

3M 20
Cy = S sin @ <1 - —> , (10.32)

r r

and the Schwarzschild line element [Eq. (IZ6)] is no longer a solution to the modified
field equations [Eq. ([ILIG)].

10.3.2 Spherically symmetric metrics

Let us now pose the question whether there can be non-GR solutions in CS
modified gravity that preserve spherical symmetry. Any line element respecting this
symmetry must be diffeomorphic to (cf. e.g. [340])

2

ds” = g, 5(x") da"da” + @*(a7) dO2%,

(10.33)

where g, (2") is a Lorentzian 2-dimensional metric with some coordinates z”, ®(z") is
a scalar field (often called “dilaton” or “surface radius”) and d/Q?92 is a line element of

the round 2-sphere, with some coordinates z'. For such a line element, one can show
straightforwardly that the Pontryagin constraint is always satisfied (cf. e.g. appendix
A of [341]), and that the only non-vanishing components of the Ricci tensor are R,
and R, i’ On the other hand, for the most general scalar field 6, the only non-vanishing
components of the C-tensor are of the form C .. Remarkably, the C-tensor and the Ricci
tensor decouple and both have to vanish independently as a consequence of the modified
field equations. In other words, for spherically symmetric line elements there cannot be
solutions that live in CS \ P. Instead all solutions are pushed to P, which then uniquely
leads to the Schwarzschild solution by virtue of the Birkhoff theorem E
We have just shown that for all spherically symmetric situations the vacuum
solutions to the CS modified field equations live in P, and therefore are given uniquely
by the Schwarzschild solution. For non-vacuum solutions with the same symmetries,
similar conclusions hold, since the field equations still decouple into non-vacuum Einstein
equations and the vanishing of the C-tensor. Therefore, all solutions are again pushed
to P and spherically symmetric solutions of GR (such as the Reissner-Nordstrém BH or
Friedmann-Robertson-Walker spacetimes) persist in CS modified gravity, provided 6 is
of the form ,
0=F(")+o@)G("). (10.34)

“The persistence of Birkhoff’s theorem in CS modified gravity was first proved by one of us
(NY) in collaboration with C. Sopuerta [337)].
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This result is completely analog to Eq. (L30). In all spherically symmetric scenarios, the
solutions to the CS modified field equations live in P and the expectations of Sec.
hold.

10.3.3 Losing the Kerr solution

As an example of a relevant GR solution that does not persist in the modified
theory we consider the Kerr solution. The Kerr metric yields a non-vanishing Pontryagin
term E, which in Boyer-Lindquist coordinates

A — o2 sin? AaMr sin
g8 = _ATeswO e daMrsn’O, (10.35)
by by
2, 022 2, .2
—a’A C) b
PG ) Ea o sin2®d¢2+zdr2+2d@2 (10.36)
can be written as
aM’r 2 2 2 2 2 2
‘RR = 96 S cos@(r —3a” cos @) <3r —a” cos ®> , (10.37)

with £ = 7% + a’cos’© and A = 7> +a* — 2Mr. In light of the physical interpretations
of Sec. MILZ2, one would expect this result since the Kerr spacetime possesses a complex
Newman-Penrose scalar W,,.

The Pontryagin constraint is satisfied in certain limits. For example, as the Kerr
parameter goes to zero, a — 0, the Schwarzschild solution is recovered and the right-hand
side of Eq. ([IL37)) vanishes. Similarly, in the limit as the mass goes to zero, M — 0,
the right-hand side of Eq. (IIL31) also vanishes. However, for any finite @ and M the
Pontryagin term is non-vanishing and, thus, the Kerr spacetime cannot be a solution to
the CS modified field equations [321].

What line element then replaces the Kerr solution in the modified theory? A
reasonable attempt to construct a spinning BH in CS gravity is to consider axisymmetric
and either static or stationary line elements, which we shall investigate in the next
sections.

10.4 Static, axisymmetric solutions

Before embarking on a tour de force through stationary and axisymmetric [
solutions, we shall first consider the simpler case of static and axisymmetric solutions.
Following [342], the most general static and axisymmetric line element is diffeomorphic

"Similar conclusions hold for the Kerr-Newman and Kerr-NUT spacetimes.

14Stationarity and axisymmetry require not only the existence of two Killing vectors, but also
additional conditions, some of which can be considered optional. In the present work we employ
stationarity and axisymmetry in the strictest sense possible. In particular, we always impose the

integrability conditions §aRa[b§cw q = waRa[b§cw 4 = 0. For further discussion of these issues
cf. e.g. [334)].
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to
ds” = —Vdt’ +V ' pode’ + Q° (dﬁ n Adz2> , (10.38)

where we have three undetermined functions of two coordinates: V(p,z), Q(p,2) and

A(p,2). The two commuting Killing fields, ¢* = (8t)a and ¢ = <8¢)a, are associated

with stationarity and axisymmetry respectively. However, since there is no cross-term
dtd¢, the line element of Eq. (ITL38)) is not just stationary but also static. The compo-
nents of its Ricci tensor are given by

R, = R,=R,_ =R, =R, =0, (10.39)
2 2
R 1 174 sz Vp Vp Vz
w2 [T AT, TV VA
VJ’A,P ‘/:ZAVZ 10 40
21,2 21,2
o L |V PV oY, PV, PV
%0 90% | V2 VA V2 V3 V3A
2 2
A 7 WA : (10.41)
VA 2V2A 2V?
v Vioa o o o o
R — _7p _ P _ 7pp sRZ + 7p +
e pV o2V QAT p0 0?2 AQ2
pp A2p Q pA p Q ZA z 10.42
T2A TIAT T 280 AT (1042)
Vioae, Q. Q A QA 0
R — _ 32 _ ;PP _ 24 _ + P +
2z 2V2 9) 9 pQ Q2 Q2
pp AP A2P QPAP QZAZ 10.43
T T2, TIA T 2q T aah (10.43)
R ViVp Ve D 10.44
e T T A (10.44)

and exhibit only five non-vanishing components. With the canonical choice of the CS
scalar field [Eq. ([ILZ7)] it is now straightforward to check that the five corresponding
components of the C-tensor vanish,

Cp=0Cyy=C, =0, =C_=0. (10.45)

As in the spherically symmetric case, we are faced with the remarkable consequence that
the field equations [Eq. (IILI6])] decouple into the vacuum Einstein equations plus the
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vanishing of the C-tensor, viz.
R,=0, C,=0. (10.46)

In other words, using the classification of Sec. 23] all static and axisymmetric solutions
live in P, which again confirms previous expectations.

With these considerations in mind, we can now simplify the line element of
Eq. (I3Y)). From [342], the function A can be chosen to be constant, e.g. A = 1,
and therefore the line-element reduces to the Weyl class,

ds’ = —Var’ + %Y e%(d,o2 + dz2) + p2d¢2 . (10.47)
The vacuum Einstein equations then simplify to

2 2
AU =0, k,= p(va - U7Z) k=200 U, (10.48)
where A = 9 / op” +1 / p@/@p + 0 / 9z is the flat space Laplacian in cylindrical coor-
dinates. The function U thus solves a Laplace equation, and for any such solution the
function k can be determined by a line integral [334].

The Pontryagin constraint is fulfilled automatically for all line elements diffeo-
morphic to Eq. (A7), but as we have seen in the previous sections, this is not sufficient
to achieve C, = 0. For example, with the choices [343, 344] (m is constant)

m m2p2
U=——F——=, k= ——5——5—, (10.49)
Vo' + 2P 200" + 2°)°
the vacuum Einstein equations hold and the Pontryagin constraint is fulfilled, but the
C-tensor has the non-vanishing components

1

m?s?
6= 220

(,02 _|_22)2

2m4,03z
C = ex
5
po M(,O2+2’2)

(10.50)

Since the C-tensor must vanish independently from the Einstein equations, once
more we are faced with three distinct possibilities, identical to those described in Sec.
The first possibility (option 1 in Sec.[[TL2Z3]) is to demand that the Weyl tensor vanishes,
but since also the Ricci tensor vanishes, the spacetime would have to be flat. The sec-
ond possibility (option 2 in Sec. [IZ3)) is to demand that the covariant acceleration of
¢ vanishes, i.e., V 0 is a covariantly constant vector. However, as we have mentioned
already, a vacuum solution with a covariantly constant vector field must be either flat,
or the vector must be a null-vector. The first alternative is trivial, while the second one
is not particularly interesting in the context of static axisymmetric spacetimes. We shall
discuss the latter possibility further in Sec. [LG.TL

The only remaining possibility (option 3 in Sec. [MLZ3]) is for the contraction of
the covariant acceleration and the dual Weyl tensor to vanish. The C-tensor can then
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be simplified to

CAES W CALLEE W ] (10.51)

which has only two non-vanishing components. Using the Einstein equations to simplify
these expressions we obtain a set of nonlinear PDEs,

2
U,.U,+U.U. = 2 (U0 +U7PU7 ) - ULU
U,.U.-U.U, = p(Ul-U)- ;U . (10.52)

22 P P

We used Maple to obtain some solutions to these PDEs. The Schwarzschild solution

\/p + (2 4+ M) +\/p +(z— M)* —2M

"o \/p+z—|—M —I—\/p—l— - M)*+2M

(10.53)

of course solves these PDEs. Some other simple solutions are U = U, U = U, 4 In p and
U=U,+1In(\/p*+2? + 2)/2, where U, is a constant. Not only do these solution yield
a vanishing Ricci tensor, but they also yield a vanishing Riemann tensor, which shows
they are Minkowski spacetime in disguise. In addition to these trivial solutions, there
exist exactly two more:

1
ds” = —;dt2 +2de” + 22(dp2 + p2d¢2) (10.54)
and
-1
s’ = —(2—m—1>dt2+ (2—m—1> dz’
z z
+ 2°(dp” +sinh’pde’) (10.55)

While these solutions certainly are non-trivial, neither the first [Eq. (IIL24])] nor the
second [Eq. (ILBA)] solution is physically relevant. The former has a naked singularity
at z = 0, while the latter, whose singularity at z = 0 is screened by a Killing horizon at
z = 2m = const., possesses a Killing vector k* = (8t)a that is spacelike in the “outside”
region z > 2m, i.e. gabk‘ak‘b =1-2m/z > 0.

Let us now prove that these are the only solutions to the modified field equations.
The crucial observation is that the spatial part of the C-tensor for static, axisymmetric
spacetimes reduces to the 3-dimensional Cotton tensor [79]. This tensor vanishes if
and only if the corresponding 3-dimensional space (spatial sector of the 4-dimensional
metric) is conformally flat, i.e. 9i; = g, . n where the conformal factor ® is a function
of the coordinates and 5“. is the spatial part of the Minkowski metric. We may then
exploit a result by Lukdcs and Perjés [345] that the line elements of Eqs. ([I.54), (L5
and ([L20]) are the only static and axisymmetric solutions that are spatially conformally
flat. Therefore, it follows that these equations are the only solutions to the modified
field equations.



278

The above considerations also apply to more general CS scalar fields. All sim-
plifications hinge on the decoupling of the modified field equations, which occurs if and
only if ¢ 16 = 0- We can solve this PDE to obtain

0:01(t7p7z)+02(p7z7¢)' (1056)

For all scalar fields of this form, the modified field equations decouple and the C-tensor
has five non-vanishing components, which define a system of PDEs for one of the two
arbitrary functions k or U. However, we do not expect more solutions to arise in this way,
since this case leads to the same constraints as the canonical one, plus three extra PDEs,
which essentially compensate the freedom to tinker with the two arbitrary functions in
Eq. (LA4).

The most general CS scalar field, however, does not allow for a decoupling of
the type described above. If the scalar field has 97t¢ # 0, then the (p,p), (p,z) and
(z,2z) components of the modified field equations do not decouple. However, the (¢,t)
and (¢, ¢) components still do decouple because the corresponding C-tensor components
vanish. The equation

R+ R =3 =0, (10.57)

forces A to be a function of z alone. Through a diffeomorphism, this function can be set
to unity, as argued in [342].

The modified field equations are too difficult to solve analytically with Maple, so in
order to study solutions that do not lead to a decoupling of the modified field equations,
we shall assume for simplicity 6 = é(t, ¢). From the Ricci sector of the field equations
(R, =0=R " ¢) we find that U is again a solution of AU = 0. We can use this relation
to simplify the C-tensor, and the ensuing equations Ct¢> = Ctp =C,, = Cd>p = C¢>z =0
lead to a system of second order PDEs for § and k. We investigated this system with
Maple and found that solutions exist if and only if 6 is a function of only one variable,
i.e. 0 = 0(t) or § = 0(¢). These results indicate that there are no solutions of the
modified field equations if 8 is bivariate.

In summary, we have shown in this section that the field equations decouple if
the CS scalar field solves 97t 6= 0, and their solution is the Schwarzschild BH and two
additional (unphysical) solutions [Eqs. (IL54]) and ([[IL5H)]. For CS fields that satisfy
H’t " # 0, the modified field equations do not seem to have a solution. Therefore, there
are no static and axisymmetric solutions in CS gravity, apart from the Schwarzschild BH
and some unphysical solutions, irrespective of the CS scalar field.

10.5 Stationary, axisymmetric solutions

10.5.1 General line elements

Equipped with the tools from the previous section, we drop the requirement of
staticity and replace it by the weaker one of stationarity. In essence, this means that we
shall allow the gravitomagnetic sector of the metric to be different from zero. The most
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general, stationary and axisymmetric line-element is diffeomorphic to [334]

ds® = —V (dt —wdg)” + V' plde” +Q° (d;? v Adz2> , (10.58)

where the functions V, w, € and A depend on p and z, only. This line element is
identical to Eq. (I38) as w — 0. In GR, the function w can be identified with the
angular velocity. The Ricci tensor for this line element is similar to Rszatic [Eqgs. ([I39)-
(I0Z4)] and its components are ¢

Rtp = th:R¢p:R¢z:0’ (10.59)
’lU2 V3
static 2 z
R, — pRUatic <w i _,) 7 10.60
tt tt P A 2P2Q2 ( )
V2 V2
R = Y \_v _ Vi _ & 4Py E 2V,pw,p _ 2V72w,z _ g
té 20?2 PP A p V VA w wA w
2,3 2,3
w V. wV wV Vi AV AV, AwlV
_ B2 + P _ P _ % _ PP + R R PP
wA pw 0> p2A 2A 2A2 2wA
AV 10.61
o (10.61)
2
static 2 V
R = R — 10.62
PP pp Y 202’ ( )
static V2
R, = R™ 22—2, (10.63)
2z 220
tati V2
sz = sz + w’pw722—p2 5 (1064)
static 2 1 2 V2
= — —. 10.
R = R O Ao (10.65)

The somewhat lengthy component R 5o Can be deduced from R and the other compo-

static

nents. The quantity R ,

2 2 2 2
static v 4 4 Q Q Q Q
RpoRte % T [y Ry s

202 VA Vv VA Q AQ Q AQ

2
A A A A Q AQ
- 222 _9 P4 0 9 PP o 2 2] (10.66)

is the trace of Eqs. (IL39)-(TL44]).

As before, let us begin with the canonical choice for the CS scalar field, namely

Eq. (I0Z7). Then the only non-zero components of the C-tensor are C’pt, C C’p " and
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C, & As in the previous cases, there is a decoupling of the field equations that allows us
to set A = 1 and to consider the slightly simpler line element (Lewis-Papapetrou-Weyl

metric)
2U

ds” = - (dt — wdp)” + e e%(alp2 +d) + p2d¢2] : (10.67)
where again the functions U, k and w depend on the coordinates p and z only. With
this line element, the last lines vanish in the multi-line expressions for the Ricci tensor,
Eqgs. (I040)- (M43, (I06T) and ([[LEE), because A = 1. The vacuum Einstein equations
simplify considerably with A = 1. Essentially, they are similar to Eq. (IIL48]) but with a
complicated source and an additional equation for w. Even within GR, explicit solution
to this set of PDEs can only be found in certain special cases [334].

The Pontryagin constraint for the line element of Eq. ([ILE7) is not satisfied in
general. This constraint yields a complicated second order PDE for w, U and k, presented
in appendix [ which of course is trivially satisfied as w — 0. Certain solutions to the
PDE in appendix [l can be obtained, e.g. (w := erw)

k= kp, )—: CU U =Up,2), (10.68a)
ko= k(p2)w=+p,U="Ulp,2), (10.68b)
ko= In(p)+k(z), 0 = d(2)p,U = ;ln(p)—l—cl, (10.68¢)
E o= k(p),m=d(p),U = Ulp), (10.68)

where ¢, is a constant. The first line reduces to static solutions upon redefining t =
t —c,¢. The second line leads to metrics of Petrov type I1, the so-called van Stockum
class, which we shall discuss in Sec. The third line of Eq. (ILG8) cannot be made
to solve the modified field equations. The last line implies cylindrical symmetry, which
again via the field equations leads to flat spacetime. We have thus been unable to find
non-trivial solutions either by hand or using symbolic manipulation software E

Unlike the previous section, we cannot provide here a truly exhaustive discussion
of all solutions of the decoupled field equations. This is because €, = 0 does not
necessarily imply spatial conformal flatness for the stationary case. Based on the evidence
found so far, it seems unlikely that there are other non-trivial and physically interesting
solutions besides the static ones. This is because the vacuum Einstein equations R, = 0]
already determine the function k& uniquely up to an integration constant, and also impose
strong restrictions on the functions U and w [334]. The constraints C, = 0 impose four
additional conditions on these functions that can be found in [34€]. Since the system of
partial differential equations is over-constrained, it is unlikely that additional solutions
exist. Therefore, whenever the field equations decouple into R, = 0 = C_, we do not
expect physically relevant solutions besides the Schwarzschild one and its flat space limit.

The decoupling exhibited by the modified field equations does not occur only for
the canonical choice of the CS scalar field. In order for such a decoupling to occur, the

"®We were able to find additional solutions with Maple, but upon imposing the field equations
they reduced to previously studied or trivial spacetimes.
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following system of PDEs must be satisfied:

07#:9’@:07@:9#:9’2:0, (10.69)
which yields the solution
t
0=—+ ¢ , (10.70)
JTRR7

with constant u, v. The canonical choice is recovered as v — oo.

But what if the scalar field is not of the form of Eq. (ILZO)? In this case, the
field equations do not decouple and solving the entire system is much more complicated.
However, we can deduce from Eq. ([TLEY) that still the four C-tensor components C’pt,
c, C " and C, " have to vanish. Therefore, even though no decoupling occurs, the
same issue of an over-constrained system of equations does arise, analogous to the one
in Sec. MI5Tl Even with this generalization, it is still quite difficult to find solutions to
the coupled system. In general, one might be able to find solutions both of class P and
class CS \ P because non-canonical CS fields allow for general #, which entails a new
degree of freedom. We shall see in Sec. that for a simplified subclass of stationary
and axisymmetric line elements, which automatically satisfy the Pontryagin constraint,
solutions can indeed be found, including mathematical BHs.

10.5.2 Van Stockum line element

We study now a slightly less general line element that still is stationary and
axisymmetric, namely the van Stockum line element [334]

2 2 1 2 2
ds> = pQdt® — 2pdtde + W (dp +dz ) , (10.71)

where the only arbitrary function is 2 = Q(p, z). The metric is different from that
considered in Eq. ([ILE7) since it does not possess a dqﬁ2 component. The only non-
vanishing component of the Ricci tensor for such a spacetime is

3/2

R, = —'OTAQ, (10.72)

tt
where again A is the flat space Laplacian in cylindrical coordinates.

The Pontryagin constraint is automatically satisfied for the van Stockum line
element even though it is of Petrov type I, precisely because of the vanishing dqbz term.
The tt component of the modified equations then determines €2, and this forces all other
components of the C-tensor to vanish, except for C, " and C 56 that are automatically
zero. These constraints act as a system of PDEs for the scalar field, whose unique
solution is @ = O(p, z). Note that the canonical choice for 6 is not compatible with the
van Stockum line element. The remaining PDE R,, + C,, = 0 can be solved for ¢ and (2,
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where C,, now simplifies to

2

= ? 3 3 3
c&—-5(%f@wmw+@ﬁg+%@m+gm+§gm+gﬁg
9 3 3 3
= 0.2, Q..+ @Q,pp T @sz + 8—/)29,p) —0,. (2, -0+ %Q )

(10.73)
Combining this with R,, from Eq. (IZ2) we find two simple solutions of Eq. ([[ILTG):
Q=c, 0=196(p,z), (10.74)

where ¢ is a constant and

d 2 ~
Q=c+—, 0=—-\pz+0(p), (10.75)
VP 3V
where ¢ and d are constants [J. Equation ([0 leads to zero Ricci and C-tensor
separately and it is thus a GR solution that belongs to the subspace P. The ensuing
metric is exceptional in that it has a third Killing vector, t0, — ¢0, s+ ctd 5 Some of the
non-vanishing Riemann tensor components for this geometry are

c 1 1
Rtptp = % ) Rtpqu = % ) Rt¢tq§ = Z\/ﬁ (1076)

On the other hand, Eq. (70) is perhaps even more interesting since it is not Ricci-flat,
but has one non-vanishing component of the Ricci tensor,

d
= —=—=—C,,. (10.77)

R 5

This solution is thus a non-GR solution and it belongs to the subspace CS \ P. Some of
the non-vanishing components of the Riemann tensor for this solution are

d+ 2c\/p 1 1
totp — T16p32 T ee? 8 Rigrg = Z\/ﬁ (10.78)

Notice that such a solution can represent a mathematical BH, provided €2 vanishes for
some p, i.e. a Killing horizon emerges. We call these configurations “mathematical
BHs” because they are physically not very relevant: the Killing vector generating axial
symmetry is light-like, as evident from ([IL7T), and the spacetime admits closed timelike
curves which are not screened by a horizon [334]. For ¢ = 1 and d = —2m we recover

(T2

"There is a straightforward generalization of Eq. ([IZZH), namely Q = ¢ + d/p®, 6 = B\/P 2,
where « is an arbitrary constant and 8 = 8a/(8a” + 2o + 3).
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Let us then summarize the most important conclusions of this section. We have
investigated stationary and axisymmetric solutions to the modified field equations. We
found that, for the canonical choice of 8, it is unlikely that solutions can be found that
differ from Minkowski and Schwarzschild. Nonetheless, for non-canonical choices of this
scalar, solutions must exist. This conclusion derives from the investigation of a slightly
less general stationary and axisymmetric metric, namely that of van Stockum. For this
line element we found a solution to the modified field equations that lives in P and a
family of solutions that live in CS \ P, both with non-canonical CS scalar fields. To
our knowledge, this is the first time an exact non-GR solution is found for CS modified
gravity, which in particular can represent mathematical BH configurations.

10.6 Beyond the canon

We have failed in finding an exact, stationary and axisymmetric solution to the
CS modified field equations representing a physical spinning BH. A solution, however,
already exists for a similar line element, albeit in a perturbative sense. In [317] and later
in [83], a far-field solution to the CS modified field equations with a canonical CS scalar
field was found in the weak-field /slow-motion approximation. This solution is identical
to the far-field expansion of the Kerr solution, except for the addition of two new compo-
nents in the gravitomagnetic sector of the metric g,,. These components vanish in GR,
since only one component is required and it is aligned with the angular momentum of
the spinning source. In CS gravity, the remaining components of g,, are proportional to
the curl of the spin angular momentum, thus breaking axisymmetry but preserving sta-
tionarity. Such a stationary, but non-axisymmetric BH will not emit gravitational waves,
but it might possess a non-trivial multipolar structure, with probably more than just
two non-vanishing multipoles. Such a far-field structure suggests that perhaps the only
way to obtain an analog to the Kerr solution in CS gravity is to relax either the assump-
tion of axisymmetry or stationarity or to drop the integrability conditions mentioned in
footnote [99].

Alternatively, the van Stockum example suggests that another possibility is to
allow for a general CS scalar field. In this case, however, the line element must signifi-
cantly differ from the Kerr metric such that it satisfies the Pontryagin constraint [, we
shall explore these possibilities in this section.

10.6.1 Killing embedding

We study now the possibility that the ’embedding coordinate’, i.e., the velocity
of the CS scalar field 6, is a Killing vector. Then, v  is covariantly conserved because
of the Killing equation (V( ol = 0) and the fact that the connection is torsion-free

" We attempted to solve the modified field equations with a line element equal to Kerr plus
a stationary and axisymmetric contribution and an arbitrary CS scalar field. No solution could
be found exactly, while perturbatively such an Ansatz leads to non-asymptotically flat solu-
tions [321].
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(V[ Uy = V[ aVb]H = 0). This puts a strong restriction on spacetime, which for a time-
like v, yields line elements that are diffeomorphic to

ds” = —dt” + 93 (xk)dznidxj , (10.79)

where i and j range over all coordinates except time. Actually, Eq. ([IZT3) describes
a special class of static spacetimes. When studying static solutions to the CS modified
field equations with timelike v, in Sec. [ we found no physically relevant solution
besides Schwarzschild. The same conclusions hold here, except that we do not even
recover Schwarzschild, so this route is not a promising one. A similar discussion applies
to spacelike Killing vectors.

A more interesting situation arises if the vector field v* is a null Killing vector,
o™ = V( V) = 0. In this case, we get in an adapted coordinate system the line element

ds” = —2dvdz’ + g, («")dz' do’ (10.80)

Once again, the Pontryagin constraint is immediately satisfied, the Ricci tensor has non-
vanishing Rij components, but no components of the C-tensor vanish. Even when we
pick a simple null Killing embedding, e.g. v, = (0, x,0,0) with x = const., the C-tensor
has complicated spatial non-vanishing components and the modified field equations are
too difficult to solve in full generality. Therefore, we focus instead on an interesting
special case in the next subsection.

10.6.2 pp-waves and boosted black holes

As suggested at the end of Sec. .22, it might be possible to find solutions to the
modified field equations if one considers line elements that represent exact gravitational
wave solutions (pp-waves [347]). The line element for these waves is

ds® = —2dvdu — H(u,z,y)du’ + da’ + dy’, (10.81)

which is simply a special case of the line elements considered in the previous subsection
[Eq. (ILE)]. Particular examples of physical scenarios that are well-represented by
Eq. (IXT]) are the Aichelburg-Sexl limits [348] of various BHs. In essence, this limit is
an ultrarelativistic boost that keeps the energy of the BH finite by taking a limit where
its mass vanishes while the boost velocity approaches the speed of light. In particular,
Eq. (III8T]) can be used to represent ultrarelativistic boosts of the Kerr BH [349, 1350].

Is it conceivable that a Kerr BH that moves ultrarelativistically solves the modified
field equations, even though the Kerr BH does not? One of the main problems with the
Kerr metric is that it does not satisfy the Pontryagin constraint, cf. Eq. (IL3d), but that
constraint is trivially satisfied as M — 0. Nonetheless, the satisfaction of the Pontryagin
constraint is only a necessary condition, but not a sufficient one, to guarantee that the
modified field equations are also satisfied.

In order to study this issue, let us find the appropriate expressions for the Ricci
and C-tensors. The only non-vanishing component of the Ricci tensor for the line element
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of Eq. ([LRTJ) is given by

& 9
R =AH, A=—+4+—. 10.82
uu 8%2 8y2 ( )
In general, the components C_, C’uy, (O C’yy, ny are all non-vanishing and form a

system of PDEs for H and 6. The C__, ny and ny components are given by

1
Cpy==Cro =0, H e Coy=50 (Ho—H,,) (10.83)
Let us first look for GR-solutions of class P, such that R, = 0 and C, = 0
independently. Since C, = 0, there are two possibilities here: either 6 =0 or H oy =
0=H, — Hyy. In the latter case, H is constrained to
1
H=3 (:f +y2) Auw) + 2 B(w) +y C(u) + D(u) (10.84)

which also forces C, and C’uy to vanish. The only component of the field equations left
is (u,u), which upon simplification with Eq. ([I84) yields C,,, = 0 and R, = 2A(u),
so that A(u) = 0. We have then found the solution

H=2x2B(u)+yC(u)+D(u), 60=0(u,v,zx,vy), (10.85)

to the modified field equations. However, this solution is nothing but flat space in
disguise.

Another possibility to find GR-solutions is to pick # such that C__, ny and ny
vanish, i.e. 0,1)1) = 0. This condition leads to

0 = Au, z,y)v + 6(u, z,y), (10.86)
The remaining non-(u, u) components of the C-tensor lead to

Cop = 0 — N, H,_ =\H_ (10.87)

ux

Cp = 0 — AH =\H_ (10.88)

where we have used R, = 0. The solution to this system of PDEs leads either to flat
spacetime or to
AMu, z,y) = AMu). (10.89)

Choosing Eq. ([I8Y), the remaining modified field equation [the (u,u) component] be-
comes

AH = 0, (10.90)

2H,yy97:vy - H,xy( Y (10‘91)

For some H that solves the Einstein equations [i.e. the Laplace equation in Eq. ([[90)],
the C-tensor yields a PDE for 6 [Eq. (ILY)]. Thus we conclude that we can lift any
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pp-wave solution of the vacuum Einstein equations to a pp-wave solution of CS modified

gravity (of class P) by choosing 6 such that Eqs. ([IL86]), ([0.89)-([T91) hold.
Let us give an example of this method to generate CS solutions by studying
ultrarelativistically boosted Kerr BHs, for which

H = hyd(u)In <a:2 + y2> (10.92)

satisfies Eq. (LA). In Eq. ([L32), §(u) is the Dirac delta function and h,, is a constant.
Inserting this H into Eq. (ILAT) we find

i = za (%) +8 (x2 n y2) , (10.93)

where « and /3 are arbitrary functions of their respective arguments (y/x) and (z* + ).
Equation (II33), together with Eq. (L8A) and (LX), give the full solution for the CS
scalar field. We have therefore lifted the boosted Kerr BH to a solution of the modified
field equations of class P by choosing the CS scalar field appropriately. For § = Av we
recover Eq. ([[I3).

Let us now search for non-GR solutions to the modified field equations. Since
all equations decouple except for the (u,u) component, we must enforce that the non
(u, u)-components of the C-tensor vanish, i.e. 971) = 0, which leads to

0 =0(u,z,y). (10.94)

With Eq. ([{L94), the only component of the modified field equations left is again the
(u,u) one, which simplifies to a linear third order PDE:

(1+6,0,-6,0,)AH=(0, -6, )4, —(H, —H, ), . (10.95)
For simplicity, we choose .
0 =a(u)x + b(u)y + c(u), (10.96)
and Eq. ([L9A) reduces to the poisson equation
AH=f. (10.97)
The source term f solves a linear first order PDE
bf, —af,—f=0, (10.98)
whose general solution [assuming b(u) # 0]
_x/b(u) b
flu,z,y) =" la(w)z + b(u)y] (10.99)

contains one arbitrary function ¢ of the argument a(u)x + b(u)y. We shall assume this
function to be non-vanishing so that R, # 0. We can now insert Eq. (L39) into the
poisson equation and solve for H(x,y,u). We need two boundary conditions to determine
H from the poisson equation [Eq. ([IL97)] and another one to determine the arbitrary



287

function ¢ in Eq. (IL39). Let us then provide an example by assuming that b(u) < 0
and ¢ remains bounded. In this case, we must restrict the range of the coordinates
to the half-plane, 0 < = < 00, —00 < y < oo. We impose a boundary condition
H(u,y) := H(u,0,y) and appropriate fall-off behavior for |y| — co. We then obtain the
particular solution

Hua,y) = %/;I“_Tf(g;’”nff// Mg e + bupn
2
1 ngziﬁy_ ;zldgdn (10.100)

where the double integral extends over the half-plane.

The exponential behavior in Eq. ([TL99) is particularly interesting, since it resem-
bles the gravitational wave solutions found in Refs. [79, 316, 271, 272]. Moreover, as
x — oo [depending on the sign of b(u)] the source term in Eq. (IL91) diverges, indicat-
ing a possible instability. Since we were mainly concerned with the existence of solutions
we have not attempted to construct solutions for more general 6 than Eq. ([L94]).

10.6.3 Weakening axisymmetry /stationarity

From the analysis so far, it is clear that stationary and axisymmetric solutions in
CS gravity do not seem to be capable of describing physical spinning BHs. The far-field
solution has guided us to weaken some of the requirements necessary for axisymmetry and
stationarity. One possibility is to keep two Killing vectors (one time-like and one space-
like), but to drop all additional requirements (in particular the integrability conditions
mentioned in footnote [99]). The most general line-element compatible with two Killing
vectors ' o
ds” = gaﬁdxadznﬁ + Am.aixadznZ + gl.jdznldznj (10.101)

contains two 2-metrics, g aﬁ(:nk) and g, (xk), and cross-terms parameterized by A m(xk)
Here {a, 5} = {0,1} are the Killing coordinates and {i, j, k} = {2, 3} are the non-Killing
coordinates. Alternatively we could conceive of losing stationarity or axisymmetry by
dropping the (8t)a or 8¢a Killing vector, respectively. The general idea is then that
by losing one Killing vector we gain new undetermined metric components that could
allow for a physical spinning BH solution in CS gravity. However, our attempts have not
revealed any interesting exact solution corresponding to a spinning BH, so we confine
ourselves to a couple of general remarks.

Spinning BHs that break axisymmetry or stationarity would be radically different
from those considered in GR. On the one hand, non-axisymmetric spinning objects would
have an intrinsic precession rate that would not allow the identification of an axis of
rotation. Such precession would possibly also lead to solutions with more than two
non-zero multipole moments, thus violating the no-hair theorem. On the other hand,
non-stationary spinning objects would unavoidably lead to the emission of gravitational
radiation, even if the BH is isolated. These considerations could be flipped if we take
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them as predictions of the theory, thus leading to new possible tests of CS gravity. Work
along these lines is currently underway. The results of [351] for the Pontryagin constraint
may be helpful here.

10.6.4 Adding matter

The inclusion of matter sources is of relevance in the present context for several
reasons. First, the Kerr BH has a distributional energy momentum tensor [352], so we
need not set the stress-energy tensor strictly to zero to construct a Kerr-like solution.
Second, in Ref. [73] the Pontryagin-term in the action arises from matter currents, so
the inclusion of the latter would actually be mandatory within that framework.

Two conceptually different approaches are possible to the problem of finding exact
solutions of the modified field equations in the presence of matter. These approaches
essentially depend on whether we require the energy-momentum tensor to be covariantly
conserved, V T & — 0, or not. If this tensor is conserved, then the Pontryagin constraint
must be satisfied and the Kerr BH cannot be a solution. Basically, this route leads to
only a slight generalization of the discussion presented so far, with solutions of class P,

1
Sg,R=81T,, C,=0, (10.102)

Rab_ 2

and solutions of class CS \ P that solve Eq. (ILTH). Relaxing covariant conservation of
the stress-energy tensor, we can promote the Kerr BH to a solution of the modified field
equations, provided that

1 dist ind
R, — igabR = 877Tab , Cp= 877Tab . (10.103)
Here T dbiSt = 0 except for the usual distributional contributions for Kerr [352], while T ind
a a
provides the non-conserved matter flux. The induced matter fluxes for the Kerr BH are
given by
ind am’® 2 2 2
™" = ——5 - CcosO (r —a” cos ®>
tr AT pud° A
x [a2 cos” © (11r2 - a2) +o (3r2 - 9a2)] , (10.104)
ind am’r
11 .
= ———sin®
O A py®
X [37’4 —12r°a’ cos”© + a” cos’ @] , (10.105)
ind a*m? 2 4 402 2
" = ———5sin OcosO [cos BOa (a —r )
or ATud® A
+ cos’Or’a’ (8a2 + 12r2) —or'a’ — 37’6} , (10.106)
™ = _gsiner™. (10.107)
$O o)
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Of course, with such a method any GR solution can be promoted to a solution of the
modified field equations.

The crucial issue here is whether or not the induced matter flux can be regarded
as physically acceptable. In order to shed light on this issue, we analyzed if the induced
stress-energy given by Eqs. ([II04)-([III07) obeys the energy conditions of GR [353].

d . o .
Because T”Z is always traceless, the strong and weak energy conditions are equivalent
a

and reduce to the statement that Tizld
al

is not the case, as we can show by considering for instance §t =2, & =1, which is

timelike for sufficiently large r: §a£bgab = —1+4+6m/r+ O(m/r)Z. The only relevant

component of led is given by Eq. ([[0I04]), but since Tt”1d is proportional to cos ©, this
al T

fafb > 0 for any timelike vector £“. This, however,

quantity is negative in half of the spacetime, and thus the weak energy condition is
violated. While this might be tolerated close to the horizon, we stress that this violation
arises also in the asymptotic region. This violation is somewhat attenuated by the fall-off

behavior of Tind, where its components decay at least as 1 /7‘5 and the scalar invariant
TindTab ind
ﬂlllll;(es might not be detectable after all for a far-field observer.

There is another approach capable of circumventing the Pontryagin constraint
that also relies on new matter sources. Namely, if the field 6 is considered a dynami-
cal field, instead of an external field, it is natural to study more general actions than

Eq. (04) with S, = 0, such as [83]

a
as 1/ r'? asr — oco. Thus, if ordinary matter is added then the induced exotic

1 1«
S = H/d4x\/_—g <R + 5(v9)2 ~V(0) -0 RR> . (10.108)
Then the Pontryagin constraint ([[ILIH]) is replaced by

RR=—al00+V'(0)], (10.109)

where « is a constant. This provides a natural generalization of the model considered
in our paper. However, it also introduces an amount of arbitrariness, since V is a
free function and, in fact, more general couplings between 6 and curvature might be
considered.

We conclude that allowing GR solutions to be also CS solutions by inducing
a stress-energy tensor via Eq. ([LT03]) can lead to unphysical energy distributions. In
particular, the Kerr solution induces an energy momentum tensor given by Eqs. ([0I104])-
([I0107), which violates all energy conditions, even in the asymptotic region. The alter-
native approach described above lifts 6 to a genuine dynamical field with a kinetic term
and possibly self-interactions, at the cost of introducing an arbitrary potential.

10.7 Conclusions and discussion

No exact solution has yet been found that could possibly represent a spinning BH
in CS modified gravity. In particular, the Kerr solution is found to be incompatible with
the constraints imposed by the modified field equations. Previously, only perturbative
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solutions of CS gravity had been considered, which might represent the exterior of a
BH. The first study was carried out by Alexander and Yunes [277, 317, who performed
a weak-field parameterized post-Newtonian analysis to find a non-axisymmetric Kerr-
like solution. This study was later extended by Smith, et. al. [83] to non-point like
sources, finding that the Israel junction conditions are effectively modified by the C-
tensor. Another study was carried out by Konno, et. al. [327], but this analysis was
restricted to a limited class of perturbations that did not allow for the breakage of
stationarity or axisymmetry. Within that restricted perturbative framework, a Kerr-
like solution was found only for non-canonical choices of #, concluding that BHs cannot
rotate in the modified theory for canonical 8. This conclusion of Konno et. al. is at odds
with both the results of Alexander and Yunes and Smith et. al.

In order to address these issues, in the current paper we attempted to determine
what replaces the Kerr solution in CS modified gravity. We thus studied exact solu-
tions of the modified theory, comprising spherically symmetric, static-axisymmetric, and
stationary-axisymmetric vacuum configurations, as well as some generalizations thereof.

We began our analysis in Sec. [ILZT] by considering the CS action in detail and
rederiving the equations of motion, together with the resultant surface integral terms.
We continued in Sec. by rederiving the Pontryagin constraint from the equations
of motion and providing two alternative interpretations of it. One of them [Eq. ([LZT)]
is a reality condition on a quadratic curvature invariant of the Weyl tensor, while the
other [Eq. (IL24)] is a null condition on the contraction of the electric and magnetic
parts of the Weyl tensor. Before considering specific line elements, in Sec. [0.2Z3l we
classified all solutions into two groups: GR-type (class P), which contains solutions of
both the vacuum Einstein equations and the modified field equations; non-GR type (class
CS \ P), which contains solutions of CS gravity that are not solutions of the vacuum
Einstein equations (cf. Fig. [TI).

After these general considerations, we began a systematic study of line elements,
starting with general spherically symmetric metrics in Sec. This class of line
elements [Eq. ([[L33))] is particularly important since it contains the Schwarzschild,
Friedmann-Robertson-Walker and Reissner-Nordstrém solutions. We showed that, for
the canonical choice of the CS scalar field [Eq. (IIL27)] and more general choices [Eq. ([L34)],
the modified field equations decouple and any possible solution is forced to be of class
P.

We continued in Sec. [L4] with an analysis of static and axisymmetric metrics
[Eq. (I3]))]. We showed that, for the canonical choice of the CS scalar field and more
general choices [Eq. ([ILEA)], the modified equations decouple once more. We also showed
that any static and axisymmetric line element is forced to become spatially conformally
flat, provided the field equations decouple. Exploiting this result, we found three different
solutions [Eqs. ([IZ0), (II54) and (LBEH)], only one of which was physically relevant,
namely the Schwarzschild solution. For the most general CS scalar field, however, the
field equations do not decouple, but we have shown that fields with such generality do not
seem to allow for a solution to the field equations apart from trivial ones. Thus, we may
conclude that CS gravity does not allow for static and axisymmetric solutions, apart
from flat space, the Schwarzschild solution and two additional (unphysical) solutions,
irrespective of the choice of the CS scalar field.
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Static line elements then gave way to the central point of this paper: stationary
and axisymmetric solutions of CS gravity, discussed in Sec. As in the previous
cases, we showed that, for the canonical choice of the CS scalar field and slightly more
general choices [Eq. ([LZ)], the field equations again decouple. In this case, however, the
Pontryagin constraint does not hold automatically and we used it to constrain the class
of possible metric functions, cf. appendix [l In essence, the decoupling requires not only
that solutions must obey the Einstein equations, but also the fulfillment of additional
constraints (cf. Ref. [34€]), which leads to an overdetermined system of PDEs. Therefore,
we concluded that non-trivial stationary and axisymmetric solutions do not seem to exist
for canonical CS fields.

When a completely generic CS scalar field is considered, the modified field equa-
tions do not decouple and solutions are not easy to find, even with the simplifications
derived from the Pontryagin constraint. However, generic CS fields increase the de-
grees of freedom of the problem and thus might allow for stationary and axisymmetric
solutions. We proved this statement by providing an example in Sec. A2 through
a sub-class of stationary and axisymmetric metrics [Eq. ()], belonging to the van
Stockum class. In that case, we showed that the only possible CS field compatible with
the field equations excludes the canonical choice. Moreover, we found both, non-flat so-
lutions of class P [Eq. ([ILZ4)] as well as non-flat solutions of class CS \ P [Eq. (IIL7H)]
To the best of our knowledge, this is the first time an exact solution in CS modified grav-
ity is constructed that is not also a solution of GR. One of these solutions [Eq. ([IZ3)]
represents mathematical BHs, in the sense that although they exhibit a Killing horizon,
they are not physically relevant, because the Killing vector generating the ’axial’ sym-
metry is light-like and closed timelike curves arise. We concluded that it is unlikely that
stationary, axisymmetric solutions exist that represent a spinning physical BH.

Finally, in Sec. [[{LB] we considered the possibility of constructing solutions beyond
the set of stationary and axisymmetric spacetimes. We began in Sec. [LG.I] by consid-
ering CS scalar fields whose velocity is a Killing vector of the spacetime and found that
the only interesting case arises if that vector is null. Naturally, such considerations led to
exact gravitational shock-wave spacetimes [Eq. (IL8I])]. Within this pp-wave scenario,
in Sec. we constructed a generating method through which any pp-wave solution
of GR can be lifted to a solution of CS modified gravity with an appropriate choice of
the CS scalar field. We also built a solution of class CS \ P [Eq. (II00)] that is not a
GR pp-wave solution but does satisfy the CS modified field equations.

Through this detailed study of solutions in CS gravity we have ascertained that
at least two different limits of the Kerr BH are solutions to the modified field equations,
even though the Kerr BH is not: the Schwarzschild limit and the Aichelburg-Sexl limit.
The former was already known to be a solution to the CS modified field equations, but
the latter, which includes ultrarelativistically boosted BHs, was not. The existence of
these solutions concurs with the naive expectations expressed at the end of Sec.
Moreover, such expectations, together with the input from the far-field solution, point to
the existence of a physical spinning BH solution in CS gravity, provided the conditions
of stationarity and/or axisymmetry are weakened. We addressed this possibility briefly
in Sec. [[MLG.3l but unfortunately such spacetimes are so general that the modified field



292

equations become prohibitively difficult, even with the use of symbolic manipulation
software.

Other possibilities of bypassing the Pontryagin constraint were discussed in Sec.
M6 since this constraint is in essence responsible for the absence of interesting sta-
tionary and axisymmetric solutions. First, we stated that obviously any (GR or non-GR)
solution formally can be lifted to a solution of the modified field equations by allowing for
arbitrary matter sources, and we demonstrated the nature of these matter sources for the
Kerr BH. We found that the induced energy momentum tensor [Eqs. ([LI04])- (TOI01)]
is exotic even in the asymptotic region, but drops off rapidly with the radial coordinate.
Second, we mentioned the possibility that the CS scalar field 6 might acquire a kinetic
term and self-interactions. In this case, the Pontryagin constraint ceases to hold and
is replaced by a dynamical condition [Eq. (ILTOY)], relating the gravitational instanton
density to the (generalized) Klein-Gordon operator acting on 6.

We now conclude with a list of possible directions for future research to which
our current work may provide the basis.

e The number of physical degrees of freedom in CS modified gravity is not known
yet. Various considerations appear to lead to contradictory expectations. On the
one hand, the appearance of higher order derivatives in the action [Eq. ([ILTI)]
suggests that additional degrees of freedom should emerge. On the other hand,
the appearance of an additional constraint [Eq. (IILGS)] suggests that fewer de-
grees of freedom should arise. Actually, the linearization procedure suggests that
these competing effects cancel each other and that there are two polarizations of
gravitons, just like in GR, albeit with properties that differ from GR [79, 272].

e The role of boundary terms induced in CS gravity for BH thermodynamics could
be investigated more thoroughly [354]. Also here general considerations lead to
contradictory expectations. On the one hand, new boundary terms that arise in
CS gravity [Eq. (ILI4))] differ qualitatively from those that arise in GR or in scalar
tensor theories. Such boundary terms suggest modifications of BH thermodynam-
ics, even for solutions whose line elements coincide with GR solutions, like the
Schwarzschild spacetime. On the other hand, the Pontryagin constraint eliminates
the CS contribution [Eq. ()] to the on-shell action, which suggests that BH
thermodynamics is left unchanged, at least in the classical approximation.

e Both previous issues can be addressed by a thorough Hamiltonian analysis, which
is also of interest by itself and for exhibiting the canonical structure as well as
the classical constraint algebra. Such a study would also be useful for numerical
evolutions of BH binary spacetimes in CS gravity, which is currently being carried
out [3553].

e While our discussion of stationary and axisymmetric solutions was quite compre-
hensive, a few issues are still open, which may be an interesting topic for mathe-
matical relativists. For instance, while we were able to provide a proof that there
are only three types of solutions for static and axisymmetric spacetimes (with the
canonical choice for the CS scalar field), we could only provide good evidence,
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but no mathematical proof, that no further solutions exist for spacetimes that are
stationary and axisymmetric.

e Combining the evidence found in this paper with the far field solutions found
previously, we concluded that spinning BHs should weaken the requirements of
stationarity and/or axisymmetry in CS modified gravity. Perturbations away from
axisymmetry were neglected in [327], although non-axisymmetric solutions can
still represent spinning BHs, albeit with an inherent precession induced by the CS
modification. Therefore, future work could focus on finding exact spacetimes with
a smaller amount of symmetries or dropping the integrability conditions starting

from (OLTOTI).

e A manageable implementation of the Pontryagin constraint could be useful in many
CS gravity applications. The brute force methods that led us to the formulas in
appendix [ will render any generalization unintelligible. The considerations pre-
sented in Ref. [351] provide such an implementation, but it has not been exploited
so far in the construction of explicit solutions.

e Far-field solutions of CS gravity that break stationarity could also be studied.
These solutions could then be used as tests of the modified theory, through com-
parisons with gravitational-wave and astrophysical observations [35€].

e Perhaps it is feasible to apply the method of matched asymptotic expansion for
caged BHs [351, B58] to the construction of spinning BH solutions in the present
context. To this end, one would need an asymptotic expansion and a near horizon
expansion of that BH. The former exists already, so it remains to construct the
latter and perform the asymptotic matching.

e Finally, it is worthwhile to consider not just vacuum solutions, but also solutions
with matter sources, as outlined briefly in Sec. [.6.4]

Certainly the range of issues that can be addressed has been extended in a non-negligible
way. Only through a better understanding of the consequences and predictions of CS
gravity will we be able to determine the viability of the modified theory.
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Chapter 11

Perturbations of Schwarzschild Black Holes
in Chern-Simons Modified Gravity

We study perturbations of a Schwarzschild black hole in Chern-Simons mod-
ified gravity. We begin by showing that Birkhoff’s theorem holds for a wide
family of Chern-Simons coupling functions, a scalar field present in the theory
that controls the strength of the Chern-Simons correction to the Einstein-
Hilbert action. After decomposing the perturbations in spherical harmonics,
we study the linearized modified field equations and find that axial and po-
lar modes are coupled, in contrast to general relativity. The divergence
of the modified equations leads to the Pontryagin constraint, which forces
the vanishing of the Cunningham-Price-Moncrief master function associated
with axial modes. We analyze the structure of these equations and find
that the appearance of the Pontryagin constraint yields an overconstrained
system that does not allow for generic black hole oscillations. We illustrate
this situation by studying the case characterized by a canonical choice of
the coupling function and pure-parity perturbative modes. We end with a
discussion of how to extend Chern-Simons modified gravity to bypass the
Pontryagin constraint and the suppression of perturbations.

11.1 Introduction

Extensions of general relativity (GR) are inherently interesting because they hold
the promise to address unresolved problems in cosmology and astrophysics [. One such
extension is Chern-Simons (CS) modified gravity [273], which has recently been used
to propose an explanation to the cosmic baryon asymmetry [73] and polarization in the
cosmic microwave background (CMB) [75]. This extension has also attracted some recent
interest because it might allow for a test of a wide class of string theories [272].

CS modified gravity introduces a well-motivated correction to the Einstein-Hilbert
action: the product of a parity-violating, Pontryagin termﬁ and a scalar field or CS cou-
pling function that controls the strength of the correction. Such a modification has deep
roots in the standard model, since chiral, gauge and gravitational anomalies possess
Pontryagin-like structures. CS modified gravity is also motivated by string theory and

' This chapter is based on the following papers: N. Yunes and C. F. Sopuerta, submitted to
Phys. Rev. D (2007)

*See [359] for a discussion of this term and some physical interpretations
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loop quantum gravity [360]. In the former, it arises through the Green-Schwarz mecha-
nism [276], as an anomaly-canceling term. In fact, the CS term is a requirement of all
model-independent extension of 4-dimensional compactifications of string theory [275].

Some theoretical aspects of CS modified gravity have recently been investigated.
Cosmological studies have been carried out in [74, [76, [77] in connection with the Cosmic
Microwave Background radiation and in |73, [74] in the context of leptogenesis. Gravita-
tional wave solutions have also been studied in [273, 1316, 277, 1317], where they were found
to possess amplitude birefringence, possibly leading to a test of the theory [272]. Weak-
field solutions for spinning objects in CS modified gravity have been studied in [277, 317],
leading to a prediction of gyromagnetic precession that differs from GR, and later to a
constraint on the magnitude of the CS correction [83]. Further discussion on these issues
and others related can be found in [318, 319, 316, 320, 321, 1323, 1324, 1325, |71, 1326, 282,
2917, 1311, 1327, 183, 1328, 1329, B51] and references therein.

Solutions to the CS modified field equations that represent interesting physi-
cal configurations have also attracted attention. Apart from first formalizing the the-
ory, Jackiw and Pi [273] also showed that the Schwarzschild and gravitational plane-
wave spacetimes remain solutions in CS modified gravity. The Reissner-Nordstrom and
Friedman-Robertson-Walker metrics were also found to persist in the theory [297]. On
the perturbative front, [277, 1317] found a weak-field solution for orbiting, spinning ob-
jects, while [327] showed that the weak-field limit of the Kerr metric remained a CS
solution to first order in the metric perturbation for a specific choice non-canonical of
the CS coupling. Exact solutions that represent spinning objects in CS modified gravity
have so far only been studied in [359], where it was suggested that these exist provided
the gravitomagnetic sector of the metric is non-vanishing or that stationarity is broken.

In this paper, we study perturbations of a Schwarzschild black hole (BH) in CS
modified gravity . we begin by showing that Birkhoff’s theorem —the statement that the
Schwarzschild solution is the only vacuum, spherically-symmetric solution of the theory—
persists in the modified theory for a wide class of coupling functions. After decom-
posing the metric perturbations in spherical harmonics, we find equations that govern
the behaviour of each harmonic. In GR, the divergence of the field equations (both at
the perturbative and non-perturbative levels) implies energy-momentum conservation
and, in the absence of matter, it becomes an identity that ensures diffeomorphism in-
variance. In CS gravity, however, the divergence of the field equations (again at the
perturbative and non-perturbative levels) leads to a constraint, the so-called Pontryagin
constraint, which ensures that the theory remains diffeomorphic invariant and that the
Strong Equivalence Principle holds. This constraint imposes a restriction on the class
of metrics that can be solutions of the theory, specially in vacuum [359]. At the pertur-
bative level, the Pontryagin constraint is automatically satisfied for a flat background,
but we show that for a BH background it forces the Cunningham-Price-Moncrief (CPM)
master function, associated with axial perturbations (perturbations of odd parity), to

*The term“CS modified gravity” stands for the formulation introduced in [273]. Extensions
of this formulation have been considered in [83, B59] and we shall discuss how these affect the
analysis of this paper in the last section.
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vanish. Such a strong restriction on the possible perturbative modes a BH is allowed to
possess is a distinctive feature of CS gravity.

After investigating these preliminary issues, we concentrate on the study of general
perturbations of a Schwarzschild spacetime fl. We find that the CS modification intro-
duces new terms into the field equations that results in a mixing of polar and axial parity
modes. Therefore, in CS modified gravity modes with different parity do not decouple,
as is the case in GR. Moreover, the new terms contain third-order derivatives that change
the basic structure of the partial differential equations that describe the behavior of the
metric perturbations. In particular, the Pontryagin constraint constitutes a new equa-
tion for the metric perturbations, which in general leads to an overdetermined system.
A priori, it remains unclear whether this system has non-trivial solutions, ¢.e. whether
the entire set of field equations is compatible. This paper shows that at least a wide
class of BH oscillation modes are forbidden in the modified theory for a large family of
CS coupling functions. More specifically, we show that it is not possible to have either
pure axial or pure polar oscillations of a BH in CS gravity for a wide class of coupling
functions.

We end with a discussion of possible routes to extend CS modified gravity such
that generic BH oscillations are allowed. A promising route is to allow the CS coupling
function to be a dynamical quantity. In this case, the Pontryagin constraint is balanced
by the equation of motion of the scalar field, thus preventing the CPM function to
identically vanish. Moreover, the field equations are modified by the introduction of a
stress-energy tensor for the CS scalar field and by terms describing perturbations of the
scalar field. The extended set of field equations, which has a certain ambiguity encoded
in the potential of the CS scalar field, is no longer overdetermined, and hence, it provides
a suitable framework to study the modified dynamics of BH oscillations.

This paper is divided as follows: Sec. describes the basics of CS modified
gravity; Sec. establishes Birkhoff’s theorem for a family of CS coupling functions;
Sec. [[T.4] begins by describing the basics of Schwarzschild BH perturbation theory, and
then discusses the consequences of the linearized Pontryagin constraint and the structure
of the modified field equations; Sec. investigates perturbations of canonical CS grav-
ity, including the impossibility of having either purely polar or purely axial perturbative
modes; Sec. [0l points to directions in which the theory could be extended to bypass the
Pontryagin constraint and allow for generic oscillations of a Schwarzschild BH; Sec. [[T.1]
concludes and points to future work.

We use the following conventions throughout this work. Greek letters and a
semicolon are used to denote indices and covariant differentiation respectively on the
4-dimensional spacetime. In some cases, we denote covariant differentiation with respect
to a Schwarzschild background metric by ?u. Partial differentiation of a quantity @

with respect to the coordinate z' is denoted as OMQ or () . Symmetrization and

M
antisymmetrization is denoted with parenthesis and square brackets around the indices

‘BH perturbations were previously studied in [327], but only perturbative modes that resemble
the weak-field limit of the Kerr metric were considered. In this paper, we consider the most
general perturbations in a Schwarzschild background.



298

) = [Aab +Aba] /2 and A[ab] = [Aab — Aba] /2. We use the metric

signature (—,+, +,+) and geometric units in which G = ¢ = 1.

respectively, such as A

11.2 Introduction to Chern-Simons Modified Gravity

In this section we describe the basics of CS modified gravity as it was introduced
by Jackiw and Pi [273]. (more details can be found in [273, [73, B59] and references
therein). In this paper, we shall be mainly concerned with this formulation [273], but
we will also discuss possible extensions later on.

The CS extension of the GR action is given by [83]

4 1«
SCS = /{/d /-8 [R%—Emat — 19 RR|, (11.1)

where kK = 1/(167), g is the determinant of the spacetime metric g , R stands for the
v

Ricci scalar and £ . is the Lagrangian density of the matter fields. We recognize the
ma

first two terms as the Einstein-Hilbert action in the presence of matter, while the last

term is the CS modification, defined via

* * Q 1 [0 v
RR:=R R*™ —_R P g

apys T 27 aps pv’ (11.2)

where the asterisk denotes the dual tensor, constructed using the 4-dimensional Levi-
Civita tensor 770‘6 "B The strength of the CS correction is controlled by the scalar field
0, which we shall refer to as the CS coupling function or CS scalar field. The so-called
canonical choice of 8 corresponds to [273]

0 t/1,0,0,0], (11.3)

can = [
where 4 is a dimensional parameter.

As usual, we obtain the (modified) field equations by varying the action with
respect to the metric, yielding

G +C = 8T, (11.4)
uv uv puv

where T™*" is the matter stress-energy tensor. We shall refer to the quantity C'  as the
pv

C-tensoﬁydeﬁned as
G, =C) +C?

wi=C, (11.5)

)
v

*In non-vacuum spacetimes, the dual of the Riemann tensor with respect to the first pair of
indices does not coincide with the dual with respect to the second pair of indices. In this paper
we use the second type of dual, but the results of this paper are independent of this choice. This
can also be seen from the condition "R R = "CC [361]
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where
Q. o af
o =007 R, . (11.6)
(2) . * 0 T
c” =6 R, (11.7)

The spatial sector of the C-tensor reduces to the 3-dimensional Cotton tensor in some
symmetric casesﬁ For this reason, the quantity v := 9 is sometimes referred to as the

embedding coordinate, since it embeds the 3- dlmensmnal CS theory into a 4-dimensional
spacetime.

Diffeomorphism invariance is preserved provided an additional equation is sat-
isfied. This equation can be obtained by computing the covariant divergence of the
modified field equations

1 ma’
C. =g, RR=81T"" e (11.8)

mat

In vacuum, T = 0 and thus we are left with the so-called Pontryagin constraint

'RR=0, (11.9)

which is an additional equation that the metric tensor has to satisfy.

11.3 Birkhoff’s Theorem in Chern-Simons Modified Gravity

Birkhoff’s theorem states that the most general, spherically symmetric solution
to the vacuum Einstein equations is the Schwarzschild metric. In CS modified gravity,
this is not necessarily the case because the C-tensor modifies the field equations. In [273]
it was shown that the Schwarzschild solution persists in CS modified gravity, but this
does not necessarily imply that Birkhoff’s theorem holds. Let us then study Birkhoff’s
theorem in CS modified gravity in more detail.

The line element of a general, spherically-symmetric spacetime can be written
as a warped product of two 2-dimensional metrics [181, [182]: a Lorentzian one, 8.5
(A,B,...,H =t,r), and the unit two-sphere metric, Qab (a,b,...,h =0,¢). This line
element takes the following 2 + 2 form:

AB(xc)dxAde + r2(xA)Qab(:EC)dxadxb, (11.10)

g di'ds” =¢

pv
where the warped factor is the square of the area radial coordinate r. Covariant differen-
tiation on the Lorentzian manifold is denoted by a bar while on the 2-sphere is denoted

by a colon. The case of the Schwarzschild metric in Schwarzschild coordinates in given

In 273, C  was identified with the *Cotton tensor’ because it reduces to its 3-dimensional
Qv

counterpart in certain symmetric cases. However, a higher-dimensional Cotton tensor already
exists [331], and its definition is different from that of Eq. (). To avoid confusion, we refer
to C' as the C-tensor instead of the Cotton tensor.

nv
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by:

A, B 2 -1,2
gAde de” = —fdt"+f dr”, le—T, (11.11)

where M is the BH mass.
The Cotton tensor associated with this metric vanishes identically if the scalar
field has the following form [1:

0=0")+r@")ou"). (11.12)

This functional form is invariant under coordinate changes that leave the 2+2 structure of
the metric [Eq. (I)] invariant, i.e. coordinate transformations: ot = :%A(xB) ,
" — i = :ia(xb) , and transformations on the unit two-sphere. Moreover, one can show
that the two pieces of the C-tensor shown in Eqgs. (L)) and (IZ) vanish independently
for the family of scalar fields given in Eq. (ITI2]). For most of this paper, we will consider
the particular case in which the scalar field also respects the spherical symmetry of the
background:

6 =0("). (11.13)

Let us comment some more on this result and place it in context. The CS scalar
field 0 is usually assumed to depend only on cosmic time, # = 6(t). This assumption
has its roots in the work of Jackiw and Pi [273], who further imposed that § = d6/dt
be constant, such that time-translation symmetry and space-time reparameterization of
the spatial variables be preserved. With these assumptions, they showed that CS gravity
can be interpreted as a 4-dimensional generalization of 3-dimensional Cotton gravity, and
that the Schwarzschild and Friedman-Robertson-Walker solutions persist in the modified
theory. Later on, Smith, et. al. [83] argued that the CS scalar field could represent some
quintessence field that enforces the arrow of time associated with cosmic expansion. In
this paper we have considered the most general spherically-symmetric spacetime and we
have written its line element in the 2 4+ 2 form that follows from its warped geometric
structure. This form of the metric is invariant under general coordinate transformations
in the two 2-dimensional manifolds, associated with this 2 + 2 structure. Therefore, it is
not too surprising that if Birkhoff’s theorem is satisfied for the canonical choice of CS
scalar field, it is also satisfied for fields that depend arbitrarily on t and r.

11.4 Perturbations of a Schwarzschild Black Hole

11.4.1 Basics

We begin with a short summary of the basics of metric perturbations about a
Schwarzschild background. The spacetime metric of a perturbed BH can be written in
the form

g =g +h (11.14)
1127 1727 pv

"A similar result is found in [35]
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where g is the background Schwarzschild metric (geometric objects associated with it
174
will have an overbar) and h is a generic metric perturbation. Thanks to the spherical
Qv

symmetry of the background, we can expand the metric perturbations in (tensor) spher-
ical harmonics. In this way, we can separate the angular dependence in the perturbative
equations, which yields a much more simple system of equations: a system of 141 partial
differential equations (PDEs) in time and in the radial area coordinate r. In addition,
we can distinguish between harmonics with polar and axial parity , also called even
and odd parity modes respectively. In GR, the perturbative field equations decouple for
modes of different parity, but this may not be the case for alternative theories.

Let us then split the metric perturbation h;w into polar and axial perturbations,

h/w =h" +hP | and each of these into (tensor) spherical harmonics via
72 Qv

a a,fm p p.fm
h = Zhw b = Zhw , (11.15)
£m £m
where
0 hfm Sfm
a,fm A a
pRtm , (11.16)
Ky « Hém SZm
ab
hfm Yfm /m YZm
pPtm _ : (11.17)
1%
» 7"2(sz Yfm + Gém Zém)
ab ab

and where asterisks denote components given by symmetry. The quantity Y™ refers to
the standard scalar spherical harmonics [see [139] for conventions|, while Yagm and Sﬁm
are polar and axial, vector spherical harmonics, defined only for £ > 1 via
y"m=y™, o §m=pnty™ (11.18)
a a a a b

Similarly, V™ and 2 are polar, and SZZL axial, symmetric tensor spherical harmonics,
a al al
defined only for £ > 2 via

Im _ fm Im _ fm @(6 + 1) Im
R R e T Y (11.19)
m _ fm
S =Sy (11.20)

®Polar and axial modes as those which, under a parity transformation, acquire a factor of
(—l)l and (—1)”rl respectively.
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The sign convention for the Levi-Civita tensor of the 2-sphere is: Ny = sin#. All metric
©

4 14
oG, and

perturbations, scalar (hin;;), vectorial (pim and qim), and tensorial (K

qgm), are functions of ¢ and r only.

In GR, the Einstein equations can be decoupled in terms of complex master func-
tions that obey wave-like master equations. Once the master functions are constructed
we can recover all remaining metric perturbations from them. For axial modes, we can
use the Cunningham-Price-Moncrief (CPM) master function [193], defined by

m r m m 2 tm
Vi = By <hm —h +=h, > : (11.21)

whereas for polar modes we can use the Zerilli-Moncrief (ZM) master function [190, [191]

Im r

Im Im
v = ) {K +(14+2)G
f Im Im 2 Im
+ A—Z fhrr — T‘Kﬂn — ;(1 + AZ)pT’ 5 (1122)

where /\Z ={+2)(¢—1)/2 and Az = )\g + 3M/r. These two complex master functions
are gauge invariant. In order to simplify our analysis we shall here fix the gauge by
setting the following metric perturbations to zero (Regge-Wheeler gauge):

Im

H™=0, (11.23)
G = pf’” - pf’” —0. (11.24)

The master equations for the master functions, in the case of perturbations without
matter sources, have the following wave-like structure:

2 2 Polar/Axial tm .
0+ 9.V, ()] Pepng zar = 0 (11.25)
wherer is the tortoise coordinate r = r+2MIn [r/(2M) — 1]. The quantity VZPOIM/ AXial(r)

is a potential that depends on the parity and harmonic number ¢ (its precise form can
be found elsewhere. To follow our notation, see [139]).

When the master functions are known, one can use them to construct the plus
and cross-polarized gravitational waveforms via

., . 1 (£+2)' Im .o dm Im
h —ih = Zg: = (W 1) LY (11.26)

where Y™ denotes spherical harmonics of spin weight —2 [198]. One can also compute
the fluxes of energy and angular momentum emitted toward infinity and also into the
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BH horizon in terms of the master functions. These fluxes are evaluated using a short-
wavelength approximation in the radiation zone, where we can introduce a well-defined
gauge-invariant energy-momentum tensor for gravitational radiation [195, 196, [197].
However, the expression for this effective energy-momentum tensor depends on the struc-
ture of the field equations. In the case of CS modified gravity, given that the modification
in the field equations is additive, the form of these fluxes will be the same as in GR but
with extra terms proportional to the CS scalar field and its derivatives. That is,

1 C+2) 7 om 2 sem 2
Faw = Gdm o (= 2)! (’\IlCPM‘ ¥l >
+ 0(00,0°0), (11.27)
. . 1 i (£+2)' —/m - Im = /m < /fm
Low = @bzmzm (¢ —2)! (‘PCPM\IICPM * \IIZM\IIZM)
+ 0(06,9°0), (11.28)

where the dots here denote time differentiation.

11.4.2 Pontryagin Constraint

We have seen that diffeomorphism invariance requires an extra condition, the
Pontryagin constraint [Eqs. ([T2)-[IT3)]. This condition is automatically satisfied not
only by the most general spherically symmetric metric (its C-tensor vanishes), but also
for linear perturbations of Minkowski spacetime. Nonetheless, this condition is not
satisfied for generic perturbations of a Schwarzschild BH. In this case, at first-order, the
Pontryagin constraint becomes

RR = 9?4—6M [hfm + g (hé’j - hf’“)] e+ Y™, (11.29)

Remarkably, the Pontryagin constraint involves only axial modes, which is a conse-
quence of the appearance of the Levi-Civita tensor (a completely antisymmetric tensor)
in the modification of the gravitational sector of the action. Perhaps even more remark-
ably, this specific combination of axial modes corresponds exactly to the Cunningham-
Price-Moncrief master function [193] [eq. (ILZI))], which appears in the metric wave-
forms [Eq. (IT26)] and in the fluxes of energy and angular momentum [Eq. (I27)

and ([[T2]))]. We can thus rewrite Eq. (IT29) as

UM+ on L em

RR=-=5 = oY (11.30)

Then, the Pontryagin constraint forces the CPM function to vanish for all harmonics
with ¢ > 2. Such a restriction does not imply that all axial perturbations necessarily
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vanish in CS modified gravity, but it does require that these modes satisfy the relation

2
[ = (11.31)
r,t t,r r t
Such a condition seems to reduce the set of possible solutions of the perturbative vacuum
field equations, which might lead to an overconstrained system. For the choice of 6 in

Eq. (ITI3)), we shall see in Sec. [0l that this is indeed the case.

11.4.3 Structure of the Modified Field Equations

The CS modified dynamics of linear perturbations about a Schwarzschild back-
ground can be studied by expanding the metric perturbations into spherical harmonics,
Eqs. (ILI0)-([ITI7). After introducing these expansions into the field equations

G =-C . (11.32)

we can extract individual evolution equations for each harmonic.

The choice of the CS scalar field will determine the form of the right-hand side
in Eq. (IT32)). Since we are considering perturbations about a Schwarzschild spacetime,
we must choose 6 such that Birkhoff’s theorem holds. In Sec. TT3 we determined that
scalar fields of the form of Eq. (ILTZ) would indeed allow Birkhoff’s theorem to persist
in CS modified gravity. We shall here choose 6 as in Eq. (ILI3), such that this field
agrees with the symmetries of the background, namely

0=0(tr), (11.33)

where ¢t and r are here the Schwarzschild time and radial coordinates. This family of CS
coupling functions encompasses the canonical choice: § = t/u.

The structure of the linearized field equations is analyzed by first looking at the
harmonic decomposition of the Einstein tensor and the C-tensor. The structure of the
former is well-known from the study of perturbations of non-rotating BHs in GR, and is
given by

f:;a - g [ Polar] Zm’ (11.34)
ZZ - g (U Polar] a +H [UAX1a1] Zm, (11.35)
o = 9 +H6m[UP wl 2y FT U8, (1136)
where U ;ﬁlar denotes the set of (¢, m)-polar perturbations
=T ET, (11.37)
Polar AB’ A
and U in;ial denotes the set of (¢, m)-axial perturbations
f:;ial ( ixm’Hzm) (11.38)
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Expressions for the coefficients Qin;, Qém, Qem, Him, Hém, and Z™ are given in Ap-
pendix [l Clearly, polar spherical harmonics have functional coefficients that depend
only on polar metric perturbations, while axial spherical harmonics have functional coef-
ficients that depend only on axial metric perturbations. On the other hand, the harmonic
structure of the C-tensor is given by

Im Im Im Im

Cop = CaplUaal ’ (11.39)
Im Iy Am Im Iy A Im

CAa - CA [ Axial] Ya T DA [UPolar] a ’ (11'40)
Im Iy M Im Iy A Im Iy Am Im
ab c [UAxial] Yab +D [UAxial] Zab +& [UPolar]Sab ’ (11'41)

where explicit expressions for the coefficients sz, Cém, Cém, Dim, Dzm, and £™ are also
given in Appendix [l In this case, polar spherical harmonics have functional coefficients
that depend on axial perturbations, while axial spherical harmonics have functional
coefficients that depend on polar perturbations. The main consequence of this fact is
that in CS modified gravity modes with different parity are coupled, and hence, in general
they cannot be treated separately.

The linearized field equations, after harmonic decomposition, become

Im ‘m Im ‘m

G = —cr. g =-c" (11.42)
gém _ _Cém 7 Hfm _ _Dfm 7 (1143)
Im /m m ‘m
W' o= -p", T =—g" (11.44)

We can view these equations as the standard Einstein equations, linearized about a
Schwarzschild background, with “source terms” that depend linearly on metric per-
turbations of opposite parity and their derivatives. Such a coupling between different
parity modes is analogous to what occurs to gravitational-wave perturbations about a
Minkowski background, where left- and right-polarized perturbations mix [273, [73, 274].
The intrinsic decoupling of the modified field equations into polar and axial sectors is
thus lost.

11.5 Black Hole Perturbation Theory with a Canonical Embedding

In order to understand the dynamics of the perturbations that derives from this
theory and, in particular, the role and consequences of the Pontryagin constraint, we shall
concentrate on the special case of a canonical CS coupling function, i.e. § = ¢/u. This
canonical coupling function leads to the canonical timelike embedding Uu =[1/u,0,0,0]

. . g
and its acceleration v =1 v .
Qv uv o

11.5.1 One-handed Perturbations

To begin with, we concentrate on perturbations with a single handedness, i.e. purely
polar or purely axial perturbations. We shall analyze these cases separately.
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11.5.1.1 Pure Axial Perturbations

We begin with pure axial metric perturbations, that is

W=y = K" =G =0. (11.45)
This conditions imply
Im Im
g ZQ =G =H =0, (11.46)
—gm_ 0, (11.47)

and hence the field equations reduce to:

H" =0, 7' =0, (11.48)
Im m

¢ =0, " =0, (11.49)
¢ =0, ™ =0. (11.50)

Looking at the expressions of ¢"™ and ™ (see Appendix [l) we see that both of
rr

them are proportional to the metric perturbation hfm. Therefore, using Eqs. (IT49)-
([ITHE0) we conclude that
Im

K" =0. (11.51)

T

Similarly, Cfm is proportional to hfm, and thus, using Eq. (T50)
T
K™ =0. (11.52)

Since H™ is zero in the Regge-Wheeler gauge, we conclude that all axial perturbations
must vanish. In summary, the Pontryagin constraint together with the coupling of
opposite parity modes in the modified field equations, forbids the existence of purely axial
oscillations of a Schwarzschild BH in CS modified gravity with a canonical embedding.

11.5.1.2 Pure Polar Perturbations

Let us now study pure polar perturbations by setting all axial modes to zero:

Im
hA =0. (11.53)
The immediate consequences are
H"=1" =0, (11.54)
¢ =™ =c"=p" =0, (11.55)
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and the field equations become

Im Im Im Im
G, n=G."=¢"=H"=0, (11.56)
Dim =™ =o. (11.57)
From H"™ = 0 we find that (see Appendix M)
Im 2. Im
D (11.58)
while, from equations gim =0 = gi”; we find expressions for all first and second

derivatives of K™ in terms of hém, hfm and its derivatives. Substituting these expressions
Tr T

into Egm =0 leads to
K" =0, (11.59)

=0. (11.60)

There are now only two non-zero metric perturbations: K fm and hf:n. Inserting the

expressions for the derivatives of K ™ into Dim = 0, we can solve the resulting equations

for hfm and hfmt . Using all the information we have collected so far in gé’” = 0, one
T rtr

can show by direct evaluation that this equation requires that hfm; = 0. Such a result,
Ty

in combination with the previously found expression for hfﬂie , leads to

)

Im

K =0. (11.61)
Returning to the previous expressions for derivatives of K m e obtain
h =0. (11.62)

We have then found that all polar perturbations vanish. We conclude that purely polar
oscillations of a Schwarzschild BH are not allowed in CS modified gravity with a canonical
embedding.

The results obtained for single-parity oscillations are quite surprising and raise
questions about its robustness. In other words, can we expect the same conclusion if
we repeat the analysis for other CS coupling functions? We have repeated this analysis
for different CS coupling functions within the class § = 6(¢,r). The algebra involved
is significantly more complicated and it requires intensive use of symbolic manipulation
software [1]. In all studied cases, we have arrived at the same conclusion: CS modified
gravity does not allow for single-parity BH oscillations.
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11.5.1.3 General Perturbations

General perturbations are significantly more difficult to analyze, since we cannot
separately study the components of the Einstein and C-tensors, as was the case for single
parity oscillations, due to the particular structure of these tensors [Eqs. ([T22)-([[TZ4)].
Nonetheless, we can still make some general comments about the consequences of the
Pontryagin constraint on general oscillations and the extent to which these are restricted.

The Pontryagin constraint unavoidingly adds an extra equation to the modified
field equations, i.e. Eq. (II3T]). Since this equation only involves axial perturbations,
one may a priori think that polar modes are unaffected. The modified field equations,
however, mix polar and axial modes, and thus, polar modes are also affected and re-
stricted by the Pontryagin constraint. This situation has been clearly illustrated by the
study of single-parity oscillations in the previous subsection.

The coupling of polar and axial metric perturbations in the modified field equa-
tions, together with the extra condition imposed by the Pontryagin constraint, lead to
new conditions on the metric perturbations. In other words, these new conditions con-
stitute new equations for the metric perturbations that are independent of the previous
ones. For example, the components of Cin; in Eq. (IZ39) are linear combinations of the

axial metric perturbations him (see Appendix [l), which can be combined to reconstruct
the CPM master function, leading to an additional equation for polar modes. Similarly,
the components of Him [Eq. (II34)] can also be combined to construct the CPM master
function, and hence find another constraint on polar modes. Again, due to the mixing
of different parity modes, these constraints on polar modes can in turn produce new
constraints on axial modes. It is unclear where this chain of new constraints on the
metric perturbations ends, but it is very likely that they will severely restrict the set of
allowed BH oscillations.

One may think that choosing the CS coupling function 6 appropriately, namely
choosing 9_(:17‘4) and ©(z") in Eq. (ILTX), may end this chain of new constraints through
cancellations in the generation of new equations. In the case § = é(xA), if such cancella-
tions were to occur for a certain harmonic number ¢, they could not happen for other ¢,
as the equations depend on the harmonic number. Moreover, such cancellations would
have to occur in different ways, associated with the different combinations of equations
that produce new constraints, discussed in the previous paragraph. Adding the term
O(z") to the CS scalar field only complicates the field equations further by inducing a
coupling between perturbations with different harmonic number. Even in this case, given
that the functional coefficient of ©(z") is fixed (it is just ) and f-independent, it seems
unlikely that the coupling of harmonic modes will lead to the cancellations necessary to
avoid new equations for the metric perturbations.

Our analysis suggests that the present structure of CS modified gravity does not
seem to allow for generic BH oscillations. In particular, we have shown that for certain
choices of the CS scalar field, single-parity perturbations are not allowed. For general
perturbations, and with the help of computer algebra, we have analyzed the equations
as discussed above and found that cancellations in the generation of new conditions on
the metric perturbations are very unlikely. Therefore, the present set up for CS modified
gravity does not seem to allow for the study of generic oscillations of non-rotating BHs.
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Such a result is reminiscent to that found in GR when additional restrictions are imposed
on the metric tensor. An example of this can be found in the study of relativistic
cosmological dynamics [362, B63]

Although the modified theory seems too restrictive, it is possible to develop an
extension where the aforementioned constraints are avoided, while keeping the main
characteristics of the modified theory untouched. Two distinctive features of the non-
extended theory are the coupling of different parity modes and the Pontryagin constraint.
While the former can be preserved by extensions of the modified theory, the latter must
be relaxed to prevent the vanishing of the CPM master function. Since, by assumption,
any extension should introduce small modifications to CS gravity, the CPM master
function would be forced to be small but not quite zero. If this is the case, such extensions
would have strong implications in the energy flux and, in particular, in the angular
momentum flux of gravitational waves [Eqs. (IL27) and ([[T28])]. These arguments
motivate the study of BH oscillations in extensions of CS modified gravity, which we
shall explore in the next section.

11.6 Beyond the Cannon

The strong restrictions obtained on the dynamics of BH oscillations thus far can
be bypassed provided we considered extensions of CS modified gravity beyond the canon.
One such possibility is to consider a more general CS coupling function that, for example,
is not spherically symmetric. However, as we have argued before, it does not seem likely
that such a modification would avoid the generation of new restrictions on the metric
perturbations. Another more interesting possibility is to extend the action of Eq. (TI)
to allow for the dynamical evolution of the CS scalar field. Such a route is particularly
promising because it weakens the Pontryagin constraint, as we shall see in this section.
However, a certain amount of arbitrariness is inherent to such a route, encoded in the
choice of the scalar field action and, in particular, its potential. We shall discuss this
and other issues in the remaining of this section.

11.6.1 Extended CS Modified Gravity

Until now, we have treated the CS coupling function as a non-dynamical quantity.
Recently, Smith, et. al. [83] added a kinetic and a potential term to the action, which
they found did not contribute to their weak-field analysis. These additional terms are of
the form )

_ 4 — 1L s
SCxt = SCS + /i/d x/—g [29#9 V(Q)} , (11.63)
where V(0) is some potential for the CS scalar field.

The variation of the extended action with respect to the metric and scalar field
yields the equations of motion of the extended theory

mat 6
¢,+C, = 8 (TW +TW), (11.64)
1«
oo - -V _Llgpg, (11.65)

g 4
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where the D’Alambertian of any scalar can be computed from

g — V=g ¢" e,y] . (11.66)

=
V=9
and where the stress-energy tensor of the scalar field is [364]

™ —9 0 —Lo 0074 v (11.67)
7% T ) R0 A 24 ) ’

In this extension of CS modified gravity, the Pontryagin constraint is replaced by an
equation of motion for the CS scalar field, Eq. (IT.63), where the quadratic curvature
scalar "R R plays the role of a driving force. Moreover, looking at the field equations
for the metric, we realize that they are not only sourced by the matter fields but also
by the CS scalar field through its energy-momentum content. In the next subsection we
shall study what consequences this modification imposes on the satisfaction of Birkhoff’s
theorem and the Pontryagin constraint.

11.6.2 Birkhoff’s Theorem in the Extended Theory

The simple derivation of Birkhoff’s theorem in Sec. is now modified by the
extended action. For a CS scalar field of the form of Eq. (ITI2)) and the line element of
Eq. (ITI0), the C-tensor vanishes, which now leads to

0
G, =8T . (11.68)
If the metric of Eq. (III0) is a solution to Einstein’s equations, as is the case for
the Schwarzschild metric, the stress-energy tensor of the scalar field must vanish. For
the choice of 6 in Eq. (IL33]) and the Schwarzschild metric, this implies the following
conditions:

0 = 6,0,

1o f° o
where f is given in Eq. (ILII). The only solution to this system is the trivial one:
V =0 and 6 = const., which reduces CS theory to GR. However, if we treat 6 as a small
quantity, as it is suggested by the different physical scenarios that motivate CS modified
gravity, then Birkhoff’s theorem holds to (9(92) provided V is at least of the same order.
An example of such a potential is a mass term V = m02, typical of scalar interactions.

The results of this subsection also apply to more general CS coupling functions
and background metrics. In fact, these results hold for any line element that represents
a general, spherically symmetric spacetime, i.e. Eq. (IITI0). Moreover, they also hold
for the most general CS field that leads to a vanishing C-tensor, i.e. Eq. (II2), because
()
14

the kinetic sector of Tu is always quadratic in 6.
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11.6.3 BH perturbations in the Extended Theory and the Pontryagin con-
straint

In the extended theory, the Pontryagin constraint is replaced by a dynamical
equation for the CS scalar field with a purely gravitational driving term. Since now
there is no Pontryagin constraint, there is no a priori reason for the equations to disallow
general BH oscillations. In fact, as we shall see in this subsection, the extended theory
leads to a system of 11 PDEs for 11 dynamical variables (6, h,,,).

But can we treat 6 as a perturbation? As we have just seen, Birkhoff’s theorem
holds only to linear order in 6, for a wide class of potentials V(). On the one hand,
in most string-theory scenarios that necessitate the CS correction [74, 282, 83], the
scalar field 0 is proportional to the string scale. In such cases, 6 is much smaller than
any metric perturbation and Birkhoff’s theorem holds. Nonetheless, even within such
frameworks, the CS correction could be enhanced by couplings to non-perturbative,
string theoretical degrees of freedom (i.e. gravitational instantons) [283]. Moreover,
there are some theoretical frameworks where the string coupling g, vanishes at late
times [284, 285, 1286, 287, 288, 1290, 291/, 292, 1293, 294], in which case a larger coupling
is permissible.

From this discussion, we cannot necessarily assume that the magnitude of the
scalar field is smaller or of the same order as the metric perturbations. In fact, these
perturbations and the scalar field act on completely independent scales. Therefore, all
we can assume is that 6 and |h | are both independently smaller than the background,
which is enough to justify the use of perturbation theory.

We shall thus consider a two-parameter (bivariate) perturbative expansion of CS
gravity. One perturbative parameter shall be associated with the metric perturbations,
¢, and the other with the scalar field, 7. The metric in Eq. (TId) and the scalar field
can then be rewritten as

e — & teh (11.70)

1% uv uv

0 = T(0+€d0) =70+ Te Z éengm, (11.71)
£>1,m

where 6 satisfies Birkhoff’s theorem [Eq. (ITI2))] and respects the spherical symmetry
of the background. The quantities 6 = éem(a;A) are harmonic coeflicients of the scalar
field perturbations, associated with the BH oscillations. There are no ¢ = 0 modes in
the sum of Eq. (III]) because they can always be absorbed in the monopole term 6.

The equations of motion for the metric perturbation and the scalar field now
become formal bivariate expansions in € < 1 as well as 7 < 1. The modified field
equations to zeroth order in € are simply equations for the background metric, which are
automatically satisfied to this order by Birkhoff’s theorem. The equation of motion for
the scalar field to the same order becomes

00 =78"V V §=0. (11.72)
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In Eq. (IZ2Z), and in all remaining equations, the overhead bars on any quantity are
to remind us that these quantities are to be evaluated with respect to the background
metric 8 Moreover, in Eq. (IZ2) and henceforth, we shall neglect the contribution of

the potential, by assuming that it is at least of (9(7'2). As discussed earlier, the potential
encodes a certain arbitrariness in the extension of the CS modification, which is why we
have chosen to neglect it.

The first-order equations govern the dynamics of the metric perturbation and the
perturbations of the scalar field. The equation of motion for the scalar field to O(e) is
given by

%5(*33) = er{000— 1[0 +(mv=g) 0 |n"

) )

_ 1 _
- 0 n" +-n g0 5. 11.
NY N2 T 2 “u,g 71/} ( 73)
In Eq. (TCZ3), ("R R) is the functional coefficient of "R R to O(¢) [Eq. ((I3W)] and
h = g" VhW =g VhW. Equation ([I73)) is harmonically decomposed in the Regge-

Wheeler gauge in Eq. (K3) of Appendix [Kl
Similarly, the equations of motion for the metric perturbation to O(€) reduce to

. ~ _oaf
o) = 65GW+ET[0 o

Nea

V OR
MVO‘ v)3

+ (v.0,)0°R",], +(V,0

Nea

éypar;) R’ (uT,,)] . (11.74)

In Eq. (7)), 6G ,, is the functional coefficient of G, to O(e) (see Appendix ), and

all other 5Aaﬁ"'xg___ stands for the coefficient to O(e) of any tensor Aaﬁ"'xg___. In fact,
Eq. ([ITA) is the formal covariant expression of the perturbation of the Einstein and
C-tensors to O(e), which we computed in Appendix [l for the CS coupling function in
Eq. (IT33), with the exception of the term proportional to 66. The quadratic terms
on the right-hand side of Eq. (I’ come from the energy-momentum tensor of the
scalar field 6 [see Eq. (IT64)]. When taking the divergence of this equation, we recover
Eq. (ITZ3) only when quadratic terms in 7 are taken into account because functional
differentiation with respect to 8 reduces the order in 7 of the resulting expression by
unity.

Equations ([IT73)) and ([[I74]) govern the dynamics of BH oscillations in this
extended version of CS modified gravity, but how do we solve them? Although it would be
useful to decouple these equations in terms of master functions as done in GR, this is not
an easy task. In addition to the mixing of parity modes and the fact that the Pontryagin
constraint can no longer be used to simplify equations, there is now additional terms in
the modified field equations due to the perturbations of the scalar field. Moreover, these
perturbations possess their own dynamics, and hence, any decoupling should involve the

whole set of perturbative variables, i.e. (ézm, hem).
nv
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Nonetheless, it should be possible to numerically solve the perturbative field equa-
tions of the extended modified theory in an iterative way with 7 < 1. One such possible
iterative procedure is as follows. To zeroth order in 7, the equations reduce to those of
GR, which can be decoupled and solved numerically with standard methods. The numer-
ical result can then be reinserted in the field equations to first order in 7. These equations
can now be decoupled in exactly the same way and will contain source terms determined
by the zeroth order solution. This problem will be tackled in a future publication.

Before concluding, let us make some general remarks about the consequences of
extending CS modified gravity through such kinetic terms. Equation ([[I73]) shows that
the Pontryagin constraint has become an evolution equation for the perturbations of the
scalar field, d6. Together with Eq. ([[I.f4]), this evolution equation constitutes a system
of PDEs for the perturbative variables (ézm, h&:) that could in principle allow for generic

oscillations. However, since 7 < 1, the magnitude of the CPM master function is forced
to be small [of O(7)]. Otherwise, the scalar field would lead to an amplification of the
CS correction to levels forbidden by solar system tests [83]. The extended theory thus
relaxes the vanishing of the CPM function and replaces it by somewhat of a suppression
of radiative axial modes.

Such an effect may lead to important observational consequences. In particular,
the dynamics of astrophysical systems, where axial modes contribute significantly to
the gravitational-wave emission, would be greatly modified. In such cases, Eqs. ([I.271)
and ([T28) suggest that the flux of energy emitted would be dominated by polar modes
and the flux of angular momentum would be very small, since it would be linear in
7. Such a flux suppression is in contrast to predictions of GR, where the gravitational
wave emission of angular momentum is known to be large (approximately 14% of the
initial ADM angular momentum for quasi-circular BH mergers [36]). Consequently, the
dynamics of gravitational wave sources in the radiation-reaction dominated phase should
be quite different in CS modified gravity relative to GR, thus allowing for gravitational
wave tests of the extended theory.

11.7 Conclusions

We have studied Schwarzschild BH perturbation theory in CS modified gravity.
We began by showing that Birkhoff’s theorem (the statement that the Schwarzschild
solution is the only vacuum, spherically-symmetric solution of the theory) holds in the
modified theory for a wide class of CS coupling functions. We then decomposed the met-
ric perturbations into tensor spherical harmonics and found the linearized modified field
equations that determine their behavior. The divergence of these equations led to the lin-
earized Pontryagin constraint, which imposes a restriction on axial metric perturbations
—the CPM master function has to vanish.

Once these preliminary issues were studied, we focused on the general structure of
the metric perturbations in CS modified gravity. We found that the modified theory adds
new terms to the field equations that couple perturbations with polar and axial parity.
Moreover, due to the restrictions imposed by the Pontryagin constraint, we find that in
general the system of equations is overdetermined. Whether the entire set of equations
is compatible remains unclear, but for a wide class of initial physical conditions, we
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found that linear BH oscillations are not allowed in CS modified gravity. Specifically,
we showed that pure axial or pure polar oscillations are disallowed for a wide class of
coupling functions.

Possible extensions of the modified theory that would allow for generic BH os-
cillations were also discussed. In particular, we investigated the possibility of providing
the CS coupling function with dynamics. In other words, the inclusion of a kinetic and
potential term in the action led to the replacement of the Pontryagin constraint with
an equation of motion for the coupling function. This route then lifts the vanishing
restriction of the Pontryagin constraint and imposes a smallness condition on the CPM
function.

The extended CS modified framework thus allows for generic BH oscillations but
it imposes an important smallness restriction on axial perturbation that could lead to
astrophysical observables. In particular, we saw that such a suppression of axial modes
would lead to a significant decrease in the magnitude of energy, linear and angular
momentum carried by gravitational radiation relative to GR. Such a decrease in gravi-
tational wave intensity would have important consequences in the dynamics of compact
object inspirals, specially in the radiation-reaction dominated phase.

Future observations of the ringdown signal in binary BH mergers could be used
to test and constrain CS modified gravity. For such studies, the results found in this
paper would be critical in order to determine the quasi-normal frequency spectrum of
perturbations. Future work could concentrate on such a spectrum, by numerically study-
ing the linearized and harmonically-decoupled field equations presented here. Moreover,
semi-analytic studies might also be possible through the close-limit approximation. Only
through detailed studies of all aspects of the modified theory and its links to experimental
observations will we be able to determine its viability.
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A gravitational-wave probe of effective quantum gravity

12.1

broader phenomena of nature.

The Green-Schwarz anomaly-cancelling mechanism in string theories re-
quires a Chern-Simons term in the Einstein-Hilbert action, which leads to
an amplitude birefringence of spacetime for the propagation of gravitational
waves. While the degree of birefringence may be intrinsically small, its effects
on a gravitational wave will accumulate as the wave propagates. The pro-
posed Laser Interferometer Space Antenna (LISA) will be sensitive enough to
observe the gravitational waves from sources at cosmological distances great
enough that interesting bounds on the Chern-Simons may be found. Here we
evaluate the effect of a Chern-Simons induced spacetime birefringence to the
propagation of gravitational waves from such systems. We find that grav-
itational waves from in coalescing binary black hole system are imprinted
with a signature of Chern-Simons gravity. This signature appears as a time-
dependent change in the apparent orientation of the binary’s orbital angular
momentum with respect to the observer line-of-sight, with the change magni-
tude reflecting the integrated history of the Chern-Simons coupling over the
worldline of a radiation wavefront. While spin-orbit coupling in the binary
system will also lead to an evolution of the system’s orbital angular momen-
tum, the time dependence and other details of this real effect are different
than the apparent effect produced by Chern-Simons birefringence, allowing
the two effects to be separately identified. In this way gravitational wave
observations with LISA may thus provide our first and only opportunity to
probe the quantum structure of spacetime over cosmological distances.

Introduction

“Gravitational wave” is the name we give to a short-wavelength feature of the
structure of spacetime, the arena within which all other phenomena play-out their roles .
As such, the direct observation of gravitational waves offers an unprecedented opportu-
nity to explore the environment that both enables and constrains the action of the

Here we describe an observational probe of quantum

gravity made possible by the forthcoming generation of space-based gravitational wave
detectors.

' This chapter is based on the following papers: S. Alexander, L. S. Finn and N. Yunes,
submitted to Phys. Rev. D (2007)
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In most corners of the perturbative string theory moduli space (i.e. Type IIB,
I, Heterotic) in four-dimensional compactifications, the addition of a parity-violating
Chern-Simons term to the Einstein-Hilbert is required for mathematical consistency B.
Furthermore in the presence of the Ramond-Ramond scalar (D-instanton charge), the
Chern-Simons term is induced in all string theories due to duality symmetries [275, [74].
The Chern-Simons term is not unique to string theory, but in fact it could also arise in
Loop Quantum Gravity, where the coupling is not necessarily limited to small values. In
the strong gravity sector of this framework, this term arises to ensure invariance under
large gauge transformations of the Ashtekar connection variables [7&]. This correction
plays the same role in string theory that an analogous anomaly-canceling correction to
the quantum-chromodynamics path integral plays in the Standard Model [314]. While
the anomaly-cancelling field in the Standard Model case interacts with photons, lead-
ing to significant observational constraints on its coupling, the anomaly canceling term
considered here only affects the gravitational sector of the theory and is mostly uncon-
strained by observation [271, 1317, I83].

The Chern-Simons correction to the Einstein-Hilbert action, Chern-Simons grav-
ity [273], has been recently studied in connection with tests both in the cosmologi-
cal |75, [76, (74, [74] and the weak-gravitational contexts [277, 317, 83]. In the context
of gravitational wave theory, Chern-Simons gravity leads to an amplitude birefringence
of spacetime for gravitational wave propagation [273, [74, 274]: i.e., a polarization de-
pendent amplification/attenuation of wave amplitude with distance propagated. Obser-
vation of gravitational waves that have propagated over cosmological distances, such as
will be possible with the Laser Interferometer Gravitational Wave Observatory (LISA)
365, 366, 1367], provide the opportunity to measure or bound the magnitude of the
birefringence and, correspondingly, provide the first experimental constraints on string
theory models of gravity.

Gravitational wave observations have long been recognized as a tool for testing
our understanding of gravity (see [6(] for a recent review). Eardley and collaborators
[61,162] first proposed a far-field test of all metric theories of gravity through gravitational
wave observations. Finn [63], and later Cutler and Lindblom [64], proposed a means
of realizing these measurements using a space-based detector in a circumsolar orbit
observing solar oscillations in the far-zone field. Ryan [65] argued that observations of the
phase evolution of the gravitational waves emitted during the gravitational-wave driven
inspiral of, e.g., a neutron star or stellar mass black hole into a supermassive black hole
could be used to “map-out” the spacetime metric in the vicinity of the black hole horizon,
testing the predictions of general relativity in the regime of strong-fields. There have been
several proposals describing different ways in which gravitational wave observations could
be used to place bounds on the graviton Compton-wavelength [66, 167, 168, 169, [70, [71],
the existence of a scalar component to the gravitational interaction [72, 169, (70, [71], and
the existence of other corrections to general relativity as manifest in some fundamental,

*In the case of string theory, the absence of a Chern-Simons term leads to the Green-Schwarz
anomaly. Quantum consistency requires cancellation of this anomaly. In order to eliminate the
anomaly, the introduction of a Chern-Simons term is essential. Heterotic M-theory makes use of
an anomaly inflow, which also leads to the same requirement.
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dimensionful length scale [368, 369]. The measurements we propose here are, we believe,
the first example of a direct model-independent probe of string theory and quantum
gravity with gravitational waves.

In section [[ZZ2we review Chern-Simons modified gravity, focusing attention on the
scale of the Chern-Simons term and its effect on the propagation of gravitational waves in
a cosmological background. In section we evaluate the observational consequences
of the Chern-Simons term in the context of ground- and space-based gravitational wave
detectors. In section we summarize our conclusions and discuss avenues of future
research.

Conventions used in relativity work and conventions used in quantum field theory
work are often at odds. We follow the relativity conventions Misner, Thorne and Wheeler
[197] in this work: in particular,

e Our metric has signature — + + +;

We label indices on spacetime tensors with greek characters and use latin indices
to label indices on tensors defined on spacelike slices;

e We use a semicolon in an index list to denote a covariant derivative (i.e., Vy,U
v . . . .
becomes V' Uu' ,) and a comma to denote ordinary partial derivatives;

Except where explicitly noted we work in geometric units, wherein G = ¢ = 1 for
Newtonian gravitational constant G speed of light c.

Note that in geometric units, units of mass and length are interchangeable (i.e., G/ ¢
has units of (length)/(mass)). This is in contrast to Planck units (A = ¢ = 1), where
units of mass and units of inverse length are interchangeable (i.e., h/c has units of
(mass) x (length)).

12.2 Chern-Simons Modified Gravity

12.2.1 Brief Review

In this subsection we review the modification to classical General Relativity by
the inclusion of a Chern-Simons term, based on [273, 274]. All four dimensional compact-
ifications of string theory lead, via the Green-Schwarz anomaly canceling mechanism, to
the presence of a four dimensional gravitational Chern-Simons term [275]. Chern-Simons
forms are formally defined for odd dimensions, with the 3-form of particular interest for
gauge theories. By introducing an embedding coordinate, which may be dynamical,
Jackiw and Yi [273] described a Chern-Simons correction to the Einstein-Hilbert action:

1 4 *

where 6 is (a functional of) the embedding coordinate,

* 1 afuv vy
R'R=ZR,, " R" (12.2)
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and ¢ is the Levi-Civita tensor density. The variation with respect to the metric of
this contribution to the total action (which includes the Einstein-Hilbert action plus the
action corresponding to any additional matter fields) yields [273]

1

4 af
0Spg = ~Ton day—gC,zd9 ", (12.3)

where g is the determinant of the metric and C™ is the C-tensor H,

af evo(ox 8)
C ——\/—__g [9756 VVR 6—V69
and the parenthesis in the superscript stand for symmetrization. The variation of S,
the usual Einstein-Hilbert action, and the action of other matter fields leads to the
equations of motion of Chern-Simons modified gravity:

vy (e 5B)0
LR W], (12.4)

Gog+ Coy = 87T, (12.5)

where G, is the Einstein tensor (i.e., the trace-reversed Ricci tensor) and T, is the
stress-energy tensor of the matter fields.

By construction the divergence of the Einstein tensor G 5 vanishes. If 4 is treated
as a fixed, external quantity then general covariance, which requires V - T = 0, leads
to the constraint V- C = 0, which is shown in [27d] to be equivalent to R*R = 0.
Alternatively, if 6 is a dynamical field, then variation of the action with respect to 6
will lead to the same constraint on R*R. Here we are interested in the propagation of
gravitational waves in vacuum, where T = 0 and the constraint V - C = 0 is satisfied
regardless of whether we view 6 as a dynamical field or a fixed, externally-specified
quantity.

12.2.2 Linearized Chern-Simons gravitational waves

Focus attention on gravitational wave perturbations to a Friedmann-Robertson-
Walker (FRW) cosmological background in Chern-Simons gravity. Following [274], we
can write the perturbed FRW line element as

ds” = a2(77) [—dn2 + <5Z.j + hij) dxidxj} (12.6)

where 7 is conformal time, Xi are comoving spatial coordinates, 5ij is the Euclidean
metric, and h, j is the metric perturbation, which — for gravitational wave solutions —

we can take to be transverse and traceless [I. Introducing this perturbation into the field

‘In P73, C,, was defined as a 4-dimensional generalization of the 3-dimensional Cotton
tensor. However, such a generalization already exists [331] and differs from that introduced in
[273]. Therefore, we shall here refer to this quantity as the C-tensor.

*One can show that a transverse-traceless gauge exists in Chern-Simons gravity, following the
same steps as in classical general relativity [197]
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equations [Eq. (CZH)] leads to

i L1 pik " / / /
O, == 5 (6 —210) 0,00+ 0,0,,] (12.7)

where we have introduced the notation

/

= 9, (12.8)
a2 ij

0, = 9 —007" +210, (12.9)

H = d/a. (12.10)

Conformal time 7 is related to proper time measured by an observer at rest with respect
to the cosmological fluid via
dt = a(n)dn; (12.11)

correspondingly, the conformal Hubble function H is related to the Hubble function H
measured by an observer at rest with respect to slices of homogeneity via

1
=_=-% (12.12)

where we have use dots to stand for derivatives with respect to cosmic time t.
Focus attention on plane-wave solutions to the wave equation [Eq. ([2Z7)]. With
the ansatz A [ k]
l —i|p(n)—rmnyXx
h = Zlm, k 12.13
Im (7% X ) a(n) ’ ( )
where the amplitude A, , the unit vector in the direction of wave propagation n, and
the conformal wavenumber x > 0 are all constant, we find that ¢, x and A, ; must satisfy
DA, = —a 2" n, 4, (67— 2m8') (¢ —irt) s+ i6/wD)| (12.14)
where

D= —ig" - (¢’)2 “H 1R (12.15)

Since the Chern-Simons correction breaks parity, it is convenient to resolve A, ;
into definite parity states, corresponding to radiation amplitude in the right- and left-

handed polarizations eﬁ, and e:
iJ iJ

R L
A, = AReij + ALeij (12.16a)
where
R 1 + . X
e, = 7 <ekl + zekl) (12.16b)
L 1 + . X
e, = 7 <ekl — zekl) (12.16¢)
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and e;rl’x are the usual linear polarization tensors [197]. It is straightforward to show
that

ij . i \ R,L
n,e ]keZ’L =iAg L, (e]l) , (12.17a)
where
A = +1 (12.17b)
A, = -1 (12.17¢)

With this substitution equation (TZI4]) becomes two decoupled equations, one for right-
hand polarized waves and one for left-hand polarized waves:

/
R,L

i Mg, (67— 218') (o = iHt) (12.18)

1= A k0 /a?
(1= At /o)

The terms on the right-hand side of equation ([[ZIF)) are the Chern-Simons cor-
rections to gravitational plane-wave propagation in a FRW spacetime. To understand
the relative scale of these terms, we rewrite the equation in terms of the ratio ¢’ /K:

ity + (4

Ap (€E — 2y(TZ)

/
% +i <1 —4T* A - y”) (y—inD)  (12.192)

1— g CZ
where
/
y = % (12.19b)
H, H
=0 =-—— 12.1
v=— and W, (12.19c¢)
H '
§=—2 and A= 1, (12.19d)
K Ho
0// 9”
e=—4 and E=— (12.19¢)
a a €
0
kb !
(=2 amd  z="0 (12.19f)
ay a“C

and a subscript 0 indicates the present-day value of the functions 6, 8", H, H' and a.
If we assume that # and H evolve on cosmological timescales (i.e., f~Hf ) then
2 2 2
€~ (1) <y ~ 4. (12.20)

Treating the terms in ¢ and y( as perturbations, write the solution to equa-
tion (CZT9al) as
Y=Yyt eyYpy + 7o+ - (12.21)
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where y, = QSIO /K is the solution to the unperturbed equation [i.e., the dispersion relation

in an FRW cosmology, given by equation ([ZI9al) with vanishing right-hand side]. The
first corrections y,, and y, , owing to the Chern-Simons terms satisfy

/ .
y071—2my0y071 = ArLEEY, (12.22a)
/ .
y170—2my0y170 = _2/\R,L’{F2y0' (12.22b)

Requiring that the perturbation vanish at some initial (conformal) time 7, the pertur-
bations ¥, , and y, , satisfy

Yo (1) = Ag YIEIM) (12.23a)
yioln) = —2i VIZ)() (12.23b)
where ' : '
y[g](n) _ K}€2Z¢O(n) / dx e—2z¢o(x)y0 (%’)g(l’) (12230)
UB

Finally, the Chern-Simons correction to the accumulated phase as the plane-wave prop-
agates from 7, to 7 is

Sy = M / " (VIE)n) ~ 21¢ VIPZ)(0)) (12.24)

When v < 1, ie., k, is very much greater than the Hubble constant H, the
rescaled frequency [y,| ~ 1. In this limit we can use integration by parts to find an

asymptotic expansion for )[g|:
n 1 n+1
O — 12.25
- <2z’/{> ( )

. 2ipg (1) ooon ¢ ¢
ie —2i¢, 1 1 d
Yigl(n) ~ ey (— > <——> g
2 e 2ik Yo dn i

In the next section we explore the observational consequences of gravitational
wave propagation in Chern-Simons gravity.

12.3 Observational consequences

12.3.1 Birefringence in a Matter-Dominated Cosmology

Current and proposed ground-based gravitational wave detectors are sensitive to
gravitational waves in the 10 Hz — 1 KHz band [370, 871, 1372, 373]. Detectable sources in
this band are expected to have redshifts z < 1. Space-based gravitational wave detectors
like LISA [365] will be sensitive to gravitational waves in the 0.1 — 100 mHz band and,
in this band, be sensitive enough to observe the gravitational waves from the inspiral of
several ~ 10° M, black hole binary systems at z < 30: i.e., anywhere in the universe
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they are expected [374, 1366]. For sources in the band of these detectors

—-19 thO 1 Hz
= 3. 1 —— 1 12.2
7 =37x10 (0.72) </<;c/27r < (1226)
where
H
h = 0 . 12.27
100 100 km s~ 'Mpc~! ( )

Additionally, for redshitfs z < 30 the universe is well described by a matter-dominated
FRW cosmological model. In this section we evaluate the effect that the Chern-Simons
corrections described above have on propagation of gravitational plane-waves through a
matter-dominated FRW model.

In a matter-dominated FRW model the scale factor a(t) satisfies [197]

a(m) _ 2 1
_— ’[7 =
a, 1+2

(12.28a)

where, by convention, n = 1 at the present epoch. In this model and with this convention

2
H= P 2v1+2z and H, =2, (12.28Db)
2 _
v== and T=n"=vitz, (12.28c¢)
2 _
§=—= and A=n=1+z, (12.28d)
K
g 16"
€= Toeg and E=— (12.28¢)
n 0
Hk , 16
0
=09 d Z=——_ 12.28f
(== an s ( )
(12.28g)
Additionally,
1 0//
N 0
16 .
0

(12.28])
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With the v and I' parameters for a matter-dominated FRW cosmological model,
the unperturbed equation for y, has solutions of the form

i (1 + Crn — /{2772> cos (kn) — (C’ — kN — C’/{2772> sin (kn)
Yo = kK (14 Ckn) cos (kn) — (C — kn) sin (kn) ’ (12:29)

where C' is a constant of the integration. In the limit of large x the evolution of &
should decouple from the universal expansion; thus, we are led to choose C' = %4, which
eliminates the oscillatory terms in our general solution for y,:

:]:/i3773 —1

_— 12.
KN (1 + /£2772) (12:30)

Yo =

Consistent with our ansatz [cf. Eq. (CZT3)] we choose the solution with positive R(y,):
i.e., C = +i. Solving this equation for the phase <;5/0 = Ky, we find

Apo(n) = ¢y (1) — ¢ (1) (12.31a)
, 2 2
1-—- 1
= [ﬁ(l—n)—arctaniﬁ( 277)] i 72—1_/{772 (12.31b)
1+ k" 2 n° (1+ k%)
241 -1 2 1 -1 . 2
VAR N A CAE V) I PO 0 P
Y V14 2z 44+ ~v*/1+z 2 4+

In the absence of the Chern-Simons correction an observer at rest with respect to slices
of (cosmological) homogeneity will observe a passing gravitational plane-wave to undergo
a change in phase A¢,(n) between cosmological time 7 and the present epoch.

With g, and equations (TZZ3)) we can evaluate the Chern-Simons contribution to
the phase change owing to propagation from cosmological time 7,. Making use of the
asymptotic expansions for y, ; and y, , [Eq. (Z25)] we find

A

—2¢[A —A
Yoamr) QR’L [E(n) — E(ny)e 1A%tm) %("”] + Oy (12.32a)
, —2i[A _Aé
Yiorry ~ “IArL [F(U)Z(W) —T(ny)Z(ny)e (Ao (o) 0(77)}:| +0(y),

(12.32b)

which may be integrated to find Aqﬁl(R L)

. k (1] 1 9”(77) 1 9/(77)
Adyr1) = Z)‘R,L§/ [6_4 — —27C—
n

z’)\RLFO (n). (12.33b)

dn+O(v), (12.33a)
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It is convenient to rewrite £ as a function of z:

&(z) = aA(z) + BB(z), (12.33c)
where
A(z) = /0 dz (1+2)"° % (12.33d)
. 20 /052
B(z) = /0 dz (1+2)" % (12.33¢)
W e (d6/dz), (12.33f)

2 2(d?9/d=?), + 3(d9/dz),’

e<d29/dz2>0
P = N jaD), 5 3dbjdz), (12.33g)

and the subscript zero denotes present-day values of the subscripted quantities. The
leading order Chern-Simons correction to the accumulated phase is thus pure imagi-
nary, corresponding to an attenuation of one circular polarization state and an equal
amplification of the other. The attenuation/amplification is linearly dependent on the
wavenumber. The function £(z) may be thought of as a “form-factor” that probes the
past history of the coupling 6.

12.3.2 Binary Inspiral at Cosmological Distances

The proposed LISA gravitational wave detector is capable of observing coalescing
binary black hole systems at cosmological distances: for example, the gravitational waves
associated with a pair of 10° M, black holes will be observable at redshifts z approaching
30. Over the year leading up to the merger of two such black holes the binary’s period
will decrease by two orders of magnitude, leading to a corresponding decrease in the
radiation wavelength and increase in the magnitude of the Chern-Simons correction. The
time-dependent relationship between the radiation amplitude in the two polarization
states thus carries with it the signature of Chern-Simons gravity and can be used to
characterize the functional 6 that describes the Chern-Simons correction to classical
General Relativity.

To calculate the signature left by the Chern-Simons correction on the gravitational
waves from a coalescing binary system at redshift z, we begin with the radiation near
the source. Treating, as before, the Chern-Simons correction as a perturbation, the
quadrupole approximation to the radiation from the binary system in the neighborhood
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of the source is given by

ho= R[h e, +h, e (12.34a)
h, = @ [1+ ] [Mi()/2] 2 exp i (8~ k(Da)],  (12340)
~ 4iM

= 0% [k 2]

exp [—z' (é)(f) - l%(f)d)] , (12.34c)

X

where d is the proper distance to the source and

A\ 5/8
. T _ .
b)) = —2< t) 44, (12.35)

5M
—~ \ 3/8
o 2 (5 M

The constants 7' and 5, which determine when coalescence occurs and the phase of
the gravitational wave signal at some fiducial instant, are set by initial conditions. The
quantities M and X are constants that depend on the binary system’s component masses
(my, m,) and orientation with respect to the observer:

L cosine-angle between the orbital angular (12.37a)
X = momentum and the observer line-of-sight '

- 35 m3/5

M = —L 2 — (“hirp” mass). (12.37b)

(ml + m2)1/5

We “hat” all these quantities to remind us that, as expressed above, they are appro-
priate descriptions only in the neighborhood of the source where the Chern-Simons and
cosmological corrections to the propagation of the waves may be neglected.

To describe the radiation after it has propagated to the detector we first describe
the near-source radiation in terms of circular polarization states

b= R[hgep+hy el (12.38a)
s = VI (S) (1 nas) o [0 - ) a2y

We are interested in the radiation incident on our detector today (z = 0, n = 1) from a
source at redshift z. Matching the near-source description of the radiation [Eq. (IZ38))
to our ansatz [Eq. ([ZI3))] we find the description of the radiation after propagating to
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the detector from a redshift z:

h = R[hgep+hy e, (12.39)
M [ Mk, \2/3 2 ‘
hpy = ﬁ@ ( 5 0> (1 +)‘R,LX) exp [—i (P (t) — x (1 —n)
+ Ady(t) +A¢1(R,L)(t))} (12.39b)
where
_\5/8
By(t) = 2 (—1; Mt> +4, (12.39¢)
2 (5 M \38
d; = ayn(l+ z) = (Luminosity distance to source) (12.39¢)
M = (1+2)M (12.39f)
2(VI+2z-1) Vitz—1
A = —— k. (t) — tan 2y(t
] 2 z
— Il |14+ () — 12.39
i |10 2 (12:39)
H
V) = 12.39h
W R (12.30h)

and A¢1(R,L) given by equations ([Z33]) above. Here ¢ is proper time as measured by a
detector at rest with respect to the cosmological fluid at the present epoch (7 = 1), k(t)
is the instantaneous wavenumber of the wavefront passing the detector at observer time
t, and T and ¢ are, as before, constants of the integration. The correction Ag,,, which is
the same for all polarizations, embodies O(k,/H,) corrections to the wave phase owing
to the wave propagation through the time-dependent cosmological background. The
correction A¢1(R,L) is of opposite character for the two polarization states and embodies
the (first-order) corrections to wave propagation owing to the Chern-Simons corrections
to the Einstein Field Equations.

Focus attention on the argument of the exponential in equation ([[239H). The
term s (1 —n) cancels the first term in equation ([[2:39g) for Ag,, leading to

Mk, \2/3
hpy = \/ﬁdM < 0> <1 +Ag L>2>2 exp [—z’ (<I>O(t)
, . 2 ,

- B TEE ) + 86y 0))] (12.40)

2
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The observational effect of the Chern-Simons is readily identified by looking at the ratio
of the polarization amplitudes hy and h:

by (4R) [2H0EC)
e p[ i ] (12.41)
- lxe (12.42)
11—z

where ¢ is given by equations ([Z33]) and x may be interpreted as the apparent incli-
nation cosine-angle. The effect of the Chern-Simons correction on gravitational wave
propagation is to confound the identification between polarization amplitude ratios and
binary orbit inclination cosine-angle. In the same way that we say that the curvature of
spacetime “bends” light passing close to strongly gravitating body we may say that the
effect of the Chern-Simons correction is to “rotate” the apparent inclination angle of the
binary system’s orbital angular momentum axis either toward or away from us.

12.4 Discussion

12.4.1 What can be measured?

Over the course of a year-long observation the LISA spacecraft constellation will
measure the radiation in both polarizations of an incident gravitational wave train asso-
ciated with an inspiraling coalescing binary system. The relative amplitude of the two
polarization will be determined by the orientation of the binary systems orbital plane
to the observer line-of-sight and the form factor £(z). A non-vanishing ¢ leads to a
time-varying apparent inclination angle that, by nature of its time dependence, can (in
principle) be measured directly from the apparent inclination angle’s time variation.

Other properties of an inspiraling binary can lead to an evolution of the (appar-
ent) inclination cos-angle. Spin-orbit coupling leads to a real precession of the binary’s
orbital plane and a corresponding time-dependence in the actual inclination cos-angle
X- Referring to equation (I2:39h)), it is apparent that for small |x| ~ 0 an incremental
change p in x will lead to changes in hR’L that are indistinguishable from an increment
in = associated with £. Following Vecchio [375, eq. 27-31] we note that, at first non-
vanishing post-Newtonian order, spin-orbit interactions in an inspiraling binary system

lead to "
X 2/3
<%>SO X kO (t) (1243)

This is a different dependence on &, than the O(k,) dependence associated with £. Thus,
it remains in principle possible to distinguish the signature of Chern-Simons gravity in
the signal from cosmologically distant coalescing binary black hole systems. The accuracy
with which such a measurement can be made is the topic of the next subsection.
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12.4.2 How accurately can £ be measured?

The most general astrophysical black hole binary system can be described by
eleven independent parameters, which may be counted as two component masses; com-
ponent spins and their orientation (six parameters); orbital eccentricity; orbital phase;
and a a reference time when the phase, spins and eccentricity are measured. The gravi-
tational wave signal in any particular polarization will depend on the description of the
binary and six additional parameters that describe the binary’s orientation with respect
to the detector. These six additional parameters may be counted as orbital plane ori-
entation (two angles); source location with respect to the detector (distance and two
position angles); orbit orientation in orbital plane (one angle) ﬁ To these seventeen
parameters we now add £, which describes the effect of propagation through the bire-
fringent Chern-Simons spacetime, for a total of eighteen parameters that are required to
describe the signal from a coalescing binary system.

To-date, all analyses of expected parameter estimation errors have been made with
under a set of approximations that focus attention on the measurement of component
masses, source location (both distance and angular position), and the expected time
of binary coalescence. Even the most sophisticated of these analysis ignore all but
the leading-order contribution to the gravitational wave signal amplitude at twice the
orbital frequencyﬁ and assume that the orbital eccentricity is known to vanish. These
approximations are quite appropriate for their purpose (estimation of component masses,
source location and expected time of coalescence); however, by ignoring all but the
leading order contribution to the signal magnitude they are inadequate starting points
for exploring the accuracy with which &, which affects only the signal amplitude in the
different polarizations, can be boundedﬂ. Evaluating and presenting the errors associated
with the measurement of ¢ via a full co-variance matrix analysis is thus a formidable
enterprise, to be addressed in a future work.

Nevertheless, through a series of plausible approximations it is possible to make
a crude estimate of the accuracy with which £ can be determined. To begin, assume we
have two gravitational wave detectors such that, via a linear combination of observations
made at each, we can can synthesize two other detectors with one exclusively sensitive
to hy and and one exclusively sensitive to h; . Write the scalar detector response of each
of these detectors as

mp 1, (1) = exp |pg 1, (1) + iy 1 (1) (12.44)

for real pug ; and 9y ;. Next, note that the parameters that describe a coalescing binary
system can be divided into two groups: those that principally affect only the signal
amplitude (i.e., p(t)) and those that affect only or principally the real part of the signal

°This parameterization, while convenient for counting, is not the most appropriate for de-
scribing a coalescing binary, where spins, eccentricity, and orbital plane orientation all evolve
with time.

%See [37€] for an analysis that relaxes this approximation

"This applies also to the assumption of zero eccentricity: if, as is likely, the estimation errors
associated with eccentricity and ¢ are correlated it will be necessary to include an eccentricity-
like parameter in the analysis in order to avoid under-estimating the errors associated with the
measurement of £.
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phase (i.e., ©(t)). The first group includes distance, source orientation with respect
to the observer line-of-sight, and £. The second group includes the orbital phase, sky
location (through its affect on the Doppler correction to the signal phase as the detector
orbits about the sun), the instantaneous binary period at some fiducial moment, and the
parameters associated with spin and orbital angular momentum . If we approximate
each detectors’ noise as white with one-sided noise power spectral density S, then the
elements of the inverse covariance matrix I' — the so-called Fisher matrix — are given

by [378, ]
t
r,=3 i/féra<amf> %(am’?> dt (12.45)
’ k=R,L So Jy, O oz’

where the integration is over the observation period (t,,¢ f) and the z" are the parameters
that characterize the incident gravitational wave, which we have divided into two groups.
Matrix elements I, j where z' and 2’ belong to different groups will be much smaller than

elements where z* and z’ belong to the same group. Setting the cross-group elements to
zero we obtain an approximate I' that is block diagonal, with one block corresponding
to T, j with (2',27) drawn from the first group and the other block corresponding to T, ;

with (z',2’) drawn from the second group. Estimation uncertainties of parameters in
either group can now be determined independently of the parameters in the other group.

Focus attention now on those parameters that affect only p(t), the signals am-
plitude evolution. The leading order dependence of the amplitude ’hR,L‘ on the binary
systems parameters is given by

N2 2M [k (H) M]3 k,(t)
App = lhg | = (1 + /\R,LXO) T [OT} exp (ARng%—()) (12.46)

where M is assumed known. Setting aside the antenna pattern factors associated with
the projection of the signal onto the LISA detector (which depend only on the known
source sky position and the LISA orbital ephemeris), assuming that there is no real
precession in the binary system under observation (i.e., X,), and that k(t) is given by
equation (CZ36]) the inverse of the covariance matrix — the so-called Fisher matrix, I' —

SThis approximation is weakest for the spin and orbital angular momentum parameters: see
B7).
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associated with the amplitude measurements is a symmetric 3 x 3 matrix with elements

T, .
XoXo

Xoé

133

where

1 tf 2 2 2 A M 2

dL
L [tr] 2 o 2 9 2\ [ M)?
— A? - A dt~—16%, (3+%°)(22) 7+0
S, /t [1_20 L1+ x, R} Xo< +X0) <dL> +O(§)
(12.47b)
Lok e 64%, (1+>z§> M2
—OA A (47 — %) at = - AT, <@> T+ 0(€) (12.47¢)

1ot | 44 447 /M2
— dt ~ % — | ZT+0
So/t [(1+§<0)2 * 1-x,)° b 32 <1+X0> (dL> +0(6)

(12.47d)
~2
e[ A ], RO ey
oJi, Hy |1+% 1-%|  MH, d,
(12.47e)
¢, k(1) 32(1+6¢°+¢" 2
i/f O2 (A2 A2>dt2 ( 0 - 0) (M) ’C+O(£)
So Jt,  H} (MH,) d
(12.47f)
= Ind, (12.47g)
_ /tf <ko(t)M>4/3@_i Fina <@>-7/3M2dk
] 2 Sy 192/, \ 2 S,
1/3
B 27°M 5 —4/3|kmax
= = (kM) (kmm (12.47h)
B /tf FgOMNTBdt 5 [hua (EM\ Y3 MPdk
I 2 Sy 192/, -\ 2 S,
21/3M 5 —1/3 kmax 1
= 5 55 (FM) (12.47i)
L[ (M) e ()0 M
A 2 Sy 192 ), -\ 2 Sy
1/3
27°M 5 2/3 [Fmax .
S AL . 12.4
S, 128 (kM) ‘kmm (12.47))

and we have taken advantage of the fact that for inspiraling compact binary systems in
the quadrupole approximation k(t) is monotonic in ¢ to re-express the integrals over the
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interval (¢;,t,) as integrals over [k(t,),k(t;)] = (K, Kipay)- In the particular case of a
binary seen plane-on (x, = 0), the (Dy,) and (D§) blocks of I" are diagonal, leading to

1 KT
VXOXO = EW (1248&)
H 2 2
v, = (M 20) z - (12.48b)
& 49> IK-F

where v, ; is the ensemble average co-variance

vy = (' —7) (7 - 7;) = (r‘1>ij (12.48¢)

and we have expressed the v; ; in terms of the ensemble average amplitude-squared signal-

. .2
to-noise ratio p
2 1 [t 2 2
P = S_()/t dt (AR+AL) (12.48d)

Focus attention on a binary system of two black holes at redshift z, each with mass
M = 10° M, (1+ z)_l. Over the final year before coalescence the radiation wavelength

_ -1 _ ~1
27 [k observed at the detector will range from ¢ (10 4 HZ> to c (10 2 Hz> . For such
a system,

- 10°h,, 10701\ V2 )
p = 1—1—2—\/14——2( g ) (1249)
—40 S, 2

Observation of binary systems like these at z = 15 by LISA will be capable of placing a
“l-sigma” upper bound on £ of order 107",

12.4.3 How large might ¢ be?

To estimate £ [cf. Eq. (IZ33d)] we must invoke a theoretical model for the func-
tional 0[¢(z)]. As described in the introduction, perturbative string theory requires a
Chern-Simons correction to the Einstein-Hilbert action [. Here we describe a different
mechanism, that can also lead to the presence of a Chern-Simons correction. Consider

the back-reaction of a AN/ = 1 supersymmetric Yang-Mills theory in a curved background
(cf. [282, Appendix A]) with action

1 4 *
os = o= [ d'z Fi(S) (R R), (12.51)

?Other theories, such as loop quantum gravity, may also possess a similar correction in the
low-energy limit; however, no effective Hamiltonian has yet been found in the full theory of
loop quantum gravity and cosmology, which prevents further speculation as to whether such an
extension of general relativity requires a Chern-Simons modification.
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where S is the glueball superfield and F, (S), which plays the role of 6 in equation ([CLTI),
can be exactly evaluated by using perturbative matrix model technology developed
in [379]. Within this Yang-Mills framework, 6 is a functional 8[¢] of some pseudo-
scalar field ¢, the gravitational axion, that depends only on conformal time [274]. The
functional #[p] can be expressed as

N
_ pL ¥
Olp] = . —MPI, (12.52)

where £, = <hG/03) 12 is the Planck length, M = (ZPIM)_l is the reduced Planck
mass and N is a dimensionless constant. Through use of the low-energy effective 4-
dimensional heterotic string action the constant N can be evaluated in terms of the ten-
dimensional fundamental string energy scale M_ and the dimensionless string coupling

s
M,\?2 1

N = ﬁ) — 12.53

5¢) 7= (125

S

leading to
1 @ Mp

N 167T2M1?)1 MS MS\/‘ES ‘

0¢] (12.54)

Assuming that ¢, which has units of inverse length, evolves with the Hubble parameter
H 77_3 we have

A(z) = B(z) = —% [+ )" 1] (12.55)
and
£ = —% [(1 T 1] (e — 270) (12.56)

with (e — () of the order of

2 —120
(1.8+3.50% ) x 10 20\ (10° Gev

S S
The size of § thus depends on the present value of the field ¢, the fundamental string
energy scale M  and the string coupling g_, none of which are constrained by present-day
theory.

The lesson to draw from the discussion of this scenario is that the magnitude
of any Chern-Simons correction depends strongly on the external theoretical framework
that prescribes the functional f[p]. For non-vanishing string coupling in the perturbative
string theory scenario the Chern-Simons correction seems undetectable owing to the
Planck scale suppression of the decay constant of the universal gravitational axion field
. However, this model and the associated expected scale of € — 2v( applies only to the
perturbative sector of string theory and, in particular, when Ramond-Ramond charges are
turned off. If present these additional degrees of freedom do couple and source the Chern-
Simons correction, leading to a larger decay constant (e.g, D3 branes always excite the

€ —2v( ~
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Chern-Simons interaction in four dimensions). In a recent work, Svrcek [38(] noted that,
due to non-perturbative gravitational instanton corrections, the Chern-Simons coupling
in the non-perturbative sector is currently incalculable. Even within the perturbative
framework there are theoretical frameworks where ¢ could become significant: e.g., if
the string coupling g, vanishes at late times [284, 285, 286, 287, 288, 289, 290, 291, 292,
293, 294]. Therefore, within the full string theory framework, a larger coupling, which
would push the stringy Chern-Simons correction into the observational window, is not
excluded and bounding it places a constraint on string theory motivated corrections to
classical general relativity.

Setting aside string theory for a moment, other theoretical frameworks lead to
a Chern-Simons correction to the Einstein-Hilbert action. Jackiw and Pi [273] showed
that the embedding of the 3-dimensional Chern-Simons action into 4-dimensional Gen-
eral Relativity leads to Chern-Simons gravity as described by equation ([ZT]). Quantum
mechanically, the Chern-Simons correction encodes information about the Immirzi pa-
rameter in loop quantum gravity and is also related to torsion. In this case, the Chern-
Simons term is required to ensure invariance under large gauge transformations [7§]. In
both these classical and quantum mechanical scenarios the coupling of the Chern-Simons
term to the Einstein-Hilbert action is theoretically unconstrained and is consistent with
a coupling of order unity. Observations of gravitational waves from inspiraling binary
black hole systems can thus be used to probe the strong gravity sector of quantum
gravity.

12.5 Conclusions

Chern-Simons type corrections to the Einstein-Hilbert action are strongly mo-
tivated by string theory, loop quantum gravity, and other scenarios. In all cases these
corrections lead to an amplitude birefringence for gravitational wave propagating through
space time. We have evaluated the correction to the gravitational wave amplitude
for waves propagating over cosmological distances in a matter-dominated Friedmann-
Robertson-Walker cosmology. In the case of the gravitational waves from inspiraling
binary black hole systems the effect of the spacetime birefringence is an apparent time-
dependent change in the inclination angle between the binary system’s orbital angular
momentum and the line-of-sight to the detector. (This change is apparent in the same
sense that light is “bent” upon passage nearby a strongly gravitating object.) Suffi-
ciently long observations of a binary system will enable this apparent rotation to be
distinguished from the real rotation caused by spin-orbit and spin-spin angular momen-
tum interactions in the binary system. Observations of just this kind will be possible
using the LISA gravitational wave detector [365, 366, 367], which will be able to observe
the inspiral of massive black hole binaries at redshifts approaching 30 for periods of a year
or more. Gravitational wave observations of these systems with LISA may thus provide
the first test of string theory or other quantum theories of gravity: yet another way in
which gravitational wave observations can act a unique tool for probing the fundamental
nature of the universe.
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Appendix A

Coordinate transformation from Kerr to Kerr-Schild

In this appendix we provide explicit formula for the transformation from Kerr
coordinates to Kerr-Schild coordinate. This transformation can be found in Refs. [118,
364, 1381 and is given by

x = sinf(rcos¢ —asing),
= sinf (rsin¢ +acos¢).
z = rcosh. (A1)

The inverse transformation is given by

R’ —a’ 4w
ro=
2 )
wo o= \/(R2 —a?)? + 4a%2*
# = arccos E,
Ty — AT
= t . A2
1) arctan = e (A.2)
Other useful relations are
2 2\ 1/2
sinf = <$2+y2> ,
r“+a
sing = Ty —av
[(72 + az)(33‘2 + y2)] 1/2°
cosp = et ay (A.3)

[(72 +a2)($2 _|_y2)] 1/2°

Note that these transformation reduce to the usual transformation from spherical polar
coordinates to Cartesian coordinates in the limit a — 0.
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The Jacobian of the transformation, Aab = 02"/ 8wb, is given explicitly by

2
— -1/2
AN Y 1+R a)(rz_Zg) /’
Y 2r w
2 2 2
-1/2
Aez _ _(r2_z2) / 1_2_2 1+R +a ,
2r w
é TT + ay Y — ax
A = —rz—— | (1
@ (r? + a*)(z* + %) Ky m+ay>(
R2—a2> x ry — ax
+ ——a-—-T ,
w 2r rT + ay
@ rT +ay TY — ax
A = —r—— | (1
N ) Ky m+ay>(
+R2—a2 i—i— _ory—ax
w 2r re+ay|’
é rT + ay TY —ax
A = —r—— | (1
: 2+ a®) (22 +12) Ky m+ay>(

R2+a2> z]
+ — .
w 2r

Note that this Jacobian reduces to the standard Jacobian of the transformation between
spherical polar and Cartesian coordinates in the limit @ — 0. There is a more elegant

(A.4)
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way to write this Jacobian in tensor notation as

r 1 i 1 i (52 2 2
AN, = Z{ém.:n —I—E[an <R —a>+2a zéaz}},
6 z r
A a 7,(7,2 _a2)1/2A a’
& rT + ay r rY — ax
A = A - A5
- e [ ) o

ry —azx ry —ax
——ad — o |.
* (T T+ aya> ya (a + rT + ayr> m]
With this Jacobian, the metric in Kerr-Schild coordinates is given by
a’ b
ab = ga’b'A aA b’ (A6)

where here the primed indices refer to spherical coordinates and the unprimed indices
to Cartesian coordinates.
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Appendix B

Conventions for special functions

In this appendix, we describe the conventions we use for the special functions
presented in this paper, and we also present some important properties of such functions.

B.1 Special polynomials

The expression for the associated Legendre polynomials that we are using in this
paper is the following

2.m/2 dm 2.4

_1\tm
pm(x) — (L

¢ 2t 1 (1

where £ is a non-negative integer and m is an integer restricted to the following range:
me (=0, —(l—1),... . 0—1,0).

Gegenbauer polynomials, also known as ultraspherical harmonics [18§], are gen-
eralization of Legendre polynomial for higher dimensional spaces. They can be written
in terms of other special functions, as in

CT(LA) _P(A+1/2) T(n+2)) pA=1/22-1/2)

T2\) T(n+A+1/2) » , (B.2)

)

where A is a real number, n is a positive integer, I' is the Gamma function, and PO,
are the Jacobi polynomials [188]. There are also recursion relations for these polynoyrlnials,
but we will not present them here. Instead, we will provide the first few Gegenbauer
polynomials

V@) =1, (B.3)
cV@) = 2, (B.4)
V@) = —Aﬁ_%1+mﬁ}, (B.5)
V(@) = —wa+»mb_§@+mﬁ}. (B.6)

These polynomials allow for the far field expansion of potentials that scale as |Z — 3_:'0|_a
to arbitrary order.
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B.2 Spherical harmonics

The scalar spherical harmonics are solutions of the eigenvalue problem described

by the following equation

aby Am Im
=0

QY Ut +1)Y : (B.7)

where (¢,m) have the same range of values as in the associated Legendre polynomials
above. In this paper we use the conventions of [382, 205] to define specify the solutions
of Eq. (B). The precise expression is given by

ng(e, p) = \/264—; ! % sz(cos H)eimsp . (B.8)

The scalar spherical harmonics form an orthonormal basis on the two-sphere, that is
QY'Y = 8 (B.9)
S2

where 6°° denotes the Kronecker delta. The vector spherical harmonics are defined in
terms of the scalar ones as in Eq. (631), and from this definition we can derive the
following orthogonality relations:

/gQQ“byf’”Y; = e+ 1) 8 (B.10)

S a
dQ QUsST = w(e+1)8" 0 (B.11)
S a

/ aQQ®y"stm = 0. (B.12)
g2 a b

The (symmetric) tensor spherical harmonics used in this paper are also constructed from
the scalar ones by means of Egs. (E38]) and (£39), from where the following orthogonality
relations can be deduced:

dQQ QY Y = 2t s (B.13)
52 ab cd
_ /m/ | / mm/
/ g qeqrigmglm _ LA el gl (B.14)
52 ab cd 2(( — 2)!
ac ~bd L0m 50m’ (E + 2)' o0 mm/
dQaQyQ = ——3§ 0 B.1
/Sz Sab Scd 2([ — 2)! ’ ( 5)
/ Qo Q" zmst ™ ~ o, (B.16)
52 ab cd

and

QachdZZmYZ m _ QachdSZmYZ m 0. (Bl?)
ab cd ab cd
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B.3 Spin-weighted scalar spherical harmonics

Spin-weighted scalar spherical harmonics are another basis to expand functions
on the 2-sphere. They can be defined by the following general formula [383]

—s)! 1/2 AS m
l {8%” oy, 0<s<l,
m = s N11/2 x—s< im
Y (0,9 (—1) [gjsg:] oY™ i< s<o, (B.18)
0, I <sl,

where 9 (9) is a ladder operator, usually called the edth operator, that raises (lowers)
in a unity the spin weight of any quantity. Its action on a scalar () can be expressed in
the following way [383, 384|

0Q = maﬁaQ—g(mambvbma)Q, (B.19)

9Q = m“aaQ+§(m“m”vbma)Q, (B.20)

where s is the spin weight of @ and (m®,m") is a null complex basis on the 2-sphere
a_b

(Qabmamb =0, Qabm m~ = 1). It is worth noting that the action of the edth depends

explicitly on the spin weight of the quantity on which it acts. Taking m" = % [1 J ],

’ sin 6

we can write the edth-operator as [384]

A 1 i s cosf
0 = V2 [89 T e 2 sin@] (B-21)
< 1 i s cosf

= — - — — B.22
0 V2 [89 sin98¢+2sin9] ( )

It is important to mention that these definitions are applicable only to integer powers of
the spin-weight. A generalized definition for half-integer powers of s exists but will not
be discussed here (see [383]).

In this paper we are interested in the s = —2 case, for which the definition of the
spin-weighted spherical harmonics reduces to [385]

-7 "mom . (B.23)
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Appendix C

Regge-Wheeler parameterization

For the sake of completeness, we give here the relations between our parameter-
ization of the metric perturbations and the one used by Regge and Wheeler [189]. For
polar modes (our notation is on the left column and the one of Regge and Wheeler is on
the right one) we have

m fHém HZm
(h,,) < 0 1L | (C.1)
AB * f H2
m m 5 fm
P, < (ht ,hr ) , (C.2)
m m 1 m
gL g UL e (C.3)
" e e (C.4)
and for axial modes
m m , fm
(hA ) — _(hO 7h1 )7 (05)
7 A AL (C.6)

The expressions for the master functions, in Schwarzschild coordinates, in terms
of the parameterization of Regge and Wheeler are:

m f m m
vr= +A K +A_€<H§ —rd K' )]
/
(i), -
v = %( 1 ——a n" + 1h£m> (C.8)

W =T (hl —a Ry 2//””‘) (C.9)
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Appendix D

Derivation of the linear momentum flux

In order to obtain Egs. (G57)-(E59) from Eq. ([E54) we need to use the decompo-
sitions of products of spherical harmonics in single harmonics typical of problems that
deal with angular momentum coupling (for accounts dealing with this problem see [59],
where multipole expansions of gravitational radiation in different sets of harmonics are
described; see [386] for a recent systematic treatment of higher-order perturbation theory
where these issues are also treated).

Introducing Eq. (E54) into Eq. (E55), using that any spherical harmonic S has
the property Shm = (_1)m53m7 and the fact that Zﬁ:b is symmetric and traceless we
get

-k 1 ctm = 0m! stm = 0m ko m s0m Lac\bd
Fow = 321 > <\I/ZM\I/ZM +\I/CPM\IICPM> /SdeToszab 2 O
>2m
0>2.m/

1 ctmo =0m s tm 0w k tmst'm ac bd
32 e>22: <\I/CPM\PZM _\PZM\I,CPM> /52 dQToszab ch 27e(D.1)
,m

Z’;Zm'

At this point everything reduces to evaluating the integrals on the 2-sphere. To that
end, the starting point is the well-known formula [387]

ims ;:4\/(2“1)(2@;1)(2L+1)<i Ti AL4><§ f) ﬁ)?l(fﬁ.z)

where the objects with the round brackets are the 3j-Wigner symbols, which are related
to the Clebsch-Gordon coefficients. They are subject to certain selection rules, namely,
(¢,m), (¢',m), and (L, M) are integers with the usual ranges of values; m+m'+M = 0;
and the triangular inequality [¢ — ¢| < L < £+ ¢'. By using (02) and the definition of
Zﬁ;ﬂ [Eq. (638)] we find the following relationship

Y / /
tm ot qacobd ZC(M',L)\/(%H)(% +1)(2L+1)< ¢ ¢ L >
L.M

ab cd A7 m m, M

¢ 0 L\ LM
(00 By o

X
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where C(¢,¢', L) is a constant given by

c,l, L) = i (@41 + 2+ 1) + ¢ +1)

+2L(L+1) — 2 [e(e + 1)+ 0 + 1)] [L(L+1)+ 1]} . (D.4)

A similar formula can be found for the second term in (DJ]). Then, since the components
of #* are linear in Y ™, the integral that appears in Eq. () is now straightforward.

0o0s
In order to get Egs. [ER17)-({0T) we just need to use the selection rules of the 3 — j
Wigner symbols and the following additional properties:

( Ji Ja J1 g > _ (_1)j1_j2+M [ (25,)!(25)!
my my, —M (25, + 24, +1)!
(jl +j2 +M)'(]1 +j2 _M)'
(jl + ml)!(jl - m1)!(j2 + mz)!(jz - m2)!
_1\9 [(20-251)1(20—24,)1(20—2)! /2
( Ji o J > (=1) [ o G ] (D.6)
= g 3 J— .
0 0 0 X G- it J=2g,

]1/2 . (D.5)

where J = j; +j,+J.
Alternatively, one can use the following relation for the integral of three spin-
weighted spherical harmonics:

Y / /
/ dQSYLM yom \/(2L+1)(2€+1)(2€ +1) < L ¢ e,>
52 $

! 4 -5 —s —s

L ¢ 7
X <Mmm/>' (D.7)
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Appendix E
Extremal surfaces in Brill-Lindquist data

We are interested in finding the location of the extremal surfaces that surround
the individual holes in the BL binary black hole initial data that we are using in this
paper. When the holes are separated enough these surfaces form the apparent horizon of
the initial data (since we are neglecting the extrinsic curvature the data is time symmet-
ric). If we put the two holes close enough, another maximal surface enclosing the two
holes appears and becomes the apparent horizon, and then, the two individual maximal
surfaces are called marginally trapped surfaces.

Following Bishop [388,1389], in order to look for maximal surfaces in the BL data it
is very convenient to exploit the cylindrical symmetry of the configuration by expressing
the metric in cylindrical coordinates (for coherence with the conventions of the paper we
choose the axis of symmetry to be the X axis): x =z, y = pcos?, z = psind. Then,
the line element of Eq. (62) becomes:

ds’ = o (p, z) (d,o2 4 ptd0® + dw2> , (E.1)

where now
m m

d=1+ ! + 2 : (E.2)
2./p% + (z — X1)2 2./p* + (= —X2)2

Moreover, the problem of finding the extremal surfaces reduces to that of finding a path
(p(A),x(N)) in the subspace (p,z). The area of a surface with cylindrical symmetry can

be written as \
A:27r/ 200"\ /2 + a2 dX, (E.3)

A

1

where the dots denote differentiation along the path, that is d/d\, and ()\1,)\2) are
the intersections of the surface with the symmetry axis X . The equations for the path
(p(A),z(N)) is found by extremizing the area, 0.4 = 0, Bishop [388, 389] took A to be an
affine parameter, that is, such that A = 27 ()\2 — )\1) . We have fixed A in such a way the
ordinary differential equations for (p(\),z(\)) are simple and amenable for numerical
computations. In particular, we have chosen X so that
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which is a constraint preserved by the Euler-Lagrange equations that we obtain from

0A = 0:
p = —OPV, (E.5)
T = —axv, (E.6)
where the potential V is given by

12 3
Vip,z) =50 2.
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Appendix F
PPN Potentials

In this appendix, we present explicit expressions for the PPN potentials used to
parameterize the metric in Eq. ([I3]). These potentials are the following:

U = /7p ,dgac/,
]
/
pu

/
_ ] 3 1
Vi = /‘X_;/‘d:E’

’ N /
/p%@—w)w—whg,

Wi = |X_X/|3 dl’,
INT / n 1/
rT—1) (2 —2), (x—2), 313 0
o, = ' i i &2’ d
w /pp |X—X/|3 |X—X// |X/—X//| )
/12 !5+
U
¢, = Py ,dsznl, o, = p ,dsznl,
|x — x| |x — x|
- !
plIlll 3, 3 1
b, = dz o =
3 |x — x’ ’ 4 /\x x| ’

These potentials satisfy the following relations

VU = —dmp, V'V, = —dmpu,,

Vo, = —dmnp’, V@, = —dmpl,

V2<I>3 = —dmpll, V2<I>4:—47Tp,

VX = —2U (F.2)

The potential X is sometimes referred to as the super-potential because it acts as a
potential for the Newtonian potential.
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Appendix G
Linearization of the Cotton Tensor

In this appendix, we present some more details on the derivation of the linearized
Cotton tensor to second order. We begin with the definition of the Cotton tensor [273]
in terms of the symmetrization operator, namely

1
m o ooB(p v) * pT(ulolv)
" = ——— (D)€" DR+ (D,.f)" BT (G.1)
Using the symmetries of the Levi-Civita and Riemann tensor, as well as the fact that f
depends only on time, we can simplify the Cotton tensor to

peo =1 [0aB(p pv) Daf(prv) pA
" = (—g) f[e R+ &) R
1 ~OQ V)T
+ §FZT6 ﬁ(“R)aﬁ] (G.2)

Noting that the determinant of the metric is simply ¢ = —1 -+ h, so that (—g)_1 =1+h,
we can identify four terms in the Cotton tensor

CZV _ f'g(Jaﬁ(u {ﬁRy)ﬁ,a}v
= jen [iR”) [m] ,

(e

= jeleBu [ﬁr:)] [ﬁR’\ﬁ},

oT

ow = e i ] [in ),
N [N (G.3)

where the L operator stands for the linear part of its operand, while the Q operator
isolates the quadratic part of its operand. For example, if we act L and @ on (1 + h)",
where n is some integer, we obtain

n—1)

[i(1+h)"} . [Q(H—h)n] _ 5 K. (G.4)
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Let us now compute each of these terms separately. The first four terms are given

by
oo g S GRS T
o = _g J, 200 (Dn . hog,uao> ,
= —%0“5(” (GOVERRE I
S (RN e S A B
= gé"“ﬁ 2 iy = 1o’ ) (W ) =M )

(G.5)
The last term of the Cotton tensor is simply the derivative of the Ricci tensor which we
already calculated to second order in Eq. ([@21]). In order to avoid notation clutter, we

shall not present it again here, but instead we combine all the Cotton tensor pieces to
obtain

oo g (O g™ - g [ (0,0 0~ P

+ % (2h”) )~ hm”)) (DnhA 5 2h,

+ ée"“ﬁ(“ (20 ) = 10r”) (M = 1 5.7) + OR)’ (G.7)

"”))(G.fs)

[ A A V)
8 Thg >_ 2QR ﬁ,a}

where its covariant form is

( o) — M V)) (D - 2h0(A75)0 +hy ) _ ZQRVWQ +h,

1
2
X (D o~ Nopa M)ﬂ + {“’“ﬁ( <2h0(o,7) - hon0> <hT[ﬁ,a]V) - hV)[ﬂia}T)

f Oaf(A o 3
@ (B0 = Boga)) + OB, (G.8)

For the PPN mapping of CS modified gravity, only the 00 component of the metric
is needed to second order, which implies we only need C, to (’)(h)z. This component is
given by

f ik (o0 O (nf ‘
. ok
5 T0c€ ’ (Dnhoka ik o > +O(h) (69
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where in fact the last term vanishes due to the PPN gauge condition. Note that this
term is automatically of O(6), which is well beyond the required order we need in hy,.
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Appendix H

Proof of '/RR="CC

The equality

‘RR="CC (H.1)
relates the Pontryagin term expressed as in Eq. ([ILH) to the Weyl tensor
ab ab la 5b] 1o
C =R — 20 R -0 6 R H.2
cd cd [c”d] + 3 [c d] ( )

and its dual )

* ~a cd cdef ~a

C b = 56 C bef (H3)
Equation (HJJ) is quite simple to prove, but not entirely obvious. Indeed, we were not
able to find it in any of the standard textbooks, review articles or papers on CS modified

gravity. Therefore, we provide here a proof by straightforward calculation.

Let us begin by inserting the definitions ([ILH), (H2) and (H3)) into (HI]),

*RR _ *RabcdeaCd _ *CadeCbacd +A. (H4)

where A is precisely the violation of Eq. (ELl). Thus, if we can show that A vanishes
in Eq. (L)) we have proven Eq. (HJl). The quantity A contains eight terms. Four of
them are linear in the Weyl tensor. Two of these terms are proportional to C,,, f and
two are proportional to C_, ,. Since

cdef cdef
€ Coep=€ Cugp =0, (H.5)

these terms vanish. Each of the remaining four terms contains at least two Kronecker
d. These terms always lead to a contraction of the Levi-Civita tensor, e.g. of the form
¢ Cf = 0. Therefore, also these four terms vanish and establish

A=0. (H.6)

q. e. d.



351

Appendix I

Pontryagin constraint

For the line element Eq. (ILG7) the Pontryagin constraint Eq. ([LIX) is given by
_ —2U
(w:=e " w)

0 = Ago+ A’ + Ao+ Ay, + A4w72p + A0+ Agw w + Ay’
+ Agwww’z + Agwmz + Aw(@pp — ujzz), (I.1)
with
Ay = —p A +2p° 20k~ (U, —U_ )k, —20, U +2U,U,
+ AU U U (R, + k) +8U UK, 60k +20°k,
— W (K +K)] +2p(Uk, ~Uk,+2U.U,) (12)

2 2 3 3
A = 8UU WU, ~U)+U, U ~U)~Uk +Uk,

2 2
+ UU.(Uk,~Uk_)]+8U, (va + U7Z) (1.3)

3 2 3
Ay = 207U U, 42U, + AU U +4U + (U, U )k, U, (k,, +k_.)

) )

2 2 2
— 22Uk, —4U U k + QU,ZI‘?,,, + 2U’Z/<;7z — 4U7zk’z}

~ 20" (U, +4U, U, —2U k) — pk, (1.4)
2 2 2
Ay = 4pBUk, + Uk, 20Uk, —4U"U_+(U,, ~U_ U,
~ 20U, —4U%) —8U U, (1.5)

p(2U

32

A, = 2w(p Uk,=3pU k +U, +6pU, U, + pU,pz) -, — k:z) (1.6)

Uzz)k:,p + U’p(k:,zz +k

3 2 3
A, = 2p°[-20,U —2U U 4V, -4+ (U, -U

PP 5P PZ 2 7pp)

2 2 2 2 2
+ 20k FAUU k20 (K k) AUk J+207 (U, +4U° —2U k)

2 2 2
+ p (2k7p +2k —k,, - k..)—pQ2U,~k,) (1.7)

)
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2 2 2 2
4pU (U, —U_)+8pU U,  —4 U’p ~ 12U + 4p[4U7p(Up + U7Z)

) )

2 2
Uk, +20.U k. =3Uk N (1.8)
w(6U,—2pU, —12pU U, ~2pU k +6pU_k )
w,p2U,~k,) —w (1.9)
_ 2 2 _
20p(U., = U, +6U_—6U —2U_k +2Uk,)+40U,
+aw,p2U  ~k )~ —w_p2U, ~k_) (1.10)
3 2 2 2 _2 2 2
2p (U7ZZ — U’pp + 2U’Z — 2U’p + 2U’pk’p — 2U’Z/<;7z) —2p /<;7p — 4w p (U7p — U7Z)
+4wp(me¢——wJUg)—(wi-—wi)p (I.11)

2p3 (U7pz * 2U7pU,z N U,pk‘)vz N U,zk,p) + p2k7z + du” vavaz
20w ,pU , = 20w pU +w 0 p. (L.12)
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Appendix J

Explicit expressions

for the perturbed C- and Einstein tensors

Here we provide explicit expressions in Schwarzschild coordinates for the coeffi-
cients of the expansion in spherical harmonics of the Einstein and C-tensors. In these
expressions, the Pontryagin constraint [Eq. ([[I3)] has been used. For simplicity we
omit the superscripts (¢, m). The components of the harmonically decomposed Einstein
tensor read

_ 3t (2 =f - f
gtt a _fK f( 7”) ’T+TK+7hm’"
2
+ '5—2 [W; D 27"4 ho (J.1)
f f te+1)
gtr - _K r _f (f B 7) ot ;hmt * 2r? h“" (1-2)
_ 2 2\ A=D1
grr a f2K 2f <f T ) " 27"2f K rfhtt,r
1 [e+1) 2 1
* r2f2[ ]h T, v
1
gt:_iKvt—i_ghtrr_g f? (J.4)
1 1 2f
gr - __K * _f tt,r 4f2 ) htt B ﬁhtrt (f + ) rr’ (J.5)
(L+2)(¢—1)
w,= 2Dy (1.6)
H = wh , (J.7)

T 2r? r
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2 2 2 2 2
_ T rof r o 2f r r o 2f
g = QfK,tt+ 2 Kﬂ‘r+ 2 <f >K httrr+4f <f r ) tt,r
2 / 2 2 2
r° L0+ 1) n f f 2 T ¢ 2f r
of 02 + o 2f htt Tr htr,tr T 2f f+ r htr,t N Ehrr,tt
2 2 ! 2
r°f (. 2f rof [ L+ 1) n  3f f
4 (f * T) hrr,r 2 o2 AN T " ﬁ h”’ (1)
H="(h - 1.9
- ﬁ ( " - f rr) ) ( . )
1 2 /
T=— (hm —f*h_ —ff hr> . (J.10)
while the components of the harmonically decomposed C-tensor read
o+
W= =g (1)
e+2)! 1 /- 25
=— 0 h +f0 h ), J.12
tr ( ) Ay f ( f T r) ( )
2)! 9
R G ) (J.13)

(- )'2r4f"

- 2R, 2 L2k, (0 AMY 2Ny,
C, = 0 b, )0, - AU -

+ £0.h évtrht} : (J.14)
(C+2)(£—1) 1~ 2 / 2
c = _W [e,t (—rhm +2rf b, +rff'h, - 2f hr>

- ( rf h”+rffh) rh 0, frh} (J.15)
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5 (1 f f f f
e’t (ZK’ f <f N _> K + thr T 4 tr,r N ghrr,t

1
2
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Appendix K

Equations of the extended CS theory
in the Regge-Wheeler gauge

The equation for the background component of the scalar field, Eq. (II72), is

(-a; 1o, - 217‘?) (rd) =0, (K.1)

*

The divergence of the field equations, which in the non-extended theory leads
to the Pontryagin constraint, now leads to the equations of motion for the scalar field.

To leading order in e, this equation reduces to Eq. (ILZ3)), which when harmonically
decomposed becomes

~Im 1 ~om 2 MY\ ~em éZm
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